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1

Opening remarks

The discovery in the late 1990s of the AdS/CFT correspondence, as well as its sub-
sequent generalizations now referred to as the gauge/string duality, have provided
a novel approach for studying the strong coupling limit of a large class of non-
Abelian quantum field theories. In recent years, there has been a surge of interest
in exploiting this approach to study properties of the plasma phase of such theo-
ries at nonzero temperature, including the transport properties of the plasma and the
propagation and relaxation of plasma perturbations. Besides the generic theoretical
motivation of such studies, many of the recent developments have been inspired by
the phenomenology of ultra-relativistic heavy ion collisions. Inspiration has acted
in the other direction too, as properties of non-Abelian plasmas that were deter-
mined via the gauge/string duality have helped to identify new avenues in heavy ion
phenomenology. There are many reasons for this at-first-glance surprising interplay
among string theory, finite-temperature field theory, and heavy ion phenomenology,
as we shall see throughout this book. Here, we anticipate only that the analysis of
data from the Relativistic Heavy lon Collider (RHIC) had emphasized the impor-
tance, indeed the necessity, of developing strong coupling techniques for heavy ion
phenomenology. Now, this case is further strengthened by data from the CERN
Large Hadron Collider (LHC). For instance, in the calculation of an experimen-
tally accessible transport property, the dimensionless ratio of the shear viscosity to
the entropy density, weak and strong coupling results turn out to differ not only
quantitatively but parametrically, and data favor the strong coupling result. Strong
coupling presents no difficulty for lattice-regularized calculations of QCD ther-
modynamics, but the generalization of these methods beyond static observables
to characterizing transport properties has well-known limitations. Moreover, these
methods are quite unsuited to the study of the many and varied time-dependent
problems that heavy ion collisions are making experimentally accessible. It is in
this context that the very different suite of opportunities provided by gauge/string
calculations of strongly coupled plasmas have started to provide a complementary
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2 Opening remarks

source of insights for heavy ion phenomenology. Although these new methods
come with limitations of their own, the results are obtained from first-principles
calculations in non-Abelian field theories at nonzero temperature.

This book aims to provide an introductory exposition of the results obtained
from the interplay between gauge/string duality, lattice QCD and heavy ion phe-
nomenology within the past decade. It is written in a form accessible to graduate
students seeking to enter this field of research from any direction. At the same
time, it includes a comprehensive coverage that will be beneficial to established
researchers from either community. It is a book about a newly emerging research
field at the intersection of two domains that were until recently completely sep-
arate. As such, it does not attempt to cover the many aspects of these research
fields that are of interest in their own terms, focusing on those aspects of each
field that are relevant for understanding their new interplay. The introductions to
heavy ion phenomenology (Chapter 2) and lattice QCD (Chapter 3) are thus writ-
ten for beginners in these fields (whether graduate students or experienced string
theorists) and they focus mainly on topics that have recently made contact with
techniques from gauge/string duality. Analogously, Chapters 4 and 5 provide a tar-
geted introduction to the principles behind the gauge/string duality with a focus on
those aspects relevant for calculations at nonzero temperature. These chapters are
for beginners too, again whether these beginners are graduate students or experts in
heavy ion physics or lattice QCD. With the groundwork on both sides in place, we
then proceed with a comprehensive exposition of gauge/string calculations of bulk
thermodynamic and hydrodynamic properties (Chapter 6); of far-from-equilibrium
dynamics and its late-time evolution to hydrodynamics (Chapter 7); of the propa-
gation of probes (heavy or energetic quarks, and quark—antiquark pairs) through a
strongly coupled non-Abelian plasma and the excitations of the plasma that result
(Chapter 8); and a detailed analysis of mesonic bound states and spectral functions
in a deconfined plasma (Chapter 9).

This book aims at covering the main developments of the interplay between hot
QCD, heavy ion phenomenology and the gauge/string duality in a way that enables
the reader to follow also other parts of the literature on applications of gauge/string
duality to heavy ion phenomenology and hot QCD. We aimed at a comprehen-
sive exposition but we had to make choices on what to cover. One important
decision was to focus on insights that have been obtained from calculations that
are directly rooted in quantum field theories analyzed via the gauge/string dual-
ity. Consequently, we have omitted the so-called AdS/QCD approach that aims to
optimize ansatze for gravity duals that do not correspond to known field theories,
in order to best incorporate known features of QCD in the gravitational descrip-
tion [343, 304, 518, 55, 201, 415, 416, 417, 508, 115, 689, 181, 182]. We are
confident, however, that a reader of this book will be well-positioned to understand



Opening remarks 3

the motivations for research in this vast subject, as well as the main tools and
techniques used in this research. Similarly, a reader of this book will have learned
the tools needed to follow the broad and rapidly expanding range of string the-
ory approaches in which dual gravitational descriptions are being developed not
just for the strongly coupled plasma and its properties, that we focus on in this
book, but also for the dynamics of how the plasma forms, equilibrates, expands,
and cools after a collision. Our discussion of this vast topic in Chapter 7 highlights
only a fraction of the many developments. Last but not least, we have omitted any
discussion of the physics of saturation in QCD and its application to understanding
the initial conditions for heavy ion collisions [374, 431, 432, 630, 128, 34, 300].
Here, our main reason was that a self-contained introduction to this subject in QCD
would have required significant space, while its connection to the gauge/string
duality rests at present on relatively few tentative, albeit very interesting, works.
In short, neither this book, nor the list of omissions presented in this paragraph,
should be regarded as being complete.

The existence of a textbook is a hallmark for the development of a research
topic into a research field. There are several good textbooks in the field of
finite temperature and lattice QCD, the field of heavy ion phenomenology and
the field of gauge/string duality. However, aspects of the intersection between
these fields have been covered so far only in scientific reviews, for example
focussing on the techniques for calculating finite-temperature correlation functions
of local operators from the gauge/string duality [749], or on the phenomenological
aspects of perfect fluidity and its manifestation in different systems, including the
quark—gluon plasma produced in heavy ion collisions and strongly coupled fluids
made of trapped fermionic atoms that are more than twenty orders of magnitude
colder [730]. There are also a number of shorter topical reviews that provide basic
discussions of the duality and its most prominent applications in the context of
heavy ion phenomenology [672, 601, 340, 398, 410]. We hope that beyond serving
as an overview of what has been achieved already in this newly emerging field, our
book will serve as a springboard for great achievements yet to come, in particular
from its readers.
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A heavy ion phenomenology primer

What macroscopic properties of matter emerge from the fundamental constituents
and interactions of a non-Abelian gauge theory? The study of ultra-relativistic
heavy ion collisions addresses this question for the theory of the strong interaction,
Quantum Chromodynamics, in the regime of extreme energy density. To do this,
heavy ion phenomenologists employ tools developed to identify and quantify col-
lective phenomena in collisions that have many thousands of particles in their final
states. Generically speaking, these tools quantify deviations with respect to bench-
mark measurements (for example in proton—proton and proton—nucleus collisions)
in which collective effects are absent. In this chapter, we provide details for three
cases of current interest: (i) the characterization of azimuthally anisotropic flow,
which teaches us how soon after the collision matter moving collectively is formed
and which allows us to constrain the value of the shear viscosity of this matter; (ii)
the characterization of jet quenching, which teaches us how this matter affects and
is affected by a high-velocity colored particle plowing through it; and (iii) the char-
acterization of the suppression of quarkonium production, which has the potential
to teach us about the temperature of the matter and of the degree to which it screens
the interaction between colored particles.

2.1 General characteristics of heavy ion collisions

In a heavy ion collision experiment, large nuclei, such as gold (at RHIC) or lead (at
the CERN SPS and LHC), are collided at an ultra-relativistic center of mass energy
J/s. The reason for using large nuclei is to create as large a volume as possible of
matter at a high energy density, to have the best chance of discerning phenomena or
properties that characterize macroscopic amounts of strongly interacting matter. In
contrast, in energetic elementary collisions (say electron—positron collisions but to
a good approximation also in proton—proton collisions) one may find many hadrons
in the final state but these are understood to result from a few initial partons that
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2.1 General characteristics of heavy ion collisions 5

each fragment rather than from a macroscopic volume of interacting matter. Many
years ago Phil Anderson coined the phrase “more is different” to emphasize that
macroscopic volumes of (in his case condensed) matter manifest qualitatively new
phenomena, distinct from those that can be discerned in interactions among few
elementary constituents and requiring distinct theoretical methods and insights for
their elucidation [53]. Heavy ion physicists do not have the luxury of studying
systems containing a mole of quarks, but by using the heaviest ions that nature
provides they go as far in this direction as is possible.

The purpose of building accelerators that achieve heavy ion collisions at higher
and higher /s is simply to create matter at higher and higher energy density. A
simple argument to see why this may be so arises upon noticing that in the center-
of-mass frame we have the collision of two Lorentz-contracted nuclei, pancake-
shaped, and increasing the collision energy makes these pancakes thinner. Thus,
att = 0 when these pancakes are coincident the entire energy of the two incident
nuclei is found within a smaller volume for higher ./s. This argument is overly
simple, however, because not all of the energy of the collision is transformed into
the creation of matter; much of it is carried by the debris of the two colliding nuclei
that spray almost along the beam directions.

The question of how the initial state wave function of the colliding nuclei deter-
mines precisely how much matter, containing how much entropy, is produced soon
after the collision, and consequently determines the number of particles in the final
state, is a subject of intense theoretical interest. We shall not describe this branch
of heavy ion phenomenology in any detail, but it is worth having a quantitative
sense of just how many particles are produced in a typical heavy ion collision.
In Fig. 2.1 we show the multiplicity of charged particles per unit pseudorapidity
for RHIC collisions at four different values of ,/s. Recall that the pseudorapidity
n is related to the polar angle & measured with respect to the beam direction by
n = —logtan(6/2). Note also that, by convention, the incident ions in these col-
lisions have a velocity such that individual nucleons colliding with that velocity
would collide with a center of mass energy of ./s. Since each gold nucleus has 197
nucleons and each Pb nucleus has 208 nucleons, the total center of mass energy in
a heavy ion collision at the top RHIC energy is about 40 TeV and it rises to about
600 TeV at the current LHC energy. By integrating under the curve in Fig. 2.1, one
finds that a heavy ion collision at top RHIC energy yields 5060 + 250 charged par-
ticles [94, 95]. The multiplicity measurement is made by counting tracks, meaning
that neutral particles (like 7°s and the photons they decay into) are not counted. So,
the total number of hadrons is greater than the total number of charged particles. If
all the hadrons in the final state were pions, and if the small isospin breaking intro-
duced by the different number of protons and neutrons in a gold nucleus can be
neglected, there would be equal numbers of 7+, 7~ and 7° meaning that the total
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Figure 2.1 Charged particle multiplicity distributions for central nucleus—nucleus
collisions (i.e. the 5% or 6% of collisions that have the smallest impact parameter)
over more than two orders of magnitude in ./Syn. Data taken from Refs. [263]
and [94].

multiplicity would be 3/2 times the charged multiplicity. In reality, this factor turns
out to be about 1.6 [96], meaning that heavy ion collisions at the top RHIC energy
each produce about 8000 hadrons in the final state. At the LHC, the corresponding
pseudorapidity distribution is known so far only in a range around mid-rapidity
(see Fig. 2.1), with dN,/dn = 1584 + 4(stat) + 76(sys) at n = 0 in the 5% or
6% of collisions with /s = 2.76 TeV that have the smallest impact parameter [4].
We see from Fig. 2.1 that this multiplicity grows with increasing collision energy
by a factor of close to 2.5 from the top RHIC energy to LHC at /s = 2.76 GeV.
The multiplicity per unit pseudorapidity is largest in a range of angles centered
around n = 0, meaning 6 = /2. Moreover, the distribution extends with increas-
ing center of mass energy to larger values of pseudorapidity, so that the total event
multiplicity at LHC is estimated to be a factor ~ 5 larger than at RHIC, lying in
the ballpark of ~ 25000 charged particles in central collisions. The illustrations in
Fig. 2.2 provide an impression of what collisions with these multiplicities look like.

The large multiplicities in heavy ion collisions indicate large energy densities,
since each of these particles carries a typical (mean) transverse momentum of sev-
eral hundred MeV. There is a simple geometric method due to Bjorken [165], that
can be used to estimate the energy density at a fiducial early time, conventionally
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Figure 2.2 Event displays illustrating heavy ion collisions as seen by the STAR
detector at RHIC (upper panel) and the ALICE detector at the LHC (lower panel).
Nuclei (gold above; lead below) collided at the center of each image, and the
resulting tracks made by those charged particles produced in the collision that pass
through the STAR and ALICE time-projection chambers and the ALICE inner
tracker are shown, projected onto the page in the upper image and in perspective
in the lower image. Figures courtesy of Brookhaven National Laboratory (above)
and the ALICE Collaboration and CERN (below).

chosen to be 7 = 1 fm. The smallest reasonable choice of 7o would be the thick-
ness of the Lorentz-contracted pancake-shaped nuclei, for instance ~ (14 fm)/107
at RHIC since gold nuclei have a radius of about 7 fm and the Lorentz factor is
set by energy of the incident nucleons and their mass in the center-of-mass frame,
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y ~ my/E. But, at these early times ~ 0.1 fm the matter whose energy density
one would be estimating would still be far from equilibrium. We shall see below
that data on azimuthally anisotropic flow indicate that by ~ 1 fm after the colli-
sion, matter is flowing collectively like a fluid in local equilibrium. The geometric
estimate of the energy density is agnostic about whether the matter in question is
initial state partons that have not yet interacted and are far from equilibrium or
matter in local equilibrium behaving collectively; because we are interested in the
latter, we choose 7o = 1 fm. Bjorken’s geometric estimate can be written as

dEr
&) = _d77

1

9 2-1
y—0 To R? 1)

where dEv/dn is the transverse energy ./m? + p2 of all the particles per unit
rapidity and R ~ 7 fm is the radius of the nuclei. The logic is simply that at time
7o the energy within a volume 21 in longitudinal extent between the two receding
pancakes and 7 R? in transverse area must be at least 2d E1 /dn, the total transverse
energy between n = —1 and n = +1. At RHIC with dEy/dn =~ 800 GeV [95],
we obtain eg; ~ 5GeV/fm3. In choosing the volume in the denominator in the
estimate (2.1) we neglected transverse expansion because 1 < R. But, there is
clearly an arbitrariness in the range of n used; if we had included particles produced
at higher pseudorapidity (closer to the beam directions) we would have obtained a
larger estimate of the energy density. Note also that there is another sense in which
(2.1) is conservative. If there is an epoch after the time z, during which the matter
expands as a hydrodynamic fluid, and we shall later see evidence that this is so,
then during this epoch its energy density drops more rapidly than 1/t because as
it expands (particularly longitudinally) it is doing work. This means that by using
1/t to run the clock backwards from the measured final state transverse energy
to that at rp we have significantly underestimated the energy density at 7. It is
striking that even though we have deliberately been conservative in making this
underestimate, we have found an energy density that is about five times larger
than the QCD critical energy density e, &~ 1 GeV/fm3, where the crossover from
hadronic matter to quark—gluon plasma occurs, according to lattice calculations of
QCD thermodynamics [129].

As shown in Fig. 2.3, the spectrum in a nucleus—nucleus collision extends to
very high momentum, much larger than the mean. However, the multiplicity of
high-momentum particles drops very fast with momentum, as a large power of pr.
We may separate the spectrum into two sectors. In the soft sector, spectra drop

exponentially with ,/m2 + p2 as in thermal equilibrium. In the hard sector, spec-
tra drop like power laws in pr as is the case for hard particles produced by high
momentum-transfer parton—parton collisions at ¢ = 0. The bulk of the particles
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Figure 2.3 Charged particle spectrum as function of pr in Pb+Pb collisions at
LHC energy for nearly head-on (the 5% of collisions with the lowest impact
parameter) and grazing collisions, compared to the corresponding spectrum in
p+p collisions with an appropriately scaled normalization. Figure taken from
Ref. [7].

have momenta in the soft sector; hard particles are rare in comparison. The separa-
tion between the hard and the soft sectors, which is by no means sharp, lies in the
range of a few (say 3-6) GeV.

There are several lines of evidence that indicate that the soft particles in a heavy
ion collision, which are the bulk of all the hadrons in the final state, have rescattered
many times and come into local thermal equilibrium. The most direct approach
comes via the analysis of the exponentially falling spectra of identified hadrons.
Fitting a slope to these exponential spectra and then extracting an “effective tem-
perature” for each species of hadron yields different “effective temperatures” for
each species. This species dependence arises because the matter produced in a
heavy ion collision expands radially in the directions transverse to the beam axis;
perhaps explodes radially is a better phrase. This means that we should expect
the pr spectra to be a thermal distribution boosted by some radial velocity. If
all hadrons are boosted by the same velocity, the heavier the hadron the more its
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Figure 2.4 (a) Spectra for identified pions, kaons and protons as a function of pt
in head-on gold—gold collisions at top RHIC energy [25]. (b) Spectra for identified
pions, kaons and protons as a function of pr in (non-single-diffractive) proton—
proton collisions at the same energy /s = 200 GeV [17].

momentum is increased by the radial boost. Indeed, what is found in data is that the
effective temperature increases with the mass of the hadron species. This can be
seen at a qualitative level in Fig. 2.4a: in the soft regime, the proton, kaon and pion
spectra are ordered by mass, with the protons falling off most slowly with pr, indi-
cating that they have the highest effective temperature. Quantitatively, one uses the
data for hadron species with varying masses to first extract the mass-dependence of
the effective temperature, and thus the radial expansion velocity, and then to extrap-
olate the effective “temperatures” to the mass — zero limit, and in this way obtain
a measurement of the actual temperature of the final state hadrons. This “kinetic
freezeout temperature” is the temperature at the (very late) time at which the gas
of hadrons becomes so dilute that elastic collisions between the hadrons cease,
and the momentum distributions therefore stop changing as the system expands.
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In heavy ion collisions at the top RHIC energy, models of the kinetic freezeout
account for the data with freezeout temperatures of ~ 90 MeV and radial expan-
sion velocities of 0.6 c for collisions with the smallest impact parameters [16]. With
increasing impact parameter, the radial velocity decreases and the freezeout tem-
perature increases. This is consistent with the picture that a smaller system builds
up less transverse flow and that during its expansion it cannot cool down as much
as a bigger system, since it falls apart earlier.

The analysis just described is unique to heavy ion collisions: in elemen-
tary electron—positron or proton—(anti)proton collisions, spectra at low transverse
momentum may also be fit by exponentials, but the “temperatures” extracted in
this way do not have a systematic dependence on the hadron mass, see Fig. 2.4b.
Simply seeing exponential spectra and fitting a “temperature” therefore does not
in itself provide evidence for rescattering and equilibration. Making that case in
the context of heavy ion collisions relies crucially on the existence of a collective
radial expansion with a common velocity for all hadron species.

Demonstrating that the final state of a heavy ion collision at the time of kinetic
freezeout is a gas of hadrons in local thermal equilibrium emboldens us to ask
whether the material produced in these collisions reaches local thermal equilib-
rium at an earlier time, and thus at a higher temperature. The best evidence for
an affirmative answer to this question comes from the analysis of “elliptic flow”
in collisions with nonzero impact parameter. We shall discuss this at length in the
next section.

We close this section with a simpler analysis that lays further groundwork by
allowing us to see back to a somewhat earlier epoch than that of kinetic freeze-
out. If we think of a heavy ion collision as a “little bang”, replaying the history
of the big bang in a small volume and with a vastly accelerated expansion rate,
then kinetic freezeout is the analogue of the (late) cosmological time at which
photons and electrons no longer scatter off each other. We now turn to the ana-
logue of the (earlier) cosmological epoch of nucleosynthesis, namely the time at
which the composition of the final state hadron gas stops changing. Experimental-
ists can measure the abundance of more than a dozen hadron species, and it turns
out that all the ratios among these abundances can be fit upon assuming thermal
distributions with some temperature T and some baryon number chemical poten-
tial g, as shown in Fig. 2.5. This is a two parameter fit to about a dozen ratios.
The temperature extracted in this way is called the chemical freezeout temperature,
since one interpretation is that it is the temperature at which the hadronic matter
becomes dilute enough that inelastic hadron—hadron collisions cease to modify the
abundance ratios. The chemical freezeout temperature in heavy ion collisions at
top RHIC energies is about 155-180 MeV [193, 56]. This is interesting for sev-
eral reasons. First, it is not far below the QCD phase transition temperature, which
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Figure 2.5 So-called thermal fit to different particle species. The relative abun-
dance of different hadron species produced in RHIC collisions at /s = 200 GeV
is well-described by a two-parameter grand canonical ensemble in terms of a
temperature, T, and a chemical potential for baryon number, ng [56].

means that the appropriateness of a hadron gas description of this epoch may be
questioned. Second, within error bars it is the same temperature that is extracted
by doing a thermal model fit to hadron production in electron—positron collisions,
in which final state rescattering, elastic or inelastic, can surely be neglected. So,
by itself the success of the thermal fits to abundance ratios in heavy ion collisions
could be interpreted as telling us about the statistical nature of hadronization, as
must be the case in electron—positron collisions. However, given that we know that
in heavy ion collisions (and not in electron—positron collisions) kinetic equilibrium
is maintained down to a lower Kinetic freezeout temperature, and given that as we
shall see in the next section approximate local thermal equilibrium is achieved at
a higher temperature, it does seem most natural to interpret the chemical freeze-
out temperature in heavy ion collisions as reflecting the temperature of the matter
produced at the time when species-changing processes cease.

We have not yet talked about the baryon number chemical potential extracted
from the thermal fit to abundance ratios. As illustrated in Fig. 2.6a, this ug
decreases with increasing collision energy +/s. This energy-dependence has two
origins. The dominant effect is simply that at higher and higher collision energies
more and more entropy is produced, while the total net baryon number in the col-
lision is always 197+197. At top RHIC energies, these baryons are diluted among
the 8000 or so hadrons in the final state, making the baryon chemical potential
much smaller than it is in lower energy collisions where the final state multiplicity
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Figure 2.6 (a) Chemical potential extracted from thermal fits at different center
of mass energies [56]. (b) The number of protons minus number of antiprotons
per unit rapidity for central heavy ion collisions [132]. This net proton number
decreases with increasing center of mass energy from /s = 5 GeV (at the AGS
collider at BNL), via /s = 17 GeV (at the SPS collider at CERN) to /s =
200 GeV (at RHIC). (For each collision energy, yp indicates the rapidity of a
hypothetical proton that has the same velocity after the collision as it did before.)

is much lower. The second effect is that, in the highest energy collisions, most of
the net baryon number from the two incident nuclei stays at large pseudorapidity
(meaning small angles near the incident beam directions). These two effects can
be seen directly in the data shown in Fig. 2.1 and Fig. 2.6b: as the collision energy
increases, the total number of hadrons in the final state grows while the net baryon
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number at mid-rapidity drops.! This experimental fact that baryon number is not
“fully stopped” teaches us about the dynamics of the earliest moments of a hadron—
hadron collision. (In this respect, heavy ion collisions are not qualitatively different
than proton—proton collisions.) In a high energy proton—proton collision, particle
production at mid-rapidity is dominated by the partons in the initial state that carry
a small fraction of the momentum of an individual nucleon — small Bjorken x.
And, the small-x parton distribution functions that describe the initial state of the
incident nucleons or nuclei are dominated by gluons and to a lesser extent by
quark—antiquark pairs; the net baryon number is at larger x.

We shall not focus here on the many interesting questions related to the early-
time dynamics in heavy ion collisions. Because QCD is asymptotically free, it is
natural to expect that during the earliest moments of a sufficiently energetic heavy
ion collision, the physics should not be thought of as strongly coupled. The relevant
length scale at the moment of the collision between two highly Lorentz-contracted
nuclei is the mean spacing between gluons in the transverse plane (the inverse
of this length scale is called the saturation momentum) and in the high collision
energy limit this length scale is short and the physics is weakly coupled. The anal-
ysis of this weak coupling, but strong field, regime is the subject of much active
research that we shall not describe. One of the goals of this effort is to under-
stand how rapidly local thermal equilibrium can be established. We shall see in
Chapter 7 that calculations done via gauge/string duality have shed light on this
particular question.

In the next section we turn to the evidence that local thermal equilibrium is
established quickly, and therefore at a high temperature. This means that heavy ion
collisions can teach us about properties of the high temperature phase of QCD,
namely the quark—gluon plasma. And, we shall see later, so can calculations done
via gauge/string duality. We shall henceforth always work at g = 0. This is a good
approximation as long as wg/3, the quark chemical potential, is much less than the

1 The data in Fig. 2.6b are plotted versus rapidity

__} E+ pL
y:ZIn(E—DL>’ 22)

where E and p_ are the energy and longitudinal momentum of a proton in the final state. Recall that rapidity
and pseudorapidity n = —Intan(9/2) = % In ( p+p'-) (used in the plot in Fig. 2.1) become the same in the

pP—pL
limit in which E and pp are much greater than the proton mass and the three-momentum p approximates E.
For smaller particle momenta, however, the transformation between » and y involves a non-trivial Jacobian.
As a consequence, the pseudorapidity and rapidity distributions d N¢, /dn and d Ny /dy have different shapes.
In ultra-relativistic heavy ion collisions, dNg/dn looks somewhat trapezoidal, with an approximately flat
plateau around n ~ 0 as in Fig. 2.1, while dN¢/dy is closer to Gaussian in shape. In these high energy
collisions, it is a reasonable rule of thumb that one can estimate dNgp, /dy at y = 0 by multiplying dN¢/dn
at n = 0 by about 1.1. When one plots data for all charged hadrons, as in Fig. 2.1, only pseudorapidity can be
defined since the rapidity of a hadron with a given polar angle & depends on the hadron mass. When one plots
data for identified protons, pseudorapidity can be converted into rapidity.
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temperature T. The results in Fig. 2.6a show that this is a very good approximation
at top RHIC energies and at the LHC.

2.2 Flow
2.2.1 Introduction and motivation

The word “flow” refers here to a suite of experimental observables in heavy ion
physics that utilize the experimentalists’ ability to select events in which the impact
parameter of the collision lies within some specified range and use these events to
study how the matter produced in the collision flows collectively. The basic idea is
simple. Suppose we select events in which the impact parameter is comparable to
the nuclear radius. Now, imagine taking a beam’s eye view of one of these colli-
sions. The two Lorentz-contracted nuclei (think circular “pancakes”) collide only
in an “almond-shaped” region, see Fig. 2.7. The fragments of the nuclei outside
the almond that did not collide (“spectator nucleons”) fly down the beam pipes. All
the few thousand particles at mid-rapidity in the final state must have come from the
few hundred nucleon—nucleon collisions that occurred within the almond. If these
few thousand hadrons came instead from a few hundred independent nucleon—
nucleon collisions, just by the central limit theorem the few thousand final state
hadrons would be distributed uniformly in azimuthal angle ¢ (angle around the
beam direction). This null hypothesis, which we shall make quantitative below, is
ruled out by the data as we shall see. If, on the other hand, the collisions within the
almond yield particles that interact, reach local equilibrium, and thus produce some
kind of fluid, our expectations for the “shape” of the azimuthal distribution of the
final state hadrons is quite different. The hypothesis that is logically the opposite
extreme to pretending that the thousands of partons produced in the hundreds of
nucleon—nucleon collisions do not see each other is to pretend that what is produced
is a fluid that flows according to the laws of ideal, zero viscosity, hydrodynamics,
since this extreme is achieved in the limit of zero mean free path. In hydrodynam-
ics, the almond is thought of as a drop of fluid, with zero pressure at its edges and a
high pressure at its center. This droplet of course explodes. And, since the pressure
gradients are greater across the short extent of the almond than they are across its
long direction, the explosion is azimuthally asymmetric. The first big news from
the RHIC experimental program, now also seen at LHC energies, was the discov-
ery that these azimuthal asymmetries can be large: the explosions can blast with
summed transverse momenta of the hadrons that are twice as large in the short
direction of the almond as they are in the long direction. Moreover, while the form
of the nuclear overlap is almond-shaped if averaged over many events (left-hand
side of Fig. 2.7), the initial distributions of individual collisions are expected to
show event-wise fluctuations that deviate from an almond shape (right-hand side
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Figure 2.7 Sketch of the collision of two nuclei, shown in the transverse plane
perpendicular to the beam. Left: the event-averaged overlap of the two nuclei is
limited to an interaction almond with ¢ — ¢ + = symmetry in the center of the
transverse plane. Figure taken from Ref. [661]. Right: individual collisions show
fluctuations around the event-averaged distribution. The yellow and orange circles
depict spectator nucleons that do not participate in the collision. Participating
nucleons are in violet color. Figure taken from Ref. [588].

of Fig. 2.7). As we shall see, it turns out that ideal hydrodynamics does a surpris-
ingly good job of describing these asymmetric explosions of the matter produced
in heavy ion collisions with nonzero impact parameter. Even the deviations from
an almond-shaped distribution of final hadronic fragments are consistent with the
fluid dynamic propagation of initial event-wise fluctuations like the ones shown in
Fig. 2.7. This phenomenological success of fluid dynamics has implications which
are sufficiently interesting that they motivate our describing this story in consider-
able detail over the course of this entire section. We close this introduction with a
sketch of these implications.

First, the agreement between data and ideal hydrodynamics teaches us that the
shear viscosity n of the fluid produced in heavy ion collisions must be low; n
enters in the dimensionless ratio /s, with s the entropy density, and it is n/s that
is constrained to be small. A fluid that is close to the ideal hydrodynamic limit,
with small n/s, requires strong coupling between the fluid constituents. Small n/s
means that momentum is not easily transported over distances that are long com-
pared to ~ s~%3, which means that there can be no well-defined quasiparticles
with long mean free paths in a low viscosity fluid since, if they existed, they would
transport momentum and damp out shear flows. No particles with long mean free
paths means strongly coupled constituents. We shall return to this implication of the
smallness of 1 /s at many points in this book, including in particular in Section 6.3.

Second, we learn that the strong coupling between partons that results in
approximate local equilibrium and fluid flow close to that described by ideal
hydrodynamics must set in very soon after the initial collision. If partons moved
with significant mean free paths for many fm of time after the collision, delaying
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equilibration for many fm, the almond would circularize to a significant degree dur-
ing this initial period of time and the azimuthal momentum asymmetry generated
by any later period of hydrodynamic behavior would be less than that observed.
When this argument is made quantitative, the conclusion is that RHIC collisions
produce strongly coupled fluid in approximate local thermal equilibrium within
close to or even somewhat less than 1 fm after the collision [543]. Reaching
approximate local thermal equilibrium and hence hydrodynamic behavior within
less than 1 fm after a heavy ion collision has been thought of as “rapid equilibra-
tion”, since it is rapid compared to weak coupling estimates [102]. This observation
has launched a large effort (that we shall not review) towards explaining equilibra-
tion as originating from weakly coupled processes that arise in the presence of
the strong color fields that are present in the initial instants of a heavy ion col-
lision. Recent calculations that we shall describe in Chapter 7 indicate, however,
that the observed equilibration time may not be so rapid after all. We shall see
in that chapter that when initially far-from-equilibrium matter thermalizes in a
strongly coupled theory, for a very wide variety of initial states it does so on a
time scale that is of order the inverse of the temperature in the final equilibrated
state. Furthermore, we shall also see that in a strongly coupled field theory with
a dual gravitational description, when two sheets of energy density with a finite
thickness collide at the speed of light a hydrodynamic description of the plasma
that results becomes reliable only ~ 3 sheet-thicknesses after the collision. And,
a Lorentz-contracted incident gold nucleus at RHIC has a maximum thickness
of only 0.14 fm. So, if the equilibration processes in heavy ion collisions could
be thought of as strongly coupled throughout, perhaps local thermal equilibrium
and hydrodynamic behavior would set in even more rapidly than is indicated by
the data.

We can begin to see that the circle of ideas that emerge from the analysis of flow
data is what makes heavy ion collisions of interest to the broader community of
theoretical physicists. These analyses justify the conclusion that only 1 fm after
the collision the matter produced can be described by using the language of ther-
modynamics and hydrodynamics. And, we have already seen that at this early time
the energy density is well above the hadron-QGP crossover in QCD thermodynam-
ics which is well-characterized in lattice calculations. This justifies the claim that
heavy ion collisions produce quark—gluon plasma. Furthermore, the same analyses
teach us that this quark—gluon plasma is a strongly coupled, low viscosity, fluid
with no quasiparticles having any significant mean free path. Lattice calculations
have recently begun to cast some light on these transport properties of quark—gluon
plasma, but these lattice calculations that go beyond Euclidean thermodynam-
ics are still in their pioneering epoch. Perturbative calculations of quark—gluon
plasma properties are built upon the existence of quasiparticles. The analyses of
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elliptic flow data thus cast doubt upon their utility. And, we are motivated to
study the strongly coupled plasmas with similar properties that can be analyzed
via gauge/gravity duality, since these calculational methods allow many questions
that go beyond thermodynamics to be probed rigorously at strong coupling.

2.2.2 Relating flow observables to spatial asymmetries

We want to study the dependence of collective flow in heavy ion collisions on
the size and anisotropy of the nuclear overlap in the transverse plane, as seen in the
qualitative beam’s eye view sketch in Fig. 2.7. To this end, it is obviously necessary
to bin heavy ion collisions as a function of this impact parameter. This is possible in
heavy ion collisions, since the number of hadrons produced in a heavy ion collision
is anticorrelated with the impact parameter of the collision. For head-on collisions
(conventionally referred to as “central collisions”) the multiplicity is high; the mul-
tiplicity is much lower in collisions with impact parameters comparable to the radii
of the incident ions (often referred to as “semi-peripheral collisions™); the multi-
plicity is lower still in grazing (“peripheral”) collisions. Experimentalists therefore
bin their events by multiplicity, using that as a proxy for impact parameter. The
terminology used refers to the “0%-5% centrality bin” and the “5%-10%" central-
ity bin and . . ., meaning the 5% of events with the highest multiplicities, the next
5% of events with the next highest multiplicity, . . .. The correlation between event
multiplicity and impact parameter is described well by the so-called Glauber the-
ory of multiple scattering [156], which we shall not review here. Suffice to say that
even though the absolute value of the event multiplicities is the subject of much
ongoing research, the question of what distribution of impact parameters corre-
sponds to the 0%-5% centrality bin (namely the most head-on collisions) is well
established. Although experimentalists cannot literally pick a class of events with
a single value of the impact parameter, by binning their data in multiplicity they
can select a class of events with a reasonably narrow distribution of impact para-
meters centered around any desired value. This is possible only because nuclei are
big enough: in proton—proton collisions, which in principle have impact parameters
since protons are not pointlike, there is no operational way to separate variations
in impact parameter from event-by-event fluctuations in the multiplicity at a given
impact parameter.

Suppose that we have selected a class of semi-peripheral collisions. Since these
collisions have a nonzero impact parameter, the impact parameter vector together
with the beam direction define a plane, conventionally called the reaction plane.
The event-averaged almond-shaped nuclear overlap depicted in Fig. 2.7 is then
often characterized roughly in terms of averages of the initial transverse energy

density p(X, y)
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Here, ¢, and W, denote the standard participant eccentricity and the participant
plane, respectively. They have a straightforward interpretation as characterizing
th . . . .. . {y/Z},{X/Z} . .

e azimuthal orientation and eccentricity €, = VAT of the ellipsoid that best
fits the initial transverse energy density distribution (where x’, y’ denote trans-
verse coordinates along the main axes of the ellipsoid). However, since event-wise
fluctuations can lead to significant deviations from an elliptic shape, the elliptic
eccentricity ¢, and second order reaction plane W, are in general not sufficient. For
a more complete characterization of spatial eccentricities from fluctuations in the

initial state, one defines
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{rn}

€n € = (2.4)
For a large class of semi-peripheral collisions, the elliptic coefficient ¢, will natu-
rally characterize the dominant spatial asymmetry, as it captures the main features
of the almond-like shape of the event-averaged nuclear overlap. However, in more
central, almost head-on, collisions, when the event-averaged nuclear overlap shows
only small azimuthal asymmetries, higher order terms characterizing fluctuations,
and in particular €3, can be of the same magnitude if not larger than ¢,. We note
that spatial eccentricities are typically defined in a coordinate system that is shifted
in the transverse plane such that (2.4) vanishes for n = 1. This does not imply that
the distribution p (X, y) cannot have non-vanishing first moments. It just indicates
that the ansatz (2.4) is too limited to characterize them. A complete ansatz could be
based for instance on the two-parameter set of moments e, , = —{r"€ ™}/{r"}
that contains the subset €, = en, Of (2.4). In this framework, the components
€n.1, N # 1 would characterize first harmonics of the spatial distribution, see e.g.
Ref. [778]. A discussion of such refined characterizations of p(x, y) lies beyond
our scope.

The central question is now how the dynamics of relativistic heavy ion collisions
propagates the spatial eccentricities of the initial energy density distribution into
the observable momentum spectra. More specifically, as the azimuthal directions
within the transverse plane of Fig. 2.7 are not equivalent, we can ask for example
to what extent the multiplicity and momentum of hadrons flying across the short
direction of the collision almond (in the reaction plane) differs from that of the
hadrons flying along the long direction of the collision almond (perpendicular to
the reaction plane). And if the initial nuclear overlap shows a significant triangu-
larity €3, or higher moments ¢, €s, ¢, ..., we can ask which imprints these have
on the measured spectra.
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To address this question, we characterize now the dependence on the reaction
plane for the case of the single inclusive particle spectrum dN/d3p of a particular
species of hadron. The three-momentum p of a particle of mass m is parametrized
conveniently in terms of its transverse momentum pr, its azimuthal angle ¢, and
its rapidity y which specifies its longitudinal momentum. Specifically,

p= (pT cos ¢, pr sing, / p2 + mZsinh y) ) (2.5)

The energy of the particle is E =,/ p2 + m2 cosh y. The single particle spectrum
can then be written as

dN 1 dN
d2p dy ~ 27pr dpr dy [1+ 2vicos(¢p — W1) + 2v,€082(p — Wp) + - - -],
t

(2.6)

where the W, denote explicitly the azimuthal orientations of the corresponding
flow component in the transverse plane. Thus, the azimuthal dependence of particle
production is characterized by the harmonic coefficients

dN 4 —Wp) A3
fﬁeln@ )dp

dN
o 4°P

vy = (exp[in(p —Wy)]) = 2.7)

The coefficients vy, are referred to generically as nth order flow. In particular, v,
is referred to as “directed flow”, v, as “elliptic flow”, and vz as “triangular flow”.
In general, the v, can depend on the transverse momentum pr, the rapidity vy, the
impact parameter of the collision, and they can differ for different particle species.

We can now make our question about the relation between flow observables and
spatial asymmetries of the initial energy density more precise. We ask how the flow
harmonics v, depend on the spatial eccentricities e, of the initial transverse energy
density distribution. We have two principal reasons to limit this discussion to the
moments n > 2. First, as mentioned already, defining first moments of the spatial
distribution would require going beyond the ansatz (2.4). Second, the measured v,
is known to be sensitive not only to medium response, but also to global constraints
from energy—momentum conservation. For instance, if the total momentum of all
particles in some rapidity window (in some pr range) points along ¢ = 0 and
defines a positive vy, energy—-momentum conservation implies that it must point in
some other rapidity window (in some other py range) along ¢ = =, corresponding
to a negative v;. In short, the relation between first moments of the spatial eccen-
tricities of the initial energy density distribution and the observable momentum
spectra is complicated by confounding factors. In principle, these can be analyzed
and controlled, but that requires a more extended analysis than we present that is
not yet standard in comparisons between measurements of v; and fluid dynamic
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Figure 2.8 Transverse momentum dependence of the elliptic flow va(pt) for
different centrality bins. Measurements made by the ALICE Collaboration at
the LHC (colored points) are compared with parametrized data from the STAR
Collaboration at RHIC (gray shaded bands). We see v, increasing as one goes
from nearly head-on collisions to semi-peripheral collisions. Figure taken from
Ref. [5].

simulations of the type we shall discuss below. We shall therefore only discuss the
dynamical understanding of how the e, are related to the v, for the moments with
n > 2. We shall first consider an event-averaged almond-shaped nuclear overlap
zone (left-hand side of Fig. 2.7), before we turn to a discussion of the novel oppor-
tunities arising from a study of event-by-event fluctuations (like those illustrated
on the right-hand side of Fig. 2.7).

A Discussion for event-averaged spatial asymmetries

In Fig. 2.8, we show data for the transverse momentum dependence of the elliptic
flow v, (pr) measured for different centrality classes in Au+Au collisions at RHIC
and in Pb+Pb collisions at the LHC. It is striking that the v,(pr) measured at
A/S = 2.76 TeV by ALICE in three different impact parameter bins agrees within
error bars at all values of pr with that measured at /s = 200 GeV by the STAR
collaboration at RHIC out to beyond 4 GeV in pr. On a qualitative level, this
indicates that the quark-gluon plasma produced at the LHC is comparably strongly
coupled, with comparably small /s, to that produced and studied at RHIC.
Heavy ion collisions at both RHIC and the LHC feature large azimuthal asym-
metries. To appreciate the size of the measured elliptic flow signal, we read from
(2.6) that the ratio of dN/d®p in whatever azimuthal direction it is largest to
dN/d®p ninety degrees in azimuth away is (1 + 2v3)/(1 — 2v,), which is a factor
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of 2 for v, = 1/6. Thus, a v, of the order of magnitude seen in semi-peripheral col-
lisions at RHIC and LHC for pr ~ 2GeV, as illustrated in Fig. 2.8, corresponds to
collisions that are azimuthally asymmetric by more than a factor of 2. In addition to
being large, this flow signal displays a characteristic centrality dependence, as we
discuss now. The azimuthal asymmetry v, of the final state single inclusive hadron
spectrum is maximal in semi-peripheral collisions. v, is less for more central col-
lisions. Therefore, the measured elliptic flow v, traces the event-averaged spatial
eccentricity of the initial condition at least qualitatively: the initial event-averaged
geometric asymmetry is less for more central collisions since the almond-shaped
collision region becomes closer to circular as the impact parameter is reduced.

One can make the relation between spatial ellipticity and measured elliptic flow
more quantitative by modeling the elliptic eccentricity €, of the spatial energy den-
sity distributions, sketched for example in Fig. 2.7. While v, is measured directly,
the value of ¢, will have some model uncertainty. It turns out, however, that this
uncertainty is relatively small, and ¢, is determined predominantly by the impact
parameter of the collision which in turn is constrained by the event multiplicity
which is directly measurable. As a consequence, one finds strong support for a
model-independent picture according to which the pr-averaged elliptic flow v,
traces the initial elliptic eccentricity e,. For two different models of €5, this is shown
in the upper panel of Fig. 2.9. Elliptic flow and initial elliptic eccentricity show an
approximately linear relation for different centrality classes

V) X €. (28)

Here, “approximate” means that the proportionality factor differs by less than a
factor 2 as a function of centrality and model-dependent uncertainties. In the ide-
alized case of zero impact parameter and vanishing initial state fluctuations, v, due
to collective effects should vanish. The reason that v, is not even smaller in the
sample of the 5% most head-on collisions is that this sample includes events with
a distribution of impact parameters in the range 0 < b < 3.5fm. Moreover, event-
by-event fluctuations can introduce ellipticity even in the most central, head-on,
collisions. We turn in the next subsection to experimental information about these
fluctuations.

We mention as an aside that there are azimuthal asymmetries in particle produc-
tion that are not related to flow. For instance, a jet produced at azimuthal angle ¢
will often recoil against a jet at angle ~ (¢ + 7). Such a dijet event introduces an
azimuthal asymmetry that results obviously from energy—momentum conservation
in the transverse plane, and is not related to collective dynamics. There are several
techniques to disentangle such sources of asymmetry from the signals of collective
dynamics that one is interested in. One option is to use data at high rapidity to deter-
mine the W,s, and then to measure the v, by applying (2.7) to mid-rapidity data.
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Figure 2.9 Top: the centrality dependence of second and third order flow traces
approximately the centrality dependence of the corresponding initial spatial
eccentricities ey, €3 although the precise value of €, depends on details of model-
ing (two models ¢SC€ and €V are shown). Bottom: the centrality-dependence of
pr-averaged flow harmonics vp, vs, v4. Triangular flow is finite if measured with
respect to the third order reaction plane but vanishes if measured with respect to
the second order reaction plane. Figures taken from Ref. [6].

This eliminates the contribution of all statistical fluctuations uncorrelated with the
reaction plane unless these fluctuations introduce correlations between particles in
the mid-rapidity and high rapidity regions of the detector. An alternative method is
to use the fact that particle correlations resulting from a dijet or some other source
of microscopic dynamics affect only a small subset of all particles in a collision,
while an asymmetry resulting from the response to an initial spatial asymmetry can
affect all particles in an event. Therefore, these effects will scale differently with
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event multiplicity in the measured particle correlations. By a suitable so-called
cumulant analysis of 2-, 4-, and 6- particle correlations, it is then possible to dis-
entangle these two effects [177]. The values vo{2}, v2{4} and v3{2}, v3{4} shown
in Figs. 2.8 and 2.9 refer to such an analysis based on 2- and 4-particle correla-
tions, respectively. For practical purposes, results of second order cumulants can
be regarded as being contaminated by a significant (~ 20%) contribution from
effects that do not arise from collective dynamics (“non-flow” effects). That mea-
surements based on fourth order cumulants, like v,{4} and v3{4} are corrected for
all non-flow effects can be seen from the fact that these values then agree with
those obtained by other complementary techniques for measuring vs.

In summary, the empirical observation that v, o €, shows that the azimuthal
momentum anisotropies have a geometrical origin. The large value of v, provides
evidence that the underlying collective dynamics is very efficient in translating
initial spatial anisotropies into momentum anisotropies. And, as we shall dis-
cuss further below, a strongly coupled fluid that flows with little dissipation is
needed to explain such an efficient translation of spatial anisotropies into observed
momentum anisotropies.

B Spatial asymmetriesincluding initial event-by-event fluctuations

In the absence of initial event-by-event fluctuations, the collision region of identical
nuclei at mid-rapidity is symmetric under ¢ — ¢+ and all odd spatial eccentric-
ities €1, €3, ... must vanish. Since dynamics cannot break a ¢ — ¢ 4+ asymmetry
of the initial state, all odd flow harmonics should vanish in this case. Measuring
odd flow harmonics at mid-rapidity is therefore direct evidence for initial state
fluctuations. As depicted on the right-hand side of Fig. 2.7, fluctuations in the ini-
tial conditions of individual nucleus—nucleus collisions can break the ¢ — ¢ + 7
symmetry of the event-averaged almond-like nuclear overlap. Recently, significant
experimental evidence has accumulated that these fluctuations around the event-
averaged distribution are themselves propagated into event-by-event fluctuations
of the final-state momentum anisotropies as the fluid produced in heavy ion col-
lisions expands. Here, we discuss these data and the promise that they represent,
namely the promise of further refining our understanding of hot QCD matter.

As seen in Fig. 2.9, higher harmonics of the flow (vs, vs, .. .) are indeed nonzero
in heavy ion collisions at mid-rapidity. For the most central Pb+Pb collisions at the
LHC, v, and v are of comparable strength and non-vanishing higher harmonics vy,
s, ... are needed to account for the measured azimuthal distribution of produced
particles. Consistent with the picture that vz depends purely on initial state fluctu-
ations, the azimuthal orientation W3 of the measured triangularity is not correlated
with the orientation of the event-averaged almond-like nuclear overlap and there-
fore is not correlated to the orientation W, of the elliptic flow. Third order flow
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therefore vanishes if reconstructed with respect to the standard participant plane
®, = Dpp, see lower panel of Fig. 2.9. Also, the centrality dependence of higher
flow harmonics is much flatter than that of v, exactly because higher harmonics
have a stronger dependence on fluctuations and a weaker dependence on changes in
the shape of the almond-like event-averaged nuclear overlap. From model studies
of the event-by-event fluctuations in the initial energy density distribution, one con-
cludes that although the origins of vs and v, are different, vs is nevertheless related
approximately linearly to the third order eccentricity, vz o €3, as seen in the upper
panel of Fig. 2.9. This provides a strong indication that collective dynamics is
also very efficient in translating higher order spatial eccentricities into momentum
anisotropies.

While we shall not give a detailed account of the dynamical propagation of
higher order eccentricities in the following, we would like to emphasize here the
generic interest in these studies. In general, any asymmetry in the initial spatial
density distribution translates into pressure gradients that will propagate as per-
turbations. Whether such perturbations are damped out or propagate unattenuated
in a heavy ion collision will depend on the dissipative properties of the QCD
medium through which they propagate. It is widely known from studies of the
cosmic microwave background that the analysis of fluctuations that are propagated
fluid dynamically gives access to measures of the matter content of the Universe.
In close analogy, one expects that in the coming years the analysis of the event-
by-event fluctuations seen in ultra-relativistic heavy ion collisions will provide
stringent and complementary tests of the paradigm that the QCD matter produced
in ultra-relativistic nucleus—nucleus collisions is a strongly coupled almost ideal
liquid and will tighten the determination of the parameter n/s that characterizes
the (small) amount of dissipation that arises as it flows.

2.2.3 Calculating elliptic flow using (ideal) hydrodynamics

We have now seen that the azimuthal asymmetry in space present at the start of the
little explosions created by heavy ion collisions with nonzero impact parameter,
is subsequently converted by collective dynamics into an asymmetry in momentum
space. This conversion of initial spatial anisotropy into final momentum anisotropy
is characteristic of any explosion — one shapes the explosive in order to design
a charge that blasts with greater force in some directions than others. Hydrody-
namics provides the natural language for describing such processes: the initial
spatial anisotropy corresponds to anisotropic pressure gradients. Let us assume
first that event-by-event fluctuations in the initial state are absent and that the
nuclear overlap is almond-shaped. The pressure is then maximal at the center
of the nuclear overlap and zero at its edge, the gradient is greater across the
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almond (in the reaction plane) than along it (perpendicular to the reaction plane).
The elliptic flow v, measures the extent to which these pressure gradients lead
to an anisotropic explosion with greater momentum flow in the reaction plane;
it characterizes the efficiency of translating initial pressure gradients into col-
lective flow. In the presence of initial state fluctuations, the same logic applies
to higher order flow harmonics v, and their relation to higher order initial spa-
tial eccentricities ¢,. For concreteness, we focus in the following only on elliptic
flow, which was also historically the first example of azimuthal anisotropy that
was analyzed. By doing hydrodynamic calculations and comparing the calculated
v, to that in the data (and also comparing the final state radial flow velocity
to that determined from the single-particle spectra as described in the previ-
ous section) one can constrain the input quantities that go into a hydrodynamic
description.

The starting point in any hydrodynamic analysis is to consider the limit of ideal,
zero viscosity, hydrodynamics. In this limit, the hydrodynamic description is spec-
ified entirely by an equation of state, which relates the pressure and the energy
density, and by the initial spatial distribution of energy density and fluid veloc-
ity. In particular, in ideal hydrodynamics one is setting all dissipative coefficients
(shear viscosity, bulk viscosity, and their many higher order cousins) to zero. If the
equation of state is held fixed and viscosity is turned on, v, must decrease: turning
on viscosity introduces dissipation that has the effect of turning some of the initial
anisotropy in pressure gradients into entropy production, rather than into directed
collective flow. So, upon making some assumption for the equation of state and for
the initial energy density distribution, setting the viscosities to zero yields an upper
bound on the v, in the final state. Ideal, inviscid, hydrodynamics has therefore
long been used as a calculational benchmark in heavy ion physics. As we shall see
below, in heavy ion collisions at RHIC energies ideal hydrodynamics does a good
job of describing v, (pr) for pions, kaons and protons for transverse momenta pr
below about 1-2 GeV. This motivates an ongoing research program in which one
begins by comparing data to the limiting case of ideal, inviscid, hydrodynamics and
then turns to a characterization of dissipative effects, asking how large a viscosity
will spoil the agreement with data. In this subsection, we sketch how practition-
ers determine the equation of state and initial energy density profile, and we recall
the basic principles behind the hydrodynamic calculations on which all these stud-
ies rest. In the next subsection, we summarize the current constraints on the shear
viscosity that are obtained by comparing to v, data.

The equation of state relates the pressure P to the energy density . P is a
thermodynamic quantity, and therefore can be calculated by using the methods
of lattice quantum field theory, as we describe in Chapter 3. Lattice calcula-
tions (or fits to them) of P(¢) in the quark—gluon plasma and in the crossover
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regime between QGP and hadron gas are often used as inputs to hydrodynamic
calculations. At lower energy densities, practitioners either use a hadron resonance
gas model equation of state, or match the hydrodynamic calculation onto a hadron
cascade model. One of the advantages of focusing on the v, observable is that it
is insensitive to the late time epoch of the collision, when all the details of these
choices matter. This insensitivity is easy to understand. v, describes the conversion
of a spatial anisotropy into anisotropic collective flow. As this conversion begins,
the initial almond-shaped collision explodes with greater momentum across the
short direction of the almond, and therefore circularizes. Once it has circularized,
no further v, can develop. Thus, v, is generated early in the collision. By the late
times when a hadron gas description is needed, v, has already been generated. In
contrast, the final state radial flow velocity reflects a time integral over the pressure
built up during all epochs of the collision.

The discussion above reminds us of a second sense in which the ideal hydro-
dynamic calculation of v, is a benchmark: ideal hydrodynamics requires local
equilibrium. It therefore cannot be valid from time t = 0. By using an ideal hydro-
dynamic description beginning at t = 0 we must again be overestimating v, and
so we can ask how long an initial phase during which partons stream freely with-
out starting to circularize the almond-shaped region and generating any momentum
anisotropy, can be tolerated without spoiling the agreement between calculations
and data.

After choosing an equation of state, an initialization time, and viscosities (zero
in the benchmark calculation), the only thing that remains to be specified is the
distribution of energy density as a function of position in the almond-shaped col-
lision region. (The transverse velocities are assumed to be zero initially.) In the
simplest approach, called the Glauber model, this energy density is proportional
to the product of the thickness of the two nuclei at a given point in the trans-
verse plane. It is thus zero at the edge of the almond, where the thickness of one
nucleus goes to zero, and maximum at the center of the almond. The proportional-
ity constant is determined by fitting to data other than v, see e.g. Ref. [542]. The
assumptions behind this Glauber approach to estimating how much energy density
is created at a given location as a function of the nuclear thickness at that loca-
tion are assumptions about physics of the collision att = 0. There are alternative
model parametrizations. Here, we mention a second one for which the energy den-
sity rises towards the center of the almond more rapidly than the product of the
nuclear thicknesses. This parametrization is referred to as the CGC initial condi-
tion, since it was first motivated by ideas of parton saturation (called “color glass
condensate”) [456]. The Glauber and CGC maodels for the initial energy density
distribution are often used as benchmarks in the hope that they bracket nature’s
choice.
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A Hydrodynamics — generalities

We turn now to the formulation of the hydrodynamic equations of motion. Hydro-
dynamics is an effective theory which describes the small frequency and long
wavelength limit of an underlying interacting dynamical theory [355]. It can be
used to describe motions of the fluid that occur on macroscopic length scales and
time scales associated with how the fluid is “stirred”, scales that are long com-
pared to any microscopic scales characterizing the fluid itself. It is a classical field
theory, where the fields can be understood as the expectation values of certain quan-
tum operators in the underlying theory. In the hydrodynamic limit, since the length
scales under consideration are longer than any correlation length in the underlying
theory, by virtue of the central limit theorem all n-point correlators of the under-
lying theory can be factorized into one point functions. The fluctuations on these
average values are small, and a description in terms of expectation values is mean-
ingful. If the underlying theory admits a (quasi)particle description, this statement
is equivalent to saying that the hydrodynamic description involves averages over
many of these fundamental degrees of freedom and is valid only on length scales
that are long enough for this to be an appropriate procedure.

The hydrodynamic degrees of freedom include the expectation values of con-
served currents such as the stress tensor T#" or the currents of conserved charges
Jg, which fulfill the conservation equations

d, T =0, (2.9)
d,Jl =0, (2.10)

where d,, is the covariant derivative. As a consequence of these conservation laws,
long wavelength excitations of these fields can only relax on long timescales, since
their relaxation must involve moving stress—energy or charges over distances of
order the wavelength of the excitation. As a consequence, these conservation laws
lead to excitations whose lifetime diverges with their wavelength. Such excitations
are called hydrodynamic modes.

It is worth pausing to explain why we have introduced a covariant derivative,
even though we will only ever be interested in heavy ion collisions — and thus
hydrodynamics — occurring in flat spacetime. It is nevertheless often convenient
to use curvilinear coordinates with a non-trivial metric. For example, the longitu-
dinal dynamics is more conveniently described using proper time 7 = +/t? — 22
and spacetime rapidity & = arctanh(z/t) as coordinates rather than t and z. In
these “Milne coordinates”, the metric is given by g,,, = diag(ge-, Oxx, Oyy, Ocz) =
(—1,1, 1, 72). These coordinates are useful because boost invariance simply trans-
lates into the requirement that &, as well as the fluid velocity u* and 1+, the
contribution to the stress tensor from gradients, must all be independent of &,
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depending on t only. In particular, if the initial conditions are boost invariant then
the fluid dynamic evolution will preserve this boost invariance, and the numerical
calculation reduces in Milne coordinates to a 2 + 1-dimensional problem. Boost-
invariant initial conditions have often been used as a simplifying assumption for
hydrodynamics ever since they were introduced in this context in Ref. [165], but
fully 3 4+ 1-dimensional calculations that do not assume boost invariance can also
be found in the literature [455, 424, 654, 710].

If the only long-lived modes are those from conserved currents, then hydrody-
namics describes a normal fluid. However, there can be other degrees of freedom
that lead to long-lived modes in the long wavelength limit. For example, in a phase
of matter in which some global symmetry is spontaneously broken, the Goldstone
boson(s) is (are) also hydrodynamic modes [355]. The classic example of this is
a superfluid, in which a global U (1) symmetry is spontaneously broken. Chiral
symmetry is spontaneously broken in QCD, but there are two reasons why we
can neglect the potential hydrodynamic modes associated with the chiral order
parameter [746]. First, explicit chiral symmetry breaking gives these modes a mass
(the pion mass) and we are interested in the hydrodynamic description of physics
on length scales longer than the inverse pion mass. Second, we are interested in
temperatures above the QCD crossover, at which the chiral order parameter is dis-
ordered, the symmetry is restored, and this question does not arise. So, we need
only consider normal fluid hydrodynamics. Furthermore, as we have discussed in
Section 2.1, the matter produced in ultra-relativistic heavy ion collisions has only
a very small baryon number density, and it is a good approximation to neglect Jg.
The only hydrodynamic degrees of freedom are therefore those described by T#".

At the length scales at which the hydrodynamic approximation is valid, each
point of space can be regarded as a macroscopic fluid cell, characterized by its
energy density ¢, pressure P, and a velocity u*. The velocity field can be defined
by the energy flow together with the constraint u?> = —1. In the so-called Landau
frame, the four equations

u, T = —eu”. (2.11)
determine ¢ and u from the stress tensor.
Hydrodynamics can be viewed as a gradient expansion of the stress tensor (and

any other hydrodynamic fields). In general, the stress tensor can be separated into
a term with no gradients (ideal) and a term which contains all the gradients:

TH = ThY 4+ 17 (2.12)

In the rest frame of each fluid cell (u' = 0), the ideal piece is diagonal and isotropic
Tihew = diag (¢, P, P, P). Thus, in any frame,

ideal
Tigeval = (e + P)u*u’ + Pglw ) (2.13)
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where g, is the spacetime metric.

If there were a nonzero density of some conserved charge n, the velocity field
could either be defined in the Landau frame as above or may instead be defined
in the so-called Eckart frame, with J* =nu*. In the Landau frame, the definition
(2.11) of u* implies IM*"u, = 0 (transversality). Hence, there is no heat flow but
there can be currents of the conserved charge. In the Eckart frame, the velocity
field is comoving with the conserved charge, but there can be heat flow.

Ideal hydrodynamics is the limit in which all gradient terms in T#" are neglected.
Corrections to ideal hydrodynamics — namely the gradient terms in TT#" that we
shall discuss shortly — introduce internal length and time scales, including time
scales for relaxation of perturbations away from local thermal equilibrium, and
length scales associated with mean free paths. Hydrodynamics works on longer
length scales than these. Introducing the gradient terms that correct ideal hydrody-
namics also introduces dissipation and introduces the possibility of hydrodynamic
flows in which the pressure is not isotropic. At long enough time scales, how-
ever, gradients become unimportant, hydrodynamics becomes ideal, the pressure
P in the rest frame of each fluid cell becomes isotropic, and ¢ and P are related
by the equilibrium equation of state. This equation of state can be determined by
studying a homogeneous system at rest with no gradients, for example via a lattice
calculation.

The range of applicability of hydrodynamics can be characterized in terms of the
isotropization scale tjs, and the hydrodynamization scale thyqro. The isotropization
scale measures the characteristic time over which an initially anisotropic stress
tensor becomes isotropic in the local fluid rest frame, to within some criterion that
must be defined. The hydrodynamization scale measures the characteristic time
after which the flow of the fluid is well described (again to within some criterion
that must be defined) by the equations of (possibly viscous) hydrodynamics. In
different contexts, the two time scales tis, and thyqgro Can be ordered in either way.
If Tiso < Thyaro, @S May be the case for a sufficiently weakly coupled plasma [79],
there is a period of time when the plasma is isotropic but is not yet described by
ideal hydrodynamics with P and ¢ related by the equilibrium equation of state. In
some circumstances [79], ideal hydrodynamics may nevertheless be used during
this period of time, as long as P(¢) is replaced by some non-equilibrium “equation
of state” that will depend on exactly how the system is out of thermal equilibrium.
It is also possible that during this period of time the production of entropy may not
yet have ceased. If Thyaro < Tiso, ON the other hand, there is a period of time when the
way in which the plasma flows is described well by viscous hydrodynamics even
though gradients in the flow remain important, entropy is still being produced, and
the pressure in the local fluid rest frame is not isotropic. We shall return to these
considerations at length in Chapter 7 where we shall see that calculations done
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via gauge/string duality indicate that when a strongly coupled plasma is produced
it hydrodynamizes first and isotropizes later. This conclusion has been reached
for hydrodynamization starting from a wide variety of far-from-equilibrium states.
Although this could in principle have been considered as a possibility beforehand,
in fact it was the analysis using gauge/string duality of many explicit examples in
which this conclusion was manifest that brought it to the fore and that has yielded
the insight that hydrodynamization before isotropization may be a generic feature
of the production of strongly coupled plasma.

B First order dissipative fluid dynamics

Going beyond the infinite wavelength limit requires the introduction of viscosities.
To first order in gradients, the requirement that IT*¥ be transverse means that it
must take the form

M = —n(e)o™ — (e)A*'V - u, (2.14)

where n and ¢ are the shear and bulk viscosities, V¥ = A*'d,, with d, the
covariant derivative and

AP = g*’ 4+ ufu”, (2.15)
2
o = AP*AYP (Vyug + VgUy) — éAaﬂ V.u. (2.16)

The operator A*" is the projector onto the space components of the fluid rest frame.
Note that in this frame the only time derivatives or spatial gradients that appear in
Eq. (2.14) are spatial gradients of the velocity fields. By symmetry, time derivatives
of the velocity fields and spatial gradients of ¢ cannot arise in TT#¥ to first order in
gradients. The reason that time derivatives of & do not appear is that they can be
eliminated in the first order equations by using the zeroth order equation of motion

De = —(¢ + P) V,u", (2.17)

where D = u*d, is the time derivative in the fluid rest frame. (Similarly, time
derivatives of the energy density can be eliminated in the second order equations
that we shall give below using the first order equations of motion.)

It is often convenient to phrase the hydrodynamic equations in terms of the
entropy density s. In the absence of conserved charges, i.e. with baryon chemi-
cal potential g = 0, the entropy density iss = (¢ + P)/T. Using this and another
fundamental thermodynamic relation, DE = T DS— P DV (where E/V = ¢)
the zeroth order equation of motion (2.17) becomes exactly the equation of entropy
flow for an ideal isentropic fluid

Ds=—-sV,u". (2.18)
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Repeating this analysis at first order, including the viscous terms, one easily derives
fromu, vV, T*" = 0 that
Ds
s

A similar analysis of the other three hydrodynamic equations then shows that they
take the form

1
=—-V,u" — o " v,u, . (2.19)

1
Duy, = ——Ay | V'P+V, 11" ). 2.20
(VP v @20)

It then follows from the structure of the shear tensor IT*" (2.14) that shear viscosity
and bulk viscosity always appear in the hydrodynamic equations of motion in the
dimensionless combinations 1 /s and ¢ /s. The net entropy increase is proportional
to these dimensionless quantities. Gradients of the velocity field are measured in
unitsof 1/T.

In a conformal theory, ¢ = 0 since TT*” must be traceless. There are a number
of indications from lattice calculations that as the temperature is increased above
(1.5-2)T, with T, the crossover temperature, the quark—gluon plasma becomes
more and more conformal. The equation of state approaches P = %s [277, 179].
The bulk viscosity drops rapidly [615]. So, we shall set ¢ = 0 throughout the
following, in so doing neglecting temperatures close to T.. One of the things that
makes heavy ion collisions at the LHC interesting is that in these collisions the
plasma that is created is expected to be better approximated as conformal than is
the case at RHIC, where the temperature at t = 1 fm is thought to be between
1.5T; and 2T..

Just like the equation of state P(¢), the shear viscosity n(e) is an input to the
hydrodynamic description that must be obtained either from experiment or from
the underlying microscopic theory. We shall discuss in Section 3.2 how trans-
port coefficients like n are obtained from correlation functions of the underlying
microscopic theory via Kubo formulae.

C Second order dissipative hydrodynamics

Even though hydrodynamics is a controlled expansion in gradients, the first order
expression for the tensor TT#", Eq. (2.14), is unsuitable for numerical computations.
The problem is that the set of equations (2.9) with the approximations (2.14) leads
to acausal propagation. Even though this problem only arises for modes outside of
the region of validity of hydrodynamics (namely high momentum modes with short
wavelengths of the order of the microscopic length scale defined by »), the numer-
ical evaluation of the first order equations of motion is sensitive to the acausality
in these hard modes. This problem is solved by going to one higher order in the
gradient expansion. This is known as second order hydrodynamics.
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There is a phenomenological approach to second order hydrodynamics due
to Muiller, Israel and Stewart aimed at explicitly removing the acausal propa-
gation [631, 485, 486]. In this approach, the tensor IT*” is treated as a new
hydrodynamic variable and a new dynamical equation is introduced. In its simplest
form this equation is

DM = —I* — o’ (2.21)

where 71 is a new (second order) coefficient. Note that as tp — 0, Eq. (2.21) coin-
cides with Eq. (2.14) with the bulk viscosity ¢ set to zero. Eq. (2.21) is such that
I1*¥ relaxes to its first order form in a (proper) time 7. There are several variants
of this equation in the literature, all of which follow the same philosophy. They
all introduce the relaxation time as the characteristic time in which the tensor T1#”
relaxes to its first order value. The variations arise from different ways of fixing
some pathologies of Eq. (2.21), since as written Eq. (2.21) does not lead to a trans-
verse stress tensor (although this is a higher order effect) and is not conformally
invariant. Since in this approach the relaxation time is introduced ad hoc, it may not
be possible to give a prescription for extracting it from the underlying microscopic
theory.

The systematic extraction of second order coefficients demands a similar anal-
ysis of the second order gradients as was done at first order. The strategy is, once
again, to write all possible terms with two derivatives which are transverse and con-
sistent with the symmetries of the theory. As before, only spatial gradients (in the
fluid rest frame) are considered, since time gradients can be related to the former
via the zeroth order equations of motion.

In a conformal theory, second order hydrodynamics simplifies. First, only terms
such that l‘[l/j = 0 are allowed. Furthermore, the theory must be invariant under

Weyl transformations
O — € 20g,, (2.22)

which implies
T — e®T, ut — Wy, TW - gdfo0Tu (2.23)

where T is the temperature and d the number of spacetime dimensions. The Weyl
transformation of the stress tensor can be derived from its definition in terms of the
action S, which is Weyl invariant: T*” = (2/,/9) 6S/89,.,. The normalization of
the velocity field, u,u* = —1, fixes its Weyl transformation. Finally, the transfor-
mation of the stress tensor together with the relation (2.13) and the fact that in a
conformal theory ¢ ~ T¢ yield the Weyl transformation of T.

It turns out that there are only five operators that respect these constraints [107].
The second order contributions to the tensor IT*¥ are linear combinations of these
operators, and can be cast in the form [107, 155]
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d
" = —not’ — 1 [(DH”U) + hn’”(v-u)]

+ K [R<’”) —(d = 2)u, R"‘(‘“’)ﬂuﬁ]
Mo mon _ A2 oo . I
T I — SE Q 0 0t (2.24)

Here, R*" is the Ricci tensor, the indices in brackets are the symmetrized traceless
projectors onto the space components in the fluid rest frame, namely

1
(A = EA““A”ﬁ(Aaﬁ + Asa) — 5 1A‘“’A°‘ﬁAaﬁ = AW (2.25)
and the vorticity tensor is defined as
1
QM = EAWMS(vauﬁ — VgUy) . (2.26)

In deriving (2.24), we have replaced no*¥ by TT*" on the right-hand side in places
where doing so makes no change at second order. We see from (2.24) that five new
coefficients zy, «, A1, A2, and A3 arise at second order in the hydrodynamic descrip-
tion of a conformal fluid, in addition to n and the equation of state which arise at
first and zeroth order respectively. The coefficient « is not relevant for hydrody-
namics in flat spacetime. The A; coefficients involve nonlinear combinations of
fields in the rest frame and, thus, are invisible in linearized hydrodynamics. Thus,
these three coefficients cannot be extracted from linear response. Of these three,
only A, is relevant in the absence of vorticity, as in the numerical simulations that
we will describe in the next subsection. These simulations have also shown that, for
physically motivated choices of 11, the results are insensitive to its precise value,
leaving 7,; as the only phenomenologically relevant second order parameter in the
hydrodynamic description of a conformal fluid. In a generic, nonconformal fluid,
there are nine additional transport coefficients [715].

For more in-depth discussions of second order viscous hydrodynamics and its
applications to heavy ion collisions, see e.g. Refs. [632, 776, 633, 634, 106, 105,
716, 754, 333, 752, 589, 753, 625, 755, 590, 756, 757, 442, 714, 779, 735, 758].

2.2.4 Comparing dliptic flow in heavy ion collisions
and hydrodynamic calculations

For the case of ideal hydrodynamics, the hydrodynamic equations of motion are
fully specified once the equation of state P = P(e) is given. A second order
dissipative hydrodynamic calculation also requires knowledge of the transport
coefficients n(e) and ¢(¢) (although in practice the latter is typically set to zero)
and the relaxation time t; and the second order coefficient A, entering Eq. (2.24).
(Note that « would enter in curved spacetime, and 1, and A3 would enter in the
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presence of vorticity.) All these parameters are well-defined in terms of correlation
functions in the underlying quantum field theory. In this sense, the hydrodynamic
evolution equations are model-independent.

The output of any hydrodynamic calculation depends on more than the evolu-
tion equations. One must make model assumptions about the initial energy density
distribution. As we have discussed in Section 2.2.2, there are two benchmark mod-
els for the energy distribution across the event-averaged almond-shaped collision
region. More recent analyses also include initial event-by-event fluctuations around
these event-averaged density profiles [458]. These model variations give us a sense
of the degree to which results are sensitive to our lack of knowledge of the details
of this initial profile. Often, the initial transverse velocity fields are set to zero
and boost invariance is assumed for the longitudinal velocity field and the evolu-
tion. For dissipative hydrodynamic simulations, the off-diagonal elements of the
energy—momentum tensor are additional hydrodynamic fields which must be ini-
tialized. The initialization time g, at which these initial conditions are fixed, is an
additional model parameter. It can be viewed as characterizing the isotropization
time, at which hydrodynamics starts to apply but collective flow has not yet devel-
oped. In addition to initial state sensitivity, results depend on assumptions made
about how the system stops behaving hydrodynamically and freezes out. In prac-
tice, freezeout is often assumed to happen as a rapid decoupling: when a specified
criterion is satisfied (e.g. when a fluid cell drops below a critical energy or entropy
density) then the hydrodynamic fields in the unit cell are mapped onto hadronic
equilibrium Bose/Fermi distributions. This treatment assumes that hydrodynamics
is valid all the way down to the kinetic freezeout temperature, below which one has
noninteracting hadrons. Alternatively, at a higher temperature close to the crossover
where hadrons are formed, one can map the hydrodynamic fields onto a hadron
cascade which accounts for the effects of rescattering in the interacting hadronic
phase without assuming that its behavior is hydrodynamic [121, 775]. Indeed,
recent work suggests that hadronization may be triggered by cavitation induced
by the large bulk viscosity in the vicinity of the crossover temperature [702].
As we have discussed, v, is insensitive to details of how the late-time evolution
is treated because v, is generated during the epoch when the collision region is
azimuthally anisotropic. Nevertheless, these late-time issues do matter when one
does a global fit to v, and the single-particle spectra, since the latter are affected by
the radial flow which is built up over the entire history of the collision. Finally, the
validity of results from any hydrodynamic calculation depends on the assumption
that a hydrodynamic description is applicable. This assumption can be checked
at late times by checking the sensitivity to how freezeout is modeled and can be
checked at early times by confirming the insensitivity of results to the values of the
second order hydrodynamic coefficients and to the initialization of the higher order
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Figure 2.10 The elliptic flow v, versus pr for a large number of identified
hadrons (pions, kaons, protons, As) showing the comparison between an ideal
hydrodynamic calculation to data from RHIC. Figure taken from Ref. [440].

off-diagonal elements of the energy—momentum tensor: if hydrodynamics is valid,
the gradients must be small enough at all times that second order effects are small
compared to first order effects.

In practice, the dependence of physics conclusions on all these model assump-
tions has to be established by systematically varying the initial conditions and
freezeout prescriptions within a wide physically motivated parameter range, and
comparing to data on both the single-particle spectra (i.e. the radial velocity) and
the azimuthal flow anisotropy coefficients. At the current time, several generic
observations have emerged from pursuing this program in comparison to data from
RHIC and LHC.

(1) Perfect fluid dynamics approximately reproduces the size and centrality depen-
dence of v,
RHIC and LHC data on single inclusive hadronic spectra d®N/ pr dpr dy and
their leading azimuthal dependence v, (pr) can be reproduced approximately
in magnitude and shape by ideal hydrodynamic calculations, for particles with
pr < (1-2)GeV, see Fig. 2.10. The hydrodynamic picture is expected to
break down for sufficiently small wavelength, i.e. high momenta, consistent
with the observation that significant deviations occur for pr > 2GeV, see
Fig. 2.10 again. The initialization time for these calculations is 7o = 0.6-1fm.
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Figure 2.11 Centrality dependence of the pt-averaged elliptic (v2) and triangular
(v3) flow. The plot compares fluid dynamic simulations to the ratio of data on vy,
over eccentricity ep, the latter being calculated in two different models of fluctu-
ating initial conditions (MC-KLN and MC-GlIb) that formulate opposite extreme
assumptions about the radial dependence of the initial transverse energy density.
The figures show that data on v, alone cannot differentiate between these two dif-
ferent assumptions about the initial energy density profile, since each can fit the
vy data comparably well upon making very different choices for n/s. The analy-
sis indicates that using data on v3 in addition can result in separate constraints on
both n/s and initial conditions. Figure taken from Ref. [701].

If 7o is chosen larger, the agreement between ideal hydrodynamics and data is
spoiled. This gives significant support to a picture in which thermalization is
achieved within 1 fm after the collision. Historically, the agreement between
ideal hydrodynamic calculations and experimental measurements of v, pro-
vided the first indication that the shear viscosity of the fluid produced at RHIC
must be small.

The mass ordering of identified hadron spectra

The pr-differential azimuthal asymmetry v,(pr) of identified single inclu-
sive hadron spectra shows a characteristic mass ordering in the range of
pr < 2GeV: at small pr, the azimuthal asymmetry of light hadrons is sig-
nificantly more pronounced than that of heavier hadrons, see e.g. Fig. 2.10.
This qualitative agreement between hydrodynamic simulations and experimen-
tal data supports the picture that all hadron species emerge from a single fluid
moving with a common flow-velocity field.

Data on v, and v3 support small dissipative coefficients such as shear viscosity
Above the crossover temperature, the largest dissipative correction is expected
to arise from shear viscosity n, which enters the equations of motion of
second order dissipative hydrodynamics in the combination n/s, where s is
the entropy density. Figure 2.11 shows a comparison of data on v, and vs3
with model simulations that include the major physics effects considered so
far, including initial event-by-event fluctuations with different initial density
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profiles, viscous hydrodynamic evolution, and the interface between hydro-
dynamic evolution and hadronic freezeout at late times. Viscous corrections
generically decrease the observed v, or vs for a given initial eccentricity ¢, or
€3, because dissipation results in the production of more heat and less collec-
tive flow. So, for example, v, decreases with increasing n/s. Hydrodynamic
analyses of heavy ion collision data have put increasingly tight constraints on
n/s [589, 475, 756, 757] and most recent analyses favor nonzero but small
values in the range 1/(4w) < n/s < 2/(4x) [701]. Analyses at the current
frontier seek to use data on several v,s to constrain how different harmon-
ics are sourced differently by initial state fluctuations and damped differently
by the effects of n/s. It is anticipated that these analyses will further tighten
constraints on /s in coming years, while at the same time yielding experi-
mental insights into the initial fluctuations. Also, comparison of the analyses
of heavy ion collisions at RHIC and the LHC may begin to teach us about
the temperature dependence of n/s. The smallness of 1 /s is remarkable, since
almost all other known liquids have n/s > 1 and most have /s > 1. The one
liquid that is comparably close to ideal is an ultracold gas of strongly coupled
fermionic atoms, whose /s is also well below 1 and may be comparably small
to that of the quark—gluon plasma produced at RHIC [235]. Both these fluids
are much better described by ideal hydrodynamics than water is. Both have
n/s comparable to the value 1/47, as we shall comment on below.

We close this section by noting that while hydrodynamic calculations reproduce
elliptic flow, a treatment in which the Boltzmann equation for quark and gluon
(quasi)particles is solved, including all 2 — 2 scattering processes with the cross-
sections as calculated in perturbative QCD, fails dramatically. It results in values of
v, that are much smaller than in the data. Agreement with data can only be achieved
if the parton scattering cross-sections are increased ad hoc by more than a factor of
10 [624]. With such large cross-sections, a Boltzmann description cannot be reli-
able since the mean free path of the particles becomes comparable to or smaller
than the interparticle spacing. Another way of reaching the same conclusion is to
note that if a perturbative description of the QGP as a gas of interacting quasiparti-
cles is valid, the effective QCD coupling «s describing the interaction among these
quasiparticles must be small, and for small a5 perturbative calculations of /s are
controlled and yield parametrically large values [75]

n 1

perturbatively

It is not possible to get as small a value of /s as the data requires from the pertur-
bative calculation without increasing «s to the point that the calculation is invalid.
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In contrast, as we shall see in Section 6.2, any gauge theory with a gravity dual must
have n/s = 1/(4x) in the large-N. and strong coupling limit and, furthermore, the
plasma fluids described by these theories in this limit do not have any well-defined
quasiparticles. This calculational framework thus seems to do a much better job
of capturing the qualitative features needed for a successful phenomenology of
collective flow in heavy ion collisions.

2.3 Jet quenching

Having learned that heavy ion collisions produce a low viscosity, strongly coupled,
fluid we now turn to experimental observables with which we may study properties
of the fluid beyond just how it flows. There are many such observables available.
In this section and the next we shall describe two classes of observables, selected
because in both cases there is (the promise of) a substantive interplay between
data from RHIC and the LHC and qualitative insights gained from the analysis of
strongly coupled plasmas with dual gravity descriptions.

Jet quenching refers to a suite of experimental observables that together reveal
what happens when a very energetic quark or gluon (with momentum much
greater than the temperature) plows through the strongly coupled plasma. Some
measurements focus on how rapidly the energetic parton loses its energy; other
measurements give access to how the strongly coupled fluid responds to the ener-
getic parton passing through it. These energetic partons are not external probes;
they are produced within the same collision that produces the strongly coupled
plasma itself.

In a small fraction of proton—proton collisions, partons from the incident pro-
tons scatter with a large momentum transfer, producing back-to-back partons in the
final state with transverse momenta of the order of ten or a few tens of GeV. These
“hard” processes are rare, but data samples are large enough that they are neverthe-
less well studied. The high transverse momentum partons in the final state manifest
themselves in the detector as jets. Individual high pr hadrons in the final state come
from such hard processes and are typically found within jets. In addition to copious
data from proton-(anti)proton collisions, there is a highly developed quantitatively
controlled calculational framework built upon perturbative QCD that is used to cal-
culate the rates for hard processes in high energy hadron-hadron collisions. These
calculations are built upon factorization theorems. Consider as an example the sin-
gle inclusive charged hadron spectrum at high pr, see Fig. 2.3. That is, consider the
production cross-section for a single charged hadron with a given high transverse
momentum pr, regardless of what else is produced in the hadron-hadron colli-
sion. This quantity is calculated as a convolution of separate (factorized) functions
that describe different aspects of the process: (i) the process-independent parton
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distribution function gives the probability of finding partons with a given momen-
tum fraction in the incident hadrons; (ii) the process-dependent hard scattering
cross-section gives the probability that those partons scatter into final state partons
with specified momenta; and (iii) the process-independent parton fragmentation
functions that describe the probability that a final state parton fragments into a jet
that includes a charged hadron with transverse momentum pr. Functions (i) and
(iii) are well measured and at high transverse momentum function (ii) is both sys-
tematically calculated and well measured. This body of knowledge provides a firm
foundation, a well-defined baseline with respect to which we can measure changes
if such a hard scattering process occurs instead in an ultra-relativistic heavy ion
collision.

In hard scattering processes in which the momentum transfer Q is high enough,
the partonic hard scattering cross-section (function (ii) above) is expected to be the
same in an ultrarelativistic heavy ion collision as in a proton—proton collision. This
is so because the hard interaction occurs on a timescale and length scale oc 1/Q
which is too short to resolve any aspects of the hot and dense strongly interact-
ing medium that is created in the same collision. The parton distribution functions
(function (i) above) are different in nuclei than in nucleons, but they may be mea-
sured in proton-nucleus, deuteron—nucleus, and electron—nucleus collisions. The
key phenomenon that is unique to ultra-relativistic nucleus—nucleus collisions is
that after a very energetic parton is produced, unless it is produced at the edge of
the fireball heading outwards it must propagate through as much as 5-10 fm of
the hot and dense medium produced in the collision. These hard partons therefore
serve as well-calibrated probes of the strongly coupled plasma whose properties
we are interested in. The presence of the medium results in the hard parton losing
energy and changing the direction of its momentum. The change in the direction of
its momentum is often referred to as “transverse momentum broadening”, a phrase
which needs explanation. “Transverse” here means perpendicular to the original
direction of the hard parton. (This is different from pr, the component of the
(original) momentum of the parton that is perpendicular to the beam direction.)
“Broadening” refers to the effect on a jet when the directions of the momenta of
many hard partons within it are kicked; averaged over many partons in one jet, or
perhaps in an ensemble of jets, there is no change in the mean momentum but the
spread of the momenta of the individual partons broadens.

Because the rates for hard scattering processes drop rapidly with increasing pr,
energy loss translates into a reduction in the number of partons produced with a
given pr. (Partons with the given pr must have been produced with a higher pr,
and are therefore rarer than they would be in proton—proton collisions; as a con-
sequence, the yield of high pt hadrons is rarer since it results from hadronization
of highly energetic partons.) Transverse momentum broadening, on the other hand,
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Figure 2.12 CMS data showing a highly unbalanced dijet event in a Pb+Pb colli-
sion at ,/SyN = 2.76 TeV. Tower heights denote the sum of transverse energy
deposited in the electromagnetic and hadron calorimeters in a particular seg-
ment of azimuthal angle ¢ and pseudo rapidity n. The reconstructed jets, in
red, are labeled with their corrected jet transverse momentum. Figure taken from
Ref. [264].

carries part of the jet energy away from the jet axis and thus also leads to a reduc-
tion in the rate of jets observed at a given jet energy. Furthermore, the hard parton
dumps energy into the medium, which motivates the use of observables involving
correlations between soft final state hadrons and a high momentum hadron. Most
generally, “jet quenching” refers to the whole suite of medium-induced modifica-
tions of high pr processes in heavy ion collisions and modifications of the medium
in heavy ion collisions in which a high pr process occurs, all of which have their
origin in the propagation of a highly energetic parton through the strongly coupled
plasma.

As we discuss in the following, one of the most detailed experimental sets of
information about jet quenching is provided by the medium-induced suppression
of single inclusive hadron spectra first discovered at RHIC. A more recent, and
arguably more pictorial, manifestation of jet quenching in heavy ion collisions is
provided by the CMS event display shown in Fig. 2.12. This Pb+Pb event was
selected by triggering on a “leading jet” (i.e. a highly collimated spray of ener-
getic particles that may be thought of as arising from the fragmentation of a single
highly energetic parent parton). By momentum conservation, the total transverse
momentum of this leading jet must be balanced by recoil in the opposite azimuthal
hemisphere. However, the subleading jet seen in Fig. 2.12 in the opposite azimuthal
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hemisphere at A¢ ~ 7w balances only approximately one third of the momentum
of the leading jet. Since no other jet structure is visible, a total recoil transverse
momentum of 205 — 70 = 135 GeV must have been lost in this particular event by
the recoiling parent parton and must reside in many soft fragments that are, in the
present plot, indistinguishable from the background in a high multiplicity heavy ion
collision. Therefore, qualitatively, Fig. 2.12 illustrates the case of a Pb+Pb collision
at the LHC in which one parton escaped relatively unscathed while its back-to-back
partner was very significantly degraded by the presence of the medium.

We shall limit our presentation to several generic features of jet quenching that
have been established at the LHC and at RHIC.

(1) Characteristic strong centrality dependence of dijet asymmetry A;
The imbalance between the transverse energy of the leading jet E+; and that of
the recoil jet Et, can be characterized by measuring the normalized difference
A; = gBSEZ. We caution the reader that Fig. 2.12 does not imply that the
recoiling jet has lost 205 — 70 = 135 GeV by interactions with the surrounding
medium. Even in the absence of medium effects, one finds in “elementary”
p+p or p+p collisions that dijet events are broadly distributed in A;. This can
be understood in perturbative QCD as a consequence of perturbative parton
branching processes, due to which the recoil is taken by more than one jet or
due to which energy is put outside the recoiling jet cone. The main finding of
first measurements at the LHC is, however, that the effects of this perturbative
fragmentation are by far not sufficient to understand the distribution of dijet
asymmetries measured in central Pb+Pb collisions at the LHC. More precisely,
by varying the centrality of a heavy ion collision, one changes the typical in-
medium path length over which hard partons produced in these collisions must
propagate through the dense matter. For the most central head-on collisions,
corresponding to the longest in-medium path lengths for the hard partons, the
dijet asymmetry distribution in Pb+Pb collisions is significantly broader than
in the baseline p+p collisions. In contrast, the dijet asymmetry distribution
has a comparable width in p+p and peripheral Pb+Pb collisions [2, 264]. This
establishes that there is jet quenching: a significant fraction of the recoiling jet
energy must be transported outside the jet cone by effects due to the presence
of the medium produced in heavy ion collisions.
(2) Absence of azimuthal decorrelation of dijets

In p+p collisions, momentum conservation dictates that in dijet events the jets
recoil against each other with an angular distribution that peaks at azimuthal
angle A¢ = m. Deviations from this back-to-back correlation can arise in
p+p collisions, for instance from the presence of three-jet events. Since the
medium transfers momentum to the dijet system, it is in principle conceivable
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that this dijet angular correlation broadens, but such an effect is not observed
in Pb+Pb collisions. Indeed, the Ag-distribution in Pb+Pb collisions is inde-
pendent of centrality and comparable in width and shape to the one seen in p+p
collisions [2, 264]. This provides important constraints on the dynamics of jet
quenching. For instance, the recoiling jet cannot lose its energy by radiating
a single high energy particle outside the jet cone, since the recoil from such
radiation would necessarily broaden the Ag¢-distribution. The additional lost
jet energy must be distributed amongst many soft fragments.
(3) Soft jet fragments transported to large angles outside jet cone

By analyzing the soft background in wide phase-space regions around the sub-
leading jet in dijet events, the CMS collaboration has found the apparently
missing energy that is lost from the recoiling jet [264]. As expected from the
absence of azimuthal decorrelation of dijets, this energy is indeed distributed
over many low energy particles. Furthermore, it is broadly distributed in  and
¢ over the azimuthal hemisphere (/2 < A¢ < 37/2) opposite to the leading
jet. This means, in particular, that the recoiling jet cannot lose its energy by
radiating particles that stay almost collinear with it.

These generic findings show that jet quenching occurs via a mechanism that
degrades the energy of the hardest jet fragments significantly and that transports
this energy into soft fragments moving at large angles relative to the direction
in which the initial parton was propagating through the medium. The quenching
of calorimetrically reconstructed jets is a rapidly progressing subject of ongoing
research in which many further characteristics of medium-modified jet fragmenta-
tion are just becoming available. Further qualitative advances are also expected in
the coming years from the study of jets recoiling against isolated high energy pho-
tons or Z-bosons. In such events, the initial energy (and direction) of the recoiling
jet must be the same as (opposite to) that of the photon or Z-boson — which can-
not be affected by the presence of the strongly coupled plasma since photons and
Z-hosons interact only via the electromagnetic and weak interactions. So, once
statistically significant samples of such events become available they will yield
samples of jets whose initial energy and direction are known with much higher pre-
cision than at present. A more detailed account of these developments lies outside
the scope of this book. In the following, we limit our discussion of jet quenching
mainly to the study of leading hadron spectra and their modeling.

2.3.1 Singleinclusive high pt spectraand “jet” measurements

The RHIC and LHC heavy ion programs have established that the measurement of
single inclusive hadronic spectra yields a generic and quantitative manifestation of
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jet quenching. Because the spectra in hadron—hadron collisions are steeply falling
functions of pr, if the hard partons produced in a heavy ion collision lose energy as
they propagate through the strongly coupled plasma shifting the spectra leftward —
to lower energy — is equivalent to depressing them. This effect is quantified via
the measurement of the nuclear modification factor R, which characterizes how
the number of hadrons h produced in a collision between nucleus A and nucleus
B differs from the number produced in an equivalent number of proton—proton

collisions:

AB—h
d Nmedi_Jm

Rhg(pr, 7, centrality) = % . (2.28)
(NG G

Here, (N4P) is the average number of inelastic nucleon—nucleon collisions in A+B
collisions within a specified range of centralities. This number is typically deter-
mined by inferring the transverse density distribution of nucleons in a nucleus from
the known radial density profile of nuclei, and then calculating the average number
of collisions with the help of the inelastic nucleon—nucleon cross-section. This so-
called Glauber calculation can be checked experimentally by independent means,
for instance via the measurement of the nuclear modification factor for photons or
Z-bosons discussed below.

The nuclear modification factor depends in general on the transverse momentum
pr and pseudorapidity » of the particle, the particle identity h, the centrality of the
collision and the orientation of the particle trajectory with respect to the reaction
plane (which is often averaged over). If Rag deviates from 1 this reflects either
medium effects or initial state effects — the parton distributions in A and B need
not be simply related to those in correspondingly many protons. Measurements of
Rpa in proton—A collisions (or Rya in deuteron—A collisions which is a good proxy
for Rpa) are used to determine whether an observed deviation of Raa from 1 is due
to initial state effects or the effects of parton energy loss in medium.

At mid-rapidity, RHIC data on Raa show the following generic features.

(1) Characteristic strong centrality dependence of Raa
By varying the centrality of a heavy ion collision, one changes the typical in-
medium path length over which hard partons produced in these collisions must
propagate through the dense matter. For the most central head-on collisions
(e.g. 0%-10% centrality), the average L is large. For a peripheral collision
(e.g. 80%-92% centrality), the average L is small. RHIC and LHC data (see
Fig. 2.13) for charged hadrons show that for the most peripheral centrality bin,
the nuclear modification factors are consistent with the absence of medium
effects, while Raa decreases monotonically with increasing centrality and
reaches a suppression of about 0.2 (0.13) at RHIC (LHC) for pr ~ 5-10 GeV
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Figure 2.13 Raa for charged hadrons as a function of pr. Top: comparison of
results for central and peripheral collisions at the LHC. Bottom: comparison of
results from RHIC and LHC. Figures taken from [7].
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Figure 2.14 The nuclear modification factor Raa in the range up to transverse

momenta mr = ,/m? + p% of 100 GeV for the 10% most central Pb+Pb col-

lisions at the LHC. Data are shown for charged hadrons, b-quarks identified via
secondary J/vr-decays, as well as for photons and the electroweak gauge bosons
W and Z. The latter do not interact strongly with the medium and can hence
emerge from heavy ion collisions unsuppressed and without energy loss. Data
were compiled by the CMS collaboration from Refs. [265, 271, 267, 270, 272].

in the most central collisions.The suppression increases mildly with transverse
momentum and persists up to the highest pr experimentally measured so far,
see Fig. 2.14. Figures 2.13 and 2.14 illustrate a direct manifestation of jet
quenching: for Raa = 0.2, 80% of the energetic hadrons that would be seen in
the absence of a medium are gone.

Jet quenching is not observed in Rya, and Rypp

In deuteron—gold collisions at RHIC, Ryay is consistent with or greater than 1
for all centralities and all transverse momenta. Jet quenching is not observed.
Very first data for Rppp at the LHC support this conclusion [12]. In fact, the
centrality dependence measured at RHIC is opposite to that seen in gold—
gold collisions, with Rya, reaching maximal values of around 1.5 for pr
3-5GeV/c in the most central collisions [23, 15]. The high pr hadrons are
measured at or near mid-rapidity, meaning that they are well separated from
the fragments of the struck gold nucleus. And, d-Au collisions produce at best
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a much smaller volume of hot matter in the final state. In these collisions, there-
fore, the partons produced in hard scattering processes and tallied in Rya, do
not have to propagate any significant distance through matter after they are pro-
duced. The fact that Ryay is consistent with or greater than 1 in these collisions
therefore demonstrates that the jet quenching measured in Rayay IS attributable
to the propagation of the hard partons produced in heavy ion collisions through
the medium that is present only in those collisions.

Photons, Z- and W-bosons are not quenched

For single inclusive photon spectra in heavy ion collisions at RHIC, the nuclear
modification factor shows only mild deviations from R} ,, =~ 1 [484]. Within
errors, these are consistent with perturbative predictions that take into account
the nuclear modifications of parton distribution functions (mainly the isospin
difference between protons and nuclei) [64]. These statements apply also to
photons produced in heavy ion collisions at LHC energies and to the elec-
troweak gauge bosons produced in those collisions also, see Fig. 2.14. Since
photons and electroweak gauge bosons, unlike partons or hadrons, do not
interact strongly with the medium, this gives independent support that the jet
guenching observed in heavy ion collisions is a final state effect. And, it pro-
vides experimental evidence in support of the Glauber-type calculation of the
factor (NZf) in (2.28) discussed above. (That is, it provides experimental con-
firmation that the p+p data in Fig. 2.3 have indeed been scaled appropriately
in order to use these data as a reference for nucleus—nucleus collisions with
varying impact parameter.)

Foecies-independent suppression of Raa at high pr

R, A, 1S independent of the species of the hadron h [24]. This eliminates the
possibility that hadrons are formed within the medium and then lose energy
upon propagating through the medium, since different hadrons would have
different cross-sections for interaction with the medium. These data support
the picture that the origin of the observed suppression is energy loss by a parton
propagating through the medium prior to its hadronization.

Raa for heavy-flavored and light-flavored hadrons is comparable.

On general grounds in QCD, one expects that light-flavored partons lose more
energy in the medium than heavy quarks [327]. At the time of this writ-
ing, there is no unambiguous experimental evidence for this mass hierarchy
of parton energy loss. It is a matter of ongoing discussion to what extent
the uncertainties in the existing data on the parton-mass dependence of jet
guenching observables are already small enough to put interesting contraints
on models of parton energy loss. More progress can be expected in the near
future, once detector upgrades at RHIC and measurements at the LHC allow
for differentiation of bottom quarks and charm quarks.
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In short, these observations support a picture in which highly energetic par-
tons are produced in high momentum transfer processes in heavy ion collisions
as if they were produced in vacuum, but instead they find themselves propagat-
ing through a strongly coupled medium which causes them to lose a significant
fraction of their initial energy. Jet quenching is a partonic final state effect that
depends on the length of the medium through which the parton must propagate.
It is expected to have many consequences in addition to the strong suppression of
single inclusive hadron spectra, which tend to be dominated by the most ener-
getic hadronic fragments of parent partons. As discussed at the beginning of
this section, the entire parton fragmentation process is expected to be modified,
with consequences for observables including multi-particle jet-like correlations
and for calorimetric jet measurements including the dijet imbalance shown in
Fig. 2.12.

2.3.2 Analyzing jet quenching

For concreteness, we shall focus in this section on those aspects of the analysis of
jet quenching that bear upon the calculation of the nuclear modification factor Raa
defined in (2.28). We shall describe other aspects of the analysis of jet quenching
more briefly, as needed, in subsequent sections. The single inclusive hadron spectra
which define Rap are typically calculated upon assuming that the modification of
the spectra in nucleus—nucleus collisions relative to that in proton—proton collisions
arises due to parton energy loss. This assumption is well supported by data, as we
have described above. But, from a theoretical point of view it is an assumption,
not backed up by any formal factorization theorem. Upon making this assumption,
we write

(vac)

dogeg, " =Y "dojge T ® P(AE,L.G....) ® DY (z ud) . (2.29)
f

Here, ® denotes convolution in the energy fraction of the parton f and

dﬁ(/\xzf”x = Z fi/a(x1, Q) ® fi/a(X2, Q%) ® 6ij 4k » (2.30)
ijk

where fi a(X, Q?) are the nuclear parton distribution functions and 0ij— f4+k are the
perturbatively calculable partonic cross-sections. The medium dependence enters
via the function Ps(AE,L,q,...), which characterizes the probability that a
parton f produced with cross-section ojj_, 1k loses energy AE while propagat-
ing over a path length L in a medium. This probability depends of course on
properties of the medium, which are represented schematically in this formula
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by the symbol §, the jet quenching parameter. We shall see below that in the
high parton energy limit, the properties of the medium enter P only through
one parameter, and in that limit § can be defined precisely. At non-asymptotic
parton energies, § in (2.29) is a place-holder, representing all relevant attributes
of the medium. It is often conventional to refer to the combination of P; and
D(f"ic;, together as a modified fragmentation function. It is only in the limit of
high parton energy where one can be sure that the parton emerges from the
medium before fragmenting into hadrons in vacuum that these two functions can
be cleanly separated as we have done in (2.29). This aspect of the ansatz (2.29)
is supported by the data: as we have described above, all hadrons exhibit the
same suppression factor indicating that Raa is due to partonic energy loss, before
hadronization.

The dynamics of how parton energy is lost to the medium is specified in terms
of the probability P¢(AE, L,q,...). In the high parton energy limit, the par-
ton loses energy dominantly by inelastic processes that are the QCD analog of
bremsstrahlung: the parton radiates gluons as it interacts with the medium. It
is a familiar fact from electromagnetism that bremsstrahlung dominates the loss
of energy of an electron moving through matter in the high energy limit. The
same is true in calculations of QCD parton energy loss in the high energy limit,
as established first in Refs. [421, 98, 817]. The hard parton undergoes multiple
inelastic interactions with the spatially extended medium, and this induces gluon
bremsstrahlung. Here and throughout, by the high parton energy limit we mean the
combined set of limits that can be summarized as:

E>ow>|K,|ql = IZQil > T, Aqcp, (2.31)

where E is the energy of the high energy projectile parton, where » and k are
the typical energy and momentum of the gluons radiated in the elementary radia-
tive processes ¢ — Qg or g — gg, and where q is the transverse momentum
(transverse to its initial direction) accumulated by the projectile parton due to many
radiative interactions in the medium, and where T and Aqcp represent any energy
scales that characterize the properties of the medium itself. This set of approxima-
tions underlies all the pioneering analytical calculations of radiative parton energy
loss [98, 817, 797, 420, 414, 794]. The premise of the analysis is the assumption
that QCD at scales of order |k| and |q| is weakly coupled, even if the medium
(with its lower characteristic energy scales of order T and Aqcp) is strongly cou-
pled. We shall spend most of this section on the analysis valid in this high parton
energy limit, in which case all we need to ask of analyses of strongly coupled gauge
theories with gravity duals is insight into those properties of the strongly coupled
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medium that enter into the calculation of jet quenching in QCD. However, the
analysis based upon the limits (2.31) may not be under quantitative control when
applied to data, since gluon radiation outside the eikonal region E > » > |k| may
be relevant for parton energy loss even at very high parton energies. Moreover, in
Section 8.1 we shall see that for partons with low enough energy E physics at all
scales in the problem up to E is strongly coupled and new approaches are needed.
(This applies for any E in a conformal theory like N’ = 4 SYM.)

A Gluon production in the eikonal limit and §

In the discussion above, we have argued that in the eikonal limit of asymptotic
parton energies, a single jet quenching parameter § may characterize the medium-
modification of gluon radiation. We now discuss an illustrative calculation in which
this relation can be made explicit. We start by considering a high energy par-
ton. In the rest frame of this parton, the target that is spatially extended but of
finite thickness appears Lorentz contracted, so in the projectile rest frame the par-
ton propagates through the target in a short period of time and the transverse
position of the projectile does not change during the propagation. So, at ultra-
relativistic energies, the main effect of the target on the projectile is a “rotation”
of the parton’s color due to the color field of the target. These rotation phases
are given by Wilson lines along the (straight line) trajectories of the propagating
projectile:

W(x) = P expfi /dz‘TaA;L(x, z)}. (2.32)

Here, x is the transverse position of the projectile — which does not change as
the parton propagates at the speed of light along the z= = (z — t)/+/2 lightlike
direction. At is the large component of the target color field and T2 is the generator
of SU (N) in the representation corresponding to the given projectile — fundamental
if the hard parton is a quark and adjoint if it is a gluon. The eikonal approach
to scattering treats the (unphysical, in the case of colored projectiles) setting in
which the projectile impinges on the target from outside, after propagating for an
arbitrarily long time and building up a fully developed coherent Coulomb cloud
~ g’x‘—i2 of gluons dressing the bare projectile. (This cloud is often referred to as a
non-Abelian Weizsacker-Williams field). The interaction of this dressed projectile
with the target results in an eikonal phase (Wilson line) for the projectile itself and
for each gluon in the cloud. Gluon radiation then corresponds to the decoherence
of components of the dressed projectile that pick up different phases. Analysis of
this problem yields a calculation of Npq(k), the number of radiated gluons with
momentum K, with the result:
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Nprod (K) =
aZ:F /dxdyeikxx_y):z-y)g [1 _ N21_ 1 (T [WAT () WAD) )
—wz =1 W wAo))
e [WAT(y) WA<x>]>} . (2.33)

where the Cg prefactor is for the case where the projectile is a quark in the funda-
mental representation, where the projectile is located at transverse position 0, and
where the (...) denotes averaging over the gluon fields of the target. If the target
is in thermal equilibrium, these are thermal averages. (See Refs. [548, 550] for
details.)

Although the simple result (2.33) is not applicable to the physically relevant
case, as we shall describe in detail below, we can nevertheless glean insights from
it that will prove relevant. We note that the entire medium-dependence of the gluon
number spectrum (2.33) is determined by target expectation values of the form
(Tr [WAT(x) WA(y)]) of two eikonal Wilson lines. The jet quenching parameter ¢
that will appear below defines the fall-off properties of this correlation function in
the transverse direction L = |x —y|:

A ~ 1 Al —1 2
(Tr[WA©O)]) ~ exp[ 4\/Eq L L ] (2.34)
in the limit of small L, with L~ (the extent of the target along the z~ direction)
assumed large but finite [582, 584]. Here, the contour C traverses a distance L~
along the light cone at transverse position x, and it returns at transverse position
y. These two long straight light-like lines are connected by short transverse seg-
ments located at z— = +L /2, far outside the target. We see from the form of
(2.33) that |k| and L are conjugate: the radiation of gluons with momentum |k| is
determined by Wilson loops with transverse extent L ~ 1/]k|. This means that in
the limit (2.31), the only property of the medium that enters (2.33) is §. Further-
more, inserting (2.34) into (2.33) yields the result that the gluons that are produced
have a typical k? that is of order L. This suggests that g can be interpreted as
the transverse momentum squared picked up by the hard parton per distance L~
that it travels, an interpretation that can be validated more rigorously via other
calculations [251, 317].

B Parton energy lossin a finite medium

The reason that the eikonal formalism cannot be applied verbatim to the problem
of parton energy loss in heavy ion collisions is that the high energy partons we
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wish to study do not impinge on the target from some distant production site. They
are produced within the same collision that produces the medium whose properties
they subsequently probe. As a consequence, they are produced with significant
virtuality. This means that even if there were no medium present, they would
radiate copiously. They would fragment in what is known in QCD as a parton
shower. The analysis of medium-induced parton energy loss then requires under-
standing the interference between radiation in vacuum and the medium-induced
bremsstrahlung radiation. It turns out that the resulting interference resolves lon-
gitudinal distances in the target [98, 817, 797, 420], meaning that its description
goes beyond the eikonal approximation. The analysis of parton energy loss in the
high energy limit (2.31) must include terms that are subleading in 1/E, and there-
fore not present in the eikonal approximation, that describe the leading interference
effects. To keep these O(1/E) effects, one must replace eikonal Wilson lines by
retarded Green’s functions that describe the propagation of a particle with energy E
from position z;, X; to position z, , X, without assuming x; = X, [817, 544, 798].
(Inthe E — oo limit, X; = X, and the eikonal Wilson line is recovered.) It nev-
ertheless turns out that even after Wilson lines are replaced by Green’s functions
the only attribute of the medium that arises in the analysis, in the limit (2.31), is
the jet quenching parameter § defined in (2.34) that already arose in the eikonal
approximation [817, 797].

