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On Gaussian Multiplicative Chaos

Mo Dick Wong

Abstract

Gaussian multiplicative chaos was first constructed in Kahane’s seminal paper in 1985 in an
attempt to provide a mathematical foundation for Kolmogorov-Obukhov-Mandelbrot theory
of energy dissipation in developed turbulence. It has attracted a lot of attentions from
the mathematics community in the last decade, playing a pivotal role in the probabilistic
formulation of Liouville conformal field theory, as well as showing up in different branches
of mathematics such as analytic number theory where it describes the statistical behaviour

of the Riemann zeta function on the critical line.

This thesis explores the theory of Gaussian multiplicative chaos in three different
directions. We commence with a new connection with random matrix theory, showing
that for large Hermitian matrices sampled from the one-cut-regular unitary ensemble, the
absolute powers of the characteristic polynomial, when suitably normalised, converge in
distribution to multiplicative chaos on the support of the limiting spectral distribution
as the size of the matrix goes to infinity, and the limit is independent of the choice of
the potential function. This is part of an ongoing programme of establishing Gaussian

multiplicative chaos as a universal limit object in probability theory.

Next, we consider Gaussian multiplicative chaos in the context of Liouville conformal
field theory and study the fusion estimate of the Liouville correlation function. More
precisely, we derive the exact asymptotics for the Liouville four-point correlation when two
points are merging and express the leading order coefficient in terms of DOZZ constants
from the three-point correlation function. OQur result is consistent with predictions from
conformal bootstrap in theoretical physics, and has a geometric interpretation of surfaces

being glued together, as hinted by the bootstrap equation.

Finally, we study the right tail of the mass of Gaussian multiplicative chaos and
establish a formula for the leading order asymptotics under mild assumptions on the
underlying log-correlated Gaussian field. The tail exponent satisfies a universal power-law
profile, while the leading order coefficient can be described by the product of two constants,
one capturing the dependence on the test set and any non-stationarity, and the other one
encoding the universal properties of multiplicative chaos. This may be seen as a first step

in understanding the full distributional properties of Gaussian multiplicative chaos.
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Chapter 1

Introduction

Gaussian multiplicative chaos, formally defined as the exponentiation of a log-correlated
Gaussian field, is a one-parameter family of random measures with intriguing properties.
First introduced by Mandelbrot [Man72| as a refinement of Kolmogorov-Obukhov’s model
of energy dissipation in turbulence, Gaussian multiplicative chaos is arguably the first
example of multifractal measures (measures that are supported on sets of fractal dimension
and that exhibit non-linear scaling relations) in the literature of intermittency modelling,
but it was not until more than a decade later in Kahane’s seminal paper [Kah85] that the
first mathematical construction of multiplicative chaos was given.

Unlike other multifractal measures such as the cascade counterparts, Gaussian mul-
tiplicative chaos arises naturally in many different branches of mathematics, such as
mathematical physics where it plays an indispensable role in the probabilistic formulation
of Liouville conformal field theory, and probabilistic number theory where it is related to
the description of the statistical behaviour of the Riemann zeta function on the critical
line, to name but a few. Motivated by its significance, this thesis explores the theory
of multiplicative chaos in three different directions with the goal of developing a better
understanding of its universality and fundamental properties.

In this introductory chapter, we give an overview of Gaussian multiplicative chaos,
starting with its construction and elementary properties. After that, we discuss some of the
developments of the theory in the last two decades and highlight some recent applications
in Liouville quantum gravity and intermediate sets of discrete log-correlated fields. We
then explain the three directions that are explored in this thesis and an outline of the

remaining chapters, and close the chapter with a discussion of future research.
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1.1 Definition and elementary properties

1.1.1 Log-correlated Gaussian fields

In order to discuss the theory of Gaussian multiplicative chaos, we first need to explain
the notion of log-correlated Gaussian fields.
Given a domain D C R?, we say that X(-) is a (centred) log-correlated Gaussian field

on D if it is a Gaussian field with domain D and covariance of the form

where f(x,y) is some sufficiently regular function which remains bounded as |x — y| — 0.
The term “log-correlated” refers to the presence of logarithmic singularity along the
diagonal of the covariance kernel (1.1.1), and as a consequence of this behaviour the
field X () cannot be defined pointwise. There are, however, two ways of making sense of

log-correlated Gaussian fields:

e Stochastic process indexed by test functions. We may view X = (X (¢))gcr
as a centred Gaussian process with index set given by some collection F of test

functions, e.g. F = C°(D), with the covariance structure given by

E[X (1) X (¢2)] ;:/ o1(2)K (z,y)p2(y)dady,  Vé1,¢2 € F.  (1.1.2)

DxD

If K(z,y) is a positive-definite kernel, i.e. (1.1.2) is non-negative for any ¢i, ¢ €
C2°(D), then the existence of a Gaussian process with the aforementioned covariance

is an immediate consequence of Kolmogorov’s consistency criterion.

e Gaussian generalised function. Consider the operator T : L*(D) — L*(D)
defined by the Fredholm integral

T(9)(x) := /D K (2,4)$(y)dy.

Then T is a bounded symmetric operator and the spectral theory of self-adjoint
compact operator implies that there exists eigenvalues (\,,)nen and an orthonormal
basis (fn)nen of L2(D) such that |\,| — 0 as n — co and T(f,) = Ay fn. With a
dominated convergence argument, the latter relation suggests that the eigenfunctions
fn are actually continuous. Since K (z,y) is a positive-definite kernel, all the eigen-
values \,, are non-negative and we can define a sequence of i.i.d. N(0,1) random

variables (Zj)ren, and for each n € N a continuous Gaussian field given by

Xn(x) = Zpv/ Mefr(2). (1.1.3)

k<n
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Given any two test functions ¢1, ¢, it is straightforward to check that
Con. Xa(on) o= [ K@iz, [ Xa(aon(orio)

converges a.s. and in L?(P) to some Gaussian vector (X (¢1), X (¢2)) with the correct

covariance

E[X(¢1)X (62)] = /

DxD

¢1(x) (Z Akfkcc)fk(y)) 2 (y)dady
k=1

- / 61 (1)K (2, y) boly)derdy
DxD

and the calculation extends to any finite collection of test functions. While the series
o
X(@) =Y Zov/ Anfulx)
n=1

does not converge pointwise, we may still make sense of it by interpreting it as a

random distribution in the sense of Schwartz.

1.1.2 Construction of Gaussian multiplicative chaos

Gaussian multiplicative chaos is formally defined as the random measure with density

given by the exponentiation of a log-correlated Gaussian field, i.e.
2
M, ;(dz) = eVX(x)_%E[X(I)Q]U(da:), v€R (1.1.4)

where o(dx) is some reference Radon measure on D. For the purpose of our discussion,
we shall restrict ourselves to the situation where o(dz) = g(x)dx for some non-negative
continuous function g on D and abuse the notation to write M, 4(dx) = M, ,(dx). When
g(x) =1 we simply write M, (dx), or more generally M, 4(dx) = g(x) M, (dx).

The first mathematical construction of Gaussian multiplicative chaos was due to Kahane
[Kah85], based on a martingale approach. Assuming that the covariance kernel K can be

decomposed into
oo
K(z,y) =Y Kn(x,y), Va,yeD (1.1.5)
n=1

where (K, )nen is a collection of covariance kernels of some independent continuous Gaussian
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fields (Y )nen on D, then one may define X,,(z) = > ), Ya(x) and hope that

2
M,y g (dx) = X @)= T EXR @) g0y gy

converges to some random measure M, 4(dz) as n — co. Indeed, the sequence of random
measures (M g n)nen With respect to the filtration G = (o(Y, k < n)), forms a measure-
valued martingale, and the existence of the almost sure limit M, ;4 is a consequence of the
martingale convergence theorem.

Given the existence of the limit M, 4, two natural questions arise, namely
e whether M, 4 is a trivial measure; and
e whether M, , depends on the kernel decomposition (1.1.5).

The answer to the first question was already given by Kahane’s paper: M, 4 is non-trivial if
and only if 42 < 2d, which is now known as the subcritical regime of Gaussian multiplicative
chaos. As for the second question, Kahane was only able to show that the limit is unique
under o-positivity, i.e. M, 4 is independent of the kernel decomposition if K, (z,y) > 0
for all z,y € D and n € N. This is not very satisfactory because the condition is rather
restrictive and cannot be verified easily, limiting the applicability of Kahane’s theory. For

instance, the kernel

K(m,y):log+|xfy|:max <log|$fy|,0> (L>0)
in dimension d = 3 was of interest to Kahane as it was proposed in the Kolmogorov-Obukhov
model of turbulence to capture the intermittency phenomenon of energy dissipation, and
the o-positivity of which remains an open problem.

In recent years, a lot of activities have been centred around the study of log-correlated
Gaussian fields. Motivated by new applications such as random planar geometry, people
have been working towards a more robust theory of Gaussian multiplicative chaos and
a new construction based on convolution has emerged. The idea is to pick a mollifier 6
(i.e. non-negative function with compact support and [6(z)dx = 1), and introduce a
sequence of approximate Gaussian fields X.(z) = X * 0.(x) where 0.(-) = ¢ %0(-/¢) and
€ > 0. Under minimal assumptions on 6, the field X(-) is a Borel measurable function for

fixed €, and one may try to define M, , as the limit

2
lim M, 4(dx) = lim g(z)M, (dz) = lim g(:c)e”’Xs(x)_%]E[Xe(”")z]da:.
e—0t e—0t e—0t
The first convolution construction is due to Robert and Vargas [RV10b], under the
condition that the covariance is translation invariant, and the method has been simplified

by Berestycki and extended to deal with general kernels (1.1.1) with f being a continuous
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function in [Ber17]. The main result in the latter paper is that

2
Theorem 1.1.1. Let v* < 2d. Then the sequence M., 4 (dz) = e”X‘(x)_%E[XG(m)Q]g(m)dx
converges in probability to some random measure M., 4 in the weak™ topology on D. More-

over, the limit is non-trivial and it does not depend on the choice of mollification.'

As a by-product of the proof of the uniqueness part of the above theorem, Berestycki also
showed that Kahane’s martingale construction is equivalent to the convolution construction
for general kernels, i.e. the limit arising from the martingale approach is the same as that
from the regularisation approach.

To conclude our discussion here, let us mention the work of Shamov [Shal6], which
adopts an equivalent but abstract approach of Gaussian Hilbert space to constructing
Gaussian multiplicative chaos, and the work of Junilla and Saksman [JS17], which studies

the uniqueness problem under the more general setting of smooth approximation.

1.1.3 Elementary properties of Gaussian multiplicative chaos

Let us focus on the subcritical regime v? < 2d. Many properties of Gaussian multiplicative
chaos are universal in the sense that they do not depend heavily on the function f that
appears in the covariance kernel (1.1.1). An important example is the following criterion

for the existence of moments: if A C D is a non-empty bounded open set, then

E[M,(A)P] < o0 = p < i;l
In particular the multiplicative chaos M, possesses some moment of order greater than 1.
The result for the positive moments was already present in Kahane’s work [Kah85], but
that for the negative moments is more recent and due to Robert and Vargas [RV10b] who
adapted the analysis of multiplicative cascades to the current setting.
Another interesting result is the multifractality of Gaussian multiplicative chaos: for

any p € [0, %) we have
E[M,(B(z,r))P] = 0@*®),  r -0t (1.1.6)

where ¢ is the so-called structure exponent, given by £(p) = (d + 772) - 'y—;p2. To see
why this is true, consider the special case where f = L for some constant L € R, i.e.
E[X (2)X (y)] = —log |z — y| + L, which is a positive definite kernel on sufficiently small
ball B(0,r). The corresponding field X (-) satisfies exact scale invariance, i.e. for any

¢ € (0,1) we have the distributional equality

(X (c2))jaf<r = (X() + Ne)jaj<r

!Under minimal assumption on the mollifier §, which is automatically satisfied if e.g. 6 is in LP for some
p > 1, see [Berl7] for the details.
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where N, is an independent Gaussian random variable with zero mean and variance
E[N?2] = —logc. This implies that

2
o= [ ore-asen,
|z|<er

_ Cd/ evX(cu)—é]E[X(cuP]du
Ju|<r

4 Cdech—gﬁ[Nfl e“/X(U)—ﬁE[X(U)Q]du _ cd+§eVNCM7(B(O, )
u]<r

and therefore
E[M,(B(0,cr))"] = E[(Cc”éewc)p]E (M (B(0,7))"] = WE [M,(B(0,7))"] .

For the general result, we invoke Kahane’s convexity inequality, which, when specialised to
log-correlated Gaussian fields, says that if X;(-) and Xa(-) are two centred log-correlated
Gaussian fields on D such that for any two different points x,y € D

E[X:1(2)X1(y)] < E[X2(z) X2(y)],
then for any convex function h : Ry — R,
E [h(M]}(A))] < E [h(MZ(A))]

where M}Y(A) is the mass of a set A C D with respect to the Gaussian multiplicative chaos
associated with X;, ¢ = 1,2. We may then take h : x — 2P, and compare the general kernel
(1.1.1) with the exact kernel above (with two different choices of L to upper and lower
bound the function f(-,-) on B(z,r)) to obtain the same multifractal exponent £(-) for all
multiplicative chaos.

Let us highlight yet another fundamental property, namely the support of M, . It is not
difficult to see, under the usual topological definition, that M., is almost surely supported
on the whole domain D. The following argument is due to [RV14]: for any open ball
B C D, we have

2 . 2 —
ig; e Xn@=FEXR@PINL (B) < M(B) < Sgg eWXn(w)*%E[Xn(x)Q]M%n(B)

72

where M%n(dx) = limg 00 Xk =Xn) (@)= E[(X6=Xn)*(@)] g and (Xn)n are given by the

truncated Karhunen-Loeve expansion of X (-) (1.1.3)2. From the above inequality we

*Where (Z,) are i.i.d. N(0,1) random variables coming from Z, = X (f,)
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observe immediately that

{M,(B) > 0} = ({M,(B) > 0}

n>1

where the event on the RHS is in the tail o-algebra generated by the i.i.d. random variables
(Zn)n and hence has probability 1 by Kolmogorov’s 0-1 law.

On the other hand, one can also show that the mass of M, is concentrated on a random
set of fractal dimension. Under the convolution construction of multiplicative chaos, we
define the set of ~-thick points of X(-) as

. X(z)
T, = eD: 1 = .
K {x 30+ —loge fy}
By a simple calculation (see [Ber17, Lemma 3.5]) one can show that E[X (x)?] = —loge +
O(1) as e — 07, i.e. the set T collects the exceptional points z at which the field X, blows
up like vVar(X(z)). Furthermore, it is known (e.g. [RV14, Theorem 4.1-4.2]) that the set
of 7-thick points gives full mass to M, in the sense that M., (D N Ti) = 0 almost surely,
2
5
chaos is not absolutely continuous with respect to the Lebesgue measure despite the formal

and the Hausdorff dimension of 7', is d — which shows that Gaussian multiplicative
expression (1.1.4). This also gives a partial explanation of why the measure M, becomes
trivial when 42 > 2d. The idea of thick points was already hinted in Kahane’s paper and
the fact that the “support” of M, is of fractal dimension was reflected by the notion of
measure with finite S-energy there, but these concepts have not been fully capitalised
until recently in [Ber17] and lead to an elementary yet general construction of Gaussian

multiplicative chaos in the subcritical phase.

1.2 Recent development in multiplicative chaos

The theory of Gaussian multiplicative chaos has attracted a lot of attention in the past
decade thanks to new applications beyond intermittency modelling. In this section, we
highlight some of the important applications of multiplicative chaos and survey various

advancement made in the last few years.

1.2.1 Gaussian free field and Liouville quantum gravity

Many research activities in Gaussian multiplicative chaos in the last decade have been driven
by the interest in random geometry — an area that studies the geometric characteristics of
random curves/surfaces with special symmetry such as conformal invariance, as well as
random discrete processes and their scaling limits.

We commence with the notion of Gaussian free field. The Gaussian free field on a

bounded simply connected domain D C R? with Dirichlet boundary condition is a centred
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Gaussian field Xp(-) with covariance given by the Dirichlet Green’s function Gp(z,y) in

the sense of (1.1.2), where Gp(z,y) may be defined via
Gp(z,y) = W/O pr (x,y)dt

with pP (z,y) being the transition density of a Brownian motion started from x and killed
upon hitting y € 9D at time .

The Green’s function G p(x, -) satisfies the distributional equation AGp(x,-) = =27, (")
with Dirichlet boundary condition. It has the property of being a harmonic function in

D\ {z} and is an example of log-correlated Gaussian field:
Gp(z,y) = —log|z —y| +log R(z; D) +o(1),  y—=

where R(z; D) is the conformal radius of z in D, defined by R(z; D) = |m/(0)| for any
conformal transformation m : D := {z € R? : |z| < 1} — D with the property that
m(0) = z. From the point of view of abstract Wiener space, the Gaussian free field may
also be seen as a Gaussian Hilbert space indexed by the Sobolev space H} (D) of functions

with compact support: for any ¢ € Hg (D), we have

1
Var(Xp,d)v = [0l = 5- [ [Vo(o)Pda. (121)
T™JD
Using this interpretation and the Karhunen-Loeve expansion

XD() = Z ann()

where (fy)n is an orthonormal basis with respect to the Dirichlet inner product (1.2.1)
and (Z,), is a collection of i.i.d. N(0,1) random variables defined by Z,, = (Xp, fn)v, we
see that the Gaussian free field may be realised as a random generalised function that
lives in the negative Sobolev space H, (D) for any € > 0. The two perspectives may be

reconciled by an exercise of integration by parts: if we take

ple) = =5 Ad(x), b€ CE(D),
then we observe that
1 1
Var(Xp, o) = 5 [ 1Vol@)Pds = —5- [ o(@)rota)da
1

~ (2n)? /D (/D AyGD(fE,y)ezS(y)dy) Ap(z)dz
2711')2 /D ( /D GD(%:L/)AW(y)dy) Ay¢(x)d

(
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_ / p(x)Gp(x.y)p(y)dudy = E [Xp(p)?]
DxD

and this can be immediately extended to an identity for the covariance structure (i.e.
involving two test functions) by a standard polarisation argument.
The Gaussian free field has two remarkable properties that are essentially inherited

from the Dirichlet inner product:

e Conformal invariance: if T : D — D’ is a conformal map from D to D', then
Gr(p) (T'(x),T(y)) = Gp(x,y) and hence

d
Xp() = Xpp)(T(+))-
e Markov property: if U C D is some fixed subdomain, then

XD:X0+h

where X is a Gaussian free field in U with Dirichlet boundary condition and vanishes

outside U, while A is independent of Xy and harmonic in U.

These properties turn out to provide a characterisation of the Gaussian free field [BPR18].3

Motivated by Polyakov’s work on two-dimensional quantum gravity [Pol81], the math-
ematics community has been trying to understand the geometry of random Riemann
surfaces under natural probability measures. As a consequence of Riemann’s uniformisa-
tion theorem, the study of a “random surface” may be reformulated as that of a random

Riemannian metric
A (da? + da?)

where x = (z1,x2) € D are the isothermal coordinates and A(-) is randomly chosen. It
happens that under the Liouville action and the non-interacting case where the cosmological
constant p is equal to zero (see also Section 1.2.2), the natural choice of A(-) above is the
Gaussian free field (up to some constant factor). This led Duplantier and Sheffield [DS11]

to introduce the Liouville quantum gravity (LQG) measure

’Y2

2
MG (dz) = R(x; D)7 X0 @)= FEXD @) gy (1.2.2)

2
. Jo
= lim €2 X0e@) gy
e—0t

and they were able to establish a relationship between Euclidean (i.e. with respect to the

Lebesgue measure) and quantum (i.e. with respect to M.I; QG) scaling exponents, verifying

3Up to some moment conditions.
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the Knizhnik-Polyakov-Zamolodchikov formula [KPZ88] from the physics literature. Many
ongoing activities attempt to explore the connections between LQG measure and other
objects such as Schramm-Loewner evolutions and scaling limits of random planar maps,
see e.g. [DMS14, MS15, MS16a].

1.2.2 Liouville conformal field theory

More recently, David-Kupiainen-Rhodes-Vargas [DKRV16] provided the first rigorous
construction of Liouville quantum field theory on the Riemann sphere C=Cu {o0}. As
mentioned in Section 1.2.1, this was proposed in the physics literature by Polyakov who was
interested in developing a theory of path integral in dimension d = 2 with an exponential

interaction term, and it is formally defined as the “Gibbs measure”*

(F) = 2/F(X)e—SL<X>DX (1.2.3)

where DX is the “Lebesgue measure” on the space of real functions C— R, and Sy, is the

Liouville action®

1
Se(X) = /A (IVoX@)P + Ry(@)QX (2) + dmpe™ @) g(a) . (1.2.4)
T Jc
Here g(z) = |z|3* = (Jz| v 1)™* is the background metric® with V, and R, being the
associated gradient and curvature respectively; p > 0 is called the cosmological constant,

v € (0,2) is a positive parameter and Q = 3 + % The first term of the Liouville action, or

exp <_4177 /@ |ng(x)Pg(x)d2x> DX

hints that X (-) may be interpreted as some variant of Gaussian free field, and the third
term 4mpe? X () g(z)d?z suggests an indispensable role of Gaussian multiplicative chaos in
the mathematical definition of the functional (1.2.3).

A central object in Liouville quantum field theory is the correlation function. If (z)r<n
are IV distinct points in C and (o )k<n are non-negative numbers such that the Seiberg

bounds

N
-2
= 2:’“:10;”2 <0 and ap € (0,Q) Vk

S

4The factor 2 is for aesthetic purpose in order to match the DOZZ formula.

5The Liouville action has an extra curvature term which is omitted here for simplicity since it does not
give any contribution when we restrict ourselves to our special choice of metric g.

SMore precisely the background metric is g(z)d?z. One can define LCFT with a different choice of
background metric, and the Weyl anomaly formula provides a simple way to perform conformal changes of
metrics, see [DKRV16, Section 3.5].

10
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are satisfied, one may define the Liouville correlation function

N N
<H Vak (Zk)> = 2/ (H eak(X(Zk)+§10gg(zk))> e_SL(X)DX7
k=1 k=1

under the probabilistic approach, by

N
<H Vak(2k>> =207y 'T(s) [ ] PR
k=1 ‘ J

1<J

</(C F(z, z)Mw(d%)) _S] (1.2.5)

where

w1 ()™

k=1

2
and M, 4(d*z) = e”’X(z)f%E[X(Z)Z}g(x)de is the multiplicative chaos associated with the

Gaussian free field with vanishing average over the unit circle:
E[X ()X (y)] = —log |z — y[ +log|z|y +log |y

The Liouville theory is a conformal field theory and the correlation function satisfies
the property of conformal covariance (also known as the KPZ relation, again named after

Knizhnik-Polyakov-Zamolodchikov): if ¢ is any M6bius transform of the sphere, then

N N N
<H Vak(¢(2k))> = T 1/ (z) | 722 <H Vak(zk‘)>
k1 k=1 k=1

where A, = §(Q — §) is called the conformal weight. Since any Md&bius transform is
uniquely determined by the image of three points, the above conformal symmetry allows

us to express the three-point correlation function as

3
<H Veu (Zk)> = |21 — 20?212 |2y — 23222 |2) — 23?2130, (v, a2, 3)
k=1

where Ajg = Ay — Agy — Agy, Azz and Agg are similarly defined, and the constant
C, (a1, a2, a3) is the three-point structure constant which may be seen as the three-point

correlation evaluated at (z1, 22, 23) = (0,1, 00):

Cola,az,03) = Tim_[z5]*2% (Vay (0)Vao (1) Ve (33))

’x‘v(m-i-az-&-oca) -
= 2175y T (s)E ( /C . M%g(dsz))

[wperfe — 17

11
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One research direction in Liouville conformal field theory is to compute the correlation
function (1.2.5) and verify the formulae from the physics literature. In the case where N = 3,
the celebrated DOZZ formula, proposed independently by Dorn-Otto and Zamolodchikov-

Zamolodchikov, asserts that the three-point structure constant is given by

[\

a—2Q /
T P et T5(0)T5 (1) T3 (a2) Ty (as)
Ch e, az,a3) = (md( Q) > T2(5-Q)T1(5 —a)T2(5 —a2)T3(5 —a3)

[N]S)

where [(z) = T'(2)/T(1 — 2), @ = a1 + az + a3 and T%(z) is Zamolodchikov’s special
holomorphic function defined on C which has the following integral representation when

Re(z) € (0,Q):

(e 2 S (sinh((%—z)%))2 dt
long(Z)—/O <<2 Z> e (2 )smh(D) )

The DOZZ formula has been, however, controversial within the physics community because

of its invariance under the simultaneous change of parameters

2 A
— (pml(p))~?
, o=

o[-
2

and such a symmetry is not apparent from the Liouvile action (1.2.4) a priori. This
conjecture is finally resolved by Kupiainen, Rhodes and Vargas in their work [KRV15,
KRV17], where the DOZZ formula was verified by deriving and solving the BPZ differential
equations, which are satisfied by a degenerate four-point function with suitably chosen a’s.

Let us mention that the interest in Liouville conformal field theory goes beyond the
setting of Riemann sphere, and rigorous probabilistic constructions of the theory are also
available for the complex tori [DRV16] and other compact Riemann surfaces of higher

genus [GRV16], as well as non-compact surfaces such as the unit disc” [HRV18].

1.2.3 Discrete log-correlated Gaussian fields

Parallel to the research in the continuum, there has been a lot of work devoted to the study
of discrete log-correlated Gaussian fields arising from physical models at criticality, an
example of which is the membrane model in d = 4 [Kur09]. We shall focus on the discrete
Gaussian free field in d = 2, which is closely related to random walks and is arguably the
most extensively studied model in the literature.

For simplicity, consider a discrete Gaussian free field Xy (-) defined on Vyy = [0, N|2NZ?
with Dirichlet boundary condition. This is a centred Gaussian function which is identically

zero on the boundary OV (i.e. any points = € Vi with a nearest neighbour outside Vy),

"In which case there are additional boundary terms involved in the definition of Liouville action.

12
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and is otherwise characterised by the covariance given by the discrete Green’s function

TOV
IEN[XN(m)XN(y)] = GN(.Z‘,y) =F, Z 1{Sny}] , T,y € Int(VN) =VN \ oVy.

n=0

Here (S),)n>0 is a simple random walk starting from z under P,%, and 7oy, = {n > 1:
Sy € OV, } is the first exit time of (Sy,)y. Alternatively, the law of Xy () can be explicitly

written as

1
Pn(dXpy) oc exp BT Y (Xn(x) - Xn(y)® I dxn().
z,yeV i~y z€Int(Vy)

Viewing ZI’y(XN(x)—XN(y))2 as the discrete analogue of the Dirichlet energy [, VX (z)|*da,
it should not be surprising that Xy (-), when suitably scaled (and extended), converges to
a continuum Gaussian free field that was discussed in Section 1.2.1. Indeed, if we discretise
the domain D = [0, 1]? using a triangular mesh and project the continuum Gaussian free
field to the o-algebra generated by continuous functions that are affine on each triangle,
then the resulting Gaussian field restricted to Vi is precisely the discrete Gaussian free
field (see [She07, Section 4.2-4.3]).

It has been well-known since the work [BDGO1] of Bolthausen, Deuschel and Giacomin

that the maximum of the discrete Gaussian free field grows like

max Xy (z) ~ 2y/glog N, N —

zeVN
where g = 2/7 describes the behaviour of the Green’s function on the diagonal: Gy (z,z) =
glog N + O(1) as N — oo for any x € Vi sufficiently away from dVy. Since then a lot
of effort has been made in studying finer geometric properties of the field, such as the

intermediate level sets
{z € Vv : Xn(z) > 2,/gAlog N}, Ae(0,1).

This is the subject of investigation in the paper [BL16b] by Biskup and Louidor, and the
authors there proved that the scaling limit of the intermediate level sets is described by

Gaussian multiplicative chaos:

Theorem 1.2.1 ([BL16b, Theorem 2.1 and Theorem 2.5]). Let (an)n>1 be any positive

2
sequence such that ay ~ 2,/gAlog N for some X € (0,1), Ky := \/%exp (72;%>

8]P’N, En are used for the law of the discrete Gaussian free field X, whereas P., E, refer to the law of
the symmetric random walk (Syn)n.

13
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and define

1
TRy Z 0% & 0y (w)—ay-
zeVN

Then as N — oo,
_2
v % ZB (dw) @ e V" dh

with respect to the topology of vague convergence of measures on D x R. Here” ZQD)\ is the

Liouville quantum gravity measure defined in (1.2.2) up to a multiplicative factor, i.e.
D d LQG
ZB(dz) = MY (dx),  z€D

for some deterministic constant ¢ € (0,00).

1.3 Outline of the thesis

In the following, we explain our contributions to three different aspects of the theory of

Gaussian multiplicative chaos, and give an outline of the remaining chapters.

1.3.1 Gaussian multiplicative chaos as a universal limit

Log-correlated Gaussian fields and multiplicative chaos have, in recent years, appeared in
different random models outside of their traditional applications (namely turbulence and

Liouville theory). An example is the study of Riemann zeta function!®

)=

n=1

and Saksman and Webb [SW16] proved an intriguing result that connects the behaviour of
the randomised Riemann zeta function on the critical line Re(s) = % to that of a complex
variant of Gaussian multiplicative chaos.

Here we are interested in establishing Gaussian multiplicative chaos as a limit object in
different areas of mathematics. Our starting point is random matrix theory. In Chapter 2,

we shall consider large random Hermitian matrices Hy sampled from the unitary ensemble

P(dHy) oc e NTVUEN) Gy

9Our parameters are different from those in [BL16b] where the authors use a different normalisation for
Gaussian multiplicative chaos.

"The series representation is only valid when Re(s) > 1; otherwise ¢(-) is defined via meromorphic
continuation.

14



1.8. Outline of the thesis

where the potential function V is one-cut regular. This is an interesting class of random
matrices that has been extensively studied in the physics literature for graph enumeration
and discrete gravity [LZ13], and includes many important random matrix models such as
the Gaussian unitary ensemble, which has been used since the work of Montgomery for
different conjectures regarding the behaviour of the Riemann zeta function on the critical
line.

Our main result concerns the characteristic polynomial of Hy: if py(dz) is the
equilibrium measure (which describes the asymptotic eigenvalue distribution) associated

with the potential V', then the renormalised characteristic polynomial

|det(HN—xIN)\5 .
E‘ det(HN — .TIN)W

converges in distribution, as the size N of the matrix goes to infinity, to a universal'!

Gaussian multiplicative chaos measure on supp(uy) for sufficiently small'? 3 > 0. To
some extent, our result suggests that perhaps the centred logarithm of the characteristic

polynomial, i.e.
x> log|det(Hy — xIn)| —Elog|det(Hy — zIn)], (1.3.1)

behaves asymptotically like a log-correlated Gaussian field. This may not be entirely
surprising because of a well-known result of Johansson [Joh98] which states that the linear
statistics of a one-cut regular ensemble satisfies a central limit theorem: if 7 : R — R is

some sufficiently regular function, (\;);<n are the eigenvalues of Hy, then the quantity

N
ST - N / T () (dz) (1.3.2)
i=1 R
converges in distribution to some centred Gaussian random variable as N tends to infinity.
What is special here is that (1.3.2) does not require a normalisation factor 1/v/N that is
present in the usual central limit theorem for i.i.d. random variables, and this would have
relied on effective cancellation due to the regularity of eigenvalue distributions.

