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ABSTRACT

The central theme of this thesis is random matrices and their connections to combinatorics and
probability theory. We present the results on correlations of eigenvalues for unitary invariant
Hermitian ensembles, also called the § = 2 Hermitian ensembles, using symmetric functions.

Classical compact groups such as the unitary group, the orthogonal group and the sym-
plectic group have always been the representatives of 8 = 2 ensembles. These groups are
computationally simple compared to other ensembles due to the compactness of support of
the eigenvalues and the underlying representation theory. The group characters are symmetric
functions in the eigenvalues. Many quantities relating to the correlations of eigenvalues, the
notable ones being the joint moments of traces and joint moments of characteristic polyno-
mials, can be effectively studied using the symmetric function theory and the representation
theory of compact groups. Such a combinatorial approach to computing correlations is highly
successful as it enables calculating the exact formulae and provides a route to compute large
matrix asymptotics.

We develop a parallel theory for Hermitian ensembles, in particular for the Gaussian, La-
guerre and Jacobi ensembles. We provide exact formulae for joint moments of traces and joint
moments of characteristic polynomials in terms of appropriately defined symmetric functions.
As an example of an application, for the joint moments of the traces, we derive explicit asymp-
totic formulae for the rate of convergence of the moments of polynomial functions of Gaussian
unitary matrices to those of a standard normal distribution when the matrix size tends to
infinity.

We also calculate the asymptotics of the moments of characteristic polynomials of Hermitian
ensembles, specifically the Gaussian unitary ensemble, as the matrix size tends to infinity. Our
approach reveals that the even and odd dimensional Gaussian unitary matrices contribute
differently to the moments and combine in a unique way to produce the semi-circle law.
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Notation

The following notation will be consistent throughout the document, unless otherwise stated.

GL(N,F) General linear group of matrices of size N x N with en-
tries in the field F
M Matrix M = (m;;)
MT Transpose of M
M Complex conjugate of M
WAl Conjugate transpose of M
M Rescaled matrix with rescaling parameter clearly indi-
cated
N(p,0?) The gaussian random variable with mean p and variance
o2

A(zy,...,zy) The N x N Vandermonde determinant
Sn Symmetric group of size n
f(z) =0O(g(x)) There exists some constants ¢ and xo such that f(x) <
cg(z) for z > xg.

f(z) = o(g(x)) There exists some constants ¢ and xo such that f(x) <
cg(z) for z > xg.

f(z) =w(g(z)) There exists some constants ¢ and xg such that f(z) >
cg(z) for z > xg.

f(z) ~g(x)  The limit f(z)/g(x) — 1 as x — oc.



Chapter 1

Introduction

Random matrices are ubiquitous, having numerous applications in a variety of scientific disci-
plines. To mention a few, they can be used to model biological networks [180, 181], the stock
market [204], and quantum systems [245, 246]. Random matrix theory (RMT) is useful to
analyse and understand the universal properties of these systems. All the results covered in
chapters 3-5 concern random matrices. In this chapter, we introduce relevant topics in RMT
and contextualise the present work.

In Sec. 1.1, we define different classes of random matrix ensembles. The history and
development of RMT and a few notable applications are discussed in Sec. 1.2. In Sec. 1.3
and Sec. 1.4, we discuss the limiting behaviour and universal properties of matrix ensembles.
In Sec. 1.5, we discuss the connection between combinatorics and RMT by emphasising the
role of symmetric functions. Surprisingly, RMT is closely connected to number theory [194]. In
Sec. 1.6, we discuss a few number theoretic functions to which our results are connected. One
of the main results of this work is to evaluate the correlations of characteristic polynomials
and traces of powers of matrices. In Sec. 1.8, we discuss some of the applications of these
correlators and mention the results known so far. With the knowledge of these correlations,
we comment in Sec. 1.9 on what can be said about the limiting distributions of certain random

variables.

1.1 Random matrix ensembles

We begin with the definitions of groups that we frequently use.

Definition 1.1.1. Denoted by O(N), the orthogonal group of size N is defined as
O(N) :={A € GL(N,R) : AAT = ATA=1T}. (1.1.1)

Here AT denotes the transpose of A.

Definition 1.1.2. Denoted by U(N), the unitary group of size N is defined as
U(N):={Ac GL(N,C): AAT = ATA =TI} (1.1.2)

Here At = A" denotes the conjugate transpose of A.



Definition 1.1.3. Denoted by Sp(2N), the symplectic group of size 2N ‘is a subgroup of U(2N)
defined as

Sp(2N) := {A € U(2N) : AQAT = ATQA =Q}, (1.1.3)
where
o | 0 v (1.1.4)
~Ixn 0

Definition 1.1.4 (Ensemble). A random matriz ensemble is a space of matrices endowed with

a probability measure.

The Lebesgue measure on the space of Hermitian random matrices M is the product of

Lebesgue measures on the independent entries of M:

i<y J

In the context of this thesis, we are interested in studying the spectral properties of Hermitian

random matrices, which we introduce next.

1.1.1 Gaussian random matrices

Definition 1.1.5 (Gaussian unitary ensemble). Abbreviated as GUE, Gaussian unitary matri-
ces have independent complex normal random variables as matriz entries: (i) Mj; are i.i.d. real
Gaussian random variables with mean 0 and variance 1, N'(0,1), and (ii) the real and imagi-

nary parts of Myj, i < j, are i.i.d. real Gaussians with mean 0 and variance 1/2, N'(0,1/2).

The probability measure on the GUE of size N is

N
1 )2 1 2

P(M)dM = H o~ (ReMjp)® = —(Im Mji) H —1m IM

sjsien 7 Ve (1.1.6)

_ b tmae gy,

(27N)>

One of the most important properties of a GUE matrix is that the probability distribution of

M remains invariant under unitary transformations. Specifically, for an N x N unitary matrix
U,

PUMUNYd(UMUY) = P(M) dM. (1.1.7)

To see this, note that the square of the Hilbert-Schmidt norm of M is Tr M? which is invariant

under conjugation by U,
Te(UMUN)? = Te(UM?UT) = Tr M2. (1.1.8)

Therefore, the map M — UMU? is an isometry and so the Jacobian determinant is 1.
Usually, we are interested in studying the spectral properties of an ensemble. Thus, it
is convenient to express the probability density in terms of eigenvalues rather than matrix

elements as given in (1.1.6). To do so, denote by z1,...,zy the eigenvalues of M. Consider a



function f that depends only on the eigenvalues z1,..., 2y and is symmetric in z;:

f(xlw"axN):f(xa(l)a"wxa(N))? (119)

where ¢ is an element of the symmetric group Sy. The following theorem gives the average of

f over the GUE.

Proposition 1.1.6. The expected value of f(x1,...,xN) over the GUE is the following multiple

integral

) ) N 22
ESf)[f(xl,...,xN)]:c(Qg\;/ fz1,...,zN) H |xj—xk|2He_7jd:vj,
—o0 —00 j=1

1<j<k<N
(1.1.10)
(H)

where cy, ;15 a normalisation constant.
9

(H) gtands for Hermite because of the Gaussian factor e=%"/ 2 and Hermite

The superscript
polynomials are orthogonal with respect to the Gaussian weight. This notation becomes useful
when we introduce other ensembles corresponding to different weight functions.

To get an insight into the proof, notice that any Hermitian matrix M can be diagonalised

by a unitary transformation U:

7 O 0
0 .. ;

M=U]|" AR (1.1.11)
_0 0 .TN_

The matrix elements of M can be expressed in terms of the entries of U and eigenvalues
x1,...,2n. Now the unitary invariance property (1.1.7) can be used to integrate the elements
of U, leaving just the eigenvalues.

It is often useful to rewrite the above integral in the Vandermonde determinant notation.
The N x N Vandermonde matrix is

$iv ! xév_l w%_l
Vizy,...,zN) = xiV:_Q xéV:_Q x%:_g , (1.1.12)
Lo i
whose determinant is the Vandermonde determinant A(zy,...,zxN):
Alxy, ... oy) =detle) Mhigren =[] (25— ). (1.1.13)
1<j<k<N

Therefore, (1.1.10) can be re-written as

o ) N 22
]]E%{)[f(xl,...,x]v)]:cgg\?/ / f(:cl,...,xN)\A(xl,...,xN)IQHe*TJ drj. (1.1.14)
—o0 —o0 j=1



Different powers of the Vandermonde determinant correspond to different classes of matrix

ensembles. These families have probability densities of the form

x4

N
p(ﬁflj\)f(xla S EN) = cgj\),]A(azl, NP H e 2, (1.1.15)
i=1

“‘w (N}

where 8 = 1,2,4 is called the Dyson index [186]. The Dyson index is equal to the dimension
of the division algebra over R of the matrix entries. For example, 5 is equal to 2 for the
GUE because each matrix entry is a complex number with independent real and imaginary
parts. If § = 1, the ensemble is called the Gaussian orthogonal ensemble (GOE) with just
real matrix entries. The GOE consists of real symmetric matrices and remains invariant under
orthogonal transformations. Finally, 5 = 4 for the Gaussian symplectic ensemble (GSE), whose
elements are Hermitian quaternionic matrices. As the name suggests, the GSE is invariant
under symplectic transformations. These are the only special values of 8 for which all the
finite dimensional correlation functions can be explicitly computed in terms of orthogonal
polynomials. These three ensembles are special cases of a much broader class of matrices
called Wigner random matrices’.

Matrix models obtained by generalising 8 to non-integers were first studied by Dumitriu
and Edelman [76,77]. This model, indexed by £, is called the f—matrix model and consists of

N x N tridiagonal matrices

N(0,2) xn-1)8
xv-1s N(0,2)  xv-2)8
: : (1.1.16)

Sl

x28  N(0,2)  xp
xg  N(0,2)

where N (0,2) are independent Gaussian random variables with mean 0 and variance 2, and x g
are chi-distributed with j5 degrees of freedom. The probability density of the chi-distribution
is

1 2

p(a;r) = —5——a" e T 1s0. (1.1.17)
272 I'(r/2) -

The eigenvalues of f—matrix model have the same joint density given by (1.1.15), which is

why they are also referred as §—Hermite ensembles.

1.1.2 Wishart random matrices

Definition 1.1.7. A complex Wishart matriz is an N x N Hermitian matriz of the form

M=XXT, (1.1.18)

'A (real, complex, or quaternionic) Wigner matrix is a random matrix M such that (i) M;x, j < k, are i.i.d.
random variables with mean E[M;;] = 0 and variance E[|M;|*] = 1, (ii) M;; are i.i.d. real random variables
with mean E[M;;] = 0 and E[M;,] < oco. The distribution of the diagonal entries of a Wigner matrix can be
different from the distribution of the off-diagonal entries.



where X is a random matriz of size N x m (m > N) containing i.i.d. complex Gaussian

entries.

The joint probability density function (j.p.d.f.) of the entries of the Wishart ensemble is

given by
p(M) o e=2 M (det M)™ N (1.1.19)
which can be expressed in terms of the eigenvalues of M, namely z1,...,zy, as
N
L L ~%
P, an) = el A, .. an) P [[ e 2 el (1.1.20)
j=1

The Wishart ensemble is also known as the Laguerre ensemble due to the presence of the

~2/2_ Similar to the Gaussian case, (1.1.20) is invariant under unitary

Laguerre weight x7e
transformations, so we call the complex Wishart ensemble as the Laguerre unitary ensemble
(LUE). The Laguerre ensemble extended to other values of £ is called the f—Laguerre ensemble,

with j.p.d.f. given by

i B(m—-N+1)-1
2 : (1.1.21)

N
L _21
C(ﬁ,])\r\A(M,--wJUN)WH@ 3y
j=1

where the superscript (©) stands for Laguerre. Since we choose m > N, the above joint
density is also well defined and normalisable for § = 1, and § = 4 ensembles, namely the
Laguerre orthogonal ensemble (LOE) and the Laguerre symplectic ensemble (LSE). In fact,
the joint law in (1.1.21) is sensible for any m > N — 1 and 8 > 0 so that the exponent
g(m — N +1-2/8) > 0 ensuring that the j.p.d.f. is normalisable. Similar to S—Hermite
ensembles, there is a tridiagonal representation for f—Laguerre ensembles. Consider the N x N

bidiagonal matrix

>~(m,8
X(N-1)8 X(m-1)8
X = , (1.1.22)

X28 X(m-N+2)8
X3 X (m—N+1)8 |

where both x and x are chi-distributed random variables with the indicated degrees of freedom.
The eigenvalues of X XT have the same joint density as given in (1.1.21).

Since first introduced by Wishart in 1928 [249], these matrices have found numerous appli-
cations in different areas of science and engineering. They arise in statistics, image analysis,
mathematical finance, quantum systems, quantum gravity and many more, see for exam-
ple [4,11,38,104,117,158,162,163,210,247,249|.

1.1.3 Jacobi random matrices

To complete the triad, we introduce Jacobi ensembles.



Definition 1.1.8 (Jacobi unitary ensemble). Abbreviated as JUE, this ensemble consists of
N X N Hermitian matrices M constructed as follows. Choose N,m1, mo € N such that my > N
and mo > N. Let A and B be two matrices of size N X mq1 and N X mg, respectively with

standard i.i.d. complex Gaussian normal random variables. Then,
M = AAT/(AAT + BBT). (1.1.23)

The joint eigenvalue density is given by
N
Cngir |A(z1,...,2N)]? H m?l_N(l — )2, (1.1.24)
j=1

For general values of 3, the j.p.d.f. has the form

N
cé{}v IA(z1,...,zn) P H x]-g(ml_N+1)_1(1 - xj)g(mTN‘*‘l)_l, (1.1.25)
j=1
where the superscript (/) stands for Jacobi. The tridiagonal matrix model for the B—Jacobi
ensemble was introduced in [173]. A S—Jacobi ensemble is also referred as S—MANOVA
ensemble because of its connections to multivariate analysis of variance (MANOVA) model.
The explicit matrix construction of f—ensembles play a key role in one-dimensional stochas-
tic differential equations in the large N limit [83,207,208]. Furthermore, S—ensembles have
important connections to quantum many body systems |21, 22|, Selberg-type integrals [186],
the theory of Jack polynomials [182], and lattice gas theory. For example, the spectral joint

density of B—ensembles can be written as

p(z1,...,xn) = cgne PV, (1.1.26)
where
N
W=> v(x;) = > Inlr; — . (1.1.27)
j=1 i<k

for some function v(x). The density in (1.1.26) can be interpreted as the probability density
of a system of N particles confined by the potential v(z) and which repel each other by a
logarithmic Coulomb interaction.

In this work, our goal is to study spectral correlations of 8 = 2 Hermitian ensembles by
developing a theory similar to the one for classical compact groups. As a representative of the

compact groups, we introduce the unitary ensemble below.

1.1.4 Unitary matrices

Definition 1.1.9 (Circular unitary ensemble). Abbreviated as CUE, this ensemble consists of

unitary matrices U(N) endowed with a uniform probability measure.

The uniform probability measure on the space of U(N) is called the Haar measure denoted

as UHaar- One way to express the Haar measure on U(N) is via the Weyl integration formula



[242]. The eigenvalues of a unitary matrix A lie on the unit circle in the complex plane which
we denote as €1, ... e~ . Consider a function f(A) := f(y,...,0y) that is symmetric under

the permutation of eigenangles 6;. Then,

1 2m 2m ) )
f(A) dpigaar (A) = / 01, ..., 00)| A7, ..., e"N)2doy ... doy.
/U(N) 2m)N N J 0
(1.1.28)
Therefore, the j.p.d.f of the CUE has the form
p(et, . eN) o A, ... N2, (1.1.29)

Similar to the other 5 = 2 ensembles, the Haar measure on U(N) remains invariant under
unitary transformations,

d/fLHaar (A) = dNHaar(UAUT)- (1130)

Similar arguments outlined in proving Prop. 1.1.6 can be used to prove (1.1.28). For notational
simplicity, we use

By [f(A)] (1.1.31)

to denote the expectation of f with respect to the Haar measure on the unitary group. When
(1.1.29) is generalised to other values, the ensemble is called the circular f—ensemble with
j.p-d.f. proportional to

A, ... V)P, (1.1.32)

The cases when 8 =1 and 8 = 4 are called the circular orthogonal ensemble (COE) and the

circular symplectic ensemble (CSE), respectively.

1.2 History and applications of random matrices

Although the origins of RMT can be traced back to work by Wishart [249] and James [150,
151,153] in mathematical statistics, the field gained prominence due to the seminal work of
Wigner [244] in the 1950s. Wigner’s idea is to describe the energy levels of highly excited
heavy nuclei using random matrices. A complex nuclear system is characterised by a Hamilto-
nian operator H, which can be regarded as a matrix in an infinite-dimensional Hilbert space.
Since the details of H are unknown due to the complexity of the system, Wigner argued that
the Hamiltonian could be regarded as a large random matrix from an ensemble satisfying
the prescribed symmetries of H. He showed that the energy levels of the nuclei (given by
the eigenvalues of H) and the eigenvalues of large random matrices have the same statistical
distribution. In addition to demonstrating the semi-circle law (see (1.3.5)) for the mean eigen-
value density, Wigner also provided insights into the nearest neighbour spacing distribution of
eigenvalues, namely the Wigner Surmise. Later, Gaudin and Mehta provided rigorous analysis
for the spacing distribution. They also developed the orthogonal polynomial technique which
is one of the powerful techniques in RMT [123,185,187].

In a series of papers [81,82] in the 1960s, Dyson introduced the three-fold classification of

Hamiltonians describing the three symmetry classes of random matrices, namely orthogonal



(8 = 1), unitary (8 = 2) and symplectic (8 = 4) ensembles. The Hamiltonian under (i) 5 =1
symmetry class is time-reversal invariant, (ii) f = 2 symmetry class is not invariant under
time-reversal symmetry and (iii) 8 = 4 symmetry class is typically associated with quantum
Hamiltonians with half-integer spin particles and without time-reversal symmetry. Dyson also
introduced the circular ensembles and established a link to exactly soluble systems, such as
Calogero-Sutherland models, by developing a model of Brownian motion in the random matrix
ensembles [80].

Since the 1960s, the theory of random matrices has undergone a surge of development and
found numerous applications in mathematical physics. After initial applications to nuclear
physics, RMT was further advanced due to the connections to quantum chaos. Bohigas, Gian-
noni, and Schmit [34] conjectured that the the energy levels of highly excited quantum systems,
whose classical counterparts are chaotic, show the same statistical behaviour as the spectra of
random matrices. In the 1970s, random matrix theory also unified with the theory of disordered
systems. In [84], Edwards and Anderson introduced the replica trick, which along with the work
of Wegner [240], led to a new paradigm in the theory of Anderson localization. The theory of
Anderson localisation is further substantiated by the supermatrix approach due to Efetov [85]
and its further adaptation to RMT by Weidenmueller, Verbaarschot, and Zirnbauer [233].
Random matrices also proved to be very successful in studying the statistics of electronic
transport in quantum-coherent (mesoscopic) samples [23, 188, 189] and the statistics of level
curvatures [116,122,237,238,251]. The Dyson three-fold way of classifying the Hamiltonian is
also broadened to make the theory applicable to quantum chromodynamics |5, 134,200, 222],
scattering theory [112,117,133,217,218|, disordered superconducting structures [9,252] etc.

Random matrix theory also had a profound impact on quantum field theory. The seminal
work of 't Hooft [143,228| suggests that the partition function in field theory is dominated
by planar diagrams, also called planar Feynmann diagrams. Brézin, Itzykson, Parisi and
Zuber [42| showed that a similar expansion also holds for random matrix ensembles when
the matrix size is large. The combinatorial factors that appear in quantum field theory also
arise in random matrices, which in the RMT context can be studied using the loop equation
method [10,91]. Due to the connection between random matrices and integrable systems, the
theory of 2d quantum gravity has links to Painlevé transcendents and Toda/KdV hierarchies
[1,2,97,124,167,230].

In mathematics, random matrix theory went through advancements independent of those
in theoretical physics. Some of the important results are with regards to integration measures
of random matrix ensembles [144]. Harish-Chandra [139] evaluated a unitary matrix integral
which is well known as the Harish-Chandra-Itzykson-Zuber integral [139, 149]. Selberg [212]
considered the N dimensional generalisation of the Fuler integral, which is now famously re-
garded as the Selberg integral. Other crucial quantities are zonal polynomials and Jack poly-
nomials. Since James [152] introduced zonal polynomials, they found numerous applications
in mathematical statistics. Jack polynomials relate the integrand of Selberg integral to the
eigenvalue density function of circular 8 ensembles. In a series of papers, Voiculescu [235,236]
discovered that random matrices and operator algebras are strongly related to each other
resulting in a big breakthrough in the development of free probability theory.

In 1973, Dyson and Montgomery [194] discovered that the asymptotic limit of the two-point



correlation function of the zeros of the Riemann zeta function on the critical line is same as
the two-point correlation function of the GUE. Since then, a considerable volume of literature
concerns the connections between number theory and random matrix theory. An important
result in this direction is due to Keating and Snaith [171]. They provided powerful pieces
of evidence favouring a very intimate connection between the moments of the Riemann zeta
function (and other L-functions) along the critical line and the properties of characteristic
polynomials of random matrices.

In terms of the statistics of the eigenvalues, Marchenko and Pastur [183] described the spec-
tra of large random covariance matrices while Wigner focused on those of Gaussian matrices.
Tracy and Widom [231] studied the statistics of the largest eigenvalue in Gaussian ensembles,
which is infamously regarded as the Tracy-Widom distribution. The Tracy-Widom distribution
arises in combinatorial problems such as the distribution of the length of the longest increasing
subsequence of random permutations [17] and polynuclear growth models [205].

One of the reasons for the success of RMT is universality. The universality conjecture states
that the fluctuations of the eigenvalues of large random matrices are independent of the choice
of the distribution of matrix elements for general RMT ensembles. The universality results are
first verified using the orthogonal polynomial technique [202] which resulted in development
of the Riemann-Hilbert approach to the asymptotics of orthogonal polynomials [33,64]. More
recently, the universality results are extended to Wigner matrices [90, 161, 229]. Erdés [89]
gave an excellent historical account on the development of various proofs of the universality
conjecture.

Enormous progress has been made in random matrix ensembles of non-Hermitian matrices,
extending the work of Wigner, Ginibre and Girko. In addition, sparse random matrices,
random band matrices, heavy-tailed random matrices, Euclidean random matrices, and random
matrices with external sources have also been considered. In this short review, we have seen
the importance and applications of random matrices to wide-ranging fields. We would also
like to mention that the given set of references are a selected few that influenced the area.
The scope of RMT is not limited to the indicated. Some of the fascinating examples of RMT
include the Airline boarding problem [14]; waiting times for buses in Cuernavaca, Mexico [16];

and the distances between parked cars in London [211].

1.3 Limiting distributions

In this section, we shall focus on the most notable distributions in RMT), the limiting eigenvalue
distributions of 8 = 2 Gaussian, Laguerre and Jacobi ensembles as the matrix size N — oo.
We begin with a Wigner matrix M of size N. The correct scaling to compute the limiting

eigenvalue distribution can be easily fixed by the following heuristic arguments. We start with
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the order of magnitude of the mean and the second moment of the eigenvalues:

1 & 1 1 &

Nij:NTrM:NZMM, (1.3.1)
=1 =1

1 Y 2 1 2

N;%:N Tr M ;1 (1.3.2)

Since M;; are i.i.d. Gaussians with mean 0, the first moment converges to zero by the strong
law of large numbers. As there are approximately N2/2 independent terms in Tr M2, we have
Tr M? = O(N?). Due to an additional factor of 1/N in (1.3.2), the order of magnitude of
eigenvalues is O(v/N). Therefore the eigenvalues should be rescaled by 1/v/N in order to see
a deterministic limiting behaviour.

To study the limiting distribution, consider the normalised counting function of the eigen-

values x1,...,xN,
| N
v > ;. (1.3.3)
=1

The measure in (1.3.3) is also called the empirical spectral measure.

Theorem 1.3.1 (Semi-circle law). Let M be a random N x N Wigner matriz with eigenvalues

T1,...,TN, and let
1 N
NZ (1.3.4)

Then as N — oo, u(M) converges (in mean and almost surely) to a deterministic limit

0sc(x) dx, where pgc is given by

LyVa—a2, if-2<x<2,
Qsc(x) - 2 (135)
0, otherwise.

This is the Wigner’s semi-circle law. The essence of Thm. 1.3.1 is that the sequence of
random measures p(M) converge to a deterministic measure. Standard techniques such as
the moment method, Stieltjes transform method, or tools from the free probability theory can
be used to prove Thm. 1.3.1, see for example [93]. In Fig. 1.1a, we numerically illustrate the
semi-circle law for GUE matrices. From Fig. 1.1a, it is clear that there is a non-zero probability
of finding the eigenvalues outside the support [—2,2] for any finite matrix size N. Thus, we

sometimes call the edges of the semi-circle as soft edges.

Theorem 1.3.2 (Marchenko-Pastur law). For a random Wishart matriz of size N as given by
(1.1.18), asm — oo and N — oo such that c = N/m € (0, 1], the empirical spectral distribution

converges (in mean and almost surely) to a deterministic limit py, () dz,

N
Z 21 = () da. (1.3.6)



Here py,,, is the Marchenko-Pastur distribution [183] parametrised by c,

ﬁ\/(x —c ey —x) ife <z <cy,

0, otherwise,

P (@) = (1L3.7)

and cx = (1 £ ¢ 1/2)2,

In Fig. 1.1b, we show that the eigenvalue distribution of the LUE converges to the Marchenko-
Pastur distribution for two values of ¢ which are less than 1. For any value of ¢ < 1, all the
eigenvalues are positive real numbers. For ¢ < 1, the edges of the distribution are soft, i.e.
there is a non-zero probability of finding the eigenvalues outside the support [c_,cy]. But as
¢ — 1, more eigenvalues accumulate near 0. At ¢ = 1, the origin becomes a hard edge, i.e., no
eigenvalues are present to the left of the origin.

It is worth noting that the scaling of the eigenvalues of Wishart matrices is O(NN), unlike the
scale O(v/N) for Gaussian ensembles. The Marchenko-Pastur law is the analogue for Wishart

random matrices of the Wigner semi-circle law for Hermitian matrices.

0.5 : . . : 05
0sc() c=1/2
x N=5 k c=1/8
04 f o N=50 04 |
x| 0 N =500
03t ’ 03 f
=Y <
0.2 021
0.1 N : 0.1
0 XX L L . . %XX 0 |
-2.5 -1.5 -0.5 0.5 1.5 25 0 16
X X

(a) Convergence of the density of eigenvalues of (b) Convergence of the density of eigenvalues of

GUE matrices to the semi-circle law as matrix size LUE matrices to the Marchenko-Pastur law for two

N increases. different ratios of N/m = ¢. In both cases N =
100.

Figure 1.1: Numerical check of the semi-circle law and the Marchenko-Pastur law for g = 2
Gaussian and Laguerre ensembles in (a) and (b), respectively. In both (a) and (b), 2000
matrices are sampled.

For the Jacobi ensemble, several limiting distributions are possible depending on the relative

sizes of parameters my and mgy to N [51,78,239]. Here we state the results for § = 2.

Theorem 1.3.3. For a JUE matriz of size N, we have the following limits for the empirical

spectral distribution as N, m1,mo — 00.

— Ifmy 4+ mg — 2N = o(N), then [78]

N
! > 6y — 1 (1.3.8)

szl J m/z(1l —x)



— If mi/N — p1 > 1 and ma/N — pa > 1 such that p1 + p2 > 2, then [78]

L ¢, dz, (1.3.9)

1 - pL+p2 /(& —x)(x— &)
N;éxj_) 27 z(1—x)

where

2
1 1
& = P (1— >i (1— P ) : (1.3.10)
p1+ D2 p1+ P2 p1+ p2 p1+ p2

— Ifmy 4+ mg — 2N = w(N) and —=_— s X, then [78]

mi+mo—2N
| X
~ Z(szj — 6y, (1.3.11)
j=1
where 0y is a deterministic measure that depends on \. Here f(x) = w(g(x)) indi-

cates that there exists some constants ¢ and xo such that f(x) > cg(x) for x > xy (In

Prop. 1.3.4, we give an explicit expression for §y for certain ratios of parameters mi, mo
and N ).

The mode of convergence in (1.3.8), (1.3.9) and (1.3.11) is convergence in probability.

In (1.3.8), both m; and mgy grow sub-linearly in N. In (1.3.9), m; and mg grow linearly
with IV and the limiting distribution in this case is clearly different from the sub-linear case.
In (1.3.11), my and mg grow much faster than N. In this super-linear case one can recover the

Marchenko-Pastur law with a proper scaling.

Proposition 1.3.4. If N/m; — c¢1 € (0,1] and ma = w(N?), then [155]

N
1
v > Omay = () dr, (1.3.12)

as N,my, mg — co. Here pil, is the Marchenko-Pastur density with parameter c;.

In Fig. 1.2, all three cases in (1.3.8), (1.3.9), and (1.3.12) are illustrated for the JUE matrices.
The limiting distributions such as the semi-circle law and the Marchenko-Pastur law are not
specific to 8 = 2 ensembles. For example, all 3—Hermite ensembles have the same deterministic

limit for the spectral density when properly normalised:

. 1
J\}Ego N ;5\//37ij — 0sc(x) d. (1.3.13)
Similarly for the f—Laguerre,
| N
]\}1_{%0 N ; 5% — Qmp(l‘) dx, (1.3.14)



where ¢ = N/m. For f—Jacobi ensembles, Prop. 1.3.4 can be rephrased as follows. If
NB/2m1 — c1 € (0,1] and ma = w(N?), then as N, my, ms — o0,

N
1 2
i=1

where p;t ) is the Marchenko-Pastur density with parameter c;.
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(a) Here 1000 matrices are sampled with parame-
ters N = 500, m1 = 425 and mo = 475. The solid
line represents the density in the R.H.S. of (1.3.8).
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(b) Here 1000 matrices are sampled with parame-
ters N = 500, m; = 750 and mo = 1000. The solid
line represents the density in the R.H.S. of (1.3.9).
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(¢) Here 2000 matrices are sampled with parameters N = 400, m; = 440, and my = 8000. The solid
line represents the density in the R.H.S. of (1.3.12).

Figure 1.2: Comparison between the asymptotic densities in (1.3.8), (1.3.9), and (1.3.12). The
data is obtained by numerical diagonalisation of JUE matrices. In all the figures, ¢; = m;/N
and ca = ma/N where N is the size of the JUE matrix, see (1.1.24).

1.4 Universality

There are several notions of universality that one can think of in random matrix theory. In
the previous section we saw that the density of eigenvalues of a particular ensemble (Gaussian,
Laguerre) converges to a limiting distribution (semi-circle law, Marchenko-Pastur law). This

can be interpreted as a universal behaviour as it is observed in all of the matrices from a given
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ensemble.
The other notion of universality, which is the one that we are interested in, is specific to 3.

The explicit j.p.d.f. of S—ensembles has the form

N
p(x1,...,xN) =cg N H |xj—xk\BHefv(xj), (1.4.1)
j=1

1<j<k<N

where v(z) is a real valued function that grows sufficiently fast as x| — oo. The eigenvalues
are confined by v(z) but repel each other because of the Vandermonde determinant. This
repulsion increases with 8 and different values of 8 give rise to different universality classes.
For instance, the spacings between the eigenvalues of all § = 2 ensembles are described by
the same law when the matrix size is large [186]. In other words, as long as the matrices
have a certain symmetry, all the details on how the matrix is constructed are washed out for
sufficiently large matrices.

To formulate the notion of universality precisely, we will focus on § = 2 universality class.
Consider the j.p.d.f.

N
p(xr,..an)=con  [] (25— ) H (1.4.2)

1<j<k<N

where w(z) is a weight function (for example, it can be chosen to be one of the Gaussian,

Laguerre or Jacobi weights). Define the k—point correlation function Ry i to be the marginal

Ry j(x1,...,25) = m /p(ml, coy N) dTpyy - . dTN. (1.4.3)
For all the random matrix ensembles discussed so far, Ry can be written in terms of a kernel

Ky(z,y) defined as
N—-1

Ky(z,y) = y))? #i(2)2i(y) : (1.4.4)

=0 ‘P]?‘P]

where ¢;(x) are the orthogonal polynomials of degree j with respect to w(z) under the inner

product
(o5(a). o (x)) = / o3 () on (@) (e) de = c; (1.45)

for some constant ¢;. The kernel Kx(z,y) can also be expressed via the Christoffel-Darboux

formula as

Kx(ap) = (waul)) 25 L ool Zaaenty) -4

where A; is the leading coefficient of ¢;. The k—point correlation function can be expressed
in terms of Ky by the relation [186]

RN,k<3317 . ,.%'k) = det[KN(xi, mj)]lgi,jgk- (1.4.7)

We now give the statement for universality.
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Theorem 1.4.1. Let s be a point in the bulk® of the spectral density of the scaled eigenvalues.
Then, as N — oo, [33, 6/, 202],
1 Tk

1
7(KN(0,0))]€RN’I€ <S+KN(O’O),...,S+

Kn(0, 0)> — det[Koin (i, 2j)l1<ij<k,  (14.8)

where
sinm(x — y)

Ksm(%y) = 7T(.%' _y)

(1.4.9)

1s the sine kernel.

Brézin and Zee [43] used the orthogonal polynomial method and provided heuristic argu-
ments for the universality of the sine kernel. The first rigorous proof was given by Pastur and
Shcherbina [202] using the orthogonal polynomials technique. Later Bleher and Its [33] and
Deift et al. [64] took the Riemann-Hilbert approach to study universality.

The scaling in (1.4.8) is justified as follows. Note that

Ryi(x) = Np(z) = Kn(x,x) (1.4.10)

is nothing but the mean eigenvalue density. This is because for any interval B = [a,b] on the

real line,

/RN,1($1)d961 —/HB(HU1)RN,1(CC1)CZ961
B

= N/ILB(xl)p(xl,...,xN)dxl ...dzy
(1.4.11)

N
:/ ZHB(ZL‘]') p(x1,...,eN)dxy ... dey
j=1

= Expected number of points in B.

Hence Kn(0,0) gives the density of expected number of eigenvalues at the origin. The scaling
z/Kn(0,0) ensures that the expected number of eigenvalues per unit interval is 1, and that the
large N limit in (1.4.8) is finite. Since the kernel (1.4.4) involves orthogonal polynomials, it can
be expressed as an integral by exploiting the integral representation of orthogonal polynomials.
Then, standard tools such as the steepest-descent method can be used to prove the universality
in (1.4.8).