We shall not present the derivation, but it is worth giving the complete (albeit
somewhat formal) result for the distribution of gluons with energy » and transverse
momentum K that a high energy parton produced within a medium radiates:

dl asCR 00 0 » 1 [® .
= 2R ik-u - 2
“dwdk (27)? w? ¢ sodM /yldyl /du © N [ 4/5 dza@®u i|

a a9 [U=Ow o i 1
X« Drex /d (—fz——A( )rz)] 2.35
o p[M e(‘2r - Jae (235)

We now walk through the notation in this expression. The Casimir operator Cg is
in the representation of the projectile parton. The integration variables &, y, and
are all positions along the z~ lightcone direction. &, is the z~ at which the projec-
tile parton was created in a hard scattering process. Since we are not taking this to
—o0, the projectile is not assumed on shell. The projectile parton was created at the
transverse position x = 0. The integration variable u is also a transverse position
variable, conjugate to k. The path integral is over all possible paths r (&) going from
r(y;) = 0to r(%) = u. The derivation of (2.35) proceeds by writing d1 /dw dk in
terms of a pair of retarded Green’s functions in their path-integral representations,
one of which describes the radiated gluon in the amplitude, radiated at y;, and the
other of which describes the radiated gluon in the conjugate amplitude, radiated at
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Yi. The expression (2.35) then follows after a lengthy but purely technical calcu-
lation. The properties of the medium enter (2.35) only through the jet quenching
parameter §(£). There are many, closely related formulations of parton energy loss.
The first works on this subject are by Baier, Dokshitzer, Mueller, Peigné, Schiff
(BDMPS) [98] and independently by Zakharov (Z) [817]. The expression (2.35)
was derived in the so-called path-integral approach in Refs. [817, 797]. This and
related approaches to parton energy loss in QCD have been developed by many
authors [101, 414, 795, 76, 97, 551, 422, 796, 710, 821, 592, 700, 818, 122, 68, 13,
790, 463, 276, 591, 236]. Recent reviews include [251, 799].

The result (2.35) is both formal and complicated. However, its central qualitative
consequences can be characterized almost by dimensional analysis. For simplicity,
we consider first the case that the jet quenching parameter does not depend on the
position in the medium, § = §(&) (for a generalization, see the next subsection).
All dimensionful quantities can be scaled out of (2.35) if w is measured in units of
the so-called characteristic gluon energy

we =q(L7)?, (2.36)

and the transverse momentum k2 in units of L~ [724]. In a numerical analysis
of (2.35), one finds that the transverse momentum distribution of radiated glu-
ons scales indeed with gL, as expected for the transverse momentum due to
the Brownian motion in momentum space that is induced by multiple small angle
scatterings. If one integrates the gluon distribution (2.35) over transverse momen-
tum and takes the upper limit of the k-integration to infinity, one recovers [724]
an analytical expression first derived by Baier, Dokshitzer, Mueller, Peigné and

Schiff [98]:
dlsowes _ 20sCr || oo [(1+i) /ﬁ] : (2.37)
dw g 2w
which yields the limiting cases
a)dIBDMPS ~ 2asCr ,/Z—L; for o < wc, (2.38)
do 4 % (%) for o> wc,

for small and large gluon energies. In the soft gluon limit, the BDMPS spectrum
(2.37) displays the characteristic 1/./w dependence, which persists up to a gluon
energy of the order of the characteristic gluon energy (2.36). Hence, w. can be
viewed as an effective energy cut-off, above which the contribution of medium-
induced gluon radiation is negligible. These analytical limits provide a rather
accurate characterization of the full numerical result. In particular, one expects
from the above expressions that the average parton energy loss (A E), obtained by
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integrating (2.35) over k and w, is proportional to o [, dw /&c/w x wc. One
finds indeed

dlgpmes  @sCr asCr . ,, _\2
O _ B R = 2R (L) (239)

(AE)BDMPS = /o do o
This is the well-known (L*)z-dependence of the average radiative parton energy
loss [99, 98, 817]. In summary, the main qualitative properties of the medium-
induced gluon energy distribution (2.35) are the scaling of k? with § L~ dictated by
Brownian motion in transverse momentum space, the 1/./w dependence of the k-
integrated distribution characteristic of the non-Abelian Landau—Pomerantschuk-
Migdal (LPM) effect, and the resulting (L‘)z—dependence of the average parton
energy loss.

C From medium-induced gluon radiation to jet quenching models

We now discuss how to relate calculations of medium-induced gluon radiation to
data on jet quenching in heavy ion collisions. To this end, we recall first how in
QCD in the vacuum, partons produced with high transverse energy in hadronic
collisions evolve into hadronic fragments. Such highly energetic partons typically
undergo a so-called parton shower, that is a series of partonic 1 — 2 splittings in
which they degrade their high initial virtuality. It is only at the end of this parton
shower that hadronization, i.e. the transition from partonic to hadronic degrees of
freedom, sets in. This vacuum parton shower is calculable in QCD perturbation the-
ory and it is theoretically well-understood. It determines, for instance, the so-called
scale dependence of fragmentation functions (i.e. the u% dependence in Eg. (2.29)),
as well as many characteristics of the distribution of the hadronic fragments of jets.
Most generally, the phenomenology of jet quenching aims at modeling how the
passage through dense matter affects this QCD parton shower and what it reveals
about the properties of the matter through which it passes. The theorist’s task is
therefore to formulate a medium-modified parton shower that is consistent with
QCD-based calculations of parton energy loss. Since the theoretical understanding
of jet quenching is still incomplete, this task requires elements of phenomeno-
logical modeling to relate QCD-based calculations to jet quenching data. Here,
we discuss one particularly simple and widely used jet quenching model in some
detail. We then comment on open challenges and further developments.

As explained above, the basic building block of a QCD parton shower in the
vacuum is the elementary partonic 1 — 2 splitting function. The splittings of
a quark into a quark and a gluon (@ — qg) and of a gluon into two gluons
(g — gg) dominate kinematically. Both processes can be viewed as gluon radia-
tion of a parent parton in the vacuum. One particularly simple way of formulating
a medium-modified parton shower is then to replace the 1 — 2 splitting in the
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vacuum by a calculation of medium-induced 1 — 2 splitting. In particular, our
derivation (2.35) of medium-induced gluon radiation of a quark or gluon can be
used in this set-up as a medium-induced 1 — 2 splitting. This idea has been imple-
mented in several Monte Carlo programs that simulate the entire parton shower,
see e.g. [818, 67]. A discussion of the complexity of Monte Carlo programs for
final state parton showers and the technical and conceptual differences in exist-
ing Monte Carlo implementations lies outside the scope of this book. Instead, we
restrict our discussion to a version of such jet quenching models that is limited to
describing single inclusive hadron spectra in nucleus—nucleus collisions. As seen
from expression (2.29), the quenching of such spectra can be descibed by the prob-
ability P(AE) that the initial parton loses a fraction AE/E of its total energy via
medium effects. We now sketch how the resulting P(AE) in (2.29) can be esti-
mated. If gluons are emitted independently, P(AE) is the normalized sum of the
emission probabilities for an arbitrary number of n gluons which carry away the
total energy AE [103]:

P(AE) = exp [—/Oiiwd—l] = []_[/dw.dl(w' }S(AE—éw) .

(2.40)

Here, the factor exp [ fo a) ] denotes the probability that no energy loss occurs.
This factor ensures that P(A E) is properly normalized, namely [dAE P(AE)=L1.
Equation (2.40) thus resums the effects that arbitrarily many independent medium-
induced gluon radiations (2.35) have on the energy of the most energetic parton in
the shower. On average, this parton will suffer an additional medium-induced mean
energy loss

(AE) :/dAE(AE) P(AE) :/da)a)j—l, (2.41)
w

which is consistent with (2.39) above.

The phenomenological strategy for constraining the jet quenching parameter §
is then based on comparing the single inclusive hadron spectrum (2.29) in nucleus—
nucleus collisions to data. Here, the jet quenching parameter § enters via the
probability P(AE) that the initial parton loses a fraction AE/E of its total energy
via medium effects. We note, however, that such a program of determining § has
to control various complications.

In particular, as seen from Fig. 2.3, single inclusive hadron spectra are distri-
butions which fall steeply with pr. Since P(AE) is a very broad distribution, not
peaked around its mean, the modifications which parton energy loss induce on
spectra cannot be characterized by an average energy loss. Rather, what matters for
a steeply falling distribution is not how much energy a parton loses on average, but
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which fraction of all the partons escapes with much less than the average energy
loss [103]. This so-called trigger-bias effect is quantitatively very important, and
can be accounted for by the probability distribution (2.40). However, this trigger-
bias effect is also a surface-bias effect: those partons that escape with the smallest
in-medium path length have the highest probability of contributing to the single
inclusive hadron spectrum. As a consequence, it is important that jet quenching
models embed the propagation of the highly energetic parton in a realistic spatial
and temporal structure of a heavy ion collision. This includes a suitable probability
distribution of the production points of the hard partons in the transverse plane, and
a resulting realistic distribution of the in-medium path lengths L~ over which the
parton propagates through the medium.

Another important aspect is that as a consequence of longitudinal and transverse
flow, the density of the medium degrades significantly during this time period L,
and approximating §(¢) by a constant value § is not a good approximation. In
general, this motivates the formulation of jet quenching models for which the prob-
ability of interactions between the medium and the jet decreases with time. For the
medium-induced gluon radiation (2.35), analytical solutions in the saddle point
approximation are known if one approximates the & dependence of the jet quench-
ing parameter as (&) = Go (&0/&)* [100] with « between 1 and 3. This range of
as scans the range of phenomenologically relevant cases between one-dimensional
longitudinal expansion (¢ = 1; “Bjorken expansion”) and scenarios which also
account for the transverse expansion 1 < « < 3. Remarkably, one finds that irre-
spective of the value of «, for fixed in-medium path length L~ /+/2 the transverse
momentum integrated gluon energy distribution (2.35) has the same w-dependence
if §(&) is simply replaced by a constant given by the linear line-averaged transport
coefficient [723]

1 Eo+L~
W=y [ dG-wae. (242)
2L £

In practice, this means that comparisons of different parton energy loss calculations
to data can be performed as if the medium were static. The line-averaged transport
coefficient (§) determined in this way can then be related via (2.42) to the trans-
port coefficient at a given time, once a model for the expansion of the medium is
specified. Hence, we can continue our discussion for the case §(¢) = § without
loss of generality.

Historically, the first class of jet quenching models proceeded by implementing
P(AE) in a model in which hard scattering events are distributed with suitable
probability at locations in the transverse plane, and are then propagated through
the medium. To this end, the expanding and cooling plasma was given either by
a simple parametrization, or it was modeled hydrodynamically. The jet quenching
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parameter was assumed for instance to be given in terms of the time-dependent
energy density &,

G = 2Ke¥*, (2.43)

and the parameter K was then obtained by comparing jet quenching calculations to
data. For a weakly coupled quark—gluon plasma, Baier had argued that K ~ 1 [97].
In contrast, in fitting to data from PHENIX and STAR at RHIC, several studies
obtained significantly larger values. For instance, the PHENIX collaboration [20]
use the jet quenching model from Ref. [305] and quote a jet quenching parameter
which is constrained by the experimental data to lie within the range 13.2752 or
13.2723 GeVv?/fm at the one or two standard deviation levels, respectively. This
translates into the estimate

K=414+06, (2.44)

at one standard deviation. It is important to realize that the quoted errors arise
only from the experimental uncertainties and do not incorporate the “systematic
uncertainty” arising from the choices made in the formulation of the theoretical
model to which the PHENIX authors compare their data. We will compare the
result (2.44) to calculations done for strongly coupled plasmas in gauge theories
with dual gravitational descriptions in Section 8.5.

As mentioned already, we have limited our presentation in this section to one
particularly simple jet quenching model in order to showcase an example of an
explicit connection between a property of dense QCD matter, namely §, and the
measurement of quenched hadron spectra. The large values of § extracted from
several model comparisons with data motivate the need to turn to strong coupling
techniques for describing jet—-medium interactions. Theoretical work is currently
under way to improve on significant assumptions of the simple model approach
discussed here, for example the assumption that a calculation of parton energy
loss in the eikonal limit (2.31) can provide sufficiently accurate results for the
phenomenologically relevant kinematics [70] or the assumption that effects of mul-
tiple gluon emission can be taken into account probabilistically via (2.40) without
accounting for (destructive) quantum interference in the emission of more than
one gluon and without tracing the energy loss of the projectile after a gluon emis-
sion. Many of the resulting model uncertainties can only be controlled by going
beyond the kinematical limit (2.31). Going beyond this limit is also required if
one is to assess the possible role of parton energy loss via elastic interactions with
the medium. Another current challenge is to go beyond single inclusive hadron
spectra and to formulate models that can account for the medium-modified frag-
mentation of entire jets as seen in Fig. 2.12. All these open questions are subjects of
ongoing research and they lie outside the scope of the present book. As described
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in this section, the basic problem is to understand how a QCD final state parton
shower is modified in the presence of a hot and dense plasma. In the coming years,
progress on this question can be expected from a tight interplay between theory
and experiment that includes a more and more detailed characterization of parton
fragmentation via a suite of upcoming further measurements including jet fragmen-
tation functions, y- or Z-triggered jet distributions, heavy flavored single inclusive
hadron spectra and b-tagged jets.

2.4 Quarkonia in hot matter

One way of thinking about the operational meaning of the statement that quark—
gluon plasma is deconfined is to ask what prevents the formation of a meson within
quark—gluon plasma. The answer is that the attractive force between a quark and
an antiquark which are separated by a distance of order the size of a meson is
screened by the presence of the quark—gluon plasma between them. This poses a
quantitative question: how close together do the quark and antiquark have to be
in order for their attraction not to be screened? How close together do they have
to be in order for them to feel the same attraction that they would feel if they
were in vacuum? It was first suggested by Matsui and Satz [609] in 1986 that
measurements of how many quarkonia — mesons made of a heavy quark—antiquark
pair — are produced in heavy ion collisions could be used as a tool with which to
answer this question, because they are significantly smaller than typical mesons or
baryons.

The generic term quarkonium refers to the charm—anticharm or charmonium,
mesons (J/¥, ¥/, xc, -..) and the bottom-antibottom, or bottomonium, mesons
(7T, Y/, ...). The first quarkonium state that was discovered was the 1s state of
the ¢ € bound system, the J/vr. It is roughly half the size of a typical meson like
the p. The bottomonium 1s state, the Y, is smaller again by roughly another fac-
tor of two. It is therefore expected that if one can study quark—gluon plasma in a
series of experiments with steadily increasing temperature, J/v mesons survive as
bound states in the quark—gluon plasma up to some dissociation temperature that
is higher than the crossover temperature (at which generic mesons and baryons
made of light quarks fall apart) and T mesons survive as bound states up to some
even higher temperature. More realistically, what Matsui and Satz suggested is that
if high energy heavy ion collisions create deconfined quark—gluon plasma that is
hot enough, then color screening would prevent charm and anticharm quarks from
binding to each other in the deconfined interior of the droplet of matter produced in
the collision, and as a result the number of J/+ mesons produced in the collisions
would be suppressed. However, bottomonium mesons in the Y 1s state should
be able to bind, and the rate of production of these mesons should therefore not
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Figure 2.15 Schematic picture of the dissociation of a Q Q-pair in hot QCD mat-
ter due to color screening. Figure taken from Ref. [728]. The straight black lines
attached to the heavy Q and Q indicate, that these quarks are external probes,
in contrast to the dynamical quarks within the quark—gluon plasma. Figure taken
from Ref. [728].

be suppressed, until such high temperatures are achieved that the quark—antiquark
attraction is screened even on the short length scale corresponding to the size of
the Y meson in its 1s state.

To study this effect, Matsui and Satz suggested comparing the temperature
dependence of the screening length for the quark—antiquark force, which can be
obtained from lattice QCD calculations, with the J/v meson radius calculated in
charmonium models. They then discussed the feasibility to detect this effect clearly
in the mass spectrum of et e~ dilepton pairs. Between 1986, when Matsui and Satz
launched this line of investigation, suggesting it as a quantitative means of charac-
terizing the formation and properties of deconfined matter, and today we know
of no other measurement that has been advocated as a more direct experimental
signature for the deconfinement transition. And, there is hardly any other measure-
ment whose phenomenological analysis has turned out to be more involved. In this
section, we shall describe both the appeal of studying quarkonia in the hot matter
produced in heavy ion collisions and the practical difficulties. The theoretical basis
for the argument of Matsui and Satz has evolved considerably within the last two
decades [728]. Moreover, the debate over how to interpret these measurements is
by now informed by data on J/+ suppression in nucleus—nucleus collisions at the
CERN SPS [43, 72], at RHIC [19] and at the LHC [1]. There is also a good pos-
sibility that qualitatively novel information will become accessible in future high
statistics runs at RHIC and LHC.

A sketch of the basic idea of Matsui and Satz is shown in Fig. 2.15. In very
general terms, one expects that the attractive interaction between the heavy quark
and antiquark in a putative bound state is sensitive to the medium in which the
heavy particles are embedded, and that this attraction weakens with increasing tem-
perature. If the distance between the heavy quark and antiquark is much smaller
than 1/ T, there will not be much quark—gluon plasma between them. Equivalently,
typical momentum scales in the medium are of order the temperature T, and so the
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medium cannot resolve the separation between the quark—antiquark pair if they are
much closer together than 1/ T. However, if the distance is larger, then the bound
state is resolved, and the color charges of the heavy quarks are screened by the
medium, see Fig. 2.15. For the temperatures T that one expects to attain in a heavy
ion collision in which quark—gluon plasma with a temperature T is created, only
those quarkonia with radii that are smaller than some length scale of order 1/ T can
form. These basic arguments support the idea that quarkonium production rates are
an indicator of whether quark—gluon plasma is produced, and at what temperature.

In Section 3.3, we review lattice calculations of the heavy quark static free
energy Foqa(r). This static potential is typically defined via how the correlation
function of a pair of Polyakov loops, namely test quarks at fixed spatial positions
whose worldlines wrap around the periodic Euclidean time direction, falls off as the
separation between the test quarks is increased. This static potential is renormalized
such that it matches the zero temperature result at small distances. Calculations of
Foo(r) were the earliest lattice results which substantiated the core idea that a
quarkonium bound state, placed in hot QCD matter, dissociates (“melts”) above a
critical temperature. As we now discuss, phenomenological models of quarkonium
in matter are based upon interpreting Foo(r) as the potential in a Schrodinger
equation whose eigenvalues and eigenfunctions describe the heavy Q-Q bound
states. There is no rigorous basis for this line of reasoning, and if pushed too far
it faces various conceptual challenges as we shall discuss in Section 3.3. However,
these models remain valuable as a source of semi-quantitative intuition.

At zero temperature, lattice results for Foa(r) in QCD without dynamical
quarks are well approximated by the ansatz Fo5(r) = or — ¢, where the lin-
ear term that dominates at long distance is characterized by the string tension
o ~ 0.2GeV? and the perturbative Coulomb term «/r is dominant at short dis-
tances. In QCD with dynamical quarks, beyond some radius r the potential flattens
because as the distance between the external Q and Q is increased, it becomes
energetically favorable to break the color flux tube connecting them by producing
a light quark—antiquark pair from the vacuum which, in a sense, screens the poten-
tial. With increasing temperature, the distance r. decreases, that is, the colors of Q
and Q are screened from each other at increasingly shorter distances. This is seen
clearly in the Fig. 3.5 in Section 3.3. These lattice results are well parametrized by
a screened potential of the form [728, 521]

o 1—e
FAs(r) = —— r _ s 245
06() " +o ( PY; ) (2.45)
where © = w(T) can be interpreted at high temperatures as a temperature-
dependent Debye screening mass. For suitably chosen 1 (T), this ansatz reproduces
the flattening of the potential found in lattice calculations at the finite large distance
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value Fog(00) = o/u(T). Taking this Q Q free energy Fooa(r, T) as the poten-
tial in a Schrodinger equation, one may try to determine which bound states in
this potential remain, as the potential is weakened as the temperature increases.
Such potential model studies have led to predictions of the dissociation tempera-
tures Ty of the charmonium family, which range from Tq(J/v) >~ 2.1 T, for J/¢
to Tq(y') >~ 1.1 T, for the more loosely bound and therefore larger 2s state. The
deeply bound, small, 1s state of the bottomonium family is estimated to have a
dissociation temperature Tq(Y(1S))) > 4 T, while dissociation temperatures for
the corresponding 2s and 3s states were estimated to lie at 1.6 T and 1.2 T respec-
tively [728, 521]. Because the leap from the static quark—antiquark potential to a
Schrédinger equation is not rigorously justified, the uncertainties in quantitative
results obtained from these potential models are difficult to estimate. (For more
details on why this is so, see Section 3.3.) However, these models with their inputs
from lattice QCD calculations do provide qualitative support for the central idea of
Matsui and Satz that quarkonia melt in hot QCD matter, and they provide support
for the qualitative expectation that this melting proceeds sequentially, with smaller
bound states dissociating at a higher temperature.

Figure 2.16 shows data of the Upsilon resonances 1s, 2s and 3s in the dimuon
invariant mass distribution measured by the CMS collaboration in p+p and Pb+Pb
collisions at the LHC. While all three resonance states are clearly visible in p+p
collisions, the higher excited 2s and 3s states are strongly suppressed if not absent
in Pb+Pb collisions. These data are the most direct experimental support to date for
the sequential quarkonium suppression pattern which is a generic prediction of all
models of quarkonium suppression, and according to which only the tightly bound
1s state with Tq(Y(1S)) > 4 T is expected to survive in the hot and dense QCD
matter produced at the LHC. A more detailed discussion of these data requires the
understanding of so-called feed-down corrections, which are contributions to the
1svyield from the decay of higher excited states. In proton—proton collisions, a sig-
nificant fraction (~ 40%) of the observed Y (1s) mesons arises from the production
of the excited 2s and 3s states which subsequently decay to Y (1s). Therefore, if the
higher excited states melt in the hot matter, one expects that their “feed-down” to
the Y (1s) state is absent and the measured yield of Y (1s) is reduced accordingly.
Indeed, despite significant experimental uncertainties that still exist for these very
first data, there is already evidence for a reduction in the number of Y (1s) mesons
produced in Pb+Pb collisions that can be explained in just this way. The analogous
argument has also been instrumental in interpreting earlier data on the suppres-
sion of the yield of J/v mesons in nucleus-nucleus collisions at the CERN SPS
[43, 72] and at RHIC in terms of the dissociation of higher excited states like the
Y’ and x. whose decays contribute to the J/v yield in proton—proton collisions.
In particular, assuming that directly produced 1s charmonium states survive and
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Figure 2.16 The invariant mass distribution of dimuons in Pb+Pb (above) and
p+p (below) collisions measured by the CMS collaboration. In comparison to the
benchmark measurement in p+p, the higher Y resonances are strongly suppressed.
Figures taken from Ref. [269].

higher excited states melt completely at CERN SPS and RHIC energies provides a
natural interpretation for the fact that the suppression of the J/v yield and its cen-
trality dependence in nucleus—nucleus collisions at the CERN SPS and RHIC are
comparable. However, since these earlier studies did not have experimental access
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to the excited quarkonium states, their support for a picture of sequential melting
was less direct.

The analysis of data on charmonium has to take into account a significant num-
ber of important confounding effects. Here, we cannot discuss the phenomenology
of these effects in detail, but we provide a list of the most important ones.

M)

)

®)

(4)

Cold nuclear matter effects

The interaction of the heavy quark—antiquark pair with ordinary confined
hadronic matter can be a significant source of quarkonium dissociation [202].
The operational procedure for separating such hadronic phase effects (often
referred to as “cold nuclear matter effects”) is to measure them separately in
proton—nucleus collisions [525], and to establish then to what extent the num-
ber of J/v mesons produced in nucleus—nucleus collisions drops below the
yield extrapolated from proton—nucleus collisions [26].

Collective dynamics of the heavy ion collision: “ explosive expansion”

Lattice calculations are done for heavy quark bound states that are at rest in
a hot, static, medium. In heavy ion collisions, however, even if the droplet
of hot matter equilibrates rapidly, its temperature drops quickly during the
subsequent explosive expansion. The observed quarkonium suppression must
therefore result from a suitable time average over a dynamical medium. This
is challenging in many ways. One issue that arises is the question of how long
a bound state must be immersed in a sufficiently hot heat bath in order to melt.
Or, phrased better, how long must the temperature be above the dissociation
temperature Ty in order to prevent an heavy quark and antiquark produced at
the initial moment of the collision from binding to each other and forming a
quarkonium meson?

Collective dynamics of the heavy ion collision: “ hot wind”

Another issue that faces any data analysis is that quarkonium mesons may
be produced moving with significant transverse momentum through the hot
medium. In their own reference frame, the putative quarkonium meson sees
a hot wind. Phenomenologically, the question arises whether this leads to a
stronger suppression since the bound state sees some kind of blue-shifted heat
bath (an idea which we will refine in Section 8.7), or whether the bound state
is less suppressed since it can escape the heat bath more quickly.

Formation of quarkonium bound states

Neither quarkonia nor equilibrated quark—gluon plasma are produced at time
zero in a heavy ion collision. Quarkonia have to form, for instance by a colored
cC pair radiating a gluon to turn into a color-singlet quarkonium state. This
formation process is not fully understood in elementary interactions or in heavy
ion collisions. However, since the formation process takes time, it is a priori
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unclear whether any observed quarkonium suppression is due to the effects of
the hot QCD matter on a formed quarkonium bound state or on the precursor
of such a bound state, which may have different attenuation properties in the
hot medium. And, it is unclear whether the suppression is due to processes
occurring after the liquid-like strongly coupled plasma reaches approximate
local thermal equilibrium or earlier, before equilibration.

Recombination as a novel mechanism of quarkonium formation

QCD is flavor neutral and thus charm is produced in ¢ € pairs in primary inter-
actions. If the average number of pairs produced per heavy ion collision is < 1,
then all charmonium mesons produced in heavy ion collisions must be made
from a c and a C produced in the same primary interaction. At RHIC and even
more so at the LHC, however, more than one c C pair is produced per collision,
raising the possibility of a new charmonium production mechanism in which a
c and a ¢ from different primary cC pairs meet and combine as the quark—
gluon plasma falls apart into hadrons to form a charmonium meson [780].
If this novel quarkonium production mechanism were to become significant,
it could reduce the quarkonium suppression or even turn it into quarkonium
enhancement. Since there are more ¢ and € produced in heavy ion collisions at
LHC energies than at RHIC energies, and more at low transverse momentum
pr than at high pr, and more in central collisions than in peripheral collisions,
one seeks signatures of this recombination mechanism in particular in the low-
pr-dominated total J/v yields in sufficiently central heavy ion collisions at
the LHC [1].

As discussed in Section 8.7 and Chapter 9, calculations based on the AdS/CFT
correspondence can provide information relevant for phenomenological modeling,
in particular by calculating heavy quark potentials within a moving heat bath and
by determining meson dispersion relations. The above discussion illustrates the
context in which such information is useful, but it also emphasizes that such infor-
mation is not sufficient. An understanding of quarkonium production in heavy ion
collisions relies on phenomeological modelling as the bridge between experimental
observations and the theoretical analysis of the underlying properties of hot QCD
matter.
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Results from lattice QCD at nonzero temperature

At very high temperature, where the QCD coupling constant g(T) is perturbatively
small, hard thermal loop resummed perturbation theory provides a quantitatively
controlled approach to QCD thermodynamics. However, in a wide temperature
range around the QCD phase transition which encompasses the experimentally
accessible regime, perturbative techniques become unreliable. Nonperturbative
lattice-regularized calculations provide the only known, quantitatively reliable,
technique for the determination of thermodynamic properties of QCD matter
within this regime.

We shall not review the techniques by which lattice-regularized calculations are
implemented. We merely recall that the starting point of lattice-regularized cal-
culations at nonzero temperature is the imaginary time formalism, which allows
one to write the QCD partition function in Euclidean spacetime with a periodic
imaginary time direction of length 1/T [541]. Any thermodynamic quantity can
be obtained via suitable differentiation of the partition function. At zero baryon
chemical potential, the QCD partition function is given by the exponent of a real
action, integrated over all field configurations in the Euclidean spacetime. Since
the action is real, the QCD partition function can then be evaluated using standard
Monte Carlo techniques, which require the discretization of the field configurations
and the evaluation of the action on a finite lattice of spacetime points. Physi-
cal results are obtained by extrapolating calculated results to the limit of infinite
volume and vanishing lattice spacing. In principle, this is a quantitatively reliable
approach. In practice, lattice-regularized calculations are CPU-expensive: the size
of lattices in modern calculations does not exceed 48% x 64 [332] and these cal-
culations nevertheless require the most powerful computing devices (currently at
the multi-teraflop scale). In the continuum limit, such lattices correspond typically
to small volumes of ~ (4 fm)® [332]. This means that properties of QCD matter
which are dominated by long-wavelength modes are difficult to calculate with the
currently available computing resources and there are only first exploratory studies.

65
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For the same reason, it is in practice difficult to carry out calculations using light
quark masses that yield realistically light pion masses at zero temperature. Light
quarks are also challenging because of the CPU-expensive complications which
arise from the formulation of fermions on the lattice.

In addition to the practical challenges above, conceptual questions arise in two
important domains. First, at nonzero baryon chemical potential the Euclidean
action is no longer real, meaning that the so-called fermion sign problem precludes
the use of standard Monte Carlo techniques. Techniques have been found that evade
this problem, but only in the regime where the quark chemical potential ug/3 is
sufficiently small compared to T [352, 312, 45, 315, 353, 46, 371, 372, 313]. Sec-
ond, conceptual questions arise in the calculation of any physical quantities that
cannot be written as derivatives of the partition function. Many such quantities are
of considerable interest. Calculating them requires the analytic continuation of lat-
tice results from Euclidean to Minkowski space (see below) which is always under-
constrained since the Euclidean calculations can only be done at finitely many val-
ues of the Euclidean time. This means that lattice-regularized calculations, at least
as currently formulated, are not optimized for calculating transport coefficients and
answering questions about, say, far-from-equilibrium dynamics or jet quenching.

We allude to these practical and conceptual difficulties to illustrate why alterna-
tive strong coupling techniques, including the use of the AdS/CFT correspondence,
are and will remain of great interest for the study of QCD thermodynamics and
quark—gluon plasma in heavy ion collisions, even though lattice techniques can be
expected to make steady progress in the coming years. In the remainder of this
chapter, we discuss the current status of lattice calculations of some quantities of
interest in QCD at nonzero temperature. We shall begin in Section 3.1 with quanti-
ties whose calculation does not run into any of the conceptual difficulties we have
mentioned, before turning to those that do.

3.1 The QCD equation of state from the lattice

The QCD equation of state at zero baryon chemical potential, namely the relation
between the pressure and the energy density of hot QCD matter, is an example of a
quantity that is well-suited to lattice-regularized calculation since, as a thermody-
namic quantity, it can be obtained via suitable differentiations of the Euclidean
partition function. And, the phenomenological motivation for determining this
quantity from first principles in QCD is strong since, as we have seen in Section 2.2,
it is the most important microphysical input for hydrodynamic calculations. Accu-
rate calculations of the thermodynamics of pure glue QCD (N; = 0) have existed
for a long time [184], but the extraction of the equation of state of quark—gluon
plasma with light quarks having their physical masses, and with the continuum
limit taken, has become possible only recently [59, 129, 179]. This illustrates the
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Figure 3.1 Results from a lattice calculation of QCD thermodynamics with phys-
ical quark masses (N¢ = 3, with appropriate light and strange masses). Upper

panel: temperature dependence of the pressure in units of T#. Lower panel: the
trace anomaly (¢ — 3P) in units of T*. Data are for lattices with the same tem-
poral extent, meaning the same temperature, but with varying numbers of points
in the Euclidean time direction N;. The continuum limit corresponds to taking
N; — oo. Figures taken from Ref. [179].

practical challenges of doing lattice-regularized calculations with light quarks that
we have mentioned above.

The current understanding of QCD thermodynamics at the physical point [179]
is summarized in Fig. 3.1. In the upper panel, the pressure of QCD matter (in ther-
mal equilibrium, with zero baryon chemical potential) is plotted as a function of its
temperature. In order to provide a physically meaningful reference, it is customary
to compare this quantity to the Stefan—Boltzmann result
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for a free gas of noninteracting gluons and massless quarks. This benchmark is indi-
cated by the arrow in the figure. As illustrated by this plot, the number of degrees of
freedom rises rapidly above a temperature T, ~ 170 MeV; at higher temperatures,
the pressure takes an almost constant value which deviates from that of a nonin-
teracting gas of quarks and gluons by approximately 20%. This deviation is still
present at temperatures as high as 1 GeV, and convergence to the noninteracting
limit is only observed at asymptotically high temperatures (T > 108 GeV [354])
which are far from the reach of any collider experiment. The lower panel shows the
trace anomaly, ¢ — 3P, in units of T# in the same range of temperatures. ¢ — 3P
is often called the “interaction measure”, but this terminology is quite misleading
since both noninteracting quarks and gluons on the one hand and very strongly
interacting conformal matter on the other have ¢ — 3P = 0, with ¢/ T* and P/ T*
both independent of temperature. Large values of (¢ — 3P)/T* necessarily indi-
cate significant interactions among the constituents of the plasma, but small values
of this quantity should in no way be seen as indicating a lack of such interac-
tions. We see in the figure that (¢ — 3P)/T* rises rapidly in the vicinity of Te.
This rapid rise corresponds to the fact that ¢/ T# rises more rapidly than 3P/ T4,
approaching roughly 80% of its value in an noninteracting gas of quarks and glu-
ons at a lower temperature, between 200 and 250 MeV. At higher temperatures, as
3P/T* rises toward roughly 80% of its noninteracting value, (¢ — 3P)/T* falls
off with increasing temperature and the quark—gluon plasma becomes more and
more conformal. Remarkably, after a proper rescaling of the number of degrees of
freedom and T¢, all the features described above remain the same when the number
of colors of the gauge group is increased and extrapolated to the N. — oo limit
[198, 306, 663].

The central message for us from these lattice calculations of the QCD equa-
tion of state is that at high enough temperatures the thermodynamics of the QCD
plasma becomes conformal while deviations from conformality are most severe at
and just above T.. This suggests that the use of conformal theories (in which cal-
culations can be done via gauge/gravity duality as described in much of this book)
as vehicles by which to gain insights into real-world quark—gluon plasma may be
more quantitatively reliable when applied to data from heavy ion collisions at the
LHC than when applied to those at RHIC. In this respect, it is also quite encourag-
ing that the charged particle elliptic flow v, (pt) measured very recently in heavy
ion collisions at /s = 2.76 TeV at the LHC [5] is, within error bars, the same as
that measured at RHIC. On a qualitative level, this indicates that the quark—gluon
plasma produced at the LHC is comparably strongly coupled to that at RHIC.
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One of the first questions to answer with a calculation of the equation of state
in hand is whether the observed rapid rise in /T4 and P/T* corresponds to a
phase transition or to a continuous crossover. In QCD without quarks, a first order
deconfining phase transition is expected due to the breaking of the Zy center sym-
metry. This symmetry is unbroken in the confined phase and broken above T; by
a nonzero expectation value for the Polyakov loop [388, 769]. The expected first
order phase transition is indeed seen in lattice calculations [184]. The introduc-
tion of quarks introduces a small explicit breaking of the Zy symmetry even at low
temperatures, removing this argument for a first order phase transition. However, in
QCD with massless quarks there must be a sharp phase transition (first order with
three flavors of massless quarks, second order with two) since chiral symmetry is
spontaneously broken at low temperatures and unbroken at high temperatures. This
argument for the necessity of a transition vanishes for quarks with nonzero masses,
which break chiral symmetry explicitly even at high temperatures. So, the question
of what happens in QCD with physical quark masses, two light and one strange,
cannot be answered by any symmetry argument. Since both the center and chiral
symmetries are explicitly broken at all temperatures, it is possible for the transition
from a hadron gas to quark—gluon plasma as a function of increasing temperature
to occur with no sharp discontinuities. And, in fact, lattice calculations have shown
that this is what happens: the dramatic increase in ¢/ T# and P/ T* occurs contin-
uously [59]. This is shown most reliably via the fact that the peaks in the chiral
and Polyakov loop susceptibilities are unchanging as one increases the physical
spatial volume V of the lattice on which the calculation is done. If there were a
first order phase transition, the heights of the peaks of these susceptibilities should
grow o V in the large V limit; for a second order phase transition, they should
grow proportional to some fractional power of V. But, for a continuous crossover
no correlation length diverges at T, and all physical quantities, including the heights
of these susceptibilities, should be independent of V once V1/2 is larger than the
longest correlation length. This is indeed what is found [59]. The fact that the tran-
sition is a continuous crossover means that there is no sharp definition of T, and
different operational definitions can give different values. However, the analysis
performed in [178] indicates that the chiral susceptibility and the Polyakov loop
susceptibility peak in the range of T = 150-170 MeV.

Despite the absence of a phase transition in the mathematical sense, well above
T. QCD matter is deconfined, since the Polyakov loop takes on large nonzero
values. In this high temperature regime, the matter that QCD describes is best
understood in terms of quarks and gluons. This does not, however, imply that the
interactions amongst the plasma constituents is negligible. Indeed, we have already
seen in Section 2.2 that in the temperature regime accessible in heavy ion colli-
sions at RHIC, the quark—gluon plasma behaves like a liquid, not at all like a gas
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of weakly coupled quasiparticles. And, as we will discuss in Section 6.1, explicit
calculations done via the AdS/CFT correspondence show that in the large-Nc limit
in gauge theories with gravity duals which are conformal, and whose coupling can
therefore be chosen, the thermodynamic quantities change by only 25% when the
coupling is varied from zero (noninteracting gas) to infinite (arbitrarily strongly
coupled liquid). This shows that thermodynamic quantities are rather insensitive
to the strength of the interactions among the constituents (or volume elements) of
quark—gluon plasma.

Finally, we note that calculations of QCD thermodynamics done via perturba-
tive methods have been compared to the results obtained from lattice-regularized
calculations. As is well known (see for example [556] and references therein), the
expansion of the pressure in powers of the coupling constant g is a badly con-
vergent series and, what is more, cannot be extended beyond order g®log(1/g),
where nonperturbative input is required. This means that perturbative calculations
must resort to resummations and indeed different resummation schemes have been
developed over the years [185, 507, 454, 166, 50, 51, 52]. The effective field the-
ory techniques developed in [185, 507], in particular, exploit a fundamental feature
of any perturbative picture of the plasma: at weak coupling, the Debye screening
mass up o gT and these methods all exploit the smallness of up relative to T
since the basis of their formulation is that physics at these two energy scales is well
separated. As we will see in Section 6.3, this characteristic is in fact essential for
any description of the plasma in terms of quasiparticles. The analysis performed in
Ref. [454] showed that in the region of T ~ (1-3) T, these effective field theory
calculations of the QCD pressure become very sensitive to the matching between
the scales up and T, which indicates that there is no separation of these scales.
This was foreshadowed much earlier by calculations of various different correla-
tion lengths in the plasma phase which showed that at T = 2T, some correlation
lengths that are oc 1/(g°T) at weak coupling are in fact significantly shorter than
others that are oc 1/(gT) at weak coupling [425], and showed that the perturba-
tive ordering of these length scales is only achieved for T > 10%T.. Despite the
success of other resummation techniques [166] in reproducing the main features
of QCD thermodynamics, the absence of any separation of scales indicates that
there are very significant interactions among constituents and casts doubt upon any
approach based upon the existence of quasiparticles.

3.1.1 Flavor susceptibilities

The previous discussion focused on thermodynamics in the absence of expectation
values for any of the conserved (flavor) charges of QCD. As is well known, these
charges are a consequence of the three flavor symmetries that QCD possesses: the
U (1) symmetries generated by electric charge, Q, and baryon number, B, and a
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global SU (3) flavor symmetry. Within SU (3) there are two U (1) subgroups which
can be chosen as those generated by Q and by strangeness S. Conservation of Q is
fundamental to the standard model, since the U (1) symmetry is a gauge symmetry.
Conservation of Sis violated explicitly by the weak interactions and conservation
of B is violated by exceedingly small nonperturbative weak interactions, and per-
haps by yet to be discovered beyond standard model physics. As we are interested
only in physics on QCD time scales, we can safely treat S and B as conserved.
Instead of taking B, Q and Sas the conserved quantities, we can just as well choose
the linear combinations of them corresponding to the numbers of up, u, down, d,
and strange quarks, s. With three conserved quantities, we can introduce three inde-
pendent chemical potentials. In spite of the difficulties in studying QCD at nonzero
chemical potential on the lattice, derivatives of the pressure with respect to these
chemical potentials at zero chemical potential can be calculated. These derivatives
describe moments of the distributions of these conserved quantities in an ensem-
ble of volumes of quark—gluon plasma, and hence can be related to event-by-event
fluctuations in heavy ion collision experiments.

When all three chemical potentials vanish, the lowest nonzero moments are
the quadratic charge fluctuations, i.e. the diagonal and off-diagonal susceptibilities
defined as

1 92 1
X = og Z(T, ux,...) = ——=(N2), 3.2
12 = T i 92T e ) = G (NR) (3-2)
1 02 1
XY= = % Jog Z(T, px, iy, - . ) = ——= (NN 3.3
Xll VT 8,&)(3#\( g ( a/-'LX /~’LY ) VT3< X Y>v ( )

where Z is the partition function and the Ny are the numbers of u, d or s quarks
(or, equivalently, B, Q or Scharge) present in the volume V. The diagonal suscep-
tibilities quantify the fluctuations of the conserved quantum numbers in the plasma
and the off-diagonal susceptibilities measure the correlations among the conserved
quantum numbers, and are more sensitive to the nature of the charge carriers [540].

Lattice results for these quantities [180, 130] are shown in Fig. 3.2. In the top
panel, the diagonal strange quark number susceptibility is shown as a function of
temperature, at different lattice spacings and extrapolated to the continuum limit.
The susceptibility is compared to its value in a noninteracting gas of gluons and
quarks (dashed line) and to the expectation from a hadron resonance gas, which
correctly describes the results of the lattice calculation at low temperature. Sim-
ilarly to the case of the pressure, there is rapid rise in the susceptibility above
T, followed by saturation at high temperatures to a constant value that is below
what it would be in a noninteracting gas. This rise, which reflects the liberation of
s-quarks from hadrons, occurs over a similar range of temperatures as the rise in
the pressure. The high temperature value of the susceptibility is about 90% of the
Stefan—Boltzmann value, closer but not significantly closer to the noninteracting
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Figure 3.2 Top: quadratic fluctuations of the strange quark number. Bottom:
off-diagonal susceptibility x;7. In both panels the different symbols correspond
to different lattice spacings. The red band is the continuum extrapolation. The
continuous black line is the expectation from a hadron resonance gas and the
dashed black line corresponds to the Stefan-Boltzmann (i.e. noninteracting) limit.
Figures taken from [180].

limit than is the case for the pressure. Similar results are obtained for the u and d
quark number susceptibilities [180]. In the bottom panel, one of the off-diagonal
susceptibilities, x;7, is shown. In a noninteracting plasma, the off-diagonal suscep-
tiblities would all vanish. The results of these lattice calculations show significant
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deviation from zero, with the off-diagonal value comparable to its value in a hadron
resonance gas up to temperatures as high as 1.5 T, and gradually approaching zero
at higher temperatures.

The lattice calculations of susceptibilities further illustrate the fact that thermo-
dynamic properties alone do not resolve the structure of the QGP, since they do not
yield an answer to as simple a question as whether it behaves like a liquid or like a
gas of quasiparticles. On the one hand, the diagonal susceptibilities seem close to
the noninteracting limit and are, in fact, not incompatible with hard thermal loop
computations [170], which supports a quasiparticle interpretation of the plasma
already at these rather low temperatures. On the other hand, the off-diagonal sus-
ceptibilities are too large to be accommodated in perturbative calculations and it
has even been suggested that they point towards the presence of meson-like states
above deconfinement [707] (see also [740]). We will come back to the apparently
contradictory pictures suggested by the different static properties of the plasma in
Section 6.1.2.

3.2 Transport coefficients from the lattice

We turn now to lattice calculations that further determine the structure of the
plasma via studying dynamical quantities rather than just static ones. The lattice
calculation of dynamical quantities, which require time and therefore Minkowski
spacetime in their formulation, are subject to the conceptual challenges that we
described at the beginning of this section, meaning that the lattice results that we
are going to discuss now come with caveats that we shall describe.

Transport coefficients, such as the shear viscosity, are essential in the description
of the real time dynamics of a system, since they describe how small deviations
away from equilibrium relax towards equilibrium. As we have discussed in Sec-
tion 2.2, the shear viscosity plays a particularly important role as it provides the
connection between experimental data on azimuthally asymmetric flow and con-
clusions about the strongly coupled nature of the quark—gluon plasma produced
in RHIC collisions. In this section we describe how transport coefficients can be
determined via lattice gauge theory calculations.

Transport coefficients can be extracted from the low momentum and low fre-
quency limits of the Green’s functions of a suitable conserved current of the theory,
see Appendix A. To illustrate this point, we concentrate on two examples: the stress
tensor components T*Y, and the longitudinal component of some conserved U (1)
current J' (w, K) which can be written J(w, k) k, with @, k the Fourier modes, and
k a vector of unit length. The stress tensor correlator determines the shear viscosity;
the current—current correlator determines the diffusion constant for the con-
served charge associated with the current. (The conserved charge could be baryon
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number, strangeness or electric charge in QCD or could be some R-charge in a
supersymmetric theory.) The retarded correlators of these operators are defined by
Gr ™ (t,x) = -6 ([T, x), T¥(0,0)]) . (3.4)
Gl (t,x) = —i6() ([, %), I(0,0)]) . (3.5)
And, according to the Green—Kubo relation (A.9) the low momentum and low
frequency limits of these correlators yield
ImGR ™Y (w, k =0)

n=—lim (3.6)
w—0 w
. ImGYl(w, k=0

Dy = — lim MGR™ (@ ). (3.7)
w—0 w

where 7 is the shear viscosity, D is the diffusion constant of the conserved charge,
and y is the charge susceptibility. Note that x is a thermodynamic quantity which
can be extracted from the partition function by suitable differentiation and so is
straightforward to calculate on the lattice, while n and D are transport properties
which describe small deviations from equilibrium. In general, for any conserved

current operator © whose retarded correlator is given by
Gr(t,x) = —i0@®) ([O(t, x), O, 0)]) , (3.8

if we define a quantity u by
= lim ImGgr(w, k =0) ’
w—0 w

then w is a transport coefficient, possibly multiplied by a thermodynamic quantity.
Transport coefficients can be computed in perturbation theory. However, since
the quark—gluon plasma not too far above T is strongly coupled, it is preferable
to extract information about the values of the transport coefficents from lattice
calculations. Doing so is, however, quite challenging. The difficulty arises from
the fact that lattice quantum field theory is formulated in such a way that real time

correlators cannot be calculated directly. Instead, these calculations determine the
thermal or Euclidean correlator

(3.9)

GE(T, X) = (OE(‘L', X)OE(O, 0)) s (310)
where the Euclidean operator is defined from its Minkowski counterpart by
O g (1T, X) = (=) (1)°O" "™, (T, %), (3.11)

where r and s are the number of time indices in {uy ... un} and {vy ... vm}
respectively. Using the Kubo—-Martin—Schwinger relation

(O(t, X)O(0, 0)) = (00, 0)O(t — B, X)), (3.12)

the Euclidean correlator Gg can be related to the imaginary part of the retarded
correlator,
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p(w, k) =—-2ImGgr(w, k), (3.13)

which is referred to as the spectral density. The relation between Gg (which can be
calculated on the lattice) and p (which determines the transport coefficient) takes
the form of a convolution with a known kernel:

* dw cosh (o (t — 2))

2 sinh (5%)

A typical lattice computation provides values (with errors) for the Euclidean cor-
relator at a set of values of the Euclidean time, namely {z;, Gg (7, K)}. In general,
it is not possible to extract a continuous function p(w) from a limited number of
points on Gg(r) without making assumptions about the functional form of either
the spectral function or the Euclidean correlator. Note also that the Euclidean cor-
relator at any one value of t receives contributions from the spectral function at
all frequencies. This makes it hard to disentangle the low frequency behavior of
the spectral function from a measurement of the Euclidean correlator at a limited
number of values of t.

The extraction of the transport coefficient is also complicated by the fact that
the high frequency part of the spectral function p typically makes a large contribu-
tion to the measured Gg. At large w, the spectral function is the same at nonzero
temperature as at zero temperature and is given by

p(w, K) . (3.14)

Ge(r. k) = (—1)*s /
0

plw, k=0)= A9, (3.15)

where A is the dimension of the operator O and d is the dimension of spacetime. In
QCD, the constant A can be computed in perturbation theory. For the two examples
that we introduced explicitly above, the spectral functions are given at k = 0 to
leading order in perturbation theory by

Ne

Hw, k=0) = — 3.16

PR (0, ) e @ (3.16)
N2 — 1)

9 (k= 0) = Toe D 3.17

pR ((,l), ) 5(4”)2 -, ( )

where N is the number of colors. These results are valid at any » to leading
order in perturbation theory; because QCD is asymptotically free, they are the
dominant contribution at large w. This asymptotic domain of the spectral func-
tion does not contain any information about the transport coefficients, but it makes
a large contribution to the Euclidean correlator. This means that the extraction
of the contribution of the transport coefficient, which is small in comparison and
T-independent, requires very precise lattice calculations.

The results of lattice computations for the shear correlator are shown in the top
panel of Fig. 3.3. The finite temperature Euclidean correlator is normalized to the
free theory correlator at the same temperature. The measured correlator deviates
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Figure 3.3 Top panel: ratio of the stress tensor Euclidean correlator calculated on
the lattice in Ref. [614] to that in the free theory for QCD with three colors and
zero flavors at four values of the Euclidean time xg = = and two temperatures T.
This theory has a first order deconfinement transition, and T is given in units of the
critical temperature T¢ for this transition. Bottom panel: stress tensor Euclidean
correlator for N/ = 4 SYM from Ref. [777]. The solid red line corresponds to
infinite coupling and the dashed black line corresponds to the free theory. The
solid curves are the zero temperature potential.

from the free one only by about 10%—20%. The statistical errors in the numerical
computation illustrate that it is hard to distinguish the computed correlator from
the free one, specially at the higher temperature. It is important to stress that the
fact that the measured correlator is close to the free one comes from the fact that
both receive a large contribution from the large w region of the spectral function,
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and therefore cannot be interpreted as a signature of large viscosity. To illustrate
this point, it is illuminating to study N' = 4 supersymmetric Yang—Mills (SYM)
theory as a concrete example in which we can compare weak and strong coupling
behavior with both determined analytically. We shall introduce this theory and its
strongly coupled plasma in subsequent chapters. As we will discuss in Section 6.2,
in this theory the AdS/CFT correspondence allows us to compute p in the limit
of infinite coupling, where the viscosity is small. From this AdS/CFT result, we
can then compute the Euclidean correlator via Eq. (3.14). The result is shown in
the bottom panel of Fig. 3.3. In the same figure, we show the Euclidean correlator
at zero coupling — noting that in the zero coupling limit the viscosity diverges as
does the length scale above which hydrodynamics is valid. As in the lattice com-
putation in the top panel of the figure, the difference between the weak coupling
and strong coupling Euclidean correlator is small and is only significant around
t = 1/(2T), where Gg is smallest and the contributions from the small-w region
of p are most visible against the “background” from the large-w region of p. For
this correlator in this theory, the difference between the infinite coupling and zero
coupling limits is only at most 10%. Thus, the ' = 4 SYM theory calculation
gives us the perspective to realize that the small deviation between the lattice and
free correlators in QCD must not be taken as an indication that the QGP at these
temperatures behaves as a free gas. It merely reflects the lack of sensitivity of the
Euclidean correlator to the low frequency part of the spectral function.

The extraction of transport information from the four points in the upper panel
of Fig. 3.3, as done in Ref. [614], requires assumptions about the spectral den-
sity. Since the high frequency behavior of the spectral function is fixed due to
asymptotic freedom, a first attempt can be made by writing

p(w) _ PLF (@) 4O — A)pHF(w) ’ (3.18)
w w

w
where
T(N?=1) o*
5(m)?2 tanhw/4T

pHE(w) = (3.19)
is the free theory result at the high frequencies where this result is valid. In the
analysis performed in [614], the parameter A is always chosen to be > 5T. The
functional form of the low frequency part p_ ¢ should be chosen such that p ¢
vanishes at high frequency. A Breit-Wigner ansatz

__n__
(14 b?w?)

provides a simple example with which to start (and is in fact the form that arises in
perturbation theory [10]). This ansatz does not provide a good fit, but it nevertheless

PLE/@ = = ppw/® (3.20)
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yields an important lesson. Fitting the parameters in this ansatz to the lattice results
for Gg at four values of 7 favors large values (larger than T) for the width " = 2/b
of the low frequency Breit-Wigner structure. This result motivates the assumption
that the width of any peak or other structure at low frequency must be larger than T.
From this assumption, a bound may be derived on the viscosity as follows. Since a
wider function than a Breit—-Wigner peak of width I' = T would lead to larger value
of pLr for w < +/2T and since the spectral function is positive definite, we have

1 1 2T o dow
GE(ﬁ’k:())Zﬁ[/o ﬂBW(w)-i-/A PHF(U))]W- (3.21)

From this condition and the measured value of GE(%, k = 0), an upper bound on
the shear viscosity n can be obtained, resulting in

0.96 (T =1.65T)
n/s < { 1.08 (T = 1.24T,), (3.22)
with s the entropy density [614]. The idea here is: (i) we know how much the w > A
region contributes to the integral | dwp(w)/sinhw/2T which is what the lattice
calculation determines, and (ii) we make the motivated assumption that the nar-
rowest a peak at @ = 0 can be is T, and (iii) we can therefore put an upper bound
on p(0) by assuming that the entire contribution to the integral that does not come
from w > A comes from a peak at w = 0 with width T. The bound is conservative
because it comes from assuming that p is zero at intermediate w between T and A.
Surely p receives some contribution from this intermediate range of w, meaning
that the bounds on 7 /s obtained from this analysis are conservative.

Going beyond the conservative bound (3.22) and making an estimate of 7 is
challenging, given the finite number of points at which Gg(t) is measured, and
relies on physically motivated parameterizations of the spectral function. A sophis-
ticated parameterization was introduced in Ref. [614] under the basic assumption
that there are no narrow structures in the spectral function, which is supported by
the Breit-Wigner analysis discussed above. In Ref. [614], the spectral function was
expanded in an ordered basis of orthonormal functions with an increasing number
of nodes, defined and ordered such that the first few functions are those that make
the largest contribution to the Euclidean correlator; in other words the latter is
most sensitive to the contribution of these functions. Owing to the finite number of
data points and their finite accuracy, the basis has to be truncated to the first few
functions, which is a way of formalizing the assumption that there are no narrow
structures in the spectral function. The analysis based on such parameterization
leads to small values of the ratio of the shear viscosity to the entropy density. In
particular,
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o_ | 0134(33) (T =165Ty)
N/S=1 0102(56) (T = 1.24T,) .

Both statistical errors and an estimate of those systematic errors due to the trunca-
tion of the basis of functions used in the extraction are included. The results of this
study are compelling since, as discussed in Section 2.2, they are consistent with
the experimentally extracted bounds on the shear viscosity of the QGP via hydro-
dynamical fits to data on elliptic flow in heavy ion collisions. These results are also
remarkably close to /s = 1/47 ~ 0.08, which is obtained in the infinite coupling
limit of V' = 4 SYM theory and which we will discuss extensively in Section 6.2.

The lattice studies to date must be taken as exploratory, given the various dif-
ficulties that we have described. As explained in Ref. [616], there are ways to do
better (in addition to using finer lattices and thus obtaining Gg at more values of 7).
For example, a significant improvement may be achieved by analyzing the spec-
tral function at varying nonzero values of the momentum k. One can then exploit
energy and momentum conservation to relate different Euclidean correlators to the
same spectral function, in some cases constraining the same spectral function with
50-100 quantities calculated on the lattice rather than just four. Furthermore, the
functional form of the spectral function is predicted order by order in the hydro-
dynamic expansion and this provides guidance in interpreting the Euclidean data.
These analyses are still in progress, but results reported to date [616] are consistent
with (3.23), given the error estimate therein.

Let us conclude the discussion by remarking on the main points. The Euclidean
correlators calculated on the lattice are dominated by the contribution of the
temperature-independent high frequency part of the spectral function, reducing
their sensitivity to the transport properties that we wish to extract. This fact,
together with the finite number of points on the Euclidean correlators that are avail-
able from lattice computations, complicates the extraction of the shear viscosity
from the lattice. Under the mild assumption that there are no narrow structures in
the spectral function, an assumption that is supported by the lattice data themselves
as we discussed, current lattice computations yield a conservative upper bound
n/s < 1 on the shear viscosity of the QGP at T = (1.2-1.7)T.. A compelling but
exploratory analysis of the lattice data has also been performed, yielding values of
n/s ~ 0.1 for this range of temperatures. In order to determine n/s with quanti-
tative control over all systematic errors, however, further investigation is needed —
integrating information obtained from many Euclidean correlators at nonzero k as
well as pushing to finer lattices.

(3.23)

3.3 Quarkonium spectrum from the lattice

Above the critical temperature, quarks and gluons are not confined. As we have
discussed at length in Chapter 2, experiments at RHIC have taught us that in this
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regime QCD describes a quark—gluon plasma in which the interactions among the
quarks and gluons are strong enough to yield a strongly coupled liquid. It is also
possible that these interactions can result in the formation of bound states within the
deconfined fluid [739]. This observation is of particular relevance for quarkonium
mesons formed from heavy quarks in the plasma, namely quarks with M > T.
For these quarks, as(M) is small and the zero temperature mesons are, to a first
approximation, described by a Coulomb-like potential between a Q—Q pair. Thus,
the typical radius of the quarkonium mesonisry ~ 1/asM <« 1/T. As a conse-
quence, the properties of these quarkonium mesons cannot be strongly modified in
the plasma. Quarkonia are therefore expected to survive as bound states up to a tem-
perature that is high enough that the screening length of the plasma has decreased
to the point that it is of order the quarkonium radius [609].

The actual masses of the heavy quarks that can be accessed in heavy ion
collisions, the charm and the bottom, are large enough that charmonium and
bottomonium mesons are expected above the deconfinement transition, but they
are not so large that these mesons are expected to be unmodified by the quark—
gluon plasma produced in ultra-relativistic heavy ion collisions. As discussed in
detail in Section 2.4, data indicate that heavy ion collisions at RHIC (at the LHC)
reach temperatures high enough to dissociate all but the lowest lying 1s charmo-
nium (bottomonium) states, see also Fig. 2.16. Moreover, while charmonia are not
expected to survive in the quark—gluon plasma produced at the LHC, they may be
regenerated when the plasma hadronizes since several dozen charm and anticharm
quarks are expected in each LHC collision. It is a non-trivial challenge to deter-
mine what QCD predicts for the temperatures up to which a particular quarkonium
meson survives as a bound state, and above which it dissociates. In this section, we
describe the results of lattice QCD calculations done with this goal in mind. This
is a subject of ongoing research, and definitive results for the dissociation temper-
atures of various quarkonia are not yet in hand. For an example of a recent review
on this subject, see Ref. [131].

Some of the earliest [609, 520] attempts to describe the in-medium heavy
mesons are based on solving the Schrodinger equation for a pair of heavy quarks
in a potential determined from a lattice calculation. These approaches are known
generically as potential models. In this approach, it is assumed that the interactions
between the quark—antiquark pairs and the medium can be expressed in the form of
a temperature-dependent potential. The mesons are identified as the bound states of
quarks in this potential. Such an approach has been very successful at zero temper-
ature [335] and in this context it can be put on firm theoretical grounds by means of
a non-relativistic effective theory for QCD [681, 188]. However, at nonzero tem-
perature it is not clear how to determine this potential from first principles. (For
some attempts in this direction, see Ref. [189].)
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Figure 3.4 Wilson line representing the propagation of a heavy quark—antiquark
pair. The line at —r /2 is the heavy quark propagator in imaginary time while the
line at r /2 is the antiquark. The space links ensure gauge invariance. The singlet
free energy is obtained by setting t = .

If the binding energy of the quarkonium meson is small compared to the temper-
ature and to any other energy scale that characterizes the medium, the potential
can be extracted by analyzing a static (infinitely massive) Q — Q pair, in the
color-singlet representation, separated by a distance r. In this limit, both the quark
and the antiquark remain static on the time scale over which the medium fluctu-
ates, and their propagators in the medium reduce to Wilson lines along the time
axis. In the imaginary time formalism, these two Wilson lines wind around the
periodic imaginary time direction and they are separated in space by the distancer.
These quark and antiquark Wilson lines are connected by spatial links to ensure
gauge invariance. These spatial links can be thought of as arising via applying
a point-splitting procedure at the point where the quark and antiquark pair are
produced by a local color singlet operator. A sketch of this Wilson line is shown
in Fig. 3.4.

At zero temperature, the extension of the Wilson lines in the imaginary time
direction t can be taken to infinity; this limit yields Wilson’s definition of the
heavy quark potential [800]. In contrast, at nonzero temperature the imaginary time
direction is compact and the imaginary time 7 is bounded by 1/T. Nevertheless,
inspired by the zero temperature case the early studies postulated that the potential
should be obtained from the Wilson line with r = g = 1/T. This Wilson line
can be interpreted as the singlet free energy of the heavy quark pair, i.e. the energy
change in the plasma due to the presence of a pair of quarks at a fixed distance and
at fixed temperature [680, 641].

Lattice results for the singlet free energy are shown in Fig. 3.5. In the upper
panel we show results for the gluon plasma described by QCD without any quarks
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Figure 3.5 Lattice results for the singlet free energy Fi(r, T) as a function
of the distance r for different temperatures T, quoted as fractions of the crit-
ical temperature T, at which the crossover from hadron gas to quark—gluon
plasma occurs. The solid curves are the zero temperature potential. The upper
panel shows results for QCD without quarks [502, 503, 504] and the lower
panel for 2+1 flavor QCD [505]. The fact that below T the free energy goes
above the zero temperature result is a lattice artifact [189]. Figures taken from
Refs. [131, 678].

[502, 503, 504]. The solid black line in this figure denotes the T = 0 result, which
rises linearly with the separation r at large r, as expected due to confinement. The
potential is well approximated by the ansatz

R =or—=.

(3.24)
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where the linear long-distance part is characterized by the string tension /o =
420 MeV [647] and the perturbative 1/r piece describes the short-distance regime.
Below T, as the temperature increases the theory remains confined but the string
tension decreases. For temperatures larger than T, the theory is not confined and
the free energy flattens to a finite value in the large-r limit. At these temperatures,
the color charge in the plasma screens the interaction between the heavy Q and
Q. In QCD with light dynamical quarks, as in the lower panel of Fig. 3.5 from
Ref. [505], the situation is more complicated. In this case, the free energy flattens
to a finite limit at large distance even at zero temperature, since once the heavy
quark and antiquark have been pulled far enough apart it becomes favorable to
produce a light g—q pair from the medium (in this case the vacuum) which results
in the formation of Qg and Qg mesons that can then be moved far apart with-
out any further expenditure of energy. In vacuum this process is usually referred
to as “string-breaking”. In vacuum, at distances that are small enough that string-
breaking does not occur the potential can be approximated by (3.24), but with a
reduced string tension /o ~ 200 MeV [277]. Above T, the potential is screened
at large distances by the presence of the colored fluid, with the screening length
beyond which the potential flattens shrinking with increasing temperature, justas in
the absence of quarks. As a consequence, in the lower panel of the figure the poten-
tial evolves relatively smoothly with increasing temperature, with string-breaking
below T, becoming screening at shorter distance scales above T,. The decrease in
the screening length with increasing temperature is a generic result, and it leads us
to expect that quarkonium mesons dissociate when the temperature is high enough
that the vacuum quarkonium size corresponds to a quark—antiquark separation at
which the potential between the quark and antiquark is screened [609].

After precise lattice data for the singlet free energy became available, several
authors have used them to solve the Schrddinger equation. Since the expectation
value of the Wilson loop in Fig. 3.4 leads to the singlet free energy and not to
the singlet internal energy, it has been argued that the potential to be used in the
Schrodinger equation should be that obtained after first subtracting the entropy
contribution to the free energy, namely

ur,T)=F(r,T) - TM. (3.25)

dT

Analyses performed with this potential indicate that the J/iy meson survives
deconfinement, existing as a bound state up to a dissociation temperature that lies
in the range Tgiss ~ (1.5-2.5) T, [806, 39, 740, 621, 40]. It is also a generic fea-
ture of these potential models that, since they are larger in size, other less bound
charmonium states like the x. and v dissociate at a lower temperature [520], typ-
ically at temperatures as low as T = 1.1T.. Let us state once more that these
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Figure 3.6 Schematic view of the current—current spectral function as a function
of frequency for heavy quarks. The structure at small frequency w ~ 0 is the
transport peak which is due to the interaction of the external current with heavy
quarks and antiquarks from the plasma. At @ = 2M there is a threshold for pair
production. An in-medium bound state, like a quarkonium meson, appears as a
peak below the threshold.

calculations are based on two key model assumptions: first, that the charm and
bottom quarks are heavy enough for a potential model to apply and, second, that
the potential is given by Eq. (3.25). Neither assumption has been demonstrated
from first principles.

Given that potential models are models, there has also been a lot of effort to
extract model-independent information about the properties of quarkonium mesons
in the medium at nonzero temperature by using lattice techniques to calculate the
Euclidean correlation function of a color-singlet operator of the type

I (1, X) = ¥ (t, )Ty (z, X), (3.26)

where v (7, X) is the heavy quark operator and I' = 1, y,,, ¥s5, ¥5Vu. Yu ) COITe-
spond to the scalar, vector, pseudoscalar, pseudovector and tensor channels. As in
the case of the transport coefficients whose analysis we described in Section 3.2,
in order to obtain information about the in-medium mesons we are interested
in extracting the spectral functions of these operators. As in Section 3.2, the
Minkowski space spectral function cannot be calculated directly on the lattice; it
must instead be inferred from lattice calculations of the Euclidean correlator

Ge(r,X) = (Ir(z,x)Ir(0,0)) , (3.27)

which is related to the spectral function as in Eq. (3.14).

The current—current correlator can be understood as describing the interaction
of an external vector meson which couples only to heavy quarks in the plasma.
This interaction can proceed by scattering with the heavy quarks and antiquarks
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present in the plasma or by mixing the singlet quarkonium meson with (light quark)
states from within the plasma that have the same quantum numbers as the exter-
nal quarkonium. The first physical process leads to a large absorption of those
vector mesons in which the ratio w/q matches the velocity of heavy quarks in
the medium, yielding the so-called transport peak at small . The second phys-
ical process populates the near-threshold region of w ~ 2M. Since the thermal
distribution of the velocity of heavy quarks and antiquarks is Maxwellian with a
mean velocity v ~ /T/M, the transport peak is well-separated from the thresh-
old region. Thus, the spectral function contains information not only about the
properties of mesons in the medium, but also about the transport properties of the
heavy quarks in the plasma. A sketch of the general expectation for this spectral
function is shown in Fig. 3.6. Given these expectations, the extraction of proper-
ties of quarkonium mesons in the plasma from the Euclidean correlator must take
into account the presence of the transport peak. It is worth mentioning that for
the particular case of pseudoscalar quarkonia, the transport peak is suppressed by
mass [9]; thus, the extraction of meson properties is simplest in this channel. All
other channels, including in particular the vector channel, include contributions
from the transport peak.

From the relation (3.14) between the Euclidean correlator and the spectral
function, it is clear that the Euclidean correlator has two sources of temperature
dependence: the temperature dependence of the spectral function itself which is of
interest to us and the temperature dependence of the kernel in the relation (3.14).
Since the latter is a trivial kinematical factor, lattice calculations of the Euclidean
correlator are often presented compared to

cosh(w(t —1/2T))

Grecon(t, T) = /0 do sinh(w,/2T) plw, T =0), (3.28)

which takes into account the modification of the heat kernel. Any further tem-
perature dependence of Gg relative to that in Gyeon is due to the temperature
dependence of the spectral function.

In Fig. 3.7 we show the ratio of the computed lattice correlator Gg t0 Gyecon
defined in (3.28) in the pseudoscalar and vector channels for charm quarks [491].
The temperature dependence of this ratio is due only to the temperature depen-
dence of the spectral function. The pseudoscalar correlator shows little temperature
dependence up to temperatures as high as T = 1.5 T, while the vector correlator
varies significantly in that range of temperatures. Since, as we have already men-
tioned, the transport peak is suppressed in the pseudoscalar channel, the lack of
temperature dependence of the Euclidean correlator in this channel can be inter-
preted as a signal of the survival of pseudoscalar charmed mesons (the ;) above
deconfinement. However, the Euclidean correlator is a convolution integral over
the spectral density and the thermal kernel, and in principle the spectral density
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Figure 3.7 The ratio of the Euclidean correlator Gg to Gyecon defined in (3.28) in
the pseudoscalar (top) and vector (bottom) channels for charm quarks versus the
imaginary time t [491]. Note that the transport contribution is suppressed by the
mass of the charmed quark only in the pseudoscalar channel. Figure taken from
Ref. [491].

can change radically while leaving the convolution integral relatively unchanged.
So, the spectral function must be extracted before definitive conclusions can be
drawn.

There has been a lot of effort towards extracting these spectral densities in
a model-independent way directly from the Euclidean correlators. The method
that has been developed the furthest is called the Maximum Entropy Method
(MEM) [81]. It is an algorithm designed to find the most probable spectral func-
tion compatible with the lattice data on the Euclidean correlator. This problem is
underconstrained, since one has available lattice calculations of the Euclidean cor-
relator only at finitely many values of the Euclidean time t, each with error bars,
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and one is seeking to determine a function of w. This means that the algorithm
must take advantage of prior information in the form of a default model for the
spectral function. Examples of priors that are taken into account include informa-
tion about asymptotic behavior and sum rules. The MEM method has been very
successful in extracting the spectral functions at zero temperature, where it turns
out that the extracted functions have little dependence on the details of how the pri-
ors are implemented in a default model for the spectral function. The application
of the same MEM procedure at nonzero temperature is complicated by two facts:
the number of data points is smaller at finite temperature than at zero temperature
and the temporal extent of the correlators is limited to 1/ T, which is reduced as
the temperature increases. The first problem is a computational problem, which
can be ameliorated over time as computing power grows by reducing the temporal
lattice spacing and thus increasing the number of lattice points within the extent
1/T. The second problem is intrinsic to the nonzero temperature calculation; all
the structure in the Minkowski space spectral function, as in the sketch in Fig. 3.6,
gets mapped onto fine details of the Euclidean correlator within a small interval of
7 meaning that at nonzero temperature it takes much greater precision in the cal-
culation of the Euclidean correlator in order to disentangle even the main features
of the spectral function.

To date, extractions of the pseudoscalar spectral density at nonzero temperature
via the MEM indicate, perhaps not surprisingly, that the spectral function includ-
ing its n. peak remains almost unchanged up to T ~ 1.5T; [80, 308, 491, 11],
especially when the comparison that is made is with the zero temperature spectral
function extracted from only a reduced number of points on the Euclidean corre-
lator. The application of the MEM to the vector channel also indicates survival of
the J/yr upto T ~ 1.5-2 T, [80, 308, 491, 11, 322], but it fails to reproduce the
transport peak that must be present in this correlator near w = 0. It has been argued
that most of the temperature dependence of the vector correlator seen in Fig. 3.7
is due to the temperature dependence of the transport peak [782]. (Note that since
the transport peak is a narrow structure centered at zero frequency, it corresponds
to a temperature-dependent contribution to the Euclidean correlator that is approx-
imately t-independent.) This is supported by the fact that the z-derivative of the
ratio of correlators is much less dependent on T [307] and by the analysis of the
spectral functions extracted after introducing a transport peak in the default model
of the MEM [322, 325]. When the transport peak is taken into account the MEM
also shows that J/v may survive at least up to T = 1.5 T, [322]. However, above
Tc both the vector and the pseudoscalar channels show strong dependence (much
stronger than at zero temperature) on the default model via which prior informa-
tion is incorporated in the MEM [491, 322], which makes it difficult to extract
solid conclusions on the survival of charmonium states from this method. For the
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bottomonium family, the difficulties which arise from the presence of a transport
peak remain. However, their influence on the lattice determination of the survival
of the different states is reduced as a result of the larger mass of the b-quark, which
suppresses this contribution. The large b-quark mass also makes it possible to per-
form a different set of lattice studies in which these uncertainties are reduced by
starting from a non-relativistic effective field theory for the bottomonia states in
which the transport and bound state regions of the spectral function are explicitly
decoupled. This method provides access not only to the ground states of the dif-
ferent bottomonium channels but also to their excited states. In the vector channel,
in particular, the calculations in Ref. [8] indicate that the Y survives up to temper-
atures higher than 2 T, while the first excited state, the YT (2S), disappears below
1.5T.. Notwithstanding the uncertainties of the method, the conclusions of the
MEM analyses agree with those reached via analyses of potential models in which
the internal energy (3.25) is used as the potential. However, before this agreement
can be taken as firm evidence for the survival of the different quarkonia states well
above the phase transition, it must be shown that the potential models and the lattice
calculations are compatible in other respects. To this we now turn.

Potential models can be used for more than determining whether a temperature-
dependent potential admits bound states: they provide a prediction for the entire
spectral density. It is then straightforward to start with such a predicted spectral
density and compute the Euclidean correlator that would be obtained in a lattice
calculation if the potential model correctly described all aspects of the physics. One
can then compare the Euclidean correlator predicted by the potential model with
that obtained in lattice computations like those illustrated in Fig. 3.7. Following this
approach, the authors of Refs. [623, 622] have shown that neither the spectral func-
tion obtained via identifying the singlet internal energy as the potential nor the one
obtained via identifying the singlet free energy as the potential correctly reproduce
the Euclidean correlator found in lattice calculations. This means that conclusions
drawn based upon either of these potentials cannot be quantitatively reliable in
all respects. These authors then proposed a more phenomenological approach,
constructing a phenomenological potential (containing many of the qualitative fea-
tures of the singlet free energy but differing from it) that reproduces the Euclidean
correlator obtained in lattice calculations at the percent level [623, 622]. These
authors also point out that at nonzero temperature all putative bound states must
have some nonzero thermal width, and states whose binding energy is smaller than
this width should not be considered bound. These considerations lead the authors
of Refs. [623, 622] to conclude that the J/v and . dissociate by T ~ 1.2T; while
less bound states like the x. or ¥’ do not survive the transition at all. These con-
clusions differ from those obtained via the MEM. Although these conclusions are
dependent on the potential used, an important and lasting lesson from this work is
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that the spectral function above T. can be very different from that at zero temper-
ature even if the Euclidean correlator computed on the lattice does not show any
strong temperature dependence. This lesson highlights the challenge, and the need
for precision, in trying to extract the spectral function from lattice calculations of
the Euclidean correlator in a model independent fashion.

Finally, we note once again that there is no argument from first principles for
using the Schrodinger equation with either the phenomenological potential of
Refs. [623, 622] or the internal energy or the free energy as the potential. To
conclude this section, we would like to add some remarks on why the identifi-
cation of the potential with the singlet internal or singlet free energy cannot be
correct [563, 137]. If the quarkonium states can be described by a Schrddinger
equation, the current—current correlator must reduce to the propagation of a quark—
antiquark pair at a given distance r from each other. The correlator must then
satisfy

vZ
(—a, b aM -V r>) Gu(r, 1 =0, (3.29)

where we have added the subscript M to remind the reader that this expression is
only valid in the near-threshold region. From this expression, it is clear that the
potential can be extracted from the infinitely massive limit, where the propagation
of the pair is given by the Wilson line Wy, in Fig. 3.4 (up to a trivial phase factor
proportional to 2Mt). In this limit, the potential in the Euclidean equation (3.29) is
then defined by

— 0 Wn(z,r) =V(r,DWpn(z, 1), (3.30)

where 7 and r are the sides of the Wilson loop in Fig. 3.4. In principle, the correct
real time potential V (t, r) should then be obtained via analytic continuation of
V (z, r). And, for bound states with sufficiently low binding energy it would then
suffice to consider the long time limit of the potential, V. (r) = V(t = oo, I).
The difficulty of extracting the correct potential resides in the analytic continu-
ation from V (z, r) to V(t, r). At zero temperature, t is not periodic and we can
take the t — oo limit and relate what we obtain to V.. At nonzero temperature,
T is periodic and so there is no t — oo limit. It is also apparent that V., need
not coincide with the value of V (B, r) as postulated in some potential models; in
fact, due to the periodicity of ¢ a lot of information is lost by setting ¢ = 8 [137].
Explicit calculations within perturbative thermal field theory, where the analytic
continuation can be performed, show that V., does not coincide with the internal
energy (3.25) and, what is more, the in-medium potential develops a r -dependent
imaginary part which can be interpreted as the collisional dissociation of the state
in the plasma via processes in which momentum is exchanged with the plasma
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constituents [563]. Potential model analyses, analogous to those described above
but which use complex potentials inspired by the perturbative quantum field the-
oretical calculations, show that the imaginary part of the potential dominates the
melting process of the different quarkonia states, since they become broad well
before their binding energy vanishes [563] and before their size becomes com-
parable to the Debye screening length of the plasma [219].) Nevertheless, the
Euclidean correlators extracted from these potentials deviate from those obtained
in lattice calculation [679], as expected since the calculation of these potentials
assumes a weakly coupled medium while the lattice calculations include the full
thermodynamics of the strongly coupled plasma in QCD.

If the log of the Wilson loop Wy, is a quadratic function of the gauge potential,
as in QED or in QCD to leading order in perturbation theory, then it is possible to
show that the real part of the potential agrees with the singlet free energy [137];
however, this is not the case in general and an analysis which goes beyond per-
turbation theory is needed. Complementary to the analysis of current correlators,
there have been some attempts to extract the heavy quark potential from lattice
studies [717, 221]. These analyses are based on an analytical continuation of the
numerical computation of the potential (3.30) to real time via a spectral analysis of
the lattice Wilson loop

Wy (z, r) = /OO dow e “ pu(w, ). (3.31)

The numerical inversion of this integral poses the same challenges as the extrac-
tion of the spectral density from the meson correlators we have described above.
Nevertheless, current attempts in determining V., from this spectral analysis show
that the real part of the potential does indeed deviate from the singlet free energy
above T, and also show a very strong increase in the imaginary part of the potential
at large distances, r. While further studies are needed before V., can be extracted
accurately from the lattice, these calculations show that the many-body effects that
lead to complex potentials are indeed of relevance for the dynamics of quarkonium
mesons in the plasma. For this reason, in recent years a new approach to these
dynamics based on describing the heavy quark pair as an open quantum system

LI the plasma is weakly coupled, and if the quark mass M is heavy enough that the quarkonium mesons are
small enough that physics at the scales given by both their size and their binding energy is weakly coupled,
then all the relevant scales are distinct. In this case, the Debye screening length of the plasma would become
comparable to the size of the quarkonium meson at a temperature that is of order gM but the imaginary part
of the potential becomes comparable to the binding energy of the meson first, at a lower temperature that is

-1/3
of order g4/3 (Iog é) / M [344, 562]. In a strongly coupled plasma in which g is large, these scales need

not be separated. Indeed, the calculations that we shall describe in Section 9.4.2 indicate that in the strongly
coupled plasma in N' = 4 SYM theory in which the physics of “quarkonium” mesons can be investigated
using gauge/gravity duality there is no parametric difference between the scales where the imaginary part of
the potential gets large and where the screening length of the plasma becomes comparable to the meson size.
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has been pursued. This approach has great potential for the description of the real-
time evolution of heavy states in plasma since it is based on a stochastic approach.
A detailed description of this method [814, 813, 176, 31] goes beyond the scope of
this book.

Finally, the collisional dissociation processes that lead to imaginary potentials
have also impacted the modern description of quarkonium production in heavy
ion collisions. In current modeling, these dynamics have been introduced either by
including collisional dissociation processes into the traditional rate equations for
the different states [337, 759], or via new attempts to describe the entire quarko-
nium evolution via a potential approach [766, 765, 248]. The latter approach, which
is particularly suitable for bottomonium states due to their larger masses, has been
very successful in describing the suppression pattern of the Y family in heavy ion
collisions at the LHC, which we have described in Section 2.4.



4
Introducing the gauge/string duality

Chapters 4 and 5 together constitute a primer on gauge/string duality, written for a
QCD audience.

Our goal in this section is to state what we mean by gauge/string duality, via a
clear statement of the original example of such a duality [594, 392, 803], namely
the conjectured equivalence between a certain conformal gauge theory and a certain
gravitational theory in anti-de Sitter (AdS) spacetime. We shall do this in Sec-
tion 4.3. In order to get there, in Section 4.1 we will first motivate from a gauge
theory perspective why there must be such a duality. Then, in Section 4.2, we will
give the reader a look at all that one needs to know about string theory itself in
order to understand Section 4.3, and indeed to read this book.

Since some of the contents of this chapter are by now standard textbook material,
in some cases we will not give specific references. The reader interested in a more
detailed review of string theory may consult the many textbooks available such as
[386, 587, 685, 501, 823, 532, 133, 321]. The reader interested in complementary
aspects or extra details about the gauge/string duality may consult some of the
many existing reviews, e.g. [29, 319, 596, 749, 672, 601, 340, 398, 730, 687].

4.1 Motivating the duality

Although the AdS/CFT correspondence was originally discovered [594, 392, 803]
by studying D-branes and black holes in string theory, the fact that such an
equivalence may exist can be directly motivated from certain aspects of gauge
theories and gravity.! In this section we motivate such a direct path from gauge
theory to string theory without going into any details about string theory and
D-branes.

1 Since string theory is a quantum theory of gravity and the standard Einstein gravity arises as the low energy
limit of string theory, we will use the terms gravity and string theory interchangeably below.
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4.1.1 An intuitive picture: geometrizing the renormalization group flow

Consider a quantum field theory (more generally, a many-body system) in d-
dimensional Minkowski spacetime with coordinates (t, X), possibly defined with
a short-distance cut-off €. From the work of Kadanoff, Wilson and others in the
1960s, a good way to describe the system is to organize the physics in terms of
length (or energy) scales, since degrees of freedom at widely separated scales are
largely decoupled from each other. If one is interested in properties of the system
at a length scale z > ¢, instead of using the bare theory defined at scale ¢, it is
more convenient to integrate out short-distance degrees of freedom and obtain an
effective theory at length scale z. Similarly, for physics at an even longer length
scale Z > z, it is more convenient to use the effective theory at scale Z'. This pro-
cedure defines a renormalization group (RG) flow and gives rise to a continuous
family of effective theories in d-dimensional Minkowski spacetime labeled by the
RG scale z. One may now visualize this continuous family of d-dimensional theo-
ries as a single theory in a (d + 1)-dimensional spacetime with the RG scale z now
becoming a spatial coordinate.? By construction, this (d + 1)-dimensional theory
should have the following properties.

(1) The theory should be intrinsically non-local, since an effective theory at a
scale z should only describe physics at scales longer than z. However, there
should still be some degree of locality in the z-direction, since degrees of free-
dom of the original theory at different scales are not strongly correlated with
each other. For example, the renormalization group equations governing the
evolution of the couplings are local with respect to length scales.

(2) The theory should be invariant under reparametrizations of the z-coordinate,
since the physics of the original theory is invariant under reparametrizations of
the RG scale.

(3) All the physics in the region below the Minkowski plane at z (see Fig. 4.1)
should be describable by the effective theory of the original system defined at
a RG scale z. In particular, this (d + 1)-dimensional description has only the
number of degrees of freedom of a d-dimensional theory.

In practice, it is not yet clear how to ‘merge’ this continuous family of d-
dimensional theories into a coherent description of a (d + 1)-dimensional system,
or whether this way of rewriting the renormalization group gives rise to some-
thing sensible or useful. Property number (3) above, however, suggests that if
such a description is indeed sensible, the result may be a theory of quantum grav-
ity. The clue comes from the holographic principle [771, 767] (for a review, see

2. Arguments suggesting that the string dual of a Yang—Mills theory must involve an extra dimension were put
forward in [694].
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Figure 4.1 A geometric picture of AdSs. Figure adapted from Ref. [601].

[183]), which says that a theory of quantum gravity in a region of space should be
described by a non-gravitational theory living at the boundary of that region. In
particular, one may think of the quantum field theory as living on the z = 0 slice,
the boundary of the entire space.

We now see that the gauge/gravity duality, when interpreted as a geometrization
of the RG evolution of a quantum field theory, appears to provide a specific realiza-
tion of the holographic principle. An important organizing principle which follows
from this discussion is the UV/IR connection [768, 671] between the physics of
the boundary and the bulk systems. From the viewpoint of the bulk, physics near
the z = O slice corresponds to physics near the boundary of the space, i.e. to large-
volume or IR physics. In contrast, from the viewpoint of the quantum field theory,
physics at small z corresponds to short-distance physics, i.e. UV physics.

4.1.2 Thelarge-N. expansion of a non-Abelian gauge theory vs. the string
theory expansion

The heuristic picture of the previous section does not tell us for which many-
body system such a gravity description is more likely to exist, or what kind of
properties such a gravity system should have. A more concrete indication that a
many-body theory may indeed have a gravitational description comes from the
large- N, expansion of a non-Abelian gauge theory.

That it ought to be possible to reformulate a non-Abelian gauge theory as a
string theory can be motivated at different levels. After all, string theory was first
invented to describe strong interactions. Different vibration modes of a string pro-
vided an economical way to explain many resonances discovered in the 1960s
which obey the so-called Regge behavior, i.e. the relation M? o J between the
mass and the angular momentum of a particle. After the formulation of QCD as
the microscopic theory for the strong interactions, confinement provided a physi-
cal picture for possible stringy degrees of freedom in QCD. Owing to confinement,



4.1 Motivating the duality 95

gluons at low energies behave to some extent like flux tubes which can close on
themselves or connect a quark-antiquark pair, which naturally suggests a possi-
ble string formulation. Such a low-energy effective description, however, does not
extend to high energies if the theory becomes weakly coupled, or to non-confining
gauge theories.

A strong indication that a fundamental (as opposed to effective) string theory
description may exist for any non-Abelian gauge theory (confining or not) comes
from ’t Hooft’s large-N. expansion [770]. Owing to space limitations, here we
will not give a self-contained review of the expansion (see e.g. [801, 297, 599] for
reviews) and will only summarize the most important features. The basic idea of
't Hooft was to treat the number of colors N for a non-Abelian gauge theory as a
parameter, take it to be large, and expand physical quantities in 1/Nc. For example,
consider the Euclidean partition function for a U (N.) pure gauge theory with gauge

coupling g:
Z =/DAH exp <—4i92/d4xTrF2>. (4.1)

Introducing the *t Hooft coupling
A =g°Ne, (4.2)
one finds that the vacuum-to-vacuum amplitude log Z can be expanded in 1/N. as

> 1
logZ =) N&*fn() = Ngfo(h) + 1) + 15 o)+, (43)
h=0 c

where f,(A),h = 0,1, ... are functions of the ’t Hooft coupling A only. What
is remarkable about the large-N; expansion (4.3) is that, at a fixed A, Feynman
diagrams are organized by their topologies. For example, diagrams which can
be drawn on a plane without crossing any lines (“planar diagrams”) all have
the same N. dependence, proportional to NCZ, and are included in fo(A). Simi-
larly, fn(A) includes the contributions of all diagrams which can be drawn on a
two-dimensional surface with h holes without crossing any lines. Given that the
topology of a two-dimensional compact orientable surface is classified by its num-
ber of holes, the large-N; expansion (4.3) can be considered as an expansion in
terms of the topology of two-dimensional compact surfaces.

This is in remarkable parallel with the perturbative expansion of a closed string
theory, which expresses physical quantities in terms of the propagation of a string in
spacetime. The worldsheet of a closed string is a two-dimensional compact surface?

3 With external legs contracted to points, as can be done thanks to the conformal invariance of the string
worldsheet. For details see any of the standard textbooks on string theory cited above.
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and the string perturbative expansion is given by a sum over the topologies of two-
dimensional surfaces. For example, the vacuum-to-vacuum amplitude in a string
theory can be written as

= 1
A=Y " F(a) = ?Fo(a/) + Fi@) + @2F@) + -, (4.4)
h=0 S

where gs is the string coupling, 2« is the inverse string tension, and Fn(«’) is the
contribution of two-dimensional surfaces with h holes.

Comparing (4.3) and (4.4), it is tempting to identify (4.3) as the perturbative
expansion of some string theory with

1

Os

and the string tension given as some function of the ’t Hooft coupling A. Note
that the identification of (4.3) and (4.4) is more than just a mathematical anal-
ogy. Consider for example fo(%), which is given by the sum over all Feynman
diagrams which can be drawn on a plane (which is topologically a sphere). Each
planar Feynman diagram can be thought of as a discrete triangulation of the sphere.
Summing all planar diagrams can then be thought of as summing over all possible
discrete triangulations of a sphere, which in turn can be considered as summing
over all possible embeddings of a two-dimensional surface with the topology of
a sphere in some ambient spacetime. This motivates the conjecture of identifying
fo (L) with Fy for some closed string theory, but leaves open what the specific string
theory is.

One can also include quarks, or more generally matter in the fundamental rep-
resentation. Since quarks have N. degrees of freedom, in contrast with the N2
carried by gluons, including quark loops in the Feynman diagrams will lead to
1/N¢ suppressions. For example, in a theory with N+ flavors, the single-quark loop
planar-diagram contribution to the vacuum amplitude scales as log Z ~ NN
rather than as N2 as in (4.3). In the large-N. limit with finite N¢, the contribu-
tion from quark loops is thus suppressed by powers of Nt /N¢. Feynman diagrams
with quark loops can also be classified by using topologies of two-dimensional
surfaces, now with inclusion of surfaces with boundaries. Each boundary can be
identified with a quark loop. On the string side, two-dimensional surfaces with
boundaries describe worldsheets of a string theory containing both closed and open
strings, with boundaries corresponding to the worldlines of the endpoints of the
open strings.
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4.1.3 Why AdS?

Assuming that a d-dimensional field theory can be described by a (d + 1)-
dimensional string or gravity theory, we can try to derive some properties of the
(d + 1)-dimensional spacetime. The most general metric in d + 1 dimensions
consistent with d-dimensional Poincare symmetry can be written as

ds® = Q*(2) (—dt® + dx* + dZ%) , (4.6)

where z is the extra spatial direction. Note that in order to have translational sym-
metries in the t, X directions, the warp factor ©(z) can depend on z only. At
this stage not much can be said of the form of 2 (z) for a general quantum field
theory. However, if we consider field theories which are conformal (CFTSs), then
we can determine 2 (z) using the additional symmetry constraints! A conformally
invariant theory is invariant under the scaling

t, %) — C(t, %) (4.7)

with C a constant. For the gravity theory formulated in (4.6) to describe such a
field theory, the metric (4.6) should respect the scaling symmetry (4.7) with the
simultaneous scaling of the z coordinate z — Cz, since z represents a length scale
in the boundary theory. For this to be the case we need €2 (z) to scale as

Q@2 — C'Q(2 under z— Cz. (4.8)
This uniquely determines
R
Q) = 7 (4.9)

where R is a constant. The metric (4.6) can now be written as

RZ
ds? = Z (—dt® + dx* + dZ%), (4.10)

which is precisely the line element of (d + 1)-dimensional anti-de Sitter space-
time, AdSy. 1. This is a maximally symmetric spacetime with curvature radius R
and constant negative curvature proportional to 1/R?. See e.g. [436] for a detailed
discussion of the properties of AdS space.

In addition to Poincare symmetry and the scaling (4.7), a conformal field theory
in d dimensions is also invariant under d special conformal transformations, which
altogether form the d-dimensional conformal group SO(2, d). It turns out that the
isometry group* of (4.10) is also SO(2, d), precisely matching that of the field
theory. Thus one expects that a conformal field theory should have a string theory
description in AdS spacetime!

4 Namely the spacetime coordinate transformations that leave the metric invariant.
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Note that it is not possible to use the discussion of this section to deduce the pre-
cise string theory dual of a given field theory, nor the precise relations between their
parameters. In next section we will give a brief review of some essential aspects
of string theory which will then enable us to arrive at a precise formulation of the
duality, at least for some gauge theories.

4.2 All you need to know about string theory

Here we will review some basic concepts of string theory and D-branes, which
will enable us to establish an equivalence between 1B string theory in AdSs x S
and N/ = 4 SYM theory. Although some of the contents of this section are not
indispensable to understanding some of the subsequent chapters, they are important
for building the reader’s intuition about the AdS/CFT correspondence.

4.2.1 Strings

Unlike quantum field theory, which describes the dynamics of point particles, string
theory is a quantum theory of interacting, relativistic one-dimensional objects. It is
characterized by the string tension, Ty, and by a dimensionless coupling constant,
s, that controls the strength of interactions. It is customary to write the string
tension in terms of a fundamental length scale £, called string length, as

1 .
T = — with o =¢2. (4.11)
T

We now describe the conceptual steps involved in the definition of the theory,
in a first-quantized formulation, i.e. we consider the dynamics of a single string
propagating in a fixed spacetime. Although perhaps less familiar, an analogous
first-quantized formulation also exists for point particles [693, 242], whose second-
quantized formulation is a quantum field theory. In the case of string theory, the
corresponding second-quantized formulation is provided by string field theory,
which contains an infinite number of quantum fields, one for each of the vibra-
tion modes of a single string. In this book we will not need to consider such a
formulation. For the moment we also restrict ourselves to closed strings — we will
discuss open strings in the next section.

A string will sweep out a two-dimensional worldsheet which, in the case of
a closed string, has no boundary. We postulate that the action that governs the
dynamics of the string is simply the area of this worldsheet. This is a natural gen-
eralization of the action for a relativistic particle, which is simply the length of its
worldline. In order to write down the string action explicitly, we parametrize the
worldsheet with local coordinates %, with « = 0, 1. For fixed worldsheet time,
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o9 = const., the coordinate o* parametrizes the length of the string. Let x™, with
M =0,..., D — 1, be spacetime coordinates. The trajectory of the string is then
described by specifying x™ as a function of o¢. In terms of these functions, the
two-dimensional metric g, induced on the string worldsheet has components

Gup = X" 9pX" Gun » (4.12)

where gun is the spacetime metric. (If x™ are Cartesian coordinates in flat space-
time then gun = nun = diag(— + ---+).) The action of the string is then
given by

Sir = —Tar / d%o/—detg. (4.13)

In order to construct the quantum states of a single string, one needs to quan-
tize this action. It turns out that the quantization imposes strong constraints on the
spacetime one started with; not all spacetimes allow a consistent string propaga-
tion — see e.g. [386]. For example, if we start with a D-dimensional Minkowski
spacetime, then a consistent bosonic string theory (4.13) exists only for D = 26.
Otherwise the spacetime Lorentz group becomes anomalous at the quantum level
and the theory contains negative norm states.

Physically, different states in the spectrum of the two-dimensional worldsheet
theory correspond to different vibration modes of the string. From the spacetime
viewpoint, each of these modes appears as a particle of a given mass and spin.
The spectrum typically contains a finite number of massless modes and an infinite
tower of massive modes with masses of order mg=¢;1. A crucial fact about a
closed string theory is that one of the massless modes is a particle of spin two, i.e.
a graviton. This is the reason why string theory is, in particular, a theory of quantum
gravity. The graviton describes small fluctuations of the spacetime metric, implying
that the fixed spacetime that we started with is actually dynamical.

One can construct other string theories by adding degrees of freedom to the
string worldsheet. The theory that will be of interest here is a supersymmetric
theory of strings, the so-called type 11B superstring theory [385, 731], which can
be obtained by adding two-dimensional worldsheet fermions to the action (4.13).
Although we will of course be interested in eventually breaking supersymmetry in
order to obtain a dual description of QCD, it will be important that the underlying
theory be supersymmetric, since this will guarantee the stability of our construc-
tions. For a superstring, absence of negative-norm states requires the dimension of
spacetime to be D = 10. In addition to the graviton, the massless spectrum of 11B
superstring theory includes two scalars, a number of antisymmetric tensor fields,
and various fermionic partners as required by supersymmetry. One of the scalars,
the so-called dilaton @, will play an important role here.
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Figure 4.2 ‘Geometrical’ interactions in string theory: two strings in initial states
i and j can join into one string in a state k (left) or vice versa (right).

Figure 4.3 Sum over topologies contributing to the two-to-two amplitude.

Interactions can be introduced geometrically by postulating that two strings can
join together and that one string can split into two through a vertex of strength
Os — see Fig. 4.2. Physical observables like scattering amplitudes can be found by
summing over string propagations (including all possible splittings and joinings)
between initial and final states. After fixing all the gauge symmetries on the string
worldsheets, such a sum reduces to a sum over the topologies of two-dimensional
surfaces, with contributions from surfaces of h holes weighted by a factor g2"—2.
This is illustrated in Fig. 4.3 for the two-to-two amplitude.

At low energies E <« mjg, one can integrate out the massive string modes and
obtain a low energy effective theory for the massless modes. Since the massless
spectrum of a closed string theory always contains a graviton, to second order in
derivatives, the low energy effective action has the form of Einstein gravity coupled
to other (massless) matter fields, i.e.

= Ioo G/deFR+ (4.14)

where R is the Ricci scalar for the metric with D spacetime dimensions and where
the dots stand for additional terms associated with the rest of massless modes. For
type 1B superstring theory, the full low energy effective action at the level of two
derivatives is given by the so-called I1B supergravity [733, 732], a supersymmetric
generalization of (4.14) (with D = 10). The higher order corrections to (4.14) take
the form of a double expansion, in powers of o’ E2 from integrating out the massive
stringy modes, and in powers of the string coupling gs from loop corrections.

We conclude this section by making two important comments. First, we note that
the ten-dimensional Newton’s constant G in type 1B supergravity can be expressed
in terms of the string coupling and the string length as
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Figure 4.4 (a) Tree-level contribution, of order g§, to a two-to-two scattering pro-
cess in string theory. The low energy limit of this tree-level diagram must coincide
with the corresponding field theory diagram depicted in (b), which is proportional
to Newton’s constant, G.

167G = (27)'g2¢8. (4.15)

The dependence on ¢s follows from dimensional analysis, since in D dimen-
sions Newton’s constant has dimension (length)®~2. The dependence on gs follows
from considering two-to-two string scattering. The leading string theory diagram,
depicted in Fig. 4.4a, is proportional to g2, since it is obtained by joining together
the two diagrams of Fig. 4.2. The corresponding diagram in supergravity is drawn
in Fig. 4.4b, and is proportional to G. The requirement that the two amplitudes
yield the same result at energies much lower than the string scale implies G o g2.

Second, the string coupling constant gs is not a free parameter, but is given by
the expectation value of the dilaton field ® as gs = e®. As a result, gs may actu-
ally vary over space and time. Under these circumstances we may still speak of
the string coupling constant, e.g. in formulas like (4.15) or (4.19), meaning the
asymptotic value of the dilaton at infinity, gs = e®~.

4.2.2 D-branesand gauge theories

Perturbatively, string theory is a theory of strings. Non-perturbatively, the theory
also contains a variety of higher-dimensional solitonic objects. D-branes [686] are a
particularly important class of solitons. To be definite, let us consider a superstring
theory (e.g. type 1A or 1B theory) in a ten-dimensional flat Minkowski spacetime,
labeled by time t = Xo and spatial coordinates Xy, ..., Xg. A Dp-brane is then a
“defect” where closed strings can break and open strings can end that occupies a
p-dimensional subspace — see Fig. 4.5, where the x-directions are parallel to the
branes and the y-directions are transverse to them. When closed strings break, they
become open strings. The end points of the open strings can move freely along the
directions of the D-brane, but cannot leave it by moving in the transverse directions.
Just like domain walls or cosmic strings in a quantum field theory, D-branes are
dynamical objects which can move around. A D p-brane then sweeps out a (p +
1)-dimensional worldvolume in spacetime. DO-branes are particle-like objects, D1-
branes are string-like, D2-branes are membrane-like, etc. Stable D p-branes in Type
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Figure 4.5 Stack of D-branes. Figure adapted from Ref. [601].

I1A superstring theory exist for p = 0, 2, 4, 6, 8, whereas those in Type IIB have
p = 1,3,5,7 [686].° This can be seen in a variety of (not unrelated) ways, two
of which are: (i) in these cases the corresponding D p-branes preserve a fraction of
the supersymmetry of the underlying theory; (ii) in these cases the corresponding
D p-branes are the lightest states that carry a conserved charge.

Introducing a D-brane adds an entirely new sector to the theory of closed strings,
consisting of open strings whose endpoints must satisfy the boundary condition that
they lie on the D-brane. Recall that in the case of closed strings we started with a
fixed spacetime and discovered, after quantization, that the close string spectrum
corresponds to dynamical fluctuations of the spacetime. An analogous situation
holds for open strings on a D-brane. Suppose we start with a D p-brane extend-
ing in the x* = (x%, x%, ..., xP) directions, with transverse directions labeled as
y' = (xP+L, ..., x%). Then, after quantization, one obtains an open string spectrum
which can be identified with fluctuations of the D-brane.

More explicitly, the open string spectrum consists of a finite number of massless
modes and an infinite tower of massive modes with masses of order mg = 1/¢s. For
asingle D p-brane, the massless spectrum consists of an Abelian gauge field A, (x),
w=0,1,..., p, 9—pscalarfields qb‘ (x),i =1,...,9—p, and their superpartners.
Since these fields are supported on the D-brane, they depend only on the x** coordi-
nates along the worldvolume, but not on the transverse coordinates. The 9— p scalar
excitations ¢' describe fluctuations of the D-brane in the transverse directions y',
including deformations of the brane’s shape and linear motions. They are the exact
parallel of familiar collective coordinates for a domain wall or a cosmic string in

5 D9-branes also exist, but additional consistency conditions must be imposed in their presence. We will not
consider them here.
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a quantum field theory, and can be understood as the Goldstone bosons associ-
ated to the subset of translational symmetries spontaneously broken by the brane.
The presence of a U (1) gauge field A, (x) as part of collective excitations lies at
the origin of many fascinating properties of D-branes, which (as we will discuss
below) ultimately lead to the gauge/string duality. Although this gauge field is less
familiar in the context of quantum field theory solitons (see e.g. [298, 489, 703]),
it can nevertheless be understood as a Goldstone mode associated to large gauge
transformations spontaneously broken by the brane [231, 512, 22].

Another striking new feature of D-branes, which has no parallel in field theory,
is the appearance of a non-Abelian gauge theory when multiple D-branes become
close to one another [802]. In addition to the degrees of freedom pertaining to
each D-brane, now there are new sectors corresponding to open strings stretched
between different branes. For example, consider two parallel branes separated from
each other by a distance r, as shown in Fig. 4.6. Now there are four types of open
strings, depending on which brane their endpoints lie. The strings with both end-
points on the same brane give rise, as before, to two massless gauge vectors, which
can be denoted by (A,)'; and (A,)%, where the upper (lower) numeric index
labels the brane on which the string starts (ends). Open strings stretching between
different branes give rise to two additional vector fields (A,)*, and (A,)?1, which
have a mass given by the tension of the string times the distance between the
branes, i.e. m = r/2x«a’. These become massless when the branes lie on top of
each other, r = 0. In this case there are four massless vector fields altogether,
(A% with a, b = 1, 2, which precisely correspond to the gauge fields of a non-
Abelian U (2) gauge group. Similarly, one finds that the 9 — p massless scalar fields
also become 2 x 2 matrices (¢')2p, which transform in the adjoint representation
of the U (2) gauge group. In the general case of N, parallel coinciding branes one
finds a U (N¢) multiplet of non-Abelian gauge fields with 9 — p scalar fields in
the adjoint representation of U (N¢). The low-energy dynamics of these modes can

D-brane 1 .\) D-brane 2
|
—

Figure 4.6 Strings stretching between two D-branes.
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be determined by integrating out the massive open string modes, and it turns out to
be governed by a non-Abelian gauge theory [802]. To be more specific, let us con-
sider N. D3-branes in type 1I1B theory. The massless spectrum consists of a gauge
field A, six scalar fields ¢',i = 1, ..., 6 and four Weyl fermions, all of which are
in the adjoint representation of U (N.) and can be written as N; x N, matrices. At
the two-derivative level the low energy effective action for these modes turns out
to be precisely [802] the N/ = 4 super-Yang-Mills theory with gauge group U (N.)
in (3+1) dimensions [199, 380] (for reviews see e.g. [545, 319]), the bosonic part
of whose Lagrangian can be written as

1 1 1 . . o
L= _ETr <ZF’“’FW + ED,@' D*¢' + [¢', ¢J]2) , (4.16)

with the Yang—Mills coupling constant given by
g° = 4mgs. (4.17)

Equation (4.16) is in fact the (bosonic part of the) most general renormalizable
Lagrangian consistent with A/ = 4 global supersymmetry. Owing to the large
number of supersymmetries the theory has many interesting properties, including
the fact that the beta function vanishes exactly [86, 387, 745, 259, 466, 598, 200]
(see section 4.1 of [687] for a one-paragraph proof). Consequently, the coupling
constant is scale-independent and the theory is conformally invariant.

Note that the U (1) part of (4.16) is free and can be decoupled. Physically, the
reason for this is as follows. Excitations of the overall, diagonal U (1) subgroup
of U (Nc) describe motion of the branes’ centre of mass, i.e. rigid motion of the
entire system of branes as a whole. Because of the overall translation invariance,
this mode decouples from the remaining SU (N.) € U (N.) modes that describe
motion of the branes relative to one another. This is the reason why, as we will see,
[1B strings in AdSs x S are dual to ' = 4 super-Yang-Mills theory with gauge
group SU (N).

The Lagrangian (4.16) receives higher-derivative corrections suppressed by
o' E2. The full system also contains closed string modes (e.g. gravitons) which
propagate in the bulk of the ten-dimensional spacetime (see Fig. 4.7) and the full
theory contains interactions between closed and open strings. The strength of inter-
actions of closed string modes with each other is controlled by Newton’s constant
G, so the dimensionless coupling constant at an energy E is GE®. This vanishes
at low energies and so in this limit closed strings become noninteracting, which is
essentially the statement that gravity is infrared-free. Interactions between closed
and open strings are also controlled by the same parameter, since gravity couples
universally to all forms of matter. Therefore at low energies closed strings decou-
ple from open strings. We thus conclude that at low energies the interacting sector
reduces to an SU (N¢) N = 4 SYM theory in four dimensions.
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Figure 4.7 Open and closed string excitations of the full system. Figure adapted
from Ref. [601].