Unlike usual constructions of Gaussian multiplicative chaos, the field (1.3.1) has no
martingale structure and Gaussianity only holds in the asymptotic sense which poses a huge
challenge. A major part of our proof requires the derivation of the large-IN asymptotics of

mixed moments of the form

k
E [eZi T [T det(Hy — wiln)|
=1

"Tn the sense that if Vi and Vs are two one-cut regular potentials and the associated equilibrium measures
are supported on the same interval, then the limit measure is the same for both potentials.
12T the L2-regime of Gaussian multiplicative chaos.
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which makes the notion of asymptotic Gaussianity more quantitative and recovers the

structure of a log-correlated field.

1.3.2 Fusion estimates of Gaussian multiplicative chaos

Fusion estimates refer to the study of negative moments of a Gaussian multiplicative chaos

integrated against merging singularities, or more precisely, expectations of the form

Mg(dr) 20 (1.3.3)
p lz[erfz — z[re2 ’ -

where s > 0, v € (0,v2d), and aj,az € (0,Q) with Q = 3 + %. By a dominated

convergence argument,
—s
([ patrterennr, y(an) ]

/ Myg(dz) N\
p lzpet]e — z[re2

where the RHS is non-trivial (i.e. positive) if the merged singularity is not too strong. We

E

lim E

z—0

=E

are, however, more interested in the other case where the limit above is trivial and would
like to understand the fusion asymptotics as z approaches the origin.

Variants of expectations of the form (1.3.3) appear naturally in many problems related
to Gaussian multiplicative chaos. The first example is the study of annealed multifractal
exponent of Gibbs measures associated with log-correlated Gaussian fields [Fyo09, Won17].
Suppose (X¢)..( is a sequence of continuous Gaussian fields on a compact set D C R4

with covariance

E[Xc(2)Xc(y)] = —log (lx —y| V €) + fe(w,y).

One may want to study the multifractality of the limiting Gibbs measure

¥ Xe(u)
lim m. (u)du = lim e Tdu
e—0t ’ e—0t fD e Xe(@)dg

via the annealed multifractal exponent 74, which is defined, for each ¢ > 0, by

e -s[] . s e

To see the connection, observe that

_ 2 2 “ 5
E [Ze(fYQ)] = 6_722(12""7?/ E e’yqxe(j) - E[Xei - q 6722(12 fe(uww) g,
D ( [, e Xe@ = FEX @) fe(wa) dx)
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1.8. Outline of the thesis

—q

2
G fe(z,m)+vqfe(z,u)
= e_w22q2+% E € M, o(dz) 6722112 Felw) gy,
D D (|l — u| v )

where M, (dx) = e”Xe(z)_éE[Xe(z)z]dx and the second equality above follows from the
Cameron-Martin theorem!3. The integrand is reminiscent of (1.3.3) except that we now
deal with the regularised chaos M., . and (e,vq) here plays the role of (|z|, a1 + o) there.

Another important application of fusion estimates comes from Liouville conformal field

theory and is presented in Chapter 3. We consider the four-point correlation'

(Vs (0)Vay (2) Vg (1) Vs (00))

‘xlv(a1+a2+a3+a4) -S
_ gfa|eaea]; — 1o (A + w@ﬂfxo |

oo — 2pefe — 1pes

4
where M, , is the multiplicative chaos defined in Section 1.2.2 and s = M, in the

degenerate case when z is sent to the origin. We are able to derive the exact asymptotics
for the fusion estimate, i.e. the rate in terms of |z| at which the expectation above decays
to 0 as well as the leading order coeflicient. We show that the leading order coefficient
may be expressed in terms of the DOZZ formula, and that our result is consistent with
the predictions from conformal bootstrap in theoretical physics. In particular, in the
“supercritical” regime where both oy + s and a3+ a4 are greater than @, the leading order
coeflicient can be factorised into the product of two DOZZ constants, demonstrating the

philosophy of gluing surfaces together in the bootstrap approach to conformal field theory.

1.3.3 Distributional properties of Gaussian multiplicative chaos

The last topic we discuss in this thesis is the distributional properties of Gaussian multi-
plicative chaos. Despite being of fundamental importance, this topic is not actively explored
in the literature. Answers to some very basic questions like whether the distribution of
M, (A) is non-atomic/has a density are still unknown except for the special case where
the underlying Gaussian field is exact scale invariant [RV10b], and our knowledge about
the distribution of M, (A) has not gone much beyond the criterion for the existence of
moments.

Driven by new applications in random geometry and random matrices, there has been

some renewed effort in improving our understanding of the distribution of multiplicative

13The theorem says that if (X(-),Y) are centred and jointly Gaussian, then for any functional F we have

E | TR ()| EFXO +m()].  m()=EX(Y]

HStrictly speaking we consider the renormalised four-point correlation when z4 is sent to infinity.
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chaos. This includes the work of Ostrovsky [Ost16] which attempts to study E [F'(M, 4(D))]
by a formal expansion in the variable + using his theory of intermittency differentiation.
While the method employed in his work is not completely rigorous, Ostrovsky’s computation
has led to a lot of interesting conjectures, especially for multiplicative chaos associated
with exactly scale invariant fields. Also, inspired by the work of Kupiainen-Rhodes-Vargas
[KRV15, KRV17] on the proof of the DOZZ formula, Remy [Rem17] considers the total
mass of the Gaussian multiplicative chaos measure associated with the Gaussian free field

on the unit circle, i.e.

1

E[X ()X ()] = log P

2 . )
and M,(T) = / GWX(eze),éﬂz[X(eze)g]da’
0
and he is able to verify the Fyodorov-Bouchaud formula [FB08a] from the physics literature,
which says that
NG p%)

BIML(TY) = R s 3
4

In particular, the distribution of M, (T) has an explicit density

_4
~2

POL(T) € dm) = 15 (5m) e Fam, m =0

2

where f =T'(1— l) i.e. M, has the law of 1 T where T is an Exp(1) random variable.
With Zhu [RZ18] he extends the technique to the study of exactly scale invariant fields on
the unit interval and verifies some of Ostrovsky’s distributional conjectures. In general,
however, there is no reason to believe that exact integrability results are possible for
Gaussian multiplicative chaos even if we restrict ourselves to nice sets and kernels in d = 2
where machinery from complex analysis can be employed. An example would be the total
mass M (D) of the multiplicative chaos associated with the Gaussian free field on the
unit disc, which seems to have all the possible symmetries one could hope for but little is
known about it even at a heuristic level.

The final chapter of the thesis is devoted to another perspective on the distributional
properties, namely the tail probability of general Gaussian multiplicative chaos. We
consider the chaos measure M, , associated with general log-kernels (1.1.1), and derive

the tail asymptotics

2d

P(M%g(A) > t) ~ C%d’f,g(A)ti"ﬁ, t — 0o

for any bounded open sets A. The tail exponent should not be surprising as it is consistent
with the criterion for the existence of moments. We are able to give a rather precise

description of the tail coefficient C 4 r4(A) including the dependence of the coeflicient on

18
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f,g and A. Using the exact integrability results [KRV15, KRV17, Rem17, RZ18|, we are
also able to provide a closed form expression for Cy 4 7 4(A) when the dimension is less
than or equal to 2. This may be seen as a first step towards understanding finer universal

distributional properties of Gaussian multiplicative chaos.

1.4 Future directions

To conclude this introductory chapter, we explain some of the general research themes
that we intend to pursue, and present a selection of problems that have been inspired by

the findings in this thesis and that we hope to address in the future.

Universality. There are two major goals we would like to achieve under the universality

programme of Gaussian multiplicative chaos:

e We would like to establish Gaussian multiplicative chaos as a universal limit object
in various different contexts. This could be extending our analysis to other models
such as Wigner ensembles and Ginibre ensembles [WW18] in random matrix theory
where evidence of logarithmic correlation and asymptotic Gaussianity is suggested
by a central limit theorem for the linear statistics, or problems in integrable systems
such as random partition of integers where Gaussian fluctuations have been observed.
We hope that by establishing and exploiting new links between multiplicative chaos
and large disordered systems, we are able to uncover new properties of both objects

by translating the properties of one to those of the other.

e We hope to find an explanation for the universality of log-correlated Gaussian fields
and multiplicative chaos, and study to what extent the convergence of a random
function to a log-correlated Gaussian field is equivalent to that of the exponentiation

of the random function to a multiplicative chaos.

Further distributional properties. Following the result in Chapter 4, we would like

to investigate into the following problems.

e The leading order coefficient C., 4 f.4(A) has a component C., 4 called the reflection
coefficient of Gaussian multiplicative chaos. This constant is unfortunately non-
explicit in dimension d > 3 despite admitting various probabilistic representations,
and we hope to find a way to adapt the Liouville conformal field theory techniques in
[KRV15, KRV17, Rem17, RZ18] to obtain some exact integrability results in higher

dimension.

e We would like to extend the investigation in Chapter 4 to lower order terms or full

asymptotic series for the right tail probability if possible. It would also be interesting
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to consider the analogous problem for the left tail

P(M, 4(A) <e), e— 0"
but this would require a very different approach, as the analysis of the right tail

relies on a local argument which is completely irrelevant in the left tail problem.

e The interaction between Gaussian multiplicative chaos with different intermittency
parameters - is a topic that does not seem to have been explored very much before
but it could be of fundamental importance if we would like to understand the scaling
limit of several intermediate level sets of discrete Gaussian free field simultaneously.
We would like to formulate a tail probability problem involving M., 4, (A1) and
M,, g,(A2) where the chaos measures are defined with respect to the same Gaussian
field but (i, gi, A;) are different, and try to study how the knowledge of one of the

variables affects the distribution of the other.

Beyond Gaussianity We would like to study non-Gaussian variants of multiplicative
chaos which arise naturally in large disordered systems. This idea is inspired by the
result in Chapter 2, where we show that the characteristic polynomial of a one-cut regular
random matrix behaves asymptotically like a Gaussian multiplicative chaos. Without
the one-cut condition, the (Gaussian) central limit theorem for the linear statistics of
the random matrix is no longer true, and the convergence to Gaussian multiplicative
chaos is conceptually impossible. We would therefore like to extend our study of random
characteristic polynomials to more general unitary ensemble and hope to identify the

multi-cut analogue of multiplicative chaos and study its properties there.
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Chapter 2

Random Hermitian Matrices and

Gaussian Multiplicative Chaos

Abstract. We prove that when suitably normalized, small enough powers of the absolute
value of the characteristic polynomial of random Hermitian matrices, drawn from one-cut
regular unitary invariant ensembles, converge in law to Gaussian multiplicative chaos
measures. We prove this in the so-called L?-phase of multiplicative chaos. Our main
tools are asymptotics of Hankel determinants with Fisher-Hartwig singularities. Using
Riemann-Hilbert methods, we prove a rather general Fisher-Hartwig formula for one-cut

regular unitary invariant ensembles.

2.1 Introduction

2.1.1 Main result

Log-correlated Gaussian fields, namely Gaussian random generalized functions whose
covariance kernels have a logarithmic singularity on the diagonal, are known to show
up in various models of modern probability and mathematical physics — e.g. in combi-
natorial models describing random partitions of integers [I002], random matrix theory
[FKS16, HKOO01, RV07], lattice models of statistical mechanics [KenOl1], the construc-
tion of conformally invariant random planar curves such as stochastic Loewner evolution
[AKSJ11, Shel6], and growth models [BF14] just to name a few examples. A recent
and fundamental development in the theory of these log-correlated fields has been that
while these fields are rough objects — distributions instead of functions — their geometric
properties can be understood to some degree. For example, one can describe the behavior
of the extremal values and level sets of the fields in a suitable sense — see e.g. [RV14,
Section 4 and Section 6.4].

A fundamental tool in describing these geometric properties of the fields is a class

of random measures, which can be formally written as an exponential of the field. As
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Random Hermitian Matrices and Gaussian Multiplicative Chaos

these fields are distributions instead of functions, exponentiation is not an operation
one can naively perform, but through a suitable limiting and normalization procedure,
these random measures can be rigorously constructed and they are known as Gaussian
multiplicative chaos measures. These objects were introduced by Kahane in the 1980s
[Kah85]. For a recent review, we refer the reader to [RV14] and for a concise proof of
existence and uniqueness of these measures we refer to [Berl7].

A typical example of how log-correlated fields show up can be found in random matrix
theory. For a large class of models of random matrix theory, the following is true: when the
size of the matrix tends to infinity, the logarithm of the characteristic polynomial behaves
like a log-correlated field. This is essentially equivalent to a suitable central limit theorem
for the global linear statistics of the random matrix — see [FKS16, HKOO01, RV07] for
results concerning the GUE, Haar distributed random unitary matrices, and the complex
Ginibre ensemble.

One would thus expect that the characteristic polynomial and powers of it should
behave asymptotically like a multiplicative chaos measure. A related question was explored
thoroughly though non-rigorously in [FK07, FS16]. The issue here is that the construction
of the multiplicative chaos measure goes through a very specific approximation of the
Gaussian field and typically uses things like independence and Gaussianity very strongly.
In the random matrix theory situation these are present only asymptotically. Thus the
precise extent of the connection between the theory of log-correlated processes and random
matrix theory is far from fully understood. For rigorous results concerning multiplicative
chaos and the study of extrema of approximately Gaussian log-correlated fields in random
matrix theory we refer to [ABB17, CMN18, LOS18, LP18, PZ18, Webl15].

In this article we establish a universality result showing that for a class of random
Hermitian matrices, small enough powers of the absolute value of the characteristic
polynomial can be described in terms of a Gaussian multiplicative chaos measure. More
precisely, we prove the following result (for definitions of the relevant quantities, see Section
2.2).

Theorem 2.1.1. Let Hy be a random N x N Hermitian matriz drawn from a one-cut
reqular, unitary invariant ensemble whose equilibrium measure is normalized to have support
[—1,1]. Then for B € [0,+/2), the random measure

| det(Hy — z)|?

d
E|det(Hy — z)]8 ™"

on (—1,1), converges in distribution with respect to the topology of weak convergence of
measures on (—1,1) to a Gaussian multiplicative chaos measure which can be formally

2
written as e’BX(I)_%EX(I)

2da:, where X is a centered Gaussian field with covariance kernel
1
EX(r) X (y) = — log |20z ~ y)].
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We note that in particular, this result holds for the Gaussian Unitary Ensemble (GUE)
of random matrices, with a suitable normalization. The proof here is a generalization of
that in [Web15] by the second author and relies on understanding the large N asymptotics
of quantities which can be written in the form E[e™ 7(n) H?:l |det(Hy — x;)|%] for a
suitable function 7 : R — R, z; € (—1,1) and 3; > 0.

It is easy to see, and we will recall the relevant derivations below, that such expectations
can be written in terms of Hankel determinants with Fisher—Hartwig symbols, and while
such quantities (and corresponding Toeplitz determinants) have been studied in great detail
[CF16, DIK11, DIK14, Kra07], it seems that in the generality we require for Theorem 2.1.1,
many of the results are lacking. Thus we give a proof of such results using Riemann—Hilbert
techniques; see Proposition 2.2.10 for the precise result. This settles some conjectures due
to Forrester and Frankel — see Remark 2.2.11 and [FF04, Conjecture 5 and Conjecture 8]

for further information about their conjectures.

2.1.2 Motivations and related results

One of the main motivations for this work is establishing multiplicative chaos measures as
something appearing universally when studying the global spectral behavior of random
matrices. This is a new type of universality result in random matrix theory and also suggests
that it should be possible to establish some of the geometric properties of log-correlated
fields in the setting of random matrix theory as well. Perhaps on a more fundamental level,
a further motivation for the work here is a general picture of when does the exponential
of an approximation to a log-correlated field converge to a multiplicative chaos measure.
Naturally we don’t answer this question here, but the fact that our approach works so
generally, suggests that part of this argument is something that transfers beyond random
matrix theory to general models where one expects multiplicative chaos measures to play
a role.

On a more speculative level, we also mention as motivation the connection to two-
dimensional quantum gravity. It is well known that random matrix theory is related to a
discretization of two-dimensional quantum gravity, namely the analysis of random planar
maps — see e.g. [EMO03] for a mathematically rigorous discussion of this connection. On the
other hand, multiplicative chaos measures play a significant role in the study of Liouville
quantum gravity [DKRV16, DS11] which is in some instances known to be the scaling
limit of a suitable model of random planar maps [Gall3, Miel3, MS15, MS16a, MS16b].
The appearance of multiplicative chaos measures from random matrix theory seems like a
curious coincidence from this point of view, and one that deserves further study.

One interpretation of Theorem 2.1.1 is that it gives a way of probing the (random
fractal) set of points x where the recentered log characteristic polynomial log | det(Hy —
x)| — Elog | det(Hy — )| is exceptionally large. In analogy with standard multiplicative
chaos results (see e.g. [RV14, Theorem 4.1] or the approach of [Ber17]), one would expect
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_a2)|B
that Theorem 2.1.1 implies that asymptotically, | det(Hy z)|‘ zdx lives on the set of points

E|det(Hy—x)
x where
lim log|det(Hy — )| — Elog | det(Hy — )|
N—oo Var(log | det(Hy — x)|)

= B. (2.1.1)

We emphasize that this really means that the (approximately Gaussian) random variable
log|det(Hy — z)| — Elog | det(Hy — x)| would be of the order of its variance instead of
its standard deviation — as the variance is exploding, this is what motivates the claim
of the log-characteristic polynomial taking exceptionally large values. Moreover, as it is
known that the measure ug vanishes for 8 > 2, this connection suggests that for g > 2,
there are no points where (2.1.1) is satisfied and that 5 = 2 corresponds to the scale of
where the maximum of the field lives (note that it is rigorously known through other
methods that the maximum is indeed on the scale of two times the variance of the field
— see [LP18] and see also [ABB17, PZ18, CMN18] for analogous results in the case of
ensembles of random unitary matrices). This suggests that suitable variants of Theorem
2.1.1 should provide a tool for studying extremal values of the characteristic polynomial,
or even that more generally, existence of multiplicative chaos measures can be used to
study the extremal behavior of log-correlated field. This is significant because maxima of
logarithmically correlated fields (such as the log characteristic polynomial) are believed
to display universality, and have as such been extensively studied in recent years (see
e.g. [FHK12] and references below). In fact, the construction of Gaussian multiplicative
chaos measures supported on points where the value of the field is a given fraction of the
maximal value, may be viewed as part of the programme of establishing universality for
such processes. While our results do not extend to the full range of values of 5 where
one expects the result to be valid (roughly, we examine only the L? regime in Gaussian
multiplicative chaos terminology), we believe that an appropriate modification of the
methods of this paper eventually will yield the result in its full generality (for instance by
combining it with a suitable modification of the approach in [Berl7]).

Regarding this programme, we mention the papers of Arguin, Belius and Bourgade
[ABB17] which verify the leading order of the maximum of the CUE log characteristic
polynomial, as well as Paquette and Zeitouni [PZ18] which refined this to obtain the second
order, doubly logarithmic (“Bramson”) correction. This is consistent with a prediction
of Fyodorov, Hiary and Keating [FHK12]. In turn this was subsequently refined and
generalized to the so-called circular S-ensemble by [CNN17] where tightness of the centered
maximum was proved. For a large class of random Hermitian matrices, the leading order
behavior was established recently by Lambert and Paquette [LP18], while in the case of
the Riemann zeta function, the first order term was obtained (assuming the Riemann
hypothesis) by Najnudel [Naj18] as well as (unconditionally) by Arguin et al. [ABB"19].

In the case of the discrete Gaussian free field in two dimensions, the convergence in law of

24



2.1. Introduction

the recentered maximum was obtained recently in an important paper of Bramson, Ding
and Zeitouni [BDZ16]. As for Gaussian multiplicative chaos measures (in the L2-phase),
the construction in the case of CUE random matrices was achieved by Webb [Web15]. Very
recently, a related construction of a Gaussian multiplicative chaos measure was obtained
by Lambert, Ostrovsky and Simm [LLOS18] in the full L' regime of CUE random matrices,
but for a slightly regularized version of the logarithm of the characteristic polynomial

which is closer to a Gaussian field.

2.1.3 Organisation of the paper

The outline of the article is the following: in Section 2.2, we describe our model and
objects of interest, our main results, and an outline of the proof. After this, in Section
2.3, we recall how the relevant moments can be expressed as Hankel determinants as
well as how these determinants are related to orthogonal polynomials on the real line
and Riemann-Hilbert problems. In this section we also recall from [DIK14] a differential
identity for the relevant determinants. Then in Section 2.4 we go over the analysis of the
relevant Riemann-Hilbert problem. This is very similar to the corresponding analysis in
[Kra07, DIK14], but for completeness and due to slight differences in the proofs, we choose
to present details of this in appendices. After this, in Section 2.5 we use the solution of the
Riemann-Hilbert problem to integrate the differential identity to find the asymptotics of
the relevant moments. Finally in Section 2.6, we put things together and prove our main
results.

We have chosen to defer a number of technical proofs to the end of the paper in the
form of multiple appendices. These contain proofs of results which might be considered
in some sense routine calculations by experts in random matrix and integrable models,
but which would require significant effort to readers not familiar with these techniques.
Since we hope that the paper will be of interest to different communities, we have chosen

to keep them in the paper at the cost of increasing its length.
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2.2 Preliminaries and outline of the proof

In this section, we describe the main objects we shall discuss in this article, state our main

results, and give an outline of the proof of them.

2.2.1 One-cut regular ensembles of random Hermitian matrices

The basic objects we are interested in are N x N random Hermitian matrices Hy whose

distribution can be written as

P(dHy) = —

e NTVHEN) G H (2.2.1)
Zn(V)

where dHy = H;VZI dHjj []1<icj<n d(ReH;j)d(ImH;;) denotes the Lebesgue measure on
the space of N x N Hermitian matrices, TrV (Hy) denotes Zévzl V(A;), where (\;) are
the eigenvalues of Hy (we drop the dependence on N from our notation), the potential
V :R — R is a smooth function with nice enough growth at infinity so that this makes
sense, and Z ~ (V) is a normalizing constant. Perhaps the simplest model of such form is
the Gaussian Unitary Ensemble for which V(x) = 222. This corresponds to the diagonal
entries of Hy being i.i.d. centered normal random variables with variance 1/(4N), and the
entries above the diagonal being i.i.d. random variables whose real and imaginary parts
are centered normal random variables with variance 1/(8N) and are independent of each
other and of the diagonal entries. The entries below the diagonal are determined by the
condition that the matrix is Hermitian.

The distribution (2.2.1) induces a probability distribution for the eigenvalues of Hy. In
analogy with the GUE (see e.g. [AGZ09]) one finds that the distribution of the eigenvalues
(on RY) is given by

1<j

N
1 .
P(dAy,...,dAN) = m H A — )\j‘Q H e_NV(AJ)d)\j, (2.2.2)
Jj=1

where Zx (V) is a normalizing constant called the partition function. Our main goal will

be to describe the large N behavior of the characteristic polynomial of Hpy, and more
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generally a power of this characteristic polynomial. To do this, we will have to impose
further constraints on the function V. A general family of functions V for which our
argument works is the class of one-cut regular potentials. We will review the relevant
concepts here, but for more details, see [KMO0].

First of all, we assume that V' is real analytic on R and lim, ,1 V(z)/log|z| = co.
Further conditions on V' are rather indirect as they are statements about the associated

equilibrium measure py which is defined as the unique minimizer of the functional

7o) = [ [ 1og —=—utdeyutdn) + [ Vioyuide)

on the space of Borel probability measures on R. For further information about uy, see e.g.
[DKMO98, ST97]. The measure py can also be characterized in terms of Euler-Lagrange

equations:

2/log |z —ylpv(dy) = V() + by, x € supp(uy) (2.2.3)

2 / log | — yluv(dy) < V() + by, x ¢ supp(yey) (2.2.4)

for some constant ¢y depending on V.
Our first constraint on V' is that the support of uy is a single interval, and we normalize

it to be [—1,1]. In this case, on [—1,1], py can be written as

py (dz) = d(x)V1 — 22dx, (2.2.5)

where d is real analytic in some neighborhood of [—1,1] — see [DKM98]. For one-cut
regularity, we further assume that d is positive on [—1, 1] and that the inequality (2.2.4) is

strict. We collect this all into a single definition.

Definition 2.2.1 (One-cut regular potentials). We say that the potential V : R — R
is one-cut reqular (with normalized support of the equilibrium measure) if it satisfies the

following conditions:
1. 'V is real analytic.
2. limy 100 V(2)/log |x| = 00.
3. The support of the equilibrium measure py is [—1,1].
4. The inequality (2.2.4) is strict.

5. The real analytic function d from (2.2.5) is positive on [—1,1].

The condition that the support is [—1, 1] instead of say [a, b] is not a real constraint
since the general case can be mapped to this with a simple transformation. Moreover,

note that the support of the equilibrium measure is where the eigenvalues accumulate
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asymptotically, as the size of the matrix tends to infinity. So in this limit, we expect that
nearly all of the eigenvalues of Hy are in [—1, 1].

We also point out that this is a non-empty class of functions V| since for the GUE
(V(z) = 22?), it is known that all of the conditions of Definition 2.2.1 are satisfied — in

particular d(x) = 2/7 in this case.

2.2.2 The characteristic polynomial and powers of its absolute value

As mentioned, our main goal is to describe the large N behavior of the characteristic
polynomial of Hy. There are several possibilities for what one might want to say. One
could consider the characteristic polynomial at a single point, say inside the support of
the equilibrium measure, in which case one might expect in analogy with random unitary
matrices [KS00] that the logarithm of the characteristic polynomial should, as a linear
statistic of eigenvalues, be asymptotically a Gaussian random variable with exploding
variance. One could consider the behavior of the characteristic polynomial in a microscopic
neighborhood of a fixed point, where one might expect it to be asymptotically a random
analytic function as it is for the CUE — see [CNN17], or one could consider the logarithm
of the absolute value of the characteristic polynomial on a macroscopic scale inside or
outside the support of the equilibrium measure. For the GUE, on the macroscopic scale
and in the support of the equilibrium measure, it is known [FKS16] that the recentered
logarithm of the absolute value of the characteristic polynomial behaves like a random
generalized function which is formally a Gaussian process with a logarithmic singularity in
its covariance.

Our goal is to “exponentiate” this last statement. (Note that since the limiting process
describing the logarithm of a the characteristic polynomial is only a generalized function,
and not an actual function defined pointwise, taking its exponential is a prior: highly

nontrivial). More precisely, we make the following definitions.

Definition 2.2.2. For N € Z,, let Hy be distributed according to (2.2.1). For x € C,
define

N
Py(z) =det(Hy —xlyxn) = H()\j — ). (2.2.6)
j=1
Moreover, let
N
Xn(z) =log|Py(z)] =) log|A; — (2.2.7)
j=1

and for > 0, define the following measure on (—1,1):

eBXN (@) B | Py (z)|?

———dr = ————dx. 2.2.
EeAXn@ " T B[Py (2)f (2.2.8)

pn p(d) =
While exponentiating a generalized function in general is impossible, it turns out that
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in our setting, the correct description of such a procedure is in terms of random measures
known as Gaussian multiplicative chaos measures. We now describe some of the basics of

the relevant theory.

2.2.3 Gaussian Multiplicative Chaos

Gaussian multiplicative chaos is a theory going back to Kahane [Kah85] with the aim of
defining what the exponential of a Gaussian random (possibly generalized) function should
mean when the covariance kernel of the Gaussian process has a suitable structure, as well
as describing some geometric properties of these Gaussian processes.

Kahane proved, that if the covariance kernel has a logarithmic singularity, but otherwise
has a particularly nice form, then with a suitable limiting and normalizing procedure,
the exponential of the corresponding generalized function can be indeed understood as a
random multifractal measure, known as a Gaussian multiplicative chaos measure. For a
recent review of the theory, see [RV14] and for a concise proof for existence and uniqueness,
see [Berl7].

Recently, these measures have found applications in constructing random SLE-like
planar curves through conformal welding [AKSJ11, Shel6], quantum Loewner evolution
[MS16b], the random geometry of two-dimensional quantum gravity [DKRV16, DS11] —
see also the lecture notes [BerNotes], and even in models of mathematical finance [BKM13].
Complex variants of these objects are also connected to the statistical behavior of the
Riemann zeta function on the critical line [SW16]. Perhaps their greatest importance is
the role they are believed to play in describing the scaling limits of random planar maps
embedded conformally — see [MS15, MS16a, MS16b] and [BerNotes]. In all of these cases,
the covariance kernel of the Gaussian field has a logarithmic singularity on the diagonal.

In this section we will give a brief construction of the measures which are relevant to
us. The random distribution we will be interested in is the whole-plane Gaussian free field
restricted to the interval (—1,1) with a suitable choice of additive constant. Formally we
will want to consider a Gaussian field X defined on (—1,1) such that it has a covariance
kernel EX ()X (y) = —5 log[2|z — y|]. It can be shown that it is possible to construct such
an object as a random variable taking values in a suitable Sobolev space of generalized
functions, see [FKS16]. However, we will only need to work with approximations to this
distribution which are well defined functions, so we will not need this fact. To motivate
our definitions, we first recall a basic fact about expanding log |z — y| for z,y € (—1,1) in
terms of Chebyshev polynomials — see e.g. [Por90, Appendix C], [For10, Exercise 1.4.4], or
[GP13, Lemma 3.1] for a proof.

Lemma 2.2.3. Let x,y € (—1,1) and x #y. Then

o0

2
log |z —y| = —log2 — Z ﬁTn(a:)Tn(y), (2.2.9)

n=1
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where Ty, is a Chebyshev polynomial of the first kind, i.e. it is the unique polynomial of
degree n satisfying T,,(cos ) = cosnf for all 0 € [0, 27].

Thus formally, if (Aj)72, were i.i.d. standard Gaussians and one defined
=Y FTi)
Vi

then one would have EG(z)G(y) = —3log[2|z — y|]. Motivated by this, we make the

following definition.

Definition 2.2.4. Let (A;)?2, be i.i.d. standard Gaussian random variables. For x €
(—=1,1) and M € Z, let

ﬁj:\Af (2.2.10)

We then want to understand €9 (for suitable 3) as a limit related to 9™ as M — oco.

The precise statement is the following:

Lemma 2.2.5. Consider the random measure
2
:“,(BM) (dz) = eﬁgM(x)—%EgM(x)de (2.2.11)

n (=1,1). For B € (—v2,V2), ,u/(gM) converges weakly almost surely (when the i.i.d.
Gaussians are realized on the same probability space) to a non-trivial random measure fig
n(—1,1), as M — oo.

This measure ug is the limiting object in Theorem 2.1.1. The basic idea is that the
sequence ,u(ﬁM) is a measure-valued martingale, and it turns out that for 8 € (—v/2,v/2),
it is bounded in L? so by standard martingale theory it has a non-trivial limit. The

L2-boundedness is somewhat non-trivial and we will return to the details later.

