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ABSTRACT

A central theme of this thesis is random matrix theory and its connection to log-correlated fields.
We present results on the statistical properties of characteristic polynomials of matrices from one of the
three ‘classical’ compact matrix groups: unitary, U(N); symplectic Sp(2N); or orthogonal O(2N) (in
particular SO(2N) C O(2N)). Take A € G(N), amatrix from G(N) € {U(N), Sp(2N), SO(2N)}, then
denote by Py (A,0) = det(I — Aexp(—if)) its characteristic polynomial. The logarithm of |Py (A4, 9)|
displays logarithmic correlations. We focus too on connections; random matrix theory and its influence
on number theory, probability, statistical physics, and combinatorics.

Our main results concern the study of moments of moments of characteristic polynomials. We give
kth moment, defined with respect to the matrix group average, of the random variable corresponding
to the 28th moment of Py(A,#) with respect to the uniform measure %, for all k,8 € N. We show
that these moments of moments are polynomials in N and give the respective degrees in each unitary,
symplectic, and orthogonal case.

For unitary matrices, this resolves a conjecture of Fyodorov and Keating 82| regarding the scaling
of the moments with N as N — oo, for k, 8 € N. In the symplectic and orthogonal cases, we show that
the leading order differs from the unitary case. Unifying all the moments of moments is the underlying
integrable system. We here emphasise a connection with representation theory, giving a formulation
of the moments in each case in terms of combinatorial counts. Additionally, we develop a branching
model of the moments of moments and demonstrate that the Fyodorov and Keating conjecture extends
to this setting.

We also analyse mixed moments of unitary characteristic polynomials asymptotically, and relate
the solution to a particular Painlevé differential equation. Additionally, the asymptotic behaviour
of moments of logarithmic derivatives of unitary characteristic polynomials near the unit circle are
determined.
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Notation

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

GL(N,F)

A

AT

|

A*

flx) ~g(x) asx — oo

General linear group of matrices of size N x N with entries in
the field F

Matrix A = (a;;)

Transpose of A

Complex conjugate of A

Matrix adjoint; A* = AT = (aj;)

N x N identity matrix, written I when the dimension is clear

from context

The N x N Vandermonde determinant

There exists some positive constant ¢ such that for all large

enough z, |f(z)] < clg(z)]. If we write Oq g(g(x)) then we

mean that the constant ¢ depends on «a, 8

f(x)
)

a@| =0

Provided lim,_, o ’

Provided there exists some positive constant ¢ such that

limsup,,_, ‘ggg

Provided lim,_, o ﬁ(m) =1



Chapter 1

Introduction

1.1 Background

The study of random matrices is expansive. From modelling buses in Mexico (see Krbalek and Seba [118]
and Baik et al. [12]) to quantum systems (see for example Wigner [158,[159]), random matrix theory
is applicable to a broad range of mathematics. For this reason, it is prudent to direct our gaze here to
the necessary players.

The original results covered in chapters [3| [} [6] and [7] as well as the computations featuring in chap-
ter [5| all, naturally, concern random matrices. In particular, we study various moments of characteristic
polynomials. However, the motivation for the problems presented, and the proof techniques used to
resolve them, have a much broader ancestry.

Thus, this section is devoted to covering the groundwork necessary in order to present our results
fully. In section we focus on the elements of random matrix theory that we will require: namely
the classical compact groups and their characteristic polynomials. Section [I.1.2)introduces the relevant
number theoretic functions to which (perhaps initially surprisingly) our results are connected. The topic
of extremal value theory is presented in section since our work is related to various conjectures
of Fyodorov and Keating [81,/82] on extreme values of characteristic polynomials. Since the logarithm
of the real part of the characteristic polynomial of a unitary matrix displays logarithmic correlations,
section outlines the foundations of log-correlated fields. Additionally, suitably renormalized, the
characteristic polynomial of a unitary matrix converges to the Gaussian multiplicative chaos measure;
therefore we introduce the theory in section[I.1.5] Finally, in section[I.1.6] we cover symmetric function
theory. It transpires that moments of characteristic polynomials can be rephrased in terms of symmetric

functions, and we will regularly exploit such a connection.

1.1.1 Random matrix theory

Within this thesis we will be concerned with the study of matrices from the classical compact matrix
groups, namely unitary, symplectic, and orthogonal. The canonical example will always be unitary
matrices, with symplectic and orthogonal matrices being unitary matrices with further restrictions.

For a more general account of these topics, and many more, see |1/124].

Definition 1.1.1 (Unitary Group). Denoted by U(N), the unitary group of N x N matrices is
U(N):={A € GL(N,C): A*A = AA* = I}.

Recall that we write A* = AT for the conjugate transpose of a matrix A. A key property of unitary



matrices (in fact any of the matrices considered henceforth), is that their eigenvalues lie on the unit
circle in the complex plane, see figure The remaining two matrix groups that we require are the

following.

Definition 1.1.2 (Symplectic Group). Denoted by Sp(2N), the (unitary) symplectic gmuzﬂ of 2N x2N
matrices s
Sp(2N) == {A € U(2N) : AQAT = Q},

(0 Iy
Q= <—IN 0). (1.1.1)

The eigenvalues of symplectic matrices come in complex conjugate pairs.

where € is the block matrixz

Definition 1.1.3 (Orthogonal Group). Denoted by O(N), the orthogonal group of N x N matrices is
O(N) = {A € GL(N,R) : AAT = ATA=T}.

The special orthogonal group, SO(N) is the subgroup of orthogonal matrices with determinant +1.
When we specialise to even dimensional special orthogonal matrices, the eigenvalues come in complex

conjugate pairs, and we will commonly write
SO(2N) :={A € O(2N) : det(A) = +1}

for the group of such matrices.

(a) Unitary. (b) Symplectic. (c) Special Orthogonal.

Figure 1.1: Comparing the eigenvalues of random 50 x 50 unitary (|L.1a)), symplectic (1.1b)), and special
orthogonal ([I.1c) matrices.

Let A € G(N) be a matrix from one of groups G(N) € {U(N), Sp(2N), SO(2N)}. We write for its
characteristic polynomial
Po(vy (A, 0) = det(I — Ae™™), (1.1.2)

Since A will have its eigenvalues on the unit circle, we write the polynomial variable as e~* and
consider real 6. Furthermore, if A € Sp(2N) or A € SO(2N) then, whilst the matrix size is 2NV, the
eigenvalues of A come in N complex conjugate pairs, hence the subscript N rather than 2IN. Whenever

we focus on one particular compact group then for notational simplicity we will often, temporarily, write

PN = PG(N)~
Recall that a matrix A from any of the classical compact groups G(N) € {U(N), Sp(2N),O(N)}
will have its eigenvalues on the unit circle. For G(N) = U(N), we may express them as 1, ... e~

1Sometimes written in the literature as USp(2N).



with 6; € [0,27). However, for G(N) € {Sp(2N), SO(2N)}, one has to take in to account additional
symmetries. For example, take S € Sp(2N). Its eigenvalues come in conjugate pairs et - etifn

for 6; € [0, 7). Thus its characteristic polynomial factors as

N
Pspan)(S,0) = det(I — Se™™) = H(l —eWiem0)(1 — e i), (1.1.3)

j=1

Similar notation is used, for example, for O € SO(2N).

The benefit of working with U(N), Sp(2N), and O(N) (and its subgroup SO(N)) is that they
are compact Lie groups and hence one can endow each group with a uniform measure, namely a
Haar measure. When we take U(N) together with its Haar measure, they form the Circular Unitary
Ensemble, or CUE. This ensemble was first introduced by Dyson [70], together with the Circular
Orthogonal and Circular Symplectic Ensembles, COE and CSE respectivelyﬂ

One way to express the Haar measure ppg.,, on a particular compact group is via the explicit
formulae of Weyl [156]. We use the unitary group as an example. Firstly, we define a class function
on A € U(N) by the property that f(A) := f(61,...,0n) (where the 6; are the eigenphases of A) is

symmetric in all of its variables. Then,

27

1 27 ) o
A)dpnaar(A) = — 01,...,0 0; _ o0k df---dbfn.
o £ ) = iy [ [ 00 o) T e et

1<j<k<N
(1.1.4)

Often we rewrite terms such as the product in integrand in the right hand side of (1.1.4) using the

Vandermonde determinant notation. The square N x N Vandermonde matrix V is

1 = a:% ac]lv_l
1 xy a3 - :cé\Pl

V=1. . . R (1.1.5)
1 oy z% - x%_l

so Vi ;= mf ~!. The determinant of V' is the Vandermonde determinant, which we write as

Alxy,..,oy) =det(V) =[] (x;—z). (1.1.6)

Hence (|1.1.4) can be rewritten in this notation as

1 2m 2m ) )
/U(N) f(A)d,LLHaar(A) = m/o A f(al,...,eN)|A(€’Lel,...,6wN)|2d01"'dgN. (117)

A key fact of the Haar measure is that it is invariant under unitary transformations, i.e.
dﬂHaar (A) = dﬂHaar(UAU*) (118)

for U € U(N). This gives an insight as to why we would expect a formula such as (1.1.4) to hold.

21t is important to emphasise that, unlike with the CUE, the COE and CSE are not simply O(N) or Sp(2N) together
with their respective Haar measures. See Mehta [124] for further details.



Notice that A may be diagonalised so that

et 0
0o . .
A=U ' U (1.1.9)
: ' ' 0
0 0 eton

for some U € U(N). Thus, using the invariance of the measure, integrals over A can essentially be seen
as integrals over the eigenphases of A. Similar formulae hold for symplectic and orthogonal matrices,

see Weyl [156]. Henceforth, for ease of notation, we may write
dA = dpgaar(A) (1.1.10)

whenever which Haar measure we are referring to is clear from context.

1.1.2 Number theory

One of the major developments in the recent history of random matrix theory is the connection to
number theory. We here review the relevent number theoretic concepts. We begin with the definition

of one of the central functions of number theory.

Definition 1.1.4 (Riemann zeta function). Let s € C with Re(s) > 1. Then the Riemann zeta function
1s defined by

1
((s) = s
n=1
In general, summations of the type
oo
a
n—z (1.1.11)
n=1

for s,a, € C are known as Dirichlet series. Hence, ((s) can be defined by a Dirichlet series with
an, = (1,1,1,...). Equivalently, {(s) can also be expressed as a product over primes, known as an
Euler product,
-1
1
s)=1] (1 -~ ps) , (1.1.12)
also for Re(s) > 1. Here and for the remainder of the thesis, products of the form appearing in
(1.1.12)) are over primes p, unless otherwise explicitly stated. The connection between the summation
presentation and the Euler product formulation follows by the fundamental theorem of arithmetic.
One can analytically extend (s) to all of the complex plane, with the exception of a simple pole at
s =1 (many proofs of this fact can be found, for example, in [71]). A consequence of the meromorphic

continuation is the functional equation,
C(s) =2%7°""sin (Z2) T(1 — 5)¢(1 — s), (1.1.13)

where I'(2) is the usual analytic extension of the factorial function, taking the value (z — 1)! whenever
zeN.
Using (|1.1.13)), it is easy to see that there are zeros at the negative even integers coming from

the sine function. These are known as trivial zeros. The other zeros at positive even integers due to

sin(%?) are cancelled by the simple poles attributed to I'(1 — s). The functional equation also leads

to many symmetries for the remaining non-trivial zeros. If one denotes by p,, any zero of ((s) other



Im(s)

30 ‘
x
201 X
x
10 | 1
| Re(s)
1 ! 2
-10 | !

Figure 1.2: Plot showing the critical strip for {(s) and the first three (positive) non-trivial zeros.
Provably all non-trivial zeros of ((s) lie within the shaded region (i.e. 0 < Re(s) < 1), and the
Riemann hypothesis states that all should lie on the dashed line (i.e. Re(s) = 1/2).

than those at the negative even integers (i.e. the non-trivial ones), then a consequence of the prime
number theorenﬂ of Hadamard and de la Vallée Poussin (proved independently, see for example |154])
is that p,, must lie in the critical strip, 0 < Re(s) < 1. The infamous Riemann hypothesis, introduced

by Riemann |140], says that the non-trivial zeros in fact lie in the centre of the critical strip, see also
figure [[.2}
Conjecture 1.1.5 (Riemann hypothesis). Re(p,) = 3 for all n.

One often refers to the line Re(s) = 1/2 as the ‘critical line’ or the ‘half line’.

At time of writing, the record for the proportion of non-trivial Riemann zeros that provably lie on
the half line is 0.41729 (‘more than 5/12’), due to Pratt et al. [134]. We note that there has only been
incremental, though nevertheless impressive, progress since the result of Conrey [43] which gave ‘more
than 2/5’ of zeros on the critical line - for instance, interim improvements to ‘more than 41%’ due to
Bui et al. [31]. Interestingly in the context of this thesis, the methods used by Pratt et al. share their
origins with many of the results presented in the subsequent chapters via the ‘Ratios Theorem’ (see in
particular chapter |7} section [7.1.4)).

Moving beyond the non-trivial zeros of ((s), a related number theoretic question is the size of
¢(1/2 +1t) for t € R, either on average or the exceptionally large values. Selberg proved the following
central limit theorem for {(s) [144].

Theorem 1.1.6 (Selberg’s Central Limit theorem [144]). For any rectangle B C C,

1 Lyt 1 L
fm PAT<t<or. 288G+ g :f//e*ﬂﬁyz)dxdy.

T 2
e \/ 3 loglog 5& &

Thus, both the real part and the imaginary part of the logarithm of the zeta function independently
tend to a Gaussian random variable. Note that this means that the typical size of log [((1/2 + it)| is
O(v/TogTogd).

More generally, one is interested in determining both the size of the moments of {(s) over stretches

of the critical line,

1 T
T/o (5 + it)[*Pat, (1.1.14)

3In broad terms, the prime number theorem states that the number of primes up to some given positive number x
grows asymptotically like z/log(z).



and the extreme values of {(1/2 + it). Such questions have motivated much of the work described in
chapter [2| as well as our original work, which is the subject of the remaining chapters. There are also
natural extensions to the Riemann zeta function via (|1.1.11]), known as L-functions. These, and their

associated moments, are also covered in chapter 2| (see in particular section [2.1.3)).

1.1.3 Extreme value theory

As mentioned in section we will be interested in the extreme values of various functions (for
example, characteristic polynomials, or ((s)). The study of extreme values is the study of rare events,
and a general introduction to the topic can be found in Leadbetter, Lindgren, and Rootz [121], and de
Haan and Ferreira [57]. A central result within the field is the Fisher-Tippett-Gnedenko Theorem [8§].

Theorem 1.1.7 (Fisher-Tippett-Gnedenko Theorem). Let X1, X, ..., X,, be independent and identi-
cally distributed (iid) random variables. Define

M, = max{Xy,..., Xn}.

If there exists a, > 0 for all n, and b,, such that

lim P <]Wnbn < x) = F(z),

n—00 Qn,

where F' is non-degenerate, then F is an extreme value cumulative distribution function and belongs to

one of three classes:

1) A(@)=e®  forzeR,

0 ifx <0
(II) @,(z) = . for some a > 0,
e " if x>0,

e~ (=2 ifr <0
(III) Y,(z) = for some a > 0.
1 ifx >0,

Type (I), Type (II), and Type (III) are known as Gumbel, Fréchet, and Weibull distributions
respectively. Of particular interest within the context of this exposition is the following result, see for
example Leadbetter et al. [121], Theorem 1.5.3.

Theorem 1.1.8. Let {Z1,Z,...} be independent and identically distributed standard Gaussian ran-
dom variables. As in theorem let M, = max{Zy,...,Z,}. Then define

1

n = —, 1.1.15
“ v2logn ( )
and log 1 log 4
og logn + log 4m
b, = /21 — . 1.1.16
osn 2¢/2logn ( )
Then Mo—b
lim P (”_” < x) =e . (1.1.17)
n— oo Ay,

Thus, after rescaling, the mazimum of a collection of standard Gaussian random variables has a Gumbel
(Type (I)) distribution.

Since the proof highlights some key techniques, and the correct shape of the maximum M,,, we
sketch it here. For full details see for example [121]. The statement of theorem is an important



example against which we will compare many processes, see for example section and the extended
discussion of the literature in chapter

We may trivially rewrite

]p<Mnbn §x> = B(M, < un) = (1= (1 - $(u,))" (1.1.18)

Qn

where u,, = u,(2) = apx + b, and P is the usual standard Gaussian distribution function. Now, if one

can find a,, b, defining u,, such that

1 1
1-@ = — — 1.1.19
(1) = (@) + 0 3 (11.19)
for 7(x) some function of x to be determined, then
lim P(M, < u,)=e 7@, (1.1.20)

n—oo

Using classical Gaussian tail asymptotics, we have that 1 — ®(u,) ~ ¢(uy)/un, where ¢(z) is the
standard normal density function. Hence one would need
1 1 1

() = —— e 2" (1.1.21)
—7(x) = e " -1
n Up V2T

1 1 o 3 (@222 462 +2a,b02) (1.1.22)

© V2manz + by
Analysing (1.1.22) at = = 0 implies that

loglogn + log 47
b, = +/21 — 1.1.23
n = /2logn N ( )

which in turn implies

1
. — 1.1.24
“ v2logn ( )
We thus conclude that, with this choice of a,,, b,
li_>m P (M, < anx+b,) = li_>m (1= (1=®(un))" (1.1.25)
1 n

= lim (1 - e—x) (1.1.26)

n—oo n
=e ¢ (1.1.27)

as required.
Thus, we have shown that for standard Gaussian random variables the approximate size of the

maximum is

M, =~ b, +a,M (1.1.28)
where M is a Gumbel random variable. It will soon be useful to consider a dyadic number of variables.
Take Y7, ..., Yyn Gaussian random variables, centred and with variance o?n. Set

Mon = max{Y7,...,Yon}. (1.1.29)



Using the above technique, one finds that

an =1, (1.1.30)
1 2
b, =cn — 5% logn, (1.1.31)
where ¢ = y/202log 2. Hence,
2
Mon =2 cn — U—logn—i—/\/l (1.1.32)
c

where M has a Gumbel distribution. The fact that the leading order is linear in n, and the subleading
term is logarithmic in n with a coefficient of 1/2 will be an informative comparison with statements in
the next section.

Further, we will also often make the choice 02 = (1/2)log?2 (i.e. each of the 2" random variables
are distributed as Y; ~ N(0, (1/2)log2™)). In this particular case

1
Mon = log 2™ — 1 loglogn + M (1.1.33)

1
:nlog2—110glogn+/\/1. (1.1.34)

1.1.4 Log-correlated fields

We give a brief recap of the key elements needed hereinafter; for a more thorough review of the wider
research area see Duplantier et al. [69], and Arguin [4] for a survey with similar aims to this exposition.

Most generally, one can define a stochastic process X,, = {X,,(v) : v € V,,} on a metric space V,
with a distance |- [, so that the dimension of the space dim V,, depends on n. Then, the defining feature

of log-correlated fields is the form of the covariancdﬂ
E[X,(v) X, (w)] ~ —log |v — w|, (1.1.35)

for v,w € V.

The choice of discrete field V,, with 2" points will prove to be a particularly instructive example.
Take a log-correlated field X,, = {X,,(v),v € V,} for this choice of V,,, so that X, has covariance
as defined by the right hand side of , and such that the X, (v) are centred with variance
E[X,(v)]? = o?n.

Then one expects that the maximum Mon = max,ev, Xn(v) behaves as
30?
Mon %cn—ﬁ—logn—i—./\/l, (1.1.36)
c

where ¢ = \/m and v = dim V,,. The distribution of M is expected to be no longer Gumbe
We here highlight the similarities and differences between the maximum of log-correlated pro-

cesses and the maximum of independent Gaussian random variables, see (|1.1.32). For both,

the leading order of the maximum is linear in n, and the subleading term is of the order logn, but

the subleading coefficient differs between the cases: —1/2 versus —3/2. If the random variables are all

4Here we write ‘X’ to encompass any covariance structure which has a logarithmic singularity when the two points
meet.
5For the log-correlated fields that we will henceforth be considering, in fact it is believed that the density of M is

2e " Ko(2e %), (1.1.37)

where Ko(z) is the modified Bessel function of the second kind. As observed by Kundu et al. [119], the density in (1.1.37)
matches that for the sum of two independent Gumbel random variables. Further discussion of this can be found in

chapter El



independent, then the maximum isn’t ‘pulled down’ as much as when the variables are log-correlated.
Such behaviour is expected to be universal within each case.

Important examples of log-correlated processes in the context of this document are branching ran-
dom walks and the logarithm of the characteristic polynomial of a random unitary matrix. Further,
fundamental models within the physics literature involve log-correlated fields. We now discuss two rich
models exhibiting such logarithmic correlations: the generalized Random Energy Model (GREM) and
branching random walks. The models will serve as informative examples for chapter [2| and lay the

groundwork for the branching model featuring in chapter [6}

The Random Energy Model

The ‘Random Energy Model’ (REM), first introduced by Derrida [62], is a spin glass model from
condensed matter physics. The REM is a stochastic process on the hypercube {—1,1}". For each
point in the state space, one associates the independent random variable X,,(v) € A(0,n).
Translating in to the language of log-correlated fields, we have the process X, = {X,(v) : v €
{=1,1}"} (so the dimension of the space is 2"). From the point of view of statistical physics, the

partition function is central to investigations, and for the REM is defined as

Zn(B) = > exp(=BXn(v)), (1.1.38)

ve{—1,1}2"

where 3 represents the inverse temperature of the system (so 8 > 0), with energy X, (v). Note that
the maximum of the REM will follow (1.1.32) with o2 = 1. Additionally, the free energy associated to

Zn(B) is

1
fa(B) = —Bloan(B)- (1.1.39)
The free energy is related to the extreme values of the energy, Man = max,c{_1,1}» X, (v), via
. 1
lim f,(8) =— lim —logZ,(B8) = —Man, (1.1.40)
B—ro00 B—ro0 B

and hence whenever the following limits are well-defined,

lim lim M = — lim @

B—00 n—+00 n n—oo N

(1.1.41)

This shows that one can recover the correct order of the maximum of the system together with its
coefficient by studying the free energy. Such an approach will prove critical in later chapters.

One can generalize the REM so that the random variables X, (v), v € {—1,1}?" are no longer
independent, but instead depend on the distance |v — w| for v,w € {—1,1}2". This is a generalized
random energy model (GREM). Adaptations in particular which introduce logarithmic correlations of
the form have inspired great research interest, for example [34}/63,78.82|, and are particularly
relevent for this thesis. Once again, a similar process to that described above yields a connection
between the free energy for the GREM and its maximum, which should instead now follow .

Branching Random Walks

Perhaps the simplest log-correlated case where the ‘3/2’ coefficient can be proven to appear is the case
of a Gaussian random walk on a binary tree. This is also sometimes referred to as the hierarchical
Gaussian field. We first define such a process. Take a rooted binary tree of depth n and, in the
language introduced at the start of section we let V), be the leaves of such a tree. For a fixed leaf

10



v € {l,...,2"}, the random variable X, (v) is given by

Xo(v) =) Yiu(v), (1.1.42)

m=1

where Y, (v) ~ N(0,0%). Thus, X, (v) is a random walk from root to leaf v, where at each level
m € {1,...,n}, an independent and identically distributed Gaussian random variable is collected.
Clearly, the distribution of Y;,(v) does not depend on m, v, but we retain the notation to make the
connection with the level and leaf within the binary tree clear. Note also for a comparison with the
(G)REM, that X,,(v) ~ N (0,n0?). Figure 1.3|illustrates the process.

0 v 1

Figure 1.3: An example of a random walk X,,(v) on a binary tree of depth n = 4, from root to leaf v.
The weightings are Gaussian random variables with mean 0 and variance o2.

0 v v 1

Figure 1.4: A tree structure of depth 4 with an example of splitting. The last common ancestor of
leaves v, v’ is illustrated by the ‘hollow’ (red) node and occurs at level 3.

We remark here that the binary tree random walk is crucial not only for determining maxima of

11



other log-correlated processes (see detailed discussions on the recent literature in chapter , but also
for the novel work presented in chapter [0}

To see that X,, is log-correlated, one determines the covariance structure. Firstly, one clearly has

E[X,(v)] =0 (1.1.43)
E[X, (v)?] = o*n. (1.1.44)

To determine the covariance, we need to define the last common ancestor of two leaves v,v’.

Definition 1.1.9 (Last common ancestor). The last common ancestor of two leaves v and v' of a
binary tree, written lca(v,v’), is the level of the first point at which the paths from root to v and from

root to v’ diverge. Figure gives an example of last common ancestors.

Then, one calculates that

, o?, if v —0'| <277
E[Y;(0)Y;(v)] = . . (1.1.45)
0, iflv—0]>279,

since the leaves are equally spaced within the interval [0,1]. Thus, the covariance of X,,(v) and X, (v")

depends on the last common ancestor of v,v’. Specifically,
E[X, (v) X, (v")] = 0* - lca(v, ). (1.1.46)

This shows that X, (v) displays the symptoms of a log-correlated process. More precisely, take 0 < r < 1
such that rn € N. Then consider, for a fixed leaf v € {1,...,2"}, the proportion of neighbours w whose

covariance with v is at least o2nr. It is precisely those w whose last common ancestor is at level rn:

uf, ny B X @] )y
Qn#{ e{1,...,2"}: EX, (0] z} 27", (1.1.47)

Such a property is indicative of a log-correlated system, see for example [4].
Given that the branching random walk has a log-correlated structure, a natural question is to
investigate its maximum. Bramson [29] was the first to identify to subleading order (and, notably, the

subleading constant 3/2) the maximum of the above field X,.

Theorem 1.1.10 (Bramson |29]). Let X, (v) be a branching random walk from root to leaf v on a binary

tree of depth n, with centred Gaussian increments of variance o>

Then

. Set Myn = max,eqq,... 27y Xn(v).

302
Mon = cn — i?logn—kx (1.1.48)

where ¢ = \/202log 2 and x is a bounded fluctuating term.

One sees the ‘log-correlated’ constant 3/2 appearing; the importance of the canonical example of
branching random walks on binary trees is evident. Such processes will make frequent reappearances
hereafter. In particular, we will often set 02 = (1/2)log2. Given this choice, (1.1.48) becomes

Mon =nlog2 — zlognJr:E. (1.1.49)

Given the regularity with which we will set o2 = (1/2) log 2, we may equally refer to the ‘log-correlated’
constant as being 3/4, (making the ‘independent’ constant 1/4).

12



1.1.5 Gaussian multiplicative chaos

Within this section, we give a top-level account of Gaussian multiplicative chaos (GMC) and relevant
tools from the perspective of this thesis. For an excellent review of the topic, we direct the reader to
the paper of Rhodes and Vargas [138].

The origins of GMC trace back to the work of Kahane [108], who introduced the theory for under-
standing the exponential of a Gaussian field whose covariance has a logarithmic singularity. To this
end, take D C R? a subdomain, and X = {X(v) : v € D} a Gaussian field so that

E[X(v)] =0, (1.1.50)

and
E[X (v)X (w)] = max{—log|v — w|,0} + g(v, w) (1.1.51)
~ —log|v — w|, (1.1.52)

as v — w, and for g some bounded function over D x D. Clearly the covariance ((1.1.52) implies a
connection to the log-correlated fields discussed previously.
The log-singularity present in (1.1.52)) is precisely the cause of the difficulty when constructing the

measure associated with the exponential of the field,
e”X(”)ng[X(”)Q]dm, (1.1.53)

for some v € R. A natural solution is to ‘regularize’ the field X: introduce a smooth cut-off X, (v) so

that in the large n limit, X,,(v) — X (v). For such a cut-off, if one is able evaluate
2
1 Xn ()= FEXn(0)%] gy 230 i~ (dz), (1.1.54)

for some limiting measure p (dz), then one may define (1.1.53)) to be said limit. Kahane’s theorem [108],
stated below, defines such an X,, and shows that the limiting measure y is only non-trivial for a certain

range of 7.

Theorem 1.1.11 (Kahane [108]). Let v,w € D and assume that there exists a continuous and bounded
function g : D x D — R such that

E[X (v)X (w)] = max{—log|v — w|,0} + g(v, w), (1.1.55)

and further that the covariance has a decomposition
E[X (0)X (w)] =Y Ki(v, w), (1.1.56)
=1

for K; continuous and positive definite covariance kernels. Let Y, be the Gaussian field with mean 0
and covariance given by K, such that Y] is independent from Yy for 1 #£1'. Set X, =Y, + - +Y,.
Then for v € R, the measures

2 n
[y (d) == X0 (D)7 Ty Ki(@2) gy (1.1.57)

converge almost surely in the space of Radon measure (for topology given by weak convergence) to some

random measure . (dx). This convergence is independent of the regularization of X. The measure

13



[y is the zero measure for 42 > 2d (where recall our field is defined with respect to D C R?), and
non-trivial for 4% < 2d.

For a final comment on GMC measures, we examine the range for which such measures are non-
trivial: 42 < 2d. Frequently, the range [0,2d) is broken up in to two sections, known as the L'— and
L?—phase:

L?—phase: 0<~%<d, (1.1.58)
L'—phase: d<~? < 2d. (1.1.59)

When demonstrating convergence to the GMC measure for a particular field X, it is often the case that
different techniques are required between the ranges, as shown in chapter [2} section [2.2.3] Additionally
we remark that, as formulated above, the measure u.(dz) is trivial for 42 > 2d. It is possible to
construct a GMC measure for 42 > 2d. The case of 42 = 2d yields a phase transition and is known as
critical chaos. Conjecturally, see for example |138], all constructions for the critical chaos measure are
the same. In the super-critical regime of v? > 2d, one can define a new class of chaos known as atomic

multiplicative chaos, and we refer the reader to [138] and the references within for further details.

1.1.6 Symmetric function theory

A function f in n variables is symmetric if it is invariant under permutations of its arguments. That

is, if 0 € S, (the group of permutations on n symbols) and if

flxr, 20, .. 2n) = fo(z1),0(x2),...,0(x,)), (1.1.60)

then f is a symmetric function.

It will transpire that the study of symmetric functions is intimately connected with moments of
characteristic polynomials. For this review, we only require a small, though mathematically rich,
portion of the field. For a comprehensive account of the wider theory, see the books of Stanley and
Macdonald [122,/147,/148].

We begin with a fundamental definition.

Definition 1.1.12 (Partition). Let | € N. A partition X of length | = l(\) is a sequence of non-
increasing non-negative integers with | non-zero elements. Thus, if A = (Ai)ﬁ»zl 1s an l-long partition,
then

A > A > >N (1.1.61)

with \; € N fori € {1,...,1}. It is sometimes useful to extend partitions with finitely many zeros. In

this case, we identify all partitions which share the same non-zero portion,
A=A, 0) = (A1, A,0,...,0). (1.1.62)
The weight of a partition A is written |\| and is the sum of its elements,

l
A= (1.1.63)
i=1

If I\l = n for n € N then we say A\ partitions n and write A - n.

Finally, if X = (\)l_, has m; = m;(\) elements equal to i, then we can write A in multiplicative

14



(a) The Young diagram X = (5,4,2,1,1). (b) The Young diagram for A = (5,3,2,2,1), the con-
jugate partition to A = (5,4,2,1,1).

Figure 1.5: Examples of Young diagrams and conjugate partitions.

notation,
A= (1m2m2 Ay = (AL A2, 2,10 1), (1.1.64)
N——

My ma mi

Given a partition A, one can pictorially represent A using a Young diagram (sometimes called a

Ferrers diagram).

Definition 1.1.13 (Young diagram). Let A = ()\L)i(:/\l) be a partition. The Young diagram of X is a
collection of |A| boxes arranged inl = () left-justified rows. The first row has A1 boxes, the second has
A2, and so on until the lth row which has A\; boxes. Figure|l.5d shows an example of a Young diagram.

Given a partition \ (or equivalently the Young diagram of \), one can define the conjugate of A,
written X'. We have that N = (M, \,,...) is defined by the condition that the Young diagram of N
is the transpose (reflection in the main diagonal) of the diagram of \. Notice that this means that
mi(N) =X — Xix1, AL =1(N), and Ay = (X'). Figure[1.5Y gives an example of the transpose operation

on Young diagrams.

Definition 1.1.14 (Hook-length). Take a partition X. For a given cell (i,7) in A (the top left box
corresponds to the co-ordinates (1,1), the box below it to (2,1) etc.), the arm length of that cell is
a(i, j), the number of boxes strictly to the right. Similarly, the leg length, ¢(i,j), is the number of
boxes strictly below the cell. The hook-length of a cell h(i,j) == a(i,j) + g(i,5) + 1 (i.e. the bozes to
the right of the cell, those below, and including the cell itself). Thus, for the top left cell (1,1), the arm
length is \y — 1, the leg length is [(A) — 1 and the hook-length is A\ + I(\) — 1.

The hook-length for the partition X\ is then defined as

hai= ] nG.9). (1.1.65)

(2,7)EX

Definition 1.1.15 (Young tableau). Given a totally ordered finite alphabet of symbols and a partition
A, a Young tableau is a Young diagram of shape \ with each cell of the diagram filled with a symbol
from the alphabet.

Henceforth, we will always use the alphabet of n numbers {1,...,n}. Figure shows an example

of a Young tableau with entries from {1,...,n}.

Definition 1.1.16 ((Semi)standard Young tableau). Given A, a standard Young tableau (SYT) is
a Young tableau of shape A with the additional requirement that entries must strictly increase down
columns and across rows. This means that the alphabet must have at least max{A1,l(\)} symbols.

A semistandard Young tableau (SSYT) has instead that the rows may weakly increase, whilst the
columns must still strictly increase (and hence at least l(N) symbols are required). Thus, a standard
Young tableau is a semistandard Young tableau. Figures[I.68 and [I.6d demonstrate the standard and

semistandard properties.
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al1]7]3]3]8] 1]2 78] 1]1 35 ]

215 10 315(6]|8 213

518 417 314

912 68 515
(a) A  Young tableau for (b) A standard Young tableau for (¢) A semistandard Young
A = (6,4,2,2) with entries in A = (6,4,2,2) with entries in tableau for A = (6,4,2,2) with
{1,...,10}. {1,...,8}. entries in {1,...,5}.

Figure 1.6: Examples of Young tableaux, including those with the standard and semistandard restric-
tions.

The set of all standard Young tableauz of shape A and entries in {1,...,n} is denoted SYT,(\),
and similarly the set of all such semistandard Young tableaux is SSYT,, (X).

For the subsequent definition, we introduce the following multivariate encoding of a given Young
tableau. Take a tableau T with entries in {1,...,n}. We define the type of T to be

t=t(T) == (t1,...,tn) (1.1.66)

where ¢; is the number of times j appears in 1. For example, the type of the tableau 1" appearing in
figure ist=(2,2,4,2,4). For a tableau T with type ¢, the multivariate notation

al =l gl (1.1.67)

n

can also be used to encode the filling.

We are now ready to define the central symmetric function for our purposes.

Definition 1.1.17 (Schur function). Let A be a partition and take n € N, with n > I(\). Then the

Schur function (or Schur polynomial) is

sa(@r,..mn) = Y’ (1.1.68)

TESSYT, (N\)

= Y aftealn (1.1.69)

TESSYT, (N)

Note that if n > l(\) then we extend \ with zeros until it has length n.

Before giving an example of constructing a Schur function for a given A and n, we give an alter-

native (and equivalent) definition. One can also express a Schur function as the following quotient of

determinants,

A1+n—1 A1+n—1 A+n—1

Ty ) ceeapt
Ao+n—2 As+n—2 Ao+n—2

le x2 . an

det ]
(Ei\" x;‘n “e. x’f>7\,"
sx(@1,...,xn) = X , (1.1.70)
(T1,...,Zn)

where A(zy,...,x,) is the usual Vandermonde determinant, defined in (|1.1.6]), and A\ has been implic-
itly extended with zeros if necessary. It is from ([1.1.70]) that one can most easily see that sy(z1,...,z,)
is a symmetric polynomial: both numerator and denominator in ((1.1.70) are clearly alternating poly-

nomialsﬁ in x1,...,%,. The fact that the numerator is alternating also immediately implies that it is
6A function g(z1,...,zn) is alternating if g(z1,...,2i,...,2j,...,Zn) = —g(T1,...,Tj, ..., T4, ..., Tp) for any i,j €
{17...,71}, 7’3&‘7
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divisible by A(z1,...,x,): the numerator is clearly zero whenever two variables z;, z; both equal some
x, and the denominator shares the same property. This justifies why sy(z1,...,2,) is a polynomial
(which is immediate from the definition [1.1.17)).

Example 1.1.18. Let A = (2,1) and n = 3. Then to construct sy(z1,z2,x3), we first identify all the
semistandard Young tableaux of shape \ with entriezﬂ in {1,2,3}. All such possibilities are given below.

1]1 1]2] 1]3] 1)1 1]2] 1]3] 22| 2]3]

FEach tableau corresponds to a summand in definition|1.1.17 Hence,
52,1y (21, T2, 23) = 2220 4+ 2125 + 2323 4+ 1105 + 2323 + Towh + 2011073, (1.1.71)

We also verify that (1.1.70) yields the same polynomial.

4 4 4

Ty Ty T3

2 .2 .2

det | x5 x5 23
1 1 1

x9 — x3)(11 — x3) (21 — X2)

s(2,1) (71, 22, 23) = ( (1.1.72)

ot (22 —a1)(ad + ixd +afwr +af) (w3 — 22) (2] + 2203 + 2325 + 23)

det | 22 (ve — 1) (w2 + 71) (x3 — w2) (T3 + T2)
1 0 0
B (x2 — z3)(z1 — 23)(T1 — 72)
(1.1.73)
det <:c§ + xla:% + I’%l’z + :c‘f x§ + :chg + ZL'%ZE?, + x%’)
To + 1 Z3 + T2
= (1.1.74)
T3 — 1
det 34+ 1123 + 230 + 23 (3 — 21) (22 + 23 + 23 + 2123 + 2170 + T273)
To + X1 T3 — T1
o r1 — I3
(1.1.75)

= (zg +x1)(23 + 23 + 22 + 2123 + 1170 + Tox3) — (25 + 2125 + 2wy +23) (1.1.76)

= 2320 + 2wz + 2125 + T3x3 + Toxs + 1125 4 2712073, (1.1.77)

as expected.

1.2 Overview

The remainder of this thesis will heavily draw on the ideas and tools developed within this chapter.
In chapter 2] we discuss various pertinent parts of the literature, in order to provide context for
our original research. In particular, we will focus on various random matrix moments, and their
connection to number theory. We also draw our attention to a series of conjectures due to Fyodorov
and Keating [82], one of which we address within this thesis.

In chapter [3] we prove a theorem concerning ‘moments of moments’ of characteristic polynomials

of unitary matrices. These moments of moments (c.f. definition [2.2.8)) are an average both over the

"The fact here that |A\| = n = 3 is purely coincidental, this is not a requirement for a Schur function.
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matrix group and over the unit circle (where the characteristic polynomial naturally acts). This result
resolves a conjecture of Fyodorov and Keating.

We develop the ideas of chapter [3] in chapter [4] to investigate moments of moments of symplectic
and orthogonal characteristic polynomials. The proof techniques we employ here differ from those of
chapter [3} we focus much more on a combinatorial approach and extensively use the theory introduced
in section

A consequence of our results of chapters[3]and []is that the moments of moments are polynomials in
the matrix size. In chapter [§] we present and discuss computer code that we have written to calculate
the full polynomials for small moments parameters. We also investigate the highly structured nature
of these functions.

Building upon the ideas established in section [I.1.4] within chapter [6] we develop a model of the
moments of moments. This is a branching model exhibiting logarithmic correlations. We are able not
only to recreate the results of chapters [3]and [4]in this ‘idealized’ setting, but also we see the full phase
change predicted by Fyodorov and Keating.

Finally, in chapter [7] we handle more general moments of unitary characteristic polynomials. In
particular, we prove results for mixed moments (averages involving both the characteristic polynomial
and its derivative), as well as for moments of the logarithmic derivative. These have natural number
theoretic consequences, which we also describe. Further, our results exhibit a connection to the solution
of a particular non-linear second-order differential equation.

Chapters[3] [ and[7]are all based on published or submitted work with co-authors. The next section,

as well as the introductions to the respective chapters, explains the present author’s contributions.

1.3 Authorship

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

the respective manuscripts.

(i) In chapter |2} section we sketch an argument suggesting that the leading order of the maxi-
mum of |Psy2ny (A, 0)] or [Psoan)(4,0)| should match the Fyodorov and Keating conjecture for
the unitary case. This (unpublished) work is joint with Prof. Paul Bourgade and was conducted

during a research visit to CIMS.

(ii) Theorem and theorem are the key results of chapter [3| They are theorems 1.2 and 1.3
of our paper with J. P. Keating [15], published in Communications in Mathematical Physics.

(iii) In chapter [4] we prove theorem and theorem These are theorems 1.1 and 1.2 in our
paper with T. Assiotis and J. P. Keating [9], submitted.

(iv) The polynomials given in chapter [5| originally featured as examples within [9;/15]. The computer
code, given within the chapter, was prompted by conversations with Dr. Chris Hughes. Additional

examples and plots have been calculated for this document.

(v) We rephrase the theorems of chapters|3|and [4]in terms of a branching random walk model within
chapter [6] All results presented within this chapter are original to this thesis. The project was
conducted under the supervision of Prof. Jon Keating, and the work involving symplectic and

orthogonal models was furthered through discussions with Prof. Paul Bourgade.
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(vi) Finally, in chapter [7| we prove theorems and which appear as theorems 1.1 and 1.2
in [14], published in Journal of Mathematical Physics. This project originated at an American
Institute of Mathematics workshop, and hence is highly collaborative. Further particulars of the

present author’s contribution can be found in the introduction to this chapter.
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Chapter 2

Literature review

The chapter is largely dedicated to a review of aspects of the literature that are relevant to the forth-
coming chapters. In section [2.1] we cover the general theory of, and the key results for, moments of
characteristic polynomials. We also emphasise the various connections throughout to number theory.
In particular, our results in chapters[3]and [4 generalize the moments which feature sections
and Furthermore, section relates to the results presented in chapter [7]

In section [2.2] we review various conjectures of Fyodorov and Keating. These are connected to
both the results in section 2.1} and also to our original work, see in particular chapter 3] We also
highlight some of the recent progress towards proving the Fyodorov and Keating conjectures, in order
to provide context for our research. Within section we argue that the Fyodorov and Keating
conjecture for the maximum of unitary characteristic polynomials should, at least to leading order, also
hold for symplectic and orthogonal characteristic polynomials. We outline calculations in support of
this assertion. The research for this section was conducted as part of a research visit to the Courant
Institute for Mathematical Research (CIMS) with Prof. Paul Bourgade.

2.1 Moments of characteristic polynomials

The study of moments of characteristic polynomials of matrices from the compact groups has been
a central theme of random matrix theory in recent years. In this part of the review, we present and
discuss some of the landmarks within the theory. The focus for section will be the calculation
of the moments and value distribution of unitary characteristic polynomials. This is work of Keating
and Snaith [115,/116]. In section number theoretic moments come to the fore, in particular
those of the Riemann zeta function. The conjectural connection between the two seemingly disparate
fields of random matrix theory and number theory is explored. At the close of this section, we move
to more general moments, including mixed moments and moments of log-derivatives of characteristic
polynomials. We also discuss a generalization of the moments of the Riemann zeta function considered
in section to moments of more general L-functions.

2.1.1 Unitary moments

The central function of this thesis is the characteristic polynomial of a matrix A from one of the
compact groups discussed in the introduction. Namely we consider matrices A € G(N) for the group
G(N) e {U(N),Sp(2N), SO(2N)}. Recall that the characteristic polynomial of A is written

Pony(A,0) = det(I — Ae™) (2.1.1)
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where we emphasise that Pg(yy naturally acts on the unit circle, so 6 € [0, 27).

The canonical example will always be A € U(N), and therefore temporarily we focus on this unitary
case. We henceforth assume that Py = Py is the characteristic polynomial of such a unitary matrix.
For a fixed point 6 € [0,27), the 25th moments of Py are

My(8) = [ |Py(A.0)Pda, (2.12)
U(N)
where as usual (see (1.1.8)) dA is the Haar measure on U(N), and to ensure integrability Re(23) > —1.

Due to the rotational invariance of the Haar measure on U(N), My (3) will be independemﬂ of . By
the Weyl integration formula (1.1.4)), the 26th moment is equivalent to

1 2 or N (0,-0)

In [116], Keating and Snaith computed My (3) for Re(28) > —1. We emphasise that their calcula-

tion is exact, i.e. for finite V.

23 ) .
’ A, ... e®)[2d0, - - dhy. (2.1.3)

Theorem 2.1.1 (Keating-Snaith [116]). Let A € U(N) and Re(28) > —1. Then

N . .
My(B) HW (2.1.4)

where T'(z) is the usual extension of the factorial function.

Before discussing some pertinent parts of the proof of theorem [2.1.1] we make a few comments.
Firstly, note that (2.1.4) clearly has an analytic continuation in 3 to the rest of the complex plane.
Further, since theorem [2.1.1] gives a finite N formula, we may analyse it as N — oo. This yields

My () ~ ey (B)N™ (2.1.5)
where (14 8
cu(B) = M (2.1.6)

and G(z) is the Barnes G-function (so G(z + 1) =T'(2)G(z), and G(1) = 1). When f is an integer, the
statement of theorem 2.1.1] reads

N )
My(B) = ( + 1) ~ cy(B)N?, (2.1.7)
OSiqllﬁ—l i+l

where the leading order coefficient simplifies to

B—1 .
_ 7!
cu(B) = Jl:[o G (2.1.8)

By (2.1.7)), we also learn that for 8 € N, My(3) is a polynomial in N of degree 32.
The key tool in the proof of theorem [2.1.1]is the celebrated Selberg integral, see for example chapter

17 of [124]. Such an integral has many equivalent forms (and extensions); the one we give here is most
relevant for the proof of theorem 2.1.1]

ISuch a statement is no longer true of averages over Sp(2N) or SO(2N), see for example figure
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Theorem 2.1.2 (Selberg’s Integral [124]). Letn € N and let as usual A(x1, ..., z,) denote the Vander-
monde determinant (taking A(z1) =1 forn =1). Take a,b,a, 8,7 € C with Re(a), Re(b), Re(a), Re(8)
all strictly positive, Re(a + ) > 1, and

(2.1.9)

- % < Re(y) < min <Re(a) Re(B8) Re(a+ 3+ 1))

n—1"n—-1" 2(n-1)

Then

— 00 o0

J(a,b,a, B,7y,n) ::/ / Az, ..., x,)27 H(aJrixj)*a(b—ixj)*ﬁdxl~~~dxn (2.1.10)
j=1

n—1

_ (2m)" II FP(1+y+j)l(a+B—(n—1+4)y—1)
~ (a+b)latPn—yn(n=1)-n o (1 + ) (e~ j7)T(B = jv) '

(2.1.11)

To prove theorem one coerces in to a form amenable to an application of Selberg’s
formula . This is achieved by writing the integrand of in terms of absolute values of
sine-functions, setting # = 0 (which one can do due to the rotational invariance of the Haar measure
on U(N)), and making a simple change of variables. One then sees that

2N2+26N
My(B) = =————J(1,1,N +3,N + 3,1,N), (2.1.12)

(2m)N N!
delivering the statement of theorem 2.1.1]
The motivation for computing My (8) was to establish the value distribution of the real and imag-
inary parts of the logarithm of Py (A, 0). Notice that My (8) exactly is the generating function for the
moments of real parﬂ Keating and Snaith show that, as N — oo, that the real and imaginary parts

tend independently to Gaussian random variables.

Theorem 2.1.3 (Keating-Snaith Central Limit Theorem [116]). Take any rectangle B C C. Then for
fized 0 € [0,27),

log Py (A, 0 1 2, 2
lim meas{ A € U(N): log Py (4,0) €B) = 2*// e 2 ) dudy, (21.13)
g B

N—o0 ’
- w/%logN

where the measure of the set is taken to be the usual Haar measure on U(N).

Hence, on average log | Py (A, 0)| ~ 1/(1/2)log N. It is interesting to observe the similarities between
(2.1.13)) and the Selberg central limit theorem Indeed, both the Gaussian nature of log |Pn (A4, 0)|
and the scaling in theorem [2.1.3] will be important over the course of the subsequent section.

2.1.2 Random matrix theory and number theory

The origins of the connection between random matrix theory and number theory can be traced back
to a conversation in 1971 between Hugh Montgomery and Freeman Dyson, introduced at tea at the
Institute for Advanced Study by Sarvadaman Chowla. The conversation turned to the study of pair
correlations of eigenvalues and of Riemann zeta zeros, which turn out to have an identical formulation.

We begin with Dyson’s theorem, and a sketch of its derivation, (see Dyson |70] or Mehta [124]) on the

two-point correlation function of eigenphases for A € U(N). Let the eigenvalues of A be 1, ... e~

)

2Thus, they also consider exp(itImlog PN (A, 6)), the moments generating function for the imaginary part. The
techniques used for the imaginary part mirror those for the real part.
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and rescale the eigenphases 6; so that on average they have unit spacing,

¢; = %. (2.1.14)
The two-point correlation function for A is then
| NN >
Ry(A,z) = N;ﬂ;k;ma(ﬁm— (60 — bm)). (2.1.15)

Dyson established the following result.

Theorem 2.1.4 (Dyson’s Pair Correlation [70]). Take A € U(N) and let ¢1,...,dn be the normalized
eigenphases of A, see (2.1.14). Then for test functions f such that f(x) — 0 as |z| — oo,

Jim_ /U(N) /Z F(@)Ra(A, 2) dz dA = /0; @) (5(@ 1o (Slfﬁzx))j da. (2.1.16)

Hence, taking the test function to be f(x) =1 for = € [«, 8] and 0 otherwise one finds

. 1 . _ s sin(rz)\
lim )N|{¢n7¢m -a§¢n_¢m Sﬁ}‘ dA—/a <(5(l‘)+1_ (M) )dﬂ? (2'1'17)

N —oc0 U(N

We now sketch Dyson’s proof. We first notice that R2(A, ) is periodic in z, so its Fourier series

can be calculated to be

 — rike
Ry(A,2) = <5 ST T AR PR (2.1.18)

k=—o0

The following additional result of Dyson will be useful.

Theorem 2.1.5 (Dyson [70]). Let k € Z. Then,

N? ifk=0
/ | Tr A¥PdA =< |k|  if|k| < N (2.1.19)
U(N)
N if|k] > N.
Hence
- N? ifk=0
]. 2nikax
Ry(A,2)dA = — e ¥ Xkl iflk|l<N 2.1.20
N if|k|>N
= sin(mx) 2
= > S@—kN)+1- < > , (2.1.21)
W T

which gives the result.

The equivalent calculation for the non-trivial zeros of the Riemann zeta function was done by
Montgomery [126], though completely independently of the work of Dyson. Recall from chapter
section that the non-trivial zeros of the Riemann zeta function ((s) are conjecturally of the form
s=o0+1it for 0 =1/2 and ¢t € R, and provably o € (0,1), t € R.

Now denote the non-trivial zeros of {(s) by p, = 1/2+it,, with Re(¢,) > 0 and where the ordering
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on the zeros is by heightﬂ Define
N(T) = |{n:0 <Re(t,) <T}| (2.1.22)
to be the number of non-trivial zeros up to height 7. Then it can be shown, see for example |154], that
N(T) ~ T log —, (2.1.23)

as T' — oo. This proves that there are infinitely many non-trivial zeros. Further, the mean density
increases logarithmically with height T
Mimicking the calculation for the pair correlation of eigenvalues, we rescale the zeros so that they

have unit mean spacing, . .
n n
wy, = — log —.
" 2w & 2w

Montgomery’s pair correlation conjecture is that,

(2.1.24)

A sin(rz) ) 2
lim % H{wn, wm, € [0,T] : @ < wy, — wy, < B} :/a <5(w) +1-— < 75;5 )> > dx. (2.1.25)

T—o0

Such a conjecture is motivated by a theorem of Montgomery [126]|. This result can be stated as

]}Enoo% > fwp —wn) = /O; f(x) (5(x) +1- (Slrﬁx)f) da. (2.1.26)

nmIN

where f is a test function with Fourier transform supported on (—1,1) (and vanishes elsewhere), and
such that the left and right sides of (2.1.26)) converge. The pair correlation conjecture corresponds
to choosing f as the indicator function on [, 3) (whose Fourier transform does not vanish outside
(_17 1))

The similarity between (2.1.25)) and (2.1.17) is clearly apparent. Further numerical evidence for the

conjecture has been supplied by the work of Odlyzko [129], and heuristics and computations have been
completed on general k-point correlation functions [23,241(97,/141]. A visual comparison can be found
in figure There we have compared plots of 50 points taken from a uniform distribution on the
unit circle, with the eigenvalues of a random matrix drawn from U (50), and 50 consecutiveﬂ non-trivial
zeros of ((s), scaled to wrap around the unit circle. The figure shows that the zeta zeros display similar
‘repulsion’ as the eigenvalues are known to show (see (|1.1.4)), and also that their distribution seems
far from uniform.

Further evidence for a connection can be found by comparing theorem [2.1.3] with Selberg’s central
limit theorem [I.1.6] for the Riemann zeta function. For convenience, we reproduce both statements

here. For any rectangle B € C,

1 log ¢(& + it 1
lim = [{te[T,27]: 1os¢G i) gl 2—// e 3 ) dady, (2.1.27)
u B

T—oo T 1 T
\/ 5 loglog 5~

and

log Py (A, 0 1 .
lim meas { A€ U(N): 2PN gl —// e 2@ ) gudy. (2.1.28)
\/ 2

3Recall from section that if p, is a non-trivial zeros of {(s), then so is prn. Thus, it suffices to only consider zeros
with positive imaginary part.

4We do not use the first 50 zeros since it takes some time for the zeros to ‘warm up’ and demonstrate the pairwise
repulsion.
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(a) 50 points drawn from the uniform (b) Eigenvalues of a random unitary (c) 50 consecutive non-trivial zeros

distribution on the unit circle. 50 x 50 matrix. of ¢(s), from 201%% to 250*", data
from [153], scaled to lie on the unit
circle.

Figure 2.1: Comparing 50 points distributed uniformly on the unit circle (2.1a)), with 50 eigenvalues of
a random unitary matrix (2.1b]), and with 50 scaled consecutive non-trivial zeros of {(s) (2.1c).

In both cases, the real and imaginary parts of the respective logarithms tend independently to Gaussian

random variables. Additionally, if one sets
N =log = (2.1.29)

in the scaling for (2.1.27]), then it matches the scaling in (2.1.28]). The same identification in the unit
mean scaling (2.1.24)) means that the average density of zeros matches the average density of eigenvalues

in [2.1.14).
A natural question, therefore, is if one can exploit this apparent connection? Can one model, in a

statistical sense, the Riemann zeta function by unitary characteristic polynomials? It turns out that

one can do so, very successfully. To this end, we focus on a long-standing number theoretic conjecture.

Conjecture 2.1.6. It is widely believed that

T
Mr(B) = Tlggo%/o I¢(5 +it)[*Pat (2.1.30)
= ce(Pac(B) (1og £)” . (2.1.31)
with 5 ,
_ 1 o (LB+m)\
ac(B) = 1;[ [(1 - p) <mz_:o (m'r(m) » )] : (2.1.32)

where the product is over primes p, and c¢(f8) is some function depending on the moment parameter 3.

The only known values of .#7 are 5 = 0,1,2. The case of § = 0 is trivial, 5 = 1 was computed
by Hardy and Littlewood [91], and Ingham [102] determined § = 2. In each case, conjecture is

satisfied and additionally one learns that

ce(0) =1 (2.1.33)
(1) =1 (2.1.34)
c(2) = % (2.1.35)
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Using number theoretic arguments, Conrey and Ghosh [52] and Conrey and Gonek [53] conjectured

the precise forms of the 6t and 8" moments, giving,

42
24024
cc(4) = 4 (2.1.37)

Hence it seems that c¢(3) - (8?)! is integral for 3 € N. Additionally, Ramachandra [136] and Heath-
Brown [96] have established a lower bound .Zr(8) > (log %)52 for positive, rational 5. Upper
bounds of the correct size are known, conditional on the Riemann hypothesis, due to arguments of
Soundararajan [146] and Harper [93].

Given the above discussion, we are led to compare ((1/2 + it) with Py (A4,6) for A € U(N), and
identify N = log % Hence, .#7(3) should be modelled by My (8), where recall

G2(1+p)

ﬂQ
g(1+2ﬁ)N . (2.1.38)

My = [ Pu(A.OPPdA~
U(N)
This is precisely the conclusion of Keating and Snaith [116] who used their moment computation,
theorem to conjecture that
_G*1+p)
G(1+28)
Observe that (2.1.39) matches with the all known and conjectural cases (2.1.33)—(2.1.37]).

Most recently, a series of papers due to Conrey and Keating [37-41] have unified the number

cc(B) (2.1.39)

theoretic and random matrix methods. As commented above, Keating and Snaith’s work implies, for
integer /3, that the 25th moment of {(1/2+it) is of the order of (log %)ﬁz. Conrey et al. [46] extended

this conjecture to
1 /7
f/ C(3 +it)[*Pdt = Qp(log &) + O (T*%“) (2.1.40)
0

for integer (3, where Qg(z) is a polynomial in x of degree 3% which has a multiple contour integral
representation. Such complex analytic integrals prove essential for our analysis in chapter [3] The
conjectures of Conrey et at. extend too to other L-functions.

The classical number theoretic approach to understanding moments of the Riemann zeta function
uses Dirichlet polynomial approximations of {(s) and higher powers. Analysis in this direction, as
discussed previously, gives the second and fourth moments and strong conjectural forms for the sixth
and the eight moments. However, this method fails for § > 5 since it predicts negative values.

Over the course of five successive works, Conrey and Keating demonstrate why the Dirichlet polyno-
mial method in its traditional form fails: for higher § it is essential that one uses much longer Dirichlet
polynomials than is conventional to avoid missing crucial terms. Whilst their work is still conjectural
for higher moments, it provides convincing evidence (in particular, the moments are no longer negative)
for proceeding in such a fashion.

The recipe that they derive is based on divisor sums and can be viewed as a type of ‘multi-

dimensional Hardy-Littlewood circle method’, or ‘Manin-type stratification’. Consider
o0 t
/ <H C(E+it+ a)) H CE—it+p) | v (T) dt, (2.1.41)
0 \aea BeB

where A, B are sets of size § of ‘shifts’ and v is a smooth function of compact support. Note that
by letting all o, 3 — 0 we recover the desired 20th moment. Conrey and Keating demonstrate that,
conjecturally, (2.1.41) can be evaluated either by multiple contour integrals of the type appearing in
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(2.1.40)), or by examining the Dirichlet series

[[¢G+it+a) = im(n), (2.1.42)

where the arithmetic divisor function 74(n) is exactly defined by the Euler product expansion of the
left hand side of (2.1.42). Their conclusion, which for the first time unites the random matrix and

number theoretic approaches, is that the result is the same regardless of the method chosen.

