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Abstract

The first part of this thesis is devoted to the combinatorics, geometry, and
effective computation of correlators of unitary invariant ensembles of random
hermitian matrices with classical potentials. The main results are the subject
of the publications [92, 93] with my supervisors T. Grava and G. Ruzza, and
are summarized as follows.

We provide generating functions for correlators of general Hermitian ma-
trix models; formulee of this sort have already appeared in the literature
[23, 78], we rederive them here with different methods which lend themselves
to further generalizations. Such formulse are not recursive in the genus and
hence particularly effective. Moreover, these formulae express the correlators
of classical unitary ensembles as linear combinations of products of discrete
hypergeometric polynomials; this generalizes relations to discrete orthogonal
polynomials for the one-point correlators <tr M k> of the classical ensembles
recently discovered by Cunden et al. [52].

Hence, we turn our attention on the combinatorial interpretation of corre-
lators for the Laguerre and Jacobi ensembles. We prove that the coefficients
in the topological expansion of Jacobi correlators are multiparametric single
Hurwitz numbers involving combinations of triple monotone Hurwitz numbers.
Via a simple limit, this reproduces formule of [51] on the Laguerre ensemble.
This completes the combinatorial interpretation of correlators of unitary en-
sembles with classical potential.

Combining results of Dubrovin et al. [62], and of Norbury [148] connecting
integrable systems with enumerative geometry, we obtain ELSV-like formule
linking the multiparametric single Hurwitz numbers of LUE and JUE respec-
tively to cubic Hodge integrals and ©-GW invariants.

In the second part of the thesis we analyse various integrable dynamical
systems from a probabilistic point of view. Specifically, we study the spectrum
of their random Lax Matrixz equipped with the associated Gibbs Measure, in
the spirit of [102, 156]. This is the content of the preprint [91], in collaboration
with T. Grava, G. Gubbiotti and G. Mazzuca.

We explicitly compute the density of states for the exponential Toda lat-
tice and the Volterra lattice showing they are connected to the Laguerre (-
ensemble at high temperatures and the g-antisymmetric Gaussian ensemble at
high temperatures respectively. For generalizations of these system we derive
numerically their density of states and compute their ground states.
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Introduction

Overview

In the study of dynamical systems, a key concept is that of integrability. Many definitions can
be given but as Birkhoff writes [29] “let us not forget the dictum of Poincaré, that a system of
differential equations is only more or less integrable”. In this thesis we both seek and reap the
rewards of integrability.

Amongst the first and most studied integrable systems is the Toda lattice [159], describing
particles on the real line interacting via the Hamiltonian

1 N N-1
Hp.q) =5 dopi+ > el (1)
j=1 j=1

It is a Liouwille integrable system, in the sense that it admits a maximal set of independent invariants
in involution. This can be proved by constructing a pair of matrices (L, A) that reproduces the
equations of motion via the commutator relation

L(t) = [A(t), L(1)]. (2)

Then, the eigenvalues of L form a complete set of first integrals for the system. The matrix L takes
the name of Laz matriz, and the pair (L, A) of Laz pair. In the case of the Toda lattice, it can be
used to explicitly compute the time evolution of the dynamical system [127].

Matrix Models. The very concept of Lax matrix is at the origin of much of the arguments
treated in this work. Foremost, the Lax formulation allows to define in a simple way an extension
of the Toda lattice to infinitely many time variables. The Toda lattice-hierarchy in the time variables
t = (t1,t2,...) is given by the infinite set of commuting flows

9 1) = [(L’f(t))+,L(t)] . k=12,... (3)

Oty
from which the classical Toda lattice is recovered for £k = 1. Correspondingly, one seeks for a
function in infinitely many time variables from which solutions for all equations in the hierarchy
can be constructed. In a nutshell, this is the concept of tau function 7(t1,ts,...), which also has
the asset of taking all equations in the hierarchy in bilinear form, see Hirota [113].
Remarkably, partition functions of Hermitian matrix models happen to be Toda tau functions.
They are defined via the matrix integral

Zn(t) = / STVOIOAN  V(zt) = Vola) + 3 tyad, (4)
HN j>1
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for some regular enough background potential Vj(x). Via the spectral theorem for Hermitian
matrices, one can give a complete description of the partition functions in terms of the orthogonal
polynomials associated to Vp(z). The identification with a specific Toda tau function passes through
the remarkable fact that the Toda Lax matrix has essentially the same structure of the Jacob:
operator describing the three term recurrence of orthogonal polynomials.

For a dynamical system, the existence of commuting flows is [133] “Fundamentally [...] well-
definedness of correlation functions”. A matrix model can be called integrable if its partition
function is the tau function of some integrable hierarchy; in this case, the correlators are defined as

<tr Mty M’W> , (5)

and are the coefficients of the partition function in the monomial base of symmetric polynomials in
the variables t. Well-behavedness of correlators, in this context, also means they can be recovered
at all orders starting from the base cases ¢ = 1 and ¢ = 2, as described by the theories e.g. of
the Topological recursion and Loop equations [79]. More to that, in the case of Hermitian one-cut
matrices they can be expanded in Laurent series of N2, with N the size of the matrix [40, 75], as

k k fo(kr, ... ke)
<trM1---trM’~’>~ZgNW, N = . (6)
920
In some exceptional cases, one can get the explicit expression of the coefficients f,(k1,..., k) in

this expansion. When the background potential is quadratic — Vp(x) = 22 — it was shown in the
seminal paper of Bessis, Itzykson and Zuber [28] how they are connected to the counting problem
of ribbon graphs. Ever since there has always been interest in finding, in this sense, combinatorial
interpretations of matrix models.

Hurwitz numbers are a recurrent object in this context. They were first introduced by Adolf
Hurwitz in [114] and concern the counting of equivalence classes (up to biholomorphism) of ramified
coverings over P!; equivalently, via the Riemann existence Theorem, they describe factorization
problems in the symmetric group. Amongst the many species of Hurwitz numbers, Simple Hurwitz
numbers are somewhat the base case and the most studied one. In 2011 Borot, Eynard, Mulase and
Safnuk [38] were able to construct generating functions of simple Hurwitz numbers via the ezternal
matriz model

7 x / dM exp (—1‘51" (V(M) — MA)) , (7)
Hn(C) Js
we refer to loc. cit. for the precise definitions of the objects; here external pertains to the presence of
the matrix A in the measure, whose eigenvalues serve as extra parameters for the system. Another
important result was the proof by Goulden, Guay-Paquet and Novak [96, 97] that the Harish-
Chandra-Itzykson-Zuber integral [67, 111, 118]

In(z) = / AN tr (AUBU™Y) g7 (8)

U(N)

is a generating function for double weakly monotone Hurwitz numbers; a similar result holds for the
BGW model which is related to single weakly monotone Hurwitz numbers [149]. Recently, external
matrix models for generic multiparametric Hurwitz numbers have been worked out by Bertola and
Harnad [25]. Remarkably, internal — in the sense of (4), with no additional matrices in the measure
— matrix models for Hurwitz numbers do exist but have been investigated only recently in relation to
unitary invariant ensembles with classical weights. The correlators of the GUE have been related
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to double strictly monotone Hurwitz numbers with a prescribed partition (also called orbifold
Hurwitz numbers) by Borot and Garcia-Failde [39]. The Laguerre Unitary Ensemble (LUE) is
related to multiparametric single Hurwitz numbers involving combinations of double (both weakly
and strictly) monotone Hurwitz numbers. Glances of the combinatorial structure of the LUE first
appeared in [101]; the idea was later systematized by Collins et al. in [50] and the study completed
by Cunden Dahlgvist and O‘Connell [51]. The last classical matrix integral is the Jacobi Unitary
Ensemble (JUE), and it is related to multiparametric Hurwitz numbers involving combinations of
triple weakly monotone Hurwitz numbers; this constitutes one of the original contributions in this
thesis and appeared in [93].

The interplay between tau functions, matrix models and Hurwitz numbers is deep and spreads
over many branches of Mathematics. One of the most striking ones is their connection through
the Kontsevich-Witten theorem [129, 166] with enumerative geometry. This celebrated result
states that the generating function of certain intersection numbers on the moduli spaces of curves —
specifically intersection numbers of psi-classes — is a tau function for the KdV hierarchy. It was later
reproved by Kazarian and Lando [125] essentially inverting the ELSV formula [73], named after its
discoverers: Ekedahl, Lando, Shapiro, Vainshtein. The ELSV formula gives a close expression for
simple Hurwitz numbers in terms of Hodge integrals,

oy — 292+ lul + 1) e > (=17 )
S(1) = [ .
[Aut(p))| ot Jxay, T (1 — padi)

9)

The first closed formula for general Hurwitz numbers was given long ago by Burnside [43] but the
spark has revived in the early 2000s; along with the ELSV formula, important work on properties of
Hurwitz numbers has been done, amongst the others, by Dubrovin, Yang, Zagier [64] and Goulden,
Jackson, Vakil [95, 98]. The latter authors also conjectured an ELSV formula for one-part double
Hurwitz numbers [99] then proved in [59]. Regarding double Hurwitz numbers, very recently an
ELSV-like formula has been obtained in [37] by deforming the Johnson-Pandharipande-Tseng [119]
formula for orbifold Hurwitz numbers. In this work we present two ELSV-like formule relating the
Hurwitz numbers associated to the LUE/JUE with some specific intersection numbers. These
formulee involve weighted sums of the considered objects, and are similar in spirit to those in [39].

Random Lax systems We turn our attention back to Lax matrices. As mentioned, they can
serve as a tool both to prove integrability of a dynamical system and to explicitly integrate it when
the initial data are known. The latter can be a significantly difficult task, and has been worked
out only in a few cases, e.g. [127]. Nonetheless, even if the exact solvability of a system is hardly
achievable, it is still possible to study it from a probabilistic point of view.

When the initial data (p,q) are chosen randomly, the Lax matrix itself inherits an entrywise
distribution and thus becomes a random matriz. In general, Hamiltonian systems have a natural
invariant measure with respect to the Hamiltonian flow, defined in terms of the Hamiltonian itself,
the so called Gibbs measure [126],

p = Zie*BH (P9 dpdg. (10)

H
The eigenvalues of a Lax matrix L are constants of motion for the associated system, so that
understanding the behaviour of its spectrum with random initial data remains a sensible question.
In order to trigger (global features of) the randomness, these systems are analysed in the regime
where the number N of degrees of freedom goes to infinity. This allows to define the density of
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states vy, from the empirical measure on the eigenvalues \; of the Lax matrix L,
1 N N
—00
NZ(%\J. — VL. (11)
j=1

Recently, Spohn [156] connected the spectrum of the random Lax matrix of the Toda lattice
with the one of the sparse matrix of the Gaussian (-ensemble [68] at high temperature [11]. The
sparse matrix of the Gaussian S-ensemble is the random matrix

N(0,2) X(N-1)8
xiv-1s N(0,2) xn-2)8
. (12)
X283 N(072) X3
XB N(O’Q)

It is equivalent in distribution to the GBE of full matrices — e.g. the potential Vp(x) = 22 in (4)
recovers the § = 2 case — in the sense that their eigenvalues distributions coincide [69]. Roughly,
the identification with the Toda lattice takes place since its Lax matrix has the same tridiagonal
form of (12) and its entries for N — oo converge to the same distributions under the associated
Gibbs measure. This observation sparks the interest in linking other classical dynamical systems
with known B-ensembles of matrices. In this direction, work has been done also by Mazzuca et
al. [102, 136]. In this thesis we provide the link to the Laguerre $-ensemble and the -antisymmetric
Gaussian ensemble at high temperatures studying two lattice systems, the exponential Toda lattice
and the Volterra lattice.

Structure of the thesis and original contributions

In the first two Chapters of the thesis we recall the main definitions from the theory of random
matrix ensembles and orthogonal polynomials, as well as their connection with integrable systems.
We also introduce the geometric and combinatorial definitions of Hurwitz numbers and recollect
known results linking them to integrable systems.

Chapter 3 deals with generating functions for correlators of classical unitary ensembles.
These results are based on the work done with T. Grava and G. Ruzza in [92, 93]. General formulae
for generating functions of correlators of Hermitian matrix models appeared in the work of Eynard
et al. [77, 78] and Dubrovin and Yang [63] (see also [22]), through the so called matrix resolvent
R(z). They read

Tr(2) = (Y5 (2)YR(2), 4 (13)
tr (R(z1)R(22)) — 1

Cy(21,29) = , 14
5 (21, 22) (o1 — 2)? (14)
Gr (21, 2) = — > fr (Rlesy). Rlzw)) , >3, (15)

. . (Zil - ZiQ) T (zig - Z’il)

(31,...,i¢)Ecyc((£))

where €5 (z1,. .., 2¢) is the {-point cumulant function, Yn(z) is the Fokas-Its-Kitaev matriz [117],

and R(2) := Yn(2)(} )Yy (2); in Section 3.1 we present a new derivation of the above. These
formulee hold for finite, N where N is the matrix dimension, and are different in flavour both
from the topological recursion formule, [46] that permit to evaluate the coefficients of the large N
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expansions of the correlators, and from the Dubrovin-Zhang approach [66] via Dubrovin-Frobenius
manifolds. We also point out how a similar approach could be extended to ensembles arising from
discrete and multiple orthogonal polynomials, see Section 3.1.1. We apply the matrix resolvent to
the Laguerre and Jacobi unitary ensemble; this completes the study on generating functions for
correlators of classical ensembles, the Gaussian case having been dealt with by Dubrovin and Yang
in [63]. We obtain the solution in the form

_ (10 1 Ay —zBenia
Rlz) = ( 00 ) +Z 22642 ( 2Beny  Aun ) ’ (16)

£>0

as z — 00, where the entries Ay y and B, y are shown to be discrete orthogonal polynomials indexed
by the variable ¢. It was first proved by Cunden, Mezzadri, O’Connell and Simm [52] that one-
point correlators <tr MF > of all three classical unitary invariant ensembles are discrete orthogonal
polynomials. Our results imply that multi-point correlators can be expressed as combinations of
them as well. Explicit formula are presented in Theorems 3.2.3, 3.2.5 and 3.2.12.

In Chapter 4 we obtain the combinatorial interpretation of the JUE. We show that correlators
of the Jacobi partition function admit a topological expansion in terms of multiparametric single
Hurwitz numbers [10/, 112]

‘ (V)

| | X = (-2 A E : Ca o

<‘ 1tr ]> - |>\|| N29 2-(0\) Z ) ) +)+E(N) 292 hz (N i, 1),
7= JUE

—C
[,L,Vl—‘)\| B

which are expressed as a combination of triple weakly monotone Hurwitz numbers, Theorem 4.1.5.
The derivation is carried out using the Selberg- Aomoto integral to explicitly compute the coefficients
in the Schur expansion of the Jacobi partition function. Identical Hurwitz numbers are related to
negative correlators (i.e. expectation of products of traces of negative powers of the random matrix).
In Section 4.2 we show how the same technique retrieve analogous results of [51] on the Laguerre
unitary ensemble.

In Chapter 5 we obtain an ELSV-like formula for the multipoint correlators. In [62] the
modified GUE partition function (mGUE) was introduced and proved to be a generating function
for cubic Hodge integrals. We point out a symmetry (N, ) — (N +a, —«) in the Laguerre partition
function Z](\?) which allows us to connect it with the mGUE partition function for the particular
value o = —%. As a consequence we relate the Hurwitz numbers of LUE with Hodge integrals
according to

Db ol (1) Il W L SN

920 720 v ||

1 K, ! Ma(zua)
Wi (5)er (X5 T2

d>1 a=1
0q.00 2 0q.00 2 2
n 9,000,1 <w— M1 ) ( M1> i g,000,2  H1[2 ( M1>< /L2>7 (18)
2 pr+1) \ 2 pFpe\ )\ pe
where J7; , is a finite sum of Hodge integrals, see Theorem 5.1.1. The Theta classes on moduli

spaces of curves have been introduced by Norbury [47, 147] as the analogue of standard intersec-
tion numbers of psi classes (associated to the Airy topological recursion) for the Bessel topological

- (w—1)m
%“u = 29 1 Z m' /

m>0 ° Mg,Z-Hn
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recursion. In the work [148] Norbury relates the generating function of Theta classes coupled to
GW invariants of P! with the Legendre matrix model. In view of the fact that this is a special case
of JUE, we obtain

s hOu) COPINL - g (0 Mo () 1),

(—2)l)+iv)+E+29-2 Y [Ty im™ . o1+t ke

(19)

M7V'_|A| 1yeenshig 21

This is the content of Section 5.2.

Chapter 6 is partially unrelated to the first part of the thesis and concerns the spectra of random
Lax matrices. We show that the exponential Toda lattice, and the Volterra lattice are related,
respectively, to the Laguerre S-ensemble at high temperature and the antisymmetric Gaussian (-
ensemble at high temperature. The results are in Section 6.2 and Section 6.3. We thus fill in rows
two and five of the following table, the others appearing in [102, 136, 156]. We explicitly compute

[-ensemble at high temperature Integrable System
Gaussian Toda lattice
Laguerre Exponential Toda lattice
Jacobi Defocusing Schur flow
Circular Defocusing Ablowitz-Ladik lattice
Antisymmetric Gaussian Volterra lattice

the density of states of the associated random Lax matrices endowed with their generalized Gibbs
measures as

vr(2) = Bda(0ptaq (Br))de, o (@) = /By (nfy(V/Ba)) e, (20)

where f1,, and 60, are related to the Tricomi’s confluent hypergeometric and the Whittaker functions
respectively.

In Chapter 7 we numerically investigate the eigenvalues distribution of other integrable systems,
namely the additive and multiplicative INB lattices, the focusing Ablowitz-Ladik lattice and the
focusing Schur flow.

The content of Chapter 6 and Chapter 7 is based on the work done with T. Grava, G. Gubbiotti
and G. Mazzuca in [91].



Chapter 1

Random matrix ensembles

A random matriz ensemble is the datum of a probability measure du(M) over a family, an ensemble,
of matrices M C Mat (C, Ny x N3). It carries an entrywise distribution on the elements M;; of M,

Mij 0.6 d,uij(M). (1.1)

Usually, the ensemble M is taken to be some vector space acted upon by a group of symmetries
(e.g. Hermitian, Symmetric matrices,...), thus endowed with a natural Lebesgue measure dM, with
respect to which we ask the measure du(M) to be absolutely continuous.

Random matrices serve as a model for many phenomena coming from the physics world; they
first appeared in the fifties in the work of physicist E.P. Wigner, who was investigating properties
of the energy levels of highly excited states of heavy nuclei [164]. He was interested in studying the
spacings between those energy levels and conjectured they were related to the eigenvalues spacings
of a certain random matrix ensemble. The book of Mehta [137] also played a foundational role in
the development and spread of the theory.

Dealing with probabilistic quantities, one is often interested in computing expectations of func-
tions with respect to the given measure, write

(M) = /M F()du(M). (1.2)

In this thesis we will be particularly interested in the correlators of Hermitian matrix ensembles,
defined as averages of products of traces of powers of matrices,

<trM’“1~-trM’“€>=/ tr MM -t MR dp(M), (1.3)
HN
where k1, ...ky € Z. They can be regarded as the building blocks, coefficients of Taylor expansions,
of partition functions of matrix models, see Section 1.3. We will extensively investigate these
objects in Chapters 3 and 4 for specific measures du.

1.1 Unitary invariant ensembles

In the general scenario, random matrix ensembles can be extremely complicated to analyze. How-
ever, most of the models drawn from the real world exhibit an invariance property under the action
of specific groups, most notably, the unitary, the orthogonal, and the symplectic group. It is a
natural feature, which can be thought of as invariance of a system under change of coordinates [57].
We will almost entirely focus on unitary invariant ensembles.

11
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Definition 1.1.1. Define U(N) the unitary group of size N € N as
U(N):={U € Mat(C,N)|Ut =UT}, (1.4)

with UT denoting the conjugate transpose. A measure du(M) on an ensemble M is said to be
unitary invariant if
w(M) = pw(UMUT),  ¥YM € M, VYU € U(N). (1.5)

The natural ensemble of matrices for unitary invariant measures is the N2-dimensional vector
space of Hermitian matrices of size N,

Hy :={M € Mat(C,N)| M = M'}. (1.6)
Indeed, by the spectral theorem, any hermitian matrix can be diagonalized as
M =UDUT, (1.7)

with U € U(N) a unitary matrix and D = diag(A1, ..., Ay) the diagonal matrix with entries the
eigenvalues of M. We consider measures of the form

1
dp(M) = —e™VMdpp, (1.8)
Cn
with
N
dM = ] dReM;dImM; []dMs (1.9)
1<i<j<N i=1

the Lebesgue measure over the vector space Hy, a regular enough (specific assumptions will be
made down the road) scalar function V' (z), named potential, and C the normalization constant,

Oy = /H e VMg, (1.10)
N

Measures of the form (1.8) are automatically unitary invariant by elementary properties of the
trace, tr (M) = tr (UMUT), and by unitary invariance of the Lebesgue measure dM.

In view of (1.7), unitary invariant measures over Hy of the form (1.8) can be factorized in a
constant angular part and a random one depending on its eigenvalues. Indeed consider the map

Y: UN)/ UMDY x Dy = Hy,  (U,[D]) = UDU? (1.11)

where Dy is the set of diagonal N x N matrices diag(A1, Ae, ..., Ax) with real ordered eigenvalues
Al < Ay < -+ < Ay. Then ¢ can be parametrized in a smooth way on a Zariski open set of Hy.
It can be proved that the square of the Vandermonde determinant

IREDVEND Y D
DYDY A D
AQ) = J[ i-A)=det|: 1 - ], (1.12)
1<i<j<N . . . :
1A, A2 An-1
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is the Jacobian dM = A2()\)d\ for the change of coordinates induced by 1. Then we can write
/ et VDM = Vol (U(N)/[U(1)]N)/ [T1N = AP esiaVOnan iy, (1.13)
HN Dy

and passing from Dy to RY, upon adding measure zero terms,

1
/ et VI qpr = N'Vol(N)/ Pn(AL, .. An) dAr ... dAy, (1.14)
HN : RN
where we introduced
N(N-1)
T 2
U)W 155" !
and the probability measure over the eigenvalues
1
Py, Aw) = ——ebet VO AZ(A) d)y ... d)y. (1.16)

Cn

Notice that in this way we reduced a matrix integral to a standard integral over R™.

When computing averages of functions of M invariant under the action of the unitary group,
one can apply the same argument to dimensionally reduce the matrix integral. An example is given
by the correlators (1.3), which are indeed symmetric in the eigenvalues, depending on traces of
powers of the matrix only,

cTTL (N 0) AZ(0) S VOO, L day
R 7j=1 1=1""
Jaw A2(0) X VOGN, LAy

<ter1 . -terf> - (1.17)

A very efficient tool in computing the so obtained space integrals is supplied by the theory
of orthogonal polynomials, [56, 57]. In a nutshell, the idea is to further reduce the N-dimensional
integrals to lower dimensional ones; this line of thought will be a building block in proofs of Chapter
3. In the next section we recall the basics on orthogonal polynomials.

1.2 Orthogonal polynomials

Orthogonal polynomials are ubiquitous objects in mathematics. We will now state a number of
standard facts which can be retrieved e.g. in [48, 115].

Definition 1.2.1. Let {P,(x)}n>0 be a collection of polynomials defined over an open interval
I C R such that deg P, (x) = n. They form a family of orthogonal polynomials with respect to the
weight w(x) : I — Ry provided

/Pn(m)Pm(w)w(x)dm = dnmhn, Vm,n € N. (1.18)
I

Here, 6, is the standard Kronecker delta, valued 1 if m = n and 0 otherwise, and h, € R are
called norming constants. The weight w(x) : I — Ry shall be positive and continuous, and such
that all moments

my(z) = /kaw(x), k=0,1,2,... (1.19)

exist finite.
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Such a family is unique up to a multiplicative constant, so that we can take them to be monic
P, (z)=2"+ Cp1x™ V4 H . (1.20)

In particular, once a weight w(z) as in the above definition is given, an associated family of orthog-
onal polynomials can always be constructed by means of the Gram-Schmidt procedure. Namely,
consider the inner product on L?(w(z)dz)

(f.9) = /I f(@)g(x)w(z)dz, (1.21)

and simply define
<‘T , P 0>

Py(z) =1, Pi(z)=x— Ro Py’ (1.22)
Pn(l') — " <P<:_afT;n1_>1>Pn_1({L‘) . — <<;077PP00>> 0($)7 (1.23)

which are orthogonal by construction.
We can already start to appreciate the usefulness of orthogonal polynomials in the matrix
models context looking back at (1.14). Indeed, it is easy to see that the following holds

A%(z) Xt V@) day . day, = Nlhohy -+ hy_1, (1.24)
RN

where the h;’s are the norming constants associated to the weight ¢"(*). Indeed, by simple row
operations we can rewrite the Vandermonde determinant (1.12) as

1 Tl l‘% I{V_l 1 Pl(ml) PQ(:El) PNfl(l‘l)
1 T2 x% e (L‘év_l 1 P1 (1‘2) Pz(xg) s PN_l(J}Q)

Alz) =det | : : . : =det | : : : , (1.25)
1 any 2% - 33%71 1 Pi(xn) Pe(xzn) --+ Pn-1(zn)

so that, expanding the squared determinant and then using the orthogonality property (1.18),

2
RN RN

O’GGn
N .
- / P3(wo(1) -+ PR (Tony) e21=1 V) dz (1.27)
RN
oe6
= N!lhohy---hn_1, (1.28)
and finally from (1.14) we get
1 tr V(M)
— dM = hohy -+ -hn_1. 1.29
) Lo ohy < By (1.29)

From the Gram-Schmidt procedure is possible to prove the following characterizing feature of
orthogonal polynomials.
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Theorem 1.2.2. Any family {P,(x)}n>0 of monic orthogonal polynomials satisfies a three term
recurrence, which is, there exist sequences of real numbers {an}n>0, {bn}n>0, such that

x - Py(x) = Poy1(x) + anPo(x) + bpPo_i(x). (1.30)

Clearly, the knowledge of the sequences {an,}n>0, {bn}n>0, together with the monic condition
Py(z) = 1 and assuming P_;(z) = 0, allows one to completely reconstruct the family of orthogonal
polynomials. More to that, the following viceversa to Theorem 1.2.2 holds.

Theorem 1.2.3 (Favard Theorem, [81]). If there exist sequences {an}n>0, {bn}n>0, such that
x - Py(z) = Ppyi1(z) + anPp(x) + by Pr—1 (), (1.31)

with P_1(x) = 0 and Py(z) = 1, then there exists w(x) of bounded variation such that
/Pn(x)Pm($)w(ac)dm = Spmhn, Vm,n € N. (1.32)
I

The three term recurrence can be rewritten in (semi-infinite) matrix form by means of the
Jacobi operator, which is the tridiagonal matrix

a 1 0
bl ail 1 N
L=10 b, ap ---|- (1.33)

Then, denoting P(z) = (Py(z), Pi(x),...)" equation (1.30) is recasted as
z-P(x)=L-P(x), (1.34)

and the vector of monic orthogonal polynomials P(z) can be thought of as an eigenvector of the
operator L. An important feature of orthogonal polynomials is the Christoffel-Darboux identity.

Proposition 1.2.4. Let {P,(x)}n>0 be a family of monic orthogonal polynomials with norming
constants {h;};>0, and N a positive integer. Then,

N-1

= h;j hn—1 r—y ’
In particular, if {P,(x)},>0 are orthogonal with respect to the weight w(z) = ¢ (*) we name

Christoffel-Darboux kernel the quantity
V(z)+V(y)
P Pyn_ — Pn— P
Ky(r,y) = ; > Pn(@)Pn-1(y) — Pn-1(x)Pr(y) (1.36)
N-1 T—Y

It consists of the right hand side of (1.35) multiplied by the square root of the weights in the
variables x and y. The Christoffel-Darboux kernel satisfies two important properties,

1. normalization [; Ky(z,z)dz = N,

2. reproducibility [; Kn(z,y)Kn(y, 2)dy = Kn(z, 2).
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Comparing with (1.35) we realize that Ky(x,y) is the kernel of the orthogonal projection of
L?(I,w(z)dz) onto the space of polynomials of degree < N. Given a unitary invariant matrix
ensemble with the same weight ¥ (®), the Christoffel-Darboux identity also gives an immediate way
to reconstruct the probability measure over the eigenvalues and, more generally, all its marginals
pr(x1,...,zk), which here take the name of k-point correlation functions.

Proposition 1.2.5. Let Py (z)dz be the eigenvalue measure (1.16), then we have

1 N ,
Py(z)dz := Geim VeI A2 (z) = det (Kn(21,5)) <5 < (1.37)
pr(x1, ..., xE) == /N . PN(®1,. @k, Thg1s - oo @N)dTppr - - - doy = det (KN(xi7xj))1<i,j,<k'
RN <ij,<
(1.38)
Proof. A standard proof can be found in [56]. O

Finally, family of orthogonal polynomials can be characterized in a third way as the unique
solution of the associated Riemann-Hilbert problem, first established in the seminal work by Fokas,
Its and Kitaev in [117], and which we hereby recall.

Definition 1.2.6. The Cauchy-Transform of the orthogonal polynomial Pn(x) with respect to the

weight ¢V ®) is given by

L [ eV©qe. (1.39)

Py(z) = —
N@) = on ) e—a

It is analytic for x € C\I and continuous up to the boundary of I, where it has a jump.

Introduce the Fokas-Its-Kitaev matrix

Py(x) Py ()
. (—hi_lPN—lm - Py (e) (140
It is the unique matrix analytic in z € C \ [ satisfying
1. Yy (x) has a jump on the real axis given by
1 V@
Yaale)=Yw () (g ), wel (1.41)
where we use the notation
Yn+(z) = lim Yy(z £ie), xel’ (1.42)
6—>0+
and I° is the interior of the interval I,
2. for x — oo it has the behaviour
Yn(z) = (1+ 0@ )) 2N, (1.43)
3. at any endpoint zq of I, for z — xg
Yn(x) = O (log(x — x0)) . (1.44)
10 1 0 . : .
where we denote 1 = 01 and o3 = 0 -1/ In Chapter 3 we will exploit such a characteri-

zation to investigate probabilistic quantities related to the weight " ().
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1.2.1 Classical unitary ensembles

Amongst the many, infinite, families of orthogonal polynomials {P,(z)},>0 we distinguish a par-
ticular class, the so called classical orthogonal polynomials. They are characterized by the following
equivalent properties, [30, 128]

1. They are solutions of the system of differential equations

A(@)yn(x) + B(@)yp (@) + Anyn(z) =0, n=0,1,..., (1.45)

required A(x), B(x) are independent of n, A\, independent of x and solutions y,(z) are poly-
nomials of degree degy,(x) = n,

2. Their derivatives {P) (x)},>0 form a family of orthogonal polynomials as well,

3. Rodrigues-type formula: there exist constants k, and n-independent polynomials w(x),T(x)
such that
k, d"

Po(w) = w(x) dzn

[w(@) (T(x))"]. (1.46)

It turns out that up to a linear change of variables, which amounts to scale and shift of the
domain and standardization of the polynomials, there are exactly three measures on R which
satisfy any of the properties above, each coming with its associated family of classical orthogonal
polynomials. Correspondingly the three associated matrix ensembles go by the name of classical
unitary ensembles. We recall their definition and main properties in the next subsections.