Remark 2.2.6. The measure pig exists actually for larger values of | 3| as well. It essentially
follows from the standard theory of multiplicative chaos, or alternatively the approach of
[Ber17], that a non-trivial limiting measure exists for f € (—2,2). In fact, comparing
with other log-correlated fields, it is natural to expect that with a suitable deterministic
normalization, that differs from ours for some values of 8, it is possible to construct a
non-trivial limiting object for all B € C. However, for complex 3, the limit might not
be in general a measure (not even a signed measure), but only a distribution. We refer
to [LRV15] for a study in complex multiplicative chaos and to [MRV16] for defining ug
for large real B. Our approach for proving convergence relies critically on calculating
second moments and it is known for example that the total mass of the measure pg has

a finite second moment only for 5 € (—ﬁ, V'2), so our approach is not directly possible
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for proving a corresponding result in the full range of values of B where we would expect
the result to hold. However, combining our results, those of [CK15], and the approach of
[LOS18] should yield the result for € (0,2). This being said, we wish to point out that
while the limiting object g should ewist for all complex B, one should not expect that py g
converges to it if the real part of B is too negative — e.q. if B < —1, then with overwhelming
probability, f_ll f ()| Py (x)|Pdx will be infinite and one can not hope for convergence. To

avoid this type of complications, we focus on non-negative 3.

2.2.4 Outline of the proof

In this section we define the main objects we analyze in the proof of Theorem 2.1.1, and
state the main results we need about them. Motivated by the approach in [Web15], we
will consider an approximation to uy g, and we will denote this by ﬁ%, where M is an
integer parametrizing the approximation. Using known results about the linear statistics

of one-cut regular ensembles, it will be clear that as N — oo for fixed M, ﬁ% — ,ul(gM)

in distribution. Thus our goal is to control the difference py g — ﬁ%\/lﬁ), when we first let
N — oo and then M — oo.

Let us begin by defining our approximation ﬁg\],wﬁ) It is essentially just truncating the
Fourier-Chebyshev series of X, but we have to be slightly careful as the eigenvalues can

be outside of [—1, 1] with non-zero probability.

Definition 2.2.7. Fix M € Z, and € > 0 (small and possibly depending on M). Let
Tj(m) be a C*°(R)-function with compact support such that fj@) = Tj(x) for each x €
(=1 —¢€,14¢€). Then define for x € (—1,1)

M N

~ 2 ~
Xy (z) = _ZE > T (M) | Tu(a), (2.2.12)
k=1 j=1
and -
BX N, M (x)
=)oy €T 2.2.13
:LLN,/B( ) Fof X1 (2) (2.2.13)

Remark 2.2.8. Our reasoning here is that if we pretended that all of the \; are in the
interval (—1,1), we could make use of Lemma 2.2.3. Then Xy would coincide with the
above expansion for M = oo and T’] replaced by T;. Outside of the interval, we have to use

Tk instead of Ty, as otherwise EefXn,m () might not exist for all values of x and M.

We will break our main statement down into parts now. The statement of our Theorem
2.1.1 is equivalent to saying that for each bounded continuous ¢ : (—1,1) — [0,00),
png(p) = f}l o(x)pun g(dx) converges in distribution to pg(p). It will actually be enough
to assume that ¢ has compact support in (—1, 1), i.e. to prove vague convergence. We will

be more detailed about these statements in the actual proof in Section 2.6. The way we
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will prove vague convergence is to write

in.5(0) = lun,s(9) — iy g ()] + A3 ().

By using standard central limit theorems for linear statistics of one-cut regular ensem-
bles, and the definition of p13, we will see that the second term here tends to pg(p) in
the limit where first N — oo, and then M — oo. Our main result will then follow from
showing that the second moment of the first term tends to zero in the same limit. We

formulate this as a proposition.

Proposition 2.2.9. If we first let N — oo and then M — oo, then for f € (0,v/2)
and each compactly supported continuous ¢ : (—1,1) — [0,00), [Z%(gp) converges in
distribution to pg(p), and
lim lim E — i) =o. 2.2.14
im lim Eluys(e) = fiy 5 ()] ( )

M —oc0

Proving the second statement takes up most of this article. Expanding the square,

we see that what is critical is having uniform asymptotics for Ee#X~ (), EeBXnm (@)
Eeﬁ(XN(x)"'XN(y))’ Eeﬁ(xl\’,]\l (x)'i'ij,M(y))’ and Eeﬁ(XN(x)'i'XN,]\i(y)). More precisely’ we have:

~ E eﬁXN(x)"’BXN(y)
Elung(p) — u%)(so)\? _ // SO(JC)SD(?J)E(e(ﬁxN(x))E(eﬁXN(;))dxdy

E(ePXN (@)+8Xnm (1)) i
-9 =
//So(x)sp(y)E(QBXN(I))E(eﬁXN,M(y)) i

E(eﬁ)?N,M(LE)-Fﬁ)?N,M(?J)) dnd
+//gp(w)tp(y)E(eﬁ)zN,M(m))E(eﬁXN,M(y)) aa

Each of these expectations here can be expressed as E H;V: 1 h(X;) for a suitable function

h : R — R. For instance,

S

~ N —~
PXN@HEXN M) = TT|A; — 2T M) where T(A) = T(Ajy) = =8 %Tk()‘)Tk(y)‘
j=1 k=1

As we will recall in Section 2.3, such quantities can be expressed in terms of Hankel
determinants. Moreover, all of these Hankel determinants have a very specific type of
symbol: one with so-called Fisher—Hartwig singularities. To explain what this means
here, a Hankel matrix is a matrix in which the skew-diagonals are constant. They are
closely related to Toeplitz matrices where the diagonals themselves are constant (these
arise typically in the study of CUE and related random matrix ensembles rather than
the GUE-type ensembles considered in this paper). In the case we will be interested
in, the (i, j)th coefficient of the Hankel matrix will be of the form [, 2"/ h(z)e NV @) dz
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where h is as above. When & is smooth enough and doesn’t have any roots, then the
asymptotic analysis of such determinants would follow from the classical strong Szeg6
theorem (actually this theorem applies in the Toeplitz case rather than the Hankel case,
but here this isn’t a crucial distinction). However in our situation h typically contains
at least one root of the form |z — z;|%, which greatly complicates the task of analysing
the corresponding determinant. This type of behavior is an example of a Fisher—-Hartwig
singularity. (In general a Fisher-Hartwig singularity might also include a jump at z;
corresponding to the symbol also having a term of the form eY™ k’g(””*xi).)

The asymptotics of Hankel determinants with Fisher—Hartwig singularities is still very
much a subject of active research, and much information is already available using the
steepest descent technique due to Deift and Zhou [DZ93]; see in particular the papers
[DIK11, DIK14, Kra07, CF16] which play an important role in our proof. Yet results in
the generality we need seem to still be lacking in the literature. What suffices for us is the
following result (which we will only use with £k = 1 or k = 2, but since there is no added

difficulty in proving it for a general value of k£ we will do so).

Proposition 2.2.10. Let T € C*(R) be real analytic in some neighborhood of [—1,1] and
have compact support. Let k € Z, be fized, and let By, ..., B € [0,00) be fized. Moreover,
let 1, ...,z € (—1,1) be distinct. Finally let Hy be a N x N random Hermitian matriz
drawn from a one-cut reqular unitary invariant ensemble with potential V. Then for

2
c(p) = 2% %, where G is the Barnes G function, we have as N — oo,

k
E 2= TO) ] | det(Hy — ;)| (2.2.15)
=1
k ¢ N TJQ 8 BiB
T Ky o 55 _BibB;
=TT (wepGfi=a) * (5) eV T - oy
j=1 1<i<j<k
N Y T(@)d@)VI—a2de+ Y5 5 [ I %d%nxﬂ]

1 1 T(y) 1 7' (@)V1-a2
= I dyimP.V. I — i —dx

(1+o0(1))

uniformly on compact subsets of {(x1,...,x) € (=1,1)* : 7; # x; for i # j}. Here P.V. [
denotes the Cauchy principal value integral. Moreover, if there exists a fived M € Z,
such that in some fixed neighborhood of [—1,1], T (x) = Zj‘il a;Tj(x), then the above

asymptotics are uniform also in compact subsets of {(a, ..., apr) € RM}.

Remark 2.2.11. As mentioned in the introduction, this settles some conjectures due to
Forrester and Frankel — see [F'F04, Conjecture 5 and Congecture 8] for more details. In
terms of the potential V', we actually improve on the conjectures as these are only stated

for polynomial V', but concerning the functions T, our results are not as general as those
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appearing in the conjectures of Forrester and Frankel. This being said, one could easily
relax some of our regularity assumptions on T. In fact, the compact support or smoothness
outside of a neighborhood of the interval [—1,1] play essentially no role in our proof, but
as this is a simple and clear way of stating the result, we do not attempt to state things in
their greatest generality. Moreover, using techniques from [DIK14], one could attempt to
generalize our estimates and prove a corresponding result when T is less smooth also on
[—1,1]. Again, this is not necessary for our main goal, so we don’t pursue this further.
We also mention that after the first version of this article appeared, Charlier (in
[Chal8]) proved an extension of this result to the case where the symbol can also have

Jump-type singularities.

We prove our results through Riemann—Hilbert methods. In particular, we first show
that with a suitable differential identity, and some analysis of a Riemann—Hilbert problem,
we can relate the 7 = 0 case to the T # 0 case. Then with another differential identity
(and further analysis of another Riemann—Hilbert problem) we relate the 7 = 0, general
V-case to the GUE with 7 = 0. The asymptotics in the 7 = 0 case for the GUE have
been obtained by Krasovsky [Kra07]. Using these, we are able to prove Proposition 2.2.10.

As we will need uniform asymptotics for Ee#X~(@)+8Xn () and other terms, Proposition
2.2.10 is not quite enough for us. For uniform estimates, we will rely on a recent result
of Claeys and Fahs [CF16], which combined with Proposition 2.2.10 will let us prove
Proposition 2.2.9.

Next we review the connection between expectations of the form (2.2.15), Hankel

determinants, and Riemann—Hilbert problems.

2.3 Hankel determinants and Riemann—Hilbert problems

In this section, we recall how the expectations we are interested in can be written as
Hankel determinants, which are related to orthogonal polynomials, which in turn can be
encoded into a Riemann—-Hilbert problem. We also recall certain differential identities we
will need for analyzing the expectations we are interested in. While our discussion is very
similar to that in e.g. [DIK11, DIK14], there are some minor differences as we are dealing
with Hankel determinants instead of Toeplitz ones. We choose to give some details for the

convenience of a reader with limited experience with Riemann-Hilbert problems.

2.3.1 Hankel determinants and orthogonal polynomials

Terms of the form IEH;VZI f(A;) can be written in determinantal form due to Andreief’s
identity — for a proof, one can use e.g. [AGZ09, Lemma 3.2.3] with the functions
filz) = f(x)eNV@zi=1 and gi(z) = 2! as well as the product representation of

the Vandermonde determinant.
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Lemma 2.3.1. Let f : R — R be a nice enough function (measurable and nice enough

decay that all the relevant integrals converge absolutely). Then

N-1
E 1;[ f(N) = Z]iv("/) det </R x”jf(x)e_NV(x)dx) ) (2.3.1)

i,5=0
where Zn (V) is as in (2.2.2).
Let us introduce some notation for the Hankel determinant here.

Definition 2.3.2. For nice enough functions f : R — R, (so that the integrals exist) let

k
Dy(f) = Dp(f; V) = det ( / ) f(x)e—NW)dx) : (2.3.2)
R i,j=0
As the notation suggests, we will suppress the dependence on V' when it’s convenient.
We suppress the dependence on N always.
It is a well known result in the theory of orthogonal polynomials, that such determinants
can be written in terms of orthogonal polynomials. For the convenience of the reader, we

offer a proof for the following result.

Lemma 2.3.3. Let f: R — R be positive Lebesgue almost everywhere, have nice enough
reqularity and growth at infinity, and let (p;(x; f, V)32, be the sequence of real polynomials
which have a positive leading order coefficient and which are orthonormal with respect to
the measure f(z)e NV@dz on R (we will write pj(z; f) when we wish to suppress the

dependence on V' and we will always suppress the dependence on N):

/Rpj(fv; Do N f(@)e NV @dy = 5, (2.3.3)

and p;(z; f) = x;(f)z? + O(x7~1) as & — oo, where x;(f) > 0. Then

k
Dr(f) =] xi(H 2 (2.3.4)
j=0

Note that due to our assumptions on f, the above polynomials do exist as we can
construct them by applying the determinantal representation associated with the Gram—

Schmidt procedure to the monomials.

Proof. Consider the space of real polynomials, equipped with an inner product given by
the L? inner product on R with weight f(z)e=¥V(®) . A consequence of the Gram-Schmidt

procedure applied to the sequence of monomials in this inner product space is the following:
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forj > 1
[ e XYWy - [yl fy)e NV W dy
pi(a: f) = ———t | | (2.8.5)
e Dj1(f)D;(f) [P f)e NVWdy - [y 1 f(y)e NV ®dy o
1 . )

where for j = 0 the determinant is replaced by 1, and D_;(f) = 1.

Note that from our assumption on f and an easy generalization of Lemma 2.3.1,
D;(f) > 0 for all j > 0, so these polynomials exist. From (2.3.5) one sees that x;(f) —
the coefficient of 7 in p;(z; f) — equals \/D;_1(f)/D;(f). The claim then follows as the
product has a telescopic form, and we defined D_;(f) = 1. O

2.3.2 Riemann-Hilbert problems and orthogonal polynomials

We now recall a result going back to Fokas, Its, and Kitaev [FIK92] about encoding
orthogonal polynomials on the real line into a Riemann-Hilbert problem. In our setting,

the relevant result is formulated in the following way.

Proposition 2.3.4 (Fokas, Its, and Kitaev). Let T be a real valued C*°(R) function with
compact support, let (,Bj)é?:l € [0,00)* (xj);?:l € (-1, )%, and x; # x; fori # j. Let
V' be some real analytic function on R satisfying limg_ 1o V(x)/log |x| = co. For A € R,
define

k
FO) =TI TTIN ==/, (2.3.6)
j=1

and let pj(x; f) be as in Lemma 2.3.3, with the relevant measure being fN)e NVNaX on

R. Consider the 2 X 2 matriz-valued function

_1_ . 1 pi(f) fFN)e NV N ax
——=p;(z; f) : - —
Y(2) =Yj(2 f, V) = xi (NP o I A ) 2 |
—2mixj—1(f)pj—1(z; f) _Xj—l(f)fR%}li_(zﬁf()\)e_NV(A)d)\

(2.3.7)

for z€ C\R. ThenY is the unique solution to the following Riemann-Hilbert problem:
find a function Y : C\ R — C?>*? such that

1. Y is analytic.

2. On R, Y has continuous boundary values Yy, i.e. Yi(A) =lim._,g+ Y (A £ i€) exists
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and is continuous for all A € R. Moreover, Y1 are related by the jump condition

1 f(A)e MV
Yi(\) =Y_()) ., AER. (2.3.8)

0 1

3. As z — oo,
20
Y(2) =T+ 0(1) R (2.3.9)
0 =z7J

Remark 2.3.5. Typically for Riemann-Hilbert problems related to Toeplitz and Hankel
determinants with Fisher-Hartwig singularities (e.g. [DIK11, DIK14, CF16]) one says
that the boundary values are continuous on the relevant contour minus the singularities x;,
and then imposes conditions on the behavior of Y near the singularities. This is relevant
when one of the [5; is negative or non-real, but as we will shortly mention, in our case the

boundary values are truly continuous on R and no further condition is needed.

Sketch of proof. The proof for uniqueness is the standard one: one first looks at some
solution to the RHP, say Y. From the jump condition, it follows that det Y is continuous
across R, so it is entire. From the behavior of Y at infinity, it follows that detY is
bounded, so by Liouville’s theorem and the behavior at infinity, one sees that detY = 1.
In particular, (as a matrix) Y is invertible and the inverse matrix Y ~! is analytic in C \ R.
Now if Y is another solution, we see that YY1 is analytic in C\ R and continuous across
R, so it is entire. From the behavior at infinity, ¥ (2)Y (z)~1 — I (the 2 x 2 identity matrix)
as z — 00, so again by Liouville, Y=Y.

Consider then the statement that Y given in terms of the orthogonal polynomials is
a solution. The analyticity condition is obvious. The continuity of the boundary values
of the first column is obvious since we are dealing with polynomials. For the second
column, the Sokhotski-Plemelj theorem implies that the boundary values of the second
column can be expressed in terms of pjfe_NV (or p; replaced by p;_1) and its Hilbert
transform (see e.g. [Tit59, Chapter V] for an introduction to the Hilbert transform). The
first term is obviously continuous. For the Hilbert transform, we note that p; fe NV is
Holder continuous, so as the Hilbert transform preserves Holder regularity (see [Tit59,
Chapter V.15]), we see that the boundary values of Y are continuous.

For the jump condition (2.3.8) and behavior at infinity (2.3.9), we refer to analogous

problems in [Dei99, Section 3.2 and Section 7]. O

We next discuss how deforming V' or 7 changes Dy_1(f; V).
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2.3.3 Differential identities

Let us fix our potential V' (and drop dependence on it from our notation) and first consider
how deforming 7 changes Dy_1(f).

The proof of the following result is a minor modification of the proof of [DIK14,
Proposition 3.3], but for completeness, we give a proof in Appendix 2.A. The role of this
result is that if we know the asymptotics in the case 7 = 0, instead of studying Y; for all

4, it’s enough to study Yy though with a one-parameter family of deformations of 7T .

Lemma 2.3.6. Let 7 : R — R be a C™ function with compact support, let (ﬁj)é?:l €
[0, 00)F | (%‘)?:1 € (—1,1)%, and x; # x; fori# j. Fort €[0,1] and X € R, define

k
f0) = [1 —t+ teTW] TTIA - il%. (2.3.10)
j=1

Let Y (z,t) be as in (2.3.7) with j = N, f = fi, and pi(x; f) = pi(x; fi) the orthonormal
polynomials with respect to the measure f(N\)e NVNdX on R. Then

1
at 10g DN_I(ft) = 2m/ [Yll(xat)amyél(xvt) - YZl(mat)ainl(xvt)] 6tft($)€_NV(z)d$a
R

(2.3.11)

where the indices of Y refer to matrix entries.

The object we are interested in is Dy_1(f1) which we can analyze by writing

1
log Dx-1(f1) = log Dy-a(fo) + | g3 low D (e

For the GUE, the asymptotics of Dy_1(fy) — the case T = 0 — were investigated in
[Kra07], so a consequence of Lemma 2.3.6 is that if we understand the asymptotics of
Y (z,t) well enough, we are able to study the asymptotics of Dy_1(f1) in the GUE case.

The other deformation we will consider is what happens when we interpolate between
the potentials Vo(z) = 222 (the GUE) and Vi (z) = V(z) in the T = 0 case.

Lemma 2.3.7. Let (,Bj)é?zl € [0,00)", (a:j)?:l € (=1, 1), and z; # xj for i # j. Let f
be defined by (2.3.6) with T =0 and let V : R — R be a real analytic function satisfying
lim, o0 V(2)/log|z| = co. Define for s € [0,1]

Vi(x) = (1 — 5)22° 4+ sV (z). (2.3.12)

Let us then write Y (z;Vs) for Y defined as in (2.3.7) with j = N, V. = Vy and
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2.4. Solving the Riemann-Hilbert problem

pj(x; f) = pj(x; f,Vs). Then using the notation of (2.3.2)

dslog Dn_1(f; V5) (2.3.13)

= —Nﬁ /R Vi1 (@3 Va) o You (5 V) — Yau (23 Va) 00 Vi (; Va)] f(2) [0 Va(a)]e ™V de
Again, we give a proof in Appendix 2.A. The role of this differential identity is that if
we understand the asymptotics of Y (z; V) well enough, then by integrating (2.3.13), we
can move from the GUE asymptotics to the general ones.
We mention that both of these identities are of course true for a much wider class of
symbols than what we state in the results (in particular, in Lemma 2.3.7 the condition
7T = 0 is not necessary for anything). This is simply the generality we use them in. Next

we move on to describing how to study the large N asymptotics of Y(z,¢) and Y (z; Vj).

2.4 Solving the Riemann-Hilbert problem

In this section we will finally describe the asymptotic behavior of Y (z,t) and Y (z; V;) as
N — oo. The typical way this is done is through a series of transformations to the RHP,
ultimately leading to a RHP where the jump matrix is asymptotically close to the identity
matrix as N — oo, and the behavior at infinity is close to the identity matrix. Then using
properties of the Cauchy-kernel, the final RHP can be solved in terms of a Neumann series
solution of a suitable integral equation. Moreover, each term in the series expansion is of
lower and lower order in N. We will go into further details about this part of the problem
in Section 2.4.5, but we will start with transforming the problem.

While we never have both s,t € (0, 1), we will find it notationally convenient to consider
Y (z) to be defined as in (2.3.7) with f = f; and V = V5. We suppress all of this in our
notation for Y. We will also focus on functions 7 with the regularity claimed in Proposition

2.2.10 which was stronger than what we stated in the differential identities.

2.4.1 Transforming the Riemann-Hilbert problem

Let us introduce some further notation to simplify things later on. Let 7 satisfy the

conditions of Proposition 2.2.10, and let
TN =log(1 —t + te” V) (2.4.1)

so that in the notation of Lemma 2.3.6

k
fiN) = ™I TN =217,

J=1

and let us assume that the singularities are ordered: z; < ;1.
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The series of transformations we will now start implementing is a minor modification
of that in [Kra07, Section 4].
The first transformation

Our first transformation will change the asymptotic behavior of the solution to the RHP
so that it is close to the identity as z — oo, as well as cause the distance between the
jump matrix and the identity matrix to be exponentially small in N when we’re off of
the interval [—1,1]. The proofs of the statements of this section are either elementary
or straightforward generalizations of standard ones in the RHP-literature, but for the
convenience of readers unfamiliar with the literature, they are sketched in Appendix 2.B.

Let us now make the relevant definitions.

Definition 2.4.1. In the notation of (2.2.5), for s € [0,1] as above, let
2
ds(A\) =(1-— s); + sd(N), (2.4.2)

and for z € C\ (—o0, 1], let

9s(2) = / 1 ds(\)V/1 = A2log(z — A)dA, (2.4.3)

-1
where the branch of the logarithm is the principal one. We also define

ls=(1—-35)(—1—2log2) + sty, (2.4.4)

where Ly is the constant from (2.2.3) and (2.2.4). Finally, for z € C\ R, let

T(2) = e N6o3/2y (2)eN9s(2)=ts/2)s (2.4.5)
where
1 0 e? 0
o3 = and €93 =
0 —1 0 e

Before describing the jump structure and normalization of T near infinity, we first
point out some simple facts about the boundary values of g on R which follow from its
definition and (2.2.3) (details may be found in Appendix 2.B).

Lemma 2.4.2. For A € R, let g, +(A\) = lim._,o+ gs(A £ i€). Then for A € (—1,1) and
s € [0,1]
gs,+(A) + gs,—(A) = Vs(A) + 4. (2.4.6)
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2.4. Solving the Riemann-Hilbert problem

There exist M,C > 0 (independent of s) so that for A € R\ [—1,1],

—C(IA[ =12, ]\l = 1€ (0,M)

gs,+(>‘) +gs,—(A) — Vs(A) = €s < . (2.4.7)
—log |\, Al—1>M
For A e R
2, A< —1
s+ (N) = g5~ (N) = { 2mi [} do(2)V1 — 2%dz, |\ <1 - (2.4.8)
0, A>1

The function gs + — gs,— along with an analytic continuation of it will play a significant

role in our analysis of the Riemann-Hilbert problem, so we give it a name.

Definition 2.4.3. Let U C C be an open neighborhood of R into which d has an analytic
continuation. For z € U\ ((—oo0, —1]U[1,00)) and s € [0,1], let

hs(z) = —2mi /: ds(w)V1 — w2dw, (2.4.9)

where the square root is according to the principal branch (i.e. V1 —w? = e3 log(1-w?)

and
the branch of the logarithm is the principal one), and the contour of integration is such

that it stays in U and does not cross (—oo, —1] U [1,00).

ENhs and to estimate the size of such

The function hg will often appear in the form e
an exponential, we will need to know the sign of Re(hs). For this, we use the following

elementary fact.

Lemma 2.4.4. In a small enough open neighborhood of (—1,1) (independent of s) in the

complex plane,
and

for all s € 0,1], and if we restrict to a fixed set in the upper half plane such that the set
is bounded away from the real axis, but inside this neighborhood of (—1,1), we have e.g.
Re(hs(z)) > € > 0 for some € > 0 independent of s. A similar result holds in the lower
half plane.

Again, see Appendix 2.B for details on the proof of this and the next result, which

describes the Riemann-Hilbert problem 7' solves.

Lemma 2.4.5. The function T : C\ R — C?*2 defined by (2.4.5) is the unique solution

to the following Riemann-Hilbert problem.
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1. T:C\ R — C**? is analytic.

2. On R, T has continuous boundary values Ty and these are related by the jump

conditions
e N ()
T (\)=T-(N) ) Ae(—1,1) (2.4.10)
0 eNhs(N)
and
1 fi(N)eN st (N Fgs,- (N =Ls=Vs (V)
T.(N\)=T-(N) , A e R\[-1,1]. (2.4.11)
0 1
3. As z — oo,
T(z) =1+ 0O(|z|™). (2.4.12)

The jump matrix given by (2.4.10) and (2.4.11) already looks good for A ¢ [—1,1],
in the sense that it is exponentially close to the identity, (compare (2.4.11) with (2.4.7)).
However, the issue is that across (—1, 1), the jump matrix is not close to the identity in

any way. We will next address this issue by performing a second transformation.

The second transformation

As customary in this type of problems, the next step is to “open lenses”. That is, we will
add further jumps to the problem off of the real line. Due to a nice factorization property
of the jump matrix for T', the new jump matrix will be close to the identity on the new
jump contours when we are not too close to the points &1 or z;.

Before going into the details of this, we will define an analytic continuation of f; into a
subset of C. Recall from our assumptions in Proposition 2.2.10 that on (=1 —¢€,1 + ¢€),
T (x) is real analytic. Thus 7T certainly has an analytic continuation to some neighborhood
of [-1,1]. Moreover as it is real on [—1,1], we see that in some small enough complex
neighborhood of [—1,1] (which is independent of t), 1 — ¢ + te” *) has no zeroes for any
t € [0,1]. Thus 7; (see (2.4.1)) has an analytic continuation to this neighborhood for all
t € 0,1]. We use this to define the analytic continuation of f;.

Definition 2.4.6. Let U_; ) be some neighborhood of [—1,1] which is independent of t
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and in which Ty is analytic for t € [0,1]. In this domain, and for 1 <1<k —1, let

H;?:l(xj - Z)Bj7 RG(Z) < 71
fo(2) = O ST (g — ) T (2 — )%, Re(2) € (nyangn) »  (24.13)
H?:l(z — x5)%, Re(z) > xp,

where the powers are according to the principal branch.

We will now impose some conditions on our new jump contours. Later on, we will
be more precise about what we exactly want from them, but for now, we will ignore the
details.

Definition 2.4.7. For j =1,....k+1, let Z;r (X} ), be a smooth curve in the upper (lower)
half plane from xj_1 to x;, where we understand xo as —1 and xp11 as 1. The curves are
oriented from x;_1 to x; and independent of t, s, and N. Moreover, they are contained in
U1

The domain between E; and Z; 1s called a lens. The domain between E;r and R is
called the top part of the lens, and that between Ej_ and R the bottom part of the lens. See

Figure 2.1 for an illustration.

Remark 2.4.8. Our definition here and our coming construction implicitly assume that
Bj #0 for all j. If one (or more) Bj =0, one simply ignores the corresponding x; (so e.g.

one connects xj_1 to xj11 with a curve in the upper half plane etc).

Figure 2.1: Opening of lenses, k = 1. The signs indicate the orientation of the curves: the
+ side is the left side of the curve and — the right.

We use these contours in our next transformation.
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Definition 2.4.9. For z ¢ ¥ := U (ST UST) UR, let

T(z), outside of the lenses
1 0
T(z) , top part of the lenses
S(z) = CR(2)leNha) g L (24.14)
1
T(z) , bottom part of the lenses
ft(Z)_leNhS(z) 1

Remark 2.4.10. Note that S depends on our choice of the contours ¥ (as well as s,t,
and N), but we suppress this in our notation. We also point out that as f; has zeroes at the
singularities, the entries in the first column of S(z) blow up when z approaches a singularity
from within the lens. Moreover, we see that we have discontinuities at the points +1. Thus
the boundary values are no longer continuous on R, but on R\ {z; : j =0,...,k+1}, where

again rg = —1 and x4 = 1.

Using the definition of S, the RHP for T, and the fact that

e Nh) (V) 1 0 0 Je(X) 1 0

0 oNhs(A) N ()71 1 N0 e N F ()T 1

it is simple to check what the Riemann—Hilbert problem for S should be; we omit the

proof.

Lemma 2.4.11. S is the unique solution to the following Riemann—Hilbert problem:

1. §:C\ X — C?*2 js analytic.

2. S has continuous boundary values on ¥\ {z; ;“Zé and they are related by the jump
conditions

1 0

Sp(A) = S-(N) c o AeUHsE\{mdy,  (24.15)
ft()\)_le:':NhS()‘) 1

0 ft(N) N
S—l—()‘) = S—()‘) ) Ae (_L 1) \ {xj}jzla (2416)
— (M)t 0
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and

Si(\) = S_(\) . AER\[-1,1]. (2.4.17)

In (2.4.15) the F and + notation means that we have e~N"s in the jump matriz

when we cross Zj and eN"s when we cross Zj_.
3. 8(z2)=1+0(2") as z — oc.

4. For j =1,..,k, S(z) is bounded as z — x; from outside of the lenses, but when

2z — xj from inside of the lenses,

o — .|~ Bi
S(z) = Oz —a1™2) o) . (2.4.18)
O(lz —a;|7%) 0()

Moreover, S is bounded at £1.

We are now in a situation where if we are on one of the E;-t or on R\ [—1,1] and not
close to one of the points +1 or x;, then the distance of the jump matrix from the identity
matrix is exponentially small in N. We thus need to do something close to the points £1
and z; as well as on the interval (—1,1) to get a small norm problem, i.e. one that can be
solved in terms of a Neumann series.

The way to proceed here is to construct functions which are solutions to approximations
of the Riemann-Hilbert problem where we expect the approximations to be good if we are
close to one of the points £1 or x;, or then alternatively when we are far away from them
and we expect the approximate problem related to the behavior on (—1,1) to determine
the behavior of S. We then construct an ansatz to the original problem in terms of these
approximations. This will lead to a small norm problem.

These approximations are often called parametrices, and we will start with the solution

far away from the points 1 and x;. This case is often called the global parametrix.

2.4.2 The global parametrix

Our goal is to find a function P(>)(z) such that it has the same jumps as S(z) across
(—1,1), is analytic elsewhere, and has the correct behavior at infinity. We won’t go into
great detail about how such problems are solved, but we will build on similar problems
solved in [Kra07, Section 4.2] (see also for example [DKM™99, Section 5]). We will simply
state the result here and sketch a proof in Appendix 2.C. Later on we will need some
regularity properties of the solution considered here so we will state and prove the relevant

facts here.

45



Random Hermitian Matrices and Gaussian Multiplicative Chaos

We now define our global parametrix.