2.1.3 Symplectic and orthogonal moments and families of L-functions

The discussion of section [2.1.2] comparing the Riemann zeta function with unitary characteristic poly-
nomials, has been significantly extended by Katz and Sarnak [109}|110] and Keating and Snaith [115].
This extension connects more general L-functions with the other compact matrix groups. Rather than
averaging along the critical line for a fixed function (e.g. {(s)), the conjecture is that if one looks at a
fixed symmetry point (e.g. s = 1/2) and averages over a ‘family’ of number theoretic functions, then
instead of unitary statistics one should comparatively recover statistics for the other compact matrix
groups. Within this section, we make such notions clearer by means of various examples.

Most generally, an L-function is a Dirichlet series with an Euler product and a functional equation
(recall , 7 and ) However, in order to keep this review self-contained we focus
on just three canonical examples. For a comprehensive account, we refer to [103)].

Following the work of Katz and Sarnak |109}110| and Keating and Snaith [116], we use the concept
of a ‘family of L-functions’. These families are split by ‘symmetry type’. This indicates which random
matrix ensemble (unitary, symplectic, or orthogonal) corresponds to the family. Additional information
on families and examples can be found in the introductions of [46] and [44].

Let G(N) be either U(N), Sp(2N), or SO(2N). A generalisation of the unitary moments given in

(2.1.2)) is the following.
Ma(w)(8,0) 1=/( )\PG<N>(A79)I26dA, (2.1.43)
G(N

where the average is over the relevant Haar measure for the chosen matrix group. If G(N) = Sp(2N) or

G(N) = SO(2N) then the measure is no longer invariant under rotations (hence why we now emphasise

0 in the notation). Since the eigenvalues come in complex conjugate pairs, one often fixes § = 0 as the

symmetry point (just as s = 1/2 is a symmetry point of the zeros ((s)) and computes with Mgy (83, 0).
We first observe that for A € Sp(2N) with characteristic polynomial Pg,2ny(4,6), then

N N
Pspany(4,0) = H (1— ) = 22N [] sin? (%) . (2.1.44)
j=1 i=1

This shows that the value of the characteristic polynomial at the symmetry point is always real and pos-
itive (similarly for A € SO(2N)), so trivially |Pg,2n)(A,0)| = Pspan) (A, 0). However, for consistency
with the unitary case we write |Pg,an)(4,0)]|.

Theorem 2.1.7 (Keating and Snaith [115]). Let A € Sp(2N) with characteristic polynomial Pgyany (A, 0).
Then

28 28

28 74 _ oB(28+1 J! . t+]
/ |Pspiany (A, 0)[2PdA = 28RA+D H a0 o+ ] ( 5 ) (2.1.45)
Sp(2N) j=1 4

j=1 1<i<j<2

28(28+1)

~ csp(BINH, (2.1.46)
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as N — oo, where
s G01+28) T+ 29)

csp(B) NGRS E=T . (2.1.47)
As usual G is the Barnes G-function, see . Thus for integer 3,
[3 o Poram (4, 0)[2PdA ~ csy (BN "7 (2.1.48)
where the leading coefficient specialises to
1
csp(B) = m (2.1.49)

and k! = k(k —2)(k —4) - (k — (2[£] — 2)).

Theorem 2.1.8 (Keating and Snaith [115]). Let A € SO(2N) with characteristic polynomial Psoany (A, 0).
Then

26-1 . .
Psoony(A,0)2PdA =225 [ T 2| ] (v+2L-1 (2.1.50)
SO(2N (25)! 2
(2N) j=1 1<i<j<2p
28(28-1)
~cso(B)IN™ =, (2.1.51)
as N — oo, where
142 I'(1+4
cso(B) =227 U+ 26) I +45) (2.1.52)
VG +4B)T(1 +25)
For integer 3,
28(28—1)
/SO(QN) |Psoan) (A, 0)[*PdA ~ cso(B)IN ™ 2, (2.1.53)
where the leading coefficient specialises to
228 A
= —Frg - 2.1.5
o) = T — (2150

From theorems and one learns that the behaviour at the symmetry point § = 0 is
different between the three ensembles. Both results are proved in a similar way to theorem ie.
using the Selberg integral.

It will also be useful to highlight the work of Keating and Odgers |112], who computed low moments

for the symplectic and orthogonal characteristic polynomials away from the symmetry point.

Theorem 2.1.9 (Keating and Odgers [112]). Let § € R and G(N) = SO(2N) or Sp(2N). Then

1 2N+43 o
e (2N +3)— > eWNTIEDA0Lif G(N) = Sp(2N),
7=0
P, A,0)%dA =
L PP (4.0) e
2N +1)+ > eN=920 if G(N) = SO(2N).
=0

(2.1.55)
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Hence, for fixed 6 # nmw, n € Z, and as N — oo, their result gives

Tz IV if G(N) = 5p(2N),
/Gm |Pay (A, 0)PdA ~ { L =702 (2.1.56)

2N if G(N) = SO(2N).

Notice that the second moment in the symplectic case is still dependent on 6.
Keating and Odgers also computed the asymptotic behaviour of the symplectic and orthogonal

moments for fixed 6 # nr.

Theorem 2.1.10 (Keating and Odgers [112]). Fiz 6 # nw and let G(N) = SO(2N) or Sp(2N). Then
as N — oo

ca(p 2
11— eC;z(‘9|)ﬂ(ﬁ+1) N7 if G(N) = Sp(2N),

/ |Po(vy(A, 0)]*PdA ~ (2.1.57)
G(N)

u;i%MNBQ if G(N) = SO(2N),

where 51
o TT
ca(B) =2 g(ﬁﬂ')!' (2.1.58)

Thus, on the scale of mean eigenvalue spacing, there is a transition from orthogonal or symplectic
statistics back to the unitary form, as N — oco. Just as the moments of unitary characteristic polyno-
mials were used to deduce information about moments of the Riemann zeta function, one can now use
these results on the moments of symplectic and orthogonal characteristic polynomials to learn about
more general L-functions.

By way of example, we first rephrase the results given in section m (comparing Py (n)(A, 0) with
¢(1/2+1it)) in terms of a family with unitary symmetry. This will serve as a guide for the subsequent

two examples of families with different symmetry types.

Family with unitary symmetry

Recall that an L-function is a Dirichlet series that also has an Euler product and a functional equation.
Thus, the Riemann zeta function is an L-function, and in fact is the simplest L-function. Additionally,
as has been evidenced in section the statistics of ((1/2+1t) mirror those of eigenvalues of unitary

matrices. Therefore, we say that ((1/2 + it) belongs to a ‘unitary’ family and we write the family as
{¢(& +it)| t > 0}. (2.1.59)

This is the archetypal example of a unitary family. To any symmetry family, there is an associated
‘height’ by which the elements are ordered. For the Riemann zeta function, the family is ordered by
the height up the critical line ¢. Finally, the unitary symmetry is demonstrated, for example, through

a comparison between the moments

T 2
%/0 C(3 +it)*Pdt ~ ce(B)a(B) (log Z)” (2.1.60)

and
/ | Py (A, 0)[2dA ~ cu (BN, (2.1.61)
U(N)

where, as given in section [2.1.2] the first result is conjectural beyond 8 = 2, and the latter is theo-
rem proved by Keating and Snaith.
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We now introduce two different types of families of L-functions, and similarly identify the compact
random matrix group corresponding to the symmetry type. Just as above, we are able to compare con-
jectural forms for the number theoretic moments with known results for the random matrix moments.
Family with symplectic symmetry

To begin, we once more revisit the Riemann zeta function. Recall definition
— 1
)= —. (2.1.62)
n=1

convergent to the right of Re(s) = 1. The simplest extension to ((s) is the Dirichlet L-function for the

non-trivial character of conductor 3, defined as follows.

Definition 2.1.11. Define x_3: N — C by

0 ifn=0 mod 3
x-3(n)=41 ifn=1 mod3 (2.1.63)
-1 ¢n=-1 mod3.

This is a periodic function with period 3. The Dirichlet L-function corresponding to x_3 zeﬂ

> x_3(n 1 1 1
L(s,x-3) = > XT‘Z’( SR S T B (2.1.64)
n=1

convergent for Re(s) > 1. Like ((s) (see (1.1.12)) and (1.1.13)), L(s, x—3) has an Euler product and a

functional equation (see for example [103]).

Of course, one can generalise definition [2.1.11] to more general moduli than just 3. Take an integer
d such that

k if k=1 mod 4,k square-free, or,
d= (2.1.65)

4m ifm=2or3 mod 4, and m is square-free.
If d satisfies either of the above conditions then d is called a fundamental discriminantﬁ The first few
positive fundamental discriminants are d = 1,5,8,12,13,17,21,..., and the first negative values are
d=-3,—4,-7,-8,....
Define for such d
xa(n) = (d) , (2.1.66)

n
where (%) is the Kronecker symbol, the generalisation of the Legendre symbol. Explicitly, for an integer
n with prime decomposition

n=u-pi"---pk, (2.1.67)
with v = £1 and p; prime, then the Kronecker symbol is

BRONEE

J=1

5The reason for using —3 rather than 3 in the notation will become apparent shortly.
6The name is due to the fact that such d are the discriminants of quadratic number fields, with d = 1 being the
‘degenerate’ quadratic field Q.
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p

In the right hand side of (2.1.68] (9> is the Legendre symbol, which take the values for p # 2,

0 ifa=0 mod p,
a
<p) =41 ifa=m? modpanda#0 modp, (2.1.69)
—1 ifa#m? modpanda#0 mod p.

and

0 if a is even,
a
(5)=41 ifa==1 mods, (2.1.70)
—1 ifa=+3 mod 8.

Finally, (%) =1, (_il) = —11if a < 0 and 1 otherwise, and (%) =1 if a = +1 and 0 otherwise. Then
Xa is called a real Dirichlet character. When d = 1, x4 is the trivial character (taking the value 1 for
all n), and for other fundamental discriminants d, x4 is a real, primitive, quadratic Dirichlet character

of modulus d. Notice that for d = —3 (the first negative fundamental discriminant), y_s(n) = (=32)

n
which matches (2.1.63|).

Given xg4, a real, quadratic Dirichlet character modulo a fundamental discriminant d, the associated
Dirichlet L-function is

oo

L(s,xa) =Y X‘il(f). (2.1.71)
n=1

Such L-functions again have an Euler product, a functional equation, and a meromorphic continuation

to the full complex plane (see [103]). Further, they have an associated Riemann hypothesis which

conjectures that the non-trivial zeros of L(s,x4) are also on the critical line Re(s) = 1/2. For a

fixed d, the statistics of the non-trivial zeros of L(s, x4) high up the critical line again display unitary

symmetries and hence form a unitary family,
{L(3 +it,xa)| d a fixed, fundamental discriminant, ¢ > 0}, (2.1.72)

see Rudnick and Sarnak [141]. However, one can instead take the value of L(s, x4) at a fixed symmetry
point s = 1/2 and average over d. One then should recover symplectic symmetries (see for example [44]
115]). To this end, define the family

{L (%,xa4) | d a fundamental discriminant, x4(n) = (4)}, (2.1.73)

n

ordered by |d|. This is an example of a symplectic family. To demonstrate this, we again look at

moments. It is conjectured that (see for example [44])

ST LG, xa)? ~ enp(B)ar, (8) (log D) F (2.1.74)

ld|<D

1
D*

as D — oo. The sum is only over fundamental discriminants d; D* is the length of the sum; and
ar,, (8) has a similar form to (see Conrey et al. |46] for example for the full formulation). The
conjecture is based on work of Jutila [107] and Soundararajan [145], and so the values of ¢y, (8) are
known for § =1,2,3 and conjectured for 5 = 4.

Recall theorem the result of Keating and Snaith which gives the asymptotic behaviour of the
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24th moments of symplectic characteristic polynomials at the symmetry point,

2B8(28+41)
2

/ | Psp(any (A, 0)[2PdA ~ cs,(B)N K (2.1.75)
Sp(2N)

where cg, () is the leading order moment coefficient depending on £, see . As with the compar-
ison between ((s) and unitary polynomials, we here associate matrix size N with the logarithm of the
‘height’ of the family: N ~ log D. With this dictionary in place, the symplectic form of is evi-
dent. Further, just as in the unitary case, theoremm provides the conjecture that ¢z, (8) = csp(8).

All known values of ¢r,, () indeed satisfy such a relation.

Family with orthogonal symmetry

Finally we give an example of an orthogonal family. In this case, one considers two categories: even
and odcﬂ The even families are related to the matrices from SO(2N), and the odd to those from
SO(2N + 1). However, since the ‘odd’ L-functions take the value 0 at their symmetry pointﬂ we
only consider ‘even’ families. In general, the L-functions displaying orthogonal symmetries are more
complicated than the Dirichlet L-functions, see . Arguably the simplest example is derived
from L-functions attached to elliptic curves.

Consider an elliptic curve E defined over Q,
E:y*=24+ax+b, (2.1.76)

for a,b € Z such that the discriminant A = —16(4a® + 27b%) # 0 (which ensures that E has distinct
roots, or equivalently, is non-singular). If the pair z,y € C form a solution to the equation defining
the curve E, then we say they lie on E and sometimes write (z,y) € E. Given a prime pt A, one can

consider the number of points on £ modulo p. This leads to the following definition
ap =p+1—{(z,y) € E:x,y € Z/pZ}|. (2.1.77)

These coefficients a, are used when constructing the L-function for the curve E, which is defined by
its Euler producﬁ
L(s,B) =[] (1 — app™ + Lypap™2+) ", (2.1.78)
P

where 1,4 is 1 for the ‘good primes’ not dividing the discriminant, and 0 otherwise. Just as with ((s),
from the Euler product one can derive the appropriate Dirichlet series, and in turn the meromorphic
continuation and the functional equation [104].

The orthogonal family is built from ‘twisting’ L(s, E) by the Dirichlet character x4(n), see .
If

L(s,E) = 3

n=1

Qn

S

(2.1.79)

is the Dirichlet series corresponding to ([2.1.78)), and the sequence (a,)nen is the appropriate sequence
formed by expanding the Fuler product, then for d a fundamental discriminant,

> anp, n
Le(s,xa) =Y ’flid() (2.1.80)
n=1

"The parity comes from the sign of the functional equation for the L-function, see for example [46].

8This is a consequence of their functional equation, see for example [46].

9This is formulation is the algebraic convention, though it will mean that the symmetry point is at s = 1, rather than
s = 1/2. However, one can simply renormalize each local factor to shift the critical line for L(s, E) to the traditional
Re(s) = 1/2, see |104].
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is the twisted L-function for F. Hence, fix E an elliptic curve over Q such that the sign of its functional
equation is +1 (i.e. provided the L-function is even). Then, one can define the family

{LE(1,x4)| d a fundamental discriminant, yq(n) = (£)}, (2.1.81)

n

which is ordered by |d].

This is an example of an orthogonal family. The corresponding Riemann hypothesis for Lg(s, x4)
places the critical line at Re(s) = 1, rather than the conventional 1/2. This is why the L-function is
evaluated at 1 in . However, this difference is merely due to the conventional normalization one
chooses when defining elliptic curve L-functions; it is simple to redefine Lg so that its critical line is
shifted to Re(s) = 1/2.

It is conjectured that (see for example [44])

1 * 28(28-1)
e 3 L xa)® ~ e (s (8) (log D) F (2.1.82)
|[d|<D

as D — oo. The sum is only over fundamental discriminants d; D* is the length of the sum; and
ar,(8) again has a similar form to (2.1.32)) (see Conrey et al. [48]). Once again, small moments, and
hence small values of ¢y, ;, have been computed, see [44].

Keating and Snaith showed that the asymptotic behaviour of the 25th moments of special orthogonal

characteristic polynomials at the symmetry point is asymptotically

28(28—1)
2

/ Psoan (4,0)22dA ~ cso(BINZE, (2.1.83)
SO(2N)

where ¢so () is the leading order moment coefficient depending on 3, see (2.1.54]). Like in the case of
Dirichlet L-functions, by comparing N with log D, the orthogonal symmetry is evident. Additionally,
this furnishes the conjecture that ¢, (8) is equal to cso(8) |115].

2.1.4 Mixed moments and log-derivative moments

To conclude the review of random matrix moments, we explore ‘mixed’ averages. These will be moments
of characteristic polynomials and their derivatives. Once more, there will be a connection with the
averages of certain number theoretical functions. Our results in chapter [7] build on the literature
presented here. There, additionally, we show that the joint moments of characteristic polynomials and
their derivatives are related to solutions of certain non-linear differential equations.

For the entirety of this section, we will focus just on the unitary polynomial case. For ease of
notation we will write Py (A,0) = Py(ny(A,0). Then, one is interested in determining the following

‘mixed moments’,

Fu(h k) = /U N | P (A, 0)2522 Pl (A, 0)[2hdA, (2.1.84)

which are ‘mixed’ in the sense that they concern products of the characteristic polynomial and its
derivative.

However, rather than working directly with Py (A, #) it turns out to be profitable to consider
Za(0) = e Ot e 210 Py (A, ) (2.1.85)

where the eigenvalues of A are et ... €. Then Z(0) is real for real 6, and |Z4(6)| = |Pn(A4,0)|.
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The mixed moments for Z4 were considered by Hugheﬂ [98]

Fn(h,k) = /U(N) |Z4(0)]2*=2h 7%, (0)[*"d A (2.1.86)

for Re(h) > —1/2 and Re(k) > Re(h) — 1/2. Hughes proves the following result.

Theorem 2.1.12 (Hughes [98|). For integer h > 1, and k > h also integer,

Fn(h, k) = / Za(0)2k=2h 7" (0)*dA (2.1.87)
U(N)
2h
.1 (2R _inna
= lim — nio(—1) <n>e Tim () (2.1.88)
wherd] (N+k) o (N+2k—1)
k k
( N;rk ) <N+2.k71)
Tin(a) =det | ‘2k—n—L Zh—n—1 (2.1.89)
Ze—ny1,1(@) o Zh—ngrk(@)
2,1 () e zi k(@)

and where fori=k—n+1,... )k and j=1,...,k,

N+j—i . .
- N+k+j-1\/m+i—-k+n-1\ ., m
zil@) = Y <k+i+m_1>< A )(e ™. (2.1.90)

m=0

Hughes analyses (2.1.88]) as N — oo, and shows that
F(hk) = lim —5—E[Z4(0)**2"Z(0)*"] (2.1.91)

is analytic in k in the range Re(k) > h — 1/2. However, the constraint of integrality for h remains.
Additionally, Hughes explicitly computes F (h, k) for small integer values of h. Using symmetric function
theory, Dehaye |58| extended the result of Hughes by giving F (h, k) in terms of a much simpler, rational,
function of k& (which again may be analytically extended), together with a ratio of Barnes G-functions,

though still for integer h. Precisely his result is as follows.

Theorem 2.1.13 (Dehaye [58|). For h,k € N with 2k — 2h > —1,

Sk—2h 1 (2 (-1)" - 2 (2h)I(—=N)h—n
/U(N)|ZA(O)| k=2h 7, (0))*MdA = o2h FN(O,k);WCN(n,k) (2.1.92)

where Cn is expressed as a sum over partitions

[K]A[=N]x
; N (2.1.93)

Cn(n, k) = (=2)"
1(,\5216

10Hughes also explains how to recover the mixed moments Fy (h, k) for Py (A, 6) (see (2.1.84)) from those for Z4(6),
denoted by Fn(h, k).
HSince Z4 is real for real 8, one may freely drop the absolute values on Z 4, Zf4.
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with the generalized Pochhammer symbol [c]x defined as

LA

ey = (c—i+ D, (2.1.94)

=1

I(X)

i
=HH c—i+j) (2.1.95)

and hy is the ‘hook-length’ of the partition X (see (1.1.14))).
Additionally, the right hand side of (2.1.92)) extends meromorphically in k to Re(k) > h —1/2 for
fized h € N.

=

Returning to examining F v (h, k), we make some connections to previously studied results. Note
that Fy(0,k) defined by is exactly My (k), as computed by Keating and Snaith, see theo-
rem Thus, the Hughes and Dehaye results recover the usual asymptotic for F'(0,%). Similarly,
Fn(k, k), i.e. moments of the derivative, can also be analysed by standard techniques |54]. In general,
there is substantial interest in extending the results of Dehaye and Hughes to beyond integer h. The
only result to date in this direction is the work of Winn |160|, which allows h = (2m —1)/2 for m € N
(note that this means that the power on the derivative is still integral, though for the first time, odd).

Theorem 2.1.14 (Winn [160]). Take m,k € N with h :== (2m — 1)/2 and 2k — 2h > —1. Then

/ |Z4(0)[221| 21y (0) " d A
U(N)

_ th% 5 2h n 1\
:(22}L)_17TFN(0,1<:)< Z(ffl)( 11) (=N)*""nlCx(n, k) (2.1.96)
n=1 =1
kN
S k)) (2.1.97)
n=2h+1

One motivation for studying mixed moments such as (2.1.86]) again comes from number theory. In
particular, F'(h, k) is conjecturally related to

1 1 T . ,
i, 7 [ GG+ 0P + it (21.98)
T 0

just as the moments of Py (A, 8) were related to the moments of (1/2+1t). For example, take Hardy’s

function
Z(t) = e (L +it), (2.1.99)
where
T (1+2it)
¢(t) = Im | log ———= |, (2.1.100)
m2

(note that this mimics the definition (2.1.85) of Z4(#)). Conrey and Ghosh [51] proved (under the

assumption of the Riemann hypothesis) that

11 T e?—5
g Z()|Z'(t)|dt ~ . 2.1.101
P [ 120120~ (2.1.101)
This corresponds to k =1 and h = 1/2 in (2.1.98). By allowing odd integer powers, Winn’s result [160]

shows that )
e —5

47
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Once again, one is able to find a connection between random matrix moments and (conjectural) number
theoretic moments.

Chapter [7] presents our published results concerning mixed moments of the form . There,
we also give the equivalent, complementary, number theoretic conjectures, following examples such as
that of Winn and Conrey and Ghosh given here.

In chapter [7] we also handle certain moments of logarithmic derivatives of unitary characteristic

/ ‘Pz’v(A,@)
uny | Pn (A, 0)

Once more, such averages lead to conjectures for the equivalent number theoretic averages.

polynomials,
2k

dA. (2.1.103)

2.2 The Fyodorov-Keating conjectures

The second half of our review will concern a series of conjectures due to Fyodorov, Hiary, and Keat-
ing [81], and, in more detail, Fyodorov and Keating [82|. These conjectures are influenced by statistical
mechanics and log-correlated fields (discussed in chapter [1| section and concern both unitary
characteristic polynomials as well as the Riemann zeta function.

We first state the conjectures in section [2.2.1] and then we explore why one should expect such
behaviour in section [2.2.2] The remaining sections of this chapter are dedicated to reviewing the
recent progress towards proving such conjectures. At the relevant points we highlight where our results
(primarily those of chapter [3]) contribute to the research landscape.

Besides section for the remainder of this chapter we will be concerned with unitary charac-
teristic polynomials. Thus, until we explicitly state otherwise, Py (A,0) = Py(ny(A,0) will represent
the characteristic polynomial of A € U(N).

2.2.1 The conjectures

The following conjectures will be intrinsic to much of the latter part of this thesis. In particular,
proving conjecture 2.2.4] is entirely the motivation behind the work presented in chapter [3] which, in
turn, has implications for conjectures and

All of the following are, directly or indirectly, related to maxima of log-correlated fields. For context,
we recall here specialised with 0% = %log 2. Specifically, we take V;, to be a metric space and
X, ={X,(v),v € V,,} to be a log-correlated field with mean zero and E[X,,(v)?] = o?n = £ log2. We
further write N = 2™.

max X, (v) =logN — Zlog log N + M, (2.2.1)
veVn

where M is an O(1) random variable. With these choices of 02 and N, the ‘log-correlated constant’ is
renormalized to 3/4, versus the ‘independent constant’ of 1/4 (compared to the 3/2 vs. 1/2 between
(T1.36) and (T.1.32)).

The first, most general, conjecture of Fyodorov and Keating [82] is the following.

Conjecture 2.2.1. For § € [0,L), L € (0,27], and a matriz A sampled uniformly from U(N),

)

max log |Pn(A,0)| ~ an, +bn,xa N, , (2.2.2)
0€[0,L)
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as Ni, — oo, where,

3 1
an, =log N, — ZloglogNL +o(1) and by, =140 (logNL) , (2.2.3)

and where N, := NL/27 is the average number of eigenvalues of the associated N x N unitary matriz

A in the interval [0, L). The random variable x4 n, has probability density p(za,n, ).

The similarity between conjecture and the maximum of the log-correlated field, see ,
is striking, and suggests that log|Pn (A, )| has a log-correlated structure. Once more, we emphasise
that if the constant on the subleading term for ay, in (i.e. —3/4) was instead conjectured
to be —1/4, and the limiting distribution of x4 y, were a single Gumbel random variable, then one
would expect log | Py (A, )| to behave like independent Gaussian random variables. Instead, as shown
in section in fact log [Py (A, 0)| does exhibit logarithmic correlationd™ for different 6.

The ‘full circle’ case (i.e. L = 2m) is arguably the most interesting, and is where the most progress

can be made. Given this, conjecture 2:2.1] becomes the following.

Conjecture 2.2.2. For A € U(N) sampled uniformly, one expects

max log|Pn(A4,60)] =logN — §log log N +x4,N, (2.2.4)
0€[0,2m) 4 ’

where (za,n, N € N) is a sequence of random variables which converge in distribution.

Fyodorov and Keating further conjecture that the random variable x4,y should converge in distri-
bution to z = 4 + %, a sum of two independent Gumbel random variables. Thus p(z), the probability
density for z, decays like z exp(—z) as x — oo:

p(z) =27 "Ky (2¢72) "X ze, (2.2.5)

where K is a Bessel function.

Given the connection between random matrix polynomials and number theory presented in sec-
tion 2.1.2] a link between conjecture 2:2.2] and maximum of the Riemann zeta function is to be ex-
pected. Recall that the correct choice is to identify N = logT/27, see the discussion around .
Then, the number theoretic version of conjecture due to Fyodorov and Keating is the following.

Conjecture 2.2.3. Let t ~ U[T,2T] (i.e. t is taken uniformly from the interval [T, 2T]). Then

3
hn[loag )log I¢(5 4+ i(t + h))| =loglog T — 1 logloglogT 4 Op(1), (2.2.6)
€(0,2m

where Op(1) encompasses a term bounded in probability as T — oo.

In section we review the heuristic calculation that is used to justify conjecture (and
hence also conjecture [2.2.3]). The final conjecture of Fyodorov and Keating relevant to this thesis is
also based on said heuristic calculation (and thus, if proven in full generality, would provide a method
for proving conjectures and . A central function is the following moment,

1

27
m@m:54|m%w%a (2.2.7)

Note, these moments differ from those calculated by Keating and Snaith, see (2.1.2). The random
variable gn(8; A) is 26th moment of a fixed matrix A € U(N), averaged around the unit circle with

12There is also interest in the imaginary part of log Py (A, 8), see for example the paper of Fyodorov and Le Doussal [79).
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respect to the uniform measure on it. This is random with respect to the matrix A. Thus, we may
additionally define the moments of gy with respect to the Haar measure on U(NN). Performing this

combination is called the moments of moments, written

MoMy () (k, B) = /U(N) gn(B; A)rdA. (2.2.8)

The final conjecture of Fyodorov and Keating [82] that we consider gives the asymptotic behaviour of
MoMy (n)(k, 3).

Conjecture 2.2.4. For k e N

(g%l +6))’“ (1 - kB
MoMywy(k,B) = ¢ \G(1+28)) Tk(1-p?)
Yo g NF B =41 ifk> 4.

NFB* ik < L
k< (2.2.9)

At the transition point & = 372, we will see that (c.f. chapter [3) the moments of moments will
grow like N log N.

Conjectures [2.2.2) and [2:2.3] will be the focus of the rest of this chapter. Justification for them is
given in section Significant progress has been made on both fronts and is covered in section
At the end of this chapter, see section [2.2.4] we sketch an argument which implies that, at least at lead-
ing order, conjecture 2:2.2] should still hold for symplectic and orthogonal characteristic polynomials.
Conjecture 2:24] is the main motivation behind our work given in chapter [3] where, with an additional
assumption on (3, we establish the conjecture. There we also discuss further why one should expect
conjecture [2:2.4] to hold. Chapter [] explores the moments of moments of symplectic and orthogonal
polynomials, and shows that the leading order behaviour differs from unitary, just as Keating and
Snaith show for moments at the symmetry point, see theorems [2.1.1} 2.1.7, and 2.1.8]

2.2.2 Justification for conjectures [2.2.2} [2.2.3] and |2.2.4

Since conjecture 2:2.2] concerns the maximum of the real part of the logarithm of characteristic poly-

nomials, it will be convenient to define
Vn(A,0) == —2log | Py (A, 6)]. (2.2.10)

The reasons for the —2 coefficient will become clear in what follows. The theorem of Keating and
Snaith (theorem [2.1.3]) reveals that Vy (A, 6) satisfies a central limit theorem,

Vi (4,0) ~ N(0,21og N). (2.2.11)
Furthermore, Hughes et al. [100] show that

. 1 TrA”
log |[Pn(A,0)] = —Re»  — e
v Vn

—inf, (2.2.12)

The following resulﬂ of Diaconis and Shahshahani |64] concerning powers of traces of A is also useful.

Theorem 2.2.5 (Diaconis and Shashahani [64]). Take a sequence (X;)52, of independent and identi-

cally distributed complex random variables whose real and imaginary parts are centred Gaussians with

13 Their result can also be deduced from the Strong Szegd theorem [150}[152].

38



variance 1/2. Then, for any fized k and A € U(N), as N — oo,

d

(TrA,\lfTrAz ..,fTrA’“> (X1, X)) (2.2.13)
Hence, the coeflicients Tr A™/+/n in (2.2.12)) tend to independent and identically distributed complex

Gaussian variables. By (2.2.12)) together with theorem see for example |82], one can show that

sin (91 ; 92) ) : (2.2.14)

where the average is over A with respect to the Haar measure. For large but finite NV, one therefore has
that E[Vy (A4, 01)VN (A, 02)] = —21log |01 — O] for |#1 — 02| ~ 1/N (the scale of mean eigenvalue spacing).
If instead 61, 63 were much closer together than one would expect, then E[Viy (A, 61)Vn (A, 02)] would be
well-approximated by the variance E[Vy (4, 6;)%] = 2log N (c.f. (2.2.11))). Hence, overall, as N — oo,

E[VN(A, 91)VN(A, 92)} ~ =2 log 2

1
—2log|6y — 03] for v < |61 — 6] < 1
E[VN(A, 91)VN(A,6‘2)] ~ (2215)

1
2log N for |91—92|<<N.

Thus, the log-correlated behaviour of Viy (A, 6) (and hence Py (A4, 6)) is apparent, providing justification
for the appearance of ¢ = 3/4 in conjecture rather than ¢ = 1/4 (which one would expect if the
variables were independent).

Similarly, for the Riemann zeta function, one defines
Ve(t h) == —2log [¢ (3 +i(t+h))]|, (2.2.16)

for fixed t € R. Again, the presence of the coefficient —2 will be explained shortly. By Selberg’s central
limit theorem (c.f. theorem [1.1.6)) we have that V¢(t,h) converges to a Gaussian distribution with a
dependence on the shift h, as t — oo

Ve(t, h) ~ N (0,2loglog(t + h)). (2.2.17)

Furthermore, the correlation for two points hi, hy can be calculated in the following way (see [28] or
the appendix of [82] for all the details). Firstly, we use the Euler product for zeta to expand each
VC (t7 hj)7

E[VC (t7 hl)VC (t» h2)]

- 1
=4 Z Z n1/2 o 72 E[cos(ni(t + h1)logp1) cos(na(t + ha)logps)] (2.2.18)

ntn
p1,p2 n1,n2=1 1 2])

where the expectation is the average over [t —h/2,t+ h/2] for some h satisfying 1/logt < h < t. Note
that in the large ¢ limit this interval will contain an increasing number of zeros. Then by expanding
the product of cosines in (2.2.18)) and using that the main term comes from the diagonal contribution

(p1 = p2, n1 = na2) with standard prime estimates, one finds

1
—2log|hy — hal|, for Tont <L |ht —he] <1
E[Ve(t, ha)V((t, ho)] = 5 ) (2.2.19)
2loglogt, for |hy — ho| € —.
logt

The similarity to the covariance of Vy(A,#) is evident. Once again there is a dependence on the
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distance between the points hq, ho. If hy is very close to ha, then essentially Vi (A, h1) and V¢ (¢, he) are
perfectly correlated. However, if they are separated on the same scale as 6; and 63 must be in
(i.e. making the usual identification N ~ logt), then instead one sees the logarithmic correlation.

Such structure has important ramifications. Recall that Selberg’s central limit theorem reveals that
on average log |((1/2 + it)| is on the order of 1/(1/2)loglogt. The Lindelsf Hypothesis states that

IC(L +it)| = o(t°) (2.2.20)

for any € > 0. Under the Riemann hypothesis, one has that

1, c1logt
IC(5 +it)| =0 (exp <1oglogt>) , (2.2.21)

for some constant ¢; (see for example [154]). However, it is also known (without any assumptions) that

IC(3 +it)| =Q (exp <\/£>) : (2.2.22)

Above, Q is as defined by Hardy and Littlewood [91], so f(x) = 2(g(x)) should be interpreted saying
that f(x) takes the value g(z) infinitely often. Hence, maxima of zeta must lie between and
22.29).

If it happened that log |((1/2 + i(t + h1))| and log |[((1/2 4 i(t + h2))| could be considered inde-
pendent of each other, then the Fisher-Tippett-Gnedenko theorem (see chapter (1 section and
theorem could be applied. Such an assumption was made by Montgomery when attempting to es-
timate the typical size of log [(1/2+it)|. If one sets X7, ..., X, to be n local maxima of log |((1/2414t)],
assumed to be independent, then theorem [I.1.8 would imply that the typical size is

log [((§ +it)] = O (eXp (@M)) (2.2.23)

for some constant cy. Montgomery’s conjecture is considerably larger than \/m, the typ-
ical value of log|((1/2 + it)|, and is closer to than (2.2.21). However, as now established,
Montgomery’s assumption of independence is incorrect.

In random matrix theory, the range of theta in conjecture is natural. Number theoretically,
however, there is no such periodicity and so different ranges for the maximum are just as valid. Indeed,
‘long range’ maxima (for ranges of length O(T') rather than O(1)) have been the subject of much recent
study.

Bondarenko and Seip [25],26] show that

. log T'logloglog T’
L 1 1 . 2.2.24
g 3 ) = exp ( (o) ZE 0 e
This has recently been improved to
' log T'logloglog T
L s 5 1 . 2.2.25
s, €+ 0] 2 exp | (V2 oW =0 o

by de la Bretéche and Tenenbaum |[30|. Both results are unconditional, and more generally cover
intervals of length [T, T] for « € [0,1).
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Using techniques from random matrix theory, Farmer, Gonek and Hughes [73| conjecture

tg{l%% 1((5 + it)| = exp ((% + 0(1)) V/log T log logT> . (2.2.26)
A different, and perhaps more tractable, question therefore is to determine the correct size of the
maximum in short intervals. Ranges of length O(1) (rather than O(T) considered in and
(2.2.25))) are precisely those covered by conjecture In particular, since these ranges are so much
shorter, numerical calculations now become feasible.
We now focus our attention on the techniques used by Fyodorov and Keating to construct the
precise form of conjectures [2.2.2] 2.2.3] and [2.2.4] This technique is inspired by a class of problems in

statistical mechanics.
Recall the definition of gy (8; A) from (2.2.7),

4y L /Qﬂ 269 — 1 /27r —BVn (A,0)
gn(B; A) - |Pn (A, 6)]77do = e de, (2.2.27)
21 Jo 2m Jo
where 8 > 0. Compare the definition of gy to : both can be viewed as partition functions
in the language of statistical mechanics. Then, Vy(A,#) is the ‘energy’ for the system and f is the
inverse temperature. The reason for including —2 in the definition of Vi (A4, #) and V,(¢, k) is now also
apparent.

Other, similar, problems have been addressed by re-expressing the question in terms of the language
of statistical mechanics (see in particular the paper of Fyodorov and Bouchaud [78|). Recall from sec-
tion [[.1.4] that a related, important function is the corresponding free energy for the system. Fyodorov
and Keating exactly work with the free energy,

1

F(B) = 5 log gn (B; A). (2.2.28)

and show that the maximum of log | Py (A4, 6)| can be recovered as the large 8 limit

lim F(B) = -2 max log|Pn(A4,80)|. (2.2.29)
B—o0 0el0,2m)
A similar construction can be made for log|((1/2 + it)].

Fyodorov and Keating also point out that the free energy demonstrates the ‘freezing’
property (related to be parameter §, which in the statistical mechanics language represents inverse
temperature). What they mean by this will be clear shortly. Firstly, they define the normalized free
energy to be

Z(B) = log (Ngn (5; A4)) (2.2.30)

1
Blog N
By considering the average of .# () with respect to the Haar measure, they argue (see [82]) that for

B small (i.e. high temperature) the average of % () is governed by the typical values of Py(A,8).
Recall that the Keating and Snaith result gives that the moments behave like N p? (c.f. theorem .
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1 B

Figure 2.2: Graph showing freezing of the free energy as [ (inverse temperature) changes, where

f(B) = —limy_oc E[F(B)].

Hence, for small § one expects

4M§Wﬂ=ﬂk;NEmgNmN&Am (2.2.31)
_ 1 o E 27 2
_m%NEPanA PMA@IMH (2.2.32)
bg(N-Nﬂj
" BlogN (2.2.33)
:ﬂ+%' (2.2.34)

However, as ( grows large (i.e. as temperature decreases), the free energy will instead be governed
by the extreme values, see (2.2.29)). The Fyodorov-Keating conjecture gives that extreme values
of log | Py (A4, 0)| should scale as log N to leading order. Hence in the large N limit for large 3, instead

~E[Z(B)] = E {log (éi /027r |Pn (A, 9)|Qﬁd9)] (2.2.35)

Blog N

log (N - N%8
~ 5(10gN) (2.2.36)
— 2, (2.2.37)

as (3 grows large. This is the meaning of freezing for this system: as the temperature moves from small
to large 8 (i.e. temperature decreases), the free energy reaches a critical temperature and thereafter

remains constant. Here, the critical temperature is 8 = 1, see figure Hence, as N grows large,

B+5 ifp<1
2 if B> 1.

—E[Z(B)] ~ (2.2.38)

Returning to the question of the maximum of Py (A, ), notice that the free energy also provides
insight. If one has sufficiently fine information about the moments of the random variable gn(5; A)
with respect to the Haar measure on U(N), then by this would reveal information about the
maximum of log [Py (A, 6)]| (precisely by performing the calculation outlined in (2.2.29)). The exact
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quantity of interest is

1 27 27 k
]E[QN(BQA)k]:W/O /0 E | ] 1Pxn(A,0;)* | doy---doy, (2.2.39)
j=1

where E[-] is the Haar measure on U(N), and provided that k € N.

As is further explored in chapter [3| section and chapter [5], the integrand of can be
written as a Toeplitz determinant Dy (f) with symbol f(z) = H?Zl |z — €%7|28. The values z = ¢'%
give rise to so-called ‘Fisher-Hartwig’ singularities. Using Widom’s result [157] on the Fisher-Hartwig
asymptotic formula, the integrand of can be seen to be

k

E | [1Pv (4,027 | o |A(e®, ... )~ (2.2.40)
j=1
as N — oco. Thus, provided that the Fisher-Hartwig singularities at €1, ..., e* remain fixed and

distinct, one can apply Selberg’s integral and find that

G*(1+ /3))’“ L(1—kB?) ks (2.2.41)

Elgn (8; A)*] ~ <g(1 +28)) Tk(1-p?)

In order to ensure that the Fisher-Hartwig singularities remain fixed and distinct, one requires the
restriction k < 1/32, see for example [82]. This is the justification (and indeed, the outline of the proof)
for this regime of conjecture Outside of this range, i.e. k > 1/3?, the Fisher-Hartwig singularities
coalesce, and so computing E[gn (3; A)¥] proves to be much more difficult. In fact, one either requires a
uniform Fisher-Hartwig asymptotic formula valid for when the singularities coalesce, or an alternative
approach. Indeed, it is precisely the contributions from the coalescing singularities that leads to the
different leading order behaviour in conjecture [2:2.4] For further discussion and results on this regime,
see chapter [3]

This concludes the review of the heuristics behind conjectures 2.2.2], 2.2.3] and 2.2.41 We now

summarize the recent advances towards proving the two ‘maxima’ Fyodorov-Keating conjectures. The

final conjecture (conjecture [2.2.4)) concerning the leading order of the moments of moments is the
subject of chapter [3]

2.2.3 Progress towards conjectures [2.2.2| and |2.2.3

There has been much interest in resolving the conjectures of Fyodorov and Keating in recent years.
This has been almost entirely successful in the random matrix case, and significant progress has been
made towards settling the number theoretic case.

As has now been evidenced multiple times, typically problems in random matrix theory are more
tractable than their equivalent formulations in number theory. Thus, one often uses the random matrix
results to inform the number theoretic calculation. However, in this case, a model of the Riemann zeta
function was the lynchpin to almost all the subsequent successful improvements. Thus, we first present
this number theoretic model, and state the result of Arguin, Belius, and Harper [7]. Their work shows
that, to subleading order and including the predicted subleading coefficient, the model of the Riemann
zeta function follows the Fyodorov and Keating conjecture.

We subsequently give an outline of their proof, and quickly focus on the identification of the ap-
proximate branching structure found within. It is highly instructive to first map out the calculation for

an ezact branching random walk. These techniques are fundamental not only to the result of Arguin,
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Belius, and Harper [7], but also to all the proofs of the ensuing random matrix and number theoretic

results. A discussion of these forms the remaining part of this section.

Identification of a branching structure in a model of ((1/2 + it)

It is well known that the primes display a behaviour akin to ‘deterministic chaos’. To try to understand
the Riemann zeta function, and in particular the behaviour of its maximum in short intervals, one
might try to use the pseudo-random structure and try to model it. Using work of Soundararajan [146],
Harper [92] constructed, and demonstrated the validity of, a randomised model of the zeta function.
Subsequently, Arguin et al. |7] examined this model and established to subleading order an adaptation
of the conjecture of Fyodorov and Keating in this case. A crucial part of this work is the discovery of an
approximate tree structure in the model of (s). As will be discussed, it is also possible to demonstrate
such structure within the true zeta function. Recall that branching random walks were introduced in
chapter [I] section [I.1.4]

We here restate conjecture though the maximum is taken over a (trivially) different length of

interval. For 7 € [T, 2T chosen uniformly at random,

3
hm[ax] log [¢( +i(T + h))| =loglog T — 1 logloglog T + Op(1), (2.2.42)
€lo,1
where Op(1) is a term bounded in probability as T — oc.
Harper’s idea is to construct a random model of the zeta function by modelling the primes in the
Euler product representation as random variables on the unit circle. He shows that [92]|, under the
Riemann hypothesis, there exists a set H of measure at least 0.99 with H C [T, T + 1] such that

Ly log
log|¢(3 + in)| = Re{z p(ﬁ“””} +0(1), (2.2.43)

ot logT

for all n € H. The set of small measure [T,T + 1]\H where the result fails essentially covers those
points close to the zeros of zeta. In order to capture the ‘quasi-randomness’ of the primes, Harper
introduces the following random variables. Let (Up,p prime) be a sequence of independent random
variables distributed uniformly on the unit circlﬁ Heuristically speakin@ U, models p~'7, see also
figure Thus, when 1 = 7 + h, we make this substitution (and drop the term log(7T'/p)/log T since
it only plays a small ‘smoothing’ role in ) It is then easy to justify, see for example [7], that
the random variable

Re(p_ihUp)
;DSZT — (2.2.44)

for h € [0,1] is a good model for log |((1/2 + i(T + h))|.
Arguin et al. |7] prove the following.

Theorem 2.2.6 (Arguin et a. [7]). Let (Q, F,P) be a probability space and (U,,p prime) be independent

random variables distributed uniformly on the unit circle. Then

—ih
e Re(p~""U,)

3
X =loglogT — - logloglog T + op(logloglog T).
hel0,1] =7 /P 4

The error term op(logloglogT) converges to zero in probability when divided by logloglogT.

141n the literature, these are sometimes referred to as Steinhaus random variables.
150ne can make the argument more rigorous, see [92]
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(a) Plotting 50 evaluations of a Steinhaus random (b) Plotting p~°% for the first fifty primes p.

variable.

Figure 2.3: Comparing 50 evaluations of a Steinhaus random variable with p~*", for the first 50 primes
and 7 = 100.

In other words, the maximum over h € [0, 1] of the model for log |{(1/2+i(T7+h))| where 7 is sampled
uniformly from [T, 2T] matches both the leading and subleading order terms of conjecture

We now outline the key technique that allowed Arguin et al. to prove the above result. We partic-
ularly concentrate on the identification of the approximate branching structure. Once this structure is
apparent, we then discuss the general method of proof that would be employed if one instead had an
ezact branching structure. It is this recipe that proves key to the success of the proof of theorem [2:2:6]
and to the progress towards conjectures and detailed later within this section.

In order to make the comparison with the branching random walk clear, we set without loss of
generality T' = €2" for some large n € N, where T is the height at which the interval is situated up the

critical line. Now set

3

Maon = log 2™ — i(log log 2™) (2.2.45)
3

=nlog2 — 1 logn + O(1), (2.2.46)

i.e. the right hand side of ([2.2.42)) given the above assumption that logT = 2™.

Define the random process

Xn(h) = > Re(prUP),he[o, 1. (2.2.47)

Thus, theorem [2:2.6] follows if one can show

lim P (Mgn(—s) < max X, (h) < Mon (5)) =1, Ve>0, (2.2.48)
n—00 hel0,1]
where 5
Mon(e) =nlog2 — 1 logn +clogn (2.2.49)

and X, (h) is defined by (2.2.47)).

Clearly, Man () is reminiscent of the maximum of the branching random walk, see (1.1.49). This

observation implies that there may be branching structure evident within X, (k). In order to pursue
this further, denote the summands in (2.2.47)) as

(2.2.50)
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Straightforwardly one shows

E[X,(h1)] =0 (2.2.51)
E (W, (hy)W, (h)] = %cosﬂhl ~ ha|logp) (2.2.52)
E X, ()X, ()] = L 37 <20 —phzl logp) (2.2.53)

for hy, ho € [0,1]. The first calculation (2.2.51)) follows by symmetry. For the second, (2.2.52)), one first

rewrites Re(Up, p;ihj ) for j = 1,2 using U, and U,. Then one uses the fact that all terms are zero in

expectation unless p; = p2. The final equality follows immediately from (2.2.52)) and ([2.2.47)).

Thus the covariance of X,,(h) depends on distance between the points hy and ho in a logarithmic

way: X
510g|h17h2‘71 1f|h17h2‘ 22771

E [ X5 (h1) Xn(h2)] = (2.2.54)
5 10g2n if |h1 — hQ‘ <27

That s, if |[hy — he| > 27" (the scale of separation on average) then one can estimate % log|hy — hao| ™!
from (2.2.53). However, if the two points lie closer together than 27", i.e. they lie ‘unusually’ close,

then the covariance is approximately

1 1 1 n

E [ X, (h1) X, (hs)] = 2];;" -~ g log2" (2.2.55)
An interpretation of this observation is that if the points hq, ho are far enough apart, then the X,,(h1)
and X, (hs) are almost exactly uncorrelated. However, when h; and hs lie close together on the scale

of mean separation, there is almost perfect correlation.
The above calculation should be compared to those for the exact branching random walk (which we
do shortly). Indeed, Arguin et al. comment that these approximate results are exact in that setting.
To clearly exhibit the source of the branching structure, they break the sum in in to dyadic-like

partitions, defining

= Y wm= Yy Rl (2.2.56)

2m—1l<]og p<2™m 2m—1l<log p<2™ \/f)
Hence, by (2.2.52)) we have
1
E[Y,,(h)?] = — 2.2.
CAOLED S - (2:257)
2m—1<log p<2™m
1
E[Y;n(h1) Yo (ho)] = > 5 cos(|hy = ha[ log p). (2.2.58)

2m—1<log p<2™m

Thus the model of the Riemann zeta function can be written as

X, (h) = Zn: Y (R), (2.2.59)

m=0

resembling a branching random walk as described in section |1.1.4]

The following lemma of Arguin et al. gives the distance at which two walks X,,(h;) and X,,(hs)
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become essentially uncorrelated. For ease of notation write
hi A hy = [logy |h1 — ho| 1. (2.2.60)

This ‘wedge’ notation should be compared to the last common ancestor of two leaves hi, ho of a binary
tree, recall definition [[.1.9]

Lemma 2.2.7 (Arguin et al. [7]). For hy,ha € R, m > 1,

E[Y;n(h1)?] = %logZ +0 (e—c 2’”) : (2.2.61)

%logZ L0 (2—2(h1/\h2—m)) L0 (e—c 2m) if m < hy A ha,

E[Yo(h1)Ym(he)] = (2.2.62)

0 (2*<m*hﬂh2>) if m > hi A ha,

for some constant c.

The proof follows from a strong form of the prime number theorem and integration by parts. Often,
one has to handle the case of m = 0 (i.e. the contribution from small primes) separately, which is the
cause of the requirement m > 1 in the statement of lemma m

Lemma shows that the Y,,(h), which act as the increments of the branching random walk, are
essentially perfectly correlated when hy and hs lie close, relative to m the index of the increment (which
will correspond to depth in the binary tree). Otherwise, effectively, they are perfectly uncorrelated.

The proof of theorem is inspired by the techniques that one would use if X,,(h) were an exact
branching random walk. Thus, we now outline the method in this precise setting, and comment how
Arguin et al. are able to adapt this proof to the approximate situation for the model of the Riemann

zeta function. As mentioned above, this method is also used in the results towards conjectures

and 2.2.3]

General method of proof

Harper’s model of Riemann zeta function, , has now been shown by Arguin et al. |7] to demon-
strate approximate branching. We now wish to compare this with the branching random walk in-
troduced in section [I.1.4] The exact analogy is as follows. Create a binary tree of depth n so that
its 2™ leaves are equally spaced within the interval [0,1] - see figure To each branch attach an
independent, centred Gaussian random variable with variance o2 = % log2. The m levels, m=1,...,n
correspond to the ‘dyadic’ decomposition of the primes for the Riemann zeta model (again,
the contribution from small primes, m = 0, is handled separately).

Recall that, given two nodes within the tree hq, hs, the last common ancestor is the largest m such
that the walks from root to h; and ho are the same up to level m, and diverge thereafter. Usually we
write m = lca(hy, he), but to emphasise the analogy with the model of {(s), we here write m = hy A ho
- c.f. . Figure shows two walks from root to leaf nodes hy and ho, following the same
(dashed) path up to level hy A hy. Thereafter they diverge and hence become independent.

The general method used to prove theorem is based on the following recipe, applied to the
exact branching random walk (see also |4] and the introduction of |7]). Many of the results towards
conjectures [2.2.2 and [2:2.3] also use the same method.

The first step is to identify a branching structure. For the branching random walk, this is trivially

Xo(h) = Zn: Y (h), (2.2.63)

m=1



0 }Ll 1 0 h,l hg 1

(a) An exact branching random walk on a binary (b) A tree structure with an example of the level
tree of depth 4, with random variable weightings hi A ha, after which the walks X4(h1) (i.e. the (red)
Yom (hi) ~ N(0, 3 log2) for level m € {1,2,3,4}, and path from root to h1) and X4(hs2) (i.e. the (yellow)
leaf I € {1,...,2%}. path from root to hg) become uncorrelated.

Figure 2.4: Pictorial representation of the exact branching structure for the model of ((s).

where Y;,(h) ~ N(0,  log2). Compare this to the approximate branching structure for the model of

((s), @259,

One now considers the number of exceedances,
Z@t)=|{1<2": X, (&) = t}, (2.2.64)

i.e. the number of leave 2% such that the value of the walk associated to that leaf exceeds the value

t. The relationship between maxima and Z(t) is clearly the following

X, (L) >t Z(t) > 1. 2.2.
ze{ﬁr}?’,‘zn} (2 ) - — )= (2:2.65)

In order to identify the correct size of the maximum of X,,(h), one finds ¢ so that P(Z(t) > 1) = o(1)
(c.f. theorem [1.1.10| and the subsequent sketch of proof).
Thus, one proceeds to bound P(Z(t) > 1). An upper bound is attained through a union bound,

P(Z(t) > 1) < 2"P(X, (3+) = 0). (2.2.66)

Standard Gaussian tail estimates give

P(Z(t) > 1) <2"P(X, (5) > 1) (2.2.67)
n t2
~ elos 2" Vo~ (2.2.68)
t2 n
= VR tlog 2" (2.2.69)

implying that P(Z(t) > 1) < o(1) when t = t(n) = log2™ — (3 — €)logn. Recall from chapter
section [[.1.3] that this is approximately the correct order of the maximum for independent Gaussian
random variables. However, one instead here has log-correlated random variables. This means that we
expect the maximum to be lower than this value of ¢(n). Shortly, we discuss an adaptation to this

upper bound that delivers the correct size of the maximum.

160ne assumes that the leaves are equally spaced at %, e 2;;1 ,11in [0, 1].
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The Paley-Zygmund inequality delivers a lower bound,

P(Z(t) > 1) >

z W, (2.2.70)

and similarly one can show [5/7] for the branching random walk that the second moment is exponentially
larger than the first moment squared; it is inflated by those exceeding walks ‘pulling up’ neighbours.
Altogether, this implies that Z(t) is not the right quantity to consider. Instead, one alters the
definition of Z(t) to take in to account strong structure underlying the model. It turns out, 7], that
with high probability, a walk X,,,(h) up to level 1 < m < n lies below a linear barrier log2™ + B for
some B growing slowly with n. If rather one works with
Z(t) =[{l<2": X, (%) >t, and X,, (%) <log2™ + B,Vm < n}| (2.2.71)
then (with some modifications), calculating the above upper and lower bounds and
with Z(t) replacing Z(t) is precisely the right approach.
Making such a method rigorous for functions with approzximate branching structure, such as the
model of the Riemann zeta function described above, is where the technicalities lie. Generally, however,

all proofs of this type follow the method outlined above.

Progress Towards Conjecture

We will now present an overview of the stages of progress made following the paper of Arguin, Belius,
and Harper [7], and subsequently highlight the approximate branching structure in each case.
Recall that the Fyodorov-Keating conjecture (conjecture [2.2.2)) for the maximum of log|Pn (A4, 0)|

is the following. For A € U(N) sampled uniformly with respect to the Haar measure, we expect

3
max log|Pn(A,0)] =log N — —loglog N + 4 n, (2.2.72)
0€[0,2m) 4
where (z4,n, N € N) is a sequence of random variables which converge in distribution.

The first step towards a proof of this conjecture was made by Arguin, Belius, and Bourgade [5].

The following is their main theorem (theorem 1.2 in [5]), establishing the conjecture to leading order.

Theorem 2.2.8 (Arguin, Belius, and Bourgade [5]). For N € N, let A € U(N) be sampled uniformly
with respect to the Haar measure. Then
maxge[o,2m) 10g |PN (A7 0)‘

Nliinoo log N =1 in probability.

Soon after, the work of Paquette and Zeitouni |132] verified that the subleading term in the con-

jecture is correct. Precisely, their main result (theorem 1.2 in [132]) is as follows.
Theorem 2.2.9 (Paquette and Zeitouni [132]). For N € N, let A € U(N) be sampled uniformly. Then

lim maXge[o,2m) lOg |PN(A3 0)| - lOgN __°
N—oo loglog N

in probability.

Importantly, their work establishes the constant —3/4, the characteristic coefficient in the subleading
term for processes with logarithmic correlations. Finally, the best result as of the time of writing, is
the work of Chhaibi, Madaule, and Najnudel [35] who answer the conjecture up to tightness (theorem
1.2 in [35]).
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Theorem 2.2.10 (Chhaibi, Madaule, and Najnudel [35]). If A € U(N) is chosen uniformly with

respect to the Haar measure, and {01, ...,0n} is the set of eigenphases of A, then the family of random
variables 5
max log |Pn(A,0)| — | log N — = loglog N 2.2.73
(yeppotizx , toelP(.0)] = (1og ¥ - § oglog >)N22 (2.2.73)
1s tight.

Chhaibi et al. in fact prove a stronger statement concerning the CSE, the Circular Beta Ensemble,

a probability distribution on n points on the unit circle,

1 i0; _ i0k1B.0. ...

S 13;1}@ le %184y - - - db,, (2.2.74)
for a certain constant Z, 3. Thus, 3 = 2 recovers the CUE (c.f. (L.1.4)) and theorem is the
B = 2 particular case of their more general result. They also prove that the equivalent family of
random variables, where the real part of the logarithm of the characteristic polynomial is replaced by
the imaginary part, is also tight.

Hence only the identification of the distribution of the fluctuating term of conjecture 2.2.2| remains.
Recall that this is conjectured to be a sum of two independent Gumbel random variables. The only
results to date in this direction relate to yet another model, and are due to Remy [137]. We give
Remy’s results after outlining the branching structure intrinsic to the proofs of theorems [2:2.8] 2.2.9]
and 2:2.10] As emphasised previously, identifying an approximate branching structure is inherent to

proving the results as it permits a connection with the exact branching random walk model.

Branching structure for log|Py (A, 0)]

Following the progress made by identifying the approximate branching structure in a model of the
Riemann zeta function by Arguin et al. [7], a crucial part of proving the various results towards
conjecture is the identification of a quasi-tree structure within the logarithm of the characteristic
polynomial.

Recall that the first result towards a proof of conjecture 2.2.2| was the result of Arguin, Belius, and
Bourgade - theorem Following a similar procedure to that outlined in (2.2.56)), they show that

the tree-like structure emerges from a multiscale decomposition. Define f: R — R by
f(0) =log |1 — e, (2.2.75)

and observe that the Fourier series of f is

_ i Re(ej_ije), (2.2.76)

This means that

log [Py (A, 0)| = —iw, (2.2.77)

=1 J

where 6 € [0,27). Compare this to , where such a decomposition was used to justify the log-
correlated nature of log|Px (A, 6)|. Note that is ill-defined when 6 is an eigenphase of A. To
resolve this, let the set of eigenphases of A be 4 = {01,...,0x}. Then for § € €4, define both the left
and the right hand side of to be —o0.