The universality result states that in the large NV limit, the limiting behaviour of the scaled
eigenvalues is independent of the weight w and depends only on the invariance properties of

the ensemble. We now give examples for two different ensembles, namely the GUE and the

2Here ’bulk’ indicates that we choose s well within the interior of the spectrum, and not close to the edges.
For a point close to the edge, the scaling is different from K (0,0).
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CUE to illustrate the universal behaviour. For the GUE,

N-1 2
H:(z
j=0 (1.4.12)
1
=w(x Hy(x)Hy_1(z) — Hy(x)HN_;(2)],
(@) G ey @) v (@) = Hy (o) Ty )
where H,,(z) are classical Hermite polynomials that satisfy
o 12
/ Hy(x)Hp(z)e” 2 dz = V2mn!onm,. (1.4.13)
—00
By using
H(w) = wHy(2) — Hyaa (),
(-1)2 ff!n', if n is even, (1.4.14)
H,(0) = 27y
0, otherwise,
and Stirling’s approximation for the factorial
nl ~V2mntze ™, (1.4.15)

it can be readily seen that

Kn(0,0) = \/WN +0 <\/1N> . (1.4.16)

Therefore, the correct scaling is O(\/N ) which we saw previously in (1.3.4). When the eigen-

value statistics are considered at the origin, as N — oo, (1.4.8) becomes

k
T T T
<\/N> RE\IIL,IIZ <\/N17 ey \/]»\};> — det[Ksin(a:i, xj)]lgi,jgk. (1.4.17)

For the CUE, all the eigenvalues lie on the unit circle. The weight w(¢) = 1 and polynomials
that are orthogonal on the unit circle are ¢;(f) = ¢?. When the order of the magnitude of
scaling is O(N), as N — oo, (1.4.8) reads to be

k
2 U(N) [ 2Ty 2N
(N) RN,k ( N geeey N > — det[KSin(ﬂj‘i, $j)]1§i,j§k' (1418)

If the statistics are studied at a point close to the edge of the limiting spectrum, a different
type of universality is observed. In this case, the scaling is different from Kx(0,0). When s is
close to the soft edge (such as near 2 or -2 in the semi-circle law (1.3.5)), the limiting kernel is
called the Airy kernel which depends on the Airy function. If the edge is hard (such as the left
edge of the Marchenko-Pastur law when ¢ = 1), then the limiting kernel is the Bessel kernel.
Similarly, 8 = 1 and 5 = 4 ensembles have a different limiting kernel that involve Pfaffians
instead of determinants as given in (1.4.8). For complete details, see [98,186]. In the rest of the

thesis, we restrict our attention to § = 2 ensembles unless otherwise stated, omitting explicit
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dependence on f.

1.5 Symmetric function theory and random matrix theory

A function f in n variables z1,...,x, is symmetric if it remains the same after interchanging
x; with x; for i # j:
f(‘/'l:].’ ctt 7xn) = f(xa'(l)’ AR 7xg(n))’ (1'5'1)

where o is an element in the symmetric group S,. Symmetric functions appear naturally
in random matrix theory because the joint density in (1.4.1) remains invariant under the
permutation of eigenvalues. In this section, we will discuss a few applications of symmetric
functions in random matrix theory.

Naturally, permutations and partitions of integers are inseparable from symmetric func-

tions. A partition A of n € N is a non-increasing sequence of integers
)\12"'2/\1>0, ZEN, (1.5.2)

such that
)\1+...+)\l = nNn. (1.5-3)

Of many symmetric functions, the Schur functions defined by

det[z TR cpen
Sx(@1, ..., an) == gt hjken (1.5.4)

det[z?*1<j k<n

for
A=(A1,..,A,0,...,0), 1 <n, (1.5.5)
N——
n—l
play a distinguished role. The application of symmetric functions to random matrices is best
illustrated using the results from the unitary ensemble. The Schur functions arise as the

irreducible characters of the unitary group. For two partitions A and u,
Eu ) [Sa(U)Su(UN)] = By [Sa(e?, ..., V) S, (e7, ..., e7™N)] = 6),, (1.5.6)

where €%, j = 1,..., N, are the eigenvalues of U. This orthogonality relation for the Schur
functions is proven to be a powerful tool in computing integrals with respect to the Haar

measure on the unitary group. For example, the expectation

Ey v [f(U)L (1.5.7)

for any f(U) that is symmetric in the eigenvalues of U, can be readily computed by first
expressing f in terms of the Schur functions and then using the orthogonality relation (1.5.6).
It is not always easy to find such an expansion for arbitrary f but is possible for sufficiently
nice functions. When f(U) is Tr U7, the Frobenius-Schur duality can be used to express the

traces of powers of U in terms of the Schur functions via the characters of the symmetric group.
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For a proof of this result and a modern introduction to Frobenius-Schur duality, see [44] (also
see (2.1.82) in Ch. 2). Diaconis and Shashahani |72] precisely used this change of basis trick

to prove

k k
Euv| H Te U9 (Tr UF)® H 5 (/j2;)%], (1.5.8)

where aj,b; are integers and Z; are independent complex Gaussian normal random variables.
The details of the proof are explained in Sec. 3.3 of Ch. 3. Diaconis and Shashahani also
computed the correlations of traces for orthogonal and symplectic groups using symmetric
functions. Dehaye [62] provided an alternative proof for correlations for symplectic and special
orthogonal groups using symmetric functions and gave a combinatorial description of these
results.

As a consequence of (1.5.8), we have that the consecutive powers of traces have a limiting

Gaussian distribution:

lim P(TrU € By,..., TrU* € B) = H (V/iZ € By) (1.5.9)
N—oo i
where Z is a standard complex normal, and B, ..., By are any Borel sets.

For a different form of f such as

N .
= H f(e%), (1.5.10)
j=1

an alternate approach to find the expected value of f is via the Weyl integration formula,

1 o o 0 0 2 Al 60
EU(N)[f(U)]—(%)NN!/O /0 A, )P T £(e%)do; = Dn(f), (1.5.11)

j=1
where Dy (f) is a Toeplitz determinant with symbol f,
Dy (f) = det[f;—rl1<jhen (1.5.12)
and fj are the Fourier coefficients
fj= 217T f(e®e 40dp, j=0,+£1,42,... (1.5.13)

Johansson [156] proved (1.5.9) and gave a sharp estimate to the rate of convergence by using
(1.5.11) and the Strong Szegd limit theorem [227]. Alternatively, and surprisingly, the result
in (1.5.9) provides a new proof of the Strong Szegd’s theorem using the theory of symmetric
functions [45].

Due to a natural connection to partitions and permutations, the symmetric function the-
ory unifies several theorems in combinatorics; and establishes a bridge between random matrix

theory and combinatorics. For example, consider a permutation o € S,,. An increasing subse-
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quence of o is a sequence 1 < j; < - < jr < n such that
o(j1) < <o(jg)- (1.5.14)

The length of the longest increasing subsequence of a random permutation, denoted by L,
and the largest eigenvalue of a GUE matrix have the same asymptotic probability distribution,
namely the Tracy-Widom distribution [17]|. If P(L, <) denotes the probability that L, <,
then Gessel [125] showed that the generating function for P(L, <) is a Toeplitz determinant.
A series of papers [17,18, 35,159, 199] show that under the Plancherel measure, the first k
parts (A1,...,Ax) of a random partition A = (A1, Ag,...) behave statistically as the first k
eigenvalues of a GUE matrix in the large matrix size limit. All these classic results can be
proved by exploiting the combinatorial nature of the problem and using symmetric functions.

This thesis closely studies quantities in (1.5.8) for Hermitian ensembles using the symmetric
function theory. Different symmetric functions and their properties are discussed in detail in
Ch. 2.

1.6 Number theory and random matrix theory

In 1973, Montgomery [194] proved that the form factor (the Fourier transform of the two-point
correlation function of the eigenvalues) statistic £'(7) of the GUE and the form factor statistic
of the zeros of the Riemann zeta function high up the critical line was identical for a certain
range of 7. This was the beginning of a new study of the zeta function through the lens of
random matrices. The properties of the Riemann zeros, difficult to study when approached
from a number-theoretic perspective, can be studied effectively using random matrices.
For s € C, the Riemann zeta function ((s) is defined by
|

¢(s) := prt (1.6.1)
n=1

For Re(s) > 1, {(s) is absolutely convergent. In this regime, ((s) can be expressed as a product

over primes p, known as the Euler product:

)= ——. (1.6.2)

The equivalence between the sum and the product formulas is a manifestation of the Funda-
mental Theorem of Arithmetic.

Riemann showed that ((s) can be analytically continued to the whole complex plane except
for the simple pole at s = 1. As a consequence, we have a functional equation for the zeta

function
C(s) = 2°7° L sin (g) T(1 - s)C(1 - s), (1.6.3)

which relates ((s) for Re(s) > 1/2 to its values in the other half plane. Here I'(z) is the
standard analytical continuation of the factorial.

From the functional equation and using other symmetries that the zeta function enjoys,
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the Riemann hypothesis asserts that the zeros of the zeta function lie on the line Re(s) = 1/2.
Under this assumption, we denote the zeros with ((3 + it) where ¢ € R. The number of ¢ such
that 0 < ¢t < T scale as

N(T) ~ E log T +O0(logT), asT — oo, (1.6.4)
27 2me

which implies that the mean spacing between one zero at 1/2 4+ it and the next one is of order

27/ logt.

Studies suggest that the correlations of the Riemann zeros and the CUE (or GUE, as the
statistics are the same for these two ensembles in the large matrix limit that we deal with, see
Sec. 1.4) are identical. In Fig. 1.3, we compare the eigenvalues of a 50 x 50 Haar distributed
unitary matrix and 50 consecutive zeros of the zeta function. The eigenvalues and zeros show

similar repulsion in contrast to uniformly picked random points on the unit circle.

*
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x
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(a) 50 points picked uniformly
at random on the unit circle.

(b) Eigenvalues of a random
50 x 50 Haar distributed uni-

(c) 50 consecutive zeros of the
zeta function starting from the

251 zero. The data is taken
from [179] and the zeros are
scaled to lie on the unit circle.

tary matrix.

Figure 1.3: Comparison of random points on the unit circle (a) with the eigenvalues of the
CUE (b) and the Riemann zeros high up the critical line (c).
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Let U be a unitary matrix of size N with eigenvalues e’ ., €% Rescale the eigenangles

6;, as done in (1.4.18), so that the mean spacing is 1,

N

®;

Dyson’s results [81] on pair correlation indicate that

™

b . 2
Jim Eu) [+ Honom 0 <6n-a <] = [ <5<x>+1—<sm(”))>dx. (1.66)

As with the unitary case, rescale the zeros of the zeta function so that the mean spacing is 1,

tn tn
Uy = — log —

. 1.6.
2 2 (1.6.7)
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Montgomery’s conjecture on pair correlation is that

b . 2
lim 1|{ulaum €[0,7]:a < upm —u < b} z/ (6(x)+1— (Sm(m)) ) der. (1.6.8)

T—oo 1 T

Since the non-trivial zeros are correlated as the eigenvalues of unitary matrices, we model
the zeta function with a function whose zeros are these eigenvalues, namely the characteristic
polynomial. Studies by Katz and Sarnak [168,168] show that orthogonal and symplectic groups
can model other families of L—functions. The characteristic polynomial of U € U(N) is given

by
N

Z(U,0) = det(I — Ue™") = JJ(1 - %9, (1.6.9)
j=1

Theorem 1.6.1. [Keating-Snaith [172]] Let A be a Haar distributed unitary matriz and Re(n) >
—1/2. Then for any N,

N

(12U, 0)*] = H LG 2”+J). (1.6.10)

il I'(n+ 7))

In the limit N — oo, (1.6.10) simplifies to

2

Jim By [|12(U,0)"] =y (n)N™ (1.6.11)
with G ( )
n+1

where G(z) is the Barnes G-function that satisfies the following functional equation with the

normalisation G(1) = 1,

G(z+1)=T(2)G(2). (1.6.13)
Conjecture 1.6.2. The moments of the zeta function given by
1 T
/ IC(% +dt) > dt. (1.6.14)
T Jo
are conjectured to behave as
i & [+ 0t = oty (1o Z) (16.15)
im — 541 =ac(n)vye(n) | log — .6.
T—o0 T 0 2 ¢ 7C & 271' ’

where a¢(n) is given by the following product over primes p,

_ ye? [ 1 (Tn+4))°
ag(n)—l;[(l—p 1) ;;zﬂ(ﬂf(n)) : (1.6.16)

and y¢(n) is a function that depends on n.

Except for the first two non-trivial values of n (n = 1, 2) [136,148], 7¢(n) remained unknown
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for a long time. There are conjectures [54,55] and bounds [140, 141,206, 220] available for v (n)
on the assumption of Riemann hypothesis, but a guess on its precise form came into light using
the results from RMT. By modelling the zeta function with the characteristic polynomial of
a unitary matrix and identifying N = log %, Keating and Snaith [172] used their moment

results to conjecture that
Ye(n) =y (n) (1.6.17)

for Re(n) > —1/2.
When n is an integer (1.6.12) simplifies to

|
—

n

J!
= . 1.6.18
7=0
Under the conjecture in (1.6.17), for n € N, (1.6.15) and (1.6.11) simplifies to
R T\"

TlgroloT/O ¢(3 +it)|*" dt = ac(n) <log27r> jHO T (1.6.19)

, n—1 j'

. 2n] __ n .
Jim By [12(0,0)"] = N Jl_IO CrTk (1.6.20)

Similar results hold for the characteristic polynomials of Hermitian ensembles. For a
rescaled GUE matrix M = M/+/N, Brezin and Hikami [40] proved that, as N — oo,

n—1 .
—n ﬁ n n n '
eNe ™SR [det(t — M) = (2m05e () N 11 (TLJTJ)' (1.6.21)
3=0 ’

Here t is a point in the bulk of the spectrum. In addition to NV n* and the common factor
H;L:_& (n]T'j)" the asymptotic moments depend on the limiting distribution, namely the semi-
circle law given in (1.3.5). For the unitary case, the limiting distribution is the uniform measure
on the unit circle, 1/(27), which is cancelled by the factor 27 in (1.6.20). Other Hermitian
ensembles, such as the LUE and JUE, also have a structure similar to (1.6.21). For the LUE,
up to a factor, the Laguerre weight replaces the Gaussian weight and the Marchenko-Pastur
law replaces the semi-circle law.

When ¢ is near the edge of the spectrum, a scaling different from /N is required to obtain
finite results in the limit N — oo. For asymptotics of characteristic polynomials of the GUE

in this domain, see [41].

1.7 Characteristic polynomials

Characteristic polynomials of random matrices are of independent interest for several reasons.
They have connections to number theory as discussed in Sec. 1.6, combinatorics [71,223],
quantum chaos [12], and many more. We will review some of these connections in this section.

When the characteristic polynomial of a matrix M of size N is expanded in the spectral
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variable,

N
det(t — M) = > (=1)/Sc;(M)tN 7, (1.7.1)
j=0

the coefficient Sc;j(M) is called the Gt secular coefficient. When M is a unitary matrix, the
moments of secular coefficients count the number of magic squares. Magic squares of order n
are squares matrices of size n, whose entries are non-negative integers (1,...,n%) and whose

rows and columns add up to the same number. We have [71]

N)[]Scj(M)|2"] = Number of magic squares of size n (1.72)

whose rows and columns sum to j.

To compute the higher correlations, consider two partitions A = (A1, ..., A\g) and A = (A1, ..., Ap).
We have [71]

I:HSC)\ )Sex, (MT)| = Ny, (1.7.3)

where N, ; counts the number of non-negative integer matrices of size k such that the Gt row
and the j* column sum to A; and j\j, respectively. Similar combinatorial results hold for the
other two compact groups O(N) and Sp(2N) [71].

For the GUE, the expectation of the characteristic polynomial is

1R [Se, (M) = Hy (1), (1.7.4)

Mz

IE(H) [det(t
jZO

where Hy (t) is the Hermite polynomial of degree N. Due to the symmetries involved, the odd

secular coefficients are zero, and the even secular coefficients are given by

N!

BN [Se2 (M) = (-1 5 5

(1.7.5)
Hermite polynomials are combinatorial in nature: Hy(x) is the matching polynomial of a
complete graph Ky with N vertices. In other words, EE\I;I)HSCQJ‘(M )|] counts the number of
2j matchings in the complete graph K. In [71], Diaconis and Gamburd gave a combinatorial
interpretation for higher moments of secular coefficients and characteristic polynomials. For the
unitary group, Diaconis and Gamburd also computed the limiting distribution of the secular
coefficient Sc; for a fixed j. Recently, Najnudel, Paquette and Simm [196] studied the limiting
distribution of secular coefficients Sc; for circular 3—ensembles as both j and the size matrix
N tend to infinity. They also proved the long standing conjecture that the middle secular
coefficient of the CUE of size N tends to zero as N — oo. For the Gaussian, Laguerre, and
Jacobi f—ensembles, secular coefficients are studied in [190].

The probability distribution of a characteristic polynomial can be fully described by the
moments

E[det(t — M)", (1.7.6)
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or more generally by the correlations

k
En [ ] det(t; — M) . (1.7.7)
j=1

Here M can be a GUE, LUE, or JUE matrix, and Ey[---] denotes the ensemble average.
Results in [19,36,40,224] show that these correlations can be written in terms of a determinant

of orthogonal polynomials for § = 2 Hermitian ensembles. In its precise form,

k
Ex |[] det(t; — M)| = A(tlt deton st (bm)]1<tomek (1.7.8)
i Ly-ostk)
where ¢, (x) are monic Hermite, Laguerre and Jacobi polynomials for the GUE, LUE and
JUE, respectively. The moments can be recovered from (1.7.8) by letting t; — ¢ for all j. For
a broad class of § = 2 ensembles, Brezin and Hikami [40] calculated the large N asymptotics
of the moments. For the GUE, using the integral representation for orthogonal polynomials,
Brezin and Hikami showed that in the Dyson limit, N — oo, t; — t,,, — 0 and N (t; — t,,) is
finite, the moments are equal to (1.6.21).

In Sec. 1.6, we compared the positive moments of random matrices to the positive moments
of the zeta-function and noticed the universal features in both cases. Similarly, it is equally
interesting to compare the negative moments of characteristic polynomials with the negative

moments of the zeta function. The negative correlations are given by

k
1
E _ 1.7.9
N J[[l det(T; — M) (17.9)
For (1.7.9) to be well defined we require Im(7}) # 0. Strahov and Fyodorov [224] computed the
negative moments and compared with the negative moments of the zeta function conjectured
by Gonek [129]. For example, for a rescaled GUE matrix M = M/+v/N, the negative moments

of the characteristic polynomial behave asymptotically as

(H) i - i -
E det (t+ ——-—-M det (t — ——= —M
N © < " AN 0sc(t) ) ¢ < 47N 0sc(1) ) ]
) (1.7.10)
2 (27N 9sc "
:(QW)nenNe—nN% ( TV O (t)> ’
@
which should be compared to
T T\ ™
. 1 1 a .\ [—2n 1Og Prs
TlféoT/l (5 + pog Tit)| T dt ~ (a : (1.7.11)

Both (1.7.10) and (1.7.11) are similar when 27N g4, is identified with log %
Another motivation to study negative moments is due to an observation by Berry and

Keating [31]. We have seen that the eigenvalues of random matrices repel from each, and
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clusters of eigenvalues are very unlikely. Then, it is natural to ask to what extent the clusters
are dominant. Berry and Keating addressed this question by showing that the degeneracies in
the spectrum can determine the divergences of the negative moments. The asymptotics of the
negative moments for § = 1,2, 4 ensembles are studied in [31] with a specific focus on the GOE
in [110]. The universality results for # = 2 Hermitian ensembles can be found in [224]. For
arbitrary values of 3, the large N limits for circular 8 and S—Jacobi ensembles are computed
in [96].

Yet another important class of correlations involve ratios of characteristic polynomials such

as

Ey ﬁﬁdet(th) . (1.7.12)

To understand why objects in (1.7.12) are useful, consider the resolvent matrix (z — M)~

The eigenvalue density can be recovered from the resolvent as follows:

1
=— 1 ImT . 1.7.13
plz) WIm(ag)n—lm— o rm—M ( )
The trace of the resolvent can be written as
1 0 det(x — M
Tr __Qdetlz=M)) (1.7.14)

r—M  Oydet(y — M) ly=z

Clearly, the ratios of characteristic polynomials play a key role in extracting the density of
eigenvalues, and correlations of the form in (1.7.12) are useful to extract the multi-point cor-
relation functions. The general correlations in (1.7.12) also found applications in quantum
chaos [12,86,132]. For example, (1.7.12) can be used in modelling scattering matrices in quan-
tum systems. They are also used for extracting generating functions for the local density of
states and the level curvatures.

The correlation functions of both ratios and products of characteristic polynomials of § = 2
Hermitian ensembles can be expressed in terms of determinants involving orthogonal polyno-

mials and their Cauchy transforms [19,120] as follows:

P N-1 -1
M N C.

i3 pog det(Te — M) A(t)A(q)
IN—g(T1) IN—gs1(T1) .. Ongp-1(T1)
: I (1.7.15)
% IN—g(Ty) IN-g1(Tq) - OINp-1(Tq)
ON—q(t1) On—gr1(t]) . enap1(t])]
ON—g(tp) PON—gt1(tp) .. ONip-1(tp)

The polynomials ¢, (x) are monic orthogonal polynomials with respect to a weight w(x) that

satisfy
/ Pn(z)om(2)w(z) dz = cnpm, (1.7.16)
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and 9, (z) is the Cauchy transform of the monic orthogonal polynomial,

In(z) = %/W, Im(z) # 0. (1.7.17)
Strahov and Fyodorov [224] studied the universal properties of characteristic polynomials in the
bulk of the spectrum for 8 = 2 Hermitian ensembles by using the Riemann-Hilbert approach.
Akemann and Fyodorov [6] extended these results by analysing the universality properties of
B = 2 ensembles at all the three regimes: the soft edge, the bulk and the hard edge of the
spectrum.

For f = 1,4, the correlations in (1.7.15) can be expressed in terms of Pfaffians [36]. In
addition to the GUE, Borodin and Strahov [36] also considered the bulk scaling asymptotic
limits of ratios of characteristic polynomials for the GOE and the GSE. The mixed correlations
of characteristic polynomials have also been studied for complex random matrix models 8]
and non-Hermitian random matrices with independent entries [3]. Moving away from the
Dyson values for 3, a duality relation exists for products and inverse products of characteristic
polynomials [65]. The second order correlation of characteristic polynomials for S—Hermite
ensembles are considered in [225]. Desrosiers and Liu calculated the correlations in (1.7.7)
and computed the scaling limits for Gaussian, Laguerre and Jacobi ensembles for arbitrary £
in [66]. They also studied the mixed correlations for f—ensmebles in [67].

The correlations in (1.7.12) can be studied using several methods. Some of the standard
techniques are the Riemann-Hilbert method, the super-symmetric technique and its modifica-
tions, the orthogonal polynomial method, and the integrals of Selberg type. In the present
work, we study them in a new approach using the theory of symmetric functions on par with
the results from classical compact groups.

For the classical compact groups such as U(N), O(N), and Sp(2N), the correlations of

characteristic polynomials,

b_ydet(I +a; AN [T, det(I + ap ik A)

Ex T._, det(I — by A) [ oy det(I — b AT) |7

A e {U(N),O(N),Sp(2N)}, (1.7.18)

can be studied by taking advantage of the representation-theoretic properties of the groups.
It turns out that the characters of these groups are symmetric polynomials in the eigenvalues.
By realising that the characteristic polynomial is also a symmetric polynomial in the eigen-
values and the spectral variable, expressing it in terms of the group’s characters and using
the orthogonality of characters gives a concise way of computing them. In [46], Bump and
Gamburd precisely used this technique to study correlations of characteristic polynomials of
U(N), O(N), Sp(2N) and provided a beautiful combinatorial interpretation of these moments.
The results for the unitary group are discussed in detail in Ch. 3.

One of the main goals of this thesis is to develop a parallel theory for § = 2 Hermitian
ensembles. Though the group structure is not available for Hermitian matrices, we will show
how to use the theory of symmetric functions to study characteristic polynomials in Ch. 3.
These results then permit a combinatorial approach to study large N limits of characteristic

polynomials. Much of Ch. 5 focuses on computing these limits and demonstrating under what
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circumstances we recover the semi-circle law in (1.6.21).

1.7.1 Mixed moments

To complete our representative but not exhaustive review of moments, we consider moments
of characteristic polynomials along with their derivatives. To keep it simple, we consider the
results for the unitary group. Recall that the characteristic polynomial of a unitary matrix U

of size N is

N
Z(U,0) = det(I — Ue™ ") = ] (1 — %9, (1.7.19)
j=1
where €1, ... €N are the eigenvalues of U. We are interested in the mixed moments involving

both moments and derivatives of characteristic polynomials,
Fu(k,n) = Epv) [12(U, 02"~ 2/(U, 0[] (1.7.20)
For our purpose, it turns out to be beneficial to work with
_ Ny 2N 6,
Zy(0) =e2 e 225=1"%7(U,0) (1.7.21)

than the characteristic polynomial Z(U, ). For Re(k) > —1/2 and Re(n) > Re(k) — 1/2,
define
En(k,n) := Eyyy |120(0)*" 2% 25(0)%] . (1.7.22)

Note that F (0,7n) is precisely the 2n*” moment of the characteristic polynomial considered in
Thm. 1.6.1. For integer values of n and k, Hughes [146] computed Fi(k,n) and computed its
large N limit. Additionally, Hughes also shows that the limit

. ‘ 1 -
exists and is analytic in n whenever Re(n) > k — 1/2 for £ € N. Dehaye [63] later used the
symmetric function theory to derive formulae for F(k,n) for n,k € N in terms of sums over
partitions. The main interest to study mixed moments in (1.7.22) is due to the connection
with number theory to study the Riemann zeta function. Assuming Riemann hypothesis, a

series of conjectures [53,135,146| indicate that F(k,n) is related to

. 1 L L a2k 1 2k
Tlg"go TW/O 1£(5 +it)] &' (5 +it)|*" dt, (1.7.24)
where
§(t) = e W¢(5 +it), (1.7.25)
with
v(t) :=Im [log (TF_%F(% + %))} . (1.7.26)

In general, there is a substantial interest to extend the results of Hughes and Dehaye to non-

integer values of k. As a first step in this direction, Winn [248| considered the mixed moments
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for half-integer values of k, k = (2m — 1)/2 for m € N. Note that the power of the integrand
in (1.7.22) is still an integer, but an odd integer for the first time. Basor et al. investigated
the limiting quantities of (1.7.22) using Riemann Hilbert methods, and gave an epxression for
F(k:,n) in terms of Painlevé transcendents. In a very recent paper, Assiostis, Keating and
Warren [13] extended the results for arbitrary real values of n and positive real values of k for
n > —1/2, k <n+1/2 and gave a probabilistic interpretation of F(k,n).

Correlation functions involving products and ratios of half-integer powers,

det(t; — M) ...det(t, — M)
M et 21y — M) .. detVA(T, — M)

(1.7.27)

arise in applications of RMT to quantum chaotic systems. The correlations involving only
the half-integer powers of product of characteristic polynomials can be reduced to (1.7.27) by
multiplying and dividing the numerator and denominator with corresponding factors. Fyodorov
and Nock [114] studied the quantity in (1.7.27) for the GOE and evaluated the large N limits
using the formalism of supersymmetry. For the simplest case p = 1 and ¢ = 1, they recovered
the determinantal structure similar to correlations involving only integer powers. For any p and
q, the underlying structure of (1.7.27) still remains to be explored. Correlations involving half-
integer powers, or more generally any real powers, is a very new and active area of research. In
this thesis, we are concerned only with the positive and negative integer powers of characteristic

polynomials.

1.8 Spectral moments

The spectral properties of a matrix M can be extracted from the traces Tr M7 of powers of
M. For example, one way of proving the semi-circle law is the moment method, which requires
computing the moments Ex[Tr M7] and comparing them with the moments of the semi-circle
law, known as the Catalan numbers. These numbers play a key role in combinatorics and count
a variety of objects ranging from lattice paths to the number of polygon triangulations [221].
This suggests that the traces Tr M7 are also combinatorial objects. The moment Ey/[Tr M7]
can be written as a sum over paths of a graph, and the large N limit of moments of these traces
can be obtained by carefully counting the number of paths that gives a non-zero contribution,

for more details see [79].

Moments of the form
En[Tr M7] (1.8.1)

are well studied for different Hermitian ensembles. For the GUE, they count graphs of certain
genus g embedded on surfaces: the 2g"" coefficient of the large N expansion of (1.8.1) counts
the number of pairings of 2¢g vertices in a regular polygon, see for example [154]. Building on the
ideas of 't Hooft [143], Brézin, Itzykson, Parisi, and Zuber [42] initiated the connection between
random matrices and enumeration problems which led to the start of the random matrix theory
of 2d quantum gravity. The averages in (1.8.1) with respect to the GOE and GSE also admit
a combinatorial interpretation with corresponding coefficients related to certain maps [195].

The Laguerre and Jacobi moments in (1.8.1) have applications to quantum cavities and
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study electrical conductance properties [59,60, 178,191, 192, 198, 234|. For the GUE, LUE
and JUE, explicit expressions of (1.8.1) in terms of hypergeometric polynomials can be found
in [58]. For the time being, we return to our paradigmatic § = 2 Gaussian ensemble. Towards
the end of this section, we will come back to the Laguerre and Jacobi ensembles.

Moments involving more than one trace are of interest, the simplest example being
En[Tr M Tr M™)]. (1.8.2)

One can recursively find these moments using the Harer-Zagier recursion [138]. But to the
writer’s knowledge, no explicit expressions valid for all [ and m are available. More generally,

one can consider moments of the form

En| J](Tr27)"] (1.8.3)
J

for any sequence of integers b;. For the GUE, these mixed moments count the number of
ribbon graphs on two-dimensional oriented surfaces [32, 138,143, 228|, see details in App. A.
These ribbon graphs, also called Feynmann graphs, are indispensable in quantum field theory.
For the special case when all b;’s are the same, the moments ES\?)[(Ter)"] for j7 > 3 count
polygon numbers on Riemann surfaces [32,87]. These combinatorial connections are one of the
main motivations of studying GUE correlators; see [25,49,68,69,75,88,169,203].

In similar spirit to the GUE, LUE and JUE correlators are also combinatorial in nature,
and can be expressed in terms of double and triple monotone Hurwitz numbers [57, 126, 127].
Hurwitz numbers count factorisations in the symmetric group and can be computed using the
character theory of the symmetric group. This problem is equivalent to Hurwitz’s original
motivation to count branched coverings of the Riemann sphere with specified ramification
data [147]. Monotone Hurwitz numbers count a restricted subset of these coverings [130].

Having discussed why the joint moments of traces are important, we shall now explore
a method to compute these moments. A convenient way to compute the correlations is by

studying the generating functions of Tr M7. The resolvent can be defined as

Wi(z) :=En [Tr ! } = ZﬁENmMJ’]. (1.8.4)
§=0

The moments in (1.8.3) can be obtained from the correlations of resolvents®

1 1
W, =Ey |Tr — ... Tr ——
k(T1, ..., 21) N[ T rxk—M}
(1.8.5)

1 . .
= Z JIH—WIEN [TrMJl...TrMJ’“]

Jiyeendi <1 k

using the loop equations for Wj. For more details and introduction to the loop equation
method, see [92]. Also see [101,250].

3We are not concerned with convergence issues while interchanging the summation and integration as we
treat the expansion in (1.8.5) as a formal series in variables.
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1.9 Central limit theorem

We have seen in Sec. 1.3 that with a proper rescaling, the empirical spectral measure converges
to a non-random measure. This result can be viewed as an analogue of the Law of large numbers
of probability theory. An alternative way to describe this limit law is as follows. Consider any

bounded continuous function f, then,

N
lim %Zf(mj) :/f(x)p(x) dzx, (1.9.1)

where x;’s are appropriately scaled eigenvalues and p is the limiting distribution. An interesting
question to ask is what are the fluctuations of the linear statistic 3, f(x;) around p. This can
be thought as analogue of the central limit theorem (CLT) of probability theory. This is far
from a trivial question as the eigenvalues of random matrices are highly correlated. A variety
of studies show that these fluctuations are asymptotically Gaussian [15,24,56,70,131,157,174,
176,197,216,219].

When f in (1.9.1) is a monomial, we get Tr M7 whose correlations are discussed in the
previous section. Often it is convenient to replace the monomials with a better structured
entity, such as polynomials orthogonal with respect to the asymptotic eigenvalues density. For
the GUE, the limiting spectral density is the semi-circle law, and Chebyshev polynomials are
orthogonal with respect to this density.

Johansson [157] showed that for a wide class of Hermitian matrices, the random variable
Xy :Tl“Tk(M) —]EN[TI"Tk(M)], keN, (1.9.2)

converges in distribution to a Gaussian random variable as N — oco. Here T}, is the Chebyshev

polynomial of the first kind of degree k. For the (rescaled) GUE in particular,

(X1,..., X)) % (gn, o @rk) , (1.9.3)

where 2 denotes convergence in distribution and r;’s are independent real Gaussian random
variables with mean 0 and variance 1. Similar results hold for Laguerre and Jacobi ensembles.
Much of Ch. 4 involves computing the moments of X}, and estimating the error between these

moments and the moments of scaled Gaussians for a finite matrix size N.

1.10 Overview

To prove the original results in this work, we heavily rely on ideas and tools from the the-
ory of symmetric functions. It transpires that the correlations of quantities we study can be
formulated in terms of the symmetric functions. We exploit this connection in all the subse-
quent chapters. In Ch. 2, we introduce various symmetric functions and review the relevant
properties.

In Ch. 3, we attempt to provide a new and a concise way of computing correlations of

various fundamental quantities. We apply the results from Ch. 2 to study joint moments of
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traces and correlations of characteristic polynomials of § = 2 Hermitian matrices.

In Ch. 4, we study the moments of variables X for § = 2 Gaussian, Laguerre, and
Jacobi ensembles. Various approaches, such as the Riemann Hilbert method [30], the Stein’s
method [176] etc., have already been taken to prove the CLT. In this chapter, we use the
moment method with the information about the joint moments of traces computed in 3 to
comment on the CLT.

The whole of Ch. 5 is devoted to the large N limits of moments of characteristic polynomials.
We do this by using the properties of symmetric polynomials and provide a combinatorial

method to study asymptotics. The last chapter summarises the work.

1.11  Authorship

Original research can be found within all subsequent chapters, and here we emphasise where
such results can be found. Where the results have appeared in papers (either published or
submitted), we give the relevant reference. Additional details are given within the introduction
to the respective chapters regarding authorship and, for those based on existing papers, how

the chapters differ from the respective manuscripts.

1. In Ch. 2, we introduce symmetric functions along with their properties. Most of the
material is taken from the book Symmetric functions and Hall polynomials by Macdonald.
Relevant references are given at places where we deviate from the book. This chapter

also has some new results, which we indicate appropriately.