Definition 2.4.12. Let us write for z ¢ (—o0, 1]
r(z) = (z = D)Y2(2 4+ 1)1/2 (2.4.19)

and
(Z _ 1)1/4

a(z) = I (2.4.20)

where the powers are taken according to the principal branch. Then for t € [0,1] and
z ¢ (—o0,1], let

r(z 1 t b .
Dy(z) = (24 r(z)) HAexp [ 2(7r> /_1 \/71-(%))\22 i )\d)\} H(z - xj)ﬁj/Q (2.4.21)

j=1

where A = Z?Zl B/2 and the powers are according to the principal branch. Finally, for
z ¢ (—o0,1] and t € [0,1], define the global parametriz

a(z a(z)™t  —i(a(z) —a(z)!
PO (2) = PO (5 1) = %Dt(oo)‘” (2) +a(z) (a(z) —a(z)7) Di(2)7,

i(a(z) —a()™!)  a(z) +a(z)™!
LT gy
where Dy(00) = im0 Dy(2) = 274> 71 Vi-22 7,
Remark 2.4.13. It’s simple to check that r and a are continuous across (—oo, —1) so
they can be analytically continued to C\ [—1,1]. Using the fact that r(\) is negative for
A < —1, one can check that also Dy is continuous across (—oo,—1), so in fact P s
analytic in C\ [-1,1].

We also point out that as To(A) = 0 (recall (2.4.1)) we can also write

LTESITN ) 1 T

o3 (1 Y
P®)(z,1) =" 5 i5e P (2, 0)e 2" 1-32 774 (2.4.23)

The relevance of this parametrix stems from the following lemma.

Lemma 2.4.14. For each t € [0,1], P(®)(.) = P(®)(.,t) satisfies the following Riemann—
Hilbert problem.

1. P(®) . C\ [~1,1] = C**? is analytic.

2. P(®) has continuous boundary values on (—1,1) \ {acj}?:l, and satisfies the jump
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condition
0 A
Py = P 7 Coxe (LD \ {mt,. (24.20)
—ft()\)_l 0
3. As z — o0,
P (2) =T+ 0(z]7Y). (2.4.25)

See Appendix 2.C for a proof. Later on, we will need some estimates on the regularity
of the Cauchy transform appearing in (2.4.21) near the interval [—1, 1]. The fact we need

is the following one.
Lemma 2.4.15. The function

1
z»—)r(z)/_lﬁ_vz_)\

is bounded uniformly int € [0,1] and z in a small enough neighborhood of [—1,1]. Moreover,

dX

if in a neighborhood of [—1,1], T is a real polynomial of fized degree, and if we restrict
its coefficients to be in some bounded set, then we have uniform boundedness of the above

function in the coefficients of T as well.

Proof. Let us fix a neighborhood of [—1, 1] such that for all ¢ € [0,1], 7; is analytic in the
closure of this neighborhood (this exists by similar reasoning as in the beginning of Section
2.4.1). Now write

T -Ti(z) 1 |
mz— / iR TG /mz—

As Ty is analytic, the first term is of order O(sup;cp 1] |7/ l|oc) (the prime referring to

the z-variable and the sup-norm is over z in the neighborhood we are considering) which
is a finite constant depending on our neighborhood of [—1,1] and the function 7. In the
polynomial case, one can easily check that it is bounded uniformly in the coefficients when
they are restricted to a compact set. The second integral can be calculated exactly:

1 us

d\ = .
V1 =X2z2—A r(2)

This can be seen for example by expanding the Cauchy kernel for large |z| as a

geometric series. The integrals resulting from this are simple to calculate and one can
then also calculate the remaining sum exactly. The resulting quantity agrees with 7/r(2)

on (1,00) so by analyticity, the statement holds. The claim now follows from the uniform
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boundedness of T; (for which the uniform boundedness in the polynomial case is again

easy to check). ]

2.4.3 Local parametrices near the singularities

We now wish to find functions approximating S(z) well near the points x;. We will
thus look for functions that satisfy the same jump conditions as S(z) in some fixed
neighborhoods of the points z; for j = 1,..., k, but we will also want these approximations
to be consistent with the global approximation, so we will replace a normalization at
infinity with a matching condition, where we demand that the two approximations are close
to each other on the boundary of the neighborhood we are looking at at. Our argument is
built on [Kra07, Section 4.3], which in turn relies on [Van03, Section 4]. Again, we state
the relevant facts here and give some further details in Appendix 2.D.

In this case, we will have to introduce a bit more notation before defining our actual
object. We first introduce a change of coordinates that will blow up in a neighborhood of

a singularity in a good way.

Definition 2.4.16. Fiz some § > 0 (independent of N, s, and t). Let us write Uy, for the
open 0-disk surrounding xj. We assume that 0 is small enough that the following conditions

are satisfied:
i) |z —x;| > 36 fori#j.
i) |x; £ 1| > 30 for all j € {1,...,k}.

i11) For all j, U;j — the open 30/2-disk around x; — is contained in U, which is some
neighborhood of R into which d has an analytic continuation (see e.g. Definition
2.4.3).

For z € Uy, let

(s(z) =N /z [i(l —8) + sd(w)| V1 —w?dw, (2.4.26)

where the root is according to the principal branch, and the integration contour does not

leave U], .
J

Remark 2.4.17. The reason for introducing the two neighborhoods U,; and Ug’gj, is that
we will want the local parametrices to be analytic functions approximately agreeing with
P() on the boundary of Ug;, but to ensure that they behave nicely near the boundary, we
will construct them such that they are analytic in U:;j.

We also point out that by taking & smaller if needed, (s can be seen to be injective as d
is positive on [—1,1]. More precisely, we see that ( (x;) > c¢N for some constant ¢ which

is independent of s (but not necessarily of §) and |(J(z)| < CN uniformly in z € U for
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some C' > 0 independent of s (but not necessarily of §). From this one sees that (s is

injective in a small enough (N- and s-independent) neighborhood of x;.

In addition to this change of coordinates, we will need to add further jumps to make
our jump contour more symmetric, in order to obtain an approximate problem with a

known solution.

Definition 2.4.18. For z € Uy, let

W;(2) = W;(z,t) (2.4.27)

Y

j-1 G )il
= TRz — a2 ] (w1 — 22 (=27, o Ge)] € n/2,m)
=1 l:j_;,_l (ZU] - Z)ﬂj/27 ’arg CS(Z)| € (0’71-/2)

where the roots are principal branch roots. Moreover, let

hs(z) Im(z) >0
¢s(z) =4 2 0 : (2.4.28)
—=5~, Im(z) <0

The precise form of {; will be important for us to be able to see that the local
parametrices indeed approximately agree with P> on the boundary of Uz;. We also
point out that for small enough 9, (s is one-to-one, and it preserves the real axis (along
with the orientation of the plane as it’s conformal).

We also point out that W; is almost identical to ftl/ 2, apart from the fact that it
introduces some further branch cuts to it: along the imaginary axis in the (s-plane, as well
as on the real axis (recall that f; has no branch cut along the real axis). These further
branch cuts are useful in transforming the Riemann-Hilbert problem for the parametrix
into one with certain constant jump matrices along a very special contour. This problem
has been studied in [Van03].

We are now able to clarify our choice of the contours Z;E apart from the behavior near
the end points £1.

Definition 2.4.19. Let (Eli)l be such that

¢, (2?_1 N U;j) - [ei3m/4 % [0, oo)] n¢, (U;j) (2.4.29)
and

¢, (z;.t N U;J_) - [ei’”‘/‘* « [0, oo)} Né (U;j) . (2.4.30)

Outside of Uy, (apart from close to £1), we take (Eli)l to be smooth, without self-
intersections and the distance between them and the real axis to be bounded away from zero
and of order &, and such that the contours are contained in U — the neighborhood of R into

which d has an analytic continuation. For an illustration, see Figure 2.2.
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Using the injectivity of (s we argued in Remark 2.4.17 and the Koebe quarter theorem,
it is immediate that Z;-t and Eﬁl are well defined for large enough N and small enough

(large and small enough being independent of s).

; Rz =0 = (s(z))
Uﬁ‘, N // Ul?] C‘S(UJ/LJ) N ! // CS(U.’L‘])

Figure 2.2: Choice of the jump contours near the singularities.

We still need one further ingredient before defining our local parametrix. This is a
solution to a model Riemann-Hilbert problem — a problem where the jump contours and
matrices are particularly simple and a solution can be given explicitly in terms of suitable
special functions. We will give a rather compact definition here with a more detailed

description in Appendix 2.D.

Definition 2.4.20. Let us denote by Roman numerals the octants of the complex plane —
so we write I = {re? : r > 0,0 € (0,7/4)} and so on. Denote by T'; the boundary rays of
these octants: for 1 <1 <8, I} = {Tei%(lfl),r > 0}, oriented as in Figure 2.3.

For ¢ €1, let

72 ) —iHY, ) |
1 Bit+t Bitt _(ﬂ]_i_l)ﬂ-i%
() =5vm¢ 2 2 e \27Ta)TI8 (2.4.31)
2\, o -

where Hy) are Hankel functions and the root is according to the principal branch. In other

octants, U satisfies the following Riemann-Hilbert problem:
1. U C\ UL T, — C**2 is analytic.

2. U has continuous boundary values on each 1I'; and satisfies the following jump
condition (again for the orientation, see Figure 2.3) W, (¢) = V_({)K(() for ¢ €
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U?zlfl, where

0 1
; celtuls
-1 0
1 0
A , (€l2UTg
K@) =q \e™ 1 (2.4.32)
5;
67”7]03, CeTl'suly
1 0
. 3 C € I‘4 U 1—‘8
eﬂ'lﬁj 1
\
I3

Iy

7

Figure 2.3: Jump contour of the model RHP

Uniqueness of such a ¥ can be argued in a similar manner as usual. First of all, one
can check that for ¢ € I, det U(¢) = 1. As the jump matrices all have unit determinant,
det ¥ is analytic in C \ {0}, so det U({) = 1 for ¢ € C (one can check that ( = 0 is a
removable singularity). Consider then some other solution to the problem, say . As
det W = det W = 1, U(¢)¥(¢) ! is analytic in C\ Uj—1T; and equals I for ¢ € I. Again it
follows from the jump structure that ¥(¢)¥(¢)~! continues analytically to C \ {0} so it
must equal I everywhere. For an explicit description of the solution, see Appendix 2.D.

The local parametrices will then be formulated in terms of this function ¥, a coordinate
change given by (,, the function W;, and an analytic (C%*2_valued) “compatibility matrix”
E, which is needed for the matching condition to be satisfied. We now make the relevant

definitions.

51



Random Hermitian Matrices and Gaussian Multiplicative Chaos

Definition 2.4.21. For z € Uy N {Im(z) > 0}, write

. 1 i
E(z) = E(z,t,5) = P (z,0)W;(z, 1) ¢Sv+(%>”3e“Wﬂ’f“’s/‘*\}? (2.4.33)
1

i
where the — sign is in the domain {z € C : arg((s(z)) € (0,7/2)} and the + sign is in the
domain {z € C : arg((s(2)) € (7/2,m)}. For z € Uy N {Im(z) < 0}, write

0 1 ) 1 2
B(z) = PO (2)W; ()% Nbs - (23)75 o~ (18 )mios 41 (2.4.34)
-1 0 ﬁ ;1

i
where — sign is in the domain {z € C : arg({s(2)) € (=7/2,0)} and the + sign is in the
domain {z € C : arg((s(z)) € (—m,—7/2)}.
Finally, for z € Uy \ X, let

P (z) = P (2, 5,t) = E(z,5,t)0(Cs(2))Wj(z, 1) "73e Ns(2)os, (2.4.35)

Remark 2.4.22. Using (2.4.27) - the definition of W; — as well as (2.4.24) - the jump
conditions of P(°), one can check that E has no jumps in Ug’cj. Moreover, using the behavior
of both functions near x;, one can check that E does not have an isolated singularity at x;,
so E is analytic in Uy .

We also point out that it follows directly from the definitions, i.e. (2.4.27), (2.4.33),
(2.4.34), and (2.4.35), that for z € Uy \ X

-1
P (2, t, ) = PO (2, t)ezTi()os [P(”)(z,o)} P@)(2,0,5)e" 27395 (2.4.36)

The main claim about P®) is the following, whose proof we sketch in Appendix 2.D.

Lemma 2.4.23. The function P\ satisfies the following Riemann-Hilbert problem.
1. P@) . U, \Z — C?*2 is analytic.

2. P has continuous boundary values on EI’WUQ’CJ_ \{z;} and these satisfy the following

Jgump conditions (with the same orientation as for S and same convention for the
3 1 s . . - -1
sign in eTNhs(N)) 1 for X\ € (Uz, \ {z;}) N (E;l Uz, U Zj ux;)

(25) (z;) 1 0
P () = P () , (2.4.37)

— ft()\)_1€$Nhs(>\) 1
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and for A € RN U, \ {z;}

P\ = P () A (2.4.38)

—ft()\)il 0

3. P(””J')(z) is bounded as z — x; from outside of the lenses, but when z — x; from

inside of the lenses

z—aj| P
PE(z) = Olle = as72) O) . (2.4.39)
O(|z —a;/7%)  O(1)

4. For z € OU,;

PEN () [P =1+ o), (2.4.40)

where the O(N~1)-term is a 2 x 2 matriz whose entries are O(N~Y) uniformly in
z,8,t, {|zi —x;] > 30 for i # j}, and {|1 £ ;] > 39 for all j € {1,...,k}}. Ifin
a neighborhood of [—1,1|, T is a real polynomial of fixed degree, the error is also

uniform in the coefficients once they are restricted to some bounded set.

For our second differential identity, we will actually need more precise information
about P on OU;. While we will only use it in the 7 = 0 case, it is not more difficult

to formulate the result in the general case.

Lemma 2.4.24. For z € 0U,;,

_ . 0 1+ 5
P@3)(2) [P(OO) (z)} = I+ 4522)1?(2) 2

E(z)"'+ O (N7?), (2.4.41)

1-% 0

where the O(N~2)-term is a 2 x 2 matriz whose entries are O(N~2) uniformly in z, s, and
{lz; — x| > 36 for i # j} and {|1 £ x;| > 30 for all j € {1,...,k}}.

The t = 0, s = 0 case of these results has been proven in [Kra07, Section 4.3], though
without focus on the uniformity relevant to us. Due to this, we will again sketch a proof
in Appendix 2.D.

2.4.4 Local parametrices at the edge of the spectrum

The reasoning here is similar to the previous section — we wish to find a function approx-

imating S near the points 1. We will do this by approximating the Riemann-Hilbert
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problem and imposing a matching condition. Our argument will follow [Kra07, Section
4.4], which in turn relies on [DKM"99]. We will focus on the approximation at 1, as the
one at —1 is analogous. Again we will provide a sketch of the relevant proofs in Appendix
2.E. We will begin by introducing the relevant coordinate change in this case (analogous

to (s in the previous section).

Definition 2.4.25. Let 0 > 0 satisfy the conditions of Definition 2.4.16. Denote by Uy a
d-disk around 1 and Ui denote a 36/2-disk around 1. We assume that 6 is small enough
that d has an analytic extension to Uj. Moreover, we assume § is small enough — though

independent of s — so that with a suitable choice of the branch, the function

2/3
€s(2) = {—2N @(z)] (2.4.42)

is analytic and injective in U7, for all s € [0,1].

We will justify that this is indeed possible in Appendix 2.E. This conformal coordinate
change allows us to define what Ek 1 looks like near 1. Let 6 > 0 be small enough to
satisfy the conditions of Definition 2.4.25 and so that 7; is analytic in U7 for all ¢ € [0, 1].
We will define the local parametrix in U] and impose the matching condition on OU;. Let

us thus define E,i_l in U7.

Definition 2.4.26. Inside U, let S, be such that

k+1
&S NUY) = X273 % [0, 00) | N &(UY). (2.4.43)
Rz =0=¢(1)
Uy &Y ~ - & ()
—) k

&( A+1m(]1)

€s (Z;Z+1 ﬂ“U{)

Figure 2.4: Choice of the jump contours near the edge of the spectrum.

Remark 2.4.27. The angle 2m/3 is slightly arbitrary here. In [DKM"99] the model
Riemann-Hilbert problem relevant to us is constructed for a family of angle parameters
o € (n/3,7), and any angle here would work just as well for us, but we choose this for

concreteness.
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Also we point out that the above definition is fine as we know that &5 is injective and we

can apply the Koebe quarter theorem to ensure that the preimage of the rays is non-empty.

We are now also in a position to define our local parametrix. As in the previous section,
we need for this a solution to a certain model RHP considered in [DKM™"99] as well as a

function which is analytic in U;j which is required for the matching condition to hold.

Definition 2.4.28. Let us write T = {re?® : r > 0,0 € (0,27/3)}, Il = {re’? : r > 0,0 €
(2m/3,m)}, Il = {re? : r > 0,0 € (—m,—27/3)}, and IV = {re? : r > 0,0 € (—27/3,0)}.
Then define

Aig)  Aietmil)

4 ' 6—7ri03/67 el

All(f) 647”'/3Ai,(647m/3£)

Aj Aj(edmi/3 )

(G C T P Ceen
Ai/(§> €4m/3Ail(e4m/3§) -1 1

Q(6) = Ai(E)  —etmiSAi(emisse) Lo : (2.4.44)
1 —e 1{e .
} e mioa/6 , Celll

Ai'(§)  —Ai'(e/3¢) 11

A _Ami/3 7 (phmi/3 .

() —emBACTBY\ et

AY(g)  —AY(emi)

\

where Ai is the Airy function.

Morover, define another “compatibility matrix”

. 1 -1 .
F(z) = F(z,t,s) = P (2, 1) f,(2)73/ 203/ /m Es(2)73/4e™™/12 (2.4.45)

1 1
where the roots are principal branch roots, and
PW(2) = P (2,1, 5) = F(2)Q(&(2))e Vo3 £, (2)8/2, (2.4.46)
Remark 2.4.29. Note that we can write
—1
PW(z,t,5) = PO (2, 1)eT(:)3/2 [P(OO)(Z, 0)} PW(2,0,5)e~T@3/2 (2.4.47)

Again the relevant fact about this function is that it satisfies a suitable Riemann-Hilbert
problem. Part of this is the fact that F' in (2.4.45) is an analytic function in U]. As before,
we sketch the proof in Appendix 2.E.
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AN I
+ +
m o,/ v

Figure 2.5: Jump contour of Q(¢)

Lemma 2.4.30. The function F from (2.4.45) is analytic in U} and the function P (2)

satisfies the following Riemann-Hilbert problem.

1. PW(2) is analytic in UL \ (S, U, UR).
2. For A € (—1,1)nU}, PY) satisfies
0 fr(A)
PO = PO L (2.4.48)
()7t 0

For X € (1,00) N U}, PY) satisfies

1 fi(\)eN@rs(Ntgs, - (N =Vs(A)—Ls)
POy =PM ) t(A) . (2.4.49)
0 1

For \ € Efﬂ, PO satisfies

PYy = PY) ! . (2.4.50)

ft()\)—leszhs()\) 1

3. For z € Uy, PO satisfies the following matching condition,

PO [P =1+ o), (2.4.51)

where the entries of the O(N™1) matriz are O(N~Y) uniformly in z € OUy, uniformly
in {xz;} for |z; — x| > 30 fori# j and |x; £1| > 30 for j € {1,...,k}, uniformly
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in t € 10,1], and uniformly in s € [0,1]. If in a neighborhood of [—1,1], T is a real
polynomial with fixed degree, the error is also uniform in the coefficients once they

are restricted to some bounded set.

Again we will need finer asymptotics for our second differential identity and we will

formulate them in the 7 = 0 case.

Lemma 2.4.31. For z € 0Uq,
-1
PO(z) [P<<>°>(z)] .y

g 1

_ P(oo) (Z)f(z)ag/Qeiﬂag/llé e—iﬂ03/4f(z)—03/2 [P(OO) (Z)] -1 53(2)_3/2 + O(N—Q)

1
-1 -1

where the O(N~2)-term is a 2 x 2 matriz whose entries are O(N~2) uniformly in z, s, and
{lzi —x;| > 36 for i # j} and {|1 £ x;| > 36 for all j € {1,...,k}}.

Remark 2.4.32. Using the definition of F, one can check that this can be written also as

0 %55(2)_2

_£§S(z)il 0

PO [P =14 F(:) F(z)"' + O(N2),

From the previous representation of the matching condition matrixz, one can easily see
that the subleading term s indeed of order N. The benefit of this representation is that
as F and F~1 are analytic in Uy, the subleading term is analytic in Uy \ {1} and has (at

most) a second order pole at z = 1.

2.4.5 The final transformation and asymptotic analysis of the problem

We now perform the final transformation of the problem, and solve it asymptotically. The
proofs of these statements are essentially standard in the RHP literature, but we don’t
know of a reference where the exact calculations we need exist and also issues such as
uniformity in our relevant parameters are essential for us, but not usually stressed in the

literature. Thus we provide proofs in Appendix 2.F.

Definition 2.4.33. Let us fiz some small 6 > 0 ( “small” being independent of t and s
and detailed in Section 2.4.3 and Section 2.4.4), and write Uy for a §-disk around +1
and Uy, for a 0-disk around x;. We also assume that for i # j, |v; — x| > 36 and for all
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i#0,k+1, |x; £1] > 35. We then define

S(z) [P(*l)(z)]_ , z€eU_1\X
z @ (" 2 . or some j
R(z) = S(z) [P )]_1  2EU\ B J (2.4.52)
S(z) [P(l)(z)] , zelU\X
S(z) [P)(z)] ", zeC\U_ UV U, U UE

We now state what is the Riemann—Hilbert solved by R — for details, see Appendix
2.F.

Lemma 2.4.34. For the § in Definition 2.4.33, define

5= R\ [-1 -1+ (u;?;l(zj UST)\U_ UUE_ T, U Ul) (2.4.53)

U (aU,l uuk_ o, U 8U1) ,

where R and the lenses are oriented as before. aij and OU41 are oriented in a clockwise
manner — see Figure 2.6. Then R is the unique solution to the following Riemann-Hilbert

problem:
1. R:C\Ts— C?**2 is analytic.

2. R satisfies the jump conditions Ry(A) = R_(A)Jr(X\) (with lenses and R oriented as
before, and the circles are oriented clockwise), where the jump matriz Jr take the

following form:

(i) For \e R\ [-1—-6,14 4],

1 fi(A)eN s+ N Hgs —(N)=Va(N)~Ls)
el o)
0 1

-1

(2.4.54)

(i) For A e UNHIS I\ U UUE_ U, LU,

1 0 -1
Jr(A) = P)()\) [P<°°>(A)} . (2.4.55)
ft()\)—leszhs()\) 1
(i) For A € OU,; \ UST{ (ST US)),
-1

Jr(\) = P@)()) [P<OO>(A)} . (2.4.56)
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Figure 2.6: The jump contour of the Riemann—Hilbert problem for R, in the case k = 1.
(i) For A € 0U4; \ (RU Uf;rll(Ej ux;),
~1
Jr(\) = PED()) [P<°°>(A)} . (2.4.57)

3. As z — o0,
R(z) =1+ 0O(]z]). (2.4.58)

The first ingredient to solving this Riemann—Hilbert problem is to show that the jump

matrix of R(z) is close to the identity matrix in a suitable sense.

Lemma 2.4.35. For z € I's, write Jr(z) = 1+ Ar(z) = I+ A for the jump matriz of R
as described in Lemma 2.4.34. Then for any p > 1, and large enough N ( “large enough”
depending only on V')

Aoy = O(NTH)

where the norm is any matrix norm, the LP-spaces are with respect to the Lebesque measure
on the jump contour, and the O(N 1) term is uniform in everything relevant (i.e., (z;) for
|z; — xj| > 30, fori#0,k+1: |x; £1) > 36, in s,t € [0,1], and if T is a real polynomial
in a neighborhood of [—1,1], then in its coefficients when restricted to a bounded set; but

may depend on 9).

See Appendix 2.F for a proof. We will want to show that R is close to the identity,
and the tool which allows us to do this is the following representation of R as a solution to

a suitable integral equation involving its jump matrix.

Proposition 2.4.36. Let 6 > 0 be small enough ( “small enough” being independent of s
and t). For N sufficiently large (again independent of s and t), the unique solution of the
Riemann—Hilbert problem for R (see Lemma 2.4.534) is given by

R=TI+4C[A+ (I —Ca)"H(CA(I)A] (2.4.59)
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where

1 £(s) ds

2 Ts §—z

is the Cauchy operator on I's, and Ca(f) = C_(fA) where C_(f) = lim,_,s C(f) as z
approaches a point s € I's\{intersection points} from the —side of T's (for the orientation,
see Lemma 2.4.34).

Finally, what we want to show is that R(z) = I + O(N~!) uniformly in everything
relevant and use this as well as the explicit form of our parametrices to analyze our

differential identities. The precise statement we need is the following one.

Theorem 2.4.37. For small enough 6 > 0 (again small enough being independent of
relevant quantities) and large enough N (large enough being independent of everything
relevant) with respect to any matriz norm | - |, there exists a ¢ > 0 such that

R(z)-1|<+  and  [R(z)| <+

uniformly in (x;) for |x; — xj| > 30, |xv; £ 1] > 39 fori#0,k+1, t,s € [0,1], z € C\I'y,
and if T is a real polynomial in a neighborhood of [—1,1], then the error is uniform in its
coefficients when these are restricted to a bounded set.

Moreover, for T =0, we have
R(z) =1+ Ry(2) +0(1/N), R'(z) = R|(2) + o(1/N)

uniformly in (x;) for |z; — x;| > 38, |x; £ 1] > 36 fori # 0,k + 1, s € [0,1], and
2 € C\(Is WU U,,). Here Ry(2) = zk“R"’”ﬂ (2) with

B
. 0 1+ %
1 Bj (z4) . 2 (z4) .
m]'_z47rNds(xj)\/1f:E?E ! (x]) 1_,87] 0 [E (xj)] ) J € {1
L (-1 0 _485(*%( )2 D1l
R () =~ Res POy | ) o) =0
(&)
48¢5 7 (w)
0 __ 5
1 (1) 43¢t (w)2 1 -1 )
ek O | SO 0@ =k
\ _48§g1)(w) 0

where & and F are the “compatibility matrices” from Definitions 2.4.21 and 2.4.28. In

particular, we have

T@) (2) = <[p<°°>(z)]—1 [RW]/ (z)P“"”(z))

22
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2.5. Integrating the differential identities

1 1 155 a(z)? 2 -2 4.
4 (z—;)? 47rNds(a:j)\/1—x? [a+(l‘j)2 (Ci"’jvs T Cajs Bj)
)2 ]
_aZ((Z)JQ) (Cij,s + C;ﬁs + ﬁ]) ) VRS {1, e, k}

-n)
1 V% -2 5+96A4%2 5[GS ](’1) _ 2. 7T
(z+1)Z 8N {a(z) [4gc§‘1)(_1) 1265V (1)2 a(z) 246GV (1)

1 5v/2i -2
TR 48NG§*1>(1)G(Z) ’

@7’
R o | seoeaz PGVl
(omen {G(Z) [4802”<1> e | ) ey

1 V2 )2 .
(2_1)3 48NG’£1>(1)CL(Z) ’ J = k + 1

where

A
Cajs = (acj +i4/1— x?) exp —iZﬁkﬂr/Q + Nos 4 (z;) — (1 + By)mi/4 |,

i

GV (=1) = —iny/2d,(—1), [Gg—n}'(_n —

B 3
102
[4d. (1) + ds(1))].

[4d,(—1) — ds(—1)],
3
10v/2

Remark 2.4.38. As discussed in [Kra07], using the asymptotic expansions of the Airy

GO (1) = mv/2d,(1), [Gg1>]' (1) =

function and Bessel functions, the matching conditions of the local parametrices can be
extended into asymptotic expansions in inverse powers of N. These then can be used to
prove a full asymptotic expansion for R and R'. We don’t have use for this, so we won’t

discuss it further.

2.5 Integrating the differential identities

In this section we will use our asymptotic solution and precise form of the parametrices
to analyze the asymptotics of the differential identities (2.3.11) and (2.3.13), and finally
integrate them. We will start with (2.3.11).

2.5.1 The differential identity (2.3.11)

Here we will give a (slightly simplified) variant of the argument in [DIK14, Section 5.3] to
integrate the differential identity (2.3.11). As there are minor modifications due to the
differences in the models and the argument being relevant for (2.3.13), we present a full

proof here. The main goal we wish to prove is the following.

Proposition 2.5.1. Let V be one-cut reqular, T as in Proposition 2.2.10, and § > 0 small
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enough, but independent of N. Then as N — o0,

fla ) i /67
IODleO, N/T 2)V1 — a2de + = / Ninmris 22
(2.5.1)

/ \/7PV/ 7-/gc—\/mdazH-o(l)

jo v |wi — x| = 36,1 # j and |xv; £1] > 36 Vi}, and if in

a neighborhood of [—1,1], T is a real polynomial of fized degree, then the error is also

where o(1) is uniform in {(z;)%

uniform in the coefficients of T when these are restricted to a bounded set.

The way we will do this is we’ll express the integrand in (2.3.11) in a slightly different
way which will allow deforming our integration contour in such a way that we can express
Y in terms of R and the global parametrix P(>). The expression will be such that to
leading order, we can treat R as the identity, and using the global parametrix, we can
perform the relevant integrals explicitly.

Let us begin with expressing our integral in terms of the global parametrix. We first
remind the reader that we denoted by U[_y ;) a fixed (independent of N and t) complex
neighborhood of [—1, 1] into which 7; had an analytic continuation for all ¢ € [0, 1]. We

)k—i—l

also assumed that the lenses and neighborhoods (U, j—o were inside Up_y yj.

Lemma 2.5.2. Let 7 : [0,1] — {2 € C: Im(z) > 0} NU|_13) be a smooth simple curve
independent of N. We also assume that 71 (0) < —1, 74-(1) > 1, and that 7(s) is outside of
the lenses and neighborhoods (Uy, )l€+1 for all s. We also define 7_ in a similar way but in
the lower half plane and with the assumption that 7_(0) = 74-(0) as well as 7—(1) = 74(1).
See Figure 2.7 for an illustration.

Then fort € [0,1]

1

37 [, 0@ 00 (2. 1) = Yar (00 o, 0] e fu(r)e ™ O

i [ T L[] [ | B0,

where o(1) is uniform in t € [0,1], {(xj)é?:l Cag — x| > 36,1 # j and |z; £ 1] > 30 Vi,
and if in a neighborhood of [—1,1], T is a real polynomial of fized degree, then the error is

also uniform in the coefficients of T when these are restricted to a bounded set.

Proof. Let us write Y’ = 0,Y. We first note that an elementary calculation using (2.3.8)

and the fact that the first column of Y consists of polynomials which have no jump across
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2.5. Integrating the differential identities

Figure 2.7: Deforming the integration contour, k = 1.

R, show that for A € R,

frem MV (YuYyy — YY) = (Yoo - Yy — Y12, V5)) — (Yoo i Vi) — Y124 Y3y) . (25.2)

Now recall that Yi2 + and Y22 + have continuous boundary values on R so we see that
the terms YaoY{; — Y12Y5, are analytic in C \ R and are continuous up to the boundary.
Moreover, by our construction, f;(z)~10,f;(2) is analytic in U—1,1)- We can thus argue
by Cauchy’s integral theorem to deform the integration contour. In particular, plugging
(2.5.2) into (2.3.11), we find

1
2m/ (Vi1 ()0, Ya1 (2, 1) — Yoi (2, )0, Y11 (2, )] 8, fi(2)e NV @) dy
R

1
" omi ( (0)]ulr+ (1),00) [Yir(, 6)Y3) (2, t) = Yaor(x, )Yy (2,1)] B felw)e™ "V da
—00,T+ 74 (1),00

1

- [/+ _ /} (Yaz(2,t)Y{1(2,1) — Yia(z,1)Ya (2, 1)) 3}@;)@.