Hermite polynomials
Hermite polynomials {P}(z)},>0 are orthogonal with respect to the Gaussian measure

pH(z) =e 7, x € (—00,00), (1.47)

with orthogonality relation
1_2
/ PH(z)PH(z)e™ T dz = pmbhn, hyn, = nlV2m (1.48)
R
They can be computed via the Rodrigues formula

PH) = (—1ymes L <e—“’5> (1.49)

and the three term recurrence reads

z- Pl(z) =P (z) +n P (2). (1.50)

n n

The associated unitary invariant matrix model is known as Gaussian Unitary Ensemble, or
simply GUE. The ensemble of matrix is that of Hermitian matrices endowed with the measure

H 1 —trM—2

where dM is the standard Lebesgue measure. In virtue of the discussions in the previous section,
the normalization constant is explicitly computed as

N(N 1) N—1

C = Vol(N th el H(g'f) Ve e (1.52)

30‘7
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Laguerre polynomials
Laguerre polynomials { P-},>0 are orthogonal with respect to the measure
ph(z) = 2%2, x € (0,00), (1.53)

with o € C a complex parameter, and orthogonality relation

/ PL(z)PL (2)z% %dx = 0,mht, AL =nll(a+n+1) (1.54)
0

They can be computed via the Rodrigues formula

dn
L o — +n —
Pr(z) = (—1)"z O‘ex@ (z9me™™), (1.55)
in an explicit way as
1\ i (n — 1) 1 o
PJ{(l’) _ ( ) (n J+ )J(] + +Oé)n J i (156)

1

j=0 I

where (p);j :=p(p+1)---(p+j— 1) denotes the rising factorial; the three term recurrence reads
z- P(@) = Pryy(@) + (20 + a + D)Pr(2) + nln + )Ly, (2). (L57)

The associated unitary invariant matrix model is known as Laguerre Unitary Ensemble, or

simply LUE. The ensemble of matrix is the cone 7—[;{, of positive definite Hermitian matrices, which
is hermitian matrices with positive eigenvalues only. The measure is given by

e (M >CTdet°‘< )e " MdM, (1.58)

the normalization constant being
N— N(N N—
Y = Vol(NV H H (a+j+1 (1.59)

Remark 1.2.7. The LUE can also be realized in terms of the product of two full, rectangular,
Gaussian Wigner matrices, e.g. [85, 165]. Specifically, let W be an N x (N + «) matriz with
independent identically distributed Gaussian entries. Then, the matrix

1
M= _—wwT 1.60
5 (1.60)
is positive definite and with entries distributed according to (1.58) and parameter o € N.

Jacobi polynomials

Jacobi polynomials {P)(x)}n>0 are orthogonal with respect to the measure

! (z) = 2%(1 — )P, z € (0,1), (1.61)
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with «, 8 € C complex parameters, and orthogonality relation

/ Pl ()P (2)2*(1 — )P, dx = 6pmhs, (1.62)

W — ) a+n+1)F(5+n+1)F(a+5+n+1)
" T(a+B+2n+2) T(a+B+2n+1)

(1.63)

Jacobi polynomials can also be defined over the symmetric interval (—1,1) via the affine trans-

formation z — IT‘H and renormalizing. However, measure (1.61) will best fit our needs. The

Rodrigues formula here reads

_ WIla+pf+n+l) 34" ain n
Plz) = (~1) Fatsiansn® "0-9 e (w (1 — z)B+ ) (1.64)

the explicit form

Pl(z) = n! n (” Z O‘) (Z f i) (x — 1)k gk, (1.65)
=0

(a+B+n+1),

and the three term recurrence

- P(z) = Poyy(2) + anP(z) + baPy_y (), (1.66)
B n(B+n) (n+1)(B+n+1)

an_1+a+ﬁ+2n_ a+pB+2n+2 "’ (1.67)

) n(8+n)(a+n)(a+B+n) e

(a+pB+2n—1D)(a+B+2n)2(a+B+2n+1)

The associated unitary invariant matrix model is known as Jaocobi Unitary Ensemble, or simply
JUE. The ensemble of matrix is the space H(I) with I = (0,1) which denotes hermitian matrices
with all the eigenvalues lying in I. The measure is given by

il (M) = (;, det® (M) det'# (M) M, (1.69)
N

the normalization constant being

wos-n a+y+1) (B+j+1)
a4+ pB+2N—-j5)

3 = Vol(N H hl=m (1.70)

Remark 1.2.8. The JUE can also be realized in terms of a rational function of two Gaussian
Wigner matrices [61, 85]. Specifically, let Wy, = AtA and Wg = BB where A and B are,
respectively, N x (N 4+ «) and N x (N + ) matriz with independent identically distributed Gaussian
entries. Then, the probability measure (1.69) describes the distribution of the matrix

M = (W + W3) Y2 W (W, + Wp) /2, (1.71)

which has spectrum in (0,1) and entries distributed according to (1.69), with parameters o, 3 € N.
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1.3 Partition functions and the Toda lattice hierarchy

Random matrix ensembles are deeply connected with integrable systems. Indeed, exponentially
perturbed measure of unitary invariant ensembles are Toda tau-functions, with initial conditions
given by the coefficients of the three term recurrence of the associated orthogonal polynomials. We
make this statement more precise in the following.

Definition 1.3.1. The Toda lattice is the dynamical system of N particles x1(t),...,zn(t) on the
real line interacting via the Hamiltonian

1 N N-1
H= 53 pff+ 3 oo, (1.72)
7=1 7=1

which, with respect to the standard Poisson bracket {-,-}, yields equations of motion

iy ={ej, HY =p;, By ={pj Hy =e@17%) — el j=1 N (173)
In particular, as first recognized in the seminal works of Flaschka and Manakov [82, 83, 132]
. (zj—2;11)
the change of variables a; := —%J and b; := 1= allows to rewrite the equations of motion
(1.73) in the Lax form
. 0
L{t) = £ L(t) = [A(1), L(1)] (1.74)
with
bl ai 0 ai
a1 by a9 —a; 0 ag
L= , A= . (1.75)
aN—-1 aN—-1
an—1 by —an-1 0

Notice that the matrix L has essentially, up to a gauge transformation, the same form of the
Jacobi operator (1.33), while A is the difference of the upper and lower triangular parts of L, write
A =L, — L_. The Lax formulation allows to define in a simple way an extension of the Toda
lattice to infinite time variables.

Definition 1.3.2. The Toda Lattice-hierarchy in the time variables t = (t1,to,...) is given by the
infinite set of commuting flows

L0 = . L0) A = (TF0) - () (1.76)

A T-function for the Toda lattice is a solution of the Toda equation; essentially it satisfies

T(x+€)T(x —€)
72(7) ’

where a, =: a(en) and b, =: b(en), we refer to the literature [160, 167] for a precise definition.

a:e—logw7 b =log

oty 7(z)

(1.77)
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It can be proven that deformations of unitary invariant matrix ensembles are tau functions of
the Toda lattice hierarchy, with choice of parameter e = 1/N . Specifically, given a unitary invariant

measure e VM) AN on a certain ensemble of matrices M, we consider the deformed potential
V(wt) =Vo(z) + Y t; M7 (1.78)
Jjz1

and name partition function the object
Zn(t) = / et VI qpr, (1.79)
HN

Then, we have the following.
Proposition 1.3.3. Zx(t) is a tau-function for the Toda lattice hierarchy (1.76). Moreover,

1. a;(t) and b;(t) are exactly the coefficients of three term recurrence associated to the potential
V(z;t), see Theorem 1.2.2.

2. the partition function Zn(t) is explicitly evaluated as

i 2
TTN—-1 -y
Hj:(] J!

with h;(t) the norming constants associated to V(z;t), as in (1.29).

Zu(v)= [ eV ho(t) - b1 (8), (1.80)
N

Notice that taking derivatives of the partition function (1.79) with respect to the time variables
t = (t1,t2,...), and evaluating at t = 0, exactly recovers the correlators (1.3) of the matrix model

associated to eY0 M) namely
' Zn(t
) | <tr Mty Mk‘f> . (1.81)
Otgy - Oty |i—o
Given a partition A = (A1, ..., \p), see also Definition 2.1.1, we denote
<trM>‘> = <trM’\1---trM’\‘f>. (1.82)

In view of (1.81), the partition function can be regarded as a (formal) generating function for the
correlators in the basis of monomial symmetric polynomials ty = ty, - --ty,,

. t
Zn(t) == / e (Vo) + Y tyeear | ar = 3 () O sy
Hy i>1 AeP izl

where m; are the parts of A equal to i, see also Definition 2.1.1.

Remark 1.3.4 (Connected correlators). Closely related are the connected correlators, defined as

¢ C
<HtrM’\f> = > =nPge - <HtrM’\“> (1.84)
j=1

P([€]) AeP \a€A



CHAPTER 1. RANDOM MATRIX ENSEMBLES 22
where P ([£]) denotes the set of partitions of {1,...,L}. For example
<ter1>c = <ter1>, <ter1ter2>c = <ter1ter2> - <ter1> <ter2>. (1.85)

By standard combinatorial methods [157] one can arque that connected correlators are the Taylor
coefficients of the logarithm of the partition function,

“log Zn (t
BLN() = <ter1--~terf>c. (1.86)
8tk1 .- '8751@3 =0
and write, similarly to (1.83),
tr oot c
log Zn(t) =log Zy(0) + > Y ’“7"7"“ <tr MRt M’fr> : (1.87)
r>1 Ky, ke >1 '

Remark 1.3.5 (Negative correlators). Assuming the potential Vo(M 1) still results in an invariant
measure over Hy, deforming it with negative exponents

V(w;t) = Volz) + > t;M 7, (1.88)
=1

we get a different Toda tau function. Indeed it is the datum of a different underlying measure,
dfi(M) corresponding to the change of variables M = M~'. Writing AU for the projection of the
Lebesgue measure onto the angular variables, the Jacobian is computed as

dAM = dU A? (z)dz <= dM = dU A? (11) d <1) ..d <1> = inJ‘]f (1.89)
T TN T T det*" M
so that the new measure reads
. etrV(MTht)

Similarly, we can perform formal expansions of the associated partition function and compute the
correlators as its logarithmic derivatives.

That the above expansions actually converge is not given for granted. More to that, parti-
tion functions related to integrable systems admit a topological expansion, which is an asymptotic
expansion in series of N2, with N being the size of the matrices, see [40, 75]. Part of the work
exhibited in this thesis, is to give an exact characterization of the coefficients which comes with
such expansions. Remarkably, in the classical ensembles, they are integer numbers counting specific
combinatorial objects, see Chapter 4.



Chapter 2

Hurwitz numbers and symmetric
functions

Hurwitz numbers were first introduced by Adolf Hurwitz in [114]. He was interested in the counting
problem of Riemann surfaces with assigned ramification profiles, encoded by partitions, up to
biholomorphic equivalence. He also realized the same question could be posed as a factorization
problem in the symmetric group, and sketched the proof of formulee which later reappeared in the
work of Goulden and Jackson [94]. We recall some concepts and definitions in the following.

2.1 Geometric and combinatoric definition of Hurwitz numbers

Definition 2.1.1. A partition A = (A1, Ae,..., ) of n € N is an ordered sequence of positive
integers A\ > o > -+ > Xy such that

>\1+)\2+'--+)\g:n. (21)

We shall denote by A\ = n that X\ is a partition of n, with £(X) := £ the length of the partition and
|A| = n for its weight. As an alternative notation let

then the partition X\ is equivalently denoted as A = (1™1,2™2 .. .).

In some contexts it can be useful to identify the partition A with its diagram, i.e. the set of
(i,5) € Z? satisfying 1 < i < ¢(\), 1 < j < \. For example, the diagram of the partition
A=(4,2,2,1) 9 is depicted below.

|j=1 j=2 j=3 j=4

1=1 ° ° ° °

1=2 ° ° (2.3)
1=3 ° °

1 =4 °

Let us now give the definitions of Riemann surfaces and maps between them. We refer to the
standard books for further references [139].

Definition 2.1.2. A Riemann surface S is a 1-dimensional complex manifold.

23
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— Two Riemann surfaces S,S" are biholomorphically equivalent if there exists a map f: S — S’
holomorphic, bijective and with holomorphic inverse f~1:S' — S

— Two holomorphic maps between Riemann surfaces, f : S — R and f' : S’ — R are said to be
equivalent if and only if there exists an isomorphism ¢ : S — 8’ such that f'op = f

— The automorphism group of a holomorphic map f:S — R is

Autf ={p:S = S isomorphism s.t foy = f} (2.4)

~ The degree of the map f : S — R is defined as the cardinality of the fibers f~(r), r € R
counting multiplicity

Remark 2.1.3 (Riemann-Hurwitz formula). Given a non constant degree d holomorphic map
f S8 = R between Riemann surfaces of, respectively, genus gs and gr, the Riemann-Hurwitz
formula states that
295 —2=d(2g9r —2)+ Y _(ex — 1), (25)
z€eS
where e, is the ramification index of the map f at the point x € S. Notice that if f is not ramified
at x then e =1, and the sum in (2.5) is finite.

The fundamental tool to give both a geometric definition, in the first place, and hence com-
binatoric interpretation of Hurwitz numbers is the Riemann Existence Theorem [139, 152] (the
definition of transitive group can be found below in Definition 2.1.6.)

Theorem 2.1.4 (Riemann Existence Theorem). Let S be a compact and connected Riemann sur-
face, and A C S a finite subset. Let q be a base point of S\ A, then there is a one-to-one
correspondence between the following

isomorphism classes of holomorphic maps up to conjugacy, group
of Riemann surfaces ¢ : 8" — S of < < homomorphisms p: 1 (S\ A,q) = Sy
degree d whose branch points lie in A with transitive image

(2.6)
with representation given by the monodromy representation.

The Riemann existence theorem tells us that every Riemann surfaces can be realized as a
branched covering of the complex projective line Pé. This allows us to define

Definition 2.1.5 (Geometric definition of Hurwitz numbers). Let d be a positive integer and
pD, o u®) E d partitions of d. Define the (connected) Hurwitz number hag(u™, ... u®)) as

1
ha(uh, ..., ptk)) = Z [Autf]| (2.7)
(]

where the sum ranges over all equivalence classes of connected, genus g and degree d covers of P(é
with k branching points with ramification profiles pM, ..., u®) . The weight of each Hurwitz cover
1s the inverse of the order of its automorphism group. Notice that g and d are related according to

(2.5).

On the other hand, Theorem 2.1.4 states that the problem of constructing a Riemann surface
with assigned branching points and ramification profiles, is equivalent to a factorization problem
in &,4. Let us recall a few notions on the symmetric group.
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Definition 2.1.6. The symmetric group of order d, write &4 is the group of permutations of the
set {1,2,...,d}.

— FRvery permutation o € &4 is the product of disjoint cycles,
o =0103...0, o; = (aﬁ'--a};i), (2.8)
their number £ is the length of the permutation o, write £ = £(0)

— The profile of a permutation o € &g as in (2.8) is the partition p & d consisting of k parts
ezactly equal to the lengths of the cycles o; of o, namely p = (¢1,42,...,0).

For example the permutation &g 3 o = (146)(23)(57)(8) has profile u = (3,2,2,1).
— A subgroup G < &4 is called transitive if it acts transitively on the set {1,2,...,d}

Thanks to Theorem 2.1.4, we can give an equivalent combinatorial definition of Hurwitz num-
bers.

Definition 2.1.7 (Combinatorial definition of Hurwitz numbers). Let d be a positive integer and
pD ) d opartitions of d. Define

hd(:u’(l)7 ) /’L(k)) -

1 { o1,...,0% € &g such that o1---0) =idg,, } (2.9)

d! o; has profile u9 and (o4,...,0}4) is transitive
where (o1, ...,0L) denotes the subgroup in Sy generated by o1, ..., 0.

The factor (d!)~! in (2.9) takes into account overcounting, and corresponds to relabelling of the
sheets of the cover. Moreover, in comparing with Theorem 2.1.4, the condition o1 - - - 0}, = idg, is a
consequence of the fact that we take the Riemann surface S to be compact; similarly, the condition
that (o1, ...,0k) generates the whole G, comes from the connectedness hypothesis.

Remark 2.1.8. Disconnected Hurwitz numbers are defined in the same way, respectively dropping
the connectedness hypothesis of the cover from Definition 2.1.5, and the transitivity condition on
(01,...,0k) from Definition 2.1.7. We shall denote them with

hg(u®, ., p ™) (2.10)

Definitions 2.1.5 and 2.1.7 are quite general, and the Hurwitz numbers they define are not trivial
to compute in the general case. Some closed formulae do exist, see e.g. (2.24) below, but they are
rarely computational friendly. A majorly studied version of Hurwitz numbers is the following base
case, involving a single non trivial partition.

Definition 2.1.9. Let g,d be non negative integers and X = (A1,..., ) a partition of d. The
simple Hurwitz number hg(X) is defined as the general Hurwitz number ha(\, D, ) where
p() = (2,1,1,...,1). Due to (2.5), there holds the relation

2g—2=k—-{—d. (2.11)
In regard of Definitions 2.1.5 and 2.1.7, simple Hurwitz numbers can be defined as

— Geometrically: correspond to covers of ]P’(lC where a specific point, e.g. the point z = 0, has
branching profile \, and all the others are simple, which means they have (d — 1) preimages,
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— Combinatorially: all but one permutations are transpositions (we recall that a transposition
is a permutation T = (ab)).

Some solid results have been made throughout the history in the study of Simple Hurwitz
numbers. Amongst the many we recall the cut and join equation of Goulden and Jackson [94], the
ELSV formula [73] (see also Theorem 5.0.1), the connections with integrable systems by Okounkov,
Harnad and Guay-Paquet [104, 150] as well as to matrix model by Borot et al. [38].

2.2 The symmetric group algebra

Many and various modification and specializations of Hurwitz numbers exist; in this section we
introduce the necessary tools to study a vast class of them. This is done giving a third way to look
at Hurwitz numbers in the setting of the group algebra of the symmetric group.

Definition 2.2.1. The group algebra of the symmetric group S4, denoted C[Sy], is the set of linear
combinations with complexr coefficients of elements in the symmetric group

> o0, ¢y €C, (2.12)
eSSy
equipped with the sum
Z Co 0+ Z doo = Z (co +do)o, (2.13)
oeGy ceGy ceGy

and multiplication induced by the symmetric group,

Z oo | - Z cor 0 | = Z cono’, Coit = Z Co " Cyt (2.14)

(AP o'eSy o"eGy o,0'€e6y
coo!' =o'

The center of the group algebra (i.e. the multiplicative subgroup of the group algebra consisting
of elements commuting with every other element) is denoted by Z (C[S&4]) and is called the class
algebra of &.

There are some distinguished elements in the group algebra. First off, recall the definition of
conjugacy class of a permutation o € &g,

cyc(o) = {pop™! st. pe &y} (2.15)

It is easy to see that all elements in cyc(o) must have the same cycle structure of o. In par-
ticular, the conjugacy class depends only the profile of o, see Definition 2.1.6, and if ¢ has
profile u = (u1,...,u¢) we will simply write cyc(u) for cyc(o). The cardinality of cyc(u) with
p=(1m2m2 ) is

d! .
eye(u)l = 2= [[5m™my! (2.16)
i j>1

We can consider the elements in the group algebra

C= > o (2.17)

o€cyc(p)
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labelled by permutations p F d. In particular notice that Cia = idg,. It is well known [154]
that the elements C,, form a basis for the class algebra Z (C[Sg4]). Definition (2.10), can then be
reformulated as

k
o 1
B, 1) = el [T Cuos (218)
) i=1

where the operator [Ca] takes the coefficient of the identity element. Here we take disconnected
Hurwitz numbers, see also Remark 2.1.8.

We would like to obtain a more accessible form of equation (2.18). To this end, the representa-
tion theory of symmetric groups is crucial: let us first recall the following basic facts of this theory
[154]. Irreducible finite dimensional representations of the symmetric group &, are labelled by
partitions A - d, namely for every such A we have

P - Gd — GL(V)\) (2.19)

with V3 some vector space. Define the irreducible characters x* of the symmetric group as

X = tr(pa(o))e, (2.20)

ceBy

which is an element in C[S,4]. In particular, write XZ\L for the evaluation of x* at an element
o € cyc(u); we are rightfully doing so since expression (2.20) is invariant by conjugation. The
irreducible characters form a basis for the class algebra Z (C[&,]), and the following change of
bases formulz hold,

X
=Y xCu = Cu=) Z“XA (2.21)
ud A-d “H
Moreover, they are orthogonal to each and idempotents according to the formulae

/ d!
ALA A
E XMX,U, Z;L ! X X = (5)\7)\17i )\X s (222)

in particular, the latter allows to define a basis of idempotents, denoted {E)}xrq, as

dlm)\ d X
E=—0 D Xl = Gy —Zd 6 By = b (2.23)
d ImaA z,

We can thus recast (2.18) in terms of the characters Xfl-

Proposition 2.2.2 (Burnside formula). Let u(V, ..., u®) = d, then the following holds

(1)
]ZZ(M(I)7 Cld HC |cyc )’ ‘Cyc | Z N(D kﬂ;k> . (224)
oy (dimA)

Proof. Rewrite (2.18), explicitly including the C;a factor and using (2.21), as

1 A X/\(l) X,\Uc)

o X1d ¢Y) () © (1) “

ha(pt, ... u®) = a > (l:ll 2“ Z“ (xA PO )(zd% (2.25)
. A(O)vA(l),7A(7€) . M<1) M(k)
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using repeatedly the idempotency property (2.22)

k . A A k—1
1 1 dim A X, X, d!
hg(u, . p® ) = [l ] Cuw = = ...k Aid 2.26
i=1 A H H
and recalling (2.16) the proof is complete. O

Equation (2.24) traces back to Burnside [43] and it allows us, in principle, to compute any
Hurwitz number. Indeed, characters of the symmetric group had already been studied for quite a
while and their values easily computable for small d, for example via the Murnaghan—Nakayama
rule, see [143, 157]; however, the computational complexity drastically increases as d grows [20] and
it can thus be tricky to apply (2.24) in the generic case.

We introduce one last important set of elements in the group algebra, the Young-Jucys—Murphy
(YIM) elements [121, 144] J,, for a = 1,...,d, defined as

J=0, To=00a)+2a)+ -+ (a—1a), 2<a<d, (2.27)

denoting (ab) (with a < b) the transposition of {1, ..., d} switching a,b and fixing everything else.
The following relation [121] takes place in Z(C[Sg4])[e],

d

[T +em) =D et~y (2.28)

a=1 A=d

Although singularly the YJM elements are not central, they commute amongst themselves, and
symmetric polynomials of d variables evaluated at Ji,...,Jy generate Z(C[Sy]), in particular for
any symmetric polynomial p(yi,...,yq) in d variables, p(Ji,...,Jq) belongs to Z (C[&,]). Now,
central elements are diagonal on the basis of idempotents, see e.g. [154], and it is proven by Jucys
in [121] that

P(J1s - Ta)éx =p ({7 — i} jen) Ens (2.29)

where in the right hand side we denote p ({ ] — z'}(m-)e ,\) the evaluation of the symmetric polynomial
p at the d values of j —i for (i, j) € Z? in the diagram of A I- d, see Definition 2.1.1. With respect to
the partition A = (4,2,2,1) - 9 in (2.3), this denotes the evaluation p(0,1,2,3,—1,0,—2,—1,—3).

YJM elements allow us to define in a simple way a variation of Hurwitz numbers, in the spirit
of (2.18). The construction was pioneered by Guay-Paquet, Harnad and Orlov, see [26, 104, 112].

Definition 2.2.3. Fix real parameters vi,...,vr and 61,...,0p (L, M > 0) and collect them into
the rational function

[T, (1 +72)
G(z) = Ml
Hj:l(l - 6;2)
Then, the (rationally weighted) multiparametric (single) Hurwitz numbers hG (p), associated to the
function G in (2.30) and labeled by the integer r > 1 and by the partition u+ N, are defined by

' (2.30)

m

G 1 r al
W) = 1 Cul [] G (e, (231)
a=1

where [€"Cy] denotes the coefficient in front of €'Cy in the expansion of Hévzl G (eJa) as an ele-
ment in Z(C[Sn])[[e]] in the basis {Cx}; to compute the expression G (eJ,) € Z(C[Sn])[[e]], the
denominators in (2.30) are to be understood as (1 — §;2)~* = > k>0 5j’-“zk.
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Different Hurwitz number (not necessarily rationally weighted) can be defined choosing a dif-

ferent form specifications of the function G(z). For example G(2) =1+3 ;5 g;77 with g; = (41)7!
returns the exponential function, which is related to simple Hurwitz numbers, see e.g. [26, 104].

Example 2.2.4 (Single weakly monotone Hurwitz numbers). Take G(z) = 5, then

—(14~2 1 " 1 " 1
th (1+"/ )(,U) = Z[Edclu] H G (Eja,) = Z[Edcﬂ] H m (232)
a=1 a=1 a
1
=[] | D ) DY TuTa | (2.33)
“p >0 1<a1<-<ar<n

Then, it is clear how the above Hurwitz numbers counts factorizations in the symmetric group of
permutations in o € cyc(u) in d weakly monotone transpositions, i.e.

O=Ti " Td, i = (aibi), a;<b;, by <by<---<by, (2.34)

Similarly G(z) = (14z) generates single strictly monotone Hurwitz numbers, where the inequalities
in (2.34) are taken to be only strict, by < by < -+ < by.

2.3 Hurwitz numbers and integrable systems

In this section we recall results linking Hurwitz numbers with the theory of integrable systems. In
particular, we state how generating functions of Hurwitz numbers often happen to be tau-functions
of some integrable hierarchies.

The groundbreaking result in this direction was obtained by Okounkov, who proved that gen-
erating functions of double Hurwitz numbers, defined akin the single ones of Definition 2.1.9, are
tau-functions of the 2D-Toda lattice [150]. The result was then generalized to double Multipara-
metric Hurwitz numbers by Harnad and Guay-Paquet [104], the Theorem is below. To be self
contained, we prove a weaker version in Chapter 4, Proposition 4.1.1, we prove a weaker version;
relevant definitions can be found there.

Theorem 2.3.1 ([104]). The generating function
96 ts) =D €t > hG (1, v)pu(t)pu(s) (2.35)
a>1 p,veP

of multiparametric weighted double Hurwitz numbers associated to the rational function (2.30) is a
2D-Toda tau-function. Moreover, the series (2.35) admits the equivalent expansion

T6(€t,8)) = Z rE\G’E)s,\(t)sA(s). (2.36)

AeP

In the above, p,(t) denote the power sum symmetric polynomial, sy(t) the Schur polynomials (4.3)

and the coefficients TE\G’G) are given explicitly by

r9 =TI Glei - ), (2.37)

(1,5)EX
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A notable question in Random matrix theory, and one of our main purposes in this work, is to
find partition functions, in the sense of (1.79), whose correlators admit topological expansions in
terms of Hurwitz numbers. Notably, a matrix model for simple Hurwitz number has been found
only recently by Borot, Eynard, Mulase and Safnuk [38], which we report for completeness.

7 x /H e <—glstr (V (M) — MA)> , (2.38)

where Hy(C) is the ensemble of unitarily diagonalizable matrices with eigenvalues in a suitable
contour C in the complex plane and V(x) is the potential

$2
Vix) = Y +gs(N — %):p + x1In(gs/t) +imz — gs ln(F(—x/gs)). (2.39)

We refer to loc. cit. for further details. A few years later, Goulden, Guay-Paquet and Novak, [96, 97]
were able to conceive the Harish-Chandra-Itzykson-Zuber integral [67, 111, 118]

In(z) = / =N (AUBU™Y) gy (2.40)
U(N)

as a generating function for double monotone Hurwitz numbers.

Recently Bertola and Harnad [25] were able to construct matrix models for generic multipara-
metric Hurwitz numbers; however, as in the case of (2.38) and (2.40), they depend on additional
parameters given by (the eigenvalues of) the matrices A and B appearing in the measures. Matrix
models of this kind take the name of external matrix models.

In Chapter 4 we prove how the Laguerre and Jacobi partition functions provide generating
functions for specific multiparametric single Hurwitz numbers; the result is different from the ones
cited above as we deal with internal matrix models, namely we have just a measure on the space
of Hermitian matrices (or restriction of it) of the form V(M )dM where V (z) is a scalar function
which may depend on additional complex parameters.
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Chapter 3

Correlators of unitary invariant
ensembles

In this chapter we provide generating functions for the connected correlators of unitary invariant
ensembles with a regular enough potential and explicitly compute them for the classical unitary
invariant ensembles.

The results of the former are contained in Section 3.1, specifically Theorem 3.1.1. Formulae of
this sort for correlators of hermitian matrix models have been recently discussed in the literature, see
e.g. [63, 78]. They are directly related to the theory of tau functions (formal [63] and isomonodromic
[24, 92]) and to topological recursion theory [18, 19, 46, 79], incidentally, similar formula also appear
for matrix models with external source [21-23, 27, 129]. Generating functions for correlators in
the free probability setting were recently presented in [36]. We provide a direct derivation based
on the Riemann-Hilbert characterization of the matrix Y (z) outlined in Section 1.2. In Section
3.1.1 we give the ideas of how this approach could be extended to the case of discrete and multiple
orthogonal polynomials.

In Section 3.2 we explicitly compute the just found generating functions in the case of the
classical potentials introduced in Section 1.2.1, namely the Gaussian, Laguerre and Jacobi unitary
ensemble. The GUE case had already been dealt with by Dubrovin and Yang [63], while the
LUE and JUE were tackled in [92, 93]. Formule of different kind for multipoint correlators of
classical ensembles have been recently derived by Jonnadula, Keating, and Mezzadri in [120] via
the connection with the theory of multivariate orthogonal polynomials.

It is a nontrivial observation that these generating functions can be expressed via discrete or-
thogonal polynomials; this has first been proved for one-point correlators <tr M k> for all three
classical unitary invariant ensembles by Cunden, Mezzadri, O’Connell and Simm [52]. It is worth
noting that in loc. cit. similar results have been proved also for one-point correlators of the orthog-
onal and symplectic ensembles with classical potentials.

3.1 Analytic generating functions for correlators

We consider the general case of a measure on Hy([), the space of Hermitian matrices with eigen-
values in the interval I, of the form

dmy(X) = clN exp tr V(X)dX, (3.1)

32
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with normalizing constant Cy = IHN(I) exptr V(X)dX. Here V(x) is a smooth function of z € I°

(the interior of I) and we assume that expV(z) = O (|z — |~ '¢) for some e > 0 as z € I°
approaches a finite endpoint x of I; further, if I extends to 0o we assume that V(z) — —oo fast
enough as x — %00 in order for the measure (3.1) to have finite moments of all orders, so that the
associated orthogonal polynomials exist, recall Definition 1.2.1.