We recall two important properties of the traces of powers of unitary matrices. Firstly, due to

orthogonality of characters of the unitary group (equivalently, the rotational invariance of the Haar
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measure), traces are uncorrelated (see for example [64]):
Eaev(m) [Tr(Aj)Tr(A’“)} = 0,1k, (2.2.78)

provided that k < N. Secondly, recall the result of Diaconis and Shahshahani, theorem|2.2.5] concerning

the convergence of powers of traces,

(Tr\(/x“;j‘))j>1 Moo (/\/Jc)jzl'

(2.2.79)

Further, the speed of the convergence is superexponential [106].
Together, these mean that Arguin et al. may truncate the sum in (2.2.77)) at N, just gaining an

error at the level of O(1). Further, one can decompose the now finite sum as

X, (0) = zn: Wi (0) = — zn: > W, for n € {0,...,log N}, (2.2.80)

m=1 m=1 em—1§j<em

which should be reminiscent of the procedure used by Arguin et al. [7] for the model of the Riemann
zeta functiorﬂ It should therefore not be surprising that can be interpreted as a branching
random walk. The increments W,,(#) are, by the above discussion, uncorrelated and have variance
approximately % If one takes two points 67,65, then the covariance of the increments is calculated
(see [5]) to be

1
5+0 (em=0 %) if m < 6y A By

1 cos(j]01 — 62|)
B [W,, (01) Wi (05)] = = =Wl 2.2.81
W OWn (0] =5 3 : o (et (2:2.81)
em—1<j<em e iIrm > 01/\92,
where
81 /\92 = —10g||91 —92” (2282)
= —log(min{|91 — 62‘7271' - |91 — 92|}) (2.2.83)

(c.f. the definition ) As is now usual, one sees that the increments are essentially perfectly
correlated for levels m before 8; A 85, and then almost perfectly uncorrelated thereafter.

It turns out that it is first easier to work with a slightly different decomposition, which is more
in-keeping with (2.2.59) and ([2.2.56)).

-1

K
Xa-s)10sn(0) = D Yin(0) (2.2.84)

=1

for some large integer K, and § = K1, and where

Yin(0) = > W;(6). (2.2.85)

m—llog N<j< ™ log N

17Recall that we compare N with height logT up the critical line. In (2.2.59), logT = 2" so the number of levels
(equivalently, the length of the walk X, (h)) is on the order of loglog T, which corresponds to the log N levels in (2.2.80).
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Therefore
K—1 o
Re(Tr(A7)e~?
Xa-oyoen@ ==Y > Re(Tr(d)e™7) (2.2.86)

=1 m—1

N K <j<NE®

Then, by , the Y;,,(0) are centred with variance approximately ﬁ log N. As usual, the upper
bound on X (1 _s)10g v follows from an adapted union bound. The analysis of this approximate branching
random walk uses the same recipﬁ as that used by Arguin et al. [7] for the model of ((s), see the
general method of proof outlined previously.

The lower bound requires more work and in particular a truncated second moment argument is
required (a modification of the Paley-Zygmund inequality described previously). This controls the
second moment, which as discussed following , would otherwise dominate the square of the first
moment. Combining the upper and lower bound delivers the claimed leading order.

Swiftly following the result of Arguin, Belius, and Bourgade, conjecture 2.2.2| was verified to sublead-
ing order by Paquette and Zeitouni. The key improvement by Paquette and Zeitouni which permitted

them to upgrade the result of Arguin et al. is a careful comparison between the field
log | det(I — zA)] (2.2.87)

and a centred Gaussian field inside the unit circle on optimal scales.
Once more, the result is achieved using upper and lower bounds. For the lower bound, Paquette
and Zeitouni study the field log | det(I — zA)| inside the unit circle, i.e. |z| < 1. It turns out that this

is particularly convenient since there log | det(I — zA)| is harmonic, so almost surely

sup log |det(I — zA)| = max  log|det(l — zA)|. (2.2.88)
|z|<1 z€{z€C:|z|=1}
This means that one can instead analyse the behaviour of the field on the interior of the disk and any

value there will provide a lower bound for the maximum on the boundary. Conversely, note that

N
log | det(I — zA)| = "log |1 — ze' |, (2.2.89)

j=1

1 .. e~ Then, one can construct the following upper bound. For

where the eigenvalues of A are e
any M > 0, Paquette and Zeitouni show that there exists an N (M) sufficiently large such that for all

integers N > N (M) and any {61,...,0x} € [0,27) one has

N N
‘m‘a)i Z log |1 — ei(0*91)| < max Z log |1 — ei(efef” + M. (2.2.90)
A== lz|=1- % j=1

One is then motivated to understand the behaviour of the field log|det(I — zA)| at points equally

spaced around the unit circle, shifted to lie just inside:
N
{(1 — %)eQmN} : (2.2.91)
j=1

and M can be set to 2, see |[132]. As has been demonstrated multiple times in this review, any attempt

to complete this calculation under the assumption of independence will be doomed to fail. Inspired by

18Though with significant additional technicalities, in particular Riemann-Hilbert analysis is required to justify the
truncated sum described above.
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work of Bramson [29] and Arguin, Belius, and Harper [7], Paquette and Zeitouni instead work with a
barrier event that constrains the particles to lie below some level. Another key aspect is making rigorous
the comparison between log | det(I—2zA)| and G(z), a centred, real-valued, log-correlated Gaussian field.
After this is established, they then directly appeal to the body of literature concerning the maximum
of log-correlated Gaussian fields, and in particular branching random walks and branching Brownian
motion.

Finally, the most recent improvement towards fully establishing conjecture [2.2.2]is due to Chhaibi,
Madaule, and Najnudel [35]. They proved that the conjectured family of random variables is tight. Once
more, they use a branching structure and a truncated second moment method akin to Arguin, Belius,
and Bourgade, and Paquette and Zeitouni. The key addition is the use of the theory of orthogonal
polynomials on the unit circle (OPUC) and Verblunsky coefficients, see Szeg6 |151].

If D is the unit circle in the complex plane, and p is a probability measure on DD, then one can
create a sequence of monic polynomials {®4(z),k = 0,1,...} which are orthogonal with respect to u
by applying the Gram-Schmidt orthogonalisation procedure to the sequence {z™ : n = 0,1,...}. These

polynomials can be generated using the Szegd recurrence relation,
Dpi1(2) = 20k(2) — Py (2), (2.2.92)

where
Df(2) = 2@y (771) (2.2.93)

and ®y(z) = 1. The * operator reverses the order of the coefficients of the polynomial and the numbers
ay are known as Verblunsky coefficients. Chhaibi et al. note that one can use the OPUC to understand
the behaviour of the characteristic polynomials through the following lemma (which is a particular case
of lemma 2.1 in Chhaibi et al. [35]).

Lemma 2.2.11 (Chhaibi, Madaule, Najnudel [35]). The following family of random variables is tight,

sup log|Pyn(A,0)| = sup log|®y_;(")| :
0€[0,2m)\{601,....0n } 0€[0,2m) N>1

Hence, one deduces that proving theorem [2:2.10]is equivalent to proving that the family of random
variables

| 3
S VT S 2.2.94
(9»;%)?;) og [P ()] (Og 40808 >>N>2 -

is tight. Further, one can also express log ®% (¢??) as a sum of logarithms of a function of Verblunsky
coefficients and continuous real functions called Priifer phases. This introduces a martingale structure
which is particularly useful when determining the extreme values of polynomials (®})x>o. With some

careful construction, one can then define a new field

k=1 xCeiv;(0)

20) =Y A (2.2.95)

J=0

for 6 € R, where X;C is a complex Gaussian of variance 1, and ;(6) are so-called Priifer phases. This
reduces the problem once more to now just studying this new field Zx(6) as they further show that the

family of random variables

( sup ‘log@i(eig) —Zk(9)|> (2.2.96)
0€[0,2m) 50
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is tight. Thus the final goal is to show that

sup Re(Zn(0)) =logN — §log log N + O(1), (2.2.97)
9c[0,2) 4

where O(1) is a tight family of random variables. Whilst highly technical, in broad strokes the proof,
as all previous proofs in the section have done, follows from an upper bound by the first moment, and

a lower bound using the second moment.
Given that Chhaibi et al. have shown conjecture 2.2.2] up to tightness, all that remains is to identify
the distribution of the fluctuating term (conjectured to be the sum of two independent Gumbel random
variables). To date, the only process towards this goal is due to Remy [137] who considers a related

model.

Identification of the Gumbel random variables

A recent paper of Remy [137] establishes the sum of two independent Gumbel random variables in an
analogous problem. We will discuss this paper shortly, but first we take a slight detour to understand
further the connection between random matrix theory and Gaussian multiplicative chaos (GMC). Recall
that GMC measures were introduced in chapter |1} section In particular we focus on the work of
Webb [155] and Nikula, Saksman, and Webb [128].

In two successive works, it was determined that for a € (—1/2,2) and as N — oo,

[P (A 0) dO v ox(o)- % Epx0)2) 99

E[[Px (A,0)7] 25 o (2.2.98)

Thus, if one considers the left hand side as a sequence of measures on the unit circle, by (2.2.98) they
converge in law to the GMC measure found on the right hand side of the statement. Recall that we

write X (@) for a centred and logarithmically correlated Gaussian field, where explicitlyﬂ
1 _ .
E[X (01)X (62)] = —5 log et — ez, (2.2.99)

We here emphasise the regions in which one can select the parameter « (c.f. and ,
and the surrounding discussion). It was first shown by Webb [155] that the convergence is
true in the L2—phase, which corresponds to taking a € (—%,\/Q) In fact, Webb proves a more
general version allowing for twists of the characteristic polynomial by powers of the exponential of its
argument. In a subsequent work due to Nikula, Saksman, and Webb [128|, the convergence
was extended to include the L!'—phase which is equivalent to taking a € [v/2,2). Motivated by the
theory of multiplicative chaos, it is conjectured that the limiting object for a > 2 will be zero, thus the
interesting behaviour has now been categorised.

Remy also works with the field X (), though with a different normalisation in the covariance. For
convenience, we have translated Remy’s result to be consistent with the normalisation used throughout

this chapter. Define
1

:%0

27
Y, X qp, (2.2.100)
for a € (0,2). As usual, Yy, is rigorously defined as a limit using an appropriate cut-off X, (6) of X (0),

X0 = lim (0 X:(0)=SE[X.(6)’] (2.2.101)
E—

19Whilst the normalisation constant of 1/2 appearing here is not standard within the log-correlated literature, its role
is to mimic the random matrix setting. It does not affect the range of validity of the measure.
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(see Remy [137] or section for details). It is instructive to compare this to the definition of
gn(B8; A) (2.2.27). The main theorem of Remy proves a conjecture of Fyodorov and Bouchaud [78§].

Theorem 2.2.12. Take o € (0,2). For all p € R such that pa® < 4, one has

r(-er)
E[Y]] = o
r(i-+)
Consider the statement of theorem alongside the results of Webb and Nikula et al., and set
a =20 and p = k. With this specialisation, (2.2.98]) becomes

(2.2.102)

|Pn(A,0)° de 26X (0)~2B°E[X (6)%] de

—_ 2.2.1
B[ Pn (A, 027 27 o (22.103)

for 23 € (—=1/2,2), as N — oco. Hence, by the result of Remy, one expects for k32 < 1, and 2 € (0,2),

Lo AP N L [T aax 25X gg)
’ l(z/ soe”) || (] ) 22100
r(1—kp?
- I‘El ~ ﬂf)lz, (2.2.105)

Given the rotational invariance of the Haar measure and the result of Keating and Snaith 211} one
has that (assuming that the convergence (2.2.105]) holds),

1 0s 0\ | (G5 Tk e
EK%/O [Py (A, 0)] d9>1 (g(1+26)> Fk(1—ﬁ2)N : (2.2.106)

which is precisely the first regime of conjecture 2.2:4]
Additionally, Remy considers the ‘critical’ GMC at o = 2. In this case, the measure is denoted
—X(0)eX@dh and is found via

— X(0)e>XDdh = — lim (X.(0) — 2E[X.(0)?]) e2X=(O)—2E X)) gg, (2.2.107)

e—0

again for a suitable cut-off X.. Such a construction gives a non-trivial random positive measure,

see [67,/68,/133]. Now define
2m

Yi=— [ X(0)e2X®gp. (2.2.108)
0

It was shown by Aru, Powell, and Sepulveda [8] that Y is related to the limit as o — 2 of Yy,

Y,
AT «@
Y il_)mz 5 a (2.2.109)
in probability. One can hence deduce (see |137]) the density fy: of Y,
“2e=v"" ify >0
Yy e ny-=
fy(y) = (2.2.110)

0 ify <0,

so log Y’ has a standard Gumbel law. Finally, recent results (see |21,/65]), have shown that for suitable
cut-offs X,

1 3 1
max X.(0) —log - + —loglog— — % +logY' + C, (2.2.111)
0€[0,27) e 4 €
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where ¢ is a Gumbel random variable independent from Y’, and C is a constant depending on the
cut-off chosen.

Hence, combining (2.2.111)), (2.2.110), with N corresponding to 1/e and log |Pn(A,0)| to X.(6),
this analogy would imply that

Gn[})agc)log |Pn(A,0) —log N + %log logN = % +% + C, (2.2.112)
(S T
thus adding further weight to conjecture of Fyodorov and Keating. This approach also suggests

that it may be easier to instead establish

Gn[%agc : log|Pn(A,0)| —log N + ZIOg logN — % +logY' + C. (2.2.113)
S T

Progress towards conjecture M

Finally, we give a brief review of the progress to date towards resolving the conjecture of Fyodorov and
Keating concerning the maximum of log |((1/2 + it)| in short intervals. Since this document primarily
concerns random matrix results, we here focus just on the key theorems and identifying the source of
the branching structure.

Recall that the proof technique of identifying the branching structure originated with Harper’s
model of log |((1/2 + it)]|, see [92]. We have also now shown that there has been significant progress
towards a proof of conjecture For this final part of the section, we give the various results towards
a proof of conjecture 2:2.3] which recall has the form

} rr[loagc )log IC(3 +i(t + h))| =loglog T — §loglog log T + Op(1), (2.2.114)
S ™

where 7 ~ U[T,2T] and the final term Op(1) represents a term bounded in probability as T grows
large.
The first result of Najnudel [127] proves the conjecture to leading order under the Riemann hypoth-

esis (and also proves an analogous result for the imaginary part of log {(1/2 + it)).

Theorem 2.2.13 (Najnudel [127]). Take € > 0. Then, under the Riemann hypothesis,

1
7 meas. {T <t<2T:(1—¢)loglogT < | m’ﬂx log [C(2 +ih)| < (1+¢) loglogT} —1 (2.2.115)
t

as T — oo.

For Najnudel, the random walk structure originates in the Euler product. In particular, note that

> —k(s+it) In
o (s +it) = 3D P =30 ) (22.116)
p k=1 n>1

for Re(s) > 1 and t € R, and where I(n) = 1/k if n = p¥ and 0 otherwise.
Common to all the proofs is that the upper bound for the leading order, i.e. demonstrating that
max|;_p|<110g |C(1/2 + ih)| < (1 +¢)loglog T' (see for example section 2 of [6]), is straightforward.
For the lower bound, Najnudel first proves the following. For any integrable function ¢ : R — R
such that its Fourier transform ¢ is compactly supported, then, for Re(s) > 1,

Ly(s) = /oo log ((s +it)p(t)dt (2.2.117)

— 00
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is well defined and

-y

n>1

d(logn), (2.2.118)

which can be continued to the whole of the complex plane. One then wishes to extend such a result
inside the critical strip. However, difficulties arise associated with the zeros of ((s) and the pole at
s = 1. Assuming the Riemann hypothesis clearly gives an exact awareness of the location of the zeros
of ((s) inside the strip. Therefore, for o € [1/2,1), 7 € R, H > 0, Najnudel is able to prove, under
the Riemann hypothesis and provided ¢ satisfies the conditions above and additionally is dominated

by any negative power at infinity, that

/OO log¢ (o +i(r+ 4 Z H” ( ")+0¢(1+%). (2.2.119)
n>1

— 00

If one chooses, as Najnudel does, ¢ satisfying the conditions of ([2.2.119)), with additionally ) = (;3

taking values in [0, 1], even and equal to 1 at 0, then for H > 1 and 7 € R one can define

Ay(r H) =) i) (1"5”). (2.2.120)

5+iT
12

Najnudel then proves (propositions 5.1, 5.2 in [127]) that, without too big an error term, and by making
careful choices for 7, H in (2.2.120) (see the statement of proposition 5.2 in [127]), the maximum of
Re(kAy (7, H)) provides a lower bound on the maximum of Re(log{(1/2 + it)) in the relevant short
intervals, where k € {0,1,...,H — 1}. Indeed, one can also show (see section 6 of [127]) that, after
applying a multiscale-type decomposition and using the random approximation to terms of the form
p't (see Harper’s model, discussed at the start of section , that Ay (7, H) has an approzimate
branching structure.

Soon after Najnudel’s result, Arguin, Belius, Bourgade, Radziwill and Soundararajan were able to

remove the assumption of the Riemann hypothesis.

Theorem 2.2.14 (Arguin, Belius, Bourgade, Radziwill, Soundararajan [6]). For anye > 0, asT — oo,

we have
1
7 meas {T <t<2T:(1—¢)loglogT < ‘ m}ix log [C(2 +ih)| < (1 +¢) loglogT} . (2.2121)
t

Arguin et al. are able to bypass assuming the Riemann hypothesis by examining {(o +i(t + h)) for
o slightly away from 1/2 and proving results for most, not all t. As mentioned above, the upper bound
is relatively simple to prove. The lower bound requires more work. Firstly, Arguin et al. establish that
large values just off the critical line imply large values lying on the critical line, thus permitting them
to work slightly to the right of the line 1/2 4 it. They then construct a ‘mollifier’ (i.e. a function M (s)
so that, just to the right of the critical line, M (s){(s) ~ 1). This allows them to show that for almost
all ¢t € [T, 2T, one instead may work with a significantly shorter Dirichlet polynomial

D Rel > b (2.2.122)

p<X p<X

for an X much smaller than T. In particular they show that a large value of the maximum of (2.2.122))
(over |t — h| < 1) implies a large value of maxy,_j <1 log [((1/2 +4h)|. Similarly to Najnudel [127], it is
within ([2.2.122)) that one may find an approximate branching structure. The techniques for handling

branching structures described at the start of this section are again key to proving the required lower
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bound.
Most recently, Harper has provided a nearly sharp upper bound.

Theorem 2.2.15 (Harper [94]). For any real function g(T) tending to infinity with T, we have

3 3
l}f‘n<a1>§210g (3 +i(t+h))| <loglogT — 1 logloglog T + 3 loglogloglog T + ¢(T), (2.2.123)

for a set of t € [T, 2T] with measure (14 o(1))T.

The main difference in the proof of Harper’s result is how ((s) is approximated by Dirichlet poly-
nomials. Harper approximates the zeta function in mean square by the product of two Dirichlet
polynomials: one over smooth numbers and one over rough numbers. Typically, one discards the latter
in favour of short Dirichlet series, see for example . However, Harper shows that in order to
achieve the desired subleading term, one must work with the full range and use the contribution from
the large primes to one’s advantage. Doing so provides the claimed bound. This is similar in spirit
to the work of Conrey and Keating [37H41] on the techniques for understanding higher moments of
¢(1/2 +it), discussed in section [2.1.2]

This concludes the review of the recent progress towards proving both conjectures 2.2.2] and con-
jecture As has been demonstrated, the identification throughout of an approximate branching
structure is essential. Conjecture is also of substantial research interest, and is the topic of chap-
ter 3l In chapter |§|We focus on the approximate branching structure present within log |Py (A, 8)|. Just
as Arguin et al. [7] used the randomized model of ((s) to prove a version of conjecture there we
prove a regime of conjecture adapted to this model. Additionally we outline a method for proving

such an adapted conjecture in full generality.

2.2.4 Maxima of orthogonal and symplectic polynomials

For the final part of this chapter, we consider the maximum size of orthogonal and symplectic charac-
teristic polynomials. A natural extension to the preceding discussion would be to determine the size
of the maximum of log | Pg(ny (A4, 0)| for A € SO(2N) or A € Sp(2N), and conclude whether or not it
differs from the unitary case. Here we provide evidence towards the conclusion that the maximum in
either situation does not differ, at least to leading order, to that of the unitary case.

It is not initially obvious that this should be the case. Recall that the moments of symplectic and
orthogonal characteristic polynomials at the symmetry point (c.f. theorem and theorem
behave differently from unitary. This may have implied that the leading order of the maximum differs
from Conjecture However, the work of Keating and Odgers (c.f. theorem shows that, away
from the symmetry point, the statistics revert back to those of unitary matrices. It is this behaviour
which seems to win out; our argument described below suggests that, to leading order, the maximum
of log |Pg(ny(A,0)| is log N regardless of the choice of G(N) € {U(N),Sp(2N),SO(2N)}. The work
described here came out of conversations with Prof. Paul Bourgade during a research visit to CIMS.

We begin with the orthogonal case. Firstly, we state central limit theorem for log |Pso(2ny(4,0)],
which is work of Keating and Snaith [115].

10g |Pson)(4,0)] + 5 log N
Vlog N

To find the correct level of the maximum for SO(2N), we need to estimate how (2.2.124) changes
as 6 varies close to the symmetry point. Keating and Odgers proved that (corollary 3 in [112]) for

~ N(0,1). (2.2.124)
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<<,
Ellog [Psoen)(4,0)[] ~ 5 log(l — ), (2.2.125)

hence for this range of 6, the average value of the logarithm behaves like %log 0. Hence, one proposes

that )
log |Pso(an) (4, 0)] — 5 log 0

v o2log N
To determine the value of 02, we use the second moment of the characteristic polynomial. Recall that
Keating and Odgers show (see (2.1.56)) for + < 6 < 1

~ N(0,1). (2.2.126)

EllPsogn (A,0)2] ~ N. (2.2127)
Alternatively, we could compute
E[|Psocn) (A4, 0)°] = Elexp(2log |Pso2n) (4, 0)))] (2.2.128)
~ Elexp(27)) (2.2.129)
= exp(20° log N + log ). (2.2.130)

where Z is a Gaussian random variable with mean %logﬂ and variance o2 log N, following (2.2.126).
Then by comparing (2.2.130)) and (2.2.127)), we find that

1 log 6
2
= - — . 2.2.131
7 T 327 2lgN ( )
So for + v < 0 < 1, we would expect

log | Pso2n) (4, 0)| ~ N(%1log,0%log N), (2.2.132)

with o2 given by (2.2.131)). As a sanity check, we consider §# = 1/N. Then (2.2.132)) implies, as N — oo,
log | Pso2ny (4, 0)| ~ N(—3log N,log N), (2.2.133)

as expected by (2.2.124). Additionally, away from the symmetry point, we should instead recover
unitary statistics. One sees this by setting § = 1 in (2.2.132)), whereby log | Pso(2n) (4, 1) would instead
be modelled by a normal random variable with mean 0 and variance (1/2)log N.

The next task is to determine the correct value of a € [0,1] such that

ee%ag()log [Pso@n) (A, 0)] — Ellog | Psoan) (A, 0)[] > alog N (2.2.134)

with high probability. By estimating the Gaussian density function ®, we have

log | P A, 0)| — E[log | P A0 .

P ( 0g |Pso(2n) (4, 6)] - [(ffl so(en) (4, 0)|] >x> ~ e (2.2.135)
v o?log
where ¢ = Y96 log . Hence

a2 log N
B(log | Pso(any (4. 0)] — Ellog | Psogn) (A, 6)]] > alog V) ~ e~ 54 (2.2.136)

0(2
=N v, (2.2.137)
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Taking a union bound and exponential scaling, ¢! < N < e!*! for 1 <1 <logN,

P < max log|Pson)(4,0)| - Ellog|Pson)(4,0)[] > alog N)

0€0,2m)
< 3" P(log [Pso(an) (4, 6)| — Ellog| Psozw) (4, 0)]] > alog V) (2.2.138)
0
log N _ CT? .
= €N e (2.2.139)
=1
log N a2
=Y N mn (2.2.140)
=1
Set )
a
f(l)=1— ————logN. (2.2.141)
2 N
og

We want to determine which ! maximises f(l), so differentiating gives

aZ

l 2
(2_ logN)

Thus | = (2 — ) log N and plugging back into (2.2.140)) implies & = 1. Hence, one would expect that

f)=1- (2.2.142)

maxgeco,2m) log |PSO(2N)(Aa 0)| — Ellog ‘PSO(ZN)(Av 0)l] Njc 1 (2.2.143)
log N ' o

This means that, to leading order, one would expect that the maximum of log | Pso2n) (4, #)| matches

that of log |Py(n)(A4,0)| (c.f. conjecture |2.2.2)).
For completeness, we can repeat the calculation for A € Sp(2N). The central limit theorem, due

to Keating and Snaith [115], at the symmetry point is

log ‘PSp(2N)(A? 0) — %IOgN
v1og N

Keating and Odgers [112] computed the mean value of the logarithm of the characteristic polynomial

~N(0,1). (2.2.144)

in this case,
1 .
Eflog |Psp2ny (A, 0)]] = —3 log(1 — 627'9), (2.2.145)

hence the average value of the logarithm behaves as —% log . As above, we use the second moment of
the characteristic polynomial to determine the variance. Keating and Odgers show that for this range
of 0, the second moment still depends on 6 (which differs from the orthogonal case), see ([2.1.56)),

2N

E[| Psp(any (A, 0)[%] ~ T -2 (2.2.146)
N
~ o (2.2.147)
Mimicking the calculation for the orthogonal case, we find also that
E[| Psp2n) (4, 0)%] = Elexp(21og | Psy(any (4, 0)))] (2.2.148)
~ Elexp(27)] (2.2.149)
= exp(20?log N — log 6) (2.2.150)
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where Z is a Gaussian random variable with mean —% log # and variance o2 log N. Comparing (2.2.150)
to (2.2.147)), we again find that

1 log 6
2
= - — . 2.2.151
7 T 37 2lgN (2:2.151)
So for % < 0 <« 1, we would expect
log | Psp(any (A, 0)| ~ N(—2%log8,0°log N). (2.2.152)

This matches the usual central limit theorem at the symmetry point when 6 ~ 1/N| see (2.2.144]).

The calculation hence now proceeds identically to the orthogonal case, yielding the prediction that

maXge(o,2r) 10g | Pspan) (4, 0)| — E[log | Pspan) (A, 0)]] Noreo g (2.2.153)
log N ' o

2.3 Conclusion

In section [2.1] we focussed on the connection between random matrix theory and number theory, in
particular using moments of characteristic polynomials to model various moments of L-functions. This
narrative provides context for our results in chapters [4 and [7]

Further, this theme continued in section 2.2} the maxima conjectures of Fyodorov and Keating were
formulated both for unitary characteristic polynomials and for the Riemann zeta function using the
analogy developed in section 2.1} Recall conjecture 2.2.4]

k
o k g*(1 + 5)) - kﬁ2)Nkﬂ2 fh< L

E K;w/ IPU<N><A,0)26d0) ] - (9(1 +20)) IH1-p2) A N CE R
0 ’yk’BNk2ﬂ2_k+l if k > é,

which was used to justify conjecture We refer to the left hand side of as a ‘moments of
moments’. One could rephrase this in terms of moments of moments of the Riemann zeta function.
Conjecture [2:2.4) is the subject of chapter [3] and this generalization to number theoretic moments of
moments is discussed there.

We argued in section[2.2.4] that, at least to leading order, conjecture should extend to symplec-
tic and special orthogonal characteristic polynomials. However, the question of the behaviour of their
moments of moments remains unanswered. We show in chapter [4] that their asymptotic behaviour in
fact differs from the unitary case, and that each compact group has its own unique asymptotic form.
This is more in line with results such as theorem and theorem [2.1.8] in which Keating and Snaith
showed that at the symmetry point the moments over each compact group differ.

Recall also from section [2:2.2] that studying moments of moments of unitary characteristic polyno-
mials could lead to fine information about their maximum. We have discussed that the distribution of
the fluctuating term in conjecture remains open, and conjecture could provide a method for
understanding it. To date, only the result of Remy [137] concerning a model of log [Py (ny (A, 0)| has
clearly identified the sum of independent Gumbel random variables. However, note that that result
holds in the regime k32 < 1, which we showed in section is the easier regime for understanding the
moments of moments of Py (ny(A,0) due to properties of the associated Fisher-Hartwig singularities.
This provides further reasons for being interested in understanding the moments of moments in the
regime kB2 > 1. This in particular is the subject of chapter

Finally, we emphasise once more the importance of the underlying approximate branching structure

of both unitary characteristic polynomials and the Riemann zeta function. This identification proved
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crucial to the series of impressive results towards complete proofs of conjectures 2.2.2] and 2.2.3] In
chapter |§| we continue this idea to moments of moments calculations for models of log |Pg(n) (4, 0)|.
We are able to prove an analogy of for this model, as well as rederiving the results of chapters
and 4 An interesting direction for future research would be to explore how to utilise this approximate

branching structure to strengthen our results of chapters [3] and [4
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Chapter 3

Unitary moments of moments

The basis for this chapter is the paper ‘On the moments of the moments of the characteristic polynomials
of random unitary matrices’, which is work of the present author and J. P. Keating [15|, published in
Communications in Mathematical Physics. The project was carried out by the present author, under
the advisement of J. P. Keating. We also thank Edva Roditty-Gershon and Scott Harper for helpful
discussions.

The material within this chapter largely only differs from [15] in that arguments and calculations
have been expanded for clarity. We have included additional relevant literature for context, in particular
within section [3.2] Moreover, elements of the introduction have been updated in light of recent results.
Any such addenda are the work of the present author. Furthermore, the appendix of [15] has been
incorporated in to the text (with remarks inline signifying where this has taken place), except for
the section giving explicit examples of the moments of moments (section 6.1 in [15]), which has been
relocated to chapter

3.1 Introduction

This chapter concerns certain moments of unitary characteristic polynomials, so throughout we write
Pn(A,0) = Pyny(A,0) = det(I — Ae™™), (3.1.1)

to denote the characteristic polynomial of an N x N unitary matrix A on the unit circle in the complex
plane. The typical values taken by Py when A is chosen at random, uniformly with respect to Haar
measure on the unitary group U(N) (i.e. from the Circular Unitary Ensemble), have been the subject
of extensive study as demonstrated in chapter[2] The moments of Py and its logarithm were computed
in [116] using the Selberg integral, see theorem and compared with the corresponding moments of
the Riemann zeta function, {(s), on its critical line (Re(s) = 1/2) (as discussed in section[2.1.2). Recall
that it follows from these calculations that log Py (A, 6)/,/4 log N satisfies a central limit theorem when
N — 00, in that the real and imaginary parts independently converge to normal random variables with
zero mean and unit variance (c.f. theorem . This is true as well without normalising, in a
distributional sense [100].

The correlations of log |Py (A, #)| can be computed using, for example, formulae due to Diaconis
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and Shahshahani [64], and can be shown to satisfy (see section (2.2.15))

1 1
§logN if |z] << N
Eacvv) [log|Pn (A, 0)|log | Py (A, 0 + )] ~

L) || 'f1>>||>>1
—— 10g |T 1 X -
2 8 N

(3.1.2)

when N — oo. (The imaginary part of log Py (A, 8) exhibits similar behaviour.)

As shown throughout chapter 2 the fact that log | Py (A4, 8)| behaves like a log-correlated Gaussian
random function has stimulated a good deal of interest recently, as it suggests a connection with other
similar random fields such as those associated with the branching random walk, branching Brown-
ian Motion, the 2-dimensional Gaussian Free Field, and Liouville quantum gravity. This observation,
together with heuristic calculations and numerical experiments (c.f. [80]), motivated the series of con-

jectures [81L82] of section [2.2] concerning the maximum of | Py (A4, #)| on the unit circle,

Prax(A) = Pn(A,0)]. 3.1.3
(4)= max [Pr(4.6) (3.3
Recall from chapter [2f that the heuristic calculations described in [82] are based on an analysis of

the random variable
1

2T
gn (B A) = 27/ Py (A, 0P do (3.1.4)
T Jo
which is the 28th moment of |Px(A,0)| with respect to the uniform measure on the unit circle %
for a fixed A € U(N). Specifically, the calculations centre on computing the moments of this random

variable with respect to an average over A € U(N). We refer to these as the moments of the moments
of Py(A,0), such averages were first defined in chapter [2| see ,

1 27 k

They will be the main focus of our attention.

We also emphasise that the integrand of gy (5; A), when appropriately normalised,

E [Py (A,0)[2] 27 (310

has been the subject of considerable interest as highlighted in chapter [2] section 2.2:3] There we gave
the results of Webb and Nikula et al. [128}|155], showing that converges to a limiting Gaussian
multiplicative chaos measure (see [20}/108L{139] and chapter |1} section for B € (—1,1) (c.f. |142]
for a corresponding result for the Riemann zeta function on the critical line). Importantly, there is
expected to be a freezing transition [82] at 5 = 1, leading to a different regime of behaviour when 3 > 1

(recall the discussion around (2.2.38)).
One of the main conjectures of [82] is conjecture This states that when N — oo

k
(92(1+ﬁ))> I(1—kB%) Arkp? 2
, N for k<1
MoMy () (k, B) ~ ( gu+2p) J IPI-=F) /P (3.1.7)

’yk75Nk2ﬁ27k+1 for k > l/ﬂ2

where G(s) is the Barnes G-function and v g is an unspecified function of k£ and @ At the transition
point k = 82, for k > 2, one should expect that the moments of moments grow like N log N. Recall from

chapter [2] section [2:2.2] that one justification for this conjecture follows from a heuristic calculation of

1By A(N) ~ B(N), we mean that A(N)/B(N) — 1 when N — cc.
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the moments of moments when k& is an integer |81, 82,|111]. This is based on the following expansion
for k e N

1 27 27 k
MoMU(N)(k;,ﬁ):i(QW)k/O /0 ET]1Px(A,0,)* | doy - doy. (3.1.8)
j=1

As explained in section the integrand in can be computed asymptotically when N — oo
and the ;s are fixed and distinct using the appropriate Fisher-Hartwig formula [74]. The resulting
integrals over the 6;s can then be computed when k& < 1/ (% using the Selberg integral, leading to
the expression in the conjecture in this range. This expression diverges as k approaches 1/3>
from below. The reason for this is that when k& > 1/32%, singularities associated with coalescences of
the 6;s become important. Developing a precise asymptotic in the range k > 1/3% therefore requires
a Fisher-Hartwig formula that is valid uniformly as the Fisher-Hartwig singularities coalesce. From
this perspective, the regime k > 1/42 is the more challenging one. Such a uniform Fisher-Hartwig
asymptotic formula has only recently been achieved by Fahs [72], by extending a calculation of Claeys
and Krasovsky [36]. We highlight that our work described subsequently was completed prior to Fahs’
result, and additionally it gives insight in to the leading order coefficient ~; g in . As described
in section [3.1.1} the increasing results of Claeys and Krasovsky, and Fahs, are only fine enough to give
such information for k =1, 2.

In chapter section we discussed a closely analogous problem in which log|Py(A,6)]
(c.f. ) is replaced by a random Fourier series with the same correlation structure. Such se-
ries can be considered as one-dimensional models of the two-dimensional Gaussian Free Field — the
analogue of conjecture , due to Fyodorov and Bouchaud [78], was there shown to have recently
been proved in the regime k < 1/3% for all k and 8 by Remy [137] using ideas from conformal field
theory [120], see theorem

We note that the conjecture described above extends to the other circular ensembles (i.e. to the CSE)
[354804116] and to the Gaussian ensembles [83H85]. We note as well that there are extensive mathematics
and physics literatures on log-correlated Gaussian fields; see, for example chapter [I] section as
well as [65], [84] and [34], and references contained therein. There has been a particular focus on the
freezing transition at 8 = 1. In the case of uncorrelated Gaussian fields this is well understood; see for
example the Random Energy Model discussed in section and |62,/117]. For log-correlated fields
the freezing transition continues to be a focus of research; see, for example, [82}/149] and references
therein.

Our focus here will be on the conjecture for the asymptotics of the moments of moments
when k € N and 8 € N. Note that this immediately places us in the regime where k32 > 1, and so
in the more difficult regime which is dominated by coalescing Fisher-Hartwig singularities, and where
progress, at time of the publication of our result, had been limited to the cases of k = 1,2. Here
one can exploit connections with representation theory and integrable systems that have not been
incorporated in the probabilistic approaches taken previously. Specifically, we shall use three different,
but equivalent, exact (rather than asymptotic) expressions for the integrand in . This allows us to
circumvent the problems described above associated with coalescing Fisher-Hartwig singularities. We
also note that our results include the freezing transition point at 3 = 1, see the discussion after
in section

The first of these expressions, which takes the form of a combinatorial sum and was proved in [45],
enables us to compute MoMy (ny(k, 3) exactly and explicitly for small values of k and 3, when both
take values in N. This suggests a refinement of conjecture in this case:

MoMy (n)(k, B) = Poly,zg2 11 (N), (3.1.9)
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where Poly242 41 (N) is a polynomial in the variable N of degree k*3* —k+1. This obviously implies
in the range k > 1/8? for k, 8 € N. In chapter |5| we give explicit examples of these polynomials.
This method can be used to establish that MoM(ny(k, 3) is in general a polynomial in N, but does
not straightforwardly determine the order of the polynomial in question.

We then go on to analyse using two alternative approaches. The first of these uses a second
formula for the integrand in that is based on the representation theory of the unitary group and
involves expressing MoM(ny(k, B) in terms of a sum of semistandard Young tableaux via the theory
of symmetric functions (c.f. chapter |1} section . The application of the theory of symmetric
functions in this context was developed by Bump and Gamburd [33], who used it to analyse moments
of characteristic polynomials, following [116] and [45]. We explore their result further in section It
allows us to prove that MoMy(ny(k, 3) is bounded by a polynomial function of N of degree less than
or equal to k?/3% at integer values of k, 3, and N. The other approach involves a third formula for the
integrand in , which takes the form of a multiple contour integral and which was also proved
in [45]. This allows us to compute the large-N asymptotics of MoM(x)(k, (), using methods developed
in [112,|113]. We show in this way that MoM(ny(k, ) is an analytic function of N that grows like
N#*B’=k+1 a5 N — co. This approach allows us to obtain a formula for the leading coefficient of the
polynomial in , which corresponds to evaluating the function ~; g in when k and [ are
both integers. Combining these various results allows us to deduce that MoMy () (k, ) is a polynomial
in N of order k282 — k + 1, thereby proving .

The fact that MoMy () (k, 3) is a polynomial in the variable N when & and 3 both take values in N
means that in this case we have an exact formula. This is a consequence of this problem being integrable,
as is clear from the analysis based on symmetric functions. From the perspective of asymptotics, it
means that we know the complete structure of the asymptotics of MoM(n)(k, 8); that is, we know
the general form of all terms in the asymptotic expansion, not just the leading order term.

We emphasize that our main motivation here is to prove , and in particular its refinement
, in the regime kB? > 1 where, at time of publication, previous approaches had failed in gen-
eral (i.e. other than when k = 2) because they require a general Fisher-Hartwig formula valid as k
singularities coalesce. Our approach circumvents this obstacle.

This chapter is structured as follows. In the next section we state some formulae for MoMy(ny (k, 3)
that can be obtained straightforwardly from expressions already in the literature and formulate our
general results as theorems. We also discuss the recent developments due to Fahs [72], which gives
an alternative proof of (though with a non-explicit leading order coefficient). In section
we explain the calculation involving symmetric functions, and then in section we describe the
calculation involving multiple integrals. In section [3.5] we discuss some connections between our main
result and approaches to analysing rigorously the value distribution of Ppax(A), in the context of
conjectures and made in [81[82], as well as setting out some thoughts on potential extensions
and applications. This includes moments of the Riemann zeta function and other L-functions in
short intervals, as well as other random matrix ensembles. Elsewhere, in chapter [f] we calculate
MoMy (ny(k, B) for small values of k and 3, motivating (3.1.9).

3.1.1 Results for MoMy(n)(1, ) and MoMy (2, 3)

We first set out in this section some results concerning MoM(x)(k, 3) that can be obtained straight-
forwardly from calculations in the literature and that prove when £ = 1 and k = 2. Such results
were the best known, prior to our result, at time of publication. At the end of this section, we review
the recent progress due to Fahs [72].

The case k = 1, € N follows immediately from the moment formula of Keating and Snaith [116]
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(c.f. theorem also |17]), and matches with the conjecture (3.1.9). Specifically,

N
MOMU(N)(LB) :E“PN(A,Q)Pﬁ] = H <1+Z++1> 5 (3110)
0<ij<B—1 J

which is clearly a polynomial in N of degree 32. In this case the leading order coefficient can be
calculated [116] to be

(3.1.11)

The calculation of the average in was carried out in |116] using the Weyl integration formula
and Selberg’s integral, as emphasised in chapter |2 section Bump and Gamburd [33] later gave
an alternative proof using symmetric function theory. In this second approach, the expression
was obtained by counting certain semistandard Young tableaux. We shall see these parallel stories of
symmetric function theory and complex analysis continuing for higher values of k, and such calculations

are expanded in section [3.2]

A proof of MoMy(n)(2,3) due to Keating et al. [113]

A proof of when k = 2,8 € N follows directly from formulae given in [113]. It differs from
the proof given by Claeys and Krasovsky [36] (which we explore below) demonstrating for all
B, but without identifying the polynomial structure when 5 € N - see the discussion following their
calculation for more details. We outline the calculation of Keating et al. first here.

For A € U(N), the secular coefficients of A, written Sc,,(A), are the coefficients of its characteristic

polynomial

N
det(I +zA) = Scp(A)z". (3.1.12)
n=0
The following theorem is proved in [113| (theorem 1.5 in that paper).

Theorem 3.1.1 (Keating et al. [113]). For A € U(N), define

Sle (A) s SCj (A) 2dA (3113)
2 :

Jittig=m
0t severin <N

I,(m;N) ::/ ’
U(N)
Ifc=m/N,c € [0,n], then I,(m; N) is a polynomial in N and

2

I (m;N) = 7 (c)NT =1 4 O, (N 2), (3.1.14)

where

Tle) = <?z7> (c= DO 1 (e 1), (3.1.15)

o<l<e

with py i (c — 1) being polynomials in (¢ —1).

To see how theorem proves (3.1.9) when k = 2, § € N, we first make use of the generating

series for I,(m, N) given in [113],

S Ly (m N)a™ = / det(I — A)" det(I — A*z)"dA. (3.1.16)

0<m<nN U(N)
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Recall the definition of MoMgy(n) (2, 3),

1 27 2
MMy (2. ) = 7z /0 /0 E [|Pa (A, 6,) | Py (A, 6)[2%] 6, d6. (3.1.17)

We now show that the integrand of (3.1.17) can be expressed in terms of the generating series for
I,(m,N), (3.1.16). Firstly, we make use of the ‘functional equation’ of the characteristic polynomial

of a unitary matrix U,
det(I —Ue™) = (=1)Ne N det(U) det(I — U*e™). (3.1.18)

Then, we apply (3.1.18)) to the integrand of the right hand side of (3.1.16), with n = 28, and z =
i(61702)
€ )

det(I — A)?P det(I — A*e!01792))28 — det(I — A)P
x ((=1)N det(A) det(I — A%))”
x det( — A*ei(01=02))8

(_1)N€—i(92—91)N
( det(A)
= ¢ PO700N | det(I — A)|?P| det(I — Ae™"1=02))|8 (3.1.20)

B
det(I — Ae‘i(el_‘)?)N)> (3.1.19)

Finally, using that the Haar measure is invariant under rotations, we have that

> Dp(miN)el—0m = / det(I — A)?P det(I — A*e'1702))2844 (3.1.21)
0<m<28N U(N)

_ o= iB(O2—01)N / |det(I — A)|??|det(I — Ae™"®1=2))FgA (3.1.22)
U(N)

_ e—w(ez—el)N/ |det(I — Ae™"")[?P| det(I — Ae™"2)|PdA
U(N)

(3.1.23)
== ¢ P 0ONE [| Py(A,0,)*°|Px(4,60:))*] . (3.1.24)
Hence, we may now use theorem to calculate MoMy () (2, B):
B 1 2m 2m A 28 n 28
o Jo
27 2w
_ 1 - / / / |det(I — Ae‘i91)|2ﬁ |det(I — Ae‘i92)|2ﬁ dAdf,df; (3.1.26)
(2m)2 Jo 0 U(N)
1 2m 2m ) )
— 25(92—91)1\7 I . N 1(91—02)m 12
)2 /O /0 e > ILp(m;N)e d6,do, (3.1.27)
0<m<28N
= Y ILp(m;N)om_pn. (3.1.28)
0<m<28N

Immediately, theorem gives us that MoM(x)(2, 3) is a polynomial in N, and we have the correct
leading order,
MoMy (x)(2, B) ~ Y2 (B)N*"~1 4 Og(N*°-2), (3.1.29)

provided that vy25(8) # 0. Theorem was proved by two methods: symmetric function theory and
complex analysis. The former determines an equivalent structure for ~,(c) to that given in (3.1.15)
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coming from a standard lattice point count, which proves that I,(m;N) is a polynomial in N and
makes it clear that v25(8) # 0. By using complex analysis the result regarding the leading order in N
can be established and the form for v, (c) given in (3.1.15) is found.

Moments of moments, Toeplitz determinants, and Riemann—Hilbert problems

The conclusion of Keating et al. can also be arrived at using the work of Claeys and Krasovsky [36].
Their motivation was to study the asymptotic behaviour of Toeplitz determinants corresponding to
symbols with two Fisher-Hartwig singularities (recall the introduction to Toeplitz determinants given
in chapter [2| section . Their results are uniform in that they describe the transition between the
two singularities being distinct and when they are permitted to merge. There is also a connection to
a solution of a certain non-linear second-order ordinary differential equation, known as Painlevé V.

The following discussion of these techniques did not appear in |[15]. We additionally cover the recent
extension of the results of Claeys and Krasovsky, due to Fahs |72]. The work of Fahs concerns & distinct
Fisher-Hartwig singularities, and gives uniform asymptotics as they are allowed to coalesce.

As stated in chapter [2] section the N x N Toeplitz determinant for the symbol f is defined
by

D (f) = det(f; 1) s (3.1.30)

where f is a real-valued, 2m-periodic, integrable function with Fourier coefficients

1

21
_ 1 ~ij0 g9, 1.31
3 |, SO (3.1.31)

fjf

As previously seen, the connection between Toeplitz determinants and random matrix averages is the

following identity [151], sometimes called the Heine identity,

1 27 2r N ) ]
DN(f) - m/o /0 Hf(GJ)\A(e‘el,,61‘9”)|2d91dQN (3132)
: i
Thus,
k
E | ] P~ (A,0;,)* | = Dn(f) (3.1.33)
j=1

where the symbol f(z) = H@Zl |z — €%|28 and as usual E[] is expectation over U(N). One says that
the symbol f has k Fisher-Hartwig (FH) singularities at e?, ... ¥,

In the simplest case, k = 1 (which recall was determined by Keating and Snaith, see theorem[2.1.1]),
then we have just a single FH singularity. Without loss of generality, due to the rotational invariance
of the Haar measure, we can write the symbol f*(z) = |z — 1|?% in this case. Then, one can show (see
for example (1.13) in [36]),

G*(1 +5) !
log Dn(f*) = B%logN +log=——"2+0 (=), 3.1.34
g Dn(f") = 7 log € G+ 25) I (3.1.34)
provided that Re(f) > —1/2. One immediately sees that this precisely coincides with the asymptotic
form for MoMp N)(l, B) calculated by Keating and Snaith.

The main resuhEI of Claeys and Krasovsky is to handle symbols with two FH singularities.

2Adapted here slightly from the statement given in |36] (there, theorem 1.15) for consistency of notation.
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Theorem 3.1.2 (Claeys and Krasovsky [36]). Take 8 > —1/4. Let
f(2) = |z — 2P|z — 710228, (3.1.35)
Then for 0 <ty <m and as N — oo,

) cr(t, BN (1 +0(1)) if 28% <1
/ Dn(f)dt = { caNlog N(1+o(1)) if28% =1 (3.1.36)
0
cs(BINY 114 0(1)) if2682 > 1.

The constants c1,c2,c3 are explicitly given in [36], and are additionally related to a solution to the

Painlevé V differential equation.

Thus, (3.1.36) exactly matchesﬂ (3.1.7) with k = 2.

After the publication of [15] (the paper that this chapter is based on), Fahs extended the results of
Claeys and Krasovsky from 2 merging singularities to £ € N merging singularities. Fahs’ results capture
the leading order behaviour in each regime, as well as at the transition point & = 1/32, though are not
precise enough to learn information about the leading order coefficients beyond k = 2. Specifically, he
proves the following result (again, we have slightly adapted the statement given in [72], theorem 1.1

there, for notational consistency).

Theorem 3.1.3 (Fahs [72]). Let k € N and set

k
fz) =] = — €, (3.1.37)
j=1

with >0 and 0 <60, <0y <--- <0 <2m. Then as N — oo,

0; —0; 1
log Dn(f) = kB*log N — 28> > log (sin |+ ) +0(1), (3.1.38)
— 2 N
1<i<j<k
where the error term is uniform for 0 < 6; < --- < 0 < 2.
To see that this verifies (3.1.7)), define for ¢ > 0,
1 27 27 9 _ 0 725
o %Y
L(B) = W/o /0 H (Sln —_— +£> doy - - - dby,. (3.1.39)
1<i<j<k

If 0 < k% < 1 then (3.1.39) is well-defined at € = 0 and can be calculated using the Selberg integral
(as remarked by Fyodorov and Keating, see section [2.2.2]),

_T(1- k)

I(B) = THI = 32) (3.1.40)

Combining (3.1.40) with theorem gives (after a little work, see section 2.1 in [72] for the details)

G(1+ m)k (L= kp?) e

MoMy (w)(k, B) = <g(1 +283) Tk(1 — 32) ’

(3.1.41)

provided 0 < kB? < 1. In the other regimes, one has to tread more carefully. Such analysis can be

3Within their proof it is clear how to deal with the constraint on ¢, see the comments after (1.47) in [36].
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found in |72|, and recovers the result that
MoMy () (k, 8) = O(1) N* 6" —k+1 (3.1.42)

for k3% > 1, and for k3% = 1, one sees that log MoMy(ny (k, 3) = log N +loglog N +O(1). This verifies
, but obfuscates the leading order coefficient (which recall we are interested in since it is related
to determining maxgeo 2 log |Pn (A, 0)]).

Within their proofs, both theorem and theorem first relate the Toeplitz determinants to
a system of polynomials orthogonal on the unit circle. Then, they both characterize these polynomials
as a Riemann-Hilbert problem and use the associated techniques in order to determine the respective
results. The topic of Riemann—Hilbert problems is outside the scope of this thesis, but the interested
reader may seek out [27,[60,[61] for further details, and [22] for an overview of connections to random

matrix theory.

3.1.2 Statement of results

Our approach combines the methods and formulae developed in [33}/45,112}|113}/116]; in particular we
make use of the complex analytic techniques employed in [112,[113]. We first reformulate in
terms of symmetric function theory and a lattice point count function. This gives a polynomial bound
on MoMy(ny(k, B) at integer values of k, 3, and N. We next use a representation in terms of multiple
contour integrals; this furnishes an expression for MoMy(ny(k, 3) as an entire function of N and allows

us to prove the following theorem.

Theorem 3.1.4. Let k,5 € N. Then
MoMy (n (, B) = yk,sN¥ " —4+1 L O(NF*F" =), (3.1.43)

where v, g can be written explicitly in the form of an integral.

Using a combinatorial sum equivalent to the multiple contour integrals due to [45], we then deduce

the following result.
Theorem 3.1.5. Let k, 3 € N. Then MoMy (n)(k, B) is a polynomial in N.
These theorems together prove (3.1.9) for &, 5 € N.

3.2 A symmetric function theoretic representation

As with the cases k = 1,2 and 8 € N, we can rephrase the problem in terms of symmetric function
theory. For a thorough introduction to this topic, see [122] and [147]. Much of the relevant theory was
introduced in chapter [I} and any additional tools required for the subsequent calculations are given
within this section so that this review may be self-contained.

The aim of this section is twofold. Firstly, we highlight the role that symmetric function theory
plays in the analysis of the moments of moments as k increases. Secondly, in understanding how the
results of Bump and Gamburd [33] and Keating et al. |113] generalize for higher k, we recover an
explicit polynomial bound on MoMy(n)(k, 3) at integer values of k, 3, and N. Much of the theory
behind these results is also applicable to the theorems stated and proved within chapter [

We begin with a review of a result of Bump and Gamburd [33]. Their work uses the representation
theory of U(N) in order to calculate various moments, and provides a beautiful, combinatorial inter-

pretation of many of the random matrix moments already encountered. In particular, they rederive
theorem [2.1.1] the finite-N formula for My (3) = E[| Py (A, 0)|?”], provided 3 € N.
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Figure 3.1: Example of a rectangular Young tableau of shape A = (NT).

Theorem 3.2.1 (Bump and Gamburd [33|). Let 5 € N. Then

N

E[|Py (A, 0)%] = H AF i;%). (3.2.1)

In order to prove theorem Bump and Gamburd re-express the moments of characteristic

polynomials as an average over Schur polynomials. They derive the following propositiorﬁ

Proposition 3.2.2 (Bump and Gamburd [33]). Take K,L,N € N and ay,...,ax+r € C, then

svey(aa, .o akyr)

/ Hdet (I+ oyt A%) H det(I + ap,A)dA = (3.2.2)
U

L N
(N) 1= k=1 Hl:l o

Before we comment on the proof, we recall the definition of a Schur function from chapter
section Given a partition A (a non-increasing sequence of integers with finitely many non-zero

terms), the Schur function in n variables is

sax(zy, ... xy) = Z ahghe (3.2.3)
TESSY T, (N)
where the sum is over all semistandard Young tableaux of shape A with entries from {1,...,n}. The

partition A is implicitly extended with zeros until it has length n, and ¢; = ¢;(T) is the number of

times j appears in 7. One may also write partitions in multiplicative notation, so if m; is the number

of times j appears in A, then A\ = (1™22™2 ...} Hence, the Schur function appearing in the statement

of proposition relates to the partition A = (N*), whose Young diagram is given by figure
The proof follows by using the dual Cauchy identity (see for example [122])

H (1+z;y;) Z sx(x (3.2.4)
.3

to expand the determinants in the integrand in the left hand side of (3.2.2) in terms of Schur functions.
Importantly, Schur functions are related to the representation theory of U(NN). In particular, see for

example [32], a special case of the Weyl character formula gives the following.

Proposition 3.2.3 (Weyl character formula [156]). Choose N € N and let A be a partition with length
I(\) < N. Take A € GL(N,C) with eigenvalues t1,...,ty. Define xr(A) = xN(A4) == sr(t1,...,tn).
Then, the function x is the character of an irreducible analytic representation of GL(N,C). The

character x is irreducible and its restriction to U(N) is also irreducible.

4The statement of proposition is more generally stated in |33], giving a further equality for (3.2.2) as a permutation
sum. The representation of the moments as a permutation sum had also already been proved by Conrey et al. [45], though
again using a different method.
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Using the dual Cauchy identity, integrating over U (), and employing orthogonality of characters
thus gives the final statement of proposition [3.2.2

Theorem follows from proposition by setting L = K = f and oy = --- = agg = 1 (using
the rotational invariance of the Haar measure). Thus

28
——
/ |Pn (A, 0)[PdA = s ey (1,...,1). (3.2.5)
U(N)

Using (3.2.3)), the Schur polynomial sy (1™) is equal to the number of semistandard Young tableaux of
shape A with entries in {1,...,n}. Using the following classical result on counting such tableaux, the

‘Hook-content formula’ (see [147]), one has the statement of the theorem.

Lemma 3.2.4. The number of SSYT of shape \ with entries in 1,2,...,n can be found by evaluating
the Schur polynomial sx(1,...,1), where the argument is an n-long vector. We implicitly extend X with

zeros until it has length n. Then

A=A
a1, )= [ At (3.2.6)
1<i<j<n J ¢

which is a polynomial in A\; — A;.

The following result is our extension of proposition [3.2.2] to allow the average to be taken over a
product of characteristic polynomials. Our result gives that this is equal to an evaluation of a similar
normalized Schur function to the one appearing in proposition [3.2.2] This proposition first appeared

in [15] as proposition 2.1, though here we give the full details of the proof.

Proposition 3.2.5. For N,k,3 € N, we have

k —if
S(NkBYE
Ve8| _ Sy ()
Eacvvy | ] 1Pv(A,6,)1% | = T e-ivio;” (3.2.7)
j=1 j=1°¢ :
where sy(x1,...,Ty,) is the Schur polynomial in n variables with respect to the partition \, and we write
A= (a") = (a,.".,a) and
——
B B B B B B
e = (ewl,...,ewl,ew?, .. .,ewz, .. .,ew’“,...,ew’“,ewl,...,ewl,emz,...,ew?, .. .,ewk, .. .,ewk).
(3.2.8)

Proof. The proof follows naturally from the proof of proposition [3.2.2] and incorporates techniques
of Dehaye [59]. Firstly, we manipulate the expectation over the unitary group using the functional

equation for the characteristic polynomial,

k k k
E | ] 1P~ (A, 60;)% :/ [ Pv(A,6;)° T] Pn(A*,—6,)7dA (3.2.9)
j=1 UN) j=1 j=1
k 2k
=DM (ei«%)ﬂN/ det(A)ﬁHPN(A,aj)dA (3.2.10)
j=1 U(N) j=1
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where

a=(ai,...,ap) (3.2.11)
= (01, 00,00, Osye O O, 01y 1 O Op). (3.2.12)
—_— — —_— — ‘—/—"B

We now use the dual Cauchy identity (see (3.2.4])) to rewrite the determinants in (3.2.10) in terms of

the characters of the unitary group (i.e. Schur polynomials). Thus

k k
[T 1Pw (.07 | = (=)™ T ()™
j=1 j=1
X / D> (D) upymy (A)sar (A)sa(e™™, .. e 8)dA  (3.2.13)
U(N) 5
where s)(A) is the Schur polynomial sy (z1,...,zy) evaluated at the eigenvalues of A. Using orthog-

onality of characters, the integral with respect to the Haar measure is zero unless A = (N*%), and we

arrive at the statement of the result.

k

S e
I 1P 0 | = Sl ) (32.14)
j=1 Hj:1 et BY;
O
Using proposition we can rewrite MoMy (ny(k, 3) in terms of Schur functions,
1 2 2 S(Nkﬁ) 17
MoM k = — e do; 3.2.15
oMy () (%, B) (2m)k /0 0 H L e iNBO; H ( )

1 27 27 i o k
= W/O /0 Ze 01(11=NB) .. g=ibk(T—NP) Hdgj (3.2.16)
T j=1

where
Tj :tQ(j—l),B-i-l +"'+t2j5 fOI'j = 1,...,k, (3217)

and as usual t, = t,(T) is the number of entries in the tableau T equal to n. By computing the 6
integrals in , one finds that the contribution is zero unless 7; = N3 for all j. Relating this back
to the semistandard Young tableaux, this means that MoMy (ny(k, ) is equal to the number of SSYT
of rectangular shape (N*#) with entries in {1,...,2k3} with the additional constraint that there have

to be N entries from each of the sets

(2G—1)B+1,...,2j8}, forje{l,... k} (3.2.18)

Thus we define restricted SSYT (RSSYT) to be those SSYT, T, satisfying this additional condition.
We have therefore found that

MoMy () (k, B) = 21 (3.2.19)

where the sum is now over f a set of restricted SSYT described above. When specialised to the case
of k=1, € N, this approach matches the proof of theorem [3.2.1] of Bump and Gamburd.

Since the set of RSSYT is a proper subset of all SSYT, we have that the number of RSSYT of
rectangular shape A = (N*#) is bounded by a polynomial in N of degree k232. This concludes the
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proof of the bound on MoMy(ny(k, B) for integer values of k, 3, and N.

