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Preface

By their very definition, the Ginibre ensembles are a class of non-Hermitian random
matrix ensembles. At the same time, the statistical states formed by the eigenvalues
in the complex plane permit interpretations in terms of the equilibrium statistical
mechanics of particular two-dimensional Coulomb gases. Ginibre’s work dates back
to 1965 [293]. Come the decade of the 2020s and its lead-up, more and more
researchers in mathematics and theoretical physics have been drawn to the field
of non-Hermitian quantum mechanics on one front, and that of higher dimensional
point processes relating to long-range potentials on another. With the Ginibre ensem-
bles impacting on both of these broad themes, their relevance is on the increase. It is
moreover the case that research on these themes has contributed to the development
of the theory and applications of Ginibre ensembles.

With these circumstances in mind, the present project has been embarked on
with the aim of giving an extended account of the Ginibre ensembles. The ongoing
research programs of both co-authors have contributed to the original literature on this
topic. In fact the senior co-author, Forrester, was introduced to the Ginibre ensembles
GinUE (complex entries Gaussian matrices) and GinSE (quaternion entries Gaussian
matrices) through their Coulomb gas analogies during his M.Sc. year in 1982. His
supervisor, E. R. Smith, had just worked out the details of a solvable two-dimensional
one-component plasma with Neumann boundary conditions [504]. This related to
calculations reported in the first edition of Mehta’s book [435] for the eigenvalue
correlation functions of GinSE. The work of Smith was in turn inspired by the
work of Jancovici, who in the year before had modified methods of study of the
correlation functions for GinUE to obtain a solvable model of the two-dimensional
one-component plasma with hard wall boundary conditions [337]. The research of
co-author Byun on topics relating to the Ginibre ensembles began in 2017, at the
commencement of his Ph.D. His supervisor, N.-G. Kang, had worked on developing
the probabilistic and complex analytic articulation of the conformal field theory
and its applications [352], which included the theory of Ward’s equations for finite
Boltzmann—Gibbs ensembles [61]. At the same time, as a participating doctoral
student of the Bielefeld—Seoul graduate exchange program, International Research
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Training Group 2235, Byun was mentored by G. Akemann, who has contributed
vastly to the study of exactly solvable non-Hermitian random matrix models [13].

While the combined research of the co-authors relating the Ginibre ensembles
provides a base for the present work, it is the sum effort of many researchers over
several decades that has revealed the extent of knowledge as it now stands. We have
been most happy immersing ourselves in many of these works, both to further inspire
our own current research programs, and to assimilate the content for use in properly
showcasing the extent of the theory and applications.

Accounts prior to the year 2010 of the Ginibre ensembles with emphasis similar
to our own can be found in [237, Chap. 15, with several proofs], [362, some proofs
sketched], with the latter overlapping mainly with Chap. 2. To make the presentation
as self-contained as possible, this material is also part of the present work, albeit with
some reordering and additional context. And when practical from the viewpoint of
the space required, proofs are presented of a number of the results. Progress during
the period from 2010 to the present has been rapid, as can be gleaned by inspection
of the publication dates in the References section. While on the one hand our work
consolidates the state of knowledge relating to the Ginibre ensembles up to the end
of 2022, with their ever-increasing relevance, it is expected that subsequent years
will see new applications emerge, which will in turn motivate a new generation of
theoretical studies. We put forward the present work primarily to facilitate such a
future, whereby foundations already laid can be built upon.

Seoul, Korea (Republic of) Sung-Soo Byun
Melbourne, Australia Peter J. Forrester
August 2023
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Chapter 1 ®)
Introduction Check for

The Ginibre ensembles are non-Hermitian random matrices with real, complex or
quaternion Gaussian entries. For reasons to be discussed below, these are denoted
by GinOE, GinUE and GinSE respectively. With the quaternion entries of the latter
identified as the 2 x 2 complex block structure

Z w
[—w Z}’ (1.1)

members of each of these ensembles are readily realised; Fig. 1.1 gives example
plots of the corresponding eigenvalue distribution in the complex plane. Ginibre
introduced these non-Hermitian random matrix ensembles in 1965 [293]. Although
with a self-described motivation of mathematical curiosity [31, Sect. 2.2, quoting
correspondence with Ginibre], the line of investigation follows on from ideas and
methods put forward by Dyson a few years earlier.

Thus in a fundamental paper on random matrix theory published in 1962, Dyson
[205] isolated three ensembles of Hermitian matrices, and three ensembles of unitary
matrices. This was done by seeking the minimal requirement of a quantum Hamil-
tonian H, respectively evolution operator U, to exhibit a time reversal symmetry or
not, and then imposing a probability measure. First, for a time reversal operator T—
defined in general by the requirement that it be anti-unitary—it was first shown that
there are two possibilities, either 72 = I or 7% = —I, with the latter requiring that
the Hilbert space be even-dimensional. For T to commute with H or U it was then
shown that in the case 7% = I both H and U should be invariant under the transpose
operation. In the other possible case, that T? = —I., an invariance under the so-called
quaternion dual M +> Zoy M7 Z5, was deduced. Here Z,y is the 2N x 2N anti-
symmetric tridiagonal matrix with entries all —1 in the leading upper triangular
diagonal, and all 1 in the leading lower triangular diagonal, and moreover in this
case it was shown that T has the realisation T = Z,y K where K corresponds to
complex conjugation and 2N is the dimension of the Hilbert space. In the case of a
quantum Hamiltonian H, it was then shown that [H, T] = 0 with 7% = I implies a
basis can be chosen so that the elements are real, while with 72 = —I it implies that
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2 1 Introduction

(a) GinOE (b) GinUE (c) GinSE

Fig. 1.1 Eigenvalues of 500 Ginibre matrices of size 20

the elements can be chosen to have a 2 x 2 block structure (1.1), which as already
remarked can be identified with a member of the (real) quaternion number field.
Hence for quantum Hamiltonians, Dyson was led to the requirement that matrices
in his sought ensemble theory should have real entries, or have a 2 x 2 block struc-
ture corresponding to the quaternion number field in the presence of time reversal
symmetry, or to be complex without a time reversal symmetry. This requirement is
in addition to the matrices being Hermitian and thus having real eigenvalues and a
matrix of eigenvectors which can be chosen to be unitary.

The work [205] specifies the eigenvalue probability density function (PDF) for
an ensemble of quantum Hamiltonians H modelled as random matrices, and chosen
from a Gaussian distribution on the elements proportional to

exp(—B Tr H*/2). (1.2)

The scaling factor g is chosen for convenience, and takes on the value of the num-
ber of independent parts of the corresponding number field—thus g = 1 for real
entries (time reversal symmetry with T2 =), 8 = 2 for complex entries (no time
reversal symmetry), and § = 4 for quaternion entries (time reversal symmetry with
T? = —I). With this specification, g is referred to as the Dyson index. A detail is that
Hermitian matrices commuting with the quaternion dual must have doubly degen-
erate eigenvalues (Kramer’s degeneracy), with the convention in (1.2) that the trace
operation relates to the independent eigenvalues only. The result of Dyson, known
earlier in the case 8 = 1 by Wigner (see the Introduction section of the book edited
by Porter [463] for references and moreover reprints of the original works) is that
the eigenvalue PDF is given by [205, Eq. (146)]

N
[Te?” TT =2l (13)
=1

I<j<k<N
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up to proportionality. If instead of the distribution on elements being chosen as (1.2),
a weighting
exp(—B8TrV(H)/2) (1.4)

for some real-valued function V(1) is chosen instead, the modification of (1.2) is

that it now reads
N

l_[e*ﬁ"“’)/z l‘[ |,\k—xj|5. (1.5)

=1 1<j<k<N

Here it is being assumed that V () decays sufficiently fast at infinity for (1.5) to be
normalisable. A weighting of the form (1.4) is said to specify an invariant ensemble,
since it is invariant under conjugation by a unitary matrix H > UHU" (and where
too the elements of U are restricted to be real (8 = 1) and quaternion (8 = 4) so that
H remains in the same ensemble). A weighting of the form (1.2) is said to specify a
Gaussian ensemble.

Ginibre in his work [293] initiated a study of non-Hermitian Gaussian ensem-
bles of matrices G = [g; j]ﬁl j=1> with either real, complex or quaternion entries, by
replacing (1.2) with the joint distribution on elements proportional to

N
exp(—BTr G'G/2) = [ ] exp(—Blgi;I*/2). (1.6)

ij=1

Note that the second form in this expression shows that the real and imaginary
parts (there are 8 such parts; e.g. in the quaternion case 8 = 4 there is one real
and three imaginary parts) are all independent, identically distributed Gaussians.
The concern of Ginibre was with the functional form of the eigenvalue PDF, and
the implied eigenvalue statistics. The most obvious difference with the Hermitian
case is that the eigenvalues are now in general complex. Also significant is the fact
that the eigenvectors no longer form an orthonormal basis. Notwithstanding these
differences, it was found in the complex case (referred to as the complex Ginibre
ensemble, or alternatively as GinUE, where in the latter the U stands for unitary
and refers to the bi-unitary invariance of (1.6) being unchanged by the mapping
G +— UGYV for U, V unitary matrices) that the eigenvalue PDF is proportional to

N
l_[e_lzﬂz 1_[ |Zk _ Zj|2, (1'7)
=1

1<j<k<N

which s in direct correspondence with the Hermitian result (1.3) with 8 = 2, obtained
essentially by replacing A; by z;. We mention that the invariant non-Hermitian
ensembles, known as the normal matrix models, with a general potential beyond
the weight |z|? (i.e. the counterpart of (1.5)), have been extensively studied as well.
See Chap. 5 for more details. For a classification of non-Hermitian random matrices
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in a similar spirit to Dyson’s classification of Hermitian matrices explained above,
we refer to Remark 6.3.

The eigenvalue PDF in the case of real and quaternion entries does not follow a
direct correspondence with their Hermitian counterparts. First, in both these cases the
eigenvalues come in complex conjugate pairs. Appreciating this point, the functional
form of the eigenvalue PDF as found by Ginibre in the quaternion case can be obtained
from (1.7) (not (1.3) with B = 4) by first replacing N by 2N, then identifying z;,
as z; and ignoring terms which involve only {z;} (which are thought of as part of the
image system [245]) to obtain

N
—2|z? -2 2 =2
[Te ™z -zl [] lew—zlPlse—2% Imz >0 (1.8)

=1 1<j<k<N

The real case is still more complicated. First, the eigenvalue PDF is not absolutely
continuous. Rather, it decomposes into sectors depending on the number of real
eigenvalues. Its precise functional form was not obtained in Ginibre’s original work,
with a further 25 years or so elapsing before this was achieved in a publication
by Lehmann and Sommers [401], followed a few years later by an independent
calculation of Edelman [211]. To present this, define the normalisation and the weight
by

1

g __
IN(N+1)/4 H;\I:l r'(/2)

cS Wi(z) = e e erfe(v2y)  (1.9)

respectively, where z = x 4 iy. Note that with z = x and thus real, the weight simpli-
fies to wé(x) = e=*". The joint eigenvalue PDF for k real eigenvalues {A;};—;, .
the (N — k)/2 complex eigenvalues {x; +1y;};j=1,...(v—k),2 in the upper half plane
(note that the remaining (N — k)/2 complex eigenvalues are the complex conjugate
of these and so not independent) is then given by

g 20-h k . 1/2<N*’<>/2 .
Cy—— As g
et oo T v
X A=tk U 2 i3zt (110)

.....

R, Ri :={(x,y) € R?: y > 0}. In addition to the distinction in eigenvalue PDFs,
we mention that GinUE forms a determinantal point process, while GinSE and GinOE
form Pfaffian point processes. Further details can be found in Sects. 2.2, 7.5, and
10.4.

It would seem that the first occurrence of a Ginibre ensemble in applications
(especially the real Ginibre ensemble or GinOE, where the “O” stands for orthogonal
and refers to the bi-orthogonal invariance of the matrices) arose in the 1972 work
of May [431] on the stability of complex ecological webs. Upon linearising about
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a fixed point, and the modelling of the fluctuations away from an attractor by a real
Ginibre matrix G, May was led to the first-order linear differential equation system
for the perturbed populations—an n x 1 column vector x—specified by

d
X =(l+aG)x, (1.11)

where « is a scalar parameter. The stability is then determined by the maximum
of the real part of the spectrum of G, the precise determination of which has only
recently become available in the literature [85, 161].

At the beginning of the 1980s the interpretation of (1.7), written in the Boltzmann
factor form

N

_ 1

e ﬂU(zl,...,zN)’ U = 3 2 |Zj|2 — Z loglzx — zjl, B =2, (1.12)
j=

1<j<k<N

as a model of charged particles, repelling pairwise via a logarithmic potential, and
attracted to the origin in the plane via a harmonic potential, gained attention [41, 131].
This viewpoint was already prominent in the works of Dyson in the context of (1.3)
(see too the even earlier work of Wigner [533] as reprinted in [463]), and was noted
for (1.8) in Ginibre’s original article [293]. In contrast to (1.3), in (1.12) the domain
is two-dimensional, and the logarithmic potential is the solution of the corresponding
Poisson equation (in one spatial dimension, the solution of the Poisson equation is
proportional to |x|), so (1.12) corresponds to a type of Coulomb gas. Broad aspects
of the latter have been the subject of the recent reviews [141, 403]. Also in the early
1980s, for all positive values of 8/2 odd, (1.12) gained attention as the absolute value
squared of Laughlin’s trial wave function for the fractional quantum Hall effect [389].

Fast-forward 40 years, and there are now a multitude of applications which require
knowledge of properties of Ginibre matrices, in particular their eigenvalues and
eigenvectors. These topics will be further discussed in Chap. 6. This is due in no
small part to a resurgence of interest in non-Hermitian quantum mechanics [67, 83].
Moreover, the progression of time has seen a much deeper understanding of the
mathematical structures associated with the Ginibre matrices, and the theoretical
progress has been considerable. It is the purpose of this book to give a presentation
of a number of these advances, both in the theory and the applications.

Part I is on GinUE, and consists of four main themes. These form Chaps. 2
to 5: eigenvalue PDFs and correlation functions, fluctuation formulas, sum rules
and asymptotic behaviours, and normal matrix models. There is also a sixth chapter
entitled “Further theory and applications”. Here the topics considered are the analogy
between GinUE and the quantum many-body system for free fermions in the plane
subject to a perpendicular magnetic field, the relevance of GinUE statistics to studies
in quantum chaos, singular values and statistical properties, eigenvectors of GinUE
matrices and non-Hermitian Wigner matrices. When excluding the Gaussian case,
this latter class of ensembles has the distinct feature relative to the other matrix
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generalisations of GinUE considered in our presentation of not permitting explicit
formulas at the level of the joint eigenvalue PDF.

Part II is on GinOE and GinSE. Of the themes considered in Part I, the one on
eigenvalue probability density functions and correlation functions shows the most
complete analogy between GinUE, GinOE and GinSE. This is notwithstanding the
already-mentioned fact that the eigenvalues of GinUE form a determinantal point
process, while those of GinOE and GinSE form a Pfaffian point process. Nor the fact
that eigenvalue PDF of in the GOE is not absolutely continuous, but rather according
to (1.10) divides into sectors depending on the number of real eigenvalues. We know
in the theory of GinUE that there are elliptic and induced extensions, as well as one
giving rise to a spherical ensemble, one coming from truncating Haar distributed
unitary matrices, and a product ensemble of GinUE matrices or truncated Haar uni-
tary matrices. These are distinguished by having an explicit formula for the joint
eigenvalue PDF, with the correlation kernel relating to certain special functions, the
properties of which allow for a detailed asymptotic analysis. We will see that each of
these ensembles has a counterpart in the theory of GinOE and GinSE, which further-
more permit detailed asymptotic analysis making use of the same classes of special
functions. To varying degrees of generality, fluctuation formulas, gap probabilities,
sum rules, asymptotic expansion of the partition function and eigenvector statistics,
discussed in Part I for GinUE, are again amenable to exact analysis.

Topics distinct from those seen in Part I show themselves. The fact that the eigen-
values form a Pfaffian point process is one reason for this. Thus associated with the
Pfaffian structure is an underlying skew inner product, and associated skew poly-
nomials. In GinOE theory, essential use is made of their form as a matrix average
(7.18). But for GinSE, a relation with the corresponding GinUE orthogonal polyno-
mials turns out to have a wider scope. Asymptotic analysis is more challenging for
GinSE, with a technique based on differential equations found to be powerful. The
topic of real eigenvalues is unique to GinOE. The corresponding statistics have fea-
tures distinct to those exhibited in GinUE studies. They also provide for a number of
applications, coming from areas as diverse as diffusion processes and persistence in
statistical physics, topologically driven parametric energy level crossings for certain
quantum dots, and equilibria counting for a system of random nonlinear differential
equations.

Chapters 7-9 relate to GinOE, and Chaps. 10 and 11 to GinSE.
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Eigenvalue PDFs and Correlations e

A GinUE random matrix has all entries as independent standard complex Gaus-
sians. The eigenvalue PDF can be explicitly calculated, revealing an analogy with
the Boltzmann factor for a particular two-dimensional Coulomb gas. The func-
tional form of the eigenvalue PDF leads to a determinantal structure for the general
k-point correlation function. The corresponding correlation kernel admits bulk and
edge scaling limits, while the density also admits a global scaling limit giving rise
to an example of the circular law. Various generalisations of the GinUE permit
analogous analysis. Those considered in the present chapter are the elliptic GinUE
consisting of a linear combination of Hermitian and anti-Hermitian Gaussian ran-
dom matrices; the induced GinUE which relates to a polar decomposition involving
a rectangular generalisation of a GinUE matrix; the complex spherical ensemble of
matrices Gfl G,, with both G, G, GinUE matrices; the sub-block of a Haar unitary
random matrix; and products of both GinUE matrices, and of truncated Haar unitary
matrices.

2.1 Eigenvalue PDF

In the original paper of Ginibre [293], the diagonalisation formula G = VAV ™!,
where A is the diagonal matrix of eigenvalues, and V is the matrix of corresponding
eigenvectors which are unique up to normalisation, was used as the starting point
to derive the eigenvalue PDF (1.7). The matrix V was then further decomposed
V = UTD, where U is unitary, T is upper triangular with all diagonal elements
equal to 1, and D is a diagonal matrix with real positive elements. As a consequence

TrG'G=TrABAB™', B=T'T. 2.1)
This is independent of U and D, and B “lisa simpler structure than V1, since it

has determinant unity. It is necessary to integrate out the variables of B, which was
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done in N steps with each one consisting of integrating out over the last remaining
row and column.

A more versatile (equally applicable to the GinOE, for example) method of deriva-
tion of (1.7) has since been found. It is due to Dyson, and first appeared in published
form in [436, Appendix 35]. Here, instead of using the diagonalisation formula for
G, the starting point is the Schur decomposition

G=UZU". (2.2)

Here U is a unitary matrix, unique up to the phase of each column, and Z is an upper
triangular matrix with elements on the diagonal equal to the eigenvalues of G.

Proposition 2.1 For GinUE matrices, specified by the distribution on elements pro-
portional to (1.6) in the case B = 2 (complex elements), the eigenvalue PDF is equal
to 1/Cy times (1.7), where upon relaxing the ordering constraint on the eigenvalues
implied by (2.2), the normalisation constant Cy is specified by

N
Cy =an_[j!. (2.3)
j=1
Proof We have from (2.2) that
N
TTG'G=) Iz + D 1Zul’ 24
j=1 1<j<k<N

where {z;} denotes the diagonal elements of Z (which are the eigenvalues of G), and
{Z jx} denotes the upper triangular elements. Note the simplification relative to (2.1).

After this brisk start, it is still quite a challenge to compute the Jacobian corre-
sponding to (2.2). The strategy of [436, Appendix 35] is explained in more detail
in [326], and repeated in [237, Proof of Proposition 15.1.1]. Here one begins by
computing the matrix of differentials U'd G U, with the Jacobian corresponding to
the (absolute value of) factor which results from the corresponding wedge product.
For the latter task, proceeding in the order of the indices (j, k), with j decreasing
from N to 1, and k increasing from 1 to N, gives the factor

[ 1z =zl 2.5)

Jj<k

However, the product of differentials so obtained is not immediately recognisable in
the factorised form

AjdZidzly A (UTAU) Ao dZ5,d 2, (2.6)
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where the superscripts indicate the real and imaginary part. Further arguing involving
a count of the number of independent real variables associated with U, which implies
some apparent differentials contribute zero to the wedge product, is required to make
the simplification to this form. With (2.6) established, the integration over {Z ;;} in
(2.4) is immediate.

To deduce the normalisation (2.3) from this calculation requires first that the
normalisation of (2.4) be included throughout the calculation, and second knowledge
of the integration formula (see e.g. [194, Eq, (4.4)])

1

N—1
+ _ N\ _ AN(N=D)/2 T
/U(U dU) = vol (U(N)/(U(l)) ) —2 E T 2.7)

Finally, an extra factor of N! is required in Cy to account for relaxing an ordering
of the eigenvalues. (]

2.2 Correlation Functions

With the joint eigenvalue PDF denoted by py(zi, ..., zZn), the k-point correlation
function py) n (21, ..., 2k) is specified by

PG ) = N =W =k D) [ oo [ ooy,

(2.8)
where, with z := x + iy, d*z := dxdy. In the simplest case k = 1 this corresponds
to the eigenvalue density. Ginibre [293] showed that

k
Pron (i) = det[KnGpan ] 2.9)

for a particular function K y (w, z), referred to as the correlation kernel. The structure
(2.9) makes the eigenvalues of GinUE an example of a determinantal point process
[103].

Proposition 2.2 The kernel function in (2.9) is specified by

b

Ky(w.7) = —e (wPH:P >/zz(wZ)J L ez uz DN w2)
G-bt = I'(N)

(2.10)
where I'(j; x) = fxoo t/=Ye=" dt denotes the (upper) incomplete gamma function.

Proof The second equality follows from the first by the identity
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j—1

F(N;x)_ y Ny
TNy ¢ Z(j—l)!'

Jj=1

To deduce the determinantal structure (2.9) with Ky specified by the first equality
in (2.10), the first step is to rewrite the product in (1.6) according to

[T lw-uP= ]I @-2&E-2, (2.11)

1<j<k<N 1<j<k<N

then to rewrite each of the product of differences on the right-hand side (RHS) as a
Vandermonde determinant,

[ G—z)=detld "1, (2.12)

1<j<k<N

see e.g. [237, Exercises 1.9 q.1] for a derivation. Multiplying (2.12) by its conjugate
and taking the transpose of the matrix on the RHS (which leaves the determinant
unchanged) shows

1 0 N
— He laf? 1_[ |zx — z;|* = det [KN(zj, zk)] e’ (2.13)
=1 1<j<k<N =

The significance of the form (2.13) for purposes of computing the integrations as
required by (2.8) are the reproducing and normalisation properties of Ky,

f Ky(wi, 2)Kn(z, wy) d*z = Ky (wy, wy), / Kn(z,2)d*z=N. (2.14)
C C

Using these properties, a cofactor expansion along the bottom row can be used to
show [208]

[E det[K (2, 2011y d*2m = (—(m — 1) + N) det[Ky (2. 2017 (2.15)

see also [237, Proof of Proposition 5.1.2]. Applying this inductively gives (2.9). O

According to (2.9) with k = 1 and (2.10), the eigenvalue density is given by the
rotationally invariant functional form

1 T(N; Iz]?)
PN () = ;TI\LZ)' (2.16)

Ginibre [293] identified a sharp transition for |z| & /N from the constant value %
for |z| less than this critical value, to a value approaching zero for |z| greater than
this critical value. An equivalent statement is the limit law
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(See Fig. 2.1.) This was the first example of what now is termed the circular law,
which specifies the (global) scaled limiting eigenvalue density for a wide class of non-
Hermitian random matrices, with identically and independently distributed elements
to be constant inside a particular circle in the complex plane, and zero outside [68,
100, 294, 300, 302, 336, 514].

Remark 2.1 1. In the sense of probability theory, (2.17) is a statement in the mean,
due to the ensemble average. The strong version of the circular law establishes that
for large N the eigenvalues of a single GinUE matrix obey the circular law almost
surely [100].

2. Define the numerical range of an N x N matrix X by W(X) = {Xu - u | ||u|| = 1}.
By the variational characterisation of eigenvalues, for X Hermitian W (X) must be
contained in the interval of the real line [Amin, Amax], and in fact is equal to this
interval. It is proved in [408] that for X a global-scaled Ginibre matrix, and thus with
eigenvalue density obeying the circular law (2.17), W (X) converges to the centred
disk in the complex plane of radius +/2. Here, the annulus {z € C : 1 < |z] < +/2}
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of width +/2 — 1 can be interpreted as a quantification of the non-normality of the
GinUE.

The correlation kernel (2.10), and thus the correlation functions (2.9), admit dis-
tinct scaling limits depending on the centring of the variables being in the bulk region,
where the density is constant, or the edge region, where the density begins to decrease
to zero. The first was specified in Ginibre’s original paper [293], whereas the latter
was not made explicit until some time later [252].

Proposition 2.3 Let Ky (w, z) be specified by (2.10). We have

1 _
K (w,2) := lim Ky(w,z) = —e (WF+lD2pu02 (2.18)
N—oo T
K (1, 22) = lim Ky(—iv/N +z1, —iv/N 4 2)
—> 00

— e*(lm|2+\zz\2)/262122h(%(_izl + iZz)), (2.19)

where :
h(z) = — (1 + erf(ﬁz)).
2w

Proof The limit (2.18) is immediate from (2.10), and the fact that for fixed wz,

. T(N;w2)
lim ———= =

The derivation of (2.19) relies on (the first term of) the asymptotic expansion [444]

['(N; N + 7+/N)

1 1 ) 1
_1a_ —t2/20.2
XT3 =50 erf(z/v/2)) + e T2 ) +0(N).

3427 N
(2.20)

With the leading support of the eigenvalues the disk |z| < +/N, it is natural to
consider as a point in the bulk any zg = s+/N + it+/N for some |s|, |t| < 1. Making
use of the fact that I'(N; u)/T'(N) — 1 for Iul/\/ﬁ —c,c<las N — o0, asis
consistent with (2.20), it follows that

lim Ky(zo +w, 20 +2) = K2 (w, 2)
N—oo

independent of zg; see also [104, Appendix C]. Similarly, for any |v| = 1,

A}Lnloo KN(U(«/N +z1), v(ﬁ +22) = e*(lzl\2+Izz|2)/2e2122h<%(_zl _ 22))
(2.21)
as calculated in [104, Appendix C with s, = vzi].
Generally, (2.9) gives for the appropriately scaled two-point correlation
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£2),00(Z1, 22) = P(1),00(21) P(1),00(22) — Koo (21, 22) Koo (22, 21)-

For large separation of z; and z, the leading-order of the RHS is given by the first
term which is the product of the densities. The second term — K o (21, 22) Koo (22, 21)
must decay sufficiently rapidly for it to be square integrable, since the limiting form
of the first integration formula in (2.14) remains valid,

/ Koo(w1, Koo (2, w2) d2 = Koo (w1, w2). (222)
C

This can be verified from the results of Proposition 2.3 by the evaluation of appro-
priate Gaussian integrals. To separate off the product of densities, one defines the
truncated (or connected) two-point correlation

Pé),oo(Zh 22) 1= P2),00(215 22) = P(1),00(21) P(1),00(22) = — Koo (21, 22) Koo (22, 21).
(2.23)

In particular, with bulk scaling, we read off from this and (2.18) that

1
pf’z’foo(zl, 22) = —;e*‘z‘*“‘z, (2.24)

which thus exhibits a Gaussian decay. With edge scaling, (2.23) and (2.19) give

2
. (25)

T o — 32— (V1 — )2
P33y 00 (215 22) = —e~ 1T mO17)

M(501+ 3 — it — )

Use of the asymptotic expansion of the error function [450, Eq. (7.12.1)] gives to
leading-order

e, T
) 00215 Z ~ - . 2.26
PhoL ) T T Gt o — )2 (2:20)

While this decays in all directions, parallel to the boundary of the leading-order
density (i.e. in the x-direction) we see that the decay is algebraic, as an inverse
square.

Remark 2.2 1. Generally for a matrix with eigenvalues {z;};= ...y the characteristic
polynomial is given by Oy (z) := ]_[;V: (z — z;). From the functional form (1.7) and
the formula (2.8) we see that for GinUE

Pk (Wis oo w) = NV = D)o (N =k + De T8 T jwy, — w1
I<ji<j2<k
k

« I {Tiovwo?) . @an

CN+k 2

s=1
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where the average is with respect to the GinUE eigenvalue PDF py(zi, ..., zy) of
{zi}i=1....n. In words, this says that for the (N + k) x (N + k) version of GinUE, the
k-point correlation is up to multiplicative factors given by the average with respect to
the N x N GinUE of a product of absolute value squared characteristic polynomials.
As a generalisation of the average in (2.27) one can consider

k
I, g o) = ([ 0w 0w)

s=1 Py

This first arose in the work [449] where, using Grassmann calculus a k x k matrix
integral evaluation was obtained. In the simplest case k = 1 the matrix integral
reduces to an ordinary integral, giving

oo
Ii(u,v) = / e (s +uv)V ds:
0
see also [354]. Subsequently, it was noted in [40] that an orthogonal polynomial
method underlying the proof of Proposition 2.2 gives
k=1

det[K Ui =
Li(uy,...,ug; v, ...,0) = (H(l—i—N)‘) [ N(uh ]2)]'“’]2_ Lo k_ .
1=0 [Ticj<parluy —ui)@; — ;)

2. It follows from (2.20) that the edge scaling of the eigenvalue density, in the coor-
dinates of (2.19) with z = x + iy, has the large N expansion

1 2 1
Pl = 5 (1+erf W2y + 2 0= D+0(5). 228)

1
w27 N

and thus in particular

1
P10 () = o (1 +erf (f2y)), (2.29)

where this latter expression is consistent with (2.19) upon setting z; = zp = z. See
Fig. 2.2 for the graph of p(j) .. There is interest in the functional form of the 1/ VN
correction term in our discussion of Sect. 4.2 below; see too [51, 397]. Integrating
(2.29)over y € (—oo, 0] and multiplying by 277 +/N (the length of the bounding circle
of the leading-order support) shows that to leading-order the expected number of
eigenvalues with modulus greater than v/N is v/ N /(27) [293]. Note too that setting
y =0 1in (2.29) gives pfl),oo(O) = % or equivalently limy_, p(l),N(«/ﬁ) = ﬁ,
which is exactly % of the limiting value inside the unit circle as given by (2.17).

3. The two-dimensional classical Coulomb system interpretation (1.12) of the eigen-
value PDF (1.7) allows for (2.17) to be anticipated. For this, one scales z; > +/Nz;
and introduces a mean field energy functional
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Fig. 2.2 Graph of 0.4
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with the hypothesis that p(1)(z) is chosen so that this functional is minimised and
furthermore integrates over €2 to unity. Characterising the minimisation property by
the vanishing of the functional upon variation with respect to o) (z) gives

|z|* — 2f oy (w) log |z — w|d*w = C, (2.31)
Q

where C is a constant, valid for z € Q2. Applying the Laplacian operation Vf to this,
using the standard fact

— VZloglz — w| = —278(z — w),

it follows that |
pay(w) = — Xlul<1- (2.32)

Here the restriction to |w| < 1 is implied by the rotational invariance, together with
the minimisation and normalisation requirements. The notation x4 denotes the indi-
cator function of the condition A, taking on the value 1 when A is true, and 0
otherwise. The support € of p(;)(w) — which here is the unit disk — in such a
Coulomb gas picture is typically referred to as the droplet (see e.g. [7, 322]). More-
over, this potential theoretic reasoning can rigorously be justified; see e.g. [141, Sect.
3.1] and references therein, as well as the discussion and references in the paragraph
including (5.7) of Sect. 5 below.
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4. Let X, have finite rank, and X be a GinUE matrix, scaled so that the leading
support of the eigenvalues is the unit disk, and consider the sum Xy + X. Assume
too that the eigenvalues of X are inside of the unit disk and near the boundary. In the
limit N — oo it has recently been shown that the edge correlation functions centred
on the eigenvalues of X form a determinantal point process with kernel involving
generalisations of the error function [412].

2.3 Elliptic GinUE

In the 1980s, a one-parameter generalization of the non-Hermitian complex Gaussian
matrices specifying GinUE was introduced [295, 507]. In this generalisation, varying
the parameter allows for the Hermitian ensemble of Gaussian matrices known as the
GUE (Gaussian unitary ensemble) to be obtained. A Hermitian matrix H from the
GUE can be constructed from a scaled non-Hermitian GinUE matrix G = (1 /V2)G
according to

H= %(G 4 GT). (2.33)

Proposition 2.4 Let the parameters 0 < T, v < 1 be related by t = (1 — v?)/(1 +
vz). For Hy, H, elements of the GUE, define

J=+~1+1t(H +ivH,). (2.34)
The eigenvalue PDF of the ensemble of matrices {J} is given by
| N

Cllv,r xp ( T 112 Z (|Zj|2 - %(Zf + Z?))) l_[ lze — 2% (2.35)

j=1 1<j<k<N

where Cy . =[] (1 — )2, jt.

Proof Following [275] and [237, Exercises 15.1 q.1], the starting point is to
note that the joint element PDF of /1 + tH; and /1 + 7 H, is proportional to

exp(— = Tr(H{ + H3)). The definition of J gives

Tr H? = (Tr(Jﬂ) +Re Tr(J2)>, Tt H? = L(Tr(JJT) —Re Tr(J2)).

1
2 202

As a consequence, it follows that the joint element PDF of J is proportional to

1
1 —12

exp ( — Tr(JJ' — tRe 12)). (2.36)

With this knowledge, the strategy of the proof of Proposition 2.1 leads to (2.35). [
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The correlations for (2.35) have, for an appropriate correlation kernel K y (w, z; 1),
the determinantal form (2.9). This involves the scaled monic Hermite polynomials

Cu(z) == (%)/ZH(J%) zeC. (2.37)

Proposition 2.5 [n the notation specified above, we have

1 1
Ky(w,z;1) = —

i
1 2 2 2 1)) " Cw)Ci(3)

(2.38)

Proof Following the same procedure as used to begin the proof of Proposition 2.2,
we modify (2.12) so that it reads

[] G—zp=detlpir@))}ies (2.39)
1<j<k<N

where {p;} is a set of monic polynomials, each p; of degree /. Choosing these poly-
nomials according to (2.37), with this choice being motivated by the orthogonality
[193, 215]

oo o0
/ dx/ dy e/IH+0=/1=DC (C,(Z) = emIV/ 1 — 280
—0o0 —0oQ

the remaining working of the proof of Proposition 2.2 establishes the result. (]

Applying the Coulomb gas argument of Remark 2.2.2, with the scaling z; —
V/Nz;, we conclude that within some domain Q the density is constant, taking the
value p(y(w) =1/ (1 — 72)). This domain, or equivalently droplet, can be deter-
mined to be an ellipse with semi-axes A =141, B =1 — t and area equal to
(1 — 12). The shape can be verified directly, by showing that with Q so specified,
and |z|? in (2.31) replaced by

(2’ —tRe2), (2.40)

the required minimisation equation is indeed satisfied [155], [237, Exercises 15.2
q.4]; see also [114, 193, 257, 397]. This droplet shape explains the terminology
elliptic GinUE in relation to (2.35). For complex non-Hermitian matrices (2.34), now
with the Hermitian random matrices H;, H, constructed from (2.33) with general
zero mean, unit standard deviation identically distributed entries that are not required
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to be Gaussian, a constant density in an ellipse was first deduced by Girko [295] upon
additional assumptions. A complete proof has been given by Nguyen and O’Rourke
[446].

As for the GinUE, as the boundary of the leading support of the elliptic GinUE is
approached, there is a transition from a constant density to a density which decays to
zero. Beginning with (2.38) in the case w = z, the analysis of the eigenvalue density
in this edge regime is more complicated than for the deduction of (2.20). It was
carried out by Lee and Riser [397]; see also [25, 441].

Proposition 2.6 Consider the elliptic GinUE, with the eigenvalues scaled z; —
VNz j so that for N large the leading-order support is the ellipse Q. Let zo be
a point on the boundary of Q2. Denote the unit vector corresponding to the outer
normal at this point by n, and the corresponding curvature by k. We have

P(l),N(ZO + %) = %(1 - erf(ﬁa)) + ﬂ\/’;T_NefzaZ((ﬂ; 1 ﬂ2> +O<%).
(2.41)

Remark 2.3 1. The leading term in (2.41) is identical to that in (2.28) with the
identification y = —c«. The universality of this functional form has been established
for a wide class of normal matrix models (see Sect. 5 in relation to this class), and
moreover extended to the edge-scaled correlation kernel (2.19) [61, 324]. This has
recently been proved too for non-Hermitian random matrices constructed according
to (2.33) with the elements of G identically distributed mean zero, finite variance
random variables [159].

2. Consider the elliptic-shaped domain

{zeC:1- (Iz|*> = TRe Z%) > 0}.

1 —12

Let the function on the left-hand side (LHS) of the inequality be denoted by 1 — f(2).
We see that f(z) coincides with (2.40). It has been shown in [34, 443] that the
polynomials {p,(z)} satisfying the orthogonality

/ pm(Z)pn(Z)(l - f(Z))a d2Z X am,m
Q

are simply related to the Gegenbauer polynomials {C{!*®)(z)}. After scaling, the
result (2.37) can be reclaimed by taking the limit « — oo.

3. We see from (2.34) that as T — 17, J is proportional to a GUE matrix, and in
particular its eigenvalues are then all real. It was found by Fyodorov, Khoruzhenko
and Sommers [276] that setting 7 = 1 — 2> /2N and scaling the eigenvalues z j
wzj/N =m(x;+iy;)/N that
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72
lim 2 K N, : ‘
NgnooNz N@w/N,wz/N; 1) .

=1-n2a2/2N
2 yi4+yi\ 1 [ o?u? _
=\Vra2 exp(— " >E/_HGXP<_—2 +lu(w—z))du.

(2.42)

(For a direct comparison between (2.42) and what has been reported in the literature,
see [24, Kyeak (21, 22) in Theorem 3] and [50, Sect. 1].) This is referred to as the
weakly non-Hermitian limit. Scaling of the correlation kernel at the edge in this limit
has been considered in [85, 280].

2.4 Induced GinUE

The fact that a complex Gaussian matrix G is bi-invariant with respect to multiplica-
tion by unitary matrices allows for the distribution of the singular values to be related
to the eigenvalue distribution [228, 364].

Proposition 2.7 Let G be bi-unitary invariant, and let U be a Haar distributed uni-
tary matrix. We have that G and (G'G)'>U have the same joint element distribution,
and so in particular have the same distribution of eigenvalues.

Proof By the singular value decomposition, G = U; £ U, for some unitary matrices
Uy, U, and where X is the diagonal matrix of the singular values. We then have
(GTe)V?U = U;ZUZU. By the assumed bi-unitary invariance of G, this matrix
and G have the same distribution. (]

The matrix
A:=(G')V*U (2.43)

is well defined for G rectangular, and moreover the property of G being bi-unitary
invariant can be generalised to this setting. Of interest is the relation between the
joint element distributions of G and A [228].

Proposition 2.8 Let G be a bi-unitary invariant rectangular n x N random matrix
with joint element distribution of the functional form g(G'G). The joint element
distribution of the matrix A (2.43) with U a Haar distributed unitary matrix is
proportional to

(det ATA)" Mg (AT A). (2.44)

As a consequence, for G a rectangular complex Ginibre matrix, the eigenvalue PDF

of Ais

N
1 P
[T1alP e = T o — 2l (2.45)

C
nN l1<j<k<N
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. . . N .
with normalisation C, y = N!'m" Hj:l(n —N+j-D!

Proof Write B = G'G. With the joint element distribution of G of the functional
form g(G'G), it is a standard result (see e.g. [237, Eq. (3.23)]) that the joint ele-
ment distribution of B is proportional to det B" ¥ g(B). But B and ATA have
the same joint element distribution from the bi-unitary invariance of G, and the
result just quoted with n = N tells us that the Jacobian for the joint element dis-
tribution of A and B is a constant, which implies (2.44). In the particular case
that G is a rectangular complex Ginibre matrix, the function g in (2.44) is the
exponential g(X) = e~ T"*. Furthermore, with the eigenvalues of A denoted by
{z1}, we have (det ATA)*N) =TTY, |z[>* ™. Taking these points into consid-
eration, we see (2.45) results by following the proof of Proposition 2.1. More-
over, with w (2) = w(|z|?) = |z|2(”’1\')e’|z‘2 the weight function, that the analogue of
(2.13) in that proof have the properties (2.14) requires that the normalisation equal
N! ]_[jy:_ol 27 [ r* ™ w(r) dr. This implies the stated value of C,, v . O

The correlations for (2.45) are of the determinantal form (2.9). Denoting the
corresponding correlation by K'C(w, z), the derivation of (2.10) shows [10, 228]

N - .
i 1 _ w2122 (U)Z)niNJr]il
KA?(U),Z)ZEE (wl+zl*)/2 E NI =D
j=1 '

! <\w|2+\z|2>/2ewz(r(”i wz) T —N; w2)>

_1- (2.46)
I'(n) I'(n —N)

T

We know that the eigenvalue density, p{) y (z) say, results by setting w = z in
K }\?(w, 7). Knowing from (2.20) that for N large I'(N; x N)/ I'(N) exhibits a tran-
sition from the value 1 for 0 < x < 1 to the value O for x > 1, we see from (2.46)
that

) 1
. G
Jim PN (VN2 = ;(X\zkm - X|z\<ﬁ)- (2.47)

n/N=a+I1

Here (x,;)-/a51 — X|z1<ya) corresponds to an annulus of inner radius /o and outer
radius «/a + 1. See Fig. 2.3 for the graphs illustrating the convergence (2.47). Gen-
erally, for random matrices of the form A = UTV, where U, V are Haar distributed
and the singular values of T converge to a compactly supported probability mea-
sure, it is known that the eigenvalue PDF in the complex plane is either a disk or
an annulus. This is referred to as the single ring theorem [222, 305, 306]. Scaling
of (2.46) in the bulk of the annulus, or at the boundary, is straightforward and leads
to the functional forms exhibited in Proposition 2.3 for the GinUE. Furthermore, in
the double scaling regime where the spectrum tends to form a thin annulus of width
O(1/N), the scaling of (2.46) in the bulk gives rise to the weakly non-Hermitian
limit (2.42) [128]. We also stress that the induced Ginibre ensemble was introduced
more generally in [10], where the eigenvalue PDF is a mixture of (2.35) and (2.45).
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(dashed line), where o = 1

(The induced GinUE model is then obtained by setting the masses to zero my =0
and T = 0.) In [10], the finite-N expression of the correlation functions as well as
their scaling limits both at strong and weak non-Hermiticity were obtained.

2.5 Complex Spherical Ensemble

For G, G, matrices from the GinUE, matrices of the form G = Gfle are said to
form the complex spherical ensemble [373]. For with, 8 € C with |a|? + |8]> =1,
introduce the transformed pair of matrices (C, D),

C:=—-BG,+aG,, D=uaG,+BG,.
Since G|, G, have independent standard complex elements, it is easy to check that the

pair (G, G») has the same distribution as (C, D). As a consequence, the eigenvalues
{z;} of G are unchanged by the fractional linear transformation
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a— B
B—a

=

This implies that upon a stereographic projection from the complex plane to the
Riemann sphere, the eigenvalue distribution of {G} is invariant under rotation of the
sphere, giving rise to the name of the ensemble and telling us that on this surface the
eigenvalue density is constant.

The explicit eigenvalue PDF for the complex spherical ensemble was calculated
by Krishnapur [373].

Proposition 2.9 For the complex spherical ensemble, the eigenvalue PDF is pro-
portional to

1
H (1 + |z 2N+

=1

[] lz—zP zecC (2.48)

1<j<k<N

Proof The jointelement distribution of (G, G») is proportional to exp(—Tr GTGI -
Tr G5G>). Substituting G, = GG, (this gives a Jacobian factor | det G1|") then
integrating over G; gives that the element distribution of G is proportional to

det(I+ GTG)™?V. (2.49)

Introducing now the Schur decomposition (2.2), and changing variables as in the
proof of Proposition 2.1, we have from this that the element distribution of the upper
triangular matrix Z therein is proportional to

det(I+ z"z)=2N ]‘[ |z — 2% (2.50)

1<j<k<N

Here {z;} are the eigenvalues of G, and also the diagonal entries of Z.

It remains to integrate over the strictly upper triangular entries of Z. For this,
denote the leading n x n sub-block of Z by Z,, and let the product of differentials
for the strictly upper entries of Z, be denoted by (dZ,). For p > n, define

L p(z1y ooy 2Zn) ::/—"(dfn).
e det(l, + ZoZ})"
Writing

Zy1u n—
Z, = [oT 11z ] u=I[Z;,1]. (2.51)

it is possible to integrate out over the elements of u to obtain the recurrence [260,
326]
Cnfl,p

Wln—l,p—l(zlv e Zn—1),
n

In,p(zla e Zn) =
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where
(dv)

Cil— P T .
b (] v s)

1

N
/det(]I +2'2)" N (dZy) ]_[ A+ ()N

I=1
which when used in (2.50) implies (2.48).

The stereographic projection from the south pole of a sphere with radius 1/2,
spherical coordinates (6, ¢), to a plane tangent to the north pole is specified by the
equation

z:ew’tang z=x+Iy
2’ '

Making this change of variables in (2.50) gives the PDF on the sphere proportional
to

]_[ lugv; —ujvel®,  u=cos(9/2)e'??, v =—isin(@/2)e . (2.52)

1<j<k<N

Here u, v are the Cayley—Klein parameters, and moreover |uzv; — u;v| = |1y — |
where r;, r; are the vector coordinates on the sphere. It is furthermore the case that
minus the logarithm of this distance solves the Poisson equation on the sphere, and
so (2.52) has the interpretation of the Boltzmann factor at coupling 8 = 2 of the
corresponding Coulomb gas; see [237, Sect. 15.6] for more details.

After first removing uy, u ; from the product of differences in (2.52), the Vander-
monde determinant identity (2.12) can be used to compute the correlation functions
following a strategy analogous to that used in the proof of Proposition 2.2. This
calculation was first done in the context of the corresponding two-dimensional one-
component plasma, as obtained by the rewrite of (2.52) analogous to (1.12) [131].

Proposition 2.10 The n-point correlations for (2.52) are given by

N\n _
Py (@10 O = () det [ +v;)" ] @Sy

Remark 2.4 1. Changing variables 6; = 2r;/7/N in (2.53) and taking N — o0,
the bulk-scaled correlation kernel (2.18) results. Here there is no edge regime.
2.Denotebya (X)ann x N (N x M),n > N (M > N) standard complex Gaussian
matrix, and set A = a¥a, ¥ = A~/2X . Interms of Y define Z = U(YY")!/2, which
corresponds to the induced ensemble construction of Sect. 2.4. It was shown in [229]
that the element PDF of Z is proportional to
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1

detzfzyM VN _—
et 222" e+ Z7Zy

The proof of Proposition 2.9 now gives that the corresponding eigenvalue PDF is
proportional to
s P

N
2
H (1 |22y FM—N+1 l_[ Iz = 21 (2.54)

I=1 1<j<k<N

With M, nscaledwith N, M/N — «; > 1,n/N — a, > 1 theleading-order eigen-
value support now occurs in an annulus with inner and outer radii

rr =+ (a1 —1)/ay, ry =+ay/(op —1). (2.55)

The associated correlation kernel Ky can be expressed in terms of the incomplete
beta function Iy (a, b) o [; t*~'(1 — )"~ dt, normalised to equal unity for x = 1
as

Ky (w,2) = |zw| MY
w, = —
M A+ 2D+ [w]2)) oM -ND/2

X (M +n— N1+ wz)“M*N*l(/;(M —N.n)—I.(M.n— N)),

(2.56)

where ¢ = (wz)/(1 + wz), see e.g. [120]. Scaling of the correlation functions at
either of these boundaries gives the edge kernel (2.19). Setting w = z and with
ap, ay as in (2.55) allows for the computation of the global density [229]

i 1 o +oay—1
im Np(l),N(Z) = mXHSrSm'

(2.57)
Note that for a1, a; — 17, this is supported on the whole complex plane, and upon
a stereographic projection gives rise to a constant density on the sphere, in keeping
the prediction at the end of the first paragraph of this section (Fig.2.4).