Introduce the moment functions

4
G, 20) ;Z/H I)Htr [(zi—X)*l} dmy(X),  £>1, (3.2)

which are analytic functions of 21, ...,z € C\ I, symmetric in the variables z1, ..., z,. To simplify
the analysis it is convenient to introduce their connected version which take the name of cumulant
functions,

(21,0, 20) = > ()PP = D! TT a1 ({za}aca), (3.3)
‘P partition of {1,...,¢} AeP
from which the moments can be recovered by

(gﬁ(zla ceey Zﬂ) = Z H (g\fﬂ({za}aeA)' (3'4)

‘P partition of {1,...,4} AEP
For example, €1(z) = € (z), €5 (21, 22) = G2(z1, 22) — €1(21)61(22),

65:?(21, 29, 23) = ‘53(21, 29, 23) — %2(2’1, 2’2)%1 (23) — 652(2’2, 23)%1(21)
— ng(zl, 2’3)(51(22) + 2 %1(21)651 (Zg)cgl(Zg). (3.5)

We now want to express the cumulant functions in terms of the monic orthogonal polynomials
Py(z) = 2* + ... uniquely defined by

[ P@)Pu(a)e” @z = i, (3.6)
I

and of the 2 x 2 matrix Yy (z) solution to the Riemann—Hilbert problem of orthogonal polynomials,
see Section 1.2 and equation (1.40) which we hereby recall,

Yn(z) == < F(z) Fn(2) ) , (3.7)

h?\,mlPN 1( ) 2 PN—l(Z)

hn—1
together with its defining properties,

1. Yn(z) has a jump on the real axis given by
1 eV(®
Yn+(2) =Yn_(2) o 1 ) zel, (3.8)

2. for z — oo it has the behaviour

Yn(z) = (1 + O(zil)) 2Nos, (3.9)
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3. at any endpoint 2y of I, for z — zg
Yn(z) = O (log(z — 20)) -

The result is the following.

Theorem 3.1.1. Let
10\,
R =) (p ) YO,

with Yy (z) as in (3.7). Then, the cumulant functions (3.3) are given by

() = (Y ()VH(2), 4

CS (1, 2) = = (R((fj)_RZQ) =

Cgfc(zla"'vzf):_ Z

(91,...,5¢)Ecyc((£))

tr (R(z,) ... R(zi,))

(Zil - z’iz) T (Ziz - Zil)’

0> 3,

34

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

where prime in the second formula denotes derivative with respect to z and cyc((£)) in the last

formula is the set of £-cycles in the symmetric group Sy.

We give two remarks: in the first we explain how generating functions for positive and negative
correlators are related to formulee of Theorem 3.1.1; in the second one we point out how, in the

same way, is possible to obtain generating functions for mized correlators.

Remark 3.1.2. When expanded at z = oo, the cumulant functions serve as generating functions

for connected correlators, namely

N
G1(z) "X T o(z) — — Ch(z1,. . 20) T Tz, 20),

where
<H§:1 tr X" >c

arc R
’/Z,oo(zh"'ze) = Z Tl Tt
ki, ke>1 71 TR

Similarly, when expanded at z = 0 they yields the negative correlators, see Remark 1.5.5,
% (2) *R° TS (=), G2,y 2) "R Tz, 20),

where
¢ C
Fio(21,. 05 20) = (—1)¢ Z < trX_kf> zf171~--z§"’_1.
k1,.,ke>1 \j=1

The same formule hold for the disconnected counterparts.

(3.15)

(3.16)

(3.17)

(3.18)
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Remark 3.1.3. We could consider more general generating functions as follows; take 1, ...,4, >0
with Y% _, ¢; > 0 and expand the cumulant function

1 1
%1+_..+gp(z§ ), .. .,zél), . ,zﬁp), .. .,zéf)) (3.19)

as Z](l) = T1,... ,zj(»p) — x, where x1, ..., x, are endpoints of the support of V(x). For example, for
the Jacobi measure V(x) = alogx + Blog(1l —x), see also Section 3.2.3 below, taking (x1,xe, x3) =
(00,0,1) we obtain generating functions

Z / tr XF oty XRatr X0t Xt (1 — X)Lt (1 — X)dmay (X))
ki peenkig>1 7 HN(0,1)

115eenyir>1

Jisensgs21

y wih T wir T (= 1) (g — 1)

kl-‘rl kq"l‘l
Zl .o .Zq

(3.20)

It is then clear that we can compute the coefficients of such series in terms of the asymptotic series
Rl RO RU . of the matriz R(z) of JUE at (c0,0,1).

Proof of Theorem 3.1.1

The strategy for the proof of Theorem 3.1.1 is based on the observation that setting

L

In(t,z) = / exp(tr(V(X)—&—Zti(zi—X)*l))dX, t=(t1,...,te), 2= (21,...,20), (3.21)
Hy(I) i=1
we have ,
> = — 1 . 22
Cr(z1y- .y 20) TS og Z(t,z) - (3.22)

Here and below it is assumed that z; € I. Let us recall here for convenience a couple of formulae
from Chapter 1. In particular, the Christoffel-Darboux identity (1.35)

—_

N— V(z)+V(y)
. P.(z)P, P (2)Py_1(y) — Py_1(2)P
Knay) = 250 Y BORW €t PrPraly) - Pal@P) - 5

1=
which can be conveniently rewritten in terms of the matrix Yy (z) in (3.7) as

V(z)+V(y)
e 2

Kax(ay) = - 0 )Y@ (o). (3.21)

2ri(x — y)

which is independent of the choice of boundary value of Yy because of the jump condition (3.8),
namely because of the jump matrix being upper triangular,

(0 1) Yyl (2)¥ni () <(1)>_(0 1) (3 evl(z)> Vil (2)Yw, - (y) <(1) _e¥<y>) (é) (3.25)

= (0 1) Ygl(x)Yn-(y) <(1)> : (3.26)
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Next, we recall the expression (1.80) in order to expresses the partition function (3.21) as a
product of the norming constants. Here we use a slightly different perturbation of the potential
V(x) but the observations made in Proposition 1.3.3 stand still. In particular, introducing

¢ "
2z —x

Vi(2) =V (z)+ t=(t1,...,te), z2="(21,---,20), (3.27)

=1

and, for convenience, writing explicitly the dependence of P, = PZV and hy = hX on the potential

V', we have
Dn(t,z) = Nhgoe oo he? . (3.28)

Since our final goal is to be able to give generating functions for the (logarithmic) time deriva-
tives of Zn(t,z), it will be convenient to analyse such operation with respect to expression (3.28).

Lemma 3.1.4. We have d
By, by = / (PYo (z)) Vs 2 (3.29)
I

! 2j—x
Proof. We have h}/t’z =/, (PV“Z (x))QeVW(”’)dx hence

i

9y bl =2 /I P (@) (9, PV (2)) ¥ 1 /I (PY (2))%%=) (8, Vio(2)) do,  (3.30)

but the first term vanishes by orthogonality because Piw’z(x) are normalized to be monic and,

therefore, 0, Pin,z (x) is a polynomial of degree strictly less than i. O

We now begin the proof of Theorem 3.1.1. We will proceed by induction on £.

Case (=1
It follows from (3.24) that

V@)

1
(0 1)Yy'(z)Yi(z) (0> : (3.31)
In the following we shall use the notation

Af(2) = fula) - f-(x), wel, (3.32)

for the jump of a function f across I, namely fi(x) := lim.o, f(z & ie). The next preliminary
lemma is well known, see e.g. [49], and it is proven here for the reader’s convenience.

Lemma 3.1.5. We have
1 _ aYN(.I) 1 0
K =-——A Vit E Ei1:= :
O 3 L (R 1 | KN G (359
Proof. Let us denote ' := 9,. It follows from the jump condition (3.8) for Yy that

R =k @ (5 ) e () VO aers s
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Therefore we compute
Aftr (Yo' ()Y (2)E11)] = tr (YN#( )YN+(a:)E1,1) —tr (Y L(2)Yy _(x )Em)
= tr <((1) _e‘l/(x)> Yyl (@)YR - (x) <[1) evl(x)> E1,1> — tr <Y @)Yy (x )El,l)

()6 ) o

The last term vanishes and so, by the cyclic property of the trace, we have

A [or (Vi (@) Vi (2)Er)] = tr [Y L (2)Y}_(2) <((1) evl(m)> o <é _e:m) —Emﬂ (3.36)

which is easily seen to be equivalent, up to multiplying by —1/(27i), to (3.31). O

We are ready for the proof of the case £ = 1. In such case, t = t1,2 = z; and V;.(z) =
V(z)+t/(z —x). By (3.28), Lemma 3.1.4, and (3.23), we have

N-1
1 vz 2 Vz 1’
Orlog 2 (t.2) = Y- ——ouh* —z i @) 2 < [
=0 "% ]

(3.37)
where we denote explicitly the dependence of the Christoffel-Darboux kernel on the potential. Let
I" be an oriented contour in the complex plane which surrounds I in counterclockwise sense (i.e. I
lies on the left of I') and leaves z outside (i.e. z lies to the right of I"). Then, in virtue of Lemma 3.1.5
we get

_ YN (x;t, 2) dz
_ 1 . ’ 7 o
Oplog Zn(t,z) = /]A [tr <YN (x,t,z)iax E1,1>] S —

_ OYn(x;t, z) dz
B 1/, N\Ly b,
= /Ftr <YN (x,t,z)iax E171> iz =)’ (3.38)

where Yy (-3¢, 2) is the matrix (3.7) for the potential V; .. The last contour integral can be evaluated
by a residue computation as

Tr=z =00

Olog Zn(t,2z) = (— res — res ) tr (Y (x;t z)aYNg; b Z)E171> da:x. (3.39)

It can be checked from the normalization condition at x = oo for Yy(x;t, ), equation (3.9), that
the residue at © = oo vanishes. Therefore

X

O¢log Zn(t,z) = tr <Y (23, 2)

EM) . (3.40)
T=z
Evaluating this identity at ¢ = 0, taking into account (3.22), we obtain exactly (3.12), namely

€y (z) = (Y']\?l(z)Y](,(z))L1 : (3.41)
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Case (=2
Let us first formulate a result that will be needed for all ¢ > 2.
Lemma 3.1.6. Let
R(z;2,t) := Yn(z;t, 2)E1 1Yy (251, 2), (3.42)

and
V4

Vie(z) = V(@) + >

=1

t;
3.43
— (3.43)

where t = (t1,...,ty), and z = (21,...,2¢). For all 1 < j <{, we have

R(zj;t, z). (3.44)

R(z;t,z) + (aa}t/N(x, t, z)) Vyl(a;t, 2) =
J

zZj — & Z; — &

Proof. Let us denote by ;(z;t, z) the left-hand side of (3.44). Using (3.8) we get the identities

1 eYe=(®)
Yn(zyit,2) = Yn(z_;t, 2) (0 1 > , (3.45)
0Yn oY 1 Vi@ 0 —L V=@
. — - Y. . zj—T 4
8tj ($+,t,2) 8tj (.TU ata Z) <0 1 + N(l’ >t7 Z) 0 J 0 ) (3 6)

from which we readily ascertain that AQ;(x;t,2) = 0 for all z € R. Hence, Q;(z;t, z) is a mero-
morphic function of x with a single simple pole at * = z; and which vanishes at z = 0o, because
of (3.9), and so the statement follows. O

Let us consider the case ¢ = 2, in which t = (t1,t2), z = (21, 22), and V} . (z) = V(a:)+21tix+z2t—ix.
By the argument used for ¢ = 1, cf. (3.40), we obtain

IYn(x;t, z)

Oy, log Zn(t, z) = tr <Y]\71(zl; t,z) "

E1,1> : (3.47)
=21

Next we have to take a derivative in t9: omitting the explicit dependence on ¢, z, we have

_ Y, _ YN (z) _ ?Yn(z)
01,01, log I (t,2) = tr <_YN1(21) at;V (z1)Yn ' (21) g$ . Ei1q 4 Yy'(21) ab% . Eiq ).
(3.48)
We use (3.44) to rewrite the first term inside the trace in the right-hand side as
_ R(z2) — R(z1) 0Yn(x)
Yyt E 3.49
N (21) po—— o |, B (3.49)
and the second term as
_ 82YN (.’E) _ 8 R(Zz) — R((E)
1 _ 1 o
Y () 0x0ts xZZIEl 1= Yy (Zl)(‘)x ( 29— YN(x)) m:zlELl
DY) A
:Yil(zl)(fz(zz)_}z(zl)ij(zl) _ oo T=2z1 N YN(Zl)
(22 — 21)? z— 21
+ R(ZQ) — R(Zl) 8YN($) >E1’1,
20— 21 Or o
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where [A, B] := AB — BA is the commutator. The term in the last row exactly cancels with (3.49),
and so, rearranging terms

tr Y_l(zl)ayN(w) yE11|E1n
tr (R(z1)R(22)) — 1 <{N o — ’
O, 0, log Zn(t, 2) = ( ((z; )_ (Zjl) 1 . (3.50)

and, since tr ([4, B]B) = tr([AB, B]) = 0, the proof of the case ¢{ = 2 is completed by setting
t1 = to = 0. This yields formula (3.13).

Case ¢ > 3

Let us denote

(et i) = — 3 - 1“_(1?()21 (%) _R(Azg ‘ z_)) - _4,2 5D
(il,..‘,’i[)ECyC((e)) zzl 212 o Zzl—l Z'LZ)(ZZE Zzl) 21 22)
where the sum extends over cyclic permutations of {1,...,¢}. We aim at proving that
9% log Zn(t
Og—N(’Z) = Sp(z1,...,201). (3.52)

Oty--- 0ty
where Yn(z;t, z), and so R(x;t,z), are computed for the potential V; .(z) = V(z) + Zle Zztix
Then, the seeked formula (3.14) follows by taking ¢; = 0. The proof of (3.52) is by induction
on ¢ > 2 and it is similar in spirit to that in [22, 23, 92].

Let us assume (3.52) for ¢ and let us prove it for £+ 1, the base case having been established
in the previous section. Since the potential V is arbitrary, we can assume (3.52) holds true for

Vie(x) =V (z)+ Zﬁﬁ thix, and so we just have to show that

81«/[“5@(,21, ceszt) = Ser1(21, -5 20, 20115 1), (3.53)

To this end we first observe that by (3.44) we have

ot; 2j—T 2j—x
and therefore
0Se(z1,- -, 205t) B zg: tr (R(zil;t, z) - [R(ze413t, 2), R(zij;t, 2)] - R(z,;t, z))

87544—1 (ir,..ig)ecye((£)) j=1 (Zi1 - Z’i2) T (Zie - Zi1)(25+1 - Zij)

(3.55)
Expanding the commutator
[R(Zf-‘rl; t, 2)7 R(zij i1 Z)] = R(Zf-‘rl; t, Z)R(Zij; t, Z) - R(Zij i Z)R(Zf-i-l; t, Z)?

we note that, in the previous sum, each term involving the expression

tr (R(zil; t,z) - R(zep13t, 2) R(zi,5t, 2) - Rz, t, z)) (3.56)
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appears exactly twice, but with different denominators. Collecting such terms yields

Z ZZ: tr (R(z,;l; t,z) - R(ze413t, 2)R(zi;5t, 2) - - R(zi,3t, z)) ( 1 B 1 )
Z’L] 1 ZZ+1

(ll Z[)ECyC((f)) le (Z’Ll - Z’L2) U (Z’L[ - Z'll) Z’LJ - Zﬂ—‘,—l

Sy oyl
(i1,---y00)Ecyc((£)) J=1 Ziy zzz
= Spr1(21, -y 20, 2041), -

- R(zgq13t,2)R(zi,3t, 2) - - - R(2i,5t, 2))

(2iyy — 2o (e — 2i5) o (20, — 2iy)

where we set ig := iy in the internal summation. The proof is complete.
Notice that the functions Spg(z1,...,2¢) are regular along the diagonals z; = z;. In the case
¢ = 2 this can be seen from the fact that

tr (R%(2)) = 1 (3.58)

hence the function tr (R(z1)R(z2))—1 is symmetric in z; and z5 and vanishes for z; = z5. Therefore
the zero on the diagonal z; = z3 is of order at least 2 and so Sa(z1, 22) is regular for z; = 2. For
¢ > 3 instead we can reason as follows; since Sy is manifestly symmetric, we can focus on the case
z¢—1 = z¢ and keeping only the summands in S, which are singular for z,_1 = z; gives

3 tr (R(ze-1)R(20)R(zi,) - R(2i,_,)) L (R(ze-1)R(zi,) -~ R(zi,_,) R(20))
(ze—1 = 20)(ze — 2iy)  (Zip_, — 2e-1) (201 — 2iy) * (Zip_, — 20)(20 — 20-1)

, (3.59)
(31,-..,ie—2)Ecyc((£—2))

but this sum is regular for zy_1 = zy by the cyclic property of the trace, as terms cancel out pairwise.

We end this section with a couple of remarks.

Remark 3.1.7. We note here that since R(z) is a rank one matriz, the formulae of Theorem 3.1.1
for €5, £ > 2, can be expressed in terms of the scalar quantities

omi Py (x)Py_1(y) — Py_1(z) Py (y)

3.60
hn-1 xT—y (3.60)

w(z,y) ==

as

0¢,2

Cgéc(zlv"'vzf) - - Z w(zilvz’té)'"w(ziz_pziz)w(ziwzil) -
(i1,--53¢)€cyc((£))

compare for instance with [65, 167].

3.1.1 The multiple and discrete orthogonal polynomials case

Formule of Theorem 3.1.1 lend themselves to be generalized in various directions, namely to discrete
orthogonal polynomials and multiple orthogonal polynomials. Here we only give a blueprint of the
strategy to be adopted in the two cases, which will be subject of future work. Essentially, one just
has to write out the corresponding Riemann-Hilbert problem and use the solution — akin the Fokas-
Its-Kitaev matrix Yx(z) — to construct the matrix R(z) as depicted in Section 3.1; the cumulant
functions are expressed via R(z) in the same fashion.
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Discrete orthogonal polynomials

Let X C R be a discrete set and w : X — R a probability mass function on X with moments of all
orders. Discrete orthogonal polynomial ensemble are defined as the probability distribution on XV

Qu (o, -y an) = ——w(w) - won) [[(@5 — 20)?, (3.62)

VA
N i<j
where Zy is the normalizing constant

Zy = Z w(zy) - wey)(z; — ;)2 (3.63)

z1,..,NEX

The probability distribution @y defines a determinantal point process on X: all marginals of (3.62)
can be expressed as determinants of the correlation kernel Ky(z,vy),

N — )]
Z QN(:UDPTN):(]V')( det KN(LU“«TJ)>

1<4,5<4
:B4+1,...,1‘N€x

where as in the continuous case, see (1.35), it holds

N-1
_ y) Pn(x)Py_1(y) — Pnv—1(x)Pn(y
Ky) = Vo@nls) Y- b Pala) Paly) = Y00 )= P (vly)
(3.64)
Here we deAnote by P, (z) the (unique) monic orthogonal polynomial with respect to the weight w,
and with P, (z) its (discrete) Hilbert transform,

> " Po(2) Pr(2)w(z) = hnbmn, b >0, Pa(2) =) Po(a)

reX zeX

mg,zeC\%. (3.65)

The matrix

- Pn(z) Py(2)
Yy(z) = ( L Pya(s) e Pya) ) (3.66)

is uniquely characterised by the following properties.

1. Yn(z) is meromorphic in z, with simple poles at z € X.

2. res Yy (z)dz = lim,,; Yn(2) (8 wé:c))

3. Yn(2) = (I +0O(271))2N93 as 2 — oo away from X.

The three conditions above constitute the discrete Riemann-Hilbert characterization of discrete
orthogonal polynomials; their proof from the definition (3.66) is straightforward, and it turns out
that they uniquely define the matrix Yy (z), [17] (see also [35]). The crucial observation is that the
Christoffel-Darboux identity (3.64) allows us to write the correlation kernel via the matrix Yy (2)
akin to (3.24) (see also Remark 3.1.7), namely

Kv(eg) = =V 0 )y () (3.67)
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Then, analogously to (3.31) the confluent version of (3.67) is recovered as
Kn(z,x) = res tr (YA?l(z)Y/V(z)EM) dz, (3.68)

from which the one-point function is derived as in the continuous case, Lemma 3.1.5. For the
two point functions, again define R(z) := Yn(2)({3)Yy (2); in the discrete setting, R(z) is a
meromorphic function of z with simple poles at X. The analogue of Lemma 3.1.6 is obtained
proving  has no poles on the support X (rather than no jumps on the interval I'). Multi point

functions are a byproduct of this Lemma and the definition of R(z).

Multiple orthogonal polynomials

Multiple orthogonal polynomials are polynomials of one variable which satisfy orthogonality con-
ditions with respect to several measures [134]. Consider r weight functions wy, ..., w, on the real
line with support on intervals I;. Given a multi index n = (n,...,n,) of positive integers with
In| := n; + -+ + n,, there are two, somewhat dual, families of orthogonal polynomials one can
construct

1. Type I multiple orthogonal polynomial: the vector of polynomials (An 1, ..., An,) such that
Ay, j has degree at most (n; — 1), satisfying the orthogonality condition

Z/zkAnJ(:c)wj(x)dx =0, 0<k<|n|—-2 (3.69)
j=1

2. Type II multiple orthogonal polynomials: the monic polynomial P, of degree |n| satisfying
the r orthogonality conditions

/kan(x)wj(x)dx =0, 0<k<n;—1, 1<j<r. (3.70)

The uniqueness of both types of multiple orthogonal polynomials is guaranteed under additional
assumptions on the weights (e.g. Angelescu and AT systems, see [161]).

Let us focus on type II multiple orthogonal polynomials, the type I case being analogous. In
[14] the following characterization via a Riemann-Hilbert problem is given.

Theorem 3.1.8. The unique (r + 1) x (r + 1) matriz function Yy (z) satisfying
1. Yn(2) is analytic in C\ R,

2. on the real line it satisfies the jump condition

1 2miwi(z) —2miwa(z) - - —2miw,(z)
0 1 0 e 0
Yn4(2) = Yn_(2) | O 0 1 0 (3.71)
0 0 0 1
3. as z — oo we have
2Inl
z~ "
Yn(2) ~ (1+0(z1)) , (3.72)
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s given by
Py (2) Rn(2) e Ry (%)

c1Pn—c (Z) c1Rn_e 71(2) c1lln—e ,T(Z)
Yy (z) = - ' . ' . (3.73)

CrPn—er (Z) Car—eT,l(Z> Cr Rn—er,r(z)

Here, e, = (0,...,1,...,0) is the r-dimensional vector with k — th entry equal to 1, Ry, j(2) is the
Hilbert transform of Pu(z) with respect to the weight w;(x) and d; are constants,
P,
Rnj(2) = n(x)wj(z:)dx, a7t = / 2" Py (x)wy(x)da. (3.74)

Tr—z J

The related ensemble is a determinantal point process, as first pointed out by Borodin in the
biorthogonal case, [34]. Remarkably, it is proven in [55] that the correlation kernel Ky (z,y) can
be expressed as

Kn()= 5= (0 wly) — w@) W' @@ 0 0 @)

from which its confluent version is readily recovered as

1
En(z,2) =5~ 0 wi(z) - w(2) Yy @)Y (1 0 - 0). (3.76)
Then again, defining the matrix R(z) := Yi(2)E1,1Yy ' (2), where now E 1 is the (r +1) x (r + 1)
matrix with 1 in the upper left entry and O elsewhere, the same strategy outlined in Section 3.1
yields generating functions for the correlators of the associated process.

3.2 Generating functions for correlators of classical unitary invari-
ant ensembles

In this section we employ Theorem 3.1.1 to obtain explicit expressions for generating functions
of correlators related to the classical potentials introduced in Section 1.2.1, namely the Gaus-
sian, Laguerre and Jacobi ones. We derive for each of these case an expression for the functions
yzoo(zl, ...zp) and ﬁzo(zl, ...zp) of Remark 3.1.2 in terms of asymptotic expansions at z = 0, 00
of the matrix R(z). Let us first see how said matrix can be written in terms of the associated
orthogonal polynomials and their Cauchy transforms.

Remark 3.2.1. The jump matriz in (3.8) has unit determinant and det Yy (z) ~ 1 when z — oo
by (3.9). We conclude by Liouville theorem that det Yn(z) = 1 identically, this implies

(-hfgilﬁN_l(z) —ﬁN(z)>
21py 1(z)  Py(z) )

hn_—1

Yil(z) = (3.77)

In turn, using again det Yy (2) = 1 and the definition R(z) := Yn(2) (} 9) Y ' (2), we get

(10 2Py a(2)Pn(z)  —Pn(2)Pn(2)
R(z) = (0 0) + ( (25 2Py () Pya(s) 25 Py (5)P() ) (3.78)

hn_1 hn—1

Thus, what we really need in computing asymptotic expansions of R(z) is the expansion for the
products of the orthogonal polynomials and their Cauchy transforms.
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As we shall see in the next section, asymptotic series for Cauchy transforms of polynomials from
the classical ensembles are relatively easy to carry out, due to the existence of a Rodrigues formula
of type (1.46). Moreover, it turns out their product satisfies a three term recurrence which we are
able to identify with specific families of discrete orthogonal polynomials, see Remarks 3.2.4, 3.2.11
and 3.2.16. Let us make final observation which will be useful in the writing of more aesthetically
pleasing formulee.

Remark 3.2.2. A~z—independent (but possibly N -dependent) gauge transformation of the matrix
R(2), i.e. R(2) > R(2) :=TnR(2)Ty" or equivalently Y (z) — Y (z) := TnYn(z), does not affect
formule of Theorem 3.1.1, as

(W@ (), = 8 @I Ty - V(@) = (0 @Y (), 4 (3.79)

tr (I?(zil) ---R(Zn)) _tr (InR(zi)Ty" - TnR(zi,)TR") _ tr (R(z) .. R(z,))
(ziy = 2iy) (i — 2iy) (2iy = 2iy) (20, — 2iy) (ziy = 2ip) -+ (21, — 2iy)

The latter follows from the basic conjugation-invariant property of the trace.

(3.80)

3.2.1 Correlators generating functions for GUE

The correlators generating functions for the GUE were first computed by Dubrovin and Yang in
[63] and were part of the motivation for our subsequent work on the Laguerre and Jacobi ensemble.
There, the authors compute the matrix R(z) from its difference equation. A proof on the line of this
thesis has already been written by Ruzza in his PhD thesis [153](Theorem 3.5.3). We report the
relevant Theorem for the sake of completeness in our analysis on the classical unitary ensembles.

Theorem 3.2.3 ([63]). Introduce the formal series
1 0 1 N.A&N *ZNB&N_H
R(z) ( 0 0 ) +€§>% T ( Brw  NAx (3.81)
where

¢
Ag = (20 + 1)) "2 <£> ( N ) =NQ20+ 1) Fy (750N 2) (3.82)

e AVVAVES!
L\ (N-1
By i=N(20 - 1)1y "2 <J) < j > =N -1 F (57N 2). (3.83)
j=0

as z — oo within any of the two sectors in C\ (—oo,+00). Then, the correlator generating functions
introduced in Remark 3.1.2 are

Fin@) = [ () - 1)y (3.84)
Fionler, ) = TR (3.85)
Tty o) =— > tr (Rlen) . Rlz@)) s g (3.86)

(31,..-,20) Ecyc((£)) (zil B Zi2) T (Zig — Zil)
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Equivalent formulae for the one and two point functions were given by Harer and Zagier and by
Morozov, [110, 140]. Interestingly, they have recently been reproved by Giacchetto, Lewanski and
Norbury by the sole use of the theory on moduli spaces of curves in [90].

Remark 3.2.4. As first pointed out in [52], the normalized moments of GUE are Meizner polyno-
mials, defined via their hypergeometric representation

= 1). (3.87)

c

n, —x

M (237, ¢) = 2F1<_ )

As it turns out, both the Ay N and By can be put in the form (3.87) as

Ao N

Ben ‘
N(20+1)!! My(N —1;1,-1). (3.88)

= M(N - 1;2,-1), m—

As a consequence, we deduce that also the GUE multipoint correlators are linear combinations of
products of Meizner polynomials.

3.2.2 Correlators generating functions for LUE

Theorem 3.2.5 ([92]). Introduce the matriz-valued formal series

R (2) = ( 1 0 ) 3 1 ( CAy(N, N + a) By(N +1,N +a+1) ) o

00/ &2\ —N(N+a)B(N,N+a) —lA(N,N+a)

RO .— (1 0 A €+ 1DA(N,N+0a) —Be(N+1,N+a+1) |
(2) (0 O>+;(a—€)%+1 (N(N+a)B¢(N,N+a) —(£+1)A(N, N +a) (3.90)

where we denote by (p)j :==p(p+1)---(p+j— 1) the rising factorial and

N, (=0, LN = e(M = e
Ag(N, M) = B B By(N,M):=» (-1) - . .
§ (-1 e, 21, ; = 3)!
(3.91)

Then, the one-point correlators generating functions introduced in Remark 3.1.2 are

A= 341 [T [(E™0), -1 Foe =5 [M[(#90), -1 @

z oz z
and similarly, the multipoint generating functions admit the expression

tr (RIP(21)RIPI(25)) — 1

C952(:,])(Zla'22) = (Zl — 22)2 ) (393)
tr (RP(z;,)... RP(
yec’p(zl’..'7z£) _ Z r ( (Z 1) (ZZ))’ 623’ p:0,00, (3'94)

(1,-...,2¢)Ecyc((£)) (Zil B Zi2) e (Zie - Zil)
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Remark 3.2.6. The one-point generating series boil down to the following identities

ke Ap(N,N + «)
tr X5) = Ay (N, N tr X Ry = ZRVD T T k> .
(rx*) = AN, N +a),  (ur ) R >0 (3.95)

which were already derived in the literature [52, 109]. From from Theorem 3.2.5 for example one
can deduce compact expressions for correlators of the form

_ _ kA (N,N + «)
tr X*tr X ) = kA, (N, N tr X Rt x 1) = 2CRUD .
< r r >C (N, N + «), < r r >C (o — Forn

We begin the proof of Theorem 3.2.5 computing RI>(z), the expansion of R(z) as z — oc.
Proposition 3.2.7. The matriz R(z) admits the asymptotic expansion
TR()T™ ' ~R>¥(2), 25 (3.96)

uniformly within the sector 0 < argz < 2w. Here R\ is the formal series introduced in Theorem
3.2.5, see (3.89), and T is defined as
1 0
T:= ( 0 hx ) (3.97)

27i
where hy = NII'(N + a + 1) as in (1.54).