Before closing this section we note that, for a single D p-brane with constant
F., and 3,¢', all higher order o’-corrections to (4.16) (or its p-dimensional gen-
eralizations) can be resummed exactly into the so-called Dirac—Born-Infeld (DBI)
action [575]

Soei = —Top / dPtix e“"\/—det (Ouv + 2702 Fy) (4.18)

where
1

(2m)P gst"
is the tension of the brane, namely its mass per unit spatial volume. In this action,
& is the dilaton and g,,, denotes the induced metric on the brane. In flat space, the
latter can be written more explicitly as

Guv = My + 2£5)%0,9' 0,9 . (4.20)
The first term in (4.20) comes from the flat spacetime metric along the
worldvolume directions, and the second term arises from fluctuations in the trans-
verse directions. Expanding the action (4.18) to quadratic order in F and 3¢ one
recovers the Abelian version of Eq. (4.16). The non-Abelian generalization of the
DBI action (4.18) is not known in closed form — see, for example, [781] for a
review. Corrections to (4.18) beyond the approximation of slowly varying fields
have been considered in [54, 536, 93, 384].

TDp (4.19)
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4.2.3 D-branes as spacetime geometry

Owing to their infinite extent along the x-directions, the total mass of a D p-brane
is infinite. However, the mass per unit p-volume, known as the tension, is finite
and is given in terms of fundamental parameters by Eq. (4.19). The dependence
of the tension on the string length is dictated by dimensional analysis. The inverse
dependence on the coupling gs is familiar from solitons in quantum field theory
(see e.g. [298, 489, 703]) and signals the nonperturbative nature of D-branes, since
it implies that they become infinitely massive (even per unit volume) and hence
decouple from the spectrum in the perturbative limit gs — 0. The crucial differ-
ence is that the D-branes’ tension scales as 1/gs instead of the 1/g? scaling that
is typical of field theory solitons. This dependence can be anticipated based on
the divergences of string perturbation theory [736] and, as we will see, is of great
importance for the gauge/string duality.

In a theory with gravity, all forms of matter gravitate. D-branes are no exception,
and their presence deforms the spacetime metric around them. The spacetime met-
ric sourced by N D p-branes can be found by explicitly solving the supergravity
equations of motion [377, 369, 462]. For illustration we again use the example of
D3-branes in type 1IB theory, for which one finds:

ds? = H™ Y2 (—dt? + dx{ + dxf + dxf) + HY2 (dr? +r%dQ3) . (4.21)

The metric inside the parentheses in the second term is just the flat metric in
the y-directions transverse to the D3-branes written in spherical coordinates, with
radial coordinate r2 = y? + - .- 4 y2. The function H (r) is given by

R4
H=1+ e (4.22)
where
R* = 4w gsNele . (4.23)

Let us gain some physical intuition regarding this solution. Since D3-branes
extend along three spatial directions, their gravitational effect is similar to that of
a point particle with mass M oc NcTps in the six transverse directions. Thus the
metric (4.21) only depends on the radial coordinate r of the transverse directions.
Forr > Rwe have H >~ 1 and the metric reduces to that of flat space with a small
correction proportional to

4
= s 20 (4.24)
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Minklo

.
.
/ :

AdS; x §°

Figure 4.8 Excitations of the system in the closed string description. Figure
adapted from Ref. [601].

which can be interpreted as the gravitational potential due to a massive object of
mass M in six spatial dimensions.® Note that in the last step in Eq. (4.24) we have
used the fact that G oc g2¢2 and M o< N Tpz oc Ne/gsf2 — see (4.15) and (4.19).

The parameter R can thus be considered as the length scale characteristic of
the range of the gravitational effects of N. D3-branes. These effects are weak for
r > R, but become strong for r <« R. In the latter limit, we may neglect the “1”
in Eq. (4.22), in which case the metric (4.21) reduces to

ds® = dsiys, + RAQE, (4.25)

where
2

2
A2 ys, = % (—dt? + dx? + dx? + dx?) + %drz (4.26)
is the metric (4.10) of five-dimensional anti-de Sitter spacetime written in terms of
r = R%/z. We thus see that in the strong gravity region the ten-dimensional metric
factorizes into AdSs x .

We conclude that the geometry sourced by the D3-branes takes the form dis-
played in Fig. 4.8: far away from the branes the spacetime is flat, ten-dimensional

6 Recall that a massive object of mass M in D spatial dimensions generates a gravitational potential GM /r P—2
at a distance r from its position.
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Minkowski space, whereas close to the branes a “throat” geometry of the form
AdSs x S develops. The size of the throat is set by the length-scale R, given
by (4.23). As we will see, the spacetime geometry (4.21) can be considered as
providing an alternative description of the D3-branes.

4.3 The ADS/CFT conjecture

In the previous two sections we have seen two descriptions of D3-branes. In the
description of Section 4.2.2, which we will refer to as the open string description,
D-branes correspond to a hyperplane in a flat spacetime. In this description the
D-branes’ excitations are open strings living on the branes, and closed strings
propagate outside the branes — see Fig. 4.7.

In contrast, in the description of Section 4.2.3, which we will call the closed
string description, D-branes correspond to a spacetime geometry in which only
closed strings propagate, as displayed in Fig. 4.8. In this description there are no
open strings. In this case the low energy limit consists of focusing on excitations
that have arbitrarily low energy with respect to an observer in the asymptotically
flat Minkowski region. We have here two distinct sets of degrees of freedom, those
propagating in the Minkowski region and those propagating in the throat — see
Fig. 4.8. In the Minkowski region the only modes that remain are those of the
massless ten-dimensional graviton supermultiplet. Moreover, at low energies these
modes decouple from each other, since their interactions are proportional to G E®.
In the throat region, however, the whole tower of massive string excitations sur-
vives. This is because a mode in the throat must climb up a gravitational potential
in order to reach the asymptotically flat region. Consequently, a closed string of
arbitrarily high proper energy in the throat region may have an arbitrarily low
energy as seen by an observer at asymptotic infinity, provided the string is located
sufficiently deep down the throat. As we focus on lower and lower energies these
modes become supported deeper and deeper in the throat, and so they decouple
from those in the asymptotic region. We thus conclude that in the closed string
description, the interacting sector of the system at low energies reduces to closed
strings in AdSs x S°.

These two representations are tractable in different parameter regimes. For
OsNe <« 1, we see from Eqg. (4.23) that R « £, i.e. the radius characterizing
the gravitational effect of the D-branes becomes small in string units, and closed
strings feel a flat spacetime everywhere except very close to the hyperplane where
the D-branes are located. In this regime the closed string description is not use-
ful since one would need to understand sub-string-scale geometry. In the opposite
regime, gsN > 1, we find that R > {5 and the geometry becomes weakly
curved. In this limit the closed string description simplifies and essentially reduces
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to classical gravity. Instead, the open string description becomes intractable, since
9sN. controls the loop expansion of the theory and one would need to deal with
strongly coupled open strings. Note that both representations exist in both limiting
regimes, and in between.

To summarize, the two descriptions of N D3-branes that we have discussed and
their low energy limits are as follows.

(1) A hyperplane in a flat spacetime with open strings attached. The low energy
limit is described by A/ = 4 SYM theory (4.16) with a gauge group SU (No).

(2) A curved spacetime geometry (4.21) where only closed strings propagate. The
low energy limit is described by closed I1B string theory in AdSs x S°.

It is natural to conjecture that these two descriptions are equivalent. Equating in
particular their low energy limits, we are led to conjecture that

{/\/ — 4 SU(Ng) SYM theory} - {IIB string theory in AdSs x s;} (4.27)

From Egs. (4.17) and (4.23) we find how the parameters of the two theories are
related to one another:

2
_ f_, R (@NyY (4.28)
T Ly

One can also use the ten-dimensional Newton constant (4.15) in place of gs in the
first equation above and obtain equivalently

Os

4

% = % 2 = (g°No)'/*. (4.29)
Note that, in particular, the first equation in (4.28) implies that the criterion that
0sN¢ be large or small translates into the criterion that the gauge theory °t Hooft
coupling A = g*>N be large or small. Therefore the question of which representa-
tion of the D-branes is tractable becomes the question of whether the gauge theory
is strongly or weakly coupled. We will come back to this in Chapter 5.

The discussion above relates string theory to ' = 4 SYM theory at zero tem-
perature, as we were considering the ground state of the N, D3-branes. On the
supergravity side this corresponds to the so-called extremal solution. The above
discussion can easily be generalized to a nonzero temperature T by exciting the
degrees of freedom on the D3-branes to a finite temperature, which corresponds
[391, 804] to the so-called non-extremal solution [462]. It turns out that the net
effect of this is solely to modify the AdS part of the metric, replacing (4.26) by

2

R2
ds? = % (— fdt® +dx{ + dx5 + dx3) + ﬂdr2 : (4.30)
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where
o
f(r):l—r—4. (4.31)
Equivalently, in terms of the z-coordinate of Section 4.1 we replace (4.10) by

2

ds? = R (—fdt2+dx2+dx2+dx2+ d—zz> (4.32)
=2 1 2 3 i) :

where

fz)=1- % . (4.33)
These two metrics are related by the simple coordinate transformation z = R?/r,
and represent a black brane in AdS spacetime with a horizon located at r = rq or
z = zo which extends in all three spatial directions of the original brane. As we will
discuss in more detail in the next chapter, ro and z; are related to the temperature
of the N' = 4 SYM theory as

1
rpoc —ocT. (4.34)
2

Thus we conclude that A/ = 4 SYM theory at finite temperature is described by
string theory in an AdS black brane geometry.

To summarize this section, we have arrived at a duality (4.27) of the type antici-
pated in Section 4.1, that is, an equivalence between a conformal field theory with
zero B-function and trivial RG-flow and string theory on a scale-invariant metric
that looks the same at any z. In the finite-temperature case, Eqn. (4.34) provides
an example of the expected relationship between energy scale in the gauge theory,
set in this case by the temperature, and position in the fifth dimension, set by the
location of the horizon.
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A duality toolbox

5.1 Gauge/gravity duality

In the previous chapter we outlined the string theory reasoning behind the equiv-
alence (4.27) between N' = 4 SU(N;) SYM theory and type IIB string theory
on AdSs x S°. A/ = 4 SYM theory is the unique maximally supersymmetric
gauge theory in (3 + 1) dimensions, whose field content includes a gauge field,
six real scalars, and four Weyl fermions, all in the adjoint representation of the
gauge group. The metric of AdSs x S° is given by

ds® = dsis, + RAQE, (5.1)
with
2 r2 R2 2
dSAdS5 = @nwdx“dx + r—zdr , r e (0,00). (5.2)

In the above equation x* = (t, X), n,, is the Minkowski metric in four spacetime
dimensions, and dQZ is the metric on a unit five-sphere. The metric (5.2) covers
the so-called “Poincaré patch” of a global AdS spacetime, and it is sometimes
convenient to rewrite (5.2) using a new radial coordinate z = R?/r € (0, c0), in
terms of which we have
2 M N RZ v 2 M L

dszgs, = gundxVdx" = ?(nwdx“dx +dz?), xM=(@zx"), (563)
as used earlier in (4.10).

In (5.3), each constant-z slice of AdSs is isometric to four-dimensional
Minkowski spacetime with x* identified as the coordinates of the gauge theory (see
also fig. 4.1). As z — 0 we approach the “boundary” of AdSs. This is a boundary
in the conformal sense of the word but not in the topological sense, since the pref-
actor R?/Z7? in (5.3) approaches infinity there. Although this concept can be given a
precise mathematical meaning, we will not need these details here. As motivated in

111
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Section 4.1.1 it is natural to imagine that the Yang—Mills theory lives at the bound-
ary of AdSs. For this reason, below we will often refer to it as the boundary theory.
As z — oo, we approach the so-called Poincaré horizon, at which the prefactor
R?/z? and the determinant of the metric go to zero.

5.1.1 UV/IR connection and renormalization group flow

Owing to the warp factor R?/z? in front of the Minkowski metric in (5.3), energy
and length scales along Minkowski directions in AdSs are related to those in the
gauge theory by a z-dependent rescaling. More explicitly, consider an object with
energy Eyw and size dyy in the gauge theory. These are the energy and the size of
the object measured in units of the coordinates t and X. From (5.3) we see that the
corresponding proper energy E and proper size d of this object in the bulk are

R z

d=—dywm, E = —Ewwm, 54
— R EYM (5.4)

where the second relation follows from the fact that the energy is conjugate to time,
and so it scales with the opposite scale factor than d. We thus see that physical pro-
cesses in the bulk with identical proper energies but occurring at different radial
positions correspond to different gauge theory processes with energies that scale
as Eym ~ 1/z. In other words, a gauge theory process with a characteristic energy
Evwm Is associated with a bulk process localized at z ~ 1/Eywm [594, 768, 671].
This relation between the radial direction z in the bulk and the energy scale of the
boundary theory makes concrete the heuristic discussion of Section 4.1.1 that led
us to identify the evolution of the bulk metric along the z-direction with the renor-
malization group flow of the gauge theory. In particular the high energy (UV) limit
Evm — oo corresponds to z — 0, i.e. to the near-boundary region, while the low
energy (IR) limit Eyy — 0 corresponds to z — oo, i.e. to the near-horizon region.

In a conformal theory, there exist excitations of arbitrarily low energies. This is
reflected in the bulk in the fact that the geometry extends all the way to z — oo. As
we will see in Section 5.2.2, for a confining theory with a mass gap m, the geometry
ends smoothly at a finite value z; ~ 1/m. Similarly, at a finite temperature T,
which provides an effective IR cut-off, the spacetime will be cut-off by an event
horizon at a finite zg ~ 1/ T (see Section 5.2.1).

There is a large literature on what is often referred to as the “holographic
renormalization group”, namely mapping the radial evolution in the bulk gravity
theory to the renormalization group flow equations of its dual boundary theory.
For examples, see Refs. [33, 47, 379, 326, 112, 359, 310]. The basic goal is to
relate the Einstein equations that describe how the bulk geometry changes as a
function of position in the radial direction to the renormalization group equations
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that describe how the boundary quantum field theory changes as a function of
energy scale, given that the boundary energy scale E is associated with a radial
position z(E) ~ 1/E. Indeed, there have been recent efforts to develop pre-
cise parallels between the Wilsonian procedure of integrating out high energy
degrees of freedom and integrating out a part of the bulk geometry near the bound-
ary [438, 348]. One identifies the boundary theory Wilsonian effective action
obtained by integrating out modes with energies larger than E with a bulk the-
ory effective action obtained by integrating over all the bulk fields including the
metric in the region of the bulk geometry that lies between the boundary at z = 0
and z(E). The result of doing this partial path integral is an effective action defined
on the z = z(E) slice which governs the dynamics of the remaining bulk fields in
the unintegrated part of the geometry and which can be mapped onto the boundary
theory Wilsonian effective action. There has also been progress toward deriving the
bulk gravity theory from the Wilsonian renormalization group flow of a boundary
theory [572, 329, 574, 573].

5.1.2 Strong coupling from gravity

N = 4 SYM theory is a scale-invariant theory characterized by two parameters: the
Yang—Mills coupling g and the number of colors N.. The theory on the right-hand
side of (4.27) is a quantum gravity theory in a maximally symmetric spacetime
which is characterized by the Newton’s constant G and the string scale £5 in units of
the curvature radius R. The relations between these parameters are given by (4.29).
Recalling that G ~ E%, with £, the Planck length, these relations imply

8 e 1

P =, =X —, (5.5)

R& ~ N? R2  /a
where A = @?N. is the ’t Hooft coupling and we have omitted only purely
numerical factors.

The full 11B string theory on AdSs x S° is rather complicated and right now a sys-

tematic treatment of it is not available. However, as we will explain momentarily,
in the limit

8 52
EF; <1, Esz <1 (5.6)

the theory dramatically simplifies and can be approximated by classical super-
gravity, which is essentially Einstein’s general relativity coupled to various matter
fields. An immediate consequence of the relations (5.5) is that the limit (5.6)
corresponds to

Nes>1, A 1. (5.7)
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Equation (4.27) then implies that the planar, strongly coupled limit of the SYM
theory can be described using just classical supergravity.

Let us return to why string theory simplifies in the limit (5.6). Consider first the
requirement £2 <« R2. This can be equivalently rewritten as m2 > R or as Ty >
R, where R ~ 1/R? is the typical curvature scale of the space where the string
is propagating. The condition m2 > R means that one can omit the contribution
of all the massive states of microscopic strings in low energy processes. In other
words, only the massless modes of microscopic strings, i.e. the supergravity modes,
need to be kept in this limit. This is tantamount to treating these strings as pointlike
particles and ignoring their extended nature, as one would expect from the fact
that their typical size, £, is much smaller than the typical radius of curvature of
the space where they propagate, R. The so-called «’-expansion on the string side
(with &’ = ¢2), which incorporates stringy effects associated with the finite length
of the string in a derivative expansion, corresponds on the gauge theory side to an
expansion around infinite coupling in powers of 1/+/x.

The extended nature of the string, however, cannot be ignored in all cases. As
we will see in the context of the Wilson loop calculations of Section 5.4 and in
many other examples in Chapter 8, the description of certain physical observables
requires one to consider long, macroscopic strings whose typical size is much
larger than R — for example, this happens when the string description of such
observables involves non-trivial boundary conditions on the string. In this case
the full content of the second condition in (5.6) is easily understood by rewriting it
as Tgr > R. This condition says that the tension of the string is very large com-
pared to the typical curvature scale of the space where it is embedded, and therefore
implies that fluctuations around the classical shape of the string can be neglected.
These long strings can still break and reconnect, but in between such processes
their dynamics is completely determined by the Nambu—Goto equations of motion.
In these cases, the o’-expansion (that is, the expansion in powers of 1/+/1) incor-
porates stringy effects associated with fluctuations of the string that are suppressed
at A — oo by the tension of the string becoming infinite in this limit. From this
viewpoint, the fact that the massive modes of microscopic strings can be omitted in
this limit is just the statement that string fluctuations around a pointlike string can
be neglected.

Consider now the requirement ¢5, <« R®. Since the ratio ¢5/R® controls the
strength of quantum gravitational fluctuations, in this regime we can ignore quan-
tum fluctuations of the spacetime metric and talk about a fixed spacetime like
AdSs x S°. The quantum gravitational corrections can be incorporated in a power
series in E%/ R8, which corresponds to the 1/N2 expansion in the gauge theory.
Note from (4.28) that taking the N, — oo limit at fixed A corresponds to taking the
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string coupling gs — 0, meaning that quantum corrections corresponding to loops
of string breaking off or reconnecting are suppressed in this limit.

In summary, we conclude that the strong coupling limit in the gauge theory
suppresses the stringy nature of the dual string theory, whereas the large-N limit
suppresses its quantum nature. When both limits are taken simultaneously the full
string theory reduces to a classical gravity theory with a finite number of fields.

Given that the S factor in (5.1) is compact, it is often convenient to express a
ten-dimensional field in terms of a tower of fields in AdSs by expanding it in terms
of harmonics on S°. For example, the expansion of a scalar field ¢ (x, ) can be
written schematically as

PR =Y P (OYe(RQ), (5.8)
14

where x and Q denote coordinates in AdSs and S° respectively, and Y, () denote
the spherical harmonics on S°. Thus, for many purposes (but not all) the orig-
inal duality (4.27) can also be considered as the equivalence of N' = 4 SYM
theory (at strong coupling) with a gravity theory in AdSs only. This perspective
is very useful in two important aspects. First, it makes manifest that the dua-
lity (4.27) can be viewed as an explicit realization of the holographic principle
mentioned in Section 4.1.1, with the bulk spacetime being AdSs and the bound-
ary being four-dimensional Minkowski spacetime. Second, as we will mention in
Section 5.2.3, this helps to give a unified treatment of many different examples of
the gauge/gravity duality. In most of this book we will adopt this five-dimensional
perspective and work only with fields in AdSs.
After dimensional reduction on S°, the supergravity action can be written as

1
~ 167Gs f d°x [Lyrav + Lia] - (5.9)
where
12
Lyrav = +/—0 (R + E) (5.10)

is the Einstein—Hilbert Lagrangian with a negative cosmological constant
A = —6/R? and L4 is the Lagrangian for matter fields. In the general case, the
latter would include the infinite towers ¢,(x) coming from the expansion on the
S°. The metric (5.3) is a maximally symmetric solution of the equations of motion
derived from the action (5.9) with all matter fields set to zero.

The relation between the effective five-dimensional Newton’s constant Gs and
its ten-dimensional counterpart G can be read off from the reduction of the
Einstein—Hilbert term,
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d°xd°Q /=010 R10 = /d5 V=0 Rs+ - 5.11
167 G/ X Ji0 K10 = 16 Gs X OsRs+ -+, (5.11)
where Qs = 72 is the volume of a unit S°. This implies
G G . G5 T
Gs=—>F = ——, e —=——, 5.12
TR 7R "R T aNg (512)

where in the last equation we made use of (4.29).

5.1.3 Symmetries

Let us now examine the symmetries on both sides of the correspondence. The N =
4 SYM theory is invariant not only under dilatations but under Conf(1, 3) x SO(6).
The first factor is the conformal group of four-dimensional Minkowski space,
which contains the Poincaré group, the dilatation symmetry generated by D, and
four special conformal transformations whose generators we will denote by K,,.
The second factor is the R-symmetry of the theory under which the ¢' in (4.16)
transform as a vector. In order to provide an analogy of the baryon number in QCD,
we will often select a U (1) subgroup within the R-symmetry group and define
a conserved, Abelian R-charge from its associated Noether current. In addition,
the theory is invariant under sixteen ordinary or “Poincaré” supersymmetries, the
fermionic superpartners of the translation generators P,, as well as under 16 special
conformal supersymmetries, the fermionic superpartners of the special conformal
symmetry generators K ,.

The string side of the correspondence is of course invariant under the group of
diffeomorphisms, which are gauge transformations. The subgroup of these consist-
ing of large gauge transformations that leave the asymptotic (i.e. near the boundary)
form of the metric invariant is precisely SO(2, 4) x SO(6). The first factor, which
is isomorphic to Conf(1, 3), corresponds to the isometry group of AdSs, and the
second factor corresponds to the isometry group of S°. As usual, large gauge trans-
formations must be thought of as global symmetries, so we see that the bosonic
global symmetry groups on both sides of the correspondence agree. In more detail,
the Poincaré group of four-dimensional Minkowski spacetime is realized inside
SO(2, 4) as transformations that act separately on each of the constant-z slices
in (5.3) in an obvious manner. The dilation symmetry of Minkowski spacetime
is realized in AdSs as the transformation (t, X) — C(t, X), z — Cz (with C a
positive constant), which indeed leaves the metric (5.3) invariant. The four special
conformal transformations of Minkowski spacetime are realized in a slightly more
involved way as isometries of AdSs.

An analogous statement can be made for the fermionic symmetries. AdSs x S° is
a maximally supersymmetric solution of type I1B string theory, and so it possesses
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32 Killing spinors which generate fermionic isometries. These can be split into two
groups that match those of the gauge theory.

We therefore conclude that the global symmetries are the same on both sides
of the duality. It is important to note, however, that on the gravity side the global
symmetries arise as large gauge transformations. In this sense there is a correspon-
dence between global symmetries in the gauge theory and gauge symmetries in the
dual string theory. This is an important general feature of all known gauge/gravity
dualities, to which we will return below after discussing the field/operator cor-
respondence. It is also consistent with the general belief that the only conserved
charges in a theory of quantum gravity are those associated with global symmetries
that arise as large gauge transformations.

5.1.4 Matching the spectrum: the field/operator correspondence

We now consider the mapping between the spectra of the two theories. To motivate
the main idea, we begin by recalling that the SYM coupling constant g is identified
(up to a constant) with the string coupling constant gs. As discussed below (4.15),
in string theory this is given by gs = €®~, where @, is the value of the dilaton at
infinity, in this case at the AdS boundary, dAdS. This suggests that deforming the
gauge theory by changing the value of a coupling constant corresponds to changing
the value of a bulk field at 9AdS. More generally, one may imagine deforming the
gauge theory action as

S— S+/d4x¢(x)(’)(x), (5.13)

where O(x) is a local, gauge-invariant operator and ¢(x) is a possibly point-
dependent coupling, namely a source. If ¢(x) is constant, then the deformation
above corresponds to simply changing the coupling for the operator O(x). The
example of g suggests that to each possible source ¢ (x) for each possible local,
gauge-invariant operator O(x) there must correspond a dual bulk field ®(x, z)
(and vice versa) such that its value at the AdS boundary may be identified with
the source, namely:

(X) = Ploags () = liM ¢ b (x, 2). (5.14)

The power a4 in the last expression is chosen so that the limit is well-defined, and
is thus determined by the boundary asymptotic behavior of ®(x, z). The explicit
asymptotic behavior of various types of fields, and hence the values of their aq,
will be discussed below and in the next subsection.

1 In both boundary and bulk, bosonic and fermionic symmetries combine together to form a supergroup
SU (2, 2|4).
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This one-to-one map between bulk fields in AdS and local, gauge-invariant oper-
ators in the gauge theory is known as the field/operator correspondence. The field
and the operator must have the same quantum numbers under the global symme-
tries of the theory, but there is no completely general and systematic recipe to
identify the field dual to a given operator. Fortunately, an additional restriction is
known for a very important set of operators in any gauge theory: conserved cur-
rents associated to global symmetries, such as the SO(6) symmetry in the case of
the N = 4 SYM theory. The source a, (x) coupling to a conserved current J#(x) as

f d*x a, (x) J*(x) (5.15)

may be thought of as an external background gauge field, and we can view it as the
boundary value of a dynamical gauge field Ay (X, 2) in AdS, i.e.

a,(x) = Iin?) A, (z,X), (5.16)

meaning that, in the notation of (5.14), a gauge field has «a = 0. The identifi-
cation (5.16) is natural given that, as we discussed in Section 5.1.3, continuous
global symmetries in the boundary theory should correspond to large gauge trans-
formations in the bulk. This identification will be confirmed below by examining
the asymptotic behavior of A, near the boundary, see (5.32) and the discussion
around it.

An especially important set of conserved currents in any translationally invariant
theory are those encapsulated in the energy—momentum tensor operator T#V(X).
The source h,,, (x) coupling to T#"(x) as

/ d*x h, ()T (X) (5.17)

can be interpreted as a deformation of the boundary spacetime metric. In the
absence of any such boundary metric deformation, from (5.3) we see that
the asymptotic AdS bulk metric g,, and the boundary Minkowski metric are

related by
RZ
Ouw(Z, X) — 2 Nuv, z— 0. (5.18)

In the presence of a boundary metric deformation h,,,, it is thus natural to relate the
full boundary metric g® = »,,, + h,,, to the bulk metric as

iy
2

. A
gy () = lim —5 g, (2. %) . (5.19)

meaning that for the metric «y = 2. The relation (5.19) should also be valid for h,,,
which is not infinitesimal, i.e. for a general curved boundary metric. Given (5.17),
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the identification (5.19) has important implications: the dual of a translationally
invariant gauge theory, in which the energy—momentum tensor is conserved, must
involve gravity.

5.1.5 Normalizable vs. non-normalizable modes and mass-dimension relation

Having motivated the field/operator correspondence, we now elaborate on two
important aspects of this correspondence: how the conformal dimension of an
operator is related to properties of the dual bulk field [392, 803], and how to
interpret normalizable and non-normalizable modes of a bulk field in the boundary
theory [113, 114].

For illustration we will consider a massive bulk scalar field ®, dual to some
scalar operator O in the boundary theory. Although our main interest is the case
in which the boundary theory is four-dimensional, it is convenient to present the
equations for a general boundary spacetime dimension d. For this reason we will
work with a generalization of the AdS metric (5.3) in which x* = (t, X) denote
coordinates of a d-dimensional Minkowski spacetime.

The bulk action for ® can be written as

1
S= —E/dzdde—_g [g"NouPoaND + mPD?] + - - . (5.20)

We have canonically normalized ®, and the dots stand for terms of order higher
than quadratic. We have omitted these terms because they are proportional to posi-
tive powers of Newton’s constant, and are therefore suppressed by positive powers
of 1/N.

Since the bulk spacetime is translationally invariant along the x*-directions, it is
convenient to introduce a Fourier decomposition in these directions by writing?

d
®(z, x*) = / %e”"x@(z, k) | (5.21)

where k - X = 7,,,k“x* and k* = (, k), with » and k the energy and the spatial
momentum, respectively. In terms of these Fourier modes the equation of motion
for @ derived from the action (5.20) is

2219,(24799,®) — KZ2d —m?R2d =0, K =-w?+k. (522

Near the boundary z — 0, the above equation can be readily solved perturbatively
in z to obtain the asymptotic behavior:

Dz, k)~ AK) (24 +-- )+ Bk (z*+---) asz—0, (523

2 For notational simplicity we will use the same symbol to denote a function and its Fourier transform,
distinguishing them only through their arguments.
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d d?2
A=§+v, V= m2R2+T' (5.24)

In (5.23), “+ - --” denotes subleading terms in each of the two linearly indepen-
dent solutions. In subsequent equations we shall continue to suppress subleading
terms, displaying only the leading term for each linearly independent solution and
not even writing the “+-- - - . Since k enters (5.22) as a parameter, the integration
“constants” A and B in general depend on k.

Fourier transforming (5.23) back into coordinate space, we then find

where

D(z,X) ~ AX) 22 +Bx)z> asz— 0. (5.25)
The exponents in (5.25) are real provided
d2
m’R? > -7 (5.26)
In fact, one can show that the theory is stable for any m? in the range (5.26),
whereas for m?R? < —d?/4 there exist modes that grow exponentially in time and
the theory is unstable [194, 195, 617]. In other words, in AdS space a field with
a negative mass-squared does not lead to an instability provided the mass-squared
is not “too negative”. Equation (5.26) is often called the Breitenlohner—Freedman
(BF) bound.
In the stable region (5.26) one must still distinguish between the finite interval
—d?/4 < m?’R? < —d?/4+1 and the rest of the region, m?R? > —d?/44-1. In the
first case both terms in (5.25) are normalizable with respect to the inner product

(®1, @) = —i | dzdX /=g Q" (PFa D, — D20, DY), (5.27)
2t
where X; is a constant-t slice. We will comment on this case at the end of this
section.

For the moment let us assume that m?R? > —d?/4 + 1. In this case the first
term in (5.25) is non-normalizable and the second term, which is normalizable,
does not affect the leading boundary behavior. As motivated in the previous sec-
tion, the boundary value of a bulk field ® should be identified with the source
for the corresponding boundary operator O. Since in (5.25) the boundary behavior
of & is controlled by A(x), the presence of such a non-normalizable term should
correspond to a deformation of the boundary theory of the form

Sy — Sory + f dIx 00X,  with () = AX). (5.28)

In other words, the non-normalizable term determines the boundary theory
Lagrangian. In particular, we see that in order to obtain a finite source ¢ (x) for
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a scalar operator O(x) which is dual to an AdS scalar field ®(x, z) of mass m,
with m related to A through (5.24), we need to make the identification

$(X) = Plyags () = lim 22799 (z, x), (5.29)

which is (5.14) with the choice ap = A —d.

In contrast, the normalizable modes are elements of the bulk Hilbert space. More
explicitly, in the canonical quantization one expands & in terms of a basis of nor-
malizable solutions of (5.22), from which one can then build the Fock space and
compute the bulk Green’s functions, etc. The equivalence between the bulk and
boundary theories implies that their respective Hilbert spaces should be identified.
Thus we conclude that normalizable modes should be identified with states of the
boundary theory. This identification gives an important tool for finding the spec-
trum of low energy excitations of a strongly coupled gauge theory. In the particular
example at hand, one can readily see from (5.22) that, for a given k, there is a con-
tinuous spectrum of w, consistent with the fact that the boundary theory is scale
invariant.

Furthermore, as will be discussed in Section 5.3 (and in Appendix C), the coeffi-
cient B(x) of the normalizable term in (5.25) can be identified with the expectation
value of O in the presence of the source ¢ (x) = A(X), namely

(O(X))y = 2vB(X). (5.30)

In the particular case of a purely normalizable solution, i.e. one with A(x) = 0,
this equation yields the expectation value of the operator in the undeformed theory.

Equations (5.25), (5.28) and (5.30) imply that A, introduced in (5.24), should be
identified as the conformal dimension of the boundary operator O dual to ® [803].
Indeed, recall that a scale transformation of the boundary coordinates x* — Cx*
corresponds to the isometry x* — Cx*, z — Cz in the bulk. Since ® is a scalar
field, under such an isometry it transforms as ®'(Cz, Cx*) = ®(z, x*), which
implies that the corresponding functions in the asymptotic form (5.25) must trans-
form as A'(Cx*) = CA-9Ax*) and B/(Cx*) = C~2B(x*). This means that
A(x) and B(x) have mass scaling dimensions d— A and A, respectively. Egs. (5.28)
and (5.30) are then consistent with each other and imply that O(x) has mass scaling
dimension A.

The mass—dimension relations (5.24), the near-boundary behavior (5.25), and
the identification (5.29) are modified for fields of nonzero spin. For example, for a
massive vector field whose bulk action is given by the Maxwell action plus a mass
term, one finds,

_ 2
A:g+\/(d 42) +m2R2. (5.31)
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A gauge field Ay has m? = 0, which means A = d — 1 as expected for a conserved
boundary current, see Section 5.1.4. By an analysis similar to that discussed above
for the case of a scalar field, it can be shown that, near the boundary the vector
field, Ay has the asymptotic behavior

A, =a,+b,2?% asz—0 (5.32)

confirming the identification (5.16).

For the metric (a massless spin-two field), analysis of the Einstein equations
leads to A = d, as expected for the stress—energy tensor. An intuitive way to under-
stand this is to note that just as the transverse traceless part of the graviton behaves
like a massless scalar field in Minkowski space, in AdS space the transverse trace-
less part of a metric fluctuation behaves like a minimally coupled massless scalar,
as we discuss further in Section 6.2.2. More explicitly, when a transverse traceless
metric perturbation is written with one upper and one lower inde, it satisfies the
same equation that a massless scalar field does. We then note from (5.19) that any
metric perturbation with one upper and one lower index tends to a finite limit upon
approaching the boundary, just like a massless scalar field. Consequently, the com-
ponent of the boundary theory stress tensor that is dual to the transverse traceless
part of the bulk metric has scaling dimension d. By covariance this means that all
components of the boundary theory stress tensor scale in this way. Note that upon
applying the scaling argument below Eg. (5.30) to Eq. (5.19), one finds that gl(f’v) and
thus h,,, does not scale under a scaling transformation, which then gives the correct
scaling dimension for T#". This provides a quick consistency check of (5.19).

Before closing this section, let us return to the range —d?/4 < m? < —d?/4+1.
We shall be brief because this is not a case that arises in later sections. Since in
this case both terms in (5.25) are normalizable, either one can be used to build
the Fock space of physical states of the theory [194, 195]. This gives rise to two
different boundary CFTs in which the dimensions of the operator O(x) are A or
d — A, respectively [538]. It was later realized [805, 142] that even more general
choices are possible in which the modes used to build the physical states have
both A and B, nonzero. These choices correspond to different quantizations from
the bulk viewpoint, and to deformations by double-trace operators from the gauge
theory viewpoint.

5.2 Generalizations
5.2.1 Nonzero temperature and nonzero chemical potential

As discussed in Section 4.3, the same string theory reasoning giving rise to the
equivalence (4.27) can be generalized to nonzero temperature by replacing the pure
AdS metric (5.2) by that of a black brane in AdSs [804], Eq. (4.30), which we
repeat here for convenience:
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2 2
d2 = 1 (—fdt? +dv2) + 2

2 ro

4

Equivalently, in terms of the z-coordinate, we replace Eq. (5.2) by Eq. (4.32), i.e.

2 2

ds? = % (— fdt> +dx?) + ZF:—fdzz, f(z)=1- % : (5.34)
The metrics above have an event horizon at r = rg and z = Zz, respectively, and
the regions outside the horizon correspond to r € (rg, o0) and z € (0, zy). This
generalization can also be directly deduced from (4.27) as the black brane (5.33)-
(5.34) is the only metric on the gravity side that satisfies the following properties:
(i) itis asymptotically AdSs; (ii) it is translationally invariant along all the boundary
directions and rotationally-invariant along the boundary spatial directions; (iii) it
has a temperature and satisfies all laws of thermodynamics. It is therefore natural
to identify the temperature and other thermodynamical properties of (5.33)-(5.34)
with those of the SYM theory at nonzero temperature.

We mention in passing that there is also a nice connection between the
black brane geometry (5.33)—(5.34) and the thermal-field formulation of finite-
temperature field theory in terms of real time. Indeed, the fully extended spacetime
of the black brane has two boundaries. Each of them supports an identical copy of
the boundary field theory which can be identified with one of the two copies of the
field theory in the Schwinger—Keldysh formulation. The thermal state can also be
considered as a specific entangled state of the two field theories. For more details
see [593, 451].

The Hawking temperature of the black brane can be calculated via the stan-
dard method [376] (see Appendix B for details) of demanding that the Euclidean
continuation of the metric (5.34) obtained by the replacementt — —itg,

R? R?
ds? = = (fdtZ + dx? +dxZ + dx3) + ﬂdz2 : (5.35)
be regular at z = zy. This requires that tg be periodically identified with a period g
given by

1
p=x=n2. (5.36)

The temperature T is identified with the temperature of the boundary SYM theory,
since tg corresponds precisely to the Euclidean time coordinate of the bound-
ary theory. We emphasize here that while the Lorentzian spacetime (5.34) can be
extended beyond the horizon z = zy, the Euclidean metric (5.35) exists only for
z € (0, z9) as the spacetime ends at z = zj, and ends smoothly once the choice
(5.36) is made.



124 A duality toolbox

For a boundary theory with a U (1) global symmetry, like N' = 4 SYM theory,
one can furthermore turn on a chemical potential x for the corresponding U (1)
charge. From the discussion of Section 5.1.4, this requires that the bulk gauge field
A,, which is dual to a boundary current J,, satisfies the boundary condition

lim A = 11 . (5.37)
z—0

The above condition along with the requirement that the field A, should be regular
at the horizon implies that there should be a radial electric field in the bulk, i.e. the
black hole is now charged. We will not write the metric of a charged black hole
explicitly, as we will not use it in this book. For more details and its applications,
see e.g. [261, 262, 393, 228, 302, 303, 426, 483]. Similarly, in the case of theories
with fundamental flavor introduced as probe D-branes, a baryon number chemical
potential corresponds to an electric field on the branes [529, 461, 539, 606, 643,
516, 809, 141, 309, 718, 644, 375, 515].

5.2.2 A confining theory

Although our main interest is the deconfined phase of QCD, in this section we will
briefly describe a simple example of a duality for which the field theory possesses
a confining phase [804]. For simplicity we have chosen a model in which the field
theory is three-dimensional, but all the essential features of this model extend to
the string duals of more realistic confining theories in four dimensions.

We start by considering N/ = 4 SYM theory at finite temperature. In the
Euclidean description the system lives on R® x St. The circle direction corresponds
to the Euclidean time, which is periodically identified with period 8 = 1/T. As
is well known, at length scales much larger than B one can effectively think of
this theory as the Euclidean version of pure three-dimensional Yang—Mills theory.
The reasoning is that at these scales one can perform a Kaluza—Klein reduction
along the circle. Since the fermions of the N = 4 theory obey antiperiodic bound-
ary conditions around the circle, their zero-mode is projected out, which means
that all fermionic modes acquire a tree-level mass of order 1/8. The scalars of
the N/ = 4 theory are periodic around the circle, but they acquire masses at the
quantum level. The only fields that cannot acquire masses are the gauge bosons
of the A/ = 4 theory, since masses for them are forbidden by gauge invariance.
Thus, at long distances the theory reduces to a pure Yang—-Mills theory in three
dimensions, which is confining and has a map gap. The Lorentzian version of the
theory is simply obtained by analytically continuing one of the R® directions into
the Lorentzian time. Thus, in this construction the “finite temperature” of the origi-
nal four-dimensional theory is a purely theoretical device. The effective Lorentzian
theory in three dimensions is at zero temperature.
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In order to obtain the gravity description of this theory we just need to implement
the above procedure on the gravity side. We start with the Lorentzian metric (5.1)—
(5.2) dual to N' = 4 SYM at zero temperature. Then we introduce a nonzero
temperature by going to Euclidean signature viat — —itg and periodically identi-
fying the Euclidean time. This results in the metric (5.35). Finally, we analytically
continue one of the R? directions, say Xs, back into the new Lorentzian time:
X3 — it. The final result is the metric

2_R2

2
0= (ot vadrod s Faz 6

22 f

In this metric the directionst, Xy, X, correspond to the directions in which the effec-
tive three-dimensional Yang—Mills theory lives. The direction tg is now a compact
spatial direction. Note that since the original metric (5.35) smoothly ends at z = zj,
so does (5.38). This leads to a dramatic difference between the gauge theory dual
to (5.38) and the original N' = 4 theory: the fact that the radial direction smoothly
closes off at z = z, introduces a mass scale in the boundary theory. To see this,
note that the warp factor R?/z? has a lower bound. Thus, when applying the dis-
cussion of Section 5.1.1 to (5.38), Eyw in Eq. (5.4) will have a lower limit of order
M ~ 1/z,, implying that the theory develops a mass gap of this order. This can
also be explicitly verified by solving the equation of motion of a classical bulk field
(which is dual to some boundary theory operator) in the metric (5.38): for any fixed
k one finds a discrete spectrum of normalizable modes with a mass gap of order M.
(Note that since the size of the circle parametrized by tg is proportional to 1/zy, the
mass gap is in fact comparable to the energies of Kaluza—Klein excitations on the
circle.) As explained in Section 5.1.5, these normalizable modes can be identified
with the glueball states of the boundary theory.

The fact that the gauge theory dual to the geometry (5.38) is a confining theory
is further supported by several checks, including the following two. First, analysis
of the expectation value of a Wilson loop reveals an area law, as will be discussed
in Section 5.4. Second, the gravitational description can be used to establish that
the theory described by (5.38) undergoes a deconfinement phase transition at a
temperature T, ~ M set by the mass gap, above which the theory is again described
by a geometry with a black hole horizon [804] (see [601, 672] for reviews).

The above construction resulted in an effective confining theory in three dimen-
sions because we started with the theory on the worldvolume of D3-branes, which
is a four-dimensional SYM theory. By starting instead with the near horizon solu-
tion of a large number of non-extremal D4-branes, which describes a SYM theory
in five dimensions, the above procedure leads to the string dual of a Lorentzian con-
fining theory that at long distance reduces to a four-dimensional pure Yang-Mills
theory [804]. This has been used as the starting point of the Sakai—Sugimoto model
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for QCD [721, 722], which incorporates spontaneous chiral symmetry breaking
and its restoration at high temperatures [30, 670]. For reviews on some of these
topics see for example [601, 672].

5.2.3 Other generalizations

In addition to (4.27), many other examples of gauge/string dualities are known in
different spacetime dimensions (see e.g. [29] and references therein). These include
theories with fewer supersymmetries and theories which are not scale invariant, in
particular confining theories [688, 537, 597] (see e.g. [27, 764] for reviews).

For a d-dimensional conformal theory, the dual geometry on the gravity side
contains a factor of AdSg,1 and some other compact manifold.® When expanded
in terms of the harmonics of the compact manifold, the duality again reduces to
that between a d-dimensional conformal theory and a gravity theory in AdSq,;. In
particular, in the classical gravity limit, this reduces to Einstein gravity in AdSq.1
coupled to various matter fields with the precise spectrum of matter fields depend-
ing on the specific theory under consideration. For a nonconformal theory the dual
geometry is in general more complicated. Some simple, early examples were dis-
cussed in [487]. If a theory has a mass gap, the dual bulk geometry either closes
off at some finite value of z; as in the example of Section 5.2.2 or ends in some IR
singularity that can be reached in a finite proper distance.

All known examples of gauge/string dual pairs share the following common
features with (4.27): (i) the field theory is described by elementary bosons and
fermions coupled to non-Abelian gauge fields whose gauge group is specified by
some N; (ii) the string description reduces to classical (super)gravity in the large-
N, strong coupling limit of the field theory. In this book we will use (4.27) as
our prime example for illustration purposes, but the discussion can be immediately
applied to other examples including nonconformal ones.

5.3 Correlation functions of local operators

In this section we will explain how to calculate correlation functions of local gauge-
invariant operators of the boundary theory in terms of the dual gravity description.
We will mostly focus on one-point and two-point functions, in the latter case in par-
ticular on real time retarded correlators which are important for determining linear
response, transport coefficients, and spectral functions. We will, however, begin
by describing the general prescription for computing n-point Euclidean correlation
functions.

3 Not necessarily in a direct product; the product may be warped.
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5.3.1 General prescription for Euclidean correlators

In view of the field/operator correspondence discussed in Sections 5.1.4 and 5.1.5,
it is natural to postulate that the Euclidean partition functions of the boundary and
bulk theories must agree, namely that [392, 803]

Zerr [¢ (X)] = Zstring [q)|aAdS (X)] . (5-39)

Both sides of this equation require explanation. The left-hand side of (5.39) is the
most general partition function in the CFT, including a source for each gauge-
invariant operator in the theory, namely

Zerr [p(0)] = (€/99) . (5.40)

Here one should think of ¢ (x) in Eq. (5.39) as succinctly indicating the collection
of all such sources. The expectation value (- - -) can be in the vacuum or a thermal
state. Since AdS has a boundary, to define the string theory partition function on the
right-hand side of (5.39) one needs to specify a boundary condition for each bulk
field. The collection of all such boundary conditions is indicated by ®|;aqs (X)
in Eqg. (5.39). Having parsed both sides of it, the equality in (5.39) makes sense
because both sides of the equation are functionals of the same variables upon the
identification of ¢ and ®|;aq4s (X) in (5.14).

The right-hand side of (5.39) is in general not easy to compute, but it simplifies
dramatically in the classical gravity limit (5.6), where it can be obtained using the
saddle point approximation as

Zaringlp] = exp (S"™V[@)]) | (5.41)

where we have absorbed a conventional minus sign into the definition of the
Euclidean action which avoids having some additional minus signs in various equa-
tions below and in the analytic continuation to Lorentzian signature. In Eq. (5.41),
S [HE)] is the renormalized on-shell classical supergravity action [450, 111,
635, 338, 558, 314, 158], namely the classical action evaluated on a Euclidean
solution ®&) of the classical equations of motion determined by the boundary
identification with ¢, i.e. the Euclidean version of (5.14), and by the requirement
that the solution be regular everywhere in the interior of the spacetime. The on-shell
action needs to be renormalized because it typically suffers from IR divergences
due to the integration region near the boundary of AdS [803]. These divergences
are dual to UV divergences in the gauge theory, consistent with the UV/IR corre-
spondence. The procedure to remove these divergences on the gravity side is well
understood and is referred to as “holographic renormalization”. (It is no more sim-
ilar to the holographic renormalization group that we mentioned in Section 5.1.1
than the renormalization group is to traditional renormalization.) Although holo-
graphic renormalization is an important ingredient of the gauge/string duality, it
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is also somewhat technical. In Appendix C we briefly review it in the context of
a two-point function calculation. The interested reader may consult the literature
cited above, as well as the review [742], for details.

From (5.39) and (5.41) we thus find that in the large-N. and large-A limit, the
boundary theory free energy is given by

log Zerr[¢(x)] = S [@P]. (5.42)

Corrections to Eq. (5.41) can be included as an expansion in «’ and gs, which
correspond to 1/+4/A and 1/ N corrections in the gauge theory, respectively. Note
that since the classical action (5.9) on the gravity side is proportional to 1/ Gs, from
Eq. (5.12) we see that S™V[®F)] ~ N2, as one would expect for the generating
functional of an SU(N¢) SYM theory in the large-N¢ limit. From (5.42), in the
large-N. and large-A limit, connected correlation functions of the gauge theory are
given simply by functional derivatives of the on-shell, classical gravity action:
(Sns(ren)[(DéE)]

(OX1) ... O0(Xn)) 5O ... 560 ¢:o. (5.43)
This concludes our general discussion of n-point functions. In Appendix C we give
an explicit computation of the Euclidean two-point function for a scalar operator
in a CFT. For some early work on the evaluation of higher-point functions see
Refs. [358, 581, 260].

5.3.2 One-point functions

Here we describe how to compute the one-point function (i.e. expectation value)
of an operator in a general time-dependent state which may not have a Euclidean
analytic continuation. We first consider a generic scalar operator, and then turn
more specifically to the stress tensor and a conserved current.
From (5.43), the Euclidean one point function of a scalar operator O in the
presence of the source ¢ is given by
ren E ren E
(OX))p = ST _ lim zdfﬁw, (5.44)
8¢ (X) 20 sdF) (z, %)
where in the second equality we have used (5.29). In classical mechanics, it is well
known that the variation of the action with respect to the boundary value of a field
results in the canonical momentum IT conjugate to the field, where the boundary
in that case is usually a constant-time surface. (See, e.g., Ref. [566].) In the present
case the boundary is a constant-z surface, but it is still useful to proceed by analogy
with classical mechanics and to think of the derivative in the last term in (5.44) as
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the renormalized canonical momentum conjugate to ®&) evaluated on the classical
solution:

M (z, x) = %&if’?. (5.45)
With this definition, Eq. (5.44) takes the form
(O(x)) = lim 2211 (2, ) (5.46)
which can further be shown to yield
(O(X))y = 2vB(x), (5.47)

where we have used (5.25) and have identified A(x) in (5.25) with ¢(x). See
Appendix C for a discussion. In the absence of a source, i.e. if (X) = AX) =
0, then (5.47) gives the expectation value of O in terms of the fall-off of a
normalizable solution.

The prescription (5.46) or (5.47) requires only knowledge of the asymptotic
boundary behavior of the bulk solution ®. and is thus much simpler to com-
pute than (5.44). More importantly, the formulation (5.44) does not generalize to a
generic time-dependent state which does not have a Euclidean analytic continua-
tion, while the expressions (5.46) or (5.47) do have straightforward generalizations.
Recall that a normalizable solution in the bulk is mapped to a state in the boundary.
Evaluating (5.46) or (5.47) for such a bulk solution then gives the expectation value
in the corresponding state on the boundary.

Let us now consider the one-point function of the stress—energy tensor which,
upon making the identification (5.42), can be obtained from the expression

(le(x)> _ 2 8S(ren)[g(b)] —im Zd+2 2 as(ren)[g]
VaP(x) sgil(x) 20 RTZ /detg,, (X, 2) 89 (X, 2)°
(5.48)

where g,gbg is the metric for the boundary theory and where the various expressions
should all be understood in Euclidean signature. The first equality follows from
the standard field theory definition of the stress tensor and we have used (5.19)
in the second equality. Note that in the last expression det g, is the determinant
of g, (X, z), which is the part of the bulk metric along boundary directions or,
equivalently, the induced metric on a constant-z hypersurface.

As in the scalar case, the variation of the bulk on-shell action with respect to the
boundary value of g, is given by the canonical momentum IT#" conjugate to g,,,
evaluated on the classical solution:

Ss(ren) _ HMV _ \/m (K/LU _ ngK) + w (549)
50, ™" 167Gy 59 (x. 2
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with K, the extrinsic curvature for a constant-z hypersurface. In (5.49), the first
term is the standard canonical momentum in general relativity, while S[g] is the
counterterm that must be added to the action in order to make the total action finite.
S[g] is dimension-dependent for a general curved boundary metric g®, but has
a universal form when the boundary metric is flat, in which case one has [111]

qo_ L d-1

d
e Jdetg,,, , .
8:6n R /Z_)de detg, (5.50)

where the integral is over a constant-z slice. From (5.48)—(5.50) we thus find that,
if the boundary theory has a flat metric,

1 Rd+2

) d-—1
() = ll—r](]J 87 Gy z9+2 (KW —gUK - R gw) ’ (651)
As discussed above in the scalar case, the expression (5.51) can be applied to a
general bulk Lorentzian geometry to find the expectation value of the stress tensor
in the corresponding dual state. In particular, it applies to non-equilibrium states.
Equation (5.51) will play an important role in Chapter 7 and in Section 8.3.
Finally we briefly mention the prescription for extracting the expectation value
of a conserved current j* in a boundary state dual to some given bulk state.
Suppose the corresponding bulk gauge field Ay has the Maxwell action

1
S:—Z/dzddx./_—g Fun FYN . (5.52)

The canonical momentum conjugate to A, is IT* = —,/—gF#* and (5.46)—(5.47)
then generalize to
(j"y = — Iin?)«/_—ng“ = —(d — 2)RI3y*p, (5.53)
Z—
where b, is the coefficient of the normalizable term in (5.32) and »*" is the
boundary Minkowski metric.

5.3.3 Real time two-point functions

We now proceed to the prescription for calculating real time correlation func-
tions in equilibrium. We will focus our discussion on retarded two-point functions
because of their important role in characterizing linear response. Also, once the
retarded function is known one can then use standard relations to obtain the other
Green’s functions. The calculation of two-point functions out of equilibrium does
not yield closed form expressions like those we shall find in equilibrium below, and
we shall not present it here. However, for an out-of-equilibrium formulation that
that yields explicit expressions suitable for numerical evaluation, see Ref. [241].
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We start with linear response in Euclidean signature. In momentum space the
response, i.e the expectation value of an operator, is proportional to the corre-
sponding source, and the constant of proportionality (for each momentum) is the
two-point function of the operator:

(O(we, K))y = Ge(wg, K)p (wE, K) . (5.54)
Then, Egs. (5.46)—(5.47) yield
. % (ren) e
Gelop fy = Q@R _ i pan e, Bloe ) g o)
¢(we, k) 220 o A(we, k)

where wg denotes Euclidean frequency. See Appendix C for further discussion.
If the Euclidean correlation functions Gg are known exactly, the retarded
functions Gr can then be obtained via the analytic continuation

Gr(®,K) = Ge(—i(w+ie), k). (5.56)

In most examples of interest, however, the Euclidean correlation functions can only
be found numerically and analytic continuation to Lorentzian signature becomes
difficult. Thus, it is important to develop techniques to calculate real time correla-
tion functions directly. Based on an educated guess that passed several consistency
checks, a prescription for calculating retarded two-point functions in Lorentzian
signature was first proposed by Son and Starinets in Ref. [747]. The authors of
Ref. [451] later justified the prescription and extended it to n-point functions. Here
we will follow the treatment given in Refs. [482, 481]. For illustration we consider
the retarded two-point function for a scalar operator O at nonzero temperature,
which can be obtained from the propagation of the dual scalar field ® in the geom-
etry of an AdS black brane. The action for ® again takes the form (5.20) with gun
now given by the black brane metric (5.34).

Before giving the prescription, we note that in Lorentzian signature one cannot
directly apply the procedure summarized by Eq. (5.43) to obtain retarded functions.
There are two immediate complications/difficulties. First, the Lorentzian black
hole spacetime contains an event horizon and one also needs to impose appro-
priate boundary conditions there when solving the classical equation of motion
for ®. Second, since partition functions are defined in terms of path integrals, the
resulting correlation functions should be time ordered.* As we now describe, both
complications can be dealt with in a simple manner.

4 While it is possible to obtain Feynman functions this way, the procedure is quite subtle, since Feynman
functions require imposing different boundary conditions for positive- and negative-frequency modes at the
horizon and the choices of positive-frequency modes are not unique in a black hole spacetime. The cor-
rect choice corresponds to specifying the so-called Hartle—-Hawking vacuum. For details see Ref. [451]. In
contrast, the retarded function does not depend on the choice of the bulk vacuum in the classical limit as

the corresponding bulk retarded function is given by the commutator of the corresponding bulk field — see
Eq. (5.66).
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The idea is to analytically continue the Euclidean classical solution that we
have denoted ®(F) (wg, k), as well as Eq. (5.55), to Lorentzian signature according
to (5.56). Clearly the analytic continuation of ®{F (wg, k),

De(w, k) = P (—i(w+ie), k), (5.57)

solves the Lorentzian equation of motion. In addition, this solution obeys the
infalling boundary condition at the future event horizon of the black brane met-
ric (5.34). This property is important as it ensures that the retarded correlator is
causal and only propagates information forward in time. This is intuitive since
we expect that, classically, information can fall into the black hole horizon but not
come out, so the retarded correlator should have no outgoing component. Although
it is intuitive, given its importance let us briefly verify that the infalling boundary
condition is satisfied. The Lorentzian equation of motion in momentum space for
®. in the black brane metric (5.34) takes the form

w?’7? o
20,221 @0,0] + T 0 — KZ0 - mR® = 0, (5.58)
f(2)
where k? = §'ikik;. The corresponding Euclidean equation is obtained by set-
ting @ = iwge. Near the horizon z — Zzy, since f — 0 the last two terms in
(5.58) become negligible compared with the second term and can be dropped. The
resulting equation (with only the first two terms of (5.58)) then takes the simple
form

Lorentzian:  97® + &’® =0,

Euclidean:  9/® — wZ® =0, (5.59)
in terms of a new coordinate
z dz/
= . 5.60
é= | 1 (5.60)

Since & — +o00 as z — z, in order for the Euclidean solution to be regu-
lar at the horizon we must choose the solution with the decaying exponential,
i.e. ®F (wg, £) ~ e “E5, The prescription (5.57) then yields ®c(w, £) ~ €95,
Going back to coordinate space we find that near the horizon

De(t, &) ~ e (5.61)

As anticipated, this describes a wave propagating towards the direction in which
& increases, i.e. falling into the horizon. Had we chosen the opposite sign in the
prescription (5.57) we would have obtained an outgoing wave, as appropriate for
the advanced correlator which obeys an outgoing boundary condition at the past
event horizon of the metric (5.34), and has no infalling component.
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Given a Lorentzian solution satisfying the infalling boundary condition at the
horizon which can be expanded near the boundary according to (5.23), as empha-
sized below (5.47), Egs. (5.46)—(5.47) can then be applied directly to such a
Lorentzian solution, yielding the Lorentzian counterpart of (5.55):

Gr(w, k) = lim 2@ ngni =2v Blo, lf,) .

z—0 O (w, K) A(w, k)
Incidentally, Eq. (5.62) shows that the retarded correlator possesses a pole precisely
at those frequencies for which A(w, R) vanishes. In other words, the poles of the
retarded two-point function are in one-to-one correspondence with normalizable
solutions of the equations of motion which are infalling at the horizon. Owing to the
infalling boundary conditions at the horizon, such modes have a discrete spectrum
and their frequencies have strictly negative imaginary parts. In the gravity literature
such modes are referred to as quasinormal modes. In the field theory context, poles
of retarded Green functions encode much of the physics of a system including the
presence of hydrodynamic modes, the way in which out-of-equilibrium states relax
toward equilibrium and the presence of quasiparticles, if any. We will return to this
discussion at length in the context of strongly coupled A/ = 4 SYM theory in
Chapter 6 and in particular in Section 6.4.

For practical purposes, let us recapitulate here the main result of this section,
namely the algorithmic procedure for computing the real time, finite-temperature
retarded two-point function of a local, gauge-invariant operator O(x). This consists
of the following steps.

(5.62)

(1) Identify the bulk mode ®(x, z) dual to O(X).

(2) Find the Lorentzian-signature bulk effective action for ® to quadratic order,
and the corresponding linearized equation of motion in momentum space.

(3) Find a solution ®(k, z) to this equation with the boundary conditions that the
solution is infalling at the horizon and behaves as

®c(z, k) ~ Ak) 242 + B(k) 2* (5.63)

near the boundary (z — 0), where A is the dimension of O(x), d is the
spacetime dimension of the boundary theory and A(k) should be thought of
as an arbitrary source for O(k). B(k) is not an independent quantity but is
determined by the boundary condition at the horizon and A(k).

(4) The retarded Green’s function for O is then given by

B(K)

Ggr(k) = 2v AK)

(5.64)

where v is defined in Eq. (5.24).
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In Section 9.5.2 we will discuss in detail an example of a retarded correlator of two
electromagnetic currents.

Before closing this section, we note that an alternative way to compute bound-
ary correlation functions which works in both Euclidean and Lorentzian signature
is [118]

(O04) -+ O0)) = lim 2vz) - (vZy)( (21, X1) - P(Zn, X)) (5.65)

where the correlator on the right-hand side is a correlation function in the bulk the-
ory. In (5.65) it should be understood that whatever ordering one wants to consider,
it should be same on both sides. For example, for the retarded two-point function
Grof O

Gr(X1 — X2) = Zl'izrf_l)o(zvzf)(zvzzA) Or(Z1, X15 22, X2) , (5.66)

where Ggr denotes the retarded Green’s function of the bulk field &.

5.4 Wilson loops

The expectation values of Wilson loops

W' (C) = TrPexp [i /dx“ A,L(x)} , (5.67)
c

are an important class of non-local observables in any gauge theory. Here,
fc denotes a line integral along the closed path C, W' (C) is the trace of an
SU (N)-matrix in the representation r (one often considers fundamental or adjoint
representations, i.e. r = F, A), the vector potential A,(x) = A%(x) T# can be
expressed in terms of the generators T2 of the corresponding representation, and
‘P denotes path ordering. The expectation values of Wilson loops contain infor-
mation about the nonperturbative physics of non-Abelian gauge field theories and
have applications to many physical phenomena such as confinement, thermal phase
transitions, quark screening, etc. For many of these applications it is useful to think
of the path C as that traversed by a quark. We will discuss some of these applica-
tions in Chapter 8. Here, we describe how to compute expectation values of Wilson
loops in a strongly coupled gauge theory using its gravity description.

We again use N' = 4 SYM theory as an example. Now recall that the field
content of this theory includes six scalar fields g7> = (¢, ... %) in the adjoint
representation of the gauge group. This means that in this theory one can write
down the following generalization of (5.67) [595, 711]:

W(C) = NiTrP exp [i ids (A,p'(" + i ix/ﬁ)} : (5.68)
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D-brane

)

Figure 5.1 String worldsheet associated with a Wilson loop.

where fi(s) is a unit vector in R® that parametrizes a path in this space (or, more
precisely, in ), just like x*(s) parametrizes a path in R, The factor of v/X2
is necessary to make i - qE V/%2 a density under worldline reparametrizations. Note
that the operators (5.67) and (5.68) are equivalent in the case of a light-like loop
(as will be discussed in Section 8.5) for which x? = 0.

An important difference between the operators (5.67) and (5.68) is that (5.67)
breaks supersymmetry, whereas (5.68) is locally 1/2-supersymmetric, meaning that
for a straight-line contour (that is time-like in Lorentzian signature) the operator is
invariant under half of the supercharges of the NV = 4 theory.

We will now argue that the generalized operator (5.68) has a dual description
in terms of a string worldsheet. For this purpose it is useful to think of the loop
C as the path traversed by a quark. Although the N/ = 4 SYM theory has no
quarks, we will see below that these can be simply included by introducing in the
gravity description open strings attached to a D-brane sitting at some radial position
proportional to the quark mass. The endpoint of the open string on the D-brane is
dual to the quark, so the boundary % of the string worldsheet X~ must coincide
with the path C traversed by the quark — see Fig. 5.1. This suggests that we must
identify the expectation value of the Wilson loop operator, which gives the partition
function (or amplitude) of the quark traversing C, with the partition function of the
dual string worldsheet X [595, 711]:

(W(C)) = Zsuing[0Z = C]. (5.69)

For simplicity, we will focus on the case of an infinitely heavy (non-dynamical)
quark. This means that we imagine that we have pushed the D-brane all the way to
the AdS boundary. Under these circumstances the boundary 9% = C of the string
worldsheet also lies within the boundary of AdS.

The key point to recall now is that the string endpoint couples both to the gauge
field and to the scalar fields on the D-brane. This is intuitive since, after all, we
obtained these fields as the massless modes of a quantized open string with end-
points attached to the D-brane. Physically, the coupling to the scalar fields is just a
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reflection of the fact that a string ending on a D-brane “pulls” on it and deforms its
shape, thus exciting the scalar fields which parametrize this shape. The direction
orthogonal to the D-brane in which the string pulls is specified by . The coupling
to the gauge field reflects the fact that the string endpoint behaves as a pointlike
particle charged under this gauge field. We thus conclude that an open string end-
ing on a D-brane with a fixed ni excites both the gauge and the scalar fields, which
suggests that the correct Wilson loop operator dual to the string worldsheet must
include both types of fields and must therefore be given by (5.68).

The dual description of the operator (5.67) is the same as that of (5.68) except
that the Dirichlet boundary conditions on the string worldsheet along the S° direc-
tions must be replaced by Neumann boundary conditions [42] (see also [330]). One
immediate consequence is that, to leading order, the strong coupling results for the
Wilson loop (5.68) with constant ri and for the Wilson loop (5.62) are the same.
However, the two results differ at the next order in the 1/4/ expansion, since in
the case of (5.67) we would have to integrate over the point on the sphere where
the string is sitting. More precisely, at the one-loop level in the «’-expansion one
finds that the determinants for quadratic fluctuations are different in the two cases
[331].

In the large-N¢, large-A limit, the string partition function Zgying[0X = C]
greatly simplifies and is given by the exponential of the classical string action, i.e.

Zsingld® = C1 =€%C - (W(C)) = €% (5.70)

The classical action S(C) can in turn be obtained by extremizing the Nambu—Goto
action for the string worldsheet with the boundary condition that the string world-
sheet ends on the curve C. More explicitly, parameterizing the two-dimensional
world sheet by the coordinates o = (t, o), the location of the string world sheet
in the five-dimensional spacetime with coordinates xM is given by the Nambu—
Goto action (4.13). The fact that the action is invariant under coordinate changes
of o will allow us to pick the most convenient worldsheet coordinates (t, o) for
each occasion.

Note that the large-N. and large-A limits are both crucial for (5.70) to hold.
Taking N — oo at fixed A corresponds to taking the string coupling to zero,
meaning that we can ignore the possibility of loops of string breaking off from the
string world sheet. Additionally taking A — oo corresponds to sending the string
tension to infinity, which implies that we can neglect fluctuations of the string world
sheet. Under these circumstances the string worldsheet “hanging down” from the
contour C takes on its classical configuration, without fluctuating or splitting off
loops.

As a simple example let us first consider a contour C given by a straight line
along the time direction with length 7~ which describes an isolated static quark at
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rest. On the field theory side we expect that the expectation value of the Wilson
line should be given by

(W(C)) =e ™M, (5.71)

where M is the mass of the quark. From the symmetry of the problem, the corre-
sponding bulk string worldsheet should be that of a straight string connecting the
boundary and the Poincaré horizon and translated along the time direction by 7.
The action of such a string worldsheet is infinite since the proper distance from the
boundary to the center of AdS is infinite. This is consistent with the fact that the
external quark has an infinite mass. A finite answer can nevertheless be obtained if
we introduce an IR regulator in the bulk, putting the boundary at z = ¢ instead of
z = 0. From the IR/UV connection this corresponds to introducing a short-distance
(UV) cut-off in the boundary theory. Choosing T =t and o = z the string world-
sheet is given by x' (o, T) = const., and the induced metric on the worldsheet is
then given by

R2
ds’ = —(—dr® + do?). (5.72)
o}
Evaluating the Nambu—Goto action on this solution yields

2 o0
S—g= TR/ dz Vi

A (5.73)

2o 2 27e

where we have used the fact that R?/«’ = +/A. Using (5.70) and (5.71) we then
find that

M= ﬁ . (5.74)
2me

5.4.1 Rectangular loop: vacuum

Now let us consider a rectangular loop sitting at a constant position on the S°
[711, 595]. The long side of the loop extends along the time direction with length
T, and the short side extends along the x;-direction with length L. We will assume
that 7 > L. Such a configuration can be though of as consisting of a static quark—
antiquark pair separated by a distance L. Therefore we expect that the expectation
value of the Wilson loop (with suitable renormalization) gives the potential energy
between the pair, i.e. we expect that

<W(C)> — e—iEtotT — —i2M+V(L)T — i S(C) , (575)

where Eyy is the total energy for the whole system and V (L) is the potential energy
between the pair. In the last equality we have used (5.70). We will now proceed to
calculate S(C) for a rectangular loop.
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AdS boundary B

Figure 5.2 String (red) associated with a quark—antiquark pair.

It is convenient to choose the worldsheet coordinates to be
T = t, o = Xl . (576)

Since 7 > L, we can assume that the surface is translationally invariant along the
T direction, i.e. the extremal surface should have non-trivial dependence only on
o . Given the symmetries of the problem we can also set

X3(0) = const. , Xo(0) = const. (5.77)

Thus the only non-trivial function to solve for is z = z(o) (see Fig. 5.2), subject to
the boundary condition

z (i%) =0. (5.78)

Using the form (5.3) of the spacetime metric and Egs. (5.76)—(5.77), the induced
metric on the worldsheet is given by

RZ
ds?, = Zz (—dt® + (1 + Z2%do?) | (5.79)

ws T

giving rise to the Nambu—Goto action

R2T
S =— /

2w’ -5

L
2

1
do /1427, (5.80)

where Z = dz/do. Since the action and the boundary condition are symmetric
under o — —oa, z(o) should be an even function of o. Introducing dimensionless
coordinates via

o=L§, z(o) = L y(§) (5.81)
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we then have

IR2 T H
Se=—por Q. wimQ= [ DUty (8
2o’ L 0o Y

Note that Q is a numerical constant. As we will see momentarily, it is in fact
divergent and therefore it should be defined more carefully. The equation of motion
for y is given by
g2 oY
y4
with yp the turning point at which y* = 0, which by symmetry should happen at
& = 0. Thus, Yo can be determined by the condition

1
1 3 Yo Yo 2 r¢
el P Py E L Ty,
2 Jo o Y 0 v — v 2/7T(3)

It is then convenient to change integration variable in Q from & to y to get

= 0 —_—
This is manifestly divergent at y = 0, but the divergence can be interpreted as
coming from the infinite rest masses of the quark and the antiquark. As in the
discussion after (5.71), we can obtain a finite answer by introducing an IR cut-off
in the bulk by putting the boundary at z = ¢, i.e. by replacing the lower integration
limit in (5.85) by €. The potential V(L) between the quarks is then obtained by
subtracting 2M7 from (5.82) (with M given by (5.74)) and then taking ¢ — 0 at
the end of the calculation. One then finds the finite answer

472 ﬁ
r4; L

(5.83)

(5.85)

V(L) =

: (5.86)

where again we used the fact that R?/a’ = /A to translate from gravity to gauge
theory variables. Note that the 1/L dependence is simply a consequence of confor-
mal invariance. The non-analytic dependence on the coupling, i.e. the v/ factor,
could not be obtained at any finite order in perturbation theory. From the gravity
viewpoint, however, it is a rather generic result, since it is due the fact that the
tension of the string is proportional to 1/«’. The above result is valid at large A.
At small %, the potential between a quark and an antiquark in an A/ = 4 theory is
given by [342]

TA
L

to lowest order in the weak coupling expansion.

E= (5.87)
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It is remarkable that the calculation of a Wilson loop in a strongly interacting
gauge theory has been simplified to a classical mechanics problem no more difficult
than finding the catenary curve describing a string suspended from two points,
hanging in a gravitational field — in this case the gravitational field of the AdS
spacetime.

Note that given (5.86), the boundary short-distance cut-off ¢ in (5.74) can be
interpreted as the size of the external quark. One might have expected (incorrectly)
that a short distance cut-off on the size of the quark should be given by the Compton
wavelength 1/M ~ €/+/A, which is much smaller than e. Note that the size of
a quark should be defined by either its Compton wavelength or by the distance
between a quark and an antiquark at which the potential is of the order of the quark
mass, whichever is bigger. In a weakly coupled theory, the Compton wavelength is
bigger, while in a strongly coupled theory with potential (5.86), the latter is bigger
and is of order e.

5.4.2 Rectangular loop: nonzero temperature

We now consider the expectation of the rectangular loop at nonzero temperature
[712, 190]. In this case the bulk gravity geometry is given by that of the black
brane (5.34). The set-up of the calculation is exactly the same as in Egs. (5.76)-
(5.78) for the vacuum. The induced worldsheet metric is now given by

ds?. = R (— f(2)dr? + (1 + 2—2) daz) (5.88)
ws 22 f ) .

which yields the Nambu-Goto action

RT [z, 1
S = — /fL do—\/T@ +77. (5.89)
2

2o

The crucial difference between the equation of motion following from (5.89) and
that following from (5.80) is that in the present case there exists a maximal value
Ls ~ 1/T beyond which nontrivial solutions cease to exist [712, 190] — see
Fig. 5.3. Instead, the solution beyond this maximal separation consists of two dis-
joint vertical strings ending at the black hole horizon. The physical reason can
be easily understood qualitatively from the figure. At some separation, the lowest
point on the string touches the horizon. Surely at and beyond this separation the
string can minimize its energy by splitting into two independent strings, each of
which falls through the horizon. The precise value of Lg is defined as the quark—
antiquark separation at which the free energy of the disconnected configuration
becomes smaller than that of the connected configuration. This happens at a value
of L for which the lowest point of the connected configuration is close to but still
somewhat above the horizon. Once L > Lg, the quark—antiquark separation can
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Figure 5.3 String (red) associated with a quark—antiquark pair in a plasma with
temperature T > 0. The preferred configuration beyond a certain separation Lg
consists of two independent strings.

then be increased further at no additional energy cost, so the potential becomes
constant and the quark and the antiquark are perfectly screened from each other by
the plasma between them. See, for example, Ref. [108] for a careful discussion of
the corrections to this large-Nc, large-A result.

5.4.3 Rectangular loop: a confining theory

For comparison, let us consider the expectation value of a rectangular loop in the
2 + 1-dimensional confining theory [804] (for a review see [760]) whose metric is
given by (5.38), which we reproduce here for convenience:
2 2

ds’ = % (—dt® +dx? +dx3 + fdte) + ZF;—fdzz, f=1- % . (5.90)
As discussed earlier, the crucial difference between (5.90) and AdS is that the
spacetime (5.90) ends smoothly at a finite value z = z, which introduces a scale
in the theory. The difference as compared to the finite-temperature case is that in
the confining geometry the string has no place to end, so in order to minimize its
energy it tends to drop down to z, and to run parallel there — see Fig. 5.4.

Again the set-up of the calculation is completely analogous to the cases above.
The induced worldsheet metric is now given by

2 _52 _Ad+2 2_/2 2
dsie= — (—dr*+ (1+ % ) do?). (5.91)

and the corresponding the Nambu—-Goto action is

RRT (2, 1 [ 22
= — — /1 . .92
S 2o /_5 do z2 + f(2) (5.92)
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LY

Figure 5.4 String (red) associated with a quark—-antiquark pair in a confining
theory.

When L is large, the string quickly drops to z = 7, and runs parallel there. We
thus find that the action can be approximated by (after subtracting the vertical parts
which can be interpreted as being due to the static quark masses)

RT L
=S -2MT ~ — —, (5.93)
2ra’ z§
which gives rise to a confining potential
N
V(L) - UsL 5 Og = 27[2% . (5-94)

The constant os can be interpreted as the effective string tension. As mentioned
in Section 5.2.2 the mass gap for this theory is M ~ 1/z,, so we find that
os ~ ~/AM?2. Although we have described the calculation only for one example
of a confining gauge theory, the qualitative features of Fig. 5.4 generalize. In a
confining gauge theory with a dual gravity description, as a quark—antiquark pair
are separated the string hanging beneath them sags down to some “depth” z, and
then as the separation is further increased it sags no further. Further increasing the
separation means adding more and more string at the same depth zy, which costs
an energy that increases linearly with separation. Clearly, any metric in which a
suspended string behaves like this cannot be conformal; it has a length scale z,
built into it in some way. This length scale z, in the gravitational description cor-
responds via the IR/UV correspondence to the mass gap M ~ 1/z, for the gauge
theory and to the size of the “glueballs” in the gauge theory, which is of order z,.
To summarize, we note that the qualitative behavior of the Wilson loop dis-
cussed in various examples above is only determined by gross features of the bulk
geometry. The 1/L behavior (5.87) in the conformal vacuum follows directly from
the scaling symmetry of the bulk geometry; the area law (5.93) in the confining
case has to do with the fact that a string has no place to end in the bulk when the
geometry smoothly closes off; and the screening behavior at finite temperature is
a consequence of the fact that a string can fall through the black hole horizon. The
difference between Figs. 5.2 and 5.4 highlights the fact that ' = 4 SYM theory
is not a good model for the vacuum of a confining theory like QCD. However, as
we will discuss in Section 8.7, the potential obtained from Fig. 5.3 is not a bad
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caricature of what happens in the deconfined phase of QCD. This is one of many
ways of seeing that ' = 4 SYM at T # 0 is more similar to QCD above T, than
N =4SYMatT = 0isto QCD at T = 0. A heuristic way of thinking about
this is to note that at low temperatures the putative horizon would be at a z,o; > 2,
i.e. it is far below the bottom of Fig. 5.4, and therefore it plays no role while at
large temperatures, the horizon is far above zy and it is z, that plays no role. At
some intermediate temperature, the theory has undergone a phase transition from
a confined phase described by Fig. 5.4 into a deconfined phase described by Fig.
5.3.5 Unlike in QCD, this deconfinement phase transition is a first order phase tran-
sition in the large-N, strong coupling limit under consideration, and the theory in
the deconfined phase loses all memory about the confinement scale zy. Presumably
corrections away from this limit, in particular finite-N. corrections, could turn the
transition into a higher order phase transition or even a crossover.

5.5 Introducing fundamental matter

All the matter degrees of freedom of A/ = 4 SYM, the fermions and the scalars,
transform in the adjoint representation of the gauge group. In QCD, however, the
quarks transform in the fundamental representation. Moreover, most of what we
know about QCD phenomenologically comes from the study of quarks and their
bound states. Therefore, in order to construct holographic models more closely
related to QCD, we must introduce degrees of freedom in the fundamental repre-
sentation. It turns out that there is a rather simple way to do this in the limit in
which the number of quark species, or flavors, is much smaller than the number
of colors, i.e. when N <« Nc. Indeed, in this limit the introduction of N flavors
in the gauge theory corresponds to the introduction of Ny D-brane probes in the
AdS geometry sourced by the D3-branes [28, 517, 513]. This is perfectly consis-
tent with the well-known fact that the topological representation of the large-N.
expansion of a gauge theory with quarks involves Riemann surfaces with bound-
aries — see Section 4.1.2. In the string description, these surfaces correspond to
the worldsheets of open strings whose endpoints must be attached to D-branes. In
the context of the gauge/string duality, the intuitive idea is that closed strings liv-
ing in AdS are dual to gauge-invariant operators constructed solely out of gauge
fields and adjoint matter, e.g. © = TrF?, whereas open strings are dual to meson-
like operators, e.g. O = q. In particular, the two endpoints of an open string,
which are forced to lie on the D-brane probes, are dual to a quark and an antiquark,
respectively.

5 The way we have described the transition is a crude way of thinking about the so-called Hawking—Page phase
transition between a spacetime without and with a black hole [437, 803].



144 A duality toolbox

Figure 5.5 Excitations of the system in the open string description.

5.5.1 Thedecoupling limit with fundamental matter

The fact that the introduction of gauge theory quarks corresponds to the introduc-
tion of D-brane probes in the string description can be more “rigorously” motivated
by repeating the arguments of Sections 4.2.2, 4.2.3 and 4.3 in the presence of Nt
D p-branes, as indicated in Fig. 5.5. We shall be more precise about the value of p
and the precise orientation of the branes later; for the moment we simply assume
p> 3.

As in Section 4.2.2, when gsN¢ « 1 the excitations of this system are accurately
described by interacting closed and open strings living in flat space. In this case,
however, the open string sector is richer. As before, open strings with both end-
points on the D3-branes give rise, at low energies, to the N' = 4 SYM multiplet
in the adjoint of SU (N.). We see from Eq. (4.17) that the coupling constant for
these degrees of freedom is dimensionless, and therefore these degrees of freedom
remain interacting at low energies. The coupling constant for the open strings with
both endpoints on the D p-branes, instead, has dimensions of (length)P—3. There-
fore the effective dimensionless coupling constant at an energy E scales as gpp o
EP~3. Since we assume that p > 3, this implies that, just like the closed strings,
the p—p strings become noninteracting at low energies. Finally, consider the sector
of open strings with one endpoint on the D3-branes and one endpoint on the D p-
branes. These degrees of freedom transform in the fundamental of the gauge group
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on the D3-branes and in the fundamental of the gauge group on the D p-branes,
namely in the bifundamental of SU (N¢) x SU (N¢). Consistently, these 3—p strings
interact with the 3-3 and the p—p strings with strengths given by the correspond-
ing coupling constants on the D3-branes and on the D p-branes. At low energies,
therefore, only the interactions with the 3-3 strings survive. In addition, since
the effective coupling on the D p-branes vanishes, the corresponding gauge group
SU (N¢) becomes a global symmetry group. This is the origin of the flavor symme-
try expected in the presence of Nt (equal mass) quark species in the gauge theory.

To summarize, when gsN; <« 1 the low energy limit of the D3/D p system yields
two decoupled sectors. The first sector is free and consists of closed strings in ten-
dimensional flat space and p-p strings propagating on the worldvolume of N
D p-branes. The second sector is interacting and consists of a four-dimensional
N = 4 SYM multiplet in the adjoint of SU (N.), coupled to the light degrees of
freedom coming from the 3—p strings. We will be more precise about the exact
nature of these degrees of freedom later, but for the moment we emphasize that
they transform in the fundamental representation of the SU (N;) gauge group, and
in the fundamental representation of a global, flavor symmetry group SU (N¢).

Consider now the closed string description at gsN¢ >> 1. In this case, as in Sec-
tion 4.2.3, the D3-branes may be replaced by their backreaction on spacetime. If we
assume that gsN¢ <« 1, which is consistent with Nt <« N, we may still neglect
the backreaction of the D p-branes. In other words, we may treat the D p-branes
as probes living in the geometry sourced by the D3-branes, with the D p-branes
not modifying this geometry. The excitations of the system in this limit consist
of closed strings and open p—p strings that propagate in two different regions,
the asymptotically flat region and the AdSs x S° throat — see Fig. 5.6. As in Sec-
tion 4.2.3, these two regions decouple from each other in the low energy limit. Also
as in Section 4.2.3, in this limit the strings in the asymptotically flat region become
noninteracting, whereas those in the throat region remain interacting because of the
gravitational redshift.

Comparing the two descriptions above, we see that the low energy limit at both
small and large values of gsN. contains a free sector of closed and open p-p
strings. As in Section 4.3 we identify these free sectors, and we conjecture that
the interacting sectors on each side provide dual descriptions of the same physics.
In other words, we conjecture that the ' = 4 SYM coupled to N flavors of funda-
mental degrees of freedom is dual to type I1B closed strings in AdSs x S°, coupled
to open strings propagating on the worldvolume of N D p-brane probes.

It is worth clarifying the following conceptual point before closing this section.
It is sometimes stated that, in the ’t Hooft limit in which N; — oo with Ny fixed,
the dynamics is completely dominated by the gluons, and therefore that the quarks
can be completely ignored. One may then wonder what the interest of introducing
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N; D-brane probes Mink;o

Figure 5.6 Excitations of the system in the second description.

fundamental degrees of freedom in a large-N. theory may be. There are several
answers to this. First of all, in the presence of fundamental matter, it is more con-
venient to think of the large- N limit a la Veneziano, in which N /N is kept small
but finite. Any observable can then be expanded in powers of 1/N2 and N /Ne.
As we will see, this is precisely the limit that is captured by the dual description in
terms of N¢ D-brane probes in AdSs x S°. The leading D-brane contribution will
give us the leading contribution of the fundamental matter, of relative order N¢ /Nc.
The Veneziano limit is richer than the 't Hooft limit, since setting Nt /N, = 0 one
recovers the 't Hooft limit. The second point is that, even in the 't Hooft limit, the
quarks should not be regarded as irrelevant, but rather as valuable probes of the
gluon-dominated dynamics. It is their very presence in the theory that allows one
to ask questions about heavy quarks in the plasma, jet quenching, meson physics,
photon emission, etc. The answers to these questions are of course dominated by
the gluon dynamics, but without dynamical quarks in the theory such questions
cannot even be posed. There is a completely analogous statement in the dual grav-
ity description. To leading order the geometry is not modified by the presence of
D-brane probes, but one needs to introduce these probes in order to pose questions
about heavy quarks in the plasma, parton energy loss, mesons, photon production,
etc. In this sense, the D-brane probes allow one to decode information already
contained in the geometry.
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5.5.2 Modelswith fundamental matter

Above, we motivated the inclusion of fundamental matter via the introduction of
N¢ “flavor” D p-brane probes in the background sourced by N, “color” D3-branes.
However, we were deliberately vague about the value of p, about the relative orien-
tation between the flavor and the color branes, and about the precise nature of the
flavor degrees of freedom in the gauge theory. Here we will address these points.
Since we assumed p > 3 in order to decouple the p—p strings, and since we wish to
consider stable D p-branes in type 1B string theory, we musthave p =5orp=7-
see Section 4.2.2. In other words, we must consider D5- and D7-brane probes.

Consider first adding flavor D5-branes. We will indicate the relative orientation
between these and the color D3-branes by an array like, for example,

D3:
D5:

1 2 3

12 456 _ _ _ . (5.95)
This indicates that the D3- and the D5-branes share the 12-directions. The 3-
direction is transverse to the D5-branes, the 456-directions are transverse to the
D3-branes, and the 789-directions are transverse to both sets of branes. This means
that the two sets of branes can be separated along the 789-directions, and there-
fore they do not necessarily intersect, as indicated in Fig. 5.7. It turns out that the
lightest states of a D3-D5 string have a minimum mass given by what one would
have expected on classical grounds, namely M = Ty L = L/27¢2, where Ty is
the string tension (4.11) and L is the minimum distance between the D3- and the
D5-branes.® These states can therefore be arbitrarily light, even massless, provided
L is sufficiently small. Generic excited states, as usual, have an additional mass set
by the string scale alone, ms. The only exception are excitations in which the string
moves rigidly with momentum p in the 12-directions, in which case the energy
squared is just M? 4+ B2. This is an important observation because it means that
in the decoupling limit, in which one focuses on energies E <« mj, only a finite
set of modes of the D3-D5 strings survive, and moreover these modes can only
propagate along the directions common to both branes. From the viewpoint of the
dual gauge theory, this translates into the statement that the degrees of freedom in
the fundamental representation are localized on a defect — in the example at hand,
on a plane that extends along the 12-directions and lies at a constant position in the
3-direction. As an additional example, the configuration

6 In order to really establish this formula one must quantize the D3-D5 strings and compute the ground state
energy. In the case at hand, the result coincides with the classical expectation. The underlying reason is that,
because the configuration (5.95) preserves supersymmetry, corrections to the classical ground state energy
coming from bosonic and fermionic quantum fluctuations cancel each other out exactly. For other brane
configurations like (5.97) this does not happen.
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D3-branes
3
D5-branes
456
789
<L>
N\/‘

Figure 5.7 D3-D5 configuration (5.95) with a string (red) stretching between
them. The 12-directions common to both branes are suppressed.

D3: 1 2 3

Ds: 1 _ 456 7 _ _ (5.96)
corresponds to a dual gauge theory in which the fundamental matter is localized on
a line — the 1-direction.

We thus conclude that, if we are interested in adding to the A/ = 4 SYM the-
ory fundamental matter degrees of freedom that propagate in 3+1 dimensions (just
like the gluons and the adjoint matter), then we must orient the flavor D-branes
so that they extend along the 123-directions. This condition leaves us with two
possibilities:

p: 23 _

Ds: 12 3 45 (5.97)
and

ps: 23 _

D7: 1 2 3 4 5 6 7 . (5.98)

So far we have not been specific about the precise nature of the fundamental
matter degrees of freedom — for example, whether they are fermions or bosons,
etc. This also depends on the relative orientation of the branes. It turns out that
for the configuration (5.97), the ground state energy of the D3-D5 strings is (for
sufficiently small L) negative, that is, the ground state is tachyonic, signaling an
instability in the system. This conclusion is valid at weak string coupling, where
the string spectrum can be calculated perturbatively. While it is possible that the
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instability is absent at strong coupling, we will not consider this configuration
further in this book.

We are therefore left with the D3-D7 system (5.98). Quantization of the D3-D7
strings shows that the fundamental degrees of freedom in this case consist of N¢
complex scalars and Nt Dirac fermions, all of them with equal masses given by

L
2l
In a slight abuse of language, we will collectively refer to all these degrees of
freedom as “quarks”. The fact that they all have exactly equal masses is a reflec-
tion of the fact that the addition of the Nt D7-branes preserves a fraction of the
original supersymmetry of the SYM theory. More precisely, the original N' = 4
is broken down to A/ = 2, under which the fundamental scalars and fermions
transform as part of a single supermultiplet. In the rest of the book, especially in
Chapter 9, we will focus our attention on this system as a model for gauge theories
with fundamental matter.

Mq (5.99)
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Bulk properties of strongly coupled plasma

Up to this point in this book, we have laid the groundwork needed for what
is to come in two halves. In Chapters 2 and 3 we have introduced the the-
oretical, phenomenological and experimental challenges posed by the study of
the deconfined phase of QCD and in Chapters 4 and 5 we have motivated and
described gauge/string duality, providing the reader with most of the conceptual
and computational machinery necessary to perform many calculations. Although
we have foreshadowed their interplay at various points, these two long intro-
ductions have to a large degree been separately self-contained. In the next four
chapters, we weave these strands together. In these chapters, we shall describe
applications of gauge/gravity duality to the study of the strongly coupled plasma
of N' = 4 SYM theory at nonzero temperature, focusing on the ways in which
these calculations can guide us toward the resolution of the challenges described in
Chapters 2 and 3.

The study of the zero temperature vacuum of strongly coupled N' = 4 SYM
theory is a rich subject with numerous physical insights into the dynamics of gauge
theories. Given our goal of gaining insights into the deconfined phase of QCD, we
will largely concentrate on the description of strongly coupled N' = 4 SYM theory
at nonzero temperature, where it describes a strongly coupled non-Abelian plasma
with O(N2) degrees of freedom. The vacua of QCD and A/ = 4 SYM theory have
very different properties. However, when we compare N' = 4 SYM at T # 0 with
QCD at a temperature above the temperature T, of the crossover from a hadron gas
to quark—gluon plasma, many of the qualitative distinctions disappear or become
unimportant. In particular, we have the following.

(1) QCD confines, while A/ = 4 SYM does not. This is a profound difference in
vacuum. But, above its T, QCD is no longer confining. The fact thatits T =0
quasiparticles are hadrons within which quarks are confined is not particularly
relevant at temperatures above T..

150



Bulk properties of strongly coupled plasma 151

(2) In QCD, chiral symmetry is broken by a chiral condensate which sets a scale
that is certainly not present in N' = 4 SYM theory. However, in QCD above
its T the chiral condensate melts away and this distinction between the vacua
of the two theories also ceases to be relevant.

(3) V=4 SYM is a scale-invariant theory while in QCD scale invariance is bro-
ken by the confinement scale, the chiral condensate, and the running of the
coupling constant. Above T., we have already dispensed with the first two
scales. Also, as we have described in Chapter 3, QCD thermodynamics is sig-
nificantly nonconformal just above T, ~ 170 MeV, but at higher temperatures
the quark—gluon plasma becomes more and more scale invariant, at least in its
thermodynamics. (Thermodynamic quantities converge to their values in the
noninteracting limit, due to the running of the coupling towards zero, only at
vastly higher temperatures which are far from the reach of any collider exper-
iment.) So, here again, QCD above (but not asymptotically far above) its T is
much more similar to A/ = 4 SYM theory at T # 0 than the vacua of the two
theories are.

(4) N = 4 SYM theory is supersymmetric. However, supersymmetry is explic-
itly broken at nonzero temperature. In a thermodynamic context, this can be
seen by noting that fermions have antiperiodic boundary conditions along the
Euclidean time circle while bosons are periodic. For this reason, supersymme-
try does not play a major role in the characterization of properties of the N' = 4
SYM plasma at nonzero temperatures.

(5) QCD is an asymptotically free theory and, thus, high energy processes are
weakly coupled. However, as we have described in Chapter 2, in the regime of
temperatures above T, that are accessible to heavy ion collision experiments
the QCD plasma is strongly coupled, which opens a window of applicability
for strong coupling techniques.

For these and other reasons, the strongly coupled plasma of N’ = 4 SYM theory has
been studied by many authors with the aim of gaining insights into the dynamics
of deconfined QCD plasma.

In fairness, we should also mention the significant differences between the two
theories that remain at nonzero temperature.

(1) NV = 4 SYM theory with N, = 3 has more degrees of freedom than QCD with
N¢ = 3. To seek guidance for QCD from results in AV = 4 SYM, the challenge
is to evaluate how an observable of interest depends on the number of degrees
of freedom, as we do at several points in Chapter 8. The best case scenario is
that there is no such dependence. For example, the ratio n/s between the shear
viscosity and the entropy density that we introduced in Chapter 2 and that we
shall discuss in Section 6.2 is such a case.



152 Bulk properties of strongly coupled plasma

(2) Most of the calculations that we shall report are done in the strong coupling
(A — o0) limit. This is of course a feature not a bug. The ability to do
these calculations in the strong coupling regime is a key part of the moti-
vation for all this work. But, although in the temperature regime of interest
9%(T)Ne = 4 Neas(T) is large, it is not infinite. This motivates the calcula-
tion of corrections to various results that we shall discuss that are proportional
to powers of 1/A, for the purpose of testing the robustness of conclusions
drawn from calculations done with 1 — oo.

(3) QCD has N = 3 colors, while all the calculations that we shall report are
done inthe N — oo limit. Although the large- N, approximation is familiar in
QCD, the standard way of judging whether it is reliable in a particular context
is to compute corrections suppressed by powers of 1/N.. And, determining the
1/NZ corrections to the calculations done via the gauge/string duality that we
review remains an outstanding challenge.

(4) Although we have argued above that the distinction between bosons and
fermions is not important at nonzero temperature, the distinction between
degrees of freedom in the adjoint or fundamental representation of SU (N,) is
important. QCD has Nt = 3 flavors in the fundamental representation, namely
Nt = Nc. These fundamental degrees of freedom contribute significantly to its
thermodynamics at temperatures above T.. And, the calculations that we shall
report are either done with Ny = 0 or with0 < N <« N. Extending methods
based upon gauge/string duality to the regime in which Nt ~ N remains an
outstanding challenge.

The plasmas of QCD and strongly coupled NV = 4 SYM theory certainly differ.
At the least, using one to gain insight into the other follows in the long tradition
of modelling, in which a theoretical physicist employs the simplest instance of a
theory that captures the essence of a suite of phenomena that are of interest in order
to gain insights. The gravitational description of ' = 4 SYM makes it clear that
it is in fact the simplest, most symmetric, strongly coupled non-Abelian plasma.
The question then becomes whether there are quantities or phenomena that are
universal across many different strongly coupled plasmas. The qualitative, and in
some instances even semi-quantitative, successes that we shall review that have
been achieved in comparing results or insights obtained in ' = 4 SYM theory to
those in QCD suggest a positive answer to this question, but no precise definition of
this new kind of universality has yet been conjectured. In the absence of a precise
understanding of such a universality, we can hope for reliable insights into QCD
but not for controlled calculations.

We begin our description of the A/ = 4 SYM strongly coupled plasma in
this section by characterizing its macroscopic properties, i.e. those that involve
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temporal and spatial scales much larger than the microscopic scale 1/T. In Sec-
tion 6.1 we briefly review the determination of the thermodynamics of A" = 4 SYM
theory. The quantities that we calculate are accessible in QCD, via lattice calcula-
tions as we have described in Chapter 3, meaning that in Section 6.1 we will be
able to compare calculations done in N' = 4 SYM theory via gauge/string duality
to reliable information about QCD. In Section 6.2 we turn to transport coefficients
like the shear viscosity i, which govern the relaxation of small deviations away
from thermodynamic equilibrium. Lattice calculations of such quantities remain
challenging for reasons that we have described in Section 3.2 but, as we have seen
in Section 2.2, phenomenological analyses of collective effects in heavy ion colli-
sions in comparison to relativistic, viscous, hydrodynamic calculations are yielding
information about /s in QCD. Section 6.3 will be devoted to illustrating one of the
most important qualitative differences between the strongly coupled V' = 4 SYM
plasma and any weakly coupled plasma: the absence of quasiparticles. As we will
argue in this section, this is a generic feature of strong coupling which, at least
at a qualitative level, provides a strong motivation in the context of the physics
of QCD above T, for performing studies within the framework of gauge/string
duality. Finally, in Section 6.4 we shall see how long-lived collective hydrody-
namic excitations of the plasma, as well as a plethora of excitations of the plasma
with lifetimes that are short compared to the inverse of their energies, emerge
from the gravitational point of view where they correspond to perturbations of the
metric.

6.1 Thermodynamic properties
6.1.1 Entropy, energy and free energy

As discussed in Section 5.2.1, N/ = 4 SYM theory in equilibrium at nonzero
temperature is described in the gravity theory by introducing black branes which
change the AdSs metric to the black brane metric (5.34) with an event horizon
at position zy. As in standard black hole physics, the presence of the horizon
allows us to compute the entropy in the gravity description, which is given by
the Bekenstein—Hawking formula

S»:OO = %H = = > (61)

where Az is the three-dimensional area of the event horizon of the non-compact
part of the metric and Gs is the five-dimensional Newton constant. This entropy is
to be identified as the entropy of the gauge theory plasma in the strong coupling
limit [391]. The area Az is determined from a spatial section of the horizon metric,
obtained by setting t = const, z = 7, in Eq. (5.34), i.e.
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2
ds2, = % (2 + dx + dd) . (62)

The total horizon area is then
R3
A3 = g / dX]_dXZng, (63)

where [ dx;dx,dxs is the volume in the gauge theory. While the total entropy is
infinite, the entropy density per unit gauge theory volume is finite and is given by
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where in the last equality we have used Egs. (5.12) and (5.36) to translate the
gravity parameters zy5, R and Gs into the gauge theory parameters T and N.. Note
that we would have obtained the same result if we had used the full ten-dimensional
geometry, which includes the S°. In this case the horizon would have been nine-
dimensional, with a spatial area of the form Ag = A3 x S°, and the entropy would
have taken the form

Si=

_ A AVs
4G 4G
which equals (6.1) by virtue of the relation (5.12) between the ten- and the five-
dimensional Newton constants.

Once the entropy density is known, the rest of the thermodynamic potentials are
obtained through standard thermodynamic relations. In particular, the pressure P
obeys s = dP/dT, and the energy density is given by ¢ = —P +Ts. Thus we find:

SH

(6.5)

3 2 2
i = = NETE Pre =
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The N, and temperature dependence of these results could have been anticipated.
The former follows from the fact that the number of degrees of freedom in an
SU (N,) gauge theory in its deconfined phase grows as N2, whereas the latter
follows from dimensional analysis, since the temperature is the only scale in the
N = 4 SYM theory. What is remarkable about these results is that they show that
the prefactors in front of the N, and temperature dependence in these thermody-
namic quantities attain finite values in the limit of infinite coupling, 2 — oo, which
is the limit in which the gravity description becomes strictly applicable.

It is instructive to compare the above expressions at infinite coupling with those
for the free AV = 4 SYM theory, i.e. at & = 0. Since A/ = 4 SYM has eight bosonic
and eight fermonic adjoint degrees of freedom and since the contribution of each
boson to the entropy is 2772 T3 /45 whereas the contribution of each fermion is 7/8
of that of a boson, the zero coupling entropy is given by

NZT*. (6.6)
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where in the last equality we have used the fact that N. > 1. As before, the N,
and T dependences are set by general arguments. The only difference between
the infinite and zero coupling entropies is an overall numerical factor: comparing
Egs. (6.4) and (6.7) we find [391]
SA:oo _ PA:oo _ Er=00 3
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This is a very interesting result: while the coupling of A/ = 4 SYM changes radi-
cally between the two limits, the thermodynamic potentials vary very mildly. This
observation is, in fact, not unique to the special case of ' = 4 SYM theory, but
seems to be a generic phenomenon for field theories with a gravity dual. In fact, in
Ref. [653] it was found that for several different classes of theories, each encom-
passing infinitely many instances, the change in entropy between the infinitely
strong and infinitely weak coupling limit is
Sstrong 3
- 4h, (6.9)

with h a factor of order one, g < h < 1.096 62. These explicit calculations strongly
suggest that the thermodynamic potentials of non-Abelian gauge-theory plasmas
(at least for near-conformal ones) are quite insensitive to the particular value of the
gauge coupling. This is particularly striking since, as we will see in Sections 6.2
and 6.3, the transport properties of these gauge theories change dramatically as a
function of coupling, going from a nearly ideal gas-like plasma of quasiparticles
at weak coupling to a nearly ideal liquid with no quasiparticles at strong coupling.
So, we learn an important lesson from the calculations of thermodynamics at strong
coupling via gauge/string duality: thermodynamic quantities are not good observ-
ables for distinguishing a weakly coupled gas of quasiparticles from a strongly
coupled liquid; transport properties and the physical picture of the composition
of the plasma are completely different in these two limits, but no thermodynamic
quantity changes much.

Returning to the specific case of A/ = 4 SYM theory, in this case the leading
finite-) correction to (6.8) has been calculated [402] as has the leading finite-N.
correction [640], yielding

SmNc—>oo _ P)uNC—>oo _ ExsNe—>o00
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(6.10)
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where ¢ is the Riemann zeta function and ¢(3) =~ 1.20. Note that equation (6.10)
is obtained by taking N — oo first and then taking A — oo. In this limit, the
last term is always much smaller than the other terms despite the A/? factor in
the numerator. Note also that the O(1/N2) corrections that are zeroth order in
A have not yet been computed. The expression (6.10) suggests that S,—o./Si—o
increases from 3/4 to 7/8 as A drops from infinity down to A ~ 6, corresponding to
asym ~ 0.5/Nc. This reminds us that the control parameter for the strong coupling
approximation is 1/A, meaning that it can be under control down to small values
of OSYM-

It is also interesting to compare (6.8) to what we know about QCD thermody-
namics from lattice calculations like those described in Section 3.1. The ratio (6.8)
has the advantage that the leading dependence on the number of degrees of free-
dom drops out, making it meaningful to compare directly to QCD. While theories
that have been analyzed in Ref. [653] are rather different from QCD, the regular-
ity observed in these theories compel us to evaluate the ratio of the entropy density
computed in the lattice calculations to that which would be obtained for free quarks
and gluons. Remarkably, Fig. 3.1 shows that, for T = (2 — 3) T, the coefficient
defined in (6.9) is h ~ 1.07, which is in the ballpark of what the calculations done
via gauge/gravity duality have taught us to expect for a strongly coupled gauge
theory. While this observation is interesting, by itself it is not strong evidence that
the QCD plasma at these temperatures is strongly coupled. The central lesson is,
in fact, that the ratio (6.8) is quite insensitive to the coupling. The proximity of the
lattice results to the value for free quarks and gluons should never have been taken
as indicating that the quark—gluon plasma at these temperatures is a weakly cou-
pled gas of quasiparticles. And, now that experiments at RHIC and at the LHC that
we described in Section 2.2 combined with calculations that we shall describe in
Section 6.2 have shown us a strongly coupled QCD plasma, the even closer prox-
imity of the lattice results for QCD thermodynamics to that expected for a strongly
coupled gauge theory plasma should also not be overinterpreted.

6.1.2 Holographic susceptibilities

The previous discussion focused on a plasma at zero chemical potential w. While
gauge/gravity duality allows us to explore the phase diagram of the theory at
nonzero values of w, in order to parallel our discussion of QCD thermodynam-
ics in Chapter 3, in our analysis of strongly coupled N' = 4 SYM theory here
we will concentrate on the calculation of susceptibilities. As explained in Sec-
tion 3.1.1, their study requires the introduction of U (1) conserved charges. In
N = 4 SYM, there is an SU (4) global symmetry, the R-symmetry, which in the
dual gravity theory corresponds to rotations in the five-sphere. A chemical poten-
tial for R-charge can be introduced by studying black branes that rotate in these
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coordinates [720, 302, 557, 393]; these solutions demand non-vanishing values of
an Abelian vector potential A, in the gravitational theory which, in turn, lead to a
non-vanishing R-charge density n in the gauge theory proportional to the angular
momentum density of the black hole. The chemical potential can be extracted from
the boundary value of the temporal component of the Maxwell field as in (5.37)
and is also a function of the angular momentum of the black hole. The explicit
calculation performed in Ref. [748] leads to

e
8

in the small chemical potential limit. Note that, unlike in QCD, the susceptibility
dn/dp inferred from Eq. (6.11) is proportional to NZ instead of Nc. This is a trivial
consequence of the fact that R-symmetry operates over adjoint degrees of freedom.

As in the case of the entropy, the different number of degrees of freedom can be
taken into account by comparing the susceptibility at strong coupling to that in the
noninteracting theory, which yields

9 (6.11)

X)=00 _

1
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where x;—o = NZ2T?2/4 [777]. Similarly to the case of the entropy density, the
ratio of susceptibilities between these two extreme limits saturates into an order
one constant. Despite the radical change in the dynamics of the degrees of free-
dom in the two systems, the only variation in this observable is a 50% reduction,
comparable to the 25% reduction of the energy density in the same limit. This 50%
reduction can be contrasted with the results from the lattice calculations reviewed
in Section 3.1.1 which show a slow rise in the quark number fluctuations above T,
seemingly saturating at about 90% of their value in the noninteracting limit. As in
the early interpretations of lattice calculations of the energy density and pressure,
the proximity of the diagonal susceptibilities to their Stefan—Boltzmann values
has been interpreted by some as a sign that the QCD quark—gluon plasma is not
strongly coupled [540, 726, 171, 676]. However, although the susceptibilities cal-
culated on the lattice come numerically closer to their values in the noninteracting
limit than in the case of the pressure, their temperature-dependence is qualitatively
quite similar. Therefore, it is not clear whether the values of the susceptibilities
pose any challenge to the interpretation of the QCD plasma as a strongly coupled
one, given the manifest insensitivity of thermodynamic quantities to the coupling.
Furthermore, the value of the ratio of susceptibilities (6.12) is not universal: it can
be different in holographic gauge theories which are closer to QCD than N = 4
SYM. It is tempting to speculate that if it were possible to use gauge/string duality
to analyze strongly coupled theories with Nt ~ N, and compute the suscepti-
bility for a U (1) charge carried by the fundamental degrees of freedom in such a
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theory, we may be able to find examples in which the susceptibility is as close to its
weak coupling value as is the case in QCD, even when all degrees of freedom are
strongly coupled. Were this speculation to prove correct, it would be an example
of a result from QCD leading to insight into strongly coupled gauge theories with
a gravitational description, i.e. it would be an example of insight in the opposite
direction from that that throughout most of this book.