2.6 Sub-block of a Unitary Matrix

Let U be an (n + N) x (n + N) unitary matrix, and let A be the top N x N sub-
block. The non-zero eigenvalues of A are then the nonzero eigenvalues of DU D,
where D is the diagonal matrix with the first N diagonal entries 1, and the last n
diagonal entries 0. The eigenvalues of this matrix are the same as that for U D, since in
general for square matrices the eigenvalues of AB and B A coincide, and furthermore
D? = D. For u a normalised eigenvector of U D with eigenvalue A, computing the
length squared of U Du gives u’ Du = |A|?, where use has been made of the fact
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Fig. 2.4 Illustrations of the convergence (2.57), where 1 = 1 and ap =2

UTU = 1. But with the entries of u all nonzero, the action of D reduces the length,
implying |A| < 1. With U chosen with Haar measure, it was shown by Zyczkowski
and Sommers [542] that the exact eigenvalue PDF of A can be calculated.

Proposition 2.11 For A the top N x N sub-block ofan (n + N) x (n + N) unitary
matrix chosen with Haar measure, the eigenvalue PDF is proportional to

N

[Ta-1a®" [] law-zP  lal<t (2.58)

=1 1<j<k<N

Proof Let C be the block of U in the first N columns directly below A. Then by the
unitarity of U, ATA + CTC = Iy. This implies a joint distribution in the space of
general N x N and n x N complex matrices A, C proportional to the matrix delta
function

S(ATA+Cfc - Ty) f TH=p ) ATATCTCI) (G Fy 0> 0. (2.59)

Here in the integral form of the matrix delta function H is Hermitian; see e.g. [237,
Eq. (3.27)]. Beginning with this integral form the integration of the complex matrix
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C can be carried out according to [237, displayed equation below (3.27)] to give that
the element PDF of A =: Ay is proportional to

F,(Ay) = / (det(i Hy — Ty)) " T @H "IN AV=I0) (g F1 Y. (2.60)

This matrix integral is the starting point for the derivation of (2.59) given in [17,
Appendix B], which we follow below.

In (2.60) the integral is unchanged by conjugating H with a unitary matrix V say.
Choosing V to be the unitary matrix in the Schur decomposition (2.2) allows us to
effectively replace Ay by Zy throughout (2.60). Doing this, and integrating too over
Z ~ (i.e. the strictly upper triangular entries of Zy ), we denote the matrix integral by
F.(zi, ..., 2N).

Substituting the decomposition (2.51) for Zy we see that the vector u occurs as a
quadratic form, and can be integrated over. To progress further, Hy too is decomposed
by a bordering procedure of the leading (N — 1) x (N — 1) sub-block Hy_;, with
the N — 1 column (row) vector w (w') and entry & in the bottom right corner. Key
now is a determinant identity for a block matrix

AB] .
det [C D} = det(D) det(A — BD™'0),

familiar from the theory of the Schur complement (see e.g. [457]), applied to the
first term in the integrand of (2.60) with D = hy (a scalar). A shift of the integration
domain according to the additive rank 1 perturbation Hy_; > Hy_; — iww' gives
a quadratic form in w, which after integration reduces (2.60) to

Fu(zi, ..., 2n) / (det(i Hy_y —Iy_1)) " (ihy — 1) "l =Dhv=0
w T Zu1 G =) (g Y(dZy-D)dhy.  (2.61)

Here, using the residue theorem, the integral over /&y can be performed, yielding the
recurrence

Fu(ziy oo zw) o (1= lzn D" Kewp<1 Fa @iy -y 2v—1)

Iterating gives the first factor in (2.58), while the product of differences is due to the
Jacobian (2.5) for the change of variables to the Schur decomposition as computed
in the proof of Proposition 2.1. (]

Remark 2.5 The matrix integral (2.60) can be evaluated to deduce that the element
distribution of A is proportional to [167, 277] det(I — ATA)"~V. Only for n > N is
the normalisable. This is in keeping with AT A having N — n eigenvalues equal to
1 for n < N. Starting with this expression, and thus the corresponding restriction
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on n and N, a derivation of (2.48) can be given which is analogous to the proof of
Proposition 2.9 [260].

We have seen that the eigenvalue PDF (2.48) can, after a stereographic projection,
be identified as the Boltzmann factor for a Coulomb gas model on the sphere. The
concept of stereographic projection can also be applied to a pseudosphere, which
refers to the two-dimensional hyperbolic space with constant negative Gaussian cur-
vature. Doing so gives the metric specifying the Poincaré disk. Consideration of the
solution of the Poisson equation on the latter allows (2.58) to be interpreted as the
Boltzmann factor for a Coulomb gas model on the Poincaré disk [260].

The eigenvalue correlations for (2.58) are determinantal with correlation kernel,
Ky n say, expressible in terms of the incomplete beta function I, (a, b). Thus [227,
Sect. 3.2.3]

n(l— |w|2)("*1>/2(1 _ |Z|2)(n71)/2
T (1- U)Z)n+l

Kna(w,z) = (1 — I:(N,n+ 1)). (2.62)

In the limit n, N — oo with (N +n)/N = « > 1 it follows from this that

lim — (@) = 21 (2.63)
im — = —— ———— Xzt <l/a- .
N PN (1= o2 =Y
See Fig. 2.5 for the graphs of p(1) v .

Hence there is a bulk regime, and an edge regime. The neighbourhood of the
origin is typical of the bulk regime, and it follows from (2.62) that

lim 1KN,n(w/«/ﬁ, w//n) = K2 (w, 2), (2.64)

nN— p
n/N=a

where K };o is specified by (2.18). And after appropriate scaling about |z| = /@), the
universal edge density as given by the first term in (2.41) is obtained [227],

. 1 £ 1
(151% a(l = a)xpayy (J& n ﬁ,/a(l - a)) = — (1 - erf(ﬁg)).
(2.65)

A distinct scaling regime, referred to as close to unitary [277], or more specifically

a multiplicative rank » contraction of a random unitary matrix, is obtained by taking

N — oo withn fixed in (2.62). Scaling the eigenvalues z; = (1 — y/N)e!®/N gives

[362] [227, Eq. (3.2.140)]
N—o0

n—1 1
2V/3132) / e @—0s gg (2.66)
0

I 1
li —K n ’ = -
M,z Rvnlen @) = T

This functional form was first obtained for the scaled correlation kernel in the setting
of a rank n additive anti-Hermitian perturbation of a GUE matrix [273, Eq. (15)
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Fig. 2.5 Illustrations of the convergence (2.63), where o = 2

after setting v(x) = 1/m, identifying z; = (¢ + iyx)/2 and taking the limit g, — 0
(m=1,..., M) with M identified as n].

A generalisation of the setting of Proposition 2.11 is to consider the top (N +
L) x N sub-block of an (n + N + L) x (n + N + L) unitary matrix chosen with
Haar measure. Denote such a rectangular matrix by Ay r, and define from this
AN,L = V(AL’LAN,L)l/z, where V is an N x N random Haar distributed unitary

matrix. It was shown in [227] that the eigenvalue PDF of A ~.L 1s proportional to
(2.48) with an additional factor of H;V: |z |>L. Denote the corresponding correlation
kernel by Ky, 1. Scaling L by requiring that L/N = « > 0as N — oo, scaling the
eigenvalues z; as in the above paragraph, and keeping » fixed, it was shown in [362],
[227, Eq. (3.2.122)] that

n—1 a+l
Qyyiy)" / n = 1+iH1—0)s g
o

I i
lim — Ky (21, — -
Wy K@) =0T e

oo N2
(2.67)

Note the consistency with (2.66) in the limit o« — 0.
Another class of generalisation is, for U an (n + N) x (n 4+ N) Haar distributed
unitary matrix, and A a fixed diagonal matrix with first n diagonal entries ay, ..., a,
and the remaining entries unity, to consider the product U A [271, 277]. With each
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a; = 0, this corresponds to the truncated Haar unitary model of this section. The
simplest case is when n = 1, and furthermore we take a; = a with |a| < 1. Notice
that this corresponds to a multiplicative rank 1 perturbation of U — see the recent
review [249] for context from this viewpoint. The eigenvalue PDF is then proportional

to
N+1

a—laPs(la? = [T1aP) T[] l-al lal<t  @68)
=1

1<j<k<N+1

(cf. (2.58)) and an explicit formula for the general k-point correlation function is
known [271, 277]. The latter involves determinants but technically the state is not
(unlessa = 0) adeterminantal point process as no correlation kernel can be identified.
Specifically, the functional form of the density is

1 1 d (xN —1 la]>\N
UA
= — J— 1__
P.N+1(2) 71(1—|a|2)Ndx<x—1 +( x ) )

For recent works relating to the U A model see [202, 255]. Let us also mention that
a fixed trace constraint of the form (2.68) was also considered in [23, 24] for GinUE
and its generalisations.

(2.69)

x=|z|?

2.7 Products of Complex Ginibre Matrices

Consideration of the eigenvalue PDF for the product G| G,, where G (G») are inde-
pendent N x p (p x N) rectangular complex Ginibre matrices was first undertaken
by Osborn [456], in the context of a study relating to quantum chromodynamics.
(We also mention that the GinUE has been directly used in the QCD bulk spectrum
[421].) Later [333] it was realised that this e1genvalue PDF must be the same as
that for the product G1 G2 (or G2G1) where each G isan N x N complex random
matrix with element distribution proportional to

|det G;Gi|"e GG ) =0, vy = p— N; (2.70)

note the construction (2.43) for random matrices with this element PDF. Hence it suf-
fices to consider the square case. Key for this is the generalised Schur decomposition
(equivalent to the so-called QZ decomposition in numerical linear algebra)

Gi=UZV, G,=V'zU", (2.71)

where Z;, Z, are upper triangular matrices with diagonal entries {z(il)}, {zf)} such
that
0,2 _ .
z;'z) =z, (2.72)

with {z;} the eigenvalues of G1Go.
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For the change of variables (2.71) the wedge product strategy of the proof of
Proposition 2.1 can again be implemented [456], [237, proof of Proposition 15.11.2]
to give for the Jacobian (2.5). Substituting (2.71) in (2.70) and recalling (2.72), it
follows that the eigenvalue PDF is proportional to

H w® @) [Tlz; =zl (2.73)

Jj<k

where
P P 2
w® (z) :=/d2z1 Izllzv'/dzm 122|228 (z — z1z2)e” 11 2l
c C

Moreover, it was shown in [456] that w‘® () can be expressed in terms of the modified
Bessel function K,,_,, (2|z]), assuming v, > vj.

Akemann and Burda [15] (in the case of all square matrices), and soon after
Adhikari et al. [5] (the general rectangular case), generalised (2.73) to hold for the
product of M complex Gaussian matrices. As already indicated in the case M = 2,
following the work of Ipsen and Kieburg [333], it is now known that the rectangular
case can be reduced to the square case, where the square matrices have distribution
as in (2.70), with the v; equal to the difference (assumed non-negative) between the
number of rows in G; and the number of rows in G| (= N). The role of the modified
Bessel function, as the special function evaluating the weight w® (z) in (2.73), is
now played by the Meijer G-function

ai, ... / ;=) [l T —a;+s)
bi,..., = omi ]_[ et F(l —bj+5s) 1_[5‘7=n+1 C(a; —s)

G™ n( 2 ds,

(2.74)
where C is an appropriate contour as occurs in the inversion formula for the corre-
sponding Mellin transform; see e.g. [414] for an extended account.

Proposition 2.12 Consider the product G - - - G y (in any order) of complex Gaus-
sian matrices with element PDF as given in (2.70), with each v; > 0 but otherwise
unrestricted. The eigenvalue PDF is proportional to

]_[ w @) [Tl =P w @ =6l (12| L VM). (2.75)

Ty evey

Jj<k

The functional form (2.75) remains valid for the product of rectangular complex
Ginibre matrices G - - - Gy, with v; specified as in the second sentence above (2.74).

Proof (Sketch) The generalised Schur decomposition (2.71) can be extended to a
general number M of square matrices to give what is referred to as the periodic Schur
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form [99], [415, Corollary 3.2]
Gi=UZV:, Vi=Ul Gi=1,..,M=1),Vy=U; (2.76)

in [15] this was deduced independently. The key features with respect to computing
the eigenvalue PDF of the product Gi---Gy,as already discussedinthe case M = 2,
again hold true. In particular the Jacobian factor for the change of variables is given by
(2.5), and the k-th diagonal entry of each Z; multiply together to give the eigenvalue
7y of the product. It follows that the eigenvalue PDF is given by (2.75) with

w™ (2) o / Az |z P - / A2y [z P8z — 21 - zan)e” Sm 5 (2.77)
C C

Asnoted in [5, 15], taking the Mellin transform of this expression leads to the Meijer
G-function form in (2.75). ([l

An easy consequence of (2.75) is that the eigenvalue correlations are determinantal
with kernel, Ky s say, given by [5, 15],

" y 12X (wz)/!
K, 9) = (w ™) "3 (2.78)
j=1 l_[m=1 L@+ vm)
Rigorous asymptotic analysis of (2.78) can be carried out [15, 409]. For example,
with w = z and z — NY/2z, one obtains
|Z|72+2/M

lim NM-1 NM/2,y —
Ngnoo PN ( 2) —HM

X|Z|<17 (279)
where it is assumed each v; is fixed. To interpret this result, form the M-th power of
a single GinUE matrix G. The eigenvalues are {Z; = Z?’I } with {z;} the eigenvalues
of G. Changing variables in the circular law (2.17) z = z" gives the density (2.79)
in the variable Z. Hence, as anticipated in [112], the global eigenvalue density for the
product of M independent GinUE matrices is identical to that of the M-th power of
a single GinUE matrix. This same global scaling limit is also well defined if some
or all of the v; are proportional to N. An explicit limit formula has been obtained
by Liu and Wang [409]. It is found that the density has the support of an annulus
if each p; := limy_  v;/N is positive, but otherwise is again supported in a disk,
albeit with a density function distinct to that in (2.79).

One observes from (2.79) a singularity at z = 0, not present in the circular law
global density (2.17) for GinUE. A consequence is that the correlation kernel about
this point, simply obtained by setting the upper terminal of the sum in (2.78) equal to
infinity, is distinct from the corresponding kernel (2.18) for the bulk-scaled GinUE.
On the other hand, it is shown in [409] that the bulk-scaled GinUE kernel is reclaimed
by choosing the origin a distance a+/N from z = 0, for any 0 < @ < 1. Also, from
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[15, 409] we know that the scaling of (2.78) about |z| = 1 reclaims the kernel (2.19)
for the edge-scaled GinUE.

Remark 2.6 1. Required in the derivation of (2.79) from (2.78) is knowledge of the
z — 00 asymptotic expansion [414]

1 2\ M-1)/2 /M
GM,O<Z‘ — ) - (_) oMz Z(v]+---+vM>/M(1 L Oz M )
o.M Vi, ..., Vg M N 2 ( (2)80)

Of particular interest is the exponential term herein, which with z replaced by |z|?
as required in (2.78) reads e~™<I”"" | This suggests a modification of U in (1.12) to
read

N
M
Un == 2; M = > loglak — 7. (2.81)
j:

1<j<k<N

Indeed, starting from Uy and repeating the working of Remark 2.2 reclaims
(2.79). The correlation kernel appearing in such a calculation is called the Mittag—
Leffler kernel. This terminology applies too in the more general case that a term
—c Z;\’:l log |z;| is included in (2.81) [60, 64]. This very case, forc = (k — M) /M,
(k=1,..., M), appears in the calculation of the joint distribution of the eigenvalues
of the M-th power (M < N) of a GinUE matrix [198, Th. 1.5]; for generalisations in
this direction see [201]. We also refer to [357, 358] for the appearance of particular
Mittag—Leffler point process as a degenerate limit of so-called elliptic determinantal
point processes, characterised by the product of differences in (1.7) being replaced
by a product over Jacobi theta functions.

2. The eigenvalue PDF for a product of GinUE matrices and inverses of GinUE matri-
ces has been shown to be of the form (2.75), but with the Meijer G-function therein
replace by a different Meijer G-function [5]. The corresponding limiting eigenvalue
density, in the case of equal numbers of matrices and inverses, is [301, 540]

1 |Z|72+2/M

aM (1 + |z)7M)y (282

li =
Ngnoo Py~ (2)

This functional form relates to the M = 1 case in the same way as (2.79) relates to
(2.17), being the M-th power of the so-called spherical law.

3.The case M = 2 of Proposition 2.12 permits a generalisation. Thus for the matrices
in the product (~31 Gz choose

(?1:«/1+1:X1+\/1—1X2, (ﬂ}z:\/l—i—tXlT—i—\/l—tX;, O0<t<l,

where X, X, are N x (N + p) rectangular complex Gaussian matrices. The joint
element distribution is then proportional to

1 s s L
exp<— — TzTr(G}GI +GiGy - 2rReG1G2>);
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cf. (2.36). Results in [456] give that the eigenvalue PDF of Gl Gz is of the form in
(2.73) but with w®(z) now dependent on 7. Due to the shape of the resulting droplet,
this gives rise to the so-called shifted elliptic law [21, Th. 1]. See also [127] for the
eigenvalue correlations.

4. The product of M random matrices in the limit M — oo is of interest from a
dynamical systems viewpoint, as the scaled logarithm of the singular values gives the
Lyapunov spectrum. Closely related for product matrices themselves are the stability
exponents, defined as ﬁ log|zkl, (k=1,..., N). In fact for bi-unitary invariant
random matrices at the least, the Lyapunov and stability exponents are the same [468].
Works relating to the computation of these exponents and their related statistical
properties for GinUE include [9, 16, 239, 243, 298, 331, 356, 410, 411].

2.8 Products of Truncated Unitary Matrices

The eigenvalue PDF for a truncation of a Haar distributed unitary matrix has been
given in Proposition 2.11. It turns out that knowledge of the evaluation of the matrix
integral (2.61), as implied in the proof of Proposition 2.11, used in conjunction with
the periodic Schur form (2.76), is sufficient to allow for the determination of the
eigenvalue PDF of the product of M truncated Haar distributed unitary matrices
[17].

Proposition 2.13 Consider M independent Haar distributed (nj + N) x (nj + N)
unitary matrices, with the top N x N sub-block of each denoted by A; (j =
1,..., M). The eigenvalue PDF of the product A, --- Ay (in any order) is given
by (2.75) with

w(M)(Z) — GAA:II:(])W(|Z|2‘ng ...,V(l)M)X‘Zkl. (283)
Proof (Sketch) The method of proof of Proposition 2.12, which begins with the
periodic Schur decomposition (2.76), and then integrates out over the upper triangular
entries of the matrices Z; (here this latter step requires knowledge of the evaluation
of the matrix integral (2.61)) gives (2.75) with

M
w(M)(Z) x / d2z1 . / dZZM(S(Z — 21 2m) 1_[(1 _ |Zj|2)l’lj_1'
C C j=1
Taking the Mellin transform of this expression leads to the Meijer G-function form

in (2.83).

Analogous to (2.78), it follows from the result of Proposition 2.13 that the eigen-
value correlations are determinantal with a kernel (to be denoted by K g ) given by
[17]
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(nm +j — D!

Ky y(z1,22) = (w(M)(Zl)w(M)(ZZ)) Z(lez)j 1 H 1_[ G _Jl)v :
m=1m=1

(2.84)

Note here, that in distinction to (2.78), the w™ are given by (2.83). Suppose all

the n; are equal to n, and that for large N, n/N = o > 0. Using (2.84) in the case

zZ1 = 22, it is derived in [17] that

C(N |Z|_2+2/M

Wﬂzk(wrm; (2.85)

pa),N(2) ~ M

cf. (2.82).

In the same limit, with the scaling z > z/N™/? (and similarly for w), the kernel
(2.84) multiplied by N~ has the same limit as the kernel (2.78) for the product of
M GinUE matrices about the origin in the case of each matrix square (all v; = 0).
If instead a point zo with 0 < zo < (1 4+ ) /2 is chosen before this scaling, one
obtains instead the GinUE result (2.18), while at the boundary of support, generalising
(2.65) it is found that [17]

lim M o 1 n & VMa'l?
e N (1 a1 PON T M2 T /N (1 a) M2

n/N=a

_ %(1 ~ erf(v26)), (2.86)

thus again exhibiting the universal functional form seen at the edge scaling of the
GinUE (2.29).

Also considered in [17] is a close-to-unity scaling, with n; = n all fixed (i =
1,...,M)as N — oco. Scaling the eigenvalues z; = (1 — yi/N)e!®/N it is found
that (2.66) again holds but with each occurrence of n replaced by n M.

2.9 The Distribution of the Squared Eigenvalue Moduli

All the explicit eigenvalue PDFs obtained in this chapter, excluding the elliptic Gini-
bre ensemble, have the form

N
[Twta® Tt -z (2.87)
=1

1<j<k<N

for some weight function w. In particular, they are invariant under rotations about
the origin. An observation of Kostlan [372] for the GinUE case (1.7) of (2.87) is that

the set of squared eigenvalue moduli {|z ]I W j=1» appropriately ordered, are indepen-
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dently distributed (specifically as gamma random variables {I'[j; 1]}); see too [145,
Theorem 1.2].

Proposition 2.14 Let F,, (s, ..., sy) denote the PDF for the distribution of {s; 1=
|zj|2}7:1f0r the PDF (2.87). We have

w(s; )s
Fu(s1, .. sn) = 2Sym Hfo w(;)s] R (2.88)

where Sym denotes symmetrisation with respect to {s;}.

Proof Starting with (2.11), then substituting (2.12) and its complex conjugate, we
see

N N

[Twda® [ la—z?=]Twla® detlfi1@)1Y ) detlar—1G 1Y )
=1 1<j<k<N =1

where f(z) = 7', g/(z) = 7. According to Andréief’s identity (see e.g. [246]), it
follows from this that the integral over z; € C (I = 1,..., N), I,y say, is itself
given by a determinant

N
o = N1det [ [z @i ]

Substituting the explicit form of f;, g; and changing to polar coordinates z; = r;e'”
shows that only the diagonal terms are non-zero. This allows the determinant to be

evaluated as

N o0
I, v = NizV ]"[ / w(s)s'~'ds, (2.89)
i—1 0

where in each integration the change of variables > = s has been made. Forming
now Iy4 n/1y N, Where ¢ is a suitable test function, and assuming that (2.87) is
normalisable, the result (2.88) follows. (I
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Chapter 3 ®)
Fluctuation Formulas Gedar

Generally, a statistic of a point process refers to the stochastic variable defined by
evaluating a function at the points. In this setting the class of functions of a single
variable are referred to as linear statistics. One example is the counting function for
eigenvalues in a specified region. The large region size form of the variance of this
statistic, when proportional to the surface area, is used to specify the state as being
hyperuniform. In the case of GinUE eigenvalues, a central limit theorem for the
distribution can be established, and this can be strengthened for a local limit theorem
of the underlying probabilities. Moreover, large deviation formulas for the latter
are obtained. The counting function linear statistic is discontinuous. Smooth linear
statistics with global scaling exhibit distinct large N behaviours, in particular the
variance is now an O (1) quantity for GinUE eigenvalues. A decomposition of this
variance as a contribution from the bulk, and a contribution from the boundary, is
exhibited. The chapter concludes with a discussion of GinUE eigenvalues in spatial
modelling.

3.1 Counting Function in General Domains

The eigenvalues of a non-Hermitian matrix are examples of point processes in the
plane. Statistical quantities characterising the point process are functions of the eigen-
values {z;} of the form Z;\’:l f(zj)—referred to as linear statistics—for a given f.
Such statistics are closely related to the correlation functions. Thus

N
(> rep)= /C F@payn @) d*z, (3.1
j=1
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while

N N
Cov (Z f@. )y g(zz))
I=1 =1

= / d’z / 2 @8 (Pl () + prn (@8 = D)
C C

1
-3 [E d’z fc 4’7 (f(2) — f(@) (@) — @) ph Nz 7). (3.2)

see e.g. [250, Sect. 2.1]. Here p(Tz),N(Z, 2) = payn(. 2) — pay.n (@) e N (D).
One of the most prominent examples of a linear statistic is the choice f(z) = x.co,
where D € C. The linear statistic is then the counting function for the number of
eigenvalues in D, N(D) say. Let Ey(n; D) denote the probability that there are
exactly n eigenvalues in D, so that Ey(n; D) = Pr (Zj.v:l Xz;ep = n). Denote the

corresponding generating function (in the variable 1 — &) by En(&: D) so that

N
ExE: D) =Y En(n: D)(1 - £)". (33)

n=0

Note that with 1 — £ = ¢/’ this corresponds to the characteristic function for the
probability mass functions { Ey (n; D)}. A straightforward calculation (see e.g. [237,
Proposition 9.1.1]) shows that En(&: D) canbe expressed in terms of the correlation
functions according to

N n
Eve D =1+ S [ Pa [ Papnnim. 69

n=1

It can readily be checked that (3.1) and (3.2) in the special case f(z) = g(z) = Xzepn
are consistent with (3.4).

Specialising now to the circumstance that the PDF for the eigenvalues is of the form
(2.87), a particular product formula for E ~n(&; D) can be deduced, which was known
to Gaudin [286].

Proposition 3.1 Let {pw) v} in (3.4) be given by (2.9) where the correlation kernel
Ky corresponds to (2.87). Let Ky p denote the integral operator supported on z, €
Dwithkernel K (z1, z2). This integral operator has at most N non-zero eigenvalues
{A; (D)WY, where 0 < Ai(D) <1, and

j=r

N
Ex(&: D) =[]0 - &1, 0. (3.5)

Jj=1
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Proof Let {p;(2)}52, be a set of orthogonal polynomials with respect to the inner
product ( f, g) := fc w(|z|?) f () g(Z) d*z with corresponding normalisation denoted
by hy. Taking as a basis {(w(|z]*)"/? px (2)}72, it is straightforward to check that

= 75 @)ps ()
Ky(i.22) = w(ziPDw(lz)'? %

s=0

(3.6)

and so the eigenfunctions of Ky p are of the form (w(|z|*)!/? Z?]:_o] cs ps(2) (see

e.g. [237, proof of Proposition 5.2.2]). Hence there are at most N nonzero eigenval-
ues, which moreover can be related to a Hermitian matrix and so must be real. In
terms of these eigenvalues, the determinantal form (2.9) substituted in (3.4) implies
(3.5)—this is a result from the theory of Fredholm integral operators (see e.g. [532]).
Since by definition, each n-point correlation is non-negative, we see from the RHS
of (3.4) that E"N(S; D) > Oforé <0,andsoA;(D) >0(j =1,...,N). Also, the
definition (3.3) tells us that Ey (&; D) > 0forall £ < 1. This would contradict (3.5)
if it was to be that any A ; (D) > 1, since in this circumstance there would be a £ in
this range such that E ~(&; D) vanishes. O

Consider Zyzl xj where x; € {0, 1} is a Bernoulli random variable with Pr (x; =
1) = A;(D). The characteristic function is 1—[;\’:1 (1-2;D) + ei’kj (D)). With
e =1 — £ this gives the RHS of (3.5). But it has already been noted that E N(E; D)
with & related to '’ in this way is the characteristic function for the counting statistic
N (D), and hence the equality in distribution N (D) L Z_l,«v:] Bernoulli(A; (D)) [317,
326]. From this, it follows using the standard arguments (see [223, Sect. XVLS5,
Theorem 2]) that a central limit theorem holds for N'(Dy) (here the subscript N on
Dy is to indicate that the region D depends on N),

_ N®Dy) — (NODY) «
N T Nar NOyy 2 O 1, 3.7)

valid provided Var N (Dy) — oo as N — o0; see also [172, 498, 510].
A stronger result, extending the central limit theorem (3.7), follows from the fact
that (3.5) in the variable z = 1 — & has all its zeros on the negative real axis [262].

Proposition 3.2 In the setting of the applicability of Proposition 3.1, and with
on, = (Var N(Dn))'/?, we then have that {Ey (k; Dy)} satisfy the local central
limit theorem

1 2
lim su on, En([on,x + (IN(DW))]; Dy) — —e™ 2l =0. (3.8
ym XE(_OEOO) Np EN(LON, N N P
Proof The fact that the zeros of (3.5) with the variable z = 1 — & are on the neg-
ative real axis implies, by Newton’s theorem on log-concavity of the sequence of
elementary symmetric functions [448], that { Ey (k; D)} is log concave. It is known
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that log-concavity is a sufficient condition for extending a central limit theorem to a
local limit theorem [84]. ([l

For large N, inside the disk of radius ~/N, the eigenvalue density for GinUE
is constant and the full distribution is rotationally invariant. In such circumstances,
for a two-dimensional point process in general, it is known [76] that Var N(Dy)
cannot grow slower than of order [0Dy|, i.e. the length of the boundary of Dy.
Thus both (3.4) and (3.5) are valid for any region Dy constrained strictly inside
the disk of radius ~/N and with a boundary of length tending to infinity with N.
In fact for GinUE more precise asymptotic information is available [148, Eq. (11)],
[224, Eq. (2.7)], which gives that for any Dy C {z : |z| < 1},

|3D0| 1
Var N(v'NDy) = N / (Var Xy <1t vmn2) d;+o(Nl/2) (3.9)

Here U is a random variable uniform in [0, 1]. A direct calculation gives that the

integral evaluates to \/j —the advantage of the form (3.9) is that it remains true if the
appearance of the variance throughout is replaced by any even cumulant [148, 224].
In particular this shows that the growth of the variance with respect to the region is the
smallest order possible—the corresponding point process is then referred to as being
hyperuniform [289, 523, 524]. A corollary of the property of being hyperuniform,
together with the fast decay of the correlations, is that the bulk-scaled GinUE exhibits
number rigidity [290, 292]. This means that conditioning on the positions of the
(infinite number of) points outside a region D fully determines the number of (but
not positions of) the points inside 9, and their centre of mass.

3.1.1 Counting Function in a Disk and Scaled Asymptotics

In the special case that Dy is a disk of radius R centred at the origin (we write this as
Dp), the polynomials in (3.6) are simply the monomials p;(z) = z°. The eigenfunc-
tions of Ky p are also given in terms of the monomials as {(w(|z|*))"/?z/~'},=1 v,
and hence for the corresponding eigenvalues we have

R2 )
A,-(D,g:/ r-f—‘w(r)dr// Flwydr,  j=1,...,N.
0 0

Substituting in (3.5) and choosing w(|z]?) = exp(—|z|2) then shows that for the

GinUE [232]
N

foR2
En(€: Dg) =]_[< y(lf;jl; )), (3.10)
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where y (j; x) denotes the (lower) incomplete gamma function. Note that this remains
valid for N — oo in keeping with the discussion of the previous paragraph. Setting
& = 1, asymptotic expansions for the incomplete gamma function can be used to
deduce the N — oo asymptotic expansion of Ey (0; D, /x),

Ey(0; D, /) = exp (C1N2 4+ CN10g N + C3N + Ca/N + % log N + 0(1)),

(3.11)
where 0 < o < 1. Here the constants C, ..., C4 depend on « and are known explic-
itly (e.g. C; = —a*/4), being first given in [232]. The first two of these can be
deduced from the large R expansion of the quantity Fo,(0; Dg), defined in Remark
3.1.1 below, given in the still earlier work [304]. The log N term was determined
recently in [149], as too was the explicit form of the next order term, a constant with
respect to N.

Let Da v~ denote the region {z : [z]| > a~/N}, ie. the region outside the disk
of radius a\/ﬁ , where it is assumed 0 < @ < 1. Note that then Ey(0; Da «/ﬁ) =
En(N; D, /5)- The analogue of (3.11) has been calculated in [149], where in
particular it is found that

Ci=a*/4—a®+ (1/2) loga?® +3/4, (3.12)

the coefficient C, is unchanged, while the coefficient % for log N seen in (3.11)
is to be replaced by —%. (We also refer to [175] for an earlier work for which this
expansion was obtained up to C3.) One sees from (3.12) that C; = Oforo = 1, and the
result of [149] gives that C5, C5 similarly vanish, giving that Ex (N; D /) ~ eC+VN,
Extending « larger that 1 according to the precise N dependent value

1 X N
a=1+—<4/_+—>, = log — —2loglog N, (3.13)
2\/N YN «/V_N YN g27r g 1og

gives the extreme value result limy_ o Ex(N; D, V) = exp(—exp(—x)) [469]
(seetoo[145, Th. 1.3 witha = 2] for a generalisation to the case of (2.8 1), considered
also in [149] for o < 1), which is the Gumbel law. Other references on fluctuations
of the spectral radius under various boundary conditions include [63, 105, 128,
142, 283, 489]. Furthermore, an intermediate fluctuation regime which interpolates
between the Gumbel law with the large deviation regime (3.12) was investigated
in [382]. Another case considered in [ 149] is when Dy is specified as the outside of an
annulus contained inside of the disk of radius /N . Two features of the corresponding
asymptotic expansion (3.11) are: (1) the absence of a term proportional to log N, and
(2) the presence of oscillations of order 1 that are described in terms of the Jacobi
theta function. We also refer to [54-56, 151] for further recent studies in this direction
in the presence of hard edges.
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For general Dy with |Dy| — oo the coefficient C; in (3.11) relates to an energy
minimisation (electrostatics) problem, and similarly for the || — oo expansion of
Eo(0; D) [3, 4, 175, 207, 342]. Thus for D = D, JN the electrostatics problem
is to compute the potential due to a uniform charge density 1/ inside a disk of
radius o, with a neutralising uniform surface charge density —« /27 on the bound-
ary. The applicability of electrostatics remains true for the asymptotic expansion
of En(k; D, Jﬁ) (and E(k; D)) in the so-called large deviation regime, when
k <« Na? ork > Na?. For a disk the electrostatics problem can be solved explicitly
to give [45]

En(k; D ﬁ) ~ E*Nzllfo(ot;k/N)’
1, 5 ) ) (3.14)
Yola; x) = 7 (¢ — x)(@” — 3x) — 2x"log(x/a?)|.

Note in particular that ¥y (e; 0) = a*/4, which is the value of —C} in (3.11), while
setting x = 1 gives the value of —Cj noted in the above paragraph. There is also a scal-
ing regime, where [k — Na?| = O(N'/?), for the asymptotic value of Ey (k; D, /%)
which interpolates between (3.14) and the local central limit theorem result (3.8) [224,
383]. In the case of E(k; Dg), it makes sense to consider k proportional to not only
o R? but also to @ R with y > 2. Then [224, 342]

Eo(aR”; Dg) ~ o~ 3 (r=2)*R¥ log R(1+o(1))

Remark 3.1 1. Closely related to the probability Ey(N; D) is the condi-
tioned quantity Fy(n; D) := Pr(ZjAv:1 Xz;ep = n|z; = 0). Denote the corre-
sponding generating function by Fy(&: D). Proceeding as in the derivation of
(3.10) shows Fy(&; Dg) = Ey(&; Dg)/(1 —&(1 — e ")), Thus in particular
Fn(0; Dg) = e’ En(0; Dg) [304]. Note that —diRF(O; Dg) gives the spacing
distribution between an eigenvalue conditioned to be at the origin, and its nearest
neighbour at a distance R. The work [495] gives results relating to the PDF for the
minimum of all the nearest neighbour spacings with global scaling, obtaining a scale
of N=3/4 and a PDF proportional to xde™",

2. For any p > 2, the p-th cumulant «,(Dg) of the number of eigenvalues in Dg
can be written as

N—1
1
_(_ 1 . -
Kp(R) = (—=1)P* E_O:Lh_p(l ;i R)), (3.15)

where Li;(x) = Y ;o k*x* is the polylogarithm function. The formula (3.15) as
well as its large N behaviour both in the bulk and at the edge were obtained in [384].
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3.1.2 Counting Function in the Infinite System

We turn our attention now to the circumstance that a (possibly scaled) large N limit
has already been taken, and ask about the fluctuations of the number of particles in a
region N (D) for large values of |D|, i.e. the volume of . The first point to note is that
if the coefficient of £” in (3.4) tends to zero as N — 00, then the expansion remains
valid in this limit [402]. The decay is easy to establish in the determinantal case,
since then (see e.g. [237, Eq. (9.13)]) piu), v (21, -+, 2n) < H7:1 pay,~(z7). Hence it
is sufficient that fQ pay.n(2) d?z be bounded for N — oo. With the limiting form of
(3.4) valid, the theory of Fredholm integral operators [532] tells us that the limit of
(3.5) is well defined with the RHS identified as the Fredholm determinant det(I —
EKx.p)- In (3.10) the limit corresponds to simply replacing the upper terminal of
the product by co. We stipulate the further structure that the correlation kernel be
Hermitian, as holds for the appropriately scaled form of (3.6). Then the argument
of the proof of Proposition 3.1 tells us that the eigenvalues of K o are all between
0 and 1, which in turn allows the reasoning leading to (3.7) to be repeated. The
conclusion is, assuming Var N (D) — oo as |D| — oo which as already remarked
is guaranteed by the results of [76], that (3.7) remains valid with Dy replaced by D,
and the limit N — oo replaced by the limit |D| — oo [172, 326, 510].

It is moreover the case that in the above setting and with these modifications
the local central limit theorem of Proposition 3.2 remains valid [262]. Another point
of interest is that the expansion (3.11) is uniformly valid in the variable R = a+/N,
provided this quantity grows with N, and hence also provides the large R expansion of

- (0; Dg). Finally, we consider results of [395] as they apply to number fluctuations
in the infinite GinUE. The plane is to be divided into squares I'; of area L? with centres
at LZ*. Define Y; = N(T';)//Var N(T ;). Forlarge L, in keeping with (3.9) we have
Var (I';) ~ 2L/713/2. The question of interest is the joint distribution of {Y;}. It is
established in [395] that for L — oo this distribution is Gaussian, with covariance
i[—A] k> Where A is the discrete Laplacian on Z?. Consequently, fluctuations of
N (T';) induce opposite fluctuations in the regions neighbouring I';.

For the infinite GinUE the exact result in terms of modified Bessel functions

(; R )( v (s Rz))
ING)) ING))

(3.16)
is known [496, Th. 1.3], [224, Appendix B]. The second expression in (3.16) also
appears in [384] as a large N limit of the number variance of the finite Ginibre
ensemble in the deep bulk regime. This exhibits the leading large R form R/./m
which is consistent with identifying V/N|3Dy| as 27 R on the RHS of (3.9); see
also [20].

Var N(Dg) = R2e2K (10(2R2) +1 (2R2)) Z Y

Remark 3.2 Consider the weakly non-Hermitian limit of the elliptic Ginibre
ensemble specified by the correlation kernel (2.42), parametrised by o > 0. Let
EZ (0; D(x|x|<s)) denote the probability that there are no eigenvalues in the strip
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of the complex plane Re z < s. It is a celebrated result of the Kyoto school that for
a — 0 this gap probability can be expressed as a Painlevé V transcendent in sigma
form (o PV function) [347]. Recently, Bothner and Little [106] extended this result
to all @ > 0, with the role of the PV function now played by a certain integro-
differential Painlevé function. In [106] the same authors have obtained an analogous
characterisation of ES2* (0, D(x,~s)), i.e. the probability of no eigenvalues with
Re (z) > O for the edge-scaled weakly non-Hermitian limit of the elliptic Ginibre
ensemble.

3.2 Smooth Linear Statistics

The theory of fluctuation formulas for GinUE in the case that f(z) in (3.1) is smooth
has some different features to the discontinuous case f(z) = x,ep. This can be
seen by considering the bulk-scaled limit, and in particular the truncated two-point
correlation (2.24). From this we can compute the structure factor

GinUE i ikr g, 1 _ k>4
SOimUE (k) ._fR (,0(2)00(0 r)+—8(r)) dr_;(l e ) (3.17)

The knowledge of the structure factor allows the limiting covariance (3.2) to be
computed using the Fourier transform

oV (37 F@, Y] gm)) = (2 i / Fa0g(—k (1 - e 74) dk,
(3.18)
valid provided the integral converges. Here, with z = x + iy, r = (x, y) and the
Fourier transform f (k) is defined by integrating f(r) times ¢/** over R?—thus
according to (3.17) Sg“UE(k) is a particular Fourier transform. Now introduce a
scale R so that f(r) — f(r/R), g(r) — g(r/R). It follows from (3.18) that

Jim CovOUE (37 £/ R), Y e/ R) = s | ook ak
(3.19)
again provided the integral converges. Most noteworthy is that this limiting quantity
is O(1). In contrast, with f(r) = g(r) = X|r/<1, and then introducing R as prescribed
above, we know that (3.18) has the evaluation (3.16). As previously commented, the
large R form of the latter is proportional to R, which in turn is proportional to the
circumference of the disk-shaped region implied by the linear statistic x|r<r.

Remark 3.3 Consider the linear statistic A(X) = — Z?’:l (log|x —r;| —log|r;|).
In the Coulomb gas picture relating to (1.12), this corresponds to the difference in
the potential at x and the origin. For bulk-scaled GinUE, one has from (3.18) the
exact result [42]
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—t

: 1 > 2
VaI'GmUEOC A(X) — 5(210g |X| + (|X|2 + 1) eT dt — e*‘x‘ —+ C + 1>7

Ix|?

(3.20)
where C denotes Euler’s constant. In particular, for large |x]|, VarGnVE~ 4 (x) ~
log |x|. This last point shows that the introduction of a scale R as in (3.19) would
give rise to a divergence proportional to log R. Such a log-correlated structure under-
lies a relationship between the logarithm of the absolute value of the characteristic
polynomial for GinUE and Gaussian multiplicative chaos [387].

The covariance with test functions f(r) — f(r/+/N), g(r) — g(r/~/N)
assumed to take on real or complex values is also an order-one quantity for GinUE
in the N — oo limit, upon the additional assumption that f, g are differentiable and
don’t grow too fast at infinity [58, 59, 235, 472].

Proposition 3.3 Require that f, g have the properties as stated above. Let

00
f(r)lr:(cosﬂ,sinﬁ) = Z fnei”e

n=—00

and similarly for the Fourier expansion of g(r) for r = (cos @, sin6). We have

N N
Jlim CovGi“UE< D FEiNNLY g(r,j/‘/ﬁ))
j=1 j=1

1

1 o0
= [ vf-Vidxdy+- N
ar ), VS VRdxdy > Inlfag

n=—0oo

(3.21)

Proof (Sketch) In the method of [472], a direct calculation using (3.2), (2.18) and
(2.10) allows (3.21) to be established for f, g polynomials jointly in z = x + iy and
z = x — iy. The required integrations can be computed exactly using polar coor-
dinates. To go beyond the polynomial case, the so-called dbar (Cauchy—Pompeiu)
representation is used. This gives that for any once continuously differentiable f in
the unit disk D, and z contained in the interior of the disk,

1 0 1
f@) = ——/ M d*w + — AC) dw, (3.22)
wJp, wW—2 2mwi Jop, w — 2
where withw = o 4+ iy, 0y = %(% +1i %).The covariance problem is thus reduced

to the particular class of linear statistics of the functional form #(z) = 1/(w — z). The
required analysis in this case is facilitated by the use of the corresponding Laurent
expansion, with only a finite number of terms contributing after integration. ]

Remark 3.4 1. As predicted in [235], upon multiplying the RHS by 2/8, (3.21)
remains valid for the Coulomb gas model (1.12) [75, 394, 491]. In the case of the
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elliptic GinUE, a simple modification of (3.21) holds true. Thus the domain |r| < 1in
the first term is to be replaced by the appropriate ellipse, and the Fourier components
of the second term are now in the variable 1, where (A cosn, Bsinn),0 <n < 2w
parametrises the boundary of the ellipse. The results of [59, 235, 394] also cover
this case.

2. In the case of an ellipse, major and minor axes A, B say, there is particular inter-
est in the linear statistic P, := Z;V:l x; [155]. Linear response theory gives for the
xx component of the susceptibility tensor y—relating the polarisation density to the
applied electric field—the formula x,, = (8/(w AB)) limy_,  Var P, (and similarly
for the xy and yy components). This same quantity can be computed by considera-
tion of macroscopic electrostatics, which gives y.. = (A + B)/(wr B). Using (3.21)
modified as in the above paragraph, the consistency of these formulas can be verified.
3. Considering further the case of elliptic GinUE, dividing by N and taking the limit
T — 1 gives the GUE with eigenvalues supported on (—2, 2), and similarly for the 8
generalisation limiting to (1.12) restricted to this interval. For this model it is known
(see e.g. [250, Eq. (3.2) with the identification x = 2 cos 8]) that

o0

N N
NninooCov<Zf(x,), Zg(x,)) = %an,fgﬁ,
j=1 j=1

n=1

where f(x)|x=2cos0 = f§ +2D oo fcosnd and similarly for g(x). We observe
that this is identical to the final term in (3.21), modified according to the specifications
of point 1. above.

4. There has been a recent application of Proposition 3.3 in relation to the computation
of the analogue of the Page curve for a density matrix constructed out of GinUE
matrices [164].

We turn our attention now to the limiting distribution of a smooth linear statis-
tic. By way of introduction, consider the particular linear statistic % Z?’Zl |r; |2 for
GinUE. An elementary calculation gives that the corresponding characteristic
function, 13N (k) say, has the exact functional form

Py(k) = (1 — ik/N)~NWN+D/2, (3.23)

It follows from this that after centring by the mean, the limiting distribution is a
Gaussian with variance given by (3.21) (which is this specific case evaluates to one).
A limiting Gaussian form holds in the general case of the applicability of (3.21), as
first proved by Rider and Virag [472].

Proposition 3.4 Let f be subject to the same conditions as in Proposition 3.3, and
denote the case f = g of (3.21) by a%. For the GinUE, if f takes on complex values
then as N — 00 ‘

N N
> 1NN = (3 £@ /NS NIO, o] + N[0, o,
j=1

j=1
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while if f is real-valued the RHS of this expression is to be replaced by N[0, o].
Moreover, this same limit formula holds for the elliptic GinUE [59] and its B gener-
alisation [394 ] (both subject to further technical restrictions on f ), with the variance
modified according to Remark 3.4.1.

Proof (Comments only) The proof of [472] proceeds by establishing that the higher-
order cumulants beyond the variance tend to zero as N — oo. Essential use is made
of the rotation invariance of GinUE. The method of [59] uses a loop equation strategy,
while [394] involves energy minimisers and transport maps. For GinUE with f a
function of |r|, a simple derivation based on the proof of Proposition 2.14 together
with a Laplace approximation of the integrals [235] (see also [120, Appendix B]). [

Remark 3.5 Other settings in which Proposition 3.4 has proved to be valid include
products of GinUE matrices [171, 371] (with the additional assumption that the test
function has support strictly inside the unit circle), and for the complex spherical
ensemble of Sect. 2.5 after stereographic projection onto the sphere [88, 471].