Proof. As outlined at the beginning of Section 3.1, the first step is to get our hands on the asymp-
totic expansion at z = oo of the Laguerre polynomials and their Cauchy transforms. For convenience
we report formula (1.56) here,
N i . .
(DY IN -G+ 1D+ 1+ )N

(a)({L') _ J‘ x/, N > 0. (3.98)

We can expand ?r\](\‘;‘) when z — oo as

(a 1 oo o ¢ d€
Wz(v)(z):%/o W(e)ee 55_
+o00o n ¢
~—— atj o~
2mi Z i+l / )& Hemdg
_ 7L Z 1 e (@) (§)§a+j+Ne—§d€
27 & pItNAL 0 o
Jj=0
1 1 +o0o N dN )
= — — - _ . —&era+N J+N
i e |, (DY (e leter™) ) e ag
j=0
1 1 “+o00 dN )
- =  ¢JEN a+N —¢&

1 G+ONTG+N+1+ )

=~ T ori Z SN+j+1 (3.99)
Jj=0

v (V)i (N +a)jn

= R, (3.100)

320
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where we have used the orthogonality property to shift the sum in the first place, then Rodrigues
formula (1.55), integration by parts and the trivial formula (A). The expansion (3.100) is formal;
however, it has an analytic meaning of asymptotic expansion within 0 < argz < 2w. Indeed, we
note that for any J > 0 the difference between the Cauchy transform and its truncated formal
expansion is

J—1
~(a 1 1 Feo a a+j — 1 e & (o} - d§ 1
W%)(Z)szmzzm/o i ()€ et = 27rin/0 v (e e =0 <2J+1>
j=0

(3.101)
where the last step holds as z — oo, uniformly within any closed subsector 0 < argz < 2.
Rotating the contour of integration we see that the expansion actually holds uniformly in the full
sector 0 < arg z < 2m. Hence from (3.7), together with (3.98) and (3.100), we have

Yu(z) ~ Zi (1IN —j+14a);(N—j+1); —%Z(N+a)j1(N)jn Ny
127 i j . .
72077\~ (G — g+ a)i(N - 3); (N +a);(N);

(3.102)
as z — oo within the sector 0 < argz < 2w, and in turn we can compute R(z) via (3.78). For
example for the (1, 1)-entry we have

21 (a)

‘ j (N — i a)i(N — )(N + a)ps
Ri(z) = 1_hN 17TN71(Z)%§\?)(Z) ~ 1) zfl+2 > (1) (N)e—jn(V j'é _);'E{V 3)i(N + a)e—jt
B >0 =0 : :

(3.103)
and noting a trivial simplification of rising factorials

(N +a)e—jr1(N—j+a)j=(N—j+a), (N)e—jr1(N = j)j = (N = jlesr  (3.104)

it follows that as z — oo, and since diagonal conjugation only affects off-diagonal entries,

-1 1 1 00
TRET 1~ 14 3zl + DA (NN ) = 14 3l + ) = (B )
(3.105)
with Ag(N, M) as in (3.91), notice that the first term in the sum is identically zero. In a similar
way, now recalling (3.97) as well, we compute the (1,2)-entry as

_ 21 (a), \~(a
(TRET ) = =3 —m ()7 (2)
L . .
1 1 (N"‘a)e_+1(N)g_+1(N—]+1+a)(N—]+1)
~ —1) J JTo / J J
N(N—Fa)g%z“l JZZ:O( ) g1 —5)!
l . .
1 -(N—]+1+Oé)g(N—j+1)g
- o1 _1 J B B 9
= 21 ]z:%( ) g —j)!
1
= BN + LN +1+a) = (B®)1(2)
>0

where we used a similar version of (3.104) and with By(N, M) as in (3.91). Finally, the (2, 1)-entry



CHAPTER 3. CORRELATORS OF UNITARY INVARIANT ENSEMBLES 48

of the expansion of TR(z)T~! is computed in a similar way as

(TR(E)T Vo = 122 (22, (2)

ori N-1 N-1
l
(N)e—j
~ —N(N + - .
) Z ; DN =+ a);(N = 3);(N + e
¢ .
J (N —j+a)e(N —J)e
=-N(N+a)}, z+1z =)
>0 =0
1
=-N(N+a)> 7 Be(N. N + )
£>0
and the proof of the Proposition is complete. O

Before considering the asymptotic expansion as z — 0, let us dwell on the properties of the
coefficients Ay (N, M) and By(N, M) entering the expansion R>(z). We claim they satisfy a three
term recurrence and hence are orthogonal polynomials themselves, this is the content of Lemma
3.2.9 and Remark 3.2.11.

In preparation let us recall the matrix differential equation satisfied by the Laguerre polynomials
and their Cauchy transform via the matrix Y (z).

Proposition 3.2.8. Let us introduce the following dressing transformation of the matriz Yn(z) of
the Laguerre polynomials',

Uy (2) = Yn(2)223 e %, (3.106)
then, U(z) has a constant jump
e*lTl'Oé e*lﬂ'OL
s =) S ) (3.107)
Moreover it satisfies the matrixz differential equation
B}, 1 1 N+§ -
N(Z) A(2)UN(2),  A(z) = —=0o3+ — 2 2m (3.108)
az 2 z h27ri N _—¢
N-1 2

with hy = NIT'(a« + N 4+ 1) as in (1.54). Notice that (3.108) has a Fuchsian singularity at © =0
and an irreqular singularity of Poincaré rank 1 at x = oo.

Proof. Tt is a classical result, see e.g. [115, 128] O

Notice that R(z) can equivalently be defined via the matrix ¥U(z) in (3.106) as

w2 (5 o) ¥ =10 (g ) ¥ = RE) (3.109)

in particular from the above and (3.108) we infer

aq}aNz(Z) = A()¥n(2) = 2R(Z) = [A(2), R(2)]. (3.110)

We are now ready to prove the following Lemma.

!Here we choose the branch of the logarithm for the potential V, (w;t) := alogz —x + > ., tea® analytic for
x € C\ [0, 00) satisfying lim. o, log(z +i€) € R; to be consistent we shall identify Vo (z;t), without further mention,
with Vo, 4 (2;t) = lime—o, Va(z +i€;t) whenever z > 0.
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Lemma 3.2.9. The entries A¢(N,M),B;(N,M) (¢ > 0) defined in (3.91) satisfy the following
three term recursions

(04 2)Ag1 (N, M) = (20 + 1)(N + M)Ag(N, M) 4 (£ — 1)(£* = (M — N)?) A1 (N, M), (3.111)
(04 1)Bpp1 (N, M) = (20 +1)(N + M — 1)By(N, M) + £(£? — (M — N)))B,_1(N, M),  (3.112)

for £ > 1, with initial data given as
Ao(N,M) =N, A(N,M)=NM, Bo(N,M)=1, By(N,M)=N+M-1. (3.113)

Proof. Introduce the matrices

1 0 0 1 0 0
03—<0 _1>, O'+—<O O>’ a_—<1 O>’ (3.114)

1
TR(2)T™ ! = Fl4mog+rios+roo., (3.115)

and write

where we used that tr R = 1; hereafter we omit the dependence on z for brevity. Since the gauge
T is independent of z, from (3.110) we also have

%R(z) = [A(2), R(2)] = a% (TR(:)T™") = [TA(z) T, TR(2)T™"] (3.116)

and from (3.108) we set

1 1( N+¢% -1

_1__7 -
TART™ = =503+ | N(W +a) ~N-¢

) =ago3+ai04 +a_o_, (3.117)
which together with (3.116) yields the system of linear ODEs
0,13 = ayr— —a_ry, 0.ry = 2(agry — ayrs), 0,r— =2(a_rs — agr_). (3.118)

In turn, these imply the following decoupled third order equations for 0,73, r4,r—

32N + o — 2)0,r3 + (4 — a® + 22N + @)z — 22)0%r3 + 520513 + 22043 = 0, (3.119)
(2N +a+1—2)re + (1 —a? 422N +a+ 1)z — 2%)d.ry + 320%r+ + 2203r = 0. (3.120)

Finally, using the Wishart parameter M = N + «, we substitute the expansion at z = co given by
(3.89) into the ODEs (3.119) and (3.120) to obtain the claimed recursion relations. O

We will now make use of Lemma 3.2.9 to get the asymptotic expansion of the matrix R(z) at
z = 0.

Proposition 3.2.10. The matriz R(z) admits the asymptotic expansion
TR(z)T'~RYz2), z-0 (3.121)

uniformly within the sector 0 < argz < 2m. Here R is the formal series claimed in Theorem
3.2.5, see (3.90), and T is defined in (3.97).
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Proof. First we observe that by arguments which are entirely analogous to those employed in
the proof of Proposition 3.2.7, the matrices Y (z) and (consequently) R(z) possesses asymptotic
expansions in integer powers of z as z — 0, which are uniform in a sector properly containing
0 < argz < 2m. The first coefficients of these expansions at z = 0 can be computed from

0 = ()N ((a+ 1)y = Na+2)n_12+ O (22)) (3.122)
2@ (;jr)iN (NIT(a) + (N + 1)IT(a — 1)z + O (22)) (3.123)

where the former is found directly from (3.98) and the latter by a computation analogous to (3.100);
hence recalling the definition (3.7) we have

N RSN Sl
Y(z) ~(-1) ~ N-DIl'(a
2mi (Oé+1)N 1 ( ) (a)
hn—1 - hn—1
Nlat 9 (N+1)I(a-1)
+ (_1)N . ( + )N 1 “ 27 .x—I—O(.I'Q) (3124)
(N =1)(a+2)v—2 7, T(a—1)

as x — 0 within 0 < argx < 27; this implies that in the same regime we have

TR(x)T~' ~ (é 8) + é <N(NN+ a) —_JlV )
IN(N + ) —QN_O‘_1> (a_l)x

" <N(N +a)2N +a—1) —2N(N +a) alat1) O (a?). (3.125)

Therefore, our goal is just to show that the coefficients of the latter expansion are related to those
of the expansion at z = co as stated in the formulee (3.89) and (3.90). To this end let us write, in
terms of the decomposition (3.115),

L L

ri(z) ~ Y Bf(N,N+a)

, 3.126
(= £)ap11 = (= €)2e11 ( )

ra(2) ~ %+Z(z+ DA, (N, N +a)
>0

for some, yet undetermined coefficients Ay (N, M), gf(N ,M). From (3.125) we read the first coef-
ficients A¢(N, M), Bf (N, M) in (3.126) as

Ao(N, M) = N = Ay(N, M), AN, M) = NM = A, (N, M),
Bf(N,M)=—-1=—-By(N+1,M+1), Bf(N,M)=-N—-M—-1=-B;(N+1,M+1),
By (N,M) = NM = NMBy(N, M), By (N,M)=NM(N+M —1) = NMBy(N, M)

(3.127)

Finally, it can be checked that inserting (3.126) in (3.119) and (3.120) we obtain, again using
M = N + «, the recursions

(£+2) A1 (N, M) = (20 + 1)(N + M)A(N, M) + (£ = 1)(2 = (M = N)2) A1 (N, M),

(£ +1)B/S (N, M) = (20 + 1)(N + M + 1)Bf (N, M) + £(* — (M — N)})B} (N, M),

(
(£ +1)By (N, M) = (20 + 1)(N + M — 1)B; (N, M) + £(¢> — (M — N)*)B,_ (N, M) (3.128)
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for £ > 1. In view of Lemma 3.2.9, the linear recursions (3.128) with initial data (3.127) are uniquely
solved as

AN, M) = Ay(N, M),  Bf(N,M)=—ByN+1,M+1), By (N,M)=NMBy(N,M).
(3.129)
Therefore from (3.115), (3.126) and the above relation we obtain

_ 10 2t (l+1)A(N,N+a) —By(N+1,N+1+a)
TR()T™ ~ < 0 0 > 2 G v <N(N+a)i3g(N,N+a) (0 1),4@(N,N+a)>

(3.130)
with « = M — N and Ay(N, M) and By(N, M) as in (3.91). The proof is complete O

>0

We now complete the proof of Theorem 3.2.5 deriving formulee (3.92) and (3.94).

Proof of Theorem 3.2.5. The equations (3.94) for the multipoint generating functions follow
immediately from the general Theorem 3.1.1.
As far as it concerns the one-point formulee , we claim the following equation holds,

8, (%1(2)) = 1 — Ry (2). (3.131)

First off, recall that from the general Theorem 3.1.1,

03

Cf(2) = (Y ' (2)Yn(2)),, = tr (ngl(z)ij(z)?> : (3.132)

Plugging in the above the definition (3.109) for R(z), the one (3.106) for ¥ x(z) and the differential
equation (3.108) yields

GE(2) = tr (A(2)R(2)) — % (¢-1). (3.133)
Following the claim (3.131) we then compute
1l /a o?
0. (:%1(2)) = tr (A(2)R(=)) — 5 (; . 1) +2 (tr (9. A2)R(2)) + tr (A(2)0.R(2)) + 22) . (3.134)
Notice that the terms in 2! cancel out, as does
tr (A(2)0.R(z)) =tr (A(z) [A(z)R(2)]) = tr ([AQ(Z)R(Z)]) , (3.135)
being the trace of a commutator. On the other side, from (3.108)
29.A(2) = —A(z) — % (3.136)
so that (3.134) simplifies to
8, (2 %1(2)) = tr (A(2)R(2)) + % —tr ((A(z) + %) R(z)) (3.137)
- % —tr (%R(z)) = 1— Ry (2). (3.138)

Upon integrating and using formulse of Remark 3.1.2 to pass from the 4 to the .# generating
functions, we retrieve exactly (3.92). O
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Remark 3.2.11. Let us remark that the recursion for Ay(N, M) in Lemma 3.2.9 is also deduced,
by different means, in [107]. In [52] it is pointed out that such three term recursion is a manifes-
tation of the fact that Ay(IN, M) is expressible in terms of hypergeometric orthogonal polynomials;
this property extends to the entries By(N, M), as we now show. Introducing the generalized hyper-
geometric function ks

P1, P2, P3
3F2(
q1, q2

C) =Y (P)s(p2)sps); ¢ (3.139)

>0 (Q1) (QQ) J!

we can rewrite the coefficients A¢y(N, M) and Be(N, M) in the form

(V)M -N,1-M,1-¢

Ay(N, M) := a0 3Fy 1= N—0 1—M-— E 1 (3.140)
 (N)e(M), -N,1-M, —

Be(N, M) := T?,FQ |- N—11- 2 1 (3.141)

Alternatively, introducing the Hahn and dual Hahn polynomials [52, 128]

_x7j+ﬂ+y+17 _j
(x; k) := 3F: 1 142
Qe mars TV I, (3.142)
Rj(\(x): .6, k) ::3F2< 7 xt; +7 :1 » 1), Mz) = z(z +y+6+1)  (3.143)

the coefficients A¢(N, M) and By(N, M) can be rewritten in the form

i
AfN, M) = Qpy(N —1:—-M — £, 1, N4 —1) = Ry _1(f— 1:—M — 6,1, N + £ — 1),
N0 o ) = Qo1 ( ) N-1( )
(3.144)
0!
By(N, M) = Qu(N —1: =M — £,0,N + £ —1) = Ry_1(£: =M — £,0,N + £ — 1).
V)., o ) = Qu ) = Rn_1( )
(3.145)

3.2.3 Correlators generating functions for JUE

Theorem 3.2.12 ([93]). Introduce the matriz-valued formal series

- 10 1 1 CA(N) N(a+N)(B+N)(a+B+N)By(N+1)

oy (1 0 2t (€+1)A(N) —N(a+ N)(B+N)(a+ B+ N)By(N +1)
RO )<0 >+Za+ﬁ+2N< Be(N) —(€+1)A4(N) ) (3.147)

£>0
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where
_ N(B+N)
Ao(N) = at BI2N (3.148)
_ N(a@+N)(B+N)(a+B+N)(a+2)e1 1-£0,£+2,1-8-N,1-N
AdlN) = (a4 B+2N — 1)1 4Fs 2, a+2 2—a—fB—2N L), =21
(3.149)
3 (a+ 1), 4, 6+1,1-8—N,1-N
B[(N)_(a+6+2zv—1)g+143 Latl,2—a—B—2N |1) €20
(3.150)
and
~ 2N — ¢ ~ 2N —1—-/
A vy = @t8F Joees gy, By = TP Jtrip (N, 0> 0.
(CY - 6)24+1 (Oé — £)2€+1
(3.151)
Then, the one-point correlators generating functions introduced in Remark 3.1.2 are
a+ B +2N [* [00] N(a+ N)
Floo(2) = ———— 1-R dw — ) 3.152
1.00(2) 2(1-2) Joo ( 11 (w)) v z2(1 —z)(a+ B+ 2N) ( )
o a+B+2N (7 (0] N
= ————————————— 1 - - .1
F10() = 0 0( R (w)) dw — ——, (3.153)
and similarly, the multipoint generating functions admit the expression
tr (RP(z,)RIP! -1
Fgp(21,22) = r (R (@)RY () ; (3.154)

(21 — 22)?

tr (RIP! 3 ... RWP! i
Fiplzty ) == D r (7 (=) (=)

, £>3, p=0,00. (3.155)
(i1,---,ie)Ecyc((£)) (2iy — 2ip) -+ (23, — 2i1)

The proof is similar to that of the previous section for the LUE. We start by recalling the explicit
expression for the monic Jacobi polynomials (1.65) defined in Section 1.2.1

B 0 Cra ((+BY ki
Pé](z)_(aJrﬁﬁLerl)ng( k )<2k>(2 DA (3-156)

=0

and then by computing their Cauchy transforms.

Lemma 3.2.13. The following relations hold true;

Sin 1 1 T(a+L+i+DI(B+L+1)
Pilz) = 27Ti(a—|—ﬁ—}—€+1)€jz>;Zj+£+1(j+1)£ Ma+B+20+5+1) 21> 1,

B (3.157)
B(z) R0 (1) . I R P it LA R (3.158)

2ri(a+ B+ £+ 1), Tla+B+L—j+1)

320

where the first relation is a genuine Taylor expansion at z = oo whilst the second one is a Poincaré
asymptotic expansion at z = 0 uniform in the sector 0 < arg z < 2.
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Proof. We start with the expansion (3.157) at z = oo, which is computed as follows;

1
B)(z) = - /0 P (2)2%(1 - x)

27

ﬁdx

r—z

J +j B

s -t
@ 1 1 PJ a+i+ (] _ 284
= =5 =D g | Bl@a T (1 —2) de

>0 0

i) 1 (-1)* 1 /1 4 e B gt
= ath(l — JF

2mi (a4 B+ L+ 1), Zozﬁ”l 0 dzt” (1-=2) vde

(iv) 1 1 Z 1 /1 xa—i—é(l _ x)5+€i£(xj+€)dx
S 2mi (a4 B+ L+ 1), Ozi”“ 0 dzt

w 1 1 (J+1)e /1 04j B+t
2mi (a+ B+ € + 1)%2;0 g f " (1—2)""dz

(i) 1 1 1 , Na+/l+j+1D)I(B+L+1)

= —— 1 . 1
27Ti(oz+ﬁ+€+1)gz Ut e e g e 1) (8.159)

In (i) we have expanded the geometric series and exchanged sum and integral by Fubini theorem,
in (ii) we use that P}(2) is orthogonal to 2/ for j < ¢, in (iii) we use the Rodrigues’ formula (1.64),
in (iv) we integrate by parts, in (v) we compute the derivative, and finally in (vi) we use the Euler
beta integral. The computation at z = 0 is completely analogous, with the only difference that
in (7) it is not legitimate to exchange sum and integral so this step holds only in the sense of a
Poincaré asymptotic series. O

Unlike the Laguerre case, in the Jacobi one is not trivial to get a succinct expression for the
product of polynomials with their Cauchy transforms. However, we bypass this problem exploiting
directly the associated matrix differential equation and the recurrence it induces on the entries of
R(z). Indeed, we have the following Proposition analogue to Proposition 3.2.8.

Proposition 3.2.14. Consider the following matriz obtained dressing the matriz Yy (z) of Jacobi
polynomials,

Uy (2) := Y(2)2293/2(1 — z)P93/2, (3.160)
Then, Uy (z) satisfies the following linear differential equation

0. YN (2) =U(2)¥n(2) (3.161)
and the matriz R(z) satisfies the following Lax differential equation,
0.R(z) = [U(z), R(2)]. (3.162)

Here the matriz U(z) is explicitly given as

Uz)= 2+, (3.163)
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with
2N (a+B+N)+a(a+8) 15
Uy = a2(a+ﬁ+2lc\¥f)a _Tfrvi(fé 4;5 J; 27 +ﬁ)1) (3.164)
- 2mi 2N (a+p+N)+a(a+ ’ :
h;v: (a+B+2N-1) ——S55am

2N (a+B+N)+B(a+8) hi
U = N a2(a+5+2N)a _Tﬁga+ﬁf25v +)1) (3.165)
- 2mi 2N (a+pB+N)+8(a+8 : :
R (@t B+2N 1) (atB+2N)

Proof. Equation (3.162) is derived as in the Laguerre case, see (3.110). Equation (3.161) is a
classical property of Jacobi orthogonal polynomials, see [115]. ]

We can now prove the claimed asymptotic expansions.

Proposition 3.2.15. We have the Taylor expansion at z = 0o
TR(z)T™'~R>¥(2), 2z o, (3.166)

where T is the constant matrix

1 0
7=, M, ) : (3.167)

27t (a+B+2N)(a+B+2N-1)

the hl_,’s have been defined in (1.63) and R™l(z) is the matriv-valued power series in 2z~ in

(3.146).

Proof. As in Lemma 3.2.9, in proving Proposition 3.2.15 we can perform our computations via the
matrix TR(z)T~! since, again, generating functions for the correlators are invariant under gauge
transformations of R(z). It follows from Proposition 3.2.14 that

0 U U
ZTR()T ' = [TU()T L, TR(:)T™], U(z)= ="+ —1 (3.168)
0z z 1—=2
and we can explicitly compute
Ut = L atfri)taletd)  _N(a+ N)(B+ N)(a+ 8+ N)
O T A+ B+2N 1 _ 2N(atptNytolots) )
S— 1 2Nt M)ABetB) N (a4 N)(B+ N)(a + 8+ N) 3160
1 T a+ B+2N B+2N 1 2N(a+ﬂ+];f)+/3(a+ﬂ) ) (3.169)

Introduce the matrices

1 0 01 0 0
ng(o _1>, a+:<0 O)’ 0'_:<1 O>’ (3.170)

1
TR(2)T! = 51 +r3o3+ryop +r_o_, TU ()T = ugos +uroq +u_o_, (3.171)

and write

where we used that tr R(z) = 1,trU(z) = 0. For the sake of brevity we omit the dependence on z
in the sly components. The Lax equation (3.168) yields the coupled first order linear ODEs

0,73 = Upr_ —u_rg, 0.1y = 2(usry — uyrs), 0,r— = 2(u_r3 —ugr_), (3.172)
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which is equivalent to three decoupled third order linear ODEs, one for 0,73

32N(a+B+N)+a(a+B)—2—=z((a+B+2N)*>—4)] d.r
—[a®—4-22(2N(a+ B+ N)+ala+p) —12) + 2% ((a + B+ 2N)* — 24)] 02r3
—52(z — 1)(1 = 22)03r3 + 2%(2 — 1)20%r3 = 0, (3.173)

and for r4
RNa+B+Ntl)+(axl)(a+p8) —z(a+B+2N £2)(a+ F+2N)|rs

—[@®* —1—2(-4N(a+ B+ N £1) = 2(a+B)(a£1)+6)

+22(AN(a+B+N+1)+ (a+B)(a+B+2) —6)] D.re +32(2 — 1)(22 — 1)02rs + 2°(2 — 1)°02ry = 0.
(3.174)

The following ansatz is quite natural in view of the Laguerre case scenario, see Lemma 3.2.9namely
we write the expansions of the entries of R(z) at z = 0o as

1 1 1
r3(2) ~ 2T 3 Y B+2N Z ze+1€A€(N)’ (3.175)
>0
1 N(a+N N N
rE) ~ g (a4 N)(5 ;H)(O‘*ﬂ* ) BN + 1), (3.176)
>0
1 1
r_(z) ~—a+ﬁ+2szz+lBg(N), (3.177)
>0

for some coefficients Ay (N) = A¢(N,«, ) and Be(N) = By(N,«,3). By substitution in (3.173)
and (3.174) we see that the ansatz is consistent with them; in particular we get the following three
term recurrence relations for Ay(N), By(N),

(204 1) (a(a+B) =L+ 1) +2N(a+ B+ N)) Ay(N)

+(L=1)(* —a®) A1 (N) + (£+2) (€ + 1) = (a+B+2N)) A1 (N) =0,  (3.178)
(204 1) ((a—1)(a+B) =Ll +1)+2N(a+ B+ N — 1)) By(N)

+ (0% —a®)Biy(N)+ (L +1) (L +1)* — (a+ B+ 2N — 1)) Bey1 (N) =0, (3.179)

for £ > 1, together with the initial conditions

_ N(B+N) - N(a+N)(B+N)(a+B+N)
AoV, 0, 0) = = o AN 8) = G TaN —Diat B+ 2M(at B+ 2N 1 1)
(3.180)
_ 1 - (a—=1)(a+B)+2N(a+ B+ N —1)
BoN.aB) = oo gan =1y BN = g aN o) a s B 2N D@t B L 2N
(3.181)

The initial conditions are obtained from (3.156) and (3.157). It can be checked that the recurrence
relation for the coefficients of r, (z) are actually those of r_(z), modulo a shift in IV, as claimed in
(3.177). O

Analogously to the Laguerre case, the three term recurrence relations (3.178) and (3.179) can
be solved in terms of hypergeometric orthogonal polynomials, specifically Wilson polynomials.
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Remark 3.2.16. In this case as well, the coefficients Ag(N, o, B) and By(N, ., ) can be expressed
in terms of discrete orthogonal polynomials, namely Wilson Polynomials. They are defined as

Wo(k?;a,b,c d) —n,n+a+b+c+d-1, a+ik, a—ik
=4 F 1 182
(a+b)p(a+c)pla+d)y, 4 3< a+b, a+ec, at+d )’ (3.182)
and the identification is the following
_ DY a4 Ol (at B+ N)(BLN) U I O S
AN B) = N e s N - et daan o "\ T\t i atgg e AN
B ()N "Ya+ Ol (a+B+N—1)! B 1\ 11 13
BiN.aB) = e s N - Dias gran o=t " \ftg) i et g mam AN

or equivalently in hypergeometric notation

Ae(N,, ) = N(a+ N)(B+ N)(a+ S+ N)

(+2)p_1 p (1762 1-8-N1-N|
(a+B+2N —1)2" 2, a+2 2—a—fB—2N ’
(a+1), (—€,£+1,1—ﬁ—N,1—N1>

Be(N =
@( 704,/8) (OZ+6+2N71)[+143 17Oé+1,2*a7572N

In this case, the identification with is obtained by comparing the recurrence relations (3.178) and
(3.179) with the difference equation for this family of orthogonal polynomials, which reads

nn+a+b+c+d—1Nwk)=Ck)w(k+1) — [C(k)+ D(k)|w(k) + D(k)w(k —1i), (3.183)
where w(k) = Wy (k%;a,b,c,d) and

(a — ik)(b — ik)(c — ik)(d — ik)
2k (2ik — 1) ’

(a+ik)(b+ik)(c + ik)(d +ik)

Ck) = 2ik(2ik + 1)

D(k) = (3.184)

The hypergeometric representation of Ay, By then directly follows from that of the Wilson polyno-
mials in (3.182).
The asymptotic expansion of R(z) at z = 0 is obtained in a similar way.

Proposition 3.2.17. We have the Poincaré asymptotic expansion at z = 0 uniformly within the
sector 0 < argz < 2w
TR(z)T~' ~ RU(2), (3.185)

where T is the constant matriz (3.167) and R (2) is the matriz-valued (formal) power series in z
in (3.147).

Proof. We claim that the expansion at z = 0 of the entries of }?i(z) reads as

ro(e) s L AT PEEN = Dot ) 4, 0, )2,

2 a+B+2N (o = £)ae41
N(B—FN)(Q—FN)(O&-FB-FN) (OZ+B+2N+1—£)%+1 )
re(z) ~ = o T BTN ; GOy BN +10.8),
1 (@+B+2N —1—{)p ¢
r_(z) ~ s /3+2NZ G Dot By(N, o, B)2-. (3.186)

£>0

This can be proven by checking that plugging the formule (3.186) in the equations (3.173), (3.174),
one obtains the same recurrence relations (3.178) and (3.179). The associated initial conditions can
again be computed from (3.156) and (3.158). This concludes the proof of Proposition 3.2.15. [J
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We now complete the proof of Theorem 3.2.12 deriving formulee(3.152), (3.153) and (3.155).

Proof of Theorem 3.2.12. From the general Theorem 3.1.1, the definition of R(z) and the dif-
ferential equation (3.161) we have

¢1(2) = tr (Yy ' (2)YN(2)E11) = tr (U(2)R(2)) — % (j — 7 ? z> . (3.187)
On the other side, we notice that the following holds

0. [2(1 = 2)tr (U(2)R(2))] = (1 — 22)tr (U(2)R(2)) + 2(1 — 2)tr (U'(2)R(2)) (3.188)
+2(1 — 2)tr (U(2)R'(2)) (3.189)
= —(a+pB+2N)tr (R(;;)%) . (3.190)

where we used that tr (U(z)[U(z), R(z)]) = 0 and the identity

, a+ [ +2N

(1-=22)U(2) +2(1 = 2)U'(2) = 3 (3.191)

which can be checked directly from (3.163). Equation (3.187) and (3.190) imply

0.[2(1-2)61(2)] = —(a+B+2N) <R11(z) - ;) +2 ; 5 (@t B4+2N) (Rir(2) — 1)—N, (3.192)

which, upon integrating, yields for any p € C\ [0, 1]
A= 2)6(2) —p( = D)G0) = (a+5+28) [ (1= Ra@)dw+Np-2). (3199
p

Letting p — oo we have p(1 —p)%1(p) ~ (1 —p)N — (tr X) + O(1/p) and therefore from (3.193) we
have (noting that R11(w) = 1+ O(w™2) so the integral is well defined)

2(1=2)61(z) = (a4 5+ 2N) /Z (1 —Ry(w))dw+ (1 —2)N — (tr X). (3.194)
We can compute ( )
N(a+ N

(tr X) = a+ B+2N (3.195)

by expanding the general formula %7 (z) = tr (Yil(z)Y](,(z)agﬂ) at z = oo, using (3.156) and the

first few terms in (3.157). We finally obtain

a+pB+2N [? N(a+ N)
2(1—2)  Juoo (1-2)(a+B+2N)’

In view of Remark 3.1.2 and Proposition 3.2.15 (note that (T'R(2)T)11 = Ri1(z) because T is

diagonal) the formula for .#; o (2) is proved.
Letting instead p — 0 in (3.193) we have p(1 — p)%1(p) — 0 and so

€1 (z) = (1= Ry (w))dw + g - (3.196)

(a+ B+ 2N) /Z N
=+~ 1-— dw — . 1
)= S | - Ru)du - 2 (3.197)
Expanding this identity at z = 0 we get at the left hand side
Gilz)~ = <trX’k’1> * = F1o(2), (3.198)
k>0

and again by Remark 3.1.2 and Proposition 3.2.17 the formula for .#; o(z) is proved. O



Chapter 4

Combinatorics of classical unitary
invariant ensembles

In this chapter we provide a combinatorial interpretation to the partition functions of classical
unitary Invariant Ensembles. Specifically we show how their (positive and negative) correlators
admit a topological expansion in even powers of N of the type

fg(kl,...,kg)

<ter1---t1"Xk£>N TN29-2 N — oo, (4.1)
920

where the coefficients fg(kl""’kl) have meaningful combinatorial quantities. For the GUE it has
been know since the seminal work of Bessis, Itzykson and Zuber [28, 158], that these coefficients
count the number of ribbon graphs whose features (number of vertices, valencies and genus) are all
encoded by the set of parameters (g, k1,. .., ke) appearing in (4.1). This case has been extensively
studied in the literature [42, 63] and we will not dwell on it further here.