2. Theorems 3.2.2 and 3.2.3 are the main results in Ch. 3 which appear in a paper Symmet-
ric function theory and unitary invariant ensembles with Prof. Jon Keating and Prof.

Francesco Mezzadri, submitted.

3. The main result of Ch. 4 is Thm. 4.1.5 which is also a part of the paper Symmetric

function theory and unitary invariant ensembles.

4. The asymptotic results in Ch. 5 are also a joint work with Prof. Jon Keating and Prof.
Francesco Mezzadri. The results appear in the paper On the moments of characteristic

polynomials, submitted.
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Chapter 2

Symmetric function theory

2.1 Symmetric functions and their properties

Symmetric functions appear naturally in random matrix theory since the joint eigenvalue
density (1.1.26) is invariant under the permutation of eigenvalues. They are useful whenever an
algebraic or combinatorial structure of the ensemble needs to be studied. Symmetric functions
are indispensable in this work. Here we give a thorough review of these functions and provide

all necessary tools to prove results in the upcoming chapters.

2.1.1 Partitions

The objects we study are parametrised by partitions. Here we introduce the notation and

terminology of partitions and recall some of their properties.

Definition 2.1.1. A partition \ is an ordered sequence of positive integers (A1, Aa,..., \)
satisfying
A=A > > AL (2.1.1)

Here 1 = 1(\) is the length of the partition. We denote the weight of the partition as
A=A+ + A (2.1.2)
We do not distinguish partitions that only differ by a string of zeros at the end,
A=A, ) = (A1, A,0,...,0). (2.1.3)

For example, (4,2,1,0,0) and (4,2,1) are the same partitions with length 3 and weight 7.
An alternate way of representing a partition A is by indicating the frequency of an integer

that appears in \:

A= (101202 k) = (k. K, ..0,2,000,2,1,000,1), (2.1.4)
b, b b
k 2 1

which means that exactly b; parts of A are equal to j for 1 < j < k. In this notation, length
I(A) = by + -+ + by and weight |A\| = by + 2by + - - + kb,. For example, 4 has a total of 5
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partitions listed below:

3,1

2,2) = (2%) (2.1.5)
2,1

1,1

We use the notation A - n to denote that A is a partition of n.

Definition 2.1.2 (Dominance order). Given two partitions A = (A1,...,N) and p = (p1,. .., ),
we say that A dominates pu, p < A, if

MA A >+, Vi1 (2.1.6)

where it is understood that \; = 0 if i > l(\) (similarly for u).

Dominance order is only a partial order because there exists partitions A and p so that
neither A < g nor p < A\. For example, (4,1, 1) and (3, 3) cannot be compared under dominance
order. Therefore, a total order on partitions, such as defined below, is useful sometimes. Note
that 4 < X implies that |u| < |A| which further indicates that A and p can be partitions

corresponding to different integers.

Definition 2.1.3 (Lexicographic order). A total ordering on the set of partitions is defined by
saying that X\ > p if for some j we have A\, = py, for all k < j, and \j > p;.

By comparing the two orderings on the set of partitions, it is clear that if g < A then A > p,

but the other way is not necessarily true.

Proposition 2.1.4. Let # par(n) to be the total number of partitions of n. The generating

function for partition number is

S #parn) " =[] - ! = (2.1.7)
n>0 =1

Proof. The right hand side of (2.1.7) can be expanded as

1 i 42
Hl—ti =JJa+e+¢+..)
i=1 i=1 (2.1.8)

=1 4+t+2 4+ A+ 4+ A+ 54

The partition number # par(n) is the coefficient of ¢ because a term that has nt" power in the
above expansion is obtained by selecting t?* from the first factor, t2¥2 from the second factor,
and so on such that b; 4+ 2bg + - -- = n. Hence every t" in the expansion (2.1.8) comes from a
partition of n, with the exponent of ¢ resulted by summing the integers smaller than or equal
to n. |
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No closed-form expressions for partition numbers are known but there are recursive relations
which can be used to compute # par(n) exactly. The precise estimate for asymptotics of
# par(n) is first obtained by Hardy and Ramanujan [137],

1 o /2n

3., n—o00. (2.1.9)

€ )
An\/3

#par(n) ~

Definition 2.1.5 (Young diagram). A partition can be represented with a Young diagram or
Ferrers’ diagram which is a left adjusted table of |\| boxes and l(\) rows such that the first row

contains A\ boxes, the second row contains Ao boxes, and so on.

In other words, a Young diagram of \ is the set (i, j) € Z? such that i > 0 and X\; > j > 0.
With each pair (4, j) we associate a box at the i** row and the j*" column where the row index

i increases from top to bottom and the column index j increases from left to right.

Definition 2.1.6 (Conjugate partition). The conjugate partition N is defined by transposing

the Young diagram of A along the main diagonal.

[ ]

(2.1.10)

Young diagram of A Young diagram of \

In the above example A = (4,2,2,1), |A| = 9 and I(A\) = 4. Clearly [(X) = A1, I(A) = A] and
X' = X. Suppose v = X, then (i,5) € X iff (j,47) € v. Hence,

J< N = i<y (2.1.11)

Definition 2.1.7 (Sub-partition). We denote a sub-partition u of A by p C X\ if the Young
diagram of p is contained in the Young diagram of A. The set-theoretic difference between A

and p denoted by X — p is called a skew-diagram.

For example, if A = (4,2,2,1) and p = (2,2), then p is a sub-partition of A\ and the

skew-diagram A\ — p is the shaded region in the picture below:

(2.1.12)

Definition 2.1.8 (Young tableau). Given a totally ordered finite alphabet of symbols and a
partition A, a Young tableau is a Young diagram of shape X with each cell of the diagram filled
with a symbol from the alphabet.
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Definition 2.1.9. A standard Young tableau (SYT) of shape X is a filling of the Young diagram
with numbers such that each row and each column forms an increasing sequence. This implies
that the alphabet should have at least max(l(\), \1) numbers.

Definition 2.1.10. A semi standard Young tableaw (SSYT) is a filling with entries weakly

wcreasing in each row and strictly increasing in each column.

In Young tableau, SYT and SSYT some numbers can be repeated provided they obey
the required condition. The weight of the tableau is the sequence obtained by recording the
number of times each number appears. Given below are the examples of standard and semi
standard tableau of shape A = (4,2,2,1). We chose the alphabet of n to be the first n natural

numbers {1,...,n}.

5 23| 1 67| 1[1]3]3]

1 2 2

4 3 4
3] 4] 16 (2.1.13)
A Young tableau A SYT of shape A, A SSYT of shape A,
of shape \ with the weight: (1,...,1) weight: (2,1,2,1,1,1,1)

alphabet {1,2,3,4,5}.

Definition 2.1.11 (Content and Hook-length). A cell (i, ) in X is located at the i*" row and
the j¥ column and its content is given by j —i. The hook $(i,j) is the set of cells (a,b) such
that a =i and b > j ora > and b = j. The hook-length h)(i,7) is the size of the set $H,(i, ).

As an example, the following figures give the content and the hook length of each cell in A
for A =1(4,2,2,1).

0[1]2]3] T]6]2]1]
—-1] 0 4
—2|—1 3 (2.1.14)
-3 1
Contents of A Hook lengths of A
The hook length of A at (4, 7) is given by
ba(i,4) =X+ Nj—i—j+1. (2.1.15)

The hook length formula expresses the number of standard Young tableaux of shape A, denoted

by f, as
Al

S L — (2.1.16)
H(z‘,j)eA DG

f)\
Proposition 2.1.12. Let A be a partition such that A\ < q and N} < p. Then the p + ¢
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numbers
Nitp—i(1<i<p), p—1+j-N;(1<j<q), (2.1.17)

are a permutation of {0,...,p+q— 1} [182].

Proof. 1t can be seen that all the numbers lie between 0 and p+¢— 1. For 1 <14 < p, we have
q Z )\1 Z )\i Z 0. Thus,
0<Ai+p—i<p+q. (2.1.18)

For 1 < j < g, we have p > X} > X\, > 0. Thus,
0<p—1+4+j-X <p+gq. (2.1.19)

Now it is sufficient to show that there are no repetitions among these numbers. The sequence
Ai+p—1 is strictly decreasing by definition as 7 runs from 1 to p. So there can be no repetitions.
Similarly p — 1+ 5 — )\9 is strictly increasing as j runs from 1 to ¢. Now it remains to show
that )\i—l—p—i#p—l—i—j—)\} for 1 <i<pand1l<j<gq. In other words, we require

Ai N+ 1#04 7 (2.1.20)

There are two cases: If j < A; then using (2.1.11) 7 < X% So, i+ X, +1 > Xj+A; > i+j. On
the other hand, if j > A; then 7 > X which implies that A; + X +1 < A; + ) <4+ j. Thus,
(2.1.20) is always satisfied. [

Proposition 2.1.13. It follows that [182]

T IS a -

[T @ -6D) = S (2.1.21)
(4,5)EN H]<k(1 — TR )
Proof. Let
P
Fap =D _tNTP7, (2.1.22)
=1
Then,
Fap+ 7 g (871 Zt%“ J +th 13X
= 1_|_t_|_..._|_tp+q—1 (2.1.23)
11— tPta
1-—-t
By interchanging A with X\ in (2.1.23) and setting ¢ = I(\) = A1, we get
' A1+p—1 '
Py HPFITL AT = Ztka“l 4 Zth Mo = N (2.1.24)
=0
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In other words,
A1 P A1 +p—1

Zthx(l,j) + Zth—)‘j—H‘j - Z tj’ (2.1.25)
j=1

j=1 7j=2

where by (1, 7) are the hook lengths corresponding to the first row of A\. Applying this identity

for partitions (Aj, A\j41,...), and then summing over j = 1,...,l()) leads to
Aj+p—j
ST D) 3 e 2y Z tk, (2.1.26)
(4,7)EX j<k j>1 k=1

from which it follows that

Ajp—
H (1 — 0 (@) H(l — ARy = H H (1—t*). (2.1.27)

(B,7) €A i<k izl k=1
[ |
Corollary 2.1.14. The product of the hook lengths of A is
[Tj51 (A +p =)
ha(i, ) = = ) 2.1.28
II wied) = 25 =70 (2.1.28)

(i,4) €A
Proof. Multiplying both sides of (2.1.21) with (1—¢)~1* and setting t = 1 proves the result. H

Proposition 2.1.15. Consider a partition A such that [(\) < n. Denote the content of each
cell by cx(i,7). Then [182]

Aj +n J k

. —1
H (1 — ety — [z 1= o . - ). (2.1.29)

(i,5)EX H]>1H (1_t )
Proof. The numbers n + ¢y (i, j) in the ith row of Naren—i+1,...,n—i+ \;. Thus we have
the above equality. |

The given results are just a few among several other interesting properties of partitions. For

more results, readers can refer to [182].

2.1.2 Symmetric functions

A function f is symmetric if it is invariant under the permutation of its arguments. For
A= (A1, Ae,...), let
XN = a2 (2.1.30)

A homogeneous symmetric function of degree n is the formal power series

flan,me,...) =) e X?, (2.1.31)
A
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such that ¢y € R and every term in the sum has the same degree. If the number of variables
is finite, we have symmetric polynomials instead of symmetric functions.

More formally, consider the ring of polynomials Q[z1,...,z,]| in n independent variables
with rational coefficients. The polynomial is symmetric if it is invariant under the action of

the symmetric group S,,. Symmetric polynomials form a graded subring

Aw=Qlar,.. 2™, Ay = DAL, (2.1.32)
k>0

where A¥ consists of homogeneous symmetric polynomials of degree k including the zero poly-
nomial. The number of variables is usually irrelevant and it is convenient to work with sym-
metric functions instead of polynomials. Define the graded ring of symmetric functions in

infinitely many variables x1,x2,... to be

A =Pk (2.1.33)

k>0

The elements in A are no longer polynomials but are formal sums of monomials. The space of
symmetric functions has several important bases usually indexed by partitions. Here we list
some of these bases.

The monomial symmetric functions are
My =) X (2.1.34)
(e

where « is summed over all distinct permutations of A. For instance,

M 1y (w1, 22, 23) = 2172 + T173 + 273, (2.1.35)
Mz 1 1)(21, 22, 03) = Tiw2w3 + T12503 + 112273,

Polynomials M) such that I[(\) < n and |\| = k forms a Z—basis of A¥. The M) when X runs
over all partitions of length < n forms a Z—Dbasis of A,,.

Next are the complete symmetric functions h,.,
(2.1.36)

Equivalently, if the number of variables is n,

he(21, ... 2) = > Tiy Tiy - - - T (2.1.37)

and h, = 0 for r < 0. The generating function for the h, is

H(t)=> ht" =]] L (2.1.38)

1—x;t
r>0 i>1 J
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We define
Hy = hyhy, ... (2.1.39)

which form a Z—Dbasis of A. A few examples of H) are

H1 1y (21, %, 23) = (21 + 22 + 23)°,
H(3,1,1)(901, T2,23) = (3;'?1’ + x% + :C% + x%m + wlx% + x%xg + :le% (2.1.40)

+x%x3 + .7)21‘% + .9311‘233‘3) (1 + 22 + x3)2.

For each r > 0, the r" elementary symmetric function e, is

ey = Z Ty Tig -+ - Tiy s (2.1.41)

1 <tg<-+<ip

and e, = 0 for » < 0. The generating function for the e, is

E(t)=> et" =[]0 +zt). (2.1.42)

r>0 >1

Similar to the complete symmetric functions,
E)\ =€)\ €Exg - - (2.1.43)
forms a Z—basis of A. Examples of E) are

Eq (21, 22,23) = (31 + 22 + 23)°,

) (2.1.44)
E 1) (71, 72, 23) = m170973(271 + T2 + 73)°.
Clearly, from (2.1.38) and (2.1.42), one has
H(t)E(-t) = 1. (2.1.45)

Equivalently, for all n > 1, we see that

n

> (—1)ephn_y =0. (2.1.46)

r=0

Since A = Z(ey,ea,...), the e, are algebraically independent over Z. Therefore, we can

define a homomorphism w of graded rings,
w:A— A (2.1.47)

by
w(er) = hy. (2.1.48)

Using (2.1.46), it can be readily seen that w? = 1, i.e. w is an involution. Solving (2.1.46) for

e, we obtain
€r = det(hl—j+k)1§j,k§r- (2149)
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Dually, we obtain
hr = det(el_j+k)1gj,k§,,«. (2150)

Next, we define the " power sum function as
pr = Zx§ = M) (2.1.51)
J

for r > 1. The generating function for the p, is

Pt)=>Y pt" ' =) ) ajtr!

r>1 §>1r>1

v on Ly a, 1 (2.1.52)
T gt Leat Bl
Jjz1 Jj=21
so that d ) q )
P(t)=—1 = —logH(t) = . 2.1.53
=% Oggl—xjt a e H ) = (2.1.53)
Similarly, one can show that
E'(t)
P(—t) = Bl (2.1.54)
From (2.1.53) and (2.1.54), we obtain
re, = Z(—l)j_lpjer_j, (2.1.55)
j=1
rhy =Y pihe_;. (2.1.56)
j=1

The above equations are called the Newton’s identities, and they can be used to express the
p’s in terms of the A’s and the e’s, and vice versa. Newton’s formulae can also be written in a

determinant. By treating the e’s to be the known functions in (2.1.55) and solving for the p’s

gives
€1 1 0
2e9 €1 1 .. 0
pr=|. . |- (2.1.57)
T€r €Er—1 €Er_9 ... €1

Likewise, by treating the e’s to be unknown functions and the p’s to be known, we obtain

P1 1
p2 pl 2 O
rle, =| : : : sl (2.1.58)
Pr—1 Pr—2 Pr—3 ... r—1
Dr Pr—1 Pr—2 ... b1
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The dual relations of (2.1.57) and (2.1.58) are

hi 1 0 ... 0
2ho  h1
()" 'pe =1 .
Thr h,«_l hr_Q N h1
p -1 0
D2 p1 =2
rlh, =1 : : :
Pr—1 DPr—2 Pr-3 ... —T—+ 1
Dr Pr—1 Pr—2
For example,
1 1
€2=§(p%—p2)7 ho = 5(1?%4-]92),
and
po = €3 — 2ey = —h? + 2hs.
If we define

Py =pxpxr,---

(2.1.59)

(2.1.60)

(2.1.61)

(2.1.62)

then from the Newton identities, it is clear that the Py forms a Q—Dbasis of A. Since the

involution w interchanges the e’s and the A’s, from (2.1.55) and (2.1.56) we have

W(pr) = (_1)T_1pr7

for r > 1. For any partition A,
w(Py) = (=)= py

(2.1.63)

(2.1.64)

Similar to (2.1.53) and (2.1.54), the generating functions for the e, and the h, can be written

in terms of the generating function for the p,.

Proposition 2.1.16. Consider a partition A = (1°12%2 ...} and let

o =] 4%0,"

Jj=1

Then [182],

1
E(t) = Z(—l)“'*l(’\)gﬂt"\',

A
1
H(t)=>" gPAtW.
A
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Proof. From (2.1.53),

i1
[e'S) 1 b
_ i 15bj
=11 > o™ (2.1.68)
iz16,=07 77"
_ N L
XA
Now applying the involution w proves the first line of the proposition. |

Next in the list are Schur polynomials Sy given by

det(@}* ) 1 ren

S)\(l'l...x>— J —
’ o dEt(I‘? k)lgj,kgn
A1+n—1 A1+n—1 _
$11 n x21 n x21+n 1 (2'1‘69)
1 x?2+n_2 :c§2+"_2 cooxhtnT2
- A(x) : : ’
.T}i\" a:é" )
where
Alx) = det(x?_k)lgj,kgn = H (x; — o) (2.1.70)
1<j<k<n

is the Vandermode determinant. We define S)(x) = 0 when [(A) > n. If [(A\) < n, we append
n—1(\) zeros at the end of A so that A;;1 = --- = A\, = 0. The Vandermonde determinant is an
alternating polynomial i.e. a polynomial which changes sign under the permutation of variables.
Since A(x) is an alternating polynomial of the lowest possible degree, it is a factor of every
other alternating polynomial. Clearly, the determinant in the numerator is also alternating,
and hence divisible by the Vandermonde determinant. Thus, S) is a symmetric polynomial in
the variables z1,...,x,. The Sy form a Z—basis of A, and S such that |A| = k& > 0 forms a
Z—basis of AF.

A Schur polynomial may be defined combinatorially as a sum of monomials,

Sa= > XT= > k. al (2.1.71)
TESSYT(N) TESSYT(A)

where the summation is over all semi standard Young tableau T" of shape A. Here t; counts
the occurrences of j in T
For example,

5(1,1)(961, T, x3) = T1T2 + Tax3 + T1T3. (2.1.72)

The monomials in the R.H.S. arise from the SSYT

17

43



As another example,
3 3 3, .22 2.2 2.2
S(3,1,1) (71, T2, T3) = T)T2T3 + T1THT3 + T1T2Ty + TITFT3 + T]T2T3 + T15T3, (2.1.74)

and these summands arise from the SSYT

23]

11

[eo] vo] =

(2.1.75)

1[3] 2[3]

oo =] [ e =

oo =] [ o] =

The combinatorial way of computing the Schur polynomials (2.1.71) becomes cumbersome
quickly. On the other hand, the determinantal formula is more reliable for explicit polynomial
expressions.

The Schur functions Sy can be expressed as a polynomial in the complete symmetric func-
tions h, and the elementary symmetric functions e,.. These expansions are called the Jacobi-
Trudi identities. Here we state these results and standard proofs can be found in [105, 182].

For the first Jacobi-Trudi identity, we have

hy, hae1 o Byt
Sy = det(h)\ifi+j)1§j,k§l()\) = h)\Q.il h.)\Q o h/\QH.(A)_Q (2.1.76)
Py —in+1 ha—ioy+2 - hy,
Dually, the second Jacobi-Trudi identity is
exy N +1 s BN (V) -1
Sx = det(ex—itj)1<jp<i(v) = et "% eXQH.(X)J (2.1.77)
EN—I(N)+1 CN—I(V)+2 - e\
Clearly,
Sy = hr, and Siry = ;. (2.1.78)
From (2.1.76) and (2.1.77), it follows that
w(Sy) = Sy (2.1.79)

The Schur polynomials can also be expressed as a linear combination of the monomial sym-

metric polynomials,

Sx=Y KM, (2.1.80)
N

where p is a partition of |A|. Here K, are Kostka numbers: non-negative integers that count
the number of SSYT of shape A and weight p. The values of Ky, for |A| = |u| = 3 are listed
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below:

Ky = K@)y = Keyany =1
Koy =0, Keneny =1 Kenain =2, (2.1.81)

Ka1ye) = Kainyeny =0, Kainaiy =1

Like other symmetric polynomials, the power sum polynomials are also related to the Schur
polynomials. Consider p = (1°12% ... k), we have

A X

DN SIENIPN 3%

Y H

" (2.1.82)
zu = [ [ 4751,
J

where X,’) are the characters of the symmetric group S,,, m = |\| = |u|. Here A\ denotes the
irreducible representation and p denotes the conjugacy class of S,,. The constant z, is the
size of the centraliser of an element in the conjugacy class p. The centraliser, also called the
commutant, of an element g in a group G is the set of elements of G that commute with g.
The above equation is an equivalent way of writing the Frobenius formula for the characters
of the symmetric group. The orthogonality relation for the characters is
A A
Z X;LXV = Z,u,(sum
A
1, (2.1.83)
Z 7Xux,u, = 5)\1/7
PR

Proposition 2.1.17. For any A such that [(\) < n, where n is the number of variables [182],

Ni— e —7+Ek j, k
St....n= [ “ k’“ JtE_ I1 W (2.1.84)
\<jhen —J ety ba(d, k)
Proof. First consider the Schur polynomial evaluated at (1, x,22, ..., 2" 1),

det(x(j_l)()‘k+n—k?))
n—1y\ __
S\(L,z,...,2" ") = det (z0-DR) (2.1.85)

The numerator and the denominator are Vandermonde determinants in the variables z*+ 17—

n—k

and "%, respectively. Hence,

B Hk<j(x>\j+n—j o x)\k‘i‘?’b—k‘)

Hk<j (I — xn_k)

Sx(l,2, ..., 2™ 1) (2.1.86)

By using the L’Hopital’s rule and taking the limit x — 1, we prove the first equality in (2.1.84).
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To prove the second equality, consider

det(x(jfl)()\;ﬁrnfk)) — H(x)\frnfj . x)\k+nfk)

k<j
— gk Nt H(l _ xAkajkarj)
k<j
= :Uzj(j_l))‘j+%n(”_l)(”_2) H(l _ x)\kfkjfk%j)

k<j (2.1.87)

Ai+n—j k
— xzj(j_l)Aj"r%n(n—l)(n—Q) szl ijzl (1—2%)

e - PLNCI)

n_lnzj 1 — gntea(ig)

— 22 G-+ gn(n—1)(n—2) H H(l ) H o
— A 1,

=1 k=1 (i) €A

We used (2.1.21) in the last but one line, and we used (2.1.29) in the last line. The Vandermonde

evaluated at (1,z,...,2"71) is
L n—1ln—j
ALz, 2" ) =z DD TTTT(1 - oF). (2.1.88)
j=1k=1
Hence,

n+-cy (2,7
S\(1,z,...,2" 1) = 22 =D H 1 — gntea(@d)

(3,7)EX

T (2.1.89)

Now setting « = 1 proves the proposition. |

The Schur polynomial evaluated at all 1’s counts the number of SSYT of shape A. Next
we have the Pier: formula which provides a way to multiply a Schur function Sy with another

Schur function of the form S,

SxSiry = Sahe = > Sy, (2.1.90)
°w

where the sum p is over all partitions obtained from A by adding a total of r boxes to the rows,

but with no two boxes in the same column. That is those p = (u1, p2, ... ) such that
,ulz)\lz,lLQZ)\QZ---ZO. (2.1.91)

For example,
S3,1)502) = S6,1) T Su2) +5u,1,1) 533 +53,2,1) (2.1.92)

which can be diagrammatically seen as
[ L
— i
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Likewise,

SxSary = Sy, (2.1.94)

where partitions v are obtained from A\ by adding r boxes such that no two boxes are added
in the same row.

The Littlewood-Richardson rule tells how to multiply two Schur functions Sy and S, for
arbitrary A and p. More precisely,

SaSu=>_ X,Su, (2.1.95)

where ¢, are non-negative integers and c§, = 0 unless [v| = [A| + |u[ with g, A C v. The
coefficients ¢, count the number of ways of expanding the Young diagram of A to the Young
diagram of v by a strict p expansion. A p expansion of a Young diagram is obtained by first
adding p1 boxes according to Piere’s description, and putting 1 in each of these u; boxes; then
adding ps boxes by putting 2 and so on. The expansion is complete when the last entry of
1, say g, is added with integer k. The expansion is strict when the following condition is
satisfied: If the integers in the boxes are listed from left to right starting from the top row and
going down, then each integer a between 1 and k& — 1 appears as many times as the the next
integer a + 1 among the first b entries for any b between 1 and |u|.

For example,
5(271)5(2?1) = 5(4,2) + 5(47171) + 5(32) + 25(3,2’1) + 5(3’17171) + 5(23) + 5(272’171). (2.1.96)

The above product S5 1)S(2,1) can be computed by listing the (2, 1)—expansion of the Young
diagram of (2,1).

T [1]1] ' T
2 1(2 5

T 2.1.97
: : (21.97)

2 1 T

11 112 z

The coefficients CKN also have the symmetries

K=y =K (2.1.98)

The functions My, Ey, Hy, P\, and S) are the most important and useful functions for

our purposes. In the next section, we give some properties satisfied by these polynomials.
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2.1.3 Orthogonality

Define a scalar product on A by imposing the condition that the bases (M)) and (H)) should

be orthogonal with respect to each other:
(M, Hy) = dxps (2.1.99)

where A and p are any two partitions and dy, is a Kronecker delta.

Proposition 2.1.18. Let x; and y;, j = 1,...,n, be any two sequences of independent vari-
ables. Let (vy) and (wy), indexed by partitions, be a Q—basis of A. Then the following condi-

tions are equivalent [182:

(1) (vxn,wyu) = Sxus YA, . (2.1.100)
(i4) z/\:v,\(m)w,\(y) _ j[’! — _;yk. (2.1.101)

Before proving Prop. 2.1.18, we pause to gather the required identities.
Proposition 2.1.19 (Cauchy determinant). We have

(2l ) oA
L=2Yk ) j =1, .m H?,k:l(l — T;jYk)

Proof. We begin with the determinant in the L.H.S. Subtract the first row from the remaining

(2.1.102)

n — 1 rows by noting that

1 1 oz - Yk
1—zjyr  l1—xiyr 11—yl — iy

(2.1.103)

Factor out the common terms, and subtract the first column from the remaining columns by

noting that
Yk Y1 Yk — Y1 1

T—zjye 1—ajyn - -z

(2.1.104)

After factoring out the common terms, we are left with a determinant whose first row is
(1,0,...,0) and the entries in the lower right corner being same as the original matrix entries.

The proposition can be proved inductively by repeating this process. |

Proposition 2.1.20 (Cauchy Identity). We have

0 Il =% - h@h) (2.1.105)
A

J LT Tk

@) [ b > Hy(x) M (y) (2.1.106)
A

jie 1 Tl

@i) ] o > Sa(@)Sx(y) (2.1.107)
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Proof. (i) Denote xy to be the sequence of variables z;y;, i,j = 1,2.... Note that

pr(xy) =Y ()" = pr(x)pe(y), (2.1.108)
ij
which implies
Py(xy) = PA(x)PA(y)- (2.1.109)
Recall
he =Y 2 ' Py, (2.1.110)
A1

and ,

zzrjhrt :1;11—95]-75' (2.1.111)

By setting t =1,
- ZZ; Py (xy) (2.1.112)

(#1) Using (2.1.38), we have

1
O | LTSRS | oot
gk J Kk

= Z H)\(X)MA(Y) (2.1.113)

(#4i) This is the most useful and important result among the listed identities. Here we give
three different proofs of (2.1.107) by using some of the definitions and tools introduced so far.
Representation-theoretic-proof: Using the orthogonality of the characters of the symmetric
group and (2.1.82),

II

’

_Z (y)

_ZZ XAX)\S x) S, (y) (2.1.114)

Aoy

= Su(x)Su(y)
17

1— TjYk

Symmetric-function-theoretic-proof: First consider the case when the number of variables is
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finite, say n. Let 6 = (n —1,n —2,...,0), and for any partition \ let

ay = det(z)?). (2.1.115)
Clearly
Sy = 2+ (2.1.116)
as

where A 4§ is a partition whose parts are obtained by summing the individual parts of A and
9,
A+o=NM+n—1X +n—-2,...,\). (2.1.117)

For an element o € S,,, denote o - A to be the permutation of the entries of \. We have,

ay.x = sgn(o)ay, (2.1.118)
ax(y) = Y _ sgn(o)Y7?, (2.1.119)
g€S,

where Y is given in (2.1.30). Recall the first Jacobi-Trudi identity

Sy = a;” = det[hy,_is;]. (2.1.120)
6
Therefore for o = A + 6,
ao = a5 det[ha,—ntj] = as Z sgn(o)Hy—o.5- (2.1.121)

gESy

By using (2.1.106), (2.1.119) and (2.1.121), we obtain

n

as(®)as(y) ] ——— = aslx COLC

ig=1 L=y
= as(x Z Z sgn(o x)Yyrtod
oESn M (2.1.122)
x) > > sgn(0)Hy_g.s(x)Y"
ceES, V

=> a,(x)Y

Using (2.1.118), the sum in the last line is equal to
> aa(x)aal(y) (2.1.123)

for some « such that ay > as > - > «,. By writing o = A + §, we arrive at

n

as(x)as(y) [

k=1

—_— = axts(X)arts 2.1.124
1_%% Z + +5(¥)- ( )

Now letting n — oo proves the statement.
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Algebraic proof: Start with the identity (2.1.102) and expand the entries of the determinant

in the L.H.S. as a formal series in « and y variables:
(1—zjye) " =1+ aue + 2508 + ... (2.1.125)

The coefficient of Y7, for some « such that 43 > 72 > ..., in the determinant is a-(x) where

a is the same as in (2.1.115). By the symmetry of the x and y variables we have

1
= Zdet ) det(y,) (2.1.126)

= E CLWXCL
5

Therefore,

1 as(x)
det <> = a (2.1.127)
=29 /) jp=t,.m Hj,k:l(l l‘yyk = 2wl

Y

Writing v = A + § for some partition A and rearranging the above equation proves the propo-

sition. |
We are now ready to prove Prop. 2.1.18.

Proof of Prop. 2.1.18. Let
A=Y axaMa, wy=Y busHp. (2.1.128)
a B
Using (2.1.99), the inner product of vy and w,, is
(v, wy) Zam s (2.1.129)
Therefore (2.1.100) is equivalent to
Z a)\abuoz = 5>\;L- (21130)
[0

Using (2.1.106), the identity in (7) is equal to

D @ way) = Hal(x)Ma(y). (2.1.131)
A a
But, we have that
> ua@way) =D arabrgHa(x)Ms(y) (2.1.132)
A A aB
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By comparing (2.1.131) and (2.1.132),
D arabag = dag, (2.1.133)
A

which is equivalent to (2.1.130). Therefore, (2.1.100) is equivalent to (2.1.101). [

Proposition 2.1.21 (Dual Cauchy identity). By applying the involution w to the symmetric
functions in x variables in (2.1.105), (2.1.106) and (2.1.107),

@) IO+ zm) = Z;(— DN py () Py () (2.1.134)
i,k

(i) JJO+zm) = ZE)\ ZMA (2.1.135)
gk

(i) [+ zmm) = ZSA ) Sy (y (2.1.136)
7.k

Next, we prove a version of dual Cauchy identity, an essential tool in studying characteristic

polynomials.

Proposition 2.1.22. We have [182]
P -
[TIIE =)= > (~)Msy(0)S; (), (2.1.137)

whereS\:(p—)\;,...,p—)\’l).

Proof. For the finite set of variables t1,...,t, and y1,...,y,, the identity in (2.1.136) becomes

P q
TTTIO+ty) = > Sa®)Swly (2.1.138)
i=1j=1 AC(gP)
By replacing y; with —1/z; and denoting
1 1 1
- = <) , (2.1.139)
X X1 Lq
we obtain )
TG =) = (0P [T 22D Sa(t)Sw(-1/x). (2.1.140)
i=1j=1 J=1 A
Moreover,
1
A(-1/x) = ————FA(x). (2.1.141)
¢ .a
j=17;
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Thus,

—1)P4 - _M -1 A tg—m
(—1) j];[lxﬁsx(-l/x)—A(_l/x> det((xl> )l

7m:17“"q
P\ Py

_ x .o

(—1) P2 g | ! (2.1.142)
AX) pHg—Ag—1 p+q—A,—1
Ty S Ty
= (-85 ()

Combining (2.1.140), (2.1.141) and (2.1.142) proves the proposition. [

The stated results are just a few among several other properties of symmetric functions.
Interested readers can refer to [182] for more details.
2.1.4 Multivariate orthogonal polynomials

The Schur polynomials can be generalised by replacing the monomials in the matrix entries

with polynomials. Define

Purtn-1(21)  Puitn-1(22) .. Gpn—1(Tn)
1 Sp,uz-&-n—?(xl) ‘Pu2+n—2($2) e 90u2+n—2(37n)
@ = — 2.1.143
gp#n (.fl) SD#n (wQ) R (pun ($n>
where I(1) < n and @;,i = 0,1,..., are a sequence of polynomials. If I(1) < n, we append a

sequence of zeros to p such that p; =0 for j =1(p) +1,...,n. When () > n,
P, (x) :=0. (2.1.144)

These ¢, are called generalised Schur polynomials [213]. For example, Choose ¢;(x) to be

j
pi(x) =) ajrz’ (2.1.145)
k=0

for some coefficients aj;. Then,

Do) (w1, 2, 3) = ar1a00 [asa(@] + 3 + 23 + 2122 + T2w3 + T173)
+a43(x1 + T2 + T3) + as2],
( )+ aaz] (2.1.146)
D11y (w1, 2, 73) = aoo [azzaze(T172 + 213 + T123) + azzaz (T1 + T2 + x3)

+ag1azz — axaz] .
When ¢;(z) are chosen to be a sequence of polynomials orthogonal with respect to a weight
w(x), then the @, are also called multivariate orthogonal polynomials (MOPs) [21,22]. Several

properties such as the Cauchy identity and the dual Cauchy identity can also be generalised
to MOPs.
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We begin with the generalised Jacobi-Trudi identity satisfied by the @,. Let ¢;(z) satisfy

a three-term recurrence relation

zpj(z) = pjt1(x) + ajpi(x) + bjpj-1(x) (2.1.147)

with o9 = 1 and ¢_; = 0 for j € N. For the sequence of coefficients a; and b;, define the
()

polynomials hy’’(x1,...,z,) recursively by
ROt = b9 4 a1 hD) 4 by B (2.1.148)

with the initial data

907'+n71($1) SOTJrnfl(xQ) cee QDTJrTL*l('%n)
n—2 n—2 n—2
1 x x . an
hO) = &, (x) = N b ’ , : (2.1.149)
x : : :
1 1 1

Note that the integers j and r can be less than zero, but it can be checked that hgj V=0 if

r+ 7 < 0. For the recursive relation (2.1.148) to be well-defined, extend the coefficients a;

and b; arbitrarily to negative . Whenever j < r 4 2n — 2, the hgj ) does not depend on the

coefficients a; and b; extended to the negative 1.