3.3 Spatial Modelling and the Thinned GinUE

The GinUE viewed as a point process in the plane has been used to model geograph-
ical regions by way of the corresponding Voronoi tessellation [391], the positions of
objects, for example trees in a plantation [390] or the nests of birds of prey [12],
and the spatial distribution of base stations in modern wireless networks [188, 440],
amongst other examples. The wireless network application has made use of the
thinned GinUE, whereby each eigenvalue is independently deleted with probability
(1 =2¢),0 < ¢ < 1. The effect of this is simple to describe in terms of the correlation
functions, according to the replacement

PN (E1s s zn) > N Py (@, - Zn)- (3.24)

With the bulk density of GinUE uniform and is equal to 1 /7, we can also rescale the
position z; > z;/¢ so that this remains true in the thinned ensemble. For this (3.24)
is to be updated to read

PN @1y s Z0) > PN @V s 2V (3.25)

Recalling now (2.9) and (2.18), for the bulk-scaled limit of the thinned GinUE
we have in particular

) 1 , | i
GinUE {GinUE, T i
pél)lfloo (2) = ;, p(z)l,noo (w,z2) = —?e lw=z|"/¢
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From these functional forms we see
. ¢ .
[ w0 d = =L AR wnlessg =1
C

where the superscript “tGinU” denotes the thinned GinUE. Equivalently, in terms of
the structure factor (3.17),

. 1-—
Sf}g‘“UE(O) = 1-¢ #0 unless¢ = 1.
T

Due to this last fact, the O(1) scaled covariance for smooth linear statistics (3.18) is
no longer true, and now reads instead

. R (11— »
Cov e (37 Fu/R). Y gi/R)) ~ (271)2( n“ | FM0s(-k)dk.
(3.26)

This leading dependence on R? holds too for the counting function f(z) = x;<1>
since in distinction to (3.18) the integral now converges. Hence, in the terminology
of the text introduced below (3.9), the statistical state is no longer hyperuniform.
There is an analogous change to the O(1) scaled covariance (3.21), which is now
proportional to N and reads

N N

| -

CovOmE (3 ey VW) Y g V) ~ N[ rgavay.
=1 j=1

T r|<1
(3.27)
Notwithstanding this difference, the corresponding limiting distribution function
is still Gaussian [386]. A more subtle limit, also considered in [386], is when
N — oo and ¢ — 1~ simultaneously, with N(1 — ¢) fixed. The quantity (3.21)
returns to being O(1), but consists of a contribution of the form (3.21), and a term
characteristic of a Poisson process; see also [455].
We turn our attention now to the probabilities {E}\?UE (k; D, sx)}- Upon consid-
eration of the thinning prescription (3.25), the proof of Proposition 3.1, and (3.10)
shows that the corresponding generating function is given by

N L2
M)_ (3.28)

EYEE: Dyyew) = [ | (1 aki e

j=1

Setting & = 1 in this gives the probability E7YE(0; D, /zw). Note that the implied
formula shows E'$YE(0; D, zw) = ESUE(¢; D, /5). The large N asymptotics of

ESYE(¢; D, /w)» and various generalisations, are available in the literature [116,
150]. Here we present a self-contained derivation of the first two terms (cf. (3.11)).
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Proposition 3.5 For large N and with0 < a, { < 1 we have
EVE(0; Dy ew) = exp (oezN log(1 — ¢) + vVa2N h(¢) + 0(1)), (3.29)

where

he) = /oolog(l - (c/2><11 +erf(r/ﬁ>)> i
0 -¢

n / log (1 — @/ - erf(t/ﬂ))) dr. (3.30)
0

Proof Our main tool is the uniform asymptotic expansion [529]

UL S o

cf. the leading term in (2.20). Here it is known that the error term has the structure
(1/vM)g(j/~/2M), where g(t) is integrable on R and decays rapidly at infinity.
This expansion suggests we rewrite the product in (3.28) with £ = 1 in the form

M*

., * . N
(1- ;)W*]<H Loer: M VF(”)( [T a-¢rs M*)/m))),

-7 j=M*+1

Jj=1

where M* = [¢’N].

We see that the first term in this expression gives the leading-order termin (3.29). In
the first product we change labels j > M* — j +1(j = 1,..., M*). In the second
we change labels j > M*+ j+1(j=0,...,N — M* — 1). Now writing both
these products as exponentials of sums and applying (3.31) gives, upon recognising
the sums as Riemann integrals, the O(v@2N) term in (3.29). ([l

The leading term in (3.29) is consistent with the general form expected for thinned
log-gas systems, being of the form of the area of the rescaled excluded region, times
the density, times log(1 — ¢) [242, Conj. 10].

Remark 3.6 1. The topic of spatial modelling using Ginibre eigenvalues naturally
leads to questions on the efficient simulation of the point process confined to a
compact subset of C. Practical algorithms for this task have been given in [181,
182].

2. Beyond Voronoi cells as a geometrical measure, a topological measure known as
persistence diagrams has been introduced in the context of Ginibre point processes
in [291].

3. A question of long-standing interest is the spectrum of an adjacency matrix for a
random graph or network; see for example [196]. In the particular case of directed
random networks, for which the adjacency matrix is asymmetric, relationships to
bulk GinUE spectral statistics have been found [460, 537].
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Chapter 4 ®
Coulomb Gas Model, Sum Rules and iy
Asymptotic Behaviours

Throughout this chapter we consider the Coulomb gas model (1.12) with general
B > 0, for which we use the notation OCP, which stands for one-component plasma.
The special case 8 = 2 coincides with GinUE. The study of thermodynamic prop-
erties of the OCP requires the asymptotic expansion of the logarithm of the renor-
malised configuration integral for large N . This holds true for the Coulomb gas model
confined to general domains. A conjectured universal logarithmic term, which is pro-
portional to the Euler characteristic of the domain, is highlighted and a conjecture for
the +/N surface tension term in the case of disk geometry is also reported, as are
some exact results for the energy per particle. In relation to the edge-scaled charge
density, sum rules for the total charge and the dipole moment are given, and an
asymptotic expansion of the density outside of the droplet is formulated, which as
the multiplicative constant term involves the dimensionless free energy per parti-
cle. The final section of the chapter addresses sum rules and asymptotics associated
with the truncated two-point correlation function, which is conveniently interpreted
as the screening cloud about a fixed charge. Its Fourier transform gives the structure
function, for which several terms in the small wavenumber expansion can be pre-
dicted. Also emphasised is distinct, slowly decaying, asymptotic behaviour of the
truncated two-point correlation function at the boundary.

4.1 Asymptotics Associated with the Configuration Integral

The configuration integral for the Boltzmann factor (1.12) is specified by

gcp(ﬁ):fcdzmmfcdzmv e B kP [T lz—zl (4.1

1<j<k<N
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From the OCP viewpoint, it is more natural to consider the renormalised quantity

1 1 3
Z}eR,OCP(‘B) — ﬁAN,ﬁ Q([\)}CP([_})’ AN,/S — e*ﬂNz(Zlongg); (42)

see [237, Eq. (1.72)]. The symbol Dy on the LHS indicates an underlying disk of
radius R (with R = +/N although we suppress this detail). Specifically, A ~.p on the
RHS of (4.2) is derived as the Boltzmann factor of the electrostatic self-energy of a
smeared out uniform background, charge density —nl, confined to the disk Dg, and
the constant terms of its electrostatic energy when coupled to a particle inside of this
disk. The quantity Zﬁ”’ocp(ﬁ) is then the partition function of the charge neutral
OCP. Generally, in statistical mechanics for a stable system the dimensionless free
energy, BFn(B) = —log Zn(B), is an extensive quantity, meaning that for large N
it is proportional to N. For the closely related model when the particles are strictly
restricted to the disk, the validity of this statement was established in [405, 486], and
has been reconsidered recently using more far-reaching techniques in [393] (which
for example form a platform for the study of fluctuation formulas in [394]). Making
use of Proposition 2.1 the large N form of S F ]1\,) R’OCP(,B) can be computed for 8 =2
[520, Eq. (3.14)].

Proposition 4.1 We have

Dg,OCP _ 1 , 1
BFy (B) ﬁzz—Nﬂf(ﬂ)he:z—i-ElogN—;(—1)_W+O<W)’
4.3)
where
1 1
Bf(B)lp=2 = 5 log (ﬁ) 4.4)

Proof This relies on (2.3), identifying H?’;,l j!'= G(N + 1), where G (x) denotes
the Barnes G-function, and the knowledge of the known asymptotic expansion of
G(N + 1) (see e.g. [226, Th. 1]). O

For the OCP on a sphere of radius R, S,ze say, and with R = % N so that the
particle density is 1/, the partition function of the charge neutral system is (see
e.g. [520, Eq. (2.1)])

Z;S\%’OCP(ﬁ) — %N—Nﬁ/zeﬂ]\lz/él

x[queld¢1~-~/sid9Nd¢N [T iy —uyue.

1<j<k<N

Here the variables {u, v;} are the Cayley—Klein parameters as in (2.52). From the
analogue of Proposition 2.1 this can be evaluated exactly at 8 = 2 [131], implying
that for large N [344], [520, Eq. (3.6)]
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2
5%.0CP

1 1 , 1 1
BEN T B, = NBFBlp=a + glogN 4 5 =20/ (D + 1o +0( 1)

180N2 N4
4.5)
where Bf (B)|g=2 is as in (4.3).
Both expansions (4.3) and (4.5) illustrate a conjectured universal property of
the large N expansion of BFY<F in the case that the droplet forms a shape with

Euler index x [344]
BFOP(B) = NBf(B) + asv/N + 1X—2 logN +-- -, (4.6)

valid for general B > 0. To compare against the exact results for 8 = 2 it should
be recalled that x = 1 for a disk and x = 2 for a sphere. An analogous calculation
in annulus geometry at B = 2 gives an expansion with a term proportional to log N
absent, in keeping with y = 0 [229], [125]. A further point of interest is that the
large N expansions for Ey (0; Dy) from [149] as reviewed in Sect. 3.1.1, also exhibit
simple fractions for the coefficient of log N, and moreover this term is not present
in the case where the eigenvalues are constrained to a single annulus.

We note that the term proportional to /N in (4.6) has the interpretation as a
surface tension, and so is expected not to be present in the case of a sphere for any
B. Also, for the disk geometry, it has been conjectured (see [135, Eq. (3.2)]) that

4log(B/2)
ap = 3?11/2 ’ 4.7)

which in particular vanishes in the special case § = 2, as is consistent with (4.5).

Remark 4.1 1. Multiplication of the configuration integral QP (8) by Ay 4 as in
(4.2) effectively shifts the microscopic energy U in (1.12) by a function of N. We
denote this shifted, charge neutral, energy by U’, and similarly in relation to the
sphere. For 8 = 2 direct calculation of the mean is possible. Thus in the case of the
OCP on the plane, one finds [494, equivalent to Egs. (25) and (29)]

1 /N2 N+1 NC (N +3/2)
u')yPr = (=W —logN) + —— + — - ————
R P 2(2( (V) =logN) + ==+ = = FN T 2T G)2)
ILN—1,N+3/2 CN 2JN 5 in
F N2+ 7 =~ L oNvV
X3 2( N+2 N+1 ‘)) s t3m T wmt ( ).

where C denotes Euler’s constant and W(N) denotes the digamma function. The

corresponding result for the sphere geometry at 8 = 2 gives the simpler formula
[43, 132, 480]

N CN 1 .
ﬁ72=Z(_HN+IOgN)=____+O(N )7

U/ Sfe
w 4 8
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where Hy denotes the harmonic numbers. The common leading-order value of the
charge neutral energy per particle, —C /4, was known to Jancovici [337] through the
formula

lim v ocp’ __T | b.GinUE (0 1) Jp — —
W N U = g L ee i pe e (0 dr == o

where the integral is evaluated from the explicit formula for pbz’(?;';UE given by
(2.24). Note as an expansion about =2, BFn(8) = BFn(B)lp=2 + (B —2)(U") +
o((B/2 — 1)?), so the above results allow (4.3) and (4.5) to be extended to first order
in (B — 2). In particular consistency is obtained with (4.6).

2. In the low temperature limit § — oo the OCP particles are expected to form a
triangular lattice. Recent works relating to this include [48, 65, 66, 93, 138, 394,
474, 484]. The conjectured exact value of twice the charge neutral energy per particle
in this limit, with bulk density 1/(47) (not 1/ as is natural for GinUE in the plane,
rather the geometry used was a sphere of unit radius) is [108]

1 2 JT
2log2 4+ —log = + 31 = —0.0556053...;
og2+ > og 3 + 3log T(1/3)

see [511] for alower bound close to this value. To obtain this, a limit from the known
number theoretic expression for the potential at the origin due to a triangular lattice
of particles interacting by the Riesz 1/r® pairwise potential is taken—the work [493]
discusses analytic properties of such lattice sums and regularisations. Relevant to the
different bulk density is the generalisation of (4.2) to the case of a general background
charge density —py, inside D. Let this quantity be denoted by ZZL\?R 0P (B; pp)- Using
[237, Eq. (1.72)] a simple change of variables in the configuration integral shows

Zy" O (B; pp) = NP1V e Z 00 O (B 1 /). (4.8)

Consequently, upon taking the logarithmic derivative with respect to g, the limiting
internal energy per particle, u9F (8; pp) say, has the functional form

udP(B; pv) = —i log oy + uF (B; 1/7), (4.9)

exhibiting a simple dependence on p,. We also refer to [18, 144, 388] and references
therein for recent works on the opposite, high-temperature limit 8 — 0. In particular,
Debye—Huckel theory predicts

1 1 C
OCP . o - _ 2 _ -
U (ﬁ,pb)ﬁ_)o 7 logmpn — 7 log(B/2) — = (4.10)

where C denotes Euler’s constant; see e.g. [481, Sect. 2.1]. Finite size corrections in
the Debye—Huckel formalism are considered in [519, 525].



4.2 Sum Rules and Asymptotics for the Edge Density 59

4.2 Sum Rules and Asymptotics for the Edge Density

First we note that for large N the leading-order support of the density is a disk of
radius +/N, independent of f8, as follows from the potential theoretic argument of
Remark 2.2.2. Using the vector coordinate r = (x, y), as in the second equation in
(2.19) we introduce edge-scaling coordinates by writing

€ 1 € 1
PN VN =) = PPE D) + =) + o(y) @b

Here the form of the correction terms, known to be valid at 8 = 2 according to (2.28),
are at this stage presented as an ansatz. We seek some integral identities that must
be satisfied by pfl’gg(y) and M?i?if(y). Identities of this type are referred to as sum

rules.

Proposition 4.2 We have

> 1
/ (pfifgf(y) - _Xy>0) dy =0 (4.12)
oo T

and
* ¢,0CP 1 > eocp
[ (it - —nm)dy = [ uiSSma. @)
—0 T —00
Proof Because of the large N form of the density, we have that pa’ggp(r) — % Xir| <N

will be concentrated near |r| = +/ N. Now, the normalisation condition for the density
gives, with the use of polar coordinates

*© e,0CP 1 d
r\payN @) — = Xp<yw ) dr
0 4

v ocCp 1
= [ W (oSN <) = Sxa) dr =0,

In the second term we now substitute (4.11) and equate terms of order /N and of
order unity to zero to obtain (4.12) and (4.13). O

From the functional forms for pfl'gi;UE (y) and ufisi;UE (y) as read off from (2.28),
we verify both of the above sum rules in this special case. Note that the integral on
the LHS of (4.13) has the interpretation of the dipole moment of the excess charge in
the edge boundary layer, using the Coulomb gas picture. In fact it is possible to derive

a further sum rule which evaluates this dipole moment explicitly [521, Eq. (5.13)].

Proposition 4.3 We have

/_:y(pf{?,ﬁf’(y) — %xpo) dy = —ﬁ(l - g) (4.14)
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Proof From the definition, we observe

N
d N
<Z|ri|2>=_510g</ drl.../7drNechj:1Ir,r\2 1_[ |I‘k—1‘_,'|ﬂ)

1<j<k<N

c=B/2
(4.15)
The ¢ dependence of the integral can be factored by a simple change of variables,
allowing the integral to be replaced by ¢~V #NWV=D/4 and so giving

<Z|r,|2>=—+ vy =), (4.16)

By writing the LHS as an average over the density and the use of polar coordinates,
we see that this is equivalent to the sum rule

2 /Ooo (pggff,’v(r) X,<f) dr = %(% - 1).

Proceeding now as in the proof of Proposition 4.2, by substituting (4.11), equating
terms proportional to N on both sides, and making use too of (4.13), we deduce
(4.14). (]

One observes that the RHS of (4.14) changes sign as 8 increase beyond 4. In fact
in the work [134] it is predicted that for general 8 > 2, the edge density profile of
the OCP exhibits an overshoot effect where it rises before tailing off to zero. The
exact evaluation of the edge density to leading-order in 8 — 2 in [135] lends analytic
evidence to this claim, while numerical evidence from Monte Carlo simulations
is presented in [138]. This edge density overshoot effect has been observed in the
random matrix ensemble of even-dimensional random matrices Zy W, where Zy =
el ,
319]. Moreover, in [319], upon the assumption of large eigenvalue separation, an
analytic calculation of the joint eigenvalue PDF gives the functional form of the
OCP with g = 4.

We now turn our attention to the large N form of the global-scaled density,
,ofl)of,l)(r) = ,08?1)\, (+/Nr). From the theory noted at the beginning of the section,
this will limit to the circular law (2.17). We ask about the leading correction term. A
hint is given by (4.16), which after dividing both sides by N? to correspond to global
coordinates tells us

and W is a complex anti-symmetric Gaussian random matrix [243,

N
-2 2020

Here, the subscript “g, OCP” means that the average is taken with respect to the
measure (4.1). The first term % is the average of the function g(r) = Ir|> over the
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disk D s with density % The second term is a % correction, so we might expect that
the leading correction to the circular law is O(1/N). In fact, knowledge of (4.14)
is sufficient to compute the leading correction term of the large N expansion of
all the moments (% Z?/:l Ir;j|”)g0cp (p =1,2,...), allowing us to conclude [521,
Eq. (5.18)] that

B\,
; ) ~8/(r = 1),
(4.17)
Thus the correction term is concentrated on the boundary. For GinUE, it can be
deduced from (2.10) that inside the droplet the corrections are exponentially small
[397,Th. 1.2],[334, Lemma 3.1]. (See also [300, 335]) This same formula can also be
read off from a more general formula relating to 8 generalised normal matrix models
(see § 5.3) obtained by Zabrodin and Wiegmann [539, Eq. (5.16)]. Associated with
(4.17) is the expansion [393, Eq. (1.14)]

(3 i )™ 1/ (r) dxd
— Y g(r; =— g(r)dxdy
Nj:] ! 7T Jirj<1

1 1 B 5 .
ﬁﬂ(l__>flrl<lvg(r)dxdy+o(N ), (4.18)

P&V (@) = xm<1 +—/<(r)+0(N 32 k() = ’3<1

4

valid for sufficiently smooth test functions g (note that rotational invariance is not
assumed). In the case § = 2 this expansion can be found in [59, Th. 2.1].

As our final topic under this heading, we consider the y — —o0 asymptotic form
of pfigg(y). According to (2.29), at 8 = 2 we have

—2}'2

¢,0CP €
Piy0 (V) e @y (4.19)

As afirst step to extend this to general 8 > 0, a large deviation formula for pg():];\, (r)

can be computed, which asks for the asymptotic form of pgsll)\,(\/ﬁ r) (here polar
coordinates are being used), » > 1 [135, Proposition 1].

Proposition 4.4 With Bf (B) the dimensionless free energy per particle as in (4.6),
forr > 1 we have

)

PSS (VNr) = ~ e e~ WD =D oy (Nﬂ logr — glog(r2 -1+ 0(1))-

(4.20)

Proof (Sketch) The starting point is to manipulate the definition of p(ICP to obtain
its form written as an average

'0(1) N+1(V + Ir)
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: N+T
_ (N 4 1NN r0p QgCP((?) 1‘”/ ron L @D

N+1

Here Q%CP (B) is the configuration integral (4.1), and the average is with respect to
the global-scaled OCP, specified by the Boltzmann factor (1.12) but with the factor
of % multiplying the first sum in U replace by % The significance of this is that
upon exponentiating the product, the average can be recognised as the characteristic
function for a particular linear statistics. For this, with |r| = r > 1 Proposition 3.4
applies, telling us the leading two terms in its large N asymptotic expansion, once the
corresponding mean and variance have been computed. After calculating these, (4.20)
results. O

From (4.20) we compute the limit formula

2

e Py

7, 4.22
Y (4:22)

Jim pQ% (VNP iy =

which under the assumption that the large deviation formula connects tothe y — —oo
tail of pfiggf(y) is the sought 8 > 0 generalisation of the 8 = 2 result (4.19). The

consistency between (4.22) and the latter is immediate upon substituting (4.4).

4.3 Sum Rules and Asymptotics for the Two- and
Higher-Point Correlations

Setting k = 0 in (3.17) gives
1
/}R (Pl @.1) + —5(@)) dr =, (4.23)

where ,0?2’{ o 18 given by (2.24). This constraint on p(bz‘f o« 1s an example of a sum
rule. In physical terms, using the Coulomb gas picture, it says that the response
of the system by the introduction of a charge (corresponding to the delta function)
is to create a screening cloud (corresponding to P(Tz),oo) of opposite total charge.
Consequently, (4.23) is referred to as the perfect screening sum rule. It relates to the
point process being hyperuniform or equivalently incompressible—for a state that is
compressible the RHS of (4.23) is not zero but rather is given in terms of the second
derivative of the pressure with respect to the fugacity; see e.g. [248, Eq. (3.7)]. For
states with an underlying long-range potential (as in (1.12)) the perfect screening sum
rule is expected to be a necessary condition for thermodynamic stability [422]. Of
similar general validity is the sum rule which results when the integrand of (4.23) is
replaced by
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qTy, ..., T, T) = Pk+1),00(T1, ..., Tk, T)
k
1
- ;Io(k),oo(rl, coo )+ 21:5(1' —Tj)PU),00T1, ..., ). (4.24)
j:

Furthermore, the fast decay of the correlations upon truncation (i.e. suitable subtrac-
tion by combinations of lower-order correlation as in the definition of P(Tz),oo) implies
that not only does the total charge associated with g vanish, but in fact so too all the
multipole moments [422].

Proposition 4.5 Let g be as in (4.24) and set v = (x, y). For bulk-scaled GinUE,
specified in terms of the correlation functions by (2.9) with N — oo and the
correlation kernel (2.18), we have

/ (x —iy)Pq(ry, ..., 1, 0)dr=0, p=0,1,... (4.25)
RZ

Proof For any k > 1 integrating over the term involving the sum of delta func-
tions gives ( Zl;:l (x; —iyp? ) Pk),00- To then integrate over the first two terms, we
expand the determinant specifying p+1).c0 by the final row. The term coming from
the last entry is recognised as (1/7) o), and so cancels. For each of the k other
terms, we multiply the term coming from the j-th entry of the final row K2 (r,r;)
times (x — iy)? down the final column containing [K é’o (T, 1)]* and integrate

m=1°
over r. For the latter task, polar coordinates can be used to deduce that

fz(x —iy)P K2, (0, 0K (6, 1)) dr = (xj — iyj)P K2 (B, ¥));
R

the case p = 0 is (2.22) with bulk scaling. After rearranging the columns, the result
of the integration in each case can be identified as —(x; — iy;)” p(x),00, and thus in
total cancel out with the integration over the final term. (I

Replacing 1/7 in (4.24) by p(1),00(r) the sumrule (4.25) with p = O remains valid
in the case of edge-scaling as a consequence of the validity of (2.22). For p > 1
the slow decay of the correlations along the direction of the boundary as seen in
(2.26) means that the integral in (4.25) is not well defined. Specifically the p = 0,
k = 1 sum rule (4.25) at the edge reads

[ AT = it @, (*:20)
C

This is the edge counterpart of the bulk perfect screening sum rule (4.23).

Remark 4.2 It turns out that in the GinUE case, the determinantal structure together

with (4.26) can be used to show that p(z) := pfl’f:)UE (z) (this is (2.29)) satisfies a

non-linear equation of infinite order,
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S 2
19 p(2)]
p(2) = 2; —— (4.27)
n=|

see [61, Sect. 3.6], where (4.26) is referred to as a mass-one equation. The non-linear
equation is equivalent to the special function function identity

—4x2 X 2
1(1 + erf(ﬁx))(l _ erf(fzx)) S (Hy1 (/22)) (x € R):
4 T = 2np!
(4.28)
see [61, Sect. 4.5] for the proof of (4.28). Together with the loop equation, the identity
(4.27) is used in [61] to study the universality of normal matrix models; see Sect.

5.4.

To deduce (3.19) from (3.18) requires that

k 2
hm R*SSMUE(k/R) = '4' (4.29)
T

In the general B > 0 case of the OCP we denote the bulk-scaled structure factor
by SO (k). A perfect screening argument extending the viewpoint which implies
(4.23) (for this see e.g. [237, Sect. 15.4.1], [234, Sect. 3.2]) predicts

2
11m R*S2P(k/R) = 'ﬂ' (4.30)

This result, in the slightly different guise of a mesoscopic scaling limit, is consistent
with the recent work [394, Th. 1 mesoscopic case, formula for the variance]. Hence,
as a generalisation of (3.19), we have

Jlim Covo® (37 f /R Y gm/R)) = (271)2 = f F0&(-K)Ik[* dk,
(4.31)
provided the integral converges.

As previously remarked in the case of (3.19), the choice f(r) = g(r) = X|rj<1iSan
example when the RHS of (4.31). Yet this case is of some interest as it corresponds
to Var®F A/(Dg). To determine its large R behaviour, we first note that simple
manipulation of the appropriate specialisation of the first equality in (3.2) shows

Var®? (D) =

/ dr CO°(r) / dr’ (xr+rfeDR—1)xrfeDR+|DR| / c2r)dr, (4.32)
R? R2 R2

where CQP(r) is the notation for the integrand of (4.23). But (4.23) itself, which
is the perfect screening sum rule, tells us that the last integral in (4.32) vanishes.
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Let us write @ (r/R) := ﬁ /]RZ dr’ (Xr4reDy Xrep, - We see from the definition that
a(r/R) = 0forr > R, while for 0 < r < 2R itis shown in [524] that

2 2
a(x) = —(Arcosx —x(1— x2)1/2) —1- x4+ 0.
g b
Consequently, for large R [424]
VarOCPN(DR)~—2R/ Ir|COP(r) dr. (4.33)
RZ

This being proportional to the surface area of Dy then represents the smallest possible
growth of the variance (recall the discussion (3.9), and establishes too that the OCP
is hyperuniform for general 8 > 0.

Remark 4.3 1. In the cases of the OCP applied to the anomalous quantum Hall
effect (8 = 2M with M odd), the sum rule (4.30) combined with the Feynman—Bijl
formula quantifies the collective mode excitation energy from the ground state [296].
2. The working leading to (4.33) is conditional on the validity of the perfect screening
sumrule (4.23), which excluding the case 8 = 2 has noindependent proof. A rigorous
demonstration that the OCP is hyperuniform for general 8 > 0, independent of the
validity of (4.23) has recently been established in [392]. However, the bound obtained
on the variance, while decaying faster than the area of Dy as required by the definition
of hyperuniform, is not sharp.

From the definition of the structure factor, (4.30) is equivalent to the moment
formula

2
2 OCP,T
S (r,0)dr = ——, 4.34
/1;2 |r| P2),00 (r,0)dr 7B ( )

known as the Stillinger—Lovett sum rule [512]; see [423] for a derivation which
makes use of (4.25) for p = 1 and k = 1, 2. Higher-order moment formulas can also
be derived,

16 B
OCP,
/R oG @ oyar =5 (1= 7). (4.35)

and

/Rz e[ 097 (r, 0) dr = —7:—;3(,3 ~6) (8- g) (4.36)

indistinction to (4.30) the precise statement of these results depends on the underlying
bulk particle density, which in keeping with GinUE has been assumed to be % In
keeping with the relationship between (4.30) and (4.34), the moment formulas can
be related to the small k& expansion of Sgoi“UE (k), which must therefore read
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%Sicp(k) =1+ (§ - 1>% * (g B %)é - §>(%>2 +O(|k|(2-37)

Evidence is given in [350] that the polynomial structure in 8/4 of the coefficients
in this expansion breaks down at O(|k|®). This is in contrast to the power series
expansion of the bulk-scaled (density 1/m for definiteness) structure factor for the
log-gas on a one-dimensional domain, SP (k) say. Thus expanding 7 SP (k) /k as
a power series in (k/8), the j-th coefficient is a monic polynomial of degree j in
B/2 [247, 258, 535].

A linear response argument can be used to derive the coefficient of |Kk|? in the
expansion (4.37); see e.g. [237, Sect. 14.1.1]. It involves the thermal pressure for
the OCP, which using the simple scaling relation (4.8) takes the value p,(1 — 8/4)
(for a discussion of the relation between the thermal and mechanic pressure in the
OCEP, see [154]) which explains the appearance of this factor. Mayer high-temperature
diagrammatic expansion methods and the direct correlation function were used to
first derive the coefficient of |k|* in the expansion (4.37), or equivalently the sixth
moment condition (4.36) [350]. Later a response argument involving variations to
the spatial geometry was used to give an alternative derivation of this result [136].

The use of linear response to quantify the change of charge density upon the
introduction of a charge ¢ into the OCP, computing from this the change of charge
by integrating, and requiring by screening that this must equal —g can be used [340]
to deduce the Carnie—Chan sum rule [139, 140]

1
- B dr< / ar’ 1og|r’|(p8?if(r,r’>+—6(r—r’))>=1. (4.38)
R2 ’ T

R2
Here the integral cannot be interchanged, as according to (4.23) integrating over r

first would give zero. The validity of (4.38) can be checked directly for 8 = 2 in the
bulk (i.e. for GinUE in the bulk).

Proposition 4.6 The Carnie—Chan sum rule (4.38) is valid for GinUE in the bulk.
Proof Denote the integral over r’ in (4.38) by g(r). Assuming only rotation and
translation invariance of pg)C’E’OT implies

o) = toglrl(

r'|<|r|

1
PE (0 dr + —) + / log | pQy . (x', 0)dr’.

[x'>r]

Specialising now to § = 2 by substituting (2.24), the use of polar coordinates and
integration by parts allows the integrals to be simplified, with the result

1 [ e
g(r) = ——/ —ar.
\

T Jir ‘ r

The integration over r € R? of this can be computed by further use of polar
coordinates and integration by parts to confirm (4.38). (]
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Formal use of the convolution theorem in (4.38) shows that it reduces to
(4.30) [458]. In the case of the edge geometry, this approach can be used [343]
to derive from (4.38) in the edge case the edge dipole moment sum rule

—2nﬂf dy(f dy(y—y)/ dx’' pisy e T (0, ), (', y)))—l

(4.39)
first derived in [97]. In keeping with the analogous property of (4.38), it is not possible
to interchange the integrations over y and y’ in this expression (if it was the LHS
would vanish due to the sign change of y' — y). In the case 8 = 2 this is readily
verified using the exact result (2.25).

Proposition 4.7 The edge dipole moment sum rule (4.39) is valid for edge-scaled
GinUE.

Proof Substituting (2.25), integration by parts gives

—2y?

e

/ dy' (v = y) / dx’ 3 BT (0, ), (¢, ))) = —
. _

83

(this formula can be found in [338, Eq. (2.41)]). Now integrating over y verifies
(4.39) for g = 2. O

The exact result (2.26) exhibits a slow decay of p(Tz)’ oo (X1, Y1), (x2, y2)) parallel
to the edge. This was first predicted by Jancovici [339, 341], who on the basis of a
linear response argument relating to the screening of an oscillatory external charge
density applied at the edge, obtained for general 8 > 0,

pé)’oo((xl’ », (2, 32)) |1 —x2|—>00 %,
/ dy / dy> f(y1, y2) = 21&12 (4.40)

A derivation of this using the Carnie—Chan sum rule for the OCP confined to a strip
geometry is given in [340]. In keeping with this, in [345] the amplitude f(y, y’)
in (4.40) is related to the dipole moment of the screening cloud at the edge by
deriving that

]

/ dy' () = y) f dx' pGyes (0, ), (¢, y) =7 / dy' f(y,y). (441)

—00

Then the result for the integral over y on the RHS follows from the dipole moment
sum rule (4.39).

We consider now a global scaling, so that the droplet support is the unit disk. For
large N, define the charge—charge surface correlation by
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(0 (@)o 0 = f dn / dn' p& T r). (4.42)

Here ,oé’)(’) SP'T refers to pg)c&r computed using global scaling (as specified below

(4.21)), then considering the large N form with edge coordinates (these can be taken
as (r, 0) with » &~ 1. The integration is over the normal direction n (here the radial
direction); the more general notation has been used as this quantity can be defined in
other geometries, e.g. for the elliptic GinUE [257]. The reasoning leading to (4.40)
has been extended [341] to lead to the prediction

1
 8n2Bsin((0 — 0)/2)

(0@ @), = (4.43)

This has been checked at 8 = 2 using the exact result for GinUE in [155]. Further,
again for 8 = 2, we note that a low-energy effective conformal field theory viewpoint
of this result, obtained within the Fermi gas interpretation of Sect. 6.1, has recently
been given in [452].

Remark 4.4 1. The knowledge of (4.43) can be used to predict the surface contri-
bution of the OCP generalisation of the covariance formula (3.21) [235].

2. For the bulk-scaled OCP with 8 an even integer, there is a constraint on the small
r = |r| form of pfy . (r,0). Thus [483]

Py 0o (X, 0) = rPe P4 £ (rh),
for f(z) analytic. Note from (2.24) that for GinUE,

sinh(,/7/2)
—

Recently, consequences have been found in [482].

2
f(Z)=P
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Chapter 5 ®)
Normal Matrix Models G

Normal matrix models, characterised by the requirement that the matrices commute
with their adjoint so that their eigenvectors form a unitary matrix, permit an explicit
Coulomb gas Boltzmann factor type eigenvalue PDF with § = 2, so determinan-
tal structures hold. They permit a simplified global scaling in which the one-body
potential is taken as being strictly proportional to N. The support of the correspond-
ing large N equilibrium measure is referred to as a droplet. Perturbing the GinUE
one-body potential by the real part of a polynomial leads to a relation between the
moments of the droplet and the coefficients of the polynomial. Generally, the main
question of interest is the dependence on the potential in characterising quantities.
This is addressed in relation to the large N expansion of the partition function, and
for the bulk, edge and global-scaled correlation functions. In the case of bulk and
edge scaling, universality can be exhibited, meaning that the limiting correlations
are in fact independent on the details of the potential, provided it corresponds to a
non-vanishing density locally.

5.1 Eigenvalue PDF

A generalisation of the joint element PDF (2.36) is the functional form proportional to

M
N
f .
exp ( =TT~ 2Re ) 2t,,Tr (J”)), fo > 0; (5.1)
p:

note the scaling so that there is a factor of N in the exponent. Use of the Schur
decomposition (2.2) gives a separation of the eigenvalues and the strictly upper
triangular elements in the exponent analogous to (2.4). This allows the latter to be
integrated over, showing that the corresponding eigenvalue PDF is proportional to
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N M
exp ( 0 Z (|zj|2 - 2Rep§=;t,,zf)). (5.2)

j=1

However, for #); # 0 this is not normalisable for M > 2.

A simple remedy is to impose a cutoff by restricting the eigenvalues to a disk
centred about the origin of radius R, and restricting to small #y and values of 1, . . ., fyy
so that the support €2 (assumed simply connected) of the density is contained inside
this disk [217]. The mean field argument leading to (2.31) tells us that in relation
(5.2), the normalised density has the constant value 1/m¢ty in €2, where the latter is
such that

M
1 2 _ Lo )
W) = ;/Qloglz—wm’ w,  W() = 5(|z| —2Re;tpz ) (5.3)

for z contained inside of 2. From this equation the coupling constants {t,,}g’l=2 can
be related to moments associated with Q [7, 538].

Proposition 5.1 In the above setting, for p > 2 we have

Ip

1
/ 77 Pdz=—— 2P d*z. (5.4)
Q2

- 2mip wp Joe

Proof By applying 9, to both sides of (5.3), then introducing W (w) in the integrand
via the identity 20,05 W (w) = 1 shows

1 0y 0 W
a,W(z) = _/ Mdzw.
T Jo Z—Ww

Now, using the Cauchy—Pompeiu formula (3.22) with C; replaced by 2, we see from

this that oW
/ w—(U)) dw = 0.
i W—2

Simple manipulation then shows

1 W Y
— dw = t,z7 7"
27Tl QW —Z ;pp

The first equality of (5.4) now follows by power series expanding the LHS with
respect to z. The second equality can be deduced from the first by applying the
version of (3.22) valid for z outside C; (chosen as C\2), for which the LHS is to be
replaced by 0. O

The simplest case of (5.2) beyond that corresponding to (2.36) is to take M = 3.
After scaling, the choice of 73 can be fixed. Choosing 3 = %, results from [379]
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give that the support of 2 is contained in a disk for all 0 < #y < 1/8, with the
critical value #p = 1/8 involving three cusp singularities. Then, the boundary 9€2 is
a 3-cusped hypercycloid. For general M > 2 and €2 contained in a disk and simply
connected, it is shown in [217] that d<2 can be parametrised by a Laurent polynomial
of the form ajw + ag + - - - + oy yw =M+ with |[w| = 1. Dropping the assumption
that 2 be simply connected requires the theory of quadrature domains; see [396] and
references therein.
More general than the joint eigenvalue PDF (5.1) is the functional form

exp ( - i cjiTr (Jf(J*)")) —: exp ( —TrW(J, J*)). (5.5)

k=1

However, unlike the former, substituting the Schur decomposition (2.2) does not
in general lead to a separation of the eigenvalues from the strictly upper triangular
variables. To overcome this, attention can be restricted to the subset of N x N com-
plex matrices having the further structure [J, J ] = 0, which specifies the matrices
as being normal. For normal matrices, the eigenvectors can be chosen to form an
orthonormal set, and so J = UDU", for U unitary and D the diagonal matrix of
eigenvalues. Moreover, the change of variables from J to {U, D} gives a decompo-
sition of measure into separate eigenvalue and eigenvector factors, with the Jacobian
given by (2.5) [152]. Hence the eigenvalue PDF corresponding to (5.5) in this setting
is proportional to

N
exp(—ZW(zj,Zj)) 1_[ |Zk_Zj|2. (5.6)
j=1

I<j<k<N

Note that for the joint element PDF (5.1), the same eigenvalue PDF (5.2) results for
J specified on the full space of N x N complex matrices, as it does on the restriction
to normal matrices as implied by (5.6).

5.2 Equilibrium Measure

Analogous to (5.1), to obtain a compact eigenvalue support for large N, one considers
the case that the weight e~ is exponentially varying in a sense that W is of order N,
say W(z,z) = N Q(z) for a fixed potential Q : C — R. Thus the eigenvalue PDF
(5.6) is written as

1 N
e M@ H(z )= Y lig———+NY 0. (5.7

)
lz;j — zl ot
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(Cf. Note that this is an extension of (1.12) to a general potential Q.) Asin Remark 2.2,
the macroscopic behaviour of the system (5.7) can be described using the two-
dimensional Coulomb gas interpretation with the help of logarithmic potential theory.
Namely, it is well known in the literature [49, 143, 144, 322, 348] that for a general
O under suitable potential theoretic assumptions, the empirical measure % 28,
weakly converges to a unique probability measure 1t that minimises

1
Tolu) = [ 1og dnte duw) + [ Qdp. (5:8)
c o lz—wl c

One may notice that (5.8) can be interpreted as a continuum limit of the Hamiltonian
Hy in (5.7) after normalisation, generalising (2.30). The probability measure ¢ is
called the equilibrium measure and its support Sy := supp(u ) is called the droplet,
as previously remarked. Furthermore, if Q is C?-smooth in a neighbourhood of
So, by Frostman’s theorem [479], w¢ is absolutely continuous with respect to the
Lebesgue measure and takes the form

dpg(z) Xzes, dz. (5.9)

3.3:00)
N b4
In particular, for a rotationally symmetric potential g(r) = Q(|z| = r), the droplet
is of the form Sy = {r; < |z| < ry}, where (ry, r;) are the unique pair of constants
satisfying

r1q' (rn) =0, rgq'(rn) =2, (5.10)

see [479, Sect. IV.6]. Here, we have assumed that Q(z) is strictly subharmonic in C,
which is equivalent to the requirement that r — rgq’(r) is increasing in (0, 00). Let us
mention that all the explicit macroscopic densities with rotation invariance in Chapter
2 can be obtained as special cases of the formulas (5.9) and (5.10). For instance, the
RHS of (2.47) can be realised as the RHS of (5.9) with Q(z) = |z|*> — 2« log|z].
Beyond the case when Q is radially symmetric, the determination of the droplet, also
known as the two-dimensional equilibrium problem (e.g. the ellipse in Sect. 2.3), is
far from being obvious even for some explicit potentials with simple form; see [21,
71, 73, 174, 376] and references therein for recent works in this direction.

5.3 Partition Functions

Continuing the discussion in Sect. 4.1, we consider the global-scaled, non-charge
neutral, partition function

1 7
Zn(B; Q) = NI / d’z; - / d*zy efgﬂ(u-,---vZN)’ (5.11)
- JC C
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where H(zy, ..., zy) is the Hamiltonian given in (5.7). An explicit formula for the
large N expansion of Zy (f8; Q) was predicted in [539]. Fairly recently, it was shown
by Leblé and Serfaty [393] that for general 8 > 0 and Q, Zy (B8; Q) admits the large
N asymptotic expansion of the form

B

Enrgtugr+ (8

log Zy (8; Q) = T NlogN - (C(m +(1- f)EQ[ugl N +o(N);
(5.12)
see also an earlier work [485] on (5.12) up to the O (N log N) term. The term Ip[1tp]
appearing in the leading-order asymptotic is the energy (5.8) evaluated at the equi-
librium measure (1. In the case of the OCP, up to a sign it is the quantity appearing
in the exponent of Ay g in (4.2) at order N 2. To see this, we note that for a radially

symmetric potential ¢ (r) = Q(|z| = r) generally, it is evaluated as

1 [
]Q[HQ]ZCI("I)_IOgrl_Z/ rq'(r)*dr, (5.13)

ro

where r; and r, are the constants specified in (5.10). For the OCP Q(z) = |z|2,
which gives o[ o] = 3/4, this indeed being the coefficient of N 2 seen in Ay, 8-
The appearance of the term (8/4 — 1)N log N in (5.12), whereas there is a term
i,BN2 log N in Ay g of (4.2), due to the simple scaling z; — Zj/\/ﬁ required to
go from the OCP with global-scaled coordinates (as assumed in (5.12)) to the OCP
itself (as assumed in (4.2)). The terms appearing in the O (N) term of (5.12) are the
entropy

Eqlpol == [E 1o (2) log g (z) d*z (5.14)

associated with 11 and a constant C(8) independent of the potential Q. Their sum is
the free energy per particle, 8f (8; Q). The expansion (5.12) with quantitative error
bounds is also available in the literature [75, 492].

For the random normal matrix model when 8 = 2, the determinantal structure
(2.9) allows an explicit expression

N-1
Zy2 Q) =[] hy, (5.15)
j=0

where £ is the orthogonal norm in (5.18); cf. Proposition 2.1. In particular, if Q is
rotationally symmetric, since p;(z) = 7/, we have

[e9]
h; =27'r/ r2i e Naw gy, (5.16)
0

cf. (2.89). Based on this knowledge together with a Laplace approximation of the
integrals, the precise asymptotic expansion of the free energy up to the O(1) term
was derived in a recent work [125]. (See also [53].) This in particular shows that
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10g(2712) 1
Ty felkel) N

_ IX—ZlogN T (=) + 01, (5.17)

1
log Zy(2: Q) = —N?Iylpol — SNlogN + (

where x is the Euler index; cf. (4.6). Let us recall that x = O for the annulus (rg > 0)
and x = 1 for the disk (ro = 0) geometry. Here, ¢ is the Riemann zeta function and
the x¢’(—1) term is expected to appear universally. Furthermore, it was proposed in
[539] thatthe O (1)-term s given in terms of the spectral determinant of the Laplacian.
See [125, Sect. 4] and [229, Sect. 4] for some concrete examples of (5.17) associated
with the matrix models discussed in Chap. 2. We also refer to [129] for a recent work
establishing the free energy expansion for a non-radially symmetric potential.

5.4 Correlation Functions and Universality

Turning to the correlation functions p) y of (5.7), the determinantal structure (2.9)
remains valid with the correlation kernel

x 2 @p;w)
Ky(z, w) = ¢~ 2 (Q@+W) Z J - Y , (5.18)
j=0 /

where p; is the monic orthogonal polynomial of degree j withrespect to the weighted
Lebesgue measure e V2@ ¢2z and h; is its squared orthogonal norm; cf. (3.6).

Let us first discuss the asymptotic behaviours of p(), x in the micro-scale. Given
a base point p € S¢ for which we zoom the point process, we denote by

_3:0:0(2)
o T =p

5 (5.19)

the mean eigenvalue density at p; cf.(5.9). From universality principles (see
e.g. [375]), one expects that for a general Q and p such that § € (0, o0) (i.e. the
eigenvalue density does not vanish or diverge at p), the universal scaling limit in
Proposition 2.3 arises. For the bulk case when p € Int(Sp), such a universality was
established by Ameur, Hedenmalm and Makarov in [58] where they showed that for
a fairly general potential Q under some mild assumptions,

1

<1 <k
7k PELN (P + = =
(N8) VN$§

VN§

uniformly on compact subsets of C as N — oo, where K©, is given by (2.18). See
also [87, 89]. In a sequential work [59] the theory of loop equations (or Ward’s
identities) was also used to show the bulk scaling limit (5.20). It says that for a given
test function ¥,

P+ ) — det [K};o(zj, z,)] (5.20)

k
’
Jil=1
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ExWyly] =0, (5.21)
R R A R 4 €7 SR SR ‘
Wiyl = 2;;7@ — N;[BQ w]<z1)+;aw<z,>,

where we have used the notations [3; O - ¥ 1(z;) := 9, 0(2)|:=;, ¥ (z;) and Y (z;) =
;¥ (2)|:=, - The functional W; is also called the stress energy tensor in the context
of conformal field theory [352, Appendix 6]. The identity (5.21) easily follows from
the integration by parts

En[oy(z))] = En[3:;H(z1, ... 2n) - ¥ (z))]- (5.22)

The approach using Ward’s identities was further developed in [61] and several
related works to study various scaling limits of the random normal matrix models
(see e.g. [50, 62] for the bulk scaling limit at weak non-Hermiticity (2.42); [63, 490]
for the edge scaling limit with boundary confinements (2.67); [60, 64] for normal
matrices with Mittag—Leffler type singularities as in Sects. 2.4 and 2.7) and we refer
to [22, Remark 2.9] for an expository summary of this strategy. In particular, in [61],
the rescaled version of Ward’s identity was introduced and used to show the edge
universality: for p € 35y,

1 .21 .2k k
—— t : j > ] ’ ‘2
(Na)k,o(k),w(p+zn N3 p+in —Né) — de [Koo(z, 21) ot (5.23)

where n is the outer normal vector at p as in Proposition 2.6 and K¢, is given by
(2.19). However, the result in [61] has an additional assumption that the limiting
correlation function is translation invariant along the real axis. This assumption is
intuitively natural but hard to rigorously show in general (except e.g. for the rota-
tionally symmetric potential Q). The edge universality was later then shown by
Hedenmalm and Wennman for a wide class of potentials Q in [324], where they
developed an asymptotic theory for general planar orthogonal polynomials; see also
[321] for an alternative approach to derive the main result in [324] and [323] for a
theory developed for the orthogonal polynomials associated with non-exponentially
varying weight. The asymptotic results in [324] together with (5.18) then leads to
(5.23) by the Riemann sum approximation.

We now turn our attention to the asymptotic behaviours of pg) v in the macro-
scale. Let us begin with the 1-point function o), 5. For the bulk case when z is the
interior of the droplet, the asymptotic behaviour of p(;), 5 is well known in the litera-
ture, see [47, 87] and references therein. It says that under the suitable assumptions
on Q, there are real-analytic functions B; such that

1
1Py N @) = NAQR) + 5Alog AQE) + N ™' By@) -+ + N Bre) + 0N, (5.24)
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where A := 9,0z is one quarter of the usual Laplacian. Notice here that the leading-
order asymptotic of (5.24) is implied by the Laplacian growth (5.9). As a concrete
example, we consider the induced spherical ensemble (2.54) with M = o N and
n = a1 N — 1, which can be realised as (5.7) with

0(2) = (a1 +az — Dlog(1 + |z|?) — 2(a; — 1) log |z].