We analyze the LUE in Section 4.2. The combinatorial interpretation for positive correlators
has been folklore in the literature, remarkably first appearing in a paper in The Annals of Statistics
[101], and later systematized by Collins et al. in [50] via the theory of Weingarten functions and
later (also extended to negative correlators) by Cunden et al. [51, 53]. The quantities of interest
are, in this case, combinations of double monotone Hurwitz numbers where, for one of the two fixed
partitions, only its length is distinguishable (and not its parts). Positive correlators are related to
strictly double monotone Hurwitz numbers, while the negative ones involve their weakly monotone
version.

In Section 4.1 we supply the combinatorial interpretation for correlators of the JUE; it is one
of the original results in this thesis. They are weighted multiparametric single Hurwitz numbers,
involving combinations of triple weakly monotone Hurwitz numbers where, for two of the three
fixed partitions, only the length is distinguishable. Interestingly, positive and negative correlators
carry the same combinatorial coefficients. The proof is inspired by theory of hypergeometric tau-
functions [104, 112], see also Section 2.3, but is self contained and relies on an accurate use of the
Selberg-Aomoto integral. This technique also allows us to reprove the results for the LUE, and
as a consequence we also identify the Hurwitz numbers here involved as multiparametric Hurwitz
numbers.

59
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4.1 Combinatorics of the JUE correlators

The idea of the proof is to expand both the generating function of multiparametric Hurwitz numbers
and the JUE partition function in the basis of symmetric functions given by the Schur polynomials
and, then, identify the coefficients of these two formal power series. Remarkably, in both settings
the coefficient can be explicitly written out. In the former, this happens thanks to the properties
of the YJM elements, see (2.29) and Proposition 4.1.1 below. In the latter, this is due to the
Selberg-Aomoto integral, see (4.29).

4.1.1 Preliminaries: expansions in Schur basis

We will need some notation. Denote the standard Schur polynomials in n variables x1,...,z,
det [xN_H)‘i] "
J ij=1
= =, 4.2
xa(2) Al (4.2)

The definition of Schur polynomials can be extended to allow infinitely many variables by an
inductive limit (see Chapter 1 in [131]). In this context, they are regarded as the basis {s\(t)},
with A running in the set of all partitions, of the space of weighted homogeneous polynomials in
t= (tl,tg, cee ), with degtk = k‘,

sx(6) = det [, i (012 (4.3)

where the complete homogeneous symmetric polynomials hy(t) are defined by the generating series
k e &

Z w”hi(t) = exp R (4.4)

k>0 E>1

We now prove the following general Proposition, see also [112].

Proposition 4.1.1 ([112]). The generating function
Q)
Ta(6t) = Z el Z hG (\) H i, (4.5)
d>1  XeP i=1

of multiparametric weighted Hurwitz numbers (2.31) associated to the rational function (2.30) is
equivalently expressed as

dim A\ (g
To(6t) =Y o {95, (1), (4.6)
AEP '

where s)(t) are the Schur polynomials (4.3) and the coefficients are given explicitly by

r @9 = T Gleli— ), (4.7)

(4,7)EX

dim A = Xi\\kl being the dimension of the irreducible representation of &\ associated with A.
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Proof. First off, let us recall formula (2.23)

A
_ de
o
pkd

Ex XACs EEN =0\ - €N, (4.8)

which gives a basis of idempotents for the class algebra Z (C[G,]), as well as equation (2.29)
expressing the action of symmetric polynomials on the YJM elements on said basis,

(T Tn)éx =0 ({7 — i} jyer) én- (4.9)

In particular this immediately implies

n

[1G(e7)

a=1

& =r"%eg,, (4.10)

with the rgf’G) defined in (4.7). Indeed, this is just (4.9) in the case the function G(z) is a polyno-
mials, but it remains valid if we expand via geometric series possible denominators, as the resulting

series will still be symmetric. Using the orthogonality of the {€)} -, amongst themselves, equation
(4.10) then yields

[Tced) =3 D (4.11)
a=1 AFn
Secondly, recall the definition (2.31) for hl(n),
1 n
hi () = —[e"C] [] G (7). (4.12)
K a=1
together with (4.11) allows to obtain the first equality in the following
G e,G dim A\ e,G
SN ennf e, =Y e =Y A reDyke,, (4.13)
pFn d>1 AFn A pkn

the second being obtained by the definition of €. Since C, form a basis of Z (C[&,]), comparing
the left and right most sides of (4.13) we get that for any partition g

dim A (. XA
Zedhg(u)zz 3 rg\ ) Xa (4.14)

!
d>1 A Al “n

Multiplying this identity by Hf(:“l) t,; and summing over all partitions u, on the left we obtain (4.5).
On the right hand side, the well-known identity [131]

¢
H= 3 X (H)t 4.15
EE I (419
pHIAl TP =1
yields
&(p) IRACD.
dim A X dim A
d G _ A
S 1 [[on =3 X BAOLh, = 3 A0, (@)
d>1  pep i=1 BEP |l Boi=1 AeP

The proof is complete. O]
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As far as it concerns the JUE partition function, it is a general fact that Hermitian partition
functions possess a Schur expansion which can be carried out by a use of the Cauchy Identity,
see (4.20). The coefficients are identified with a N-dimensional integral; remarkably in the Jacobi
and Laguerre cases these can be explicitly evaluated by means of the Selberg-Aomoto integral, see
(4.29) below. The general Lemma is the following.

Lemma 4.1.2. For any potential V(x) (x € I) we have

by epte (VOO + sy X ) dx
fHN(I) exptr (V(X))dX

Y dysaw), (4.17)

AEP:U(N)SN
where the coefficients are
o I 0N LY e V() Ve
M e 2@ L e V)] dVe
and we denote x = (v1,...,xy) and 7t = (z71, ..., x3).

Proof. We have

f’HN(]) exp tr (V(X) + k1 %Xik) X [iv A%(z) Hivzl eXp [V(xa) + Dk u?kfﬁk} dVa

(4.18)

Sy exptr (V(X))dX Jin A2(@) [T, exp [V(2a)] dVz ’
(4.19)
where we use the standard decomposition dX = A?(2)dVzdU of the Lebesgue measure into eigen-
values z = (r1,...,2y) and eigenvectors U € Uy of the hermitian matrix X = UXUT, with dU a

Haar measure on Uy (whose normalization is irrelevant as it cancels in (4.19) between numerator
and denominator). The proof follows by an application of the identity

Uk, + +1\k
e | S @ k) = Y s, (4.20)
k>1 AEP: LN <N
which is nothing but a form of Cauchy identity, see e.g. [157]. O

1

Notice that the Schur polynomials evaluated at the reciprocal variables =" can be written in

terms of standard ones x as follows.

Lemma 4.1.3. For any partition X\ = (A1,...,\¢) of length £ < N we have

N
@) = (H wah> X5(2), (4.21)
a=1

where X is the partition of length < N whose parts are /):j =AM —AN—jt1-

Proof. The proof follows from the following chain of equalities;
_ N
det [ZL’Z N+3 )‘]}

ij=1 _
N =
det [a:;Nﬂ]
ij=1

» N
T—j=AN_;
det [3:2 JTAN ’“}
ij=1

—1
xa(z ) = AN
det [azl 7]}
ij=1
N_j+)\1_>\N7j+1:|N

N R det {xl it N A \
= x, E = x, ~(x). .22
(H . ) ” [xNjﬂijl (r:[ . >xx<> (4.22)

a=1 .
7
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In the first step we have shuffled the columns as j — N — j 4+ 1, then we have multiplied both
numerator and denominator by (z1 - - - zx)V T, and finally we have applied the definition (4.2). O

4.1.2 Topological expansion in triple Hurwitz numbers

Let us introduce the formal generating functions

<H§:1 tr Xixj> ()

+ ,_ Uk +k J _
Zi(u) = /H o exp [ > St X dmy (X)) = > 5 HuA (4.23)
) k>1 AEP =1
of JUE correlators, where we recall that
dmy (X) = O—Jdet“( )det? (1 — X)dX, (4.24)

with parameters a, 3 satisfying Rea,Re 3 > —1, O3, defined in (1.70) and Hx(0,1) the set of
Hermitian matrices with eigenvalues lying in the interval (0,1). We call Zy(u) (resp. Zy(u)) the
positive (resp. negative) JUE partition function. Our description of the JUE correlators involves
(weighted sums of) triple weakly monotone Hurwitz numbers, which we promptly define.

Definition 4.1.4. Given n > 0, three partitions A\, u,v F n and an integer g > 0, we define
hgz()\, w,v) to be the number of tuples (w1, m2,71,...,7r) of permutations in &, such that

1.r=29—2—n+Ll(p)+L(v)+ L)),

2. m € cyc(p), m2 € cyc(v),

3. 1; = (a;,b;) are transpositions, with a; < b; and by < --- < b,, and
4. mimTy -+ T € CyC(A).

The relation of these Hurwitz numbers to the JUE is expressed by the following result.

Theorem 4.1.5. Under the re-scaling o = (co —1)N, B = (cg — 1)N, for any partition X\ we have
the following Laurent expansions as N — oo;

{(v)
A Are(A |/\| Aj Ca
PR [Tox) = 3 s 3 s 5 )
9>0 u,vFI/\I
(4.25)
£(v)
A z,\|>\| 1_Ca_c,8) >
(~)MNED <1_[t X" > Z 2g 2 Z 1)) TN+ 29— 3hg (A, v), (4.26)
920 AWHM

where zy is given in (2.16) and hZ (X, p,v) are the weakly monotone triple Hurwitz numbers of
Definition 4.1.4.
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As anticipated, we want to explicitly compute the coefficients ¢y in (4.28) for the Jacobi measure
and identify them with the rg\G’E) in (4.7) for a suitable function G(z) and parameter e. To this
end, we apply Lemma 4.1.2 to I = [0,1] and V(z) = alogz + Slog(1 — x) and expand the positive

and negative JUE partition functions (4.23) in the Schur basis as

Z]%r(u) = Z C)i\7NS)\(11)7 (427)
AEP: UM SN
where N
o S 0@ A @) o 2501 - 2a)"dYe (4.28)
AN — - .
f(o,1)N A2(z) IV 2e(1 — 24)BdN

These can be explicitly evaluated via the following Selberg-Aomoto integral

(B4 k)T (a4 N+ —k+1)
T+ B+2N+X g —k+1)
(4.29)

for which we refer e.g. to [131, page 385]. Specifically, we write the coefficients cf n as functions of
the contents of A only.

- N
/(0 1)NXA@)A2@) [[=00-za)?aVz =N T i-X+i-i) ][]

a=1 1<i<j<N k=1

Proposition 4.1.6. We have

o= dim|)\ I (N—i+j)(oz+N'—i-+j), = diml)\ I (N—i+j)(a+_ﬂfN+i—j)7
’ [A|! her (a+B+2N —i+j) ’ |Al! el (a+1i—7)
(4.30)
where o
dimA [i<icjeni = A+ —14) (431)
Al [T, (A — k+ N)!
s the dimension of the irreducible representation associated to the partition .
Proof. We start with ¢} y; using (4.28), (4.29), and (4.31) we compute
o [Licicjeni =i+ —1) ﬂ D(a+ N+ X —k+1DD(a+B+2N —k+1)
AN [licicjen(i —19) i Pla+B+2N + A —k+ DI(a+ N -k +1)
_ dim A ]hl (N—k+ 1)y (a+N—Fk+1)y,
ar ey —r ),
_ dim A H (N—i+j)a+N—i+j) (4.32)
|Al! (P (a+B+2N—i+j) '

We remind that (r); := r(r +1)---(r +j — 1) denotes the rising factorial. For c) , we first note
that, thanks to Lemma 4.1.3 and (4.29), we have

N N
_ L LB+ k)IN(a— A+ k)
1 2 o BN, _ . .
xalzm A% (z 2o (l—2,)"d" 2z = N! Ai—Ni+j—1 ,
/W e 2% [Tt -2 R | e v

(4.33)
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then with similar computations as above we obtain

_ ThaicjenOi = A +35 1) ﬂ I(a— M +E)(a+ B+ N+k)
— I
k=1

AN [Li<icjen(—1) a+B+N—X+ET(a+k)
:dim)\Jﬁl(N—/@+1)Ak(a+6+]\f—)\k+k:),\k
A (0 — A + k),
_ dimA 1 (N—i—l—j)(afﬁ—ijN—i—i—j)' (4.34)
AL e (a+i—j)
0

This proposition enables us to identify the Jacobi generating function (4.23) with the generating
function of multiparametric weighted Hurwitz numbers in (4.5).

Corollary 4.1.7. Let ¢, := 14+ a/N and cg := 1+ 3/N; then the Jacobi formal partition functions
in (4.23) take the form

. (1+2) (1+2) N\

Z1 () = =—.t T(z) = - t = | —=— 4.
v(u) =715+ <e e ), G (2) T i , k <Ca+Cﬁ> Uk, (4.35)
Co CB
- 1 - (1+Z)<1—ﬁ> (Ca+c5—1)N\F
ZN(U.) =TG- (6: N7t> 0 G (Z) = 1_ _ Z_l 9 tk = (ca—1> Uk,

where T¢ s introduced in Theorem 4.1.1. i.e. it serves as a generating function for the multipara-
1

metric Hurwitz numbers hjy ().

Proof. We first note that we can rewrite the expansion (4.27) as

Zy(w) = ¢y ysa(u), (4.37)
AeP

with the sum over all partitions P and no longer restricted to £(A) < N; this is clear as cﬁ y=0
whenever N =0,1,2,... and £(A\) > N. Then the proof is immediate by the formula (4.7) for the

coefficients r)\G’g), since (4.30) can be rewritten as

4 _ dimA ( caN )'* 1+ xG—9) (1 + 15 - i)) .

)‘7N - 1 . . ) .

(e 0n ) 05 A6 =9) (1= )

SN =l — p——— . (4.39)
' @ (i,7)EX (ca—DN J

O
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We now connect the multiparametric Hurwitz numbers (2.2.3) for the functions G*(z), appear-
ing in Corollary 4.1.7, with the counting problem in Definition 4.1.4.

Proposition 4.1.8. If G(z) = w, with v and & parameters, then for all partitions \ Fn
and all integers g > 0 we have

1 n—e(v v —2—n
S oimienyN) = - 3 SN R 22 () (4.40)
wvkn

where the triple monotone Hurwitz number hg(X, 1, v) has been introduced in Definition 4.1.4.

Proof. We apply the relation between YJM elements and the conjugacy classes (2.28) to the first
two factors of the following to get

3

H H (14 €eJa)(1+ evJa)

a=1 a=1

e, | (Ser e ) (Ser ¥ ). aa
u#n

vkn r>0 1<a1<--<ar<n

1
1—¢edT,

By definition (2.31), extracting the coefficient of ¢?Cy and dividing by 2z we obtain hG()\); therefore

hG () = mcyc I %_:n'y 5" hg (A, i 1), (4.42)

where d, r, g in this identity are related via
r=L\)+L(p)+L(v)+29—2—n, d=2n—L0(u) —L(v)+r. (4.43)
The proof is complete by the identity z)|cyc(\)| = n!, see (2.16). O

We finally have all the elements to complete the proof of Theorem 4.1.5.

Proof of Theorem 4.1.5. From Corollary 4.1.7 we have, with the scaling « = (¢, — 1)N, 8 =
(CB - 1)N7

=2 N Z(c +cﬁ) hi" (A Huxl, (4.44)

d>1 AeP
(N
1 (ca +c5— DN\P
= N > <5_1> hg (M) [T wns (4.45)
Ca .
d>1"" XeP i=1
where we have used Proposition 4.1.1. It follows from (4.23) that
<H Ltr XN A
]—> =D N ( o ) hS (N, (4.46)
=1 Ca tCp
[T tr X% T
< J > ZNW d <Coc+cﬂl ) hg (), (4.47)
Z\ -

d>1
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and using finally Proposition 4.1.8 we have

<H§:1 tr XAj> 1 o)
- = 2—2g—£(}) 1\ Cal >
X A 2N > (-1 (ca — cp)HW+) TN +25-2 hg (A, 1, v),
920 JTRZEN
(4.48)
<H§:1 trX—/\j> 1 (1—co—c o)
= 2—2g—L()) 1Al a—Cp) >
2\ A ZN Z (-1 (e — 1)€(u)+€(u)+é(>\)+2g—2 hg (N p,v).  (4.49)
920 JTRZ = a
]

Example 4.1.9. From Theorem 4.1.5, together with the explicit formule of Theorem 3.2.12, we
can compute

2N(a+ B)(B—a)(a+ N)(B+ N)(a+ B+ N)

(a+ﬁ+2N—2)(a+B+2N—1)(a+5+2N)3(a+5+2N+1)(a+5+2N(+2))’
4.50

((tr X)) =

With the substitution o = (ca —1)N and 8 = (cg — 1)N we have the large N expansion

c 1 2 6 4
(X)) = 5 [ <<ca Tl ate) +Cﬁ>5)
e (_ 6, 18 12 )
“ (ca + 05)4 (ca + 06)5 (ca + 65)6

w4 (o i e o cwﬂ +0(5s)- (51

Matching the coefficients as in Theorem 4.1.5 we get the values for hg_o(A = (1,1,1), u,v) (the
connected Hurwitz numbers defined in Remark 1.3.4) reported in the following table;

v=03)|v=(21)|r=(1,1,1) (4.52)
= (3) 2 6 1
= (2,1) 6 18 12
p=(1,1,1) 4 12 8

For example, the numbers in the first row (1 = (3)) can be read from the following factorizations in
Ss. To list them let us first note that we have cyc(\) = {Id} and cyc(u) = {(123), (132)}; therefore
for v = (3) we have 2 factorizations (r = number of transpositions = 0)

(123)(132) =1d,  (132)(123) = Id, (4.53)
forv=(2,1) (cyc(v) ={(12),(23),(13)}) we have 6 factorizations (r = 1)

(123)(12)(13) = Id, (123)(13)(23) = 1d, (123)(23)(12) = 1d, (4.54)
(132)(13)(12) = Id, (132)(12)(23) = 1d, (132)(23)(13) = Id, (4.55)

and for v = (1,1,1) we have the 4 factorizations (r = 2, here the monotone condition plays a role)

(123)1d(12)(13) = Id, (123)1d(13)(23) = Id, (4.56)
(132)1d(12)(23) = Id, (123)1d(23)(13) = Id. (4.57)
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Similarly we can compute

<(trx—1)3>° _ 2N(a+ N)(a+2N)(B+ N)(a + 8+ N)(a + 28+ 2N)
(a=2)(a—1Da3(a+1)(a+2)

¥ (o oo ) et

6 18 12
_ <(Ca ~1i + (cn 1) + (cn = 1)6> (Co +c5— 1)

+ ((Ca f 1) + (Caml)ﬁ + o f 1)7> (Ca+cp— 1)3} +0 <;3> (4.58)

and from Theorem 4.1.5 we recognize the connected Hurwitz numbers tabulated above.

4.1.3 Generalization to the Jacobi beta ensemble

The same strategy used in deriving the connection of the Jacobi unitary ensemble to multipara-
metric Hurwitz numbers can be employed to link the Jacobi beta ensemble (JGE) [142] to the so
called b-Hurwitz numbers [45]. Here we give an idea of how to prove such a statement.

The joint eigenvalues probability distribution function of the N-dimensional JSE with param-
eters a1 and ao is given by

N
fo@) = g [[ A7) [T 257 (0 = 2)32 aw (459)
1<]
For 8 =1,2,4 it corresponds to the eigenvalue distribution associated to a full matrix model, re-
spectively the Jacobi orthogonal /unitary/symplectic ensembles. For generic § a tridiagonal matrix
model has been given in the foundational paper of Dumitriu-Edelman [69].

The b-Hurwitz numbers have been introduced by Chapuy and Dolega in [45]. They are asso-
ciated to the counting problem of generalized branched coverings of the Riemann sphere by (not
necessarily orientable) surfaces with appropriate b-weighting and generalizes the weighted multi-
parametric Hurwitz numbers of Definition 2.2.3; see loc.cit. for the complete picture. The b and 3
parameters here and in the following are related as

b= ﬂ (4.60)
g

In [45] the authors study the generating functions of these objects, which can be in turn con-

sidered a b-deformed version of the tau-functions of multiparametric weighted Hurwitz numbers of

Theorem 2.3.1. They are expressed as an expansion in Jack symmetric polynomials J >(\b), see [131],

b)

TV ()10
(u, € t,8)) Z Z H G(e-ep(y —1)), (4.61)

n>0 AFn |J,\ ||2 (4,7)EX

where G(z) can be taken to be a rational function as in (2.30) and ¢, is the weighted content of
partitions,

ep(i,5) = bli — 1) +i — j. (4.62)
The familiar expansion in Schur symmetric polynomials (2.36) is recovered from b = 0; it is proved
in [33] that for b = 1 the function (4.61) obeys the BKP-integrable hierarchy.
(14 2)(1+72)

Recall that the identification between the JUE and G(z) = s
— 0z

Hurwitz numbers consists of three steps:

multiparametric
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1. Lemma 4.1.2: consider the deformation of the Jacobi potential V (z;t) = a log x + a2 log(1l —
)+ a0 tr2* and use the Cauchy identity (4.20) to expand it in the basis of Schur polyno-
mials s)(t) with coefficients cy n

2. Proposition 4.1.6: use the Selberg-Aomoto integral (4.29) to explicitly compute the coefficients
cxn as a function of the contents of A for some rational G(z)

3. Corollary 4.1.7: use previous results and Proposition 4.1.1 to connect the JUE with the
Hurwitz numbers associated to the specific G(z)

The tentative relation between the JGE and generating functions of type (4.61) follows similar
lines, replacing Schur polynomials with Jack ones:

1. A Cauchy identity of the form (4.20) holds for Jack polynomials as well, namely

k Ey| — (1+b) Ji(t)
exp Zk1+b)( +ay) —Zj/\ (1,...,2N) OR (4.63)
k>1 AeP Ix

(b)

where j,” is the analogue of in the b = 0 case.

W'

2. The Selberg-Aomoto integral can be generalized to arbitrary 5 to compute averages of Jack

polynomials J )(\b) with respect to the Jacobi measure. It can be found e.g. in [84],
N .
/0 () A% (2) TT 272 (1 — )\l = LA + r+ kN —9))0(s + k(N — 1))
/(01) g H:r z=ualk E XNitr+s+k2N—-i—-1)
(4.64)
T\ — A+ k(j—i+1
nky= I “RiZATAI—itD) (4.65)

\<iin T =X+ k(i —1))
and allows to express the coefficients in the Jack expansion in terms of b-contents

3. The connection with the b-Hurwitz numbers now passes through the results of Chapuy et
al. and formula (4.61).

The detail will be sorted out in a future work.

4.2 LUE and double Hurwitz numbers

Let us introduce the formal generating functions

(T b X5 ) €

ZE(a) = / exp “Eir X dmk(X) = Uy, , (4.66)
Hn(0,1) E>1 k )\GZP A Zl;ll
of LUE correlators, where we recall that
1
dmk (X) = C—Ldetc‘ exp (—tr X')dX, (4.67)

N

with parameter « satisfying Rea,Re 8 > —1, C]'Q, defined in (1.59) and H]J\r, the set of positive
definite Hermitian matrices, i.e. with eigenvalues lying in (0, 00). We call Z};(u) (resp. Zy(u)) the
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positive (resp. negative) LUE partition function. Our description of the LUE correlators involves
(weighted sums of) double (both strictly and weakly) monotone Hurwitz numbers, a reduction of
the triple Hurwitz numbers introduced in Definition 4.1.4.

Definition 4.2.1. Givenn > 0, partitions A, i = n and an integer g > 0, we define hy (\; 1) (resp.
hgz()\; 1)) as the number of tuples (w1, 72, T1,...,7) of permutations in &, such that

1. r=2g9—24+ LX)+ £(p),
2. m € cyc(N), ma € cyc(u),
. 7 = (ai, by) are transpositions, with a; < b; and by < --- < by, (resp. by <--- <b,)

3
4. T T € cye(p).

The relation of these Hurwitz numbers to the LUE is expressed by the following result.

Theorem 4.2.2 ([51]). Under the re-scaling a = (¢c—1)N, for any partition \ we have the following
Laurent expansions as N — oo;

IAI 1 "
NED=AIALE H tr XN ) = Z o= Z ) hy (A; ), e>1— = (4.68)
920 pE| A
)AL AL |)‘|' 7\ M) Al
5=l g>0 WI/\\

Remark 4.2.3. The proof of Theorem 4.2.2 could be carried out following the same strategy adopted
in the previous section in the proof of Theorem 4.1.5. Indeed a Selberg-Aomoto integral formula
holds for the Laguerre measure as well,

n N
/ NXA(E)AZ(Q)nge_x”dNizN! H YRy +j—i)HI‘(a+N+/\k—k+1), (4.70)
(0,00) a=1 1<i<j<N k=1

from which we find a suitable function G and parameter e to match the coefficients cy with (&)

However, a much more direct way is to just pass from JUE to LUE via the following limit,

[ (1‘[421 terJ'> det®(X) exp(—tr X)dX
lim ghtthe <H tr ij> = O V2 (4
B—r+oo i B fHN(O’JrOO) det®(X) exp(—tr X)dX

valid for k1, - - - , k¢ arbitrary integers. Indeed, let us prove the expansion (4.68) starting from (4.46),

which we rewrite here as
(Tl e x) SNTEY
JUE NR=d (2 ) g&t (). 4.72
T = ST (e )G ) (172)

d>1
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Then, applying (4.71) to (4.72) and substituting 8 = N(cg — 1) yields

Hé':l tr X)‘j BY
< J >LUE = lim N‘MC/‘;\' Z N|>\‘—d < Ca > hé+ ()\) (473)
Z)\ cg—r+00 = Cq + o
1 u 1 1 1
= lim e 1+ Ja> (1 + ja,) 4.74
cg—+00 Z,LL[ A] (E ( N NCO‘ 1- N(ca1+05)ja ( )
Al
=3 NP ( Ca ) he () (4.75)
G
=1 Ca +Cp
where
~ (1 + Z) (1 + ch) z
G® = lim G*(zca,c5) = lim =(1+2) <1 + > . (4.76)
cg—+00 cg—+00 1+ Ca+cﬁ Ca

The associated multiparametric Hurwitz numbers are found as in Proposition 4.1.8,

Al Al

T1G (o) = [0+ =)0 +eda)
a=1

C
a=1 «

N
() e[z ¥ aea) am

A r20 1<ar<--<ar<|A|
so that
4 1 |Al=€() N
h%(\) = — — hy (A 4.78
=g X () wow, (4.78)
Al
where d, r, g in this identity are related via
r=2g—24+L\)+ (), d=|\—t(p)+r. (4.79)

Finally, putting together equations (4.75), (4.78) and (4.79) we have

N~ WW <Ht XN > = N2 N N (4.80)

Luve 920 pk| Al
which is exactly (4.68). Formula (4.69) is proved likewise starting from (4.47).

Remark 4.2.4. Notice that, in contrast to the JUE case, positive and negative correlators of the
LUE are expressed via different objects, respectively strictly and weakly monotone Hurwitz numbers.
In the Jacobi case, it is somewhat a generalization of the reflection formula for the Gamma function;
specifically, when N =1 moments are expressed via the beta function as

fo 1—x)5dx_I‘(a—|—k+1)I‘(a+5+2)_
fol xo‘( —2)fdz  Tla+Dl(a+B+k+2) m(k, o, 8) (4.81)
and using Fuler’s reflection formula
PP =2) = 5 (4.82)

sinmz’
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the following relation is immediate for k € 7Z,

For general N, a similar relation holds between negative and positive correlators, namely writing
out the dependence on «, 3 explicitly

)4 ¢
<HtrX)‘j> (o, B) = <HtrX)‘j> (=2N —a —3,5). (4.84)
j=1 JUE J=1 JUE

This can already be seen from formule (4.25) and (4.26) of Theorem 4.1.5. Indeed, recall we defined
ca =14+ a/N and cg =1+ /N, so that the parameters relation (4.84) is equivalent to

(o, ) <+ (—2N —a — 3,8) <= (ca,ca +c5) <> (1 —cq —cg)N,—(ca —1)N), (4.85)

which automatically brings (4.25) in (4.26). Such a symmetry is not preserved in the Laguerre case
via the limit (4.71) since it is obtained via the parameter limit 5 — oo.

Example 4.2.5. Here we employ the formule of Theorems 3.2.5 and 4.2.2 to obtain the genus
zero limit for one- and two-point correlators. In these cases, formule of the same kind have already
appeared in the literature [54, 87, 169]. In the regime oo = N(c — 1) with N — oo we have

AN =

. 1 b+1

N Né+1 G ZO (b + 1) ( ) ’ (4.86)
4 2

lim ZANeN) > <€> . (4.87)

In particular, {(tr X*) = A (N, M), in the regime N — oo with o = N(c — 1) we have

(tr X*)
lim Z/\/g o (4.88)

N—oo ]\[“_1

1/¢ l
== >1, s=1,... 4.
M,s / <S> <$ 1>a 14 y 8 9 7€ ( 89)

are the Narayana numbers. Formula (4.88) agrees with Wigner’s computation of positive moments
. VA .

of the Laguerre equilibrium measure p(x) = (@4 2:(3; - 1x€($_,x+) with x4 := (1£+/c)?, see [85].

From the one-point function, matching the coefficients in N (i.e. the genus g) and in c (i.e. the

length s of the summand partition) we obtain, for the weighted strictly monotone and weakly mono-

tone double Hurwitz numbers of genus zero, for a partition u = (k),

% > hizo((k)?”)z(k_ll), > h;:o((k)§y):Nk7s:;(Sfl><lz>, (4.90)

" v of length s " v of length s

WY =ty X we = ([T Gy

v of length s " v of length s

where
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Similarly, for all two-point generating functions, we obtain the planar limit g =0 as

lim 75 (Nz1, Nz) F50(Nz1, Nzg) = P21, 22) + \/(;S(zl,zl)gb(zQ,zQ)

= lim
N—oo ’ N—oo

B 2\/¢>(21, 21) (22, 22)(21 — 22)?

where
P(z1,22) == —c(2+ 21+ 22) + (21 — 1)(22 — 1).

(4.92)

(4.93)

The two-point planar limit is strictly related [79] to the so called canonical symmetric bi-differential
(called also Bergman kernel) associated to the spectral curve x?y? = (x — x4 )(x—2_) = 2 —2c(x +

1)+ (z —1)2



Chapter 5

Connections with intersection theory
on moduli spaces of curves

In recent years, Hurwitz numbers have found their way to connect with the intersection theory on
moduli spaces of curves. In this respect, a fundamental result is the classical ELSV formula, which
takes its name from its discoverers, Ekedahl, Lando, Shapiro, Vainshtein, [73], and expresses simple
Hurwitz numbers in terms of intersection numbers on moduli spaces of curves.