The study of off-diagonal susceptibilities as in (3.3) requires the introduction
of an additional U (1) x SU(N¢) global symmetry in the plasma, with N; > 2.
(The global SU (4) symmetry that is already a feature of ' = 4 SYM theory
cannot be used for this purpose because the off-diagonal susceptibilities of two
commuting U (1) subgroups within SU (4) must vanish.) As explained in Sec-
tion 5.5, fundamental flavor degrees of freedom are introduced in the holographic
set-up via D-branes, which, in addition to a SU (N¢) global symmetry, also lead
to an additional U (1) charge (baryon number). Analogously to the way the diag-
onal susceptibilities are analyzed above, non-vanishing values of the different
chemical potentials arising in off-diagonal susceptibilities (3.3) are associated with
non-vanishing non-Abelian gauge fields in the brane. In the probe approximation
(Nt <« N¢), the study of susceptibilities corresponds to determining the reaction
of the partition function of the branes to small values of these non-Abelian fields
up to quadratic order. However, off-diagonal susceptibilities are suppressed by an
additional power of N, with respect to the diagonal susceptibilities, as shown in
Ref. [170]. This can be inferred from the fact that there is no mixing (at quadratic
order) between different gauge fields in the non-Abelian Yang-Mills Lagrangian.
On the gravity side, this means that the off-diagonal susceptibilities vanish at the
classical level and a one-loop calculation is required. While the complete deter-
mination of the one-loop correction to the partition function is technically very
demanding, since it must include an analysis of all the gravitational fields, the
contribution to the flavor correlations that is leading order in N can be obtained
by restricting the calculation to open string fluctuations, since closed string modes
cannot distinguish among different flavors. After this simplification, the analysis of
the one-loop determinant in Ref. [250] yields the leading parametric dependence
of the off-diagonal susceptibilities on both A and Nc.

The main result of the analysis in Ref. [250] is that the ratio of off-diagonal
to diagonal susceptibilities becomes independent of the coupling in the limit
A — o0, which is in marked contrast to expectations based upon extending the
perturbative result (which is that the off-diagonal susceptibilities are suppressed
relative to the diagonal ones by a factor of order (A3/N¢)log(1/g) with g the
gauge coupling constant [170]) to strong coupling. Within the D3/D7 model for
holographic flavor, the off-diagonal susceptibilities as in (3.3) can be expressed
as [250]
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xir =h (?) T2, (6.13)

with h (%) a model dependent numerical constant that depends on the mass of the
quarks, M, but has no dependence on either A or N¢. The fact that in the large A
limit this thermodynamic quantity becomes independent of coupling and differs
from its value at A = 0 only by a modest numerical factor reflects, once again, the
insensitivity of thermodynamic potentials to the underlying degrees of freedom.
Furthermore, the rich structure of the D3/D7 model, which will be discussed in
depth in Section 9.3, allows us to use the opportunity to vary M/T to compare
the off-diagonal susceptibilities in a plasma at large M/ T in which these suscep-
tibilities are dominated by quasiparticles (infinitely narrow bound mesons that can
be thought of as analogous to quarkonia) to that in a plasma at small M/ T in
which there are no quasiparticles. (In this high temperature phase, the quarkonium-
like mesons have dissolved and there are no quasiparticles.) As inferred from
Eq. (6.13), the off-diagonal susceptibilities remain parametrically the same in the
large and small M/ T limits, even given the radical change in the degrees of free-
dom and in the nature of the plasma. From this study, we can conclude that when
we see non-vanishing values of the off-diagonal susceptibilities, as in the lattice
QCD calculations that we have described in Section 3.1.1, this does not imply
the existence of resonances of any type, let alone bound states. The holographic
analysis of susceptibilities in strongly coupled plasma demonstrates that drawing
conclusions about the strength of the coupling constant or about the nature of the
effective degrees of freedom in the QGP from the lattice computation of suscep-
tibilities should be treated with just as much caution as drawing such conclusions
from the values of thermodynamic quantities.

6.2 Transport properties

We now turn to the calculation of the transport coefficients of a strongly coupled
plasma with a dual gravitational description, which control how such a plasma
responds to small deviations from equilibrium. We shall see that in the strong
coupling limit these quantities take on very different values, both parametrically
and numerically, than in a noninteracting plasma. This makes them much better
suited to diagnosing whether a plasma is gas-like or liquid-like, weakly cou-
pled or strongly coupled, than the thermodynamic quantities and susceptibilities
of the previous section. As we have reviewed in Section 3.2, since the relax-
ation of perturbations toward equilibrium is intrinsically a real time process, the
lattice determination of transport coefficients is very challenging. While initial
steps toward determining them in QCD have been taken, definitive results are
not in hand. As a consequence, the determination of transport coefficients via
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gauge/string duality is extremely valuable since it opens up their analysis in a
regime which is not tractable otherwise. A remarkable consequence of this anal-
ysis, which we describe in Section 6.2.2, is a universal relation between the
shear viscosity and the entropy density for the plasmas in all strongly coupled
large-N. gauge theories with a gravity dual [554, 212, 552, 206]. This finding,
together with the comparison of the universal result n/s = 1/(4x) with val-
ues extracted by comparing data on azimuthally asymmetric flow in heavy ion
collisions to analyses in terms of viscous hydrodynamics as we have described
in Section 2.2, has been one of the most influential results obtained via the
gauge/string duality.

6.2.1 A general formulafor transport coefficients

The most straightforward way in which transport coefficients can be deter-
mined using the gauge/gravity correspondence is via Green—-Kubo formulas, see
Appendix A, which rely on the analysis of the retarded correlators in the field
theory at small four-momentum. The procedure for determining these correlators
using the correspondence has been outlined in Section 5.3. In this section we will
try to keep our analysis as general as possible so that it can be used for the transport
coefficient that describes the relaxation of any conserved current in the theory. In
addition, we will not restrict ourselves to the particular form of the metric (5.34) so
that our discussion can be applied to any theory with a gravity dual. Our discussion
will closely follow the formalism developed in [482], which builds upon earlier
analyses in Refs. [690, 554, 212, 552, 206, 725, 761, 364].

In general, if the field theory at nonzero temperature is invariant under trans-
lations and rotations, the gravitational theory will be described by a (4 +
1)-dimensional metric of the form

ds? = —gudt? + g,,d2% + gxxdijdx dx) = gundxMdxN (6.14)

with all the metric components solely dependent on z. Since a nonzero temperature
is characterized in the dual theory by the presence of an event horizon, we will
assume that gy has a first order zero and g,, has a first order pole at a particular
value z = z,.

We are interested in computing the transport coefficient y associated with some
operator O in this theory, namely

1
x = —limlim —Im Ggr(w, K) . (6.15)

0—>0k-0 @
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(See Appendix A for the exact definition of Gg and for a derivation of this for-
mula.) For concreteness, we assume that the quadratic effective action for the bulk
mode ¢ dual to O has the form of a massless scalar field*

_ Y ey s 1w

where q(z) is a function of z and can be considered a spacetime-dependent cou-
pling constant. As we will see below, Egs. (6.14) and (6.16) apply to various
examples of interest including the shear viscosity and the momentum broaden-
ing for the motion of a heavy quark in the plasma. Since transport coefficients
are given by the Green—Kubo formula Eq. (6.15), the general expression for the
retarded correlator (5.62) with A = d and m = 0 leads to

I(z, k I(z, k
= — lim timim | 225 | _ i iy L& 50 6.17)
ky—02—0 wd(z,K,) k.—~02-0iwp(Z, K,)
where IT is the canonical momentum of the field ¢:
3S V=9 5,
=— =~ _Z9g%,p. 6.18
50ud a2 ° ¢ (6.18)

The last equality in (6.17) follows from the fact that the real part of Gr(k) vanishes
faster than linearly in w as k — 0, as is proven by the fact that the final result that
we will obtain, Eqg. (6.25), is finite and real.

In (6.17) both TT and ¢ must be solutions of the classical equations of motion
which, in the Hamiltonian formalism, are given by (6.18) together with

_ \/__g y7aY
9,I1 1@ 9"k, K¢ . (6.19)

The evaluation of x, following Eq. (6.17), requires the determination of both w¢
and IT in the small four momentum k, — 0 limit. Remarkably, in this limit the
equations of motion (6.18) and (6.19) are trivial?

9,11 =0+ O0K,wp),  d(0p) =0+ OIl), (6.20)

and both quantities become independent of z, which allows their evaluation at any
z. For simplicity, and since the only restriction on the general metric (6.14) is that it

1 Note that restricting to a massless mode does not result in much loss of generality, since almost all transport
coefficients calculated to date are associated with operators whose gravity duals are massless fields. The only
exception is the bulk viscosity.

2 Note from (6.18) and (6.19) that the O(k, w¢) terms neglected in the first equation in (6.20) contain a term
multiplied by g'' while the O(wIT) term neglected in the second equation in (6.20) is multiplied by gzz.
Since both quantities diverge at the horizon, Egs. (6.20) are not valid there. They are valid anywhere outside
the horizon for sufficiently small . Note, however, that the ratio in (6.17) does have a well defined limit
approaching the horizon.
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possesses a horizon, we will evaluate them for z — z, where the infalling boundary
condition should be imposed. Our assumptions about the metric imply that in the
vicinity of the horizon z — z,

C;
-2
and eliminating IT from (6.18) and (6.19) we find an equation for ¢ given by

\/?(Zo _ 23, <\/C§(Zo - z>az¢> + PP =0. (6.22)

The two general solutions for this equation are

Oit = —Co(20 — 2), Ozz = (6.21)

¢ o e—iwt (ZO o Z)iiwm . (623)

Imposing infalling boundary condition implies that we should take the negative
sign in the exponent. Therefore, from Eq. (6.23) we find that at the horizon

0z
— Ot
and using Eqgs. (6.18) and (6.23) we obtain

x =— lim IimM:—lim Iim,n(z’k“) _ 1 —9
k.—~0z-0 1w (Z, K,) ki—0Z-2 0P (2, K,)  (Z0) | —Uzz0t

020 = (iwg), (6.24)
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(6.25)
Note that the last equality in (6.25) can also be written as
1 A
=——, 6.26
TeSNY (620

where A is the area of the horizon and V is the spatial volume of the bound-
ary theory. From our analysis of the thermodynamic properties of the plasma in
Section 6.1, the area of the event horizon is related to the entropy density of the
boundary theory via
Al
ST ViaGy

From this analysis we conclude that in theories with a gravity dual the ratio of any
transport coefficient to the entropy density depends solely on the properties of the
dual fields at the horizon,

(6.27)

X _ 4Gy

s q()
In the next section we will use this general expression to compute the shear
viscosity of the AdS plasma.

(6.28)
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Finally, we would like to remark that the above discussion applies to more
general effective actions of the form

1 [ dewdi-lk 9”(3:0)°

S=—- | ———dzy/—-g|=——"—

2) (@mn)d [Q(Z; w, k)

provided that the equations of motion (6.20) remain trivial in the zero-momentum
limit. This implies that Q should go to a nonzero constant at zero momentum and

P must be at least quadratic in momenta. For (6.29) the corresponding transport
coefficient yx is given by

_ 1
"~ Q(z0,k, =0)

+ P(z; o, k)d)z] , (6.29)

(6.30)
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6.2.2 Universality of the shear viscosity

We now apply the result of the last section to the calculation of the shear viscosity
n of a strongly coupled plasma described by the metric (6.14). As in Appendix
A we must compute the correlation function of the operator O = Ty, where the
coordinates x and y are orthogonal to the momentum vector. The bulk field ¢ dual
to O should have a metric perturbation hyy as its boundary value. It then follows
that ¢ = (39)y - hyy, where 89 is the perturbation of the bulk metric. For

Einstein gravity in a geometry with no off-diagonal components in the background
metric, as in (6.14), a standard analysis of the Einstein equations to linear order
in the perturbation, upon assuming that the momentum vector is perpendicular to
the (X, y)-plane, shows that the effective action for ¢ is simply that of a minimally
coupled massless scalar field, namely

1

1
S= _m/dd“x./_—g [ngNamaw} . (6.31)

The prefactor 1/167x Gy comes from that of the Einstein—-Hilbert action. This
action has the form of Eq. (6.16) with

g(z) = 16w Gy = const, (6.32)
which, together with Eq. (6.28), leads to the celebrated result

NMr=0c0 . i
Si—o0 C 4x
that was first obtained in 2001 by Policastro, Son and Starinets [690]. In (6.32), we

have added the subscript A = oo to stress that the numerator and denominator are
both computed in the strict infinite coupling limit. Remarkably, this ratio converges

(6.33)
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to a constant at strong coupling. And, this is not only a feature of N' = 4 SYM the-
ory because this derivation applies to any gauge theory with a gravity dual given
by Einstein gravity coupled to matter fields, since in Einstein gravity the coupling
constant for gravity is always given by Eq. (6.32). In this sense, this result is univer-
sal [554, 212, 552, 206] since it applies in the strong coupling and large- N limits
to the large class of theories with a gravity dual, regardless of whether the theories
are conformal or not, confining or not, supersymmetric or not and with or without
chemical potential. In particular, if large-N; QCD has a string theory dual, there
should exist temperature ranges where its n/s is well approximated by 1/(4x) up
to corrections due to the finiteness of the coupling. Even if large-N. QCD does
not have a string theory dual, Eq. (6.33) may still provide a reasonable approxi-
mation in certain temperature ranges since the universality of this result may be
due to generic properties of strongly coupled theories (for example the absence of
quasiparticles, see Section 6.3) which may not depend on whether they are dual to
a gravitational theory.

The original calculation of /s and the original demonstration of its universality
were based on the relationship between the absorption cross-section o for a gravi-
ton incident on a black D3-brane in the limit of zero graviton energy and the shear
viscosity n [690, 552]. These authors showed that n = o /(167 G), with G being
the ten-dimensional Newton constant. General results from black hole physics
include o = A, where A is the area of the black brane horizon, and s= A/(4G). So
one then finds n/s=1/(4m), namely (6.33). This derivation is intuitive and geo-
metrical in the way that it relates dissipation in the gauge theory (») to falling into a
horizon in the dual gravitational description and in the way that it relates both » and
sto A, thus giving an immediate sense of the universality of the result (6.33). How-
ever, the definition of o requires considering scattering states in the asymptotically
flat region of the D3-brane that lies beyond the AdSs x S° region of the D3-brane
where the physics of actual interest resides. The self-contained derivation that we
have presented in full above refers only to physics in AdSs x S° and, as we shall
see, it generalizes immediately to the calculation of other transport coefficients.

The leading finite-coupling and finite-N. corrections to Eq. (6.33) in AV = 4
SYM theory have been computed and are given by [215, 211, 210, 640]

1IN » 2—> 00 1 15{(3) S )\1/2
m_ao —az 1—6N—g+--->. (6.34)

The above equation is obtained by taking N. — oo first and then 2 — oco. In
this limit, the last term is always much smaller than the other terms. While the
expression (6.34) is only valid as written for ' = 4 SYM theory, if the leading
finite-A correction proportional to 1/1%/? and the finite-N. correction proportional
to AY/2/N2 are re-expressed instead in terms of the parameters R and Is in the
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gravity theory, in this form the expression would then apply to a larger class of the-
ories (those dual to compactifications of type 11B supergravity on various different
five-dimensional manifolds) [216]. It is also important to stress that the correction
proportional to 21/2/N2 is not the full correction of order 1/NZ [640]. The prefac-
tor in front of the order 1/N? correction can be expanded in powers of A, and the
A2 /N2 term in (6.34) is the leading term in this expansion. The higher order terms
have not yet been computed. It is interesting to notice that, according to Eq. (6.34)
with N¢ set to 3, /s increases to ~ 2/(4m) once A decreases to A ~ 7, mean-
ing asym ~ 0.2. This is the same range of couplings at which the finite coupling
corrections (6.10) to thermodynamic quantities become significant. These results
together suggest that strongly coupled theories with gravity duals may yield insight
into the quark-gluon plasma in QCD even down to apparently rather small values
of as, at which A is still large.

To put the result (6.33) into further context, we can compare this strong coupling
result to results for the same ratio n/s at weak coupling in both A/ = 4 SYM
theory and QCD. These have been computed at next to leading log accuracy, and
take the form

MINgsA— 00 _ A

SNerkooo A2 log (B/ﬁ) ,

with A = 6.174 and B = 2.36 in N' = 4 SYM theory and A = 34.8 (46.1)
and B = 4.67 (4.17) in QCD with Ny = 0 (N = 3) [78, 474], where we have
defined A = g?N. in QCD as in A/ = 4 SYM theory. Quite unlike the strong
coupling result (6.33), these weak coupling results show a strong dependence on
A, and in fact diverge in the weak coupling limit. The divergence reflects the fact
that a weakly coupled gauge theory plasma is a gas of quasiparticles, with strong
dissipative effects. In a gas, /s is proportional to the ratio of the mean free path
of the quasiparticles to their average separation. A large mean free path, and hence
a large n/s, mean that momentum can easily be transported over distances that
are long compared to the average spacing between particles. In the A — 0 limit
the mean free path diverges. The strong 1/A? dependence of 5/s can be traced
to the fact that the two-particle scattering cross-section is proportional to g*. It is
natural to guess that the A-dependence of /s in N’ = 4 SYM theory is monotonic,
increasing from 1/(47) as in (6.34) as A decreases from oo and then continuing to
increase until it diverges according to (6.35) as . — 0. The weak coupling result
(6.35) also illustrates a further important point: n/s is not universal for weakly
coupled gauge theory plasmas. The coefficients A and B can vary significantly
from one theory to another, depending on their particle content. It is only in the
strong coupling limit that universality emerges, with all large-N. theories with a
gravity dual having plasmas with n/s = 1/(4x). And, we shall see in Section 6.3
that a strongly coupled gauge theory plasma does not have quasiparticles, which

(6.35)
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makes it less surprising that »/s at strong coupling is independent of the particle
content of the theory at weak coupling.

One lesson from the calculations of n/s is that this quantity changes signifi-
cantly with the coupling constant, going from infinite at zero coupling to 1/(4x) at
strong coupling, at least for large- N, theories with gravity duals. This is in marked
contrast to the behavior of the thermodynamic quantities described in Section 6.1,
which change only by 25% over the same large range of couplings. Thermody-
namic observables are insensitive to the coupling, whereas /s is a much better
indicator of the strength of the coupling because it is a measure of whether the
plasma is liquid-like or gaseous.

These observations prompt us to revisit the phenomenological extraction of the
shear viscosity of quark—gluon plasma in QCD from measurements of azimuthally
anisotropic flow in heavy ion collisions, described in Section 2.2. As we saw, the
comparison between data and calculations done using relativistic viscous hydrody-
namic yields the current estimate that n /s seems to lie within the range (1—2) /(4r)
in QCD, in the same ballpark as the strong coupling result (6.33) And, as we
reviewed in Section 3.2, current lattice calculations of n/sin Ny = 0 QCD come
with caveats but also indicate a value that is in the ballpark of 1/(4x), likely some-
what above it. Given the sensitivity of »/s to the coupling, these comparisons con-
stitute one of the main lines of evidence that, in the temperature regime accessible
at RHIC and at the LHC, the quark—gluon plasma is a strongly coupled fluid. If we
were to attempt to extrapolate the weak coupling result (6.35) for /s in QCD with
N = 3 to the values of n/s favored by experiment, we would need » ~ (14 —24),
well beyond the regime of applicability of perturbation theory. (To make this esti-
mate we had to set the log in (6.35) to 1 to avoid negative numbers, which reflects
the fact that the perturbative result is being applied outside its regime of validity.)

A central lesson from the strong coupling calculation of n/s via gauge/string
duality, arguably even more significant than the qualitative agreement between the
result (6.33) and current extractions of n/s from heavy ion collision data, is simply
the fact that values of n/s « 1 are possible in non-Abelian gauge theories, and
in particular in non-Abelian gauge theories whose thermodynamic observables are
not far from weak coupling expectations. These calculations, done via gauge/string
duality, provided theoretical support for considering a range of small values of /s
that had not been regarded as justified previously, and inferences drawn from RHIC
data have now pushed /s into this regime. The computation of the shear viscos-
ity that we have just described is one of the most influential results supporting
the notion that the application of gauge/string duality can yield insights into the
phenomenology of hot QCD matter.

It has also been conjectured [552] that the value of n/s in Eg. (6.33) is, in
fact, a lower bound for all systems in nature. This conjecture is supported by
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the finite-coupling corrections shown in Eq. (6.34). And, all substances known
in the laboratory satisfy the bound. Among conventional liquids, the lowest n/s
is achieved by liquid helium, but it is about an order of magnitude above 1/(47x);
water — after which hydrodynamics is named — has an n/s that is larger still, by
about another order of magnitude. The best liquids known in the laboratory are
the quark—gluon plasma produced in heavy ion collisions and an ultracold gas of
fermionic atoms at the unitary point, at which the s-wave atom-atom scattering
length has been dialed to infinity [730], both of which have /s in the ballpark of
1/(4r) but, according to current estimates, somewhat larger.

However, in recent years the conjecture that (6.33) is a lower bound on /s has
been questioned and counter-examples have been found among theories with grav-
ity duals. As emphasized in Chapter 5, Einstein gravity in the dual gravitational
description corresponds to the large-A and large-N; limit of the boundary gauge
theory. When higher order corrections to Einstein gravity are included, which cor-
respond to 1/+/2 or 1/N¢ corrections in the boundary gauge theory, Eq. (6.33) will
no longer be universal. In particular, as pointed out in Refs. [197, 523] and general-
ized in Refs. [203, 204, 229, 373, 662, 737, 49, 205, 234], generic higher derivative
corrections to Einstein gravity can violate the proposed bound. Eq. (6.30) indicates
that n/s is smaller than Eq. (6.33) if the “effective” gravitational coupling for the
h}, polarization at the horizon is stronger than the universal value (6.32) for Ein-
stein gravity. Gauss—Bonnet gravity as discussed in Refs. [197, 196] is an example
in which this occurs. There, the effective action for hy has the form of Eq. (6.29)
with the effective coupling Q(r) at the horizon satisfying [197]

1 (1—4ic)

= , 6.36
Q(ro) 167 Gn (6.36)
leading to
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where Agg is the coupling for the Gauss—Bonnet higher derivative term. Thus, for
Ace > 0 the graviton in this theory is more strongly coupled than that of Ein-
stein gravity and the value of n/s is smaller than 1/4x. In Ref. [523], an explicit
gauge theory has been proposed whose gravity dual corresponds to Agg > 0. (See
Refs. [640, 217, 639, 741] for generalizations.) It is interesting to note that in all
these examples the bound-violating gauge theory includes degrees of freedom in
the fundamental representation. Indeed, in all the theories that these authors have
investigated that contain fundamental matter, the presence of fundamental matter
pushes n/s toward values below 1/(4x).

Despite not being a lower bound, the smallness of n/s in Eq. (6.33), the qualita-
tive agreement between Eq. (6.33) and values obtained from heavy ion collisions,
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and the universality of the result (6.33) which applies to any gauge theory with
a gravity dual in the large-N. and strong coupling limits, are responsible for the
great impact that this calculation done via gauge/string duality has had on our
understanding of the properties of deconfined QCD matter.

As we have mentioned in Section 2.2, the determination of n/s in hot QCD
matter by comparing data on azimuthally asymmetric heavy ion collisions and
hydrodynamic calculations is rapidly improving, as theorists begin to use very new
data on the damping of higher-order-than-two harmonics of the azimuthal asym-
metry sourced by fluctuations. Looking ahead a few years, we anticipate that /s
will be sufficiently well understood that effort will then be spent on tightening
constraints on its temperature dependence and on the values of other transport coef-
ficients. Although it remains to be demonstrated, it is certainly possible that in a
few years string theorists could be debating what the then well-determined value of
n/s for the quark—gluon plasma of QCD is telling us about quantum gravity (finite
1/N2) and stringy (finite coupling) corrections in the as yet unknown dual descrip-
tion of QCD itself. Although current analyses of heavy ion collision data do not
support this speculation, we can also muse about what would happen if /s were
to turn out to be lower than 1/(4x) in QCD. We would be asking what features of
the gravitational physics dual to QCD, and indeed in QCD itself, yield this result.
We can speculate that, if this were to happen, the culprit on the QCD side could be
N /N, given the presence of fundamental matter in the presently known examples
where /s < 1/(4m) and given that N = N in the strongly coupled plasma of
QCD. It is worth noting, though, that in the models of Ref. [607] n/s is unaffected
by the presence of fundamental matter at order A N¢ /N, which is the leading order
at which such effects might have arisen. The reduction in /s that we described
in (6.37), due to Gauss—Bonnet higher derivative terms in the dual gravitational
theory and apparently related to the presence of fundamental matter in the gauge
theory, comes in only at order N¢ /N, with no enhancement by A. It is difficult
at present to do more than speculate, but perhaps in the strongly coupled plasma
of theories that, like QCD, have N ~ N any reduction in /s attributable to the
fundamental matter may turn out not to be large in magnitude. This story remains
to be written, but it seems likely that as the phenomenological determination of
n/s tightens in future, the gauge/string duality will turn data on the gauge side into
insight on the string side, working in the opposite direction to that which motivates
much of our book today.

6.2.3 Bulk viscosity

As we have discussed in Section 2.2, while the bulk viscosity ¢ is very small in
the QCD plasma at temperatures larger than 1.5-2 T, with ¢ /s much smaller than
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1/47, ¢ /s rises in the vicinity of T, a feature which can be important for heavy
ion collisions. Since the plasma of a conformal theory has zero bulk viscosity,
N = 4 SYM theory is not a useful example to study the bulk viscosity of a
strongly coupled plasma. However, the bulk viscosity has been calculated both
in more sophisticated examples of the gauge/string duality in which the gauge
theory is not conformal [134, 207, 209, 600, 213], as well as in AdS/QCD mod-
els that incorporate an increase in the bulk viscosity near a deconfinement phase
transition [409, 404, 417].

We will only briefly review what is possibly the simplest among the first type of
examples, the so-called D p-brane theory. This is a (p + 1)-dimensional cousin of
N = 4 SYM, namely a (p + 1)-dimensional SYM theory (with 16 supercharges)
living at the boundary of the geometry describing a large number of non-extremal
black D p-branes [487] with p # 3. The case p = 3 is N' = 4 SYM, while the
cases p = 2 and p = 4 correspond to nonconformal theories in (2 + 1)- and
(4 + 1)-dimensions. We emphasize that we choose this example for its simplicity
rather than because it is directly relevant for phenomenology.

The metric sourced by a stack of black D p-branes can be written as

doi )5 [ . 2 \2dZ
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is the Yang-Mills coupling constant, which is dimensionful if p # 3. For p = 2
and p = 4 there is also a non-trivial profile for the dilaton field but we shall not
give its explicit form here. The metric above is dual to (p + 1)-dimensional SYM
theory at finite temperature.

The bulk viscosity can be computed from the dual gravitational theory via the
Kubo formula (A.10). However this computation is more complicated in the bulk
channel than in the shear channel and we will not reproduce it here. An alternative
and simpler way to compute the bulk viscosity is based on the fact that, in the
hydrodynamic limit, the sound mode has the following dispersion relation:

i p—1 ¢\,
1. 41
® =G — — p( 5 n+2>q , (6.41)
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with ¢ the speed of sound. Thus, ¢ contributes to the damping of sound. In the
field theory, the dispersion relation for the sound mode can be found by exam-
ining the poles of the retarded Green’s function for the stress tensor in the sound
channel. As discussed in Section 5.3.1, on the gravity side these poles correspond to
normalizable solutions to the equations of motion for metric perturbations, which
we will describe more explicitly in Section 6.4. The explicit computation of these
normalizable modes for the metric (6.38) performed in Ref. [600] showed that the
sound mode has the dispersion relation

5-p . 2 ¢
_ 29 42
=o' 9T p2aT T (642)

from which one finds that (after using /s = 1/(4x))

_[5-p ¢ 3B-p?
“=\Vo-p s Zpe-_p) (6.43)

The above expressions imply an interesting relation [209]
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where we have used the fact that the speed of sound for a CFT in (p+1)-dimension
Is Cs,cer = 1/./P. This result might not seem surprising since the bulk viscosity of
atheory which is close to being conformal can be expanded in powers of ¢2 o —cZ,
which is a measure of deviation from conformality. The non-trivial result is that
even though the D p-brane gauge theories are not close to being conformal, their
bulk viscosities are nevertheless linear in cZ .; — cZ. While this is an interesting
observation, it is not clear to what extent it is particular to the D p-brane gauge
theories or whether it is more generic.

6.2.4 Relaxation times and other second order transport coefficients

As we have described in Section 2.2.3, transport coefficients correspond to the
leading order gradient expansion of an interacting theory which corrects the ideal
hydrodynamic description. A priori, there is no reason to stop the extraction of
these coefficients at first order, and higher order ones can be (and have been) com-
puted using gauge/string duality. Of particular importance is the determination of
the five second order coefficients, ., «, A1, A2, A3 defined in Eq. (2.24). Unlike
for the first order coefficients, the gravitational computation of these second order
coefficients is quite technical and we shall not review it here. We shall only describe
the main points and refer the reader to Refs. [107, 155] for details.

The strategy for determining these coefficients is complicated by the fact that
the three coefficients A; involve only nonlinear combinations of the hydrodynamic
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fields. Thus, even though formulae can be derived for the linear coefficients ¢,
and « [107, 627], the nonlinear coefficients cannot be determined from two-point
correlators, since these coefficients are invisible in the linear perturbation analysis
of the background. Their determination thus demands the small gradient analysis
of nonlinear solutions to the Einstein equations® as performed in Ref. [155] (see
also Ref. [107]) which yields

A (6.45)

These results are valid in the large-N. and strong coupling limit. Finite coupling
corrections to some of these coefficients can be found in Ref. [214]. Addition-
ally, the first and second order coefficients have been studied in a large class of
nonconformal theories with or without flavor in Refs. [162, 160].

To put these results in perspective we will compare them to those extracted in
the weakly coupled limit of QCD (A <« 1) [812]. We shall not comment on the
values of all the coefficients, since, as discussed in Section 2.2.3, the only one with
any impact on current phenomenological applications to heavy ion collisions is the
shear relaxation time 7. In the weak coupling limit,

. 5.9
limz, ~ 221 (6.46)

where the result is expressed in such a way as to show that z, and » have the same
leading order dependence on the coupling A (up to logarithmic corrections). For
comparison, the strong coupling result from (6.45) may be written as

. 7.2
limt, = ——, 6.47
A>1 b T s ( )
which is remarkably close to (6.46). But, of course, the value of n/s is vastly dif-
ferent in the weak and strong coupling limits. On general grounds, one may expect
that relaxation and equilibration processes are more efficient in the strong coupling
limit, since they rely on the interactions between different modes in the medium.
This general expectation is satisfied for the shear relaxation time of the ' = 4
SYM plasma, with z,, diverging at weak coupling and taking on the small value

. 0.208
lim 7, >~ < (6.48)
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in the strong coupling limit. For the temperatures T > 200 MeV, which are rele-
vant for the quark—gluon plasma produced in heavy ion collisions, this relaxation
3 Kubo-like formulas involving three-point correlators (as opposed to two) can also be used to determine the

coefficients A; [627]. At the time of writing, this approach had not been explored within the gauge/gravity
context.
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time is of the order of 0.2 fm/c or smaller, which is much smaller than perturba-
tive expectations. We have recalled already at other places in this book that caveats
enter if one seeks quantitative guidance for heavy ion phenomenology on the basis
of calculations made for A/ = 4 SYM plasma. However, the qualitative (and even
semi-quantitative) impact of the result (6.48) on heavy ion phenomenology should
not be underestimated: the computation of z, demonstrated for the first time that
at least some excitations in a strongly coupled non-Abelian plasma dissipate on
timescales that are much shorter than 1/ T, i.e. on time scales much shorter than
1 fm/c. Such small relaxation time scales did not have any theoretical underpinning
before, and they are clearly relevant for phenomenological studies based on vis-
cous fluid dynamic simulations. As we discussed in Section 2.2, the success of the
comparison of such simulations to heavy ion collision data implies that a hydrody-
namic description of the matter produced in these collisions is valid only ~ 1 fm/c
after the collision. Although this equilibration time is related to out-of-equilibrium
dynamics, whereas 7, is related to near-equilibrium dynamics (only to second
order), the smallness of t,, makes the rapid equilibration time seem less surprising.
We shall return to this subject in Chapter 7, where we shall describe insights com-
ing from holographic analyses of far-from-equilibrium dynamics that corroborate
the conclusions that we have drawn here. As in the case of /s, the gauge/gravity
calculation of ¢, has made it legitimate to consider values of an important param-
eter that had not been considered before by showing that this regime arises in the
strongly coupled plasma of a quantum field theory that happens to be accessible to
reliable calculation because it possesses a gravity dual.

Let us conclude this section by mentioning that the second order transport
coefficients are known for the same nonconformal gauge theories whose bulk
viscosity we discussed in Section 6.2.3. Since conformal symmetry is broken in
these models, there are a total of 15 first and second order transport coefficients,
nine more than in the conformal case (including both shear and bulk viscosities
in the counting) [715]. In addition, the velocity of sound cs is a further indepen-
dent parameter that characterizes the zeroth order hydrodynamics of nonconformal
plasmas, whose equations of state are not given simply by P = ¢/3. As for the case
of the bulk viscosity, the variable (3 — c2) can be used to parametrize deviations
from conformality, and all transport coefficients can indeed be written explicitly as
functions of (3 — c2) [511].

6.2.5 Transport coefficientsin charged plasmas, including those with
guantum anomalies

So far, in the discussion of this section we have focused on the transport properties
of non-Abelian plasmas with no conserved charges. Further transport coefficients
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become relevant if we wish to characterize the viscous hydrodynamics of charged
plasmas. For example, one of the new coefficients that arises at first order in a
derivative expansion is the (electric) conductivity. It characterizes how much of
a conserved charge is transported in the presence of gradients in some chemical
potential® or, if the conserved charge is associated with a gauged U (1) symmetry,
in response to external electric fields. Also, since the rest frames that are locally
comoving with the charge density and the energy density can differ, the description
of transport in charged plasmas requires the introduction of the heat conductivity®
which characterizes the transport of energy density in response to a temperature
gradient relative to the frame that is locally comoving with the charge density.
There are also thermoelectric coefficients that describe the transport of charge den-
sity in the presence of a temperature gradient or the transport of energy density in
the presence of an electric field or a gradient in some chemical potential.

The only one of these transport coefficients that has received some attention in
the context of understanding the properties of quark—gluon plasma is the electric
conductivity o, which can in principle be determined from lattice calculations,
albeit calculations that face all the difficulties that, as we have seen in Section 3.2,
are associated with constraining Minkowski space spectral functions and transport
coefficients from Euclidean calculations. Current lattice calculations indicate that
the electric conductivity of quark—gluon plasma in the quenched limit in which the
N¢ = 3 quarks are arbitrarily heavy lies in the range [323]

QGP, quenched

E < Oelectric < E (6 49)

9~ 22T ~3
at T ~ 1.45T., where € = 47 /137 is the square of the electromagnetic coupling
constant and where the sum of the squares of the electric charges of the quarks
is given by 2&?N. = 2€%. The calculation in Ref. [323] was done only at one
temperature but more recent calculations at one other temperature [324] support
the expectation that o is proportional to T. And, the first attempt to determine o for
a quark—gluon plasma containing light quarks (i.e. without making the quenched
approximation) yields an estimate that falls within the range (6.49) [191, 192].

The authors of Ref. [239] have shown how to obtain an analog of the electric

conductivity for the strongly coupled plasma of N' = 4 SYM theory by gauging
a U (1) subgroup of the (otherwise global) SU (4) R-symmetry of the theory. In
4 A chemical potential is an intensive thermodynamic variable which, like pressure or temperature or energy
density, varies as a function of space and time in a hydrodynamic fluid. Gradients in a chemical potential drive
flows of the corresponding conserved particle number. The chemical potential or the temperature at any point
in a moving fluid is the same as the chemical potential or the temperature of an external bath in equilibrium
with a static homogeneous fluid with the same values of all intensive thermodynamic variables.
The presence of a charge density is a necessary condition for the introduction of a heat conductivity only in

homogeneous and isotropic fluids. In more complicated situations, heat transport may occur in a fluid in the
absence of any charge density. We will not discuss such cases in this book.
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particular, they have chosen a U (1) subgroup such that the sum of the squares of
the charges is 2¢? in A/ = 4 SYM theory with N. = 3, as in QCD with N, =
N¢ = 3. (It is worth noting, though, that in QCD the electric charge is carried
entirely by fields that are in the fundamental representation of the gauge group
while in A/ = 4 SYM the R-charge is carried entirely by fields that are in the
adjoint representation of the gauge group.) With an analog of electromagnetism
defined, the computation of the conductivity o then proceeds along the lines of
the holographic calculations of other transport coefficients that we have described
in Section 6.2.1 since o is obtained from the zero-frequency limit of the current—
current correlator at vanishing three-momentum. The authors of Ref. [239] obtain

=4 STM _ N2
22T 327’

which for N. = 3 lies just below the range (6.49). We also note that the authors
of Ref. [604] have shown how to gauge a U (1) symmetry whose charge is carried
only by fundamental degrees of freedom in a model in which N; <« N flavors of
fundamental matter, with the sum of the squares of their charges given by €N+ N,
have been added to the A/ = 4 SYM plasma. They have calculated the conductivity
in this case, finding

(6.50)
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which again lies just below the range (6.49). We shall return to this model at some
length in Chapter 9. Although it is not clear how best to make the comparison
between these theories and QCD, perhaps these results indicate that the quark-
gluon plasma of QCD is not quite as strongly coupled as the ' = 4 SYM plasma
in the infinite coupling limit.

The transport coefficients involving a temperature gradient or an energy current
or both have received less attention in the QCD context but, motivated by consid-
erations from condensed matter physics, they have been calculated holographically
in Ref. [427].

For the rest of this section we shall focus on a particularly interesting class
of charged plasmas, namely those with quantum anomalies. Such systems have
been studied using the techniques of gauge/gravity duality [341, 117, 750], and
these calculations illustrate how the first order dissipative hydrodynamics of non-
Abelian plasmas in theories with anomalies features novel transport coefficients
that are not present in traditional textbook presentations of hydrodynamics like
that of Ref. [567]. We hasten to remark that the special role of quantum anomalies
in hydrodynamics was observed already in Refs. [791], and related phenomena
involving parity violating currents in the presence of rotation or in a magnetic
field, which we will refer to below as the chiral vortical and magnetic effects, were
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discovered even earlier in the pioneering work of Refs. [787, 789, 788]. How-
ever, the recent rediscovery of how anomalies influence hydrodynamic flows using
the techniques of gauge/gravity duality has led to a deeper and more systematic
understanding of how quantum anomalies can have macroscopic consequences
at length scales much larger than any mean free path or any other microscopic
length scale. In this sense, what we discuss in the following is another case
where gauge/gravity duality has contributed important qualitative insights into the
behavior of non-Abelian plasmas.

To be specific, consider a system with one global U (1) symmetry which is
anomalous. As discussed in Section 5.1.4, the boundary U (1) symmetry is mapped
to a U (1) gauge symmetry in the bulk with the boundary U (1) current J* mapped
to a bulk gauge field Ay. That the boundary U (1) symmetry is anomalous is
reflected on the gravity side through the presence of a Chern-Simons term, the
coefficient of which determines the anomaly coefficient. In Chapter 7, we shall
explain in detail how the hydrodynamics of a neutral fluid can be derived in a
derivative expansion of Einstein’s equations for AdSs. The techniques described
there can be generalized to a charged fluid with a quantum anomaly by finding
long wavelength solutions to an Einstein-Maxwell-Chern-Simons theory in AdSs.
In contrast with the derivative expansion of the equations of motion discussed in
Section 7.2.1, such a calculation incorporates variations in space and time of not
only T (x*) and u*(x") but also of the chemical potential p(x*) corresponding
to the anomalous global charge. One finds that up to first order in the deriva-
tive expansion, the anomalous charge current j# = (J*) can be written in the
form [341, 117, 750]

" = pu* — o TAMS, ($) +Eot, (6.52)

where p is the charge density and o is the charge conductivity that appears at first
order in a derivative expansion. The last term implies a contribution to the current
that is directed parallel to, and is induced by, the vorticity w* = %e““/’uvakup.
This is called the chiral vortical effect. For non-anomalous currents, such a term
is forbidden by the second law of thermodynamics, and that is the reason why it
does not appear in traditional textbooks on hydrodynamics [750]. However, such
currents can in fact arise in rotating systems [787, 789, 788, 791, 792]. It should
therefore not have been a surprise when such a term was found in the hydrodynam-
ics of the charged fluid described above [341, 117] and, as argued most generally
in the analysis of these calculations in Ref. [750], such a term must be present if the
current in question corresponds to an anomalous global symmetry. More precisely,
if the anomaly of J# is given by

1
NI —gce“”” FuvFap . (6.53)
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with F the field strength of an external gauge field coupled to the current J* itself,
then the new transport coefficient & entering (6.52) is completely determined by
the anomaly coefficient C and is given in the simplest case by [750]

B 2 2 1%
s_c(u 38+P)' (6.54)

We note that, in addition to the contribution written here, if the U (1) current
features a mixed gravitational anomaly, i.e. if there is an additional term on the
right-hand side of (6.53) proportional to e**** RS .0 ngp with R the Riemann
tensor, then & includes a term proportional to T2 that is present even when
w = 0, as seen in quantum field theoretical derivations of the chiral vortical
effect [791, 569, 568, 381, 570, 497] as well as in derivations of the effect from
kinetic transport theory [366].

The specific instance of a charged non-Abelian plasma that we have discussed
above provides a good illustration of the generic relation between a quantum
anomaly and the vorticity-induced contribution to the corresponding current that
it induces, namely the chiral vortical effect. Further qualitatively new and interest-
ing effects are seen if one considers such charged plasmas embedded in an external
field coupling to the current. In classical textbook presentations of hydrodynamics,
the current (6.52) will acquire in an external electromagnetic field a term propor-
tional to the electric field strength E# = F*'u,. The proportionality constant in
front of E,, is not an independent transport coefficient; it is the same charge con-
ductivity o that determines the magnitude of the electric current that flows in the
presence of gradients in the chemical potential. In addition, in the presence of quan-
tum anomalies there is also a contribution to the current (6.52) that is proportional
to the magnetic field strength B* = 1e/**fu, F,; denoted by &g B with
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meaning that &g is again proportional to the strength C of the quantum anomaly.
This means that a quantum anomaly can induce an electric current in the direction
of an applied external magnetic field. This is called the chiral magnetic effect.

In order to apply these ideas to the QCD plasma they must be generalized
because in these applications the electric and magnetic field strengths of interest
are those of ordinary electromagnetism, whose gauge field couples to the non-
anomalous vector (i.e. electric) current JV#, not to the anomalous axial current
JA* In Ref. [750], the analysis is generalized even further to a theory in which
there are arbitrarily many U (1) currents, some or all of which are anomalous, with
the anomaly equation (6.53) replaced by
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1
3, = —gcabcemp Fo RS (6.56)
where the different currents are enumerated by a, b and ¢ and where C2¢ is sym-
metric under permutations of its indices. In this context, the chiral vortical effect
for each of the currents is controlled by a coefficient £2 given by a generalization
of (6.54):
2 MbMCMd
a _ Cabc b, c_ = aCbcd— ) 6.57
£ W =3P o (6.57)
And, in the presence of a magnetic field for the bth U (1) the current J&* for the
ath U (1) receives a contribution ggbBb‘* with
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which is the generalization of (6.55). If we now specialize to the case that is
relevant for QCD, we have two U (1) currents, JV* and J**, the only nonzero
anomaly coefficients are CAVY and permutations, with CAVY = N, €?/(27?), and
CAA = CAVV /3 (see, e.g., [488, 684]), and the only magnetic field strength of
interest to us is BV, In QCD, therefore, the chiral vortical effect coefficients are
A3CAVVMAMVMV + CAAAMAMAHA

e+ P

2
SA CAVVMVMV CAAAMAMA _ §’0
(6.59)
and

gpv 3CAVVMAMVMV 4 CAAAMAMAMA

3 e+ P

Note that (6.59) reduces to (6.54) if ©¥ = 0, as it should. The chiral magnetic
effect coefficients are

£V = 2CAVV VA

(6.60)

A,V
AV _ AWV v pACAVVZ_:LP (6.61)
and
AV
I\B/V — CAVV A _ IOVCAVV/:fP (6.62)

in QCD. Because the derivation of the chiral vortical effect does not require a gauge
field coupled to JV*#, in (6.59) and (6.60) the vector current can be taken to be either
the baryon number current or the electric current, meaning that 1.V could be either
wug or the chemical potential for electric charge, which is to say the electrostatic
potential. In (6.61) and (6.62), wv is the electrostatic potential.

We note that both the chiral vortical and the chiral magnetic effects are of poten-
tial phenomenological interest. For example, the first term on the right-hand side of
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(6.59) tells us that in a rotating lump of cold dense quark matter in which ug > 0,
as may be found within the core of a neutron star, an axial current will develop
along the rotation axis, meaning that quarks with opposite chirality will move in
opposite directions, parallel and antiparallel to the rotation vector. In this way, an
anomalous current in the direction of the rotation vector will be induced. Similarly,
in a region of quark—gluon plasma in which there is an external magnetic field,
for example sourced by the positively charged spectators in a heavy ion collision
with nonzero impact parameter, the first terms on the right-hand sides of (6.61) and
(6.62) both have striking implications. From (6.62) we see that in a region of the
plasma that is in a magnetic field and in which the density of axial charge happens
to be nonzero there will be a tendency toward developing an electric current parallel
(or antiparallel, depending on the sign of the axial charge density) to the magnetic
field, with positively charged and negatively charged particles moving in opposite
directions, parallel and antiparallel to the magnetic field [527, 526, 528, 365, 467].
And, from (6.61) we see that in a region of the plasma that is in a magnetic field and
in which the density of electric charge happens to be nonzero there will be a ten-
dency toward developing an axial current parallel (or antiparallel) to the magnetic
field, with quarks with opposite chirality moving in opposite directions, parallel
and antiparallel to the magnetic field [222, 220]. The observable consequences of
these anomalous transport phenomena are currently under active investigation and,
although various authors have employed gauge/string duality in their investigations
of the chiral magnetic effect, because the phenomenological side of the story is still
being written we will not present it in this book.

In summary, this discussion of charged non-Abelian plasmas with anomalous
currents illustrates that beyond the by now rather complete understanding of the
effects and importance of shear viscosity in non-Abelian plasmas, there are a
significant number of phenomenologically relevant transport properties to which
studies based on gauge/gravity duality are likely to contribute further in the coming
years.

6.3 Quasiparticles and spectral functions

In Sections 6.1 and 6.2 we have illustrated the power of gauge/string duality by
performing, in a remarkably simple way, computations that via standard field the-
oretical methods either take teraflop-years of computer time or are not accessible.
However, to someone familiar with gauge theory calculations in other contexts it
may seem that the surprising simplicity of the calculations we have done comes
with a price. Because we do the calculations in the dual gravitational descrip-
tion of the theory, the reliable results that we obtain are not accompanied by the
kinds of intuition about what is happening in the gauge theory that we would
get automatically from a field theory calculation done with Feynman diagrams or
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could get with effort from one done on the lattice. The gravitational calculation
yields answers, and new kinds of intuition, but since by using it we are aban-
doning the description of the plasma in terms of quark and gluon quasiparticles
interacting with each other, we are losing our prior sense of how the dynamics
of the gauge theory works. There are two salient responses to this reaction. First,
any description based upon Feynman diagrams and interacting quarks and gluons
was inherently weakly coupled, meaning that once we discover that the quark—
gluon plasma produced in heavy ion collisions is a strongly coupled liquid we must
abandon our prior intuition. In this sense, the price referred to above is one that we
must pay whether or not we explore calculations done via the dual gravitational
description. Second, as we have already begun to see and as we will see again and
again throughout the remainder of this book, the new intuition that comes from the
gravitational calculations, intuition based upon strings and horizons and metric per-
turbations and such, is extraordinarily powerful as a source of insights into strongly
coupled, liquid, plasma. A reasonable skeptic, however, may still ask whether the
liquid that we are describing via the new gravitational language could in fact also
be described on the gauge theory side in familiar terms. In other words, is the
dynamics within a strongly coupled plasma different in a qualitative way from that
in a weakly coupled plasma, or does it merely differ quantitatively? We have given
up the description in terms of quasiparticles, but maybe the familiar quasiparticles
or some new kind of quasiparticles are in fact nevertheless present and, without our
knowing it, are what the gravitational dual is describing. We rule out this possibil-
ity in this section, illustrating that a strongly coupled non-Abelian gauge theory
plasma really is qualitatively different from a weakly coupled one: while in per-
turbation theory the degrees of freedom of the plasma are long-lived quasiparticle
excitations which carry momentum, color and flavor, there are no quasiparticles in
the strongly coupled plasma. The pictures that frame how we think about a weakly
coupled plasma are simply invalid for the strongly coupled case.

Determining whether a theory possesses quasiparticles with a given set of quan-
tum numbers is a conceptually well defined task: it suffices to analyze the spectral
function of operators with that set of quantum numbers and look for narrow peaks
in momentum space. In weakly coupled Yang-Mills theories, the quasiparticles
(gluons and quarks in QCD) are colored and are identified by studying operators
that are not gauge invariant. Within perturbation theory, it can be shown that the
poles of these correlators, which determine the physical properties of the quasi-
particles, are gauge invariant [186]. However, nonperturbative gauge-invariant
operators corresponding to these excitations are not known, which complicates
the search for these quasiparticles at strong coupling. Note, however, that even if
such operators were known, demonstrating the absence of quasiparticles with the
same guantum numbers as in the perturbative limit does not guarantee the absence
of quasiparticles, since at strong coupling the system could reorganize itself into
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quasiparticles with different quantum numbers. Thus, proving the absence of quasi-
particles along these lines would require exploring all possible spectral functions in
the theory. Fortunately, there is an indirect method which can answer the question
of whether any quasiparticles that carry some conserved “charge” (including
momentum) exist, although this method cannot determine the quantum numbers
of the long-lived excitations if any are found to exist. The method involves the
analysis of the small frequency structure of the spectral functions of those con-
served currents of the theory which do not describe a propagating hydrodynamic
mode like sound. As we will see, the presence of quasiparticles leads to a narrow
structure (the transport peak) in these spectral functions [10, 777]. In what follows
we will use this method to demonstrate that the strongly coupled N = 4 SYM
plasma does not possess any colored quasiparticles that carry momentum. In order
to understand how the method works, we first apply it at weak coupling where there
are quasiparticles to find.

6.3.1 Quasiparticlesin perturbation theory

We start our analysis by using Kinetic theory to predict the general features of
the low frequency structure of correlators of conserved currents in a weakly
coupled plasma. Kinetic theory is governed by the Boltzmann equation, which
describes excitations of a quasiparticle system at scales which are long com-
pared to the inter-particle separation. The applicability of the Kinetic description
demands that there is a separation of scales such that the duration of interac-
tions among particles is short compared to their mean free path (Amf) and that
multiparticle distributions are consequently determined by the single particle dis-
tributions. In Yang-Mills theories at nonzero temperature and weak coupling,
kinetic theory is important since it coincides with the Hard Thermal Loop descrip-
tion [439, 187, 360, 774, 524, 167], which is the effective field theory for physics
at momentum scales of order gT, and the Boltzmann equation can be derived from
first principles [167, 232, 233, 168, 169, 77]. In Yang—Mills theory at weak cou-
pling and nonzero temperature, the necessary separation of scales arises by virtue
of the small coupling constant g, since Amsp, ~ 1/(g*T) and the time scale of
interactions is 1/up ~ 1/(gT), where 1/up is the Debye screening length of the
plasma.® The small value of the coupling constant also leads to the factorization of
higher-point correlation functions.

In the Kkinetic description, the system is characterized by a distribution function

f(x,p), (6.63)

6 Strictly speaking, Amfp ~ 1/(g4T) is the length-scale over which an order 1 change of the momentum-vector
of the quasiparticles occurs. Over the shorter length scale 1/ p, soft exchanges (of order gT; not enough to
change the momenta which are ~ T significantly) occur. These soft exchanges are not relevant for transport.
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which determines the number of particles of momentum p at spacetime position Xx.
Note that this position should be understood as the center of a region in spacetime
with a typical size much larger, at least, than the de Broglie wavelength of the
particles, as demanded by the uncertainty principle. As a consequence, the Fourier
transform of x, which we shall denote by K = (w, q), must be much smaller than
the typical momentum scale of the particles, K <« |p| ~ T. (Here and below,
when we write a criterion like K < |p| we mean that both w and |q| must be
< |p].) Owing to this separation in momentum scales, the x-dependence of the
distribution functions is said to describe the soft modes of the gauge theory while
the momenta p are those of the hard modes. If K is sufficiently small (smaller
than the inverse inter-particle separation ~ T), the mode with four-momentum K
is a collective excitation that involves the motion of many particles, while p is
the momentum of those particles. In this case, the Fourier-transformed distribution
f (K, p) can be interpreted approximately as the number of particles within the
wavelength of the excitation. At the long distances at which the kinetic theory
description is valid, particles are on mass shell, as determined by the position of
the peaks in the correlation functions of the relevant operators (p° = E,), and these
hard modes describe particles that follow classical trajectories, at least between the
microscopic collisions. All the properties of the system can be extracted from the
distribution function. In particular, the stress tensor is given by

d*p pp

f(x,p). (6.64)

Since all quasiparticles carry energy and momentum, we will concentrate only
on the kinetic theory description of stress tensor correlators. Our analysis is anal-
ogous to the one performed for the determination of the Green—Kubo formulae in
Appendix A, and proceeds by studying the response of the system to small metric
fluctuations. The dynamics are, then, governed by the Boltzmann equation which
states the continuity of the distribution function f up to particle collisions [578]:

Ep% f (X, p) = p“oxu f (X, p) + Ep%;—pf(x, p)=C[f], (6.65)
where C [f] is the collision term which encodes the microscopic collisions among
the plasma constituents and vanishes for the equilibrium distribution feq(Ep)
(which does not depend on x and which does not depend on the direction of p).
In writing (6.65), we are assuming that p = E, vy, where v/, is the velocity of the
particle. In curved space, in the absence of external forces, the Boltzmann equation
becomes

PO f (X, p) — T, PP f (X, p) =C[ ], (6.66)
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where F}w are the Christoffel symbols of the background metric. As in Appendix
A, we shall determine the stress tensor correlator by introducing a perturbation in
which the metric deviates from flat space by a small amount, g, = 7, + hy,,
and studying the response of the system. Even though the analysis for a generic
perturbation can be performed, it will suffice for our purposes to restrict ourselves
to fluctuations which in Fourier space have only one non-vanishing component
hyy(K). We choose the directions x and y perpendicular to the wave vector g,
which lies in the z direction. For this metric, the only Christoffel symbols that are
non-vanishing at leading order in hyy are F;y =TIy = Y, = —iwhyy/2 and
Iy, =T =—Tf =iqghyy/2.

We will assume that prior to the perturbation the system is in equilibrium. In
response to the external disturbance the equilibrium distribution changes

f(x,p) = feq(Ep) +8F (X, p). (6.67)

In the limit of a small perturbation, the modified distribution function §f (x, p) is
linear in the perturbation hy,. We will also assume that the theory is rotationally
invariant so that the energy of the particle E is only a function of the modulus of
p? = gij p' p’. As a consequence, the metric perturbation also changes the on-shell
relation, and the equilibrium distribution must also be expanded to first order in the
perturbation, yielding

p*p’
Ep
where fq is the equilibrium distribution in flat space, fj(E) = df (E)/dE, and the
velocity is given by v, = dE,/dp. In the last equality we have again approximated
vp ~ p/Ep.

The solution of the Boltzmann equation requires the computation of the colli-
sion term C. In general this is a very complicated task since it takes into account
the interactions among all the system constituents, which are responsible for
maintaining equilibrium. However, since our only goal is to understand generic
features of the spectral function, it will be sufficient to employ the relaxation time
approximation

f - feq
TR
for the collision term, in which the parameter zr is referred to as the relaxation

time.” Since small perturbations away from equilibrium are driven back to equi-
librium by particle collisions, the relaxation time must be of the order of the mean

C=-E, (6.69)

7 In this approximation, this relaxation time coincides with the shear relaxation time: tg = 7 [106]. However,
since 7 is a property of the theory itself (defined as the appropriate coefficient in the effective field theory, also
known as the hydrodynamic expansion) whereas tR is a parameter specifying a simplified approximation to
the collision kernel, which in general is not of the form Eq. (6.69), we will maintain the notational distinction
between 7, and tR.
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free path Amg (which is long compared to the inter-particle distance). The relax-
ation time approximation is a very significant simplification of the full dynamics,
but it will allow us to illustrate the main points that we wish to make. A com-
plete analysis of the collision term within perturbation theory for the purpose of
extracting the transport coefficients of a weakly coupled plasma can be found in
Refs. [75, 78, 459, 812].

Within the approximation (6.69), upon taking into account that the distribution
function in Eq. (6.66) depends on the energy of the particles only through their
spatial momenta, the solution to the linearized Boltzmann equation is given by

—iwp*pY fy(p) hxy(K)
—io+ivpa+ - Ep

§f(K,p) = (6.70)

Substituting this into Eq. (6.64) we learn that the perturbation of the distribution
function leads to a perturbation of the stress tensor given by

d*p pp x
v _ _ Y, Xy
STHY(K) = 27? E, §T(K,p) = =GR (K)hygy(K), (6.71)
where the retarded correlator is given by
3 XYy f/
GIY(K) = —/ TP oy @ PP ho(D) (6.72)

From the definition (3.13), the spectral function associated with this correlator is

d®p (ppY)? -
27  E2 fo(P) 2, 1°
(2r) b (w —qVp) tz

P YVYK) = —w (6.73)
Obtaining this spectral function was our goal, because as we shall now see it has
qualitative features that indicate the presence (in this weakly coupled plasma) of
quasiparticles.

To clarify the structure of the spectral function (6.73) we begin by describing the
free theory limit, in which tg — oo since the collision term vanishes. In this limit,
the Lorentzian may be replaced by a §-function, yielding
d*p (p*p")?

(2 (w—q-vp) . (6.74)

XYXY(KY = — _—r
P (K) w 27 EZ

The §-function arises because, in this limit, the external perturbation (the gravity
wave) interacts with free particles. The §-function encodes the conservation of the
energy of the free particles in the plasma that absorb the energy and momentum
of the gravity wave. Thus, in the free theory limit, this §-function encodes the
existence of free particles in the plasma. For an isotropic distribution of particles,
such as the thermal distribution, at any q # 0 the integration over angles washes
out the §-function and one is left with some function of w that is characterized by
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the typical momentum scale of the particles (~ T) and that is not of interest to us
here.2 On the other hand, at g = 0 we find that %pxy’xy(a), 0) is proportional to
8 (w). This §-function at @ = 0 in the low momentum spectral function is a direct
consequence of the presence of free particles in the plasma. As we now discuss,
the effect of weak interactions is to dress the particles into quasiparticles and to
broaden the §-function into a narrow, tall, peak at w = 0.

When the interactions do not vanish, we can proceed by relating the relaxation
time to the shear viscosity. To do so, we work in the hydrodynamic limit in which
all momenta must be smaller than any internal scale. This means that we can set g
to zero, but we must keep the relaxation time g finite. The spectral density at zero
momentum is then given by

d*p (p*pY)?

XY XY () 0) = — AL
p " (w, 0) 0 @1y EZ

2

fo(p) = j T (6.75)
TR

Note that the spectral density at zero momentum has a peak at @ = 0, and note in
particular that the width in w of this peak is ~ 1/tg <« T. The spectral density
has vanishing strength for @ > 1/tr. This low frequency structure in the zero-
momentum spectral function is called the “transport peak”. It is clear that in the
TR — oo limit it becomes the §-function that characterizes the spectral density of
the free theory that we described above. Here, in the presence of weak interactions,
this peak at w = 0 is a direct consequence of the presence of momentum-carrying
quasiparticles whose mean free time is ~ tg.

The expression (6.75) is only valid for o <« T where the modes are correctly
described by the Boltzmann equation. For @ > T, since the quasiparticles can
be resolved, the structure of the spectral density is close to that in vacuum. The
separation of scales in the spectral density is directly inherited from the separation
of scales which allows the Boltzmann description. Finally, using the Green—Kubo
formula for the shear viscosity (A.9), we find

dcp (p*pY)?
(2m)3 E%

n=—Tr fo(p) - (6.76)

Thus, since 5 is determined by the collisions among the quasiparticles, we
can understand 1/tr as the width that arises because the quasiparticles do not
have well-defined momenta due to the collisions among them. In particular, in
perturbation theory [75, 78]

8 A distinct peak at in the spectral density at some w # 0 could be observed if the initial distribution were very
anisotropic. This can arise if the theory has a (gauged) conserved charge and if the system is analyzed in the
presence of a constant force that acts on this charge — i.e. an electric field.
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iwlg“lnlwi. (6.77)

TR T g )\mfp
However, independent of the value of the weak coupling or the details of the under-
lying theory, Eq. (6.76) shows that the presence of quasiparticles in the system, as
assumed in Kinetic theory, imposes a strong relation between the shear viscosity of
the plasma and the width of the transport peak. This relation can be further simpli-
fied by assuming that the quasiparticles of the system are massless, which leads to
the conformal equation of state with pressure p = /3. Recalling that for a weakly
coupled plasma in equilibrium [d®p pfo(p) = 673Ts, we see that Eqg. (6.76) can
be recast as

Sn
=73
While this relation is based on an oversimplified relaxation time approach, a more
complete perturbative computation, which takes into account the explicit form of
the interaction kernel as well as the thermal mass corrections to the equilibrium
distributions, leads, at most, to a 20% correction of this result, as we have quoted
in Eq. (6.46) [812].

Let us summarize the main points. The zero-momentum spectral densities of a
plasma with quasiparticles have a completely distinctive structure: there is a sep-
aration of scales between the scale T (the typical momentum of the quasiparticles
in the plasma) and the much lower scale 1/Amg. In particular, there is a narrow
peak in p(w, 0)/w around @ = 0 of width Tgr ~ 1/Ams and height 2n. At larger
frequencies, the strength of the spectral function is very small. At the scale of the
mass of the quasiparticles, the spectral function grows again. For massless particles
or those with mass much smaller than any temperature-related scale, the role of the
mass threshold is played by the thermal mass of the particles, gT, which is much
higher than the scale 1/Amgp ~ g*T associated with the mean free path due to the
weakness of the coupling. Finally, above the scale T the structure of the spectral
function approaches what it would be in vacuum. A sketch of this behavior can be
found in the top panel of Fig. 6.1. These qualitative features are independent of any
details of the theory, and do not even depend on its symmetries. All that matters is
the existence of momentum-carrying quasiparticles. In the presence of quasiparti-
cles, no matter what their quantum numbers are, these qualitative features must be
present in the spectral density.

TR (678)

6.3.2 Absence of quasiparticles at strong coupling

We return now to the strongly coupled NV = 4 SYM plasma, with its dual gravita-
tional description, in order to compare the expectation (6.75) for how the spectral
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Figure 6.1 Top: sketch of the spectral function at zero momentum as a function
of frequency for a weakly coupled plasma, as obtained from kinetic theory. The
narrow structure at small frequency is the transport peak with a width 1/t that
is suppressed by the coupling (1/tr ~ g*T). The thermal mass is mg o gT.
Bottom: spectral function for the shear channel in the strongly coupled plasma
of N' = 4 SYM theory computed via gauge/string duality [777] (solid red) and a
comparison with the vacuum spectral function (dashed black) which it approaches
at high frequencies. The vertical axis of this figure has been scaled by the shear
viscosity n = s/4x of the strongly coupled plasma. Note that the definition of
oYY = —ImGR/m used in Ref. [777] is different from that in Eq. (3.13) by a
factor of /2.

density should look if the plasma contains any momentum-carrying quasiparticles
to an explicit computation of the retarded correlator at strong coupling, of course
done via gauge/string duality. In this section we will benefit from the general
analyses of Sections 6.2.1 and 6.2.2. As in the kinetic theory computation, we
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study the response to a metric fluctuation hyy(w, Q) in the boundary theory, with
the same conventions as before. As in Section 6.2.2, the fluctuation in the boundary
leads to a metric perturbation in the bulk, sgy, of the form

3g(@,d,2) = $(w, q, 2)e” %, (6.79)
The field ¢ is governed by the classical action (6.31) which yields an equation of

motion for ¢ (w, q, 2) that is given by

1+u? ? — q?(1 — u?)
Gp P @.a.uw+ e

¢"(w,q, u) — ¢(w,q,u) =0, (6.80)
where u = 7%, v = w/(2nT) and q = q/(27 T). We may now use the general
program outlined in Section 5.3.3 to determine the retarded correlator. It is given
by Eq. (5.64) which, together with Egs. (6.18) and (6.32), leads to

GYNY _ i 1 /—09"ou¢ (1o, g, u)
u—0 167 Gy $o(10, g, u)

where ¢ (1o, g, u) is the solution to the equation of motion (6.80) with infalling
boundary conditions at the horizon. For arbitrary values of w and g, Eq. (6.80)
must be solved numerically [777, 553]. From the correlator (6.81), the spectral
function is evaluated using the definition (3.13). The result of this computation at
zero spatial momentum g = 0 is shown in the bottom panel of Fig. 6.1, where we
have plotted p /w which should have a peak at w = 0 if there are any quasiparticles
present.

In stark contrast to the Kinetic theory expectation, there is no transport peak in the
spectral function at strong coupling. In fact, the spectral function has no interest-
ing structure at all at small frequencies. The numerical computation whose results
are plotted in the bottom panel of Fig. 6.1 also shows that there is no separation
of scales in the spectral function. In the strong coupling calculation, quite unlike
in perturbation theory, the small and large frequency behaviors join smoothly and
the spectral density is only a function of wv = w/27T. This could perhaps have
been expected in a conformal theory with no small coupling constant, but note
that a free massless theory is conformal and that theory does have a §-function
peak in its spectral function at zero frequency. So, having the explicit computation
that gauge/string duality provides is necessary to give us confidence in the result
that there is no transport peak in the strongly coupled plasma. The absence of the
transport peak shows unambiguously that there are no momentum-carrying quasi-
particles in the strongly coupled plasma. Thus, the physical picture of the system
is completely different from that in perturbation theory.

The considerations we have discussed motivate the expectation that the absence
of quasiparticles is a generic property of strong coupling and is not specific to

, (6.81)
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any particular theory with any particular symmetries or matter content. To do so,
let us recall that in the kinetic theory calculation the separation of scales required
for its consistency are a consequence of the weak coupling; this is so in pertur-
bative QCD or in perturbative N' = 4 or in any weakly coupled plasma. Now,
imagine increasing the coupling. According to kinetic theory, independent of the
symmetries or the matter content of the theory, the width of the transport peak
grows and its height decreases as the coupling increases. This reflects the fact that
as the coupling grows so does the width of the quasiparticles. Extrapolating this
trend to larger and larger couplings leads to the disappearance of the transport peak
which, at a qualitative level, agrees nicely with the strong coupling result for the
N = 4 SYM plasma obtained by explicit computation and shown in the right
panel of Fig. 6.1. As we will argue in the next section, this observation is one of
the most salient motivations for the phenomenological applications of AdS-based
techniques.

6.3.3 Arethere quasiparticlesin the QGP?

As we have argued extensively in Section 2.2, Chapter 3 and Section 6.2, the
quark—gluon plasma of QCD at temperatures a few times its T. is strongly cou-
pled. As a consequence, the quasiparticle picture that has conventionally been used
to think about its dynamics is unlikely to be valid in this regime. Taking advantage
of the general discussion of the previous sections, in this section we will provide
further evidence in support of the absence of quasiparticles excitations in the QCD
plasma.

Our first observation is that the quantitative relation (6.78) imposes, in fact, a
very strong constraint on the minimum value of 5 /s consistent with a quasiparticle
approach. Since the width of the transport peak, 1/, must be small for a con-
sistent quasiparticle description, the relaxation time must be long compared to the
inverse temperature, Ttr > 1, which, together with Eq. (6.78), implies

n 1
> —. 6.82
< >E (6.82)

As we have stressed, this lower bound on n/s arises solely by demanding the
presence of quasiparticles and is independent of the underlying dynamics of the
system. It is instructive to express this bound in units of 1/4s, which shows that
any value of n/s < 2.5/4x is incompatible with a quasiparticle description, which
is consistent with the absence of quasiparticles in strongly coupled N’ = 4 SYM
discussed in the previous section. Furthermore, the phenomenological fits to flow
data described in Section 2.2 favor n/s values which are smaller than the bound
(6.82), indicating that the relevant degrees of freedom of the QCD plasma in this
region of parameter space cannot be described in terms of quasiparticles.
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The argument above is somewhat indirect, since it utilizes the results of a com-
plicated phenomenological analysis and suffers from the systematic uncertainties
in extracting n/s from experimental data. A much cleaner approach is to try to
directly extract the relevant spectral functions of conserved currents from lattice
QCD. This is a very complicated procedure which suffers from the same numer-
ical complications that affect the extraction of n/s from the lattice, which we
briefly reviewed in Section 3.2. These difficulties notwithstanding, the authors of
Ref. [323] have made the attempt to extract the spectral function of the spatial elec-
tromagnetic current—current correlator (J; (x) J; (0)) with J; (x) the electromagnetic
current of the different quark fields, from a lattice QCD calculation performed in
the quenched approximation. This spectral function, which is different from the
spectral functions of stress tensor components we studied in the previous section,
is sensitive to the transport of electric charge in the plasma. For a theory with
charged quasiparticles, similar arguments to those in Section 6.3.1 show that this
spectral function must have a transport peak in the low frequency region, signaling
the presence of charged quasiparticles. On the contrary, a strong coupling compu-
tation of this spectral function [777] leads to a structureless behavior with the same
qualitative features as those shown in the lower panel of Fig. 6.1.

The spectral function that best fits the lattice correlator at a fixed temperature
T = 1.45T, is shown in Fig. 6.2. In contrast to the general expectation of the
quasiparticle picture, no narrow structure was found at small frequencies. This is
a strong indication that at least charge carriers in the plasma do not behave like
well-defined quasiparticles with lifetimes longer than 1/T and that the charged
plasma components must be strongly coupled. While these lattice results clearly
disfavor a quasiparticle description of the QGP, they are also qualitatively different
from the results obtained for the same correlator via gauge/gravity duality calcu-
lations in strongly coupled A/ = 4 SYM, since some wide structure does remains
at low frequency. Whether this structure is a hint of the presence of some broad
excitations in the plasma or whether it is due to the many differences between
QCD and AV = 4 is hard to gauge without further studies. In either case, the failure
of the quasiparticle picture makes it very important to have new techniques at our
disposal that allow us to study strongly coupled plasmas with no quasiparticles,
seeking generic consequences of the absence of quasiparticles for physical observ-
ables. Gauge/gravity duality is an excellent tool for these purposes, as we have
already seen in Sections 6.1 and 6.2 and as we will further see in the remaining
chapters of this book. Indeed, as we use gauge/gravity duality to calculate more,
and more different, physical observables we will discover that the calculations done
in the dual gravitational description begin to yield a new form of physical intuition,
phrased in the dual language rather than in the gauge theory language, in addition
to yielding reliable results.
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Figure 6.2 Spectral function of the electromagnetic current—current correlator in
QCD at T = 1.45T; extracted from the lattice computation in Ref. [323]. The
black band reflects the uncertainty in the spectral function due to the numerical
error of the lattice results within a fixed parametrization of the spectral function.
This spread does not include the effect of different parametrizations, which lead to
further systematic uncertainties (see Ref. [323] for details). The spectral function
for noninteracting quark—gluon plasma is also shown for comparison. This free
gas spectral function is given by the blue curve for « > 0 and also includes a
delta function at w = 0 that is not shown. This §-function reflects the presence of
noninteracting quasiparticles (particles, in fact) in the free gas, as discussed in the
context of the stress—energy correlator after Eq. (6.74).

6.4 Quasinormal modes and plasma relaxation

As we have argued in Section 6.3.2, there are no colored quasiparticles in strongly
coupled N = 4 SYM. These correlators nevertheless possess an interesting
analytic structure. Inspection of Eq. (6.81) reveals that this particular retarded
correlator can have poles whenever the boundary value field ¢g(to, q,u — 0)
vanishes. This observation is not restricted to the particular stress tensor chan-
nel described by Eq. (6.81). It is true for the retarded correlator of any operator
in the gauge theory since, as explained in Section 5.3, the general expression for
the retarded Green’s function Eq. (5.64) is inversely proportional to the amplitude
of the non-normalizable mode, A(k), of the field dual to the particular operator of
interest. Since, as outlined in Section 5.3, the retarded correlator is obtained from
solutions to the classical equations of motion in the gravity theory with infalling
boundary conditions at the horizon, this field theory correlator has poles for those
values of to and q for which a normalizable and infalling solution can be found.
For the particular case of the scalar mode described in Section 6.3.2, this amounts
to finding solutions to Eq. (6.80) that satisfy the boundary conditions
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¢(w,q,u—0)=0, (6.83)
d(v,q,u—> 1) = (1 —uy"'"?2 (6.84)

where the second equation corresponds to the infalling boundary condition (5.61).

A solution to the above boundary value problem cannot be found for arbitrary
values of w and q. Nevertheless, since the problem of finding these solutions is
formally identical to that of finding the energy levels of a hamiltonian in quan-
tum mechanics, it is easy to see that for a fixed value of g there will be a discrete
and generally infinite set of values ro,(q) for which these solutions exist. How-
ever, differently from the quantum mechanical problem, the absorptive boundary
condition (6.84) forces these tv,(q) values to be complex with a negative imaginary
part. For this reason, this discrete set of solutions are called quasinormal modes,
and the complex function ro,(q) can be thought of as the dispersion relation of
the corresponding mode. Thus, at strong coupling the retarded two point functions
are analytic in the upper half frequency-plane, as expected from general consider-
ations, but with a discrete set of poles in the lower half plane, which correspond to
the quasinormal modes.

In general, there are no closed form expressions for the quasinormal mode spec-
trum of a given operator and the frequencies to,(q) must be found numerically. For
the field ¢, the first few quasinormal modes are plotted in the top panel of Fig. 6.3
at fixed g = 1 [555]. These complex frequencies have imaginary parts which are
as large as their real parts. Thus, the poles of the associated stress tensor correlator
do not describe quasiparticles. Furthermore, since the widths of these modes are
of order T or larger, the lifetimes of the associated excitations are of order 1/ T or
shorter.

Although the low momentum modes described by these quasinormal modes all
have short lifetimes, we shall see in Section 8.6 that in some channels the imaginary
parts of their complex frequencies are proportional to (7 T)*3q~/3 and so vanish
in the limit in which ¢ — oo and w/q — 1 [349]. In this regime, they describe
short wavelength collective modes moving at close to the speed of light. Following
Ref. [295], we shall use this feature to construct a model of a jet moving through
the strongly coupled plasma in Section 8.6.

The interpretation of these quasinormal mode excitations on the gravity side
is straightforward. Since the field ¢ describes a particular set of metric fluctu-
ations (6.79), these modes describe the relaxation of small perturbations of the
thermal black hole, which lead to disturbances of the black hole metric. Simi-
larly, since these modes correspond to the poles of the retarded Green’s function,
they describe the relaxation of the strongly coupled plasma as it responds to exter-
nal disturbances. At sufficiently long times, this relaxation process is dominated
by the lowest mode, since it possesses the smallest imaginary part and, thus, the
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Figure 6.3 Location of the quasinormal mode poles in the complex w plane at
fixed ¢ = 1 for the scalar (top panel) and sound (bottom panel) components of
the stress tensor. Figures taken from Ref. [555].

longest lifetime. For this particular channel, the imaginary part of the latter mode is
always of order T and all excitations relax within a time 1/ T, which is the generic
strong coupling prediction for all plasma excitations which do not involve con-
served currents. (The component of the stress tensor associated with ¢ decouples
from the conservation equation.)

In contrast to the typical correlators that describe the response of the plasma
(or thermal black hole) to generic disturbances, such as those described above,
the relaxation of disturbances in the conserved currents must be described in the
long time and long distance limit by hydrodynamics, as we have described in Sec-
tion 2.2. Thus, the structure of the retarded correlator for the associated operator
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must reflect the general expectations from hydrodynamicsinthe g — 0,0 — 0
limit. Since in this limit the retarded correlators for these currents are Green’s func-
tions of the conservation equations, they must have a pole solely determined by
hydrodynamics. Thus, the low momentum and frequency limit of the quasinormal
mode spectrum of the gravitational field dual to these operators must reflect the
hydrodynamic behavior. In the bottom panel of Fig. 6.3 we show the quasinormal
spectrum for the stress tensor component associated with sound waves, which will
be defined precisely in Section 8.3. All but the lowest one of the quasinormal modes
in this channel are similar to the quasinormal modes in the left panel, with real and
imaginary parts of comparable magnitude. We shall refer to all modes such as these
as non-hydrodynamic quasinormal modes. The lowest mode in the bottom panel of
Fig. 6.3 is clearly distinct from the others as it has a much smaller imaginary part.
Furthermore, the frequency of this mode ro(q) — 0 as g — 0. In contrast, all
the higher non-hydrodynamic modes have w #~ 0 at ¢ = 0. This means that the
lowest mode controls the dynamics of the system at late times and long distances.
Furthermore, in this limit the dispersion relation of ty(q) can be found analytically
and is given by [555, 107]

1

10 :I:«/§ 3
which coincides with the sound dispersion relation (6.41) with c2 = 1/3, /s =
1/47 and ¢ = 0, consistent with our previous derivation of the shear viscosity
to entropy ratio in Section 6.2. This analysis can be used to determine additional
transport coefficients, as has been done in the case of the nonconformal model
described in Section 6.2.3 [600]. As we will elaborate further in the next chapter,
in a context in which an initially far-from-equilibrium state evolves in time and
comes at late time to be described hydrodynamically, the dynamics of the lowest
quasinormal mode controls the late time hydrodynamic behavior of the fluid while
all the other non-hydrodynamic quasinormal modes describe the relaxation of the
initially far-from-equilibrium state.

+0 (9%, (6.85)
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From hydrodynamics to far-from-equilibrium dynamics

In Chapter 6 we have described ways in which holographic calculations have
yielded insight into various properties of strongly coupled plasma that is at rest
and in thermal equilibrium or, in our discussion of transport properties, infinitesi-
mally close to being at rest and in thermal equilibrium. In this chapter, we release
these restrictions. By the end of the chapter, we will be analyzing violent dynamical
processes that are initially very far from thermal equilibrium and that may provide
a caricature of the dynamics in the earliest moments of a heavy ion collision, or at
least what that dynamics would be if the physics then was already strongly coupled.
Before the development of gauge/gravity duality, there were no reliable quantum
field theoretical calculations valid in far-from-equilibrium, highly time-dependent,
strongly coupled matter. We shall build up the holographic tools that can now pro-
vide such calculations in stages over the course of the chapter. In doing so we shall
make the connections to heavy ion physics manifest throughout, but it is impor-
tant to realize that these tools are of considerable value in any other quantum field
theoretical context in which the physics is strongly coupled and the questions of
interest include far-from-equilibrium dynamics and thermalization.

We begin by letting the strongly coupled plasma move. In Sections 7.1 and 7.2
we show how to construct the gravitational description of solutions to the hydro-
dynamic equations for strongly coupled plasma in motion. That is, we continue
to assume local thermal equilibrium, but we let the plasma move and flow. Upon
making the standard assumptions that in a conventional description lead to hydro-
dynamics, namely upon assuming that the length scales that describe gradients of
the flow velocity are long compared to all microscopic length scales that describe
the plasma itself, we show that the flowing plasma has an equivalent gravitational
description as a black brane whose metric, including its horizon, is undulating.
This correspondence between hydrodynamic flow and the gravitational dynamics
of an undulating metric, which we make explicit in Section 7.2, is basic to the rel-
evance of holography to heavy ion collisions. In a heavy ion collision, the strongly

194
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coupled plasma that is produced explodes outwards and is never at rest. However,
as we have seen in Section 2.2, for much of the time that it is in existence the way
that it expands and flows is well described by the laws of hydrodynamics.

In Section 7.2, we use the correspondence between hydrodynamics and gravity
to recast the holographic determination of the constitutive relations that describe
the strongly coupled plasma itself. The explicit examples that we focus on include
its equation of state and the relation between its shear viscosity and its entropy
density, both of which we have already calculated in Chapter 6. As we saw in
that chapter, the results obtained from these holographic calculations resonate
in many ways with what we are learning from lattice QCD calculations and
from comparisons of hydrodynamic calculations to data from heavy ion collision
experiments.

In Section 7.3, we further relax our assumptions and begin our discussion of the
dynamics of strongly coupled matter that is far from equilibrium, and in particular
the processes by which such matter equilibrates. Because QCD is asymptotically
free, it is unlikely that the matter in the far-from-equilibrium conditions that char-
acterize the very earliest moments of a sufficiently high energy heavy ion collision
is itself strongly coupled. This means that, to the degree that realizable heavy ion
collisions approach this high energy regime, we should not expect holographic
calculations to provide as good models of, or as reliable insights into, the pre-
equilibrium dynamics in heavy ion collisions as is possible for the hydrodynamics
of the expanding strongly coupled plasma that emerges a little later or for the
probes of this plasma that we shall discuss in Chapter 8. However, before the
development of holographic approaches far-from-equilibrium dynamics in strongly
coupled many-body systems was famously difficult to understand by any means.
This makes the holographic analyses that we shall present beginning in Section 7.3
of considerable interest from a perspective that goes well beyond heavy ion colli-
sion physics. In the context of heavy ion collisions, understanding how the matter
produced at early times, whatever its nature, isotropizes, how its motion comes to
be governed by the laws of hydrodynamics, and how it reaches local thermal equi-
librium have long been seen as central puzzles. If we can find quantities that seem
to robustly characterize the equilibration of strongly coupled plasma starting from a
large variety of widely varying initial conditions, perhaps we can gain insights into
these questions even if holographic calculations are not able to capture the details
of the initial conditions specific to heavy ion collisions. By the end of this Chapter
we shall see that the equilibration timescale itself may be just such a quantity.

In Section 7.4 we describe how to prepare a far-from-equilibrium initial state
whose subsequent evolution we wish to follow. In Sections 7.5 and 7.6 we present
a complete analysis of the equilibration of a particularly simple class of far-from-
equilibrium initial states, namely states which are initially spatially homogeneous.
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For example, perhaps the equation of state is initially very far from that in ther-
mal equilibrium. And, perhaps the matter is initially far from isotropic, with the
pressures acting in different directions far from equal. In all these cases, the final
state after enough time passes is strongly coupled plasma, at rest, in thermal equi-
librium. In Section 7.7 we generalize our analysis to circumstances in which the
final state is strongly coupled plasma in local thermal equilibrium that continues to
flow, in a boost invariant expansion. Finally, in Section 7.8 we describe the holo-
graphic analysis of the collision of two sheets of energy density, infinite in their
transverse extent, finite in thickness along the “beam direction”, slamming into
each other at the speed of light. The final state in this case is strongly coupled
plasma that continues to expand, hydrodynamically, but without boost invariance.
This calculation represents the best holographic caricature to date of the collision
of two large, highly Lorentz-contracted, nuclei.

7.1 Hydrodynamics and gauge/gravity duality

At distance and time scales much larger than the inverse temperature and any other
microscopic dynamical distance and time scales, a quantum many-body system in
local thermal equilibrium should be described by hydrodynamics. In the context of
gauge/gravity duality, we thus expect hydrodynamics to emerge from the gravity
description at large distance and time scales. More specifically, any solution to the
equations of hydrodynamics that describes some flowing strongly coupled plasma
in the boundary theory should have a corresponding bulk gravity solution. In Sec-
tion 5.2.1 we discovered that in the boundary theory a fluid that is at rest and in
thermal equilibrium with temperature T is described in the bulk gravity theory by
a black brane solution whose Hawking temperature is the same T. Now, a typi-
cal hydrodynamic flow can be thought of as long-wavelength “ripples” on top of
an equilibrium state. Accordingly, the corresponding dual gravity solution can be
heuristically visualized as long-wavelength “ripples” on top of a static black brane.

The holographic correspondence between hydrodynamics and gravity was pio-
neered in a series of works by Policastro, Son and Starinets who were the first to
work out the bulk gravity solutions for various hydrodynamic phenomena includ-
ing the diffusion of momentum and the propagation and attenuation of sound
waves [692, 691, 554, 748, 749]. In this section we describe bulk gravity solutions
dual to boundary hydrodynamic flows which eventually approach thermal equi-
librium. We shall follow the approach of Ref. [155]. (See also Refs. [705, 473].)
Later in the chapter we shall consider more general situations, including both boost
invariant hydrodynamic flows in which the fluid is in local thermal equilibrium but
never becomes static and far-from-equilibrium dynamics. To keep our presentation
manageable in scope, we shall consider only fluids that are conformal and that are
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neutral with respect to all conserved charges. It is typically relatively straightfor-
ward to extend the construction that we discuss here to more general situations. We
will briefly comment on these generalizations, many of which are of considerable
current interest, at the end of Section 7.2.

We reviewed the formulation of hydrodynamics in Section 2.2.3. To set the
stage, let us first establish notation and highlight some of the salient aspects of
the standard formulation. In many applications (as in Section 2.2.3) it is helpful
to use curvilinear coordinates to describe the hydrodynamic flow even when the
boundary theory is flat or to consider boundary theories with curved geometry, as
in some examples in subsequent sections. However, in this introductory presenta-
tion in which our goal is to illustrate general ideas in a simple context we shall
consider only a flat boundary described with Cartesian coordinates. The general-
ization to curvilinear coordinates or a curved boundary can be made by replacing
d,, by the covariant derivative throughout. For a neutral fluid, the equations for
hydrodynamics are simply the conservation of the stress tensor:

3, T =0, (7.1)

where T#" denotes the expectation value of the quantum stress tensor operator. T "
is in turn expressed via constitutive relations in terms of a derivative expansion of
four hydrodynamic fields which we will choose to be the temperature T (x) in the
local fluid rest frame and the local fluid four-velocity u* (x), normalized according
to u*u,, = —1. Up to first order in derivatives, T*" can be written as

T = g(M)yu*u’ + P(T) AY — (T o™’ — (T, 0" A* + ..., (7.2)

where
1
Apy = Ntuyu, and oy, = <AM"AU‘3 - éA,wA"‘ﬂ) (BUp+0pUy) . (7.3)

The indices are raised and lowered using the Minkowski metric ,,,. The coeffi-
cients ¢(T), P(T), n(T), and ¢ (T) are the energy density, pressure, shear and bulk
viscosities respectively. It is possible to continue the derivative expansion (7.2) to
any desired order by enumerating all possible terms allowed by symmetries and
the local second law of thermodynamics. For example, the expansion of T#” up to
second order in derivatives was given earlier in Eq. (2.24).

The question we would like to answer is how to derive (7.1) and (7.2) from the
bulk gravity theory. In particular, we should be able to use the dual gravitational
description to obtain precise expressions for ¢, P, n, ¢ and the coefficients of all
higher order terms (such as those in (2.24)) that specify the hydrodynamics in the
corresponding boundary theory. To achieve this goal, we need to find the most
general solution to the bulk Einstein equations which describes the moving fluid



198 From hydrodynamics to far-from-equilibrium dynamics

in local thermal equilibrium in the boundary theory and then obtain the bound-
ary stress tensor corresponding to such a solution. We shall first explain how the
conservation of the stress tensor (7.1) arises from the Einstein equations. Then,
in Section 7.2, we describe a systematic procedure for deriving the constitutive
relations (7.2) from solutions of Einstein equations and we provide an explicit
calculation of the relations that are needed up to first order.

7.1.1 Conservation of the stresstensor and the Einstein equations

We now show that the conservation of stress tensor (7.1) can be obtained from
a subset of the Einstein equations in an asymptotically AdSs spacetime. The full
Einstein equations are given by

1 6
Emn ERMN—EQMNR+A9MN =0, where A=—% (7.4)

and R is the curvature of the asymptotic AdSs. We follow the index convention
of previous chapters with xM = (z, x*), where z is the radial direction and x* =
(t, X) are the spacetime directions along the boundary. We will be mainly interested
in the evolution of the bulk metric along the radial direction. For this purpose, it is
convenient to visualize the bulk spacetime as foliated by constant-z hypersurfaces
32, which are spanned by the boundary coordinates x*, and treat the z-direction
as a Euclidean “time”. We can then apply well-developed techniques for analyzing
the time evolution of Einstein equations to the radial evolution that is of interest in
the present context.

The Einstein equations can be separated into three groups depending on whether
Ewmn has zero, one or two indices along boundary directions:

H, = E;un™ =0, (7.5)
H, = E,un" =0, (7.6)
E,., =0, (7.7)

where nM is the unit vector normal to X,. Equations (7.7) contain second deriva-
tives in z and are often called dynamical equations, while (7.5) and (7.6) contain
only first derivatives in z and are often called the Hamiltonian constraint and the
momentum constraint, respectively. A discussion of the implications of these con-
straint equations for the Ward identities of the boundary theory can be found in
Refs. [664, 665]. Via the Bianchi identity, the structure of the Einstein equations
is such that if the constraint equations (7.5) and (7.6) are satisfied on a single z-
slice, the dynamical equations (7.7) will ensure that they are satisfied everywhere.
Thus we need only impose (7.5) and (7.6) at a single value of z, for example at the
boundary z = 0.
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For a metric which does not have cross terms between z and x*,
ds? = g,dz* + gvdxtdx”, (7.8)

Egs. (7.5) and (7.6) reduce simply to E;, = 0 and E,; = 0. For more general
metrics that include cross terms,

ds? = gzzd22 + 29, dx"dz + g, dx"dx"”, (7.9)

the unit normal n™ no longer lies along the z-direction. Equations (7.5) and (7.6)
are then the appropriate constraint equations. In (7.9), g,.., is the induced metric for
>, and we denote its inverse by g*".

It is standard textbook result (see e.g. Ref. [793]) that the momentum con-
straint (7.6) can be written explicitly as

H, = D, (K" — g"’K) =0, (7.10)

where K, is the extrinsic curvature for a constant-z hypersurface ., K = g*'K,,
is its trace, and D, is the intrinsic covariant derivative on X, associated with g,,,.
Now, according to the standard AdS dictionary, the boundary stress tensor can be
obtained from the bulk metric via [111]

6

T = lim

3
o KV MV _ v
M 87 Ge 7 (K g“'K Rg ) , (7.11)

with G5 the five-dimensional Newton constant and R the AdS radius. We reviewed
the derivation of (7.11) in Section 5.3.2, where it was Eq. (5.51). We have denoted
(TH¥) by just T#¥ on the left-hand side of (7.11) as is standard in the hydrodynamic
literature. At the boundary z = 0, g, is proportional to the boundary Minkowski
metric n,,, and D, becomes the ordinary derivative d,,. From (7.11) we therefore
conclude that when the constraint (7.10) is imposed at the boundary it implies that

39, T" =0, (7.12)

This then establishes that the constraint equations (7.6) correspond precisely to the
conservation of the stress tensor in the boundary theory.

A similar analysis of the Hamiltonian constraint (7.5) at the boundary (slightly
more involved than the analysis above because the Hamiltonian constraint is
quadratic in the extrinsic curvature) shows that it implies that the boundary stress
tensor is traceless [664, 665],

TH=0, (7.13)
expressing the fact that the boundary theory is conformal.

Equations (7.11)—(7.13) are valid for the case of pure gravity in AdSs with a
flat boundary metric 7,,. If the boundary metric is not flat then the expression in
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parentheses in (7.11) contains an additional term —RG*¥ /2, with G*¥ the Einstein
tensor of the boundary metric. Since this term is divergence free with respect to
the covariant derivative defined by the boundary metric, Eq. (7.12) then still holds
with the replacement of 9,, by the covariant derivative. Finally, the right-hand side
of (7.13) is replaced by [450]

R /1 1
A= SRR - R, 7.14

87 Gs (8 . 24 ) (7.14)
where R, and R are the Ricci tensor and the Ricci scalar of the boundary metric,
respectively. This modification expresses the fact that the boundary theory may
possess a conformal anomaly when placed in a curved manifold.

7.2 Constitutive relations from gravity

Having identified how Eqgs. (7.6), a subset of the Einstein equations governing the
gravitational physics in the bulk, imply the conservation of the stress tensor (7.1)
in the boundary theory, in this section we outline a systematic procedure for deriv-
ing the constitutive relations (7.2) from gravity to all orders. This is achieved by
finding the gravitational realization of any solution to the hydrodynamic equations
order by order in a derivative expansion, and in particular by making the heuristic
picture that boundary hydrodynamic flows correspond to “ripples” on a static black
brane explicit. So, the procedure boils down to developing an iterative procedure
with which to find a general solution of the bulk Einstein equations which describes
the flowing boundary fluid in local thermal equilibrium.

Our starting point is the black brane metric discussed in Section 5.2.1 which we
copy here for convenience:

2

R2 d _
ds? = Z (— fdt? + dx® + TZ) . with f(=1-—@xT2*. (7.15)

This metric has an event horizon at

1
7T

and describes a system in thermal equilibrium with temperature T. Instead of using
the coordinate t which becomes singular at the horizon where f = 0, it is more
convenient for our purposes to use the so-called Eddington—Finkelstein coordinate
v defined by

z (7.16)

z /
dv=dt—d—z, v=t— dz .
f 0 f(Z’)

(7.17)
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When written in terms of v, the metric (7.15) becomes
2 RZ 2 2
ds® = % (—2dvdz — fdv® 4+ dx?) , (7.18)

from which we can see that lines of constant v and X are light-like. The coordinate
v has the nice feature that it reduces to t at the boundary z = 0, but remains
non-singular at the horizon as can be seen from (7.18) and as is further illustrated in
the Penrose diagram of Fig. 7.1. As will become clear later, the use of a coordinate
like this that is regular at the horizon helps significantly in simplifying the analysis.
Henceforth, we will denote x* = (v, X).

The metric (7.18) (or (7.15)) describes a system at rest. The metric correspond-
ing to a system moving with a constant four-velocity u, can be obtained by a
Lorentz boost in x*, resulting in

2
ds® = % [2u.dx*dz+ (— fu,u, + A,,)dxdx"], (7.19)

where A, is the projector introduced earlier in (7.3). Here and below, we will
always use u* = n*"u, and u,u* = —1.

Now let us consider a system which is only in local thermal equilibrium,
described by slowly varying local temperature T (x*) and flow velocity u,, (x").
The corresponding bulk metric describing such a non-equilibrium state is in general
not known precisely. Nevertheless, the metric

R2

ds? = g dxMdxN = > [2u, (x"dx*dz + hQ) (X", 2dx“dx"]  (7.20)
with

h® (<4, 2) = — (T MU (UL (X + Ay (X (7.20)

obtained by replacing the constant parameters u, and T in (7.19) by T(x*)
and u, (x*) should provide a reasonable approximation. Owing to the coordinate
dependence of those parameters, (7.20) no longer solves the Einstein equations.
But, as T(x*) and u,,(x*) become more and more slowly varying, it should pro-
vide a better and better approximation. In particular, since the failure of (7.20) to
solve the Einstein equations is solely due to gradients of T (x*), u, (x*) along the
boundary space and time directions, as these quantities do not depend on z, one
expects to be able to correct the metric (7.20) order by order in an expansion in
the number of derivatives of of T (x*) and u, (x*). That is, the full metric can be
written in an expansion of the form

g =g (Tx"), uu(x"); 2) + eg™® (T (x), U, (x"); 2)
+€2 9P (T(X"), U (X)) 2) + -+ -, (7.22)
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Figure 7.1 Penrose diagram for the region outside the horizon of an AdS black
brane. The metric on a Penrose diagram is related to the actual spacetime metric
by an overall (spacetime-dependent) scale factor chosen such that the entire infi-
nite spacetime is transformed into a diagram of finite size. Since an overall scale
factor in a metric does not change the causal structure, the Penrose diagram can
be used to visualize the causal structure of the actual spacetime. In particular, in a
Penrose diagram, light travels along 45 degrees lines. (For textbook discussions of
Penrose diagrams for black hole spacetimes, see Refs. [619, 683], for example.)
In the figure, the vertical line on the right denotes the AdS boundary z = 0 with
time running in the vertical direction. The boundary spatial directions X are sup-
pressed. (Each point in the diagram should be considered as an R3.) The red lines
ending at the boundary pointst = 0, t1, t, are lines of constant t, the time coordi-
nate in the metric (7.15). The dashed blue lines originating at the same boundary
points are lines of constant v, the Eddington—Finkelstein coordinate of (7.18).
Along each such slice z increases from 0 at the boundary to the value (7.16) at the
horizon. Notice that all constant-t slices meet at the “bifurcating horizon” which
is the point where the past and future horizons meet. This is one way to see that
the t-coordinate becomes singular at the horizon. In contrast, constant v-slices
are infalling null geodesics from the boundary to the horizon. They provide a
one-to-one map from points on the boundary to points on the future horizon.

where the zeroth metric g is given by (7.20) and g™ are local functions of T,
u, and their derivatives along boundary directions, with n being the number of
boundary derivatives. Here, € is a book-keeping device to keep track of the total
number of boundary derivatives and will be set to 1 at the end.

We will see below that the structure of the Einstein equations does admit a
derivative expansion (7.22) of the metric in terms of hydrodynamic fields T (x*)
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and u,(x"). With this expansion in hand, the boundary stress tensor obtained
from (7.22) via (7.11) will then yield the constitutive relations. Combined with the
result from Section 7.1 that the constraint equations (7.6) from among the Einstein
equations imply the conservation of the boundary stress tensor, we will then have
a full description of hydrodynamics on the boundary emerging from the Einstein
equations that describe gravity in the bulk.

It is worth pausing to stress the picture that is intrinsic to the way we have writ-
ten the metric in (7.20) and (7.21). The functions appearing in this metric that are
varying as a function of the boundary coordinates x* are the standard variables of
hydrodynamics, the flow velocity u, and the temperature T, which describe how
the boundary theory fluid is flowing. If the procedure we have outlined can be car-
ried out, it implies that the same information is encoded in the undulations of the
bulk spacetime. In particular, since the T in (7.21) is undulating, the location at
which the black brane apparent horizon sits is moving “up and down” in z as the
fluid moves. At places and times where the boundary theory fluid is compressed, T
increases, and the apparent horizon in the bulk moves to smaller values of z, closer
to the boundary. Where the boundary fluid expands, T decreases, and the horizon
moves to larger z father away from the boundary. So, there is a direct relation-
ship between the undulation of the horizon and the metric in the bulk gravitational
theory on the one hand and the motion of the hydrodynamic fluid on the other.

Recalling that the horizon area of a stationary black hole in the bulk space-
time corresponds to the entropy of the boundary system, once we discover that a
quintessential feature of the bulk metric dual to a hydrodynamic flow is that the
event horizon is undulating and evolving dynamically it is natural to propose that
the local area element on the horizon in this dynamical context corresponds to the
local entropy current of the hydrodynamic flow [154]. More explicitly, writing the
area form of a spatial section of the horizon! as

1
A= §a,wmdx"ldx"zdx“3, (7.23)

one can define the entropy current JMS as the dual of A divided by the familiar
4G5, i.e.

11
— pTen 5eﬂuwzueamuzm )
In the static case, this current has a nonzero component only in the time direc-
tion and J2 reduces to the standard area formula for the black hole entropy, as in
Eq. (6.1). As a further consistency check, it is possible to show that even though

3 (7.24)

1 At any point on the horizon the horizon is spanned by three spatial directions and one null direction. We can
use the affine parameter along the family of null geodesics to define a foliation of the horizon. A spatial section
of the horizon is a slice of the horizon at constant affine parameter, spanned by three spatial directions. For
the case of a static AdS black brane, the spatial section of the horizon is spanned by the X-directions.
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J& in (7.24) is defined in terms of quantities at the horizon, when it is interpreted
as a boundary theory current its divergence 9, J§ is a Lorentz scalar [154], as it
should be. And, finally, one can show that the fact that the area of the horizon in
the bulk spacetime does not decrease corresponds to the fact that in the boundary
theory 9, J§ is non-negative [154], as expected for the entropy current.

Before turning to the construction of (7.22) in detail in the next subsection, let
us mention here some of its key features. While for a bulk metric to yield (7.2)
via (7.11) it is only necessary that a derivative expansion (7.22) exists near the
boundary z ~ 0, we will see using the Eddington—Finkelstein coordinate (7.17) that
such an expansion in fact exists for all z outside the event horizon (i.e. everywhere
along the dashed lines in Fig. 7.1). Furthermore, we shall see that the problem of
solving the Einstein equations for (7.22) in a derivative expansion factorizes into
two separate problems:

(1) Solving hydrodynamic equations for the hydrodynamic fields T (x*) and
u, (x*) in a derivative expansion.

(2) Finding the radial evolution of the Einstein equations at a given boundary point
x*. This is a one-dimensional problem that reduces to ordinary differential
equations with sources, and can easily be solved.

7.2.1 Constitutive relations from gravity: explicit construction

In this subsection, we describe in detail how to solve the Einstein equations order-
by-order in derivatives to obtain the derivative expansion (7.22). We will first
discuss some general aspects of the construction and then carry out the explicit
calculation up to first order.

General aspects

The Einstein equations are invariant under bulk diffeomorphisms. We can use such
a diffeomorphism to impose that the metric satisfies
RZ

gzz - O, gzM - ?UM (725)

to all orders. In other words, we fix a gauge in which the full metric can be
written as

RZ
ds? = gundxMdxN = = [2u,dx“dz + h,,, (X", Z)dx"dx"] (7.26)
and the expansion (7.22) becomes an expansion for h,,, which can be written
hw = WO T M, UL (6H), 2) 4+ ehE (T (X, U (xh), 2)
+e2h@ (T (x*), U, (x), 2) + - - -, (7.27)

v
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with h© given by (7.21). Once we go beyond zeroth order, the heuristic picture
of a direct relationship between undulations of the bulk metric and the motion of
the boundary hydrodynamic fluid remains, but the specific relation between the
location of the horizon and the local T in the fluid can become more complicated.

Given that the constraint equations (7.6) in the bulk imply the conservation of the
boundary stress tensor, the boundary hydrodynamic equations must be a part of the
Einstein equations which we shall solve order by order in a derivative expansion.
We thus expect that the hydrodynamic fields entering (7.27) should also have a
derivative expansion

T =TOX) +eTOx) +-- -, U, (X)) = U (x") +euP(x") + - .
(7.28)

Our task is then to substitute (7.26)—(7.28) into the Einstein equations (7.5)—(7.7),
and solve the resulting equations at each order in ¢,

HM =0, n=0,1,--- (7.29)
HP =0, n=0,1,--- (7.30)
EN =0, n=0.1-- (7.31)

where H™ is the coefficient of €" in the expansion of H, and similarly for the
others. Note that, when obtaining (7.29)—(7.31), in order for ¢ to keep track of
the total number of boundary derivatives each boundary derivative in the Einstein
equations should give rise to a factor of ¢, in addition to those in (7.27) and (7.28).
Thus for each term in the nth order equations (7.29)—(7.31), the sum of the number
of x/*-derivatives and all the upper indices in h™, T® u{) should be exactly n.
As we will see below this power counting rule has important consequences.

By construction, the zeroth order equations, which do not contain any boundary
derivatives, are solved by the zeroth order metric g (T@, u(?; z) given in (7.20)
since the black brane metric satisfies the Einstein equations with a constant
Tandu,.

At any order n > 1, from the general structure of the perturbative expansion of
differential equations and using the power counting that we have defined we can
deduce the following regarding Egs. (7.29)—(7.31).

(1) u? and T™ cannot appear in the nth order equations at all. (Because they
are already of order n, u?” and T™ certainly cannot appear with any bound-
ary derivatives acting on them. Thus, if they appear they effectively behave as
constant shifts of T and u,,, which solve all the equations but are trivial.)

(2) The constraint equations (7.30), which are the nth order terms in the expansion
of (7.6), become precisely the hydrodynamic equations (7.12) at nth order, i.e.

9Ty =0, n=12--, (7.32)
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where T(", is the boundary stress tensor expanded to order n — 1 and is
obtained from g"~Y via (7.11).

Equations (7.29) and (7.31) can be used to solve for h™. There are altogether
eleven equations to solve for the ten components of h[). There is one redun-
dancy, as once the constraint equation (7.29) is imposed on a single constant-z
hypersurface, the other dynamical equations will ensure that it is satisfied
everywhere. The power counting rule implies that the differential equations

for ™ with n > 1 that are obtained from (7.29) and (7.31) must take the form
H[TO uQPTh" @z x) =5, n=1 (7.33)

where the differential operator H must have the following properties.

(a) It can not contain any boundary derivatives.

(b) It can depend on the zeroth order quantities T and u'” only. Neither
boundary derivatives of T© or u® nor higher order quantities like h®,
T® or u® with k > 1 can appear. In other words, H evaluated at a
boundary point x* only depends on the values of T and u?’ at that same
boundary point.

(c) Itisindependent of n.
(d) Itisa linear differential operator in z with at most two derivatives.
The first three properties of H follow immediately from the power counting
rule, and can be described by saying that H is “ultra-local”” along the boundary
directions. As a result, one can integrate (7.33) in z point-by-point in x*. The
equations at different x*’s do not interfere with one another. The last prop-
erty (d) follows from the fact that the Einstein equations are second order
differential equations.
The s, on the right-hand side of (7.33) are source terms (i.e. terms with no z
derivatives) which “measure” the failure of the metric g to satisfy the Einstein
equations at each order due to the dependence of its parameters on location
in the boundary spacetime. The s, are local functions of h™, T® and uﬂ‘)
for k < n and their derivatives (subject to the power counting rule), and must
contain at least one boundary derivative in each term.