Following the publication of [15], Assiotis and Keating [10] extended this analysis using Gelfand-
Tsetlin patterns. They are able to recover theorem using this combinatorial approach, and get
an alternative interpretation of v g, the leading order coefficient. Such an approach is well-adaptable

to the case of symplectic and orthogonal moments of moments, and is the subject of chapter [4]

3.3 A multiple contour integral representation

In this section we give the proof of theorem We rely on a series of lemmas which we state in
section [3.3.1] and then prove in section [3.3.2]

3.3.1 Structure of proof of theorem |3.1.4

Recall from the introduction and section that theorem is known for k = 1,2, so we will
henceforth focus on integers k > 2 (though the method we now develop can be adapted for the cases

k=1,2 as well). A key element of the proof is the following result (lemma 2.1) of Conrey et al. [45].

Lemma 3.3.1. For a; € C,

/ H det(I — Ae™) Hdet — A*e%9)dA
U(N)

j=m+1

_ (=1 )n<n71)/2 ]{ % e N Ximi AN(21y .y 20)2d2y - day
I[li<

(2mi)m!(n — m)! ctemeqen L= €22 [T TT—y (2 — o)

q= m+1

where the contours enclose the poles at ay,...,an and Azy,...,2,) = Hi<j(zj — z;) is the Vander-

monde determinant.

This multiple contour integral is nearly identical to the conjectural form for shifted moments of the
zeta function, as discussed in section [2.1.2
Before using lemma [3.3.1] we first define
k
Lep(0r,. ., 0k) =BEacuom | []1Pn(A,0)* ], (3.3.1)

j=1

which captures the average over the unitary group and thus

27 27
MOMU(N)( 271‘ / / Ik B 91, ceey Gk)d01 s d@k (332)

Our focus now switches to understanding Iy, g(6). Following Keating et al. [113], we use lemma

to expand the average over the CUE to a multiple contour integral.

I,5(6) = (3.3.3)

( l)kﬁ —zﬁNZJ 19 % f e~ N(zep1+- +Z2"/3)A(Z1,...722k5)2d2’1~-~d2’2k,@
2k _ 2k8 k . :
(271—1) B Hm<k,8<n — e Zm) Hm:l n:l(zm + Ze")2ﬁ

We note that equations (3.3.2) and (3.3.3)) define MoMy(ny(k, 3) as an analytic function of N.

We deform each of the 2k contours so that any one now consists of a sum of k small circles

surrounding each of the poles at —ify,..., —ifk, given by I'_;p, for I € {1,...,k}, and connecting

straight lines whose contributions will cancel (just as in [113], we follow the procedure outlined in [112]).
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This means that we will have a sum of £%*# multiple integrals,

(1) S0,

Ikﬁ(Q) = (271.2')2]@,8((]{;5)!)2 Z Jkﬁ(ﬂ;é‘l,...,é‘zk,@), (3.3.4)
EjE{l,...,k}
where
e~ NGtttz N2y, ..., 2opg)%d2y - - - d2zop
Jk,g(Q;El, e ,Egkﬁ) = / . / 1 P 2%8 5 ” fﬁ (3.3.5)
i, Ffiea%ﬁ Hm§k6<n( —em m) Hm:l n:l(Zm +1 n)

is the multiple contour integral with 2k8 contours each specialised around one of the k poles determined
by the vector € = (e1,...,c2,3)-

In fact, many of the summands do not contribute to the sum due to the highly symmetric nature of
the integrand. The following lemma, which is a generalized version of lemma 4.11 in [113], determines

exactly which summands make no contribution.

Lemma 3.3.2. Let a choice of contours in (3.3.4) be denoted by ¢ = (e1,...,c213) where ¢; €
{1,...,k}. If any particular pole is overrepresented in ¢ (i.e. some pole —i0* features in at least

28 + 1 contours), then that summand is identically zero.
Thus we have that
(—1)kBe BN i1 05 2P 25

(2mi)2kB((k)!)2 Yoo Y akf)isa(), (3.3.6)

11=0 l—1=0

I p5(0) =

where Jj .1(0) is the integral Jy g(6;¢e) with contours given by

Iy lo le—1 23 28—lk—1 28—1

and ¢ (k, f) is a product of binomial coefficients capturing the symmetry exhibited by the integrand:

= () () () (4B

(o) ("0 - (RS ) 530

So ¢(k, B) counts the number of ways of picking ; of the first k5 contours and 28 — [; of the second
kB contours to surround —if, and then repeating on the remaining k8 — [; contours in the first half
and (k — 2)8 + [ contours in the second half, and so on.

Note also that the coefficient ¢;(k, 8) will not allow ‘overcrowding’ of either half. If for example we
were to set I3 = -+ = lp_1 = 20 then we would be trying to fit 2(k — 1)8 labels on to k3 contours,
which clearly cannot be done since we assume k > 2. However, ¢;(k, 8) contains the binomial coefficient

KB— S 2l ((A—k)B) _
( lk—ll )—( 25 )—0 for k > 2, (3.3.8)

and so is zero for this choice of [.

Next we perform the change of variables,

Zn = = — i,

N
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where

0, ifne{l,... . L}U{2(k—-1)B+1+1y,...,2k3}

09 lan{ll—Fl,,l1+l2}u{2(k—2)6+1+l1—|—l2,,Q(k—l)B—Fll}
a, = :
Oror ifne {0 2+ 1, e L UL2B+ 14+ e Ly 4B+ 2 L}
0, ifne{XF ln+1,.. 00 1, +28).

(3.3.9)
which shifts all the contours to be small circles surrounding the origin. We have in particular used
here that defines exactly the relationship between the contours and the poles at the —i;. This
variable change also allows us to pull out the dependence on N in the integrand. Then up to terms of
order 1/N smallelﬂ we have that the integrand of Ji 5,(8) is

e Zi)ﬁkﬁﬂ—l Um eiN Z?:ﬁkﬁ-%—l am H m<n (iam — iOln)2 H m<n (L";VUW )2 HZkﬁ o
Qo =0n,

m=1"N
amFan
n—Ym . . ; 2ﬂ
Tnssen (15 =) [opcrgen (2o502) L2 TThcs (3 + (00— a)
AnFQm QAm=0Qn
. . 9
L eVSanen 1] gy G —ian)
N2kB T men (ioum — iorg)2 Hi’:ﬁl (%)25
am#Fan
kB
R ] gy () T
x p— — (3.3.10)
[Im<kp<n (1 e el(am—an)) [Im<ks<n ( N n)
anFom O =00y
_y2kB 2ok
B N Rl | R o I D (3.3.11)
2k6 Un—Um — . .
N [nsipen (1 - =7 citen—n)) [[cppcn (252
a"?éam Q=0

To determine the power of N coming from the terms originating from the Vandermonde determinant,

we count the sizes of the following sets,

#{(m,n): 1 <m<n<2kB} = (2];5> =kB(2kB —1) (3.3.12)
#{(m,n): 1 <m <n<2kB,am, # an} = 2kB*(k—1) (3.3.13)
#{(m,n): 1 <m<n<2kB,am =an}=kB(26—1). (3.3.14)

The count ([3.3.12)) is trivial. One sees that, for example, (3.3.13)) results from the following calcu-
lation. Firstly, we recall from (3.3.9) the structure of the vector a,

ll l2 lk’*l 26_lk71 25—l1
(RN N R A N e N S A ) (3.3.15)
28

As we are looking for pairs (m,n) such that m < n and a,, # ay, it is clear that any of the first Iy
choices of 61 can be paired with any of the following 2k3 — [; options, except for the final 25 — [, as
these are also ;. Thus, the total number of pairs (m,n) with m € {1,...,l1}, m < n, and 6,, # 0, is
11(2kB — 13 — (28 — 11)). Continuing in this fashion we see that in general, for m € {1,..., Zf;ll I}

5Henceforth, whenever we write ‘up to terms of order 1/N’ followed by a statement of the form A(N) ~ B(N) we
mean that A(N) = B(N)(1+ O(1/N)) as N — oo.
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the number of such pairs is given by considering

Zl (28+ Z L +Z 26-15)). (3.3.16)

Jj=i+1
J#l

Similarly, for m € {ly + -+ lp—1+1,...,01 + -+ l—1 + 25}, the number of pairs satisfying the

correct conditions is

k—1
> 2B(28 - 1), (3.3.17)
i=1
andif me{ly +---+1lx_1+28+1,...,2k0} then we get
k—1 i—1
> @B-1)) (28-1)) (3.3.18)
=1 Jj=1

In total therefore, we have to evaluate

k—1 k—1 k—1 i—1
(28 + Z I+ Z 26-15)) + 32826 - 1)+ (28— 1) > (26— 1;). (3.3.19)
=1 J=i+1 =1 =1 Jj=1
Jsﬁz
By collecting like terms we see that (3.3.19)) is equal to
k—1 k—1i-1 k—1 k—1i-1
—1) le =N Ll 42828k —1) =Y L)+ Y Y (487 = 28(L + 1) + L))
i=1j=1 i=1 i=1 j=1
k—1 k—1 k—1i—1
= — DD L2828k —1) = L)+ > > (487 = 28(Li + 1)) (3.3.20)
i=1 i=1 i=1 j=1

k—1 k—1:i—1
252k(k1)+26(k 2) Zz = > i+ 1) ) (3.3.21)

=1 j=1

=28%k(k — 1) + 28

i=1 j=1

k—1 k—1 k—2
(k QZlezfl —> (k—1-j) ) (3.3.22)
k—1 k—1
= 26%k( +25< -2) Zl—Zz—l+k—1—i)li> (3.3.23)
4 k—1
= 26%k( +25< —Q)Zli—(k—2)Zli> (3.3.24)

= 2kB2(k — (3.3.25)

as claimed in . Then can be deduced immediately since it is the difference between
(3.3.12)) and (3.3.13]).

To count the remaining power of N that remains in the denominator of the integrand in (3.3.11)),
we define the following index sets inspired by the product terms in .

(my,n):1<m<kB<n<2kB,am=ay} (3.3.26)
(m,n):1<m<kB<n<2kB, o, # oy}, (3.3.27)

Ak g -

{
{

By
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50 | Ay, gl 4 | Br,gyt| = k*3%. Hence

2
Uy, — Um 1
11 ("N ) = D I @n—wvm)’ (3.3.28)

m<n men
Gm=an QAm =0n
Um — Un _ 1
1 ( N ) T (=N Akl | AR (3.3.29)
ng;k:ﬁ;n (m,n)EAL g1

Returning once more to the integrand of Ji g,(6), we have that up to terms of order 1/N smaller

it is equal to

m=1

N ZmLipis am (_N)\Ak,ﬁ;Ll - 7vamfan m . (3.3.30)
Myt o (1 _ ety ez(am—an)) Mimmyeas o, (Un = vm)

2k
e~ Lmikpt1 Um 1T m<n (vn — ”Um)2 l_IZkE ‘ffé??

If we set I, = kS — (I1 + - -+ + lx—1), then the calculation of the size of Ay g, follows the method
outlined for (3.3.13) and we have

(—DMArsl = (—1) foil(26-1) (—1)%8,

and so

28 a(k, B) NlAk gl e~ iN(B POLINNTED D O‘m)f(y; 1) Hf:ﬁl dvm,
Lip@0) ~ ) S
0 0

(2mi)2RB((kB))? vn—vm o o )
l1,eslg—1=0 (27” H(m,n)EBk,g;L (1 —e "W teilam n))
(3.3.31)
where we isolate the terms with no 6 dependence and denote them by f(v;1), so explicitly
e foﬁkﬁ+1 vm H m<n (’Un — Um)2
flosl) = e . (3.3.32)
Hméklkn (Vn — V) Hifﬁl Uvzrig

We now focus on the denominator of the integrand in (3.3.31)), which is the final term involving N.
It will prove to be fruitful to use the properties of the ¢ s to remove the dependence on (m,n) € By, ;.

To this end, one can split the set By g; into (’;) disjoint subsets:

Bigai= |J Sor (3.3.33)
1<o<7<k
where
So,r ={(m,n) € By gy : apm —an =20 —0,)}, (3.3.34)
and further partition S, ; into two subsets SJ 71957, where
={(m,n) € By gy : m —an=0.—0,} (3.3.35)
= {( ) S Bk,ﬁ;L Ty — Oy = 0y — 97} (3336)

The goal of the next lemma is to use the structure of the vector «, to ‘decouple’ the pair (m,n)

from the term exp(i(a, — au)).
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Lemma 3.3.3.

II (1 —exp (W) exp (i(am — an))> -

(m,n)eBk,g;L
o0
= (—=1)9k5:D) Z exp (z Z(Op = 0,)(ty,p + 157, )) Z exp (% mem(vn - vm)i> ,
Ly r=—00 v<p (@m,n)
for 1<o<7<k (*)
where
Vp — Uy if (m,n) € SF,
(0 — v)* = f (m,n)

Um — Up  if (m,n) €S

o,

the first sum appearing in the right hand size of the statement of the lemma should be read as

o) o) oo o) o] e8]
)N DI DRI DI SR (3.3.37)
to,r=—00 t1,2=—00t; 3=—00 t1,g=—00 ta 3=—00 th—1,k=—00

for 1<o<7<k

and the second sum is over vectors (of weights) x = (mm,n)(m,n)EBk,g;L subject to constraints given by

(x), which are

S tmam=ter 4S5, 1<o<T<k (3.3.38)
(m,n)ESs
Tm,n € Z, V(m,n) € Bkﬁ;é (3339)
H (=% n Re{(v, — vm)i}) =1, V(m,n) € By g, (3.3.40)

where H(z) is the Heaviside step function (so H(x) =1 if x > 0 and H(z) = 0 if z < 0). Furthermore,

the prefactor can be expressed as follows,

(=)D = (1) 2o Borl T (= san(Re{(vn — vm) *})- (3.341)
(m,n)ESs
1<o<7<k

Using lemma with (3.3.31) we have

283 _
(k’ﬂ)N\Ak,B;LI
> &

T p(0) ~ e
l17'.~,lk7120 (27”/) ﬁ((kﬂ))
2k
/ fw;l) exp zN( Z Qo — 5Z€)
to Fo m=kp+1
X Z exp | ¢ Z (0 = 0)(ty.p +155.,1)
tg,r=—00 1<y<p<k
for 1<o<7<k
2kB
X Z exp (ﬁ sz,n(vn - vm)i) H dvy, (3.3.42)
(Im,n) me—1

()

where

&k, B) = (—-1)2®FD e (k, B),

and the function g(k, 8;1) is as described in the statement of lemma Now we relate Iy, g(6) back
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to MoMy () (k, 8) using (3.3.2), and deduce the following lemma.

Lemma 3.3.4.

28 k, | A, g il
MoMy () (k, B) ~ Z (0217(m iﬁN . /r g f(v;0) Z Z exp (% me,n(vn —vm)i>
0 0 t

l1yeelp—1=

0, 7="00 (Tm,n)

for 1<o<7<k ()

k—1 2k
X H5N<z-—ﬂ>+z’; PR B - YOMPRRT i) H AV
j=1

In order to take the asymptotic analysis further we require the next lemma.

Lemma 3.3.5.
k—1
1 +
Z Z exp (ﬁ sz,n(vn - Um) ) H 5N(l-—ﬁ)+2’; 1t t1S5 D= E S IS5 5D
o, 7=—00 Tm,n =1
for 1<<7<'r<k( (*) ) ’
b1 |Br,sl—(5) h—1
~ N‘Bk,ﬁ;Ll_k'i'lHk (k — ]_)ﬁ — Z lj \Ilk,ﬁ;L(((k - 1)5 - le)y)V
j=1 7=1

where Ki 1 a constant depending on k,

Uy pir(v) = / / exp (3 ymon(vn = v)®) T

=(Ym,n (m n)€By 3,1

)

and (1) denotes normalised constraints related to those previously denoted (x), see proof for more

details.

Using lemma [3.3:4] and lemma [3.3.5] we can prove the following which establishes out the power of

N we seek.

Lemma 3.3.6.
MoMy () (k, B) ~ g N* &7 —FH1

where
28 k—1
V8 = Z chpa((k—1)8 =) 1;)/Bratl= Pkg(ll,...,lk_l),
l,eol_1=0 j=1

kg 15 some constant depending on k, 3,1, and

(_l)g(kﬁ;D
Pl lk-1) = W
_ ?anB+1 U T men (0 — Um)2 k—1 2k
=0 Trpa((k =18 =) L)) [ dom,
/1"0 1) H%<k_’8a<n ( n Um) H?:ﬁl U?’/LB Jz:; 71_:[1

with Uy, 5. (v) as defined in lemma and g(k, ;1) given by (3.3.59).

The last step is to prove that we do indeed have the correct asymptotic, which is achieved through

the final lemma.

Lemma 3.3.7. For k, € N, v 3 # 0 where 3 is as defined in lemma[3.3.6
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Hence combining lemma [3.3.6| and lemma [3.3.7] gives us theorem

MoMy (K, B) = %,BNkzﬂz_kH + O(Nk252_k). (3.3.43)

3.3.2 Details of the proof of theorem |3.1.4

Proof of lemma[3.3.3 We recall the statement of the lemma.

Lemma. Let a choice of contours in

e~ NGrptit+228) Az, ..., zokp)?dz -+ dzogg
Jop(0€1,. .. ) = " 1 — oin—z 2kB 1Tk 0. )28
P—ioey Piveyyg Hmikﬂ<n (1= e =2m) [[2 [Tt (2im + i6n)

be denoted by € = (e1,...,c213) where €; € {1,...,k}. If any one of the k poles is overrepresented
in g (i.e. some pole —i0*, 0* € {01,...,0y}, features in at least 28 + 1 contours), then Jy g(0;¢) is

identically zero for that choice of €.
The proof closely follows the proof of lemma 4.11 in [113]. We show the case where —if; is ‘over-

represented’; and without loss of generality assume that the choice of contour is given by

28+1 28—1 28 23
P e e e e N
g*:(1,...,1,2,...,2,3,...,3,...,k:,...,k). (3.3.44)

The other cases follow similarly.

To Ji,5(6,€*) apply the change of variable z; — z; — 6, and consider the function,

e~ Nt ) A sy, ., 2ou)

_ 2k k . 2k 287
Mncnpen (1 — =2 ) T2 T1E_y(2m + i(0n — 00) 2 [T s 0 200

GY(Zl7 ey 223+1) = (3345)

which is analytic around zero. The integrand of Ji g(6;e*) is

iNkBO, G(Zl, ey z25+1)A(21, caey ngﬁ)dzq e dZQkﬂ
¢ 1271 .20 :

m=1 #m

We appeal to the residue theorem to compute Ji g(¢;¢*), and the proof follows if we can show
that the coefficient of anﬁill 2201 in G(z,. .., zop+1)A(21, ..., z25p) is zero. Since G(z1, ..., 228+1)

is analytic around zero, we focus on the Vandermonde determinant and use the following expansion,

2k

Az, ..., 22n8) = Z sgn(o) H 2om—1,
m=1

oc€Sarp

Thus, we are searching for terms in this expansion of the form Hff:ll 20m=1 with o(m)—1<2p8-1 for
m=1,...,28+1. However, there is no term of this form as ¢ is a permutation on the set {1,...,2k3},
so for at least one m € {1,...,26 + 1}, o(m) > 28 + 1. By the residue theorem we conclude that
Ji,5(8; %) is zero. O

Proof of lemma[3.3.3 We recall the statement of the lemma.
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Lemma.

II (1 —exp (W) exp (i(am — an))> -

(m,n)eBk,g;L
(oo}
= (—=1)9k5:D) Z exp (z Z(Op = 0,)(ty,p + 157, )) Z exp (% mem(vn - vm)i> ,
Ly r=—00 v<p (@m,n)
for 1<o<7<k (*)
where
Uy — Uy if (myn) € S,
(U — V) F = f (m,n) ’ (3.3.46)
Um —vn if (Mm,m) € S5,
the first sum appearing in the right hand size of the statement of the lemma should be read as
oo (oo} oo (oo} oo (oo}
> )EED DR DD DD (8:347)

to,r=—00 t1,2=—00t1 3=—00 t1,g=—00 ta 3=—00 th—1,k=—00
for 1<o<7<k

and the second sum is over vectors (of weights) x = (mm,n)(m,n)EBk,g;L subject to constraints given by

(x), which are

> Tmn=ter+|S,,l, 1<o<T<k
(m,n)€Sq,+

Tm,n S Zv V(m7n) € Bkﬁ%l
H(~m 0 Re{(vn —vm)F}) =1, V(m,n) € By g,

where H(z) is the Heaviside step function (so H(x) =1 if x > 0 and H(z) = 0 if z < 0). Furthermore,

the prefactor can be expressed as follows,

(~1)#EAY = (—1)2e<r el TT (= sgn(Re{(vn — ) *)-

(m,n)ESs
1<o<7<k

Firstly, recall the definition of the sets By 5., S}

o,T)

and S, .,

By i={(m,n): 1 <m <kB <n<2kB,anm, # a,},
St ={(m,n) € Brgy:m —an=0-—0,},
Sor=1{(m,n) € Brpy: m —an="0,—0:}.
We use the partition of By, g, by the sets S;T, S, (although not emphasised in the notation, these

sets also depend on k, 8, and ly,...,lx_1) to break up the product appearing on the left hand side of
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the statement of the lemma as follows,

H <1 _ e,unlfvvm ei(am—an,))71

(3.3.49)

(3.3.50)

(m,n)€EBk, g1
Vp—Um -1 vg—v . -1
= H H (1 —e ¥ 61(67_0”)> H (1 —e ez(e"_ef)) (3.3.48)
1<o <7<k (m,n)eSH., (p,9)€57,~
- H lei(&—%)lsa, H (1 e ei(ef—ea))fl
1<o<7<k (m,n)ES;T
vg—v -1
< I (61(97—00) _ e%) ]
(P,9)ESs,~
- 11 [(_1>sw|ez'<ef—eg)|sm 11 e twt
lSo<r<k (P,9)€Ss.
X H (1 — eZ{I(U7l_Um)iei(gﬂ'_96))1‘|
(m,n)eSs -
where
Uy — U for (m,m) € ST
(Un - Um)i = ’

U — vy, for (m,n) € S; .

or equivalently,

n Vp — Uy ifm < kB <nande, >c,
(Vn —vm)™ =

Um — Up ifm < kf <nand e, <e,,

which is equivalent to asking if (m,n) € S or S respectively if we recall that

I Iy Ip—1 28 2B—lp_1 23—1
e —_———  —— —— —_——
§:(1,...71,2,...,2,...,/€—17...,]9—1,]67...,]6,/{—1,...,]6—1,...,1,...,1).

For a fixed choice o, 7, and a fixed pair (m,n), we use the following expansion

(1- exp(%(vn - vm)i) exp(i(f; — 05))) "
= —sgn(Re{(v, — vm)i})

X Z exp(+ (vn — vm)Tt) exp(i(0, — 0,)t) H(—t Re{ (v, — vm)F}),

t=—0o0

(3.3.51)

(3.3.52)

where H(z) is the Heaviside step function (so H(z) = 1 if z > 0 and H(z) = 0 if x < 0). The above
equality holds since when Re{(v,,—v,,)¥} is strictly negative, one can view the left hand side of ([3.3.52))

as the evaluation of the following geometric series,

(1 — exp( 5 (vn — vm)T) exp(i(0, — 90)))_1 = Zexp(%(vn —vm)Es)exp(i(f; — 65)s).  (3.3.53)
s=0

With Re{(v, —v,)*} in this range, the Heaviside function in (3.3.52) kills all negative values of ¢, and
the resulting expression is precisely the right hand side of (3.3.53). Otherwise, if Re{(v, — v,,,)*} is
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strictly positive (by assumption it cannot be zero), then the obvious manipulation of the left hand side

of (3.3.52) is

1 _ exp(— = (vn — vm) ) exp(—i(6; — 6,))
1- eXp(%(”n - Um)i) exp(i(0, —05)) 1- exp(_%(vn - 'Um)i) exp(—i(0r —0,))

(3.3.54)
=_ Z exp(— 7 (vn — U )T 5) exp(—i(0; — 05)s).  (3.3.55)
s=1

When Re{(v,, — v;,)T} is strictly positive, then the only range of ¢ which survives in the right hand
side of (3.3.52)) once more matches the summation range of (3.3.55]).
Now, incorporating (3.3.52)) into the final product of (3.3.50)), we have

-1

H (1 — exp (%(vn — vm)) exp (i(am — an)))

(m,n)€Bk, g1
_ H (—l)lsgf‘exp(i(97—90)|57 ) H exp (vpvq)
o,T N
1<o<7<k (P,9)€Ss,+
x [T (—sen®e{(vn — vm)*}))
(m,n)€Sqy +

X H Z exp (7 (v — vm)it) exp(i(f, — 0,)t) H(—t Re{(vy, — vm)i})]

(m,n)€Sy , t=—00

(3.3.56)

= (=1)9G:B:D H l Z exp (i(07 — 05)(to,r +155.,1))

1<o<7<k

to,r=—00

X Z H exp (%(vn - vm)ixm,n) H(—zp,n Re{(v, — Um)i})]
z=(Tm,n) (m,n)eSs -

S (mimye 5o r Fmon=to,r S5 |

(3.3.57)
= (-7 N e (z 3 (0, — 6,) (b, + |sw|)> Y exp (% > T vn — vm)i) .
it "
(3.3.58)
The overall sign in (3.3.58)) is
(-1 = (-)ZeerSorl ] (= sga(Red (v — vm)* ), (3:.59)
(m,n)ESy,+
1<o<7<k
the first sum in (3.3.58)) should be read as
tUYT:—OO t1,2:—oot1,3:—oo tl k:—OOtQY‘O,:—OO tkfl,k:—oo

s

for 1<o<7<k

and the second sum is now over the ‘full’ vectors z = (wmyn)(m7n)€Bk,ﬁ;L whose elements z,, , are
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integers subject to constraints given by (x), which are

S tmm=ter+IS5, 1<o<r<k (3.3.60)
(m,n)ESs +
Tmn € L, V(m,n) € By gy (3.3.61)
H(~%pmn Re{(vy —vm)E}) =1, V(m,n) € By gy. (3.3.62)

This means that the vector z should be thought of as being made up of concatenated subsequences
(Tm,n)(m.n)es, ., for each 1 <o <7 <k, and each subsequence must satisfy the constraints (3.3.60)-
(13.3.62)). This completes the proof of lemmam

O
Proof of lemma[3.3]] Firstly, recall the statement of the lemma.
Lemma.
28 ~ Ak gl
Gk, B) Nt
MoMy (ny (k, B) ~ —_—
) sz (2mi) 2 ((k)!)?
S Ry AFETED SEND DI € DA
To To to,r=—00 T, 1,)
for 1<o<7<k (*)
k—1 2kp
x 1_[1 61\’(1 =B k1 (oS5, =22 20 (6 5 +IST 1) H1 AV,
j= m=
We begin with lemma [3:3.42]
k,B\¥) ™~ N2kj N2
Lo o 2P ((RB)Y)
2k
/ flu;l) exp ’LN( Z Qp — ,829)
To To m=kB+1
X Z exp | ¢ Z (05 = 05)(typ +155.,0)
to,r=—00 1<v<p<k
for 1<o<7<k
2kB
X Z exp (% me,n(vn - vm)i) H dvy,,
(xm,n) m=1
(%)
and use the structure of the «,, to deduce that
2k k—1
exp ZN( Z QU — BZO ) =exp | iN Z(ﬁ —1;)(0; —6k) | . (3.3.63)
m=Fkf+1 Jj=1
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Combining (3.3.42)), (3.3.2)), (3.3.63)) and switching the order of integration we have that

28 =
Gu(k, B)N1Aw-ou
MoMooo(®8)~ 2. G G (A

//[

Y Y e (% Somalon = o))

lo,r=—00 (wnz n)
for 1<<7<7'<k (%)

j=1
k 2k

X exp <z > (0, = 0,)(ty, + |Sw,)> 11 dGn] I dvm. (3.3.64)
y<p n=1 m=1

By noting that 8, — 6, = 0, — 6, — (6, — 8,,), we now see, importantly, that the 6 integral will just be a
function of differences (6; — 6y), j € {1,...,k—1}. Focussing on the inner integral in (3.3.64)) we have

Z(QT - 90)(|Sa_,7—| + tUﬂ')

o<T
= Z Or — ‘Sa ‘r| +is T) - Z(ek - 97’)(|S;;r| + ta,T) (3-3'65)
o<T o<T
k-1 k k-1 -1
= (Z(ek —05) > (55l +tw>> - (Z(ek —02) > (15| +tm>> (3.3.66)
o=1 T=0+1 T=2 o=1
k k—1 k
=0k —0) D> ISyl +tor) + > (0 —0.) > (1Smol+tnr)
T=2 n=2 T=n+1
k—1 n—1
=D (6= 02) Y (1570l +ton) (3.3.67)
n=2 o=1
k k—1 k _
ek - 91 Z ‘S;,‘r| +t0,'r) + Z(Qk - an) ( Z (|S;7—| + tn'r Z ‘San‘ +lon ) (3~3'68)
T=2 n=2 T=n+1 o=1
_ k _
= Z(ek—an) < Z (|S;,r|+tn'r Z ‘Scrn|+t0'n ) : (3.3.69)
n=1 T=n+1 o=1
Thus, inserting (3.3.69)) into (3.3.64) we can evaluate the integral over the 61,..., 0 to find
2 27 k-1 k j—1 k
| e (100 (N0 =0+ 3 oy rIsih = Xty +155,0 | | TTas
0 0 j=1 p=j+1 =1 n=1
k—1
_ k .
= (@) ,1_[16 G =B+ 1 (bS5, D= Zh (b5 IS 5 1) (3.3.70)
j=

where the § is a Kronecker d-function. Considering this in the context of (3.3.64]) we have the result. [

Proof of lemma[3.3.5. We restate the claim for context.
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Lemma.

0o k—1
1 + )
t > (Z o (& 2 zmn0n = o)) H1 ON (1 =B SE 1 (41,0155, =S4 (s 1S5, )
o, 7 =700 Tm,n J=

for 1<o<7r<k (*)
k=1 \ IBrsul—=(5) b—1
~ NIBratl =i, <(/€ -1)B - lj) U 51 ( <(’f -1B - le>v>,
j=1

where Ky is a constant depending on k,

Wy (v) = / / exp (3 v (0 = vm)®) T]

gz(ym,n)(m,n)EBk’ﬁ;L
)
and (i) denotes normalised versions of constraints (x) as described in the proof of lemma more
details given in the proof.

Recall that the first sum in the left hand side of the statement of the lemma should be interpreted

as

oo oo oo oo oo (oo}
to,r=—00 ti1,2=—00t1,3=—00 t1,k=—001t2,3=—00 tp—1,k=—00
for 1<o<7<k
and the second sum runs over vectors r = (xm,n)(m n)€Bp.gy — (gcm,n)(m n)eU, ., Sor with integer
9 sl ’ o T il

elements subject to the following constraints

Z Tmn = t12 + |57, (3.3.71)
(m,n)ES1,2
Y Tma=tia+ S| (3.3.72)
(m,n)eS1,3
Y T =t 1S (3.3.73)
(m,n)eS1 K
Z Tm,n = t2,3 + ‘52_73‘ (3374)
(m,n)eSa3
Z Tm,n = tk—l,k + |Sk_—1,k| (3375)
(m’n)eskfl,k
H(~%pmnRe{(vy —vm)E}) =1, V(m,n) € By .. (3.3.76)

We now focus on the product of d-functions in the left hand side of the statement of the lemma,

o k—1
1 CpE -~ )
> Zx:exp (N > T (Vs = Vm) ) | S R e P e
[ee) Jj=1

to,r=— z
for 1<o<T<k (¥)

(3.3.77)

which constrain (3.3.77)) to be zero unless the following hold,
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k
D (i + 1S =N@B~h) (3.3.78)
Jj=2

k
> (taj +185,1) = (tr2 +[Sio) = N(B = I2) (3.3.79)
7j=3

k—3
(th—2r1 + 1S5 g |+ too2k + 1S5 o) = D (k2 + 1S54 o) = N(B — lx_2) (3.3.80)

j=1

k—2
(te—1.k + 1S 14]) Z o1 18751 1) = N(B — l—1). (3.3.81)

These conditions form an underdetermined system of linear equations. There are (’;) variables and
k — 1 equations, hence (g) — (k — 1) free parameters. We eliminate the k — 1 dependent variables from
(13.3.77) using the linear equations (3.3.78)-(3.3.81)). The following rewriting of the system picks out

which we choose to discard.

k—1
te=N(B—1) =D (t1;+Sr;]) = S5, (3.3.82)
j=2
k—1
tok = N(B—1la) +t1a + [Sr o] =[5l = D (t2; +155,1) (3.3.83)
7j=3
k—3
th—2,k = N(B — lg—2) + Z( gh—2 18 o) = (tk—2k—1 + 1S5 o 1| + [Se_akl) (3.3.84)
j=1
k—2
thork = N(B—leo1) + > (-1 + 1S5, _1) = 1S5y 4. (3.3.85)
j=1

Thus, the k — 1 outer sums over ty x,...,tx—1,x in (3.3.77)) collapse and we are left with

oo

Z Z exp (% Z Trn,n (Un — vm)i) ) (3.3.86)

to —00
for 1<o<r<k—1 (i)

where (1) reflects constraints on () as before, with (3.3.82)-(3.3.85) substituted in. Since the
Heaviside function H (=, ., Re{(v, — v;n)*}) is equal to 1 for all (m,n) € By gy, this sum converges
exponentially quickly.

Summing over all weights 2, ,, and using —, we have that

k—1
> @ =Nk=1DB=D L)+ D> (ter+15,.0) (3.3.87)
(m,n)€Bk, gy j=1 1<o<7r<k—1

Clearly if any of the ¢, grow faster than NV, then there must be a least one weight z}, ,, having the
same growth rate. So for large ¢, -, the summands in (3.3.87)) will not contribute to the leading order.
In order to pull out the correct power of N, we employ the following general lemma about geometric
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sums (see Keating et al. [113], lemma 4.12).

Lemma 3.3.8. As K — o0,

d
Z P ([1(2sz3> =K // eXTitidyy - - drg + O(K972).

AR = el

From this we deduce that the leading power of K in the left hand side is given by the dimension of
the space described by the weights k; subject to any rules placed upon them. Within lemma one
can think of the weights as forming a d-dimensional vector where the sum of the elements must equal
K. Thus one has d — 1 degrees of freedom in choosing the vector elements.

This means that the information we need to extract from the constraints given by (f) in is
the dimension of the space spanned by the vector z = (ﬁm,n)(m,n)eBk,ﬁ;L subject to those restrictions.
This will give us the claimed power of N in the statement of lemma [3.3.5]

Before we apply lemma | we first incorporate ) (to,r +[S, ,|) into one of the weights using
(3.3-87). To do this, pick one weight, say x12, and shift it by 37, < 1(to,r + (S5 ,]) to get an
equivalent form of the inner sum in the right hand side of m,

ZeXp ¥ Y Tma(on— )T+ F(rr2+ D (ter +185,)) (v2 — v1)*

(m,n)EBy, 551 o<t
@ (mm)£(19)

:exp<]{,Z(UT+|SUT )(v2 — v1) )Zexp ~ Z Lo (Un — V)T |

o<T e (m,n)€By g1

(3.3.88)

The constraints (1) can be deduced from (f) by applying the described shift to the weights. In
particular, this now means (3.3.87) becomes

Y T =N((k=1)B=> 1) (3.3.89)

(m,n)€EBg, g1 Jj=1
Now, we apply lemma to the sum term on the right hand side of , with K = N((k —
1)p — Zf;ll l;). (The case when (k—1)8 = Zf;ll I; does not contribute at leading order, for reasons
to be discussed at the end of the proof.) To determine the leading power of K, we count the amount of
choice we have in choosing the weights z,,, ,,, for a fixed choice of t,.,, 1 < o < 7 < k—1. From (3.3.82)-

(13.3.85)), we see that for each (g) equation we lose one degree of freedom in choosing the weights, so in
total, we have |By, g.1| — (g) degrees of freedom in determining z. Thus, by lemma we have

Zexp (% Z T (Vn — vm)i)

< m,n)E By 3,
) () B

kol |Bk,B;L‘_(§) = B —(¥)=1
= (M(k=18-2"1) i | | (k=105 = 300 Ju | +O(NIPrel (),

Jj=1 =1

.

(3.3.90)
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where

U pit(v) = / / ex (3 ymon(vn = v)®) T

=Ym.n)(m, n)E€By 3,1
€63)
and (f) denotes the normalised version of the constraints (1') (since we need only consider ¢, , growing
at most like V for each 1 < o < 7 < k — 1, asymptotically the constraints (1) will be O(1), and in
particular will not depend on t, ;). We write ¥y, g, (cv) for Uy, g (cv1, ..., cvag g).
Then, combining with (3.3.88]) and (3.3.86)), we have

Z Zexp (% Z Tonn (Un, — vm)i)

for 1<U<‘r<k 1 (i)

E—1 Bl —(5)
~ (N((k DY lj)>

) k—1
X > ki < ((k -1 - Zl;—)v) IT o0 (3 tor + 1S5, (w2 — v1)F)
j=1

to,r=—00 1<o<7t<k-—1
for 1<o<7<k—-1

(3.3.91)

) k—1 1Bk, g:ul—(5) k—1
~ 1 N ()= (=) <N((k —1)8 — Zg)) \1/,%6;1(((16 DY zj> )v) : (3.3.92)

J=1

for some constant k; depending on k. Note that the case where Zf;ll l; = (k—1)B falls in to the
subleading order terms.

Thus at leading order,

k—1
1 +
Z Z exp (Nzxmvn(”n*”m) >H5N<z-—ﬂ>+z’; i1t IS5 D=0 ) (54185 D)
to,r=—00 (Ty,n) j=1

for 1<o<7<k (*)

E—1 Bl —(5) k—1
~ NIBrgal=k+1, ((k —1)8— lj) \Ilk”g;l<<(k —1)p - Z lj>v>. (3.3.93)

j=1 j=1
O
Proof of lemma[3.3.6. We restate the lemma.
Lemma.
2,52
MoMy () (k, B) ~ g N* 7 —FH1
where
28 k—
Ve = Z cr, i (( Z Braal=G) Py g (1, ... L),
l1yeelie—1=0 j=1
k.31 15 @ constant depending on k,B,l1,...,ly_1 (more details given below), and
(—1)9(k:B3b)
Pepglli, . ) lk-1) = ——
ol o) = Gorips gy
e~ Zmlrp1 tm 1 m<n (vn — vm)2 k-1 2kp
S St ppa(((k =18~ ) ) ] dv
k = A ms
/Fo To Hrgﬁkﬁ;n (Un — VUm) Hinﬁl vl ; Tgl
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with Uy, 3. (v) as defined in lemma and g(k, B;1) given by (3.3.59)).

Recall the definition of the sets Ay g and By gy,

(
(

n):1<m<kB<n<2kB, anm=ay} (3.3.94)
n):1<m<kB <n<2kB,am # an}, (3.3.95)

Ap.pa = {(m,
By = {(m,

s0 |Ag gu| + |Br.ga| = k*B2. Using this fact with lemma and lemma we have

2p3 -1 g(k’ﬂ;DC . k—1 o ]?71 L ‘Bk‘,ﬁ;ﬂ*(’;)
MoMy vy (k, B) ~ NFB—k+1 Z (—1) ke (( )B=2>2521 1)

Uyl 1 =0 (2mi) 2R3 ((kB)!)?
k—1 2k
x /F -] [ D‘I/k,ﬁi(((k ~1)B - ; lj)g) El dvpm, (3.3.96)

where c¢j g is a constant encompassing the two constants given in (3.3.7) and the statement of

lemma [3.3.5]

Lemma then follows recalling the definition of f(v;1),

B
e~ Zif:kﬁ-u Um H m<n (Un - Um)z
f(g L) _ Qo =Qlpy -
’ Hm§k5<n (Un - ’Um) anﬁl 1)»,27? ’
QAm =0n

and by setting v g and Py g(l1,...,lx—1) as claimed.

O
Proof of lemma[3.37 Finally, recall the statement of lemma [3.3.7]
Lemma. Fork,3 € N, v g # 0 where v 3 is as defined in lemma|3.5.6
Thus, we have to show that
28 k—1 i
S sk =108 =Y 1) =GI B s, ) £ 0, (3.3.97)
oo lio—1=0 j=1
for ¢ 5, some constant depending on k, 3, and
(—1)9(k:B30)
Poglly,....lkm1) = ————>3
k,ﬁ( 1 ) Uk 1) (27TZ>2kn(<k’B)')2
e Zf’fﬁkﬁurl vm H m<n ('Un - Um)2 k=1 2k8
X e ipa((k=1)8 =) 1)v) ] dvm,
/FO To Hmﬁkﬁ<n (Un — V) Hir]:fl vy ; ’ 'm];[l
(3.3.98)

Since ¢y g, is a constant encompassing both and the constant appearing in the statement of
lemma [3.3.5] it is clearly non-zero and its sign is independent of the sum parameters ly,...,l5_1.
Further, at leading order we need only consider parameters I; such that l; +---+1,_1 # (k—1)5. To
prove the required result, we show that ((k—1)8 — Zf;ll lj)‘B’“ﬁil_(g)Pk,B@) # 0 (in fact, it is strictly
positive) for such ly,...,lx—1. To do this, we will appeal to the residue theorem.

Fix a choice of I, ...,l;_1 in agreement with the various constraints. To show that Py g(l) is non-

zero, firstly denote the integrand in (3.3.98)) by gk s(l1,...,lk—1). Then by the residue theorem we have
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28—1

to show that there is a term of the form (vy - - - vogg) with non-zero coefficient in the expansion of

= 28 S D Dt v Hamig (vn — Um)2
Qk,ﬁ(lla ey lk—l) H vy, = \I/k”gi(((k‘ — 1)ﬁ — lj)y)e m=kg+1 "M T (3.3.99)
m=1 =1 mSk_B<n(vn — Um)
QA =0n
Now, simplifying the product terms of the right hand side of (3.3.99)),
H m<n (Un - U7n)2 k
Om =0n = (vn, — V) (Ug~n— 1 ye e, USR lj)Q
Hn&%];ﬁ(fnn(vn — V) mglk—g<n };[1 PO IR 2
X H A(UZ;‘ZI lj4+2(k—n)B+1s - - - 702;;11 lj+2(k—(n—1))ﬁ)27 (3-3~100)
n=1

where I, = kB — (I1 + -+ - + lg—1). We use the following expansion of the Vandermonde determinant,

Az, ..., x,)% = Z sgn(o) sgn(r H;UJ(ZHT(Z) 2 (3.3.101)

o, TESH

From any of the terms appearing in the first product of Vandermonde determinants in the right hand
side of (3.3.100]), we find a term of the form

n
j=1li

LI vt ne{l,. k), (3.3.102)
=575 1+

and similarly for any of the terms in the second product. Thus, the Vandermonde determinants

collectively contribute a term of the form

1+l kB Zk L4286 2k
Hvzl 1 H ol H b1 H vl H o2 ThTl T (3.3.103)
il 1 =yl i=kB+1 i=2(k—1)B+1+11

and this term has a strictly positive coefficient

k
[Tu'@8 1) (3.3.104)
j=1

One sees (3.3.104)) as followsﬂ We are interested in determining the coefficient of terms of the form

(1 2,)"" ! in the square of the Vandermonde determinant,
Ay, ..., x,) = Z sgn(o) sgn(r) H xf(iHT(i)Q. (3.3.105)
o,TES, i=1
Thus, we require that (i) +7(i) =n+ 1 for all < € {1,...,n}, and in particular we want to show that

this coeflicient is strictly positive.
Immediately, we see that there will be n! terms of the required form since fixing o (i) completely

determines 7(7). Consider the bijection

¢:{l,....n}—{1,....n}, in+1l—i (3.3.106)

6The following calculation appeared in the appendix of [15].
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The order of ¢ is 2 and if n is even, it has no fixed point, whereas if n is odd there is a unique fixed point
(n+41)/2. Thus, ¢ € S,, and it consists of n/2 transpositions if n is even, and (n — 1)/2 transpositions
if n is odd. Now set 7 = ¢po o, so 7 € Sy, and 7(i) =n+ 1 — o (i). Given o, we have found our unique

permutation. To determine the sign of 7, note that sgn(7) = sgn(¢) sgn(o), and

n +1 ifn=0,1 mod4
sgn(9) = (-1l2) = (3.3.107)
-1 ifn=2,3 mod 4.

Thus, the coefficient of (21 ---2,)" % in A(z1,...,7,)? is sgn(¢)n!. It now follows that the coefficient
of
bt kB 5o Li+2s 21
H”ll 1 H ol H ph1 H P2l H p2P7hl(3.3.108)
i=l1+1 =kl 4 i=kB+1 i=2(k—1)B+1+1
in
k k
2 2
H (Vs g2 VS, 1) [T Aws: 1 r20-nysi1s - LU e (nenyp)” (3:3.109)
n=1 n=1
is given by

= (L3 Lzazj)ﬁ 05— i — (i (L 2%)12[ o s

= (- ()i d e TT 026 - 1)) (3.3.111)

j=1

k
= (—)F ()t s cddh TT (28 — 1)1, (3.3.112)

j=1

This proves the result since the parity of #{j : [; is odd} is the same as the parity of k{3 as Z?Zl l; = kB.
We now expand the remaining product in (3.3.100)) as

IT @n—vm)= 11 (Un — V) - - 1T (U — V). (3.3.113)
m<kf<n me{l,...,l1} me{X Tl 41, k8
QU =0ty ne{li+2(k— 1)B+1 .,2kB} ne{kéizl Zk 11ZJ+2;}
-

From the first product in the right hand side of (3.3.113)) we take the term Hi1=1 (—v;)?$~11. The second
gives [T/ | (—v;)? 2, and so on. Hence, in total from (3.3.100) we have a term of the form

k il ko[0T 20k (i-1)8
1% I T ]I I1 v (3.3.114)
J=1 \i=7 2 1,41 I=1 \i=%2d _y ln42(k—3)B+1

We now use the exponential function in (3.3.99) to give us the remaining contribution,

t
28
> (‘ Y ome kB+1 ”m>

e~ mlrpiavm — 3 . (3.3.115)
t=0
0o ( 2k
=Y > ( ) I ¢ (3.3.116)
=0 U appprtotass=t \ORB+L - 02kB/ Ga
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where the multinomial coefficient is

n n!
PR 3.3.117
<Cl,...,cm> 01!"'Cm! ( )

To complete the construction of the term of the form (vy - - - var)?° 1, we need

Iy forie{kB+1,.... 301 1;+28}
ot forie (STl 428+ 1,071 + 48)

a; =

(3.3.118)

I forie{li+2(k-1)8+1,...,2k5}.

Hence the required coefficient comes from looking at the term for which t = >~ . a; = >, 1;(28 — 1)),
which has coefficient
(-1) Yy li(Q/B_li)( > li(28-14) ) (—1)k8

Uy oilpgye il ol
e = . 3.3.119
(S5, b2 - 1) CUEE R (8:3.119)

Thus, we have constructed a term of the form (v - - - va5)2?~! which has strictly positive coefficient
(the prefactors of (—1)*? in (3.3.114) and (3.3.119) cancel each other) given by

15, 1,128 — ;1)
(ll!)zﬁ—ll . (lk!)2ﬂ—lk ’

(3.3.120)

In fact this is the only way to construct a term of this form from the integrand. One sees this as

followﬂ When trying to construct the term of the form (vy --- v%g)w*1 in

k k
2 2
HA(IUEEI;; lj+17"'7vz_?:1lj) HA(UZ§:1 lj+2(k:7q)ﬂ+17"'7/vzg;ll lj+2(k_(q_1))ﬁ) H (’Un */UM) )
q=1

q=1 m<kB<n
O =0Qn

(3.3.121)

first note that the variables v,,, for m € {1,...,kB8} only appear in the Vandermonde determinants

and the products

[T @n—vm)= 11 (Un — V) - - 1T (U — V). (3.3.122)
ngtgk:ﬁ;n me{l,...,l1} me{3XhZ} 1;+41,....kB}
m n ne{Q(kfl)ﬁ+1+l1,2kﬂ} nE{kﬁ-l-l,,Zj;ll lj+25}

In particular, after fixing ¢ € {1,...,k} take v; with j € {Zf:_ll Li+1,...,5°7 , l;}. Then v; only

appears in the following two terms:

A('Uzg:—ll Lialr U ;,)? and H (Un, — Vrm)- (3.3.123)
mE{Zf;f li+1a“'7zg:1 li}
ne{2kB—370_; (28—L)+1,....2kB— 12 (28-1,)}
In particular these are both homogeneous polynomials: the former of degree ,(l; — 1) in [, variables
and the latter is of degree [4(28 — ;) in 23 variables. We will show that the only way to construct a
term of the form (v - - 'ngﬂ)Qﬁ ~!is as described following ([3.3.100]). Without loss of generality, we will

set ¢ = 1 and assume [; > 2. From the above discussion, the square of the Vandermonde determinant

"The following argument was originally part of the appendix of [15].

95



consists of terms of the form
5
vt with > a; =1 (l — 1), (3.3.124)
i=1

Similarly, the product term is built of elements of the form

28

b b .
W Ve With b =1 (28— 1), 0 < b; <281y (3.3.125)
=1
Hence, each term of
Avy, ..., v,)? 11 (Un, — V) (3.3.126)
me{l,...,011 }

ne{2(k—1)B+1+l1,...,2kB}

is of the form
b ap,+by, b b
,U¢111+ LA vllll Iy ’Ugl(ll;r_ll)ﬂ-i-l-i-h - UZ%%’ (33127)
with a;, b; satisfying the homogenous conditions. To reach our goal, we need to find all possibilities for
ai,1 <i<l; and b;,1 <i <28 that a; +b; =28 —1 for i € {1,...,l1}. This implies that we need

Zi;l(ai +b;) = 11(268 — 1). Now note that the ‘homogeneous conditions’ in (3.3.124]) and (3.3.125)

together mean that
15

2B 5 23
Yaitb)+ Y bi=Y ai+y bi=h(28-1). (3.3.128)
i=1 i=1

i=1 l1+1

Thus, we must set by, 1,...,b2g = 0 if we want to construct the required term. This leaves us with
finding all a;,b; 1 < i < l; such that all the following are satisfied,

0<b; <28—1, (3.3.129)
and
a; +b; =26—-1, (3.3.130)

5
> ai =1l - 1), (3.3.131)
=1

5

> b =128 ). (3.3.132)

i=1

However, the latter two conditions imply that we must have b; = 25 — [ for all 1 < ¢ < [y which in

turn gives us that a; =1 — 1 for all 1 <4 <[y, and these are the only possible choices. This exactly

matches the construction described following . The case for g € {2,...,k} follows similarly.
All that is left in order to show the statement of lemma [3.3.7] is that the term

k—1 k—1
(=1)9FEFD (K —1)8 — Z l],)‘Bk,ﬂ;ﬂ_(g)\I/kﬁ;é ( ((kz -1)8 - le>v>

j=1

only contributes a positive coefficient, where recall
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k—1
‘I’kﬁ;l(((k -1)p - ' lj)”) =

// exp | (k=1B=Y 1) ymm(vn —vm)® | [] dym.n- (3.3.133)

Y=Wm.n)(mnyeBy, 5,1 =t
€3]

Calculating ;g involves computing derivatives of and evaluating it at v = 0 by the

residue theorem. We consider the case where (k—1)8 > Iy +---+1;_1, the other case follows similarly.

Incorporating in the sign (—1)9(k’ﬁ?£) in to the integrand of the right hand side of (where for

simplicity we ignore the positive prefactor in the exponent since it doesn’t contribute to the overall

sign) we have

(_1)5](1?,5;1) H exp (ym,n(vn — ’Um>i)
(m,n)€Bk,p1

=II| II (senRe{(vm —va)})exp(=gumn(vn — o))

o<7 L(m,n)eS; -

X H (—sgn(Re{(vn — vm)}) exp (Ymn(vn —vm)))|.  (3.3.134)

(m,n)GS;T

Thus, in order to show that ;g is strictly positive we need to establish that differentiating the right
hand side of contributes an overall positive sign. To see that this is true, first note that since
each of the v, for m € {1,...,2kB}, in Py g(I) has a pole of even order at 0, and by the residue theorem
we are required to differentiate the exponential term in an odd number of times. Then, by
the requirements of the conditions on the Riemann integral in the right hand side of , for each
(m,n), one has that the Heaviside function ensures that the product 4y, , Re{(v, — v,,)*} is negative.
It is easy to check that in each case, after differentiating an odd number of times, that the term on the
right hand of is positive. This concludes the proof of lemmam O

3.4 Polynomial structure

In this section we prove theorem m The technique we use relies on a formula for Iy (61, ...,0k)
(c.f. (3.3.1) and (3.3.2))) that follows from an expression obtained by Conrey et al. [45]. This takes

the form of a combinatorial sum and is a special case of a more general expression explored further in
chapter

Theorem 3.4.1. Let ZEyg be the set of (gkkﬁﬂ) permutations o € Sapg such that

o(l) <o(2) <--- < o(kB), (34.1)
okf+1) < < o(2kpB), (3.4.2)
and
w= (e, . et . e e e et el i) (3.4.3)
—_————
B B B B

(Notice the similarity between the structure of w and (3.2.8).)
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Then,
2k

R N
H wév I g(01,...,0) = Z (WU(MH)WU(TH) wgfikﬂ)) . (3.4.4)
j=kp+1 OEERB HlSkB<q( - Wa—(l)wo_ q))
Therefore,
1 27 or 2k Y . ey N
MoMU(N)(k,ﬁ) = 719/ / wj—N Z (w (kB+1)Wo (kB+2) w_(?kﬁ)) o, - - dby.
(2m)* Jo 0 j=kp+1 cEELs Hzgkqu(l - “’o(l)wg(q))
(3.4.5)

The individual summands in the integrand in this expression have poles of finite order (when

We(q) = Wo(1)). These cancel with zeros in the numerator in the complete sum, as they must because
It 3(01, ..., 0k) is bounded, being the average of a product of polynomials [45]. The function remaining
after this cancellation may be computed by applying ’'Hopital’s rule a finite number of times. This
function is therefore a polynomial in the variables %1, ... e with coefficients that are each poly-
nomial functions of N (coming from the derivatives associated with applying I'Hopital’s rule). Upon
integrating only the coefficient of the constant term remains, which is polynomial in N. This concludes
the proof of theorem In principle one could compute the order of the polynomial this way, but
in general we found the approach based on the asymptotic evaluation of the integral representation,
set out in the previous section, to be more straightforward. In specific cases the calculation is feasible,

as demonstrated in chapter

3.5 Summary and outlook

Our main result within this chapter is a proof that the moments of the moments of the characteristic
polynomials of random unitary matrices, MoM (ny(k, 3), are polynomial functions of N, of order
k282 — k 4+ 1, when k and 3 both take values in N. This proves the conjecture for the leading order
asymptotics made in [81,[82] when k£ and S both take values in N. Moreover, it goes further in
establishing that an exact formula exists when k and 5 both take values in N, and, in passing, establishes
the general structure of the (finite) asymptotic expansion for MoMy () (k, 3) in this case.

It is clear from the calculation set out in section that we have an exact formula when k and
both take values in N because of an underlying integrable structure: the approach based on symmetric
function theory, and hence on representation theory, yields an exact formula in terms of a count of
certain restricted semistandard Young tableaux. The symmetric functions used in section [3.2] may be
related to certain generalized hypergeometric functions (c.f. [122] and, for example [75]), and it would
be interesting to explore this calculation in that context, especially if doing so extends the results to
non-integer values of k and 5. We see our calculation as a first step in that direction and anticipate
pursuing this further.

We note in passing that the formula we establish using the multiple integral approach provides as
a byproduct an asymptotic expression for the count of semistandard Young tableaux that arises in the
calculation. Additionally, given the recent result of Fahs 72|, understanding the role that Toeplitz
determinants, and hence Fisher-Hartwig asymptotics and solutions to Painlevé equations, play in such
asymptotic combinatorial counts is a very interesting problem.

As suggested in chapter [2] section 2:2.2] the moments of the moments we study here play a central
role in the heuristic analysis in [81482111] of the value distribution of log Pyax(A). Recall the statement
of the Fyodorov-Keating conjecture (c.f. conjecture in this case. As N — oo,

3
log Ppax(A) =log N — 1 loglog N + 24 N, (3.5.1)
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where x4,y is a random variable that is Op(1) and which has a limiting value distribution that is a
sum of two Gumbel distributions.

We covered in chapter [2] section the fact that several components of the Fyodorov-Keating
conjectures have recently been proved: the first term on the righthand side of was established
in [5], the second term in [132], and the tightness of x4 n in [35]. All of these calculations have utilised

a hierarchical branching structure in the Fourier expansion of log |Py (A4, 6)],

TrAk
k

oo
log |Pn(A,0)] = —Rez exp(ik0), (3.5.2)
k=1

which we emphasise is similar to that found in other log-correlated Gaussian fields such as the branching
random walk and the two-dimensional Gaussian Free Field; that is, they have utilised general proba-
bilistic methods. When log |Py (A, 8)| (c.f. (3.5.2)) is replaced by a random Fourier series with the same
correlation structure — such series can be considered as one-dimensional models of the two-dimensional
Gaussian Free Field — the analogue of conjecture , due to Fyodorov and Bouchaud [78], has
recently been proved for all k and 3 in the regime k < 1/3% by Remy [137] using ideas from conformal
field theory [120], see section [2.2.3]

Formally, the 8 — oo asymptotics of gn(8; A) determines Py ax(A), and so it is natural to seek
to understand the value distribution of Ppax(A) by calculating the moments of gn(8; A) and then
taking the large-S limit. However, doing this requires the moments for all £ and (3, not just the integer
moments. Moreover, the controlling range is when freezing dominates and k32 is close to 1. Our results
therefore cannot be applied as they stand. This is one reason why the possibility of using the integrable
structure to extend them to non-integer values of k and f is attractive. When k = 1 the Selberg integral
makes this possible. (And in the somewhat similar problem of the joint moments of the characteristic
polynomial and its derivative, Painlevé theory provides a route (c.f. |14}|18], and chapter E[)) The
result of Fahs [72], whilst verifying the asymptotic formula for real 5 > 0, obscures the leading order
coefficient in the regimes k32 > 1, and so also does not provide fine enough information.

The association between characteristic polynomials of random matrices and the theory of the Rie-

mann zeta function, see section [2.1.2] motivated the analogous conjecture 2.2.3]

Cmax(T) = max [C(5 +iT +iz)], (3.5.3)
where T is random [81}[82,[111]. These correspond to replacing N in by logT (c.f|116]). Recall
that in this case too there has been recent progress in proving the leading order term in the resulting
formula when T' — oo [6}/127], based on calculations that mirror those for the extremes of characteristic
polynomials.

The multiple-integral approach we have developed here also applies to the Riemann zeta func-
tion, using the representation established in [46], giving explicit (conjectural) formulae for the integer
moments of moments over short intervals of the critical line in that case. These take the form of poly-
nomials in log 7T up to an error that is a power of 7" smaller. This is important because in numerical
computations of the moments one is necessarily restricted to finite intervals, and it is a key question
how moments computed in different intervals fluctuate. Our formula for the moments of moments gives
an answer to this question; this calculation is joint work of the present author and J. P. Keating [16].