Theorem 5.0.1 (ELSV-Formula, [73]). Let u = (p1, ..., ) be a partition of n, then

(Qg—2+|u|+€ u, > o( =17

hg(,u) N |AUt Mgn Hz 1( ,uﬂl}z) (5'1)

In the above hgy(p) denotes indeed the simple Hurwitz numbers of genus g and partition x, and
Aut(u) the permutation group of symmetries of the parts of u. We denote by My, the Deligne-
Mumford moduli space of stable nodal Riemann surfaces, 1; € H? ( g,n> Q) the first Chern class
of the cotangent line bundle to the i-th marked point and with \; € H?% (79,7“@) the Chern
classes of the Hodge bundle E so that \; = ¢;(E) € H* (Mg’n, Q). For the precise definition of
these objects we refer to the literature, see e.g. [171] and references therein.

The ELSV formula is a cornerstone of the modern enumerative geometry. Even though it
was obtained by purely geometrical means [80, 100] it can be connected to the Witten-Kontsevich
Theorem and hence to the KdV hierarchy, a direction pioneered by Kazarian and Lando [124, 125].
On the other side ELSV-like formule have been discovered recently, in the aim of counting general
Hurwitz numbers; we find such examples in [37] for double Hurwitz numbers generalizing a previous
result of Johnson-Pandharipande-Tseng [119], in [10] for single monotone Hurwitz numbers, in
[39] for 2-orbifold strictly monotone Hurwitz numbers, in [41] and [71] for spin Hurwitz numbers
following conjectural formulee of Zvonkine [170].

The purpose of this chapter is exactly to give a contribution to this new plethora of ELSV-like
formulse, combining our results on the combinatorial interpretation of classical unitary ensem-
ble with recent work connecting integrable systems and enumerative geometry. Specifically, from
Dubrovin et al. [62] we are able link the multiparametric Hurwitz numbers of LUE with cubic Hodge
integrals; work on the connection between cubic Hodge integrals and integrable hierarchies, namely
the KP-hierarchy, was also carried out by Alexandrov in [8, 9]. In a similar fashion, we connect the
explicit (Legendre) matrix model presented by Norbury in [148] as a generating function of ©-GW
invariants with the multiparametric Hurwitz numbers of JUE. The resulting ELSV-like formulse
are reported in (5.2) and (5.62).

74
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We thank Di Yang for pointing out the connection between our results on JUE and Norbury’s
one on intersection numbers.

5.1 Hodge integrals and LUE

The main Theorem of this section is the following ELSV-like formula.

Theorem 5.1.1. For any partition = (u1, ..., pue) of length £ we have

S, =23 (2027 Y (w %)2_2%‘“'_4_((”) (-3 )M hwy)  (52)

g=>0 v>0 vH|pl
where

l Q,U/a,

_ (w—1)m ) 1 K pa ()
%@7#::29127 B A(=1)A [ = ) exp —Z— Hi‘l
m>0 m! Mg,e+m 2 d>1 d | =i 1— Haba

N 89,0001 (w S > (2M1) N 09,0002  f11f42 (2M1> <2M2>. (5.3)
2 p1+1 w1 2 p1+pe \ 1 2

Here k; € H% (ﬂg,n,@) (j = 1,2,...) are the Mumford-Morita-Miller classes, and A(§) :=
1+ A&+ -+ Ag¢7 is the Chern polynomial of the Hodge bundle, A; € H? (ﬂgﬂ, Q), the remaining
objects have been defined below Theorem 5.0.1; again we refer to the literature for a more accurate
definition. Finally h7 (u;v) are the Hurwitz numbers of Definition 4.2.1. Note that 77, in (5.3)
is a well defined formal power series in C[[w — 1]], as for dimensional reasons each coefficient of
(w—=1)"1in (5.3) is a finite sum of intersection numbers of Mumford-Morita-Miller and Hodge
classes on the moduli spaces of curves.

As anticipated, this will be proven by identifying the LUE partition function with the generating
function of the intersection numbers depicted above. The latter is connected to the modified GUE
partition function, termed mGUE and denoted Zy(s), introduced in [62] and which we now define.
Consider the classical GUE partition function with couplings to odd powers set to zero, namely

1
ZN"(s) ::/H exp tr —§X2+Zst2k dX, s = (s1,52,...). (5.4)
N k>1

It is then argued in [62] that the identity

ZeVen(s) - " B WW
EPVolw) = D12y (e), VelN) = (5.5)

uniquely defines Zy(s); above, Vol(N) is the usual volume (1.15), while G(z) is the Barnes G-
function, with the particular evaluation

G(N+1)=112.-- (N — 1)! (5.6)
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for any integer N > 0. With respect to the normalizations in [62] we are setting e = 1 for simplicity;
the dependence on € can be restored by the scaling N = xe. The Hodge-GUEFE correspondence works
as follows; introduce the generating function

n
_ Dky " " Pk, 1 S
ug =y 3 e [ o)1 e

9>0 n>0 k1. >0 : Mg.n i=1
for special cubic Hodge integrals, here p = (po,p1,...). Then the following is proved in [62].

Theorem 5.1.2 (Hodge-GUE correspondence [62]). Introduce the formal series

1 J1J2 (271) (2j2) 1 ( J ) <2j>
Alw,s) := - - - X )85 85, + = w— = 7 ) s, 5.8
(w8):=7 2 Ji+da\i /) \j2 ) 22 j+1)\j )" (5:8)

J1,J22>1 j=>1
and a transformation of an infinite vector of times s = (s1,s2,...) — p = (po,p1,...) depending
on a parameter w as
9
pk(w,s) = ijJrl( ‘_7)8]' + 6k,1 + w5k’0 -1, k> 0. (5.9)
i>1 J
Then we have
H (p (w,s); \/56) + e 2A(w,s) = log Z% ((s1,€892,€%s3,...)) + B(w,e€) (5.10)

where B(w, €) is a constant depending on w and € only and Z« the mGUE partition function (5.5).

On the other side, recall the positive LUE partition function (4.66),

1 a k
Zn(ast) = C]IV/H; det®X exp tr <—X+kz>0th )dX, (5.11)

where for convenience we rescaled the time variables as u; +— kt; and explicitly wrote out the
dependence on the complex parameter . We have the following relation with the mGUE partition
function.

Theorem 5.1.3. The modified GUEFE partition function EN(S) in (5.5) is identified with the Laguerre
partition function Zy (a;t) in (5.11) by the relation

Zyy—1(s) = OnZy <a = —i;t) (5.12)

where t,s are related by
tk = 2k8k (5.13)

and Cn s an explicit constant depending on N only;

2_3 1
gN?—3N+1

Cy = G(N +1). (5.14)

N(N+1)
T 2
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Identity (5.12) can be recast as the following explicit relation,

~ 2-N+q X ax
Zon_1(8) = ———G(N +1 / exptr | —— + sp X" , 5.15
2N é( ) ﬂ_N(]\;+1) ( ) H]f, P 2 ,;1 k m ( )

which is obtained from (5.12) by a change of variable X % in the LUE partition function.
Theorem 5.1.1 is proven combining Theorems 5.1.2 and 5.1.3.

5.1.1 Relation between LUE and mGUE partition functions

Recall that the mGUE partition function is uniquely defined by the factorization (5.5) of the even
GUE partition function; we will now seek for an identical factorization in terms of two LUE partition
functions.
To this end, let us introduce two sequences of monic orthogonal polynomials; p&e"(z) = 2" +. ..
satisfying
“+o0o
/ poren (a)peeen (z)eV ) dz = hee" 8y, m, (5.16)
—00

and, for Rea > —1, pﬁf‘)(x) = 2™+ ... satisfying

+oo
[ o@D < 105, (5.17)
0

n

where V(x) is an arbitrary potential for which the polynomials are well defined. The following
lemma is elementary and can be found e.g. in [49].

Lemma 5.1.4. For all n > 0 we have

_1 1

pen@) =l @), e (@) = apl?) () (5.18)

and 1 1
gen () pgen = 7). (5.19)

Proof. We prove the first formulee in (5.18) and (5.19), the second ones follow likewise. Rewrite
(5.17) for a = —% and make the change of variables = = y?, then

_1 too 1 _1 too 1 1
W= [ @l @t @ = [ 0 A 2y (5.20)

too 1 _1
=/ 252 ()% 2 (y2)eV W) ay, (5.21)

where we also used the parity of the last integrand. The claim follows comparing with the orthog-
onality property (5.16). O

Next, recall the relation between matrix integrals and the norming constants (1.29) so that with
respect to the above orthogonal polynomials

1

tr(— X2 dX = pevenpeven . . peven 29

VOI(N) /’HN exp I‘( V( )) 0 1 N—-1> (5 )

Lt / det® X exptr (—V (X))dX = h{Mp{® ... pl&) (5.23)
Vol(N) Jyt 0 N=b
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where Vol(N) is defined in (5.5). Using the above relations and (5.19) in the case V(z) = § —
D k>t six®, we obtain the following identity between the GUE partition function Z$$&"(s) in (5.4)
and the Laguerre partition function Zn (j:%; t) in (5.11),

Zsi"(s) _ Zn (—3:t) Zn (55t)
Z53"(0)  Zn (—3;0) Zn (3;0)°

where Z§/*"(0) = V2N7N? is given as in (1.52) and Zy (£3;0) in (1.59). There is a similar, slightly
more involved, factorization for the matrix model Z3Gh,, but we do not need its formulation for
our present purposes. The following symmetry property of the LUE partition function allows us to
match the parameters o = +1 in (5.24).

tr = 285y, (5.24)

Lemma 5.1.5. The LUE connected correlator (tr X*1 .- tr X’“T)C with ki,..., k. > 0 is a polyno-
mial in N, «, and it is invariant under the involution (N, «) — (N + a, —a).

Proof. Tt follows directly from Theorem 3.2.5, as the coefficients of R, defined in (3.89), are
polynomials in IV, a which are manifestly symmetric under the aforementioned transformation.

Indeed

(N,a) = (N+a,—a) <= (N,M—N)— (M,N—M) <= (N,M)— (M,N),
(5.25)

and from (3.91) we see that all the coefficients Ay(N, M), Be(N, M) but Ag(N,M) = N are sym-
metric in N, M := N + a; however RI*! only contains the combination £A,(N, M), which is always
symmetric in N, M. [

Let us restate Lemma 5.1.5, in view of the formal expansion (5.41), as the following identity

Zn(a;t)  Znia(—ast)

= . 5.26
Zx(@30) ~ Zyral—ai0) (520)
In particular, for @ = % it reads
3, N
1 782 G(N +1) 1
Z ——t| = Zn | =; .2

which can be applied to (5.24) to prove Theorem 5.1.3.

Proof of Theorem 5.1.3. We use the uniqueness of the decomposition (5.5) which defines the
mGUE partition function; rewriting it under the substitution N +— 2N we have

258" (s)

@rPVVol(2N) — Zon-3(8)an 4 (s) (5.28)
On the other hand, from (5.24) we have
1 1
Z3N"(s) = DNZn (—2;t> Zn (2;1:) (5.29)

where here and below we are identifying t;, = 2¥s;,. The proportionality constant Dy is explicitly
evaluated from the normalization constant of LUE (1.59) and (1.52) as

7" (0) | 2NpNHENER (L2

Dy = = .
N Zy (-50) 2y (30) T G(N+1)G(N +3)

(5.30)
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It is then enough to show that the two factorizations (5.28) and (5.29) are consistent once we
identify Z,y_1(s) = CnZn (—%;t) with Cy a constant depending on N only. Such consistency
2
follows from the chain of equalities
2506
(2m)2NVol(2N)

1 1

3 N
_ s ?G(N +1) 1 1

where we have used the symmetry property (5.27). This shows that the two factorizations (5.28)
and (5.29) are consistent, so that equation (5.12), i.e

~ 1
Zyn-1(s) = CnZn <a =5 t) . tr =2y, (5.32)
holds, provided we also identify the proportionality constants (5.30) and (5.31),
34N
TGN +1) Dn N(N-1)_—
CnC = = NN = NNFD G(N + 1)2 5.33
NYN+3 T g (N+3) (27)2NVol(2N) m (V+1)% (5.33)

where in the last step we use the duplication formula for the Barnes G-function in the form

9N(2N-1) —N—3%

i éG (N + ;) G(N +1)*G (N + 2) , (5.34)

Equation (5.33) fixes the constant to be

G(2N +1) =

Oy = 2V 3N+, av 1 1), (5.35)
as stated in (5.14). O

Remark 5.1.6. The identification of the mGUE and LUEFE partition functions is manifest also from
the Virasoro constraints of the two models. Indeed, Virasoro constraints for the modified GUE
partition function have been derived in [62], directly from those of the GUE partition function, and
they assume the form L ZN( ) =0, for n >0, where

L= {Zk>1 ( 15k 1) a?k + ]\f 116’ n =0,

> k=1 dskdsn -t Zk>1 ( 5k 1) 85k+ +N%, n =1

On the other hand, it is well known [7, 108] that the LUE partition function with only positive
couplings t4 satisfies the Virasoro constraints Egla)ZN(a;t) =0, for n >0, where

{Zk>1 (tr 61@1)8(3 + N (N +a), n =0,

2ok 6tk8tn -+ k1 B (te — 0k1) ﬁ +(@2N +a)gt, n>1

The Virasoro constraints L, = Ln(N,s) in (5.36) and = ) = ol (N, t) in (5.37) satisfy

(5.36)

L) =

(5.37)

v

"Ly, (2N - % s) = c,(f%)(N,t) (5.38)

under the identification t;, = 2¥sy,, in agreement with Theorem 5.1.3.
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Formal matrix models

In this section we justify the (formal) identifications derived above. We start from the definition
of mGUE partition function. First, the logarithm of the even GUE partition function can be
considered as a formal Taylor expansion for small s as

.« C
log Z§"(s) := log Z§"(0) + > Y u<ter1---ter7'> (5.39)
T

even
r>1ky,.. ke >1

where the connected even GUE correlators are introduced as usual,

87'1 Zeven
<tr Xkt Xk7'>c = 9" log Z§*"(s) (5.40)
even 8sk1 cee 63kr s=0

and the normalizing constant Z$*"(0) = V2N7N? see (1.52). The infinite sum in (5.39) can be
given a rigorous formal meaning in the algebra C[N][[s]]; introducing the grading deg sy := k, the
latter algebra is obtained taking the inductive limit K — oo from the algebras of polynomials in
s of degree < K, with coefficients in C[N]. Equivalently, this grading can be encoded, up to an
inessential shift, by a (small) variable € via the transformation sy +— ¢*~lsj, which is the same
as considering the matrix model fHN exp [—% <X72 — Ek21 spX Zk)] dX. For simplicity we have
preferred to avoid the explicit e-dependence, even though we shall restore it for the statement of
the Hodge-GUE and Hodge-LUE correspondence, respectively Theorem 5.1.2 and Corollary 5.1.7.
It must be stressed that (5.39) makes sense for any complex N, and not just for positive integers
as it would be required by the genuine matrix integral interpretation; indeed the correlators are
polynomials in N.

The same arguments apply to the Laguerre partition function (5.11), which can similarly be
identified via the formal series

bt c
logZN(a;t)zlogZN(oz;O)—i—Z Z %<terl~-ter’“> . (5.41)
r>1ky,...kr>1 ’

Since the correlators are polynomials in N, «, see Theorem 3.2.5, the expression (5.41) can be
viewed as an element of C[V, a][[t]], in particular it makes sense also for N complex.

This remark is crucial for a correct understanding of formulae (5.26) and (5.27), as well as to
formally justify the factorization identity (5.5).

5.1.2 Hodge-LUE correspondence

The identification Theorem 5.1.3 and the Hodge-GUE correspondence Theorem 5.1.2, allow us to
deduce the following.

Corollary 5.1.7 (Hodge-LUE correspondence). Let H (p (w,s);v/2¢) as in (5.10) and Zy (—3;t)
the Laguerre partition function (5.11) with parameter o = —%. We have

H (p(w,s); \/56) + e 2A(w,s) = log Zy <—;;t> + C(N,e), (5.42)

where we identify

1
w=c¢ <2N — 2) , tr = 2FeF sy, (5.43)
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C(N,e€) is a constant depending on N and € only, and we recall the definitions of A(w,s) and
p(w,s), respectively (5.8) and (5.9), namely

1 Jij2 (291 (292 J 25
A\ 8) = = 2)s. 55, PR A e 5.44
(e)i=7 > 31+32< ><J>]S]+ Z( J+1>(J)S] o4

J1,5221 j>1
ng+1< >s +0k1+A0ko—1, k>0 (5.45)
7>1

Proof. 1t follows from (5.10) upon the substitution w > € (2]\7 — %) and applying Theorem 5.1.3
for the set of times ¥~ 1sy, k > 1. O

Finally, Theorem 5.1.1 is obtained matching the coefficients in (5.42) and the topological ex-
pansion for the positive correlators of the LUE in terms of Hurwitz numbers equation (4.68).

Proof of Corollary 5.1.1. We apply ﬁ

08y,

o’ , for £ > 0, on both sides of (5.10). On the
right side, in view of Theorem 5.1.3 and the Hodge—GUE correspondence (5.10) we get
aé

- log Zw ((s1, €80, €283, ...)) = e =Calul (tr xr . gp X1 w
Dy - - D5y, &4 ((s1, €82, €%83,...)) { LUE‘N_ s 1= 1

s=0 2

which in view of the topological expansion (4.68) for the LUE correlators equals

il o w_|_§ 2—2v+|ul—£ w_% s
_ ul—Lolp >
) ZZ( > ) <w+§> hZ (p,v). (5.46)
=0 vi|p|
Note that the substitutions 2N — % = %, a = —%, from Theorem 5.1.3, yield N = %, c= :jé
On the other side we get
a@ f ) 8@
——| H(p(w,s);V2e)+e —F—| Aw,s). (5.47)
Ospy =+ Oy |5 Ospy =+ Oy |5

The contributions from the last term is directly evaluated from (5.8) and give the second line of
(5.3). For the first term we recall the affine change of variable (5.9) and compute

MH (plws)ivae) = 3 H Ml(iib) A ~# (p(w,5); V2e) (5.48)

i1yenie>0b=1 Opiy -+~ Opiy

L e () e s ()

g,n>0 ki,...,kn >0
15eerie>0

(5.49)

Evaluation at s = 0 corresponds to pp = dx1 + wdr o — 1; thus, in the previous expression, we set
n =m + r, where m is the number of k,’s equal to zero, and the remaining k1,...,k,’s are all > 2



CHAPTER 5. CONNECTIONS WITH INTERSECTION THEORY 82

(we are evaluating at p; = 0), and so the evaluation of the (5.48) at py = i1 + wdp o — 1 reads

> (vt x el /MW ()gwk n G

g,m,r>0 ki, ke >2
i1,..0,00>0
2
_ 29—2 (w—=1)"(=1)" i1 1 (")
B Z ( 26) Z mlr! /M H v’ H 1 — pupthmtrys’
g,m,r>0 diyenydr>1 g, t+matr mrr
(5.50)

where in the last step we rename k, =d, + 1, d, > 1.

We can trade the v, ..., classes in (5. 50) for a suitable combination of Mumford & classes,
following ideas from [39]. Let 7 : My simir — Mg otm be the map forgetting the first 7 marked
points (and contracting the resulting unstable components), then we have the following iterated
version of the dilaton equation

T ((W*X) H ¢ga+1> =X Z H KJZQG’Y da> dgy. .- ,dr >1, (551)

a=1 0€6, veCycles(o)

for any X € H® (ﬂg7g+m,<@). Here and below, &, is the group of permutations of {1,...,r} and
Cycles(o) is the set of disjoint cycles in the permutation o, 0 = H,Yecydes(g) 7. In our case it is
convenient to set

4 2pp ¢ 2pup
_ A2/ 1 M x Yy A2( 1 'ub( )
A =M 1)A<2>g1—ubwm+b’ A=A 1)A<2>H

b=1

SRS L 5.52
1- Mbwm+r+b ( )

so that the sum over r > 0 and dj,...,d, > 1 in (5.50) can be expressed as

—1)" R ) —1)"
D D ) 1 K D D D P DI | e

>0 Ty matr a1 >0 T oA de>1 My orm €6, yECycles(a)
(5.53)

Let us now recall that for any set of variables Fy, F3, ..., we have the identity of symmetric

functions
5 gl v|
exp Z Z Zu =—F, - Fy, (5.54)
r>1 v

where the sum on the right side extends over the set of all partitions v = (v1,...,v,), V| =
Vi + -+ V), and z, has the same definition as above, namely z, := [[;5 (i) m;!, m; being the
multiplicity of ¢ in the partition v. Applying this relation to

d—1
F= Y Rst g, = > <r - 1> kg, &= —1, (5.55)
di,...,dr>1 d>r

since for any partition v of r the quantity r!/z, is the cardinality of the conjugacy class labeled by
v in &,, we deduce that

3 / E || RZaewda:/M X exp —Z% (5.56)
g,0+m

..... d->1 Mg, t4m 0€G, yeCycles(o) d>1

r>0 r! d1

where we also use the identity 27"21 =) (dil) —é. The proof is complete. O

r r—1
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Example 5.1.8. Comparing the coefficients of €= on both sides of (5.2) we obtain the following
relation in genus zero

z
%M_2f 2 |,LL|+2 L ,u' Z hg 0 H? (557)

il

valid for any partition p of length €. One can check that (5.57) is consistent with the computations
of Hurwitz numbers in genus zero performed in Example 4.2.5. E.q. for £ =1 we compute the first
terms in the (w — 1)-expansion of the left side of (5.57), directly from (5.2),

P — (2M1> ) <2/‘1> + (“;DQM <2:11> +O(w-17%.  (5.58)

2pu1+1\ g 2 M1
On the other hand, the right side of (5.57) is computed as

wu1+1 Z —T Z hg ol v w’““ Z </;1> <8 5 1)

vH|pl
— 1wu1+1( 2M1 )
2 i —1

“ s () s (" e e

b=0

where we use (4.90) and the identity

91O T oY (5T PRI B

which follows from the Chu-Vandermonde identity Zf;é (Z) (kf{fs) = (“H’) fora=b=k=p.
Ezpressions (5.58) and (5.59) match.

5.2 O-GW invariants of P! and the Legendre unitary ensemble

In [147] Norbury defines a new collection of cohomological class O, € H 2(29—2+k) (ﬂ%k) on
the moduli space Mg,k of stable algebraic curves. The k-point, genus g and degree d stationary
O-Gromov-Witten (©-GW) invariants of P! are defined as the integrals

gkd

k P!
<@ : H bj! T, (w)> = / H 1/) evi(w) | - @Slk, (5.61)
Jj=1 g,k,d [Pl

where w € H*(P!) is the Kéhler class of P, the b; are non-negative integers, [IP’; k d] is the virtual

fundamental class of the moduli space of stable maps from curves of genus g with k distinct
marked points to the target P! of degree d, the ev; are the evaluation maps ev; : IP’; ed — P!

and @5},{ = p*Oy with p: My — P;,k’ 4 the forgetful map. We refer to loc. cit. and references
therein for a more accurate description of these objects. It is proved in [148], see also [47], that the
generating function of the ©-GW invariants (5.61) is a tau-function of the KdV hierarchy, this is
the content of Theorem 5.2.2. More to that, it is expressible as the partition function of a matrix
model closely related to the JUE, which allows to derive the following ELSV-like formula.
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Theorem 5.2.1. The triple monotone Hurwitz numbers of Definition 4.1.J and the stationary
O-GW invariants of P! are related by

AN G
V() +e(v)+L+2g—2 ~ 9|A m; ki+-+k > .
= (—2)¢w+ew) g 2l lele ) 2k1 ¢
where X\ = (Aq, ..., \g) = (1"2,2™2 . ) is an arbitrary partition, and the right hand side is subject
to the dimensional constraint , ,
d=> (kj—1)+L=> kj (5.63)
j=1 j=1
Conversely,
: ! 9| " hZ (K, i, v)
©: H m-1(w) ) = Ly ma! Z 2 |"é!' H ( ) Z (—2)d)+ i) +Er2g—2" (5.64)
j=1 d == ki,...,ke>1 vk
where we used the multi-index notation || := (k1,...,k¢) and || = Y k1. Entering hZ (k, u,v), we

regard K as the unique partition of |k| with parts the (ordered) entries of k.

Proof of Theorem 5.2.1

The main ingredient in the proof is the following Theorem.

Theorem 5.2.2 ([148]). Consider the generating function for the ©-GW invariants of P*
g

1
FS (e, = {sp}r>0) = Z 29~ 2F9 Z 29~ 2<G) exp ZTk > —i—zloge (5.65)

g>0 k>0 d

and define the partition function Zg(e,s) = exp F]Pl(e,s). Then, setting e = N~ we have

Zﬂ?l (e = ,S N‘// /d:{:l dacNH i —x;)? exp NZSkakH . (5.66)

1<j k>0 =1

where ¢ € C is a constant. More precisely, Z, @1 coincides with an asymptotic expansion of the

integral (5.66) as N — oo.

Consider the following partition functions where, respectively, the first one is the Jacobi partition
function (4.23) with parameters a = 8 = 0, and the second one is essentially (5.66) ,

He.,ltrXi)‘i>
(0,0) 1 Uk <k < -

Zy " (a) = / exp —tr X® | dX =

e Juwon kzzl k Aze;a 2

)
COTTws,  (5.67)
i=1

1
Z(v) == Z§, (e =Nt v={uy =Nk Sk_l}k21) = / exp Z Yk vk | ay.
ON Jan(-22) ok
(5.68)
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The two models are the — respectively antisymmetric and symmetric — Legendre unitary ensemble,
and are equivalent up to an affine transformation. At the level of the disconnected correlators the
relation reads

¢ ¢
<H trX)‘J'> = ) 2R <H (Af)tr in> (5.69)
i=1 (00)  J1de>0 =1 e o

14

J4
<H try)\j> _ Z (_1)|/\|<_2)\>\|+j1+._~+]’g <H (;"L> teri> (5.70)
j=1 o i=1 M (0,0)

150,020

notice that the sums are bounded due to the presence of the binomial factors. The connected
correlators admit the same relation, but the indices are taken to be different from zero,

¢ ¢ ¢ c
<H trX/\j> = Y 2R <H (Af)tr in> (5.71)
j=1 (0,0) i i =1 \Ji o)

Jiyeesje=1
)4 ¢ ¢ \ c
trYAj _ _1 BY _9 [Al4+71++7e < ,i>teri 5.72
() - e (i o
J= ©  Jiyeje 1= (0,0)
This happens because, in general, if j; = 0 for some ¢ € {1,...,¢}, then the whole connected
correlator vanishes; for example if £ = 2,
(tr XItr X0)° = (tr X7tr X0) — (tr X7) (tr X°) = (tr X7 - N) — (tr X7) (N) = 0. (5.73)

The next step is to rewrite relations (5.71) and (5.72) in terms of the topological expansion of
the correlators, given in Theorems 4.1.5 and 5.2.2. With respect to the former, we just substitute
the parameters « = 8 =0 <= co = cg =1 to get

» = (PNt ;O\ p,v)
<HtI“X > = (-1 ‘ N ’)\’1 Z 2g 2 Z f(u Y re0) Tit2g 2" (5.74)
(0,0)

s VH>\I

For the latter, first notice that by Theorem 5.2.2 we have

g
2629 2<@ HTk > (5.75)

s=0 g>0 d

8@
88k1 cee 88]%

so that, recalling the change of times s = {sk = %Z’““ }k>0, for A= (A1,...,\p) = (1™, 2m2 ),

+1
0 ¢ ag
trYN ) =z ————— | log ZQ(v) (5.76)
<]1;[1 >® 8’1))\1 ..-a’l))\z N

v=0

12
Z Osty . Dty 0 log Z (e = N71,s) (5.77)
v, feo>0 81))\1 81},\4 askl e 85;9[ s=0
B
= o Fo (e=N"! 5.78
TN A 35k1 - O0spy | 0 B (€ s) (5.78)
g
=Nyl mg Y N29 . <@ HTA i > . (5.79)
g>0 d
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Plugging formulee (5.74) and (5.79) in (5.71) and matching the coefficients in N yields

Y 9
S he(Mmv)  (=DRIp > <@ Sii (kj)fkj,l(w)>d s
Y (=2)lm+)++29=2 QAT imi Fyoorkip>1 Q1+ ke g

which is exactly (5.62). Similarly, from (5.72) we get (5.64) as

£ ! 2lAl | 2 h;(/{, V)
<e : 1_[1 T)\j—l(w)> = . Z | == |’€’| | | ( ) § ( 2)“#)"‘“5)4‘54‘29_27 (581)
J= d

|
: my.
H’ZI Yk ke> vk |k

where we denoted |k| := (k1,...,k¢) and used the multi-index notations, || = > ki, while z is
still defined as usual, see (2.16).
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Chapter 6

Hermitian Lax systems

In this chapter, we consider two specific integrable systems: the exponential Toda lattice in Section
6.2 and the Volterra lattice in Section 6.3. The goal is to explore the behaviour of the spectrum of
their random Lax matrices when the number of degrees of freedom N — oo, and the initial data
is sampled according to a properly chosen Gibbs measure. Analyzing the Lax matrix we connect
them respectively to the Laguerre S-ensemble at high temperature and the antisymmetric Gaussian
[-ensemble at high temperature. This allows us to explicitly compute their density of states, see
Corollary 6.45 and 6.3.3. The fact that both these systems admit a Lax representation with an
Hermitian Lax matrix plays a crucial role in the derivations, as rank one perturbations arguments
can be applied, see [16].

We briefly recall some useful formulse and definitions from the classical theory of integrable
systems in Section 6.1.

6.1 Background material

In this section we recall some standard tools to study Hamiltonian integrable systems that we
need throughout the paper. For further details, we refer to various textbooks and monographs
[12, 13, 15, 151].

Definition 6.1.1. A Poisson manifold is a pair (P, {.,.}) where P is a n-dimensional differentiable
manifold and {.,.} is an antisymmetric bilinear operation on the space C*°(P) of smooth functions
over P,

C®(P)xC®(P) — C(P)

6.1
(f.0) — {f.9) oy
such that for all functions f,g,h € C*(P), it satisfies:
1. the Jacobi identity
{19} ht+{{h, f}. 9} +{{g,h}, f} =0, (6.2)
2. the Leibniz rule
{hf.g} = h{f, 9} +{h,g}f. (6.3)

The operator {.,.} is called a Poisson bracket. When there is no risk of confusion, we simply denote
a Poisson manifold by P, where the Poisson bracket is assumed to be fized and given.

88
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In local coordinates a = (az, ..., a,) the Poisson bracket is specified by an antisymmetric (2,0)
tensor 7/ (a), the Poisson tensor, acting on the coordinates as

{ai,a;} = 7 (a), ij=1,...n. (6.4)
The Jacobi identity on the coordinates is equivalent to the relation
ij ki jk .
87Taaia)7TSk(a) aﬂ'aa(saf) 71_8](&) + aﬂ-aaia)ﬂ.&(a) =0, 1<i<j<k<n, (65)

where we are summing over repeated indices. In an open subset of P the Poisson tensor has a fixed
even rank 2r < n. By antisymmetry, it follows that the Poisson tensor can be non-degenerate,
meaning that detn(a) # 0, if and only if the dimension n of the base space is even, namely
n=2N.