Given that the differential operator H is ultra-local, meaning that it can be inte-
grated along the radial direction at any location in the boundary directions with
no dependence on any other locations, solving the full Einstein equations (7.29)—
(7.31) factorizes into two separate problems: solving the boundary hydrodynamic
equations (7.32) and solving the radial evolution equation (7.33). We can then
integrate the radial equation at a single boundary point, say x* = 0, and easily gen-
eralize the results to all points. It is also convenient to work in the local rest frame,
meaning that in (7.26) we choose coordinates such that u“(x* = 0) = (1, 0, 0, 0).
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With the above general aspects of the derivative expansion in hand, we are now
ready to work out the solutions of the Einstein equations (7.29)—(7.31) explicitly
up to first order. We shall only push our explicit results to this order as doing so is
already enough to illustrate the general procedure and to obtain the explicit form
of H in (7.33), whose integration could then be carried out to higher order.

Explicit solutions up to first order
At first order n = 1, the constraint equations (7.30), following from the discussion
of (7.10)—(7.12), reduce to
8,LT(’3)” =0. (7.34)

Ty, is the zeroth order boundary stress tensor obtained via (7.11) from g, given
by (7.20). Not surprisingly, one finds a perfect fluid form (see Appendix D for a
derivation)

T(ﬁ)v = (S(T(O)) —+ P(T(O))) uﬁ))ul(}O) + P(T(O))}’}MV (735)
with
3R}z T)* R (7 T)*
D="Tres "= Terc, 7.36
o 167Gs (M 167 Gs (7.36)

For N' = 4 super-Yang-Mills theory, from (5.12) which we reproduce here for
convenience,

R® N2
=_—° 7.37
87 Gs  4x? (7.:37)
we then have
3N2 2T4 N2 2T4
eM)=—%—.  PT)=—F—. (7.38)

which agree with the expressions that we found for the energy density and pressure
previously in Section 6.1. So, we have reproduced the equation of state relating
and P, which is the only constitutive relation that arises in the zeroth order stress
tensor, for the strongly coupled plasma of AV = 4 SYM theory.

Equations (7.34) are simply the hydrodynamic equations for a perfect fluid. They
can be solved for T@ (x) and u'?. Expanding around x** = 0 in the local rest frame,
working to first order we find that 9,up = 0 and that Eqgs. (7.34) reduce to

1 9,T
_V U= -, 7.39
3 T (7.:39)
T
Uj = ———, (7.40)

T
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where
3
VousD g (7.41)
i=1

These results can also be obtained directly from (7.30). Recalling how T appears in
the bulk metric specified by (7.20) and (7.21), we see that Eq. (7.39) is an explicit
illustration (to first order in the derivative expansion) of the fact that as the bound-
ary theory fluid expands or compresses the apparent horizon in the bulk spacetime
moves to larger or smaller z.

So far, we have pursued the general algorithm that we have laid out previously
through step (2) above, i.e. through Eq. (7.32). We have obtained the spacetime-
varying quantities T and u* that specify the fluid motion and the bulk metric to
zeroth order in the derivative expansion, and have obtained T*" to zeroth order and
hence the zeroth order constitutive relation (7.38), namely the equation of state. To
get the first order constitutive relations, we need T#" to first order, which means
that we need to obtain the hf}v) by completing steps (3) and (4) in the general algo-
rithm, which is to say solving (7.33). Once we have h,, to first order, we will have
0, to first order and from (7.11) we can then obtain T+" to first order, and the first
order constitutive relations.

Following this algorithm, let us look at (7.29) and (7.31) withn = 1. At x* =0,
the various components of h™ can be classified according to their transformation
properties under spatial SO(3) rotations in the local rest frame:

3

1
scalar: ~ hY, p¥ = 3 Z h® (7.42)
=
vector:  h%Y (7.43)
tensor: o =h{ —&;p® (7.44)

and the Einstein equations for the three different sectors decouple from one another.
The equations for these components are of the form (7.33) and are given at
x#* = 0 in the local rest frame by the explicit expressions below, with primes
below denoting z-derivatives.

(1) The scalar sector:

Z(z*hy,) — 2+ Hy = —2v - u, (7.45)
b = 0. (7.46)

(2) The vector sector:

3
f [2332(2—3h;i) + Eavui} + 474732 (3T + Ta,u) = 0. (7.47)
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(3) The tensor sector:

/ 3
(2% fa) = —%ii (7.48)
where
2
Gianin+ajUi—§5ijv-U. (7.49)

For notational simplicity, in the equations above we have suppressed various super-
scripts. One should understand h as h™® while T and u; should be understood as
T© and u®. Note that the left-hand sides of Egs. (7.45)(7.48) can be understood
as the explicit definitions of the operator H, that we introduced in general terms
in (7.33), acting on fields in the different sectors. Equations (7.45)—(7.48) are all
first order ordinary differential equations in z with sources. Therefore, they can all
be integrated easily. We require the solutions to be normalizable at the boundary
and regular at the black brane horizon (7.16) of the zeroth order solution where the
function f is zero and a potential singularity could arise. These conditions fix some
of the integration constants, but not all. We will set all other integration constants
to zero as they arise from solving the homogeneous parts of Egs. (7.45)—(7.48) and
simply correspond to shifting the parameters of the zeroth order solutions.

With these considerations in mind, the scalar sector equations (7.45)—(7.46) then
have solutions given by
2V -u

3 z
The vector equation (7.47) has a singularity at the event horizon coming from the
factor f on its left-hand side. Note, however, that Eq. (7.47) can be further sim-
plified using the constraint equation (7.40). In particular, the potential troublesome
factor f cancels on both sides, yielding

5=0, h, = (7.50)

2 () = —gavui, (7.51)

which now has a regular solution
h,i = za,u; . (7.52)

Turning now to Eq. (7.48) for the tensor sector equation, upon integrating it once
we get

3ol =0ij (z° — (2 T)%), (7.53)
where we have chosen the integration constant to ensure that «;; is regular at the
horizon in the next integration, namely

aij = F(Z)O’ij (754)
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with
z Z/3
F(z) = f dz’T(z"3— T)%) . (7.55)
0

As mentioned earlier in our general discussion, u® and T™ do not appear and are
unconstrained at this order.

Collecting (7.50), (7.52) and (7.54), we find that the bulk metric specified as in
(7.26) and (7.27) receives a first order contribution given by

R? @) ey R? (2 2 [ iy

?hwdx dx’ = = (é(v -u)zdv® 4 2z9,u; dvdx' + F(2) o5 dx'dx! | .

(7.56)

We have derived this expression in the fluid rest frame at x* = 0. We can immedi-
ately generalize it to obtain the first order correction to the metric at a generic point
in spacetime where the fluid velocity four-vector is some generic u,, by making the
substitutions

U — U, 8, — U, & — A3, dv— —u,dx*, dx — A*,dx",
(7.57)
where A, is the projector introduced in (7.3). Upon making these substitutions,
oij becomes o, defined in (7.3) and from (7.56) we find that the general expression
for the first order contribution to the bulk metric is given by

2
hf}‘} = §z(axu*)uuuv — zu*8,(u,u,) + F(2)0,, . (7.58)

With the metric for the bulk spacetime now determined up to first order in the
derivative expansion, we take this metric and use (7.11) to obtain the first order
contribution to the stress tensor, finding
R¥(nT)3
T 167Gy M
(For details, see Appendix D.) Comparing (7.59) with (7.2), we finally conclude
that the shear and bulk viscosities of the strongly coupled plasma are given by
RxT)Y® s
= 162G — a1 and ¢=0, (7.60)
respectively, where s is the entropy density of the system. In this way we recover
the results for these transport coefficients that were derived via a different method
in Section 6.2.
Finally, with the first order correction to the metric hf}‘} in hand we can evalu-
ate the entropy current (7.24) explicitly to first order in the derivative expansion,
obtaining [154]

@ _
TO = (7.59)

I = suk, (7.61)
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where s is the entropy density given by the area of the horizon in the zeroth order
black brane metric. Note that (7.61) is the standard zeroth order expression; the
explicit evaluation of (7.24) shows that there is no first order contribution. We can
then take the divergence of (7.61) and use the conservation equation (7.12) (which
relates terms that are first and second order in the derivative expansion since T,
contains zeroth and first order terms) to show that for a neutral conformal fluid, in
which the bulk viscosity vanishes,

0,0 (7.62)

As expected at leading order, we see that the shear viscosity » controls the produc-
tion of entropy as such a fluid flows. In a fluid with conserved currents like those
we have discussed in Section 6.2.5, both Egs. (7.61) and (7.62) contain additional
terms proportional to the conductivity or conductivities and, if any of the currents
are anomalous, further terms introduced by the anomalies [750].

7.2.2 Generalizations

The first order calculation above can be extended to higher orders. At n-th order,
one first solves the constraint equations (7.30), or equivalently the hydrody-
namic equations (7.32), and then solves the equations (7.33) for h}) which arise
from (7.29) and (7.31). Around a single point, (7.32) become algebraic equations
at each order. The integration of (7.33) is very similar to that at the first order
except that the sources are different. Thus these equations can be solved straight-
forwardly to all orders although the number of terms in s, and T!"; increase
quickly.

As discussed around Eq. (2.24), in a conformal theory five additional transport
parameters arise at second order in the derivative expansion. The values of these
quantities can be found by extending the derivative expansion of the Einstein equa-
tions to second order [155], as we have described. In our discussion of transport
coefficients in Section 6.2.4, we have already quoted the values of these five sec-
ond order parameters for the strongly coupled plasma of N' = 4 SYM theory in
Eqg. (6.45), where their physical implications were also discussed.

The iterative procedure outlined here can also be straightforwardly generalized
to other fluid systems, including charged fluids, fluids with spontaneous symme-
try breaking and Goldstone bosons, including superfluids, fluids driven by external
forces, and nonconformal fluids. We refer readers to Refs. [705, 473] for reviews
and a more extensive reference list. A particularly interesting result among these
generalizations is the modification of charged fluid hydrodynamics that is induced
by quantum anomalies [787, 789, 788, 791, 792, 341, 117, 750] that we have
discussed in Section 6.2.5.
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7.3 Introduction to far-from-equilibrium dynamics

We have seen in previous sections that the equilibrium and near-equilibrium
properties of strongly coupled plasma with a gravity dual are encoded in the
equilibrium and near-equilibrium properties of the dual black brane. In par-
ticular, we saw in Section 7.1 that the effective theory that governs long-
wavelength fluctuations around an equilibrium black brane is hydrodynamics
itself.

In this section we turn to the formation of strongly coupled plasma starting
from some initial far-from-equilibrium state in a theory that is strongly coupled
at all length scales. Without taking advantage of holography, there are no known
methods for doing reliable calculations of far-from-equilibrium strongly coupled
dynamics in quantum field theory. Within conventional quantum field theoretical
methods, the adjectives “strong coupling” on the one hand and “time-dependent” or
“far-from-equilibrium” on the other represent major outstanding challenges, sep-
arately and even more so in concert. When holography can be applied, the dual
gravitational description of the far-from-equilibrium strongly coupled dynamics
consists of the formation of a highly disturbed, far-from-equilibrium black hole
horizon, and its subsequent relaxation towards an equilibrium state. This is in gen-
eral not easy to analyze, but much progress has occurred in recent years. The
study of this type of dynamics on the gravity side requires solving Einstein’s
equations in the presence of strong time (and possibly space) dependence. This
can be done analytically for certain highly fine-tuned initial conditions [361, 350]
or if some approximations are made [495, 642, 493, 152, 110, 109], but gener-
ically it can only be done numerically [696, 477, 163, 476, 164, 478, 368, 807,
492, 370, 290, 291, 292, 448, 119, 14, 287, 286, 218]. Thus we will focus on
what studies using numerical relativity methods have taught us about black hole
formation in 4+1-dimensional spacetimes that are asymptotically AdS and, con-
sequently, what these studies have taught us about equilibration of hot strongly
coupled matter in non-Abelian gauge theories. Since an important goal is to learn
generic lessons that provide insight into dynamics during the initial stages of
a heavy ion collision, we will concentrate on studies in which the gauge the-
ory lives on Minkowski space, as opposed to, for example, a three-dimensional
sphere.

As we discussed at the beginning of this chapter, because QCD is asymptoti-
cally free the dominant dynamics at the earliest moments of a sufficiently energetic
heavy ion collision is expected to be weakly coupled, with the relevant (weak) cou-
pling being aqcp evaluated at the (short) distance scale corresponding to the mean
spacing between gluons in the transverse plane at the moment when the two highly
Lorentz-contracted nuclei collide. As we have seen in Section 2.2, though, after
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a time that is of order or perhaps even less than 1 fm we find that the collision
has produced a strongly coupled nearly perfect liquid. A complete account of the
dynamics that starts with a far-from-equilibrium weakly coupled state and results
in a strongly coupled hydrodynamic liquid must involve both weakly and strongly
coupled dynamics. One motivation for the investigations in this chapter, where
we will watch the formation of a strongly coupled hydrodynamic liquid start-
ing from a wide variety of far-from-equilibrium states that are themselves also
strongly coupled, is the hope that by understanding far-from-equilibrium dynamics
and equilibration in both the strong and weak coupling limits we can bracket the
real world physics. We shall see that the equilibration timescale itself is an exam-
ple of a quantity where these investigations have indeed yielded insights along
these lines.

At present it is too ambitious to envision literally simulating the gravity dual of
a full collision that starts with widely separated nuclei heading towards each other
in 3 + 1-dimensional Minkowski space, since the weakly coupled aspects of the
nuclear physics present great challenges on the gravity side. Simulating the ultra-
relativistic collision of two Lorentz-contracted spheres of strongly coupled matter
is certainly conceivable, however. In Section 7.8 we will study a toy model of such
a collision in A/ = 4 super-Yang-Mills in an approximation in which the “nuclei”
are taken to be infinitely big and have been replaced by sheets of energy density
with a finite thickness in the “beam” direction that are translation-invariant in the
transverse directions. Before we get to this model, however, we will introduce the
construction of far-from-equilibrium states in general terms in Section 7.4 and will
then study several somewhat less physical but simpler systems. In Sections 7.5
and 7.6 we shall treat the formation of static strongly coupled plasma from initial
conditions that are homogeneous but strongly anisotropic, and in Section 7.7 we
shall consider the formation of an expanding, boost-invariant, volume of strongly
coupled plasma. Not only will these prior studies lay the ground work that will
allow us to understand Section 7.8, but they will also teach us interesting lessons
in their own right about the far-from-equilibrium dynamics of strongly coupled
matter and its equilibration. Because these settings are simpler, also, it has been
possible in these contexts to investigate a wide variety of initial conditions which
makes it possible to get a sense of what features of the non-equilibrium dynamics
are generic.

Useful references where holographic calculations of far-from-equilibrium
dynamics are reviewed from viewpoints complementary to those adopted here
include Refs. [143, 472, 494, 738].

Finally, a comment on notation. Throughout the rest of this chapter we will set
the AdS radius R to unity.
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Figure 7.2 Penrose diagram of the spacetime outside the horizon of: (a) vacuum
AdS; (b) the spacetime created when a source at the boundary of AdS is turned
on; (c) the spacetime associated with the evolution of an initial state specified on
an initial-time hypersurface in the bulk spacetime. Figure taken from Ref. [447].

7.4 Constructing far-from-equilibrium states

In order to study the far-from-equilibrium dynamics of plasma formation we must
first prepare a far-from-equilibrium initial state whose subsequent evolution and
thermalization we will study. This can be done in (at least) two ways. The initial
state can be defined implicitly as the state that results from acting on the ground
state of the theory with an external source [290, 291], or it can be defined explicitly
by specifying initial conditions [292, 448, 446, 447].

In the first approach one turns on a time-dependent source in the boundary gauge
theory with compact support in time. Before the source is turned on the system is in
its ground state. The work done on the system by the external source takes it from
its ground state to an excited state. This excited state evolves in time and, after the
source is turned off, eventually relaxes to a thermal state, in equilibrium.

The description of this process on the gravity side is encoded in the Penrose
diagram depicted in Fig. 7.2b. The physics is easy to understand by recalling that,
through the gauge/string duality, a source in the gauge theory is identified with
the value at the boundary of AdS of an appropriate supergravity (or string) field.
Turning on the source at some time t; therefore changes the boundary condition for
this field in a time-dependent way. As a result, a wave of radiation is sent into the
bulk at t = t;. Since this cannot propagate faster than the speed of light, causality
implies that this process cannot affect the geometry below the 45° black dashed
line in Fig. 7.2b. The part of the geometry below this line is therefore dual to the
CFT ground state, namely it is a piece of anti-de Sitter space with no excitations in
it, to which we will simply refer as “vacuum AdS”. The work done by the source
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in the gauge theory translates into the energy carried into the bulk by the wave. If
the injected energy is such that it results in a finite energy density (which means
that the total injected energy is infinite), then we expect the formation of a pla-
nar, regular, future horizon which at late times will be in equilibrium with some
Hawking temperature T > 0. This is easy to understand on the gauge theory side,
since we expect that an interacting system with finite energy density will eventually
reach thermal equilibrium. On the gravity side this corresponds to the formation of
a horizon with a nonzero Hawking temperature.

The region of interest is that labeled “Dynamics”, above the black dashed line in
Fig. 7.2b. As is clear from the causal structure of the Penrose diagram, the metric
and the other supergravity fields in this region are completely determined by the
fact that the spacetime is vacuum AdS below the dashed line, together with the
knowledge of the sources at the boundary of AdS for t > t;. In other words,
the problem of determining the supergravity fields in the region of interest is well
posed. Once this problem is solved, which typically must be done numerically,
the entire evolution of the bulk gravitational state and therefore of the boundary
gauge theory state is known, and any observable can be computed. For example,
the time-dependent expectation values of operators can be read off from the form
of the corresponding dual fields near the AdS boundary at a given time. In subse-
quent sections we will illustrate this procedure by computing the expectation value
of the stress tensor.

The second, explicit, approach to preparing a far-from-equilibrium initial
state [292, 447] is illustrated by the Penrose diagram in Fig. 7.2c. In this case the
initial state is specified explicitly on the gravity side in terms of the metric and other
supergravity fields on some initial-time slice, depicted as a 45° thick red line in the
figure. The only restriction on these fields is that they must satisfy the constraints
associated with Einstein’s equations, as well as appropriate boundary conditions
near the AdS boundary. Once these initial values are specified along the thick line,
the problem of their future time evolution is again well posed, as illustrated by the
causal structure of the diagram. The initial-time slice shown in Fig. 7.2c is null, but
one can equally well choose a spacelike hypersurface, as in Refs. [448, 446]. In all
these explicit approaches, the region below the initial-time slice is not of interest;
only the future evolution of the system is. Moreover, no external sources are turned
on, which immediately defines the boundary conditions near the AdS boundary
mentioned above. One simply specifies an initial state, which generically will be
far from equilibrium, lets it go, and watches it evolve towards an equilibrium state.

The two approaches described above are related. For example, once the source
has been turned off in Fig. 7.2b and the evolution has been determined, one could
read off the values of the supergravity fields at an appropriate initial-time slice
such as that shown as a dotted red line in the figure. Obviously these values satisfy
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the supergravity constraints and evolve to the future in the absence of boundary
sources. Therefore any combination of sources a la Fig. 7.2b defines an initial
state & la Fig. 7.2c. Presumably the converse is also true, namely any admissible
initial state in Fig. 7.2c can also be obtained by turning on and off an appropriate
combination of sources. However, these sources may be highly non-local. For this
reason it is useful to explore both approaches rather than restricting attention to
either one of them.

7.5 lsotropization of homogeneous plasma

We will now illustrate the general discussion of the previous section with the
simplest possible case: the evolution of a homogeneous, but initially far-from-
equilibrium, CFT state towards an equilibrium plasma state. The homogeneity
assumption means that we work at strictly zero spatial momentum in Fourier space.
Since by definition hydrodynamic modes have dispersion relations o (q) such that
w — 0as g — 0, this implies that no hydrodynamic modes will get excited. To
further simplify the physics, we will restrict ourselves to studying pure gravity in
AdSs, which is a consistent truncation of type 11B supergravity on AdSs x S°. On
the CFT side this simplification amounts to focusing on a sector of the dynamics
in which the stress tensor is the only operator that acquires a nonzero expecta-
tion value. All other operators have vanishing one-point functions in this sector.
Higher order correlation functions may be non-trivial and they could be computed
in principle, but we will focus on the one-point function of the stress tensor.

In order to “create” a far-from-equilibrium state, the authors of Ref. [290] turn
on a time-dependent, anisotropic source for the stress tensor of the boundary gauge
theory, following the general strategy that we have illustrated in Fig. 7.2b. In other
words, they turn on a non-normalizable mode of the bulk metric such that the metric
of the gauge theory takes the form

ds? = —dt? + e®® dx2 4 e 280 gx? | (7.63)

where Xt = {Xq, X»} are referred to as the transverse directions and x, is referred
to as the longitudinal direction. There is rotational symmetry only within the trans-
verse plane. The function By(t) describes a time-dependent shear in the gauge
theory metric and can be chosen at will. Ref. [290] chooses

Bo(t) = %c [1 — tanh (%)} , (7.64)

where c is a nonzero constant and A is the characteristic time scale of the source.
At asymptotic early and late times, t — oo, By becomes constant and has no
physical effect, since it can be simply absorbed in the metric (7.63) by a rescaling
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of the x-coordinates. Over a period of time of order A, however, By induces a
time-dependent rescaling of the transverse coordinates with respect to the longi-
tudinal one. This way of creating a far-from-equilibrium state can be thought of
as analogous to placing the gauge theory in a “cosmological” background or sub-
jecting it to a strong gravitational wave, for a finite period of time ~ A. Once
the background metric becomes flat again, one is left with the gauge theory in
Minkowski space in a highly excited state which then relaxes to equilibrium in
the absence of external forces. As we will see, the excited state produced in this
way possesses an anisotropic stress tensor with different transverse and longitu-
dinal pressures, Pt # P_. The process we are interested in is the evolution of
these pressures towards a common value at asymptotically late times, namely the
isotropization of the plasma once the source has been turned off.

The causal structure of the diagram in Fig. 7.2b suggests that it will prove
convenient to write the bulk metric in the Eddington—Finkelstein (EF) coordinates
that we introduced in (7.17) and (7.18). In the present context, the bulk metric takes
the form

ds’ = 2dvdr — Adv® + 22 (e72%dx¢ + e®dx}) (7.65)

in EF coordinates, with A, B and X in general being functions of r and v that
must be chosen such that Einstein’s equations are satisfied. The coordinate v is
the EF time in the bulk. As we have seen, it coincides with the gauge theory time
at the boundary, which lies at r = oo. Curves of constant v are infalling null
geodesics from the boundary, for which r is an affine parameter. Outgoing null
geodesics obey

da A
—=—. 7.66
dv 2 (7.66)
In these coordinates the equilibrium black brane solution is given by
I’4
A=r2f(r), f(r)=( —r—3> T=r, B=0. (7.67)
This can be seen by setting
=t— 'ry=——- 7.68
v gr)y, g AT (7.68)
which brings the metric (7.67) to the form
2
ds? = r2 (— £ (r)dt2 + dx? + dx2) + —r (7.69)

which is familiar from (7.18), in which z = R?/r.
The formulation of general relativity in which a spacetime is constructed by
means of a foliation by null hypersurfaces is called “the characteristic formulation”.
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The utility of this formulation lies in the fact that Einstein’s equations are integrated
in from the boundary along infalling null radial geodesics. Therefore, any numeri-
cal error made at the boundary, where Einstein’s equations are singular because of
the diverging conformal factor in the metric (7.69), instantaneously falls to finite r
away from the singular point in Einstein’s equations. While this tames the singular
point in Einstein’s equations at r = oo, it does not completely ameliorate it. One
must still solve Einstein’s equations very well near the boundary. Two success-
ful approaches thus far are (i) to solve Einstein’s equations semi-analytically for r
greater than some UV cut-off rpa and match the semi-analytic solution onto the
numerical solution at r = rpmax, as in e.g. Ref. [290], or (ii) to discretize Einstein’s
equations using pseudospectral methods, as in e.g. Refs. [292, 447]. In the latter
approach one can directly impose boundary conditions at r = oo, as the exponen-
tial convergence of pseudospectral methods outpaces the power-law singularities
in Einstein’s equations.
In the coordinates (7.65) Einstein’s equations take the nested form

0=3% () 4252 —2%2, (7.70)
0=x(B)+3(XB+B'X), (7.71)
0=A"+3BB-12%'%/%2+4, (7.72)
0=S+1(B°s-AY), (7.73)
0=X"+1B?X%, (7.74)

where ' = 9,h and h = 9,h + %Aarh are derivatives along ingoing and outgo-
ing null geodesics, respectively. Equations (7.70)—(7.72) are dynamical equations,
whereas Egs. (7.73) and (7.74) are constraints. Equation (7.74) is a constraint in
the familiar sense of general relativity: if it holds on a given constant-time slice
then it holds at any other time by virtue of the dynamical equations. This equa-
tion therefore will constrain the possible states that we are allowed to specify on
the initial-time slice in Fig. 7.2c. Equation (7.73) is a constraint in a perhaps less
familiar but analogous sense: if it satisfied on a given constant-r slice then it is sat-
isfied everywhere by virtue of the dynamical equations. In our case we will impose
this constraint on the r = oo slice by imposing the boundary conditions

A, v) ~r24--., (7.75)
S, v) >r +---, (7.76)
B(r,v) =~ Bo(v) + -, (7.77)

where the dots stand for subleading terms in the large-r expansion. Substituting
these expressions in the bulk metric (7.65) and dividing by the conformal factor r?,
as usual, we see that we indeed reproduce the boundary metric (7.63).
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Figure 7.3 Energy density, longitudinal pressure and transverse pressure, all
divided by NZ2/272 and all in units of 1/A%, as a function of boundary time for
¢ = 2. Recall that A is the characteristic timescale of the source (7.64). Figure
taken from Ref. [290].

The problem now reduces to integrating Eqgs. (7.70)—(7.72) numerically. Once
a solution is found, the boundary stress tensor can then be read off from the nor-
malizable mode of the metric near the AdS boundary. Details on the numerical
integration can be found in the original references and we will not dwell into them
here. Instead, we will concentrate on describing the physical results.

The combination of homogeneity in three spatial dimensions and rotational
invariance in the two-dimensional transverse plane implies that the stress tensor

can be written as
2

Ne .
(T/1) = 55 diag|£). PL). Pr)). Prov)]. (7.78)
g

(Throughout the remainder of this chapter we will use £ and P for energy densities
and pressures rescaled by a factor of N2/272. We denote the longitudinal and
transverse pressure by P, and Pr; it is also common to refer to them as P, and
P..) Figure 7.3 shows a plot of the energy density and transverse and longitudinal
pressures produced by the changing boundary geometry (7.63), with the parameter
c in (7.64) chosen as ¢ = 2. The energy density and pressures all begin at zero in
the distant past when the system is in its vacuum state, and at late times approach
thermal equilibrium values given by
2
TH = %NCZT“diag(S, 1,1,1), (7.79)

v

where T is the final equilibrium temperature. Non-monotonic behavior is seen
when the boundary geometry changes most rapidly around time zero.

Figure 7.4 displays a congruence of outgoing radial null geodesics, again for
¢ = 2. The surface shading shows A/r?. In the SYM vacuum (i.e., at early times)
this quantity equals 1, while at late times
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Figure 7.4 The congruence of outgoing radial null geodesics. The boundary is
at 1/r = 0, at the top of the figure. The surface shading displays A/r2. The
excised region is beyond the apparent horizon, which is shown by the dashed
green line. The geodesic shown as a heavier black line is the event horizon; it sep-
arates geodesics which escape to the boundary from those which cannot escape.
Figure taken from Ref. [290].

A ro\4

S=1- <T> . (7.80)
In the SYM vacuum, outgoing geodesics are given by

1 v

— 4+ — =const., 7.81

-t 3 (7.81)

and appear as straight lines in the early part of Fig.7.4. In the vicinity of
t = 0, when the boundary geometry is changing rapidly and producing infalling
gravitational radiation, the geodesic congruence changes dramatically from the
zero-temperature form to a finite-temperature form. As is evident from the figure,
at late times some outgoing geodesics do escape to the boundary, while others fall
into the bulk and never escape. Separating the “escaping” and “plunging” geodesics
is one geodesic that does neither — this geodesic, shown as the black line in Fig. 7.4,
defines the true event horizon of the geometry.

Excised from the plot is a region of the geometry behind the apparent horizon,
which is shown by the dashed line. This excision is necessary since somewhere
inside the apparent horizon there must be a singularity, and if the region of the
spacetime near the singularity were included in the calculation the numerics would
break down. This excision can have no consequences for physics outside the event
horizon, including in particular for the near-boundary behavior of the metric that
determines the boundary theory stress tensor. From the boundary point of view, it
would be safe to excise the entire region of the spacetime that lies inside the event
horizon. The event horizon is the null hypersurface of spacetime that separates
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Figure 7.5 We plot the area of the apparent horizon and the event horizon as a
function of boundary time, again for ¢ = 2. Nearly all the growth of the apparent
horizon area occurs in the interval —2 < t < 0, during which the boundary
geometry is changing rapidly. In contrast, the area of the event horizon grows
in the distant past long before the boundary geometry is significantly perturbed,
reflecting the global nature of event horizons discussed in the text. Figure taken
from Ref. [290].

those points in the spacetime that are causally connected with the boundary from
those that are not. As such, the event horizon is a global, non-local, concept whose
determination requires knowledge of the entire history of the spacetime. In this
sense it is teleological in nature. One extreme manifestation of this in the case of
interest here is that the event horizon of Fig. 7.4 extends to the infinite past beyond
the time at which the boundary theory was first perturbed, as shown more clearly
in Fig. 7.5. Because the location of the event horizon can only be determined after
the entire calculation has been completed, it is not possible to excise the entire
region of spacetime inside the event horizon as the calculation is being done. In
contrast, if an apparent horizon (defined below) can be found its location can be
determined at any time and it is always inside the event horizon. So, excising a
region of spacetime inside the apparent horizon that includes the singularity is
guaranteed to be safe, and this is what has been done in Fig. 7.4.

The event horizon is coordinate independent but is defined only globally. In
contrast, the apparent horizon is a local but coordinate dependent concept. Tech-
nically it is defined as the outer-most marginally trapped surface. The reader
can consult Refs. [436, 793, 83, 172] for a general technical discussion, and
Refs. [173, 174, 175] for a discussion in the context of the fluid/gravity corre-
spondence. Here we will only give a heuristic explanation. Consider a spacelike
slice in a given spacetime, and a closed surface within this slice. For example,
in Minkowski spacetime one may consider a constant-t three-dimensional slice,
and a two-sphere within it. Now imagine constructing two new surfaces by fol-
lowing light rays shot both inwards and outwards from each point on the original
surface. In the presence of weak or no gravity, e.g. in the case of a two-sphere
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Table 7.1 Final equilibrium temperature T and isotropization
time tiso (in units of 1/T or A), for various values of c. The
isotropization time tjso is the time after which the pressures
deviate from their equilibrium values by less than 10%. Table
taken from Ref. [290].

Ic| 1 15 2 25 3 35 4

TA 0.23 0.31 0.41 0.52 0.65 0.79 0.94
tiso T 0.67 0.68 0.71 0.92 1.2 15 1.8
tiso/ A 3.0 2.2 1.7 1.8 1.8 1.9 1.9

in a Minkowski spacetime, the area of the surface increases along the outgoing
light rays and it decreases along the ingoing ones. In contrast, if the spacetime
curvature is sufficiently strong then the area may decrease along both sets of rays.
In this case the surface is called a “trapped surface”. A “marginally trapped sur-
face” corresponds to the limiting case in which the area remains constant along the
outgoing direction. The apparent horizon is a local concept, but it is not coordinate
independent because it depends on a choice of a specific spacelike hypersurface.
The importance of the apparent horizon lies in the fact that, under certain condi-
tions, it can be shown that it must always lie inside an event horizon, as is the case
in Fig. 7.4. This means that one can safely excise all the region (or part of it, as in
Fig. 7.4) inside the apparent horizon, since this will be causally disconnected from
the region outside the event horizon, and in particular from the boundary.

It is worth pointing out that in a fully dynamical, far-from-equilibrium, setting
neither the area density of the event horizon nor the area density of the apparent
horizon correspond to an entropy density of the far-from-equilibrium matter in the
boundary quantum field theory. The acausal nature of the event horizon illustrated
in Figs. 7.4 and 7.5 makes it clear that its area cannot be proportional to an entropy
density since if it were there would be entropy present in the quantum field theory
vacuum long before the process that excites it begins. The coordinate dependence
of the apparent horizon makes it clear that its area also cannot correspond to any
physical observable in the boundary theory. None of this should come as a surprise,
because in the quantum field theory there is in fact no notion of entropy density
that is well defined far from equilibrium. The standard thermodynamic relations
that determine the entropy density from the energy density and the pressure, which
are well defined, are (approximately) valid only in (near) equilibrium.

Table 7.1 shows, for various values of c, the final equilibrium temperature T and
a measure of the isotropization time tis,. (These quantities only depend on |c|, not
on the sign of c.) Let us define tjs, as the earliest time after which the transverse
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and longitudinal pressures are always both equal to their final values to within 10%.
When |c| 2 2, we find that tis, &~ 2A, while for |c] < 2, tiso & 0.7/T. So, tis IS
always comparable to either 2A or 0.7/ T, whichever is larger. (When |c| ~ 2, the
two quantities 2A and 0.7/ T are comparable in magnitude.)

The results in Table 7.1 can be understood qualitatively with intuitive arguments.
If A « 1/T, the external source pumps energy into the system only during a very
brief time that, in the A — 0 limit, cannot control tjs,. In this regime, both tjs,
and the final equilbrium temperature must be determined only by (the appropriate
power of) the energy density that is pumped into the system, which is controlled
by |c|. So, on dimensional grounds, tis, must be proportional to 1/T. From a grav-
itational perspective, as we shall discuss further in the next section the relaxation
is controlled by the lowest quasinormal mode, whose damping rate is proportional
to 1/T. In the opposite regime, where A > 1/T, even though the total amount
of energy density that is pumped into the system is large (because this regime is
achieved when |c| is large) the energy is pumped in slowly and the system can
respond adiabatically to the deformation in the geometry. In this regime, the stress
tensor of the boundary fluid is never far from that of an equilibrium fluid, albeit
one whose temperature is changing with time. Once the source turns off, which
happens after a time of order A, the fluid is already close to its final equilibrium
state. Perhaps it takes a time of order 1/ T to get there, but that time is much shorter
than A. So, tjs, is proportional to A. From a gravitational perspective, this adiabatic
behavior arises because as we have discussed in Section 6.4 the relaxation times of
non-hydrodynamic quasinormal modes are proportional to the inverse of the one-
fourth power of the local energy density and hence vanish when |c| — oo. These
qualitative considerations provide a complete understanding of the physics behind
the result of the full calculation, namely that tis, goes from ~ 0.7/T to ~ 2A as a
function of increasing |c|, but of course they do not give us the factors of 0.7 or 2.

Although the setting we have analyzed here is quite far from that in a heavy ion
collision, it is interesting to note that tig, &~ 0.7/ T corresponds to a time ~ 0.3 fm/c
when T = 500 MeV. This is about a factor of two faster than the upper bounds
on the thermalization times inferred from hydrodynamic modeling of RHIC col-
lisions [543, 441]. Reference [735] provides a recent example of such modeling
that indicates that if the equilibration time in a RHIC collision were as short as 0.4
fm, the equilibration temperature would be just above 500 MeV. We shall return
to such comparisons later, after we have seen holographic calculations of the equi-
libration process starting from many more, different, far-from-equilibrium initial
states. Drawing conclusions from the results in this section alone would be hard to
justify, but these results do already hint that equilibration times in heavy ion colli-
sions may be longer than they would be if the physics were strongly coupled from
start to finish.
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Figure 7.6 Close-limit approximation for the collision of two black holes.

7.6 lsotropization of homogeneous plasma, simplified

In the previous section, we studied the isotropization of homogeneous plasma by
solving the non-linear Einstein’s equations in the presence of an external force, as
depicted in Fig. 7.2b. The purpose of this section, in which we follow Ref. [447]
closely, is two-fold. First, to perform a similar analysis in the absence of external
forces, as depicted in Fig. 7.2c. Second, to show that the problem can be dramati-
cally simplified by linearizing Einstein’s equations. This simplification will allow
us to analyze many possible initially far-from-equilibrium states.

Inspiration for this simplification comes from the so-called “close-limit approx-
imation” [697] in the context of black hole mergers in four-dimensional general
relativity in asymptotically flat spacetime — see Fig. 7.6 (left). If the impact param-
eter is small enough, then a single common horizon forms around the two incident
black holes when they are close enough. At much later times the system will settle
down to a single black hole in equilibrium. The close-limit approximation is the
statement that the evolution of the initial horizon, from the moment it forms until
the system settles down to its final state, is described well by Einstein’s equations
linearized around the final equilibrium black hole — see Fig. 7.6 (center). This is
quite surprising because a priori one might have expected that the initial common
horizon could not in general be viewed as a small perturbation of the horizon of
the final equilibrium black hole. Yet, the close-limit approximation predicts with
good accuracy, in particular, the form of the gravitational radiation emitted to infin-
ity in the merger and ring-down phases of the collision [57], depicted in Fig. 7.6
(right). The direct analogue of this radiation in our case will be the holographic
stress tensor determined from the metric near the boundary of AdS.

We will study the isotropization of a large number of anisotropic initial states
in the absence of external sources. Each state will be specified on the gravity side
by an entire function on the initial-time slice shown in Fig. 7.2c, and hence it
will be characterized by an arbitrary number of scales. Conservation of the stress
tensor for homogeneous plasma in the absence of external sources implies that the
energy density £ (but not the entropy density) must be constant in time. Since in
a homogeneous situation an equilibrium state is completely characterized by its
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energy density, this means that the final state is known without solving for the
dynamical evolution. On the CFT side, it is the homogeneous, isotropic plasma
with an energy density £ equal to the initial energy density, with a pressure given
by £/3 and with a temperature proportional to £%/4. On the gravity side it is a
static, isotropic black brane with the same temperature. This a priori knowledge of
the final state makes the linear approximation particularly simple: we will linearize
Einstein’s equations around the static black brane (7.67) and use them to evolve
each initial state. As expected on general grounds, the dynamical evolution shows
that an event horizon (but not necessarily an apparent horizon) is already present
on the initial-time slice for each of the states we consider. By comparing the full
numerical evolution on the gravity side with its linear approximation, we will see
that the latter predicts the time evolution of the CFT stress tensor with surprising
accuracy (see [119] for related observations), in analogy with the prediction of the
gravitational radiation at infinity by the close-limit approximation. As in that case,
we emphasize that the applicability of the linear approximation is not guaranteed
a priori, since in general our initial states will not be near-equilibrium states.

Let us now be more precise about the specification of the initial states. In the
absence of sources the asymptotic form of the metric functions takes the form?

2by (v)?
A=r2+%_ ;f:) (7.82)
by(v) . B,(v)
B = 20 S (7.83)
2
S=r— b‘;(r’? (7.84)

As usual, the normalizable modes a4 and b, (v) are not determined by the boundary
conditions but must be read off from a full bulk solution that is regular in the
interior. These modes are dual to the expectation value of the stress tensor (7.78).
In the absence of external sources, the energy density is constant and conservation
and tracelessness of the stress tensor imply that the two pressures in (7.78) may be
written as

1. 2

PL) = 5€ = SAPW), (7.85)
1.1

Pr(t) = 3€+3APQO), (7.86)

in terms of £ and a single function AP = Py — P_ that measures the degree of
anisotropy. For the specific case of strongly coupled SU (N.) NV = 4 super-Yang—
Mills theory at large N, this relation is

2 The case with sources is discussed in Ref. [290].
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£ = —3%4 , AP(t) = 3by(t). (7.87)
Note that, although £ is constant in time, a physical temperature can only be
assigned to the system once (near) equilibrium is reached, in which case £ =
374T4/4.

As we mentioned above, Eq. (7.74) is a constraint on the possible initial states
because it relates two of the metric functions on the initial-time slice. We choose
B as the independent variable because it is directly related to the CFT anisotropy
through Eq. (7.87). Thus each initial state is specified by a constant a, and a func-
tion of the radial coordinate B(v = 0, r). Note that for positive ¥ the constraint
(7.74) implies X" < 0, which in combination with the asymptotic behavior X ~r
means that X will vanish at some r > 0 on the initial-time slice. Generically this
corresponds to a curvature singularity. However, for all the initial states which the
numerical code of Ref. [447] was able to evolve in a stable manner, the region
where ¥ = 0 is hidden behind an event horizon and hence it has no effect on the
physics.

Upon considering small fluctuations around the equilibrium black brane solution
(7.67), one finds that A and X are unmodified at linear order whereas the B fluctu-
ation obeys Eq. (7.71) with X and A as in (7.67). Thus, in order to determine the
evolution of the boundary stress tensor in the linear approximation we only need to
solve a linear equation for B. At this order the position and the area of the horizon
are unmodified. The leading correction to these quantities is obtained by solving
the respective linear equations for A and X with a source that is quadratic in the
leading solution for B.

The authors of Ref. [447] considered around 1000 initial states, for all of which
the numerical code converged nicely. Most of these states were generated by taking
the ratio of two tenth-degree polynomials inr with randomly generated coefficients
and subtracting from them the appropriate powers of r to ensure the correct near-
boundary asymptotics. A few other states were constructed “by hand” to ensure
qualitative differences between them by requiring that the initial B be localized
at different positions along the radial direction, that it be quickly oscillating, etc.
For some profiles, an apparent horizon was present on the initial-time slice. For
others, it was not. In order to evaluate the accuracy of the linearized analysis, the
authors of Ref. [447] first determined the time evolution of each state by solving
the full, nonlinear, Einstein’s equations. They then solved the linear equation for
B, again for each of the ~ 1000 initial states. In each case, the pressure anisotropy
was read off by extracting by (t) from the near-boundary behavior (7.82). The upper
panel of Fig. 7.7 shows the result obtained by solving the full Einstein’s equations
for a representative initial state. The lower panel in Fig. 7.7 shows the difference
between the full solution and the result obtained via the linear approximation for



7.6 Isotropization of homogeneous plasma, simplified 227

Figure 7.7 Upper panel: solution B(v, z) (with z = 1/r) obtained from the full
Einstein’s equations. The intersection of the surface with the v = 0 plane is the
initial profile B(v = 0,2) = é(z/zh)4 sin(8z/z,), and is shown there as a thick
red curve. The intersection of the surface with the z = 0 plane corresponds to
AP(t)/€ as obtained from the full Einstein’s equations, and is shown as a thick
blue curve. The thin purple curve on the same plane shows the value of AP(t)/€
as obtained from the linear approximation. Lower panel: difference between the
full solution and the linear approximation. As evidenced by the thick and thin
curves at z = 0 in the upper panel, this difference is small, so the scale on the
vertical axis has been stretched in order to make it visible. Figure taken from
Ref. [447].

this state. The ratio in the overall scales of the vertical axes in the plots, 2/10, gives
a rough estimate of the accuracy of the linear approximation, namely 20%, which is
remarkable given that the evolution is definitely far-from-equilibrium. This feature
is illustrated by the thick blue curve at z = 0 in the upper panel of Fig. 7.7, which
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Figure 7.8 Time evolution of the areas of the event (top curve) and apparent (red
curve) horizons for the initial state of Fig. 7.7. The dot at the origin signifies that
there is no apparent horizon for this state at the initial time. From that time until
the start of the lower curve there is no apparent horizon within the range of the
radial coordinate covered by our grid, but there could be one at a deeper position.
Figure taken from Ref. [447].

shows that the pressure anisotropy is almost an order of magnitude larger than the
energy density at some points during the evolution.

As in the previous section, it is interesting to examine the time evolution of the
area densities of the event and apparent horizons, since these coincide with the
entropy density once the system has reached equilibrium. Figure 7.8 shows that
both of these quantities are larger at the end of the evolution than at the beginning,
suggesting that entropy is indeed generated during the out-of-equilibrium evolution
of the system in the absence of sources that we are describing in this section.

As in the previous section, we define the isotropization time tjs, as the time
beyond which AP(t)/€ < 0.1. Figure 7.9 is a histogram that summarizes
the isotropization times of the 1000 initial states. One of the horizontal axes
shows the isotropization times obtained from the full evolution, Ttis,, measured
in units of the final temperature. The other horizontal axis shows the relative error
in the determination of this quantity that is made by using the linear approximation,
namely the difference between tis, as determined by the full Einstein’s equations
and by the linear approximation. The height of each bar indicates the number of
states in each bin. We see that isotropization times are typically tis, < 1/T,with T
the final temperature, although they can of course be shorter for some initial states
that happen to start closer to equilibrium. A large majority of the isotropization
times found in this study lie in the range (0.6 — 1)/T, indicating that the result
tiso, ~ 0.7/ T that we found in Section 7.5 by analyzing how the system isotropizes
in response to a single family of sources is representative.

Figure 7.9 also shows that the linear approximation works with an accuracy
of 20% or better for most states. Inspection “by hand” of the cases where our
criterion suggests that the approximation is working less well indicates that in fact
it works remarkably well even for these initial states. This is illustrated in Fig. 7.10
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Figure 7.9 Results for the isotropization times obtained from the full evolution
of 1000 initial states, and for the differences between the full and the linearized
evolution (normalized by the full isotropization time). The height of each bar
indicates the number of states in each bin. Figure taken from Ref. [447].

which shows the time evolution of the pressure anisotropy for a state in the bin
marked with an arrow in the histogram of Fig. 7.9, where the linear approxima-
tion seems to be making a relatively large (around 65%) error in the final tis,. We
see that the linear approximation (thin curve) follows the exact evolution (thick
curve) very closely indeed on the scale of the initial anisotropy. However, the fact
that our isotropization criterion makes no reference to this scale means that a late-
time deviation that is tiny (~ 1/30) on this scale translates into an error that our
isotropization criterion counts as large. One could develop an improved criterion,
but Fig. 7.9 already makes the points we need to make.

The fact that the linear approximation works fairly well for such a large number
of far-from-equilibrium states is surprising. Of course, it is well known that small
perturbations around equilibrated plasma can be described in linear-response the-
ory. Equivalently, small perturbations around the dual horizon can be described by
linearizing Einstein’s equations around the equilibrium black hole solution. This
means that, for a homogeneous but anisotropic perturbation, one may expect the
linear approximation to be applicable whenever AP/€ « 1. What is remarkable
is that, in a strongly coupled CFT with a gravity dual, the linear approximation
actually works fairly accurately for perturbations that are far larger, even with AP
an order of magnitude larger than £ .

We have focused on predicting the expectation value of the holographic stress
tensor. Since this is read off from the normalizable mode of the metric near the
boundary, it is the direct analog of the wave-form computed in the close-limit
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Figure 7.10 Time evolution of the pressure anisotropy for a state in the bin
marked with an arrow in the histogram of Fig. 7.9. The lower plot zooms in around
the isotropization time. The thick blue curve corresponds to the exact evolution.
The thin red curve corresponds to linear approximation. The horizontal green lines
lie at AP(t)/E = £0.1. Figure courtesy of the authors of Ref. [449].

approximation in calculations of black hole mergers in asymptotically flat space-
time, as in Fig. 7.6. Note, though, that our results indicate that the linear
approximation in AdS works not only asymptotically but also deep within the bulk,
as illustrated by Fig. 7.7.

As we have seen in Section 6.4, in Fourier space one may distinguish between
hydrodynamic quasinormal modes with dispersion relations w(q) such that w — 0
as q — 0, and nonhydrodynamic quasinormal modes (QNM:s), for which « (0) # 0.
If a perturbation is anisotropic but homogeneous then the relaxation back to
equilibrium involves exclusively the non-hydrodynamic QNMs. In this sense the
dynamics that we have studied in this section can be thought of as the far-from-
equilibrium dynamics of the non-hydrodynamic QNMs. If the perturbation is small
then these modes evolve towards equilibrium linearly, independently of each other
and on a time scale set by the imaginary parts of their frequencies. One could
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imagine extending the description to not-so-small perturbations by including non-
linearities in the form of interactions between the QNMs, but naively one would
expect this effective description to break down for order-one anisotropies. Instead,
the results of this section imply that, for homogeneous, strongly coupled plasma
with a gravity dual, the isotropization process is still reasonably well described
by nonhydrodynamic QNMs that evolve approximately linearly and independently
of each other, even in the presence of large anisotropies (see Ref. [119] for related
observations). This can be verified explicitly by expanding and evolving B in terms
of a sufficient number of QNMs. Figure 7.11 shows a comparison for several initial
states between the time evolution of the stress tensor as determined by the full non-
linear evolution (thick blue curves), by the full linear evolution (dotted red curves)
and by the linear evolution truncated to a few QNMs (thin purple curves). For each
plot, we have indicated the factor by which the area density of the event horizon
increases throughout the evolution. The fact that in some cases this factor can be as
large as Asin/ Aini ~ 25 is another indication that we are considering initial states
that are far from equilibrium.

The fact that the evolution is well described by QNMs means that, just as in the
near-equilibrium case, the relaxation towards equilibrium is characterized by a few
non-hydrodynamic quasinormal frequencies. In particular, a naive (under)estimate
of the isotropization time can be obtained from the imaginary part of the lowest
non-hydrodynamic quasinormal frequency, as in the top panel of Fig. 6.3 in Sec-
tion 6.4, and is given by Imwy >~ —8.5T. Since our initial states typically have
anisotropies of the order of 1 < (AP/E);ni < 20, requiring

(ﬂ) exp (Im wo tiso> <0.1 (7.88)
g ini
gives 0.27 < Ttiso < 0.62. The reason why this may be an underestimate is that the
degree of anisotropy carried by each individual QNM can be much larger, typically
as large as AP/E ~ 500, with the total anisotropy being much smaller due to can-
cellations among different modes. Assuming (AP /E);,; =~ 500 one gets Ttis, ~ 1.
Intuitively (and very crudely) the applicability of the linear approximation seems
to be related to the fact that any nonlinearities generated by the Einstein equations
are quickly absorbed by the horizon. This suggests that the linear approximation
may be applicable to more general situations than the very simple one considered
here, in particular to situations in which the final state is not known a priori and/or
in which hydrodynamic modes become excited. The same intuition also suggests
that the linear approximation should not be applicable to the description of strong
gravitational dynamics in the absence of horizons. In particular, it is not expected
to describe the formation of a horizon. Yet, as we have seen, it can be very use-
ful indeed in describing its subsequent evolution. From a practical viewpoint this
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Figure 7.11 Time evolution of the pressure anisotropy for several initial states as
determined by the full nonlinear evolution (thick blue curves), by the full linear
evolution (dotted red curves) and by the linear evolution truncated to a few QNMs
(thin purple curves). The latter two are so similar that in all the panels they appear
on top of each other, differing by less than the width of the dotted curves. For each
plot we have indicated the factor by which the area density of the event horizon
increases throughout the evolution. Figure courtesy of the authors of Ref. [449].

is because of the technical simplification at the level of solving Einstein’s equa-
tions. However, the real power of this approximation lies on a more conceptual
level, since it implies that the superposition principle applies. In our case, for
example, this means that the evolution of an initial profile that takes the form
B(r) =), Bn(r) is given by the sum of the evolutions of each of the B (r).

We close this section with a comment on the accuracy of the linear approxima-
tion. If one is interested in doing precision physics in a specific CFT with a known
gravity dual, then 20% accuracy may not be good enough. However, if the goal



7.7 Hydrodynamization of boost-invariant plasma 233

is to learn robust lessons that might be extrapolated to the far-from-equilibrium
dynamics of real world QGP produced in heavy ion collisions, then this accuracy
is quite likely sufficient. The more important question is how to apply it in a setting
in which two zero-temperature objects collide and plasma results, meaning that on
the gravity side a horizon forms during the far-from-equilibrium evolution. Even if
the linear approximation can only be applied starting after the horizon has formed,
because of the insights that it yields and because the simplification that it brings
makes it feasible to analyze and compare very many “initial” states with horizons
it is a very important tool in our toolbox.

7.7 Hydrodynamization of boost-invariant plasma

The homogeneity assumed in previous sections provides a dramatic simplification
of Einstein’s equations in AdSs, since it reduces the generic problem of a 4 + 1-
dimensional evolution to one in 141 dimensions because the problem in the bound-
ary theory is 0+ 1-dimensional. The principal drawback of this assumption is that it
freezes the hydrodynamic modes, since at g = 0 (i.e. in homogeneous plasma) they
must have @ = 0. In any more generic setting, it is the hydrodynamic modes with
small but nonzero g and w that would actually dominate the late-time dynamics.

The first step in relaxing the assumption of homogeneity is to allow the dynamics
of the fluid to depend on one spatial coordinate — that we shall call the longi-
tudinal direction — while maintaining translation invariance in the other two —
transverse — coordinates. Generically, this makes the hydrodynamic problem in
the boundary theory 1 + 1-dimensional and so makes the gravitational calculation
in AdSs 2 + 1 dimensional. We shall describe such a calculation in Section 7.8.
In this section we shall make the further simplifying assumption that the longi-
tudinal expansion is boost invariant, a simplification that has been used in many
hydrodynamic analyses since it was introduced by Bjorken more than 30 years
ago [165]. This has the great technical advantage of keeping the boundary theory
problem effectively 0+ 1-dimensional, and therefore keeping the dual gravitational
problem that must be solved in AdSs 1 + 1-dimensional, while nevertheless intro-
ducing hydrodynamic expansion. This is the simplest possible way of unfreezing
the hydrodynamic modes, permitting the study of their far-from-equilibrium evolu-
tion and equilibration. In this set-up we will be able to see the transition between an
early, far-from-equilibrium, phase of the dynamics when the boost invariant expan-
sion does not satisfy hydrodynamic equations of motion and a late phase when
the expansion becomes a conventional Bjorken flow solution of hydrodynamics.
In other words, we will see the fluid “hydrodynamize” as it expands. The gravity
solution that describes boost-invariant hydrodynamic expansion can be understood
analytically [495, 642, 493, 445, 530], so we will begin our presentation with this
late-time dynamics.
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7.7.1 Boost-invariant hydrodynamics

In order to describe boost-invariant dynamics, it is convenient to introduce proper
time t and spacetime rapidity y coordinates through

t=rtcoshy, XL = tsinhy. (7.89)
In these coordinates the Minkowski metric takes the form
ds® = —dz? + r2dy? + dx2 (7.90)

and boost transformations act as a shift of y, so boost invariance is simply the
statement that physical quantities are independent of y. Since we will retain homo-
geneity in the transverse plane, physical observables will only depend on z. This
dependence leads to nonzero gradients with respect to the Cartesian coordinate X,
and therefore to hydrodynamic behavior.

Before we begin the calculation, it is important to provide some context for
the assumption of boost invariance in heavy ion collisions. If the hydrodynamic
expansion of the fluid produced in a heavy ion collision were independent of
the spacetime rapidity y, then after this fluid hadronizes the distribution of the
momenta of the final state hadrons would be independent of the momentum space
rapidity % IN((E + pL)/(E — pvr)), introduced in Section 2.1 and also convention-
ally denoted by y. This can be argued for on symmetry grounds, and therefore
arises in any standard algorithm for relating the stress tensor of the hydrodynamic
fluid to the momenta of final state particles, the simplest of which can be found in
Ref. [299]. Of course, no finite energy collision can yield a flat rapidity distribution
extending from y = —oo to y = +o00, but if the stress tensor of the hydrodynamic
fluid is independent of the spacetime y over some wide but finite range of y then
the distribution of final state hadrons in momentum-space y will feature a broad flat
plateau. As we mentioned in Section 2.1, however, we now know from data that
in heavy ion collisions at RHIC the charged particle rapidity distribution dNg,/dy
does not have this shape: it looks roughly Gaussian [762], meaning that if there is
a plateau around y ~ 0 it is relatively narrow.

Because the data require it, nowadays the state of the art hydrodynamic cal-
culations that seek to describe the matter produced in heavy ion collisions as in
Section 2.2 describe droplets that expand with non-trivial dependence on all spatial
coordinates. Because these 3 + 1-dimensional relativistic viscous hydrodynam-
ics calculations are challenging, though, many authors begin by assuming boost
invariant longitudinal expansion and focusing on the hydrodynamic expansion in
the transverse directions. And, as we shall see below, if the initial conditions for
hydrodynamics are boost invariant then the hydrodynamic evolution remains boost
invariant, regardless of how the fluid flows in the transverse dimensions. We shall
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initially simplify even further, assuming translation invariance in the transverse
plane. We do so just for the purpose of making our calculations tractable and in
fact, as we shall see in Section 7.7.5, the first calculations in which the fluid is
allowed to move in the transverse plane are now being done.

Early motivations for assuming boost-invariant hydrodynamics, going back to
Ref. [165], were based upon a simplified picture of the dynamics of nucleus—
nucleus collisions in the limit of infinite collision energy. In this limit, in the
center-of-mass frame the incident nuclei are pancakes with zero thickness colliding
at the speed of light. After the collision, the fragments of the nuclei themselves are
assumed to stay arbitrarily close to the lightcones, at arbitrarily large positive and
negative y, while the future lightcone at finite y is seen as containing particles that
had been newly created in the collision. And, inspired by early data, it was assumed
that particle creation would be boost invariant in the high collision energy limit.

A large body of more recent data indicates that the dynamical assumptions we
have just described are not valid: dN¢,/dy does not feature a broad flat plateau and
although the fragments of the incident nuclei, which can for example be tracked
by the net proton density as in Fig. 2.6b, do end up on average at higher |y| in
higher energy collisions, they are present also at y ~ 0. These data have motivated
the investigation of other simplifying assumptions for the longitudinal dynamics
(going back to Landau’s assumption [565] that the incident nuclei initially stop at
y = 0, which is in many ways the antithesis of boost invariance, and including
assumptions that span the space from Landau to Bjorken [157]). For our purposes,
though, what we need is a simplifying assumption within which we can study how
matter that is initially far-from-equilibrium hydrodynamizes as it expands, and the
best choice for this specific purpose is the assumption of boost invariance.

Using the coordinates (7.90), it is straightforward to derive the equations of
motion for boost invariant hydrodynamics in any conformal plasma. Assuming for
simplicity y — —y symmetry, the stress tensor has only three nonzero components
Tee, Tyy and Tyx, = Tyexy, = Txx. Since we are dealing with a conformal gauge
theory, T, is traceless:

1
— T, + ?Tyy + 2T =0. (7.91)

Energy—momentum conservation V, T#" = 0 gives a second relation among the
components:

d 1
TETU + Ttr + ;Tyy =0. (792)

Using the relations (7.91) and (7.92), all components of the energy momentum
tensor can be expressed in terms of the time-dependent energy density £(t):



236 From hydrodynamics to far-from-equilibrium dynamics

T.=&, Ty=-13-7%, Tx=E+ %re’, (7.93)
where & = d&/dt and where we have now scaled a factor of N2/(272) out of all
components of the stress tensor so that £ here is defined as in (7.78). Note that all
these conditions are purely kinematical in nature. The dynamics of the theory will
choose a specific £(1).

At sufficiently late times we expect (and shall confirm below) that, owing to
the continued expansion of the fluid, spatial gradients will decrease in magnitude,
making all viscous effects less and less important. We therefore expect the dynam-
ics to approach that of a perfect, inviscid, fluid. In particular, it should become
locally isotropic in the local rest frame. In terms of the pressures this means that
PL =Ty = Py = T Using (7.93), this translates into the differential equation

1
—T€ —E=E+ 7€ (7.94)

for the energy density. This equation has the simple and well-known “Bjorken
solution” £& o« 743 [165] where, for later convenience, we shall write the
proportionality constant as

A4

= 50W , (7.95)

where & is defined by the relationship between the energy density of the conformal
plasma in local thermal equilibrium and its temperature, £ = &T*, meaning that
& = 3m*/4 in strongly coupled N' = 4 SYM theory. (Recall from (7.78) that
the energy density is given by the scaled energy density & multiplied by a factor
of N2/(272).) We have introduced the integration constant A, with dimensions
of energy, that specifies a particular solution. We shall further interpret A below.
Substituting into the expressions for the pressures we see that this leads to the
conformal equation of state £ = 3P. Since £ = &T*, the temperature decreases
at late times when the expansion is described by ideal hydrodynamics according to

A

- m . (7-96)

We now see that we have defined A such that when t = 1/A the temperature is
given by A. Equivalently, T = 1/t at the time when t = 1/A. The boost invariant
hydrodynamic expansion of a perfect liquid is thus fully specified by the value of
A, with solutions with larger A being those in which T (t)t reaches 1 at earlier <.
Finally, the entropy density scales as

s~T3~ — . 7.97
e (7.97)
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Since the volume element of the metric (7.90) grows as t, it follows that the total
entropy remains constant, as expected for a fluid with zero viscosity.

Recall that the full solution to the equations describing boost-invariant expan-
sion starting from any arbitrary boost-invariant initial state is expected to behave
as an ideal fluid, as above, as T — oo, since at asymptotically late times gradient
corrections should become negligible and the system should approach local equi-
librium. At late but finite times, however, viscous effects produce corrections to
the leading behavior (7.95). In this way the hydrodynamic expansion becomes a
late-time expansion in powers of T=2/3, This power can be understood from the
fact that the hydrodynamic expansion is controlled by the product TV, with
T ~ 712 and the size of gradient corrections being V ~ 1/7. For example,
including the first and second order hydrodynamic corrections the stress-energy
tensor that describes the boost-invariant hydrodynamic expansion of a conformal
fluid takes the form [107, 291]

A 2 C
&o [1 L +]

T ADB T (AR T (AT)AB
50A4 C
T [1 T o ] ’
&N 610 5C
PL= A0 [ TYE + T +} (7.98)

The constant 1 is related to the shear viscosity of the plasma through n = 7o&T3.
The constant C is related to second order hydrodynamic relaxation times. In the
plasma of strongly coupled A" = 4 SYM theory [107, 530],

1 c 1+2In2
" 3n’ - 1872
We see from (7.98) that, as expected, at later and later times the gradient terms
through which the effects of viscosity and higher order corrections to ideal
hydrodynamics enter become less and less important.

If the expansion (7.98) were extended to include terms that are higher and higher
order in t=%/3, more and more coefficients that characterize the static plasma (like
no and C in (7.98)) would appear but the solution itself would still be specified just
by the single parameter A. The late-time hydrodynamic behavior of a boost invari-
ant expansion starting from any arbitrary boost invariant initial condition must be
of the form (7.98) for some value of A. This means that (7.98) is a scaling solution,
in the sense that for any value of A there are many different far-from-equilibrium
initial conditions that will evolve into the same form (7.98) at late time. As the
fluid expands, it loses the memory of the details of its initial conditions. And, if all

1o (799)
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one knows is the late-time expansion (7.98) it is impossible to run the clock back-
wards and reproduce the initial conditions from which the late-time state (7.98) was
obtained. In all these ways, the hydrodynamization of an expanding boost invariant
fluid is analogous to the equilibration that we described in Sections 7.5 and 7.6.

7.7.2 Late-time gravity solution

In this section, we follow Ref. [495]. These authors addressed the question of
whether the ideal-fluid behavior that is expected at late times on general grounds
arises dynamically from Einstein’s equations. For this purpose they considered the
most general 4 4+ 1-dimensional bulk metric allowed by the symmetries of the
problem:

2
ds? — %[ _ D2 4 2ehragy2 ec(r,z)dxi] + dz_i ’ (7.100)
where we are now using the radial coordinate z for which the boundary lies at
z = 0. They began their analysis by allowing for a general form of the energy
density £ ~ 1/7%, although « is constrained to lie in the range 0 < « < 4 just by
the requirement that the energy density be non-negative in any frame. The question
they posed was for what values of « a regular solution of the form (7.100) exists. In
principle, Einstein’s equations for this ansatz yield a system of coupled, nonlinear
partial differential equations in two variables, which in general is intractable ana-
Iytically. The insight of Ref. [495] was the realization that at late times the solution
can be written in terms of a single scaling variable z/7%/*. This reduces Einstein’s
equations to ordinary differential equations for which an analytic solution valid at
asymptotically late times can be found. This solution exists for any « in the range
above, but the solution is free of naked curvature singularities only for « = 4/3.
For this particular value of « the solution takes the form
2 4N —1 A 2
ds® = % [— (1 — %) (1+ %) dr? + (1+ %) (r2dy? +dxi)} + dz—zz,
(7.101)
with zy ~ /3, This metric is boost invariant and it possesses a receding horizon®
at z = 2z, suggesting that it describes boost-invariant, cooling plasma with tem-
perature T ~ 1/z5 ~ 1/t%/3, as in (7.96). Similarly, the total entropy, which
is proportional to the total horizon area, scales as s ~ t/z5 ~ const., again
in agreement with ideal-fluid hydrodynamics. We therefore conclude that Ein-
stein’s equations, together with the physical requirement of regularity of the gravity
solution, reproduce the late-time ideal-fluid dynamics expected on general grounds.

3 Note that at the asymptotically late times at which the solution (7.101) is valid the event and the apparent
horizons are expected to coincide.
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The leading correction to the metric (7.101) has been computed [642], and the
first correction to the energy density agrees with that in (7.98). Furthermore, the
corrected metric is regular at and outside the horizon if and only if the viscosity
coefficient ng in (7.98) is given by (7.99) [493], which is to say if and only if n/s =
1/(4m) as in static plasma [690]. By computing the second order correction, the
authors of Ref. [444] then determined a coefficient of second order hydrodynamics,
the relaxation time. Further examination of this correction indicated the existence
of a subleading logarithmic divergence that could not be cancelled regardless of the
choice of transport coefficients [135], but this apparent singularity turned out to be
simply an artifact of the coordinates chosen to write the metric (7.101), which are
problematic for the discussion of regularity issues at the horizon [154, 153] (see
Section 7.2, in particular Fig. 7.1). In Refs. [445, 530, 531] the gravity solution
was constructed in the Eddington—Finkelstein coordinates, and it was found that in
these coordinates the geometry is indeed regular.

In summary, not only do the Einstein equations in a dynamical setting predict
the correct late-time behavior as a function of proper time, but they also predict
the correct transport coefficients at any order. Note that no information about the
initial conditions of the plasma is necessary to derive these late-time features. The
reason is that this information is dissipated along the flow, so the behavior at late
times is universal. All the information about the initial conditions is encoded in
the single dimensionful constant A. This loss of memory of details about the ini-
tial conditions is behind the existence of a scaling solution at late times. At early
times the dynamics is strongly dependent on the initial conditions and no universal
solution exists [151]. In order to connect the early-time dynamics and the late-time
behavior, a solution valid at all times is needed. This can be constructed by solving
Einstein’s equations numerically, as we now describe.

7.7.3 Full gravity solution

In this section we follow Ref. [291] closely. The strategy is the same as in Sec-
tion 7.5, namely to create a far-from-equilibrium state by acting on the CFT
vacuum with an external source during a finite period of time. In the present case
we are interested in replacing homogeneity along the longitudinal direction by
boost invariance, so the boundary metric (7.63) gets replaced by

ds? = —de? + @@ dxf + t2e 2 dy?. (7.102)

The function y (t) characterizes a time-dependent shear in the boundary metric
which serves to excite the CFT from its vacuum to some far-from-equilibrium state.
The authors of Ref. [291] choose
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Figure 7.12 A spacetime diagram depicting several stages of the evolution of the
field theory state in response to the changing spatial geometry. Figure taken from
Ref. [291].

—10)2 _ 3218
y (1) =c®(1— r AZO) )[1— S AZO) } X exp [—1;} . (7.103)

(t—10)?
T Az

where @ is the unit-step function. Inclusion of the [1 — (z —10)?/ A?]® factor makes
the first few derivatives of y () better behaved as t—ty — +A. The function y (1)
has compact support and is infinitely differentiable; y(z) and all its derivatives
vanish at and outside the endpoints of the interval (z, 7¢), with 7, = 79 — A and
¢ = 19 + A. We choose 1 = %A so the geometry is flat at T = 0. Choosing
790 > A is convenient for numerics as our coordinate system becomes singular on
the T = 0 lightcone. The particular choice 7y = %A is made so that the numerical
results (which begin at ¢ = 0) contain a small interval of unmodified geometry
before the deformation turns on. We choose to measure all dimensionful quantities
inunitswhere A =1,s0t =1/4and 7 = 9/4.

Figure 7.12 shows a spacetime diagram depicting several stages in the evo-
lution of the SYM state schematically. Hyperbolae inside the forward lightcone
are constant-t surfaces. Prior to t = 1, the system is in the ground state. The
region of spacetime where the geometry is deformed from flat space by the exter-
nal source specified by (7.103) is shown as the red region labeled | in Fig. 7.12.
At coordinate time t = 1; the geometry of spacetime begins to deform in the
vicinity of x, = 0. As time progresses, the deformation splits into two local-
ized regions centered about x_ ~ =t, which subsequently separate and move in
the £x, directions at speeds asymptotically approaching the speed of light. After
the “pulse” of spacetime deformation passes, the system will be left at © = ¢
in an excited, anisotropic, non-equilibrium state. That is, the deformation in the
geometry will have done work on the field theory state. As the excited far-from-
equilibrium state then evolves in time it is boost invariant but not hydrodynamic.
This region is shown as the yellow region labeled Il in Fig. 7.12. It is in this region
that we can study the relaxation of a far-from-equilibrium non-equilibrium state.
After some later proper time thyqro, the system will have relaxed to a point where a



7.7 Hydrodynamization of boost-invariant plasma 241

hydrodynamic description of the continuing evolution is accurate. This final hydro-
dynamic regime, in green and labeled 111 in Fig. 7.12, is the regime whose dynamics
is described by (7.98). As the late-time hydrodynamic solution to boost invariant
flow is known analytically, we choose to define thyqro as the time after which the
stress tensor coincides with the hydrodynamic approximation to better than 10%.

Our task, then, is to find thyqro and, in particular, to see how it correlates with
quantities such as the energy density, from which an effective temperature can be
defined through

) =&TH), (7.104)

where the purely numerical factor is & = 37*/4 in N' = 4 SYM theory after the
rescaling (7.78). If the system is far from equilibrium there is no sense in which a
temperature can be defined and the quantity T () should simply be thought of as an
alternative measure of the energy density. At late times, though, T (z) approaches
the local temperature in the hydrodynamic regime. We denote the effective temper-
ature at time thygro BY Thydro = T (Thydro). As explained at the end of Section 7.5,
in the ¢ — oo limit the energy pumped into the system by the source (here, the
source (7.103)) is large and so is Thygro, Meaning that 1/ Thyaro < 7. In this regime,
we expect that thyaro — 7¢ < 7. And, we expect the evolution throughout region
Il of Fig. 7.12 to be adiabatic in the sense that the non-hydrodynamic degrees of
freedom remain close to equilibrium and the description of the dynamics is close
to hydrodynamic (with a changing energy density) at all times. In particular, a
hydrodynamic description without driving terms will be accurate the moment the
geometry stops changing. Hence, in this regime one learns little about the dynamics
associated with the relaxation of non-hydrodynamic modes.

More interesting is the case where the effective temperature at thyqro Satisfies
1/ Thydro 2 . This is the regime we will study. In this regime, the system can be
significantly out of equilibrium after the source turns off at 7; and the boundary
geometry becomes flat. We will see that when this is the case the entire process of
hydrodynamization occurs over a time which is less than or comparable to 1/ Thygro-

Given the symmetries of the physical situation that we wish to study we can
write the metric on the gravity side in the form

ds? = 2dr dv — Adv? + Ez[ede% + e*Zdez] , (7.105)

where A, B, and X are all functions of r and Eddington-Finkelstein time v only.
Note that we are back to using the radial coordinate r, with the boundary atr — oo.
In these coordinates, this metric is analogous to (7.65), except that the EF time v at
the boundary coincides in this case with the proper time t of Eq. (7.102). Similarly,
our task is to solve Einstein’s equations (7.74) but with the boundary conditions
(7.77) replaced by
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Figure 7.13 The congruence of outgoing radial null geodesics. The surface shad-
ing displays A/r2. Before time v; = 1/4, this quantity equals one. The excised
region lies inside the apparent horizon, which is shown by the dashed purple line.
The event horizon is shown as a solid blue curve which separates geodesics which
escape to the boundary from those which cannot escape. At late times v = 1.5
the event horizon coincides with the apparent horizon, and both slowly fall deeper
into the bulk. This is the gravity dual of the hydrodynamic expansion of a boost
invariant fluid at late times. Figure taken from Ref. [291].

A, v) ~r2 4., (7.106)

Srv) ~roP 4. (7.107)
2

B(r,v) >~ y(v) — §|09v+--- , (7.108)

where the dots stand for subleading terms in the large-r expansion. Technical
details can be found in Ref. [291]. Here we will just describe the results.

On the gravity side, the results that we now describe are qualitatively the same
for any c. Figure 7.13 shows a congruence of outgoing radial null geodesics for
¢ = 1. The geodesics are obtained by integrating

dr 1
— = —A(,v). 7.109
4 =3 (r,v) ( )
The shaded surface in the plot displays the value of A/r?. Excised from the plot is
a region of the geometry behind the apparent horizon, whose location is shown by
the dotted line.
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At times v < v, = 1/4, the boundary geometry is static and A/r? = 1. The
outgoing geodesic congruence at early times therefore satisfies

2
v+ o= const. , (7.110)

and hence appears as parallel straight lines on the left side of Fig. 7.13. These
are just radial geodesics in AdSs, which is the geometry dual to the initial zero-
temperature ground state. After time v; the boundary geometry starts to change,
A/r? deviates from unity, and the congruence departs from the zero-temperature
form (7.110).

As is evident from Fig. 7.13, and just as we saw in Fig. 7.4 for the case of equili-
bration without expansion, at late times some geodesics escape up to the boundary
and some plunge deep into the bulk. Separating escaping from plunging geodesics
is precisely one geodesic that does neither. This geodesic, shown as the thick solid
curve in the figure, defines the location of a null surface inside which all events are
causally disconnected from observers on the boundary. This surface is the event
horizon of the geometry.

After the time v¢ = 9/4, the boundary geometry becomes flat and unchanging,
no additional gravitational radiation is produced, and the bulk geometry approaches
a slowly evolving form. The rapid relaxation of high frequency modes can clearly
be seen in the behavior of A/r?2 shown in Fig. 7.13 —all of the high frequency struc-
ture in the plot appears only during the time interval where the boundary geometry
is changing and creating gravitational radiation. Physically, the rapid relaxation of
high frequency modes occurs because the horizon acts as an absorber of gravita-
tional radiation and low frequency modes simply take more time to fall into the
horizon than high frequency modes. Therefore, as time progresses the geometry
relaxes onto a smooth universal form whose temporal variations become slower
and slower as v — oo.

As we saw in the previous section, one can systematically construct a boost-
invariant late-time solution to Einstein’s equations. At leading order the solution
takes the form (7.101) and is characterized by a receding horizon with approximate
position 1/ro = zo ~ v/3. As time progresses, the horizon slowly falls deeper into
the bulk, and the temperature of the black hole decreases as v—*/3. The falling of the
horizon into the bulk, as an inverse power of v, is clearly visible in the calculation
presented in Fig. 7.13.

We now turn to a discussion of the results for boundary field theory observ-
ables. Figure 7.14 shows plots of the energy density and transverse and longitudinal
pressures sourced by the changing boundary geometry (7.102) with ¢ = +1
between 7; = 1/4 and t+ = 9/4 and evolving subsequently. These quantities
begin at zero before time 7;, when the system is in the vacuum state, and deviate
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Figure 7.14 Energy density, longitudinal pressure and transverse pressure, all
divided by N2/274 and all in units of 1/A* , as functions of time for c = —1
(left) and ¢ = +1 (right), where c and A were defined in (7.103). The energy
density and pressures start off at zero before time 7; = 1/4, when the system is
in the vacuum state. During the interval of time t € (7, t¢) = (1/4,9/4), the
boundary geometry is changing and doing work on the field theory state. After
time ¢, the deformation in the geometry turns off, the field theory state evolves,
and subsequently relaxes onto a hydrodynamic description. The smooth tails at
late times in both plots occur during the hydrodynamic regime. At late times,
from top to bottom, the three curves (in both plots) correspond to the energy den-
sity &, transverse pressure P, and longitudinal pressure P.. Figure taken from
Ref. [291].

from zero once the boundary geometry starts to vary. During the interval of time
where the boundary geometry is changing, the energy density generally grows and
the pressures oscillate rapidly: work is being done by the source on the field theory
state. After time 7, the boundary geometry becomes flat and no longer does any
work on the system. As time progresses, non-hydrodynamic degrees of freedom
relax and at late times the evolution of the system is governed by hydrodynamics.
The late time hydrodynamic behavior manifests itself as the smooth tails appearing
at late times in Fig. 7.14.

The two sets of plots in Fig. 7.14, contrasting ¢ = +1 and ¢ = —1, are qual-
itatively similar, with the main difference being the phase of the oscillations in
the pressures. For example, for c = —1 the transverse pressure is negative at t¢
whereas for ¢ = +1 the transverse pressure is positive and larger than the lon-
gitudinal pressure, which is nearly zero at ;. Furthermore, from the figure one
sees that, for either sign of c, the transverse pressure approaches the longitudinal
pressure from above, in agreement with the hydrodynamic prediction (7.98).

To facilitate a quantitative comparison between the numerical results for the
stress tensor and the late-time hydrodynamic expansions, Fig. 7.15 shows the
energy density and pressures for c = 1/4, 1 and 3/2, with the correspond-
ing hydrodynamic forms (7.98) plotted on top of the numerical data. The single
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Figure 7.15 Energgl density, longitudinal pressure and transverse pressure, all
divided by N2/27% and all in units of 1/A#%, as functions of time for ¢ = 1/4,
¢ = land c = 3/2. From top to bottom, the continuous curves are the energy
density, the transverse pressure, and the longitudinal pressure. The dashed curves
in each plot show the second order viscous hydrodynamic approximation (7.98)
to the different stress tensor components. Figure taken from Ref. [291].

parameter A that specifies the hydrodynamic solution is obtained by fitting to the
late time results. The plots start at time t = t¢. In all three plots, one clearly
sees the stress-energy components approach their hydrodynamic approximations.
Moreover, in all plots one sees a substantial anisotropy even at the late times where
a hydrodynamic treatment is applicable. From (7.98) we see that this means that
the effect of viscosity is very evident in these results. On the time scales depicted
in Fig. 7.15, the boost invariant hydrodynamic expansion is described by viscous
hydrodynamics, not by ideal hydrodynamics.

Looking at the right-hand panel of Fig. 7.15, we see that for c = 3/2 the energy
density and both pressures are already quite close to their hydrodynamic values
at T = v¢. Indeed, in this panel the time tnyqr after which the full results are
within 10% of their hydrodynamic values is 2.3 [291], meaning that thygro — 7 =
0.05. The system is almost hydrodynamic at z+ and hydrodynamizes very soon
thereafter. This reflects the fact that, as we have discussed, when |c| is large the
energy density, and the effective temperature T () defined from it, are pumped up
high enough that during the time between z; and =+ when the system is being driven
its nonhydrodynamic modes evolve almost adiabatically and so are hardly excited.
Hence the system is already almost hydrodynamic when the source turns off.

Looking at the left-hand panel of Fig. 7.15, with c=1/4, we see that at the
time t = t¢ the transverse and longitudinal pressures are almost equal and
opposite in magnitude meaning that at this time the system is very far from hydro-
dynamic. The curves show the system hydrodynamizing, and it turns out that
Thydro — Tf = 0.85 [291]. In the units of the figure, the effective temperature at the
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time Thyaro 1S given by Thyaro = 0.27 [291], and thyaro — 71 = 0.24/ Thydro. We see
that when measured in units of 1/ Thyaro the time that it takes the system to hydro-
dynamize after the source is turned off is still very short, even though at time 7 the
system is manifestly far from hydrodynamic. It would be premature based upon this
single example to conclude that thydro Thydro, With Thyaro the hydrodynamization time
for a system whose final state is a boost invariant expanding plasma, is shorter than
the tjs, T that we found in our analysis in Section 7.6 of the equilibration (i.e. in that
case isotropization) of a system whose final state is a static plasma with tempera-
ture T. It is true that in Section 7.6 we found tjso T = (0.6 — 1) and here we have
found (Thyaro — ) Thydro = 0.24. But, first of all, it is not clear whether in making
this comparison we should or should not “count” some or all of the time between
7 and 7y when the boost invariant system is being driven. After all, the system
is presumably already hydrodynamizing while it is being driven. And, second, we
see from Fig. 7.15 that in a system with an expanding final state isotropization
happens long after hydrodynamization: if we were to define a i, from the differ-
ence between the longitudinal and transverse pressures in this section as we did
in Section 7.6 it would be significantly greater than thyaro. In the present context,
however, and in fact in heavy ion collisions, it is the hydrodynamization time thygro
that is of interest.

We can also use the results that we have presented here to investigate whether
hydrodynamic behavior sets in when higher order terms in the hydrodynamic
expansion (7.98) become comparable to lower order terms or, instead, sets in at
a time determined by when it is that non-hydrodynamic quasinormal modes have
damped away leaving the longer-lived hydrodynamic modes dominant. In the three
panels of Fig. 7.15, from left to right, hydrodynamization occurs when A thygro IS
given by 0.89, 1.9 and 2.6 [291], meaning that in all three panels Athyao 2 1.
Examining the size of the coefficients in the series (7.98) shows that the second-
order (At)~*?3 terms are quite small compared to the leading (A7)~%? viscous
terms when At 2> 1; they only become comparable when At < 0.05. In other
words, in the period 0.05 < At < 1 higher order terms in the hydrodynamic
expansion (7.98) are small and yet hydrodynamics is still not yet applicable. This
indicates that the physics which determines the onset of hydrodynamic behavior is
not associated with higher order terms in the hydrodynamic expansion becoming
comparable to lower order terms. Rather, it must be the case that the expansion
hydrodynamizes at T ~ thyaro because it is at that time that the non-hydrodynamic
modes that are not described at all by (7.98) and that damp away exponentially
in time are becoming insignificant relative to the slowly relaxing hydrodynamic
modes. If |c| is not large, when t < thyaro the nonhydrodynamic modes dominate
and the expansion is far from equilibrium. We can draw two (related) conclusions
from this. First, if all we know is the late-time gradient expansion (7.98), asking
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before what time this expansion breaks down is not an accurate way of identifying
the hydrodynamization time and the domain of validity of hydrodynamics. A sim-
ilar conclusion was also reached in Ref. [48] by analyzing small perturbations on
top of infinite static plasma. Second, even if we know many terms in the late-time
gradient expansion (7.98), knowing only this it is impossible to run the equations
of hydrodynamics backwards in time and reconstruct the far-from-equilibrium
initial conditions. This follows from the fact that many very different far-from-
equilibrium initial states can end up at late times in a boost-invariant hydrodynamic
expansion (7.98) with the same A. This loss of memory of the initial conditions is
characteristic of any equilibration process, and the hydrodynamization of a plasma
that in boost-invariant expansion is no exception.

It is also interesting to notice that in all three panels of Fig. 7.15 at the time
of hydrodynamization the fluid is markedly anisotropic, which means that in the
hydrodynamic expansion (7.98) the first derivative terms are not much smaller than
the zeroth derivative terms. The most extreme example is P in the left-hand panel
of Fig. 7.15, where the first derivative term in (7.98) is almost 70% as large as the
zeroth order term at t = tyygro. And yet, as we have described above, in all cases
the second order terms are very small at the time of hydrodynamization. What this
suggests is that although ideal, zeroth order, hydrodynamics of course becomes
valid at asymptotically late times, at the times shown in Fig. 7.15 it does rather
badly because it includes no dissipation and at these times dissipation is impor-
tant. However, once the lowest order term that includes dissipation (i.e. the first
order terms in the derivative expansion (7.98)) are included, the important physics
that was missed at zeroth order is incorporated. With no further qualitatively new
physics being missed, the second order terms are small. So, what we learn is that
at the time of hydrodynamization the hydrodynamics is dissipative hydrodynam-
ics, with first order terms behaving like additional leading terms since they are the
leading dissipative terms.

The results illustrated in Fig. 7.15 clearly show the system hydrodynamizing
before it isotropizes. Isotropization, like hydrodynamization, happens continuously
with strict isotropy only being achieved in the infinite time limit. So, to make a
quantitative comparison between thyqro and an isotropization time tjs, we need to
introduce a criterion for isotropization, just as we did for hydrodynamization. If we
define tis, as the proper time when (Pr —PL)/Pr = 0.1, meaning that in the local
fluid rest frame the pressure in the fluid is within 10% of being isotropic, we see
from (7.98) that 7j5, = 15.6/A (tis,c = 16.1/A) for an expanding boost invariant
hydrodynamic flow if we work to second (first) order in gradients. And, if we use
(7.96) as an operational definition of a temperature T (t) then i, T (tiso) = 6.2
(tiso T (Tiso) = 6.4). We saw above that in all three cases illustrated in Fig. 7.15 the
hydrodynamization time thyro is substantially less than this i, meaning that, as
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anticipated in Section 2.2, the strongly coupled plasma hydrodynamizes at a time
when it is still significantly anisotropic. It then expands and cools according to the
laws of viscous, i.e. dissipative, hydrodynamics with entropy being produced until
T ~ Tiso. After T ~ tjs, the boost-invariant expansion continues but the fluid is now
close to isotropic meaning that gradient terms are unimportant and the expansion
is well described by ideal, inviscid, hydrodynamics with no further production of
entropy.* We shall see via many examples throughout the remainder of this chapter
that this ordering of events, hydrodynamization before isotropization, is generic
when an expanding strongly coupled plasma forms, whether boost invariant or
not, starting from varied far-from-equilibrium initial states. Although we know of
no proof that hydrodynamization always happens first at strong coupling, we also
know of no counterexamples.

Although hydrodynamization before isotropization should always have been
seen as a logical possibility, in fact before the holographic calculations for strongly
coupled fluids that we are describing in this chapter were done this possibility was
not much considered. The expectation, based partly upon weak coupling intuition
and partly upon not anticipating that first order terms in the derivative expansion of
hydrodynamics could be significant at a time when second and higher order terms
have already become insignificant, was that hydrodynamization would occur after
the 15, defined above from (7.98). If this were the case, at the time of hydro-
dynamization the fluid would already be close to isotropic and the subsequent
hydrodynamic expansion would be close to ideal with almost no entropy produc-
tion. In such a setting, it was shown in Ref. [79] that isotropization could in fact
occur before hydrodynamization. In this case, isotropization cannot be described
hydrodynamically and tjs, cannot be obtained from (7.98). It was even shown that
in the epoch between early isotropization and later hydrodynamization the expan-
sion of the weakly coupled matter can be described with equations that take the
same form as the equations of hydrodynamics [79] albeit with constitutive rela-
tions, including in particular the equation of state, that can differ from those of
hydrodynamics. This is possible because the processes that change the constitu-
tive relations back to the equilibrium ones take a time that is much longer than
Tiso; IN the perturbative analysis of Ref. [79], these two different time scales are
controlled by different powers of the small coupling constant. We now understand,
therefore, that all these considerations are relevant only if the plasma that forms is
weakly (possibly very weakly) coupled at the time that it hydrodynamizes. We have
learned from holographic calculations, like those illustrated in Fig. 7.15 and like
4 No further production of entropy unless or until there is some large increase in the viscosity of the fluid as it

cools, as can happen after a phase transition. For example, attempts to describe the late-time hadron gas phase

of QCD via hydrodynamics require viscosities that increase rapidly with decreasing temperature [695, 274,

275, 316]. However, with the methods of this chapter, and indeed of this book, we are not seeking to gain
insights into the physics of heavy ion collisions at late times, during or after the transition to hadronic matter.
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those described throughout the rest of this chapter, that when a strongly coupled
plasma is formed it hydrodynamizes first, then expands anisotropically and hydro-
dynamically, and only later isotropizes — with the isotropization and the associated
cessation of entropy production being described well by hydrodynamics.

Itis important to note that if zhyqro < Tiso then in the analysis of flow observables
in heavy ion collisions that we described in Section 2.2 the important time scale is
Thydro- FOllOwing the conventions of the literature about flow in heavy ion collisions,
in that section we referred to an “equilibration time”. What is meant by this phrase,
in that context, is the time scale after which the expanding fluid can be described by
the equations of viscous hydrodynamics, which is to say thydro. SO, the conclusion
from that section that is of interest to us in this chapter should be phrased as saying
that the agreement between the data on single particle spectra and azimuthally
anisotropic flow in heavy ion collisions and hydrodynamic calculations implies
that thygro < (0.6-1) fm.

7.7.4 An all-order criterion for boost invariant hydrodynamization

In the previous subsection we introduced a deformation of the four-dimensional
boundary theory metric in order to pump energy and momentum into the vacuum
at early times and in this way create a boost-invariant far-from-equilibrium state.
As in Fig. 7.2b, and as in the analysis of a nonexpanding plasma in Section 7.5, we
had a source acting in the boundary for some duration in time. This made the iden-
tification of the hydrodynamization time a little ambiguous, since presumably the
system was already beginning to hydrodynamize while the source was still acting.
We now want to analyze the boost invariant expansion of an initial state created
as in Fig. 7.2c, as we did for a nonexpanding plasma in Section 7.6. This has
been accomplished by the authors of Refs. [448, 446], who found a way to impose
boost-invariant, far-from-equilibrium, initial conditions in the bulk at ¢ = 0. This
removes the ambiguity of the previous subsection, although from the perspective
of heavy ion physics it is also unrealistic: heavy ion collisions cannot be boost
invariant at t = 0 since the colliding nuclei have a nonzero Lorentz-contracted
thickness. The authors of Refs. [448, 446] developed a new numerical framework
for solving the numerical relativity problem that, in the bulk, describes boost-
invariant expansion in the boundary theory. We shall not describe their formalism
but, very loosely speaking, it is a boost-invariant generalization of the formalism of
Appendix D. They were then able to analyze the evolution and hydrodynamization
of the expanding plasma resulting from a wide range of initial conditions at r = 0.
These correspond, in their set-up, to specifying a single metric coefficient function
(the “initial profile”) for the initial geometry on the hypersurface r = 0. We shall
describe the results they obtain for 29 different initial profiles below.
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Before we present results, we shall derive an all-order criterion for the validity
of boost-invariant hydrodynamics, i.e. for the determination of the hydrodynamiza-
tion time thyqro, introduced in Refs. [448, 446]. Doing so requires recasting the
equations of boost-invariant hydrodynamics in terms of the effective temperature
T (7) that we introduced in (7.104). Recall that T () is simply an alternative mea-
sure of the energy density if the system is far from equilibrium. All-order viscous
hydrodynamics, namely the extension of (7.98) to arbitrarily high order, amounts to
presenting the stress tensor as a series of terms expressed in terms of flow velocities
u and their derivatives with coefficients being proportional to appropriate powers
of T, the proportionality constants being the transport coefficients. Hydrodynamic
equations are just the conservation equations V,, T#" = 0, which are then by con-
struction first order differential equations for T. In the case of a conformal fluid, in
boost invariant expansion, in the hydrodynamic regime the effective temperature
must take the form

T = Af(AT) (7.111)

for some function f. This can be seen by taking the fourth root of the first equation
in (7.98), and relies upon the fact that if the fluid is conformal there can be no
dimensionful parameters present other than A. The only information about the
initial conditions that the fluid “remembers” after it hydrodynamizes is contained
in the constant A. Multiplying (7.111) by = and inverting we arrive at

A= h(zT)
T

where h is the function defined such that h[xf (x)] = x. Differentiating (7.112),
we obtain

: (7.112)

d
T

where Fryaro(X) = h(x)/h’(x). We conclude that in a conformal plasma in boost-
invariant expansion, the hydrodynamic equation for the scale invariant quantity

w=1T(1) (7.114)

takes on the simple form

F
T iw _ hydro(w), (7115)

wdt w

where Fryaro(w) is completely determined in terms of the transport coefficients
of the theory [448, 446], much in the spirit of [586]. Intuitively, the reason that
(7.115) does not hold outside the hydrodynamic regime is that before the system
hydrodynamizes it has not yet lost memory of the initial conditions, and so the
evolution depends on the physical scales that characterize those initial conditions.
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For the plasma of strongly coupled N/ = 4 SYM theory, Fnygro(w) is known
explicitly up to terms corresponding to third order hydrodynamics [173]:

Foydro(w) 2 1 1—log2 15— 272 —45log2 + 24log?2 n
w 3 97w 2772w? 97273 w3

(7.116)

The advantage of the result (7.115) over, for example, a seemingly simpler
expression like (7.111) lies in the fact that, if the boost-invariant expansion of the
fluid is governed entirely by hydrodynamics, including dissipative terms up to any
high order or even resummed, then, on a plot of ic%w as a function of w, trajec-
tories for all initial conditions must lie on a single curve given by Fuydro(w)/w.
If, on the other hand, genuine non-equilibrium processes intervene, i.e. if non-
hydrodynamic modes have been excited, then we should observe a wide range of
curves which all merge for sufficiently large w, after the system hydrodynamizes.
Thus Eq. (7.115) can be used to test whether the stress tensor is of hydrodynamic
form even without knowing the specific form of Fnyqro(w). Thus, it provides an all-
order criterion for the hydrodynamization of a conformal plasma in boost invariant
expansion.

In the top panel of Fig. 7.16 we plot ié‘—rw as a function of w for trajec-
tories corresponding to 29 different initial states. It is clear from the plot that
non-hydrodynamic modes are very important in the initial stage of plasma evo-
lution. Yet, for all the sets of initial data, the curves merge into a single curve
characteristic of hydrodynamics for w > 0.7. When plotted on this scale, hydro-
dynamization appears to be occurring even earlier but the vertical scale in the top
panel has been extended in order to show all the very far-from-equilibrium dynam-
ics at early times. In the bottom panel of Fig. 7.16 we show a plot of the evolution
of the pressure anisotropy for a single initial state. Using (7.93) and (7.115),

3PL F(w)

1->t_12" g, (7.117)
& w

so0 the quantity plotted in the lower panel of Fig. 7.16 is almost the same as that plot-
ted in the upper panel, except now with a vertical scale chosen such that the details
of the approach to hydrodynamization are visible. We compare the result to the
corresponding curves for first, second and third order hydrodynamics. We observe,
on the one hand, excellent agreement with hydrodynamics for w > 0.63 and, on
the other hand, a quite sizable pressure anisotropy after hydrodynamization, as in
the previous subsection, meaning that the anisotropic fluid is described well by vis-
cous hydrodynamics. We can also see that, again as we discussed in the previous
subsection, the hydrodynamic expansion itself is well under control at the hydrody-
namization time. Non-hydrodynamic modes are important before w = 0.63, which
cannot be inferred if all we know is the late time hydrodynamic behavior.
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Figure 7.16 Top: plot of = 4y versus w for 29 initial profiles. Bottom: the solid

w dt

curve shows 1 — 3P /& = 2(Pr — PL) /€, a measure of the pressure anisotropy,
for a selected profile. The three dotted curves (top, middle and bottom) represent
first, second and third order hydrodynamic fits. Figure taken from Ref. [448].

For all 29 initial conditions analyzed in Refs. [448, 446], hydrodynamization
occurs at the latest by w = zT(r) = 0.7. In the example that we analyzed
in the previous subsection, when we pumped energy into the system over some
period of time ending at t¢, hydrodynamization occurred at Thygro With (Thyaro —
71) T (Thydro) = 0.24. Our estimate here that when the system is initialized far from
equilibrium at = = 0 it hydrodynamizes by a time thyqro With Thyaro T (Thydro) = 0.7,
or perhaps somewhat smaller, confirms our speculation that in the analysis of the
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previous section the hydrodynamization process has already begun before z¢. It is
also interesting to notice how similar the criterion thygro T (Thydro) = 0.7 is to the
results we obtained in Section 7.6 for the thermalization times of 1000 different
initial states that result in a static plasma with final temperature T. The analy-
ses of the equilibration of a homogeneous plasma in Sections 7.5 and 7.6 and the
hydrodynamization of an expanding boost invariant plasma in this section all point
toward the same conclusion: when strongly coupled plasma is formed by starting
with some far-from-equilibrium state and letting it equilibrate or hydrodynamize,
the time that this process takes is of order, or maybe even slightly less than, the
inverse of the temperature at which the process concludes.

7.7.5 Boost-invariant hydrodynamization with radial flow

Throughout this chapter, we have assumed homogeneity in the transverse plane.
It is of obvious interest to lift this restriction, since colliding ions are finite in
transverse extent and result in a distribution of energy density that varies nontriv-
ially in the transverse plane. The first step away from homogeneity is to assume
only rotational symmetry in the transverse plane, meaning that initially (and dur-
ing the subsequent expansion) the energy density profile is independent of the
azimuthal angle. Quite recently, analytic solutions to the equations of viscous
boost invariant hydrodynamics with this geometry have been found for the first
time by Gubser [397]. Even more recently, the hydrodynamization of initially
far-from-equilibrium states with this geometry which subsequently expand both
longitudinally (in a boost-invariant fashion) and radially in the transverse plane
has been analyzed for the first time by van der Schee [783]. The assumption of
boost invariance in the longitudinal direction together with rotational symmetry
in the transverse plane makes the gravitational problem 2 + 1-dimensional, and
it can be solved using pseudo-spectral methods [783]. The author of Ref. [783]
analyzes the boost invariant expansion of what is initially a “blob” of energy
about 14 fm in diameter in the transverse plane. He chooses initial conditions in
which the longitudinal pressure vanishes and the transverse pressure is half the
energy density. He watches these initial conditions evolve and hydrodynamize.
The result of the calculation is that hydrodynamization occurs at a thygro at which
Thydro T (Thydro) A 0.8-0.9, quite comparable to the hydrodynamization times found
above for boost invariant expansion with no transverse dynamics. With the choice
of initial transverse pressure profile in Ref. [783], gradients in the transverse
pressure are such that by the time of hydrodynamization the fluid is expand-
ing in the radial direction in the transverse plane with a velocity that reaches
about 0.1c near the edge of the blob, where the gradient in the pressure profile
is highest.



254 From hydrodynamics to far-from-equilibrium dynamics

7.8 Colliding sheets of energy

In the previous section we studied the hydrodynamization of expanding plasma
under the strong assumption of boost invariance. In this section we will relax this
condition and we will study the dynamics of a collision of two sheets of energy,
finite in thickness but infinite in transverse extent, in N' = 4 SYM theory. Perhaps
this can be viewed as an instructive caricature of the collision of two large, highly
Lorentz-contracted, nuclei. Introducing nontrivial dynamics in the transverse plane
would yield an even better caricature with which to study the hydrodynamization
of strongly coupled plasma as in a heavy ion collision. We saw in Section 7.7.5 that
the first steps in this direction are just now being taken, albeit in a boost invariant
setting. As we show in this section, the assumption of boost invariance can also be
dispensed with.

Multiple authors have discussed collisions of infinitely extended planar shock
waves in SYM, which in the dual description becomes a problem of colliding
gravitational shock waves in asymptotically AdS spacetime. Existing work has
examined qualitative properties and trapped surfaces [390, 405, 35, 36, 546, 547,
411, 580, 533], possible early-time behavior [549, 390, 151, 773], and expected
late time asymptotics [495, 496]. As no analytic solution is known for this grav-
itational problem, solving the gravitational initial-value problem numerically is
the only way to obtain quantitative results which properly connect early- and
late-time behavior. This was done in Ref. [292], whose results we shall describe
here. Although much of the earlier work concerned singular shocks with vanishing
thickness, in Ref. [292] Chesler and Yaffe were able to analyze the collision and
subsequent evolution and hydrodynamization of planar sheets whose energy den-
sity is everywhere finite, with a Gaussian profile in the “beam” direction, incident
at the speed of light.

Diffeomorphism invariance plus translation invariance in two spatial directions
allows one to write the bulk metric in the form

ds’ = 2dvdr — Adv® + 22 (e®dx? + e ?®dZ’) + 2Fdv dz, (7.118)

where A, B, X, and F are all functions of the bulk radial coordinate r, of the time v,
and of the longitudinal coordinate z along which the waves will collide. As usual,
we use generalized infalling Eddington—Finkelstein (EF) coordinates, and the EF
time v coincides with the Minkowski time at the boundary, which liesatr — oc.
Note that the crossed dvdz term in the metric is necessary to describe the expected
energy flux

S=_Tte (7.119)

in the z direction.
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We want our initial gravitational data to be dual to two well-separated sheets
of energy in the gauge theory, with finite thickness and energy density, moving
towards each other at the speed of light. For a single sheet moving in the Fz
direction, one possible choice on the gravity side is a planar shock of the form [495]

1
ds” = r? (—dx.dx_ +x?) + [dr2 + h(xs) dxi] : (7.120)

with X, =t £ z, and h an arbitrary function — see e.g. Refs. [150, 91] for detailed
discussions of these type of solutions. Note that the time t in this form of the metric
is not an EF time but rather the analog of the time t shown in Fig. 7.1. The function
h is chosen to be a Gaussian with width w and amplitude 1°:

h(xs) = u® @rw?) Y2 e PEm" (7.121)

Note that the term h(x..) dx2 /r? in the metric has precisely the correct fall-off to
correspond to a vacuum expectation value of the T, , component of the boundary
stress tensor, i.e. (T, ) o h(xs), as corresponds to an excitation that propagates
at the speed of light. The energy density per unit area of the shock is 3 (NZ2/272).
If the shock profile h has compact support, then a superposition of right- and
left-moving shocks solves Einstein’s equations at early times when the incoming
shocks have disjoint support. Although this is not exactly true for our Gaussian
profiles, the residual error in Einstein’s equations is negligible when the separa-
tion of the incoming shocks is more than a few times the shock width. Following
Ref. [292], we choose a width w = 0.75/ and an initial separation of the shocks
Az = 6.2/uu. We evolve the system for a total time At = 9.1/ .

Because of its light-like nature, all the curvature invariants of the metric (7.120)
are finite. Nevertheless, as pointed out in [91], this metric possesses a naked cur-
vature singularity, since tidal forces diverge in the region h(x.) # 0,r — 0 [682].
Recall that r — 0 can be reached in finite affine parameter along future-directed
causal curves, in particular along geodesics, and that when h = 0 it corresponds to
the horizon of AdS. Presumably this singularity is related to the observation [292]
that, when expressed in terms of EF coordinates, the functions A and F in the
metric (7.118) seem to grow without bound as r — 0. Following Ref. [292], we
regulate this problem by adding to the metric (7.120) an additional piece represent-
ing a static, infinite thermal bath within which the shocks propagate. On the gravity
side this corresponds to a static, infinite horizon at a small value of r that cloaks
the singularity present for r — 0. The bath acts as a regulator in the sense that its
energy density is smaller by a factor of 50 than the peak energy in the shocks. This
large separation implies that the effect of the bath on the propagation of the shocks
is small and also implies that the temperature of the plasma at the time of hydrody-
namization is much larger than the regulator temperature. However, the presence
of the singularity means that the regulator cannot be strictly removed.



256 From hydrodynamics to far-from-equilibrium dynamics

E/ut

1
0.5

0

-3 -6

0 -3
0
put 3 3 wz

6
6

Figure 7.17 Energy density £/u* as a function of the boundary time t and
longitudinal coordinate z. Figure taken from Ref. [292].

With the solution (7.120) plus the regulator in hand, the remaining tasks are (i)
to transform these initial data to the EF coordinates of the ansatz (7.118), which
is done numerically, (ii) to evolve Einstein’s equations with these initial data, and
(iii) to read off the boundary stress tensor from the near-boundary fall-off of the
resulting metric. Figure 7.17 shows the energy density £ as a function of time
and longitudinal position obtained from this calculation. On the left, one sees two
incoming shocks propagating toward each other at the speed of light. After the col-
lision, centered on t =0, energy is deposited throughout the region between the
two receding energy density maxima. As the dynamics of the collision is strongly
coupled, the energy density after the collision does not at all resemble two out-
going sheets of energy that have passed through each other. For example, after
the collision in Fig. 7.17 the two receding maxima are moving outwards at less
than the speed of light. To elaborate on this point, Fig. 7.18 shows a contour
plot of the energy flux S for positive t and z. The dashed curve shows the loca-
tion of the maximum of the energy flux. The inverse slope of this curve, equal to
the speed with which the receding maxima in the energy density are moving, is
v = 0.86 at late times. This is the most dramatic manifestation of the fact that
the dynamics is not boost invariant. The solid line shows the point beyond which
S/u* < 1074, and has slope 1. Evidently, the leading disturbance from the col-
lision moves outwards at the speed of light, but the maxima in £ and S move
significantly slower. The collision has substantially slowed down the sheets of
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Figure 7.18 Energy flux S/u* as a function of the boundary time t and
longitudinal coordinate z. Figure taken from Ref. [292].

energy and, furthermore, it has resulted in the deposition of energy density between
the receding sheets, in the vicinity of z = 0. This energy density, seen expand-
ing and cooling in Fig. 7.17, is the plasma whose hydrodynamization we wish to
quantify.

In Fig. 7.19 we plot the transverse and longitudinal pressures at z = 0 as a
function of time. At z = 0, the pressures increase dramatically during the collision,
resulting in a system which is very anisotropic and far from equilibrium. Att =
—0.23/u, where P has its maximum, P is roughly 5 times larger than Pr. At
late times, the pressures asymptotically approach each other.

We expect that at sufficiently late times the evolution of T#" will be described
by hydrodynamics. To test the validly of hydrodynamics, in Fig. 7.19 we also plot
(as dashed lines) the pressures P*™ and P[*™" predicted from the energy density
by the first order viscous hydrodynamic constitutive relations [107]. At z = 0 the
hydrodynamic constitutive relations hold within 15% at time tyygo = 2.4/, with
improving accuracy thereafter.

At z = 0, where the flux S = 0, the constitutive relations imply that the dif-
ference between P and P[*™ is purely due to viscous effects. Figure 7.19
shows that there is a large difference between Pt and P when hydrodynamics

first becomes applicable, implying that viscous effects are substantial. As in all
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Figure 7.19 Longitudinal (continuous green curve) and transverse pressure (con-
tinuous blue curve) in units of x* as a function of time t, at z = 0. Also shown
for comparison (dashed black curves) are the pressures predicted by the viscous
hydrodynamic constitutive relations. Figure taken from Ref. [292].

the boost-invariant examples that we analyzed earlier, hydrodynamization of the
strongly coupled fluid produced by the collision between the sheets of energy
illustrated in Fig. 7.17 occurs before isotropization. Hydrodynamization is fol-
lowed by an epoch of anisotropic hydrodynamic expansion during which entropy
is produced. Only later, at an isotropization time that comes well after the times
visible in Figs. 7.17 and 7.19, the pressures in the fluid become locally isotropic,
entropy production ceases, and the subsequent expansion is described by ideal
hydrodynamics.