The methods of calculation we have developed here to understand the unitary moments of moments
extend also to the other classical compact groups. This applies to both the representations in terms of
symmetric functions as well as the multiple contour integrals. Such a theory was originally developed
in [33,/45]. The extension of our results to the other compact random matrix groups therefore follows

the method outlined in this chapter. Such a calculation is the subject of chapter [4] though we focus
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on the combinatorial approach of section [3.2] rather than complex analytic techniques of section [3.3]

Once we understand the moments of moments for all the compact matrix groups, one then may
apply the results to the corresponding moments of moments for each of the three symmetry classes of
L-functions, see section m For further details see our subsequent paper [16]. Our results within this
chapter in particular also apply immediately (and unconditionally) to the moments of the moments
of function field L-functions defined over F, in the limit ¢ — oo. This follows from equidistribution
results in that case (c.f. [111]).

Finally, our formulae have already been applied to analysing the results of numerical computations
using randomly generated unitary matrices, where they explain the fluctuations in the moments of the
characteristic polynomials evaluated by averaging over the unit circle [80]. We anticipate further similar

applications and extensions to other numerical computations of the moments of spectral determinants.
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Chapter 4

Symplectic and orthogonal moments of

moments

This chapter is based on the paper ‘On the moments of the moments of the characteristic polynomials
of Haar distributed symplectic and orthogonal matrices’. This paper was co-authored by the present
author, T. Assiotis, and J. P. Keating |9]. The project came out of conversations with the co-authors.

The responsibility for writing the initial manuscript was split between T. Assiotis and the present
author, and the diagrams were produced by the present author. Together, we proved the two theorems
given within this chapter, theorem and under the advisement of J. P. Keating. Section
was lead by T. Assiotis. The proof of the polynomial part of theorems and (see section
adapts the technique presented in chapter |3 section The idea for the proof of lemma (and
also lemma originates from the paper of T. Assiotis and J. P. Keating [10].

Originally, the paper additionally contained examples of the polynomials whose existence is the
subject of the two main theorems [£.1.1] and [.1.2] Like in chapter [3] the code used to produce these
polynomials was work of the present author, and they now form part of chapter |5| (and hence do not
feature here). Otherwise this chapter closely follows the manuscript [9], except for where arguments
have been expanded for clarity, and additional comments and examples have been inserted. Notation
has also been changed, so to be consistent with the rest of this thesis. All such changes and inclusions

are due to the present author.

4.1 Introduction

In comparison to the previous chapter, we now move away from working with unitary characteristic
polynomials to focus on those related to symplectic and orthogonal matrices. It will be convenient to

emphasise which group in particular is being considered, and so we write
Povy(A,0) = det (I — Ae™ ")

for the characteristic polynomial on the unit circle of a matrix A € G(N), for G(N) € {Sp(2N), SO(2N)}.
Recall that Sp(2N) denotes the group of 2N x 2N (unitary) symplectic matrices, and SO(2N) denotes
the group of 2N x 2N orthogonal matrices with determinant +1. We emphasise that the eigenvalues of
matrices from Sp(2N) and SO(2N) lie on the unit circle and come in complex conjugate pairs, namely

they are of the form: e'®1,e~i%1 ei®2 =102 N =N In particular, we have that:

Po(ny(A,0) = Pony (4, —6). (4.1.1)
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Endowing the groups Sp(2N) and SO(2N) with the normalized Haar measure, we denote by
Escqnv) the mathematical expectation with respect to the corresponding measure on G(N). Re-
call that we defined the moments of moments for a unitary characteristic polynomial in chapter 2| (c.f.
(2.2.8])), which were the focus of chapter |3| Their generalization to A € G(N) is the subject of the

present chapter, and so we define

1 27 k
MoMgn) (k, B) == Eacan) K%/ | Pe(ny (A79)|25d9> ] : (4.1.2)
0

Our focus will be on the asymptotics of MoM¢ () (K, 8) in the limit as N — oo when & and 3 are fixed
integers.

When G(N) is the unitary group U(N), we have already emphasised the great deal of interest in its
moments of moments, see chapter [2] section [2:2:2) and chapter [3] The conjectured asymptotic formula
for MoMy(ny (2, ) was proved by Claeys and Krasovsky using a Riemann-Hilbert analysis [36], and
for all non-negative integer values of k and S by Bailey and Keating [15] (c.f. theorem using
an approach based on exact formulae for finite N. An alternative approach when k& and 3 are non-
negative integers was developed by Assiotis and Keating [10]. They used the connection between
unitary moments and representation theory (see section , and additionally drew upon the link
with constrained Gelfand-Tsetlin patterns. This yields the same results as found in [15], but leads
to an alternative explicit formula for the coefficient appearing in the leading-order contribution to
the asymptotics in terms of the volume of the associated Gelfand-Tsetlin polytopes; i.e. it provides
a geometrical interpretation for this constant. Recently, Fahs has extended the approach developed
in [36] to give a proof of the asymptotic formula for MoMy(ny (k, 8) for non-negative integer values of
k and general non-negative real 5, but without an explicit expression for the coefficient of the leading
order term. There is considerable interest in removing the assumption that & is a non-negative integer
though this is likely to require new ideas. Finally, there has also been a good deal of progress in proving
the associated conjectures for the extreme value statistics of the characteristic polynomials; see, for
example, [5,35.(132].

Our purpose here is to extend the approach developed in [10] to give formulae for MoMg(ny (K, B),
when k and /3 are non-negative integers and when G(NV) is either of the groups Sp(2N) and SO(2N), in
terms of the associated constrained Gelfand-Tsetlin patterns (which are different to those that appear
in the unitary case in [10]). We then establish asymptotic formulae in which the volumes of the related
Gelfand-Tsetlin polytopes appear. Importantly, we find that the leading order asymptotic dependence
on N is conditional on the group in question.

We now have a well developed understanding of how to use results for random matrices to make con-
jectures about the corresponding questions in number theory, see for example chapter [2] section 2.1.2]
For example, formulae for the moments of the moments of the characteristic polynomials of random
unitary matrices, and for the extreme value statistics of the characteristic polynomials, can be used
to motivate conjectures for the moments of the moments and for the extreme value statistics of the
Riemann zeta-function on short intervals of its critical line [811|82]. There has recently been progress
in proving these conjectures; see, for example, [61/941(95.127].

Our results here provide a similar basis for conjecturing formulae for the moments of the moments
of L-functions from orthogonal and symplectic families. For example, one could consider L-functions
associated with quadratic twists of elliptic curves, and quadratic Dirichlet L-functions. The two av-
erages are, first, over a short section of the critical line (e.g. a section of length 27) centred on the
symmetry point of the functional equation, and, second, over members of the family (i.e. in the two

examples given, over twists). This application is explored further by Bailey and Keating [16].
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It would be interesting to extend the approach developed by Claeys and Krasovsky in [36] and
Fahs in [72] to the orthogonal and symplectic groups. This would require uniform asymptotics for
determinants of the form Toeplitz + Hankel as the singularities merge; as far as we are aware this
theory remains to be developed. It would also be interesting to explore the implications of our re-
sults for orthogonal and symplectic analogues of Gaussian Multiplicative Chaos, along the lines of the
corresponding theory in the unitary case (see, for example, [128,/155] and section .

4.1.1 Statement of results

Our results are as follows.

Theorem 4.1.1. Let G(N) = Sp(2N). Letk,3 € N. Then, MoMgy,2n) (K, 8) is a polynomial function

m N. Moreover,
MoMgyan) (K, B) = csp(k, NIk 1 o (NEAERATD k1) (4.1.3)

where the leading order term coefficient csy(k, ) is the volume of a convex region defined in section

and is strictly positive.

Theorem 4.1.2. Let G(N) = SO(2N). Let k,3 € N. Then, MoMgo2n)(k, ) is a polynomial

function in N. Moreover,

MoMgo(eny(1,1) = 2(N +1) (4.1.4)
otherwise,

MoMgoan) (K, B) = csolk, BINFFEHI=D=F 1 O (Nkﬂ(%ﬂ’l)”“’l) : (4.1.5)

where the leading order term coefficient cso(k,B) is given as a sum of volumes of convex regions
described in section[[.5.9 and is strictly positive.

Recall that in chapter [3] we recovered the equivalent result for the unitary group, showing that for
k,peN
MoMy (v (k, B) = cu(k, B)NFZ F+1 L O (N’“Zﬁz—k) : (4.1.6)

which too is a polynomial in N. Thus, the leading power of N for each of the matrix groups differs.

4.1.2 Strategy of proof

In order to prove our main results we combine the approaches that were developed in [15] and [10]
(see chapter and also |113]) for treating the simpler case of the unitary group. We first adapt
an argument presented in [15] to prove that MoMy (x)(k, 3) is a polynomial in N. Then, in order
to obtain the leading order term and an expression for its coefficient, we develop the combinatorial
approach of [10] to this setting.

Recall from chapter |3| that the equivalent theorem for the unitary group, , was proved using
a multiple contour integral representation due to Conrey et al. [45] for the average of a product of
characteristic polynomials over U(N). There are equivalent multiple contour integral formulae for
symplectic and orthogonal polynomials [45], and so one could equally pursue that method of proof
for theorems [.1.1] and [£.1.2] This would also result in a different interpretation of the leading order
coefficients cg,(k, 5) and cso(k, 8). However, due to the natural integrable structure of the moments
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of moments, and the beautiful combinatorics that one encounters, we have chosen to instead use the
representation theoretic method of [10}33].

The outline of the proof is as follows. We first obtain an expression for MoMg(ny (K, B) in terms
of certain combinatorial objects, namely Gelfand-Tsetlin patterns, satisfying some (quite involved)
constraints. We do this by making use of formulae due to Bump and Gamburd [33] that express
averages of products of characteristic polynomials over the classical compact groups in terms of certain
associated characters. The next step can be seen as taking a discrete to continuous limit, which gives
the leading order coefficient as the volume of an explicit polytope, see sections [£.2.9] £.4.2] and [£.5.2]

for more precise statements.

There are certain important, not entirely technical, differences to the unitary group setting explored
in [10]. In particular, the combinatorial objects we work with, namely the symplectic and orthogonal
Gelfand-Tsetlin patterns, are more complicated than their unitary counterparts. For example, in order
to apply the results required for the discrete to continuous limit in the orthogonal case, we first need
to perform a decomposition of the corresponding patterns. The most significant difference however is
the complexity of the constraints involved in the orthogonal and symplectic settings. For the case of
the unitary group, the constraints only depend on a single level of the pattern, whereas for the cases
considered in this paper they involve several levels. We review the theory and the calculation for the
unitary case in section [£.2}

This complication has the following consequences. Firstly, from the discrete to continuous limit
argument it is not immediately clear that the leading order coefficient is actually strictly positive
(which, as shown in section is straightforward in the unitary case). We manage to overcome this
problem by a careful analysis of the different types of constraints. This is one of the more challenging
parts of the paper, and the argument is supplemented by a number of diagrams. Secondly, the intricacies
of the constraints prevents us, at least at present, from obtaining a more explicit expression for the
leading order coefficient as was done in [10] (such an expression has been used to connect this coefficient
to Painlevé equations for k = 2, see [113] and [19]). However we do not believe that this is an intrinsic
limitation of our approach, since, as we show in section [£.4.3] for example, whenever such a leading
order coefficient in an allied problem has been computed explicitly by different methods, it can fact
also be reproduced by calculating volumes of Gelfand-Tsetlin polytopes.

However, there are some overarching themes common to the analysis of each case. For example, the
moments of the moments are polynomials in N for each compact group. Although the leading order
power of N (i.e. the degree of the polynomial) differs, they share the same construction. By this we
mean the following: the degree of the polynomial can be seen as having a ‘compact group average’ part,
and a ‘unit circle average’ part. For the unitary case, recall that degree of the moments of moments
is k282 — k 4+ 1. The k?/? contribution is akin to the 32 leading order of the Keating and Snaith
26th moment calculation (except our moments consist of 2k characteristic polynomials rather than
2(3), which is an average over U(N). The remaining —(k — 1) contribution relates to the fact that in
the unitary case (partly due to the rotational invariance of the Haar measure) we have k — 1 unique
constraints coming from subsequently averaging around the unit circle. A similar statement is true of
the degrees of the symplectic and orthogonal moments of moments polynomials (c.f. theorems
and for the ‘compact group average’ calculations at the symmetry point).

Finally we emphasise that because of the combinatorial nature of the method of proof, many of the
arguments are more suited to a visual explanation. Indeed, an unfortunate consequence of translating
such arguments to text is the notation that they necessitate. Thus, wherever possible, we have provided

accompanying diagrams to the proofs, and sign-post them throughout to aid understanding.
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S L > L3 LS L L NN 7\~
\)\5/\)\4/ )\3/\)\2 \)\1/ )\4/\)\3/ )\2/ A\
(a) Interlacing with A\ € S5, v € Sg (b) Interlacing with A € S4, v € Sy

Figure 4.1: Examples of interlacing of signatures. Figure shows signatures whose length differs by
1, and figure shows two signatures of the same length. Note that in both cases, the numbering
is from right to left, as to be in-keeping with future definitions. The inequalities are explicitly shown,
though it is not standard to do so.

4.2 Preliminaries

4.2.1 Symplectic and orthogonal Gelfand-Tsetlin patterns and Schur poly-

nomials

We will now give some background on symplectic and orthogonal Schur polynomials. These are related
to the Schur polynomials already encountered in this thesis, see sections and The extension
to the other compact groups can be defined via the characters of irreducible representations of the
corresponding classical compact groups, c.f. the equivalent unitary construction, proposition [3.2.3]
From this perspective, making use of the Weyl character formula, one obtains well-known explicit
expressions in terms of ratios of determinants (which we also record below). For our purposes however,
we shall need some equivalent (see |135]) combinatorial definitions in terms of sums over objects called
Gelfand-Tsetlin patterns. We mainly follow the recent exposition in section 2 of [11].

Firstly, we generalize the definition of a partition, to allow for general integer entries.

Definition 4.2.1 (Signature). A signature A of length n is a sequence of n non-increasing integers
(A > X > > ),). We denote the set of all such signatures by S,,. We also denote the set of the
signatures with non-negative entries by S,-. Note that this is distinct from the definition of a partition
since we keep track of trailing zeros, whereas partitions v are identified with any other partition which
has the same non-zero entries.

For A= (A\1,..., ) € ST we define \™ == (A1,..., dn1, —An). If Ay = --- =\, = L then we also
write A = (L™).

We record the next definition to cover the case of two given signatures interacting in a certain way.

Definition 4.2.2 (Interlacing). We say that signatures A € S, and v € S,11 interlace, and write
A=<, if:

V2N 2V 2> 2V 2 Ay > Vnpl. (4.2.1)
Similarly, we say that A € S,, and v € S,, interlace, and still write A < v if:

1/12)\121/22"'>1/n>>\n. (422)

It is common to draw interlacing signatures, so to emphasise the their interaction. A pictorial repre-
sentation of interlacing is given in figure[[.1l Note that there, as with future definitions and to be in

keeping with the literature, we draw signatures from right to left.

The next definition introduces a ‘full’ Gelfand-Tsetlin pattern. We do not make use of full patterns
in this chapter, beyond the next discussion, but their introduction facilitates the subsequent definition
of ‘half’ Gelfand-Tsetlin patterns.
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(a) Example of a Gelfand-Tsetlin pattern of length 4. (b) Example of a Gelfand-Tsetlin pattern of length 4
with fixed top row v = (4,3,2,1).

Figure 4.2: Examples of Gelfand-Tsetlin Patterns.

Definition 4.2.3 (Gelfand-Tsetlin pattern). A non-negative Gelfand-Tsetlin pattern of length/depth

n is a sequence of signatures ()\(i))z;l such that \(¥) € Sj and
AD 2@ oo\ N (4.2.3)

One writes GT,F for the set of all such patterns. Given a signature v € S,', it is often useful to
additionally consider those Gelfand-Tsetlin pattern with top row v. The set of such patterns is written
GT; (v).

Finally, it is common to draw Gelfand-Tsetlin patterns as a triangular array, essentially a general-
ization of the representation of interlacing signatures shown in figure[{.1 An example of this pictorial

representation is given by figure [[.3

The connection with semistandard Young tableaux can now be explored. For a signature v € Sx ,
there is a well-known bijection between semistandard Young tableaux of shape v with entries in
{1,...,n} and non-negative Gelfand-Tsetlin patterns of length n with fixed top row v. The corre-
spondence is as follows, see for example [10}/89).

Given v € S and a Gelfand-Tsetlin pattern P = (/\(i))?zl where A" = v (so P € GTf (v)), we
retrieve the corresponding semistandard Young tableau by inserting the digit 1 < m < n into the cells
of the tableau of shape p(™ = A(MN\X=1) with 1) = AW\ . If A\(W\A=1) is empty then do not
insert m. Such a procedure is outlined in example £.2.4]

In the other direction, we proceed in the following way. Given a signature v € S;” and a semistandard
Young tableaux Y of shape v with a filling using entries from {1,...,n}, one obtains the relevant
Gelfand-Tsetlin pattern P = ()\(i))?zl € GT;f (v) by setting A(™ to be the Young diagram consisting
of cells of Y with entries less than or equal to m, and removing trailing zeros to ensure A(™) & St. An
example of this algorithm is shown in example

Example 4.2.4 (Gelfand-Tsetlin pattern to semistandard Young tableau.). Take P € GT, (v) for
v=(4,3,2,1), as shown in figure . To find the associated semistandard Young tableau Y of shape
v with entries in {1,2,3,4} (note that the similarity between the signature v and the set of possible
entries is just coincidental here) we apply the described procedure.

Since the shape of the tableau is known, we draw it first.

|

Figure 4.3: Young tableau Y of shape v = (4,3,2,1).
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To insert the entries {1,2,3,4} in to Y, we begin with the entry 1. We take the first signature in

the definition of P, which by ﬁgure is \(1) = (3). We begin with the subtableau of Y corresponding
to AV, shown shaded below, and insert the value 1 there.

111\

Figure 4.4: The Young tableau Y of shape v = (4,3,2,1), with 1 inserted.

By repeating the procedure, we find the relevant semistandard Young tableau. Figure [[.5 shows the
process, where at each stage the available boxes for shading are highlighted. The notation )\(m)\)\(m*I)
means remove the subshape A1 from N7,

2 |
2|2
3
(a) Inserting 2 in to Y. (b) Inserting 3 in to Y.
1 2
4 2 4
4 314
4 4
c) Inserting 4 in to Y. The semistandard Young tableau corresponding

I Y d) Th dard Y bl d

to the Gelfand-Tsetlin pattern P.

Figure 4.5: Example of applying the bijection between semistandard Young tableaux and Gelfand-
Tsetlin patterns, from Gelfand-Tsetlin pattern to Young tableau.

Example 4.2.5 (Semistandard Young tableau to Gelfand-Tsetlin pattern.). Take Y to be the following
semistandard Young tableau of shape v = (9,6,1,1). We will show that its corresponding Gelfand-
Tsetlin pattern is shown in figure [{-2d

111233|4|4\

’»Jk|c.o N | =

Figure 4.6: A semistandard Young tableau Y of shape v = (9,6, 1,1).

To construct P = (A ... ) \®)) € GT; (v) from Y we apply the described procedure. First set \(*)
to be partition for the Young diagram consisting of the cells of Y with entries less than or equal to 1.

Such cells are shaded in the diagram below.
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1l12]3 3|4|4\

BEBRE

Figure 4.7: Y with cells with entries less than or equal to 1 shaded.

Hence \V) = (4). We continuing in this way, setting \'™) equal to the partition corresponding to
the subset of Y with entries less than or equal to m. The procedure is shown in figure [[.8, with the
subset of Y shaded at each stage.

1 1233|4|4\ 1 11233|4|4\
21234 2(2(34
3 3
4 | 4
(a) Setting A = (5,2). (b) Setting A® = (7,3,1).
1 1 6 9
1 1(12]3 3|4|4\ . ) :
202(3]4
3 2 5
0 4

(d) The Gelfand-Tsetlin pattern corresponding to the
(c) Setting A® = (9,6,1,1). semistandard Young tableau Y.

Figure 4.8: Example of applying the bijection between semistandard Young tableaux and Gelfand-
Tsetlin patterns, from Young tableau to Gelfand-Tsetlin pattern.

Recall that in chapter [3] section [3.2] we showed that the unitary moments of moments are equal to
a count of restricted semistandard Young tableaux of rectangular shape. However, only a polynomial
bound on MoMy () (k, ) was justified there. Assiotis and Keating took the analysis further, exploiting

the connection described above with Gelfand-Tsetlin patterns. In particular, they show the following.

Proposition 4.2.6 (Assiotis and Keating [10]). Let k,3 € N. Then MoMy ) (k, B) is equal to the
number of Gelfand-Tsetlin patterns of length 2k3 with top row

kB kB
A28 — (N,... N,0,...,0), (4.2.4)
which satisfy the following constraints
AP 2P = N (4.2.5)

forje{l,... . k}.

The proof of proposition follows directly from our observation and the bijection
between semistandard Young tableaux and Gelfand-Tsetlin patterns described above.

Note that the structure of the top row means that two sections of the resulting Gelfand-
Tsetlin pattern are ‘frozen’. This is due to the non-negativity and the interlacing condition of Gelfand-

Tsetlin patterns. Finally, in order to rederive theorem using this combinatorial approach, Assiotis
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and Keating require the following two definitions. Ideas along these lines are also necessary for the

proofs of theorems [£.1.1] and [£.1.7)

Definition 4.2.7. Let Z,, C R™ x R™ denote the collection of real n x n matrices so that if (x (j)), ‘=1 €
L., then

‘T(lj) < a:éj) < o< g (4.2.6)

%(1) > xEQ) >0 > x("), (4.2.7)

(4.2.8)

fori,j € {1,...,n}. Thus, I is the set of n X n real matrices m( ) whose entries are non- -decreasing

along the rows (indexed by the subscript) and non-increasing down columns (indexed by the superscript).
Definition 4.2.8. Let My (k, 3) be the set of integer arrays x = (a:l(]))kﬁ | € ZFP X TFP satisfying
(i) 0<a?) <N, for 1 <i,j<kB,

(i) forl=1,...,|%],

2B
Z A (4.2.9)
a1
(kB—(j—1)) _
Z Thgagies = BN, (4.2.10)

(4.2.11)

(i) the matriz x € Lyg.

Assiotis and Keating then define a further bijection between Gelfand-Tsetlin patterns and My (k, 3),

see [10] for the full description. This allows them to reduce the problem once again to

MoMy () (k, B) = #Mun (k, B), (4.2.12)

for k, 8 € N. Finally, moving from a discrete to a continuous setting, and using theorem [.2.16] they
are able to re-establish theorem Moreover, the leading order coefficient ¢y (k, 8) is hence related
to the volume of certain a convex region (which in turn can be related to the Painlevé V' equation when
k =2, c.f. also chapter 7).

Moving away from the unitary case, we now define the related notion of a half Gelfand-Tsetlin
pattern, see figure for an example. We often drop the ‘Gelfand-Tsetlin’ from ‘half Gelfand-Tsetlin
pattern’ henceforth for brevity. Symplectic and orthogonal Gelfand-Tsetlin patterns will be half pat-
terns with additional properties. Such patterns are intimately related to moments of symplectic and
orthogonal characteristic polynomials, just as (unitary) Gelfand-Tsetlin patterns are via the bijection

to semistandard Young tableaux described above.

Definition 4.2.9 (Half (Gelfand-Tsetlin) pattern). Let n be a positive integer. A half (Gelfand-Tsetlin)
pattern of length n is given by a sequence of interlacing signatures ()\(i))?zl such that A\Zi=D 2 ¢ g,

and the interlacing is as follows:
AD 2 A@ Lo\ ()
We call the first entries on the odd rows, namely )\521171), the odd starters.
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We arrive to the definition of a symplectic Gelfand-Tsetlin pattern, see figure for an illustra-

tion. Again, we will usually refer to these as just ‘symplectic patterns’.

Definition 4.2.10 (Symplectic patterns). Let n be a positive integer. A (2n)-symplectic Gelfand-
Tsetlin pattern P = (A(i))?zl

For fized complex numbers (z1,...,x,) we associate to the pattern P a weight ws,(P) (dependence on

is a half pattern of length 2n all of whose entries are non-negative integers.

T1,y...,&, 1S suppressed from the notation and will be clear from context in what follows) given by:

n i (2i) i (2i—1) i—1 y(2i—2)
AT =25 A B DD
wsp(P) — | I X j=17"3 j=17"3 j=17"3 ,

i=1
with X©) = 0. For v € S}, we write SP, for the set of all (2n)-symplectic Gelfand-Tsetlin patterns

with top row A" = p.

We now give the combinatorial definition of the symplectic Schur polynomial as a sum of weights
over symplectic patterns. This should be seen in the context of the definition of a (unitary) Schur
polynomial, see definition [[.1.17

Definition 4.2.11 (Symplectic Schur polynomial). Let v € Sf. We define the symplectic Schur
polynomaal by:

sp™ (w1, wn) = Y wep(P). (4.2.13)
PeSP,

It can be shown (see |135]) that this combinatorial definition coincides with the following determi-

nantal form given by the Weyl character formula:

det (xl_’ﬁn*jﬂ B xﬂuﬁnﬁﬂ))"

(2n) L1 (4.2.14)

Py

(T1,...,2p) = . , 7
det (x;kﬁl — w;(nﬂﬂ))‘ ‘
3,j=1
We move on to the definition of orthogonal patterns. This is slightly more involved than the

symplectic case since some of the elements are now permitted to be negative. We will use the notation

+1, ifz>0
sgnlz) = 1, ifz<0
-1, ifx .

Definition 4.2.12 (Orthogonal patterns). Let n be a positive integer. A (2n — 1)—orthogonal Gelfand-
Tsetlin pattern P = (/\(i))?zl_

integers or all half-integemﬂ and which moreover satisfy:

1s a half pattern of length 2n — 1 all of whose entries are either all

(i) All entries except odd starters are non-negative.
(ii) The odd starters satisfy |)\§2i71)| < min{)\(.iifz), )\EQi)} fori=2,...,n—1 and moreover \)\gl)| < )\(12)

and AZ"V| < AP

For fized complex numbers (x1,...,x,) we associate to the pattern P a weight w,(P) given by:

)

n i— i— i i— i— i— i— i—
sen(AT)sen (A T[Sy ATV =2 Sist DTS AT
wo(P) = || z;
o 7
=1

Tt transpires that for our application the entries of (2n — 1)-orthogonal Gelfand-Tsetlin patterns are always all
integers.
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with X A1 = 0. Forv € S, we write OP, for the set of all (2n — 1)-orthogonal Gelfand-Tsetlin
patterns with top row X1 = .
See figure [£.10b] for an example of an orthogonal Gelfand-Tsetlin pattern.

As in the symplectic case, we have the following combinatorial definition of the orthogonal Schur

polynomial as a sum of weights over orthogonal patterns.
Definition 4.2.13 (Orthogonal Schur polynomial). Let v € S}. We define the orthogonal Schur

polynomial by:

oM (w1, )= Y we(P). (4.2.15)
PcOP,UOP, _

Again, it can be shown (see |135]) that this combinatorial definition coincides with the following

determinantal expression given by the Weyl character formula:

?

9 det (x_VjJrn*j n x;(uﬁnﬂ‘))

02 (24,...,2,) = : =L (4.2.16)
det (:v?ij + x;(n_]))
ij=1
NS A
N} L
NG D)
N\ L
AP
L
A

Figure 4.9: A half pattern of length 4, (A\())%_,, with the interlacing explicitly shown.

—2 2 4
2 3 2 2
1 2 0 2
2 1
1 -1
wap(P) = a2 wo(P) = (zy2923)

(a) An example of a (4)-symplectic Gelfand-Tsetlin (b) An example of a (5)-orthogonal Gelfand-Tsetlin
pattern P, with its corresponding weight wsp(P) be- pattern P, with its corresponding weight w,(P) below
low for some complex numbers x1, x2 as appearing in for some complex numbers x1, 2, x3 as appearing in

definition @ definition @

Figure 4.10: Figures giving examples of symplectic and orthogonal Gelfand-Tsetlin patterns.
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4.2.2 Averages of products of characteristic polynomials as Schur polyno-

mials

We have the following results due to Bump and Gamburd, see sections 5 and 6 in [33] (note that [33]
uses the equivalent definition of Schur polynomials in terms of determinants, see (4.2.14)) and (4.2.16])).
These relate products of characteristic polynomials averaged (with respect to Haar measure) over the

classical compact groups with Schur polynomials.

Proposition 4.2.14. Let n be a positive integer and 1, ...,xT, be complexr numbers. Then,
Eacsp(2n) H det (I — Azy) | = (w1 2n)Vsp{aedy (@1, 7). (4.2.17)
j=1
Proposition 4.2.15. Let n be a positive integer and x1,...,x, be compler numbers. Then,
E acs0(2n) f[ det (I — Azj) | = (21 2n) Yoy (21, 20). (4.2.18)
j=1

Bump and Gamburd proved propositions [£.2.14] and [£.2.15] expanding the averages of the products

of characteristic polynomials over the relevant Weyl integration and character formulae [156]. In our

applications below we will be taking particular choices of the complex numbers z1,...,x, lying on the

unit circle in the complex plane for some even integer n.

4.2.3 Asymptotics of the number of lattice points in convex sets

We have the following theorem on the number of lattice points in convex regions of Euclidean space,
see for example section 2 in [143|. Recall that in a convex region, the line segment joining any two

points also lies completely within the region.

Theorem 4.2.16. Assume S C R” is a convex region contained in a closed ball of radius p. Then,
#(SNZ*) =voly, (S)+ Oy (p*71), (4.2.19)

where the implicit constant in the error term depends only on L.

We will prove our main results on the asymptotics of the moments of the moments by applying the

theorem above with some judicious choices (different for each group) of the convex set S.

4.2.4 Averages of products of characteristic polynomials as combinatorial

sums

Instead of expressing the averages of products of characteristic polynomials over the various matrix
groups in terms of their Schur polynomials, one can instead view them as combinatorial sums. These
descriptions follow from work of Conrey et al. [45] and will be used when determining the polynomial
structure of the moments of moments. Such an approach was also used in chapter [3| to prove the

analogous statement for unitary moments of moments.

Proposition 4.2.17. Let n be a positive integer and x1,...,T, be complex numbers. Then,

n i 25N
Eacspeeny |[[det (I — Azj) | = (@1---z)¥ = =

j=1 ee{-1.1} [hcicjen(l =272,
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Proposition 4.2.18. Let n be a positive integer and x1,...,x, be compler numbers. Then,

n ;N
n H,: x5

Eesoen) Hdet (I — Axy) = (z1--zn)" Z = —ei,.—€j
j=1 e;e{-1,1} H1§i<an(1_xi L )

The proofs of propositions [4.2.17| and 4.2.17| by Conrey et al. [45] require careful manipulations of

multiple contour integral representations of the products of characteristic polynomials (much like those
used in chapter [3 to prove theorem [3.1.4). However, the statements of propositions [4.2.17| and |4.2.17|

were rederived by Bump and Gamburd [33] using their representation approach, yielding a simplified

proof, as well as the identification between the combinatorial sums and the respective characters.
Once more, we will be needing n to be an even integer, and we will be picking the complex numbers

x1,...,%y in a particular way, always lying on the unit circle in the complex plane.

4.3 Polynomial structure

In this section we prove the following proposition. This, together with results stated in sections [£.4]

and [£.5] will prove theorem [£.1.1] and [1.1.2]

Proposition 4.3.1. Let G(N) = Sp(2N), or G(N) = SO(2N), and k,3 € N. Then MoMg(n)(k, B)

18 a polynomial function of N.

Proof. We make use of the expressions for averages through the different matrix groups due to Conrey
et al. [45] that were introduced in section The argument follows that for the moments of the
moments of the characteristic polynomials of unitary matrices, presented in |15].

We begin with the symplectic case. We apply Fubini’s Theorem to obtain:

27 27 2kp
MOMSp(2N)( EAeSp 2N) Hdet I Al‘]) d91 dﬂk, (431)
Jj=1
where, by recalling observation (4.1.1):
z= (e e o | e o722 oo ot =ik om0k ik ik
B B B B B B

Then, by proposition [f.:2.17} we can write the moments of moments in the following form.

27 2m HQk:[i xng
=1%j
MoMgy2ny (K, B @ / / J o e, - - - dey.
86{ 1,1} H1<1,<]<2k[3( xSy )

Above, each summand appears to have a pole of finite order (when zi* = x;sj ), but these cancel
with zeros in the numerator when the sum is considered as a whole. This is clearly the case since the
average of a product of polynomials is bounded [45]|. Following this calculation, one may compute the
resulting function by applying I'Hépital’s rule a finite number of times, which results in a polynomial
function in the variables 1, ..., ¥ and whose coefficients are themselves polynomials in N. Finally,
after performing the integration over the 61, ..., 8, only the constant term of said polynomial survives,
which as noted is a polynomial in N. This concludes the proof of proposition [£:3.1] The argument for
the orthogonal case is completely analogous via proposition [{.2.18

O
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4.4 Results for the symplectic group Sp(2N)

Here we give the proof of the leading order behaviour and coefficient of MoMgy,2n (k, 3) as described
in theorem The argument is split in to stages. Firstly, we give an expression for the symplectic
moments of moments using symplectic Gelfand-Tsetlin patterns with constraints. Secondly, we observe
that part of the pattern is determined, and hence only the free part plays a role. Finally, by essentially
passing from a discrete to a continuous setting and using the lattice point counting results presented

in section [£:2.3] we complete the proof.

4.4.1 A combinatorial representation

We begin with a combinatorial representation for MoMg,ny(k, 3). Recall that in chapter we
showed that for k,3 € N, MoMy(ny(k, B) is equal to a count of restricted semistandard rectangular
Young tableaux. Assiotis and Keating then used this interpretation to show that MoMy () (k, ) is
equal to the number of (full) non-negative Gelfand-Tsetlin patterns with top row (N,...,N,0,...,0),
satisfying some additional constraints, see proposition We are able to recover a similar statement
here, linking MoMg,2n) (K, B) to a count of symplectic patterns, with a certain top row, along with

some additional constraints.

Proposition 4.4.1. Let k, 5 € N. Then, MoMgy,an) (K, B) is equal to the number of (4k{3)-symplectic

Gelfand-Tsetlin patterns P = ()\(i))?if with top row A*F8) = (N2kBY | which moreover satisfy the

following k constraints fori=1,... k:
@i-8 4 i -1 2if j
T » e > D o OO ol W
j=(2i—2)p+1 Li=1 1=1 =1 j=(2i—1)p+1 Li=1 =1
(4.4.1)
We denote the set of such patterns by GTs,(N;k; 5).
Proof. As in proposition by an application of Fubini’s Theorem we have:
27 27 2kB
MoMgan (k, @ / / Eaespeny || ] det (I — Ax;) | dby - - by, (4.4.2)
j=1
with (using (4.1.1))
z= (e, e 0 e om0 02 (il el Tk Tk ik i),
B B B B B B
(4.4.3)

Now, we make use of proposition 4.2.14|along with definition 4.2.11|to rewrite the integrand in (4.4.2)
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as follows, where the signature determining the set SP, is v = (N**%) € S3, ;.

2k
Eaespen) H det (I — Az;)
j=1
n i (20) i (2i—1) i—1 3 (2i—2)
= Z H LL‘ZZJ:I >‘j 22]=1 AJ +E]:1 /\J (444)

PESP ok, i=1

B ) ) ) ) ) )
. (27) (25-1) —14(25-2)
3 He—zel[ LA 2 2 APV A

PESP<N2kB> j:1

) j 2; j 2j—1) G—1 (252
% H 6291[ =1 )‘g J)72Z{:1 )‘g S DD Y )]
Jj=p+1
o [ elEe A e ]
j=26+1
48 o o
o [ e lE s i)
J=38+1
>< oo
(2k—-1)B ) . ) o v .
X P [E{:N‘Z(QJ)_QELNV(QJ RED D PV Z)]
J=(2k=2)B+1
2kB
. j 23 ] 2j—1 j—1 2j—2
NI > R SR e S e (4.4.5)
J=(2k—1)B+1

Hence, when we perform the integration over the 6, we will make constant use of the fact that

1 27

is6
— df = d5—p. 4.4.6
21 Jo € 0 ( )

The k Kronecker-¢ functions that emerge exactly correspond to the constraints found in (4.4.1). One
can read this off from the decomposition in (4.4.5)); for example the integral over #; will lead to

5 (4.4.7)

j 27 j 2j—1 j—1 2j—2 2 j 25 j 2j—1 j—1 2j—2 .
S0 [T AP 2 S, AP TSI AP TP [T, AP 2 B, ATV T AP
Thus, the statement of the proposition readily follows. O

We now make the simple observation that the form of the top signature (N2¥%) essentially fixes the
top right triangle of a pattern in GTs,(N;k; (), see figure This is similar to the unitary case:
there the top row froze the top left and right triangles in the full Gelfand-Tsetlin pattern. Henceforth,
it is sufficient to just work with the ‘free’ (unfrozen) region. In order to formalize this argument, it is

convenient to have the following definition, which in essence defines a relabelling of the ‘free’ coordinates
(figure may be a useful reference for the definition).

Definition 4.4.2. Consider the following set of integer arrays (y“»ifil € ZFPREBEY) which we
denote by Jsp(N; k; 8), and which additionally satisfy the following conditions,

(i) for all 1 <i < 2kB3, y y(4k6=0) ¢ Sfﬁj,
2

(ii) both (y(i))jif and (y(4k5_i))if form (2kB)—-symplectic Gelfand-Tsetlin patterns,

(iii) 0 < y§i) < N for any valid 1, j,
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(iv) the rows (y (’))4 ot fulfil the following constraints:
In the case k is even, leti=1,..., 5 (with y(0) y(4hB) = 0). Then,

(2i-1)8 j j ' i1
S DS s
j=(2i—2)+1 Li=1 =1 =1
2if j , j-1
S SR DSTEED SRS S LE RIS

=(2i—1)p+1 Li= 1=1 1=1
and
(2i-1)B J . J . Jj—1 .
4 2 4kB—25+1 4kB—2754+2
Z lz B8-27) Zyl( B J+)+Zyl( B—2j+ )]
j=(2i—2)B+1 Li=1 =1 =1
27 d (4kB—2j (4kB—2j+1) - (4kB—25+2)
+1) —2j+
S S TR D WS Wi R
j=(2i—1)8+1 Li=1 1=1

While, when k is odd we have the same constraints as above fori=1,..., % along with:

kB J J j—1

Jj=(k—1)B+1

kB j—1
(4k5-29) (4k5-2j+1) (4kB—2j+2)
= ) >y 2§ + ] (4.4.10)
l =1

=(k—1)p+1

Observe that, for both k odd and even there are a total of k constraints.

Condition (4) within definition follows directly from proposition as does (i77). Note that
since the upper right triangle is frozen, see figure [{.11] the ‘free’ triangle can essentially be partitioned
in to two copies of a sub-symplectic Gelfand-Tsetlin patterns, where one has been reflected in the z-axis
and ‘glued’ on to the top row of the other. This is exactly the content of (i¢). The constraints given in
(iv) (i.e. ([#.4.8)-(4.4.10)) are precisely the same as ([(£.4.1), just translated in to this new co-ordinate
system.

We formalize this relabelling by the following natural bijection between GTs, (N k; 8) and Js,(N; k; 8):

Bsp : GTs, (N3 k; 8) — Tsp(N3 k; B). (4.4.11)

This can be seen as follows, and again we recommend using figure to accompany this description.
Let (A® )4k5 € GTs,(N;k; B). Observe that, by the interlacing A(4*A=1) < (N2k8) = \(4k0) ' we have a
single free coordinate (the left most element of the second row from the top):
(4k5—1) \(kS-1)
Al - Askp_1

0< ,\g‘;’;ﬂ b

N,
N.

IN

We thus relabel 3"~ = /\gffﬂﬁ ~ . Secondly, again due to the interlacing A4¥8=2) < \(4k6=1) e

have:

4kB—2 4kp—2) _
Al ) Agkﬁ =N
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and moreover,

4kB-1 4kB—1 4kp—2
yg = /\gkﬁﬁ ) < )‘ékﬁﬁq : <N.

We write y§4kﬁ 2 — )\;tkﬁﬁi 712). We continue relabelling in this fashion up to (and including) \(2*#+1)
(after which no coordinates are necessarily fixed to equal N) and finally, we put (y(i))iif = ()\(i))izif.
Clearly, the map B, described above is invertible. Thus, by making use of proposition [£.4.1 we obtain

the following.

Proposition 4.4.3. Let k,5 € N. Then,

MOMS[J@N)(kaﬁ) = #jSp(N; kvﬂ)

Such a proposition should be reminiscent of the result of Assiotis and Keating, see (4.2.12]).

2kp

2k3 : * *
odd starters ’

Figure 4.11: Figure depicting the fixed region of P € SP y2ksy, a (4k3)-symplectic Gelfand-Tsetlin
pattern. The shaded area represents the fixed region, whilst the unshaded region shows which elements
have some freedom in the values that they can take.

4.4.2 Asymptotics and the leading order coefficient

To conclude the proof, we require some final definitions and notation, which will also be useful for
the orthogonal case in section [f.5] The overall goal is to determine a continuous analogous to the
discrete setting of the previous section. This will eventually permit us to use theorem to prove
theorem We consider the continuous Weyl chamber:

Wy ={z=(21,...,o5) ERN 2y > .- >y} (4.4.12)
and also let W1, .= Wy O]Rf . Thus Wy and W?\} act like continuous versions of the sets of signatures

SN and SK

We say that y € Wy and © € Wy, interlace if exactly the inequalities (4.2.1) (from the discrete
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Ag:):-@ﬁ—l) N . N N y;:lkiffl)
A;—}fkﬁf) N y(14k;372)
A;);@J:lx) A;’f@‘:” yywix) y;umx)
N Bsp
)\(Zzw) )\gzka) ) N yéZkﬂ) yizm)
/\gzkﬁ—l) y y(l'zkdfl)
A o
)\§1> (1)

Figure 4.12: Representation of the bijection Bg, : GTs,(N;k;5) — Tsp(IN; k; 5), giving the rela-
belling of the coordinates.

Fixed

48 -1
48
43
248
4B

48

43

—

Figure 4.13: Pictorial representations of how the index set S(‘i’j ) and hence the diagram given by
V(S,: 8’ for general integer 8 and k = 6 are constructed. A pair (i,7) in index set S(i’: 8) represents any
non-fixed element ¢ in row j of the continuous pattern V(S,fj ) above, except for the elements depicted
by e. These are not included in S(Sk]f )’ since these are chosen to be fixed by the linear equations. The

overlap in the pattern shows the 5 rows z(4%), ... 2(208) where the constraints overlap.

setting) are satisfied and we also write y < x (similarly for y € Wy and z € Wy). The definitions
of continuous half-patterns and continuous symplectic and orthogonal Gelfand-Tsetlin patterns are
completely analogous to the discrete setting (we simply replace S; by W).

We consider the following index set, which encodes a subset of the elements in the patterns in
Jsp(N;k; B) resulting from applying the relabelling. In particular, the S(Sk’? 5) will reference every
element of Jg,(N; k; B), except for k purposely chosen elements. Figure may be useful to elucidate
the definition.
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1
S(Skﬂ)—{(m,n).lgmﬁ n; Jandlgng%ﬁ;
4kB —n+ 1
Orlﬁmﬁ{ﬂQH—FJ and 2k8 +1 <n < 4kp — 1,

W 48,80, 4k~ )5
U{(m,4n[3):l§m§2nﬂland1§n§ LgJ,
orl<m<2k-n)B—1land 5] +1<n< kj}} (4.4.13)

n)

Thus, the pair (m,n) appears in S(k 5) if and only if y( € Jsp(N;k; B), except for some particular

choices of pairs (m,n), which we remove. The k Imssmg pairs are precisely the encodings of yg;f ),

yfﬁﬁ), cee y(4(k 2)5) (%(kfl)ﬁ), and y (4k5=1), ; see figure for a visual representation.
Observe that S(k 5) has exactly kB(2kB + 1) — k elements. It is not a coincidence that this is the
degree of the polynomial in the statement of theorem [f.1.1] Now define

S n S n -
Vilg = {2l € R (m,n) € §37,),0 <aly) < 1} C RMEFHHDE, (4.4.14)
alongside k elements defined as follows,
20 forn=48,86,...,4|%] B, (4.4.15)
x(;;; . forn=4(|%] +1)8,...,4(k - 1)8, (4.4.16)
x§4kﬁ Dfor n = 4kpB — 1, (4.4.17)

which are determined by the linear equations (4.4.8)—(4.4.10) (we simply solve for the relevant term)
so that:

(i) 0< 2 < 1, for all 2 described by (4.4.14)—(4.4.17)),
(ii) x(), @k ¢ WP‘—“J’ foralln=1,...,2k0,
2

(iii) both (x("))ikfl and (fn(‘““ﬂ*”))ik:fj 1 form continuous (2k8)-symplectic Gelfand-Tsetlin patterns.
We call the index set corresponding to the ‘determined’ elements
s
Tins) = {(m,n) : YW € Jg,(N; k; ﬁ)}\s(,c 5)-

Observe that, V 3) is convex as an intersection of hyperplanes. Moreover, V(k 3) is contained in
the cube [0, 1]k5(2k5+1) and hence in a closed ball of radius \/k5(2k8 + 1) — k.

Proof of theorem [[.1.1} The proof of the aspect of the theorem pertaining to the polynomial structure
of the moments of moments was given in proposition For the leading order coefficient term we

observe that:

#Isp(N3ks B) = # (2078 0 (MY, ),
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where for a set A, we write NA = {Nx : x € A} for is its dilate by a factor of N. Thus, from

proposition and theorem [4.2.16| with S = NV(“S;CPB), we obtain:

MoMsp(an) (k. B) = #35,(N: ks ) = #(Z’“B‘W*” “n(3iE,))

Since,

kB(2kB+1)—k
vol (NV(kpB)) NFBCRBFD =k g4 (V(k B))
we have cgp,(k, 5) = vol (V(k 5) ) It then suffices to prove that vol (V(k 5)) > 0 which is the content of
lemma [£.4.4] below. O

Proving the strict positivity of the constant cg,(k,3) is important, because otherwise we simply
have a bound for MoMg,,2n) (K, 3). This task is also one of the more complicated parts of this paper.

A crucial role is played by a number of figures which elucidate the argument.

Lemma 4.4.4. Let k,5 € N. Then,
csp(k, B) = vol (VZ)) > 0. (4.4.18)

Proof. We consider the following subset ]}(Skp 5 C V(Skp 3) defined as for ng ) but additionally we require
both that 0 < xﬁlf) < 1 and the interlacing is strict:

(n+1)

et > gl > gty

the above holding also for :cg,?) for (m,n) € ’7'(2?5) as given in (4.4.15)—(4.4.17). Now, we claim that

if there exists at least one element in f/(Skp 8) then vol (f}(ip ﬂ)) > 0 since f)(ip ) contains a small cube
around this element (this clearly implies the statement of the lemma). This can easily be seen as

follows. Take a continuous pattern P = ( (n))(m n)ES< ) c V(k 3) and let D be the minimal distance
k,B
(n) (n)

between any two elements z;,’ of P, or between zy(n) and 0 or 1 (including those zy,’ corresponding

to the points described in (4.4.15)),(4.4.16]), and (4.4.17)). We observe that if we change each of the

coordinates (zﬁ,? ))(m nyesse by at most some positive €, then there exists some constant Cj g such

)
that the extra values given by 2 for (m,n) € ﬁif’ﬁ) change by at most Cj g % e. Thus, if € = ¢(D) is
small enough we get that (Zg?))(m,n)es(,fm + [—€, €] FARRB+Y—k 5P (.8)"

It then suffices to exhibit such an element. We observe that thc constraints described in —
(4.4.10) essentially fall in to four distinct categories, hereafter types 1, 2, 3, and 4. These can be
visualised as in figures [4.15a] [4.15D] [4.16al and [4.16D] see also figure [4. In each diagram, the shaded

triangular region shows the part of the pattern P € GTs,(N;k; ) which was fixed to be N, and the

numbers shown to the left of the pattern are the ‘row coefficient’. One can reconstruct the particular
constraint described in each figure by first multiplying each row sum by its row coeflicient, and the
summing the resulting expressions for the top half of the pattern, and equating it with the sum for

the bottom half of the pattern (the ‘symmetry line’ is given by the row with row coefficient 0). For

example, figure shows the following constraint, (k= 1,8 = 3 in (4.4.10)),
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J

23: Zyl(Qj) _ 2iyl(2jfl) + jilyl(QjQ)‘| _ Z [zj: yl(1272j) . 2iy[(1372j) +j§yl(1472j)
=1 =1 =1 =1

j=1 Li=1 =1 j=1 =
or, equivalently,

5

11
2 Z(_l)jr(j) -9 2:(_1)3'74]’)7
J=T

Jj=1

where () is the sum of the elements in row j.
We will first show that it is possible to exhibit an element with strict interlacing and positive
distances from 0 and 1 for each of the four types of constraints. We will then argue that these

constructions are compatible and yield an element of ]N/(Skp )5 this fact is not entirely trivial since two

consecutive constraints (e.g. ¢ = 1,2 in (4.4.8))) overlap in a single row, see figures and and
clearly interlacing still plays a role.

Type 3
iiiiii I'ype 4
Type 1 Type 2 Type 2
,,,,,, Type 4

Type 3

Figure 4.14: Examples of shapes of the constraint types 1,2, 3,4. In each case, the dotted lines show the
position of the ‘overlaps’ within a type; the dashed-dotted lines give the boundaries between different
types of constraints (and hence where an ‘overlap’ will also occur). The left-most diagram shows the
constraint of type 1, which only occurs for £ = 1. The second diagram shows two types of constraint.
The middle, pentagonal, shape represents type 2, and the top and bottom triangles are type 3s. This
combination of shapes occurs for k = 3 (for k = 2, the type 2 in the middle disappears, leaving two
stacked type 3s). When k = 4, type 4 is introduced, and the layout is given in the third triangle. When
k =5, we see a mixture of types 2,3, and 4 as shown in the rightmost triangle. Thereafter, for higher
k, the triangles will resemble either of the two rightmost layouts above, depending on the parity of k,
except that the number of ‘stacked’ type 4 constraints will increase.

The first two types of constraints, types 1 and 2 are shown in figures and Type 1 only
occurs for k = 1 and figure shows an example for K = 1 and 8 = 3. In this case, only is
relevant. The row sum for the (2k3)th row appears on both sides of , and so this contribution
is cancelled out. All the remaining row sums have a coefficient of either +2 or —2 in , and
precisely which coefficient corresponds to which row can be seen on the left in figure Similarly,
type 2 is the generalization of type 1 but for £ > 1, odd. For these larger values of odd k, the shape
of the constraint changes from triangular to pentagonal, but always occurs in the centre portion of the
overall pattern. Figure [L.15b]shows the type 2 for k = 3 and 8 = 2. For both said constraints, it is easy
to exhibit such an element by symmetry: simply pick the lower half-pattern to have strict interlacing

and coordinates a positive distance away from 0 and 1 and reflect in the symmetry line (c.f. the row
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with factor 0 in either figure).

Constraints of types 3 and 4 are shown in figures and Type 3 occurs for k > 2 and
corresponds to , for i = 1 - henceforth we say that a ‘lower’ type 3 pattern comes from
setting ¢+ = 1 in ; whereas an ‘upper’ type 3 pattern is the analogous object using . The
shape of type 3 is always triangular and covers the lowermost and uppermost portion of the overall
pattern (c.f. the top and bottom patterned triangles in figure . ﬁgureshows type 3 for k = 2,
B = 2, and in particular the lower version, corresponding to ¢ = 1 in . Note now that all rows

have coefficients that are either £2, except for the top (resp. for the upper version, bottom) row which

gets a coefficient of 1. Type 4 occurs for k£ > 4 and represents ¢ > 1 in (4.4.8)) and (4.4.9); the terms

‘lower’ and ‘upper’ are used just as for type 3. Type 4 constraints are trapezoidal, and an example
of the lower type is drawn in figure for k = 4,8 = 2. Here (as for the general case) the row
coeflicients are once again symmetrical around the ‘overlap’ row. For type 3 and type 4 constraints,
exhibiting an element is more complicated than type 1 and 2, and we proceed as follows.

In case of a constraint of type 3, we split the configuration as in figure This results in a type 1
constraint and a new constraint, hereafter referred to as type 5. In figure [I.17} the top diagram gives an
example of this splitting for a general form of a lower type 3, and the particular form of the resulting
type 5 constraint is shown in the bottom diagram. For the constraint of type 1 resulting from the
splitting, we will again use symmetry. However, the constraint of type 5 requires a separate argument.

Take € > 0 to be very small according to k and 3. We pick the lower half-pattern of constraint type
1, see figure [1.17] so that the distances between any two nearest coordinates, and between the closest
coordinate to 0 (and respectively 1), is strictly positive and at most e. We then use reflection through
the middle row (the row with 0 as its row coefficient) for the upper half-pattern. We then proceed to
the constraint of type 5. We again pick the coordinates, except the largest one (see circled element
in figure to be at a strictly positive distance of at most € to its neighbour coordinates, and to
the edge of the upper half-pattern of the constraint of type 1. Then, the total sum corresponding to
constraint type 5 excluding the largest coordinate, which we have yet to pick, is negative and at most
ck,g X € in absolute value, for some constant cj g depending only on £ and 3. We can then pick the
largest coordinate so that this weighted sum over all coordinates is zero as long as c; g X € < 1.

In order to deal with a constraint of type 4 we split it into a constraint of type 2 and type 5, see
figure [£.18] There, the general ‘lower’ type 4 constraint is shown, along with the method of splitting.
One may use exactly the same method described above for type 3 constraints.

Finally, we need to argue that using the procedures above is compatible with putting constraints
together. For example, type 3 and type 4 constraints overlap, see figures and and two type 4
constraints also may overlap, see figures and With a mixture of type 3 and type 4 (the case
for a mixture of two type 4s is analogous), if we use the algorithm above to satisfy the constraint of type
3, then the interlacing forces the coordinates at the edges of the next constraint of type 4 to be ‘large’,
of the order of c; 3 x € for the constant c; g described above. This then forces the largest coordinate
of the constraint of type 5 coming from the splitting of the constraint of type 4 to be ¢ g x € for some
(possibly much) larger constant ¢ 3. However, we note that this does not present any real problems
since we only need to apply this procedure a finite number of times and thus as long as we pick € small

enough so that ¢ 5 x e <1 for some finite and fixed constant C. 5> the result is as claimed. O

4.4.3 Asymptotics at the symmetry point

In this subsection we show how the method illustrated above can also be used to recover results of
Keating and Snaith on the asymptotics of moments of the characteristic polynomial at the symmetry

point, see [115] and theorem The original proof involved the Selberg integral and asymptotics
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(a) Example of constraint type 1. This occurs ex-
clusively for k = 1, and is drawn for £k = 1, § = 3.
The circled coordinates are those which feature in the
‘overlap’ of the constraint . The grey shaded
area shows which elements are fixed to be N. The
numbers on the left show the coefficient that appears

against any given row sum in (4.4.10).

1 o o . o
—92 o o . . .

2 o o . o o
_92 o o . o . .

0 (. . o o . .)
_92 o o . o o o

2 o o . o o
—92 o o . . .

1 o o . o

(b) Example of constraint type 2. This occurs for k >
1, k odd, and is drawn for k = 3, 8 = 2. The circled
coordinates are those which feature in the ‘overlap’
of constraint (i.e. those in row 2kB). The
grey shaded area shows the lower part of the section
which is fixed to be N, and the number on the left
show the coefficient that appears against any given

row sum in (4.4.10|).

Figure 4.15: Figures showing constraints of type 1 and 2 for the symplectic case.

1 . ° ° .
-2 ° . ° °
2 . ° °

— . .
2 .
— .

(a) Example of constraint type 3. This occurs for
k > 2, and is partly drawn for £k = 2, § = 2. The
figure depicts the first constraint (i.e. ¢ = 1 in (4.4.8))
and the boxed elements are those which appear in the
‘overlap’ of said constraint. Note that by reflecting
this diagram in the z-plane, one gets a figure for the
last constraint, i.e. ¢ =1 in . The numbers on
the left are the coefficients that appear against the

relevant row in (4.4.8)), with ¢ = 1.

1 . . o D . . o
) o o . o o . o o
2 ° . . . . . .
—9 o o . o . . .
0 (. o o o o .)
) o o . o o .
+2 o . . o .
-9 o o . o o

(b) Example of constraint type 4. This occurs for
k > 4 and is drawn for £k = 4,5 = 2 and depicts
the (lower) constraint for i = 2 in (£.4.8). The boxed
elements are those which feature in the ‘overlap’ of the
described constraint, and the numbers on the left give
the coefficient of a given row sum in (4.4.8). Note that
the shape and row coefficients of the upper constraint
can be seen by reflecting the diagram in the z-plane.

Figure 4.16: Figures showing constraints of type 3 and 4 for the symplectic case.

for the Barnes G-function. More precisely we recover (c.f. theorem [2.1.7) that for s € N

MSp(S) = EAesp(QN) [det (I — A)S} = Csp(S)N 2

where the leading order coefficient is explicit:

Csp(s) = I

-

s(s+1)

+0, (Nw*) : (4.4.19)

1

By applying proposition with z; = 1 and inserting this into the combinatorial representation
of definition we obtain the following proposition.

Proposition 4.4.5. Let s € N. Mg, (s) is equal to the cardinality of the set SPysy, namely the

number of (2s)-symplectic Gelfand-Tsetlin patterns with top row (N*®).



Splitting of Type 3

2
L] L] L] @ 1
-2 ° . ° -2
Type 5
2 /_L : ’ 2
72 ° ° L ° ° 72
Type 1< 0 P,
: : g
-2 ° °
2 °
-2 °
Type 5
26
1 ° ° ® @ y(zﬁ)
_9 . ° y(Qﬁ—l)
25 g
—9 ° . . y(B)
2 ° . y(2)
—92 ° y(l)

Figure 4.17: Figures giving the construction of a type 5 constraint, which comes from splitting a type
3 constraint (see figure . This occurs for k > 2, and the version for a lower type 3 constraint (i.e.
t=1in ) is drawn in the upper figure to show the situation for general 3, and k > 2. The type 3
constraint is split in to one of type 1 (the unshaded region) and one of a new type, type 5 (the shaded
region). The bottom figure shows explicitly the constraint of type 5, which forms a Gelfand-Tsetlin
pattern (y(i))?ﬁl, where y®) € W;" and y@ < 40*tD . In both diagrams, the circled top right element
is the largest, and the numbers on either side show the row sum weightings for i = 1 in . The
equivalent form for the upper version (i.e. i =1 in (£.4.9)) can be seen by reflecting the top diagram
in the z-plane.

As before, the form of the top row fixes the top right triangle of the pattern, see figure An
analogous argument to that given in proposition [£.4.3] yields the following.

