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Preface

Field theory is the framework with which one describes the theory of the standard
model of elementary particles and their interactions. The electromagnetic sector
(QED) of the standard model is understood extremely well using perturbation
theory, but the color interaction (QCD) which is responsible for hadron physics
can only be accounted for perturbatively for a limited set of observational data.
Due to the fact that at long distances the color interaction is strongly coupled,
one cannot reliably apply perturbative methods to extract, for instance, the
spectrum of the hadrons. The arsenal of tools to handle strongly coupled systems
is obviously much more limited than the one used for weakly coupled ones.
Nevertheless, several methods to handle non-perturbative field theories have been
developed. The main goal of this book is to expose the reader to those techniques
and to describe their applications in two-dimensional and four-dimensional field
theories and finally in QCD in four dimensions.

The topic of non-perturbative field theory is by itself very rich and it is clear
that one cannot cover it in a non superficial manner in one book. Thus we had
to make certain decisions about the flow of the book and about the topics that
should be addressed. As for the former issue we have decided to present the
book in three parts. In the first part we describe, in detail, the most impor-
tant non-perturbative techniques of two-dimensional field theory. The reason for
this is obvious since physical systems with one space dimension and one time
dimension are the simplest and hence it is easier to grasp the non-perturbative
tools when applied to these systems. In the second part of the book we study
two-dimensional gauge theories with the emphasis on employing the techniques
developed in the first part. The third part is devoted to the non-perturbative
aspects of gauge dynamics in four dimensions. In this part we elevate the tech-
niques of the first part to four dimensions and we examine to what extent gauge
theories in four dimensions behave like their two-dimensional simplified analogs.

There are several books on the shelves discussing non-perturbative methods in
general such as [66] and [182], there are books describing one particular method,
like conformal field theory in two dimensions for instance [77], there are books
that describe two-dimensional QCD, [2] and books that study various aspects of
four-dimensional QCD, for example [151] and of course there are books on the
basics of field theory, for example [37], [130], [173] and [215]. The aim of this
book is three-fold, to review a package of non-perturbative methods, to present
a picture which is close to the state-of-the-art in the topics described and to
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demonstrate application of the methods in addressing several questions of gauge
dynamics.

The particular methods we explore in Part 1 of the book associate with con-
formal field theory, with affine Lie algebras, with topological properties of fields,
solitons and integrable models, with bosonization and with the large N approx-
imation.

In Part 2 we first present the basics of gauge field theories in two dimensions
and in particular the bosonized version of them, we then describe the seminal
large N solution of 't Hooft of the mesonic spectrum of two-dimensional QCD:;
we address the mesonic spectrum using current algebra methods, we describe the
discrete light-cone quantization of QCD with quarks in the fundamental repre-
sentation and also adjoint quarks, we compute the spectrum of baryons and their
properties in the strong coupling limit, we discuss the issue of confinement versus
screening behavior, we analyze QC Dy using coset model and BRST techniques,
and finally we digress and devote a chapter to generalized Yang—Mills theory on
Riemann surfaces and their stringy nature.

In Part 3 we demonstrate the applications in four-dimensional gauge dynam-
ics of conformal invariance, techniques of integrable models, of large N expan-
sion and of topology. In particular we devote chapters to Skyrmions, magnetic
monopoles and gauge theory instantons.

As we have mentioned above we had to take decisions about what topics
related to non-perturbative field theory we should not include. We decided not
to address string theories, supersymmetric field theories and the holographic
string (gravity)/gauge duality. The main reason for this decision was that to
cover each of these topics requires a book in itself, or even more than one book.
In fact certain subjects that we do cover in the book, like conformal field theory,
magnetic monopoles or instantons would require a full book to cover properly.
What we have tried to achieve is to describe the basic ideas of each topic and to
demonstrate its application. We have also not treated subjects like anomalies, lat-
tice formulations, sigma models, chiral Lagrangians and other non-perturbative
topics.

Some topics described in the book are “fully established topics”, in the sense
that presumably the most important developments in those have been already
achieved, for instance conformal field theory in two dimensions and bosonization
in two dimensions. On the other hand some other topics of the book are under
current intensive investigation and are certainly still not fully established. An
example of the latter is integrability in four-dimensional gauge dynamics. The
reason we have decided to include topics of the latter kind is that we wanted the
book to be fairly up to date and useful to researchers investigating “modern”
topics.

In the more basic issues we have made an effort to present the material in a
pedagogical manner and to be self contained. For instance our discussion started
from a free massless scalar field theory in two dimensions and gradually evolved



Preface xvii

into general conformal field theories. In dealing with more advanced topics, like
for instance instantons in four dimensions, the reader will need to consult with
specialized references to obtain a more complete and wider picture of the topic.

Some of the content of the book, mainly in Part 2, is based on the research
work of the authors, but most of the material is a review of the work of many
researchers in the field.

The book is aimed for advanced Ph.D. students, post-docs and other newcom-
ers to the arena of non-perturbative methods in field theory. The reader should
definitely be equipped with a basic knowledge of field theory, group theory and
algebra, differential equations, geometry and topology.

Throughout the book we refer to only a limited list of references. The number
of scientific contributions to the topics discussed in this book is enormous and
since we could not cover all of them we have referred to papers that initiated the
various topics, and to review papers and books where a much more exhaustive
list of references can be found.

We have made an attempt to keep the same notations throughout the book.
However in certain instances we have changed notations during the course of
the book, mainly to be in accordance with relevant literature. In these cases we
specified explicitly the change in notation made.
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PART I

Non-perturbative methods in two-dimensional
field theory






1

From massless free scalar field to conformal
field theories

In this chapter we analyze the simplest field theory, which is the theory of a
free massless scalar field in two space-time dimensions, one space and one time.!
The rich symmetry and algebraic structure of this theory encapsulates the basic
concepts of two-dimensional conformal field theory, which will be the topic of

the next chapter.

1.1 Complex geometry

It is convenient for the discussion of two-dimensional free scalar theory and later
conformal field theories to introduce complex coordinates as follows:?

E=2"+izt £=2"— izl (1.1)

We now take 2° and z' to be in Euclidean space. Correspondingly we define the
derivatives

1 ) 1 .
0 = 5(5‘0 —i01) O = 5(80 +101), (1.2)
which is a special case of the decomposition to components of vectors, namely
1
Ag = 5(A° —idl)  Ag = S(A" +i47)
AS = (A" +iAY) AS = (AY —iAh). (1.3)

The metric of the flat Euclidean space-time ds?> = da?? + dz'? translates into
ds? = déd€, namely

1

S = 133
955—955—27 g

$=g¥=2 ge=ge=9"=g =0 (14

With this metric at hand the scalar product of two vectors takes the form
_ 1 _ _
A”BH:AfBngAﬁBg:i(AfoJrAfo). (1.5)

Complex components of higher-order tensors relate in a similar manner to
the real components, in particular for a symmetric two-tensor (like the

L The content of this chapter comprises the basics of massless scalar fields in two dimensions.
This is covered in many textbooks.

2 The use of complex coordinates in the context of the bosonic string theory is described by
Polyakov in [177].



4 From massless free scalar field to conformal field theories

.

(1IN
N

(O

Fig. 1.1. The map between £ and z.

energy-momentum tensor),

1 .
T = T§§ = E(TOO — 27,T10 — Tll)

_ 1 )
T= ng = E(TOO + QZTIO — Tll)
1
Tee =Tee = Z(T{)o +Ti1). (1.6)

Often, especially in the context of string theory, the space direction is no longer
R, but rather is compactified on S' so that 2! = 2! 4 27t. For such a geometry
it is convenient to introduce the following conformal map:

a0 izt

£ ¢ ,

E—z=¢

which maps the cylinder to the complex plane (see Fig. 1.1).
In particular the past z° = —oo is mapped into the origin and the future

2% = 0o into a circle with an infinite radius. It is clear that the relations between

(€,€) and (2°,2') derived above hold also between (z,%) and (Real(z), Im(z)).
The holomorphic and anti-holomorphic derivatives with respect to z will be
denoted by 9 = 9. and 0 = 0.

1.2 Free massless scalar field

The action S of the free massless scalar field X (z, z) is
1 PN
S = /d2x£: —/dzxﬁyXa”X
87

1 2 kol koS 1 2 A — A
— X0 X = — X0X 1.
4n/d§8§ 0 4ﬂ/dz88, (1.7)
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where £ is the Lagrangian density. The factor ﬁ is used to match the normal-
ization of the bosonic string theory (with o/ =2). In the complex coordinate
notation (£,€) and (z,%) the measure of the integral is d2¢ = (i/2)d¢ A d€ and
d?z = (i/2)dz A dz, respectively. Note that £ is a local expression and thus is
the same for the Fuclidean plane or for any compact two-surface.

Varying the scalar field X (z,2z) — X (2, %) + 6X(z,z) induces a variation in
the action of the form

1

_ 2 5% ¢
08 = 5 [ 2(00X)5X. (1.8)

The action is thus extremized by configurations that solve the corresponding
equation of motion

90X = 0. (1.9)
It is thus clear that X is a holomorphic function and 8X is an anti-holomorphic

function, and the most general solution takes the form

X(z,2) = [X(2) + X (2)]. (1.10)

1.3 Symmetries of the classical action
By construction the action is invariant under translations and SO(2) rotations.
Translations in 2° and ! translate in complex coordinates to
z—z4+a; zZ—ZzZ+a, (1.11)
where a is a constant complex number, and the SO(2) rotations, in infinitesimal
form, to
0z = —iez; 0Z = i€z, (1.12)

where € is an infinitesimal real parameter.

When we go back to Minkowski space, the SO(2) rotations turn into SO(1,1)
transformations. In addition it is easy to realize that a shift of the field by a
constant A,

X(z,2) — X(2,2) + A, (1.13)

leaves the Lagrangian invariant. It is a special feature of two dimensions that
the symmetry group of the action is in fact much richer since one can replace
the constant A with A(z) and the constant A with A(Z), which are arbitrary
holomorphic and anti-holomorphic functions, respectively,

X(2,2) = X(2,2)+ A(2); X(2,2) — X(2,2) + A(2). (1.14)
These are the affine current algebra transformations.®

3 Affine Lie algebras describing a physical system were first discussed in [27]. More references
will be given in the next two chapters.
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In a similar manner the space-time translations (1.11) can also be elevated to
holomorphic and anti-holomorphic transformations,

2= f(2); Z— f(2), (1.15)

referred to as two-dimensional conformal transformations. Affine current alge-
bra transformations and conformal transformations will be further discussed in
Sections 1.10 and 1.11

1.4 Mode expansion

The mode expansion of the classical solution depends on the boundary condi-
tions. For the case where the underlying two-dimensional manifold is the infinite
plane, a standard Fourier transform is used:

X (lcl)e_ik“"j + aT(kl)eik"’”]. (1.16)

dk!
0 .1
v, )= | ——=—|a
( ) / V21V kO |
If the range of the space coordinate is bounded, one may impose two types of
boundary conditions, associated with closed and open strings. In the case of
closed strings the boundary conditions

X, 2') = X(2°, 2! + 2m) (1.17)

are automatically obeyed by X (2,%2). For this case the mode expansion is
expressed in terms of a Laurent series,
oo oo —
OX=—i Y o 9X=-i Yy = (1.18)

ntl Zn+l :
n=—o00 n=—o00

Integrating this expansion we get

X(z,2) =X —iPln(zz) +i Z (%z‘m + %Z‘"”) ) (1.19)

m=—oo, m#0

with X a constant and
P=ay=0q. (1.20)

For open strings the boundary conditions are of Neumann type, namely

WX 2! =0) =0, X", 2! =7) =0 = 0X (2,2 = 2) = 0X (2,2 = 2).
1.21)

The corresponding mode expansion takes the form
> > am — ——
X(z,2) =X —iPIn(zZz) +i mn . 1.22
(2,2) iPIn(2z) +i E - (z7" +2z7™) (1.22)

m=—o00, m#0
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1.5 Noether currents and charges

Associated with the symmetries (1.14) and (1.15) are conserved Noether currents
and charges. In the Noether procedure one is instructed to elevate the global
parameters of transformations into local ones and extract the associated currents
from the variation of the action, namely 65 ~ [d?z.J,0"e. Let us apply this
procedure first to the affine current algebra transformations so that we vary the
action with respect to 6X (z, 2) = €(z, 2) yielding

5 = ﬁ /dzz[ae(z, 20X (2, 2) + de(z, 2)0X (2, 2)]. (1.23)

Unlike the situation in more than two dimensions, and due to the fact that the
symmetries (1.14) are in fact not only global ones but rather “half local”, the
currents

J=0X; J=0X (1.24)
are holomorphic and anti-holomorphic conserved,
0J=00X =0; 0J=00X =0. (1.25)

The classical currents are determined up to an overall constant.

A similar situation occurs with respect to the conformal transformation.
Replacing in the infinitesimal version of (1.15) dz — ¢(z, Z) and 0z — €(z, Z) one
finds,

55 = % / L 2(0e(z, 2)0X (2, 2)0K (2, 2) + De(z, 2)0K (2, 2)0K (2,2)].  (1.26)

The associated holomorphic and anti-holomorphic conserved energy-
momentum tensor components are

T= —%axax; T= —%5X8X, (1.27)

where the coefficients were chosen in a way that will turn out to be convenient
when discussing the corresponding quantum generators.

1.6 Canonical quantization

Prior to imposing the canonical quantization condition one has to identify the
time direction. There are several options. Using z° as the time direction, the
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corresponding conjugate momentum of X(z, Z) is

Ho 6 _ 1,
(Sl‘()X 4

and the standard quantization conditions are
K (a2, 00, )y = 0! — y)
£ (2, 21), X0,y oy = 0
(2", 2" ), Ty, 4" )so—yo = 0. (1.28)

These conditions yield the standard algebra of the creation and annihilation
operators for (1.16),

[a(k),a'(p")] = (k' —p');  [a(k'),a(p")] = [a' (), a’ (")) =0.  (1.29)

Substituting the mode expansion (1.16) into the expressions of the Noether
charges associated with the symmetries of the action (1.7) one finds that
the energy-momentum operators are proportional to af(k)a(k) + a(k)af(k) and
hence their vacuum expectation values are proportional to §(0) ~ L, where L is
the size of the space direction. It is thus clear that for the infinite Euclidean plane
(or a Minkowski space-time with space R) these expectation values diverge. One
then defines the normal ordered operators:

:0:=0 - <0|0)0> . (1.30)

For free fields this is equivalent to ordering annihilation operators to the right
of creation operators, and sufficient to make : O : finite.

Using the algebra of the creation and annihilation operators and the normal
ordered Hamiltonian, the construction of the Fock space is standard. One defines
the vacuum state |0> such that

a(k")|0>= 0. (1.31)
The states in the Fock space are

Ha )" |0>, (1.32)

and their energies, by applying the Hamiltonian,
HI ] a (ki)"'10> =" " (k)i (ks) [ af (k)" 10> . (1.33)

The canonical quantization for the scalar field on a compact space direction,
with the boundary conditions of open or closed string, (1.21) and (1.17), respec-
tively, follows very similar steps. Imposing the quantization conditions (1.28)
above implies the following algebra for the «, operators of the open string and
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for the «,, and &, operators for the closed string:

[am 5 O‘n] = m(Sm-HL
[@m 5 dn] = m(sm-&-n
[Oém,@n] = 0. (134)

It is thus clear that «,, operators are related to the a(k) operators as

Q= vVma(m),m >0; a_,, =+/ma’(m),m > 0. (1.35)

1.7 Radial quantization

For the case of a cylinder-like two-dimensional manifold, namely, where the space

direction is compactified so that ! = x! + 27, it is natural to use the z = e*' ¥i®’

' — 2! 4+ @ take the form of multiplying by

0

coordinates. Space translations x
a phase factor z — €“z, and time translations z° — z° + ¢ turn into dilata-
tions z — e?z. Rotations (z° +iz!) — (c+is)(2* +iz'), go into z — 2(¢Fs)
with (¢ +is) = e, 0 the rotation angle. Correspondingly the generators of these
transformations change their geometrical operation. For instance the Hamilto-
nian obviously goes into the dilatation generator. Moreover, generators which
are Noether charges transform into contour integrals. Recall that the Noether
charge is Q = [ da'Jy(z') which in the new coordinates reads @ = [ d6.J,(6) so
that we can write,

0- il jf [d2J(2) + dzJ(2)], (1.36)

27

where the contour integral is performed at some radius and the sign convention
we adopt is that both the dz and dz integral are taken to be positive for the
counter-clockwise sense.

The infinitesimal transformation of an operator generated by the Noether
charge @ is given by:

50 = 2im ]{ [dzJ (2)e(2), O(w, @)] + dz[J(2)&(2), O(w, ¥)]. (1.37)

Define a product R of two operators A(z)B(w) as taken radially, namely!
R(A(2)B(w)) = A(z)B(w), |z] > |w|; B(w)A(z),|w| > |z|. (1.38)

In Fig. 1.2 we show the two contour integrals that lead to a contour integral
around w, the location of the operator O, so that the infinitesimal transformation
is given by,

5.0 = QLM 7{ [dze(2)R(J(2)O(w, ®)) + dZe(2)R(J(2)O(w, @))].  (1.39)

4 The notion of radial quantization was introduced in [104]. This construction was used in the
context of complex geometry in [93].
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N
™

Fig. 1.2. A contour around w from the commutator.

We now apply this formulation to the symmetry generators (discussed in Sec-
tion 2.1):

(i) The infinitesimal affine current algebra transformation X (z,2) — X(z,2) —
€(z) is generated by the holomorphic current J(z) = 0X via

5. X (1, @) = % dze(2)ROX (2)X (w, D))
1 —1
=52 dzz — we(z) = —¢(w), (1.40)

where we have used for the product of operators,
R(X(2)X(w)) = —log(z — w) + finite terms. (1.41)

This is an example of the concept of operator product expansion, which is
addressed in the next section.

(ii) In a similar manner we can compute the transformation of X generated by
the energy momentum tensor 7'

00X (w) = %]{dZE(Z)R (—; L 0X (2)0X (2) - aX(w)>
- 2Lm dZﬁaX(@e(z) = 0e(w)0X (w) + e(w)P* X (w),  (1.42)

which is indeed the infinitesimal transformation of the holomorphic current
J = 0X(z). The generator T is normal ordered using the following expression:

T(w) = —% 10X (2)0X (w) = —% lim,_,, [0X(2)0X(w)+ Gowrl (1.43)
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1.8 Operator product expansion

In computing the contour integrals associated with infinitesimal transformations
we have made use of the operator product expansions of pairs of operators.® The
singularities that occur when the points are taken to approach one another are
captured in the notion of operator product expansion (OPE),

0i(2)0;(y) = Zcfj (= y)Ox(y), (1.44)
k

where cfj (x —y) are the coefficient functions which are singular in the limit
of x — y. Such expansions were proven to hold in renormalizable field theo-
ries. The OPEs are an essential tool in exploring quantum field theories. Recall
that all of the information on the QFT is encoded into the values of all possi-
ble correlation functions of the complete set of local operators O;(x), namely,
< O1(21)...0,, (z,) >. In particular, one is interested in the behavior of these
correlation functions when two or more points approach each other, which is
encapsulated in the OPEs. For all applications discussed here the OPEs are
treated as asymptotic expansions and only their singular terms will be specified.
For the present case of two-dimensional free massless scalar field theory the OPE
converges and in fact, as will be discussed in Section 3.7.2, a similar situation
occurs in all 2d CFTs.

The OPEs of the free massless scalar can be deduced from its propagator,

which can be evaluated from the solution. It takes the form:
< X(22) X (wd) >= —log|z — w|*. (1.45)

In terms of the separation of the solution into holomorphic and anti-holomorphic
parts the two propagators read:

< X(2)X(w) >= —log(z —w); < X(2)X(w) >= —log(z — w). (1.46)

By differentiating the last relation with respect to z and to w one finds the short
distance expansion of other operators like J(z), T'(z) etc. In particular the OPE
of the currents is

J(z)J(w) = 0X(2)0X (w) = — 5 + finite terms, (1.47)

(z —w)
with a similar result for the anti-holomorphic currents.

A different, though equivalent, approach is to write the OPE as a Taylor
expansion in (z — w) and (Z — @) in the following form:

X(z,2) X (ww) = —log|z — w|* + Z %[(z —w)": (8 X (w, )X (w, @) :
k=1
+(z — o) : (0" X (w, )X (w, D) :]. (1.48)

5 Wilson introduced for the first time the concept of an operator product expansion [219]. Tt
was used for two-dimensional conformal field theories in [33].
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This form of expansion is based on the property that the normal ordered product
of the scalar fields,

: X (z,2) X (ww) == X(z,2)X (w, ) + log|z — w|?, (1.49)
obeys the equation of motion, namely,
90 : X (2,2)X (w,w) := 0, (1.50)

and hence can be decomposed to holomorphic and anti-holomorphic functions
and thus is non singular.

In the previous subsection we used two OPEs to determine the symmetry
transformation of X and 0X. We will work out now two additional examples

of OPEs, involving the operator which will later be found to be very useful
celoX(w)

(i) The conformal properties of : e’“X (®) are being determined by its OPE with
T'(z) which takes the form

T(Z) . emX(w) C = _%(: aX(Z)@X(z) :)(: emX(u;) :)
(i) iaX (w iaX (w
B me T (z—w)ae . (1.51)

In language that will be developed in Section 2.2 this result will mean that
. 2
;!X () . has a conformal dimension of G-

(ii) The OPE of two operators of the form : e’ X (*) is

. ataX (w) ,—ifX (w) .
. daX(2) (. a—ifX(w) .\ _ - € € :
(- 60X () (e )= (1.52)

1.9 Path integral quantization

So far we have been using canonical quantization. Before proceeding to the gen-
eral structure of affine current algebra and Virasoro algebra we introduce the
quantization of a free massless scalar field using the Euclidean path integral
approach. As usual the functional integration DX (2,2) can be approximated
by discretizing the two-dimensional space and representing the functional inte-
gral by products of ordinary integrals. Expectation values of operators O(X)
constructed from X are given by,

/DX 2, %) /DX 2,2)O(X)e 7= ©*=0X0X (1 53)

Correlation functions have to obey the equation

00 < X(z,2)X (w, @) >= —276°(z — w, z — ), (1.54)
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as can be deduced by using the fact that the path integral of a total derivative
vanishes:

0= /DX(Z@)(SXL,[KSX(“’?@)]

= | DX(z,2)e™" —AéisX(wﬂD)—chQ(z—w,Z—w)
0X(z,2)
1

7 < 00X (2,2) X (w, @) > + < 62 (2 —w,Z — ) > . (1.55)

Alternatively one can use (1.45) and (1.46) directly. Note that in that case care
must be exercised, as naively we would get zero rather than the delta function,
since the expression is a sum of two terms, one depending on z only and the
other on Z only. The point is that the expressions (1.46) cannot be taken over at
the origin. A working rule is:

B (i) .y C) = (21)8%(z, %)

This can be derived by going over from % to

1 to =2, to regulate the singularity

at the origin.

1.10 Affine current algebra

As was shown in Section 1.3 the classical action is invariant under both affine
current algebra transformations and conformal transformations. We would like
to study the algebraic structure of the generators of these symmetries. We start
with the invariance under affine current algebra transformations. Recall that the
corresponding generators are the holomorphic and anti-holomorphic currents J
and J, given in (1.24). Expanding the currents in Laurant series,

Z oz J = i —(n+1) (1.56)

it is obvious from the mode expansion (1.18) that the algebra of the currents is
related to that of the «,, operators, namely

[me Jn] = _m6m+n; [jmajn] = _m§m+n' (157)

This form of algebra will be shown in the next chapter to be associated with level
k =1 abelian affine current algebra (or Kac-Moody algebra as it is sometimes
referred to).

This algebra translates into the following algebra of the currents:

[J(2), J(w)] =8 (z — w). (1.58)
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Using the technique developed in Section 1.7 we can derive this result also from
the operator product expansion of two currents,

J(z)J(w) = ﬁ + finite terms. (1.59)

1.11 Virasoro algebra

Next we address the algebraic structure of the generators of conformal transfor-
mations (1.27). Upon inserting (1.18) into the Laurent expansion of the energy
momentum tensor,

T = Z L,z n+2)7 T = i rL+2 (160)

n=-—oo =

one finds that for L,, with n # 0,

oo
n=1/2 ) (1.61)
m=—0oQ
For n # 0 the operators «;,_,, and «,, commute, and so the product equals
the normal ordered one. The situation is different for L. Here one encoun-
ters an infinity in the product of chiral fields, which normal ordering removes,
resulting in,

Ly=1/2P"+) o pamy. (1.62)
1

We shall later see that it is sometimes necessary to shift Ly by a constant. Using
the commutation relation of «;, one finds the following “naive” expression for
the commutator of L, operators:

1
[Lin, L] = 1 > lem -k, o]

1 1
5 Z kOém,]cOé]ngn + 5 Z(m - k)amfk‘+nak
k k
= (m - n)Lerna (163)

where to get to the third line we have changed a variable in the first sum from
k — k —n. This is the classical Virasoro algebra,’ and in fact in the quantum
theory it is further corrected. The correction appears only for the case m +n = 0,
so for m # —n the classical form (1.63) is exact. For generators with m +n =0
the two sums in the second line of (1.63) have to be brought to normal order. As
re-ordering means using the commutator, one gets divergent series for which, in
the case at hand, one cannot shift the variable of summation without changing

6 The Virasoro algebra was presented in [212]. More references will be given in the next two
chapters.



1.11 Virasoro algebra 15

the result. Taking this into account, one gets a c-number shift in the commutation
rule,

[Lm 9 Ln] = (m - n)L77L+7L + A(m)érIL+TL' (164)

To compute the anomaly term A(m) we introduce a cutoff function f (k),
which tends to 1 in the limit of infinite regulator A for any &, but for every finite
A goes to zero sufficiently rapidly at infinite k. Thus we view the operators L,
as regularized sums,

o0
Ly=1/2 Y :an_mom : fa(m), (1.65)
m=—0Q0
to replace (1.61). With this regularized expression, a direct computation gives
for the anomaly,

A(m) = 1/4 {k(m — k) fa(m = k)[fa(k —m) + fa(—F)]
kA AR R Am R} (166)

If we now take fi (k) to 1, without being careful, we get the divergent sum,
A(m) —m > k. (1.67)
k=1

Using (-function regularization, namely replacing k& by k~*, we get a convergent
sum for any s > 1, and then we continue analytically to s = —1, to get —m/12
for the right-hand side of the last equation.

To compute A(m) with the regulators fy, we now look at,

Am) + 75 = 1/4 Y {k(m = k) fam — k) fa (k = m) + fu (=)
k(m R Fa (<R () + fu(—m — k)] — dmk}. (L68)

Only large k is relevant now, as for any finite k£ we can take A to infinity first,
obtaining zero on the right-hand side. We now take,

falg) = 1al™ gl — oo, (1.69)

m

with p — 0 as A — oo. Expanding in powers of 7, and recalling that ((s) has a
pole only at s = 1, we get by summing first and then letting p — 0, the result,
3
m m
ek 1.
A(m) 5= 13 (1.70)
The anomaly term A(m) can also be determined using the Jacobi identity
[Li, [Lm, L]l + [ Ly [Lny L) + [Ln, [Lg, L] = 0. One finds that for k+m +
n = 0 the anomaly term obeys (m — n)A(k) + (n — k)A(m)+ (kK —n)A(m) = 0.
Recall also that A(0) =0 and A(m) = —A(—m) so it is enough to determine
A(m) for positive m. The relation derived from the Jacobi identity can be used
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to get a recursion relation which is determined by values of A(1) and A(2).
In fact the general solution is of the form A(n) = b3n® + byn. The coefficient
by is correlated with the normal ordering ambiguity constant of Ly. One can
determine the coefficients b; and b3 by computing the vacuum expectation val-
ues of <0|[Ly, L_1]|0>= 0 and <0|[Ly, L_5]|0> = 3, so that altogether one finds
A(n) = $5n(n® — 1) and the full Virasoro algebra associated with the massless
free scalar field is,

1
[Lvan} = (m - n)Lm+n + ﬁm(m2 - 1)6’m+n- (171)

In the next chapter the Virasoro algebra will be discussed in a broader perspec-
tive. In that context it will become clear that the algebra of (1.71) associated
with the massless free scalar is characterized by a ¢ = 1 Virasoro anomaly.



2
Conformal field theory

Conformal invariance of two-dimensional massless scalar field theory was shown
in the previous chapter to associate with the infinite algebra of conserved charges,
the Virasoro algebra. In this chapter we describe the basic building blocks of
any two-dimensional conformal field theory (CFT). The notions of primary and
descendant operators will be introduced and the structure of the Hilbert space
of states will be described. We will discuss and classify certain classes of unitary
CFTs. Crossing symmetry, duality and bootstrap equations will be defined and
applied to computing correlators of CFTs. We then discuss the Verlinde formula
which relates the fusion rules and the S transformation. We will end up with two
examples of CFTs that demonstrate all of the concepts that have been introduced
before. The first one is the theory of a Majorana fermion and the second is the
m = 3 unitary minimal model, which is shown to be the continuum limit of the
two-dimensional Ising model.

Conformal field theory in two dimensions is covered by many review articles
and books. The former include [109] which we use intensively in this chapter,
also [25], [13], [59], [233] and many others.

Among the books that discuss 2d CFT is [140] and books on string theories
[113], [154], [174], [138], [237], [142], [30].

The most complete book on the topic is [77].

The basics of conformal field theory were stated in the seminal paper by
Belavin, Polyakov and Zamolodchikov [33]. This includes the introduction of
primary fields, the behavior of the energy-momentum tensor and the central
charge. Conformal Ward identity and the use of OPEs appears in [93], [95]
and [94].

2.1 Conformal symmetry in two dimensions

The theory of the free massless scalar field in two dimensions was shown to be
invariant under the holomorphic and anti-holomorphic coordinate transforma-

tions
z— 2 = f(2); z—7 =f(2). (2.1)
Under such a transformation the metric transforms as
ds? = dzdz — do'as = 2297 4.a5 (2.2)

"~ 0z 0z
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At this point we can understand why we referred to these transformations as
conformal transformations. In general in d space-time dimensions the confor-
mal group is the subgroup of coordinate transformations that leaves the metric
invariant up to a scale, namely,

Guv (z) — g;/w(xl) = Q(x)gﬂll(x)' (23)

It is obvious from (2.2) that the 2d conformal transformations (2.1) indeed pro-

duce such a variation of the metric. An important property of conformal trans-
\/‘% between two

formations in any dimension is that they preserve the angle
vectors A and B.

Starting from flat space, the general infinitesimal coordinate transforma-
tions z# — z/ 4 €' (z) induces a change of the metric ds* — ds? 4 (9,6, +
0y€,)datdz”, so that the condition for conformal transformations reads,

2
8(8 : 6)9#!/7 (2'4)

where g, is 1, or d,, for a Minkowskian signature, or Euclidean signature,
respectively.

Oue, + Ove, =

It is thus obvious that for two-dimensional Euclidean space-time € = ¢(z) and
€ = €(Z) are the unique solutions of (2.4), which reduces to the Cauchy-Riemann
equation 8161 = 8262 and 8162 = —6261.

We would like now to put aside scalar field theory and explore the general prop-
erties of conformal field theories in two dimensions. Any theory with a vanishing
trace of the energy-momentum tensor 7j} = 0, or in complex coordinates 7’; = 0,
has necessarily an independent holomorphically (and anti-holomorphically) con-
served energy-momentum tensor components, namely,

OT=0T..=0 0T =0T.. =0. (2.5)

This follows trivially from the usual conservation law oT,, + 0T,; = 0, and its
complex conjugation. It is also clear that in fact there are infinitely many con-
served currents, since g(z)7T'(z) for any analytic function g(z) is also a holomor-
phically conserved current (we sometimes call any conserved tensor “current”).

We show in the following section that indeed the energy-momentum tensor
T(z) and T(Z) generate the conformal transformations given in (2.1).

2.2 Primary fields

Conformal invariance constrains the OPEs of the theory. In particular, since T
is holomorphic, the OPE of T'(z) with a general operator can be expanded in
terms of a Laurent expansion in integer powers of z. The singular part of the
OPE takes the form,

T(2)0(w, @) = 3 W@(")(w,w), (2.6)

n=0
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where the sum is usually finite, and the operators @(”)(w7 w) have to be deter-
mined. Using radial quantization as in Section 1.7 and the OPE above, we get
for the transformation generated by T'(z),
. 1 ~
50w, w) =Y — [(a"e)o<">(w, w)} . (2.7)

n!

n

We now consider operators that transform under conformal transformation in a
way that generalizes the transformation of the metric, (2.2),

O(z,2) — O'(+'7') = (‘?)j)h (gi)ﬁ 0('%), (2.8)

An operator with such conformal transformations is a primary field or a ten-
sor operator with conformal weights (h,h), which are sometimes referred to as
the holomorphic and anti-holomorphic conformal dimensions.! The sum of the
weights h + h is the total dimension that determines the behavior under scal-
ing, whereas h — h is the spin that controls the behavior under rotations. The
infinitesimal transformations that correspond to (2.8) are,

6¢,:0(z,2) = [(hOe + €0) + (hOE + €9)] O(z2). (2.9)

This form of transformation implies that the singular part of the OPE of T" and
O(w, w) reduces to,

h _ 1
5 O(w, w) + oo

C(z-w)
Applying these notions to the free scalar field we find that 0X(2) has (1,0)
weights, 0X () has (0,1) and the weights of : e!®X (%) : are (%, %)
In Chapter 1 the notion of OPE was discussed in the context of scalar field the-
ory. The generalization to any CFT is straightforward. Normalize the operators

with fixed conformal weights as,

8O (w, @). (2.10)

1 1

(z —w)?hi (2 —w)2hi’

<Oi(z,2)0j(w,w)> :(51']' (211)

then, for a complete set, the OPE of any pair of such operators is, to leading
singularity,

0i(2,2)0;(w, @) ~ > Cijp(z — )" == (2 — @) == Oy (w, @), (2.12)
k

where Cjji, are the product coefficients of the theory.

1 The notion of conformal primary field and its descendants was introduced in [33] and further
discussed in [236].
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2.3 Conformal properties of the energy-momentum tensor

For the free massless scalar field we found that the OPE of T'(2)T'(w) is not
of the form shown as (2.6), due to the anomaly term as in (1.71). The form of
T(2)T(w) OPE for any CFT is rather,

c/2 2T (w) 0w T (w)

T(2)T(w) = , (2.13)

C-w)  G-w? ' (z-w)

where ¢ is the central charge (or the Virasoro anomaly), a constant that charac-
terizes the theory. The second term represents the dimensions and the third the
property of translations under T'. For theories with positive semi-definite Hilbert
space ¢ > 0, as follows from,

c/2
(z —w)t

<T(2)T(w) >=
This type of OPE implies the following infinitesimal transformation of T
Se()T(2) = %a%(z) +2(9e(2))T(2) + €(2)T(2). (2.14)
The corresponding finite transformation T'(z) — T"(z") takes the form,
T'(2) = (02')'T(=) + 5{, 2}, (2.15)
where {z/, z} is the Schwarzian derivative,
(f.2) = 203 fOf — 30° fO* f
e 20f0f
To derive (2.16), we first note that by applying a second transformation f — w
we get,

(2.16)

{w, 2} = (0:)*{w, [} +{f, 2} (2.17)
Then, we take w = f + 6 f, thus obtaining a functional equation,
) B G 3Of

Expressing the right-hand side as derivatives with respect to z,

L i/ 3(/7)? _ L (5f)’
f (f')? 2 )2 ’
we can integrate the equation to get (2.16). The first term suggests integrating to
£ /f, the variation of which gives 1/f (6/)" — f" /(f)2(6f)", while the second
term suggests —3(f )2/2(f )%, the variation of which gives —3f" /(f)2(0f)" +
3(/")2/(f ) (51)"

For the massless scalar case T can be written as T'(z) = —1 : J(2)J(2) 1, as
we saw in (1.5). In fact, as will be discussed in Chapter 3, there is a large class
of theories that share this so-called Sugawara form. For this type of theory the

proof that the finite transformation is of the form of (2.15) is as follows. Recall

(2.18)

6f)" — 250" +
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that as a primary field of weights (1,0), J(z) — %—ZZ/J(Z') If we write T'(z) =
—3lim, .y, (J(2)J(w) + ﬁ) and substitute the transformation of the currents
we end up after some lengthy but straightforward calculation with (2.15).

2.4 Virasoro algebra for CFT
Let us use the Laurent expansion of T for CFT, following (1.60),

(o] B o0 I—/
_ —(n+2) _ n
T = Z_: L,z T = ; —a (2.19)
so that,
1
Ly =5 dzz"TT(2). (2.20)

The expansion is chosen such that L, has scale dimension n under z — z/a,
namely, L, — a" L, .

The Virasoro algebra? can now be derived using the OPE of T'(2)T(w) given
n (2.13),

(L L <2ﬂ> fdzj{dw nh gyl Ly T ()T (w). (2.21)

The double integral is performed by fixing w and transforming the difference of
the two § dz integrals into one integral around w,

[anL (27-[ ) ]{dz%dw n+1 m+1 _Zm+l n+1]
1
w

¢/ ) 0.T(w)
[(z—w)”(z—w)”(z—w)

= <21m) %dw [e/12(n® — n)w" ™!

+2(n+1) = (n+m+2)]w" " T(w)]

= E(n - n)é(n + m) + (n - m)Ln,+7n,- (222)

Performing identical steps for L,, we get that L, obeys the same infinite algebra,
with some central charge ¢, and that [L,, L,,] = 0.

Any CFT is a representation of the Virasoro algebra characterized by ¢ and ¢.
It is straightforward to identify the following properties of the algebra:

e The generators (L1, L) span an SL(2,R) algebra,
[Ly1,La] =2Ly [Lo,Ly1] = FL+ (2.23)

2 The first use of the Virasoro algebra was by M. Virasoro in the context of the dual resonance
model [212]. Its application to two-dimensional CFT was presented in [33].
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Table 2.1. The conformal family

Level Weight Fields
0 h )
1 h+1 L.¢
2 h+-2 Losp, L21¢
3 h+3 L_ 3¢, L_oL 19, L% ¢
N h+N P(N) fields

e For n >0, L_,, is a raising operator and L,, is a lowering one, since [Ly, L, ] =
—nL, so that if |¢)> is an eigenstate of Lg, Lg|)>= h|¢)> then Lg|L,¢>=
(h —n)|L,¥>.

2.5 Descendant operators

From every primary operator ¢(z, Z) one can construct an infinite tower of Vira-
soro descendant operators,

_ 1 1 _
(L-nd(w,w)) = Gy ]{dZFT(Z)¢(w7w)- (2.24)
A distinguished descendant operator is the energy momentum tensor T'(z) since,
1 dz

The set containing the primary field ¢(z,z) and all its descendant operators
is called a conformal family and it is denoted by [¢]. A conformal family is a
tower of operators where each layer is characterized by its level as shown in
Table 2.1, where P(N) is the number of partitions of N into positive integer

parts, which can be written in terms of the generating function [[, _, % =

l—q" )
Z?\?:o P(N )qN-
We can now use the conformal family to rewrite the expression of the OPE
(2.12) of two primary fields,

(bi (Zﬂ2)¢j (w,@)
_ Z CL{/l]lc}(Z o w)h;C —hi—h;j+Y, Il (2 i m)ﬁk*ﬁ,*ﬁj‘kzn I (bg(w, w)7
k{I0}
(2.26)

where we denote by ¢! (w, @) the descendants L_;, ... L, L ... I_’:i,l o (w, )

with the normalization given in (2.11). The product coefficients cih

ijk
in terms of those of (2.12) Cj;; as,

Offf;} = Cijkﬁfj{l}ﬂ_k{i}a (2.27)

ij

are given
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k{1 . . . .
where ﬂij{ } are determined by conformal invariance and are functions of ¢ and

hi, hj, by, and similarly for ij{l} . This follows from a detailed analysis that we
do not show here.

The OPEs of any pair of descendant fields can also be deduced from (2.12)
which implies in fact that all the information about the OPE is encoded in the
product coefficients C;;;. Moreover since the structure of (2.26) holds for all the
primaries and their descendants, one can write the so-called fusion algebra for
conformal, families, which takes the form,

$ille] = > NE[ox]- (2.28)
k

2.6 Hilbert space of states
Our next task is to construct the Hilbert space of states. First we define the
ground state |0> by,
L,|0>=0 n>0. (2.29)

The next step in this program is to build the highest weight states (hws).
Consider the state generated from the vacuum by a primary field ¢(z) of
dimension h,

|h>= ¢(0)]0> . (2.30)
It is easy to check that for n > 0, [L,,, $(0)] = 0 since,

(L, d(w)] = zim%dzz"HT(z)gb(w) = h(n + Dw"¢(w) + w" dp(w). (2.31)

Hence the highest weight state |h> obeys
Ly|h>=h|h> L,|lh>=0 n>0. (2.32)

Expanding the primary field ¢(z) in a Laurent series > ¢, z(" ="

the highest weight state symbolically as ¢y, ]0>.
Descendant states are generated by applying the descendant operators L_,, ¢
on the vacuum or alternatively by applying L_,, on highest weight states, namely,

L—n|h> = L—n¢(0)‘0> = (L—71¢)‘0> : (233)

, one can write

It is thus clear that the highest weight states, or equivalently the primary oper-
ators, play a major role in constructing representations of the Virasoro algebra.
In fact one can show that every representation is characterized by a primary
operator. Consider an eigenstate of Ly, Lo|y> = hy|1)>. Now act on it with the
lowering operator L, with n > 0. The L eigenvalue of the new state L, |[¢> is
hy —n. Since we require that the Hamiltonian is bounded from below, Ly has
to be also bounded. This implies that after repeating the lowering process one
finally hits a state that is annihilated by L,, for every n > 0 and hence an hws.
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It is thus clear that any state in a positive Hilbert space is a linear combination
of hws, and their descendants. The representation given in Table 2.1 is referred
to as the Verma module. Denoting it by V(c, h) and its analogous representation
for the anti-holomorphic Virasoro algebra by V(¢,h), the Hilbert space of the
theory is a direct sum of the products V(c, h) ® V(¢, h), namely,

H=> V(c,h)@V(ch). (2.34)

h.h

The Verma module may be reducible in the sense that there is a submodule that
is by itself a Verma module. Such a submodule whose states transform amongst
themselves under any conformal transformation, is built from a |hy,,>. The
latter is both an hws., namely L,, |hy,1>= 0 for n > 0, as well as a descendant.
Such a state is called null state or null vector, motivated by what follows. It
generates its own Verma module which is included in the parent module. It is
orthogonal to the whole Verma module as well as to itself <h,un|hnun>=0,
since <hpun|L_g, ... Lk, |h>=<h|Ly, ... Ly, |hpui>*= 0, and in particular it
has a zero norm <Ay |hyun>= 0 and similarly also its descendants. The null
state corresponds to a null operator which is simultaneously a primary and a
secondary field.

Let us now demonstrate the construction of a null vector. Consider a general
linear combination of the states of level 2,

L_s|h> +aL?,|h>, (2.35)

we would like to check whether for certain values of the mixing coefficient a, this
state is a null state. If indeed it is [null>, then so is the state [L, |null>]. In fact
it is easy to verify that at level 2, one has to check these consistency conditions
only for L; and Ly. Now using the Virasoro algebra we find that,

[Li,L_s]|h>+a Ly, L% ] |h> = (34 2a(2h + 1)) L_1|h>,
(Lo, L_s]|h> +a[Lo, L2,] [h> = (4h + g + 6ah) > . (2.36)

It is thus clear that for the following values of a and c,

3 e 2k
22k +1) T 2h+1

(5 — 8h), (2.37)

the linear combination state (2.35) is a null state. In the unitary case we have
h and ¢ positive (see next section). Hence in this example h < g.

An irreducible representation of the Virasoro algebra can be constructed from
a Verma module that contains a null vector by a quotient procedure, taking
out of the Verma module the null module. In the next section we discuss this
construction.
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2.7 Unitary CFT and Kac determinant

Unitarity is obviously lost if there are negative norm states in the Verma module.
Hence, our task is to derive the conditions for having a negative norm state. In
the basis of the Verma module,

Loy ... Loplh>=s> 1<k <..<k), (2.38)

the matrix of inner products I, = <s|s’> is block diagonal with blocks IV) for
states at level N(3_, k; = N). For a given Verma module the elements of I are
functions of (h,c¢). It is easy to realize that unitarity dictates ¢ > 0 and h > 0.
This follows from <h|L, L_,|h>= [2nh + 1/12cn(n* — 1)] <h|h>, which is pos-
itive for n = 1 only if h > 0 and for large enough n only for ¢ > 0. To determine
the full set of constraints for unitarity let us analyze further the properties of I.
A general state [$>= )", c;|s> has a norm <3|§>= ¢'I¢, with ¢ the vector of
the ¢;. Now since I is hermitian it can be diagonalized by a unitary matrix U
so that the norm can be written as <§|§> =", l;|t;|* where t = U¢ and l; are
the eigenvalues of I, which are real. It is thus clear that there are negative norm
states if and only if I has negative eigenvalues. A vanishing eigenvalue indicates
a null vector which means a reducible Verma module.
For the low lying levels these matrices take the following form:

10 —1q
r :24h h h
2h +1 6
(2 -
I 4h+c/2 ) (2.39)

The derivation of the various elements is straightforwad, for instance,

1521) = <h‘L1L1L,1L,1|h> = <h|L1L,1L1L71 |h> +2 <h|L1L(}L,1|h>
=4 <h|LyL_yLy|h> +2 <h|Ly L_;|h>= 8h* + 4h. (2.40)

The determinant of I(?) is given by
det[T®] = 32(h — hy1)(h — hy12)(h — ha1), (2.41)

where hi1 =0 and hy 9, he 1 are (1/16)[(5 —¢) £ /(1 —¢)(25 — ¢)]. The trace
of I?) is Tr[I®)] = 8h(h + 1) + ¢/2. Since the trace and the determinant are the
sum and product of the two eigenvalues, unitarity is lost if either the trace or
the determinant is negative.

The determinant for IV) at general level N, which is referred to as the Kac
determinant,® has the form

det I = ay ] 7= hyq(e)" 77, (2.42)

pg<N

3 The proof of the Kac determinant is detailed in [89], [206] and [95].
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where ay are constants independent of (¢, h) and hy ,(c) can be expressed in

25—c
1—c

terms ofm:f%:t% as

)

[(m+1)p —mg]* =1
dm(m + 1) '

hp.q(c) = (2.43)

Note that we can choose either the plus or the minus sign in the expression for
m, as their interchange is like interchanging p with ¢, which does not change the
determinant. Note also that hy, , is invariant under p — m —p,q = m+1—gq.
Let us also mention that for N = 2 the result is identical to (2.41).

In the (h, ¢) plane the determinant vanishes along the curves h = h, ,(c) which
are therefore called the vanishing curves. If the determinant (2.42) is negative it
means that there is an odd number of negative eigenvalues and hence the corre-
sponding Virasoro representation is not unitary. If the determinant is vanishing
or positive one needs to further analyze the determinant as follows:

e For ¢ > 1 and h > 0 it is straightforward to show that the determinant does
not vanish.

In the domain 1 < ¢ < 25 the value for m has an imaginary part. Thus h, , are
complex for p # ¢, and as they come in complex conjugate pairs the product of
the appropriate two factors in the determinant is positive. For p = ¢ the value
of hy 4 is negative. Thus the determinant is positive in that domain.

For ¢ > 25 the h, , are negative.
For large h the matrix is dominated by its diagonal elements.

Since these elements are positive, the eigenvalues for large h are all pos-
itive. Now since the determinant never vanishes in the region considered
(h >0, ¢> 1) all the eigenvalues have to be positive on the entire region.

Note that in I?) the off-diagonal element is larger at large h than the 22
element, but still the determinant is dominated at large h by the diagonal
elements, and thus also the eigenvalues, as a 2 X 2 matrix.

e For ¢ =1 we have h, , = (p — q)*/4, and so the determinant is never negative.
However, it vanishes when h = n? /4 for some integer n.

e For 0 <c<1, h >0 a closer look at the determinant is required. We draw
hy.4(c) in Fig. 2.1.

By expanding the curves around ¢ =1 one can show that any point in the
region can be connected to the right of ¢ =1 by crossing a single vanishing
curve. The vanishing of the determinant is due to one eigenvalue that reverses
its sign which implies that there are negative norm states at any point in the
region that are not on the vanishing curve. In fact it turns out that there are
additional negative norm states at points along the vanishing curve except at
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Fig. 2.1. h, 4(c) as a function of ¢ for various values of (p, q).

certain points where they intersect. On these points the central charge c is a

solution of m = —% + % 215__; for the cases of m an integer from 3 up,
6
c=1—— m=3/4,... (2.44)
m(m+1)

For each such unitary minimal model* there are m(m — 1)/2 primary fields
with h given by (2.43) where p,q are integers satisfying 1 <p<m—1, 1 <
q < p. The simplest of those models is the Ising model, given in the section
m = 3, Cc = 1/2 with h171 = O7 hgﬂl = 1/2, hz’g = 1/16 It will be described in
Section 2.13.

4 The minimal models were presented in [33] and discussed in [95].
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2.8 Characters

The structure of the Verma module, and in particular the degeneracy of states
at each level, is captured in the generating function x(.;)(7), the character of
the Verma module, defined by,

)
X(c,h)(T) - Tr[qL(]iﬁ] = Z dlm(h + n)thrniﬁ’ (245)
n=0
where ¢ = ™7 7 is a complex number, and dim(n + h) is the number of linearly
independent states of the module at level n. The latter is equal to P(n) the
partitions of n in the generic case, but may be smaller when there are null
states. For |g| < 1, namely, 7 in the upper half plane, the series is uniformly
convergent, since |g| < 1 is the domain of convergence of the inverse of the Euler
function ¢(q) defined by,

1 o0
— 2.46
¢(q) H 1—¢" nz:: (2.46)
In terms of this function the character of a generic Verma module is given by,
o (2.47)
X(e,h)\T) = . .
e o(q)

The character can be expressed also in terms of the Dedekind n(7) function,
n(r) = ¢ p(q) = ¢ H (1-q") (2.48)

in the form

ht 1

q

X(ea) (1) = (2.49)

n(7)
To get the character of a minimal model one has to determine the irreducible
Verma module using the quotient procedure discussed in the previous section.

We do not give the derivation here, just the final result, which is,
h—=

q 2(:;1 (pr'n%»pz'lfp’s)Q (pr/71+p7'/+p’5)2
x(e@,p); hes(p,9")) = (g =2, [‘1 e —q , (2:50)

( ) nez
where
c(p,p) =1— 6M, (2.51)
pp
and
hrs(pap) (pr—ps) ,(p_p/)2. (252)

4pp
Note that these are the non-unitary minimal models, except for the cases p — p’ =
+1, which coincide with the cases of the previous section with the identification
of p=morp = m.
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2.9 Correlators and the conformal Ward identity

Now that the Hilbert space of states has been analyzed we would like to determine
the correlation functions of all possible operators of a given CFT. Naturally,
we first investigate correlators of primary fields and then those also involving
descendents.

A very useful tool for determining correlators are the symmetries of the system.
In the present case we obviously implement conformal invariance. In particular
we first determine the consequences of the SL(2,C) Ward identities. Recall that
the vacuum is annihilated by Ly +; and Emﬂ, and hence is invariant under
SL(2,C), namely, U|0>=|0> for U € SL(2,C). It thus follows that,

<O|U 1 (21, 20)U .. .U ¢y (20, 20U 0> = <01 (21, 21) - . . & — 12, 2, ) [0> .
(2.53)
Recall that by definition a primary field of dimension h transforms under an

SL(2,C) transformation z — f(z) = % (with ad — be = 1), as,

U™ (2, 2)U = (0f(2))" 6(f(2). 2). (2.54)

Let us mention that SL(2,C) invariance holds for CFT in any dimension.
The invariance of the vacuum implies, in infinitesimal form,

<O|[Lk, ¢1(21,21)] - - - Du (2, 20)[0> + ... <01 (21, 21) - . [Li, Pu (20, 20)][0>= 0,

(2.55)
for k = 0,+1. Using [Ly, ¢(z, 2)] = h(k + 1)2F ¢(z, 2) + 2FT10¢(2, ) we get Ward
identities in terms of differential equations:

k=—1: Y 0 <0¢1(21,21) ... ¢n(2n,2)[0>=0

k= 0: Z(zﬁl —|—hL) <0|¢1(Z1,51)...¢,L(ZTL,57L)|O>:O
7
k=41 > (200 +22h;) <0l¢1(21,21) ... dn (20, Z0)]0>= 0. (2.56)
7
These Ward identities are associated with the invariance under translations,
dilations and special conformal transformations. Applying these equations to the
two point function one finds that,
C2
(21 — 22)2h1 (21 — 22)2}31 ’
(2.57)
where ¢ is a constant, to be put to 1 in the normalization (2.11). Note also
that when taking two different fields ¢; and ¢, SL(2,C) implies that h; = hy
is necessary for a non-zero two-point function.

G2 (21,21, 22, %2) = <0[¢1 (21, 21)d1 (22, 22)|0> =

In a similar manner the three-point function is given by,

_ 1 ) _
Gs(2i:2i) = 193 | =i e sy | (B &= k), (2:58)
£12 13 %23
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N
@

Fig. 2.2. Integration along C that bounds all the operators.

where z;; = z; — z; and ci23 is the correpsonding product coefficient defined in
(2.12). Using the SL(2C) invariance one can set the points 21, 29, 23 at 0o, 1,0,
respectively so that the constant c;93 is determined from the corresponding corre-
lator via lim,, z — oo z%h EfﬁGg = c193. For G,, with n > 3 the global conformal
transformations do not fully determine the correlator. For instance the four-point
function G4 can be written using these transformations as,

Gi(z,2) = f(2,2) | [ []=," " ) =2 h—R)|[, (259)

i<j

where h = Z?: 1 hi and the cross ratio Z is defined as Z = 7221 which is an
SL(2,C) invariant.

For a general n-point function, denoting the power of z;; by —h;;, we get,

hij = [ (i + ) — ﬁh} for n > 3.

So far we have implemented the global Ward identities. To get the local Ward
identity one performs a conformal transformation of an n-point function of pri-
mary fields G,,. This is achieved by integrating e(z)7T'(z) along a contour C' which
bounds a region that includes all the operators (see Fig. 2.2)

Now using analyticity one can deform the contour into a sum of countours
each of which encircles one operator. The result of the integral is therefore,

(f @@t m). . 0)
=3 (6t ) f ST, ) b))

27

= Z wl , w1 .0, (b(wqj, ’lf)i) R ¢(wn, 1IJ7L)> . (260)
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Using (2.9) we substitute now for é.¢(w;,w;) = e(w;)0 + hde(w;)p(w;, w;).
Since this holds for arbitrary € we can get a local form of the Ward identity,

et 0-.-otmn )= 32 (5 )

<¢(w1awl) cee ¢(w7lawn)> 5 (261)

similar to the transition from (2.9) to (2.10). It is thus clear that the correlation
function above is a meromorphic function of z with singularities at the positions

of the operators.

A useful tool for computing correlators is the use of null vectors. Rather than
discussing this for a general null vector we demonstrate this procedure on a level
two null vector. Recall that in models with a primary of weight i such that ¢ =
2,%& (5 — 8h) there is a null vector at level two of the form (L_5 4+ aL?;)®") =0
where a = —2(25’7“). As L_1¢" (2) = 06" (2) one can trade L_s¢") (2) with
—ad?¢M) (2). Now L_5¢") (w) is given by,

he™ (w) — 0wd" (w)
2

(2.62)

(z —w)

L_y¢™ (w) = lim, _,,, [T(z)qs“”(w) -

(z —w)

Substituting this into (2.61) one finds the following differential equation,
—a@il (p(wr, 1) ... p(wy,,w,))

- h; 1 0 - )
B Z (( + ) <¢(w1’w1) ce ¢(wn7 wn)> . (263)

izl wy — wi)2 (wl - wi) 3«1,»;

This exact differential equation will enable us to compute the four-point function
for the Ising model as we discuss in Section (2.13).

Next we would like to deduce the implications of the associativity on correla-
tion functions of primaries and descendant operators.

2.10 Crossing symmetry, duality and bootstrap

The complete package of information that specifies a CFT is its Virasoro anomaly
¢, the set of primary fields ¢;(z,z), with their weights (h;, h;) and the operator
product coefficients C; ;. Hence, to determine all consistent CF'Ts one has to find
all the allowed sets of such data. The latter have to comply with the constraints
that follow from confomal symmetry as well as with the associativity of the
operator algebra. To study the implications of associativity it is useful to consider
the four-point function,

(pi (wy, w1 )@ (wa, Wa ), (w3, W3 )y (wy, Wy)) - (2.64)

The idea is to compare the computation of this correlator using the OPE of ¢;
and ¢; and of ¢, and ¢;, with those of ¢; and ¢, and of ¢; and ¢;, namely
calculation where (21 — 22), (23 — 2z4) versus one in which (21 — z3), (220 — 2z4).
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2 Clmp Cijp = Z Cila Cimq q
P p q

Fig. 2.3. Crossing symmetry.

Fi (pbo) Fy (ple)

Fig. 2.4. Single channel amplitude.

The requirement that the two ways of computing coincide, referred to as crossing
symmetry, is expressed in Fig. 2.3.5

Using conformal transformations, we can relate the diagram on the left-hand
side of Fig. 2.3 to the diagram drawn in Fig. 2.4, which corresponds to the
sum of the contributions of intermediate states belonging to the conformal fam-
ily [¢,] with the four-point function of operators located at (wi,ws,ws, ws) =
(0,2,1,00). Note that in such a situation, z is actually also the cross ratio Z. We
denote this amplitude by the conformal block }'Z]‘/ (m|z).7?lljl(m|2) which depends
on the Virasoro anomaly of the theory and the dimensions of all the operators
involved. In terms of conformal blocks the crossing symmetry condition takes
the form,

Z Cijm Cklm ff/ (m|z)]?z];] (m|2)
= Z Cijncklnﬁ]j (n‘l - Z)ﬁ];f(nu - 2)' (265)
For a given set of conformal blocks (2.65) is a set of equations that determine the
C;;; and the weights. The general set of solutions of these equations is not known,

but for a particular class of theories like the minimal models these equations can
be solved.

5 Crossing symmetry, duality and bootstrap was discussed in [33].
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2.11 Verlinde’s formula

The fusion rules (2.28), namely,
=> Nj[ox]
k

constitute a commutative associative algebra. The commutativity implies that
Nf} = N]k, and the associativity means that,

ZN’“ N =Y NjNE. (2.66)
k

Using matrix notation in which NZ-IS- = (N;)%

; the associativity translates into
the commutativity of the matrices, namely N; N; = N;N;. Thus, the matrices
N; are also members of an associative commutative algebra. Hence they can
be diagonalized simultaneously to form a one-dimensional representation. This

implies that there is a common matrix S,
a1
Im

where we denote the eigenvalues of N; by )\EZ). If j is the vacuum state j = 0 then
NF = 8k if all the representations labeled by i are irreducible. We now multiply
from the right by S} to get,

NESr = Z SN S
S = ZSU = Spalm), (2.68)

(n) _ Sf

which means that ;" = e and therefore,
0
33
N} :Z e (2.69)
l S

Now, for the reader who knows about the 7 parameter and the characters

(discussed in Section 2.8), we recall that under the S-transformation 7 — —1

the characters of a given CFT transform as,

= Six(r). (2.70)
k

Verlinde’s formula® states that the matrix S above is identical to the S-
transformation matrix,

S=38. (2.71)

This is a remarkable relation.

6 The Verlinde formula was introduced in the seminal paper [210].
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2.12 Free Majorana fermions — an example of a CFT

The theory of free massless fermions in two dimensions is an example of a 2d
conformal theory of the utmost importance. In this section we describe this
theory in detail following the steps taken in the general analysis of conformal
field theories. The well-known Dirac action of a massless free fermion in two
Euclidean dimensions is,

S 1/d2@a\11 (2.72)

=— x . .
ar

Expressing the Dirac fermion in terms of chiral (or Weyl) fermions, a left ¢ and
a right ¢, with U = (¥, 1), and using the fact that in two dimensions one can

take 7' = 0% and v! = ¢!, we rewrite the action as,

1 _ - -
5= / (1 d + G o0). (2.73)
We remind the reader that @ = 9. and 0 = 9:. The equations of motion are,

N=0 =0 — p=0() ¥=1(2). (2.74)

In analogy to the symmetries of the scalar field it is straighforward to real-
ize that the action is invariant under left holomorphic chiral and right anti-
holomorphic transformations,

w N w/ _ eia(z),dj 'I/NJ N ,J}I _ eid(é)zz. (275)
The corresponding “affine current algebra” currents, given by,
J=ipty JT=ipty, (2.76)

are holomorphically and anti-holomorphically conserved.

In addition the theory is obviously invariant under conformal transformations
2= £(2), 2 F3).

Dirac (or Weyl) fermions can be further decomposed into Majorana (or Weyl—
Majorana) fermions as ¥ = %(\Ill +i¥s) (or ¢ = %(@/Jl +d1)y)). Substituting
these, the action reads,

" 8n

2
S L d*z (Z Y; O +7/~1137/~17> . (2.77)
i1

From this point on we discuss the theory of single Majorana fermions, namely x
and x are a left and a right Weyl-Majorana fermion with the action,

Lo =
- 4 . 2.
3 /d z(xOx + XOX) (2.78)
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The equations of motion are still as in (2.74) so that x is a holomorphic
function and X is an anti-holomorphic one (their extensions, as they are real on
the real line).

Before spelling out the conformal structure of the theory we pause for a
moment with the complex coordinate formulation and discuss canonical quanti-
zation in two dimensions with a Minkowski signature. The conjugate momentum
to x is m, = 2L %X, and as we are dealing with a real field {m, , x} has a factor

dox
% multiplying a delta function,which gives,

Ix(@1,20), X (Yo, Y1) Hag=yo = 0(x1 — Y1) (2.79)

Combining a pair of two Majorana fermions (each consisting of two Weyl-
Majorana) into a Dirac fermion, one finds for the latter the usual anti-
commutation relations, namely,

{UT (@1, 20), W (Y1, 50) Hoo=yo = 6(z1 — 1) {¥(21,20), ¥(41,90) g =y = 0.
(2.80)
The Noether currents associated with conformal transformations, namely the
components of the energy-momentum tensor, are given by,

1 — 1 s
T(z) = —3 x0x: T(z)= —3" XOX (2.81)
where : xx : the normal ordered product, stands for the product with the sub-

traction of its OPE. The latter is given by,

X(2)x(w) = X(@)x(w) = ——. (2.82)

Using this basic OPE in T'(z)x(w) one finds,

1 x(w) Ix(w)
C2(z—w)?  z—w’

T(z)x(w)

(2.83)

which implies that x is a primary field of conformal dimensions of (%, 0), and sim-
ilarly X with (0, £). The Virasoro anomaly, which comes as usual from T'(z)T'(w),
isc=1,and ¢ =} from T(z)T(w).

Recall that the energy-momentum tensor of the scalar field (1.27) takes the
form of a bilinear of the “current algebra” currents (1.24). We want to examine
now if such a construction can be applied also for the fermionic fields. Since for
Weyl-Majorana fermions there are no such currents it is left only to check for
the T'(z) of Weyl fermions. Let us note first the OPE of the currents and the
Weyl fermions that read,

J(2)p(w) = —i e (2.84)

(z —w)

where J =i : ¢y : with our conventions.
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Using this OPE one finds,

T(z) = —% 2 J(2)J(z) = —%limz_,w l:J(Z)J(U)) + (z—lw)Q]
= —%limzﬂwhmEHO [zJ(z) (W(w —e)(w+e)+ 21€> + (le)Q]
e [ et e, 1
= ~glims—ul ﬁo[ [z = (w—€)] [z = (w+€)] +(Z—w)2]
— _% [Wioy — auty]. (2.85)

This construction of the energy-momentum tensor in terms of a normal ordered
product of two currents, which is known as the Sugawara construction, will play
a key role in the discussion in Chapter 4.

The mode expansion of the Weyl-Majorana fermion takes the form,

b= 3 b= g fds ) (26)

r+%
rezZ+v z

with z = e™™ v is related to the boundary conditions as

(e + 2m) = (), (2.87)
so that there are two types of fermions:

Ramond fermions v = % < periodic boundary condition
Neveu—Schwarz fermions v =0« anti-periodic boundary condition.

The anti-commutation relations of the fermionic modes follow straightforwardly
upon using (2.86) and the OPEs (2.82), namely,

{wr7¢s} = 57’+s- (288)

The form (2.82) holds for the periodic case. For the anti-periodic case there is
an extra factor of (/= + /%), which tends to 1 as z — w.

The canonical quantization conditions in terms of real space-time coordinates
take the following form,

(), 9 s = 30" —9'), (289)

since 9 is the conjugate momentum of itself. Combining two Majorana fermions
into a Dirac one yields the following anti-commutation relations for the Dirac
fermions,

{\ij(xl)7 \I!(yl)}|x“:y° = §(I1 - yl) {\Ij(xl)v \P<y1)}|a:“:y” =0, (2'90)

so that now U is the conjugate momentum of W.
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2.13 The Ising model — the m =3 unitary minimal model

The first unitary minimal model with m = 3 has ¢ = 1/2, just like the Majorana
fermion discussed above. We now analyze the primaries of this model, their fusion
rules and their correlators. Comparing the latter with correlation functions of
the Ising model,” we show that in fact the m = 3 unitary minimal model is the
continuum limit of the Ising model. Recall that the set of primaries of the m = 3
model are characterized by the following conformal weights:

1

1
hi1=0 hy1= 3 ha o = 16’ (2.91)
which determine the two-point functions,
1
1/2 e (1/2 =V
. _ , _ 1
<<1>(1/16)(Z7Z)(I)(l/lﬁ)(w,W)> = m’ (2.92)

where ®(")(z,2) = ¢(") (2)¢!")(2). It turns out that at the critical point of the
Ising model, the two-point function of the spin operator o at a lattice point n and
at the origin behaves like < o,09 >~ W Thus in the continuum, it has the
same “critical exponent” as that of ®1/16)  and similarly the Greens function of
the energy density falls like < €, €y >~ ﬁ, namely like the two-point function
of ®1/2),

There are additional properties of the m = 3 unitary model that can be shown
to match those of the Ising model. Here we demonstrate this with the determi-
nation of the four-point function of ®(/1%) namely,

<<I><1/16>(Z1,21) ~ -~‘1)(1/16)(Z4a54)>~ (2.93)

From equation (2.63) we have that

4
gail - ( CALNESV. 8) (@(wr, @) ... p(ws, wy)) =0,

= (w1 —wi)? (w1 —w;) Ou,

(2.94)
where ¢ denotes ®(1/16).
Using the global Ward identities we express G4 as in (2.59),

G4(2’1,51 -7 54) = f(Z, Z_) {(Z122132’14223224234)_1/24 (CC):| R (295)

where Z = 2224 [sing also
213224

Gi(21,71...21,%) = f(Z, 2) [(213224)*1/8 Z(1-2) " (C.C’.)} . (2.96)

24 — 1 — Z we can rewrite as,
213%24

7 The two-dimensional Ising model has a long history. It was discussed in [137]. The relation
to Majorana fermions was discussed in [187].
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Anticipating the result of the Ising model, we actually write,
Gilz1,21 2, 2) = F(2,2). [[m3mma 2 (1 — 2))7 /8 (c.c.)} . (2.97)

If we now substitute this ansatz into (2.94) we find the following differential
equation for f,

[Z(1-2)"+ (1/2- 2)0+1/16] f(Z,2) = 0. (2.98)

A similar equation holds for Z. The solutions of this differential equation are
fi2(2) = (1 +1 - Z)UQ and so finally the four-point function takes the form,
1/4
_ _ 2132
Gi(21,21 ... 20, 21) = ‘ (13 = )‘ (AE@)P+RE)P), (299
212223234234
where the unique combination is dictated by the requirement for a single value.
This is identical to the result found in the Ising model for Gj4.
Note also that f(1 — 2,1 — Z) is a solution, a result of the symmetry under
the interchange of z; with z3.

Note also that although ®(1/2) is a free fermion, ®(*/16) cannot be constructed
in a local way from the fermion.
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Theories invariant under affine current algebras

In addition to being conformal invariant, it was shown in Chapter 1 that the
theory of a free massless scalar field admits also affine algebra currents J(z)
and J(z) which are holomorphically and anti-holomorphically conserved, namely
0J(z,2) = 0J(z,2) = 0. The existence of these currents, as was the case with the
energy-momentum tensor, implies that the theory is invariant under an infinite-
dimensional group of transformations. Inspired by this invariance of the free
scalar theory we would like to identify and investigate field theories equipped with
an affine current algebra (ACA), which is often refered to as Kac-Moody algebra
or affine Lie algebra (ALA). Conformal field theories (CFT) are characterized by
the Virasoro anomaly, the set of primary fields and the corresponding structure
constants. It will be shown in this chapter that theories with ACA admit a
similar algebraic structure and moreover that they are necessarily also CFTs.
Thus every ACA theory will be characterized by the Virasoro anomaly as well
as its ACA analog, the ACA level. Primary fields that have been defined so far
via their operator product expansion (OPE) with the T'(z) and T(z) will have
to obey certain OPE also with currents J(z) and J(z). The zero modes of the
free scalar affine currents Jy and Jy (1.57) commute, namely, they generate an
abelian group. For theories with “ordinary” non-affine currents the generalization
of the abelian group to non-abelian ones led (in four dimensions) to the standard
model of the basic interactions and in fact to an enormously rich spectrum of
interesting theories. It is thus very natural to explore the generalization of the
abelian ACA to non-abelian affine current algebras. The investigation of two-
dimensional theories which are invariant under transformations generated by
such affine currents is the subject of this chapter. We start with a brief reminder
of the properties of finite dimensional Lie algebras.

The topics included in this chapter are covered in several books and review
papers. In particular we have made use of the famous review by Goddard and
Olive [111], and the book by Di Francesco, Mathieu and Senechal [77].

3.1 Simple finite-dimensional Lie algebras

Consider the Lie algebra G,

[T, T"] =i fo'Te, (3.1)
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associated with a group G, namely, the set T are the generators of the group
G.' We will consider simple groups, namely those that do not contain invari-
ant subgroups. Denote the maximal set of commuting Hermitian generators by
H' i=1,...,r so that

[H H1=0 i,j=1,...,r (3.2)

This abelian subalgebra of G is referred to as the Cartan subalgebra. It can
be shown that any two such abelian subalgebras with generators H’ and H
are conjugate under the action of the group, namely, Hi = gHig™! for some
g € G. The dimension of the Cartan subalgebra, which is the maximal number
of commuting generators is defined as the rank of the algebra G, rank (G) = r.

A basis of the full algebra G constitutes H’ and the step operators or ladder
operators E* defined by,

[H E“|=a'E*, i=1,...,r (3.3)

The r-dimensional vector « is called a root associated with the step operator E*.
The roots are real and up to multiplication with a scalar there is a single E“
associated with « via (3.3). No multiple of a given root « is a root apart from
—a which is the root paired with E~® = ET. The number of roots is obviously
(dimG — rank@).

The rest of the algebra are the commutation relations [E®, E’] which follow
from the Jacobi identity,

[H,[E“, E’]] = (o' + §')[E~, E”], (3.4)

so that if (& + ') # 0 and is not a root, then [E*, E”] = 0. If on the other hand
(& + B') is a root then [E®, E] must be a multiple of E**4. If (o' + 8') =0 it
follows that [E*, E~%] ~ «a - H.

To summarize the full algebra reads,

[H H]=0 i,j=1,...,rank(G)
[H'E“] = a'E* a=1,...,(dim G —rank(G))
[E®, E°] = e(aB)E“"P if a+ B is a root
=2 fatp=0
=0 otherwise. (3.5)

This basis of the algebra is a modified version of the Cartan—Weyl basis. The
constants €(af) can be chosen to be +1 if all the root vectors have the same
length.

I Finite-dimensional Lie algebra is covered in many books, for instance Cahn [54].
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It is straightforward to realize that the triplet of generators £, E~“, and “afl
is isomorphic to J,J_, J3 of an SU(2) algebra, namely,
. H -H
[a . Ei} —+E*, (BB =22 (3.6)
@ @

o
&
unitary representation. The eigenvalues associated with each root 3 is given by

23;3 € Z. It is natural to define the notion of coroot a” = i—z

Consequently the eigenvalues of 295, just like those of 2.J3, are integers in any

3.1.1 The Weyl group

Consider a root 3 such that 2a - 3/a? # 0 is its eigenvalue under the operation
of 2“(');51 . There must be another step operator E’+™® which is a member of the
SU(2) multiplet with the opposite eigenvalue, namely,

20 - B/a’ +2m = —2a - B/’ (3.7)
Then m = —2a - 3/a?, and
ﬂ-ﬁ-ma:B—Q(aéif)a:ﬁ—(a/\,ﬁ)azaa(ﬁ) (3.8)

is a root for each pair of roots o and f3; o, () is a reflection in the hyperplane
perpendicular to «.. The set of these reflections that permute the roots, generate
a finite group W(G), the Weyl group of G.

3.1.2 Cartan matriz and Dynkin diagrams

It is convenient to define the notion of simple roots as follows. Select a rank(G)
dimensional basis of the roots that consists of a;), i = 1,...,rank(G) in such a
way that any root a can be written as,

rank G

a= Z nioy), (3.9)
i

where the n; are integers which are either all n; > 0 or all n; < 0. In the former
case « is positive, while in the latter it is negative. This base is called the basis
of simple roots. Associated with the simple roots one defines the simple Weyl
reflections o, ,, that generate the entire Weyl group.

The scalar products of simple roots define the Cartan matriz as follows:

200y - o
Ay = (Z)2 G) (3.10)
)
The Cartan matrix is a rank(G) x rank(G) matrix with integer components and
with diagonal elements which take the value of 2. The off diagonal elements are
either negative or vanishing.
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Ay O—O0—0-c-0—0—0 su(r+l)
1 2 3 -2 r-1 r

-2 r-1

r
By O—O—0-+-0—0==0 s0(2r+1)
1 2 3 -2 r-1"r

G O—0—0-0—0=%0 sp(r)

1 2 3 =2 r-1"r

r
O—O0—0-- -2  so(2r
D 1 2 3 -3 r—l( )

G 0=

Fig. 3.1. Dynkin diagrams for all the simple Lie algebras.

It can be shown that the roots of a simple Lie algebra can have at most two
different lengths, a long root and a short one. The ratio between their lengths
are either 2 or 3. When all the roots have the same length the algebra is a simply
laced algebra. From the Cartan matrix A;; one can reconstruct a basis of simple
roots up to a scale and overall orientation. In fact constructing all the roots from
the simple roots, one finds that full information on G is encoded in A;;.

The information contained in the Cartan matrix A;; may be encoded in a
planar diagram, the Dynkin diagram. The construction of such a diagram is as
follows:

* To each simple root a(;) assign a node in the diagram.

¢ If a node represents a short root mark it by a black dot, and if a long one by
a white dot.

* Join the points a(;) and « ;) by A;; Aj; lines. For i # j, A;; Aj; can take the val-
ues of 0,1,2,3. In fact since A4;;A;; = 4cos®0;;, where 0;; is the angle between
the two roots, then orthogonal simple roots are not connected, and those with
an angle of 120, 135, 150 degrees are connected with one, two, or three lines.

¢ In some conventions one does not separate between black and white dots, but
rather one draws an arrow pointing from « ;) to a(;) when oz%” > a%j>.

The Dynkin diagrams for all simple Lie algebras are given in Fig. [3.1].
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3.1.3 Highest weight states

We now consider finite-dimensional representations of G other than the adjoint
representation that has been analyzed so far, the latter being the same as the
generators. We can always choose a basis {|u)} for which,

H'|p) = p'|). (3.11)

The rank(G) dimensional vector u of eigenvalues of the Cartan subalgebra gener-
ators is called the weight vector. A root is a weight of the adjoint representation.
In a similar manner to their action as roots, the triplet £%, E=% and 2a - H/a?
form an SU(2) algebra and hence {|u)} must be an SU(2) multiplet, and in
particular,

2a- /o’ € Z, (3.12)

for any root a.

This property of any given weight defines a lattice Ay (G), the weight lattice
of the algebra G. The weights associated with a representation must be mapped
into one another under the operation of ¢, and in fact the whole Weyl group.
One can choose a basis for the weight lattice Ay (G) consisting of fundamental
weights A(;) such that,

20 - oy /o) = 8ij. (3.13)

Any weight A can then be expanded as A =} n; \(;) with integer coefficients n;. If
all n; > 0, the weight X is called a dominant weight. Every weight can be mapped
into a unique dominant weight by action of the Weyl group. The dominant weight
p = Ay, wherei = 1,... rankg, is characterized by p - a > 0 for any positive
a and p-a < 0 for any negative a. In fact p =1/2> o where the sum is over
all the positive roots.

For any given finite-dimensional representation of G one defines the highest
weight state |po) for which p -y is the largest. Such a state is annihilated by all
the raising operators,

E” o) = 0, (3.14)

for every a > 0. All the states of a given irreducible representation can be built
by acting on the highest weight state with lowering operators, namely, each state
takes the form,

E= BT ). (3.15)

In fact every irreducible representation has a unique highest weight state |z ) and
the other weights 1 have the property that g — p is a sum of positive roots. The
highest weight state is a dominant weight. In the opposite direction for each dom-
inant weight there is a unique irreducible representation for which it is the highest
weight state. As was mentioned for the adjoint representation the weights are
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—0=0,
‘
Fig. 3.2. Root system and Weyl chambers of SU(3).

_0‘2

the roots so that the corresponding highest weight state is the highest root. The
difference between the highest root and any other root is a sum of positive roots.

We end this subsection with an example. Consider the SU(3) algebra. The
Cartan matrix for this algebra takes the form,

<_21 _21> ) (3.16)

The simple roots are related to the fundamental weights as () =2A) —
A2y and «(9) = —A(1) +2A(2). The scalar products between the fundamental
weights are ()\(1),/\<1)) = (/\(2),)\(2)) =2/3 and ()\(1),)\<2)) = 1/3, using the stan-
dard normalization of (o), (;)) =2. The full Weyl group is given by W =
{1,01,09,0109,0901,0102071 }. The action of the different elements of the Weyl
group on the two simple roots gives all roots.

The root system and the Weyl chambers are given in Fig. 3.2. The Weyl cham-
bers are separated by the dashed lines, and are specified here by the elements of
the Weyl group, with the latter denoted in the figure by s;. The Weyl chambers
are defined by,

C, = {M(wh ;) >0,i=1...7}.

3.2 Affine current algebra

In the previous subsection we acquired a certain familiarity with the notions of
roots, highest weights, Cartan matrices, Dynkin diagrams etc., in the context of
a simple Lie algebra. As was explained in the introduction to this chapter, two-
dimensional CF'Ts are characterized by an extended algebraic structure, that of
affine Lie algebra.? We now describe the basic properties of the affine Lie algebra,
using the notions of the previous subsection.

2 Affine Lie algebras were introduced into the physics literature by Bardacki and Halpern in
[27]. Independently V. Kac [136] and R.V. Moody [164] introduced them in the mathematical
literature.
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The basic ALA is given by,
[Jo T2 =i fe TS + kmaybm .o, (3.17)

where the central element % commutes with all the generators JS
[J2 k] = 0.
We now use a generalization of the Cartan—Weyl basis to the affine algebra as

namely,

follows:
[H},, HJ) = kméY 8,00
(H,,, E}] =a'E}
[E%,EY) = e(aﬂ)Eﬁ,ii if o+ 3 is a root
= 2o Hyv +hmby) ot B=0
=0 otherwise.
[H}, k] = [Ey k] = 0. (3.18)

We have used the normalization (H',H7) =6, (E*,E”)= 26,43, where
(X,Y) denotes the Killing form, defined as the trace of the product in the adjoint
representation, Tr(ad X, adY’). The hermiticity properties are,

mi=m, . Et=p k=i (3.19)

—m>

Unlike the simple Lie algebra, here we have an r + 1 dimensional abelian sub-
algebra consisting of [H{, ..., H},k]. With respect to these generators, E are
step operators,

[Hy, Ey) =o' By, [k, Ey] =0 (3.20)
Each of the eigenvectors (o', ..., a",0) is infinitely degenerate since it is indepen-

dent of m. Moreover this abelian subalgebra is not maximal since [H}, H}] = 0.
Thus one has to extend the algebra by adding a grading operator which can be
taken to be Ly such that,

[LUa Jg] = —TLJ;? [L()v k} =0. (321)

Using the generators (H, 12:, —Ly) as in the Cartan subalgebra we have as the
step operators EY corresponding to a root (a,0,n) and H! corresponding to
(0,0,n).

The root system of ALA is thus infinite but spans an (r + 1) dimensional space.
We can divide the roots into positive and negative according to the following rule:

(,0,n) >0 ifn>0 orif n=0and a>0 (3.22)
The basis of the simple roots can therefore be taken as,

o) = (2,0,0), 1<i<r
@0 = (=001, (3.23)
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where «; is the basis of simple roots of the Lie algebra, and € is the highest root.
Thus an arbitrary root of the ALA can be expressed as,

o= Znia(i). (3.24)
i=0

It is positive if n; > 0 and negative when n; < 0, and these are the only two
posibilities.

3.2.1 Cartan matriz and Dynkin diagrams

The first step is to define the scalar product (X,Y’) which has to be symmetric
and obey the relation,

(XY 2) + (Y, [X, Z]) =0

for X,Y, Z € g, the ALA. Upon using a convenient normalization one can bring
the basic scalar products to the following form,

(3.25)

The last relation is actually a choice, following on from the invariance of the
algebra under a shift of Ly by a multiple of k. Here we use T instead of § used
previously.

In the following Hermitian basis,
(Tan + Tl—m) (I% — LU) (]% + LO)
the scalar product is Lorentzian since the norm of all the first three basis vectors
is +1 while that of % is —1.

The Lorentzian signature holds also for the Cartan sub-algebra (CSA) genera-
tors. One can define the scalar product of two vectors of simultaneous eigenvalues
of the CSA,

e, (3.26)

m' = (' mynlg,), m = (el
to be,

m'emd =t 4+ g, (3.27)
In particular the scalar product of two roots,

a = (ai70,ni), a = (aj,O,nj)
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is
a-al =a ol (3.28)

o, 2 = a? > 0 and hence

is referred to as a space-like root, whereas the root that is associated with H},
nd = (0,0,n) has zero norm (light-like) and is orthogonal to all other roots. We
have used the “unit” of 6 = (0,0, 1).

The Cartan matriz of g, which is an (r + 1) x (r + 1) matrix, is defined in a
similar way to one of the Lie algebra, namely,

The root that corresponds to E%, a = («,0,n) has a norm a

Ay = w 0<i,j<r (3.29)
()

We add to the Cartan matrix of the Lie algebra, the extra row and column A;

and Ap; which can be found using (3.10) with ap = —6. Now from the definition

of the fundamental weight it follows that § = — >/ Ag;A;. Since 6 is a long

root of g, namely, 6% > a%z.) one gets that,

Ay =1 if Ay #0
— A =0 if Ay; =0, (3.30)

provided that 6 is not itself a simple root, as happens for SU(2). The Dynkin
diagram of § is obtained using that of g appended with an extra point that
corresponds to ag connected by —Ag; lines to the points a(;). If —Ap; > 1 an
arrow is drawn which points toward a(y). We demonstrate the construction in
the following example:

SU(2) - There are only two simple roots aq) = (—,0,1) and a¢) = («,0,0)
so that Ag; = A;p = —2 and the Cartan matrix is

(_22 _22> . (3.31)

Thus, there are two roots of equal length connected by four lines with arrows
pointing in both directions to indicate that a(Qo) is equal to a%l).

The Dynkin diagrams of the affine simple algebra are shown in Fig. 3.3. The
point that corresponds to o) is marked by a zero. The black dots relate to the
notion of twisted affine Lie algebra which we do not discuss here (see for example

[111)).

3.2.2 The Weyl group
The Weyl group of g is defined in a similar way to that of g, namely it is generated
by reflections in the hyperplanes normal to a,

wa) =02 () a= @0 -2 (S ) e

a?
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1 2 r-1 r 0 1 3 4 5 6 7
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D, S0 0—0< G O—e==0
=3 23 32 r—1 ’ 0 1 2

Fig. 3.3. Dynkin diagrams for all the affine simple Lie algebras.

for a = (a,0,m4) and b = (,0,ng) a space-like root. Light-like roots are invari-
ant under such reflections o, (nd) = nd. In fact the Weyl group of § is a semi-
direct product of the Weyl group of g and the coroot lattice of g which is the
lattice generated by the coroots o = 2. The coroots form the root system of
the Lie algebra dual to g obtained by interchanging the root lengths. The simply
laced algebras A, , D, , F, are obviously self-dual, as are F), and G5, whereas
By =C, and C} = B,

3.2.3 Highest weight representations

A highest weight state |fiy) is a state that is annihilated by all the raising oper-
ators for positive roots, namely,

E{ |fi0) = Ef*|fo) = H} ) = 0, (3.33)

for n > 0,a > 0. The eigenvalue of this state is the highest weight vector fig =
(H’f)a ka h) given bY7

Hilfio) = phliw), klito) = klfo), Lolfo) = hlfio). (3.34)

We can set h to zero as a matter of convention. A highest weight representation
is characterized by a unique highest weight state. To have a unitary highest
weight representation the following necessary and sufficient conditions have to
be obeyed:

2k
FEZ kz0-m=0. (3.35)
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The non-negative integer Z—’; is the level of the representation. Any state in
the representation is characterized by a weight vector fi = (u’, k, h) such that
1o — i is a sum of positive roots. Introduce now a set of fundamental weights
liy for g, i =0,...7, such that 2l - a(j)/a%j) = 0;;. The general solution of the
condition 2a - fi/6* € Z, which is equivalent to the condition Eq. (3.35) for a =
aq) = (—0,0,1), now takes the form fip = S o nil(;), where n; are non-negative
integers, apart from the indeterminate component in the Ly direction. For [;
one finds,

1 1
l(l) = ()\(1)7 2mi92,0> l(()) = (0, 2’[77,092,0) 5 (336)

where my =1 and where the integers m; are defined via 6/6% =
oo miagy/ a(Q,L.>. The corresponding level is given by,

,
level = Z n;m;. (3.37)
i=0

Level 1 representations are thus associated with highest weights [;) with all
m; = 1. Those are indicated by open points in Fig. 3.3.
From the definition of m; it follows that,

> Aiym; =0. (3.38)
i=0

Since the Cartan matrix has the basic symmetry of the extended Dynkin dia-
gram, also the positions of the open dots have to preserve this symmetry. For
the classical groups A, , B,,C;, D, the values of m; for the closed dots is 2. For
the exceptional groups the vector (my,...,m,) is as follows

ES (1,1,2,2,3,2,1)

ET (1,2,2,3,4,3,2,1)

E* (1,2,4,6,5,4,3,2,1)

Ft (1,2,3,2,1)

G? (1,2,1) (3.39)

3.3 Current OPEs and the Sugawara construction

In Section 1.8 for the free scalar theory it was shown that the OPE of two currents
J(z)J(w) takes the form of J(z)J(w) = ﬁ—&— finite terms. This type of OPE,
which corresponds to the abelian ALA, is generalized following the discussion in
Section 3.2 to,
kéab ach
Ja(Z)Jb(’LU): +ifc (w)

(z-w)? (2 -w)

+ finite terms. (3.40)
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We can now use the OPE to evaluate the infinitesimal transformation of the
current under ALA transformations,

56J“(w):—fdze )P (2)° (w)

26" (2 kée? ifgbjc(w) =
e 0200 [+ =

T — kDet.  (3.41)

The same structure also holds for J%(z).
The OPE form of the ALA can be transformed into a commutator form of the
algebra. We introduce a Laurent expansion of the currents,

J(z) = Z J,,’f;;_(”H J¢ = — %dzz” J(z (3.42)

n

Substituting the OPE into the expression of the commuation relation we indeed
find the ALA of (3.17), namely

[Jsz ) J7b] - Zfab m+n + I%m(sab(strn,[L (343)

In free scalar theory there are two “currents” which are holomorphically con-
served, J and T, and moreover the energy-momentum tensor is bilinear in J,
as was shown in Section 1.5. We now elevate this special case into a general
construction of T' for theories which admit ALA structure. The construction is
known as the Sugawara construction. One writes T as a normal ordered product
of the currents,

1
2K

with a coefficient k that has to be determined quantum mechanically. In fact,

T(2) = — : J(2)Ju(2) : (3.44)

one way to determine k is by requiring that J® is a primary field of weight 1,
namely,

T(Z)Ja (U}) _ (Z ;]"rfw)Q n 8Ja(w)

. 3.45
C—w) (3.45)
Using the OPE (3.40) and the relation —fe f¢, = 2C3%, where C is the dual
Coxeter number, we find that Uf:ic) =1 so that the form of the Sugawara con-
structed T is,

1
T(z) = m:

Note that the Casimir of the adjoint is 2C. Note also that in Section 1.5, for the
free scalar case, we had a relative minus sign, due to a difference of factor i in
defining the currents there.

In the WZW models discussed in the next section, classically one has T" with a
coeflicient of ﬁ It is thus clear that for those models quantum mechanically, due
to the double contraction, we get a finite renormalization of the level £k — k + C.

JU(2)J(2) : (3.46)
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Here we have used currents which are in an orthonormal basis. If instead
we express the current in the Cartan—Weyl basis used in the previous sections,
the form of T in terms of the Cartan sub-algebra generators H’ and the step
operators E¢ is,

1 ; ; |ouf?
T(z)= ———= [: H'(2)H' () : +——
() =g | HEHE: +5

The OPEs (3.45) and (3.40) also enable us to determine ¢, the Virasoro

anomaly of the model, via the computation,

1

E°E~ 4 E—(*Ea)} . (3.47)

T(2)T(w) = T(Z)m pJOJ s (w)
R
R i s ke e
- (k—il—C) k((zdimwi) +2 (ZT_(%Q + (iT_(qu)). (3.48)
We thus read off the Virasoro anomaly
_ kl‘:ifCG. (3.49)

The construction of T in terms of a normal ordered product of two currents
calls for combining together the ALA and the Virasoro algebra. Substituting into
(3.46) the mode expansions, of T'(z) in terms of L,, and of J(z) in terms of .J,,
one finds that,

1
L,=—— E 0 S .
2(k + C) — J’n, m Jm (3 50)

where here the normal ordering implies putting the currents with positive m to
the right. In fact normal ordering is required only for L.
Using this relation, we write down the full Virasoro algebra and ALA,

Loy Lin] = (n — M) Lysm + ~— (n — )n(n + 1)6(n +m)

12
[Lna ng] = _merLL+n
[ng Jg] = if(ilb‘]fn,+n + kméab6771+71,0' (351)

In mathematical terminology the Virasoro algebra belongs to the enveloping
algebra of the ALA.

3.4 Primary fields

Recall that the operators of any CFT were shown to be either Virasoro primaries
or descendants. The former were defined by their OPE with T. In a similar
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manner ALA primaries ®, ;(z, ) are defined via their OPE with J,

D, 7(w,w
7@, ) = L
_ Te®, ;(w, ®
J(l(z)(blj(w7w) = I(ZH(ID)), (3.52)

where T;", T} are the matrix 7 in the [, [ representations, for the holomorphic
and antiholomorphic sectors, respectively. From here on we discuss only holo-
morphic properties. In terms of the Laurent components J¢ the condition for a

primary field reads,
Jy®,1(0,2) =0 forn>0; Jy® (2,2) =T® (2,%2). (3.53)

In theories where the energy-momentum tensor can be constructed in a Sug-
awara construction it is easy to see that the ALA primaries are also Virasoro
primaries. Indeed, using (3.50) we see that L, for n > 0 annihilates the ALA
primary. For L acting on the primaries we get,

1 (1)
Ly® = ———=J3Ji O = ———<9;. 3.54
Tk O) T T 2k ) ! (3:54)
Thus the primaries in theories equipped with the Sugawara construction, for
instance the WZW models that will be discussed in the next section, obey (3.53)

and also,

_ a _ Ca (1) _

L,®,;(0,2) =0 forn>0; Lj® ;(z,2) = mdﬁj(z,z). (3.55)
Recall that T is not a Virasoro primary but rather is a descendant of the identity
T(0) = L_5I. The same applies to J(z). From the mode expansion (3.42) it is
clear that,

JO0) = Jo, 1. (3.56)

Note however that J*(z) is a Virasoro primary. Apart from the distinguished
descendant J there are descendant operators of all the primaries. In fact all the
local operators can be written as,

—nN Y —n -

JU T T T B (2, 7), (3.57)

and in the case of a Sugawara construction all the operators are of the form,

Loy oo Loy Loy oo L J%, T T8 T By (2,2). (3.58)

—ny Y —n;

3.5 ALA characters

In Section 2.8 we introduced the notion of the Virasoro character (2.45) which
characterizes the structure of the Virasoro Verma module. In a complete analogy
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let us now define a character of the CFT and ALA module ) as follows:
X; (Zj , 7_) — efz'm;\ 6TT’;\ [627TiTL[) e—2mﬁ Zj zj h,j]’ (359)

where mj, § and h7 are the generators of the Cartan subalgebra associated with
the group, and z; are complex numbers. The character can also be expressed in
terms of the generalized theta function O3 in the following form:
) Yowew €W)O, 55
X (7, 7) = ===l o (3.60)
ZU;GVV E(w) wp

where the sums are over the elements of the finite Weyl group, e(w) = (—1)"®)
with {(w) the length of w.

Rather than defining the generalized theta function for any ALA at any level,
we define here only the function for SU(2) level k. For this case we have,

5 27
@E\’j) (Z,T,t) _ 6727Tkt Z 6727ri[knz+%)\127kn2‘r7)‘417k]. (361)
nez

with @E\kl)(z; 7;0) = O(k — A1, A1) (see [77] for details).