Given a function H(a) € C*(P), it generates a set of so-called Hamilton’s equations through

the relation .
) o OH
a; ={a;, H} = Zﬁ”(a)a,
J

j=1

j=1,...,n. (6.6)

The function H itself is called a Hamiltonian. The previous set of equations defines a continuum
time flow from an initial condition a(0) € P to its time evolution ¢ > 0, namely ®;: a(0) — a(t).
A function K = K(a) is constant under evolution ®; if and only if

K={K H}=0. (6.7)

In this case the quantity K is called a first integral or a constant of motion. The notion of Liouville
integrability is strictly related to the number of first integrals and the rank of the associated Poisson
tensor.

Definition 6.1.2 (Liouville integrability). A Hamiltonian system (6.6) on a Poisson manifold P
of rank 2r < n is Liouville integrable if there are k = n —r first integrals Hy, ..., Hy in involution

{H,H;} =0, ij=1,...k, (6.8)

and functionally independent, namely

0H,; B
rank <8aj ) —_— =k, (6.9)

i a dense subset of P.

Finding first integrals is often a complicated task, and during the past decades several algorithms
to construct them have been developed. One of the most effective methods to produce first integrals
of a given mechanical system is the so-called Lazx pair representation'. The concept of Lax pair
originates from the work of P. D. Lax on the theory of PDEs [130], where it was used to produce
exact solutions through the so-called inverse scattering method [1, 4]. We give the definition in the
finite dimensional setting, [12, 15].

Definition 6.1.3. Let L = L(a) and A = A(a) be N x N matrices, with N = N(n) and such that
the equation .

L=[AL], [A L =AL-LA. (6.10)
is equivalent to the Hamiltonian flow (6.6). Then the matrices L and A are a Lax pair for the
Hamiltonian system and the matriz L is called Lax matriz.

1Often L-A pair in the Russian literature.
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The main consequence of the Lax equation (6.10) is that the eigenvalues of L are first integrals
of the Hamiltonian flow (6.6). So, provided that we can prove these eigenvalues give enough func-
tionally independent quantities in involution, we can infer the Liouville integrability of Hamilton’s
equations (6.6) through the Lax pair.

Remark 6.1.4. The fact that in many cases an integrable system can be equivalent to a matriz
relation gives the connection with random matriz theory. Indeed, when the initial data a(0) is
chosen randomly, the Lax matriz L = L(a(0)) becomes a random matriz.

To define a random initial data, we consider invariant measures with respect to the Hamiltonian
flow. In general, such objects have the form

pw=m(a)da; A--- Aday, (6.11)

where the density m(a) is such that the measure y € L'(M), with M being a sub-manifold of the
manifold P.

Definition 6.1.5. Given an Hamiltonian system equipped with an invariant measure u, define the
Gibbs measure [126] associated to the Hamiltonian as
L —sH()

HH = —€

12
Zn 1, (6.12)

where we assume the normalization constant Zg to be finite,
Zg = / e PHE) ), < 0. (6.13)
M

Similarly, given Hy, ..., Hy first integrals and By, ..., By constants, define the generalized Gibbs

measure as

1 .
— ZiGe_ i 5JH](a)Iu_ (6.14)

As above, we assume that the normalization constant Zg is finite,

e

Zg = / e Zé\f:lﬁjHj(a),u < 0. (6.15)
M

As discussed above, random initial data are obtained from an invariant measure p of the form
(6.11). More precisely, this means that the measure of every subset S C M with respect to p is

preserved under the time-evolution &,
/ = / L. (6.16)
B4(S) S

Interpreting the evolution as a coordinate transformation, we have

[b o /S &5 (1), (6.17)

where ®}(u) is the pull-back of u through ®;. This shows that the condition (6.16) is satisfied if
O (1) = p. In the following, we will only work in Euclidean coordinates, for a measure written in
the form (6.11), so that the above condition can be rephrased as

div (m(a)fy(a)) := Z 83 (m(a)(fu(a));) =0, (6.18)
i=1 "
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where div is the usual euclidean divergence, see e.g. [106, Chapter 1]. The vector field fz is specified
by the Hamiltonian H via the relation (ff7); = {a;, H}. The condition (6.18) can be written in the
form

{m,H} +mdiv (fg) = 0. (6.19)

Remark 6.1.6. The condition (6.18) depends just on m(a) and the vector field fr, thus it is
independent of the Hamiltonian nature of the dynamical system at hand. In particular, we conclude
that a measure p as in (6.11) is invariant for the dynamical system

a; = fi(a), i=1,...,N, (6.20)
if and only if (6.18) holds.
From formula (6.19) we immediately have two important consequences.

— If the Hamiltonian vector field is divergence free, like in the case of a canonical Poisson
bracket, it follows that the standard Euclidean measure

o = da; Adas A --- Aday, (6.21)
1s an Invariant measure.

— If K is a first integral and m is the density of an invariant measure, then from the Leibniz
rule (6.3) it follows that
m = f(K)m (6.22)

is the density of another invariant measure for every scalar function f € C>(M).

In all the examples we analyse in this thesis, all the Hamiltonian vector fields are divergence free, so
we will be allowed to consider the Generalized Gibbs ensemble with u = pg the Euclidean measure
in (6.21).

6.2 Laguerre $-ensemble and the exponential Toda lattice

In this section, we introduce an integrable model that we call exponential Toda lattice, since it
resembles the well-know Toda lattice. We construct the Lax pair for this system, and we define its
Generalized Gibbs measure. Finally, we compute the mean density of states of the Lax matrix.

The exponential Toda lattice is the Hamiltonian system on M = R2Y with canonical Poisson
bracket described by the Hamiltonian

N N
Hp(p,q) =Y e P+ % % pjg eR. (6.23)
=1 =1

We consider periodic boundary conditions
gGj+N =q; + A, piN=pj, VjEL, (6.24)

and A > 0 is an arbitrary constant. The equations of motion are given in Hamiltonian form as

OH .
qj = & =—e P )
8pj

. OHg

(6.25)

— equl_qj — eqj_qj+1 .
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The system possesses two trivial constants of motion,

N N
Ho(p,q) = Z(%‘ — gj+1), Hi(p,q) = ij, (6.26)
j=1 j=1
the first one due to periodicity, the second one due to the translational invariance of the Hamiltonian
(6.23). In order to obtain a Lax pair for this system we introduce, in the spirit of Flaschka and
Manakov [82, 83, 132], the variables
. S .
acj:e*TJ, yj:e] 7 —e 7, ri =qj+1—qj, j=1,...,N, (6.27)

A

where we notice that vazl yj = e~ 2. In these variables, the Hamiltonian (6.23) and the constants
of motion (6.26) transform into

N N N
Z T; + yj Hy(x,y) = ZZlog Yj, Hi(x,y) = —2Zlog$j. (6.28)
j=1 j=1 j=1
The Hamilton’s equations (6.25) become
xj:?j(y?—y]z_l), yjzé(xgﬂ—:):?), j=1,...,N, (6.29)

where 11 = =1, Yo = YN-
One can explicitly construct a Lax pair for this system. Let us introduce the matrix E, ,

defined as (Ers);; = 5167, Set

N N

L= :/c + ?Jg DE;; + Zm’]y] i1+ Ejtj), (6.30)
Jj=1 j=1

A= Z; %(Ej,jﬂ = Ejt15), (6.31)
]:

where, accounting for periodic boundary conditions, indices are taken modulo IV, so that E; j; v =
Eiinj = E;j for all i,j € Z. For example, the matrix L in (6.30) has the explicit form

+yi Ty TNYN
Tiyr x5 +yl 2oy
L= . (6.32)
N—-1YN-1
TNYN TN_YN-—1 T YR

The system of equations (6.29) then admits the Lax representation
L =[A L (6.33)

Hence, the quantities H,, = Tr (Lm_l), m =2,...,N + 1 are constants of motion as well as the
eigenvalues of L. For the exponential Toda lattice, we define the generalized Gibbs ensemble as

1
HET = — 57— exp(=BHp + 6Ho — nH;)drdp, (6.34)
Z%(8,n,9)
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where 3,7,6 > 0, the Hamiltonians Hg, Hy and H; are defined in (6.23) and (6.26) respectively, Z&
is the normalization constant, dr = dry ...dry and analogously for dp. We notice that according
to this measure, all the variables are independent, moreover all p; are identically distributed, and
so are the r;. After introducing the variables (r,p) — (x,y), the previous measure turns into

N

N
1 21— Ba? 201~ By?
uET:Hillx- e dej”y- e idy; . (6.35)
ZZVE(anaQ)jzl ! j=1 !

Let xon be the chi-distribution, defined by its density

2
_rZ
T2a_16 )

- Rt .36
25T (a) reRT, (6.36)

f2a(r)

where o > 0. The variables x; and y; in the Gibbs measure (6.35) are independent random variables

with scaled chi-distribution, respectively fo,(v/2B2;)v/2B8dx; and fag(v/2By;)v/28dy;.

The Lax matrix L in (6.32) becomes a random matrix when the entries are sampled according
to (6.35). Such random matrix can be linked to the so-called Laguerre a-ensemble [135]. The
connection is obtained noticing that the matrix L admits the following decomposition

N N
L =BBT, B = Z z;Ej; + Zijj+1,j7 (6.37)
j=1 j=1

where BT is the matrix transpose. On the other hand, the Laguerre a-ensemble is given by the set
of matrices Lo = Bay(Ba,y)T, where By, € Mat(N x M), M > N, and

Ba,'y = = . . ONX(M—N) ) (638)

YN—-1 IN

here O Nx(M—n) is the zero matrix of dimension N x (M — N). The variables z,, y,, are distributed
according to chi-distribution

Tp~X2a n=1...,N, (6.39)
Y
Yn~X2a n=1,...,N—1 (6.40)
Thus, the following entry wise measure on the matrices B, , can be defined,

2 2
a__q :cj

1 N N-1 2
_ 2 - . 200—1 _—-L .
25710(2)) " (201D (a) ! i

We observe that the matrix B in (6.37) has the same form of B, in (6.39), with the addition
of the corner element yx E; . Furthermore, the rescaling of the variables (z;,y;) — ﬁ(l‘j, yj) in
L

. . i V28
is a rank one perturbation of the matrix By o .
’n

B, and comparing with (6.41) we see that —= B

(6.35), amounts to the matrix rescaling B — 55
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We are interested in studying the density of states vgp for the Lax matrix L when the entries
are distributed according to the Gibbs measure ppp in (6.35). The density of states vgr is obtained
from the weak convergence in L!(R) of the empirical measure of the Lax matrix L, namely

N

1 Z N

N 6}\]' - VET, (642)
i=1

where \; are the eigenvalues of L and ¢, is the Dirac delta function centred at x.
In order to study the density of states of the Exponential Toda lattice, we recall the following
result proved in [135].

Theorem 6.2.1 (cf. [135], Theorem 1.1). Consider the matriz Lo, = Bao~Bl distributed ac-
cording to up, ., in (6.41). Then, its mean density of states vr,, . takes the form

VL(!,’Y = 804 (oz,uaﬁ(x)) dl’, €T 2 07 (6.43)
where )
1 xve ®
Paqy(T) = 5 x>0, (6.44)
MNa+ 1)l (1 +5+ a) ‘¢ (Oé7 —%;:ce‘”) ‘

here (v, w; z) is the Tricomi’s confluent hypergeometric function [5].

In view of Theorem 6.2.1 and the previous discussion we deduce.

Corollary 6.2.2. Consider the Lax matriz L = BBT in (6.37) of the exponential Toda lattice with
Hamiltonian (6.23) and endow the entries of the matriz B in (6.37) with the Gibbs measure pgr
(6.35). Then, the density of states vgr of the Lax matriz L = BBT takes the form

vET = BOa(apiay(Bx)) de, >0, (6.45)

|oc:9w:%

where the measure fio is defined in (6.44).

Proof. First, we notice that by virtue of general theory of Hermitian matrices, see [16, Theorem
A .43], we can restrict to the case yy = 0 in (6.35). As observed above, performing the change of
variables (xj,y;) — #(mj,yj), which amounts to rescale B ﬁB, one has that the matrix

V2p
entries of ﬁB are distributed as the matrix entries of B, . Applying Theorem 6.2.1 we obtain
’n

the claim. ]

Parameter Limit

In this section, we examine the low-temperature limit of the Hamiltonian system (6.23). Namely,
we want to compute the eigenvalues of the Lax matrix L in (6.30) in the limit 3, 6,7 — oo, in such
a way that B

n=np, 0=20p,

where 77 and 0 are in compact sets of R.
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Since all z; and y; are independent random variables, we just have to consider the weak limit
of the rescaled chi-distributions, respectively

Fanp(V/2B2)\/2Bdx,  fr5(\/28y)\/2Bdy .

We explicitly work out one of the cases above.
We consider a continuous and bounded function A : Ry — R and evaluate the limit

6[3 2nlogz—x )dLU

lim x) fana( (V/2B8x)\/2Bdz = hm Jo~h fo T = h(ﬁ) . (6.46)

B—)OO 0

The last identity has been obtained by applying the Laplace method (see [138]) and observing that
the minimizer of the term 27j1log(z) — 22 in the exponent of the integral is zo = \fﬁ

As a consequence, we conclude that x; — /7 and y; — \/5, j=1,...,N as 8 — oo, where
with — we denote weak convergence. The previous limit implies that the measure vgr in (6.45)
converges, in the low temperature limit, to the density of states of the matrix Lo,

m+6 \/>~ 70
AR
Lo = : _ . (6.47)

- - 0
ol /70 T+6,
Indeed, the fact that L is tridiagonal with iid entries along the diagonals, implies its k-th

moment depends on a multiple of k¥ number of variables only; specifically looking back at the Lax
matrix L in (6.32)

(in (1)) = <§ <Lk)jj> N {(BF) ) =N i) (649

for some function f(-) of its entries. Then, passing to the density of states (6.42) and renaming the
iid variables, the scaling factor IV identically cancels out and moments converge,

Jim %<tr (I9)) = (f @1, oo, ) (6.49)

N—oo

The eigenvalues being functions of moments, density of states converges as well. In particular, this
also shows that the two limit commute in taking the density of states at low temperature,

lim lim —26)\ = lim lim —25/\ = Voo s (6.50)

N—oo B—>oo [B—00 N—oco N

since the limits can be passed directly to the variables x;, y;.
The matrix Lo is a circulant matrix, so its eigenvalues can be computed explicitly [103] as

Aj=7+0+2 775(:05(277]{[), j=1,...,N. (6.51)
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Then, from the explicit expression (6.51), it follows that the density of states of L is

! de 1 cr = (Vi + Vo) (6.52)

T e ey

here 1(._,) is the indicator function of the set (c—,cy). Thus, we proved the following result.

Proposition 6.2.3. Consider the random Lax matriz L in (6.30) sampled from the Gibbs ensemble
wer (6.35) of the Exponential Toda lattice (6.29). The density of states of the matriz L in the low-
temperature limit, i.e. when 3,0,n — oo in such a way that n =npB, 6 = gﬁ, with 'ﬁ,g i compact
subsets of Ry, is the hard edge distribution given by (6.52), namely an arcsine distribution.

6.3 Volterra lattice

The Volterra lattice, also known as the discrete KdV equation, describes the motion of NV particles
on the line with equations

aj = aj (a1 —aj-1),  j=1,...,N. (6:53)

It was originally introduced by Kac and Van Moerbeke in [122] to study population evolution in a
hierarchical system of competing species. It was first solved by Kac and van Moerbeke in [10], using
a discrete version of inverse scattering due to Flaschka [83]. Equations (6.53) can be considered as
a finite-dimensional approximation of the Korteweg—de Vries equation.

The phase space is Rf and we consider periodic boundary conditions a; = a4 for all j € Z.
The Volterra lattice is a reduction of the second flow of the Toda lattice [123]. Indeed, the latter is
described by the dynamical system

aj; = a; (bjzﬂ—b?—l—ajﬂ—aj_l), j=1,...,N, (6.54)
Bj :aj(bj+1+bj)—ajfl(bj—l—bj,l), j=1,...,N, (6.55)
and equations (6.53) are recovered just by setting b; = 0. The Hamiltonian structure of the

equations follows from the one of the Toda lattice. On the phase space Riv we introduce the
Poisson bracket

{aj,ai}vort = a;ja; (05 j41 — 6 j—1) (6.56)

and the Hamiltonian H; = 3. | a; so that the equations of motion (6.53) can be written in the

j=1
Hamiltonian form

dj = {a,j, Hl}Volt . (6.57)

An elementary constant of motion for the system is Hy = vazl a; that is independent of Hj.
The Volterra lattice is a completely integrable system, and it admits several equivalent Lax
representations, see e.g. [123, 141]. The classical one reads

L1 =[A, L], (6.58)
where
N
Li=) ajBj;+Ejj,
j=1
N (6.59)

A1 =) (aj+a11)Ej;+ Ejjia,
j=1
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where we recall that the matrix £, is defined as (£, ), ;= 5};6?; and Ejn,; = Ejitn = Ej;. There

exists also a symmetric formulation due to Moser [141],

Loy = [Ag, Lo]

N
Ly =Y Va;(Ejji1+ Ej1;),
p (6.60)

N
Ay = Z Va1 (Ejjr2 — Ejraj),
j=1

which assumes that all a; > 0.
Furthermore, we point out that there exists also an antisymmetric formulation for this Lax pair,
indeed a straightforward computation yields

Proposition 6.3.1. Let a; > 0 for all j = 1,...,N. Then, the dynamical system (6.53) admits
an antisymmetric Lax matriz Ly with companion matriz As, namely the equations of motion are
equivalent to Lg = [As, L3] with

N
Ls =Y \/a;(Ej 41— Ej1), (6.61)

7j=1
N

As =) Vajaji(Ejiz; — Ejjsa). (6.62)
j=1

Gibbs Ensemble

We introduce a Gibbs ensemble for the Volterra lattice (6.53) by observing that its vector field
fj = aj(aj41 —aj—1) is divergence free, due to the periodic boundary conditions. Therefore, an
invariant measure can be obtained from (6.22). We use Hy = vazl aj, and Hy = Z;vzl a; as
constants of motion to construct the invariant measure

1 —BHy+(n—1)log H
pvolt (&) = o€ BH+(n &%0da, fB,m >0, (6.63)
VAR
where N
I
2% o) = (4] <. (6.64)

and I" (n) is the Euler Gamma function [58, §5]. We notice that according to this measure, all the
variables are independent and identically distributed (i.i.d.).

Next we want to characterize the density of states of the antisymmetric Lax L3 of the Volterra
lattice given in Proposition 6.3.1. Among the three Lax matrices of the Volterra lattice, the matrix
L3 is particularly useful since it allows to connect the Volterra Lattice with a specific a-ensemble,
namely the antisymmetric Gaussian a-ensemble. The antisymmetric Gaussian a-ensemble, see [86],
is the family of random antisymmetric tridiagonal matrices

0 2
-y1 0 Y2
Lo = , (6.65)
—YN-_2 0 YN—1
—YN-1 0
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where y; are i.i.d. random variables with chi-distribution with density
y2a—1 e—y2
NGO

Even though we use a different normalization of the chi-distribution with respect to Section 6.2, we
keep the same notation fo,(y) for the density. This distribution induces a measure on the entries
of the matrix Ly, namely

faa(y) = y €RT. (6.66)

IS e IR (yi)dy
HLa T(a)N-1 :

(6.67)

In [86] the authors studied this matrix ensemble in connection with the Antisymmetric Gaussian (-
ensemble introduced by Dumitriu and Forrester [70] in the high temperature regime, and computed
explicitly its density of states vp (), defined as

N

1 N—=00

N D imny) v (@), (6.68)
i=1

where \; are the eigenvalues of L,. Since the matrix L, is antisymmetric with real entries, its
eigenvalues are purely imaginary numbers.

Theorem 6.3.2. [86] The density of states of the random matriz Ly, in (6.65), is explicitly given
by
v, (2) = On(aby(x))dx, (6.69)

where )
Oa(z) = |[T()W_ns1/20(=y)| " . (6.70)
here Wy, ,(2) is the Whittaker function [5].

We notice that performing the change of coordinates a; = a:?, the Gibbs ensemble (6.63) reads:

N  2n—1 — N g2
. <X) B Hj:l xj?? e ﬂZ]:l T 1R+ (.Z‘J)dx (6 71)
olt - 9 .
ZNP(B,m)

which, up to a rescaling x; — x;/4/B and for the extra term xx in the probability distribution, is
exactly the distribution (6.67) of the matrix L,. Furthermore, the matrix L3 is a 2 rank pertur-
bation of the matrix L,. Therefore, by a corollary of [16, Theorem A.41] and Theorem 6.3.2, we
obtain the following.

Corollary 6.3.3. Consider the matriz Ls in (6.62) endowed with the Gibbs measure pyyy (6.63).
Then, the density of states of the matriz L3 is explicitly given by

vvoul) = v/B0y (nf(v/Ba) ) dz, (6.72)

where O, (x) is given in (6.70).
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Parameter Limit

As for the case of Exponential Toda (6.29), in this section we consider the low-temperature regime
of the Volterra lattice, namely the limit 1, 8 — oo, in such a way that n = 87, with 7 in a compact
set of Ry, and we compute the density of states of the matrix L3 (6.61) in this regime.

Applying the same techniques of Section 6.2, we conclude that the density of states of the matrix
L3 in the low-temperature limit coincides with the one of the matrix Lo, where

0 Vi ~Vi
-V 0 Vi
Leo = . (6.73)

Vi Vi 0

Since the matrix L. is circulant, we can readily compute its eigenvalues as

Aj = 2iy/7sin (277]{7) , j=1,...,N. (6.74)

From this explicit formula, it follows that the density of states of the matrix L., reads

1 1

— %\/ﬁﬂ(—Q\/ﬁ,Q\/ﬁ)(ﬂs)dx' (6.75)

Such measure coincides with the measure vy« in the low-temperature limit. Thus, we just proved
the following.

Proposition 6.3.4. Consider the Gibbs ensemble puy o of the Volterra lattice (6.63), in the low-
temperature limit, i.e. B,m — o0, in such a way that n = nB, where 1 is in a compact subset of
Ry. Then, the density of states vyyy of the Lax matrixz Lz in (6.61) converges, in this regime, to
an arcsine distribution, namely

1 1



Chapter 7

Non-Hermitian Lax systems

In this chapter we continue our pursuit in the description of Hamiltonian integrable systems with
random initial data sampled according to the associated generalized Gibbs measure. We consider:
generalizations of the Volterra lattice to short range interactions[32] , Section 7.1, the focusing
Ablowitz—Ladik lattice[2, 3], Section 7.2, and the focusing Schur flow, Section 7.3. In these cases the
corresponding random Lax matrices are not symmetric nor self-adjoint and we derive numerically
their density of states that has support in the complex plane. Interesting patterns of the density
of states emerge as we vary the parameters of the system. For all the systems under analysis we
are still able to compute the density of states in the low-temperature limit, namely in the ground
state. The background material is in Section 6.1.

7.1 Generalization of the Volterra lattice: the INB k-lattices

The Volterra lattice (6.53) can be generalized in a variety of ways. The most natural ones are two
families of lattices described in [32] (see also [31, 116, 145] ) which include short range interactions,

k k

a; = aj Zaiﬂ—Zai_j , t=1,...,N, (7.1)
j=1 J=1
k k

a; = a; Haz‘+j_H“i—j , i=1,...,N, (7:2)
j=1 j=1

where k € N, N > k, and the periodicity condition a;4y = a; holds.

These two families are called the additive Itoh—Narita—Bogoyavleskii (INB) k-lattice and the mul-
tiplicative Itoh—Narita—Bogoyavleskii (INB) k-lattice respectively. Setting k = 1, we recover from
both lattices the Volterra one (6.53). Further generalizations of the INB lattice were recently
considered in [76].

A crucial difference in the two models is that in the additive lattice (7.1) the interaction is on
arbitrary number of points, but the non-linearity is still quadratic like the original Volterra lattice
(6.53); on the other hand , the multiplicative lattice (7.2) admits non-linearity of arbitrary order.
Moreover, both families admit the KdV equation as continuum limits, see [32].

As mentioned earlier, the additive INB k-lattice is an integrable system for all k € N and i € Z,

100
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since they all admit a Lax pair formulation (6.10). For the additive INB lattice (7.1), it reads

N
Lt = Z (@itkBivki + Eijit1) , (7:3)
=1
N k
D=3 air | Bii+ Eijn s (7.4)
i=1 \j=0

we recall that we are always considering periodic boundary conditions, so for all j € Z, a;1n = a;
and F; jyn = Eiyn,; = E;j. The constants of motion obtained through this Lax pair are in
involution with respect to the Poisson bracket

k k
{aj,ai}y ) = ajai (Z UTEDY 5js,i) - (7.5)
s=1 s=1
Then, the additive INB k-lattice (7.1) can be written as
di = {ai, Hl}(+7k) 5 (76)
where the Hamiltonian function H; = Z;VZI
way, it is possible to prove that the function Hy = Hj\;l
k-lattice (7.1) as well.
Similarly, the multiplicative INB k-lattices can be endowed with a Lax Pair for all & € N,

therefore it is another example of integrable systems. Specifically, for the periodic case we presented
in equation (7.2), the Lax pair reads

a; is the same as in equation (6.57). In the same
a; is a first integral for the additive INB

az i+l T Ez+k z) , (77)

H Wity | Eiithtr - (7.8)

gt

We notice that both H; = ZN

j=1a5, and Hy = I
systems, for all k € N.

j=1a; are constants of motion for these

Remark 7.1.1. For fixed k, there exists a transformation that maps the multiplicative INB k-lattice
to the additive one. Namely, consider the system (7.2) and define the new set of variables

bi:=a; a1, t=1,...,N, (7.9)
where the indices are taken modulo N. Then, it is immediate to see that
a; = a; (bi+1 — bjvk—1), i=1,...,N, (7.10)
which in turn, due to telescopic summations, implies

k

k
D b= by |, i=1,...,N,
j=1 j=1

which is (7.1). The transformation (7.9) is invertible only when k and N are co-prime, for a more
detailed discussion see [32].
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Gibbs Ensemble

We want to introduce an invariant measure for the INB lattices ((7.1)) and (7.2). Since Hy =
H;V:l a; and Hy = Z;Vﬂ a; are constants of motion for all the INB lattices, and both systems are
divergence free, in view of (6.22) we can consider as invariant measure the same one that we used
for the Volterra lattice, namely

—BH —1)log H N  n-1_ -8 a;
pis (57, ) = phrDlefoda  ljmyay e 77t Mda B,m>0 (7.11)
Y fRN e—BH1+(n—1)log Ho g ZJI\I;IB<B777) ) ) ) .
+

where the normalization constant Z\X2(3,7) has the value given in equation (6.64).

Unlike the Lax matrix of the Volterra lattice, the Lax matrices of these generalizations lack of a
known random matrix model to compare with. For this reason, we present numerical investigations
of the density of states for these random Lax matrices for several values of the parameters k,n and
B, see Figures 7.2-7.3. We notice that, for both the additive lattice and the multiplicative one,
the density of states seems to possess a discrete rotational symmetry. In this spirit, we prove the
following

Lemma 7.1.2. Fiz £ € N. Then for N large enough
Tr <(L(+’k))£) = Tr ((L(X’k’))£> =0, (7.12)

if £ is not an integer multiple of k + 1.

Proof. We prove the statement for the additive case, the proof in the multiplicative one is analogous.

The main idea is to relate each addendum appearing in Tr ((L(J“k))e) to a specific path in the
72 plane, and prove that such a path exists if and only if £ = m(k + 1) for some m € N. In
particular, we can focus on the first element of the diagonal of (L(t:%))¢, write (L*+#))¢(1,1), since
all the other ones can be recovered shifting the indices. First, we write (L(t5))¢(1,1) as

N
LML) = S LN LN i) - LR (i, 1) (7.13)
01 yeeeylp—1=1
We notice that, due to the structure of L(t®) if LK) (1,4y) .- L+#) (4, 1 1) is not zero, then
either 1541 = is+ 1 or i541 = is — k modulo N. Now, consider paths in the 7?2 plane from the point
(0,0) to (¢,0), such that the only permitted steps are the up step (1,1) and the down step (1, —k).
Since these paths resemble the classical Dyck paths, we call them (1, %)-Dyck paths of length ¢.
Given a non-zero element of the product in (7.13), we can construct the corresponding path in the
following way. We start at (0,0), then if |i; — 1] = 1 we make an up step of height 1, otherwise we

make a down step of height &k, and so on.
For each path, let n be the number of up steps and m the number of down steps, then

m+n=4~4, n—mk=0, (7.14)
since there is a total of ¢ step, and the path has to go back to height 0. Thus, we deduce that
m(k+1) =12, (7.15)

and the claim is proven. O
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Example of (1,2)-Dyck path

Figure 7.1: Example of (1,2)-Dick path of length 12

Remark 7.1.3. The previous result implies that the only non-zero moments of the densities of
states VINB+ i, VINB,x k, provided they exist, are the ones which are an integer multiple of k + 1.

Another interesting feature of these measures is that their supports seem to be exponentially
localized to one dimensional contours. Specifically, it appears that the supports are the two hy-
potrochoids 74 ., vx k. respectively

Yig(tn, B)=e "+ %e“"’t c k(o B) = %6_“ +e* ., teo;2m). (7.16)

This feature is highlighted in Figures 7.2-7.3, where we plot the empirical density of states and
the corresponding hypotrochoid. This characteristic is important since this type of curves are also
related to the density of some cyclic digraph, see [6], and may serve as a link between these two
topics.

All these observations lead us to formulate the following conjecture

Conjecture 1. Consider the two matrices L% LK) qs in (7.3), (7.7) both endowed with the
probability distribution piyp (7.11). Then, the densities of states V}y]’\,ﬁB+ e and V}Y]’\}BB < erist, and
have a discrete rotational symmetry, namely

2 2w
Vg 6(d2) = Vi (ek+1dz) v Vhimr(d2) = Vg (ek“dz) - (7.17)

Moreover, the densities are exponentially localized in a neighbourhood of the two hypotrochoids
Y+ k(t,m, B) and vy« k(t,n, B) in (7.16) respectively.

Parameter limit

As in the previous cases, although we are not able to give an explicit formula for the density of
states of the INB lattices for general 5,7, we can characterize this measure in the low-temperature
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Figure 7.2: Eigenvalues of INB additive lattice for k = 2 (left) and k = 5 (right). N = 1000 and
6000 trials performed, in red the corresponding hypotrochoid -, j defined in equation (7.16). We
observe that the examples on the left panel correspond to the case 11 = % = % that in the limiting
case 1, f — oo gives the hard edge density of states in (7.21) where the hard edges are the cusps of
the hypotrochoid. This observation explains the very high peaks located at the cusps.

limit. Specifically, we consider the limit as 5,7 — oo in such a way that n = 18, with 7 in a
compact set of Ry, and we compute the density of states of the matrices L(T#) L) endowed
with the probability inherited from ping (7.11), in this limit.