Proposition 4.4.6. Let s € N. Then,

s(s+1)
2

May(s) = N5 vol (Vi (s)) + Oy (N7 1)

where the set Vg,(s) C [0, 1]5(5;1) consists of joining two continuous half patterns of length s at the

top row, as in the figure [[.230
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Type 5
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_9 . - . . . )\(2(21‘71)[371)
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1 . . o )\(22i-2)p)

Figure 4.18: Figure showing splitting a type 4 constraint (see figure [4.16b)) in to a type 2 and type 5.

This occurs for k > 4, and the lower constraint for some 1 < i < |%| in (£.4.8) is drawn in the top

figure for general k > 4, 3, involving rows A" for n = 2(2i—2)B,...,4i5. The type 4 constraint is split
in to one of type 2 (the unshaded region) and one of type 5 (the shaded region), see figure The
circled top right element is the largest, and the numbers on the far left and the far right give the row
sum weightings as appearing in . The equivalent form for the upper version (i.e. 1 < i < L%J in
(4.4.9)) can be seen by reflecting the diagram in the z-plane.

. o . o 1
. . . . -9

. o . 0 Type 4
o o o _9
1 ’ s 1

Type 3
-2 .

Figure 4.19: Example of a mixture of type 3 and type 4. This example shows k = 4, 5 = 1, and the
interplay between ¢ = 1 and ¢ = 2 in is demonstrated through the overlap between the two
patterns. The corresponding diagram for ¢ = 1 and i = 2 in is simply the reflection of this
diagram in the z-plane.

Thus, it suffices to show that the volume of Vg,(s) can be computed explicitly and equals Cgp(s).
We require the following lemma (which is certainly well-known but we have not located this exact form

in the literature).

Lemma 4.4.7. Let s € N. The volume of a continuous half pattern of length s with non-negative

coordinates and top row (xlv"'vxL%j) € WT%J’ that we denote by volg <$1,$2,---,1’L#J)} is

given by:
T 1 (G-1)+1(s even)) L5
o 2(j—1)+1(s even 2
vol, <x1,x2, .. .,stglJ) = 1_[1 G=n det (xLSQIJHfi )id:l .
j=
Proof. Direct computation by induction on s, using multi-linearity of the determinant. O

We finally have:
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mirror

Type 3

Figure 4.20: Example of combining a split type 3 and a split type 4. The dashed horizontal lines
represent the lines of reflection, and the solid diagonal lines show where the splitting of the respective
types occurs. The circled elements are the largest element for each section, and the arrows show the
location of elements that, due to the interlacing, are forced the be ‘large’, and also direction of growth.

. . . o . o 1
o . . . o . —92
o . o . o 0 Type 4
o o . . . _9
1 . o . o 1
-9 o o o °
Type 4 0 . o .
-9 o . .
1 . .

Figure 4.21: Example of a mixture of constraints of type 4. This figure is drawn for k = 6,5 = 1 and
depicts the mixture of constraints for ¢ = 2 in (4.4.8)) and (4.4.9).

®

Type 4

R\ @>/
Type4 <  —----------=22

mirror

mirror

Figure 4.22: Example of combining two split type 4 constraints. The dashed horizontal lines represent
the lines of reflection, and the solid diagonal lines show where the splitting of the respective types
occurs. The circled elements are the largest element for each section, and the arrows show the location
of elements that, due to the interlacing, are forced the be ‘large’, and also direction of growth.

Proposition 4.4.8. Let s € N. Then,

-
[T (25 -

Proof. Recall that, see figure [4.23b] Vg,(s) is obtained by joining at the top row two continuous half

vol (Vg,(s)) =
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patterns with coordinates in [0, 1]. We then calculate using lemma and Andreief’s identity:

2
vol (Vg,(s)) = / vol, (:cl,xg, .. ,xLilJ) dxq - dst+1J
121’121’22“'21L3+1J20 2 2
2

s+1 |

s 1 2 1 ) ) %5
_ ( : ”) det </ x2(171)+2(j71)+21(8 even)dz>
e BN VAR LY o it

1
s; |

2 L
1
H(]—l”) det<2(i+j—g+1(seven))>”

=1 1,j=1

In order to evaluate this further one uses the Cauchy determinant formula:

1 \" LI (= =) (y; — )
det (xz - yj) 1 ; IT= H?=1(xi — ;) '

Applying this with,
.3 .3
x; =20 — 3 + 1(s even), y; = —2j + 5~ 1(s even)

and after some elementary manipulations we readily obtain the statement of the proposition. O

Remark. Similar arguments apply in the setting of SO(2N), see |115] for the original proof.

2s

(a) Figure showing a (2s)-symplectic Gelfand-Tsetlin (b) Figure showing the two continuous half patterns
pattern with top row (and hence top right triangle) in [0,1] joined at the top row which give Vgp(s).
fixed to be (N?*).

Figure 4.23: Figures showing both the general structure of the (discrete) symplectic half pattern, and
the two continuous half patterns formed by the free coordinates joined at the top row.

4.4.4 Computing MoMg,n)(1,1)

Before we move to address the special orthogonal case, we show how one can in fact use proposition
to fully compute MoMg,2ny(k, ) in the simplest case.
Let k = B = 1. Then the statement of proposition gives that

MoMsgyp(an) (1, 1) = #GTsp(N; 1;11), (4.4.20)

i.e. the first symplectic moments of moments is equal to the number of (4)-symplectic Gelfand-Tsetlin
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patterns P = (A(i))?zl with top row (N, N), additionally satisfying the constraint
PV DY VD Vo B DY DY V) (4.4.21)
Hence MoMgyp,2n)(1,1) is equal to the number of (4)-symplectic half patterns of the form

N N
)\é?)) )\g?))
2
AP

1
A

Figure 4.24: The Gelfand-Tsetlin pattern relating to MoMgp2n)(1,1).

with the usual interlacing requirements, and additionally (4.4.21)). Using the interlacing, we see
that )\53) is forced to equal N, and further 0 < )\gl), )\52), /\ég) < N. Hence (4.4.21)) now reads

AL =2, (4.4.22)
Thus, we need to determine the number of (4)-symplectic half patterns of the following form.

N N
AV N
2
AP

A

Figure 4.25: The specialized Gelfand-Tsetlin pattern relating to MoMgy,2ny (1, 1).

This is clearly equivalent to the following simple combinatorial count,

#GTsp(N:1:1) = #{ (AP AP 0 <A <A < N} (4.4.23)
= SN 1)(V +2) (4.4.24)

Hence .
MoMgp(z2n)(1,1) = 5 (N + 1)(N +2). (4.4.25)

This calculation is independently verified in chapter [5

4.5 Results for the special orthogonal group SO(2N)

We now give the proof of the asymptotic growth of the moments of the moments for SO(2N). The key
difference between the argument presented here and that of section [£.4]is that the leading elements in
the odd rows of the half-patterns, the ‘odd-starters’, are now allowed to be positive or negative. This
introduces an additional level of complexity due to the fact that now the constraints are not linear
(they involve absolute values and signs).

Analogously to the symplectic case outlined in section [£.4] we break the proof down in to steps.
Firstly we prove a proposition connecting the moments of moments to a count of restricted orthogonal
Gelfand-Tsetlin patterns. Secondly, we note that the constraints on the patterns fix a triangular region,

thus the count simplifies down to considering a subregion of the array. This induces a natural bijection
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between these constrained patterns and certain integer arrays. Finally, by considering the number
of fixed parameters and moving to a continuous setting, we may apply theorem to achieve
theorem [£.1.21

4.5.1 A combinatorial representation

The relevant combinatorial representation for the orthogonal group SO(2N) is the following. Note
that the statement of proposition [£.5.1] is almost the same as proposition [{.:4.1] except for the extra

consideration of the signs of the odd-starters, and now the sums concern absolute values of the elements.

Proposition 4.5.1. Let k,3 € N. Then MoMgo@n)(k,5) is equal to the number of (4kf — 1)-
orthogonal Gelfand-Tsetlin patterns P = ()\(i))jif_l with top row either \(*FA=1) = (N2kBY o AkB—1) —

(N2k8Y= which moreover satisfy each of the following k constraints for i =1,... k:

(2i-1)B j j—1 j—1
2j—1 2j—3 2j—1 2j—2 2j-3
sen(Af ™) sen(A ) [ZW T=2) N Y I (4.5.1)
j=(2i—2)p+1 =1 =1 =1
=i (2i—1) (25—3) d (25—1) = (25—-2) = (2i—3)
= Z Sgn()‘j ! )Sgn()‘jjl ) [Z RY - 22 RY I+ Z Ry ! |] )
J=(2i—1)B+1 1=1 1=1 1=1

where XO XD = 0. We let GTso(N;k; B) denote the set of such patterns. Further, we write
GT4o(N;k; B) for the set of such constrained (4kB — 1)-orthogonal patterns with top row (N2FP),
and GTg, (N k; 8) for the equivalent (but disjoint) set with top row (N?*8)= = (N,...,N,—N).

Proof. The proof of proposition follows entirely the same method as described in the proof of
proposition [£.4.1] however we sketch it here for completeness. We focus on the average over the matrix

group and, using the natural symmetry of the characteristic polynomial (4.1.1)), we have

1 27 27 2k

MOMSo(gN)(k’, B) = W/ .- / EAGSO(QN) H det([ — ij) dby - - - dby, (4.5.2)
0 0 .
Jj=1
with
T = (e_i917...7e_i91,ei917...,ewl,e_i927...,e_i9276i927...,ei92,...,e_w’“,...,e_ie’“7ei9",...,ew’“).
B B B B B

(4.5.3)

Using proposition [4.2.15| alongside definition [4.2.13] we rewrite the integrand in (4.5.2)) as follows,

where the signature determining the set SO, is v = (N2#8) € S;'kﬁ.

2k
]EAGSp(ZN) H det (I — AmJ)

j=1
2k 251 23 i 251 i 22 i 2j-3
> II sen O D) sen O ) [, NV -2 i N A )]
= €T .
J

PEOP<N2]€5>UOP<N2)€B>, j=1

(4.5.4)
Substituting in (4.5.3]) and integrating over the 6, making copious use of the fact that
1 o is0
— e**Vdl = d5—o, (4.5.5)
27T 0
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we recover the k Kronecker-§ which exactly correspond to the constraints found in (4.5.1). For example

the integral over 67 will lead to

5 . o _ . N . . . . 4.5.6
Sy sen (AT sen (AT [, N TV =2 ST IV TR i) Y] = (4:5.6)
537 giasenOAF D) sen (AT [, NPTV I—2 D) N TR i A
Thus, the statement of the proposition readily follows. O

The case for k = 8 = 1 is separate from the general case. This is essentially due to the fact that
in this particular situation, the limited number of non-fixed elements in the pattern means that the
constraints behave differently compared to the case for higher &, 3. In particular, note that in
the case of GT;'O (N;1;1) the corresponding constraint does not fix any coordinate, as we see in the

proof below. We handle this special case here.

Proposition 4.5.2. We have that
MOMgo(QN)(l, 1) = 2(N + 1)

Proof. By proposition [£.5.1]
MoMgo@n(1,1) = |GTdo(N;1;1)| + |GT 5o (N; 15 1)),

where here GTso(N;1; 1) is the set of all (3)-orthogonal Gelfand-Tsetlin patterns P with top row either
(N, N) or (N, —N), corresponding to the sets GT gy (N; 1;1) and GTs,(N; 1; 1) respectively, and where
the constraint (4.5.1)) specialises to

sen(A)A = sgn (M) sgn(ATAY, (4.5.7)

see also figure[£:26] The fact that there is only one ‘free’ parameter here, namely A, is the key difference
between this special case and the situation for general k, 8. Hence, |GT4,(N;1;1)| = 2N + 1 since in

this case AéS) = N and all values 0 < |)\gl)| < N are valid. However, in the second case, we have that

/\§3) = —N, to (4.5.7) becomes
sen(A)AL = —san(g)AY, (4.5.8)

hence the only option satisfying constraint (4.5.8)) is )\gl) = 0. Thus,

MOMSO(2N+1)(17 1) = 2(N + 1)

P e GT{,(N;1;1) Q € GTg,(N;1;1)
N N —N N

N N
(1) )
A1 )\1
Figure 4.26: Cases for determining MoMgo2ny(1,1). The relevant constraint is )\51) = )\(11) -sgn(£N).

O

Henceforth we assume that we are in the general case (i.e. we exclude the case k = 8 = 1). Then, we
note that by requiring the top row of the pattern P to be either (N2 or (N2##)~the top right triangle
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of GTso(N;k, B) is also determined, as shown in figure just as in the symplectic case. We now
introduce notation which captures the sign of the odd starters for a given pattern P € GTso(N; k; B8);
figure .28 may be a useful accompaniment. Note that the ability of the odd starters to be positive or
negative is one of the key differences between the orthogonal and the symplectic case.

We consider the following decomposition of GTso(N; k; 8) into the disjoint union:

GTso(N;kiB) = |J  GTso(N:k;B), (4.5.9)
ee{£1}2k8

where GT5, (N k; ) is the subset of GT'so (N; k; 3) where the sign of )\1(21—1) for 1 <1 < 2kf is required
to be equal to €;. We decompose in this way due to the requirement of convexity in theorem [£.2.16]

One then sees that, for instance,

GTio(N;k:B) = |  GT56(N:k: B). (4.5.10)
ee{+1}2F7;
e2kg=1

Recall GTJ,(N; k; B) was the subset of GTso(N; k; 3) with top row fixed to be (N2¥#) hence the sign
of the odd starter for this top (2kSth) row is +1. Further examples of this definition are given by

figure [1.28

As in section [£:4] for ease we now concentrate on the ‘unfrozen’ elements. The following definition
formally defines a relabelling of said parts, and figure demonstrates the bijection between a given
pattern P € GT. §O(N ;k; 8) and the renaming. In spirit, this process is the same as that described in
definition [£.4.2] though with the added complexity of the signs of the odd starters.

Definition 4.5.3. We define the set Jso(N; k; 8) by the disjoint union

Jso(N;ikiB) = |J  950(N:k:B). (4.5.11)
ee{£1}2k8

For a fized £ € {+1}%#8, J50(N; k; B) is the set of integer army (y(i))?iffg € ZFPRRE=1) satisfying

the following additional requirements:

(i) y®,y#kB=2-1) ¢ SEF%J for1<i<2kB-—1,

(ii) both (y)2E=1 and (y“kB—2=0)2K0=1 g6 (2kB — 1)-orthogonal Gelfand-Tsetlin patterns,
(iii) 0 < y§i) < N for any valid i, j,

(iv) the rows (y(i))%f—?’ fulfil the following constraints:

1=

In the case k is even, let i =1,..., % (with y(=V y(©) @R5=2) k=1 = 0 and ey = 1). Then,

(2i—-1)p J j—1 j—1
251 2j—2 2j-3
D g lzyl( D R S S e )] (4.5.12)
j=(2i—2)8+1 1=1 =1 =1
i L et o 2ie) | R~ (20-3)
J=(2i—1)8+1 =1 =1 =1

2Note that since the height of orthogonal patterns is always odd, the top two rows in the full pattern are frozen, hence
why the integer arrays in G%O(N; k,3) are 4k — 3 long.
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and

(2i-1)B J j—1 j—1
4kB—2j—1 4kB—2j 4kB—2j+1
S S ) Y R0 o ] I
j=(2i—2)8+1 1=1 =1 1=1
e ! (4kB—2j—1) - (4kB—25) = (4kB—2j+1)
—-2j— - —2j+
SR TR ) ST R R W e D
j=(2i—1)8+1 =1 1=1 =1
While, when k is odd we have the same constraints as above fori=1,..., % along with:
S i) L 2D NS (259)
Y e [Zyz T2y Ty Ty ] (4.5.14)
j=(k—1)B+1 1=1 =1 =1
Z ! (4kB—2j—1) & (4kB—2j) - (4kB—2j+1)
—2j— - —2j+
= D) Eamp-jriCus— [Zyz T2 T ]
j=(k—1)B+1 =1 1=1 1=1

Observe that, as in the symplectic case, for both k odd and even there are a total of k constraints.

As stated above, this is essentially the same relabelling as given by definition [£:4.2]in the symplectic
case. Nevertheless, we emphasise that (i) and (iii) follow directly from proposition and the
definition of an orthogonal half-pattern. Since the upper right triangle is frozen, see figure
the ‘free’ triangle can essentially be partitioned in to two copies of a sub-orthogonal Gelfand-Tsetlin
patterns, where one has been reflected in the z-axis and ‘glued’ on to the top row of the other. This
again matches the symplectic case and is exactly the content of (i¢). Turning to the constraints given

in (iv) (ie. (4.5.12)—(4.5.14)). These are precisely the same as (4.5.1)), just translated in to this new

co-ordinate system. Note that since we have ‘decoupled’ the sign of the odd starter from its absolute

value, i.e.
sgn(A PV = ¢, for 1 <j<2kB—1 (4.5.15)
INFTD) = 27D for 1< j < kB (4.5.16)
INFTD = 807D for kB +1 < j < 2k — 1 (4.5.17)

we therefore have (see also requirement (7)) that the y§i) are all positive and so we can remove the
absolute values in the translation of (4.5.1)).
Then, analogously to how Bg, was defined in section (see (4.4.11))), one may also define

Bso : GTso(N; k,ﬂ) — jso(N; k’,ﬂ) (4.5.18)

The bijection is depicted by figure and can be constructed as follows. Take P € GTso(N; k; )
so P = (A1 1n particular, there exists £ € {+1}?*? such that P € GT5,(N;k; 8). Due to the
interlacing A(4F#=3) < (N2k6=1) = \(4kA=2) 411 but one element of A(4*5=3) is fixed:

ARE=8) - \URETS) = vy

2kp—2 =1V
4kB—3
0< |/\;k671 )| < N.
We now set y§4kﬁ73) = |)\g,ikﬁﬁ:13)| and e95_1 = sgn()\;f;ﬁ:f)). Repeating the same logic, we consider
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4kpB—

the next pair of interlaced rows Al 4) < \4k5=3) which once more fixes all but one coordinate:

)\541@874) /\(4kﬂf4) =N

v Ageps =N,
kB3 (4kB—3) (4kp—4)
Yl = [Aokg1 | < Aspp_e” <N

(4kB—4) _ | (4kp

Thus set y; oh }4). This process can be repeated up to and including \(?*#)  after which

there are no more coordinates fixed by the interlacing. Thereafter set yj(-i) = |)\§-i)\, and throughout
use the fact that ; = sgn()\fj _1)). It is apparent that this entire process is invertible, hence the map
given by this construction, Bgo is a bijection. We may then employ proposition [£.5.1] to achieve the

following statement.

Proposition 4.5.4. Let k,5 € N. Then

MoMsoen) (k, B) = #GTso(N:k,B) = Y #GT5o(N:k; B)

ge{£1}2+8

> #356(N:k;B)

e€{£1}2kA

= #Js0(N;k, ).

2kf3

2k6 -1 : * *
odd starters ’

Figure 4.27: Figure depicting the fixed region of a (4k5 — 1)—orthogonal Gelfand-Tsetlin pattern with
top row (N2¥8). The shaded area represents the fixed region, whilst the unshaded region shows which
elements have some freedom in the values that they can take.

4.5.2 Asymptotics and the leading order coefficient

Recall, from section [1.4.2] that we defined continuous half-patterns and continuous orthogonal Gelfand-

Tsetlin patterns using the continuous Weyl chamber,
Wy ={z=(21,...,25) ERY 12y > .. > an}.

Once more, the purpose of this process is to define analogous continuous forms of the discrete

objects considered in the previous section. In section we defined the index set S°7

(5.5)7 here we
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g = (_1717_17_1) g= (_17_17171)

P e GTg,(8;2;1) Q € GT5,(5;2;1)
—8 8 8 8 5) ) 5 5
8 8 8 ) ) 5)
—2 8 8 2 ) 5)
) 8 3 5)
0 6 -3 4
2 2
—1 -3

Figure 4.28: Examples of patterns P, Q in GTg,(N;k; 3) and different, given values of N and g

+N 606 500 N N N €2k
N N N
kB3 .
/\(ziﬁ[i;) N N N IR N
4kp—4 kB—
)‘;kﬂ—2) N y§4 =
4kB—5 4kB—5 . _ _
)‘ékﬂ[iz) )‘ék6573> . 52kﬁ—2?/§4k5 R ZUYUCB R
1
N %SO
7 :
/\g2k/3—1) )\(1216/371) yéZkB—l) y%Qkﬁfl)
2kB—2 . 2kB—2
AP g i
2 2
Ay v
A e

Figure 4.29: Pictorial representation of the relabelling of the coordinates in the Gelfand-Tsetlin pattern
on the left, given by the bijection B5, : GTgo(N;k; 3) — J5,(N;k; 8). Above on the right hand
side (the image of the bijection), ¢; = sgn()\g.zj_l)) for j =1,...,2kB — 1 and the top sign is egpp =

sgn()\gﬁ;ﬁfl)) = sgn(+N).

give the equivalent definition for the orthogonal case. For more explanation of the construction of this

set, see the section
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1
Sim) = {(m,n)ﬂSmg V; J and 1 <n < 2kB — 1;

4kB —n—1
or1<i< {BQ”J and 2k3 < n < 4kB — 3;

n#45—1,85—1,...,4(k—1)5—1}
U{(m,4nﬁl): 1<m<2nB—-1land1<n< V;J7

or1<m<2(k—-n)f—1and {§J+1§n<k}}.

Note that the size of the set S&?ﬁ) is kB(2kp —1) — k. Again, it is not a coincidence that this is also

the degree of the polynomial in the statement of theorem [£.1.2] The set corresponding to the indices

‘missing’ from S(Skoﬁ) is the following

TE%) = {m,nd) 4l € Iso(N: ks NS,

Now define the following set V&Oﬁ,s) C RFAEEB—1)=k which is the continuous version of J%O(N; k; 8),
except that a particular choice of k of the coordinates from TJ%O(N ;k; B) are determined by the linear

equations, (4.5.12))—(4.5.14)). Then, V(S;ﬁoﬂ_ o) comprises the following elements. Firstly, we take coordi-

nates z'1 indexed by (m,n) € S(ioﬁ) which moreover satisfy the following:

0 S l"g‘:ll) S 1, fOI' (m)n) € Sﬁsl;’Oﬁ)’

and take £ just as in the definition of I%O(N;kﬁ), i.e. a fixed set of signs for the odd-starters.
Additionally, V(i%;g) contains the following k elements, determined by the linear equations (4.5.12)—

(4.5.14) in the definition of I35, (N;k; 3),

xE&J forn:46—1,8ﬁ—1,...,4L§J6—1,
2

2" forn =4(|5] + 1) —1,...,4(k — 1)8 — 1,4k5 — 3.

L4k:[:f—2n—1J
Thus,

(i) 0< xfff) < 1, for all xsff) S V(i%@),

(ii) x(™), g@kB—) ¢ Wt foralln=1,...,2k5 — 1,

24t )

(iii) both (™))%~ and ((*+8-m)255~1 form continuous (2k3 — 1)-orthogonal Gelfand-Tsetlin pat-

terns.

Observe that, just as in the symplectic case, V("’;COB_ o) is convex as an intersection of hyperplanes.

Moreover, V(Sk%@ is contained in the cube [0,1]*3(k¥8=1)=F and hence in a closed ball of radius
VEBQ2ES —1) — k.

Proof of theorem[[.1.3 The fact that the moments of moments are polynomials in N was proven in
proposition and the case of k = 8 = 1 was handled above in proposition

What remains to be shown is the statement concerning the leading order for general k, 5. Firstly
note that for a given g € {41}2+5:

135



#950(N:iki ) = # (29407070 (NVE%,, ) ).

where for a set A, we write NA = {Nz : z € A} for its dilate by a factor of N. Making use of
theorem [4.2.16| with S = NV&%@ we get:

#350(N: ki B) = vol (NVGT,.) ) + Onp (NHICHI—D=5-1)

— NEBKB—1)—k 0] (V&%@) +Ong (Nkﬁ(2kﬁ—1)—k—1) .
Thus, by proposition we obtain:

MoMsoen) (k,8) = Y #350(N:ik; )
ee{+1}2k8

_ Z {NkB(Zkﬁfl)kaOl (V(S];?ﬁ;g)) +Opp (Nk3(2k571)7k71)}
ee{£1}2k8

= csok, BINMERSDk L Oy (NEACGEIZD-k-1)

where

so(k,B)= > ol (V(Sk?ﬁ.g)) . (4.5.19)
ee{+1}2k8

It then once more suffices to prove that cso(k, 8) > 0, which is the content of lemma below. O

It is again important that the constant cgo(k,3) is strictly positive, since this ensures that the

claimed order of the polynomial is correct.

Lemma 4.5.5. Let k,B € N. Then,
Cso(k, 5) > 0. (4.5.20)

Proof. Recall that
cso(k,f)= Y vol (V(é;v?,@;g)) :

e€{£1}2kA
Thus, the proof of the strict positivity of the leading order coefficient ¢so(k, 5) can be deduced from
showing that, for at least one choice of ¢ € {£1}%*5 the volume vol (V&,OB; é)) is strictly positive. Hence-
forth, we choose ¢ = (1,1,...,1). This choice of £ means that all the odd-starters are non-negative,
essentially reducing the problem to the already-considered symplectic case. Thus, the argument is
near identical to the one given in the symplectic case, see the proof of lemma [.4.4] aside from trivial

differences in the shapes considered. O

4.6 Outlook

The main results of this chapter were the asymptotic formulae for the moments of moments of sym-
plectic and special orthogonal characteristic polynomials for integer moment parameters. We addition-
ally showed that, as was the case with unitary characteristic polynomials, both MoMg,2n)(k, 3) and
MoMgo(2ny(k, B) are polynomials in the matrix size in both cases. This is a result of the problem

being integrable; this fact is evident from the connection to Gelfand-Tsetlin patterns used throughout.
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Additionally of note is that the leading order behaviour differs across each of the compact groups.
Recall that we argued in chapter sectionthat the maximum around the circle of log | Pg(ny (A4, 0)]
for G(N) € {Sp(2N),SO(2N)} should follow, to leading order, the maximum of log |Py(ny (A, )| as
predicted by Fyodorov and Keating [82]. This highlights an interesting comparison between local and
global behaviours.

Within this chapter, we also demonstrated how to use propositions and to calculate,
for small £ and (B at least, the full moments of moments polynomials. This was done using the
representation involving Gelfand-Tsetlin patterns. In chapter 5] we exploit a different connection
between averages over the symplectic and orthogonal groups and Toeplitz + Hankel determinants to
compute (via Mathematica) more examples of these polynomials. This computation reveals further
interesting structure which could be the subject of future study.

Finally, we emphasise that our results naturally lead to conjectural formulae for the moments of
the moments of L-functions from orthogonal and symplectic families (see chapter [2| section . The
first average is taken over a short section of the critical line around the symmetry point for the family,
and the second average corresponds to averaging over the family. We direct the interested reader to

our subsequent paper [16].
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Chapter 5

Computing moments of moments

Computing the full moments of moments for integer moment parameters is an interesting task. The
combinatorial (Young tableau or Gelfand-Tsetlin pattern) approach, see chapter [3[section or chap-
ter [4 often permits one to compute the first couple of moments by hand, but as soon as k, 3 increase
(and in particular, the k parameter) this technique becomes immediately infeasibleﬂ A similar story
is true of the multiple contour integral technique used to prove the main theorem of chapter

Further progress is possible using the ‘ratios conjecture’ of Conrey and Zirnbauer [48,49| with the
aid of computing software (see also the Ratios Theorems in chapter 7} section . Keating and
Scott [114] produced initial code based on the ratios conjecture written in Maple, which outputs the
first four noveﬂ unitary moments of moments (see section for the exact polynomials and further
discussion of this approach). However, this technique also proves to be inefficient, especially as k
increases.

Within this chapter we describe a third method for computing the moments of moments polynomi-
als. We present the code used and discuss some future research directions implied by the structure of

the polynomials.

5.1 Introduction

The most efficient technique for computing moments of moments that we have found to dat<f| is to
use sums of Toeplitz and Hankel determinants. In order to explain the code, we recap the relevant
background here (though some of the introduction can also be found in chapter [3| section .

One defines a Toeplitz determinant in the following way. Take f(z) integrable over the unit circle
with Fourier coefficients o
fj L f(e®)e %0, (5.1.1)

:271— 0

for j € Z. The N x N Toeplitz matrix with symbol f(z) is
T = (Tiy)je1 = (fio)hizo: (5.1.2)

The determinant of this matrix, denoted by Dy (f) = det(T), is the Toeplitz determinant. Notice that

n chapter [4| we are easily able to hand-compute the full polynomial for MoMgy,2n)(1,1) and MoMgo2n) (1, 1), see
sectionman proposition However, it is clear that as soon as k increases, the combinatorics become much more
involved.

2Recall that the Keating-Snaith result,theorem gives a full description of MoMy () (1, 8).

3We thank Dr. Chris Hughes for useful conversations in this direction.
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one may rewrite Dy (f) in the following way (the Heine identity),

2m 2 N
Dy = DR = gy | [ TLo@™ T 1 = pa-an. (503
j=1 1<j<k<N

Comparing to the Weyl integration formula, , makes the connection to averages of charac-
teristic polynomials explicit. Thus, with a judicious choice of symbol f, one may rewrite the moments
of moments of unitary matrices as Toeplitz determinants. This is exactly the technique employed by

Claeys and Krasovsky [36] and Fahs [72], see section
A result of Baik and Rains |13] shows that the same is true for the symplectic and orthogonal
cases as well, except that the determinants are now of ‘Toeplitz + Hankel’-type. Toeplitz + Hankel
determinants D;GiH (f) are similar to Toeplitz determinants, except they also involve a ‘Hankel—type

symbol:

DY(f) = det(fimj £ firja1)iy—o- (5.1.4)

The exact choices of f and the precise Toeplitz, and Toeplitz + Hankel determinants considered, as
well as their relationship to the relevant moments of moments are given within section [5.2) and [5.3]
The majority of section appeared as appendix 6.1 of [15]. Some additions have been made for
additional clarity, and the code used to produce the polynomials has been included. Similarly, the
polynomials given in section appeared in [9], but the section has been supplemented with the code
and various clarifying comments. Section [5.4] focusses on the properties of the polynomials presented
in sections [5.2] and and plots of the roots of such polynomials are presented since they reveal

interesting structure. Such plots are original to this thesis.

5.2 Unitary moments of moments

Here we give explicit examples of the full polynomials MoMy(ny(k, 3) for small values of k, 3. The
formulae we record extend the results of preliminary calculations due to Keating and Scott [114]
(c.f. [111]), which formed the basis for some of the numerical computations in [80]. We should remark
that the moment formula of Keating and Snaith [116] gives the full polynomials for the case k = 1,
B € N; see (3.1.10).

The technique employed by Keating and Scott is first presented and discussed. We then give an
alternative, and anecdotally more computationally efficient, method for determining the polynomials.
Beyond calculation speed and algorithmic simplicity, this second method also easily generalizes to the
symplectic and orthogonal case using the results of Baik and Rains [13], see section

The approach of Keating and Scott uses the ‘Ratios Theorem’ first derived by Conrey, Farmer
and Zirnbauer [48,/49], and later rederived by many authors including Bump and Gamburd, who used
symmetric function theory [33]. Note that we used a special case of this result to prove theorem
in chapter [3] section[3:4] as well as the polynomial structure of the symplectic and orthogonal moments
of moments chapter [ section We also make liberal use of the Ratios Theorem in chapter [7} The
statement of the theorem can get notationally complex, so here we use the presentation of Conrey and
Snaith [55].

First, define for finite sets A, B,C, D,

det(I — X*e~o det(I — Xe b
R(4, B;C, D) ::/ Hogq det ¢ Igep et = Xe™?) | (5.2.1)

U(N) Hwec det(I — X*e=7) [[5cp det(I — Xe?)
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Further if

24,B) =[] m (5.2.2)

acA,
BEB

then define
Z(A,B)Z(C,D)

ZAB:C.D) = 7 D) 2(B.C)

(5.2.3)

Finally, if S C Aand T C Bthen S = A—S, T=B-T,S8~ = {—a: & € S} and similarly for 7. Note
that here we are using the notation U + V', U — V (to be interpreted as U UV and U\V respectively
for sets U, V') to be consistent with the statement of the theorem in [55].

Theorem 5.2.1 (Ratios Theorem [48l|49]). With N > 0 and Re(y) > 0,Re(d) > 0 fory€ C, § € D,
|C| <|A|+ N, |D| < |B|+ N, we have

RABC,D) = Y N Eaes i 7G4 T T+ 57:C, D),

SCATCB
[S|=IT|

where A=S+8 and B=T+T.

To see how this can be used to give the full polynomials for MoMy(n)(k, 3), we outline the simplest
case with k = = 1.

MoMy (ny(1,1) = 21 /W]EerU ) [1Pn(A,0)%] o (5.2.4)

2w
/ v (A, 0) Py (A", —0)dAdb. (5.2.5)

Thus, we apply the Ratios Theorem with A = {ia}, B = {i8}, C, D = & to find

1 [ ,
MoMy(w)(1,1) = 5~ /0 S Z(4, B) +e Nt 7(B~ A7 )da (5.2.6)
1 27 N .
lim e m(at8) o (5.2.7)

T or e
o B Oém:O

=N+1. (5.2.8)

Since Keating and Snaith computed a closed form for MoM(ny(1, 8), we can compare (5.2.8) to their
formula. For 8 € N, they show (theorem [2.1.1)) that

N
MoMy ) (1,8) =[] (H—+1 + 1) ; (5.2.9)
0<ij<B-1 J
which for g =1 gives
MoMy(ny(1,1) = N +1, (5.2.10)

corroborating (5.2.8)).

Higher values of k, 8 clearly necessitate bigger sets A, B in the application of the Ratios Theorem,
and hence many more choices for S, 7. This is a limitation of this approach (though to some extent, all
the techniques that we describe suffer from the same constraint). Nevertheless, Keating and Scott were
able to compute MoMy(x)(k, ) completely for 3 =1, k € {2,3,4}, and k = 3 = 2. Their polynomials
have been recomputed using an alternative approach that we describe below, and are given at the end

of this section.
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To find (even just slightly) higher moments of moments within a reasonable time-frame, we instead
moved to using Toeplitz determinants. The connection between unitary averages and Toeplitz deter-
minants was outlined at the beginning of this chapter. Hence, all that remains is to fix a choice of
Toeplitz symbol f. Using as a guide, we choose,

k

F(2) = for.0.(2) = [J (1 — ze7%)P (1 — 27"e)P, (5.2.11)

j=1
where we emphasise that the €1, ... e are not related to the eigenvalues of the unitary matrix, but
represent the points at which the characteristic polynomial is to be evaluated. We proved in chapter [3]
that MoMy (K, B) is a polynomial in N of degree k23% — k + 1 for integer k, 3. This is the other
ingredient essential to the success of this method: since MoMy(n)(k, 3) is a polynomial in NV, if one
has k282 — k + 2 evaluations then one can reconstruct the full polynomial. Therefore, we calculate the

exact value of
1 27 27

o e l)N(ij””Ok)del"'d9k7 (5.2.12)
™ Jo 0

for N € {1,...,k%*8% — k + 2}. Finally, armed with the k?3? — k + 2 evaluations, all that remains is to

solve a similar linear algebra problem to reconstruct the polynomial.

The code written to do the calculation described above is given here, written in Mathematica.

mom_unitary[k_,beta_] :=Module [{t,z},
(* Given integers k and beta, this function outputs the polynomial in n for the unitary
moments of moments with these parameters
Local parameters tl,...,tk represent e~ (i theta_1),...,e~ (i theta_k)
Local parameter z represents an eigenvalue *)
deg = k72 beta”2 - k + 1;
vars = Arrayl[t,k];
fl[z_] := Product[(1 - z/vars[[i]l])~beta (1 - vars[[i]]/z) beta, {i, 1, k}];
poly_evals = Table[Null, {deg + 1}];
For[m = 1, m <= deg + 1, m++,
(* Compute the m x m Toeplitz determinant *)
(* int_theta is the resulting function, and depends on t (theta) *)
int_theta = Det[Table[Coefficient[f[z], z, i - jl, {i, 1, m}, {j, 1, m}];
For[i =1, i <=k, i++,
(* This is the only term which will survive the integration over the t (theta)
variables *)
int_theta = Coefficient[int_theta, vars[[i]], O]
1;
(* This vector stores the evaluations of the polynomial at each n *)
poly_evals[[m]] = int_theta;
1;
(* Using linear algebra, we recover the coefficients of the polynomial *)
coeffs = Inverse[Table[i~(j-1), {i, 1, deg + 1}, {j, 1, deg + 1}]1].poly_evals;
Return[Factor [Sum[coeffs[[i]]l*n~(i - 1), {i, 1, deg + 1}]1]]

The penultimate line of the code performs following linear algebra. Given the first n 4+ 1 integral

evaluations of a polynomial

p(x) = apz™ + an 12"+ + a1z + ag, (5.2.13)

141



of degree n we can construct the following matrix equation,

11 1 1 ao p(1

1 2 4 2" a p(2)

1 3 9 3" az | = »3) |. (5.2.14)
1 n+l1l (n+1)? -+ (n+1)" an, p(n+1)

To recover the coefficient a; of 27 in p(x), we just apply the inverse of the leftmost (n + 1) x (n + 1)

matrix to both sides.

5.2.1 Examples of unitary polynomials

The code above produces the following polynomials. The first six match those computed by Keating
and Scott [114] using the Ratios Theorem method, but the run-time for our method is much quicker.
MoMy(n)(2,3) is novel to this thesis.

MOMU(N)(]., 1) =N-+1

MoMy () (2, 1) = %(N +3)(N +2)(N +1)
MoMy(x)(3, 1) = FZO(N +5)(N 4+ 4)(N +3)(N 4+ 2)(N + 1)(N? + 6N +21)
MoMy () (4,1) = mw 7Y (N 4+ 6)(N +5)(N +4)(N +3)(N +2)(N +1)

x (TN® 4+ 168N® + 1804N* 4 10944 N2 + 41893N? + 99624 N + 154440)
1
MoMy () (1,2) = 15 (N + 1)(N + 2)?(N +3)

MoMy(x)(2,2) = ngﬁooow F )N 4 6)(N +5)(N +4)(N +3)(N +2)(N + 1)

x (298N® 4+ 9536 N7 + 134071 NS + 1081640N° + 5494237N* + 18102224 N3

+ 38466354N? + 50225040N + 32432400)
1
1722191327731024154944441889587200000000
% (N +5)(N + 6)(N + 7)(N + 8)(N + 9)(N + 10)(N + 11)

x (12308743625763 N> + 1772459082109872N>* + 121902830804059138 N >
+ 5328802119564663432N 2! 4 166214570195622478453 N 2°
+ 3937056259812505643352N 'Y + 73583663800226157619008 N '
+ 1113109355823972261429312N'7 + 13869840005250869763713293 N ¢
+ 144126954435929329947378912N 15 + 1259786144898207172443272698 N 1
+ 9315726913410827893883025672N 3 4 58475127984013141340467825323 N 12
+ 311978271286536355427593012632N ! 4 1413794106539529439589778645028 N 1°
+ 5427439874579682729570383266992N° 4 17564370687865211818995713096848 N8
+ 47561382824003032731805262975232N 7 + 106610927256886475209611301000128 N
+ 194861499503272627170466392014592 N5 + 284303877221735683573377603640320N*
+ 320989495108428049992898521600000N? + 266974288159876385845370793984000N 2
+ 148918006780282798012340305920000.V + 43144523802785397500411904000000).

MoMy (n)(2,3) = (N4+1)(N+2)(N+3)(N+4)
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5.3 Symplectic and orthogonal moments of moments

We now give various explicit examples of the polynomials MoMg(ny (k, 8) for G(N) € {Sp(2N), SO(2N)}
and small, integer values of k, 5. These polynomials first appearedlﬂ in [9] and the computations are
the work of the present author.

One could, as commented in section [5.2] use a version of the Ratios Theorem adapted to the
symplectic or orthogonal case in order to compute these polynomials.

These examples were calculated using expressions for averages over Sp(2N), SO(2N) involving sums

of Toeplitz and Hankel determinants. Such expressions were first derived by Baik and Rains [13].

Theorem 5.3.1 (Baik and Rains [13]). Let f be a function on the unit circle such that

1
2T

27
fi= fe) (e )70l (5.3.1)

is well defined. For X € {Sp(2N),SO(2N)} with eigenvalue eiP1 g7t PN TN gt

N
(€"%) f(e™"%). (5.3.2)
j=1
Then
/ F(X)dX = det(fj—k = firr)fpm (5.3.3)
Sp(2N)
[ f0ax = S det(oa+ )i, (5.3.4)
SO(2N)
except for
/ f(X)dX = 2. (5.3.5)
S0(0)

Thus, in both cases, the matriz averages are equivalent to certain Toeplitz + Hankel determinants.

5.3.1 The symplectic case

From theorem [5.3.1] it is clear once more that the goal is simply to choose the correct symbol f. Using
the symmetry of the eigenvalues of both symplectic and even special orthogonal matrices, the correct

choice evidently is
k . .
H (1 —2e)P(1 — ze73)P(1 — 27 Le)P(1 — 27 Le™)P, (5.3.6)

Within the construction of both the symplectic and orthogonal moments of moments polynomials, we
again crucially use that MoMg(n)(k, ) is a polynomial in N (after theorem and theorem .
Hence, by computing enough evaluations using the Toeplitz = Hankel determinantal presentations, one
can reconstruct the polynomial. As usual, for small k, 8 this is a computationally feasible task, but

the complexity grows swiftly with &, 8. The symplectic code is as follows.

4With the exception of MoMg,,2ny(2,2) and MoMgo 2y (2,2), which are original to this chapter.
5We here deviate from the traditional notation of e*% for eigenvalues, since we use €*%s for the points at which we
evaluate the characteristic polynomial.
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mom_sympl [k_,beta_] :=Module[{t,z},
(* Given integers k and beta, this function outputs the polynomial in n for the
symplectic moments of moments with these parameters.
Local parameters tl,...,tk represent e~ (i theta_1),...,e~(i theta_k)
Local parameter z represents an eigenvalue *)
deg = k beta (2 k beta + 1) - k;
vars = Array[t,k];
f[z_] := Product[(1 - z vars[[i]])~beta (1 - z / vars[[i]]) "beta
(1 - vars[[i]l] / z)"beta (1 - 1 / (z vars[[i]l]))~beta, {i, 1, k}];
poly_evals = Table[Null, {deg + 13}];
For[m = 1, m <= deg + 1, m++,
(* Compute the m x m Toeplitz - Hankel determinant *)
(* int_theta is the resulting function, and depends on t (theta) *)
int_theta = Det[Table[Coefficient[f[z], z, i - jl-Coefficient[f[z], z, i + j],
{i, 1, m}, {j, 1, m}1]1;
For[i =1, i <=k, i++,
(* This is the only term which will survive the integration over the t (theta)
variables *)
int_theta = Coefficient[int_theta, vars[[i]], O]
1;
(* This vector stores the evaluations of the polynomial at each n *)
poly_evals[[m]] = int_theta;
1;
(* Using linear algebra, we recover the coefficients of the polynomial *)
coeffs = Inverse[Table[i~(j-1), {i, 1, deg + 1}, {j, 1, deg + 1}]1].poly_evals;
Return[Factor [Sum[coeffs[[i]]*n~(i - 1), {i, 1, deg + 1}1]]

5.3.2 Examples of symplectic polynomials

1

MoMgp2ny(1,2) = 131440 (N4+1)(N+2)(N +3)(N+4)(2N +5)

x (23N* + 230N? + 905N? + 1650N + 1512)

MoMs, (o) (1,3) = 4054836681029440000 (N + 1)(N +2)(N + 3)(N +4)(N +5)(N +6)
x (10253349N'* + 502414101N'? + 11401640999N ' + 158831139621 N !
+ 1517607151837N 0 + 10524657547803N? + 54662663279397N®
+ 216189375784263N7 4 655178814761674N° + 1517469287314596 N'°
+ 2654161159219304N* + 3424171976788416 N° + 3125457664755840N 2

+1856618315596800N + 563171761152000)

1
MoMsy(23)(2,1) = 75525 (N + DN +2)(N +3)(N +4) (3N* + 30N? + 127N? + 260NN + 420)
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MOMSp(ZN) (2, 2)

MOMSp(QN) (3, 1)

1

9226024969987629401488081551360000000

~ 133382785536000

(N 4+ 1)(N +2)(N + 3)(N + 4)(N +5)(N + 6)(N + 7)(N +8)

(973768123863070N 25 + 113930870491979190N2® 4 6397115719464033835N 24

+ 229468472209599934680 N >* + 5905547966177597457148 N2

+ 116095701233631059348562 N1 + 1812360160544789853842185N 20

+ 23058330120078491422398060N 2 4 243489625307024066610062698 N 8

+ 2162212652001456929946764682N 17 + 16300969840895475542904389485 N 16

+ 105047622582427150960862391840N > 4 581366239522098824777561920768 N

+ 2771149190931697097022336838782N 3 + 11391521487556582357601041085935 N 12

+ 40376504846279028038258166555420 N 1! + 123185513678594029275619833254428 N'1°
4 322428740278217975133636090246192N° + 720306825342284199391162987439760 N
4 1363422036976648848604657681704000N 7 + 2164768121293367194339285639341888 N'©
+ 2844421032168416266996544628302592N° + 3038012656193009832745998965068300N*
+ 2576236167351129662498194684416000N 3 + 1680524836539415222816615034880000 N 2

+ 798336341064739908062588436480000N + 228820063739772554600398843000000)
1

(N+1)(N+2)(N+3)(N+4)(N+5)(N+6)

(5810N1'2 + 244020N* + 4746259 N0 + 56513415 N7

+ 459233580N® 4 2688408450N 7 + 11665223647 N6 + 38004428175 N°
+ 93222284960N* 4 171600705780N 3 + 236485094544 N2

+ 239758263360N + 185253868800)

5.3.3 The orthogonal case

Again, using theorem [5.3.1] we choose the symbol

k

Fz) =] = 2e)P(1 = 2e79)P (1 = 27 'e)P (1 — 27 e )P, (5.3.7)

j=1

and compute kB(2k5 — 1) — k 4+ 1 evaluations using the Toeplitz + Hankel determinantal presentation

to reconstruct MoMgoan) (K, B) (though note that special care needs to be taken in the case k = § =1

where the degree is instead 1).

The orthogonal code is identical to the symplectic code given in section|5.3.1] except for the required

adjustments to the definition of degree and the precise Toeplitz + Hankel determinant to be calculated.
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mom_ortho[k_,beta_] :=Module[{t,z},
(* Given integers k and beta, this function outputs the polynomial in n for the
orthogonal moments of moments with these parameters.
Local parameters tl,...,tk represent e~ (i theta_1),...,e" (i theta_k)
Local parameter z represents an eigenvalue *)
deg = If[k == 1 && beta == 1, 1, k beta (2 k beta - 1) - k];
vars = Arrayl[t,k];
f[z_] := Product[(1 - z vars[[i]])~beta (1 - z / vars[[i]])~Dbeta
(1 - vars[[i]] / z)"beta (1 - 1 / (z vars[[i]l]))~beta, {i, 1, k}];
poly_evals = Table[Null, {deg + 1}];

For[m = 1, m <= deg + 1, m++,

I

(* Compute the m x m Toeplitz - Hankel determinant *)
(* int_theta is the resulting function, and depends on t (theta) *)
int_theta = (1/2)*Det[Table[Coefficient[f[z], z, i - jl+Coefficient[f[z], z, i + j],
{i, 0, n-1}, {j, 0, n-1}11;
For[i =1, i <=k, i++,
(* This is the only term which will survive the integration over the t (theta)
variables *)
int_theta = Coefficient[int_theta, vars[[i]], O]
1;
(* This vector stores the evaluations of the polynomial at each n *)
poly_evals[[m]] = int_theta;
1;
(* Using linear algebra, we recover the coefficients of the polynomial *)
coeffs = Inverse[Table[i~(j-1), {i, 1, deg + 1}, {j, 1, deg + 1}]1].poly_evals;
Return[Factor [Sum[coeffs[[i]]l*n~(i - 1), {i, 1, deg + 1}]1]]

5.3.4 Examples of orthogonal polynomials

MoMso@n)(1,1) = 2(N + 1)
1
MoMgo@n(1,2) = @(N +1)(N +2)(2N +3) (13N? + 39N + 20)

1
x (677127N' + 16928175N + 188303800N® + 1226849750N " + 5186281891 N°
+ 14881334615N° + 29392642150N* + 39443286500N3

+ 34230199032N2 + 17098220160N + 3632428800)

1
MOMSO(2N)(2u 1) = §(N + 1)2(N + 2)2
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1
12602858160206426112000000(
x (609707861586 N2° + 42679550311020N 19 + 1412430303852455N '8

+29381117133365235N 17 + 430840519326988896 N 1

+ 4734030811194989220 N''® 4 40443864319087732710N 4

+ 275114191393973346870N* + 1513575162103740726146 N 12

+ 6802724518095393107220 N1 4 25122677297620976396115N *°
+ 76408091504568456233055N? + 191200438955492015678676 N'®
+ 391999359061097734388820N " + 653303373477066454323320.N°
+ 874117748056919711331840N° + 921264972736828061409696 N*
+ 742476352946061736638720 N> + 435941253732258780710400N
+ 170547181909185489408000N + 35007939333906739200000)

MoMgo2ny(2,2) = N+ 1)(N+2)(N +3)(N+4)(N +5)(N +6)

1
MoMgo(en)(3,1) = m(N +1)(N 4+ 2)*(N 4 3)*(N + 4)

x (N? + 5N 4 9)(31N* + 310N> 4 1163N? + 1940N + 2100)

5.4 Structure of the moments of moments polynomials

We here record some interesting observations about the examples of the moments of moments polyno-
mials recorded in sections[5.2.1], [5.5.2} and [5.3.4] Firstly, the structure of the leading order coefficient in

all cases, across each matrix type, is initially striking. This is especially true when one compares them

to the general expression for the leading order coefficient that we recover in, for example, theorem
Additionally, one can observe that the polynomials all evaluate to integers at positive, integer N. That
this should be the case is not necessarily obvious from the perspective of the multiple contour integral
form, see chapter [3] section [3.3] However, once one recalls that the moments of moments in each case
are counting various Young tableaux (or equivalently Gelfand-Tsetlin patterns), this phenomenon is
therefore explained as a result of this combinatorial representation.

A peculiarity that is not so easily addressed is the highly structured nature of the polynomials.
Notice that for G(N) € {U(N),Sp(2N),SO(2N)}, the moments of moments factor in the following

way,

g(k,B)
MoMg(ny (k, B) = cr.pfom(N) [T (N + 1), (5.4.1)

j=1
where ¢y g is the relevant leading order coefficient, f4( 5)(/V) is a polynomial of degree d — g(k, 3) in

N which may not factor in to linear terms over Q, d is the degree of the full polynomial, and

2% 0 if G(N) = Sp(2N)
g(k,B) = g(k, B; G(N)) == { 2kB — 1 if G(N) = U(N) (5.4.2)
2kB —2 if G(N) = SO(2N),

apart from the usual exception of k = § =1 for SO(2N).
Recall that for k =1 and G(N) = U(N), Keating and Snaith calculated the moments of moments
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for finite IV, and integer 3

N

0<i,j<B—1 J
see theorem The fact that MoMgy(ny (1, 8) has such a succinct closed form, alongside the addi-
tional examples given for more general moments of moments, leads one to postulate that there might

exist a similarly concise closed form for MoM¢ () (k, 3).

5.4.1 Roots of the moments of moments polynomials

In order to further investigate the curiously structured factorisation of the various moments of moments
polynomials, we have calculated and plotted the roots of the examples given in sections [5.2.1] [5.3.2]
and The charts reveal further symmetries amongst the roots: the symmetry across Re(N) = 0
is to be expected, but the vertical symmetries are yet to be explained.

In each of the subsequent plots, the roots associated with the product term in (i.e. those
at N =—-1,-2,...,—g(k,8; G(N))) are plotted as (blue) squares. Those corresponding to the roots
of the remaining polynomial fy 5)(/V) are plotted as (red) circles. In some situations, for example

MoMy(ny(1,2), there are double roots; these are made explicit for each plot within the accompanying

caption.
Im(N) Im(NV)
2 2
Re(N) Re(N)
—4 -3 —2 -1 1 —4 -3 -2 -1 1
—92 -2
(a) Roots of MoMy (n)(1,1). (b) Roots of MoMy(ny(2,1).

Figure 5.1: Plots of the roots of the unitary moments of moments MoMy(ny(1,1) and MoMy(ny(2,1).
The (blue) square points are the roots at N = —1,-2,..., —g(k, 5) (see (5.4.1)
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Im(N) Im(N)
4+ ° 4+
2 | 2 |
Re(N)
-6 -5 -4 -3 -2 -1 1 —6 —4 -2
_9 1 _9 |
—4 + ° —4 |

(a) Roots of MoMy (n) (3, 1).

(b) Roots of MoMy (4, 1).

Figure 5.2: Plots of the roots of the unitary moments of moments MoMg(ny(3,1) and MoMy(n)(4,1).
lb

The (blue) square points are the roots at N = —1,-2,..., —g(k, ) (see

points are the remaining roots.

Im(N) Im(N)
5 5
° °
Re(N)
+ = L = =8 0—8 08 —f 8
—6 —4 -2 —6 —4 -2
° °
-5+ -5+

(a) Roots of MoMy (n(1,2).

The (blue) square points are the roots at N = —1,-2,..., —g(k, ) (see (|

(b) Roots of MoMy(ny(2,2).

), and the (red) circle

), and the (red) circle

Figure 5.3: Plots of the roots of the unitary moments of moments MoMg(ny(1,2) and MoMy(n)(2,2).
B0

points are the remaining roots. Note that MoMp(xy(1,2) has a repeated root at N = —2.
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Im(N) Im(N)
o o
1+ 1
Re(N) Re(NN)
—4 -3 -2 —1 1 —4 -3 -2 —1 1
-1 11
o [ ]

(a) Roots of MoMg,2n (1, 1).

Figure 5.4:

(b) Roots of MoMgy2n(1,2).

Plots of the roots of the symplectic moments of moments MoMg,@ny(1,1) and

MoMgp(2ny(1,2). The (blue) square points are the roots at N = —1,-2,...,—g(k, 3) (see (5.4.1)),
and the (red) circle points are the remaining roots.

Im(N)
5 1
° °
—f—a—e—fHe—eS—e—fH—HF—
.6 —4 -2,

(a) Roots of MoMg,2n (1, 3).

Figure 5.5:

(b) Roots of MoMgyp2ny(2,1).

Im(N)
5 1
o o
Re(N) Re(N)
) —4 -3 -2 -1 1

Plots of the roots of the symplectic moments of moments MoMg,@ny(1,3) and

MoMgp(2ny(2,1). The (blue) square points are the roots at N = —1,-2,...,—g(k, 3) (see (5.4.1)),
and the (red) circle points are the remaining roots.
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Im(N Im(N)
(V) A o A
o [ ] ° °
° PY [ ] °
° o
2+ ° ® L
° ®
Re(N) Re(N)
£ = & = & = a8 — &8 —e— 85— 8>
-8 —6 —4 -2 —10 -8 —6 —4 -2
° ®
’ o f . 2|
[ ] L]
° ° ° °
° ° 4 . . 4
(a) Roots of MoMg,2n) (3, 1). (b) Roots of MoMgy2n)(2,2).

Figure 5.6: Plots of the roots of the symplectic moments of moments MoMg,@ny(3,1) and
MoMgp(2ny(2,2). The (blue) square points are the roots at N = —1,-2,...,—g(k, 3) (see (5.4.1)),
and the (red) circle points are the remaining roots.

Im(N) Im(N)
5 5
Re(N) Re(N)
—2 -1 1 —2 -1 1
-5 5
(a) Roots of MoMgo(2n) (1, 1). (b) Roots of MoMso2ny(1,2).

Figure 5.7 Plots of the roots of the orthogonal moments of moments MoMgoeny(1,1) and
MoMgo(2ny(2,1). The (blue) square points are the roots at N = —1,-2,...,—g(k, 3) (see (5.4.1)),
and the (red) circle points are the remaining roots.
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Im(N)

(a) Roots of MoMgo(2n) (1, 3).

Im(N)
2 A4
Re(N)
—4 -3 -2 -1 1
-2+

(b) Roots of MoMso2ny(2,1).

Figure 5.8: Plots of the roots of the orthogonal moments of moments MoMgo2ny(1,3) and
MoMgo(2ny(2,1). The (blue) square points are the roots at N = —1,-2,...,—g(k, 3) (see (5.4.1)),
and the (red) circle points are the remaining roots. Note that MoMgo(2n)(2, 1) has repeated roots at
N=-1,-2.
Im(N) Im(N)
2 £4 [ ] [ ]
° ° N [ ] [ ]
2 1
1 1 [ ] [ ]
Re(N) Re(N)
£ g L £ t —_—s—eg—eH—te—He—5—1——>
—4 -3 -2 -1 1 —6 —4 -2
=1+ ° °
_9
° ° ° [ ] [ ]
-2+ ° °

(a) Roots of MoMgo(2n) (3, 1).

(b) Roots of MoMso2n)(2,2).