In terms of this function the character of SU(2); takes the form,

k+2 k+2
Xi = Ol — 60, (3.62)
e e
where \ = [k — A1, \]. For the special point (z=0,t=0) the character
expressed in terms of ¢ = e2™7 reads,

coent 130 M+ 14 2n(k + 2)]gr (]

X; (q) = ¢ 7 S [+ a1 (3.63)
For level one and for k = \; = 1 we get,
s (2—4¢+8¢° —10¢° +...)
Xi(q) = ¢ 1 3 6 10
(1—-3g+5¢>—7¢5+9¢"0 +...)
=qT(2+29+ 64> +8¢° +...). (3.64)

The content of the four first grades of the module [k — XA =0,A =1] is
(1),(1),(3)® (1), (3) ®2(1), so that the number of the states in these different
grades is indeed 2,2,6 and 8 as in the expression of the character.

3.6 Correlators, null vectors and the
Knizhnik—Zamolodchikov equation

Correlators of Virasoro primaries were subjected to local and global Ward identi-
ties, (2.61) and (2.56), respectively. We now derive their ALA duals. Performing
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a group transformation of a given correlator,

omi
= Z <¢1l wy, W) j{;f “(2)J(2) g, (wi, W) . .. ¢, (wn,ﬂ)n)>
= Z <¢ll (whwl) cee 56¢l, (wi7 wi) DR ¢l,, (wn;wn» . (365)
i—1

Now from the OPE (3.52) we know that . ¢, (w;, w;) = € (w;) T} ¢, (w;, ;).
Since this holds for arbitrary € we can get a local form of the Ward identity in
the form,

. B B n Tyla
() (wr, @) .. b1, (w,B,)) = 3

i=1

<¢11 (wl ) wl) cee ¢ln (wn7wn)> .

(3.66)
As for the global Ward identity, we use the fact that the correlator has to be
invariant under global g transformations (constant €”), namely,

(z —w;)

6? <¢ll (wlawl) ce QSZ,,, (wnvﬁ)n» = 07

leading to

Z,Tl‘,l <¢11 (wlvwl) s ¢ln (w,,,,@"» =0. (367)

1=1

Null vectors of CFTs were found to be useful in Section 2.9, since they lead to
differential equations for certain correlators. In a similar manner one can write
down null vectors of ALA. In the context of the Sugawara construction, due
to the link between the Virasoro algebra generator 7" and the ALA generators
J¢, there are null vectors that combine generators from both infinite algebras.
We discuss now an important example of this class that leads to the Knizhnik—
Zamolodchikov equations. Consider, at Virasoro level one, the following null
vector,

Inull> = {L_1 S CJ“ T }|<1>,1>. (3.68)

It is easy to see that this is indeed a null state, following (3.52). If we insert
the corresponding null operator into a correlation function of primary fields, like
<Py (z1)...null(z) ... P, (2,)>, the latter must vanish and hence we get,

Ty
% - ka 5 ¢ <®i(z1) .. Pu(z0)> = 0. (3.69)
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In the derivation, we use,

<P, (Zl) e le(bi(Zi) .. P, (Zn,)>

1 dz
= — d TN (2P (7). @, (2
2715 o 2 — 2 < 1(Z1) J (Z) t(zt) VL(ZVL)>
1 dz Ty
:T J <(p1(2’1)...@j(Z]')...q)n(Zn)>
W R A S G )
T
=D L <Py (z) D (20)> (3.70)

(i — 25)

j#i

For the case of four-point functions, as the correlator depends only on the cross-

ratio coordinate Z = Zij; , the partial differential equations reduce to an ordi-
nary differential equation. In Section 4.4 we will demonstrate a solution of the

Knizhnik—Zamolochikov equation for a four-point function.

3.7 Free fermion realization

In the previous chapter the theories of massless free Dirac and Majorana fermions
were analyzed as examples of CFTs. In particular it was shown that the Dirac
fermion admits an abelian ALA structure. It is thus natural to expect that the
theory of N fermions should be invariant under the transformations associated
with non-abelian ALAs.? Indeed, it will be shown in this section that an SO(N)
ALA, and a U(N ) are the underlying algebraic structures of N free massless
Majorana fermions and N Dirac fermions, respectively. We start with the former
case.

3.7.1 Free Majorana fermions and gb(]\’)

Consider a generalization of the action given in Section 2.11 for N Majorana
fermions,

_ L

S87‘[

N
/dQZ Z{lﬁié% + 005}, (3.71)
im1

where 1 and z/NJ are left and right Weyl-Majorana fermions, respectively. Note
that this is possible in 2d, and in any other dimension that is 2 modulu 8. In 4d,
for example, we do not have a Weyl-Majorana fermion, as in the case of a single
Majorana fermion, due to the equations of motion,

v=1i(z) P=di(2). (3.72)

3 The free fermion realization of ALA was presented for the first time in [27].
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However, unlike the case of a single fermion, here the action is invariant under
transformations associated with SO(NV) affine algebra generated by the following
holomorphically (anti-holomorphically) conserved currents,

a 11u Ta (= 1~’ia~"
J(2) = §¢ Tij TJN(E) = §¢ Tij ’, (3.73)
where T are SO(N) matrices which can be expressed as,
a — (kD) _ .ocksl skl
T =t =i(0;6; — 676;). (3.74)

The coefficients (halfs) are not determined by the Noether procedure, but are
chosen in a manner that will be explained below.

The T}, matrices obey the relations,

Tr[T°T"] = 26

ZTa Ty = —0ik0j1 + i1k
Z fabcfabd = 2(N - 2)6cd~ (375)
ab

The anticommutation relation and the OPE generalize in an obvious way those
of the single Majorana fermion, namely,

{0 (zo, 2% (o, y1) Hao—yo = %50’5(% - Y1) (3.76)

and
5

Z—w

5ii

V()Y (w) = O () (w) = (3.77)

Now using this OPE one can derive the OPE of two currents and verify that
they take the form of (3.40),

JH(2) " (w) = 7 -

Loty [ ( Ut (w)  +

L (2) T8 (2) = ¢ (w) Tt (w) -

ik
L 0 )wmw)

!
(v S wewo)] -

[—6™ s (2) (w) : + 5” L ()6 (w) 07" <z>wl (w) :

1 _ -
_ 511 w ( )wk( ) ] + Ta Tkl( w)? [_51k6]l +6116Jk] ) (3.78)
By expanding the fields that are functions of z around w and using the relations
above one finds that indeed the OPE of the two currents take the form of (3.40),
namely,

z—
1

4

16@1) féLbJC (’LU)
(z-w)?  (z-w)

It is thus clear that this is a realization of an §O(N) ALA of level k= 1.

J(2) ] (w) = + finite terms (3.79)
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The Noether currents associated with the conformal transformations, the

energy-momentum tensor T (7)) is just the sum of T (T) associated with each
one of the N Majorana fermions, hence,

T(z) = —% Z Yt T(z) = —% Z SOY (3.80)

Since the Virasoro anomaly of a single Majorana fermion is ¢ = % it is clear that

the theory of N fermions has ¢ = %

In Section 2.12 it was shown that T of a Dirac fermion could be transformed
into a Sugawara form, T'(z) = —% : J(2)J(z) :, where J(z) was the U(1) current.
Since we will show below that the Sugawara form is the underlying structure of
the important class of WZW models, it is a natural question to ask whether also
in the present case for the NV fermions 7' can be put into a Sugawara construction.

Now, using the expression for the Virasoro anomaly for a theory with EB(N ),

we find, as we saw before, that,

_dimG _ 3jN(N-1) N

= = = —. 3.81
TEkrC T 1+(N-2) 2 (3:81)
3.7.2 Primary fields
Similarly to the case of a single Majorana field, the OPE of T'(2)¢'(w) is,
. 1y o’
T ! = - .82
¥ ) = 5+ 2 (352)

which implies that ' are N primary fields of conformal dimensions (%,0), and
similarly ¢’ has dimension (0, }).

Is the primary field ®(1/2:1/2)(2z) = 4)(2)4)(z) the only primary operator (in
addition to the identity operator that corresponds to the vacuum state)? For the
primaries of the ALA §5(N)1 we find (see (2.13)) that there is also one primary

operator with dimension % for odd N, and two primary operators for even N.

These additional primaries transform in the spinor representation of §5(N )1

Can one construct these primaries in terms of the fermionic fields ¢ and 7,/; ?
The situation here is similar to the one in the Ising model. In fact, using the spin
operator o(z, Z) or its dual, one indeed gets from the N independent Majorana
% and the number of degrees of freedom 2%V,
which are identical to the dimension of the spinor representation.

fermion theories, the dimension

So far we have shown the free fermion construction of §5(N )1, namely, of
the ALA at level 1. We would now like to investigate the possibility of having
free fermion realization also to the affine Lie algebra at higher levels. Going
through our previous derivation it is clear that the ALA structure of the OPE
of two currents (3.40), applies to fermions at any representation. For a given
representaion p the corresponding level k is determined from the first term on
the right-hand side, namely Tr(T%T") = 2k§**. Now since for a representation p,
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Tr(T,fT/f ) = 2D5(p)d? where Dy (p) is the Dynkin index of the representation,

it is clear that free fermions constitute a realization of §5(N ) at level Dy (p).

3.8 Free Dirac fermions and the U(N)

Consider the theory of N Dirac fermions described by the following action,
1 - ~ o~
S = E/dQZWTawi + T, ). (3.83)

In terms of symmetries, the difference between this theory and the one of a single
Dirac fermion, is that now there is an invariance under U(N) left holomorphic
and right anti-holomorphic transformations, namely,

Y= =g P = =g(2), (3.84)
where ¢(z), g(z) € U(N). The associated holomorphic currents are given by,
J =y Ty T =gy, (3.85)

where J is the U(1) current, J(z) are the SU(N) currents and T/ are matrices
in the adjoint of SU(N), that obey

Tr[T°T") = 6
a a 1
%:TUTM = 6udjr — N(Sijékl

Z fabcf(zbd = N50d~ (386)

ab

Using the OPEs of the fermions, it is straightforward to realize that the cur-
rents indeed constitute the OPEs that correspond to a U(N) of level k =1,

15 e (w)

J(2)J (w) = G—w) (c—w) + finite terms
J(z)J(w) = G w) + finite terms
J*(z)J(w) = finite terms. (3.87)

Similar to the case of Majorana fermions, the Noether current T is given by,
1.t it
T(z) =T(xv) + T(2)svv) = —5[¥" 0 — 09" 4], (3.88)
and can be reexpressed in terms of a Sugawara form,
1 i J
T = — oty
(2)vq) N Ui

1 i ,
T2N+1) Z st et Ty (3.89)
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Since a Dirac fermion has a ¢ = 1 Virasoro anomaly, it is clear that the theory of
N Dirac fermions has ¢ = N. This is also the outcome of the Virasoro anomaly
associated with the Sugawara form as follows,

N?—1
N+1

cvay tesuny =1+ (3.90)
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Wess—Zumino—Witten model and coset models

The two-dimensional Wess—Zumino-Witten (WZW) model was introduced in
the seminal paper of Witten [224]. The model makes use of the WZ term that
was introduced by Wess and Zumino in [217]. Sometimes the model is referred
to as the WZWN model, where the N stands for Novikov, who independently
invoked a similar model [170]. Here we follow only [224].

4.1 From free massless scalar theory to the WZW model

Consider the free massless scalar theory that was described in Section 1.2, but
now with X(z, 2) being an angle variable defined in the interval [0,2x]. The
action of the scalar field can now be re-written in the following form,

S = /dQ:cL: i/d?z@)&@”)&'
87
_ 1 2 iXV—iX_l/Q 5, —1
= 87r/d 20, ()0 (e7') = in d“z0udu™", (4.1)

where u = ¢iX(*:%) is an abelian group element. Recall that the theory is char-

acterized by a Virasoro algebra and an abelian ALA structure. In terms of this
variable the currents J and J can be written as,

J = —iu tou =iuwdu"t, J=—ivt0u = iudu",
with
0J=0J=0
and
T = (v 'ou)? :=: (uou")?:.
It is now tempting to replace the abelian u with a non-abelian group element,
ue G, G=S8O0(N) or SU(N), (4.2)
and consider the action,

1 2 a,,—1
oy = — T 4.
S&m - /d z r[@u@u ]7 ( 3)
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where the trace is taken in fundamental representation so that,
a b 1 ab
TrTT’] = 5(5 .

The question here is whether this action admits a similar non-abelian affine Lie
algebra and Virasoro algebra. Let us analyze the equations of motion, symmetries
and the corresponding currents of this action. The variation of the action under
u — u+ du is,

0Ssm = i/dQZTT[a((M)gu*l — Oud(u suuh)]

i/szTr [u_léu[u_lgﬁ(u) — 85(u_1)u]]

1 e
E/dzzTr [u™"6ud" (w0, )]

1
E/dzzTr [Suu™"0" (ud,u")], (4.4)

were we use ou~!=—u"!'duu! and Ou'u = —u"'Ou, following from
S(u™tu) =0 and d(u"'u) = 0. It is easy to realize that for a constant group
element g the action is invariant under,

u—gu (Ut —utg™h), u—uh (' —hTuTh), (4.5)

and the currents corresponding to the left and right multiplications take the
form,

JH = i1fl<3”u Jt = fiﬁl‘uufl. (4.6)

4 47

Both currents are conserved. Note that the conservation of one implies the con-
servation of the other. However, unlike the massless free scalar theory, now we
do not have an ALA structure associated with a separate holomorphic and anti-
holomorphic conservation. The latter would have taken the form of Jz () corre-
sponding to left transformation of the form v — g(z)u and Jx(Z), corresponding
to right transformation of the form u — wug(Zz). In a similar manner one finds
that the energy-momentum tensor,

Ty ~TrJyJ,] —1/2 g, Tr[J" Ja],

and there is only the overall conservation law 0,7 =0, not oT = 0T =0,
namely not an external product of two Virasoro algebras.

Can we modify the action (4.3) so that it does have the desired ALA and
Virasoro algebraic structure? For that let us consider first the variation of the
action we are looking for. If instead of (4.4) one assumes a variation of the form,

1 _ _1m 1 1z _
08 = E/(FZTT [u™'6ud(u="ou)] = E/dZ,zTr [Suu='O(uou™")], (4.7
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then the global transformations of (4.5) are elevated into
u—g(z)u  u— uh(z), (4.8)

with the corresponding currents,

_ .,k 1 -k i
which have the desired ALA property,
0J =0dJ =0. (4.10)

Moreover, it can be shown that for an action whose variation takes the form of
(4.7) the energy-momentum takes the form,

T ~TrlJJ), T~Tr[JJ], (4.11)

and hence it also has the appropriate Virasoro behavior.

The next question is obviously what action has a variation of the form (4.7),
and in particular can it be built from Sy,, plus an additional term that has
the standard form of S = ﬁ [d*2L. To address this question we rewrite the
variation (4.7) in the form,

08 = ﬁ/d%TT [u™" 6ud" (g + €u) (W™ 0" )]
= %/dQZTT [Suu™"0" (g — €u) (w0 u™)]. (4.12)

Clearly the term, proportional to g,, in both forms, is exactly the variation
0S5, so that we need to find what action S has a variation that takes the form
of the ¢"” term. It may seem that the action,

S = S /szGH”Tr[a“u&,u_l]
47
does the job, but in fact it vanishes.
It was the proposal of Witten to take for S the so-called WZ action, which for
the present case takes the form of a three-dimensional integral over a ball whose
boundary is an S2, which is the two-dimensional space-time,

Swz = % P oe* Tr{(u= 0pu) (uw™ ' 0ju) (u™ Opu)], (4.13)
where o; with ¢ =1,2,3 are the coordinates of the ball. Using the fact that
[ d3aeikoE(..) = [d®ae(...), it is straightforward to show that indeed the
variation of (4.13) yields the extra term to change (4.4) to (4.7).

The map u, from the Euclidean space-time that we now take to be S? to the
group manifold (Fig. 4.1) can be extended into a map from the ball to the group
manifold. This is based on the fact that the homotopy group associated with
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QH

5 G

Fig. 4.1. The map between the space-time S? and the group manifold.

maps from S? to the group space G vanishes, namely, 7 (G) = 0! for any non-
abelian group G.

On the other hand since 73(G) = Z, there are topologically inequivalent ways
to extend the map u to a map from the ball to the group manifold. This implies
that there is an ambiguity in Sz and it is well defined only modulo Syz —
Swz + 2m. Thus the coeflicient of this term must be an integer k, and to have a
variation of the form (4.12) it is clear that the sigma term has to have the same
coefficient.

Let us now summarize. The classical action of the WZW model is,

Swzw = %/dQZTT[augufl}

+ % d3o'eijkT7“[(u_1aZ.u)(u—1aju) (U_laku)]. (4.14)

The variation of this action is given by,

05 = % /szTr [u™ ' 6ud(u="ou)] = % /dQZT’I“ [Suu™'d(udu")], (4.15)

so that the equation of motion takes the form,
O(u™ou) = d(udu™") = 0. (4.16)
The solutions of these equations of motion take the form,
u(z, 2) = u(2)u(z), (4.17)

where clearly u € G,u € G.

We should state, that the form (4.14), with a term extended to one dimension
higher, follows from general properties. Equations of motion that we want, in
even space-time dimensions, imply a term in the action with one dimension
higher, otherwise the action will involve singular terms, like the introduction of
Dirac strings in the case of elementary monopoles.

The symmetries of the action are the ALA transformations,

u—g(z)u u— uh(z), (4.18)

1 7, (G) denotes the group of homotopy classes of maps f: S” — G
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and the conformal transformations,

z— f(2) z— f(3). (4.19)
The ALA currents are,
_ kK L
J = 47_[3uu J = e ou, (4.20)

and the classical energy-momentum tensor takes the form,

1 I S
T= 2 TrlJJ] T = TrlJJ. (4.21)

4.2 Perturbative conformal invariance

In the following section it will be shown in an exact way, based on algebraic
properties, that the WZW model is a CFT. Prior to that we present now a
perturbative computation, demonstrating that to a given order indeed the theory
has a vanishing 3 function. Here we restrict ourselves to the one loop order. Of
course this only serves as a motivation, as the CFT is at a finite coupling, and
so exact demonstration is needed.

The idea is to use the background field method, expanding u around a solution
of the equations of motion which we denote by ug, so u = uge’’" ™ . Substituting
this ansatz into the action 4.14 one finds,

Swzw = % /d2z{Tr[8u05u0_1] + %aﬂﬂaa/tna
1
+ o - )T {(uy ' Buo) [T, T"0, 1} + O(n*)} (4.22)

The one loop renormalization diagram is shown in Fig. 4.2.

The non vanishing contributions are only when both vertices are proportional
to " or to e"”. The two contributions are the same apart from a sign since
ntn, =n'" = —e'€;, so that the one loop beta function vanishes. Obviously,
this result relates to the choice of the coefficient of the sigma model term versus
the WZ term, with the latter being fixed by topological arguments. The vanishing
of the @ function at this stage is an indication that we have chosen the coefficients
in a way that is compatible with conformal invariance.

Fig. 4.2. Calculation of the one loop beta function.
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4.3 ALA, Sugawara construction and the Virasoro algebra

An alternative approach to the quantization methods discussed in the previous
section is the ALA and CFT approach. Notice first that under infinitesimal left
transformation du = e(z)u the left current transforms as,

k

O = —
47t

k
[O(euw)u™" — duute] = ﬂ(ae + [e, J]), (4.23)
which translates into 6, J* = £ [9e® + if €’ J¢]. Since the transformation of .J is
generated by,

5T (w) = — ]f e(2)J(2)J° (w), (4.24)

T 2mi

it is easy to realize that the OPE that is compatible with such a transformation
is,

k(sab N Z'fCach
(z-w)*  (z-w)

J(2) ]’ (w) = : (4.25)
which is the OPE associated with the ALA discussed in Section 3.2.

Next we want to determine the conformal properties of u, in particular its
confomal dimension. The classical form of the currents (4.20) is elevated to the
quantum expression via the equations,

KOu(z, 2) = J*T"u(2,2) ;, KOu(z,2) = Ju(z,2)T" :, (4.26)

where k, which is a renormalized level, will be determined shortly, and the nor-
mal ordering refers as usual to subtracting the singular parts of the product.
Assuming that w is an ALA primary field, the OPE takes the form,

J ()T uw(w, ) = = u(w, w) + kOu(w, w) + Z(z —w)" T u(w, W),

—n
zZ—w
n=2

(4.27)
where (4.26) was inserted as the (z — w)? term, and ¢, is the quadratic Casimir
operator in the representation of u, > T*T" = c;. If we assume that u is a
Virasoro primary as well, then L_ju = du, so that combined with (4.27) one can
write down the following null vector,

Uyl = (J44T* — kL_1)u = 0. (4.28)

This is a special case of the degeneracy in the combined ALA-Virasoro algebra
discussed in Section 3.3.
The null vectors obey,

LO ‘/;11111 = (h + ]-)Vnull
Jél ‘/null =T ‘/null
L, Viun = Js Vaoun =0 for n > 0, (429)
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where Lou = hu. For n =1 the conditions L; Vyun = J{ Vaun = 0 imply that the
renormalized level and the conformal dimension of w take the form,

C2

1

(4.30)

where Cy is the quadratic Casimir in the adjoint representation, defined as
facdfbcd _ CQ(Sab.

The use of null vectors and the differential equations that determine cor-
relators of primary fields were introduced in the landmark paper of Knizhnik
and Zamolodchikov [143]. An elaboration of the application of these equations
appears in [77]. This direction was further developed by Gepner and Witten
[108].

The WZW has an in-built Sugawara construction. In fact it is very often taken
as the prototype model for this structure. According to the discussion in Section
3.3 the quantum version of the classical energy-momentum tensor (4.21) takes
the form of (3.46),

1
Tz)= ———:J° “(z): 4.31
()= sray @) (431)
and the Virasoro anomaly of the model is,
k dim G
= - 4.32
k+ Cy ( )

The Sugawara construction is described in [203]. This paper, however, does
not have the correct expression that includes the finite renormalization. This
was done later in the paper of Dashen and Frishman [73].

4.4 Correlation functions of primary fields

Primary fields of theories invariant under ALA were defined and discussed in
Section 3.4. The group element of the WZW theory is an example of a primary
field in the fundamental representation of G x G. Indeed the transformation
properties of u(z, Z) imply that it has the following OPE with the currents,
t*u(w,w) - u(w, w)t*

JY(Z)u(w,w) =

Z—w Z—w

J(2)u(w,w) = (4.33)

Next we would like to compute the n-point correlation function of the group ele-
ment primary field of the WZW model. In Section 3.6 we presented the Knizhnik—
Zamolodchikov equation which determines the correlators of theories invariant
under ALA. We now demonstrate its use in determining the four-point correla-
tion function of the primary field u(z, z) of SU(N) WZW model. We denote this
correlator as,

Gy = <’U,(21 s Zl)u_l (22, Eg)u_l (2’3, 53)16(24, 24)> . (434)
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Recall from (2.59) that in general due to the conformal Ward identity the four-
point function can be written as,

Gy = (214203714 %03] 72" G (2, T), (4.35)
where
212 %¢ 212 %:
oo A2E o 7127347 (4.36)
214232 214232
N2-1

with z;; = 2; — z; and h, the dimension of u, is given by h = NI
Now G(z,Z) can be decomposed into a sum of terms, each one representing a
conformal block, the latter having the form of a product of a holomorphic and

anti-holomorphic function,

G(x,Z) = Sum of terms of the form G(z)G(Z). (4.37)

Since u(z, Z) is in the fundamental representation of SU (), the four-point func-
tion is a product of two fundamentals and two anti-fundamentals, so each term
in the last equation can be decomposed into,

G(JC) =1LG + [,Gy, (438)
where I; and I, are the SU(N) invariant factors,
Il = 5m1 JMo 67713,7714 12 = 67n1 ,msa 67”2,7”4 . (439)

If we now substitute this decomposed form of the four-point function into the
Knizhnik-Zamolodchikov equation (3.69) we find,

1 ¢ @t _an
82[ + Z J [2’14223] h (11G1 + IQGQ) =0. (440)

k+Nj;£i Zi — Zj

As was discussed in Section 2.9 conformal invariance allows us to fix three out
of the four points. Using the standard convenient choice,

=z, 2=0, z23=1 2z =0, (4.41)

and the equation now reads,

b, 4+ 1 et 1 tets
T k+N =z E+N z—1

> (IlGl + IQGQ) =0, (442)

After introducing the explicit expressions for the various group theoretical prod-
ucts tf ® tj1I; and projecting to the I; and I, factors we get,

— 2 _
= o (WG LG

T k+N N T r Nz-1

-1 ((N2—1) G, Gy 1G2)-

awGQZk—i-N _ T

4.4
N x—1+m—1 N z (4.43)
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Extracting Go from the first equation and plugging it back into the second
equation, the latter translates into a hypergeometric differential equation,

LDV + A, + Bl () =, (4.44)

where k = k + N and with the following two possible values for A(z), B(x) and
the relation between g; and G as

_(N(N+n)_ N? Nt —N?+2

x(1—x)

A(z)

T 1—=x

)Nn B(z) = —

Gi = [z(1 - )77 gf

A(x)z( - —1_x>Nn B(m):—m,

Gy =a " (1—z)ivgl (4.45)

The solutions of the differential equations are the following hypergeometric func-
tions,

1 1 N N—-1 N+1 N
K R K K K K

In a similar way the solutions for G5 are found, defining an appropriate gs.

To fully determine the correlator we still have to fix the linear combination
of the solutions. This is done using crossing symmetry, as discussed in Section
2.10.2 The latter implies that,

G(x,2) =G(1 —z,1 —T). (4.47)
With parametrization,
g(l‘,i‘) = Z ILI__/QI] (xaj) gi,j = Z §77”LGZ('m)G;'n)~ (448)
i,j=1,2 n,m=-+,—

Crossing symmetry implies that,
Gij(z,z) =Gs-i3-;(1 —2,1—-2), (4.49)

which follows from the fact that under crossing symmetry I; < I5. Single valued-
ness implies that £, _ =&_, = 0. To obey the crossing symmetry requirement

2 Crossing symmetry to determine correlators of fermions in the fundamental representation
of SU(N) was used by Dashen and Frishman in [73].
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we make use of the following property of hypergeometric functions:
F(a,b,c;x) = AiF(a,b,a+b—c;1 —x)
+ Ay(1—2) " PFlc—a,c—bc—a—b+1;1—x), (4.50)

where

_ T(e)T(a+b—2c) '

A= A 4.51
""" Tle—al(c—b) ? T'(a)T(b) (451)
Finally we find that
_ o d—1 _
Gij =G\ ()G (@) + i G ()6 (@), (4.52)
where
P(HT(=3) L
c_._=N Kl f Cyp— = — % (453)
PCIT(=5%) D55
For k =1 we have c__ = —1, and hence the second term in (4.52) vanishes.
Using F (ﬁ, fﬁ, ﬁ,z) =(1- :1:)\#+1 the four-point function takes the
form,
Gla.7) = [z2(1l - 2)(1 - 2)]F |L L 41 A (4.54)
x,T) = [zT x v\ Lo+ h o+ .

In Section 6.3 it will be shown that the WZW theory of U(N) at level k =1 is
a bosonized equivalent to that of NV Dirac fermions controlled by the action,

Sy = [ 2 (viav, +5}00) (455)
In particular the fermion bilinear is equivalent to the group element as,
Mal(z,2) = o () : M@ )5(2,2) = aut” (4.56)

where M is a mass scale and where @ denotes the U(N) group element. In the
theory of free Dirac fermions the four-point function of the fermion bilinears
takes the form,

1 1 -1 - 1
z)=|I,—+ I L—+1 . 4.
g(a:,x) [11‘_'_ ZI—I][ll‘_'— zl—x] ( 57)
It is easy to see that by converting (4.54) to a similar correlator of U(N) we find
exactly the same answer. This is done as follows: define the U(N) group element
to be,

Uz, 2) = e VATINT0(=2)y (2 %), (4.58)
Then the four-point function of group elements of U(N) is,

- L2 2
12

G(x,2) = M2~ [zz(1 — 2)(1 — 2)]” ¥ G(x, Z). (4.59)
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For v =1 we observe that indeed the correlator is identical to that of the
fermion bilinears. For arbitrary  the correlator corresponds to that of fermion
bilinears of the Thirring model defined by,

S=5+ 727_2 ! /szJ(z)j(Z). (4.60)

This generalized bosonization will also be addressed in Section 6.2.

4.5 WZW models with boundaries — D branes

The WZW model described in Section 4.1 was shown to be based on a map
from ¥, a compact two-dimensional manifold, in paticular an S2, into a group
manifold G. Let us now study the case where 3 has boundaries. For concreteness
we take it to be the upper half-plane. In the bulk the theory is invariant under
the holomorphic and anti-holomorphic ALA (4.18) and there is corresponding
holomorphic and anti-holomorphic conservation of the associated currents (4.9).
On the boundary the two types of modes mix, the symmetry is reduced to,

u— g(t)ug(t)™, (4.61)

where 7 denotes the coordinate on the boundary, and accordingly there is a
relation between J; and Jg,

J(2) = Qaui J(2) at z =z, (4.62)

where €., is an automorphism of the ALA.

The notion of boundary conformal field theory was introduced in [58]. The
gluing conditions used for D branes in the WZW model were introduced in [135].
From the many papers that have been written on the subject we have chosen to
describe it following [11] and [85].

Let us first address the simplest case of a level k SU (2) WZW, for which
Q = —1, and then later discuss the general case. In terms of J;, d, and the
adjoint action of G on its Lie algebra,

Ad(g)u = gug™, (4.63)
the gluing condition reads,
(1 — Ad(u))u""Ou = (1 + Ad(u))u"'0,u. (4.64)

The tangent space to the group G at the point u can be split into T,G =
Tr-GaT, 7|L|G, where TMG consists of vectors tangential to the orbit of Ad through
u. On T+G, (1 — Ad(u)) = 0 and (1 + Ad(u)) = 2, so that (u~'0,u)* = 0 and
the corresponding D branes, namely the submanifolds where the condition (4.62)
is obeyed, coincide with the conjugacy classes. In the case that (1 — Ad(u)) is
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invertible, (4.64) can be written as,

_ 1+ Ad(u) _
1 1
= e U. 4.
u” O 1—Ad(u)u Or (4.65)
We can now define a two form on the conjugacy class as,
k 1, 1+ Ad(u) _,
= — dy——u" du | . 4.
YT 8 (u - Ad(u)u “ (4.66)
Applying an exterior derivative to this form we find,
_k —1\3

namely, it is not closed. The submanifold D C G on which the WZ term is exact,
(WZ) = dw defines a D brane in G. There is a further restriction which follows
from reasoning similar to that discussed in Section 4.1.

Consider the wave functional ¥(u(z)) on the space of closed loops u(z) in
some conjugacy class C. The latter, for the group manifold SU(2), are typically
two-spheres so that C' can be constructed in two different ways, and hence there
is an ambiguity in the phase of the wave functional. It can be shown that the
phase can take the values 2mtj with j =1,...,k — 1. Thus there are k — 1 two-
dimensional conjugacy classes or Dy branes for the k level S U (2) WZW model.
In addition there are two Dy branes associated with the two points +e, where e
is the identity on the group space.

To address the issue of the conjugacy classes in other groups it is convenient
to rewrite the two form (4.66) as,

k o
w= 8—ﬂTr[k_1dkhk_1dkh_l], (4.68)

for uw that belongs to the conjugacy class,
C¢ ={ue Glu=khk™'}, (4.69)

The WZW action that corresponds to the map from the two manifold with a
boundary to the group space can be constructed as follows. Instead of considering
the map from ¥ that has a boundary, we take it from X U D where D is an
auxilliary disc that closes the hole in ¥, having a common boundary with it. The
disc is mapped into the conjugacy class allowing for its boundary (4.69). The
WZW action is now written as,

S = Swzw +/ w, (4.70)
D

where Sywzw is the ordinary WZW action with a three-dimensional WZ term
defined now on a ball whose boundary is ¥ U D. It can be explicitly checked
that the new WZW action is invariant under (4.18). Similar to the topologically
distinct Dy branes of the k level SU (2) WZW model, there are different embed-
dings of the disc in a conjugacy class in a general group manifold G. This is
related to the second homotopy group of the conjugacy class, which in general



4.6 G/H coset models 73

is non-trivial. The group element k of (4.69) is defined modulo a right multipli-
cation with any element that commutes with i, and the group of such elements
is isomorphic to the Cartan torus 7; generated by the generators in the Cartan
subalgebra. Thus the conjugacy classes can be described as % and the second

homotopy group reads,
I (C}) = L (Ts) (4.71)

For a rank r algebra of GG, the D, will be characterized by an r-dimensional
vector in the coroot lattice of G. Namely, if two embeddings given by khk~! and
k'hk’~" then on the boundary of the world sheet they have to be related as,

k(K ()7 =t(1), (4.72)

where t(7) is an element of the subgroup isomorphic to 7g which commutes
with h. This relation determines a mapping from the boundary to 75 . Since the
latter is R” modulo 27 x (coroot lattice), every such mapping belongs to the
topological sector parameterized by a vector in the coroot lattice describing
the winding of the boundary circle on the torus 7;. This lattice vector deter-
mines via (4.71) the element of II*(C{) corresponding to the union of the two

0-H where H are

embeddings. For the group element h € 7¢ of the form h =e
the Cartan subalgebra generators, the change in the action resulting from the
topological change of the embedding is AS = k(6 - s), where s is a coroot lattice

vector. Consistency of the model then implies the condition,

2nZ

g .
(S i

(4.73)
This generalizes the condition that led to the set of k — 1 Dy branes for level
k S(f(?). It implies that 6 should be 2% x (weight lattice vector). Since a point
in 7¢ is defined modulo 27 x (coroot lattice), the allowed conjugacy classes cor-
respond to points in the weight lattice divided by k modulo the coroot lattice.
This is also the characterization of the primary fields of the corresponding WZW
model.

4.6 G/H coset models

The concept of coset models dates back to [110] or in fact even to as early as [27].
A Lagrangian formulation in terms of a gauged WZW model was introduced for
instance in [12]. Here we follow the review of [111].

The WZW models constitute a large class of conformal field theories which are
invariant under ALA. An even larger class of CFTs can be constructed by taking
the quotient of two WZW models. Consider an ALA g at level k and a subalgebra
of it h at level k1. We denote the currents associated with the former as J* and
with the latter J;" where a =1,...,dim G and a;, = 1,...,dim H. The currents
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associated with the subalgebra h can be expressed as a linear combination of §
as,

Tt =" "ma, " (4.74)

Using the commutator of J* and the corresponding generator of the Virasoro
algebra constructed via the Sugawara construction,

[Lm ’ Js] = _m‘]fnJrn? (475)
it follows that,
[Lm ’ J}(Llh n] = 7m‘]/c;h m+n (476)

It is also obvious that a similar relation holds with L" which is the Virasoro
generator built by a Sugawara construction from the currents of h, namely,

[Lh, ot 1= —mdi" (4.77)
Thus it follows that,

[Lm - Lh

m?

Jit]=0. (4.78)
Since L is a bilinear of J;" it follows that,

Ly, — L, Lt =0 — [L,, L] =L}, L. (4.79)

m?

We can now define,
Ly =p, —rh. (4.80)
The algebra of these coset generators is a Virasoro algebra, as follows from,

(LM L] = (L, Ln] = (L}, L]
3 m)

= )L 4 o) — e, ) T

o B Om+n.0- (4.81)

Thus we have just found that the Virasoro generators of the coset L£§ /h) obey a

Virasoro algebra with a central charge of

kdi kndimh
c= 9 _ThOURA (4.82)
k+Ca(g)  kn+Ca(h)

A special class of coset models are the diagonal coset models 999 The gen-
erators of the coset in this case are given by J;' = J{Ll) + ,]("2)7 namely the sum
of the generators of each copy. It thus follows that the level of the coset must
be the sum of the two levels since [J(“l) , J(“'Q)] = 0. The coset therefore takes the
form,

Gk O Gry

gk1+k2
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and its corresponding central charge is given by,

. ky ko ki + ko )
¢ = dim + — . 4.83
g <k71 +Cy(g) ke +Ca(g) ki +ke+Calg) (4.83)
Consider the case where g = SU(2) and the coset is,
(2 (2
SU( );iQBSU( )17 (4.84)
SU(2);.4
with the central charge,
3k 3(k+1) 6 6
_ _ i 1 , 4.85
k+2 k+3 (k+2)(k+3) p(p+1) (4.85)

where in the last step we introduced p = k + 2 > 3. This is exactly the central
term of the unitary minimal models discussed in Section 2.7. In fact one can
show that this is indeed an equivalence in the sense that the characters of the
minimal models are the same as those of the coset model.

4.7 G/G coset models
The concept of the G/G model was introduced in [200] and [227]. Our description
of the G/G model and in particular its BRST analysis follows [9] and [8].
A special class of the G/H models is the case where H = GG, namely where we
gauge the maximal anomaly-free diagonal group. Using the gauging procedure
that will be discussed in Section 9.3.1 the classical action takes the form,

k _ _ _ _
Sk(g?AH) = Sk(g) - % /dQZTT(g_lagAE +gag_1Az - Aig_lAzg + AZAZ)'

(4.86)

Next we introduce the following parameterization of the gauge fields, A, =

ih™'0.h, Az = ih*0.h*~" where h(z) € G°. In Section 15 we will elaborate more
about this formulation. The action then reads,

Sk(9,A) = Sk(g) — Sk (hh™). (4.87)

The Jacobian of the change of variables introduces a dimension (1, 0) system of
anticommuting ghosts x and p in the adjoint representation of the group. The
quantum action thus takes the form of,

Sk(9: hs p,X) = Sk(9) = Skrace (BR7) — i/d2zTT[05>’< +ed, (4.88)

where cg is the second Casimir of the adjoint representation.? The second term
can be viewed as S_(;42¢,)(h). Since the Hilbert space of the model decomposes
into holomorphic and anti-holomorphic sectors we restrict our discussion only to
the former.

3 This was O2(g) in the previous section; notation has changed according to the literature.
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There are three sets of holomorphic G transformations which leave (4.88)
invariant,
5Jg:7’[6(z)vg] 5]h:Z[6(2)7h]

Orom X" =1 fcebxc Oyionm p* = —i lfcebpu, (4.89)
with € in the algebra of G. The corresponding currents J*, I* and Jm® =
ife xpp. satisfy the G ALA with the levels k,—(k + 2¢¢) and 2¢¢, respectively.
We now define J(tot)*

JEO® = o 1 4 g = L I i e, (4.90)
which obeys an affine Lie algebra of level,
kY =k — (k4 2¢q) + 2¢q = 0. (4.91)

The energy-momentum tensor 7'(z) is a sum of Sugawara terms of the J* and
I currents and the usual contribution of a (1,0) ghost system, namely,

1 a 70 . 1 . 1A TG0 . a a
() = gy " g I X (4.92)

The corresponding Virasoro central charge vanishes,?
(tot) _ kdg (k + 2¢cq)de

- - —2dg =0 4.93
k+ce —(k+2cq)+ca ¢ (4.93)

c

The symmetry structure of the model is in fact richer. It is easy to realize
that there are also two odd conserved currents, a dimension one current which is
the BRST current JBRST) and a dimension two operator G. These holomorphic
symmetry generators are given by

1 a
JERSD =y, I 1t T
B 1
k4o
The reason we denote the dimension one current as a BRST current is that one
can express both T'(z), J% and JBRST) jtself in terms of its corresponding
charge @ = [ JBRST)(2) as follows,
T(2) ={Q,G(2)},
TV (2) = {Q, 0"},
JPRST) = {Q, 7 (=)}, (4.95)

G o[ — I%. (4.94)

where j# is the ghost number current.

The fact that T'(z) is BRST exact namely T'(z) = {Q, G(z)} and that the total

Virasoro anomaly vanishes, are indications that the % model is a topological

quantum field theory. These theories which were found to be very useful in
dealing with various issues in physics and mathematics are beyond the scope

4 dg is what we called dim g in the previous section; changed according to the literature.
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of this book. We thus do not discuss here the topological quantum field theory
aspects of the % models.

By construction of the BRST procedure the space of physical states of a
% model is given by the cohomology of @. That is to say, a physical state |phys>
has to be closed under @, namely @Q|phys>= 0 and not exact, namely |phys> #
Q)|state> where |state> is any other state. It can be shown that taking the trace
over those states one finds the torus partition function of the % model which
is based on the decomposition into WZW characters, discussed in Section 3.5.

The torus partition function can be expressed as

Ze =cry” / Auz? (7,u) 2" (1, u) 29" (7, u), (4.96)

G
G
where du is the measure over the flat gauge connections on the torus and r is
the rank of G; Z9(r,u) is the torus partition function of the G WZW model,

Z9 (T7 u) = (q@)% Z Xk AL (T7 U))Zk,A,( (7—7 u)N)\n AL (497)
ALSAR

2977

, Ar, A denote the Gy highest weights, and for the diagonal
invariant Ny, », = 6x, x, - The character can be written as,
Mk_’)\ (7‘, u)

MO,O (T, u) ’

where ¢ = e

Xk, A (T, u) = (498)
with Mj ) defined explicitly for the SU(2) case below. Z""" (7, u) in (4.96) is
the contribution of h € % at level k + 2C¢ or equivalently h € G at level —(k +
2¢¢ ). This takes the form Z"" (7, u) ~ | My o (7, u)|~? indicating that % contains
just one conformal block. It is straightforward to calculate Z9" (7, u), the ghost
contribution to the partiton function Z9"(7,u) ~ |My (7, u)|*. Thus there is a
cancellation of the |Mj (7, u)| factors and the resulting character is given by
the numerator of the character of the “matter” sector. In the % model it is
M, ». This cancellation property leads to an index interpretation for My, . For
G = SU(2) it was found that one can express,

> o} 1
My, ;(7,0) = Z q(k+2)(l+<Jk+z) )Zsin {7‘(9 |:(k +2)l+5+ 2] } , (4.99)
l=—o00
as
| RNCAL LR G Ly imdJO
Mk,j(T, 9) = ?q Fra) gl (‘7+§)T7~[(_) qgloe’ (tot)]’ (4.100)
1

where 0 = Reu, G is the ghost number, Ly is the excitation level and j?tot)

the J(Otot) eigenvalue of the excitation. Note that My ;(7,0) is obtained from the
torus My, ; (7, u) by restricting to just one angle. This amounts to considering the
propagation along a cylinder rather than around the torus. As long as we are
interested in the spectrum it is sufficient to consider Mj, ;(7,6). This index inter-

pretation enables us to read important information about the physical spectrum

is
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from (4.99). For a positive integer k, 2j = 0,..., k. Hence there are k + 1 zero

ghost number primary states which correspond to the first term in the g expan-
sion of the different Mj, ;s, i.e. the term corresponding to [ = 0 with Ly = %

On each of these states there is a whole tower of descendant states correponding
to the higher terms in the ¢ expansion. For further discussion of the G/G model
the reader is referred to [9].
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Solitons and two-dimensional integrable models

5.1 Introduction

In the previous chapters we have addressed 2D field theories with no scale. As
we discussed in Chapter 2, one cannot define an S-matrix for such theories.
Generically physical systems are characterized by certain energy scales and the
notion of S-matrix plays an important role. It is thus time to move forward
and examine non-conformal field theories. Again we start our journey with the
theory of a free scalar field, but now a massive one. We then move on and discuss
interacting theories equipped with infinite numbers of conserved charges, the so-
called integrable models, that resemble the free massive theory in a way that will
be explained below.

5.2 From the theory of a massive free scalar field to
integrable models

The classical action of a massive free scalar field is obviously the action of a
massless scalar field with an additional mass term,

1 1
S = /de {Zaﬂqsaﬂqs— §m2¢2 , (5.1)

where m is the mass scale which momentarily will be shown to be the mass of
the particle associated with the field ¢. Unlike the analysis of CFTs there is no
advantage here to the use of complex coordinates, so we will use real ones.

The corresponding equation of motion,

"0 +m*p =0, (5.2)

is solved for the case of uncompactified space-time by the following Fourier trans-
form,

¢ (k_l)efisz _|_af(k1)eik~z] , (53)

(2", 2) / dk! [
)= | —=|a
V21V kD
where (k%)% — (k')? = m?.
A dramatic difference between the massless field discussed in Chapter 2, and
the massive one we discuss here, shows up when analyzing the symmetries of the
system.
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The only transformations that leave the action invariant are the ISO(1,1)
Poincare transformations, namely, the space and time translations and a single
Lorentz transformation. These are,

20 —>x0+a0 ! —>x1+a1
2 — 2" +adzt 2t — 2! +afal, (5.4)

where the transformation parameters are constants and a = aj. The fact that

the parameters are constants, and not holomorphic and anti-holomorphic func-
tions of the complex coordinates, has a tremendous impact, since it implies the
absence of the powerful infinite-dimensional Virasoro algebra.

The corresponding Noether currents associated with the Poincare transforma-
tions are,

Ty = 0,60, ¢ — gun L,
Jp =T =, T (5.5)

or Lor

However, since the space-time is two dimensional, there is an additional conserved
current, the so-called topological current,

T =9, b, (5.6)

top

which is conserved regardless of the equations of motion, since obviously 9, Ji;,, =
€"”9,0,¢ = 0. In fact this current is conserved for any interacting scalar field in
2d, and as we will see later on it plays an important role in the analysis of soliton
solutions of integrable models.

The theory of a free massive scalar field, as well as other scalar theories that
will be addressed in this chapter, are obviously invariant under the discrete
symmetry of,

¢ — —. (5.7)

The canonical quantization was described in Section 1.6. The normal ordered
Hamiltonian and momentum expressed in terms of the creation and annihilation
operators take the form,

H= /dk:l (K12 + m2al (kY )a(k') P = /dklkld(kl)a(kl). (5.8)

The state af(k')|0> is characterized by,
Pal(ph)|0> = p'a (p")[0>  Hal(p)|0> = /(p")? + m?a’ (p)|0>,  (5.9)

and hence it is interpreted as a single free massive relativistic particle.
For the case of free single particles, the momentum and Hamiltonian can be
generalized to an infinite set of conserved charges, like Q, = P" as,

@Qn a'(p)|0> = (p')"a' (p)|0>, (5.10)

and similarly for powers of p°.
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The conserved charge @, can also be represented as an integral in space. For
odd n =2k +1,

Qor+1 = /dx[¢(2k+l)(t,x)q5(t, x) + hermitian conjugate], (5.11)

where ¢(") is n derivatives of space on ¢, t is 2° and z is '. For even n it is a
bit more complicated, but can be evaluated similarly. Note that the expression
is local.

We elevate the field theory associated with a free massive scalar particle into
a non-trivial interacting integrable model by replacing the mass term with a
potential for the scalar field. It will be shown that identifying in such interacting
field theories, an infinite set of conserved charges similar to the one of the free
theory, will be a key ingredient in constructing integrable models. This will be
discussed in Section 5.10.

A more general construction of integrable models is based on perturbing con-
formal field theories, which were discussed in Chapter 3, with relevant primary
fields, namely, those that have conformal dimension A + A < 2.! This class of
models, which will include in particular the integrable minimal models, will be
discussed in Section 5.9.

A very basic notion in scalar theories with interacting potential is the solitonic
classical configurations, which will be the topic of the next section.

5.3 Classical solitons

We now let the massive particles interact with each other. The interaction is
introduced in the form of a potential added to the Lagrangian of the free scalar
field theory. Our first task in analyzing this type of field theories is to determine
the solutions of the classical equations of motion. We start first with solitons,
which are static solutions of finite energy, and then move on to time-dependent
solutions.

The “classical” material about solitons is described in great detail in several
books, in particular in [182], [66] and [183]. For “nontopological solitons” see
[149].

Consider a two-dimensional scalar field described by the following action,

1
S = /d%; {23,,@% - V(qﬁ)]

= [ |07 - 567 - v (5.12)

1 So far in the context of conformal field theory we have denoted the conformal dimension by
h. Here in the chapter on integrable models it will be denoted by A.
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where " and  refer to time and space derivatives and V(¢) is a positive semi-
definite function of ¢. The corresponding equation of motion is given by,

0,0" ¢+ 0,V () = ¢ — ¢ + 0,V (¢) = 0. (5.13)

The energy associated with a given configuration of ¢ is,
1, 1

Let us assume that the potential has a set of NV absolute minima at which it
vanishes, namely V(¢°) =0 for i = 1,..., N. If ¢' are constants independent of
space-time, then the corresponding energy vanishes, and in fact E(¢) = 0 if and
only if ¢(z,t) = ¢'.

Static solutions of the equation of motion are determined by,

" — 0,V (¢) =0. (5.15)

Solitons which have finite energy, must have (bl and V(¢) vanish rapidly enough
at 400, and thus must approach asymptotically one of the configurations ¢’ that
minimizes the potential, namely

lim, oo d(z) — ¢, lim,_, o () — ¢/, (5.16)

Solving (5.15) is equivalent to solving a mechanical system where z becomes
the time, ¢ the coordinate of a point particle of a unit mass subjected to a
potential =V (¢), and Eyecr = %d)’ 2 — V() is the conserved energy of the system.
The boundary conditions where at  — 400 V(¢) — 0 and ¢’ — 0 implies that
Epech = 0. The energy of the field theory (5.14) translates into the action of the
mechanical system. The particle trajectory is therefore characterized by having
finite action and vanishing mechanical energy. The virial theorem for the particle
system has the form,

L2 =v(e), (5.17)

2
which is also easily derivable in field theory language by multiplying (5.15) by
@', integrating over z and using the boundary conditions.

From the mechanical analog it is clear that:

(i) there is no non-trivial solution for a potential with a single minimum.

(ii) For a potential with n minima there are 2(n — 1) solutions associated with
trajectories starting at © — —oo at ¢' and ending at £ — oo at ¢'T' and
vice versa. Trajectories where instead the particle ends at ¢/>**! or back to
¢' are impossible, since all the derivatives Z;d’ vanish at ¢'*! so the particle

that gets to this point will not be able to leave it.
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The equation of motion (5.15) has solutions of the form,
T — X Zi/om 7d¢ —,
é(x9) \/m
where x( the integration constant is any arbitrary point where the field has

the value of ¢(z¢). The integral is non-singular apart from the end-points since
everywhere else V(¢) is positive.

(5.18)

Classical solitons of \¢* theory

Let us now demonstrate the general features of solitons discussed in the previous
section with the prototype model of the a potential with a quartic interaction.
Consider the potential,

V(o) = ) (¢2 - ”5)2 , (5.19)

which has two minima at ¢ = :I:L”A and is obviously invariant under ¢ — —¢.
Substituting this potential into (5.18) and inverting it one finds when setting
@(xp) = 0 the following two possible solutions,

o(z) = i%tanh L’}g@ - xo)} , (5.20)

m m

which corresponds to either starting at ¢ = Y and ending at ¢ = Ui or vice
versa. The former will be called a “kink” and the latter an “anti-kink”. The
invariance under ¢ — —¢ and parity transformation are easily realized in the
kink anti-kink system, namely, @ink(2) = —@anti—kink (), and for x5 =0 also
= —ink (—2) (otherwise reflect around xy).
The energy density of the kink solution is given by
1 4

() = 5(¢)? + V(9) = %sech4 [:;%(z - xo)} . (5.21)
The total classical energy, which is refered to as the classical mass of the kink is
(as our soliton is like a particle at rest),

00 m3
M. = / dze(x) = 27\/57 (5.22)

— 00

Classical solitons of sine-Gordon theory

The sine-Gordon model, which will serve as a prototype model throughout this
chapter is defined by the action given in (5.12) with the potential,

Vi(g) = 7m74 lcos <\r/nx¢> - 11 . (5.23)



84 Solitons and two-dimensional integrable models

Later in Section 5.4 we will adopt a different convention where,

hY 3
VA _ o= (5.24)
m v
In terms of this parametrization the potential reads,
2

V(9) = = Fleos(59) ~ 1) (5.25)

The potential has an infinite set of discrete vacua at ¢* = 27k

L\/?,X
is invariant under ¢ — —¢. As for the ¢* case, here as well the integral in (5.18)
can be solved analytically. For the soliton that goes from 0 to %27{ and vice

versa for the anti-soliton, and choosing ¢(zg) = %7‘[, we get,

and again it

m
#(z) = 4— tan~ et (#=70)], 5.26
(z) 5y [ ] (5.26)
Adding =2nm to this, gives a soliton that goes from %2717'[ to J=2(n+ 1),
and vice versa for the anti-soliton. The soliton has a topological charge associated
with (5.6) of @ = 1, the anti-soliton Q = —1.
Substituting the explicit expression of the soliton profile (5.26) into the expres-

sion for the energy one finds that the mass of the SG soliton is
8m®  8m
MSGsol =5 =

A B

Classical stability of the solitons

(5.27)

So far we have shown that scalar field theories with degenerate vacua admit
soliton solutions. Let us now address the question of whether these solutions are
stable against small time-dependent perturbation. Consider the field configura-
tion,

p(x,1) = dsor(x) + 60(, 1), (5.28)

where ¢g,1(2) is a time-independent soliton solution and é(x, ¢) is a small pertur-
bation. Substituting this configuration into the equation of motion and retaining
only linear terms in the perturbation we get,

0" 0,60 + V" (heo1)0 = 0. (5.29)

Since the equation is invariant under time translation, we express the perturba-
tion as a superposition of normal modes in the following form,

do(x,t) = ZRe[anei“’"f’én (2)]. (5.30)

The normal modes obey the equation,
d?6,
da?

+ V//(¢sol)5n = wiéna (5.31)
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which is in fact a one-dimensional Schrodinger equation with V' (¢s.1) as a poten-
tial. If this equation has eigenmodes with negative eigenvalues, the soliton is
unstable.

It is easy to construct one eigenmode. Since the soliton is invariant under space
translation ¢so1(x) — @so1(z + a), 6 = % i
eigenvalue. Now since the soliton is a monotonic function of z, §, does not have

s an eigenmode with a vanishing

nodes. A theorem about a one-dimensional Schrodinger equation tells us that
the eigenmode with no nodes has the lowest eigenvalue and hence there are no
negative modes and the soliton for any V(¢) is indeed stable.

The topological charge

Any two-dimensional scalar field theory in two dimensions admits the topological

current (5.6), J{gp = e’ 0, ¢. Thus, the following difference is a conserved charge,
Qun = [ ded! = olt, ro0) ~ ot~ =6~ 9. (532)

Often one refers to ¢4 as the topological indices. In fact for theories with a
potential that has a discrete number (finite or infinite) of vacua, non-singular
field configurations of finite energy have both ¢, and ¢_ separately conserved.
This results from the following argument. Finite energy implies that both ¢
and ¢_ are at absolute minima of the potential. Now since the non-singular
configurations are continuous in time, and the potential has a set of discrete
(finite or infinite) vacua, ¢(t,00) must be stationary at ¢., or 9y¢(t, +o0) =
Oyd+ = 0, namely the indices are conserved.

In fact this conservation can be used to show the existence of non-dissipative
solutions. For instance in the ¢* theory we can show that a configuration with
¢+ = —¢_ is non dissipative. By continuity in x there must be, for any ¢, some =
for which ¢ = 0. At this point Typ > V(0) and since the definition of a dissipative
solution is that the lim;_, ., max, Toy = 0 it is clear that it is non-dissipative.
Similar arguments hold for other cases of solitons.

Thus, one can divide the space of finite-energy non-singular solutions into
topologically disconnected sub-spaces that are characterized by the two indices
¢+. Such a sub-space cannot be continuously deformed into another one unless
the finite energy condition is violated. For instance, in the ¢* theory, the potential
has two minima so that ¢, = % and ¢_ = — 5. Hence, there are four subspaces
(=, +), (+,—), (=, =), (+, +) associated with the soliton, the anti-soliton and the
two trivial constant vacuum solutions. For the sine-Gordon the solitons belong
to the subspaces characterized by ¢_ = 27m% and ¢4 = 2m(n + 1)\7—'}/\

Obviously, non-trivial topological charges require multiple vacua. The latter
situation occurs if and only if there is a spontaneous breaking of a symmetry.
For instance in ¢* and sine-Gordon it is the discrete ¢ — —¢ symmetry which
is broken.
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Derrick’s theorem

Consider a scalar field theory in D + 1 space-time dimensions described by the
Lagrangian density,

L= 50"00,0 ~ V(9), (5.39)

where the potential V(¢) is non-negative and vanishes at its minima. The the-
orem states that for D > 2 the only non-singular time-independent solutions of
finite energy are the vacua.

Let us denote by ¢(x) a time-independent solution of the equation of motion.
We now introduce a one-parameter family of field configurations defined as,

o\, x) = p(Ax), (5.34)

where A is a positive real number. The energy associated with the configuration

d(A, x) is,
E\) =A"P / aPx BXZ(W)Q + V(¢)} . (5.35)

By Hamilton’s principle the energy as a function of A is stationary at A =1 so
that,

/ aPx [;(D _ (V) + DV(qs)} 0. (5.36)

For D > 2 the two terms in the integral have to vanish separately, which occurs
only for the vacua. For D = 2, the potential term has to vanish, which again
occurs only for the vacua. This proves the theorem.

The following remarks are in order:

(i) Derrick’s theorem applies only to time-independent configurations.

(ii) It applies to field theories with only scalar fields. Once one introduces
additional fields like gauge fields or fermions the theorem is not valid (see
Section 20.3).

5.4 Breathers or “doublets”

So far we have discussed only time-independent solutions of the equations of
motion. A natural question to ask is whether the equations also admit exact
time-dependent solutions. Another question, seemingly unrelated, is that of the
interactions between solitons and between solitons and anti-solitons. We will see
shortly that these two puzzles are in fact related. We now proceed to examine
these questions in the laboratory of the sine-Gordon model.

The following periodic configuration,

oz, t) = 4 tan~! {

3 (5.37)
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2 _apn2
(m? —w?) , with w < m, is a solution of the equation of motion (5.13).

where n =
We will show now that this solution is related to a bound state of a soliton and
anti-soliton.

Consider first the simple case of small w, namely w < m. For positive sin(wt)
and finite z, the argument of tan™' is very large, and thus ¢ ~ 27“ When z

approaches —oo we can approximate ¢(x,t) as,
4 2
oz, t) ~ 3 tan™! {exp <mx +1In [m Sin(wt)} )] , (5.38)
w

which looks like a soliton to the left. Similarly, it looks like an anti-soliton to
the right. The soliton and anti-soliton move further apart as sin(wt) increases to
one, and then when sin(wt) decreases they approach each other. As sin(wt) — 0
the approximation that lead to (5.38) is no longer valid, in accordance with the
fact that in this region the soliton and anti-soliton are on top of each other.
A similar discussion applies also for negative sin(wt). It is thus clear that the
solution (5.37) describes an oscillation of a soliton anti-soliton pair around their
common center of mass.

Revealing a bound state solution implies that the system must be attractive
at least in a certain region of the “coupling constant”. Indeed if one uses the
coupling constant,

32
= 5.39
£= (5.39)
then
oo > & > 1 repulsive interaction
E=m  free particle
m>§& >0 attractive interaction (5.40)

As will be clarified in the next chapter, the case of £ = 7t corresponds to a free
massive Dirac fermion. This will be further discussed in Section 6.1 as a bosoniza-
tion of the free massive Dirac fermion. Also, the attractive region corresponds
to positive coupling of a four-fermion interaction, namely attraction, while the
repulsive region above corresponds to a negative coupling four-fermion. The case
of negative £ leads to no ground state.

If indeed the breather describes a bound state, it has to have a mass which
is smaller than twice the mass of the soliton. It is easy to compute the classical
energy associated with (5.37) at t = 0, since both the potential and the ¢’ vanish.
Thus,

(clas) _ L = 8(7’]’&1)2 !
By reather = /dx [2(@2} TR dxcoshQ(nwx)

2
=2M[1- (=),
m

(5.41)
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O

(a) (b) (©)

Fig. 5.1. Normal-order correction of the coupling (a), a correction to m?* (b)
and the lowest-order contribution to ém? (c).

where Mj, is the mass of the soliton. This verifies the existence of a binding
energy since the mass of the breather is less than twice the mass of the soliton.
In Section 5.5.1 the quantum description of the bound states will be addressed,
and their scattering processes in Section 5.6.

5.5 Quantum solitons

The quantization of the soliton and breather was worked out in [74].
The classical mass of the soliton is M = %”, as in (5.27). Quantum mechani-
cally this mass is corrected due to quantum fluctuations. We parametrize these

space-time-dependent fluctuations as,

¢ — ¢y + Y Rele"'5,(x)]. (5.42)

The normal modes 6, (z) obey the equation,
[—0% + m? cos(B)]0, (z) = w26, (x). (5.43)
The leading order of the quantum mass is then given by

1
MQuantum = M, + 5 ; wy, + %t(¢s)7 (544)

where Vi (¢s) is a counter term that one has to add to the Lagrangian.

In two dimensions the only source of UV divergences in any order of pertur-
bation theory are diagrams that contain a loop consisting of a single internal
line. Stated differently, UV divergences are due to the fact that the action is not
normal ordered. The corresponding diagrams are depicted in Figure 5.1. In fact
the corrections (a) and (b) cancel and the only corrections follow from (c).

Let us first recall the normal ordering of ¢*(z), namely,

¢* (x) =: ¢*( (5.45)

" an ) e

where : :,, indicates that the normal ordering is performed for a scalar of mass
m. The last integral in obviously divergent so one introduces a cutoff A > m
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such that

1o dk 1 4N m?

- _— e — 1 —_— —_— . ~4

47[/4\ Poam? Am m? +O(A2> (5:40)
For a general potential V(¢), Wick’s theorem tells us that,

L 442 a2

V(g) = [e*‘" " V(cé)] (5.47)

If one expands the exponent one finds a term with no contraction, next, with
one contraction etc. We can pass from normal ordering at mass m to normal
ordering at m. This transformation is independent of the cutoff, since

1 m?
—1

2 2
: = wn + —, 5.48
¢ ¢ a2 (5:48)

and hence

m?2 a2

mZ dg2 V(QS) Y - (549)

V() = eﬁln

When applied to the sine-Gordon case, the normal-ordered potential takes the
form,

m? m? — dm?
5 : [cos(Bo) — 1] 1 % [cos(B¢) — 1], (5.50)
and where to the lowest order in (3,
232 pA
9 m=f3 dk
== — . . 1
= / Vi (5.51)
Thus the counterterm potential reads,
5m2 o]
chounter((b) = _F/ d(L‘[(l - COS(B¢5)] - Evacuum7 (552)

where we further subtracted the energy of the vacuum. Finally the quantum
mass takes the form

1 dm? [ 1
MQUantum = Ms + 5 an - / dl‘[(l - COS(ﬁ(bS)] - 5 Z V kTQL + m27
n -0 n

2
(5.53)
where k, = ZL—", with L the size of the quantization length, to be sent to oo at
the end of the calculation.
When substituting the set of all the frequencies w, associated with solutions
of (5.43) one finds that the quantum mass is finite and reads,

8qm m m

Mquantum = F - . = z (554)

up to corrections of order mg2.
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5.5.1 Quantization of the breather

Next we discuss the quantization of the classical time-dependent breather solu-
tion. First, as a warm up exercise, compute the spectrum approximately, using
the Bohr—Sommerfeld “old quantization procedure”. Adapting this recipe to field
theory states that a one parameter family of periodic fields characterized by the
period 7 = Zw—“ has an energy eigenstate whenever

/ " at / dar (@, )06 (x, 1) = 2N, (5.55)
0

where N is an integer.
Using the relation between the Hamiltonian and Lagrangian densities, H =
mdy¢ — L, we find after integrating over one period that,

Br = 2nN — / dt / dzL. (5.56)
0

By differentiating with respect to 7 (with N varying as a function of it, by
analytic continuation), and using the equations of motion we find,

AN 1 1 1
N — (5.57)

dE ~ w  m \/1_7;972 ’
aM?
where the expression for w in terms of E and M follows from the calculation of
the energy which can be performed most conveniently at ¢t = 0, as was done in
(5.41).
Integrating this equation and using a natural boundary condition that N =0

for £ = 0 the Bohr—Sommerfeld procedure predicts the following spectrum,

2 81

@.
Next we would like to describe the quantization procedure of Dashes, Hass-

lacher and Neveu (DHN). The classical action of the breather solution per period
T= zw—” is determined by substituting the breather solution (5.37) into the action

N
MN = 2M301 sin < ﬁ (558)

N=12,...,<
)

and integrating,
3271 (W
Sadn) = [cos . (E) - 77] . (5.59)

The stability of the breather solution is determined by the requirement that
there are no negative eigenmodes to the stability equation,

[0"0,, + m? cos(Bey)]6, (z,t) = 0, (5.60)

where &, (z,t), which obeys &, (z,t + 7) = €' 6, (x,t), is the fluctuation of the
breather solution. The set of all the solutions of this equation was written down
by DHN [74].

The corresponding spectrum of v, reads,

2
=0 =0 = §N/m2 pey (5.61)
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where ¢, obeys the equations

Lq, + f(g,) =2 f(gq,) = 4tan™" (T) , (5.62)

and where L is the size of the space direction. The two vanishing frequencies are
associated with the invariance under space and time translations.
The WKB semi-classical quantization determines the energy level of the
breather solution via the conditions,
oo

2
Ecl(d)b) + Ect((bb) - 1/22 %awyn =F

0

cl(¢b) + S(t(cbb) 1/2 Z Vp = 27TN (563)

27

w(dy) )
where E.; and S, are the energy and action associated with the counterterm.
In the limit of L — oo the sum over g, turns into an integral. The integral has
a quadratic as well as logarithmic divergences. These divergences will be can-
celled out by the contribution of the counterterm such that Sci(¢p) + Set (¢p) —
1/237° v, is the same as the Scl(gbb) given above with the renormalization of
the coupling constant 32 — & =
the energy,

8 e [32 . Using this result it is easy to determine

E= —% (&1(@) + Set(n) — 102%) an (5.64)
0

Substituting this into the second equation of (5.63) one finds that the energy
levels take the form,

2m . N¢ 7T
My ¢ s1n(2> N 172,...,<€. (5.65)
Note that in spite of the fact that the quantization condition permits any IV,
only if it is smaller than % the classical breather solution exists. Thus the inter-
pretation of this result is that there is a finite number of quantum bound states
corresponding to the classical breather solution. Even though the derivation of
the mass spectrum of the bound states was based on a Wentzel, Krames and
Brillonin (WKB) approximation, the final result turns out to be exact. This
statement follows from the analysis of the physical poles of soliton anti-soliton
scattering, and already indicated in perturbation theory from two loops. The
latter, though, works for mass ratios only, in view of scale dependence for the
normal ordering of each individual mass.
The spectrum (5.65) can be re-written in terms of the mass of the quantum
soliton. Using (5.54) this takes the form,

My = 2M,, sin (]\;5) N=12,. (5.66)

m\;}
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which indicates that the quantum breather states are indeed bound states of a
quantum soliton anti-soliton pair.
At weak coupling N3? < 1, the mass spectrum reads,
1 /NBg2\°
My = Nm [1 ~5 <1§> + O(N2ﬁ6)] : (5.67)

Thus at weak coupling the lowest bound state has a mass of,

2\ 2
My =m ll — % <f6> + O(ﬂﬁ)] , (5.68)

showing that first bound state is in fact the “elementary” boson of the theory.
Moreover the higher bound states have a mass which is NM; + O[(ﬁQ)QN(l -
N?)], namely bound states of N elementary bosons. These bound states are
loosely bound with a binding energy of %(%)QN (N? —1). Using perturbation
theory one can show that each of these states is stable against decay to states
with lower N. In fact the stability turns out to be an exact statement. The source
of the stability of these states is the set of infinitely conserved charges as will be
discussed in the following section.

5.6 Integrability and factorized S-matrix

One of the first papers that discusses integrability of the S-matrix is the seminal
paper [235]. We follow this paper in describing the basic notions of integrability.
The Yang-Baxter relations were derived in [230] and [29] and S-matrix results
for solitons and breathers of the sine-Gordon model are analyzed in [198].

Consider an integrable theory with oo of conserved charges Q" diagonalized
in the single particle base such that

Qu [P >= w'® (p)|p'*)>, (5.69)

where p is the momentum of the particle and (a) denotes its type. For the sine-
Gordon case the eigenvalues w® (p) are given by,

wé(:l)Jrl (p) = p2n+17 wé‘;) (p) = p2n, p2 + m(Ql (570)

In general one assumes that the wgl@(p) form a set of independent functions. A
multiple particle in or out state obeys

k

Qn |p(1(“) . .pgf’“),in> = Zw,(l‘“) (pl-)|p§{“) . .pgcak>,in>, (5.71)
i=1

and since the charges @), are conserved one finds that,

> wi I (p) = D wit (py). (5.72)

1€in i€out
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P,

Fig. 5.2. Space-time picture of the multi-particle factorized scattering.

From this conservation one can deduce that,

e For any given mass m, the number of initial and final particles of this mass is
the same.
e The final set of momenta is the same as the initial one.

These two rules, that should apply also to intermediate states where particles
are far enough from each other, together with the special kinematics of two
dimensions, are behind the assertion that the multi-particle S-matrix of theories
equipped with infinitely many conserved charges, can be expressed in terms of
two-particle ones.

The factorized S-matrix corresponds to the following scattering process:

e In the infinite past a set of N particles with momenta p; > ps > ... > py are
spatially arranged in the opposite order, namely, 1 < x93 < ... < zy.

e In the interaction region the particles collide in pairs. In each collision the
momenta are conserved and in between collisions the particles move as free
particles.

e The final state of the outgoing particles, achieved after w pair collisions,
is built from the N particles arranged along the x coordinate in the order of

increasing momenta.

The factorized scattering of the N particles is represented, for N = 4, by the
space-time diagram Fig. 5.2, in which time is flowing up.
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a b

Fig. 5.3. Two possible ways of three-particle scattering.

¢ Each line corresponds to a given value of the momentum associated with the
slope of the line.

¢ Each vertex corresponds to a two-particle collision. The two-particle amplitude
Si;(pi,p;) has to be attached to each vertex.

e The total S-matrix element of the process is the product of all the NU\;_I)

two-particle amplitudes [], ; S;j, and then a sum over the different kinds of

particles in the internal lines.

Take for example the case of N = 3. The same scattering can be represented in
two ways, as is shown in Fig. 5.3. These two differ only by a parallel translation
of a line, and thus represent the same process.

5.7 Yang—Baxter equations

The amplitudes and phases of the two diagrams should be the same. The require-
ment that they are indeed the same imposes cubic equations on the two-particle
matrix elements which are called factorization equations or Yang—Baxter equa-
tions. We now proceed to analyze these conditions of factorization.
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It is more convenient to discuss the S-matrix in terms of the rapidities of the
massive particles. The rapidity 3 of a particle of mass m is defined via,?

p+ = mexp(£f). (5.73)

The scattering amplitude of a system of two particles S(p1,ps) is a function
of the rapidity difference 8 = 3y — F2 as can be seen from the fact that the
s-channel invariant

s = (p1 +p2)*, (5.74)
is given by
s =m? +m3 + 2mymy cosh(B; — Ba). (5.75)

We now analytically continue s and define the amplitude S(s) as an analytic
function in the complex s-plane. This function has two cuts along the real axis for
s> (mg +my)? and s < (m, —my)?. The points s = (m, —my)? and s = (m, +
my)? are square root branching points of S(s). Using (5.75), S(s) is mapped to
S(B), where = ; — 3. The physical sheet is mapped into the strip of 0 <
Img < 7, the branch cuts to the lines Im3 = 0 and Img = 7, and the crossing
transformation of s — 2m? + 2mj} — s to 3 — im — (3. If one assumes that there
are no other cuts, then S(8) is a meromorphic function in the above strip. In

the non-relativistic limit, for m; > p!, the rapidity goes into the velocity 3; —
pi

v = .
4 mi

5.8 The general solution of the S-matrix

Consider the two-particle S-matrix,

ik Sji = <A;(B1)A1(83), out| A; (81) Ag (B2), in>
= 08(B1 — B1)d(By — B2)[0ik 0151 (5) + 0ij0k1.Sa(s) + 6i1 01 S3(s)]
+[i <k, B < B, (5.76)

where i, j, k,l = 1,2 so that the particles are in doublets of O(2), and the =+ refers
to bosons (+) and fermions (—). This can be generalized to O(N) in a straightfor-
ward way. Here we analyze only the case of the doublet. The amplitudes Ss, S5
are the transition and reflection amplitudes, respectively, and S; corresponds
to the process A; +A; — A; + A; for (i # j). The A;(3), non-commutative

2 Please note, that the 8 we had before, in the term cos(3¢) in the action, is not to be confused
with the present one, which denotes the rapidity.
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variables representing the particles, obey the relation,
Ai(B1)A; (B2) = 6:551(8) Y An(B2)An(51) + S2(8)A;(52) A (51)
+ S3(B8)Ai (B2)A; (B1)- (5.77)

Incoming states are represented by products arranged by order of decreasing
rapidities, while outgoing by increasing rapidities. The crossing symmetry rela-
tions are,

SQ (6) = Sg(iﬂ — ﬁ) Sl (6) = S3(Z7'C — ﬁ) (578)
The unitarity conditions for the two-particle S-matrix are,

S2(B)S2(=P) + S3(8)S3(=8) =1
52(8)S5(=0) + S2(—)53(8) =
251 (B)S1(=5) + S1(B)S2(— )+51( )S5(=8) + S2(8)S1(—B)
+ S5(8)51(=p) =
Unitarity (5.79) and crossing symmetry (5.78) do not fix the S-matrix. The addi-
tional conditions one has to impose are those of the factorization or Yang—Baxter
equations. The latter are obtained by considering all possible three-particle in-
products A; (51)A; (82)Ax(8s), reordering them to get out-products using (5.77),
and requiring that the results be independent of the order of successions of the
two particle commutations, one then finds,
595183 4+ 525553 + S55552 = 535253 + 515253 + 51515,
S35153 4+ 535255 = 535351 + 535559 + 525351
+555353 + 2515351 + 515355 + 515553 + 515251 + 515151, (5.80)

(5.79)

where, for each of the terms, the arguments for the three S factors are 3,3 +
3,3, respectively.

The general solution of the factorization equations is expressed in terms of one
function which we take to be Sy(3). The solution reads,

S5(8) = ictg (4:‘5) cth <4:ﬁ> S5 ()
S1(8) = ictg (4:5) cth (W) S5 (8) (5.81)

with v and d real, but so far arbitrary. This solution as well as the restriction from
unitarity (5.79) is valid also for a non-relativistic system. Crossing symmetry is a
restriction that shows up only in the relativistic case. Imposing the latter (5.78)
on the general solution fixes § = 7t. A “minimum” solution for S, (/) then takes

the form,
= Zen () () (=) 9, s
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where,

=)o) -2

Y 85
r (2n87” + 17) r (1 + 28 4 32)

L (@n+1)5 +i2) 1 (1+ @n—1)5% +%2)

Rn (ﬁ)RH (ZT[ B ﬁ)
R, (0)R, (im) ~’

13

1

~— 3
Il

R, (B) = (5.83)

It is a “minimal” in the number of singularities along the imaginary g axis, and
more general solutions can be obtained from it by multiplying with a meromor-
phic function of the form f(8) = Hﬁzl :Ei’:;i:ﬁgz for arbitrary real numbers
Q. .

5.8.1 The S-matrix of the sine-Gordon model

The sine-Gordon model has a hidden O(2) invariance, which is simplest to see
via the soliton solutions, where the soliton and anti-soliton are incorporated in
an O(2) doublet. In terms of the A;(5) and Ay(8) the soliton and anti-soliton
amplitudes are,

A(B) = A1(B) +i42(8)  A(B) = Ai(B) — iA2(B). (5.84)

In terms of A and A, (5.77) takes the form,

A(B1)A(B2) = Sr(B)A(B2)A(Br) + Sr(B)A(B2) A(Br)
A(B1)A(B2) = S(B)A(B2)A(Br)
A(B1)A(B2) = S(B)A(B2) A(Br), (5.85)

where S(53), St (3) and Sg(53) are the scattering amplitude of identical solitons,
transition and reflection amplitude for soliton anti-soliton, which are related to

S1(8), S2(B) and S3(B) as,

S(B) = S3(B) + S2(B)
Sr(B) = S1(8) + S2(B)
Sr(B) = S1(B) + S3(8). (5.86)

It follows from crossing symmetry (5.78) that,

S(B) = Sr(im—B) Sr(B) = Sr(im— ). (5.87)
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Fig. 5.4. The zeros (crosses) and poles (dots) of Sr(8) (upper) and Sr(3)
(lower). All the singularities have pure imaginary values even though some of
them are displaced from the imaginary axis for clarity [235].

Substituting these relations in the general solution derived in the previous
section one finds for the SG model,

sh (L(m_:ﬂ)
S(B) = —i————%Sr(f), (5.88)
sin (832 )
where,
Sn(B) = %sin (8:2> U(8). (5.89)

The zeros and the poles of Sr(8) and Sg(8) are shown in Fig. 5.4.
The solution (5.88) is in fact the exact solution of the S-matrix of the SG
model. This assertion is supported by the following properties:

 The poles of S7(8) are located at equidistance, and their values are in accor-
dance with the semi-classical mass spectrum if one equates v = 8¢.

* Note that for the value of & = 7 where the coupling of the associated Thirring
model vanishes, and the SG model is a bosonized version of a free Dirac fermion,

Sr(B)=S(B) =1 Sr(B)=0. (5.90)

e At £ > 7t all bound states, including the “elementary particle” associated with
the field of the SG model, become unstable and the spectrum includes only
soliton and anti-soliton. This situation follows from the fact that at this region
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the Thirring coupling is negative and there is a repulsion between the solition
and anti-soliton.

* At § = 7 the reflection amplitude vanishes identically.

» Expanding (5.88) in powers of [(87”) — 1], which means small coupling of the
massive Thirring model, matches the perturbative expansion of the latter
model.

e The limit 3> — 0 of the exact result (5.88) is equal to the semi-classical expres-
sion of the two-particle S-matrix.

The explicit expression for the two-particle S-matrix (5.88) enables one to also
write down the S-matrix for any number of solitons and anti-solitons and the
scattering of any number of bound states. This general approach to solving the
S-matrix can be applied to the various integrable models. Here we demonstrate
it on the sine-Gordon model. For soliton and anti-solitons we find the following
S-matrix elements:

SITIB) =811(8) = wsm
o h(2(8-m))
SETHB) =8, (8) = MS(H)
= o h(2(8-m))
S;ifé (B)=0 € +e #e€) + ¢ (5.91)

S can also be expressed as an exponential of an integral,

oo sin(k S E/{
S(8) = —exp _i/ (5)11(2 )

0 /<ach (%)

5.9 From conformal field theories to integrable models

(5.92)

So far we have analyzed integrable theories based on a scalar field theory with
an integrable interacting potential. As was mentioned in Section 1 there is a
more general scheme of constructing integrable models. This scheme is based
on perturbing conformal field theories with relevant primary fields so that the
action takes the form,

Note that just as for the conformal field theories we use here complex
two-dimensional coordinates. The ®;(z,z) are primary fields of conformal
dimension A; + A; < 2, namely relevant operators. Since these operators are
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super-renormalizable, they do not affect the short distance behavior but do affect
the structure of the IR domain. In the analogy with statistical mechanical sys-
tems, where the CFT describes the behavior of the system at its fixed point, the
perturbation with the relevant primary fields describes the scaling region around
the fixed point.

A system described by an action of the form (5.93), is integrable provided that
one can identify a set of infinitely many conserved charges just as for the sys-
tems described previously. An important class of such theories are the integrable
minimal models, for example the tricritical Ising model M, 5 perturbed by ®3 »
and the tricritical Potts model Mg 7 perturbed by <I>%‘%. o

The renormalization group (RG) flow of the integrable systems follows a tra-
jectory that starts at a fixed point and may end on another one in the IR, or
on a point that corresponds to a massive QFT. An important property of these
flows is the c-theorem? which states the following:

Quantum field theories which possess rotational invariance, reflection pos-
itiwity, and conservation of the energy momentum tensor admit a function
c(N\;) of the coupling constants \; which is non-increasing along the RG
trajectories and is stationary only at fized points.

The proof of the theorem is as follows. Consider the correlators of T =T,
and T35,

<T(2,2)T(0,0)> = = (f) . <T(2,2)T.:(0,0)> = Gz(f?,
<T..(2,2)T.-(0,0)> = Zg? (5.94)
We now use the conservation law,
OT + 0T, =0, 0T +0T.: =0, (5.95)
to deduce the following differential equations for F,G and H,
F+(G-3G)=0 G-G+H-2H=0, (5.96)
where A = gﬁfgﬁ . Since the positivity condition implies that H > 0, the following

¢ function is non-increasing,
c=2F —-4G - 6H, ¢=—12H. (5.97)

At the fixed points T.; = 0, hence G = H = 0 and ¢ = 2F, as indeed it should
be. Recall that the OPE in CFT is of the form T(22)T'(0,0) = & + ...

One can further write down an expression for the integral of ¢, namely for
the difference of ¢ in the UV and IR regions. For the case of a perturba-
tion with a single operator ®, the trace of the energy-momentum tensor is

3 Zamolodchikov c-theorem was derived in [232].
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T.; = mA(1 — A)®, where the total conformal dimension is 2A. Using (5.97) it
was shown that,

cov — e = 12mA2(1 /d2x|a:|2 <B(2)8(0)> (5.98)

This result has been applied to integrable minimal models yielding the cor-
rect difference in the Virasoro anomalies. Another example where this relation
between the conformal data and the properties of the non-conformal theory can
be tested is the sine-Gordon model. The model can be thought of as a pertur-
bation on a free massless scalar field which has ¢ = 1, and the massive model
has ¢ = 0. Let us check for this case the outcome of the relation (5.97). The
perturbation now is,

2 2
AP = % i(cosfBp—1): 2A = fﬂ

If we expand A® in (3, then the leading order A® is %mQ ¢? for which A = 0 and,
4

<D (2)AD(0)>= imQ <p(x)p(0)>*= ;%

(5.99)

K (mlal), (5.100)
where K is a Bessel function. Inserting this into (5.97) we get,
Uy — CIR = 37[ /d2x|a:|2K0 (m|z]) = 3/ drr? K3 (r) = 1, (5.101)

which verifies our data about the Virasoro anomalies at the two ends of the
trajectory. One can further show that higher-order terms in § are in accordance
with the fact that cyy — ¢ is # independent.

5.10 Conserved charges and classical integrability

We will now show that the classical sine-Gordon theory incorporates an infinite
set of conserved charges. This will imply an exact determination of any S-matrix
element of the theory. This property of having a set of an infinite number of
conserved currents and charges is referred to as classical integrability. In the
next section we will discuss the fate of the integrability in the quantum domain.
We choose here to describe the sine-Gordon model, however this structure applies
to a class of models.

There are several methods to determine these classically conserved charges.
Here we will follow two of them: The Lax pair approach and a method based on
a generating function.

The infinitely many charges of the integrable models were analyzed using var-
ious different techniques. The Lax pair method applied to the sine-Gordon is
described in [61]. The method of multilocal charges from an integral equation
was presented in [153]. The inductive method was introduced in [45].
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5.10.1 The Lax pair method

In the Lax pair approach the idea is to rewrite the sine-Gordon equation of
motion in terms of a commutator relation between two operators. Let us first
rewrite the equation of motion of the sine-Gordon system in the light-cone coor-
dinates,

D, 0_p = —sin(e), (5.102)
where QNS = B¢ and Dy =moy.
Next we define the following pair of 2 x 2 matrix Lax operators,

L =2030_ +03(9_9)
B= %[03 cos(@) + oy sin(¢)| L. (5.103)
In terms of these operators the sine Gordon equation takes the form,
d.L=[L,B). (5.104)

The reason for rewriting the equation of motion in this form is the fact that the
spectrum of L is conserved. To realize this property of the Lax pair, notice first
that the solution of (5.104) can be parameterized as,

L(z") = S(z")L(0)S~ (z*) 9,8 =-BS. (5.105)
Now consider the eigenvalue problem,
L(z")v(z™) = Mv(z™h). (5.106)

It is easy to check that if v(0) is an eigenfunction of L(0) with eigenvalue A, then
v(z1) is an eigenfunction of L(z") with the same eigenvalue A, where,

v(zh) = S(a)v(0). (5.107)

* is the light-cone time direction, this implies the conservation of the

Since z
eigenvalues. This conservation of the spectrum is the origin of the infinite set of
conserved charges.

For the case that L can be represented by a finite matrix, it is obvious from
(5.105), using the cyclicity of the trace, that Q™ = Tr[L"] are conserved charges.
In general, and in particular in our case, L does not act only in a space of
finite-dimensional matrices but also in the continuous space whose base vectors
are |z_>. Thus the trace takes the form of the integral ffooo dz_. Due to the
unitarity of S(x*) the cyclicity property of the trace is maintained and hence
Q™ = Tr[L"] are indeed conserved charges.

It turns out that one can map the Lax pair of the sine-Gordon system to that
of the Korteweg-deVries (KdV) equation dyu(z,t) = 6udiu — d}u. This map is
useful since it is more convenient to express the conserved charges of the sine-
Gordon system in terms of the L operator of the KdV equation. In this format
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the first four charges of the set of infinite charges which are classically conserved

=) [

Q2 = +(i)2 / h [(0_0)" — 4(0> $)*]da—

— 00

are,

3 00
Qs—“<i> /i[Qtéf<—2W8—$V&ﬁ$y‘F&53$ymx—
4 oo
Qi = +(i) [ 00— @) —560-9)' 2 )
+ 20 907 - % (0257 )r (5.108)

5.10.2 The generating function method

A second method to determine the set of infinite conserved charges is based on
a generating function. Define the generating function,

v=0¢+ %sin*l(eﬁa,w). (5.109)

When ¢ obeys the sine-Gordon equation, ¥ obeys the following equation,
C— 1= 30 y)
0y

€2

> —m?0_ (cos(By) — 1). (5.110)

Equation (5.109) determines 1 as a power series in ¢ and e. Upon substituting
this into (5.110), we get an infinite set of conserved charges, that are the coef-
ficients of the even powers of €. A dual sequence of charges can be obtained by
interchanging 0, and J_ in the equations above. The set of conserved currents
is labeled as,

Oy Jof +0_Js, =0, (5.111)

where 2n relates to the power of e. The lowest-order current is the energy-
momentum tensor,

1 . m2
Ji=T-_ = 5(a_qb) N —ﬁ(cos(ﬁ(/b) —1). (5.112)
The second-order currents are,
P IRy 3’ 2 o 2
I = 5(026) = 2 (0-9)°,  Jy = —-(9-)" cos(89), (5.113)

and similarly one can write the expressions for the higher order currents Js,,.
One can map the charges derived by the Lax pair procedure to those derived
by the generating function method.
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5.11 Multilocal conserved charges

In the previous section we analyzed the set of infinitely many conserved charges
associated with local currents. It will be shown later that these conservation
laws are responsible for the fact that the system is integrable, namely there is no
particle production and the S-matrix is factorizable. We would like to show now
that this type of structure may also follow from conservation laws associated with
multilocal currents. The construction of the multi-local currents will be presented
in two ways: (i) via an integral equation, (ii) by an inductive procedure.
We then show that the two types of charges are in fact equivalent.

5.11.1 Multilocal charges from integral equation

Consider first the O(N) non-linear sigma model defined by the Lagrangian den-
sity,

Sow = 557 / L [0, ) - (0-71) — ulil® — 1)), (5.114)

where 77 is an N-dimensional real vector and gy is the coupling constant. The
fact that the field 7@ is constrained 72 = n;n’ =14 =1,..., N is incorporated via
the Lagrange multiplier u. The equations of motion that follow from this action
are,

0_0 A 4uit=0, =1, (5.115)

So w is actually the action density u = (0, 7) - (0_7). Instead we can write the
equation of motion as,

0,017 + 7#(D, 7 - 0"ii) = 0. (5.116)

The action is classically invariant under O(N) global symmetry, by construc-
tion. For the special case of n = 3, namely O(3), the current takes the form,

gy =¥ (n'dun’ — gun'nd). (5.117)

It is easy to check, using the equations of motion, that this current is indeed
conserved. In addition the energy-momentum is conserved,

1 1
0, T__ =0, [Q(a_ﬁ)ﬂ =0_10_0,7 = —ud_ [2(71)2] =0. (5.118)
Thus classically the trace of the energy-momentum tensor vanishes 7', — = 0.

In addition there is an infinite set of currents, the simplest of which takes the
form,

Joo X fo (OFNY g o (5.119)
T 2ol \Jooal )] Tt T el ’
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An alternative way to write down a set of non-local classically conserved
charges is the following. We define at any given ¢ the (2 x 2) U(t, z) operator via
the equation,

ow
o U(t,x) = U [

and the boundary condition U(t,—o0)=1, for any Cauchy data

ji —wis] ' U (L, ), (5.120)

ni(t,x),0n'(t,z), where w is the “spectral parameter” which is a com-
plex parameter with w # +1. Following this definition and using the equations
of motion one can show that,

d

d J—
a@(w) ~a

If one expands @ in terms of the spectral parameter one finds a set of infinitely

U(t,00) = 0. (5.121)

many conserved charges,

= d
=Y Quu" —Q, =0. (5.122)
n=0 de

We can now rewrite the differential equation (5.120) in terms of the integral
equation,

w ’ i o i
Ut,z) =1+ T / dy [j6 — wjt] (t,y)0'U(t,y). (5.123)

o0

Inserting the expansion,
o0
.%') = Z U,w", (5.124)
n=0

into the integral equation for U(t, z), we find the following recurrence relation,

Un(tax):i/_m dy[ (t,y)o’ Z Un—2k-1(t,y)

= o<kt

— jit,y)o Z Uy ot y] (5.125)

Slﬁ n

with Uy(t,z) = 1. Thus we can calculate @, recursively deriving explicit non-
local expressions for the set of infinitely many conserved charges. The “lowest”
charges are given by,

=0 Q= [auit)
0 1 Y
QQ = _§Q1Q1
Q5 = /dx/dydy'eijkjé(t,y)jg(t,y')ﬂy*y') */dyji'(t,y)- (5.126)

The algebraic structure associated with these charges is the Yangian symmetry,
the description of which is beyond the scope of this book. In the reference list we
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mention several that deal with these algebras. In Section 5.12 it will be further
shown that both the charges of the form (5.119) as well as (5.126) are quantum
mechanically conserved.

5.11.2 Charges by inductive procedure

The second method of obtaining non-local currents is as follows. Assume that
the system admits a (non-abelian) conserved current which is also a pure gauge,
namely,

Ju=9""0.9, 0"J, =0, (5.127)

where g is a non-singular matrix (for instance U(N) or O(N) matrix). It follows
that the current J is a flat gauge connection, since for D, = 9, + J, we find
that [D,,D,] =0 and also 9, D, = D,0,. Using the terminology of differential
forms these properties can be rewritten as,

DI=dJ+JAJ=0 dxJ=0, (5.128)

together with [D, D] =0 and D xd = d * D. Now let us assume that there is an
n-th conserved current J;(l") , then there is a function x(") such that,

T = €,,0"x™. (5.129)
Then there is an (n+1)-th conserved current,
JD =D, or gt =o. (5.130)
The conservation follows easily,
d+ J") = g% D™ = D« dy"™) = DJ™ = DDy("~1 =0, (5.131)
or directly,

9" J( Y = Drg ) =~ D, I = —e" D, DXV =0, (5.132)

The sequence of x(") starts with x(°) =1 and Jfll) =J.
Associated with the set of infinitely many conserved currents, there is obviously
also a set of infinite number of conserved charges,

o — /dxjg") (t, z). (5.133)
Consider the special case n = 2,
Q) = [ aws? = [ au(@y -+

—/d:cﬁ”(t,x) +/dxjé”(t,x)x<1>(t,x). (5.134)
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We can now re-express ') as x((t,z) = fdx’j((]l)(t,x’). When substituting
this to the previous equation we discover the structure of multi-local charges of
(5.126).

5.12 Quantum integrable charges in the O(N) model

In Section 5.11 it was demonstrated that certain two-dimensional interacting
models have an infinite set of conserved classical charges. This property consti-
tutes the classical integrability of a given system. A natural question to ask is
whether this integrability persists also in the quantum regime. We will analyze
this question in the context of two models, the O(N) sigma model in this sec-
tion and the sine-Gordon model in the following one. In fact we have already
seen in Section 5.8 how the quantum integrability of the sine-Gordon model fully
determines the S-matrix of the theory.*

In Section 5.11.1 it was shown that classically the O(N) model is scale invari-
ant as the trace of the energy-momentum vanishes. Following our discussion of
the Virasoro anomaly in Chapter 2, it is clear that quantum mechanically the
classical conformal invariance of the O(NN) model is broken by an anomaly. The
right-hand side of (5.118) should not vanish any more but rather be equal to some
local terms. These terms can be determined by Lorentz 27 — azt, 2= — a~ ™
and scale invariance z* — az™, 7 — ax~ . It turns out that up to a constant
the quantum relation is,

Dy B(&ﬁ)z] = B0_u = BO_(0_7id, 7). (5.135)

In fact one can show that the constant B is the one-loop beta function.
Consider now the next conservation law. Classically it reads,

o [;u(ﬁ_ﬁ)Q] +a, B(aiﬁ)ﬂ - g(a_ﬁ)%a_u). (5.136)

One can show that this classical conservation is directly related to the conserva-
tion of the current in (5.119). For this make use of the classical scale invariance
x_ — f(z_) and the classical conservation 9, (9_7i)? =0, to choose a gauge
where (0_7)? = 1. Now the classical conservation law takes the form,
1

N [2(82_73)2] = (0_u). (5.137)
This is exactly the conservation of the current (5.119), when inserting the gauge
(0_1)* = 1. To get to the form in general coordinates, namely the form as in

4 Quantum integrability was discussed in [176].
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(5.119), make the substitution,
1
0 —» ——0_, 5.138
o7 (5.138)
noting that it also implies u — wl_—‘ﬁl
Quantum mechanically again the right-hand side of equation (5.136) can be
corrected by several terms. To eliminate possible terms that are total derivatives
it is convenient to analyze the integrated form of this conservation law,

d, /dx_ B(a“’ﬁ)?] = (3+7)/dx—%(aﬁ)2(a,u), (5.139)

and finally using (5.135) to eliminate _u we get the quantum conservation law,

_ 1 2ﬁ27(3+) )4 _
I_/dx {2(8_) o )], 0.1=0. (5.140)

One can now show that this conservation law implies the conservation of
S P 3. Since I commutes with the S matrix [I,S] = 0 one has,
i

<b out|I|b out> <b out|a in> = <b out|a in> <a in|I|a in> . (5.141)
For asymptotic states with N particles and momenta Pi, ..., Py we have
<N|I|N> = Constant Z P_3. (5.142)

The reason that the conserved charge on an asymptotic state has to be pro-
portional to ), P,f’ is that its tensorial structure is of the form ___ the only
conserved quantity with _ Lorentz index is P_ and there are no higher tensorial
charges that are not products of P_.