On the other hand, it follows from (2.56) that with ¢ = |z|2/(1 + 1z%),
|Z|2(M_N)

RENED N) (1M = N.m) = 1M, n = ). (5.25)

To),N(2) =

Then using the well-known asymptotic behaviours of the incomplete beta function,
one can observe thatforr; < |z| < rp, where ry, rp are given in (2.55), the asymptotic
behaviour (5.24) holds with

o1 +ar — 1

AQ(z) = m,

Alog AQ(z) = _(1+—|Z|2)2'

Next, we consider the off-diagonal asymptotic behaviour of the correlation kernel.
For the Ginibre ensemble, equivalently, for the random normal matrix model (5.7)
with Q(z) = |z|?, the associated correlation kernel Ky in (5.18) satisfies

2N 1
Kyw) = | —=@o)Ve" RS (14 0(5). @ w
T
(5.26)
where S(z, w) is the exterior Szeg6 kernel

(5.27)

From a viewpoint of Proposition 2.2, the asymptotic behaviour (5.26) can be realised
as a uniform expansion of the incomplete gamma function z — I'(NV; Nz), which is
available in the literature in some particular domains; see e.g. [529] for | arg(z — 1)| <
3m /4. In a recent work [57], generalising the classical results, it was shown that
the asymptotic behaviour (5.26) remains valid as long as zw is outside the Szegd
curve {z € C: |z] < 1, |ze'~?| = 1}. Note in particular that if |z| = |w| = 1, then

(5.26) reads
¢ [2N 1
Ky(zw) <~ =S, w)(1+ O(N’)’ (5.28)

where ~ means that the asymptotic expansion holds up to a sequence of cocycles
(in this case (zw)"), which cancel out when forming a determinant (2.9). From a
statistical physics point of view, the behaviour (5.28) indicates that there are strong
correlations among the particles on the boundary of the droplet, which also shows the
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slow decay of correlations at the boundary. For GinUE this is explicit in (4.43). For
elliptic GinUE, the phenomenon was studied in [257], as a test of the generalisation
to more general shaped droplets, when the RHS of (4.43) is predicted to be given
in terms of a certain Green’s function for an electrostatics problem outside of the
droplet, which acts as a macroscopic conductor [341], [234, Eq. (3.29]. Furthermore,
it was obtained by Ameur and Cronvall [57] that for a general class of potentials Q,
the associated correlation kernel K satisfies

Kn(z, w) ~ va(azaan(Z))m(a“’a“"Q(w))1/4S(z, w)(1 +o0(1)).  (5.29)

T

For this, the use of a general theory on the orthogonal polynomial due to Hedenmalm
and Wennman [324] was made. We also refer to [25, 51, 52, 130] for more recent
studies in this direction.

Remark 5.1 Let { p;.N’R)(z)} j=0,1,... be the orthogonal polynomials with respect to
the inner product (f1g) := [, F(2)g@)e 2NW@/t where W(z) asin (5.3) and it is
assumed that the limiting eigenvalue support €2 corresponding to (5.2) is contained
in Dg. Consider the probability distribution P,EN’R) specified by the eigenvalue PDF

proportional to
k

He—ZNW(zl)/to 1_[ 2 — Zj|2' (5.30)

=1 I<j<l<k

As a result of the underlying determinantal structure, one has the formula for
p,EN’R) (z) as an expectation with respect to P,({N‘R) (seee.g. [237, proof of Proposition
5.1.3]; in fact such formulae were known to Heine [513]):

k
P () = <1_[(Z - Zl)>P<N.R>'
=1 k

Fork/N = x ask, N — oo it has been conjectured [216] that the zeros of p,EN’R)(Z)
accumulate on certain arcs X contained in €2, with corresponding measure u}.
Assuming this, it follows that for z € C\Q2

1
—/loglz—wldzw:/loglz—slduj. (5.31)
Tl Jo b

This identifies X as the so-called mother body or potential theoretic skeleton of
Q. A number of works give further developments along these lines, especially
in relation to the strong asymptotics of the planar orthogonal polynomials based
on Riemann—Hilbert analysis. In the case of (5.1) with a cubic potential p = 3,
references include [95, 96, 379, 425]. For the induced Gaussian-type weight

2W(2)/to = |zI* = 2¢log |z — al,
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the associated Riemann—Hilbert problem was first derived in [71], where the authors
also performed a detailed analysis for the case ¢ = O(1). This Riemann—Hilbert
problem was further used in [72, 92, 398] to obtain strong asymptotics of the orthog-
onal polynomials when ¢ = O(1/N). These results were later utilised in [180, 387,
531] to study the characteristic polynomials of the Ginibre matrix. Recently, the
higher-order Riemann—Hilbert problems for a more general potential of the form

M
W@/t =12 =2 c;loglz —ayl

j=1

were constructed in [86, 399] as well, and the case c; = O(1/N) was further analysed
in [400].
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Chapter 6 ®)
Further Theory and Applications e

In addition to an analogy with the Boltzmann factor of the OCP with inverse tempera-
ture B = 2, the GinUE eigenvalue PDF permits an interpretation as the absolute value
squared of the ground state wave function for spinless fermions in the plane subject
to a perpendicular magnetic field. More generally, for 8 twice an odd positive integer
m the OCP Boltzmann factor occurs as proportional to the absolute value squared
of Laughlin trial wavefunction in the theory of the fractional quantum Hall effect
with filling fraction 1/m. In relation to the topic of chaotic behaviour in dissipative
quantum systems, statistical properties of the now complex energy spectrum can be
compared with those of bulk GinUE eigenvalues. This leads to consideration of the
so-called dissipative spectral form factor, the second moment of the absolute value
of the statistics Tr X*, and simple dissipators associated with Lindblad operators, all
of which can be calculated exactly for GinUE matrices. The remaining two sections
of this chapter are on the singular values, and eigenvectors, respectively of GinUE
matrices. Consideration of the singular values is natural in relation to the questions
relating to the determinant of GinUE matrices, while there have been recent appli-
cations of the statistical properties of eigenvectors to the eigenstate thermalisation
hypothesis for non-Hermitian Hamiltonians.

6.1 Fermi Gas Wave Function Interpretation

We have seen that the rewrite of (1.7), written in the exponential form (1.12), allows
for the GinUE eigenvalue PDF to be interpreted as the Boltzmann factor for a par-
ticular Coulomb gas. If instead of an exponential form we use (2.12) to rewrite
(1.7) as

N 2
[T " dettzs v 6.1)

J=1
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then we are led to an interpretation as the absolute value squared of a ground state
free Fermi quantum many-body wave function. Thus inside the absolute value of (6.1)
is a Slater determinant of single-body wave functions {¢;(z)};=0... . nv—1 With ¢;(z) =
¢~1:"/2z! What remains then is to identify the corresponding one-body Hamiltonian
for quantum particles in the plane which have these single-body wave functions for
the lowest energy states.

The appropriate setting for this task is a quantum particle confined to the xy-
plane subject to a perpendicular magnetic field, (0, 0, B), B > 0. Fundamental to
this setting is the vector potential A, related to the magnetic field by V x A =
(0,0, B). The so-called symmetric gauge corresponds to the particular choice
A = (—=By, Bx,0) =: (A, Ay, 0), which henceforth will be assumed. Physical
quantities in this setting are m (the particle mass), e (particle charge), i (Planck’s con-
stant), ¢ (speed of light), which together with B are combined to give w. := eB/mc
(cyclotron frequency) and £ := /hic/e B (magnetic length).

Defining the generalised momenta and corresponding raising and lowering
operators by

e
-~ V2h

allows the quantum Hamiltonian to be written in the harmonic oscillator like form
Hp = ho.(a’a + %) [166]. Important too are the quantum centre of orbit operators
and associated raising and lowering operators

T _ t . N
I, = lha 4+ -A, u=x,y), a (IT, +I1,), a=(@a")',
u

22 1 .
U=u——T, (U=X,Y;u=x,y), b =—X-iY), b=,
. ( y) ﬁg( ) ®"

for which X? + Y2 = 2¢>(b'b + 1). The operators {a,a’} commute with {b, b'},
implying that H and X? + Y2 permit simultaneous eigenstates. A complete orthog-
onal set can be constructed using the raising operators according to

_@hreh”

n'm!

|n, m) |0, 0), (6.2)

with eigenvalues of H equalto (n + %)hwc and eigenvalue of X 24 y? equalto (2m +
1)£2. The ground state |0, 0) is characterised by a|0, 0) = |0, 0) = 0, which can be
checked to have the unique solution |0, 0) o e~ H)/AC  From this, application
of (b")™ gives |0, m) o 7" 1?*/4¢ 7 = x + iy. Forming a Slater determinant with
respect to the first N eigenstates of this type gives (6.1) with £2 = 1/2. Generally,
states with quantum number n = 0 and thus belonging to the ground state are said to
be in the lowest Landau level. One remarks that the largest eigenvalue of X? + Y2
is then N — 1/2, which is in keeping with the squared radius of the leading-order
support in the circular law.
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The above theory of a quantum particle in the plane subject to a perpendicular
magnetic field can be recast to apply to a rotating quantum particle in the plane [325,
384]. There, for an appropriate rotation frequency, the infinite degenerate lowest
Landau level in the magnetic interpretation becomes a unique ground state wave
function. It is further true that the elliptic GinUE PDF (2.35) admits an interpretation
as the absolute value squared of state in the lowest Landau level, and furthermore the
corresponding orthogonal polynomials (2.37) can be constructed using a Bogolyubov
transformation of {b, bt} [257]. Also, the PDF on the sphere (2.52) permits an inter-
pretation as the absolute value squared of the ground state wave function for a free
Fermi gas on the sphere subject to a perpendicular magnetic field [311]. Another
point of interest relates to the N-body Fermi ground state corresponding to the quan-
tum Pauli Hamiltonian in the plane with a perpendicular inhomogeneous magnetic
field B(x, y). The Hamiltonian Hp defined above then is to be multiplied by the
2 x 2identity matrix, and the spin coupling term —(gh/2m) B(x, y)diag (1/2, —1/2)
added. With B(x, y) = — % V2W(x, y) for some real-valued W, and with the assump-
tion ® := [ B(x, y)dxdy < oo, the ground state for this model (which is spin
polarised with all spins up) permits an exact solution for g = 2 [8]. The ground state
of normalisable eigenfunctions has degeneracy [®/27 /] =: N, with basis of eigen-
functions {z/e" /28N =1 This implies the Fermi many-body ground state (6.1)
with e~5i1”/2 replaced by "W @i¥)/2h 7],

j=0
A single particle state formed as a linear superposition of {|0, m)} Z:O has the form

n
Z 9

P(z) =

N
—12P/2 (5 — n
e p@), p@): nE:o N

Nml/2

with N = (Zyzo |, |%) /2. Following [252] and choosing each a, as an independent
standard complex Gaussian one has that p(z) is an example of a complex Gaussian
random polynomial, where the variance of each coefficient is 1/n!. Nearly ten years
before Ginibre’s calculation of the GinUE eigenvalue PDF (1.7), Hammersley [315]
obtained the explicit functional form of the zero PDF of p(z), which was found to
be proportional to

[li<joken 2k — z;l?

(X lejHY

(6.3)

where e; is the j-th elementary symmetric polynomial in {z;}. One immediately
notices that the product term [],_;_, -y |zx — z;|* is common to both (1.7) and
(6.3). However, while (1.7) gives rise to a determinantal point process, it turns out
that the point process implied by (6.3) is permanental [316]. Nonetheless, there
are many striking similarities, including a circular law for the global eigenvalue
density, a rapidly decaying simple functional form for the bulk truncated two-particle
correlation

1 1 d?
Py 22) = =5 £z = 2P/ = 1), f@) =35 756 coth),
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and a slowly decaying truncated two-point correlation at the boundary; see [252,
316]. In the limit N — oo this Gaussian random polynomial forms what is referred
to as the Gaussian analytic function [326].

Remark 6.1

1. Upon stereographic projection of the sphere to the plane, it is possible to write
the quantum Hamiltoniacge particle in a constant perpendicular magnetic field in a
form unified with the original planar case [203]. This involves the Kédhler metric and
potential, and permits a viewpoint which carries over to further generalise the space
to higher-dimensional complex manifolds in C”. A point of interest is that doing so
gives, for the bulk scaling limit of the corresponding N particle lowest Landau level
state, the natural higher-dimensional analogue of the kernel (2.19) [89, 90].

2. The squared wavefunction for higher Landau levels (say the r-th) has been shown
to give rise to the determinantal point process with bulk-scaled kernel

K. (w,2) = LO(Jw — z|?)e"%e~ (WP +/2,

see e.g. [497, Proposition 2.5]. Allowing for mixing between Landau levels up to and
including level r leads to squared wave functions giving rise to the same determinantal
point process except for the replacement of Laguerre polynomials L° — L! in the
kernel [309]. For finite N both kernels are built up from particular polyanalytic
functions; see e.g. [2]. Extending [384], the precise mapping between the rotating
fermions in the higher Landau levels and the polyanalytic Ginibre ensemble was
established in [380]. Furthermore, its full counting statistics and generalisations to
finite temperature were obtained in [381, 505], while [1, 148] relates the variance of
the counting statistics to the entanglement entropy of the region.

3. In the theory of the fractional quantum Hall effect, constructing an anti-symmetric
state with filling fraction of the lowest Landau level v = 1/m, for m an odd integer,
plays a crucial role. To accomplish this, Laughlin [389] proposed the ground state
wave function proportional to

N
1_[ e lal?/ae 1_[ Ge— 7)™ (6.4)
=1

1<j<k<N

note that with the assumption that m is odd, this is anti-symmetric as required for
fermions. Moreover, it belongs to the lowest Landau level as follows from the theory
in the text below (6.2). The absolute value squared of (6.4) coincides with the Boltz-
mann factor (1.12) with 8 = 2m, and the scaling z; > z;/~/2m€2. From potential
theoretic/Coulomb gas reasoning, the bulk density is therefore 1/(2mm£2). The fac-
tor of m in the denominator is in precise agreement with the requirement that the
filling fraction be equal to 1/m.

4. The ground state N-body free spinless Fermi gas in the plane, without a magnetic
field but confined by a radial harmonic potential, is also an example of a determinantal
point process for which exact calculations are possible; see the recent review [179].
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However, its statistical state is distinct from that of GinUE. Thus with a global scaling
so that the support is the unit disk, the density profile is the d = 2 Thomas—Fermi
functional form %(1 —1zP» X|zl<1, in contrast to the circular law (2.17). The bulk-
scaled two-point correlation function (bulk density 1/4s) is given in terms of the J;
Bessel function

= () (- )

in contrast to (2.24). This gives a decay proportional to 1/|z; — z»|? of p(z) "T  Also,
the edge-scaled correlation kernel now involves Airy functions [178], rather than
the error function seen in (2.19). Universality results relating to many-body free
Fermi ground states in dimension d > 2 have recently been obtained [184]. We
highlight in particular the macroscopic fluctuation theorem for the linear statistic
G=)> ; 8(r;j/R), with g assumed sufficiently smooth and absolutely integrable, in
the R — oo limit [184, Th. II1.2]:

R4
(27[&;?.! ]]Rd g(r)
o, R@-D/2

—>N[0,E(g)], (Z(g)* = A; d|§<r)|2|r|d"r. (6.5)

Here w; = 74/?/T'(1 4+ d/2) is the volume of the Euclidean ball in RY, wy/(27)¢
is the bulk density, adz = wg-1/ (27)? and the Fourier transform has the definition
2 = W Jra € ¥ "g(r)dr. Note in particular that in contrast to (3.19), the
variance of G now diverges with the scale R.

5. The functional form (6.3) consists of the product over differences times a many-
body term, whereas the GinUE eigenvalue PDF (1.7) is the same product over dif-
ferences times a single-body term. Another occurrence of the former structure, now
with the product over differences raised to the power of 8 as for the OCP, has recently
appeared as the eigenvalue PDF for a particular tridiagonal non-Hermitian random
matrix [438].

6.2 Quantum Chaos Applications

The pioneering works of Wigner and Dyson relating to the Hermitian random matrix
ensembles was, as noted in Chap. 1, motivated by seeking a model for the (highly
excited) energy levels of a complex quantum system. Later, in the 1980s, as a
fundamental contribution to the then emerging subject of quantum chaos, Bohigas
et al. [98] identified the correct meaning of a complex quantum system not by the
number of particles but rather as one for which the underlying classical mechan-
ics is chaotic. To test this prediction on say the numerically generated spectrum of
a quantum billiard system, the energy levels (beyond some threshold to qualify as
being highly excited) were first unfolded so that their local density became unity,
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and then their numerically determined statistical properties were compared against
random matrix predictions for the appropriate symmetry class; see e.g. [307]. Most
popular among the statistical properties have been the variance for the number of
eigenvalues in a large interval, and the distribution of the spacing between successive
eigenvalues.

A natural extension of these advances is to inquire about the spectrum of a dis-
sipative chaotic quantum system, which due to the loss of energy need not be real.
This question was taken up by Grobe, Haake and Sommers [304] for the specific
model of a damped periodic kicked top. The quantum dynamics are specified by a
subunitary density operator. It is the spectrum of this operator, which after unfold-
ing, and considering only those eigenvalues in the upper half plane away from the
real axis (there is a symmetry which requires that the eigenvalues come in complex
conjugate pairs—see the recent paper [32] for a discussion of this point in a random
matrix context) that was compared in [304] in a statistical sense to GinUE. Fol-
lowing from precedents in the Hermitian case, in the statistical quantity measured
was the distribution of the radial spacing between closest eigenvalues, to be denoted
by PSCGVE(r) with the normalisation [;° P%"VE(r) dr = 1. This is the quantity
F+(0; D,) of Remark 3.1.1. Recalling (3.10) we therefore have

o0 ., 2
ps.GinUE (1) _ _d e T (1 B V(J»f )). 66)

dr j=1 r'd)
It follows that for small r, PSC"VE() ~ 23 while it follows from (3.11) and the
statement in the final sentence of the first paragraph of Sect. 3.1.2 that for large r,
log PSSMVE(r) ~ —r# /4. A numerical plot can be obtained from the functional form
(6.6). For the moments the formula (r”) = p fooo rpler? E«(0; r) dr holds true. In

particular, for the mean we calculate (r) = 1.142929....

A variation of the closest neighbour spacing for an eigenvalue at z is the complex
ratio (z¢ — z)/(z" — z), where z° is the closest neighbour to z, and z" is the next
closest neighbour [477]. An approximation, with fast convergence properties to the
large N form, has been given recently in [204].

Also very recently a non-Hermitian Hamiltonian realisation of GinUE has been
obtained in the context of a proposed non-Hermitian g-body Sachdev—Ye—Kitaev
(SYK) model, with N Majorana fermions—AN large and tuned mod 8—and g > 2
and tuned mod 4 [281]. On another front, again very recently, the emergence of
GinUE behaviours in certain models of many-body quantum chaotic systems in the
space direction has been demonstrated [499]. Of interest in both these lines of study
is the so-called dissipative (connected) spectral form factor

N N
Ky (t,5) = %Cov (Ze"("f’”ﬂ), Ze_i("f’ﬂ'f“).
Jj=1 Jj=1
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Making use of the first formula in (3.2) and the finite N form of (2.23), this can be
evaluated in terms of the hypergeometric function | F; [404, Eq. (3)] (corrected in
[282, Appendix A]; note too that both those references use global-scaled variables,
whereas we do not).

Proposition 6.1 We have

N-1

. 1 (t2 +S2)\m7n|/2
K§(t,s)=1—— X::O WL T
max(m, n)! 2 +52\\°
x —1Fl(max(m,n)+1,|m—n|+1;— ) .
|m —n|! 4
6.7)
In particular,
Jim K (r,5) =1~ e~ /4, (6.8)
—00
cf (3.17).

Remark 6.2 From [404] one has the large N form

TRe (e )~ L NP L ey
N MYUN YN/ N > N ’

T:=t+1is,
extending the limit formula (6.8) and exhibiting a so-called slope-dip-ramp-plateau
graphical form; see also [163].

Also of interest in the many-body quantum chaos application is the GinUE average
of |Tr X¥|? for positive integer k [499].

Proposition 6.2 We have

1 N!I(N —1)!
(rex?) = (k- VDL
GinUE (k4 1)(N —1)! (N —k—1)!
In particular
1 2sinh(x2/2
lim —k<|TrX"|2> - M
N kN GinUE X

Proof (Sketch) In [499] the average is reduced to fnc dz, fc dz poy.n (21, 22)28 28
see too the earlier work [374]. The evaluation of a more general quantity can be
found in [268, Corollary 4]. O

We conclude this section with a brief account of the use of the GinUE in an
ensemble theory of Lindblad dynamics [133, 189, 478]. This relates to the evolution
of the density matrix p, for an N-level dissipative quantum system in the so-called
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Markovian regime, specified by the master equation p, = L(p,). Here the operator £
assumes a special structure identified by Lindblad [406], and by Gorini, Kossakowski,
and Sudarshan [299]. Specifically, £ consists of the sum of two terms, the first
corresponding to the familiar unitary von Neumann evolution, and the second to a
dissipative part, being the sum over operators D, (referred to as simple dissipators),
represented as N2 x N2 matrices according to

D, =2L®r L' —L'L®r Iy —Iy®r L'L,

forsome N x N matrix L. Here A ®7 B := A ® BT, where ® is the usual Kronecker
product. In an ensemble theory, there is interest in Fy (¢) := # (Tre'Pry; [133].

Proposition 6.3 Let L be chosen from GinUE with global scaling. We have

2
Jlim Fy(@ =™ (120 + h2n) .

Proof (Sketch) Following Can [133], using a diagrammatic calculus, it is first
demonstrated that

lim ——(D*) = lim (_1)k<(L*L® Iy + Iy ® LTL)k>
Nooo N2 F 7 NS N2 TN AN ST LeGinUE’

The average on the RHS, in terms of the eigenvalues {x,} of LTL, reads

N

< Z (j + xl)k>L%L

JiI=1

and consequently

N N 2
. 1 1 —t(xj+x7) 1 —1x;
Nh—I>noo Fn() = 1\}1—I>noo<N2 Z ¢ >L*L o Nh—r>noo (N Ze )UL '

Ji=1 j=1

The latter is the mean of a linear statistic in the ensemble {L7L} (complex Wishart
matrices; see e.g. [237, Sect. 3.2]). Using the Marchenko—Pastur law for the global
density of this ensemble (see e.g. [237, Sect. 3.4.1]), the stated result follows. O

Remark 6.3 (Classification of non-Hermitian matrices) It was commented in the
Introduction that, in distinction to Dyson’s viewpoint based on symmetry consider-
ations, Ginibre’s study [293] was not similarly motivated. Nowadays however, it is
recognised that a symmetry viewpoint is fundamental to topologically driven effects
in non-Hermitian quantum physics [67]. Starting with [91, 418] and continuing in
[359], a classification scheme based on symmetries with respect to the involutions of
transpose, complex conjugation and Hermitian conjugation, and in which the (anti-
)commutation relation involves unitary matrices satisfying certain quadratic relations
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in terms of these involution, has been given. For example, defining the block unitary
matrix P = diag (Iy, —I), and requiring that the matrix ensemble {A} have the
(anti-)symmetry A = —P AP, gives that each A has the form

| Onxn X
A—|: % 0N><Ni| (6.9)

for some square matrices X, Y. Denoting the eigenvalues of the matrix product
XY as {—z?}, one sees that the eigenvalues of A are {£iz;}. In the realm of non-
Hermitian classifications, this is referred to as the chiral class [456]. Additionally,
the chiral models corresponding to GinSE and GinOE were studied in [11] and [38],
respectively.

In keeping with the viewpoint of this section, a basic question concerns signatures
of the symmetry in the eigenvalue spectrum. For example, in (6.9), with X, ¥ GinUE
matrices, are the bulk-scaled eigenvalues of A statistically distinct from individual
GinUE matrices? We know from the results quoted in the paragraph above Remark 2.6
that the answer in this case is no. However, the answer to this question is yes, if instead
the symmetry is that A = AT, for the independent entries of A standard complex
Gaussians. This was demonstrated in [313] by a numerical study of the nearest
neighbour spacing distribution, and the relevance to Lindblad dynamics discussed.

6.3 Singular Values

One recalls that for a complex square matrix X the squared singular values are
the eigenvalues of X'X. For a general ensemble of non-Hermitian matrices {X},
motivation to study the singular values comes from various viewpoints. For example,
in Remark 2.6.4, singular values (specifically of product matrices) appeared in the
context of Lyapunov exponents. As other example, one recalls that plus/minus of the
singular values are the eigenvalues of the 2N x 2N Hermitian matrix

| Onxn X
H_|: v ONxN] 6.10)

The importance of this in relation to the eigenvalues of X is that the resolvent of the
modification of (6.10) obtained by replacing each X by X — zIy is fundamental to
the study of the circular law for the spectral density beyond the Gaussian case; see
e.g. [100, Sect. 4.1]. Another piece of theory is that the condition number k asso-
ciated with X is equal to the ratio of the smallest to the largest singular value [210].
We remark too that from the identity | det X| = | det X7 X|!/? the distribution of the
modulus of det X is determined by the singular values.

For the GinUE, the squared singular values {s j};.vzl say are known to have for
their joint distribution a PDF proportional to
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]_[ T ks sjeRy: (6.11)
j=1

1<j<k<N

see e.g. [237, Proposition 3.2.2 with 8 =2, n = m = NJ]. This is an example of
the Laguerre unitary ensemble (LUE). After scaling by N, almost surely the largest
squared singular value has the limiting value 4 [459]. However, after the same scal-
ing, a simple change of variables in (6.11) integrated from (s, co) in each variable
reveals that the smallest singular value is an exponential random variable with rate
parameter N2. Putting these facts together implies that for large N, ky /N is dis-
tributed according to the heavy tailed distribution with PDF %6’4/ X Xx>0 [210].
Also, for n x N (n > N) rectangular GinUE matrices it is proved in [153] that
(logky) < NI N|+1 + ¢, where ¢ = 2.24, for any N > 2.

Let Py(¢) denote the PDF for the distribution of | det X|? for GinUE matrices.
Making use of knowledge of the PDF of squared singular values (6.11) shows that
the Mellin transform of Py (¢) is equal to the multiple integral

| o N ST+
LI R f dsy TTsete=s G —s)2 =[] —"2 (612
Cvlo T T ,1:[1 I [T o= D) ra+))

1<j<k<N

Here the normalisation Cy is such that the expression equals unity for s = 1, while
the evaluation of the multiple integral follows as a special case of the Laguerre weight
Selberg integral; see e.g. [237, Proposition 4.7.3]. As noted in [269, Eq. (2.17)] (see
also [475, Proposition 2.2]), it follows immediately from this that

2 d ul 1 2
| det X| =]‘[§X2I. (6.13)
=1

(Proposition 2.14 regarding the independent distribution of the absolute values of the
eigenvalues.) In words this says that the absolute value squared of the determinant
of GinUE matrices is equal in distribution to the product of N independent chi-
squared distributions, with degrees of freedom 2, 4, ..., 2N, each scaled by a factor
of 2. Starting from (6.13), and defining the global-scaled GinUE matrices X# by
Xe = LNX , the distribution of log | det X£|?> can be shown to have leading-order
mean — N, variance log N, and after recentring and rescaling satisfy a central limit
theorem [475, Th. 3.5]. For a general linear statistic Zjvzl f(z;) of global-scaled
GinUE matrices, the leading-order mean is % flz\<1 f(z)d*z. For f(z) =log|z|?,
this gives the stated value of —N. Also, we notice that substituting this choice of
f(z) in the variance formula implied by (3.21) gives ; f\r\<1 . + —— dxdy, which is
not integrable at the origin, in keeping with the variance actually diverging as log N.

There is an alternative viewpoint on the result (6.13) which does not require
knowledge of the joint distribution of the singular values (6.11), nor the evaluation
of the multiple integral (6.12). The idea, used in both [269, 475] and which goes
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back to Bartlett [74] in the case of real Gaussian matrices, is to decompose X in
terms of its QR (Gram—Schmidt) decomposition. The matrix of orthonormal vectors
QO constructed from the columns of X will for X € GinUE, be a Haar distributed
unitary matrix, which we denote by U. The matrix R = [r jk]jj\f «—1 18 upper triangular
with diagonal elements real and positive. One notes

N
det X'X =[]r3. (6.14)
j=1

and so it suffices to have knowledge on the distribution of {r; j}?’: | for X.

Proposition 6.4 Let {r; }?':1 denote the diagonal elements in the QR decomposition
of a GinUE matrix X. We have

a1
Lo (6.15)

Proof The QR decomposition X = UR gives the corresponding decomposition of
measure (see e.g. [237, Proposition 3.2.5])

N
@x)=[[r"""arwav),
j=1

where as anticipated (U'dU) is recognised as the Haar measure on the space of
complex unitary matrices. The element distribution of GinUE matrices is proportional
to e~ T X'X — ¢~ Eisj=en I The various factorisations imply that integrating over
U and the off-diagonal elements of R only changes the normalisation. We then read
off that each r; has a distribution with PDF proportional to r2¥=)+1¢="* which
implies (6.15). ([l

Using (6.15) in (6.14) reclaims (6.13).

Remark 6.4 1. The fact that the QR decomposition of a Ginibre matrix gives rise to
a Haar distributed random unitary matrix provides a practical realisation of the latter.
However, the QR decomposition of in-built mathematical software may not generate
the triangular matrix R with strictly positive entries, which affects the properties of
Q. Further details, and how this can be fixed, are discussed in [213].

2. Since with {z;} the eigenvalues of X, |det X|* = ]_[y:l |z;1%, the fact that the
Mellin transform of the distribution of this quantity is given by the product of gamma
functions in (6.12) implies

o e oo 7 DG+
<U|zz|2< 1>>GmUE AN 1>Hr(i+j) (6.16)
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Here the superscript “g” indicates the use of global scaling coordinates z; > +/Nz;.
We observe that the knowledge of the induced GinUE normalisation C,, 5 in Propo-
sition 2.8 provides a direct derivation of (6.16). For large N this ratio of gamma
functions can be written in terms of the Barnes G-function according to %,
see [237, Eq. (4.183)]. Known asymptotics for ratios of the Barnes G-function
(see e.g. [237, Eq. (4.185)]) then gives that for large N, and with s = y /2 + 1 for
convenience,

N Qm)r/4

<]_[ Iz;ly>g ~ NV e /N ST 6.17)
i GinUE G(l+y/2)

This is the special case z = 0 of an asymptotic formula for ([T, |z — 211" ) &m0
given by Webb and Wong [531, Th. 1.1].

3. It is a standard result in random matrix theory (see e.g. [459]) that the density
of singular values in (6.11), after the global scaling s; — s; N, has the particular
Marchenko—Pastur form p?f)lf X)) = %(4%")1/ 2 X0<x<4. The k-th moment of the
density is given in terms of the specific mixed moment of a global-scaled Ginibre
matrix G, (Tr(GTG)*). The calculation of these moments for large N relates to
free probability—see the recent introductory text [464] for the main ideas—and to
combinatorics as is seen from the fact that fg‘ xk p}\fi oo (¥) dx = Cy, where C; denotes
the k-th Catalan number. Works on mixed moments of Ginibre matrices include [176,
191, 312, 530]. An explicit example is the average in Proposition 6.2. The scaling
limit therein where both N and k become large with their ratio fixed is called the
BMN large N limit; see e.g. [40, Sect. 6]. Mixed moments of the pseudo inverse of
rectangular GinUE are calculated in [168].

4. The squared singular values as specified by the PDF (6.11) form a determinantal
points process, being a special case of the LUE; see e.g. [237, Chaps. 3 and 5]. This
is similarly true of the squared singular values of the various extensions of GinUE
considered above: for example in the case of the spherical model and truncated unitary
matrices, it is the classical Jacobi unitary ensemble (JUE) which arises, while the
singular values of products of GinUE matrices, or of truncated unitary matrices, gives
rise to aclass of determinantal point processes called Pélya ensembles [270, 365, 366,
378]. A determinantal point process also results from the squared singular value of
the so-called shifted GinUE—matrices G + A for G € GinUE and A fixed [81, 263,
377]. A notable exception is the singular values of elliptic GinUE matrices, which
form a Pfaffian point process [351]. Similarly, with G € GinUE and U € U(N)
chosen with Haar measure, the squared singular values of X; = (Iy + U)G form a
Pfaffian point process [259]. The random matrix X occurs in the construction of the
Bures—Hall measure on the space of density matrices [541].

5. Remark 6.3 drew attention to a symmetry based classification of non-Hermitian
matrices. The recent work [360] discusses properties of the corresponding singular
values.
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6.4 Eigenvectors

Associated with the set of eigenvalues {z;} of a Ginibre matrix G are two sets of
eigenvectors—the left eigenvectors {£;} such that IZT =X €T and the right eigen-
vectors {r;} such that Gr; = x;r;. These are not 1ndependent but rather (upon
suitable normalisation), form a biorthogonal set

er; =6 (6.18)

This property follows from the diagonalisation formula G = X DX ™!, where the
columns of X are the right eigenvectors, D the diagonal matrix of eigenvectors, and
the rows of X ! are the left eigenvectors. For nonzero scalars {c;} we see that (6.18)
is unchanged by the rescalings r; — c;r; and £; — (1/c;)¥¢;.

For N x 1 column vectors u, v, define the inner product (u, v) := a’v. The so-
called overlap matrix has its elements O;; expressed in terms of this inner product
according to

Oij = (l’,,-,lj)(r,-,rj). (619)

Note that this is invariant under the mappings noted in the final sentence of the above
paragraph, and for fixed i and summing over j gives 1. Also, it follows from (6.19)
that the diagonal entries relate to the lengths

0ji = 141 PlIr; > (6.20)

The square root of this quantity is known as the eigenvalue condition number; see
the introduction to [107] and [173, Sect. 1.1] for further context and references.
Significant too is the fact that the overlaps (6.20) appear in the specification of a
Dyson Brownian motion extension of GinUE [107, 220, 303].

Statistical properties of {O;;} for GinUE were first considered by Chalker and
Mehlig [146, 147]. By the Schur decomposition (2.2), instead of a GinUE matrix G,
we may consider an upper triangular matrix Z with the eigenvalues {z;} of G on the
diagonal, and standard complex Gaussians, as off-diagonal entries. For the eigenvalue
21, the triangular structure shows thatl’,l =(1,by,....,b5)T andr; = (1,0, ...,0)7

where for p > 1 and b, =1, b, = r 5;1 by Z,,. From this last relation, it

follows that with £ = (1, b,, ..., b,)" forn < N we have

~ bq
Zb Zq(n+])) ) bq e —————— N
V 2g=t g
(6.21)
This has immediate consequences in relation to O;; as shown by Bourgade and

Dubach [107].

(n+1) (2 )2
16012 = 1112 (1 + |
|Z1 - Zn+1|2
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Proposition 6.5 Let the eigenvalues {z;} be given. We have
N

2
on=]] (1 + L||2) 6.22)

2 lz1 = zn

where each X, is an independent complex standard Gaussian. Furthermore, it follows

from this that after averaging over {zo, ..., Zn}
0 a1 (6.23)
"z B2,N—1] :

where Bla, B] refers to the beta distribution.

Proof A product formula for Oy, follows from (6.20), the fact that ||r{|| = 1, and
by iterating (6.21). This product formula is identified with the RHS of (6.22) upon
noting that a vector of independent standard complex Gaussians dotted with any unit
vector (here (15 Iy evns 15”)) has a distribution equal to a standard complex Gaussian.
In relation to (6.23) a minor modification of the proof of Proposition 2.14 shows
that conditioned on z; = 0, the ordered squared moduli {|z; |2}j.v=2 are indepen-

dently distributed as {I'[j; 1]} ;vzz_ Noting too that with each X ; a standard complex
Gaussian, |X;|? L [1; 17 it follows that

N N
d X, ~ d d
ATT(1 —>, %4010, Y, L m: 1.

. ]‘[( + [1; 1] [n; 1]

Next, we require the knowledge of the standard fact that Y, /(Y, + )~(,,) 4 Bin, 1].
Furthermore (see e.g. [237, Exercises 4.3 q.1]), for x gB[a +B,v1y gB[a, B,
we have that xy =Bla,  + 1, which tells us that with b, =B[n, 1] we have
1Y, b, £B[2, N — 11.

Dividing both sides of (6.23) by N we see that the N — oo is well defined since
NB[2, N — 1] — T'[2, 1]. After scaling the GinUE matrix G G/\/N so that the

leading eigenvalue support is the unit disk, an analogous limit formula has been
extended from z; = 0 to any z; = w, |w| < 1 in [107]. Thus

011 i d 1
—> .
N —|wi>)  TI2:1]

(6.24)

In words, with Oy corresponding to the condition number, one has that the instability
of the spectrum is of order N and is more stable towards the edge. Another point of
interest is that the PDF for 1/ T'[2, 1]is x,~0e~'/*/¢3, which is heavy tailed, telling us
that only the zeroth and first integer moments are well defined. We remark that limit
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theorems of the universal form (6.24) have been proved in the case of the complex
spherical ensemble of Sect. 2.5, and for a sub-block of a Haar distributed unitary
matrix [200]; see also [451].

The 1/¢3 tail implied by (6.24) has been exhibited from another viewpoint in
the work of Fyodorov [272]. There the joint PDF for the overlap non-orthogonality
Oj; — 1, and the eigenvalue position z ;, was computed for finite N. The global-scaled
limit of this quantity, P%(¢, w) say, was evaluated as [272, Eq. (2.24)]

1 — 2\2
PE(t, w) = %e—“—‘wl”/’, lw| < 1. (6.25)
Tt
Note that for the first moment in ¢ this gives
e 1
/ P, w)dt = —(1 — |w|?), (6.26)
0 T

in keeping with a prediction from [146, 147]. This was first proved in [530].

An explicit formula for the large N form of the average of the overlap (6.19)
in the off-diagonal case (say (7, j) = (1, 2)), with the GinUE matrix scaled G +—
G/\/N, and conditioned on z; = wy, zo = w, with |wy], |[wz| < 1 is also known
[39, 107, 146, 147, 173]:

<012
6.27)

This formula is uniformly valid down to the scale N|w; — w;| = O(1). The large N
form of the average value of the diagonal overlap for products of M global-scaled
GinUE matrices has been considered in [78, 113], with the result

— 2
1 1—wwy [1—(1+Nw —wy|*)e Nwr—wal
a=wi,z=w,[ Noco N m2|w; — ws|* 1 — e=Nlwi—wf '

N—oo N

lim <011 > — Lz 2 (6.28)
z1=w T

cf. (2.79). We remark that the average values of O, and O, conditioned on multiple

eigenvalues are shown to have a determinantal form in [39, Th. 1], thus exhibiting

an integrable structure for these eigenvector statistics.

For general complex non-Hermitian matrices with independently distributed
entries of the form &;; + i¢jx, where each &, ¢ is an identically distributed zero
mean real random variable of unit variance (this class is sometimes referred to as
complex non-Hermitian Wigner matrices; see e.g. [28] and Sect. 6.5 below), a line of
research in relation to the normalised eigenvectors is to quantify the similarity with
a complex vector drawn from the sphere embedded in CV with uniform distribution.
Recent references on this include [413, 417]. For random vectors on the sphere, there
are bounds on the size of the components which rule out gaps in the spread of the
size of the components, referred to in [476] as no-gaps localisation. As noted in [417,
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Sect. 1.1], the bi-unitary invariance of GinUE matrices implies individual eigenvec-
tors are distributed uniformly at random from the complex sphere, and thus with
probability close to one have that the j-th largest modulus of the entries is bounded
above and below by a positive constant times /N — j/N, for j in the range from
N /2 up to N minus a constant time log N.

Remark 6.5 1. The overlap O);|,—,, as specified by (6.24) shows itself in a construc-
tion of areduced density matrix p4 associated with Ginibre eigenvectors, conditioned
on the event that the eigenvalue z is equal to w. Thus from [164, Eq. (18)] we have

LR O el Ul (6.29)
PA=N, 2 '

where | <« Ny <« Ng, N4+ Np = N, and G is an N x N global-scaled Ginibre
matrix. Relevant to the study of [164] is the eigenvalue density implied by (6.29).
Appropriately shifting the functional form of the circular law (2.32) and averaging
over I'[2, 1] shows that in the variable x = |N/§l —z|/4/1 — |w|? the density is given
by [164, Eq. (21)]

1 a1 4202 4 2%
w(x) = —(2—e1/* (7+ x4+ i )) (6.30)
T X

2. Another appearance of O1; (and Oy, ) is in the study of the eigenstate thermalisation
hypothesis (ETH) for non-Hermitian Hamiltonians [165]. In this topic, with A a fixed
N x N matrix, of interest is the statistical properties of (£;, Ar;). With [E;; denoting
the expectation with respect to the matrix U in the Schur decomposition (2.2), it is
found, restricting attention to the case i = j for simplicity, that

Tr A
Ey €, Ar;) = N
TrA]2 O Tr A2
Bolfes, ar)P = AL 4 O (1 414 - AT,

With Tr A = O(N), in light of (6.24) this shows that the fluctuations are of the same
order as the mean, which is interpreted as a violation of the ETH.

3. A so-called non-Hermitian Rosenweig—Porter model can be defined by weighting
each of the off-diagonal entries of a GinUE matrix by N ~7/2, where y > 0. As for
the Hermitian case, of interest is the inverse partition ratio I, (j), defined as

N
LG =Y e riten|'s g =172,

p=1
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where e, denotes the p-th standard basis vector in CN. It is found in [177] that
L(H=N" y<1 L(H=0WD, y>1,

independent of j. Inparticular, I, (j) = O(1) has the interpretation of the eigenstates
being localised.

6.5 Non-Hermitian Wigner Ensembles

As remarked at the beginning of the paragraph below (6.28), the term (complex)
non-Hermitian Wigner matrices refers to the class of non-Hermitian random matrices
with independently distributed entries of the form &;; + i{;x, where each &y, is
an identically distributed zero mean real random variable of unit variance. When
the latter is the real normal NJ[O, 1/ /2], the GinUE is obtained. However, more
generally, non-Hermitian Wigner matrices do not share with GinUE the property of
allowing for explicit formulas in relation to the joint eigenvalue PDF or the correlation
functions. Nonetheless, for large N many statistical properties of non-Hermitian
Wigner matrices are in fact independent of the detail of the particular distribution of
the elements, beyond it having mean zero and unit variance. This property is referred
to as universality, and generally is a prominent theme in random matrix theory [219].

In the specific case of the universality of the circular law functional form for the
global density, references on this have been given below (2.17). As noted in the first
paragraph of Sect. 6.4, important to establishing this result is control of the resolvent
associated with a shifted version of the matrix H (6.10). The work [46] establishes
the near optimal convergence of the spectral radius sy say, improved on in [162] to
the statement that for any € > 0 there is a C. > 0 such that

YN
hmsu Pr s 1-— ‘ ) €,
PPN = 7V an NlogN

where yy is as in (3.13). An analysis based on the resolvent associated with (6.10)
has been used to establish local universality of the edge correlation functional form
associated with the correlation kernel (2.19), where it is required that the expected
value of the square of the entries vanish. In such work it is not convergence to the
explicit functional form that is established, but rather convergence to the case of
standard complex Gaussian entries.

Consider now the global-scaled covariance of smooth linear statistics f, g, which
in the case of GinUE is given by (3.21), with a normal Gaussian fluctuation as
specified by Proposition 3.4. In the case of complex non-Hermitian Wigner matrices,
with the expected value of the square of the entries random variable & + i¢ equally
zero, the RHS of (3.21) aquires the extra term [160] (see also the review [156])



96 6 Further Theory and Applications

w(= [ rwavay - 50)(= /

g dxdy — &)
Ir|<1 Ir|<1
Here k4 is the fourth cumulant of a single entry, k4 := (|& 4+ iZ|*) — 2 (note that this
vanishes for GinUE) and fj, go are as those in the statement of Proposition 3.3. Note
that this extra term vanishes if f or g are real analytic. Similarly, the 8 = 2 case of
the expansion (4.18) must be modified by the additive term [160]

_e rmeiRP - D
7TN lz]<1

Should the variance of the entries of a non-Hermitian Wigner matrix not be well
defined due to the entries being heavy tailed, distinct statistical properties to those
described above are expected. While explicit formulas are generally not available,
introducing a parameter « as in the theory of Lévy a-stable laws it is known that the
limiting global density decays proportionally to |z|?@~Ve=@/21" for large |z|; see
[100, Sect. 6].

Aspects of universality in relation to eigenvector overlaps are investigated at a
numerical level in [107]. In particular, evidence is presented for the validity of the
inverse gamma distribution (6.24) for a general class of complex non-Hermitian
Wigner ensembles.
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Chapter 7 ®)
Eigenvalue Statistics for GinOE e
and Elliptic GinOE

For GinUE matrices the (complex) Schur decomposition underpinned our ability
to compute the eigenvalue PDF. This has a real analogue, although it is necessary
to condition on the number of real eigenvalues. Consequently, the eigenvalue PDF
is no longer absolutely continuous, but rather breaks up into sectors depending on
the number of real eigenvalues. Nonetheless, as for real symmetric GOE matrices,
structures giving rise to a Pfaffian point process result, the further development
of which requires identifying particular skew-orthogonal polynomials. Questions
relating to the distribution of real eigenvalues have a rich content, the development
of which is facilitated by the identification of a simpler determinantal structure for
the generating function, which permits the establishment of a local central limit
theorem. Remarkably, the Pfaffian point process specifying the correlations of the
real eigenvalues coincides with the those for the annihilation process on the real
line A + A — @, which has consequences with respect to determining the large gap
asymptotics. An extension of GinOE also considered in this chapter is elliptic GinOE,
which is defined as a linear combination of real symmetric and real anti-symmetric
Gaussian matrices. Similar structures to those for GinOE result, but now with the
possibility of studying the weakly non-symmetric limit. An application is given to
equilibria counting.

7.1 Eigenvalue PDF for GinOE

Dyson’s derivation of the GinUE eigenvalue PDF consisted of the following main
steps (see Sect. 2.1):

(i) Decompose a GinUE matrix G using the Schur decomposition G = UZU".
Here U is a unitary matrix, and Z is an upper triangular matrix with the eigen-
values {z;} of G on the diagonal.

(i) Decompose the measure for the independent elements of G, both real and
imaginary parts, using the coordinates from (i). It is found that the dependence
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on U, Z (the strictly upper triangular elements of Z) and {z;} factorises, and
that the Jacobian equals ]_[j<k |z — 7512

(iii)) Rewrite the weight for the joint element PDF using the coordinates of (i),
TG — =30 127 =5 | Zpl

(iv) From the decomposition in (ii) and (iii) observe that the dependence on the
elements of Z factorises and hence only contributes to the normalisation after
integration over these variables to leave the functional form (1.7).

Following [211] (see also [237, Sect. 15.10]), in the case of A € GinOE, con-
ditioned to have k real eigenvalues (k same parity as N), the appropriate Schur
decomposition in step (i) reads A = QRQT. Here Q is a real orthogonal matrix,
while R is upper block triangular. The first k diagonal elements of R are the scalars
{2 }’;zl—the real eigenvalues—while the next (N — k)/2 diagonal elements are the

2 x 2 matrices
xi b;
XjZ:|: J Ji|, bj,Cj>0,
—Cj Xj

where x; £ iy; (y; = /bjc;) are the complex eigenvalues.

Step (ii) seeks to decompose the measure for the elements of A. A factorisation
again results, with the Jacobian equalling 2V ~%/2| A|, where A is as in (1.10) but
with the difference between each pair x; & iy; omitted, times the additional factor

,(Z,j' ff/ 2 |b; — ¢;]. For step (iii) we calculate

k (N—k)/2
e THAAT/2 _ o= T2 g X5 M2 = X /D)

where 6; = b; — ¢; and {r;;} are the off-diagonal elements. To carry out step (iv)
and thus integrate out all variables except the eigenvalues, it is convenient to change

variables from {b;, ¢;} to {y;, §;} according to db;dc; = (2y;/ 8? + 4y12.)dyjd8j.

Integrating over §; in this is responsible for the factors e” j erfc(v/2y ;) in (1.10), while
integrating over the other variables only contributes to the normalisation.

7.2 Coulomb Gas Perspective

The factor |A] in (1.10) can be written in exponential form

‘A({M}lzl ..... kULlxj£iyjtio,., (ka)/z)‘
k (N—k)/2 (N—k)/2
=exp( D doglp—rjl4+ Y Y loglzs —AjllEs =il 4+ Y log|za—zb|)
1<j<p=<k j=1 s=I a,b=1
X exp (2 Z loglzp — zallzp — Za|>. (7.1)

1<a<b<(N—k)/2
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This permits the interpretation as a Boltzmann factor for a classical two-dimensional
Coulomb gas [245, 284]. Relevant to this is the fact that the solution of the
two-dimensional Poisson equation quﬁ(r, r’) = —278(r — r’) with the Neumann
boundary condition along the x-axis aa—yqb (r,r")|y—o+ = Ois, with the use of complex
coordinates, given by

o)) =—log 1z = Zl1z = 2). (7.2)

How to approximate (7.2) in terms of different dielectric constants for y > 0 and
y < 01is discussed in [237, Sect. 15.9]; its effect is to give rise to an image particle
of identical charge at the reflection point 7’ of z” about the real axis.

We see that (7.1) contains terms corresponding to the sum over pairs of the poten-
tial (7.2) for the complex coordinates {z; };]:k) /% in the upper half plane, interacting
at dimensionless inverse temperature 8 = 2. In addition there is an interaction energy
between k real coordinates and the complex coordinates. However, this is only con-
sistent with (7.2) if the real eigenvalues are weighted by assigning their charge to
equal 1/2. Assuming this, after noting from (7.2) that before weighting the k real
coordinates themselves interact via the pair potential — log | — A’|?, the correct term
in the Boltzmann factor is obtained.