Lemma 2.1.23. We have [215]
W (@1, w0) — 2B D (@1, w) = WY (29, ) (2.1.150)

Proof. First set j = 1. By using (2.1.147) and (2.1.148), the L.H.S. of (2.1.150) is

hg)(fcl, R xlhﬁo)(agl, ceeyTp)
:hgl(azl, ceey ) + arﬂb,lhg)) (T1,...,2pn) + br+n,1h£,0_)1(1‘1, ce sy Xy)
0 (2 = 21)Prin-1(z2) ... (Tn — 21)@rin-1(Tn) (2.1.151)
1 |pa2(®) Pn—2(72) - Pn—2(Tn)
A(x) : : :
1 1 1
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Subtracting the first column from the remaining columns give

0 ($2'_'x1)¢r+n—1(x2) cee (xn _'xl)wr+n—1($n)
1 On—2(1) @n-2(T2) —Pn-a(®1) ... @n-2(Tn) — Pn-2(z1)
A(xlﬂ 7xn)
1 0 ... 0
(2.1.152)
¢r+n—l($2) - @r+n—l($n)
1 Yn—2(x2)—pn_2(x1) Pn—2(xn)—pn_2(x1)
— To2—T T Tn—2T1
‘A($27 7xn) : :
p1(x2)—p1(z1) o p1(@n)—p1(z1)
To2—T1 In—2T1
The determinant in the last can be simplified further. The entry

T — Ty

is a polynomial of degree k — 1 in z; and x,,. Doing the rows operations on the last n — 2 rows
simplifies the determinant to
0
W, (o, .. x0). (2.1.154)

Using (2.1.148), the lemma can be proved by induction in j. |

Proposition 2.1.24. The generalised Jacobi-Trudi formula is [213]

l_
A
0 1 -1
g, | Mt Tt e (2.1.155)
/72 . . . 9 Ll
) (1) (i-1)
hulflﬁ’l h,u,l*lﬁ’l tte h,ul*lﬁ’l

where | = 1(p).

Proof. To make the proof more readable, we use the following notation to denote the permu-

tation of variables x;:

{f@1,.wn)} = D s8n(0)f (Ta1)s - To(n))- (2.1.156)

gESy

By the definition of h&o) we have
MO (zy,. . ) A, w,) = {RO2771 20 = {¢prna(z)ah™2. 20} (2.1.157)
Using (2.1.147) and (2.1.148), it can be shown by induction in j that

{hP 2t a2} = {2 dpynor(z1)ay 22} (2.1.158)

n
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for j <r 4 2n — 2. Now, consider

k
A(Z’l, [N 71.71) det(hij)_]_Fl)J,k:O,,l(,u)*l
0 1 -1
(N R B
0 1 -1
R I
(0) (1) (1-1)
hp—en P - Py
Puy+n—1(71) T1Gpn1(@) o 2T G ()
0 1 -1
hLQ)_l(ﬂjl,...,xn) hELQ)—l(a?l’”'?xn) hfj,g—%(x17""xn) n—2 0
== . . M x2 ’ xn
0 1 -1
R B SO ' W)
(2.1.159)

Except for the last column, multiply all the other column with z; and subtract it from the

next column. Then, applying Lemma. 2.1.23 to all the rows except for the first row gives

h,(g)(arg,...,mn) h,(f;m(xg,...,:cn)
Gur+n—1(71) : : i 2 2d b (2.1.160)
0 -1
hLllHQ(:L‘z,...,xn) hLlfl)JrQ(xg,...,mn)

By induction this simplifies to

{¢u1+n71($1)¢u2+n72($2) . Qb,un (xn)} . (2.1.161)

Proposition 2.1.25 (Laplace Expansion). Let =, , consist of all permutations o € Sp1q such
that
ol)y<---<a(p), op+l)<---<olp+q). (2.1.162)

Let A = a;j be a (p+q) x (p+ q) matriz, then the Laplace expansion in the first p rows can be

written as

Uo(1) -+ ALo(p)| |%+Lo(p+l) - Aptlo(pta)
deta;;] = Z sgn(o) | Do x : : . (2.1.163)
7S Apo(1) -+ Apop)| |Dtgop+l) - ptgo(ptae)
Proposition 2.1.26 (Generalised dual Cauchy identity). We have [165]
P g

[TTI¢ -2 =Y (~0)Poyt)o;(). (2.1.164)

i=1j=1 AC(gP)
Here \ = (P = A0 —A).

Proof. Assume that ¢; are monic. Using the definition of generalised polynomials, Proposi-
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tion 2.1.25 and Proposition 2.1.12, the right-hand side of (2.1.164) can be written as

Pprq-1(t1)  Pprg—2(t) ... 1
1 1 —1( —o(t o1
Pp+a—1(tp)  Pptg—2(tp) ' (2.1.165)
Ap(t) Aq(X) SOp+q_1(£L‘1) (,0p+q_2(.%'1) o1
Pp+q-1(ZTq)  Pprg—2(xg) ... 1
Now, using column operations we arrive at
+q—1 +q—2
A <O |
(S N A A A |
D il igo : (2.1.166)
Ap(t) Ag(x) |27 b U
ghtat ghta=2

The determinant in (2.1.166) can be evaluated using the formula for the Vandermonde deter-

minant. We have

P q
H (ti - tj) H (l’z — .%'j) H (ti — .%'j). (2.1.167)
1<i<j<p 1<i<j<q i=1j=1
Combining eqs. (2.1.165)—(2.1.167) proves the lemma. [

If p;(—z) = (—1)Pp;(z), as for Hermite polynomials, then
G, (—x1,...,—xn) = (=)@, (21,... zN). (2.1.168)

It follows that (2.1.164) becomes
I+ = Pt ... tp) D5 (1, . . 2q). (2.1.169)

The proof of Prop. 2.1.26 also gives an alternative way to prove the classical dual Cauchy
identity when the polynomials in (2.1.165) are replaced with monomials.
Polynomials &, can be expressed as a linear combination of Schur polynomials and other

classical symmetric polynomials. For example

Bu(x) = KuSy(x). (2.1.170)

vCp

We give the explicit expressions for the coefficients «,, in Ch. 3, Sec. 3.4. For a well-defined
weight w(x), polynomials @, satisfy several interesting properties similar to their univariate
analogues. In Ch. 3, we will mention a few of these properties, such as the orthogonality

relations and differential equations satisfied by &,,.
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Because the Schur polynomials and the multivariate orthogonal polynomials can be ex-
pressed as a ratio of determinants, both Sy and &) defined in (2.1.69) and (2.1.143) are
specific to § = 2 ensembles. Schur polynomials generalised to other values of 8 are called Jack

@)

polynomials C§ , @ = 2/B, which are homogeneous symmetric polynomials that satisfy the

following properties:

— We say that the monomial IL‘i\l xl)‘l is of higher weight than /" ... 2" if A > p. The

polynomial C/(\a) (x) has the form

C’ia) (x) = C)\l'i\l . .xl/\’ + monomials with lower weight, (2.1.171)

where c) is a constant and the monomial :ci‘l e xl)‘l is of highest weight.

a)

— The normalisation of C/(\ is fixed by the condition

@4tz = Y O z). (2.1.172)
AFj
I(N)<n
— The polynomial C/(\O‘) (x1,...,my) is an eigenfunction of the differential operator
x2 0
I — 2.1.173
Zx]a2 ;xj—xkﬁx] ( )

All the above conditions define the Jack polynomial C’g\a)

uniquely. The differential operator
in (2.1.173) is the Hamiltonian of a Calogero-Sutherland-type quantum system [21]. The Jack
polynomials that we defined are referred as ’C’ normalised. There are other normalisations
for Jack polynomials, namely the 'P’ and ’J’ normalisations. In the ’J’ normalisation, the
coefficient of the monomial z; ...z, in C’ia) (x) is n! for [A| = n. In the 'P’ normalisation, the
coefficient of the monomial of the the highest weight should be 1. For a detailed description
of different normalisations and their uses, the reader is encouraged to refer to [77].

Similar to the Schur polynomials, multivariate orthogonal polynomials can also be defined
for arbitrary 5. Throughout this work, we are interested when ¢, (z) in (2.1.143) is one of the
Hermite, Laguerre or Jacobi polynomials. The classical Hermite H,,(x), Laguerre Ly () and

(71:'72)($)

Jacobi polynomials Jy, satisfy the differential equations

d? d

@Hn(z) - x@Hn(x) = —nHy,(z), (2.1.174)
2

r L LD @) + (L7 - D)L (@) = 0L (@) (21.175)

d? d
r(1— x)@ml’”)(w) +(m+1—2(n+7+2) @Jﬁ“’z)(w)

= —n(n+y1 + 72 4+ 1)J012) (). (2.1.176)

Likewise, the multivariate Hermite, Laguerre and Jacobi polynomials defined for any [ are the
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polynomial part of the eigenfunctions of the operators

N
62
H = 2 2.1.1
JZ; <ax§. i gz, )* Z - (")a:] (2.1.177)
k#]
w_y ’ Y AN
H = ) 1 2 o 2.1.1
Z i 922 et )3 xj + Z z; — xp Ox;’ ( 78)
3=1 J 7,k=1
[
(J) o & zj(l1—x;)
H :Z $j(1 $])%+(71+1—1‘3(71+72—|—2 +2 Z p— aix]
7=l J 7,k=1
k#j
(2.1.179)

No explicit expressions for MOPs are available for 5 # 2, but they can be defined using
recursive relations as indicated in [21,22]. In [77]|, Dumitriu, Edelman and Shuman developed

a Maple package to compute the multivariate orthogonal polynomials for any .
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Chapter 3

Mixed Moments of Hermitian

ensembles

The basis of this chapter is the paper Symmetric function theory and unitary invariant en-
sembles [165] which is a joint work with J. P. Keating and F. Mezzadri. The present author
entirely carried the project with the advisement from J. P. Keating and F. Mezzadri.

Most of the material in this chapter closely follows [165] except for a few changes. This
chapter is expanded, and more examples are included for better readability. An additional
section, Sec. 3.3, is added in the thesis by the present author for contextualising and a better
understanding of the original results. The background section in [165] is relocated to Ch. 2
where all the necessary tools are introduced. The last section in [165] is moved to Ch. 4 as it
is an application of the results given in this chapter and involves a slightly different topic. The

current text also incorporates one of the appendices in [165].

3.1 Introduction

Many important quantities in random matrix theory, such as the joint moments of traces and
the joint moments of characteristic polynomials, can be calculated exactly for matrices drawn
from the CUE and the other circular ensembles related to the classical compact groups using
representation theory and the theory of symmetric polynomials. In the case of joint moments
of the traces, this approach has proved highly successful, as in, the work of Diaconis and

Shahshahani [72]. For example, for the unitary group we have the following theorem.

Theorem 3.1.1. Consider two sets of positive integers a = (a1,az,...,ax), b = (b1,ba, ..., bx),
and let Z1, ..., Z; be independent standard complex normal random variables. For a Haar dis-
tributed unitary matriz M of size N, and for N > max(}_; jaj, >, jbj) [72],

k k

k
By [ [[(Te M7) (Te M) | = [[5%a;'6a =B |[[(ViZ)“(ViZp)h |- (3.1.1)
j=1

j=1 j=1

It is quite remarkable that the mixed moments of traces are exactly equal to that of
complex Gaussians for any finite matrix size N. Similarly, the joint moments of characteristic

polynomials were calculated exactly in terms of Schur polynomials by Bump and Gamburd [46],
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leading to expressions equivalent to those obtained using the Selberg integral and related
techniques [20,52,171,172].

Theorem 3.1.2 (Bump and Gamburd [46]). If K,L € N and a1, ...,ax+1, € C, then

L K
— SNL (al,...,aK+L)
Ey (v H det(I + a; Lyt Hdet(I +aryM)| = ( )HlL o . (3.1.2)
Jj=1 =1 =

To prove the above theorem, Bump and Gamburd expressed the products of characteristic
polynomials, which are symmetric polynomials in the eigenvalues and variables a;, in the Schur
basis and used the orthogonality of Schur polynomials. Our aim here is to develop a parallel
theory for the classical unitary invariant Hermitian ensembles of random matrices, in particular
for the GUE, LUE, and JUE.

Characteristic polynomials and their asymptotics have been well studied for Hermitian
matrices using orthogonal polynomials, super-symmetric techniques, Selberg and Itzykson-
Zuber integrals, see, for example, [19,36,102,118-120]. Other properties including universality
[39,224], and ensembles with external sources [99,108] have also been considered. Here we give
a symmetric-function-theoretic approach similar to that established by Bump and Gamburd
[46], using multivariate orthogonal polynomials [21,22] introduced in Ch. 2, to compute the
correlation functions of characteristic polynomials for § = 2 ensembles.

Diaconis and Shashahani [72] used group-theoretic arguments and symmetric functions
to calculate the joint moments of traces of matrices for classical compact groups. Here, using
multivariate orthogonal polynomials, we develop a similar approach to calculate joint moments
of traces for Hermitian ensembles, leading to closed form expressions using combinatorial and
symmetric-function-theoretic methods.

Moments of Hermitian ensembles and their correlators have recently received considerable
attention as discussed in Sec. 1.8 of Ch. 1. Cunden et al. [58] showed that as a function
of their order, the moments are hypergeometric orthogonal polynomials. Cunden, Dahlqvist
and O’Connell [57] showed that the cumulants of the Laguerre ensemble admit an asymptotic
expansion in inverse powers of N of whose coefficients are the Hurwitz numbers. Dubrovin
and Yang [75] computed the cumulant generating function for the GUE, while Gisonni, Grava
and Ruzza calculated the generating function of the cumulants for the LUE in [127] and the
JUE in [126].

This chapter is structured as follows. In Sec. 3.2, we state the results for Hermitian en-
sembles. Since the inspiration behind this work are the results from the unitary group, we
discuss them in Sec. 3.3. After introducing the relevant symmetric polynomials in Sec. 3.4,
we discuss the change of basis among different symmetric functions in Sec. 3.5. Finally, we
calculate the correlations of characteristic polynomials in Sec. 3.6, and the joint moments of

traces in Sec. 3.7.
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3.2 Statements and results for Hermitian matrices

For a partition p and a weight function w(x), the multivariate symmetric polynomials defined

in (2.1.143) satisfy the orthogonality relation

N

/@u(xl,...,$N)<P,,(m1,...,ajN) H T — Tj) H w(xj)drj = 6,,C,. (3.2.1)

1<i<j<N j=1

Here the lengths of the partitions p and v are less than or equal to the number of variables
N, and C), is a constant which depends on N. These @, satisfy Prop. 2.1.26 which we recall

below.

Lemma 3.2.1. Let @, be multivariate polynomials given in (2.1.143) with leading coefficient
equal to 1. For X C (¢P), let A= (p — Ags - -sp— Ay). Then, for p,q € N,

P q

I —2)= Y (DDt t)B5 (21, -, zg) (3.2.2)

i=1j=1 AC(qP)

This lemma appears in |98, p.625] for the Jacobi multivariate polynomials for arbitrary £.
In Prop. 2.1.26, we present a different proof for § = 2, which holds for the Hermite and Laguerre
polynomials, too. A key difference in our approach is that we have closed-form expressions for
multivariate polynomials as determinants of univariate classical orthogonal polynomials, while
in the previous literature their construction was based on recurrence relations. This means
that in this thesis formula (2.1.164) becomes a powerful tool and plays a role analogous to that
of the classical dual Cauchy identity for U(N).

We focus in particular on when w(z) in (3.2.1) is a Gaussian, Laguerre and Jacobi weight:

2
z— .
e 2, z eR, Gaussian,

w(z) = z7e?, x € Ry, v > -1, Laguerre, (3.2.3)
(1 —x)"2, x€][0,1], ~1,72>—1, Jacobi.

The classical polynomials orthogonal with respect to these weights satisfy

/H —7 d:n = V21rm!émn, (3.2.4a)

T(n+7y+1)

Tt T) Spms (3.2.4b)

/ LV LD g day =
R4

1
/ J7(1’717’72)($)J7(T’L717’Y2)(w)x’71(1 _ x)’}’z dx
0

1 'n+m+1)I'(n+v2+1)

- 5. 3.2.4c
@2n+v4+1+1) nlh+yn+rr+1) ™ ( )

The identity in (2.1.164) gives a compact way to calculate the correlation functions and mo-
ments of characteristic polynomials of unitary ensembles using symmetric functions. The

results are as follows.

62



Theorem 3.2.2. Let M be an N x N GUE, LUE or JUE matrix and ti,...,t, € C. Then,

(a) ESV[J] det(t; — M)] = Hwm(tr, -, 1)

7=1
. P p+N-1 ‘
(o) B [[Laestt; =] = | [T (173" ) £t t)
j=1 j=N
P p+N-1 .
(J) o _ X+t ntrt+l) (1,72)
(C) IEN [Udet(tj M)] ]E][v ( 1) ]F(2j+’71+’}/2+1) ‘7(NP) ( )-"7tp)

(3.2.5)

Here Hy, L'K, Ty 172) 416 multivariate Hermite, Laguerre and Jacobi polynomials orthog-
onal with respect to the generalised weights in (3.2.1).

Similar to the case of the classical compact groups, correlations of traces of Hermitian
ensembles can be calculated using the theory of symmetric functions. For a partition A =
(A1, A2, AN), D05 A < N, define

N .
o ()\j + N — j)!
Cx(N) '_H(N_j)! :
N (3.2.6)
GA(N,y) = [[T+ N —j+~+1).

The constants C\(N) and G,(N,7) have several interesting combinatorial interpretations

which are discussed in Sec. 3.5.

Theorem 3.2.3. Let M be an N x N GUE, LUE or JUE matriz and let p = (p1, ..., ) be
a partition such that || = Zé‘:l p < N. Then,

(a)
l Sl X o2y XaCA(N), |l s even,
\7 A= [Al/2
[T M] = § 2y = WEERA T (3.2.7)
j=1 0, otherwise,
which is a polynomial in N .
(b) l
(L) L1 GA(N,v) A A
j=1 Al ’
which is a polynomial in N.
(c)
!
. GA(N,71) J)
EV T Trmw] =S 222 oy (N2 DY), (3.2.9)
N [j]:[1 ] )%;4 O(N,’Yl) HA0
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where

1 T(2N — 2+ + 72 +2)
D\ = det |15, i - —— . (3.2.10
A0 i H_]ZO()\Z—2+])'F(2N+AZ—l—]+71+72+2) I<ij<N ( )
In the above equations, Xf} are the characters of the symmetric group S,,, m = |A| = |y,

associated to the A" irreducible representation on the p** conjugacy class.

3.3 Results for the Unitary group

The aim of this section is two-fold. Firstly, we highlight the role of symmetric functions to
study correlations and moments of random matrices. Secondly, to understand how the theory
can be generalised to Hermitian ensembles.

Here we review the results of the unitary group by Diaconis and Shashahani; Bump and
Gamburd. They take a representation theoretic approach to calculate the correlations of traces
and characteristic polynomials, and provide a combinatorial interpretation of these results. All
the tools required to prove Thm. 3.1.1 and Thm. 3.1.2 are already introduced in Ch. 2. Any
additional results required are stated within this section.

Both Thm. 3.1.1 and Thm. 3.1.2 can be proved elegantly using the properties of Schur
polynomials. Let 1, ..., e~ be the eigenvalues of M € U(N). Recall the definition of Schur
polynomials indexed by a partition A,

det[ei()\kJerk)aj]lSj’kSN

Sy(er, . .. ety = : , 3.3.1
A(e e'on) ERTEIL R ( )

for I(A\) < N. If I(\) < N, we append a sequence of zeros to the tail of A so that

A=A, N,0,...,0). (3.3.2)
N-I

The crucial property of the Schur functions is that they are the characters of the unitary group.

We have the following proposition as a particular case of the Weyl character formula [246].

Proposition 3.3.1. Consider N € N and a partition X such that l(\) < N. For A € GL(N,C)
with eigenvalues x1,...,xyN, define xx(A) = Sx(x1,...,xn). Then, the function x, is the
character of the irreducible analytic representation of GL(N,C), and its restriction to U(N) is

also irreducible.

The Sx(z1,...,zn) is equal to 0 whenever [(\) > N. Therefore, as long as A runs over

partitions with N or fewer parts, we recover all the characters of U(N). Using the Weyl
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integration formula [241,242], the orthogonality relation for the Sy is

By [SA(eiQI, €N (e e
(27T)JVN!/[02]NSA(6 LS (e L e H €% — ¢ [2 46, ... doy
1<j<k<N
O

(3.3.3)

Next, we comment on two different ways of proving Thm. 3.1.1 to illustrate the versatility of

symmetric functions.

Proof of Thm. 3.1.1 (Method 1.) : Recall that the power sum polynomial in the eigenvalues is

N
pj(M) = pj(e, ... &) = Z €% = Tr MY, (3.3.4)
k=1
Thus, one has
k
[ (Tx 27)% (Tr M7)” = Pu(M)P, (M), (3.3.5)

j=1
for partitions p = (1¢1...k%) and v = (1%1...k%). Recall that the P, can be expanded in

the Schur basis as

Py=> xhSh (3.3.6)
A
where Xfl are the characters of the symmetric group that satisfy
Z XMXV = Z,u nz

. (3.3.7)
Z XfZXZ = Oxws

with

zu =[] %a;. (3.3.8)
j

Expanding P, and P, in the Schur basis and using the orthogonality relation (3.3.3) gives zero

unless ¢ = v. This is because

k
Ey vy H (Tr M) (Ty M) = Ey vy [PM(M)PV(M)}
= Z ZXuXu [ (M)Sﬁ(M)} (3.3.9)

=D XX = Hj“faj!.
« j=1
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In the next method, we re-derive (3.1.1) from the identities for Toeplitz determinants. A
Toeplitz determinant of size N with symbol f is defined by

D(f) := det[f;_kl1<jhen, (3.3.10)
where f is an integrable function on the unit circle with Fourier coefficients
. 1 »
Ji=oo f( Ne=0dp,  j=0,+£1,42,.... (3.3.11)
™

Toeplitz determinants are intimately connected to random matrices, and are closely related to
polynomials orthogonal with respect to the weight f on the unit circle [227]. This connection

is best described by the following identity, sometimes called the Heine’s identity [186]

N 1
D —F 10; _ 10
N(f) = U(N) j|:|1 f(e®)| = /[027r} | |

19k|2 f 19
(2m)NN! 1§j<k§N H
(3.3.12)
Proposition 3.3.2. Let X; and Y,, be two complex polynomials
1
Xi(z) = H(l —a;z),
= (3.3.13)
Yiu(2) = [(1 = b52),
j=1
with |a;| <1 and |bj| <1 for everyi,j. If L < N orm < N, then [20]
1 L1
D : . = . 3.3.14
N <Xl<eu9)ym(e—10)> 21;[1]1;[1 1— aibj ( )

Proof. The Toeplitz structure of the determinant in (3.3.14) can be manipulated to prove the

proposition. Alternatively, it can be proved using symmetric functions and the representation
theory of U(N). Recall (2.1.107) from Prop. 2.1.20 in Ch. 2

Hm_zﬁ

(3.3.15)
j7
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Therefore, we see that

. (3.3.16)

Proof of Thm. 3.1.1 (Method 2.) : From (2.1.105) in Prop. 2.1.20, one has

H i Ztnz (x). (3.3.17)

)\l—n

Choose any two sets of variables x = (z1,...,zy) and y = (y1,...,yn). If xy denotes the

sequence of N? variables ZTpYq, 1 < p,q < N, then

pi(xy) = Y (2pyg)’ = p; ()p; (y)- (3.3.18)

Consider t,s € C such that || < 1 and |s| < 1. Therefore,

N
11 ﬁ = Zt"z (x)PA(y)- (3.3.19)
Jik=1 TiYk PR TS

If we let yj to be the eigenvalues of M, y;, = €%, and x; to be the variables a; or b;, then

N
|} — = Z () PA(M), (3.3.20)
Jk=1 n N
N 1 )
— = " — Py(b)P\(M). 3.3.21
H ].—bje_leks ZS ZZ)\ )‘( ) )‘( ) ( )
Jk=1 n AFn
According to Prop. 3.3.2, for the Toeplitz symbol
~ 1
f(e) = - —, (3.3.22)
jI;Il (1 —ajet)(1 —bje~s)
the Toeplitz determinant is
N 1 )
D = — = ts)™ — Py (a)Py(b). 3.3.23
~n(f) jlkll 1= a;bnts Zn:( s) %m \(a) P (b) ( )
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After (i) multiplying the identities in (3.3.20) and (3.3.21), and integrating over the Haar

measure of the unitary group, and (ii) subtracting the result from (3.3.23) gives

IR (zglszU(N) P,\(M)PM(M)} - %zgl) Pr(a)Py(b) =0.  (3.3.24)

n,m>0 AFnukm

The above relation is valid as long as the Py forms a basis for symmetric polynomials of degree

|A| in NV variables. Therefore, we end up with
Eu(v) | PA(M)PL(M)] = (3.3.25)

whenever |A\| < N and |u| < N. |

In the above proof, Method 1 involves only the representation theory of U(N). On the other
hand, Method 2 connects the algebraic properties (Toeplitz determinants) and representation-
theoretic-properties (symmetric functions) of the unitary group. Next, we prove the results for

characteristic polynomials.

Proof of Thm. 3.1.2. We begin the proof by rewriting the L.H.S. of (3.1.2) as

L K
Eyovy | ] det(Z +a; ' MY [ det(I + api )

j=1 =1
(3.3.26)
L L+K
H -N EU( N) det LHdet I—f—akM)
j=1 k=1
Recall the dual Cauchy identity from Prop. 2.1.21 in Ch. 2,
H 1 —|—mjyk ZS)\ S)\/ (3.3.27)
.k
If x; are the eigenvalues of M and y;, are the variables az,
det I+akM ZS)\ al,...,aL+K)S>\/(M), (3.3.28)

where A runs through all partitions such that I(A\) < L + K and I(\) < N. According to the
Jacobi-Trudi identity (2.1.77),
det M* = S, (M), (3.3.29)

where 1 = (LV) is a rectangular partition with L rows and N columns. An example of a

rectangular partition is shown in Fig. 3.1. Inserting (3.3.28) and (3.3.29) in (3.3.26), and using
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(3.3.3) results in

L K L+K
Evvy | [ ] det(Z +a;' M) [ det(Z + apsad) | = | [[ ;™ | Bvovy |det ME [ det(I + apM)
j=1 =1 j=1 k=1

= IIs™ ZA: Sx(@)Ey v [Sx (M) S(pny(M)]

L
= Ha;N S(NL)(a)
(3.3.30)

In the last line, we used the fact that A = (NF) if X = (LV). |

Figure 3.1: A rectangular partition of shape A\ = (N*) with L rows and N columns.

Corollary 3.3.3. When L=K =p andaj =1, j=1,...,2p, in Thm. 3.1.2, we recover the

moments of the characteristic polynomial:

Ey (v [| det(I — M)[*] = I W (3.3.31)
Proof. From Thm. 3.1.2, one sees that

Er(vy [ det(I — M)[*] = Sy (1, 1). (3.3.32)
Recall (2.1.84),

(LoD = I1 Aj zk__jj Tk (3.3.33)

> 1<j<k<2p

The result in (3.3.31) can be immediately recovered by computing Sx(1,...,1) for A = (N?P).

|
In addition to the positive correlations, negative correlations
E ! (3.3.34)
VN T, det(I — by M) [y det(I — by MT) | e
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or more generally, mixed correlations

E Py det(I +a; ' M) T}_, det(I + api M)
VN T Z, det(I — by M) 5y det(I — by MT) |’

(3.3.35)

are very useful. For example, we have already encountered an application of (3.3.34) in cal-
culating the mixed moments of traces in Thm. 3.1.1. The Toeplitz determinant in Prop. 3.3.2
is precisely the expected value of the inverse of characteristic polynomials. Bump and Gam-
burd [46] calculated these mixed correlations of characteristic polynomials in terms of the
Littlewood-Schur symmetric functions [182], also called the hook Schur functions [29].

Similar results hold for other compact groups. For the orthogonal and symplectic groups,
suitable symmetric functions replace the Schur functions. For more details, the reader is
encouraged to refer to [46,72].

For the classical compact groups, Schur polynomials and their generalisations are the char-
acters of U(N), O(N) and Sp(2N). As discussed, they have been used extensively to calculate
correlation functions of characteristic polynomials and joint moments of the traces. Although
group theoretic tools are not available for the set of Hermitian matrices, multivariate orthogo-
nal polynomials play the role of Schur functions for the GUE, LUE and JUE. In the following
sections, we will present the results for correlations of traces and characteristic polynomials

for the Hermitian ensembles.

3.4 Multivariate Hermite, Laguerre, and Jacobi polynomials

Multivariate orthogonal polynomials ¢,, are defined by the determinantal formula in (2.1.143).
One can check by straightforward substitution that up to a constant, the @, coincide with those
n (3.2.1). When ¢; in (2.1.143) are the Hermite, Laguerre and Jacobi polynomials we have
the multivariate generalizations H,,, Eﬁ) and j,g“ 72) These polynomials can be expressed as

a linear combination of Schur polynomials,

x) =3 HuSy(x). (3.4.1)

vCp

For the Hermite, Laguerre and Jacobi multivariate polynomials we set the leading coefficient
Ky in consistency with the definitions (3.2.4) and (2.1.143),

1)|>\\+%N(N—1)

W — 1, g0 = 2

o M G,\(N 0) ’
(1PN N (3.4.2)
KD = H (2N +2X\; =25 +y1 + 72 + 1).

GA(N, 71 + 72)GA(N,0)

The Hermite polynomials in (3.2.4) are monic. This fact is reflected in the multivariate Her-

(H)

mite polynomial as ;. = 1. On the other hand, we chose non-monic Laguerre and Jacobi

(L)

polynomials in (3.2.4) to be consistent with the literature. As a result, the coefficients &,
(/)

and k,; are different from 1.

The analogy between multivariate orthogonal polynomials and Schur functions becomes
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apparent by comparing definitions (2.1.69) with (2.1.143). The classical Hermite, Laguerre
and Jacobi polynomials satisfy second order Sturm Liouville problems. Similarly, their multi-
variate generalizations are eigenfunctions of second-order partial differential operators, known

as Calogero—Sutherland Hamiltonians,

52 B o1 9
<0w Y 8:):j> + jJCZﬂ z; — xp Oxj’

ki

02 ) Yoo 0
<% 5+ —xj+1)awj>+2jz ; ey

HH) —

M

vy

j=1 T j k=1
g
N
0? zi(1—=;) 0
:Z(x] )5zt 1=zin+7+2) 5 >+22 P
j=1 J J,k=1
k#j
(3.4.3)

These multivariate polynomials are orthogonal with respect to the measures

N 22

dp (x) = H e 2 H |lz; — 21 (3.4.4)
j=1 1<j<k<N
N

du'P) (x) = H xje " H |zj — ) (3.4.5)
j=1 1<j<k<N
N

) = [[er - T by — il (3.4.6)
j=1 1<j<k<N

These generalised orthogonal polynomials obey similar properties to their univariate coun-
terparts [21|. The differential equations in (3.4.3) are also related to the Dyson Brownian

motion.

3.5 Change of basis between symmetric functions

Before proceeding to proving the main results stated in Sec. 3.2, it is important to understand
how the multivariate polynomials can be expressed in the basis of other symmetric polynomials.
In this section, we give expressions for the change of basis between multivariate polynomials
and Schur polynomials. The identities introduced in Ch. 2 can be used to further express
multivariate polynomials in terms of other symmetric polynomials.

We begin with the following proposition, which is a very useful tool involving polynomials

as matrix entries in the determinant.

Proposition 3.5.1. If ¢;(x), 0 < j < N —1, is a sequence of monic polynomials of degree j,
then

det[pn—j(wr)li<jran = detfzy Thipen =  [[ (05— ). (3.5.1)
1<j<k<N
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Proof. Let
pi(x) =27 +a;_ 127+ + ag (3.5.2)

for some sequence a;. The coeflicients a; can be different for each polynomial ¢;(x). Since the
determinant is unchanged by performing row or column operations, we do the following trick.

We start with the Vandermonde determinant

Ty -1 mév_l :L'N_l
det[l’iv_j]1<j7k<]v = : : : . (3.5.3)
B 1 T2 . XN
1 1 1

If pn_1(x) =N "1+ Z; 0 ajxj multiply the last row by ag, the last but one row by a1 and

so on. Now add them to the first row so that the first row becomes

(on-1(21), ..., On-1(2N)). (3.5.4)

Repeat this process for other rows going from top to bottom. Since ¢; are monic, ¢9 = 1.

Therefore, no operations are required for the last row. |

Proposition 3.5.2. If¢;(x), 0 < j < N—1 is a sequence of polynomials with leading coefficient
Aj, then

det[pn—j(zr)|i<jr<n = HA det[zh ]1<jran (3.5.5)

In the rest of the section, we mainly focus on the GUE but the same approach can be used for

the LUE and the JUE.
Gaussian Ensemble. Let M be an N x N GUE matrix. The j.p.d.f. of the eigenvalues is

m\& -

N
o (i, an) = ) []e
N =1

N
N
)= 112t

(3.5.6)

Denote by H,,(x) the Hermite polynomials normalised according to (3.2.4a). Given a partition

A with [(A) < N, the multivariate Hermite polynomials are given by

Hy yn—1(z1) Hyyn—1(z2) ... Hyyn—1(zn)
1 |Hyen—2(x1) Hyon—2(x2) ... Hyypn—2(xn)
H)\(X) - m . : : ; (357)
H), (z1) Hy, (x2) Hy,(xzN)
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and satisfy the orthogonality relation

1 _=
(Ha, M) ::W . HA(X)H#(X)AQ(X)Ue > dr; = O\(N)dun,

(3.5.8)

Since A; > 0, the constant Cy(N) is a polynomial in N of degree |A|. It turns out that it
has a nice interpretation in terms of the characters of the symmetric group. Let (i,7) € A,
1 < j < )\, denote a node in the Young diagram of A. The roots of C\(N) are i — j, where
i runs across the rows from top to bottom and j across the columns from left to right of the

Young diagram. For example, if A = (4,3, 3,1), the roots of C\(NN) are

0F1-2-3
1101
e (3.5.9)
3]
Proposition 3.5.3. We have [170]
B 1) A+ N =)
CA\(N) = H TN I (v—i+3)
= (7)€ (3.5.10)
Ry X i M)
~ dimVy Z #N = dimVy
pHEIA|

The constant zy is given in (2.1.82) and dim V), is the dimension of the irreducible representa-

tion, labelled by A, of the symmetric group S)y|,

[Li<jcrayi — =5+ k)

dim V, = |A! o) (3.5.11)
IG5y +1(A) = 9)!
Proof. Recall
Aj— A —J+k
Sil,....n= J[ & k’“ Ry (3.5.12)
N 1<j<k<N —J
Combining the above result with (3.5.11) proves that
Sx(1Y)
N) = |[\I-—/——+. b1
CA(N) = |dimV)\ (3.5.13)
Since Py (1Y) = N using (2.1.82) gives
o) = Z X o)
dim V) 2y H
Al g (3.5.14)
Xa 10
= N
~ dim 1, Z
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Schur polynomials can be expressed in terms of multivariate Hermite polynomials,

)\
L5 2j |A| is even
(H . ) )
Sy=d U H, = Z W, g =1 ' (3.5.15)
vCA 7=0 vrg(j 25 +1, |\ is odd.