In a similar manner one has a similar conservation law for P, so that,

dopi=3"P >y Pl=>P (5.143)
in out in out
If we now write these conservation laws for a 2 — N process combined with
the ordinary conservation of momenta we get four equations for two quantities
which, combined with the analyticity of the S-matrix, implies that there cannot
be any multiple production, and the only allowed process is 2 — 2.
It can also be shown that the classically conserved charges constructed by an
integral equation (5.126) are also quantum mechanically conserved.

5.13 Non-local charges and quantum groups

The discussion of quantum groups and non-local charges follows the paper [39].
For a review see, for instance, [114].

In the previous sections we have derived in various forms sets of infinitely
many conserved charges and argued that they constitute the integrability of
the corresponding models. In particular we described in Section 5.11 non-local
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charges. Here we will establish the algebraic structure of these charges. It will
be shown that they involve non-trivial braiding and that they obey the algebra
associated with “quantum groups”.

Rather than discussing the generalities of this algebraic structure we analyze it
in the context of our laboratory model, the sine-Gordon model. We now rewrite
the Lagrangian density of the model as,

S = i/d%aa‘% + %/d% - cos(Be) . (5.144)

It is straightforward to relate X of this formulation to m, 3 of (5.23), and B here
equals 3 there.

Recall (Section 5.9) that this action can be considered as a conformal field
theory plus a relevant perturbation of the form (5.93). In such a case one can
identify a conserved current that obeys the relation,

0J(2,2) = 0H(z,2) 0J(z,2) = 0H(z,2), (5.145)
where for the conformal limit one has 0J = 9.J = 0, and H, H are defined via,
Res,—y (Ppert (w)J*(2)) = Oh*(2) H%(z,2) = 2;\h”’(z)<£pert(2), (5.146)

where the perturbation term 1is written, in the conformal limit, as
qbpc,.t(z)(j_)pcrt(z), and all this under the condition that the Res above are indeed
total derivatives. A similar construction applies also for the anti-holomorphic
current.

We can now identify a pair of non-local fields

- 1 X
ultr) = 3 ot = [ avdnote] (5.147)
with which we can write a pair of conserved currents Jy of the form (5.145) as,
Jr = e:l:%@(t,m)

A2ﬁ2 e:l:i(%—{;)d;‘(t,m)$éag_(t.a:).
62 —2

The conserved charges associated with the pair of currents are

Qs = % (/ dzJy + /dzHi> Q+ = % (/dZJi + /dZHi> - (5.149)

The charges @+ are non-local, as a consequence of being built from the non-local
field ¢.

Using the basic canonical commutation relation [¢(¢, x), Oy d(t, y)] = 4mid(xz —
y) and etel = elABlefed (when [A,B] commutes with A and B) one finds the
following braiding relations,

Ta(t,)2(t9) = T (t.9) Ta(0,2)

J:t(t7x)j:|:(t7y) :q2j:t(t7y)‘]:l:(t7x)7 (5150)

Hy =)\

(5.148)
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where,

g=e 7. (5.151)

These non-trivial braiding relations of the currents imply similar relations for
the conserved charges,

Q+Q+ - q2Q+Q+ =0
Q-Q-—¢*Q-Q-=0
Q+Q- — qifoQ+ = a(l — ¢*@r)

_ 1 - B
R-Q+ — qﬁQJer = a(l— ¢ *%r)

[Qtopa Q:t] = iQQ:I: [Qtopa C?:I:] = :t2Q:|:a (5152)
where a = %mny, 7 '=A=-A(Q+) and the topological charge Qi,, =
%(d)(x = 00) — ¢p(x = —00)) (compare with (5.6)). )

This algebra of the charges is referred to as “g-deformation” SL,(2) of the
SL(2) affine Lie algebra with zero center. Recall the basic SL(2) algebra in the
Chevaley basis (3.5),

[H Ey] =+2E; [E, ,E_]=H. (5.153)

Introducing the spectral parameter w the infinitely many generators of the SL(2)
affine Lie algebra are defined via J* =) Jtw" with J* = H,E;. We then

define the Chevaley basis of the affine algebra SL(2) as,
E., =wE, E ,=w'E_
E.o=wE_. E_oy=w'E,
H =H Hy = —H. (5.154)

In terms of these generators the SL,] (2) algebra reads,
[H;, E+j] = ai; By
[Hi, E_j] = —ai; E_

By, E_j] = 0, E_; ) (5.155)

and a;; is the Cartan matrix of SL(2).
The relations between the non-local charges Q+ and Q4+ and the generators
of the SL,(2) algebra are,

Hy Ho

Q+ =cEi1qg? Q- =cEyoq>

_ ", _ Hy

Q-=cE_1q7 Qi =cE_oq*
Qtop = Hl = _HO (5156)

where ¢ = 2-4%(¢72 — 1).
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5.14 Integrable spin chain models and the algebraic Bethe ansatz

The discussion of the algebraic Bethe ansatz follows closely the pedagogical paper
of Faddeev [88] and also Beisert [31]. The use of the ansatz in a continuous system
that we present follows that of Zamolodchikov [234].

A very useful class of two-dimensional integrable models are the spin chain
models. In these models the space is divided into a discrete number of sites
where spin variables are placed. So far, and in fact also in the rest of this book,
we do not discuss discretized field theories. In this chapter we do since the spin
chain models will be shown, in Section 18, to be intimately related to integrable
sectors of gauge theories in four dimensions. We will demonstrate the techniques
used to solve the spin chain models by applying them to a prototype model,
the X X X/, model. We will describe the model, write down the Bethe ansatz
equations associated with it, solve them and extract the spectrum of the model.
We then apply the technique to the discretized sine-Gordon model.

A discrete circle with N ordered points is taken to be the space direction.
The “space” is periodic so that each site is identified with ¢ = i + N. The formal
continuum limit can be taken by introducing a lattice spacing A such that A —
0, N — oo while x = NA is kept finite.

At each site there is a dynamical variable X;* where ¢ denotes the site and «
is a set of finite number of values. One defines a quantum algebra of observables
A by fixing a set of commutation relations between the X. When [ X, X]ﬁ} =0
for any i # j the algebra is called ultra local. Examples are canonical variables,
and spin variables which will be used in the X X X;,, model we are about to
describe.

The Hilbert space of the representations of the ultra local algebra has a natural
tensor product,

N
H=][Qhi=rRhs...Rhi... R hx, (5.157)

and the variables X act nontrivially only on h;.

5.14.1 The XXX1/2 model

The XX X, describes a spin chain model with N sites. At each site there is
a spin variable S = ga“ where ¢ are the Pauli matrices. The Hilbert space
at each site is C?, the two-dimensional complex numbers. The Hamiltonian that
defines the model is based on a nearest neighbor interaction of the form,

1
H=Y" <s;¥ A 4> : (5.158)

The spin of the system which is given by,

S =35 (5.159)
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and is conserved,
[H,S%] = 0. (5.160)

The notion X XX associates with the fact that the coefficient of (S*S¢,, — 1)
is a constant independent on ¢ and «. In the case where the coefficient is «
dependent, namely J(S¢S?, | — 1), the model is referred as the XYZ model.

To extract the spectrum of the model we make use of the Lax operator defined
by,

LiaN) =M Q)L +i Y Sp (X o, (5.161)

where X is a complex parameter referred to as the spectral parameter, I, S are

the identity and spin operators acting on hy, and I,,c® act on an auxiliary space
V which is also £2.
The Lax operator can also be written in the form,

Lk,a ()\) = ()\ — ;) [k,a + Z’P/g7a, (5162)

where P; , is the permutation operator in £2 @) £2, namely,

Pa@@Qb=0bQ)a, (5.163)

and is given by,
1 (0% (07
pP— 5(I®I+ % o Q) o). (5.164)

Equation (5.163) implies,
P(ll,ug - Pag,a1
Pn,al-Pn,aQ - Pal,aQPn,al - -Pn,az-PaQ,a1~ (5165)

The Hamiltonian can also be expressed in terms of the permutation operator,
1 N
H= §ZPZ-M -5 (5.166)

The idea now is to relate the Hamiltonian and other conserved charges to the
monodromy of a string of Lax operators along the whole chain. For that we
have to analyze the commuting structure of the Lax operators. This structure is
controlled by the fundamental commutation relations (FCR) which will be shown
later to be part of the Yang—Baxter relations and read,

Ral ,a2 (/\ - M)Liﬁal (A)Liyaz (,LL) = Li7a2 (M)L’i,lll (/\)Ral ,a2 ()\ - :U')7 (5167)

where,

Ry 0y (A) = My 0y + 1Py a5 (5.168)
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To prove this relation one makes use of the relations of the permutation operator
(5.165). The Lax operator can be interpreted as a connection along the chain in
the sense,

Yiy1 = L. (5.169)
This can be generalized to an ordered product which transports from 4; to i,
T2 (A) = Liy—1,0(N) ... Li, o (V), (5.170)
and to the full monodromy along the spin chain,
Tn,a(N) = Lyo(N) ... Lio(N). (5.171)

We parameterize this monodromy operator in terms of a 2 X 2 matrix in the

ol
Ty,a(N) = (2]]:8)) D]]VV((/;)) > : (5.172)

with entries in the full Hilbert space H. In analogy to the FCR of the basic Lax
operator it is straightforward to realize that there is a similar relation for the
monodromy operator,

Rayay (A= )Ty ()T, (1) = Tay (18) Ty (M) Ry 0y (A — ). (5.173)

auxiliary space as,

From this relation it follows that the trace of the monodromy operator,
F\) =Tr[T(N)] = A\ + D(N), (5.174)

is commuting, namely [F(\), F(1)] = 0. We can now expand both T and F()\)
as a polynomial of order N in A\ as,

Ton(A) =AY +idAV 1Y "9 (R o + ...

N-2
FO) =224+ >" @\, (5.175)
1=0
We will see shortly that the set of N — 1 operators @; are commuting and con-
stitute the set of conserved charges, including the Hamiltonian. Next we expand
the monodromy at A\ = %,

{ ) N
Ta,N (2) = ’LNPN_@PN,LQ - Pl,a = ZA P172P213 e PNfl,NPN,a- (5176)
This follows from LW(%) =P, and ﬁLm = I, , and then taking the permu-
tations one after the other of the term in the middle. The trace over the auxiliary
space is Tr[Py 4] = In so that we can now define a shift operator in H,

U =¢eT = i_NTTa |:TN <;>:| = P112P2’3 e PNfl,N~ (5177)
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Using the properties of the permutation operator that P* = P and P? =1, it
follows that U is a unitary operator. Moreover, one can show that indeed it is a
shift operator, namely,

U'X,U=X;_1. (5.178)
To expand F()) in the vicinity of A = § we first observe that,
d N N
aTa(A)b\:l/Q = ZN ! ZZPN.(I, .. -]Di,n, cee Pl,a,a (5179)

where “means that the corresponding factor is absent. Using the same procedure
as above we find that,

d N —
aFa()‘)L\:i/Q =iVt ;P1,2P2,3 . Py . (5.180)

Most of the permutations can be cancelled by multiplying with U ! so that

d _ d 1
[MMWEMVMW—MWﬂWMm—iZQM~ (5.181)

Recalling the expression we found earlier for the Hamiltonian (5.166) we can now
see that,
id N
H = g5 n(Fa(A)r=irz = 5 (5.182)

We have just shown that the Hamiltonian is part of a set of N — 1 commuting
operators generated by F'()), the trace of the monodromy. In fact there are N
such conserved charges if we add also one component, say S?, of the spin. The
model is characterized by its N degrees of freedom and is equipped with N
conserved charges and hence is (at least classically) integrable.

5.14.2 Bethe ansatz equations

To diagonalize the family of operators F(\) one can generalize the procedure
used in the quantum harmonic oscillator. In that case we have a non-trivial
commutation relation [a,a] =1, a Hamiltonian which is H =afa+ 1 and a
ground state which is annihilated by a, namely a|0> = 0. Let us start first with
the commutation relations. These are determined from the FCR as,

(@), ()] =0
AW = a0 AN) + T aAR)
DQﬁ()—A;f:ZT)DQ%—AiMT)Dm) (5.183)

The last two relations generalize the relations,

aH = (H +1)a o'H=(H-1)al, (5.184)
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of the harmonic oscillator. To derive the above one uses an explicit 4 x 4 matrix
formulation for the operators in V' Q) V. A natural basis for these matrices is

€1=€+®6+, 62=€+®€_, 63:€_®€+, e4=e_®e_, (5.185)

where,
1 0
6+—<0),6_—<1>. (5.186)

In this basis the permutation operator and the R matrix read,

1 0 00
01 00O
P=10 01 0 (5.187)
0 0 0 1
A4+i 0 0 0
R(\) = 8 ? \ 8 (5.188)
0 0 0 A+4
The matrices Ty, (A) and T, (i) read
AN a(A)
To, (N) = at(\) AW D()) ) (5.189)
af(\) D(\)
f_lf(u) a(p)
_ | @'(w) D)
T, (\) = A al | (5.190)
a'(n) D(p)

Explicit multiplication of these matrices yields (5.183).
Similarly to the case of the harmonic oscillator we now define the ground state,

A)]0> = a(A H@ 0>; =0. (5.191)
We choose |0>; = e so that,
: N
S30> = 5\o> St|0> = 0. (5.192)

Thus this state is the “highest weight state”. It also follows that (the operator
* is left unspecified),

Lovosi = (T2 F Y jos, (5.193)
0 A—i

and hence,

i\ NV
T(\)|0> = <(A +02) o _*i)N> |0>, (5.194)
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which means that |0> is an eigenstate of both A(\) and D(\) and thus also of
F()). Higher excited states are created from the ground state |0> by a successive
action with creation operators,

BN} =aT (A1) ...aT(N)]0> . (5.195)

Requiring that the state ®({\}) is an eigenstate of F'(A) imposes a set of relations
on the Ar,..., A;. In particular using the FCR relation (5.183) we find,

AN)at () ... af(N)]0>

1 . NN
=11 A= M =i <A+ ;) (ANaf (A1) .. at(N)]0>

l
+ 3 M\ {Aal (Ar) . 6T () .. aT(A)]0> (5.196)
=

The first term on the right-hand side of the equation has the form of an eigenstate
equations but the rest of the terms do not. The idea is to choose the set {A} such
that these terms will cancel out against similar terms in D(\)af(\1)...aT(\)[0>.
To get the value of the coefficient M; (A, {\}) we use the second term on the right-
hand side of the second equation in (5.183) when interchanging A(\) and a'()\;)
and in all other exchanges we use the first term. In this way we find that,

MM\ (A} = H <)\1 + ;)N . (5.197)

Interchanging now A\ — A; we get similarly the expressions for all M; (A, {A}).
The same type of manipulations yield,

D(X\)a' <A1) at(\)|0>

l
~112 Ak‘z(x_> (Vat(M)...af(\)[0>
k=1

l

Z A {ADat ). atOw) .. af ()]0, (5.198)

with,

P A A i i\"
N; = - -] . 1
00D = 5 T2 (v 5) (5,199
We now observe that if the set of {\} obey the condition,

H (Al + > | H A 1 (M - ;)N (5.200)
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then the undesirable terms in (5.196) cancel out and we end with an eigenstate
of F(X\) and hence of the Hamiltonian. For the former it takes the form,

NN 1 . .
A=A — A=A
Fovaon = (4 1) TISA 0 (- 1) T2 e,
2 . A=A 2 A=
i=1 k#i
(5.201)
These conditions can be rewritten as,

A +i/2Y) A= A+
ST 202
(Aj—z/2> H/\ — N —i (5.202)

These conditions on the eigenvectors were derived originally by Bethe, though
in a completely different way, and hence the names, the “Bethe ansatz equation”
(BAE) for (5.202) and the “Bethe vector” for ®({A}). It is straightforward to
observe that the poles in the eigenvalue of F'()\) cancel out so that it is a poly-
nomial in A of degree N. One can further show that the full spectrum can be
recast just with nonequal A;.

We now want to determine the eigenvalues of spin, momentum and Hamilto-
nian operators of the eigenstates just found.

Using the FCR relation (5.173) in the limit of 4 — oo the SL(2) invariance of
the monodromy in H Q) V is determined via,

1
[Ta (N, 50“ + S“} =0, (5.203)
which means in particular that,
[53,a") = —al [S*,al]=A—-D. (5.204)

The spin of the state is therefore given by,
N
SO({\)) = (2 - z) d({A\}). (5.205)

Furthermore it can be shown that the states ®({A}) are all highest weight states
provided that the BAE is obeyed, namely,

TO({A}) = 0. (5.206)

Since the S? eigenvalue of the highest weight states is non-negative it is obvious
that | < % When N is odd the spin of the state is half-integer, whereas when it
is even the spin is even and in particular for [ = % there is an SL(2) invariant
state with vanishing spin.

Let us determine now the eigenvalue of the momentum operator. From the
definition of the shift operator (5.177) it follows that,

UD({\}) =iV F (;) o({ah) =]] %@({A}). (5.207)

J
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The eigenvalue of the momentum operator is therefore given by,

1 A+
o({A}) = Zp o({A}) p(N) = ;log |1 (5.208)
2
The energy eigenvalue is determined from (5.182),
1 1
({A}) =Y e(M)E{AD) e(N) = 3wl (5.209)

J
The last expressions calls for a “quasi particle” interpretation. The operator

at()\) creates a quasi particle which reduces the spin S by one unit and adds to
the momentum and energy p(\) and e(\), respectively. We further observe that,

o) = 3 D).

It is also evident that we can eliminate the dependence on the rapidity of the

(5.210)

energy and momentum and read directly the dispersion relation,
e(p) = cos(p) — 1. (5.211)

Since this energy is always non-positive, the highest weight state |0> can be
considered a ground state only if we take —H as the Hamiltonian rather than
H. In fact it will be shown shortly that the latter corresponds to a system of an
antiferromagnet whereas the former corresponds to that of a ferromagnet.

5.14.3 The thermodynamic Bethe ansatz

The thermodynamic limit of the spin chain models is the limit of N — co. Recall
that the continuum limit of the model when N — oo and the spacing A — 0. In
the BAE N appears only in the left-hand side. If we take the log of the ansatz
we find for real {\},

l
Np(Aj) =2mQ; + > (N — li), (5.212)
k=1

where Q; are integers 0 < Q; < N — 1 that define the branch of the log and ¢(X)
is a fixed branch of log(3%}). For large N and Q; and fixed I one finds the usual
expression for the momentum of a free particle on the chain,

= 271(”’]2\; (5.213)

since the ¢()\) is negligible.

The second term in (5.212) associates with the scattering of these particles.
In fact by comparison with the quantum mechanics of a particle in a box we
see that ¢(\; — A;j) stands for the corresponding phase shift of the particles with
rapidity A; and A;. Using this analogy we can now identify the S-matrix element
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with,

(5.214)

The S-matrix also enters the large N commutation relations of the normalized
creation operators af(\) = af(\) A7 (N),

af(N)af(u) = S(A = pwa' (w)a' (). (5.215)

In addition to the quasi-particle states in the Hilbert space, there are also
bound states of the quasi-particles. These states correspond to complex solutions
of the BAE. The simplest case is with two quasi-particles [ = 2. In this case the
two BAE read,

MAY2\Y N =i (e ti/2\Y N = A\ +i
M —i/2) A =X —i Ao —i/2) Ao — A —i

(5.216)

Using (5.208) it follows that p(A;) + p(A2) is real. Furthermore, for N — oo to
compensate the exponential increase (decrease) of the left-hand side of the last
equations, it is clear that the right-hand side must have Im(Ay — A\y) =4 (or — %)
and thus the final form of A\; and )\, are,

i i

)\1 = )\1/2 + 5 )\2 == )\1/2 - 5, (5217)
where A/ is real. The momentum and energy eigenvalues of the corresponding
Bethe vector are,

1. A+1

1 d 1
= —In = —_
P1/2 i N— €1/2

PN =5 (5.218)

N[ =

The state is considered as a bound state since its energy is less than the sum of
the energies of the two constituents,

e1/2 < [eo(p —p1) +eo(p1)], (5.219)

for any 0 < p,p; < 27

The bound state of two quasi-particles [ = 2 can be generalized for [ > 2. The
roots \; are combined into complexes M, where M takes half integer values M =
0,1/2,1,... with I =) ,, var (2M + 1) where v;; gives the number of complexes
of type M. Each complex has roots of the type,

)\j\,ij = )\]\,j + im - M S m S M, (5220)

where )\ is real and m are integers and half integers. The corresponding momen-
tum and energy are given by,

1. A+i(M+1/2)

2M +1
Y )\ :—1 _—
() =51 2)

1
en(N) =537 (M +1/2)%

(5.221)
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The S-matrix for scattering of complexes M and N are

M+N
Sux= [ Sor®, (5.222)
L=|M—N|

where,

A+iM A+ i(M +1)
A—iMAx—i(M+1)

So.(A) = (5.223)

To summarize, the ferromagnetic system with Hamiltonian —H in the ther-
modynamics limit has a Hilbert space Hp with a ground state |0> = [](e+);.
The excitations are quasi-particles characterized by M, M =0,1/2,... and the
rapidity A. The dispersion relation is given by ey = 5377 (1 — cos(pas)) and the
S-matrix is (5.222). Out of S%, only S® makes sense as an operator on Hy. The
operators ST change the ground state at each site. This may be viewed as a
symmetry-breaking phenomenon.

So far we have described the basic notions of the physics of the spin chain using
the example of the X X X /5. One can further generalize these considerations in
many directions such as the anti-ferromagnetic system, general spin states in the
XXX model, namely, the X X X, /» model, the XX Z and many others.

The thermodynamic limit for the X X X, /o model

So far we have described the basic notions of the physics of the spin chain using
the example of the XX X;/,. One can further generalize these considerations
also to the XX X/, model. We state here the results without derivation. An
eigenstate characterized by the set Ay, ..., \; which are determined by a straight-
forward generalization of the BAE (5.202),

(Aj(i/2)5> _kl;IjA]‘*Ak*Z‘. (5.224)

The eigenvalues of the Hamiltonian and momentum are given by,

! !

s 1
FE= —_ P == |
Y i Poiyw

and the higher conserved charges that render the model integrable are,

, (5.225)

l

1 1 1
Qr = r—1 Z ((Ak + %S)Tfl - (Ar — is)rl> ) (5.226)

k=1 2

where » < N and in particular » = 2 is the Hamiltonian.
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In the thermodynamic limit, NV — oo states with low energy and zero momen-
tum can be dealt with by introducing the scaling,

- 1 S
R N D P e
. (5 227)
where A\, = N, and where the second and third expressions were derived by
taking the log of the zero momentum condition U = 1 and of the BAE, respec-

tively. Using the same scaling one finds for the higher charges and the transfer
matrix the results,

1
- Q. 1 s . ~ o~ 1
= = — —idlogT(\) =—ilo TN)\
Q > g T(N) g N 2 F—

k=1 )\; ] Lj#k 7 )\]‘
(5.228)
For N — oo it is plausible to assume that the Bethe roots accumulate on
smooth contours (Cy,...C4) = C which are referred to as “Bethe strings”. Thus

we replace the discrete )\, locations of the roots by a continuum variable A
described by a density p(A) so that the sum of the root translates into the
integral,

Zl: / dhp(A (5.229)

with the normalization that |, drp(\) = +. Using the continuum formulation
we can now rewrite the expressions for the Bethe ansatz, the energy and the
higher charges as,

SN2 NNV
2mtn = s/ dA’i(A) 2mn; — i = 2/ M,
C u c

A N — A
E= s/ DoY) 5 5/ dAol) (5.230)
c N c N

where nj is the mode number n; at the point A=\ It is expected to be a
constant along each contour C,. In the second integral of the first line, a principal
part prescription is implemented. An important result is that one can determine
the set of conserved charges @), using a resolvent, as,
d)\/ I _ > N
=|s |/ G => X'Q,. (5.231)
r=1
The resolvent is related to the transfer matrix,
: 3 i N i i > 1
T(A) = 66D 4 e71CA—F) = o772 cos (G(A) + 25\) . (5.232)

We wish to conclude this chapter with a model that will enable us to connect
the discussion of the spin chain models to continuum integrable models.
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Fig. 5.5. Saw path on the two dimensional lattice.

5.14.4 Spin chain model in discrete time

So far we have discussed the two-dimensional integrable model with a discretized
space dimension and a continuous time dimension. It turns out that to connect
the spin chain models to continuum two-dimensional field theory it is useful to
further also discretize the time direction. The shift operator (13.77) discussed
above was determined from a trace of the monodromy at a particular value of the
spectral parameter. To describe the system with both space and time discretized,
one needs to distinguish values of the spectral parameter \ 4+ w for some fixed
w. We define now an inhomogeneous monodromy built from the Lax operator
L; ; acting on the quantum Hilbert space h; and the auxiliary space V,

Tf()\, ’LU) = LQN’f()\ + ’LU)LQN_Lf(/\ — w) R Lg‘f()\ + w)Llﬂf()\ — ’LU) (5233)
The light-like shift operators U, and U_ are given by,
Uy =tre[Ty(w,w)] U =tri[Tf(—w,w)]. (5.234)

The monodromy is along a saw path on the two-dimensional lattice as can be
seen in Fig. 5.5.

Ly, ; (A + w) is a transport along the NW direction and Loy 1y (A — w) along
the SW direction.

In analogy to the definition of the monodromy as a trace of T'(\) (13.77), we
now define the monodromy as,

F(\ wla, i, p) = tre [T (A wla, i, p)], (5.235)
where
Ty (A, wla,i, p) = Loy s (A +w)Lan -1 (A —w)...

Lo g A+ w) L7y (= A Lai1 f(A—w) ... Ly f(A+ w) Ly s (A — w).
(5.236)
It can be shown that Ty (A, w|a, i, p) is subjected to the FCR relations in a similar

manner to T'(A) (13.77). Due to the commutativity of F we get a zero curvature
condition on the transport around an elementary plaquette of the space-time
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lattice,

Loia(AN+w)Loj—1 (A —w) =U_Lyj—1.(A\ —w)UZ' U Lo o (A +w)U,y
(5.237)
The light-like shifts Uy are related to the shift in space and time in the usual
form, namely,

U =e H=-P)2 7 = milH+P)/2, (5.238)

As for the case of only space dimension discretized, here too one finds that the
condition of having an eigenvector of the energy and momentum is the BAE
which takes the form,

a(\j +w)a(N; —w B
<5(AJ w)d (N — w) ) ES (Aj = k), (5.239)

where a(A), d(\) are local eigenvalues and S(A) is the quasi particle phase factor.

5.14.5 The discretized version of the sine-Gordon model

As a particular example of an integrable lattice model, we consider a model with
Weyl variables rather than spin variables on the lattice sites. These variables
obey at each site the relations,

wv; = quit;, q=¢". (5.240)

The corresponding Lax operator is

U; TV;
Lio(z) = (xvfl u._l) : (5.241)

To reduce the number of degrees of freedom per site from two to one we impose
the constraint,
UgiUgi—1V2iv5;y = 1. (5.242)
The BAE for this case take the form,
sinh(\; + w + y/2)sinh(\; — w + iv/2) N7z H sinh(A\; — A\, + 1)
sinh(\; + w — ¢y/2)sinh(\; — w —iv/2) sinh(A; — A, —i7)’
(5.243)

where we have substituted z = e and xk = e*.

The shift operator in the time direction related to the Hamiltonian can be
determined in the following manner. Using the explicit form of the Lax operator
we have,

o (e () (0) =) (e (2)
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Zy

Zy Zg

Zs

Fig. 5.6. Elementary plaquette.

It can be shown that this condition reduces to the functional equation,

1
riw,qw) _aw+l (5.245)
r(z,q tw) T +w

Denoting
—1 1
Waj = UiUgj—1Vg; V2i—1 Wait1 = Ui+1U2Vo; 1V, (5.246)

we find that the time shift operator is given by,

e = H r(/iQ, way;) H T(Ii2w27j+1). (5.247)

With this operator at hand we can now determine the equation of motion of the
model and show that it corresponds in the continuuum limit to the sine-Gordon
equation. To accomplish this we define now z; such that,

w; = 2 (5.248)

Zi—1

It is easy to see that z; does not commute only with one w, namely w; for which
we have,

Ziw; = QPw;z;. (5.249)
Now we apply the time evolution operator on z;. It reads,
5 = el ye™ (5.250)

When we substitute (5.247) we get the equation of motion,

2 —1
K°q™ " Z9i4+2 + 2o

— )
q ' 22540 + K229

22i41 = 22i41 (5.251)

and similarly for z9;. This equation connects z along an elementary plaquette
(see Fig. 5.6). The equation can also be rewritten as,

(¢ tenaw — zs2) = K2 (¢ L 2saw — INZE)- (5.252)
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If we now define the variable,

X =¥ = (;1 ) , (5.253)

alternatively on each second SE characteristic line on our lattice, then the equa-
tions of motion take the form,

1 Kixwxe +1

N=y— & AWAE T 5.254
WX a 'xwXxE + K (5.254)
so that for large x? and classical limit ¢ = 1 we get,
7 1
ANXS g4 - ( - XEXW) +.o (5.255)
XEXW K% N\ XEXW
and in terms of ¢,
XNXS _ ei¥(03w*0.fw)+-»~’ (5.256)
XEXW

and with the scaling h% = m?A? we finally discover the sine-Gordon equation,
(82 — @) + 2m? sin(2p) = 0. (5.257)

In the quantum version one modifies the scaling to take into account the mass
renormalization.

5.15 The continuum thermodynamic Bethe ansatz

Here we describe again the thermodynamic Bethe ansatz but now in the con-
text of continuous models. This will not be a straightforward transition from a
discretized to a continuous model via a certain limit, but rather a completely
different derivation. Obviously, here as well the Bethe wave-function, the ther-
modynamic limit and the interplay between the spectrum and S-matrix elements
will enter as essential ingredients.

Consider an integrable Euclidean field theory defined on a two-dimensional
torus. We denote the two cycles of the torus as cycle a and cycle b, with corre-
sponding circumferences of R and L and coordinates z and y, as shown in Fig.
5.7. Obviously, one can define in a twofold manner the states of the system and
its Hamiltonian. We can consider the space of states on a denoted by A with the
time direction along y, with the Hamiltonian,

1
H, = %/Tyydx, (5.258)
and with the momentum,
1
Pi=on / T,,dz, (5.259)
27n

which has quantized eigenvalues =%*.
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Fig. 5.7. Flat torus generated by two orthogonal geodesics C' and B of
circumference R and L, respectively.

Alternatively, one can consider the space of states BB along the contour b with
the time direction along —x, with the Hamiltonian,

1
Hy, = — [ T,.dy, 5.260
b 27[/{) Y ( )
and with the momentum,
1
P, =—— | T,,dy, 5.261
b =5 /b yody (5.261)

where now the quantization condition is that the eigenvalues of P, are quantized
in units of 27;—"

Let us consider the cylindrical geometry via the limit L — oo (L > R). For
this case the partition function Z(L, R) is dominated by the ground state of H,
with the ground state energy Ey(R),

Z(R,L) ~ e LE(R) (5.262)
On the other hand,
Z(R,L) = Trgle ). (5.263)

In B, the thermodynamic limit, namely infinite space L — oo which is the
analog of the large N limit in Section 5.14.3, gives the free energy f(R) at
temperature 1/R, via log Z(R, L) ~ —LBf(3), where 8 = R is the inverse of the
temperature. Hence,

Eo(R) = Rf(R). (5.264)

The ground state energy Ej(R), which can be referred to also as the Casimir
energy, can be related in the limit of conformal field theory, to the Virasoro
anomaly. Define the scaling factor ¢(r) via,

Ey(R) = —%(;), (5.265)

where the dimensionless quantity r = m; R, with m; the lowest mass in the
theory. The scaling factor will be determined by the TBA. On the other hand,
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in the case of conformal invariance, when R — 0, using the relation between the
Hamiltonian and Ly and Ly we have,

27t _ 1
EU(R) - ﬁ (Amin + Amin - 126> B (5266)
where A,;, denotes the conformal dimension of the lowest state. This means

that the scaling factor should reduce to the effective Virasoro anomaly,

liH(l) é(r) = ¢ — 24Anin- (5.267)
Here we took the cases of Ay = Awin-

The TBA method enables one to compute the spectrum of energies and
momenta by combining the thermodynamic limit with the factorizable scatter-
ing amplitudes. We consider first for simplicity the case with only one type of
particle of mass m with a pair scattering amplitude S(3; — 32) (see Section 5.7).
Recall (5.73) that the energy and momentum are related to the rapidities §; as

e;(8) = mcoshf; p;(B) = msinhf;, (5.268)
and that the amplitudes obey the unitarity and crossing symmetry (5.78),

S(B)S(=p) =1 S(B) = S(im— ). (5.269)

For regions of configuration space where the particles are highly separated,
namely where |z; — z;| > R, i,j=1,...,N with R, denoting the scale of the
interaction, the particles can be treated as approximately free. In these regions
it makes sense to introduce the wavefunction of the system ®(xq,...,zy) (in
regions where the particles are not well separated, particle creation and annihi-
lation prevent the use of a single wavefunction).

For integrable systems at any free region the number of particles will be the
same, namely N, as well as the set of momenta p;. The set of particles in a
free region will be denoted by (iy,is,...,ix) where z;, <z, <...<x, . A
scattering process that yields a transition between (i1,49,...,05, gt1,---0N)
and (41,42, .., %k+1,0k,-..,in) affects the wavefunctions, such that the latter
wavefunction is given by the former multiplied by the scattering amplitude
S(Br — Pr+1). These matching conditions on the wavefunctions combined with
the quantization of the momenta due to the fact that the “space” coordinate is
compact, lead to the relation,

e E TS = B;) =1, Or mLsinhg; + Y 6(8i - B;) = 2mn;,  (5.270)
J#i J#i
where for real § we rewrote the scattering amplitude in terms of a unimodular
function S(B)e(?) with §(3) a real phase.
This set of transcendental equations selects the admissible sets of rapidi-
ties and hence energies and momenta. The energy and momentum of the state
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(Br,-..,0n) are given by,

N N
H, = Z mcoshB;, P, = Z m sinhg;. (5.271)
i=1 i=1

In the thermodynamic limit of L — oo the set of equations (5.270) can be
simplified. In this limit the number of particles becomes large since it grows ~ L
and the distance between adjacent levels behaves as (5; — Biy+1) ~ ﬁ In that
case one naturally defines the notion of a continuous rapidity density of particles
p1(B3). If there are n particles in a A3 we take p; (3) = 3. We can now exchange
the sum over 3; with an integral over § of the particle density, provided that the

latter is independent on Ag for mlT < AB < 1, so that (5.270) takes the form,
mL sinhﬂi + /6(51 — 5/)p1 (ﬁ/)dﬂ/ = 27'[’)’Li. (5272)
If one further defines the level density p(/3) such that n = [ p(3)dS we get,

mL coshf3 + /w(ﬂ =B p1(B8)dp" = 2mp(B), (5.273)

98(8
where p(3) = #
In terms of the particle density the energy of the system is,

H, = /mcoshﬁpl (8)dg. (5.274)

At this point one has to distinguish between bosons and fermions. From the
unitarity condition one can have either S(0) = 1 or S(0) = —1. In the former case
bosons occupy each rapidity value in any number whereas for fermions the occu-
pation number is at most one. In the latter case the situation is in some sense
the opposite. S(0) = —1 implies that for two particles with the same rapidity
the wavefunction is antisymmetric in their coordinates, and since this is incom-
patible with bose statistics, this state should be excluded. Hence the bosonic
particles for S(0) = —1 behave like fermions, and indeed we will refer to this
case as “fermionic”. On the other hand identical particles that are fermion states
of identical rapidity are allowed, and will be referred to as part of a “bosonic”
system.

Now we would like to address the issue of the entropy for both the bosonic
and fermionic cases. For small intervals of the rapidity AS, < 1 but such that
ﬁ < Ap, there is a large number of levels N, ~ p(8,)AB, and large number of
particles n, ~ p1(8a)AB, that are distributed among these levels. The number
of different distributions for the two cases are,

(N(Jt)' “hosonic” = (Na +n0¢ — 1)'

“f 3 1A — S —_— .
O = o V(N — 1)l (o /(N — 1)1

(5.275)
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The entropy S(p, p1) = log N (p, p1), where N'(p, p1) is the total number of states,
is given by,

Skermi = /dﬂ[p log p — p1log p1 — (p — p1)log(p — p1)],

SBose = /dﬂ[—plogp —pilogpi + (p+p1)log(p+p1)].  (5.276)

Computing the partition function by performing the trace over all the states
of the system translates to the minimization of the free energy,

7RLf(p7 pl) = 7RHb(p1) + S(pv p1)7 (5277)

with respect to the densities p and p;, subjected to the constraints (5.273). Using
(5.273) the extremum equations take the form,

a8 _

—Rmcoshp + €(8) = /gp(ﬁ — ) log(1 £ e 7)) 5 0, (5.278)

where the upper sign is for the fermionic case, the lower for the bosonic, and the
“pseudoenergies” €(3) are defined via,
€(B)

P1 e
— = 5.279
P 14+ e—€(B) ( )
The extremal free energy is,
d
Rf(R) = $m/(cosh6) log(1 £ e_f(“e))g. (5.280)
Comparing (5.273) with (5.280) determines a useful relation,
L 0¢(B)
= — . 281
o) = 222 (5.281)

Finally we can also write down the TBA expressions for the expectation values
of T, ,. Using the last relation and (5.279) we get,

dE(R) 2m
Tow >=2 = — sh
< Ty > R Lm/pl(ﬁ)cos Bdg,
2nd[RE(R)]
T ~ = 20 ZEWEY)
ST RTAR
2 1p0
=m fﬂ[pl (8) coshf — E% g(g) sinhf)ds.  (5.282)
These relations generalize in a straightforward manner to the more general case
of N types of particles with masses m,, a =1,... , N and scattering amplitudes

S,, which are now N x N matrices.

For integrable models where one can take the limit of rRm; — 0, with my
being the lowest mass of the system, one can determine the scaling function é(r).
In this limit () become constant in the regime where — In(2/r) < 8 < In(2/7).
Their constant value is determined by the limit of equation (5.273) which now
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for the case of IV particles reads,

N 1 N
w=-> / ABgan(B) [l +e7] = == 3 [dun(+00) = dup(—00)] In[1 + 7],
b=1

(5.283)
recall that ¢u,(8) = 0as (8).
Interpolating between these values of €(3) for 5 < In(2/r) and the values for
8 — oo where €(3) go exponentially to infinity, and taking finally the r — 0
limit one finds the effective Virasoro anomaly using the relation between the free
energy and the scaling factor (5.265),

N
5(0) = ;aa(ga) = Z (1 — ) , (5.284)

where ¢, is the scaling factor associated with the particle of type a and L(z) is
the dilogarithm function,

L(z) = —;/OT Lhitt + ln(lt_ t)} dt. (5.285)

Thus the determination of the Virasoro anomaly of the underlying CFT of our
massive integrable theory with a purely elastic S-matrix follows from the solution
for the pseudo-energies (5.283) and plugging it into the expression of the scaling
factor. One can proceed with the continuous TBA and determine not only the
ground state energy but also the full spectrum of energies as well as the spectrum
of the eigenvalues of all the conserved charges, as was described for the discretized
case discussed in Section 5.14. This is beyond the scope of this book. We refer
the reader to the relevant papers in the reference list.



6

Bosonization

In one space dimension there are obviously no rotations and hence no angular
momentum. This raises the possibility of equivalence relations between scalar
fields and fields of higher tensorial structure like spinors, vectors etc. However,
spinors and scalars seem to be distinct even in two dimensions due to their
different statistics. An equivalence between these two types of fields should
therefore incorporate the identification of operators, made out of scalars, that
are anti-commuting and vice versa. It is well known that a bilinear of fermi fields
is a commuting field, but it is less obvious how to construct a field that obeys
the Fermi-Dirac statistics from scalars. This is precisely what the bosonization
procedure does.

Coleman [63] and Mandelstam [159] introduced the concept of bosonization.
Their construction is now referred to as the “abelian bosonization”. An anti-
commuting Fermi field, constructed from the exponential of a boson, was given
explicitly by Mandelstam [159].

The fact that the theories of a free massless scalar and a free Dirac fermion are
equivalent can be proven by showing that they fall into the same representation
of the affine current algebra and the Virasoto algebra. The bosonic—fermionic
duality can also be further elevated to the free massive theories and also to
interacting ones.

It turns out that the original abelian bosonization is not convenient to accom-
modate color (or flavor) degrees of freedom and hence is inconvenient to address
systems like QC'Dsy. A breakthrough in that direction was achieved by Witten,
in his non-abelian bosonization [224].!

The equivalence enables one to use, as convenient, either the fermionization
of scalar fields or the bosonization of fermions. The latter is useful in several
cases. For instance in the case of duality between the Thirring model [205] and
the sine-Gordon model,? which will be discussed in Section 6.2, the bosonization
takes the form of a strong—weak duality. For strong fermionic interactions one
finds a weak bosonic coupling. In applications to gauge theories (Section 9) it will
be shown that the one loop anomaly behavior is encoded in classical bosonized
theory. In QCDs, as will be discussed in Section 9.3.2, the bosonic version of

L This paper discusses Majorana fermions. The construction for Dirac fermions was done in 7.
2 This was proved by Coleman [63].
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the theory admits a separation between the color and flavor degrees of freedom,
which is very useful in describing the low energy color singlet states.

We start this chapter by introducing the set of rules that span abelian
bosonization, including the rules for mass terms and the equivalence of the inter-
acting Thirring model and the sine-Gordon model. We then describe Witten’s
non-abelian bosonization of Majorana fermions. This is further generalized to the
case of massless Dirac fermions. We discuss the subtleties of the massive case and
present two methods of handling the non-abelian bosonization of massive Dirac
fields.? We then discuss in detail the action formulation of the chiral bosonization
both abelian and non-abelian. We then depart from the applications that will be
found to be relevant to QC' D, and present topics in bosonization which are more
relevant to conformal field and string theories like the bosonization of ghost fields
and the Wakimoto bosonization [213]. We do not discuss bosonization on higher
Riemann surfaces. The interested reader can consult for instance [211] and [84].

The topic of bosonization in two-dimensional field theories has been reviewed
in several papers and books, like that of Stone [202]. Here we mainly follow the
review of Frishman and Sonnenschein [101] for the basic ingredients, and update
it to include more recent topics.

6.1 Abelian bosonization
6.1.1 Bosonization of a free massless Dirac fermion

Both the theory of a free massless real scalar field and the theory of a free massless
Dirac field are conformal field theories invariant under affine Lie algebra. Recall
from Chapter 2 that the former theory is defined by the action,

_ 2 _i/? Tav
S—/dxﬁ—&_[ d“x0, 0" ¢

- ﬁ / d?€0¢ 0 = ﬁ / d?2040¢. (6.1)
The solution of the equation of motion takes the form,
3(z,2) = 6(2) + 6(2). (6.2)
The theory has holomorphically (and anti-holomorphically) conserved currents,
J(2) =i0¢(z) J(2) = —i0d(Z), (6.3)
and similarly holomorphic (and anti-holomorphic) energy-momentum tensors,
T(z) = —% 1 090¢ = —% 2 J(2)J(2) :
T(z) = —% : 00 := —% S J(2)J(2) 1 (6.4)

3 A bosonization prescription for the mass term in the flavored case was suggested in [75] and
[99].
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which admit a Virasoro algebra with ¢ =1 and affine Lie algebra with level
k=1
Recall also that the theory of a free massless Dirac field with the action,

1 _ S
S =4 [ @100+ dlod) (6.5)
admits conserved currents,
J(z) =9ty J(z) =Pl (6.6)

and its energy-momentum tensor can be expressed as a bilinear of the currents
using the Sugawara construction,
1

T(2) = — L [wow — ot = 1 < whputy =

The correponding level of the affine algebra and of the Virasoro anomaly are

J(2)J(z) :. (6.7)

again k = 1, and ¢ = 1, respectively.

Due to the uniqueness of the irreducible unitary k = 1 representation of the
affine Lie algebras, and the fact that the infinite-dimensional algebraic structure
fully determines the theories, we conclude that in two space-time dimensions the
theories of massless free scalar field and Dirac field are equivalent.

The equivalence implies that every operator of one theory should have a part-
ner in the other theory, in such a way that the OPEs of these dual operators
should be identical. We have just realized such correspondence for the currents
and energy-momentum tensor, namely,

Ty(2) = 06(2) = Jp(2) = 9T(z) -,
1 1
Ty(z) = =5 : 0000 < Ty(z) = —5[v'ow — dyly], (6.8)
and similarly for the anti-holomorphic counterparts.

For completeness we now redescribe the currents using the “old” terminology
of vector and axial currents. The vector current reads,

4 7 1 v
J‘l/ = ’l/}’)/ﬂw = *ﬁﬁﬂ (9,,(;5 (69)
This identification of J" leads automatically to a conserved current,
o Ji; =0, (6.10)

independent of the equations for ¢. This is a “topological” conservation, con-
nected with choosing the “vector conservation” scheme. In the applications to
follow, we will demand more freedom in the scheme choice of interacting theories,
in particular the possibility to have a vector current anomaly. The bosonization
procedure will therefore be somewhat modified. The modification will correspond
to a change of regularization scheme.

The overall coefficient of the current is such that the fermion number charge,

Q= /dxjo(:c)zl, (6.11)
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for the 1-field. In addition to the “topologically” conserved vector current, the
bosonic theory has an axial current, which is equivalent to the fermionic axial
current,

1
Nz

The bosonic current is the Neother current associated with the invariance of
the bosonic action under the global shift d¢p = . The holomorphic and anti-
holomorphic conserved currents discussed above are (in real coordinates) nothing
but the left and right chiral currents JY = J/' + J/, which correspond to shifts
with €(z;) and e(z_). Using the commutation relation (8.4) the ALA reads,

Jf41 —. 1757/1751# = 8/l¢. (612)

24
s (), Jo ()] = =6 (s — at) (6.13)
This is the same algebra as that of the fermionic chiral currents. The Sugawara

construction in this terminology reads,
Tiy=m:JiJy . (6.14)

These obey the Virasoro algebra,
[Ti(xi),Ti(a:’i)] =2 (Ti(xi) + Ti(x’i)) §(rye —a2l) — 6%5”’(331 —aly),
(6.15)
which is identical to that of the fermionic energy-momentum tensor.

The equivalence of the bosons and the fermion bilinears is not only mathe-
matical. The fermion Fock-space contains those bosons as physical states. The
reason for this is that in one space dimension a massless field can move either to
the left or to the right. A Dirac fermion and its anti-particle having together zero
fermionic charge and moving in the same direction will never separate. They are
therefore indistinguishable from a free massless boson. This picture changes when
masses are introduced, and the above relations will be approached at momenta
high compared to the mass scale (including high off-mass shell).

A natural question to ask is which operator of the bosonic picture corre-
sponds to the basic Dirac ferion? Since the latter is in fact a combination of
a left chiral spinor and a right one, we would like to determine the “bosonized”
Weyl fermion t(z). It is a holomorphic function of conformal dimension 1/2,
that transforms under the affine Lie transformation with a unit charge, namely,
Y(2) — e“*)eh(2). Due to the fact that under the same transformation the scalar
field transforms as ¢(z) — ¢(z) + e(z) we are led to look for a candidate which
is an exponential in the scalar field ¢’*?(*). We now use T(z) given in (6.4) to
compute the confomal dimension of : €*?(?) : as follows,

2

a” . giad(w) .
3 e

T(z): e o) = o) T (6.16)
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where ... stands for non-singular terms, Hence the conformal dimension is %
Thus we conclude that the following equivalence should hold,
h(z) = @ Pi(z) o e (6.17)

To confirm this bosonization rule we compute the OPEs in both descriptions and
verify that they are indeed identical,

V()1 (—2) = 2%+ (0097 (0): +22 : [1(0)8%T(0): —8¥(0)w!(0)1+0(2?)
1

Y)W (=2) = 5+ J(0) 4 22T(0) + O(2?)
Do) ei0(=2) L = % + J(0) + 22T(0) + O(2%)
e nemio(=E) = % +i0¢(0) + 22(0¢9¢(0)) + O(z?). (6.18)

The bosonic version of the fermion 1 was originally proposed by Mandelstam.
His formulation was done in terms of real coordinates and cannonical quanti-
zation. For completeness we now also present the “old” construction and proof
of equivalence. The bosonized chiral fermion in the latter formulation takes the

form,*
0= eXP( —iva( [ aginc) +¢<x>])> :

wn= L exp<_m( JARLG —¢<x>1)> . (619

where 7t(x) = ¢(z) is the conjugate momentum of ¢(x), ¢ is a constant. A compu-
tation yields ¢ = %e”’ ~ 0.891, where - is the Euler constant. The normal ordering
denoted by : : is performed with respect to the scale p.

The equal time commutation relations of the ¢-field,

[0(x, 1), 7(y, t)] = id(z —y),

imply, upon using the formula e?e? = el PleBed (for [A, B] a c-number) the
canonical anti-commutation relations for the v field,

{wEﬁR (x’t)awL,R(y?t)} = (5(1} - y) (620)

The fermion field v is therefore, an inherently non-local functional of the scalar
field. However fermion bilinears, such as the currents discussed above or the mass
terms that will be described in the next section, are local functions.

So far we have addressed the map for massless theories. Let us now discuss the
bosonization of a fermion mass bilinear operator. The mass term which mixes

4 A generalization of this bosonization to a set of N fermions was done by Halpern [121].
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the left and right chiral componenets of the Dirac fermion takes the following
well-knows form,

my [0 (2)0(2) + T (2)9(2)] = my (W] vr + hvn). (6.21)

Again for completeness we write down the expression both in the complex coor-
dinates as well as in real coordinates.

Using the bosonization rules for chiral fermions (6.17) (to be justified below),
we deduce the map of the fermion bilinear to the equivalent bosonic operator,

myl: €9 e 0G) s om0 e 0G) ) =g cos(¢(z, 2) 5 (6.22)
where we have made use of ¢(z, %) = ¢(z) + ¢(2) and of the fact that there is no
non-trivial OPE between ¢(z) and #(2). Note that we write down the bosonic
equivalent of the mass term operator in the context of the massless theory and
hence the factorization to holomorphic and anti-holomorphic parts of the scalar
field holds. Once we identify this operation relation we will then use it to add a
fermion mass term to the bosonized action. The additional parameter which has
a dimension of mass p is the normal ordering scale.

The derivation of the bosonized mass term in the “old language” is somewhat
more involved. We will return to this after we address the bosonization duality
between the fermionic Thirring model and the bosonic sine-Gordon model.

We now summarize the equivalence relations between the bosonic and
fermionic operators of the free theories, in both the “modern” complex coor-
dinate formulation, as well as the “old” formulation in terms of real coordinates:

Operator Fermionic Bosonic

J(2) FTP(z) i0¢(z)

J(2) FT(2) - —id¢(2)

T(2) —5 [WToy — gty : —5 1 090¢(z)
7(2) —5 [WToY — 99T —5 1 000¢(%) :
fermiony, P(z) ce?(®)
fermiong V(%) : e (®)

mass term DI E)0(2) + ¥ (2)(2) [ :cos Pz, %) :

Bosonization in “modern” complex formulation.

6.2 Duality between the Thirring model and the
sine-Gordon model

The Thirring model is a fermionic theory with a current—current interaction,

given by the Lagrangian density,
= 1
L=ip Jp— igJ“J#,
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Operator | Fermionic Bosonic

Je(@™) |l 046

J_(x7) | hew 9-¢

Tpi(a¥) [l ovL —0gfyn] s | =5 0400 6(a7)

@) |- :

T _(27) | —%:[hove —0plun]: | —1:0-¢0_¢(z"):
fermionr, | ¥r(z") \/g : exp <z 7I< [
fermiong | Yr(z7) \/g : exp <—i 7r< /

mass term | o] (7 )ir (27) s cosgp(at, z7)

+ (e (@7)

Bosonization in “old” formulation.

where J, = :z/;’yuwz . The model is exactly solvable and meaningful for g > —7r.
The corresponding equation of motion reads,

i JY(x) = gy J" (@)Y (z). (6.23)

The theory is invariant under vector and axial U(1) global transformations.
The corresponding conserved currents are,

T =T =y T =€V (6.24)

The model can be studied by means of the operator product expansion on the
light-cone [76]. The fermionic bilinears of the model are expressed as a function
of the current, and the expressions obtained turn out to be very natural in the

light of the bosonization procedure, which we now describe.
We start with the following generalization of the bosonization formula (6.19):

1/1L=\/g:exp —iy/T Qﬁ/dfﬂ(ﬁ)"‘ o ()

Ry 2V
1/)R—\/g:exp i 2\6/7‘/(1571(5)—2\5/7,T @] (625

The meaning of the new parameter 3 will be clarified shortly. In a similar man-
ner to the derivation of (6.20) we can verify that the equal-time anti-commutation
relations are still obeyed. Furthermore one can show that the Dirac operator
built from (6.25) obeys the equation of motion (6.23) provided that the bosonic
field ¢(z) obeys the equation of motion of the sine-Gordon model discussed in
Section 5.3, namely,

9,0"p(z) + % : sin(Be(z)) = 0, (6.26)
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and that the parameter [ is related to the coupling constant g in the following
way,

g1
4 1+ 4

(6.27)

From this last relation it follows that the special value 32 = 47 corresponds to
g = 0 and hence a free Dirac fermion. Indeed as we shall see below for that value
of B the sine-Gordon potential translates into the bosonized mass term. It is
interesting to note a remarkable property of (6.27) which relates the coupling
constants of the Thirring model and its bosonic equivalent, the sine-Gordon
model. The weak coupling of one theory is the strong coupling of the other.
This property often occurs in bosonized theories and hints at the usefulness
of the method in dealing with theories for strong coupling, where perturbative
methods fail.

The bosonization dictionary of the vector fermion number current is the fol-
lowing,

g

J/Y = 57/;%1/’3 o Jh = *%6

mY 0, . (6.28)
This expression differs from the bosonized current of the free Dirac theory (6.9)
in its normalization factor. We immediately realize that for the special value
(3% = 41 we precisely reproduce (6.9). The normalization factor can be deter-
mined from the assignment of the fermion number charge of a soliton that should
be equal to the charge of the field . Recall from Section 5.3 that the classical
sine-Gordon model admits a finite energy soliton solution. It is time-independent
and interpolates between adjacent wells of the scalar potential. In quantum the-
ory this classical solution becomes a particle. The static soliton solution is given
by (5.26),

o= %tarf1 [expu(z — x0)],

where x( is the “center” of the soliton. Substituting this into the integral of the
current we find the fermion number of this solution to be,

B

T 2

Q = Z[g(00) — (—o0)] = 1. (6.29)
Thus we see that indeed the normalization factor in the vector current (6.28) is
the right one.

The relation (6.28) implies that the level in the affine Lie algebra will be %,
as compared to 1 for the free case.

Let us address again the issue of the bosonization of the fermion mass bilinear
(6.22). The definition of the mass term in the “old formulation”, as that of the
current, requires some care due to the appearance of the products of operators
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at the same point. In fact when x approaches y one gets the following OPEs,

oh (@) (y) = %W(x )| e

Ul @i ) = Selenta — )| : e ; (6.30)

with 0 = —3&(1 + %) The proper fermion mass term will therefore be defined
by,

lim,_, / dz |ep(z — )| " map(2)Y(y) = %m / dx : cosfo(x) : .

With p chosen such that m = f;;, the mass term transforms in the bosonic
language to,

2
Aﬁ:%:cosﬂq&:.

The normal ordering is with respect to u.°

6.3 Witten’s non-abelian bosonization

The non-abelian bosonization introduced by Witten is a set of rules assigning
bosonic operators to fermionic ones, in a theory of free fermions invariant under a
global non-abelian symmetry.® Originally the fermions considered were Majorana
fermions and the corresponding global symmetry was O(NN). The bosonic opera-
tors are not expressed in terms of free bosonic fields as in abelian bosonization,
but rather in terms of interacting group elements. In particular, bosonic expres-
sions can be written for the energy-momentum tensor, various chiral currents,
the mass term and the complete action.

The generalization to the case of Ny Dirac fermions was introduced in [112]
and [7].

6.3.1 Bosonization of Majorana fermions

Let us start with NV free Majorana fermions governed by the action,

. N
Sy = %/deU Z(T/)Lkaﬂhk + YR O—YR1)

k=1

where 11,1 are left and right Weyl-Majorana spinor fields, 0+ = %(80 +0)
and k =1,..., N. The corresponding bosonic action is the Wess—Zumino—Witten

® The flavored Thirring model was studied in [73].
6 A related approach is presented in [179].



140 Bosonization

(WZW) action discussed in Chapter 4:

Splu] = /d aTr(0,ud"u™")

167

+ 50 dgya”kTr( o) (ut Oju) (u D), (6.31)
where v is a matrix in O(N ) whose elements are bosonic fields. The second
term, the Wess—Zumino (WZ) term, is defined on the ball B whose boundary ¥ is
taken to be the Euclidean two-dimensional space-time. Now, since 7 [O(N)] = 0,
a mapping u from a two-dimensional sphere S into the O(N) manifold can be
extended to a mapping of the solid ball B into O(N). The WZ term however is
well defined only modulo a constant. It was normalized so that if u is a matrix
in the vector representation of O(N) the WZW term is well defined modulo
WZ — WZ + 2n. The source of the ambiguity is that m3[O(N)] ~ Z, namely
there are topologically inequivalent ways to extend w into a mapping from B
into O(N).

Note that O(2) is an exception, as 73[0(2)] = 0.

Note that the equivalence is between a fermionic theory expressed in terms
of an N-dimensional fermion in the vector representation of O(N) and a group
element which is an NV x N matrix. Nevertheless, as will be shown below the two
theories are fully equivalent.

Both the theory of N free Majorana fermions and the WZW model of (15.2)
are invariant under ALA transformations of Op,(N) x Ogr (). The latter take
the following forms for the bosonic and fermionic theories:

w gz v = lg(02),
w—uh(z) & — hEEDHE), (6.32)

where g(z) € Or(N) and h(zZ) € Og(N). The corresponding currents in both
pictures satisfy the ALA at level k = 1.
The two theories are also invariant under the conformal transformations,

z— f(z) z— f(3). (6.33)

The associated Virasoro central charges of the two descriptions are identical,
as follows,

1 k[dimO(N)] 1/2N(N-1) N
=NXg @="T N9 T ixN—2 2 (6:34)

For the fermions it is just N times the central charge of a single Majorana
fermion, whereas for the bosonized version we make use of the fact that the dual
Coexter number of O(N) is N — 2. The conformal invariance of the action (15.2)
can be also shown by realizing that the corresponding § function vanishes. If one
generalizes (15.2) by taking a coupling ﬁ as a coefficient of the first term and
of the WZ term (k integer), the 8 function associated with A is given at the

247r
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one loop level (in the sense of expanding around u = 1), by,

g (Vo2 [1_ (A%)T’

dinA 47t A

namely (15.2) is at a fixed point for A2 = %‘ and hence exhibits conformal invari-

ance there. By showing that the energy-momentum tensor obeys the Virasoro
algebra, one can show that this property is in fact exact.

To summarize, the dictionary that translates the ALA currents and the energy
momentum tensor of the fermionic theory, into the bosonic one and vice versa,

is given by,
Operator Fermionic Bosonic
Jij (2) ti;(2) el 0uli; (2)
Jij (%) Lhinhy (%) : Feludu™i;(2)
T(z) —L N i — Oiah]: — sy () -
T(z) 5 i [0 — 0dit): —svy T (2)

6.3.2 Bosonization of Dirac fermions

The bosonic picture for the theory of N free massless Dirac fermions is built
from a boson matrix g € SU(N) and a real boson ¢. The bosonized action now
has the form,

1
Slovol = g [ EaTr(B,9067)
1

+— | Py Tr(g70:9)(97"0;9)(g " Org)
127 Jp

s / 0220, 60" 6. (6.35)

Note the difference of factor two between the WZW action associated with the
SU(N) and the O(N).

Here again both theories are conformal invariant with an identical Virasoro
central charge,

k dim SU(N) N? 1
S Nxl o= 1= 1= N. 6.36
°f G rrN TP N T (6.36)

ALA transformation with respect to global SUL(N) x SUR(N) x U(1),
9= h(z)u, ¢—¢+alz); ¥ — lg()Nv(2);
9= uh(z), ¢—é+a(z); & — RENYE), (6.:37)

leave the actions of both pictures invariant.
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One way to prove the equivalence of the fermionic and bosonic theories now,
for N free massless Dirac fermions and the k =1 WZW theory on U(N) group
manifold, is by showing that the generating functionals of the current Green
functions of the two theories are the same. For the fermions we have,

em M) = /(d¢+d¢_d1/_)+d1/_’—)ei JdtaviD i (6.38)

where D, =0, +iA4,, A, = A/’j(%TA) + Af}) x1 and (37%) generators of
SU(N). The term Wy (A,) was calculated by Polyakov and Wiegmann in a
regularization scheme which preserves the global chiral SU(Ny,) x SU(Ny) sym-
metry and the local U(1) diagonal symmetry, leading to,

~ ~ 1
Wy (Au) = SIA] + S[B] + — d*z AN Ar) (6.39)

where A, B C SU(N) are related to the gauge fields A;‘ by
iAd = (A9, A4, AL = (BT'o_B)A.
In the bosonic theory one calculates,

e*iWB (A/’f) — /[du]eiS[u]+i [ Pz(JP AR+ gBAB)
e—iW(A) _ /[dgz)]eff-f @ 2[(06)*+(T-AL +7. AL))] (6.40)

where JZ AP and J. A" are the appropriate parts of =Trl(g7'0:9)A_], and
similarly for the (— +) case and with Ag) = Tr(A4). These functional integrals

can be performed exactly, leading to,
- - 1
Wp(AL) = WAy = [ @240 A4r()
5(Ad) = S[A] + S[B] Wg(AD) 47TN/d zAD A,

Thus the bosonic current Green functions are identical to those of the fermionic
theory, the latter regulated in the way mentioned above.

6.3.3 The bosonization of a mass bilinear of Dirac fermions
A further bosonization rule has to be invoked for the mass bilinear. For a theory
with a U(N) symmetry group the rule is,
Yyj = uN,gje V7, (6.41)

where N, denotes normal ordering at mass scale y. The fermion mass term
mgy'1; is therefore,

mIQNM /deTr(g + gJ')7

2

/ ~ . . .
where m = = m,cun, my is the quark mass, and c is the same constant as in

(6.19). It is straightforward to show that the above bosonic operator transforms
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correctly under the U(N), x U(N)g chiral transformations. On top of that it
has the correct total dimension,

N-1 1
A=A +Ay=——+—=|=1 42
where A, = =1 and Ay = & are the dimensions associated with the SU(N)

and U(1) group factors, respectively. Moreover in Section 4.4 it was explicitly
shown that the four-point function,

Gz, z) =<g(z1,21)9" (22, 22)g " (23, 23)g (24, 2)>, (6.43)
is given by,
Gz, %) = (21 — 24) (22 — 23) (21 — ) (22 — B)] 2 G(2, ), (6.44)

where G(z, ) is a function of the harmonic quotients,

g =@zl 4ng 7 = only, and in the free case is,
(21 —24) (23 —22) (

1 1 |
Gz, ) = [z2(1 —2)(1 = Z)|¥ x | =+ I L=+1 6.45
(@.0) =loall =o)L~ D) x |7+ ] A g+ hptg] @)
where I,,I5,I;, 5 are group invariant factors. This result for the correlation
function, combined with the U(1) part gives an expression identical to that for
the fermionic bilinears. Moreover the result can be generalized to an n-point
function.

6.3.4 Bosonization of Dirac fermions with color and flavor
In his pioneering work on non-abelian bosonization Witten also proposed a pre-
scription for bosonizing Majorana fermions which carry both Np “flavors” as
well as N¢ “colors”, namely transform under the group [O(Np) x O(N¢)]r X
[O(Nr) x O(N¢)]r. The action for free fermions is

i

Sy = B /d2$(¢—a7za+1/)—m: + VyaiO—Viai),

where now a =1,...,N¢c and i =1,..., Np are the color and flavor indices,
respectively. The equivalent bosonic action is,

Slg.h) = 5NeSlg] + 5 N STh] (6.46)

The bosonic fields g and h take their values in O(Np) and O(Ng), respectively
and S[u] is the WZW action given in (15.2).
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The bosonization dictionary for the currents was shown to be,

IIN _ Y _
Jiij = YyaiViaj = T;(g Y0, 9)i; Joij = _aith_aj = T;(gafg Yij
(6.47)
1INV IV
J+(zb = ¢+aiw+bi = T;(hilaJrh)ab J—ab =: l/}—mﬁdj—bi::T;(ha—hil)aby
(6.48)

where : : stands for normal ordering with respect to fermion creation and anni-
hilation operators. As for the bosonic expressions for the currents, regularization
is obtained by subtracting the appropriate singular parts.

In terms of the complex coordinates z =& +i&, 2z =& —i& (where &
and & are complex coordinates spanning C?, and the Euclidian plane (& — x,
& — —t) and Minkowski space-time (&5 — x,& — —it) can be obtained as
appropriate real sections), one can express the currents as

Ty =Ty = S g0g )y TR =l = O

and similarly for the flavored currents.

(97'0:9)ij,

In a complete analogy the theory of Ny x N¢ Dirac fermions can be expressed

—iy) 2R .
in terms of the bosonic fields g, h, e \/‘“‘F“‘C ? now in SU(Ng),SU(Ng) and
U(1) group manifolds respectively. The corresponding action is now,

Slg, b, ¢ = NoSlg] + NeS[H] + % / L0, 60" 6. (6.49)

This action is derived simply by substituting ghefi\/ﬁo instead of w in (6.31).

As for the equivalence between the bosonic and fermionic theories, we note
that in both theories the commutators of the various currents have the same
current algebra, and the energy-momentum tensor is the same when expressed in
terms of the currents. But the situation changes when mass terms are introduced
(see next section). The bosonization rules for the color and flavor currents are
obtained from (6.47) and (6.48) by replacing the Weyl-Majorana spinors with
Weyl ones, and in addition we have the U(1) current,

Ne N,
J(l)(z) = \/7T[J(_1) =: z/;T_uﬂ/J_a,; = FT[ ¢ 0—¢
. Ne N,
JV () = g =gl g = Fﬂ S (6.50)

The affine Lie algebras are given by,

[JA JB] = Z'fABCJ7?+m + %knaAB(sn+m,Oa

noyYm

where J4 = Tr(T4J), T# the matrices of SU(N¢), k = Nr for the colored cur-
rents and J(z) is expanded in a Laurent series as J(z) = Y. 27" "1J,. A similar
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expression will apply for the flavor currents with 77 the matrices of SU(Np),
and the central charge k = N¢ instead of Ng. The commutation relation for J ()
will have the same form.

Generalizing the case of SU(N) x U(1) to our case, the Sugawara form for the
energy-momentum tensor of the WZW action is given by,

T(z) = ﬁ 2 S JA(2) A (2) +2iZI: JN(2) T (2)
+ i s JW(2)J W (2) ., (6.51)

where the dots denote normal ordering with respect to n (n > 0 meaning anni-
hilation). The ks are constants yet to be determined. In terms of the affine Lie
generators this can be written as,

1 o0

L,=+— S SN S
2HC Z mTn—m +2K:F Z m T n—m
m=—00 m=-—00
1 «— !
+ 5 ST ol (6.52)

Now, by applying the last expression on any primary field ¢; we can get a set of
infinitely many “null vectors” of the form,

0
1 A 1A
X;l = " 2 Z Jm ']n —m -

0
QHF Z JTITL JT{ m - _QL Z m Jnlj ¢l>

for any n <0 (for n > 0 holds immediately). Since each of these vectors must
certainly be a primary field, L, x" = JAx" = JL x" = J,,x" = O, which holds
trivially for m > 0. When checking for m < 0, it leads to expressions for the vari-
ous K, for the central charge c of the Virasoro Algebra, and for the dimensions of
the primary fields A; = Ay, + A;_, in terms of N¢, Ng and the group properties
of the primary fields,

1
=§(Nc —|—ZVF)7 KZZNFNC

_ Nc(NF2 — 1) NF(N(% — 1)
(NC —|—NF) (NC +NF)
(cf)" (cf) (i)™

Ay — n + 6.53
=7 (Nr+Ng) | (Ne+Ng) | NgNp (6.53)

RC = RF

1 = Ny Nc

where (c,)¢ is the eigenvalue of the SUg 1, (Nc) second Casimir operator in
the representation of the primary field ¢;, namely (:74)(374) = (¢})°I, and
similarly for the flavor group. In the cases of SU(N¢) and SU(Nr) the discussion
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applies to Ay or A;_ separately, with C?_ and C?_, respectively. Note that the
expressions for kp and k¢ of equation (6.53) are an immediate generalization
of the case of the group SU(N) with the central term equal to one. There the
factor was N + 1, the N being the second Casimir of the adjoint representation,
and the 1 being the central term.

The equivalence of the bosonic and fermionic Hilbert spaces was demonstrated
by showing that the two theories have the same current algebra (affine Lie alge-
bra), and that the energy-momentum tensor can be constructed from the cur-
rents in a Sugawara form. Goddard et al. [110] showed that a necessary and
sufficient condition for such a construction of the fermionic T'(z), in a theory
with a symmetry group G, is the existence of a larger group G C G’ such that
G'/G is a symmetric space with the fermions transforming under G just as the
tangent space to G'/G does. Based on this theorem they found all the fermionic
theories for which an equivalent WZW bosonic action can be constructed. The
cases stated above fit in this category. Note in passing that this does not hold for
cases where the symmetry group includes more non-abelian group factors, like
for example SU(Np) x SU(Ny) x SU(N¢) x U(1).

The prescription equation (6.49) described above , for the bosonic action that is
equivalent to that of colored and flavored Dirac fermions, is by no means unique.
In fact it will be shown that this prescription will turn out to be inconvenient
once mass terms are introduced. Another scheme, based on the WZW theory of
U(Nr N¢) will be recommended.

6.3.5 Bosonization of mass bilinears in the product scheme

A natural question here is how to generalize the rule (6.41) to Majorana fermions
with action (6.46), and its analog for the case of SU(Ny) x SU(N¢) x U(1) given
in (6.49). We call the latter the product scheme. The bosonization rule for the
latter case is,

; D iy Am
194y = uN, gihge VTR, (6.54)
Consequently, the bosonic form of the fermion mass term mqqﬁ“"wm is,

m'QNI,, /d2x(TrgTrh + TrhTTrgT)efi\/Nf‘KC é, (6.55)

with m'? = mgCp. Once again the bosonic operator (6.54) has the correct chiral
transformations and the proper dimension,

NE -1 Ng -1 1

+ + =1
Ng (NF +Nc) Nc(NC +NF) N¢ Np

A:Ag“v‘Ah‘i‘A(p:

Unfortunately, the explicit calculation of the four-point function reveals a dis-
crepancy between the fermionic and bosonic terms in (6.54). This can actually
be understood directly. Since g and h are fields defined on entirely independent
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group manifolds, then (ignoring for a moment the U(1) factor) the four-point
function of the mass term can be written as,

<g(z1,21)9 " (22, 22) 9 (23, Z3)g(24, 24)>

<h(21 s Zl)h_l (22, Zg)h_l (23, 23)h(2’4, 24)> .

This expression differs from the corresponding fermionic Green’s function, as
it includes independent “contractions” for the g and h factors, whereas in
the fermionic correlation function the flavor and color contractions are corre-
lated. Moreover, the expressions for the bosonic Green’s function involve hyper-
geometric functions, and do not resemble the case of free fermions, which is a
product of poles.

6.3.6 Bosonization of the UNfpx No) WZW action

It is clear from the previous discussion that the bosonization prescription for
our case needs alteration. A priori there can be two ways out, either modifying
the rule for the bosonization of the mass bilinear or using a different bosonic
scheme altogether. As for the first approach, (6.54) preserves the proper chiral
transformation laws under the product group SU(Np) x SU(N¢) x U(1) as well
as the correct dimension, and therefore the number of possible modifications
is very limited. For example, one might think of multiplying the expression in
(6.54) by an operator which is a chiral singlet under the above group, with zero
dimension. We do not know of such a modification. Therefore we are going to try
a different bosonic theory than (6.49). The symmetry of the free fermionic theory
can actually be taken as U, (Ng X N¢) x Ugp(Np x N¢) rather than [SU(Np) x
SU(Nc) x U(1)]r x [SU(Np) x SU(N¢) x U(1)]g. The natural bosonic action
is hence a WZW theory of u C U(Np N¢) and with & = 1. The currents are now,
i

_ = _ 1, _
J(Z)uz@ = 5( O.u l)aﬁ J(Z)aﬁ = 5(“ laiu)(vﬂa

with «, 8 running from 1 to Ng X N¢. The expressions for the flavor and color
currents can be obtained by appropriate traces, over color for the flavor currents
and over flavor for the color currents.

The mass bilinear is now,

wiaw—ﬁ = EMNM U3y

where now the U(1) term is absorbed into w.

Clearly the requirement for Sugawara construction of T, for proper chiral
transformations of all the operators and for a correct dimension for the mass
bilinear are fulfilled. Since now the flavor and color degrees of freedom are
attached to the same bosonic field, the previous “contraction problem” in the n
point functions is automatically resolved. Moreover as stated above the four-point
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function and in fact any Green’s function will now reproduce the results of the
fermionic calculation.

The currents constructed from w obey the Affine Lie algebra with k= 1.
The color currents, for instance, are J4 = Tr(T4.J), where T4 are expressed as
(N¢ Np) x (N¢Np) matrices defined by A ® 1, with A\ the Gell-Mann matri-
ces in color space and 1 stands for a unit Ng X Np matrix. The central charge
is k = Np. The same arguments will apply for the flavor currents, now with
k = N¢. The central charge for the U(1) current is N¢ Np.

To see the difference between the present theory and the previous one let us
express u in terms of (Ng N¢) x (Np N¢) matrices g, h and [ in SU(Ng), SU(N¢)
and the coset-space,

SU(Np x Nc)/{SU(Nr) x SU(Nc) x U(1)}
respectively, through,
U= gﬁfeﬂ\/%‘ﬁ
Using the formula for expressing an action of the form S[AgB~!] we get
S[u] = S[ghl] + / d*zd, ¢p0" ¢

o 1 - . - .~
S[ghl] = S[g) + S[I] + S[h] + %/d%ﬂ(gmgza,ﬁ + hto, hio_IT).

We can now choose | = [ so that (0_I1 will be spanned by the generators that
are only in SU(Nr x N¢)/{SU(Nr) x SU(N¢) x U(1)}. This can be achieved
by taking u = ghl~ which is u but without the U(1) part, and then taking for
h = h ® 1 a solution of the equation §_hht = —Trp [(0_@)a'], and similarly for
g with ]V}c Trc. These are also the conditions that the flavor currents should be
expressed in terms of § and the color currents in terms of . For this choice, the
mixed term in the above action, the term involving products of Is with gs or hs,
is zero, and so the new action is,

S[u] = N S[g] + NrS[h] + %/dzx(aﬂwﬂap +S[I)).

Note that [ is still an SU(N¢ Ng) matrix, while g and h are expressed as SU(Ny)
and SU(N¢) matrices respectively, but the matrix [ involves only products of
color and flavor matrices (not any of them separately).

6.4 Chiral bosons
So far we have discussed the bosonization of a Dirac fermion via abelian bosoniza-
tion, and N Dirac fermions using the U(N) WZW model, or N Majorana
fermions with an SO(N) WZW model. What about the bosonization of chi-
ral left or right Weyl fermions? In the fermionic language it is trivial to write an
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action of a fermion with one given chirality. It is also easy to factorize a scalar
field into its left ¢r, (27 )(¢(z)) and right moving ¢ (z*)(¢4(2)) parts since the
solution of equation of motion of a scalar field in real and complex coordinates
takes the form

dry,x)=¢L(x7) +or(zT) or o(z2) = d(2) + ¢(2). (6.56)

However, as will be discussed shortly it turns out that it is quite subtle to write
down an action of a chiral boson which is equivalent to that of a left or a right
chiral fermion. Once we establish an action for a chiral boson, the question is
how can one couple it to abelian and non-abelian gauge fields?

In this section we will construct two seemingly independent constructions of
the action of a chiral boson. In fact, it will turn out that one formulation is a
special case of the other. We start with Siegel’s formulation which is based on
the coupling of a scalar field to fictitious gravity in a light-cone gauge [194] and
then we describe a manifestly non-Lorentz invariant action [92] which is a special
case of the former.” In [36], [199], and in [100] the two formulations were related
and further generalizations were discussed. We follow the latter paper here.

Chiral bosons play an important role in string theories and in particular chiral
bosons on Riemann surfaces of any genus. Here we will not enter into discussions
on these constructions and describe chiral bosons only on a two-dimensional flat
Minkowsky space-time.

6.4.1 Chiral boson via coupling to fictitious “light-cone gravity”

A scalar field in two space-time dimensions couples to two-dimensional gravity
via the following well-known action,

1
£ = 559030 00", (6:57)

where g, 3 is the two-dimensional metric. In the “light-cone gravitational gauge”
the metric has the form,

gttt =0 gt =1 g~ =2\ (6.58)
In this gauge the action (6.57) reads,
L=0,00_¢+ N0_¢)*. (6.59)

Since we have fixed only part of the local symmetries of (6.57) it is straightfor-
ward to realize that the last action is still invariant under the following local
transformation

dp=€0_¢ AN=-0,6 +e 0_XA—0_(e" N (6.60)

7 The anomalies of the system were analyzed in [129)].
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which is the transformation of the scalar field under a combination of z~ coor-
dinate transformation and a Weyl rescaling,

0x” =€ () 0gap = —gapO—_€ . (6.61)

It is important to emphasize that we are in fact considering a flat two-dimensional
Minkowski space-time and 2\ is the =~ component of a fictitious metric. The
action (6.59) is further invariant under the global shift symmetry ¢ — ¢ + a. We
denote the corresponding current as the axial current defined in (6.12) which
takes the following form,

Ty =0-¢ Jip) =0+ +2)0-¢. (6.62)

One can also define I (an) = J(Zz) and J+(W> = J@w) — 2AJ_ (), namely using
the fictitious metric to raise and lower indices. In addition we have the topological
vector conserved current Jmﬂ = €,,0"¢. The vector and axial currents defined
here are those defined in (6.9), times a factor of —\/7. Following from these
two currents we can obviously also define the left and right conserved currents
Jir = 5(Jw) £ Jam))-

The equations of motion derived by variations with respect to A and to ¢ are,

SA: (0_-¢)* =0 0¢:0,0_¢+0_(\D_¢)=0. (6.63)

These equations imply classically the chiral nature of the boson, namely a left
moving boson ¢(z1) and the conservation of the axial current. Note that unlike
an ordinary scalar field the chiral scalar action (6.59), admits only the “holomor-
phic” conservation of the left current but not the “anti-holomorphic” conserva-
tion of the right one namely,

0Ty~ =0 04y =—-0_Ju  #0, (6.64)

which implies that there is only left affine symmetry but not a right one.

So far we have discussed the classical system. Quantum mechanically it turns
out that the symmetry (6.60) is anomalous. There are several ways to verify this
anomaly. Probably the easiest way is to realize the resemblance of the action
(6.57) to that of the bosonic string. It is well known that the latter is consistent
only in 26 dimensions and not, as our case seems to be, in one dimension. Tech-
nically this follows from the fact that the ghost system associated with the fixing
of the fictitious diffeomorphism and Weyl invariance have a Virasoro anomaly
(see Section 6.5.1) equal to —26. In fact following the discussion in Section 6.5.1
we know that there is another way to cancel this anomaly and that is to add to
the action a background charge term of the following form,

where ¢ is the background charge and R(®) is the fictitious scalar curvature.
This modification of the action yields a modified energy-momentum tensor as
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will be discussed in Section 6.5.1, of the form,
1
T = —5(0-0) — 40 . (6.66)
To fix the gauge associated with the symmetry (6.60) one introduces a (b, ¢) ghost
system (see Section 6.5) that contributes ¢ = —26 to the Virasoro anomaly. The
modified energy-momentum tensor (6.66) contributes ¢ = 1+ 67¢*> so that to
cancel the anomaly one has to take the background charge ¢ = 4/ g—; and hence
the quantum mechanical action of the chiral boson is (6.65) with the value of ¢
just quoted.
There are several possible methods to quantize this action. One approach is to
follow the BRST quantization of the bosonic string. In this procedure one uses
the Nielpotent operator associated with the Noether charge that corresponds to

the BRST symmetry
‘ 1 _ hos
QBrsT = /dxc (Tf_ + 2T5h_0“> ) (6.67)

to construct the space of physical states. The latter furnish the cohomology of
@BRsT, namely,

@prst|phys>=0 [phys># Qprst|state> . (6.68)

For the vanishing ghost sector this implies that,

7° “lphys>=0 —  a(k)lphys> = 0 for k >0, (6.69)

where Ti’_H) is the positive frequency part of T%_ and a(k) is the annihilation
operator of momentum k. Thus the space of physical states is made of only
left-moving (k > 0) states.

Once the local symmetry (6.60) has been made non-anomalous, one can safely
choose any gauge fixing. In particular we can take A = 0 while keeping the con-
struction of the physical states discussed above, or fixing A = —1. As will be seen
in the following section this gauge will turn out to be convenient and rather than
addressing the issues of coupling to abelian and non-abelian gauge fields of the
action (6.59) we will do it instead with the gauge fixed action.

Another approach of quantizing the system is based on the implementation of
Dirac brackets. Starting from (6.59) and its corresponding Hamiltonian density,

/\2
M= % + (1= A)6)?] (6.70)

we realize that the conjugate momentum of A, 7ty vanishes. This is a primary con-
straint y; = 7y, = 0. Requiring that this constraint is preserved in time, namely,
x1 = {m(z), H} = 0 we find a secondary constraint xo = (nl_f’):)z = 0. The Pois-
son bracket of x; and X» vanish and hence they are a first-class constraint. How-

ever, if we replace Yo with its classical equivalent constraint y; = 7 — ¢’ then
the latter is a second-class constraint. If we add the additional constraint in the
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form of gauge fixing x3 = A(z) — Ao (x) with A\ (z) a given function, than all the
constraints are second order with the constraint algebra,

cij(zy) ={xi(@),x;(¥)} 2 =-20(x—y) c13=—6(z—vy). (6.71)

The next step is to define the Dirac bracket,

Hﬁﬂlﬂwh)={FW%G@H—1/dﬂmﬂF@%xxdh%W%WHxﬂw%G@H,

(6.72)
where ¢;;(x, z)cj_k1 (z,y) = 0;x (x — y). The Dirac bracket rather than the Poisson
bracket is then elevated to the commutator in the quantum theory [ | =i{ }.

Using this prescription one finds the desired result,

[9(2), 6(3)] = ele —y). (6.73)

Implementing the constraint quantization in the path integral formulation, one
has,

209) = [ d6llamax]idm]50u )3z 5(xa)
x\/Det[Cyj (, y)]e! | € e(rotmA-H=Io), (6.74)
Using the & functions and since Det[C] is field independent we find,
219) = [l 19280 L= dof (01" (6.75)

Thus we see that this procedure yields the action (6.59) in the gauge A = —1
which will be the topic of the following section.

6.4.2 Non manifestly Lorentz invariant classical action

Let us start with the following non-local action,
£ [ dxdyp(re(z = w)ply) - [ dap (o), (6.76)

where p(z) is a local bosonic field. The system can also be described in terms of
the non-local bosonic field,

1
o) =5 [ duele ~w)pty). () = plo) (6.77)
with a local Lagrangian density,

L=¢'d—¢" =0_¢0,¢—0_9). (6.78)

As we said the Lagrangian density is in fact (6.59) in the gauge 2\ = —1. The
classical equation of motion which corresponds to (6.76) is,

d_¢' =0. (6.79)
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This equation has a general solution 0_¢ = g(t), however by requiring d_¢ = 0
at the spatial boundaries, we set g(¢) = 0 and get the chiral solution 0_¢ = 0.

Even though the action (6.76) is not manifestly Lorentz invariant, it is easy to
see that it is invariant under time translation d¢ = e(ﬁ, space translation d¢ = e¢’,
and the unconventional Lorentz transformation d¢ = (t + x)¢’. For the above
invariance transformations to exist we assume vanishing surface terms. The asso-
ciated Noether charges are H = [ ¢, P = —H and M = [ dz[(x + t)(¢)?]. The
system is, in fact, invariant under yet another unusual Lorentz transformation,
5(0_) = 2" 0, (9_¢) — 2~ 0_(9_) — 0.

In addition, equation (6.76) is invariant under the global axial transformation
¢ — ¢ + . The associated current jé” ) and the vector current which as was

axr
discussed in Section 6.1 is “topologically conserved” are given by

j(aw)Jr = 6+¢ - 2a—¢ j(a.’v)7 = a—¢
j(v)Jr =049 j(v), = —0-¢. (680)

As usual from the vector and the axial currents we can write down the left
and right currents J(Ir) = %[j(v) * j(aa)], respectively. They have the following
expressions,

Joy_=0, Joy, =¢ Juy_=-0-0, Ju, =0-¢. (6.81)
Note however that only the left current is holomorphically conserved namely
a-Jy) L =0, while the right current is not antiholomorphically conserved. This
property is related to the invariance of the Lagrangian under d¢ = a(z") and
not under §¢ = a(z~). As will be explained below only the left U(1) affine Lie
algebra current exists in the quantum theory. Similarly, the Lagrangian (6.76) is
invariant under the conformal transformations d¢ = e(z™ )¢’ and d¢ = €(t)d_ .
The associated Sugawara type Noether currents are,

Toy,, =)’ =Jp? 0-Ty,, =0
2 2
Ty, = (0-9)" = Jiy, 0Ty, =0 (6.82)

Quantization of the model

By treating the system as a constrained system, we now invoke its canonical
and path-integral quantization. We repeat here the Dirac bracket procedure dis-
cussed above. The constraint y = 7w — ¢’ = 0, is a second-class constraint since
{x(z),x(y)} = —26(z — y). The Hamiltonian density of the system takes the fol-
lowing form H = H, + v(¢, )x , where H,. = ¢'*> = 7® = w¢’. Using this form for
H it is easy to verify that the condition x = {x, H} = 0, does not lead to further
constraints but fixes v(¢, ). The passage to the quantum theory is performed
by passing from the Dirac brackets rather than the usual Poisson bracket to
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the commutator via,
—i[F(z),G(y)] = {F(x),G(y)} —/d&d&{F(x),G(&)}
| - Jele - )P (). 60, (6.53)

Following this definition, the operator algebra for 7t and ¢ takes the form,

6(2), 6(0)] = el —v),

[r(2). 6(9)] = ;00 ),

[r(a), ()] = 50— ). (6.84)

One also finds that, for an arbitrary operator F'(¢, ), [x(z), F(y)] = 0 so that
the constraint 7t(z) — ¢’(x) = 0, is now realized at the operator level. For example
the Hamiltonian density can now be expressed in the three forms of H, mentioned
above. The system is solved by Fourier transforming,

0 dk . -

n(z) = ¢/ (), (6.85)
with the usual algebra,
[a(k),a’ (k")) = 6(k — k). (6.86)

Note that only & < 0 appears in the decomposition of ¢(x), which expresses the
chiral nature of the field. The single-particle Hilbert space is then a continuum
of states with energy F = |k|, k¥ < 0. Hence the Hamiltonian formalism has cor-
rectly implemented the chirality constraint 0_¢ = 0. Furthermore, this property
can also be deduced from the Hamiltonian equation of motion ¢ = i[H, ¢] = ¢'.
Note that to get the chiral solution d_¢ = 0 as a solution of the equation of
the motion, we had to assume chiral boundary conditions. Here it looks at first
that the chirality property was derived with no assumptions, but in passing
from (6.83) to (6.84 we assumed that (71— ¢')(z = ) = —(nw — ¢')(z = —00),
so together with choosing zero surface terms we in fact assumed chiral boundary
conditions.

For the path integral quantization of the system we use the method developed
for Hamiltonian systems with constraints. The generating functional is given by,

Z1J] = /d¢d7t5(x)ef d*a(nd—H.—J9)

- /dc{)ef dz.’z:(L—J@)) (6.87)
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where a normalization by Z[O]~! is implied. The Lagrangian density that
emerges in (6.87) is clearly in the original form of equation (6.78). The func-
tional integral (6.87) is not specified completely until we include 9_¢ = 0 on the
boundary; thus we are in the same situation as in the canonical quantization.

Using the commutation relations (6.84), it is straightforward to verify that the
Noether charges H, P, M, respectively generate the transformations dr¢, dg¢
and ;¢ given above. It can easily be shown that they satisfy the Poincare
algebra,

[H,P]=0 [M,H]=iP [M,P]=iH. (6.88)

Abelian bosonization of a chiral fermion

Recall (Section 3.8) that the action of one left-handed complex chiral fermion,
5y, = [ ¢avto v, (6.59)

is classically invariant under both an affine chiral transformation 6¢ = ie(x™ )y
and the conformal transformation §v) = ie™ (z)d, 1. The associated Noether
currents were shown to have the following quantum form,

Jo =Y T, =i: Yo =mn:J,J, (6.90)

obey the left U(1) affine Lie and Virasoro algebras, respectively with the well-
known central charges k =1 and ¢ = 1.

It is now straightforward to realize that the J;;) = ¢ and T(;) = (¢')* have the
same k =1 and ¢ =1 central charges. Using the operator algebra we can now
evaluate the commutators of the chiral current and of the energy-momentum
tensor. The results are as follows

oy @), Ty ()] = [6@), 6 ()] = 50/~ ),

[Ty (), Ty ()] = [ (¢ (2))%, (&' (9))*] = (T (x) + Ty ()8 (2 — )
- %5”/(56 — ). (6.91)

From the general discussion in Sections 2.4 and 3.3 it follows now that these
commutation relations correspond to central charges of ¢ = k = 1. Hence our
bosonic theory furnishes the same irreducible representation of the affine Lie
and Virasoro algebras as one free left-handed chiral fermion. Since for k=1
the affine Lie algebra has a unique irreducible unitary representation the two
theories on flat two-dimensional space-time are therefore equivalent. Below it
will be shown that the anomalies of the bosonized theory in coupling to gauge
and gravitational background are the same as for the fermionic theory.
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Combining left and right chiral bosons

The canonical quantization procedure of the last section can be repeated for
a right chiral boson. Let us rename the operators for the 0_¢ =0 case as
¢r, and 7, and call the corresponding operators for the 9, ¢ =0 case as ¥y
and 7r. The Lagrangian density for the right moving field has the form L =
01 (04 ¢ — 0_¢) Then the combined Lagrangian,

L=Ly+LRr (692)
and the corresponding Hamiltonian density,
H = (m)* + (mr)* (6.93)

describe a single free massless scalar defined by,

¢=¢L+¢r T=m, + 7R (6.94)
with a Hamiltonian density,
Ly 1y
== —¢'°. 6.95
H=35m +59¢ (6.95)

Using the commutation relations of the chiral bosons (6.84) we find as expected
that,

[6(2), (y)] = [7(2), 7(y)] = 0 [d(2),7(y)] = i6(x — y). (6.96)

Unsurprisingly the Noether charges associated with the space-time translation
and Lorentz transformation, H = Hgr + Hy,, P = Pg + P, and M = My, + Mg
obey the usual Poincare algebra. The (Ir) U(1) affine Lie algebra currents of
the combined system are given by the left current of the left system and the
right current of the right system, respectively. The central charges are k = 1 for
the algebras in both sectors. Similarly, because of the Sugawara construction,
T+ =T,y and T__ =T__ with ¢ = 1 for the left and the right Virasoro
algebras.

Partition function
We would now like to compare the one loop partition function of a chiral fermion
and that of our chiral boson. We therefore pass to a two-dimensional space-time
domain with 1 > x > 0. The mode expansion for ¢ previously given by equation
(6.85) now takes the form,

G, t) = o +plz+t)+ Y

n>0

T 27'tmr +aye —2minz ™t } (697)

\ﬁ

The one loop partition function which corresponds to this mode expansion is

Z(7) = Tr[e HHNP] = Ty[g+ ] (6.98)



6.4 Chiral bosons 157

where ¢ = e™™ and we use the fact that H = —P. Let us first calculate the
contribution to the trace of the oscillation modes,

1

o nala, - L — nl1— _
Tr[q’i ] = Tr[g(Xn manan b)} = H ¢l -¢" =7 (1), (6.99)

n=1

where the factor —% is the output of the normal ordering and 7 is the Dedekin
n function (see eqn. (2.48)). The Hamiltonian of the zero modes is H = 1-p?.
If we now take the bosonic momenta to lie on a shifted lattice such that the
eigenvalues of p are 2m(m + ) and introduce the twist operator g = ¢??, we
get the zero mode partition function to be equal to the Riemann theta function
O[(af)](7]0) and so that altogether the full partition function is given by,

©[(ap)](r]0)
n(7)

This corresponds to the partition function of a Weyl fermion with the boundary

conditions ¥(x 4 1,t) = —e>™)(z,t);(z + Rer, t + Im7) = —e 2704 (z, 1).