Atz = 0, when t = thyaro = 2.4/ the effective temperature, defined from the
energy density according to (7.104) is T = 0.27u, meaning that thyaro T (thyaro) =
0.65. We see that the hydrodynamization time for the plasma produced in the col-
lisions of this section is quite comparable to the estimates that we obtained in the
context of boost-invariant expansion in Section 7.7.

As we conclude this chapter, we see a common conclusion emerging from a
wide variety of calculations. We saw in Sections 7.5 and 7.6 that the thermalization
of a static strongly coupled plasma with equilibrium temperature T takes a time
in the range (0.6-1)/T, for a wide variety of far-from-equilibrium initial condi-
tions. We then saw in Section 7.7 that when a strongly coupled plasma forms in
a boost-invariant expansion, it hydrodynamizes in a time thydro < 0.7/ T (Thydro),
again for a wide variety of far-from-equilibrium initial states. Here, T (thydro) iS
the effective temperature of the plasma, defined from the fourth root of its energy
density, at the time that it hydrodynamizes. Finally, in this section where we have
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dispensed with boost invariance, at least in the one instance of colliding sheets of
energy density that we have analyzed we find thyaro T (thyaro) = 0.65. The conclu-
sion that the hydrodynamization of strongly coupled plasma takes a time satisfying
thydro T (thydro) = 0.6—1 seems robust indeed.

As we have discussed in Section 2.2, the comparison of data on identified par-
ticle spectra and elliptic flow in heavy ion collisions at RHIC to hydrodynamic
calculations indicates that the quark—gluon plasma produced in RHIC collisions
hydrodynamizes before a time of order 0.6-1fm/c [443, 543]. Before the inves-
tigations described in this chapter, this was always seen as rapid thermalization
since analyses of thermalization that are based upon weakly coupled physics point
to significantly longer thermalization times. How does our strong coupling con-
clusion compare? In doing hydrodynamic calculations to compare with data from
heavy ion collisions, it has become conventional to initialize the hydrodynamic cal-
culation T = 0.6 fm after the collision. For example, in Ref. [734] we find recent
viscous hydrodynamic calculations that fit RHIC data well if the temperature at the
middle of the fireball is initially T (0.6 fm) = 347-379 MeV, with the variation
coming from uncertainty in the shape of the energy density profile at that time. We
see that ¢ = 0.6 fm after a RHIC collision, tT () ~ 1.1-1.2. Although we do
not have full-fledged hydrodynamic calculations that start this early to call upon,
we see that T (r) = 0.65 corresponds to a t that is somewhere around 0.3 fm.
In heavy ion collisions at the LHC, T (0.6 fm) = 444-485 MeV [734], meaning
that ¢ T (r) = 0.65 corresponds to a t that is somewhere around 0.2 fm. Follow-
ing the discussion with which we began this chapter, it would be inappropriate to
take these as estimates for the hydrodynamization times of heavy ion collisions
per se. We expect that at the very beginning of a heavy ion collision, the dominant
physics is not yet strongly coupled. The impact of these strong coupling estimates
is that they teach us that the more than ten-year-old result that the matter produced
in RHIC collisions takes at most 0.6—-1 fm to hydrodynamize should no longer be
seen as “rapid thermalization”, since this time scale is comfortably longer than
what we now know we should expect if the physics of heavy ion collisions were
strongly coupled from the start.

We close by noting that there are two other ways to connect the results from the
calculation of colliding sheets in this section to heavy ion collisions. The authors of
Ref. [292] noted that if we equate the energy per unit transverse area of the sheets
with the mean energy per unit transverse area of the Lorentz-contracted nuclei inci-
dent at RHIC, this sets the scale for . without appealing to the hydrodynamization
temperature in the final state. This estimate yields . ~ 2.3 GeV, which would then
mean that thyaro = 2.4/ corresponds to thyaro ~ 0.2 fm. The reason that this yields
a larger value of u than the one that we obtained implicitly above when we used
the hydrodynamization temperature is that, in the collision of the two sheets of
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strongly coupled matter, the energy density near z ~ 0 in the final state is greater
than in a collision between heavy ions with the same energy per unit transverse
area. The other option is to use the width of the sheets to set the scale. In the col-
lision that we have described, w = 0.75/u meaning that thygo = 2.4/ = 3.2 w.
It is a little hard to compare the Gaussian profiles of the colliding sheets of energy
with the profiles of Lorentz-contracted nuclei in a quantitative way, but this sug-
gests thyaro ~ 0.3 fm, consistent with what we obtained via the hydrodynamization
temperature above. Based on experience in simpler contexts earlier in this chap-
ter, we expect that the hydrodynamization time is controlled by the inverse of the
hydrodynamization temperature when that time scale is much longer than w, and
by w when that is the longer time scale. For the specific value of wu that we have
used, the two estimates are comparable. It would be interesting to investigate the
collisions of sheets of energy density with Gaussian profiles having varying values
of wu, and then with profiles having other shapes. And, it will be interesting to
investigate colliding disks with a non-trivial profile in the transverse plane as, we
have seen in Section 7.7.5, is already now possible in a boost-invariant setting.
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Probing strongly coupled plasma

As discussed in Sections 2.3 and 2.4, two of the most informative probes of strongly
coupled plasma that are available in heavy ion collisions are the rare highly ener-
getic partons and quarkonium mesons produced in these collisions. In this chapter
and in Chapter 9, we review results obtained by employing the AdS/CFT corre-
spondence that are shedding light on these classes of phenomena. In Sections 8.1
and 8.2, we describe how a test quark of mass M moving through the strongly
coupled N/ = 4 SYM plasma loses energy and picks up transverse momentum.
In Section 8.3 we consider how the strongly coupled plasma responds to the hard
parton plowing through it; that is, we describe the excitations of the medium which
result. In Section 8.4, we discuss calculations of the stopping distance of a light
quark moving through the strongly coupled plasma. Throughout Sections 8.1, 8.2,
8.3 and 8.4 we assume that all aspects of the phenomena associated with an ener-
getic parton moving through the plasma are strongly coupled. In Section 8.5, we
present an alternative approach in which we assume that QCD is weakly coupled
at the energy and momentum scales that characterize gluons radiated from the
energetic parton, while the medium through which the energetic parton and the
radiated gluons propagate is strongly coupled. In this case, one uses the AdS/CFT
correspondence only in the calculation of those properties of the strongly coupled
plasma that arise in the calculation of radiative parton energy loss and transverse
momentum broadening. In Section 8.6, we describe a calculation of synchrotron
radiation in strongly coupled N/ = 4 SYM theory that allows the construction of a
narrowly collimated beam of gluons (and adjoint scalars) which we can then watch
as it is quenched by the strongly coupled plasma. This opens a new path toward
analyzing jet quenching.

In Section 8.7, we review those insights into the physics of quarkonium mesons
in heavy ion collisions that have been obtained via AdS/CFT calculations of
the temperature-dependent screening of the potential between a heavy quark
and antiquark. To go farther, we need to introduce a holographic description of
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quarkonium-like mesons themselves. In Chapter 9, we first present this construc-
tion and then describe the insights that it has yielded. In addition to shedding
light upon the physics of quarkonia in hot matter that we have introduced in Sec-
tion 2.4, as we describe in Section 9.6.2 these calculations have also resulted
in the discovery of a new process by which a hard parton propagating through
a strongly coupled plasma can lose energy: Cherenkov radiation of quarkonium
mesons.

8.1 Parton energy loss via a drag on heavy quarks

When a heavy quark moves through the strongly coupled plasma of a conformal
theory, it feels a drag force and consequently loses energy [452, 394]. We shall
review the original calculation of this drag force in AV = 4 SYM theory [452, 394];
it has subsequently been done in many other gauge theories with dual gravitational
descriptions [453, 224, 225, 610, 645, 772, 395, 418, 468, 144, 161]. In calcula-
tions of the drag on heavy quarks, one determines the energy per unit time needed
to maintain the forced motion of the quark in the plasma. In these calculations one
regards the quark as an external source moving at fixed velocity, v, and one per-
forms thermal averages over the medium. This picture can be justified if the mass
of the quark is assumed to be much larger than the typical momentum scale of the
medium (temperature), and if the motion of the quark is studied in a time window
that is large compared with the relaxation scale of the medium but short compared
to the time it takes the quark to change its trajectory. In this limit the heavy quark
is described by a Wilson line along the worldline of the quark.

The dual description of the Wilson line is given by a classical string hanging
down from the quark on the boundary of AdS. Since we are considering a single
quark, the other end of the string hangs down into the bulk of the AdS space. We
consider the stationary situation, in which the quark has been moving at a fixed
velocity for a long time, meaning that the shape of the string trailing down and
behind it is no longer changing with time. For concreteness, we will assume that
the quark moves in the x; direction, and we choose to parametrize the string world
sheet by T =t and o = z. By symmetry, we can set two of the perpendicular coor-
dinates, x, and Xz to a constant. The problem of finding the string profile reduces,
then, to finding a function

Xl(‘[, o), (81)

that fulfills the string equations of motion. The string solution must also satisfy the
boundary condition

X1(t,z— 0) = vt. (8.2)
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Since we are interested in the stationary situation, the string solution takes the form
xi(t,2) = vt +¢(2), (8.3)

with ¢(z — 0) = 0. We work in an A/ = 4 plasma, whose dual gravitational
description is the AdS black hole with the metric G, given in (5.34). The induced
metric on the string worldsheet g, = G,,,0,X*9gX" is then given by

2

R 1 ;
ds? = §<— (f(2 —v*)dr? + (ﬁ +¢ 2(Z)) do?

+v¢'(2v (drdo + dadr)) , (8.4)
where, as before, f(z) = 1 — z*/z] and ¢’(z) denotes differentiation with respect

to z.
The Nambu-Goto action for this string reads

S__ :T/dzﬁ, (8.5)

2o’ f(2)

with 7 the total time traveled by the quark. Extremizing this action yields the
equations of motion that must be satisfied by ¢(z). The action (8.5) has a constant
of motion given by the canonical momentum

o R1 f@*¢' @)
g 2 T -+ f(2%% )

which coincides with the longitudinal momentum flux in the z direction. In terms
of I, the equation of motion for ¢ obtained from (8.5) takes the form

) 2o’ 2 A f(2) — 2
;2(2) = ( R2 Hi) f(7)2 2ma 2 :
@D f(z) - (Fgrmy)° 2

The value of T1} can be fixed by inspection of this equation, as follows: both the
numerator and the denominator of (8.7) are positive at the boundary z = 0 and
negative at the horizon z = z; since ¢’(z) is real, both the numerator and the
denominator must change sign at the same z; this is only the case if

RZ
) 8.8
L (8.8)

R? dz [f(2) —v2 + f(2)2¢%(2)
T / Z

Hl

z

(8.6)

(8.7)

ni=+

with y = 1/+4/1 —v? the Lorentz y factor. Thus, stationary solutions can only
be found for these values of the momentum flux. (Or, for T = 0, for which
& =constant. This solution has real action only for v = 0.)
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Figure 8.1 String solutions of Eq. (8.8). The physical (unphysical) solution in
which momentum flows into (out of) the horizon and the string trails behind
(curves ahead) of the quark at the boundary is plotted in the left (right) panel.
Figure from Ref. [452].

The two solutions (8.8) correspond to different choices of boundary conditions
at the horizon. Following Refs. [452, 394], we choose the solution for which
the momentum flux along the string world sheet flows from the boundary into the
horizon, corresponding to the physical case in which the energy provided by the
external agent that is pulling the quark through the plasma at constant speed is
dissipated into the medium. This solution to (8.7) is given by

{(2) = —% (arctanh (%) — arctan (%)) . (8.9)

As illustrated in Fig. 8.1, this solution describes a string that trails behind the
moving quark as it hangs down from it into the bulk spacetime.

The momentum flux flowing down from the boundary, along the string world
sheet (8.9), and towards the horizon determines the amount of momentum lost
by the quark in its propagation through the plasma. In terms of the field theory
variables,

% - _JTTZ\/X

dt z 2
Note, however, that in the stationary situation we have described, there is by con-
struction no change in the actual momentum of the quark at the boundary; instead,
in order to keep the quark moving with constant speed v against the force (8.10)
there must be some external agent pushing the quark through the strongly coupled
plasma. This force can be viewed as due to a constant electric field acting on the
string endpoint, with the magnitude of the field given by

TT2/
2

The physical set-up described by the string (8.9) is thus that of forced motion of the
quark through the plasma at constant speed in the presence of a constant electric
field. The external force on the quark balances the backward drag force (8.10) on

YU. (8.10)

E =

yv. (8.11)



8.1 Parton energy loss via a drag on heavy quarks 265

the quark exerted by the medium through which it is moving. To make it explicit
that the medium exerts a drag force, we can rewrite (8.10) as

dp

—_— = , 8.12
at nmop (8.12)
with p = My the relativistic expression of the momentum of the quark and M
the mass of the heavy particle. The drag coefficient is then

_yrx/XT2
np = oM

(8.13)

For test quarks with M — oo, as in the derivation above, this result is valid for
motion with arbitrarily relativistic speeds v. It is remarkable that the energy loss
of a heavy quark moving through the quark—gluon plasma with constant speed is
described so simply, as due to a drag force. In contrast, in either a weakly coupled
plasma [628] or a strongly coupled plasma that is not conformal [585], dp/dt is
not proportional to p even at low velocities.

We shall see in Section 8.2 that a heavy quark moving through the strongly
coupled plasma of A/ = 4 SYM theory experiences transverse and longitudinal
momentum broadening, in addition to losing energy via the drag that we have ana-
lyzed above. We shall review the implications of the understanding of how the
presence of the strongly coupled plasma affects the motion of heavy quarks for
heavy ion collision phenomenology at the end of Section 8.2.

8.1.1 Regime of validity of the drag calculation

In the derivation of the drag force above, we considered a test quark with M — oo.
The result is, however, valid for quarks with finite mass M, as long as M is not too
small. As we now show, the criterion that must be satisfied by M depends on the
velocity of the quark v. The closer v is to 1, the larger M must be in order for
the energy loss of the quark to be correctly described via the drag force calculated
above. In deriving the regime of validity of the drag calculation, we shall assume
for simplicity that we are interested in large enough y = 1/+4/1 — v? that the M
above which the calculation is valid satisfies M >> +/AT. We will understand the
need for this condition in Chapter 9.

The introduction of quarks with finite mass M in the fundamental representation
of the gauge group corresponds in the dual gravitational description to the intro-
duction of D7-branes [513], as we have reviewed in Section 5.5 and as we will
further pursue in Chapter 9. The D7-brane extends from the boundary at z = 0
down to some z, related to the mass of the quarks it describes by
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= ﬁ , (8.14)
2z

a result that we shall explain in Section 9.1. The physical reason that the calculation
of the drag force breaks down if M is too small or v is too large is that if the
electric field £ required to keep the quark moving at constant speed v gets too
large, one gets copious production of pairs of quarks and antiquarks with mass
M, and the picture of dragging a single heavy quark through the medium breaks
down completely [253]. The parametric dependence of the critical field £ at which
pair production becomes copious can be estimated by inspection of how the Dirac—
Born-Infeld action for the D7-brane depends on &£, namely

Soel ~\/1— (2’;‘;/523)2. (8.15)

The critical maximum field strength that the D7-brane can support is the & at
which this action vanishes. This yields a criterion for the validity of the drag
calculation, namely that £ must be less than of order

2w M?
gc - .
v
This maximum value of the electric field implies a maximum value of y up to

which the drag calculation can be applied for quarks with some finite mass M.
From Eq. (8.11) and Eq. (8.16), this criterion is

yo < (%) | (317)

We shall assume that M >> +/A T, meaning that in (8.17) we can take yv ~ y. And,
the estimate is only parametric, so the factor of two is not to be taken seriously.
Thus, the result to take away is that the drag calculation is valid as long as

M 2

The argument in terms of pair production for the limit (8.18) on the quark veloc-
ity gives a nice physical understanding for its origin, but this limit arises in a
variety of other ways. For example, at (8.18) the velocity of the quark v becomes
equal to the local speed of light in the bulk at z = z;, where the trailing string
joins onto the quark on the D7-brane. For example, at (8.18) the screening length
Ls (described below in Section 8.7) at which the potential between a quark and
antiquark is screened becomes as short as the Compton wavelength of a quark
of mass M, meaning that the calculation of Section 8.7 is also valid only in the
regime (8.18) [584].

(8.16)
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Yet further understanding of the meaning of the limit (8.18) can be gained by
asking the question of what happens if the electric field is turned off, and the quark
moving with speed v begins to decelerate due to the drag force on it. We would
like to be able, at least initially, to calculate the energy loss of this now decelerating
quark by assuming that this energy loss is due to the drag force, which from (8.10)
means
dE T S22 4 5> PV

dt drag

However, once the quark is decelerating it is natural to expect that, due to its decel-
eration, it radiates and loses energy via this radiation also. The energy lost by a
quark in strongly coupled N’ = 4 SYM theory moving in vacuum along a trajec-
tory with arbitrary acceleration has been calculated by Mikhailov [618].1 For the
case of a linear trajectory with deceleration a, his result takes the form

dE __ﬁaz Gz_ﬁi<dp>2_

= _ y VA dp
dt vacuum radiation 2r 2r M2 \ dt

At least initially, dp/dt will be that due to the drag force, namely (8.10). We now
see that the condition that d E /dt due to the vacuum radiation (8.20) caused by the
drag-induced deceleration (8.10) be less than dE/dt due to the drag itself (8.19)
simplifies considerably and becomes

y < (%)2 , (8.21)

the same criterion that we have seen before. This gives further physical intuition
into the criterion for the validity of the drag calculation and at the same time
demonstrates that this calculation cannot be used in the regime in which energy
loss due to deceleration-induced radiation becomes dominant.

Motivated by the above considerations, the authors of Ref. [346] considered the
(academic) case of a test quark moving in a circle of radius L with constant angular
frequency w. They showed that in this circumstance, dE /dt is given by (8.19), as if
due to drag with no radiation, as long as w? < (7 T)?y3, with y the Lorentz factor
for velocity v = Lw. But, for w? > (7 T)?y3, the energy loss of the quark moving
in a circle through the plasma is precisely what it would be in vacuum according
to Mikhailov’s result, which becomes

dE N/
dt _vaa)y

(8.20)

A
4 _ £a2y4

- (8.22)

vacuum radiation

1 Mikhailov’s general result for an accelerating quark in AV = 4 SYM theory at T = 0 is equivalent to Liénard’s
classical result for electromagnetic radiation from an accelerating charge upon replacing the QED coupling

constant 262 /3 by v/4/(27). Finite mass corrections to Mikhailov’s result have been explored in Ref. [280].
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for circular motion. Note that the radiative energy loss (8.22) is greater than that
due to drag, (8.19), for

w? > (1T)%?3, (8.23)

so the result of the calculation is that energy loss is dominated by that due to
acceleration-induced radiation or that due to drag wherever each is larger. (Where
they are comparable in magnitude, the actual energy loss is somewhat less than
their sum [346].) This calculation shows that the calculational method that yields
the result that a quark moving in a straight line with constant speed v in the regime
(8.21) loses energy via drag can yield other results in other circumstances (see
[280, 283, 282] for further examples). In the case of circular motion, the crite-
rion for the validity of the calculational method is again (8.21), but there is a wide
range of parameters for which this criterion and (8.23) are both satisfied [346]. This
means that, for a quark in circular motion, the calculation is reliable in a regime
where energy loss is as if due to radiation in vacuum. As we shall see in Section 8.6,
this opens the possibility to using this calculation as a device with which to make
a beam of strongly coupled gluons and adjoint scalars, whose quenching in the
strongly coupled plasma can then be analyzed.

8.2 Momentum broadening of a heavy quark

In the same regime in which a heavy quark moving through the strongly coupled
plasma of A/ = 4 SYM theory loses energy via drag, as described in Sec-
tion 8.1, it is also possible to use gauge/gravity duality to calculate the transverse
(and, in fact, longitudinal) momentum broadening induced by motion through the
plasma [252, 396, 253, 254]. We shall review these calculations in this section.
They have been further analyzed [328, 311, 378], and extended to study the effects
of nonconformality [585, 675, 419] and acceleration [808, 227].

For non-relativistic heavy quarks, the result (8.12) is not surprising. The dynam-
ics of this particle is that of Brownian motion which can be described by the
effective equation of motion

dp

Gr = “MoPHEW. (8.24)

where &(t) is a random force that encodes the interaction of the medium with the
heavy probe and that causes the momentum broadening that we describe in this
section. For heavy quarks, we have seen in (8.13) that »p is suppressed by mass.
This reflects the obvious fact that the larger the mass of the quark the harder it
is to change the momentum of the particle. Thus, for a heavy quark the typical
time for such a change, 1/np, is long compared to any microscopic time scale of
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the medium teq. This fact allows us to characterize the force distribution by the
two-point correlators

(ErTME M) = krdt — 1)),
([ELMEM)) =Kot — 1), (8.25)

where the subscripts L and T refer to the forces longitudinal and transverse to the
direction of the particle’s motion. Here, we are also assuming an isotropic plasma
which leads to (&, (1)) = (&7 (t)) = 0. In general, the force correlator would have
a nontrivial dependence on the time difference (different from §(t — t’)). How-
ever, since the dynamics of the heavy quark happens on time scales that are much
larger than tieg, We can approximate all medium correlations as happening instan-
taneously. It is then easy to see that the coefficient k1 (k) corresponds to the mean
squared transverse (longitudinal) momentum transferred to the heavy quark per
unit time. For example, the transverse momentum broadening is given by

() =2 / dtdt’ (g (V)r&r ) = 2 T, (8.26)

where 7 is the total time duration (which should be smaller than 1/np) and where
the 2 is the number of transverse dimensions. It is clear from the correlator that «
is a property of the medium, independent of any details of the heavy quark probe.
Our goal in this section is to calculate «1 and «_. We shall do so first at low velocity,
and then throughout the velocity regime in which the calculation of the drag force
is valid.

Before we begin, we must show that in the limit we are considering the noise
distribution is well characterized by its second moment. Odd number correlators
vanish because of symmetry, so the first higher moment to consider is the fourth
moment of the distribution of the transverse momentum picked up by the heavy
quark moving through the plasma

(ph) = / dtidtodtsdty (&7 (t)E7 (L2)éT (t3)éT () - (8.27)
The four-point correlator may be decomposed as

(€1 (tD)éT ()ET (13)ET (1a)) = (&7 (1T (t)ET (t2)éT (1)) (8.28)
+ (&1 (W)é1 (1)) (67 (L)1 (ta))
+ (&1 (t)éT (13)) (&7 (t2)E7 (ta))

+ (&1 (t)é7 (1)) (61 ()éT(t3))
(8.29)
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which is the definition of the connected correlator. Owing to time translational
invariance, the connected correlator is a function

(ET(t)ET(t)ET()ET(Ma))e = Fly —ty, 3 — 1y, 1 — 1) . (8.30)

As before, the correlator has a characteristic scale of the order of the medium scale.
As a consequence, since the expectation value due to the connected part has only
one free integral, we find

P4 = (3 @er)? + O 72, (8.31)

where the dominant term comes from the disconnected parts in Eq. (8.28). Since
we are interested in times parametrically long compared to tmeq, We can neglect the
connected part of the correlator.

8.21 k1 and k. inthe p — 0 limit

The dynamical equations (8.24) together with (8.25) constitute the Langevin
description of heavy quarks in a medium. Inthe p — 0 limit, there is no distinction
between transverse and longitudinal, meaning that both the fluctuations in (8.25)
must be described by the same correlator with x| = xt = «. The Langevin equa-
tions (8.24) and (8.25) describe the time evolution of the probability distribution
for the momentum of an ensemble of heavy quarks in a medium. A standard anal-
ysis shows that, independent of the initial probability distribution, after sufficient
time any solution to the Langevin equation yields the probability distribution

PP, t — 00) = (;1—'3) exp {—pzi—D} , (8.32)

which coincides with the equilibrium (i.e. Boltzmann) momentum distribution for
the heavy quark provided that

K
C2MT

This expression is known as the Einstein relation. Thus, the Langevin dynam-
ics of non-relativistic heavy quarks is completely determined by the momentum
broadening «, and the heavy quarks equilibrate at asymptotic times.

The Einstein relation (8.33) together with the computation of #p in (8.13) for
strongly coupled N/ = 4 SYM theory allow us to infer the value of « for this
strongly coupled conformal plasma, namely

1o (8.33)

Kk =mV/ATS. (8.34)
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The dynamical equation (8.12) that we used in the previous section does not include
the noise term simply because in that section we were describing the change in the
mean heavy quark momentum only.

8.2.2 Direct calculation of the noise term

We would like to have a direct computation of the noise term in the description of a
heavy quark in a strongly coupled gauge theory plasma. There are two motivations
for this: (1) to explicitly check that the Einstein relation (8.33) is fulfilled and (2)
to compute the momentum broadening for moving heavy quarks, which are not in
equilibrium with the plasma and to which the Einstein relation therefore does not
apply. This computation is somewhat technical; the reader interested only in the
results for kt and «_ for a moving heavy quark may skip to Section 8.2.3.

We need to express the momentum broadening in terms which are easily com-
puted within the gauge/gravity correspondence. To do so, we prepare a state of
the quark at an initial time t; which is moving at given velocity v in the plasma.
In quantum mechanics, the state is characterized by a density matrix, which is a
certain distribution of pure states

p(te) =Y wnyn)(nl, (8.35)

where the sum is performed over a complete set of states and the weight w(n) is the
ensemble. For a thermal distribution, the states are eigenstates of the Hamiltonian
and w(n) = exp{—En/T}.

In the problem we are interested in, the density matrix includes not only the
quark degrees of freedom but also the gauge degrees of freedom. However, we start
our discussion using a one-particle system. In this case, the distribution function of
the particle is defined from the density matrix as

fx. X1 t0) = > " w(n) (x| ) (n| X'} , (8.36)

where, as usual, (x| n) is the wave function of the particle in the state |n). It is
also common to call f (X, x’) the density matrix. It is conventional to introduce the
mean and relative coordinates and express the density matrix as

FOX T t) = fA<X+r§,X—r§;to), (8.37)

where X = (x+X')/2and r = x — x'. It is then easy to see that the mean position
and mean momentum of the single particle with a given density matrix are given by
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0 =triptto)x) = [ doxfoxito) = [ aXXf(x.05t).
—j . )
(p) =1tr{p(to) p} = /dx7(8x — 0y) f(x,x;to)‘ ,
X'=X

— /olxar F(X, 3 t0)]r—o , (8.38)

meaning that r is the conjugate variable to the momentum and the mean squared
momentum of the distribution is

(p?) = —/dxaﬁ (XT3 0o » (8.39)

the result from this analysis of the one-particle system that we shall need below.

Returning now to the problem of interest to us, we must consider an ensemble
containing the heavy quark and also the gauge field degrees of freedom. Since
we assume the mass of the quark to be much larger than the temperature, we can
describe the pure states of the system as

|A) = QL) |A), (8.40)

where | A) is a state of the gauge fields only, | A’) denotes a state of the heavy quark
plus the gauge fields, and QI (x) is the creation operator (in the Schrédinger pic-
ture) of a heavy quark with color a at position x. Corrections to this expression are
(exponentially) suppressed by T /M. The Heisenberg representation of the operator
Q(x) satisfies the equation of motion

(iu-D-—M)Q=0, (8.41)

where u is the four-velocity of the quark and D is the covariant derivative with
respect to the gauge fields of the medium. This equation realizes the physi-
cal intuition that the heavy quark trajectory is not modified by the interaction
with the medium, which leads only to a modification of the quark’s phase. (The
expression (8.41) can also be derived from the Dirac equation by performing a
Foldy—Wouthuysen transformation, which in the heavy quark rest frame is given
by Q =exp{y - D/2M} v, where y = 1/4/1 — v2.)

The full density matrix of the system, p, describes an ensemble of all the degrees
of freedom of the system. Since we are only interested in the effects of the medium
on the momentum of the heavy quark probe, we can define a one-body den-
sity matrix from the full density matrix by integrating over the gauge degrees of
freedom

f(X,r;t) = <Q; (X - r§; ) Uan Qo (X + %))

=Tr [,o Ql (X - %) Uab Qb (X + %)] ; (8.42)
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where the trace is taken over a complete set of states
> [ dx QLoo 14 (Al Qa0 (8.43)
Aa

Note that the inclusion of the operators in the trace in (8.42) plays the same role as
the projectors |x) in (8.36). The gauge link Uy, in (8.42) joins the points X +r /2
and X — r /2 to ensure gauge invariance. In the long time limit, the precise path is
not important, and we will assume that Uy, is a straight link. To simplify our pre-
sentation, we shall explicitly treat only transverse momentum broadening, which
means taking the separation r to be in a direction perpendicular to the direction of
motion of the heavy quark, r = |r|.

At a later time t, after the heavy quark has propagated through the plasma for a
time t — to, the one-body density matrix has evolved from (8.42) to

, r .
fOGrt)y=Tr [p gHt-oqf ()( — ?L) e-iH(t—t)

ei H(t—tp) Uab efi H(t—tp)

gt g (X n r_L) efiH(tftO)] (8.44)
2 ’ '

where we have introduced evolution operators to express the result in the Heisen-
berg picture. We then introduce a complete set of states, obtaining

f(x9 rJ_a t) = /dxldxz Z /)alaz[xl, X2§ Al’ A2]
A1, A2, Az Ay

(Al Qay () QL (X = 51) 1)
(Aal Ut 1A)
(Adl Qo (X + 5:1) QL (x0) 1A (8.45)

where we have defined

,Oalaz [X17 XZ; A17 AZ] = <A1| Qal (Xl) 10 Q;Z (XZ) |A2> . (846)

The expression (8.45) can be expressed as a path integral. Note that the expres-
sion in the second line of (8.45) is an anti-time-ordered correlator; thus, its path
integral representation involves a time reversal of the usual path integral. Instead
of introducing two separate path integrals corresponding to the second and fourth
lines of (8.45), we introduce the time contour shown in Fig. 8.2 and use this con-
tour to define a single path integral. In this contour the —ie shift is inherited from
the standard ie prescription in field theory. The fields A; and A, are the values at
the endpoints of the contour. The one-body density matrix then reads
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xo = (to, 7o) 22 X=(t,x, +v At)
° )
@
Xi = (t, — i€, x, — ive) v, X=(t —ie, vy +v At —ive)

Figure 8.2 Time contour C in the complex time plane for the path integral (8.47).
Here, At =t — tg and the i prescription in time is translated to the longitudinal
coordinate x since the quark trajectory is x = vt. The two-point functions com-
puted from the partition function (8.47) are evaluated at two arbitrary points tc
and t; on the contour. Figure from Ref. [253].

fOX,rst) = Z /dX1dX2/ [DA] DQ DQTei Je d*{Lym+QT (iu-D-M)Q}

A, A
Pajar [X1, X25 A1, Aol Uap(t)

Qa, (X2, to —i€) Q;(X—%,t —ie)

Qb (X + % t) QL (x1.%) . (8.47)

By generalizing the static heavy quark computations in Ref. [611] to nonzero
velocity, standard techniques for fermionic path integrals can be used to do the
path integrals over the heavy quark fields in (8.47). To do so, we must compute
the Green’s function of the quark fields for a fixed configuration of gauge fields,
namely

1G(2.1) = (TcQq, (X, tac) QL (X1, tic)), (8.48)
where tc is the time along the contour and T¢ denotes the contour ordered product.

Since the quark Lagrangian has only one dynamical spacetime variable, the Green’s
function satisfies

(iu-D=M)iG2,1) =i83x; — X1)dc(toe — tic), (8.49)

which has the solution

iG(2,1) = e"Mu(e=Xy) / dyﬁ O(tc — tic) 8¢ (Xa — Xy, (te))
C

te dt/
x [Pexp (—i/ —Cu“AM(xxl(tg)))} ., (8.50)
e V aay

where X§ (tc) = X{ 4 u”(tc — tie)/y is the heavy quark worldline that passes
through X;. Carrying out this integration over the quark field and working to
leading order in T/M (which means neglecting the fermionic determinant) yields

F (X rt) = <tr [p [x n % X — %; A, A2] W [% —%]DA . (851)
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to, X + /2, @ t X + T /2, 2, + VAL
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(ty, —ie X —r /2, x, — ivE) (X —r /2, o+ VAL — dve)

Figure 8.3 Graphical representation of Eq. (8.51). The Wilson line indicated by
the black line is denoted Welr1/2, —r 1 /2]. This Wilson line is traced with the
initial density matrix, o ,,. The horizontal axis is along the time direction and
the vertical axis is along one of the transverse coordinates, x; . At =t —tp. Figure
from Ref. [253].

where the subscript A indicates averaging with respect to the gauge fields, and
where the Wilson line We [r, /2, —r, /2] is defined in Fig. 8.3. We have used the
fact that the Green’s function of Eq. (8.41) is the (contour ordered) Wilson line.

Next, we perform a Taylor expansion of the time-evolved density matrix (8.51)
about r; = 0, obtaining

fFOXrt)y=1(X,0;t) +
ra 92 r. r.
Lltr| —=p|X+ =, X——=:A, AW,
2<tr[3rip[ +2, 5 A 2} C[O]]>
rZ

fKTAt {trip [X, X; Ar, AJWe [0 s+ O(rY) . (8.52)

A

The second term in this expression involves only derivatives of the initial density
matrix; thus, as in (8.39) it is the mean transverse momentum squared of the initial
distribution (which may be supposed to be small). In the last term, which scales
with the elapsed time At, we have defined
82We[8
r At = cloy] > . (853)

dicdt. (trp[X, X; Ay, Ap)] ————————
/ c C< ol VSN

1
4 (tr,ch[O

where tc denotes time along the contour depicted in Fig. 8.2, and «t At is the
mean transverse momentum squared picked up by the heavy quark during the time
At. We have expressed the transverse derivatives of the Wilson line as functional
derivatives with respect to the path of the Wilson line. The path 8y denotes a small
transverse fluctuation §y(t) away from the path X; = vt.

The contour 8y may be split into two pieces, §y; and 8y,, which run along
the time-ordered and anti-time-ordered part of the path. Thus, the fluctuation
calculation defines four correlation functions
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2

R o W ror) RO
2

iGo(t, t') = W0 0T < 0° %L , (8.55)
2
2

a0 = o (" ot O

Note that the first two correlators correspond to time-ordered and anti-time-ordered
correlators, while the last two are unordered. We can then divide the integration
over tc and tcr in (8.53) into four parts corresponding to the cases where each of tc
and tc is on the upper or lower half of the contour in Fig. 8.2. In the large At limit
we can then use time translational invariance to cast (8.53) as

1 . . . .
KT = Imz) Z / dtet'et [I Gu1(t,0) +1Gx0(t,0) +1Ga(t, 0) +1Gyy (t, 0)] .

(8.58)
This admittedly rather formal expression for «1 is as far as we can go in general.
In Section 8.2.3 we evaluate «1 (and « ) in the strongly coupled plasma of V' = 4
SYM theory.

Although our purpose in deriving the expression (8.58) is to use it to analyze
the case v # 0, it can be further simplified in the case that v = 0. On the time
scales under consideration, the static quark is in equilibrium with the plasma, and
the Kubo-Martin—Schwinger relation which takes the form

i [G11(w) + Ga2(w) + Gra(w) + Gar(@)] = —4coth (%) IMGr(w) (8.59)

once ¢ has been allowed to vanish applies [571]. Here, Gr is the retarded correlator.
Thus, we find

k1(v =0) = lim (—£> ImGRr(w) . (8.60)
w—0 w

If v £ 0, however, we must evaluate the four correlators in the expression (8.58).

8.2.3 k1 and k| for a moving heavy quark

We see from the expression (8.53) that the transverse momentum broadening coef-
ficient k1 is extracted by analyzing small fluctuations in the path of the Wilson line
depicted in Fig. 8.3. In the strongly coupled plasma of N' = 4SYM theory, we
can use gauge/gravity duality to evaluate 1 starting from (8.53). In the dual grav-
itational description, the small fluctuations in the path of the Wilson line amount
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to perturbing the location on the boundary at which the classical string (whose
unperturbed shape is given by (8.9)) terminates according to

(X1(t,2),0,0) — (X¢(t, 2), y(t,2),0) . (8.61)

The perturbations of the Wilson line at the boundary yield fluctuations on the string
world sheet dragging behind the quark. Because we wish to calculate «1, in (8.61)
we have only introduced perturbations transverse to the direction of motion of the
quark. We shall quote the result for x| at the end; calculating it requires extending
(8.61) to include perturbations to the function x; (t, 2).

In order to analyze fluctuations of the string worldsheet, we begin by casting the
metric induced on the string worldsheet in the absence of any perturbations

2 3 2 /52
dst = % (— (f(2 —v?)dr® + %daz — vz% (dtdo + dodt)
(8.62)

in a simpler form. In (8.62), we have defined f(z) = 1 — Z*/(z3y?). The induced
metric (8.62) is diagonalized by the change of worldsheet coordinates

ot 2 z z
t=—+ —(arctan (—) — arctanh (—)
NN 2 %

z z
—/y arctan (‘%) + /yarctanh (‘%)) ,
z2=/yz, (8.63)
in terms of which the induced metric takes the simple form
R? 1
dsts = = | — f(@df* + —-d2* | . 8.64
e 22( N T Z) (869

Note that this has the same form as the induced metric for the worldsheet hang-
ing below a motionless quark, upon making the replacement (f, 2) — (t, 2). In
particular, the metric (8.64) has a horizon at 2 = z;, which means that the met-
ric describing the worldsheet of the string trailing behind the moving quark has a
worldsheet horizon at z = z,s = zy/,/y. For v — 0, the location of the worldsheet
horizon drops down toward the spacetime horizon at z = z,. But, for v — 1, the
worldsheet horizon moves closer and closer to the boundary at z = 0, i.e. towards
the ultraviolet. As at any horizon, the singularity at z = z,s (i.e. at 2 = z;) in (8.64)
is just a coordinate singularity. In the present case, this is manifest since (8.64)
was obtained from (8.62) which is regular at z = z,s by a coordinate transforma-
tion (8.63). Nevertheless, the worldsheet horizon has clear physical significance: at
Z = Z,s the local speed of light at this depth in the bulk matches the speed v with
which the quark at the boundary is moving. Furthermore, and of direct relevance
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to us here, because of the worldsheet horizon at z = z,s fluctuations of the string
worldsheet at z > z,s, below — to the infrared of — the worldsheet horizon, are
causally disconnected from fluctuations at z < z,s above the worldsheet horizon
and in particular are causally disconnected from the boundary at z = 0.

The remarkable consequence of the picture that emerges from the above analysis
of the unperturbed string worldsheet trailing behind the quark at the boundary mov-
ing with speed v is that the momentum fluctuations of this quark can be thought
of as due to the Hawking radiation on the string worldsheet, originating from the
worldsheet horizon at z = z,s [396, 253]. It is as if the force fluctuations that the
quark in the boundary gauge theory feels are due to the fluctuations of the string
worldsheet to which it is attached, with these fluctuations arising due to the Hawk-
ing radiation originating from the worldsheet horizon. It will therefore prove useful
to calculate the Hawking temperature of the worldsheet horizon, which we denote
Tws- As detailed in Appendix B this can be done in the standard fashion, upon using
a further coordinate transformation to write the metric (8.64) in the vicinity of the
worldsheet horizon in the form ds2, = —b?p2df?+dp? for some constant b, where
the worldsheet horizon is at p = 0. Then, it is a standard argument that in order to
avoid having a conical singularity at o = 0 in the Euclidean version of this metric,
namely ds?, = b?p2d6? + dp?, bd must be periodic with period 27. The period-
icity of the variable 6, namely 27 /b, is 1/ T. Since at the boundary, where z = 0,
Eq. (8.63) becomes { = t/,/y, this argument yields

T
Tws N (8.65)
a result that we shall use below.

We have gained significant physical intuition by analyzing the unperturbed string
world sheet, but in order to obtain a quantitative result for xt we must introduce the
transverse fluctuations y(t, z) defined in (8.61) explicitly. We write the Nambu-
Goto action for the string worldsheet with y(t, z) # 0, and expand it to second
order in y, obtaining the zeroth order action (8.5) plus a second order contribution

2) dtdzl(y s ,2>
Sl Zna/ 2 2\ f(2 t@y*). (8.66)

where “and ' represent differentiation with respect to f and 2 respectively. This
action is conveniently expressed as

R2 1
SC Y — / didz 5 v/~ aayaby. (8.67)

2o’

with hgp the induced metric on the unperturbed worldsheet that we have analyzed
above. The existence of the worldsheet horizon means that we are only interested
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in solutions to the equations of motion for the transverse fluctuations y obtained
from (8.67) that satisfy infalling boundary conditions at the worldsheet horizon.
This constraint in turn implies a relation among the correlators analogous to those
in (8.58) that describe the transverse fluctuations of the worldsheet, and in fact the
relation turns out to be analogous to the Kubo—Martin—-Schwinger relation (8.59)
among the gauge theory correlators [253]. Consequently, for a quark moving with
velocity v the transverse momentum broadening coefficient «1 (v) is given by the
same expression (8.60) that is valid at v = 0 with T replaced by the worldsheet
temperature T,y of (8.65) [396, 253]. That is,

w

k() = lim (- 2 Tws IméR(a))> , (8.68)

where G denotes the retarded correlator at the worldsheet horizon. The fact that
in the strongly coupled theory there is a KMS-like relation at v # 0 after all is a
non-trivial consequence of the development of the worldsheet horizon.

The computation of the retarded correlator follows the general procedure of
Ref. [747] described in Section 5.3. Since the action (8.66) is a function of £ which
is given by t/,/y at the boundary, the retarded correlator is a functionof » = ,/y @
(with w the frequency of oscillations at the boundary). To avoid this complication,
and in particular in order to be able to apply the general results for Im G that we
derived in Section 6.2, it is convenient to define

f=yt, (8.69)

so that f = t at the boundary. We now wish to apply the general expressions (A.10),
(6.17) and (6.18). In order to do so, we identify the world sheet metric h® and the
field y in the action (8.67) with the metric gMN and the field ¢ in the action (6.16),
meaning that in our problem the function g in (6.16) takes the specific form

1 yRE1 Vi
q(z) 2na' 22 2722’
Furthermore, for the two-dimensional worldsheet metric we have —h = hghy,
meaning that from the general result (6.25) we find

(8.70)

Im G 1 )
~im MOR@) _ ey, (8.71)
w—0 w q(Zws) 2w
and thus
Kkt = /Ay T3, (8.72)

which is our final result for the transverse momentum broadening coefficient.
The analysis of longitudinal fluctuations and the extraction of « proceed analo-
gously to the analysis we have just presented, except that in (8.61) we introduce a
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perturbation to the function x; instead of a transverse perturbation y. At quadratic
order, there is no coupling between the transverse and longitudinal perturbations.
Remarkably, the action for longitudinal fluctuations of the string is the same as that
for transverse fluctuations, Eq. (8.66) up to a constant:

S?1x1 = y2SP[x], (8.73)

with y the Lorentz factor. Following the analogous derivation through, we con-
clude that

i =yier =y Te. (8.74)

This result shows that x| depends very strongly on the velocity of the heavy quark.
Indeed, « grows faster with increasing velocity than the energy squared of the
heavy quark, y2M?. Thus, the longitudinal momentum acquired by a quark mov-
ing through a region of strongly coupled N = 4 SYM plasma of finite extent does
not become a negligible fraction of the energy of the quark in the high energy limit.
This is very different from the behavior of a quark moving through a weakly cou-
pled QCD plasma, in which the longitudinal momentum transferred to the quark
can be neglected in the high energy limit. However, we should keep in mind that,
due to the bound (8.18), for a given value of the mass M and the coupling +/2 the
calculation of x| (and of «1) is only valid for finite energy quarks, with y limited
by (8.18).

The fact that x| grows faster with y than 2M? would seem to indicate that
once the heavy quark has traveled through the medium for a distance L so long

that k. L > y2M?, meaning
M\? 1

LzT > (T ) Nz (8.75)
the calculation in this section must break down since the fluctuations in the longi-
tudinal momentum of the quark have become greater than the momentum itself. In
fact, this criterion never comes into play because the calculation always “breaks
down”, in a trivial sense, earlier. The heavy quark feels a drag force given by
(8.12), meaning that after it has traveled a distance L = 1/5p, its momentum
has been degraded by a factor of order 1. This means that calculating the longitu-
dinal fluctuations as if the y of the quark is constant, and comparing « L to the
initial momentum of the quark, only makes sense for L < 1/np, which according
to (8.13) means that L must satisfy

LzT < ——. 8.76

T 7 (8.76)

We have already seen that the entire calculation is valid only as long as the criterion
(8.18) is satisfied, which is to say (M/T) > ./yA. This means that at the L at
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which the criterion (8.76) ends the calculation, «_ L is smaller than y?>M? by at
least a factor of order +/A, and the regime (8.75) is never reached.

We see from the expressions (8.72) and (8.74) for «1 and « derived by explicit
analysis of the fluctuations that in the v — 0 limit we have k1 = x| = « with
k given by (8.34), as we obtained previously from the drag coefficient np via the
use of the Einstein relation (8.33). This is an example of the fluctuation—dissipation
theorem.

In the gauge theory, momentum broadening is due to the fluctuating force exerted
on the heavy quark by the fluctuating plasma through which it is moving. In the
dual gravitational description, the quark at the boundary feels a fluctuating force
due to the fluctuations of the world sheet that describes the profile of the string to
which the quark is attached. These fluctuations have their origin in the Hawking
radiation of fluctuations of the string worldsheet originating from the worldsheet
horizon. The explicit computation of this worldsheet Hawking radiation for a quark
at rest was performed in Refs. [311, 751], and these results nicely reproduce those
we have obtained within the Langevin formalism. This computation was extended
to quarks moving at nonzero velocity in Refs. [378, 254].

8.2.4 Heavy quarksin hot QCD and in heavy ion collisions

So far, we have discussed a general framework for calculating the transverse and
longitudinal momentum broadening «t and «, that enter the Langevin equations
(8.24) and (8.25) for non-relativistic heavy quarks. We have then given explicit
results for strongly coupled N = 4 SYM theory. We now discuss how these results
relate to, and help us to understand, what we know about hot QCD and about the
phenomenology of heavy ion collisions. We consider the case in which the relative
velocity of the heavy quark and the hot fluid is small, meaning that k1 = x| = «. In
this regime, the heavy quark is carried along by the moving fluid, diffusing within
it with a diffusion constant that is given by
2T?

D="—, (8.77)
K

meaning that the result (8.34) translates into the statement that a heavy quark in the
strongly coupled A/ = 4 SYM theory plasma obeys a Langevin equation with

4 1 1.1 1
D=D = — ~ / . 8.78
SYM ﬁ 27T 27T oSYM NC ( )

The diffusion constant D parametrizes how strongly the heavy quark couples to
the medium. At weak coupling, smaller D corresponds to stronger coupling and
shorter mean free path. However, D is well defined even if it is so small that it
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does not even make sense to define a mean free path for the heavy quark, as is the
case in the plasma of strongly coupled N’ = 4 SYM theory in which D is given
by (8.78) with A large. Recall that in this case we have calculated «, and hence
D, in the earlier parts of this section without ever defining the notion of a mean
free path.

In a QCD plasma that is hot enough that it is sufficiently weakly coupled that
lowest order perturbation theory can be used as a guide, we also have reliable
information about the diffusion constant. In this regime, D is large and the diffusing
heavy quark has a long mean free path. Leading order perturbative calculations
for a weakly coupled QCD plasma [628] can be summarized by an approximate
expression

14 (0.33)\°
Dweakly coupled QCD ~ m ( o ) s (8.79)
s

in which we have neglected an additional logarithmic dependence on «s. How-
ever, the perturbative expansion converges quite poorly meaning that this result
only becomes quantitatively reliable at values of ag that are much smaller than
0.33[237, 238]. Nevertheless, we note that if we simply compare (8.78) and (8.79)
with No = 3 and asym = as = 0.33 (or 0.5) the diffusion constant in a strongly
coupled A/ = 4 SYM plasma is smaller than that in a weakly coupled QCD plasma
by a factor of about 12 (or 7). It is reasonable to guess that the diffusion constant
for a heavy quark in the strongly coupled QCD plasma produced in heavy ion col-
lisions lies between these two estimates. Indeed, early estimates of nonperturbative
contributions to D in the strongly coupled QCD plasma suggested that at a tem-
perature T = 200 MeV it should have a D that is smaller than the weakly coupled
result by a factor of three or four [784]. Before we turn to a discussion of what can
be inferred from experiments to date, we shall discuss in turn two possible paths
toward improved theoretical predictions. Neither (8.78) nor (8.79) can be applied
quantitatively to the strongly coupled plasma produced in heavy ion collisions even
though each is reliable in a certain domain — in one case in the strongly coupled
plasma of a non-Abelian gauge theory that is not QCD and in the other case in the
weakly coupled QCD plasma at temperatures that are orders of magnitude higher
than those accessed in experiment.

We first ask whether it is possible to sharpen inferences concerning the value of
D in the strongly coupled plasma of QCD that can be drawn from the result (8.78).
Can we do better than just comparing A = 4 SYM theory and QCD at asym = as?
We need to ask how D would change if we could deform A/ = 4 SYM theory so
as to turn it into QCD. This is not a question to which the answer is known, but
we can make several observations. First, in a large class of conformal theories, at
a given value of T, N¢ and A both the drag coefficient np and « (and therefore
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1/D) scale with the square root of the entropy density [584]. (The argument is the
same as that for the jet quenching parameter ¢, and we shall describe it briefly in
Section 8.5.) The number of degrees of freedom in QCD is smaller than that in
N = 4 SYM theory by a factor of 47.5/120 for N. = 3, suggesting that « and np
should be smaller in QCD by a factor of \/47.5/120 = 0.63, making D larger by
a factor of 4/120/47.5 = 1.59. Note that np and 1/D scale in the same way even
though they are proportional to T2 and T respectively, meaning that scaling these
quantities between two theories with different numbers of degrees of freedom is
not equivalent to scaling the temperature. Second, N' = 4 SYM theory is of course
conformal, while QCD is not. Analysis of one toy model in which nonconformal-
ity can be introduced by hand suggests that turning on nonconformality to a degree
suggested by lattice calculations of QCD thermodynamics reduces D somewhat,
by a few tens of percent or perhaps at most by a factor of two [585]. Turning on
nonconformality in A/ = 2* theory also reduces D [468]. In a different model,
however, reducing the number of degrees of freedom as in QCD and simultane-
ously turning on nonconformality (again to a degree benchmarked against lattice
calculations of (¢ — 3P)/T#) increases D by a factor of two to five [419]. We
conclude that, at present, D in a strongly coupled QCD plasma cannot be inferred
reliably from these arguments, with the reduction in degrees of freedom increasing
D relative to (8.78) while the nonconformality may push in the opposite direction
or may increase D further. We can summarize the current uncertainty by estimat-
ing that D in the strongly coupled plasma of QCD is larger than that in (8.78) by a
factor that lies between one and five.

The other possible route to improved theoretical predictions of D in the strongly
coupled plasma of QCD is lattice quantum field theory. This route is not straight-
forward since diffusion is a real time process meaning that D cannot be written
directly in terms of derivatives of the thermodynamic partition function. As we
have already seen in our discussion of the lattice determination of spectral functions
via the maximum entropy method in Chapter 3, constraining real time correlators
using lattice calculations done at finitely many points in imaginary time necessar-
ily involves making additional assumptions. In the particular case of the diffusion
constant D, however, it is possible to make progress [240]. In the large quark mass
limit, heavy quark effective theory can be used to relate D to a certain Euclidean
correlation function involving color—electric fields that can be related by analytic
continuation to the random force two-point correlators (£(t) £(t")) = «§(t — t')
appearing in (8.25). Furthermore, unlike in the case of the transport quantities that
we have discussed in Section 6.3, in this case there is no transport peak in the
relevant spectral function. Quite unlike the case illustrated in Fig. 6.1, here the rel-
evant spectral function is featureless at small frequency at weak coupling [240].
This indicates that at least in principle it should be possible to constrain D reliably
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from Euclidean lattice calculations. A first, exploratory, study based on this method
is underway [357], to date only in the SU (3) gluon plasma (QCD without quarks)
and to date with the continuum limit and the infinite volume limit not yet taken.
Although exploratory, these calculations are already unambiguous in showing that
Dqcp is significantly smaller than Dyeaiy coupled ocp in (8.79), as can be antici-
pated from the general consideration that smaller D corresponds to smaller mean
free paths. The calculations suggest that [357]
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for QCD without quarks in a temperature range between 1.5T; and 3T, and taking
into account only statistical uncertainties. The systematic uncertainties in this esti-
mate remain to be quantified. It is nevertheless intriguing to see the estimate (8.80)
obtained from pioneering lattice calculations landing in the same range as the esti-
mate we came to in the previous paragraph by considering the (also pioneering)
attempts to investigate how the estimate (8.78) for D would change if we could
deform A/ = 4 SYM theory so as to turn it into QCD.

In heavy ion collisions, information about the motion of heavy quarks in the
plasma is experimentally accessible via measurements of the semi-leptonic or
hadronic decay products of heavy-flavored hadrons. In general, two classes of
observables can be expected to provide experimental constraints on the Langevin
dynamics of heavy quarks. First, heavy quarks lose energy by drag, as discussed
in Section 8.1. Therefore, the characterization of heavy quark energy loss via
the nuclear modification factor of the observed decay products of heavy-flavored
hadrons can constrain the drag coefficient np and, via (8.33) and (8.77) in the case
where the heavy quark velocity is not large, the diffusion coefficient D. Second,
if D is small enough that on the time scales available in a heavy ion collision the
motion of the heavy quarks is diffusive (i.e. if the heavy quark mean free path is not
so long that the heavy quarks scatter only a few times) then by the time the plasma
hadronizes the heavy quarks will have been picked up (or slowed down) and car-
ried along by the collective flow of the strongly coupled liquid in which they find
themselves. That is, if D is small enough the heavy quarks diffusing in the mov-
ing fluid will end up with the same mean velocity as the fluid itself. This results
in a non-vanishing elliptic flow v, for heavy quarks with transverse momenta of
order their mass or smaller. While there are parton energy loss processes that do
not involve Langevin dynamics (see for instance the radiative parton energy loss
discussed in Section 2.3), the observation of sizable elliptic flow in the decay prod-
ucts of heavy-flavored hadrons [18] provides strong support for the picture that
the dynamics of non-relativistic heavy quarks produced in heavy ion collisions is
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described by a Langevin equation with a small enough D that the diffusing heavy
quarks end up being carried along by the moving fluid.

The qualitative considerations above indicate that measurements of Raa and
v, for the decay products of heavy-flavored hadrons can be used to constrain the
heavy quark diffusion constant D. Many authors are developing models based upon
Langevin dynamics to describe the motion of heavy quarks within the hot expand-
ing fluid produced in heavy ion collisions [628, 785, 464, 784, 32, 138, 410, 706,
656, 658, 41]. Many of these analyses include comparisons to data on isolated elec-
trons, which are most probably produced in the decays of mesons containing either
c or b quarks but with which there is no way to separate these two contributions.
The more refined measurements needed to separately identify the decay products
of hadrons containing ¢ and b quarks are the object of intense experimental effort
at the time of writing. There are also significant theoretical uncertainties related to
determining the range of validity of a Langevin analysis. For example, to focus on
heavy quarks whose relative velocity through the hot strongly coupled fluid was
sufficiently small one seeks to study the decay products of heavy-flavored hadrons
at sufficiently small transverse momentum, but a quantitative criterion for what
“sufficiently small” means is missing. Without discussing these model-dependent
uncertainties in more detail, we emphasize here that data from heavy ion colli-
sions show two robust qualitative features: the observed elliptic flow of the decay
products of heavy-flavored hadrons and the heavy quark energy loss measured via
the nuclear modification factor of the same decay products are comparable to the
elliptic flow and nuclear modification factor of light-flavored hadrons. Both these
classes of observations provide strong qualitative support to a picture in which
heavy quarks lose energy efficiently and end up following the flow field of the
strongly coupled plasma. This explains why even given all the uncertainties that
make a quantitative determination difficult at present, the comparisons between
models of Langevin dynamics and heavy ion collision data all typically favor small
values of the diffusion constant D. For example, two studies that compare Langevin
dynamics to RHIC data yield [32]

2—6
Dqcr@rHic ~ T (8.81)
and [784]
3-5
DqcrarHic ~ owT (8.82)

These phenomenologically determined values of the diffusion constant are remark-
ably similar to the estimate that the diffusion constant in the quark—gluon plasma of
QCD is one to five times greater than the result obtained in (8.78) for the plasma of
strongly coupled A/ = 4 SYM theory and to the estimate (8.80) obtained in lattice



286 Probing strongly coupled plasma

calculations. So, although there is plenty of room for improvement on all fronts, at
present this story hangs together rather well indeed.

8.3 Disturbance of the plasma induced by an energetic heavy quark

In Sections 8.1 and 8.2 we have analyzed the effects of the strongly coupled plasma
of N = 4 SYM theory on an energetic heavy quark moving through it, focusing on
how the heavy quark loses energy in Section 8.1 and on the momentum broadening
that it experiences in Section 8.2. In this section, we turn the tables and analyze the
effects of the energetic heavy quark on the medium through which it is propagat-
ing [713, 763, 245, 719, 727, 708, 244, 246, 709, 363, 811, 399, 810, 288, 403, 408,
400, 289, 655, 652, 401, 648, 657, 649, 423, 147, 148, 650, 410, 651, 149]. From
the point of view of QCD calculations and heavy ion collision phenomenology,
the problem of understanding the response of the medium to an energetic probe
is quite complicated. An energetic particle passing through the medium can excite
the medium on many different wavelengths. Furthermore, even if the medium had
thermalized prior to its interaction with the probe, the disturbance caused by the
probe must drive the medium out of equilibrium, at least close to the probe. And,
non-equilibrium processes are difficult to treat, especially at strong coupling.

Furthermore, in general the formulation of how an energetic heavy quark
interacts with the medium requires detailed information about the microscropic
dynamics that couples the hard probe and the medium, meaning that in almost
all analyses quantum field theory and hydrodynamics must be supplemented by
model-dependent assumptions. There is but one known example where a field
theoretically consistent formulation of heavy quark energy loss in a strongly cou-
pled plasma determines fully and without additional model-dependence how this
hard probe excites the medium. This is the holographic formulation of heavy
quark energy loss via drag that we have discussed in detail in Section 8.1.
That the gauge/gravity correspondence provides such a unique arena for study-
ing plasma excitations induced by hard probes justifies the detailed discussion of
these excitations that we shall present in this section.

At various points in the following, we shall compare plasma disturbances cal-
culated via gauge/gravity duality to hydrodynamic excitations. The latter can be
formulated in a simple model in which the energetic heavy quark is modeled as
a simple line source in the hydrodynamic equations of motion for the fluid. The
model-dependence of this fluid dynamic picture of probe—-medium interactions
resides in the details of the source term entering the hydrodynamic equations and,
of course, in the assumption that the hard probe excites only hydrodynamic per-
turbations. There are, however, several reasons for starting our discussion with
this simple model in Section 8.3.1. First, historically, the analysis of jet-medium
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interactions started with the discussion of such hydrodynamical models. Moreover,
as we have seen throughout this book, the strongly coupled V' = 4 SYM plasma
is an almost perfect fluid. This makes it natural to discuss within a hydrodynamic
picture the perturbations induced by heavy quarks in the strongly coupled ' = 4
SYM plasma. In particular, as we shall see in the following, a hydrodynamic model
of jet-medium interactions provides a simple setting in which to disentangle dif-
ferent classes of hydrodynamic perturbations in the fluid. For a hard probe that
propagates along a straight-line trajectory with a velocity v larger than the sound
velocity in the plasma, one expects the excitation of two kinds of hydrodynamic
perturbations. First, there should be sound waves that form a Mach cone, namely a
sound front moving away from the trajectory of the energetic particle at the Mach
angle

ICIVIE %. (8.83)
v

In addition, however, it is reasonable to expect that even a pointlike source in the
hydrodynamic equations should perturb the fluid through which the heavy quark
has moved, stirring it up and/or setting it into motion following behind the quark
that disturbed it. Certainly a macroscopic object moving through a fluid leaves a
wake behind, and to some degree so too should a pointlike heavy quark. As we
shall discuss, both a Mach cone and a wake can be accommodated in the hydro-
dynamical modeling of jet—medium interactions, but hydrodynamic considerations
alone do not determine their relative importance. And, their relative importance
will prove important in assessing the possibility that heavy quark energy loss in
heavy ion collisions may result in observable Mach-cone-like patterns in the final
state hadrons. We shall see that both a Mach cone and a wake are found in the holo-
graphic computation of the response of the A/ = 4 SYM plasma to a heavy quark
probe that we present in Section 8.3.2, and in this context their relative importance
is fully determined. Keeping this destination in mind, the detailed discussion in
Section 8.3.1 of the hydrodynamic framework within which these phenomena in
fluid physics can be pictured easily will be very useful.

8.3.1 Hydrodynamic preliminaries

It is natural to attempt to describe the disturbance of the medium using hydro-
dynamics, with the energetic particle treated as a source for the hydrodynamic
equations. This approach is based on two assumptions. First, one must assume that
the medium itself can be described hydrodynamically. Second, one has to assume
that the non-equilibrium disturbance in the vicinity of the energetic particle relaxes
to some locally equilibrated (but still excited) state after the energetic particle has
passed on a timescale that is short compared to the lifetime of the hydrodynamic
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medium itself. The first assumption is clearly supported by data from heavy ion
collisions at RHIC and the LHC, as discussed in Section 2.2. The second assump-
tion is stronger, and less well justified. Even though, as we saw in Section 2.2, there
is evidence from the data that in heavy ion collisions a hydrodynamic medium in
local thermal equilibrium forms rapidly, after only a short initial thermalization
time, it is not clear a priori that the relaxation time for the disturbance caused by
an energetic quark plowing through this medium is comparably short, particularly
since the density of the medium drops with time. Finally, even if a hydrodynamic
approach to the dynamics of these disturbances is valid, the details of the functional
form of this hydrodynamic source are unknown, since the relaxation process is not
under theoretical control.

Keeping the above difficulties in mind, it is still possible to use the symmetries
of the problem and some physical considerations to make some progress toward
understanding the source for the hydrodynamic equations corresponding to the
disturbance caused by an energetic quark. If the propagating parton is sufficiently
energetic, we may assume that it moves at a fixed velocity; this ansatz forces the
source to be a function of x — vt, with the parton moving in the x-direction. We
may also assume that the source has cylindrical symmetry around the parton direc-
tion. We may also constrain the source by the amount of energy and momentum
that is fed into the plasma, which for the case of the plasma of strongly coupled
N = 4SYM theory we calculated in Section 8.1. In an infinite medium, at late
enough times, all the energy lost by the probe must thermalize and be incorporated
into heating and/or hydrodynamic motion. (This may not be a good approxima-
tion for a very energetic parton propagating through weakly coupled plasma of
finite extent since, as we have discussed in Section 2.3, in this setting the parton
loses energy by the radiation of gluons whose energy and momentum are large
relative to the temperature of the medium, which may escape from the medium
without being thermalized.) Although the caveats above caution against attempt-
ing to draw quantitative conclusions without further physical inputs, the success of
the hydrodynamical description of the medium itself support the conclusion that
there must be some hydrodynamic response to the passage of the energetic particle
through it.

From the point of view of hydrodynamics, the disturbance of the medium
induced by the passage of an energetic probe must be described by adding some
source to the conservation equation:

9, TH(x) = J3"(x) . (8.84)

As we have stressed above, we do not know the functional form of the source,
since it not only involves the way in which energy is lost by the energetic par-
ticle but also how this energy is thermalized and how it is incorporated into the
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medium. The source will in general depend not only on the position of the quark
but also on its velocity. In this subsection, we will use general considerations valid
in any hydrodynamic medium to constrain the functional form of the source. From
Eq. (8.84) it is clear that the amount of energy—momentum deposited in the plasma
is given by.

apP” 30 1p
. _/d xJY(X) . (8.85)

We note as an aside that if the source moves supersonically, one component of its
energy loss is due to the emission of sound waves. This is conventionally known as
sonic drag, and is a part of the energy loss computed in Section 8.1.

We now attempt to characterize the hydrodynamic modes that can be excited in
the plasma due to the deposition of the energy (8.85). We will assume, for simplic-
ity, that the perturbation on the background plasma is small. We will also assume
than the background plasma is static. The modification of the stress tensor

STH = TH — T (8.86)

background

satisfies a linear equation.

Since in the hydrodynamic limit the stress tensor is characterized by the local
energy density, €, and the three components of the fluid spatial velocity, u', there
are only four independent fields, which can be chosen to be

E=58TY and S =sT". (8.87)

Using the hydrodynamic form of the stress tensor, (2.13), all other stress tensor
components can be expressed as a function of these variables. Since we have
assumed that these perturbations are small, all the stress tensor components can
be expanded to first order in the four independent fields (8.87).

In Fourier space, keeping the shear viscosity correction, the linearized form of
Egs. (8.84) for the mode with a wave vector g that has the magnitude q = |q| take
the form

&%E+iqS. = J3°,
) 4
S +|C§q5+ §80Tnpoqzs_ =J.,
n 2
ST + St =Jr, 8.88
b OT 80+p0q T T ( )

where S = §.q/9+ St,J =J.9/q+ Jt, L and T refer to longitudinal and trans-
verse relative to the hydrodynamical wave-vector g and &g, po, Cs = +/dp/de and
n are the energy density, pressure, speed of sound and shear viscosity of the unper-
turbed background plasma. We observe that the longitudinal and transverse modes
are independent. This decomposition is possible since the homogeneous equations
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have a SO(2) symmetry corresponding to rotation around the wave-vector g. The
spin zero (longitudinal) and spin one (transverse) modes correspond to the sound
and diffusion mode respectively. (The spin two mode is a subleading perturbation
in the gradient expansion, since its leading contribution is proportional to veloc-
ity gradients.) After combining the first two equations of Egs. (8.88) and doing a
Fourier transformation, we find

4 ) .
<w2—0§q2+| =1 qzw)s_ =ic2ql’ +iwd.,

3 €+ Po

. n 2

lw — St =-J7. 8.89
(w eo+poq)T : (8.89)

The sound mode (S.) satisfies a wave equation and propagates with the speed of
sound while the diffusion mode (St), which does not propagate, describes the dif-
fusion of transverse momentum as opposed to wave propagation. We also note
that only the sound mode results in fluctuations of the energy density, while the
diffusion mode involves only momentum densities (the S of Eq. (8.87)). In the
linear approximation that we are using, the excitation of the diffusion mode pro-
duces fluid motion but does not affect the energy density. This result can be further
illustrated by expressing the energy fluctuations in terms of the velocity fields

1

The second term in this expression corresponds to the kinetic energy contribution
of the fluid motion which takes a non-relativistic form due to the small perturbation
approximation. This expression is quadratic in the velocity fluctuation, and thus is
not described in the linearized approximation. The sound mode corresponds to both
compression/rarefaction of the fluid and motion of the fluid; sound waves result in
fluctuations of the energy density as a consequence of the associated compression
and rarefaction. But, the diffusion mode corresponds to fluid motion only and, to
this order, does not affect the energy density.

Solving the linearized hydrodynamic equations (8.88) yields hydrodynamic
fields given by

3q i i 010 _ 290
E(t,x):/dw d*q iqJL +iwd” —Tsq°J griotHax (8.91)
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where the sound attenuation length and the diffusion constant are

4 7
= — , 8.94
= 3ot o (8.94)
n
= . 8.95
€0+ Po ( )

We note in passing that the integral of the longitudinal momentum density over all
space vanishes.

The hydrodynamic solutions (8.91), (8.92) and (8.93) are only of formal value
without any information about the source. And, as we have stressed above, a lot of
nonlinear, non-equilibrium physics goes into determining the source as a function
of the coordinates. Still, we can make some further progress. If we assume that the
energetic quark moves at a constant velocity v for a long time (as would be the case
if the quark is either ultra-relativistic or very heavy) then we expect

I (w, k) = 2m8(w — V- q) Q) (8.96)

where the factor §(w — v - q) comes from Fourier transforming §(x — vt). We
also note that far away from the source, and at sufficiently small q that we can
neglect any energy scales characteristic of the medium and any internal structure
of the particle moving through the medium, the only possible vectors from which
to construct the source are v and g. In this regime, we may decompose the source as

3%(a) = en(q).
Jy(@) =Vvgo(q) +qa(Q) . (8.97)

Then, inspection of the solutions (8.91), (8.92) and (8.93) together with the obser-
vation that a particle moving with a velocity close to the speed of light loses similar
amounts of energy and momentum, shows that, at least for an ultra-relativistic
probe, non-vanishing values of ey(gq) must be linked to non-vanishing values of
Oo(q). We call this case Scenario 1. However, if the interaction of the probe with
the plasma is such that both gy and ey are zero (or parametrically small compared
to g;), from Egs. (8.85) and (8.97) and since q g:(q) is a total derivative, one may
mistakenly conclude that the energetic probe has created a disturbance carrying
zero energy and momentum. In this scenario, which we shall call Scenario 2, the
energy and momentum loss are actually quadratic in the fluctuations. These two
scenarios lead to disturbances with different characteristics. In Scenario 2, only the
sound mode is excited while in Scenario 1, both the sound and diffusion mode are
excited. The correct answer for a given energetic probe may lie in between these
two extreme cases.

The phenomenological implications of this analysis depend critically on the
degree to which the diffusion mode is excited. This mode leads to an excess of
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momentum density along the direction of the source which does not propagate out
of the region of deposition, but only diffuses away. Therefore, the diffusion mode
excited by an energetic quark moving through the plasma corresponds to a wake
of moving fluid, trailing behind the quark and moving in the same direction as the
quark. In a heavy ion collision, therefore, the diffusion wake excited by the away-
side energetic quark will become hadrons at A¢ ~ 7, whereas the Mach cone will
become a cone of hadrons with moment at some angle away from A¢ = . If most
of the energy dumped into the medium goes into the diffusion wake, even if a Mach
cone were produced it would be overwhelmed in the final state, and invisible in the
data. Only in the case in which the diffusion mode is absent (or sufficiently small)
is the formation of a Mach cone potentially visible as a non-trivial correlation in
the data, i.e. in the momenta of the hadrons in the final state.

8.3.2 AdS computation

In Section 8.1 we have computed the amount of energy lost by a heavy quark as it
plows through the strongly coupled A/ = 4 SYM theory plasma. Here, we com-
pute the fate of this energy. Remarkably, every one of the difficulties associated
with answering this question in QCD or attempting to do so in a hydrodynamic cal-
culation without microscopic inputs can be addressed for the case of an energetic
heavy quark propagating through the strongly coupled plasma of AV = 4 SYM the-
ory. As in Sections 8.1 and 8.2, we shall assume that the relevant physics is strongly
coupled at all length scales, treating the problem entirely within strongly coupled
N = 4 SYM theory. In this calculation, the AdS/CFT correspondence is used to
determine the stress tensor of the medium, excited by the passing energetic quark,
at all length scales. This dynamical computation will allow us to quantify to what
extent hydrodynamics can be used to describe the response of the strongly coupled
plasma of this theory to the disturbance produced by the energetic quark, as well as
to study the relaxation of the initially far-from-equilibrium disturbance. This cal-
culation applies to quarks with mass M whose velocity respects the bound (8.18).
We note here that the calculation whose results we shall describe in Section 8.6
of the waves of energy produced in the strongly coupled plasma of N’ = 4 SYM
theory by the motion of a quark through it along a circular trajectory is done using
similar techniques to those that we shall present in full here, here in the simpler
setting of a quark moving through the plasma along a straight line.

In order to address the fate of the energy lost by a heavy quark plowing through
the strongly coupled plasma of A/ = 4 SYM theory, we must determine the stress
tensor of the gauge theory fluid at the boundary that corresponds to the string
(8.9) trailing behind the quark in the bulk. In the dual gravitational theory, this
string modifies the metric of the (4 + 1)-dimensional geometry. That is, it produces
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gravitational waves. The stress energy tensor of the gauge theory plasma at the
boundary is determined by the asymptotic behavior of the bulk metric perturbations
as they approach the boundary [363, 288, 289, 403].

The modifications of the 4 + 1-dimensional metric due to the presence of the
trailing string are obtained by solving the Einstein equations

1
Ruv = 5Gu(R = 24) = K2t (8.98)

where 2 = 47?R®/N2 and A = —6/R? with R the AdS radius and where t,, is
the five-dimensional string stress tensor, which can be computed from the Nambu—
Goto action:

1 v=h
thY — o / drdo ———h®, X" (1, 0)dp X" (1, 0)8® (X — X(z,0)) ,
T

/=G
(8.99)

where h? is the induced metric on the string and X (z, o) is the string profile. For
the case of a trailing string (8.9), the stress tensor is given by

too = s(f + v*Z*/7)

toy = —svi,

to, = —sv2Z /22 f ,

t = s(f —v?)/f?,

tij = svivj,
ti, =suz?/Z5 T, (8.100)
where
Zy\/x 3
s= o gt (Xt =@, (8.101)

with ¢(2) the string profile (8.9). After solving the Einstein equations (8.98) with
the string stress tensor (8.100), the expectation value of the boundary stress tensor
is then obtained by following the prescription (5.48), namely by performing func-
tional derivatives of the Einstein—Hilbert action evaluated on the classical solution
with respect to the boundary metric.

We need to analyze the small fluctuations on top of the background AdS black
hole metric. Denoting these fluctuations by h,,,, and the background metric by g,,,,
the left-hand side of the Einstein equations (8.98) are given to leading order in
h,., by

, 8
— D?h,, +2D°D,h,,, — D,D,h+ @hw

4
+ (Dzh — D°D°h,s — @h> g =0, (8.102)
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with D, the covariant derivative with respect to the full metric, namely g,., + hy,,.
This equation has a gauge symmetry

h,, — h, + D& +Dé,, (8.103)

inherited from reparameterization invariance, that, together with five constraints
from the linearized Einstein equations (8.102), reduces the number of degrees of
freedom from fifteen to five. It is therefore convenient to introduce gauge invariant
combinations which describe the independent degrees of freedom. These can be
found after Fourier transforming the (3 + 1)-dimensional coordinates. The gauge
invariants can be classified by how they transform under SO(2) rotations around the
wave-vector g. Upon introducing H,, = z?h,,,/R?, one possible choice of gauge
invariants is given by [288, 289]

1
Zo, = qHoo + 200 Hog + 0’ Haq + 5 [2— 1)@ — ] H,
Zayo = (Hgy — i@wHas)

1
Zoyap = (Haﬂ — EH(Saﬁ) , (8.104)

where g = |q], § = q/d, Hoqg = HoiG', Hgq = HijG'4!, « and B (which are each
either 1 or 2) are space coordinates transverse to §, ' means d,, and H = H,,. When
written in terms of these gauge invariants, the Einstein equations (8.102) become
three independent equations for Z gy, Z(1), and Z )4, Which correspond to the spin
zero, one and two fluctuations of the stress tensor. We focus on the spin zero and
spin one fluctuations, since these are the relevant modes in the hydrodynamic limit.
Their equations of motion are given by

zf/—3fz/ 32— z(zq? + 3f) f + Zw?
zf e T 2f2

Z(l)oz + Z(l)a = S(1)ot (8.105)

and

1 uf’ 24(q% f — w?)
Z// - 1 _ Z/
(°)+u|: T T Ut —61) 602 | O

1 2 320228 /28
+?|:—q2+w—— q°2°/z;

f g2(uf’' —6f) +6a)2:| Zoy =S, (8.106)

where the sources are combinations of the string stress tensor and its derivatives.
Choosing one of the transverse directions (which we shall denote by o = 1) to lie
in the (v, q) plane, the source for the trailing string is given explicitly by
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Sy = 2K5gﬁ % S(w—v-qe e,
S12 =0, (8.107)
K2y Nr G +2) — 30? z[q*Z + 4819258 — 9(9 — 0?)?Z]
S0 = 3R RE f(fq2 4 202 — 30?) 28
x8(w — vg)e 4t (8.108)

where g, is the magnitude of the component of q perpendicular to v. The boundary
action can be expressed in terms of the gauge invariants Z), and Zq, plus cer-
tain counterterms (terms evaluated at the boundary). This procedure, which can be
found in Ref. [289], is somewhat cumbersome but straightforward, and we shall not
repeat it here. Once this is achieved, the stress tensor components can be obtained
from the classical solution to (8.105)—(8.106), following the prescription (5.48).

To find the classical solution to (8.105)—(8.106) we must specify boundary con-
ditions. Since the quark propagates in flat space, the metric fluctuations must vanish
at the boundary. Also, since we are interested in the response of the medium, the
solution must satisfy retarded boundary condition, meaning that at the horizon it
must be composed only of infalling modes. Thus, we may construct the Green’s
function

Gs(z,7) =

1 J n | / . , | n ,
W) 07 -2 @U(Z) +0(z—2)d(Dd (@),  (8.109)

where the subscript s which can be 0 or 1 denotes the spin component and g7 and
g. denote the normalizable and infalling solutions to the homogeneous equations
obtained by setting the left-hand side of (8.105) equal to zero. Ws is the Wronskian
of the two homogeneous solutions. The full solution to (8.105) may be then written
as

Zh
Zs(2) = / dZGs(z, 7)S(2). (8.110)
0
Close to the boundary, these solutions behave as
20 =223+ 2zl + -
Z(l) = Z Z(l) + Z Z(l) ce (8111)

The components z(fg and Z(ﬂ can be computed analytically and are temperature
independent. They yield a divergent contribution to the boundary stress tensor.
However, this contribution is analytic in q and, thus, has §-function support at
the position of the heavy quark. This divergent contribution is the contribution
of the heavy quark mass to the boundary theory stress tensor. The response of
the boundary theory gauge fields to the disturbance induced by the passing ener-

getic quark is encoded in the components Z 0) I'and Zﬁ), which must be computed



296 Probing strongly coupled plasma

numerically. After expressing the boundary actions in terms of gauge invariants,
the nondivergent spin zero and one components of the boundary stress tensor are
given by

402
To = ngg +D + 2o, (8.112)
5
- L3 =5
7= _2_/<52E1;’ (8.113)

where Tg = T and 7; = T%¢,, with &, the spatial unit vectors orthogonal to the
spatial momentum ¢, and where the counterterm D is a complicated function of w
and g that depends on the quark velocity and the plasma temperature and that is
given in Ref. [289].

Results from Ref. [289] on the numerical computation of the disturbance in the
gauge theory plasma created by a supersonic quark moving with speed v = 0.75
are shown in Fig. 8.4. The top panel shows the energy density of the disturbance
and clearly demonstrates that a Mach cone has been excited by the supersonic
quark. The front is moving outwards at the Mach angle ®y, where cos®y =
cs/v = 4/(3+/3). Recall from our general discussion above that fluid motion is
invisible in the energy density, to the linear order at which we are working; the
energy density is nonzero wherever the fluid is compressed. Thus, the Mach cone
is made up of sound modes, as expected. In the bottom panel of Fig. 8.4, we see the
density of fluid momentum induced by the supersonic quark. This figure reveals
the presence of a sizable wake of moving fluid behind the quark, a wake that is
invisible in the energy density and is therefore made up of moving fluid without
any associated compression, meaning that it is made up of diffusion modes. We
conclude that the supersonic quark passing through the strongly coupled plasma
excites both the sound mode and the diffusion mode, meaning that the interaction of
the quark with the plasma is as in what we called Scenario 1 above. Quantitatively,
it turns out that the momentum carried by the sound waves is greater than that
carried by the diffusion wake, but only by a factor of 1 4 v? [408].

Since hydrodynamics describes the long-wavelength limit of the stress tensor
excitation, it is reasonable to find a Mach cone at long distances. And, since
the gravitational equations whose solution we have described are linear, the long
distance behavior of the gauge theory fluid must be described by linearized hydro-
dynamics. It is easy to justify the linearization from the point of view of the field
theory: the background plasma has an energy density that is proportional to N2
while that of the perturbation is proportional to the number of flavors, which is
just Ny = 1 in the present case since we are considering only one quark. The
strong coupling computation leads to a perturbation of magnitude N;+/A. Thus,
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Figure 8.4 Energy density (top) and momentum flux (bottom) induced by the pas-
sage of a supersonic heavy quark moving through the strongly coupled N' = 4
SYM theory plasma in the x; direction with speed v = 0.75. (Ag(x) is the differ-
ence between &(x) and the equilibrium energy density; since S = 0 in equilibrium,
AS(x) is simply S(x).) The flow lines on the surface are flow lines of AS(x).
These disturbances are small compared to the background energy density and
pressure of the plasma (both of which are « NCZ). The perturbation is small and
it is well described by linearized hydrodynamics everywhere except within a dis-
tance R ~ 1.6/T from the quark. Since the perturbation is small, the kinetic
energg contribution of the diffusion mode to the energy density is suppressed
by N¢ and, thus, it does not contribute in the upper panel. Figure taken from
Ref. [298].
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the energy density of the fluctuations are suppressed by +/2/ N2 with respect to
that of the background plasma, justifying the linearized treatment. Remarkably, it
turns out that disturbances like those in Fig. 8.4 are well described by hydrody-
namics everywhere except within ~ 1.6/T of the position of the quark [289].
So, the calculation that we have reviewed in this Section is important for two
reasons. First, it demonstrates that a pointlike probe passing through the strongly
coupled plasma does indeed excite hydrodynamic modes. And, second, it demon-
strates that in the strongly coupled plasma, the resulting disturbance relaxes to
a hydrodynamic excitation in local thermal equilibrium surprisingly close to the
probe.

The observation that point particles moving through the strongly coupled fluid
excite sound waves, which are collective excitations, is at odds with intuition
based upon the interaction of, say, electrons with water. In this example, most of
the energy lost by the electron is transferred to photons and not to the medium.
These photons, in turn, have long mean free paths and dissipate their energy far
away from the electron (or escape the medium entirely). Thus, the effective size
of the region where energy is dissipated is very large, given by the photon mean
free path. Hydrodynamics will only describe the physics on longer length scales
than this. The reason that no Mach cone is formed is that the length scale over
which the energy is deposited is long compared to the length scale over which
the electron slows and stops. The situation is similar in weakly coupled gauge
theory plasmas; even though the gauge modes in these theories do interact, they
still have long mean free paths proportional to 1/g*. In sharp contrast, in the
strongly coupled plasma of A/ = 4 SYM theory there are no long-lived quasi-
particle excitations (let alone photons) that could transport the energy deposited
by the pointlike particle over long distances. Instead, all the energy lost by the
pointlike probe is dumped into collective hydrodynamic modes over a charac-
teristic length scale ~ 1/T, which is the only length scale in this conformal
plasma.

8.3.3 Implications for heavy ion collisions

The calculation that we have reviewed in this section suggests that a high energy
quark plowing through the strongly coupled plasma produced in heavy ion col-
lisions at RHIC should excite a Mach cone. As we argued just above, this
phenomenon is not expected in a weakly coupled plasma. The Mach cone should
have consequences that are observable in the soft particles on the away-side of
a high energy trigger hadron. However, for a hydrodynamic solution like that in
Fig. 8.4, it turns out that the diffusion wake contains enough momentum flux along
the direction of the energetic particle to “fill in” the center of the Mach cone,
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meaning that the Mach cone is not sufficiently prominent as to result in peaks
in the particle distribution at A¢p = 7 + ®) [245, 657]. As we discussed above,
the observed peaks at A¢p = m + ¢, receive a significant contribution from the
event-by-event v3 due to event-by-event fluctuations that introduce “triangularity”.
Detecting evidence for Mach cones in heavy ion collisions will require careful sub-
traction of these effects from the data or the design of new observables based upon
multi-particle correlations, as well as careful theoretical analysis of the effects of
the rapid expansion of the fluid produced in heavy ion collisions on the putative
Mach cones.

8.3.4 Disturbance excited by a moving quarkonium meson

Strong coupling calculations like that of the disturbance excited by an energetic
quark moving through the plasma of A/ = 4 SYM theory can help guide the con-
struction of more phenomenological models of the coupling of energetic particles
to hydrodynamic modes. To further that end, we close with an example which
shows that not all probes behave in the same way.

As we shall describe in Section 8.7, a simple way of modeling a “quarkonium”
meson made from a heavy quark and antiquark embedded in the strongly cou-
pled plasma of ' = 4 SYM theory is to consider a string with both ends at the
boundary — the ends representing the quark and antiquark. We shall see in Sec-
tion 8.7 that even when this string is moving through the plasma, it hangs straight
downward into the AdS black hole metric, rather than trailing behind as happens
for the string hanging downward from a single moving quark. The fact that the
“U” of string hangs straight down and does not trail behind the moving quark and
antiquark implies that the heavy quarkonium meson moving through the strongly
coupled plasma does not lose any energy, at least at leading order. The energy loss
of such a meson has been computed and is in fact nonzero but is suppressed by
1/N2 [334].

Despite the fact that the leading order quarkonium energy loss vanishes, the
leading order disturbance of the fluid through which the meson is moving does
not vanish [407]. Instead, the meson excites a Mach cone with no diffusion wake,
providing an example of what we called Scenario 2 at the end of Section 8.3.1. It is
as though the moving meson “dresses itself” with a Mach cone, and then the meson
and its Mach cone propagate through the fluid without dissipation, to leading order.
To illustrate this point, the metric fluctuation and consequent boundary stress tensor
induced by a semiclassical string with both ends on the boundary moving with a
velocity v has been calculated [407]. For a string with the two endpoints aligned
along the direction of motion and separated by a distance | the long distance part
(low momentum) part of the associated stress tensor is given by
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STO = m (g% (1 +2v%0) — 3v* (- V)* (1 — 20)) , (8.114)
STO = ﬁ(q.v)gq-v(l— (1-v%0)q +2Ma ', (8.115)
ST = ﬁwz @ -V (=141 —v)o) s - (8.116)

I1 2 v'v
_ﬁ (l + 2U O') 7,
where o = o (I, T) is a dimensionless function of the length of the meson and the
temperature and the prefactor takes the form

M= ﬁ@ , (8.117)

with F a dimensional function.

The expression (8.114) clearly shows that all the spin zero, one and two com-
ponents of the stress tensor are excited. The spin zero components are multiplied
by the sound propagator, signaling the emission of sound waves. (Note that in the
low-q limit the width of the sound pole vanishes.) The spin one component cor-
responds to the terms proportional to the velocity of the particle v'. These terms
are analytic in g; in particular it seems that there is no pole contribution from the
diffusive mode. More careful analysis shows that the diffusive mode decays faster
than that excited by a quark probe.

The magnitude of the disturbance in the strongly coupled plasma that is excited
by a passing quarkonium meson is no smaller than that excited by a passing quark.
However, the total integral of the energy and momentum deposited is zero, as can
be seen by multiplying the momentum densities by w = v - g and taking the limit
g — 0. This is consistent with the fact that, to the order at which this calculation
has been done, the meson does not lose any energy. This is an interesting example
since it indicates that the loss of energy and the excitation of hydrodynamic modes
are distinct phenomena, controlled by different physics. This example also illus-
trates the value of computations done at strong coupling in opening one’s eyes to
new possibilities: without these calculations it would have been very hard to guess
or justify that such a separation in magnitude between the strength of the hydrody-
namic fields excited by a probe and the energy lost by that probe could be possible.
It would be interesting to analyze the soft particles in heavy ion collisions in which
a high transverse momentum quarkonium meson is detected, to see whether there is
any hint of a Mach cone around the meson — in this case without the complication
of soft particles from a diffusion wake filling in the cone.
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8.4 Stopping light quarks

As we have discussed extensively in Section 2.3, the dominant energy loss process
for a parton moving through the QCD plasma with energy E in the limit in which
E — oo is gluon radiation, and in this limit much (but not all; see Section 8.5) of
the calculation can be done at weak coupling. However, since it is not clear at which
energy the E — oo approximation becomes reliable, it is also worth analyzing
the entire problem of parton energy loss and jet quenching at strong coupling to
the degree that is possible. For the case of a heavy quark propagating through the
strongly coupled plasma of N’ = 4 SYM theory, this approach has been pursued
extensively, yielding the many results that we have reviewed in the previous three
sections. Less work has been done on the energy loss of an energetic light quark
or gluon in the N’ = 4 SYM plasma, in particular since they do not fragment into
anything like a QCD jet. This was illustrated by Hofman and Maldacena [457], who
considered the following thought experiment. Suppose you did electron—positron
scattering in a world in which the electron and positron coupled to AV = 4 SYM
theory through a virtual photon, just as in the real world they couple to QCD. What
would happen in high energy scattering? Would there be any “jetty” events? They
showed that the answer is no. Instead, the final state produced by a virtual photon
in the conformal /' = 4 SYM theory is a spherically symmetric outflow of energy.
Similar conclusions were also reached in Refs. [433, 293]. The bottom line is that
there are no jets in strongly coupled A/ = 4 SYM theory, which would seem to
rule out using this theory to study how jets are modified by propagating through
the strongly coupled plasma of this theory. Many authors have nevertheless used
the strongly coupled plasma of A/ = 4 SYM theory to gain relevant insights, for
example by studying the energy loss and momentum diffusion of a heavy quark
plowing through the plasma as we have described in Sections 8.1 and 8.2, as well
as the wake it produces, described in Section 8.3. In the present section, we ask
how a light quark or gluon loses energy in the A/ = 4 SYM plasma in the hope
that, even if this is not a good model for jets and their quenching in QCD, some
qualitative strong coupling benchmarks against which to compare experimental
results may be obtained. This program has been pursued in Refs. [406, 293, 294,
73, 74]. Furthermore, we shall demonstrate in Section 8.6 that even though there
are no jets in strongly coupled A/ = 4 SYM theory it is still possible to construct
a collimated beam of radiation in this theory and watch how it is quenched by the
plasma.

As we have seen in Section 5.5, and as we will describe extensively in Chap-
ter 9, dynamical quarks can be introduced into N’ = 4 SYM theory by introducing
a D7-brane that fills the 3 4+ 1 Minkowski dimensions and fills the fifth dimension
from the boundary at z = 0 down to z = z4. The mass of the (heavy) quarks
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that this procedure introduces in the gauge theory is ﬁ/(anq). Light quarks are
obtained by taking z; — oo, meaning that the D7-brane fills all of the z dimen-
sion. At T # 0, what matters is that the D7-brane fills the z dimension all the
way down to, and below, the horizon. While this construction introduces light fun-
damental degrees of freedom into the theory, it does not alter the fact that there
are no true jets. This is the principal origin of the difficulty in using gauge/string
duality to study light quark energy loss: depending on which aspects of real jets
in QCD we wish to mimic, we can make different choices in the way we set-up a
dual gravitational calculation, choices that correspond on the gauge theory side to
different ways of preparing an energetic initial state. This range of possible choices
necessarily introduces ambiguity in the analysis since there can be no single gravi-
tational calculation that encompasses all the relevant aspects of jet physics in QCD.
Nevertheless, there exist common features across all these choices that allow us to
draw some conclusions about the dynamics of energetic light quarks and gluons
moving through strongly coupled plasma.

8.4.1 Back-to-back jets asthe endpoints of a string

We begin by focusing on the fact that a light quark jet is initiated by a single
energetic quark, which suggests that a natural approach is to model a light quark-
antiquark pair moving away from each other back-to-back with some initial high
energy (as would become a back-to-back pair of jets in QCD) by the endpoints
of a string located at some depth z in the bulk that are moving apart from each
other in, say, the x-direction [293, 294]. The quark and antiquark must be within
the D7-brane, but since this D7-brane fills all of z there is nothing stopping them
from falling to larger z as they fly apart from each other, and ultimately there is
nothing stopping them from falling into the horizon. It should be evident from this
description that there is an arbitrariness to the initial condition: at what z should
the quark and antiquark be located initially? What should the string profile be
initially? What should the initial profile of the velocity of the string be? These
choices correspond in the gauge theory to choices about the initial quantum state
of the quark—antiquark pair and the gauge fields surrounding them. And, there is
no known way to choose these initial conditions so as to obtain a QCD-like jet so
the choices made end up being arbitrary. (The analogous set up for a back-to-back
pair of high energy gluons [406] involves a doubled loop of string, rather than an
open string with a quark and antiquark at its ends.)

Ambiguities about the initial conditions notwithstanding, several robust qualita-
tive insights have been obtained from these calculations. First, the quark and the
antiquark always fall into the horizon after traveling some finite distance Xstopping-
The string between them falls into the horizon also. An example is shown in
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Figure 8.5 A quark—antiquark pair moving away from each other fall into the
horizon after a finite stopping distance. The figure shows the quark—antiquark
pair (green and orange dots) and the string that connects them (in blue) at four
times, starting at an early time when they are close together and the string is near
the boundary and ending just before they have traveled their stopping distance and
they and the string have reached the horizon. See text for further details. Figure
taken from Ref. [294].

Fig. 8.5. In the gauge theory, Xswopping COrresponds to the stopping distance for
the initially energetic quark, namely the distance that it takes this quark to slow
down, thermalize, and equilibrate with the bulk plasma — the gauge theory analog
of falling into the horizon. This is qualitatively reminiscent of the experimental
finding that there are circumstances in which an energetic parton that would have
become a jet in vacuum is instead quenched by the plasma to such a degree that it
becomes many soft particles with a close-to-thermal momentum distribution.

Second, although Xstopping does depend on details of the initial conditions, the
dominant dependence is that it scales like E'/3, where E is the initial energy of
the quark [406, 294]. More precisely, upon analyzing varied initial conditions the
maximum possible stopping distance is given by [294]

C E 1/3
Xstopping = T (T_«/X) ) (8.118)

with C ~ 0.5. If there is a regime of E and T in which it is reasonable to treat
the entire problem of jet quenching at strong coupling, and if in this regime the
droplet of plasma produced in a heavy ion collision is large enough and lives
long enough that it can stop and thermalize an initial parton with energy E that
would in vacuum have become a jet, then the scaling (8.118) has interesting qual-
itative consequences. For example, if this scaling applies to collisions with two
different collision energies /S, and /S, yielding plasmas that form at different
temperatures T; and T,, then jets in these two experiments whose energies sat-
isfy E1/E, ~ (T1/T,)* should have similar observed phenomenology. Turning
this speculation into semi-quantitative expectations for experimental observables
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requires careful study of jet stopping in a realistic model of the dynamics in
space and time of the expanding droplet of plasma produced in a heavy ion
collision.

Third, a light quark with initial energy E that loses this energy over a distance
Xstopping 10Ses most of its energy near the end of its trajectory, where it thermal-
izes (falls into the horizon) [294]. This pattern of energy loss is reminiscent of
the “Bragg peak” that characterizes the energy loss of a fast charged particle in
ordinary matter, where the energy loss has a pronounced peak near the stopping
point. It is quite different from the behavior of a heavy quark in strongly coupled
plasma which, as we saw in Section 8.1, loses energy at a rate proportional to its
momentum, making it reasonable to expect that a heavy quark that slows from a
high velocity to a stop loses more energy earlier in its trajectory than later.

8.4.2 A colorlessjet sourced by a virtual photon

Although the approach in the previous section is intuitive, it suffers from the inher-
ent ambiguity in defining the initial conditions for the string that joins the quark
and antiquark. This arbitrariness originates from the fact that the precise form of the
gauge theory source dual to a given initial string configuration selected in the grav-
ity theory is not known. One is specifying initial conditions clearly and explicitly
in the gravity theory without knowing in precise terms what those initial conditions
correspond to in the gauge theory. There is, however, a complementary approach
to the physics of energetic light quarks moving through strongly coupled plasma
where one focuses initially on formulating a gauge theory problem which, in QCD,
would lead to the formation of energetic jets and then studies the dual description
of the set-up one has formulated. An interesting example of this approach is the
study of the response of the strongly coupled plasma to an external gauge field
wave-packet characterized by a very large time-like four-momentum (energy E
and three-momentum |I2| comparable and both much greater than virtuality g) and
a small packet width, L [73, 74]. This is the analog of analyzing the decay of an
energetic virtual photon or an electroweak boson. In QCD this excitation decays
into a quark—antiquark pair and, since E >> q by construction, the quark and anti-
quark are extremely boosted and are therefore almost collinear with each other,
forming a single jet. Note that this jet is different from those of interest in heavy
ion collisions (or for that matter in elementary particle collisions) since it carries no
net color charge. In this way (and perhaps in others) it is not analogous to a QCD
jetinitiated by a single quark or a gluon. Nevertheless, this construction provides a
well-defined way to generate energetic light quarks moving through the plasma in
QCD. In the strongly coupled theory, this external source creates a localized exci-
tation of strongly interacting fields which propagate through the strongly coupled
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plasma with a large initial boost. We will refer to this excitation loosely as a jet.
The advantage of this procedure is that once the gauge theory source has been spec-
ified, which is equivalent to specifying the process of creating the jet, there are no
remaining ambiguities and one can then analyze the dual problem on the gravita-
tional side. In Section 8.6 we shall describe an (apparently) quite different way of
creating a localized high energy excitation of strongly interacting fields which can
also be analyzed via gauge/string duality.

It is natural to ask why we do not consider instead an external gauge theory
wave-packet with E ~ g > |k|, as in QCD this would produce a back-to-back
quark—antiquark pair and hence a back-to-back pair of jets. Would making this
choice result in a pair of jets that were each more similar to the jets in QCD than the
single jet above? Or, at the least, more similar to the back-to-back jets described by
the quark—antiquark pair connected by a string in Section 8.4.1? The problem with
this line of thought is that in strongly coupled AV = 4 SYM theory a source like
this produces a spherically symmetric outward flow of energy, rather than a back-
to-back pair of jets [457]. The single “jet” that we shall analyze can be obtained by
giving this spherically symmetric flow of energy such a large boost that it becomes
a tightly focused flow of energy with E ~ |K| >> q. So, although it sounds artificial
from a QCD perspective to consider a color-singlet jet made by boosting a quark—
antiquark pair to the point that they are almost collinear, this construction has the
virtue that it yields a jet-like object in both QCD and V' = 4 SYM theory.

The simplest way to add the external gauge field wave-packet is to modify the
Lagrangian for the strongly coupled gauge theory by adding an external U (1)
gauge field source:

»CQFT — ,CQFT + jMAg s (8.119)

with j, the U (1) current in the strongly coupled gauge theory and A, a classical
external field characterized by a narrow envelop function A (x) of typical size L.
The external gauge field can be parametrized as

Al = " Na[€ " +h.c.] AX), (8.120)

with k* a four momentum with large energy k® = E and three-momentum |k| ~ E
and a small virtuality k? = —q?, with g% <« E2. N4 is a normalization factor that
can be arbitrarily small and €* is a given polarization vector. This parametrization
is chosen to make apparent the large momentum component in the field, k. From
the Fourier analysis of this expression it is clear that all Fourier modes will have
a typical large momentum k* plus a small momentum of order 1/L introduced by
the spacetime dependence of the envelop function A which, in general, has compo-
nents in all four space-time directions. However, we will see later that the aspects
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of the Fourier transform of the function A that are most relevant for our discus-
sion are its distribution in energy and in the component of momentum along the
k-direction. Since we want A to contribute only momenta that are small compared
to the typical momentum Kk, we must require E > 1/L.

The presence of this source generates a hon-vanishing expectation value for the
U (1) current j#(x) in the plasma, which characterizes the jet. At early times after
the disappearance of the external field, the current is localized on the same length
scale as the external source was and is propagating with the characteristic momen-
tum k*. At later times, its interaction with the plasma leads to the attenuation of
the current components and its eventual thermalization. As in the previous analysis
of a quark—antiquark pair connected by a string, a stopping distance can be defined
as the attenuation distance of the expectation value of the current in the presence
of the external source

((t X)) a (8.121)

which, for sufficiently small external sources, can be expressed in terms of three-
point correlators in the gauge theory.

As explained in Section 5.1.4, in the gravitational theory the dual of the gauge
theory current is a U (1) gauge field living in the D7-brane, with a boundary value
given precisely by the external source Eg. (8.120). We now see the advantage of
this construction: as soon as we have specified the problem precisely on the gauge
theory side, its specification on the gravitational side of the duality is immediately
in hand.

For the purpose of this discussion, we can also restrict our attention to excita-
tions confined to five out of the eight dimensions of the D7-brane. The computation
of the time evolution of the expectation value of the current demands the determi-
nation of three-point functions on the gravity side, as in the gauge theory. This
makes the calculation rather demanding and we shall not reproduce it here. We
refer the interested reader to Ref. [73], where the calculation is performed in detail.
Although at a technical level the calculation is involved, its main features can be
understood entirely in terms of simple physical considerations, as we now describe.

The dynamics of the expectation value of the current in the boundary gauge
theory, which is what we are after in order to determine the stopping distance for
the pulse of energy density propagating through the plasma that is produced by
the source we have described, is governed in its dual description by the behav-
ior of excitations in the gravity theory that, at least close to the boundary, have
very short wavelengths. This makes it possible to analyze the propagation of these
excitations via a geometric optics approximation, as in electromagnetism, which
reduces the gravitational problem of interest to the determination of the trajectories
of massless particles in the gravitational background. (We shall discuss the range
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of applicability of this geometric optics approach momentarily.) These trajectories
are given by null geodesics in the AdSs black hole metric, the same trajectories as
those followed by the end points of the strings in Section 8.4.1, which are char-
acterized by a four-vector that is constant along the trajectory. This four-vector
can be interpreted as the initial momentum that the excitation (we shall call it a
“particle”) in the gravitational background has when it is close to the boundary; in
the gauge theory, it coincides with the hard momentum of the gauge field sourced
by the external current. Because the infalling particle follows a null geodesic, its
position is given by

z g;wkv
x*(z) = / dz'\/9,
2 (—ke

— (8.122)
ks g )1/2

where gy is the metric (5.34) for the AdS Schwarzschild blackhole, the Greek
indices denote the gauge theory directions and where z; is the initial position of
the particle, which we shall relate to the virtuality q of the gauge field it describes
in the boundary theory. As in the case of the string endpoints in Section 8.4.1,
the gravitational pull of the black branes makes the particle fall into the horizon,
which corresponds to the thermalization of the jet. From the expression (8.122) the
stopping distance can be estimated by finding the distance travelled by the particle
along the gauge theory direction from its production point near the boundary until
it falls into the horizon. Choosing the direction of motion of the particle as the
x-direction, we find from (8.122) that

» 1

Xstopping = / dZ—2 s (8.123)
Z EARC ol

V% * ke

where zy = ﬁ is the position of the horizon, as in Eq. (5.36). The expression
(8.123) is not yet the result that we are after, because the excitation of the gauge
theory sourced by (8.120) is described initially by a wave-packet with some spread
in virtuality g whereas what we have described so far is the dual description of an
excitation with a single value of g. We shall address this momentarily, but must
first understand the implications of (8.123).

The integral (8.123) is dominated by values of z ~ z* with the characteristic
value z* given by

=792/ |k|Y? . (8.124)

This is the scale at which the trajectory of the dual particle, which at early times
moves almost parallel to the brane, with its downward velocity in the z-direction
much smaller than its velocity in the x-direction, starts to bend significantly, pick-
ing up a significant velocity downward toward the horizon. Recall that we are
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analyzing the response to a source with g < |k|, meaning that z* < z,. The lower
limit of the integration, zy, must be chosen to correspond to the smallest value of
z for which the particle approximation to the wave-packet (i.e. the gravitational
analog of the geometric optics approximation) is valid. An explicit analysis [433]
which we will not reproduce here shows, perhaps not surprisingly, that z, ~ 1/q.
So, the larger the virtuality of the wave is, the closer the initial position of the dual
particle is to the boundary. We certainly need q > T, to ensure that z; < z,. In
fact, we shall see that we need q to satisfy the stronger condition q > T%3|k|'/3,
which ensures that z; <« z*. So, as long as |K| is very much larger than T, we can
proceed with our analysis upon assuming that

T < TRk « q <« |k|, meaningthat 2y > Z* > 7. (8.125)

Since z, is the smallest of these scales, in our initial analysis of (8.123) we can
set zg = 0. Upon so doing, we can immediately check that if we integrate (8.123)
from z = 0to z = z* we find that as the particle falls from its starting point to z, it
travels a distance in the x-direction that is proportional to z3/z*. This tells us that
as we make g smaller and smaller, while still keeping it within the range (8.125),
although z* moves closer and closer to the boundary (see (8.124)) the distance in
X that the particle travels before it reaches z = z* and its trajectory starts to bend
significantly downward toward the horizon gets longer and longer. We can think of
this delay as reflecting the fact that at smaller and smaller g the initial velocity of
the particle in the x-direction is closer and closer to the speed of light, making it
harder and harder for the gravitational field of the black hole to turn its trajectory
downward.

We now turn our attention to the upper limit of the integral (8.123). As long as
K| > q, meaning that the virtuality of the jet is much smaller than its energy, the
integral is dominated by the region z ~ Z* « z; and is insensitive to the behavior
of the integrand in the region z ~ z, near the horizon, which allows us to take the
upper limit of the integrand to infinity. So, upon assuming that (8.125) is satisfied
with z, z* and z, being well-separated scales, we can safely replace the lower and
upper limits of the integral by zero and infinity, do the integral, and find

2 1/4
N M E_2 E (8.126)
stopping = 4375 q? T’ .

where we have used |k| ~ E. This is the stopping distance of a jet (a jet in the sense
of this section) with a particular energy E and virtuality q. The virtuality can be
thought of as one of the parameters related to how the jet of energy E is prepared
and we see that, as in the description of Section 8.4.1 in which we modeled the jet
as a falling string, the stopping distance depends on how the jet is prepared. We
should not be concerned about the apparent contradiction between the result here
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that the stopping length of a jet with fixed virtuality is proportional to E/? and the
result from Section 8.4.1. What was calculated in Section 8.4.1 was the maximal
stopping distance among all possible jets with some energy E. We will evaluate
this with more care below, but it is already possible to see how the correct scaling
(8.118) will emerge. Clearly, from (8.126) and from our earlier discussion of how
reducing g means that the particle can fly farther before gravity manages to bend
it downward into the horizon, the maximal stopping distance will be found for the
smallest allowed values of q. From (8.125), we see that the smallest allowed values
of g are those for which z; ~ z* and g ~ EY3T?/3, Substituting this into (8.126),
we find

Xmaximum stopping ™ El/3T_4/3, (8.127)

which is in agreement with the result (8.118) obtained via the analysis of falling
strings up to a factor of +/A. We will discuss this factor only after we first rederive
(8.127) in a more careful way.