Notice that
V1Y, — Y1 Y{) = [Y 1V )ay, YooYy — Y12 Yy, = [Y 1Y)y

Unravelling our transformations, we note as we are not inside the lenses or the neighbor-

hoods, we have on R\ [74(0),74(1)] and on 74

Y—ly/ — €N£103/2S€N(gl_21/2)03:| -1 |:6N6103/QS€N(91—£1/2)03:|/

— Ng,10'3 4 efN(gl7@1/2)0’35715/61\/'(917@1/2)0’3

= Ngjog + e Nor—h/2)os [(P(Oo)) TR <RP(°°)>/] N=h/2m  (25.3)
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where we have used the global parametrix in the last equality. Since the P(>°)-RHP
implies that P(*)(z) is complex analytic when z & [~1,1], I + O(|z|™!) as z — oo, and
det P(™) = 1, we see that both (P(m))_l and (P(OO))/ are bounded when we are away
from a (complex) neighbourhood of [—1,1]. One can easily check that they are in fact

uniformly bounded in all our relevant parameters. Combined with the estimates
R(z,t)=T+O(N™Y,  R(zt)=0(N1

in Theorem 2.4.37, we have S~18' = (P(OO))_1 (P(OO)), +O(N7Y.

Consider first the integral along R \ [74-(0), 74(1)]. Using the specific form (2.4.22) of
P> (2.5.3), and the fact that terms containing R give something o(1), a direct calculation
shows that

[V (2,0) 'Y (2,1)] 1 = VP90 [pl(fo)(%t)azpéfo)(z,t) — P (2,4)8.P%) (2,1) + 0(1)}
ieNQ2g1(z)—1)
=y (@) +a(m) ™)) —a(x)7) ~ (a(z)” ~ a(2))(a(z)? +a(2)") + o(1)]
B ieN(2g1(2)—1) [ 1
22

Dt(2)2 —1

+o).
Thus

[Yll(xa t)aarYQI (1'7 t) - YQl(fE, t)@xYn (1‘7 t)] atft (x)efNV(x)

— & ﬁ |z — 2;% + o(1) | N1+@F91-(2)=6-V(z)
= 2(2 _ J
Di(z)?(xz%2 — 1) il

and one finds from (2.4.7) that as N — oo, the integral along R\ [74(0),74+(1)] is o(1)
uniformly in everything relevant.

Consider then the integrals along 7. A similar direct calculation shows that

[V (z,8) 7Y (2, 8)]1 = Ngi(2) + P52 (2,00, P (2,8) — PG (2,0)0. P57 (=, 1) + o(1)
1 8ZDt(Z)_1

= Vo) + 1 | o (2 + a2~ (e = o)) o)
— Ngi(2) - 2EE ol
and hence
0.41(2) 04i2) _ i) 0uS(2)

(YQQ(zvt)Ylll(z7t)_HQ(th)Yél(z@t)) ft(z) :Ngll(z) ft(z) _Dt(Z) ft(Z) +0(1)7

where again o(1) is uniform in everything relevant. This yields the claim once we notice
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2.5. Integrating the differential identities

that by contour deformation and (2.4.8)

el [

O]

Our next task is to calculate the 71 integrals. To do this, we introduce some notation.

Definition 2.5.3. For z € C\ (—o0,1], let
k
qru(z) =log | (z+7(z H Z— )iil2| (2.5.4)
7=1

where the logarithm is with the principal branch, A = Z?:l Bi/2, and FH refers to
Fisher-Hartwig. We also define for z € C\ [—1,1]

1

X, (2.5.5)

where r(2) is as in (2.4.19) and Sz refers to Szegd.

Note that we have D} /Dy = ¢y + q5,. We will need the following fact before proving
Proposition 2.5.1. The following is an analogue of a result in [Dei99b] in the case of the

circle.

Lemma 2.5.4. Write 7+ be as in Lemma 2.5.2. We have

/027” [/ /}qsz atfz())dZdt: 47r2/ \/?Pv/ T 1_xdx-

(256)

Proof. Let us recall that we saw in the proof of Lemma 2.4.15 that off of [—1, 1] we can
r(z) (1 TN = Ti(z)  dX Te(2)
2(%,1) =
as=(2:1) 27r/ S—x e 2

which implies that gg, is bounded in a neighborhood of [-1,1] and ¢g.(£1,t) = %ﬁ(il).

Moreover, we see from this that

write

Ti(N) —Ti(z)  dA
QSzZt 27T / 2 — A /71_)\2
Te(2) = Te(N) = T/ (2)(z = A)  dA T/ (2)
2%/ (2 = A)? T 2

This in turn implies that ¢, is bounded except at z = &1 where it has singularities of

‘71/2.

order |z F 1 ; in particular these are integrable ones. Due to the singularities being
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integrable, we can perform contour deformation and integrate by parts in the z-integral in
the left hand side of (2.5.6). Noting that f;lat fi =0Ty =: T (we will use a dot here and

below to indicate time derivatives below when there is no risk of confusion), we see that

f—/wU /] ) (1) = /w/ 2) [g52,1 (2,) — 452, (2, 1)] .

(2.5.7)

Let us write for z € (—1,1), s(z) = V1 —22. As for z € (—1,1), r(z) = tis(x), we
see by Sokhotski—Plemelj that
1 Y Tily) dy

452+ (2, t) — qs2,—(x,t) = is(x)—P.V.
) = 5o (o) = is(o) 2P, [ T

=t is(2)[H(1 11 Ti/9)](2),

where 1(_y 1) is the indicator function of the interval (—1,1), and H denotes the Hilbert
transform (note that the Hilbert transform is well defined as 1(_;1)7;/s € LP(R) for
pe(l,2)).

To simplify notation slightly, let us write (f, g) fR x)dz. Integrating by parts
in the ¢ integral in (2.5.7) we see that

1
1 .
I= —/0 o (T M (Lo Ti/s) ) dt (2.5.8)

1, "L '
- (T 1 1ysH (LT /s)) +/0 7 < trL—1,1)sH (1(_1,1)7E/s>>dt

Our aim is now to show that actually % fol (T, 1(_1’1)87{(1(_1’1)7;/5»(% = —1I so we
would have I = —(T7, 1(,171)37{( ( 1,1) T/s))/47r which we will see to be equivalent to
our claim. To see that indeed 5= fo —1,nsH(1 171)7‘2/3)>dt = —I, we note first that

s(z) 1 s(y) 1 Tty
s(ye—y s@)r—y s@)s(y)

implying that for say a continuous f: [—1,1] = R and z € (—1,1)

1 X
(@) [H (110 /9] @) = 55 [ (can )] @)=+ [ sy (259)

Using the definition of the Cauchy principal value integral, one can also check easily
that for a smooth f:[—1,1] - R and z € (—1,1)

[7'[(1(—1,1)]?3)]/ (z) = [H(l(—l,l)(fs),)] (2). (2.5.10)

Thus integrating by parts in the z integral, using the fact that ¢ (+1,t) = ¢_(£1,1t),
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2.5. Integrating the differential identities

and (2.5.10), we see that
<’7§', 1_11)sH (1(,1 1)T/s)>
= [ am@ 2 ([ (1) @ - [ ElTwa) @

M
N /_ld:zﬁ(x)s(lm) <[7—L (1(_1,1)( .ts)')} () — _11 Z;S((@;))dy> :
Tely

We then note that
t(y) ( -y 1> dy
s(y) \z—vy

x[?—[(l(_1,1)7;/5)]($)

1 4 1
MOy Tle) - - [ ey =y [

and

1 T . 1 .t s()2 = (22 — 12
M (1 Tis) | (@) - ;/_1 S(J;)yﬁ(y)dy: PV : Z((yy)) [5v) x(_y g,

= s(2)’[H(1 1 Te/9)](@).

Plugging these into (2.5.11), using the fact that s'(x) = —x/s(x) along with the anti-self

adjointness of ‘H we see that

22 <7;,1( st (1 Tifs) it = — = /0 1 (Tt a9 (11 77s) Y

(2.5.12)

1 [ty
= or ; < tlu1(—1,1)8H(1(—1,1)7;/8)>dt

=-1I

Note that 1/s ¢ L?(—1,1) so we can’t use the anti-self adjointness of the Hilbert transform
on the space L?, but we use the fact that if f € LP(R) and g € L” (R), where p' is the
Holder conjugate of p, then [ gHf = — [ fHg — see e.g. [Tit59, Theorem 102].

Plugging (2.5.12) into (2.5.8), we find our previous claim that

I= <T/ -1,1) SH( 1,1)T/S)>

Making use of the anti-self adjointness of H again, this translates into

() m
4%2/ \/1_7PV/ —dx
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which is our claim. O
We are now in a position to finish the proof.

Proof of Proposition 2.5.1. We start with the result of Lemma 2.5.2. Consider first the
integral along [—1,1]. Here we note that by the definition of f;, fol fe(2) 710 fr(z)dt =
log fi(z) —log fo(x) = T (x). This yields the O(N)-term in (2.5.1).

Let us now consider the Dj/D;-terms. The contribution from gg, is calculated in
Lemma 2.5.4, so we need to understand the contribution of gpy. As qrg is independent
of t, we find that

/dt U /}m/ i [/ /}27” )t (2)- (2.5.13)

Now as

r(2) 2 z—ux;

we see by Cauchy’s integral theorem, the fact that ry(z) = +iv1 — 2?2 for x € (—1,1),
and Sokhotski-Plemelj that

/dt [/ /}27”, -tézizf/_ll%dm_ggj’r(xj). (2.5.14)

Thus combining (2.5.14), (2.5.6), our reasoning about the O(N) term, and Lemma
2.5.2, yields

p A i1
dru(z) = ——=+ Z 5
Jj=

log Dy—1(f1) —log Dn—1(fo) N/ T (z)d(x)V1 — 22dx +A/ m —Z%T(x])
j=1

_ 2
T@VI=a® o),

T / Jl_i / sk

where o(1) is uniform in everything relevant. This is precisely the claim. O

2.5.2 The differential identity (2.3.13)

The main goal of this section is to prove the following identity.

Proposition 2.5.5. Let V be one-cut reqular, T as in Proposition 2.2.10, § > 0 small
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enough but independent of N. Then as N — oo,

log Dn—1(fo; V1) — log Dn—1(fo; Vo)

_ NQ/I (2+d( )) V() - 20%)/1 - 22da

2
N/ Vi _2$d +Nzﬁj j) — 20%)

l—x

2

k2 T 1 T
#3207 o () — g loe <4d<1)d<‘”> ol
j=1

where o(1) is uniform in {(l‘j)?zl g — a4 > 30,4 # j and |z; £ 1] > 36 Vi}.

The arguments are largely similar to those related to the differential identity (2.3.11) so
we will be less detailed here. The arguments in the proof of Lemma 2.5.2 can be repeated
in this case with the only difference being that we replace 0; f; by —N f0,Vs and d with d,
etc, apart from approximating R by the identity — we’ll need the O(N 1) contribution
from R here as well. We will also need to assume that our lenses and neighborhoods of
the singularities are chosen so that V' is analytic in some neighborhood of them, but as we
assumed V' to be real analytic, we can of course do this. We will also assume that 71 are
inside this domain where V' can be analytically continued to. Repeating the arguments

from the previous section in such a setting leads to the following lemma.

Lemma 2.5.6. Let 7+ be as in Lemma 2.5.2 with the difference that we assume that the

contours are within the domain where V' is analytic in. Then for s € [0, 1]

N

o

[Yn(a: Vi), Yar (Vi) — Yar (25 Va) 0y Y11 (25 Vo)) f(2)e NV @ o,V () da
= —N? /1 ds(z)V1 — 220:Vy(x)dx — % {/u - /T_] Js(2)0sVs(z)dz + o(1),

where o(1) is uniform in s € [0,1], {(xj);?zl s ai — x5 > 36,1 # j and |x; £ 1] > 30 Vi}
and
Js(2) = =Yao (2 Vo)V (2 V) + Via(2; V) Vo (2 V5).

The proof is essentially identical to that of Lemma 2.5.2 and we omit it. We now
consider the asymptotics of the integral of this from s =0 to s = 1. Let us first consider
the order N? term.

Lemma 2.5.7. We have

/01 ds(—NQ)/_l (2)V/1 — 22dx = _/_11 <72T +d(g;)> (V(2)—222)V/1 — 22da.

1
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Proof. This follows immediately from the definitions: 9;sVs(z) = V(z) — 22% and ds(x) =
(1—38)2 + sd(z). O

For J-terms, we note that we now need to take into account O(N~!) terms in the
expansion of R — these will result in O(1) terms in the differential identity. We first focus
on the O(N) terms which come from the O(1) terms in the expansion of R. For this,

repeating our argument from the previous section results in the O(NN) term being

Di(z) _ N 4P x) — 22%)dx
2772/ 55 D(x) v)de = 2mi J., D(x) (V{z) - 2a7)dz,

o

where  is a nice curve enclosing [—1, 1] inside which everything relevant is analytic. We
again have D'(2)/D(2) = . (5,0) + dlogs(5:0) = dlopy(20) (85 gs.(2,0) = 0). Recalling
that

QFH( Z BJ !

Z—LU]

an application of Sokhotski-Plemelj shows that the order N terms combine into the

following quantity

N [ D(x)

2mi J, D(z)

(2.5.15)

N [ V(z)— 222 B
= —A? /1 %dw + N; ?J(V(:r]) - 23:?)

Finally, let us consider the O(1) terms. We will make use of the following lemma
(whose variants are surely well known in the literature, but as we don’t know of a reference

exactly in our setting we will sketch a proof of it).

Lemma 2.5.8. For z € (—1,1) and one-cut regular potential V,
/ 1 - )‘2 2 2
PV. V ———d\ = 27+ 27%d(z)(1 — x°) (2.5.16)

and

\/1 —x2 d\ 1
1—Xd\=—-—-"PV. / arccos T 2.5.17
/z (V1 -2 o N2y S (). (2517)

Proof. For (2.5.16), define the function H : C\ [-1,1] —» C

H(z) = 2m(z = )2z + 1)”2/1 o

-1

1 ! 1 — X2
dM/ V<AA> vadA_
—1 -
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Using Sokhotksi-Plemelj and (2.2.3), one can check that this function is continuous
across (—1,1). One also sees easily that H is bounded at +1 so we conclude that it is
entire. Finally as H(oco) = —2m, Liouville implies that H(z) = —27. An application of
Sokhotski-Plemelj then implies (2.5.16).

We note that as a consequence of (2.5.16), one can check that what’s required for
(2.5.17) is to prove the identity

A dx
\/ Xy = Vi-azpv. [ 2.5.18
y = L Toavioe 018

=:p(x) =:q(z)

[

One can easily check that these are both smooth functions of z and satisfy p(1) =

q(1) =0, so it’s enough for us to check that p’(x) = ¢/(x). For this, let us first write

)\ \/ — A2d\ —

0= s | L e [

We again make use of the fact that differentiation commutes with the Hilbert transform

so one can check that
¢ (x) =p'(z) - = bV / v 1— A\2d\
verts lx—Am a2

T (x+ V(N 1 vy
BT /_1 ioe Y /_1 NS v

1 V1—X2 2 )2
=p'(z) + xP.V./ — + 5 — & dA
V1—a? 1 =AM V1= )2 1—x (1—22)V1= 2
=1 (2).
We conclude that p = ¢ and (2.5.17) is true. O

Now to get a hold of the O(1)-terms we are interested in, we need the O(N~!) term in

the expansion of Js for the 7i-integrals. Again by Theorem 2.4.37, we know that

R(z) =1+ Ri(2) —i—o(N*l), = R(z)’1 =I1—Ri(2)+ o(N’l)
——
O(N-1)

where the claim about R~! follows by Neumann series expansion. Inspecting (2.5.3), one

realizes that the extra O(N~!) correction is indeed given by

_ ([pwo)]‘l R’lp(00)>

Let us consider first the contributions from the Rgmj ) terms with Jj € {1,...,k} (recall

11
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Theorem 2.4.37 for the definition of this and J(*s) below).

Lemma 2.5.9. Let 7+ be as in Lemma 2.5.4 and j € {1,....,k}. Then

2

—/Oldssz [/T+ _/T_] T@) (2)0,V,(2)dz = Zj]og [gd(g;j)} FONTY  (25.19)

uniformly in xj; € (—14+€,1—¢).

Proof. Recall first of all from Theorem 2.4.37 that for j € {1, ...k}

i 32 2 2
N7@) L 1 i5; [ a(z) a4 () ]
T (2= 25)% 4, () 1— a2 a(z;)? "

11 B, ety [ a(z)? a+(xj)2]
a

4 (2= 2% 4rd (), /1 - 22

+

where

A
Caj5 = (a:j +1iy/1— x?) exp —iZB;ﬂrﬂ + N (xj) — (1 + Bj)mi/4

k>3

Let us first focus on the z-integral in the statement of the lemma. Note first that

a(z)? at(z;)? 2i(1 — z;2)
a+($j)2 + a(z)? = (- 1)1/2(z+1)1/2 /71 —mjz (2.5.20)
and
a(z)*  ap(x;)? 2i(x; — z)

i (z;)? T T a(2)? = 1124 )2 — a:? (2.5.21)

Using (2.5.20) and (2.5.21) one can check with direct calculations that

1 [ a(z)? a+(xj)2] 2% d (-D)YPE+D?
(zj = 2)? Las(z;)?  a(2)? | [1_ z? dz Z— T
and
1 [ a(2)* a+(xj)2} _ 2 1 1
(xj — 2)* La+(z;)*  a(2)? R e (z = DV2(z + 2

Recalling that 9,V(z) = V(z) — 222, we thus see by integration by parts, contour
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2.5. Integrating the differential identities

deformation, and Sokhotski-Plemelj that

[/ / ] [ a<z>22 + Mg;f] as‘/s(z)% (2.5.22)

+(z5)

B 1 - x [/ / } ) ;/i ;; LY (V'(2) — 42)dz
= py / A 4A>‘f_‘i52dx
. 2

7r,/1—:vj

and simply by Sokhotski-Plemelj that

[/ﬂ- ” .1 2[ai((z),g)Q—“g((j;‘f]asv;(z)j; (2.5.23)

d\
PV )
/ —A V1—=M\2

Let us first focus on the integral of the first term. We have from (2.5.22) and (2.5.16)

Sl e e e
(2.5.24)

-5 (a0 2) /0 ek o [t

Let us now turn to the second term. We have from (2.5.23) and (2.5.17) that

dz
271

i ‘ngj,s C;ﬁs a(z a(x;
_/01 “ [/T+ _/T} i(z _1351)2 47?2[2(1‘)H [‘“r(( )2)2 - :;((Z)Jf] OV
e o) 5

: 2miN d(\)—2 2 ,
Let us note that we can write C%M = ¢ifn(z;) "™ “Je ( ) )ﬁd)\, where e~ (z;)

is a complex number of unit length and independent of s. Thus
1 9 1 CfQS
/ d(A)—— \/1—>\2d>\/ ds—=
x; ds (93])
J
1

d_tomiNs [}(d(N)~2)VI-N2dA 7o

— te +ifn (x5) /
2miN ds
Integrating this by parts, noting that %ds(az) = d(z) — 2 is bounded and 1/d(x)?
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bounded in x and s, we see that

el L (e i -]

(2.5.25)
is O(N~1) uniformly in z; € (=1 +¢,1 — ¢). Combining (2.5.24) and (2.5.25), yields the
claim (2.5.19). ]

Let us now treat the integrals associated to J !

Lemma 2.5.10. We have

/dst [/ /] (z)dz:—ilog (5am). (2.5.26)
/Odszm U /] (z)dz:—ﬁlog(;rd( 1)).

Proof. We only prove the first equality. From Theorem 2.4.37 we have
1 212 1 -1 5 -2 '
Oy - = 2| = () 2y 2 (o) (1)
TVE) =~y {a(z) [48 (¢W)  6+964%) - = (6) ([G | (1))]

—alz _21 (1) - - ! 5\/§ 9z i
()75 (Gs (1)) } (z =1)?a8nGM (1) =

where G{" is defined in (2.E.2) and we have s ( ) = mv/2ds(1). Note that

_ A e 1d (=)D

(2 —1)2 dz (z —1)1/2 (z—1)3 3dz (z—1)2

Thus integrating by parts, contour deformation, and a simple application of Lemma

2.5.8 imply that
] rose=[f [ o (1) "
:U _/T]v'(z)<z:)1/2dz

-]

1 \/1—3:2

1 r—1

(x)dx = —4mi

an

V(z) —22%)dz =0. (2.5.27)

[/ A e TR A=
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2.5. Integrating the differential identities

In a similar manner and with an application of Lemma 2.5.8,

[ )=ttt
U / ] 2+1)12/2_(1 )I/de
% [ e SV
= 1 (z_|_ )1/2(2_1)1/2dz
? [{ / ] z;—il_ 1)1/2(z —1)1/2
' 3 dr z=1 [/ / }  — o dz
% —1V,(A) T—ridA 3 % “P-V-/_ll V(Y Al__fdx
)
which implies
[ -] Jepomon -5 (a-2). s

Consider finally the a(z)~2 term. One can easily check that

a(z)"2 20 [(2—1)1/2(z+1)1/2] 1 a(z)’
3(

(z—1)2 30z (z —1)2 z—1)2

We can safely ignore the second term on the RHS, as we saw that it will integrate to zero.

Moreover, we essentially calculated the integral related to the first term already:

U/]ll

and we find .
[/ / ] oo Vsl)de = _16;; ! (d(l) - i) : (2.5.29)

Putting together (2.5.27), (2.5.28), and (2.5.29) a direct calculation leads to

_/01 ds% [/T+ _/T_] TNV (2)0,V,(2)dz = —2—1410g (gd(1)>.

O]

Proof of Proposition 2.5.5. This is simply a combination of Lemma 2.5.6, Lemma 2.5.7,
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(2.5.15), Lemma 2.5.9, and Lemma 2.5.10. O

We are now in a position to apply these results.

2.6 Proof of Theorem 2.1.1

As discussed earlier, we do this through Proposition 2.2.9. Before proving this, we will
need to recall Krasovsky’s result for the GUE from [Kra07] and a result of Claeys and
Fahs [CF16] which we need to control the situation when the singularities are close to each

other. Let us begin with Krasovsky’s result [Kra07, Theorem 1].

Theorem 2.6.1 (Krasovsky). Let («’133‘)?:1 be distinct points in (—1,1), let f; > —1, and
let Hy be a GUE matriz (i.e. V(z) = 22?). Then as N — oo

k
EH‘det(HN —l'j)|ﬂj

=1
52

u 4N\ (222—1-2log2) 2 N Pib;
~Iew-a* (3) " et T 2t - o)~ 1+ Ollog N/)

1<J

uniformly in compact subsets of {(x1,...,xx) € (—1,1)¥ : x; # z; for i # j}. Here

cp) = 2*%, and G is the Barnes G function.

We mention that Krasovsky’s result is actually valid for complex ; with real part greater
than —1, and he used a slightly different normalization, but obtaining this formulation
follows after trivial scaling. Also his formulation of the result does not stress the uniformity,
but it can easily be checked through uniform bounds on the jump matrices which are
similar to the ones we have considered.

Combining this with Proposition 2.5.5 yields the following result.

Proposition 2.6.2. Let Hy be drawn from a one-cut reqular ensemble with potential V'
and support of the equilibrium measure normalized to [—1,1]. If (%‘)?:1 are distinct points
n (—1,1) and B; > 0 for all j, then

k 82 5
E ] det(Hy - a;)% = Hc 8)) (day) T 1= a2)” @7) T V@) gy
Jj=1
zﬁ
XH\Q i—x) 7T (1+0(1))
1<J

uniformly in compact subsets of {(x1,...,xx) € (=1, 1)k : @; # z; for i # j}.
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2.6. Proof of Theorem 2.1.1

Proof. Let us write Ey, for the expectation with respect to an ensemble with potential V.
Note that from (2.3.1) setting f = 1, we have

Zn(V)
N!

=Dn_1(1;V)

so we see from Proposition 2.5.5 that for f(\) = ]_[?:1 A —z;|% and Vpy(z) = 222

k k
log By [ ] |det(Hy — 2)|% — logEv, [ | det(Hy — x;)|% (2.6.1)
j=1 j=1
= logDN, (f;V)—log Dn_1(f; Vo) —log Dn_1(1; V) +log Dn—1(1; Vg)

= —NZ B { / Vix Ninr __j: dz — (V(xj) — 21‘3)] —l—jzi:lflog (gd(x])) + o(1),

where we have the desired uniformity.

Let us now recall the logarithmic potential of the arcsine law (see e.g. [ST97, Section
1.3: Example 3.5]): %fil log |z — y|/V/1 — x2dx = —log?2 for all y € (—1,1). This along
with (2.2.3) imply that

dx + by = —2log 2.

This in turn implies that

Vi
(2:10 —1—2log2) — / ﬁdu’c + (V(zj) — 23:]2) =V(xj)+Lly.

Combining this with Theorem 2.6.1 and (2.6.1) yields the claim. O

We now recall the result of Claeys and Fahs that we will need, namely [CF16, Theorem
1.1].

Theorem 2.6.3 (Claeys and Fahs). Let V' be one-cut regular and let the support of
the associated equilibrium measure be [a,b] with a < 0 < b. Let § > 0, u > 0, and
fu(@) = |22 —u|®. Then

SN,u 12
706(8) b ds—i—ésN

log Dn—1(fu; V) =log Dn—1(fo; V) +/ S 5
0

g

+ NG (V(V) + V(=vu) = 2V(0) + O(Vu) + O(N )

uniformly as u — 0 and N — oco. Here

i
SNu = —2miN /_fd(s)\/ (s—a)(b—s)ds

7



Random Hermitian Matrices and Gaussian Multiplicative Chaos

and og(s) is analytic on —iRy, independent of V, N, and u and satisfies:

B2 +o(1), s — —i0T

g 1 | (2.6.2)
5 — fs—}— O(ls|™%), s— —ico

op(s) =

Moreover, the integral involving og is taken along —iR .

Much more is in fact known about o3. For example, it is known to satisfy a Painlevé
V equation. A generalization of it was studied extensively in [CK15]. Theorem 2.6.3 and
Proposition 2.6.2 let us prove the convergence of E[ux(f)?] — the argument is similar to
analogous ones in [CF16, CK15].

Proposition 2.6.4. Let ¢ : (—1,1) — [0,00) be continuous and have compact support.
Moreover, let 3 € (0,4/2). Then

lim EJ )(2]x — dd
i Elans@?= [ [ el - o) dey

Proof. This is very similar to the proof of [CF16, Corollary 1.11] where a more general
statement was proven for the GUE. Let us fix some small € > 0, a € ($%/2,1), and write

the relevant moment in the following way:

21 = X
Elun ()] = [/@yl>6+/2N_a<|xy<€+/|xy<2N_a] e()e(y)

E [|det(Hy — 2)|°| det(Hy — y)|’]
E|det(Hy — )|PE| det(Hy — y)|?
=: An;1(e) + Ana(€) + Ans.

dxdy

It follows immediately from Proposition 2.6.2 that if there is some € > 0 such that

|x —y| > eand z,y € (—1 + €,1 — €) then uniformly in such z,y

E [|det(Hy — 2)|°|det(Hn — y)|”] _ 1
E]det(HN—1:)|5JE|det(HN—y)|f3 2z —y|)

(14 0(1)),

As ¢ has compact support in (—1,1), this is precisely the situation for the integral in
An 1(€). We conclude that

A}im An1(e) :/ o@)ply) ———— = dady pmah / / ! ——z dxdy.
o [==vl2e 2z —y)'T 2\x—y\)

Let us now consider Ay 3. Here we find by Cauchy—-Schwarz and Proposition 2.6.2 that
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2.6. Proof of Theorem 2.1.1

there exists some finite B(f) (uniform in the relevant x,y) such that

Ey||det(Hy — 2)’|det(Hy —y)I’] _ v/Ev[[det(Hy — 2)]*°[Ev[|det(Hy —y)*]
Ev[[det(Hy — 2)[P|Ey[|det(Hy — »)|F] =  Ev[[det(Hy — 2)|F]Ev[|det(Hy — )|]
< B(B)N"/?

so we see that as N — oo

Ev [l det(Hy — 2)|°| det(Hy — y)|”]

62
A :/ z)o(y dedy S N~*T2 =50
N3 [ oo PP ety — P Ey [ det(Hy — 9)F]

since we chose o > %/2.

Thus to conclude the proof, it’s enough to show that

lim limsup Ay 2(e) = 0.

=0T Nooo

Let us begin doing this by noting that if we write u = (@—y) ) and Vy ,(A\) = V(A + (z+
y)/2), then in the notation of Theorem 2.6.3

_ DN l(fu, ,y)‘

T —y)°
EV[|det(HN 2)|”| det(Hy — y)| Dn-1(1;V)

This follows from (2.2.2) through the change of variables A\; = p; + %ry The goal is to
make use of Theorem 2.6.3 to estimate Dy _1(fy; Vx,y). There are several issues we need to
check to justify this. First of all, we need V, , to be one-cut regular and the interior of the
support of its equilibrium measure to contain the point 0. This is simple to justify as one
can check from the Euler-Lagrange equations that the equilibrium measure associated to
Vi is simply d(u + Z54)1/1 — (u+ Z5¥)2du and its support is [-1 — 27,1 — ZX]. The
remaining conditions for one-cut regularity are easy to check with this representation.

It is less obvious that we can use Theorem 2.6.3 to study the asymptotics of Dy _1(fu; Va,y)
as now V., depends on z and y and we would need the errors in the theorem to be uniform
in V as well. As mentioned in [CF16] for the GUE, for x,y € (—1 +€,1 — €), this can be
checked by going through the relevant estimates in the proof. This is true also for general
one-cut regular ensembles. As checking this may be non-trivial for a reader with little
background in Riemann-Hilbert problems, we outline how to do this in Appendix 2.G.

We may therefore use Theorem 2.6.3, and so we have

log Ev[|det(Hy — x)|°| det(Hy — y)|”]
SN,u O_B 2 ﬁ
ZIOgDN_l(f();V%y) IOgDN 1 1 V +/ dS+*SN7u

0 2
N D (Vi (Vi) + Vi (Vi) = 2V (0)) + O(a) + O(N ),
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where the error estimates are uniform in |z — y| < e and x,y € (—1 +¢€,1 — €). Note that

Ju 2
SN7u:—27TZ'N/ dLy(S)\/l— <8—|—x;‘y) ds
—Vu

— _4riNud (“""2”/> 1- <x “’)2 +O(Nu)

now

2

again uniformly in the relevant values of x and y.
Recall that we're considering u such that \/u < 2¢ but /u > N~ with 2- Cca<l.
We then have sy, — —too uniformly in the relevant z, y and using [CK15, equatlon (1.26)]

one has
[ [Neop(s) =B B 52 G+ 5)'G(1+26)
A}gnoo {/0 . ds+§sN,u+?log]sN7u\ = log Gt Ay

uniformly for z,y € (—1+¢€,1 —¢€) and 2N™* < |z — y| < e.