The function g(j) takes care of the fact that polynomials of odd and even degree do not mix
similar to the one variable case. The first summation in (3.5.15) running over all lower order
partitions takes care of the fact that H, are, unlike S, not homogeneous polynomials. For
example, when |)| is even, the only partitions that appear in (3.5.15) are those with weight
lv| = |\ —-2k, k=0,..., %', and v C A. The following proposition gives an explicit expression

for the coefficients wg\lj)

Proposition 3.5.4. If A is a partition of length L and v is a sub-partition of A such that
|A| = |v| = 0 mod 2 and N > L, then wg\lj) is a polynomial in N given by

L
(H) A+ N = )
Yy 2I/\I ] )\V ]1_[1 (0, + N —j) (3.5.16)
where
P AN
Dg\lj) = det []l)\j—uk-—j-l-k:O mod 2 << J k2 J >'> ] . (3.5.17)
jk=1,...,L

Proof. Let A = (A,...,A1,0,...,0) and v = (v1,...,14,0,...,0). Here [ is the length of v
and N — [ is the length of the sequence of zeros added to v. From (3.5.8) and the fact that
v C A [ <L, it follows that

22
H) :<S>\)%I/> — ]- < 2 7

N ( )</H1/7,H> 'L:l

)\1+Nl .’L’i‘LJrN*L HN,Lfl(l‘l) o1
)‘H—N_l cortNEL gy R |
« |2 2 N-1-1(2) . (3.5.18)
x?\v}+N 1 ?\VL+N L HN—L—I(J:N) 1
Hyyn-oa(z1) .. Hyqno(z) Hy—-a(z) .00 1
Hyin-1(x2) ... Hyin—i(xe) Hy—j—1(z2) ... 1
X
Hyyna(zy) ... Hyyna(zy) Hyoga(oy) ... 1

The last N — L and N — [ columns in Sy and in H,, respectively, are written in terms of

the Hermite polynomials using column operations, see Prop. 3.5.1. In addition, wg\lj) can be
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expanded as a sum over the permutations of V:

9D =
v 2, )
N »2
X Z sgn(a)/ 1_1677 dx; (xiéiSN_l-'~xi(L[—SN_LHN—L—l(CUU(Nfol))---HO(CUU([))))
cESN RN G5y
Hyyn-1(z1) ... Hyqpn—(r1) Hy——i(z) ... 1
Hy, i n-1(z2) ... Hyin—i(z2) Hy_j—i(w2) ... 1
H,,1+N,1(:L'N) Hy;—i—N—l(CUN) HN—l—l(xN) o1
(3.5.19)

Since the integrand is symmetric in x;, every term in the above sum gives the same contribution.
Therefore, it is sufficient to consider only the identity permutation. All the factors can be
IHNZI 4§ < L, and with

Hy_j(xn—j) if N > j > L. Then, using the orthogonality of Hermite polynomials (3.2.4a) for

absorbed into the determinant by multiplying the j** row with a;;\

the last N — L rows results in

N 2
Nl _ ) . x4
Zy (Mo Hy) =41 R 1<j k<L
(3.5.20)
Expanding monomials in terms of Hermite polynomials with the formula
5] 1
Hy_om(z), (3.5.21)

ven mZ:O 2mml(n — 2m)!

and using orthogonality leads to (3.5.16). The determinant Dgf) is independent of N and @/}E\Ij)

is a polynomial in N, since v C . |

Corollary 3.5.5. The roots of coefficients the wf\lj) are integers given by the content of the

skew diagram A — v.

Proof. The skew diagram A — v is the set-theoretic difference of the Young diagrams of A and
v: the set of squares that belong to the diagram of A but not to that of v. Using (3.5.10),

1 Ci\(N) plH)

. 3.5.22
2P G, (W) (3522)

v =

Since v C A, the roots of wgf) are integers and can be read from the skew diagram A — v
whenever Dgf) # 0. For example, if A = (4,1,1) and v = (2), then the roots of ¢§f) are
{-3,-2,1,2}:

(3.5.23)
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Corollary 3.5.6. The coefficient wf\l;[) =1.

Proof. If v =M\,
wg\l/\{) — Ldet |:/ x).\jJrNin)\ 4N k(xj)e_%i d.%'j (3 ) 24)
W N— . 5.
ARRCTINEToY) r j=1 N

By expanding the monomials in terms of the Hermite polynomials, only the diagonal terms

survive. [ |

The coefficient 1/1&[5) for v = 0 simplifies further and can be expressed in terms of a character
of the symmetric group. One way to compute the characters of the symmetric group is using

the Frobenius formula.

Proposition 3.5.7 (Frobenius formula [105]). Let XZ) be a character of the symmetric group
on the X" irreducible representation and the pu'" conjugacy class. Then the value of Xﬁ 1s the

coefficient of the monomial

xi‘ﬁlo‘)*lx;‘frl()‘)ﬂ ) (3.5.25)
in the product
PM<1‘1, N ,(L‘l()\)) H (mj — $k). (3.5.26)
1<j<k<I()\)

Proposition 3.5.8. The coefficient

CA(N) A .
(H) ﬁ\iwx(gmm); |A| is even,
Vol = (3.5.27)
0, |A| is odd,
where XE\Q\AW) is the character of the X' irreducible representation evaluated on the elements

of cycle-type (2M/2).

Proof. Since Hermite polynomials of odd and even degree do not mix, wgg) = 0 when |}| is
odd. When || is even,

(H) _ 1
D)\O = det :ﬂ‘>\j—j+k:0 mod 2 W . (3528)
Denote n = |A|/2, L = I(\), g(z1,...,21) to be a formal power series in variables z;, and

(k1,...,kr) to be a partition constructed from A such that k; =A\j+L—j,j=1,...,L. Let
[9(z1, .-y 2L)](ky,... ky) = coefficient of azlfl e x]ZL. (3.5.29)

By using the Frobenius formula for the characters of the symmetric group,

X?zn) = [A(xl, ... ,CL‘L)(J/‘% + -+ 55%)”] (k1,.kr)

n! i
_ Vi 2n1 2n9 2ng,
= g T E— [det [l‘l }xl Ty 2...T
ny....ny:
ni+--+np=n

} (3.5.30)
(M +L—1Ao+L—2,..01)
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After absorbing x?n" into the i*" row of the determinant, for each n; at most one term in the i**

row has the exponent \;+ L —i, say the (i, j)"" element xQnﬁL J

, which implies 2n; = \;—i+j.
For L-tuples {n1,...,nr} such that there is exactly one term in each row that has the required
exponent, the non-zero summands are given by n!sgn(o) [[,(A\; —i+0(i)/2)!)~! where o € Sf.
Considering all such L-tuples and using the Laplace expansion for determinants proves the

proposition. |

Therefore, the expansion of Schur polynomials in terms of multivariate Hermite polynomials

can be written as

1 1 ( )
Si(zy,...,zny) = C\(N g A Py Ho(z, - ).
/\( 1 N) )x( )VQAZ‘le \ Cu()\) ( 1 N) (3.5.31)

In a similar way, by expanding Hermite polynomials in terms of monomials in the definition

of H,, multivariate Hermite polynomials can be written in the Schur basis as

L3 : _
27, Al is even,
Ha = ng’j)sy =2 > w0 S g0i) = / A (3.5.32)

= par S M V901, s odd,
where
(=17 Tr A+ N —)!
kY, = <2> Dy, E(VﬁN—J)' (3.5.33)
Alternatively,
A=1v]
TN CA(N)I;A (_21> ’ CVEN)Dglj)SV(xl,...,mN), (3.5.34)
where |A| — |v| = 0 mod 2. This expansion should be compared with the classical Hermite

polynomial expansion

- 1 (1)
2) =0l Ln—jomod2 7~ a2, (3.5.35)
=0 (n) 277
and (3.5.31) should be compared with
1 1
2" = n! Z]ln ~i=omod2 7= Hj (@), (3.5.36)

= (n 3>'27

which is an alternate way of writing (3.5.21). Clearly, we see the analogies between classical
Hermite polynomials and their multivariate counterparts: the sum over j is replaced by the
sum over partitions; the role of monomials is played by Schur polynomials; the factorials are
replaced with C\(N).

Proposition 3.5.9. Let x1,...,xn and t1,...,tNy be two sets of variables. The multivariate
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Hermite polynomials defined in (3.5.7) have the following generating function [21]:

2
t) = (Z#: W) 1;[exp (—2) . (3.5.37)

Several other analogues of the properties of the classical Hermite polynomials, including

an integral representation, summation, integration and differentiation formulae, are given for
B—ensembles in [21]. Note that in [21], C)} (o € R) is used to denote Schur polynomials with
a specific normalisation, where as in this work C},(IV) is a constant in N given in (3.5.10).

A few examples of (3.5.34) and (3.5.31) are given below. These expansions are given for

partitions of 4 with N variables.

2 g 1(N+3)! 1(N+3)!
@720y (N 1) 8(N —1)!
1 (N +2)! 1 (N +2)
Hen =560 =3 x1 200 T g(N=2)
1 N 1(N +1)! 1 NN +1)!
1(N-=1)! 1L(N+1)!
P =5 5y 5% ~ g (v —3)!
1(N —2)! 1 NI
Hey = Sasy + 27(]\[ — 4)!5(12) + 3 (N —4)!
B 1 (N +3)! 1 (N +3)!
o =Ho s T v o)
1 (N +2)! 1 (N +2)!
San =Hay ¥ 3R{T 0N T 5w -2y
B 1 N! 1(N+1)! 1 NN+
Son =Ryt yw—ite “swo it t i v 8039
1(N-=1)! 1(N+1)!
Sean = Hew ~ 5 (g te T g (v _3)
1(N —2)! 1 NI
San =Hay = g w0 Ty v —a
Laguerre ensemble. Let M be an N x N LUE matrix with eigenvalues z1,...,zy. For v > —1,
the j.p.d.f. of eigenvalues is
(L) -z
p (xlv - IN z;e )
)= Z(L H (3.5.40)

7 = N1Go(N,7)Go(N,0),
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where G\(N, ) is given in (3.2.6). The multivariate Laguerre polynomials defined by

L%Z}Nl(xl) L%Z}Nl(@) o L%Z}Nl(m)
Ly T Ly T ... LY T
Eg\’y)(x) _ i )\2+N.—2( 1) >\2+N.—2( 2) )\2+N._2( N) , (3541)
An : :

L8 (a1) L) ... LY (zn)

I()\) < N, satisfy the orthogonality relation
1 N
<£E\7), El(f)> == | Eg\w) (X)L’l(;/) (x)A%(x) H zle " d;
Zy" JRY i=1 (3.5.42)

GA(N,y) 1 L
Go(N,7) GA(N,0) Go(N,0) ™

The polynomials in the determinant (3.5.41) are normalized according to (3.2.4b).

The Schur polynomials can be expanded in terms of multivariate Laguerre polynomials as

Si=> v, (3.5.43)
vCA
where
(L) _ ;i v—1) GaV. ) (L)
= (-1 " N,0)D .5.44
1/})\u ( ) 2 GZ,(N, ’7) G)\( ) 0) PV (3 5 )

(L) _
D;,) = det ]]-)\ifz/jfi+]'20m g

. (3.5.45)
4,5=1,...,1(\)

The coefficients @bg\ﬁ) in (3.5.44) can be computed in a similar way as in Prop. 3.5.4. It is
interesting to note that the quantity |/ V]!Dg\,]j) gives the number of standard Young tableaux
of shape \/v [221, p.344]|. Multivariate Laguerre polynomials can also be expanded in the

Schur basis:
£ = Ds,
vCA

(L) leinv-) GV, y) 1 (L)
= (-1 Dy,
= G (Vo) Gu (N, 0)

(3.5.46)

(L)

Similar to the Hermite case, D )\g turns out to be a character of the symmetric group.

Proposition 3.5.10. We have

X(Alw) _ dim V),
AL Al

D = (3.5.47)

Proof. Same as Prop. 3.5.8. Note that |/\|!D§\€) gives the number of standard Young tableaux
of shape A. ]

Expansions in (3.5.46) and (3.5.43) should be compared with the results of classical La-

79



guerre polynomials:

C(n+y+1) o
(G +v+ )=t

>
S
Il
.
i M:
o

(-1 5
(3.5.48)

1) T(n+~+1) )
n! L .
Zn INTG+y+1) 7 (z)

The Gy replaces the Gamma-function, the summation over j is replaced by the summation
over partitions, the Schur polynomials replace the monomials, and the Eg\w replace the LEJ).

The generating function for multivariate Laguerre polynomials [21] is

1 _ N(N-1) |“| S ( )S,(t)
zy: mﬁfﬂ)(x)sy(t) =(-1)">= (2; SA(t) Dy, ) (Z Gl G (N :LO) )
(

3.5.49)

or equivalently using (3.5.47),

NN 1 Yl x N
> G A0S0 = (1 (ZG Ny é?) (35.50)

)

Below, we give a few examples for explicit expansions of the 55\7 in terms of the S,, and vice

versa.
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-y (N -1y TN 47y+4) (N 1) F(N+w+4)(N—1)'
<4) 1;[ {(N+3)! @D TN 3 (N+ 2O T e TNy 42y (N 117

N+~y+4)(N-1)! 1T(N+~v+4)
N+~v+1) NI °O 24F(N+’y)]
)/ (N72)!S I'(N+7v) (N )| F(N+7+3)(N72)!S
{(N—i—?)! GUTT(N+~-1) (N+2)' T(N+7+2) (N+1)1°@
(N +7y+3)(N+7) (N—1) T(N +~+3) (N - 2)!
(N +~7+2T(N+~—1)(N+1)! 2T(N+~+1) N!
1 T(N+~v+3)I(N+v) (N-1) IT(N 4+~+3)
TN+ + (N +7 - 1) (N + 1170 8F<N+v—1)}
D (1) [(V = DN —2) PV +9+1) (N =2
4! [ (N +1)!N! I(N+7) (N+1)!7@D

(N +~v+1)(N-1)! IT(N 4+~v42) (N —2)!
(N+v—1)(N+ D)@ "2 T(N+4) NI
(N+~v+2)(N—1)! 1I‘(N+7+2)I‘(N+7+1)}
(
1

—_— |

S( 2) + 5(12)

() _
Ly =

—

5(22) -

J=0

F 5(12)
r

5(1) +

N+~y-1) NI 12 T(N+9)I(N+~-1)

(N = 3)! T(N +v—1) (N —2) I(N +v+2) (N —3)!
{NH)! CLOTPNFy—2)(N+D)I"D T (N +~4+1) NI

N-1

™
E;ll

5(13)
j=0

.

1 F(N+v) (N —1)! I'(N+~v+2)I(N+~v—1) (N —2)!
TN+ —2)(N+ D)@ " I(NF7+ )I(N +7y—-2) NI
1 T(N+~y+2)T(N+7) (N-1)! 1F(N+’y+2)}
2
T (=

S(lz)

I(N+y+DI(N+~y-2) NI "W T8T(N+~-2)
1)7 {(Nzl). TN +y-2) (N

;! N P T T(N¥4-3) NI
1F(N+'y—1)(N—2)!S I T(N+7v) (N-1)
2T(N+~-3) NI ") 7 6D(N+~7-3) NI

i S(13)

1IN +v+1)
24T(N +~ —3)

S(l) +
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(N +3)! E(W)iF(N—I—’Y-i-Zl) ™) 1F(N+’Y+4) =)
(N-D!I[7® T(N+~v+3)" 0  2I(N+y+2)" @
_1F(N+’7+4) ) iF(N+’Y+4)£(7)
6T(N+~v+1)" M " 24 T(N4~) °

Sw =[] (=1)/5!

N—-1
A (V2T TN+ TN+ +3) )
= —1)74! _ _
Sov = LL VI g [Fon ~ T iy - 00 T T 12 e
L T Ay +ICN+Y) o) LTIV A7 +3) ()

D(N+7+2(N+v—1)"®@ "2T(N +~+1)" 0

1 TN+ 43PN +9) ¢ 1I‘(N+7+3)£(7)

OT(N+~4+1DI(N+~v—-1)"® " 8T(N4+vy—-1)°
(1Y (N +1)IN! E(,y) B I'(N+~+ 1)E(7) EF(N + v+ I)E(,Y)
(IN-DUN=-2) |T®  T(N+7v) “GY  2T(N+~y-1)"3

1F(N+’7+2) ) _1F(N+’7+2) ) iF(N-l—’V-l—Q)F(N-i—’Y—f—l) )
2 T(N+v) @ 3T(N+y-1)"® " 12 T(N+~)(N +v-1)

NADH ey TWHy=1) ) TN+ +2)
(N=3)! 7LD T(N++-2)"@) T(N4+y+1)"1

1 TN+ i TV Ay TN+ = 1) ()
2T(N+7-2)"® "T(N +~+1)I(N +~—-2)" 0%
1 T(N49+2T(N+19) ., ITN +7+2) )
TN +~+1DI(N+~v-2)" M " 8T(N4+vy—-2)°
Tl ™M [ W +7-2) .y  ITWN+7-1)
San = | (1)‘7'(1\[_4)![(14) F(N+7—3)['(13) TN T3

_1 F(N+7) ) iF(N+’Y+1)£(“/)
6T(N+~v—3) "1 " 24T(N +v-3)7°

Se1,1) = (—1)75!

()
(12)

S

Jacobi ensemble. Let M be an N x N JUE matrix with eigenvalues x1,...,xy. For v1,v2 > —1,

the j.p.d.f. of eigenvalues is

N
1
J 2 || .
p( )(1‘1,_..7.’1}]\[)— ](\}])A (X) lilgjzl(l—ivl)'}’z’

N—1 (3.5.51)
7 _ A 11 JTE+m+DlG+ 2+ DG+ +92+1)
N o D@yt + 2L+ +ae+1)
Classical Jacobi polynomials are given by
n ; .
J0n) () = I(n+v+1) > (—1) Tn+j+m+r+ 1)933.’ (3.5.52)

F(n+v+2+1) jlin — ) F'G+m+1)

J=0

and satisfy the orthogonality relation (3.2.4¢). The multivariate Jacobi polynomials are

J)?iﬁz—ﬂxl) J)?iﬁiq(@) e J)E\ZIJJ\?;A(IN)
JWL’Y? (l’ ) J%O’Q (.1‘ ) J”/ly’Yz (x )
(71,72) L |+ n=—2lT1 Ao+ N—2\T2 Ao+ N—2\TN
J X) = —— , 3.5.53
(v1,72) (v1,72) (y1,72)
‘])\N (951) JAN (Ig) J)\N (l‘N)
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I(\) < N, and obey the orthogonality relation

N
1
() g ) = | 00700 () A0 [T ] (- i) de

Z](\‘,]) [0,1]¥

N
NI GAN, 1)GA(IV, 72) : -1

= 20 +2N =254+ +7v2+ 1) oxu-
0 G+ )G (v.0) LLCY S o

i=1

(3.5.54)

The expansion of the Schur polynomials in terms of multivariate Jacobi polynomials is

Sn=d wi) g, (3.5.55)
vCA
where
) lleinw—1) GaV,m)
- 1 v N7 N)
¢)\V ( ) 2 GU(Na'.Yl)G ( 71 +72)G)\( 0)
N (3.5.56)
x D) [[(2v) +2N = 2j + 71 + 72 + 1),

j=1

and

DY) = det (L3 —vp—jikz0((Nj — vk —j + ENIT@N + Xj + vk —j —k+71 + 72 + 2))‘1}13.%1\[.

(3.5.57)
When N =1, (3.5.55) coincides with the one variable analogue
(1) @i+n+r2+DlG+n+r2+1) (i)
2" =nlT'(n+~v +1 - . ‘ J (). (3.5.58
(o )jzz:o(”—])!F(]+71+1)F(H+J+V1+72+2) ! @) )
Multivariate Jacobi polynomials can be expanded in Schur polynomials via
J0 =3 k(s (3.5.59)
vCA
where
() _ (_q\lv+iNN=-1) GA(N, 1) 1 ~(J)
k) = (Z1)v+3 P 3.5.60
= (1) Gy(N,71) GA(N, 71 +72)Gy(N,0) ( )
~ FC2N+Nj4+vp—j—k+m+1+1
Df\i) = det ]l)\].,,jk,jquzo ( J k—J - ’)/'1 72 ) (3561)
(Nj —vp —J+Fk)! 1<j,k<N
Below, we give a few examples for explicit expansions of the J ;“ 72) i terms of the S, and

vice versa.
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(niy2) _ L(N + v +192) H 2] +71+7+1)
—1) 1

To = TN 471 +72+2)T2N + 71 + 72 j+mn+r+1)
(N —1)! D(N + 71 +2) (N —1)!
x [T2N +v1+7+3 S TN +v1+72+2 S
1 (N+71+2)}
-I'2N+v 4+ +1l)—————=
+5T( T t+r2+1) TN +71)
N-1
Jhr) - TN +nt+y-1) 1 H L2j+m+12+1)
(1% PN+ 7492+ DIERN + 7 +92 = DPRN + 71 472 = 3) 'FJ+”Y1+’Y2+1)
(N —2)!

(N +71) (N-1)
N+ —1) N!

—T2N+v1+v%+ 1) 2N+ +v2 — 2)

(N +71 +1)

1
T(2N 471 + %) TN + 91 + 72 — 2) — =T(2N + 41 + v2 — 1)?
TN £ 71— 1) ( ( 71+ 72)I( Y1 +72 —2) ( M +2-1) )]

2

N- ey
(N +1)! Hl 1 TG +m+1r+1)

(N =1)! IF'2j+v+7+1)

Sy = 2N+ +7—1)

1 (N +v1+72+2) (71,72)
_ CN+y+7+1) DIN+y1+7+1) TN+ +2) j(’h/‘ﬂ)
TN +m+7%+3) T(N+m+7) T(N+y+1)"0
1 @2N+7+9-1) T(N +7n+2) 71,72}
2T2N +m +72+2) L(N+7y) 20

]'F(] +71+72+1)
1)/
) H

Siq2y = (2N + 71 4+ v2 — 1)(2N + v, +
azy = ( 71+ 72 = 1)( Y+ Y2 — N CTE—y

CN+7v+72+1)@2N +7+72 — 1) (N +V1 +72+1) (1)
T(2N + 791 +72 +2)T(2N + 91 +72) T(N +71 +72 — 1)7 (1%

N+ A+ DN+ 412 -3) TV +n+72+D) TV+n)  (ne)
TGN+ +72+2TCN+71+72—-1) T(N+7+7) T(N+n—-1)"0
CN+m+7%—-1)2N+1n+7—-3) TN+ + 1)j(71,72)

TN +ym 4+ +1DI2N +91+7% — 1) TN +v —1)

1N+ 7+ -DReN+7+7%2 =3) TN+ +1) (1)

2 F(2N +7 +’)/2) P(N+’Yl — ].)

3.6 Correlation functions of characteristic polynomials

The main tool to compute the correlations of characteristic polynomials and the spectral

moments is Lemma. 3.2.1, which was proved in Prop. 2.1.26 of Ch. 2. Recall

P q

I —2) =Y (DDt t)B5 (21, -, 2g)- (3.6.1)

i=1j=1 AC(gP)

When the polynomials ¢;(z) in (2.1.143) are not monic, we have the following identity for

generalised dual Cauchy identity.
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Proposition 3.6.1. If A; are the leading coefficients of pj(x), then

p pt+q—1 ~
I - =TI 4" D )Mo t)ds (@), (3.6.2)
i=1j=1 Jj=0 AC(gP)

whereS\:(p—)\;,...,p—)\’l).

The proposition can be proved in a similar way to Prop. 2.1.26 by using (3.5.5) instead of
(3.5.1) after (2.1.165).

Proof of Thm. 3.2.2. Unlike Hermite polynomials, the univariate Laguerre and Jacobi polyno-
mials that obey (3.2.4) are not monic. This fact is reflected in the normalisation in (3.4.2) and

also in the following formulae,

p N B
IHII¢ =)= > DNHA, ... tp)H5 (1, 2n)

i=1j=1 AC(NP)
p N p+N—-1 . ~
[IIIt—=n={ TI vit)] > MLt )£ (@, o)
i=1j=1 j=0 AC(NP) (3.6.3)
p N p+N-1 .
T - | T1 oyl tonsnsd
P featet i [2j+m+7+1)

xS (NI () TP (@)

AC(NP)

After taking the expectation value, the non-zero contribution comes from A = 0 because of
(3.2.1). Therefore, N = (p") which implies A = (NP). It remains now to evaluate the
multivariate polynomials at the zero partition. Since Hermite polynomials are monic, by using

Prop. 3.5.1,
1

A(x)

Ho(z1,...,2N) = det[Hn—j(zk)]1<jh<n = 1. (3.6.4)
On the other hand, the leading coeflicients of Laguerre and Jacobi polynomials of degree j are

(—1)! and (-1 T(2j+7m +7+1)

: n ; : ) 3.6.5
7! ' TG+mn+r+1) (365)
respectively. Now, using Prop. 3.5.2 gives
N-— 1
£ (z, = H (3.6.6)
=0
~(—1)7 T(2j 1
\70(71772)(.%' , — H ] + fyl + 72 + ) (367)
i J' FG+m+r2+1)
Inserting (3.6.4), (3.6.6) and (3.6.7) in (3.6.3) proves the result. |
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Corollary 3.6.2. Let A = (NP). Ift; =t in Thm. 3.2.2, then

A=v

() A = —by 2 dimVy b
B [(derte - 20 = ) X (5 ) D,
vCA
EY [(det(t — M))P] = (—1)Pr+N=Da( \(p,0) Z Dl jdimV, DM,
N A(D,y ' m
0(p,0) 4 \V\ G
p+N-1
1 G (p7’Yl)G>\(p’O)
ES [(det(t — M))P] = petN=1) &
v [(det 2 jl:_][\, F(QJ +m+re+1) Go(p,0)
X dlmV D( )tM
Z |V|' G p7 ’71
(3.6.8)
where dim V,, is given in (3.5.11).
Proof. Since Schur polynomials are homogeneous,
St ) = s, (1, . 1y = TV g, (3.6.9)
P P
First, consider the Gaussian ensemble. We have
EQY [(det(t — M))P] = Hww (7). (3.6.10)
Using (3.5.34) and calculating C for A = (NP),
C (p)_ﬁi(Ner—j)! (3.6.11)
(NP) e (p—])' ) 0.

proves the statement. Similarly, the Laguerre and Jacobi cases can be computed in a similar
way by using
GA(p,0) = Cx(p)Go(p, 0). (3.6.12)

|
The Cauchy identity can be written as

q N

HH(ﬂl <= — NZZWLSA v TN (2, ), (3.6.13)

— X
i=1j=1 i) Jj=1 ] A pCA

where @, is one of the generalised polynomials H,,, E,(]) or j,g“ 2), By using orthogonality of

multivariate polynomials (3.5.8), (3.5.42) and (3.5.54), we have the following proposition.
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Proposition 3.6.3. Let t1,...,t, and T1,...,T, be two sets of variables. Then

B [dett; — M) ] 1 1 D) 1
HHEN den(Ty — M) HT\/ > ZZ \mu HA(H)S (T
j=1k=1 - o=t AC(Vr) e ven 2
s.t.j\:V
» q ~ _ p+N—-1 q
(o) [ det(t; — M) _ 1 ] ==
ygl;[l N [ det(Ty — M) jH v kl;IlT’iv

P g p+N— q
det(t; — M) L(j+m+72+1) 1
E{) [J] - ~1 P2k +m+%+2) [ =5
[L1TEx ) e Ty kHO e I;I N

LN, N, 72) Cu(N )
> Go(N 31 GOEN 33 c, EN;DU T OSU(T)

tM

vCu
(3.6.14)
Note that the RHS is a formal power series in the variables T

3.6.1 Moments of Schur polynomials

Gaussian ensemble. Similar to the moments of monomials with respect to the Gaussian weight,

2n!
2n — 5 n
/ de = (—=1)"Han(0) = 5, —,
vV 27
% " (3.6.15)
2n+1 dx —_ 07
V2T /
the moments of Schur polynomials associated to a partition A are given by
[Al
—1)2 H)(0V), |)| is even,
EY[S)] = EDEROD, I (3.6.16)
N
0, |A| is odd,
where
(1= \
H/\(ON) = N i CA(N)X(QM\/Q)- (3617)
22 5!

This can be easily seen from (3.5.15), (3.5.27) and (3.5.34) by observing that Sy = 1 for A = (),
and S(0) = 0 for any non-empty partition \. Using (3.5.8), E%I) [S)] is a polynomial in N

with integer roots given by the content of A whenever Xé\\ A2 18 non-zero. Below, we give a few
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examples of the moments of Schur polynomials corresponding to partitions of 4:

ES) [Sw)] = éN(N +1)(N +2)(N +3)
EED [Ssn)] = —é(N 1NN 4 1)(N +2)

1
B [S0)] = 7 (N = ON*(N +1) (3.6.18)

E [Span)] = —é(N C9)(N — DN(N + 1)

B [S0)] = é(N _3)(N—2)(N - )N

Laguerre ensemble. The univariate moments are

1 /OO oy = F(n+~v+1) (
—— [ e Tde = ———— "L — n1LM(0). 3.6.19
L(y+1) Jo L(y+1) (©) ( )

The moments of the Schur polynomials with respect to the Laguerre weight can be computed
using (3.5.43),

(L)  CA(N) GA(N,v) o
Exn’[S\] = AL Go(N, ) <) (3.6.20)

— (1), 0)£0 (V).

Like in the the Hermite case, E%)(SA) are polynomials in N with roots i — j and i — j — 7,
where (7, 7) € A as discussed in Sec. 3.5.

A few examples are

=
e
«
N

I

3
24(N—1)! (N +7)
gL [Sesn] = 1N +2)IT(N +v+3)
N PEDIT RN —2)I T(N+4—1)
(L) 1 (N+ DN T(N+~v+2)I'(N+7v+1)
]E = — . .
N e = S oINS TV TN £ = 1) (3:621)
E(L)[S }71(N+1)!F(N+’y+2)
N PELDET R (N =3)IT(N ++ —2)
(L) _ 1 N (N+~+1)
Ex” [San] = 5 (N —4)IT(N + v — 3)
Jacobi ensemble. We have
1
/ (1 = 2y da = 2T D02 1D 56000 )

Fn+ym+1)I(e+1)
Fn+m+y+2)
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Similarly,

GA(N,71) ()
EY[S)] = 22T ey (N)D
[ ] G (N 'Yl) /\( ) A0
) (3.6.23)
NN=1) D
= (DT O+ )GV 0T 0,
Dyo
where
j(“ﬂ 2) (ON) (_UW GA(N,m) Dg\{)), (3.6.24)

G (N, 71 4+ 72)Go(N,71)Go(N,0)

and Df\’é) and 155\‘(])) are given in (3.2.10) and (3.5.60), respectively.

The following are a few examples:

1 (N43)YT(N+7+4) TE@N+7+12)
AN-1)! T(N+m) T@N+7+y2+4)
(N+2!T(N+7m+3)TCN+v1+7—1)
(N=2)IT(N+~m —-1)T(2N + 1 + 72+ 3)
(N+ 1INl T(N+v +2)I(N+7 +1)
(N —1YN —2)! T(N+y)[(N+v —1)
PN+ 7+ —2)T2N + 71 +72 —3)
LN +71 47 +2)TE2N +v +72 +1)
TN+ DIDIN 4+ +2)TEN + v+ 72 —2)
8(N —3)IT(N +7; —2)T(2N + 71 + 72 + 2)
1 N T(N+7n+1)IE2N+v+92—3)
24 (N —4)!T(N 4+ —3)T(2N + 91 + 72 + 1)

EY [Sw) =

OO\H[\D

EY [Seu) =

ol -

EY [Se2) =
(3.6.25)

EY [Sean] =

EY [Sus) =

3.7 Joint moments of traces

Recently, the study of moments and joint moments of Hermitian ensembles have attracted
considerable interest |57, 58, 75,127]. Here we give new and self contained formulae for the
joint moments of unitary ensembles in terms of the characters of the symmetric group. We
focus on the GUE but exactly the same method applies to the LUE and JUE.

Using (2.1.82) and (3.5.15), power sum symmetric polynomials can be written in terms of

multivariate Hermite polynomials

By =33 0w, (3.7.1)

A vCA

Proof of Thm. 3.2.3. When |u| is odd P, is a sum of product of monomials in xz with the

degree of at least one x; being odd. Since the generalised weight A% (x )Hf\i L€ ?i is an even

function and P,(x) is odd, Eg\?) [P,] vanishes.
When |p| is even, writing P, in terms of multivariate Hermite polynomials (3.7.1) and using
the orthogonality of H, along with (3.5.27) proves the first line of (3.2.7). |
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Corollary 3.7.1. Correlators of traces in the L.H.S. of (3.2.7) are either even or odd polyno-

mials in N. More precisely, we have

H
EY [P, () |ul/2
even  even
Even polynomial
odd  odd
) even  odd
Odd polynomial
odd  even
Proof. Let |u| be even. Since ]E%I) [S,] is a polynomial in N of degree |u| and the characters

x4 are integers, Eg\?) [Py] is also a polynomial in N. Now for any partitions A and u,

N —l() A
Xy = (—1) (“)XW 372)
Cy(N)=Cu(—N).
Thus,

EG 1P = 5 3 (OES 1S3 + 3 B [S])
A

N

. N y (3.7.3)
= e D X e X (CA(N) + (—1)7—1(@@(_1\;)) .
A

2\#\24— | "

o=

The corollary is proved by noticing that the symmetric and anti-symmetric combination of

C\(N) and C\(—N) is an even and odd polynomial in N, respectively. |

]
Remark 3.7.2. When |u| is even, the orthogonality of characters indicate that IE%{) [(Tr MZ)%]
is a polynomial in N of degree |u|. The polynomial degree of all other joint moments corre-
sponding to partitions of |u| is strictly less than |p|.
Since Eg\?) [P,] are polynomials in N, the domain of N can be analytically continued from
integers to the whole complex plane. In [58], it is shown that ES\I[{) [Tr M?/], j € N, are Meixner-

Pollaczek polynomials,

H i . 7 . 77
B [T M%) = N(2j — 1)t = Py (zz\a 5) (3.7.4)
= N(2j — 1)L F, (_9’ 12_ N;Q), (3.7.5)

where P}El) (¢N,m/2) is a Meixner-Pollaczek polynomial that satisfies

0 2nT 2\
/ Hﬁwwﬂwwa@wu+mwéw””mz<;£$53%WA>Q°<¢<W
(3.7.6)
Here oFi(...) is a terminating hypergeometric series in the standard notation,
ap... ap N (a1)j .- (ap);
F x| = SR S TN Ry 3.7.7
b q<b1 bq ) =0 (bl)](bq)j ]! ( )



where (q), = I'(¢ + n)/T'(¢). From (3.7.4) and (3.7.6) it can be seen that the zeros of
EYY [Tr M2] lie on the line Re(N) = 0.