We turn our attention now to the one-body terms involving the weight in (1.10),
which when written out in full read

(N-k)/2
k (N=K)/2, 2 | )2
e~ Zin /2= X5 () l_[ eerfe(v/2y)). (7.3)
j=1

From a two-dimensional Coulomb gas viewpoint, we see that the first two exponential
terms result from a coupling between the charges (particles on the real line having
charge 1/2) confined to the semi-disk |z| < VN, y >0, and with a neutralising
background of uniform density p = 1/ filling the semi-disk. In the random matrix
problem, this implies that the global-scaled eigenvalues obey the circular law (2.17).
The final term can be interpreted as the coupling of the complex coordinates to a
smeared out charge on the real axis; asymptotically each factor decays as 1/y;. This
is then cancelled by the term in (7.1) corresponding to the interaction between the
complex coordinate and its image.

7.3 Generalised Partition Function and Probabilities

Integrating (1.10) over the specified range of the eigenvalues gives the probability
that a GinOE matrix has precisely k real eigenvalues, pgi°" say. However, to per-
form the integrations in general, more theory is required—that of skew-orthogonal

polynomials—which is to be developed below. An exception is the case k = N [211].
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Proposition 7.1 We have p§j[0% = 27 NN=D/4,

Proof According to (1.10) withk = N
) Cg 00 [ee)

PN = VA,// d)\l"'/ diy e T2 l_[ Ak — Al
+J—0o0 —00

1<j<k<N

This multiple integral—the 8 = 1 case of what is referred to as Mehta’s integral—
has a known evaluation in terms of products of gamma functions (see [237, Propo-
sition 4.7.1]), which implies the result. O

Pfaffian structures associated with integrations over (1.10) are most readily
revealed by considering the so-called generalised partition function

(N—k)/2

Zi (N—ky2[u, v] <1_[M()»1) 1_[ U(xlv)’l)) (7.4)

Proposition 7.2 Let {p;_1(x)};=1....n be a set of monic polynomials, with p;_;(x)
of degree | — 1. With the weight w®(x) as in (1.9) let

o0 o0
of = / dx u(x)/ dy u(y) (@*(x)ef ()" pj_1(x) pe_1 (y)sgn (y — x),
—0oQ —0oQ
,Bfk =72 / dxdy v(x, y)w?(z)
. R
% (P (e iVt (& = 9) = it i)y (6 — i)
For k, N even and with C,%, as in (1.9) we have

Zi (N-ty2lu, v] = C5 [Ck/z]Pf[COl +,311 =1, N s (7.5)

where [(P] f (¢) denotes the coefficient of ¢ in f(¢). With

NJ2
Zylu, v] = Z Zog,(N—20) /21, V], (7.6)
k=0
it follows that
Zylu, vl = C,%,Pf[aik + ﬂ_,g-,k]j,k=1 ..... N- (1.7)

Proof The strategy to deduce (7.5) is to combine two integration methods involv-
ing determinants due to de Bruijn [110]. Details can be found in [237, proof of
Proposition 15.10.3]. O
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Remark 7.1 Thecaseu = v of (7.7)is due to Sinclair [502], who also considered the
modification required for N odd. Subsequently, the N odd case of GinOE was con-
sidered in more detail in [104, 264, 509]. Introducing vy := ffooo e /2 Pi—1(x)dx,
the N odd version of (7.7) reads

[oej i + Bjil [v]

Zylu, vl = C§ Pf|: /> PREL ) (7.8)
N [—wi] 0 jk=1,..N

However, below, for efficiency of presentation, we will always take N to be even as

we further develop the theory relating to GinOE.

Define Zy (¢) = lecv:/(z) é‘kzzk’(Nfzk)/z[l, 1], which is the generating function for
the probabilities p§i"0" = Za. (v—2x)/2[1, 1] of there being exactly 2k real eigenval-
ues. Choosing p;(x) to be even for j even and odd for j odd, the Pfaffian in (7.7)

can then be written as a determinant of half the original size [31],

Zyn(£) = Cy det I:a2j71,2k|u=1 + ﬁ2j71,2k|u:1:| , (7.9)

jk=1,...N/2

Moreover, further refining the choice of the p; to be skew-orthogonal—see the
following section for this notion and their expansion as monomials—allows (7.9) to
be written in the explicit form [355]

G- TG+k=3/2
Zyn(C) = det |:8 ikt - . (7.10)
! V2 JTQRj—=DTQRk—D i np
As an application, the first term of the conjectured asymptotic formula
1 : 1 3 C
—— log pSinoE — (—>+—+--~, (7.11)
\/ﬁ g pN,O mé‘ 2 \/ﬁ
where ¢ (x) denotes the Riemann zeta function and
C =log2 1+1i1( +§71 ) ~0.0627 (7.12)
—log2 — — + — = ~ 0. , .
g 4 4n —n o p(n—p)

as implied by results of [244] for the probability of a large gap in the real spectrum
of bulk-scaled GinOE, was rigorously established. Beyond the case k = o(N), the
leading-order asymptotic behaviour of log pZGk‘f‘AC,’E, with k = O(N), was derived in

[185] using a Coulomb gas approach. A known arithmetic property of { pS{Uf, }, namely

that each member of the sequence is of the form py y =7 + s+/2, with r and s
rational numbers which in reduced form consist of powers of 2 in the denominator
[211], is (after minor manipulation) also evident from (7.10).

Another application of (7.10) is to differentiate with respect to ¢ and set ¢ = 1.
This gives for the expected number of real eigenvalues, E', := Z,ivz/ (2) 2kpak.N, the
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explicit formulas [212]

) 22 rek-3/2) 1 \/7F(N+1/2) 1,—1/2|1
EN:\/;]Z_; rec—1n 2 Vz 1t ZF‘( N 'E)

(7.13)
where the validity of the hypergeometric expression can be checked by recurrence.
The latter, which holds too for N odd, has the utility of implying the large N asymp-

totic expansion
Er—l ,/ﬂ 1—i— > + (7.14)
N 2NV oo 8N 128N? ' '

(We refer to [115, 123] for recent works on extending this to the general spectral
moments.) We will see later (working below Proposition 7.6) that the leading-order
value /2N /7 is consistent with the bulk density of real eigenvalues equalling the
value 1/+/27, and being supported on the interval [—+/N, v/N] to leading-order.
Relating to this, we already know from the Coulomb gas viewpoint of Sect. 7.2 that
the density of complex eigenvalues is 1/7 supported on the disk of radius v/N. We
also mention that the leading-order asymptotic of (7.14) has been extended to a class
of i.i.d. real random matrices [515].

The variance (of\,)2 of the distribution of the real eigenvalues can, using (7.10), be
expressed in terms of a double summation over gamma functions; however, the large
N asymptotic form is not easy to then deduce. Later, in Proposition 7.7, an alterna-
tive method will be used which shows (o,{,)2 ~ (2 = +/2)E%,, and so in particular the
variance diverges as N — oo. This fact, together with a corollary of (7.10) regarding
the zeros of Zy (), can be used to deduce that upon centring and scaling, the prob-
ability distribution for the number of real eigenvalues satisfies a local central limit
theorem. This is in the spirit of Proposition 3.2, although to our knowledge a local
central limit theorem in this context has not appeared previously in the literature.
For the corresponding central limit theorem in a more general setting, see [S00] and
Sect. 7.7 below.

Proposition 7.3 We have that { pzcljflﬁ,)E} satisfies the local central limit theorem

. 1
lim  sup |0y paknlok=(ofrrE5] — \/2—3 2 =0. (7.15)
T

N—=00 ye(—c0,00)

Proof ltisestablished in [355] that the matrix formed by the ratio of gamma functions
in (7.10) is positive definite, and hence the zeros of Zy(¢) are all real. Moreover,
they are negative real since Zy(¢) is the generating function for the probabilities
{ pg,(if‘ﬁ,m}. As remarked above, we know too that for N — oo the variance of this
probability distribution diverges. Combining these two facts gives, upon appealing

to [84, Th. 2], the stated result. O
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Remark 7.2 It has been commented in Sect. 7.2 that the global density of the eigen-
values obeys the circular law in the limit N — oco. However, the fact that the expected
value of real eigenvalues is proportional to ~/N, whereas the corresponding distri-
bution function takes on non-zero values for all (even) values of the number up to
N creates, for finite N, a so-called Saturn effect whereby the support of the real
eigenvalues visibly overshoots the circular law; see [69, Fig. 1].

7.4 Skew-Orthogonal Polynomials

In (7.7) set yj x := oj klu=1 + Bj.rlv=1. We see that associated with y; ; is the skew
inner product

(f, g)f,o = / dx / dy (a)g(x)wg(y))I/Zf(x)g(y)sgn (v — 1),
+ 21’[C d%z a)g(z)(f(z)g(Z) - g(z)f(Z)). (7.16)

Here the subscripts on the inner product indicate that it is skew symmetric and asso-
ciated with the GinOE. A Pfaffian is well defined for anti-symmetric matrices of
even size only. The analogue of a diagonal form in this setting is the direct sum of
N /2 two-by-two anti-symmetric matrices. We would like to choose the polynomials
{pi—1(x)} in the definition of [y; «] so that it takes on such a direct sum form. Equiv-
alently, we seek a monic polynomial basis that skew-diagonalises the skew inner
product (7.16). This requires that

V2j2k = V2j—1,2k—1 =0, V2j—1.2k = —Vak2j—1 =Tj-10k, (7.17)

where {r;_;} (the skew norms) are the nonzero elements in the block diagonal form

0 i
[kl = @j\’:/%[ rjol].

—rj-1

If these relations are satisfied, the polynomials are said to be skew-orthogonal.

One observes that (7.17) does not uniquely determine the polynomials. Thus the
odd polynomials pj,+1(z) can be replaced by ps,+1(z) + cg2,(z) for any constant
c (see e.g. [237, Sect. 6.1.1]). On the other hand, the existence of {g,, },,>0 follows
from a Gram—Schmidt skew-orthogonalisation procedure [26, Th. 2.4]. Nevertheless,
since this procedure requires us to evaluate certain Pfaffians, it is not very useful for
the actual computation of the skew-orthogonal polynomials.

Crucial for determining the skew-orthogonal polynomials relating to the skew
inner product (7.16), and various generalisations associated with ensembles related
to the GinUE to be discussed below, are their realisations as 2n x 2n GinOE matrix
averages [33, Eqgs. (4.6)-(4.7)]:
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pon(2) = (det(zlon — G)),  pon+1(2) = z2p2n(2) + (det(zly — G)Tr G). (7.18)

The matrix averages in (7.18) are simple to evaluate [254].

Proposition 7.4 Let the random matrix G = [g i) such that the average of distinct
pairs is the same as the product of the averages of the individual entries. Suppose
that the distribution of each g i is the same as that for —g jx. Then the formulas of
(7.18) simplify,

P =2, pani(@) =T —(Tr GH (7.19)

Also, in the case of GinOE, (Tr G?) = 2n which allows (7.19) to be written

d _
p5 @ =2 P50 = —e*/zd—ze 2 o). (7.20)
For the normalisation we have
rf_l =2V2aT'2n —1). (7.21)

Proof The expansion of det(z]l,, — G) gives a term z%" plus terms involving lower-
order powers of z, the coefficients of which are linear with respect to any single
matrix element. Averaging over the matrix element using the assumed invariance of
the distribution by negation must give zero. In relation to (det(zl,, — G)Tr G), the
assumed invariance of the distribution by negation implies that a nonzero value will
result only for terms in the expansion of det(zl,, — G) which contain single powers
of the matrix elements, these terms being in total z2"~'Tr G. The value of (Tr G?)
for G a member of 2n x 2n GinOE is immediate from the fact that the elements
all have unit variance. For the normalisation r,, from the block diagonal form we
have Pf [y, ] = HN/2_1 r;. Substituting in (7.7), and noting that as a result of its

j=0
interpretation as a sum over probabilities we have Zy[1, 1] = 1, allows (7.21) to be
verified. O
Remark 7.3

1. The skew inner product

ajy = / dx / dy (@2 (x)f (YN p;_1(x) pr—1(y)sgn (y — x),

is well known in the theory of the Gaussian orthogonal ensemble (GOE). The corre-
sponding skew-orthogonal polynomials are then given in terms of Hermite polyno-
mials (see e.g. [6])

N iy d [
PR =2V Hyy (). pSPR() = e (e 2p5E ) ):

cf. (7.19) and (7.20).
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2. Let ¢(2) = |%(z ++/z22—=4)|7%, s > N and define the skew inner product

{f, g)f’ o as in (7.16) but with w#(z) replaced by ¢(z) throughout. This arose in
a study of the so-called Mahler measure of random polynomials [503], and the cor-
responding skew-orthogonal polynomials were required. Without a random matrix
underpinning, there is no meaning to (7.18). Nonetheless, in [503, Th. 2.1], the
skew-orthogonal polynomials have been explicitly determined in terms of a single
Chebyshev polynomial (for p,,(z)) and a sum of two Chebyshev polynomials (for

DPan+1(2)).

7.5 Correlation Functions for the Real Eigenvalues

From a statistical mechanics viewpoint, the eigenvalues of GinOE matrices form a
two-component system consisting of the real eigenvalues, and of the complex eigen-
values. Both form Pfaffian point processes. Details relating to the real-real correla-
tions are considered here, with the complex—complex and complex—real correlations
treated in the next section.

As a starting point, use will be made of the definition (7.4) of the generalised par-
tition function Zy [u, v], containing arbitrary functions u(x) and v(x, y). Generally,
for integrations involving arbitrary functions, the remaining factors of the integrand
can be extracted by functional differentiation,

8
da(x)

/ a f ) dy = f(x). (7122)

All correlations can be obtained from Zy[u, v] in (7.6) using the operation of func-
tional differentiation. As an explicit example, for the m-point correlation function of
the real eigenvalues, ,o{m)‘ y say, we have

8’71

= Sy Ay a2

u=v=1

Iozm),N('xlv LR »xm)

This can be checked from (7.22) and the definition of p{m)’  as the sum over (1.10) for
k=m,...,N,with; =x; (Il =1,...,m), each term weighted by the combinato-
rial factor k!/(k — m)!, and the variables {A;};—,,+1....x each integrated over R. Start-
ing with (7.7), and choosing the polynomials therein to have the skew-orthogonality
property (7.17), a Pfaffian formula for me),  can be deduced [104, 266, 506].

Proposition 7.5 Let {p;(x)} be the skew-orthogonal polynomials for GinOE as
specified in (7.20), and for x real set w(x) = w®(x) as implied by (1.9) (specifi-
cally then o (x) = e ). Use these polynomials and this weight to define ®;(x) =
f_oooo sgn(x — ) pr (M) (@))% dy, which in turn is used to define
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& @'
Syee ) = 3 T (@ 0pan () = @xn@pu),
k=0

10 - y
Dy(x,y) = EaSI(X, y), Iy(x,y) =sgn(y —x) — 2/ S"(x,2)dz. (7.24)

X

(An equivalent form of I"(x, y) is to replace the integral therein by f_oooo sgn(y —
2)S"(x, z) dy.) We have

Py N X1s ++ oy Xm) = PEIKY (X, X)) a=1..ms
Dj(x,y) S} (x,y)}
K (x,y) = N N . 7.25
v, y) |:—S§V(y,x) 7t (x, y) (7.25)

Before presenting the proof, it is instructive to outline a derivation of the determi-
nantal expression for the m-point eigenvalue correlation function of GinUE (cf. (2.9)
and Proposition 2.2), the main steps of which can be generalised to GinOE [432].
These steps are:

(1) Show that for the monic polynomials p;(z) = 7,

N

( 1_[ " (Zl ) >GinUE

=1
N

1 .
= det[ 8 + / e (u(z) = /T a]
) Jez

(Pj-1, Dj-1 k=1’
2 -
where (pj_1, pr—1) = fcz e 1P zi=1zk=1 g2,
(i) With I denoting the identity operator, use the operator theoretic identity

det(I+ AB) = det(I+ BA), (7.26)

valid whenever the determinant is well defined (see [183]) to rewrite the formula
in (i) as
N
(TTw)  =detd@+ K.,
GinUE

=1

where K, is the integral operator on C with kernel (u(z2) — 1)Ky (21, z2), with
Kn(z1, 22) given by (2.9).

(iii) Use functional differentiation to now extract the m-point eigenvalue correlation
function from the Fredholm expansion [532]
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Proof of Proposition 7.5 In relation to steps (i) and (ii), we follow [237, Proof of
Proposition 6.3.6]. Starting with (7.7), we setv = 1,u = 1 + # and choose {p;_1(x)}
to have the skew-orthogonality property (7.17). Also, we introduce the notations
¥ (x) = e 2p;_y(x) and e[ f1(x) = [, sgn(x — y) f(y) dy. Then, with

Vik = klu=1 + Bjilv=1,

we have
ajr + Bjxk = Vik

- / (ﬁ(X)I//j(X)e[I//k](X) — i)Y ()ely;1(x) — ﬁ(X)lﬁk(X)SW//j](X)) dx.

oo

Next, we introduce the further notation G,;_1(x) = ¥ (x), G2;(x) = —Y;_1(x),
multiply the even rows by —1 and use the facts that [y, ] has the block diagonal form
as specified below (7.17) and that the square of the Pfaffian is the corresponding
determinant, to deduce

N
(Zyl1+ 0, 1) = [ [r}, det [(m +

=1 TiG-n/21

x [ (306, elpae) = A eIG 1) — 10 (G100 ) dx}.
(7.27)

This accomplishes step (i).

For step (ii), the key observation, due to [526], is that the determinant in (7.27) can
be written as det(Iy + A B) for A and B appropriate matrix operators. Specifically, A
isthe N x 2 matrix-valued integral operator, with row j of the kernel corresponding
to the pair

(= #0)elG110) = AMelaG 1), 4G ().
FiG-n/21

The operator B is a certain matrix multiplication. Specifically, the matrix has size
2 x N matrix with first row ¥ (y), and second row e[y ](y).

We are now ready to apply (7.26). With A and B as above we see that the operator
I+ BA is the 2 x 2 matrix integral operator

1= (35 ® £5G, + 0, ® fe(FG)) XL © G,

1301, ¥, ® feG; ZN=1&j®ij}[10

- |:_Z§'V=131/;j ® f6G; —ef 1+ s, ® (G, | |ef 1}. (7.28)
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Here v/ := v /r((j—1)/2) and the notation @ ® b denotes the integral operator with
kernel a(x)b(y). The determinant of the second matrix in the second expression
is equal to 1, and so it can be replaced by the elementary anti-symmetric matrix
obtained by setting z = 0, w = 1 in (1.1), without changing its value. Doing this
we can identify the kernel of the matrix integral operator as being given by an anti-
symmetric matrix so the square root of the determinant is a Pfaffian. Hence

A _ 01 D (x, )[a] S"(x, )[u]
it vt [ O, ] [P0 SCOATY

where the Pfaffian is defined in terms of the product of the eigenvalues. In the second
matrix the operators act by integration over the non-specified variable, weighted by
it, and otherwise have kernels given by the corresponding entries in (7.25).

We are now up to stage (iii) of the outlined strategy. Analogous to the theory of
Fredholm determinants, this quantity—a Fredholm Pfaffian—can be expanded in a
series of Pfaffians of scalar matrices to read [466]

N 1 [o.¢] oo
Ziti+ii=14+ 30— [ anien - [ dv i)
m=1 m:J—co —©
x PE[Ky (xj, i) k=1,...om- (7.30)

Here the 2 x 2 anti-symmetric matrix kernel K}, is determined by the kernel of the
second matrix integral operator in (7.29). We note that the formula (7.23) remains
valid with each u(x) in the functional derivative replaced by i, with the latter now
set equal to zero after the derivatives have been computed. Applying this modified
formula to (7.30), we read off the sought Pfaffian formula (7.25) for the correlations.

(]

With the polynomials {p;_;(x)} given according to (7.20), the matrix elements
in (7.24) can be made explicit, with knowledge of S"(x, y) sufficing.

Proposition 7.6 We have
e Y/2 AT () N e 2y Ny ()
V2o o R 2V2r (N =2)!

—(x2+y?)/2 STV = 1, ) (NJ2 —1/2;x2)2
_¢ xy) 1 N—1,4%/2 y(V/ / x°/ ))
=7 ( V=D (f 2y) O v

Sh(x,y) =

(7.31)

Proof The key to obtaining the first equality is to first note from the derivative form
of pa,+1(z) given by (7.20) that

Dopp1 (x) = —2e7F 24,
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which implies the summation identity

N/2—1 N/2—1

1 - (xy)*
- Z —<I>2k+1(x)l72k(y) 2 Z oo (7.32)
Also needed is the further derivative formula
2(k+ 1) 1 1 1 2/2d X222kt
_ - — ="/ , (7.33
e P2u+2(x) rkp2k(x) Wi Ao I (7.33)
which implies the further summation identity
N/2—1 1 1 N/2-2 )2k+1 1
2
_q) 7x /2 q) _ N*l.
kg(; - 2% (X) pay1(y) = «/E Z kT D) + N2 (X)y
(7.34)

Adding (7.32) and (7.34) establishes the first equality.
In relation to the second equality, by identifying terms with the first equality, the
task becomes to show

Dy r(x) = 2N "D 250n(x)y (N /2 — 1/2; x2/2).

Since from the definition in Proposition 7.5,

X
Dy_a(x) = 2/ e PYN2 gy,
0

this is readily verified. (]
Setting x = y in (7.31) gives the density of real eigenvalues
1 (T(N-1; N/2—1/2;x%/2
Pl N ) = Tﬂ( (F(N_lx) )41 (ﬁx>N 1= 2ggn () L /F(N / o / )>.
(7.35)

Now setting x = +/NX corresponds to a global scaling of the density of real eigen-
values. One can verify that the large N limit is determined entirely by the first term,
with the simple result

lim pf}, v (VNX) = (7.36)
N—oo

1
—F—=Xlx|<1-
P X1

Knowledge of (7.36) indicates that local limit theorems associated with (7.31)
will depend on the choice of origin. In keeping with this, we find that with the latter
chosen on the real axis at v4/N with |v| < 1 the final term does not contribute, while
the ratio of the incomplete gamma function in the first term equals unity, giving for
the bulk limit
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1
St (x, y) = lim S (VN 4+ x, VN +y) = fe—u—wz/z. (7.37)
— 00 T

Setting x = y in this gives for bulk density the value ,o(rit)” o (X) = 1/+4/27, as already
anticipated below (7.14). The result (7.37) gives for the bulk limiting kernel in (7.25)
the functional form

1 = =22 L —G=y)/2
K2 (x, y) = 2vas Y T X)e 5 : Ve - 038
o~ _\/%ef(xfy) /2 sgn(x — y)erfe(|x — y|/~/§)

The result (7.37) breaks down for v = %1, as ++/N are the (leading-order) bound-
aries of the support of the real eigenvalues. Then the uniform asymptotic expansion
[529]

M—-j+1;M 1 i
yM-_j+ LM S(1+ef(—%)) (7.39)
'M—-j+1) M>x?2 2M

gives for the edge scaling limit

2
1 . -
(—e*“*«”z/z(l ettt y) + e—z(l +erfx) ).

. . 1
NIB})OSN(VN-I—X,VN-F)))—T 7 Wi
(7.40)

V2r \2
In particular, setting x = y gives for the edge-scaled density

1 -
P oo (X) = Wi (1 —erf(v/2x) + %(1 + erfx))>. (7.41)

For x, y — —o0 (7.40) reclaims the bulk limiting form (7.37).
For finite N, the density of real eigenvalues p(rl)’ N (X)) = Sy (x, x) was first calcu-
lated in [212]. The starting point was the formula

—x2/2

r —
P () = NAr (N2

<| det(G — x]IN,l)|>, (7.42)
where the average is over (N — 1) x (N — 1) GinOE matrices. This can be deduced
from (1.10), although in [212] a method called eigenvalue deflation was used,
whereby a Householder transformation is applied to reduce all entries in the final

column, except the last entry, to zero. The formula E}, = f fooo ,0{1 )N () dx can then
be used to deduce (7.13).

Remark 7.4

1. Up to proportionality the term involving the summation in the first equality of
(7.31) is recognised as the correlation kernel K y (w, z) for GinUE (2.10), with w, z
real and N — N — 1. Using this notation, the results of Proposition 7.4 for the skew-
orthogonal polynomials substituted into the definition of S}, in (7.24) show that it is
furthermore true that [254, Sect. 4.2]
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r Lo
i) = S / (v — )sgn(x — ) Kn_1 (v ) ds.  (743)

2. Theentry DY, (x, y) of K, in (7.25) can be multiplied by any scalar ¢ # 0, provided
that the entry I~1rv (x, y) is multiplied by the scalar 1/c¢ without changing the value
of p(‘m)’ - This follows from the fact for B a 2m x 2m symmetric matrix, and A a
2m x 2m anti-symmetric matrix, Pf(BABT) = det(B)Pf(A) (for a derivation see
e.g. [237, Exercises 6.1 q.1]).

7.6 Correlation Functions for Complex Eigenvalues

For finite N the complex—complex correlation function is formally the same as (7.25),
but now with the entries of the 2 x 2 correlation kernel K73, but now with the need
to only introduce a single scalar kernel S} (w, z). For this purpose, set g;(z) =
(w&(2))'/? p;(z), where {p;(z)} are the skew-orthogonal polynomials of Proposition
7.4. The definition of the scalar kernel is then

Nj2—1
Sy(w, z) =2i Z 7(‘12,]’(11])‘12,/'4—1 (@) — q2j41(w)g2;) (Z)), (7.44)
j=0 "/

with the matrix kernel then being given by [104, 266], [432, Sect. 4.5]

(7.45)

K (w, ) = [‘is?v(w@ S%(uaz)} |

— 8% (z, w) iS5 (W, 7)

The results of Proposition 7.4 substituted in (7.44) shows

S8 (w, 7) = L= W) (erfc(x/iu)ez“zerfc(ﬁy)eZYZ)1/ Ky_i(w,2),  (7.46)
T

V2w

where K y_ corresponds to the correlation kernel for GinUE (2.10) with N +— N — 1
and y = Im z, u = Im w. In particular, this implies

2T(N = 1;x% 4+ y?)
'(N —1)

2
Py (@) = Sy(z,2) = \/; yerfe(v/2y)e™ . (147)

which was first derived in [211] by (effectively) obtaining a complex analogue of
(7.42),

Chi
Cy

Pl () = 208 (@) 25| det(G — 2Ty PP), (7.48)
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with the average over (N — 1) x (N — 1) GinUE matrices. (This approach can also
be utilised for the elliptic Ginibre ensembles [37].) The global scaling limit of (7.47)
is readily computed to give [211, Th. 6.3]

lim pf) y(vNz) = (7.49)
N—oo ’

1
7-[’
0, Izl >1,

in keeping with the circular law (2.17). Moreover, in the neighbourhood of the bound-
ary, but away from the real axis, the edge scaling reclaims the edge-scaled GinUE
result (2.19) with (x1, y1) = (x2, y2)); see [104].

Away from the boundary but still in the vicinity of the real axis, the bulk-scaled
limit of the correlation kernel is [104, 266]

ol ) = \/;_n (erfe(v2v)erfe(v2y)'/? (7.50)
(z — w)e~ @2 (7 — w)e~ @I/
[I(Z — lj))e—(zb—z)z/z _(Z _ lz))e_(w_zy/z} ) (751)

where w = u +iv, z = x + iy with v, y > 0. In particular, we read off from the
latter of these the formula for the bulk density of complex eigenvalues

2 )
P1)00(2) = \/; erfe(v2y)ye®", (7.52)

which tends to the constant 1/ as y — 00, as required by the circular law (7.49).

The matrix kernels determining the real-real and complex—complex correlations
both appear in the formula for the (ki, k;)-point correlation function for k; real
eigenvalues xp, ..., x;, and k, complex eigenvalues zi, ..., zk,. Thus from [104,
266, 509] we have that this has the Pfaffian form

Ptk d) N X1, ooy X3 2y ooy Thy)
k ,
ViSHETRE ) I VA C T D) P

ky
..... ko

T,C T k
(— Kl ) GGl

generalising (7.25), where each of K, ‘Kjrv’c, Ky is a 2 x 2 correlation kernel. The
bulk scaling limits of K}, K}, are known from (7.38) and (7.50) respectively. In
relation to K ¥ we have [104, Cor. 9]

1
V2
Remark 7.5 The formula (7.48) has the generalisation [37, 509]

Ko (x, w) =

(erfe(v/2v))!/? [("’ —x)e i (D — x)e—u—w)z/z] |

-2 e~ =22
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Syw.9) = i~ w)(eFwere) Cégvg“ (det (6 — wIx-n(@G —21v-))
N

(7.53)
With the matrix in the determinant of this expression generalised by the inclusion
of a term |pL|2H N—1, and G now drawn from a general non-Hermitian ensemble, the
corresponding average has been used in [111] to probe the eigenvalue density of G.

7.7 Fluctuation Formulas for Real Eigenvalues

The variance (o)? of the distribution of the real eigenvalues can be expressed in
terms of p,) y(x, y), and its explicit expression as implied by (7.25) used to deduce
its large N form [266].

Proposition 7.7 In terms of the leading large N form of E}, Ey ~ /2N /7w as
given by (7.14), we have
(05)? ~ (2 —V2)EL. (7.54)

Proof With pé),oo(zl, 22) 1= P2),00(21, 22) — P1),00(21) P(1),00(22), We have
(oy) = / dX/ dy (i y (X, ¥) + Py ()8 (x — ¥)); (7.55)
—00 —0oQ

cf. first formula of (3.2). From the qualitative knowledge that ,oféi n(x,y) is to

leading-order translationally invariant for x, y € (—v/N, +/N) with corresponding
density 1/+/2m =: p" it follows that

rN\2 r 1 * r,T
(@5)? ~ EN(I +— | T,y dy). (7.56)
Y o0
We read off from (7.25) that

PGy 00 (Xs ) = =S5 (x, Y)S5, (v, X) + DL, (x, W Ioo(x, ¥), (7.57)

where the explicit form of the functions herein are the matrix elements of (7.38).
This allows the integral to be computed to give (7.54). ]

The asymptotic formula (7.54) can be generalised to the setting of scaled linear
statistics F := Y| f(x;/v/N) [231, 500].

Proposition 7.8 Subject only to a mild growth condition on f, we have

1
Var F ~ (%/1 fz(x)dx)(Z — V2)EL, (7.58)
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Proof (Sketch) The variance is given by the RHS of (7.55) with factors
Fa/NN)FO/VN)

also in the integrand. A simple change of variables, and knowledge that correlations
decay as Gaussians outside the leading support, gives in place of (7.56)

Var F 1
Ey, 2

1 1 1
/1 f2(x)dx+%/ldx f(x)/ldy FOIW21Nph (V' Nx, V/Ny).

From the explicit functional form (7.57) we observe that for large N
V2Nl o (WNx, VNy) ~ (1 = V2)8(x — y).

This provides the result at least for piecewise continuous test function f. As noted
in [231], following an idea in [370], taking advantage of the translation invariance
of the limiting two-point truncated correlation function allows the integral instead to
be computed in terms of Fourier transforms, and so further enlarging the class of f
for its applicability. O

In the case of the counting function for a determinantal point process, we know
that a diverging variance is sufficient to conclude that the centred and rescaled linear
statistics obey a central limit theorem. Here we see that for general linear statistics
the variance diverges (this is in distinction to the case of smooth statistics for GinUE;
recall Sect. 3.2), and furthermore the correlations are no longer determinantal but
rather Pfaffian. Nonetheless, it was shown in [231, Th. 3.10] that the higher-order
cumulants of F are of order O(+/N) as N — oo. The conclusion is then that the
statistic (F — (F))/ \/E_;, tends to a zero mean Gaussian, with variance given by the
RHS of (7.58) with the factor E}, omitted.

7.8 Relationship to Diffusion Processes and Gap
Probabilities

A Pfaffian point process with correlation kernel (7.38), distinct from the real eigen-
values of GinOE, has been known in the literature (at least implicitly) for a long
time [427]. This point process is the annihilation process A + A — & on the real
line, in which particles are initially non-interacting on the real line with density
po = 1/+/27, and evolving according to Brownian motion for all # > 0. Colliding
particles are each annihilated, and the density is rescaled to have the initial value py.
As explained in [244], assembling results in [427] gives that the correlation functions
of this process are, in the limit t — oo the Pfaffian point process with the same cor-
relation kernel (7.38) as the real eigenvalues of GinOE matrices in the bulk scaling
limit. This process was reconsidered in [528], in which the Pfaffian point process
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structure, and its correlation kernel, were made explicit. Our interest here is first
to make note of some consequences of this co-incidence in relation to certain gap
probabilities in the GinOE, and then to proceed to discuss special properties of other
GOE gap probabilities.

For the first such consequence, knowledge about the correlations for another
diffusion process—specifically the coalescence process A + A — A—is required
[80]. As for the annihilation process the particles are initially non-interacting on the
real line with density pg = +/2/7 (not 1/1/27), and evolve according to Brownian
motion for all # > 0. Now pairs of colliding particles merge to a single particle, and
the density is rescaled to have the initial value pg. Results from [244, 427, 528] give
that that this is a Pfaffian point process with correlation kernel equal to (7.38), now
multiplied by a factor of 2. From the theory of thinning a point process (recall Sect.
3.3) it follows that bulk-scaled GinOE real eigenvalues are statistically equivalent
to the coalescence process with every particle deleted with probability 1/2. Now
denote by E®"(even; J) the probability that a collection of intervals J contain an
even number of particles for bulk-scaled GinOE real eigenvalues. Furthermore, we
denote by E€(k; J) the probability that there are k particles in J for the coalescence
process. The relationship between the two processes via deletion with probability
half in the latter implies [244, 427]

o0
E"P(even; J) = E°(0; J) + 12 ES(k; J) = l + 1EC(O; D). (7.59)
2 pa 2 2

Furthermore, foraset J = U;”zl (x2j—1, X2;) of m disjoint intervals, E€(0; J) is given
by [427]

cn. _ H2m o xj_xi
ESQ: ) = PE[Ay])_,. Ay = erfe( - ). (7.60)
This leads to an explicit formula of E™P(even; J). Thus in the simplest case of a
single interval, it follows that

E"(even: (0, s)) = %(1 +erfc%2). (7.61)

The second and final consequences as noted in [244] relates to the small and large
s expansions of E®T(0; (0, s)). As these had earlier been reported in the literature
for the same gap probability in the case of the annihilation process [190], the fact
that the statistical state of the latter coincides with that of bulk-scaled real GinOE
eigenvalues gives the sought results.

Proposition 7.9 For small s

s S3 5 S6

s
+ - + +oe
27 12427 80427 720m

E"P(0; (0,5) =1 — (7.62)
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while for large s
E™(0; (0, 5)) = et (7.63)

where ¢ = ﬁ§(3/2) ~ 0.5211, and C is as in (7.12).

Remark 7.6
1. We comment now on an application of E™P to a certain topological transition
relating to parametric energy levels associated with particular quantum dots, due to
Beenakker et al. [77]. This appears in a setting of energy levels --- > E3 > E; >
E; > 0and |Eo| < E;. Thus each E; is positive, while Ey may be positive or neg-
ative, but no bigger in absolute value to E;. Moreover, the energy levels are all
functions of a parameter ¢p. The question of interest is the statistics of the values
of ¢ such that Ey(¢) = 0. As a theoretical model of the particular scattering prob-
lem (Andreev reflection) giving rise to these energy levels, the solution of this last
equation is mapped to the real eigenvalues of the real, but non-symmetric, random
matrix

M = (Ly = R)(Loy + R)™'Zaw, (7.64)

where Risa2N x 2N Haar distributed real orthogonal matrix with determinant +1,
01
-10
implying all eigenvalues of M are doubly degenerate. Although no exact solution
relating to the ensemble {M} is known, numerics indicate that the leading term for
the number of real eigenvalues is /2N /7 as for GinOE, and most significantly for
present purposes that after rescaling so that the mean density is 1/+/27, these real
eigenvalues have bulk spacing specified by the GinOE distribution E™P.
2. The ensemble of random matrices (7.64) is one example of a member of the same
universality class for its real eigenvalues (at least according to numerical evidence) as
GinOE. On the other hand, there are known ensembles for which the real eigenvalues
appear (from numerical evidence) to have different statistics, for example

A B
-BT c|’

where A, B, C are square random matrices of the same size with A, C real symmetric
from the GOE, and B from GinOE [536]. We make mention too of ensembles of
non-Hermitian random matrices with complex entries which exhibit real eigenvalues;
see [429, Sect. 8], [221] and [536]. An explicit example is random matrices of the
form I y_+ G, where G is a member of the GUE, while /i y_ is the diagonal matrix
consisting of k entries equal to 1 and N — k entries equal to —1. In [221] it is shown
that for u := k/N fixed as N — oo, there is a finite fraction of real eigenvalues
provided . # 1/2, the density of which can be explicitly calculated. Let us also stress
that the weakly non-symmetric regime [35, 38, 267] provides additional examples
where the real eigenvalue statistics differ from those of GinOE.

and Zoy =y ® . Note that M has the skew symmetry MT = —ZnMZyy,
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Choosing it (x) = — xxe(0.5) in the generalised partition function Zy[1 + &, 1] of
Sect. 7.5 we see that E~®(0; (0, 5)) = limy_ o Zy[1 + &, 1] and thus from (7.29)
we have a Fredholm Pfaffian formula for this probability. From the standard fact that
a Pfaffian is the square root of the corresponding determinant (this can be deduced
from the Pfaffian/determinant identity of Remark 7.4.2), the fact that the 2 x 2 entries
of the operator defining the corresponding Fredholm determinant is a function of
differences was used in [244] to give an alternative derivation of ¢. Moreover, this
calculation was also carried out in the more general setting of the thinned point
process, in which each real eigenvalue is deleted with probability 1 — &; we know
from Sect. 3.3 that its effect in the Fredholm Pfaffian formula is simply to multiply
the kernel by £. Denoting the corresponding gap probability by E™?(0; (0, s); &), it
was found

R0 0.9):8) ~ @00 oy L f " tog (11— @8 - 2772 dus
B ’ dr J_ oo ’
(7.65)

evaluating the integral as a series for £ = 1 reclaims the value of ¢ in (7.63). In
[230] the theory of the asymptotics of Fredholm Pfaffians was further developed to
derive the value of C independent of a certain continuity assumption implicit in the
calculation of [190].

It was observed in [355] that the asymptotic result (7.63), with the interval of the
LHS replaced by (—s, s), and s in the exponent of the RHS replaced by 2s, is sugges-
tive in relation to the large N form of the probability p§"\’F that all the eigenvalues of
an N x N matrix are real. First it is argued that the quantity E ~b(0; (—s, 5)) can be
replaced by the corresponding quantity for finite N, provided N is taken as large and
(—s, 5) is contained in the leading interval of support (—v/'N, V/'N). But with (—s, s)
chosen as exactly this interval, up to corrections which vanish as N the finite N gap
probability is the same quantity as p]?,f%OE for the probability of no real eigenvalues,
and thus the prediction (7.11).

Further developing the viewpoint of the above paragraph, let E', (0; (a, b)) denote
the probability that the interval (a, b) in the N x N GinOE is free of eigenvalues.
From the definition of edge scaling, we see that

lim E}(0; (V'N +5,00)) = E"¢(0; (s, 00)); (7.66)

note that minus the derivative of the RHS with respect to s gives the PDF of the
largest eigenvalue for N — oo. It turns out that the s — —oo asymptotic of this
quantity is closely related to (7.63) [230] (see also [69]),

Er,e(o; (s,00)) ~ e—C\SI—%log2+C+O(s’l+)’ (7.67)
§—>—00

where ¢, C are as in (7.63). Note that in both (7.63) and (7.67) a gap with no real

eigenvalues is being created, which has size |s| relative to the bulk region. This has

been generalised to the thinned case in [70],
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E™(0; (s, 00); &) ~ e—C(E)ISI-&-C(&HO(l)’ (7.68)

——00

where c(£) is as in (7.65) and, with Li;(z) := Z;’LO:, 7"/n’,

1 2 1 [EE , wx \dx
CEé) = EIOgZ—E + E/() ((Lll/z(x)) - 1—x) gt

In relation to the diffusion processes that have featured in this section, we remark
that for the annihilation process A + A — & with half line initial positions, an exact
coincidence with the edge state Pfaffian point process of real Ginibre eigenvalues
can be exhibited [285].

Knowledge that the edge-scaled real Ginibre eigenvalues form a Pfaffian point
process with the explicit kernel determined by the formulas of Proposition 7.5 and
the limit formula (7.40) imply a Fredholm Pfaffian formula for E™¢(0; (s, 00); &)
(see also [461, 470]). A recent result of Baik and Bothner [70] gives that a simpler
Fredholm determinant formula holds true. For this denote by S« the integral
operator of (s, 0o) with kernel

2
PaGar) /4’

S(x,y) = ﬁ

and write & := £(2 — £). One then has [70, Th 1.8]

re . o | 1=VE — 1+E -
E™°(0; (5, 00); §) = e (11 + \/gs(s,oo)) Vg (]I —~ \/gs(sgoo)).
(7.69)
Note that with& = 1 (no thinning) the coefficient in front of the first of these Fredholm

determinants vanishes, and then [69, Th. 1.12]

E™°(0; (s, 00)) = det(I — S(s.00))- (7.70)

As emphasised in [70], both (7.69) and (7.70) are structurally identical to known
Fredholm determinant formulas for the soft edge-scaled largest eigenvalue of GOE
matrices; see [225] and [236] respectively. Moreover, it is shown in [69, 70] that
associated with these gap probabilities are certain integrable systems, associated with
the Zakharov—Shabat inverse scattering problem, which lead to alternative formulas
again identical in structure to those known for the soft edge-scaled largest eigenvalue
of GOE matrices in terms of transcendents from Painlevé II [195, 527].

For the Fredholm determinants in (7.70) and (7.69) the methods of Bornemann
[101, 102] provide for fast, high precision numerical evaluations. This in turn allows
for the determination of the values of statistical quantities associated with the corre-
sponding distributions. Specifically, in relation to the distribution of the edge-scaled
largest eigenvalue (no thinning), it is found that to five decimals the mean, variance,



7.9 Elliptic GinOE 121

skewness and kurtosis are equal to [69, Table 1] —1.30319, 3.97536, —1.76969,
5.14560, respectively.

Remark 7.7 Instead of the largest real eigenvalue, one can ask about the distribution
of the maximum of the real part of all GinOE eigenvalues, or the maximum modulus
of all the eigenvalues. Both are known. With global scaling G +— \/Lﬁ G, the first

involves the extreme value scaled variable

YN X 1 4
14+ [V , =—(10 N — 5loglog N — log(27 )
N T AN vy = 5| log glog g(2m™)

while the second involves the same extreme value scaled variable as for GinUE,
(3.13). In these scalings, the extreme values obey the rescaled Gumbel law, with
cumulative distribution exp(— %e” ); see [35, 161] and [470] respectively. As already
remarked, the result for the largest real part is directly relevant to the stability of the
system of the matrix differential equation (1.11).

7.9 Elliptic GinOE

The elliptic GinOE interpolates between the asymmetric GinOE and the symmetric
Gaussian orthogonal ensemble (GOE). First we recall that a member of the GOE,
S say, can be constructed from a GinOE matrix G according to S = %(G + GT).
In addition to S, we introduce the antisymmetric real Gaussian matrix A with joint
distribution of its elements proportional to e~ 4*/2, For a parameter 7,0 < 7 < 1,
and a scale factor b, following [401] a random matrix X is defined according to

X = i(S+¢EA) c=0-1)/(1+71) (7.71)
=7 i = ) )

Up to the scale factor, when T = 0, X is a member of the GinOE, while for t = 1,
X is a member of the GOE.

Proposition 7.10 The joint element distribution of X is

Avpexp ( - (Tr xxT — ¢Tr X2>), (1.72)

2(1 — 1)

where

Ay = Wy VEIRWB)Y @my TV,

Define the normalisation and the weight
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(VBYNNHD/2( ST 7y NN-D/2
IN(N+1)/4 ]_[1]\;1 r'(/2) ’

2 2b
@°(z) = e W eZbyzerfc(,/ lTy) (7.73)

where z = x +iy. The probability density that there are k real eigenvalues for the
random matrix X is then

Cry(t;b) =

N—1))2 (N=K)/2
CN(‘L' b)k'((N—k)/Z)' 1_[(0) (As ))1/2 l_ll w (Z]
J

Proof We see from (7.71) that
@X) = 2NV=D2 (SN V=D (/)N (4 5)(d A).

Using this we can change variables in the joint element distribution of S and A to
deduce that the joint element distribution of X is equal to (7.72).

Denote (1.10) by Py (v—iy2({2; }j pix £ tyj}(N k)/z) which corresponds to
the eigenvalue PDF inthe case t = 0, b = 1, condmoned so that there are exactly k
real eigenvalues. For these matrices scale X — +/bX/(1 — 7)'/? to obtain that for
matrices with PDF

AO’IbNZ/Z(l _ _L_)sz/ZeberXXT/Z(lf‘[)’ (775)

the eigenvalue PDF is equal to

P21 —T)_N/ZPky(Nik)/2<{\/ZAj/(l G
(Vox;/(1 = D2 & iy /(1 = 1) 27,

Comparing (7.75) to (7.72) it follows that for matrices with element PDF (7.72) the
eigenvalue PDF, conditioned so that there are exactly k eigenvalues, is equal to

(N=k)/2
Ar.b( )N(N 1)/2

H,l 1—1 - exp(z(1 (Z)ﬂ—i—Z Z (x —yj ))
< Praoe(y fr)\"};; [\/1 . T i\/1 . Tyj}i:m).

This is (7.74). O
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We see that (7.74) with b = 1/(1 + t) can, in the Coulomb gas picture of Sect.
7.2, be viewed as a modification of the Coulomb gas identified in relation to elliptic
GinUE (see text below proof of Proposition 2.7), the modification being that there
are imaginary terms and charges on the real line as for GinOE itself; recall Sect.
7.2. These modifications do not alter the interpretation of the origin of the one-body
couplings in terms of the same neutralising background charge as for GinUE. The
conclusion then is that after scaling X +— «/LN X,andwithb = 1/(1 + 1), the limiting

eigenvalue density of elliptic GinOE is the constant 1/(7r (1 — 72)), with the shape
of the droplet being an ellipse specified by semi-axes A =1+ 1, B =1 — 7. Using
different reasoning, this result was first deduced in [507].

Denote the analogue of (7.4) in the elliptic GinOE ensemble by Z,f(m(_)],f) /2[u, v],
and use this to define ZfVGi“OE[u, v] as specified above (7.7). Starting with (7.74), by
following the strategy of the proof of Proposition 7.2, Pfaffian formulas for these
quantities can be obtained. It suffices to record that for Z¢5MOE [y, v].

Proposition 7.11 Let {p;_1(x)};=1...n be a set of monic polynomials of the indexed
degree, and let a;’k[u], ﬂ;’,k[v] be defined as for a]g’k[u], ﬂf’k[v] in Proposition 7.2
but with each w® replaced by °. For k, N even we have

Z55"OF [, v] = C§,(t; bYPE [ [ul + B5[v]]ji=1....n- (7.76)
Next, we would like to compute the skew-orthogonal polynomials associated
with (oz;?’k[u] + ﬁj,,[v])|u:v:1. While the formulas (7.18) for the latter still apply,
according to the definition (7.71), for T # O the elements x j; and x;; in X are cor-
related, so the simple formula (7.19) is no longer valid. Nonetheless, an expansion
of det(zll,, — G) can still be used to compute the averages required in (7.18)—see
[253, proof of Proposition 11] for details of a closely related calculation—with the
result

P35, (2) = Cau(2),

2
Pons1(@) = Cont1(2) = 2nCoy—1(2) = —(1 + 7)€

d 2
i (e’m Cy, (Z)),
(7.77)

where C,(z) := (t/2)"/? H,(z/~/27) and for convenience the specific choice of scale
b = 1/(1 4 7) has been made. These polynomials were first identified in [267] with-
out knowledge of (7.18). The corresponding normalisation is given by

ré = 2n)12v27 (1 + 7). (7.78)

We can check that (7.77) and (7.78) reduce to the result of Proposition 7.4 in the
limit T — 0.