Figure 5.9: Plots of the roots of the orthogonal moments of moments MoMgo2ny(3,1) and
MoMgo(2ny(2,2). The (blue) square points are the roots at N = —1,-2,...,—g(k, 3) (see (5.4.1)),

and the (red) circle points are the remaining roots. Note that MoMgo(2n)(3, 1) has repeated roots at

N=-2-3.
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Chapter 6

Branching model of moments of

moments

In this chapter we outline a model for the moments discussed in chapters[3|and [l The work presented

in this chapter is original to this thesis. Recall that the moments of moments are defined by

1 27 ) k
(27T/0 |Panvy (A, 0)] Bd@) ] ,

where G(N) € {U(N),SO(2N), Sp(2N)}. In chapterwe showed that for integer k, 5, MoMy (n) (, 3)
is a polynomial in N of degree k282 — k + 1, in line with a conjecture of Fyodorov and Keating
(conjecture|2.2.4). Similarly, in chapter we showed that, again for integer &, 3, MoMgy,an) (K, 3) and
MoMgo 2wy (k, B) are also polynomials but of degree k3(2k3+1) —k and kB(2k5—1) —k respectivelyﬂ

Recall also that precise information about, for example, the unitary moments of moments (in particular,

MOMg(N)(k, ﬁ) =K

for non-integer 8) would lead to progress towards conjecture [2.2.2

A key benefit of the model that we develop in this chapter is that it permits the moment parameter
B to be non-integer. Whilst results in this direction are known in the unitary case (see section
for a discussion of the work of Claeys and Krasovsky [36] and the extension by Fahs [72]) the ben-
efit of this approach is that it utilises the ‘approximate branching structure’ which was discussed at
length in chapter 2] The identification of such structure was intrinsic to the progress towards proving
conjectures and

By examining the model in the unitary case for k = 1,2,3 and 8 > 0 real, we are able to show
that the moments of moments for the model follow the Fyodorov-Keating conjecture 2:2.4] including in
the ‘high temperature’ (small 3) range and at the critical point k3% = 1. More generally, for k € N,
k > 2, we also recover the ‘low temperature’ asymptotic behaviour and the result is comparable to our
theorem [3.1.4

Additionally, this model permits us to investigate the symplectic and orthogonal moments of mo-
ments. The only results at time of writing are those stated in chapter [ and hold for integer moments
parameters. We are able to show that, just as in the unitary case, the model captures the ‘low tem-
perature’ asymptotic behaviour, recovering statements akin to those given in chapter [ though for

non-integer 3. This calculation is given in section [6.2]

'Except for MoMgo(2ny(1,1) = 2(N +1).
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6.1 The unitary model

Here we introduce the model for the unitary moments of moments. The notation we set out here, will
follow through for the symplectic and orthogonal cases in section We also note that model involves
Gaussian random walks on binary trees, and such processes were defined in chapter [I} section [I.T.4] and
explored significantly in chapter 2] Furthermore, since we focus on unitary polynomials, throughout
this section we write Pn(A,0) = Pyn)(A,0) for A € U(N). As in chapter [2, we write X,,(I) for a
particular path through a binary tree of depth n from root to leaf [, where each branch at depth m is
weighted by Y, (1) ~ N (0, 3 log2)
n
Xn(l) = Yo(l). (6.1.1)
m=1
Note that
X,.(1) ~ N0, g log 2) (6.1.2)

and the distribution of X,,(I) does not depend on I (nor does the distribution of Y;,(I) depend on m
nor [), but such notation will become useful later. The model is the following. Firstly, we estimate, for

a fixed matrix A € U(N), the average of the characteristic polynomial of A over the circle by a discrete

sum,
12 1 &
— Py (A, 0)?Pd0 ~ =) " |Py(A,¢1)* 6.1.3
5 | 1) P ILEIERS (6.1.3)
where ¢1,...,¢nN are, for example, taken to be the mid-points between eigenvalues of A. Figure [6.1

shows a plot of |P(A4, )|, for some A drawn from U(20). Then, the right hand side of (6.1.3) is just

the Riemann sum approximation to the integral over 6.

12 T T T

10 F .

|PN(A7 9)'
(=)
T

O 1 1 1
0 T 2

0

Figure 6.1: Plot of |Py (A, )|, for 6 € [0,27) and A € U(20).

We trivially manipulate the right hand side of (6.1.3)) in the following way,

N N

1 1

¥ E :|PN(A,¢1)|26 _ v E :e2ﬁlog|PN(A,¢z)\ (6.1.4)
=1 =1

where (6.1.4) now takes the form of a partition function (see chapter |l section and chap-
ter section [2.2.2)). Ignoring issues of convergence, we replace log|Pn(A,¢;)| with the random
variable X,(I) ~ N(0,%logN) (i.e. the Keating-Snaith random matrix central limit theorem, see
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theorem [2.1.3). We identify the random variable X, (!) with the branching random walk in (6.1.3).

Furthermore, in order to emphasise the branching structure, we set N = 2" for some n € N. Thus, we

compare
1 1 &
¥ 2 PN (A )P e 2y 2P0 (6.1.5)
=1 =1
1 &
= o D e Xmar YD) (6.1.6)

=1

where, as in (6.1.1)), Y;,(I) ~ N(0, 1 log2) (which has no dependence on m nor [, but this emphasis
will play a role later).

Under this model, the moments of moments become:

1 27 k
MoMy (w)(k, B) = Ey(w) K% /0 |Pn (A, 9)|25d9> ] (6.1.7)

2m k
1 28X, (1)
e~ E (W;e (6.1.8)

2" 2"
:2%2_._ZE[ew(xn(z1)+~~+xn<zk>>}, (6.1.9)

=1 k=1

where the expectation in (6.1.8) and (6.1.9) is with respect to the Gaussian random variables X, (l;).
Recall that we showed in chapter [3| that, for k, 8 € N,

1 (27 28 b
Ev v (ﬁfo [Pn (A, 0)] d9)
lim

N oo NE2B2—k+1

= Yk,B (6.1.10)

for some positive constant v 3 depending only on k, 3.

Using the model of the moments of moments, we are able to recover an asymptotic result of the
form , albeit with a different constant to v, g. However, the benefit of using the model, as
stated above, is that it holds for non-integer 5, and exploits a branching structure. Furthermore, for
k = 2 and k = 3, we are able demonstrate the phase transition through k32 = 1 as predicted by
Fyodorov and Keating [82]. We anticipate that the calculations outlined below can be extended to all
ke N.

6.1.1 The single particle case

In order to introduce the key tools required to analyse the model, we begin with the simplest case of

k=11in (6.1.9), and 8 > 0. We find that

on on

1 1 -
O E [ezﬁx"(l)} =52 B[] 62BYT”(Z)] (6.1.11)
=1 =1 m=1
1 2n n
=S I [eQﬁYm@} : (6.1.12)
=1 m=1
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since the Y;,(I) are independent. Then, the expectation in (6.1.12)) is simply the moment generating

function for a centred normal random variable with variance %log 2. Hence

on on

1 28x,()] _ 1 nB? log 2
o E[eB <>]_2—nzeﬁ s (6.1.13)
=1 =1
1 & 2
=) (2" (6.1.14)
2 =1
= N#*, (6.1.15)

where recall N = 2". Recall that the leading order of MoMy (n)(1,3) is NF (see theorem or
theorem [3.1.4). Hence, the model captures the correct leading order (though with a different leading

order coefficient).

6.1.2 Generalizing to higher values of £

If one takes k € N, £ > 1, then the problem no longer simplifies to a simple moment generating function
calculation. Instead, as k increases, we think of this as ‘loading’ the binary tree with k particles at the
top (root), each of which fall through a path corresponding to a particular choice of leaf.

Figure gives a simple example of this concept. It shows a particular summand in for
k=3 and N = 2% = 16. In this example, we imagine 3 particles being loaded to the root, and so each
summand corresponds to a particular choice of leaf for each particle. Figure shows the summand for
o finishing on the 4th leaf, ¢ falling to the 7th , and % landing on the 16th leaf (i.e. I; = 4,1 = 7,13 = 16
in ) The full ‘moments of moments’ would correspond to calculating the contribution over all
leaves, for all of the particles.

<—OXO

o <& *

Figure 6.2: A binary tree of depth 4 with three particles ¢, %, o loaded to the root. Each particle’s path
through the tree is dictated by a choice of leaf (indicated in the figure by respective symbol).

By employing Jensen’s inequality we can prove the following bound. Informally, it shows that when
particles ‘stick together’ they produce a bigger contribution than a path where they diverge. Firstly,
write A for the length of a path from root to depth A € {1,...,n}. Then, for some « € {1,...,k}, and

Yo (1) ~ N(0, §log2),
) . (6.1.16)

A A
E lH €2BwYm(l)1 > (E lH £28Ym (D)
m=1 m=1
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We interpret the left hand side of as the contribution to the sum of k particles
following the same path of length A\. Comparatively, the right hand side (which provides a lower
bound) is the contribution of x independent particles each following their own path of length A.

Before we introduce the next lemma (which deals with counting paths) the following definition, a

generalization of definition is useful.

Definition 6.1.1. The last common ancestor lca(ly,l2) of two leaves Iy and la of a binary tree is the
level of the lowest (i.e. furthest from the root) node that has both ly and ly as descendants. The last
common ancestor of a collection of leaves 1, ..., Iy, written lca(ly, ..., 1) is the level of the lowest node

that has all ly,...,l; as descendants. Figure gives an example.

lca(ll, lz, l3)

lea(li, l2)

I b

Figure 6.3: A binary tree of depth 4 with three leaves Iy, o, [3 highlighted. The last common ancestor
of Iy, is lca(ly,l3). The last common ancestor of all three (and also lca(ls,l3) and lca(ly,l3)) is the
root node. The paths are differentiated by dashed and dotted lines.

We now give a lemma which calculates the number of paths sharing a given common ancestor.

Lemma 6.1.2. Fiz a level A in a binary tree of depthn, so X € {0,...,n}. Load the tree with k particles
whose paths through the tree are determined by leaves ly, ..., lx. Let cx(k,n) be the number of paths
through a tree of depth n traced by the k particles such that the last common ancestor lca(ly, ..., 1) is
on level \. Then

k
ex(k,n) = 2* (272" — 2L (2“*““)) . forxe{0,...,n—1}, (6.1.17)

cn(k,n) = 2" (6.1.18)

Proof. The total number of possible paths that one particle can take is equal to the number of leaves,
2", Thus, the total number of paths for k particles is 2"*. Equivalently, the total number of paths is

given by summing cy(k,n) over the levels,
2" = "ca(k,n) = co(k,n) + Y ea(k,n). (6.1.19)
A=0 A=1

The term ¢o(k,n) can be calculated easily since it is the number of collections of paths which have

at least one path in each ‘half’ of the tree. Equally, this is the total number of paths less those which
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stick to one side of the tree:

co(k,m) = 2% — 2 (2“”‘”) . (6.1.20)
Hence .
2k — o DFL LN "y (ym) = 27K, (6.1.21)
A=1
or equivalently
n
> ealk,n) = 2= DFL (6.1.22)
A=1

The same process can be repeated for A =1,

ci(k,n) =2 — ¢o(k,n) — Z ex(k,m) (6.1.23)
A=2

= gnk _gnk 4 9 (2’“("—”) 92 (2’“”‘”) (6.1.24)

= QniHl (97k _ g=2h L) (6.1.25)

Inductively, we find that for A=0,...,n —1,
ex(k,n) = 22 (2’“”*” P (2’“”*(“1)))) . (6.1.26)

One can calculate ¢, (k,n) by noting that this is the number of paths with last common ancestor
at level n. Hence, the only choice is for all k particles to stick together and ¢, (k,n) = 2™, the number
of leaves. Alternatively, we can arrive at the same conclusion using the (telescopic) sum (6.1.19):

n—1

2 = 3 (2A (2’“”*”) — 1 (2’“”*(“1)))) +en(k,n) (6.1.27)
A=0
=k 9. k(1) g k(1) _ 92 9k(n=2) 4 ... on—l.ok _9n 4 ¢ (K, n) (6.1.28)
=2"F 2" 4 ¢, (k,n), (6.1.29)
hence ¢, (k,n) = 2™. O

The following proposition shows that we can recover the full Fyodorov-Keating conjectured asymp-
totic behaviour (see conjecture [2.2.4)) for the branching model, for k& = 2.

Proposition 6.1.3. Take 5 >0 and k =2 and let N = 2". Then,

N o N¥°-1 if2p2 > 1

1

— > E [P0 Xa ] N2 L Niog N if s =1 (6.1.30)
l1,l2=1 C3N2ﬂ2 zf 2B2 < 1,

for some positive constants ¢y, ca, c3.

Proof. We begin with the left hand side of (6.1.30]), and split in to ‘diagonal’ and ‘off-diagonal’ cases.

N N N

% 3 E[eza(xnulwxn(zz))} :ﬁ ZE{GMX"UI)} + 3 E[ewm(mwn(zz))} . (6.1.31)
I1,la=1 =1 l%,l;élzl
1 2
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Then the diagonal term is calculated just as in section

N

% SR [645)( zl)} Z 46%nlog2 (6.1.32)

l1=1 =1

= N1, (6.1.33)

To handle the off-diagonal case, we use last common ancestors. Since [y # lo, the two paths traced by
the particles must diverge at level A = lca(ly,l2), for some A € 0,...,n — 1. We use this fact to break
the path in to two sections: the initial section (i.e. up to A\) where the two paths are the same, and

the latter section, after A, where the paths diverge.

N
=L S E| 625(Xn<z1)+xn(zz>>}
N I.la=1
l1#l2
N
Z 2452)\E |:e2ﬁ(y)\+1(l1)+"'+Yn(l1))e2B(Y)\+1(l2)+"'+yn(l2)) ) (6134)

l1#l2

1

2

As remarked above, two paths from level A4+1 ton, i.e. Yay1(l1)+- - +Y,(l1) and Vi1 (o) +- - -+ Yo (l2),

must too be independent since their last common ancestor lives at level A\. Hence

N N
1 2B8(Xn(11)+Xn (1 1 48216282 (n—X
- > E[e (X (1) <2>>]:ﬁ 3 212, (6.1.35)
l1,l2=1 I1,lo=1
ll;éZQ ll?£l2

Now we shift from summing over leaves to summing over levels A, and employ lemma [6.1.2

1 L seanase NP ' :
= T 218 i 3 ea(2,m)220° (6.1.36)
I l2=1 A=0
li#l2
262 n—1
_ J\]f\fi2 (2%4 B 22n7(>\+1)) 928%X (6.1.37)
A=0

_ N2 N(N?" — N)

N5 (6.1.38)

One can conclude from that there are three different leading order behaviours, depending on
the value of 3. When 232 > 1, the leading order grows like N48°-1, Instead, if 232 < 1 then N > N2/
and the overall leading order is IV 257, Finally, when 232 = 1, after an application of L’Hépital’s rule,
the asymptotic behaviour is IV log N. Thus, overall for the branching model of the moments of moments

we have, for k = 2,

[ N -1 if282 > 1,
1 oo
5 D D B[O | N 8 N g N 2682 = 1, (6.1.39)
lh=11l3=1 63N2B2 i 262 < 1,

for positive constants ¢, ¢z, c3 deduced from (6.1.33) and (6.1.38). O

In order to prove the similar result for &£ = 3, we first need to extend lemma [6.1.2
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Lemma 6.1.4. Consider 3 particles loaded to a binary tree of depth n. Let X = lca(ly,ls,13) for
L e{l,...,2"} (so A€ {0,...,n}). Then let \; ; :=1ca(l;,1;) fori,j € {1,2,3}, i # j. Define

A= max
i,j€{1,2,3}
i#]

Ai -

Note A € {A+1,...,n} unless A\ = n, in which case we define A = n. In figure for example,
A = 0 since immediately the paths split, and A =1ca(ly,ls) = 2 since lca(ly,l3) = lca(le,l3) = 0. Then,
similarly to how ¢y was defined in lemma define cx A(3,m) to be the number of paths through a
tree of depth n traced by 3 particles with a given A\, A. We have

3.2 AA=2 A e {0,...,n— 1} A€ {A+1,...,n—1},
caa(3,n) = ¢ 3. 2m-A-1 if A€ {0,...,n—1},A =n, (6.1.40)
2n ifA=n,A=n.

Proof. As usual, if A = n (note this doesn’t allow A to be defined but notationally we write A = n),
then ¢y, (3,n) is the number of choices of paths that all follow the same route from root to leaf. Since
the tree has depth n, we have ¢, ,(3,n) = 2™.

For A€ {0,...,n—1} and A € {A+1,...,n— 1} we break the calculation down in to stages. There
are 2* choices for paths from root to level X. After ), the three paths must diverge. There are 2 -3
choices for the next step: any one of the three paths goes one direction (hereafter referred to as the
‘solo’ path), and the remaining two go the other. Thereafter, the solo path has 2"~*~! choices of leaves
to land on. For the remaining paths, they have a choice of 27~ *~12n=A=1 gptions. Thus, overall for
Ae{0,...,n—1}and Ae {A+1,...,n—1},

exa(3,m) = 2% x (2-3) x 2n-ATlgn=A-lgn=A—l (6.1.41)

=3.2%n"A-A=2 (6.1.42)

Finally, for ¢y ,(3,n), A € {0,...,n — 1}, similarly we find 2* choices for the initial path, then 2 -3
for the option of subsequent step, then 27~ to select from for the solo path, and 2"~*~1 alternatives

for the paired path giving
ean(3,n) = 3. 2207271

As verification, by summing through A, A, we should recover the total number of paths, 237.

n—1 n—1
PANE Z ( Z exa(3,m) +ean(3, n)) =2"43 Z <23”_(’\+1) (2_(/\“) — 2_"))

A=A+1 A=0

n—1
+3% 22y (6.1.43)

A=0

1

=2"4+3.22". 52*"(22” —-1) (6.1.44)
= 23", (6.1.45)
thus completing the proof. O

Now we are ready to handle the case of k = 3.
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Proposition 6.1.5. Take > 0 and k = 3, and let N = 2". Then,

N aN*-2  if382 > 1

> E [HI XX D] NI L0 NIog N if 32 =1 (6.1.46)
l1,l2,l3= .
plate=t 631\7352 if 33% < 1,
for some positive constants cy, cs, c3.

Proof. Just as with k = 2, we separate in to the diagonal and off-diagonal cases,

N
LS 3 E{gﬁ(xn(ll)+Xn(l2)+xn<zs))}
N l1,l2,l3=1
N N
Z ]E[ 68Xn (1) } 4 Z B [ezﬁ(xn(zIHXn<l2>+xn(lg)) . (6.1.47)
=1 I1,lo,l5=1
li#l2#l3
Then the diagonal term is
1 N
o S B[] = L 57 st (6:1.43

=1 =1

= N9*-2, (6.1.49)

To handle the off-diagonal case, once more we use last common ancestors. We let X\ be the level up to
which all three routes follow the same path. Thereafter, one path breaks off in one direction and two
go in the other. A will be the level beneath A such that thereafter all paths follow different routes (i.e.
the level at which the paired path diverge). For a given A, A, lemma gives the number of paths
displaying this behaviour. Thus,

N
1
= 3 E[ezmxn(zlnxn(12>+xn<zg))}
l1,l2,l3=1
l1#la#l3
1 N
=— Z 2952)\1[43[eQﬁ(YAH(ll)+"'+Yn(ll))e2f3(Yx+1(lz)+--‘+Yn(12))625(YA+1(ls)+“'+Yn(ls))} (6.1.50)
l1,l2,l3=1
l1#l2#l3

where A = lca(ly,l2,13). We now use that one path will be completely independent and of length n — .
The other two will be dependent up to A and thereafter independent. Hence,

N
1 28( X (11)+ X (12)+ Xn (Is))
v > Ele |
l1,l2,l3=1
l1#l2#l3
]. n-t 2 2 n-l 2 2 2
= D 29 A =N ( > eaa(3,n)2 ATNR2F MmN ey (3, m)2% ("—”) (6.1.51)
A=0 A=X2+1

2 n—1 n—1
% 985%A lN2,82+32—(/\+1)2—4ﬂ2/\ Z 2—(A+1)2262A+N4B2+22—(A+1)2—462A1 (6.1.52)

A=0 A=X+1
3NA L e 2, g N28°—122+1 _ 9268°(A+1) >
_ B Xo—(A+1) [ 9g—(A+1) AT28°+3 4B8%+2
=55 H)Q 2 (2 N T N ) (6.1.53)
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Evaluating the final sum and simplifying, we overall find that

3
l1,l2,l3=1

N
1 S [ezmxn(z1)+xn<12>+xn<zs>>] (6.1.54)

N8B (268 _ 9)(228” _ 2)
(2677 — 22)(21%% — 2)(22%* - 2)

— N9°-2 L 3NF°-2 <

L NETERP I 9 NAFH1(2597 — 92) (228" — 1) (6.1.55)
F_PeT T -y Eroeer e -y) O

2 2
_ 95t 3N9F—2(2687 — 2)
(265 — 22)(245° — 2)
3N38%928° 3NOA* 19287 _
+ - ( ) (6.1.56)

@7 - @ —2) (@7 —2)@F —2)

In order to determine the behaviour of (6.1.56)) as N — oo, we investigate which ranges of g result

in which power of N dominating. To do this, we compare the different powers of N appearing in

(6.1.56]) against each other,

532 —1=33% << 282 =1, (6.1.57)
96% -2 =34% «— 35% =1, (6.1.58)
982 —2=5p%—1 < 45%=1. (6.1.59)

Hence, provided that 332 > 1, the dominant power of N is 932 — 2. When 332 < 1, instead the
leading order is seen to be N34, Taking limits, we find that at the critical point 382 = 1, then the
order is Nlog N (dominating the term from the diagonal contribution at 332 = 1, which is N). This

concludes the proof. O

Remark. In order to extend the calculations for £ = 2 and & = 3 to higher k, one would have to

formulate a general expression of the form (6.1.17) or (6.1.40) for £ € N. Given this, the recipe
described in the proofs of propositions and would deliver the result.

The next proposition deals the general case of k € N, and should be compared to the proven

asymptotic behaviour of the true unitary moments of moments, see ((6.1.10]).

Proposition 6.1.6. Let k € N and 3 > 0, and set N = 2". If 232 > 1 then

LN SN R [e2B(n () X (1)
lim Y e=h=t l’}\];z,@?[—k-&-l }:%6, (6.1.60)

N —oc0

where v g is some non-zero constant depending on k, 3.

Remark. Before we give the proof of proposition [6.1.6, we re-emphasise that the techniques used to
prove propositions and are fully expected to extend to general k € N. If this were the
case, the constraint 232 > 1 appearing in the statement of proposition could be strengthened to
k(% > 1, which is more in-keeping with conjecture [2.2.4 Within the proof, given below, we employ
a bound (c.f. ) on the contribution from k paths. If we had a proof for general £ € N along
the lines of propositions and then we could replace the bound with a (different) equality
coming from such a proof, and thus strengthen the condition from 232 > 1 to k32 > 1.

However, note that 232 > 1 implies that k3% > 1 for k € N, k > 2, so proposition falls in to
the low temperature (high ) range of conjecture and the statement still matches the conjecture.

162



Proof. As with the cases of k = 1,2, 3, we first split in to diagonal and off-diagonal terms.

N

1
o 3 ]E{ezmxn(zlw---mn(zk))}
ll,...,lkzl
1 N N

- Z B [ezkﬁXn(ll)} + Z E {eQﬁ(Xn(ll)+"~+Xn(lk))] _ (6.1.61)

N Li=1 Liyeosli=1

Ll

Then as usual, the diagonal term is easy to compute:

E [erﬁxnUl)} e (6.1.62)

For the off-diagonal case, we let A = lca(ly, . ..,lx), and split off the contribution up to level A.

N N

k
% Z ]E[62/3(Xn(11)+~-+xn(lk))}:ﬁ Z ok®B* AR Hezﬁ(yx+1(zj)+---+y“(zj)) . (6.1.63)

I1,elkg=1 I1yeslg=1 j=1
LAl L #lk

Thus, the result follows if we can show that (6.1.63) doesn’t grow faster than NszBQ_k‘H, provided
that 232 > 1.

Focussing on the expectation in the right hand side of (6.1.63)), we use (6.1.16]) to find an upper

bound,
k
E HeQBYA+1(lj)+~~+Yn(lj) Sgﬁz(k—l)z("—A)QﬁQ(n—/\). (6.1.64)

j=1
By (6.1.16) (essentially Jensen’s lemma) we have that the more dependent a path is, the bigger its
contribution to the sum. Since the paths must split after level A, the most dependent a path can be
is if k — 1 particles remain joined, and a single particle becomes independent. The contribution from

such a situation is exactly the upper bound given in (6.1.64)).

Hence,
1 N 202 k 1 nl 22 2 2 2
k282 28(Yas1 (L) 4+ (1)) k282X 082 (k—1)2(n—2) 982 (n—X
— E ) E He (Yat1(ly) G| < ~F E ex(k,n)2 2 )9B (=)
Lyelp=1 j=1 A=0
Ll

(6.1.65)
where ¢y (k,n) is the usual count of paths having last common ancestor at level A. Using lemma
and computing the sum on the right hand side of (6.1.65)) we find,

N k
ik Z 2792'32))‘1[41 H 2BV (l)+4Yn (1))
N li,.lx=1 Jj=1
LiFFle
n—1
= % 2(2]6”7(]671))\ - 2kn7(k71)()\+1))2k2ﬁ2/\2ﬁ2(’€71)2m7>\)252(n7}‘) (6.1.66)
A=0
928%+k _ 928°+1
= R 52T Nk B2 —k+1 _ Nk252—252(k—1)) (6.1.67)
& NW8 =kt (6.1.68)
since 232 > 1. This concludes the proof. O
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6.2 The symplectic and orthogonal model

We now adapt the branching model developed in section to the symplectic and orthogonal cases.
We sketch an argument that demonstrates that such a model captures the behaviour of the moments
of moments in the ‘low temperature’ range (large 8). The work described in sections and
came out of conversations with Prof. Paul Bourgade during a research visit to CIMS.

6.2.1 The symplectic case

Recall that, due to the rotational symmetry in the unitary case, the moments
E [|Pyx (A, 0)] (6.2.1)

are independent of . This no longer holds for the symplectic (nor the orthogonal) case. As discussed

in chapter [2| Keating and Snaith used the calculation of such moments in [116] to show that

E [log |Py(n)(4,0)]] =0 (6.2.2)

1 1 1 1
E [(log |Py(ny(A,0)])%] = = 1log N + (v + 1 — 2.
(g [P (A.0))?] = 3108 N + 50+ 1)+ 3705 +0 (57 ) (6.2.3
where v is the Euler-Mascheroni constant. Further, the value distribution of log |Py(n)(A4,8)| in the
limit N — oo, is Gaussian with mean and variance given by (6.2.2) and the large N limit of (6.2.3)

respectively,
log |Py(ny (A, 0)] N—go

,/%logN

As remarked above, for A € Sp(2N), the moments of |Pgp,on)(A,0)| are no longer independent of

=80 N(0,1). (6.2.4)

6. At the symmetry point, § = 0, Keating and Snaith calculated |115] using the Selberg integral

T(N+j+ D284 +1/2)

2[3 48BN

UPSp(2N)(A 0)*"] =2 H J+1/2) (N + 28+ 1+ ) (6:29)
926 G(2B + 1)\/mNﬁ(2ﬁ+1) as N = oo. (6.2.6)

VGUAB+ 148 +1)

Further, they use (6.2.5) to show that log |Psp2ny)(A,0)| tends to a Gaussian random variable as N

grows with the following mean and variance

1
E [log |Psp2n (4, 0)|] ~ 3 log N, (6.2.7)

E [(log |Psp(an) (4, 0)])*] ~ log N, (6.2.8)

as N — oco. So
IOg |PSp(2N)(A7 0)| logN N—>oo

Viog N

We now wish to use the model developed in section specialized to the symplectic case, to

recover the analogue of theorem Mimicking the procedure outlined in section with the usual
identification N = 2"

2% N(0, 1). (6.2.9)
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Figure 6.4: Plot of [Py (X,0)| = [Psp2n) (X, 0)], for X € Sp(50) and 6 € [0, 27).

k
1 27
MoMsgp2n) (k, B) == E K%/O |PSp(2N)(A79)|2ﬂd9) ] (6.2.10)
k
1 N 2108 | Papan (A.65)]
23 1o, p No¥
o =B ;e g |Pspany (4,05 . (6.2.11)

The exponent in (6.2.11]) will be dominated by the value at the symmetry point, since away from
6 = nr for n € N, the statistics revert to the unitary case (see |[112] and figure [6.4)), which from what

will follow is sub-leading. Taking ¢* to be the value of ¢4, ..., ¢n closest to this point, we thus compare
1 g 1
28 2kB log | Pspan) (A,
E (% /O | Pspiany (A, 0)] d9> ] s B [e g [Pspam) >|} . (6.2.12)

We now use (6.2.9)) (ignoring any issues of speed of convergence for the sake of this calculation) to find

1 [ T 1
E [(QT/O PSP(QN)(A@)WCM) ] ~ wE [e?kF2] (6.2.13)

where (log N)~%/2(Z —(1/2)log N) is a standard Gaussian random variable. Hence, the model behaves
like

1 1 2 52
E [er,@’Z] - E {ekﬁ log N+2k* logN} (6.2.14)
Nk Nk
— NkBKB+)—k (6.2.15)

Note that approach is more crude than that described in section since the goal here is just to
demonstrate the size of the leading order. Regardless, this argument shows that the leading order of
the branching model for the symplectic moments of moments matches theorem [£.1.1] where recall we
showed in chapter [4 that for k, 8 € N

MoM k,
lim MO sp2n) (K, B)

N T NRBCRB -k kB (6.2.16)
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for some constant cj g depending on the moment parameters £, /5.

6.2.2 The orthogonal case

For completeness, within this section, we repeat the calculation of section for A € SO(2N). As
was noted in section [6.2.1} the moments of Pgo2n)(4,0) for A € SO(2N) are dependent on §. At the
symmetry point § = 0, Keating and Snaith [115] calculated (see also theorem [2.1.8]).

IN+7-DT284+5-1/2)
P A,0) Qﬂ _ 94BN 6.2.17
E [|Pson)(4,0)] H T(j—1/20(N+28+j—1) ( :
2G(28 +1 4B +1
g8 G( BADVIMB+Y) \5e28-1) o v o o0 (6.2.18)

VGAB+1)I(28 + 1)

Additionally, Keating and Snaith establish a central limit theorem for log |Pso2n)(4,0)| using these
moments (see (2.2.124))). For large N, the mean and variance are

1
E [log |Pso(an)(A,0)[] ~ -3 log N, (6.2.19)
E [(log | Pson(4,0)])?] ~ log N. (6.2.20)
Hence, the limiting distribution of log |Pso2ny (4, 0)] is

log | Pso(2n)(4,0)| + 5 log N N-oo
Vg N

Recreating the sketch of the model given in section [6.2.2] (see (6.2.11))—(6.2.15])), we have

N(0,1). (6.2.21)

2 k N g
1 T 1
’ l(zn/ Proq(4.0)d9) ] o g [ | Do e e () (6:2:22)
j=1
N %E [62165 10g|Pso(2N>(A»¢*)q (6.2.23)
1
~ B [e2467] | (6.2.24)

where again ¢* is the choice of ¢1,...,¢n which lies closest to the symmetry point, and in ([6.2.24])
(log N)~'/2(Z + (1/2)log N) is a standard Gaussian random variable. Thus the branching model for

the orthogonal moments of moments behaves like

1 1 2 52
E[97] = L g [e—kﬂ log N+2k25 logN} (6.2.25)
Nk Nk
— NFBQR2EB-1)—k (6.2.26)

Recall for comparison, theorem proved for k, 3 € N in chapter [4]

. MoMgsoen)(k, B)
J\}gnoo NkB(2kB—1)—k =Ckp (6.2.27)

for some coefficient c; g depending only on k, 3 (and different to the leading order coefficient in the
symplectic case). Thus, the branching model matchesﬂ theorem m

2Except for the case of k = 8 = 1 which had to be dealt with separately too in theorem [4.1.2] so it is unsurprising
that the rough approach described here would need to be adapted in this single case.
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Chapter 7

Mixed moments and moments of

logarithmic derivatives

This chapter is based on the paper ‘Mized moments of characteristic polynomials of random unitary
matrices’, published in Journal of Mathematical Physics. This paper was co-authored by the present
author, S. Bettin, G. Blower, J. B. Conrey, A. Prokhorov, M. O. Rubinstein, and N. C. Snaith [14].
The project originated at the American Institute of Mathematics workshop on Painlevé Equations
and Their Applications. Whilst the mathematical contribution is shared between all co-authors, the
majority of the manuscript was written by the present author, J. B. Conrey, N. C. Snaith, and M. O.
Rubinstein, with the specific exception of the paper section 7.7 (which we have not included in this
chapter). This latter section, pertaining to a Riemann—Hilbert interpretation of our theorem was
lead by G. Blower and A. Prokhorov.

The present author’s mathematical contribution to the project was (in collaboration) theorem
and its proof, as well as (again, in collaboration with co-authors) theorem in particular the state-
ments and proof of lemma and lemma [7.3.3] Within section 7.7 of [14], an interpretation of the
proof of theorem in terms of Riemann—Hilbert analysis was presented. Whilst this section con-
tained no mathematical contribution from the author (and so does not feature here) we do include and
discuss the interesting general connection between moments involving both characteristic polynomials
and their derivatives, and Painlevé transcendents that it facilitated.

The majority of the rest of the chapter is verbatim from |14]. However, we have changed notation to
be in-keeping with that of the present document. In particular, the results of |[14] are stated in terms of
Ax (s) = det(I — X*s) for some X € U(N), and an associated ‘Z’ function (see (7.1.6))). Clearly Ax(s)
is very closely related to Py (X, 8), the notation for characteristic polynomial preferred throughout this
thesis. To avoid confusion, we have translated the statements so that they are in terms of Py, and its,
different, associated ‘Z’ function. Furthermore, the arguments and explanations have been expanded
for clarity, various illuminating examples have been added, and the introduction has been updated to

reflect some recent developments. All such changes and inclusions are due to the present author.

7.1 Introduction

Throughout this chapter, A will denote a unitary matrix in U(N). As usual, we write Py = Py
and
Py(A,0) = det(I — Ae™") = ] (1 — &'%=9) (7.1.1)

Jj=1
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for its characteristic polynomial. We remark that in |14] (the paper that this chapter is based on),
the results are started in terms of A 4(s), which is the characteristic polynomial for A* (the conjugate

transpose of A), evaluated at s, so explicitly, Aa(s) = det(I — A*s) and
Aa(e™) = Py(A*,0). (7.1.2)

We thus have translated the results within this chapter so to be consistent with the notation used
throughout this thesis.

As A is unitary, we have the functional equation
Pn(A,0) = (=1)Ne ™0 det(A) Py (A%, —0), (7.1.3)
see also chapter [3] (3.1.18]). Hence, we can define

Z4(0) == e ™27 \/det(A*) Py (A, 0) (7.1.4)
= B0~ s X0 Py (A, 0), (7.1.5)

so that
Z4(0) = (—1)N Z 4. (—0). (7.1.6)

This definition makes Z4(0) real for § € R. Recall from chapter |2 section that this is a useful
definition for evaluating mixed moments.

We present our results for this chapter in section Our theorems naturally imply conjectures
for mixed moments and log-derivative moments of {(1/2 + it), these are given in section We
consequently place them in the wider research context in section [7.1.3] and state various theorems that

will be useful when proving our results in section [7.1.4]

7.1.1 Results for mixed moments and log-derivative moments

In this paper we will prove the following theorems. The first theorem that we prove expresses the
mixed moments of Z4 and Z’; in terms of derivatives of a determinant involving the modified Bessel
function of the first kind I,,. Recall that the modified Bessel’s equation is

d? d
xQd—xg + xﬁ — (2 +a?)y =0 (7.1.7)

for some «a € C, and hence I, (x) is one of the two solutions to (7.1.7)
y(x) = vI(z) + 0K (2) (7.1.8)

for > 0 and constants v,d. K, (z) is the modified Bessel function of the second kind. For integer n,

I,, can be expressed as the following integral,

1 2 .
I (2) /O ¢ cos 0+ind gg. (7.1.9)

T o

Our theorems are then as follows (and are proved in section and section respectively).
Note the subtle difference in the moments compared to Hughes’ result, given in section (see also

chapter [2| section [2.1.4).
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Theorem 7.1.1. For k,h integers with 2k > 2h > 0, we have

/ 121, (0) P24 Z,(0) 2 dA
U(N)

kk=1) 4 2 _
:(_1) 7 Th—h Nk +2k—2h

o ot oo

(7.1.10)

This can further be written in terms of a solution to a Painlevé equation, as expressed in (7.2.40). A

brief overview of Painlevé equations can be found in section[7.1.3

Our second theorem gives the leading asymptotics of the moments of the logarithmic derivative of

Py at a point approaching the unit circle, so we write
Py (A, ia) = det(I — Ae®™)

and we will consider « decreasing on the scale of mean eigenvalue spacing. Additionally,

f

7 (@)

will denote the logarithmic derivative of f evaluated at x.

Theorem 7.1.2. Let Re(a) > 0 and k € N,

/qu) ‘Zi(A,m) Y (QkQ)(W“(HO(a)%

k—1 ) (2a)%k-1
where a« = a/N and a = o(1) as N — oo (so that o depends on N ).

(7.1.11)

(7.1.12)

(7.1.13)

These two theorems lead us immediately to conjectures about mixed moments for the Riemann

zeta-function, which we give in the following section.

7.1.2 Conjectures for mixed moments and log-derivative moments of

¢(1/2 + it)

Recall that the Riemann zeta-function can be defined by the Dirichlet series

)=

ns
n=1

for Re(s) > 1, and by its meromorphic continuation otherwise. Additionally, by defining

() = 2D (2) (o

one has the functional equation
§(s) =¢&(1—s)
where £(s) is entire. Therefore Hardy’s function

it

2T

N
—
~+
S~—

I
—
N

|+

el
S~—
Iy
—
N =
_|_
.
~
~
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is real for real ¢ and satisfies | Z(¢)| = [¢(1/2+4t)|. Our theorem involves Z 4 which is the random
matrix analogue of Hardy’s Z(¢) function, and theorem involves Py which is the random matrix
analogue of ¢. Recall that the conjecture of Keating and Snaith [116], see also theorem about

moments of the Riemann zeta-function may be written as

/ (t)|?kdt ~ H (log T)** (7.1.18)

for £ € N and for a certain arithmetic constant ay, see .

After the work of Hughes [98] and Conrey, Rubinstein and Snaith [54] we expect that the 2kth
moment of |Z’(t)| involves the same arithmetic constant aj multiplied by a (rational number) geometric
factor and (log T)kZHk. These ideas translate to a conjecture for the mixed moments we are considering

here. We can express our conjecture as follows.

Conjecture 7.1.3. For non-negative integers k and h with h < k we conjecture that as T — oo,

T\ g 0|2k 2R ok
Jo Y(t)‘ 2O (ilog T)** 2" ( ; >2k2h <9C /%( (s )+k2)d8)

~ (zlo — exp| = — onr
ng \Z(0)2dt g d P{35 . 111 B

=0
(7.1.19)

where opr is defined in ((7.2.38)).

In this formulation our conjecture appears as an average of |Z’/Z|?*=2" measured against |Z|?.
Notice that the arithmetic factors cancel out, as well as the ratio of the product of factorials.

The analogue of theorem is best expressed in terms of moments of the logarithmic derivative of
¢. In the work of Conrey and Snaith [55] on the n-correlation of the zeros of the Riemann zeta function,

the authors use the “recipe’ﬂ to find a conjectural formula for the average over t of the product of any

CI
¢

with different values of «. In this work we are focussed on the behaviour of the absolute value of such

number of factors of the form
( + it + ) (7.1.20)

a product when all of the a are the same and o« — 0.

Conjecture 7.1.4. For any positive integer k and a > 0 we conjecture that

¢ 2k
dt = c¢(a) (7.1.21)

C( +it+ )

lim ———r
T T(log T)2k /0
where a = a/logT and a = o(1) as T — oo (so that a depends on T') and

lim c(a)(2a)%! = <2k B 2). (7.1.22)

a—0t k—1

7.1.3 Moments involving Py and P}, and Painlevé equations

Moments of characteristic polynomials and their derivatives have been investigated in several recent
papers on random matrix theory, (see chapter [2] section [2.1]). Part of the interest in these calculations
precisely is the subject of the preceding section: they permit an apparent connection with the corre-
sponding averages of L-functions. As evidenced in chapter [2, section and |2}|18]/42,54 55 |58(66
99,/1231/125,(160], exploiting this link has been extremely profitable.

IThe “recipe” is a method for conjecturing moments of L-functions first introduced in [46], see section 2.1 in that
paper.

170



Additionally, it was shown by Forrester and Witte |77] that the leading order coefficient for moments
of derivatives of unitary characteristic polynomials, derived by Conrey, Rubinstein and Snaith [54] is
related to the solution of a version of the Painlevé III" differential equation. Since the connection
between random matrix moments and Painlevé equations features prominently within this chapter, we
here give some background to the theory. For a thorough overview, see [90,/105].

Take, for example, the first order differential equation

dy 9
ZZ 2. 7.1.23
i Y ( )
The general solution to ([7.1.23) is
= 7.1.24
y=— ( )

for some constant c¢. A key property to note is that the singularity in the solution is dependent on the
initial conditions (since they determine c). One calls such a singularity movable. Compare this to the

solution to

dy 1
A — 7.1.25
& 3 ( )
which is
y=(t—c)3, (7.1.26)

where the singularity is now a moveable essential singularity: a branch point. A natural question would

be to classify all first order differential equations of the form

dy
Pl yt) =0, 7.1.27
( Y ) ( )
(where P is a polynomial in the arguments y, % with coefficients meromorphic in t) such that their

solutions are free of moveable essential singularities. Such a classification is due to Poincaré and Fuchs,
see for example |[105]. Up to changes of variables and simple transformations, there are only two families
of first order differential equations free of essential moveable singularities.

Around the turn of the 20" century, Painlevé and Gambier studied the extension to second order

differential equations, i.e. equations of the form

d*y dy
—_— = — 1.2
= (Fn) (11.28)

where R is a rational function in all its arguments. Their classification, see [86,87,101}/130{131], shows
that either one reduces to a simpler case (to the first order case detailed above, or to a linear differential
equation) or the equation takes a special form. This latter case yielded 6 new non-linear differential

equations: the Painlevé equations. They are as follows.

d2
P;: ﬁg =6y +t (7.1.29)
d2
P : ﬁg — 2P +ty+a (7.1.30)
Py 1 (dy\? 1dy ay®+p —
Pro _ (e _lay oy 4P 2 7.1.31
o a2~y (dt) tdt ;. Tty ( )
d?y 1 [(dy >3 B
Prv: —2=—[(— Syt Aty 28 — = 7.1.32
Vg T gy (dt Ty T A eyt (7132
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d?y 1 1 dy\> 1dy (y—17° dyly+1)
Py: —Z-=(—3_—— (¥} X
v dt2 (2y+y—1>(dt) tdt+ 12 ( ) y—1
1
2

+ ¥
t
d?y 1 1 1 dy 1 1 1 dy
yly —1)(y —t) pt At —1) 6t —1)
2 - 1) ( T Et G —1>2+<y—t>2>

where «, 8,7, and J are arbitrary constants. It turns out that by rescaling, Py may be written with

(7.1.33)

PVI .

+

(7.1.35)

just 2 independent parameters, and Py with 3 independent parameters.

One connection between Painlevé theory and the study of random matrix moments is the afore-
mentioned work of Forrester and Witte [77] which connects the moments of the derivative of unitary
characteristic polynomials to Pyy;. Conrey, Rubinstein, Snaith [54] determined that the moments of

the derivative are asymptotically
/ | P4y (A*,0)[2PdA ~ caNP*+28, (7.1.36)
U(N)

where 5
k+h
B(B+1) B8 d 82
= (-1 — T w i 1.
= ()M S (D) (%) (7o gettrnsacva) ‘ R (7.1.37)
and I, (z) denotes the modified Bessel function of the first kind, see ([7.1.8]). Forrester and Witte [76]

show that the determinant present in (|7.1.37)) can expressed as a function involving a solution to a
particular Painlevé equation. Explicitly, they show [77] that

1)2) 3 @) @)Me}(p ( / " (o (5 +/32>f) | , (7.1.38)

’ m=0 =0

where

- L(m + j)
1;[ T + ) (7.1.39)

and oy (s) satisfies the particular Painlevé III" equation (the Jimbo-Miwa—Okamoto ‘o-form’)

2

— = 1.4
16 0, (7.1.40)

" 2 / / /
(sor)” + o (doyy —1) (ot —soqyp) —
satisfying the boundary condition

o (s) “X° — 2 + % +0(s?), (7.1.41)

for p € N.

Using the techniques of [54] we determined a similar relation, theorem Instead of just averages
of moments of |Py| or |Py| separately, we consider mixed moments featuring both the characteristic
polynomial and its derivative. This theorem is proved in section [7.2} Subsequently this result also
featured in work by a grou;ﬂ |18] (see their equation (5)—(79)), although they use different methods,
allowing them to extend the result to finite N. In particular, they express the mixed moment in
in terms of a determinant of generalized Laguerre polynomials, and hence use a connection between
this determinant and a special case of Py. By examining the large N limit of the Laguerre determinant,
they arrive at the same statement as theorem including the connection to Painlevé IIT".

In section 7.3 we turn to the moments of the logarithmic derivative of the characteristic polynomial.

2The work of this group also began at the American Institute of Mathematics workshop.
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An exact formula for these moments averaged over U(N) is presented in [55], see theorem but
the asymptotics when N is large and the characteristic polynomials are evaluated close to the unit
circle are not easy to extract from that result. However, adapting the method of section allows us
to work out the leading order term. In section [7.3.3] we compare this with the exact result in a couple
of simple cases.

We now summarize some related work on moments involving both the characteristic polynomial
and its derivative. We start with a result from the thesis of Chris Hughes [98|, recall also chapter
section 214

Hughes considers the quantity

Fn(h, k) = /U - |Z4(0)221 2/, (0)|?"d A (7.1.42)

where the average is over Haar measure on the unitary group, and Z4 is as defined by . A minor
notational warning: Hughes uses Z4(6) for his characteristic polynomial of A evaluated at e~ (i.e.
our Py (A,0)), and V4(0) for the ‘normalized’ version (i.e. our Z4(#)). His results have been translated
in to our notation.

Hughes shows that for integer h, k

Jim_ mm(h, k) = B(h, k), (7.1.43)
where F(h,k) is given as an expression that can be analytically continued k for Re(k) > h — 1/2.
However, the method forces h to be an integer. Note that is consistent with the statement of
theorem [7.1.1] if one manipulates the moments parameters accordingly.

By computing some specific examples, Hughes suggests that for a given integer h, F(h7 k) has the
form of a rational function of £ multiplied by a ratio of Barnes G-functions. As shown in chapter
section Dehaye [58] proved this form for F(h, k), and gave further information about the structure
of the rational function of k, but still always for integer h. Winn [160] has given the only example
we know of where the exponent on the derivative is not an even integer, by writing down an explicit
formula Fy (h, k) when h = (2m —1)/2 for m € N (i.e. a complementary formula to that of Dehaye for
half-integer h), see theorem

The asymptotics of a similar mixed moment, with just a first power on the derivative of the charac-
teristic polynomial, but for non-integer powers on the characteristic polynomial itself, has been studied
in the thesis of Tan Cooper [56] when the average is over the classical compact groups SO(2N) and
Sp(2N).

Note, there is interest in allowing the power on the derivatives of the characteristic polynomial to
be non-integer, but this appears to be a difficult problem.

Finally, we emphasise once more that Conrey and Snaith obtained a formula (theorem for
the logarithmic derivative of Py evaluated close to the unit circle. However, our alternative approach
allows us to extract the leading order asymptotic in V. The comparative difficulty of both approaches
is the subject of section [7.3.3] Recently, Alvarez and Snaith calculated the asymptotics for the log-
derivatives of characteristic polynomials of symplectic and orthogonal matrices |3]. They extended the

method of section [7.3] and proved the following.

Theorem 7.1.5 (Alvarez and Snaith [3]). Let k € N and o = a/N where a = o(1) as N — oo and
Re(a) > 0. As N — oo, for k >4,

/

Py N\ 2 NP (2k - 5)!
fay (Rt i01) 0= 0 2 =+ o, (7.1.44)
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and as N — oo, for k> 2

Py oo\ N (2% — 3)!
/SO(2N> (PZ(A’W)) dd = <_1)kFW(1 + O(a)), (7.1.45)

where as usual n!! =n(n —2)(n —4)--- (n — (2[ 5] —2)).

Alvarez and Snaith also compute the low moments excluded from theorem [7.1.5 as well as log-

derivative moments for SO(2N + 1).

7.1.4 Mixed moments, log-derivative moments, and the Ratios Formulae

One starting point for averages of characteristic polynomials and derivatives are the Ratios Formulae of
Conrey, Farmer and Zirnbauer [48,/49|]. Recall that we have already encountered one form of the Ratio
Theorem within chapters[3| [4 and[5} The form we give in theorem will be that of Conrey, Farmer
and Zirnbauer. The other representation we give first, also due to Conrey, Farmer and Zirnbauer, and
takes the shape of a multiple integral contour integral. This could be compared to, for example, the
multiple contour integral representation of the average over U(N) used in the proof of theorem
see lemma [3.3.1] in section [3.3

Before we state the first form of the Ratios Theorem, we remark that throughout we will write

A(wy, ..., wy) = H (w, —wj) = det (wf_l)j7k:17“_’n (7.1.46)
1<j<k<n

as usual for the Vandermonde determinant, and define

z(z) = —. (7.1.47)

Then, the first version of the Ratios Theorem is the following.

Theorem 7.1.6 (Conrey, Farmer, Zirnbauer [49]). Let K,L,N,Q,R € N. Suppose that the matriz
size N > max{Q — K, R — L}, and Re(v,),Re(d,) > 0. Then

K . Kl .
/ Hj:1 PN(A 7*’Lozj) Hl:}+1 PN(A, ZOtl) )
U(N) H§:1 Pn (A~ —i'yq) Hle Py (A, —is,)
F(Ch axpi =i, an) (_1)(K+L)(K+L*1)/2
K!L!(z’ﬂ'i)K+L
K L R
i foo fepmts et ) Tzl s~ Moy Tl 2 00
K R T
T I 2w+ 00 T I 2wt +0,)
Awy, ..., wiyr)? Hj(:-siL duw;

K+L 1K+L )
Hj:l 1 (Wi — )

=€

X (7.1.48)

where the w contours enclose the poles at oy, ...,ax+r. The function z(x) is as defined in ([7.1.47)).

The quantity in theorem can also be written as a permutation sum. This will be the second

form of the Ratios Theorem.
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Theorem 7.1.7 (Conrey, Farmer, Zirnbauer [49], see also [50]). Let K,L,N,Q,R € N. Suppose
N > max{Q — K, R — L} and Re(v,),Re(d,) > 0. We have
K . K+L .
152, Pn (A", —iog) TI/S50 Pr(A,iay) ;
v Ty Pr(A, —ing) TLL, Pr(A, =id,)
K K+L R
= > N i (o (i) — k) [T 15k 2o = o) TTgm TI 200 + 61)

T T, (00 00 T T o 20— o) )
Above, Ek, 1, denotes the set of permutations o of {1,2,..., K + L} such that
1<o(l)<---<o(K)<K+L (7.1.50)
and
1<o(K+1)<---<o(K+L)<K+L. (7.1.51)

We are interested in the moments of logarithmic derivatives of the characteristic polynomial, which
can be derived by differentiation of the Ratios Theorem in the form of theorem Within this
chapter, we will focus on the leading order contribution to averages of the logarithmic derivatives when
N, the matrix size, is large and the characteristic polynomial is evaluated close to the unit circle.

The exact formula for these moments of the logarithmic derivative was determined by Conrey and
Snaith. However, as already noted, it is complicated to work with and extracting the leading order
behaviour is difficult (see section. Note that the theorem below uses set rather than permutation
notation for the arguments of the characteristic polynomials. The result is merely a differentiation
of theorem but given the difficulty of keeping track of all the terms, the discussion of the proof

in [55] may be useful.

Theorem 7.1.8 (Conrey and Snaith [55]). Suppose that A .= {a;} and B = {f;} for some complex
numbers o, B; such that Re(a;) > 0 and Re(8;) > 0. Then

J(A; B) = J*(A; B) (7.1.52)
where
; B) = —e Loe —ia —e P Py —i
J(A; B) = /U <N>(E4[( )Pz (A", )LEB[( )PZ (A, 5)] dA, (7.1.53)

J*(A§ B) = Z <€_N(Zd65 G+ per B)
SCA,TCB
[S|=IT|

Z(S,T)Z(S~, T~ R
8 ZTES, S)—)(ZT(T, T—)) > I Hs,T(UT)>7 (7.1.54)
(A=S)+(B=T) r=1

=Ui+-+Ur
|Ur|<2
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and

Z(a— &) Z(a+p8) .
—~ = ~ fW={a}CA-S
(;S 2(a — &) ber z(a+ B) ‘ “
ACRT:) Z(B+a)
— - W = B-T
Hsr (W) = BEZT 2B-B) LB+ v 16} (7.1.55)
(M) fW={«a,B} withaec A—S,e B-T
0 otherwise.
Here z(x) is as defined by (7.147), S~ ={-s:s5e€ S}, T~ ={-t:t €T} and
Z(A,B) = H z(a + B), (7.1.56)
328

with the dagger on ZT(S,S7) imposing the additional restriction that a factor z(z) is omitted if its

argument s zero.

We will use both theorem|[7.1.6|and in the proofs of theorem and In section we

compute the leading order asymptotic behaviour of the logarithmic-derivative moments (i.e. the subject
of theorem [7.1.2)) using theorem in order to demonstrate the difficulty in generally computing the

leading order using this method.

7.2 Proof of theorem [7.1.1

There are various ways to write moments of the function Z4(0), defined in (7.1.5). For example, there

is an expression as a permutation sum:

k
/U 1 Za-(—ie;) Za(iax)dA

(N) 5=1
N .
_ (_1)Nke*7 Sk ey Z eN Sh 1 as() H Z(ao(i) — aa(j+k))7 (721)
o€E 1<i<k
1<5<k
where ) )
z(x) =—40(1), (7.2.2)

T1-e* 1z
for small . Recall also that = denotes the subset of permutations o € Sy, the group of permutations
of {1,...,2k} for which

o) <o(2) < - <o(k) (7.2.3)

and
olk+1)<ok+2) <--- <o(2k). (7.2.4)
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Note that (7.2.1)) is just a simple case of theorem with a different prefactor because we are using

Z 4 instead of Py. This can equivalently be written as

/ HZA* (—t0)Za(tojy i )dA
UN)

N
|2 S0
k'(2m)
7{ f N wi 2(w; — aj)Awy, . .., wi)*dw; - - - dwy,, (7.2.5)
1<z<k
1<5 <2k

where the contours enclose the as. This follows from an evaluation of residues , which yields the
sum . For more explanation of these expressions, see section 3 of [54], which draws on section
2 of |45]. Additionally, is exactly the type of multiple contour integral considered in chapter
section The expression is similar in spirit to theorem except that in this simpler
case the average can be written as a k-fold integral rather than a k 4+ L dimensional integral as in the
theorem.

Now, we are interested in the average

[ 1z ZaP aa. (7.2.6)
U(N)

We set h and k to be integers, with 2h > 0 and 2k > 2h, and follow closely the method of Conrey,
Rubinstein, and Snaith [54]. In order to recover an expression for the mixed moment, we will take
2k — 2h derivatives of (7.2.5)) by applying

d d
_— , (7.2.7)
i doy dovjqg
and hence evaluate the result at a; = 0. The following equalities will be useful
L zatio) =il zaw|  =izy(0) (728)
daAZOz a:O_Zth :—’LA . L.
Additionally,
d d
 Ta(—i = —i—7 . 2.
da4 (=ia) a=0 Ya e ()t:O (7:2:9)

Now, we may express the derivative in t of Z4~ at 0 in terms of the derivative in ¢ of Z4 at 0 in the

following way. Firstly, we have

. N

d _inN iN " i0; H o0

%ZA ( )t:():e 2 VdetA TPN A +7,j7£16 L. ’ . (7210)
1=
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Now observe that

. N
d i N
SZA0)] = e VAt A | SoPy(A0)+i Y e T(1 - eifr)
dt t=0 2
Jj=1 =1
1]
iN N
it N
=—¢ 2 VdetA TPN(A*,O)—I—Z e~ H(l —i0)
j=1 =1
1]

Hence d
—_— «(—1 = 1(— N1
daZA ( za)‘azo i(—1)"Z',(0).

Differentiating the left hand side of (7.2.5)) and using (7.2.8]) and (7.2.13)), we find

kkh
d

dA
/U(N)] 1i—1 dcvl dOék.H

ap,ap+1=0

ZA* (—ZOKJ)ZA<ZOék+j)

k

/U(N) I %0240

j=k+1—h

d _d dA

ZA* (*iO&j)ZA(Z‘OAk_i_j)

ap,ap41=0

k—h
d d
= (=DM ZA0)" | ———2Za- (i) Zalicy)
/U(N) JE[ doyj dagy; ! +J

dA

aj,ak4;=0

B /U(N)<‘”Nh'ZA<0>|2h [ (-0~ 24(0)Z4(0)) a4
= (=)t / |Z4(0)*| 24 (0)[*~*"dA.
U(N)

Secondly, differentiating the right hand side of (7.2.5)), we (trivially) have

( 1)Nk+k(k 1) H d d -2 ZJ 1%
L doy dovey k'(27m)

fo ez

Equating (7.2.17)) and (7.2.18]), we have

Z(’LUZ — Oéj)A(wl, - ,wk)2dw1 e dwk]

1<7,<k

ap=---=0az,=0
1<5<2k

[ 1z P Zao) s
U(N)

N
_ L h’ﬁ d d [ezZhe
B i daj dojyp | k(2P

X ?{...%61\72?:1 wi H 2(w; _(Jéj)A2(w17...7wk;)dw1"'dU)k]

Sis ap=-=ag,=0
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(7.2.11)

(7.2.12)

(7.2.13)

(7.2.14)

(7.2.15)

(7.2.16)

(7.2.17)

(7.2.18)

(7.2.19)



Let o; = a;/N and w; — w; /N, then with the use of (7.2.2)) one has

/ 1Z2,(0)[2 21| Z4 (0) " d A
U(N)

1 2k
e 2 252144

k!(2mi)*

1) "5 —h pr2k—2h prk? kl:[h d d
= (— 2 R
(1) et da; dajik

. (7.2.20)

a1==as,=0

s e A w) V) o - - - duw
x]{ ]{ H1<j )(1+O(N))d 1-++d k‘|

1<i<k (wz — aj
<j<2k

where the contours enclose the as.
The aim now is to separate these integrals. We do this by using a series of results from [54]. To

start, the following explicit derivative will be useful.

d e 3 1 11
%m = ki - — = . (7.2.21)
1<i<k S |

Hence, (7.2.20)) becomes

/ 1Z2,(0)[2 21| Z4 (0) A
U(N)

o\ RUD g2 yop o
= (=) N k(2

) kg q\2k2h )
A (wla'“awk) (Zj:lwij_§> (1+O(N)) k d”LUj
x %f{ e 153 (7.2.22)
J=1 J a;=---=agr=0
Next we allow A (%) to have the meaning
d\ T d d\1
Al — L;) = _— = L;). .2.23
<dL)Hf( 2 H <dLj dL)Hf( o (7.2.23)
i=1 1<i<j<k =1
Below, we will use lemma 5 of |54]:
d k
2 = . — k! (i+5—2)
A (dL) (1:[1 f(LZ)> - k! det (f (1)) : (7.2.24)

for any sufficiently differentiable function f.