On the other hand, reversing our mapping from V' to V. ,, we see that

det <HN w—;y)

28
log Dy—1(fo; Vay) —log Dy—1(1; V) = log Ey

Thus we see that uniformly for z,y € (-1 4+ €,1—¢€) and 2N < |z —y| < €
log By || det(Hy — x)|’| det(Hy — y)|’]

28 1+ 59y a1 +2
det<HN_xz+y)’ g (+21) ()+ 3)

-2 1og et (1)1 (“””“/)2 VD (Ve (Vi) + Ve (V) = 20, (0))

=logEy

+ O(Vu) + o(1),

where o(1) means something that tends to zero as N — co. Using these estimates, we can

write for such z,y

Ey (| det(Hy — x)|°| det(Hy — y)|”]
Ev (| det(Hy — 2)|P|Ey (| det(Hx — y)|°]
G+ 9)*G(1+28) Ey |det (Hy — 2£2)[¥
G(1+p)* Ey[|det(Hy — 2)P|Ey[| det(Hx — y)|7]

2

2 2 2
N =g w5 )\ 1= (55
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2.6. Proof of Theorem 2.1.1

x 072 (Veu (VO Ve (-v) =22 (0) LOW) (1 4 (1))

uniformly in z,y € (=1 +¢€,1—¢€) and 2N~% < |z — y| < €. Plugging in Proposition 2.6.2,

we see that this becomes

Ey|[| det(Hy — z)|°| det(Hy — y)|”]
Ev (| det(Hy — x)|P|Ev | det(Hy — y)|°]

T+ z4y\2 62/2
(a3 V1 - 3)7) .
— (e =) ¥ (L4 o)1+ OWa)
( (2)VT = 22d(y)\/T — y2d(y )
= 2la — y))~F (1 + o(1))(1 + O(Va).

We conclude that

lim lim sup/ w(z)e(y By [|det(Hy — 2)7| det(Hy — )|’ drdy =0
=0T Nooo JaN-o<|z—y|<e EV” det(HN - x)‘ﬁ]EVH det(HN - y)|'6] ’
which was the missing part of the proof. O

Next we need to study the cross term IEMN,g((p)ﬁ%(cp) along with the fully truncated

term E[ﬁ%(gp)ﬂ For this, we need Proposition 2.2.10, so let us finish the proof of it.

Proof of Proposition 2.2.10. We have now

Dn_1(f;V)

k
N
EZ‘:IT()‘j)ll det(Hn — 2.:)|% =
e~ | e( N x3)| DN_1(1;V)’

Jj=1

where f(\) = fi(\) = TW H?:l I\ — z;|%. Since we know the asymptotics of this for
T =0, we can apply Proposition 2.5.1 to get the relevant asymptotics for 7 # O:

Dy_1(f1;V) DNfl(fo;V)eNf_ 2)d(2)vVI—22de+ 35 L | 1 j&dz T(z;)
Dn_1(1;V) Dyn_1(1;V)

du-T@_py 1 T’(x)\/l—xQd
ez [y PV “(1+0(1))

X e

uniformly in everything relevant. Applying Proposition 2.6.2 to this yields the claim. O
We now apply this to understanding the remaining terms.

Proposition 2.6.5. Let 3 € (0,v/2) and ¢ : (—1,1) — [0,00) be continuous with compact
support. Then for fivred M € 74

. ~(M) _ /322”2 LT3 (2) Tk ()
lim E = lim E[g .
A [una(0) by g ()] A MNﬁ / / F=1k dxdy
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Proof. Let us first consider the cross term. We write this as

ot e — /Be/BXN,]\/I(y)
I N e N

E|det(Hy — x)’ﬁEeB)?N,JW(y)

Let us begin by calculating the numerator. Note that as we have only one singularity,
Proposition 2.2.10 gives us asymptotics which are uniform in z throughout the whole
integration region. To apply Proposition 2.2.10, we point out that we now have T () =
T(Ny)=-0 Zi‘il %Tk(A)Tk(y) We need uniformity in y, but this is ensured by the fact
that in a neighborhood of [—1, 1], 7 is a polynomial of fixed degree and its coefficients are
uniformly bounded for fixed M. Using the facts that f_ll Ti(y)/ /1 —y2dy = 0 for k > 1,
P.V.% fil Té(y)ﬂ/(:ﬂ —y)dy = kTi(z), and the orthogonality of the Chebyshev
polynomials: 2f_11 Te(NTy(N) /(71 = A2)dX\ = 0 for k,1 > 1, we see that

E[| det(Hy — x)’ﬁeBXN,AI(y)] = E[| det(Hy — w)|5]e*5NZiM=1 275 (y) J1, Te(N)d(A)VI=AZdA

B2 SM AT ()2 +82 M | 1T ()T
X e 2 24k=1T% k=1% 1k k y)(l + 0(1))

uniformly in x,y € (=14 ¢,1 —¢). We see that the E[|det(Hy — x)|%]-term in the
denominator will cancel, but we still need to understand the EefX~.m®)_term. This now
has no singularity, so we get the asymptotics from Proposition 2.2.10 by setting 3; = 0 for

all j. Thus we find with a similar argument that

EeAEN ) _ BN S 2T0() 1 Te)dNVT-R2ar+ & STIL, KT (1 4 0(1)),
uniformly in y, and we conclude that

hm Elun s(p) / / flx BQ ety %Tk(w)Tk(y)dxdy‘

For the fully truncated term one argues in a similar way: in this case
T =T\ z,y) = —,BZ =Ty( z) + Ti(y))

and only the part quadratic in 7 affects the leading order asymptotics. Going through the

calculations one finds

hm E[n / / 52 Sty %Tk(x)Tk(y)dxdy'

O]

Before proving Proposition 2.2.9, we need to know that ug exists, namely we need to
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2.6. Proof of Theorem 2.1.1

prove Lemma 2.2.5.

Proof of Lemma 2.2.5. As discussed earlier, this boils down to showing that (,u(BM) (ap))‘ﬁ 1

is bounded in L? for continuous ¢ : [~1,1] — [0,00). From the definition of MB (see
(2.2.11)), we see that
1 / / PSS T@LO) gy gy

Now from Proposition 2.6.4 and Proposition 2.6.5, we see that if o had compact support
n (—1,1), then

L
0< lim El(uxs(p) 7 / / 1,2 52/2dxdy

_/ / sa(x)sO(y)e/BTﬁil%T’“(I)T’“(y)d:cdy,
—1J-1

so for fixed M € Z, and continuous, compactly supported in (—1, 1), non-negative ¢

1 1
(@) p(y)e® Thot s TH@TeW) gy < 2 dzdy < oo
-1J-1 1 ]2 ]ﬂ /2

as 32/2 < 1. For continuous ¢ : [~1,1] — [0,00), we get the same inequality simply by
approximating ¢ by a compactly supported one. We conclude that H(BM)(SO) is indeed
bounded in L? and thus (as it is a martingale as a function of M), a limit pz(p) exists in
L?(P). O

We are now in a position to prove Proposition 2.2.9.
Proof of Proposition 2.2.9. As noted, Proposition 2.6.4 and Proposition 2.6.5 imply that

1 oM 1
_ B 2 Tk(2) T (y)
J\}%E[(NNB(SD) / / [[2(:{;— y)|P?/2 ¢ T dudy.

As this is a limit of a second moment, it is non-negative and we see that

1 1 2
limsup/ / go(a:)go(y)eBQ il i T@T(y Vdady < / / y)(2|x — y\)*%dm‘dy.
M—o0 J—-1J-1

On the other hand, Lemma 2.2.3 and Fatou’s lemma imply that

/ / y)(2|z — y|)_ 2 dxdy < hmmf/ / BQ il 3 Tk(@ 2T W) dady,

83



Random Hermitian Matrices and Gaussian Multiplicative Chaos

so we see actually that

lim lim E[(u,s(p) — B ())°] = 0.

M—o00 N—oo

We still need to prove that when we first let N — oo and then M — oo, [Z% (p)

converges in law to p5(p). As ug(y) is constructed as a limit of ,uf(BM)(go), this will follow
from showing that ﬁg\]f\/lﬁ)(cp) converges to ,ugM)(Lp) in law if we let N — oo for fixed M. For
this, consider the function F : RM — [0, 00)

1

2 Vi
F(uy, ..., upr) = / p(V)e? Thon TN~ DL ATV g
-1

‘We now have

2 - 2 ! . ~
F <<_\/ETer(HN) + ﬁN /1 Tk()\)HV(dA)> k_1> = “%(w)(l +o(1)),

where o(1) is deterministic. Moreover, if (Ag)) | are the i.i.d. standard Gaussians used in
the definition of M/(BM), then F'(Ay,...,Apy) = ,u(ﬁM) (). It follows easily from the dominated

convergence theorem that F'is a continuous function, so if we knew that

1 M
(-jETer(HN) + ;EN/_lTk()\)MV(d)\)>k:1 4 (Ay, . Ay

as N — oo, we would be done. This is of course well known and follows from more
general results such as [Joh98] for polynomial potentials or [BG13] for more general ones.
Nevertheless, we point out that it also follows from our analysis. If one looks at the
function T(\) = ZM1 a; \[ — [ T;(u)pv (du)), one can then check that it follows
from Proposition 2.2.10 (settlng 5]- = 0 for all j) that

N 1M
EGijl T(A) —e2 Pke1 0‘?7

which implies the claim. O
Theorem 2.1.1 is essentially a direct corollary of Proposition 2.2.9.

Proof of Theorem 2.1.1. It is a standard probabilistic argument that Proposition 2.2.9
implies that also pn g(¢) converges in law to ug(y¢) as N — oo (for compactly supported
continuous ¢ : (—1,1) — [0,00)) — see e.g. [Kal02, Theorem 4.28]. Upgrading to weak
convergence is actually also very standard. One can simply approximate general continuous
¢ : [—1,1] = [0,00) by ones with compact support in (—1,1) and argue by Markov’s
inequality. For further details, we refer to e.g. [Kal83, Section 4]. O
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2.A. Proof of differential identities

Appendix 2.A Proof of differential identities

In this appendix we prove Lemma 2.3.6 and Lemma 2.3.7.

Proof of Lemma 2.5.6. First of all, note that all of the appearing objects are differentiable
functions of ¢ as can be seen from the determinantal representation of the polynomials
(2.3.5).

Recall from (2.3.4) that log D;(f;) = —2 ZZ::O log xx(ft). Also from (2.3.3), we see

that all polynomials of degree less than j are orthogonal to p;, so

/ij(ft)aszj(x; ft)ft(x)e_NV(‘”)daz =1
and

| 1omites ol 0 e e = [ o0 i 0 ) i

_ Ix; (fr)
X; (ft)
Thus we see that
8t IOgD (ft /8,5 [Zpl ] ft ) 7Nv(x)d$. (2A1)
The Christoffel-Darboux identity (see e.g. [Dei99, page 55]) states that
J 2 Xi(fe) /
Zpl(ff;ft) = li[pj—&—l(x; fopj (s fi) —pj(l‘;ft)pjﬂ(ﬂ?; fo)l. (2.A.2)
=0 Xji+1(ft)

Here ' denotes differentiation with respect to z. Plugging this into (2.A.1), we see that

ovtog (£ = = [ 0 | Syt s oy ) = o SO )| o) Do
J
~0 / Xﬁlf}t [P 1 (@3 fo)ps (s fo) = ) (s fopjn (w5 fo) fu(w)e™ Y P d

- / chi(lﬁc)t) [p;‘ﬂ(x; fo)pj(@; fi) — p;(x; fo)pj (@ ft)]atft(l”)@_NV(z)d$-

Using (2.3.3), one finds that the first integral equals j 4+ 1 (note that the term cor-

responding to p;-ij integrates to zero by orthogonality) so its derivative equals zero.
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Recalling that for Y'(z,t) = Yj11(2,t), we have

mpgﬂ( )

=2mix;(f)pi(z, fr) *

Y(z,t) =

where we ignore the second column of the matrix as it’s not relevant right now. Thus we

see the claim by replacing p; and p;41 by the entries of Y and setting j = N — 1. O
We now prove our second differential identity.

Proof of Lemma 2.3.7. The beginning of the proof is identical to the proof of Lemma 2.3.6.
Indeed, we can repeat everything up to (2.A.1) to get

fla)e Mg,

Oslog D (f,Vs) = / lzplﬂffv

Again making use of Christoffel-Darboux and orthogonality, we find

88 IOgD](fu‘/s)

= [ o Vb V) = o £ Voo £ VL ()™

which yields the claim when we set j = N — 1. O

Appendix 2.B Proofs for the first transformation

In this appendix we prove Lemma 2.4.2, Lemma 2.4.4, and Lemma 2.4.5. Variants of
Lemma 2.4.2 are certainly well known in Riemann-Hilbert literature (see e.g. [DKM™99,

Proposition 5.4]), but to have it in precisely the form we need it, we sketch a proof.

Proof of Lemma 2.4.2. The first statement — (2.4.6) — is simply linearity and making use
of the fact that for the GUE, one has {gyp = —1 — 2log 2 in our normalization. This
amounts to simply calculating the logarithmic potential (or noncommutative entropy) of
the semi-circle law. This is a standard calculation and we omit the proof, see e.g. Theorem
4.1 in [GP13] or alternatively one can integrate (2.2.3) against the arcsine law and use the
logarithmic potential of the arcsine law [ST97, Section 1.3: Example 3.5].

For (2.4.7) consider first the case where |A\| — 1 > M. Here we note that gs 4 (\) +
gs,—(A) = 2log |\|[+O(1) as |A| = oo (uniformly in s), but we know that V(\)/log|A| — oo
as |A| = oo, so we see that by choosing M large enough (independent of s), gs 4+ (\) +
9s,—(A) = Vs(A) = £s < —log|A.
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For the |A\| — 1 < M-case, note that the left side of (2.4.7) is a continuous function,
and if we take M’ < M, then our function is a continuous function which is (uniformly in
s) negative on [M’', M]. Thus it’s enough to consider the situation where M is small. In
particular, we can assume it’s so small, that d is positive in |A| — 1 € (0, M). Let us focus
on the A > 1 case. The A < —1 case is similar.

Let us suppress the dependence on s and write F'(A\) = g+ (A) +g-(A) = V(A) — £. As
F(1) = 0, we have by using the Euler-Lagrange equation (2.2.3) at the point x =1

1
FQA) =FQ) -FQ1) = 2/ (log(A — z) —log(1 — @)y (da) = V'(1)(A = 1) + O((A = 1)*)

//U_J;Wdl“ —2/ 1\_ py(dz) + O((A = 1)?)

_2/ / [u_x_] dupy (dz) + O((A — 1)2)

_ N (G 2
2/1( 1)/_1(u_;)(1_x)dd w+ O((A = 1)2).

In the z-integral, let us make the change of variables, 1 — x = (u — 1)y. We find

/1 d(x)m)dx_ (U—l)/oul d(1— (u—1)y)y/(u—1)y\/2 — (ufl)ydy

G (u—2)1—= (u—l)2 (1+y)

— V(1) 1/2/ \mﬂ/ (/ Vf:yl y)

=O0((u—1)7"72).

We conclude that F(\) = — fl Vu—1)du + O((A — 1)?) which implies the claim in
(2.4.7).
For (2.4.8), we note that for A € R and z € (—1,1)

21, A<z
lim [log(A 4 ie — x) — log(\ — ie — x)] = .
e=0F 0, A>
Thus for A € R
271, A< —1
Gs,+(A) = gs—(N) = { 2mi f)\l [(1—5)2 + sd(z)] V1 —22dz, |A <1
0, A>1

which is (2.4.8).
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We now move on to prove Lemma 2.4.4.

Proof of Lemma 2.4.4. Let A € (—1,1) and € > 0 be small. We have

hs(A + i€) = —2mi /r [(1 - s)% + sd(m)] V1= 22da
_ 27ri/06 [(1 _ s)% +sd(h+ iu)] 1= O\ + iu)idu.

The first term is purely imaginary. The second term is an analytic function of € (in a
small enough A-dependent neighborhood of the origin), it vanishes at € = 0, its derivative
at € = 0 is positive, and second derivative in a neighborhood of zero is bounded. From this
one can conclude that for small enough € > 0, the real part of hs(A 4 ie) > 0. A similar
argument works for the claim about the real part of hs(\ — i€). Such an argument is easily

extended into a uniform one in this case. O
Finally we prove Lemma 2.4.5.

Proof of Lemma 2.4.5. Uniqueness can be argued as for Y. The analyticity condition
comes from analyticity of Y and g5, so let us look at the jump conditions. Consider
first A € (—1,1). Then from (2.4.5), (2.3.8), (2.4.8), (2.4.6), and some elementary matrix

calculations one finds

1 fi(N)e NV

T_:,_()\) _ efNésag/Zy_ (Z) e—N(gs,,(A)—I—%ri f; [(l—s)%—i-sd(zr)]\/ 1—x2d$—€s/2)03
0 1
1 e2Ngs—(N)-NE, NV(A)
e | e e~ Nhes
0 1

ehos()\) ft(/\)

0 eNhs(A)

For |A| > 1, we note that by (2.4.8), gs +(A) —gs,— () € {0,273}, and a similar argument
results in
1 eN(g+,s()‘)+gs,—()‘)_es_‘/s()‘))ft()\)

0 1

which is precisely (2.4.11).
For the behavior at infinity, we note that as z — oo (uniformly for z not on the negative
real axis) gs(z) = logz + O(|z|™!). Thus we see from (2.3.9) and (2.4.5) that indeed

88
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(2.4.12) is satisfied (with behavior on the negative real axis coming from continuity up to
the boundary). O

Appendix 2.C The RHP for the global parametrix

In this appendix we will sketch a proof of Lemma 2.4.14. We will make use of the fact
that the result is proven for ¢t = 0, i.e. the case when 7 = 0, in [Kra07, Section 4.2] (which
relies on a similar result in [KMVAV04, Section 5], which again makes use of results in e.g.
[Dei99)).

Sketch of a proof of Lemma 2.4.14. The analyticity condition was already argued in Re-
mark 2.4.13. The normalization at infinity is easy to see from the fact that the a-matrix
(in right hand side of (2.4.22)) is 21 + O(|z|7!) and Dy(z) = Dy(c0) + O(|2z]71) as z — co.
Thus the jump condition is the main one to check.

This would be a fairly short calculation to check directly, but we make use of it
being known for ¢ = 0 and the representation (2.4.23). We start by noting that by the
Sokhotski-Plemelj formula and (2.4.23), for A € (—=1,1) \ {xj}§:1

2 1 @) g, S i 2O py [, T da

1 P:&:OO)()HO)Q_O-S o \/7 1\/17_7)\71 )

where P.V. denotes the Cauchy principal value integral. Thus from the jump condition of
P(®)(z,0) (note that det P(®)(z,) = 1 so everything makes sense)

_1 o r—(A) - Ti(N) +PV. 1 Ti(@) da 0 fO()\)
|:P£OO) ()\’t)i| Pj_oo) ()\7_[/_) —¢ 3 2 |: m ‘[,1 1—22 A_ac:|

—foN)™ 0

M| Tex Ti(z
oy i O P Y, i |

X e

Noting that (from the definition of r; see (2.4.19)) r1(\) = iv/1 — A2 and r_(\) =
—iv/1 — A2 so with a simple calculation

-1 0 et ™ fo(N)
(P00 PO = ,
—e Tt fo(A) ! 0
which is precisely the claim as foe”t = f;. O
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Appendix 2.D The RHP for the local parametrix near a

singularity

Here we give further details about the local parametrix near a singularity. First of all, we

give a full description of the solution to the model RHP - the function W.

Definition 2.D.1. Recall that we use Roman numerals for the octants of the plane:
I={re:r>0,0c (0,7/4)} and so on. We also write I, and K, for the modified Bessel
functions of the first and second kind, as well as Hﬁl) and HZ(,2) for the Hankel functions

of the first and second kind. We then define (again roots are principal branch roots)

o
Frimios o (2.D.1)

Vg (=i0)  —=Kpn(=i0) | s
() =v(¢ 2 2 e~ AT (e, (2.D.2)
—iy/mlg1 (=i0)  — =K1 (=iC)
Vil (=i0)  —=Kgna (=€) | 4,
() = V¢ 2 2 ed ™3 (Il (2.D.3)
—iy/mlg 1 (=i¢) ==K ;1 (—iC)
iHGL (=0 —HDA (=0 oy
‘I’(C)Z%\/—WC “ E o (F)mios Celv, (2.D.4)

PN cey @Ds)

—iv/mlg11 (i) — =K g4 (i)

ﬁl$ (i) —= @uc)

B .
e~ AT (e VI, (2.D.6)
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2.D. The RHP for the local parametriz near a singularity

—iymlp 1 (i€) —=Kpni (iQ) | 5,
we) = e | R VR i ey, (2.D.7)

\/ﬂ? (i) —=K it (i¢)

SH QO —HEA @) (o0
(5 ¢ € VIIL (2.D.8)

In [Van03, Theorem 4.2] it is shown that this function indeed satisfies the problem we
used in Definition 2.4.20. An important fact about the function ¥ is its behavior near the

origin. The following was also part of [Van03, Theorem 4.2]: as { — 0

CIPi72)  O(|¢|=Fi/?)

o ¢ € I1, 11, VI, VII
O(I¢1%/2) O([¢|=%/?)

O(

O(

(2.D.9)
¢[75/2)  O([¢|7Fi7?)

¢ e1,IV,V,VIII
CI7F72)  O([¢|7P3/2)

We also mention that the function ¥ could be expressed in terms of the confluent
hypergeometric function of the second kind as in [DIK11, DIK14]. Let us now sketch the
proof of Lemma 2.4.23.

Sketch of a proof of Lemma 2.4.23. Consider first the analyticity condition. As we men-
tioned in Remark 2.4.22, one can check that E is analytic in UQ’JJ_, so the jumps of P(*5)
come from those of W(((2)), W;(2)™7 and e NVés(x)os,

As (, preserves the real axis, and ¥ was chosen so that under (;, ¥ N U;J_ is mapped
to the real axis and lines intersecting origin at angles +7/4. Thus from Definition 2.4.20,
U((s(2z)) has jumps on ¥ and {z : Re((s(2)) = 0}.

From (2.4.27) — the definition of W; — we see that W} has jumps only across R and
{z : Re((s(2)) = 0}. Also from (2.4.28) and (2.4.9) we see that ¢ only has a jump across
R.

Thus to see that P(*1)(z,t,s) is analytic in Uz, \ X, we need to check that the jump of
W;(2)~78 cancels that of W((s(2)) along {z : Re((s(z)) = 0}. Let us look at for example
the jump across {z : Re((s(2)) = 0,Im({s(2)) > 0} = ¢, 1(T'3). From (2.4.27) we find that
for A € (1(T'3) (where the orientation is as for I's)

(A — z;)Pi/? B

Wi (WW; (V) = m
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Combining this with (2.4.32)

W (GO ()77 = B (G F 76T E I () = (G- (),
so we see that P(®i)(z) is continuous across ¢; ! (I'3). The argument is similar for the jump
across (; 1(I'7). We conclude that P(#s) is analytic in Ug, \ Z.

Consider now the jump structure. The existence of continuous boundary values is
inherited from the corresponding properties of ¥, W; and ¢s. As W; and ¢, have no jumps
across Ej[—1 or Zji, the jumps here come from the jumps of ¥. Let us consider for example
A € (;1(I'y). Here using the jump condition of ¥, an elementary matrix calculation shows
that

1 0
PE () = P (W () 7N | L
e—’Lﬂ' j 1

1 0
— P(l“j)()\)

ft()\)—le—Nhs()\) 1

Calculating the jump matrix across E;E_l and Ej_ is similar. For the jump across R, we
have for example for A € Ug’cj N (z;,00), from (2.4.27), (2.4.28), the analyticity of h, across
U, NR, along with Definition 2.4.20:

(27) (2) 0 NN (3)262N s ()
Py (A) = P27 (N
fe—Nhs(A)-i-mBjo’i()\)—26—2N¢57,()\) 0
| 0 fi(A
=P () tY)
—fiN)"t 0

The calculation for the jump across Uy M (—o0, z;) is similar.

To see (2.4.39), note first that as z — x;, (s(z) = O(|z — z;|) (the implicit constant
depending on x;, N, and s, but this doesn’t matter now) and W;(z) = O(|z — z;|%/?). So
we have from (2.D.9) that for z € (;1(I) and z — x;

O(lz — —5i) 01
(Cs(2))W;(2)7 = | o
Oz — ;=) O(1)

As F is analytic in U;j, it is in particular bounded at x;, so as multiplying from the left
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2.D. The RHP for the local parametriz near a singularity

doesn’t mix the columns, we have the same behavior for E(z)¥((s(2))W;(z)~?3. Now also
¢s is bounded at x; and again multiplying by a diagonal matrix doesn’t mix the columns
so we have the claimed asymptotics for P(*)(2) as z — x; from ¢; 1(I). The other regions

are similar.

Let us now focus on the matching condition (2.4.40). We note that as d is positive on
[—1,1], we see that for z € U, (and for § small enough), |(s(2)| < N where the implied
constants are uniform in z; € (=1 + 34,1 — 36), s € [0,1], and z € OU,,. Thus to study
U((s(%)), we can make use of the large argument expansion of Bessel functions. We won’t
go into great detail here, but simply refer the reader to [Van03, Section 4.3] and references
therein.

For simplicity, we focus on the domain {z : arg (s(z) € (0,7/2)}. In the other domains,
one has different asymptotics for ¥, but the argument is similar. The relevant asymptotics

here are

1 1 —i -1 oy —ilo 771'7;&(7
V() = — [T+O(¢I™h)] ed e e ™7 73, (2.D.10)

where the implied constant in O(|¢|7!) is uniform in the first quadrant. Here and below,
the O-notation will refer to a 2 x 2 matrix whose entries satisfy the relevant bound. Noting
from (2.4.26), (2.4.9), and (2.4.28), that for z € U N {Im(z) > 0}

(s(2) = =Ni(¢s+ (7)) — ¢s(2))-

It then follows from this and (2.D.10) that for z € ¢;1(IUII) N dU,,
1 1 —

V(G W() e N = [+ O(NY)] %086 N et (@) =0 (:))os—micos
1

where the O(N 1) term is uniform in everything relevant. Using (2.4.33) and (2.4.35), we
see that for z € (;1(TUIL) N AU,

PE)(z) [Pe)] 7 = AT + OV A = 1+ AR)ON)AR) ™,
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where the O(N~1) term is uniform in everything relevant and

1

T 1 (1
Az) = p(OO)(z)Wj(2)03eN¢s,+(1’j)03e—%z(l—ﬁj)as = E(z) ﬁ
7 1

The claim (in this sector of the boundary) will then follow if we show that A is uniformly
bounded in everything relevant. As ¢ y(x;) is purely imaginary (see (2.4.9)), we see that
the relevant question is the boundedness of P(*)(2)TW;(2)?* and its inverse. Looking at
(2.4.22), we see that this is equivalent to D;(z) 'W;(z) being uniformly bounded and
uniformly bounded away from zero. Let us write this quantity out. From (2.4.21) and
(2.4.27) we have

D) Wi(2)] = |( + (o)) Ae =

Since z + r(z) is obviously bounded for z in a compact set, the integral term is uniformly
bounded in everything relevant by Lemma 2.4.15, and the last term is bounded as 7T; is
uniformly bounded in everything relevant. Similarly we see uniform boundedness away
from zero. This concludes the proof for z € (;1(IUII) N AU,,. The proof in the remaining

parts of the boundary are similar. O
We now move on to considering the proof of Lemma 2.4.24.

Proof of Lemma 2.4.2/. Here we simply need to take into account the next term in the
asymptotic expansion of W. The argument is otherwise as in the proof of Lemma 2.4.23.
For simplicity, we will focus on the case where ( is in the first quadrant. Other quadrants
are handled in a similar manner. We refer to the discussion around [Van03, equation (5.9)]

for the following asymptotics:

. ‘ _ b ‘ -2 ei<% T—C)Cm D.
vo-g| ol e . D)

where the error O(|¢|72) is uniform for ¢ in the first quadrant. Then arguing as in the

previous proof, we see that

- . &y
Pi)(z) [P(m)(z)} o1 2‘4522)14(2') ’ N Az) "M+ 0 (1¢6(2)177),
o3
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where we used the uniform boundedness of A and A~'. Noting that

o=\ (2 i\ g 1 0 (1+%)i
(ORI B W CR P (1-%)i 0

making use of (5(z) < N uniformly in everything relevant for z € OU,; and the fact that
the asymptotic expansion of ¥ is uniform, we see the claim. Again, the argument in the

other regions is similar. O

Appendix 2.E The RHP for the local parametrix near the

edge of the spectrum

In this section we will give some further details about the parametrices near the edge of

the spectrum. First we will justify the definition of the function &, from (2.4.42).

Justification of the definition of &. The argument is essentially as in [DKM™99, Section
7). Let us first recall some properties of ¢s. From (2.4.28) and (2.4.9), we note that ¢
has a jump across Uj N (—1, 1) but is continuous across Uj N (1,00), so it is analytic in

U; \ [-1,1]. Moreover, in U] \ [-1,1] we can write

%”ds(z)(z )23z = 1)Y2 = GW () (2 — 1)V, (2.E.1)

~(1)

where égl) is analytic in Uj. Expanding Gs’ as a series, integrating, and taking into

account the branch structure of ¢, we can write
3 (1) 3/2
—59s(2) = G (2)(z = 1)V, (2.E.2)

where the power is according to the principal branch and G(l) is analytic in U{. If we
1 (1
expand G{(2) = 52 G (2 = 1)F and G (w) = 3232, G (w — 1)F, then

L _ 2 0
Gs,k‘3+2kG ’

Now as égl()) = %ds(l) is uniformly bounded away from zero, we see from the above

display that the same holds for GS()). By Cauchy’s integral formula (for derivatives),

’éillz‘ < (36/2)7% sup
’ |z—1|=48

3 2
5\/2—1-1 [sd( )+ (1—s)— ” < Cs(36/2)7F
for some constant Cy independent of s, so we again get a similar bound for Ggllz. From this

95



Random Hermitian Matrices and Gaussian Multiplicative Chaos

type of estimate, one can easily argue that by possibly decreasing d by some s-independent
factor, Ggl) is zero free in U{. Thus with a suitable convention for the branch of the power,

the function
&(2) = N*3(z = 1)G(2)*®

is analytic in U].

For injectivity, note that the derivative of the function z — (z — 1)Ggl)(z)2/3 at z =1
is uniformly (in s) bounded away from zero and its second derivative is uniformly bounded
in s and in a small enough (s independent) neighborhood of 1. Thus by decreasing ¢ if
needed (in an s independent manner), we have univalence of ;.

O
We now sketch the proof of Lemma 2.4.30.

Sketch of a proof of Lemma 2.4.30. Let us first of all consider the analyticity of F. P(>)
is analytic in U7 \ [~1,1], /2 is analytic in U], and as (s(1) = 0, C;M has a branch cut in
U;. We note from (2.E.2) that as one can check (from (2.4.9)) that —¢s(\) > 0 for A > 1,
Gs(N\) >0 for A > 1. Thus Gy is real on RN U{. As we argued above that it’s zero free, it
must be positive on RN U], so we see that £5(\) < 0 for A < 1. As we are dealing with the
principal branch, the cut of 551/4 is along U] N (—1,1). It’s thus enough to check that F is
continuous across (—1,1) N U{ and does not have an isolated singularity at z = 1.