From knowledge of the skew-orthogonal polynomials, the entries in the correlation
kernels specifying the Pfaffian point process are explicit. For example, in the case
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of the real-real correlations, these entries are specified in Proposition 7.5 and it is
the quantity S} (x, y) therein which determines the other entries. It is possible to
simplify the summation in its definition to obtain a structure identical to that in the
7 = 0 case (7.31), in which the first term is recognised from its appearance as the
correlation kernel for elliptic GinUE (2.38) (up to proportionality, with w, z real, and
with N — N — 1).

Proposition 7.12 For elliptic GinOE with b = 1/(1 + 1) we have

(22 N-2 .2

ST y) = e~ (D204 lck(x)ck(y)+ eV 204D Oy (1)@ y—a(x)

N V27 Pl 227 (1 + 1) (N —2)!
(7.79)

Proof The derivative formula for p;,4 in (7.77) implies a summation identity anal-
ogous to (7.32). We can furthermore check from (7.77) and (7.78) that analogous to
(7.33) there is the further derivative formula

2(k+ 1) 1 1 1 2040 4222040
- — S C ,
]f-q-l P2k+2(x) r]f P2k (x) 227 2k 1)!9 dxe 2%e+1(x)
which implies a summation identity analogous to (7.34). (]

The result (7.79) can be used to show that both the bulk-scaled, and edge-scaled
real-real correlation functions of elliptic GinOE are identical to that for the original
GinOE, with the change of scale in the latter 4 ; — A;/v/1 — 12, z; > z;/+/1 — 72
[267]. This implies that, structurally, the formula (7.54) for the variance of the number
of real eigenvalues with N large, remains true. Another application of (7.79) is in
relation to the weakly non-symmetric limit, obtained by the scaling T — 1 — a?/N
before the computation of the large N limit [267]. Thus

lim — S“”( oy )
Voo YNV UNTUN
which implies in particular that the correlations now decay algebraically, in contrast
to the Gaussian decay exhibited by (7.37). See also [35] for the scaling limit at the
edge of the spectrum.

Setting x = y in (7.79) gives the eigenvalue density. From this, with t fixed, it
was shown in [124, 267] that the expected number of real eigenvalues E° satisfies
the large N asymptotic expansion

1
22
—/ e " cosmu(x — y)du,
0

t=1—a?/N

e 1 2141 =3 1 572—-141-3 1
El\} — - ~ — Nl1 — + — 4+,
2NsoVmwl—1 81 —-1)N 128(1 — )2 N2
(7.80)
which recovers (7.14) for t = 0, cf. [115]. On the other hand, in the scaling t

1 — a?/N, one finds
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2

Ey ~ c@N +0(), c(a)::eaz/z<10(“;)+11(“7)>; (7.81)

see [124, Th. 2.1]. (We mention that the function c(«) also appears in several different
contexts; cf. (3.16) and Prop. 6.3.) Furthermore, as an analogue of Proposition 7.7,
it was shown in [124, Th. 2.3] that in the weakly non-symmetric regime the variance

(ox%)? is again proportional to E}y° as

B C(ﬁa)> re

rey2 €.
@8 2(1 @ ELS: (7.82)

note that as @ — oo the ratio in (7.82) tends to 2 — +/2 in (7.54). The global density
of real eigenvalues for t fixed tends to be uniform in the interval (—1 — 7, 1 + 1);
see [267]. In contrast, in the regime T > 1 — a?/ N, it was proposed by Efetov [214]
using the supersymmetry method that for x € (-2, 2),

1 1 o
lim P~ (VN - f(— 4 2). 7.83
N PN (VNx) =1-a2/N  c(a) Zaﬁer 2 * (7.83)

This convergence was recently shown in [124] by properly analysing the double scal-
ing limits of (7.79). As expected, the limiting density in (7.83) interpolates between
the uniform density (¢ — 00) with the semi-circle law (¢ — 0). A point of interest
is that Efetov was motivated by an application of almost symmetric random matrices
to the study of vortices in disordered superconductors with columnar defects [320].

To provide more details of the statistics of the real eigenvalues, we again consider
the generating function Z¢ (Z) := Y /o ¢¥ pSGiOE of the probabilities PSEROE of
having exactly 2k real eigenvalues. Then by using the explicit form of the skew-
orthogonal polynomials (7.77), it was shown in [126, Proposition 2.1] that Z%,(¢)
can be written as

-1 .
Z8,(¢) = det [5 i+ M, k) , (7.84)
N ! A2 jk=1,.,N/2
where
1 2
M k) = e Cpj_o(x)Copa (x) dx

VTQj—=DIR2k—1) Jr
3 (1+r)%r(j+k—%)zFl(k—j+%,j—k+§;—j—k+§;—1&
- VT2 = DIk =1) '

1—1
(7.85)

It can be easily observed that for t = 0, the determinantal formula (7.84) recovers
(7.10). As an application of (7.84), it was proven in [126] that with 7 fixed,
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lo eGinOE 1 3/2
lim 8PoN _ _ +T ;(_/), (7.86)
N—o0 N 1—1t /27

generalising the leading-order asymptotic of (7.11), whereas with the scaling 7 >
1 —a?/N,

_log p{GnOE X c(/ma) 2 (! e
lim ——A— < 3" =—1A1%(1—e“‘>Jl—ﬂd&(TW)

N—oo 2m b
m=1

where c(«) is given in (7.81). In [251], the formula (7.84) was further applied to

prove the local central limit theorem of p§¢nCF, cf. Proposition 7.3.

Remark 7.8

1. It can be checked from the formula for p5,(z) and the first formula for p5, (z) in
(7.77), together with the formula (7.78) for the normalisation that the analogue of
(7.43), with K y_ now the kernel for elliptic GinUE (2.38), is also valid for S3° (x, y).
2. Denote the probability density (7.74) by P« ({A; ) {x; £ zyj}(N b2, 1T, b). It
follows from (7.73) and (7.74) that

ij=1

Py (1, b) = (140D Py (st =0,b=1).

Hence upon integration and use of Proposition 7.1, ps7® = ((1 + 7)/2))N V=174,

Note in particular that this is equal to unity for T = 1 as is consistent with 7 = 1
corresponding to real symmetric matrices.

3. A variation of the construction of elliptic GinOE matrices (7.71) is to consider
asymmetric random matrices S + Ag, where S € GOE, while Ay is a fixed real
antisymmetric matrix. An analysis of this setting in [279] reclaimed the result of
[214] for the density of both the real (as given by (7.83)) and complex eigenvalues,
although this was shown to break down if Ay was of finite rank.

7.10 An Application of Elliptic GinOE to Equilibria
Counting

In this section, following Fyodorov and Khoruzhenko [274], it will be shown that
generalisations of the considerations underpinning the random differential equation
(1.11) as formulated in [431] relate to elliptic GinOE. The starting point (see the
review [44] for an extended description) is the coupled nonlinear differential equa-

tions
dX; (1)

dt

= (X)), i=1,....N. (7.88)

Here the f; are not known explicitly. An equilibrium point X* is when f; (X*) = 0.
Stability around the fixed point is probed in terms of the Jacobian M;; = af '(X) |x+
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May [431], on consideration of the applied setting within ecology, took the diagonal
elements to have mean —1. Taking the off-diagonal elements to have mean zero and
all elements to have variance ' then leads to (1.11).

The work [274] takes a global approach to the study of equilibria in (7.88), with
the RHS written with the addition of —u X; (r). This allows the question: “what is the
probability that a randomly chosen equilibrium is stable?” to be probed. To proceed
further, the f; are decomposed into the sum of a gradient (curl-free) and solenoidal
(divergence free) components,

VX |1 iaAU(X)

f,(X): 3X,- +ﬁ 8X[

j=1

The matrix A(X) is anti-symmetric. Both V' (X) and A(X) are assumed to be statis-
tically independent, isotropic, centred, homogeneous random Gaussian fields with
covariances

(VX V(Y)) = v’ Ty (X =Y,
(AijX) A (Y)) = @*Ta(IX = Y1) (Sin8jm — 8imSjn)s

and with T'},(0) = I'’; (0) = 1 as normalisations.

The primary observable considered in [274] is the expected number (N) of equi-
librium points implied by this model. Through use of the Kac—Rice formula, this is
reduced to the form of a random matrix average

(N) = <| det [5,-,,-(1 +&VT/m) — ﬁfu]jj_)’

2
m=—t =" (7.89)

/ANt ad) v +a?’

where £ is distributed as N[0, 1/ /N1 and the J; ; are entries of a zero mean Gaussian
random matrix with correlations (for large N)

(JijJu) = (Bi,ij,l + (8, 0k + 5i,15j,k))~ (7.90)

In the case that T = 0 the entries of [J;;] are seen to be statistically independent,
which relates to May’s setting. On the other hand, when t = 1, (7.90) specifies [ J;;]
as proportional to a real symmetric GOE matrix. We refer to [420] for an extensive
discussion of May’s model when T = 1 in connection to the universality of the Tracy—
Widom distribution. For general 0 < v < 1, [J;;] defines an elliptic GinOE matrix
as specified in Sect. 7.9.

In the theory of the real eigenvalues of GinOE matrices, note has been made
of the formula (7.42) relating the average of the absolute value of the characteristic
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polynomial to the density. Such a formula holds equally as well for the elliptic GinOE,
and gives [274, Eq. (12)]

C o0
(N) = m—f, f_m e MW prt AW N) d A, (7.91)
where
2JTF1/T(N — 1)
= YRR = DL gy G myy2e) — 227201 + 1),

NN-D/2(N =2

The minimum of S(}) occurs at A* = m(1 + 7). On the other hand, we know that
in the global variable A+/N the support of the real eigenvalue for elliptic GinOE
is A| < 1+ 7. Hence A* lies inside the support for m < 1, and outside otherwise.

Moreover, inside the support p?’l‘;‘, Nl (A+/N) has the large N value 1/,/27 (1 — 12).
It follows that for m < 1 [274, Eq. (14)]

(N = 20+ 1) N (/2= 1)~logm). (7.92)
I—-1)

which grows exponentially in N. Analysis in the case of m > 1 requires knowledge
r,e

of p(iy y1 (A V/N) in the large deviation regime outside of the support. This is derived
in [274] starting from the finite N expression (7.79) withx = y, which in turn is used
to deduce that then (N) — 1. Moreover, in [274, Eq. (16)] a formula involving (7.41)
was given which interpolates between (7.92) and the regime of a single equilibrium
for m scaled about unity.
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Chapter 8 ®
Analogues of GinUE Statistical e
Properties for GinOE

A fundamental property of GinOE is that away from the real axis its statistical
properties coincide with GinUE. In keeping with this, the limiting variance formula
is found to the be the same as for GinUE. Also, the Coulomb gas interpretation of the
eigenvalue PDF for GinOE implies, that as for GinOE, screening sum rules linking
correlation functions hold true. The singular values and eigenvectors both permit
studies analogous to those for GinUE, although in the case of the eigenvectors, there
is now an advantage in considering the joint probability distribution of the position
of the eigenvalue (assumed real) and the invariant overlap.

8.1 Bulk and Edge Correlations

The bulk correlation kernels for the real-real, real-complex and complex—complex
correlations are given by (7.38) and the formulas of Remark 7.4.3. However, with
regard to the latter two, it needs to be clarified that here the term bulk is used in the
sense of being away from the spectrum boundary, but still in the vicinity of the real
axis. Suppose we take the limits v, y — oo with v — y fixed in K of Remark 7.4.3.
Then from the large s form of erfc(v/2s) we calculate

—(lw>+1z>)/2 ,wz
0 e e ] @.1)

1
. c _
Ll}ggo 7(00(11), Z) = = |:_e_(|w2+|z|2)/2ezzvz 0

Ju—y]| fixed

The Pfaffian of this kernel as required according to the first displayed formula of
Remark 7.4.3 with k; = 0, k; = k to compute the k-point complex—complex cor-
relation therefore reduces to a determinant. Moreover, the correlation kernel in the
determinant is precisely that for bulk-scaled GinUE (2.18).
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The edge scaling of the finite N complex—complex correlation kernel (7.45) is
readily calculated from (7.46). Thus in the neighbourhood of the spectrum edge of
the real eigenvalues one finds [104, Cor. 9]

i(Z — 172 _
Jim SN +w, VN 4 2) = S (erfe(v/2u)e” exfe(v/27)e»” ) s
— 00

2
(8.2)
Now taking v, y — oo with v — y fixed in K, gives for the analogue of (8.1)
. 0 K (w,z2)
c,e _ 00
o, T () = [—K;(w, 5 0 } ' #3)

Here K denotes the correlation kernel for edge-scaled GinUE as given in (2.21)
with v = 1. Again the corresponding Pfaffian as determines the edge complex—
complex correlations reduces to a determinant, with the latter that for edge-scaled
GinUE with origin (+/N, 0).

For real random matrices of identical and independently distributed, zero mean
and fixed standard deviation entries, a universality result for their edge statistics
agreeing with those for GinOE has been established in [159].

8.2 Global Density and Fluctuations

We know that with global scaling z; VNz j» the density for both the GinOE and
GinUE obeys the circular law (2.17). In the GinUE case convergence to this limit can
be proved by computing the radial moments (% Z?’:, [ri1”) (p=1,2,...); recall
Sect. 4.2 and (4.16) with 8 = 2. Instead of the radial moments, more natural in the
case of GinOE are averages of the eigenvalue power sums Z;V:l z’; . We have

(>4)= [

Jj=1 B

[e¢]

oty () dx + /R (G ) (= )0, (G, 1)) ddy.

8.4)
Only for k even is this nonzero, so we write k = 2p with p a non-negative integer.
Note that for the GinUE, this average vanishes for all positive integers p, due to
rotation invariance. Although the exact functional forms of PE]), ~(x) (7.41) and of
,o(cl)’ y((x,¥)) (7.47) are known, evaluation of (8.4) in a structured form following
from direct integration does not seem possible. However, a less direct approach
in which the average of a general Schur polynomial in GinOE eigenvalues is first
computed, implies the sort structured evaluation [508, Sect. 4] (see also [268])

N

P
(> ) =TTwv+2p-2. 8.5)

j=1 j=1
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Changing variables z; > VN Zj, and making an ansatz of expansions in 1/ VN,

1 1
Py N (VN (x, y) = —Xpzl<1 + ﬁufl)((x, )+,
1
T
(VNX) = —— X1+,
Py,N 271X| |<1

the equating of powers of N with (8.5) substituted on the LHS allows deductions
about the functional form in the ansatz to be made.

Proposition 8.1 We have

1
Ky (06, 7)== =81, (8.6)

V2

which is valid up to the possible addition of a rotationally invariant functional form
which integrates to zero.

Proof After making the substitutions, we see that the highest power on the LHS is
NP, while on the RHS the highest power is N”*!, with next highest power of order
NP*+1/2 Thus we begin by equating the term of order N”*! to zero, which gives
nl <1 72P d?z = 0. This is identically true since p is a positive integer. Equating
the terms of order N?*1/2 to zero gives

1 1
\/T_ﬂ:/IXzP dx -i—/(CZzP/Lfl)((x,y)) d2Z =0,

from which we deduce (8.6). O

We remark that the result in (8.6) has, in the Coulomb gas picture, the interpretation
of perfect screening of the charge density on the unit interval by the charges in the
disk. With the next term in the N~'/ expansion of pf;) (+/Nx) denoted by JANEDN
the exact functional form (7.41) of p(’i‘;oo(X ) can be used for its evaluation. Thus

o0 [e ] 1
Pl dx =2 tim N[ x*(pf ~ K d
Kmx Wiy () dx =2 lim P ) = =K ) d

F e 1 1
=2 . (p(l),oo(x) - EX}KO) dx = 3
(8.7)

where the second equality follows by shifting the origin to the right spectrum edge

x = +/N according to the change of variables x — +/N + x, and the final equality
is the explicit evaluation of the integral using (7.41). This implies

1
iy @) = 7 (60r =D +00e+ D). (8:9)
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Let the order 1/N term in the expansion of pf), N(«/ﬁ (x, y)) be denoted by
v(cl)((x, v)). Equating terms of order N” on both sides of (8.5) and using too
(8.8) gives

1
/C 2 () Pz = . (8.9)

However, unlike the circumstance for (8.7) this does not allow us to deduce
v(cl )((x, v)). Instead, returning to (7.47), with the knowledge that the ratio of the
incomplete gamma function to the gamma function therein approaches unity expo-
nentially fast in N for |z] < 1 (see below (4.17) for references), simple asymptotics
associated with erfc(v/2Ny) give the expansion [158, Remark 2.6]

1 1 1
vy (6, 3) = = — +0(+573)- (8.10)
7 4w Ny? N3/2

While an order 1/N correction is clearly distinguished, in general this cannot be
integrated in the full unit disk due to the order 1/y? singularity as the real axis
is approached. In fact it has been proved by Cipolloni, Erd6s and Schroder [158,
Th. 2.2] that for a large class of test functions f,

e g 1 2
<Nj§f(z/')> —;/l f@d*

zl<l1

11 2 2 1/ J&) = f@) » 1/1 f(x)
=—(— v d’z 4+ — s dt et — | ==
N<87f /|z|<1 T 0 lzl<1 y? o) i

2
L / %y do + l(f(x — D+ fx+ 1))) +o(N7h, (8.11)
2m Jo 4

where the superscript “g” on the average indicates the use of global scaling. Here
f(x) = f(2)|y=0 and similarly the interpretation of f (e'?). This shows that the cor-
rection (8.6) completely cancels the expected term from the density of real eigen-
values at order N~!/2. The final term is identified with the real density correction
(8.8). For f with support off the real axis, the contribution from (8.11) is recognised.
However, if this is not the case, a formula for v}, ((x, y)) cannot be read off. It can be
verified that with f(z) = z?”, (8.11) is consistent with the leading N form of (8.5)
[158, Remark 2.7]. Also, we can check that the RHS vanishes for f a constant, as it
must.

A fundamental question is the variance associated with the linear statistic
Zzl_v: 1 f(z;), and furthermore its distribution. In the case of GinUE, we know that the
behaviour is different depending on the smoothness of f. On the other hand, we have
already seen for the real eigenvalues of GinOE that the fluctuations are proportional
to +/N independent of this property. However, for smooth f it is known that when
averaging over all the eigenvalues, this effect is suppressed, and again the limiting
variance is of order unity [158, 370, 453].
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Proposition 8.2 Let f, g be smooth real or complex-valued functions in the plane,
and subject to a constraint on their growth. Define the Fourier components of their
Fourier expansion on the unit circle in the plane as in Proposition 3.5. Define too
5= %(f(x, y) 4+ f(x, —y) and similarly the meaning of g°. We have

N—o00

N N
lim CovGi“OE(Z fx;/VN), Zé_’(l‘j/«/ﬁ)>
=1 j=1

1

2 Ir|<1

o0
VT VEdxdy+ Y Inlf3gt,: (8.12)

n=—oo
cf. (3.21).
Proof (Comments only) With X € GinOE, define the 2N x 2N Hermitian matrix

e — Ovxy X —zly
Xt —ZIy Oyxn |’

and write G*(w) = (H* — wly)~' for the resolvent of H<. The starting point of the
calculations of [158] is the formula

N oo
Zf(z»:—L f V() / Im Tr G*(in) dnd’z,
= 4 C 0

where {z;} are the eigenvalues of X (bothreal and complex). Hence the task is reduced
to first finding the limiting covariance for the traces of the resolvents. Aiding this is
the fact that for large N, G*(w) becomes approximately deterministic, with its limit
expressed in terms of the solution of the scalar equation

1 2 .
—— =w+mt - 12| , nImm* >0, n=Imw # 0,
m? w + m*

which is a special case of the matrix Dyson equation; see [218] for an introduction
to the latter. ]

Remark 8.1 1. It is elementary to compute that for G € GinOE,
Var®(Tr G) := ((Tr G)*)& — ((Tr G)®)* = 1. (8.13)

Since Tr G = Z?L | 2, this corresponds to the circumstance that f* = g°* = x onthe

RHS of (8.12), and furthermore f; = g, = % forn = £1, f; = g, = 0 otherwise.
We verify agreement between the value obtained from the general formula (8.12)
and (8.13).

2. In the setting of Proposition 8.2, and after centring by subtracting from the linear
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statistic its mean, the results of [158, 370, 453] give that for N — oo a central limit
theorem holds, whereby the distribution is a mean zero Gaussian with variance as
implied by (8.12).

3. For the counting function Z;V:l X:,//Nep» Where the set D contained entirely
within the upper half disk |z| < 1, Im z > 0, the recent work [297] makes use of (a
refinement of) (8.1) to establish that (3.7) is true for the complex eigenvalues of the
GinOE. The variance therein is that implied by (3.9) and thus also as for the GinUE.

8.3 Sum Rules

In this section we view the eigenvalues from the Coulomb gas perspective of Sect. 7.2.
Suppose we fix a real eigenvalue at the origin. Requiring that the corresponding total
charge be cancelled by a redistribution of all the other charges implies the sum rule

oo

2 [ aloods [ aplomdy == (8.14)
n —00

If instead the charge was fixed in the upper half plane at a point z, then (8.14) would
need to be modified to read

(o]

2 / P (20, 2) d?z + / P (2o, x)dx = =2p() L (z0).  (8.19)
Cy —00

As for in the one-component case (recall Sect. 4.3) the sum rules (8.14) and (8.15)
can be generalised to involve higher point correlation functions. In stating the general
result it is convenient to make use of the truncated correlations associated with the
latter; see e.g. [237, Sect. 5.1.1] for their definition.

Proposition 8.3 We have

o0
/ P&1+1,k2),oo({xj}j:1 ..... Y ivhlz)i=t. ) dy
—0Q

=—(k1 + 2k2),0(€,,k2),oo({xj}j=1 ..... ki {zi}j=1,. k) (8.16)

Proof Underlying this sum rule are the matrix correlation kernel identities

f K (x, )K" (u, y) du + 2 f K" (x, )K" (z, y) d*z
—00 C

+

— K, ) [8 ?] + [(1) 8} K (x, ),
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/ K (z, DK (y,v)dy +2 | Kz, w)K(w, v) d*w = 2K (z, v),
—00 Cy

/ K (z, )K (v, x)dy + 2/ K (z, w)K (w, x) d*w = K'(z, x),
—0o0 Ci

/ K (x, K(y,2)dy +2 Ko (x, w)KS(w, 2) d*w = K"(x, 7).
oo (o

Further details are given in [265, Sect. 4.4]. We remark that identities of this sort
in relation to the correlation kernel for a random matrix ensemble with orthogonal
symmetry first appeared in [208, 419]. (I

As discussed in Sect. 4.3, the fast decay of the correlations implies that not only
the total charge in the screening cloud, but also its integer moments should vanish.
We will illustrate this in relation to (8.15). First, in forming the moments we should
interpret Zpé’l)’_’oTo (z0,2) as ,o(cé]i’oTo (z0,2) + ,O(Cig’,’oTo (20, Z), thus making the contribution
of the image explicit. Similarly, we should interpret —2p¢}, ,(z0) as the integral
over z of —8(20 — 2)p}} o (2) — 8(z0 — 2)p{}) o (Z). Weighting the integrands by
(z — z0)* then gives the k-th moments. We can see that this is identically zero for k
odd. Our interest then is in the sum rule implied by the k = 2p even case.

Proposition 8.4 For p a non-negative integer we have

o0
2/R2 w?pl) 5 (2, w)d2w+/ Pl (@ x)dx = =22 pf) L (2). (8.17)
+

Proof Multiplying by «”/p!, for || < 1 a parameter and summing over p replaces
the corresponding terms by exponentials. This transformed identity can be checked
to be a corollary of an appropriately exponential weighted version of the second of
the sum rules listed in the proof of Proposition 8.3 with v = z,

/ KO (2, YK (y, 2) dy

o0

+ 2/ e“w27<°(z, wYK(w, 2) d*w = Ze“ZZ‘KC(Z, 2).
Cy

This can be checked component-wise; see [265, proof of Prop. 4.8]. ]

8.4 Singular Values

Matrices X from GinOE being real, the squared singular values are the eigenvalues of
XT X. With the meaning of GinOE extended to include rectangular p x N matrices,
the random matrices X7 X have an interpretation in multivariate statistics. Thus one
interprets each column as a particular trait that is being measured from a population
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of size N so that X is regarded as a data matrix. Moreover, let the distribution of each
of the traits be a standard Gaussian, which serves as a structureless base case. Up to
a simple normalisation factor, X7 X is the matrix of sample covariances between the
traits. Because of its statistical interest, this class of random matrix attracted attention
in one of the earliest works relating to random matrix theory [534].

The result of [534] was to establish that the Jacobian for the change of variables
A = XT X is proportional to (det A)»~¥=D/2_ Around a decade later, the Jacobian
for the change of variables from a real symmetric matrix to its eigenvalues and
eigenvectors was calculated [327]. This exhibited a factorised form, with Jacobian
Hlsj<ks ~ |Ax — Aj| relating only to the eigenvalues. Denoting the squared singular

values of a p x N rectangular GinOE matrix by {s j}ﬁ.\’:,, it then follows that the
corresponding joint PDF is proportional to

N

—-N-1)/2 —
[T " "2 T Isc—s)l- (8.18)
j=1

1<j<k<N

Introducing the global scaling X”X — +X"X, and with p scaling with N
according to p = aN, o > 1, it is a well-known result [288] that the smallest and
largest squared singular values tend almost surely to the values (v/a F 1 + 1)2. Hence
the ratio of the largest to the smallest singular value (i.e. the condition number k
of X) tends to a constant. However, with p = N (or more generally p = N + p;
with p; independent of N), while the largest squared singular value tends to 4, the
smallest now tends to zero at the rate 1/N2. Specifically in the square case p = N, it
has been shown by Edelman [210] that this implies « /N has a limiting distribution
with the heavy tailed PDF

2x + 46_2/X_2/X3

x3

(8.19)

In the rectangular case, for any N > 2, a result of [153] gives the bound

N
logky) < ———— +2.258,
(logkn) N[ 11

which apart from the last two digits of the constant, is the same as that known for
rectangular GinUE matrices (recall Sect. 6.3). y
Shifting a global-scaled square GinOE matrix X = LNX by defining

Y =—zIy+ X (8.20)

leads to a transition effect for the corresponding smallest singular value in the neigh-
bourhood of |z| = 1. Thus for |z] > 1 and independent of N, the smallest singular
value is bounded away from 0 as N — oco. The transition region |z| < 1 + ¢/N'/?
is studied in [157], with a distinction between z complex and z &~ +1 quantified.
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For X a square GinOE matrix, we turn our attention to the distribution of (det X)?,
which is well known in multivariate statistics [442].

Proposition 8.5 For X a GinOE matrix

N
det X)* =[] x2 (8.21)

j=1
Proof Either of the strategies used to establish (6.13) can be used. Specifically, to

make use of (8.18) (with p = N), we use the fact that (det X)?> = ]_[;v=1 s; and hence
that the Mellin transform of the distribution of (det X)? is given by

1

o0 00 N .
— ds; - - / dsy Hsj_ / e si/2 l_[ |sr — S_,'|2
Cn Jo 0 i1

1<j<k<N

1—12‘ (s + j/2)
ra+j/2)

3

J=1

where Cy is the same multiple integral in the case s = 1. The gamma function
evaluation follows from the Laguerre weight Selberg integral as given in, e.g. [237,

Proposition 4.7.3]. It follows from this that (det X)*> = d F;, where F; is inde-
P

j 1
pendent with the Mellin transform of its PDF given by %ﬂ/g) One verifies that
thus F; is equal to Xf, as required. ([

There is an interpretation of (det X)? in integral geometry. The idea is to regard
the columns of X as vectors in RY. Then |det X| is equal to the volume of the
parallelotope generated by these vectors. For X a GinUE matrix, the parallelotope
is random, and said to be Gaussian. Then (8.21) gives the distribution of the squared
volume. Forlarge N, (8.21) can be used to establish that the distribution of log(det X )2
has, to leading-order mean equal to — N, variance 2 log N, and after recentring and
rescaling satisfies a central limit theorem [428, 439].

Let Y; denote the shifted GinOE matrix (8.20) restricted to the first k columns.
For z real the positive definite matrix W = YkT Y; is an example of a non-central
Wishart matrix, well known in mathematical statistics [442]. An exact evaluation
of ((det W;)%) in terms of a generalised hypergeometric function of k variables has
been given in [169]; see [269, Sect. 4] for a discussion of the implications of this
result in relation to the Lyapunov spectrum for products of shifted GinOE matrices.

Remark 8.2 3. The squared singular values as specified by the PDF (8.18) specify
the classical Laguerre orthogonal ensemble and form a Pfaffian point process, see
e.g. [237, Chaps. 3 and 6]. However, there is no known analogous result for elliptic
GinOE. Also, with regards to the squared singular values of the various extensions
of GinOE to be considered below, in particular the spherical model and truncated
real orthogonal matrices, the classical Jacobi orthogonal ensemble results, which is a
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Pfaffian point process. However, no such structure is known for the squared singular
values of products of GinOE matrices.

8.5 Real GinOE Eigenvector Statistics

The basic question of interest is, as for GinUE, the statistical properties of the scaled
invariant overlaps of the left and right eigenvectors, O;; 1= (¢;, £;)(r;, r;). In the
diagonal case, the approach of Fyodorov [272] was to study the joint PDF

N
P(t.0) =Y 80 —1 =18 — 1)),  Oj;:=0j/N,
j=1

and where A is restricted to real values (thus the superscript “r”’). This was shown to
permit an exact evaluation generalising the GinOE eigenvalue density formula for
piy. xR, (7.31) with x = y [272, Th.2.1 and Eq. (2.5)].

Proposition 8.6 We have

Pt ) 21 1 ( t )(Nfl)/Z
, = e 2 1+t
221 t(14+t)\1+1¢
e—}\z)LZ(N—l)
+
(N =2)! (N =2)!

T'(N —1; ,\2)((1\7 - AZ%H)).
(8.22)

Proof (Comments only) The first step is to introduce the Laplace transform
fooo e PP (¢, 1) dr. Next, it was shown that this Laplace transform can be expressed
in terms of a GinOE average involving ratios of characteristic polynomials

< det((zIy — G)(zIy — G)) >
(det@ply + (zIy — G)(ZIy — G2 [

Supersymmetric integration techniques are then used to evaluate this average. [

We remark that an extension of this proposition to the elliptic GinOE has been
given in [278, Th. 2.1]. From the definition p(rl)’N(k) = fooo P (t, M) dt, which is
readily verified. Bulk and edge scaling limits follow [272, Egs. (2.7) and (2.10)].

Corollary 8.1 We have

e‘% 2
s—z(l - X )X\x|<1 (8.23)

1
P"P(s, x) ;= lim NP"(Ns, VNx) =
(s, x) ym ( ) e



8.5 Real GinOE Eigenvector Statistics 139

and
P"%(s, x) :=Nlim VNP (VNs, VN +8)
—> 00

1 1 1,8 1 ) 1
= ¢ Wt [ — e + (= — 25 )erfc(v/25 ) 8.24
23/27 o2 («/2n <a ) V29 ). 68249

Here one has the sum rules

PP(s, x)ds = ——=x|x|<1,
/0 V2 i<t

reclaiming the global and edge-scaled densities (7.36) and (7.41). The result (8.23) is
the real analogue of the result for GinUE (6.24). Note that the tail is now proportional
to 1/s2, so only the zeroth integer moment in s (which gives the global density) is
defined. In particular, the mean value with respect to s, which for GinUE is given
by the result of Mehlig and Chalker (6.26), formally diverges, telling us that for
GinOE, O;; averaged over the full spectrum is no longer proportional to N. If instead
O;; is conditioned on a single eigenvalue away from the real away from the real
axis, numerical experiments from [160, Fig. 3] indicate that O;; is proportional to
N. Hence eigenvalues on (or close to) the real axis are responsible for this breaking
down in general.

o0
/ P"P(s, x)ds = pz’&w(x)
0
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Chapter 9 ®)
Further Extensions to GinOE Gedar

As for GinUE, GinOE permits a number of related ensembles which share many
of its special properties. One of these, already introduced in the previous chapter,
is elliptic GinOE. Considered in this chapter are the induced GinOE, which relates
to a polar decomposition involving a rectangular generalisation of a GinOE matrix
and a random Haar real orthogonal matrix; the real spherical ensemble of matrices
Gfl G,, with both G, G, GinOE matrices; the sub-block of a Haar real orthogonal
matrix; and products of GinOE matrices. Common structures and statistical features
are emphasised, with again the occurrence of real eigenvalues responsible for topics
of study beyond those for GinUE and its extensions.

9.1 Common Structures

Recall that for a given parameter t € [0, 1), the elliptic GinOE is defined in terms
of (anti-)symmetric GOE matrices by (7.71), follows the distribution (7.72), and
recovers the GinOE when T = 0. Comparison between the development of the theory
of the eigenvalue statistics for GinOE and elliptic GinOE shows a number of common
structures:

(S1) The joint eigenvalue PDF has the functional form (1.10) for a certain weight
function w(z), and a certain normalisation Cy; cf. (7.74). As a consequence
the summed generalised partition function Zy[u, v] has the Pfaffian form (7.7)
involving the same weights and normalisation.

(S2) The functional form for the joint eigenvalue PDF in the sector that all eigen-
values are real leads to a closed form expression for the probability that all
eigenvalues are real.

(S3) Associated with Zy[u, v] in the case u = v = 1 is a particular skew inner
product, while associated with the latter are a family of skew-orthogonal poly-
nomials. These skew-orthogonal polynomials admit the matrix theoretic form
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(7.18), and their normalisations r;_; can be computed from Cy. Moreover, the
odd degree skew-orthogonal polynomials can be written in a derivative form
involving the weight (w (x))'/2.

(S4) The general m-point correlation function between real-real, complex—complex
and real-complex eigenvalues is of the form of a Pfaffian point process and
as such are determined by particular 2 x 2 correlation kernels. The latter in
turn are in fact fully determined by their upper off-diagonal entry, denoted by
Sn(x, y). In the real-real case, due to the derivative formula for the odd degree
skew-orthogonal polynomials, and a further derivative formula for a certain
linear combination of successive even degree skew-orthogonal polynomials,
the normalisations and the weight (w(x))!/?, the summation can be written in
a simplified form involving a rank one perturbation of the kernel known in
the case of the GinUE and elliptic GinUE. Another form valid in both cases
is (7.43), while its analogue in the complex—complex case (7.46) is similarly
valid in both cases.

(S5) The structural form of the large N asymptotic formula (7.54) for the variance
of the number of real eigenvalues is valid, or more generally the formula (7.58)
for the variance of a linear statistic.

(S6) The global density of the complex eigenvalues is the same as found for GinUE
(the circular law) and elliptic GinUE.

As we further develop the theory of ensembles related to GinOE below, we will
see that most of the properties listed above again hold true.

9.2 Induced GinOE

LetGbeann x N (n > N)random matrix with independent real standard Gaussian
entries. Let R be a Haar distributed real orthogonal matrix (for this notion see [194]).
In the case that G is square, it is easy to check that (G” G)!/? R has the same element
distribution as G, and thus is an element of GinOE; see e.g. Proposition 2.10 in
the case that G is an element of GinUE, and R is a Haar complex unitary matrix.
In the rectangular case, the element distribution of G = (G G)'/2R is the same
as the element distribution of G multiplied by the factor (det GT G)"~N)/2 [228];
cf. Proposition 2.11. The essential fact required to establish this is that the factor is the
Jacobian for the change of variables A = (G” G)!/?, which itself can be established
in two steps: first change variables G'G = B, then change variables B = A2, The
Jacobian in both these steps can be read off from the change of variables required in
the theory of real Wishart matrices; see [442, Ch. 2].
Of relevance is the explicit form of the proportionality coefficient.

Proposition 9.1 Set L := n — N. The element distribution on N x N real random
matrices G specified by
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(det GT G)L12e G762, Coy = w2V PENL)2 l—[ L+ 1L)/2)
Crn '(j/2)

is correctly normalised.

Proof According to the QR decomposition, we can write G = OR, where Q is
an N x N real orthogonal matrix, and R is an N x N real upper triangular matrix
with positive diagonal entries. With this change of variables, it is known that [442,
Th. 2.1.13 withn = m = NJ,

N
dG)=[]r} " @R)(Q"dQ),

j=1

where (Q7d Q) is the Haar measure on real orthogonal matrices. Hence

/(det GTG)L2e GG (4 )

= (lﬁl/mrw_le_%ﬂ d’)(/oo ar) " [@lao
=170 —0

Computing the integrals over ¢, and using the known result for the volume of the
orthogonal group [442, Corollary 2.1.16]

2N N(N+1)/4
9.1

we can identify the RHS with C, y. [l

For random matrices {G}—referred to as induced GinOE matrices—the element
distribution of Proposition 9.1 tells us that the eigenvalue PDF in the sector of k real
eigenvalues is again given by (1.10), multiplied by CON T, BT B E.

With Z‘G‘“OE[u, v] denoting the analogue of Zy[u, v] as specified above (7.7), we
see that (7.7) again holds true, but with the modification that there is an extra factor of
Co.n/Cr n,andthate; i, B; x arereplaced by aij.k, ﬂ}ﬁk, defined as in Proposition 7.2,
but with extra factors of (xy)* and (x> 4+ y?)* in the integrands respectively. Most
crucially, the formulas (7.19) for the skew-orthogonal polynomials corresponding to
(aij,k + ﬁ}!k) lu—v—1 are again valid with (Tr G?) = (2 + L) (we replace the index n
in (7.19) by j to avoid conflict with the n appearing in the definition of the induced
GinOE, and specifically the parameter L). Moreover, with C;(z) = z/ they permit
the structural form

i i _ 2 d _.2
P3;(2) = C2j (), phjyi(2) ==z ”d—z(zLe ”zcz,»(z)) 9.2)
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cf. (7.77), and the derivation of (7.21) implies
r}_l =22aT(L +2j —1). (9.3)

Taking into consideration these modifications, we can check that the determinant
formula (7.10) remains valid for Z: v (2), except that L needs to be added to the
argument of each of the gamma funct1ons As aconsequence, for the expected number
of real eigenvalues, we obtain the formula

N/2
\/’ I'(L+2k—3 /2) ©0.4)
T(L+2k-1) "

cf. the first equality in (7.13). From the determinant formula the validity of the
analogue of the local central limit theorem Proposition 7.3 can also be checked.
Another consequence of (9.2) and (9.3), substituted in the formula for S}, given in
(7.24), together with the validity of a derivative formula analogous to (7.33), is the
simplified summation form

(P2 N2 (xy yLJerlefyzﬂ Dy (x)

V2r ,{=0(1<+L)!Jr 2W2r  (L+N-=2)

)k+L

S (x, ) = 9.5)

which reduces to (7.31) when L = 0.

In studying the large N limit, the most interesting circumstance is to simultane-
ously set L = Na, (o > 0). It follows from (9.4) that to leading-order the expected
number of real eigenvalues is then /2N /7 (vo + 1 — /o). Setting x = y in (9.5)
gives the eigenvalue density. Further introducing the global scaling x — +/Nx we
can check that the final term goes to zero, while up to proportionality the summation
can be identified with K }53_1 (x, x) as given by (2.46). From the known global-scaled
limit of the latter (2.47) it follows that

1
Jim 3N = = (H i = K<) 9.6)

Note that this can be used to provide an alternative derivation of the leading form
of the expected number of real eigenvalues as stated above. Bulk and edge scalings
in this limit exhibit the same functional forms as for GinOE, given by (7.37) and
(7.40) respectively. The former of these implies that the analogue of (7.54) remains
valid. Also, using (7.44), the analogue of (7.46) can be obtained for Sy'(w, z), thus
giving an expression in terms of the induced GinUE kernel K }\(,3_, (w, z), with in fact
precisely the same prefactor. A consequence is that the global scaling limit of the
complex eigenvalues coincides with that of the induced GinUE (2.47),

Jim pfi) (V) = (X|Z\<M Xei<va)- 9.7)
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9.3 Spherical GinOE

For (X1, X») a pair of N x N matrices, the generalised eigenvalues are defined
as the solution of the equation det(X; — AX,) = 0. We see that for X, invertible,
the generalised eigenvalues then coincide with the eigenvalues of X, X . Here our
interest is in the case that both X;, X, are GinOE matrices—then the ensemble
specified by { X X} is referred to as the spherical GinOE.

Already in the pioneering paper on this topic, it was identified that statistical
properties of real eigenvalues relate to integral geometry [212]. To see this, the matrix
pair (X, X,) is viewed as two vectors in RV * The plane spanned by these two vectors
intersects the sphere SV =1 {0 define a great circle. Introducing X = c(X; — AX>),
with ¢ such that Tr(X7 X) = 1, we see that real generalised eigenvalues correspond
to intersections of the great circle with a unit vector corresponding to a singular
matrix of unit Frobenius norm. In fact this viewpoint was used to deduce that the
expected number of real eigenvalues, E" say, is given by

s _ VATAN+D/2) JTN<1 I )
N T'(N/2) Nooo Y 2 ;

EY -t

(9.8)
cf. (7.13), (7.14). With E}; determined, it was also noted in [212] that the density of
real eigenvalues can be deduced. To see this, set A = tan 6 so the equation determin-
ing the generalised eigenvalues can be written det(cos 6 X; — sin9X,) = 0. Since
X1, X5, being GinOE matrices, are invariant with respect to rotations it follows that
(cos 6, sin #) must be uniformly distributed on the unit circle and so A must have a
Cauchy distribution. Consequently,

1 Ey

714+ A2

sGinOE ()\‘) —

P1),N 9.9)

Subsequent to [212] it has been established that the eigenvalues of the spherical
GinOE form a Pfaffian point process, with (9.8) and (9.9) corollaries of this general
structure [265]. We require the normalisation

N

N 1 1
Cr=T@W—-—+-)" , , 9.10
N ( 2 f £1F0ﬂnww—N+Jﬂ) ©-10)
and weight
2 Tw-%41 1 * dt
o™ (@) = —= ( 1%/ 1) 2120—N 1/ v 91D
VET =5+ 11+ oy agpzpy (1+ 2N/

where z = x + iy. With z = x real, this reduces to @"*(x) = (1 4 x?)72V+N-1,
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Proposition 9.2 In the above notation and that of (1.10), the joint eigenvalue PDF
for k real eigenvalues {A};—1,.. r and the (N — k)/2 complex eigenvalues {z; :=
Xj 4 iyj}j=1,...(n—ky/2 in the upper half plane for the spherical GinOE is

2(N=K)/2 k " N=h)/2
Cl)si Vs )\’Y Vs )
NN = 1)/2)! E(” (%) ]1:[1 @7 @)
X ‘A({Al}lzl ..... Y £iyiti=1.. w02 9.12)

withv = N.

Proof To derive (9.12), aspects of the derivation of the eigenvalue PDF for the
spherical GinUE, and the GinOE, are required. In order, these are:

(i) Determine the analogue of the joint element distribution (2.49). Using the same
method, one obtains that for Y = A~!B with A, B GinOE matrices, the joint
element distribution is

N .
Ayydet@y + YY) Ay, =7 V] L@y =N+ ))/D)
v=N i T@v=2N+j)/2)

(9.13)

This is an example of the matrix ¢-distribution [170]. There is some advantage

in keeping the variable v general throughout the remainder of the calculation.

In particular, knowledge of the corresponding functional forms becomes use-

ful in the computation of the skew-orthogonal polynomials to be undertaken
subsequently.

(i) Introduce the real Schur decomposition ¥ = QRQ7, conditioned on k real
eigenvalues, with the notations of Sect. 7.1. Integrate out the strictly upper
triangular entries of R using a modification of the technique used for spherical
GinUE Sect. 2.5. This results in the conditional PDF

Fw—541) \WVH2
KfS( 1)) ’A({M}/=1 ..... U lx; Ziyi}j—1,.. . v-t)/2)

Jarw -5 +1

k (N=k)/2

1 2|bs — ¢
X _— ,
H (14 a2)v=N=D/2 E det(I, + Ry RT)»—N/2+1

s=1

(9.14)

where Cy} is given by (9.10). The quantity A is defined as for A in (1.10)
except that the difference factor between each z; := x; +1iy; and its complex
conjugate is omitted, so that

I<p<q=<k
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k (N—=k)/2

<[] H M= =20 [ =Pl — 2

p=1 I=1 1<l <L <(N—k)/2

Each Ry is a 2 x 2 matrix on the part of the diagonal of the block diagonal
matrix R corresponding to the complex eigenvalues.

(iii) The final step is to change variables from {b;, c;} to {y;, §,} and to integrate
over §; as for GinOE; recall Sect. 7.1. Now setting v = N, after some minor
manipulation (9.12) results. (I

Let ot;fk[u], ,B;fk[v] be defined as for ai olul, ,3;% «[v] in Proposition 7.2 but with
each w® replaced by w"® as defined in (9.11). The analogue of (7.7) can then be
checked to be

Zylu, v] = C,”\;Pf +:3]k]jk L N- (9.15)

Further progress relies on the polynomials {p;_; (x)} having the skew- orthogonality
property (7.17) with respect to the skew inner product corresponding to y '} :=

a; elu=1 + ,BJ *lv=1. We see from (9 11) that with the replacement v — (v 4+ N)/2
the weights in the definitions of o}, B are independent of N. On the other hand,
there is a known construction of an N x N matrix with element distribution (9.13)
and this value of v. Thus form the product W~!/2 B with B an N x N Haar distributed
orthogonal matrix and W the Wishart matrix W = G G with G a rectangular v x N
GinOE matrix—generally the exponent is 1/2 of the sum of the row and column size
inG;seee. g.[237, Exercises 3.6 q.3]. It is immediate how to modify the construction
to a 2n x 2n matrix with the corresponding weight similarly independent of 7. This
can then be used in the formulas of Proposition 7.4 to determine the skew-orthogonal
polynomials, first derived using evaluations of the averages in (7.18) deduced from
symmetric function theory [227, 240].

Proposition 9.3 Consider the ensemble specified by N x N matrices with the ele-
ment distribution (9.13) modiﬁed so that v — (v 4+ N)/2, and the corresponding
skew inner product implied by y . We have

Pzn(Z) = Z2
2 ey _ (42 d —o-
PN _ 2n+1 2n—1 __ 2\—(v—=1)/2 _2n
= — = — —((1 .

P (@) =2 v_2n—1° v—2n—1 (( +2 ¢ )
Furthermore,

s _ 722’ TRn+ DI'v —2n — 1)

" C((v+ 1)/2)?

Proof From the theory of the previous paragraph, the matrix G in (7.18) can be
constructed as the matrix product W~!/2B with B a 2n x 2n GinOE matrix and W
a real Wishart matrix constructed from a rectangular v x 2n GinOE matrix. Thus
this gives a 2n x 2n random matrix with the same eigenvalue weight (9.11) made
independent of N by v — (v + N)/2. Because the matrix product is isotropic, the
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distribution of each element unchanged by negation, and moreover the joint first
moment of distinct pairs of elements are uncorrelated. As aresult the skew-orthogonal
polynomials are again given by the simple formula (7.19). For the quantity (Tr G2)
therein, we have

(Tr G?) = (Tr BA(Tr W) = 2n(—)
v—2n-—1

Here we have used the elementary result that for B a 2n x 2n GinOE matrix,
(Tr B?) = 2n, and the fact that for a Wishart matrix W constructed from a rectangular
v x 2n GinOE matrix, (Tr W) = 1/(v — 2n — 1); see [429, Appendix A], [473].