Borrowing a technique from [54], we replace the factor exp(w; + -+ - 4+ wy) appearing in
with exp(}_ L;w;), and then pull out the Vandermonde determinant squared from the integrand as a
differential operator. Differentiating under the integral sign and substituting L; = 1 then recovers the
original integral. The advantage in doing so is that it allows us to separate the resulting multidimen-

sional integral.
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Thus, we have

/ 122,(0) 224 Z,(0) [ dA
U(N)

d
_ (_1)%%]\7/@%216—% A? ((TLl)c

ezl L ?:1%_ %)Qk—%
% f{ T % (1+0(%))dw; - -dw| . (7.2.25)

[Tiy w; L;=1

We now apply the same technique again; we introduce an extra parameter x and the differential operator
in the x variable in order to simplify the (3 1/w; — 1/2)?*~2h appearing in the integrand. This fully

separates the integral,

/ 122,(0) 224 Z,(0) [ dA
U(N)

KOt g2 op o A (i)
= (1) ~hN +2k—2 . T

() | (G f ) 00

Still following [54] we have, from equation (2.11) of that paper,

(7.2.26)

L;=1,2=0

i eLer% 5 L2k71]2k,1(2 /Lt)
21 |z|=1 22k N (Lt)k*l

where I, is the I-Bessel function, see (7.1.8]). We now use ([7.2.24) and write

= f,(L), (7.2.27)

/ 12,(0) P24 Z,(0) 2 dA
U(N)

. (7.2.28)

z=0

2k—2h
o EED kb ATk242k—2R i -2z (i+7—2) 1
=(-1) N <d;c> [e det (fw ! (1)) (1+0(%))

where f;(L) is as defined in (7.2.27)). Using (4.15) of [54], namely

2k—1—j

ft(j)(L):(L) U D, (2VI0), (7.2.29)
we have

/ 12, (0) P24 Z,4(0) 2 dA
U(N)

k(k—1) _ 2 _
(71)72 +hk—h pTkT+2k—2h

N Lok1—(i4) (2v/7) .
X(dw) ¢ zgxei( Voot G >(1+O(N))

(7.2.30)

=0
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For example, the determinant for k = 3 is

L(2vE) LEVD)  I(2vE) LOve)  LRvD) 19 /7)
Vx5 Ve V3 . . Va2 NG 3
det 14%) 13%5) Iz%i;) =22 .22 .22 .-det 14%5) 13(\2[;/5) 12(2\/5) (7231)
L(2vz) LEVD) L(2VE) IV R IV B NOND)
Va? Va? v Va? NG !
L ([BevE) LeVE) IeyE)
=2 22 22 -det | 4(2/x) I3(2y7) 1(2y/x) (7.2.32)
LVE) L2VE) L(2Va)
o (neVE) LeVE) 1eVE)
=z2det | [(2y/x) I3(2vx) I14(2y/x) (7.2.33)
I32vz) 14(2Vz) Is(2V7)
Hence, for k = 3,
L L1 (v (24/7)
(i+j5-2) — 2k+1—(i+j)
dlet (ff (1)) o4 s v (7.2.34)
= l‘% geg (Ii+j_1(2\/5)) . (7235)
X
It is simple to generalize the argument above for all k& € N, hence
| 1za Zao)
U(N)
_ (_l)erkthk%erfzh
X 4 o e’%zg det (I- ; 1(2\/5)) (1+O(i)) (7.2.36)
dx fxk VT N 70’ '

which is equation (|7.1.10) of theorem

Finally, we notice that the determinant in ([7.2.28]) is reminiscent of the determinant in (7.1.37)).
Thus, from [77] we have that

eXp ( /041(0111/(5) + kQ)dS) = (—1)™F

S

e det (Iiyj-1(2V7)), (7.2.37)
X
where o/ (s) is the solution of the Painlevé equation

(s ofr)? + ofp (4 oy —1) (0w —s orp) — == =0, (7.2.38)

satisfying the boundary condition
omr (s) R0 —k% + g + 0(s?), (7.2.39)

for k € N. This means that the average we are looking at is related to the solution of the Painlevé

181



equation in the following manner

k—1 )
Z(0)|2%=21 7, (0)|2hdA = (—1 k—h nrk?+2k—2h ‘J-
L AP 1Z20) a4 = () e

(Y en (- [T+ 1ol

=0
(7.2.40)
Finally, since
/ |2, (0)[2421| 2,4 (0) ™" dA = / [Pl (A, 0252 Py (A, 0)[2hdA (7.2.41)
U(N) U(N)

it is good to confirm that the result above reduces to the known case proved by Keating and Snaith,
see theorem This is true since for k = h, theorem [7.1.1] reads

/ |Pn(A,0)?*dA :/ |ZA(0)|2*dA ~ e N*°, (7.2.42)
U(N) U(N)
where
k—1 j'
o= ] == (7.2.43)
iz (k)]

This exactly matches the asymptotic form of theorem

7.3 Proof of theorem [7.1.2

We now turn to proving our result concerning logarithmic derivatives. Recall that theorem [7.1.2] gives
the leading order asymptotic behaviour of the moments of the logarithmic derivative of Py, evaluated
near the unit circle. In particular, we will need to take derivatives of det(I — Ae®) = Pn(4,ia) and
det(I — A*e™®) = Py (A*, —ia) for some o € C with Re(a) > 0.

Hence we record some useful equalities. These are similar in flavour to (7.2.8) and (7.2.13)) used in
the proof of theorem [7.1.2}

d * . _ d * _—a\ —a p/ * .
%PN(A ,—ia) = o det(I — A*e™%) = —e” “Py (4", —ia), (7.3.1)
and J J
. . — _ ay _ L, / -
daPN(A,za) o det(I — Ae®) = e“ Py (A4, ia). (7.3.2)

We will use theorem [7.1.6] to evaluate the moments of the logarithmic derivative. Recall the state-
ment of the theorem. Take K,L,N,Q,R € N and provided that N > max{Q — K,R — L}, and
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Re(7q), Re(d,) > 0 we have

/ [T Py (A%, i) TR Pa(Asiar)
vy T19, Pr (A%, —ing) TIE, Pr(A, —ié,)
_ 6%(25:1 =T ) (_1)(K+L)(K+L71)/2
KIL\(27i)K+L
o j{ . ,%eg(zgl wi—SSE wicer) 1o Ty 2wy — wie) T TIS 2(vg +60)
H] 1Hr 1z(wJ + 4 )Hl 1Hq 12(— WK1 + 0q)

K+L
j=1 @

A(wl, .. wK+L)2 H

T TS (wr — o)

7 (7.3.3)

where the w contours enclose the poles at «aq, .

.,ag4r. The function z(z) is as defined in (7.1.47).
Weset L=K=Q=R=kFkin and +;, d; satisfying the requirements of the theorem. By
differentiating the left hand side with respect to all the «aq,
find that

., ok, and using (7.3.1) and (7.3.2) we

/ 2 g TIhy Pr(Ar, —iog) [T PN(A,iozz)dA
UN) =y Gom TTo_) P (A%, —ivg) TTF_; Py (A, —id,)

B (H] 1 da Py (A", —za])) (H?ﬁk+l d%ZPN(AJal))
B /U(N)

- - , dA (7.3.4)
Hq:l PN(A*’ _Z'Yq) H’r:l PN(A’ 267‘)
i [y e P (A", —icy) TT7 1 € P(A, o)
= (=1 . — = ‘ dA. (7.3.5)
U(N) [T4=1 Pn(A*, —ing) [Ty Pn(A,i0y)

Similarly (trivially) the right hand side becomes

k(2k—1
H e 2 Zz 1 QYkH1— Z_’;:l aj) w
da] k12 (2mi)2k

k k k k
x]{“.%e%( W =, witt) ITj=i [Tz 2(wj — wit) [ger T2y 2(7g + 1)
H] 1H7' 1Z(wj+5)Hz 1Hq 1 2(—Wrt1 + 0q)
A(wl,...,ka)znz.ﬁ de]

=1
X J

2k 172k (7.3.6)
Hj:l =1 (W — ay)
Subsequently, equating ((7.3.5) with (7.3.6) and setting a3 = -+ = ap = @, Qg1 = -+ = Q9 = —q,

and all 7,6 = «, with Re(«) > 0, we find that

o (PJV(A*Z —ia) P}y (A, —ia) ) ¥ —2akgy

(Zz PESES U ZJ 10‘J)(_1)k(2k_1)

k122712

k k k k
X%%e%( k 1 Wi— Zz 1wk+l) HJ 1Hl 1Z(wj7wk+l)Hq 1H'f’=1 Z(V‘IJF(ST)
H] o 2wy + 6 T 1Hq 1 2(— Wit + 0g)
XA(wl,...7w2k)2 H?il dwj>

I
<
Il
—_
SN
(ol S9
o
/\
m‘z

e . 7.3.7)
2k 2k —= (
[12 [T (wr — o) Ok magy = o

Nn=-=rr=a

61:--~:6k:oz

Notice that the left hand side of (7.3.7)) is essentially the logarithmic derivative we wish to evaluate.

183



Now we compute the derivative with respect to the a; in the right hand side of (7.3.7) using (see also
the procedure ([7.2.21)) used to prove theorem |7.1.1)

d +Na/2 +Na/2 1 N
a_° =_° Yo x| (7.3.8)
da]l;j(w; —a) I[;(w; —a) ~ (wj —a) 2

J

Employing (7.3.8) to the right hand side of (7.3.7) and applying the substitutions of the «;, v;, d;, we
obtain

Pl (A%, —ia) P (A, —ia)\" _
-1 k N ’ N\ 2ade
( ) /U(N) <PN(A*7_ia) PN(A,—ia) €

(-1 —Nka k?

k k
x ]{...y{e%(zﬁlwrzﬁlwwz) _ iz e Zi“’j ~ Wirt)
Hj:l z(wj + @)k [T_) 2(—wksr + a)*
2k 1 NNk 2k 1 N\F 12k
Afwy, ... aw2k)2(2j:1 w—a 7) (ijl w; o + 5) Hj:l dw;

125, (w; — )k (w; + o)k

X

(7.3.9)

To determine the leading order asymptotics in N, let a = a/N, with a = o(1) as N — oo, and
substitute w; = au;/N. For large N, we can now simplify the integrand by replacing each occurrence
of the function z(x) by 1/z, see (7.2.2). The double product involving z(w; — wiy;) thus cancels a

k

portion of the A(ws, ..., wak)?, up to a factor of (—1) 2, and so we let

q(wl, ey wgk) = A(wh N ,’LUQk)A(wl, PN 7w;€)A(wk+1, ce ,w%), (7310)

S0 ¢ represents the surviving parts of the Vandermonde squared term in the integrand and q(%) has the
equivalent meaning to . As in the previous section, we can introduce extra variables L; and pull
out the polynomial ¢ from the integrand as a differential operator, see the calculations after .
Similarly, the factors containing z(z) in the denominator cancel some of the (w; — a)(w; + o) factors
in the denominator, again up to a (—1)’“2. Carrying out these steps, and cancelling out the powers of
a that can be pulled outside the integral, becomes

* - q - a k
(71)k/ <P]/V(A*7_Z];7) P]/V(Av _Z]Z)) B_Qk%dA
vy \Pn(A*, —i%) Py(A, —ig)
(71)1C 7akN2k a
~ et 2w 1 0F)

2k 2k
d 2% 1 1\* 1 1\
il >t uij( _ ,) ( ,)
Xq(dL)f %(e ;auj—a 2 jzz:lauj—i—a—’_Q

(7.3.11)

du1 tee dUQk
X TR 1)k T2k 1)k a
[T (uy — DF T (wy + 1) Ly, Le=3%

Lit1,.., Lok=—5%

where the contours of integration enclose +1.

Introducing more variables t1, t2, similarly again to the method used in proving theorem [7.1.1] see
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(17.2.26]), the right hand side of (7.3.11)) can be written as

k12(2mi)2k2k* \ q
€Xp U’JL + U 71 + uJ+1)
dur - duge| |, (7.3.12)
Ligt1,-- Lok=—%
t1,t2=0

Xq<dL)~% j{H]  (uy — ’“kak+1(ug+1)

where the contours still encircle +1. Now, the 2k dimensional residue above can be separated into a

product:
exp ujL + 5 u1+1>
duy - - dugy, = f(L (7.3.13)
o2k ]{ % 2% 1o OUzk = H H 9(L
(2mi) H] ((uy = DRI k+1(“3 + 1)k =kt 1
where
(L) = — exp<UL+ 1Jr“tjl)d 7.3.14
J(L) = 2m‘j£ (u— 1)k “ (7.3.14)
and ( )
t1 to
1 exp (ul + 27 + o
L)y=— du. 7.3.15
9(L) 27rij{ (u+t 1)F “ ( )
We now use the technique of lemma 2.2 from [47]. That lemma reads as follows (using consistent
notation)
f) FO(1) FEEDQ)
CICIRCIEY 7 )
o : : :
d (k—1)(1 (k) (1 (3k—2)(1
q|— Hf(zj) =k!? det ! () S ! S . (7.3.16)
dL =1 z1=--=2p=1 2kx2k f(_]') f(l)(_]') f(Qkil)(_l)
b= =mak= FO(-1) fO(=-1) FER (1)
D=0 f9(=) FERR(-1)
Hence, adapting (7.3.16]) we find that (7.3.11)) becomes
a > a k
(_1)k/ ( ( Zg) PI/\/(Av _'L];])> 6_2k7dA
U(N) ( ,—iw) Pn(A, —i%
k 7ak N 2k
a 2k2 a
d\" alz=t) flti=2)(9)
— 1 O (%)) det 2 7.3.17
(dtl) <dt2> [ +0 (%)) 2ok (Q(Zﬂ 2)(7%) t1,t2=0 ( )
where the first k rows of the above matrix (1 < i < k) have entries f0+7=2)(2) in column 1 < j < 2k,
and the last k rows (rows i + k, with 1 <4 < k) have entries g("+7=2)(—%), in column 1 < j < 2k (see

the pattern evident in the determinant in (7.3.16)).

In [14], we also study the determinant obtained here from the point of view of Riemann-Hilbert

problems, see section 7 in that paper.
Next, we drop the factors e*(*>~%1)/2 and e~%* in the right hand side of (7.3.17)) as they do not affect
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the asymptotic since a becomes small as N — co. We also approximate, in the integrands, e=**/2 by
1+ au/2. One might think that to obtain just the leading order asymptotic for small a, the +au/2
would not be needed. However, this turns out to be incorrect, since if we just approximate by 1, i.e.
without the term +au/2, the resulting determinant is magically independent of ¢; and t5, and does not
survive the differentiation (lemma below.

Thus, the leading order term can be simplified to

k k
(=1)% (N\** [ d d
~— | — —_— —_— det M 3.1
ok? a dty dto ok ok t1,t2=0 (7.3.18)
where the matrix M has entries in the top k rows of
1 (]. -+ %)ui+j72 exp (ut_ll + uiiil) 7319
Py W—1)F v, (7:3.19)
and entries in the final k£ rows of
1 =% i"2exp (utjl - uﬁﬁl)
— du. (7.3.20)

2mi (u+1)k

Returning to (7.3.17)), dropping the exp(—2ak/N) in the left hand side as it does not impact the

leading asymptotic when N is large, we have determined,

, 2% 2% k k
o sl e Q) (2
vy | PN 2 a dty dts 2k X 2k

as N — oo with a = aN — 0.
Consider now the factor 1 & au/2 that appears in the entries (7.3.19)) and (7.3.20). The role of this

factor can be analyzed using the following multi-linearity property of determinants. Let A be an n xn

X (1+0(a)) (7.3.21)

t1,t2=0

matrix, let aq,...,a, denote the rows (or columns) of A, and let v be an n-dimensional vector. Then

for any scalar z,
det(a1,...,a; +xv,...,a,) = det(A) + zdet(as,...,v,...,a,). (7.3.22)

Expanding in this fashion, the 14 au/2 results in two determinants for each row, so 22* determinants
altogether. We can encode the choice of term for the row in the vector r = (rq,...,ro;), where r; is
the choice of either 1 or au/2 for 1 < j < k, and r; similarly is 1 or —au/2 for k +1 < j < 2k. The
lemma below describes what happens in the simplest of cases, where we select, for each row, just the
1 from 1+ au/2, i.e.

r=(1,1,...,1). (7.3.23)

The proof, along with that of lemma [7.3.3] which deals with the more complicated question of mixing

choices of 1 and +au/2, will be given in the next section.

Lemma 7.3.1. We have

itj—2 tq to

1 u Cxp(r-‘rT)

det i § ) I _o)k? 7.3.24

ohxzk | 1 w2 exp( A+ .21 =(-2)". (7.3.24)
%3§ (ut+1)F du

k k
Thus the determinant in the above lemma, does not depend on ¢; or t2, and, on applying ( d ) (i> ,

dty
does not contribute to ([7.3.21)).
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Now that we understand what happens when just the 1 is selected from 1+ au/2, we next examine
the contribution from the +au/2 terms. We will only consider those determinants that are obtained
by a single selection of these terms along exactly one of the rows (as in expansion )7 as these
are the determinants that will result in the main asymptotics of size N?¥/a?*~! (each row for which
we select +au/2 increases the power of a by 1, by , which will contribute to the asymptotic
described in ) Hence, we are only considering

k k
——
r=~1,.. 1,91 11,00, o (7.3.25)
r= (1. L1, =) (7.3.26)
k
k

Selecting this term for each entry in a specific row has the effect of incrementing the power of u in
the numerator of the corresponding integrands from i+ j — 2 to i + j — 1. This then matches with the
entries in the row below, giving a zero value for the determinant, unless the selected row is row k or
2k. The next lemma summarizes what happens in either of these two cases. First, however, we give an

example for small k.

Example 7.3.2. Let k = 3. Then select au/2 for the second row, i.e choose r = (1,au/2,1,1,1,1).
The yields the following determinant (multiplied by a/2)

1 EXP(%JF%) 1 uexp(ut%+ut72) 1 “2exp(utf1+ut—2)
ijg#du Tmf#du Tmf#du
2 tp ty 3 t] to 4 t '
1 u” exp( g1+ttt 1 u?exp( o2+ o2 1 ut exp( A+ 2
ﬁf((ul—ll)?’uﬂ)du ﬁff((ul—f)au“)du %§&7—5de

2 t1 to 3 t1 to 4 t to
1 u® exp( gy +of7) 1 u® exp( oy + 21 ) L 't exp( 2+ 221 )
o g e g s du

det : ¢ =0, (7.3.27)
1 exP(uflJruiz) 1 uexp(:%qufi?) 1 MQeXP(ut%Jrut—z)
A ey B L8 A ==V L 7K R (= B
1 g uexp(ati+ady 1 pvlep(Prtot 1 pulexp(Prtoir
%fw?,'u)du %‘fWMdu %fWS‘H)du

2 ty ta 3 t1 ta 4 ty to
1 u eXP(ﬁ+T) 1 u eXP(?ﬂLT) 1 u exp(?JrT)
ﬁf (u+11)3 L du i fﬁ 4(1”_11)3 o du i ff 4(1“_11)3 o du
since the second and third rows are identical. However, if we chose —au/2 in the last row (or equally,
au/2 in the third row) then the determinant is no longer zero. In terms of r, this choice is encoded as
r=(1,1,1,1,1, —au/2) and the determinant now equals (multiplied by —a/2)

to

_t1 2 t1 oy to
i, gy, e,

1 f uexp(%+utf+21)du 1 § UZ@XP(%+J7+21)du 1 § u3eXP(%+ut7+21)du

27 (u—1)3 271 (u—1)3 271 (u—1)3
t t : t t t t
1 g uten(ittat) 1 g uten(ittat) 1 guten(ittat)
i ¢ 1)3 du 5§ 1)3 du 5§ 1)8 du
det i (u—1) i (u—1) i (u—1) (73 28)
t t t t t t e

1 § eXp(u_ll""ujl)du 1 f uexP(u,_11+1H2—1)du 1 f u? eXp(T_lﬁ-ﬁ)du
27 (u+1)3 27 (u+1)3 27 (u+1)3

L puen(ihiegt) 1 prerliegh) g el )

271 (u+1)3 27 (u+1)3 27 (u+1)3
1 gewletad) g, 1 gutew(aitady) g, 1 g wtenlartain) g,
27 (u+1)3 27 (u+1)3 27 (u+1)3

187



The next lemma gives the value of the determinant in both the cases that

k
r=(1,...,1,%,1,...,1), or, (7.3.29)
r=(1L. 11, e (7.3.30)
k
k

Lemma 7.3.3. Let M) be the matriz identical to the one displayed in (7.3.24), except that the power
of u in the numerator of each integrand is i + j — 1 along its kth row, rather than i+ j — 2 (i.e.
r=(1,...,1,au/2,1,...,1)). Then, det MX) is a polynomial in t; and ty of degree 2k, and satisfies:

k2—2k
det M®) = k2

= g ) T )+ On] + [, (7.3.31)

Furthermore, let M%) be the matriz identical to (7.3.24)), except for its 2kth row features u instead of
the poweri+j—1 (ie. r=(1,...,1,1,...,1,—au/2)), then

k 2k2—2k

MO - <2
det K22k — 1)

(tr +12)% + O(([ta| + [£2)**71). (7.3.32)
We have therefore proved that, to leading order, the only contribution to the main term comes from

selecting either the kth row or the 2kth row from the multi-linearity decomposition of the determinant

of M. Hence, as N — oo with a = aN — 0
P! 2k 1 /N\2k
U(N) PN 2 a

d\*/ d\*|a a
x(—] (=—) |= det M® —= det ME
dty dtsy 2 2k x2k 2 2kx2k

x (1+0(a)) (7.3.33)

t1,t2=0

2ty + t2)%F + O((|t1| + |t2|)2k1)]

t1,t2=0
X (1+0O(a)) (7.3.34)
2k ok
_ <JZ) 2(161)12(2%—1) 2(2k)! % (1 + O(a)) (7.3.35)

_ 2%k
- 2(1615%1)!2! gzgzm x (1+0(a)) (7:3:0)

_ 2%k
_ (2:_ 12> (mﬁﬁ % (14 0(a)). (7.3.37)

So we have (7.1.13]).

7.3.1 Proof of lemma|7.3.1

Recall the statement of the lemma,

t

L ¢ wH P exp(5dy+ ) o

_ U 2

det Zmi itj—2 (u_lzk to = (_Q)k : (7338)
u' % exp( iy oty

2k %2k %m f (upJElu)kl +1)du

We first establish that the determinant in ([7.3.38)) is independent of ¢; and t5 by showing that its
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derivative with respect to either variable is 0.

When we differentiate with respect, say, to t; we get a sum of 2k determinants of the 2k matrices
formed by differentiating the entries of a specific column of the original matrix. We will show that
each of these 2k determinants is 0. The jth of these determinants has the entries of its jth column
differentiated with respect to 1, and they are equal, in the top half of the matrix (in the ith row, with
1<i<k),to

iti—2 ty to
]. U exp (ufl + u+1)
— d 7.3.39
2714 /|u_2 (u— 1)k+1 u ( )

and, in the bottom half (in the (k + 4)th row, with 1 <4 < k),

i+j—2 t to
]. u exp (ufl + u+1)
i du. 7.3.40
i e D@1 (7340
If we select the first column, i.e. j = 1, the integrand of each entry in this column is of size

O(|u|=2), as |u| — oo. This is because the numerator in (7.3.39) or (7.3.40) is at most O(|u|*~1), and

the denominator is O(|u[**1). As |u| — oo, the length of the contour grows proportionally to |u|, hence

taking a large contour shows that each entry in this column is 0, and hence the determinant is 0.
Otherwise, if the column being differentiated has index j > 1, we can show that the resulting
column is a linear combination of columns 1,...,j—1 (and therefore again, the determinant is 0). For,

if we add the first 7 — 1 entries in the ith row of the top half of the matrix, we get

du.  (7.3.41)

1 %j_l ui+172 exp (ut—ll + 1;2-1) o 1 uiil(ujil - 1) exp (ut—ll + u?—l)
2,

£ (u—1)F R (u— 1)k+1

This nearly matches ([7.3.39)), the difference being

i—1 t1 to
1 u exp (ufl + u+1)
—Mf = du, (7.3.42)

but by argument above, the integrand is O(|u|~2), hence (7.3.42) equals 0.

Similarly, the sum of the first 7 — 1 entries in row ¢ in the bottom half equals

1 rituttZexp (utjl + Jﬁl) 1 u T w = 1) exp (“t*ll + “tjl) d 7.3.43
27 =1 (u+ 1)k Y= om (u+1)*(u—1) " (T34

Again, the difference between the right hand side above and ([7.3.40)),

1 u' " exp (ut—ll + ut-il)
2mi (u+ 1)k (u — 1)

du, (7.3.44)

equals 0, because the integrand is O(|u|~2).

We have thus shown that the jth differentiated column is equal to the sum of the first 5 — 1 non-
differentiated columns, and hence by multi-linearity, the corresponding determinant is 0, as claimed.

A similar computation shows the derivative with respect to to of the determinant in the lemma
equals 0. This also shows that it is not enough to approximate the exp(+au/2) term in by just
1.

Having established that the left hand side of is independent of t; and t5, we can determine

its value by specializing t; = t5 = 0, in which case we can evaluate the residue at w = 1 and the top &
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rows have entries

1 [ witi=2 i+j—2
R - = <3< <5< ..
27ri_7{(u—1)kdu < K1 >, 1<i<k, 1<j<2k, (7.3.45)
and the bottom k rows have entries
1 [ w2 " itj—2
_p ——— du = (—1)IkL <i< < j < 2k. 3.
27ri%(u—|—1)kdu (-1 ( k1 ), 1<i<k, 1<5<2k (7.3.46)

The first identity is easily obtained by writing u'*7=2 = ((u—1)+1)**/~2 and extracting the coefficient
of (u—1)*=1. The second identity follows similarly by writing u'*7=2 = ((u 4 1) — 1)it72,
Next, we can pull out (—1)~%~1 from each of the bottom k rows of the determinant, and as k(k+1)

is even, these powers of —1 altogether give 1. Hence we have shown that

o
(W50)
1 witi—2 eXP(ut_l1+ut7+2-1) 1<i<k,1<5<2k
det | 2™ i (w—1)F Y = det (7.3.47)
2k %2k 1 “i+j729"p(ut—11+ut+2-1)d - . ' e
i $ (ut1)F u (—1)itd (1?:12)

1<i<k,1<5<2k

For example, the matrix (7.3.47)) for k = 3 is the following.

O G @ ¢ O ©O) (oo 1 3 6 10
SRR NAEEES
; DG 5 s 51 (1 3 6 10 15 2
O -0 6 0O -0l oo 1 s 6 w0 T
0 -0 G -0 O] |01 s 6 -0 135
-0 & -0 0 -0) \t -6 -0 15 -2

Notice the symmetry between the top and bottom half of the matrix, as well as the ‘chequerboard’
pattern of —1s in the bottom half.

The aim is now to manipulate the determinants of matrices of the type shown in in to
a determinant that has already been computed. Namely, the result will follow from the following
calculation of Conrey et al. [46] (c.f. (2.7.14) in that paper),

OB e N ) () AEEI Gt DA (S
@ EDRGR)

2

=(=2)". (7.3.49)

(Qko—l) (le—l) . (Qkk_—ll) 7(2k0—1) (le—l) . (71)k (Qkk_—ll)
In the top half of the matrix from , starting from row k and working up, we subtract row

1 — 1 from row ¢, i = k, ..., 2 and use Pascal’s identity:

n n—1 n—1
() (- (7)) a0
This decreases by 1 both indices of the binomial coefficients in all elements of rows 2 to k but does not
change the determinant. The first row remains unchanged. An example of this method can be found
below, see example [7.3.4] In the bottom half, instead of subtracting, we add row i — 1 to row ¢ for
i=kk—1,...,2
We then repeat the procedure, but this time on rows ¢ = k,k — 1,...,3, (this time reducing both
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indices of the binomial coefficients in all except the first two rows) and so on, until we have row reduced

the matrix to the following form:
0
(1)

©)
()

det

(_1)k+1(8)

Gy

(4
- (zkk_—l1

(_1)3k:(2k1

)

0

)

Example 7.3.4. Let k= 3. Then by (7.3.48) the matriz (7.3.47) has the form

N N N

NEASANNON &SN WND N

—~
[\l )
~—

— N W — — —

-G (

-(3)

()

(2)

We subtract row 2 from row 3, add row 5 and row 6, and apply Pascal’s identity,

O N N U '

~—

~—

(7.3.51)

(7.3.52)

(7.3.53)

repeating this procedure, we can subtract row 1 from row 2, add row 4 and row 5 and apply Pascal’s

identity again, giving

N N /S
P

Hi= AN NOHFE~RONO

~
—~

—_— O — —
NP R AN RNNRE R R
N N~ N N

—~
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~—
N N N

HF WA ~AANNRFE W NN N
— = DN N
~—

~—
—~

—~ | A~~~ /N
ANE W SN HE R WD W

N S /S
N N

~—

RO~ N RO BN
~—

~— =R e N~ N
—

AN R UL SN EON N O
= O N Ul N

R e N W N N

~—
—~

NN

(7.3.54)



and finally, we can repeat the whole procedure once to reduce rows 3 and 6 (i.e. take the new row 2
from row 3 ete.) to find

AAA
A~ N N

(7.3.55)

N N S
N N N
N N N

~—
~—
—

SO —~NNOOOHONO

ON A SNNNONFNDNN

~
—~
~
—~

O NN ARO R BRNA
~—
—

AN AN O RPN

AN FEF W AN O W Wh W

O W N W —r ~—

~~—

N NG N N
O R ~— NP ~—
o NN O
o N O
SEUG‘E@@U

—
~—
~
~~
~—

This is in the form of (7.3.51)).

We now rearrange the rows so to match ([7.3.49). An interchange of any two rows changes the
determinant by a factor of —1. An even number of row swaps (the same for the top and bottom halves),

and pulling out (—1)*~! from each of the k bottom rows therefore does not change the determinant,
but transforms it in to the form of (7.3.49). Hence

1 § ui+]'72exp(“tf11+ut%>du

det 2mi it+j—2 (u—l%f t = (_2)k2 (7.3.56)
Ex 2k u’ exp r-‘r% ’
2kx2 ﬁ f (u_;,(_l)kl +1)du

as required.

7.3.2 Proof of lemma [7.3.3

The method for proving lemmal[7.3.3| begins similarly to that of lemmal[7.3.1} We first recall the statement
of the lemma. Let M®) be the following 2k x 2k matrix

ty to k—1 t] to
1 exp( —y+ 57 1 u exp(—Ll- -2
57 f Wdu e 5 f (u(ful)}v u+1)du
k—2 t1y to 2k—3 ty ., by
ﬁfu eX(I;(jf)i""qul)du ﬁfu e)((z(:i;kl—i_wrl)du
(k) . 1 u® exp(%-l—i) 1 uz’“*lexp( o +t72)
M= 5 é Wd“ oo d — (“(_El)kl ’::1) du | (7.3.57)
1 exp(a_1tags 1 u” o exp(a—rtagT
o § G d i § it du
k=1 31 t 2k—2 t1 to
1 u eXp(r‘Fui) 1 u exp(r-{-T)
i § CE= A ) i du

(i.e. the matrix (7.3.24)) but with the power of u in the integrand of the kth row replaced by i+ j — 1).
Then we have to prove that

k2k272k

det M® = =
¢ (K)2(2k — 1)

(t1 +12)2% + O((Jta] + [t2])* 7). (7.3.58)
Similarly, for the equivalent statement and definition of M(2¥).

We will first prove that det M(®) is a polynomial of degree 2k in ¢, and t5. Our strategy is to show
that the (2k 4+ 1)-st and higher partial derivatives are all 0. This is achieved below with the help of
lemma, proposition and proposition Then in proposition we determine the value
of the coeflicients of the terms of order 2k.

Differentiating our 2k x 2k determinant with respect to either variable produces, as in the proof of

the previous lemma, a sum of 2k determinants where the entries of the resulting matrix are identical
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to the original, except that the jth determinant has the entries of its jth column differentiated. If we
repeatedly differentiate at least 2k + 1 times in total with respect to the two ¢ variables, we get a sum

of determinants, each one specified by two lists of non-negative integers
{ma,...max} and {n1,...n2x}, (7.3.59)

such that
mi+ -4 mog +nq + -+ no > 2k. (7.3.60)

Here m; is the number of times that column j has been differentiated with respect to ¢; and n; is the
number of times column j has been differentiated with respect to ts.

Thus we are looking at the determinant of the matrix with upper entries

itj—2 t to
G G
— d for 1 <i<k,1<j<2k; 7.3.61
201 fugee @ DF Gy 0 Pristebisis o (16
k—1+7 t1 to
Lo w e (G 4 )
— du, fori =k, 1<j<2k; 7.3.62
271 [u|=2 (U — 1)k+m-7 (’LL + 1)”7 J ( )
and lower entries
i+j—2 ty to
G G
— d for 1 <i<k 1<j<2k. 7.3.63
i fyo DG TR e Prisishisis (7369
To facilitate this discussion it is helpful to let
T t1 to
1 U’ exp <u7 + 3 )
I(r,E,G) = — L (7.3.64)

27T’L' |u|:2 (U — l)E(u + 1)G

Note that if E + G > r + 2 then, as in the proof of the previous lemma, I(r,E,G) = 0 — see the
argument after ([7.3.39). Also, we have two easily proved recursion formulas:

InE,G)=Ir-1,E-1,G)+I(r-1,E,G) (7.3.65)

and
I(r,E,G)=I(r—1,E,G—-1)—I(r—1,E,G). (7.3.66)

For example, one shows (|7.3.65)) by observing

Ir-1,E-1,G)+I(r—1,E,G)

r—1 t ts
1 oo exp |\ g0y T aft 1 1
== ( — ) ( — ) du  (T3.67)
270 Jjy)=2 (u+1) (u—1) (u—1)
r—1 i1 to
1 U exp | 5= + ”
- ( — ) — du (7.3.68)
271 |u\:2 (U+1) (U— 1)
= I(r,E,G). (7.3.69)

In general we are interested in the following collection of matrices

Definition 7.3.5. Let M = My, be the set of 2k x 2k matrices M = (M; ;) where each entry M; ; is
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given by the integrals

M; ;= I(ri;, Ej, Gj) (7.3.70)

1 u'I exp (util + utj1) p
=% e @ DE (et DO

u. (7.3.71)

Note that the exponents in the denominator of the integrand, E; and G, depend only on the column
index, j. Moreover, for the definition of M we require that each column have a similar structure

regarding the exponents r; ;, namely that
Tij =Cj T (7.3.72)

where cj,r; € Z.

For the particular form of matrix we are interested in, the derivatives of M® given by (7.3.61) to
(17.3.63), we could define, for example,

ri=i—2 for 1 <i <k, (7.3.73)
rr=k—1 (7.3.74)
ri=i—k—2 fork+1<i<?2k, (7.3.75)
;=] for 1 < j <2k (7.3.76)

in the definition of M, ;.
Let us define the degree of M; ; as

di,j = Tij — Ej - Gj. (7377)

We will also sometimes refer equivalently to the “degree” of I(r; ;, E;, G;).
We call the degree of the Jth column

Dy =D,;(M) :=maxd, j, (7.3.78)
i.e. the maximal degree of any entry in the column. We define the total degree of M to be

2k
D=D(M):=> D,. (7.3.79)
J=1

Note that any column with D; < —2 is a column of zeros by the usual argument of considering the

size of the integrand.

If we apply one of our recursion formulae, (7.3.65)) or (7.3.66|), to each entry in a particular column

then each entry in that column is a sum and we can split our determinant into a sum of two determinants
using multi-linearity (see (7.3.22)) along that column. One determinant will be of a matrix with the
same degree as the original matrix and one will have a degree that is less by 1. This idea is utilised in

the following lemma.

Lemma 7.3.6. If the matrixc M € M (see deﬁnition has two equal column degrees, say D j(M) =
Dj/(M) for some J # J', then there exists a matric M’ € M such that det M = det M’ and D(M') <
D(M). This means that we can replace the determinant in question by a determinant of a matriz of

lower degree.
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Proof. Assume that we have D;(M) = Dj (M) for some columns J and J’. Due to the structure of
the exponent r; ; = r; + ¢; in , this means that d; ; = d; j» for all 1 < ¢ < 2k. Using the
definition of the degree d; ;, see , this means that ¢y +7r;, — E; —Gjy=cy +7r;— Ejp — Gy or
equivalently

cpp=cy—(Ej—FEp)—(Gy—Gy). (7.3.80)

Assume for convenience that E; > F; and G; > G/, but all other orderings follow in exactly the

same way. Then using (7.3.65|) and (7.3.66) we act on each element, indexed by 1 <4 < 2k, in column

J in the following way

I(TLJ,E‘],G']) :I(CJ+7"i,EJ7GJ) (7381)
=I(csj+r;—1,E;—1,Gy) + lower (7.3.82)
=I(cs+r;—2,E;—2,Gy) + lower (7.3.83)
=I(cj+ri—(Ey—Ey),E;,Gy)+ lower (7.3.84)
= I(CJ+7’i — (EJ 7EJ/) -1, E;,Gy— 1) + lower (7385)
= I(CJ+Ti - (EJ _EJ/) —-2,E;,Gy —2)+lower (7386)
= I(CJ +7r; — (EJ - EJ/) - (GJ — GJ/),EJ/,GJ/) + lower (7387)
= I(CJ/ + 7, Egr, GJ/) + lower, (7388)

where lower denotes a matrix element of lower degree. This is true for any row i, so we separate
the determinant using multi-linearity so that we have the sum of two determinants, one with I(c; +
i, E7,G ) replaced with I(cy + 7, E;:,G ;) in each element (i,.J) and the other with the (i,.J)"
element replaced by something of lower degree. The former determinant is zero because it has two
equal columns (namely J and J') and the latter is a determinant of a matrix of lower degree than
M. O

We continue, in the following two propositions, to eliminate cases where the determinant is zero.

Proposition 7.3.7. For M € M, suppose that the total degree of M, D(M) < 2k* — 3k. Then
det(M) = 0. Furthermore, if D(M) = 2k* — 3k and det(M) # 0 then it follows that the column

degrees, in some order, take distinct values from —1,0,1,2,...,2k — 2.

Proof. We may assume that no two columns have equal degrees or else we apply lemma [7.3.6] and
reduce out of that situation. Next, if D; < —2 for any J then we have a column of zeros and the
determinant is zero by the usual argument. Then the minimal total degree for a matrix with non-zero

determinant will occur when the column degrees are (in some order) —1,0,1,2,...,2k — 2. However,
—14+0+1+---+(2k—2) = 2k* — 3k. (7.3.89)

O

Now we specialise to the case described by (7.3.61))—(7.3.63|) with the following proposition.

Proposition 7.3.8. Suppose that m; and n; are non-negative integers for j =1,...,2k such that

my—+ -+ mop+ny+---+nop > 2k (7.3.90)
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and let M = (M; ;j)1<i j<ok with

I(i+3j =2,k +my,n;) if1<i<k—-1,1<j<2k
Mij=1(i+j—1k+mjn;) ifi=k1<j<2k (7.3.91)
I(i—k+j—2,mjk+n;) ifk+1<i<2k1<j<2k

Then det M = 0.

The same is true if the matriz in question is

I(i4j—2,k+mj,n;) ifl1<i<k1<j<2k
Mij=I(—k+j—2mjk+n;) ifk+1<i<2k—1,1<j<2k (7.3.92)
IGi—k+7—1,myk+n;) ifi=2k1<j<2k

Proof. Notice that the matrix M = (M; ;) defined by is exactly M®) and the matrix given in
is M(?%) (see for example ) Thus, the statement of the lemma concerns differentiating
M@ (resp. M(2¥)) more than k times with respect to either ¢; or t,.

As the degree of I(r; j, E;,G;) is r; j — E; — G; by (7.3.77), it is easy to check in that the
maximal degree for each column comes from the entries in the kth row, and in the maximal
degree comes from entries in the 2kth row. In either case, for the Jth column, the largest entry is in
either the kth or the 2kth position and we have

DJ(M):J—l—mJ—nJ (7393)
and
2k 2k
D(M)=> D;(M)=2k>—k—> (my+ny) <2k* -3k (7.3.94)
J=1 J=1
By proposition we have det(M) = 0. O

Remembering that m; is the number of times that column j has been differentiated with respect
to t; and n; is the number of times column j has been differentiated with respect to t2, we have thus
shown that all (2k + 1)st and higher partial derivatives of det M(¥) in lemma [7.3.3[ are 0. Therefore
det M®) is a polynomial of degree at most 2k in ¢; and ts.

Next we determine that det M(®) is a polynomial of degree 2k in t; and ty by identifying the
coefficients of the terms ¢t} of degree a + b = 2k. Consider a mixed derivative % % of det M®) and
set t; = to = 0. As before, we get a sum of determinants, where each determinant is associated to
one of the ways in which we can differentiate the columns of det M(®) with respect to t; (a times) and
with respect to to (b times). The following proposition describes what happens to a single one of these

determinants.

Proposition 7.3.9. Now suppose that we have the same matriz M defined at (7.3.91)) except with
my+ -+ mok +n1+ -+ nop = 2k, (7.3.95)

i.e. the total degree is 2k* — 3k. If the determinant is not zero, then

2%k — 2
det M = j:( 1 )2““1)2. (7.3.96)

The same is true for a matriz of form (7.3.92)).
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Proof. We begin with M defined by (7.3.91)) (so M = M®). Let p; := my + ny for each 1 < J < 2k.
Consider the top half of the matrix, 1 < i < k and apply the usual decomposition of the Jth column,

M; g =1(rig. k+my,n;) (7.3.97)
=1(rig— 1, k+my,ny;—1)+ lower (7.3.98)
=1I(r;, g —ny,k+mys,0)+ lower (7.3.99)
=1I(riy —ny— L k+mys—1,0) + lower (7.3.100)
=I(ri.s —ng —my,k,0) + lower (7.3.101)
= I(ri,s —ps, k,0) + lower (7.3.102)
— <”’,§_f J> + lower, (7.3.103)

where 7; ; is as defined by (7.3.91)) and the final evaluation is done by a simple residue calculation of
the integral I,

1 urI TP exp (ut—ll + ut—il)
I(rig = ps,k,0) = o s @) du (7.3.104)
1 yrid —PJ
= —d 7.3.105
2mi /|u_2 (u— 1)k “ ( )
Ti,] —PJ

=(" 7.3.1

( ko1 ) (7.3.106)

where we set t1,t2 = 0 to determine the coefficient, and use ([7.3.45) to evaluate the integral.
In the lower half of the matrix, for k + 1 < i < 2k, we have similarly

M; g =I(rig,my,k+ny) (7.3.107)
=I(riy — 1,mg,k+ny —1) + lower (7.3.108)
= I(ri,; — ny,my, k) + lower (7.3.109)
= I(ri,; —ny — 1,my — 1,k) + lower (7.3.110)
=I(ri,s —ng —my,0,k) + lower (7.3.111)
=I(ri,; —pJs,0,k) + lower (7.3.112)
= (=1)rs—ps k-1 (TZI:__lpJ) + lower. (7.3.113)

Now we separate the determinant, as described at , so that we have the sum of two deter-
minants, one with the binomial coeflicients down column J and the other with a lower degree integral.
However, in the latter matrix, the degree of column J will be lower than the degree of the original
matrix M. Since the degree of M is 2k? — 3k and we ascertained in proposition that any matrix

with lower degree has zero determinant, we are simply left with the determinant of the matrix with

column J replaced with the binomial coefficients given in (7.3.97) and (7.3.107). We repeat this process

for each of the columns of M to end up with a matrix of binomial coefficients. Thus, we have shown
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that the determinant of M given by ([7.3.91]) is equal to the determinant of

(™) ("R o (bt
(’“jz’ﬁﬂ (i‘iﬁ"ﬁ‘“) = (ji‘j;ﬁk‘"k)
™) (TR - ™)
(_1)m1+n1+k+1(777]z1_71n1) (_1)m2+n2+k(1*7]?i;n2) ce (_l)mk+nk+k(k*17€i’bf*nk)
(_1)m1+n1 (.k—lzinll—m) (_1)m2+n2+.1 (k—znfl—nz) ... (_1)mk+nk+k—.1 (2k—2;in1k—nk)

(7.3.114)
Similarly, the matrix M given by ([7.3.92)) will be as above, except that the exceptional row will occur
in the 2kth row rather than the kth.

We will now refer to the “degree" of a binomial coefficient as being the degree of the integral I that

i, J—DJ
k—1

has the structure (7.3.91)) (or (7.3.92))) and no degrees have been changed by the processes of turning

it came from. So, the degree of ( ) is ;.7 — ps — k, and recall p; = m; + ny. Our matrix M

it into a matrix of binomial coefficients using (7.3.97) and ((7.3.107)). Therefore the degree of a column

is determined by the degree of the element in the kth row (respectively 2kth). In the kth (respectively
2kth) row - which, recall, always has the largest degree - 7,y =k +J — 1 (resp. ror, 7 =k+J —1) so
in either (7.3.91) or (7.3.92) the degree of the Jth column is Dy =J — 1 —pj.

Since the degree of the matrix is still 2k? — 3k, and the determinant is not zero, by propositionm

we have that the column degrees for J = 1,2,...,2k (which are governed by the value of the kth, resp

2kth row) must take the distinct values in
{-1,0,1,2,...,2k — 2}. (7.3.115)

For example, one way to arrange this would be to have mj +n; = p;y = 1 for all J, but this is not
the only solution. Thus the elements of the kth (see for reference) (resp. 2kth) row must, in
some order, take values (zj), (kfl)7 R (3kk:12) (resp. (2:1)7 —(kfl)7 (zﬂ), e —(3kk:12) for matrix
(7.3.92))), so as to achieve the required set of column degrees. If all the m; +ny; = p;y = 1 then the
elements occur in this order across row k (2k, respectively), but for other combinations of the pss they
will occur in a different order. Once the set of p;’s are fixed, then all the matrix entries are determined
and we end up with a column-wise permutation (implying an over all factor of +1 that we haven’t

determined) of the matrix with entries that for an initial matrix (7.3.91)) look like

(70 if1<i<k-1,1<j<2k
mi; =19 (7777 ifi=Fk1<j<2k (7.3.116)

(—1)HI (3T i k1 <i < 2k,1 < j < 2k

or for an initial matrix (|7.3.92]) look like

("9 if1<i<k1<j<2k
mij = (1) (IR iR+ 1<i <2k - 1,1 <5 <2k (7.3.117)

_17
(1)1 (H2R)if =2k, 1 < j < 2k.

Note that we take (,;11) =0, so that the (1,1) and (k+ 1,1) entries of the matrix are 0. For example,
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the matrix defined by (7.3.116)) is
-1
(+—1)

() ()
(9 () ()
() () () (13.118)
DR DM (—DF (D)
= e e

From (|7.3.118)), it is clear that the (k, 1)st entry of the matrix ([7.3.116)) equals 1 while all the other

entries in the first column are zero. Expanding the determinant of the above matrix along the first

column thus gives:

(—1)FF1 det

(%) (2-2)
() ()

(_1)k+1(k91)

(

e

1)

(o)

(—1)k+1 (2}5712)

(7.3.119)

Next, we notice that the new first column is zero except the last entry. Expanding along that column
we get the following (2k — 2) x (2k — 2) determinant:

(—1)F 1 det

(kil) e (2kk—_12)
G

(=D (20)

(

1)

(_1)k+1(2k—2

k—1

()

)

(7.3.120)

We arrive at the above matrix also for an initial matrix of form , but in that case the only
non-zero element of column 1 of is the +1 in the 2kth row, so expanding around that gives
—1 times the resulting (2k — 1) x (2k — 1) minor. In the subsequent minor from this first expansion,
the non-zero element of the new first column is a +1 in the kth row, so expanding round this element
give a sign of (—1)¥*1. Thus in the case we end up with the above determinant, but with the
overall factor of (—1)**+1 replaced by (—1)*.

Working now from ([7.3.120)) we apply row reductions using the identity (7.3.50)) and exactly the
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same procedure as in equations ((7.3.47)) to (7.3.56)) so that we arrive at

-1 k+1 det G) T (2k1_2) 7.3.121
( ) € (_1)k(ki1) . (_1)k+1 (2}5:12) . ( e )

EDGL) - DG

R

Example 7.3.10. For example, for k =3, the (2k — 2) x (2k — 2) determinant is

TR IR
R ECRNCEE RN R LR ) e
O -6 o -0/ -y

It is clear from both (7.3.121)) and example [7.3.10| that we can factor j out of the jth column, and

ﬁ out of both the ith row and the (i + k — 1)th row for ¢ = 1,...k — 1. This gives the following

(k82) e (2kk—_23)
(kg?,) e (2kk:33)
L2k =2 0 253 2k — 2\ 1)
(_1)k+ ( k-1 ) et (—1)(’“02k32) e (_1)(k+01 (Q)kk__;) - ( k—1 )2(k ) 7 (7.8.123)
(_l)kH (k83) e (_l)k (2kk:33)
(o) e =)

where the last step follows by pulling out (—1)* from each of the bottom k& — 1 rows (hence an even
power of —1), and then applying (7.3.49) with k — 1 rather than k.
Hence the determinant of the matrix with entries given in (7.3.116)) is equal to

(2: —12>2(,€_1)2. (7.3.124)

The matrix with entries given in ((7.3.117) is equal to

- <2:__12> (k=) (7.3.125)

O

: da® d° 2k _ 2k o . - . .
For a given & g (so > 5—ymy =aand } ;7 nj =b, with a+ b = 2k), we now wish to determine

the multiplicity of a given (p1,...,pox), where as usual p; = m; + n;.

For example, if k = 2, and a = b = 2, the vector (p1,p2,p3,p4) = (1,1,1,1) can arise in 24 ways.
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We have these patterns for (my, ma, ms, my) (n1,n2,n3,n4):

(m1,ma, m3, ma) | (n1,n2,n3,14)
(1,1,0,0) (0,0,1,1)
(1,0,1,0) (0,1,0,1)
(1,0,0,1) (0,1,1,0)
(0,1,1,0) (1,0,0,1)
(0,1,0,1) (1,0,1,0)
(0,0,1,1) (1,1,0,0)
However, each vector appearing here occurs twice when we carry out the partial derivative %;—é on

the matrix M®. For example, (1,1,0,0) gets counted twice, as we can differentiate the first column
and then the second, or else the second column and then the first. All the following arguments hold
equally well if instead of matrix M® we use the matrix with the modified 2kth row mentioned in
lemma [7.3.3]

Generally, the number of occurrences of (p,...,pax) obtained by applying %;—:g to det M(®) | ig
equal to the coefficient of ¢}* --- 52" in

b

(c1 4 +cop)(c1+-+eap) =(cr +- -+ CZk)2k~ (7.3.126)

The resulting coefficient therefore equals the multinomial coefficient
(2Kk)!
2k :
[1 =1 5!

Next we show that all of the +1 add up to 1. Recall that once the choice of (p1,...,p2xr), i.e. the

number of times we differentiate with respect to ¢1,¢s in each column, are fixed, then the determinant

(7.3.127)

of the corresponding matrix is equal up to £1, the determinant for p; = 1 for all J. We showed that, if
all the my+mn; = py = 1, then column degrees were, in order, {—1,0,1,...,2k—2}. However, for other
values of (p1,...,pox) they will be some permutation of this ordered set. If it is an even permutation

then the overall sign will be plus; if it is an odd permutation the sign will be minus.

Example 7.3.11. As mentioned in the proof of proposition [7.3.9, any given permutation o of the
sequence —1,...,2k — 2 completely determines the sequence of p;. For example, when k = 2 in total
there are 24 permutations of {—1,0,1,2}. Of these there are 8 permutations each of which give a
determinant value of +4. For these permutations, the lists of column degrees, D;, the corresponding
sequence of p; that produce that permutation, along with their signs and multiplicities (from )

are listed below. The sum of the multiplicity times the sign gives +1 as desired.

D; o Dj stgn | mult

-1 0 1 21 2 3 41 1 1 1 + 24
-1 0o 2 1/1 2 4 3|1 1 0 2 - 12
-1 1 0 211 3 2 471 0 2 1 - 12
-1 1 2 01 3 4 2|1 0 0 3 + 4
0 -1 1 212 1 3 4/0 2 1 1 — 12
0 —1 2 112 1 4 3]0 2 0 2 + 6
0 1 -1 212 3 1 4/0 0 3 1 + 4
0 1 2 —-1(2 3 4 1|0 0 0 4| -1 1
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From the column of permutations denoted by o, we see that the legal permutations of {1,2,3,4} are

01,092,03,04 such that o1 < 2509 < 3;03 < 4;. The reason for this is that p; > 0 and
pi=j—1-Dj=5+1-0;. (7.3.128)

The remaining 16 permutation give a determinant of 0. One can see this by the following argument.

Take for example, the permutation o = (4,3,2,1). This is not a valid choice (i.e. it yields a zero

determinant) because, using (7.3.128)
(plap2ap3ap4) = (_27072a4) (73129)

contains a negative value of p; = m; + n; (recall that m;,n; count the number of times a derivative

is performed, c.f. (7.3.59) ).

Using example [7.3.11} we can see more generally that the legal permutations of {1,2,...,2k} are
01,09, ...,09, With 01 < 2;09 < 3;03 <4;.... The reason is as described within example the
other permutations would force at least one m; +n; = p; <O0.

So what we still have to prove is that

(2Kk)! ZS: Hr‘fil(sji(? i 1. (7.3.130)

o;<j+1
However, the sum in the above equation is the determinant of the 2k x 2k matrix, denoted by Cyy,
whose (4, j)th entry is 1/(j +1—14)! if ¢ < j+ 1, and 0 otherwise (because of the restriction o; < j+1).

For example, the matrix Cg equals:

13 & o
NEREE
b1t é 2 (7.3.131)
o0 1 1 3 ¢
000 1 1 3
00 0 0 1 1

We can put Cyy, into triangular form by subtracting ¢ times row ¢ from row i+1, fori =1,...,2k—1.

Letting [ = j — ¢, one can prove inductively, one row at a time, that the resulting entries are equal to

1/(I1(1 ++4)) if j > i and 0 otherwise. In particular the (7,7) diagonal entry equals 1/4, and hence

det Coy, = (7.3.132)

1
(2K

thus establishing the identity (|7.3.130)).

We have thus proven that - & (where Zfil m; = a and Zjil n; = b) applied to the matrix

M®) and setting t; = to = 0, is equal to (7.3.124). Hence, the coefficient of 34 in det M®) is equal to
1 [2k—2 2
— 2h=17, 7.3.133
a!b! ( k—1 > ( )

If instead we consider the matrix M%) (i.e. the matrix with the modified 2kth row), then the coefficient
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of ¢4 in the determinant of that matrix is equal to, using (7.3.125)),

1 (2k—2\ 1y
—a!b!<k_1)2<k b7, (7.3.134)

Comparing coefficients, lemma [7.3.3] follows.

7.3.3 Comparison with exact formula for £ =1 and k£ = 2

Recall that Conrey and Snaith determined an exact formula for the logarithmic-derivative moments,
see theorem [7.1.8] In this section, we use their result to determine the leading order of the first two
moments (i.e. k=1 and k = 2). We will demonstrate firstly that to show that their result agrees
with the in the appropriate limiting regime. Additionally, we emphasise that their alternative
method does not provide a clear path to generally determining the leading order, hence showing the
utility of our theorem.

In order to calculate the first log-derivative moment, we let A = {a} and B = {5} with Re(«a) > 0
and Re(8) > 0. Then the result of Conrey and Snaith gives that

J(A; B) = J*(A;B) (7.3.135)
where
J({a}{8}) = /U (N)<ea>]]?]'j<A*, —ia) ea%ﬁ—im, —iB)dA, (7.3.136)
and

J*({a}: {8}) = H{z},{z}({a})H{z},{z}({5}) + H{Q},{Z}({avﬁ})

+ e Nt (a4 B)z(—a — B) (7.3.137)
=0+ (Z) (a+B)+e N z(a+ B)z(—a - B), (7.3.138)

where Hg r is defined by (7.1.55).

Now let & = a/N and 8 = b/N where a,b — 0 as N — oo. It is useful for this calculation, and
for the subsequent calculation for the second moment, to write down the behaviour of z(z) and its

derivatives for small z:

(0) = g = i % + 15~ mg O(x%), (7.3.139)
ZZ’((;)) - —1ew _ % % _ 1;””2 n 7‘% +0@Y), (7.3.140)
(z’((g))’ - 5 im)g _ % - % . % + 0@, (7.3.141)
Thus we have
D = ((; T <N+N>> (1o (%)) T
_ ((aﬁy C(-a- b)(a]fb)z) (1+ O(a+1)) (7.3.143)
_ (a]\i) (14 0(a+b)). (7.3.144)
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So when a = b

T {xE{F} = (1 + O(a)). (7.3.145)
Thus, by , ,
/ P io| a4 =1+ 0a)), (7.3.146)
U(N) PN 2a

matching ((7.1.13) at k£ = 1.

Now we consider the second moment, i.e. k = 2. Let A = {1,002} and B = {f1, 82}. Then the
theorem of Conrey and Snaith gives that J(A; B) = J*(A; B) where

J({a1, a2}; {B1, B2})

—a;—ax—[F1—p5 PJ/V * . PI/\/ P/ I ;
= [ o I g i) T (4, i) TN (4, i) TN (A —ifa)dA  (73147)
U(N) Py Py Py

J*({on, a2} {B1, B2})

N Z(S,T)Z(S~,T~
_ Z ( “N(Tacs 6+ ser B)ZTES S))(ZT(T7T)) Z HHST ) (7.3.148)

SCA,TCB (A=S)+(B-T)
|S|=|T| —Ui 4 +Un

where Z, Z*, and Hg r are all defined in the statement of theorem

We have to take a little care in setting all the as and s equal here because we will encounter factors
of %(ag — 1) and £ (ﬂz — B1). These divergent terms will cancel as ag — «; and B — (1, but in
order to control this we will set ;3 = 1 = @ and as = B3 = a + h, with a view to letting h — 0 later.
This gives

J({a,a+ h};{a,a+ h})

- (’ZZ/)/ (20) <ZZ/)/ (2a + 2h) + (j)l (20 + h) <ZZ/>/ (2a +h)
)

+ e N2 (20)2(—2a)

X ((i>/(2a+2h)+ (ZZ/(h)— z/(2a+h)> (i(h — —(2a+h) >

+ e N@HN) 2 (90 + h)z(—200 — h)

« ((i)l(&l—i—h) + <j(h) - i(2a+2h)> (Z’(— _Z 2a

+ e N@HN) (90 + h)z(—200 — h)

)
« ((i)l(&l—i—h)—i— <j(—h) - j(m)) (j(h) _Z 2a+2h )

+ e~ N@a+2h) 5 (90 4 2R)2(—2a — 2h)

X ((i)l (2a) + (j(—h) — Z;/(Qa—i— h)) (z/(—h) - —(Q2a+ h

~ N(4a+2h) 2(2a)2%(2a + h)z(2a + 2h) 2(—2a) 22 (—2a — h)z(—2

e (—h)=(h)?

(7.3.149)

The final term above is zero in the A — 0 limit, but there are also terms of order h~2 and order h~!.

Using Mathematica to expand to order h? anything multiplying the divergent terms, we can confirm
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that all divergent terms cancel. In the h — 0 limit we are left with

J{a,al;{a,a}) = }lblir%) J{a,a+ h};{a,a+ h}) (7.3.150)
2 ey —2aN (__ 2aN2 2 4aN2_ GaN2_2 4o
_ 2T e (TN 4 20 ¢ ) (7.3.151)
(]_ _ e2a)4

Now we scale « = a/N where a — 0 as N — co. Expanding the exponentials of the form eka/N

k = 2,4,6, in powers of a/N, we find that terms in the numerator of order N2 and N cancel and we

are left with:

2 + e2%(—4a? 4 3242 — 36a% — 2)) N* a
T g h g gy = LA B D (140 ()
(24 (1 —2a)(—8a® —2))N*
= 6o (1+ 0(a)) (7.3.152)
N4

Again, this is identical to when k = 2.

We see that, with the help of Mathematica, the leading order term of theorem[7.1.8|can be extracted
for a specific k. However, obtaining a formula for a general k seems very tricky from the complicated
theorem illustrating the value of the alternate method detailed in section of this paper.
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