Correlators of traces are combinatorial objects as they are connected to enumeration of
ribbon graphs [32, 143, 228]. This connection is briefly discussed in App. A. By counting

ribbon graphs, it can be easily seen that

B [Te M1 T M| = (26 — DEG [Tr M%7
_ k1l () (o T (378)

Therefore, Eg\?) [Pu], = (2k—1,1), is also a polynomial in N with roots on the line Re(/N') = 0.
But in general, this phenomenon is not observed for all partitions p i.e. the zeros of E%{) [P,]

doesn’t lie on the imaginary axis for any partition. For example,
ESD [T M8 T M) = 5N (14N + 578NS + 6881N* + 16170N2 + 3384) (3.7.9)

whose zeros are not on the line Re(N) = 0.
In Table. 3.1, we give the moments of traces of the GUE corresponding to the first 8
partitions. The Fig. 3.2 shows the roots of these polynomials corresponding to partitions of 6.

The moments Eg\%) [Tr M7] of the Laguerre ensemble can be expressed as continuous dual Hahn

polynomials [58]. For the Jacobi ensemble, the moments IES\‘,]) [Tr M7] are not polynomials in N.
But by treating j as a complex number, ES\}]) [Tr M7] can be written as a Wilson polynomial [58],
which is a hypergeometric orthogonal polynomial. In Table. 3.2 and Table. 3.3, we give mixed

moments of traces for the LUE and the JUE.

Im(NV)
2%
1 L
-0.5 0.5 Re ( N)
s
Epl
Figure 3.2: Zeros of polynomials ES\?) [P,(M)] when g runs over all partitions of 6. When

i is a partition of a larger integer, the zeros of ES\?) [P,(M)] tend to deviate from the line

Re(N) = 0.
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| Im(IV) XIm(N)
3 % 13
X e X X x A
X 2 X i 12
1 i 1
Re(N) . Re(NV)
-0.5 0.5 -2 -1.5 -1 0.5 0.5
-1 1
8 2% “ % 1-2
X X X X A
-3 X 1-3
{ X
(a) v=10.01 (byy=1.1
< Im(N) x x Im(N) x
13 14
X 13
~ 2
X x X 12
1 « Xy 11
Re(lV) N SN e Re(N
6 4 2 -8 6 4 2
1 X X {1
X X X 4-2
X 2
x 1-3
1.3 1.4
x x X X
(c)y=5 (d)yy=8

Figure 3.3: Zeros of E%) [P,(M)] for different values of v when p runs over all partitions of 6.

H

P, By [P,]
D2 N2
p? N
b N(@2N? +1)
p3p1 3N2
p2

2 NQ(NQ + 2)
pap?

! N(N?+2)

pil 3N2
be 5N2(N? 4 2)

( To be continued)
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H
P, Ey [P
bsp1 BN(2N? + 1)
bab2 N(2N? + 1)(N? + 4)
pap?

! N?(2N?% 4 13)
p2

8 3N(4N? 4+ 1)
b3p2p1 3N2 (N2 + 4)
p3pi

! 3N(3N? +2)
p3

2 N2(N? 4 2)(N? +4)
papi

2 N(N?%+2)(N? + 4)
papt

! 3N?(N? +4)

6
h 15N3
bs TN(2N* + 10N2 + 3)
b 35N2(N? + 2)
bob2 5N2(N? + 2)(N? + 6)
pep?

! 5N(N* + 14N? 4 6)
Psps 15N2(3N? + 4)
Pspab1 5N(2N* + 13N2 + 6)
pspi

! 15N%(2N? 4 5)
p2

4 N?(4N* + 40N? + 61)
Pp4ap3p1

3N(2N* 4 25N? +8)

( 'To be continued)
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H
P, ESV[R

pap3 N(2N? +1)(N? + 4)(N? +6)
pap2pi N2(N? + 6)(2N? + 13)

papi 3N(2N* 4+ 25N? + 8)

Pip2 3N(4N% +1)(N?% +6)

pipt 15N2(2N? + 5)

P3p3p1 3N2(N? + 4)(N? + 6)

pspart 3N(3N? + 2)(N? +6)

papi 15N2(3N? + 4)

P5 N%(N? 4 2)(N? + 4)(N? +6)
Pt N(N? 4 2)(N? + 4)(N? +6)
P%pil 3N2(N2+4)(N2+6)

P2P§ 15N3(N2 +6)

I3

105N*

Table 3.1: Mixed moments of traces of the GUE for the first 8 partitions. Only even partitions

are listed since E%{) [P.(M)] =0 for odd |ul.

L

P, By [P

D1 N(N +7)

P2

N(N +7)(2N +7)
p2
! N(N +7)(N* + 4N +1)

b3

N(N +~)(5N? + 5yN +~% +1)

( To be continued)
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L
Dy EEV)[P#]
p2p1 )
N(N +7)2N +7)(N° + N +2)
p3
' N(N +7)(N? +yN +1)(N? + 4N +2)
2 ) )
N(N +7)@2N +9)(TN"+ 7yN +a” +5)
p3p1 9 ) ,
N(N +7)(N?+ 4N +3) (5N? +5yN +a? +1)
2
" N(N +7) (4N* + 8yN® + (59% + 18)N* + v(y* + 18)N
+49% +2)
papi
1 N(N +7)2N +7)(N? + N + 2)(N? + N +3)
p4
' N(N+7)(N2+’YN+1)(N2+7N-|-2)(fy2+7N+3)
" N(N +7) (42N* + 84yN?® + 14(4~* + 5)N?
+14y(72 +5)N +7! + 159" +8)
o N(N +7)(2N +7)(N? + 4N +4)(TN? + TyN +7° + 5)
p3p2 4 . ) ,
N(N +7)(2N +7) (5BN* 4+ 10yN? + (69° 4+ 37)N
(72 + 37T)N +6(% + 3))
2
o N(N+’)’)(N2+7N+3)(N2+7N+4)(5N2+5,YN+72+1)
2
e N(N +7)(N? + 4N +4) (4N* + 8yN? + (57* + 18)N?
(Y + 18)N +2(29% + 1))
pap?
1 N(N +7)2N +7)(N? + 4N + 2)(N* + 4N + 3)(N? + 7N +4)
5
" N(N +7)(N? + 4N + 1)(N* + YN + 2)(N? + 7N +3)
X (N? + N +4)
Pe

N(N +7)(2N +7) (66N* + 132yN? + 42(27% + 5)N?
+67(37% + 35)N + 7% + 3572 + 84)

( To be continued)
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L
P, EY [P

bsp1 N(N +7)(N? + N + 5) (42N* + 84yN3 + 14(492 + 5)N?
+147(y* + 5)N +4* + 159% + 8)

bab2 N(N +7) (28N 4+ 847N? + 5(197% + 60)N* + 507(72 + 12) N3
+3(47* + 13572 + 120) N2 + ~(v* + 10592 + 360) N
+8(v* + 107% + 4))

P4p% 2 2
N(N +7)2N +v)(N“+~yN +4)(N“+~yN +5)

x (TN? + 7yN +~% +5)
& N(N +7) (25N° + 75y N® + 5(17¢% + 62)N*
+57(992 + 124) N3 + (117 + 420~% + 349)N?
(vt 4+ 11097 + 349)N + 3(37* + 2572 + 12))
Psbap1 N(N +7)@2N +7)(N? + 4N +5) (5N* + 10yN?
+(69% + 37)N? + y(v* + 37)N + 6(7* + 3))
Popi N(N +7)(N? + YN + 3)(N2 + N + 4)(N? + yN +5)
(5N%+5yN ++2 +1)
P N(N +79)(2N +7) (4N® + 12yN® + (137* + 54)N*
+67(72 + 18)N3 4 (41 + 6672 4 222) N? 4 67(2y* + 37)N
+40(7* +2))
pgp% 2 2 4 3
N(N +7)(N? + yN + 4)(N? + N +5) (4N* + 89N
+(59% + 18)N? + y(v* + 18)N +2(27* + 1))

Pzpil 2 2
N(N +7v)2N +v)(N“+~yN +2)(N“+~yN +3)
(N? + 4N +4)(N? +yN +5)

I

N(N +~) (N2 4+ 4N +1)(N? + YN + 2)(N? + vN + 3)
(N? 44N +4)(N? +yN +5)

Table 3.2: Mixed moments of traces of the LUE for the first 6 partitions.
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J
P, EY [P
P1 N(N + )
2N +v1 + 72
3N2 + (3 279N + 2 -1
p2 N(N +) + (371 + 272) N + 791 + 1172
CN+v+72 12N +7+7%) 2N+ +72+1)
i NV + ) 2N + (3y1 +72) N2 + (7§ + 1172)N + 72
CN+7m+72—-1@2N+y1+72)2N +7 +92+1)
D3 F@2N +y1 +792—2)
N(N +
( 71)r(2N + 71 + 72 +3)
X (10N +2(1071 + 792) N + (11 + 72) (1671 + 579) — 14)N?
+(71 (71 +72) (671 + 592) — 14) = 872) N + 91 + 29172
+73(¥3 = 5) — dy1y2 + 75 + 4)
L2N 4+~ +792 — 2
DP2p1 N(N—i—’n) ( Y1 T Y2 )
L(2N + 71 + 72 + 3)
x (6N° + (1571 + T2)N* +2(77f + 77172 +72 - 3)N
+3(278 +3v2 2 + (7% = 3) + 12)N
+(7 + 272 + 7 (5 = 3) + 32 + 45N
+272(71 + 1172 — 2))
P} F2N 4+ +72 —2)

N(N +m)

P2N +71 +92 +3)

X (4NS +4(3v1 + 12)N® + (1397 + 107172 + 73 — 2)N*
+2(71 (71 +72)(3v1 +72) — 2) + 3y2)N?

+(7 + 29772 + 978 — 2) + Imye + 33 — 2)N?
+(mBr2(n +72) = 2) = 492)N + 272(v2 — 1))

Table 3.3: Mixed moments of traces of the JUE for the first 3 partitions.
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Chapter 4
Bounds in central limit theorem

This chapter is a part of the paper Symmetric function theory and unitary invariant ensembles,
which is a joint work with J. P. Keating and F. Mezzadri. The present author entirely carried
the project with the advisement from J. P. Keating and F. Mezzadri. We also thank Tamara
Grava and Sergey Berezin for helpful discussions.

The last section of [165] is rephrased into this chapter with more details and additional
examples. The notation has also been changed to be consistent with the rest of this thesis. All

such changes and inclusions are due to the present author.

4.1 Introduction

In this chapter, we are interested in the global fluctuations of the spectra of Hermitian en-
sembles. To set it more clearly, we consider the GUE, a paradigmatic ensemble for random
matrices. For a GUE matrix M of size N, consider the rescaled matrix M = M/ VAN with
j.p-d.f. ,
N2 N
% [T (-2 ]e 2. (4.1.1)
(2m)2 Hj:l J! 1<i<j<N j=1
This choice of scaling is to make the eigenvalue support compact in the limit N — oco. Note
that the scaling is different from Ch. 1'. As a result, the asymptotic spectral density, namely

the semi-circle law, is confined between -1 and 1 instead of -2 and 2:

2
pse=—V1—a% —1<z<1. (4.1.2)
7r

Therefore, for a well-defined function g,

N 1

1 2

N E g(xj) — W/lg(x)\/ 1—22dx, as N — oo. (4.1.3)
Jj=1 B

! Different scalings are chosen in each chapter to make our results consistent with the literature.
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An interesting object to study is the linear statistic ) j g(z;) and its fluctuations around the

semi-circle. In [157], Johansson proved that as N — oo, the centered random variable
H
Tr g(M) — EVV[Tr g(M)] (4.1.4)

converges in distribution to a normal random variable with mean zero and variance that de-
pends on g. Note the absence of 1/v/N normalisation typically seen in the CLT in probability
theory. This is due to very effective cancellations involved in (4.1.4).

Even for any finite N, normal random variables are closely connected to the GUE in the
sense that the real and complex matrix entries are i.i.d. Gaussians. This close representation
also appears in the large N limit as discussed above.

In Ch. 3, Sec. 3.3, we have seen that the correlators of traces of a Haar distributed unitary
matrix are exactly equal to that of complex Gaussians. For U € U(N), the random variable
TrU7 converges in distribution to VjZj, where Z; are independent complex normal random
variables. More generally, for a real-valued function g on the unit circle, the linear statistic
Tr g(U) converges in distribution to a normal random variable. Alternatively, the fluctuations

of Tr g(U) can also be studied using Szegd’s theorem, which we state below.

Theorem 4.1.1 (Szeg6 [227]). Let g be a continuous function on the unit circle with Fourier

coefficients §;, —oo < j < oo. If Y

[e.e]
j=—o0

13119517 < oo, then

Eyvle™ 9] = exp [ Ngo+ > jg-j4; +o(1) |, as N = oo. (4.1.5)
j=1

The above theorem can be proved by using the properties of Toeplitz determinants:
N .
By €™ 9] = By [ ] 2] (4.1.6)
j=1

which is a Toeplitz determinant with symbol e9. For a proof of Szegd’s theorem see one of
the following [27,128,142,166,227|. For a proof of Szegd’s theorem using symmetric functions,
see [45]. The central limit theorem for Trg(U) can be recovered from Szeg@’s theorem as

follows.

Corollary 4.1.2. For each £ € R and a real-valued function g such that gy = 0 with
Alg) = ilgl? < oo, (4.1.7)
j=1

we have
Ey (e’ ™90 — exp(—£7A(g)), (4.1.8)

i.e. Trg(U) converges in distribution to a normal random variable with mean 0 and variance
2A(g).
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Consider the random variable

= 2 , D) 4

Z = Zgzj_l\[f{e Tr U7 + 523»\[ Im Tr U7 = Trg(U) (4.1.9)
5 J J
7=1

where
m

g(e?) = Z c;e?, (4.1.10)

j=—m

with
1

V2]
As an immediate consequence of the Szegd’s theorem, we have that the random variable e
has the limit

G = (€2j—1 —1&25), c—j=7¢j, co=0. (4.1.11)

iz _lee
Egr(nvyle'”] — exp 5 (4.1.12)

as N — oo for a fixed m. That is, if we denote

2 . 2 .
Xoj_1 = \[ReTr U, Xy = \[ImTr Ui, 1<j<m, (4.1.13)
J J
then the vector X = (X7,..., X9,,) converges in distribution to independent normal random

variables as the matrix size goes to infinity,

d
X = (Xl, . ,Xgm) = (7“1, - ,’I“Qm) =T. (4114)

Here 7; are independent Gaussians with mean zero and variance 1, and 2. means convergence
in distribution.

The result in (4.1.14) also follows from the fact that joint moments of Xj,..., Xy, are
equal to the joint moments of ry,...,r9, up to very high orders, see Ch. 3, Sec. 3.3. Due
to this exact equality, Diaconis and Shashahani predicted that the random variable Z should
converge very fast to the normal random variable N/(0, ||€2]]). Johansson showed that the rate

of convergence is super-exponential by giving an estimate for the total variation distance,
drv(Z,N(0, ||€]%) < NN 4.1.15
v (Z, N (0, [€]17)) < (4.1.15)

for some constants C' and § which do not have any explicit expressions. More recently, Johans-
son and Gaultier [160] studied the multivariate rate of convergence of the vector X to r in the
total variation distance as the variable m increases with N. In addition to showing that the
rate is super-exponential, they also gave explicit expressions for the constants that appear in
the CLT.

We now return to the random Hermitian matrices. Similar to the unitary group, for all
sufficiently nice functions g, a version of the strong Szegd’s theorem holds for Hermitian random

matrices [157]. In particular for the GUE, we have the following theorem.
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Theorem 4.1.3. For a locally Hélder continuous function g : R — R, N — oo,

1 o0
logES exp [ Y g(z) || — N/Rg(t)psc(t) dt — ¢ > kaj, (4.1.16)
j k=1
where
2 ™
ay = / g(cos @) cos k6 df (4.1.17)
T Jo

are the coefficients in the Chebyshev expansion of g(t).

The proof involves variational formulae, the properties of orthogonal polynomials and tools
from analysis. We do not discuss the proof here but interested readers can refer to [157].
If g in (4.1.16) is a real-valued function such that A(g) = § 372, kaj < oo, then

/ exp (z‘{ Tr <g(M) — /R g(t)p(t) dt)) dM — exp(—£2A(g)) (4.1.18)

as N — oo for each ¢ € R. Here dM is the uniform probability measure on the space of N x N
rescaled Hermitian matrices, and p(z) is the eigenvalue density. Analogous results holds other

B—ensembles and for weight functions different from the Gaussian weight.

Remark 4.1.4. [t is worth mentioning that the variance A(g) depends on the geometry in-
volved. For the unitary group, we have geometry of the unit circle, and for the Hermitian

ensembles we have the geometry of an interval.

In particular, let the function g in (4.1.16) be Chebyshev polynomial of the first kind T}
of degree k. Chebyshev polynomials appear naturally in the GUE, more generally in Wigner
random matrices: Chebyshev polynomials of the second type are orthogonal with respect to

the semi-circle law. If

Xy =T T,(M) — B [T T, (M), k=0,1,..., (4.1.19)
then [157]
(X1, Xom) L (Lry, o 20y, ), (4.1.20)

where 7; are independent standard normal random variables.

The central limit theorem for Hermitian random matrix ensembles has been the focus of
numerous studies. For example see [28,37,101,174,176,197,201,214,215,250] and references
therein. The main tools used to prove the CLT in the case of Hermitian and Wigner ensembles
have been orthogonal polynomial techniques, Riemann-Hilbert methods, the Stein’s method
etc. In this chapter, as an example of an application of the general approach taken in Ch. 3,
we apply our results to establish explicit asymptotic formulae for the rate of convergence of
the moments and cumulants of X}, to those of a standard normal distribution when the matrix

size tends to infinity.
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4.1.1 Statement of results

Define "
n \/E n
Enp =B (X7 - (2 E[r}]. (4.1.21)

The formalism that we developed to study moments of traces in Ch. 3 allow us to derive explicit
estimates for the error &, 1, as a function of matrix size N. For the rescaled Gaussian matrices,
the correlators of traces are Laurent polynomials in N. This fact can be seen from (3.2.7)
when applied to rescaled matrices. Consequently, the moments of polynomial test functions
are also Laurent polynomials in N. In particular, for the Chebyshev polynomials, we have the

following theorem.

Theorem 4.1.5. Fiz k € N and let kn < N. With the notation introduced above the following
statements hold as N — oo.

1. Fork odd and k > 1,

0, if n is odd,
Enk = d (4.1.22)

’ dy(n, k)% + 0 (ﬁ) , ifn is even,

where, when n — oo with k fized,

dq (n k) << A k 71-*%2%*157“*%]@ s (k+2)+3 +4kn 8 (k+1)*§+g
on  5n (4.1.23)
% o~ gD+ 4/ T (k+1)

When k=1, £, 1, = 0.

2. For k even,

da(n, k:) +0 (ﬁ) , ifn is odd,
Enk = (4.1.24)
ds(n, k:)ﬁ +0 (ﬁ) , if n is even,

where, when n — oo with k fixed,

3 3nk 3nk 9 k2 k_3 _n(f_ nk _ 19n
da(n, k) << AR 59 st g L 2 S IR S R 58 o s (k18 sk

3 3nk 3nk 9 3nk | 2 k,5 _n nk _ 19n
dy(n, k) << APr— 3o R -tnt g p B3+, M b ] R O-10)4my B

(4.1.25)

Here A =1.2824... is the Glaisher—Kinkelin constant [50)].

Along with the moments, we also give an estimate for the cumulants of random variables
Xk. Computing cumulants from (3.2.7) is not straightforward. We instead employ the well
established connection between correlators of traces and the enumeration of ribbon graphs to
estimate the cumulants. The results are elaborated in Section 4.2.2.

To summarise, for a fixed n and k, we show that the n® moment of X}, converges to the

n* moment of independent scaled Gaussian variable as N~! or N=2 depending on the parity
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of n; and the n*" cumulant of X}, converges to 0 as N2 for n > 2. Theorem 4.1.5 provides

explicit asymptotic estimates for the rate of convergence of the moments.

4.2 Eigenvalue fluctuations

4.2.1 Moments

Here we focus on the GUE but the Laguerre and Jacobi ensembles can be studied in a similar

way.

Proposition 4.2.1. We have

H " 2n!
E [(Tr )] = ST (4.2.1)
Proof. When p = (12*) in (3.2.7), using (3.5.10) and the fact that XE\lgn) = dim V),
(H) om 2n! 1 A\ N
Ey’ [(TrM)*"] = S i N > XamySa (1Y), (4.2.2)
A-2n
Using (2.1.82) and P, (1Y) = N!(*),
(H) ony _ 2n! 1 Ny 2n!
|

The R.H.S. is the 2n* moment of r; /2 where r; ~ N(0,1). This exact equality of moments
with the moments of Gaussian normals is special to Eg\?) [(Tr M)Q”] . In general, one can
consider moments of the form IE%I)[(TI" g(M))"] for a well-defined function g.

Johansson [157] showed that when g is the Chebyshev polynomial of the first kind of degree

k, the random variable
Xy =T T,(M) — B [T T, (M), k=0,1,..., (4.2.4)

converges in distribution to the Gaussian variable (0, k/4). In this section we prove Theorem

4.1.5, which implies that

ESD (X7 = (‘/E> e+ d(n, k)

-2
e e 4.2.
2
where 1, = 1 if n is even and 0 otherwise, and where my,,, is either 0 or 1, with asymptotic
estimates for d(n, k). Results for k = 1 are already discussed in Prop. 4.2.1. We first consider

X5 and discuss results for general values of k£ in Sec. 4.2.1.2.
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4.2.1.1 Second degree

One sees that

(H)[(TI' M2

+2j

(4.2.6)

For a fixed n, this can be obtained by substituting in the character values of Sa,, in (3.2.7).

Alternatively, a proof by counting topologically invariant ribbon graphs is sketched in App. A.

Clearly, the n' moment of X5 is equal to

N n
B (x5 = B [<2TrM2 - 2) ]

50) () sremen

J
N2,
_1)n—j2jN2—2j <n> F<2+]>
J/ T

(¥+)

The asymptotic expansion for the ratio of Gamma functions is [103]

= 2n+1

I'(z+a) La-b a—b pla—b+1)
TG b ~ Z;ﬂ( > (@), a,beC, z— oo,

where B](.l) are generalised Bernoulli polynomials. Hence,

In arriving at (4.2.9) we used
B(j) = (=1)'B"(0).

(4.2.7)

(4.2.8)

(4.2.9)

(4.2.10)

Here Bl(j )(O) are generalised Bernoulli numbers and the first few numbers are given below:

B (0) =1

BO©0) =1
B0 =L -
BY(0) = j83 + j;.
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By inserting (4.2.11) into (4.2.9),

n 1 . n—j T
Coef. of N :272(—1) J<,>:0

i=1 J
Coef. of N2 ; ;;(—1)”1 <?>j(j—1) (4.2.12)
n — n—gf;: n—1\
=5 LU n(i7)) -

Calculating the coefficient of N2 for arbitrary n and [ is not straightforward because
there are no simple expressions for generalised Bernoulli numbers. Though these numbers
can be written in terms of Stirling’s numbers of first kind, the coefficients can be explicitly

computed only for small values of [. It can be shown for a given n that

Coef. of N"™2* =0, for 0 <k < |n/2],
n! (4.2.13)
Coef. of N = ,

"
where 7, = 1 if n is even and 0 otherwise. Our goal is not to compute these coefficients
more generally, but rather to give an estimate for the sub-leading term in (4.2.5). Since the
Chebyshev polynomials of even and odd degree do not mix, the moments of X show a similar

behaviour as in Corollary. 3.7.1 in Ch. 3:

H
Exy” [P,(N0) 1)
Odd Laurent polynomial odd

Even Laurent polynomial even

Table 4.1: Parity dependence of Eg\?) [P (M)].

Therefore,
) O(N—3), if n is odd,

N E‘ o, +d3(n,2) 55 + O(N™Y), if n is even.

(4.2.14)
Coefficients ds(n,2) and ds(n,2) can be estimated using (4.2.9). In Table. 4.2, we give the
results for E%I) [X7] along with the coefficients da(n,2) and d3(n,2). In the next section, we

give an estimate of dy(n, k) and ds(n, k) for arbitrary values of n and k.

4.2.1.2 General degree

The explicit expressions for the joint moments of eigenvalues in Thm. 3.2.3 in Ch. 3 allows us
to obtain Thm. 4.1.5. Consequently, X} converges to a normal random variable. For a fixed k

and n,

Xi — \gE./\/'(O, 1) as N — oo. (4.2.15)
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n Ey[X3]

1 0

2 >

3 N

4 S+

5 ¥

6 ®+onz + pr

7 2343

8 R+ + 3+ 2R

9 % + 3]%7%4 1?\(])?6 4 2(])\}90
10 % + 1;1%225 + 725]%145 + 15]5\)[8644 + 18]1[%40

Table 4.2: The first 10 moments of Xo = TrT5(M) — E%{) [Tr To(M)].

In reality, the correct bounds in Thm. 4.1.5 are much more smaller than given. This is due to

sequential cancellations in the sum

ZXQX?Q\W%C/\(N) (4.2.16)
A
and in the Chebyshev expansion
P 1)
Tr Ti(M) = = Y (—1)7 Lok 2y k=21, 4.2.17

The bounds in Thm. 4.1.5 are better for smaller moments.

To prove Thm. 4.1.5, we first need to estimate the coefficient of the 1/N term in the
Laurent series of IE%{) [P,] of rescaled matrices, which leads to estimating the characters of the
symmetric group. All the characters of the symmetric group are integers and satisfy

x|

o, (4.2.18)
X(1lul

It turns out that under suitable assumptions, the ratios | XZ\J / X(A1| uly Bre very small, sometimes
exponentially and super-exponentially small [94,209]. Particularly useful bounds are of the
form

Xl < Ounn) ™ (4.2.19)

where a,, depends on pu.

The frequency representation of a partition pu = (1%12°2 ... k%) also represents a permuta-
tion cycle of an element in §),|. The number b; gives the number of j—cycles in pu, 1 < j < k.
For example, if by = 0 then are no 1-cycles. In other words, there are no fixed points when
b1 = 0. The only obstruction to the small character values of | Xf)’ is when g has many short
cycles [177]. With this information,
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Proposition 4.2.2.

(a) Given any \ € Irr(Sy,), let u = (m™™), then [9/]

3=

1(1_1
‘Xﬁ’ S Cn2(1 M) (X?ﬂ;ﬂ)) ) (4220)
where ¢ s an absolute constant.
(b) If i € Sy, is fired-point-free, or has n°Y) fired points, then for any X € Irr(S,,) [177],

110(1)
ol < ()™ (4.2.21)

(c) Fiza <1 and let p € S,, with at most n® cycles. Then for any X € Irr(S,,) [177],

a+o(1)
\X,))’ < (X?wg) (4.2.22)
Proposition 4.2.3. For a given u, Eg\?) [P,] is a Laurent polynomial in N with
_lul /2
Coefficient of 1/N? in IE%{) [P,] << 2_%_(1_%“”%_%—’_[16 ATyl (4.2.23)
Here q is a positive even (odd) integer when l(1) is even (odd).
Proof. For rescaled matrices, the expected value of P, is
: S X XACAN), [ s even
el A [Al/2 ) )
D [T T = { w8 gty AT R T (4.2.24)
j=1 0, otherwise,
Using (3.5.10), we obtain
(N +1) L(N +|A])
—— 2 < (O\(N) < ———=. 4.2.25
TV i+ =AW = = (4.2.25)
Using the asymptotics of Gamma functions, as N — oo,
LN+ [A) W |>\| (Al+1
~ta A 2 B, (4.2.26)

where Bl(j ) (x) are generalised Bernoulli polynomials of degree [. Thus, the coefficient of 1/N4Y
in (3.2.7) is bounded by

: o (H 1 |l )
Coefficient of 1/N? in IEEV )[Pu] < N <|M| > ILlIL:_ (2] Z |Xu||X2|M/2 (4.2.27)
g2 LII\5 4

Using (4.2.19) and (4.2.20), the R.H.S. of (4.2.27) is bounded from above by

Iu\+

<g!u! )!u! (Xl\u\)max # par(|ul) B (|ul). (4.2.28)
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The maximum of the dimension of the irreducible representation is [184]

[ [
(O Jmax < (2m) |l & T (4.2.29)

and number of partitions grow as [137,232]

1 2|l
# par(|u|) ~ exp | m\/— |, as |u| — oo. 4.2.30
() N 3 1z (4.2.30)
Polynomials Bl(j ) (x) satisty
BU (z) = <1 - ;) BY (z) +1 (j - 1> BY (x). (4.2.31)

Hence,

B () = <2 q> BUD (1)) ~ a2 (4.2.32)

Iu|+q |H| IMJrq

Inserting a,, = 1, (4.2.29) and (4.2.32) in (4.2.28), the coefficient of 1/N in ES"”)[P,] is bounded

from above by
1 1 || 5\u\ —34q _3lul g f2)
220l +a+3 [l ("2" )|M| &5 BlH (4.2.33)

5!

2‘“‘+q+1

The bound in (4.2.33) is much larger than the original value due to cancellations involved in

(4.2.24). Now using Stirling’s approximation,
n! =+ 27m"+%e_”, n — 00, (4.2.34)

proves the proposition. |

Proof of Thm. 4.1.5. Using (4.2.24), it can be seen that the joint moments of traces of rescaled
matrices are Laurent polynomial in N with rational coefficients. Thus the central moments
of traces of Chebyshev polynomials are also Laurent polynomials. Since Xj(M) converges
in distribution to a normal random variable as N — oo, ES\I,{) [X}] is a polynomial in 1/N
with constant term given in (4.1.22) and (4.1.24) depending on whether k is odd and even,
respectively. To estimate the sub-leading term in ES\I,{) [X}], we consider k even and odd cases
separately.

(1) For k odd, IE( ) [Tr T3, (M)] = 0. Using the expansion of Chebyshev polynomials of the first
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ES X7
=E{ [(Tr T,(M))"]
At o "
A—=2 |
B (K> (1) ( 7+ ) 92 Ty N2+
=0 (5 =)@ + 1) (4.2.35)
% (k=1 4 )1 "
=k Z < > nJ —jn; — 2. ,7.~ 22jnj
no+-+ng_1=n 1o - 57 j=0 (% - ])'(2.7 + 1)'
2
H
X ]EEV ) [PM] 9
where
%
BV P, =BG [ T[T M2y |, = (1mo3m k"), (4.2.36)
=0

The odd moments of Tr T} (M) are identically zero because Eg\?) [P.] = 0 when || is odd, see
(4.2.24). When n is even, the leading term is given by the n*" moment of V&ry /2, 1 ~ N(0,1),
according to Szegd’s theorem. For n even, [(u) is always even. Hence the sub-leading term in
(4.2.35) is O(N~2) (see Table. 4.1).

The maximum possible degree of p is |p| = nk when nx—1 =n, n; =0for j =0,..., %,
and the minimum degree is |u| = n when ng =n, n; =0 ff)r j=1..., k—gl The coefficient
of 1/N? in (4.2.35) is estimated using (4.2.23) by choosing an appropriate p. Note that
the multinomial coefficient is maximum when all n;’s are approximately equal. In this case
= (1’9%37%1 e k:kQTnI) and |p| =n(k+1)/2. For a fixed k as n increases, the number of short
cycles in p increases. Using (4.2.22),

X0l < Xy (4.2.37)

which implies a, = 1 in (4.2.23).

Let
di(n, k) = [EYV[(Tr To(M))"]] e (4.2.38)
denote the coefficient of 1/N? in E%I) [(Tr T(M))"]. Putting ¢ = 2 in (4.2.23),
2n_
k+1
n kT )' 2|p| e (H)
di(n, k) <k " IR 1:[ 03 10 M EN [Pu]] ) pe- (4.2.39)
(m-) -
Now,
= k—1
2 —
OF D dm e L ok + 1) . (42.40)
=0 (57 — 27+ 1) A2 G (5+2)G () (9 (*5?))
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where we have used the relations

el
|
-

—1
—~ |~
==
| | v
==
|+
.S
~—
A
/—\
—~
E‘
\_/
SN—"

=0
” (4.2.41)
“ 1 1 1 1
H B RS KGR e (R '
3 k k+3
o (27 + 1) Az (G(5+2) ¢ (%)
Here G(x) is Barnes-G function and A = 1.2824. .. is the Glaisher-Kinkelin constant.
Using the asymptotics of Barnes-G functions,
1 z oz 1 322
Glx+1)~ Z(Qﬂ)ixT_ﬁe_T, as T — 00, (4.2.42)
and Stirling’s approximation, we obtain
2n
= k=1 i e
=0tz IR (4.2.43)
n! 1 1 k=1 k1
— -7 (k+ 1"t
=i
(#!)
By combining all the results that came along,
k) << AT RO g ) e ]
(4.2.44)

n 9n | 5n n
% e_g(kH)JFTJ“@'H”/?(kH).