The formula for the normalisation r}® again relies on the weights for v
(v + N)/2 being independent of N, together with the facts that for u = v =1,
Z“SGi“OE[u v] in (9.15) has the value unity by its construction, while by skew-
orthogonality the Pfaffian equals / Nj2-1 /. An important point for the calculation
is that the product in (9.10) can be ertten 1n the form

N/2 |

b (VN2 IH 22T (2l — DI(v — 21 + 1)

N
[ F(Z/Z)F(v —N+1/2)

=1
so that the only dependence on N is in the upper limit of the product. (]

Using the derlvatlve formula for pj;_ ,(z) from Proposition 9.3 in the definition
above (9.15) of oz % shows

2 T(j+k—3/20G/2—j—k+v) @

U)—)(V+N)/2 T — 2%k +1 ' (v) Tv—=2k+1

u=v=I1

0‘2] 1,2k
With ?]Vil =W -2+ l)erS_l It follows that the analogue of (7.10) is the formula

{'—1 &

ZUS T ] .
~ () R P %k jk=1,...N/2

= det [5 it (9.16)

vi—>(v+N)/2

This can be used to deduce the analogue of (7.54) and the local central limit theorem
Proposition 7.3 (the case v = N of the local central limit theorem is known from the
earlier study [265, Proposition 3.5], based instead on (9.22) below). The derivative
formula for p;; | (z), supplemented by the further derivative relation

2k + 1) @ 1 @
(v —2k — 3)”kuil P2k+2(2 R P2k (2
_ T'((v+1)/2)) (14 2o+ L d ks
722 T2k +2)I'(v — 2k — 1) dz (1 4 z2)-D/2’

gives for the analogue of the summation identity in the first line of (7.31).
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Proposition 9.4 We have

_ D(v+1)/2)?
v (v+N)/2 - w21y

RN S c20% 1
X((Hx) kZ:(:)k!(v—k—l)! AN-—DFO—-N+1D°

SN @ ) (14 y)~ 002

N-l ¢N—2(X))~
(9.17)
In the case v = N this further simplifies to give [265]

rvs C((N +1)/2)? —v— - -
Sl\} (x’y)‘V:N: m(l+x2) (N ])/2(1+y2) (N+l)/2(1+xy)N l.

(9.18)

For v = N + p for any fixed p > 0 the bulk scaling limit involves the scalings
x = X/ V/N. With this assumed, the result (7.37) first derived for GinOE itself, is
reclaimed. We note there is no edge for spherical GinOE. In (9.17), setting v = Nay,
ay > 1 as is consistent with the notation below (2.54), setting x = y and taking the
large N limit gives for the global density of real eigenvalues [227, Th. 4.2.14]

. 1 v (0%) 1
Jim PN =\ <T@ 9.19)

Inrelation to the complex eigenvalues, the key formula is (7.44), further simplified
to the form analogous to (7.46) with this involving the (generalised) GinUE spherical
ensemble kernel. As is consistent with (9.19) we first suppose that in (9.13) the
replacement v — (N + v)/2 has been made, and then set v = ap N, oy > 1. The
corresponding GinUE spherical ensemble kernel is then given by (2.56) with M =
N, n = v. From this one finds the same functional form as obtained in the GinUE

case (2.57)
li 1 c,v8 ( )_ (6%) 1 ) (9 20)
N W PN = S oy M :

see [227, Th. 4.2.14]. One observes that the global real density (9.19) is proportional
to the square root of the global complex density (9.20) continued to the real line.
The proportionality constant is 1/+/2. This inter-relation (apart from the value of
the proportionality) has been predicted by Tarnowski [516] to hold for a wide class
of asymmetric real random matrices. For example, it holds for the GinOE itself
(compare (7.36) and (7.49)), and the induced GinOE (compare (9.6) and (9.7)).

Remark 9.1

1. Setting x = y in (9.18) reclaims (9.9). Also, since the bulk GinUE correlations
are the limit of bulk scaling, the analogue of the asymptotic variance formula (7.54)
holds [265, stated below (14)].

2. In [265] an approach to studying the eigenvalue distribution for the spherical
GinOE (i.e. the case v = N of the above) making use of a stereographic projection
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to the sphere was detailed. In this approach it was found that the corresponding
skew-orthogonal polynomials have the skew-orthogonality property with respect to
the analogues of &', and B3, individually. Consequently, the generating function
for the probability of k real eigenvalues, Z3,, was shown to be given in the product
form

(_1)(N/2)(N/2*1)/2

Zy@) = INN-1)/2
N N/2—1
XN+ DTN 24+ DY [T mms T @t o 02D
s=1 1=0
where
B 27 C((N +1)/2)
MEN_-I—4 TIN2+1)
5 27 (wI@+ DI —2) _ WV AD/DN g o)
TN 1—4 T(N + 1) T(N2+1) )0

cf. the determinant formula (9.16) with v = N.
3. Again in the case v = N, the matrix element Sy" as specified by (7.44) has the
explicit form [265, Proposition 4.3]

1,2 12
5.z = NN =D /00 di /00 di
VW, 2) = — —_—
2N+]7Trwrz g —rw (1 +[2)N/2+1 g (1 +t2)N/2+1
e!0:=0u)/2 e~ 1(0:=6,)/2 N-2 e!0:=0u)/2 e~ 1(0:=6,)/2
X + - )
< (”wrz)l/2 (rwrz)71/2 ) < (”wrz)l/2 (rwrz)71/2 )

i6

where w, z := rye'”, r,e'”. Used here are coordinates inside the unit disk, which
result from the conformal mapping of the half plane Z = i(1 — z)/(1 + z). Setting
w = z = re'? in this gives for the transformed complex density [265, Eq. (17)]

_NWN-1) /1 N-2/] 0 dt
Pl (@) = N+l ,2 (; +r) (; _’> i (14 2N
2

We calculate from this the limiting form

1 1

e 9.23)

l- 1 C,S
N1—I>noo N Pay,N () =
which is in fact invariant upon the inverse of the applied conformal mapping and so
applies too in the original coordinates. Note that this is consistent with (9.20) in the

case ap = 1.
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9.4 Truncations of Haar Real Orthogonal Matrices

Starting with an (n + N) x (n + N) Haar distributed real orthogonal matrix
(see [194] for a discussion of the origin of this class of random matrices), we consider
an N x N sub-block Ay say and seek the corresponding eigenvalue PDF [227, 363,
432]. As for truncations of Haar distributed unitary matrices, the eigenvalues must
be contained inside the unit disk |z| < 1.

Proposition 9.5 With z = x + iy, introduce the weights

e L 2\n=3)2
o' (2) = { 11 | fzm/n (I —u?) du, n#1 (9.24)

),|1 217, n=1

After denoting (9.1) as vol(O (N)), define the normalisation

oo YolO@)vol(O()) ((27‘[)")1\’/2 _ ( )N/2 ﬁ L +))/2)

N = T ol(0(n + N)) n! i Ty

The joint eigenvalue PDF for k real eigenvalues {A;};=,,. x and the (N — k)/2 com-
plex eigenvalues {z; :=x; +1iy;}j=1,. (vn—k)2 in the upper half plane for the an
N x N truncation of a Haar distributed O (n + N) matrix is then equal to

H(N—k)/2 (N—k)/2

CNnmn(w()» NI @'

s=1

Proof Following the working given to derive the analogous result for the GinUE in
Sect. 2.6, which is based on [17, Appendix B], the calculation can be carried out
according to a number of specific steps.

(i) Make use of a matrix integral form of the matrix delta function constraint
relating to the top N x N block Ay of the (n + N) x (n + N) real orthogonal
matrix, to deduce that the element PDF of an N x N sub-block Ay is up to
normalisation equal to (2.60), now with the integral over the space of N x N
real symmetric matrices { Hy}.

(i) Introduce the real Schur decomposition Ay = QR QT conditioned on the num-
ber of real eigenvalues, and integrate over the off (block diagonal) entries of R
therein with the columns as variables. This requires carrying out the analogue
of the steps used to deduce (2.60). However, there is the complication that in the
columns corresponding to the complex eigenvalues, each column has a block
structure. From this viewpoint, we then need to proceed analogous to step (ii)
of the proof of Proposition 9.2, the details of which are given in [265]. With



152 9 Further Extensions to GinOE

n # 1 (this case needs to be considered separately) the conditional eigenvalue

PDF
nn — D\N/2| - .
CK}”(T> ‘A({)\l}l=l ..... Ux; £iyitj=1,..v—r)/2)
k
r —-1)/2 1/2
Xn(ﬁ ((n )/ )|1_)\§|,172>
e [(n/2)
(N—k)/2
x [ 216 —csldet(@ — RRDH™7 (9.26)
s=1
results.

(iii) As for the derivations of the eigenvalue PDF detailed for the GinOE and spher-
ical GinOE, the final step is to change variables from {b;, ¢;} to {y;, §;} and to
integrate over §;. (]

Next, we let a}’k[u], ﬂ}’k[v] be defined as for otf.’k[u], ﬂqu[v] in Proposition 7.2,
but now with weight ' as defined in (9.24). For the analogue of (7.7) we then have

Zi[u,v] = Cy, Pl + BY ) jhet..- (9.27)

We now come to the skew-orthogonal polynomials associated with y} , := &} i lu=1 +
ﬂ; «lv=1. For this the formulas of Proposition 7.4 can be used.

Proposition 9.6 Consider the ensemble specified by N x N random matrices
obtained by deleting n rows and columns of an (n + N) x (n + N) Haar distributed
orthogonal matrix. For the skew-orthogonal polynomials associated with y}’ L we
have

ph;(2) =%,

) 2] - (1-— Z2)—n/2+1 d )
t — 2+ _ 2j-1 _ _ _(1_2n/221).
P2j1(2) =2 n+2jZ n+2j dz (=272
Furthermore,
n!(2))!
= ——.
T (n+2))!

Proof The matrix G in (7.18) (with n replaced by j to avoid a conflict in notation)
is constructed as the 2j x 2j sub-block of an (n + 2j) x (n + 2j) Haar distributed
orthogonal matrix. The requirements of the applicability of the formulas (7.19),
namely that the distribution of each element is unchanged by negation, and that the
joint first moment of distinct pairs of elements are uncorrelated, is therefore valid.
The square of an element of G is then equal in distribution to af /(af + - - + ay ;)
where each a; is a standard Gaussian, and is thus a beta B[1/2, (n +2j — 1)/2]
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random variable. Its mean is 1/(n + 2j) and so Tr (G?) = 2j/(n + 2j), which so
specifies p, ;4. This reasoning is a special case of a calculation first given in [256].
The formula for the normalisation r follows from setting u = v = 1 in (9.27), and
noting that the LHS then has the interpretation of a sum over probabilities of eigen-
values being real and so is unity, while by the skew-orthogonality property the RHS

equals Cj , N O

Next, we use the derivative formula for pi2 j +1(2) of Proposition 9.6, and the
definition of a;q , in Proposition 7.2 with w® replaced by o' to compute

i B 1 C((n+1D/DT+1) T(=3/2+j+k
2j= L2k ymy=1 T (n+2j) /7 T (n/2) [(=3/2+j+k+n " n+2j
(9.28)

Hence for the generating function for the number of real eigenvalues we obtain
a formula structurally identical to (9.16), but with a * replaced by &' ik and r r
replaced by (n + 2j)r [RE This in turn allows the analogues of (7.54) and the local
central limit theorem Proposition 7.3 to be deduced.

In relation to the real-real correlation kernel S}, from Proposition 7.5, we have
seen that supplementing the derivative formula for p} j+1(2) by a further derivative
relation involving the normalisations of the skew-orthogonal polynomials, allows for
a simplification [238].

Proposition 9.7 We have

ra/2)ri(n+1)/2) —xz)"/zfl(l 2),,/2 Z (n (n+j-D!

Tt o l J
SNy = — SO (x)

1)' i

<I>N_z<y)w‘(x)xN—1. (9.29)

TN/2—1
Proof The required additional derivative formula is
2(j+1)
(n+2j + 2,

- _LZJ)' 2y (=nj2+1) 4 2n/2_2j+1
=it ((1 2y,

1
D2j+2(2) — P2 (@)
j

Introducing the incomplete beta function I,(a, b) and beta integral B(x, y) in
standard notation, one observes that (9.29) admits an expression in terms of these
functions. Specifically, with x = y as corresponds to the density [227, 363, 432],

1 I_2(n+1,N—1
B(n/2,1/2) 1—x2
(1 _x2)(n—2)/2|x|N—1

B(N/2,n/2)

Sf\‘,[(x, Xx) =

I2((N = 1)/2, (n +2)/2). (9.30)
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From this form the scaled large N, n asymptotics with « = N/(N + n) can be
computed as [363]

i 1 S l—a 1 ©9.31)
im ——p; =/— . .
N—oo ‘/N'O“) * 2ma 1 — x2XVEsreE

A corollary of this, obtained by integrating the RHS, is the asymptotic formula for
the number of real eigenvalues

N =
~ [HNA =) tanhya, (9.32)
a=N/(N+n) Ty

The corresponding bulk and edge scaling of Sf\’,t (x, y) in this setting reclaims the
GinOE results (7.37) and (7.40). Hence we know that the analogue of the asymptotic
formula (7.54) for the variance of the number of real eigenvalues will hold true.

For finite N the formula (7.44) upon a simplification analogous to (7.46) provides
a simple to analyse expression for the complex density. From this one can calculate
[363]

T,t
N

lim —pf
—00 Np(l)’N

l -« 1
N 2)2 X\Z|<\/E' (933)

a=N/N+n)  wa (1 —|z]
Here one observes that the global real density (9.31) is proportional to the square root
of the global complex density (9.33) continued to the real line, with proportionality
1/+/2 in keeping with [516]. We note too that the functional form (9.33) is identical
to that given in (2.63) for the eigenvalue density of truncated unitary random matrices
in the same global scaling limit, in accordance with common feature (S6) of Sect. 9.1.

With n fixed, and thus o = 1, the asymptotic formula (9.32) breaks down. In
keeping with this is that for n fixed the N — oo limit of (9.29) is well defined
without any scaling of x and y. Thus

CA/2T((n+1)/2) (1 =xH)"2711 = y»)"?

! (9.34)
w ['(n/2) (I =xy)"

1' T,t —
Jim S (x, y)
Also, there is an edge scaling distinct from (7.40). Thus from (9.30) we have [363]

. Lo X ~e.t
dim_ 7ot (1= ) = A0, ©-33)

where, with ¥ (1, x) := (X"T'(n)) "'y (n, x),

n/2—le—x

2 (n/2)

(2)()"

_ n/2+1 5
(1 x ym/2+1,x)+ BU/2.172)

Pt ) = 7 +1,2)).
This exhibits the large x tail behaviour 1/(B(n/2, 1/2)x) which is in keeping with
the large N form of the expected number of real eigenvalues for n fixed [363]
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log N
. LA (9.36)
Bn/2,1/2)
The limit N — oo with n =1 is of special interest due to an interpretation in
terms of the zeros of a certain random power series [238, 373].

Proposition 9.8 Consider the random power series f(z) = Z;o:o a,z?, where each

ap is an independently distributed standard real Gaussian random variable. We have
that the distribution of the zeros of f(z) coincides with the limiting distribution of
the eigenvalues of an N x N sub-block of (N + 1) x (N + 1) Haar distributed real
orthogonal matrices for N — oo.

Proof Let Uy, denote the Haar distributed orthogonal matrix. Set Ay =
diag (a, 1,...,1), a > 0. Then the matrix Uy An+; has the same eigenvalues
as A}ﬁlU N+ 1A11\1/L~ In the limit a — O these eigenvalues are 0 and the eigenval-
ues of the N x N sub-block of Uy obtained by deleting the first row and column.
Introducing ]I’NJr1 =diag (0,1,...,1)ande; = (1,0, ..., 0), manipulations includ-
ing use of (7.26) reduce the characteristic equation for the nonzero eigenvalues of
Un+1Apn+1 in the limit a — 0 to the secular equation

ef (Iy+1 — AUN Ly ) " Uysyer = 0;

see [255, proof of Proposition 1]. Since for |a| < 1 the eigenvalues also have mod-
ulus less than one, the inverse can be expanded according to the geometric series,
with coefficient of A* equal to e] (U}, Iy, ¥ U}, ;. Noting that for large N this
coefficient has the form elT(U]"\',HH’NH)kel (1 + O(k/N)), then applying the known
result [373]

d
{ﬁ(ef(UL+1H§v+1)kel}k=0,1,... ={ar}k=o,1,...,

where each a; is an independent standard real Gaussian, implies the statement of the
proposition. U

The random power series in this result can itself be viewed as the N — oo limit
of the random polynomial py(z) = Zgzo a;z* with standard real Gaussian coeffi-
cients. The density of the real zeros of this random polynomial, pfili y(X) say, was
first investigated by Kac [349], making use of what is now referred to as the Kac—Rice
formula; for an introduction see [447]. It was found

LK 1 1 (N + 122V 2
p(l),N(x) = T (1 —x2)2 - (1 — x2N+2)2

Taking the limit N — oo with |x| < 1 reclaims the functional form (9.34) with
x = y in the case n = 1, as is consistent with this being the limiting density for the
random matrix problem of Proposition 9.8. The higher point correlation functions for
the real zeros of the random polynomial are, according to the Kac—Rice formalism,
structurally given by a k-dimensional Gaussian integral with a particular covariance
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matrix, weighted by a product of the absolute value of the integration variables [94].
In addition, this structure is maintained upon taking the N — oo limit. On the other
hand, the result of Proposition 9.8, together with Proposition 7.5 as it applies to
truncations of Haar real orthogonal matrices, tells us that these same correlations
can be written as a Pfaffian; see also [430]. This is also true of for the correlations
between the complex zeros, where the Kac—Rice formalism leads to an expression
in terms of a so-called Hafnian (a Hafnian relates to a Pfaffian as a permanent does
to a determinant) [465].

We have remarked that the generating function for the number of real eigenvalues
is given by a formula structurally identical to (9.16), but with & replaced by &“]-’ X
defined in (9.28) and fj‘?il replaced by (n + 2 j)r}fl. Specifically, with n = 1 this
shows [462]

t — . §—1 ~ An—3/8
ZN@)‘nzl = det [8]’k+ n(j+k—3/2)]j,k:1 N ’ ©.37)

where the asymptotic result, applying when ¢ = 0, relates to the probability of no
real eigenvalues; for more on the asymptotics see [230, 287]. The work [462] (see
also [137, 186, 187, 197, 487, 488]) relates the exponent in the asymptotic formula,
interpreted in terms of the probability of no real zeros for random Kac polynomials,
to the so-called persistence exponent for two-dimensional (d = 2) diffusion.

The diffusion in question is of a scalar field ¢ (x, ¢), which at time t =0 is a
zero mean Gaussian random field with short-range (delta function) correlations. The
persistence is the probability that, for a system of linear size L and with the origin 0
in the bulk, ¢ (0, 7) does not change sign from its initial value. (We refer the reader
to [109] for a comprehensive review on the persistence in extended many-body
nonequilibrium systems.) The persistence exponent 6(d) quantifies the expected
large L asymptotic form that the probability decays as L=2%“) for t > L?. Through
a common inter-relation with a Gaussian stationary process with (in logarithmic
time) covariance sech(7/2) [186, 487, 488] it is predicted that 6(2) is equal to 1/4
of the exponent in the analogue of the asymptotic formula (9.37) for Kac random
polynomials, which in turn is twice the exponent in (9.37). The leads to the conclusion
that 6(2) = 3/16.

9.5 Products of GinOE

As for products of GinUE matrices, the most general case of products of compatibly
sized rectangular matrices G; can be reduced to products of N x N square matrices
G;, now with element distribution proportional to

| det (~7,<(~}.T |v,ﬂ/287Tr G,GI 2
; ,



9.5 Products of GinOE 157

again with v; > 0 equal to the difference in the number of rows in G; and the number
ofrows in G; (= N) [333]. The eigenvalue probability density function, conditioned
on the number of real eigenvalues, can be computed for a general number M of
matrices in the product [254, Proposition §].

Proposition 9.9 Define the real weight

" G 13 ()2
w' o =] [/ d,\m()‘zj ) —10) }m AL ,00) (9.38)

Jj=1

and the complex weight

v _ || M4 0
w’(x,y) = 27 mw ([ })

Uy = %(j: 18] + [8> +4(x> + yz)]1/2> (9.39)

with

M 1 o yOT
X(l)x(l)T v/2 efiTrX X
w'G) =[] [f (dx<’>)det< ) ' }
R

-1 2x2 2 273

x 8(X = X ... xMy, (9.40)

Define too the normalisation

. +
My = 2MN(N+1)/41—[1_[F<] ’) (9.41)
=1 j=1

With this notation, we have that the joint eigenvalue eigenvalue PDF of the random
product matrix G, - - Gy, conditioned on there being k eigenvalues, is given by the
functional form (1.10) with the normalisation C;gv replaced by 1/211:;1",:, (@ (A2
replaced by w) (As) and w#(z;) replaced by wl(x;, y;).

Proof Enabling this calculation is the real matrix version of the periodic Schur form
(2.71), where now each Z; is a block diagonal matrix of the structure of R in the
real Schur decomposition of Sect. 7.1, and is thus conditioned on k real eigenvalues.
In keeping with the notation of Sect. 7.1, we write G = 0/(D; + R)Qi11,( =
1,..., M), where each D; is block diagonal, and each R; is strictly block upper
trlangular We denote the scalar diagonal elements of D; by {A! )}s, and the 2 x 2
block diagonal entries by {X®}_,.

The first k diagonal entries are scalars, {A; := A(l) )\(])}t 1» while the latter
(N — k) /2 entries are 2 x 2 matrices, {G; := GV - G(l)}(NJ”k)/2 With this nota-
tion, the Jacobian for the above given change of variables reads [330, Proposition
A.26], [254]



158 9 Further Extensions to GinOE

=1

M M k (N+k)/2
x[Tarcefaon [T ([Te+" [T ax?). ©42
I=1 =1 j=1 s=k+1

where A, := ]_[ A(’) and X, 1= ]_[ o X while A is as in (1.10) but with the
difference between each pair x; £ iy, (which are the eigenvalues of X;) omitted.
Making the change of variables in the element PDF of the matrix product gives

M
k
1_[ e Tr GGT _ 1—[6 ! ZA 1('\“))2 1 Z(-IXL{H Tr Xi”(xﬁ”)T 1 Z,<,(f(l))

Hence, after integrating over {ri(]{) }, we obtain that up to proportionality the eigenvalue
PDF is equal to

k (N+k)/2
[To; =2 ayan; [T 86, —GP---G™)@Gy)
j s=k+1
1 M k " (N+k)/2 —lTr xOxO1
1
—r []‘[(ez@n a) 11 ( (dx§l>))]. (9.43)
kN =1 b j=1 s=k+1

The final step is to change variables from the off-diagonal elements of the X, param-
eterised as in Sect. 7.1, to the quantities y; (the imaginary part of j-th complex
eigenvalue) and §;; recall the final paragraph in Sect. 7.1. O

Remark 9.2 The real weight (9.38) can be written in terms of the Meijer G-function

according to
)\’2
)

cf. (2.74). With M = 2, v; = v, = 0 this simplifies to

W' (L) = Mo(ﬂ

M
2 )

@’ (L) = 2Ko(|A)). (9.44)

For general M > 2 no special function evaluation of the matrix integral defining w;
is known. An exception is M = 2, v; = v, = 0, for which [38, 254]

wl(x,y) = 4/OO %exp ( 2% —yHt — i)K()(Z(x2 + y2)1) erfc(24/ty) dt.
0

4t
(9.45)
Comparing (9.44) and (9.45) makes it clear that unlike the structure highlighted in
point (S3) of Sect. 9.1, it is no longer true that @ (x) = (w.(x, 0))!/2.
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We turn our attention now to the calculation of the skew-orthogonal polynomi-
als associated with yﬁk = oz?’kluzl + ﬂ;),k|v:l- Here we define a?qk[u], ,B?k[v] as
in Proposition 7.2, but with (a)g(x)w‘b’(y))'/2 replaced by w, (x)w; (y) and w®(z)
replaced by w? (x, y). Through the use of (7.19), a simple calculation gives that the
skew-orthogonal polynomials are given by [254, Proposition 9]

M
Pt =2 pulli@ =2 =2 ]+ . (9.46)
k=1
with normalisation
M
2427 .
m =11 o D@+ v = . (9.47)

However, there is no longer a derivative formula for p;,ﬁl (z) analogous to that for
pgn +1(2) in (7.20). Associated with the latter is that the structural feature (S2) of
earlier cases for the probability of all eigenvalues being real is no longer true; see
[254, Eq. (5.2)] for a determinant formula involving particular Meijer G-functions.
Asymptotics of the latter allows for an effect first noticed in [385]—that the proba-
bility of all eigenvalues being real tends to 1 as M — oo for large classes of product
random matrices—to be proven in the Gaussian case [241]. Subsequent references
on this topic include [314, 467, 468].

In keeping with the effect of the probability of all eigenvalues being real increasing
as M increases, is the result of Simm [501, Th. 1.1] for the expected number of real
eigenvalues, £ I‘GM say. Here the point to draw attention to is the factor of /M relative
to the M = 1 case.

Proposition 9.10 We have

ONM
EMM ~ [Z—— +0(logN). (9.48)
N—o0 T

Proof (Sketch) The starting point for this result, obtained with the specialisation
each v; = 0, is the exact expression for the density pzi[)'fIN (x) implied by knowledge
of the skew-orthogonal polynomials, written in terms of the corresponding product
GinUE correlation kernel (2.78) according to the structural form (7.43) with x = y.
The implied sum is then integrated term-by-term, which results in a sum of particular
Meijer G-functions. The summand is now in a form suitable for asymptotic analysis
in the large N limit. O

The different behaviour of E,VV’M for N fixed and M — oo, relative to M fixed
and N — oo, makes it natural to inquire about the asymptotic behaviour of E ,”\,’M in
the circumstance that M = «N. This has been determined in [19, Th. 1.1] as being
given by
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im BN <1+“) f( /“) 2y [ X8 (9.49)
1m = — Jer —- ] — — —e .
Nooo N |py_on 4 8 4 2 ’

which can be demonstrated to provide an interpolation between the previously found
behaviours.

Remark 9.3

1. A further application of /’zil)\,lzv (x) expressed in the structural form (7.43) is to
the calculation of the global scaling limit. Thus in [501, Th. 1.2] this was used to
establish the validity of the corresponding product GinUE result (2.79).

2. As noted in Remark 2.6.4, there is interest in a product of M random matrices
in the limit M — oo from a dynamical systems perspective. For GinOE matrices,
the explicit Lyapunov spectrum was computed long ago by Newman [314]. This
exact result in the case of the largest Lyapunov exponent was generalised in [269,
356] to allow for the GinOE matrices to be left multiplied by a positive definite
matrix. A direct study of the stability exponents associated with the modulus of the
eigenvalues—these becoming all real as M — oco—was undertaken in [331].

3. The averaged absolute value of the product of GinOE matrices, which analogous
to (7.42) relates to the density of the real eigenvalues, has appeared in a counting
problem for equilibria in an analysis of a discrete analogue of the random nonlinear
differential equations (7.88) [332].

4. The spectral density of the product of M independent elliptic GinOE matrices has
been studied in [454]. The limiting global density is the M-th power of the circular
law, independent of the parameter . Note in particular that this result applies to the
global density of products of GOE matrices.

5. The products of M truncated orthogonal matrices in Sect. 9.4 have also been
studied in the literature [256, 261, 407]. In particular, for strong non-orthogonality,
it was shown in [407] that the leading-order asymptotic of the expected number of
real eigenvalues is of the form (9.32) multiplied by /M cf. (9.48). On the other hand,
for weak non-orthogonality, the asymptotic form (9.36) with B(n/2, 1/2) replaced
by B(Mn/2,1/2) holds.

The structural form (7.43) for S]r\’,M (x, y) also has consequences for the analysis
of the two-point correlation and associated fluctuation formula. In particular, it is
used in [231] to establish that the structural formula (7.58) for the variance of a
linear statistic as N — oo holds true independent of M. For the particular linear
statistic corresponding to the counting function for the number of real eigenvalues,
this formula was shown to break down in the case that M simultaneously tends to co
with N. Rather then (a]rv’M )2 /E R’,M |M=an tends to an o dependent quantity; see [19,
Th. 1.2].



9.5 Products of GinOE 161
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Chapter 10 ®)
Statistical Properties of GinSE and oy
Elliptic GinSE

Eigenvalues of GinSE matrices occur in complex conjugate pairs as for complex
GinOE eigenvalues, but now with zero probability of an eigenvalue being real. Also
in common with complex GinOE eigenvalues is that the GinSE eigenvalues form a
Pfaffian point process, and that their PDF admits a Coulomb gas interpretation with
image terms. While the determination of the required skew-orthogonal polynomials is
straightforward, the particular form gives a new challenge in relation to analysing the
various scaling limits. This is overcome by making use of a certain inhomogeneous
partial differential equation satisfied by the pre-kernel. Such an approach carries over
to the analysis of a weakly non-Hermitian regime. Also contained in this chapter is the
large N analysis of the partition function and gap probability associated with GinSE
eigenvalues, and results relating to the singular values and eigenvectors. Furthermore,
a study is undertaken of an elliptic generalisation, which interpolates between GinSE
and Hermitian GSE matrices.

10.1 Eigenvalue PDF

Using a similarity transformation, the symplectic Ginibre matrix G can be identified
via the matrix-valued version of the quaternion realisation (1.1) as

A B ANX2N
[_ B A] C , (10.1)
where A, B are independent copies of GinUE. Due to this form, the matrix G has
2N eigenvalues that come in complex conjugate pairs £z, where we take Imz; >
0. Importantly from the viewpoint of calculating the Jacobians associated with a
change of variables involving eigenvalues, the eigenvectors of complex conjugate

eigenvalues are related by a linear transformation. This can be encoded by forming
a block Schur decomposition G = UZU" with U a 2N x 2N unitary matrix with
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2 x 2 block entries of the form (1.1)—a conjugation equivalent symplectic unitary
matrix—and Z a block triangular matrix, with diagonal blocks

1B

containing the eigenvalues of G, and off-diagonal elements having the quaternion
form (1.1); see [331, Proposition A.25]. As in the proof of Proposition 2.1, the
Jacobian calculation is carried out by forming the wedge product of the matrix of
differentials of UTdGU, in the order of the block indices (j, k) with j decreasing
from N to 1, and k increasing from 1 to N. This gives the eigenvalue dependent factor

N

—2W(z;,%; =12 2 7
He (z,z,)|zj_zj| l_[ lze — 217z — Z41°s
=1 1<j<k<N

and moreover (after some working) the product of differentials can be shown to
factorise as in (2.6). The eigenvalue PDF now follows by integrating over the inde-
pendent off-diagonal entries of Z. The resulting functional form (1.8) is formally
the same as the GinUE eigenvalue PDF (1.7) with N +— 2N, and where z;y is
identified with z;, but with terms involving only differences of {z;} ignored (due to
dependencies in the quaternion structure these are not associated with independent
differentials). As previously mentioned, the eigenvalue PDF (1.8) of GinSE was
derived already in the original work [293] of Ginibre starting from the eigenvalue—
eigenvector decomposition. For the details of the above outlined method using the
quaternionic Schur decomposition, see [331, proof of Proposition A.25].

In general, an eigenvalue PDF of the non-Hermitian random matrices in the same
symmetry class of the GinSE is of the form

N
[Te? 1z =27 [] lw—ziPla—ZP Imz; >0,
j=1 1<j<k<N

1
NI ZE (W)
(10.2)
where Z% = Z%(W) is the partition function, which turns (10.2) into a probability
measure. Here W can be an arbitrary real function such that Z}}\I} exists, which further-
more is assumed to satisfy the complex conjugation symmetry W(z, z) = W(z, 2).
The ensemble of the form (10.2) is called the planar symplectic ensemble [22].

10.2 Coulomb Gas Perspective

The eigenvalue PDF (10.2) can be rewritten in terms of the Hamiltonian

1

i —zulPlzy —zl?

Hy(zy,...,2zn) = Z log |

1<j<I<N
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N
1
+Z <2W(Zj7 Z;j) +log 7_2> (10.3)
= lzj — z;l
as
! e~ Hu(@i,2n) (10.4)
N!ZE(w) ' '

Analogous to the discussion of Sect. 7.2, this can be regarded as a two-dimensional
Coulomb gas [245] in the upper half plane H with image charges in the lower half
plane; cf. [367]. As such, this is an image system counterpart of the eigenvalue PDF
of the normal matrix model, which by way of comparison is given by

1

s efH(c(Zl,....,ZN)’ 10.5
NIZ5(W) e

where

N
1 -
Hea,.ooozaw) = ) log———s + ) W(z;.Z;):
1< |Zj—Zl| —
<j<I=N j=1

see Sect. 5 and references therein.

The Coulomb gas interpretation (10.4) allows one to describe the limiting spectral
distribution using logarithmic potential theory. In the scaling W(z,z) = NQO(z2),
chosen to make the interaction and the potential term in (10.3) of the same order,
one can observe that the continuum limit of the Hamiltonian (10.3) divided by 2N?
is given by

1 1
Iolul := —/ log—_dM(Z)dlL(w)‘i'/ Qdp
4 e Tz —wllz —w| C

=/ log : d,u(z)du(w)—i—/ Qdu. (10.6)
c? C

|z — w]

Here, we have used the complex conjugation symmetry Q(z) = Q(z) for the second
line. Thus it is natural to expect that the empirical measure (o of (10.4) converges
to Frostman’s equilibrium measure, a unique probability measure minimising the
energy functional (10.6). This convergence was shown by Benaych-Georges and
Chapon [82] for a general potential Q. In particular it shows that the limiting spectral
distributions of (10.4) and (10.5) are identical Sect. 5.2. In particular, for Q(z) = |z/?,
this gives rise to the universal appearance of the circular law for the GinUE and
GinSE.

With regards to quantitative features, let us first recall that under minor assump-
tions on Q, the equilibrium measure o is absolutely continuous and takes

the form
_ az 82 0(z)
T

dpg(z) Xzes, d°2, (10.7)
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where the compact set Sy is called the droplet. For a radially symmetric potential
q(r) = Q(|z] = r) which is strictly subharmonic in C, the droplet is of the form
So = {R1 =< |z] < Ry}, where the pair of constant (R;, R») is characterised by

Rig'(R)) =0, Ryq'(Ry) =2, (10.8)

see [479, Sect. IV.6]. In particular, for Q(z) = |z|?, it follows that 8.9: Q(z) = 1 and
Ry = 0, R; = 1, which coincides with the circular law of the GinSE.

Remark 10.1 Underlying the image charge viewpoint of (10.3) is the pair potential
(7.2), which we know is the solution of the two-dimensional Poisson equation in
Neumann boundary conditions along the x-axis. If instead we take the point r to be
inside a disk of radius R and require Neumann boundary conditions on the boundary
of the disk, the pair potential is [237, Eq. (15.188) with € = 0]

o(r,r) = —log (Iz IR - zz’/RI).

Imposing a smeared out charge neutral background of density 1/7 (and hence taking
R = +/N) the corresponding charge neutral Boltzmann factor is [237, Eq. (15.190)]

N
N . -
AN”Be_ﬁZj:l |Zj\2/2 1_[ |Zk_Zj|ﬂ|1_ZjZk/N|ﬂ 1_[(1_|Zj|2/N)ﬁ/2’ (109)

1<j<k<N j=I

where Ay g = e PV H((1/910gN=3/8) Here B > 0 is the inverse temperature, with the
case 8 = 2 being the disk analogue of (10.3), although this viewpoint gives the self-
energy term of exponent 1 rather than 2 as in (1.8); see [245, Sect. 2.1] for more on
this point.

10.3 Skew-Orthogonal Polynomials

We define the skew-symmetric form (-, -); s by

(f. 855 1= /(C (f(z)g(Z) — g(z)f(Z))(z —D)e WD g2, (10.10)

where in keeping the notation of (7.16) the subscripts indicate skew and GinSE.
Note the similarity with the second term in (7.16). As discussed in Sect. 7.4, a
family {gm}m>0 of monic polynomials g, of degree m is said to be a family of
skew-orthogonal polynomials if the following skew-orthogonality conditions hold:
forallk,/ e N
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(G2xs q21)s,s = (Gok+15 qai+1)s,s = 0,
(926> Gaiv1)s.s = — {11, G2k )s,s = Tk Ok 1+ (10.11)

We mention that the matrix averages formulas (7.18) are again valid; see [353]. In
distinction to ensembles based on GinOE, there are also alternative methods which
in fact have a broader scope, so these instead will be discussed below.

Proposition 10.1 For a radially symmetric potential W(z, z) = w(|z|), let
[0 ]
hy = 271/ p2htle=200) gy (10.12)
0

be the squared orthogonal norm. Then

k=1 k—i—1
h .
Qi1 (z) =2 gu@@) =%+ E 2 l_[ “2+2j+2 (10.13)
= =0 hary2j+1

forms a family of skew-orthogonal polynomials. Furthermore, the skew-norm is given
by ri = 2hog41.

Proof Since the monomials {z*} are orthogonal polynomials with respect to a
rotationally symmetric weight function, it follows that

(k. )5 = / (Zk-HZZ S Z12k+1)e—2w(\z|> dz
C

= 28k 41.0hikq1 — 28141 kB

Note here that the indices in the Kronecker delta differ by one, which in turn imme-
diately leads to (gox+1, g21+1)s,s = 0. Furthermore, it follows that (gax, gar+1)s.s = 0

if [ > k. Let us write
k—i—1

a= ] % (10.14)
j—o o2
Then we have
k=1
(26> Qok41)s5,5 = (ZZk + ;aﬂy , 12k+l>s,s = 2ho 1.

On the other hand, for the case k < [, after straightforward computations, we obtain

(Gax+11q2)s,s = 2(arhors1 — Ax1howg2) = 0.

Therefore, we have shown that (goxy1, g2i+1)s,s = 710, j. The other cases follow
from similar computations with minor modifications. O
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As an example of Proposition 10.1, for We(z,7) = |z|2, the associated skew-
orthogonal polynomials q,f are given by

k
k! 2k + 1)!
Gn@ =" @ =) 5 = (1015)

=0

These are a special case of the skew-orthogonal polynomials obtained in [353] for
the elliptic GinSE; see the sentence below (10.23). We also refer to [237, Exercises
15.9 g.2] and [240, Proposition 1] for a derivation of (10.15).

The crux of Proposition 10.1 is that one can construct the skew-orthogonal poly-
nomials using the associated (monic) orthogonal polynomials p; with respect to the
same weight, i.e.

/ Pi@pr()e VD d?7 = ybp. (10.16)
C

A setting beyond the radially symmetric case in which we can construct the skew-
orthogonal polynomials is when the associated orthogonal polynomials satisfy a
three-term recurrence relation.

Proposition 10.2 Suppose that the sequence of monic orthogonal polynomials (p;)
satisfies the three-term recurrence relation

2k (2) = prs1(@) + b pi (@) + cipr-1(z), b, cr € R. (10.17)

Then

q2+1(2) = pu+1(2),
k=1

k
hoi2j42 — Corgaj2hoig2j41
g =Y az, a:=1]] d ! / (10.18)
= harv2j1 — cautajr1haiy)

j=0

satisfies (10.11) with r, = 2(hogs1 — carr1hor). Conversely, if the skew-orthogonal
polynomials have the form (10.18), then the three-term recurrence (10.17) holds.

Proof (Sketch) The essential idea of the proof has already been given in the proof
of Proposition 10.1 above. The notable difference is that while computing the skew-
symmetric form (g, q;)s. s, we expand the term

(4@a@ - a@a@) @ -2 (10.19)

in the integrand using the three-term recurrence relation (10.17). (]

The idea of constructing skew-orthogonal polynomials in Proposition 10.2 first
appeared in [353], where the Hermite polynomials were considered. Later, this was
extended to the Laguerre polynomials in [11]. The general statement in Proposi-
tion 10.2 was given in [26]. As an example, we consider the elliptic GinSE potential
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We(z,2) = (z> = tRez?), T€]0,1). (10.20)

1 —12

The associated monic orthogonal polynomials and norms are given by

/2 —— k!
pz(Z) = (2) Hk(%), hz =+1- TZFTF, (10.21)

see e.g. [24, Lem. 7]. Then by using the recurrence relation

T
(@) = pra (@) + 3 kpf_ (z) (10.22)

and Proposition 10.2, we have

k

S S S k! S
C]2k+1(Z) = ng_H(Z), qZk(z) = Z l_'Pgl(Z),
=0

s G L (10.23)

22k+1

Note that (10.15) can be recovered by taking the T — 0 limit of (10.23).

10.4 Correlation Functions and Sum Rules
The k-point correlation function py,  of the ensemble (10.4) is given by

N! 1

N
WW v eiH]HI(Z] ..... ZN) l_[ dsz. (1024)
- . N ([: —k

j=k+1

PN @ELs - 2k) =

As an analogue of Proposition 7.5, a Pfaffian formula for pj, » follows [353].

Proposition 10.3 Let q; be the skew-orthogonal polynomials as specified in (10.11).
Using these polynomials, define

IS q2u+1(2)qox (W) — g2 (2)Gar1 (W)
147

ky(z, w) = (10.25)

k=0
Then we have

k
Plo.n @1 - 2k) = H(Zj — z)PE[Ky (2, 2=tk (10.26)

j=1
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where

_ o (10.27)
Kk} (2, w) Kk} (Z, w)

. o | kx (@ w) kx (z, w)
Ky (z, w) = e~ VDWW |: N N .

Using Proposition 10.3 and (10.15), it follows that the matrix entry «y (z, w)—
referred to as the pre-kernel—of the GinSE is given by

V2 (= (ARt K (/2 )21
g S S
KN(Z, UJ) = T (kX_; (2k+ 1)” lg(): (21)”

N-1

( 2w)2k+1 i ( )21)
= Qk+ DU = @Y
(10.28)
One strategy for analysing the double summation is to derive a suitable differential
equation for the kernel. This idea essentially goes back to an early work [437] of

Mehta and Srivastava.
As an analogue of Proposition 7.6, the following holds true; see [22].

Proposition 10.4 Letting K5 (z, w) := e >"k} (z, w), we have

2 T'(2N;2zw)

3Ky (2, w) = 2(z — w)Kx(z, w) + —~ - _( 27)e *ZZM

2N -D! (2N - 1)!
(10.29)

Proof Note that

9

N—1 \/_Z)2k+l i(ﬁw)zz zﬁfi (ﬁZ)Zk i(ﬁw)zl

2k + DI & @D o Qk- D! & @D

k k-1 2 N-1 2k 2%k
_\/_Z (\/_Z) ( Zw) \/EZ (\/EZ) (\/zw) )

2k — Dl & @) < (2k— DIl (2k)!

Rearranging the terms, we have

N1 k N-1 k
(ﬁZ)ZkJrl («/EU))ZZ (ﬁz)2k+l ( 211))21
0.2 > =20 >

£kt DI & @D (k+ Dl & @)l
N—-1 N—-1

(\/—Z)Zk (\/—w)2k (\/_Z)ZN (ﬁw)ﬂ

+ \/EZ 2k —D! 2! [(ZN — D! enn -

=0

Similarly, we have

) ’f (V2w)+! i (V22)?

< (2k+ DIl = @)
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N-1 2%k+1 kK 21 N-1 2k+1 2k
zzzz(ﬁw) 22" 2Z2(ﬁw> (v22)

2k + D! Q! Ck+ DI Qo

k=0 =0 k=0

Combining above identities, we conclude (10.29). O

As a consequence of Proposition 10.4, the uniform asymptotic expansion (3.31)
can be used to derive a linear inhomogeneous differential equation of order one
satisfied by the limiting correlation kernels. Then the anti-symmetry of the limiting
pre-kernels characterises a unique solution, which in turn determines the limiting
kernels; see [22, 118].

For the bulk case, we have

P 0oL -2 20)
k
T = b
= lim gl v = 1'[1<zj — 2P o 2)]jimt ke (10.30)
J:
where K% is of the form
s,b s,b _ 24w
’Kgbb(z, w) = 22—l Kfob(z, w) K:Ob(z, w) Ké’ob(z, w) = e etz — w).
K30 (2 w) 135 (E, ) v
(10.31)
In particular, this gives the bulk-scaled density
s,b . 4
Py.coX +iy) = ;yF(2y), (10.32)

2

where F(z) := e~ ¢ foz e’ dt is Dawson’s integral function. As y — OV, this tends to

zero with leading term 8%2, while for y — oo this limits to % which is the interior bulk
density away from the real axis. There is a peak in this profile, as is consistent with the
sum rule (10.39) below. It can be checked from (10.31) that the truncated two-point
correlation implied by (10.30) decays like a Gaussian in all directions. The limiting
pre-kernel (10.31) first appeared in the second edition of Mehta’s book [436] using
a different approach; cf. [416, Lem. 3.5.2]. Later, this was rederived by Kanzieper
in [353] using a similar method described above.

Generally, if each Im(z;), (j =1, ..., k) in (10.32) is taken to infinity, but with
the relative distance between each z; still finite, the RHS simplies to the Pfaffian of
the anti-symmetrix matrix (8.1), as for GinOE. We know that this in turn reduces to
the determinantal formula implied by Proposition 2.3 for bulk-scaled GinUE.

Contrary to the bulk case, the analogous result for the edge case appeared in the
literature [22] only recently. The same Pfaffian structure was found

J=1

(10.33)



172 10  Statistical Properties of GinSE and Elliptic GinSE

with K5:° as for K5 in (10.33) but with «5? replaced by «5:° throughout, where

2zw 0
k35 (z, w) == err / e sinh(2f (w — z))erfc(z + w — 1) dt. (10.34)

o0

Setting w = z, this gives for the density
s,e . 2y 0 —s2 .
Piy.co(X Hiy) = —— e " sin(4dsy)erfc(2x — s) ds. (10.35)
. 7 )

Note here that unlike the bulk case, the edge scaling limit does not have the translation
invariance along the horizontal x-direction. We also remark that

erfc(2x) e
2 8m3/2y? T

O3 00 (X 1Y) ~ y = 0. (10.36)

The leading term of the RHS of (10.36) as a function of x coincides with the limiting
edge density of the GinUE up to scaling. As in Sect. 8.1, such a limiting relation
holds too for the general k-point function, which in particular exhibits a deformation
from a Pfaffian to a determinant; see [22, Cor. 2.2].

A structural feature, highlighted in [22, 119], is that the kernels (10.31) and (10.34)
can be expressed in a unified way

K3 (z, w) ==

ezz+w2
NG /E W(fuw, f)(u)du, (10.37)

where W(f, g) := fg' — gf’ is the Wronskian, and

(—o00, o0) for the bulk case,
E = (10.38)

(—00,0) for the edge case.

F) = erfc(\/zz(z - u))’

As in Sect. 7.5, the expression (10.37) allows one to observe the bulk limiting form
from the edge limiting form with z, w — —oo.

We now discuss sum rules for the limiting densities (10.32) and (10.35);
cf. Propositions 4.3 and 4.4.

Proposition 10.5 We have

oo s,b . 1
(p(i>,oo(x +iy) — ;) dy=0 (10.39)

oo

and

[ (At in = pif i) dxdy =g (1040)
(—00,00)
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Proof The first identity (10.39) immediately follows from the property of Dawson’s
integral F(2y)/2 = [(1 —4yF(2y)) dy. For the second identity (10.40), letting D
be a disk of radius R > 0, we first observe that by the change of variables,

/ (P?i?,oo(x + 1Y) Xx<0 = (1) 00 (X + iy)) dxdy
Dg

) 1
- / (Pl 90 =~ Yrecodrdy

Dg

x< . 1 .
= [, (58 = it m)asdy = [ (5= it i) v
DR T ’ DR 27[ ’

1 1 0
— / (— + Zy/ e sin(4dsy)erfc(2x — s) ds) dydx
Dg

b4 2 oo
1 1 o
= /DR (5 — Zy/O e sin(4sy) (2 —erfc(2x — s)) ds) dydx.

By adding the last two expressions and using
o 2 Q
4y/ e sin(4sy) = 4yF(2y) = er(bi‘;”oo(x +iy), (10.41)
0
it follows that

/ (0 o + )00 = P35 ol +i3)) dx dy
Dgr

1 o0
= — / y(/ e sin(4sy)erfc(2x — ) ds) dydx.
Dy —

T 00

Furthermore, by using ffooo e~ sin(4s y)ds = 0 and the principal value integral

R
lim erf(s — 2x)dx = —s, (10.42)

R—o0 _R

we obtain

1 o0
— lim —/ y(f e sin(4sy)erf(s — 2x) ds) dydx
Dg -

R—o00 T 00
1/00 © 2 [, e 1
= — y(/ e’ sm(4sy)sds) dy = —/ y e Vdy=-—,
T J-o —00 NEZ 8
which leads to (10.40). |

Note that compared to the analogous identity (4.12) for the GinUE edge scaling
limit, the RHS of (10.40) takes on the nonzero value —1/8. Curiously, the companion
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identity to (4.12), namely Proposition 4.4 with B = 2, which relates to the dipole
moment of the edge density profile takes on the nonzero value —1/8x.
We remark that the bulk multipole screening sum rule analogous to (8.17)

/C w? i L (2 w)dPw =~ o (2), p € Lo, (10.43)
.

has been established in [244].