Z(r) = . (6.100)

6.4.3 Coupling to abelian gauge fields

There are several ways to couple an abelian gauge field to a chiral boson corre-
sponding to the various regularization schemes in the fermionic theory. We start
by analyzing the bosonization in the vector conserving regularization scheme.
The vector current is coupled to an abelian gauge field via,

ﬁ(v) =Ly + (J(V)7A+ + J(V)+A_), (6.101)

where L is the uncoupled Lagrangian density and V stands for the vector con-
serving scheme. The vector current is still obviously conserved, but the divergence
of the axial current,

O Jax), + 04 Ty = O-Ar — 0, A_ =" F,,, (6.102)

is now equal to the anomaly deduced in the fermionic theory from the one loop
diagram.

Next we discuss the bosonization in the left-right scheme. For that purpose a
term bilinear in the gauge fields has to be added to the J(1)+A(l>7 term. The
Lagrangian then takes the form:

/5

2
Liry=Lo+Juy, Apy_+ TA(ZLA(Z) (6.103)

1’

where (LR) indicates the left-right scheme. The divergence of the left current
8£(L.R)

g, how has the form,

which is derived from

— 1 1 v
O (T Dy + 0 Ty Dimy = 7(0-As =0, AL) = 2V Fy (6.104)
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The Lagrangian (6.103) is therefore really the bosonized fermionic action regu-
larized in the left-right scheme. Obviously, a similar prescription for the (V) and
(LR) schemes can be applied to the right chiral boson. It is straightforward to
show that the vector as well as the left-right actions are invariant under “curved
space-time” Lorentz transformations as discussed above.

6.4.4 Chiral WZW and coupling to non-abelian gauge fields

The non-abelian bosonization of N Majorana or N Dirac fermions using WZW
theories of SO(N) and U(N), respectively was described in Section 6.3. For the
non-abelian bosonization of left chiral fermions we propose to generalize
the action (6.78) into an action that describes a map to the group manifold
of the form,

S+ [’U,] = g /deTr(ﬁ_uﬁlu_l) + Svyz. (6105)

In a similar manner to the abelian case this is a WZW action coupled to fictitious
chiral gravity in the gauge h;, = —1. In fact we can consider a generalization
of this action to the so-called k-level chiral WZW namely S, [U] = kSy [u]. The
equation of motion that follows from the variation of (6.105) with respect to the
variation of u can be expressed as,

O_(u'ou) =0 or 0O (ud_u"')=0, (6.106)

where each form can be obtained from the other.

The global, chiral transformations u — Au and v — uB~! where A, B € G
leave the action (6.105) invariant. However, out of the invariance under the two
affine Lie algebra transformation of the original WZW action v — uB~!(z")
and u — A(x 7 )u, only the first survives. As for the abelian case the invariance
under the second transformation is lost. The Noether currents associated with
the left-right transformations of (6.105) are,

J_ =0 Juy, =——u'dwu
ik . ik .
J(T)7 = gua_u J(T)+ = —%ua_u (6.107)

The conservation of the left and right currents follow here simply from the equa-
tions of motion. However, unlike the ordinary WZW action only the left current
is holomorphically conserved a d_J(;) = 0; whereas 0, J(,y # 0. Obviously this
is a manifestation of the invariance of the action only under the left affine Lie
algebra transformation du = —iue(z"), discussed above. The left current trans-
forms as follows 8.J(;) = [ie(2z™), J)] + %e, leading to the O(N)(U(N)) affine
Lie algebra with central charge equal to k.
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The action S [u] is invariant under the left affine transformation du = e(z™ )u.
The corresponding energy momentum tensor has again a Sugawara form and
Virasoro central charge which are,

2m o Ta kdimG
Ty = G h S i didiy s = et (6.108)
where as usual J;) = J(aZ)T“ and T are hermitian matrices representing the alge-

bra of the group, ¢» is the second Casimir operator in the adjoint representation
and dimG, is the dimension of the group.

The coupling of non-abelian gauge fields to a chiral WZW action, is a straight-
forward generalization of the coupling of the abelian gauge fields. Again there are
several ways to couple gauge fields corresponding to the various regularization
schemes in the fermionic theory. The bosonized action (for k = 1) related to the
vector conserving regularization scheme is given by,

Sylu, A Ay] = /d2xTrJ A+ AL

— % /deT&r[u—lAluA, —A_A], (6.109)

where J,) and J(,) are constructed from the left and right currents of (6.107)
in the usual way. Using the equation of motion one finds the conservation of the
vector current and the anomalous divergence of the axial current,

D,(J"

(v))V =0 D/L(J“

(ax)

1
v =" Fyy (6.110)

The coupling of a left non-abelian gauge field that corresponds to the fermionic
description in the left-right regularization scheme is given by,

2 1
S(LR) [U,, A_,Al] = S+ [U] + i /deTr[(u_lalu + 7141)14_] (6111)
27 27
The associated current divergence is,
_ 1.
Du(Jfp))r = D-J)” ) + Do Il gy = —€¥ Fyp. (6.112)

This expression for the anomalous divergence of the left current is identical
to the result of the loop calculation in the fermionic version regularized in the
left-right scheme.

6.5 Bosonization of systems of operators of
high conformal dimension

Can bosonization, the equivalence map between systems of dimension half
fermions and dimension zero bosons, be extended also to systems made out
of higher-dimensional operators? In particular can one map theories of odd and
even fields of higher-dimensional operators to theories built from dimension zero
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scalar fields. In this section it will be shown that indeed such a map exists for
two families of theories, one with anti-commuting fields and the other with com-
muting ones with arbitrary integer and half-integer dimensions.

The bosonization of the b, c and (3, systems was introduced in [94]

6.5.1 The bosonization of the “b,c” free CFT

We first briefly describe the system. Consider a system built from a pair of
anti-commuting fields b and ¢ which is described by the action,

1 9 . &
= — . .1
She = 5 /d 2bde (6.113)

It is easy to see that this action is invariant under conformal transformation

z—a'2 b— ab and ¢ — a' ¢, namely the b and c¢ fields have conformal

dimensions,?
hy =X h.=(1-)\). (6.114)
The classical equations of motion,
Ob(z,2) =0 Jc(z,2) =0, (6.115)

imply that both fields are holomorphic, namely b(z), ¢(z). Similar to the deriva-
tion of the operator equations of motion using the path integral (1.55) for the
scalar field we find for the (b, ¢) system that,

Ib(2)c(0) = 2m62 (2, 2). (6.116)
This is compatible with the OPE,
b(z)e(w) =: b(z)e(w) . i " c(2)b(w) =: ¢(2)b(w) : P (6.117)

The OPEs b(z)b(w) and ¢(2)e(w) do not have singular parts when w it brought
to z. To compute the energy-momentum tensor we use the Noether procedure.
We vary the b and c fields as follows,

0b = €0b + A(0€)b,
dc = &dc+ (1 — X)(9e)b. (6.118)

For holomorphic &(z) this is a symmetry transformation. Taking now &(z, Z) we
read the energy-momentum tensor from the variation of the action as follows,

U foyoa 1 [
- _ T = — . 11
55c = 5 / @206 = / QT (9b)c — A (bo)] (6.119)

8 We denote by X the dimension of b as is common in the literature. Obviously it has nothing
to do with A used in the previous section on chiral bosons.



6.5 Bosonization of systems of operators of high conformal dimension 161

Thus the energy-momentum tensor is,
T = (9b)c — AI(be). (6.120)
It is straightforward to verify that the OPE of T with b and with ¢ indeed yields
the variation (6.118). From the OPE T'(z)T(w) we read the Virasoro anomaly
associated with the (b, ¢) system,
c=-32\-1)* + 1. (6.121)
The action (6.113) is also invariant under the fermion number transformation,

bh— e’iu’(z)b c — e—ia(z)c. (6122)

Using again the Noether procedure we find that the corresponding conserved
fermion number current is,

j=tbc: 9j=0. (6.123)
From the basic OPE of b(z) and c¢(w) one finds that the OPE of the energy-

momentum tensor and the fermion number current reads,

. 1-2X j(w 0j(w
T(z)j(w) = (z —w)3 (Z]E 11)))2 (ZJ—( Uz)

The (b(2),c(2)) conformal field theory is fully holomorphic. Needless to say
that one can similarly write down an anti-holomorphic system b(z),¢(z). In fact

(6.124)

in Section 2.12 we have already discussed a special case of the b, c family. For
A= % we get the Weyl spinor v of dimension % such that the Virasoro anomaly of
the system is ¢ = 1. Another “famous” case is that of the b and ¢ ghosts associated
with the covariant fixing of two-dimensional diffeomorphism. In this case A = 2
the dimensions of b and ¢ are 2 and —1, respectively and the corresponding
Virasoro anomaly is —26.

Now we raise again the question, can one describe the b, ¢ system in terms of
a scalar CFT? Since the 1,1 is a special case of the b, ¢ system and since we
have already developed the bosonization rules for Dirac and Weyl spinors (see
Section 6.1.1) we start with a similar ansatz for the bosonic version of b and ¢,
namely,

b(z) e: €)1 e(z) e 0B (6.125)

Comparing (6.18) and (6.117) it is evident that indeed this map reproduces the
algebra of the (b, c) system. It is also easy to realize that the fermion number
current has the following bosonic equivalent,

:b(2)c(z) 1 100(2). (6.126)

What is left to determine is whether the energy-momentum tensors of the two
theories and correspondingly the dimensions of the fields match. Obviously the
free scalar action (6.1) which is the bosonic dual of the action of the Dirac
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operator cannot describe the (b,c) systems which are a family of CFTs. We
also need to identify a family characterized by the parameter A of scalar field
theories. A simple way to achieve this is to realize that the energy-momentum
of the general (b,c) system can be written in terms of the spin 1/2 fermion as
follows,

1
T =T% — (/\ - 2) d(bc). (6.127)
Thus following (6.126) the scalar energy momentum has to have the form,
y 1
T =T% - (/\ — 2) 0*¢. (6.128)

This is the energy-momentum of a scalar field with a background charge, or the
linear dilaton theory with ¢ = —i(A — %) The central charge of these theories
was shown to be,

& =14+12¢" =1-321 - 1) ="°. (6.129)

Moreover using the fact that the dimension of an operator : ¢/#¢(*) : was shown
to be % + tkq it is easy to check that,

hes =A=hy heio =1—\=h,, (6.130)

which verifies that the operators mapped by the bosonization indeed have the
same conformal dimensions.

The anti-commutative nature of the b, ¢ system is obeyed also by their bosonic
duals, just as for the case of spin 1/2 fields, namely,

Leit(2) 1 i) o [0(2)0(w)] | gid(w) 1 gid(=) o gid(w) 1 gio(2) . (6.131)

at equal times, namely |z| = |w] since for that case [¢(z), p(w)] = Lim.

6.5.2 The bosonization of the 3, system

The b, ¢ system is built from anti-commuting fields which as we have just seen are
describable in terms of a scalar field. In a complete analogy one would suspect
that a similar bosonization also holds for a system built from commuting fields
with the same structure of action. As we shall see shortly this is indeed the case.
The so-called 3, system defined by the action (6.132),

Sp. = %/d%ﬁév. (6.132)

The fact that now the building blocks are commuting introduces of course a sign
change with respect to the b, ¢ system when one interchanges the fields, namely,

B)v(w) = - V(2)B(w) = : (6.133)
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The energy-momentum tensor is the same as (6.120) when replacing b and ¢
with 8 and 7, respectively. For the Virasoro anomaly one has just to reverse
the sign of that of the b,c system. A distinguished member of this family of
conformal field theories is the case of A = 3/2 which describes the ghost system
associated with the gauge fixing of the superdiffeomorphism. In this case the
¢ = 11. As is well known this combined with ¢ = —26 requires a contribution to
the Virasoro anomaly of 15 of the non-ghost fields which requires ten dimensions
for superstring theories.

The bosonization of this commuting system is slightly more involved than that
of the b, ¢ system. It turns out that now one has to invoke two scalar fields ¢ and
x with the OPEs,

P(2)p(w) =—In(z—w)+... x(E)xw)=h(z—-w)+..., (6.134)

where . .. stands for non-singular terms. The corresponding scalar theories have a
background charge of (A" — 1/2) for ¢ and i/2 for x so that the energy-momentum
tensor of the full bosonic reads,

1 1 1 1
Ty x = —5000¢ + S0xOx + 5(1 = 2X)0*¢ + 0, (6.135)

which yields the desired Virasoro anomaly ¢=1+3(2\ —1)> = —¢, .. The
bosonic operators that correspond to 8 and ~y are,

B(2) e PTXOx 4 s e?TX, (6.136)

which have the conformal dimensions hg = X and h, =1 — X

6.5.3 The Wakimoto bosonization

One application of the 3,7 system enables us to transform the WZW model
into a theory expressed in terms of free fields. Consider a combined system that
includes a (X = 1,0) 3, system and an additional scalar field with a background

7

charge — ok This system is described by the following Lagrangian,

Lwak = B0y + BOF + 0pdep. (6.137)

Alternatively, as was discussed in Section 6.4 one can add to this Lagrangian
i

. _ 2 ] _
density also a term of the form \/WR ¢. The corresponding energy

momentum tensor T'(z) is given by,

1 )
T(2) = —Bdy — ~0pdp — ——— D¢, 6.138
(2) = =0y — 50p0¢ ) (6.138)
and the non-trivial OPEs of these field are given by,
1
7(2)B(w) = +0(z —w) ¢(z2)p(w) = ~In(z —w) + O(z —w). (6.139)

zZ—w
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We define now the following holomorphic currents in terms of the 3, and ¢
fields:

JY =iy/2(k +2)0p(2) + 2 : v8(2)
JT = —i/2(k+2): 0py: (2) — kOp(2)— : Byy: (2). (6.140)

Using the OPEs it is straightforward to determine the OPEs of the currents,

P = e T

P () = fw),

P ) =

TO(2)T* (w) = (;2::}), (6.141)

which are the OPEs of the SU(2) affine current algebra, with level k. Furthermore
the Sugawara energy-momentum tensor,

1 1
T(z)=cri—— |2+ T T+ T JF 142
(2) ) {QJJ +J7J +JJ], (6 )
is identical to the energy-momentum tensor given in (6.138), and the associated
Virasoro anomaly is,

1 3k
—2+4+1-24 - . 14
c=st (4(k+2)> k+2 (6.143)

Since § has dimension one and - dimension zero, their mode expansion takes
the form,

ﬁ = Zﬁnzinila Y= Z'}/nzin- (6144)

Substituting this into the expressions of the currents one finds,
‘]: = ﬂna

J) = in/2(k+ 2)ngn +2 " BuYm—n 1,

m

J_ = _i Vv 2<k + 2) Z SN Yn—m - _kn@n - Z : ﬁl’)/m')/nfmfl s

Im

3

(6.145)
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The large N limit of two-dimensional models

7.1 Introduction

The number of approximation techniques in quantum field theory is very limited.
1

Perturbation expansion in small interaction coupling, like aen = 37 of QED, is
obviously the most important one. Other methods include dimensional expan-
sion, high temperature expansion and large radius expansion. Quite surprisingly,
one of the most useful approximation techniques is expansion in the number of
degrees of freedom. A priori one would tend to think that the larger the number
of degrees of freedom, the more complex the system. However, it turns out that
theories with infinitely many degrees of freedom are much easier to solve than
those with a finite number of degrees of freedom. Once the system with N — oo
is known, a systematic expansion in Ai provides an approximation procedure for
computing quantities that describe systems of finite V.

Large N methods have been applied in a very wide range of physical sys-
tems. Starting from non-critical phenomena in spin systems like the Heisenberg
ferromagnet (discussed in Section 5.14), then SU(N) QCD theories in various
dimensions, and later matrix models associated with either string models or
two-dimensional models.

The large N approximation in field theory or correspondingly the planar
expansion of Feynman diagrams was introduced by ’t Hooft in his seminal paper
[122].

In this book we will focus on four arenas where large N approximations are
being used:

(i) Two-dimensional quantum field theory models, which include the Gross—
Neveu model and the CPY models, will be addressed in this chapter.

(ii) Quantum chromodynamics with large N SU(N) gauge theory in two dimen-
sions. In Chapter 10 of Part 2 the solution of two-dimensional QCD, follow-
ing 't Hooft [124], will be described,! together with a certain generalization
of it.

(iii) The approach to four-dimensional QC'D based on the % expansion.

(iv) Baryons in large N QCD.

I Known as the ’t Hooft model.
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The last two topics will be described in the third part of the book in Chapters
19 and 20.

In Nature the number of colors is three, and thus one may wonder whether
it makes sense to in expand a not-so-small parameter 1/3. Even though there
is no general proof that this expansion is indeed reliable, a vast literature on
the subject brings out a large amount of evidence that indeed this is the case.
It turns out that for certain quantities the % term vanishes and the correction
starts as ﬁ, and hence puts the approximation on a more solid base.

As an example of the accuracy of the large N limit consider the Stirling formula
for N, where the leading term is v/27tN(N/e)" for large N. But the correction
is actually ﬁ as compared to 1, making it only an 8 percent correction even
for N =1.

In the next sections we describe the O(N) model, the Gross-Neveu model and
the C PN models.

There are several review articles on large N expansions, for instance [46], [160],
[165]. In this chapter we make use of [160].

7.2 The Gross—Neveu model

The Gross—Neveu (GN) model, proposed in [117], describes a set of N Dirac
fermions interacting via a four-fermi interaction. It turns out that one can solve
the model, and prove that it is asymptotically free and admits a dynamical
symmetry breaking, using 1/N expansion. The Lagrangian of the system can be
written in the form,

_ A2
Lo =iy Ju + T ("¥" )%, (7.1)

where a = 1...N and ) is a bare coupling of dimension zero. The correspond-
ing action is invariant under a continuous SU(N) global transformation and a
discrete chiral transformation,

U = g gESU(N), ¢ — 59" 9% — 39" (7.2)

The discrete chiral symmetry forbids a mass term. In fact this is the most general
action invariant under these symmetry transformations, with terms of dimension
two or less, and hence it is a renormalizable action.

Let us now check whether in this formulation of the Lagrangian, where )\ is
fixed, one can make sense of a large N limit. Consider the scattering process of
two fermions with flavor index a that turn into a pair of fermions with a different
flavor index b. The leading Feynman diagrams that contribute to this process
are given in Fig. 7.1. The first diagram which is the basic interaction vertex is
of order )¢, the second one is of order A3, the third is of order A2N due to the
N different flavors of the fermions that can run in the loop, and the last two
diagrams are of order AJN?. It is thus clear that the perturbation expansion
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Fig. 7.1. Leading order diagrams for the ¢ + @ — b + b scattering.

expressed in terms of the fixed coupling Ay does not have a sensible large IV
expansion. However, one can easily cure this problem by defining the coupling
A = NN, which is taken to be fixed when N — oo. The Lagrangian now reads,

B A
Loy =" PP + ﬁ(w“ P)?. (7.3)

It is now straightforward to see that the % in front of the interaction term
enables a well-defined large N limit. Consider again the diagrams in Fig. 7.1.
The leading contribution is of order % and the loop corrections are now of order
]’\\/—i, ’]\V—Q and /1\\/:7 respectively. Hence it is obvious that the form of any scattering
amplitude in perturbation theory is +-A(X,1/N), which becomes - A(X,0) at
the large N limit.

To further analyze the system it is convenient to introduce the auxiliary field

o, in terms of which the Lagrangian (7.3) can be written as,
R a 150, N 2
Lo =" Po° +og"y" — S0?. (7.4

Integrating over o or alternatively solving the classical equation of motion for o
and substituting it into the action yields the Lagrangian (7.1). The introduction
of the auxiliary field, which will soon acquire a physical interpretation, is a
standard step in the large N procedure which enables a simplified counting of
powers of %

The Feynman diagrams of the theory for this alternative formulation are then
given in Fig. 7.2, with the full line representing the fermion propagator, and the
dotted line that of o.

Note that the only non-trivial interaction is the 01)%%® term and that each o
propagator contributes % The diagrams Fig. 7.1 that contribute to the scatter-
ing process are converted to those in Fig. 7.3.
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i —iA
] N 1

(a) (b) (c)

Fig. 7.3. Leading diagrams that contribute to the two-to-two scattering.

We would now like to integrate over the fermions and derive an effective
Lagrangian, Legective (). Since the Lagrangian is quadratic in the fermion fields,
Letrective (o) 1s given by the sum of terms (Fig. 7.4).

Note that all diagrams are with an even number of o only, since ¢ is odd under
No? and
the rest are the one loop contributions. Both are of order IV, the latter due to the
N fermions that can run in the loop. The N dependence of Legective therefore

has the form,

the transformation (7.2). The first term is the tree level contribution —

Lefiective (U; A N) = Nﬁcffcctivc (0’, )\) (75)

This makes the counting of powers of % very easy. Consider a graph with E
external ¢ lines, I internal ¢ lines, V vertices and L independent loops. The
parameters (E,I,V,L) are not independent. For each internal line there is a
momentum integration and hence a loop. However each vertex introduces a delta
function in momenta that cancels one momentum apart from an overall delta
function associated with the momentum conservation.

Thus one has,

L=I1-V+1 (7.6)

Recall that each o external or internal line carries a % factor, while each vertex
contributes a factor of N.
Thus the net power N of each graph is,

NTIHVAE = B (7.7)
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Fig. 7.4. Diagrams of Legective (7).

It is obvious from this expression that adding loops and external ¢ lines sup-
presses the corresponding contribution due to additional powers of % Since the
minimal number of o external lines is two the leading behavior is of order %

For the purpose of investigating the possibility of spontaneous breaking of
the discrete symmetry of (7.2), it is enough to compute the effective potential
V(o) rather than the effective action, namely, the limit where all the external
lines carry zero momentum. The effective potential is given by the sum of the
diagrams in Fig. 7.4:

No? =1 2p [ — po 1"
iV =i - Ny =T — 7.8
! ) ;271 r/(27r)2 [pQ —H’e] ’ (78)
1

5 is the symmetry factor of the graph, N' comes from summing over all
possible flavors, —1 from the fermion loop and the expression in the bracket is the

product of the propagator and (ZPQLLG) and the vertex (io). Using the identity,
X 2n

3 gn - —%log(l —2?), (7.9)

where

n=1

and analytically continuing to the Euclidean space gives,

)

The momentum integral is logarithmically divergent so by introducing a cutoff

on the Euclidean momentum p% < A? we find,
o? 1, o?

The effective potential can be rewritten in terms of the coupling A, , renormalized
at a scale u, defined as,

1 1 &’V 1 1 u? 1
/\77- N@|U:u = Y + %bg <A2> + =, (7.12)
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and substitute it into the V(o) to find,

o? 1 5 o?
V=N [2&. + P {log (M2> - 3” (7.13)

The fact that the cutoff disappears obviously implies that the theory is indeed
renormalizable. The 3 function and the anomalous dimension can be determined
by substituting the effective potential into the renormalization group equation
(see Section 17.6),

(10 + BA)Or, =70 (Ar)05] V(o) = 0. (7.14)

We thus find the exact (to all orders of A,) expression of 5(\,) and 7, (A, ), which
take the form,

BA) =— Yo (Ar) = 0. (7.15)

Thus we have deduced that the Gross—Neveu model is asymptotically free,
namely that the effective coupling goes to zero at high momenta. It turns out
that the minus sign ensures this.

Let us now examine whether the chiral symmetry of this theory is sponta-
neously broken. For that we determine the extremum points of the potential.
The vanishing points of the derivative,

dVv o o o?

LN | (logs —2 1

do {)\r *on <Og;ﬂ ﬂ ’ (7.16)
are at

c=0 and o=+oy=Hpue' 3, (7.17)
where

o2
V(0)=0 and V(o) = —Nﬁ < 0. (7.18)

Now since the potential vanishes at ¢ =0 and it is negative at o = %oy, its
global minima are at 0. Therefore the discrete chiral symmetry is broken and
the massless fermions acquire mass which to the leading order is oy.

A further interesting property of the model is the dimensional transmuta-
tion. The bare theory depends on one continuous dimensionless parameter and
the effective theory depends on one continuous parameter with dimensions, oy.
Whereas one may anticipate that observables will depend on the dimensionless
parameter in a complicated way, one finds a simple dependence on the parameter
with dimensions which follows a dimensional analysis.
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7.3 The CPY ! model

Another model that can be solved using the large N expansion is the CPYN !
model. The model is an example of a non-linear sigma model where the fields
live in a complex projective N — 1 space,

_ SU(N)
cPN! = : 7.19
SU(N —1) xU(1) ( )
The Lagrangian of the model can be written as,
A
Lopy =0,270"7 — NJHJ", (7.20)
where ZT = (21,...,2x), namely, an N-dimensional “unit” vector of complex
fields that obey the constraint,
N
7'z = —, (7.21)
A
and J, is given by,
J, = -~ 210,72 — (9,2 7]. (7.22)

2

The Lagrangian describes a theory of massless particles with short range inter-
action which originates from both the explicit JJ interaction as well as from the
constraint. The number of degrees of freedom of the C PV ~! model is 2N — 2.
This is the dimension of the CPY ~! coset space,

SU(N)

dim [CPY '] = dim SOV — 1) % U(1)

=(N*-1)—(N-1*—-1+1)=2N-2.  (7.23)

Differently, we count N complex numbers Z;, namely 2N real degrees of freedom,
minus one degree of freedom due to the constraint (7.21), minus one degree of
freedom due to the U(1) local symmetry,

Z —eZ. (7.24)

It is easy to verify that (7.20) is indeed invariant under this transformation upon
the use of the constraint. In fact one can also write the Lagrangian in the form,

Lopy = 0,010, (7.25)
where ® is a traceless hermitian matrix built from Z and Z' according to,
A 1
b=/ |z22" - < 2
77 -3 (7.26)

It is clear that the local transformation of the above does not change ® and
hence the Lagrangian is invariant under this transformation.

The first step in the large N program is to eliminate the quartic interaction
term, by introducing an auxiliary field in a similar manner to what was done
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in the Gross—Neveu model. However, since the interaction has the form of a
vector times a vector, the auxiliary field should also be a vector. This shifts the
Lagrangian according to,

A N \?
Lopn — Lopy + N (J# + )\AH)

N
ZT"Z + 20, A" + 1A

= [0, —iA,)ZT] (0" +i4,)2], (7.27)

where in the third line we have used the constraint. It is clear from its last form
that the Lagrangian is invariant under the U(1) local transformation,

Z—e"Z A, — A, -0, (7.28)

We now incorporate the fact that the Z are constraint variables by introducing
another Lagrange multiplier into the Lagrangian,

Cory =[(0, - 402 [0 +ia)Zl 40|22 - T (@9

Obviously the path integral over o, or equivalently using its equation of motion,
implies that Z7Z = .

The action is now quadratic in Z, so we integrate out the Z fields similarly to
what was done in the Gross—Neveu model. The Feynman diagrams that consti-
tute the leading contributions to the effective action, which is now a functional
of o and A, are drawn in Figure 7.5.

These diagrams, which include pure o, pure A, and mixed diagrams, are all
proportional to N. The computation of V(o) is similar to that in the GN model,
leading to,

V()= -N [% + % (1og% - 1)] , (7.30)

where A is the cutoff. Again similar to the GN model the cutoff can be eliminated
by performing a renormalization at a scale p,

1 1dv, 1 1 1
— =]+ —(log 7.31
N Ndo " >\+4ﬂ(0gA2>’ (7.31)
so that the potential takes the form,
g g g

It is also evident that the model has a negative 3 function, or differently stated,
for fixed A, and p, when A — oo, A vanishes, namely, the model is asymptotically
free.
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+ + )

Fig. 7.5. Leading order contributions to the effective action.

Again the model admits a dimensional transmutation. The original dimen-
sionless coupling is traded with a parameter oy with dimensions, at which the
potential has a minimum,

v 1 1 o _ 9 _in
e N L\r e (logug)] =0, og=p"e . (7.33)

The following remarks about the model are relevant:

(i) The model admits a dynamical generation of abelian gauge fields. From the
diagrams on the third line of Fig. 7.5 we see that the contribution to Sefective
quadratic in A, is,

iN

(1 —2x)?
i (900" — Dupy / dng

—p?x(l —x) —ic

Now for long range interaction, namely, for small momenta we ignore the p?

term to obtain,

iN
~Tonog =9 0® = Pups],
which corresponds to the followmg term in the effective action,

/ d*zF,, F", (7.34)

Seffective = 487'[0’0

namely an action of an abelian gauge field.
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(ii) The Z fields can be interpreted as bosonic “quarks” in the fundamental rep-
resentation of the group, though transforming in a non-linear way. These Z
quarks are confined due to the dynamically generated abelian gauge inter-
action. As will be shown in Chapter 8, in two dimensions the abelian force
between a quark anti-quark pair is linear in separation distance.



PART II

Two-dimensional non-perturbative
gauge dynamics

In the first part of the book we have developed several non-perturbative tools
for analyzing two-dimensional field theories. These include methods associated
with conformal invariance, with affine Lie algebras and in particular the WZW
model, techniques of integrable massive theories including solitons, S-matrix and
the Yang—Baxter equation, sets of infinitely many conserved charges, the thermal
Bethe ansatz, methods of bosonization and the large N limit approximation.

In this second part of the book the main idea is to implement those meth-
ods in the context of two-dimensional gauge dynamics aiming at extraction of
the mesonic and baryonic spectra of two-dimensional QCD, decoding the con-
fining behavior, versus a screening one, and analyzing models with other quark
representations and models of generalized QCD.

The most important tool that will be used for this purpose will be bosoniza-
tion. It will enable us to easily solve the Schwinger model, derive the baryonic
spectrum of QC'Ds using a strong coupling limit, determine the screening nature
of massless QCD models and compute the string tension for the massive ones.
Using the large N approximation we will extract the mesonic spectrum of QCD.

In two respects this part is an intermediate stage on the way to four-
dimensional gauge dynamics. Firstly, as was just mentioned, we will gain expe-
rience from applying non-perturbative methods on the simpler two-dimensional
models, which will serve us when using them in the context of “real” physi-
cal systems. Secondly, two-dimensional gauge systems will serve as a toy model
laboratory of four-dimensional ones. As will be shown in the third part of the
book, certain aspects of two-dimensional physics will survive the transition to
four dimensions. Obviously the challenge will be to identify those phenomena
and devise some additional tools to handle the other cases.
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Gauge theories in two dimensions — basics

As an introduction to the cast of characters of two-dimensional gauge theories,
we briefly summarize here the basics of pure Maxwell theory, QED, pure YM
theory and QCD. This includes the corresponding actions, symmetries, equations
of motion and their solutions.

The basics of gauge theories in two dimensions is “standard material” which
appears in many books and review articles, for instance [66], [178], [1] and [2].
For treatment in non-covariant gauges see [28].

8.1 Pure Maxwell theory

The simplest theory of gauge fields in two dimensions is obviously the abelian
Maxwell theory defined by the classical action,

1
S = /sz [4F,WFW} , (8.1)
where the field strength
ELV = a/LAI/ - &/Au (82)

has, in two dimensions, only one non-trivial component F; = Fig = —Fp; =
01 Ay — Oy A;. The action is invariant under the full global two-dimensional con-
formal symmetry SO(2,2), discussed in Section 2.1, which includes in particular
the I50(1,1), where I stands for inhomogeneous, namely adding the momenta,
thus going over to the Poincare group from the Lorentz group. The action is by
construction also invariant under the gauge transformation,

Ay(z,t) — Ay(z,t) + 0, Az, t). (8.3)

The canonical dimension of A, is clearly zero. The corresponding equation of
motion reads,

0'F,, =0 0k =0Ei =0 — E; = constant. (8.4)

Thus we conclude that the two-dimensional Maxwell theory is an empty theory
on an R"! manifold. On such a space-time requiring finite energy implies that
E; = 0. This is of course not surprising. In d-dimensional space-time the number
of degrees of freedom of an abelian gauge field is d — 2 and hence there are no
degrees of freedom in two dimensions.
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8.2 QED, — Schwinger’s model

Next we couple the two-dimensional abelian gauge fields to a Dirac fermion. The
Lagrangian density of this model is given by,

1 _
L= _ZF#VFNV +V(Eg—eX —m)¥

= L(OA— DAY + 130 + 3100 + e bA + et GA — m(uh 4 1),
(8.5)

where in the second line the action is expressed in terms of the light-cone deriva-
tives and components of the gauge fields, and the Dirac fermion is decomposed
into its left and right chiral fermions, as discussed in Section 3.8. It is evident
that with the gauge field having a vanishing dimension, the gauge coupling e has
a dimension of mass. Thus the action is not invariant any more under the two-
dimensional global conformal symmetry, but rather only under the 1.50(1,1)
Poincare group. For the massless case, the action is classically invariant under
the global transformations,

U — e U ey
b — @)y gila=d) ] (8.6)
In fact the left and right chiral transformations, for the massless case, can be

lifted also into holomorphic and anti-holomorphic transformations, as was dis-
cussed in Section 3.7.1. The corresponding vector and axial currents

JE =0 Y = Uy W
J =l T =9 (8.7)

Again by construction the action is also invariant under the gauge transfor-
mation,

) 1
U efv,A(;t,t)\I/ AN (Z‘,t) — A# (x7t) + gauA(x,t) (88)

Quantum mechanically the axial current is not conserved even for the massless

case due to an anomaly,
e vV

o, = %ewF‘“ . (8.9)

We will derive this result using the bosonized version, see Section 9.1. Unlike

Maxwell’s theory, this theory has non-trivial degrees of freedom. However, once

again the gauge field is not dynamical. This phenomenon can be easily demon-

strated in the axial gauge A; = 0, where the other component Ay can be solved

I The Schwinger model was introduced in [190] and further analyzed in [68] and [64].
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as a function of the electric current. The resulting electric field is,

0
By = —Fy = —ed; " Jy — ;—n Jo = O, (8.10)

0 is a new parameter in the theory, the vacuum angle.? In Part 3 of the book
we will describe its four-dimensional analog which is the vacuum angle due to
QC D, instanton tunneling.

The massless Schwinger model can easily be solved using the anomaly equa-
tion combined with the equation of motion of the system. This will be done in
Section 9.1 using the bosonized version where we also address the massive case.
In Chapter 15 we determine the spectrum of the massless case using a BRST
quantization approach. In Chapter 14 we analyze the nature of the system and
determine when it confines and when it admits a screening behavior.

8.3 Yang—Mills theory

It is straightforward to generalize the action of the Maxwell theory (8.1) to the
non-abelian case.®> The gauge fields are now in the adjoint representation of a
non-abelian gauge group G. We will mainly be interested in the groups SO(N.,),
U(N.) and SU(N.). Thus A, is an N, x N; either orthogonal, or hermitian or
traceless hermitian matrix of the form A, = 7 AE where t? are the generators
of the group, B =1, ...,dimG and dimgG is the dimension of the corresponding
algebra [N, (N. — 1), N2 and N? — 1, respectively]. The field strength is now,

Eti/ = a,u,Au - 8VAM + i[AuyAu]
F., =0A - 0A +i[A A, (8.11)

where again we write it out in light-cone coordinates. The action of two-
dimensional Yang—Mills theory reads,

1 1
Sy no = /d% {—QQTr(FM,Ff“’)] = /d% {—F“WF‘”“’] , (8.12)
ec

4e2
and the corresponding equations of motions are,
D,F" =0,F" +i[A,,F'"'] =0. (8.13)

Note that we have rescaled the fields A by a factor of the gauge coupling, as
compared with the abelian case. Note, however, that this does not affect the
dynamical dimensions, namely the space-time behavior of Green’s functions.

In this formulation A, has dimension one and so is the dimension of the color
gauge coupling e.. Again since the coupling constant has a dimension of mass
the classical theory is not invariant under the full global conformal symmetry,

2 The # angle was introduced by Lowenstein and Swieca [152] and also by Coleman [64].
3 The Yang-Mills non-abelian gauge theory was introduced in the seminal paper [229].
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but only with respect to the ISO(1,1) Poincare transformations. The action is
invariant under a non-abelian gauge transformation, which in infinitesimal form
is,

Ay — A, + DA = A, +8,A+i[A,, A, (8.14)

where A = t4A4. A priori this is not a free theory, but rather an interacting
one. However, in a similar manner to Maxwell’s theory, this model too on an
RY! manifold has no dynamical degrees of freedom just as the abelian model.
This can easily be seen by fixing a gauge, for instance Ay = 0. In this gauge the
equations of motion read,

QF =0 0, F' +i[A,F''] = 0. (8.15)

From the first we get that 024, = 0, and thus A; = fi(z1) + xo f2(z1). Using
the residual gauge invariance, of gauge transformations that depend only on 1,
we can go to f; = 0, and then the second equation implies that f> is a constant
C, which yields Fj; = C, and then again the requirement of finite energy results
in C' = 0. This will also be shown in a complicated way using a BRST approach
in Chapter 15.

When the underlying manifold has a non-trivial topology like that of a torus
then the theory is not totaly empty but instead has topological degrees of free-
dom. This will be described in Section 16.

Finally, the non-abelian case is different from the abelian in higher dimensions,
as the former is not free there. While the abelian case represents free photons,
the non-abelian case represents interacting gluons, which turn to interacting glue
balls in the physical space.

8.4 Quantum chromodynamics

The theory of non-abelian gauge fields coupled to Dirac quarks in the fundamen-
tal representation of the gauge group, QC Dy, is described by the action,

Socp, = /de{—%ﬂ(FﬂyFﬂ”) — 0 (ig— X +m)\IfZ-]a}. (8.16)

The action is invariant under two-dimensional Poincare transformation and
the non-abelian generalization of the gauge transformation of (8.8), which in
infinitesimal form is,

6V, = —i[A(z, )20, §A,(2,t) = 0, A(z,t) +i[A,A], (8.17)

with the non-abelian A = A4Ty,. ¥ is in the fundamental representation of
the gauge group which we take to be SU(N.) where a=1,..., N, denote
the color indices. As was discussed in Section 6.3.4 flavor degrees of freedom
have been included by assigning a flavor index to the Dirac fermion ¥;, ¢ =
1,..., N;. For this case the theory is obviously invariant classically under a global
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UL (Ny) x Ur(Ny) symmetry. Here there is no anomaly, as in 2d the anomaly
occurs via the abelian gauge field only.

In a similar manner to the transition from the empty Maxwell theory to
the dynamically viable Schwinger model, so is the transition from the two-
dimensional pure Yang—Mills theory to QCD,. The difference, however, is that
in the non-abelian case, even for the massless case there is no simple way to
solve the theory. Instead we will need to implement various different techniques
developed in the first part of the book. In the next section we will describe both
QED and QCD in two dimensions using the bosonization language. This will
enable us to solve for the baryonic spectrum in the strong coupling limit. In
Chapter 14 the string tension of several two-dimensional dynamical systems will
be computed. An analysis of the spectrum of these theories will be derived using
the BRST quantization approach in Chapter 15. In Chapter 10 we present the
seminal 't Hooft solution of two-dimensional QCD in the large N limit. A current
algebra generalization of the latter approach will enable us to solve the mesonic
spectra of certain models. Finally in Chapter 12 we will implement a discrete
light-cone quantization approach to solve QCD in two dimensions with quarks
in the fundamental as well as the adjoint representation.
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Bosonized gauge theories

Bosonization, the equivalence map between two-dimensional fermionic and
bosonic operators, was developed in Chapter 6. In fact several such maps have
been described. The simplest one has been the abelian bosonization that maps
the free theory of a Dirac fermion into that of a single real scalar field. The map
includes in particular an explicit bosonic expression for the left and right chiral
fermions (6.19), the vector and axial abelian currents (6.3) and for a mass term
(6.22). Using these transformations it is straightforward to write the bosonized
Lagrangian or Hamiltonian that corresponds to two-dimensional QED and QCD.
By its nature the abelian bosonization is more adequate to the abelian theory
of QED. The bosonized version of QED will be discussed in the next section.
We then apply this bosonization to QC Ds. Though it is possible to write QC D,
in an abelian bosonization formulation, it will turn out not to be very useful.
Instead, we will use the non-abelian bosonization discussed in Section 6.3. For
that purpose we will need to gauge the WZW action. Once this is done the
bosonized version of massless flavored QC D, follows easily. The massive case
requires more care, as was explained in Section 6.3.3. Using the results of that
section the full bosonized theory that corresponds to massive flavored QC Dy will
be written down.
References on bosonization were given in Chapter 6.

9.1 QED, — The massive Schwinger model

Recall that the fermionic Lagrangian of this model is given by,

1 —
L= FuF" + Ui — e ) —m)b. (9.1)

The Hamiltonian density of the system in the A; = 0 gauge takes the form,
1
H= \I/(Z’ylal + m)\I/ + = (F()l) .

In bosonic variables, using (8, 10), the Hamiltonian becomes!

1 e (10 ?
H=: 57[24— (81¢) ——cos(?fé) (Zf gb) ] s

I The treatment of the bosonized Schwinger model was done in [68] and [64].
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where ¢ is the constant of bosonization and the normal ordering is with respect
to the mass m, as was explained in Section 6.1.1.
After a shift in the definition of ¢,

v
ﬁ’

and normal ordering with respect to p = e/+/7, one finds,

1
¢—>¢+§

1 1 1
H = <2n2 +5(010)” + Su*6” %cos(a + 2ﬁ¢)> . (9.2)

From this expression the periodicity in € is manifest. The angle @ is the conjugate
to the winding number, appearing in two dimensions for the abelian case, since
I [U(1)] = Z (looking at a circle of large radius in the two-dimensional plane).
Physics is invariant under § — 6 + 27t. From (8.10) it is clear that % corresponds
to a background electric field. The periodicity is due to the ability to produce
electron-positron pairs in the vacuum when |%\ > %e, and these pairs create
their own electric field which reduces the original one.

When we set m = 0 we discover that the massless Schwinger model is in fact
a theory of one free bosonic field with a mass equal to p.

In the strong coupling limit, the bosonized form of the Hamiltonian is very
useful. The theory contains a meson of a mass that is approximately u, and the
number of bound states depends on the value of #. It can be shown that there
are no bound states for |0] > 7t/2. For 0 < |0] < 7t/2 there is a stable two-body
bound state, while for 8§ = 0 there is also a three-body bound state.

Note that even though the Hamiltonian density (9.2) resembles that of a sine-
Gordon model, it does not admit soliton solutions due to the mass term 1 p?¢?.
We will come back later to analyze this bosonized Hamiltonian, in the con-
text of the question whether the system admits screening or confinement in
Chapter 14.

Finally, let us show how the anomaly arises in the bosonized version. The
equation of motion for the electromagnetic field is,

OMF,, =eld,. (9.3)
The vector fermion current, in bosonic version, is (6.9),

1 (63
Jo = =6, (9.4)

Taking the time component, we get,

8 (Fw - ;ﬁ) —0. (9.5)

From here, with the vanishing conditions at space infinity,

Fio = ——¢. (9.6)

B
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Now, the axial current, in bosonic version, is (6.12),

b= \iﬁ[aw. 9.7)

For the case of a massless fermion, the scalar field is a free field of mass and

f’

S0,
a/LJZI = T = :*F()la (98)

which is the anomaly equation.
Note that in the bosonic version, the anomaly is a result of the equations of
motion, while in the fermionic one it is the result of one loop.

9.2 Abelian bosonization of flavored QCD-

Let us now apply the prescription of flavored Dirac fermions for the analysis
of QCD,. It is convenient to start with the Hamiltonian of the theory in its
fermionic formulation which we derive from (8.16),

N¢ ) Nc¢  Np N¢ Nr
H = (e,)? Z (EB0) + Z Z\I’M% (1620 — AL) Wy, +mZZ‘If“‘Pai,
ab=1 ab=11i=1 a=1i=1
(9.9)
in the gauge,
Ag=0; Ay =0 fora=b; Ef =0 fora#hb. (9.10)
The Gauss law of the system is given by,
1 Np a Nr Ng¢
a _ ; a - tai ) tdi
0By = ilA, EJj + 5 ;\IJ Uy, — 2N 2;@ Wy (9.11)

Bosonizing now the various parts of the Hamiltonian one then gets,?
H=Hy + Hp — H'

cmpy

HY = % [+ Gr6a + T (- con2v )

2
Z(%i - ¢bi)]

:L Ea#bEUKu abN l:cos ﬁ/ (7Tai — Taj + Tbj — Wb?)(g)dfil

e
He = 0N, Z

2¢2
T

H =

[sin(V7t(¢ai + daj — Bbj — D6i)(€))] [Z(%k - ¢bk)1 ; (9.12)

ab

2 Abelian bosonization of two-dimensional QCD was discussed in [24] and [201] and was further
elaborated in [62].
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HY, is the free “fermionic” part, after bosonization, thus in terms of bosonic
variables; Hp is the first term of the Hamiltonian (9.9) rewritten in terms of the
boson variables corresponding to the fermions, by eliminating the electric fields
through the Gauss law. Thus although originally coming from the kinetic part of
the gauge potentials, it actually involves the interactions. This is a result of the
fact that there are no transverse vectors in 1+ 1 dimensions. Kfjb is a properly
generalized ordering operator.?

In the case of one flavor, i = j = 1, H' does not involve the 7 variables.

The interaction involves non-local terms which relate to color non-singlets.
For static and e. — oo approximations one finds that for Ny = 2 the interaction
is field independent. For Np > 3, on the other hand, the limit is singular. This
singularity should not be there in the predictions of physical quantities, but it
renders any further treatment very complicated.

It is thus clear that a different method of bosonization is required for the
treatment of flavored QCD;. In the following it will be shown that the “non-
abelian bosonization”, based on the WZW model discussed in Section 6.3, is an
adequate tool for this purpose.

Before proceeding to non-abelian bosonization and in particular to gauge the
color symmetry group of the colored-flavored WZW model, we describe briefly
another approach, in which the flavor sector appears in the form of a WZW
model, but for the color degrees of freedom the gauged abelian bosonization is
invoked. As we have seen above one can use the Gauss law to express the gauge
fields in terms of the appropriate fermionic bilinear, which translate into bosonic
group elements as,

. )
201e, = Z glieg,, = — O Trp (log gu), (9.13)
where g, € U(Np) is one out of N such matrices, and e, = 2y/7tE¢, the diagonal

element. One can also express A” for a # b in terms of fermion densities. Inserting
these into the QC' Dy Hamiltonian one gets,

H=H +H
I (e)? —~1y12 2 Tr(gag; ")
= — ——|Trl o - S —
H ; 327'[2NC [ rlog (g gb )] ;7’[}1/ T‘rlog(gag,jl)

+> " mep/NeTr(ga), (9.14)

H" includes the fermion kinetic term. For Np = 2 the potential is free from
singularities, for Ng > 3 it is not. In the case of Np = 2 the low lying baryonic
spectrum can be extracted. Here we will not follow this approach further and
instead will move on to the fully non-abelian bosonization.

3 See Cohen et al. [62].
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9.3 Non-abelian bosonization of QCD,

Whereas abelian bosonization has been very useful to address various abelian
systems, we have seen in the last section that the implementation of this approach
to QCDs is quite limited. Instead the natural approach is to make use non-
abelian bosonization, namely, the WZW action.* Recall from Section 6.3 that
the bosonized action of massless free colored flavored fermions can be expressed
either using an SU(N¢) x SU(Np) x U(1) scheme where it reads,

1
S = NCS[g} + NFS[h] + §/d2x8ﬂ¢6“¢, (915)
or a U(Np x N¢) where the action takes the form,
1
Slu] = NeSlg] + Ne Sl + / (8, 60" 6+ S[i]). (9.16)

Note that [ is still an SU(N¢ Nr) matrix while g and h are expressed now as
SU(Nr) and SU (N ) matrices, respectively, but the matrix [ involves only prod-
ucts of color and flavor matrices (not any of them separately). For massive Dirac
fermions we can use only the latter frame in which the mass term action reads,

Sy [u] = m >Ny, /deTr(u + ul). (9.17)

To determine the bosonized action of two-dimensional QC'Dy one needs to
couple the colored degrees of freedom to the gauge fields. Thus, we first have to
gauge the WZW model.

9.3.1 Gauging the WZW action

Since there are two possible bosonization schemes (for the massless case) we
need to invoke a gauging procedure for both of them. We start first by gauging
an SU(N¢) WZW model which is what is needed in the product scheme, we
later adopt it also to the U(Np x N¢). Gauging the colored WZW is achieved
by gauging the vector subgroup SUy (N¢) of SUL(N¢) x SUg(N¢). There are
various methods to gauge the model. Here we present two of them. One is a trial
and error method, and the other is by gauging via covariantizing the current.
Those methods are applicable also in the U(Ng N¢) bosonization scheme.

The gauging of the WZW model and the full non-abelian bosonization of QCD
in two dimensions was analyzed in [75] and [99]. Bosonization of QCD in two
dimensions was reviewed in [101].

Trial and error Noether method

The WZW action on the SU(N¢) group manifold is, as stated above, invariant
under the global vector transformation h — UhU !, where U C SU(Nc). Now

4 The hybrid of abelian and non-abelian bosonizations was implemented in [107].
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we want to vary h with respect to the associated local infinitesimal transforma-
tion U = 1 +ie(x) = 1 + T (2),

Sch =ile,h], 6h~ =ile,h '] (9.18)
The variation of the action S(®)[h] = S[h] under such a transformation is,
5.5 ] = — / LaTr(@,e "), (9.19)
where the Noether vector current is given by,
J, = ﬁ{[lﬂaﬂh + hd,h'] — €, [A10"h — hd" h1}. (9.20)
We introduce now the first correction term S given by,
s = /deTr(AuJ“) 5, SWIR] = —/szTr[al,e(J“ FIL (9.21)
The variation of S(!) is derived using the infinitesimal variation of the gauge field

6A, = —Dye = —(d,e +i[A,,€]). J* is found to be,

’

-1 v v
J, = H{[hTAMh +hA, bt —2A,] —e,,[hTA”h — hA”hT]}. (9.22)

The second iteration will be given by adding S?), where now J s replacing
JH

S = / aTe(A,J "), 6.8 [h) = -2 / Az Tr(0,eJ ") (9.23)
It is therefore obvious that,
5. {s@) +8sW - 75 } =0. (9.24)
Hence the action we are looking for is S[h, 4,] = [ + 1) — 15()] given by,
S[h, A, / d*xTr(D, hD" h)
1

12 dsys”kTr(hT@ h)(hT;h)(h1Oyh)

e / d*we,, Te[iA* (W10 h — ho” Bt + it A”R)],  (9.25)
which can also be written in light-cone coordinates,
Slh, A, ,A_] = S[h] + i /d%cTr(A+ ho_h' + A_h'o, h)

1
——/deTr(AJrhA_hT —A_A). (9.26)
Y

Gauging via covariantization of the Noether current

In four space-time dimensions the current, in terms of bosonic matrices, involves
up to third power gauge potentials. In D space-time dimensions the bare current
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will contain (D-1) derivatives, and is gauged by replacing the ordinary derivatives
with covariant derivatives and by adding terms which contain products of F),

with powers of h and A" and also covariant derivatives D,h and D, ht. In two
dimensions, however, there is no room for such terms in the gauge covariant

current, as these involve ¢, . in D dimensions, with one free index and the

kD
others contracted with F),,s and D,s, and in two dimensions they cannot be

constructed. Therefore the covariantized current is given by,
Ju(h,Ay) = i{[h*D#h + hD, k] — £, [hiD"h — hD" A1)} (9.27)

Knowing the current we deduce the action via, J, = 6‘%, getting (9.26) directly.

Finally, we combine the gauged WZW action of the color group manifold, the
WZW of the flavor group manifold and the action term for the gauge fields, to
get the bosonic form of the action of massless QCDs. The well known fermionic
form of the action is (a mass term will be added later),

J= [ @e{ g P — v v ) (029)

where e, is the coupling constant to the color potentials (note it has mass dimen-
sions in 141 space-time), and,

Fu =0,A, —0,A, +i[A,, Al (9.29)
The bosonized action is,

1
Slouh A v A-] = Neslgl + Neslnl + 5 [ @ x 0,00

+]2V;/d2xTr[ (A, hd_hT + A_htd, h)
— (A hA_RT —A_A,)]
5 d*aTyF,, F". (9.30)

9.3.2 Multiflavor QCD, using the U(Np x N) scheme

Let us now repeat the gauging of the SUy (N¢) subgroup in the framework of
the U(Np x N¢) bosonization procedure.

Using the gauging prescription discussed in Section 9.3.1 we first get the action
in which the whole SU(N¢ Nr) is gauged, namely,

Slu, Ay, A_] = S[u] + i /deTr(fhu@,uJr + A_uto,u)
1
— %/deTr(fhuA,uT —A_AY)

+m 2Ny, /d%‘Tr(u +ul), (9.31)
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where we have also added a mass term with m'2 = mgcm. Now since we are
interested in gauging only the SU(N¢) subgroup of U(NyNc), we take A, to
be spanned by the generator TP C SU(N¢) via A, = e, ADTP. We then add
to this action the kinetic term for the gauge fields ——2+ [ d?aTr(F,, F*"). The

2e)?
coupling e; is related to the color gauge coupling e. by e; = v Nre,, so that
after taking the trace over flavor we get the expected kinetic term with coupling
e.. The resulting action is invariant under local color and global flavor,

u — V(z)uV 1 (z), A, = V(z)(4, - iaﬂ)Vfl(x); V(xz) C SUy (N¢)

w— WuW™t, W c U(Np).

The symmetry group is now SUy (N¢) x U(Ny), just as for the gauged fermionic

theory. We choose the gauge A_ = 0, so now the action takes the form,
Slu, Ay] = S[ul + =5 [ d®2Tr(9-Ay)? + 55 [ dP2Tr(A ud_ul)
+m 2Ny, [ d22Tr(u+ub). (9.32)

Upon the decomposition u = gﬁle_z\/ﬁé, we see that the current that cou-
ples to A, is hd_h'. In terms of u it is the color projection (ud_u')c =
Nl—FTrF [u0_ul — Nl—cTrcua_uT}. Thus the coupling of the current to the gauge
field o= [ d?2Tr(A. ho_h').

We can further manipulate the action to a form which will be convenient
for taking the strong coupling limit (see Chapter 13). We define H(z) by
O_H = ihd_h'. We take the boundary conditions to be H(—oco,z_) =0 and
then integrate out A, obtaining,

S[u] = S[u] — (£)? N [ d22Tr(H?)
+m 2Ny, [ 2 Tr(u+ ulb). (9.33)
In Chapter 13 this form of action will constitute the starting point of determining
the baryonic spectrum of QCDs in the strong coupling limit. In Chapter (14)

we will use this action to analyze the string tension and the confining behavior
of massive QCDs.
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The 't Hooft solution of 2d QCD

Two-dimensional quantum chromodynamics involves an SU(N) symmetry
group. We saw that models get simplified in the large N limit, and so we would
like to examine the question of whether the large N limit QCD in two dimensions
can be solved. This question was addressed by 't Hooft who showed that indeed
QCD, in this limit is almost exactly soluble. The simplest Green’s functions
can be solved in closed forms and the meson spectrum can be extracted by a
non-elaborate numerical computation.

This was derived by 't Hooft in his seminal paper [124], and it had many
follow ups. In this chapter we consider only [56], which discusses the scattering
properties of QCD in the large N model.

Recall the action of a two-dimensional QCD,

1 = .
Socp = —§Tr[FWF‘“’} + Wi (i I —my )Wy, (10.1)

where the gauge fields are spanned by N x N Hermitian matrices T4 such that
A, = AﬁTA, F.=0,A —0,A, + iﬁ[A#,A,,], the covariant derivative D, =
Ou + iﬁA#, the fermions ¥ are in the fundamental representation of the color
group and ¢ = 1,..., Ny indicates the flavor degrees of freedom. There is a sum
over the flavor indices. Note that the gauge coupling was chosen to be ﬁ,
obviously to accommodate a large N approximation with g fixed.

It is convenient to impose the algebraic light-cone gauge. This gauge is advan-

tageous at least for the following two reasons:
(i) The field strength F, _ becomes linear in the gauge potential,
A+ = Af = 0 = F+7 = _87A+. (102)

ii e theory after gauge fixing is still Lorentz invariant. This is obviously a
ii) The th ft fixing is still L tz i iant. This is obviousl
property of two dimensions only.

In this gauge the Lagrangian of the system becomes,

1 i (s g
L=—-Tr[(0_-A )|+ (i@ — mp — —=7_A, | Uy. 10.3
S0 A P+ 0 (0= mi— Loaia Ju (03
Recall that in the light-cone gauge there are no ghost fields.
The Feynman rules associated with this action in the so-called double line
notation follow from Fig. 10.1, as explained below.
In the following we shall be taking one flavor, for simplicity.
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Fig. 10.1. The Feynman rules of QCD> in the light cone.

Fig. 10.2. The quark self-energy.

The light-cone gamma matrices obey the relations,
V¥ =42=0 {4,y }=2 (10.4)

Since the vertex is proportional to y_, only that part of the propagator that is
proportional to v, can contribute. As a consequence we can eliminate all the ~y
dependence from the Feynman diagrams. Thus the double line, representing the
—ik_ . .
m, and the coupling is 2g.
Note that for the gauge field propagator one makes use of the principal value

such that,
P =P () =3[ w109

gluon propagator, is 1%’ the fermion line is

The dressed quark propagator and the quark self-energy, given in terms of the
diagrams in Fig. 10.2, obey the coupled equations,

ip_
S(p) =
(7) 2pip— —m? —p_%(p) +ie

S(p) = g’ / %S@ —BP (@) , (10.6)
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where ¥ is the v, part, the only part that appears in the self-energy in our gauge.
If we shift the integration variables p, — k. — —k, we eliminate the dependence
on p; . Hence ¥ is only a function of p_. Due to its Lorentz structure it implies
that ¥ must be a constant times p%, namely m? + p_¥ = M?. Thus in the
leading large N the sole effect of the interaction, for the propagator, is to replace
the quark mass m by a renormalized quark mass M.

Integrating over k; we get,

5= % /dk,sgn(p, k)P ((ki)2> __9 (10.7)

and hence,

2
M2=m? - L (10.8)
Tt

In the original treatment of 't Hooft, the regularization employed was not of
principal value, but rather of a sharp cutoff, namely integrating over |p_| > .
This avoids the infrared divergence as well, but introduces a new scale, which is
not gauge invariant. Obviously, one has to check that Green’s functions of gauge
invariant operators are independent of A when A — 0. Thus we find that,

2 Sgn
(p) = B(p-) = - L ( gA(p) - pl_) , (10.9)

and correspondingly the dressed quark propagator is,

S(p) = T (10.10)
2ppp- —m? 4+ L — El e
Now the pole of the quark propagator is shifted towards k, — oo and hence
there is no physical single quark state.

Let us consider now the spectrum of the mesonic bound states. The propagator
of the meson is given by the sum of diagrams as is shown in Fig. 10.3.

This ladder sum is exact in the planar limit that follows from the large N
approximation. If the propagator has a meson pole, then the ladder diagrams
have to obey the Bethe—Salpeter equation as in Fig. 10.4.

The “blob” is the Fourier transform of the matrix element,

¢(p, q) = F.t. <meson|T4)(x)(0)[0>,

with external legs of a quark of mass m, momentum p, and an anti-quark of mass
m and momentum p — ¢ (for simplicity, we take one flavor, and so the same mass
for the quark and anti-quark). The Bethe—Salpeter equation reads,

~ . 9 d’k 1 ~

0.0 = ~4ig* 5w~ 050) [ 5P (Gt ) dthe (01

Defining

dlp—.q) = /dp+<13(p, q),
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-3

Fig. 10.3. The Green’s function of the quark bilinear.

o ©

Fig. 10.4. The Bethe-Salpeter equation.

p-q

p

we get,

2
g
o) =~ [ans-0s) [ap(
The integral over p; can be done explicitly

I(p-.q) = / dps S(p— 0)S(p)

1

“L_ﬁy)akﬂyumm

4 1 1
a P+ 2p. — _M2ie] o _ M2oie]’
(p+ —a+) r—— P+ P

If p_ is outside the interval [0,¢_] then the two poles are on same side of the
real axis, and the integral vanishes. When p_ is inside the interval, the integral

is (taking gq_ > 0),
M? M?
ST
p

(10.13)

so that,

M: M A v
2(J+—p_—q__p_)]¢(PaQ)— 7_[/0 dkP((k__p_)2>¢(k’q)'
(10.14)
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Defining = and y by,

and,

2qq- = 11°,

one finally gets 't Hooft’s equation,

2 2
o) = |2 4

1
Mw—94®(12wm (10.15)

l—z T x—y)

with ¢(z) defined on the interval [0, 1].

The equation cannot be solved analytically, but one can compute the wave-
functions that correspond to the various states numerically.

Before describing these solutions let us further discuss the equation. In fact
one can derive the equation using a light-cone Schrodinger equation. In the light-
cone coordinates a system is specified at 27, and its dynamics is generated by
P, , the generator of translations of z*. Since the latter commutes with P_,
the generator of translations of 7, it is useful to use the eigenspace of P_.
For example, for a free single particle of mass M, 2P, = %
that unlike the ordinary Schrédinger formulation which is expressed in terms
of a real line, the spectrum of P;, in the light-cone case the spectrum of P_ is
the positive half-line. For a system of two particles one can always choose to

. Note however

normalize the eigenvalue of P_ to be one, so that the eigenvalue of the oper-
ator on one of the two particles is  and the on the other it is 1 — z, such
that for two non-interacting particles 2P, = Ai—q + % This yields the first two
terms in (10.15). The other term, the integral, is just a linear potential term.
If we interpret temporarily = as a position operator, then the operator form of
(10.15) is,

M2 M2
2P, = — +
x

— g*Ip|. (10.16)
This is the Hamiltonian of a massless particle moving in a potential and restricted
to a box [0, 1]. This guarantees that the spectrum is discrete and there is no con-
tinuum of two free particles. Moreover we can go further with this interpretation
and argue that at least for high-level states the eigenstates are like those of a
free particle in a box namely,

b, ~ sin(nnz), pd =~ g*mn, (10.17)

for n =1,2,... These states furnish a linear “Regge trajectory” with no con-
tinuum. We will verify shortly that for large n this is indeed the structure of
the eigenstates and eigenvalues. Since the renormalized quark mass becomes
tachyonic for large coupling constant g (eqn. 10.8) one may wonder whether the
mesonic bound states can also be tachyonic. It turns out that this cannot occur.
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From (10.15) it follows that,

i / o) Pz = m? / o |5+ 1;} da
dx/ ”‘b )|. (10.18)

To solve the 't Hooft equation (10.15) we need to specify the boundary condi-
tions.
At x =0 (z = 1) the solution may behave like 7 ((1 — 2)*?) with,

76 cot g(r8) + ”2242 —0. (10.19)

Let us define the “Hamiltonian” of the system as the right-hand side of equation
(10.15), namely,

o) = [ M o - & [Cap (L o 020

This Hamiltonian is Hermitian only when acting on the space of functions that
vanish on the boundary, as can be seen from (10.18). Using the latter one can
show that ¢, with ¢, (0) = ¢, (1) = 0 constitute a complete orthonormal set,

Z(bn n —5(1’—.’E)

/ Qb:: (@) (x)dz = Gy - (10.21)
0

Since the integral in (10.15) gets its main contribution from y close to x and
since for a periodic function we have,

P(/l il d) p(/w il d) | 10.22
[ ~ [ :—Ttwe‘“ .
L @ Y | (10.22)

then the configurations given in (10.17) are a good approximation of the eigen-
states of the system. The numerical solutions of eqn. (10.15) are drawn in
Fig. 10.5.

In this figure the mass spectrum of mesons is shown for various values of quark
mass. In cases when the mass of the quark and anti—quark are not equal, the term
[Ai—z + %] in (10.15) is replaced by [ 1y MZ =]

The masses and wavefunctions cannot be determined in general in an analytic

form. However in certain limits one can write down approximate expressions. In
[52] it was shown that the highly excited states n > 1, where n is the excitation
number have masses given by,

(Mines)? Nng2N(n+i)+(m§1+m?,) n(n) +C(mj, ) + C(m; )*O(n>
(10.23)
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3n?
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0 1 2 —n 3
Fig. 10.5. The spectrum of mesons. The squared masses are in units of % [124].

where m,, are the masses of the quark and anti-quark and where the functions

C(m}) are given in [52].

The opposite limit of low-lying states and in particular the ground state can
be deduced in the limit of large quark masses, namely m, > g and small quark
masses g > m,. For the ground state in the former limit one finds,

MUIES = m(h + qu . (1024)

7 [g*N,
g,/g —<(m1 +my), (10.25)

For the special case of massless quarks we find a massless meson.

In the opposite limit of my < g,

(Mpe)?

1%

In Fig. 10.6 the spectrum of meson nonets built from two triplets of flavor
with masses

(a)m; =0 me =02 m3=04
() my =08 my=1.0 my=12 (10.26)
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Fig. 10.6. Meson nonets for N. = 3. In case (a) the masses of the triplet
are m; = 0.00,my = 0.20,m3 = 0.4 and in (b) m1 = 0.80,ms = 1.00,m3 = 1.2
[124].

is shown, in units of <=. Then the ground state is at 2.7, the first excited state
at 4.16, and level n = 10 is at 20.55. It is obvious from these cases that for larger
n, the wavefunction gets more and more sharply picked around x = 0.5. For the
case of unequal masses, the wavefunction ceases to be symmetric, as can be seen
from Fig. 10.7 for m; = 1,ms = 5.

10.1 Scattering of mesons

In the previous section we have described the equation that governs the formation
of mesonic bound states, and the corresponding meson spectrum follows from a
homogeneous Bethe-Salpeter equation. This can be generalized to the equation
for full quark anti-quark scattering amplitude, which takes the form of the non-
homogeneous equation of Fig. 10.8.

The scattering amplitude has the following structure,

Tapre = (V=)ar(v=-)psT(a, ¢, p)- (10.27)
The undressed amplitude T'(q, ¢’, p) takes the form,
;2 2
ig ng dk_p(k —,q p)
T Q7q17p = / ) 10.28
( ) (q- — (k_ —q_ ( )
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Fig. 10.8. The Bethe—Salpeter equation for quark anti-quark scattering.

where,
#(g—,q_,p) = /dq+SE(q)SE(q—p)T(q,q’,p)~ (10.29)

Similar to the equation for the “wave function” ¢(x) we now get the generaliza-
tion to ¢(z,x’, p) which reads,

2 2
pro(x, ', p) = {MJr 1]\{ }éﬁ(x,w’,p)
X
t N / ay 2 x’p) ;;(Qy’xl’p)]. (10.30)
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It is now straightforward to express (b(x a’,p) in terms of ¢(x) as,

/ ¢*’)’2( n(@)¢ *n (y) (10.31)

and substituting this into (10.28) we find the scattering amplitude,

P 2 ‘22
T@w'n) = it~ e Y

p2 (.Z'/ _ .’L’)2 7-[p p2 _p%

/ ¢n ¢*n( ,) _ 292 1
/ /d Yz’ —y')? pz_(I’*I)Q_;ﬁfp%

8 g (554

x [(2' < )] (10.32)

¢(I, 'I/ap) = -

p _pn

where ; for i = 1,2 are (M 7

This clarifies the dynamics of the confinement. The infinite self-mass quark is
cancelled by the quark anti-quark interaction producing finite mass color singlet
bound states, whose mass squared, as we have seen above, increases linearly for
high excited states. The infrared behavior is determined by the dependence on
A as in (10.9). The bound state wave function is of order % as A — 0. The fact
that the amplitude for a bound state to decay into quarks is infinite as A — 0
compensates for the vanishing quark propagator in this limit to produce finite
bound state amplitudes, which contain no multiquark discontinuities.

To test the consistency of the model one has to examine also the hadronic
scattering processes. One has to check that these are finite in the limit of A — 0,
unitary and Lorentz invariant. A consequence of the unitarity is the absence of
long range forces among the color singlets.

In Fig. 10.9 the three-particle vertex function and the two-particle scattering
are drawn. The three-particle vertex function, Fig. 10.9(a), is of order g ~ \/l—ﬁ
Each quark propagator is of order A. The £, loop momentum is of order % since
it is dominated by the pole at % From the three bound state wave functions
we get a factor of (%)2 since at least one wave function must be of order unity
to conserve momentum. So altogether the factors of A cancel out and we get a
finite result in the limit of A — 0.

The two-particle scattering is described in Fig. 10.9(b) and 10.9(c). The for-
mer describes a hadronic exchange and the latter a quark exchange. The quark
exchange may seem to be infinite in the limit A — 0 since now the quark and
anti-quark can move in the same direction with an amplitude that behaves like %
The total dependence on A is as follows: A* from quark propagators, )\% from the
wave functions and % from the loop momentum integration. However it can be
shown that when one adds all diagrams that contribute to % order, the terms of
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Fig. 10.9. (a) Three-particle vertex function. (b) Hadronic exchange contribu-
tion to two-particle scattering amplitude. (¢) Quark exchange contribution to
two-particle scattering amplitude.

order % cancel, leaving a finite remainder. In this way we have verified unitarity
of the model to the first non-trivial order.

10.2 Higher 1/N corrections

At N = oo the mesons are stable since their decay rate, as will be shown shortly,

is proportional to ﬁ Going to the % corrections, a meson has the following

amplitude to decay into two mesons'

2 w —
Al f1, fow) = 4%? {1110/0 dze; (x)or, (g) oy, (fi)

,% /wl Az ()@, (%) br, (316 : Zj) } , (10.33)

1 The 1/N corrections were evaluated in [144].
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where ¢;, ¢, , @5, are the wave functions of the initial meson and first and second
final mesons, respectively. The quark ends up being in the second final meson and
the anti-quark in the first final meson. The vertex function ®(z), with x not €
[0,1], is related to the wave function as,

B(x) = / dyﬁqﬁ(y). (10.34)

The kinematic parameter w takes the values,

g —ug, F \/ (uf + pif, — 13, — Apd
247

where w, and w_ correspond to the right and left moving final state f;. The

decay can take place only provided w; > 1y, + py, . It is clear that for fixed g*N

the amplitude is of order A ~ O(\/l—ﬁ) The amplitude (10.33) is for a partial
decay and for full-on shell amplitude one has to add the partial decays

A= (1= (1)) (AG, fi, fawy) + Al fi, fsws)),  (10.36)

wy = , (10.35)

with o, for even parity state and o_ for odd parity state. It was found that
numerically these amplitudes for various excited states do not vanish. This also
shows that the model is not integrable.

It was further found that the amplitudes for mesons made out of massless quark
anti-quark pairs differ significantly from those of mesons made out of massive
ones. An interesting result that follows from the computations of these ampli-
tudes is that the amplitude for decay of an exited meson into a pion and another
meson vanishes, in the case of massless quarks. This is actually to be expected,
as for massless quarks the two-dimensional pion is massless and decoupled, since
there is no chiral symmetry breaking in two dimensions.
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Mesonic spectrum from current algebra

11.1 Introduction

In this chapter we study the mesonic spectrum of various QC Dy theories. The
main idea is to use the current algebra of the underlying ungauged theories. In
addition we combine the bosonization techniques developed in Chapter 6 with
that of a large IV expansion of Chapter 7 and a light-front quantization as in
Chapter 10. We will focus our attention on the massive mesonic spectrum of con-
formal field theories coupled to non-abelian gauge fields. In particular massless
multi-flavor fundamental quarks and adjoint quarks that will be shown to
correspond to the particular case of Ny = N..

First a universality theorem, that states that the massive mesonic spectrum
does not depend on the representation of the matter field but rather only on its
ALA level, will be derived, following Kutasov and Schwimmer [148].

We then present a detailed determination of the massive mesonic spectrum
using a 't Hooft-like equation for the wave functions of “currentballs” states. We
will discuss in particular the special cases of Ny =1, Ny = N, and Ny > N.. The
last section is devoted to the spectrum of states built by the action of a single
current, creation operator on the adjoint vacuum. In both cases it will be shown
that the bosonization approach leads to the introduction of current quanta as
the basic degrees of freedom. Once the mass operator PT P~ = M? is expressed
in terms of the current quanta, the bosonization has already left the scene.

The main content of this chapter, the mesonic spectrum from current algebra,
is based on [17].! The spectrum based on the adjoint vacuum was introduced
in [3].

11.2 Universality of conformal field theories coupled to Y M,

So far we have mainly discussed the coupling of matter in the fundamental
representation to the two-dimensional Y M fields. Obviously one can also couple
other matter fields to these non-abelian gauge fields. A natural class of matter
theories that one would like to gauge are the conformal field theories which admit
on top of the Virasoro algebra also an affine Lie algebra structure. These theories
which are characterized by the corresponding Lie algebra GG and the level k of the

1 This was previously also discussed in [18].
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affine Lie algebra, are candidates for coupling to non-abelian gauge fields of the
group G. A particular family of such theories are the WZW models, invariant
under G X G of level k. We have discussed in Chapter 6 the gauging of such
models. In this chapter we would like to address the issue of the spectrum of
such gauged conformal field theories, and in particular the massive sector of the
spectrum. In general the Lagrangian density of such a theory reads,

1
L=Leorr = 55T [FL ]+ L

1
= Lopr — 55 Tr [(0-AL)?] + Tr A J_]

2e
e? 1 e? 1
=Lopr — =To |J' = J" | = Lopr — = Tr | J=J 11.1
CFT gr{ 7 } T {02]’ (-
where we have used the light-cone gauge A_ = 0. We will be using the notation
of J for J_ and J for .J, , and similar for other holomorphic and anti-holomorphic

quantities.

A conformal field theory invariant under the symmetry generated by a G
ALA has holomorphic currents J in the adjoint representation of G, as well
as anti-holomorphic currents also in the adjoint representation of G. In general
the holomorphic currents obey an ALA with level & and the anti-holomorphic
currents an ALA of level k. However, gauging the conformal theory requires
vanishing of the chiral anomaly, namely it requires that,

k=k. (11.2)

Next we quantize the system on the light-front. This framework is very conve-
nient since both momenta P~ and P, or equivalently P and P, can be expressed
in terms of J only (with no reference to .J). This decoupling of one sector (the
anti-holomorphic one) can be attributed to the fact that in a frame moving to the
right with the speed of light there is no way to interact with massless left-moving
particles. The light-cone Hamiltonian is given by,

1
Pt =— ' — [dax” : J27)J%(z~
@ 4T
= S Je J? 11.3
- Zﬁ —nn>s (11. )
n=1
where in the last line we have assumed that the light-cone space direction = = 2

has been put on a circle. Thus the Hamiltonian acts inside current blocks, and
the problem of finding the massive spectrum splits into diagonalizing the decou-
pled blocks of Pt on global G singlets. We want to emphasize again that the
light-front dynamics is fully independent of the anti-holomorphic sector, apart
from the constraint that k = k. This clearly means that we can replace the
anti-holomorphic sector with another anti-holomorphic sector, provided that
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the latter has a level that equals k. Obviously we could have fixed the oppo-
site gauge A, = 0, leaving only the anti-holomorphic sector with currents J. In
that gauge we could have replaced the holomorphic sector with another one,
again provided that it has level k. Thus we conclude that the massive spectrum
does not depend on the representations r and 7, but only on the gauge group G
and the level k.

We would like to demonstrate this universality in the context of a gen-
eralization of Schwinger’s model, which contains n® right moving fermions
PR i =1...n" and n' left-moving fermions % i = 1...n" [120]. Both the right-
and left-moving fermions are charged with respect to an abelian U(1) gauge
symmetry with charges gl and ¢" respectively. The system is described by the
Lagrangian density,

_ - 1 -
£ =yF ol + vt oul + AT — 5 (04), (11.4)

R
where J = Y7 @& YR YR and we are using the gauge A = 0. Upon integrating
A we get,
_ RT3 R pton 2,1
L= 09+ 0Y; e‘]ag
We can now bosonize the system. Note that the fermions at hand are not Dirac

fermions but rather n® right and n" left chiral fermions. The system is consistent
in the sense that there is no chiral anomaly when,

J. (11.5)

NR NL
=gt k=) g K=k =k (11.6)
i=1 =1

One can use the prescription for chiral bosonization described in Section 6.4.
In fact it is enough to note that the interaction term takes the form,

Lint = —e2J$J = 62((;5)2, (11.7)

where ¢ = SN Rl = SN gl gl and ¢ and ¢" are the right and left chiral
bosons that corresponds to the right and left chiral fermions. Thus we conclude
that the spectrum includes one massive mode corresponding to ¢ plus n® — 1 and
n' — 1 massless right- and left-moving particles, respectively. It is now evident
that indeed in accordance with the universality theorem, the massive sector
does not depend on the explicit sequence of charges ¢t and ¢~ but only on the
combination expressed in ¢.

Another example of the universality theorem is the case of adjoint fermions.
The ALA associated with the currents built from the adjoint fermions J* =
Y9 is of level N,. The CFT based on a WZW model of SU(N,) of level
k = N, is another theory with the same ALA, and hence the massive sector of
the spectrum of these theories should, according to the theorem, be the same.
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In the next section we describe the massive spectrum of such models based on a
't Hooft-like equation for the currents.

11.3 Mesonic spectra of two-current states

In this section we derive the massive meson spectrum built from two current
creation operators acting on the vacuum. In the next section we will discuss
states constructed from a single current acting on the adjoint vacuum.

The first step in the determination of the spectrum is the derivation of a ’t
Hooft-like equation for the wave functions of the “currentball” states, at arbitrary
level N;. This equation should interpolate between the description of a single
flavor ('t Hooft model), the model Ny = N, equivalent to adjoint fermions and
the large N; limit. We will argue that the equation obtained suggests that the
underlying degrees of freedom in the problem are interacting “gluons” with mass
62% Actually, these are related to the color currents, but are color singlets.

Then we will solve the equation for the lowest massive state. Whereas the 't
Hooft model Ny = 1 is exactly solvable, the multi-flavor case with N; > 1 is not
solvable even in the Veneziano limit when both N. and Ny are taken to infinity
(with a fixed ratio), since pair creation and annihilation are not suppressed.

For the case of the adjoint quarks, the results derived using the current quanta
will be shown to be compatible with those computed with fermions as the basic
degrees of freedom discussed in Chapter 12. For large Ny it will be shown that the

exact massive spectrum is a single particle with M? = % This phenomenon
is explained by the fact that this limit can be viewed as an “abelianization” of
the model.

11.3.1 The basic setup

We now establish the basic setup. We start with the fermionic formulation of the
various theories, impose the light-cone gauge, introduce the bosonized version
and finally write down the mass operator.

In Section 8.4 the classical theory of QC Dy with Dirac fermions in the fun-
damental representation was described. Here we will address this case as well
as massless Majorana fermions in the adjoint representation. Recall that these
theories are described by the following classical Lagrangian:

1 =
L=-Tr @ij +iU DV, (11.8)

where F,, =0, A, —0,A, +i[A,,A,] and the trace is over the color and fla-
vor indices. For case (i) ¥ has the group structure ¥;, where i =1,... N,
and a = 1,...,Ny with D, = 9, —iA,,, whereas for case (ii) ¥ = ¥} and D, =

0, —i[A,, ]. In both cases ¥ is two-spinor parametrized as ¥ = (;j ).
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As we have seen in Chapter 10 it is useful to handle these models in the frame-
work of light-front quantization, namely, to use light-cone space-time coordinates
and to choose the chiral gauge A_ = 0. In this scheme the Lagrangian takes the
form,

1

£ =
2e?

(0_A) + it +ipTo_d+ AT, (11.9)
where color and flavor indices were omitted and J* denotes the 4+ component of
the color current J* = 1. This Lagrangian density is identical to (11.4) when
one replaces the complex coordinates with light-cone ones.

By choosing z* to be the ‘time’ coordinate it is clear that A, and 1) are non-
dynamical degrees of freedom. In fact, ¢ are decoupled from the other fields,
so in order to extract the physics of the dynamical degrees of freedom, one has
to functionally integrate over A, . The result of this integration is the following
simplified Lagrangian,

2
L=Ly+Lr=ip'0p ) +ipTo_ip — %ﬁa%ﬁ. (11.10)

Since our basic idea is to solve the system in terms of the “quanta” of the col-
ored currents, it is natural to introduce bosonization descriptions of the various
fields.

(i) As was discussed in Section (9.3.2), the bosonized action of colored-flavored
Dirac fermions in the fundamental representation is expressed in terms of a WZW
action of a group element u € U(N, x Ny), with an additional mass term that
couples the color, flavor and baryon number sectors. In the massless case when
the latter term is missing, the action takes the form,

; 1
gt = SN (0) + SIEY () + 5 [ @ad,g000, (11.11)

where g € SU(N,), h € SU(Ny) and el\/”j%fa € Up(1), with Ug (1) denoting
the baryon number symmetry, and the WZW action was given in Section 4.1.

(ii) The current structure of free Majorana fermions in the adjoint repre-
sentation can be recast in terms of a WZW action of level £k = N,, namely
Sadl = S(\XE;N (g9), where now g is in the adjoint representation of SU(N,), so
that it carries a conformal dimension of % Multi-flavor adjoint fermions can be
described as SX}'/ZW (9) + SX‘FQZ_“{(h) where g € SO(N? — 1) and h € SO(Ny). In
the present work we discuss only gauging of SU(N,.) WZW so the latter model
would not be considered.

Substituting now S or S for Sy the action that corresponds to 11.10
becomes,

S=58— < [ dagt = J+, (11.12)



208 Mesonic spectrum from current algebra

where the current J* now reads J© = i%ga_gﬂ and the level k = Ny and k =
N, for the multi-flavor fundamental and adjoint cases, respectively.

The light-front quantization scheme is very convenient because the correspond-
ing momenta generators Pt and P~ can be expressed only in terms of J*. We
would like to emphasize that this holds only for the massless case.

Using the Sugawara construction, the contribution of the colored currents to
the momentum operator P+ takes the simple form,

1 , ,
pt = R /dx7 (@) (7)) (11.13)

where J =+/JT, N, in the denominator is the second Casimir operator of
the adjoint representation and the level k takes the values mentioned above.
Note that for future purposes we have added the color indices i,7 =1... N, to
the currents. In the absence of the interaction with the gauge fields the second
momentum operator P~ vanishes. For the various QC Dy models it is given by,
_ 62 _ i — 1 j _
P = o dz™ : Ji(x )ﬁji (z7):. (11.14)
In order to find the massive spectrum of the model we should diagonalize
the mass operator M? = 2P* P~. Our task is therefore to solve the eigenvalue
equation,
2P P |¢) = M?[3). (11.15)
We write PT and P~ in term of the Fourier transform of J(z~), defined by,
dx™ o —
Jpt)= | —=—=e " * J(z7).
v = [ T (@)

Normal ordering in the expressions of Pt and P~ are naturally with respect
to p, where p < 0 denotes a creation operator, and to simplify the notation we
will write from here on p instead of p™. In terms of these variables the momenta
generators are,

Pt =2 [ dpJi(—p)J! (p)

P =< [ dpLJi(—p)J] (p). (11.16)

Recall that the light-cone currents .J; (p) obey a level k, SU(N.) affine Lie algebra,
1 1 1

[ ), Ji ()] = Skp (5? 0 =701 07 ) (v )5 (I (0+)o =T (p+')57)

(11.17)

We can now construct the Hilbert space. The vacuum |0, R) is defined by the
annihilation property,

Vp >0, J(p)|0,R) =0, (11.18)
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where R is an “allowed” representation depending on the level. Thus, a physical
state in Hilbert space is,

Tr J(=p1) ... J(=pn)[0, R).

Note that this basis is not orthogonal.

11.3.2 ’t Hooft-like equation for the two-current wave function

We restrict ourselves to the simplest case of the two-current sector of the Hilbert
space, (in Section 11.4 we will also mention the special case of one current on an
adjoint vacuum),

1
~ N.N;

1

@) / dk (k)T (—k)J" (k — 1)]0), (11.19)
0

namely to states which are color singlets of two currents with total PT =1

momentum and a distribution of P~ momentum ®(k). Note that ® is a sym-

metric function,

O(k) = B(1 — k). (11.20)

Our task now is to find the eigenvalue (Schrédinger) equation for the wave
function ®(k). Let us start by the action of the “Hamiltonian” P~ on the state
|D).

The commutator of P~ with a current J°(—k) yields the result,

[/OOO (%Ja(—P)J“(P)Jb(—k’)} ((;Nf - Nc> ilﬁNCi) T (—k)

p

g dp abe ye (. a/
+/O p—zzf J(p—k)J*(—p). (11.21)

We introduced € as an IR cutoff, namely, the lower limit of integration. This is
the analog of \ in the derivation of the 't Hooft equation of Chapter 10. We take
€ to go to zero at the end of the calculation.

The above expression (11.21) contains three terms on the right-hand side The
first term contains a single creation operator. The second term contains an anni-
hilation current and therefore should again be commuted with J’(k — 1). The
third term contains two creation currents and it would lead to a three-current
state. This is a manifestation of the fact that pair creation is, generically, not
suppressed in multi-flavor QCD,.

Note that while deriving eqn (11.21) we get an “infinite” contribution
NC%J b(—k). This contribution will be cancelled by a counter contribution which
comes from the regime p ~ k in the first integral on the right-hand side of (11.21),
as below.
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The commutator of the second term on the right-hand side of (11.21) with
JY(k — 1) yields,

Uoodp <p12 0 1;:) > if "I (=p)J(p— k), J"(k = 1) (11.22)

N [T (- ot ) R - ) = - - p = 1)

Our results can be summarized by the following set of equations,

1
M) = e /0 dk B(k)J* (=k)J* (k — 1)]0) + (Nzlvf> (11.23)
« /1 dk dp dl §(k +p+ 1 — D)Wk, p, )i f* o (—k)J* (—p)J* (—D)|0),
0
with,
22NN () - (k)
U(k,p,1) = - < 2 > , (11.24)
and,
d(k) = % <(Nf ~N.,) (]1 + 1ik) o(k) + 2]:‘@(@ (11.25)

‘N/“ =t (1—1k)2>/okdp¢(p)>

Ignoring the three-current term (see below), we get that ®(k) obeys the eigen-

value equation,

St = (= 80 (3 + ) 20 (11.26

[ (- ) [ o

We assumed that f01 dp ®(p) = 0, which we will justify shortly.

For general N. and Ny, discarding the three-current term is unjustified. How-
ever, since the length of ¥ is [¥(k,p,l)|~ € (NcNf)%, in the limit of large N,
with fixed e?N, and fixed Ny, or large Ny with fixed eQNf and fixed N., the
three-current contribution is indeed negligible, as compared with the two-current
term, the latter being of order 1.

The first integral in eqn. (11.26) should be calculated as a principal value
integral (denoted by P). The divergent part of this integral (arising from the
regime p ~ k) cancels the previously mentioned infinity. In order to make contact
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with the ordinary 't Hooft equation, it is useful to integrate eqn. (11.26) with
respect to k and rewrite it in terms of p(k) = fok dp ®(p), to get,

e];/[/;go(k):(Nf—N)(llc—k) NP/ dp

+Nf/d<p
0

The derivation goes as follows. First, integrating eqn. (11.20) we get (k) =
—@(1 — k) + const. Then taking ¢(1) = 0 we get,

(11.27)

p(k) = —p(1 = k). (11.28)

Now ¢(1) = 0 implies fol dk®(k) = 0, which was our assumption above. Then,
differentiating (11.27) we do get (11.26), and by the last equation we also get
that there is no extra integration constant.

We would like to comment on the issue of the Hermiticity of the “Hamiltonian”
M?. Naively, it seems that M? is not Hermitian with respect to the scalar product
<|le> = fol dky* (k)e(k), since the Hermitian conjugate of (11.27) is,

(22 o = 09 - 3 (,1 ) el
1

k
—N, P/ dp — Ny ;2/ dpw(p)—Nfﬁ/k dpe(p).

(11.29)

However, as we shall see in the next subsection, the numerical solution yields
real eigenvalues and eigenfunctions. Therefore, at least on the subspace which is
spanned by the eigenfunctions, namely real functions that are zero at k = 0, 1 and
anti-symmetric with respect to k = %, the operator M? is Hermitian. Note that
(11.29) is “more regular” than (11.27), as in (11.27) it is ¢(p)/p? that appears
in the integration from zero.

Equation (11.27) is similar to the 't Hooft equation for a massive single flavor
large N, QCD,, with m? = 62% It differs from 't Hooft’s equation by having two
additional terms (the two last terms in (11.27)). It suggests that the dynamics
that governs the lowest state of the multi-flavor model is given, approximately, by
a model of a massive “glueball” with an SU (N, ) gauge interaction and additional
terms which are proportional to Ny.

Before we present our solution of (11.27) it is important to note that it is only
an approximate solution. We neglected the three-current state with, a priori, no
justification. We shall see, however, that the restriction to the truncated two-
current sector is an excellent approximation for the lowest massive meson.
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11.3.3 The two-current mesonic spectrum

The most convenient way to solve (11.27) is to expand (k) in the basis,
S 1 B+i
k) = Ailk—< ) [kl -k . 11.
oth) =>4 (k=g ) It ) (1130

The value of (3 is chosen so that the Hamiltonian will not be singular near k — 0
or k — 1. This consideration leads to the equation,
N N;/N,

(NJ: - 1) - Bfi_{_l—l—ﬂﬂcotﬁﬂ:(), (11.31)
as derived from eqn. (11.29). Had we started with (11.27), it would have been
—0 replacing  in (11.31), and constrained to 3 larger than 1.

Upon truncating the infinite sum in (11.30) to a finite sum, the eigenvalue
problem reduces to a diagonalization of a matrix. So, the problem can be
reformulated as,

AN A; = Hij Aj, (11.32)

with,

! 1\? e
Ni]:/0 dk (k:—z) (k(1 = k))*7+it7 (11.33)

H;; = (xj: - 1) /U1 dk (k - ;)2 (k(1 — k))2ﬂ+i+j—1
‘Aim<k_;>(ml—kﬁwisélk(p-é)@ﬁl_mf+j
‘Axw(k—;)<ul-k»ﬁ”<1jm21f(p‘;)@ﬁl—mf*j

o (k=5 (k=R (p— 1) (p(1 — p)) T

and,

<

=

Z =

|

dkdp = p)? (11.34)
Hence,
_ B@2B+i+j+2,28+i4+7+2)
Nij = 226+i+j+1) ’ e
and,
H = <Nf 1) B2B+it+j+1,20+i+j+1)
=\ 2(26 +1i+ )
N BRB+i+j+1,28+i+j+1)
N, 228+itj)(B+j+1)
LBHDB+)BB+i B+ ) BB+, 6+ ) (11.36)

828+ i1+ 7)(28+i+7+1) ’
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Table 11.1. The mass of the lowest massive meson,
2
in units of X< as a function of Ny /N, and (.

T

3 Ny /N, M2
0.0000 0 5.88
0.0573 0.2 6.91
0.1088 0.4 7.91
0.1552 0.6 8.91
0.1978 0.8 9.89
0.2366 1.0 10.86
0.2725 1.2 11.83
0.3050 1.4 12.77
0.3360 1.6 13.73
0.3645 1.8 14.67

where B(z,y) is the beta function,

L(@)T(y)

Bl =Tty

(11.37)

In practice, the process converges rapidly and a 5 x 5 matrix yields the ‘contin-
uum’ results.

The lowest eigenvalues of (11.27) as a function of the ratio JX,—/ are listed in
Table 11.1 (see also Fig. 11.1). Note that by 3 = 0, N; /N, = 0 we mean the limit
8 — O,Nf/NC — 0.

These values are in excellent agreement with recent DLCQ calculations, as
will be given in the next chapter.

The typical error is less than 0.1 %.

An interesting observation is that the eigenvalues depend linearly on Ny,
Fig. 11.1. The dependence is,

2N, N,
M2 =S (5 21 11.
- (5 88+5NC> (11.38)

We do not have a good understanding of this observation. It is not clear why the
lowest eigenvalue sits on a straight line.
In the following sections we will consider some special cases.

11.3.4 Special cases: Nf =1, Nf = N¢ and Nf>> Ne¢

We now discuss three special cases, the massless 't Hooft model where the
fermions are in the fundamental representation with Ny = 1, the case of adjoint
fermions namely Ny = N, and the “abelianized” model of large Ny > N..
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Mass Eigenvalues
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Fig. 11.1. The Green’s function of the quark bilinear.

Ny =1, currentized massless 't Hooft model

The limit N, — oo with €2 N, fixed and N ¢ < N, corresponds to the well-known
't Hooft model. In this limit QCD, was solved exactly by ’t Hooft [124] (see
Chapter 10), using the fermionic basis. Let us see how our approach looks in the
fermionic basis in this case. In the limit N; < N, we can neglect terms which
are proportional to Ny. Equation (11.27) takes the form,

M 1, 1 L ep)

which is just the 't Hooft equation for the massless case. Note that (11.39) is

ro|—

ezact, since in the small Ny limit the three-current state is suppressed by N
with respect to the two-current state and therefore we can neglect it. Note also
that in this eqn. (11.29) looks the same too.

Since the wave function (k) is anti-symmetric, we will recover only the odd
states in the spectrum of QCD, (the even states can be recovered by considering
other sectors of the Hilbert space which decouple from the two-current state).

Though eqn. (11.39) is formally the same as the 't Hooft equation, the interpre-
tation of ¢(k) should be different. It is the integral of the function ®(k) which
corresponds to the two-current state, namely to a mixture of 4-fermions and
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2-fermions. What is the relation between the states that we find here and the
mesons in 't Hooft’s model?

In order to answer this question let us expand the currents in terms of fermions.
It is useful to denote the current in double index notation

70 = 50 = [ dg (Vw0 - 8T @wE-a). (110

We do not bother about normal ordering, as no problem for k non zero, and we
have to treat the £ = 0 part in a limiting way. The state |®) can be written as,

)= 211\fc / dk @ (k).J;(—k)J] (k= 1)[0) (11.41)
B 211\7 /0 4k 2(E) /_O; dadp (Wi(_q)%(_k + q)_N%‘S?‘I’k(—q)\Ifk(—k + q))

x <\I/j(—p)\11i(k +p-1) - %55@’“(—@% (k+p— 1)> 07-

Note that the above expression (11.41) contains creation and annihilation

fermionic operators. Written in terms of creation operators only; (11.41) reads,
1

2N,

1 k 1—k
_ziﬂ/o dk/0 olq/O dp D(k) T (—q) Wi (~k + @)W (=p)¥; (k + p — 1)|0)

@) =

1 k 1—k o .
/ dk/ dq/ dp (k)T (—q) W, (—k + )T (—p) W, (k+p—1)[0)
0 0 0

1 ! k _
- (1 - 2> / dk/ dg @(k)¥'(—q)¥i(g — 1)[0). (11.42)
Nc 0 0
The last term in (11.42) corresponds to a meson. It can be written also as,

1 1 1
| da [ ak e -awita—1io) =~ [ dg pla)¥ (~0)¥i(a - 1)0),
0 q 0
(11.43)
which is exactly the 't Hooft meson. We conclude that the two-current state has
an overlap with the 't Hooft meson and this is why (11.27) reproduces exactly
the (odd part of the) spectrum of the 't Hooft model.