For the continuity across (—1,1), let A € (—=1,1) NUj. We have from (2.4.24) and the
jump for §;/4: for A e (—-1,1)NU;

€)Y ) = ile] O,

so that
1 11) .
P E0) = (612 0) 7 5 e £y ()72 [P )] P ()
-1 1
- -1 o3
X (N2t (REREY)
1 1

Thus F' is continuous across (—1,1) N Uj.
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For the absence of an isolated singularity, we note that the entries of fs(z)"?’/ 4 behave
at worst like |z —1|71/% as z — 1. From (2.4.22) and Lemma 2.4.15, we see that the entries
of P(®)(z) behave at worst like [z — 1|71/4 as well. As f1/2(z) is bounded at z = 1, the
entries of F(z) behave at worst like |z — 1|7'/2. This is not strong enough to be a pole, so

there can be no isolated singularity at z = 1 and F' is analytic.

Towards checking the analyticity of P(Y) on U] \ ¥, we refer to [DKM*99, Section 7]
on the following matter (in their notation Q@ = ¥7): Q(&s(z)) is analytic on U] \ ¥ and it

satisfies the following jump conditions:

1 0
Q+(&(N) = Q-(&(N) , AEXE, N, (2.E.3)
1 1
0 1
Q+(&(N) = Q-(&(N) , Ae(-1,1)*FnUy, (2.E.4)
-1 0
and
1 1
Q+ (&) = Q-(&(N) , A€ (Loo)ENUL. (2.E.5)
01

As f;ﬂ/2 is analytic in U] as if F', and ¢ has a jump along (—1,1) N U}, we see that P()
indeed is analytic in Uj.

The jump conditions come from those of Q). Let us check for example the one across
(—=1,1)NU{ — (2.4.48). For A € (—1,1) N Uy, we have

[PLOO] PO = )72 DG (€)@ (€ (e o ()71

— f,(\)7%/2e= 3NN 0 ¢~ 3NRs (Va3 f,(3)~08/2
-1 0
_ 0 fe(A)
—f(0)7t 0

The other jump conditions are similar.

Let us then check the matching condition. Let z € OU;. For small enough § (inde-
pendent of s), it is clear from (2.4.9) and (2.4.28) that |¢s(2)| is bounded away from zero
uniformly in s and uniformly in z € dU;. Thus |£,(2)| =< N?/3 where the implied constants

are uniform in z and s. We can thus make use of the large || asymptotics of Ai({) and
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Ai'(£) to obtain asymptotics for Q(&s(z)). For this, we will again refer to [DKM™*99] — in
particular [DKM 199, equation (7.30)]: for z € dUy

e [T e oy
J(2)7% e 103 4 — 7
2Vm -1 1

Q(&4(2))ess (o5 =

where the error is uniform in z and s. Recalling that the construction of &, was precisely
so that %55(2)3/2 = —N¢s(z), we see that

Q<€s<z>>eN¢s<z>f’3ft<z>"3/2=6:m55<z>°'3/4 b e o) | fem,
VT -1 1

with the O(N~!)-term being uniform in everything relevant. Thus

PO [P = 14 PO () 2 O ) fi(z) o/ [P

As fi(2)*! as well as the entries of [P(>)]*! are uniformly (in everything relevant)
bounded on QUy, the claim follows. O

We will also give a proof of Lemma 2.4.31.

Proof of Lemma 2.4.31. This is again proven as the matching condition, but using finer

asymptotics of the Airy function. In particular, one has (see [DKM 99, equation (7.30)])

Q(&5(2))e Nos(2)s

= 53(2)_03/4 + 55(2)_3/2 4 O(|€S(Z)|_3) e—z’§037

_ 5

48
2y 7 7
11 18 T8
where the constant implied by the O notation is uniform in everything relevant. Thus

arguing as in the previous proof, we see that for z € 90U,
-1
PW(z) [P(OO) (Z)}

1 _
=71+ P(oo)(z)f(z)og/2ei7r03/4é 6 e—i7r03/4f(z)—a3/2 |:P(oo)(z):| 155(2)_3/2 + O(N—Q)

1
-1 -4

uniformly in everything relevant. O
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Appendix 2.F Proofs concerning the final transformation
and solving the R-RHP

In this section we sketch proofs concerning the final transformation and the solution of the
R-RHP. We start with checking that R indeed solves the RHP of Lemma 2.4.34.

Proof of Lemma 2.4.34. Uniqueness follows from S being the unique solution to its problem.
The last condition is immediate to check as for large |z|, R(z) = S(2)[P*)(2)]~" and both
of these terms are asymptotically I + O(|z|7!). The jump conditions simply make use of
the definition of R and the jump conditions of S — these are direct to check and we skip
this.

For the analyticity condition we begin with the domain Uy;. Here the construction of
P& was such that it would have the same jumps as S so R has no branch cuts inside of
Uyi. We are left with the possibility that R would have an isolated singularity at z = 41.
Recall that S(z) is bounded as z — 41, while Lemma 2.4.15 implies that the entries of
[P(®)(2)]~! can blow up at most like |z T 1|~'/4 as z — £1. Thus the possible isolated
singularity of R is not strong enough to be a pole (or essential), so it is removable, and R
is analytic in Uy.

Consider now a neighborhood Uy;. Again, by the construction of the parametrix, there
are no jumps here, and the only possible singularity is an isolated singularity at z;. Recall
now that as z — x; from outside of the lenses, S(z) = O(1), and as z — «; from inside of
the lenses,

x| B
sy (O =) 0w
O(lz — z;|~%)  O(1)

P(®5)(2) has similar behavior near x;. To estimate it’s inverse, we note that det P (z) =
1 for all z € Uy, - which follows directly from the definitions once one knows that det ¥ =1
(which we argued following Definition 2.4.20, or one could check directly using the explicit
representation of ¥ from Appendix 2.D).

1

We thus see that as z — x; from outside of the lenses, [P(i)(2)]~! remains bounded,

and as z — x; from inside the lenses, we have

[Pen ()] = o o
O(lz = ;7%)  O(|z — ;| ~%)

so we conclude that from the inside of the lens, the entries of the matrix S(z)[P(*)(z)]~!
have singularities of order O(|z — x;|~%) at worst. Now we see that as S(z)[P)(z)]~!
remains bounded as z — x; from outside of the lenses, it can’t have a pole at z;.

But as the degree of the singularity is bounded (we can find an integer k such that
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(z —x;)FS(2)[P®)(2)] 7" tends to zero as z — x;), the singularity can’t be essential either.
Thus the only possibility is that the singularity is removable, and R(z) is analytic in U,;.
Thus we see that R indeed solves the Riemann-Hilbert problem. 0

We next prove the relevant estimate for the jump matrix.

Proof of Lemma 2.4.35. Let us first consider the jump matrix on R\ [-1 — §,1 4 0]. Here

we have

0 f )\ eN(gs,+(/\)+gs,—()‘)*VS(/\)*és) _1
0 0

First of all, we note that the entries of P(>)()) and [P(>*)(\)]~! are bounded (uniformly
in everything relevant) in this area, and f;(\) grows like ])\]Z?:l Fi as |A| — co. From (2.4.7),
we see that there exist constants C, M > 0 depending only on V' such that for |A\| > 1+ M,
eN (s 4N F95,-N)=Vs(N)=ls) < |\|=N and for |\ — 1 € (0, M), eNs+(N)Hgs,-(N)=Vs(N)=s) <
e~NO(A-D*? From these estimates, it’s easy to see that any LP norm on R\[-1—-4,1+/]
is exponentially small in N.

Consider next the part of the contour lying on the boundaries of the lenses. More

precisely, we have for \ € Ufillilf \U_1 U Ug‘?:lij u Uy,

A = PO 0 0 SO

ft(A)fleﬂFNhs(A) 0

We now refer to Lemma 2.4.4, which states that for example for A\ € E;\U_l U Ulele U Uy,
there exists an € > 0 independent of s and A such that Re(hs(\)) > e (we assume that the
distance between this part of the contour and the real axis is bounded away from zero

~! is uniformly bounded here so we

uniformly in everything relevant). Moreover, fi()\)
again get exponential smallness for any LP norm uniformly in everything relevant for this
part of the contour (as the contour has finite length). The X, -case is identical.

For OU,; and U, the bounds come from the matching conditions in Lemma 2.4.23
and Lemma 2.4.30. Combining the estimates from the different parts of the contour is

elementary and we find the claim. O

The next proof we consider is the representation of R in terms of a certain Neumann-
series. The proof follows [DKM™'99, Theorem 7.8], and while it is a standard fact, we

record it here for completeness.

Proof of Proposition 2.4.36. By the Sokhotski-Plemelj theorem, we see that the function
R=1TI+C(Ry—R_) satisfies Ry — R_ = R, — R_ across I'y \ {intersection points} (note
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2.F. Proofs concerning the final transformation and solving the R-RHP

that from our proof of Lemma 2.4.35, we see that Ry — R_ = R_A has nice enough
decay at infinity for R to be well defined). Thus the function R — R has no jump across
['s \ {intersection points}. By construction, both functions are bounded at the intersection
points of the different parts of the contour, and behave like I + O(|z|~!) as z — oo, so by
Liouville’s theorem

R=1+C(Ry+ —R_)=1+C(R_A).

In particular, taking the limit from the — side, we obtain
R_.—I=C_(R_-A)=Ca(R-) & (I-CaA)(R-—-1)=Ca(I).

It is well known that C_ is a bounded operator from L?(Ts) to L?(T's) — see e.g. the
discussion and references in [DKM™99, Appendix A]. Given the estimate in Lemma 2.4.35
the operator norm of Ca is of order O(1/N), I — Ca is invertible (and the inverse can be

expanded as a Neumann series) for N sufficiently large and the result follows. O

Finally we prove the main result concerning R. Our proof is a minor modification of
that in [Kra07].

Proof of Theorem 2.4.37. Note that since (I — Ca)(R_ — I) = Ca(I) and since the L2-
boundedness of C_ implies that ||Ca(1)]|z2(r;) = O(N') (uniformly in everything rele-

vant), we have

_ c
1R = Ilz2(ry) < 1= Ca) M lpas)»r2mp 1Ca (Dl 2qry) < Nl

for some ¢; > 0 (independent of the relevant quantities).
Now fix some small € > 0, and suppose z is at least ¢ away from the jump contour I's.
Recall that in the proof of (2.4.59), we saw that (I — Ca)"'Ca(I) = R_ — I, so we have

(for cg, c3, ¢4 depending on € but not on ¢, s, ...)

IR~ 11 < O(A)] +1C((R- ~ 1)A)
=

AN

C4
+esl|R- = [z 1Al L2 ry) < N

where we used Cauchy-Schwarz in the second step and the facts that R_ is bounded on I's
and behaves like I + O(|A|71), as A — oc.

For z € C\I's that is within a distance of € from I's but not close to any intersection
points, we use the usual trick of contour deformation. First note that we can analytically
continue the jump matrix Jg to, without loss of generality, a (2¢)-neighbourhood of T's,
with the estimates in Lemma 2.4.35 remaining true (up to a change of constants).

We may assume that z lies on the + side of I's. Let fg be the contour in Figure 2.8,
obtained from I's with the dotted part replaced by a half circle of radius €, and R be
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R=R
4+ z ~
......... ® F(S
_ KI)\
R=R N

Figure 2.8: Deforming the R-RHP.

defined as shown, where J is the analytic continuation of Jg. Then E(z) satisfies the same
Riemann-Hilbert problem as R(z) except on the new contour f(s. Repeating our argument
for the case where z is at distance at least € from the contour, we see that
R(z)— 1| = |R(z) - 1| < 2,
N
for a c5 which is uniform in the relevant quantities. Now note that all estimates established
so far are also uniform in § € K C (0, dp] for some compact set K and dp > 0, see [DKM 99,
Section 7.2]. If z is close to any intersection points we may then deform our contour by
varying d.
For the derivative, let us consider the case where the distance between z and the jump

contour is greater than e. Then by Cauchy’s integral formula we have

'(2) = 1 _Rw) w = 1 R(w) — 1 w — -1
R'(z) i /lw_Z:€ (w—z)2d 97 e (w—z)Qd O(N™Y)

where the last equality follows from the uniform estimates for R(w) — I. For z close to the
contour we argue by contour deformation again.

We now want to extract the second order asymptotics when 7 = 0. Since
R=I1I+C(A)+C((R-—-1)A),
repeating our argument with minor modifications we see that
R-I-C(A)=0O(N"?% and R —C(A) =0(N?)

uniformly off of I's and uniformly in everything relevant. Now by definition, we have

c@e) = [ S

rs W—z2mi’

With similar arguments as in the proof of Lemma 2.4.35, one can easily see (e.g. using
Cauchy-Schwarz and a L?-norm bound on the jump matrix on the unbounded part of the

contour and a L*°-norm bound on the part of the contour on the boundary of the lenses)
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that the contribution from the part of the contour on R and on the boundary of the lenses
has uniformly (in everything relevant) exponentially small contribution to C'(A). Thus we

have for z not on the jump contour

k+1 k+1 ( )
—2\ . Z ;5 —2
(2 —Zé% _22m+0(N )_.;Rl (2) + O(N2),

where the orientation of the contours is in the clockwise direction and the O(N~2) is
uniform in everything relevant. From Lemma 2.4.24, Lemma 2.4.31, and Remark 2.4.32,

we can then write (again for z off of the jump contour)

‘ . 0 14+ -1

2 oU,, W — Z4CS(IJ)(w) 1_ B 0

2
—2
45 |e(#D)

REV = ) i B[] ]

A P

8 S

where the superscripts have been added to underline that the functions depend on the
singularity we are considering.
Consider now z ¢ U, with j € {1,...,k}. Then as E,E~! are analytic in U, and

1/¢57 )(w) has a simple pole at w = x; (and no other singularities in Uy,), we see that

Bi
: B ()) ERUCHI

(z5)
Ry (2) =
z_$j47rN(%(1—s)+sd(xj))1/1—:632 1- 5 0

where, by writing by, = a4 (z;)? + aq(z;) 2 and by, = ay(x;)* — ay(x;)~%, one finds

(after an elementary calculation)
(2)) 2| [ge) (@]
B () [E 7 (fﬁj)}

1 —2‘[2(03;3. + c;f)ble_)xj + ﬁj(bij + l_)%j)] 2D(oo)2[(cg20j b:%j + c;J?Bij) + Bjba,ba,]

2D(00) " ?[(c; 207, + ,02) + Biba,bay] il2(c3; + c32)ba,ba; + Bj(b7; + 02))]

Here we made use of the fact that E(*) is analytic at x; so we can evaluate E(xj)(xj)
using the formula (2.4.33).
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For Rgil)(z) with z ¢ Uy the residue calculations are more involved (but still straight-

forward) because of the presence of a second order pole. We just summarize here that

RV () = 21/2 1 5 —i D(c0)?
1 - 1 — )2 (-1)
2N (A1 =2P48a V(=) \ pso)2
| 9-964% [GH)]/( Y D(00)? _19+96A(1+A) 5[G§71)]/(_1)
91/2 1 4865V (-1 1260 Y (~1)2 86UV (-1) 1260 Y (-1)2
8N z+1 i 19-96A(1-A) [G( 1)]l —q 9-9642 5[Gg_l)]l(’1)
()? | 486 Y(-1) 12607V (- 1)2 asaM 1y 1260 (—1)2
RM (1) 2l/2 5 1 —iD(00)?
1 \#) == — 2 )
2N (1=2P 86 (W) | Lipso)2 -1
o_gsaz , 5[] @ Dloo)? | 19496440642 5[e] )
91/2 1 ascM 1) 126V (1)2 iD(e0) i8¢V (1) 126W(1)2
BN D(00)~2 | 19-964+9647 5{09)]/(1) 9—96.A2 [Ggﬂl(l)
PO 486V (1) 126V (1)2 CasaM () 126 (1)2

where the functions Ggil)(z) come from
V() = e NBGTY (P2 1), €D(2) = NG (2)*3 (2 - 1),

(see Appendix 2.E). 7(*)(z) may now be obtained by direct calculation.
O

Appendix 2.G Uniformity of the asymptotics in Theorem
2.6.3

In this appendix we will give a brief outline of how to check that the asymptotics in
Theorem 2.6.3 are still uniform when we replace V' by V., when z,y € (=1 +¢€,1 —¢)
(in the notation of Section 2.6). We will not try to be self contained here and we will
use notations both from [CF16] and ones we’ve adopted earlier in this article. We won’t
provide all of the relevant definitions from [CF16]. We will simply try to provide a map of
how to go over the argument.

Let us write u = (z — y)?/4 > 0 (which in the notation of [CF16] is t) and v =
(r+y)/2 € (—1 4+ ¢,1 —¢), where € is determined by the support of our non-negative
test function. We also write V,(z) = V(z + v). In the notation of Section 2.6, we are
interested in the asymptotics of Dn_1(fu; V4), which in the notation of [CF16] would be
Zn(u, B,V,)/N!. Note that in the notation of [CF16], 3 is replaced by a.
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Let us write Y for the solution of the RHP related to Dy—_1(fyu;V,). Y depends on u
and v, but as usual, we suppress this dependence in our notation. Then as the “center of
mass” and “relative motion” coordinates decouple, or 9,V,, = 0 for all « and v, the proof

of [CF16, Proposition 4.1] carries through word to word and one finds

__B
2Vu

The goal will be to integrate this from zero to some positive u. Even though +4/u lie

Oulog Dn—1(fu; Vo) = (Y (Vu) 'Y (V)22 = (Y (V) 'Y (=Vu)2e] . (2.G.1)

on the jump contour of Y, this quantity in fact does not have a jump so the notation is
justified. Moreover one can calculate the relevant quantities at a point z and then let
z — £+/u — in particular the point z can be taken to be outside of the relevant lenses and
for simplicity in the lower half plane (see [CF16, Figure 8]). In [CF16, Section 6], using
results of [CK15], it is argued that near the points 4+/u, but outside of the lenses, one

can write

Niy

Y(2) = eV (Ry(2) B (8D (0 (2):s3a) Wa(2)) V0 e, (2.G.2)

where £, and g, refer to the ¢- and g-quantities constructed from the potential V,,. If we

restrict to points z outside of the lenses and in the lower half plane, then one has

o3

Wy(z) = [(ZQ —u)*ﬁ/%’“fewv(z)] , (2.G.3)

where (see the discussion around [CF16, equation (4.13)] for details about the branch and
integration contour — note that in the notation of [CF16], d is h and the support of the

equilibrium measure is [a, b] instead of our [-1 — v,1 —v])

Po(2) = ”/: du(€)((€ + ) + 1)((€ +v) — 1))"/2de. (2.G.4)

—v

Ay is a coordinate change which for z in the lower half plane is defined by (see [CF16,
equation (6.2)])

5 (2.G.5)

Mo(2) = —iN (_%(Z) _ Pur(Vu) + ¢v,+(—ﬁ)> .
The main reason the uniformity of the asymptotics holds is that varying v € (—1+¢, 1—¢)
does not change the qualitative behavior of the asymptotics of \,(z). If one were to allow
v = %1, then the situation would be different.
For the definition of ¥(2)(), s), we refer to [CF16, Section 3], but point out here that
while it depends on f, it does not depend on z,y, or V. The function F, is analytic in a

neighborhood of zero (containing the points ++/u) and for the values of z we are interested
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in, it can be written as (see [CF'16, Section 6.4])

Ey(z) = Nv(z)Wv(z)_le_i)‘”(Z)Q = N, (2) (22 _ u)ﬁ/2e7ri,3/2] 73 e%(¢v,+(\/5)+¢u,+(*\/ﬂ))03,
(2.G.6)
where N, (2) is the global parametrix which is of similar form as the one we consider in
Section 2.4.2 apart from the support of the equilibrium measure now being [—1 — v, 1 — v]
which changes the formulas slightly. See also around [CF16, equations (5.5) and (6.1)]
for details. In particular, as z — ++/u for a fixed N, Ny(2) ~ (2 F \/ﬁ)fg‘73 uniformly
in v. This combined with the fact that ¢, 1 (£/u) is purely imaginary implies that in a
neighborhood of the origin, E,, E, !, and E! are bounded uniformly in v € (=1 +¢,1 —¢).
Finally R, is a solution to a small norm RHP. As pointed out in [CF16], the analysis
of R, and its RHP is essentially carried out in [CK15]. While verifying in full detail the
asymptotic behavior of R, is not something we will do, we will briefly sketch part of the
argument, namely uniform asymptotics for the jump matrix across part of the boundary
of a neighborhood of the origin. Analyzing the jump matrix of R in the remaining part of
the contour is similar and with a standard argument one finds that R is uniformly close to
the identity and its derivative is uniformly small.
From the definition of R, in [CF16, Section 6.5] we see for z on the boundary of some

neighborhood of the origin containing the points ++/u
Ry (2) = Ry —(2) By (2) TP (A (2); 580) W (2) Ny (2) 7 (2.G.7)

Following the notation in [CF16, Section 3], we note that we can write
ZD\
A (A, s) = Uog (—‘S‘i;s) x(A), (2.G.8)

where Wy is the solution to the RHP in [CK15, Section 3] and x(A) is defined in [CF16,
equation (3.12)]. We note that as u is always small for us, |A\y(2)/|s|| ~ u~/? is large if
z is at a fixed distance from ++/u. We thus want to know the A — oo asymptotics of
Yok (A, s) for all values of s. This was studied in [CK15]. For the relevant asymptotics
for Uoi((;s), we refer to the discussion relevant to [CK15, equations (3.6), (5.25), and
(6.32)]. For (2 ()\;5) these asymptotics translate into the following: for large ||

(I +O(Js||A[7H))ers, s — —i0T
T (\;s) = (T+ 0N, s=0(1) -
(I+O(JsA|71))eros, s — —ico

Using (2.G.6) and fact that E, and E, ! are uniformly bounded, we thus see that for
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all v and uniformly in v, the jump matrix along this part of the jump contour is
I+ Ey(2)O(min(|s], |s| ™) [A(2)| ") By (2) ™" = I + O(min(Js|, [s| ™) [Au(2)| 7).

Going over such an argument in full detail would then imply that R, can be solved
through the general small-norm approach and one has uniform asymptotics for R,, e.g.
Ry(2) =1+ O(N7!) and R (2) = O(N~!) uniformly in z and v € (=1 +¢,1 —¢).

Let us now return to the differential identity (2.G.1). With a basic matrix algebra
argument, one finds from (2.G.2) as in [CF16, Section 5]

(Y @)y = (B - VD + G |t ]
d

+ \IJ(2)()\'U(Z);SN,u)ilp(Q)(Av(z); SN,u):| )
dz 29

where
B(z) = ¥ (A (2); snu) T (Ro(2) Bu(2) T (Ru(2) E(2)) ¥ (Ao (2); 3 ,0)-

For the asymptotics of the d%\I/(Q)—term, one can argue exactly like in [CF16, Section
6.4] (see also [CF16, equations (5.27) and (5.28); Lemma 5.3]) to find that as z — ++/u,

(j:\/ﬁ) (Uﬂ(sN,u) - %2 + 5N,u> B 1

- X,
<\If(2)(/\v(z); s) %\11(2)()\1;(2’); s)) — 492 . 5 SR P
22 U

+ O(1),

where O(1) is uniform in v.

Thus what remains is the B-term. For this, by what we’ve argued about R and E, we
see that (RE)™!(RE)" = O(1) uniformly in v in a neighborhood of zero. Thus it is enough
to show that as z — +v/u, (T?)~1O(1)T?)yy = O(1) uniformly in v. Here again the
asymptotics of ¥(?) come from [CK15], and in fact the uniformity in v follows from the
argument for a fixed v as in [CF16, Section 5.6 and Section 6.6] and the uniform behavior
of \,.
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Chapter 3

Fusion Asymptotics for Liouville

Correlation Functions

Abstract Under the probabilistic framework for the path integral approach to Liouville
Conformal Field Theory (LCFT) introduced by David-Kupiainen-Rhodes-Vargas, we
compute fusion estimates for the four-point correlation function on the Riemann sphere
and find that it is consistent with predictions from the framework of conformal bootstrap
in theoretical physics. This result fits naturally into the famous KPZ conjecture which
relates the four-point function to the expected density of points around the root of a
large random planar map weighted by some statistical mechanics model. From a purely
probabilistic point of view, we establish non-trivial results on negative moments of Gaussian
Multiplicative Chaos, giving exact formulae based on the DOZZ formula in the Liouville
case and a probabilistic representation of the limit in other cases. Finally, we also show
how to extend our results to boundary LCFT, treating the cases of the fusion of two

boundary or bulk insertions as well as the absorption of a bulk insertion on the boundary.

3.1 Introduction

3.1.1 Path integral

The Liouville action on the Riemann sphere 2 2 C = C U {00} is the action functional

Sr, : ¥ — R (where ¥ is some function space to be determined) defined by!

S0 = 3 [ (VX + By(2)QX () + dme g 2)a (3.1.1)

where g(2) = |2|7* := (J2| v 1)7* is the background metric, v € (0,2) is the parameter

v, = %V is the gradient associated to g, and Rg4(z) = fﬁAlog g(z) is the associated curvature.
Since we will consider metrics whose curvature concentrates on the unit circle, the curvature term will not
play an important role here.
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of the theory, and p > 0 is the cosmological constant (whose value is irrelevant in this
paper). Another important parameter is the so-called background charge which is defined
by Q := 3 + % From here, Liouville Conformal Field Theory (LCFT) is the “Gibbs

measure” associated to Sy, which is formally defined in the physics literature by
(F) := /F(X)eSL(X)DX (3.1.2)

for all continuous functional ' on . Here DX stands for “Lebesgue measure” on C*(S?),
which of course does not make sense mathematically. Nonetheless, it is possible to define
(3.1.2) in a rigorous framework using the Gaussian Free Field (GFF) and Kahane’s theory
of Gaussian Multiplicative Chaos (GMC) — see [DKRV16] and Sections 3.2.1 and 3.2.2
of this paper. Roughly speaking, the GFF X on S? is the Gaussian field corresponding
to the “Gaussian measure” e~ 7 12 VX DX We will write P for its probability measure
and [E for the associated expectation. The GFF lives P-a.s. in the topological dual
of the Sobolev space H'(S?,g) and is therefore defined as a distribution (in the sense
of Schwartz). In this context, GMC is the random measure M7 on S? defined for all
v € (0,2) and making sense of the exponential of the GFF (which is a priori ill-defined).
This can be constructed through a regularisation of the field and we will loosely write
dM7(z) = eVX(Z)fﬁE[X(Z)Q}g(z)dQZ to refer to the limiting measure, even though X is only
defined as a distribution.

aX(2) oiving rise to

The main observables in LCFT are the vertex operators V,(z) :=e
the correlation functions, which can be thought of as the Laplace transform of the field

defined by the measure (3.1.2):

N N
<H Vai(Zz‘)> = / [[ex* e M Dx. (3.1.3)
=1 =1

On the sphere, these are defined for all pairwise disjoint insertions (z1,...,2n) € CVN and

Liowville momenta (a1, ..., o) € RY satisfying the Seiberg bounds

N
U::Z%—2>O, Vi, a; < Q. (3.1.4)
=1

In particular, this implies that the correlation function exists only if N > 3.

For fixed zg € @, the vertex operator V,(zy) has a geometric interpretation, as it inserts
a conical singularity of order /@ at zp in the physical metric ([Sei90, HMW11], Appendix
3.B). Thus the second Seiberg bound is there to make the singularity integrable around
zg. On the other hand by Gauss-Bonnet theorem, the first bound is equivalent to asking
that the surface S?\ {z1, ..., 2y } with conical singularities of order a;/Q at z; has negative

total curvature.
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3.1. Introduction

The correlation functions satisfy some conformal covariance under Mobius transforma-
tion, namely if 4 is such a map, then [DKRV16]

<i1f[1Vai<¢(z > Hw (z0)| 725 <Hva z>

where A; = Ay, = F(Q — %) is called the conformal dimension of Vy,(-). This prop-
erty implies that the three-point correlation function ([>_; Va,(2)) is determined by
(Viay (0) Vi, (1) Vg (00)) since there is a unique Mobius transformation sending (21, 22, 23)
to (0,1,00). The three-point correlation functions play a central role in the conformal
bootstrap approach to CFTs (see Section 3.1.2). For LCFT, they are given by the cele-
brated DOZZ formula, a proof of which was given for the first time in [KRV17], where
the authors rigorously implemented the method known as Teschner’s trick [Tes95] (see
[DO94, Z796] for the original derivation of the formula which uses a different approach).

We now turn to the four-point function. By conformal covariance, we can take the
insertions to be at (z1,29,23,24) = (0,2,1,00) with z € C \ {0,1,00} being the free
parameter. In this paper, we will take (a1, ag, ag, ) satisfying the Seiberg bounds and
will be concerned about the behaviour of the four-point function as z — 0 (the other
fusions being easily deduced from conformal invariance). In the framework of [DKRV16]

using the GFF and GMC, the four-point function has the following expression for |z| < 1:

_Qo

Hch Zz — 27—1M—%F <QO’> ’Z’—oqoaz’l _ z’_0‘2a3E (/ 672?:1 aiG(zi7.)dM.y> Y
v C

(3.1.5)

where G = G(-,-) is Green’s function on (S?,g). The main feature of (3.1.5) is that, up
to explicit factors, it is expressed using negative moments of GMC. One of our main
results (Theorem 3.1.1) gives the exact asymptotic behaviour of (3.1.5) as z — 0 using the
integrability result of the DOZZ formula. Now the reader will notice that the negative
exponent in the definition of (3.1.5) depends on the «;’s, so the DOZZ formula does not
give integrability results for all moments of GMC but only for the one corresponding to the
Liouville correlation function. However, in our framework, we lose nothing in promoting
o to a free parameter, so we were able to find the asymptotic behaviour of all negative
moments (Theorems 3.1.2 and 3.1.3) but only in the Liouville case did we get an exact
expression for the limit. In this special case, we were able to confirm a prediction coming

from the bootstrap approach to LCFT, which we review now.

3.1.2 Conformal bootstrap

The foundations of the conformal bootstrap were laid in [BPZ84] and since then it has

been acknowledged in the physics community as a powerful tool to analyse two dimensional
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Fusion Asymptotics for Liouville Correlation Functions

CFTs. However it is still a challenge to make sense of the theory in a rigorous mathematical
framework. One of the goals of this paper is to recover some aspects of the bootstrap
predictions in the probabilistic formulation of LCFT.

The conformal bootstrap is an algebraic approach based on the axiom that the vertex
operator V, can be associated to a highest-weight representation of the Virasoro algebra
[Rib14]. It turns out that this assumption constrains the correlation functions drastically
through some identities like the the Ward or BPZ equations (a null-vector equation at
level 2). The constraints of local conformal invariance imply that all correlation functions

can be constructed from more fundamental objects:

1. The spectrum S C C. For a € S, the vertex operator V,,(-) is called a primary field.
In Liouville CFT, the spectrum is the line @ + ¢R. It is important to notice that the
conformal bootstrap assumes that vertex operators are defined for all & € C and not

necessarily for « in the “physical region” defined by the Seiberg bounds.

2. The 3-point correlation functions, a.k.a. the structure constants. In Liouville CFT,
these are given by the DOZZ formula C (a1, a2, o3), which is meromorphic in each

one of the o;’s.

Another key idea of the conformal bootstrap is that local fields should satisfy a so-called
Operator Product Ezpansion (OPE), which can be understood analytically as a Taylor
expansion of vertex operators in the z variable. In other words, the OPE of the local
operators V,, (0)V,,(2) describes the fusion of the two insertions as z — 0. The fusion
rule is particularly simple in the case where the Verma module associated to V,,(z) is
reducible (i.e. ap € —3N* — %N*), but in the case of a1, as in the spectrum, it has the
following form ([BZ06], equation (1.18))

1 A — . a
Var Vi 2) = = [ 8789 (01,00.Q = iP)Vorir OB ()PP (3.16)

where Ap = %2 + PTQ is the conformal dimension of Vg_;p and fs‘% (2) =14 0,0(1) is
a so-called conformal block, a holomorphic function of z depending only on P,~, a1, as.