In our analysis so far we have neglected the fact that the jet-like object that we
wish to study has a wave-packet profile parameterized by (8.120). The character-
istic size of the envelop function A in the parameterization (8.120) introduces an
uncertainty in the momentum of the wave of order 1/L, since the field (8.120) can
be understood as an ensemble of excitations with momenta k distributed around k
with spread 1/L:

on oo oR)oll)

These soft components change the virtuality of the different modes, meaning that
the wave-packet is a superposition of modes with different virtuality as well as
different energy. The largest change in the virtuality is due to the soft components
along the direction of k, which yield a typical contribution to the virtuality

o> ~ E/L. (8.129)

The contribution to the virtuality from the fluctuations perpendicular to k is sup-
pressed in comparison and can be neglected. Thus, even if the virtuality —k? = ¢?
is small, the production of jets described via the wave-packet (8.120) results in a
jet made from modes whose typical virtuality is . as in (8.129) meaning that the
stopping distance of a typical mode in the jet is given by

(E L)l/4

TXtypicaI stopping ™ T . (8.130)

Since most of the modes have a virtuality of order q., the most part of most
wave-packets will be attenuated as they travel this typical stopping distance. Nev-
ertheless, by virtue of Eqg. (8.126), those components of the wave packet with
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g?> < g? will have a longer propagation length, and it is those components that
we must analyze in order to obtain the maximal stopping distance.

We have already seen from the result (8.126) that for a given jet energy the
longest stopping distances are achieved for the smallest virtualities 2. However,
Eq. (8.126) is not valid for arbitrarily small values of g2 since in this limit the
geometric optics approximation used to derive the stopping distance (8.126) fails.
As in any other context in which a geometric optics approximation is used, its
validity requires that the wavelength of the particle in question does not change
significantly over a distance given by that wavelength itself. The wavelength of the
particle is determined by the particle momentum in the z-direction, which can be
obtained from the null geodesic equation, qug™Ngn = 0, and is

E

4 /54
2 z4/z78 + 7%/ 7, (8.131)

0:(2) =
with f(z) = 1 — Z*/Z} as in (4.33). The wavelength of the particle is then
A = /09z2/9;. In the region z ~ z* that dominates the calculation of the stopping
distance, the derivative of A with respect to the proper length in the z direction,
¢ = [ /0zdz, must be small. This yields the condition 1/,/9,9,4 < 1. This
condition is satisfied, and the result (8.126) is valid, only if

(r*T*E)"° <« . (8.132)

Together with the condition that g <« E?, required directly from the setup of the
calculation, we find that we have now reproduced the range (8.125) within which
g must lie. Using (8.132) in (8.126), we reproduce the maximal stopping distance
(8.127), which can be phrased as the inequality

T Xstopping < (E/T)Y3. (8.133)

For values of g? smaller than the lower limit of the range (8.132), the geometric
optic calculation stops being valid. Nevertheless, the explicit calculation in terms of
three-point functions can be applied to any g2 and shows that for those small values
of g? the gauge field excitations are absorbed very quickly by the black hole, as can
be inferred from the fact that in this circumstance z; > z*. So, analysis of this case
does not change the conclusion (8.133). We see that the present analysis yields the
same EY/® dependence of the maximal stopping distance that was also obtained in
Section (8.4.1) via a completely different calculation in which a back-to-back pair
of jets was modeled by a string. However, the two results nevertheless do differ
parametrically since the stopping distance (8.118) is suppressed relative to (8.133)
by a scaling of the energy E by a factor of +/A. Both calculations find the same
stopping distance, but they do so for objects whose energy differs by this factor.
At a qualitative level, this factor can be understood as arising from the fact that
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the string in Section 8.4.1 describes a hard parton dressed with a cloud (of fields;
of softer partons) whose energy is thus greater than that of the object we have
analyzed here, it turns out by a factor of /4. Loosely speaking, one can think of
(8.133) as the stopping distance for an object that is initially a single hard parton
with energy E whereas (8.118) is the stopping distance for an object with energy
E that is dressed from the beginning.

The parametric difference between the results (8.118) and (8.133) from these
two different calculations of the maximal stopping distance are yet further evi-
dence that in this strongly coupled theory the behavior of “jets” depends on the
details of how these excitations are prepared. In fact, we could repeat the analysis
that in this section we applied to the energetic excitations sourced by an external
gauge field for the disturbances sourced by the insertion of other operators with
varying scaling dimension A. In QCD, operators with large A will involve many
quark fields, meaning that using them as sources would correspond to injecting
multiple partons into the strongly coupled plasma. If done at large enough energy,
we would always get a collimated beam resembling a jet. (In Section 8.6 we shall
describe a completely different way of creating a collimated beam of many glu-
ons.) In the strongly coupled theory, the treatment of the excitations sourced by
operators with dimension A would be completely analogous to the calculation of
those sourced by the gauge field that we have described except that the mass of
the falling particle obtained in the geometric optics approximation would be larger,
as it would depend on A as in Eqg. (5.24). The maximum stopping distance would
therefore scale as [74]

ET

13
T Xstopping <K <T) , (8.134)

which means that the excitations sourced by higher dimensional operators are
easier to stop.

The analysis that leads to Eq. (8.134) was performed only for local operators
with A parametrically of order one and thus is not applicable to the excitations
described by a falling string discussed in Section 8.4.1. Nevertheless, it is tempting
to note that for very massive fields the scaling dimension of the dual operator is
roughly the mass, as in Eg. (5.24), and to note furthermore that the strings con-
sidered in the stopping distance calculations of Section 8.4.1 have a mass of order
M ~ +/A/z¢, with z the initial position of the endpoint of the falling string. This
suggests that the falling strings of Section 8.4.1 can, loosely, be thought of in the
language of this section as the insertion of excitations sourced by an operator with
a scaling dimension A ~ +/A. The result (8.134) would then have the same para-
metric dependence as the result (8.118) for the falling strings. Or, as we phrased it
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loosely above, the result (8.118) for a falling string with energy E can be under-
stood as the stopping distance for a dressed object with energy E containing many
partons within it.

We caution, however, that attempting to explain a distinction between results that
differ only by a factor of +/2 is perilous, since this distinction will almost certainly
disappear in QCD itself. At high energies in QCD we expect the relevant coupling
to become small and the difference between the “jets” created as in Section 8.4.1
and in the present section (8.4.2) should disappear. It is therefore not obvious which
of the two calculations describes “jets” that are better caricatures of the jets in
QCD. This observation is yet one more way to see the difficulties of interpreting the
various holographic calculations of the quenching of “jets” made of energetic light
particles, which is to say the difficulties of using calculations done in a strongly
coupled theory that has no real jets to gain qualitative insights into jet quenching
in QCD. That said, the result that the maximal stopping distance is proportional to
E1/3 arises in both calculations, and we shall see it arise in a completely different
third calculation in Section 8.6, making this result seem rather robust.

In summary, the two different approaches to energetic light particles that we
have described have some common features but also some important differences,
differences which ultimately arise from the fact that jets in the QCD sense do
not exist in strongly coupled theories. Nevertheless, the calculations provide many
insights into the physics of energetic light particles propagating through strongly
coupled plasma. It will be very interesting to see how these insights fare when com-
pared with results on jet quenching in heavy ion collisions at RHIC and the LHC,
and in particular to comparisons between how jets of different energies survive
propagation through different lengths of plasma with varying temperatures.

8.5 Calculating the jet quenching parameter

As we have described in Section 2.3, when a parton with large transverse momen-
tum is produced in a hard scattering that occurs within a heavy ion collision,
the presence of the medium in which the energetic parton finds itself has two
significant effects: it causes the parton to lose energy and it changes the direc-
tion of the parton’s momentum. The latter effect is referred to as “transverse
momentum broadening”. In the high parton energy limit, as established first in
Refs. [421, 98, 817], the parton loses energy dominantly by inelastic processes that
are the QCD analogue of bremsstrahlung: the parton radiates gluons as it interacts
with the medium. It is crucial to the calculation of this radiative energy loss pro-
cess that the incident hard parton, the outgoing parton, and the radiated gluons are
all continually being jostled by the medium in which they find themselves: they
are all subject to transverse momentum broadening. The transverse momentum
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broadening of a hard parton is described by P(k, ), defined as the probability that
after propagating through the medium for a distance L the hard parton has acquired
transverse momentum k. For later convenience, we shall choose to normalize
P(k,) as follows:

d?k,

PO Pk)=1. (8.135)

From the probability density P(k,), it is straightforward to obtain the mean trans-
verse momentum picked up by the hard parton per unit distance travelled (or,
equivalently in the high parton energy limit, per unit time):

K3y 1 [ d*k,

4= =T (Zn)zkip(kg . (8.136)

P(k,), and consequently @, can be evaluated for a hard quark or a hard gluon. In
the calculation of radiative parton energy loss [98, 817, 797, 420, 414, 795, 76]
that we have reviewed in Section 2.3 and that is also reviewed in Refs. [101, 551,
422, 490, 251, 13, 799, 591], § for the radiated gluon plays a central role, and this
quantity is referred to as the “jet quenching parameter”. Consequently, g should
be thought of as a (or even the) property of the strongly coupled medium that is
“measured” (perhaps constrained is a better phrase) by radiative parton energy loss
and hence jet quenching. But, it is important to note that § is defined via transverse
momentum broadening only. Radiation and energy loss do not arise in its definition,
although they are central to its importance.

The BDMPS calculation of parton energy loss in QCD involves a number of
scales which must be well separated in order for this calculation to be relevant.
The radiated gluons have energy up to w. ~ L2 and transverse momenta of order
\/qT. Both these scales must be much less than E and much greater than T. And,
as evaluated at both these scales must be small enough that physics at these scales
is weakly coupled, even if physics at scales of order T is strongly coupled. In
heavy ion collisions at RHIC, with the highest energy partons having E only of
order many tens of GeV, this separation of scales can be questioned. In heavy ion
collisions at the LHC it is possible to study the interaction of partons with energies
of order a few hundred GeV, which should improve the reliability of the calcula-
tions reviewed in this section. In this section, we shall review the calculation of
g — the property of the plasma that describes transverse momentum broadening
directly and, in the high parton energy limit in which the relevant scales are well
separated, controls the transverse momentum and the energy of the gluon radiation
that dominates parton energy loss.

It has been shown via several different calculations done via conventional field
theoretical methods [251, 576, 317] that the probability for a hard parton in the
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representation R of SU(N) to obtain transverse momentum k; after it travels a
distance L through a medium is given by the two-dimensional Fourier transform in
x, of the expectation value (8.138) of two light-like Wilson lines separated in the
transverse plane by the vector X,

Pk.) = f d2x, e X WR (x) (8.137)

with
w — 1 [who. x,1 W (0.0 8.138
ROD) = s (T [ W0 X1 Wrl0, 01} (8.138)

where
Wr [xT, x ] =P {exp [igf dx™ AL (x", x7, xL)” (8.139)
0

is the representation-R Wilson line along the lightcone, L~ = +/2L is the distance
along the lightcone corresponding to traveling a distance L through the medium,
and where d (R) is the dimension of the representation R. Note that the require-
ment (8.135) that the probability distribution P(k, ) be normalized is equivalent to
the requirement that Wx (0) = 1. The result (8.137) is similar to (8.51) although
the physical context in which it arises is different as is the path followed by the
Wilson line. One of the derivations [251] of (8.137) is analogous to the derivation
of (8.51) that we reviewed in Section 8.2. Another derivation [317] proceeds via
the use of the optical theorem to relate P (k) to an appropriate forward scattering
matrix element that can then be calculated explicitly via formulating the calculation
of transverse momentum broadening in the language of Soft Collinear Effective
Theory [124, 125, 123, 127, 126]. This derivation in particular makes it clear that
(8.137) is valid whether the plasma through which the energetic quark is propa-
gating, i.e. the plasma which is causing the transverse momentum broadening, is
weakly coupled or strongly coupled.

It is important to notice that the expectation value of the trace of the product of
two light-like Wilson lines that arises in P (k) and hence in §, namely Wx (x,) of
(8.138), has a different operator ordering from that in a standard Wilson loop. Upon
expanding the exponential, each of the A* that arise can be written as the product
of an operator and a group matrix: At = (A™)2t2. Itis clear (for example, either by
analogy with our discussion around (8.45) in the analysis of momentum broadening
of heavy quarks or from the explicit derivation in Ref. [317]) that in Wg (X, ) both
the operators and the group matrices are path ordered. In contrast, in a conventional
Wilson loop the group matrices are path ordered but the operators are time ordered.
Because the operators in (8.138) are path ordered, the expectation value in (8.138)
should be described by using the Schwinger—Keldysh contour in Fig. 8.6 with one
of the light-like Wilson lines on the Imt = 0 segment of the contour and the other
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Figure 8.6 The Schwinger-Keldysh contour that must be used in the evaluation
of Wr(X1). Itis similar to that in Fig. 8.2. Figure from Ref. [317].

light-like Wilson line on the Imt = —i e segment of the contour. The infinitesimal
displacement of one Wilson line with respect to the other in Fig. 8.6 ensures that
the operators from the two lines are ordered such that all operators from one line
come before any operators from the other. In contrast, the loop C for a standard
Wilson loop operator lies entirely at Imt = 0, and the operators for a standard
Wilson loop are time ordered.

The transverse momentum broadening of a hard parton with energy E is due
to repeated interactions with gluons from the medium which, if the medium is
in equilibrium at temperature T, carry transverse momenta of order T and light-
cone momenta of order T2/E [480, 317]. The relation (8.137) between P(k,)
(and hence §) and the expectation value YV of (8.138) is valid as long as E > L2
(which is to say E must be much greater than the characteristic energy of the radi-
ated gluons) even if ag(T) is in no way small, i.e. it is valid in the large-E limit even
if the hard parton is interacting with a strongly coupled plasma and even if the soft
interactions that generate transverse momentum broadening are not suppressed by
any weak coupling either [317]. However, in this circumstance even though (8.137)
is valid it was not particularly useful until recently because there is no known con-
ventional field theoretical evaluation of WV for a strongly coupled plasma. (Since
lattice quantum field theory is formulated in Euclidean space, it is not well-suited
for the evaluation of the expectation value of light-like Wilson lines.) In this sec-
tion we review the evaluation of W, and hence ¢, in the strongly coupled plasma
of N/ = 4 SYM theory with gauge group SU (N,) in the large N and strong cou-
pling limit using its gravitational dual, namely the AdS Schwarzschild black hole
at nonzero temperature [582, 208, 225, 579, 87, 66, 645, 584, 418, 468, 317]. The
calculation is not simply an application of results reviewed in Section 5.4 both
because the operators are path ordered and because the Wilson lines are light-like.

We begin by sketching how the standard AdS/CFT procedure for computing a
Wilson loop in the fundamental representation in the large-N. and strong coupling
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limit, reviewed in Section 5.4, applies to a light-like Wilson loop with standard
operator ordering [582, 584], and then below describe how the calculation (but not
the result) changes when the operator ordering is as in (8.138). Consider a Wilson
loop operator W(C) specified by a closed loop C in the (3 + 1)-dimensional field
theory, and thus on the boundary of the (4 + 1)-dimensional AdS space. (W(C))
is then given by the exponential of the classical action of an extremized string
worldsheet X in AdS which ends on C. The contour C lives within the (3 + 1)-
dimensional Minkowski space boundary, but the string worldsheet X attached to it
hangs “down” into the bulk of the curved five-dimensional AdSs spacetime. More
explicitly, consider two long parallel light-like Wilson lines separated by a dis-
tance x, in a transverse direction.? (The string world sheet hanging down into the
bulk from these two Wilson lines can be visualized as in Fig. 8.8 below if one
keeps everything in that figure at Imt = 0, i.e. if one ignores the issue of operator
ordering.) Upon parameterizing the two-dimensional worldsheet by the coordinates
0% = (t, 0), the location of the string worldsheet in the five-dimensional spacetime
with coordinates x* is

Xt = x*(t,0) (8.140)

and the Nambu-Goto action for the string worldsheet is given by

1
S=-5 //dadf,/—detgaﬁ. (8.141)
T
Here,
gaﬁ = Guvaaxﬂaﬂxv (8142)

is the induced metric on the worldsheet and G, is the metric of the (4 +
1)-dimensional AdSs spacetime. Denoting by S(C) the classical action which
extremizes the Nambu-Goto action (8.141) for the string worldsheet with the
boundary condition that it ends on the curve C, the expectation value of the Wilson
loop operator is then given by

(W(©) =exp[i {S(C) — SI] (8.143)

where the subtraction § is the action of two disjoint strings hanging straight down
from the two Wilson lines. In order to obtain the thermal expectation value at
nonzero temperature, one takes the metric G,, in (8.142) to be that of an AdS
Schwarzschild black hole (5.33) with a horizon at r = rq and Hawking tempera-
ture T = rqo/(r R?). The AdS curvature radius R and the string tension 1/(2ra’)
are related to the ’t Hooft coupling in the Yang-Mills theory A = g?>N. by
Vi =R/a.

2 Note that for a light-like contour C, the Wilson line (5.68) of ' = 4 SYM theory reduces to the familiar
(8.139).
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We shall assume that the length of the two light-like lines L~ = +/2L is much
greater than their transverse separation X, which can be justified after the fact by
using the result for W(x,) to show that the x, -integral in (8.137) is dominated
by values of x, that satisfy x; < 1/y/L ~ 1/v/+/ALT2. As long as we are
interested in L > 1/T,then x; <« 1/(TAY4) « 1/T « L. With L™ > xy,
we can ignore the ends of the light-like Wilson lines and assume that the shape of
the surface X is translationally invariant along the light-like direction. The action
(8.141) now takes the form

_ﬁl’gﬁL_ X1 /2 r2RA
=iV /0 o1+ i (8.144)

where the shape of the worldsheet X is described by the function r (o) that satisfies
r(i%) = o0, Which preserves the symmetry r (o) = r (—o), and where r’ = 3,r.
The equation of motion for r (o) is then
7] 72 4 4

= (r* =rg) (8.145)
with y an integration constant. Eq. (8.145) has two solutions. One has y = 0 and
hence r’ = 0, meaning that r (o) = oo for all o the surface X stays at infinity.
Generalizations of this solution have also been studied [62, 63]. We shall see below
that such solutions are not relevant. The other solution has y > 0. It “descends”
from r(ﬂ:%) = oo and has a turning point where r’ = 0 which, by symmetry, must
occur at o = 0. From (8.145), the turning point must occur at the horizon r = ry.
Integrating (8.145) gives the condition that specifies the value of y:

x, R? /“’O dr aR?
= = , (8.146)
2 y o /r4 — ré VrO
where we have defined
5 3
a= ﬁF(Z)/ F(Z) ~ 1.311. (8.147)
Putting all the pieces together, we find [582, 584]
iav/ATL™ w2T2x2
S= —— — L 8.148
N (8.148)

We see that Sis imaginary, because when the contour C at the boundary is light-
like the surface X hanging down from it is space-like. It is worth noting that S had
to turn out to be imaginary, in order for (W) in (8.143) to be real and the transverse
momentum broadening P(k,) to be real, as it must be since it is a probability
distribution. The surface X that we have used in this calculation descends from
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infinity, skims the horizon, and returns to infinity. Note that the surface descends
all the way to the horizon regardless of how small x, is. This is reasonable on
physical grounds, as we expect P(k,) to depend on the physics of the thermal
medium [582, 584]. We shall see below that it is also required on mathematical
grounds: when we complete the calculation by taking into account the nonstandard
operator ordering in (8.137), we shall see that only a worldsheet that touches the
horizon is relevant [317].

We now consider the computation of (8.138), with its nonstandard operator
ordering corresponding to putting one of the two light-like Wilson lines on the
Imt = 0 contour in Fig. 8.6 and the other on the Imt = —ie contour. The
procedure we shall describe is a specific example of the more general discus-
sion of Lorentzian AdS/CFT given in Refs. [743, 744, 786, 120]. In order to
compute (8.138) we first need to construct the bulk geometry corresponding to
the Imt = —ie segment of the Schwinger—Keldysh contour in Fig. 8.6. For this
purpose it is natural to consider the black hole geometry with complex time. In
Fig. 8.7, we show two slices of this complexified geometry. The left plot is the
Penrose diagram for the fully extended black hole spacetime with quadrant | and
Il corresponding to the slice Imt = 0 and Imt = —g respectively, while the
right plot is for the Euclidean black hole geometry, i.e. corresponding to the slice
Ret = 0. Note that because the black hole has a nonzero temperature, the imag-
inary part of t is periodic with the period given by the inverse temperature 8. In
the left plot the imaginary time direction can be considered as a circular direction
coming out of the paper at quadrant I, going a half circle to reach quadrant I11 and
then going into the paper for a half circle to end back at I. In the right plot the real
time direction can be visualized as the direction perpendicular to the paper.

The first segment of the Schwinger—Keldysh contour in Fig. 8.6, with Imt = 0,
lies at the boundary (r = oo) of quadrant | in Fig. 8.7, where it is shown as a green
dot. The second segment of the Schwinger—Keldysh contour, with Imt = —ie, is
shown as a red dot at the r = oo boundary of a copy of | that in the left plot of
Fig. 8.7 lies infinitesimally outside the paper and in the right plot of Fig. 8.7 lies at
an infinitesimally different angle. We shall denote this copy of I by I'. The geometry
and metric in I’ are identical to those of I. Note that I’ and | are joined together at
the horizon r = rq, namely at the origin in the right plot of Fig. 8.7. Now, the
thermal expectation value (8.138) can be computed by putting the two parallel
light-like Wilson lines at the boundaries of | and I’, and finding the extremized
string world sheet which ends on both of them. Note that since | and I’ meet only
at the horizon, the only way for there to be a non-trivial (i.e. connected) string
worldsheet whose boundary is the two Wilson lines in (8.138) is for such a string
worldsheet (shown as the red and green lines in Fig. 8.7) to touch the horizon.
Happily, this is precisely the feature of the string worldsheet found in the explicit
calculation that we reviewed above. So, we can use that string worldsheet in the
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Figure 8.7 Penrose diagrams for Lorentzian (Imt = 0 or —3/2; left panel) and
Euclidean (Ret = 0; right panel) sections of an AdS black hole. (Penrose dia-
grams were introduced in Fig. 7.1; a textbook presentation of Penrose diagrams
for black hole spacetimes can be found, for example, in Refs. [619, 683].) In
the left panel, the black hole horizon is represented by the diagonal lines; the
Euclidean section in the right panel touches the horizon only at the point at the
origin. The region of the black hole spacetime inside the horizon, which ends at
the singularity indicated by wavy lines, is only visible in the left panel. The sec-
tions depicted in the left and right panels should be imagined glued together along
the horizontal lines across their midpoints, where Ret = 0 and the two sections
intersect. The Euclidean section, now depicted in the right panel, would then be
sticking out of and into the page from the Ret = 0 line of the Lorentzian section
in the left panel. In the right panel, the two light-like Wilson lines are points at
r = oo, indicated by the red and green dots. These dots are the boundaries of
a string worldsheet that extends inward to r = rg, which is at the origin of the
Euclidean section of the black hole. In the left panel, the string worldsheet and its
endpoints atr = oo are shown atRet = 0; as Ret runs from —oo to oo, the string
worldsheet sweeps out the whole of quadrant 1. Figure redrawn after Ref. [317].

present analysis, with the only difference being that half the string worldsheet now
lies on | and half on I, as illustrated in Fig. 8.8.%

We conclude that the result for the expectation value (8.138), with its nonstan-
dard path ordering of operators, is identical to that obtained in Refs. [582, 584]
for a light-like Wilson loop with standard time ordering of operators [317]. That

3 The calculation of g in NV = 4 SYM theory via (8.138) nicely resolves a subtlety. As we saw above, in
addition to the extremized string configuration which touches the horizon, the string action also has another
trivial solution which lies solely at the boundary, at r = oo. Based on the connection between position
in the r dimension in the gravitational theory and energy scale in the quantum field theory, the authors of
Ref. [582, 584] argued that physical considerations (namely the fact that § should reflect thermal physics
at energy scales of order T) require selecting the extremized string configuration that touches the horizon.
Although this physical argument remains valid, we now see that it is not necessary. In (8.138), the two Wilson
lines are at the boundaries of 1 and I/, with different values of Imt. That means that there are no string
worldsheets that connect the two Wilson lines without touching the horizon. So, once we have understood
how the nonstandard operator ordering in (8.138) modifies the boundary conditions for the string worldsheet,
we see that the trivial worldsheet of Refs. [582, 584] and all of its generalizations in Refs. [62, 63] do not
satisfy the correct boundary conditions. The non-trivial worldsheet illustrated in Fig. 8.8, which is sensitive to
thermal physics [582, 584, 585], is the only extremized worldsheet bounded by the two light-like Wilson lines
in (8.138) [317].
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Horizon (r = ry)

Figure 8.8 String configuration for the thermal expectation value of (8.138).
The red and green dots att = O and t = —ie are the red and green dots in
Fig. 8.7; the red and green string world sheet “hanging” from them is shown in
Fig. 8.7 as the red and green lines. Figure from Ref. [317].

is, in strongly coupled A/ = 4 SYM theory WW(x,) in the adjoint representation is
given by

72T 2x%2
Wax) =exp | —v2avaL T |1+ 1 L_1]]. (8.149)

We have quoted the result for YW 4(x, ), which is given by szr(xl) in the large-N.
limit, because that is what arises in the analysis of jet quenching, see Section 2.3.2.
(Radiative parton energy loss depends on the medium through the transverse
momentum broadening of the radiated gluons, which are of course in the adjoint
representation.) The x, -independent term in the exponent in (8.149), namely “the
—1”,is the finite subtraction of ), which was identified in Ref. [582] as the action
of two disjoint strings hanging straight down from the two Wilson lines to the hori-
zon of the AdS black hole. Our calculation serves as a check of the value of ),
since only with the correct § do we obtain YW 4(0) = 1 and a correctly normalized
probability distribution P (k). Note that our field theory set-up requires L= T > 1,
and our supergravity calculation requires A > 1, meaning that our result (8.149) is
valid only for

VALTT > 1. (8.150)
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In this regime, (8.149) is very small unless = x, T/(2a) is small. This means that
when we take the Fourier transform of (8.149) to obtain the probability distribution
P(ky), in the regime (8.150) where the calculation is valid the Fourier transform
is dominated by small values of x_ , for which

71.2
WaA(X)) ~exp | — x/xL‘T3x2:|, 8.151
A( J_) p|: 4\/5& 1 ( )

and we therefore obtain

P(kJ_) =

4/2a [ V2ak? } (6.152)

T/ AT3L- 72/ AT3L-

Thus, the probability distribution P(k,) is a Gaussian with a width, by virtue of
(8.150), that is much larger than T and the jet quenching parameter (8.136) can
easily be evaluated, yielding [582]

VG e (8.153)

The probability distribution (8.152) has a simple physical interpretation: the prob-
ability that the quark has gained transverse momentum k; is given by diffusion in
transverse momentum space with a diffusion constant given by L. This is indeed
consistent with the physical expectation that transverse momentum broadening in
a strongly coupled plasma is due to the accumulated effect of many soft kicks
(by gluons) from the medium: the quark performs Brownian motion in momen-
tum space even though in coordinate space it remains on a light-like trajectory.
It is interesting that the result can be interpreted in this way even though, as we
have seen in Section 6.3, the strongly coupled plasma of V' = 4 SYM theory con-
tains no quasiparticles off which the hard quark could scatter. The presence of such
quasiparticles at short length scales would give the probability distribution P(k, )
a power-law tail at large k ; the plasma of N’ = 4 SYM theory is a strongly cou-
pled liquid at all length scales, making (8.152) Gaussian even at large k; [318].
Although there are no pointlike scattering centers present, the hard quark is never-
theless kicked softly many times by the strongly coupled liquid through which it
propagates.

If we attempt to plug RHIC-motivated numbers into the result (8.153), taking
T =300 MeV, N. = 3, asym = % and therefore » = 67 yields § = 4.5 GeV?/fm,
which turns out to be in the same ballpark as the values of § inferred from RHIC
data on the suppression of high momentum partons in heavy ion collisions [582,
584].# To see this, we can write the result (8.153) as

4 Data from the LHC exhibit somewhat stronger quenching that corresponds to a larger value of ¢. This is
consistent with the expectation that the plasma produced at the LHC should have a higher initial temperature.
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N
g~ 57,/ava?° T3, (8.154)

which can be compared to the result given in Egs. (2.43) and (2.44) that was
extracted via comparison to RHIC data in Ref. [68]. To make the comparison,
we need to relate the QCD energy density ¢ appearing in (2.43) to T. Lattice cal-
culations of QCD thermodynamics indicate ¢ ~ (9 — 11) T# in the temperature
regime that is relevant at RHIC [179]. This then means that if in (8.154) we take
asym Within the range asym = 0.6632;‘, the result (8.154) for the strongly coupled
N = 4 SYM plasma is consistent with the result (2.44) obtained via comparing
QCD jet quenching calculations to RHIC data.

We have described the ' = 4 SYM calculation, but the jet quenching parameter
can be calculated in any conformal theory with a gravity dual [584]. In a large
class of such theories in which the spacetime for the gravity dual is AdSs x Ms for
some internal manifold Ms other than the five-sphere S which gives AV = 4 SYM
theory [584],

?CFT _ ScFT , (8.155)
Onv=4 Sn=4
with s the entropy density. This result makes a central qualitative lesson from
(8.153) clear: in a strongly coupled plasma, the jet quenching parameter is not
proportional to the entropy density or to some number density of distinct scatter-
ers. This qualitative lesson is more robust than any attempt to make a quantitative
comparison to QCD. But, we note that if QCD were conformal, (8.155) would

suggest

A

Gocd 0,63 . (8.156)
an=4

And, analysis of how § changes in a particular toy model in which nonconfor-
mality can be introduced by hand then suggests that introducing the degree of
nonconformality seen in QCD thermodynamics may increase § by a few tens of
percent [585]; § also increases with increasing nonconformality in strongly cou-
pled A/ = 2* gauge theory [418, 468]. Putting together these observations that
suggest that neither the nonconformality of QCD nor the fact that it has fewer
degrees of freedom than V' = 4 SYM theory modify ¢§ dramatically together with
the fact that they seem to push § in opposite directions, perhaps it is not surprising
that the § for the strongly coupled plasma of A/ = 4 SYM theory is in the same
ballpark as that extracted by comparison with RHIC data.

8.6 Quenching a beam of strongly coupled gluons

In Section 8.5 we have analyzed jet quenching via the strategy of working as far
as possible within weakly coupled QCD and only using a holographic calculation
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within A/ = 4 SYM theory for one small part of the story, namely the calcula-
tion of the jet quenching parameter § through which the physics of the strongly
coupled medium enters the calculation. This approach has been justified in the
high jet energy limit, where the dominant energy loss process for an energetic par-
ton plowing through quark—gluon plasma with temperature T is medium-induced
gluon bremsstrahlung [421, 98, 817], radiating gluons with energy « and momen-
tum transverse to the jet direction k, that satisfy E > o > k. > =T [98, 817,
797, 414, 420]. This set of approximations, i.e. the assumption that all these scales
are well separated, is the basis of the approach in Section 8.5, and indeed of all ana-
Iytic perturbative calculations of radiative energy loss to date. The (perhaps naive)
expectation based upon these considerations is that at least some of the energy
lost by the high energy parton should emerge as relatively hard particles (since
 >>> 7 T) near the jet direction (since w > k), resulting in a jet whose angular
distribution has been broadened and whose fragmentation function has been soft-
ened. Stimulated by the data from the LHC, several groups have developed more
sophisticated implementations of these considerations, formulating an essentially
perturbative approach to jet quenching that compares well with the jet quenching
measurements published to date for jets with sufficiently high transverse momen-
tum [257, 699, 815, 820, 243, 698, 247, 816, 69, 613, 139, 258, 140, 612, 71, 819].
One still expects that any such perturbative approach must have limitations, even
for the hardest processes accessible in heavy ion collisions, since it is based upon
the premise that the QCD coupling evaluated at the scale k, (which, recall, is
<< Ebut > 7T)isweak even if the physics at scales ~ 7 T is strongly coupled.
This makes it important to analyze models of jet quenching in strongly coupled
plasmas in contexts where reliable analyses are possible. Even if such analyses
yield only qualitative insight, they can be useful as benchmarks and as guides to
how to think about the physics. By pursuing such approaches and the perturba-
tive approach, we expect to bracket the experimentally accessible regime and to
gain insight into the extent to which the strongly coupled physics that governs the
medium itself is also relevant for hard processes.

With these motivations in mind, in this section we return to assuming that the
physics at all relevant scales is strongly coupled, as in Section 8.4. We saw in that
section that there is no way to analyze how an actual jet is modified by the strongly
coupled plasma of ' = 4 SYM theory, relative to how it would have developed in
the vacuum of that theory, because hard scattering in strongly coupled ' = 4 SYM
theory does not produce jets. The results described in Section 8.4, although sensi-
tive to details of the initial conditions, addressed the question of how single partons
are stopped and thermalized in the plasma and in particular how far they can travel
before they are stopped. However, a reasonable framework for understanding the
qguenching of jets cannot be based solely on discussing single partons that lose
energy in the medium and then are either stopped in the medium or emerge in
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isolation and fragment into ordinary-looking jets. The problem with this picture is
that what would emerge is a nearly on-shell quark, which would then not fragment
into a jet in the usual way. A phenomenologically more meaningful picture is that
of a hard parent parton that fragments rapidly into a protojet (a perturbative process
that we do not expect to describe by strong coupling methods) with this protojet
then propagating through the strongly coupled plasma, interacting strongly with it,
and losing energy.

If we are to gain insight into jets in heavy ion collisions from a strongly coupled
perspective, it would be useful to have a thought experiment in which we could
construct a closely collimated beam of partons that is either propagating through
the vacuum or through the strongly coupled plasma. In this section, we shall start
by describing a thought experiment [85, 295] by which such a beam of gluons is
produced with an angular distribution and a distribution of momenta that is well
understood in vacuum. We shall then watch what happens as this beam of gluons
shines through the strongly coupled plasma at nonzero temperature and gets rapidly
attenuated — with no apparent broadening of its angular distribution or softening of
the momenta of the gluons that it is made of — while the lost energy appears as
soft collective excitations, sound waves that subsequently dissipate. From a purely
theoretical perspective it is instructive to have a thought experiment in which we
can see an excitation that is moving at the speed of light and that is made of quanta
with momenta > n'T that couple to, and lose energy to, the soft hydrodynamic
modes of the strongly coupled plasma. From this perspective, the thought exper-
iment in this section serves as a worked example fitting within the more general
discussion of equilibration processes found in Chapter 7. We shall close this sec-
tion with a phenomenological perspective, however, by noting the ways in which
the results of the thought experiment bear qualitative resemblance to results from
real experiments on jets in heavy ion collisions.

8.6.1 A beam of strongly coupled synchrotron radiation in vacuum

The trick by which a beam of gluons can be produced in N' = 4 SYM theory is
to consider a test quark undergoing circular motion with radius Ry and velocity v
(and hence angular velocity 2 = v/Ry) in the vacuum of this theory [85, 471].
At both weak coupling (where the calculation is done conventionally) and strong
coupling (where the calculation is done via gauge/gravity duality) the radiation that
results is remarkably similar to the synchrotron radiation of classical electrodynam-
ics, produced by an electron in circular motion [85]. In particular, as the limit of
ultra-relativistic motion is taken (y — oo where y = 1/+/1 — v2) the lighthouse-
like beam of radiation becomes more and more tightly collimated in angle (it
is focused in a cone of angular extent ~ 1/y) and is composed of gluons and
scalars with shorter and shorter wavelengths (the pulse of gluons in the beam has a
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Figure 8.9 Cartoon from Ref. [85] of the gravitational description of synchrotron
radiation at strong coupling: the quark rotating at the boundary trails a rotat-
ing string behind it which hangs down into the bulk AdSs space. This string
acts as a source of gravitational waves in the bulk, and this gravitational radia-
tion induces a stress tensor on the four-dimensional boundary. By computing the
bulk-to-boundary propagator one obtains the boundary theory stress tensor that
describes the radiated energy. The entire calculation can be done analytically [85].

width ~ Ry/y® in the radial direction in which it is moving). The emitted radiation
was found to propagate outward at the speed of light forever without broadening
either in angle or in pulse width, just as in classical electrodynamics [85, 434,
471, 435, 284, 104, 285]. At weak coupling, the slight differences in the angular
distribution of the power radiated to infinity relative to that in classical electrody-
namics can be attributed to the fact that scalars are radiated as well as gluons [85].
And, at strong coupling the angular distribution is identical to that at weak cou-
pling [85, 435, 104]. The way the calculation is done at strong coupling is sketched
in Fig. 8.9. The logic of the calculation is as we described in Section 8.3, and so
we shall not present it in detail. It turns out, however, that in vacuum the shape of
the rotating string in the bulk and the corresponding form of the energy density of
the outward-propagating radiation on the boundary can both be determined analyt-
ically [85]. This beam is not literally a jet, since it is not produced far off shell. But,
we know from Hofman and Maldacena that a far off shell “photon” does not result
in jets in this theory. And, this beam of non-Abelian radiation yields a different
cartoon of a jet than those we have described in Section 8.4 and, as we shall see,
allows us to answer questions about its propagation through the medium that have
not yet been posed in the formalism of Section 8.4.

Although it has recently been explained from the gravitational point of view in
beautifully geometric terms [470], from the point of view of the non-Abelian gauge
theory it is surprising that the angular distribution of the radiation at strong cou-
pling seen in Fig. 8.10 is so similar (see Ref. [85] for quantitative comparisons) to
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Figure 8.10 Cutaway plots of r2£/P for a test quark in circular motion with v =
1/2 and v = 3/4. Here, £ is the energy density and P is the total power radiated
per unit time. We see a spiral of radiation, propagating radially outwards at the
speed of light, without any spreading. The spiral is localized about 6 = /2 with
a characteristic width 86 o 1/y. The radial thickness of the spiral is proportional
to 1/y2. Figure taken from Ref. [85].

that at weak coupling, where what is radiated is a mixture of colored — and therefore
interacting — gluons and scalars. The fact that, even when the coupling is arbitrarily
strong, as the pulses of radiation propagate outwards they do not spread at all and
never isotropize indicates that intuition based upon parton branching [433] (namely
that the non-Abelian character of the radiation should result in energy flowing
from short to long wavelengths as the pulses propagate outwards and should yield
isotropization at large distances) is invalid in this context.®

8.6.2 Shining a gluon beam through strongly coupled plasma

For our purposes, the result that the “beam” of radiated gluons (and scalars) pro-
duced by a quark in circular motion propagates outward with a fixed angular width
that we can select by picking y is fortuitous. It means that this roundabout method

5 Reference [434] shows that isotropization via some analog of parton branching is also not the correct picture
for the radiation studied in Ref. [457] by Hofman and Maldacena: this radiation also propagates outward as
a pulse without any spreading, but this pulse is spherically symmetric at all radii. So, in the case studied by
Hofman and Maldacena there is no process of isotropization because the radiation is isotropic at all times while
in the case illustrated in Fig. 8.10 there is no isotropization because the radiation never becomes isotropic.
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yields a state that looks something like a jet. It is not a jet in that it is not produced
via the fragmentation of an initially far offshell parton. But, it is a collimated
beam of gluons of known, and controllable, angular width. For this reason, results
obtained in the formal setting of a test quark moving in a circle open the way to
new means of modeling jet quenching in heavy ion collisions [295]. We shall see
that when this beam of gluons shines through the strongly coupled plasma it is
attenuated over a length scale that can be understood analytically and we shall see
that as the beam is attenuated it does not broaden in angle or redden in wavelength.

The first step in the analysis of how the collimated beam of gluons is quenched
by the strongly coupled plasma is to determine the shape of the spiraling string
(see the cartoon in Fig. 8.9) in the case where the bulk metric is the AdS-black
hole (AdS-BH) metric that describes the plasma, rather than the AdS metric that
describes only the vacuum [346, 295]. The rotating string in the AdS-BH geometry,
spiraling “downward” from the quark in circular motion at the AdS-BH boundary
toward its horizon, spiraling around and around infinitely many times just above
the horizon, perturbs the AdS-BH geometry via Einstein’s equations. The second
step in the analysis is to solve Einstein’s equations, linearized in the perturbation,
and use the perturbations of the bulk metric at the boundary to determine the energy
density in the boundary A/ = 4 SYM plasma, including the beam of gluons that
this spiraling string describes. This calculation was performed in Ref. [295] and
although it introduces new technical elements its logic is the same as that in the
simpler calculation that we have reviewed in Section 8.3, and we shall therefore not
describe the calculation here. Below we shall describe the results, as well as ana-
lytic arguments that explain all their qualitative features, but first we must establish
some further notation and expectations.

To discuss the rate at which a quark undergoing circular motion through the
plasma of strongly coupled N' = 4 SYM theory loses energy, it is useful to
distinguish two regimes [346], depending on whether

QZ 3
g=—-Y (8.157)
(rT?)
is> 1or « 1. For E > 1, the energy loss rate is given by the generalized Larmor
formula
dE N
—| =—a"a,, 8.158
dt |, 27 " ( )

where a* is the quark’s proper acceleration. As we mentioned in Section 8.1, it
was shown many years ago by Mikhailov that the energy loss rate of a quark in
circular motion in the vacuum of strongly coupled A/ = 4 SYM theory is given
by (8.158) [618] and so in the strongly coupled plasmaat T # 0, inthe E > 1
regime we expect to see the radiation of beam of synchrotron-like radiation as in
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vacuum [85], and the subsequent attenuation of this beam. When E « 1, on the
other hand, acceleration becomes unimportant and the energy loss rate is that due
to the drag force exerted by the strongly coupled hydrodynamic fluid on a quark
moving in a straight line with velocity v [346], namely [394, 452]
dE A
= VA (T2 v?y . (8.159)

dt drag 2

Notice that the parameter E which governs which expression for the energy loss
rate is valid is simply the ratio of the rates appearing in Egs. (8.158) and (8.159). In
this respect it is as if both hydrodynamic drag and Larmor radiation are in play with
the larger of the two effects dominating the energy loss, but this simplified picture
is not quantitatively correct because where E ~ 1 the energy loss rate is less than
the sum of Eqgs. (8.158) and (8.159) [346]. Although our principal interest is in
the € > 1 regime, where we can study the quenching of a beam of synchrotron
gluons, it is also instructive to look at E < 1 and E ~ 1 as in these regimes the
hydrodynamic response of the plasma — i.e. the production of sound waves — is
more readily apparent.

Unlike in vacuum, in the plasma at nonzero temperature the energy disturbance
created by the rotating quark can excite two qualitatively distinct modes in the
energy density; a sound mode which at long wavelengths travels at speed ¢cs =
1/+/3, and a light-like mode which propagates at the speed of light. The relative
amplitude of each mode depends on the trajectory of the quark: when E < 1 the
dominant modes that are excited are sound waves; when & > 1 the dominant
modes that are excited propagate at the speed of light. Interestingly, inthe & ~ 1
regime as the pulse of radiation moving at the speed of light is attenuated in energy,
it sheds a sound wave [295].

Figure 8.11 shows three different plots of r2 A& /P for quarks in circular motion
with each of three different velocities: v = 0.15, v = 0.3 and v = 0.5. Here, AE
is the total energy density minus that of the undisturbed plasma and P = dE/dt
is the energy lost by the circulating quark (and hence dumped into the plasma) per
unit time. In all plots, the quark’s trajectory lies in the equatorial plane 6 = 7 /2,
the quark is rotating counter-clockwise. And, in all plots the temperature of the
plasma is given by # T = 0.15/R, and the units are chosen such that the radius
of the quark’s trajectory is Ry = 1. This means that & defined in (8.157) is given
by 1.0, 4.6 and 17.1 in the left, middle and right columns respectively. At the time
shown, the quark is located at X = Ry, y = 0 and the quark is rotating counter-
clockwise in the plane z = 0. The three plots in the top row are cutaway plots with
the cutaways coinciding with the planes z = 0, ¢ = 0 and ¢ = 7x/5. The three
plots in the middle row show the energy density on the plane z = 0 and the bottom
three plots give the energy density at z = 0, ¢ = /2, namely a slice through the
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Figure 8.11 Plots from Ref. [295] illustrating the energy density of strongly cou-
pled AV = 4 SYM plasma in which a test quark is rotating on a circle with radius
Rp with angular velocity 2 = v/Rp for v = 0.15 (left column), v = 0.3 (middle
column) and v = 0.5 (right column). Top: cutawa%/ plots of r2AE/P where P is
the power radiated by the quark. Middle: plots of r <AE /P on the equatorial plane
6 = /2 (i.e. = 0). Bottom: solid blue curves are plots of r’AE/P at 0 = /2
and ¢ = 7/2. The dashed red curves in the bottom plots show r2&/P for the
strongly coupled synchrotron radiation emitted by a quark in circular motion in
vacuum [85], pulses of radiation that propagate outward to r — oo at the speed
of light without spreading.
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middle row plot along one radial line. For reference, the dashed red curves in these
bottom plots show r2& for the strongly coupled synchrotron radiation that a quark
moving along the same circular trajectory would emit in vacuum [85]. In each of
the bottom plots, we use the same P to normalize the dashed red curve as for the
solid blue curve. All nine panels in Fig. 8.11 show the energy density at one instant
of time, but the time-dependence is easily restored by replacing the azimuthal angle
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¢ by ¢ — Qt, where Q@ = v/Ry is the angular velocity. As a function of increas-
ing time, the entire patterns in the upper and middle rows rotate with angular
velocity €2, as the spirals of radiation move outwards. As a function of increasing
time, the patterns in the lower rows move outwards, repeating themselves after a
time 277/ Q.

As is evident from Fig. 8.11, as the quark accelerates along its circular trajectory,
energy is radiated outwards in a spiral pattern which is attenuated as the radiation
propagates outwards through the plasma to increasing r. However, the qualitative
features of the spiral patterns differ greatly at the three different quark velocities
shown. For v = 0.15, the spiral arms are very broad in r, as broad as their sep-
aration, and the spiral pattern propagates outwards at the speed of sound, while
being attenuated with increasing r. Second order hydrodynamics for a confor-
mal fluid with a gravity dual like N' = 4 SYM theory predicts a sound velocity
1/4/3 + 0.116 g?/( T)? + --- [107] for sound waves with wave-vector g. The
sound waves in the left column of Fig. 8.11 do not actually have only a single wave-
vector but, roughly, they have g ~ 1.3 T and are moving outward with a velocity
~ 0.74, quite close to the O(g?) prediction for the sound velocity. The dashed red
curve in the lower-left panel shows the energy density of the synchrotron radiation
that this quark would have emitted if it were in vacuum, and we see that there is
no sign of this in the results. So, at this v, corresponding to E = 1.0, the rotating
quark is emitting sound waves.

The results in the right column of Fig. 8.11, for v = 0.5, are strikingly different.
The spiral arms are very narrow in r, much narrower than their separation, and they
propagate outwards at the speed of light, as can be seen immediately in the bottom-
right panel by comparing the results of the calculation, the solid blue curve, to the
energy density of the synchrotron radiation that this quark would have emitted if
it were in vacuum, shown by the dashed red curve. We see that at this v, corre-
sponding to E& = 17.1, the rotating quark is emitting strongly coupled synchrotron
radiation, as in vacuum [85], and we see that the radiation is being attenuated as it
propagates outward inr, through the strongly coupled plasma. Remarkably, even as
the outgoing pulses of energy are very significantly attenuated by the medium we
see no sign of their broadening in either the 6 or the ¢ or the r directions. Looking
at the vertical sections in the upper-right panel, we see that if anything the spread
of the beam of radiation in 6 is becoming less as it propagates and gets attenuated.
This conclusion is further strengthened by careful comparison of the upper-right
panel of Fig. 8.11 to the analogous results for a quark in circular motion in vac-
uum [295]. It is certainly clear that the presence of the medium does not result in
the spreading of energy away from the center of the beam at the equator out toward
large polar angles. Just the opposite, in fact: at large polar angles the beam gets
attenuated more rapidly than near 6 = /2. Broadening in either the ¢ or the r
directions would be manifest as widening of the pulses in the bottom-right panel,
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and this is also certainly not seen. In fact, extending the plot in the bottom-right
panel out to larger r, for several more turns of the spiral, shows continued rapid
attenuation with no visible broadening [295].

We turn our attention now to the center column of Fig. 8.11. Here, with a rota-
tion velocity of v = 0.3 corresponding to € = 4.6, we clearly see both synchrotron
radiation and sound waves. The synchrotron radiation is most easily identified with
reference to the results for a quark with this rotation velocity in vacuum, shown in
the dashed red curve in the bottom-center panel. In our results with T # 0, we see
the emission of a pulse of synchrotron radiation whose amplitude is very rapidly
attenuated, much more rapidly than in the right column. In part guided by our
inspection of the results at large E in the right column, we see that as the pulse of
synchrotron radiation is attenuated, it too does not broaden. What we see here that
is not so easily seen in the right column is that as the pulse of synchrotron radiation
is attenuated it “sheds” a sound wave, leaving behind it a broad wave, reminiscent
of the sound waves in the left column. Behind each pulse of synchrotron radiation
we see the “compression half” of a sound wave, and behind that a deeper rarefac-
tion, and then the next pulse of synchrotron radiation arrives. Once seen in the
middle column, this phenomenon can perhaps also be discerned to a much lesser
degree in the right column, with each pulse of synchrotron radiation trailed first
by a region of slight compression and then by a region of some rarefaction. It is
not really clear in the right column whether these can be called sound waves, both
because of their smaller amplitude and because the next pulse of synchrotron radi-
ation overwhelms them sooner than in the middle column. In the middle column,
though, the interpretation is clear: the beam of synchrotron gluons is exciting sound
waves in the plasma.

The results of Ref. [295], for example those in Fig. 8.11, demonstrate that at
small E the rotating quark emits only sound waves while at large E it emits
strongly coupled synchrotron radiation as in vacuum, with that beam of gluons
subsequently being quenched by the plasma. The calculation has also been done
at v = 0.65 [295], corresponding to £ = 42.8. In this case, the beam of gluons
travels out to larger r as it is attenuated. Even so, as the beam is being almost com-
pletely attenuated by the plasma it continues to propagate at the speed of light and
it does not broaden.

There are several (related) obstacles to obtaining definitive answers to the ques-
tion of where the energy that is initially in the gluon beam goes as the gluon beam
gets attenuated [295]. The first we have discussed above: we cannot watch the
plasma behind one of the pulses of radiation very long before the next pulse comes
along and obliterates whatever the previous pulse has left behind. A further obsta-
cle arises because the analysis concerns a scenario in which the quark has been
moving in a circle for an infinitely long time meaning that a steady-state in which
the energy density at any position is a periodic function of time has been achieved.
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We see in Fig. 8.11 that the energy density in the beam falls off faster than 1,/r2
at large r. So, the natural expectation is that the beam heats the plasma up in the
range of r over which it gets attenuated — perhaps it first makes sound waves, but
ultimately these too will damp, leaving just a heated region of plasma. This expec-
tation cannot be correct in a steady-state calculation, since a continual heating up
of some region of space blatantly contradicts the steady-state assumption. So, what
actually happens to the energy in this calculation? At sufficiently large r the energy
density A& is zero. This means that at sufficiently large r, there is an outward flux
of energy whose magnitude, averaged over angles, is P/(4r?) with P the energy
lost by the rotating quark per unit time. This energy flux corresponds to a collective
outward flow of the plasma with a velocity, averaged over angles, given by [295]

P 7 P 1
4rr2(E+p) 2NZ(wT)2(rnT)?’

Uplasma = (8.160)
where we have used the fact that the sum of the energy density and pressure of the
plasma in equilibrium is & + p = 72N2T*/2. We see that in the large-N, limit,
the velocity vpiasma IS infinitesimal. So, in the steady-state calculation whose results
we have presented, the energy from the gluon beam ultimately finds its way into an
infinite wavelength mode with infinitesimal amplitude [295]. A mode like this can
be thought of as a sound wave with infinite wavelength and infinitesimal amplitude
(i.e. infinitesimal longitudinal velocity). In a sense, this energy flux corresponding
to an infinitesimal-velocity outward flow of the plasma is the closest that a steady-
state calculation can come to describing the heating up of a region of the plasma.

8.6.3 Qualitative features, analytically

Much can be understood about the qualitative features of the results illustrated
in Fig. 8.11 by studying the quasinormal modes of the AdS-BH spacetime that
provide the dual gravitational description of the physics and that we introduced
in Section 6.4. In the dual gravitational picture, the moving string excites a full
spectrum of gravitational quasinormal modes, which propagate outwards and even-
tually get absorbed by the black hole. The propagation and absorption of these
quasinormal modes manifests itself on the boundary as the propagation and atten-
uation of the spirals of energy density shown in Fig. 8.11. The dispersion relations
w(q) of the lowest quasinormal mode were obtained in Ref. [295] using methods
developed previously [555].

Figure 8.12 shows the dispersion relation for the lowest quasinormal mode (i.e.
the one with the smallest imaginary part). As we saw in Section 6.4, forq < n T
this dispersion relation has the asymptotic form expected for the hydrodynamics of
any conformal fluid [107]
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Figure 8.12 A plot of the real and imaginary parts of the dispersion relation of the
lowest quasinormal mode taken from Ref. [295]. We plot Rew/q and Imw /(7w T)
since these ratios are both of order 1. For g <« = T the dispersion relation is that
of sound waves whose dispersion relation is given up to order g by Eq. (8.161),
plotted as dashed lines in the figure. For q > = T the dispersion relation is that of
waves which propagate at the speed of light. The large-q asymptotic expression
(8.163) that we have obtained by fitting the results in this figure is plotted as the
dotted lines.

. r r
ws(q) = Csq — Il_'q2 + a (Cg Tn — E) q3 + O(q4) s (8.161)

where in N’ = 4 SYM theory, with its classical gravity dual, all the constants are
known analytically: the low-q speed of sound is ¢cs = 1/+/3, the sound attenuation
constant I" is given by # T I = 1/6, and the relaxation time try isgiven by 7 Tt =
(2 — log 2)/2. These modes represent propagating sound waves which attenuate
over a time scale

1

tdamping T (8.162)
The dispersion relation (8.161) is plotted as the red and black dashed curves in
Fig. 8.12; it describes the full dispersion relation very well for g < 27 T. This
supports the observation that the waves in the left column of Fig. 8.11 are sound
waves. Since these waves are not monochromatic (and since in the dual gravita-
tional description they are not described solely by the lowest quasinormal mode)
they cannot be compared quantitatively to (8.161), but their velocity is as (8.161)
predicts for g ~ 1.2 T, which is comparable to the g ~ 1.3 T obtained from
their peak-to-peak wavelength. Using g ~ 1.2x T in (8.162) predicts a sound
attenuation timescale (At)soung ~ 4.5/( T) ~ 30 Ry, which is comparable to but
a little shorter than the exponential decay time for the amplitude of the waves in
the left column of Fig. 8.11, which is closer to 40 Ry. So, the low-q regime of
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the dispersion relation in Fig. 8.12 that describes sound waves does a reasonable
job of capturing the qualitative features of the waves seen in the left column of
Fig. 8.11.

The dispersion relations of the higher quasinormal modes (those with more neg-
ative imaginary parts) can also be determined [295]. At q <« n' T they approach
the asymptotic form @ = (& — ib)7 T where & and b are mode-dependent O(1)
constants, with values that are larger and larger for higher and higher modes.
(For the lowest quasinormal mode, & = b = 0.) At low q, disturbances of the
plasma described by higher quasinormal modes attenuate on a time scale of order
1/(b 7 T) that is much shorter than that for the sound waves described by the lowest
quasinormal mode, namely (8.162).

Let us turn now to g > 7' T. As we noted in Section 6.4, in this regime the
dispersion relation for the lowest quasinormal mode takes the asymptotic form

aT\Y3
wad =g+ 7T(@—ib) (T) 4+ (8.163)

as argued for on general grounds in Ref. [349], with a ~ 0.58 and b ~ 1.022 [295].
Atqg > #'T the dispersion relations of all quasinormal modes approach the asymp-
totic form (8.163), with a and b mode-dependent O (1) constants, again with values
that are larger and larger for higher and higher modes. Therefore, generically the
high g modes propagate at close to the speed of light and attenuate over a time
scale

. 1 q 1/3
damping ~
1:rad TTh (7TT> s (8164)

where we shall use the value b ~ 1.022 from the lowest quasinormal mode in
making estimates, keeping in mind that if the contribution of higher quasinormal
modes were important this would increase the effective b somewhat. The fact that
the pulses of energy in Fig. 8.11 are far from being monochromatic waves intro-
duces a larger uncertainty than does not knowing how much the higher quasinormal
modes contribute.

We have plotted the large-q asymptotic expression (8.163) for the dispersion
relation for the lowest quasinormal mode as the dotted red and black curves in
Fig. 8.12, and we see that it describes the full result very well for q = 20x T,
and has the right shape at a qualitative level down to about g ~ 5z T. This is
consistent with our observation that the narrow pulses of synchrotron radiation in
the middle column, where the pulses have a full width at half maximum (FWHM)
~ 2.5 Ry corresponding very roughly to g ~ 6 7 T, and the right column, where the
pulses have a FWHM ~ R, corresponding very roughly to q ~ 157 T, propagate
outwards at the speed of light. Converting the widths of these pulses into esti-
mates of q is very rough because the pulses are neither sinusoidal nor Gaussian.
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If we nevertheless try substituting g ~ 157 T into (8.164) we find that it pre-
dicts t2"™" ~ 16 Ry, which is roughly half the exponential decay time for the
amplitude of the waves in the lower-right panel of Fig. 8.11. Again, quantitative
comparison is not possible, but inferences drawn from the large-g dispersion rela-
tion for the lowest quasinormal mode (8.163) is at least in the right ballpark. The
qualitative prediction from (8.164) is that narrower pulses, with higher g, can pen-
etrate farther into the strongly coupled plasma, and this is also apparent in the
numerical results.

It is interesting to note that the distance scale (8.164) over which the beam of
gluons is quenched has the same parametric dependence as the maximal stopping
distance (8.133) or (8.134). Both the present calculation and that in Section 8.4.2
describe the propagation of an energetic excitation injected into the plasma, but
the means by which this injection is accomplished are completely different. It is
therefore a pleasing sign of the robustness of the result that the same parametric
dependence of the stopping distance is obtained.

The quasinormal mode analysis also has interesting qualitative implications
for understanding the formation of quark—gluon plasma via the thermalization
of some initially far-from-equilibrium state, as discussed in Chapter 7. If short
wavelength excitations present in the initial conditions or created during the
far-from-equilibrium evolution are sufficiently long lived, they can spend much
of their lifetime propagating through nearly-equilibrated quark—gluon plasma,
where their evolution can be understood via the quasinormal mode dispersion
relations. Equation (8.164) indicates that the maximum thermalization time for
modes of momentum g > =T is ~ g3 T)~*2. This means that short wave-
length modes thermalize more slowly than modes with momenta of order = T,
a conclusion that has also been reached via a rather different analysis of the
away-from-equilibrium correlation functions that govern Hawking radiation in a
time-dependent spacetime [286].

We can also use the quasinormal mode dispersion relation to understand why the
pulses do not broaden significantly in the radial direction as they propagate. The
increase in the width of a pulse as it propagates for a time t is ~ t Aqd?w/dg?,
where Aq is the width of the pulse in g-space. Taking Ag ~ q and using the
large-q dispersion relation (8.163), we find that after the radiation damping time
given by (8.164) the pulse should have broadened by ~ 4a/(9bq). If the pulse had a
Gaussian profile, this would correspond to broadening by about 10% of the original
FWHM of the pulse. So, the quasinormal mode dispersion relation predicts that by
the time the pulses have been significantly attenuated, they should have broadened
by an amount that is parametrically of order their initial width, but smaller by a
significant numerical factor. It is therefore not surprising that we see no significant
broadening in Fig. 8.11.
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Having understood many of the most interesting features of Fig. 8.11 qualita-
tively, and even semi-quantitatively, by analyzing the quasinormal mode dispersion
relations gives us confidence that no new qualitative phenomena emerge for nar-
rower pulses (higher q; e.g. from a rotating quark with larger y), since it is clear
that the results at v = 0.5 and v = 0.65 are already exploring the high-q regime of
the dispersion relation in Fig. 8.12, where the asymptotic expression (8.163) is a
good guide. It is also important to stress that the quasinormal mode frequencies are
determined entirely by the AdS-BH metric, meaning that they reflect properties of
the strongly coupled plasma itself and have nothing to do with the details of how
the beam of gluons shining through it was made by the rotating quark. Given that
we have been able to use the quasinormal mode dispersion relations so successfully
to understand the propagation, the rate of attenuation and the lack of broadening of
a beam of gluons, we are confident that these phenomena are independent of how
the beam of gluons is created.

Now that we understand the steady-state results in terms of quasinormal modes,
we can use the fact that the phenomena we have found are independent of how the
beam of gluons is created to answer the following question: suppose that we could
engineer a single pulse of strongly coupled synchrotron radiation; what would hap-
pen to this pulse as it propagates through the strongly coupled plasma? The dual
gravitational description of this radiation would be governed by the same quasinor-
mal modes we have analyzed, just sourced by a different string worldsheet. As long
as we look only at distances greater than of order 1/(zx T) away from the source,
the disturbance of the plasma must be described by a pulse of short wavelength
radiation with the dispersion relation (8.163) that moves at the speed of light, that
does not broaden, and that is attenuated on timescales (8.164) as well as long wave-
length sound waves with the dispersion relation (8.161) that propagate outward at
the speed of sound and that are attenuated on timescales (8.162). Since these sound
waves move more slowly, the pulse of radiation leaves them behind — shedding
them as we see in the middle column of Fig. 8.11. (The same would happen for
shorter wavelength pulses as in the right column of the figure, but in such cases in
our steady-state calculation the next pulse of synchrotron radiation arrives before
we can see the sound waves being left behind. As we described in Section 8.6.2,
it is difficult to use a steady-state calculation to draw conclusions about what the
pulse of radiation leaves behind.) In the case of a single, isolated, short wavelength
pulse, the short wavelength pulse itself will get far ahead of the sound waves it has
left behind as it is attenuated only on the long time-scale (8.164). By the time the
short wavelength pulse has damped away, the sound waves that it shed will be far
behind and according to (8.162) all but those with the very smallest g will have
dissipated away as heat. Only hydrodynamic modes with very small q (i.e. heat
accompanied by almost no fluid motion) will remain. (These are represented in the
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steady-state calculation by the outward-going energy flux with infinite wavelength
and infinitesimal amplitude that we found at the end of Section 8.6.2.) We now
see that the distinction between the middle and right columns of Fig. 8.11 is that
in the former case the pulse of radiation is never well separated from the sound
waves that it leaves behind, because the radiation does not have a large enough g
for its damping time scale (8.164) to be very much longer than 1/(xx T). So, by the
time the radiation has been damped the sound waves are not far behind it and have
themselves not yet thermalized.

8.6.4 From gquenching a beam of strongly coupled gluonsto jet quenching

There are many qualitative similarities between the quenching of the beam of
strongly coupled synchrotron radiation in the strongly coupled ' = 4SYM
plasma that we have described in this section and jet quenching in heavy ion
collisions, which we introduced in Section 2.3.

The highest energy jets that have been studied to date in heavy ion collisions at
the LHC [2, 264, 266, 273, 268, 3] lose significant energy but emerge as jets that
(within current experimental resolution) have not been deflected in angle [273] and
whose moderate and high momentum fragments are distributed in angle and in
momentum quite similarly to what is seen in ordinary jets in vacuum. The energy
lost from the jets does not stay in or near the jet cone, and does not emerge in the
form of moderate or high momentum fragments. Instead, the lost energy becomes
an excess of soft particles (momenta < 1 GeV [264]) at large angles (> 45° [264])
relative to the jet direction.

At a qualitative level, the behavior of the beam of gluons that we have described
in this section is similar. As it propagates through the strongly coupled plasma,
losing significant energy, the beam of gluons moving at the speed of light does
not spread in angle or get deflected in its direction. And, even as it is significantly
attenuated, it does not spread in the direction along which it propagates which
means that the way in which momentum is shared among the gluons in the beam
is not much changed. The beam is quenched completely after traveling a distance
proportional to q*/3/(x T)*/2, where q is the typical wave vector of the gluons in
the beam. Finally, the lost energy ends up in soft, collective modes of the plasma
that initially take the form of sound waves following behind the beam and that
subsequently thermalize, heating the plasma.

As we saw in Section 8.6.3, the fact that we can describe all these phenomena
in terms of quasinormal modes, independently of the details of how these quasi-
normal modes are excited, indicates that they will characterize the quenching of
any excitation that is initially made of the high momentum modes which propagate
through the strongly coupled plasma at the speed of light. To the degree that it has
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been possible to investigate them to date, these qualitative features are also seen in
the quenching of the energetic heavy (and light) quarks introduced into the strongly
coupled plasma in Sections 8.1, 8.2 and 8.3 (and Section 8.4).

If in a heavy ion collision a jet loses energy by heating the plasma the lost energy
would be manifest as an excess of soft particles moving in all directions. If the lost
energy is in the form of sound waves following the jet, that would correspond to
an excess of soft particles near the jet direction that may be more easily visible in
the case of jets with lower energies or jets that did not travel far through the plasma
(meaning that the sound waves they shed did not have time to thermalize) or both.
There are preliminary indications of such jet broadening in the analysis of lower
energy (20-40 GeV) jets produced in heavy ion collisions at both RHIC [660, 230,
21] and the LHC [629, 389], but at the time of writing the interpretation of these
data is not yet settled.

Comparisons along these lines will never be more than qualitative, since the
beam of strongly coupled radiation whose propagation through strongly coupled
plasma we have described in this section is not a jet. However, the multiple qualita-
tive resonances between jet quenching in heavy ion collisions and the quenching of
a beam of strongly coupled radiation suggest that some of the phenomena observed
in jet quenching are intrinsically strongly coupled. At the same time, the very fact
that the hard fragments of the highest energy jets seen in heavy ion collisions do
look so similar to those of jets produced in vacuum suggests that at least some
of the phenomena observed in jet quenching must be described by perturbative
QCD. One of the goals of research at the current frontier is to find the best ways to
describe the whole story.

8.7 Velocity scaling of the screening length and quarkonium suppression

We saw in Section 2.4 that, because they are smaller than typical hadrons in QCD,
heavy quarkonium mesons survive as bound states even at temperatures above
the crossover from a hadron gas to quark—gluon plasma. However, if the tem-
perature of the quark—gluon plasma is high enough, they eventually dissociate.
An important physical mechanism underlying the dissociation is the weakening
attraction between the heavy quark and antiquark in the bound state because the
force between their color charges is screened by the medium. The dissociation
of charmonium and bottomonium bound states has been proposed as a signal
for the formation of a hot and deconfined quark-gluon plasma in heavy ion col-
lisions [609], and as a means of gauging the temperatures reached during the
collisions.

In the limit of large quark mass, the interaction between the quark and the anti-
quark in a bound state in the thermal medium can be extracted from the thermal
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expectation value of the Wilson loop operator (WF (Csatic)), With Caiic @ rectangu-
lar loop with a short side of length L in a spatial direction (say x;) and a long side
of length 7 along the time direction. This expectation value takes the form

(WF (Cstatic)) = exp[—i T E(L)] , (8.165)

where E(L) is the (renormalized) free energy of the quark—antiquark pair with the
self-energy of each quark subtracted. E(L) defines an effective potential between
the quark—antiquark pair. The screening of the force between color charges due to
the presence of the medium manifests itself in the flattening of E(L) for L greater
than some characteristic length scale L called the screening length. In QCD, the
flattening of the potential occurs smoothly, as seen in the lattice calculations illus-
trated in Fig. 3.5 in Section 3.3, and one must make an operational definition of
Ls. For example, in the parametrization of (2.45), L can be set equal to 1/u. Lg
decreases with increasing temperature and can be used to estimate the scale of the
dissociation temperature Tgiss @S

Ls(Taiss) ~ d, (8.166)

where d is the size of a particular mesonic bound state at zero temperature. The idea
here is that once the temperature of the quark—gluon plasma is high enough that the
potential between a quark and an antiquark separated by a distance corresponding
to the size of a particular meson has been fully screened, that meson can no longer
exist as a bound state in the plasma. This means that larger quarkonium states
dissociate at lower temperatures, and means that the ground-state bottomonium
meson survives to the highest temperatures of all. As we discussed at length in
Section 2.4, there are many important confounding effects that must be taken into
account in order to realize the goal of using data on charmonium and bottomonium
production in heavy ion collisions to provide evidence for this sequential pattern of
quarkonium dissociation as a function of increasing temperature. In this Section,
we shall focus only on one of these physical effects, one on which calculations
done via gauge/gravity duality have shed some light [674, 583, 281, 226, 61, 88,
362, 772, 279, 584, 89, 608, 646, 90, 336, 84, 585, 636, 347].

In heavy ion collisions, quarkonium mesons are produced moving with some
velocity v with respect to the medium. It is thus important to understand the effects
of nonzero quarkonium velocity on the screening length and consequent dissoci-
ation of bound states. To describe the interaction between a quark—-antiquark pair
that is moving relative to the medium, it is convenient to boost into a frame in
which the quark—antiquark pair is at rest, but feels a hot wind of QGP blowing
past it. The effective quark potential can again be extracted from (8.165) evalu-
ated in the boosted frame with 7 now interpreted as the proper time of the dipole.
While much progress has been made in using lattice QCD calculations to extract
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the effective potential between a quark—-antiquark pair at rest in the QGP, there are
significant difficulties in using Euclidean lattice techniques to address the (dynami-
cal as opposed to thermodynamic) problem of a quark—antiquark pair in a hot wind.
In the strongly coupled plasma of N' = 4 SYM theory with large- N, however, the
calculation can be done using gauge/gravity duality [583, 584, 281], and requires
only a modest extension of the standard methods reviewed in Section 5.4. Here, we
sketch the derivation from Ref. [584].
We start with a rectangular Wilson loop whose short transverse space-like side

o =X € [—E, E] (8167)
defines the separation L between the quark—antiquark pair and whose long time-
like sides extend along the x3 = v t direction, describing a pair moving with speed
v in the X3 direction. In this frame, the plasma is at rest and the spacetime metric in
the gravitational description is the familiar AdS black hole (5.33). We then apply
a Lorentz boost that rotates this Wilson loop into the rest frame (t', x3) of the
quark—antiquark pair:

dt = dt’ coshn — dxg sinhn, (8.168)
dxs = —dt’ sinhn + dxg coshn, (8.169)

where the rapidity 5 is given by tanh n = v, meaning that coshn = y. After the
AdS black hole metric has been transformed according to this boost, it describes
the moving hot wind of plasma felt by the quark—antiquark pair in its rest frame.

In order to extract E(L) it suffices to work in the limit in which the time-like
extent of the Wilson loop 7 is much greater than its transverse extent L, meaning
that the corresponding string worldsheet “suspended” from this Wilson loop and
“hanging down” into the bulk is invariant under translations along the long direc-
tion of the Wilson loop. Parametrizing the two-dimensional worldsheet with the
coordinates o and t = t, the dependence on  is then trivial. The task is reduced to
calculating the curve r (o) along which the worldsheet descends into the bulk from
positions on the boundary brane which we take to be located atr = roA, with A a
dimensionless UV cut-off that we shall take to infinity at the end of the calculation.
That is, the boundary conditions on r (o) are

L
r (i§> =ToA. (8.170)
It is then helpful to introduce dimensionless variables

r=roy, 0=0— | = — =7LT, (8.171)
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where T = % is the temperature. Upon dropping the tilde, one is then seeking
to determine the shape y(o) of the string worldsheet satisfying the boundary con-
ditions y (+5) = A. From the boosted AdS black hole metric, one finds that the
Nambu-Goto action, which must be extremized, takes the form

1/2
S(C)=—vATT do £, (8.172)
0

with a Lagrangian that reads (y' = 9, )

12
L= \/(y“ — cosh? n) <1 + y4y_ 1) ) (8.173)

We must now determine y(o) by extremizing (8.173). This can be thought of as a
classical mechanics problem, with o the analog of time. Since £ does not depend
on o explicitly, the corresponding Hamiltonian
AL  y*—cosh?p
H=CL ya—y/_T_q (8.174)

is a constant of the motion, which we denote by g. In the calculation we are pre-
senting in this section, we take A — oo at fixed, finite, rapidity ». In this limit,
the string worldsheet in the bulk is time-like, and E(L) turns out to be real. (The
string worldsheet bounded by the rectangular Wilson loop that we are considering
becomes space-like if \/coshn > A. In order to recover the light-like Wilson loop
used in the calculation of the jet quenching parameter in Section 8.5, one must first
take n — oo and only then take A — 00.)

It follows from the Hamiltonian (8.174) that solutions y(o') with A > ./coshn
satisfy the equation of motion

1
V= =D -y (8.175)
with
y? = cosh®n + g2 (8.176)
Note that y? > cosh?n > 1. The extremal string worldsheet begins at o = —¢/2

where y = A, and “descends” in y until it reaches a turning point, namely the
largest value of y at which y’ = 0. It then “ascends” from the turning point to its
endpoint at o = +¢/2 where y = A. By symmetry, the turning point must occur
at o = 0. We see from (8.175) that in this case, the turning point occurs at y = Y,
meaning that the extremal surface stretches between y. and A. The integration

1
constant g can then be determined from the equation '5 = ¢ do which, upon
using (8.175), becomes
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A
1
dy .
v VY =yHY -1

The action for the extremal surface can be found by substituting (8.175) into
(8.172) and (8.173), yielding

| =2q (8.177)

A 2
Sty = Tt [ dy Y ocostn
v o VJY=DY -y

Equation (8.178) contains not only the potential between the quark—antiquark

pair but also the static mass of the quark and antiquark considered separately in

the moving medium. (Recall that we have boosted to the rest frame of the quark

and antiquark, meaning that the quark—gluon plasma is moving.) Since we are only

interested in the quark—antiquark potential, we need to subtract the action & of two

independent quarks from (8.178) in order to obtain the quark—antiquark potential
in the dipole rest frame:

(8.178)

EILYT =-SH+S. (8.179)

The string configuration corresponding to a single quark at rest in a moving N' = 4
SYM plasma was obtained in Refs. [452, 394], as we have described in Section 8.1.
From this configuration one finds that

A
S=-VATT / dy. (8.180)
1

To extract the quark—antiquark potential, we use (8.177) to solve for g in terms of
| and then plug the corresponding q(l) into (8.178) and (8.179) to obtain E(L).
Note that (8.177) is manifestly finite as A — oo and the limit can be taken
directly. (8.178) and (8.180) are divergent separately when taking A — oo, but
the difference (8.179) is finite.

We now describe general features of (8.177) and (8.179). Denoting the right-
hand side of (8.177) (with A = oo) as function 1(q), one finds that for a given »,
I(g) has a maximum |l (1) and Eq. (8.177) has no solution when | > I (n).
Thus for | > I, the only string worldsheet configuration is two disjoint strings
and from (8.179), E(L) = 0, i.e. the quark and antiquark are completely screened
to the order of the approximation we are considering. We can define the screening
length as

I
L, = max() (8.181)
T
At n =0, i.e. the dipole at rest with the medium, one finds that
0.87 0.28
Ls(0) ~ — ~ — . (8.182)

TT T
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Figure 8.13 The screening length Inax times its leading large-n dependence
J/cosh(n). The two curves are for a dipole oriented perpendicular to the wind
(0 = 7/2) and parallel to the wind (6 = 0), respectively. Figure adapted from
Ref. [584].

Similar criteria are used in the definition of screening length in QCD [522],
although in QCD there is no sharply defined length scale at which screening sets
in. Lattice calculations of the static potential between a heavy quark and antiquark
in QCD indicate a screening length Ls ~ 0.5/T in hot QCD with two flavors of
light quarks [506] and Ls ~ 0.7/T in hot QCD with no dynamical quarks [504].
The fact that there is a sharply defined L is an artifact of the limit in which we are
working, in which E(L) =0 for L > Lg.°

The screening length Ls(n) can be obtained numerically, as illustrated in
Fig. 8.13. One sees that the screening length decreases with increasing velocity
to a good approximation according to the scaling [674, 583, 281]

Ls(0) Ls(0)
LS(U) =~ 1/2 = )

cosh™/“n JY
with y = 1/4/1 — v2. We have only discussed the case in which the direction of
the hot wind is perpendicular to the dipole (6 = 7 /2; the red curve in Fig. 8.13),

but this discussion can be generalized to arbitrary angles 6. One finds [584] that

(8.183)

6 \We are considering the contribution to E(L) that is proportional to VA For | > Imax, the leading contribution

to E(L) is proportional to 19 and is determined by the exchange of the lightest supergravity mode between
the two disjoint strings [108].



344 Probing strongly coupled plasma

the dependences of Ls and E(L) on the angle between the dipole and the wind is
very weak. For example, the black curve in Fig. 8.13 gives the n dependence of
the screening length when the wind direction is parallel to the dipole. We see the
difference from the perpendicular case is only about 12%.

The velocity dependence (8.183) suggests that L should be thought of as, to a
good approximation, proportional to (energy density)~'/4, since the energy density
increases like y2 as the wind velocity is boosted. The velocity scaling of Lg has
proved robust in the sense that it applies in various strongly coupled plasmas other
than ' = 4 SYM [88, 226, 646, 585] and in the sense that it applies to baryons
made of heavy quarks also [84].

If the velocity scaling of Lg (8.183) holds for QCD, it will have qualitative
consequences for quarkonium suppression in heavy ion collisions [583, 584].
From (8.166), the dissociation temperature Tgiss(v), defined as the temperature
above which J/4 or T mesons with a given velocity do not exist, should scale
with velocity as

Taiss (V) ~ Taiss(v = 0)(1 — v?)M* (8.184)

since Tgiss(v) should be the temperature at which the screening length Ls(v) is
comparable to the size of the meson bound state. The scaling (8.184) indicates
that slower mesons can exist up to higher temperatures than faster ones. As illus-
trated schematically in Fig. 8.14, this scaling indicates that J/v suppression (and
T suppression) may increase markedly for J/s (Y's) with transverse momentum
pr above some threshold, on the assumption that the temperature in the plasma
does not reach the dissociation temperature of J/v (T) mesons at zero veloc-
ity [521, 728]. The threshold pt above which the production of quarkonium falls
off due to their motion through the quark—gluon plasma depends sensitively on the
difference between Tyiss(v = 0) and the temperature reached in the collision [413].
Modeling this effect requires embedding results for quarkonium production in hard
scatterings in nuclear collisions into a hydrodynamic code that describes the motion
of the quark—gluon fluid produced in the collision, in order to evaluate the velocity
of the hot wind felt by each putative quarkonium meson. Such an analysis indi-
cates that once pr is above the threshold at which Tgiss(v) has dropped below
the temperature reached in the collision, the decline in the J/v survival prob-
ability is significant, by more than a factor of four (two) in central (peripheral)
collisions [412, 413]. We should caution that, as we discussed in Section 2.4, in
modelling quarkonium production and suppression versus pr in heavy ion colli-
sions, various other effects like secondary production or formation of J/ mesons
outside the hot medium at high pt [519] remain to be quantified. The quantitative
importance of these and other effects may vary significantly, depending on details
of their model implementation. In contrast, Eq. (8.184) was obtained directly from
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Figure 8.14 A 1/,/y-velocity scaling of the screening length in QCD would
imply a J/+ dissociation temperature Tgiss(pT) that decreases significantly with
pt, while that for the heavier Y is affected less at a given prt. The curves are
schematic, in that we have arbitrarily taken Tgiss(0) for the J/+ to be 2.1 T; and
we have increased Tgiss(0) for the Y over that for the J/v by a factor corre-
sponding to its smaller size in vacuum. At a qualitative level, we expect to see
fewer J/y () mesons at prs above that at which their dissociation temperature
is comparable to the temperatures reached in heavy ion collisions at RHIC (at the
LHC). Figure taken from Ref. [583].

a field-theoretical calculation and its implementation will not introduce additional
model-dependent uncertainties.

The analysis of this section is built upon the calculation of the potential between
a test quark and antiquark in the strongly coupled plasma of AV = 4 SYM theory,
a theory which in and of itself has no mesons. Gaining insight into the physics
of quarkonium mesons from calculations of the screening of the static quark—
antiquark potential has a long history in QCD, as we have seen in Section 3.3.
But, we have also seen in that section that these approaches are gradually being
superseded as lattice QCD calculations of quarkonium spectral functions them-
selves are becoming available. In the present context also, we would like to move
beyond drawing inferences about mesons from analyses of the potential E(L) and
the screening length L to analyses of mesons themselves. This is the subject of
Chapter 9, in which we shall carefully describe how once we have added heavy
quarks to A/ = 4 SYM by adding a D7-brane in the gravity dual [513], as in Sec-
tion 5.5, the fluctuations of the D7-brane then describe the quarkonium mesons
of this theory. We shall review the construction first in vacuum and then in the
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presence of the strongly coupled plasma at nonzero temperature. We shall find
that the results of this section prove robust, in that the velocity scaling (8.184) has
also been obtained [336] by direct analysis of the dispersion relations of mesons
in the plasma [608, 336]. These mesons have a limiting velocity that is less than
the speed of light and that decreases with increasing temperature [608], and whose
temperature dependence is equivalent to (8.184) up to few percent corrections that
have been computed [336] and that we shall show. This is a key part of the story,
with the velocity-dependent dissociation temperature of this section becoming
a temperature dependent limiting velocity for explicitly constructed quarkonium
mesons in Chapter 9. However, this cannot be the whole story since the dispersion
relations seem to allow for mesons with arbitrarily large momentum even though
they limit their velocity. The final piece of the story is described in Section 9.4.2,
where we review the calculation of the leading contribution to the widths of these
mesons [347], which was neglected in the earlier calculations of their dispersion
relations. Above some momentum, the width grows rapidly, increasing like p?.
And, the momentum above which this rapid growth of the meson width sets in is
just the momentum at which the meson velocity first approaches its limiting value.
The physical picture that emerges is that at the momentum at which the mesons
reach a velocity such that the hot wind they are feeling has a temperature suffi-
cient to dissociate them, according to the analysis of this section built upon the
calculation of L, their widths in fact grow rapidly [347].
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Quarkonium mesons in strongly coupled plasma

As discussed in Section 2.4, heavy quarks and quarkonium mesons, with masses
such that M/T > 1, constitute valuable probes of the QGP. Since dynamical
questions about these probes are very hard to answer from first principles, here we
will study analogous questions in the strongly coupled NV = 4 SYM plasma. In this
case the gauge/string duality provides the tool that makes a theoretical treatment
possible. Although for concreteness we will focus on the N' = 4 plasma, many
of the results that we will obtain are rather universal in the sense that, at least
qualitatively, they hold for any strongly coupled gauge theory with a string dual.
Such results may give us insights relevant for the QCD quark—gluon plasma at
temperatures at which it is reasonably strongly coupled.

The QGP only exists at temperatures T > T, so in QCD the condition M/ T > 1
can only be realized by taking M to be large. In contrast, N' = 4SYM is a con-
formal theory with no confining phase, so all temperatures are equivalent. In the
presence of an additional scale, namely the quark or the meson mass, the physics
only depends on the ratio M/ T. This means that in the A/ = 4 theory the condition
M/T > 1 can be realized by fixing T and sending M to infinity, or by fixing M
and sending T — 0; both limits are completely equivalent. In particular, the lead-
ing order approximation to the heavy quark or quarkonium meson physics, in an
expansion in T/M, may be obtained by setting T = 0. For this reason, this is the
limit that we will study first.

We will follow the nomenclature common in the QCD literature and refer to
mesons made of two heavy quarks as “quarkonium mesons” or “quarkonia”, as
opposed to using the term “heavy mesons”, which commonly encompasses mesons
made of one heavy and one light quark.

9.1 Adding quarksto N' =4 SYM

In Section 5.5 we saw that N flavors of fundamental matter can be added to
N = 4 SYM by introducing Nt D7-brane probes into the geometry sourced by

347
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the D3-branes, as indicated by the array (5.98), which we reproduce here (with the
time direction included) for convenience:

bD: o1 2 3 _ _ _ _
D7: 0 1 2 3 4 5 6 7

Before we proceed, let us clarify an important point. N = 4 SYM is a con-
formal theory, i.e. its B-function vanishes exactly. Adding matter to it, even if the
matter is massless, makes the quantum mechanical B-function positive, at least
perturbatively. This means that the theory develops a Landau pole in the UV and
is therefore not well defined at arbitrarily high energy scales.! However, since
the B-function (for the 't Hooft coupling A) is proportional to N¢/Nc, the Lan-
dau pole occurs at a scale of order eNe/Nf, This is exponentially large in the limit
of interest here, N¢/N. <« 1, and in fact the Landau pole disappears altogether
in the strict probe limit Nt/N; — 0. On the string side, the potential pathol-
ogy associated with a Landau pole manifests itself in the fact that a completely
smooth solution that incorporates the backreaction of the D7-branes may not exist
[28, 383, 223, 535, 136, 320]. In any case, the possible existence of a Landau pole
at high energies will not be of concern for the applications reviewed here. In the
gauge theory, it will not prevent us from extracting interesting infrared physics, just
as the existence of a Landau pole in QED does not prevent one from calculating the
conductivity of an electromagnetic plasma. In the string description, we will not go
beyond the probe approximation, so the backreaction of the D7-branes will not be
an issue.? And finally, we note that we will work with the D3/D7 model because
of its simplicity. We could work with a more sophisticated model with better UV
properties, but this would make the calculations more involved while leaving the
physics we are interested in essentially unchanged.

As illustrated in Fig. 9.1, the D3-branes and the D7-branes can be separated a
distance L in the 89-directions. This distance times the string tension, Eq. (4.11),
is the minimum energy of a string stretching between the D3-branes and the D7-
branes. Since the quarks arise as the lightest modes of these 3—7 strings, this energy
is precisely the bare quark mass:

- - (9.1)

L
C 2nal
An important remark here is the fact that the branes in Fig. 9.1 are implicitly
assumed to be embedded in flat spacetime. In Section 5.5 this was referred to as the
“first” or “open string” description of the D3/D7 system, which is reliable in the
regime gsN¢ < 1, in which the backreaction of the D3-branes on spacetime can be

Mg

(9.2)

1 Nonperturbatively, the possibility that a strongly coupled fixed point exists must be ruled out before reaching
this conclusion. See [320] for an argument in this direction based on supersymmetry.
2 For a review of ‘unquenched’ models, i.e. those in which the flavor backreaction is included, see [659].
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Figure 9.1 D3/D7 system at weak coupling, with a string (red) stretching between
the D3-branes and D7-branes.

ignored. One of our main tasks in the following Sections will be to understand how
this picture is modified in the opposite regime, gsN; > 1, when the D3-branes
are replaced by their backreaction on spacetime. In this regime the shape of the
D7-branes may or may not be modified, but Eq. (9.2) will remain true provided the
appropriate definition of L, to be given below, is used.

Although N' = 4 SYM is a conformal theory, the addition of quarks with
a nonzero mass introduces a scale and gives rise to a rich spectrum of quark—
antiquark bound states, i.e. mesons. In the following section we will study the
meson spectrum in this theory at zero temperature in the regime of strong ‘t Hooft
coupling, gsN¢ > 1. On the gauge theory side this is inaccessible to conventional
methods such as perturbation theory, but on the string side a classical description
in terms of D7-brane probes in a weakly curved AdSs x S° applies. Our first task is
thus to understand in more detail the way in which the D7-branes are embedded in
this geometry. Since this is crucial for subsequent sections, we will in fact provide
a fair amount of detail here.

9.2 Zero temperature
9.2.1 D7-brane embeddings

We begin by recalling that the coordinates in the AdSs x S° metric (5.1), (5.2)
can be understood as follows. The four directions t, x; correspond to the 0123-
directions in (9.1). The 456789-directions in the space transverse to the D3-branes
give rise to the radial coordinate r in AdSs, defined through



350 Quarkonium mesons in strongly coupled plasma
r2=x3+---+x2, (9.3)

as well as five angles that parametrize the S°. We emphasize that, once the grav-
itational effect of the D3-branes is taken into account, the six-dimensional space

transverse to the D3-branes is not flat, so the x4, . . ., x® coordinates are not Carte-
sian coordinates. However, they are still useful to label the different directions in
this space.

The D7-branes share the 0123-directions with the D3-branes, so from now on
we will mainly focus on the remaining directions. In the six-dimensional space
transverse to the D3-branes, the D7-branes span only a four-dimensional subspace
parametrized by Xg, ..., X7. Since the D7-branes preserve the SO(4) rotational
symmetry in this space, it is convenient to introduce a radial coordinate u such that

W=x24---+x, (9.4)
as well as three spherical coordinates, denoted collectively by 3, that parametrize
an S°. Similarly, it is useful to introduce a radial coordinate U in the 89-plane
through

U=x5+Xx5, (9.5)
as well as a polar angle «. In terms of these coordinates one has
dxZ + -+ dxZ = du? 4+ u?dQ5 + dU? + U?da?. (9.6)

Obviously, the overall radial coordinate r satisfies r? = u? + U2,

Since the D7-branes only span the 4567-directions, they only wrap an S* inside
the S°. The D7-brane worldvolume may thus be parametrized by the coordinates
{t, X, u, Q3}. In order to specify the D7-branes’ embedding one must then spec-
ify the remaining spacetime coordinates, U and «, as functions of, in principle,
all the worldvolume coordinates. However, translational symmetry in the {t, x;}-
directions and rotational symmetry in the {Q3}-directions allow U and « to depend
only on u.

In order to understand this dependence, consider first the case in which the
spacetime curvature generated by the D3-branes is ignored. In this case, the D7-
branes lie at a constant position in the 89-plane, see Fig. 9.2. In other words, their
embedding is given by a(u) = « and U (u) = L, where « and L are constants.
The first equation can be understood as saying that, because of the U (1) rotational
symmetry in the 89-plane, the D7-branes can sit at any constant angular position;
choosing o then breaks the symmetry. Since this U (1) symmetry is respected by
the D3-branes’ backreaction (i.e. since the AdSs x S° metric is U (1)-invariant),
it is easy to guess (correctly) that a(u) = «q is still a solution of the D7-branes’
equation of motion in the presence of the D3-branes’ backreaction.
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D7-branes

Figure 9.2 Coordinates in the six-dimensional space transverse to the D3-branes.
Each axis actually represents two directions, i.e. a plane (or, equivalently, the
radial direction in that plane). The asymptotic distance L = U (u = o0) is pro-
portional to the quark mass, Eq. (9.2). We emphasize that the directions parallel
to the D3-branes (the gauge theory directions t, x;) are suppressed in this picture,
and they should not be confused with the D7 directions shown in the figure, which
lie entirely in the space transverse to the D3-branes.

The second equation, U (u) = L, says that the D7-branes lie at a constant dis-
tance from the D3-branes. In the absence of the D3-branes’ backreaction this is
easily understood: there is no force on the D7-branes and therefore they span a
perfect 4-plane. In the presence of backreaction, one should generically expect
that the spacetime curvature deforms the D7-branes as in Fig. 9.3, bending them
towards the D3-branes at the origin. The reason that this does not happen for the
D3/D7 system at zero temperature is that the underlying supersymmetry of the
system guarantees an exact cancelation of forces on the D7-branes. In fact, it is
easy to verify directly that U (u) = L is still an exact solution of the D7-branes’
equations of motion in the presence of the D3-branes’ backreaction. The constant
L then determines the quark mass through Eq. (9.2). We will see below that the
introduction of nonzero temperature breaks supersymmetry completely, and that
consequently U (u) becomes a non-constant function that one must solve for, and
that this function contains information about the ground state of the theory in the
presence of quarks. For example, its asymptotic behavior encodes the value of the
bare quark mass My and the quark condensate (vrv), whereas its value at u = 0
is related to the quark thermal mass My,. Since in this section we work at T = 0,
any nonzero quark mass corresponds to Mg/ T — oo. In this sense one must think
of the quarks in question as the analog of heavy quarks in QCD, and of the quark
condensate as the analog of (cc) or (bb). However, when we consider a nonzero
temperature in subsequent Sections, whether the holographic quarks described by
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Figure 9.3 Possible bending of the D7-branes at nonzero temperature. The
asymptotic distance L = U (oco) is proportional to the bare quark mass Mg,
whereas the minimum distance U (0) is related (albeit in a way more complicated
than simple proportionality) to the quark thermal mass.

the D7-branes are the analogs of heavy or light quarks in QCD will depend on how
their mass (or, more precisely, the mass of the corresponding mesons) compares to
the temperature.

We have concluded that, at zero temperature, the D7-branes lieat U = L and are
parametrized by {t, x;, u, 3}. In terms of these coordinates, the metric induced on
the D7-branes by the metric (5.1)—(5.2) for the AdSs x S° spacetime takes the form

5 u2 + L2 R2 RZUZ

2 2 2 2
ds® = R? (—dt + dXi ) + mdu + mdgs . (97)

We see that if L = 0 then this metric is exactly that of AdSs x S°. The AdSs factor
suggests that the dual gauge theory should still be conformally invariant. This is
indeed the case in the limit under consideration: If L = 0 the quarks are mass-
less and the theory is classically conformal, and in the probe limit Nt /N; — 0
the quantum mechanical g-function, which is proportional to N¢ /N, vanishes.
If L 0 then the metric above becomes AdSs x S only asymptotically, i.e. for
u > L, reflecting the fact that in the gauge theory conformal invariance is explic-
itly broken by the quark mass Mg o< L, but is restored asymptotically at energies
E > My. We also note that, if L # 0, then the radius of the three-sphere is not
constant, as displayed in Fig. 9.4; in particular, it shrinks to zero at u = 0 (corre-
sponding to r = L), at which point the D7-branes “terminate” from the viewpoint
of the projection on AdSs [513]. In other words, if L # 0 then the D7-branes fill
the AdSs factor of the metric only down to a minimum value of the radial direction
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Figure 9.4 D7-branes’ embedding in AdSs x S°. At nonzero temperature this
picture is slightly modified. First, a horizon appears atr = ro > 0, and second,
the D7-branes terminate at r = U (0) < L. This “termination point” corresponds
to the tip of the branes in Fig. 9.3.

proportional to the quark mass. As we anticipated above, at nonzero temperature
one must distinguish between the bare and the thermal quark masses, related to
U (c0) and U (0) respectively. In this case the position in AdS at which the D7-
branes terminate isr = U(0) < L, and therefore they fill the AdS space down to
a radial position related to the thermal mass. Note also that at finite temperature a
horizon is presentatr =rgy > 0.

9.2.2 Meson spectrum

We are now ready to compute the spectrum of low spin mesons in the D3/D7 sys-
tem following Ref. [559]. The spectrum for more general Dp/Dq systems was
computed in [60, 637, 704]. Recall that mesons are described by open strings
attached to the D7-branes. In particular, spin zero and spin one mesons correspond
to the scalar and vector fields on the D7-branes. Large spin mesons can be described
as long, semi-classical strings [559, 561, 666, 673, 301, 674, 116, 159, 668, 44],
but we will not review them here.

For simplicity, we will focus on scalar mesons. Following Section 5.1.5, we
know that in order to determine the spectrum of scalar mesons, we need to deter-
mine the spectrum of normalizable modes of small fluctuations of the scalar fields
on the D7-branes. At this point we restrict ourselves to a single D7-brane, i.e. we
set Nt = 1, in which case the dynamics is described by the DBI action (4.18). At
leading order in the large-N, expansion, the spectrum for Ny > 1 consists of N2
identical copies of the single-flavor spectrum [560].
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We use the coordinates in Eqg. (9.7) as worldvolume coordinates for the D7-
brane, which we collectively denote by o*. The physical scalar fields on the D7-
brane are then x8(c*), x°(c*). By a rotation in the 89-plane we can assume that,
in the absence of fluctuations, the D7-brane lies at X2 = 0, x° = L. Then the
fluctuations can be parametrized as

XB=0+90@", xXX=L+d0", (9.8)

with ¢ and ¢ the scalar fluctuations around the fiducial embedding. In order
to determine the normalisable modes, it suffices to work to quadratic order in
@, ¢. Substituting (9.8) in the DBI action (4.18) and expanding in ¢, ¢ leads to
a quadratic Lagrangian whose corresponding equation of motion is

R4

—0

(UZ + |_2)2
where [J is the four-dimensional d’ Alembertian associated with the Cartesian coor-
dinates t, x;, and V? is the Laplacian on the three-sphere. The equation for & takes
exactly the same form. Modes that transform non-trivially under rotations on the
sphere correspond to mesons that carry nonzero R-charge. Since QCD does not
possess an R-symmetry, we will restrict ourselves to R-neutral mesons, meaning

that we will assume that ¢ does not depend on the coordinates of the sphere. We
can use separation of variables to write these modes as

1 1
¢+@%M%@+@V%=m (9.9)

¢ = p(u)eTx, (9.10)

where X = (t, X;). Each of these modes then corresponds to a physical meson
state in the gauge theory with a well defined four-dimensional mass given by its
eigenvalue under OJ, that is, M? = —q?. For each of these modes, Eq. (9.9) results
in an equation for ¢ (u) that, after introducing dimensionless variables through

u - k2R
0= — M2 = — 9.11
U=, 7 (9.11)
becomes
3 M?2
Pop+=—0gp+——-9¢=0. 9.12

This equation can be solved in terms of hypergeometric functions. The details can
be found in Ref. [559], but we will not give them here because most of the relevant
physics can be extracted as follows.

Equation (9.12) is a second order, ordinary differential equation with two inde-
pendent solutions. The combination we seek must satisfy two conditions: It must
be normalizable as U — oo, and it must be regular as G — 0. For arbitrary values
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of M, both conditions cannot be simultaneously satisfied. In other words, the val-
ues of M for which physically acceptable solutions exist are quantised. Since Eq.
(9.12) contains no dimensionful parameters, the values of M must be pure num-
bers. These can be explicitly determined from the solutions of (9.12) and they take
the form [559]

M2 =4(n+1)(n+2), n=0,1,2,.... (9.13)

Using this, and M? = —g?> = M?L?/R* we derive the result that the
four-dimensional mass spectrum of scalar mesons is

M) = %«(n+1)<n+2> = 47f/'¥q¢(n+1)<n+2), (9.14)

where in the last equality we have used the expressions R?/a’ = /A and (9.2)
to write R and L in terms of gauge theory parameters. We thus conclude that the
spectrum consists of a discrete set of mesons with a mass gap given by the mass of
the lightest meson:®

M
Mmes = 471'\/5 \/_% . (9-15)
Since this result is valid at large ‘t Hooft coupling, 2 > 1, the mass of these
mesons is much smaller than the mass of two constituent quarks. In other words,
the mesons in this theory are very deeply bound. In fact, the binding energy

Eg = 2Mq — Mmes < 2Mg ~ v/AMppes (9.16)

is so large that it almost cancels the rest energy of the quarks. This is clear from the
gravity picture of “meson formation” (see Fig. 9.5), in which two strings of oppo-
site orientation stretching from the D7-brane to r = 0 (the quark—antiquark pair)
join together to form an open string with both ends on the D7-brane (the meson).
This resulting string is much shorter than the initial ones, and hence corresponds
to a configuration with much lower energy. This feature is an important difference
with quarkonium mesons in QCD, such as charmonium or bottomonium, which
are not deeply bound. Although this certainly means that caution must be exer-
cised when trying to compare the physics of quarkonium mesons in holographic
theories with the physics of quarkonium mesons in QCD, the success or failure
of these comparisons cannot be assessed at this point. We will discuss this assess-
ment in detail below, once we have learned more about the physics of holographic
mesons. Suffice it to say here that some of this physics, such as the temperature or
the velocity dependence of certain meson properties, turns out to be quite general

3 Inorderto compare this and subsequent formulas with Ref. [559] and others, note that our definition (4.17) of
g2 differs from the definition in some of those references by a factor of 2, for example g[Zhere] = 2g[2559].
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r=0

Figure 9.5 String description of a quark, an antiquark and a meson. The string
that describes the meson can be much shorter than those describing the quark and
the antiquark.

and may vyield insights into some of the challenges related to understanding the
physics of quarkonia within the QCD quark—gluon plasma.

We close this section with a consistency check. The behavior of the fluctuation
modes at infinity is related to the high energy properties of the theory. At high
energy, we can ignore the effect of the mass of the quarks and the theory becomes
conformal. The u — oo behavior is then related to the UV operator of the lowest
conformal dimension, A, that has the same quantum numbers as the meson [392,
803]. Analysis of this behavior for the solutions of Egs. (9.9) and (9.12) shows that
A = 3[559], as expected for a quark-bilinear operator.

9.3 Nonzero temperature
9.3.1 D7-brane embeddings

We now turn to the case of nonzero temperature, T # 0. This means that we must
study the physics of a D7-brane in the black brane metric (cf. Eq. (5.33))

r2 RZ
ds’ = = (- fdt? + dxf + dxg + dxg) + rz—fdrz + R?dQ2, (9.17)
where
f(r):l—:—i, ro = 7 R2T . (9.18)

The study we must perform is conceptually analogous to that of the past few
sections, but the equations are more involved and most of them must be solved
numerically. These technical details are not very illuminating, and for this reason
we will not dwell into them. Instead, we will focus on describing in detail the main
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conceptual points and results, as well as the physics behind them, which in fact can
be understood in very simple and intuitive terms.

As mentioned above, at T £ 0 all supersymmetry is broken. We therefore expect
that the D7-branes will be deformed by the non-trivial geometry. In particular, the
introduction of nonzero temperature corresponds, in the string description, to the
introduction of a black brane in the background. Intuitively, we expect that the extra
gravitational attraction will bend the D7-branes towards the black hole. This simple
conclusion, which was anticipated in previous sections, has far-reaching conse-
quences. At a qualitative level, most of the holographic physics of mesons in a
strongly coupled plasma follows from this conclusion. An example of the D7-
branes” embedding for a small value of T /M is depicted in two slightly different
ways in Fig. 9.6.

The qualitative physics of the D3/D7 system as a function of the dimensionless
ratio T /Mg is now easy to guess, and is captured by Fig. 9.7. At zero temperature
the horizon has zero size and the D7-branes span an exact hyperplane. At nonzero
but sufficiently small T /M, the gravitational attraction from the black hole pulls
the branes down but the branes’ tension can still compensate for this. The embed-
ding of the branes is thus deformed, but the branes remain entirely outside the
horizon. Since in this case the induced metric on the D7-branes has no horizon, we
will call this type of configuration a “Minkowski embedding”. In contrast, above
a critical temperature Tgiss,” the gravitational force overcomes the tension of the
branes and these are pulled into the horzion. In this case the induced metric on
the branes possesses an event horizon, inherited from that of the spacetime metric.
For this reason we will refer to such configurations as “black hole embeddings”.
Between these two types of embeddings there exists a so-called critical embedding
in which the branes just “touch the horizon at a point”. The existence of such an
interpolating solution might lead one to suspect that the phase transition between
Minkowski and black hole embeddings is continuous, i.e. of second or higher order.
However, as we will see in the next section, thermodynamic considerations reveal
that a first order phase transition occurs between a Minkowski and a black hole
embedding. In other words, the critical embedding is skipped over by the phase
transition, and near-critical embeddings turn out to be metastable or unstable.

As illustrated by the figures above, the fact that the branes bend towards the
horizon implies that the asymptotic distance between the two differs from their
minimal distance. As we will see in Section 9.3.2, the asymptotic distance is pro-
portional to the microscopic or “bare” quark mass, since it is determined by the
non-normalizable mode of the field that describes the branes’ bending. In contrast,
the minimal distance between the branes and the horizon includes thermal (and

4 The reason for the subscript will become clear shortly.
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Figure 9.6 D7-branes’ embedding for small T/Mg. The branes bend towards the
horizon, shown in dark grey. The radius of the horizon is proportional to its Hawk-
ing temperature, which is identified with the gauge theory temperature T — see
Eg. (9.18). The asymptotic position of the D7-branes is proportional to the bare
quark mass, Mq. The minimum distance between the branes and the horizon is
related to the thermal quark mass, because this is the minimum length of a string
(shown as a red wiggly line) stretching between the branes and the horizon. The
top figure shows the two relevant radial directions in the space transverse to the
D3-branes, U and u (introduced in Egs. (9.4) and (9.5)), together with the gauge
theory directions x; (time is suppressed). The horizon has topology R® x S,
where the first factor corresponds to the gauge-theory directions. This “cylinder-
like” topology is manifest in the top figure. Instead, in the bottom figure the gauge
theory directions are suppressed and the S* wrapped by the D7-branes in the space
transverse to the D3-branes is shown, as in Figs. 9.2 and 9.3. In this figure only
the S factor of the horizon is shown. Figure adapted from Ref. [256].

quantum) effects, and for this reason we will refer to the mass of a string stretching
between the bottom of the branes and the horizon (shown as a wiggly red curve in
the figures) as the “thermal” quark mass. Note that this vanishes in the black hole
phase.

Although we will come back to this important point below, we wish to emphasize
right from the start that the phase transition under discussion is not a confinement-
deconfinement phase transition, since the presence of a black hole implies that both
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Minkowski embedding Critical embedding Black hole embedding

Figure 9.7 Various D7-brane configurations in a black D3-brane background
with increasing temperature from left to right. At low temperatures, the probe
branes close off smoothly above the horizon. At high temperatures, the branes
fall through the event horizon. In between, a critical solution exists in which
the branes just “touch” the horizon at a point. The critical configuration is never
realized: a first order phase transition occurs from a Minkowski to a black hole
embedding (or vice versa) before the critical solution is reached. Figure adapted
from Ref. [256].

phases are deconfined. Instead, we will see that the branes’ phase transition corre-
sponds to the dissociation of heavy quarkonium mesons. In order to illustrate the
difference most clearly, consider first a holographic model of a confining theory, as
described in Section 5.2.2; below we will come back to the case of N' = 4 SYM.
For all such confining models, the difference between the deconfinement and the
dissociation phase transitions is illustrated in Fig. 9.8. Below T, the theory is in
a confining phase and therefore no black hole is present. At some T, a decon-
finement transition takes place, which in the string description corresponds to the
appearance of a black hole whose size is proportional to Te. If the quark mass is
sufficiently large compared to T, then the branes remain outside the horizon (top
part of the figure); otherwise they fall through the horizon (bottom part of the fig-
ure). The first case corresponds to heavy quarkonium mesons that remain bound in
the deconfined phase, and that eventually dissociate at some higher Tgiss > T¢. The
second case describes light mesons that dissociate as soon as the deconfinement
transition takes place.