Large Ny > N, limit

In the limit Ny > N., with e*N; fixed, the truncation to two-current state
should again predict exact results. The reason is that the three-current state

1
is suppressed by N I with respect to the two-current state.
In this limit eqn. (11.26) takes the form,

2
m2 = N <1 + 1) . (11.44)

T k 1-—-k
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2
. . . e N
It describes a continuum of states with masses above 2m, where m? = — L

The interpretation is clear: in this limit the spectrum of the theory reduces to a
single non-interacting meson (or “currentball”) with mass m.

Ny = N., The Adjoint Fermions Model

The case Ny = N, is the most interesting one. It was shown that the massive
spectrum of this model is equivalent to the massive spectrum of a model with a
single adjoint fermion, due to ‘universality’ [148]. Since this model is not exactly
solvable, it is interesting to see how our approach reproduces, almost accurately,
previous numerical results.

The mass of the lowest massive meson, predicted by (11.27), is M 2 =10.86 x
"ZTA The values reported from DLCQ calculations are M? = 10.8 and M? =
10.84, in units of ‘2%, as will be detailed in the next chapter.

This agreement is very surprising. In the regime Ny ~ N., the three-current
state is not suppressed by factors of color or flavor with respect to the two-
current state. Why, therefore, is our approach so successful? The reason seems
to be that as in the fermionic basis [38], the lowest massive state is an almost
pure two-current state. However, the present approach is much more successful
than the fermionic basis, where the prediction for the mass of the lowest massive
boson of the adjoint model is twice as much as the lowest massive boson of the
't Hooft model. It seems that the “correct” underlying degrees of freedom are
currents and not fermions, as predicted by the authors of [148].

To summarize, we have used a description of massless QCD, in terms of cur-
rents. With this basis we wrote down a ’t Hooft-like equation (11.27) for the
wave function of the two-current states.

The equation interpolates smoothly between the description of a single flavor
model with large N, ('t Hooft model), the adjoint fermions model Ny = N, and
the large Ny model. The equation is derived by using an a-priori unjustified
suppression of the three-current coupling. Nevertheless, we observe an excellent
agreement with the DLCQ results for the first excited state. For higher excited
states the agreement deteriorates and it is of the order of 20%.

The accuracy of the results for the first excited state, which implies that for
this state the truncation of the “pair creation terms” is harmless, deserves further
investigation.

11.4 The adjoint vacuum and its one-current state

Next we construct the spectrum of states, which is obtained by the action of a
current on the “adjoint vacuum”, in the color singlet combination. This way we
get physical states, which are in a sense “one-current” states.
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The “adjoint vacuum” is created from the singlet vacuum by applying the
adjoint zero mode, which is taken as the limit ¢ — 0 of the product of quark and
anti-quark creation operators, each one at momentum e. Hence in our case,

0, B) = lim o'y ()L, (o) |0) (11.45)

where " ;| and 1/’11,‘7‘ are the creation operators of a quark and anti-quark respec-
tively. We can represent the action of the above adjoint zero mode on the vacuum
by the derivative of a creation current taken at zero momentum. Differentiating
the current with respect to k, and acting on the vacuum we get,

. d 9] oo )
Ji' (k) 10)y—p- = \/fdk/o dp/0 dgd(k+p+ v’ ()l ;(9) |0),_o-

SO 0. (11.46)

As the currents are traceless, we have to subtract the trace part for i = j. The
latter can be neglected for large N.. For any given N,, results that follow are
also the same after the trace is subtracted.

The adjoint vacuum we have is a bosonic one, constructed from fermion-
antifermion zero modes, and as we show it can be written as the derivative
of the current acting on the singlet vacuum. In the case of adjoint fermions there
is another adjoint vacuum, a fermionic one, obtained by applying the adjoint
fermion zero mode on the singlet vacuum.

As we showed already, (J*) (0) [0) represents the adjoint zero mode
bT(0)d'(0) |0) (indices suppressed), for any N; and N,, so in particular also
for Ny = N.. But in the latter case the theory is equivalent to that of adjoint
fermions, as follows from the equivalence theorem discussed in Section 11.2. As
also stated there, states built on the adjoint vacuum above, cannot be distin-
guished from those built on the fermionic adjoint vacuum, the latter obtained
by applying the adjoint fermions on the singlet vacuum.

The adjoint bosonic vacuum can also have flavor quantum numbers, when the
fermion has flavor. This does not change our results about the mass of the new
state we have. Our “currentball” will have flavor too in such a case. In our scheme
of bosonization, which is the “product scheme”, especially convenient when the
quarks are massless, the flavor sector is decoupled, and so the flavor multiplets
are given by the action of flavor zero modes, not changing the mass values.

Let us introduce the notation,

The state we have in mind is,

k) = J"(~k)Z"|0).
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This state is obviously a global color singlet, but in our light-cone gauge A_ = 0
it is also a local color singlet, as the appropriate line integral vanishes.
Now,

V3 02 = SNt — gy )

and thus, for p > 0,

G20 = 270 — iy 2 ) = 0

Hence the state Z°|0) is annihilated by all the annihilation currents, and so it is
indeed a colored vacuum.
Using,

[P*,J0(—k)] = kJ"(—Fk), (11.48)

we get that our state |k) is indeed of momentum k.

Note that when quantizing on a circle of radius R, the adjoint vacuum would
be an eigenstate of P* with eigenvalue N./R. As we work in the continuum
limit, we get zero.

11.4.1 The action of M’ on the one-current states

First, we evaluate the commutator of P~ with a creation current,

UOOC dp(p)J* (=p)J* (p), J"(—k)]

k
- %Nf%ﬁ(—k) +z‘f“bc/0 dpg(p)J* (—p)J°(p — k)

e /k T dp (9(0) — $(p— k) T (—p) (0 — k),

note that in P~ (and in P*) we ignore contributions from zero-mode states, that
is, we cut the integrals at €, and then take the limit.

As P' and P~ act on a singlet state, and as J%(0), being the color charge,
annihilates this state, the contribution from the zero modes in both P™ and P~
is zero. Therefore it is legitimate to cut the integration limit above the zero mode
and then take the cutoff to zero, as we have done. Note also that the integral
of ¢(p) around p = 0 is finite, and in fact zero when integrating over the whole
line, therefore there are no divergences when we take the limit.

It is important, however, to remember that the zero mode does contribute
when we act upon non singlet states, like the adjoint vacuum Z°|0> itself.
When quantizing on a circle of radius R one gets that PT is of order 1/R.
And then, with P~ of order 2R, M? is R independent, and so remains finite
in the continuum limit. However, this is subtle, as P~ becomes IR divergent in
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the continuum and needs to be regularized. This subtlety does not affect our
calculation as we work in the singlet sector only.

Actually, the argument connected with P~ acting on singlets should be some-
what sharpened. Let us put the lower limit at €, and let it go to zero at the end.
This IR cutoff is similar to the one introduced in the derivation of 't Hooft’s
model discussed in Section 10. Then J(¢), when acting on a singlet, would go
like e. We have two currents in the integral, so we get €2. But then we have 1/¢?
from the denominator, so a finite integrant. But the region for integration is of
order ¢, so indeed the total contribution goes to zero.

Now apply P~ on our state,

P~J'(=k)Z"|0) = [P~,J"(—k)] Z°|0), (11.49)

as the Hamiltonian annihilates the color vacuum as well.
Using the commutator of the Hamiltonian with a current, we get,

T 1 1
_p- b Zb — _N.— by Zb
TP RZ0) = LNy (k) Z0)

k
+wmédm@ﬂ¢wf@—mﬁm.

Note that we use the fact that annihilation currents do annihilate the colored
vacuum also.
Let us apply the operator M? to our one-current state,

M?*J"(—k)Z°|0) = 2P~ P J"(—k) Z°|0)2k P~ J" (k) Z"|0)

2 2 k
(S22) emzio+ (2r)is [ aor -nre- 120,
(11.50)
So it seems that, in the large Ny limit, the state J*(—k)Z"|0) is an (approximate)
eigenstate, with eigenvalue 52%
To see the exact dependence of the two terms in the equation above (the
one- and two-current states) on Ny and N,, we should normalize them. The
normalization of J*(—k)Z"|0) is,

0] Z°J* (k)" (=k) 2" |0) = (0] Z° [J*(k), J"(=k)] Z" |0)
_ %kaa(o) (0] 20 2" (0 + i f* (0] 2° I (0) 2" |0) (11.51)
= %kaa(o) (0] Z2°Z" 10) + N, (0| Z° Z" |0) .

The second term in the last line can be neglected compared with the first, as it
is a constant to be compared with §(0) [the space volume divided by 27].
Now,

(012°Z"|0) = (NZ = 1){0|1Z" Z*0),
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and the factor k6(0) is the normalization of a plane wave of momentum k. So
the normalized state is, for N, > 1,

! Jb(=k)Z°|0), (11.52)

relative to (0|ZZ1|0).

The normalization of the second term is more complicated. A lengthy but
straightforward calculation gives,
2

k
H (ifdefk/o dq®(q)J*(—q)J/ (q — k)) Z°|0)

=N.(N?-1) (;Nf>2 k3(0) (0]2'Z'| 0) (11.53)

k k k—p
k( / dpp(k—p)@(p)(@(p)—@(k—p))—ﬁ; | ) [ dqq¢<q>>.

Using the following relations,

fabc]cabd _ Tr(Tch) _ N(S(:d
fab(’,fa'bc'faa’dfcc'd —_ TI'(TdeTde)
= if! T (T T TY) + To(TP TP TT?) = %NQ (N? —1),
we have evaluated only the terms proportional to 6(0) as they are the dominant
ones.

The various momentum integrals (including the ones for the non dominant
terms) are divergent for € — 0, thus they should be regulated. We leave this
problem for now, and assume henceforth that they are regulated and finite. For
simplicity the integrals (including the factor k) appearing in the two dominant
terms will be denoted R; and —Rs in the following expressions. Note that we
have }2 and % divergences and also ln(f—:). It seems that these are cancelled in
RQ.

Define now the normalized states,

1S1) = Cy (J*(—k)Z" |0)) (11.54)

k
1S2) = iCok fobe / dp (p)J* (—p) J(p — k) 2°|0) (11.55)
0
where,
2

73
- v (11.56)

1
Ci———, .
NM/%Nf 1/R1+R2]]¥;
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The mass eigenvalue equation of the normalized states is,

e? 2N,
M2|S1>:;Nf|5’1>+ \/5 Ry

Ny
= N T RalS), (11.57)

:
thus, we see that in the large flavor limit, our state |S;) is an eigenstate with
mass
e? Ny
2
In the large color limit, however, we actually get that the second term dominates
by a factor of N.. Moreover, while the first term goes to zero in the large N,
limit, due to the factor of €2, the second term survives in that limit.

M =

(11.58)
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DLCQ and the spectra of QCD with fundamental
and adjoint fermions

12.1 Discretized light-cone quantization

So far we have analyzed the mesonic spectra of QCD in low dimensions using the
methods of the large N, limit (’t Hooft model), and bosonization or currentiza-
tion. In both these methods we have chosen a light-cone gauge and implemented
a correlated light-front quantization. To get a broader perspective of the spec-
tra in this framework, and in particular to extract the mesonic spectra using
fermionic degrees of freedom with finite N., we now invoke another tool, the
discrete light-cone quantization. We first describe the method and then apply it
to both QCD with fundamental quarks and with adjoint quarks.

The discretized light-cone quantization (DLCQ) is a method devised to com-
pute spectra and wave functions of physical states of quantum field theories.' It
is based on the following ingredients:

¢ A Hamiltonian formulation of the theory.

¢ Calculations in momentum representation.

¢ Periodic boundary conditions and hence discretized momenta.
¢ Light-front quantization.

The Hamiltonian approach is used since it is more convenient for analyzing
the structure of bound states. The periodic boundary conditions assure that
charges associated with symmetries are strictly conserved. For a conserved cur-
rent 9t .J, + 0~ J_ = 0 the light-front charge is conserved,

L
- dQ(z")
= [ da=J*t Ty ==L =0 12.1
At = [ et S o (12,1
provided that,
JH(xt,+L) - J (2", -L) =0, (12.2)

which is guaranteed by the periodic boundary conditions.

Note that, the light-front plane of constant z ™, serving as “time”, is gener-
ally called “light-cone quantization”, although the plane is only tangential to
the light cone. In general d-dimensional space-time one may view the DLCQ

I For reviews see [48] and [47].
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approach as a projection into non-relativistic dynamics since for a fixed light-cone
momentum P" the Hamiltonian H = P~ is quadratic in the transverse momenta
H = 21;2+
In spite of a lot of progress in handling problems faced by the DLCQ there

are still several unresolved issues such as:

2 .
+ 21‘1',% where P’ are the transverse momenta.

e There is no proof that the light-front dynamics is fully equivalent to that of
ordinary time evolution, in particular for massless chiral fermions.

e There are subtleties with the renormalization of a Hamiltonian matrix with a
cutoff such that all physical results are independent of the cutoff.

¢ The implementation of a proper quantization for the system, with constraints
which emerge from gauge fixing.

12.2 Application of DLCQ to QCD, with fundamental fermions

Instead of describing the method in general, we demonstrate the application
of the DLCQ method to the case of QC'Ds with fundamental fermions. The
light-front action of two-dimensional SU(N) YM gauge fields coupled to Dirac
fermions in the fundamental representation of the gauge group in the light-cone
gauge AT = 0 reads,?

Socp, = /dx*dx*%Tr [(8A+)2 + ¥ (z ?—m— \/gﬁfy/h) W)} , (12.3)
(G
YR
color indices which are not written explicitly. To simplify the analysis we restrict
ourselves to the case of a single flavor.

The corresponding equations of motion take the form,

where ¥ = ( ), with ¢y and ¥p are Weyl fermions, the trace is over the

0 =mipr, (10, + gA g = mabp, AL = gl T . (12.4)

One can then express ¥, and A, in terms of 1 only,

—im [tE
et = [y e -y et
-
g [T
A% (x7,2") = 5/ dy |z~ — y_|¢IJ§LT“1/JR(x+,y_), (12.5)
-L
where e(x™ —y7) is +1 for positive argument and —1 for negative.

2 The application of the discrete light-front quantization to two-dimensional QCD was done
in [128] and in [127].
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The light-cone momentum and energy are given by,
+L .
Pt = / dz”Ri0_yr(z",27)
-L

—im?

+L +L
p- — . [L de~ [L dy*d)g(x*)e(:cf -y )Yr(y)

2 +L +L
o %[L dz™ [L dyﬂ/’l];(zi)Ta%/JR(I*ﬂx* —y*|¢11;(y*)Ta¢R(y7).
(12.6)

When one substitutes into these expressions the expansion of the fields in anti-
commuting modes, subjected to anti-periodic boundary conditions, one gets,

27

Pt ==
L

n(bib, +did,), (12.7)

where,

Yr(z™) = = ST [bueT T 4 dfe . (12.8)

The creation and annihilation operators bl dl b, ,d, are all taken to be in the

n»-n?’

fundamental representation of SU(N) and obey the usual algebra,

{bl, bm} = 6nm {djmdm} = 5nm- (129>
Since the eigenvalues of the momentum are proportional to QT” it is natural to
define a dimensionless momentum,
L
K=_—-P". 12.10
- (12.10)

Similarly one defines a dimensionless Hamiltonian,

o1 — A2 . 1
H= jijp— Az — (12.11)
L m 1+L;,;

where we introduce the dimensionless coupling A. The rationale behind this
parameterization is that the spectrum and wave function depend, apart from
an overall mass scale, only on the ratio of £. The Hamiltonian H is decomposed
into a free kinetic term H, and the potential V,

H=(1-X)H, +\V, (12.12)
where,

1
Ho= > —(fby+didn), (12.13)

—L 3
n=35,5,...
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and,
Z J(k J“ k), k#0 (12.14)
k——oo
with the currents given by,
TU(k) =D [0)b], + 0(—n)d )T [0(n — k)b] _, + 0(k — n)di ). (12.15)
k=—o00

We already have the expression for the potential (11.16).

Note that there is no contribution from k = 0, since we apply the Hamiltonian
P~ only on singlet states, and j*(0) on these vanishes. Normal ordering of the
potential gives,

N2Cr L s )
= : nYn n/)s 12.1
V=Vid S ST Sl + did,) (12.16)

where Cp = N2 ~— is the second Casimir operator in the fundamental representa-

tion, and I, is the self-induced inertia I,, = — 271 + Z:f 1/2 n} >. The self-induced
inertia terms cancel the infrared singularity in the interaction term in the con-
tinuum limit. : V' : involves a sum of eight quartic terms in the fermionic creation

and annihilation operators. For instance one such term is,

1

C c
Tia — TLQ) 671,,17n2+n3 —ny, ()b1L 4 bT 3 bng s bnl-,Cl’ (12.17)

2

_m (Né‘col 6&: - 601 5025) (

where ¢; are the color indices that have been suppressed before and there is an
implicit summation over the half integers n; such that the momentum is con-
served. Now since P~ and P* (or H and K) commute they can be diagonalized
simultaneously. One fixes the value of K = 1,2,3... and the corresponding Fock
space is finite dimensional. One then diagonalizes H in the restricted subspace
of gauge singlets such that the masses are given by,

2m?

M? =2P"P~ = Z——KH(K). (12.18)
1-A2

Notice that the dependence of the invariant masses on L the size of the space
drops out.

In Fig. 12.1 the DLCQ spectrum of low-lying mesons is drawn as a function
of m/g for N = 2,3,4 and compared with the t’ Hooft large N calculation. A
comparison with lattice calculation is presented in Fig. 12.2.

In performing these calculations it was found that, except for very small quark
masses, there is a quick convergence of the numerics. This is a manifestation of
the fact that the lowest Fock states dominate the hadronic state. It was found
out that typically the momentum carried by sea quarks is less than one percent.
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Fig. 12.1. Comparison of the DLCQ meson spectra for N = 2,3,4 and the
spectrum derived from lattice calculations [127].
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Fig. 12.2. Comparison of the DLCQ meson spectra for N = 2,3.4 and the
't Hooft large N spectrum [127].
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Several further properties were extracted from the DLCQ spectrum and wave
functions:

¢ The scaling of the lightest mesonic and baryonic masses with N. It was found
that there is fair agreement with the result deduced from bosonization for small

%, namely, that

Mmeson . 7-[

A 2sin [2(2]\[_1)} . (12.19)
The results “measured” were found to be 1,.62(5),.46(4) for N = 2,3,4 com-
paring with bosonization result 1,.618,.445. In the large N limit this result
implies that the baryon mass is proportional to N times the mass of the meson.

¢ The mesonic form factors were shown to be in accordance with analytical work.

e The “deuteron”, a loosely bound state of two nucleons, was shown to be stable,
in QC D, with two colors and two flavors.

e The “anti Pauli-blocking” effect, for which the sea quarks with the same flavor
as that of the majority of the valence ones, are not suppressed in spite of their
fermionic nature.

12.3 The spectrum of QCD, with adjoint fermions

Our starting point is the action of two-dimensional SU(N) YM theory coupled
to Majorana fermions in the adjoint representation.®> The latter is expressed in
terms of a traceless Hermitian matrix 1);;. The action reads,

. 1 )
Sadj = /d2xTr {My%m#w — map? A0y — @FWF” }

= /dx*dx*Tr [i(¢8+”(/} + PO_1h) — iv/2mahep + %((L/Lr)? + A+J+] ,
(12.20)

where we have parameterized the Majorana fermions as follows,

where 9 and 1) are Weyl Majorana spinors written as N x N traceless Hermitian
matrices. In the second line we have imposed the light-cone gauge A_ = AT =0
and used ,yo =0y and 4! =i0;. Note that the action does not include time
(%) derivatives of A, and of ¢ and hence both of them are non-dynamical. The
equal time (z") anti-commutation relation for the dynamical Majorana fermions
is given by,

{0ij (@), Yy )} = %5(9:* -y7) <5il(5jk - ;5”—5@ . (12.22)

3 Two-dimensional QCD with adjoint fermions was analyzed in several papers. Here we follow
38], [72], [147).
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In analogy to the expression of Pt and P~ given for the fundamental fermions
in Section 12.2 and for the bosonized case in Section 11.3, we have now,

Pt = /dm_Tr[iz/)a,w}
1

o (12.23)

B o[=im? 1, 1,

Denoting by ® the physical states of the system, that obey the zero charge
condition,

/dx—ﬁ |®> =0, (12.24)

which is simultaneously an eigenstate of both P™ and P~ since [PT,P~] =0,
the spectrum is then determined as usual in the light-cone quantization via,

2PTP7|®> = M?|D> . (12.25)

Next we introduce the mode expansion and transform the expressions from
the configuration space to the space of momenta. In Section 12.2 we have done
this directly in the discretized formalism. Here for completeness we first consider
a continuous momentum and then perform the discretization.

The mode expansion reads,

Vij(a7) = ﬁ /Om Ak [oij (K )e™™ T 4B (R ], (1226)

and the non-trivial part of the algebra of the creation and annihilation operators
is given by,

1 1
{bij (/{Jr),bkl(qu)} = 56(k+ — q+) (5i16jk’ - N(Sijdkl) . (1227)

From here on we will omit the + of k™ and denote it as k. Plugging the mode
expansion into (12.23) we get,

Pt = /0 dk kbl (k)b (k) (12.28)
and
2 [es} 2 00
p-=" / At kb () + 5 [ aweep! (k)b (k)
2 0 k L‘/ s 0 t

2N o]
+ 927t / dky dkadks dka[A(k:)(ky + Ky — ks — ka)b] ; (ks )b, (ko )brr (k1 i (k2)
0

+ B(ki)0(k1 + ko + ks — k4)(b]tj(k4)bkl(k1)bli(/ﬂz)bi]‘(k}g)
—bf ; (ke )bl (o )b, (s )b (Fea)], (12.29)



230 DLCQ and the spectra of QCD with fundamental and adjoint fermions

where
1 1
Alk) = (ki —k2)? (kg + ko)2
Bk — 1 1
i) = (k2 —k3)2 (K + k)2’
k.

From these expressions of P* and P~ it is obvious that the vacuum is annihilated
by both P* and P,

PY0>=0 P~|0>=0. (12.31)

The bosonic and fermionic states of the system take the following form,

o0 Pt 2]
@y (p")> = Z/ dk; ... dky,0 <Zk _p+>
j=1"°¢ i=1

fgj (kl,k'g, .. ij)N*jTr[bT(k-l) .. .bT(kzj)]|O>,

s Pt 2j
|q)f(p+)> :Z/ dkldk2j+15 <Zk7p+>
j=1"°

i=1

foi (ki ko, ko) )N TITe[bl (k) ... b1 (Kojy1)]]0>,  (12.32)

where the wave functions obey the cyclicity relation due to the fermionic nature
of the creation and annihilation operators,

fi(kg,kg, ey ki, ]411) = (—1)i71fi(k‘1,k‘2, . k‘l) (1233)

Unlike the case of fundamental fermions, pairs of adjoint fermions are not sup-
pressed by additional factor of ﬁ and hence the eigenstates are generated by
applying operators on the vacuum with a mixture of different numbers of cre-
ation operators. This renders the extraction of the spectrum for adjoint fermions
much harder to determine than that of the fundamental ones. These states are
obviously eigenstates of P*. We will have to ensure that they are also eigenstates
of P~. Following the same procedure as for 't Hooft’s model of Chapter 10 and
of Chapter 11 one derives a set of equations for the wavefunctions f; by applying
(12.25) on the bosonic and fermionic eigenstates which take the form,

m2

szi(.’li‘l,wz,...l‘i) = ?fi($17$2,...$i>
1

2 T1+T2

g N

_ dy f; + 29 — T
331 .’172) /) yfl(yaml T2 Y, T3, xl)

2N Tr1+T2
/ [fz(xlax2v~'~xi)_fi(yax1+x2_yvmiiauﬂri”
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IN 1Y 1 1
g—/ dy/ dzfira(y, 2,21 —y — 2,29, ...2;) —
T Jo 0
1 1

(y+2)* (21 —y)?
=+ cyclic, (12.34)

[(xl +a2)? (22 +$3)Q}

where x; = ;;i and the last term of the equation stands for cyclic permutations
of (z1,22,...,x;) which for odd ¢ comes with a + sign and for even ¢ with
alternating signs. Similar to what happens in the 't Hooft model, the equation
does not have an ambiguity once we incorporate a principal value prescription
to the Coulomb double pole since at x1 = y the numerator also vanishes.
At this point we implement the idea of discretizing the light-cone momenta in
the following way,
K
T — — / dz — — , (12.35)
odd n>0

where n is an odd positive integer and K — oo is the continuum limit. The
constraint 23:1 x; = 1 eliminates all states with over K partons, where a par-
ton is a state created from the vacuum by a single creation operator. In this
way the discretized eigenvalue problem becomes finite dimensional. With this
discretization the Fourier transform (12.26) translates into a sum,

Wiz~ 2f > [bijn)e ™ T bl (n)et . (12.36)

odd n>0

Similar to (12.8), the creation and annihilation operators of (12.27) also take
discretized values, and obviously the Dirac delta function in (12.27) is replaced
by a Kronecker delta function. The eigenvalue problem now reads,

2PTPT =K {QNT +m V] (12.37)
where the mass term is given by,
v=y" %bjj (n)bi; (), (12.38)
and,
T =432, bl (n)biy (n) 0" e +

% Em {5"1+”2;ﬂ3+7l4 |:(n,1 —lnz)2 o (n1+1n2)2:| blj (n)bjz(n)bkl(n)blt (n)

1 1
+ §n1+n2+n3‘,n4 [("3_'_”2)2 - (m_,'_nz)z}
blij (n4)bx1 (n1)bri (n2)bij(n3) — sz (nl)bT (n2)bl (n3)bri (ng)},  (12.39)

where all the summations are over positive odd integers.
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Fig. 12.3. The spectrum of fermionic states for K = 25, m = 0 [38].

One chooses a basis of states normalized to 1 in the large N limit,

1

mﬁ[b*(nl) ... bT(n)]]0> J;n, =K. (12.40)

The states are defined by ordered partitions of K into ¢ positive odd integers,
modulo cyclic permutations. If (ny,ns,...,n;) is taken into itself by s out of i
possible cyclic permutations, then the corresponding state receives a normaliza-
tion factor % Otherwise s = 1. For even 7, however, all partitions of K where
i/s is odd do not give rise to states.

Using the discretized Hamiltonian and the basis of states (12.40) one can
diagonalize the Hamiltonian and compute the spectrum for a range of values
of K and then extrapolate the results to infinite K, the continuum limit. One
can extract certain properties of the spectrum also from the results at a fixed
large K. In particular the dependence of the spectrum on the mass of the adjoint
quark m is also of interest and the special cases of m = 0 and m? = g> N/7 where
the model is supersymmetric.

The fermionic spectrum found by diagonalizing the system with K = 25 for
the massless case and for m? = QQTN is described in Figs. 12.3 and 12.4 in the
form of the mass of the bound state as a function of the expectation value of
the parton number. The bosonic spectrum using K = 24 for the two masses is
drawn in Figs. 12.5 and 12.6.
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Fig. 12.5. The spectrum of bosonic states for K = 25, m = 0 [38].

The characteristic features of the spectra are the following:

e The density of states increases rapidly with the mass, and almost all the states
lie within a band bounded by two < N >~ M lines. The system admits a
Hagedorn behavior,

p(m) ~m®e"™, (12.41)

where p(m) is the density and from the data it follows that 5 ~ 0.7, | 57 -
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Fig. 12.6. The spectrum of bosonic states for K = 25, m? = g/ [38].

¢ The mass increases roughly linearly with the average number of partons. Such a
behavior characterizes a system of large N non-relativistic particles connected
into a closed string by harmonic springs.

e For the low-lying states the wave function strongly peaks on states with a
definite number of partons. For instance, for K = 25 the ground state has a
probability of 0.9993 of consisting of 3 partons, and the first excited state has
a probability of 0.99443 of consisting of 5 partons.

e Thus the low-lying states can be well approximated by truncating the diago-
nalization to a single parton number sector. For instance the bosonic ground
state can be derived from a truncation of (12.34) to a two-parton sector which
yields the following equation,

2 = m2b(x 1 1 20°N [' | ¢(x) — d(y)
M- p(x) = ¢()<x+1_x)+ - /Ody w22 (12.42)

with ¢(z) = fo(x,1 — x). Note that this equation is the 't Hooft equation dis-
cussed in Chapter 10 with the replacement of g?> — 2¢>. This difference stems
from the fact that unlike for mesons built from fundamental quarks, here there
are two color flux tubes connecting two partons.

¢ Due to the fermionic statistics ¢(z) = —¢(1 — x) half of the states of the 't
Hooft model including the ground state are now excluded. In particular for
m =0 the state ¢(x) =1 which associates with a massless bound state is
missing. The absence of a massless ground state even in the limit of m — 0
can be explained huristically as follows. For m = 0 the mass of the states is
measured in units of the coupling constant g and hence the massless limit can



12.8 The spectrum of QC Dy with adjoint fermions 235

be achieved in the strong coupling limit g — oo for which the action takes the
form,

S = /deTr[i\I/Tfyofy“a,,\Il + A, J". (12.43)

Now the left and right currents Jf; constitute two independent level N affine
Lie algebras for which we have seen in Chapter 3 the corresponding Virasoro
anomaly is,
2

k :N _1—(N2—1) k 7
kE+N 2 E+N
where ¢ is the central charge before gauging and k is the ALA level. Since
k = N it is obvious that ¢ = 0 and hence there is no massless bound state. For
fundamental quarks in the same limit we get, by taking k=1 and ¢y = N,

c=cy— (N?=1)

(12.44)

that ¢ = 1, which means that for this case there is a massless bound state.






13

The baryonic spectrum of multiflavor QC D,
in the strong coupling limit

We are now going to compute the baryonic spectrum of QCDs, for which as
it turns out the bosonic formulation is very convenient. The mesonic spectrum
was found earlier, using large N with quark fields as variables in Chapter 10,
as well as using currents as building blocks in Section 11.3. For the baryon
spectrum, however, the large IV limit, in terms of fermionic fields, is not the
natural framework to use since in such a picture the baryon is a bound state of
a large number N of constituents. Instead, it will be shown in this chapter that
the bosonized version of QC D, in the strong coupling limit provides an effective
description of the baryons.! We will start by deriving the effective action at
the strong coupling limit. It will be argued that for the purpose of extracting
the low-lying baryons, one can in fact use the product scheme instead of the
U(N. x N.) scheme, with the former being more suitable for our purposes. Once
the effective action is written down we will search for soliton solutions that carry
a baryon number. It will be shown that for a static configuration the effective
action reduces to a sum of sine-Gordon actions. Using the knowledge acquired
on solitons, in Chapter 5, it will be easy to write down the classical baryonic
configuration. We will then semi-classically quantize these solitons. This problem
will be mapped into a quantum mechanical model on a CP™s=1) manifold.
The energy and charges of the quantized soliton can be derived and thus the
spectrum of the baryons is determined. We then analyze the quark flavor content
of the baryons and discuss multi-baryon states. Finally, we include meson-baryon
scattering, this time also for the case of any coupling.

13.1 The strong coupling limit

It turns out that the mass term plays an essential role in the determination of
classical soliton solutions in 141 space-time dimensions. It is therefore required
to switch on this term before deducing the low energy effective action. As was
explained in Chapter 6, we know how to do this rigorously only in the scheme
of U(NpN¢). It will turn out, however, that the product scheme can be used for
the low mass states in the strong coupling limit.

I The spectrum of baryons of two-dimensional QCD extracted in the strong coupling limit was
derived in [75].
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Our starting point is the last equation of Chapter 9. In the strong coupling limit
€, 00, the fields in & which contribute to H will become infinitely heavy. The

my
sector gl C % however, will not acquire mass from the gauge interaction

term. Since we are interested only in the light particles we can, in the strong

coupling limit, ignore the heavy fields, if we first normal order the heavy fields

at the mass scale o = e”\ﬁgxf' . Using the relation, for a given operator O,

~\ A
(ﬂ> N.O = Ny, (13.1)
m

to perform the change in the scale of normal ordering, and then substituting
hi = o3, we get for the low energy effective action,

Se[u] = S[g] + S[I] + /dzxﬁ,,,qé@"gb
+ emyg filN; /d zTr(e Vress “Gl+e Wfﬁ"’ﬂgw. (13.2)

We can now replace the two mass scales m, and i by a single scale, by normal
ordering at a certain m so the final form of the effective action becomes,

i 1
Sett [u] = S[g] + S + 5 /d%auqsaw
2 s /T an i —an g
—s—%cNm/de’I‘r(e_Z\/WNF¢§l+e+'\/“"<f“"F¢ngT), (13.3)

with m given by,

m = lNccmq (e(;/\gT\TF)AC] W (13.4)

~ 2
here A¢, the dimension of h, is (N

No(Ne TN e For the [ =1 sector, defining g =

gefi\/X"éi{"F °c U(Nr) one gets the effective action,
Serlg'] = NoSlg']+m* Ny, /d%TrF (g +g"). (13.5)

Thus, the low energy effective action in the [ = 1 sector coincides with the result
of the “naive” approach of the product scheme.
In the strong coupling limit e, /m, — oo the low energy effective action reads,?

Slg) = NeSlg] +m?N,, / d2a(Trg + Trg), (13.6)

with g in U(Nr). Note that the analog of our strong coupling to the case of 3+1
space-time, would be that of light current quarks compared to the QCD scale

Agep.

2 From here on we omit the prime from g’ so we denote g € U(Np).



13.2 Classical soliton solutions 239

13.2 Classical soliton solutions

We now look for static solutions of the classical action. For a static field config-
uration, the WZ term does not contribute. One way to see this is by noting that
the variation of the WZ term can be written as,

W2 x [ a3 (0i9) (039, (13.7)

and for g that has only spatial dependence dW Z = 0. Without loss of generality
we may take, for the lowest energy, a diagonal g(z),

g(x) = (e‘Vf{f‘”,...,e"‘V%”“'F). (13.8)

For this ansatz and with a redefinition of the constant term, the action density

reduces to,
dep; 9 4m
/dxz [ ( ) —2m (cos N—Ccpi - 1)1 . (13.9)

This is a sum of decoupled standard sine-Gordon actions for each ;. The
well-known solutions of the associated equations of motion are,

4N Ry
vi(x) =4/ ﬂc arctyg {e( Ve >} ) (13.10)

with the corresponding classical energy,

2N,
E =d4my =S, i=1,...,Np. (13.11)
s
Clearly the minimum energy configuration for this class is when only one of the
®; is nonzero, for example,

go(z) = Diag (1, 1,... ,ein”c‘w(‘T)) (13.12)

Conserved charges, corresponding to the vector current, can be computed using
the definition,

QY g(x)] = %/ daTr(JyTH), (13.13)

where 274 are the SU(Np) generators and the U(1) baryon number is generated
by the unit matrix. This follows from J, = JfT 4 and in the fermionic basis
77&7/1 2 TAi/}
In particular, for eqn. (13.10), we get charges different from zero only for Qg
and Qy corresponding to baryon number and “hypercharge”, respectively,

2(Np — 1)

N, 13.14
NF C» ( )

o o 1
QB :Noa QY :_5
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these charges are determined solely by the boundary values of ¢(x), which are,

\/?7;90(00) =om, /%g@(—oo) =0. (13.15)

Under a general Uy (Nr) global transformation go(x) — go(z) = Ago(z)A™!
the energy of the soliton is obviously unchanged, but charges other than Q5 and
Qy will be turned on. Let us introduce a parametrization of A that will be useful

later,
21
Ayj :
A= : . (13.16)
Z(Np—1)
Yi Y—(Np—l) ZNp
Now,
i Iz,
Go=1+ (e e 1)z, (13.17)

N
Foz

where (z)ap = 24 25, and from unitarity » " z,2; = 1. The charges with g, (=)

are,

@) = %NcTr(TAz). (13.18)

Only the baryon number is unchanged. The discussion of the possible U(N)
representations cannot be done yet, since we are dealing so far with a classical
system. We will return to the question of possible representations after quantizing
the system.

13.3 Semi-classical quantization and the baryons

The next step in the semi-classical analysis is to consider configurations of the
form,

g(x,t) = A(t)go(x) A7 (t), A(t) € U(Np), (13.19)

and to derive the effective action for A(t).> Quantization of this action cor-
responds to doing the functional integral over g(x,t) of the above form. The
effective action for A(t) is derived by substituting g(z,t) = A(t)go(z)A™1(¢) in
the original action. Here we use the following property of the WZ action,

S[AgB™"] = S [AB7] + 8 [g,4,] . (13.20)

3 The semi-classical quantization makes use of the Polyakov—Wiegmann formula [179].
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where S[g] is the WZW action and S[g,A] is given by (9.25), respectively, with
the gauge field A, given as,

iA, = A1, A, iA_=B7'9_B; A BeU(Ny). (13.21)
Using the above formula for A = B, noting that S(1) = 0, and taking A = A(t),
A
0. A=0_A=", 13.22
+ \/§ ( )
we get,
N - . N, L. L
3 [AMg.(0)47 (0] - Slae] = 52 [ ot {[A7 A gollA A g}
Nc 2 =1 A\( T

+%/d :cTr{(A A)(goalgo)}. (13.23)

This action is invariant under global U(Nf) transformations A — U A, where
U € G = U(Ny). This corresponds to the invariance of the original action under
g — UgU~1. On top of this it is also invariant under the local changes A(t) —
A(t)V(t), where V(t) € H=SU(Np — 1) x Ug(1) x Uy (1), with the last two
U (1) factors corresponding to baryon number and hypercharge, respectively. This
subgroup H of G is nothing but the invariance group of g,(x). In terms of g,(x)
and A(t) the charges associated with the global U(Ng) symmetry, eqn. (13.13),
have the form,

N .
08 = 2872 /der {TBA ((gl@lgo — godigh) + [go, [A*IA,giH) A*I} .
(13.24)
The effective action, eqn. (13.23), is an action for the coordinates describing the
coset space,

= SU(Ny)/SU(Np — 1) x Uy (1) = CP". (13.25)
To see this explicitly we define the Lie algebra valued variables ¢4 through

AYA =i T4¢*. In terms of these variables (13.23) takes the form (the part
that depends on ¢*),

2(Nr —1)
1 CAN2 Q(NF_l) Y
= _N - -
s, /dt ST ; (4*)* — Ne N ¢
1 Nc [ 4 \/5 Nc 3
_ e 1 2 o)de = Y2 (232, 13.26
537 = 3 | (1= o[ eda = 22 (13.26)

The sum is over those ¢ which correspond to the G/H generators and ¢V
is associated with the hypercharge generator. Although the ¢? seem to be a
“natural” choice of variables for the action (13.23), which depends only on the
combination A~!A, they are not a convenient choice of variables. The reason for
that is the explicit dependence of the charges (13.24) on A~!(t) and A(t) as well
as on A"VA(t).
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Instead we found that a convenient parametrization is that of (13.16). One
can rewrite the action (13.23), as well as the charges (13.24), in terms of the

Z1,...,2Np variables, which however are subject to the constraint Zgil Zazh = 1.
Thus,

S[A(t)go A~ (8)] = Slge] = Slza (t), 0(@)], (13.27)
where,

S[za(t), p(x)] = & [d?2{(1 — cos \/ ¥=¢)[2: 2a
—(252,)(#525)] — i\/ﬁj@p’z; ) (13.28)

We can do the integral over x and rewrite (13.28) as,
1 ks oo Nk Nc . .
Slza ()] = oYY de[2r 2, — (zwzy)(zﬂzﬁ)] —i dt(zr20 — 25 20), (13.29)

where 1/M is defined in eqn. (13.26). The first term in (13.29) is the usual
CPWr—1) quantum mechanical action, while the second term is a modification
due to the WZ term.

Similarly we express the U(Ng) charges in terms of the z variables, using
eqn. (13.24),

1

i
Q(Jzﬁ = NCZQZ; + m

Of course the symmetries of S[z] are the global U(Ng) group under which,

[2a25(25 2y — 272y) + 2025 — 252a].  (13.30)

Zo — 28 = Uapzz, U € U(Np), (13.31)
and a local U(1) subgroup of H under which,
2o = 2, =Wz, (13.32)

As a consequence of the gauge invariance one can rewrite the action in a covariant
form,

1
Slea] = 537 / dtTr(Dz) Dz + iNg / dtTrztz, (13.33)

where,
(D2)a = Za + 2a(2525). (13.34)

Constructing Noether charges of the U(N) global invariance of (13.31) out of
the action (13.33 leads to expressions identical with (13.30)). Note that in eqn.
(13.34) we can view Z5z5 = ia(t) as a composite U(1) gauge potential.

Now let us count the degrees of freedom. The local U(1) symmetry allows
us to take one of the zs to be real, and the constraint ) z,z: =1 removes
one more degree of freedom, so altogether we are left with 2Np — 2 = 2(Np — 1)
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physical degrees of freedom. This is exactly the dimension of the coset space
SU(Np)

SU(Nw —1)F><U(1)

of 4(Ng — 1). Naively, however, we have a phase space of 4Ng dimensions and,

therefore, we expect four constraints.

. The corresponding phase space should have a real dimension

There are several methods of quantizing systems with constraints. Here we
choose to eliminate the redundancy in the z variables and then invoke the canon-
ical quantization procedure.*

But before following these lines let us briefly describe another method, through
the use of Dirac’s brackets. We outline the classical case. The quantum case is
obtained by replacing { , } with i, ].

The first step in this prescription is to add to the Lagrangian a term of
the form A(}, zo2, — 1), in which case the conjugate momentum 7, of the
Lagrange multiplier vanishes. By requiring that this condition be preserved in
time one gets the secondary constraint ®; = (}__ 2,25 — 1) = 0. Further impos-
ing ®, = {®, H}p = 0, where { } p denotes a Poisson bracket, one finds another
second-class constraint ®5 = I1 - z 4+ 2z - IIT. In addition there is a first-class con-
straint ®3 = I1- z — 2 - TIT, which corresponds to the local U(1) invariance of the
model. Fixing this symmetry one gets an additional constraint ®,. For instance
one can choose the unitary gauge ®4 = zn, — 25, . The next step is to compute
the constraint matrix {<I>Z-,<I>j} p = ¢;j. In the constrained theory, the brack-
ets between F' and G are replaced by the Dirac brackets of those operators,
given by

{F,G}p ={F,G}p —{F, ®:}r(c;;' ) {®;, G}p, (13.35)

ij
operator relations it is easy to see that zy,,1ly, and their complex conjugates

where ¢! is the inverse of the constraint matrix. Imposing the constraints as
can be eliminated. The brackets for the rest of the fields coincide with the results
we derive below, when eliminating the constraints explicitly.

We now describe in some detail the quantization of the system using uncon-
strained variables. We want to choose a set of new variables so that the constraint
SNF 225 = 1is automatically fulfilled. There is a standard choice of such vari-
ables, namely (fori=1,...,Np — 1),

k; i k eix
Zp = Zi = T Ny = T/
VIt X Vitx MTTix
Np—l
X= > kk. (13.36)

i=1
The k;, kf and x are 2Ny — 1 real variables with no constraints on them. The
phase space will now have dimension 2(2Np — 1) and we still have two extra

4 The quantization of the system including its constraint was done in [75]. For an alternative
procedure of quantization in the presence of constraints see [181].
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constraints. After some straightforward algebra we can write,
Slk, k™, x] = /dtL(kyk*,x)
N¢ kf ki — k: k;

1 .
k. k* * LYo
Lk, k%, x) = 2Mkhk Ty Tt x

1 X ok — krke N
o X {ZZ it e } (13.37)

2M (1+ X) oM (1+X)?  1+X

where,
8ij kikj

hi; = - .
714X (14 X)2

(13.38)

The local U(1) transformations of the z variables transcribe into the transfor-
mations,

ox = €(t), Ok; =ie(t)k;, Ok;

(2

= —ie(t)k?, (13.39)

and 0L = —Ncé just as in terms of the z variables. This local U(1) symmetry
can be made manifest by defining the covariant derivatives,

Dk; = k; —ixk; Dk =k* +ixk}. (13.40)
The Lagrangian can then be recast in a manifestly gauge-invariant form,
Nc k¥ Dk; — (DK} )k;
2 14X

Although one can now fix the gauge, for instance x = 0, we will continue to work
with (13.41). The conjugate momenta are given by,

L(k, k*,x) = —Dk “hi; Dk; —

+ Nex.  (13.41)

oL 1 NC k*
;= — Dk hji —i——
T ok oM J 2 1+ X
8L 1 Nc  k;
r= 2 = h Dk +i—
i okr  2M™ -’+Z2 1+ X
8L )

T ox 2M 1+ X'

Since h;; is invertible we can solve for Dk}, Dk; in term of the phase space
variables,

Dk = 2M
g [ 2 1+X]
Ne ki
Dk; = 2Mh;! { T i } : (13.43)
2
where,
hit = (14 X) (655 + kik}). (13.44)
Also,

= i(ki'm — miki) + Ne, (13.45)
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giving the constraint equation,
Y =m, —i(kin; —mk;) — Nc = 0. (13.46)
The canonical Hamiltonian is given by,

H, :mkiJrW;‘l;:;‘erx)'(—L

. Nk -1 . Nck;
=2M |\m +i—-"t— | h |7 — i
{”’ Ty XJ [”f 21+ X)
+X[my — ik — miki) — Ncl, (13.47)
and this can be further simplified to,
H. = 20(1 4 X) [mn] + (k) (7 )
.Nc¢ . 1 N2X .
—27(7'[,‘](171 - kz) + 4(1"|C')Q:| + x. (1348)

Here H, is obtained explicitly in terms of the canonical variables k;, &, m;, 7).
The xv term indicates that x also behaves as a Lagrange multiplier since, fol-
lowing the Dirac procedure, we should define,

Hy = H, + \t), (13.49)

where A is a priori an arbitrary function of t. We could absorb the x in A.

Quantization of this Hamiltonian is now essentially straightforward. Let us
first consider the symmetry generators @), g, which in terms of the new canonical
variables take the form,

Qij = i(kiﬂ'j — W:‘/CJ*)

[ Nck;
Qing =X [ o il +kiﬂj’fj)]
Qnei =€ [2 +i(m + ki k; )} = W Ny
Qnp Ny = Ne —i(mik; — k] (13.50)

We will now show that the Hr can be expressed in terms of the second Casimir
operator of the SU(Ny) group.

The second U(Ny) Casimir operator is related to charge matrix elements Q,z
as,

QaQ* = %Qw%. (13.51)

A straightforward substitution gives,
1 * * 7%
5%@@,@ =1+ X)[rim + mkimi k]

N 1 X
_i7c(77iki —Wfk;'k)]‘f‘iNé <1+2> : (13.52)
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Therefore, the Hamiltonian is,

N2
Hp = 2M [QAQA - 20] + A(t)eh. (13.53)
Denoting the SU(Nr) second Casimir operator by Cy, and using Q4 Q4 = Cy +
sn (Qp)? we get (also applying the constraint 1 = 0),
Np —1)
Hr =2M |C —N27( . 13.54
T [ R T } (13.54)
The fact that Hr is, up to a constant, the second Casimir operator, is another
way to show that the charges (), s are conserved. These conserved charges will
generate symmetry transformations via,

Oki = i[Tr(eQ), k], ki = i[Tr(eQ), k}')]
dx = i[Tr(eQ), x], (13.55)

and similar equations for the momenta 7;, 7", 7, . Here ¢;; = %eA T{} is the matrix
of parameters. The transformation laws are derived using the constraint equation
1 = 0 after performing the commutator calculations. Notice that Q;; and Qny
are linear in coordinates and momenta and therefore the SU(Np — 1) x Uy (1)
transformations they generate are linear. The Qu, ; and @Q; n, charges, on the
other hand, have cubic terms as well (quadratic in coordinates), so that the coset-
space transformations of %
property of CP™ models. Substitution of Q.5 in eqn (13.55) gives,

are non-linear. This is a well-known

(SkZ = i[Ejiki(Sjl + eiXEiNF (5” — e_iXGNFikik‘l — €Ny Ny k[}, (1356)

where we use [k, 7] = i.

Inversely, starting with these transformation laws it is easy to verify the invari-
ance of the action. The standard Noether procedure then gives the charges Q.3
in terms of the coordinates and velocities, which (not suprisingly) coincide with
those given in eqn. (13.50). One could also deduce these transformation laws by
making the change of variables z,, 2% — k;, k¥, x in (13.30) directly.

One can verify that,

(@1, Q%] =if*7Q, (13.57)

are the structure constants of the U(Ng) group.
Do we have further restrictions on the physical states? We shall see now that

where fABC

in fact we do have. Remember that our Lagrangian (13.41) includes an auxiliary
gauge field A, = x and thus has to obey the associated Gauss law,
oL 0L
04, Ox
Since , is a linear combination of ()p and Q)y, and the first is constrained to
be Qp = N¢, the Qy is restricted as well. More specifically, Qy = Qy, with,

mt, = No —i(mik; — 77k?) = 0. (13.58)

1 2
R —— 13.
A =\ e N (13.59)
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13.4 The baryonic spectrum

The masses of the baryons (13.11) and (13.54), and the two constraints on the
multiplets of the physical states, namely Qg = N¢ and that the multiplets con-

tain Qy = Qy = ’/WNC’ are the main results of the last section. All
states of the multiplet with Qy # Qy will be generated from the state Qy = Qy
by SU(Nr) transformations as in (13.19). Using the above constraints we can
investigate now what possible representations will appear in the low energy
baryon sector. Considering states with quarks only (no anti-quarks), the require-
ment of Qp = N¢ implies that only representations described by Young tableaux
with N¢ boxes appear. The extra constraint Qy = Qy implies that all No quarks
are from SU(Np — 1), not involving the Npth. These are automatically obeyed
in the totally symmetric representation of N¢ boxes. In fact, this is the only
representation possible for flavor space, since the states have to be constructed
out of the components of one complex vector z as H Xz with 7 ny = Ne.
See also more detailed discussion in the next section. For another way of deriving
this result see Section 13.7.

Thus for N¢ =3, Np =3 we get only 10 of SU(3). This is understandable,
since there is no physical spin in two dimensions.

What about the masses of the baryons? The total mass of a baryons is given
by the sum of (13.11) and (13.54), namely,

E = 4m1/ +m\ﬂ/ 02 NC ) (13.60)

For large N¢, the classical term behaves like N¢, while the quantum correction
like 1. This will be worked out in Section 13.7.

That the total mass goes like N¢ for large N¢, and that the quantum fluctu-
ations are ﬁ of the classical result, is in accord with general considerations.

13.5 Quark flavor content of the baryons

A measure of the quark content of a given flavor ¢; in a baryon state |B) is given
by®

(@:9i)p = /dx (9ii) —/dx (gii)o (13.61)
= /da:z;‘zi < {erW“ - 1} >B (13.62)
— const. (2] 2i) .- (13.63)

In order to make contact with the real world, we take here No = 3 and Ny = 3,
getting the baryons in the 10 representation of flavor. Similarly, for SUr (2) there

5 Quark solitons as constituents of hadrons were discussed in [86]. Following that, the flavor
content of the baryons was discussed in [97].
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is only the isospin % representation. This is what we would expect from naive
quark model considerations. The total wave function must be antisymmetric.
Baryon is a color singlet, so the wave function is antisymmetric in color and
it must be symmetric in all other degrees of freedom. There is no spin, so the
baryon must be in a totally symmetric representation of the flavor group, a 10
for three flavors. Therefore, strictly speaking there is no state analogous to the
proton. On the other hand, there is a state which is the analog of the A", namely
the charge 1 state in the 10 representation, 2% 2.

The 10 is the lowest baryon multiplet in QCD,. In the following we shall be
dealing with the relative weight of a given flavor in some baryon state. Thus,
(qq) p will henceforth stand for the ratio,

(qq)
<ﬂu +dd i §s>B ' (13.64)

For A" ~ 2}z we obtain

J@@a)aP@Ea)EGay
(38) o0 = =5, (13.65)

/M%ﬂ@%ﬂ@%ﬂ@%ﬂ*

as well as,
_ 1
(u),. = 3 (ddy,. = . (13.66)

In evaluating the integral in the numerator in eqn. (13.65) we have used |z3|> =
1 —|z1|> — |22/?, which follows from the unitarity of the matrix A in (13.19).
Similarly, for A** ~ 2} we have,

2 1 1

<ﬂu>A++ = 3’ <Jd>A\ P 6 <§S>A++ = 6

(13.67)
In the constituent quark picture A™* contains just three u quarks. Both the
d-quark and the s-quark content of the AT come only from virtual quark
pairs. Therefore in the SU(3)-symmetric case (5s),,. = (dd) and (5s) . =
(85) A+ + , as expected.

From eqn. (13.67) one can also read the results for Q= ~ 23, by replacing
u < s. In the general case of Np flavors and N¢ colors, one obtains,

1
_]\fc+]\71r7

A++0

(@@)sea) (13.68)
where (§q)sea refers to the non-valence quarks in the baryon B. Moreover, one can
also compute flavor content of valence quarks. Consider a baryon B containing
k quarks of flavor v. The v-flavor content of such a baryon is,

k+1

U = — 1 .
<UU>B NC +NF ( 369)
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This implies an “equipartition” for valence and sea, each with a content of
1/(Nc + Np). Tt also follows that the total sea content of Ny flavors is,

N N
_ F
sea = 5 13.70

which goes to zero for fixed Ngr and N¢ — oo, as expected.
It is interesting to compare these results with the Skyrme model in 341 dimen-
sions. For the proton,

N 2 — \3+1 11 o 7
3+1 _ 4 _ 1 341 _ [
(), =z, (dd), =55 (88, =35 (13.71)
and for the A,
Gs)il = L eyt = 2 (13.72)
A 24’ e 12

The qualitative picture is similar, although the ss content in the non-strange
baryons is lower in 1 + 1 dimensions. One may speculate that in 1 + 1 dimensions
the effects of loops are smaller than in 3 + 1 dimensions, since the theory is super-
renormalizable and there are only longitudinal gluons. In the SUF (3)-symmetric
limit the strange quark content of baryons with zero net strangeness is significant,
albeit smaller than that of either of the other two flavors. The situation obviously
is reversed for Q.

In the real world the current mass of the strange quark is much larger than
the current masses of u and d quarks. It is natural to expect that this will
have the effect of decreasing the strange quark content from its value in the
SUr(3) symmetry limit. We do not know the exact extent of this effect, but
it is likely that the strange content decreases by a factor which is less than
two. This estimate is based on both explicit model calculations and what we
know from PCAC, namely that the analogous quark bilinear expectation val-
ues in the vacuum are not dramatically different from their SU(3) symmetric
values,

05< 150 (13.73)
(Tu),

13.6 Multibaryons

Let us now explore the possibility of having multi-baryons states.® The pro-
cedure follows similar lines to that of the baryonic spectrum, namely, we look
for classical solution of the equation of motions with baryon number kN¢, and
then we semiclassically quantize this. The ansatz for the classical solution of the

6 Multibaryonic states were studied in [102] and [103].
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low-lying k-baryon state is taken now to be,
(Ny —k)

go(k) = b . (13.74)

For the semi-classical quantization we generalize the parametrization given in
(13.16) to,

where ¢ represents the rows (1, ..., Np) and « the columns (Np —k + 1,..., Np).
The effective action in its covariant form (13.33) becomes,

Slza] = ﬁ / dtTr(Dz) Dz 4 iNg / dtTrzlz, (13.76)

where now, instead of (13.34),
(D2)ia = Zia + zi,g(z';ﬁzja)eDz. (13.77)

Using the same steps as those which led to (13.54) one finds now the
Hamiltonian,

N2
H =2M |Cy(Np) — ﬁk(z\@ — k)| + kE., (13.78)

with E. the classical contribution for one baryon, the first term in (13.60).

13.7 States, wave functions and binding energies

It was shown in [102] that the allowed k-baryon states contain (kN¢) boxes in
the Young tableaux representation of the flavour group SU(N). Let us recall
that this result followed from the constraint implied by the local invariance,

— e . (13.79)

Ziaw
Performing a variation corresponding to this invariance we find that the action
S changes by

AS = (kENc) / S dt. (13.80)

This means that the N, number is equal to (kN¢). Thus for any wave function,
written as a polynomial in z and z*, the number of zs minus the number of z*s
must equal (kN ). Note that for £ = 1 the transformation (13.79) represents also
the N flavor number. Thus (13.80) entails that the representation contains a
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state with N¢ boxes of the Ny flavor, and therefore must be the totally symmetric
representation.

Now, the effective action (13.76) is invariant under a larger group of local
transformations. In fact, we have extra (k? — 1) generators, which correspond to
SU (k) under which (13.76) is locally invariant. This can be exhibited by defining
“local gauge potentials”,

A,@a(t) = _(ZTZ)[}(“ (1381)
so that,
Dz = 2+ z A (13.82)

Under the local gauge transformation corresponding to A(t), A transforms as,

A(t) — e Ae™™ 4 (9e™)e ™, (13.83)
which implies,
(D2)ia — (D2)ig(e™™)sa, (13.84)

and so AS = 0. If we perform the U(1) transformation (13.79) we obtain a con-
tribution (13.80) from the Wess—Zumino term, which implies N, = (kN¢). But
due to the larger local symmetry we have more restrictions; they imply that the
allowed states have to be singlets under the above mentioned SU (k) symmetry.
This is analogous to the confinement property of QCD, which tells that, due to
the non-abelian gauge invariance, the physical states have to be color singlets.
Here we have an analogous singlet structure of the SU(k) in the flavor space.
Taking a wave function that has zs only (analogous to quarks only for QCD), it
must be of the form,

N¢

Vi (z) = H(Gal...akzilal---Zikak>7 (13.85)

i=1

for a given set of 1 < iy, ..7; < Np.
The most general state will then be of the form,

b(z,2%) = ] Fazia)" ], (13.86)
(i}

and the products are over given sets of indices.
Using the explicit formula from [103], we obtain the mass of the state repre-
sented by (13.85),

E[yr] = Mk(Ny — k)N¢ + kE,. (13.87)
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To obtain binding energies, consider our k-baryon as built from constituents
k., such that k = > k,. Then,

Blklk,] = —(MNc)[k* — 32, k?]
= —(2MNc) Y., krks. (13.88)

When all k, = 1, the sum gives us 3k(k — 1), i.e. the number of one-baryon pairs

in the k-baryon state. Note that the binding energy is always negative, thus the

k-baryon is stable. The maximal binding corresponds to the case when all k, = 1.

Note also that in the N¢ — oo limit, the binding tends to a finite value, since

then,
1
lim (2MN¢) = (Cme.)” <2NF> "t (13.89)
N¢—o0 U

Let us take as an example an analog of a deutron, namely a di-baryon k = 2.

Then for N¢ = 3, Ny = 2 we find that its representation is a flavor singlet (this

is the limiting case of k = Ny). The ratio of the binding to twice the baryon
mass is given by,

1
€ = —— = 0.20. (13.90)

1+ %

For k =2, N¢ = 3 and Nr = 3 we find that the di-baryon is represented by, 10
and the ratio is given by,

1
2+ =
For general Ny we obtain,
1 1
€ = 5T (13.92)

(Ng — 1)+ 28~ Np +143°

Finally, let us make the following comment. The ratio of the quantum fluctu-
ations term to the classical term, in the expression for the mass, eqn. (13.87), is
given by,

(Quantum corrections) _ <712) Ny — k' (13.93)

(Classical term) 8 ) N¢

Thus, we do not expect our approximations to hold in the region Np > (N¢ + 1).
We expect it to start for No > Np, and to be good in the region N¢ > Np.

13.8 Meson-baryon scattering

So far we have analyzed, using semiclassical quantization of the bosonized theory
in the strong coupling limit, the spectrum of the baryons and their flavor content.
Applying the same technique one can also study the scattering processes of
mesons from baryons. The idea is to introduce perturbations around the classical
soliton solutions and to compute the forward phase shifts. We start with the
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computation in the strong coupling limit [98] and then we discuss the general
case of any coupling [87].

Our starting point is the soliton solution that describes the static classical
baryon g.(x) = exp[—i®.(x)] where,

Pe()

®,(z) = ' , (13.94)

and,

¢ (x) = darctg ("), p=my/ if—ﬂ (13.95)
¢

Note that we have shifted the non-trivial phase factor to the upper left-hand
corner, whereas in (13.77) it was put in the lower right-hand one.
We introduce a fluctuation around it of the form,

g = exp {—i[Pc(x) + ¢(x,1)]} (13.96)

1
gr e @) z/ dr e @) 5, t)e T T Be (@) (13.97)
0

Actually, to avoid integrals as in eqn. (13.97), which yield rather complicated
expressions for fluctuations, we will adopt a different expansion, namely,

_ =P () —igd)(:vﬁt)
g=¢e e ,
) . - 13.98
~e 1 Pelr) ie_l‘pf‘(“)égb(x, t), ( )

where we have denoted by d¢ the new variation, different from the 8¢ of eqn.
(13.97), but still a fluctuation about the classical solution. Now,

%&r |:e_7;q)c(g:) (a_5¢(x,t)) evifl)c(f)}

+m? [e*i‘l’wsqs(x, £) + 8¢(x, t)ef?@f<r>] —0. (13.99)

Obviously the two expressions coincide in the abelian case. In fact, the relation
between d¢ and ¢ is

1
S (x,t) :/ dr ™ @) 5z, 1) e TP (@), (13.100)
0

Physical quantities should obviously come out to be the same for both types of
fluctuation.
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13.8.1 Abelian case

We start with the abelian fluctuation d¢ that commutes with ®.. Denote this
case by d¢ap, where the subscript “ab” stands for “abelian.”
Then the fluctuation reads

89 = —id0ap (x)e 0 (@) (13.101)
where,
0 0an, + 1 (cos ¢ )dan, = 0, (13.102)
and,
2
cos ¢, = [1 — 2] . (13.103)
cosh” pux
This equation of motion can be derived from the following effective action,
1 1
Lot = 5 (0,06m)" = 5V (@) (3¢an)’ (13.104)
2 2 2
V(z) = p° cos ¢e(x) = p [1 - 2} . (13.105)
cosh” pux

For a solution with an harmonic time dependence of the form,
8pan (z,1) = e xan (2), (13.106)
the spatial part has to solve,
—w?Xab = Xap + V() Xab = 0. (13.107)

Note that asymptotically the potential approaches x — +oo, the potential
— 1%, and so asymptotically,

X2 (£00) + w? Xab (£00) = 12 Xab (£00). (13.108)

For asymptotic behavior of the form,

Xab (1)~ et (13.109)
with,
W=k 42, (13.110)

the two asymptotic solutions are,

Xab () ~ A(w) sin kx + B(w) cos kzx, (13.111)
and the S-matrix is,
1
Storward = 5(B —iA) (13.112)
1
Sbackward = 5(3 + 'LA), (13113)

for an incoming wave ¢** from x = —oo.
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L L L

1071 100 10l 102 103
k/u
Fig. 13.1. The phase shift § = 2ctg™" (k/u), eqn. (13.117), as a function of the
normalized momentum k/p, for the potential (13.105), governing the small
fluctuations around the soliton in the abelian case. The phase shift is smooth

and monotonically decreasing with momentum, indicating that no resonance
is present. Note logarithmic momentum scale.

We can now proceed to derive the scattering matrix, using the standard
procedure. The solution for =z — oo contains only the transmitted wave,
’(/)(I _ OO) ~ eikw.7

It turns out that for the particular potential (13.105) there is no reflection at
all, i.e. the wave function for © — —oo contains only the incoming wave,

Y(x — —00) ~ eFr0 = (—%’j) ek, (13.114)
Thus,
% _ 13:;5 (13.115)
T = m = (13.116)
ctg %6 = S (13.117)

As shown in Fig. 13.1, § varies smoothly and decreases monotonically from § = 7
at k =0to d =0 at k = oo, indicating that there is no resonance.

The no-reflection potential we found is a special case of a well-known class of
reflectionless in quantum mechanics.

7 We take the convention where the scattering phase is taken to be zero at z — oo and is
therefore extracted from the wave function at z — —oo.
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13.8.2 The non-abelian case

We got a no-reflection potential in the previous section, in the case of one flavor.
We want to examine now the non-abelian case.
Following eqn. (13.99), we get,

0é¢—i(0,®.) (6_&17)4—2'(8_&25) (0, ®.) + [5¢e ic(2) | i (@) G ]
(13

The equation for &Z)q;j with 4,7 # 1 is as for the free case,
00ij +p*0¢;; =0,  dandj#1, (13.119)
whereas the ¢ = 1, = 1 matrix element is as in the abelian case,
06¢11 + 42 (cos de(x)) 0y = 0. (13.120)

with no reflection and no resonance.
So in order to proceed beyond these results, we need to consider 5(;51 i J#1,
or 61, i # 1. As 8¢ is Hermitian, it is sufficient to discuss one of the above.
Thus we take,

0prj = e “luj(z)  j#I, (13.121)
resulting in,

w (x) —igl(x)u)(x) + [w* +wel(x) — Fp® (14 e )] u;(x) =0. (13.122)

Defining,
uj = e’ vy, (13.123)
we find,
o) + |w? +we, — 1u® (1+cosge) + 1 ((bfz)Q] v; = 0. (13.124)
Using,
L(¢l)? = 2 (1 —cos o), (13.125)
we get,
vf + [w? + wel — p¥ cos g v; = 0. (13.126)
This can be rewritten as,
v —w?v; + V(z)v; =0, (13.127)

where,

V(z) = _wd):: + H’Q cos . =
2 _ 9,2 (w/p) 1
cosh iz~ cosh®

_ (13.128)
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V (/s @ Y’
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x

Fig. 13.2. The normalized potential V (w/u; x)/u* of eqn. (13.128), for w/u =
1.01 (upper), 2 (middle) and 3 (lower).

with w = y/k2 + 2, as before. Note that the potential depends on the momen-
tum of the incoming particle, as shown in Fig. 13.2.

Next we proceed to solve numerically for the reflection and transmission coef-
ficient. It turns out that for numerical solution of the scattering problem it is
more convenient to take the coefficient of the outgoing wave at x ~ +o0o to be
1, instead of the T prefactor, and integrate eqn. (13.127) backward, reading off
the T and R amplitudes from the solution at x ~ —oc.

We thus use,

vi(@) = e, e (13.129)

vj(z) = Fethr 4 Bemibr g o0,
Since the potential is symmetric, the symmetric and anti-symmetric scattering
amplitudes don’t mix, yielding two independent phase shifts g and d4, respec-
tively. This leads to,

T = 1 (eis 4 ¢ida
: ( s . ) (13.130)
R: 5(61 s _ez A).
Defining,
1
0y = 3 (55:|:5A), (13.131)
we find that,
T = €% cosd_
(13.132)

R = i’ gind_.
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Fig. 13.3. Scattering by the potential eqn. (13.128) as a function of the nor-
malized energy w/u. Upper plot: transmission probability |T'|*; lower plot:

phase of T', §+ (continuous line). Also shown is the approximate result for 0+
from WKB (dot-dashed line).

Note that R/T is purely imaginary. The transmission and reflections probabilities
are,

2 _ 2
Ay
The numerical results for the transmission probability |T'|> and for the phase of
T, §, are presented in Fig. 13.3. For comparison and as an extra check we also
plot the WKB result for ¢, . Note that no resonance appears.

Note that the asymptotic value of the phase shift is 7t. This can also be obtained
from a WKB calculation, which becomes exact at infinite energies.
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13.8.3 Extension to arbitrary coupling

To analyze the system at any gauge coupling we go back to bosonized action
prior to the implementation of the strong coupling limit, which we now rewrite
in the form,

2
Sest [u] = So[u] + egjt\;f /de Tr [8:1 (ua_uT)C]Q —|—m'2Nm/d2xTr (u—i—uT) .
(13.134)

The strong coupling limit eliminates the second term of (13.134), for arbitrary
coupling,

ez Ny

= /d%Tr (07" (wo_ul) ]?, (13.135)

where (u a,uT)c is the color part of M = ud_u', to be computed as,
M,=Try;M —1/N.Trpg .M. (13.136)

As already mentioned, this term represents the interactions, as it arises from
integrating out the gauge potentials. However, we will see that, for the physical
situation we discuss, this term does not contribute to meson-baryon scattering
for any coupling. As a result, the latter is described by the effective action S.g [u],
whereas in the strong coupling limit it is described by St [g].

In a similar manner to (13.95) we take u to be of the form,

u = exp(—i®,.) exp(—idP), (13.137)

corresponding to a classical soliton ®., and a small fluctuation §® around it,
representing the meson. The resulting action is then expanded to second order
in §®, yielding a linear equation of motion for @ in the soliton background. The
latter serves as an external potential in which the meson is propagating.

We start by evaluating,

M = ud_u' =
= exp(—i®.) 0_(exp i®.) + exp(—i®.) exp(—idP) [0_ exp(idP)] exp(iP..),
(13.138)
and obtain the equations of motion for the meson field by varying with respect
to 6®. The variation of (13.135) with respect to §® is proportional to,

SM,
5(5)

M.. (13.139)

To compute its variation with respect to &, we need only the second term M,
of M, as the first term M, is independent of §®.
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We take for the soliton a diagonal ansatz (13.94) now in the form of a u matrix
rather then a g one,

[exp(—i@c)]aa,jj/ = 5aa/5jj’ exp (—iv 47TXaj) :
a=1,...,N,, (13.140)
j=1,...,Ny,

so that,
{exp(—i®.)[exp(—i0®) O_ exp(id®)] exp(i®c)},; /i
= exp(—iV47tx,;) [exp(—id®) _ exp(i6®)]aj.arjr exp(ivamy, ).  (13.141)

The part of M that contributes to the effective action is its color projection
(13.136). We note that Trpg Mo = 0, and thus,

[(M2)c], . = Z exp(—iV/47ya ;) [exp(—id®) O_ exp(i6®)]aj.ar; exp(ivATxar;).
' (13.142)

The mesons §® have to be diagonal in color, so,
[(M2)c], . = Z[exp(—i&b) 0— exp(id®) Jaj.aj0a,a’- (13.143)
J
We recall that the flavor structure of the mesons is independent of their color
indices, and restrict our attention to mesons that have no U(1) flavor part. In
this way, we may be sure that classical solutions lead to stable particles, since

their non-vanishing flavor quantum numbers put them in a different sector from
the vacuum. We then have,

> [exp(—id®) O exp(id®) Jaj.a; =0, (13.144)
J
as shown earlier, and the effective meson-baryon action is,

Sp-pl6®] = Solu] + m? Ny, /d2ac (Tru+ Tr uT) , (13.145)

with « depending on §® for fixed ®, as in (13.137).

Next we would like to evaluate the potential. The equation of motion for é®
is obtained from (13.145), by first varying with respect to uw and then varying u
with respect to §d®. To first order in §®, we find,

ou = —ifexp(—i®D,)]0P. (13.146)
The resulting equation of motion is then,
1
220+ [(0-w)u'] + (um? —m*ul) =0, (13.147)

where m is the diagonal mass matrix: m = §;;m; with (possibly different) entries
m; corresponding to flavors j. We note that there is the possibility of an overall
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scale ambiguity in m, since, when the masses are different, there is a question of
which normal-ordering scale to use. The resulting equation of motion for §® is,

00® —i (94 ®.) (0-6®) + i (0_6®) (0; P.)
+ % [6®p* exp(—i®.) + exp(i®.)u’ 6] = 0, (13.148)

where p = my/87.

As discussed before, both &, and §® are diagonal in color. Moreover, &, is
diagonal in flavor too. So, taking the aajj’ matrix element of the equation of
motion (13.148), we find,

06Dy — (04 ®e),; (0-69),,,+1 (D-5P), (04 D.),

ajj’(

1 . .
+ 5{5‘I’a]‘j’u2j/[exp(*l‘l’c)]aj/ + [exp(i®,)]ajp? j0Paj; } = 0. (13.149)

Examining the classical solutions for the quark solitons inside the baryons, we see
that, for a given color index a, there is only one flavor for which ®. is non-zero.
We can now distinguish three cases:

¢ The first is when an index a and indices j and j' are chosen in such a way that
both (®.),; and (®.),;s are zero. In such a case,

1
00%qj,0 + 5[/12]‘ + 1% /6% = 0, (13.150)

where (®.),; = 0 and (®.),; = 0.

Thus 69,/ is a free field with squared mass given by the average of m? and

j
m?, in this case, which we do not discuss further.
e The second case is that of j = j', with a such that (fl)c)aj is a quark soliton

inside the baryon. In this case,
06®aj; + 12 cos[(®),;16®as; = 0. (13.151)

e The third case is when j is different from j’, now with one of the ®. being a
soliton and the other vanishing. Taking (®.), ; to be the soliton, we obtain,

. 1 .
06Pg i — 7'(8-%(1)(:)@‘7' (3—5@)@]" + 5{“2]" + N'Qj[exp(l@c)]aj}tsq)ajj/ =0,
(13.152)
where j'# j and (@), = 0.

Next we want to proceed and evaluate the meson-baryon scattering. For that
purpose we need to analyze the equations that determine the static solution
(®)q;- First one defines,

(®e)aj = VAT(Xc)aj (13.153)
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where the (x.)q; are canonical fields, whose equations of motion are,

1
ng — 4o, ZXQ - FZXW —2\/47rm? sin vidmy,; = 0.
l

¢ Bl

Note the extra factor 2 in front of the mass term, as compared with eqn. (22)
of [86], due to an error in this reference.
Choosing the boundary conditions x,;j(—o0) =0, we get as constraints for
Xaj (+00), denoted hereafter simply by xq;,
1

i = M integers, (13.154)

and

Zna =n independent of a. (13.155)
1

The baryon number® associated with any given flavor [ is given by,
Bl = Z Ny -
a
Combining the last two equations, we find,
B=)_ B =nN,,

l

for the total baryon number.

We now continue in a similar manner to the discussion in the strong coupling
limit, starting with the first non-trivial case (13.151) identified above. As the
soliton solutions are such that there is a unique correspondence between the
color index a and the flavour index j, we suppress a in what follows. Putting,

60, = e ity (z), (13.156)
with,
u;(z) — et (13.157)
we find,
wi =K+, (13.158)

and the equation for u;(x) is,
uf (z) + wiPu; — i j[cos (D) Ju; = 0. (13.159)
We define the potential V; for this scattering process via,
"

uf(x) + w;u; — Vyuy =0, (13.160)

8 In our normalization, a single quark carries one unit of baryon number.
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and find,

Vj = 1 j[cos (D.),]. (13.161)

In our normalization the outgoing wave has coefficient 1, which is more conve-
nient for numerical calculations, and the wave for x — —o0 is now,
1 ikx Rj —ikx
uj(zr) =—=¢€e""+ —e T — —00 13.162
]( ) T] T/ i ’ ( )
in this case.
In the second non-trivial case (13.152), we put,

5<D]'j/ = efi“’-lf'tu]-j/(x), (13.163)
so that,

iy (x) = i(®e)j (@)l (@) + {w]yr + wjjr (Pe); (@)

1 .
S+ 2 expli®)] g = 0. (13.164)

To eliminate the first derivative term in u, we substitute,
Ujjr = [exp (;CI)C>:| Vjjr. (13165)
J

This results in,

!’

vy (@) +{wyr + wijr (Be)j () —

1
jlcos(@c)]; bvjjr + g(lﬂ- — 12 )vjj0

#{ @@ = G, (0= foost@al) b

(@0, () — 2 [sin( o), Y vy = 0, (13.166)

We note that the last three lines vanish when all the quark masses are equal, as
then the soliton is a sine-Gordon one. Thus, the scattering would then only be
elastic.

The potential of the scattering is defined here via,

v () + Wi — Vijrvg =0, (13.167)

so that,

—2{(®@0)," (@) - 12 [sin(@,), ]} (13.168)
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Taking again,

vjjr(x) — &k, (13.169)
we get,
1
wjjr = 5(“27' + 1), (13.170)
and the wave for x — —o0 is,
1 Riir _;
vjr(x) = T etke 4 %e*””, xr — —00, (13.171)

Jj i
in this case.

To summarize we have shown that meson-baryon scattering in QCDs in the
large- N, limit is non-trivial for non-zero quark masses, and is described by two
distinct effective potentials when the quark masses are unequal. These effective
potentials are not of the sine-Gordon type found in previous cases, and we expect
the scattering amplitudes also to be non-trivial. Their calculation will require

numerical analysis.
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Confinement versus screening

One of the most challenging problems of gauge dynamics in four dimensions is
how to show that QCD admits confinement. One of the measures of confinement
is the fact that the potential between an external quark and an external anti-
quark placed at a separation distance L, as in Fig. 14.1, is dominated by a linear
dependence, namely,

V =0cL. (14.1)

The coefficient in this linear dependence is the string tension. Thus, a non-
confining behavior, which will be referred to as a screening behavior, implies
a vanishing string tension. Whereas in four dimensions the computation of the
string tension is a formidable task, in two dimensions, as will be shown in this
chapter, it is a fairly easy one. In this chapter we describe the extraction of the
string tension in various two-dimensional gauge systems.

We start by calculating the string tension for the massive Schwinger model in
both the fermionic and the bosonic languages. This is done in the small mass
limit and then we discuss the corrections due to going beyond this limit. We then
discuss the short range corrections to the confining potential. We focus on the
abelian case, believing that the non-abelian case is very similar. Next we com-
ment on the behavior of the string tension when finite temperature is introduced.
Then we move to non-abelian generalization. We compute the string tension for
the cases of matter in the fundamental and adjoint representations, followed by
the symmetric and anti-symmetric representations.

Much of this chapter is based on [15] and [16].

The string tension of the massive Schwinger model was calculated using
bosonizaton in [68]. The massless cases in gauge theories were analyzed in [116].
The next-to-leading order in small mass was computed by [4].

14.1 The string tension of the massive Schwinger model

We start with the derivation of the string tension in the massive Schwinger model,
in the fermionic language. Consider the partition function of two dimensional
massive QED,,

Z = (14.2)

- ) 1 . - -
/ DA, DUDV exp <z / d’z <—462F3,, + Wig¥ — mU¥ — gayn A, xIwMIJ>> ,
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Fig. 14.1. Quark anti-quark separated at a distance L.

where gqyy is the charge of the dynamical fermions. Gauge fixing terms were not
written explicitly. Let us add an external pair with charges +¢ey at =L, namely,

35" = Gext(8(z + L) — 8(z — L)), (14.3)

so that the change of £ is —j*" A*(z). Note that by choosing ji*' which is
conserved, O* jﬁ’“ = 0, the action including the coupling to the external current
is also gauge invariant.

Now, one can eliminate this charge by performing a local, space-dependent

left-handed rotation,

U — i@ F1-7) g (14.4)
\I/ R \Ije—ia(a:)%(1+“ra)’ (145)

where 7v° =4y, We choose a left-handed rotation (or equally well a right-
handed one) rather than an axial one, since in the non-abelian case the former
will be easier to implement.

The new action is,

1 = - 1 -
S = /dgx [_462F3V + UigV¥ — \Ilaﬂa(m)’y“‘a(l —45) ¥ — mBe (@) g

— Qayn A I — o (8(z + L) — 8(z — L)) Ag + %F , (14.6)

where the last term is induced by the chiral anomaly,

5S = /d%%ﬂ (14.7)

with F' the dual of the electric field, F' = %e’“’FW.

The external source and the anomaly term are similar, both being linear in
the gauge potential. This is the reason that the #-vacuum, to be discussed in
Chapter 22, and electron-positron pair at the boundaries are the same in two
dimensions.

In the following we assume 6 = 0, as otherwise we absorb it in to a. Choos-
ing the A; = 0 gauge and integrating by parts, the anomaly term looks like an
external source,

ddyn
ot Ao@la(l‘). (148)
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This term can cancel the external source by the choice,

a(z) = 2n§j’ft Oz + L) — 0(x — L)). (14.9)

Let us take the limit L — oco. The form of the action, in the region B of —L <
T < L is,
1 = = _jgqriext -
Sp = /B d*x <462F3” + Uil — mWe " W — qdynAﬂ\I/’y“\Il> .
(14.10)

Thus the total impact of the external electron-positron pair is a chiral rotation
of the mass term. This term can be written as,

_ g dext A _ _
Te P P = cos (27tqe)(t) YW — jsin <2nqem) Wy W, (14.11)
Gdyn qdyn
The string tension is the vacuum expectation value (v.e.v.) of the Hamiltonian
density in the presence of the external source relative to the v.e.v. of the Hamil-
tonian density without the external source, in the L — oo limit,

o =<H> — <Hp>, (14.12)

where |0>( is the vacuum state with no external sources. The change in the
vacuum energy is due to the mass term. The change in the kinetic term which
appears in (14.6) does not contribute to the vacuum energy.

Thus,

0 = mcos (27‘[ dext ) <U¥> —msin (27‘[ dext ) <\i/i75 TU> —m <PT>, .

Gdyn Gdyn
(14.13)
The values of the condensates <WW¥> and <WUv5¥> are needed. The easiest
way to compute these condensates is bosonization, but it can also be computed
directly in the fermionic language. We state here the final result for the m =0
case (the derivation can be found in the references of this chapter),

exp(7)
2713/2
<UyU>,,_g = 0. (14.15)

<\I/\I/>m:0 = —e€

(14.14)

Equation (14.15) is due to parity invariance (with our choice § = 0). The
resulting string tension, to first order in m,

o= mee;;%) (1 — cos <2n§d“)> . (14.16)

Though this expression is only the leading term in a m/e expansion and might

be corrected, when gey is an integer multiple of gqy, the string tension is exactly
zero, since in this case the rotated action (14.10) is not changed from the original
one (14.2).
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14.2 The Schwinger model in bosonic form

Next we derive the same result in the bosonized formulation.
The bosonized Lagrangian, in the gauge A; = 0, is given by,

1 1 ., .
L= ﬁ(aﬁh))? + 5(@1@2 + M? cos(2y/T) + qd\/yF[ Agd1p — AgJext, (14.17)

where M? = mpu, = GXPM fi(o) With fi(s) = “=qayn the mass of the photon, for

e > m.
Chiral rotation corresponds to a shift in the field ¢. Upon the transformation,
6= ¢+ VL (9w + L) — 0z — L)). (14.18)

qdyn

The Lagrangian (14.17) takes, in the region B, the form,

1 1 Gext ddyn bt

= (0140 + M? 2 2 Y2 A )

Lp 262(81 0)” + (u¢) + COS( VT + quyn)+ NG 0010
(14.19)

Hence, similarly to the previous derivation, a local chiral rotation was used to
eliminate the external source. The calculation of the string tension is exactly the
same as in the previous section.

The relevant part of the Hamiltonian density is,

H = —M?cos <2ﬁ¢3 + o dext ) . (14.20)

Qdyn

To zeroth order in (¥ ) the vacuum is ¢ = 0. Setting this choice in (14.20) and
subtracting the v.e.v. of the free Hamiltonian, we arrive at,

ooED = My <1 — cos <2n Gext )) 7 (14.21)

Qdyn

exp(7)
273/2
number and gext, gayn are the external and dynamical charges, respectively (we

measure charge in units of e, thus gex; and gqy, are dimensionless).

where m is the electron mass, u=e e the gauge coupling, v the Euler

14.3 Beyond the small mass abelian string tension

The expression (14.21) contains only the leading "+ contribution to the abelian
string tension. This expression was computed in the previous section, using a
classical average. However, as we used the normal ordering scale p14 which is the
photon mass for e > m, taking 45: 0 actually gives the full quantum answer,
as is evident by comparing with the fermionic calculation in the section before
that.

The full perturbative (in m) string tension can be written as,

o] -1
m Gext
OQED = MU E C ( ) <1 — CoS (2711 >) . 14.22
? =1 e(Idyn qdyn ( )
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The value of the first coefficient is C; =1 and the next was found to be

Cy = 8. 9°8Xp1(/ ) . Higher coefficients are not calculated yet.

Note that for finite 2+ we have to minimize the potential,

ext 1
V= M? <1 — cos <2ﬁ¢ + o dext >> + 5#?@2. (14.23)

Gdyn

The minimum ¢ = ¢,, obeys,

2\/7tM? sin (2\/7?@,1, 4 opdext > + 11 ¢m = 0. (14.24)
q

dyn

Thus, for the first-order ("—) correction, we get a Cy which is —(5)v/7(expy).
This has the same sign, but a factor 1.41 larger, than the instanton contribution.

Note that all above results for the string tension are symmetric under change
of sign of the external charge, as expected on general grounds. However, when
a OF term is introduced, we get odd terms as well, like sin(l¢) sin(27t I=x- ) The
even terms are multiplied by cos(16).

Finally, let us remark that for very large **, the abelian case has a string
tension which is %62 @i

14.4 Correction to the leading long distance abelian potential

The potential (14.1) is the dominant long-range term. However, there are, of
course, corrections. In this section we present these corrections.

The equations of motions which follow from the bosonized Lagrangian (14.17)
are, in the static case,

1 qdyn .
— 50 Ay + \/}T O d — Jext =0 (14.25)
— 02 + 2/mM” sin 2/ + 129, 4, = 0. (14.26)

N
In order to solve these equation, it is useful to eliminate the bosonized matter
field ¢. Using the approximation sin 21/7t¢ ~ 24/7t¢, we arrive at (in momentum
space),
2(7.2 2
e (k* +4nM .
2 (12 ( 2 62) 2 Jext (k).
B (k2 (amde2 + 23, )

where k is the Fourier transform of the space coordinate. We will discuss the
validity of our approximation for ¢ later in this section. The last equation can

Ap(k) =

(14.27)

be rewritten as,

m? 1 m? 1 .
Ao(k) = <m%k‘2 + (1 - %) k‘Q—&-m%> € Jext (), (14.28)
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where,

m3 = 4nM?, (14.29)

e?

mj = 4AnM* + —qj,,. (14.30)

;q

Note that the photon propagator has two poles, a massless pole that repro-
duces the string tension and a massive pole which adds a screening term to
the potential. Note that there is no % correction, which appears in higher
dimensions, since in the present case the string cannot fluctuate in transverse
directions.

Note also that in the massless case, when M? = 0, only the second term sur-
vives and the photon has only one pole with mass square %qun. This result is
of course exact, independent of our approximation.

The resulting gauge field is,

270 M goxct
Ay(x) = ——"(lz+L|—|z—L)J
qdyn
_eﬁ Gext (e*ﬁqdyn l[z+L| e*ﬁ%yn |-’E*L|) (14.31)
2 Gdyn ’

where we took M? < e for simplicity.
In order to calculate the potential we will use,

1
v=: / Ao (@) jox: () de (14.32)
Hence the potential is,
2 2 )
V= 27'[2M2 q;xt % 2L + eﬁ Gext (1 _ e—ﬁ’IdynZL) . (1433)
qdyn 2 ddyn

The first term is the confining potential which exists whenever the quark mass
is non-zero. On top of this, there is always a screening potential.
The string tension which results from the above potential is,
2 Qezxt
2

o =mpu X 27 , (14.34)

qdyn
which is exactly (14.21) in the approximation 27[55—“ < 1. This turns out to be

also the condition for sin 2v/7t¢ ~ 21/7t¢ that we assumed at the start of this
section. To see that, we solve for ¢ from eqn. (14.25) as,

.. Qdyn e? 1 1 .
(k) = —ik N AV ) Jext (k). (14.35)

Define ¢ = ¢ + ¢2, where ¢ is the part with k%, and ¢ with . The ¢

kZ+m?3
part goes to zero at long distances, i.e. k — 0. As for the ¢; part, its x-space
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form is,

2

ﬁ(myn(kxt (0(55 + L) - 0(1‘ — L)), (1436)

which for small % reduces to,

¢1(z) =

1 () ~ \/7?32’“’ (O(x + L) — 0(z — L)). (14.37)

Thus 2+/7t¢ small means,

(2m)dext 1, (14.38)
Gdyn
the condition mentioned before.
Note that we could generalize the argument to values of 27‘[37—“ that are close
dyn
to 27tn, with integer n.

14.5 Finite temperature

In this section we would like to comment on the behavior of the string tension in
the presence of finite temperature. It is interesting to check whether the string
is torn due to high temperature and whether the system undergoes a phase
transition from confinement to deconfinement.

The prescription for calculating quantities at finite temperature T is to for-
mulate the theory on a circle in Euclidean time with circumference 8 = T~1.

For the purpose of calculating the string tension, we can follow the same steps
which we employed previously, leading to a modification of eqn. (14.16) as,

o=-m<V¥>r <1 — cos 27 dext > . (14.39)
ddyn

It is enough to calculate <UW>;, the condensate at finite temperature, in the
massless Schwinger model.
The chiral condensate behaves as,

— e .
<\II\II>(T_)0)4> *We/, (1440)
and
_ /27
CUW> (g o) —2Te™ 7. (14.41)

This result indicates that the string is not torn even at very high temperatures.
The explicit expression shows that <UW>7 is non-zero for all T. Thus, the system
does not undergo a phase transition. It is just energetically favorable to have the
electron-positron pair confined.
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14.6 Two-dimensional QCD

The action of bosonized QC Dy with massive quarks in the fundamental repre-
sentation of SU(N) (see Chapter 8) is

1
Sfundamcntal - d21’ tr (@tgaugT) (1442)
87 J»

1
T |, Bye* tr(g79,9)(9'0,9) (970 9)

1 2 T 2 1 a apy
+§mufund/d xtr(g+g )—/d x@FWF #

1
~%m /de tr(igTo, gA_ +igd_g' A, + A gA_gt — AL A),

where e is the gauge coupling, m is the quark mass, pu = e(;;(p( o) ,gisan N x N
unitary matrix, 4, is the gauge field and the trace is over U(N) indices. Note,

however, that only the SU(N) part of the matter field g is gauged.
When the quarks transform in the adjoint representation, the expression for
the action is,

1
Sadjoint = 16 / de tr (a gau T) (1443)

1 3 i
+ % dBye* tr (gT&;g) (gtajg) (gfﬁkg)

1 1
+ im‘uadj /d T tr (g+g ) /de—F/‘fVFa””
1
~ /de tr (ig' 0, gA_ +igd_g' AL + ArgA_g" — AL A).

The action (14.43) differs from (14.42) by a factor of one half in front of the
WZW and interaction terms, because g is real and represents Majorana fermions.
Another difference is that g now is an (N? — 1) x (N? — 1) orthogonal matrix.
The two actions (14.42) and (14.43) can be schematically represented by one
action,

1
S =258+ SMHR /d2m tr (g —I—gT) (14.44)

—ﬁ%/d%: (ga,gT)a A%,
where A_ = 0 gauge was used, S stands for the WZW action and the kinetic
action of the gauge field, kqyn is the level (the chiral anomaly) of the dynamical
charges (k =1 for the fundamental representation of SU(N) and k = N for the
adjoint representation).

Let us add an external charge to the action. We choose a static charge (with
respect to the light-cone coordinate ') and therefore we can omit its kinetic
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term from the action. Thus an external charge coupled to the gauge field would
be represented by,

Tkeoxt a
7477';/d2x (ua_uT) Af.

Suppose that we want to put a quark and an anti-quark at a very large separation.
A convenient choice of the charges would be a direction in the algebra in which
the generator has a diagonal form. The simplest choice is a generator of an
SU(2) subalgebra. Since a rotation in the algebra is always possible, the results
are insensitive to this specific choice. As an example we write down the generator
in the case of fundamental and adjoint representations,

: 1 1
7"fflnd Zdlag - —*,0,0,...,O
2 ——

27
N -2

1 11 1 1 1
27 27 27 27 et 2, 27
2(N —2) doublets

T3y = diag | 1,0, 1, 0,0,...,0
. N——’

(V=22

Generally T can be written as
T3 = diag(Ai, Aoy .., Aiy ..., 0,0,...),

where {);} are the ‘isospin’ components of the representation under the SU(2)
subgroup.
We take the SU(N) part of u as,

u = [exp—idm (6(z~ + L) —0(x~ — L)) T2, (14.45)

for N > 2, and a similar expression but with a 27 factor for N = 2. T3, represents
the ‘3’ generator of the external charge and wu is static with respect to the light-
cone time coordinate xz*. The theta function is used as a limit of a smooth
function which interpolates between 0 and 1 over a very short distance. In that
limit u = 1 everywhere except at isolated points, where it is not well defined.

The form of the action (14.44) in the presence of the external source is,

5250+;mMR/d2x{tr(g+gT)
.k( n a — —
+ [ 0g!)" ket (5o + 1)~ e — 1)) 41 |

The external charge can be eliminated from the action by a transformation of
the matter field. A new field § can be defined as follows,

k no(x ~1\ 4 k yn a a _ _
_24% (g('?,gT) == % (gang) + Koyt 073 (5(35 +L)—6(z — L)) ‘
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This definition leads to the following equation for §',

o_gt =gt (ga g+ i47rZ§—Xt(6(m_ + L) -6z — L))Tgyn) . (14.46)
yn

The solution of 14.46 is,

kox _ _ p
g' = Pexp {/dx <g(9_gJr + i47rk'—t(5(x +L)—-9d(z — L))T(fwl) }
dyn
_ ei47r,i§if:‘ 0(1_+L)T§YngTefizlnlf(‘;il“ 6(9:_7L)T('fm7 (14.47)

where P denotes path ordering and we assume that 7 g’yn commutes with gd_ g’
for x= > L and with g for = = —L (as we shall see, this assumption is self
consistent with the vacuum configuration).

Let us take the limit L — oco. For —L < = < L, the above relation simply
means that,

. koxt 3
g= geulrrk;zn Tiyn

Since the Haar measure is invariant (and finite, unlike the fermionic case) with
respect to unitary transformations, the form of the action in terms of the new
variable g reads,

S = Swzw (9) + Skinetic (Ay) — & /dzﬂﬁ (g0-g')" AL

4m
1 jdgc Fext 3 —idprkexe 3
4 §m‘UR /de tr <96747deyn Tdyn +e 147'[deVn Tdyng'i') , (1448)

which is QC Dy with a chiraly rotated mass term.