We are interested to find the order of the coefficient of 1/N as n increases for a fixed k. To

capture the right behaviour, it is sufficient to approximate (4.2.44) to

n Tnk__ 13n 7 n 9n | 5n n
di(n, k) <<A s 227_7+6k]{; s (F+2)+3 +4kn s (k+1)— Z+§ — s (kD) +F gt/ 5 (k1)

(4.2.45)

(2) When k is even, let
1
= NE%” [Tr T;,(M)]. (4.2.46)
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k
2 (B .
— £ [ N (=0 — o) + k30t Wiy e

B n no ((_1\E 7o
B Z <n07 7nk>N (( 1)2 Ck)
not+-+ng=n 2
2
5 k "
K j |
o | (BIEE o e ) R
o (5 —J)N25)!
(4.2.47)
where
%
EVV[P] =En [J(Te M2y | = (2mam k"), (4.2.48)

=0

According to Szegd’s theorem, when n is even the leading order term in the R.H.S. of (4.2.47)
is given by E[(Vkry/2)"], rr ~ N(0,1). The sub-leading term is dz(n,k)N~2. When n is
odd, the leading term in the R.H.S. is given by da(n, k)N ~!. Next we compute the coefficients
da(n, k) and ds(n, k).

Coefficient dy(n, k): c;, decays as 1/N? for k > 2, so we neglect it in (4.2.47). Note that u
in (4.2.48) doesn’t have any 1-cycles. So p is fixed-point-free and (4.2.21) can also be used to
estimate characters Xﬁ in Prop. 4.2.3. Here we just use (4.2.23) for ¢ = 2 and follow the exact

same calculation as k odd. This leads to
n n _3n n n n n n n _n — nk __ 19n
dy(n, k) << AT =228 Sntgi g e TETE St 8 STV T (4.9.49)

Similarly, ds(n, k) can be approximated as

3 3nk 3nk 9n  3nk | 2 k.5 _1n(L_ nk _ 19n
ds(n, k) << AT 7~ 22% Bnba s Te T S PR o g sV TS (4.2.50)

4.2.2 Cumulants

In general, the moments and the cumulants are related by the recurrence relation

n—1
—1
fo = — (n )mjmn_j. (4.2.51)

=
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Cumulants and moments can also be expressed in terms of each other through a more elegant

formula. For a partition A\ = (1%12°2 ... 7br), define

T
wa = [[ A7, ma = [ m?. (4.2.52)
j=1
One has that

mpy, = Z dxkx,
y

(4.2.53)
k=Y (=)' = 1)ldamy,
A
where
dy = ! 4.2.54)
AT ANk (D, ! (42.
is the number of decompositions of a set of n elements into disjoint subsets containing A1, ..., )\
elements.

In this section, we give an estimate on the cumulants of random variables X and to do
so we rely on the well studied connection between GUE correlators and enumerating ribbon

graphs which has been briefly discussed in App. A.

4.2.2.1 Connections to Ribbon graphs

The mixed moments of traces are combinatorial objects and count the ribbon graphs, which are
graphs that can be drawn on surfaces. This connection is captured by the following theorem

due to Brézin-Itzykson-Parisi-Zuber [42].

Theorem 4.2.4. The joint moments of traces of the Gaussian matriz model are the sums of

weighted ribbon graphs,

(H) 71 N N\ 1 —F#edges (@)
E — | — TrW/ = —1 geEINX 4.2.
w1 n;! < T > 2 #Aut(G) ’ (4.2.55)

j=1 J Ribbon Graphs G

where the sum is over non-topologically equivalent ribbon graphs G with n; vertices, each with

J valencies, and #Aut(G) is the number of automorphisms of G.

Each graph G in (4.2.55) is either connected or disconnected. To study the cumulants, we
require to count only the connected graphs. When the summation over graphs in (4.2.55) is re-

stricted to connected ribbon graphs, we obtain the connected components of E%{) [H}l:l (Tr M )nj }

indicated by IE%{) [H?:1 (Tr Mj)nj} . That is,

n
IE%I) H (Tr M7 )nj : counts only connected ribbon graphs. (4.2.56)
j=1
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A few examples of connected components of traces are listed below:

ESD [T v, = B [T v
B [T vt e vl2), = ECD [T vh T vil2] — B [T M9 B [T )
EL [T v T vtz Te vl ), = B0 vt e 2 Te vile] — B vt | B [T vl T v

— BV M EGD [T v e ] — BR[O B [T v T M)
+ 2B MO B [T M) B [T )
(4.2.57)

Corollary 4.2.5. Connected integrals in the Gaussian matriz model are the sum of weighted

connected ribbon graphs,

n ) nj
ES) T ! <NTrM7> = > L j-#edges yx(@), (4.2.58)

| Aut
;. u
J=1 J J Connected ribbon Graphs G # (G)

Alternatively for p = (p1,..., ;) = (1™ ... k™), such that |u| is even,

l k
(H) % ) s | 1 2-2g-1
Ey HTr MU =Ey H(Tr M) = Z Wag(;zl,...,m)N 9
7=l c 7=l e 0<g<ll-f4g
(4.2.59)
Here g is the genus of the graph, and
ag(p1, ..., ) = #{connected oriented labelled ribbon graphs
of genus g with [ vertices of valencies p1, ..., 1} (4.2.60)

1
R =

where T' is a connected (unlabelled) ribbon graph of genus g with [ vertices of valencies
Wiy -y g, #FSym(T) is the order of the symmetry group of I', and the last summation is
taken over all such I'. Table. 4.3 gives a few examples of connected components of traces
corresponding to partitions of 6. For more examples and explicit results for expectations of

connected traces, see |[75]. Special cases of connected correlators such as

ENV[(Te MY, § >3,k >1, (4.2.61)

count polygon numbers on Riemann surfaces and can be determined exactly by certain algo-
rithms.
We now return to the cumulants of random variables X}. Consider the formal matrix

integral over the space of N x N rescaled GUE matrices,

Zn (s, €) = e*oN¢ / e 2N Tx M2 £ T VM) g (4.2.62)
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P, Ey [Pl
Ps T oy
DP5P1 3% + 64%
Pap2 é + 16}V2
pap? o8
3 i T mwe
p3p2p1 16%
p3p3 ey
3 SN
papt Ve
papt o8
It &

Table 4.3: Eg\?) [P,(M)]. when p is a partition of 6.

Here the formal series V(M) depends on the parameters s = {s1,..., si}, and has the form
k .
M) =Y s;M. (4.2.63)
j=1

The integral in (4.2.62) can be considered as a formal expansion in the set of parameters s;
and £. Now,

ng M1 s .
Z(s,) _ 3 eony (oMW S S i) [T (e vy

ng!  nq! ny,!
no,MN1,...,Nk 0 1 k 7j=1

k
(soIN)™o s’l“ sk
_ n J
—E £ E by R E ||TrM

n>0 no+-+nE=n

(4.2.64)

By choosing s; to be the coefficients of Chebyshev polynomials in (4.2.64), we recover the
moments of X. Thus, (4.2.64) is the moment generating function of Xj. For a given k, by
fixing s; to be the Chebyshev coefficients in T},

) [09] = 3 SR = 269

n>0

(4.2.65)

By matching the terms in the L.H.S. and R.H.S. of (4.2.65) by powers in £, we recover the
moments of X}. The correlators of Tr M7 are connected to the problem of enumerating ribbon
graphs as discussed above. The trace correlators count ribbon graphs that are connected and
also multiplicatively count ribbon graphs that are disconnected. When we have a generat-

ing series that counts disconnected objects multiplicatively, taking the logarithm counts only
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connected objects [138]. Hence, the cumulant generating function is given by

logEg\lfq) [egxk} = log 2(s,¢) = Z g/{n

% (4.2.66)
s sy
:soNf-f—an Z #1' kE(H) HTIMJ

n>1 ny-+ng=n c

For p= (1" ... k™) = (u1,..., 1), the connected correlators in (4.2.66) are given by (4.2.58).
We are now ready to estimate the cumulants of Xj. We treat k even and odd cases
separately.
(1) k odd: In this case, the parameters sy; = 0 for 0 < j < 51 and
k=1 .
(T + j)! 22j E—1

soji1 = ()7 T2 , 0<j<—=. (4.2.67)
(5= = )25 + 1! 2

When £k is odd, all the odd moments are zero. Hence all the odd cumulants are also zero. By

inserting (4.2.58) in (4.2.66), the even cumulants are given by

2n! 1 ay it sy st (4.2.68)
Hgnzig g — 2 B 2.
N2n—2 >250n5 N29 nyl ng! !
g9 mitng+-+ng=2n 2557 s K

(2) k even: In this case, the parameters sgj11 =0 for 0 < j < g — 1, and

S0 = (_]‘) — Ck,
L .
B (4.2.69)
825 = <_1)§7]k(13+?7.)22]71; 1<y< ﬁ
(3 —)N(2))! 2

The first cumulant is zero by the definition of X. So the first term in (4.2.66) is cancelled by

n = 1 contribution coming from the second term. Hence,

no  ng4 k/2 '
log B! [ éxk} Sen Y 't S | T vy | . (4.2.70)
n>2  nottngp=n no: s ! J=1 c
By inserting (4.2.58) in (4.2.66), the cumulants are given by
n! 1 ay sh2syt st
" - Y9 %2 % Tk >
fn =z DL D S Nl g M2 (4.2.71)

g no+-4np=n

Third and higher order cumulants of a Gaussian random variable are identically equal to
zero. Since X converges to N(0,k/4) as N — oo, the cumulants of X, k, — 0 as N — oo
for all n > 3. For a fixed n, we see from (4.2.68) and (4.2.71) that s, decay as N~"*2,
Example: The simplest non-trivial example is to calculate the cumulants of X5. By mapping

the problem to counting ribbon graphs (see App. A),

1
(4N

1 1
2n+1 Nn— An—2"°

E [(Tr M2)7), = 2" L (n — 1)IN2 = (n—1)! (4.2.72)
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For Xs, sg = —%, sp = 2, and s; = 0 for j # 0,2. Hence

n H n 1(n—1)!
fn = SSEN [TX(VC)")e = (Nn_ﬁ :

(4.2.73)

4.2.3 Laguerre and Jacobi ensembles

The correlators and the connected correlators of traces of the LUE and the JUE also have
combinatorial interpretations. For the LUE, the joint moments of traces can be expressed in
terms of double monotone Hurwitz numbers [57] and Hodge integrals [73,74,127]. In a similar
spirit, JUE correlators are related to triple monotone Hurwitz numbers [126].

For the LUE, consider the rescaled matrix M = M/(2N). The random variables

V(M) = Tr T, (M — 1) =B [Te T,(M = 1)], k€N, (4.2.74)
converge in distribution to N'(0,k/4) as N — oco. More generally,
(Yiyoo, Yom) S (Are, .0, 200y, ). (4.2.75)
Similarly, for a JUE matrix M of size N, the random variables
Zy = TeTo(2M — 1) — B [Te T,(2M — 1)], k€N, (4.2.76)

have the Gaussian distribution in the limit N — oo,

2
Zp L \grk. (4.2.77)

Furthermore, variables Z;, also satify the multivariate CLT,
(Z1yos Zom) S (A1, 2, (4.2.78)

For the Jacobi ensemble, the support of eigenvalues is compact. Therefore, no further rescaling
is required unlike the Gaussian and Laguerre ensembles. For special values of v; and v, in
the JUE, namely 71,72 = £1/2, the j.p.d.f. of eigenvalues represents that of compact groups
O(2N)x, O(2N + 1)1, Sp(2N). In [156], Johansson studied the rate of convergence in the
CLT for these groups. Error estimates in Thm. 4.1.5 can also be calculated for the Laguerre

and Jacobi ensembles using the machinery discussed in Sec. 4.2.

4.3 Mixed moments

Since X} converges to independent Gaussian normals, the correlators of X}, also converge to

random Gaussian variables as N — oo. For instance,

EVD (X, X;) = \/EE[W]-] +O(NTY. (4.3.1)
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For p = (191 ... k%), let

k
X, =[x (4.3.2)
j=1

v
2

k k
By =BV (T] X7 | = |[[ 2075 | + 0N, (4.3.3)
j=1 Jj=1

In this work, we do not pursue the correlations of X; in detail, but we give explicit expressions
in the following tables. Results similar to (4.3.3) also hold for the variables Y and Z.

X, ER[X,]
X, 0

x; .

X, 0

XX, 0

X; :

Xy X? Tl

X{ 16

Xs 0

X5X1 o
XaXo e

X, X? T

X; L e
X3X2 X1 o
X3X3 s

xj ¥
X3x¢ o
Xy X o

Xi E

Table 4.4: Mixed moments of Chebyshev polynomials of traces of the GUE. Since
Eg\],{) [X,(M)] = 0 for odd |u|, we listed correlations corresponding to partitions of even in-
tegers.
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Y, EY (Y]

Y 0

Ya 0
1

e it an

Y3 0

oY o+ ok

vy vt

Y, 0

Y3V, X +32+ D)z + 3P + D

Y7 %+l+(372+1)ﬁ + 927+ D5is

}/2}/12 2N + 4N2 + 4N3

vyt 16 Jr g 3(v* +2) 16N2 + 8N3

Ys 0

Ya¥i ¥ AP D) = F7 (@ +9) 3 97 (P +5) 7

Y3Y-

e 3 4 3(312 4+ 2) 2 + 37(372 + 5) 5 + 31272 + 3) g

Y3Y7 =+ 41]%”2 +3(372 + 1) w5 + 3772 + 1)1

Y3 X ¥ E G+ v+ D5

YoV 3X,+3(’y +2) 1z + 3v(7? +8)8N3 +2N4

Yp 8N + 4N2 + (5% + 6)8N3 + 4N4

Yg 0

YY1
245677 + 11) ;s + 57(1192 + 41) 15
+5(77* + 4572 + 8) 131 + 57 (7! + 1292 + 8) s

Y, Y

e 20 1 3(372 4+ 4) 2k + 27(89% + 23) 1k + (1194 + 5492 + 8) 2

+ 27(7 +107* + 4) 5

Y Y7

T A (1897 4 13) 1 4+ (2642 + 51) g1 + 592(7% + 5) gis
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Y2
s 34 2 £ 3(67% 4 T) g + 37(1192 + 29) 5
+ 9(871 + 2342 +4)4 +37(37* + 2572 + 12) a5
Y3YaY1
B 30 3(279% 4 14) ths + 37(2192 + 29) Ao
+1572(v* + 3) s
Y3V
16N +3(99% + 25) 16N2 + 37(9% + 80) 16N3
+3(3y* + 7592 + ZO)W +15v(v2 + 1) 145
Y23 117 2 1 2 1 20,2 1
24+ 77 +2(1172 +4) 75 + 187(V2 + )5z + 572 (P 4+ 2) 7
YFY?
8 + + (97* + 37) svz t 7(137% + 122) 8N3
+ (671 + 12592 + 20) 51 + 57(27% + 1) 515
Yoyt )
' 2+ 2+ (87 + 9) ghs + (1377 + 66) gy + 22
vE

4 + 64N +5(97% + 26)64N2 +57(37% + 52)64N3
+5(137% + 12) gokr + ook

Table 4.5: Mixed moments of Chebyshev polynomials of traces of the LUE.

J
Z, EY[Z,]
7 0
Z 0
Z3 PN +714+7) TN+ +7—1)

F2N+v1+7+2)T2N +v1 +7+1)
XAN(N + 1) (N +72)(N +71 +72)

727 T(2N +71 +72) TN 471 +72 —2)
T(2N +71+72 +3) TN + 71 + 72+ 1)

X 16(77 — 73)N(N +71) (N + 72) (N + 71 + 72)

( To be continued)
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VA 1 F@N+y1+7) TN+ +92—2)

TN+ +7) TN +91 +72+3)T2N + 71 + 2+ 1)
x 16(77 — ¥3)N(N +71) (N +72) (N + 71 + 12)

Table 4.6: Mixed moments of Chebyshev polynomials of traces of the JUE.
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Chapter 5
Asymptotics

This chapter is a part of the paper On the moments of characteristic polynomials [164], which
is a joint work with J. P. Keating and F. Mezzadri. The present author entirely carried the

project with the advisement from J. P. Keating and F. Mezzadri.

5.1 Introduction

Characteristic polynomials of random matrices have received considerable attention in the
recent years. As discussed in Ch. 1, one of the main motivations is due to the connection
to number theory to study the Riemann zeta function and other families of L—functions.
[145,171,172]. The non-trivial zeros of the Riemann zeta function ((s) and the eigenvalues
of random unitary matrices, both on the scale of their mean spacing, have the same limiting
distribution. Not just the unitary matrices, but a wide class of Hermitian random matrices
share this remarkable resemblance to the {—function.

Consider a rescaled GUE matrix M = M/+/N. We choose the rescaling parameter to be
V/N instead of V4N to make the results consistent with the literature. With this scaling, the

asymptotic spectral density is

1
QSC(.T) = %\/4—.%2 ]]"TG[*272}7 (511)

In this chapter, we study the large IV limits of correlations En[[]; det(t; — M)], and moments
En([det(t — M)P] of characteristic polynomials of N—dimensional unitary invariant Hermitian
random matrices.

For the GUE, Brezin and Hikami [40] showed that in the Dyson limit, N — oo, t; —t; — 0

and N (t; —t;) is finite, the moments of characteristic polynomials are equal to

2 p—1 1|
EUD [det(t — M)2P] = e~ NPeNPT (20N poo (1)) AN 512

This should be compared to the 2p* moment of the zeta function which is conjectured to
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be [55,171]

p—1 .
/ S +it)[* dT ~ a,(log T)P l_IO(pj—!j)!’ as T — oo. (5.1.3)
Here ay, given in (1.6.16), is a constant related to the Dirichlet coefficient. As already discussed
in Sec. 1.6, random matrices and (—function have several features in common: characteristic
polynomial replaces the Riemann {—function, one-point density 27N g4.(t) replaces log T, and
?;é j!/(p+ 7)! is a universal constant that holds its place.
In this chapter, we investigate the conditions under which the semi-circle law in (5.1.2) is
recovered. As mentioned in Ch. 3, the correlations of characteristic polynomials have a deter-
minantal structure involving classical orthogonal polynomials. For the GUE, these correlations

are given by

1 N—j =
Hdet —det[N_ 21_pHN+2p_j( Ntk)]lgj,kSZp- (514)
Aty tap)

As a consequence, the moments also take a determinantal form comprising derivatives of Her-

mite polynomials. But the Hermite polynomials depend on the parity of the degree n via
H,(—x)=(—-1)"Hy(x). (5.1.5)

Therefore, the moments of characteristic polynomials also depend on the parity of the degree,
which in turn depends on the parity of the dimension of the matrix N. As a result, we expect
that the asymptotic behaviour of the moments of characteristic polynomials should be different
for even and odd dimensional matrices. This parity dependence of Hermite polynomials is
captured by our approach and is reflected in the large N limit. This is in contrast to other
Hermitian ensembles such as the LUE and the JUE. For the LUE and the JUE, both even and
odd dimensional matrices have the same contribution to the moments.

In [40], the authors used orthogonal polynomial techniques to arrive at (5.1.2). In fact,
all the studies on the asymptotics of the moments of characteristic polynomials rely on the
orthogonal polynomial and saddle point techniques [19,40,41], the Riemann-Hilbert method
[224], Hankel determinants with Fisher-Hartwig symbols [95, 121, 175], and supersymmetric
tools [12,107,118,226]. In the present chapter, we express moments in terms of the multivariate
orthogonal polynomials and take a combinatorial approach to compute the asymptotics of
moments using the properties of these polynomials. By doing so, we discover that the even
and odd dimensional GUE matrices give different contributions in the large N limit, and that
only a formal average between these two contributions gives the semi-circle law. In Sec. 5.4.2.1,
this phenomenon is discussed in detail for the second moment of the characteristic polynomial.

In addition to connections with number theory, characteristic polynomials have found nu-
merous applications in quantum chaos [12], mesoscopic systems [106], quantum chromody-
namics [61], and in a variety of combinatorial problems [71,223|. The asymptotic study of
negative moments and ratios of characteristic polynomials is another active area of research,
see for example Sec. 1.7 in Ch. 1 and also [7,19,31,36,39,96, 108,110, 120,224]. More recently,

the statistics of the maximum of the characteristic polynomial are being extensively studied,
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motivated by the relations to logarithmically correlated Gaussian processes. For example,
see [109,111,113,115] and references therein. We expect that the techniques developed here
will have applications to those calculations as well.

This chapter is structured as follows. After introducing the required tools in Sec. 5.2, we
recall the moments of characteristic polynomials of the GUE, LUE and JUE in Sec. 5.3. In
Sec. 5.4, we compute the asymptotics of moments of the GUE and illustrate how to recover
the semi-circle law in the limit as the matrix size goes to infinity. In the last section Sec. 5.5,
as an application of the results discussed, we compute the correlators of secular coefficients,
which are the coefficients of a characteristic polynomial when expanded as a function of the

spectral variable.

5.2 Background

The joint probability density function for the rescaled GUE, LUE and JUE is
1 N e
7
p(H)(xl,...,xN):WAZ(xl,...,xN)He 2, (5.2.1)
N
p(L)(:pl, o IN) = ——=A%(z1,.. . zN) H x;e_szj, (5.2.2)
N
Py, an) = Wﬁ%ﬂla ) [T (0 —a), (5.2.3)

with

N
H (5.2.4)

]:

NI
Z(L) (QN) T )GO(N,W)GO(N,O), (5.2.5)

_ N H J‘FJ+71+1)F(j+72+1)F(j+71 +te+1)
F2j+m+7r+2T2i+m+r2+1)

2

(5.2.6)

Note that Z( ) is same as Zy () in (3.5.51) as no rescaling is required for the Jacobi ensemble.

Here G\(IV,7) is given in (3.2.6). The multivariate polynomials

det [N~z =D H,, (VN

Ko (21, .. an) = , 2.
ul@1- ) NS (5.2.7)
det Hitn= +n—j 1L 2Nz
LNz, ... xy) = [(z) by M Ligins )], (5.2.8)
K Az, ..., Tp)
det[(— 1)1+ () + n — ) ottt ) ()
IO (2, w,) = J LQ2pj+n—g)+mtya+1) “pj+n—j (5.2.9)

Az, ..., xp) ’
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are orthogonal with respect to the densities in (5.2.1), (5.2.2) and (5.2.3). The orthogonality

relations read to be

n 2

Nzx%

1

2 - 1 . —
) /( e FHu () Ho () A% (x) Hle darj = (), (5.2.10)
n ) j=
1 2 - ¥, —2Nzj 5. _ 1 Gu(an)
2D /[Omw L,(x) L, (x)A (X)jl_llxje idrj = N2 Go(n.) C(n)dyu, (5.2.11)

1 n
Z(J) /[Ol]n 3/(]1’72)( )3(%’72)( AQ H (1 — ;)" dz;

(2n —2j+m +72+1)F(2n—2j+71 +72 +2)

L T(2) +2n72j+71+72+1)F(2)\j+2n72j+’yl+72+2)
> Gﬂ(na 7+ VQ)GM(na Vl)Gll«(na

GO(nv T+ 72)G0(n771)G0(n7

,:12

2

22)) C(n)xu, (5.2.12)

()

where C}, is given in (3.2.6).
()

The polynomials H,, L and 3(71’72 are chosen such that the leading coefficient of these

polynomials in the Schur basis is 1. More precisely,

Dr(x1, .. wn) = > TauSulr,. .. ), (5.2.13)
uCA
where @ is one of the H,, £ 3(71’72) and
H 1 H
Tg\u) - |A|f \H;u)
2
- Cx(n) ()
— D 2.14
<2N> Culm) o210
|>\|+ N(N-1)
w (=1 (L)
Aw (zN)\AI i I 0)r,
Z 1\ A=l Ga(n,7)Gx(n,0) (1)
= —= ! 2D 5.2.15
(2]\7) G (1, 7) G (n,0) e (5:2.15)
T(XQ — (c1)M+n(-D) Ga(n,m +72)Ga(n, ) )

[T +2n =2+ +7+1)

(1) H 1 Ga(n,71)Ga(n,0)
FATEA +20 =2+ +2+1) | Gu(n,m)Gu(n, 0)

DY), (5.2.16)

Here mg\lz), HS\IL) and KE\‘L) are given in (3.5.16), (3.5.44) and (3.5.56), respectively; and Df\g),
Df\i) and Dgi) are given in (3.5.17), (3.5.45) and (3.5.61), respectively. Equivalently, Schur

polynomials can be expanded as

Sx(xy,...,x Z\IJ)\I/ (T1,...,70), (5.2.17)
vCA
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where

H 1 H
\Ilg\u) - IA]—|v] wx(\u)
1 Wg\l/\ C( )
M) o (H)
= — D 2.1
<2N> Cy(n) Av (5 8)
14 ln n—
g - COM 1y

¥ NG (n,0)
_ 1 Gi(n,7)Ga(n,0)
(2N)P=IL Gy (n, )Gy (n, 0) w
|V|+nn 1)1_[]1 (V]+2TL—2‘]+”}/1+72+1) (J)
Gl/(na Y1+ VQ)GV(TL? O) Ak

(5.2.19)

v = (-1

_ Z’o) [Trev;+2n—2j+5 ++2) | DY, (5.2.20)
b ]:1

with Dg\i) same as given in (3.5.57), and ¢AV , ww , ¢AV are given in (3.5.16), (3.5.44), (3.5.56),
respectively.
5.3 Moments of characteristic polynomials

The identity in (2.1.164) is the main tool to study the moments of characteristic polynomials.

Proposition 5.3.1. We have,

(a) E{ Hdett - = Hnn)(t, ..., tp) (5.3.1a)
) B[ H det(t; — M)] = L{0, (t1, -, 1) (5.3.1b)
j=1
p
(c) EY [Hdet(tj — M) =350 () (5.3.1c)
]:

Note that the polynomials used in (5.2.7), (5.2.8) and (5.2.9) are monic, which is why there
are no pre factors in (5.3.1) as compared to Thm. 3.2.2 in Ch. 3. Moments can be readily
computed from the above formulae by taking the limit ¢; — ¢ for j = 1,...,p. This leads to a

determinantal formula for the moments involving the derivatives of orthogonal polynomials:

o) en1(t) o et
(DD D) vl D)
Lt . . (5.3.2)
j=0
A0 DO e D0

Here ¢, (t) are the rescaled Hermite, Laguerre and Jacobi polynomials for the GUE, LUE and

JUE, respectively. The polynomials ¢, (¢) are rescaled to account for rescaling the matrix and
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to make ¢y, (t) monic. By expressing the multivariate polynomials in the Schur basis and using

—

(V)

= [T i), (533)

7j=1
we have the following proposition.

Proposition 5.3.2. Let A = (NP). The moments of the characteristic polynomial are given

by
\/\I
) P _ -1 (H) g
v [det(t = M)P] = Ca(p) Y | oV Wi "Dyt (5.3.4)
vCA V|
1\ Np —oN\¥ dim V;
E®) [det(t — M)7] — <1> GA(P: )G (P, 0) 5~ (Z2N)M dim Vi r) 535
et =1=3%) w0 = Gmny v 68
N+p—1
J) 1 ~Np G, 71)GA(p, 0)
EY) [det(t — M)P] = _1)Np
v ldet( /] jlz_][\, F2j+m+v+1) =) Go(p,0)
1)
dunVD( T)glv] 5.3.6
PNt |u|'G P (5:3.6)

These expansions are exact and hold for any finite V. In the next section we are concerned
with the large N asymptotics of the moments of characteristic polynomials. In the large NV

limit, only even moments are interesting since the odd moments result in oscillatory behaviour.

5.4 Asymptotics

In the rest of the chapter, we consider the asymptotics of the moments of characteristic poly-
nomials for the GUE. By exploiting the integral representation of classical orthogonal poly-
nomials, Brezin and Hikami [40] showed that in the Dyson limit, N — oo, t; —t; — 0 and

N(t; — t;) is finite, the moments of characteristic polynomials behave as

EE\ITJ) [det(t - M)Qp] =€ NpeNp 2 27TNQSC H g as N — o0, (541)

where the asymptotic eigenvalue density is

Qsc(l') = i V4 — 22 (5.4.2)

2T

Using (5.3.4), we show in Sec. 5.4.1 that

ES\?) [det(M)%’] =e

(5.4.3)

which coincides with (5.4.1) for t = 0. For t # 0, we discover that the asymptotic behaviour

is different for even and odd dimensional GUE matrices and these contributions combine in a
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special way to produce the semi-circle law. These cases are discussed in Sec. 5.4.1 and Sec. 5.4.2

in more detail.

5.4.1 At the center of the semi-circle

Let A = (N?P). For any finite N,

1\
EY [det M%) = <—2N> Cx(2p) DD, (5.4.4)
Proposition 5.4.1. We have
o _ T a?
Dy, —};[()(m+j)'2 N =2m, m €N,
" e (5.4.5)
A0 (1) (m +p)! 1 (m+ )2’ m+1, me
Proof. If N = 2m, then
N
Dg\IO{) = det |:]1ij0 mod 2 (('m + k%])') :|
1<5,k<p
m!
1 0 m 0 Gnep )1 0
m!
01 0 m ( 31)| (m—p+1)!
o1 . 10 m+1 0 Gn—pt2)! ( 0 , (5.4.6)
=[l———00 1 0 m+1 0 mt1)
12 (m—p+2)!
1 0 m+p-—1 0 W 0
0 1 0 mtp-1 ... o  lmelt

Do the row operations Rp;

we obtain

p—1
(| g
j=0

= Ryj — Roj_2, Roj—1 = Rgj—1 — Raj_3 with j running from

p,p—1,...,2 in that order. Using the Pascal’s rule for binomial coefficients,
n n—1 n—1
()G - () 64
!
1 0 m O (m—rg—l,-l)' 0
!
01 0 m 0 (mIZH)'
!
. 00 1 0 (m_”;JrQ), 0
!
e 0 0 0 1 0 (mIZH)' (5.4.8)
00 1 o .. B 2l g
—2)!
o000 1 .. o (o2
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Next perform jo = R2j — jo_g, R2j—1 = R2j—1 — RQj_g with j running from p,p— 1, PN ,3
in that order. Repeat this process p — 2 more times to reach an upper triangular matrix, with

1’s on the diagonal, whose determinant is given in (5.4.5). Similarly, Dgg) can be calculated

for N odd. [ |
Define
D(N) = i — om,
(V) Ll (m 4 5)2 m
7=0
- (5.4.9)
Dy(N) = (—1)7— " J* . N=2m+1
(m+p)! 25 (m+ )

Using this notation, (5.4.4) reads to be

(5.4.10)

I\ [Cr@0)DuN), N even,
on)

(H) e M 2p Y
Ex” [(det0)¥] ( Ox(2p)Do(N), N odd,

The functions Cy(2p)De(N) and Cy(2p)Do(N), A = (N?P), are the ratios of the factorials:

- Cm+)N'C2m+p+j)  j!
C N2 (2p) . N =2m,
ven)(20)D 1;[ (m+)? (p+)! "
C w2y (29) Do(N) (5.4.11)
Em+1+)C2m+1+p+75)! !
— (_1)P . N=2m+1.
=) (m+p'H (m 4+ j)!? (p+j)! "
Denote
p—1 4
To = —. 5.4.12
o Vi (5:412)

It is interesting to note the presence of the universal constant «y, in the moments for any finite
N. To compute the large N limit, we require the asymptotic expansion of (5.4.11). In App. B,
we compute the first few terms in this expansion. As N — oo,

Clan) (20)De(N) ~ e NNV, 114 Lo(p? + 1)+ O(N )|, N even,

(5.4.13)
Clen)(20) Do(N) ~ (~1)e NP (@N) 07 [14 P52 1) + O(N )], N odd.
Plugging (5.4.13) in (5.4.10), the leading term in the moments is
e~ NP(2N)"*,, (5.4.14)

for both N even and N odd, which coincides with (5.4.1) for ¢ = 0. On the other hand, the
sub-leading behaviour depends on the parity of V.
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5.4.2 QOutside the centre of the semi-circle
For t; =t, by using (5.3.3),

A=lv|

ES [det(t — M)*] = Ca(2p) >

< ; )
2N
vCA

To compute the asymptotics near the center of the semi-circle, ¢ # 0, we need to evaluate Dy,

2 dimV,

(H)

Dyt (5.4.15)

!

(H)
(H)

for a non-empty partition v. In Table. 5.1, we give the values of D)’ when v runs over the

first few partitions.

(H)

Dy’ N =2m N=2m+1
by’ D D,
D mpD mpD,
Dy —mpDe —(m+1)pD,
D&ﬁ)) sm(m —Dp(p+1)D, Im(m —1)p(p +1)D,
Dy —gm(m—1p(p+1)D —3m(m+)p(p+1)D,
D (AI({z?) m?p* De m(m + 1)p*D,
DD, —ym(m+ p(p — 1D, ~m(m+ Dp(p— 1)D,
D%g gm(m+1)p(p —1)De Sm+2)(m+1)p(p —1)D,
plH) 1 m! (p+2)!D } m! (p-|-2)!D
A6 6(m -3 (p—1)"° 6(m—3)(p—1)"""°
| | | |
P 1 ml (p-l—?).De 71(m+1).(p+2).D0
A(5:1) 6 (m—3)! (p—1)! 6 (m—2)! (p—1)!
(H) L oo, 2 1(m+1)! ,
D342 oM (m —1)p*(p+1)De 2 (m = 2)!19 (p+1)D,
pH) 1(m—|—1)!(p—|—1)!D 1(m+1)!(p+ 1)!D
A(124) 3 — 92! _9)1 ¢ 9 — o\ — oy o
3(m—2)!(p—2)! 3(m—2)(p—2)!
1 1
Dy —gm’(m—1)p*(p+1)D. —5m*(m+1)p*(p+ 1) Dy
(H)
Doy 0 0
D) Lm+ D! (p+1)! Lm+2)! (p+ D!
A 3 (m—-2)l(p-2)!° 3(m—_1l(p_2) °
1 1
Dy 3m’m+1)p*(p —1)De Jmlm -+ 122(p = 1)D,
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N=2m+1
1(m+ 2)!
2 (m—1)!

N =2m

(H)

Av

p2(p - 1)Do

—m?(m+1)p*(p = 1)De

(H)

2

A(1222)

Q
o Q
Q =
= _.|™
oAl
Q| s
S
==
21+.|
+ || g S
/m\/m\lib
— O |
)
O
_Q =
= _. |
el
| 2
/mul. -
A=
+ || glg
EIE DS
— | © |
~ &
Q _Q

~ I~ | = — I~

(p+3)!

m!

D

IZDO

(m —=2)! (p —2)!

!

(m+2)! (p+2)!

ID6

!

(p—1)!
1 (m+1)!(p+2)!

m(m _'3)!p

A(7,1)
A(6,2)

(m+1)!

(m — 2)!

(H)

p*(p+1)°D,

m?(m —1)*p*(p+ 1)* D

4

A(42)

D

Q
'-D'-
=
+ |1
B[S
Il.pll.
=
+ |1
EIE

g
— |

!

1136

=l
+ 11
S&
‘.p‘.
=l
+ 11
EIE
g
17H
|
=
)
==

1 (m+1)! (p+1)!
P Ly

1(m+2)! (p+ 1)

(m+ 1! (p+1)!
-2’2

1

(H)
A(224)

D

21"

1 (m+2)!(p+1)!