10.5 Elliptic GinSE

The elliptic GinSE is defined in a similar way to Sect. 7.9. Namely, for a parameter
7,0< 71t <1,set
X=V14+15+VI-1A. (10.44)

Here S is a member of Gaussian symplectic ensemble (GSE) of Hermitian matrices
(seee.g.[237, Sect. 1.3.2], whereas A is a member of anti-symmetric GSE. Its eigen-
value PDF is of the form (10.4) with the elliptic GinSE potential (10.20) previously
mentioned.

As discussed in Sect. 10.2, the global-scaled eigenvalues z; — +/Nz; distribute
in a way to minimise the energy (10.6) with the potential (10.20). This minimisation
problem can be exactly solved, which gives that the limiting spectrum is given by

the ellipse
{(x,y)eRz:(I_T_—T)z—i-(lir)zsl}; (10.45)

see e.g. Sect. 2.3 and [114]. As in the elliptic GinU/OE, this is the elliptic law for
the elliptic GinSE.

Turning to the correlation functions, by combining (10.25) and (10.23), one can
show that the associated pre-kernel «§,(z, w) is evaluated as

. V2 (T /Z)I‘H/2 (t/2) w
ky(z, w) = Al —o o ; ok + DI Hopyy (7) Z sz(—)

V2 ! (/2112 W\ o (1/2)
I W= g 2k + D! Hz"+‘<7> Z Q2 H”(ﬁ)'
(10.46)

It reduces to the pre-kernel K]gv in (10.28) in the limit T — 0. In the weakly non-
Hermitian regime when 7 = 1 — &?/N, the scaling limit of the correlation functions
at the origin was derived in [353]. The analogous result at the edge of the spectrum
was later obtained in [35]. (We also remark that a mapping between the elliptic GinSE
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with a fermion field theory was suggested by Hastings [318].) Fairly recently, it was
shown in [26] that for a fixed t (also called the regime of strong non-Hermiticity), the
universal scaling limit (10.31) appears at the origin. Let us mention that the analysis
in [35, 353] was based on proper Riemann sum approximations, whereas a double
contour integral representation was used in [26]. These methods provide a short way
to find an explicit formula of the limiting pre-kernel, but it is not easy to perform the
asymptotic analysis in a more general setup or to precisely control the error term. For
these purposes, extending Proposition 10.4, the idea of using a proper differential
equation was established in [118, 209], which reads as follows.

Proposition 10.6 We have

2N—-1

k
.k (z, w) = li-zr iy (2, w) + — 2)3/2 Z . /2) (T)Hk(%>

2 (z/2)" ~ (z/2) w
(1 —1t2)32 Q2N — 1)!!H2N(f) Z Q2! H”(ﬁ)‘
(10.47)

Proof (Sketch) The general idea to derive such an identity is the same as that used
in the proof of Proposition 10.4; differentiate the pre-kernel and properly rearrange
the indices in the summations to extract the pre-kernel itself multiplied by z up to
proportionality, and then collect all the remaining additive terms. Contrary to the
proof of Proposition 10.4, the well-known functional relations

Hi(z) =2jHj-1(z), Hj1(2) =2zH;(z) — Hj(2) (10.48)

of the Hermite polynomials are crucially used in the computations and we refer to
[118] for more details. d

We also refer to [127] for the Laguerre version of such an identity.

We now bring to attention the fact that the first inhomogeneous term in (10.47)
corresponds to the kernel of the elliptic GinUE with N — 2N see Proposition 2.5.
(A similar feature for the elliptic GinOE is highlighted above Proposition 7.12.) As
will be discussed below, such a relation can be observed in further extensions to
GinSE. We also refer the reader to [6] for a similar relation for the Hermitian random
matrix models.

Using Proposition 10.6, one can derive the scaling limits of the elliptic GinSE cor-
relation functions in various regimes. For 7 fixed, it was shown in [118] that for the
real axis centred bulk and edge of the spectrum, the universal scaling limits (10.31)
and (10.34) arise. Furthermore, in the edge scaling limits, as a counterpart of Propo-
sition 2.6, the subleading correction term was derived. In the weakly non-Hermitian
regime when T = 1 — a?/N, the bulk and edge scaling limits were obtained in [119],
extending previous results [35, 353]; see also [209]. The first paper on this topic [369]
used supersymmetry techniques to deduce the density profile perpendicular to the
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real axis in the bulk, and was motivated by numerical findings in quantum chromody-
namics (QCD) [310]. A structural finding in [119] shows that the limiting pre-kernel
in the bulk scaling limit is of the unified Wronskian form (10.37) with

1 [« ., dt
fo(u) = / e"sinQt(z —u)) —, E:=R, (10.49)
27T —C(a) t

where C(«) is an explicit constant depending on « and on the position where we
zoom the point process. In the same spirit, the edge scaling limit is again of the form
(10.37) with

u o
fo(u) = 2a/ @ ’)+'2A1(2a(z—t)+ )dt E = (—00,0). (10.50)

Remark 10.2 Note that the bulk scaling limit (10.49) has again the translation invari-
ance. Conversely, it was shown in [22] that if a scaling limit of (10.4) satisfies the
translation invariance, then it is of the form (10.49). The main idea for this char-
acterisation was a use of Ward’s identity for the ensemble (10.4), which says that
Ey W;[I//] = 0, where ¥ is a test function and

N
Wil = Y v () 42 Y&

2k <j — 2k Zj — Zk = j—%j
N N
—2) WYl + Y oY) (10.51)
j=1 =1

cf. (5.21). Here, [0. W - ¥1(z;) := 9:W(2)|:=;, ¥ (z;) and 8¢ (z;) = 09 (2)]:=;, .

10.6 Partition Functions and Gap Probabilities

Recall that the normal matrix ensemble (10.5) forms a determinantal point process.
This integrable structure allows an explicit expression of the partition function; see
(5.15). Similarly, using the Pfaffian structure (10.26) and de Bruijn type formulas
[110], one can express the partition function ZEVH(W) in terms of the skew norms
(10.11) as
N-1
ZRw) = ]—[ ri (10.52)
j=0

see e.g. [26, Remark 2.5]. For instance, for the elliptic GinSE, it follows from (10.23)
that the associated partition function Z5 (W¢) is given by

J1 — 72 NN
T)li ) 1_[(2k+1)' (10.53)

ZBwe) = >

k=0
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This explicit expression leads to the following asymptotic expansion; cf. Proposi-
tion 4.1 for its counterpart for Z}S(Wg).

Proposition 10.7 We have

3 1 log(dr3(1 —1)3(1 1
logZ%(We)=N210gN—§N2+§N10gN+(Og( m (- d+o) ——)N

2 2
L jog 2082 Loy o ! L Lol
——1lo - - — —).
24 8 2w T3t 48N~ 1920N2 N3
(10.54)

In particular, we have

3, 01 log@dr?) 1
logZ],}VH(NWg)=—5N2—§NlogN+(¥_E)N
1 5log2 1 1 1 1
— —logN (- — - —— 10 .
24 BN 0D T jn T Toaowe T O
(10.55)

Proof One can rewrite (10.53) in terms of the Barnes G-function as

(1 —1)v/1=12m)Y G2N + 1)

H ey __
ZvV) = 23N?/2-N/2 G(N + 1)

3
— (1 -+ oG + A TR

G(3)
Then the asymptotic behaviour (10.54) follows from the knowledge of the known
asymptotic expansion of the G-function (see e.g. [226, Th. 1]). The second expan-
sion (10.55) immediately follows from (10.54) with t = 0, where the additional
difference (N2 4+ N)log N is due to the simple scaling Zj > \/sz. O

We now discuss the asymptotics of the partition functions in a more general setup.
For a fixed Q, the asymptotic expansion of the partition function Z}(\:, (NQ)in (10.5)
was discussed in Sect. 5.3 in detail. For radially symmetric potentials, the use of
(10.52) and (10.13) was made in [125] to show that

1
log Zy(N Q) = =2NIgluol = 5 Nlog N

log(47r2) 1

+ (5T — SEoluel ~ Uy ) N (10.56)
X X . 5

~ ZlogN + (5; (—D+57 1og2) +o), (1057

where
Epluol = /(;MQ(Z) log 1o (z) d’z (10.58)



178 10  Statistical Properties of GinSE and Elliptic GinSE

is the entropy of the equilibrium measure (. Here x is the Euler index of the
droplet; for instance x = 1 for the disk and y = O for the annulus. Compared to the
expansion (5.17) of Z}S (N @), a notable difference is the additional Uy, (0) in the
O (N) term, which is the logarithmic potential

U,(2) = /log du(w) (10.59)

|z — w]

evaluated at the origin. This term is closely related to the notion of renormalised
energy of the Hamiltonian (10.3) (cf. [394]) since it can be checked that

U, (0) = —/log lw — ] dpo(w). (10.60)

For a radially symmetric potential g(r) = Q(|z| = r) with the droplet specified
by the radii (10.8), we have

1 (R
Iglugl = q(Ry) —log Ry — —/ rq' (r)*dr,
4 Jr,
R) — q(R
U, 0) = —log Ry + w. (10.61)
This gives that for Q = W&,
3 1
loluol =3, Uue©® =3,  Eqlugl = —logr. (10.62)

Substituting these in the formula (10.57) reclaims (10.55).
We now discuss a relation between Z and Z&.

Proposition 10.8 For a radially symmetric potential Wc(z, 2) = wc(|z]), let

_ 1
Wa(z, 2) = ou(|z]) := Ea)@(lzlz). (10.63)

Then we have
ZE(Wy) = Z5(We). (10.64)

Proof By the change of variables,

o0 oo oo
4/ r4k+3672w}[(r) dr — 2/ r2k+1672w1.11(\/7) dr — 2/ r2k+1€7wc(r) dr.
0 0 0

Then result now follows from Proposition 10.1, (5.15) and (10.52). O
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As an example, note that by (5.15), we have

N-1 00 N-1

2k + 1)!
z$Qz) = 1_[ 2n/ P2 gy = H (2271)71 (10.65)
k=0 0 k=0

Then one can observe that this coincides with (10.53) with T = 0. We also mention
that if the droplet Sy associated with Wiy is

Su={z€C:Ro=<z| = Ri}, (10.66)
then its counterpart S¢ for W is given by

Sc={zeC: R} <zl < R} (10.67)

This can be directly checked using (10.8). Such a relation holds in general beyond
the radially symmetric potentials; see [73, Lem. 1].

As a consequence of Proposition 10.8, one can obtain various statistics of the
ensemble (10.4) from the analogous results for (10.5). To be more concrete, let us
focus on the gap probabilities.

Proposition 10.9 For a radially symmetric domain D, let EX,VH (0; D) be the prob-
ability that the ensemble (10.4) with a potential Wy has no particle inside D. We
define EX,VC in a same way for (10.5). Then we have

EN“(0; D) = EN©(0; D), (10.68)

where D is the image of D under the map z — z>.

Proof Let us write

We(z,2) ifz € D,
+00 otherwise.

Wu(z,2) ifz € DS,

Wu.p(z,2) := .
m.0(22) i—}—oo otherwise,

WQD(Z, 7) = {

Then by Proposition 10.8,

ZEWup)  ZyWe p)
ZN (W) Z$(We)

EZ0; D) = = EN°(0; D), (10.69)

which completes the proof. (]

This proposition is particularly helpful in the context of the Mittag—Leffler ensem-
bles. They are two-parameter generalisations of the GinU/SE for which the associated
potential is of the form

o™ (z]) = |z|* —2aloglzl, b>0, a>-—I. (10.70)
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For the complex Mittag—Leffler ensemble, the precise asymptotic behaviours of the
gap probabilities were obtained in [149]; cf. see Sect. 3.1.1 for a summary and
further references for the GinUE case when @ = 0, b = 1. Then as a consequence of
Proposition 10.9, the analogous results for the symplectic Mittag—Leffler ensemble
immediately follow. In particular, the gap probabilities of the GinSE can be obtained
from the result of a complex Mittag—Leffler ensemble with « = 0,5 = 1/2. (See
also [36] for an earlier work.) Beyond the gap probabilities, Proposition 10.8 can be
used to investigate various counting statistics [20, 116, 150] as well as fluctuations
of the maximal modulus [199, 469].

Remark 10.3 1. The Neumann boundary conditions disk Coulomb gas with Boltz-
mann factor (10.9) is exactly solvable for 8 = 2 [504]. In distinction to the expansion
(10.55), it is found that the large N form of the logarithm of the partition function
is at order N and order log N the same for the GinUE (4.3), although now there is
also an O(W ) surface tension term [518, Eq. (3.42)]. Let us also mention that a
generalisation to a two-component Coulomb gas and its Pfaffian structure have been
studied in [346].

2. The simple explicit formula involving (10.12) of Proposition 10.1 for the skew-
orthogonal polynomials normalisations in the radial case facilitates the derivation
of a central limit theorem for a radially symmetric linear statistic in GinSE [120,
Appendix B]. The covariance is again given by (3.21) except that the boundary term
therein is not present (as a consequence of the restriction to a radial potential), and
with the bulk term now multiplied by a factor of 1/2.

10.7 GinSE Singular Values

Considera p x N (p > N)rectangular GinSE matrix X. As acomplex matrix, X is of
size2n x 2N.Forming X' X gives the well known construction of quaternion Wishart
matrices [237, Sect. 3.2.1]. The 2N eigenvalues of X X—which are the square
singular values of X—are doubly degenerate. Let the N independent eigenvalues be
denoted by {s;}. Their PDF is proportional to (see [237, Proposition 3.2.2])

N

HSZZ(])—N)-He—Zsl 1_[ (Sk_sj)4- (10.71)

=1 1<j<k<N

Upon the global scaling X*X + + XX, and with p = &N (a > 1), as for (8.18)
the smallest and largest tend almost surely to (v/a F 1 + 1)2, as for the real case.
This coincidence can be understood as being a consequence of {s;} in both (9.43)
and (10.71) as being well approximated by the zeros of the Laguerre polynomials
Lf’va (px) [192, 328]. As in the real case, we thus have that the condition number
tends to a constant in the circumstance that &« > 1. On the other hand, this breaks
down for @ = 1. Specifically, we will consider the square case p = N. It seems
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that the limiting condition number has not previously been reported in the literature.
The starting point is to calculate the PDF for the smallest eigenvalue. This is equal
to the differentiation operation —% applied to the gap probability E?VW 0, (0, ))
of there being no eigenvalues from the origin to a point s. The latter is defined by
integrating the PDF (10.71) over s; € (s, 00), (I = 1, ..., N). Changing variables
s; > s; + s then shows

—2Ns

EN™ 0, 0,5) = &

o0 o0 N
/ dS1~~/ dsy [Js+s0e™ T e—sp*,
0 0 I=1

1<j<k<N

where Cy is such that the LHS equals unity for s = 0. According to [237, Eq. (13.44)
witha =0,m = 1, B = 4, t; = —s], the normalised multiple integral is equal to the
hypergeometric polynomial | F;(—N; 1/2; —s), which in turn is proportional to the
Laguerre polynomial LE\,_” ?(—s). From the confluent limit of the hypergeometric
polynomial, we conclude the simple result

Jlim EN (0, (0,x/N)) = e >0Fi(1/2; x) = e~ cosh(24/x); (10.72)
— 00

this is equivalent to [233, Eq. (2.15a)]. Consequently, the scaled condition number
kx/(2N) has the limiting PDF

2 d

5% (6*2)‘ cosh(zﬁ))

x=1/y?

In keeping with our previous discussion relating to singular values, we record here
too the explicit form of the distribution of | det X|? for X a square GinSE matrix
[269, Proposition 2 with 8 = 4, 012 = 1/4],

d XziNl 2 10.73
|det XP= [T 7 xd- (10.73)
j=1

Here we have defined |det X|* = ]_[;V=1 s;, even though the eigenvalues of X are
doubly degenerate. One approach to the derivation of (10.73) is to make use of
knowledge of the joint PDF (10.71) and the Laguerre weight version of Selberg’s
integral to compute first the Mellin transform of the distribution; recall (6.12).

10.8 GinSE Eigenvectors

Consider an eigenvalue z; of a GinSE matrix, and let £, r ; denote the corresponding
left and right eigenvectors. As for GinUE and GinOE eigenvectors, of interest is the
matrix of overlaps (6.19). In particular, the considerations of the paragraph above
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Proposition 6.5 are again valid, to allow for the quaternion structure. Thus while
r; can be chosen as the first standard basis vector (now in C*), we now require
£, = (by,c1,...,by,cy) where by :=1, ¢; := 0 so that

On = (. 4) Z(|bk| + lexl).

k=1

. Tpg W
Moreover, with Z,,, = [ pg  TP4

Wpy 2
pa Zpq
triangular portion of the triangular matrix Z in the block Schur decomposition

{by, ci}, and regarding now £; as a left eigenvector of Z with eigenvalue z; (this
does not effect Oyy), it follows that {by, c;} satisfy the coupled recurrence

] now a2 x 2 block element of the strictly upper

1 p—1 p—1

Z(kak p = CkWk,p), Cp= Z(bkwk ptCrZpg),
Zl_Zpkl Zl_Zpkl

b, =

subject to the initial conditions b; = 1 and ¢; = 0.
Writing now £; = l’,gN) and denoting by lg") the truncation of this vector ending
with b, ¢,, it follows that

||€(n+1>||2 ||e<n)||2<1 + B ‘ Z(bkzk p — CrWg p)’

— Zn+l |2

‘ Z(bkwk » + ik p)‘ )

z1 —Zn+1|2

where
b=t (008 1)L = (b + 1)
q=1 q=1

Taking into consideration that (l;l s Clyvvns EN, Cn)isaunit vector and each zx ,, i, p
is an independent standard complex Gaussian, the analogue of (6.22) now follows

[27, 199]:
N

2 2
on=[T(1+ &l 7+ |Y"|_|2). (10.74)

n=2 |Z1 — Zn |Zl — Zn

Here X,,, Y, are independent standard complex Gaussians.

Remark 10.4 1. A Pfaffian formula for the average of (10.74) over {z; }7=2 is given
in [27]. To obtain from (10 74) the analogue of (6.22) one requires knowledge of
the distribution of {|z,|*}"_, conditioned on z; = 0. The first result of this type,
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which is an easy consequence of (10.52) and the normalisation formula in Proposi-

tion 10.1 gives that [469] {|z,,|2},11\’=1 g{F[Zn; 1]}2’:1. As shown in [199], this same
result holds true conditioned on z; = 0 with the sets now beginning at n = 2. From
this, conditioning on z; = 0 and averaging over {|z,|*}"_, in (10.74) gives [199]

(O11)]z,—0 = 1/B[4, 2N and hence 5 (O1)].,—o > 1/ T'[4; 1].
2. In [27], evidence is given for the validity of the analogue of the large N forms
(6.28) (with M = 1) and (6.22) (with respect to the leading-order term at least).
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Chapter 11 ®)
Further Extensions to GinSE Gedar

The elliptic extension of GinSE considered in the previous chapter gives rise to a
potential which is not spherically symmetric. In contrast, the extensions of GinSE
to be considered in this chapter—specifically the induced GinSE relating to a polar
decomposition involving a rectangular generalisation of GinSE and a random Haar
symplectic unitary matrix, the quaternion spherical ensemble of matrices Gfle
with G|, G, both GinSE matrices, a sub-block of a Haar symplectic unitary matrix,
and products of GinSE matrices—all have the common feature that the corresponding
potential is spherically symmetric. This allows for a unified treatment in relation to
the corresponding skew-orthogonal polynomials. Furthermore, in each case the pre-
kernel can be shown to satisfy an inhomogeneous partial differential equation, from
which scaled limits can be computed.

11.1 Common Structures

The eigenvalue PDF of several extensions to GinSE discussed in this section is of the
form (10.4) with a radially symmetric potential W(z, ) = w(|z|). Before moving
on to each example, let us draw together some common structures.

We first note the following consequence of Proposition 10.1 and (10.25).

Proposition 11.1 For a radially symmetric potential W (z,7) = w(|z]) the associ-
ated pre-kernel is given by

1
y@w) == Y apnan@ T = 2w AL
0<I<k<N-1
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where

I hoy hoy—o  hy L hy_1hys hil

— 0 = L A1)
V2 hoipi hoer - . V2 hy hy—s  hahyg

Wp+1 =

Due to Proposition 11.1, we have

202D
S —
p(l),N(Z) =
% Z g1y (X1 AT 222 22220 A2k (] 3)
0<I<k<N-1

The asymptotic behaviour of p(y) » (2) inthe global scaling W = N Q can be deduced
from the Coulomb gas approach previously discussed in Sect. 10.2, and so is
independent of knowledge of (11.3). It gives

i PE1),N(Z)‘ _0:0:0(2)
im —2 L=

= 114
N o0 N W:NQ T XZESQa ( )

where we recall that Sy is the droplet.
As a feature dependent on (11.3), we now consider the radial density

e 20(r) N—-1 FHkA2

1 2 )
7071)‘1\,(}’) = _/ P?]),N(rele)dQ = (11.5)
0

2w haiy

k=0
Here the second identity readily follows from (11.3) and 2ayay+; = 1/ hg4;. This
same formula, with 2k 4+ 1 in the summation replaced by k, holds for the radial
density of the normal matrix ensemble (10.5), due to the determinantal structure
(5.18). A consequence of (11.5) is that the expected number of eigenvalues E3 (R)
in the disk of radius R > 0 can be expressed as

N—1 rR 2j4] 20 g
E;(R)zznzfo i L. (11.6)

k=0

Nkt

see [20, Proposition 1.1] for a similar expression for the number variance. Further-
more, (11.6) is consistent with the fact that in the case of a general radially symmetric
potential, the joint density of moduli of the eigenvalues forms a permanental process;
see e.g. [29].

In the asymptotic analysis of the pre-kernel, the differential equations (10.29) and
(10.47) have been key. This technique will be shown to be of further utility in the
study of the extensions of GinSE considered below.
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11.2 Induced GinSE

The induced GinSE can be constructed in a similar way described in Sect. 9.2. For this,
we begin with ann X N (n > N) Gaussian random matrix G with independent real
quaternion elements. Then we define G = (G'G)"*U, where U is a Haar unitary
matrix with elements from the real quaternion field (see e.g. [194]). Then letting
L :=n — N, the element distribution on N x N matrices is proportional to

(det G1G)2Le 2T GG, (11.7)
see [245, Sect. 2.4]. Its eigenvalue PDF follows (10.4) with
Wi(z,7) = |z|> — 2L log |z]. (11.8)

This can be regarded as a special case of (10.70). We remark here that when we
consider the model as a Coulomb particle system governed by the law (10.4), we
can allow L to be an arbitrary real number as long as L > —1. Let us also mention
that the system (10.4) with (11.8) can be interpreted as a distribution of N random
eigenvalues of (N + L) x (N + L) GinSE, conditioned to have zero eigenvalues
with multiplicity L.

We first discuss the global scaling z — +/Nz intheregime L = Na. As discussed
in Sect. 10.2, the empirical measure of the eigenvalues converges to the equilibrium
measure [ qi, where '

0'(2) = |z|* — 2alog |z]. (11.9)

Then it follows from (10.7) and (10.8) that

. i 1
Nh—r>noo pél)'N(\/ﬁz) = ;(X|Z\<«/Om - X\z|<\/&)a (1110)

which agrees with the limiting density (9.7) for the induced GinOE. Notice that for
o = 0, we recover the circular law.

Turning to the higher correlation functions, we first note that due to Proposi-
tion 10.1, the associated skew-orthogonal polynomials are given by

k
. Tk+1+L)
2k+1 qék(z) — E 21

q2k+l(z)=Z ) o F(l+1+L)Z )

. TQk+2+2L)

i LT (11.11)

r, =

cf. (10.15). Combining this with (10.25) gives rise to the pre-kernel

Ky (z, w) =

92L+1/2 N-1 (ﬁz)2k+l Xk: (ﬁw)ﬂ
(

£ Qk+1+420)11 &= Q21 +2L)!



188 11 Further Extensions to GinSE

204172 N-1 2k+1 k 21
2 (Pl /) 1112

T = Qk+1+20)! P @r+20)!"
Taking into consideration the integrable structure, we further define the transforma-
tion

Ky (z, w) = @w)* iy (z, w),

7?&(1, w) = e~ 1P -lwP [:’_V(f’ w) :?V(f’ tf))] . (11.13)
KN(ZV U)) KN(ZV U))

Then by Proposition 10.3 together with basic properties of the Pfaffian, we have

k
oG 20 = [ [ @ = 2)PE Ky 250 20 )=,k (11.14)

Jj=1
The following was found in [117].
Proposition 11.2 We have

e o+ 2o (L) _ps e
232 N (TN + L;w?)  T(L;w?)
7 T(N+L+1)2) (F(N+L) B F(L)>
2 27U L T(N+L+1/2;w?)  T(L+1/2;w?)
NANTAN ( T(N+L+1/2)  T(L+1/2) )
(11.15)

Note that Proposition 11.2 with L = 0 reduces to Proposition 10.4. For L = 0, the
last term in the RHS of (11.15) vanishes since lim; ¢ 1/ '(L) = 0. As previously
remarked below Proposition 10.6, one can notice again that the first inhomogeneous
term in (11.15) coincides with the kernel of the induced GinUE with N +— 2N up
to a weight function; see Sect. 2.4.

As in Sect. 10.4, the uniform asymptotic expansion (3.31) can be used to derive
various scaling limits. It then follows that for L = o N with « > 0, the universal
scaling limits (10.31) and (10.34) appear in the bulk and edge of the spectrum.
Another interesting regime is the case when L is fixed while N — oo. In this case,
the scaling limit at the origin should be treated separately since the potential (11.8)
reveals a conical singularity. This was investigated in [22].

Proposition 11.3 For a fixed L > —1, we have

k

ngloopém,N(zl,...,zk)=1"[1<z,—z,)Pf[%;L(z,»,zm,»,,:l 44444 e (1L16)
]:
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where
s kSE(z, w) k3E(z, w
W;L(Z’ w) = e*|Z‘ *|w‘2 (;OL(— ) ZOL(— _) . (1117)
kS0(Z, w) k3 (Z, w)
Here,

2 ! .
K,CS)E)L(Z’ w) — ;(Zzw)zL / S2L (Ze(lfsz)z _ we(lfsz)w2>E271+2L((2szw)2) dS,
0
(11.18)
where Eq,(2) ==Y 1oy 72X/ T (ak + b) is the two-parametric Mittag—Leffler func-
tion. This can be rewritten in terms of the incomplete gamma function as

. 1 !
K(;’)L(Z, w) — ;f (Ze(l—sz)z2 _ we(]—sz)wz)
0
2L; —2szw
g) ds.

2szw V(ZL; 2SZU)) —2L —2szw 14
Yo 20
% (6 ron b e r QL)
(11.19)

We mention that if 2L is a non-negative integer, the pre-kernel x5 can also be
expressed in terms of error functions. (Cf. See also [14] for a different way to express
the correlation functions as a ratio of certain Pfaffians.) Namely, if L is a non-negative
integer, we have

u? 2% 2041 _ 2k, 20+1
s e ! E : w=z —z%w
K;J (z, w) = eI'f(Z —w) + —
v T o<l Zk=L—1 k'(1/2)111
w? L—-1 o 2 L—1 "
€ Z e w
f — —=erf(@) )~ 11.20
+ —ﬁer (w) kE:O 0 ﬁer ) 2 . ( )

Note that if L = 0, this recovers (10.31), where we have used the convention that the
summation with an empty index equals zero. Here (a), = a(a+1)---(a+n—1)
is Pochhammer’s symbol. On the other hand, if L — 1/2 is a non-negative integer,
we have

22 +w?

N

/c;;f(z, w) = (erf(z — w) — erf(z) + erf(w))

1 wk—1,20 _ 2k=1y21
=2
]
|<l<k<L—1/2 1M(1/2)x
2 L—1/2 2 L—1/2
e 1 / 721 /2 k-1

es —1 w
- . 11.21
X 12 = 2 (/2 (112D

k=1 k=1
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Setting w = 7 gives the density, in particular reclaiming (10.32) for L = 0. We
mention that other than L = 0, the limiting 1-point function is no longer translation
invariant along the real axis.

Another interesting double scaling limit arises in the so-called almost-circular
regime, where the spectrum tends to form a thin annulus of width O (1/N). In this
case, the scaling limits both at the real axis as well as away from the real axis were
obtained in [117]. For the former case, the limiting correlation functions are Pfaffians,
which interpolate the bulk scaling limits of the GinSE and of the antisymmetric
Gaussian Hermitian ensemble. For the latter case, the limiting correlation functions
are determinants, and the kernel is the same as the one appearing in the bulk scaling
limit of the weakly non-Hermitian elliptic GinUE [24, 276].

11.3 Spherical Induced GinSE

Following [228, 434], we first consider an (N + L) x N rectangular GinSE X and an
N x N Wishart matrix with quaternion entries A (constructed as A = BB with B
ann X N (n > N)rectangular GinSE matrix) to introduce a particular (N + L) x N
random matrix ¥ = X A~!/2 with each entry itself a 2 x 2 matrix representation of
a quaternion (1.1). In terms of such Y together with a Haar distributed unitary ran-
dom matrix U with quaternion entries, we define G = U (Y Y)'/2. Then the matrix
distribution of G is given by

det(GGT)ZL
det(Iy + GGT)Z(n+N+L) :

(11.22)

It was shown in [227, 433, 434] that its eigenvalue PDF follows (10.4) with
We(z,2) = (n + L + 1)log(1 + |z|*) — 2L log |z|. (11.23)

We refer to [120, Appendix A] for a Coulomb gas picture of the spherical induced
ensemble.
With L, n scaled with N in a way that L/N — «; — 1 >0andn/N — ay > 1,

Ws(z,7)

N (a1 + o — D log(1 + |z]*) — 2(cr; — 1) log |z]. (11.24)

Then by (10.8) one can specify inner and outer radii of the limiting spectrum, which
leads to

lim gy v =+ A2 - x ). a129)
N—oo N (DN 7 (14 |z2)? \Mel=va/e=D = Xl<Vi =D |- :
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where the limiting eigenvalue density is obtained by taking the Laplacian of the RHS
of (11.24); cf. (10.7). This limiting distribution is in consistent with the spherical
induced GinUE; see Sect. 2.5. Due to the limiting form (11.25), one again notices
that the stereographically projected eigenvalues tend to uniformly occupy a spherical
annulus, whence the name spherical.

Beyond the leading-order asymptotic of the eigenvalue density, a fluctuation
formula can be found [120, Appendix B].

Proposition 11.4 Let © = Z;‘V=1 ¢ (z;1) be a radially symmetric linear statistic,
where z;’s are drawn from the spherical induced ensemble as specified by (10.4)
and (11.23). It is required that ¢ be smooth and subject to a growth condition as
|z| = o0. Then the corresponding characteristic function fA’N, g (k) satisfies

log Py.o (k) = ikfiy.e — k*62/2 + o(1), (11.26)
where
- n+ L ¢ (2) 2 / 2
— d = _— \Y d*z. (11.27
in.o fs TEaEe IV (IzhIP 2. (1127)

Here S is the droplet specified in (11.25).

As a consequence of this proposition, the asymptotic normality of the centred
linear statistic ® — [iy, ¢ follows. The variance is equal to one half times that for the
GinUE in the case of a radially symmetric test statistic; see (3.21).

We now discuss the higher-order correlation functions and their scaling limits.
Due to the radial symmetry of the potential (11.23), the associated skew-orthogonal
polynomials can be again constructed by using Proposition 10.1. This in turn gives
that [240, Proposition 4]

. Fk+L+1) rl—n+1
2kl si — 1)k 22
G (@) =2 #(2) = Fk—n+1) & Z( D TA+L+1)°
(11.28)
with the skew norm
. 22k +2L +2)I'(2n — 2k
e 2k +2L +2)I"'(2n )' (11.29)

k ['(2n +2L +2)

Now it follows from (10.25) and basic functional identities of the gamma function that

KSi(Z w)

_ T@Qn+2L+2) NZ' 2": ZHw?
=T L+l — —T(k+L+ )F(n_k)r(n—l+%)l“(l+L+1)
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F(2n+2L~|—2)§ k w2k+lz2[ .
pLAwmtl L e Pk L4+ T (=T (n =1+ HTA+ L+ 1)
(11.30)
see [120, Lem 3.1]. Next, we define
2L
~si Iw .
Ky (z, w) () K (z, w). (11.31)

T+ 2+ wyrid

Asin Sect. 9.3, the correlation kernel can be effectively analysed using the incomplete
beta function /,, which admits the expression

n

Lm.n—m+1) = Z(;)ﬂ(l — ). (11.32)

Jj=m

The following identity was found in [120, Proposition 1.1].

Proposition 11.5 Let

w w
= s = . 1133
3 14+ zw 7 1+ w? ( )
Then we have
3Rz, w) = In(z, w) — Iy (z, w) — I Iy(z, w), (11.34)
where
1 +Zw 2n+2L—1
In(z, w) = ( ,) _2n+2L+1)(n+1L)
(1 + )"0+ p?)nthima
x (I¢(2L, 2n) — I, 2N + 2L, 2n — 2N)>, (11.35)
2N+ 7T (2n+2L +2)
Iy(z, w) = T T :
2242 (] 4 2y 43 (N + L+ DI — N)T(n+ L+ 1)
x (I,,(L,n+%)—1,7(N+L,n—N+%)), (11.36)
and
2L-1 I'2n+2L +2
Iy w) = Z a7 T'2n+2L +2)

22L+2n (] 4 Z2)n+L+% T'(n+ %)F(L)F(n + L+ %)
x <1,,(L+%,n)—]n(N+L+%,n—N)>. (11.37)
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From this result, we can again observe a common feature relating the correlation
kernels of the symplectic and complex ensembles; namely, up to a weight function,
the term Iy agrees with the correlation kernel of the complex spherical induced
ensemble; see Sect. 2.5. Also, one can use the known asymptotic behaviours of the
incomplete beta functions (that can be found for instance in [522, Sect. 11.3.3]) to
derive various scaling limits. As a consequence, the bulk and edge universality with
the limiting pre-kernels (10.31) and (10.34) were shown in [120]. Furthermore, in
the regime where L > —1 is fixed, the scaling limit at the origin turns out to be again
universal, with the limiting form (11.18).

Remark 11.1 The recent work [308] on winding number statistics for chiral ran-
dom matrices encounters the average over GinSE matrices K|, K, of the ratio of
determinants

det(a Ty + K, 'K»)/ det(anlly + K 'K»)

(as well as higher-order products). As noted in this reference, K| 'K, is a member of
spherical GinSE, and so the eigenvalues have the PDF (11.22) withn = N, L =0,
facilitating the computation of the average.

Using (10.52) and (11.29), one can express the partition function Z}}\],I(WSi) in
terms of the Barnes G-function as

22/1+2L+1 N
Tn+2L + 2))
GIN+L+1)G(N+L+3/2) Gn+1)  Gu+3/2)

G(L+1) G(L+3/2) Gm—N+1)Gmn—N+3/2)°
(11.38)

zZiow) = (

Then the well-known asymptotic behaviour of the Barnes G-function (see [226,
Th. 1]) allows the large N expansion of ZL(W*) to be calculated explicitly. In
the scaling L = (o; — 1)N and n = ap N — 1, where the associated droplet is an
annulus, one can directly check that the general asymptotic result (10.57) with the
Euler characteristic x = 0 holds. On the other hand, for the spherical case when L =
0,n = N, the limiting eigenvalue support is the whole complex plane with density
1/(m(1 + |z]*)?). In this case, it follows from straightforward computations that

. 1 log(4m3 1
log ZF (W] =—N?—>NlogN + (% . 1)N ~ 5 logN
13 5log2 1 61 1
2 (D) —— — — 4 O(—).
2T TECDY RN T e TOGRR)
(11.39)

This exhibits the universal coefficient — x /24 of the log N in (10.57), with the Euler
characteristic x = 2 for the sphere. Also, we check that the O(/N) term is consistent
with the general form in (10.57); see [229, Sect. 4] for the complex counterparts.
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11.4 Truncations of Haar Unitary Symplectic Matrices

We now consider the truncations of unitary symplectic matrices, or equivalently
unitary matrices with quaternion elements each realised as a 2 x 2 complex block
(1.1). These unitary matrices are to be chosen with Haar measure—see [194] for
an extended discussion on this. Their eigenvalues are all on the unit circle in the
complex plane and are doubly degenerate. Let Ay be the N x N sub-block of an
(n+ N) x (n + N) quaternion unitary matrix drawn with Haar measure. It was
derived in [245, Sect. 2.3, conditional of n > N], and later in [361] unconditionally,
that the eigenvalue PDF of Ay follows the law (10.4) with

(n —1/2)log(1 — |z*) if |z| < 1,

W'(z.2) = {;O (11.40)

otherwise.

This form of potential makes all the eigenvalues completely contained inside the unit
disk |z| < 1, as is consistent with the effect of the truncation. We remark too that
after the truncation the eigenvalues are no longer doubly degenerate, but rather occur
in complex conjugate pairs.

From the Coulomb gas viewpoint, the potential (11.40) can be interpreted as a
situation under the presence of a hard edge. In this situation, the equilibrium problem
should be treated depending on the position of the hard edge. To be more precise, if
the hard edge is built inside the droplet, the mass outside the hard edge then lies on the
boundary of the droplet, which makes the equilibrium measure no longer absolutely
continuous with respect to the area measure. Namely, in this case, the equilibrium
measure is a combination of two and one-dimensional measure, where the latter is
given in terms of the balayage measure. We refer to [55, Appendix A] for an explicit
formula. Here, the balayage measure is a unique measure supported on the boundary
of the droplet whose logarithmic energy is the same as the equilibrium measure; see
[479, Ch. II] for further details. On the other hand, if the hard edge is built outside
the droplet, the resulting equilibrium measure is not affected by the hard edge.

In the scaling n = (1 — o) /a N, the empirical measure converges to the equilib-
rium measure associated with the potential

o

-1 log(1 — [z]?). (11.41)

o

0'(x) =

Then it follows from (10.7) and (10.8) that

. PN ®@ l—a 1
lim — 2N = 57 Xie < (11.42)

N—oo N a=N/(N+m)  ma (1 —|z]

cf. (9.33). We mention that

lim 0'(Vaz) = |z (11.43)
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This means that after the scaling z; > z;/+/a, the eigenvalue statistics of truncated
ensembles tend to the GinSE as « — 0, equivalently, n > N. On the other hand, in
the regime when # is fixed while N — oo, the limiting global scaled potential has
its value O inside the unit disk, and oo outside the disk. The associated equilibrium
measure is a uniform distribution on the unit circle. This is consistent with the fact
that when n — 0, the truncated ensemble corresponds to the circular symplectic
ensemble [237, Sect. 2.6].
Turning to the correlation functions, Proposition 11.1 gives that [361, Eq. (14)]

2k+1 w2[ 2k+1

B(1/2,n) Z z — 2w

. (11.44)
T Bk +3/2,mB(U+1,n)

Ky (z, w) =
0<l<k<N-1

As an analogue of Propositions 10.6, 11.2 and 11.5, we have the following. Let us
stress that this proposition has not been reported in previous literature.

Proposition 11.6 We have

2
-z n+1 2n+11—1L,2N,2n+?2)
Oaaey (@, w) = — =2y (o w) + =

_Z2_N F'n+N+3/2) 1—I1,(N,n+1)
JETm+1/2T(N +172) (1 — w?)rt!

(11.45)

Proof The proof is similar in spirit to that of Proposition 11.5, which can be found
n [120]. Let us write

=

-1

Gy(z,w

(11.46)

Xk: Fn+k+3/2)F(n+1+ 1)sz+1w21
Z T(k+3/2T(+1) '

»
I

0
By differentiating this expression, we have

N—-1
3.G', (z, w) = 2z
k=0

i Fn+k+3/T(n+1+1) k=12
L TR+ 1TA+ D

N-2 k+1
P3N 4D ) SR TO kD04 D

r'(1/2) Tk +3/2Td + 1)

k=0 [=0

Rearranging the summations, the last term can be rewritten as

k
Fn+k+5/T(n+1+1) 5, w?
2 Z Fk+3/2T0+1)

0
—~T'(n+N+3/2)F(n+1+1) 2N 2
C(N+1/2T(+1)
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Z C(n+k+3/2)T(n+k+1)
Lk +1/2)Ck + 1)

(zw)*.

Here, we have

SN TR+ DTO 4L+ o

Lk +3/2I1+1)

k=0

Y M-

! F(n+k+3/2)r(n+l+1)Z2k+1w21

k

=m+DGY(z, w) + = 8G N (@ w).

>~

Combining all of the above, we obtain

(1 —299.G',(z, w) —2(n+ 1)zG (z, w)

F(n+N+3/2)T(n+1+ 1)Z2Nw2[

‘2;4 TN+ 1/200+ 1)

N—
+2
k=0

._

F(n+k+3/2)T(n+k+1)
Lk +1/2)Tk + 1)

(zw)*.  (11.47)

We now compute 9,G", (w, z). We begin by writing

k

t B Fn+k+3/F(n+1+2) 5.y o

3zGN(w,z)—2Z2::Z I'tk+3/2T'd+1) ‘
N—

\T(n+k+3/DT(n+k+2) (zw)2H!
Tk +3/2)T (k + 1) '

Note here that

N—-1

F'(n+k+3/2)F(n+1+2) w2+ 2

— Fk+3/2T+1)

%EM*

Pk F(n+k+3/2)F(n+l+1)wzk+1zzz

1;((” DD 3T D
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Il
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+ DGy (w,2) + = 3 Gy(w,2).
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We have shown that

(1 —293,G(w, 2) = 2(n + 1)zGy (w, 2)

~ Ai‘1“(n+k+3/2)1“(n+k+2)

2k+1
Fkt3/Tkrn W . (148

k=0

Then by combining (11.44), (11.47) and (11.48), we conclude the desired
identity. ]

As before, an important point to note here is the form of the second term in (11.45),
which agrees with the kernel of the complex counterpart up to a weight function; see
[120, Eq. (2.59)]. Furthermore, as in Sect. 11.3, Proposition 11.6 and the knowledge
of the uniform asymptotic expansion of the incomplete beta functions can be used
to derive scaling limits. In the regime of strong non-unitarity when n = O (N), the
universal bulk and edge scaling limits (10.31) and (10.34) again appear. On the
other hand, in the regime of weak non-unitarity when » is fixed while N — oo, a
qualitatively distinct scaling limit arises at the edge of the spectrum. In particular, it
was shown in [361, Th. 6.13] that for x > O and y € R,

lim Lp[ ( _x—i—iy)
N—oo N2/ N N
24nyx2n+l
= s2H e UH0x gin (25 (1 — 1) y) ds dt. (11.49)

7l @n) Joay

In [361], instead of Proposition 11.6, a contour integral representation of «}, was
used to derive various scaling limits including those away from the real axis. We
mention too that the scaling limit (11.49) also appears in the context of the GinSE
with hard edge; see [119, Th. 2.4].

Remark 11.2 Distinct from Haar distributed symplectic unitary matrices are matri-
ces from Dyson’s circular symplectic ensemble (see e.g. [237, Sect. 2.2.2] or [206]
for the original work). However, both have quaternion elements represented as 2 x 2
complex blocks (1.1), and each eigenvalue is doubly degenerate. It has been shown
in [368] that the deletion of a single (quaternion) row and column gives for the
PDF of the independent eigenvalues, taken to be in the upper half plane as now the
eigenvalues appear in complex conjugate pairs, is proportional to

N
[T tae—2iPlt = 2@l T = 12 xi <1z e, (11.50)

1<j<k<N j=1

cf. (10.9) with 8 = 2. As noted in [245, Sect. 5] this corresponds to a Pfaffian point
process, with correlation kernel given by that computed in [237, Sect. 15.9 with
n— 0T].
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11.5 Products of GinSE

Asin Sect. 9.5, to describe the products of GinSE in the most general setup, we begin
with the N x N square matrices G; whose element distribution is proportional to

~ ~ A At
|det G; G| |"e TG0,
where v; > 0 are the differences between matrix dimensions. Then the eigenvalue

PDF can be computed for a general M and v; (see [30, 329]). It is of the form
(10.4) with

_ 1
W¥(z,2) = -3 log GS{I’S

- M,_2
<2U1,...,2VM_1,2|)M 2 |Z| >7 (1151)

where Gé{ 1’8 is the Meijer G-function as previously discussed in Remark 9.2. For the
special case when M = 2 and v; = v, = 0, this can be written in terms of the Bessel
function Kj. Furthermore, as mentioned in Remark 2.6.3, the case M = 2 permits a
generalisation using a non-Hermiticity parameter; see [11].

Turning to the Coulomb gas perspective, we first note that the well-known
asymptotic behaviour (2.80) of the Meijer G-function implies

1 M0 - M2
2N log Go.is (21)1, e 2vm-1, 2y ’ (@N)z]

2+ Fvm)

~ Mz - MN

log |z].

Therefore, in the scaling (vi +--- 4+ vy)/N ~ Ma (o > 0), the general formula
(11.4) can again be applied to the product ensembles, which gives rise to

|Z|72+2/M

lim NM-1 NM/2,y —
Ngnoo pay,N( ) M

(Xlz\<(0t+1)M/2 el Xlz\<0tM/2)' (1152)

The associated skew-orthogonal polynomials can be constructed by Proposi-
tion 10.1 with the evaluation

M
- T
f |2 Phe 2V @D g2, — st [Trev+k+1). (11.53)
C 1=1

Furthermore, by Proposition 11.1, we have

IM—-1-2%v;

—r 2 -

oty T T +k+3/290w; +1+ 1)
(11.54)

2k+1 w2l _ Z2lw2k+l

M,
Ky V(Z, w) =
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As we have illustrated, the main idea to analyse various pre-kernels presented above
is to write down proper differential equations and then derive their large N limit.
This technique can be extended to the present case. Contrary to the previous cases,
the resulting differential equation is of order M. In the case of M = 2, the associated
second-order differential equation was found and used in [11] to derive the limiting
correlation kernel at the origin; see also [26]. A similar situation arises in the study
of the Mittag—Leffler ensemble with the potential (10.70) and it was found in [22]
that the associated pre-kernel satisfies a fractional differential equation of order 1/b.
On the other hand, as expected from the structure (11.5), the analysis for the radial
density is considerably simplified; see [29, 329, 333]. We also mention that in the
same spirit as Remark 9.3, the Lyapunov and stability exponents of the products of
GinSE are available in the literature [269, 330, 356].

11.6 A Summary of GinSE Analogues with GinUE and
GinOE

Comparing the development of GinSE theory as presented above with that of GinUE
and GinOE, the following relative features—both quantitative and qualitative—are
evident.

e Like both GinUE and GinOE, the joint eigenvalue PDF of GinSE has a Coulomb
gas interpretation (Sect. 10.2). This gives relevance to the large N expansion of
the associated partition function (Sect. 10.6).

e Like GinOE, GinSE eigenvalues form a Pfaffian point process (Sect. 10.2). The
pre-kernel then involves particular skew-orthogonal polynomials. The latter can
be explicitly determined for radial potentials (Sect. 10.3).

e The generalisation of GinSE considered in earlier sections of this chapter all relate
to radial potentials, and scaling limits can be analysed in detail. These general-
isations, already listed in the introductory paragraph of this chapter, each have
analogues for GinOE and GinUE. The radial symmetry facilitates the analysis of
gap probabilities and a central limit theorem for smooth radially symmetric linear
statistics (Sect. 10.6).

e The elliptic generalisation of GinSE provides for a continuous deformation to the
Hermitian ensemble of GSE matrices. An analogous generalisation also holds for
GinOE and GinUE. Now the associated potential is not radially symmetric, and
the theory relating to the skew-orthogonal polynomials is more involved (Sect.
10.3). The analysis of a weakly non-Hermitian scaling limit is possible; see the
paragraph including (10.49) for references.

e Singular values and eigenvectors of GinSE matrices can be studied along the same
lines as for GinUE and GinOE.
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A distinction between the GinSE analysis, and that of GinUE and GinOE, is the
extra challenge of the asymptotic analysis imposed by the particular structure of the
pre-kernel. Here, an approach based on an inhomogenous partial differential equation
satisfied by the pre-kernel is shown to provide a unified treatment. We remark too
that to date there is no theory relating to Wigner generalisations of GinSE.
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