Figure 9.8 also applies to A/ = 4 SYM theory with T, = 0 in the sense
that, although the vacuum of the theory is not confining, there is no black hole
at T = 0. Note also that mesons only exist provided My > 0, since other-
wise the theory is conformal and there is no particle spectrum. This means that
in /' = 4 SYM theory any meson is a heavy quarkonium meson that remains
bound for some range of temperatures above T, = 0, as described by the top part
of Fig. 9.8. In the case My = 0 we cannot properly speak of mesons, but we see
that the situation is still described by the bottom part of the figure in the sense
that in this case the branes fall through the horizon as soon as T is raised above
T.=0.
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Figure 9.8 Top: sufficiently heavy quarkonium mesons remain bound in the
deconfined phase (above T¢) and dissociate at Tgiss > Tc. Bottom: in contrast,
light mesons dissociate as soon as the deconfinement phase transitionat T = T¢
takes place. This picture also applies to A/ = 4 SYM theory with T, = 0, as
described in the main text. In A" = 4 SYM theory, the top (bottom) panel applies
when Mg > 0 (Mg = 0).

The universal character of the meson dissociation transition was emphasized in
Refs. [605, 608], which we will follow in our presentation. Specific examples were
originally seen in [92, 560, 534], and aspects of these transitions in the D3/D7
system were studied independently in [37, 38, 351, 514]. Similar holographic tran-
sitions appeared in a slightly different framework in [30, 669, 367, 58]. The D3/D7
system at nonzero temperature has been studied upon including the backreaction
of the D7-branes in Ref. [161].

9.3.2 Thermodynamics of D7-branes

In this section we shall show that the phase transition between Minkowski and
black hole embeddings is a discontinuous, first order phase transition. The reader
willing to accept this without proof can safely skip to Section 9.3.3. Since we are
working in the canonical ensemble (i.e. at fixed temperature) we must compute
the free energy density of the system per unit gauge theory three-volume, F, and
determine the configuration that minimizes it. In the gauge theory we know that
this takes the form



9.3 Nonzero temperature 361
F = Fa=4 + Fravor (9.19)

where the first term is the O(N2) free energy of the N’ = 4 SYM theory in the
absence of quarks, and the second term is the O(N:N¢) contribution due to the
presence of quarks in the fundamental representation. Since the SYM theory with-
out quarks is conformal, dimensional analysis completely fixes the first factor to be
of the form Far—s = C(A)T*#, where C is a possibly coupling-dependent coefficient
of order N2. In contrast, in the presence of quarks of mass My there is a dimen-
sionless ratio T /Mg on which the flavor contribution can depend non-trivially. Our
purpose is to determine this contribution to leading order in the large-Nc, strong
coupling limit.

Our tool is of course the dual description of the A" = 4 SYM theory with flavor
as a system of N¢ D7-brane probes in the gravitational background of N. black
D3-branes. As usual in finite-temperature physics, the free energy of the system
may be computed through the identification

BF =S, (9.20)

where 8 = 1/T and & is the Euclidean action of the system. In our case this takes
the form

& = &ugra + 537 . (9-21)

The first term is the contribution from the black hole gravitational background
sourced by the D3-branes, and is computed by evaluating the Euclideanized super-
gravity action on this background. The second term is the contribution from the
D7-branes, and is computed by evaluating the Euclidean version of the DBI action
(4.18) on a particular D7-brane configuration. The decomposition (9.21) is the dual
version of that in (9.19). The supergravity action scales as 1/g2 ~ N2, and thus
yields the free energy of the ' = 4 SYM theory in the absence of quarks, i.e. we
identify

Sugra = BFn=a . (9.22)

Similarly, the D7-brane action scales as N /gs ~ NcNy, and represents the flavor
contribution to the free energy:

S7 = ,3 Fp7 = ,3 Fhiavor - (9-23)

We therefore conclude that we must first find the solutions of the equations of
motion of the D7-branes for any given values of T and My, then evaluate their
Euclidean actions, and finally use the identification above to compare their free
energies and determine the thermodynamically preferred configuration.

As explained above, in our case solving the D7-brane equations of motion just
means finding the function U (u), which is determined by the condition that the
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D7-brane action be extremized. This leads to an ordinary, second order, nonlinear
differential equation for U (u). Its precise form can be found in e.g. Ref. [608], but
is not very illuminating. However, it is easy to see that it implies the asymptotic,
large-u behavior

_mrp crg
U(U) = ﬁ + 2ﬁu2

where m and c are constants. The factors of ro have been introduced to make these
constants dimensionless, whereas the numerical factors have been chosen to facili-
tate comparison with the literature. As usual (and, in particular, as in Section 5.1.5),
the leading and subleading terms correspond to the non-normalizable and to the
normalizable modes, respectively. Their coefficients are therefore proportional to
the source and the expectation values of the corresponding dual operator in the
gauge theory. In this case, the position of the brane U (u) is dual to the quark mass
operator O, ~ v, so mand ¢ are proportional to the quark mass and the quark
condensate, respectively. The precise form of Oy, can be found in Ref. [539], where
it is shown that the exact relation between m, c and Mgy, (On) is

4+, (9.24)

rom 1
Mg= = = ——+/ATm, (9.25)
a 231202 2./2
1
(Om) = =233 N¢ Tpardc = _S—ﬁﬁ Nt N.T3c. (9.26)
In particular, we recover the fact that the asymptotic value
. mro
L=IlimUu =— 9.27
Jim VW =5 ©27)

is related to the quark mass through Eq. (9.2), as anticipated in previous sections.
Itis interesting to note that the dimensionless mass m is given by the simple ratio

M
m=—, 9.28
- (9.28)
where
_ 2/ 2M M
M = V/2Mq = (9.29)
N 27

is (up to a constant) precisely the meson gap at zero temperature, given in
Eq. (9.15). As mentioned in Section 9.2.1, and as we will elaborate upon in Sec-
tion 9.4.3, O, must be thought of as the analogue of a heavy or light quark bilinear
operator in QCD depending on whether the ratio M/ T ~ m is large or small,
respectively.

The constants m and ¢ can be understood as the two integration constants that
completely determine a solution of the second order differential equation obeyed
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Figure 9.9 Quark condensate c versus T/M = 1/m. The blue dashed (red contin-
uous) curves correspond to the Minkowski (black hole) embeddings. The dotted
vertical line indicates the precise temperature of the phase transition. The point
where the two branches meet corresponds to the critical embedding. Figures taken
from Refs. [605, 608].

by U (u). Mathematically, these two constants are independent, but the physical
requirement that the solution be regular in the interior relates them to one another.
The equation for U (u) can be solved numerically (see, e.g. Ref. [608]), and the
resulting possible values of ¢ for each value of m are plotted in Fig. 9.9. We see
from the “large scale” plot above that c is a single-valued function of m for most
values of the latter. However, the zoom-in plot below shows that, in a small region
around 1/m = T/M =~ 0.766, three values of c are possible for a given value of m;
a pictorial representation of a situation of this type is shown in Fig. 9.10. This multi-
valuedness is related to the existence of the phase transition which, as we will see,
proceeds between points A and B through a discontinuous jump in the quark con-
densate and other physical quantities. The point in Fig. 9.9 where the Minkowski
and the black hole branches meet corresponds to the critical embedding.
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Figure 9.10 Some representative D7-brane embeddings from the region in which
¢ is multi-valued. The three profiles correspond to the same value of m but dif-
fer in their value of c. Two of them, represented by blue, dashed curves, are of
Minkowski type. The third one, represented by a red, continuous curve, is a black
hole embedding.

Having determined the regular D7-brane configurations, one must now com-
pute their free energies and compare them in order to determine which one is
preferred in the multivalued region. The result is shown in Fig. 9.11(top), where
the normalization constant is given by [605, 608]

27T2NfTD7rg AN+ N

= = TS, .
N 4T 64 (9.30)

The plot on the right shows the classic “swallow tail” form, typically associated
with a first order phase transition. As anticipated, Minkowski embeddings have the
lowest free energy for temperatures T < Tgiss, Whereas the free energy is mini-
mized by black hole embeddings for T > Tgiss, With Tgiss =~ 0.77M (i.e. m ~ 1.3).
At T = Tgiss the Minkowski and the black hole branches meet and the thermody-
namically preferred embedding changes from one type to the other. The first order
nature of the phase transition follows from the fact that several physical quantities
jump discontinuously across the transition. An example is provided by the quark
condensate which, as illustrated in Fig. 9.9, makes a finite jump between the points
labelled A and B. Similar discontinuities also appear in other physical quantities,
like the entropy and energy density. These are easily obtained from the free energy
through the usual thermodynamic relations

oF
—aT
and the results are shown in Fig. 9.11. From the plots of the energy density one can
immediately read off the qualitative behavior of the specific heat c, = 9E/9T.
In particular, note that this slope must become negative as the curves approach the
critical solution, indicating that the corresponding embeddings are thermodynam-
ically unstable. Examining the fluctuation spectrum of the branes, we will show
that a corresponding dynamical instability, manifested by a meson state becoming
tachyonic, is present exactly for the same embeddings for which ¢, < 0. One may

S= E=F+TS, (9.31)
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Figure 9.11 Free energy, entropy and ener%y densities for a D7-brane in a black
D3-brane background; note that AV o T°. The blue dashed (red continuous)
curves correspond to the Minkowski (black hole) embeddings. The dotted ver-
tical line indicates the precise temperature of the phase transition. Figures taken
from Refs. [605, 608].

have thought that the phases near the critical point were metastable and thus acces-
sible by “super-cooling” the system, but instead it turns out that over much of the
relevant regime such phases are unstable.

We see from (9.30) that A" ~ AN:N; T2, which means that the leading contri-
bution of the D7-branes to all the various thermodynamic quantities will be order
ANcN¢, in comparison to N2 for the usual bulk gravitational contributions. The
Nc.N¢ dependence, anticipated below Eq. (9.19), follows from large-N; counting.
In contrast, as noted in Refs. [605, 607], the factor of A represents a strong coupling
enhancement over the contribution of a simple free-field estimate for the NcN¢
fundamental degrees of freedom. From the viewpoint of the string description,
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this enhancement is easy to understand by reexamining the relative normalization
of the two terms in Eq. (9.21) more carefully than we did above. Ignoring only
order-one, purely numerical factors, the supergravity action scales as 1/G, with
G ~ g2¢8 the ten-dimensional Newton’s constant, whereas the D7-brane action
scalesas Nt Tp7 ~ N¢/ gszg. The ratio between the two normalizations is therefore

ANt

GN¢Tp7 ~ gsN¢ ~ g°N¢ ~ e
C

(9.32)

Thus the flavor contribution is suppressed with respect to the leading O(N2) con-
tribution by ANt /Nq, i.e. it is of order AN.N¢. We will come back to this point in
the next section.

As the calculations above were all performed in the limit Ne, A — oo (with Ny
fixed), it is natural to ask how the detailed results depend on this approximation.
Since the phase transition is first order, we expect that its qualitative features will
remain unchanged within a finite radius of the 1/Nc, 1/A expansions. Of course,
finite-N; and finite-A corrections may eventually modify the behavior described
above. For example, at large but finite N, the black hole will emit Hawking radia-
tion and each bit of the probe branes will experience a thermal bath at a temperature
determined by the local acceleration. Similarly, finite *t Hooft coupling corrections,
which correspond to higher derivative corrections both to the supergravity action
and the D-brane action, will become important if the spacetime or the brane curva-
tures become large. It is certainly clear that both types of corrections will become
more and more important as the lower part of a Minkowski brane approaches
the horizon, since as this happens the local temperature and the branes (intrin-
sic) curvature at their tip increase. However, at the phase transition the minimum
separation between the branes and the horizon is not parametrically small, and
therefore the corrections above can be made arbitrarily small by taking N. and A
sufficiently large but still finite. This confirms our expectation on general grounds
that the qualitative aspects of the phase transition should be robust within a finite
radius around the 1/N. = 0, 1/1 = 0 point. Of course, these considerations do not
tell us whether the dissociation transition is first order or a crossover at N, = 3.

9.3.3 Quarkonium thermodynamics

We have seen above that, in a large class of strongly coupled gauge theories with
fundamental matter, this matter undergoes a first order phase transition described
on the gravity side by a change in the geometry of the probe D-branes. In this
section we will elaborate on thermodynamical aspects of this transition from the
gauge theory viewpoint. Once we have learned more about the dynamics of holo-
graphic mesons in subsequent sections, in Section 9.4.3 we will return to the gauge
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theory viewpoint and discuss possible implications for the dynamics of quarkonium
mesons in the QCD plasma.

The temperature scale at which the phase transition takes place is set by the
meson gap at zero temperature, Tgiss ~ Mmes. As Well as giving the mass gap in
the meson spectrum, 1/ My is roughly the characteristic size of these bound states
[460, 637]. The gluons and other adjoint fields are already in a deconfined phase at
Taiss, SO this new transition is not a confinement/deconfinement transition. Rather,
the most striking feature of the new phase transition is the change in the meson
spectrum, and so we refer to it as a “dissociation” or “melting” transition.

In the low temperature phase, below the transition, stable mesons exist and their
spectrum is discrete and gapped. This follows from the same general principles as
in the zero-temperature case. The meson spectrum corresponds to the spectrum of
normalizable fluctuations of the D7-branes around their fiducial embedding. For
Minkowski embeddings the branes close off smoothly outside the black hole hori-
zon and the admissible modes must also satisfy a regularity condition at the tip of
the branes. On general grounds, we expect that the regular solution at the tip of the
branes evolves precisely into the normalizable solution at the boundary only for a
certain set of discrete values of the meson mass. We will study the meson spectrum
in detail in Section 9.4.1, and in Section 9.4.2 we will see that mesons acquire finite
decay widths at finite N, or finite coupling. Since the phase under consideration is
not a confining phase, we can also introduce deconfined quarks into the system,
represented by fundamental strings stretching between the D7-branes and the hori-
zon. At a figurative level, in this phase we might describe quarks in the adjoint
plasma as a “suspension”. That is, when quarks are added to this phase, they retain
their individual identities. More technically, we may just say that quarks are well
defined quasiparticles in the Minkowski phase.

In the high temperature phase, at T > Tgiss, N0 Stable mesons exist. Instead,
as we will discuss in more detail in Section 9.5, the excitations of the fundamen-
tal fields in this phase are characterised by a discrete spectrum of quasinormal
modes on the black hole embeddings [469, 638]. The spectral function of some
two-point meson correlators in the holographic theory, of which we will see an
example in Section 9.5.2, still exhibits some broad peaks in a regime just above
Taiss» Which suggests that a few broad bound states persist just above the dissoci-
ation phase transition [638, 604]. This is analogous to the lattice approach, where
similar spectral functions are examined to verify the presence or absence of bound
states. Hence, identifying Tgiss With the dissociation temperature should be seen as
a (small) underestimate of the temperature at which mesons completely cease to
exist. An appropriate figurative characterization of the quarks in this high temper-
ature phase would be as a “solution”. If one attempts to inject a localized quark
charge into the system, it quickly falls through the horizon, i.e. it spreads out
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across the entire plasma and its presence is reduced to diffuse disturbances of the
supergravity and worldvolume fields, which are soon damped out [469, 638]. Tech-
nically speaking, we may just state that quarks are not well-defined quasiparticles
in the black hole phase.

The physics above is potentially interesting in connection with QCD since, as
we reviewed in Sections 2.4 and 3.3, evidence from several sources indicates that
heavy quarkonium mesons remain bound in a range of temperatures above T..
We will analyze this connection in more detail in Section 9.4.3, once we have
learned more about the properties of holographic mesons in subsequent sections.
Here we would just like to point out one simple physical parallel. The question of
quarkonium bound states surviving in the quark—gluon plasma was first addressed
by comparing the size of the bound states to the screening length in the plasma
[609]. In the D3/D7 system, the size of the mesons can be inferred, for exam-
ple, from the structure functions, and the relevant length scale that emerges is
Omes ~ A/ Mg [460]. This can also be heuristically motivated as follows. As
discussed in Section 5.4 (see Eq. (5.86)) at zero temperature the potential between
a quark—antiquark pair separated by a distance ¢ is given by

Vi

Vo~ —— 9.33
i (033)

We can then estimate the size dnes 0 @ meson by requiring Eg ~ |V (Omes)|, Where
Esg is the binding energy (9.16).° This gives
Vi Va1 R

Cmes Ee Mg Mpes L°
The last equality follows from Eq. (9.14) and is consistent with expectations based
on the UV/IR correspondence [637], since on the gravity side mesons are excita-
tions nearr = L. Just for comparison, we remind the reader that the weak coupling
formula for the size of quarkonium is dyeax ~ 1/(g? Mg).

One intuitive way to understand why a meson has a very large size compared
to its inverse binding energy or to the inverse quark mass is that, owing to strong
coupling effects, the quarks themselves have an effective size of order dpes. The
effective size of a quark is defined as the largest of the following two scales: (i)
its Compton wavelength, or (ii) the distance between a quark—antiquark pair at
which their potential energy is large enough to pair-produce additional quarks
and antiquarks. In a weakly coupled theory (i) is larger, whereas in a strongly
coupled theory (ii) is larger. From Eq. (9.33) we see that this criterion gives an
effective quark size of order \/X/Mq instead of 1/Mq. This heuristic estimate is

(9.34)

5 Equation (9.16) was derived at zero temperature, but as we will see in Section 9.4.1 it is also parametrically
correct at nonzero temperature.
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supported by an explicit calculation of the size of the gluon cloud that dresses a
quark [465]. These authors computed the expectation value (TrF2(x)) sourced by
a quark of mass My and found that the characteristic size of the region in which
this expectation value is nonzero is precisely +/A/Mg.

As reviewed in Section 5.4.2, holographic studies of Wilson lines at nonzero
temperature [712, 190] reveal that the relevant screening length of the SYM plasma
is of order Ls ~ 1/T - see Eq. (8.182). The argument that the mesons should
dissociate when the screening length is shorter than the size of these bound states
then yields Tgiss ~ Mq/ﬁ ~ Mpmes, in agreement with the results of the detailed
calculations explained in previous sections. We thus see that the same physical
reasoning which, as we saw in Sections 2.4 and 3.3, has been used in QCD to
estimate the dissociation temperature of, e.g., the J/ meson can also be used to
understand the dissociation of mesons in the A/ = 4 SYM theory. This may still
seem counterintuitive in view of the fact that the binding energy of these mesons is
much larger that Tyss. In other words, one might have expected that the temperature
required to break apart a meson would be of the order of the binding energy, Eg ~
My, instead of being parametrically smaller,

Taiss ~ Mmes ~ EB/\/X. (9.35)

However, this intuition relies on the expectation that the result of dissociating a
meson is a quark—antiquark pair of mass 2Mg. The gravity description makes it
clear that this is not the case at strong coupling, since above Tgiss the branes fall
through the horizon. Heuristically, one may say that this means that the “con-
stituent” or “thermal” mass of the quarks becomes effectively zero. However, a
more precise statement is simply that in the black hole phase quark-like quasipar-
ticles simply do not exist, and therefore for the purpose of the present discussion it
becomes meaningless to attribute a mass to them.

One point worth emphasizing is that there are two distinct processes that are
occurring at T ~ Mnes. If we consider, for example, the entropy density in
Fig. 9.11, we see that the phase transition occurs in the midst of a crossover sig-
naled by a rise in S/T3. We may write the contribution of the fundamental matter
to the entropy density as

1
Savor = g)x Nt N¢ T3H x), (9.36)

where X = AT?/Mq and H (x) is the function shown in the plot of the free energy
density in the top panels of Fig. 9.11. H rises from 0 at x = 0to 2 as X — oo,
but the most dramatic part of this rise occurs in the vicinity of x = 1. Hence
it seems that new degrees of freedom, i.e. the fundamental quarks, are becoming
“thermally activated” at T ~ Mpmes. We note that the phase transition produces
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a discontinuous jump in which H only increases by about 0.07, i.e. the jump at
the phase transition only accounts for about 3.5% of the total entropy increase.
Thus the phase transition seems to play a small role in this crossover and produces
relatively small changes in the thermal properties of the fundamental matter, such
as the energy and entropy densities.

As Mpes Sets the scale of the mass gap in the meson spectrum, it is tempting
to associate the crossover above with the thermal excitation of mesonic degrees of
freedom. However, the pre-factor A Nt N in (9.36) indicates that this reasoning
is incorrect: if mesons provided the relevant degrees of freedom, we should have
Stavor X N?. Such a contribution can be obtained either by a one-loop calcula-
tion of the fluctuation determinant around the classical D7-brane configuration, or
by taking into consideration the D7-branes’ backreaction to second order in the
Nt /N¢ expansion as in [278, 382, 339, 161]. One can make an analogy here with
the entropy of a confining theory (cf. Section 5.2.2). In the low temperature, con-
fining phase the absence of a black hole horizon implies that the classical-gravity
saddle point yields zero entropy, which means that the entropy is zero at order N2.
One must look at the fluctuation determinant to see the entropy contributed by the
supergravity modes, i.e. by the gauge singlet glueballs, which is of order N?.

We thus see that the factor of Nt N in Siaver is Naturally interpreted as counting
the number of degrees of freedom associated with deconfined quarks, with the
factor of A demonstrating that the contribution of the quarks is enhanced at strong
coupling. A complementary interpretation of (9.36) comes from reorganizing the
pre-factor as

AN¢ Ne = (g°N¢) NZ. (9.37)

The latter expression suggests that the result corresponds to the first order cor-
rection of the adjoint entropy due to quark loops. As explained at the end of
Section 5.5.1, we are working in a *“not quite” quenched approximation, in that
contributions of the D7-branes represent the leading order contribution in an expan-
sion in N¢ /N, and so quark loops are suppressed but not completely. In view of
the discussion below Eq. (9.32), it is clear that the expansion for the classical gra-
vitational backreaction of the D7-branes is controlled by AN /N, = g°N;. Hence
this expansion corresponds to precisely the expansion in quark loops on the gauge
theory side.

We conclude that the strongly coupled theory brings together these two oth-
erwise distinct processes. That is, because the N/ = 4 SYM theory is strongly
coupled at all energy scales, the dissociation of the quarkonium bound states and
the thermal activation of the quarks happen at essentially the same temperature.
Note that this implies that the phase transition should not be thought of as exclu-
sively associated with a discontinuous change in the properties of mesons — despite
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A

Figure 9.12 A qualitative representation of the simplest possibility interpolating
between the weak and the strong coupling regimes in N’ = 4 SYM theory. The
solid and the dotted black curves correspond to T = Tyjss. At strong coupling
this corresponds to a first order phase transition (solid black curve), whereas at
weak coupling it corresponds to a crossover (dotted black curve). The solid and
the dashed red curves correspond to T = Tactivate- At Strong coupling this takes
place immediately after the phase transition, whereas at weak coupling it is widely
separated from Tyjgs.

the fact that this is the aspect that is more commonly emphasized. The phase
transition is also associated with a discontinuous change in the properties of
quarks since, as explained above, these exist as well-defined quasiparticles in
the Minkowski phase but not in the black hole phase. In fact, as the discussion
around Eqg. (9.37) makes clear, in the O(N¢ Nc) - approximation considered here
the observed discontinuous jump in the thermodynamic functions comes entirely
from the discontinuous change in the properties of quarks. In this approximation,
the discontinuous jump in the thermodynamic functions associated with the dis-
continuous change in the properties of mesons simply cannot be detected, since it
is of order NZ and its determination would require a one-loop calculation. Fortu-
nately, however, the change in the mesons’ properties can be inferred, e.g. from the
comparison of their spectra above and below Tyigs.

It is instructive to contrast this behavior with that which is expected to occur at
weak coupling. In this regime, one expects that the dissociation of the quarkonium
mesons may well be just a crossover rather than a (first order) transition. More-
over, since the weakly bound mesons are much larger than 1/Mpyes ~ 1/(2My),
their dissociation transition will occur at a Tgiss that is much lower than M. On
the other hand, the quarks would not be thermally activated until the temperature
Tactivate ~ Mg, above which the number densities of unbound quarks and antiquarks
are no longer Boltzmann-suppressed. Presumably, the thermal activation would
again correspond to a crossover rather than a phase transition. The key point is that
these two temperatures are widely separated at weak coupling. Figure 9.12 is an
“artistic” representation of the simplest behavior that would interpolate between
strong and weak coupling. One might expect that the dissociation point and the
thermal activation are very close for A >> 1. The line of first order phase transitions
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must end somewhere and so one might expect that it terminates at a critical point
around A ~ 1. Below this point, both processes would only represent crossovers
and their respective temperatures would diverge from one another, approaching the
weak coupling behavior described above.

We close with a comment about a possible comparison to QCD. Although it
would be interesting to look for signs of a crossover or a phase transition associated
with quarkonium dissociation, for example in lattice QCD, the above discussion
makes it clear that much caution must be exercised in trying to compare with the
holographic results described here. The differences can be traced back to the fact
that, unlike the holographic theory considered here, QCD is not strongly coupled
at the scale set by the mass of the heavy quark or of the corresponding heavy
quarkonium meson. For this reason, in QCD the binding energy of a quarkonium
meson is Eg <« Mmes < 2Mg and, since one expects that Tgiss ~ Eg, this
implies that at the dissociation temperature the quarkonium contribution to (say)
the total entropy density would be Boltzmann suppressed, i.e. it would be of order
Siavor ~ N% exp(—Mmes/ Taiss) < 1. In contrast, in the holographic set-up there
is no exponential suppression because Tgiss ~ Mmes. Note also that the quarko-
nium contribution should scale as N?, and therefore the exponential suppression is
a further suppression on top of the already small one-loop contribution discussed
in the paragraph above Eq. (9.37). That is, there are two sources of suppression
relative to the leading O (Nt N¢) - contribution in the holographic theory. Although
Nt /Nc is not small in QCD, the Boltzmann suppression is substantial and will
likely make the thermodynamic effects of any quarkonium dissociation transition
quite a challenge to identify.

9.4 Quarkonium mesons in motion and in decay

In previous sections, we examined the thermodynamics of the phase transition
between Minkowski and black hole embeddings, and we argued that from the
gauge theory viewpoint it corresponds to a meson-dissociation transition. In par-
ticular, we argued that quarkonium bound states exist on Minkowski embeddings,
i.e. at T < Tyiss, that they are absolutely stable in the large-Nc, strong coupling
limit, and that their spectrum is discrete and gapped. We will begin Section 9.4.1
by studying this spectrum quantitatively, which will allow us to understand how
the meson spectrum is modified with respect to that at zero temperature, described
in Section 9.2.2. The spectrum on black hole embeddings will be considered in
Section 9.5.

After describing the spectrum of quarkonium mesons at rest, we will determine
their dispersion relations. This will allow us to study mesons in motion with respect
to the plasma and, in particular, to determine how the dissociation temperature
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depends on the meson velocity. As discussed in Section 2.4, one of the hallmarks
of a quark—gluon plasma is the screening of colored objects. Heavy quarkonia
provide an important probe of this effect since the existence (or absence) of quark—
antiquark bound states and their properties are sensitive to the screening properties
of the medium in which they are embedded. In Section 8.7 we studied this issue
via computing the potential between an external quark-antiquark pair, at rest in
the plasma or moving through it with velocity v. In particular, we found that the
dissociation temperature scales with v as

Taiss (V) = Taiss(v = 0)(1 — v?)M*, (9.38)

which could have important implications for the phenomenon of quarkonium sup-
pression in heavy ion collisions. By studying dynamical mesons in a thermal
medium, we will be able to reexamine this issue in a more “realistic” context.

We will show in Section 9.4.2 that both finite-N. and finite-coupling corrections
generate nonzero meson decay widths, as one would expect in a thermal medium.
We shall find that the dependence of the widths on the meson momentum yields
further understanding of how (9.38) arises.

We will close in Section 9.4.3 with a discussion of the potential connections
between the properties of quarkonium mesons in motion in a holographic plasma
and those of quarkonium mesons in motion in the QCD plasma.

9.4.1 Spectrum and dispersion relations

In order to determine the meson spectrum on Minkowski embeddings, we proceed
as in Section 9.2.2. For simplicity we will focus on fluctuations of the position of
the branes U (u) with no angular momentum on the S*, i.e. we write

sU = U(u)e'*tdax (9.39)

The main difference between this equation and its zero-temperature counterpart
(9.10) is that in the latter case Lorentz invariance implies the usual relation
w? — g% = M? between the energy o, the spatial three-momentum g, and the mass
M of the meson. At nonzero temperature, boost invariance is broken because the
plasma defines a preferred frame in which it is at rest and the mesons develop
a non-trivial dispersion relation w(q). In the string description this is determined
by requiring normalizability and regularity of Z/(u): For each value of g, these two
requirements are mutually compatible only for a discrete set of values wn(q), where
different values of n label different excitation levels of the meson. We define the
“rest mass” of a meson as its energy w (0) at vanishing three-momentum, g = 0, in
the rest frame of the plasma.
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Figure 9.13 Meson mass spectrum M? = ?|q—o versus T in units of M for
Minkowski embeddings in the D3/D7 system. Continuous curves correspond to
radially excited mesons with radial quantum number n = 0, 1, 2 from bottom to
top, respectively. Dashed lines correspond to mesons with angular momentum on
the S°. The dashed vertical line indicates the temperature of the phase transition.
Note that modes become tachyonic slightly beyond this temperature. Figure taken
from Ref. [608].

Figure 9.13 shows the rest mass of the mesons as a function of temperature and
quark mass. Note that in the zero-temperature limit, the spectrum coincides with
the zero-temperature spectrum (9.14). In particular, the lightest meson has a mass
squared matching Eq. (9.29): M2 = 472M? ~ 39.5 M2,

The meson masses decrease as the temperature increases. Heuristically, this can
be understood in geometrical terms from Fig. 9.6, which shows that the thermal
quark mass My, decreases as the temperature increases and the tip of the D7-
branes gets closer to the black hole horizon. The thermal shift in the meson masses
becomes more significant at the phase transition, and slightly beyond this point
some modes actually become tachyonic. This happens precisely in the same region
in which Minkowski embeddings become thermodynamically unstable because
cv < 0. In other words, Minkowski embeddings develop thermodynamic and
dynamic instabilities at exactly the same T /M, just beyond that at which the first
order dissociation transition occurs.

We now turn to quarkonium mesons moving through the plasma, that is to modes
with g # 0. The dispersion relation for scalar mesons was first computed in
Ref. [608] and then revisited in Ref. [336]. The dispersion relation for (transverse)
vector mesons appeared in Ref. [255]. An exhaustive discussion of the dispersion
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Figure 9.14 Left: dispersion relation for the transverse (black, continuous curve)
and longitudinal (red, dashed curve) n = 0 modes of a heavy vector meson with
viim = 0.35 in the A = 4 SYM plasma. The dual D7-brane has m = 1.3,
corresponding to a temperature just below Tgiss. Right: analogous curves for a
scalar (black, continuous curve) and pseudoscalar (red, dashed curve) meson. In
both plots the blue, continuous straight lines correspond to w = vq for some
v such that vjm < v < 1. The black, dotted, vertical lines mark the crossing
points between the meson dispersion relations and the blue lines. Figure taken
from Ref. [256].

relations for all these cases can be found in Ref. [256]. The result for the lowest-
lying (n = 0) vector, scalar and pseudoscalar quarkonia is shown in Fig. 9.14.
Figure 9.15 shows the group velocity vy = dw/dq for the n = 0 scalar mesons at
three different temperatures.

An important feature of these plots is their behavior at large momentum. In this
regime we find that w grows linearly with g. Naively, one might expect that the
constant of proportionality should be one. However, one finds instead that

® = Vim(, (9.40)

where vjim < 1 and where v}, depends on m = M/ T but at a given temperature is
the same for all quarkonium modes. In the particular case of m = 1.3, illustrated
in Fig. 9.14, one has v;m =~ 0.35. In other words, there is a subluminal limiting
velocity for quarkonium mesons moving through the plasma. And, as illustrated in
Fig. 9.15, one finds that the limiting velocity decreases with increasing tempera-
ture. Figure 9.15 also illustrates another generic feature of the dispersion relations,
namely that the maximal group velocity is attained at some g, < oo and as q is
increased further the group velocity approaches vjin from above. Since vg at gm
is not much greater than vy;m, we will not always distinguish between these two
velocities. We will come back to the physical interpretation of g, at the end of this
section.

The existence of a subluminal limiting velocity, which was discovered in [608]
and subsequently elaborated upon in [336], is easily understood from the perspec-
tive of the dual gravity description [608, 336]. Recall that mesonic states have wave
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Figure 9.15 Group velocities vg for n = 0 scalar meson modes with T/ Tgiss &~
0.65, 0.92 and 1 from top to bottom. We see that the group velocities approach
a limiting value vjjm at large q with vim < 1 and with v)j, decreasing with
increasing temperature. (vjim would approach zero if we included the unstable
Minkowski embeddings with T > Tgiss.) The group velocity approaches its large-
g value vjim from above, i.e. vy reaches a maximum before settling into the
limiting velocity vjim. The maximum exists also for the top curve even though
it is less clearly visible. We will refer to the momentum at which vg reaches
the maximum as gm. Clearly g decreases with temperature. Figure taken from
Ref. [336].

functions supported on the D7-branes. Since highly energetic mesons are strongly
attracted by the gravitational pull of the black hole, their wave function is very
concentrated at the bottom of the branes (see Fig. 9.6). Consequently, their veloc-
ity is limited by the local speed of light at that point. As seen by an observer at the
boundary, this limiting velocity is

, (9.41)

Vlim = +/ — 0t/ Oxx tip

where g is the induced metric on the D7-branes. Because of the black hole redshift,
viim IS lower than the speed of light at infinity (i.e. at the boundary), which is nor-
malized to unity. Note that, as the temperature increases, the bottom of the brane
gets closer to the horizon and the redshift becomes larger, thus further reducing
viim; this explains the temperature dependence in Fig. 9.15. In the gauge the-
ory, the above translates into the statement that v, is lower than the speed of
light in the vacuum. The reason for this interpretation is that the absence of a
medium in the gauge theory corresponds to the absence of a black hole on the
gravity side, in which case v;m = 1 everywhere. Eq. (9.41) yields v}, ~ 0.35 at
m = 1.3, in agreement with the numerical results displayed in Fig. 9.14.

It is also instructive to plot v}, as a function of T/ Tyiss, as done in Fig. 9.16.
Although this curve was derived as a limiting meson velocity at a given tempera-
ture, it can also be read (by asking where it cuts horizontal lines rather than vertical
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Figure 9.16 Top panel: the solid blue curve is the limiting velocity vjim, as a func-
tion of T/Tyiss, Where Tyiss is the temperature of the dissociation transition at
zero velocity. The dissociation transition occurs at the dot, where vjj;m = 0.27.
The dashed black curve is the approximation obtained by setting f(v) = 1 in
Eq. (9.42). Bottom panel: f (v), the ratio of the solid and dashed curves in the left
panel at a given v. We see that f (v) is within a few percent of 1 at all velocities.
Figure taken from Ref. [336].

ones) as giving Tgiss(v), the temperature below which mesons with a given velocity
v are found and above which no mesons with that velocity exist. In order to com-
pare this result for Tgiss at all velocities to (9.38), one can parametrize the curve in
Fig. 9.16 as

Taiss(V) = T (©)(1 — v?)M* Tyiss(0) . (9.42)

In the upper panel of Fig. 9.16, the dashed line is obtained by setting f (v) = 1,
which is of course just (9.38). In the lower panel, f (v) is shown to be close to 1 for
all velocities, varying between 1.021 at its maximum and 0.924 at v = 1. Recall
that the scaling (9.38) was first obtained via the analysis of the potential between
a moving test quark and antiquark, as described in Section 8.7. The weakness of
the dependence of f (v) on v is a measure of the robustness with which that sim-
ple scaling describes the velocity dependence of the dissociation temperature for
quarkonium mesons in a fully dynamical calculation. In other words, to a good
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approximation ;i (T) can be determined by setting v = wvji,, on the right-hand

side of (9.38), yielding
T 4

Thus we reach a rather satisfactory picture that the subluminal limiting veloc-
ity (9.40) is in fact a manifestation in the physics of dynamical mesons of the
velocity-enhanced screening of Section 8.7. However, in the case of the low-spin
mesons whose dynamics we are considering in this section, there is an important
addition to our earlier picture. Although the quarkonium mesons have a limit-
ing velocity, they can nevertheless manage to remain bound at arbitrarily large
momenta thanks to their modified dispersion relations. The latter allow the group
velocity to remain less than vjim, and consequently Tgiss(v) as given in (9.38) to
remain higher than T, all the way out to arbitrarily large momenta. In other words,
there exist meson bound states of arbitrarily large spatial momentum, but no mat-
ter how large the momentum the group velocity never exceeds vjim. In this sense,
low-spin mesons realize the first of two simple possibilities by which mesons may
avoid exceeding v;m. A second possibility, more closely related to the analysis
of Section 8.7, is that meson states with momentum larger than a certain value
simply cease to exist. This possibility is realized in the case of high-spin mesons.
Provided J > 1, these mesons can be reliably described as long, semi-classical
strings whose ends are attached to the bottom of the D7-branes. The fact that the
endpoints do not fall on top of one another is of course due to the fact that they are
rotating around one another in such a way that the total angular momentum of the
string is J. These type of mesons were first studied [559] at zero temperature, and
subsequently considered at nonzero temperature in Ref. [674]. These authors also
studied the possibility that, at the same time that the endpoints of the string rotate
around one another in a given plane, they also move with a certain velocity in the
direction orthogonal to that plane. The result of the analysis was that, for a fixed
spin J, string solutions exist only up to a maximum velocity vjim < 1.

As we saw in Fig. 9.15, the group velocity of quarkonium mesons reaches a
maximum at some value of the momentum g = g, before approaching the limiting
value vjim. There is a simple intuitive explanation for the location of gq: it can
be checked numerically that gn is always close to the “limiting momentum” Qjim
that would follow from (9.38) if one assumes the standard dispersion relation for
the meson. Thus, g, can be thought of as a characteristic momentum scale where
the velocity-enhanced screening effect starts to be important. For the curves in
Fig. 9.15, to the left of the maximum one finds approximately standard dispersion
relations with a thermally corrected meson mass. To the right of the maximum,
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the dispersion relations approach the limiting behavior (9.40), with vy approaching
viim, @S & consequence of the enhanced screening.

9.4.2 Decay widths

We saw above that at T < Tgiss (Minkowski embeddings) there is a discrete and
gapped spectrum of absolutely stable quarkonium mesons, i.e. the mesons have
zero width. The reason is that in this phase the D-branes do not touch the black
hole horizon. Since the mesons’ wave functions are supported on the branes, this
means that the mesons cannot fall into the black hole. In the gauge theory this
translates into the statement that the mesons cannot disappear into the plasma,
which implies that the meson widths are strictly zero in the limit N., A — oo. This
conclusion only depends on the topology of the Minkowski embedding. In partic-
ular, it applies even when higher order perturbative corrections in «’ are included,
which implies that the widths of mesons should remain zero to all orders in the
perturbative 1/+/ expansion. In contrast, in the black hole phase the D-branes fall
into the black hole and a meson has a nonzero probability of disappearing through
the horizon, that is, into the plasma. As a consequence, we expect the mesons to
develop thermal widths in the black hole phase, even in the limit No, A — oo.
In fact, as we will see in Section 9.5, the widths are generically comparable to
the energies of the mesons, and hence the mesons can no longer be interpreted as
quasiparticles.

We thus encounter a somewhat unusual situation: the quarkonium mesons are
absolutely stable for T < Tgiss, but completely disappear for T > Tgiss. The former
is counterintuitive because, on general grounds, we expect that any bound states
should always have a nonzero width when immersed in a medium with T > 0.
In the case of these mesons, we expect that they can decay and acquire a width
through the following channels:

(1) decay to gauge singlets such as glueballs, lighter mesons, etc;
(2) break up by high energy gluons (right-hand diagram in Fig. 9.17);
(3) break up by thermal medium quarks (left-hand diagram in Fig. 9.17).

Process (1) is suppressed by 1/N2 (glueballs) or 1/ N, (mesons), while (2) and (3)
are unsuppressed in the large-N limit. Since (1) is also present in the vacuum, we
will focus on (2) and (3), which are medium effects. They are shown schematically
in Fig. 9.17.

The width due to (2) is proportional to a Boltzmann factor e #E# for creat-
ing a gluon that is energetic enough to break up the bound state, while that due
to (3) is proportional to a Boltzmann factor e #Mt for creating a thermal quark,
where My, is the thermal mass of the quark — see Fig. 9.6. Given Eq. (9.35) and



380 Quarkonium mesons in strongly coupled plasma

N
¥

Figure 9.17 Sketches taken from Ref. [347] showing the relevant thermal pro-
cesses contributing to the meson width. g (q) denotes a quark (antiquark). The
left-hand diagram corresponds to the breakup of a meson by a quark from the ther-
mal medium, while the right-hand diagram corresponds to break up of a meson
by an energetic gluon. For large A the first process is dominant, coming from the
single instanton sector.

the fact that in the Minkowski phase T < Tgiss, both Boltzmann factors are sup-
pressed by ev* ~ e R¥/a' 50 we recover the result that these mesons are stable
in the infinite-A limit. In particular, there is no width at any perturbative order in
the 1/+/2 expansion, consistent with the conclusion from the string theory side.
Furthermore, since the binding energy is Eg ~ 2My,, in the regime where A is
large (but not infinite), the width from process (3) will dominate over that from
process (2).

We now describe the result from the string theory calculation of the meson
widths in Ref. [347]. As discussed above, the width is nonperturbative in 1/+/A ~
o’ /R?, and thus should correspond to some instanton effect on the string world-
sheet. The basic idea is very simple: even though in a Minkowski embedding the
brane is separated from the black hole horizon and classically a meson living on the
brane cannot fall into the black hole, quantum mechanically (from the viewpoint of
the string worldsheet) it has a nonzero probability of tunneling into the black hole
and the meson therefore develops a width. At leading order, the instanton describ-
ing this tunneling process is given by a (Euclidean) string worldsheet stretching
between the tip of the D7-brane to the black hole horizon (see Fig. 9.6) and wind-
ing around the Euclidean time direction. Heuristically, such a worldsheet creates
a small tunnel between the brane and the black hole through which mesons can
fall into the black hole. The instanton action is 8 My,, as can be read off immedi-
ately from the geometric picture just described, and its exponential gives rise to the
Boltzmann factor expected from process (3). From the gauge theory perspective,
such an instanton can be interpreted as creating a thermal quark from the medium,
and a meson can disappear into the medium via interaction with it as shown in the
left diagram of Fig. 9.17.

The explicit expression for the meson width due to such instantons is some-
what complicated, so we refer the reader to the original literature [347]. Although
the width appears to be highly model dependent and is exponentially small in
the regime of a large but finite A under consideration, remarkably its momentum
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log I'(q) / I°(0)

log(1 + g/Mes)

Figure 9.18 The behavior of the width as a function of q for T/Tgiss =
0.99, 0.71, 0.3, 0.13 from left to right. The solid black curves are the full results
(9.44); the red dashed curves are the analytic results (9.45) for large momenta.
Figure taken from Ref. [347].

dependence has some universal features at large momentum [347]. Specifically,
one finds that

L@ |y(ip; §)°

LO  |y(ip;g=0)?"
where I'(q) denotes the width of a meson with spatial momentum g and v (tip; Q)
its wave function evaluated at the tip of the D7-branes (i.e. where it is closest to
the black hole). This result is intuitively obvious because a meson tunnels into
the black hole from the tip of the branes. In particular, as discussed in detail in
Ref. [336], at large momentum q the wave function becomes localized around the
tip of the brane and can be approximated by that of a spherical harmonic oscillator
with a potential proportional to g?z%, where z is the proper distance from the tip
of the branes.® It then immediately follows that for large g the width (9.44) scales
as g2. Furthermore for temperatures T < Mpes and g > M2/ T2, one finds the
closed form expression

(9.44)

I'n(@) 2(4m)* LCH
Tn(0)  (N+2)(N+3/2) MS

where n labels different mesonic excitations (see (9.13)).
It is also instructive to plot the full g-dependence of (9.44) obtained numeri-

cally, as done in Figure 9.18 for n = 0 mesons at various temperatures. Figure 9.18
has the interesting feature that the width is roughly constant for small q, but turns

(9.45)

6 Note that there are four transverse directions along the D7-brane as we move away from the tip (not including
the other (3 + 1) dimensions parallel to the boundary). Thus this is a four-dimensional harmonic oscillator.
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up quadratically around ¢/Mmes & 0.52(Tgiss/ T)?. This is roughly the momen-
tum gm ~ Qiim at which the group velocity of a meson achieves its maximum in
Fig. 9.15 which, as discussed in Section 9.4.1, can be considered as the characteris-
tic momentum scale where velocity-enhanced screening becomes significant. This
dramatic increase of meson widths beyond g, can also be understood intuitively:
when velocity-enhanced screening becomes significant, interaction between the
quark and antiquark in a meson becomes further weakened, which makes it easier
for a thermal medium quark or gluon to break it apart.

We now briefly comment on the gravity description of process (2) mentioned
earlier, i.e. the right-hand diagram in Fig. 9.17. For such a process to happen the
gluon should have an energy above the binding energy of the meson. The density
of such gluons is thus suppressed by e=?#Mn and should be described by an instan-
ton and anti-instanton. We expect that contributions from such processes are also
controlled by the the value of the meson wave function at the tip of the branes, and
thus likely have similar growth with momentum.

Finally, we note that, as T increases, My, decreases and thus the meson width
increases quickly with temperature, but remains exponentially suppressed until
Taiss IS reached, after which we are in the black hole phase. As will be discussed in
Section 9.5, in this phase quarkonium quasiparticles no longer exist.

9.4.3 Connection with the quark—gluon plasma

Let us now recapitulate the main qualitative features regarding heavy quarkonium
mesons in a strongly coupled plasma.

(1) They survive deconfinement.

(2) Their dispersion relations have a subluminal limiting velocity at large momen-
tum. The limiting velocity decreases with increasing temperature and as a
result the motion of a meson with large momentum dramatically slows down
near Tgjgs.

(3) At large momenta, meson widths increase dramatically with momentum.

(4) The limiting velocity is reached and the increase in widths applies when
g > Qim, Where Qi is the “limiting” momentum following from (9.38) if
one assumes the standard dispersion relation.

Properties (1)—(3) are universal in the sense that they apply to the deconfined
phase of any gauge theory with a string dual in the large-N, strong-coupling limit.
The reason for this is that they are simple consequences of general geometric fea-
tures following from two universal aspects of the gauge/string duality: (i) the fact
that the deconfined phase of the gauge theory is described on the gravity side by a
black hole geometry [804], and (ii) the fact that a finite number N of quark flavors
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is described by N; D-brane probes [517, 513]. Property (4) was established by
explicit numerical calculations in specific models. However, given that g, can be
motivated in a model-independent way from (9.38), it is likely to also be universal
even though this was not manifest in our discussion above.

We have seen that properties (2) and (3) can be considered direct conse-
quences of velocity-enhanced screening, which as discussed in Section 8.7 can
have important implications for quarkonium suppression in heavy ion collisions.

It is interesting that properties (1) and to some degree (2) can be independently
motivated in QCD whether or not a string dual of QCD exists. The original argu-
ment [609] for (1) is simply that the heavier the quarkonium meson, the smaller its
size. And, it is reasonable to expect a meson to remain bound until the screening
length in the plasma becomes comparable to the meson size, and for sufficiently
heavy quarkonia this happens at Tgiss > Tc. As we have discussed in Sections 2.4
and 3.3, this conclusion is supported by calculations of both the static quark—
antiquark potential and of Minkowski space spectral functions in lattice-regularized
QCD. The ballpark estimate for the dissociation temperature of heavy mesons sug-
gested by the above studies roughly agrees with that from the D3/D7 system. For
example, for the J/+ meson the former estimate is T < Tgiss < 27T¢. Allowing for
a certain range in the precise value of 150 MeV < T, < 190 MeV, this translates
into 300 MeV < Tyiss < 380 MeV. In the D3/D7 model, we see from Fig. 9.11
that meson states melt at Tgis ™~ 0.766M. The scale M is related to the mass Mpes
of the lightest meson in the theory at zero temperature through Eq. (9.29). There-
fore we have Tgiss(Mmes) 2= 0.122Mpes. For the J /v, taking Mpes >~ 3 GeV gives
Taiss(J/v¥) =~ 366 MeV. Although it is gratifying that this comparison leads to
qualitative agreement, it must be taken with some caution because meson bound
states in the D3/D7 system are deeply bound, i.e. Mies < 2Mg, Whereas the bind-
ing energy of charmonium states in QCD is a small fraction of the charm mass,
i.e. Mgz >~ 2M.. An additional difference comes from the fact that in QCD the
dissociation of charmonium states is expected to happen sequentially, with excited
states (that are larger) dissociating first, whereas in the D3/D7 system all meson
states are comparable in size and dissociate at the same temperature. Presumably,
in the D3/D7 system this is an artifact of the large-N¢, strong coupling approxima-
tion under consideration, and thus corrections away from this limit should make
holographic mesons dissociate sequentially too.

There is a simple (but incomplete) argument for property (2) that applies to QCD
just as well as to NV = 4 SYM theory [583, 674, 281, 336]: a meson moving
through the plasma with velocity v experiences a higher energy density, boosted
by a factor of y2. Since energy density is proportional to T#, this can be thought
of as if the meson sees an effective temperature that is boosted by a factor of . /y,
meaning Terr(v) = (1 — v?)~Y4T. A velocity-dependent dissociation temperature
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scaling like (9.38) follows immediately and from this a subluminal limiting veloc-
ity (9.43) can be inferred. Although this argument is seductive, it can be seen in
several ways that it is incomplete. For example, we would have reached a differ-
ent Terr(v) had we started by observing that the entropy density s is boosted by a
factor of y and is proportional to T3. And, furthermore, there really is no single
effective temperature seen by the moving quarkonium meson. The earliest analysis
of quarkonia moving through a weakly coupled QCD plasma with some veloc-
ity v showed that the meson sees a blue-shifted temperature in some directions
and a red-shifted temperature in others [296]. Although the simple argument does
not work by itself, it does mean that all we need from the calculations done via
gauge/string duality is the result that Tgiss(v) behaves as if it is controlled by the
boosted energy density — i.e. we need the full calculation only for the purpose of
justifying the use of the particular simple argument that works. This suggests that
property (2), and in particular the scaling in Egs. (9.38) and (9.43), are general
enough that they may apply to the quark—gluon plasma of QCD whether or not it
has a gravity dual.

As explained towards the end of Section 9.4.1, there are at least two simple
ways in which a limiting velocity for quarkonia may be implemented. It may hap-
pen that meson states with momentum above a certain Qjin Simply do not exist,
in which case one expects that vjim = v(Qim). The second possibility is that
the dispersion relation of mesons may become dramatically modified beyond a
certain qim in such a way that, although meson states of arbitrarily high momen-
tum exist, their group velocity never exceeds a certain vim. It is remarkable that
both possibilities are realized in gauge theories with a string dual, the former by
high-spin mesons and the latter by low-spin mesons. However, note that even in
the case of low-spin mesons, qim remains the important momentum scale beyond
which we expect more significant quarkonium suppression for two reasons. First,
meson widths increase significantly for g > qiim. Therefore, although it is an over-
statement to say that these mesons also cease to exist above Qum, their existence
becomes more and more transient at higher and higher g. Second, owing to the
modified dispersion relation mesons with q > Qiim Slow down and they spend
a longer time in the medium, giving the absorptive imaginary part more time to
cause dissociation. It will be very interesting to see whether future measurements
at RHIC or the LHC will show the suppression of J/v or Y production increas-
ing markedly above some threshold transverse momentum pr, as we described in
Section 8.7.

In practice, our ability to rigorously verify the properties (1)—-(4) in QCD is lim-
ited due to the lack of tools that are well suited for this purpose. It is therefore
reassuring that they hold for all strongly coupled, large-N; plasmas with a gravity
dual, for which the gravity description provides just such a tool.
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9.5 Black hole embeddings

We now consider the phase T > Tgiss, Which is described by a D7-brane with
a black hole embedding. We will give a qualitative argument that in this regime
the system generically contains no quarkonium quasiparticles. We have empha-
sized the word “generically” because exceptions arise when certain large ratios of
physical scales are introduced “by hand”, as we will see later. We will illustrate
the absence of quasiparticles in detail by computing a spectral function of two
electromagnetic currents in the next section.

9.5.1 Absence of quasiparticles

In the gravity description of physics at T > Tgiss, the meson widths may be seen
by studying the quasinormal modes of the D7-brane, analogous to the quasinormal
modes of the AdS black brane that we introduced in Section 6.4. The quasinor-
mal modes of the D7-brane are also analogs of the fluctuations we studied in the
case of Minkowski embeddings in that a normalizable fall-off is imposed at the
boundary. However, the regularity condition at the tip of the branes is replaced
by the so-called infalling boundary condition at the horizon. Physically, this is the
requirement that energy can flow into the horizon but cannot come out of it (clas-
sically). Mathematically, it is easy to see that this boundary condition forces the
frequency of the mode to acquire a negative imaginary part, and thus corresponds
to a nonzero meson width. The meson in question may then be considered a quasi-
particle if and only if this width is much smaller than the real part of the frequency.
In the case at hand, the meson widths increase as the area of the induced horizon
on the branes increases, and go to zero only when the horizon shrinks to zero size.
This is of course to be expected, since it is the presence of the induced horizon that
causes the widths to be nonzero in the first place. We are thus led to the suggestion
that meson-like quasiparticles will be present in the black hole phase only when
the size of the induced horizon on the branes can be made parametrically small.
This expectation can be directly verified by explicit calculation of the quasinor-
mal modes on the branes [469, 345, 510, 509], and we will confirm it indirectly
below by examining the spectral function of two electromagnetic currents. For the
moment, let us just note that this condition is not met in the system under consid-
eration because, as soon as the phase transition at T = Tgiss takes place, the area
of the induced horizon on the brane is an order-one fraction of the area of the
background black hole. This can be easily seen from Fig. 9.11 by comparing the
entropy density (which is a measure of the horizon area) at the phase transition to
the entropy density at asymptotically high temperatures:

Stransition __ E
ShighT

~ 15%. (9.46)
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This indicates that there is no parametric reason to expect quasiparticles with nar-
row widths above the transition. We shall confirm by explicit calculation in the next
section that there are no quasiparticle excitations in the black hole phase.

9.5.2 Meson spectrum from a spectral function

Here we will illustrate some of the general expectations discussed above by exam-
ining the in-medium spectral function of two electromagnetic currents in the black
hole phase. We choose this particular correlator because it is the analogue of the
correlator that we discussed in Section 3.3 and hence is related to thermal photon
production, which we will discuss in the next section. We will see that no narrow
peaks exist for stable black hole embeddings, indicating the absence of long-lived
quasiparticles. These peaks will appear, however, as we artificially push the system
into the unstable region close to the critical embedding (see Fig. 9.7), thus con-
firming our expectation that quasiparticles should appear as the area of the induced
horizon on the branes shrinks to zero size.

N = 4 SYM coupled to N¢ flavors of equal-mass quarks is an SU (N¢) gauge
theory with a global U (N¢) symmetry. In order to couple this theory to electro-
magnetism we should gauge a U (1)gn subgroup of U (N¢) by adding a dynamical
photon A, to the theory; for simplicity we will assume that all quarks have equal
electric charge, in which case U (1)gy is the diagonal subgroup of U(N¢). In
this extended theory we could then compute correlation functions of the con-
served current Jf'\" that couples to the U (1)gm gauge field. The string dual of
this SU (N.) x U (1)gm gauge theory is unknown, so we cannot perform this cal-
culation holographically. However, as noted in [239], we can perform it to leading
order in the electromagnetic coupling constant e, because at this order correlation
functions of electromagnetic currents in the gauged and in the ungauged theories
are identical. This is very simple to understand diagramatically, as illustrated for
the two-point function in Fig. 9.19. In the ungauged theory only SU (N.) fields
“run” in the loops, represented by the shaded blob. The gauged theory contains
additional diagrams in which the photon also runs in the loops, but these neces-
sarily involve more photon vertices and therefore contribute at higher orders in e.
Thus one can use the holographic description to compute the “SU (N.) blob” and
obtain the result for the correlator to leading order in e.

Using this observation, the authors of Ref. [239] first did a holographic compu-
tation of the spectral density of two R-symmetry currents in ' = 4 SYM theory, to
which finite-coupling corrections were computed in [428, 429]. The result for the
R-charge spectral density is identical, up to an overall constant, with the spectral
density of two electromagnetic currents in A" = 4 SYM theory coupled to massless
quarks. This, and the extension to nonzero quark mass, were obtained in Ref. [604],
which we now follow.
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q q
SU(N.)

Figure 9.19 Diagrams contributing to the two-point function of electromagnetic
currents. The external line corresponds to a photon of momentum q. As explained
in the text, to leading order in the electromagnetic coupling constant only SU (N¢)
fields “run” in the loops represented by the shaded blob. Figure taken from
Ref. [604].

The relevant spectral function is defined as
Xuw(®) =2ImGR (k) , (9.47)

where k* = (w, q) is the photon null momentum (i.e. w*> = g?) and
Gl (k) =i f dixe ™ o) (LM (%), IV O)]) (9.48)

is the retarded correlator of two electromagnetic currents. The key point in this
calculation is to identify the field in the string description that is dual to the operator
of interest here, namely the conserved current JE’V'. We know from the discussion
in Chapter 5 that conserved currents are dual to gauge fields on the string side.
Moreover, since JEM is constructed out of fields in the fundamental representation,
we expect its dual field to live on the D7-branes. The natural (and correct) candidate
turns out to be the U (1) gauge field associated with the diagonal subgroup of the
U (N¢) gauge group living on the worldvolume of the Nt D7-branes. Once this is
established, one must just follow the general prescription explained in Chapter 5.
The technical details of the calculation can be found in Ref. [604], so here we will
describe only the results and their interpretation. In addition, we will concentrate
on the trace of the spectral function, x* (k) = n*"x,.,(K), since this is the quantity
that determines the thermal photon production by the plasma (see next section).

The trace of the spectral function for stable black hole embeddings is shown in
Fig. 9.20 for several values of the quark mass m. Note that this is a function of
only one variable, since for an on-shell photon w = g. The normalisation constant
that sets the scale on the vertical axis is Vb7 = N N:.T?2/4. The N; N scaling of
the spectral function reflects the number of electrically charged degrees of freedom
in the plasma; in the case of two R-symmetry currents, Nt N, would be replaced
by N2 [239]. All curves decay as w~*/3 for large frequencies. Note that x ~
as w — 0. This is consistent with the fact that the value at the origin of each of
the curves yields the electric conductivity of the plasma at the corresponding quark
mass, namely

1
— —lim MV —
o= lIm=n""yu(0=0q). (9.49)
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Figure 9.20 Trace of the spectral function as a function of the dimensionless
frequency @ = w/2x T for (from top to bottom on the left-hand side) m =
{0, 0.6, 0.85,0.93, 1.15, 1.25, 1.32}. The last value corresponds to that at which
the phase transition from a black hole to a Minkowski embedding takes place.

Recall that Np7 = N NcT?2/4. Figure taken from Ref. [604].

This formula is equivalent to the perhaps-more-familiar expression in terms of the
zero-frequency limit of the spectral function at vanishing spatial momentum (see
Appendix A):

o= tim 0.0 =0 = Siim Ly, w.a=0.  ©50)
where in the last equality we used the fact that xoo(w # 0, q = 0) = 0, as implied
by the Ward identity k* x,.,(k) = 0. To see that the two expressions (9.49) and
(9.50) are equivalent, suppose that g points along the 1-direction. Then the Ward
identity, together with the symmetry of the spectral function under the exchange of
its spacetime indices, imply that w?xg0 = g°x112. For null momentum this yields
—xo00 + x11 = 0, so we see that Eq. (9.49) reduces to

€ 1
o=7lm 5[X22(w =q) + xs3(w = CI)] : (9.51)

The diffusive nature of the hydrodynamic pole of the correlator implies that at low
frequency and momentum the spatial part of the spectral function behaves as

3

Xij(@,Qq) ~ (9.52)

w
w? 4+ D2g*’
where D is the diffusion constant for electric charge. This means that we can
replace q = w by g = 0 in Eq. (9.51), thus arriving at the expression (9.50).
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Figure 9.21 Trace of the spectral function as a function of the dimensionless
frequency @ = w/2n T for non-stable black hole embeddings. Curves with
higher, narrower peaks correspond to embeddings that are closer to the critical
embedding. Figure taken from Ref. [604].

Evaluating (9.50) in the case of massless fundamental matter yields the explicit
result [604]

1
o=-"—€NN; T (9.53)
4

that we quoted previously as (6.51). For the case of fundamental matter with mass,
the result (9.53) is multiplied by a decreasing function of m = M/T, defined
in (9.28), that becomes very small near the phase transition from a black hole
embedding to a Minkowski embedding [604].

For the purpose of our discussion, the most remarkable feature of the spectral
functions displayed in Fig. 9.20 is the absence of any kind of high, narrow peaks
that may be associated with a quasiparticle excitation in the plasma. This feature is
shared by thermal spectral functions of other operators on stable black hole embed-
dings. We thus confirm our expectation that no quasiparticles exist in this phase.
In order to make contact with the physics of the Minkowski phase, in which we do
expect the presence of quarkonium quasiparticles, the authors of Ref. [604] com-
puted the spectral function for black hole embeddings beyond the phase transition,
i.e. in the region below Tgiss in Which these embeddings are metastable or unstable.
The results for the spectral function are shown in Fig. 9.21. The most important
feature of these plots is the appearance of well defined peaks in the spectral func-
tion, which become higher and narrower, seemingly approaching delta-functions,
as the embedding approaches the critical embedding (see Fig. 9.7). Thus the form
of the spectral function appears to approach the form we expect for Minkowski
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embeddings,” namely an infinite sum of delta-functions supported at a discrete set
of energies w? = q2. (However, a precise map between the peaks in Fig. 9.21 and
the meson spectrum in a Minkowski embedding is not easy to establish [667].)
Each of these delta-functions is associated with a meson mode on the D7-branes
with null four-momentum. The fact that the momentum is null may seem surprising
in view of the fact that, as explained above, the meson spectrum in the Minkowski
phase possesses a mass gap, but in fact it follows from the dispersion relation for
these mesons displayed in Fig. 9.14. To see this, consider the dispersion relation
w(q) for a given meson in the Minkowski phase. The fact that there is a mass
gap means that @ > 0 at g = 0. On the other hand, in the limit of infinite spa-
tial momentum, q — oo, the dispersion relation takes the form o >~ vimg with
vim < 1. Continuity then implies that there must exist a value of g such that
w(q) = q. This is illustrated in Fig. 9.14 by the fact that the dispersion relations
intersect the blue lines. Since in the Minkowski phase the mesons are absolutely
stable in the large-N¢, strong coupling limit under consideration, we see that each
of them gives rise to a delta-function-like (i.e. zero-width) peak in the spectral
function of electromagnetic currents at null momentum. Below we will see some
potential implications of this result for heavy ion collisions.

9.6 Two universal predictions

We have just seen that the fact that heavy mesons remain bound in the plasma, and
the fact that their limiting velocity is subluminal, imply that the dispersion relation
of a heavy meson must cross the lightcone, defined by @ = q, at some energy
w = wpeak indicated by the vertical line in Fig. 9.14. In this section we will see that
this simple observation leads to two universal consequences. Implications for deep
inelastic scattering have been studied in [479] but will not be reviewed here.

9.6.1 A meson peak in the thermal photon spectrum

At the crossing point between the meson dispersion relation and the lightcone, the
meson four-momentum is null, that is @2 .., = G2eson- |f the meson is flavorless
and has spin one, then at this point its quantum numbers are the same as those
of a photon. Such a meson can then decay into an on-shell photon, as depicted in
Fig. 9.22. Note that, in the vacuum, only the decay into a virtual photon would
be allowed by kinematics. In the medium, the decay can take place because of the
modified dispersion relation of the meson. Also, note that the decay will take place
unless the photon—-meson coupling vanishes for some reason (e.g. a symmetry). No
such reason is known in QCD.

7 An analogous result was found in [638] for time-like momenta.
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Figure 9.22 In-medium vector meson—photon mixing. The imaginary part of
this diagram yields the meson decay width into photons. Figure adapted from
Ref. [602].

The decay process of Fig. 9.22 contributes a resonance peak, at a position w =
wpeak, 10 the in-medium spectral function of two electromagnetic currents (9.48)
evaluated at null-momentum « = . This in turn produces a peak in the spectrum
of thermal photons emitted by the plasma,

aNy e T " (w,T). (9.54)
dw "
The width of this peak is the width of the meson in the plasma.

The analysis above applies to an infinitely extended plasma at constant temper-
ature. Assuming that these results can be extrapolated to QCD, a crucial question
is whether a peak in the photon spectrum could be observed in a heavy ion colli-
sion experiment. Natural heavy vector mesons to consider are the J/+ and the T,
since these are expected to survive deconfinement. We wish to compare the num-
ber of photons coming from these mesons to the number of photons coming from
other sources. Accurately calculating the meson contribution would require a pre-
cise theoretical understanding of the dynamics of these mesons in the quark—gluon
plasma, which at present is not available. Our goal will therefore be to estimate the
order of magnitude of this effect with a simple recombination model. The details
can be found in Ref. [249], so here we will only describe the result for heavy ion
collisions at LHC energies.

The result is summarized in Fig. 9.23, which shows the thermal photon spectrum
coming from light quarks, the contribution from J/+ mesons, and the sum of the
two, for a thermal charm mass Mcham = 1.7 GeV and a J/+ dissociation temper-
ature Tgiss = 1.25T.. Although the value of M¢narm is relatively high, the values of
Mcharm and Tgiss are within the range commonly considered in the literature. For
the charm mass a typical range is 1.3 < Mcam < 1.7 GeV because of a sub-
stantial thermal contribution — see, for example, Ref. [621] and references therein.
The value of Tyiss is far from settled, but a typical range is T < Tgiss < 2T¢
[504, 677, 506, 623, 620, 80, 308, 430, 521, 729, 82]. We have chosen these values
for illustrative purposes, since they lead to an order-one enhancement in the spec-
trum. We emphasize, however, that whether this photon excess manifests itself as
a peak, or only as an enhancement smoothly distributed over a broader range of
frequencies, depends sensitively on these and other parameters. Qualitatively, the
dependence on the main ones is as follows. Decreasing the quark mass decreases
the magnitude of the J /v contribution. Perhaps surprisingly, higher values of Tyiss
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Figure 9.23 Thermal photon spectrum for LHC energies, Tgiss = 1.25T; and
Mcharm = 1.7 GeV. The (arbitrary) normalization is the same for all curves. The
continuous, monotonically decreasing, blue curve is the background from light
quarks. The continuous red curve is the signal from J/v mesons. The dashed
black curve is the sum of the two. Figure taken from Ref. [249].

make the peak less sharp. The in-medium width of the J/+ used in Fig. 9.23 was
100 MeV. Increasing this by a factor of two turns the peak into an enhancement.
Crucially, the J/v contribution depends quadratically on the cC cross-section.
Since at RHIC energies this is believed to be ten times smaller than at LHC
energies, the enhancement discussed above is presumably unobservable at RHIC.

These considerations show that a precise determination of the enhancement is
not possible without a very detailed understanding of the in-medium dynamics of
the J/+r. On the other hand, they also illustrate that there exist reasonable values
of the parameters for which this effect yields an order-one enhancement, or even
a peak, in the spectrum of thermal photons produced by the quark—gluon plasma.
This thermal excess is concentrated at photon energies roughly between 3 and 5
GeV. In this range the number of thermal photons in heavy ion collisions at the
LHC is expected to be comparable to or larger than that of photons produced in
initial partonic collisions that can be described using perturbative QCD [65]. Thus,
we expect the thermal excess above to be observable even in the presence of the
pQCD background.

The authors of Ref. [249] also examined the possibility of an analogous effect
associated with the T meson, in which case wpeax ~ 10 GeV. At these energies
the number of thermal photons is very much smaller than that coming from initial
partonic collisions, so an observable effect is not expected.

9.6.2 A new mechanism of quark energy loss. Cherenkov emission of mesons

We now turn to another universal prediction that follows from the existence of a
subluminal limiting velocity for mesons in the plasma. Consider a highly energetic
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Figure 9.24 D-branes and open string in a black brane geometry. Figure taken
from Refs. [255, 256].

quark moving through the plasma. In order to model this we consider a string
whose endpoint moves with an arbitrary velocity v at an arbitrary radial position
rq — see Fig. 9.24. Roughly speaking, the interpretation of r in the gauge theory is
that of the inverse size of the gluon cloud that dresses the quark. This can be seen,
for example, by holographically computing the profile of (TrF?(x)) around a static
quark source dual to a string whose endpoint sits at r = rq [465].

Two simple observations now lead to the effect that we are interested in. The
first one is that the string endpoint is charged under the scalar and vector fields
on the branes. In the gauge theory, this corresponds to an effective quark-meson
coupling (see Fig. 9.25) of order e ~ 1/,/N.. Physically, this can be understood
very simply. The fields on the branes describe fluctuations around the equilibrium
configuration. The string endpoint pulls on the branes and therefore excites (i.e. it
is charged under) these fields. The branes’ tension is of order 1/gs ~ N, where
s is the string coupling constant, whereas the string tension is Nc-independent.
This means that the deformation of the branes caused by the string is of order
€ ~ 1/N¢. We thus conclude that the dynamics of the “branes + string endpoint”
system is (a generalization of) that of classical electrodynamics in a medium in the
presence of a fast-moving charge.

The second observation is that the velocity of the quark may exceed the limiting
velocity of the mesons, since the redshift at the position of the string endpoint is
smaller than that at the bottom of the branes. As in ordinary electrodynamics, if
this happens then the string endpoint loses energy by Cherenkov radiating into the
fields on the branes. In the gauge theory, this translates into the quark losing energy
by Cherenkov radiating scalar and vector quarkonium mesons. The rate of energy
loss is set by the square of the coupling, and is therefore of order 1/ Nc.

The quantitative details of the energy lost to Cherenkov radiation of quarko-
nium mesons by a quark propagating through the N’ = 4 plasma can be found in
[256, 255], so here we will describe only the result. For simplicity, we will assume
that the quark moves with constant velocity along a straight line at a constant radial
position. In reality, rq and v will of course decrease with time because of the black
hole gravitational pull and the energy loss. However, we will concentrate on the
initial part of the trajectory (which is long provided the initial quark energy is
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Figure 9.25 Effective quark—-meson coupling. Figure taken from Refs. [255, 256].

large), for which rq and v are approximately constant [294] — see Fig. 9.24. Finally,
for illustrative purposes we will focus on the energy radiated into the transverse
modes of vector mesons. The result is depicted in Fig. 9.26, and its main qualitative
features are as follows. (See Refs. [255, 256] for details.)

As expected, we see that the quark only radiates into meson modes with phase
velocity lower than v — those to the right of the dashed, vertical lines in Fig. 9.14.
For fixed rq, the energy loss increases monotonically with v up to the maximum
allowed value of v — the local speed of light at rq. As rq decreases, the character-
istic momentum Qehar OF the modes into which the energy is deposited increases.
These modes become increasingly peaked near the bottom of the branes, and the
energy loss diverges. However, this mathematical divergence is removed by physi-
cal effects we have not taken into account. For example, for sufficiently large q the
mesons’ wave functions become concentrated on a region whose size is of order
the string length, and hence stringy effects become important [336]. Also, as we
saw in Section 9.4.2, mesons acquire widths T'" oc g at large g [347] and can no
longer be treated as well defined quasiparticles. Finally, the approximation of a
constant-v, constant-r trajectory ceases to be valid whenever the energy loss rate
becomes large.

The Cherenkov radiation of quarkonium mesons by quarks depends only on
the qualitative features of the dispersion relation of Fig. 9.14, which are univer-
sal for all gauge theory plasmas with a dual gravity description. Moreover, as
we explained in Section 9.4.3, it is conceivable that they may also hold for QCD
mesons such as the J/+ or the Y whether or not a string dual of QCD exists. Here
we will examine some qualitative consequences of this assumption for heavy ion
collision experiments. Since the heavier the meson the more perturbative its prop-
erties become, we expect that our conclusions are more likely to be applicable to
the charmonium sector than to the bottomonium sector.

An interesting feature of energy loss by Cherenkov radiation of quarkonia is
that, unlike other energy loss mechanisms, it is largely independent of the details
of the quark excited state, such as the precise features of the gluon cloud around
the quark, etc. In the gravity description these details would be encoded in the
precise profile of the entire string, but the Cherenkov emission only depends on the
trajectory of the string endpoint. This leads to a dramatic simplification which, with
the further approximation of rectilinear uniform motion, reduces the parameters
controlling the energy loss to two simple ones: the string endpoint velocity v and
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Figure 9.26 Cherenkov energy loss into the transverse mode of vector quarko-
nium mesons. The continuous curves correspond to increasing values of rq from
left to right. The dotted curve is defined by the endpoints of the constant-rq curves.
Figure taken from Refs. [255, 256].

its radial position rq. In order to obtain a ballpark estimate of the magnitude of the
energy loss, we will assume that in a typical collision quarks are produced with
order-one values of rq (in units of R2T). Under these circumstances the energy
loss is of order unity in units of (27 T)%/N., which for a temperature range of
T = 200-400 MeV and N; = 3 leads to dE/dx ~ 2-8 GeV/fm. This is is of the
same order of magnitude as other mechanisms of energy loss in the plasma; for
example, the BDMPS radiative energy loss dE/dx = asCr§L /2 yields values of
dE/dx = 7-40 GeV/fm for § = 1-5GeV ?/fm, as = 0.3 and L ~ 6 fm. Since our
gravity calculation is strictly valid only in the infinite-quark-energy limit (because
of the linear trajectory approximation), we expect that our estimate is more likely
to be applicable to highly energetic quarks at the LHC than to those at RHIC.

Even if in the quark—gluon plasma the magnitude of Cherenkov energy loss turns
out to be subdominant with respect to other mechanisms, its velocity dependence
and its geometric features may still make it identifiable. Indeed, this mechanism
would only operate for quarks moving at velocities v > wvjim, With vjiy, the limiting
velocity of the corresponding quarkonium meson in the plasma. The presence of
such a velocity threshold is the defining characteristic of Cherenkov energy loss.
The precise velocity at which the mechanism starts to operate may actually be
higher than v, in some cases, since the additional requirement that the energy of
the quark be equal or larger than the in-medium mass of the quarkonium meson
must also be met.

As illustrated in Fig. 9.27, Cherenkov mesons would be radiated at a charac-
teristic angle cosf. = wjim/v with respect to the emitting quark, where v is the
velocity of the quark. Taking the gravity result as guidance, vji,, could be as low as
vim = 0.27 at the quarkonium dissociation temperature [608, 336], correspond-
ing to an angle as large as 6. ~ 1.30 rad. This would result in an excess of
heavy quarkonium associated with high energy quarks passing through the plasma.
Our estimate of the energy loss suggests that the number of emitted J/vs, for
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Figure 9.27 The geometry of Cherenkov emission of heavy quarkonium mesons
from a highly energetic quark. Figure taken from Ref. [603].

example, could range from one to three per fm. This emission pattern is simi-
lar to the emission of sound waves by an energetic parton [245] that we have
described in Section 8.3, in that both effects lead to a non-trivial angular struc-
ture. One important difference, however, is that the radiated quarkonium mesons
would not thermalize and hence would not be part of a hydrodynamic shock wave.
The meson emission pattern could be reflected in azimuthal dihadron correlations
triggered by a high-pt hadron. Owing to surface bias, the energetic parton in the
triggered direction is hardly modified, while the one propagating in the opposite
direction moves through a significant amount of medium, emitting quarkonium
mesons. Thus, under the above assumptions, the dihadron distribution with an asso-
ciated J/v would have a ring-like structure peaked at an angle 6 ~ = — 6.. Even
if this angular structure were to prove hard to discern, the simpler correlation that
in events with a high-pr hadron there are more J/v mesons than in typical events
may suffice as a distinctive signature, although further phenomenological modeling
is required to establish this.

A final observation is that Cherenkov energy loss also has a non-trivial temper-
ature dependence, since it requires that there are meson-like states in the plasma,
and therefore it does not take place at temperatures above the meson dissocia-
tion temperature. Similarly, it is reasonable to assume that it does not occur at
temperatures below T, since in this case we do not expect the meson dispersion
relations to become spacelike.® Under these circumstances, the Cherenkov mecha-
nism is only effective over a limited range of temperatures T, < T < Tgiss Which,
if Tgiss = 1.2T¢ as in Ref. [623], is a narrow interval.

As was pointed out in Ref. [577], a mechanism of energy loss which is confined
to a narrow range of temperatures in the vicinity of T, concentrates the emis-
sion of energetic partons to a narrow layer within the collision geometry, and this
can have observable consequences. Azimuthally asymmetric particle production at
high pr, say ~ 10 GeV, is parametrized by the same azimuthal Fourier coefficients

8 This assumption is certainly correct for plasmas with a gravity dual, since the corresponding geometry does
not include a black hole horizon if T < T¢.
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V2, U3, ... that at lower pr are related to hydrodynamic flow. At high pr, though,
these asymmetries originate from jet quenching, and in particular from the fact that
in heavy ion collisions with nonzero impact parameter the mean distance through
which hard partons traveling in a particular direction relative to the reaction plane
must propagate through the medium produced in the collision depends on the angle
between the direction of propagation and the reaction plane. Hard partons travel-
ing perpendicular to the reaction plane will, on average, find themselves travelling
through the medium for a longer distance (and will therefore lose more energy)
than those produced traveling in the reaction plane direction. This effect results in
a nonzero v, at high pr. The magnitude of the resulting v, will have some sensi-
tivity to the temperature dependence of energy loss. Some authors [577, 356, 822]
have found that their models are better able to describe the data if the energy loss
occurs only in a narrow range of temperatures near T, although others have not
needed such a mechanism [499, 500, 145, 498, 626, 146]. Provided that the meson
dissociation temperature Tgiss IS not much larger than T, the Cherenkov radiation
of quarkonium mesons is one such mechanism. The temperature dependence of
energy loss is an active area of current research. At the time of writing it remains
to be seen whether it favors the Cherenkov radiation of quarkonium mesons as
an important energy loss mechanism. It will also be very interesting to look for
correlations between J /v production and the production and quenching of jets,
correlations that go beyond those present in standard perturbative jet fragmenta-
tion. This is an investigation that will benefit greatly from the higher production
rates for both J /vy mesons and jets anticipated at the LHC beginning circa 2015.
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Concluding remarks and outlook

Since the purpose of heavy ion collisions is to study the properties of Quan-
tum Chromodynamics at extreme temperature and energy density, any successful
phenomenology must ultimately be based on QCD. However, as discussed in Chap-
ter 2, heavy ion phenomenology requires strong coupling techniques not only for
bulk thermodynamic quantities like the QCD equation of state, but also for many
dynamical quantities at nonzero temperature, such as transport coefficients, relax-
ation times and quantities accessed by probes propagating through a plasma. By
now, lattice-regularized QCD calculations provide well controlled results for the
former, but progress on all the latter quantities is likely to be slow since one
needs to overcome both conceptual limitations and limitations in computing power.
Alternative strong coupling tools are therefore desirable. The gauge/string duality
provides one such tool for performing nonperturbative calculations for a wide class
of non-Abelian plasmas.

In this book we have mostly focused on results obtained within one particu-
lar example of a gauge/string duality, namely the case in which the gauge theory
is N = 4 SYM or a small deformation thereof. One reason for this is peda-
gogical: NV = 4 SYM is arguably the simplest and best understood case of a
gauge/string duality. By now many examples are known of more sophisticated
string duals of non-supersymmetric, nonconformal QCD-like theories that exhibit
confinement, spontaneous chiral symmetry breaking, thermal phase transitions, etc.
However, many of these features become unimportant in the deconfined phase.
For this reason, for the purpose of studying the QCD quark—gluon plasma, the
restriction to ' = 4 SYM not only yields a gain in simplicity, but also does not
imply a significant loss of generality, at least at the qualitative level. Moreover,
none of these “more realistic” theories can be considered in any sense a controled
approximation to QCD. Indeed, many differences remain including the presence
of adjoint fermions and scalar fields, the lack of asymptotic freedom, the large-N¢
approximation, etc. Some of these differences may be overcome if string theory in
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asymptotically AdS spacetimes becomes better understood. However, in the super-
gravity (plus classical strings and branes) limit currently accessible these caveats
remain important to bear in mind when comparing to QCD.

In this context, it is clearly questionable to assess the interplay between heavy
ion phenomenology and the gauge/string duality correspondence solely on the
basis of testing the numerical agreement between theory and experiment. Rather,
one should view this interplay in light of the standard scientific strategy that to gain
significant insight into problems that cannot be addressed within the current state of
the art, it is useful to find a closely related theory within which such problems can
be addressed with known technology and which encompasses the essential features
of interest. For many dynamical features of phenomenological interest in heavy ion
physics, controlled strong coupling calculations in QCD are indeed not in imme-
diate reach with the current state of the art. In contrast, within the gauge/string
correspondence, it has been possible to formulate and solve the same problems in
the strongly coupled plasmas of a large class of non-Abelian quantum field theo-
ries. Among these, strongly coupled A/ = 4 SYM theory at large-N. turns out to
provide the simplest model for the strongly coupled plasma being produced and
probed in heavy ion collisions. Very often in the past, when theoretical physicists
have introduced some model for the purpose of capturing the essence of some phe-
nomenon or phenomena involving strongly coupled dynamics, the analysis of that
model has then required further uncontrolled approximations. (Examples abound:
Nambu-Jona-Lasinio models in which the QCD interaction is first replaced by a
four-fermi coupling but one then still has to make a mean-field approximation; lin-
ear sigma models, again followed by a mean-field approximation; bag models; . . .).
A great advantage of using a quantum field theory with a gravity dual as a model
is that once we have picked such a theory, the calculations needed to address the
problems of interest can be done rigorously at strong coupling, without requiring
any further compromise. In some cases, the mere formulation of the problem in
a way suitable for a gravitational dual calculation can lead to new results within
QCD [107, 564, 240]. In many others, as we have seen, the existence of these
solutions allows one to examine and understand the physics responsible for the
processes of interest. The most important output of a successful model is under-
standing. Controlled quantitative calculations come later. Understanding how the
dynamics works, what is important and what is extraneous, what the right picture
is that helps one to think about the physics in a way that is both insightful and
predictive, these must all come first.

At the least, the successes to date of the applications of gauge/string duality to
problems arising from heavy ion collisions indicate that it provides us with a suc-
cessful model, in the sense of the previous paragraph. However, there are many
indications that it provides more. In solving these problems, some regularities have
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emerged in the form of universal properties, by which we mean properties com-
mon to all strongly coupled theories with gravity duals in the large-N¢, strong
coupling limit. These include both quantitative observables, such as the ratio of
the thermodynamic potentials at strong and weak coupling (Section 6.1) and the
value n/s = 1/4x at strong coupling (Section 6.2), and qualitative features, such
as the observation that the maximal stopping distance of a jet-like excitation made
of energetic light quanta scales with its energy E like E'/3 (Sections 8.4 and 8.6)
or the familiar fact that heavy quarkonium mesons remain bound in the plasma
as well as the discovery that the dissociation temperature for quarkonium mesons
drops with increasing meson velocity v like (1 — v?)1/4 (Sections 8.7 and 9.4) and
that high-momentum dispersion relations become spacelike (Section 9.4). The dis-
covery of these generic properties is important in order to extract lessons for QCD.
Indeed, the fact that some properties are valid in a class of gauge theory plasmas
so broad as to include theories in different numbers of dimensions, with different
field content, with or without chemical potentials, with or without confinement and
chiral symmetry breaking, etc., leads one to suspect that such properties might be
universal across the plasmas in a class of theories that includes QCD — whether or
not a string dual of QCD itself exists. The domain of applicability of this putative
universality is at present unknown, both in the sense that we do not know to what
theories it may apply and in the sense that we cannot say a priori which observ-
ables and phenomena are universal and which others are theory-specific details.
One guess as to a possible characterization in theory space could be that these
universal features may be common across all gauge theory plasmas that have no
quasiparticle description (Section 6.3).

Even results obtained via the gauge/string duality that are not universal may
provide guidance for our understanding of QCD at nonzero temperature and for
heavy ion phenomenology. In many cases, these are strong coupling results that
differ parametrically from the corresponding weak coupling results and therefore
deliver valuable qualitative messages for the modeling of heavy ion collisions.
In particular, the small values of the ratio n/s, of the heavy quark diffusion
constant (Section 8.2), of the relaxation time 7, (Section 6.2) showed that such
small values can be realized in a gauge theory plasma. Similarly, the speed with
which a near-equilibrium plasma described by hydrodynamics can form from
far-from-equilibrium initial conditions (Chapter 7) teaches us that the hydrody-
namization times indicated in analyses of heavy ion collision data need not be
thought of as unexpectedly rapid. And, via seeing it happen in a large number of
examples in which we can use the dual gravitational description to watch hydrody-
namization happening, we have learned that strongly coupled plasma is typically
locally anisotropic when it hydrodynamizes, with isotropization happening only
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significantly later. Furthermore, the result for /s in AV = 4 theory, combined with
the results for the entropy density, pressure and energy density (Section 6.1) have
taught us that a theory can have almost identical thermodynamics at zero and infi-
nite coupling and yet have radically different hydrodynamics. The lesson that this
provides for QCD is that the thermodynamic observables, although they are avail-
able from lattice simulations, are not good indicators of whether the quark—gluon
plasma is weakly or strongly coupled, whereas the transport coefficients are.

Important lessons have also been extracted from the strong coupling calcula-
tions of the jet quenching parameter § and the heavy quark drag coefficient np and
momentum broadening « (Sections 8.1, 8.2 and 8.5). These showed not only that
these quantities can attain values significantly larger than indicated by perturbative
estimates but also that while in perturbation theory both § and « are proportional
to the entropy density, this is not the case at strong coupling, where both these
quantities and np scale with the square root of the number of degrees of freedom.
This result, which is valid for a large class of theories, corrected a naive physical
expectation that was supported by perturbation theory.

The strong coupling calculation of the jet quenching parameter § also serves as
an example of an approach (in this case to jet quenching) in which a part of the
story where the QCD physics is likely weakly coupled is treated with conventional
calculational methods and only that part of the story where the strongly coupled
physics of the quark-gluon plasma in QCD enters is treated via gauge/string duality.
It may well be worth developing approaches to other phenomena in heavy ion
collisions along these lines.

Perhaps most fundamentally, the availability of rigorous, reliable results for
any strongly coupled plasma (let alone for a large class of them) can alter the
very intuition we use to think about the dynamics of the quark—gluon plasma.
In perturbation theory, one thinks of the plasma as being made of quark and
gluon quasiparticles. However, gravity calculations of correlation functions valid at
strong coupling show no evidence of the existence of any quasiparticle excitations
composed from gluons and light quarks (Section 6.3). (Heavy, small, quarkonium
mesons do survive as quasiparticles up to some dissociation temperature (Sections
9.5.2 and 9.6).) The presence or absence of quasiparticles is a major qualitative
difference between the weak and strong coupling pictures of the plasma which is
largely independent of the caveats associated with the use of gauge/string duality
that we have described above. Indeed, the new way of thinking about strongly
coupled plasma that originated in a synthesis of insights from heavy on colli-
sion data, hydrodynamic calculations and analyses done via gauge/string duality
poses a central challenge that must be addressed if in future we are to claim a
deep understanding of quark-gluon plasma in QCD: how does a strongly coupled
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plasma with no quasiparticle description emerge (at length scales ~ T) from an
asymptotically free gauge theory that describes weakly coupled quarks and gluons
at length scales « T?

Finally, two important roles played by the gauge/string duality are that of a test-
ing ground of existing ideas and models relevant for heavy ion collisions, and that
of a source of new ones in a regime in which guidance and inspiration from per-
turbation theory may be inapplicable or misleading. In its first role, the duality
provides a rigorous field-theoretical framework within which to verify our intuition
about the plasma. For example, explicit calculations gave support to previously
suggested ideas about the hydrodynamical response of the plasma to high energy
particles (Section 8.3) or the possibility that heavy quarkonium mesons survive
deconfinement (Section 9.3.1). In its second role, the duality has generated qual-
itatively new ideas which could not have been guessed from perturbation theory.
Examples of these are the non-trivial velocity dependence of screening lengths
(Section 8.7), the in-medium conversion of mesons into photons (Section 9.6), the
energy loss of heavy quarks via Cherenkov emission of mesons (Section 9.6.2),
and the appearance of a phase transition associated with the dissociation of heavy
quarkonium bound states (Section 9.3.2).

In summary, while it is true that caution and a critical mind must be exercised
when trying to extract lessons from any gauge/gravity calculation, paying particular
attention to its limitations and range of applicability, it is also undeniable that over
the past few years a broad suite of qualitatively novel insights relevant for heavy
ion phenomenology have emerged from detailed and quantitative calculations in
the gravity duals of non-Abelian field theories. As the phenomenology of heavy
ion collisions moves to new, more quantitative and more incisive, studies in the
RHIC program, and as it moves to novel challenges at the LHC, we have every
reason to expect that experimental information about additional properties of hot
QCD matter will come into theoretical focus. Understanding properties of the QCD
plasma, as well as its response to and its effects on probes, at strong coupling will
therefore remain key issues in future analyses. We expect that the gauge/string
correspondence will continue to play an important role in making progress on these
issues.



Appendix A

Green—Kubo formula for transport coefficients

Transport coefficients of a gauge theory plasma, such as the shear viscosity 1, can
be extracted from correlation functions of the gauge theory via a relation known
as the Green—-Kubo formula. Here, we derive this relation, used in both Chapters 3
and 6, for the case of the shear viscosity. Let us consider a system in equilibrium
and let us work in the fluid rest frame, meaning that u* = (1, 0). Deviations from
equilibrium are studied by introducing a small external source of the type

1
S=S+ E/d“xT’“’hW, (A.1)

where § (S) is the action of the theory in the absence (presence) of the perturba-
tion h,,. To leading order in the perturbation, the expectation value of the stress
tensor is

1
(TR ) = (T X))o — 5 / dy GR™ (X = Y)hag(y), (A.2)

where the subscript 0 indicates the unperturbed expectation value and the retarded
correlator is given by

G (x —y) =6 (X —yO) ([T* (), T ()]) . (A3)

To extract the shear viscosity, we concentrate on an external perturbation of the
form

hyy(t, 2). (A.4)

Upon Fourier transforming, this is equivalent to using rotational invariance to
choose the wave vector of the perturbation, k, along the z direction. The off-
diagonal components of the stress tensor are then given by

(TY(w, k) =-Gr"™ (0, hyy(w, k) , (A.5)
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to linear order in the perturbation. In the long-wavelength limit, in which the typical
variation of the perturbed metric is large compared with any correlation length, we

obtain
dw

(T, 2= _/E

This long-wavelength expression may be compared to the hydrodynamic approx-
imation by studying the reaction of the system to the source within the effective
theory. The source h,, can be interpreted as a modification on the metric,

e 'GR ™ (0, k= 0)hy (@, 2) . (A6)

Ouv = Ouv + Ny - (A7)

To leading order in the perturbation, the shear tensor defined in Eqg. (2.16) is
given by

where I'} are the Christoffel symbols. The hydrodynamic approximation is valid
in the long time limit, when all microscopic processes have relaxed. In this limit,
we can compare the linear response expression (A.5) to the expression obtained
upon making the hydrodynamic approximation, namely (2.14). We conclude that

1
n = —L'L“oa m) IMGR™ (w, k) . (A.9)

This result is known as the Green—Kubo formula for the shear viscosity.

The above discussion for the stress tensor can also be generalized to other con-
served currents. In general, the low frequency limit of Gr(w, k) for a conserved
current operator O defines a transport coefficient x

1
x = — lim lim —ImGg(w, K) , (A.10)

0=>0k-0 @

where the retarded correlator is defined analogously to Eq. (A.3)

iGr(x —y) =0 (x" = y°) ([Ox), O()]) . (A.11)



Appendix B

Hawking temperature of a general black brane metric

Here we calculate the Hawking temperature for a general class of black brane
metrics of the form

ds? = g(r)[ — f(r)dt? + diz] + 2, (B.1)

mdr

where we assume that f (r) and h(r) have a first order zero at the horizonr = rg,
whereas g(r) is non-vanishing there. We follow the standard method [376] and
demand that the Euclidean continuation of the metric (B.1),

ds? = g(r)[f(r)dtg n d)?z] ¥ %drz, (B.2)

obtained by the replacement t — —itg, be regular at the horizon. Expanding
(B.2) nearr = rq one finds

ds? ~ p?d6? + dp? + g(ro) dx?, (B.3)

where we have introduced new variables p, 6 defined as

_ r—ro _ t_E / /
p=2 /h’(ro) 0=V ol (ro). (B.4)

The first two terms in the metric (B.3) describe a plane in polar coordinates, so in
order to avoid a conical singularity at o = 0 we must require 6 to have period 2.
From (B.4) we then see that the period 8 = 1/ T of the Euclidean time must be

1 4

T /0G0 TN (o)

= (B.5)
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Appendix C

Holographic renormalization, one-point functions,
and a two-point function

Here we will illustrate the general prescription of Section 5.3.1 for computing
Euclidean correlators. We will begin by giving a derivation of the general expres-
sion (5.47) for a one-point function to linear order in the external source, although
we note that Eq. (5.47) is in fact valid at the nonlinear level [538], as follows from
a generalization of the discussion that we shall present. Then, we will calculate
the two-point function of a scalar operator O(x) in N/ = 4 SYM at zero tem-
perature. In so doing we will provide a derivation of the more general expression
(5.55) for a two-point function and then evaluate it explicitly for this particular
case. Although our main interest is in four-dimensional boundary theories, for the
sake of generality we will present the formulas for a general dimension d.

Let ® be the scalar field in AdS dual to O©. The Euclidean two-point function
of O is then given by the right-hand side of Eq. (5.43) with n = 2. In order to
evaluate this, we first need to solve the classical equation of motion for ® subject
to the boundary condition (5.29), and then evaluate the action on that solution.
Since in order to obtain the two-point function we only need to take two functional
derivatives of the action, it suffices to keep only the terms in the action that are
quadratic in @, ignoring all interaction terms. At this level, the action is given by
Eq. (5.20), except without the minus sign inside ,/—g, as appropriate for Euclidean
signature:

1
sz—zfdzddxﬁ[gMNaMd>aNd>+m2d>2]+---- 1)

Note that we have adopted an overall sign convention for the Euclidean action
appropriate for (5.41). The metric is that of pure Euclidean AdS and takes the form

R2
ds” = — (42’ + 8,udx“dx") . (C2)

We will work in momentum space along the boundary directions. The equation
of motion for ®(z, k) then takes the form (5.22), which we reproduce here for
convenience:
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2919, (217%,¢) — K2 — M’ R*® =0, (C3)

with k? = §,,,k*K" as appropriate in Euclidean signature.
Integration by parts shows that, when evaluated on a solution ®., S reduces to
the boundary term

D] = L Iim/ d%k Me(—k) (k) (C.4)
S 20 @mdt o ‘
where I1; is the canonical momentum associated with the z-foliation,
M= —./-9g%,o, (C.5)

evaluated at the solution ®.. Since z = 0 is a regular singular point of Eq. (C.3), it
is possible to choose a basis for ®; , given by

@, - RZT 24D, ®, > R 22, asz— 0, (C.6)
with the corresponding canonical momenta I »(z, k) behaving as

M — —d-A)RTZ2, I, — —ARTZ@Y asz0, (C7)

2
A:g—{—v, v:,/dz—i—msz. (C.8)

Note that in (C.6) and (C.7) we only indicated the leading terms in a power series
expansion in kz for each function. For example,

D1z, k) = R7 242 (1 + ay(k2)® + au(k2)* + - ) (C.9)

where

for some constants a; 4. Because all the terms in Eq. (C.3) are analytic in k?, all the
expansions are also analytic in k?. This will be important in demonstrating that the
counterterm action that we shall introduce below is local.
Then ®. and its canonical momentum can be expanded as
De(z, k) = A P1(z, K) + B(K)D2(z, k),
[Mc(z, k) = AK)TT1(z, k) + B(K)IT2(z, k), (C.10)

as in (5.23), and the classical on-shell action becomes
1. ddk
SPel =3 /Z_E @)
[(A(=K) A TT1 (k) @1 (k) + B(—k) B(K) [T (—k) P2 (k)
+ A(=K) B(K) (TT1 (=K) D2(k) + P1(=K)IT(k))] . (C.11)
Note that because v > 0, in the ¢ — 0 limit the first term on the right-hand

side of (C.11) contains divergences and thus S requires renormalization. These
divergences can be interpreted as dual to UV divergences of the boundary gauge
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theory. A local counterterm action S defined on the cut-off surface z = ¢ can be
introduced to cancel the divergences. From (C.11) we need to choose *

S — 1/ d9% TII1(—k)
"2 ) @1)0 @1(—K)
Below we will show that this is a local action for sources in the boundary theory.
The renormalized on-shell action is then given by
ren) 1 ddk
S [@c] = JPc] + St[Pc] = = o d 2v A(—=k)B(K) , (C-13)
2] (2m)
where we have dropped terms which vanish in the ¢ — 0 limit; the action is now
finite.
We now impose the (Euclidean momentum space version of the) boundary
condition (5.29) on ®.. We can use (C.10) or (C.9) to write this boundary
condition as

@ (—k) D (k) . (C.12)

De(e, k) = P1(e, K)o (k) ase — 0, (C.14)
which from equation (C.10) gives
A(k) = ¢ (k) + terms that vanishas e — 0. (C.15)

Note that the boundary condition as written in (C.14) contains a factor R’ (com-
ing from the definition of ®; in (C.6)) that is not written in (5.29). This factor
ensures that ¢ (k) has the correct engineering dimension for a source coupled to an
operator of dimension A. Consequently, there are no R factors in equations below.

We also need to impose the condition that & be regular everywhere in the inte-
rior. This extra condition then fixes the solution of (C.3) completely, which in turn
determines the ratio x = B/Ainterms of which B = x¢. The renormalized action
can now be written as

S = / ﬂ2vx¢(—k)¢(k) (C.16)
“72) @) ' '
It follows that the one-point function is given by
_ Ss(ren)[q)c] _ _
(OK))g = k) 2vx e (k) = 2vB(k), (C.17)

which is the momentum space version of (5.47). The two-point function is then
O®) _ , BK)
¢ (k) AK)

Ge(k) = (C.18)

which is Eq. (5.55).

1 We assume that 2v is not an integer. If 2v were an integer, then extra logarithmic terms would arise. See the
discussion in Ref. [742].
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Let us now verify explicitly that (C.12) is a local action in terms of the boundary
source ¢. Substituting (C.14) into (C.12) we find that

1 ddk
Si=> / G Ta0® ) 6 (0 )

1 dik 4,4
=3 /Z:E @ € (A —=d)+--) 9o (=ke(K), (C.19)
where the - - - in the second line denotes terms of O(e?) and higher. As we noted
below (C.9), all the k-dependence in ®; and IT; is analytic in k?, which implies
that all the k-dependence in the terms represented by - - - is also analytic in k. So,
after doing the Fourier transform to coordinate space, (C.19) is a local action for
the boundary source ¢.

Note that the entire discussion above only uses the form of Eq. (C.3) nearz=0
and thus applies to any geometry that is asymptotically AdS. In the case where the
boundary theory is N' = 4 SYM theory at zero temperature, the bulk geometry is
pure AdS and we can evaluate (C.18) explicitly. We begin by noting that, for pure
AdS, Eq. (C.3) can in fact be solved exactly, with ®; , given by

K\~ 1
I ,(k2), <I>2:F(1+v)<§) RZ' 221, (k2),

(C.20)
where | (X) is the modified Bessel function of the first kind. Requiring ®. to be
regular at z — oo determines the solution up to an overall multiplicative constant:

N

K\" 1
® =T —v) (5) RZ'z

Do o 27K, (k2) (C.21)

where K, (x) is the modified Bessel function of the second kind. From (C.10),
(C.20) and (C.21) we then find that

2v
B_TI(v (‘f) (C.22)

A (v \2
and thus

L Ty (k)
Ge(k) =20 (E) . (C.23)



Appendix D

Computation of the holographic stress tensor

In this appendix we give some details of the computation of the holographic stress
tensor for the fluid metric discussed in Section 7.2. The basic tool is the rela-
tion (5.51) between the boundary theory stress tensor and the curvature of the bulk
metric whose derivation we reviewed in Section 5.3.2, and which we repeat here
for convenience:

) — tim — R
AN 87 Gy z0+2

<K’“ - = 19““) : (D.1)

where g, is the induced metric on a constant-z hypersurface X,. We will denote
its inverse by g**. We shall henceforth denote (T*") by just T*" as we have done
in Chapter 7 and as is standard in the hydrodynamic literature. In this appendix we
shall consider a bulk metric of the general form

ds? = N?dZ? + g, (dx* + N*dz)(dx” + Ndx") (D.2)
where N and N# are functions that specify the explicit form of the metric. The

extrinsic curvature of a hypersurface of constant z is given by

1
Kuw = 5 (3,90 — DN, — D,N,,) (D.3)

where N, = g,,N* and D, is the covariant derivative associated with g,,,.

D.1 Holographic stress tensor for the AdS black brane

Before considering the fluid metric of Section 7.2, let us first consider a simpler
example as a warmup. Consider a diagonal metric with N# = 0 and

R? R?
Ouv = ;h,w(x“, 2), N2 = —n?, (D.4)
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meaning that the metric is now specified by the functions h,, and n. For a metric
with this form,

R1 /1 1 z1 (1 d
Kuw=—= (280 —=h, )., K===(Zh"d,h,, — - D.5
" Zn<22“ z“) Rn(z o z) (D3)
and thus
RI-L 1 1/1 H T bt 8
T = grGy o gt 2 T e e e )

(D.6)
The AdS black brane metric dual to plasma at rest in thermal equilibrium with
temperature T is given by

R? 1
ds? = 7 (— fdt? + ?dz2 + d>?2> (D.7)

with f(2) =1 — i—g} and where z, is related to the temperature by T = %. This

metric is therefore an instance of the general form that we have introduced above,
with

1 z z
n:ﬁzl‘FE‘{’, h,wIThw‘i‘g(SuoCSvo- (D8)
We thus find that
Ri-1 1 RI-1 /47T \¢
T V<= T —— v d 8 81; = A~ ~ |\ —F v d 8 81) )
= Gy 2 T 90eo) o (a) (e 2o

(D.9)
which is indeed the stress tensor for the strongly coupled plasma at rest, in thermal
equilibrium, which we have derived for d = 4 in Egs. (6.6) in Section 6.1. (Recall
from (5.12) that for d = 4 we have R®/Gy = 2N2/x.)

D.2 Computation of the holographic stress tensor for the fluid metric

We now compute the stress tensor corresponding to the metric (7.26) discussed
in Section 7.2.1 that describes the hydrodynamic fluid in motion. Henceforth, we
specialize to d = 4. When we write the metric (7.26), in terms of the standard
representation (D.2) we find
2 2 2
N? = 5nz, n? = —u,h*’u,, g, = %hw, N, = %uu, N* = h*'u,,
(D.10)
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where h*" is the inverse of h,,. Recall that in our convention u* = n*"u,. Note
that D,, is also the covariant derivative associated with h,,,,. From (D.3) and (D.10),

R 1 2
K = =K, Ky = — (3zhuv — Eh’” +D,u, + DvuM> . (D.11)

z 2n
We then find that
R3 o z3% /1
Y - F&tuv, tuv - ll_r;% T <§8Zhuv + D(MUV) - Ahuv) N (D12)
where
1 3
A= Eh“”azhw + D, u” 4+ E(n -1. (D.13)

In the discussion of Section 7.2, we write h,,, in a derivative expansion as
hw =hQ) 4+ eh() +€*h@) + - - (D.14)
with h(%) and its inverse given by
h® = —fuu, + A, hlg =—flu'’ + A", (D.15)
and h,(}u) given by the expression (7.58). The inverse h*¥ has the expansion
h*" = hig) — ehg) +-- -, (D.16)

where h(3 is obtained from h(}) by raising the indices using hg). We can then write
t,, in a derivative expansion as

o =t + et +-- (D.17)

Upon evaluating (D.12) up to zeroth order (i.e. no derivatives) we find

0 70 (1 0 ORHO 0) 1 ny g 1 (0) 3 ©
e = lim =5 (5000 — AOhD ) AQ = Shigah) + @@ —1).

w2 on©@ \ 2
(D.18)
Using (D.15), we have
n®@ = £, 9,hQ = —5,fu,u, = 4= T)*Zu,u, + 0@, (D.19)
and from these expressions we obtain
1
AQ = —E(nT)4Z3 + 02" (D.20)

which then yields

(xT)*
tO =2 T)*u,u, + 5 (D.21)
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This is the zeroth order stress tensor describing a fluid in motion, which we stated
as Egs. (7.35) and (7.36) in Section 7.2. For a fluid at rest this reproduces the stress
tensor (D.9).

Now let us consider the contributions to the stress tensor that are first order in
derivatives. In the iterative procedure described in Section 7.2, there are two types
of contributions to tf},} One type comes from the expansion to higher order of
terms that are already present at zeroth order, i.e. terms that arise in tl(f,)(T, uy,)
ifwetake T = T@ +eT® 4+ ... andu, = uQ + euP + ... and which can
therefore be absorbed into a redefinition of T and u,,. It is straightforward to derive
the contributions of this type, and as they do not affect the structure of t,, they
are not what is of interest to us here. The second type of contribution gives new
first derivative terms which are not present in t{). We will concentrate on these
contributions, which can be written as

_3 1)
z 1 n
(T Za.h® O©yO _ AORD _ AORO ) _jj ©)
t, = ll_l;rg) 0 (Zazhw + D, u,y — AYh — A hw) !Er(\) ® t, (D.22)

where
1 3
AL — 5 (7 3ch,) ) + DPulg, + E”m : (D.23)
In these terms the differences between T, u,, and T©@, ufj’) can be neglected since

these differences only contribute at higher order. For notational simplicity below
we can drop all superscripts on these variables. After some algebra we then find that
tO —

@TY?

LV 2 GMV ’

(D.24)

where o, was defined in (7.3), which yields the result (7.59).
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