4 (m —2)!

8 (m—2)!(p—3)!

8 (m—2)! (p—3)!

1

——m

(p+1)!
w21

m2(m + 1)2p

|De

(p—2)!

(m+ 1)!p(p+ 1)!

(m —2)!

4

(H)
A(232)

o
'.D'.
=l
+1 1
S|&
'.p'.
| =
+1 1
EIE
g
— |

L
Q
[ENINY
+ 1
S&
‘.p‘a
[ENINY
+1 1
E|IE
g
— e

(H)

A(1232)

' (p+1)!

(m+1)!

1

——m

(H)

12

A(3,2,2,1)
A(1323)

(H)

|

1(m+3) (p+1)!

!

I1(m+2)! (p+1)!

(H)

( To be continued)

IDO

8(m—1)(p—3)!
pQ(p_ 1)2Do

(m+2)!

(m—1)!

(m+1)

lDe

8(m—2)!(p—3)!

m?(m +1)°p*(p — 1)*De

A(153)
A(24)

INGY
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p N=2m N=2m+1

DY oy ‘émngiiil’(pg!a)!m ‘é<m“)$ﬁ§§p<£l3>!l}°
| | |
il G S G
| |
DE\I({I)GQ) _Em—l—?); = p! )De 214 Em+3; (p£.4)!DO
Dg\l({l)s) 2142m—l—23' - fl4>!De 214(77177—;4) - 3!4)!130

Table 5.1: The values of determinant Df\f) for A\ = (N??). The determinants D, and D, are
given in (5.4.9).

Therefore,
\/\\ lv]

dimV, ,
ES [det(t — M Z( > it poly i (V. p)
vCA

Cx(2p)D., N even,
C,\(Qp)DO, N Odd’

(5.4.16)

where polyj(N ,p) represents a polynomial of degree j in variables N, p, and the explicit

expressions are given in Table. 5.1 for j < 8. By referring to (5.4.11), it is remarkable to see

that the universal constant -, is a factor of the moments for any finite N and for ¢t # 0. The
first few terms in the moments of characteristic polynomials are

Np
EW [det(t — M) = (—) Cx(2p)D

22N? 23 N3
% [1+ < 1 )Npt4+ ( o >2Np(2pN)t6

24 4
+ ( 3 > Np(4N? — 17Np + 16p? + 2)t®

+0(t")],

N even,

Np 2 AT2
H 1 2N 2N
R [det(t — M)¥] = (—2N> Cx(2p) D, [1 + ( o1 )pt2 + < i ) (p* — Np)t!
23 N3
+ ( ol ) p(2N2 — 3Np—|—p2)t6

24 N4
+ ( i ) p(—4N3 + 15N%p — 6Np* — 2N +p® — 4p)t®

+ 0@, N odd.

(5.4.17)

Up to a factor of (—1)P, both C\D, and C)D, have the same leading term,

e NP(2N) NP, (5.4.18)
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but they differ at sub-leading order as shown in (5.4.13). In App. B, we give the asymptotic
expansion of Cy(N)D, and Cy(N)D, up to O(N~%). Note that the coefficients of t*/ in (5.4.17)
are polynomials in NV, and both C\D, and C\D, have an expansion in 1/N. Therefore for
higher values of j, more sub-leading terms in the expansion of Cx\(N)D, and Cy(N)D, are
required to compute the right coefficients of /. But finding the exact asymptotic expansion
of C\D, and C\D, is far from trivial as it involves a sequence of ratios of factorials, whose
asymptotics is only known via recurrence relations.

In the next section, we focus on the second moment and show that we recover the semi-circle

law only after averaging over even and odd matrix dimensional contributions.

5.4.2.1 Second moment

The correlations of characteristic polynomials and the correlation functions of eigenvalues of
random matrices are related to each other [98,186,193]. This connection is briefly recalled in

the following proposition.

Proposition 5.4.2. The k—point correlation function of a rescaled GUE matrix given by
N! 1 9 _§ N Nt?
RN,p(t1>-~-7tp) = (]V—p)‘zgvm/A (tl,...,t]\[)e Z] 1 dtp+1 dtN (5419)

can be written in terms of the characteristic polynomial as

(H)
N! Z
RNyp(tl,...,tp):mZ]Efiexp ZtQ AZ N P Hdet t —
N

(5.4.20)

Proof. Consider two parameters N and n. Here n is the matrix size which we fix later. Consider

the joint eigenvalue density function,

K)M

1

According to this measure, the correlations of characteristic polynomials are given by

p n
Hdet (H)/ R e A2 )HH(tl_Jsz)le‘l...dl’n

1=1k=1
Nt2

ZP: —T n Nz2 t
el K Sh R S SIS R
Zn

P n
X H H(tl —x)?dxy ... dz,.
I=1k=1

Up to a factor, the integrand in the R.H.S. is the p—point correlation function of a GUE matrix
of size n + p. By using (5.4.19) and by choosing n = N — p, (5.4.20) is easily recovered. |
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In particular,

Nt 2 N2\ (u
Ry(t) = WTH; exp (—2> Es\,_)l [det(t — M)Q] ) (5.4.23)
N

where Ry ;1 is the one-point density of eigenvalues of matrices of size V. It is natural to expect
the semi-circle law in the large N limit as the second moment of the characteristic polynomial
is related to the density of states.

For p =1, (5.4.1) can be re written as

S N2\ ) 2
which as an expansion in t reads to be
1 N2\ _(u 1 1 1
Ii N _ E() _ 2:1_,2_74—76 8. 4.2
Jim e exp< 5 ) N [det(t — M)?] 8t 128t 102475 + O(t"). (5.4.25)

We now show that for p = 1, starting with (5.4.15) we arrive at (5.4.25). Inserting the
asymptotics of C\D, and C\D, in (5.4.17), one obtains

N2

e_TtIE%{) [det(t — M)Q]

= 2Ne N [1 + <—5 — ;N> t2 + < LN U SV 1N3) th

12 77760 ' 216 72 6
640879 . 799 3667 o 323 g 31y 1)
587865600 ' 1749600 291600 6480 540 45

+O(t8)], N even,
(5.4.26)

2
e_NTtE%{) [det(t — M)2]

= 2Ne N [1 + <1 - ;N) 2 4 <—101 TN B 1N3> tt

6 19440 216° 72 6
15853 799 3667 323 31 1
. _ N2 N3 N4 7N5 t6
< 18370800 _ 1749600 T 201600 6120 10" T

- O(tg)], N odd.

Treating the above expansions as a formal series in N and taking their average gives (5.4.25). In
the next section, we show that the average over even and odd dimensional matrix contributions
coincides with the semi-circle law up to O(t'%). Also, a general expression for the coefficient
of % in (5.4.15) is given for p = 1.

5.4.2.2 More on the second moment

Fix A = (N, N). The second moment of the characteristic polynomial is given by

1\ Y 1 v
0 et -207 = (37) G@ T ppem o amudt Gz
vCA
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Let v = (v1,2) € A. Since |v] is even, either both vy, v are even or both of them are odd.

For N =2m, m € N,

(H) Wv V1, V9 are even,
D - : V1, V9 are odd
(g (mm ) |
Therefore,
(m_l';l)y (m_lﬁ)" V1, Iy are even,
Oy (2)D{ = (2m)!(2m + 1)! CE 2
_<m71/17+1)| (me*1>v’ vy, v are odd.
2 : 2 .
Similarly for N =2m + 1, m € N,
— 1
(H) (m_%),(m_VQT_z>!7 V1, V2 are even,
D)\V 1
vi-1), v3—1Y\,’ vy, Vo are odd,
<m’ P )(m*T)
and
——1 L, i, vy are even,
) (m-122)!

Cx(2)D) = (2m + 1)1(2m + 2)! (=
L — ——, Vi1, V2 are odd.
(m—le)! (m—yQ—)!

2

(5.4.28)

(5.4.29)

(5.4.30)

(5.4.31)

(5.4.32)

Inserting (5.4.29), (5.4.31), (5.4.32) in (5.4.27), and observing that v runs over all partitions

such that 0 < |v| < 2N gives
EL [det(t — M)?]

LAY () v
— <_2N> Ca(2)D}y’ > (—2N)F?*
k=0

2

[Z( 2k +1 —4j 2k — 1 —4j > (5)1?
Lo v - @20+ 01 (F k)Y )

T |

I[ =uUmo
FI(k + 1)1 (& — kypp Aomed?
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for N even. Similarly for N odd, one gets

EY [det(t — M)?]
1\Y al ke, 2k
— <_2N> kzo —2N)k¢

C 2k—1-4 2% — 3 — 4j (A4 (554!
x[jzo < @k —2))1(2j + 1) | (2k —2j — 1)I(2j +2)! ) (5H) =k +)H((5FH) = 9)!
Lo (Y 1 (A (T*-ﬂko dl]
R ((35) — k)1 B+ D ((55T) — BTy 0
(5.4.34)
fere N!(AJYH)! N even
Cr@)DD = (7])\;'2(]\”_1) (5.4.35)

I N odd.

2

The asymptotics of the ratio of the factorials are already discussed in App. B. For the sake of
completion, here we again give the result for p =1,

5 11 337 085 360013
Oy (2) DU oNYNHL |1 4 2 _
A(2)D5 ~ e N (2N) T6N  72N? T 6180N° T 31104N% 6531840 VO
46723609 924766221 41757020981

1175731200 N6 + 1410877440 N7 + 338610585600 N8

889926952101377
- ON~I N
1005673439232000 59 )] A Ve
WD) o NN — - -
Ca(2)Djg e 7 (2N) [ T3N T IRNZ T BION® 0720 N1 | 204120 NP
324179 B 8225671 B 69685339
18370800 N6 55112400 N7 1322697600 N3
1674981058019
O(N~10 N odd.
1964205936000 N? +0( )] ’ ©
(5.4.36)
Substituting the above asymptotic series in
2
@2N) 1N B [det(t — M)?] (5.4.37)
and taking the average over N even and odd gives
1 N¢?
lim ﬁeN exp <—2> EE\?) [det(t — M)Q]
oo (5.4.38)
o1l Lo I 6 95 3 7

_ _ 10 12
8 128 1024 32768t 262144t +O(E7).

The R.H.S. in (5.4.38) coincides with 7o,.(t) up to O(¢'?).

135



5.4.2.3 Higher moments

We can infer from (5.4.20) that the correlations of characteristic polynomials of matrices of
size N — p are related to the correlation functions of the eigenvalues of matrices of size N.
The Dyson sine-kernel for the p—point correlation function and (5.4.1) for the moments of the
characteristic polynomial are recovered in the Dyson limit: ¢; —t; = 0, N — oo and N (t; —t;)
is kept finite when |t;| <2, j=1,...,p.

In terms of the Schur polynomials, A = (N?7),

[A=1v

2p

H 1 2 1 H

ENY ] dett; =) | =Ca20) > (—QN) Gy O Sulbs o ty). (5.4:39)
j=1 vCA v

Computing the asymptotics of the moments of the characteristic polynomials in the Dyson
limit using (5.4.39) is not straight-forward. Instead, we fix t; = ¢, j = 1,...,2p, and give an
expansion of the moments as a function of ¢ in the large N limit.

As N — oo, up to O(t?),

B [det(t — M)*] = 2N)P e NPy, [1+O(tY)] N even
2
E%{) [det(t — M)Qp] = (2N)p26_Np7p [1 + 2 (Np + %(2}92 - 1)> + O(t4)] , N odd.

(5.4.40)
Note that the coefficient of t? is identically zero for even N, where as for odd N it is a

polynomial in NV and p. Treating the above expansions as a formal series in N and taking their

average gives

N t2 2t2
(2N)P e Ny, (1 - g ) (1 - ”8> (1 + %(8192 - 1)) - (5.4.41)

By comparing with (5.4.1), the terms in the first and second parenthesis of (5.4.41) are the
expansions of ¢35~ and (mose(t))P’, respectively, up to O(t2). The last factor in (5.4.41) is
sub-leading. Thus at O(t?), moments of characteristic polynomials in the Dyson limit and in

the limit ¢ — 0 and N — oo coincide.
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Similarly, as N — oo, up to O(t%),

3
ED [det(t — M)?] = (2N)P° e NPy, [1 4P (1 + 2 4p?+1)

6 6N
P2 4 2 p ] 6
16p* — 16p% — 11) + —2—_(320p% — 12
+72N2( 6p 6p )+ 6480N3(3 Op 00p
+708p* + 1265p% — 756)) n O(tG)} , N even,
2
Eg\?) [det(t — M)*P] = (2N)p26_Np7p [1 + 12 <Np + %(2}32 - 1)) (5.4.42)
N3p 2p p?
t4—(—1—— 2_9)_ Apt —22p% 4 1
p 3 6 4 2 )
. 20p° — 21 483p* — 4
105 s (20P 0p® + 483p* — 385p? + 54)
+O(t9)] N odd.

Taking average of the above series and factorising gives

2 _ NptZ N2p2t4 p2t2 t4
(2N)P e NPy, (1 t—o 5+ O® ) (1- = 1—28]92(192 —2)+0(t%

c e~ (Pg2o1)+ 712(13132 4o + 4 £(32p4 —56p +17) + O(t2)
N \12 96 N2 \ 144 ’

(5.4.43)

N 2
where the first two brackets correspond to the expansion of e~ 5 and (Wgsc(t))pQ, respectively,
up to O(t*), and the last factor is sub-leading. Thus, asymptotics calculated by letting first

t — 0 and then N — oo coincides with that of Dyson limit asymptotics up to O(t*). For

higher orders in ¢, mismatch between the two limits start to appear!.

5.5 Secular coefficients

Consider a matrix A of size N. Its characteristic polynomial can be expanded as

N N
det(t — A) = [ [ (¢t — ;) =D (=1)/Sc; (A, (5.5.1)
j=1 j=0

where Sc; is the 4t secular coefficient of the characteristic polynomial. We have

Sci(A) =Tr A, Scy(A) = det(A). (5.5.2)

'Here we discuss in detail the result at O(t%). The average of N even and N odd asymptotic series obtained
by considering more terms in (5.4.42) can be factorised as shown in (5.4.43). When the Taylor expansions of

e™5" and (7T,QSC(1E))7"2 are separated as shown in (5.4.43), we are left with the sub-leading term. In the sub-
leading term obtained at the level O(t%), the coefficient of t*/N turns out to be different from that obtained
at the level O(t*). This indicates that discrepancies start to appear between the Dyson limit and the limit

N 2
N — oo and t — 0. The Dyson limit indicates the presence of e 5= and (77,955(75))1’2 in the asymptotics, but
when these are factorised as in (5.4.43), the sub-leading expansion is slightly different at each order in ¢ starting
from O(t%).
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These secular coefficients are nothing but the elementary symmetric polynomials,

ej(x1,...,xN) = Z ThyThy - - - Thjs (5.5.3)
1<k <ko<--<k; <N

for j < N and e; =0 for j > N.

The correlations of secular coefficients and their connections to combinatorial objects are
well studied [71,100]. For example, the joint moments of secular coefficients of the unitary
group are connected to the enumeration of magic squares: matrices with positive entries with
prescribed row and column sum. In a similar way, the joint moments of secular coefficients
of Hermitian ensembles, such as the GUE, are connected to matching polynomials of closed
graphs. In this section, we compute these correlations and indicate their combinatorial prop-
erties.

Gaussian ensemble: Since e, = S(ir), elementary symmetric polynomials can be expanded in

terms of multivariate Hermite polynomials as

L3

N3

1
er(fbl,...,l’N) = mwgﬂ))(lr 2])%(17‘72]')(:1:1,... ,:L'N). (5.5.4)
Jj=
Recall
)\k + N — k)
P\ = p{" (5.5.5)
2IAI L2 kl;[l I/k + N — k
where
N — v —1+k -1
Dgf) = det [1A¢Vk1'+k20 mod 2 <<k:2> ') ] . (556)
ik=1,...1(\)

For A = (17) and v = (1"=%), it is straightforward to see that DE\IZ) simplifies as

(H) — pH)
D(lr)(lr—Q,j) - D(12j)0
1
=det | 11—i1%=0 mod 2@ (5.5.7)
2 ) Lik=1,.2j
(=1
=

Therefore, (5.5.4) simplifies to

qzz)(lr)(lerj) — ( 1) 2]]‘(N — r)' (558)
Equivalently, we have
H
€2r = Z Nr J 12r 123)5{(123 €2r+1 = Z NT J (122‘” (12j+1)g{(12j+1)’ (5.5.9)
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with

(H) gy 1 (N — 2j)!
Yaenaen = Y S i — (5.5.10)
T/J(H) = (1) 1 (N —-25-1)! 5.
(121294 2r=i(r — )1 (N —2r — 1)!
Because of the orthogonality of the J},, the first moment is
(—1)%%%, if r is even,
EM[Sc,] = B e,] = (@) 2 51 (V=) (5.5.11)
0, if r is odd.

These expectations are nothing but the coefficients of the rescaled Hermite polynomial of degree
N. Thus, we have

L
B [det(t — M) = S B [Sea; M)V % = N™ % Hy(VNY), (5.5.12)
j=0

vz

which coincides with (5.3.1a) for p = 1. The expectation |NjIE%{) [Scaj(M)]] is equal to the
number of 25 matchings in a complete graph |71, 100].

By using (5.5.4), the second moment of the secular coefficient can also be computed. Similar
to the univariate case, multivariate Hermite polynomials Jy corresponding to even and odd
|A| do not mix. Therefore,

EN [Sea; (M)Scap1 (M)] = 0, (5.5.13)

and

H e 1 H H H
ER [Sear (V)Seas (M) = DY W¢§122>(12j>¢<(122‘><12k>E§V [HznHaom]

j=0 k=0
min(r,s) 1 &) &)
- Z Wq/}(l%")(le)¢(12s)(12j)C(12j)(N) (5.5.14)
j=0
1\ M) 92 NI(N — 2)!
- <_2N> (r— (s — ) (N —2r)(N — 2s)!

Similarly, one can compute that

]E%{) [Scor41(M)Scasr1(M)]

I B N S N+ (N — 1IN — 2j — 1)! (5.5.15)
_<_2N> (r— (s =) (N =2r —1)I(N —2s —1)I'

Jj=0

Calculating higher order correlations requires evaluating integrals involving a sequence of mul-
tivariate Hermite polynomials. Busbridge [47,48] calculated these integrals for the univariate
case, but the results are still unknown for the multivariate generalisation. Instead, we take

a different approach to compute correlations by first expressing the product J[;(Sc; (M))% in
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terms of the H,,, and then using orthogonality for the 3.

Proposition 5.5.1. Consider a partition A = (A\1,..., ;). We have

1 M : .
Zu 7(2]\[)%%![(,\ “X(2|u|/2)CM(N), if |A| is even, (5.5.16)

!
E%I) [H Sey, (M)] =
j=1 0, otherwise.

Here K, are Kostka numbers and x4, are the characters of the symmetric group.

Proof. For a partition A, denote
€N =€) Ery---- (5.5.17)

Elementary symmetric polynomials ey can be expanded in Schur basis as
E)\N = ZK)\'#SW (5.5.18)
"
where K, are Kostka numbers [182] and 4 is a partition of |A|. Using (3.5.15), we obtain

1
ex= D D Kyt 3. (5.5.19)
2

A vCp

When |)| is odd, Eg\?) [ex] = 0 due to the orthogonality of multivariate Hermite polynomials.

When || is even,

l
ER[e] =BR[] Sex, W0)]
j=1

1 H
= —r BN [0 D Kbl 96 (5.5.20)
N 2 v
1 H
R} ZKA’M%O)'
RN PY

In Ch. 3, Prop. 3.5.8, we computed that

m _ 1
Yo~ = mxl{zlul/acu(]v)- (5.5.21)
272 5
Putting everything together completes the proof. n

Laguerre ensemble: All the calculations discussed for the Gaussian ensemble can be extended

to the Laguerre and Jacobi cases. Polynomials e, can be expanded as

SN g
€T(331,...,$N) = Z (2N)r—] G(lj)(N, 0>1/](1T)(1j)'£(’1yj)($17'")xN)'
7=0

(5.5.22)
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By using (3.5.44), the coefficients simplify to

(_1)j+%N<N71)w(L) I (N=)OIT(N—j+~v+1) (5.5.23)
Giy(N,0) @ D) T G I(N—mIT(N—r+~y+1) o
By using (5.2.11), we arrive at
1 1 N! I'(NvV 1
EY[Ser] = B [e,] = Wry+1) (5.5.24)

2N) 7l (N —r)IT(N —r 4+~ +1)

which are the absolute values of the coefficients of the rescaled Laguerre polynomial of degree

N. Therefore, the first moment of the characteristic polynomial is

2

(-1)VN!

E[det(t — M) = S (~1)'EY [Se; )tV = TaL

Jj=0

LY 2N), (5.5.25)

which coincides with (5.3.1b) for p = 1. The correlations of secular coefficients can be computed

similar to the Gaussian case.

Proposition 5.5.2. For a partition A = (A1,...,N\;), we have

l H
(L) _ 1 Gu(N,v)GL(N,0) X1lul /
e 1] 5o, 0] = %; (2N) Go(N,7)Go(N,0) AL ™ (5.5.26)
w

Proof. The proof is similar to the Gaussian case. By writing

1 _
o - Z Z (=1 N =1 1 KB L) (5.5.27)
(2N)lul=lvl G, (N,0) “HTH TV o

and using (5.2.11) along with the result (3.5.47) from Ch. 3, one obtains

Go(N,0) 7" Go(N,7)Go(N,0) |ul! -
Inserting (5.5.28) in (5.5.27) proves the proposition. [
Jacobi ensemble. The e, can be expanded as
e'r(xla v 7$N)
)|1/|+ N(N-1) N 1
_Zw N’71+’72 JE[lF2Vj+2N—2j+’Y1+’72+1) (5.5.29)
X j(1’7j1)772)(x1’ e ,Q?N),

where 1/15\‘9 is given in (3.5.56). The expected values of e, are related to the coefficients of the
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Jacobi polynomial of degree N,

N
S (PE 8¢ (M) = (—)V NS AN 2 R g

E [det(t — M !
| TN+ +72+1)°N

7=0
(5.5.30)
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Chapter 6

Conclusion

Diaconis, Shashahani, Bump and Gamburd very well illustrated the usefulness of symmetric
function theory in compact groups. This thesis provides insights into the role of symmetric
functions in unitary invariant Hermitian ensembles. By defining the generalised symmetric
polynomials as a determinantal formula with orthogonal polynomials as matrix entries, we
provide a concise way of computing the correlations of characteristic polynomials. One can
recover the moments of characteristic polynomials from these correlations by letting all the
spectral variables be the same. Our methods are different from those given in the classic
papers by Brezin and Hikami [40]; Baik, Deift, Strahov [19]; Strahov and Fyodorov [224]; and
Borodin and Strahov [36].

From the work of Breizin and Hikami [40], the large N limits of the moments of char-
acteristic polynomials for a broad class of Hermitian ensembles depend on the asymptotic
eigenvalue density along with a constant that also appears in number theory. This result can
also be proved using supersymmetric methods or by reformulating the problem into a Riemann-
Hilbert problem and using the Deift-Zhou steepest-descent method for the Riemann-Hilbert
problem. For the GUE, as discussed, the asymptotic spectral density is the semi-circle law.
Unlike the previous methods, we take a combinatorial approach to compute the asymptotics.
Our analysis unveils that the even and odd dimensional GUE matrices have different limits
for the moments of characteristic polynomials. We discover that the semi-circle law for the
moments is recovered only after a formal average between the even and odd dimensional con-
tributions. Evidence for this behaviour is provided for the second moment, but more analysis
is required for higher moments.

Theorem 3.2.3 gives an explicit expression for the joint moments of traces of the GUE,
LUE and JUE via the characters of the symmetric group. As emphasised, the correlations of
traces of the GUE are related to the enumeration of ribbon graphs. Therefore, Thm. 3.2.3
can be used to relate the combinatorial objects, such as the size of the automorphism group
of a ribbon graph of a certain genus, to the character theory of the symmetric group. The
results on correlations of traces can be used to study the limiting distributions of random
variables that are polynomial functions of random matrices. These polynomials are chosen to
be the Chebyshev polynomials of the first kind and we obtained estimates on the bounds of

the moments and cumulants of these random variables.
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Appendix A

Ribbon graphs and matrix integrals

Let x = (x1,...,2n) be an N—dimensional random variable. Consider the normalised Gaus-

sian measure

du(x) = (27?)_% Vdet Aem2 Zijmidises H dzy, (1.0.1)
k
where A is a positive definite symmetric matrix. The inverse
Bz'j = (A71>ij (1.0.2)

is called the propagator.
Correlations of Gaussian random variables can be computed in a combinatorial way using

Wick’s theorem [243], also known as Isserlis’ theorem, which is stated below.

Theorem 1.0.1 (Wick’s theorem). The expectation value of product of Gaussian random

variables is

0 if n is odd,
Elzi, iy ... 2i,] = { Bii, ifn =2, (1.0.3)
> pairings of (ir,.iin) L pairs (k0) Bivis ~ 1f =2 and even.
For example,
Elzi, zi,xig®i,] = Biyiy Bigiy + Biyis Bigiy + Biyiy Bigis- (1.0.4)

Wick’s theorem becomes particularly useful when the indices ¢; are repeated. The problem

bn

zn] can be mapped to counting the number

of computing the expectation values E[wfll ST
of ways of gluing n vertices with valencies by, ...b,, whose weights are determined by the

propagators that correspond to their edges.

bl bn _ P
E[mil . xln] = Z H B;,i,- (1.0.5)
Graphs G with n vertices (ig,%;) edge of G
of valencies b;
For example,
2 .27 __ o . 2
E[xilxig] - Bllll 32212 + 2Bi1i2' (106)

Clearly many graphs in (1.0.5) are topologically identical and have the same weight because
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of the symmetries among the edges and vertices. Let G be the group of these symmetries,
#gluings be the number of gluings of obtaining a graph, and Aut(G) be the automorphism
group of the graph. By orbit-stabiliser theorem,

#Aut(G) x #gluings = #G, (1.0.7)

where #G is the order of group relabelling. Wick’s theorem can be written only in terms of

non-equivalent graphs as follows:

1 b 1
—E T = _— B;;. 1.0.8
#G [Hajlj] ' Z #HAut(G) H t ( )
J Non-equivalent graphs G (3,j) edge of G
In the case of Gaussian matrix integrals, Wick’s theorem can be applied to compute corre-
lators of traces by studying fat graphs also called ribbon graphs.

Consider the Hermitian Gaussian matrix model with probability measure

N
1
dpio(M) = ?e*QNTfW TT év; T dReM i dimdviyy, (1.0.9)
0 j=1 j<k
where )
1 T\ %
20= sy (N) . (1.0.10)

Note that here we have the rescaled GUE matrices which we denote by M.
The Wick’s propagator is

1
Eg\lfq)[Miijl] = (M M) = wéiléjk- (1.0.11)
As an example, consider
E%{)[(Tr M3)2] = Z E%{) (V035 VG5 Vi M, M M (1.0.12)
t,5,k,
l,m,n

To map the problem to counting graphs, associate a vertex to each trace. The power of the
matrix inside the trace gives the number of half-edges as double lines with index associated to

each single line. The propagator in (1.0.11) can be used to glue these half-edges together to
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form a double line edge of the graph. Thus,

EGV(Te M) = 7 (VM) (VM) (Vi M) (Vi M) VG M) M Mt + < .

Z"j7k
I,m,n
1
= 7(4]\7)3 E Oik Ok 0i10mi + 5jk;5jm5kl5ml + ...
A? A7k
lfrf’b,n

1 3

There are in total 5!! = 15 graphs in (1.0.13) with only two topologically distinct graphs shown

(1.0.13)

below.

J m
i n
J m
k1l
% n
NO N2

If we attach to each vertex a factor of IV, the N dependence of a graph is: There is a factor
N per vertex, a factor N~! per edge, a factor N for each single line when summed over indices.
The number of single lines remaining at the end is the number of faces of the graph. So the

total N dependency of a graph is

N#vertices—#edges+#faces — NX(G), (10 14)

where x(G) is the topological invariant of the graph called its Euler-characteristic.

This notion of counting ribbon graphs can be extended to compute correlators of the form
Eg\?) [IT;(Tx M7)%]. When divided by [] j 3%b;!, the order of group relabelling, matrix integrals
takes a form similar to (1.0.8). This formula is due to Brezin-Itzykson-Parisi- Zuber in 1978 [412]

n b
(H) 1 N AN 1 —#edges (G)
EV T — ( TrJ\/W) = g~ #edses \X(G), (1.0.15)
|
j=1 b]' J Ribbon Graphs G #Aut(G)

where the sum is over non-topologically equivalent ribbon graphs and #Aut(G) is the number
of automorphisms of G. There are a total of (ZJ gbj — 1)!I! graphs (counting equivalent and
non-equivalent graphs). The total number of vertices is b = j b; with j valencies for each
vertex and the total number of edges is (3_; jb;)/2.

1.0.1 Special cases

Here we consider two cases (i) IE%I) [Tr M2~ Tr M] and (ii) E%{)[(Tr M2)™].
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(i) Eg\‘?) [Tr M2A=1 Tr M]: We represent Tr M?*~1 Tr M as two vertices with 2k — 1 and 1 valen-

cies, respectively.

11 12 19k 12k
19k— 1
‘261 A
log—2
Tr M2k—1 Tr M

Since index igx has 2k — 1 choices, by gluing the half-edges using (1.0.11),

EG) [T M2 Te M) = (2k — DEY) [Tr M2
' = (1.0.16)
= N(2k— )P, (i, 5),
where P(l) (iN E) is a Meixner-Pollaczek polynomial.
(ii) E(H)[(Tr M?)"]: Here we sketch the idea to calculate moments of Tr M?. We represent

(Tr M?)™ as n vertices each with two valencies as shown below. There are several ways of

il iQ i3 i4 Z.anl i2n
11 2 13 14 1on—1 fi2n
Tr M2 Tr M2 Tr M2

gluing this set of vertices and half-edges. Trivially i; can be glued with itself for j =1,...,2n
which gives a total contribution of N2"/(4N)".

The next non-trivial contribution comes from choosing any two vertices and gluing their
valencies to form an edge between them. There are (g) ways of choosing two vertices. Let
(ip, ip+1) and (ig, ig+1), 1 < p, g < 2n, be the indices of the valencies of these two vertices. There
are two ways to pair (ip,ip+1) and (ig,ig41). This gives a contribution of n(n — 1)N?/(4N)?.
The remaining n — 2 disconnected graphs multiplicatively gives N2"~4/(4N)"~2. Hence the

first two leading terms are

1

BN (1)) =

N fn(n—1)N*"2 4. .)) (1.0.17)
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Remaining terms in the n'* moment can be likewise computed.

(H)[(Tr JV[2 + 2j).

Similar arguments can be used to show that

n—1

ELD [(Te M2+ (Te M)?] = (2k — 1)1

(4N) +20)

for k € N.
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Appendix B

Asymptotics of the ratios of factorials

The asymptotics of the ratio of factorials can be computed as follows. First we look at C(2p) D,
with A = (2m,...,2m). Consider

g ()
Now, one can see that '
((2;3;?'))!! = 2]'+1FF((2$) ljo 11121%, (2.0.2)
Using the duplication formula for the Gamma functions
NG (z + ;) = 21722 /7T (22) (2.0.3)
and Stirling’s series
I'(z+h)~ Vome A th—3 ﬁ exp (m) ,  Z— 00, (2.0.4)

=2

the asymptotic expansion for the ratio of Gamma functions can be found. Here Bj is the

Bernoulli polynomial of degree j. Combining all the formulae, up to first order correction,

p—1 .
~ p—2mp Amp+2p?, 2mp+p? ]‘
C((2m)2p)(2p)De e 2 m EJ (p ) [1 + 712 (4}? + 1) +O0O(m~ )} .
(2.0.5)

Similarly for the case Cx(2p)D,, we obtain

(2m+1+p+7)(2m+ 1+ 5)! :(zmH)pMﬁ (HJJ”‘). (2.0.6)

(m + j)12 (m+) 2m + 1
Letz—m+1 then
Im4+1+4) T(2z+j+1 L D(22) e 142
(m+j7)! L(z+35+7) I'(z+3) o L+ 5
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and

m T+3) 1L 1 (2.08)
(m+p)! T(z+p+3) 2 101+281
Combining the above formulae and using (2.0.3) and (2.0.4),
) vaps (7 4!
C D,=C Dy, ~(—1)Pe 270 P H2p202p Hdp2 —
((2m+1)2r)~o ((22)27) Do (-1) ]1;[) +J) (2.0.9)

x [1+ %(2;92 — 1)+ O(z_Q)}

Higher order corrections can also be calculated with some effort or using any commercial

software like Mathematica. Writing in terms of the matrix size IV, as N — oo, we have

p—1 | )
CivaryDe ~ e NP (@N)NPH - 1+ Lo (4p? + 1) + 2 (16p* — 16p> — 11
(n2r)yDe ~ e "P(2N) g(erj)! +6N(p + )+72N2( D D )
p 8 6 4 2
20p® — 12 126502 —
+sgaons (3200° — 1200p° + 708p* + 1263p” — 756)
2
p 10 8 6 . )
— P (1280p' — 10240p® + 25248p° — 6400p* — 56371p> + 514
T o550 (1280 0240p" 4 25248p” — 6400p™ — 56371p”~ + 51408)

p ( 14 12 10 8 6
——— (7168 — 98560 499072 — 982688p° — 399844
65318405 \ [ O°P Pt P P P

+4606735p* — 5598936p% + 1607040)
2

p 16 14 12 10
— = (14 — 301 25294 -1
+ 1175731200N6< 3360p*® — 3010560p** 4 25294080p 03093760p
+158864016p° + 298943760p° — 1697420809p* + 2663679600p> — 1390123296)
1
+0 <N7>] , N even.
(2.0.10)
N Npp? = J! P 52 P’ 4 2
C(n2oy Do ~ (=1)Pe~NP(2N)NPFP : 1+-——2p*—1 4p* — 10 7
p 8 6 4 2
——_(40p% — 24 16p* — 4 1
+810N3( Op 0p® + 516p* — 455p? + 108)
2
p 10 8 6 4 2
— 28p5 — — 432
+ 570N (80p'Y — 880p® + 3828p5 — 8356p* + 9509p% — 4320)
p 14 12 10 8 6
— = (224p" — 392 2861 — 11342 26681
+204120N5( p™ 3920 p'2 + 28616 p 3428 p® + 266818 p
372127 p* + 255528 p? — 51840)
2
p ( 16 14 12 10 8
— = (2240p" — 57120 628320 p'? — 3919160 15363624
183708000 b Pt b P p
—39481170 p° + 65605589 p* — 62864640 p* + 25046496)
1

(2.0.11)
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