The string tension can be calculated easily from (14.48). It is simply the vac-
uum expectation value (v.e.v.) of the Hamiltonian density, relative to the v.e.v.
of the Hamiltonian density of the theory without an external source,

oc=<H>— <Hy>.

The vacuum of the theory is given by g = 1. In terms of the variable g, this
configuration points in the ‘3’ direction and hence satisfies our assumptions while
solving eqn. (14.46). The v.e.v. is,

1 FULETR 8 —i4mlex T}
<H> = _§m'uR tr (e Fayn A g Fayn *dyn
Kext
= —Mmug E cos (470\2- = .
i kdyn

Therefore the string tension is,

o= mug Z <1 — cos (47‘[& :cm )) , (14.49)

; dyn

which is the desired result.
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We expect that similar corrections as those in eqn. (14.22) will occur also in

non-abelian systems. For the fundamental/adjoint case, the following expression

may correct the leading term,

(iii)

(iv)
(v)

o0 1-1
~ kcx
oQCD = MR ZC’; (ekf? ) Z (1 — oS (471)\jlk ‘ >) . (14.50)
-1 dyn

J dyn
few remarks should be made:

The string tension (14.49) reduces to the abelian string tension (14.21) when
abelian charges are considered. It follows that the non-abelian generalization
is realized by replacing the charge ¢ with the level k.

The string tension was calculated in the tree level of the bosonized
action. Perturbation theory (with m as the coupling) may cause changes,
eqn. (14.49), since the loop effects may add O(m?) contributions. However,
we believe that it would not change its general character. In fact, one fea-
ture is that the string tension vanishes for any m when ;:d—” is an integer,
as follows from eqn. (14.48), since the action does not depend then on ke
at all.

When no dynamical mass is present, the theory exhibits screening. This is
simply because non-abelian charges at the end of the world interval can be
eliminated from the action by a chiral transformation of the matter field.
When the test charges are in the adjoint representation key; = N, eqn.
(14.49) predicts screening by the fundamental charges (with kqyn = 1).
String tension appears when the test charges are in the fundamental rep-
resentation and the dynamical charges are in the adjoint. The value of the
string tension is

O = Mlaj (2 (1 — cos ?) +4(N -2) (1 — cos ?)) (14.51)

as follows from eqn. (14.49) for this case.

The case of SU(2) is special. The 47t which appears in eqn. (14.49) is replaced
by 2m, since the bosonized form of the external SU(2) fundamental matter differs
by a factor of a half with respect to the other SU(N) cases. Hence, the string
tension in this case is 4muag;.

(vi)

We would like to add, that when computing the string tension in the pure
YM case with external sources in representation R, the Wilson loop gives
+€2Cy(R), while our way of defining external source gives Le’k2 . Thus we

need a factor % to bring our result to the Wilson loop case. Analogous
ext
factors should be computed for the other cases, when dynamical matter is

also present.
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14.7 Symmetric and antisymmetric representations

The generalization of (14.49) to arbitrary representations is not straightforward.
However, we can comment about its nature (without rigorous proof).

Let us focus on the interesting case of the antisymmetric representation. One
can show that the WZW action with g taken to be JN(N —1) x $N(N —1)
unitary matrices, is a bosonized version of QC D, with fermions in the antisym-
metric representation.

The antisymmetric representation is described in the Young-tableaux nota-
tion by two vertical boxes. Its dimension is $ N(N — 1) and its diagonal SU(2)
generator is,

1 11 1 1 1
20 272 27772 2

(N—2) doublets

T3, = diag( 0,0,...,0). (14.52)

and consequently £ = N — 2. When the dynamical charges are in the funda-
mental and the external in the antisymmetric the string tension should vanish
because the tensor product of two fundamentals include the antisymmetric rep-
resentation. Indeed, (14.49) predicts this result.

The more interesting case is when the dynamical charges are antisymmetric
and the external are fundamentals. In this case the value of the string tension
depends on whether N is odd or even.

When N is odd the string tension should vanish because the anti-fundamental
representation can be built by tensoring the antisymmetric representation with
itself £ (N — 1) times. When N is even string tension must exist.

Note that (14.49) predicts,

0 = 2mptas (N — 2) (1 — o8 N27—T 2) ) (14.53)
which is not zero when N is odd, contrary to expectation.

The resolution of the puzzle seems to be the following. Non-abelian charge
can be static with respect to its spatial location. However, its representation
may change in time due to emission or absorption of soft gluons (without cost
of energy). Our semi-classical description of the external charge as a c-number
is insensitive to this scenario. We need an extension of (14.45) which takes into
account the possibilities of all various representations. One possible extension is,

Gl = 0kext (14+IN) (6 (27 + L) =6 (2~ — L)), (14.54)
where [ is an arbitrary positive integer. This extension takes into account the
cases which correspond to 1+ [N charges multiplied in a symmetric way. The
resulting string tension is,

o=mpr » (1 — cos <4m\,; :“‘t (1+ lN)>> : (14.55)

dyn

which includes the arbitrary integer . What is the value of [ that we should pick?
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The dynamical charges are attracted to the external charges in such a way
that the total energy of the configuration is minimal. Therefore the value of [
which is needed, is the one that guarantees minimal string tension.

Thus the extended expression for string tension is the following,

o = min {m,uR Z (1 — cos (471)\7; Foxt (1+ ZN))> } . (14.56)

kdyn

In the case of dynamical antisymmetric charges and external fundamentals
and odd N, [ = (N — 3) gives zero string tension. When N is even the string
tension is given by (14.53).

The expression (14.56) yields the right answer in some other cases also, like
the case of dynamical charges in the symmetric representation. The bosoniza-
tion for this case can be derived in a similar way to that of the antisymmetric
representation, and T° is given by
%,—%,%,—%,...,%,—%,0,0,...,0). (14.57)

(N —2) doublets

- diag<1,07—1,

Symm

Hence k = N + 2. When the external charges transform in the fundamental rep-
resentation and N is odd, eqn (14.56) predicts zero string tension (as it should).
When N is even the string tension is given by

4m 2m
= 2mg 1-— —_— N-2)|1- —_— . 14.
0 = 2Mflsymm (( cos N+2) +( ) ( cos N+2)> (14.58)

We have discussed only the cases of the fundamental, adjoint, anti-symmetric
and symmetric representations, since we used bosonization techniques which are
applicable to a limited class of representations.






15
QC'D,, coset models and BRST quantization

15.1 Introduction

In Chapter 9 we realized that the structure of the bosonized non-abelian massless
QC D, is that of a gauged WZW model with an additional F? term of the gauge
fields. Apart from the pure gauge term, this is therefore a special form of a
two-dimensional coset model, discussed in Section 4.6. This naturally calls for
a treatment of the system similar to that for a coset model. Using the form of
the gauge fields in terms of scalars f and f as A =if~'0f, A=1ifof ! with
f(z,2), f(z,2) € H¢, the complexification of H = SU(N¢), leads to a convenient
formulation of the model.! The main advantage of this approach is that one can
then easily decouple the “matter” and the gauge degrees of freedom.

In this chapter we point out that the F? term requires a special treatment.
The formulation of pure YM theory in terms of the f variables seems naively to
contain unexpected “physical” massive color singlet states. This result is obvi-
ously neither in accordance with our ideas of the degrees of freedom of the model
nor with the lattice and continuum solution of the theory. We show that similar
“naive” manipulations in the case of QE D> do reproduce the Schwinger model
results. Using a coupling constant renormalization we show that in the limit of no
matter degrees of freedom the coupling constant is renormalized to zero. In this
case the unexpected states turn into unphysical massless “BRST” exact states.
In the flavored QC D> case a similar analysis shows the existence of physical

Nr 2

flavorless states of mass m?* = JEe.

This chapter is based on [96].

15.2 The action
The bosonized version of QC D, was shown in Chapter 9 to be described by the
action,
1 _ _ _ -
Socp, = Si(u) — o /dQZTr(iu_lauA +iudu A+ AuTt Au — AA)
2

m 2. ., 4 2 2
—|—% d°z: Trglu+u ].—i—e—%/dzTrH[F], (15.1)

I This parameterization of the gauge field was previously introduced in [9].
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where u € U(Np X N¢), S (u) is a level kK WZW model,

_k 2 w, —1 i/ 3, _ijk —1g. 15 -1
Sk (u) = & /d zTr(0,uou )+127_[ ; dPye " Tr(u™" 0u)(u™ 0ju)(u™ Opu),
(15.2)

A and A take their values in the algebra of H = SU(N¢), F = 0A — 0A +
i[A, A], m? equals m,uC, where p is the normal ordering mass and C' = %e”f’
with v, Euler’s constant. Apart from the last two terms which correspond to the
quark mass term and the YM term, the rest of the action is a level-one % coset
model with G = U(Nr x N¢).

We now introduce the following parameterization for the gauge fields
A=ifl'of, A=ifof~! with f(z,%2), f(z,2) € SU(Nc)°. These type of vari-
ables were used frequently in dealing with gauged WZW actions, for instance
in computing the effective action of QCD; and in the % models discussed in
Section 4.7. They may be interpreted as Wilson lines along the z and z direc-

tions. The gauged WZW part of the action, first line of (15.1), takes the form,

Si(u, A) = Si(fuf) = Si(ff)-

The Jacobian of the change of variables from A to f introduces a dimension
(1,0) system of anticommuting ghosts (p, x) in the adjoint representation of H.?
The WZW part of the action thus becomes

Si(u,A) = Si(fuf) - $i(FP) + o [ @eTeulpDx+pDY,  (153)

where Dx = Ox —i[A, x]. Our integration variables in the functional integral
are if~'df and ifdf~!. This action involves an interaction term of the form
Try (p[f10f,x]) and a similar term for p, x. By performing a chiral rotation,
like those of Chapter 14, p — f~'pf and ¥ — f~'xf with p — fpf~! and x —
fxf~', one achieves a decoupling of the whole ghost system. The price of this
is an additional Sg;\fc (ff) term in the action (here trace over H only) resulting
from the corresponding anomaly. This result can be derived by using a non-
abelian bosonization of the ghost system. A different bosonization of a (1,0)
ghost system was described in Section 6.5.
In this language the ghost action takes the form,

Son =Sy, (I1, A, A) + S (l2, A, A) + Sewise (1) + Stwist (12),
where [, and [y are in the adjoint representation and Siyist 1S & twist term given,

Siwist = —%/dzzTr[lél‘lf‘lﬁf]. (15.4)

2 The ghost action was introduced in [8].
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Now using the Polyakov—Wiegmann formula we get,
Sgl])h = SN(‘, (fllf_) - SN» (ff_) + Stwist(ll) + SN» (fZQfT) - SN(,, (f.f) + Stwist(ZQ)
(fF) + %/dQZTI'H (79X + p'ox], (15.5)

I
!
L
=

where the last line has been transferred back to the ghost language. Notice that
unlike the ghost fields in (15.3) the new ghost fields p’ and x’ are gauge invariant.
It is interesting to note that the action given in (15.5) is non-local in terms of
the local degrees of freedom A and A. Note that had we done the right and left
rotations separately, we would have got S_sn, (f) + S_an, (f), which however is
not vector gauge invariant, but rather a left-right symmetric scheme.

The full gauge invariant action including the anomaly contribution of the anti-
commuting part now reads,

m2
Socp, = S1(u) + L /d2zTrH [F2] o /d2z Trg [f Ywf~' + fu~ f} :
T [S(—}(I}mejvc)(ff) + %/dZZTrH [7'ox' +/)/8X/]} - (15.6)

In deriving eqn. (15.6) we used a redefinition fuf — u. This does not require an
extra determinant factor. Also, as S )( ff) involves Try rather than the Trg
in S1(ff) of eqn. (2.4), a factor of N; appears. Note that had we introduced
the special parameterization of the gauge fields in the fermionic formulation of
QC D5, we would have arrived at the same action after decoupling the fermionic
currents from the gauge fields, by performing chiral rotation and then bosoniz-
ing the free fermions. Equation (15.6) was derived without paying attention to
possible renormalizations. The latter will be treated in Section 15.7.
At this point one may choose a gauge. A convenient gauge choice is
=ifof~! = 0. Notice that since the underlying space-time is a plane this
is a legitimate gauge. The gauge fixed action can be written down using the
BRST procedure, namely,

Sar = Sqcp, + 59 + 8 = Soep, +dprsT (BA) =
= Sqcp, + Tru[BA] + Try [bDd], (15.7)

where Sgr, S/ and S are, respectively, the gauge fixed action, the gauge
fixing term and the ghost action. The (b,c) fields are yet another (1,0) ghost
system and B is a dimension-one auxiliary field, all in the adjoint representation
of SU(N¢). The integration over B introduces a delta function of the gauge
choice to the measure of the functional integral. In addition we integrate over
the ghosts b and c.

It is interesting to note that the QC' D, action can be related to a “perturbed”
topological 17 L coset model. To realize this face of QC' D, we parameterize u as

ghlei\/ vore ? " and rewrite (15.7) accordingly. The Polyakov—Wiegmann relation
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implies,
S[u] = S[ghl] + % / 4’20, 0" ¢,
Slghl] = S[g] + S[] + S[h] + % /d%Tr(gmgza_ﬁ + hTa, hlo_11). (15.8)

Since [ is a dimension-zero field with an associated zero central charge we have
S[l] = 0 and thus,

Sar = Sxe (0) + SU (N, yane) (F) + 5 / d22Try [pOX + pOx]
1 _
+ S (g) + 5 [ 2(0090)

? Y e R o
+ %/deTrG : [flghleWcAr-“’Jre VxR mg-tg|

1 5o
b5 [Eml@gony) (15.9)
It is now easy to recognize the first line in the action as the action of igg%f;

topological theory.

It is interesting to note that a WZW term S_sn, (f) appears in the action
even without the introduction of quarks. We therefore digress to an analysis of
the pure YM theory in the formulation introduced above.

15.3 Two-dimensional Yang—Mills theory
Pure Yang—Mills theory has attracted much attention recently along the lines of
an underlying string theory. Here we restrict our discussion to the 2D Minkowski
or Euclidean space-time, where the rich structure of the model on a compact
Riemann surface does not show up. In terms of the parameterization introduced
in eqn. (15.6) the gauge invariant action of the pure YM theory is,

Sy, = S—ne)(ff) +55 [ d*2Try [pOX + pdx]
+2 [d?2Try [F?). (15.10)

Here again we remind the reader that the coupling constant undergoes a mul-
tiplicative renormalization. This will be discussed in Section 15.7. Let us first
discuss the corresponding equations of motion for f and f,

5f:6A—DA+%DDF= <1+22DD>F:0,
m m

A A
5f:8A—DA—22DDF:—<1+22DD>F:O, (15.11)
my my

where D =0 —i[A,"], myq = em/% and O = 200. In fact these two equations
are identical, as [D, D}F = 0. The equation is that of a massive gauge field with
self interaction. Note that in this approach, unlike the equations that follow from
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varying the action with respect to the gauge fields, one gets two derivatives of
F. In deriving the above, it is convenient to remember that,

38wz () = 5T {11030}

The YM action equation (15.10) is obviously invariant under the original gauge
transformations,

f—=fu(zz) f=vT (22,
with v € SU(N¢). In addition the action is invariant separately under the holo-
morphic and anti-holomorphic “color” transformations,
f=u@f f— ful),
where u,w € SU(N¢). These are “spurious” transformations since they leave

A and A invariant. The corresponding holomorphic and anti-holomorphic color
currents are,

T = =2eli(f D)) = 2 fDFf7,

Tt == li(fH T ) + I DFS]. (15.12)
The gauge fixed (f = 1) action takes the form,

Sy m, = S_<2NC>(f) + ei?/d2zTI‘H[((§(f*18f))2]

(&

23

i

Jr27r

/dQZTrH [pOX + pOx]. (15.13)

As is expected the equation of motion at present is just that of eqn. (15.11)
after setting A = 0. Naturally, the action now lacks gauge invariance, neverthe-
less, it is invariant under the following residual holomorphic transformations,

f=u@)f |- fw(z),

with the corresponding holomorphic and anti-holomorphic currents,

Jo = -Ne {A+ 22D(6A)} Jo = -Ne {ZH— 225(3,4)] ,
mA 7T mA

and A =ifdf~'. Notice that in spite of the similar structure, A is not related
to A which was set to zero. To better understand the physical picture behind
these currents we defer temporarily to the abelian case.

15.4 Schwinger model revisited

Since in the pure Maxwell theory there is no analog to the (—2N¢) level WZW
term of eqn. (15.10), we study instead the Schwinger model in its bosonized form,

1 _ _ _ _
Stsen) = 5~ / d*z [axax — V20X A+ VIOX A+ S (94— DAY].
€
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In analogy to the change of variables in the non-abelian case, we now introduce
the following parameterization of the gauge fields A = dp, A = 0@. In terms of
these fields the action takes the form,

d?z = = T = A =
S(sen) = /% {[BXBX —V2X00(¢ — @) + 67[83(90 —@)]* +i[pox + pax}}

In the gauge A = 0 and after the field redefinition X = X + %gp, the action is
decomposed into decoupled sectors,

S(sen) = S(X) + 5(¢) + S(ghost)
o1 ) S ) _
S(X) = 5 /d A0X0X] S(e) = o /d { 082 &p&p} C(15.14)
where 2 = % The corresponding equations of motion are,
90 {1 + 2288] =0, 90X =0.

The invariance under the chiral shifts dp = €(Z) and dp = €(z) are generated by
the holomorphically conserved currents,

Jo = o+ %8583&, Jo = dp+ %aééap.

To handle this type of “hybrid” current we suggest the following decomposition
of the massless and massive modes ¢ = 1 + @9 with,

00py =0 [200 + p2]ps = 0.

In the holomorphic quantization,

oL 1 = - /ﬂ 1 -
=———=—-0(004+— | p=-—0(p2 — p1). 15.15
3(09) p—c ( + 1 ) Y= I (02 — 1) ( )
A unique solution to the commutation relations [p(z,Z), I(w,w)],—y =
i0(Z — ), [¢,¢] = 0 and [II,II] = 0 is,

[p1(2, 2), o1 (w, w)],_,, = mie(Z — )

[p2(2, 2), o (w, w)],_,, = —mie(Z — w)

[p1(2, 2), p2(w, @)],_,, = 0

X(2,2), X(w, )] = —mie(z — ), (15.16)

where € is the standard antisymmetric step function. Notice that the massless
degree of freedom has commutation relations which correspond to a negative
metric on the phase space. These relations can also be translated to the following
OPEs (choosing the part ¢;(z) of ¢1),

e1(2)p1(w) = log(z — w),
2 (2, 2)p2(w, @) = —log|(z — w)|* + Ok’ |2 — w]?),
p1(2) 2 (w, w) = O(2 — w). (15.17)
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It is thus clear that the model is invariant under a U(1) affine Lie algebra of level
k = —1 since Jg (2)Jg (w) = ﬁ, as Jg = Jdp; with no contribution from ;.

The physical states of the model have to be in the cohomology of the BRST
charge. Due to the fact that the current is holomorphically (and the other anti-
holomorphically) conserved, it follows that the same property holds for the BRST
charge, and thus the space of physical states is an outer product of the cohomol-

ogy of Q and Q. The latter are given by,

Q= xJ = x(i0X + 0¢1),
Q = xJ = X(—i0X + 0¢1). (15.18)
Expanding the fields i0X and Jyp1 in terms of the Laurent modes X,, and
(Ql)n with [XruXm] = n6n+7n and [(801)7“ (4,01)m] = n(5n+m we have

Q= %n |:an - i(@l)—n} :

Since Jy = {Q, po}, physical states have to have a zero eigenvalue of Jy. The
general structure of the states in the 1, X, p, x Fock space is,

(X)™ (1) ()™ ()™ [vac

where obviously n, and n, are either 0 or 1. It is straightforward to realize that
only the vacuum state and states of the form (Xy)"* (p1,)"/ are in the BRST
cohomology. Recall that being on the plane we exclude zero modes and thus only
the vacuum state remains. Since there is no constraint on the modes of 9, the
physical states are built solely of ws which are massive modes. This result is
identical to the well-known solution of the Schwinger model.

15.5 Back to the YM theory

Equipped with the lesson from the Schwinger model we return now to the YM
case and introduce a decomposition of the group element f so that again the
gauge currents obey an affine Lie algebra. Let us write f = f5f; which implies
that,

A=if'of =iff"ofi +if; (fy '0f) fi = I + o

With no loss of generality we take 0f; = 0 implying also d.J; = 0. Inserting these
expressions into Jg of eqn (15.3) one finds,

N, 2 _
Jo = ——=|Ji + Jo + —5(80Jy + i[5, Jy + o))
7T mA

If one can consistently require that,

9 _
Jo + 72(88J2 + i[@JQ, Ji+ JQ]) =0,
my
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then, in a complete analogy with the abelian case, Jg = —%‘Jl. The lat-
ter is an affine current of level k= —2Ng. One can in fact show that

(15.5) can be assumed without a loss of generality. d.J; =0 implies that
Jo + 5 (88]2 +i[0Js, Ji + J3]) = u(z), where u(z) is some holomorphic func-

tion. We then introduce the shifted currents Jo = Jo — u(2), J; = Ji + u(z). Now
dJ1 = 0 as does Jy, and J, obeys eqn (15.5) with Jy replacing J;. It is easy to
check that the shifts in the currents correspond to f1 — v(2)f1, fo — fiv(z)™!
with u(z) = if; (v(2) " Ov(2)) fi.

Note that the equation for J, involves a coupling to J;. This is related to
the fact that, unlike the abelian case, one cannot write the action as a sum of
decoupled terms which are functions of J; and J separately.

Once the color current Jg is expressed in terms of the holomorphic current
J1, the analysis of the space of physical states is directly related to that of the
topological % model at k£ = 0. The physical states have to be in the cohomologyof
the BRST charge, which corresponds to the following holomorphically conserved
BRST current,

N 2 =
Q) =t (7 + 370 ) =~ ([a+ Zpw0a] +Linsx).
An anti-holomorphic BRST current Q(z) determines the condition for physical
states in the analogous manner to ). From here on we restrict our description
to the latter. We define now the zero level affine Lie algebra current,

J(%ot) = Jg + ‘](agh) - ‘]gv' +1, fljl’(:Xbpw

and the ¢ = 0 Virasoro generator T,

1
T(z) = —— : J&J& + +p"0x°,
Ne
as well as dimension (2,0) fermionic current,
1
G=——pJ&,
9NG Padq

and realize the existence of the “topological coset algebra”,
T(z) ={Q.G(2)}, Q) ={Q,j"(2)}, Jfo) ={Q:0"(2)},
{@.Q()} =0, {G.G(2)} =W(2),
W(z) ={Q,U(2)}, (W, W (2)] =0, (15.19)
where J# = x,p? is “ghost number current”,

1 a C (0
W(2) = Fave &P 0% + 0p™ pa,
C

and

J4 b c
12N fabc GgpP P -
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A direct consequence is that any physical state has to obey,
J(tot) |phyb> =0, Lg|phys> =0, Wy|phys> =0, (15.20)

where J tot) , L, and W, are the Laurent modes of Jitot)' " the Cartan sub-algebra
currents, T’ and W, respectively. In fact the BRST cohomology of the present
model is a special case of the set of G/G models.

We therefore refer the reader to those works [9], [200], [229] and present here
only the result. On the plane where no ghost zero modes are allowed, the only
state in the cohomology is the zero ghost number vacuum state of J;.

This state can be a tensor-product with oscillators of the massive modes of J.
Unlike the abelian case, Js does not commute with J; so that in general the J,
modes are not obviously in the BRST cohomology. However, there is no reason
to believe that all the J; modes will be excluded by the BRST condition. Those
Jo modes that remain are by definition color singlets.

This result contradicts previous results on Y M,. Usually one believes that
pure gluodynamics on the plane is an empty theory since all local degrees of
freedom can be gauged away.

15.6 An alternative formulation

To get a better understanding of the subtleties of the Yang—Mills theory when
expressed in terms of A =if~'0f, A=1ifdf!, and for future application, we
compare now with another formulation of the theory. A similar approach will be
used in the discussion of generalized YM theories in Chapter 16. Consider the
following functional integral,

Z = [ DADADBe'S(AA.B),
S=—[dTry[-FB+ B, (15.21)

where B is a pseudoscalar field in the adjoint representation. Obviously the
integration over B produces the usual Tr[F?] action. It is also easy to realize
that the action is invariant under the ordinary gauge symmetry provided that
6B = i[e, B]. In terms of the f variables after imposing the gauge f = 1 one finds,

Sy = S (1) + [ @t | (L0008 ) - 18] + 59,

c

where S(") = 5= [ d22Try [pOxX + pdx]. One should again bear in mind that
the coupling constant undergoes a multiplicative renormalization. This will be
discussed in the next section. Using Polyakov—Wiegmann we get,

Sy, (B) = Tane (B) — T [B]
—Siang)(vf) + SWM), (15.22)
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where I'y(B) = Si(v) with - 8B ZNe (jpdv~!). The second line in (15.22) is
a ¢ =0 “topological system Since the underlying Minkowski space-time does
not admit zero modes we can safely integrate over the corresponding fields. We
can further pass from functional integrating over B to ivdv~!. This involves
the insertion of det% which will introduce a I' sy (B) term with no additional
ghost terms. The functional integral (16.1) thus takes the final form,

/D L [d*2Try [B? ])'

It is thus clear that in the present formulation there is no trace of the massive
“physical modes” discussed in the previous section.

15.7 The resolution of the puzzle

Encouraged by the result of the last section, we proceed now to reexamine the
steps that led to the unexpected massive modes in the pure Y M,y theory. In
particular, we would like to check whether in addition to the implementation of
proper determinants there is no coupling constant renormalization that has to
be invoked when passing to the quantum theory expressed in the f variables.
For this purpose we turn on again the matter degrees of freedom. We introduce
N quarks in the fundamental color representation and explore the behavior of
the system in the limit Ny — 0. Recall that the action of this model is given in
eqn. (15.9). Starting actually from eqn. (15.1), taking the massless limit, writing
A in terms of f in the action but still with A as an integration variable, and
using the formulation presented in the previous section, the path integral of the
colored degrees of freedom now reads

Z(col) — /[DA][DB][Dh]ei’S(CU”
gleol) = Sy, (h) + % /dQZTI“H [héh—lf—@f]

+ /dQZTrH Kei(flaf)éB) - iBQ} , (15.23)

C

where we have also gone from u to h as in Section 15.2.

It was found out that quantum consistency imposes finite renormalization on
the coupling constant of the current-gauge field interaction.?> This renormaliza-
tion is expressed in the following equality,

Z(J) = /DAei[Sk- ()t [ d* =T [i(F7105)T]

:/Dfeqz[sk,mc (f)+%fdzzTrH[(f’laf)J_]/D(gh)eis(gh)

_ (iT-wene [(555g ) 7] /D(gh)ey‘s(g"), (15.24)

3 The finite renormalization of the coupling was introduced by D. Kutasov in [146].
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where k is an arbitrary level and I‘k( ) = Sy (w) for L =iwdw™'. The renor-

malization factor e(k) has to satisfy - ]i<L2)N“) = k+§N(‘ .

from eqn. (15.24) that it has to be singular at the origin. It can be shown that

In addition it is clear

e(k) takes the form e(k) = 4/ k”VC . Implementing this renormalization in our
case, eqn. (15.23) takes the form,

Sleol) = Sy, (h) + S (Np+2n¢) (f)

[Ny +2N¢ 1 = 1
2 : F C i1 o2
+ /d ZTry (z N . (f 8f)5'B> 4B

+ Sl (15.25)

where h = fh. After integrating the auxiliary field B the action becomes,
S(COI) = SVr ( ) +S_ 1\F+2Nc)(f)

+ /d2zTrH [(Wﬂ [B(fLaf)]? + S, (15.26)

It is now straightforward to realize that the equation of motion which follows
from the variation with respect to f is that of eqn. (15.11) where now my =

€c ZQV—; Thus, the coupling constant renormalization turns the massive modes
into massless ones in the case of pure YM theory (Ng = 0). Notice that to reach
this conclusion it is enough to use the fact that e(k) has to be singular at k = 0
and the explicit expression of e(k) is really not needed. Following the arguments
presented in Chapter 5, it is clear that these states that became massless are not
in the BRST cohomology and thus not in the physical spectrum.

A somewhat similar derivation of the triviality of the model in the Ngp =0
limit is the following. We integrate in eqn. (15.25) over the ghost fields and over
f, using again the coupling constant renormalization, and find,

/D 75\1_ u)+ F jdzzTrH[B (17)]}

It is now clear that the action vanishes at Ny = 0 and hence again, on triv-
ial topology, the theory is empty. Notice, however, that the implementation of
renormalization modifies also the result of the previous section.

The final conclusion is that in both methods one finds that indeed the pure
YM theory has an empty space of physical states as of course is implied by the
original formulation in terms of A. We have demonstrated that in this formulation
it follows only after taking subtleties of renormalization into account.

15.8 On bosonized QCD,

To resolve the puzzle of the YM theory we were led to analyze the color and
flavor sectors of QC' D,. The full bosonized QC D5 includes in addition the baryon
number degrees of freedom. The corresponding action is given by equs. (15.6),
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(15.7) or by eqn. (15.9). In the past the low-lying baryonic spectrum in the strong
coupling limit Zﬂ — 0 was extracted using a semi-classical quantization. In this
chapter our analysis was based on switching off the mass term, m, = 0. This
limit cannot be treated by the semi-classical approach, as the soliton solution
is not there for m; = 0. In our case here one finds a decoupled WZW action
for the flavor degrees of freedom Sy, (g) and a decoupled free field action for
the baryon degree of freedom, in addition to the action of the colored degrees of
freedom which is given in eqn. (15.26) or eqn. (15.7). The general structure of a
physical state in this case is that of a tensor product of g and ¢ with the colored
degrees of freedom f, h and the ghosts. The structure of QC Dy which emerged
from the semi-classical quantization for m, # 0 involves g and ¢ only. In our case

here the f colored degrees of freedom acquire mass my = ec\/g while the h
degrees of freedom remain massless. In the limit e, — oo the f degrees of freedom
decouple. It is thus clear that one has to introduce the mass term which couples
the three sectors. The massless limit of QC' Dy can then be derived by taking the
limit m, — 0 after solving for the physical states. Indeed, it was shown in the
limit of e, — oo that turning on m, # 0 results in a hadronic spectrum where
the flavor representation and the baryon number were correlated. The analysis
of the spectrum of the massive multi-flavor QC D5 in the approach of this work
remains to be worked out.

15.9 Summary and discussion

In this chapter we have analyzed 2D YM and QCD theories using a special
parametrization of the gauge fields in terms of group elements. In the m, =0
case it enabled us to decouple the matter and gauge degrees of freedom. How-
ever, this formulation led, in a naive treatment, to unexpected massive modes.
Even though we did not present a full solution of the theory we had reason-
able arguments to believe that the BRST projection would not exclude these
modes. The fact that a similar approach to QE D, reproduced the known results
of the Schwinger model, enhanced the puzzling phenomenon. Eventually, we
showed that a coupling constant renormalization, renders the unexpected mas-
sive modes into massless un-physical states. The benefit of this detective work is
the appearance of “physical” massive states in massless QCDs.
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Generalized Yang-Mills theory on
a Riemann surface

16.1 Introduction

Pure gauge theory in two dimensions is locally trivial and has no propagating
degrees of freedom. This was discussed in the first chapter of this part of the
book and now in the last chapter we will describe the global properties of gauge
theories in two dimensions. For the latter to be non-trivial we will either take
the underlying manifold to be a compact Riemann surface or introduce Wilson
loops external sources. We will show that in those cases the gauge theory has a
rich structure and in fact is almost a topological field theory, which is a theory
with no propagating degrees of freedom (see also Section 4.7). Moreover, it will
be shown that the theory has an interpretation in terms of a string theory.

It is easy to realize that in two dimensions the pure YM theory is in fact the
simplest member of a wide class of renormalizable theories that incorporate only
gauge fields. These will be referred to as the generalized gauge theories gYM.
In Chapter 15 we introduced an alternative formulation of the YM theory using
the action®

S = —/dZZTr[iFB +¢*B?]. (16.1)

Now it is easy to realize that the B? term can be generalized to an arbitrary
invariant function ®(B). This will constitute the family of gYM.? The partition
function of the generalized theories on Riemann surfaces and the computation
of Wilson loops for these theories will also be described in this chapter.

Pure YM, theory defined on an arbitrary Riemann surface is known to be
exactly solvable. In one approach the theory was regularized on the lattice and,
using a heat kernel action, explicit expressions for the partition function and
loop averages were derived.? Identical results were derived also in a continuum
path-integral approach.

In the following sections we briefly review the former derivation of the partition
function and determine in a similar way the results for the partition function and

I In fact in (16.1) we have used a slightly different formulation which is however equivalent to
the one used in Chapter 15.

2 The notion of the generalized QCD theory in two dimensions was introduced and analyzed
in [82].

3 A lattice version of two-dimensional Yang-Mills theory was shown to be exactly solvable by
Migdal in [161]. Correlators of Wilson lines on this formulation were computed in [139].
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Wilson loops in the ¢gY M, case. Since this chapter is based on non-trivial two-
dimensional topology which has not been dealt with intensively in this book,
to fully understand its content the reader will need to consult the references to
this chapter. The reader who is not interested in the topological aspects of two-
dimensional gauge dynamics may skip this chapter and proceed directly to the
third part of the book.

This chapter is based mainly on [115], [118], [119] and [105].

16.2 The partition function of the Y M, theory

The partition function for the ordinary Y M, theory defined on a compact Rie-
mann surface M of genus H and area A is,

Z(MH,AA):/[DA#]exp {—b/de\/detGW trF,, PP, (16.2)
g9° Jx

where the gauge group G is taken to be either SU(N) or U(N), g is the gauge
coupling constant, A = g> N, G,y is the metric on M, and tr stands for the trace
in the fundamental representation.*

As was emphasized in Chapter 8 the pure YM theory defined on a flat
Minkowski space-time with trivial topology is empty since one can gauge
away the gauge fields. However this does not hold if the underlying manifold
M is topologically non-trivial. If M contains a non-trivial cycle v such that
tr[Pefw A“d‘”#] # 1, where P stands for path-ordering, one cannot gauge A4, away
along «. Thus, the partition function depends on the topology of M and in fact
only on the topology and its area. This follows from the fact that the theory is
invariant under area preserving diffeomorphism. The field strength can be written
in the form F,, = ¢€,, F' and hence the action takes the form,

1
S = —@/Ed%:,/det G, F*. (16.3)

Apart from the area form d?z,/det G, this action is independent of the metric
and is therefore invariant under area preserving diffeomorphism.

The lattice partition function defined on an arbitrary triangulation of the
surface, as described in Fig. 16.1, is given by,

Zpg = /HdUlHZA[UA], (16.4)
l A

where [ [, denotes a product over all links, Ua is the holonomy around a plaquette
Up = HleA U, and Z is a plaquette action. For the latter one uses a heat kernel

4 The partition function on any Riemann surface of the discretized theory was written down
in [184]. An identical result was found also in the continuum formulation [228].
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U

Fig. 16.1. A triangulation of the Riemann surface M. A group matrix is placed
on each link.

—1g ..
action rather than the Wilson action (which is Za[Ua] = ¢ 7' w+y )), ie.

ZAU) =Y dpxr(U)e ), (16.5)
R

where the summation is over the irreducible representations R of the group;
dr, xr(U) and ¢3(R) denote the dimension, character of U and the second
Casimir operator of R, respectively, and t = g?a®> with a® being the plaquette
area. The character, which was also discussed in Section 3.5 in relation to the
ALA algebras, is defined here as xz (U) = trp[U]. The holonomy U (its subscript
A is omitted from here on) behaves as U ~ 1 — iaF" when « is small. Note that
the region of validity of (16.5) is not only a — 0 with F' fixed, but actually also
a — 0 with F going to infinity as a~'/2 because this is the region for which the
exponential —417(12 Tr F? is of order unity.

We will briefly review the derivation that singles out (16.5) as a conve-
nient choice among the different lattice theories which belong to the same
universality class. Let us look for a function ¥(U,t) that will replace the contin-

1 2 . 2
uum e~ TrF
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The requirements which we impose on ¥ are:

1. As t goes to zero (and, therefore, for finite g also a goes to zero) we want the
holonomy to be close to 1,

U(U,0)=46U —1). (16.6)
2. For any V € G we have,
W(VIUV,t) = U(U,t). (16.7)

In other words W is a class function.
3. U satisfies the heat kernel equation,

Z 9ap0°8" » (U, t) = (16.8)

where g, is the inverse of the Cartan metric,
g = tr(t*t), (16.9)
which was defined and discussed in Section 3.2.1.

To see that (16.5) is an approximate solution to the heat-kernel equation we
note that any class function is a linear combination of characters. The differ-
entiation of a character in the direction of a Lie algebra element t* is given
by,

-k
81 9% ... 9% xp (U) = %XR(Ut("" $12 . 49)) £ O(U — 1). (16.10)

The notation xp(Ut* t** ---t* ) stands for the trace of the multiplication of the
matrices which represent U and 1, ..., t* in the representation R. The brackets
(+-+) imply symmetrization with respect to the indices. The term O(U — 1) means
that the corrections are of the order of U — 1 ~ aF ~ t'/2. Since,

1
> 900" xr(U) = —§XR(UZgabt(“tb)) = —c(R)xr(U), (16.11)

a,b a,b

we see that (16.5) is the correct answer up to terms of the order of O(#3/?) which
drop in the continuum limit. Using (16.5) as the starting point, we finally find
the following form of the partition function,

Z(N,H,\A) = Zd2 2H o= M5 (16.12)
To get from (16.5) to (16.12) we take the following steps. First we make use of

the additivity property of the heat-kernel action. Consider two triangles glued
along U; as depicted in Fig. 16.2.
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= (= =D

Fig. 16.3. Opening up of a genus-two surface.

Up

Using the orthogonality of characters,

VIv)
d (Ut = 5n P xr, (VW) 16.1
[ W, (VO W) = b, M (16.13)
we find,

/dU1 Zn, (UsUsU) Z s, (USULUS) = Za, 4, (U UsULUs ). (16.14)

This relation can be used to argue that the lattice representation is exact and
independent of the triangulation since using this we can add as many trian-
gles as desired, thus reaching the continuum limit. We can also use this rela-
tion to reduce the number of triangles to the minimum needed to capture
the topology of M. Describing a genus H manifold in term of a 4H-polygon
with identified sides as described in Fig. 16.2 for a genus-two Reimann surface
alblaflbl_l ...aHbHaI:,1 bl_fl. The partition function on such a manifold can be
written as,

Zp=Y dpe BT /HDUIDVZXR[UllefVlT...UHVHULVJ]. (16.15)
R
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We can simplify this expression using again the orthogonality of the characters
and the relation,

/ DUX#[AUBUT] = di;R xr[AxzB), (16.16)

to arrive at (16.12).

16.3 The partition function of gY M, theories

Pure YM, theory is in fact a special representative of a wide class of 2D gauge
theories which are invariant under area preserving diffeomorphisms. These gener-
alized Y M4 theories are described by the following generalized partition function,

Z(G,H,A,®) = /[DA“’][DB] exp[/ d’z+/det G, tr(iBF — ®(B))], (16.17)
2

where ' = F"V¢,, with ¢;; being the antisymmetric tensor €;3 = —€p; = 1. B is
an auxiliary Lie-algebra-valued pseudo-scalar field.?
We wish to generalize the substitution (16.5) for the plaquette action (16.17),

ZaU] :/DBetf{faBF*f‘P(B) 50U, ). (16.18)

Here B is a Hermitian matrix and ® is an invariant function (invariant under
B — U~'BU for U € G). The quadratic case ®(X) = g*tr(X?) obviously corre-
sponds to the YMs theory. We will take ® to be of the form,

O(X) = ag,y [[tr(x)k, (16.19)
{ki} i
(e.g. tr(X?)% +tr(X°)) For SU(N) (U(N)), tr(X?) can be expressed for i > N
(i > N) in terms of tr(X’) for smaller 4. Thus the summands in (16.19) are
not independent. This does not affect the following discussion. Moreover, in the
large N limit that we will discuss in the following section, the terms do become
independent.
We define the general structure constants dgp... ;. to be,

lef ’ ’ ’ ’
da,br:...k = Gaa' gob' Gee! * * 'gkk’tr(ta tb (2 'tk ) (1620)

For every partition 71 + 79 + -+ + 7;, we define the Casimir,

def
C{7’|+7’2+"'+’7’j} =
1 (1) M o) qU)
don odie) e cedio o glar e g )
(7«1 4y e Tj)- ayary Cayayy ay’’ap

(16.21)

5 In principle, we could perturb the ordinary Y Ms with operators of the form y“%ztr(Fk),

without the need for an auxiliary field.
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Note that the index of Cy., will always pertain to a partition. Thus Cy,; #
Cirirytiryy even if p=ry +ry +---+r;. The brackets in the {-s mean a
total symmetrization ( (r; +rg +--- +r;)! terms).

C), can easily be seen to commute with all the group elements and so, by
Schur’s lemma, is a constant matrix in every irreducible representation.

We claim that the correct lattice generalization of (16.5) is,

> drxr(U)e M, (16.22)
R
where,
AR) =" apeyCpi 1k 21k 343 (R). (16.23)
(k)

This results from the requirements that ¥(U,t) must satisfy:

1. ¥(U,0) =6(U —1).
2. U is a class-function.
3. U satisfies the equation,

0 o o &
T > apy ][] ((la) "ayay...a M) YU,t)+0(U—-1)=0
(k) l “

(16.24)
For the U s that are important in the weight for a single plaquette, U — 1 is
of the order of magnitude of aF which, in turn, is of the order of magnitude
of O(t'/") where v is the maximal degree of ®. Thus, the corrections to ¥ are
O(a~1*1/*)) and drop out in the continuum limit.

The partition function for the generalized Y M, theory is therefore,
Z(G, %y, ®) = Y (dim R)*72H e~ 3w A, (16.25)
R
where A is the area of the surface and A(R) is defined in (16.23).

16.4 Loop averages in the generalized case
The full solution of the YMy theory includes, in addition to the partition func-
tion, closed expressions for the expectation values of products of any arbitrary
number of Wilson loops,

W(Rh')/la ce Rn')/n) = <H TI‘RL'Pei f”u‘ Adz

i=1

>, (16.26)

where the path-ordered product around the closed curve ~; is taken in the rep-
resentation R;. Using loop equations, one can derive an algorithm to compute
Wilson loops on the plane. This can be further generalized into a prescription for
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c,=6 =6 =4 c¢=2 =2 c¢=1 c¢=1 c=1

Fig. 16.4. Wilson loops on a torus.

computing those averages for non-intersecting loops on an arbitrary two man-
ifold. Let us briefly summarize the latter. One cuts the 2D surface along the
Wilson loop contours, see Fig. 16.4, forming several connected “windows”. Each
window contributes a sum over all irreducible representations of the form of
(16.12). In addition, for each pair of neighbouring windows, a Wigner coefficient,

Dy = [ U, (U, (U (0, (16.21)

is attached. Altogether, one finds,

Ny
1 1 . _ A Cy(Ry)
W(Ri, 1. Royn) = Z N7 E E Dg, ..r, d%t,: 2Wig—ow
Rl Rn K3

i=1

(16.28)

where N, is the number of windows, 2 — 2G; is the Euler number associated with
the window ¢ and Dp, . g, is the product of the Wigner coefficients for neigh-
boring windows. For the case of intersecting loops a set of differential equations
provides a recursion relation by relating the average of a loop with n intersections
to those of loops with m < n intersections.

Generalizing these results to the gYM, is straightforward. The only alteration
that has to be invoked is to replace the =5 factors that show up in those
algorithms with similar factors where the second Casimir operator is replaced
by the generalized Casimir operator (16.23). For instance the expectation value
of a simple Wilson loop on the plane is given by,

—AALA(R)

(W(R,7)) =e™ 27—, (16.29)

where A, is the area enclosed by 7.
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Fig. 16.5. Wilson loops on a torus.

It is interesting to note that for odd Casimir operators the expectation values
of real representations (like the adjoint representation) equal unity due to the
fact that the corresponding Casimirs vanish.

16.5 Stringy YM, theory

Before dwelling into the stringy description of the generalized YM, thoeries,
we first review the proof of the stringy nature of pure YM, theory.® We then
generalize this construction to the generalized Y M, and present several examples
to demonstrate the nature of the maps that contribute to the gYM, and their
weights.

The partition function expressed as a sum over irreducible SU(N) (U(N))
representations (16.12) can be expanded in terms of powers of % This involves
expanding the dimension and the second Casimir operator of the various rep-
resentations. The representation of U(N) or SU(N) are described by Young
tableau Y (R), see for instance Fig. 16.5, composed of » < N horizontal lines
each with n; boxes so that n; >mny > ... > n,. The U(N) and SU(N) second
Casimir operators of a representation R and its dimension are given by,

T T
Cy ™M (R)y = N> ni+ > ni(ni +1 - 2i) = Nn+ 2P (R)VV)(R),
i=1 i=1

T T T 2
o n; A
CVNR) = NS i+ Y milny +1-2i) — % = Nn+ 2P (R)SU™Y),
i=1 i=1

HigjgN(”i —i—mn; +7)

dR = . . )
HingN(Z —J)

(16.30)

6 The stringy description of Yang-Mills theory in two-dimensional Riemann surfaces was intro-
duced by D. Gross and W. Taylor in [115], [118] and [119]. The formulation of the two-
dimensional Yang-Mills theory in terms of topological string theories was done in [126] and
[69].
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Fig. 16.6. A map from M, to Mp.

with n = 2221 n;. For every representation R there is a conjugate representa-
tion R whose Young tableau Y (R) has its rows and columns interchanged. To
determine the Casimir operator of the conjugate representation we use (16.30)
with 2}5{2} (R) = 72]3{2} (R)U(N) (R).

Using the Frobenius relations between representations of the symmetric group
Sy, and representations of SU(N) (U(N)), the coefficients of this asymptotic
expansion were written in terms of characters of S,. The latter can be shown
to correspond to permutations of the sheets covering the target space. The final
result takes the form of,

00 1 (nt+n7)(2H=2)+ (T +i7)
Z ~ il
@amN~ S % > (&
ni,iizopftr....piiEI>CS"i .si fft .,.‘si,tiesni
L
(-t +) (A H7) g b " )M 3 (n%) (™) 20 )24 /N?
1t~ Intin=!
" "
- g
5S71+ X8, - <pl+ .letpl ' i szan " Sk ’tk > (1631)
j=1 k:l

where [s,t] = sts71t~!. Here § is the delta function on the group algebra of
the product of symmetric groups S,,+ x S,,—, T» is the class of elements of S, +
consisting of transpositions, and Q;} .- are certain elements of the group algebra
of the symmetric group S,,+ x S,,-.

The formula (16.31) nearly factorizes, splitting into a sum over n™,i", - - and

n~,i",---. The contributions of the (+) and (—) sums were mterpreted as arising
from two “sectors” of a hypothetical worldsheet theory. These sectors correspond
to orientation reversing and preserving maps, respectively. One views the n™ = 0
and n~ = 0 terms as leading order terms in a 1/N expansion. At higher orders
the two sectors are coupled via the n™n~ term in the exponential and via terms
in Q,+,-

Thus, the conventional Y M, theory has an interpretation in terms of sums of
covering maps of the target space, see Fig. 16.5. Those maps are weighted by the
N2=2he=3nM where b is the genus of the world-sheet and A is the area

of the target space. The power of N2~2" is obtained from the Riemann-Hurwitz

factor of
formula,

9h —2=(n" +n")(2H —2) + (it +i"), (16.32)



16.6 Toward the stringy generalized YM o 301

where B = i" + i~ is the total branching number. The number of sheets above
each point in target space (the degree of the map) is n and A = ¢g?N is the
string tension. Maps that have branch points are weighted by a factor of AA.
The dependence on the area A results from the fact that the branch point can
be at any point in the target space.

16.6 Toward the stringy generalized YM,

Note that the stringy description of the YM, theory does not attribute any
special weight for maps that have branch points of a degree higher than one, nor
is there a special weight for two (or more) branch points that are at the same
point in the target space. The latter maps are counted with weight zero, at least
for a toroidal target space, since they constitute the boundary of map space.

The main idea behind a stringy behavior of the gY M, is to associate nonzero
weights to those boundary maps, once one considers the general ®(B) case rather
than the B? theory. In other words, we anticipate that we will have to add for
the tr(B?) theory, for example, maps that have a branch point of degree 2 and
count them, as well, with a weight proportional to A. From the technical point
of view the emergence of the YM, description in terms of maps followed from
a large N expansion of the dimensions and the second Casimir operators of
(16.12). Obviously a similar expansion of the former applies also for the gener-
alized models and therefore what remains to be done is to properly treat the
Casimirs appearing in the exponents of (16.25).

In [119], the expansion of the second Casimir operator Cy(R) of a represen-
tation R introduced the branch points and the string tension contributions to
the partition function. The C5(R) was expressed in terms of the eigenvalue of
the sum of all the @ transpositions of n elements (permutations containing
a single cycle of length 2), where n is the number of boxes in R. This is the
outcome of the following formula,

Co(R) = nN + 2Py (R), (16.33)

where P, (R) is the value of the scalar matrix representing the sum of transposi-
tions >, (ij) in the representation R of S, (the matrix commutes with all
permutations and thus is scalar). In the partition function, Cy(R) was multiplied
by %. The resulting term %n)\fa arises from the action and is proportional to
the string tension. The term AAPy,) arises from the measure and is interpreted
as the contribution of branch points to the weight of a map.

Our task is, therefore, to express the generalized Casimirs C, of (16.21) in
terms of ]3,)/, the generalizations of p{z}(R). This is expressed as,

C,(R) =3 ot/ N By(R), (16.34)
p/
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where ag/ are coeflicients that are independent of R and the power factors h’/j,,
are adjusted so that a string picture is achieved.

The P{p/} factors are associated with p’ which is an arbitrary partition of
certain numbers, namely,

k‘l k2
P kii=T+ 14+ T+2424 -+ 24, (16.35)

15{ 3 (R) is the product of two factors. The first is the sum of all the permutations
in S, (n is the number of boxes of R) which are in the equivalence class that
is characterized by having k; cycles of length ¢ for ¢« > 2. Just like the case of
P{Q}(R), the matrix P{px}(R) commutes with all permutations and thus is a
scalar. The sum is taken in the representation R of S,,. The second factor is,

(n - Zkiﬁ zk) (16.36)

which can be interpreted later as the number of ways to put k; marked points
on the remaining sheets that do not participate in the branch points.

16.7 Examples

A complete diagrammatic expansion of the operators was determined in [105].
Using this expansion one can write down the stringy description of the partition
function for any generalized YM theory. We end this chapter with a few examples
of the Casimir factors for various choices of ®(B) for both U(N) and SU(N)
groups.

1. For 4 tr(B?) which is the conventional Y M, theory we get (16.33),
2 -~ -

The first term means that we give a factor of 2?\—/1 for each branch point, and
the second term means that we have a factor of A\ for each marked point (i.e.
this is the string tension).

2. For aN~?tr(B?) in U(N) we get,

. . . 1 - 1 -
BaN " Plgy +3aN ™ Py +3aN " Ppiy1y + 5Py + aN Py (16.38)

The first term is the contribution from branch points of degree 2 (the simple
branch points are of degree 1). The next term is a modification to the weight
of the usual branch points. The third is the weight of two marked points at
the same point (but different sheets), which will translate into n™(n* — 1)
+n~(n~ —1) in the weight of a map for which (n*,n~) are the numbers
of sheets of each orientability. The last two terms are modifications to the
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cosmological constant (or, in our terminology, to the weight of the single
marked point).

Note that, because of the original power of N~2 we do not get the usual
N272" stringy behaviour in the partition function. We can overcome this
problem by interpreting the last term not as the usual marked point, but as
a microscopic handle that is attached to the point. By interpreting certain
marked points as actually being microscopic handles (or higher Riemann sur-
faces) we can always adjust the power of N to be N2~2", Similarly, we should
interpret the term 3aN _215{1+1} as a connecting tube. We will come back to
this interpretation towards the end of this section and investigate it further
in the next subsection.

. For N72tr(B?) in SU(N) we obtain the following corrections to (16.38),

6 - 12 - 12 -
—ﬁp{ul} - ﬁp{n + WP{HHI}
6 12 . 3 2 «
_ (]\[2 _ M) P{1+1} — (]\72 — ]\[4) P{l} (1639)

These terms and the terms in the previous example (16.38) do not mix chi-
ralities (i.e. sheets of opposite orientations). In the full theory (chiral and
anti-chiral sectors) there is the corresponding anti-chiral term:

6 - 12 . 12 .
—i—ﬁp{iﬂ} + ﬁp{i} - WP{IHH}
6 12 A 3 2 A

For SU(N) there are additional terms that do mix chiralities. They are,

6 - ~ 12 . .
_W(P{QH} - P{2+i}) + T(P{IHH} - P{I+I+1})~ (16.41)

The first term is the contribution of maps that have a branch point in one
orientability and a marked point in the other (at the same target space point).
The second term is the contribution of maps with three marked points — two
for one orientability and one for the other.

To illustrate the content of these formulae in terms of representations, we
will calculate the value of the third Casimir %dabctmtbﬁ fqr a totally anti-
symmetric representation of SU(N) with k boxes. The term Py3y is translated
into the sum of all the permutations of the k indices of a totally antisymmetric
tensor that are 3-cycles, this gives $k(k — 1)(k — 2). The term ]5{2} gives the
sum of all the permutations that are 2-cycles, that is —%k(k —1) (a minus



304 Generalized Yang—Mills theory on a Riemann surface

sign comes from antisymmetry). All in all we get,

Cy (k) = %dabct(“tbtc)
= k(k—1)(k—2) — gk(k—l)—&—gNk(k—l)
+ k+;N2k+—( 1)(k —2)
3k(k —1 Bk — 1) — 3k 4+ —J(k — 1)k — 2) + (ko — 1) + -2
- (_H_N(_)_ +ﬁ(—)(—)+m(—)+ﬁ
2;;2(N+1)(N+2)(N—I~c)(N—2k). (16.42)

4. For N=3tr(B*) in U(N) we get,
-39 -2 5 -3 P 8 2
ANT Py + 6N Py + 6N Py + §N Py
4 . 1 5 -
+ <3N '+ 6N 3> Ppy + < +oN” )P{l}.
The terms that have an extra microscopic handle are,
3 A 8 92 3 5 o2
6N Pi1y + 3N *Pi1y + 6N 2Py + s Py
5. For N=*(tr(B?))? in U(N) we get,
24N74p{3} + 8N74p{2+2} + 4N73p{2+1}
16 _3 A 8 4 A 2 ) 1 —4 D
and additional terms,
8N ™' Ppoyay + AN (P i1y + Ppoiiy) + 2N 2Py,

that mix the two chiral sectors.
The meaning of the term 2N’2P{1+1} is a factor of N~ , Where
« is the coefficient of the N~*(tr(B?))? term in the action. n* is the number

of sheets of positive orientability and n~ is the number of sheets of negative

—2antn-
2e2annA

orientability for a given map.

16.8 Summary

In this chapter we studied the generalized two-dimensional Yang—Mills theory
on Riemann surfaces. We reviewed the exact formulae for the partition function
and Wilson loop averages of the conventional YM theory. We then presented
the generalization of these results in the context of the generalized YM theories.
These expressions are based on a replacement of the second Casimir operator
with more general Casimir operators depending on the particular model. There
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is another method to obtain these results [228], i.e. by regarding the general
Yang—Mills actions as perturbations of the topological theory at zero area.

Using the relations between SU (V) representations and representations of the
symmetric groups S, , we wrote down the generalizations that have to be made
in the Gross—Taylor string rules for 2D Yang-Mills theory, so as to make the
generalized Yang-Mills theory for SU(N) or U(N) a local string theory as well.
The extra terms are special weights for certain maps with branch points of a
degree higher than one.

An obvious extension of the results presented in this chapter is to consider
other gauge groups. The conventional Y M, theory with gauge groups O(N) or
Sp(N) which were shown to be related to maps from non-orientable world-sheets.

One can further couple the gYM, theories to fermionic matter in analogy to
't Hooft’s analysis presented in Chapter 10. This domain of research is far from
being fully explored. A particularly interesting question is to find out certain
®(B)s that lead to a special behaviour of the coupled system. For example,
in the U(1) case, the representations R are labeled by an integer n and for
®(B) = —alog(1 + AB?) we get,

Z(U(1),4)=> (1+ )4

n

which has a singularity for 2aA = 1.






PART III

From two to four dimensions






17

Conformal invariance in four-dimensional field
theories and in QCD

Conformal symmetry was shown to be extremely powerful in two-dimensional
field theories and obviously also in string theories. This is due to the fact that
the conformal algebra is infinite dimensional and hence supplies a set of infinitely
many conserved charges. In four dimensions the conformal algebra is finite and
therefore less powerful.! The purpose of this chapter is to explore the use in
4d conformal field theories of notions and tools that we encountered in two-
dimensional CF'T, such as primary fields, conformal operator expansion, confor-
mal anomalies and Ward identities.

Free massless theories are obviously scale and conformal invariant. However,
field theories that describe the elementary particles of nature and their interac-
tions, are interacting field theories. The question is thus, to what extent can one
apply the techniques of CFT to those theories and in particular QCD in four
dimensions? QCD with massless quarks is a prototype model of theories which
are classically conformal invariant. In fact even for theories with masses and
other dimension-full parameters, in certain cases these can be neglected in the
high energy and high momentum transfer regime of the theory. However, even in
the massless case and with only dimensionless couplings, it is easy to realize that
the quantum picture lacks conformal invariance. This follows from the fact that
one has to introduce dimension-full parameters such as UV cutoff, which turns
into a scale where the coupling is defined, after renormalization. Thus there is
an anomaly in the conformal symmetry in the sense that it is a symmetry of the
classical system but not of the quantum one.

We will investigate in this chapter conformal symmetry in four-dimensional
field theories and in particular its applications in the context of QCD in four
dimensions. We start with the description of conformal transformations, their
corresponding generators and the SO(2,4) conformal algebra. We then analyze
the Noether currents that follow from the conformal transformation and their
conservation laws. Next we present the SL(2,R) collinear subgroup associated
with light-cone conformal transformations. In a similar manner to the treatment
of two-dimensional conformal symmetry, we define primary and descendant oper-
ators of the collinear group. We then define and study the conformal operator
product expansion (COPE). We proceed and describe the conformal Ward iden-
tity, the Callan—Symanzik equation. We then make use of the conformal toolbox

I The full conformal algebra in four dimensions was introduced in [156]
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in the study of four dimensional QCD which is conformal only at the classical
level. We analyze the non-local operators built from a quark and an anti-quark
and expand them in terms of Gegenbauer polynomials. We use the COPE to write
down the operator product of two electromagnetic currents. Finally we deter-
mine, in the limit of large momentum exchange, the pion distribution amplitude.

Conformal invariance in four dimensions was described in several review papers
and books. The original studies on conformal symmetry are summarized in [207]
and [66]. A modern review that we follow in this chapter is [43].

17.1 Conformal symmetry algebra in four dimensions

In general in d space-time dimensions the conformal group is the subgroup of
coordinate transformations that leaves the metric invariant up to a scale, namely,

Guv (%) = g, (2") = Q) gy (). (17.1)

It is obvious from (2.2) that the 2d conformal transformations (2.1) indeed pro-
duce such a variation of the metric. An important property of conformal trans-

. . . . A-B
formations in any dimension is that they preserve the angle JiiET between two

vectors A and B.

Starting from flat space-time, the general infinitesimal coordinate transforma-
tion a# — x# + ¢ (x) induces a change of the metric,

ds® — ds® + (Opev + Ope, )dat da”, (17.2)
so that the condition for conformal transformations reads,
2
a,uﬁu + aye/,L = g(a . E)g,ul/v (173)

where g, is n,, or 6,, for a Minkowskian signature or Euclidean signature,
respectively, and the factor of % is fixed by tracing both sides of the equation
with ¢g"”. To check what are all the possible solutions for €, we differentiate (2.4)
twice to find that,

[(d —2)8,0, + guy0n0105¢” = 0. (17.4)

This equation together with (2.4) implies that the third derivatives of e* vanish,
which means that € can be of order 0,1,2 in z”. Obviously the parameters
associated with the Poincare group, since they are an isometry and hence do
not change the metric, obey (17.1). These transformation parameters together
with additional infinitesimal parameters which are linear and quadratic in z#
are summarized as follows:

e = ¢} space-time translations
e =e) 'z, Lorentz transformations
e = eyt scale transformations

e = ez’ — 201w, special conformal transformations  (17.5)
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where €y, €, €, €, are vector, antisymmetric tensor, scalar and vector infinites-
imal constants, respectively. The corresponding finite transformations are,

i
zt — ot =t 4+ ot
/
— oM =alz”
/
" — "' = axt
o + at

wo_
gt — _ _
1+ 2atx, + a*x?’

(17.6)

where the various forms of a are the finite parameters of transformation that
correspond to the infinitesimal ones above. The last transformation is referred
to as the special conformal transformation. It can in fact be decomposed into
an inversion transformation x# — —%, a space-time shift transformation and
another inversion. The sum of all these transformations is d + 1941 4 1 4 d =
%7 which is the dimensions of SO(2,d), the algebra of the conformal
group in Minkowski space-time.

Let us analyze now the generators of the conformal transformations and show
that indeed they obey the SO(2,d) algebra. The generators are,

P, =—i0, space-time translations
Ly, =i(x,0, —x,0,) Lorentz transformations
D = —iz"9, scale trans formation
K, =—i [3328,,, — 2:5/,,50”8,,] special con formal transformations (17.7)

Using these expressions for the generators it is a straightforward exercise to
realize that they obey the following algebra,

[P B}
[P ,,]

(77;w = NupPy)

[L;wa L 0] = (nﬂp — Mo Lvp + Mvo Lyp — nupL/w)
[ ] = u [D7Ku] = iKu
[P, K] = 2i ( v — Nuv D)
[D, L] =0
[K,,K,] =0, (17.8)

which is indeed the SO(2,4) algebra. The first three lines constitute the Poincare
algebra in four dimensions. It is well known that (17.8) is not the most general
form of the SO(2,4) algebra. One can further generalize the construction of the
generators by modifying L,, in the following way,

My, =L,, +3,,, (17.9)
where X, does not act on the space-time points and obeys,

B o]l = =i(MupZve = MuoZvp + Mo Xpp = MpZpe)- (17.10)
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Shortly the role of these generators in the conformal transformation of fields will
be discussed.

17.2 Conformal invariance of fields, Noether currents and
conservation laws

So far we have discussed the conformal transformations as they act on the points
in space-time. Now we would like to consider field theories in four dimensions
that are classically invariant under the group of conformal transformations. The
fields associated with conformal invariant theories may be scalar fields, spinors,
vectors or tensors. We denote such a field by ®(x).

The transformation of the field under the conformal transformations,

5 (z) = 629, B(z) + 6;0(x), (17.11)

is composed of two parts, the one due to that of the space-time point with
dzt given in (17.5) and an “internal transformation” §;®(x), which vanishes
for space-time translations, while for Lorentz transformations, dilatations and
special conformal transformations, takes the form,

§;®(x) = —e,, XM Lorentz transformations
0 ®(z) =elP scale translations
0r®(z) = 26, (la —,%2,,)P special conformal transformations

(17.12)

where [ is the conformal dimension of the field and the internal Lorentz generators

Yuv are given by,

SHY = %[’y“,”y”] — Dirac spinors (28 = gty — Pt — gauge fields
(17.13)

Recall that all the parameters of transformations are global, namely space-time

independent. To determine the Noether currents associated with the various

symmetry transformations, one elevates the transformations into local ones and
reads the currents from the variation of the action,

58 = [ d*zJd"e, 17.14
I

where e is any of the parameters of transformations given in (17.5). The outcome
of the Noether procedure are the following conserved currents,
JP =T = 11"9,® — 61 L
M)H L L
J! )Vp =, 1) —a,T) —11,%,,®
JO = pr = g, T 4+ 1M
JE = (22,2, — n,,2)T" + 22,116/ — £0)®,  (17.15)
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where I1#* = %. In fact the variation of the action with respect to dilatations
n

may lead in addition to the divergence of J(P )”7 to another total derivative
term Ap. However for Lagrangians that are polynomials in the fields and their
derivatives, this term vanishes. For the special conformal transformations the
additional term is defined by

xS = /d4:£eﬂ () [=0, K" + 22" Ap + AL, (17.16)

with Al = 2I1, ®(lg"” + £#”)®. For invariance we need Ap =0 and A} =

()~

., are really

20,0"". For I =1 and | = 3/2, 0, vanishes, so in these cases J
the generators of conformal transformations.

An interesting observation is that all the Noether currents associated with the
full conformal group can be expressed in terms of a modified energy-momentum
tensor. First note that the energy-momentum tensor defined above in not
necessarily symmetric. In fact from the conservation of J(*)} ' the antisymmetric

part of T}, can be determined since,
Vav’
O, JM), =T, —T,, — 9,(II,%,,®) = 0. (17.17)

Using this result it is now easy to define a modified conserved symmetric energy-
momentum tensor,

i

1
TS =T, + 50 (1,3, @ — 11,3, & — 11, 3, ). (17.18)

The current associated with the Lorentz transformations can be expressed in

terms of T,Ef) as,

Myt (e (s
J >Vp—x,,T o —x,T

(17.19)

128

One can further modify the symmetric energy-momentum tensor to render it
also traceless,

1
L") =T + 5070 Koo, (17.20)

where X, ., is defined such that the energy-momentum tensor is traceless and
conserved and " 0?07 X, = 20000, = —QU”VT,SE). In terms of this trace-
less energy-momentum tensor the dilatation current and the current associated
with the special conformal transformation are given by,

JOW — g T JUO (9, YT (17.21)

v

It is thus clear that J(P?)" and JE)" (Tt

14

are conserved only provided that T'
is conserved and traceless.

Note that in the latter form, scale invariance, namely a traceless energy-
momentum tensor, implies also conformal invariance.
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17.3 Collinear and transverse conformal transformations of fields

Recall that in 2d conformal field theories it is very useful to employ light-cone
coordinates (in Minkowski space-time) or holomorphic and anti-holomorphic
coordinates (in complex Euclidean space-time). We want to argue now that it is
also quite useful to use light-cone coordinates, when analyzing four-dimensional
conformal field theories.

Consider the two light-like vectors nf and n”,

ning, =nn_, =0 nin_ =1 (17.22)

We can then decompose any Lorentz four-vector A, as follows,

A=A nl + At + AL (17.23)
where,

Ay =Anl A =An", (17.24)

and the transverse part of the four-vector A% is defined using the transverse part
of the metric defined as,

775,, =1 —nin —nlin” AL = nZVA,,. (17.25)

Using this decomposition we find that A4, A" =24, A_ — A%,

We can now also consider transformations associated with a subgroup of the
full conformal group. In particular consider the special transformations associ-
ated with a light-like parameter a* = an' . The transformation of z_ takes the
form

oo ol = (17.26)
14 2ax_
Combining this transformation with the translation along the z_ direction x_ —
z_ + a_ and scaling x_ — ax_ these transformations constitute a subgroup of
the full conformal group, the collinear subgroup which is an SL(2, R).? To verify
this group structure we define the following generators,

L. =—iP, L= %K_
Lo = %(D+M,+) E= %(D—M,+). (17.27)
The generators L1 and Ly obey the algebra,
[Lo,Ly] =Ly [L_, L] =—-2Ly, (17.28)

which is indeed the SL(2, R) ~ SO(2,1) algebra; E commutes with them. It is,
actually, the Ly of the other SL(2, R), the one in the z, direction.

2 The use of the SL(2, R) group in applications of conformal symmetry to QCD was introduced
in [150] and [83]
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The SL(2, R) collinear subgroup is particularly useful for collinear fields, where
for instance ®(x) takes the form ®(a) = ®(an!! ), with « a real number and n/;
the light-cone direction defined above. In particular, as will be shown below,
this will apply to parton description of quarks. The field ®(«) is taken to be an
eigenstate of the spin operator X, _,

Yy ®(a) = sP(a), (17.29)

so that s is the spin projection to the n. direction. The collinear subgroup of the
conformal group now acts on the coordinate o as an SL(2, R) transformation,
, ac+b

a—a = ,

ca+d

(17.30)

where a, b, ¢, d are real numbers with ad — bc = 1, and correspondingly the field
®(«) transforms as,

(17.31)

B(a) — (ca+d) 2o (“O‘*b>

ca+d
with,

_ %(z +5). (17.32)

Thus ®(«) is a representation of SL(2, R) or an SL(2, R) form of degree j.
The generators of the SL(2, R) group and E act on the collinear field as,

[Ly, @(a)] = =0, P(r)

(Lo, ®(a)] = (ads + )P ()

[L_,®(a)] = (&®0, + 2ja)®(a)

B, 3(a)] = - 51— 9)2(0) (17.33)

where t = (I — s) is referred to as the collinear twist. In addition ®(«) is an
eigenstate of the Casimir operator with,

> (L (L, ()] = (5 — 1)®(). (17.34)

i=0,1,2

Another subgroup of the conformal group is the transverse subgroup SL(2,C)
acting on the transverse coordinates z/ = (0,21,22,0) or in complex coordi-
nates z = xy +ixe and Z = 1 — iz, with fields ®(z, z). This is in fact identi-
cal to the SL(2,C) discussed in Chapter 3 where the conformal symmetry of
two-dimensional field theories is discussed. In terms of the conformal generators
(17.7) the generators of the SL(2,C) are the Pk, M}", D, K. The coordinate z
transforms under the SL(2,C) transformation,

, az+b

Sy = 17.
dod= (17.35)
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which implies the following transformation of ®(z, z),

b
®(z,2) — (cz +d)"2"d (Zid 2) : (17.36)
where h = %(l + A) with A is the helicity defined by ¥,;® = A®. Similarly for

the transformation of z and the corresponding transformation of ®(z, %), with
h=L1-X).
2

17.4 Collinear primary fields and descendants

In two-dimensional conformal field theories fields were classified into primary
fields and descendant ones. The classification was based on their conformal trans-
formations. Correspondingly the states were put into Verma modules each con-
taining a highest weight state and its descendants. Recall the definition of the
former,

Lo[¢(0)[0>] = R [¢(0)[0>] Ly [¢(0)[0>] =0, = >0. (17.37)

In a similar manner the primary operator and the highest weight state of the
four-dimensional collinear group are defined [171], [42] as,

(Lo, @(0)] = j@(0)  [L-o(0))=0 =
Lo[®(0)[0>] = j[@(0)[0>]  L_[®(0)[0>] =0, (17.38)

®(0) is by definition collinear since it is defined at the origin of the light-cone
direction. The fact that in the 2d case the conformal algebra is infinite while in
4d it is finite is manifested by the fact that in the former case there is an infinite
set of annihilation operators L,,, n > 0 that annihilate the highest weight state,
whereas in the latter case it is the single operator L_.

The descendant fields and correspondingly the descendant states are obtained
by repeatedly applying the creation operators, which are L_, in 2d while in 4d
it is the operator L. So in 4d,

Op = [Ly,.. . [Ly, [Ly, 2(0)]]] = (—04)" () ]a=o- (17.39)

Note the difference in notation, as it is L_ in 2d while it is L in 4d, both raising.
The descendant operators obey the following commutation relations,

[L[),On] = (.7 + n)on [L+7On] = On+1 [L—; On] = *’ﬂ,(’ﬂ,+2] - 1)071—1'
(17.40)

In two-dimensions we discussed the Verma module that includes a highest weight
state and all its descendants, and similarly, in four dimensions we consider the
so-called conformal tower which also includes the highest weight state and all its
descendants. Recall however that there is an essential difference between the two
cases due to the fact that in the 2d the algebra is infinite dimensional whereas
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in 4d it is finite dimensional. In particular the notion of null vectors that played
an important role in the 2d case does not exist in four-dimensional CFTs.

We can associate the complete sets of ®(«) and O,, by the following Taylor
expansion,

D) = f: (=) (17.41)
n=0

n!

An interesting and useful map relates the descendant operators and polyno-
mials. Consider for instance the descendent operator defined in (17.39), which
can be re-expressed as,

O = P (00)®(a)]a=0 Pu(u) = (—u)". (17.42)

It is straightforward to realize that in terms of these polynomials the operation
of Ly, L4 takes the form,

L+ — IN/, = —U
L. — L, = (ud®+2j0,)
Lo — Lo = (udy + j). (17.43)

This correspondence can be viewed as first mapping,
Ou — U a — Oy, (17.44)

then interchanging the + and — components, and finally some “normal ordering”
of taking the derivatives with respect to u to the right of the factors of w.

The representation in terms of polynomials is referred to as the ‘adjoint repre-
sentation’. Note that since in the original algebra L _ includes a term proportional
to a?, the new algebra includes a second-derivative term 92 in I~/+. This can be
avoided by introducing a different argument of the polynomials defined as,

un

v 17.4
Tnt2j) (17.45)

so that the action Ly, L+ on P(k) is the same as (17.33) with a — & and the
interchange of L_ and L, .

We now discuss composite operators built from two “elementary” operators of
the form,

0(0417012) = (I)jl (()&1)(1)]'2 (042), (1746)

with a; # ay. The operator product expansion with |a; — as| — 0 is expressed
in terms of the composite operators,

0, (0) =P (01, 02)®;, (1) @5, (@2)]a) =ar =0, (17.47)

where P, (01, 02) is a homogeneous polynomial of degree n. It can be shown that
the complete set of local operators with which one can perform the conformal
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operator expansion (COPE) takes the form,

9, -9
i (z) = 9 | @), (x) PRI —120-D [ 22 25 ) @) (2)], 17.48
(x) = 9% | 9;,(2) 3. 15, i () (17.48)

P,Sa’b) (7) are the Jacobi polynomials, and we are back to = space here.> One can
further generalize this construction to a product of three or more operators.

17.5 Conformal operator product expansion

The conformal operator expansion in two dimensions, discussed in Section 3.7.2,
was shown to be a very powerful tool in determining correlation functions. Obvi-
ously, we anticipate that in four dimensions the COPE will be less powerful.
We discuss now the general structure of the COPE.* Consider the OPE of two
local conformal operators A(x)B(0) with twists and spin projection along the +
direction (t4,s4), (tg,sp), respectively. We perform an expansion for fixed x_
and z,,zr — 0, namely 2> — 0. We want to expand the product in terms of a
complete set Ofllnjj_  and to leading order in the twist. Such an expansion takes
the form,

oo oo 1 1/2(ta+tp —t,) o
A@)B(0) = Cux (m2> a" TR QI (0) 4., (17.49)

n=0k=0

where A = s; + 89 — 54 — 5p, Oy nik = (=0,)*0,, s1 and sy are the spin pro-
jections of the constituent fields in the local operators O{;;Lji P
$1 — 89 =11 + 1o — 81 — s9 the twist of the operator O,,, actually independent of
n, and the dots refer to higher twist contributions. We want to check to what
extent conformal invariance enables us to determine the coefficients C,, . For

this purpose we act on the OPE with L_ as,

t, =1, —n—

[L_,A(z)B(0)] = (x(QjA +x-0;)A(x) — zx"n - azA(x)> B(0) +... (17.50)

Inserting (17.49) and taking into account that,

[L_, 07" (0)] = —k(k + 2j, — 1)O]1 72 (17.51)

n,n+k n,n+k—1°

3 The Jacobi polynomial is given by,

P(a’b)(z)* I'a+n+1) i:(ﬁ)F(a+b+m+n+l) (zfl)m
" T all(a+b+n+1) m T(a+m+1) 2 ’

m=

4 COPE in four dimensions was introduced in [90] and used in QCD in [49], [50], [51].
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with j, = 71 + j2 + n, we find the following recursion relation for the coefficients
Gn,,kv
Jja —JB +Jn +k
GIL = - X Cn sy 17.52
P T R )k 25,) (17.52)

which is solved by,

C, 1 = (_1)kl F(jA ‘_ JB .+ Jn + k) F(.an)
7 k' T(ja—jp +n) T(20n +k)

where C,, = C), o. Plugging this into (17.49) we get the following form for the

OPE,

C,, (17.53)

12

1 1/2(ta+tp —tn) n+si+sy—s4—sp
) B(jA_jB +jn7jB_jA +.7n)

A@)B0) =Y ¢, ( T
n=0

1
% / duylda =i +in—1) (1 _ u)(jB —ja+in —1)(')7]'11 \J2 (ux,), (17.54)
0

where B(a,b) = Féﬁjig’)) is the beta function.

17.6 Conformal Ward identities

The application of conformal invariance in determining correlation functions was
discussed in Section 2.8 for the case of two-dimensional conformal field theo-
ries. It includes both the use of the Ward identities associated with the global
SL(2,C) transformation® and the full holomorphic conformal transformation.
Here in discussing four-dimensional field theories we will encounter two major
differences:

(i) Due to the fact that the conformal symmetry group is finite dimensional,
there are Ward identities only associated with global transformations.

(ii) When discussing theories with conformal anomalies, there will be modifica-
tions of the Ward identities.

Let us start by reminding ourselves of the concept of Ward identities and in
particular the conformal ones. Associated with any infinitesimal transformation
of a given field ¢(x) — ¢(x) + d¢(x), the action that describes the system is
transformed into,

S—S+65=85+ /d4xA(¢, ). (17.55)

Associated with this transformation there is a current J,, such that 0*J, = A.
Obviously where A = 0 (or a total derivative) the transformation is a symmetry
and the corresponding Noether current is conserved. Associated with such a

% Conformal Ward identities which were studied in [168] are identical to the Callan-Symanzik
equation [55] and [204].
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transformation of the field there is a constraint on correlation functions of this
field. This constraint which is referred to as a Ward identity takes the form,

By <T T (5)d(w1)-dln )> = <TA)O(@1 ) dlan)>

—i6* (21 —y) <To¢(x1)...p(xn)> ...

—i6* (2 —y) <Th(x1)...00(x;)...0(xN)> ...

—i6*(zn —y) <To(x1)...00(xN)> . (17.56)

This relation can be derived straightforwardly using the path integral formulation
of correlation functions. The Ward identity takes a simpler form when integrating
over y*,

<Tép(x1)...0(xn)> +.oc+ <Td(x1)...00(x;)...0(xNn)> +...
<Té(21).06(xy)> + <TiSe(a1)..d(an)>=0.  (17.57)

In particular in analogy with (2.56) the Ward identities associated with dila-
tion and special conformal transformation take the form,

N

S (s + 2:0;) <Td(ar).dlan)> = —i / d'a <TAp(2)é(a1)...p(zx)>

i
N

Z(2xf(l¢, +2;0;) — 25kt — 229") <T'p(w1)...p(xn )>

= fi/d4x2x“ <TAp(2)p(z1)...0(x N )>, (17.58)

where [, is the canonical dimension, namely that of the free field. Similarly
to the way we extracted information about the structure of correlators in 2d
CFT in Section 2.9, we can now constrain the form of correlators in 4d. The
Ward identities associated with the Poincare transformations imply that any
correlation function is in fact not a general function of the N coordinates ',
but only of the invariants 7; = (x; — ;).

To understand the implication of the dilatation transformation on the correla-
tion function let us first study the theory at its fixed point, namely at a coupling
g* = g(p*) such that 8(¢g*) = 0. Recall that the 8 function is defined as,

Bo()) = g1, (17.59)

and hence the vanishing § function implies a fixed point of the coupling constant
g. This will be further discussed below for the case of 4d QCD. In this case the
dilatation Ward identity takes the form of that of a free theory, like the one given
n (17.58), apart from the change of scaling dimension,

N

> e +9(g") + 2:0;) <Th(1)...0(xn )> =0, (17.60)

i
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where ~y(g*) is the anomalous dimension of the filed ®. As a consequence of this
form of the Ward identity, the two-point function of two scalar fields at the fixed
point has the form,

1 lo+v(g™)
} (17.61)

<p(x1)P(22)> = Ny(g*)(p*) 29" |:(5L'11'2)2

For particles with spin s and the same projection on the light-cone,

<l )B(e)> = No(g") () 20" [(1)]H) (=)

T — T3 (1 —22) -

(17.62)

where it is assumed that (x; — z2)7 = 0. At the fixed point, namely G(g*) = 0,
the Ward identity associated with the special conformal transformation takes the
form of that of a free theory with [, again shifted by the anomalous dimension

In two dimensions (see Section 2.8) it was found that the three-point function
of primary fields is fully determined by the SL(2,C) symmetry and any four-
point function of primary fields is determined up to a function of the cross ratio
(or anharmonic ratio) ;“;721 and its complex conjugate coordinate. Based on
the Poincare, dilation and special conformal transformation in four dimensions,
the three-point function is determined here too. For instance, the three-point
function of a scalar field is,

) o +7(97))/2

<) p(w9) (3 >=Ns(g*)(u*) 109"

)

(17.63)

(1?1 —132)2(.’131 —.1173)2(562—563)2
and any correlator of n > 3 operators depends only on the ratios #

It is worth noting that the Ward identity associated with the dilation (the
first equation of (17.58)) is in fact the same as the Callan-Symanzik renor-
malization group equation. First note that based on dimensional counting and
Lorentz invariance the dependence of the N point function on the scale u takes
the form,

<TO(z1)..0(xx )>= N G(adp?; g(p), (17.64)

which means that the following relation holds,

N
Z (lp +2;0;) <TP(x1)...P(xy)>= “32 <T®(x1)...2(zN)> . (17.65)

It is easy to realize that the right-hand side of the conformal Ward identity can
be rewritten in the form,

i/d% <TAp(2)®(z1)..®(zx)> = “u2 <T®(z1)..0(xy)>, (17.66)

oM
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as follows from,

Ap(x) = _MaiMﬁcﬂ% (17.67)

for the cases with no explicit dimension-full parameters. We will show this explic-
itly for the effective theory of 4d QCD below. On the other hand the dependence
of the correlator on M follows from the dependence of the field renormalization
factor and the dependence of the coupling constant so that,

N
_M% <TO(x1)...D(xy)>= [6(9)889 * ;%, <T®(a1)...B(zN)> -

(17.68)

Combining this together with (17.58) and (17.60) we get the Callan—Symanzik
equation,

P N

Hant ,B(g)(% + ; Yo, | <T®(x1)..®(zy)>= 0. (17.69)

17.7 Conformal invariance and QCD;,

So far we have discussed the implications of conformal invariance in general, and
in particular the invariance properties under the SL(2, R) collinear group and
conformal Ward identities. We are now in the position to examine the application
of conformal symmetry to four-dimensional QCD. Recall that the action of four-
dimensional SU(N) gauge theory with massless quarks takes the form,

1 -
Locps = —ZF,‘LF“” + iyl 1, (17.70)

where D, = 0, —igt" A}, is the covariant derivative, and ¢* as usual are the
N x N matrices in the fundamental representation of the SU(N) algebra. It is
straightforward to check that the corresponding classical action is invariant under
the full set of fifteen transformations associated with the SO(2,4) symmetry
group. In particular it is invariant under the scale transformation given by,

T, —Ar, Ay () = A Ax) w(x) — A (). (17.71)

The invariance under these transformations manifests itself in the form of con-
servation of the corresponding Noether current,

nv

D, =2, T =g, [Freopre 4 %@(B)%% . 9"D, =0, (17.72)

where (D)= D —D. The classical invariance is not maintained quantum
mechanically. This situation of having classical conformal symmetry but not
a corresponding quantum mechanical one is referred to as the conformal
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anomaly.’ In string theory the two-dimensional conformal symmetry is local.
Having an anomaly in a local symmetry renders the theory into an inconsistent
one. This implies that (at least in flat space-time) the theory will be defined in a
critical dimension where the conformal anomaly vanishes. In the four-dimensional
field theories discussed here, like QCD,, conformal invariance is a global sym-
metry and the theory is consistent even when having an anomaly. There are
several ways to show that the quantum theory is not scale and hence also not
conformal invariant. One may say that the anomaly follows from the fact that
the theory has infinities that are cured just by the introduction of a renormal-
ization procedure. The latter involves the introduction of a cutoff scale. Once a
scale is introduced the theory is not any more scale invariant.

To see it more explicitly let us consider the low energy effective action of mass-
less QC'Dy. We expand the gluons and quarks in terms of modes and distinguish
the low energy (momentum) modes and the high energy modes. Next we inte-
grate the high energy modes to derive the one loop low energy effective action.
It takes the form,”

1 4 1 Bo M? a
= —— — = In| — e FrY 17.
SLE 1 /d T [(g% 62 n ( 2 v + low, (17.73)

where M is the UV cutoff, and Gy = %Nc — %Nf is the coefficient of the one
loop beta function. It is easy to check that this one loop renormalized action is

not invariant under the scale transformations of (17.71). The variation of the
action under those transformation reads,

1

5= "%

1
ﬂoln)\/d“z [ZF;Z,,F’“’“ +] : (17.74)
90 low
Thus the quantum mechanically (unlike the classical case) dilatation Noether
current is not conserved,
1

DF =Ap =—
O b 32m2

[B(g)Fe, Fre] (17.75)

and in deriving the right-hand side of the equation we have used the equations
of motion.

The effective action admits also an anomaly with respect to the special con-
formal transformations.

In (17.46) we discussed the general structure of non-local operators of four-
dimensional conformal field theory. In QCD in many cases we encounter a non-
local operator built from a quark and an anti-quark at light-like separation, with

6 The conformal anomaly was introduced in [169] and [6].

7 The explicit calculation is a one loop perturbative calculation. Since we do not deal with
perturbative methods in this book, we do not present here the derivation and refer the
reader to references that deal with perturbation theory in QCD,.
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a line integral connecting them,
Qi (a1, az) = h(an )y, Pe'’ [ A4 W ) (17.76)

where P stands for path ordering. The path integral factor will be denoted
[a1, @2]. In performing the short distance expansion we need now to identify
the corresponding conformal operators. To relate the operator v to a primary
operator we first have to make a spin projection in the following way,

V=T Y =T o Y=9¢+9, (17.77)

where,

1 1
Iy =577+, I =5v- r_+r, =1 (17.78)

The spin projected parts are,
Yi(s=+1/2, j=1,t=1) v_(s=-1/2, j=1/2, t=2). (17.79)
With this identification we define the quark anti-quark operators:
twist —2: Q. =y, = QU
twist —3: Qr = Yyyry- +9oripy = QU 4 QU2
twist —4: Q_ = _y_yp_ = QU/21/2), (17.80)
The corresponding local conformal operators are,
@) = (0" [la)yr €32 (Dy s ) wl@)]
Qi () = (0, )" [ble)yevry- PO (D /ds ) wla)]
Q12 (a) = (i0,)" [d(a)y-CL* (Do fd ) (o), (17.81)
where
D.=D,-D, d.=D,+D,, (17.82)

and where the Jacobi polynomials with two identical indices were replaced by
the Gegenbauer polynomials P(1'1) ~ C’S/Q and P(0:0) ~ 0711/2.
A similar analysis can be carried out for the gluons. The various components
of the gluon field have the following properties,
F+T(5:+17.7:3/2at:1) FTT7F+—(S:07j:17t:2)
F r(s=-1,j=1/2, t=3). (17.83)

Local operators built from two-gluon fields with leading twist are,
Gi/*2(a) = (10, )" [Fir(@)CY? (Do fd. ) Fer(a)]. (17.84)

Another application of conformal invariance to QCD is the determination of

the OPE of two electromagnetic currents jEM =>, eiz/?,-’yu 1); where the e; are the
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charges of the u, d and s quarks. At the tree level only the transverse components
are of interest. The latter have spin s; = 0 and twist ¢; = 3. The quark operators
QL1 are the relevant basis for the expansion, with conformal spin j, = (I, + 1 +
n)/2=n+2andt, =, —1—n)/2=2. As A =1 we find

JT () J7T (0) ~

oo (6—t,)/2 . n i 1 o
o Cn (57) (—iz_ )"t r(f(?%(;) Jo dulu(l —w)p» HQut (ua).
(17.85)

The coefficients C,, can be extracted from deep inelastic scattering via the fol-
lowing matrix element of forward scattering,

oo (6—tn)/2

1

<PJ" (2)J" (0)|P>~ Y C, (z2> (—iz_ )" <P|QL1(0)| P> .
n=0

(17.86)

Another application of the COPE is the determination of the short-distance
expansion of the operator Q ( 17.76). This case is characterized by sy = sp =
$1 282:lsothatA:0andlA =lp :llzlgziandweﬁnd

+(ar, ) ZC’ )" (a1 —az) /duu”“(l w)" QL (uay +(1—u)ay),

(17.87)

where C,, M which can be determined again from forward matrix ele-

T'(2n+4) N
ments and are found to be C,, = %

Conformal invariance can be used at short distances to give predictions for the
quark distribution amplitudes for flavor non-singlet mesons, namely the wave
functions which control the behavior of the exclusive mesons processes at large
momentum transfer. Here we discuss as an example the pion distribution ampli-
tude in the leading twist order.

The basic ingredient in computing exclusive reactions including a large
momentum transfer to a pion is the matrix element of a quark anti-quark between
the vacuum and a one pion state. By using the light-cone gauge A, =0 the
Wilson line (17. 76) is set to unity. We choose a frame where p, = pyn_, and
o' =z_n!l + 2, x; =0 so that #* = 2%. The matrix element can then be
written as,

<0[d(0)[0, con]y, s [oon + , x)u(z)|mt (p)> =
ifrps fy dye ) f(y,Ina?) + O(a?). (17.88)

This matrix element is the probability amplitude to find the pion in the valence
state consisting of a u-quark carrying a momentum y and an anti-d quark of
momentum y§ = 1 —y and have a transverse separation xp. This amplitude is
intimately related to the pion electromagnetic form factor for large momentum
transfer Q% and small separation distance of the order 7 ~ 1/Q?. To approach
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this limit, one defines the pion distribution amplitude taken at exactly light-like
separation where xr = 0. This amplitude reads,

1
<0|(f(0)[0,a]'y+'y5u(a)|7'[+(p)>:ifnp+/0 dye™ P (y, ). (17.89)

The distribution amplitude ¢ (y, p) is scale and scheme dependent. In fact the
small transverse distance behavior of the valence component of the pion wave
function is traded for the scale dependence of the distribution amplitude.

It can be shown that the evolution equation of ¢ (y, u) is given by,

d 1
ﬁf@%(y’ ) = /0 AgV (y, 9, as (1) dr(y, 1), (17.90)

where to leading order in «y the integral kernel is given by,

= (1+yig)e(y—@>+z(1+yfg)9<y—g>}+,

1-y
(17.91)
where ], stands for,
VGl = V) —8—5) [ @) (17.92)

Instead of solving this evolution equation one can alternatively proceed by
expanding both sides of (17.90) in powers of «. In this way moments of the distri-
bution amplitude are related to matrix elements of renormalized local operators
in the following form,

1
<0[d(0)y; 75 (iD+ )" u(0)| 7" (p)> = i fa(ps )"+ / dy(2y —1)" by, 1)
’ (17.93)
This is similar to the leading twist operators that enter the OPE for the unpo-
larized deep inelastic scattering apart from the flavor, the additional ~y; factor
and the fact that now one has to take into account mixing with operators that
contain total derivatives of the form,

O = (04 d(0)7, 15 (iD+ )"~ u(0). (17.94)

The mixing matrix is in fact triangular since operators with fewer total deriva-
tives can only mix with operators with more total derivatives but not the other
way around. The components of the matrix on the diagonal are true anomalous
dimensions, which are identical to those of inelastic scattering,

2 n+1 1
(0) _ S 2
70 = Cp (1 IS 4y m) , (17.95)

m=2
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where,
_(0)

'n

as(p) \ 11 2
P|O, P>=<P|O,, P =—N,— =Ny.
<PIOLIP> =PI, o)l (Z0) =Y = 2

(17.96)
Conformal invariance is useful in finding the eigenvectors of the mixing matrix

since conformal operators with different conformal spins cannot mix under renor-
malization to leading order. This happens since to leading order the renormaliza-
tion is determined by counter terms of the tree level which is conformal invariant.
Thus the mixing eigenvector operators are Q! (z) defined in (17.80) with the
right flavor and -« matrices structure,

Q' (x) = (i04)" [J(JU)’Y+7503/2 (B+/d+) u(a:)] . (17.97)

Note that because of their flavor content these operators cannot mix with oper-
ators made out of gluons and they also cannot mix with operators with more
fields since they have higher twist. Thus the operators (17.97) are the only rel-
evant ones and they must be multiplicatively renormalized. Comparing (17.93)
with (17.97) one concludes that the Gegenbauer moments of the pion distri-
bution amplitudes are given in terms of reduced matrix elements of conformal
operators,

1
ifﬂpﬁ“/ dyC3/2 (2y — 1)dr(y, p) = <0|QL (0)|7" (p)> . (17.98)
0

As was mentioned above these operators are renormalized by a multiplication
and the corresponding anomalous dimension is given by (17.95). Thus the final
picture is that the distribution amplitude ¢ (u, ) can be expanded in a series
of Gegenbauer polynomials,

o0

relu, ) = Gu(l — ) Y ¢, (1) Ci/? (2u — 1)
n=0
bn (1) = (ifﬂpﬁ+l)1m
(0)

In

G (1) = én (ko) (i‘”‘&%) " (17.99)

This example demonstrates the application of conformal invariance to solve the

<0lQ, " (0)|7* (p)>

problem of operator mixing. There are other applications of conformal symmetry
to four-dimensional QCD. We refer the interested reader to [43]. The predictions
based on conformal symmetry beyond one loop, for the sector with 5 =0 [51],
turned out to be in contradiction with explicit calculations [79]. This paradox
was resolved in [166].
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Integrability in four-dimensional gauge dynamics

Integrability was discussed in Chapter 5 in the context of two-dimensional mod-
els. In particular solutions of spin chain models based on the Bethe ansatz
approach were described in some detail. Integrable models are characterized by
having the same number of conserved charges as the number of physical degrees
of freedom. Furthermore, the scattering processes of those models always involve
conservation of the number of particles.