The procedure is the same as in the case of Volterra (see Section 6.3). Indeed, following the same
line, we can conclude that the densities of states UﬁSIB’ 4+ and Vf.ISIB,x,k coincide with the densities

of £) and £ respectively, where

N N
R =N " ((Bini + Biir1), L0 =3 " (Bipri + 7Biip1) - (7.18)
=1 =1

We notice that both matrices are circulant, thus we can compute their eigenvalues explicitly as

)\§~+7k) — 6—271'1% + ﬁeZﬂ'i% 7 )\ngk) — 776—2#2% + 6271'1'% 7 (719)

here j =1,...,N. Thus, in the large N limit, we deduce that the support of the measures vjyg ik
and VﬁSIBX’k are the hypotrochoids

Yop(t, 1) = e 4 ety (47, 1) = et et e [052n), (7.20)
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INB multiplicative, 8 =10, n=5, k=2 INB multiplicative, 8 =10, n=5, k=5
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7= 88 -
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Figure 7.3: Eigenvalues of INB multiplicative lattice for £ = 2 (left) and k = 5 (right). N = 1000
and 6000 trials performed, in red the corresponding hypotrochoid ~yyx

INB multiplicative, B =10, n=5, k=5 INB additive, B=10,n=5, k=5
15
10 10
05 054
= oo0] = oo
= =
—0.5 4 —0.5 4
-1.04 -1.0 {
_15 1 T T T T T T T T
15 -1o -05 00 05 10 15 15  -1o -05 0O 05 10 15
R(A) R(A)

Figure 7.4: Eigenvalues of INB multiplicative and additive lattice for £ = 5, N = 1000 and 6000
trials performed, in red the corresponding hypotrochoid vy« , v+ &
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and the limiting eigenvalue densities are

d
Vﬁ.STB+k: ’ z‘ ’ Z€7+,k7
’ 271'\/1+772k‘2 —k(|z]2 —1—-7?) (7.21)
o |dz| '
VINBx,k — y 2 € Vx k-

21/ + k2 — k(|22 — 1 — 7?2)
We summarize these results in the following Proposition.

Proposition 7.1.4. The densities of states of the Lax matrices L{H%) and L>*) in (7.3) and (7.7)
endowed with the Gibbs measure pvp in (7.11), in the low temperature limit, i.e. when n, f — oo,
in such a way that n = 1B, with 1 in a compact set of Ry, are given respectively by viyg, ; and
Vs i (7.21).

Remark 7.1.5. When the parameters satisfy the relation nk < 1, the curve vy4 x(t,1,1) is not
self-intersecting, while for Nk > 1 the curve is self-intersecting. For nk = 1 it has cusp singularities
[60]. The limiting shape of the support as 7 — 0 is a circle.

The same considerations are true for the curve vy (t,n) upon substitution n — 1/5. We also
observe that the density of states ViNp, 1. ( Vinpyy) i equation (7.21) is a hard-edge distribution

forn = % (1 = k) and the hard edges correspond to the cusps of the curve vy (¢, 1) (vxk(t,7)).

7.2 The focusing Ablowitz-Ladik lattice
The focusing Ablowitz-Ladik lattice is the following system of spatial discrete differential equations
1a; + ajy1 +aj—1 — 2a; + |aj|2(aj_1 + aj+1) =0, (7.22)

where a; € C,j7 = 1,...,N, N > 3, and we consider periodic boundary conditions aj;n = a;
for all j € Z. This equation was introduced by Ablowitz and Ladik [2, 3], by searching integrable
spatial discretization of the cubic non-linear Schrédinger Equation (NLS) for the complex function
P(z,t), r €R, t e R

i0p(x,t) + O24p(x, 1) + 2|¢(z, t)|*Y(2,t) = 0, (7.23)

In contrast with what happens in the defocusing case, the particles (a1, ...,an) are free to explore
the whole C"V, which is the phase space of the system.
On the space C*°(C") we consider the Poisson bracket [74, 8]

al af dg  Of dg
— 2 _ oo (N
{f,9} = z;:l p? <aaj da; " Ba a@j) . frgeceh). (7.24)

We notice that the phase shift aj(t) — e ?"a;(t) transforms the AL lattice (7.22) into the

equation
aj =ip5(ajin+aj1), pj=/1+]a;? (7.25)

which we call the reduced AL equation. We remark that the quantity Hy = 21n (vazl p?) is the

generator of the shift a;(t) — e=?"*a;(t), while H; = —K1) — K1) with

N
KW= "aa, (7.26)
j=1
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generates the flow (7.25). Therefore, we can rewrite the AL equation as
aj ={aj,Har}, Har=Ho+ H;. (7.27)

Moreover, it is straightforward to verify that {Ho, H1} = 0. The Poisson bracket induces the

symplectic form
-1 _ ;
w=1 g ﬁdaj/\daj, pi =1/1+1a;|?, (7.28)

j=1"J

that is invariant under the evolution generated by the Hamiltonians Hy and H;. Therefore, the
volume form

W =wA- A w,
is also invariant. In view of these properties, we can define the Gibbs ensemble for the focusing
Ablowitz-Ladik lattice on the phase space CV as

N
1 By —B-1 12
WAL = e2Ho )N 1+ |a,; | d“a, >0, (7.29)
Zjé,L(,B) ZAL 1;[ J
where a = (a1, ...,ay), d?a = Hﬁvzl(idaj Ada;) and Z{F(B) is the normalization constant of the

system. We notice that according to this measure, all the variables are i.i.d.

Remark 7.2.1. The measure with density exp(—BHar) and B > 0 is not bounded nor normalizable
on the whole phase space. For this reason, we have defined the Gibbs ensemble as in (7.29).
Furthemore, we observe that the measure (7.29) has a finite number of moments, which implies
that the corresponding density of states of the Lax matriz (see below), if it exists, would have a
finite number of moments.

The focusing AL lattice is a complete integrable system. Indeed it admits a Lax representation,
first obtained by Ablowitz and Ladik from the discretization of the Zakharov-Shabat Lax pair for the
focusing non-linear Schrodinger equation [168]. Gesztesy, Holden, Michor, and Teschl [89] found a
different Lax pair for the infinite case of focusing AL lattice, and for its general hierarchy. To adapt
their construction, we double the size of the lattice according to the periodic boundary conditions,
thus we consider a chain of 2V particles a1, ...,asn such that a; = a;4ny for j =1,..., N. Define
the 2 x 2 matrix Z;

= _ (74 Py C
== 2 ), 3=1,...,2N, 7.30
’ < pj —%') (7.30)
and the 2N x 2N matrices
—a2N P2N
EQ El
54 E'3
M = ) , L= ) . (7.31)
ZoN-—2 ZoN-1
P2N —a2N

Now let us define the Lax matrix

£=LM, (7.32)
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that has the structure of a 5-band diagonal matrix

EOE N
* X X X

* X X K
* X X X
* X X K

The N-periodic equation (7.25) is equivalent to the following Lax equation for the matrix &,
E=[A4€], (7.33)
where

A= %(& g —gt e, (7.34)

where the two projections M., M_ are defined for a 2N x 2N matrix as

Mg,j, £<]§€+N Mgd’, ]<£§]+N
My=dMy;, £>j+N , M_o={My;, j>{+N . (7.35)
0 otherwise 0 otherwise

We notice that the Lax matrix £ has a similar structure to the one of the defocusing AL lattice
obtained by Nenciu, and Simon [146, 155]. The crucial difference is that while for the defocusing
AL lattice the blocks E; are unitary matrices, for the focusing lattice this is not the case since
EjE;[ 75 IQ where Iz = (é (1)

The measure p47, induces a probability distribution on the entries of the matrix £, thus it
becomes a random matrix. As in the previous cases, one would like to connect the density of states
for this random matrix to the density of states of some -ensemble in the high temperature regime,
but, as in the case of the INB lattices, we lack of a matrix representation of some -ensemble with
eigenvalues supported on the plane.

We make the following observations. The matrix =; (7.30) is complex symmetric, and it can be
factorized in the form

) and T stands for hermitian conjugate.

0

| Uj
~ta(laj| + V1 + la; %)

a;
z; = U, [ losl (las v/ 4105 (7.36)

0
a; L
where the matrices U; = (ﬁllaj | \/3—] > are unitary, U j_l =U JT . Thus defining the matrices
V2o V2
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___GaN 1
V2]azn| V2
U2 Ul
. Uy ~ Us
M= , L= , (7.37)
Uan 2 Uan—1
1 a2N
V2 \/§|G2N\
we can rewrite the Lax matrix € (7.32) as
&= Z:/AoddEJ-/K/TAeven/(/tv7 (738)
here, defining ¢; := 4 the matrices A d Aeven iven b
where, defining c; o (\aj|+ \/W) , the matrices Agqq and Aeven are given by
. 1 1 1
Aodd:dlag <01,—c,Cg,—c,...,CQN_l,—c >
1 3 2N—1 (7.39)
) 1 1
Aeven = diag | ——,co,——,...,con | -
CoN C2

Since we are interested in the distribution of the eigenvalues of £, it follows from the factorization
(7.38) that we can also consider the matrix Ayqq€AevenlT, where & = LM. The eigenvalues of
Aeven,AQVdd come in pairs, such that if X is an eigenvalue, then also —A~! is an eigenvalue. The
matrix £ is a periodic CMV matrix [44], thus its eigenvalues are on the unit circle.

Thus, we are in a similar setting considered in [105, 162, 163]. Indeed in [162] the authors
derived the eigenvalues distribution of Uv/D where U is a Haar distributed unitary matrix and
D is a fixed diagonal matrix with positive eigenvalues. They show that the density of states is
rotational invariant and it is supported on a single ring whose radii r; < 7o satisfy the constraint
Amin < 11 < 12 < dmaz, Where dpin and dpq, are the minimum and maximum eigenvalues of D. In
[105], the authors considered a similar problem, namely the characterization of the density of states
for a matrix of the form UTV, where U,V are independent unitary matrices Haar distributed, and
T is a real diagonal matrix independent of U, V. They proved, under some mild conditions, that
the density of states of the matrix UTV is radially symmetric and it is supported on a ring.

It is therefore reasonable to expect that the density of states of the random Lax matrix of the
Ablowitz-Ladik lattice is rotational invariant, but with unbounded support, indeed the eigenvalues
of Aeven, Aoad could grow to infinity.

To confirm our expectations, we perform several numerical investigations of the eigenvalues of
the random Lax matrix of the Ablowitz-Ladik lattice for various values of 5 (see Figures 7.5-7.6).
In Figure 7.5 the eigenvalue density is shown. As expected, the density seems to be rotational
invariant, and concentrated on a ring, exactly as in [105, 162, 163]. For this reason, we investigate
the behaviour of the modulus of the eigenvalues, see Figure 7.6. They seem to be concentrated in a
small region, but, in view of Remark 7.2.1, we expect that the tails should decay just polynomially
fast.

Parameter Limit

Despite not being able to explicitly compute the density of states for general values of 5, we can
perform such an analysis in the low-temperature limit, namely when 5 — oco.
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Ablowitz-Ladik , 8 =5, n=2000 20

Ablowitz-Ladik , 8. =10, n =2000 20

Ablowitz-Laddik , 8 =20, n=2000
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Figure 7.5: Empirical densities for the focusing Ablowitz-Ladik lattice for 5 = 5,10, 20, 10000 trials

per picture .
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Ablowitz-Ladik , B =5.0, n=2000 Ablowitz-Ladik , # = 10.0, n = 2000

1 2 3 4 5 ) 1 z 3 3

Ablowitz-Laddik , B = 20.0, n= 2000

0 025 050 075 100 125 150 175 200
1]

Figure 7.6: Empirical density for the eigenvalues’ modulus for the focusing Ablowitz-Ladik lattice
for 8 = 5,10,20, 10000 trials per picture.

We notice that, according to (7.29), all the a; are independent. Hence, in order to obtain the
density of states in the low-temperature limit, we have to compute the weak limit of the density

1+ |2|2) =P~ 1dz
B = f]D)(l + |Z|2)7671dz .

Proceeding as in the previous cases, it follows that the following limit holds for all bounded and
continuous f : D — R:

(7.40)

im [ s = £0) (7.41)

B—o0

The previous limit implies that the density of states of the Ablowitz-Ladik lattice in the low
temperature limit is equal to the one of E= E./\/l where L' M are 2N x 2N matrices

0 1

(1R
[1RR

(1R
(1R

M= | . L= | , (7.42)

[
[

and = is defined as the unitary matrix

[

_ <‘1) é) . (7.43)
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To compute the density of states for the matrix £, we notice that both M , and L are permutation
matrices. Specifically, we identify them with the following permutations

M s (2N,1)(2,3)(4,5) ... (2N — 2,2N — 1),

. (7.44)
L+ (1,2)(3,4)(5,6)... (2N — 1,2N).

As a consequence, the matrix £ itself corresponds to the permutation
£+ (1,3,5,...,2N —1)(2,4,6,...,2N) . (7.45)

This implies that the eigenvalues of € are all double, and given by

g

A=V j=1,...,2N.
From this explicit expression of the eigenvalues, it is straightforward to prove that

de
VAL =5, 0 €[0,2m). (7.46)

Thus, we have proved the following

Proposition 7.2.2. Consider the Gibbs ensemble par, (7.29) of the focusing Ablowitz-Ladik lattice
in the low-temperature limit, i.e. B — oo. Then, the density of states vay, of the Lax matrix £
(7.32) is given by

6
== 7). 4
vap =5, 0¢€[0,2m) (7.47)

7.3 Schur flow

The focusing Schur flow, also known as discrete mKdV, is an integrable system deeply related to
the Ablowitz-Ladik lattice. Its equations of motion are

aj = p?(aj—&-l —aj-1),  pj=/1+]a?, (7.48)

here we consider periodic boundary conditions, a; = aj;n for all j € Z. Notice that if a;(0) € R
for all j =1,..., N, then a;(t) € R for all times, implying that RY is an invariant subspace for the
dynamics.

Recalling the definition (7.26) for K(1) = ZN

j=1@;@j41 and introducing the Poisson bracket

ol af dg  Of dyg
— 2( 2 29  ZJ I 0o N
{f,9}=>_p} <aaj Da; ~ Ba; (%]) . f,gec>e(ch), (7.49)

we can rewrite the equations of motion (7.48) as

aj = {aj,Hs}, Hs=KY - KO (7.50)
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Notice that the quantity Hy = —21n (vazl p?) is a global first integral for the system. More-

over, one can deduce immediately from the equations of motion that RY is invariant for the dy-
namics. Thus, in view of the Hamiltonian representation and this invariance, we define the Gibbs
measure for the Schur flow as

N
1 —B—
ps = —g— [ (1+a) " da, o €R, (7.51)
where Z3(f) is the normalization constant of the system,

N
_ /R JIa+a) . (7.52)
j=1

Remark 7.3.1. Similarly to the focusing AL case, the classical Gibbs ensemble is not well-defined
on the whole phase space. Indeed, the measure with density e Ps, B > 0 cannot be normalized on
RV,

The Schur flow is a completely integrable system since it admits a Lax formulation. Namely,
define the 2 x 2 matrix E;

==Y P i=1,....2N 7.53
J <,0j —(lj>’ J ) 5 5 ( )

and, similarly to the Ablowitz-Ladik case, the 2N x 2N matrices

—Aa2N P2N

[1]
N

[11
w

M = _ . L= . . (7.54)

Hon—2 Hon-1
P2N —Qa2N

and as in (7.32) the Lax matrix

E=LM. (7.55)
Then, the N-periodic equation (7.48) is equivalent to the following Lax equation for the matrix &:
=[A. €], (7.56)

where 1
A=g (& + Elt-e. -7, (7.57)

where the two projection +, — are defined in (7.35).

Carrying on with the approach of this article, we study the density of states vg for the matrix
& when the entries are distributed according to the measure (7.51). First, we notice that Remark
7.2.1 is valid also in the case of the focusing Schur flow. Moreover, since the variables a; are real,
we can factorize the matrices Z; in the following way:

1 1
=; = Updiag 1+ a2 0, Uyp=— <1 ) , (7.58)

1/l—i-a —a;
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where we note that Uy 1 = Uy, so that the above is a similarity transformation. Thus, defining

_ 1 1
V2 V2
U() UO
— Uo ~ Uo
M = ) , L= ) , (7.59)
Uo UO
1 1
V2 V2
we can rewrite the Lax matrix of the Schur flow £ as

& = LAgqa LM AeyenM , (7.60)

where

1
o = ding (T~ - T
¢ ! 1+a%—a1 3
_ 1 2 _ 2
A/ 1+a3—az,...,\/1+a5y —asn
Ul—i—a%N—agN

As in the case of the Ablowitz-Ladik lattice, since we are interested in just the distribution of the
eigenvalues of £, we can consider the matrix Aogq€AevenT, Where

Aeven = diag

E=LM. (7.62)

As in the AL case, the eigenvalues of Acven, Aogd come in pairs, such that if A is an eigenvalue,
then also —A~! is an eigenvalue. The main difference with the case of the focusing AL lattice is
that in this case the matrix £ is deterministic. Thus, one can be led to think that the eigenvalue
distribution of the Schur flow would be similar to the one of the AL lattice, but it is not the case.
Indeed, we perform several numerical investigations, reported in Figure 7.7, which shows that the
behaviour of the eigenvalues is different in the two situations.

We notice that a consistent part of the eigenvalues tend to stay close to the real axis, see Figure
7.7. This behaviour is also typical of the orthogonal Ginibre ensemble [72]. The main reason is
that the eigenvalues of £ are not evenly spaced on the unit circle, but they are constrained to the
left semicircle, and are more dense nearby +i (see Figure 7.8). Indeed we can give an accurate
description of the spectrum of this matrix.

More precisely, we have the following.

Proposition 7.3.2. Let & be the 2N x 2N matriz defined in (7.62). Its eigenvalues are the solutions
of the quadratic equations

1 o]
)\+)\+1:cos<;\?>, j=01,...,N -1, (7.63)

counting the multiplicity.
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Figure 7.7: Schur flow eigenvalue density for 8 = 5, 10,20, 10000 trials.

Proof. Recall that the matrix & is defined as & = LM where £ and M are as in (7.59). It is a
block circulant matrix, indeed we can write

Ey F E_,
E, Ey, F
<1 L
E==2 IS 7.64
5 : (7.64)
.. ., El
By E., E,

with

Ey = <_i 11) , E.,= <8 D ,  Ei= (11 8). (7.65)

One can immediately check that A = 4 are eigenvalues for & with eigenvectors

V44 = (:FZ71,:FZ,1, . .,:Fi, 1)T (766)

We now claim that, for fixed N, the remaining eigenvalues have multiplicity 2 and are the (N — 1)
solutions to Q (\)" = I, where we defined

) W |
Q) = (_A L mim) . (7.67)
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Such solutions are obtained by solving the equation

1 2my N
/\—|—>\—|—1—cos<;\rfj> forj—O,...,LzJ. (7.68)
For j = 0 the solutions to (7.68) are +i which we already treated separately. Indeed  (£7) is not
diagonalizable and €2 (ii)N # I for every N greater than 0. For any other j € {1,..., L%J }, the
solutions to (7.68) are

cos (%) _1 \/3 + 2 cos (%) — cos? (%)
A2 = : + 5 . (7.69)

Since both the real and imaginary part are monotone functions of j, different j’s will correspond to
different solutions. Hence, if N is odd, we will have a total of N — 1 solutions coming from (7.69);
if N is even one has N — 2 distinct solutions coming from the equation in (7.68) plus the double
solution A = —1 obtained for j = N/2.

For a given eigenvalue A, the corresponding independent eigenvectors are

o= (LR, (1,02 W, 1,0)", (7.70)
o= (0,020, 0.1D2MY 0, 1)T . (7.71)
Let us check the correctness of the claim. Write & vy = (wq,...,wy)T, where w; are two-dimensional
row vectors, then using the fact that €2 ()\)N = I, one can compute for any k=1,..., N,
;1 1 v (1
wf =3 (E_l QN+ B+ B Q (/\)) aN*(, (7.72)

(G )+ (@ L)+ ) e ) am
=X-Q\)* (é) (7.74)

which shows that vy is an eigenvector with eigenvalue A. The same proof clearly applies to the
other eigenvector wvo. O

Remark 7.3.3. From equation (7.63) we can infer the limiting distributions of the eigenvalues of

E. We already know all of its eigenvalues lie in the unit circle, hence we can write A = ' for some
¢ € [-m,m). Equation (7.63) thus becomes

. . 21g 1 2myj 1
e¥+e Y4+ 1=cos (;\Tf]) & (@ = arccos <2 cos <;\Tf‘7> - 2) . (7.75)

Passing to the limit N — oo, by standard methods, we can compute the limiting density of the
argument ¢ of the eigenvalues as

sin ¢ dg

7r\/1 — (14 2cos¢)?

p(p)de = (Jl[g,ﬂ(w) - ]l[—m—ﬂ](#’)) (7.76)

This behaviour is shown in Figure 7.8.
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Figure 7.8: Distribution of the eigenvalues arguments for the € (7.62), N = 5000.

Parameter Limit

Since the Lax matrix £ for the Schur flow coincides with the one of the AL lattice, cf. equations
(7.32) and (7.55), the parameter limit analysis coincides with the one performed at the end of
Section 7.2. In particular, as in the case of the AL lattice, for large 3 the eigenvalues tend to
accumulate on the unit circle, see Figure 7.7. In a completely similar way as done for the focusing
AL lattice we conclude that the density of states of the random Lax matrix £ with probability
distribution entries given by the Gibbs measure ug in (7.51), converges in the limit  — oo to the
uniform measure on the unit circle, analogously to (7.46).
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Numerical Tables

A.1 Tables of some weighted strictly monotone double Hurwitz
numbers

We display below tables for the multiparametric Hurwitz numbers

z
Hy (p;8) = ﬁ > by (). (A1)
i v of length s

To obtain them, we first use Theorem 3.2.5 to compute the correlator (tr X#), hence we expand
in series and following Theorem 4.2.2 we extract the corresponding coefficients in the variable IV,
keeping track of the genus, and in ¢, keeping track of s = ¢(nu).

p=3,1) | g=0]g=1 u=1(3,2) | g=0|g=1 p=(3,3) | g=0]g=1]g=2
s=1 3 3 s=1 6 18 s = 9 75 36
s=2 9 0 s=2 30 18 s=2 72 198 0
s=3 3 0 s=3 30 0 s = 138 75 0
s=4 6 0 s=4 72 0 0
s=5 9 0 0
p=044) | g=0]g=1]g=2]g=3 p=10(63) | g=0]g=1|g=2]|g=3
s = 16 616 | 3304 | 1104 s = 18 | 1428 | 16002 | 22872
s=2 264 | 4636 | 8132 0 s=2 414 | 15120 | 70938 | 22872
s=3 1200 | 8496 | 3304 0 s=3 2598 | 43680 | 70938 | 0
s=4 1940 | 4636 0 0 s=4 6210 | 43680 | 16002 0
s=5 1200 | 616 0 0 s=5 6210 | 15120 | 0 0
s=6 264 0 0 0 s = 2598 | 1428 0 0
s=7 16 0 0 0 s=7 414 0 0 0
s = 18 0 0 0
p=211)]g=0] [p=(2,21) |g=0|g=1 p=1(222) | g=0]g=1
s=1 6 s = 16 8 s=1 40 80
=2 6 =2 40 0 s=2 176 80
=3 16 0 s=3 176 0
s=4 40 0
w=(4,3,2,1) | g=0 g=1 g=2 | g=3 nw=1(2,2,2,2) | g=0|g=1]|g=2
s=1 1728 | 54432 | 235872 | 70848 s=1 672 | 3360 | 1008
s =2 26136 | 379512 | 570672 0 s=2 4464 | 8016 0
s=3 111024 | 680832 | 235872 0 s=3 7872 | 3360 0
s=4 175824 | 379512 0 0 s=4 4464 0 0
s=5 111024 | 54432 0 0 s=5 672 0 0
s=6 26136 0 0 0
s=7 1728 0 0 0




APPENDIX A. NUMERICAL TABLES

119

w=(4,4,4) g=20 g=1 g=2 g=3 g=4
s=1 704 89760 2631552 | 18161440 | 19033344
s=2 21312 1568640 | 24587904 | 75241920 | 19033344
s=3 204480 8507520 | 66562944 | 75241920 0
s=4 843648 18934080 | 66562944 | 18161440 0
s=5 1673856 | 18934080 | 24587904 0 0
s=6 1673856 | 8507520 | 2631552 0 0
s=17 843648 1568640 0 0 0
s=8 204480 89760 0 0 0
s=9 21312 0 0 0 0
s=10 704 0 0 0 0
w=(5,4,4,2) g=0 g=1 g=2 g=3 g=4 g=>5
s=1 29120 7047040 444924480 8434666240 42317475200 | 35974149120
s=2 1212800 180513600 6829912320 | 71893480000 | 168041817600 | 35974149120
s=3 16616960 1529449920 | 33913376640 | 186374568640 | 168041817600 0
s=4 103248000 | 5796138240 | 72317482560 | 186374568640 | 42317475200 0
s=5 331189440 | 11030467200 | 72317482560 | 71893480000 0 0
s=6 584935680 | 11030467200 | 33913376640 | 8434666240 0 0
s=17 584935680 | 5796138240 | 6829912320 0 0 0
s=28 331189440 | 1529449920 444924480 0 0 0
s=9 103248000 180513600 0 0 0 0
s=10 16616960 7047040 0 0 0 0
s=11 1212800 0 0 0 0 0
s=12 29120 0 0 0 0 0
w=1(2,2,21,1) | g=0 | g= w=(3,3,2,2,2) g=20 g=1 g=2 g=3
s=1 1680 | 3360 s=1 71280 2661120 | 18461520 | 18722880
s=2 7392 | 3360 s=2 1206144 | 23973840 | 75182256 | 18722880
s=3 7392 0 s=3 6314976 | 63697968 | 75182256 0
s=4 1680 0 s=4 13791600 | 63697968 | 18461520 0
s=5 13791600 | 23973840 0 0
s=6 6314976 2661120 0 0
s=17 1206144 0 0 0
s=28 71280 0 0 0

A.2 Tables of some weighted weakly monotone double Hurwitz
numbers

We display below tables for the multiparametric Hurwitz numbers

>

v of length s

Hy (13 5) : hy (15 v). (A.2)

!

The computation are performed as explained in the previous section. Notice that, in general,
ng(,u; s) # 0 for every s < |u| and g > 0. We calculate ng(u; s) for the first few values of g.

p=0B1) | g=0]g=1]g=2 p=032) | g=0]g=1]g=2 p=(3,3)[g=0]g=1] g=2
s=1 3 45 483 s=1 6 168 | 3402 5= 9 162 16443
5 =2 18 255 | 2688 5 =2 54 | 1464 | 29058 5 =2 117 | 5742 | 197559
s=3 30 420 | 4410 s=3 156 | 4176 | 82212 s=3 516 | 24660 | 833472
s=4 15 210 | 2205 s=4 180 | 4800 | 94260 s=4 1008 | 47580 | 1594836
s=5 72 | 1920 | 37704 s=5 900 | 42300 | 1413720
s=6 300 | 14100 | 471240
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p=(1,1,1) | g=0]g=1]|g=2|g=3|g= p=(3,21) | g=0] g=1 | g=2 g=3
=1 4 20 84 340 1364 s=1 42 2268 81774 2498496
= 12 60 252 1020 | 4092 s=2 558 28248 982326 29405736
3 8 40 168 680 2728 s=3 2472 | 121320 | 4143024 | 122714160
s=4 4836 | 234060 | 7926312 | 233606280
s=05 4320 | 208080 | 7025760 | 206699040
s=6 1440 69360 | 2341920 | 68899680
p=(532)] g=0 g=1 g=2 g=3 g=4 g=5
s = 330 98670 17117100 2288397540 262779844470 27370788935490
s=2 11790 3139530 508126980 64989626220 7244914364850 739256601861510
s=3 151140 37555800 5814501240 722008428240 78865374260700 7932095991173640
s=4 973200 231506100 34809669720 4236585517200 456285210221400 45429895491347220
s=5 3600180 832748640 | 122812524600 | 14745786668160 | 1572851081541420 | 155505293985110400
s=26 8126700 | 1846504080 | 268910866680 | 31999520486160 | 3391243294051140 | 333707416656660000
s=17 11380320 | 2557716000 | 369587047200 | 43733298023520 | 4615886297332800 | 452853891923025600
s=38 9649080 | 2155587000 | 310123401000 | 36581098895880 | 3852087017209200 | 377274782175656400
s=9 4536000 | 1010772000 | 145151092800 | 17098516260000 | 1798743628584000 | 176040872796600000
s =10 907200 202154400 29030218560 3419703252000 359748725716800 35208174559320000
pn=(1,1,1,1) | g=0|g=1|g=2| g=3 g=4 g=>5
30 420 4410 42240 390390 3554460
=2 174 2364 | 24498 | 233328 | 2151222 | 19565892
=3 288 3888 | 40176 | 382176 | 3521664 | 32022864
4 144 1944 | 20088 | 191088 | 1760832 | 16011432
w=1(2,2,1,1) | g=0 g=1 g=2 g=3 g=4 g=>5
s=1 224 11760 417648 12652640 353825472 9465041040
s=2 2936 145560 5001792 148676240 4111488168 | 109250057640
s=3 12912 | 623088 | 21061152 | 619916064 | 17042443920 | 451231651728
s=4 25176 | 1200264 | 40262736 | 1179630192 | 32339018280 | 854769872184
s=25 22464 | 1066464 | 35678592 | 1043606592 | 28581355584 | 754984855584
s=06 7488 355488 | 11892864 | 347868864 9527118528 | 251661618528
w=(3,2,2,1) g=0 g=1 g=2 g=3 g=4 g=>5
s=1 1080 142560 11891880 808030080 49030839000 2777130588960
s=2 24408 2975688 236613384 15604156944 928759785048 51934912866648
s=3 195696 22833936 1764985248 114273524448 6718979907216 372620872120176
s=4 764208 86946408 6607836864 423012867984 | 24682857466608 | 1361716707058488
s=5 1622160 | 181944000 | 13692581280 | 870735528000 | 50576815946160 | 2781487931040000
s=26 1911600 | 212829120 | 15934474080 | 1009718844480 | 58506896866320 | 3212163320083200
s=17 1175040 | 130440960 | 9745954560 616691715840 | 35698249900800 | 1958572008345600
s=38 293760 32610240 2436488640 154172928960 8924562475200 489643002086400
w=(3,3,3,3) g=20 g=1 g=2 g=3 g=4
s=1 14742 6781320 1863064476 397980044280 73027276324002
s = 684774 286543656 73938326364 15124478632344 2690423275640562
s=3 11927088 4700315952 1162209509712 230530176869328 40089332784598560
s=4 108506304 41049414576 9847619855856 1910059732782864 326635075616752080
s=25 591049872 217264375440 50997568912848 9730568084094000 1643434518194147520
s=6 2065978224 | 744104821680 | 171941934622896 | 32417467690208400 5425295582074933440
s=17 4798180800 | 1703613513600 | 389301061256640 | 72772493528332800 | 12099023079466665600
s=38 7485955200 | 2632114958400 | 596891523260160 | 110918372096491200 | 18356651181359395200
s=9 7754940000 | 2709582840000 | 611410862412000 | 113177279163888000 | 18674140608815688000
s =10 5114988000 | 1780691688000 | 400648862930400 | 73995902520393600 | 12187705122917006400
s=11 1944000000 | 675695520000 | 151836376608000 | 28014789102336000 4610660182447564800
s=12 324000000 112615920000 25306062768000 4669131517056000 768443363741260800
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