A natural question at this point is whether integrability is a property of only
two-dimensional models or whether one can also identify systems in four dimen-
sions that admit integrability. Four-dimensional gauge theories have generically
infinite numbers of degrees of freedom and their interactions do not conserve the
number of particles. Thus four-dimensional gauge theories like the YM theory
are not integrable theories. However, it turns out, as will be shown in this chap-
ter, that various sectors of certain four-dimensional gauge theories, which are
derived upon imposing certain limits, do admit integrability.

The two-dimensional integrable models discussed in Chapter 5 were non-
conformal ones and were characterized by a scale and hence also with particles
and an S-matrix. On the other hand the integrable sectors of four-dimensional
gauge theories that we are about to describe are conformal invariant. The main
idea is that these special conformal invariant sectors can be mapped into two-
dimensional spin chains that were described in Section 5.14.

The investigation of this issue is far from complete. Nevertheless, a large body
of knowledge has already been accumulated. In recent years this has followed
the lines of the AdS/CFT duality [158] which is not covered in this book.! The
purpose of this section is just to demonstrate the idea of the map between gauge
theories and in particular QCD and integrable spin chain models. This will be
done by describing the following cases:

(i) N =4 super YM theory in four dimensions.
(ii) Scale dependence of composite operators in QCD.

N = 4 super YM theory is known to be the maximal global supersymmetric
theory in four dimensions. Since supersymmetry is beyond the scope of this book
we will not discuss it in the context of the NV =4 SYM. Thus the description

I For a review of the AdS/CFT the reader can refer to [10].
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of the integrable aspects of the theory will be incomplete and will be missing
certain essential parts. However, since N'=4 SYM is the simplest interacting
four-dimensional non-abelian gauge theory we start with this and then proceed
to a certain limit in non-supersymmetric QCD.

There are several review papers on integrability in four-dimensional gauge
dynamics. In this chapter we follow [31] about the integrability of N/ =4 SYM
theory and [34] for the scale dependence of composite operators of QCD.

18.1 Integrability of large N four-dimensional N'=4 SYM
The Lagrangian of N' =4 SYM is given by,

1 1 1
Lx—1 = =T [F F*) + STt [D, @, D" @"] = 2" Tr [[@"L,@"ﬂ

j i i v m i ia _m _af3 ]
T 501 D0 | =5 9T [Yaaoi e [0 ]| =5 9T [Vaihe™ | @, .

(18.1)

where F),, is the field strength associated with an SU(N) gauge group, ®™ is a
set of six m = 1,...,6 scalar fields, and ¥ and 1) are doublets of SU(2) x SU(2).
Both the scalars and the spinors are in the adjoint representation of SU(N). The
matrices o* and o™ are the chiral projections of the gamma matrices in four and
six dimensions, respectively and e is the totally antisymmetric tensor of SU(2).
It is convenient to write the corresponding action as,

diz
. . 2 __ gZ,A N
where the coupling constant is taken to be g* = “A—.

It is well known that the theory, on top of being invariant under SU(N)
gauge symmetry and SO(6) global symmetry, is also conformal invariant and in
fact superconformal invariant. The § function of the theory which vanishes to
all orders in perturbation theory is believed to vanish also non-perturbatively
and hence the theory is assumed to be conformal also in the quantum level. In
Section 17.1 we have described the conformal symmetry algebra in four dimen-
sions. Recall the SO(2,4)? conformal transformations (see 17.7) which are being
generated by P*, S*” D, K", the generators of space-time translations, Lorentz
transformations, dilation and special conformal transformation, respectively.

A major player in the structure of the N’ =4 is the dilatation operator D.
Whereas the generators of the Poincare group do not get quantum corrections,
the dilatation operator does so that in fact,

D =Dy + 6D(g), (18.3)

2 In fact the N'=4 SYM admits a superconformal algebra of psu(2,2[4) which we do not
discuss here.
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Fig. 18.1. A single trace operator as a spin chain.

where Dy is the classical operator and dD is the anomalous dilation operator
which obviously depends on the gauge coupling g.

The “states” of the theory take the form of multi-trace gauge invariant oper-
ators,

TTW...W]... e W... W] W e {D'®, D*W, D*¥, D¥F}, (18.4)

where D stands for the covariant derivative and F' = F),, is the field strength.
The Hilbert space of states is built, as for any conformal field theory, from
Verma modules each characterized by a highest weight state or a primary state,
which were defined in (2.8). An example of a highest weight state is |[K> =
N Tr[®,, P, ]. The rest of the Verma module includes the descendant states
which are derived by acting with lowering operators on primary states. Needless
to say the general structure of correlation functions of four-dimensional conformal
field theories discussed in Section 17.6 applies also for the case of the N' = 4 SYM.
In particular recall (2.8) that the two-point function of two operators is given by,

M(g)

<O(21)0(22)> = |1 — 22|2PW@)

(18.5)
The anomalous dimension can be computed perturbatively as a power series
in g. As was discussed in Chapter 7 the perturbation expansion becomes much
more tractable in the large N limit, namely, in the planar limit. In this limit the
dominant diagram has a vanishing Euler number y = 2C' — 2G — T' = 0 where
C,G,T stand for the number of components, genus, namely the number of
handles, and the number of traces, respectively. Since each component requires
two traces, one incoming and one outgoing, it implies that the planar limit
projects onto diagrams with G =0 and T = 2C. This means that only single
trace operators are relevant.

We have seen above that in the planar limit we deal with single trace operators.
Pictorially, (see Fig. 18.1) a single trace operator looks like a cyclic spin chain.
This map can be made precise. Spin chain as integrable models were discussed
in Section 5.14. Recall that a spin chain includes a set of L spins with cyclic
adjacency property.® The spin at each site is a module of the symmetry algebra
of the system. The Hilbert space of the whole system is the tensor product
of L modules. In Section 5.14 we discussed only chains with a fixed number

3 In Section 5.14 we denoted the number of spins by N. Here to avoid confusion with the rank
of the gauge group we will refer to the number of spins as L.
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Table 18.1. N =4 SYM theory to spin chain dictionary

planar N/ =4 SYM spin chain

Single trace operator Cyclic spin chain

Field operator Spin at a site

Anomalous dilatation operator g~ 26D Hamiltonian

Anomalous dimension Energy eigenvalue

Cyclicity constraint Zero momentum condition U =1

of spins. One can generalize this situation to incorporate also a dynamic spin
chain with an unfixed number of spins. In this case the Hilbert space is a tensor
product of all Hilbert spaces of a fixed length. In the Heisenberg model each
spin has two possible states and the Hilbert space is therefore C ") I general
the spin in the chain can point in more than two directions and in particular
also in infinitely many directions, as is the case for the spin chain of the NV = 4
SYM theory. In the latter case the spin is mapped into a field operator and the
possible spin states to the components of the gauge symmetry multiplet. The
cyclicity of the single trace operators maps into a constraint on the spin chain
so that states that differ by a trivial shift are identified and hence states with
non-trivial momentum are unphysical. In the language of Section 5.14 we have to

impose U = 1 as a constraint. In the Heisenberg model this renders the Hilbert

C(2(L ))
Zy,

dilatation operator and the energy eigenvalues to the anomalous dimensions. The

space into . The Hamiltonian of the spin chain model translates into the
full correspondence between the spin chain and the planar limit of the A/ =4
SYM theory is summarized in Table 18.1.

Once the correspondence with a spin chain model has been established, one
can proceed in a similar way as for the Heisenberg spin chain model. The next
step is to write down the algebraic Bethe ansatz which now corresponds to an
SO(6) symmetry if one considers operators constructed only from the fields ®,,
or in general the psu(2,2[4) for the full /' =4 SYM theory. The algebraic Bethe
ansatz, the analog of (18.6) now reads as follows,

(W/QVM)L PN i (18.6)

Ax — 1/2Vjy, o e — N —iM;,
where L is the size of the chain (N in (5.224)), the total number of excitation
is K (I in (5.224)) and where for each of the corresponding Bethe roots Ay one
specifies which of the simple roots is excited by jr which takes the values of
1,...., #« with #,, being the number of simple roots which for the SO(6) case
is three and for the psu(2,2|4) is seven. M is the Cartan matrix of the algebra
(1in (5.224)) and V are the Dynkin labels of the representation (s in (5.224)).
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The condition of zero momentum now reads,
A + LV
1=U= H LA RS ]" (18.7)

The energy of a configuration of roots that satisfies the Bethe equation is,

E = . 18.8
Z )\2 _|_ 3 ]k ( )
This is of course the analog of (5.225) and the higher conserved charges are,
T 1 1
Q, = Z < : — — : 7,1> . (18.9)
TSN+ 5Vi) (A} = 3Vir)

The leading order part of the transfer matrix reads,

H)\ Ap + 2 V;k

(18.10)
A=A — LV,

It was shown that these generalized Bethe equations provide a solution to the
planar anomalous dimensions of the A/ = 4 SYM theory [162]. This is just the tip
of the iceberg. The integrable structure of the planar A/ = 4 has been investigated
very thoroughly in recent years. For an early review on the topic the reader can
consult [31]. As an epilog let us mention that, as was shown in [106], one can
identify in a similar manner with what was done in A/ =4 SYM [35], a spin
chain structure in gauge theories which are confining and with less or even no
supersymmetries. In that case the spin chain Hamiltonian would not correspond
to the dilatation operator but was rather associated with the excitation energies
of hadrons.

18.2 High energy scattering and integrability

High energy scattering is characterized by the fact that the Mandelstam parame-
ter s = (pa + pp)? is the largest scale of the system, and in the limit of s — oo the
energy dependence corresponds to a renormalization group flow of the dynamical
system that “resides” on the two dimensions transverse to the scattering plane.

It is convenient to study the properties of the high energy scattering amplitude
A(s,t) using the Mellin transform,

0+ioco
A(s,t) = is/ d—“’_swj(w,t), (18.11)
é

—ico 27TZ
where the integration contour goes to the right of the poles of A(w,t) in the
w complex plane. The high energy asymptotic of A(s,t) is determined by
the poles of the partial wave amplitudes, namely if A(w,t) ~ ﬁ? then

A(s,t) ~ is'two() Poles in the w plane are referred to as reggeons and the posi-
tion of the pole is called the reggeon trajectory.
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The partial wave amplitude fl(w7 t) can be written using the impact parameter
representation as follows,

fl(w,t) = /deoei(qb(’)/deAdsz(I)A(gA —go)Tw(gA,EB)‘I)B(EB)
= /d2boei<’1”°) <®(by)| T, |B(0)>, (18.12)

where the impact factors @4 (b4) and @5 (bB) are the parton distributions which
are functions of the transverse coordinates by = b A7b . b” for the A col-
liding hadron and by = bt ,bB,...,b" for the B hadron, and %(5A,EB) is the
scattering (partial wave) amplitude for a given parton configuration. The idea
behind this representation of the amplitude is that the transverse coordinates
of the partons can be considered as “frozen” during the interaction. It implies
that the structure of the poles in the w-plane does not depend on the parton
distribution in the colliding hadrons but rather on the general properties of the
gluon interaction of the t-channel. It was shown [145], that the propagators of
the t-channel gluons develop their own Regge trajectory due to interactions. A
t-channel gluon “dressed” by the virtual corrections is referred to as reggeized
gluon. The reggeized gluons are the relevant degrees of freedom of the high energy
scattering. The partial waves 7y, (5 A, EB) can be classified according to the num-
ber of the reggeized gluons propagating in the t-channel. The minimal number
required to get a colorless exchange is two gluons. We will discuss here only this
case. It can be shown that the amplitude 7, (5}4,5124 5}3 523) satisfies the so-called
BFKL equation that reads [23], [145],

o N,

wT, = T" 1T, (18.13)

where ’EL(,U) corresponds to the free exchange of two gluons. Formally one can
write the solution as,

-1
7(0)

w0

as N,

T, = (18.14)

so that the singularities of 7, are determined by the eigenvalues of the operator,
Hprip W, (0',0%) = B, 0, (0", 0%), (18.15)

where U, is the eigenstate. The high energy behavior of the scattering ampli-
tude is dominated by the right-most singularity of 7,, namely on the max-
imal eigenvalue (E,)max. The equation (18.15) has the interpretation of the
two-dimensional Schrédinger equation of two interacting particles. The inter-
acting particles can be identified with reggeized gluons and ¥, (51752) is the
wavefunction of a colorless bound state of them. Defining the holomorphic and
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anti-holomorphic coordinates of the reggeized gluons as follows,
Zj =T +1y; Zj = T — 1Y, (18.16)

where b; = (x;,v;), we can split the BFKL Hamiltonian into a sum of two terms,
one that acts only on the holomorphic coordinates and another that acts only
on the anti-holomorphic ones, as follow Hgpg; = H + H where,

H =0, 'In(212)0., + 0,,'In(212)9:, + In(9s, 0.,) — 2¢(1), (18.17)

where z19 = 21 — 29, ¢¥(x) is the Euler digamma function defined by ¢ (z) =

dl“dillw) and in H we replace all the z;s by Z;s.

The BFKL Hamiltonian is further invariant under SL(2, C) transformations.
Denoting the SL(2,C) generators (see Section 2.9) by,

Lj, = —82]. Lj() = ZJ'aZ] L]*Jr = Z]Zaz] L, = Ly, + Loy, (18.18)
and similarly for the anti-holomorphic generators, the invariance takes the form,
[Herir,Ld = [Hprir, L) = 0. (18.19)

This implies that Hpprg depends only on the Casimir operators of SL(2,C)
algebra of the two particles, namely, with,

LYy = —(21 — 2)20,,0,, L} =—(5 — %)%0,0,, (18.20)
the Hamiltonian must take the form,
H=H(L},) H=H(L,). (18.21)

It thus follows that the eigenstates of the Hamiltonian must also be eigenstates
of L?, and of L?,,

L3,9,, =h(h—-1)¥,, L[}V,,=hh-1)V,,, (18.22)
where the complex dimensions h and h are given by,
1 1-—
h—%—ku h—T-l-ZI/ (18.23)

The non-negative integer n and the real parameter v specify the irreducible
representation of the SL(2,C) group to which ¥, , belongs. The wave functions
which are eigenstates of the Casimir operators take the form,

1—n .
(0 = (2 TR (18.24)
" 210220 2102 ’ .

210420
where z;; = z; — z; and I;() = (20, Zo) is the center of mass of the state. The con-
formal dimension of the state is h + h = 1 + 2iv and the spin h — h = n. Upon
substituting these eigenstates into (18.15) and using the explicit form of the
BFKL kernel we find the following eigenvalues,

By, =2¢9(1) -4 <1J2r +i ) 0 (1 J; o iu) : (18.25)

1+n
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The maximal eigenvalue corresponds to n =v =0 or h = h= % Eyo=4In2.
This maximal eigenstate defines the right-most singularity of the partial wave
amplitude. This determines the asymptotic behavior of the scattering amplitude
in the leading logarithmic approximation,

A(s, t) = isht 5 4in2 (18.26)

which is referred to as the BFKL Pomeron. Using the explicit form of the eigen-
value one can reconstruct the operator form of Hppk acting on the represen-
tations of the SL(2,C) group,

Hprkr = %[H(le) + H(Ji2) H(j)=2¢(1) —¢(j) —v(1—j), (18.27)

where L}, = Ji2(Ji2 — 1), and similarly for L?,. This is a special case of the
Heisenberg spin chain of spin s operators whose Hamiltonian takes the form,

L
H, = ZH(Ji,i+1) Jiivi(Jiiz1+1) = (S; + §i+1)27 (18.28)

where J; ;1 is related to the sum of two spins of the neighboring sites, 5;-2 =
s(s+ 1) and H(x) is the following harmonic function,
2s—1 1
H(z) = ; 157 = Y@+ (e +1). (18.29)
To connect it to the analysis of Section 5.14 we check this for s = 1/2. For this
case J; ;+1 can take one of the two values 0,1 for which we have H(0) =1 and
H(1) =0, so that the Hamiltonian is a projection into J; ;+1 = 0 subspace with
H(J;i41) = i -S. . S_;-H which is identical to (5.158).
One can generalize the exchange of colorless boundstates of two reggeized
gluons to exchange of multireggeon boundstates built from N, reggeized gluons.
This is beyond the scope of this book and can be found for instance in [34].
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Large N methods in QC'D,

We have encountered the large N expansion, or the ﬁ expansion, in Chapter 7 in
the context of two-dimensional field theory, and in particular its application by
't Hooft to solve the mesonic spectrum of QCD in two dimensions [10]. A natural
question is thus what does this limit tell us about four dimensional QCD, and in
particular can one also solve the mesonic spectrum of QCD in four dimensions in
the large N approximation. These questions will be the topics of this chapter. We
start with the rules of counting powers of IV in four-dimensional QCD, and the
relations between Feynman diagrams in the double line notation and Riemann
surfaces. We then briefly discuss certain applications of the expansion to the
mesonic physics and then follow Witten’s seminal analysis of baryons in the
planar approximation [222].

The large N technique was introduced by ’t Hooft in [122]. Since then there
have been many follow-up papers and there is a very rich literature on large IV
approximation including review papers and books like [223], [66], [165], [46] and
[160]. In this chapter we use mainly the latter.

19.1 Large N QCD in four dimensions

Let us remind the reader the basic notations and the classical action of QCD in
four dimensions. The two-dimensional ones were presented in (8),

SQCD - /d41' |:_;Tr[F/wFlw] + li}l (Z E - m’i)\Iji ’ (19'1)

where the gauge fields are spanned by N x N Hermitian matrices 74 such
that A, = A;‘ T4, F,, =0,A, —0,A, + i\/g—ﬁ[Au,Au], the covariant derivative
D,=0,+ iﬁAﬂ, the fermions ¥ are in the fundamental representation of the
color group and ¢ = 1,..., N indicates the flavor degrees of freedom. The gauge
g

VN’
g fixed. This can be shown for instance in applying the large N expansion to the

coupling was chosen to be to accommodate a large N approximation with

B function. The latter, when ¢ is used in the covariant derivatives, is given by
(17.73),

dg 11 2 g3 5
udu = [3 N 3Nf:| + 0(g°), (19.2)
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Fig. 19.1. Four-dimensional Feynman rules in the usual form and in the double
line notation.

which obviously is not suitable for a large N expansion whereas if one replaces
g — ﬁ the 8 function takes the form,
dg 11 2Ny g
g = 1672

T 3N +0(g"). (19.3)

The rules of the Feynman diagrams in two-dimensional QCD (see Fig. 10.1)
include the fermion propagator, the gluon propagator and the quark gluon vertex,
all expressed in the double line notation. Using the light-cone in two dimensions
one eliminates the three- and four-gluon vertices. In four dimensions due to the
transverse directions the gluon vertices cannot be eliminated by choosing a gauge.
Thus all together the four-dimensional Feynman rules are expressed in Fig. 19.1.

The figures a,b,c are identical to the two-dimensional ones (Fig. 10.1) whereas
figures d and e are the three- and four-gluon vertices. The quark propagator
(19.1a) is given by,

<P (2)9" (y)> = S(a — y)5. (19.4)
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A

Fig. 19.2. Color flow in the double line notation associated with two traces.

The SU(N) gluon propagator in the double line notation reads,
a [ 1 a SC 1 a SC
U)W = Do - (3105 - i) (195)

For a U(N) gauge group the propagator does not include the term which is
proportional to +-. One can view the SU(N) color indices as those of a U(N)
theory plus an additional “ghost” U(1) gauge field that cancels the contribution
of the U(1) gauge field in the U(NN) gauge group. For many applications the
distinction between the U(N) and SU(N) in the 1/N expansion is sub-leading.
The three and four gluon vertices (see Fig. 19.1 d,e) emerge obviously from the
Tr[F,, F"¥] term in the action. Note that it is a single trace operator and hence
the four-gluon vertex is the one depicted in (19.1 e) and not in Fig. 19.2 which
corresponds to the color flow of a two-trace operator.
To compute the N dependence of Feynman diagrams it is convenient to re-scale
the gluon field and the quark field as follows,
g4,
VN

In terms of the re-scaled field the QCD action reads,

— A, ¢ —VNy (19.6)

Ny
1 . - )
L=N —@TY[FWF‘“’]+i§:1wi(119—m¢)wi : (19.7)

From this Lagrangian we can read off the powers of N and A = g> = N of each
part of a Feynman diagram. The vertex operator scales like N, the propagator as
% and every color index loop gives a factor of N. If we combine the dependence
on A we find for the gluon, that the vertex behaves as %, the propagator as %
and the color loop as IV, while for the fermions neither the propagator nor the
quark-gluon vertex depend on the coupling.

Thus a connected vacuum diagram with V' vertices, E propagators, namely

edges and F loops, namely faces, is of order (see (7.7)),

NV —E+F\(E)—Vie)) = ]\/'X)\(E(G)—Vm))7 (19.8)
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Fig. 19.3. Examples of Feynman diagrams with only gluons.

where,
X=V-E+F=2-2h—-b, (19.9)

is the Euler character of the surface, h is the genus, namely, the number of
handles and b is the number of boundaries. F() and V() are the appropriate
qualities for gluons. For instance the sphere has y = 2 since it has no handles and
no boundaries, the disk has y = 1 since it has no handles and one boundary and
the torus has one handle and no boundaries and hence it has x = 0. Thus the
Feynman diagrams look like triangulated two-dimensional surfaces. In fact all
possible gluon exchange may fill the holes of the triangulated structure forming
a smooth surface with no boundaries for gluon only diagrams, and with bound-
aries for diagrams that include quark loops. It was conjectured that the two-
dimensional surface is the world sheet of a string theory which is dual to QCD.
There has been tremendous progress in this string/gauge duality in recent years
following the seminal AdS/CFT duality of Maldacena [158]. This is beyond the
scope of this book and we refer the reader to the relevant literature, for instance
the review [10].

To further demonstrate the determination of the order of a diagram consider
first the diagrams that involve only gluons which appear in Fig. 19.3. The dia-
gram in (a) has V =2, E = 3, F = 3 and thus it behaves as N?). Similarly in
(b)yand (¢) V=4,E=6,F =4and V =5,F =8, F =5 so that they behave as
N2)X% and N2\3, respectively. The three diagrams (a), (b) and (c) are all planar
diagrams and have a topology of a sphere. Note however that diagram (d) which
is non-planar behaves as N°)\?, namely of genus one. In the large N limit this
last diagram is obviously suppressed.

So far we have only discussed diagrams with gluons. Quarks propagators are
represented (see Fig. 19.1a) by a single line. A closed quark loop is a boundary
and hence using (19.9) it contributes to the diagram a factor of . Consider for
example the diagram drawn in Fig. 19.4.
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Fig. 19.4. Four-dimensional Feynman rules in the usual form and in the double
line notation.

(a) (b)

Fig. 19.5. Non-planar diagram with gluons and quarks.

(0

It is a diagram of order N. This follows trivially from the fact that it has zero
genus, h = 0 and one boundary b = 1. Alternatively we have one gluon vertex,
three gluon propagators and three loops and hence N'=3+3 = N. Obviously this
is also the result when one uses the unrescaled operators where each vertex con-
tributes % and each index loop N, so that we get (ﬁ)4 x N3 = N. Similar to
the non-planar gluon diagram (19.3d), Fig. 19.5 describes a non-planar diagram
that includes both gluons and quarks. This diagram scales like % since there is
no gluon vertex, two gluon propagators and one index loop N0—2+! = %

As was mentioned above the difference between the SU(N) case versus the
U(N) can be accounted by adding a ghost U(1) gauge field whose role is to cancel
the extra U (1) part of the U(N). The U(1) commutes with the U (V) gauge fields
and therefore does not interact with them and hence one has to incorporate only
the coupling of the quark fields to the U(1) gauge field. When we consider a con-
nected diagram with gluons and U(1) ghost gauge fields the contribution to the
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Fig. 19.6. U(1) ghost propagator connecting two otherwise disconnected diagrams.

counting of orders of N due to the gluons is not affected, whereas each U(1) ghost
field contributes a factor of % The latter follows from the fact that the ghost
U(1) propagator contributes a factor of 1/N and another 1/N factor due to the
two coupling constants at the end of the propagator. This can easily be seen from
the unrescaled action (19.1). For diagrams that are connected with the ghost field
and otherwise disconnected as is depicted in Fig. 19.6 the situation is different.
For instance that diagram is of order N° since it has N x N x % Note however
that even in this case there is a difference of order > between the SU(N) and
U(N) cases, (actually, in Fig. 19.6 the contribution of SU(N) vanishes).

19.1.1 Counting rules for correlation functions

So far we have described the counting rules for vacuum diagrams. We now
proceed to the counting rules of correlation functions of gluons and quarks
which are vacuum expectation values of gauge invariant operators made out
of gluon and quark fields. The latter should be color singlets, not necessar-
ily local, that cannot be split into color singlet pieces. Thus operators like
P, Tr[E,, '] ab(y)e" [ An (242" (1) are allowed whereas (1))? is not. As
usual the procedure to compute correlation functions of such operators is to add
appropriate source terms to the action and differentiate the generating function
with respect to sources that correspond to the operators. If we denote by O; a
gauge invariant operator made out of the rescaled fields, we shift the Lagrangian
density as follows, Lo — Lo + Y, NJ;O;, where L, is the Lagrangian density
without the sources and J; is the source that corresponds to O;. Thus any cor-
relator can be determined as follows,

A A 1 0 1 0

(19.10)
In terms of N counting, for correlation functions of only gluon fields W(J) is of
order N? and hence the correlator is of order N2~". The leading order of W (.J)
in the case where quarks fields are also involved is of order N which means
that the correlator is of order N'=". Let us denote by G; and M; glueball and
meson gauge invariant operators, respectively built from the rescaled fields /Alu
and 1/3,1/3 The leading order in N of the various correlators are summarized in
the following table. The operator v/N. M is the operator that creates a meson
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Table 19.1. The N counting for glueball and
meson correlators

Correlator N counting
<G1G’2>c NU
<G1 ...énq>¢ NQin-"
<M My>, N7
<\/NM1 \/NM2>C NO
<VNNL VN, > N
<Gy ...G., VNN VNM,,>. N'-m =

with a unit amplitude. In particular we read from the table that the glueball

. . . 1
meson interaction is of order ——.
VN

19.2 Meson phenomenology

The picture that emerges from N counting is that of mesons and glueballs inter-
acting weakly with a coupling of \;T At the tree level the singularities are
poles. At one loop, namely at order ﬁ the singularities are two particle cuts, at
two loops three-particle cuts and so on. We now describe certain phenomena of
meson physics that are accounted for by % arguments and quite often cannot
be explained in any other way.

e The spectrum at low energies of QCD in the large N limit include infinitely
many narrow glueball and meson resonances. The fact that the number of res-
onances is infinite follows from the need to reproduce the logarithmic running
of QCD correlation functions. A meson two-point function can be written as a
sum of resonances,

/d4xeiqz <M(z)M(0)>.= Z L]Qfﬁ’

)

(19.11)

since single meson exchange dominates in the large N limit. The logarithmic
dependence on ¢* of the left-hand side can be recast only provided that the
sum on the right-hand side includes infinitely many terms. The resonances are
narrow since their decay width goes to zero in the large N limit. This follows
from the fact that the phase space factor is N independent and the coupling
constant behaves like ﬁ

e In Chapter 17 we encountered the pion decay constant f,. Let us check how
it scales with N. Recall its definition <0y T49|7 (p)>= if,p"5*°. The cor-
responding gauge invariant correlator is <N MVN M2>, where the first oper-
ator N M1 corresponds to the axial current and the second VN MQ to the
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Fig. 19.7. Zweig’s rule for the decay of a meson into two mesons.

pion produced from the vacuum with a unit amplitude. This correlator scales
like vV N and hence,

fz ~VN. (19.12)

The suppression of exotic states of the form ¢ggg and the fact that the meson
is almost a pure qG state with little impact of the ¢G sea are straightforward
consequences of large N. Since a quark loop, as we have seen above, is sup-
pressed by a factor of Ai the ¢q sea is irrelevant. Since in the leading order the
mesons are non interacting in large IV, there is no interaction that will bind
two mesons into a ggqq exotic state.
Consider the two diagrams of Fig. 19.7.
Using the counting rules it is obvious that the right-hand diagram is % sup-
pressed in comparison to the one on the left. Correspondingly the meson will
preferably decay into two mesons of the left-hand side of the figure, what is
referred to as Zweig rule conserving decay, and not to the two mesons on the
right which is a Zweig rule suppressed decay. In this sense large N predicts the
Zweig rule. The same mechanism is in charge of the fact that there is almost
flavor singlet and octet degeneracy. In the leading order in large N the whole
nonet is degenerate since the diagrams that split singlets from octets involve
a ¢q annihilation which is order of % In the large N for instance the vector
mesons (p, w, ¢, K*) are degenerate.
It is known that meson decay proceeds mainly via decay into two body states
and not into states of more mesons. Large IV tells us that the decay into two
mesons behaves as %, whereas a decay into four mesons is of order ﬁ
This can also be compared to the decay of a meson via creation of a quark
anti-quark pair in the mesonic flux tube [60].
The N counting rules tell us also that meson scattering amplitudes are given by
an infinite sum of tree diagram of exchange of physical mesons. This fits nicely
the so-called Regge phenomenology, where strong interactions are interpreted
as an infinite sum of tree diagrams with hadron exchange.
Another very important phenomenon is related to the axial U(1), the theta
term and the mass of the n’. This will be described in detail in Section 22.5,
but here we present the picture in the large N.
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19.2.1 Awzial U(1) and the mass of the n/

Consider the full action of four-dimensional YM theory, which includes also the
0 term,
2

SYM — /d4l‘ [_iTr[FNVF/u/] + eg

Tr[F,, F*]| . 19.13
167_[2]\/' [ F ] ( )

The normalization of the 6 term is such that 6 is an angular variable, namely,
under the shift of § — 6 + 27t the action is shifted by 27tn where n is some integer,
so that €'¥ is unchanged. This result follows from the quantization of the @ term,

/d4 16 2NTr[F F"] = integer. (19.14)

We would like to explore the dependence on 6 of the vacuum energy in the
pure YM theory and in the theory with massless quarks. In particular we would
like to determine ‘3;7].;3|9:0.

Using the path integral formulation we find that,

) 2\ 2 - ~
((1192 lo—o = ]\} <1g¢[2> /d41: <T(Tr[F,,F*" ()] Tx[[F,, F*"])(0)> . (19.15)

Let us introduce an IR cutoff and take,

L2E gz 2 '
a0 = (16n2N> fim U (k)

U(k) = / d*xel”k) <T(Tr[E,, F*|(x) Te[[F,, F* (0)])> .

(19.16)

It is easy to check that in perturbation theory U(k) is of order N? due to
the contribution of the N2 degrees of freedom of the gluons. However, perturba-
tively, limy .0 U(k) = 0 since F F is a total derivative. One concludes that per-
turbatively the vacuum energy is 6 independent. To better understand (19.16)
we rewrite U(k) in terms of a sum over intermediate Single particle states,

Zlﬂ as;gb” ZkQ ot ’ (19.17)

m
b mos mm)

where gb stands for glueball and mes for meson. Na,, and vV Nayes are the
amplitudes for Tr[F'F] to create a glueball and meson state, respectively. This
result again follows from the N counting rules,

<O|Tr[FF]lmes>~ VN  <O|Tr[FF]|gb>~ N. (19.18)

The fact that only single states and not multi-states are taken in the interme-
diate states is since the latter are suppressed in the large N. In the pure YM
without quarks the first term vanishes and hence U(0) ~ N? and C};Tﬂe:() ~ 1.
In the presence of massless quarks we know that there could not be any 6 depen-
dence and thus we should be able to show that the first term is cancelled out.
However, it seems that there is no way that the second term can cancel the first.
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Fig. 19.8. Perturbative correction to the free propagator due to an exchange
of one gluon (left) and two gluons (right).

In fact it is possible if there is one meson state with mass M5 ~ LN and if the
two terms have opposite sign. This obviously can cancel the k = 0 term in U (k)
and does not cancel for non-trivial k, but this is exactly what enters (19.16). The
opposite sign follows from the fact that an additional equal time commutator
term has to be added to (19.15) (see the appendix of [221]). Assuming such a
state with mass mpyes ~ \/1—]7 the form of U(0) is,

U0) = N—L-. (19.19)

Using the axial anomaly equation which will be further discussed in (22.5),
2

o 9 >
8HJ5 = meTI‘[FF], (1920)
we get,
2

g - / N A, N 2
Tr[FF =— y = —fy M, 19.21
L OMFFY'> = 5= <00, I '>= 53 fy M (1921)
From this relation we get the Veneziano-Witten formula or the mass of the 7/,

2N¢ 2 2E

M2 o= () S 19.22
n ( f(ﬂ') ) d02 |9—0 ( )

The picture that emerges from this discussion is that the n’ is a Goldstone boson
in the large N limit. It has a mass of the order of M,/ ~ \/l—ﬁ The dependence
on 7’ of nonzero amplitudes can be obtained from the dependence on 6 in the
theory without quarks by the following replacement,

2N,
00+ <(f)> - (19.23)
far)

Note that f,) = f(r) to leading order in %

19.3 Baryons in the large N expansion

Whereas we have seen that the large N expansion is very useful in discussing
mesons, it may seem that it is not the case for baryons. Baryonic diagrams
depend on N both via the combinatorial factors associated with the diagrams,
as well as the fact that the diagrams themselves include N quarks.

The problem is clearly demonstrated when computing the perturbative cor-
rection to the free propagator of an N quarks state. The correction occurs due to
an exchange of a gluon between two quarks (see Fig. 19.8). The gluon exchange
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diagram scales as ﬁ However since there are %N (N — 1) possible pairs the net
effect is of order V. In a similar manner the exchange of two gluons is of order
(ﬁfN 1 ~ N2, where the first factor comes from the four vertices and the sec-
ond from the number of ways to choose the four quarks. Higher-order exchange
diagrams will have higher order divergence in large N. We will now show, that
in spite of this fatal obstacle, there is a large N approximation to the problem of
the baryons. The idea is to divide the problem into two parts, in the first one uses
diagrammatic methods to study the problem of n quark interaction, and then
the effect of these forces on an N quark state. Let us first apply this approach
for determining the dependence of the mass of the baryon on N in the quark
model. Assuming that the mass gets contributions from the quark masses, quark
kinetic energy and quark—quark potential energy, the mass of the baryon reads,

1
Mg =N [mq + T, + 21/(1} : (19.24)

where m, is the quark mass, T is the kinetic energy of the quark and Vj is
the quark—quark potential energy. Thus we observe that the mass of the baryon
scales as N. This result will be shown to hold even beyond the quark model.
Again we have made use of the fact that the potential energy is combined from
the N? combinatorial factor and the % factor that comes from the vertices, or
gluon propagator.

Leaving aside the quark model, we want to address first the baryonic system
made out of very heavy quarks.

19.3.1 The Hartree approximation

In the baryons, the quarks are anti-symmetric in color. Thus they are symmetric
in flavor, space and spin combined. Hence they act like bosons. A natural frame-
work to analyze such a system of bosonic charged particles that are subjected to
a central potential is the Hartree approximation, in which each particle moves
independently of the others in a potential which is determined self consistently by
the motion of all the other particles. The justification of the use of this approxi-
mation is the large N limit which renders the interactions to be weak. Therefore
neglecting the fact that the particle trajectory affects the state of all the other
particles and hence the potential that it feels, is justified. Also it is obvious that
taking the potential created by all particles and not the one created by all the
particles apart from the one we consider, is a Ai effect. Since, as mentioned above,
the particles in the non-color degrees of freedom are bosons it implies that in
the ground state of the baryon all the particles will sit in the ground state of the
Hartree potential.
Let us take the Hamiltonian of the system to be,

1 P o 1 o
H:%;MM —&—ﬁZV (Taﬂ”b)‘*‘m Z Vo (P, T, Te) + o

a#b a#b#c
(19.25)
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where we have suppressed the flavor and spin degrees of freedom, V" stands
for the n body interaction and is independent of N and its strength is of order
N'—" as explained above. In fact since the number of clusters of n quarks is of
order N, each term in the Hamiltonian is proportional to IV

Next one takes for the ground state wave function a product of the wave
functions of each of the particles, namely,

(T, ... Ty) = [[ o) (19.26)

where the particle wave functions are determined by a variational method. The
expectation value of the Hamiltonian,

<olftlom =N |5 [@VoP + 3 [@RERVIELDIolnsr
%/d?’rld?’ ABRV3(FL, 7y, 75)|0| (1) d(ra)d(r3) | + ... |, (19.27)
has to be minimized with respect to ¢(r) subjected to the constraint that,
/d3F|¢|2 =1 (19.28)

The minimization translates to,

{_QV; + V(f’)] b = €, (19.29)

where € is the Lagrange multiplier associated with the constraint, and the Hartree
potential is,

_ [/dWw ()P + /d3 (7, 4, ) S )b (ra) [ +
(19.30)

We will now treat first the case of heavy quarks and subsequently will address,
in a less rigorous manner, the case of light quarks.

19.3.2 Baryons made out of heavy quarks

A non relativistic Schrodinger equation is an adequate framework to deal with
very heavy baryons. In this setup for short distances the quark—quark potential
is an attractive Coulomb potential so that the Hamiltonian takes the form,

N
H=Nmq— 19.31
M 2m N Z |x; — x]| ( )

i=1

The system is effectively that of N bosons with a Coulomb interaction with a
strength of %
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In spite of the fact that the interaction potential behaves like %, we can-
not treat this term as a perturbation since each quark interacts with N other
quarks and hence the total quark—quark interaction of each quark is of order one.
This situation calls for a Hartree approximation where, as explained above, the
quark is exposed to an average effective potential. The fluctuations of the effec-
tive potential are negligible and hence we can consider a background c-number
potential.

For heavy quarks where the potential is taken to be a Coulomb potential we
find,

<1/}|H7 NEWJ>: N M+ 7fd3,,:*lv¢|2 (12 dBFdeFIW(T)‘ZWST/”Z

2m [r—r']

—e [ dAp(r) 2. (19.32)

The main point here is that each of the terms is proportional to N and hence
the result of the minimization is N independent. The variation with respect to
¢* results in the following Schrodinger equation,

26 _92¢/d3ﬁ||<f(T/1[7 = ep. (19.33)

One can convert this integro-differential equation into a fourth-order differential
equation

1 _, (V¢ 2
- 4 19.34
¥ (552 + amaPlof = (1934
For radial solutions, for instance, the ground state of this equation takes the
form,
Rk +2dd & + dd ¢ ) +4ng*|o]> =0 (19.35)
— r = .
ar? </> ar? g ’

which is derived by dividing (19.33) by ¢ and acting with V2.

Even without solving this equation, it is clear that the mass of the baryon is
linear with NV and that the charge distribution of the baryon which implies in
particular its size is N independent.

19.3.3 Baryons made out of light quarks

Up to this point we have used a non relativistic Hartree approximation which is
valid only for heavy quarks. However, phenomenologically, one is more interested
in baryons made out of light quarks and in scattering processes that involve
relativistic quarks. We will show now that even for the light quark baryons, a
Hartree-like approximation, namely that each quark moves independently of the
others in a potential which is determined self consistently by the motion of all
the other particles, is still justified. Moreover, it will be argued that just as for the
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q
Fig. 19.9. Baryon stringy configuration for N = 3.

heavy quark baryons, also for the baryons made out of light quarks, the mass is
linear with N, whereas the size and the shape of the baryon are N independent.

A major difference between the case of heavy quarks versus that of light ones
is that in the latter case one has to introduce on top of the two-body interaction
also a three-body interaction and, in general, n-body interactions. In addition one
has to use a relativistic analog of the Hartree approximation. In two dimensions
one can solve the relativistic Hartree approximation. Unfortunately, the four-
dimensional analog is not known. Let us first discuss a non relativistic Hartree
approximation with n-body interactions and then argue about the relativistic
analog. The Hamiltonian for the case with any n-body interaction takes the form,

= o STIRP + 5 SOVAF ) + oy S0 VA 4
a a#b a#bF#c

(19.36)
where we have suppressed the flavor and spin degrees of freedom, V" stands
for the n-body interaction and is independent of N. The strength of V" is of
order N'=" since breaking the n quark line costs a factor of N =" and since the
baryon is in a totally antisymmetric representation, each quark line carries a
different color index.

We now substitute this Hamiltonian into <t|H|i)> and use a variational
method as above. Since for each V" term there are N" ways to choose a set
of n quarks, here again the expectation value of the Hamiltonian is linear in V.

Next we have to introduce a four-dimensional relativistic Hartree approxima-
tion. In two dimensions in the large N limit the Hartree approximation is exact.
The generalization to four dimensions, however, is not known and hence one can
make only the qualitative statement that even in this case the mass is linear in
N and the size and shape are independent of N.

The Hartree approximation of light quarks moving in an effective potential
can be also related to a string model of the baryon. In this model, the N quarks
are attached to a common junction as can be seen in Fig. 19.9 for the case of
N =3.! In the large N approximation the junction can be regarded as a heavy
object and its motion can be ignored. The interaction of the quarks with the fixed
junction can be thought of as an interaction with an effective Hartree potential.

1 The modern picture of the latter is that of a wrapped D brane.
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19.3.4 Baryonic excited states

Low-lying excitations of the baryons are described by wave functions where out
of N single particle states, a number n; < N of states are placed in the kth
excited state of the Hamiltonian. The corresponding mass of the excited baryon
is M = My + an nyp€, where ¢; is the energy of the kth excited state.

Highly excited states have a finite fraction of single particle excited states.
Denote by p this fraction, namely there are (1 — p)N particles in the ground
state and pN ones in excited states which we take to be ¢; so that the baryon
wave function is,

pN (1-p)N
(T, Ty) =D (D[ o) T o) (19.37)

Inserting this ansatz into the expectation value of the Hamiltonian one gets a set
of two coupled nonlinear equations for ¢y and ¢;. This structure can obviously
be generalized to states with higher single particle excited states.

Another approach to studying excited states is to apply a time-dependent
Hartree approximation. It is easy to check that starting with the Hartree ansatz
for the wave function but now with single particle wave functions that are
also time dependent, one finds instead of (19.33) the following time-dependent
Schrodinger equation,

V2 —y )2 . N
- 2”? —g%/dgr ||f(i i',| = i0, (7, 1). (19.38)

This equation is solved by ¢(t,7) = e~/ $() where ¢(7) is a solution of the time-
independent equation. By Galilean boosting along, for instance the = direction,
a static baryon solution, we find the solution,

BF, 1) = lw —wt)e! Mre =0, (19.39)

which is a baryon travelling with a constant velocity. This is an additional solu-
tion to the time-dependent equation. In fact starting with any function ¢(7,0)
and substituting it into (19.38) a new solution will be generated. These solutions
will generically be excited states, but not in energy eigenstates, since they will
not have a harmonic form.

To generate excited baryon solutions which are in eigenstates of the energy, we
make use of the DHN procedure discussed in Section 5.5.1 in the context of two-
dimensional field theories. The idea is to look for solutions which are periodic in
time and to quantize them by requiring that the action during a period will obey,

T
/ dt <y|H — i0,|¢p> = 2mmn, (19.40)
0

where n is some integer number. Recall that this condition follows from the fact
that the solutions are invariant under time translations, so from () we can
also generate a solution (¢t — t() for any ¢, and also any linear combinations of
them, and in particular a harmonic varying solution fOT dtge " Ep(t — ty).
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Fig. 19.10. Baryon—baryon scattering. Exchange of a quark on the right, while
on the left, such an exchange plus an exchange of a gluon.

In analogy to the discussion in Section 5.5.1 here as well one can introduce a
non-abelian flavor group, namely construct baryons made out of several flavors.
In this case one introduces into the Hartree wave function a separate single
particle wave function for each flavor.

For very heavy quarks one can neglect the spin-dependent forces, and hence
anticipate that the baryons are spherically symmetric. However, for less heavy
quarks this is no longer the case. For a baryon made out of a single flavor, in the
ground state all the spins are aligned and hence the total spin is %N . Due to the
fact that the total spin is very large, the effect of the coupling of this large spin
to the orbit is significant and hence the ground state will no longer be spherically
symmetric. If one takes the large IV analog of the baryon to be composed of %
quarks of one flavor and % — 1 of the other flavor, then the net spin will be

1 since the spin-spin interaction will align the spin of the different flavors in

2
an antiparallel way. Unlike the one flavor case where the spin is %, the spin %
will be too small to affect the spherically symmetric ground state via spin orbit

interaction, and hence for that case it will remain symmetric.

19.4 Scattering processes

In Section 19.2 it was shown that in the leading order of the large N there
is no meson—meson scattering. The same applies also for meson—glueball and
glueball-glueball scattering. Let us now address the question of baryon—baryon
and baryon—meson scattering.

Baryon—baryon scattering is dominated by an interchange of one quark
between two baryons. Whether the process involves only an interchange or also
in addition an exchange of a gluon, as is shown in Fig. 19.10, the amplitude is of
order N. In the case of no gluon exchange, there is a choice of the interchanging
quark in one of the baryon, which goes like N. Once a quark in one baryon
is chosen it can be interchanged only with a quark in the second baryon that
carries exactly the same color index, hence there is no additional N dependence.
Thus altogether the amplitude is order N. Note also that the diagram (19.10)
comes with a factor of (—1). The amplitude for an interchange that is accom-
panied with an exchange of a gluon is also of order N, which follows from the
fact that there is a factor of NV from choosing the quark in the first baryon,
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i J
Fig. 19.11. Annihilation of a quark coming from the baryon and anti-quark
coming from the anti-baryon.

another factor of N from the other baryon and a factor of Ai from the quark
gluon vertices.

This fact that the amplitude is order N is behind why there is a smooth large
N limit to the baryon—baryon scattering. Recall that the mass of the baryon and
hence also the non-relativistic kinetic energy of the baryon are linear in /N. Thus
the total Hamiltonian can be written as H = NH where H is N independent.
The eigenvectors of H and hence of the scattering process are N independent.

Quantitatively one addresses the question of baryon—baryon scattering using a
non relativistic time-dependent Schrodinger equation for a system of 2N quarks.
Due to the exclusion principle the total wave function should be a product of
two orthonormal space and spin wave functions ¢;(x,t) where ¢ = 1,2 in the
following way,

N
Y@, zan,t) =Y (=) [ é1(xit) H 2 (25, 1) (19.41)

P i=1 j=1

=

Using again the time-dependent variational principle, we find that in the case
where all the spins of the quarks are parallel so we can ignore them,

2 *
01612 = 5rn (,0) — g (1) [ LALLD

[z =yl
~gonfat) [HELRD o

and another equation where ¢, <> ¢o. Apart from the last term this equation
is identical to the one describing a single baryon (19.38), hence the last term
obviously describes the interaction between the two baryons. To describe baryon—
baryon scattering we start with inital conditions where the wave functions ¢ are
localized at two far away regions of space, but heading for a collision. When the
two wave functions overlap the interaction term is important and determines the
scattering via (19.42).

The baryon anti-baryon scattering is dominated by an annihilation of a quark
coming from the baryon and an anti-quark from the anti-baryon. The amplitude
of this process is of order N since choosing one quark is order NN, choosing an
anti-quark is order N and the coupling is order % (see Fig. 19.11). Again this
is like the scaling of the kinetic term and hence there is a smooth limit. The
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Fig. 19.12. Exchange of a quark and a gluon in meson—baryon scattering.

variational procedure now involves a wave function composed of N quark and N
anti-quark wave functions, namely,

U(Fay - 7n) = [[ o) [T 6, (19.43)
a b

where ¢(7) is the wave function of a single anti-quark. The minimization now
yields a pair of coupled equations for ¢ and ¢.

The meson—baryon scattering is described in a diagram like Fig. 19.12. The
diagram is of order N since there is a factor of % from the coupling and N
from the number of ways to choose the quark from the baryon. Recall that the
baryon kinetic energy is order IV and that of the meson is order one. Hence the
interaction term is negligible from the point of view of the baryon and it does
not feel the meson but the meson motion is affected by the interaction and thus
there is a meson baryon non-trivial scattering. Denoting again the wave function
of a quark of the baryon as ¢(z,t) and that of the meson as ¢y (xm, ym, t), the
trial many body wave function reads,

D(Fas s ans, s 1) = [ oo, O)on (2ar, ar, ). (19.44)

Again we substitute this wave function into the variational principle
[ dt <@|H — id;|¢p>. The solution for ¢ of the corresponding equations is iden-
tical to the solution of the baryon and hence indeed the baryon is not affected
by the presence of the meson. On the other hand the equation for ¢y, is affected
by the presence of ¢. The equation will be that of a free meson plus two additional
terms describing the interaction that take the form,

Hint — *QQQI)(Z’) |:/ dz¢*(zat)¢hfl (Z7y1\’17t) + / dZ(ZS*(Z,t)gZ/)M (Z,yMﬂf)

\SUM —Z\ \Z—?JM|

(19.45)
Thus the interaction term and hence the whole equation is linear in ¢y;.
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From 2d bosonized baryons to 4d Skyrmions

20.1 Introduction

Low energy effective actions associated with four-dimensional QCD, and in par-
ticular the Skyrme model have been very thoroughly studied with an emphasis
on both formal aspects such as anomalies as well as phenomenological ones like
the spectrum of baryons. This chapter is devoted to the Skyrme model. We first
derive the various terms of the Skyrme action. These include the sigma term,
the WZ term, the mass term and the Skyrme term. The first three terms we
have encountered already in the two-dimensional analog, the bosonized QCD
(Chapter 13) whereas the fourth one, the Skyrme term, shows up as a stabi-
lization term only in the four-dimensional case. We then construct the classical
soliton solution, the Skyrmion, of the corresponding equations of motion. Next
we determine the classical mass and radius of the baryon. In a similar manner to
the procedure taken in the two-dimensional model, we quantize the system semi-
classically. This yields mass splitting between the nucleons and the delta particles
and the axial coupling of the nucleons. Most of the discussion will be done for
SU(N; = 2) but we will also discuss certain properties of the three-flavor case.
The Skyrme model was introduced in [195], [196], [197] and [91].

The topic of baryons as Skyrmions was discussed and reviewed in several
books [53], [157] and reviews [22], [186], [231]. In several sections of this chapter
we follow the latter review.

20.2 The Skyrme action

In two dimensions using the bosonized version of QCD, we were able to integrate
in the strong coupling limit the color degrees of freedom and derive the low energy
effective action of the flavor degrees of freedom. The latter took the form of a
WZW action for the group U(Ny) of level N, for massless QCD and modified
flavored WZW action with a mass term for massive QCD. The main point there
was that the action derived was exact. In four dimensions the situation is quite
different. For once we do not have a bosonized version of QCD which enables
us (at least in the massless case) to decouple the flavor and color degrees of
freedom and then integrate over the latter. However, due to confinement, the low
energy degrees of freedom of four-dimensional QCD are also only flavor degrees
of freedom and hence it is natural to use an Ny x Ny group element g(a')
of the flavor group U(Ny). Since we do not have a systematic way to derive
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the corresponding action, we will now consider various terms that eventually
construct the full Skyrme model.

20.2.1 The Sigma term

Recall that the group element g(z) transforms under left and right transforma-
tions as follows,

g(x) = Ug(x) g(x) — g(z)U. (20.1)

As we have shown in two dimensions the sigma term is the term with the lowest
number of derivatives. In two dimensions it takes the form,
1 2 —1
Soq = Tom d*zTr[0,90"g™"]. (20.2)

It is easy to see that the analog in four dimensions has the form,
1
S = Efg /d4x Tr [0,90" g™ "], (20.3)

where f; has dimensions of mass (it will be shown below that by comparison
to experimental data, for N; =3, it has to be taken to be ~ 93MeV). This
coefficient is needed since our group element still does not carry classically any
conformal dimension. The sigma term which is clearly the one with the lowest
number of derivatives can also be expressed as,

1 1
S = Efﬁ /d4:1:Tr [L,LV'] = 1—6f72/d4:z:Tr [R,R"], (20.4)

where,
LM = g_laug R}L = gaﬂg_l- (205)

It is important to note that by construction the L, obey the so-called Maurer—
Cartan equation,

oL, —-0,L,+[L,,L,=0. (20.6)

and so does R,,. Note that they are both like pure gauges in a non-abelian gauge
theory, and thus they have F),, = 0.

Before proceeding to the WZ term let us check the symmetries of this action
in comparison with the known symmetries of QCD. It is easy to check that it
is invariant under global SU(Ny)r x SU(Ny)r x U(1)p transformations. It is
further invariant under the following three discrete transformations,

Transpose: g« gT T X tot
Py: geg T —F, tet (20.7)

(-1)Ns 0 g gl T F tet
The second transformation P, is a parity transformation and the third is the
number of bosons modulo two. To check whether these discrete symmetries
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are also shared by QCD we first expand g(z) around unity,

N1
glz) =1+ % > Tt (), (20.8)

o1
in terms of the Goldstone bosons 7(z) and then consider N; = 3. It turns out
that Py and (—1)* are not conserved separately but only the combination
P = Py(—1)"# . This is demonstrated by the process K* K~ — 7" 7’7, Obvi-
ously the number of bosons modulo two is not conserved as well as the parity
Py since the 7' are pseudo scalars. It is thus clear that the action (20.3) cannot
describe the effective action of QCD and another term that does conserve P and
not Py and (—1)V# separately. It is well known that the parity transformation
P, is violated by a term which is proportional to the Levi Civita tensor which in
four dimensions reads €,,,,. However, it is very easy to verify that the only term
proportional to €, ,,, namely ¢**?° Tr[g7'9,999 0,990,990, g] vanishes
due to the antisymmetric nature of €,,,, and the cyclicity of the trace.

20.2.2 The WZ term
Experienced with the two-dimensional WZ term it is clear that this situation
naturally calls for a four-dimensional WZ term: [225], [226]. Recall that the two-
dimensional WZ term was written as a three-dimensional integral over a three-
dimensional ball or a three disk whose boundary is the two-dimensional space-
time. In a similar manner we can construct a term defined on a five-dimensional
disk D5 whose boundary is the four-dimensional space-time and has the form,

. As s ik -1 1 1 1 =
yT /D Azt T (g7 999 0399 Okgg ™ D199 Omgl, (20.9)

where now i, j, k, I, m denote coordinates on D5 and Ag is a coefficient that has to
be determined. Extending the map g(z*) from the four-dimensional space-time

Swz=—

to the SU(N) group manifold into a map from D5 to the group manifold is based
on the fact that w4 (SU(N)) = 0 and 71 (SU(N)) = 0. Now let us check whether
there are any constraints on Ag. The analogous two-dimensional case tells us
that A\g = N.. We will now verify this result in two steps. First we show that
on general topological grounds it has to be an integer and then by relating the
action to QCD we show that this integer has to be equal to the number of colors.
To understand the topological nature of the WZ term it is convenient to use a
compactified Euclidean four space of a topology S! x S® where the S! factor
corresponds to a compactified time direction. Now the five-dimensional disk D°®
can be taken now to be S® x D%. However as is clear from Fig. 20.1 there are in
fact two options of choosing the disk D* namely D? and D?. Requiring that the
independence of the physics on choice translates into,

¢Sz =Sz [ wf = /2 3wfr,) = 271 integer, (20.10)
D2+D2)xS" 52 x 8¢
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Fig. 20.1. Two options of choosing the disk D?.

where we have used the fact that the sum of the two disks (D2 + D?) is topo-
logically equivalent to S?, that the five cycles in the group manifold SU(N) of
the topology S? x S can be represented by the cycles of topology S° and that
75(SU(N)) = Z and hence any S° in SU(N) is topologically a multiple of the
basic S° on which w can be normalized such that fso w5 = 2m.

We thus conclude that the coefficient Ag has to be an integer. As we mentioned
above in two dimensions we have shown that this integer has to be N,.. We will
show below when discussing the phenomenology of the Skyrme model that this
is the case also in four dimensions. Thus we will take from here on that Ag = N,.

20.2.3 The Skyrme term

Baryons were described in the context of the bosonized theory of two-dimensional
QCD in terms of soliton solutions of the WZW theory in flavor space (see Chapter
13). In a similar manner we anticipate that also in four dimensions solitons are
intimately related to baryons. However, in Section 5.3 it was shown that accord-
ing to Derrick’s theorem, there are no stable solitons in the space dimension
larger that one. To recapitulate this theorem let us analyze the scaling behavior
of the energy of a soliton solution in four dimensions. It is easy to realize that in
D space dimensions the energy that corresponds to the action (20.3) reads,

2
E= /de - Tr (L, L], (20.11)

where a change in normalization was made.
Under a scaling of x — Az, g(x) — g(Ax) since as mentioned above g(x) has
a zero scaling dimension, and the energy scales as,

E,=X"E. (20.12)

Thus for D = 3 the energy of the system can shrink to zero by large scaling and
hence the solutions are not stable against scale transformations. To avoid this

problem we add a term which is quartic in L, so that the total Lagrangian is,

2
L=Ly+ Ly = ij Tr (L, L"] + ie2Tr([L,“ L,)%). (20.13)
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Under scale transformation the energy scales as,
Ey=XN"PEqu + MNP Ey). (20.14)

It is easy to see that for D > 3 there is a minimum at A = 1 and with

dE, E(g) 4—-D

s M2

dx Eu) 2-D
A2E
W; >0— 2(D—2)Ey) > 0. (20.15)

In fact the energy is bounded from below by the topological charge. The energy
associated with the action (20.13) takes the following form for a static configu-
ration,

E= /d3 { i Tr[L;L;] — 462T‘r([Li,Lj]2)}7 (20.16)
which can be rewritten as,

E=— fz /d%ﬂ [L L +P(fez,kLJLk) }

Iz /d3 ‘I&.« KQ}[@Q],CL L/L’f)‘ = 12v27ef,|B|. (20.17)

™

This is referred to as the Bogomol'ny bound. It is interesting to note that unlike
other cases like instantons (see Section 22.1) there is no configuration that satu-
rates the bound. The configuration that does saturates the bound has the form
L; = \f[ eijr L Ly, however it is easy to see that it does not obey the Maurer—
Cartan equation (20.6).

20.2.4 A mass term

In two dimensions the mass term was shown to be a key ingredient to having
soliton solutions of strong coupling of QCD,. In four dimensions this is not the
case. Stable soliton solutions do not require a mass term. However, to incorpo-
rate the fact that the pions are not massless, one adds a mass term to the full
Lagrangian. The mass term has the same form as that of the two-dimensional
theory, namely,

2
s, = f /d%ﬂ g+97 ' -2 (20.18)

Upon substitution for g(z) in the ansatz (20.8) this term takes the form of a
mass term for the 7 fields,

1
Sy = /d4x§mi(7ra)2. (20.19)



360 From 2d bosonized baryons to 4d Skyrmions

For Ny > 2 one can use a mass term that breaks flavor symmetry by assigning
different masses to different flavors. One can also generalize the mass term by
using general functions of g which in the limit of ¢ — 1 approach g.

20.2.5 Gauging the Skyrme action

In Section 9.3.1 we discussed the gauging of the WZW action. In that case we
were interested in gauging the diagonal SUp(N.) € SUL(N.) x SUr(N.). We
presented there two methods for the gauging procedure: (i) Noether trial and
error method, (ii) covariantization of the associated currents. Here in the case
of the Skyrme action we would like to gauge the U(1) diagonal global abelian
symmetry that corresponds to electromagnetism, as well as the full SU(Ny) x
SU(Ny) global symmetry of the Skyrme action. Let us first identify the diagonal
abelian symmetry that we want to gauge to incorporate EM gauge fields. In the
particular case of Ny = 3 the EM charge matrix of the u, d, s quarks is given by,

2/3
Q= ~1/3 . (20.20)
~1/3

Thus a local transformation that corresponds to the EM gauge transformation
is,

g(x) = Ug(x)U™' U ~1+ie(2)[Q, g]. (20.21)

As usual the local transformation can be a symmetry of the action only provided
we add to the action gauge fields that transform under the EM gauge transfor-
mation as 4, — A, — %aﬂe(z) where e is a unit EM charge. For the sigma term
and the Skyrme term it is obvious that gauge invariance is achieved by replac-
ing the ordinary derivative with covariant ones, namely 0, — D, = 0, + i€d,.
The gauging of the WZ term I' = Sy z is more subtle and as was done for the
two-dimensional case; we use a trial and error method. First we compute the
variation of the term under the global U(1) symmetry. We find that,

r—-r-— /d4336ﬂe(33)J“

1 vpo
= 487_[2 6“ ! {Tr [_Q(RVR/)RU)]

+ T [Q(L L, L, )]} (20.22)

JH

where @ is defined in (20.20). The next step in gauging the WZ term is to replace
the original term with,

I -T— e/d4xANJ"'. (20.23)
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It turns out that the action after this replacement is still not gauge invariant but
it is invariant with the following addition,

2 ~
S = {—%/d‘ler[DﬂgD“g_l] + N.T,

4 Z.e v po
B4 = Tlg) — e [dwa, s+ 55 [ateeno,a,4,
X Tr[Q*(Ly — Ry) — Q9Qq 'R, . (20.24)

In a similar manner one can gauge the full global symmetry or its subgroups.
Since we will not need it in this chapter we refer the reader to references, for
instance [231].

20.3 The baryon as a Skyrmion

The two-dimensional solitonic baryon was analyzed at two levels, firstly the clas-
sical configuration and then at the semi-classical level. At both levels properties
of the baryon such as its mass and conserved charges were computed. In this
section we present the analogous calculations for the 4d Skyrmion and then we
compare the four- and two-dimensional results.!

20.3.1 The classical Skyrmion

The Skyrmion is by definition a solitonic solution of the Skyrme action.
Soliton solutions in two dimensions were discussed in general in Section 5.3 and
in particular the solitons of the low energy effective action of QC Dy in the strong
coupling limit in Chapter 13. In fact the classical solitonic baryons were solu-
tions of a sine-Gordon equation that was derived from an action that included a
sigma term and a mass term since for static configuration the WZ vanishes. The
latter property holds also in four dimensions so the relevant action now includes
the sigma term and the Skyrme term. In fact we will describe here the case of
two flavors and as mentioned above the WZ term vanishes for the SU(2) group
manifold anyhow. The equation of motion derived by computing the variation of
the action with respect to g~'dg is,

e2

72

auLllr -2 o [LV7 [L/u LUH =0. (2025)

Obviously, an equivalent equation can be written by replacing L, — R,. Param-
eterizing the general static configuration as,

g(x) = &m0 = cos(F(r)) +i7 - #sin(F(r)). (20.26)

! The classical properties of the SU(2) baryonic Skyrmion were analyzed in [133], [5] and
afterwards in many other papers.
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For this ansatz the equation of motion reads,
2 sin(2F) N 862 sin(2F)sin? F F"sin(2F) 2F" sin® F

F" 4 -F =0.
+ T 72 12 r 72 72
(20.27)
The boundary conditions are taken to be,
Fir=0)=7n F(r—o0)=0. (20.28)

The mass of the classical Skyrmion is derived by substituting a solution of the
equation of motion into (20.16) getting,

oo 2 2sin® F F in® F
M, = dn / TQde?" {F’Q n Sm} PR {QF’Z S } . (20.29)
T

0 r? r?
dF\? n 2¢in? F
dz r2

5T is dimensionless. The value of the integral is ~ 11.7. One can
either use the mass of the proton combined with the mass of the delta, to deter-

Using the virial property this reduces to,

M, = 471\@6/ z?dx
0

, (20.30)

fﬂ

where x =

mine f; and the coefficient of the Skyrme term, or use the experimental values
of f. and the axial coupling to be discussed shortly.

Let us now analyze the radial profile of the soliton F'(r). Asymptotically for
r — oo only the terms inside the square brackets can be neglected leading to
a solution of the form F(r) — 1?§ Az , where again A can be determined by
comparing to experimental data and is found to be A ~ 1.08. On the other limit

around the origin it is easy to see that the equation is solved by F(r) ~ nmw — ar.

The numerical solution of F(r) that interpolates between these two boundary
conditions is drawn in Fig. 20.2.

In addition to the mass, we have also extracted in two dimensions from the
classical soliton the flavor properties and baryon number. For the Skyrmion we
should also be able to determine these properties as well as its spin. When we
insert the classical soliton solution in the baryon density we get,

F/

; 1
B — 24’71 €N Ly, = ﬁsm Fy, (20.31)

so that the baryonic charge is,

B = 47I/jdrr2B0 (r) = l(F(O) — F(00)) + 127n[sin(2F (00)) — sin(2F(0))] = 1.

7t

(20.32)
where we have used the boundary conditions of F(r) specified above. Using the
distribution of the baryonic charge, one can define the rms radius of the baryon

oo 1/2
Prms = —— (—/ dza? sin® FF') : (20.33)
use 0

which is of the order of 0.48 for the B = 1.

as follows,
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Fig. 20.2. The numerical solution of F(r).
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Fig. 20.3. The Skyrmion hedgehog configuration.

The hedgehog configuration, see Fig. 20.3, used as an ansatz for the Skyrmion,
is by construction invariant under the operation of,

K=J+1=(L+8)+1, (20.34)

where L,S and J are the orbital angular momentum, the spin and the total
angular momentum, and [ is the isospin.
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It follows from,
7__‘

[K,g(x)] =isinF |[(r x =V),7 7]+ {2

T f” =0. (20.35)
Hence the Skyrmion carries a charge of K = 0. It is straightforward to notice
that it is also an invariant under the parity operator defined in (20.7), so that
altogether it is K = 0T state.

20.3.2 Semiclassical quantization of the soliton

Recall that the quantization of the collective coordinates of the two-dimensional
soliton was performed by elevating the static group element to a space-time
dependent one in the following way,

g(z) = g(a,t) = A(t)g(x)A7'(t) A(t) € U(Ny). (20.36)

Nothing in this prescription is two dimensional and hence we now use the same
ansatz also for the four-dimensional soliton. In two dimensions we discussed the
general Ny case, here we start with the simplest case of Ny =2 and then we
discuss the Ny = 3 and comment about the general case. As discussed above for
SU(Ny = 2) there is no WZ term, thus we have to substitute (20.36) into the
action that includes the sigma term and the Skyrme term (for simplicity we do
not add the mass term). The collective coordinates A(t) can be parameterized
in the following ways either,

A(t) = ag(t) +id(t) - 7 (a,)?* =1, (20.37)
or,
AMA= %5 . (20.38)

It is easy to verify that in terms of A(t) the L, defined in (20.5),

Ly = A(t)g " (z)(A7 A)()g() A (t)  Li = A(t)g ' Dig(x)A™" (). (20.39)
The result of the substitution of the L, expressed in terms of w into the
Lagrangian is,

1
L="L+ §a2w2, (20.40)

where the constant of proportionality o? is computed as a spatial integral over

the chiral angle to be ff f‘f . In terms of spin and isospin operators the Hamiltonian

can be rewritten in terms of a second Casimir operator,

1 1
=B+ J° = Eq+ —1I°. 20.41
H ,z+2a2J ,l+2a2 (20.41)
In terms of the a, variables the Lagrangian density takes the form,

L=Ley+Na,)?, (20.42)
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where X is the moment of inertia given by,

8 o [, 5 . o 8e? [, sin’F
)\:?fﬂ/o drr® sin® F 1—1—? =+ - . (20.43)
The corresponding Hamiltonian is therefore,
. 1, 1 0?
H:’/T#aﬂ 7£:Ec[ +§71'H = cl+§ <8az , (2044)
where in the last step we introduced the canonical quantization namely,
. 10
[auﬂ 771/} = Zdluy Ty = —a, (2045)

subjected to the constraint (a,)? = 1.
The Noether charges associated with the angular momentum and isospin
expressed in terms of a, take the form,

P R N O
k= 2 Oaak kaao €kim laam

i 0 0 0
Jp == — — A= — €U =— | - 20.46
L) <ak dag a0 day, Chim @1 Oa, > ( )
Choosing a fermionic rather than bosonic wave function, namely, odd under
changing A — —A, implies that the wave function of baryons of I = J = % is

linear in a,, for instance the proton wave function is [p>= L(a; +ias) and

those of I = J = 2 cubic in a, like [ATF>= g(al +iag)?. It is thus obvious

that the mass difference between the A and the nucleon is,
Mpa — My = %. (20.47)
Expectation values of flavor charges can be computed in the semi-classical
approximation by expressing the Noether currents and charges in terms of the
a,(t) and their corresponding momenta m, = — 5{2 (20.46) and sandwiching
these operators in between quantum states, like N and A. For instance the

space components of the Baryonic current is given by,

L sin® F -
B' = ig Tk Tr (A~ AT)]. (20.48)
We use this expression to compute the isoscalar magnetic moment, defined by,
1 -
o =3 /d?’rf'x B, (20.49)

of the proton as follows,

21 .
(1=0)3 = —37[/(17“T2F <p,1/2|Tr (13A_1 A)|p, 1/2>
)

. 1
3 <r?>1_0<p, 1/2| Tr (3A_1 A)|p,1/2> = — <r’>;_¢ .

61
(20.50)

In a similar manner one can compute the isovector magnetic moment.
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Another important property of nucleons that can be extracted from the
description of baryons as semiclassical solitons is the axial coupling g4 defined
via,

Tﬂ

<N'(p2)| T [N (py)> = <t(p2) 5 [94(a")yus + ha (@) guysJulpr)>,  (20.51)

where J;‘a is the axial current and g = py — p1. In the chiral limit h4(¢*) has a
pion pole whose residue is —2f; g,y v namely,

h 2\ dA (qZ) _
A(q ) - qg dA (O) - _2fﬂ'g7TNN7 (2052)
where g yn is the pion nucleon coupling. Current conservation implies that,
2Mnga(q®) + ¢*ha(q?) = 0. (20.53)

In the nucleon rest frame the nonrelativistic limit ¢ — 0, taken in a symmetric
form ¢;q; — é&j ¢’ yields,
. . T
313(1) <N'(p2)|J*al N (p1)> = ;12% < U(P2)?[9A (0)o;

+ha(q*)G - g‘ji}u(pl)> =

. A T
= lim g4 (0)(di; — G:g;) <N'(P2)|0i7|N(P1)>

q—0
2 , T¢
=394 (0) <N (p2)|0'i?|N(p1)>7 (20.54)
where we have made use of the Goldberger-Triman relation,
GrNN fr
0) = =———. 20.55
9a(0) = L (20.55)

In the Skyrme model we can extract the axial coupling g4 (0) in the following
way. First we compute the space integral over the axial current,

/deJA?(x) = f%dTr [ A~ A, (20.56)

where d is the space integral over a function that depends only on the classical
soliton configuration. We then sandwich this operator in between nucleon states
to find,

lim [ d*zc? <N'|J4] (2)|N> = 2d <N’\Ui%\N> . (20.57)

q—

Equating the last expression with (20.54) it was found that the Skyrme model
value of g4 (0) = 0.61 whereas experientially it is equal to 1.33.

20.3.3 The Skyrme model and large Ne QCD

In Section 19.2 it was shown that the scattering amplitude or quadrilinear cou-
pling of mesons in the large N, limit behaves like NL Recall that in this limit we
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take N, — oo while keeping A\i/Hooft = g2 N, finite. The amplitude that is pro-

portional to g2 behaves like NL By comparing this result to the quadrilinear

coupling of the Skyrme model we are able to determine the dependence of the
Skyrme coefficients on N.. Let us start by expanding the sigma term in terms of

the pion fields,

2

L, = Iﬂ Tr[0,90" g™ "] ~ %aﬂfr’ . 3”7?4—# [(7? SOrR)?E — 20,7 8"7?] +0(n%).
" (20.58)
The quadrilinear coupling behaves like ;7 If we expand the Skyrme term in a
similar manner we find that in that case the coupling behaves like 621”, and

hence we conclude in agreement with (19.12) that,

1

fr~V/N, e~ i (20.59)

This enables us to check the N, dependence of the classical Skyrmion mass and
its semi-classical extension,

fﬂ' 1 3
My~*—=~N, Mg ~— ~ o~ —. 20.60
l o o2 e f. N, ( )

Recall for comparison that the two-dimensional solitonic baryons were shown to
have classical mass which is also order V., but the semi-classical correction term
behaves like N and not 7.

20.4 The Skyrme model for Nf =3

Phenomenologically we should obviously be interested in the case of Ny =3
rather than only two flavors. Moreover, to let the WZ term play a role we
also have to go beyond Ny =2. So we have two reasons to discuss now the
U(Ny = 3) classical solitons and their semi-classical quantization. The action
is now the sum of a sigma term (20.3), the Skyrme term (20.13) and the WZ
term (20.9). We can further add a mass term (20.18). The latter can be used
to introduce an explicit breaking of the flavor symmetry by assigning different
masses to the different flavor degrees of freedom. In fact one can add additional
flavor symmetry breaking terms which, to simplify the treatment, we would
not do.

We first need to choose a parametrization for the U(N; = 3) group element.
The analog of (20.8) including the U(1) factor now reads,

V2 a=8 ﬁ)\a@a

g(@) = & F1 1 W git@) _ F A G T (20.61)
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where \* are the SU(3) Gell-Mann matrices. In terms of the pions, kaons and

7 we have,
%WU 4 %778 T K+
P = T —gm gt K. (20.62)
K- KO %778

Next we have to choose an ansatz for the static classical configuration go(x).
Recall that in the two-dimensional case we took an embedding of the U(1) in

U(Ny) of the form go(z) = Diag(1,1,.. .,eii\/‘i"iﬂq&(z)). In analogy in the four-
dimensional case we embed the SU(2) hedgehog configuration in the SU(3)
group element as follows,

0
go(z) = | eFmr 0]. (20.63)
1

Since the WZ term vanishes for an SU(2) group the solution for F'(r) is iden-
tical to that discussed in Section 20.3 and hence the elevation to Ny = 3 shows
up basically only in the semi-classical quantization of the collective coordinates.
Recall that the latter are introduced via go(z) — A(t)go(x) A71(t). In two dimen-
sions we parameterized the quantum fields A(t) in terms of the Z;,i =1,..., Ny
variables which was adequate for the CP™/~! that the collective coordinates
span in that case. Clearly in the present case since the go(z) € SU(2) a differ-
ent ansatz is required. The most straightforward one is in terms of the angular
velocities w, that generalize those of (20.38) as follows,

8

ATY (B A®t) = % > X, (20.64)

a=1

When substituting this into the Lagrangian one finds,
1, g 1, < B
L =L+ =a? w? 4 =2 w? — N, —=wg. 20.65
SU(3) 1ts ; 50 02;4 , ek (20.65)

Note that the WZ term which is proportional to N, and linear in the angular
velocity wg associated with Ag that commutes with the classical ansatz [As, go (z)].
This is very reminiscent of the structure of the WZ term in two dimensions that
is also linear in the angular velocity associated with the hypercharge with N, as
a coefficient.

The quantization of the system is performed as if it is an “SU(3) rigid top”
namely one defines the right generators,

oL
Ry = — VB 2, = —J,, a=1,2,3
ow,
— 2w, a=4,.,7 (20.66)
N¢ B
a =38,

23’



20.4 The Skyrme model for Ny =3 369

and imposes the quantization condition,
[RaaRb] = _ifabcRca (2067)

where fup. are the structure constants of SU(3).
The Hamiltonian of the system takes the form,
H:Ed+% [;2—612] J%ric2 —%. (20.68)
Again this form of the Hamiltonian is similar to the one we found in two dimen-
sions which is also proportional to the second Casimir operator. One can now
apply the Hamiltonian on states associated with representations of the SU(3) and
compute the corresponding masses. Using the eigenvalues of the second Casimir
operator of the representations 8, 10, 10, 27 which are given by 3, 6, 6, 8,
respectively we can determine the masses of the various Skyrme hadrons. The
full analysis of the Ny = 3 baryons is beyond the scope of this book. We refer the
interested reader to literature. For a review of the topic see for instance [231].






21

From two-dimensional solitons to
four-dimensional magnetic monopoles

21.1 Introduction

Solitons play an important role in non-perturbative two-dimensional fields as
we have seen in the first part of this book. They are intimately related to non-
trivial topology, they are an essential ingredient in integrable models, and they
enable the phenomenon of fermion boson duality-bosonization. When passing
to four-dimensional field theories the topology may be even richer and thus
we would anticipate having topological solitons as static solutions also in four-
dimensional space-time. As we have seen in Section 5.3, Derrik’s theorem does
not permit the existence of solitons of scalar field theory in space dimensions
higher than one, however, they are not prohibited in theories that include higher
spin fields, in particular in theories of scalar fields coupled to non-abelian gauge
fields. Indeed as we will see in this section certain theories of this type that admit
spontaneous symmetry breaking, admit soliton solutions. These configurations
carry a conserved topological charge which guarantees their stability against
decay to the vacuum. As it will turn out this charge is in fact a magnetic charge
and hence these solitons are magnetic monopoles, or in the more general case
dyons with both magnetic and electric charge. The construction of dyons from
static solutions will be the analog process of building up breathers from two-
dimensional solitons.

In the next section we present the basics of the Yang—Mills Higgs theory. We
then show the relation between magnetic monopoles and topological solitons both
for the simplest case of SU(2) (and SO(3)) as well as for a general non-abelian
gauge group. The next topic is the seminal solution of 't Hooft and Polyakov.
Then we discuss zero modes, time-dependent solutions and dyons. In the follow-
ing section we discuss the very important limit of BPS. We then describe the
construction of multi-monopole solutions that was proposed by Nahm. We show
its application to the construction of BPS monopoles of charge one and two. The
next topic is the moduli space of monopoles. We determine the metric on this
space for the case of widely separated monopoles.

The topic of magnetic monopoles and dyons has been covered by several review
papers, proceedings of meetings and books, for instance [21], [214], [67], [7], [182]
and [193], respectively. Here in this chapter we made use of mainly the former
two references.
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Monopoles and dyons play an important role in A/ = 2 SYM. They admit a
mathematical non-perturbative structure that can be determined exactly. Since
we do not discuss supersymmetry in this book the monopoles and dyons of that
theory will not be addressed in this chapter. We refer the reader to [191] and
[192)].

21.2 The Yang—Mills Higgs theory — basics

Consider the Yang—Mills Higgs system described by the following Lagrangian
density,

1
£ = ~3 T, F*] + Te[D, ®D"®] - V(®), (21.1)

where the (non-abelian) gauge group is G, ® is in the adjoint representation of
the group, namely,

A, =T4, &=T9% (21.2)
where T are the generators of G (see Section 3.1), the covariant derivative reads,
D, =0, +ie[A,, P], (21.3)

and V(®) is given by,
V(®) = — 2 Tr[®?] + \(Tr[®?])?, (21.4)

where A is taken to be positive so that the energy is bounded from below, and
we also take p? > 0. In general one can discuss a similar system where ® is
in any representation of G but here we consider only the case of the adjoint
representation.

Let us start with the simplest case where G = SU(2) and @ is in the triplet
(adjoint) representation. For such a case the vacuum solution can be put in the
form,

g3
O(zx)=v—==27 =1/—
() =w 5 0 v 3
A, (x) =0. (21.5)
In this case the vacuum expectation value of the Higgs field breaks the SU(2)
symmetry down spontaneously to a U(1) symmetry along the a = 3 direction.
The physical fields will be denoted as follows,
Al +iA2 A
A=A W, =L "1 =03 21.6
1 1 ; \@ P ( )
which associate with the massless “photon”, pair of mesons W, W* with a mass of
eV and charges +e and an electrically neutral scalar boson with mass mg = v/2p,
respectively.
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For a general group G which we take to be a simple Lie group of rank r (for
the basic definitions see Section 3.1). In this case the expectation value of ¢ = P
can be taken to lie in the Cartan subalgebra of the group G. Using the notation
H for the r-dimensional vector of the elements of the Cartan subalgebra, @ is
characterized by a vector h such that,

o =h-H. (21.7)
The generators of the unbroken subgroup are those generators of G that commute
with ®y. These are all the generators of the Cartan subalgebra together with
ladder operators associated with roots orthogonal to h. If none of the ~ are
orthogonal to h the unbroken symmetry is U(1)", whereas if there are some
roots 4 such that 7 - h = 0 then the unbroken symmetry is U (1)”'_"/ x K where
K is of rank 7’ and it has ¥ as its root diagram.

21.3 Topological solitons and magnetic monopoles

In Section 5.2 when discussing two dimensional solitons, we identified a topolog-
ical conserved current and an associated topological charge. Configurations that
carry a non-trivial value with respect to this charge cannot, due to charge conser-
vation, decay to vacuum. These configurations were shown to be stable solutions
of the equations of motion and to have finite energy. Thus we anticipate that
also in four-dimensional field theories, and in particular in the Yang—Mills Higgs
theory we discuss here, there should be solutions of the equations of motion that
associate with non-trivial topological charges and one can determine their exis-
tence even without solving the equations of motion. It is easy to verify that for
G = SU(2) the following current,

1 o
k, = Qe,ty,,f,eabca”@“aﬂ@ba”qf, (21.8)

where ¢ = %,
of motion or not. It follows trivially from the total anti-symmetry of €,,,, that
0"k, = 0. The corresponding charge is,

is conserved for any configuration whether it solves the equations

1 A A
Q= /dekO = 8?/d?’xqjke“b'—’a@aaﬂqﬁak@c

LA TR SR RS R e
(21.9)
This topological charge is the winding number associated with the map,
Dy(c0):  Sipee — GG/ (21.10)

where S57*““ is the boundary of the space at » = oo and where the coset space
G/H is in our example G/H = SU(2)/U(1) = S2. It is thus an integer charge
@ = n and as such it must be invariant under smooth deformations of the surface
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of integration that do not cross any of the zeros of ®. In fact a configuration with
@ = n must have at least |n| zeros of the Higgs field. If we distinguish between
a + zero and a — anti-zero then the net number is precisely n. Obviously if
we consider Higgs configurations of @ = n = 1 there must be one with minimum
energy. This cannot be smoothly deformed to a vacuum since the winding number
is quantized. Hence such a configuration must be a local minimum of the energy
and therefore a static classical solution.

The next question we want to address is what is the connection between these
non trivial soliton solutions and magnetic monopoles? The field strength of the
abelian gauge field A, defined in (21.6), F,, = 0,A, — 0,A, is the outcome of,

~ ~ 1 ~ ~ ~
Fup = ®°FS, — —"*9“D, "D, &, (21.11)
g

when we take & = (0,0, 1), namely ® = . What distinguishes ]:',“, from an ordi-
nary abelian field strength is that it does not obey the Biachi identity,

* 9T 1 v Tpo 4m
dF = iel“,pga fﬂ = ekﬂ = ?kl“ (2112)

where g is the magnetic charge which will be shown to be equal to 47t/e. Defining
now the magnetic field B; associated with F,, as usual as,

1 -
B; = iei‘jk}vk, (21.13)
we find that,
L4 1 4 4
VB:l%oQM=*/&mm:5Q=5n (21.14)
g g & e

We have thus realized that the non-trivial soliton configurations carry a magnetic
charge and hence are magnetic monopoles. We can further determine the classical
mass of the monopole since the total energy of such a solution is,

E= /d% [Tr[E?] 4+ Tr[(Do®)?] + Tr[B7] + Tr[(D;®)*] + V(®)] . (21.15)

For a static configuration that does not carry electric charge, the first two terms
are expected to vanish. Then one can show that the form of the mass has to be,
47w A
M=—7Ff—= 21.16
1 (%), (21.16)
where f (6%) should be of order one.

So far we have discussed the topological charges of the group G = SU(2) case.
Let us now address the general case. Instead of the map (21.10), the asymptotic
Higgs field constitutes in the general case a map,

G
D(o0): OM— I (21.17)
where O M is the boundary of the space which for ordinary flat Minkowski space-
time is Sy and G/H is the coset of the unbroken symmetry group H and the
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original group G, which in the discussion above was SU(2)/U(1) = Sy. These
maps from the boundary of space to the coset, fall into equivalent classes which
form the homotopy group 7 (G/H). For simply connected group G, namely with
m1(G) = 0 the classification of the maps is in fact done by 7 (H) since for this
type of G,

mo(G/H) =m (H). (21.18)

This follows from the following exact sequence!

.—m(G) - m(G/H) - mH) - m(G) —.... (21.19)

The image of a given homomorphism equals the kernel of the next one in the
sequence. It is well known that for any semi-simple group G, m(G) =0 and
hence,

1 (G/H) = Ketlm (H) — m(G)]. (21.20)

Now since for a simply connected group 7 (G) =0 we find (21.18). Let us
describe now several cases of physical interest:

The 't Hooft—Polyakov solution that will be discussed in the next section, is
slightly different since in that case G = SO(3) which is not simply connected
m1(SO(3)) = Z2 and hence only the even elements of m (H = U(1)) are in the
kernel of the homomorphism of (21.20). This is the source of the fact that
the quantization condition is twice the one given by Dirac (see (21.27)) even
though in both cases H = U(1).

For a simply connected G of rank r and with H which is the full Cartan sub-
algebra, namely H = U(1)", the homotopy group that classifies the magnetic
monopoles is m (H =U(1)") = 2.

In the spontaneous symmetry breaking of the electro-weak theory we have
G = SU(2) x U(1) and H = U(1) such that G/H = S3. Since m(S?) = 0 mag-
netic monopoles are excluded in this theory.

On the other hand a wide class of grand unified theories do admit mag-
netic monopoles. The most prominent example is the G = SU(5) grand unified
model with H = SU(3) x SU(2) x U(1). This is an example of the case that
H =U(1) x K where K is a semi-simple and simply connected group. In this
case there is only a single component of the magnetic charge that is topologi-

cally conserved.

Another interesting scenario is the case where the group G twice undergoes
a spontaneous symmetry breaking namely, G — Hy C G — Hy C H;y. This is
relevant to an evolution of the universe where at as early stage magnetic

-

The reader who is not familiar with the notion of an exact sequence can refer to any text
book on topology or alternatively to the book of Coleman [66] where an elegant proof of this
theorem is presented.
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monopoles associated with 7y (G/H;) are being created and then the question
is what is their fate when the universe undergoes a second phase transition to
H,? This can be determined by an exact sequence similar to (21.19).

21.4 The ’t Hooft—Polyakov magnetic monopole solution

Equipped with knowledge based on the topological arguments of above, that
magnetic monopoles do exist for theories associated with non-trivial mo (G/H) we
want to proceed to the determination of explicit configurations of the non-trivial
topological solutions. It turns out that this is a non-trivial task and only for a
limited set of cases can it be accomplished analytically. We start with the simplest
case where G = SU(2), or G = SO(3) as was done in the original solution of
't Hooft and Polyakov [123], [175]. We will see in the next section an explicit
solution using a special limit of the theory. Without this limit one can simplify
the procedure by searching for spherically symmetric solutions. This implies that
the fields must be invariant under a combination of rotations and a compensating
gauge transformation. The latter can be space independent by using the so called
“hedgehog” gauge where rotational invariance requires that the fields be invariant
under a combined rotation and global internal SU(2) transformation. Stating
it differently, one looks for a configuration which is symmetric under a mixed
angular momentum,

-

J=L+1I, (21.21)

where L = —i x V is the ordinary spatial part of the angular momentum and
I are the generators of the SU(2) gauge group. With this definition of J the
ansatz should obey,

[Ji, (I)] =0 [Ji, AJ} = ’L'GijkAk. (21.22)

Using this gauge 't Hooft and Polyakov suggested the following ansatz for the
fields,

1—u(r)

! er

Af = €qm ™™ { } O = 7 h(r). (21.23)
To write down the equations that determine u(r) and h(r) one can substitute
these expressions into the Lagrangian density (21.1) and vary with respect to
u(r) and h(r). This is easier than the usual procedure of substituting (21.23)

into the equations of motion derived from (21.1). The resulting equations are,

2
-1
o' — (u - )u+62uh2 =0
r
2u’h

2 2
— +A(©? — h?)h = 0. (21.24)

h“‘i’gh,*
r r
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Fig. 21.1. The hedgehog configuration of the Higgs field. The orientation in
isospace is aligned with the position vector.

The primes denote derivatives with respect to r. Finiteness of the energy asso-
ciated with the solution requires that,

0 —
D;®y(c0) =0 —  h(oco) =w. (21.25)

w(0) =1 h(0)=0. (21.26)

Qualitatively, the profile of the Higgs field is that of a hedgehog, as can be seen
in Fig. 21.1. The orientation in isospace is aligned with the position vector.

Analytic solutions of these equations will be derived in the next section using
a special (BPS) limit. In general one has to solve these equations numerically.
The physical picture that comes out from these calculations is that there is a
central core of radius Reore ~ ﬁ, outside of which u(r) and |h — u|(r) decrease
exponentially. The mass of the monopole takes the form M = 47 f(2) where
f(0) =1 and f(oc0) = 1.787.

21.5 Charge quantization

In his seminal paper on magnetic monopoles in quantum mechanics [78] Dirac
found out that the magnetic charge g and the electric charge e must be related
via the famous charge quantization condition,

eg = 2mn, (21.27)
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where n is an integer. This implies that the existence of a magnetic monopole
explains the observed quantization of all electric charges. He proposed a solution
of a magnetic potential of the following form,
S eg XN

eA = EM’ (21.28)
which has in addition to the singularity at the origin also a singularity extending
from the origin out along the 7 direction. The quantization condition follows
from the requirement that physical charges should not be able to detect the
string.

Yang-Mills Higgs models with spontaneous symmetry breaking such that
mo(G/H) # 0, as we have seen above, admit magnetic monopole solutions asso-
ciated with each element of the Cartan subalgebra of the unbroken group H. For
large distance the corresponding magnetic fields take the form,

Y . 1
eA; = 47[(1 + cos6)0; ¢ + O (7”2) . (21.29)

The generalization of the quantization argument of Dirac to the non-abelian case
is straightforward. This follows from the demand that the electrically charged
fields of the theory are single valued if acted upon by a group element e®.
This quantization condition can be solved in terms of the simple roots ¥; where
i=1,...,r where r is the rank of H, of the root system of H. From the simple
roots one constructs a convenient basis (H;) for the elements of the Cartan
subalgebra with the property that each element has half-integer eigenvalues when
acting on the basis vector of any representation. This is achieved by taking,

Yi 5
H =—H. (21.30)
AP
In this basis the solution of the quantization condition is,
% = nH,. (21.31)

This solution can be represented as an r-dimensional lattice dual to the weight
lattice of the group (see Section 3.1). For the simple example of SO(3) the rank
is one and thus one gets eg = 4mn twice as the condition of Dirac due, as was
explained above, to the fact that SO(3) is not simply connected. For the group
SU(3) which is of rank r = 2 the charge lattice is drawn in Fig. 21.2. In general
it was shown that the charge lattice is the weight lattice of the dual gauge group.

21.6 Zero modes, time-dependent solutions and dyons

From the static SU(2) monopole solution discussed above we can generate obvi-
ously (infinitely) more solutions by applying gauge transformations. This of
course will be avoided by fixing a gauge. However even in that case there is
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Fig. 21.2. The charge lattice of the SU(3) monopole.

one unfixed global gauge U(1) phase. This adds up to the parameters associated
with the translation of the monopole. Infinitesimal transformations of this set of
four parameters generate field variations d A; and §® that preserve the equations
of motion and leave the energy unchanged. These variations in general will be
referred to as zero modes.

Time-dependent excitations of the translational zero modes can be derived by
substituting ¥ — 7 — ¢t into the static solution. This has to be done together
with ensuring the Gauss law constraint,

D;E" = ie[®, D" @], (21.32)

which also implies that for most choices of gauge A° # 0. Substituting the solu-
tions of the Gauss law into the expression of the energy (21.15) one can show

that the change of energy for non-relativistic velocities is as one expects, given
by,

AE = %M|17|2. (21.33)

Next we want to describe the excitation of the zero mode associated with the
fourth parameter, that of the global gauge phase. The Noether charge associated
with this transformation is the electric charge that corresponds to the unbroken
U(1) gauge symmetry. In terms of the physical variables defined in (21.6) this
takes the form,

Qr = —z’e/d%[Wf*Do(Wj —D;Wy) — W/ Dy(W; — D; Wy, (21.34)

where the U(1) covariant derivative is defined by D, W, = (9, — ieA,)W, and
where a string gauge is used where the Higgs field direction is uniform.
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A dyon [134] is defined to be a configuration that carries both magnetic as well
as electric charges. To construct such a solution we start with a static solution
in the string gauge and multiply the W field by a uniformly varying U(1) phase
factor e*. In analogy to the magnetic charge found above, the electric charge
has the form,

Qr = /dQS,;fO,; = /dQSiéiEf. (21.35)

The time-dependent configuration can be transformed into a static solution
by a U(1) transformation of the form,

Wi — e W, A — A Ay — Ag = Ay — 2. (21.36)
(&

In this static form we can transform the solution into the non-singular hedgehog
gauge with A? and ®” given by (21.23) and,

AC =75 (r) = 7 A, (21.37)

For this case the static field equations, which are the analog of (21.24) become,

2, 2u2h
W S = 2 A = h2)h =0,
T T
(u®> — 1)u )
o' — T _ e2u(h2 _]2) =0,
2, 2u?j
i+ -~ (21.38)
T T

where the first equation is identical to the one in (21.24), in the second there is
a 2¢%uj? addition and the third equation is the Gauss law.
The dependence of Qg on w can be determined by substituting the ansatz
into (21.34) and recalling that W, = 0 we find,
8mw j(r)
Qp = — [ dru(r)* 2% = Tw. (21.39)
e j(o0)
The integral can be estimated since u(r) falls off exponentially outside a region
of radius ~ 1/v so that,

I=-"T, (21.40)

where [ is of order unity. In analogy to (21.33) one can show that the correction
to the energy is,

2
N

& () G

0 : (21.41)
an) T2f T 23,
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21.7 BPS monopoles and dyons

A special limit of the monopole configuration occurs when one takes the limit
of,

2
A—=0 p2—0 o= % fixed. (21.42)

In this limit the energy of the system,
o /d%”ﬁ[ﬁ E+ BB+ (Dy®) + (Do)
= /d?’a:Tr[(E + sinaD®)? + (B =+ cosaD®)? + (D ®)?]
+2 / d®z[cosaTr[B - D®] + sinaTr[E - DJ]. (21.43)

The passage from the first line to the rest is of course an identity for arbitrary
a. Next we perform an integration by parts in the last line and use the Gauss
law D - E — ie[®, D°®] = 0 and D - B = 0 we find,
E = /d3xTr[(E + sinaD®)? + (B £ cosaD®)? + (Dy®)*
+cosaQy £sinaQp

E > +cosaQ)y £sinaQpg, (21.44)

where the magnetic and electric charges Oy = vQy and Qp = vQg are given
by (21.14) and (21.35)

Ou = 2/d2§.Tr[<I>B’] O = 2/d2§~Tr[®E]. (21.45)

Recall that so far « is arbitrary. The most stringent bound is achieved when
one takes tan o = 8—:1, for which the bound reads,

E>\/Q% + Q4. (21.46)

It is easy to realize that the bound is saturated if,
E =cosaD® B =sinaD® Dyd =0. (21.47)

These first-order equations are referred to as the Bogomolny Prasad Sommerfeld
equations or BPS equations ([41] and [180]). The configurations that obey these
equations have the minimal value of energy,

E=,/0} + Q3 (21.48)

for given magnetic and electric charges Oy, O respectively and hence are also
solutions of the (second-order) equations of motion of the system. In particular
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the magnetic monopole which carries no electric charge and is static and hence
Qr =0 and Dy® = 0 (in the Ay = 0 gauge), obeys the Bogomolny equation,

B = D9. (21.49)

The BPS limit seems to be unnatural and artificial since we have introduced a
potential to give a non-trivial expectation value to the field ® and then we tuned
the potential to zero keeping the expectation value. It turns out that in certain
suspersymmetric models the BPS equations follow from the requirement of the
invariance under supersymmetry. Since supersymmetry is not discussed in this
book we refer the reader to the literature, for instance [214].

If we go back to the equations of motion and substitute A = 0 the equations
take the form,

2
Wy 2 - 2@ =0,
T T
2
—1
u’ — % — e2uh? = 0. (21.50)

The solution of this set of equations is given by,
u(r) =

The fact that @ falls off as 1/r and not exponentially is due to the fact that in
the BPS limit it has a vanishing mass and hence associates with a long range
force.

The BPS equations can also be solved for the case of a dyon, namely a config-
uration that carries both a magnetic as well as an electric charge. In that case
the solution reads,

u(r) = sinh(edr)

h(r) = ¥————= Q?C\é Qi {f) coth(evr) — el}
M r
]

E

1
cor h(r) = vcoth(evr) — — (21.51)

sinh(evr) er

eur

j(r) = ¥ coth(evr) — 1} . (21.52)

er

21.8 Montonen Olive duality

In two dimensions we have seen an equivalence between a soliton configuration
and an elementary field. This was the essence of bosonization manifested for
instance in the equivalence between the sine-Gordon theory and the Thirring
model (see Section 6.2). Montonen and Olive [163] conjectured an analogous
duality between the spectrum of states created from the elementary field and
from those created by the solitons. Since the former are electrically charged
and the latter are magnetically charged, the duality is in a sense a non-abelian
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Table 21.1. The spectrum of the SU(2)
YM Higgs theory in the BPS limit

Mass Qr Qu
photon 0 0 0
Py 0 0 0
w* ev +e 0
Monopole 47:’ 0 + 4‘—”

generalization of electric-magnetic duality of the Maxwell equations. To under-
stand this duality notice that under the following operation,

4
Qe < Qu e« ?ﬁ, (21.53)

the entries associated with the W mesons and those of the magnetic monopoles
in Table 21.1 are interchanged.

It turns out that on top of the self-duality of the spectrum, there is a similar
duality also in the low energy scattering. It is a well-known property of BPS
states in general and in particular the magnetic monopoles that there is no net
force between them. This follows up from an exact cancellation between the
magnetic repulsion and the attraction due to an exchange of a Higgs scalar. The
zero velocity limit of the scattering amplitude of two W bosons also admits a no
force behavior. The exchange of a single photon is cancelled out by the exchange
of a Higgs boson.

In the non-supersymmetric YM Higgs theory the duality of the spectrum and
the scattering amplitudes cannot be lifted to a duality of the full theory. A simple
indication of this is the fact that the W boson carries a spin one, whereas the
quantum state built from a spherical monopole carries spin 0. In supersymmetric
analogs of the YM Higgs theory this difficulty may be overcome since both the W
bosons as well as the magnetic monopoles are members of supersymmetric mul-
tiplets that contain states with several different spins. It turns out that the YM
theory with 16 supercharges, the so-called N' = 4 SYM admits a complete invari-
ance under the Olive Montonen duality. Since we do not discuss supersymmetry
in the book we refer the interested reader to the review papers mentioned above,
for instance [214].

21.9 Nahm construction of multimonopole solutions

This construction [167] maps the Bogomolny equation in three variables into a
nonlinear equation in one variable. We present the construction for the SU(2)
case. To simplify the notations we set the coupling constant e = 1. It can be
restored when needed.
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The construction of an SU(2) k monopole is built from three steps:

1. We look for a quartet of Hermitian k x k matrices T),(s), where p = 0,7 =

1,2, 3 which satisfy the Nahm equation,
dT; i

ds + ’L[TQ,TL] + ieijk[Tj,Tk.} =0, (21.54)

where s is an auxiliary variable that takes its value in the interval

—v/2 < s <wv/2 and where v is the vacuum expectation value of the Higgs
field. For k = 1 since the commutators vanish we get that T; are constants.
In fact due to the ordinary gauge invariance one can choose a gauge where
Ty = 0 and hence the equation reads,

dT; i
o + §€ijk[TjaTk] =0. (21.55)
The boundary condition that one should impose for the multimonople case is

that the T;(s) have poles at the boundaries of the form,

Ti(s):fsi +0(1). (21.56)

The Nahm equations implies that the Lii form a k-dimension representation
of the SU(2) algebra,

(L7 L] = i€ Ly (21.57)

These representations should be irreducible, namely, must be equivalent to
the (k — 1)/2 representation.
2. The next step is to solve the construction equation for the 2k component

vector w(s, )
d
ATw(s,F) = [_ds —T,®@o; +rily ® o; | w(s,7) =0. (21.58)

We denote by wy (s, 7) a completely linearly independent set of normalizable
solutions that obey the orthonormality condition,

v/2
/ dsw] (s, P)wy (s, 7) = Gas. (21.59)

v/2

3. It can be proved that for the SU(2) case there are only two normalizable
solutions wy, (s, 7). The space-time fields are given in terms of these as follows,
v/2

@“b(F’) = dswl(si’)wb(s,?"),
—v/2
v/2

A5 (7) Z/ / dsw] (s, 7)jwy (s, F). (21.60)
—v/2

We do not bring here the the details of the proof of this construction (see for
instance [71]) we just mention that it includes the following elements: (i) Using



21.9 Nahm construction of multimonopole solutions 385

the expressions for ®** and A%’ given above in (21.60) one can show that B?® and
D;® are identical and hence the Bogomolny equation is obeyed. (ii) Showing
that the solutions lie in SU(2) and (iii) computing the long-range behavior and
showing that the solutions indeed have a magnetic charge equal to k. We refer
the interested reader to, for instance, [214] for the detailed proof. Instead we pro-
ceed now to a demonstration of the application of the method both for £ = 1 and
k = 2. As was mentioned above for the former case the T; are constants indepen-
dent of s. In fact these constant values of T' enter the construction equation as
(7 — f) - ¢ namely, they are the coordinates of the center of mass of the monopole
and thus by shifting to a frame of coordinates which is centered at the monopole
center T' = 0. The construction equation (21.58) takes the form,

d
d—;” =7 Gw. (21.61)
The two normalizable solutions of this equation are,
w (5,7) = N (1r)e* ™ n,, (21.62)

where A is a normalization factor and 7, are orthonormal constant vectors. From
the orthonormality condition we find that,

N(r)= \/ sinh(or)’ (21.63)

where we have made use of the first of the following integrals,

/U/Q 02573 4. sinh(vr)lz

—v/2 r
v/2 o
257 r-o .
/ se”""7ds = —=[vr cosh(vr) — sinh(vr)]. (21.64)
—v/2 r

Using the integral we find that the Higgs field and the corresponding gauge field
are given by,
1 1 P
b, = 3 (v coth(vr) — r) neranb,
Ry = —int Oy — ey muomy |~ — —— (21.65)
ab — N, Oi M ijkTiNa Ok 20 2sinh(vr) . .

Upon setting 7} = (1,0) and n} = (0,1) we retrieve the hedgehog solution of
21.51).

21.9.1 SU(2) two-monopole solutions

The k = 2 solutions are characterized by a priori eight parameters out of which
one corresponds to the U(1) phase and as for the case of k = 1 does not enter the
Nahm data. Three parameters relate to the translation and three to the rotations
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of the solution. Thus we end up with one non-trivial parameter. Intuitively this
parameter should relate to the separation distance between the two centers of
the solution. Let us see if the Nahm construction verifies this intuition and to
what extent one can write an explicit solution for this case. The T;(s) which now
are not constants can be decomposed into the following form,

1

= 5T;}’(s) LG+ TP (s) L. (21.66)

Ti(s)
Substituting this into the Nahm equation implies that the 7_’;1(5) have to obey,

d,f’;v (S) 1 2l )
ds = 562‘]‘]91—’; (S) X le (S) (21.67)

It is easy to realize that there is a relation between the T;g (s), namely the fol-
lowing matrix,

“’L’ “’U 1 “'U “’L‘
Ty =77 () T () = 50T () - T (5), (21.68)

is s independent. After some tedious algebra one can show that the most general
form of T} (s) takes the form,

- 1 ;
T'(s) = 5 2 Aufi(s +v/2,k,d); + T D, (21.69)
i

where A;; is an orthogonal matrix of constants that diagonalize T;;, f(s+
v/2,K,d) are the Euler top functions? and the parameter d can be shown for
widely separated monopoles to be the inter-monopole distance as the original
intuition taught us.

21.10 Moduli space of monopoles

As we have seen above the monopole configurations are parameterized by certain
moduli. One defines a space of these moduli, the moduli space. The properties
of this space are intimately related to the low energy behavior of monopoles
and dyons. In Section 22.3 we will describe the moduli space of YM instantons.
Denoting the collective coordinates that parameterize a monopole configuration

2 The Euler top function can be expressed in terms of the elliptic functions SNy (z), CN, and
DN, (x) as follows:

fl (I%“{%D) = 7DCN"7

fa(z,k,D) = 7D7PN” -

f3(z, 5, D) = =D sy (21.70)
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by z,, the Lagrangian of the system is approximated by,
1
L = —(total rest mass of monopoles) + igm(z)z'rz's. (21.71)

The metric on the moduli space g,(z) can be determined from the background
zero models of the gauge fields as follows,

grs(2) = 2/d3xTr[6rAz-55Ai +6,06,9] = 2/d3xTr[5TAac$sAa]7 (21.72)

where a takes the values a = 1,...,4 with Ay, = ®, and where,
Acl a
0, A% = 9(4%) — D%, (21.73)
2

and where ¢, is defined via Ag = Z,¢, which follows from the Gauss law,
D,F® =0.

In the case of a single monopole, as we have seen above, there are four zero
modes associated with the location of the center of the monopole 7, and the
global U(1) phase so that,

- I
grs(2)3r2s = M(Fem)® + =67, (21.74)
e

where M is the mass of the monopole and I is defined via (21.39 ) Qg = Iw.

The moduli space of BPS monopoles is hyper-Ké&hler. This property that
implies that there are three almost complex structures with correspondingly
three closed Kéhler forms will be discussed in detail in Chapter 22, so we will
not discuss it here for the BPS monopoles.

An important part of the structure of the moduli space is encoded in its isome-
tries, namely the symmetries that preserve the form of the metric. Naturally since
the underlying space where the monopoles reside is an R® the isometries include
three translations of the center of mass of the collective coordinates. The same
applies to the spatial rotation of the monopole. It takes a monopole solution
to another monopole solution and hence it maps one point in the moduli space
into another one. Another type of isometries is those associated with the unbro-
ken U(1) gauge groups. These isometries, unlike the rotational isometry pre-
serve the complex structure. One can choose a coordinate basis where the gauge
transformations act as translations of the angular variables ¢4, with the corre-
9. Denoting by »” the rest of the coor-

(30
dinates, the Lagrangian associated with the moduli space approximation can be

sponding Killing vectors being K4 =

written as,

L= %gpq (V)" 9" + %gAB(y)[éA + 97wy )IE7 + 9wl (v))- (21.75)

Thus the coordinates £ are cyclic coordinates and their conjugate momenta are
conserved. In fact the latter are the electric charges of the dyonic cores.
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For monopoles that are separated by large distances the task of determining
the metric of the moduli is much easier. Consider a system of N fundamental
monopoles all well separated from each other. In such a layout only abelian inter-
actions are relevant and there is an enhanced gauge symmetry. Instead of having
a conserved electric charge for each unbroken U(1), there is an effective con-
served charge for each monopole core. The moduli space is spanned in this case
by 3N coordinates of the positions of the cores and N angles Ej, j=1,...,N.
The enhance symmetry is the translation along each of the &;. The approximated
Lagrangian then takes the form,

1 -

L= o My(2)i - + ;g (2)[€ + w] () iF)[€ + w] (x)a]. (21.76)

By computing the pairwise interactions between the separated dyons, one can
determine the functions M;;(x), gij(x) and wj(z). We refer the reader to [214]
for the derivation and we cite here the results,

My =mi =3, 520, = (21.77)
47r62;‘-62;‘ . i

Mi; = Zk;ﬁl e, 0 ¢ #J (21.78)

Wi = =2k O AW, 1= (21.79)

Wiy = a; - diwy, i# ] (21.80)

and K = <4€L4)2M ~1. Tt can be further shown that the metric of the moduli space
of a two monopole BPS solution can be determined exactly and it takes the
form of a Taub—Nut metric or Atiya—Hitchin metric [19] depending whether the
monopoles are distinct or the same. This is beyond the scope of this book and
we refer the reader to for instance the review [214].



22
Instantons of QCD

In Chapter 5 we saw that solutions of the classical equations of motion, which are
characterized by a topological number, play an important role in two-dimensional
QFT. Derick’s theorem (5.36) forbids scalar field soliton solutions in higher than
two-dimensional space-time. However, for gauge fields one can bypass the theo-
rem, and indeed, as we have seen in Chapter 21, there are solitons in the form of
magnetic monopoles in four-dimensional gauge theories. The topic of this chap-
ter will be solutions of the Yang-Mills theory defined on a Euclidean space-time
which have finite action and are topological in their nature, the instantons. We
will start with a description of the basic properties of one instanton solution
including the topological charge that characterizes it. We then describe the con-
struction of multi-instanton solutions and the moduli space of instantons includ-
ing its dimension, complex nature, singularities and symmetries. When Wick
rotated to Minkowski space-time the instanton describes a tunneling process
between different vacua. We will elaborate on this phenomenon in the context of
the four-dimensional YM theory. Various properties of QCD and hadron physics
were thought to be related to instantons. In certain cases like confinement, the
relation to instantons is still a mystery. One case where the role of instantons
is clear is the U(14) problem. This will be described in the last section of this
chapter.

The one instanton solution was derived in [32]. The basic properties of instan-
tons were worked out by many authors including [125], [57]. The instantons of
SU(N) gauge symmetry were derived in [218]. There are several review papers
such as [65], [208] and [189] and books [182] and [188] that describe the basic
instanton solutions.

22.1 The basic properties of the instanton

The action of the four-dimensional YM theory in Euclidean space-time can be
rewritten in the following form,

1 2 1 LV
S = 37 /d%ﬁ[F! F,)= yves /d%F“’ FS,
1 1
5= o [[ate (£ TP B4 S TEL 3 BE 3 P (220)
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where as usual F),, = F}, T and = EWMFM is the dual field strength,
and g is the YM couphng The first term in the second line is a topological
invariant, or a topological charge? since,

Q= 62 /d4xTr[F/W*FM,] :/d4xauK# :j{dgﬂKlﬂ (22_2)

where,
1 3
Ky] = SFEMVPU— Tr AI/ apAo- + iApAg- . (223)

In fact @ is the Pontryagin index or the winding number of maps from the
sphere at space-time infinity to the SU(2) group manifold which is also the
three sphere, namely S — Sg. This topological invariant is the homotopy 73 (S%)
which is an integer m3(S®) € Z. This can be shown as follows. Since the self-dual
field is asymptotically a pure gauge, namely on o, A, =U8,U~" and F,, =0
hence,

1
Q= U2 %daueuvw Tr[A,A,Aq]

1
©= e 7{ Aoy euwpe T (O @,U)UH @, U)UT]. (224)

If we take for U the following ansatz that will be shown below to correspond
to the one instanton solution,

U(ZL’) = :%/1011 = Xy +’Ll'70'7, (225)
we found,
—12z,
ookt oo ()
o xy 1 B
27_[2/d§230#| | | ‘|4 3.7 dQy = 1. (22.6)

Thus we have shown that @ is indeed the winding number that measures how
many times we wind SS when we integrate over S2.

Let us now return to (22.1). Since it is a sum of a topological charge and a
positive semi-definite quantity, it is clear that it is minimized when the latter
vanishes namely,

F,, = +*F,,. (22.7)

The corresponding gauge fields A, (with a + sign) will be referred to as instanton
or self-dual gauge field and those with a — sign as anti instanton or anti self-dual

! In this chapter we denote the SU(N) adjoint indices with a =1,..., N2 —1 whereas in
Chapter 19 we used A and not a.
2 Recall in analogy the topological charge defined in two-dimensional scalar field theories (5.3).
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gauge field. It is straightforward to show that the self-duality condition implies
the equation of motion,

D,F,, =0. (22.8)

A solution of the equation of motion is not necessary self-dual but it can be shown
that the non-self-dual configurations are saddle points and not local minima of
the action.

Comparing the expression of the action (22.1) and the topological charge (22.2)
it is clear that a (anti) self-dual configuration that carries an instanton number
(Q = —k),Q = k has an action of,

8m?
S:gT

|k|. (22.9)
One can add the topological charge as an additional term to the action. To be
more precise one adds a 6 term,

¢ 4 LY * .
1672 /d xTr [F'*F,,| = ibk. (22.10)

Sp =1

Whereas the ordinary YM action is the same for the instanton and anti-instanton,
the 6 term obviously distinguishes between them by assigning opposite charges
to them. We will further discuss the theta term in Section 22.5. For the self-dual
solution up to a constant the action is equal to the topological charge which by
definition does not depend on the metric. This exhibits the topological nature of
the instanton. Another indication of this nature is the fact that it has vanishing
energy-momentum tensor as follows from,

2 1
Ty = —— Tr |FuF,p — Z@,,,,FM,FW =0. (22.11)
g

This clearly implies that instantons do not curve the space-time they
reside in.
The one instanton solution for the SU(2) can be constructed from U(x) given
in (22.5) via,
2

a _ —1 14
Au(a:) =U 8HU7(30 X (22.12)
which yields the explicit form,
(o = X)
Al (z) =2 22.13
(@) =2 (22.13)

where 75, is the 't Hooft antisymmetric symbol defined by,

a __ .a _ a a __ sa
77;1,1/ - 6/1,1/ wy V= 17273 77/14 - 7774;1, - 5;1

a

ﬁZV =€ V= 1,2,3 77/24 = _’Flzll = _(52 (2214)
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It is easy to check that n;, and 77, are self-dual and anti self-dual respectively.
The corresponding field strength takes the form,
2
F¢ = _g4qnp* — =
T T @ =X+ P
Obviously since 7y, is self-dual so is F}

nv*

(22.15)

The one instanton solution is characterized by eight parameters, four corre-
spond to the center of the instanton X, one to the size of the instanton p and
three to three global SU(2) gauge transformations. Recall that fixing a guage
we fix only the local gauge transformations. The space of parameters of the k
instanton solutions will be further addressed in Section 22.3 where it will be
shown that in general for SU(N) the dimension of the moduli space is 4kN.

The instanton solution (22.13) falls off asymptotically as - and hence it con-
tributes a finite amount to the integral of the topological charge (winding num-
ber) which is of the form [ A32%d(). The field strength falls off as 1/z* such
that indeed the corresponding action is finite. However due to the % asymptotic
behavior it is difficult to form square integrable expressions that contain it. For
that purpose one can use the following singular gauge transformation,

a;[ (x — X)H

L i — 22.16
|z — X| ( )

which renders the instanton to have a - fall off as can be seen from,

1 2% (x — X))V,
P A it T (22.17)
g (x = X)*[(x — X)? + p?]
The singular instanton is obviously singular at the location of the instanton
x,, = X,. This singularity is not physical and can be removed by a gauge trans-

formation or by puncturing the Euclidean space with the singular point being

removed.
Instantons of SU(N) gauge theory can be constructed by embedding SU(2)
instantons in SU(N) for instance,

0 0
A§U<N>:<O A5U<2>>’ (22.18)

where the instanton is the 2 x 2 matrix on the lower right. The most general
SU(N) one instanton configuration can be derived from (22.18) by the following
transformation,

0 0 N
A§U<N>:UT< 8 >U UESU( SUN) (22.19)

0 Av® N-2)xUQ1)

Operating with U € SU(N — 2) x U(1) obviously leaves the basic configuration
invariant and thus only transformations with elements of the coset are relevant.
This is in accordnace with the fact that for a & instanton solution the stability
group is S(U(N — 2k) x U1)) as will be shown in Section 22.3. The dimension
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of the coset is N2 —1 — ((IN — 2)? = 4N — 5. Together with the 5 parameters
of the location and the size we have 4N collective coordinates. Indeed in Sec-
tion 22.3 we will see that in general the dimension of the moduli space is
4Nk for instanton number equals k solution. To demonstrate this counting con-
sider the case of SU(3) for which the generators are the Gell-Mann matrices
{A}, a=1,...,8. The first three generators \,, a =1,2,3 form the SU(2)
k =1 instanton. A4, ..., A7 form two doublets under this SU(2) so they can gen-
erate new solutions while A\s commutes with the SU(2) and hence leaves the
basic SU(2) solution invariant.

One can express the instanton solution in terms of quaternionic notation. This
will turn out to be convenient for the ADHM construction of multi-instanton
solutions (see Section 22.2). The idea is to make use of the representations of
the covering group SU(2);, x SU(2)r of the Lorentz group of four-dimensional
Euclidean space-time rather than the SO(4) Lorentz group itself. In particular we
represent any four vector of SO(4) as a (2, 2) representation of SU(2)1, x SU(2)g,
for instance the four vector x, is denoted by z,4 or 2% defined as follows,

Tag = Tuohy 2" =2,60°, (22.20)
where ¢/, is a 2 x 2 matrix of (i#, 1) and 5%, = (0" )T. In terms of the quater-

nionic notation the one instanton solution (22.13) for SU(2) gauge theory is
given by,

C12(x - X)'%,,
DRPIESS R
where ¥, which were introduced in Section 17.1, are the part of the Lorentz
generators that do not act on the space-time coordinates but only on the internal
degrees of freedom. Here using the SU(2);, x SU(2)r notation we define them
as follows,

A (22.21)

1 B — 1. _
Y= Z(O'NO',, —0,0,) Xu = Z(a”a” —0,0,). (22.22)

The self-duality property of the instanton configuration follows trivially from the
fact that X,, is self-dual, namely,

1 - 1
Y, = 56,,“,,2’\” S = —Qewpz*ﬂ. (22.23)

The corresponding field strength reads,
o 1 4p%,,,
g (e = X))

As was discussed above, the instanton solution (22.21) falls off asymptotically as

(22.24)

% and hence it is difficult to form square integrable expressions that contain it.

The solution in the singular gauge now reads,
1 2% (z — X)'5,,

A= XX 1 )

(22.25)
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22.2 The ADHM construction of instantons

The vacua of the YM theory is given by pure gauge configurations (which can
be written in terms of a double index notation,

1 .
AL — EUTZOH U, (22.26)

where 7,7, =1,..., N. It is straightforward to check that this gauge field obeys
the self-duality condition. The idea of the ADHM construction® is to generalize
this configuration also to the k instanton case by taking now the matrices U to
be of the form Uz; where Z =1,..., N + 2k with the orthonormality condition,

Ut Uz = 6. (22.27)
The U matrices are the basis vectors of a null space,
AN UL =0 = U Agyg, (22.28)

where I = 1,...,k and Azr4 is a (N + 2k) x 2k complex valued matrix which is
taken to be linear in the space-time coordinate x,, namely takes the form,

vT vT .
AIld =azrre + b%]xa['y AT? = aT? + zaab%(“ (2229)

and with A“;I = (Az5a)*.
The ADHM £k instanton solution of the form (22.26) is self-dual if one further
requires that Az, obeys the following condition,

&z .
AT ALy =05 (f Y1, (22.30)

where f is an arbitrary x-dependent k& X k dimensional Hermitian matrix. Since
fry(z) is arbitrary there are three “ADHM constraints” on a, a’, b and bf,

i 1 .
a'y azy; = (2"Ta)uég

VT T 4
aty by, = b a% T

Z .4 1 3
b b, = <2aTa> . (22.31)
J
It is straightforward to realize that the ADHM construction is invariant under,
A—AAB™Y U— AU f— BfBf, (22.32)

where A € U(N + 2k) and B € GL(k,C). Thus by construction there is a redun-
dancy in a and b. One can choose a simple canonical form for b and a as follows,

g 0 z o
= <5£5u> bTar = (0,50:)
Qiga &z g dal
aza = (" aly" = @5, @ ). (22.33)
(aga)rs

where 7 =i+ o

3 Multi-instanton solutions were presented in [220], [132] and other papers. Our discussion of
the construction of multi-instanton is based on the paper of ADHM [20]. This approach was
further discussed in [70]. We follow the description of the construction given in [81].
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In this parametrization the third ADHM constraint is automatically obeyed
while the other two take the form,

. : oA LB
73(a" as) = 34 ({a") ag +aaf) = 0, (22:34)

where we made use of the fact that ¢’ must be Hermitian. In this canonical
parametrization the matrix f reads,

F=2((a""aa + (af, + 2 L)) (22.35)

The field strength F),, that corresponds to the ADHM £ instanton configura-
tion (22.26) can be written in the following form,

1 1
F., =0,A, —9,A, +g[A,, A] = 58[#(UT8V] U)+ E(UTa[NU)(UT&,]U)
1 1
= ga[#UTu - U'U)o,U) = ga[uUTAfNa,]U
1 1 1
= EUW[HA f0,ATU = ;UTba[ua—V] forU = 4§UTbaW U, (22.36)
where we have made use of,
Pg = UIZ'UTJ = 51‘7 — AI[df[JATiJ. (2237)
To get an explicit expression for 4, we make use of the decomposition
U Qi
Uz, = ' Az = e . 22.38
v =(rhn) 2= (i) (223
From the completeness condition (22.37) U can take the form,

U =\l — aa F@)1) U7 = AL f@) @) (22.39)

We next show that for the particular case of k = 1 the ADHM solution (22.26)
is identical to (22.25). For k = 1 we have to drop the indices I, J. One can verify

that in that case the parameters aL can be identified with the center of the
instanton X,,. From the ADHM constraint (22.34) we get that,

@hag = p?07, (22.40)
and,
fo— 1 (22.41)
(= X))+ Y '
where p will naturally be the size of the instanton.
From the relation (22.39) we deduce that,
- 1 (x — X)? :
=1 — — 1 il ﬁAd
u [N]X[N]+p2< (z— X)2 + p? )(a)a,
— X)pa(ah)e
= (@ = X)aa (@) (22.42)

T XX+



396 Instantons of QCD

Plugging these expressions into U we finally get the singular form of the one
instanton solution (22.25).

In general for k # 1 one can show that the gauge configuration given in (22.36)
indeed carries an instanton of charge k. To derive this result one makes use of
the following relation,

g* Tr[F2)] = 0,0"tri[log f]. (22.43)

pv

This relation can be proven by expanding the two sides of the equations using
the explicit expression for F),, (22.36). Upon integrating (22.43) over the whole
Euclidean space-time divided by 16% and making use of the fact that asymp-
totically f(x) — z%, we find that indeed it is equal to the instanton charge k.

22.3 On the moduli space of instantons

The moduli space of instantons* M is the space of inequivalent self-dual Yang—
Mills configurations. The notion of moduli space of solutions is an important tool
in general and in particular for instantons. We have encountered it in the context
of magnetic monopoles in (21.10). We will elaborate in this section about the
basic properties of the moduli space of instantons such as its dimension, complex
structure, metric, symmetries, and singularities.

Consider a small fluctuation 04, (x) around an instanton solution A, (x) which
is also a self-dual solution of the YM equation, namely, it obeys to linear in
54, (),

D,6A, — Dy6A, = €0 D’ 5A, (22.44)

where D), is the covariant derivative in the instanton background. In terms of
the quateronic notation this equation reads,

7P 6 A0 =0, (22.45)

where [) = 0" D,,. Next we would like to guarantee that the fluctuation is not a
local gauge transformation. This can be done by requiring that the fluctuation
be orthogonal to any gauge transformation, namely,

/ d*z Tr[A,D"A] =0 — D'§A, =0, (22.46)

where we have made use of an integration by parts to derive the last expression.

In the quaternionic notation this condition takes the form of @TdaéAm =0
which combined with (22.45) is given by,

pi*sA,, =o. (22.47)

4 The properties of the moduli space of instantons were discussed by many authors. In partic-
ular [155], [141] and [80]. The review about the moduli space that we are using is [81].
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The fluctuation that obeys this equation is referred to as a zero mode since it is
a physical fluctuation that does not change the action. Note that this is exactly
the equation of motion of a Weyl spinor in the background of the instanton
A, (x). The zero modes defined by (22.47) are the collective coordinates of the
instantons.

Since the YM instantons are characterized by the topological charge defined
in (22.2) so is the corresponding moduli space. We thus discuss the moduli space
of instantons of charge k which we denote by M.

It can be proven that the moduli space of instantons is a manifold. In fact we
will see below that M, has some conical singular points associated with zero size
instantons. The coordinates on the moduli space are the collective coordinates
that were just shown to be equivalent to the zero model (22.47). We denote by X,
the collective coordinates where n = 1,...,dim My. A trivial set of coordinates
are the space-time coordinates of the center of the instanton X, accordingly the
moduli space is a product of the form,

M =R x M. (22.48)

The collective coordinates X, follow from the fact that the instanton solu-
tion breaks the symmetry of the action under space-time translations. There are
other collective coordinates that associate with symmetries of the theory that the
instanton configuration breaks. However, not all symmetries yield non equivalent
collective coordinates and not all the coordinates associate with broken symme-
tries.

From the ADHM construction it follows that the moduli space is identified
with the variable a4 subject to the ADHM constraints (22.31) quotiented by the
residual U(K) symmetry transformation (22.32) with,

A_(lwlxw] 0), B=C CeU(k), (22.49)
0 Clpjxp

which preserve the canonical form of b (22.33) and transform a as follows,

aire — aaC a), — Cla,C. (22.50)

Thus the dimension of the moduli space is,
dim My = 4k(N + K) — 4dim U(k) = 4k(N + k) — 4k* =4NK.  (22.51)

This result can be derived also by using an index theorem that counts the zero
modes at a point in the moduli space. In fact as we will see shortly the space M,
is a hyper-Kahler quotient of the flat space R**#+N) by the U(k) group. The
one instanton solution of SU(2) is indeed characterized by the four coordinates
of its center, its size and three global SU(2) gauge transformations.

The moduli space is a complex manifold. A complex manifold is an even-
dimensional manifold that admits a complex structure I a linear map of the
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tangent space to itself such that I? = 0. There are always local holomorphic
coordinates (Z%, Z'),i =1,...,n (see Section 1.1) for which,

6 0 - L

1= "9 ) g=gdZdZ w=ig;dZ NdZI, (22.52)

0 it ’
where g is an Hermitian metric and w is referred to as the fundamental 2 form.
In the case that the fundamental 2 form is closed namely dw = 0 it is called the
Kihler form and the associated manifold is a Kahler manifold. The latter is also
characterized by the fact that the complex structure is covariantly constant and
the Kéahler metric can be derived from a Kdhler potential,

V#I =0 9i5 = (92351'( (22.53)

The moduli space of instanton is not only a Kéhler manifold but in fact a hyper
Kdhler manifold which means that it admits three linearly independent complex
structures, I), ¢ = 1,2, 3 that satisfies the algebra

IO — _ged  cedeyle) (22.54)

The four-dimensional Euclidean space R* is hyper Kéhler and the three complex
structures are,

c) __ c T . 3
1) = “Nuv (I 2)as = YT, 3045

© (22.55)

where 77, is the 't Hooft 1 symbol defined in (22.14) and the expression in the
left-hand side is the quaterionic formulation. Now recall that by the definition
of the zero modes (22.47), if 0, Anq is a zero mode so is also d, Aaq C’g for any
constant matrix C and in particular also to ¢ and hence if On Ay SO is also
(f OnA)aa = 10y, Aadﬁg. Since the zero modes form a complete set there must
exist f;jl such that,

(T 0mA)ag = 0pAagI (22.56)

from which it implies that I", satisfies the algebra (22.54).
The Kahler potential which is common to the three complex structures of the
moduli space of instantons takes the form,

2
K= _gZ /d4xa:2 TrF,, F*. (22.57)

Using the form of I(®) on R* given in (22.52) for instance I®) associated with
the complex coordinates on R* iz® + z* and iz' — 22, we find that,

1) 8y A)ug = 107 Ana, (22.58)

for instance for I®) we get dyi Ags = 077 Aq1 = 0. Furthermore the derivative
with the respect to the holomorphic and anti-holomorphic coordinates of the
gauge fields obey the equations of zero modes namely,

§iA, =074, §A, =04, (22.59)
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It further follows that 0550z A, = 0 and hence,
070z Tr[F,] = 8,0" Tr [6; A, 6; A, — 20,0,] Tr 6; A, 6; A, (22.60)
Upon integrating by parts twice we find the metric on the moduli space,
0707 K = —2¢° /d%TréiA#SjAﬂ = g,j- (22.61)

Next let us now discuss the symmetries of the moduli space, in particular the
realization of symmetries of the gauge theory which are broken by the instanton
configuration. We start with the four-dimensional conformal group (see Section
17). In the quaternionic formulation the basic variable of the ADHM construction
A is transformed as follows,

CD
A(z;a,b) — A(z';a,0) = A(z;aD 4+ bB,aC + bA)(Cx + D)™ (22.62)

r— 2 =(Az+ B)(cX + D)™! det(AB> =1

In fact the term (Cz + D)~! in the right-hand side of the last equation is irrele-
vant since the gauge field depends on U and UT defined in (22.26) is redundant.

We can now use transformations of (22.32) that keeps the canonical structure
of b (22.33). Upon applying this transformation a goes into,

a — A(aD +bB)B™'. (22.63)

A particular example of transformations which belong to the conformal group
are the translations. For this case,

A(x;a,b) — A(x;a + be, b), (22.64)
from which it follows that,
a; — a; + € L[k x [k Qg — Qg - (22.65)

It is thus clear that indeed the components aL are proportional to the coordinates
of the center of the instanton,

trra), = kX, (22.66)

Global gauge transformations act non trivially on the ADHM variables if N <
2k, while if N > 2k there are transformations that leave the instantons fixed.
This is the stability group of the instanton. One can embed the k instanton
solution in an SU(2k) subgroup of SU(N) and show that the stability group is
S(U(N —2k) x U(1)).

The moduli space M, is in fact not a smooth manifold due to certain singu-
larities. However, these singularities do not signal any pathology of the moduli
space and integrals over the moduli space are well defined. It can be shown that
M, is a cone. For the moduli space of single instanton k£ = 1 the apex of the
cone is the point p = 0 where the instanton has a zero size. This structure can
be generalized also to the k # 1 instantons.
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Topological characteristics of the moduli space can be described by a topologi-
cal field theory where the observables of the theory are the topological invariants.
This is beyond the scope of this book and we refer the interested reader to the
list of references for this chapter.

22.4 Instantons and tunneling between the vacua of the
YM theory

The vacua of the YM theory in Minkowsi space-time are defined to be the gauge
configurations for which the energy vanishes. Using the temporal gauge Ay = 0,
the Hamiltonian of the theory is

1 3 2 2
Thus a classical vacuum has a vanishing field strength,
F., =0 — Az,t)=1iU(z,t)0;U(z,t)". (22.68)

Thus the vacuum gauge configuration is that of a pure gauge. Prior to a dis-
cussion of how to tunnel between two vacuum states, we have to classify and
enumerate the vacua namely following (22.68) the group elements U(z). This
translates to the equivalence classes of maps from S? to the SU(N) group man-
ifold. This is done by the topological charge or winding number or Pontryagin
number defined in (22.2). Since this step is very essential in the discussion of the
tunneling let us clarify this point. Let us analyze the tunneling between a vacuum
state A;(x,t;) at t = t; into another vacuum state A;(x, ) at t = t5. On top of
fixing Ag(x,t) = 0 we can use the residual gauge symmetry to set A;(x,t;) = 0.
Next we consider a path in the space of gauge configurations that connects the
two vacua points and has a finite energy H (in Minkowski space-time). Finite
energy implies that for large |Z| — oo it has to be a pure gauge,

Since Ay =0, U(x,t) =U(x) is time independent. Because U(xz,t;) =1 we
obtain that for all t and |z| — oo, U = 1 and hence also A;(z,t2) —|;|~cc 0. The
fact that asymptotically in |Z] all A; = 0 allows us to compactify the spacelike
hypersurface at fixed t into S3. The following Fig. 22.1 describes the situation.
On the boundary of hyper-cylinder the gauge fields A; vanish apart from on
the hyper-disk at ¢t = to where A; is a pure gauge. Consider now the topological
charge which we have seen (22.2) is in fact a surface term. Since on the boundary
F),, = the contribution to the surface integral takes the form,
1
©= e
1

- mew / BarU,UTU;UTUUT, (22.70)

o 74 do, Tr[A, A, A,]
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Fig. 22.1. Compactification of the space coordinates on S* at fixed t.

where in the last expression the integration is over the three sphere at t =t
since at all other parts of the surface of the hyper-cylinder A; = 0. Thus
the configurations in Minkowski space-time that connect a vacuum state at
t =1, to one at t =ty are classified by the winding number of the maps of
S3(space) — S3(group) just as the maps of instanton in Euclidean space-time.?
In the latter case S®(space) is the boundary of R* whereas in the former it is a
compactification of R® at t = t5.

It is easy to realize that there is no way to interpolate a vacuum at ¢ = ¢; of
zero winding number with a one at ¢ = 5 with non vanishing winding number
with a configuration of zero energy. The latter corresponds to a pure gauge
configuration which has F),, = 0 everywhere and hence also vanishing topological
number. Thus the energy of the tunneling configuration as a function of time
should look as in Fig. 22.2.

To identify the configuration that has the largest tunneling rate we consider a
family of gauge configurations characterized by the collective coordinates asso-
ciated with a coordinate transformation from ¢ to A(¢) such that,

AN (2, 8) = A (2, \(t)), (22.71)

K3

with the requirement that A(¢;) = ¢; and A(ty) = t2. Next we compute the elec-
tric and magnetic fields,

E; = Fyg = =90 AWM (z,t) = %ﬁi (z, A(£)A
1 1
B;, = 562’]’ij;€ = 562‘]‘/{(8‘7‘14]C (2, A(t)) + Aj (2, M) (Ar (2, A(t)) — (4 < k) (22.72)

5 The role of instantons in tunneling between different vacua was proposed in [131]. It was also
discussed in [26], [40] and [44]. This topic is reviewed in [185] and in [209]. We follow the
latter.
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Fig. 22.2. The energy of the tunneling configuration as a function of time.

and substitute them into the Lagrangian L = [ d*zL = [ d3x[—gi2 Tr [E? — B?]
which can be written in the following form,

1

L=—mN)(V)? = V),
2 A\’
m(\) = E/d%ﬂ <8A> >0,
— _i 3.13 T i\ 2
V) = 92/d Tr (B')? > 0. (22.73)

The Lagrangian (22.73) is the Lagrangian of a particle that moves from one
vacuum at t =¢; where V(A) = m()\) =0 to a vacuum at t = ¢, where again
V(A) = m(\) = 0. The quantum mechanical tunneling rate is proportional to
e~ 2% where R is given by,

R= ' d\/2m\)(V(\) — E)
A1

— /: dx K;Q/d%Tr (%)3 <912/d3xTr (Bi)2)
= W( [wsnmr) (& [@emmr) (274

Using the triangle inequality we can relate the tunneling rate to the winding or

instanton number as follows,

2 b
R> —|

4 i i 8
d*z Tr [E'B']| = —- k|, (22.75)
g t g
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where the instanton number is @@ = k. Thus we see that the tunneling rate is
bounded by,

2
e—R < e_sgnz |k‘

(22.76)

and the bound is saturated for instanton configurations. To be more precise
the most probable tunneling paths are given by a Minkowski gauge configura-
tion with E = =B which when viewed as a configuration in Euclidean space
are instantons. Conversely given an instanton AE (z,t) in Euclidean space one
can construct a set of paths in Minkowski space-time A} (2, A(t)) such that

A (@, 1) = AP (2, A()) and AN (a,1) = AT (2, A(1)).

22.5 Instantons, theta vacua and the U4 (1) anomaly

It was shown in the previous section that the instantons connect different vacua.
This means that the vacuum of the YM theory cannot be described by any of
the states of zero energy and a specific topological charge, but instead has to be
a superposition of all these states, namely,

0>=>"e*[k> . (22.77)
k

The generator of large gauge transformation that changes the winding number by
one unit, namely, T'|k> = |k 4+ 1> has to be a symmetry generator that commutes
with the Hamiltonian so that T'|vac> = e!¥|vac> for some phase . Indeed for
the 6 vacuum we get T|0>= ", " |k + 1>= e~ |0>.

The energy associated with the 6 vacua given by,

E(#) = —2K cos(f)e™7. (22.78)

This follows from the following steps. Consider the amplitude to tunnel from a
vacuum |i> to a vacuum |j> is given by,

<jle H|i> = ZNiW(Kte_S)M*N—, (22.79)

when the instantons are sufficiently dilute and where K is the pre-exponential

factor in the tunneling amplitude, and N4 are the number of instantons and anti-

instantons. We introduce the parameter 6 via a representation of the Kroneker
delta function,

1 [ .

0Ny =Ny +(i—7)) (22.80)

ON =N +(i=9) = 57 |

Upon performing the summations over N, and N_ we get,

27T
<j‘e—Hf,‘Z->: / ei(?(v’,—j)eZKtcos(F))e*S7 (22.81)
0
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which implies that the energy of the # vacuum is as given in (22.78). Note that
this does not imply that the YM theory has a continuous spectrum without mass
gap since the 6 parameter is fixed for a given theory and it cannot be changed.
Fixing the value of € can be achieved by adding a 6 term to the action (22.10),

1 1 0
SYMzﬁ/dd‘xTrF,,,,F”” — Q—Z/d‘lerFWF’“’ + —/d‘*mTr [E,, F"].
g

29 1672
(22.82)
The additional # term is a surface term and hence does not affect the equations
of motion, however it is not invariant under C'P or T transformations.® As will be
discussed below, with no massless quarks indeed the € term implies a strong C' P
violation. The most severe restriction on C'P violation comes from the electric
dipole moment of the neutron. This sets the upper bound to theta to be,

6 <1077, (22.83)

The puzzle of why 6 is so tiny is referred to as the strong CP problem. One
proposal to handle this problem is the introduction of the axion, y, a pseudo
scalar field with a coupling of the form y Tr [F),, " F""] so that the effective 6 is
the sum of \/< x > and the 6 term. As will be discussed below there is in fact
an even simpler mechanism to resolve the strong C'P problem and that is having
a massless u quark. This brings us to the next topic which is the incorporation
of light quarks to the game.

In the presence of light quarks there is a simple physical observable
that distinguishes between the different topological vacua, the axial current.
Recall that for Ny massless quarks the theory is classically invariant under
global UL(Nf) X UR(Nf) = SUL(Nf) X SUR(Nf) X UB(l) X UA(l) symmetry.
The SU(Ny) x Uy (1) symmetry group factors are realized in nature also quan-
tum mechanically. The invariance under the axial SU(Ny) transformations is
broken spontaneously and there are N? — 1 Goldstone bosons. For Ny = 2 these
are the pions. The Uy (1) axial symmetry is not conserved quantum mechanically.
In analogy to the anomaly of the axial symmetry in two dimensions discussed
in Section 9.1, in four dimensions as well one can show using various different
methods that,

o> = ﬁﬁ[F *Frv] (22.84)

r 8m? m '
where JS =3 ¥iv,7v5%; is the axial current and ¢; i = 1,..., Ny are the fields of
the various flavored quarks. This resolves the so-called Uy (1) puzzle, namely the
absence of the fourth Goldstone boson for Ny = 2 or the ninth one for Ny = 3.
Indeed for the former case one could associate the 7 pseudo-scalar meson with
the fourth Goldstone boson, however it has a mass of 478 M eV whereas a current

6 A proposal for resolving the strong CP problem was proposed in [172]. The U4 (1) problem
has been resolved by 't Hooft. The mass of the 5’ was proposed by Witten [221] and by
Veneziano [216]. Our discussion of this topic follows the review [185].
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algebra theorem states that it has to be lighter than v/3m, . The right-hand side
of (22.84) is proportional to the divergence of the topological current (22.2) 9, K,
so one can define a modified conserved axial current 3; = j/; — Ny K,,. However,
unlike the topological charge, the topological current is not gauge invariant. A
massless pole in the correlator of K, does not necessarily correspond to a massless
particle. One may wonder also about the fact that the right-hand side of (22.84)
is a surface term and hence cannot have a physical significance. However, as was
emphasized above due to instantons the surface term is relevant. Let us see this
explicitly. We start by computing the change in the axial charge,

AQ5 = Q5(t = +0) — Q5(t = —00) = /d%@“Jg

= Ny /d4$3”’ Tr [S(z, 2)7u7s), (22.85)

where S(z,y) is the fermion propagator S(x,y) =<z|(i /)~'|y> that can be
determined from the eigenfunction equation ¢ 2 ¥, = Ay in the form S(z,y) =

i
2o M Substituting this expression we get,

;
AQs = Ny / d*zo" Tr (Z Wzm> =2N¢(ng —ng), (22.86)
A

where we have used the fact that ¢, and ~51, are orthogonal so only the ny,(ng)
left (right) zero modes contribute.

Integrating the left-hand side of (22.84) we get the topological charge @) which
is thus related to AQs5. The latter counts the number of left-handed zero modes
minus the number of right-handed zero modes. This is obviously associated with
instantons. Each instanton contributes one unit to the topological charge and
has a left-handed zero mode, whereas an anti-instanton has a right-handed zero
mode and @@ = —1. This is the way the instantons contribute to the axial anomaly
and hence to the resolution of the Uy (1) problem. For the case of Ny = 3 this
implies that this would be the ninth Goldstone boson, the 7’ is massive even if
the quark masses vanish. It was shown that the mass of the 7’ is related to the
topological susceptibility in the following form,

2Ny 2N
T Xiop = f /d4 <Q(x)Q(0)>=m; +m;, — 2mi. (22.87)

The combination of masses on the right-hand side corresponds to the part of the
1’ mass which is not due to the strange quark mass.
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Summary, conclusions and outlook

23.1 General

Relativistic quantum field theory has been very successful in describing strong,
electromagnetic and weak interactions, in the region of small couplings by per-
turbation theory, within the framework of the standard model.

However, the region of strong coupling, like the hadronic spectrum and various
scattering phenomena of hadrons within QCD, is still largely unsolved.

A large variety of methods have been used to address this question, includ-
ing lattice gauge simulations, light-cone quantization, low energy effective
Lagrangians like the Skyrme model and chiral Lagrangians, large N approxima-
tion, techniques of conformal invariance, the integrable model approach, super-
symmetric models, string theory approach, QCD sum rules, etc. In spite of this
major effort the gap between the phenomenology and the basic theory has only
been partially bridged, and the problem is still open.

The goals of this book are to provide a detailed description of the tool box
of non-perturbative techniques, to apply them on simplified systems, mainly of
gauge dynamics in two dimensions, and to examine the lessons one can learn
from those systems about four-dimensional QCD and hadron physics.

The study of two-dimensional problems to improve the understanding of four-
dimensional physical systems was found to be fruitful. This follows two directions,
one is the utilization of non-perturbative methods on simpler setups and the
second is extracting the physical behavior of hadrons in one space dimension.

Obviously, physics in two dimensions is simpler than that of the real world
since the underlying manifold is simpler and since the number of degrees of
freedom of each field is smaller. There are some additional simplifying features
in two-dimensional physics. In one space dimension there is no rotation symmetry
and no angular momentum. The light-cone is disconnected and is composed of
left moving and right moving branches. Therefore, massless particles are either
on one branch or the other. These two properties are the basic building blocks
of the idea of transmutation between systems of different statistics. Also, the
ultra-violet behavior is more convergent in two dimensions, making for instance
QC D, a superconvergent theory.

In this summary chapter we go over several notions, concepts and methods
with emphasis on the comparison between the two- and four-dimensional worlds
and what one can deduce about the latter from the former. In particular we deal
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with conformal invariance, integrability, bosonization, solitons and topological
charges, confinement versus screening and finally the hadronic spectrum and
scattering.

23.2 Conformal invariance

From the outset there is a very dramatic difference between conformal invari-
ance in two and four dimensions. The former is characterized by an infinite-
dimensional algebra, the Virasoro algebra, whereas the latter is associated with
the finite-dimensional algebra of SO(4,2). This basic difference stems from the
fact that whereas the conformal transformations in four dimensions are global,
in two dimensions the parameters of conformal transformations are holomorphic
functions (or anti-holomorphic), see Section 17.5 versus 2.1. Nevertheless there
are several features of conformal invariance which are common to the two cases.
We will now compare various aspects of conformal invariance in two and four
dimensions:

e The notion of a primary field and correspondingly a highest weight state is
used both in two-dimensional conformal field theories as well as for the four-
dimensional collinear algebra. It is expressed in the former as (17.38),

Lo[6(0)]0>] = h6(0)0>]  Lu[6(0)0>] =0, n>0  (23.1)
and for the latter,
Lo[®(0)[0>] = j[®(0)[0>]  L_[®(0)[0>] =0. (23.2)

The difference is of course the infinite set of annihilation operators L,
versus the single annihilation operator L_ in four dimensions.

e The COPE, the conformal operator product expansion has a compact form in
two dimensional CFT (Section 2.12)

0i(2,2)0;(w, @) ~ > Ciji(z — w)' =M= (2 — @)he =1 =M Oy (w, @),
k

(23.3)
where Cjji, are the product coefficients, while in four dimensions it reads,

oo 1 1/2(ta+tp —tn) mn+sl+52_34 —sp
A(z)B(0) = C, | = = _ : :
( ) ( ) ng() ($2> B(]A_jB + JnsJB — JA +jn)

1
% / duyGa =B +in—1) (1 _ u)(jy —ja+in *1)021 \J2 (ux_), (23.4)
0

where the definitions of the various quantities are in Chapter 17. Again there
is a striking difference between the simple formula in two dimensions and the
complicated one in four dimensions.
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As an example let us compare the OPE of two currents. Recall from the dis-
cussion of Chapter 3 the expression in two dimensions reads,

ko feb e (w)
Gow? T (-w)

for any non-abelian group, and in particular for the abelian case the second

J ()" (w) =

+ finite terms, (23.5)

term on the right-hand side is missing. For comparison the OPE of the trans-
verse components of the electromagnetic currents given in Chapter 17 takes
the form,
I (2)J7(0) ~
S0 Ca (I%)(G_t"v2 (—i:v,)”“% fol dufu(l —w)P» 1 QL (uz ).
(23.6)

The conformal Ward identity associated with the dilatation operator in four
dimensions (17.60),
N
> s +(g%) + 2:0;) <TP(x1)...(ww)>= 0, (23.7)
1
where [, is the canonical dimension and «(g*) is the anomalous dimension,
seems very similar to the one in two dimensions,

Z(zl& + hz) <0|¢1 (Zl R 21)~-~¢n (Zn, Z,L)|O>: 0. (238)
1
In both cases one has to determine the full quantum conformal dimensions of
the various operators. However, as was shown in Section 2.7, in certain CFT
models, like the unitary minimal models, there are powerful tools based on
unitarity which enable us to determine exactly the dimensions h; of all the
primary operators and hence all the operators of the model. On the other
hand, it is a non-trivial task to determine the anomalous dimensions in other
models in two dimensions, and of course four-dimensional operators. In certain
supersymmetric theories there are operators whose dimension is protected, but
generically one has to use perturbative calculations to determine the anomalous
dimensions of gauge theories to a given order in the coupling constant.
Using the Ward identity one can extract the form of the two-point function
of operators of spin s in four dimensions. It is given by,

<B(1)6(2)>= Nalg") (") {1)}” C=2n)

(1‘1 ) (ml — l‘Q)_
(23.9)

The corresponding two-point function in two dimensions, which depends only
on the conformal dimension of the operator h, reads,
_ _ _ _ C2
Ga(z1,21, 22, 272) =<0[01 (21, 21) 1 (22, 22)|0> = —.
( ) =061 (21,2001 (22, 2)l0> =

(23.10)
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¢ As for higher point functions, we have seen in Section 2.9 that one can use the
local Ward identities together with Virasoro null vectors to write down partial
differential equations. The result for a four-point function (2.63) was later used
to determine the four-point function of the Ising model (2.94). Two dimensional
conformal field theories are further invariant under affine Lie algebra transfor-
mations, and as we have shown in Section 3.6 those can be combined with
null vectors to derive the so-called Knizhnik—Zamolodchikov equations (3.69),
which were later used to solve for the four-point function of the SU(N) WZW
model in Section 4.4. These types of differential equations that fully determine
correlation functions are obviously absent in four-dimensional interacting con-
formal field theories.

23.3 Integrability

Integrability was discussed in Chapter 5 in the context of two-dimensional mod-
els and in Chapter 18 in four-dimensional gauge theories. For systems with a
finite number of degrees of freedom, like spin chain models, there is a finite num-
ber of conserved charges, equal of course to the number of degrees of freedom.
For integrable field theories there is an infinite countable number of conserved
charges. Furthermore, the scattering processes of those models always involve a
conservation of the number of particles.

In two dimensions we have encountered continuous integrable models like the
sine-Gordon model as well as discretized ones like the XXX spin chain model.
The integrable sectors of gauge dynamical systems discussed in Chapter 18 are
based on identifying an exact map between certain properties of the systems and
a spin chain structure. In two dimensions the spin chain models follow from a
discretization of the space coordinate, by placing a spin variable on each site
that can take several values and imposing periodicity. In the four-dimensional
N = 4 super YM theory discussed in Section 18.1 the spin chain corresponds to
a trace of field operators and in the process of high-energy scattering of Section
18.2 it is a “chain” of reggeized gluons exchanged in the t-channel of a scattering
process. A summary of the comparison among the basic two-dimensional spin
chain, the “spin chains” associated with the planar ' =4 SYM, and the high-
energy scattering in QCD, is given in Table 23.1. A powerful method to solve
all these spin chain models is the use of the algebraic Bethe ansatz. This was
discussed in detail for the the X X X, model in Section 5.14. The solutions of
the energy eigenvalues needed for the high-energy scattering process was based
on generalizing this method to the case of spin s Heisenberg model (see Section
18.2) and for the N = 4 to the case of an SO(6) invariance.

There is one conceptual difference between the spin chains of the two-
dimensional models and those associated with the N'=4 SYM in four dimen-
sions. In the former the models are non conformal, involving a scale, and hence
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Table 23.1. Spin chain structure of the two-dimensional model and the
four-dimensional gauge systems of N =4 SYM and of high-energy behavior
of scattering amplitudes in QCD.

Spin chain Planar High energy

N =4SYM scattering in QCD
Cyclic spin chain Single trace operator Reggeized guons in t-channel
Spin at a site Field operator SL(2) spin
Number of sites Number of operators Number of gluons
Hamiltonian Anomalous dilatation Hprkr

operator
Energy eigenvalue Anomalous dimension ~ %%

g 20D
Evolution time Global time The total rapidity log s
Zero momentum U =1 Cyclicity constraint

also with particles and an S-matrix. The integrable sectors of four-dimensional
gauge theories, however, are conformal invariant.

The study of integrable models in two dimensions is quite mature, whereas the
application of integrability to four-dimensional systems is at an infant stage. The
concepts of multi-local charges described in Section 5.11 and of quantum groups
discussed in Section 5.13 have been applied only slightly to gauge dynamical
systems in four dimensions.

23.4 Bosonization

Bosonization is the formulation of fermionic systems in terms of bosonic variables
and fermionization is just the opposite process. The study of bosonized physical
systems offers several advantages:

(1) It is usually easier to deal with commuting fields rather than anti-commuting
ones.

(2) In certain examples, like the Thirring model, the fermionic strong coupling
regime turns into the weak coupling one in its bosonic version, the sine-
Gordon model (see Section 6.2).

(3) The non-abelian bosonization, especially in the product scheme (see Section
6.3.4), offers a separation between colored and flavored degrees of freedom,
which is very convenient for analyzing low lying spectrum.

(4) Baryons composed of N¢ quarks are a many-body problem in the fermion
language, while simple solitons are in the boson language.

(5) One loop fermionic computations involving the currents turn into tree level
consideration in the bosonized version. The best-known example of the latter
are the chiral (or axial) anomalies (see Section 9.1).
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In four dimensions, spin is obviously non-trivial and one cannot constitute
generically a bosonization equivalence. However, in certain circumstances a four-
dimensional system can be described approximately by fields that depend only on
the time and on one space direction. In those cases one can apply the bosonization
technique. Examples of such scenarios are monopole induced proton decay, and
fractional charges induced on monopoles by light fermions. In these cases the
relevant degrees of freedom are in an s-wave and hence taken to depend only
on the time and the radial direction. This enables one to use the corresponding
bosonized field. There is a slight difference with two dimensions, as the radial
coordinate goes from zero to infinity, so “half” a line. Appropriate boundary
conditions enable us to use a reflection, so as to extend to a full line.

23.5 Topological field configurations

¢ The topological charges in any dimensions are conserved regardless of the equa-
tions of motion of the corresponding systems. In two dimensions it is very easy
to write down a current which is conserved without the use of the equations of
motion. This is referred to as a topological conservation. Consider a scalar field
¢ or its non-abelian analog ¢* that transforms in the adjoint representation
of a group, then the following currents are abelian and non-abelian conserved
currents,

Jy =€,0"¢ J;f =€,,0"¢". (23.11)

Recall that for a system that admits, for instance an abelian case, also a current
Ju = 0, ¢ that is conserved upon the use of the equations of motion, one can
then replace the two currents with left and right conserved currents Ji = d+¢
or J = 0¢ and J = 0¢, as was discussed in Chapter 1. The charge associated
with the topological conserved current is given by,

Quop = / dzg’ = [B(t, +00) — Blt, —o0)] = b4 — G_, (23.12)

where the space dimension is taken to be R. For a compactified space dimen-
sion, namely an S' this charge vanishes, except for cases where the field is
actually an angle variable, in which case the charge is 27t. The latter appears
in the case of U(1) gauge theory in two dimensions, where there is a winding
number.

¢ Obviously one cannot have such topologically conserved currents and charges in
four dimensions. However, for theories that are invariant under a non-abelian
group, one can construct also in four dimensions a topological current and
charge, as for the cases of Skyrmions, magnetic monopoles and instantons. For
the Skyrmions the topological current is given by,

etV Pa

J:iqyre = m Tr [LVL[)LO']' (2313)
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Table 23.2. Topological classical field configurations in two and four dimensions

classical field dim. map topological current
soliton two 1 "0,
baryon two st — st "' Tr(g™' 0, g
. . . . ienvpo
Skyrmion four S% 8 stz Lr[Ly Ly Lo
monopole four Sfp(,ce — Sé/H ﬁewpg 9”9 B 9T b°
instanton four S — S,; ii’;;ﬂ; Tr[A,0,A, + %A,, A A

The topological charges, for compact spaces, are the winding numbers of the
corresponding topological configurations. For a compact one space dimension,
we have the map of S! — S! related to the homotopy group 7 (S?). In two
space dimensions, the windings are associated with the map S — SQG / H, as
for the magnetic monopoles. For three space dimensions, it is S% — S3 for
the Skyrmions at Ny = 2, and the non-abelian instantons for the gauge group
SU(2). The topological data of the various models is summarized in Table 23.2.
According to Derrick’s theorem (see Section 5.3), for a theory of a scalar field
with an ordinary kinetic term with two derivatives, and any local potential at
D > 2, the only non singular time-independent solutions of finite energy are the
vacua. However, as we have seen in Chapters 20, 21 and 22, there are solitons
in the form of Skyrmions and monopoles and instantons. Those configurations
bypass Derrick’s theorem by introducing higher derivative terms or including
non-abelian gauge fields.

As was emphasised in Chapter 20, the extraction of the baryonic properties in
the Skyrme model is very similar to the one for the baryons in the bosonized
theory in two dimensions. Unlike the latter which is exact in the strong cou-
pling limit, one cannot derive the former starting from the underlying theory.
Another major difference between the two models is of course the existence of
angular momentum only in the four-dimensional case.

A non-trivial task associated with topological configurations is the construc-
tion of configurations that carry multipole topological charge, for instance a
multi-baryon state both of the bosonized QCD, as well as of the Skyrme
model, a multi-monopole solution and a multi-instanton solution. For the
two-dimensional baryons (as discussed in Section 13.6) the construction is a
straightforward generalization of the configuration of baryon number one. For
the multi-monopole solutions we presented Nahm’s construction, and for the
multi-instantons the ADHM construction. These constructions, which are in
fact related, are much more complicated than that for the two-dimensional
muti-baryons.

Depends on the type of the soliton. See Section 5.3.
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¢ A very important phenomenon that occurs in both two and four dimensions

is the strong-weak duality, and the duality between a soliton and an elemen-

tary field. In two dimensions we have encountered this duality in the relation

between the Thirring model and the sine-Gordon model, where the coupling

of the latter 3 is related to that of the former g as (6.27),
B 1

47r71+%'

(23.14)

This also relates the elementary fermion field of the Thirring model with the

soliton of the sine-Gordon model. In particular for g = 0 corresponding to

3% = 4m, the Thirring model describes a free Dirac fermion, while the soliton

of the corresponding sine-Gordon theory is the same fermion in its bosonization

disguise. An analog in four dimensions is the Olive-Montonen duality discussed

in Section 21.8, which relates the electric charge e with the magnetic one
47

em = -7, where the former is carried by the elementary states W= and the
latter by the magnetic monopoles.

23.6 Confinement versus screening

Naive intuition tells us that dynamical quarks in the fundamental representa-
tion can screen external sources in the fundamental representation, dynamical
adjoint quarks can screen adjoint sources, but that dynamical adjoint cannot
screen fundamentals. The picture that emerged from our two dimensional calcu-
lations (Chapter 14) showed that this was not the case. We found that massless
adjoint quarks could screen an external source in the fundamental representa-
tion. Moreover we have seen that any massless dynamical field will necessarily
be in the screening phase. The argument for that was that in all cases we have
considered we have found that the string tension is proportional to the mass of
the dynamical quarks,

o ~mg, (23.15)

where m is the mass of the quark and g is the gauge coupling, and hence for the
massless case it vanishes. This was shown in Chapter 14 based on performing a
chiral rotation that enabled us to eliminate the external sources and computing
the string tension as the difference between the Hamiltonian of the system with
the external sources and the one without them namely (14.12),

o =<H>—- <Hy>. (23.16)

It seems as though the situation in two dimensions is very different from that in
four dimensions. From the onset there is a dramatic difference between two and
four dimensions relating to the concept of confining theory. In two dimensions
both the Coulomb abelian potential and the non-abelian one are linear with
the separation distance L, whereas obviously in four dimensions the Coulomb
potential between two particles behaves as 1/L. The confining potential is linear
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with L in both two and four dimensions. However, that does not explain the
difference between two and four dimensions, it merely means that in two dimen-
sions the coulomb and confining potentials behave in the same manner.? The
determination of the string tension in two dimensions cannot be repeated in four
dimensions. The reason is that in the latter case the anomaly is not linear in the
gauge field and thus one cannot use the chiral rotation to eliminate the external
quark anti-quark pair. That does not imply that the situation in four dimensions
differs from the two-dimensional one, it just means that one has to use different
methods to compute the string tension in four dimensions.

What are the four-dimensional systems that might resemble the two-
dimensional case of dynamical adjoint matter and external fundamental quarks?
A system with external quarks in the fundamental representation in the context
of pure YM theory seems a possible analog since the dynamical fields, the gluons,
are in the adjoint representation, though they are vector fields and not fermions.
An alternative is the N'= 1 SYM where in addition to the gluons there are also
gluinos which are Majorana fermions in the adjoint representation. Both these
cases should correspond to the massless adjoint case in two dimensions. The lat-
ter admits a screening behavior where as the four-dimensional models seem to be
in the confining phase. This statement is supported by several different types of
calculations in particular for the non supersymmetric case this behavior is found
in lattice simulations.

At this point we cannot provide a satisfactory intuitive explanation why the
behavior in two and four dimensions is so different. There is also no simple
picture of how the massless adjoint dynamical quarks in two dimensions are able
to screen external charges in the fundamental representation.

It is worth mentioning that there is ample evidence that four-dimensional
hadronic physics is well described by a string theory. This is based for instance
on realizing that mesons and baryons in nature admit Regge trajectory behavior
which is an indication of a stringy nature. Any string theory is by definition a
two-dimensional theory and hence a very basic relation between four-dimensional
hadron physics and two-dimensional physics.

In addition to the ordinary string tension which relates to the potential
between a quark and anti-quark in the fundamental representation, one defines
the k string that connects a set of k quarks with a set of k anti-quarks. This
object has been examined in four-dimensional YM as well as four-dimensional
N =1 SYM. These two cases seem to be the analog of the two-dimensional QCD
theory with adjoint quarks and with external quarks in a representation that is
characterized by k boxes in the Young tableau description. In Chapter 14 we have
derived an expression for the string tension as a function of the representation
of the external and dynamical quarks and in particular for dynamical adjoint

2 Note that the linear potential in two dimensions is already there at lowest order, while
obviously in four dimensions it is a highly non-perturbative effect.
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fermions and external quarks in the k representation. If there is any correspon-
dence between the four-dimensional adjoint matter field and the two-dimensional
adjoint quarks it must be with massive adjoint quarks since for the massless case,
as was mentioned above, the two-dimensional string tension vanishes whereas the
four-dimensional one does not. Thus one may consider a correspondence for a
softly broken A/ =1 case where the gluinos are massive.

In two dimensions for the pure YM case we found that the string tension
behaves like o ~ k2, whereas a Wilson line calculation yields o ~ g>Ca(R)
where C(R) is the second Casimir operator in the R representation of the
external quarks. For the QCD, case of general k external charges and adjoint
dynamical quarks, one can derive from (14.49) that,

k
24 ~ sin? (?v) : (23.17)
C

whereas in four dimensions it is believed that for general k, the string tension
either follows a Casimir law or a sinusoidal rule as follows,

cas k(N 7k) sin : ik
o~ ](:\770 op™ ~ sin (Nc) . (23.18)

It is an open problem which of these holds.

As expected all these expressions are invariant under & — N — k which cor-
responds for antisymmetric representations to replacing a quark with an anti-
quark.

23.7 Hadronic phenomenology of two dimensions versus
four dimensions

QCD, was addressed first in the fermionic formulation. In his seminal work ’t
Hooft deduced the mesonic spectrum in the large N¢ limit as is described in
Chapter 10. We further presented three additional approaches to the hadronic
spectra in two dimensions, the currentization method for massless quarks for the
entire plane of N¢ and N¢, the DLCQ approach to extract the mesonic spectrum
for the case of fundamental as well as adjoint quarks and finally the bosonized
formulation in the strong coupling limit to determine the baryonic spectrum. As
for the four-dimensional hadronic spectrum we described the use of the large N¢
planar limit and the analysis of the baryonic world using the Skyrme model. It
is worth mentioning again that whereas in the four-dimensional case the Skyrme
approach is only an approximated model derived by an “educational guess”, in
two dimensions the action in the strong coupling regime is exact.

23.7.1 Mesons

As was just mentioned the two-dimensional mesonic spectrum was extracted
using the large N¢ approximation in the fermionic formulation for Ny =1
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(’t Hooft model), the currentization for massless quarks and the DLCQ approach
for both cases of quarks in the fundamental and the adjoint representation. For
the particular region of Ng >> Ny and m = 0 the fermionic large N, and the
currentization treatments yielded identical results. In fact this result is achieved
also using the DLCQ method for adjoint fermions upon a truncation to a single
parton and replacing g with 2¢* (see (12.42)). For massive fundamental quarks
the DLCQ results match very nicely those of lattice simulations and the large
N. calculations as can be seen from Figs (12.1) and (12.2).

In all these methods the corresponding equations do not admit exact ana-
lytic solutions for the whole range of parameters and thus one has to resort to
numerical solutions. However, in certain domains one can determine the analytic
behavior of the wavefunctions and masses.

The spectrum of mesons in two dimensions is characterized by the dependence
of the meson masses M,,0s on the gauge coupling g, the number of colors Vg,
the number of flavors N¢, the quark mass m, and the excitation number n. In
four-dimensional QC'D the meson spectra depend on the same parameters apart
from the fact that Agcp, the QCD scale, is replacing the two-dimensional gauge
coupling and of course some additional quantum numbers. The following lines
summarize the properties of the spectrum

e The highly excited states n > 1, are characterized by,

M2, ~ 1tg* Nen. (23.19)

mes

This seems to fit the behaviors of mesons in nature. This behavior is referred
to as a Regge trajectory and it follows easily from a bosonic string model of
the mesons. Following this analogy, the role of the string tension in a two-
dimensional model is played by g?N.. This seems to be in contradiction with
the statement that the string tension is proportional to m,g, as seen in the
discussion of screening versus confinement.
It is very difficult to derive the Regge trajectory behavior from direct cal-

culations in four-dimensional QCD.

e The opposite limit of low-lying states and in particular the ground state can
be deduced in the limit of large quark masses m, > g and small quark masses
g > my. For the ground state in the former limit we find,

M = my, +my,, (23.20)

mes

where m,, are the masses of the quark and anti-quark. In the opposite limit of

m, < g
7 [g2N,
(Mines)® = 54/ g —(my + ma). (23.21)

For the special case of massless quarks we find a massless meson. This is very
reminiscent of the four-dimensional picture for the massless pions. For small

I
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masses this is similar to the pseudo-Goldstone boson relation where,

m2 ~ <¢;f> (my + my). (23.22)

™

Note that in two dimensions the massless mesons decouple.

¢ The ’t Hooft model cannot be used to explore the dependence on Ny the number
of flavors. This can be done from the 't Hooft-like equations derived in Chapter
11. It was found that for the first massive state there is a linear dependence of
the meson mass squared on N

M2 ~ Ni. (23.23)

We are not aware of a similar behavior of the mesons in four dimensions.

e The ’t Hooft model (Chapter 10) provides the solution of the meson spectrum
in the planar limit in two dimensions. The planar, namely large N. limit, in
four dimensions is too complicated to be similarly solved. As we have seen in
Chapter 19 one can extract the scaling in N, dependence of certain hadronic
properties like the mass the size and scattering amplitude but the full determi-
nation of the hadronic spectrum and scattering is still an unresolved mystery.

¢ Tremendous progress has been made in the understanding of the supersym-
metric theory of AV = 4 partly by demonstrating that certain sectors of it can
be described by integrable spin chain models (Section 18.1).

¢ As was demonstrated in Chapter 12 the DLCQ method has been found very
effective to address the spectrum of mesons of two-dimensional QCD. This
raises the question of whether one can use the DLCQ method to handle the
spectrum of four-dimensional QCD. This task is clearly much more difficult.
On route to the extraction of the hadronic spectrum of QC' D, an easier system
has been analyzed. Tt is that of the collinear QCD (see Chapter 17) where in the
Hamiltonian of the system one drops off all interaction terms that depend on
the transverse momenta. In this effective two-dimensional setup the transverse
degrees of freedom of the gluon are retained in the form of two scalar fields.
This system which was not described in the book has been solved in [14] where
a complete bound and continuum spectrum was extracted as well as the Fock
space wavefunctions.

23.7.2 Baryons

In Chapter 13 we have described the spectrum of baryons in multiflavor two-
dimensional QCD in the strong coupling limit m‘1
baryonic spectrum was discussed in the large N, hmlt in Chapter 19 and using
the Skyrme model approach in Chapter 20. We would like now to compare these
spectra and to investigate the possibility of predicting four-dimensional baryonic

— 0. The four-dimensional

properties from the simpler two-dimensional model. In the former case the mass
is a function of the QCD scale Agcp, the number of colors N, and the number
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Table 23.3. Scaling of baryon masses with N, in two and four

dimensions
two dimensions four dimensions
Classical baryon mass N. N.
: 0 -1
Quantum correction N, N,

of flavors N; and in the latter it is a function of e., N. and N;. Thus it seems
that the dimensionful gauge coupling in two dimensions is the analog of Agcp
in four dimensions.

¢ In two dimensions the mass of the baryon was found to be,

E= 4mﬁ+ mv2, | (;)3 {02 - Nf(]\;f]\;fl)} , (23.24)

where the classical mass m is given by

1
Ao 1+A ¢
VN
m= [Nccmq (“) ] , (23.25)

V2n

with A, = % Due to the fact that in two dimensions there is no spin,
the structure of the spectrum with respect to the flavor group is obviously
different in two and four dimensions. For instance the lowest allowed state for
N, = Ny =3 is in two dimensions the totally symmetric representation 10,
whereas it is the mixed representation 8 in four dimensions.

e Let us discuss now the scaling with N, in the large N, limit. The classical
term behaves like N, while the quantum correction like 1. This classical result
is in accordance with four dimensions, derived when the large N expansion is
applied to the baryonic system (see Chapter 19), that the baryon mass is linear
in N, and with the Skyrmion result (see Chapter 20). However, whereas in two
dimensions the quantum correction behaves like N?, namely suppressed by a
factor of 1 compared to the classical term, in four dimensions it behaves like
NL namely a suppression of N2 This is summarized in Table 23.3.

¢ In terms of the dependence on the number of flavors, it is interesting to note
that both in two dimensions and in four dimensions, the contribution to the
mass due to the quantum fluctuations has a term proportional to the second
Casimir operator associated with the representation of the baryonic state under
the SU(Ny) flavor group (compare (23.24) with (20.68)).

e Another property of the baryonic spectrum that can be compared between the
two- and four-dimensional cases is the flavor content of the various states. In
Chapter 13 we have computed the @u,dd and 5s content for the A* and AT+
states. Recall that in the two-dimensional model for N. = Nt = 3 we do not
have a state in the 8 representation but only in the 10 so strictly speaking there
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Table 23.4. Flavor content of two-dimensional and four-dimensional baryons

two dimensions four dimensions
state value state value

(1) AT 3 P 3

7 + 1 11
(dd A 3 p 30
— + 1 7
(5s) A G p 30
s ++ 1 7
(5s) A 5 A o
(5s) Q- =

)
=~

is no exact analog of the proton. Instead we take the charge = +1A" as the
two-dimensional analog of the proton. In the Skyrme model one can compute
in a similar manner the flavor content of the four-dimensional baryons. The
two- and four-dimensional states compare as is summarized in Table 23.4.

23.8 Outlook

We can imagine future developments associated with the topics covered in the
book in three different directions: Further progress in the application of the
methods discussed in the book to unravel the mysteries of gauge dynamics in
nature; applications of the methods in other domains of physics not related to
four-dimensional gauge theories; and improving our understanding of the strong
interaction and hadron physics due to other non-perturbative techniques that
are not discussed in the book. Let us now briefly fantasize on hypothetical devel-
opments in those three avenues.

23.8.1 Further progress in the application of the methods
discussed in the book

¢ A lesson that follows from the book is that the exploration of physical systems
on one space dimension is both simpler to handle and sheds light on the real
world so there are plenty of other unresolved questions that could be explored
first in two dimensions. This includes exploration of the full standard model
and the physics beyond the standard model including supersymmetry and its
dynamical breaking, large extra dimensions, compositeness etc.

e There has been tremendous development in recent years in applying meth-
ods of integrable models and in particular of spin chains, like the thermal
Bethe ansatz, to N' = 4 SYM theory, namely, in the context of supersymmetric
conformal gauge theory. We have no doubt that there will be further develop-
ment in computing the anomalous dimensions of gauge invariant operators and
correlators.
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* Moreover, one can identify in a similar manner to N =4 SYM theory spin
chain structures in gauge theories which are confining and with less or even
no supersymmetries. In that case the spin chain Hamiltonian would not corre-
spond to the dilatation operator but rather be associated with the excitation
energies of hadrons.

e It is plausible that the full role of magnetic monopoles and of instantons has
not yet been revealed. They have already had several reincarnations and there
may be more. For instance there was recently a proposal to describe baryons
as instantons which are solitons of a five-dimensional flavor gauge theory in
curved five dimensions.

23.8.2 Applications to other domains

¢ A very important application of two-dimensional conformal symmetry has been
to superstring theories. A great part of the developments in superstring theories
is attributed to the infinite-dimensional conformal symmetry algebra. In fact
it went in both directions and certain progress in understanding the structure
of conformal invariance has emerged from the research of string theories. A
similar symbiotic evolution took place with regard to the affine Lie algebras.

* String theories and in particular the string theory on AdSs x S° have recently
been analyzed using the tools of integrable models like mapping to spin chains,
using the Bethe ansatz equations, identifying a set of infinitely many conserved
charges and using structure of Yangian symmetry.

¢ Spin chain models have been suggested to describe systems of “real” spins in
condensed matter physics. As was discussed in this book the application of
the corresponding tools to field theory systems has been quite fruitful. The
opposite direction will presumably also take place and the use of properties
of integrability that were understood in field theories will shed new light on
certain condensed matter systems.

e The application of conformal invariance to condensed matter systems at crit-
icality has a long history. There has been recently an intensive effort to fur-
ther develop the understanding of systems like various superconductors, the
fractional Hall effect and other systems using modern conformal symmetry
techniques.

23.8.3 Developments in gauge dynamics due to other methods

e An extremely important framework for analyzing gauge theories has been
supersymmetry. Regardless if it is realized in nature or not, it is evident that
there are more tools to handle supersymmetric gauge theories and hence they
are much better understood than non supersymmetric ones. One can gain
novel insight about non supersymmetric theories by introducing supersymme-
try breaking terms to well understood supersymmetric models. For instance
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one can start with the Seiberg Witten solution of ' = 2 [192] where the struc-
ture of vacua is known and extract confinement behavior in A'= 1 and non
supersymmetric theories.

¢ A breakthrough in the understanding of gauge theories in the strong coupling
regime took place with the discovery by Maldacena of the AdS/CFT holo-
graphic duality [158]. The strongly coupled N =4 in the large N and large
't Hooft parameter A is mapped into a weakly curved supergravity background.
Thousands of research papers that followed develop this map in many different
directions and in particular also in relation to the pure YM theory and QCD
in four dimensions. There is very little doubt that further exploration of the
duality will shed new light on QCD and on hadron physics.

e String theory has been born as a possible theory of hadron physics. It then
underwent a phase transition into a candidate for the theory of quantum grav-
ity and even a unifying theory for everything. In recent years, mainly due to
the AdS/CFT duality there is a renaissance of the idea that hadrons at low
energies should be described as strings. This presumably combined with the
duality seems to be a useful tool that will improve our understanding of gauge
dynamics.

¢ The computations of scattering amplitudes in gauge theories has been boosted
in recent years due to various developments including the use of techniques
based on twistors, on a novel T-duality in the context of the Ads/CFT duality
and on a conjectured duality between Wilson lines and scattering amplitudes.
One does not need a wild imagination to foresee further progress in the industry
of computing scattering amplitudes.

To summarize, non-perturbative methods have always been very important tools
in exploring the physical world. We have no doubt that they will continue to be a
very essential ingredient in future developments of science in general and physics
in particular.
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baryon spectrum
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quantum, 90
BRST quantization
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Callan—-Symanzik equation, 321
Cartan matrix, 41
affine algebra, 47
Cartan sub-algebra, 40
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multilocal, 104 Lie algebra, 43
coset mode holomorphic
G/G in 2d QCD, 281 function, 5
cpN-1 homotopy group, 63
2d baryons, 242 D brane, 72
model, 171-174 hyper Kéhler manifold
critical exponent, 37 monopoles, 387

hyper-Kahler manifold
instanton moduli space, 397

crossing symmetry, 31, 96

D branes, 71-73

Dashen—Frishman, 67, 69 instanton, 390
Dedekin 7 function, 157 4d QCD, 389-405
Derrick’s Theorem, 86 integrability, 92-99
descendant operator, 22 N =4 4d SYM, 330-333
DHN, 90 4d, 329
dilatation operator classical, 101
N =4 SYM, 330 quantum
dilogarithm function, 130 O(N) model, 107
Dirac bracket, 151 integrable models, 79
2d baryons, 243 Ising model, 37
Dirac fermion, 34, 58
DLCQ, 223-235 Jacobi identity, 40

adjoint fermions, 228-235
fundamental fermions, 224-228

Jacobi polynomials, 318

duality, 31 Kac determinant, 25
Dynkin diagram KdV equation, 102

affine algebra, 47 kink, see solitons

Lie group, 42 Knizhnik—Zamolodchikov equation, 53-55,
dyons, 378 67-71
effective action large N

Gross Neveu model, 172 4d QCD, 337-343
energy momentum tensor, 4 counting rules, 342-345
eta’ mass, 344 meson phenomenology, 343
Euler character, 340 large N limit
exact sequence, 375 of QC D32, 191

exceptional groups, 49 two dimensional models, 165-174

Lax operator

fixed point spin chain, 112
integrable model, 100 Lax pair
flavor content sine-Gordon, 101
2d baryons, 247 light-cone
Frobenius relations, 300 discrete quantization, 223
fusion algebra, 23 light-cone gauge, 191
G /G coset models, 75 magnetic monopole
G/H coset models, 73-75 ’t Hooft Polyakov solutions, 376
gauge group Majorana fermion, 34, 55
non-abelian, 179 Mandelstam parameter, 333

Gegenbauer polynomials, 324 Maurer—Cartan equation, 356
Goldberger-Triman relation, 366 Maxwell theory
Gross-Neveu model, 166-170 in two dimensions, 177



Mellin transform, 333
meson-baryon scattering

2d, 252-264
meson spectrum

DLCQ in 2d, 232

two current states, 212
minimal model, 27
moduli space

4d instantons, 396-400

monopoles, 386
monodromy

spin chain, 113
Montonen Olive duality, 382
multibaryons

2d, 249

N =4 4d SYM, 330
Nahm construction, 383
Neveu-Schwarz fermion, 36
Noether current, 7

4d conformal symmetry, 312-313
normal ordering

2d QCD, 238
null state, 24
null vector, 31

WZW model, 66

OPE
4d conformal symmetry, 318
electromagnetic currents in 4d,

324

WZW model, 66

open string, 6

operator product expansion
definition, 10
product coefficients, 19
Weyl-Majorana, 35

partition function
chiral boson, 156
generalized 2d YM, 291
parton distribution, 334
pion distribution amplitude, 325
planar limit
N =4 SYM, 331
Poincare transformations, 80
Polyakov Wiegmann Formula,
142
pomeron, 336
Pontryagin index, 390
primary field, 19
4d collinear symmetry, 316
ALA, 51
primary fields
Majoran fermion, 57

Index

primary state

N =4 SYM, 331
principal value, 192
propagator

gluon in 2d, 192

g-deformation, 110
QCD
2d, non-abelian bosonization of,
187
QCDy
multiflavor, 189
quantization
BRST
G /G model, 76
canonical, 7
path integral, 12
radial, 9
semi-classical of solitons, 91
quantum chromodynamics(QCD)
in two dimensions, 180
quantum groups, 108-110
quasi particle, 118

R matrix, 115
Ramond fermion, 36
rank, 40
rapidity, 95
Regge trajectory, 195
reggeon, 333
relevant operator, 99
Riemann € function, 157
Riemann surface

YM theory in 2d, 295
root, 40

simple, 41

S matrix
factorized, 92-99
sine-Gordon, 97
solution of, 95
S-transformation, 33
scalar field, 4
Schwinger Model, 178
bosonized, massive, 183
BRST quantization, 283
string tension, 265
semi-classical quantization
2d baryons, 240
sine-Gordon
discretized version, 123
Skyrme model, 355-369
action, 355-361
baryons, 361-369
Skyrme term, 358

435



436

soliton, 79
Skyrmion, 361
classical, 81-86
sine-Gordon, 83
stability of, 84
quantum, 88-89
spectral parameter, 112
spin
dimension, 19
spin chain, 111-125
N =4 8YM, 331
step operators, 40
string tension
2d QCD, 272
Schwinger model, 265
stringy YM theory
2d, 299
strong coupling
2d QCD, 237
strong CP problem, 404
Sugawara construction, 36, 50
WZW model, 66
Sugawara form, 20

theta function, 53
theta term, 391
large N, 345
Thirring model, 136
't Hooft equation
for 2d QCD, 195
’t Hoof equation
current states, 210
’t Hoof model
1/N corrections, 201
of 2d QCD, 191-202
scattering of mesons, 198
topological charge, 85
bosonization, 133
magnetic monopoles, 373
topological current, 80
torus partition function
G/G model, 77
tunneling
instantons, 400

Verlinde’s formula, 33
Verma module, 24
Virasoro algebra, 14

Index

Virasoro anomaly, 15, 20
Bethe ansatz, 126
ALA, 51
G /G model, 76
G/H model, 74
WZW model, 67

Ward identity
SL(2,C), 29
weight
lattice, 43
vector, 43
fundamental, 43
highest state
spin chain, 115

Wess Zumino (WZ) term, 63, 140
Wess Zumino Witten model, 61, 140

chiral, 158

with boundaries, 71
Weyl chambers, 44
Weyl fermion, 34
Weyl group, 41

affine algebra, 47
Weyl-Majorana, 34
Wilson loop

YM in 2d, 297
winding number, 184

instanton, 400
WZ term

Skyrme model, 357

WZW model see Wess Zumino Witten model

gauging of, 187
XXXy, 111

Yang—Mills

generalized in 2d, 291
Yang-Baxter equation, 94

spin chain, 112
Yang-Mills theory

in two dimensions, 179
Yangian symmetry, 105

zero modes
instantons, 397
monopoles, 378

(-function regularization, 15

Zweig rule, 344



	Frishman_Non-PerturbativeFieldTheory
	Frishman_9781009401654
	Half-title page
	Series Page
	Title page
	Copyright page
	Dedication page
	Contents
	Preface
	Acknowledgements
	PART I NON-PERTURBATIVE METHODS IN TWO-DIMENSIONAL FIELD THEORY
	1 From massless free scalar field to conformal fieldtheories
	1.1 Complex geometry
	1.2 Free massless scalar field
	1.3 Symmetries of the classical action
	1.4 Mode expansion
	1.5 Noether currents and charges
	1.6 Canonical quantization
	1.7 Radial quantization
	1.8 Operator product expansion
	1.9 Path integral quantization
	1.10 Affine current algebra
	1.11 Virasoro algebra

	2 Conformal field theory
	2.1 Conformal symmetry in two dimensions
	2.2 Primary fields
	2.3 Conformal properties of the energy-momentum tensor
	2.4 Virasoro algebra for CFT
	2.5 Descendant operators
	2.6 Hilbert space of states
	2.7 Unitary CFT and Kac determinant
	2.8 Characters
	2.9 Correlators and the conformal Ward identity
	2.10 Crossing symmetry, duality and bootstrap
	2.11 Verlinde’s formula
	2.12 Free Majorana fermions – an example of a CFT
	2.13 The Ising model – the m = 3 unitary minimal model

	3 Theories invariant under affine current algebras
	3.1 Simple finite-dimensional Lie algebras
	3.2 Affine current algebra
	3.3 Current OPEs and the Sugawara construction
	3.4 Primary fields
	3.5 ALA characters
	3.6 Correlators, null vectors and the Knizhnik–Zamolodchikov equation
	3.7 Free fermion realization
	3.8 Free Dirac fermions and the �U(N)

	4 Wess–Zumino–Witten model and coset models
	4.1 From free massless scalar theory to the WZW model
	4.2 Perturbative conformal invariance
	4.3 ALA, Sugawara construction and the Virasoro algebra
	4.4 Correlation functions of primary fields
	4.5 WZW models with boundaries – D branes
	4.6 G/H coset models
	4.7 G/G coset models

	5 Solitons and two-dimensional integrable models
	5.1 Introduction
	5.2 From the theory of a massive free scalar field to integrable models
	5.3 Classical solitons
	5.4 Breathers or “doublets”
	5.5 Quantum solitons
	5.6 Integrability and factorized S-matrix
	5.7 Yang–Baxter equations
	5.8 The general solution of the S-matrix
	5.9 From conformal field theories to integrable models
	5.10 Conserved charges and classical integrability
	5.11 Multilocal conserved charges
	5.12 Quantum integrable charges in the O(N) model
	5.13 Non-local charges and quantum groups
	5.14 Integrable spin chain models and the algebraic Bethe ansatz
	5.15 The continuum thermodynamic Bethe ansatz

	6 Bosonization
	6.1 Abelian bosonization
	6.2 Duality between the Thirring model and the sine-Gordon model
	6.3 Witten’s non-abelian bosonization
	6.4 Chiral bosons
	6.5 Bosonization of systems of operators of high conformal dimension

	7 The large N limit of two-dimensional models
	7.1 Introduction
	7.2 The Gross–Neveu model
	7.3 The CPN−1 model

	PART II TWO-DIMENSIONAL NON-PERTURBATIVE GAUGE DYNAMICS
	8 Gauge theories in two dimensions – basics
	8.1 Pure Maxwell theory
	8.2 QED2 – Schwinger’s model
	8.3 Yang–Mills theory
	8.4 Quantum chromodynamics

	9 Bosonized gauge theories
	9.1 QED2 – The massive Schwinger model
	9.2 Abelian bosonization of flavored QCD2
	9.3 Non-abelian bosonization of QCD2

	10 The ’t Hooft solution of 2d QCD
	10.1 Scattering of mesons
	10.2 Higher 1/N corrections

	11 Mesonic spectrum from current algebra
	11.1 Introduction
	11.2 Universality of conformal field theories coupled to YM2
	11.3 Mesonic spectra of two-current states
	11.4 The adjoint vacuum and its one-current state

	12 DLCQ and the spectra of QCD with fundamental and adjoint fermions
	12.1 Discretized light-cone quantization
	12.2 Application of DLCQ to QCD2 with fundamental fermions
	12.3 The spectrum of QCD2 with adjoint fermions

	13 The baryonic spectrum of multiflavor QCD2 in the strong coupling limit
	13.1 The strong coupling limit
	13.2 Classical soliton solutions
	13.3 Semi-classical quantization and the baryons
	13.4 The baryonic spectrum
	13.5 Quark flavor content of the baryons
	13.6 Multibaryons
	13.7 States, wave functions and binding energies
	13.8 Meson-baryon scattering

	14 Confinement versus screening
	14.1 The string tension of the massive Schwinger model
	14.2 The Schwinger model in bosonic form
	14.3 Beyond the small mass abelian string tension
	14.4 Correction to the leading long distance abelian potential
	14.5 Finite temperature
	14.6 Two-dimensional QCD
	14.7 Symmetric and antisymmetric representations

	15 QCD2 , coset models and BRST quantization
	15.1 Introduction
	15.2 The action
	15.3 Two-dimensional Yang–Mills theory
	15.4 Schwinger model revisited
	15.5 Back to the YM theory
	15.6 An alternative formulation
	15.7 The resolution of the puzzle
	15.8 On bosonized QCD2
	15.9 Summary and discussion

	16 Generalized Yang–Mills theory on a Riemann surface
	16.1 Introduction
	16.2 The partition function of the YM2 theory
	16.3 The partition function of gYM2 theories
	16.4 Loop averages in the generalized case
	16.5 Stringy YM2 theory
	16.6 Toward the stringy generalized YM2
	16.7 Examples
	16.8 Summary

	PART III FROM TWO TO FOUR DIMENSIONS
	17 Conformal invariance in four-dimensional field theories and in QCD
	17.1 Conformal symmetry algebra in four dimensions
	17.2 Conformal invariance of fields, Noether currents and conservation laws
	17.3 Collinear and transverse conformal transformations of fields
	17.4 Collinear primary fields and descendants
	17.5 Conformal operator product expansion
	17.6 Conformal Ward identities
	17.7 Conformal invariance and QCD4

	18 Integrability in four-dimensional gauge dynamics
	18.1 Integrability of large N four-dimensional N = 4 SYM
	18.2 High energy scattering and integrability

	19 Large N methods in QCD4
	19.1 Large N QCD in four dimensions
	19.2 Meson phenomenology
	19.3 Baryons in the large N expansion
	19.4 Scattering processes

	20 From 2d bosonized baryons to 4d Skyrmions
	20.1 Introduction
	20.2 The Skyrme action
	20.3 The baryon as a Skyrmion
	20.4 The Skyrme model for Nf = 3

	21 From two-dimensional solitons to four-dimensional magnetic monopoles
	21.1 Introduction
	21.2 The Yang–Mills Higgs theory – basics
	21.3 Topological solitons and magnetic monopoles
	21.4 The ’t Hooft–Polyakov magnetic monopole solution
	21.5 Charge quantization
	21.6 Zero modes, time-dependent solutions and dyons
	21.7 BPS monopoles and dyons
	21.8 Montonen Olive duality
	21.9 Nahm construction of multimonopole solutions
	21.10 Moduli space of monopoles

	22 Instantons of QCD
	22.1 The basic properties of the instanton
	22.2 The ADHM construction of instantons
	22.3 On the moduli space of instantons
	22.4 Instantons and tunneling between the vacua of the YM theory
	22.5 Instantons, theta vacua and the UA(1) anomaly

	23 Summary, conclusions and outlook
	23.1 General
	23.2 Conformal invariance
	23.3 Integrability
	23.4 Bosonization
	23.5 Topological field configurations
	23.6 Confinement versus screening
	23.7 Hadronic phenomenology of two dimensions versus four dimensions
	23.8 Outlook

	References
	Index