Plugging this into the four-point correlation function yields?

1 9@ A,
<V0é1 (O)Va2(z)va3(1)va4(oo)>0b - 7’2‘2( T A1 A)
o 87 (3.1.7)
« / 2% Cy (a1, a5, Q — iP)C(Q + P, o, ) |F23% (2) 2P
. :

where .7-",;"1]%34(-) is the four-point conformal block coming from the contribution of the OPE

conformal block. It is also holomorphic in z and universal in the sense that it depends

2We add the superscript ° for “conformal bootstrap”, in order to differentiate it with the correlation
function given by the path integral.
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3.1. Introduction

only on v, P, a1, as, a3 and ay. We call this formula the conformal bootstrap equation. The
term “bootstrap” refers to the fact that one can recursively compute all the correlation
functions on any Riemann surface of any genus by “bootstrapping” the structure constants
using the spectrum and the conformal blocks.

Let us stress again that formula (3.1.7) is far from having a mathematical justification.
In general, one way to make sense of the bootstrap predictions is to recover them from the
rigorous probabilistic framework of DKRV. This is usually a hard matter, but first steps
have been made in this direction, notably in [KRV15, KRV17] where the authors showed
the validity of Ward identities and BPZ differential equations and gave a proof of the DOZZ
formula. At this stage, we are still far from having a probabilistic interpretation of formula
(3.1.7) because the spectrum and the conformal blocks are not properly understood in the
path integral approach. However, we will see that in the limit where z — 0, these two

objects disappear from the equation and we are left with DOZZ formula which is well

glue
V 2R
—_

Figure 3.1: The gluing of two instances of the thrice-punctured sphere, producing a
four-punctured sphere.

understood.

There is a geometric interpretation of equation (3.1.7). Indeed, one can produce a
four-punctured sphere by gluing together two instances of the thrice-punctured sphere
along annuli neighbourhoods of one puncture (see Figure 3.1 and [TV15] for details of
this procedure). The bootstrap equation is the CFT counterpart of this gluing procedure
since the integrand is a product of DOZZ formulae. We will see in Section 3.1.3 that the
factorisation becomes exact in the z — 0 limit. The problem of factorisation of surfaces
is an old one and was stressed by Seiberg ([Sei90, p.336]) as the most important open
problem in Liouville CFT, at a time where the DOZZ formula was not yet known (nor even
guessed). This paper gives a partial answer to the problem since we will show rigorously
that the state factorises into two independent states as z — 0.

Finally, let us briefly comment on the place of this work within the existing literature.
The recent proof of the DOZZ formula [KRV17] made an extensive use of the BPZ equation,
a second order ODE satisfied by the correlation function z — (V_% (2)Vay (0) Vo (1) Vs (00)),
which was established in the earlier paper [KRV15] and solved explicitly using hyperge-
ometric functions. The reason why such an equation was expected to hold in the first

place is that the representation of the Virasoro algebra associated to the field V_% () is
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Fusion Asymptotics for Liouville Correlation Functions

expected to be degenerate, with a null vector at level two in the Verma module. This
drastically simplifies the fusion rule for the fields V_+ (2)Va, (0), and using the interpreta-
tion of Virasoro generators as differential operators, this leads to the second order BPZ
equation. In this paper on the contrary, we study the general form of the fusion rule,
for which the associated representation should not be degenerate in general, thus not
leading to a differential equation. To our knowledge, there is no rigorous construction of
representations of the Virasoro algebra in Liouville CFT yet, but there are works addressing
the question and exploiting null vectors in the context of boundary CFT. For instance, it
was shown in [Dub15] that SLE partitions functions can be constructed from highest-weight
representations of the Virasoro algebra. In general, some BPZ and Ward-type identities
appear in SLE related martingales as the condition making the drift term in It6’s formula
vanish [Fri04].

3.1.3 Main results

Let (aq, a2, aig, ) be satisfying the Seiberg bounds (3.1.4). In particular, this implies that
either a1 +ag > Q or az+ay > @ (or both), and we assume without loss of generality that
as + a4 > Q. Notice that these conditions are equivalent to having the Seiberg bounds
being satisfied by (o, a2, @) (with the exception of the ag = @ saturation).
Suppose for now that ay + as > Q. Then equation (3.1.7) is expected to hold, i.e. we
should have
1

c Q2 A _
(Vg (0)Viay (2) Vg (1) Vi, (00)) P = 87T|Z’2( 2 —A1—Ay)

o
2 (3.1.8)
« /Rz\zc’v(al,az,Q —iP)CH(Q + i, g, )| FOE (2)|2dP.

At the geometrical level, we can produce a four-punctured sphere by gluing together
two copies of the thrice-punctured sphere (see Figure 3.1) by picking one puncture on each
sphere and identifying together annuli neighbourhoods of these punctures. The form of
equation (3.1.7) reveals this gluing construction: the four-point function is a factorisation
of three-point functions.

Assume oy + ag > Q. Taking }'70‘711334 (z) = 1 uniformly as P — 0, making the change
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3.1. Introduction

of variable P — P, /log ﬁ, equation (3.1.7) gives

Q2 )
8| 22227 T NV, (0) Vi (2) Vi (1) Vi (00)) P
2
:/R\z\Pz07(041,042,@—iP)CW(Q+iP,a3,O¢4)!.7:,i11§34(z)]2dP

1 2 P
1/logm R ,/logm
2

P
x Cy Q—{—iil,ag,oq ]:31234,3 (z)| dP
\/logm 7/log;ﬁ
1

-3/2 2
| \NO <log > OgCy(ozl,ag,Q)(?lC,y(Q,ag,a4)/ P25 dP

2|

1\ 32
=2 <log |z]> 03C, (a1, a2, Q)01CH(Q, a3, aug).
(3.1.9)

Hence

|Z|2(%27A17A2)

50 4y/2m10g?2 T 95C (a1, a2, Q)1 Co(Q, s, g

B

(Va, (0)Va, (2)Vag (1) Vo, (OO»Cb

(3.1.10)

There are two important features in this asymptotic behaviour

—3/2 Q2
e There is a (log ‘—i'> term correcting the polynomial rate | z]Q(T_Al_AQ)

e The limit is expressed as a product of two derivative DOZZ formulae. Geometrically
speaking, this means that we are sewing two instances of the thrice-punctured spheres,
each one presenting a cusp at the a = @) singularity. The fact that we have a product

means that we have two “independent” surfaces.

In the case a1 + ag = @, the computation of Appendix 3.A shows that:

IIDiInOC,y(Oél, g, Q) — ZP)CV(Q + 1P, as, a4) = —48107(Q, s, 054). (3.1.11)
—

Going back to the bootstrap equation and noticing that 2(%2 — A1 — Ay) = —aqae,

we can apply the same change of variables as in (3.1.9), and get in this case

2

<Va1(O)Va2(2)va3(1)va4(oo)>Cb ~ = 3107(62,&3,044)/6_}32(1]3

=0 or, Jlog ﬁ R
y (3.1.12)

1 |Z’—041042 nC (Q 2. O )
= —7W 1y, (63, (X4
V2 log 2]

—aro
|Z| 1002
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Fusion Asymptotics for Liouville Correlation Functions

o+ as > Q)
Qi Qg
Oy
-y
e =Q
?4
. ag
[e%) as
Qy

a;+a < Q
a1+ aa
a3

Figure 3.2: The three different regimes depending on the sign of a1 + as — Q. Up: Case

a1 + ag > (. The surface on the left is a four-punctured sphere with conical singularities
of order (%, G %) at (0, z,1,00). The limiting surface is a pair of thrice-punctured
sphere: one with singularities (%, & 1) at (0,1, 00) (the singularity at oo is a cusp), the
other with singularities (1, T %) at (0,1,00). Middle: Case a; + ag = Q. The limiting
surface is a thrice-punctured sphere with singularities of order (1, %, %) at (0,1, 00).
Bottom: Case a1 + as < ). The limiting surface is a thrice-punctured sphere with

singularities (%, S5 ) at (0,1,00).

Again, let us notice two important features of this asymptotic behaviour

~1/2
e There is a (1og ﬁ) correction term to be compared with the power —3/2 found
in the supercritical case oy + ag > @ in (3.1.9). This is explained by the fact that

there is only one cusp and one limiting surface (so no extra zero mode).

e The limit is expressed with only one derivative DOZZ block, to be compared with the
product found in (3.1.9). Intuitively, this means that in this critical case ag + a9 = @,

we see only one surface with two conical singularities and one cusp.

Finally we turn to the case a1 + @z < Q. In this case, equation (3.1.7) does not hold
in this form and there is a need for “discrete corrections” (see [BZ06, Section 8] for a
thorough discussion of the phenomenon). This is linked with the fact that the contour of
integration in (3.1.7) includes poles of the DOZZ formula, and the discrete corrections are

merely residues. In particular, the leading order as z — 0 is simply

(Var (0)Vay (2) Vg (1)Vaay (00)) ~ [2] 741920, (a1 + @z, a3, )

z—0

so that the geometric interpretation is that the two singularities add up together. This

makes sense since (a1 + ag, a3, aq) satisfies the Seiberg bounds. In this last case, the
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3.1. Introduction

spectrum is “hidden” behind the discrete leading-order terms. In order to see the spectrum
in our probabilistic framework, one would need to push the asymptotic expansion further.
It should be possible to do so using similar techniques as in [KRV17, Section 6] but we

restrict ourselves to the leading order for now.

Theorem 3.1.1. Let (a1, a9, a3, ay) satisfying the Seiberg bounds and such that ag + oy >
Q. The asymptotic behaviour as z — 0 of the correlation function (Vi (0)Va, (2)Vag (1) Vi, (00))
depends on the sign of ay + as — Q) and is described by the following three cases.

1. Supercritical case:

If a1 + a0 > Q, then

(Vi (0)Va, (2) Vo (1) Vi (00))

PECEuNENY (3.1.13)
S0 e 1o L 93C5(an, a2, Q)01C4(Q, a3, ovg).

&

2. Critical case:

If a1 + a0 = Q, then

1 |z|7re2
Vo VoMW DV 5, = i s HOQuamn) (3110

3. Subcritical case3:

If a1 + as < Q, then

(Viy (0) Vi (2) Vg (1) Vi, (00)) -~ || 72Oy (o + a2, a3, o) (3.1.15)

The different regimes appearing in the statement of Theorem 3.1.1 have a natural
geometric explanation (see Figure 3.2 for an illustration of the phenomenon). First,
notice that the condition a3 + a4 — @ > 0 corresponds to having the Seiberg bounds
satisfied for (@, as, aq), except that the first coefficient saturates the second bound. When
a1 + as < @, the two singularities add up and the limit is non-trivial. When oy + as = @,
the second Seiberg bound is saturated and it is natural [DKRV17, Bavl8] to expect
the factor (log ﬁ)_l/Q(?lCV(Q, a3, ) since the 0-th order is trivial in this case. When
a1 + as — Q > 0, this also explains the factor (log ‘—i')*lagcw(al, a2, Q)01 CH(Q, a3, o).
The extra (log |71|)_1/2 term has a more subtle origin. Since both (aq, a2, @) and (Q, ag, a)
satisfy the Seiberg bounds, we expect to see the two spheres split and form a disconnected
pair of surfaces in the limit. In this limit, the GFF should have two zero modes (given e.g.

by the mean on each independent surface). Roughly speaking, upon splitting, the mean

3This was already proved in [KRV17, Section 6.1] and essentially follows from dominated convergence.
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on the right surface conditioned on the mean on the total surface is a Gaussian random
variable with large variance which — when properly rescaled — produces the extra zero
mode. This rescaling explains the extra (log é)_l/ 2 term appearing in (3.1.13).
Theorem 3.1.1 can be equivalently reformulated in terms of GMC. Since our proof
does not depend on the particular choice of (—%)—moment in the four-point correlation,
we may promote o to a free parameter and study fusion estimates for arbitrary negative
moments of GMC that could be of independent interest. We first record the decay rate in

the theorem below.

Theorem 3.1.2. Let £ > 0, v € (0,2) and (a1, a2, a3, a4) € RY be such that the Seiberg
bound is satisfied. Also let (21, 22, 23,24) = (0,2,1,00) with z € C\ {0}. Then there exists

some constant Bl (a1, ag,as, as) > 0 such that

1 )\ TE
ll_l;% WE |:M’Y <e'72?:1 O(JG(zjv')> :| = E’Z(ah a9, a3, a4) (3116)
a1tag

where the rate function 12" is given by

1 a—Q <0,

1/logé a—Q =0,

(a=@)? 3/2
12%z) = 115 (log ) - Qe (0,5),
(0—Q)? 1
22 Jlog e Q=n,
(@=@)? _ (ky—(a=@)?
2 2

|z a—Q > kY.

As mentioned in Section 3.1.1, LCFT gives an exact expression for E}(aq, as, s, ay) in

4 pp—
M. While this is not the case in general, we

terms of the DOZZ formula when k =
can still provide a probabilistic representation of the constant based on the radial/angular
decomposition of the GFF on the infinite cylinder (see Section 3.2.1). For this it is useful
to introduce the random functional

dM7 (z)
4= (a1ta2) | — 1[rar

Pl fO) = [ o b e i 0
zz 5>0%XDy

— / 67((—’Lt-l-B’s-*-(6»2—a2)5>’)1{sgo}—f(s’)l{szo}-i-alG(Le_s_w))d]/\Z’Y(S7 0)
Coo

(3.1.17)

where (Bs)s>0 is a Brownian motion independent of the GMC M 7(s, ) associated with
the lateral noise of GFF (see Lemma 3.2.1). We will also write (Eg) s>0 to denote a
BES,, (3)-process (see Definition 3.2.7).

Theorem 3.1.3. Let oy + as — Q > 0. The constant E;l (a1, s, a3, aq) in (3.1.16) has

the following probabilistic representations.
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o Ifag+ax—Q =0, then

1 /2 ~ \—K
Ez(a17a27a37a4) - a —E |:<Fa3,oz4(7_, BT)> :| (3118)

™

where T ~ Exp (k).

o Ifag+as—Q € (0,ky), then

B (a1+a2—@ K — m)
EY (a1, a9, a3,a4) = ! L il \/5
1, &2, &¥3, - _ —
" V(e t+az=Q)ky—(ma+az—Q)) V7

(11+D¢27Q)

(Fag,az; (T, gT)> I

_ajtag—Q

« E E (FQQ,M(T,BT)) ” ] (3.1.19)

where T ~ Exp(ky — (a1 + a2 — Q)), T ~ Exp(a; + a2 — Q) and B(z,y) = Fé(a;)iéy))

o If oy + as — Q = Ky, then

Ky

1 /2 ~r\ R
E (o1, as, a3, ) = \/;E [(Fag,al(ﬁ 57)) ] . (3.1.20)
where T ~ Exp(k7).
o If g +ax — Q@ > kv, then

—K
E)(a1,02,a3,04) = E [(Fm(o, —prltea @y } (3.1.21)

Bs—(al'i‘o@—Q—’W))

where ( s>0 15 a Brownian motion with negative drift —(o+a2—Q—kK7).

Remark 3.1.4. When aq + g — Q > k7, we can easily rewrite (3.1.21) as

, _
o A ()
'y JE—
El{ (O[l, Qg, (3, ()[4) =E (/C |{p|4—’Y(011+062)|13 — 1|7042

which is very similar to the subcritical regime a1 + as — Q < 0 where
—K
dM7 (x)

Ez(a17a27a37a4) =E / .
C ];ph(a1+a2)’x _ 1’7%"’”‘1_7 2 =19

can be obtained immediately by dominated convergence.
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3.1.4 Conjectured link with random planar maps

The result of Theorem 3.1.1 has an interesting counterpart in the world of 2d discretised
quantum gravity via the famous KPZ conjecture which was originally formulated in the
physics literature by Knizhnik, Polyakov and Zamolodchikov [KPZ88]. Roughly speaking,
the authors conjectured that, in some sense, LCFT should be the scaling limit of large
random planar maps weighted by some statistical mechanics model.

We start by recalling some facts about planar maps, using the setting of [Kupl6,
Section 1] (see also [DKRV16, Section 5.3]). A planar map is a graph together with an
embedding into the sphere such that no two edges cross and viewed up to orientation
preserving homeomorphisms.

For concreteness, we will work with triangulations, meaning that all the faces in the
map are triangles. Let Ty 3 be the set of planar triangulations with N faces and 3 extra
marked points (called roots). The combinatorics of Ty 3 is well known since the work of
Tutte [Tut63] and we have

#Tng =< N-2emneN
N—o0

for some . > 0. We mention that a wide class of planar maps fall into the same universality
class (e.g. 2p-angulations), meaning that they scale like N —1/2¢=#eN where p, depends on
the model.

There is a way to conformally embed any triangulation (t,x;,x2,x3) into the sphere
by first turning it into a topological manifold and second specifying complex coordinate
charts. This endows the triangulation with a structure of Riemann surface with conical
singularities at vertices with n # 6 neighbours, and this embedding is unique if we add
the extra requirement that the marked points (x1,x2,x3) are sent to (0,1,00) (see e.g.
[Kup16]). Concretely, if A C C is an equilateral triangle with unit (Lebesgue) volume, the
embedding provides a conformal map ¢, : A — C for each triangle ¢ in the map. For all
a > 0, we consider the pushforward measure dv; ,(2) = a?|(¢; 1) (2)|?dz on 1y(A), which

assigns a mass a® to each triangle of t. The collection of (Vi,a)tet defines a measure v

2 On

C, and in particular 1/2(@) = Na? for all t € Ty 3.
The model becomes interesting when we choose the triangulation randomly. The
simplest example is the case of pure gravity, which amounts in sampling the triangulation

with respect to the probability measure defined by

1
]P)a(ta X1, X2, X3) = 767“'12‘
Zq
where p = (1 + a®)pe, [t| is the number of faces of t and Z, is a normalising constant.
Notice that Z, — oo as we send a — 0, which means that the measure selects larger and
larger maps. When (t, x1,x2,x3) is sampled under P,, the KPZ conjecture states that the

random measure v, = v¢ converges in distribution (with respect to the topology of weak
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convergence of measures) as a — 0 to a random Radon measure v on S2. This limiting
measure is expected to be given by the Liouville measure (see [DKRV16, Section 3.3] for a

definition) and in particular, it should satisfy the property that for all measurable A C ((A:,

v(4)

v(C)

= /Af \/8/3 e
where we have defined the probability density function

py  (V5(0)Vy(2)V5(1)V5(o0))

fru(2) = 3.1.22
)= 575G Cy(7,7,7) (3:1.22)
for all v € (0,2) and pu > 0 (see Appendix 3.C for the derivation of the normalising
constant).
The critical case of Theorem 3.1.1 is given by v = %4, so that v = \/g falls into the
supercritical case. Thus we have the asymptotic behaviour (note that A, = 3 x % =1)
—3/2 2
el Q@ 1 93C5(7,7, @
Fonl2) ~ Eia (log ) G Q) (3499
2=0 2/27(3y — 2Q) 2| Cy(757,7)
If we integrate this formula on a small disc of radius ¢, we find
¢ @ 1\ 2 o 5%2_2
/ rz 4 <log ) rdr = (Q%/2 — 2)1/2/ e 3 du ~ 2
0 r (Q?/2-2)log =0 Nlog L
S
so that )
Q
V2 d5C. ez ?
Fyu(2)dz miy (0564 (7,7, Q)" € > (3.1.24)

|z|<e e—0 37 - 2Q C’y(r% 7> ’Y) /]Og 1 .
3

If the conjecture holds true, the asymptotic behaviour (3.1.24) gives the expected fraction
of vertices which are close to 0 in a large planar map. In particular, the exponent of ¢ is

%2 — 2 =1/12 for pure gravity.

Similar conjectures hold for random maps coupled with some statistical mechanics
model (such as the Potts model, see e.g. [DKRV16]). The conjectures are essentially the
same in each case except that the value of v and p may vary (e.g. Ising model corresponds
to vy = v/3). However one can still plug the good value of ~y in formula (3.1.24) to conjecture

the expected density of points around 0.

4We notice that this is a special value of 4 from the random maps perspective since it corresponds to
the scaling limit of bipolar-oriented maps, see [KMSW15]
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3.1.5 Outline

The remainder of this article is organised as follows. In the next section, we provide a
summary of GFF and GMC for the construction of Liouville correlation functions, and
then explain the main idea of our proofs. Section 4.3 is devoted to the proof of Theorem
3.1.1 (on the four-point correlation) and Theorem 3.1.2 (on the decay of arbitrary negative
moments of GMC), while that of Theorem 3.1.3 (on the probabilistic representations of
the limiting constants) is treated in Section 3.4. In the appendices we collect the DOZZ
formula, discuss our work from the perspective of surfaces with conical singularities and

explain how to normalise the four-point correlation to a probability distribution.

Acknowledgements The authors wish to thank Rémi Rhodes and Vincent Vargas for
bringing this problem to their knowledge and for interesting comments on this work and
discussions on LCFT. The second author is also grateful to Nathanael Berestycki for useful

discussions.

3.2 Background

In this section, we recall the mathematical foundation for the Liouville measure (3.1.2)
and the derivation for the 4-point function, and explain the main idea of our approach. To

commence with, we quickly review GFF and GMC and mention several facts about them.

3.2.1 Gaussian Free Field

Let HZ(S?, g) (or simply H{) be the Sobolev space of functions with distributional deriva-

tives in L?(S?, g) and vanishing g-mean. This space is equipped with the norm

1 1
1X[1%:=— [ |[VX)=—-—— [ AX-X
\Y4
27T §2 27T S2

that we call the Dirichlet energy. Hence we can interpret the formal measure ﬁ / e—3IXIR px
as a Gaussian probability measure on the space H& (where Zgpr is a “normalising constant”
which we will explain at the end of this section). Thus if (e5)n>1 is an orthonormal basis

of H&, we define the formal series

X = Zanen

n>1

where (ay)n>1 is a sequence of i.i.d. normal random variables. It can be shown that this
series converges in H 1 the topological dual of H&. In particular, it is not defined as

a function but rather as a distribution in the sense of Schwartz. We call this field the
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3.2. Background

Gaussian Free Field (GFF). We write PP for the probability measure of the GFF and E the
associated expectation. The covariance kernel of the GFF is given by Green’s function

G := (—5=A)"!, ie. we formally write
E[X(2)X(y)] = G(z,y)

where the kernel of Green’s function is explicitly given by

Gla,y) = log + log ] + log |y

[z —yl
Thus the “normalising constant” Zgpp that we are looking for should be given by Zgpp :=
(det(—%A))l/ 2 which is obtained via zeta-regularisation [OPS8S].

There is a convenient choice of basis for H¢, which is the family (4/ ?\—:cpn)nzl where
(¢n)n>0 is an orthonormal basis of L? of eigenfunctions of —A with eigenvalues 0 = \g <
A1 < ... < \p.... This gives an L? decomposition of the GFF, except that we are missing
the zero mode (the coefficient in front of the constant function ¢g = Vol,(S?)~1/2). This
should be a Gaussian with infinite variance and we interpret this as Lebesgue measure, since

27” times the law of a Gaussian random variable with variance A\~! converges vaguely to

Lebesgue measure as A — 0. So our final interpretation of the measure e IXIR DX is

that we set for all continuous functional F : H-! - R

ot(_ L ~1/2
/F(X)e—%ixli%DX = (W) /RIE[F(XJrc)]dc.

Throughout the paper, we will make an extensive use of the so-called radial/angular
decomposition of the GFF, which is better understood in cylinder coordinates. Let
Cs = Ry x S} be the complete cylinder. Under the conformal change of coordinates
Y : z — —log z, the Riemann sphere (((A: \ {0,000}, g) endowed with the crépe metric is

2]s|

mapped to (C, gy) with gy (s,6) = e™=*l. From now on, we write G for Green’s function

on (Coo, gyy) With vanishing mean on {0} x S'.

Lemma 3.2.1. Let X(s,0) be a GFF on Co. Then we can write X (s,0) = Bs + Y (s,6)

where

1. (Bs)ser is a two-sided Brownian motion. We will call this process the radial part of
the field.

2. Y is alog-correlated field with covariance kernel

e Ve ¥
|€fsfi9 _ 675’7i9’| '

H(s,0,s,0") :=E[Y(s,0)Y(s,0)] = log (3.2.1)

We will call this field the lateral noise or angular part of the field. Notice that the
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law of Y is translation invariant.
3. B is independent of Y.

Otherwise stated, Lemma 3.2.1 enables to rewrite Green’s function (on the cylinder)

as
G(s,0,5,0")

(Is| Als'D1sy=0 + H(s, 0,5, 6")
(Is| A |s")1ss>0 + H(0,0,5" — 5,6 — 0) (3.2.2)
(Is| A 18" 1ss>0 + G(0,0,s" — 5,0" — 0).

Remark 3.2.2. We will sometimes abuse notations and write the more compact form
G(s+1i0,s +1i0") (resp. H(s+1i0,s +1i0")) for G(s,60,5,0") (resp. H(s+1i0,s +i6")).

3.2.2 Gaussian Multiplicative Chaos

Recall that a GFF is only defined as a distribution, so the exponential term e¥¥ is ill-
defined a priori. However it is possible to make sense of the measure e?X(®)g(z)d?z using a
regularising procedure based on Kahane’s theory of Gaussian Multiplicative Chaos (GMC)
(see [RV14, Berl7] for more detailed reviews).

We use the regularisation called the circle average. For € > 0, let X, . be the average
of X on the geodesic circle of radius € in the metric g. The field X is continuous, so the

measure

AM] () = X0 @)~ 3V <] g2,

is well defined for all v € (0,2), and it is known that the sequence of measures M,
converges weakly in probability to a (random) Radon measure M, with no atoms.
An important property of GMC measure is its conformal covariance [DKRV16, DRV16,

GRV16] under conformal multiplication

Proposition 3.2.3. Let w € C®(S?,g). Let X be a GFF on (S%,g) and Mg be the GMC
measure obtained when reqularising the field with circle averages in the metric § := e“g.
Then Mg = 6§M;.

Remark 3.2.4. For notational convenience, when the reqularising metric is the background

metric g(z) = |z|7* on C, we will drop the subscript and write M7 = M.
Another useful tool of GMC is Kahane’s convexity inequality [Kah&5].

Theorem 3.2.5 (Kahane 1985). Let X and Y be two continuous Gaussian fields on
D C S? such that for all x,y € D

E[X (2)X (y)] < E[Y(2)Y (y)]-
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3.2. Background

Then for all convex function F: Ry — R with at most polynomial growth at infinity,

E {F ( / evX(m)fE[X(x)?}dzx)] <E [F ( / evY(x)”;E[Y(:r)Q]d%)] ,
D D

In practice, one can apply this theorem to the GMC measure associated with log-
correlated fields like the GFF after using the regularising procedure.
Now suppose X, Y are log-correlated fields with |[E[X (z)X (y) — E[Y ()Y (y)]| < € and

write M7, N7 for their respective chaos measure. In particular we have

E[X(2)X (y)] <E[Y(2)Y (y)] +¢.

Notice that the field Z(z) = Y (z) + /ed — with § ~ N(0,1) independent of everything
— has covariance kernel E[Y (2)Y (y)] + €. Hence by Kahane’s convexity inequality, we have
for all Kk > 0

E[M(D)™"] < Ele V¥ N7(D) "] = 27" *“E[N"(D) "),
By the symmetry of the roles played by X and Y, the converse inequality is also true, so
E[MY(D)™"] = E[N"(D)""](1 + Oz0(€))-
Similarly, we have for all ¢ € R,
E [exp(—pue?*M™(D))] = E [exp(=pe*N7(D))] (1 + Oc—0(€))-

3.2.3 Derivation of the correlation function

Using the GFF and GMC we are ready to state the definition of the correlation functions on
the sphere. For ¢ > 0, we can regularise the vertex operator V,,(z;) by defining V,, (%) =

2
e®iXe(z) =5 EIX=(2)’] | By Cameron-Martin theorem, we have (recall o = le\il g-2>0)

N
<H Va,a(Zi)> = 2¢%(@) / QR [exp (—ue'yc/AGWZﬁlaiGE(zi")dMA')} de  (3.2.3)
i=1 R C

where Cc(z) = 3, ; @iajG:(;, 2;). This regularised correlation function (3.2.3) converges
to a positive finite limit as € — 0 as long as the Seiberg bounds are satisfied as the GMC

measure integrates the singularities around each insertion. We take this limit as our
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definition of the correlation function

<HVa %) > C(Z)/eQUCE [exp (_MGVC/Aevzy—wiG(zzw)dM“/)} de
R C

Qo
e W | (@;)E
¥

( /A evzf_laiG<Zi,~>de>_”
C

after making the change of variable u = €7°. As can be seen from expression (3.2.4), the

(3.2.4)

—_

finiteness of the correlation function in our probabilistic formulation is equivalent to the
finiteness of the moments of the GMC measure. This holds provided the extended Seiberg
bounds are satisfied [KRV17]

4
_x? = ; o d , ;.
5 < 2 A 12%1%(1]\[(62 a;) an a; <Q Vi
In particular, if N = 3 with insertions at (0,1,00) and Liouville momenta (aq, g, ag)

satisfying the Seiberg bounds, the expression is simply

_ Qo
< / H1G(0.)+03G (L) FasGl(00.)) g Mw) ’ ]

o1~ (Qo
(Vi (0)Viry (Vi (50)) = 291 F<7>E [

(3.2.5)
and this expression equals the DOZZ formula C, (a1, a2, a3) [KRV17].
As for the four-point correlation function with insertions at (21, 22, 23, z4) = (0, 2, 1, 00)
with |z| < 1, we find

(Ve (0)Vay (2) Vaag (1) Vay (00))

= 2 e R |exp | —pe* e iz GG g ) | de,
[2]0192[1 — z|o20s g ¢
(3.2.6)

3.2.4 Main idea

We now explain our approach which is inspired by [DKRV17]. By applying the ra-
dial/angular decomposition of the GFF as we will see in Section 3.3.1, we can effectively
transform our problem to the study of exponential functionals of Brownian motion.

To be more precise consider the following toy model. Let (BS)‘) s>0 be a Brownian
motion with drift A, and suppose C7,Cs > 0 are two fixed constants. Our goal is to

understand the asymptotics of

t —K
<01 + / eBids + CQeVB?> ] (3.2.7)
0

as t — oo. In order to extract the leading order in (3.2.7), we have to play the game of
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balancing energy (i.e. asking our drifted Brownian motion (B2)s to remain small) and
entropy (i.e. paying a multiplicative cost given by the probability of such event).

e When A < 0, we don’t have to do anything because B} AN anyway, and

(C’1+/ e”BSAds) ]
0

E

t —K
(Cl—l—/ eVBSAds—i—Cge“’BtA) ] Lty )
0

by dominated convergence easily.

e When A\ = 0, we should demand our Brownian motion to never exceed an O(1) threshold.
On the event that {sup,<; Bs < N}, (N — Bs)s<t behaves like a BESy(3)-process and

drifts to —oo, and therefore for suitably chosen t’ < t we see that
! B) B} g B
Cl—l—/ e77sds + Che 7t zCl—l—/ e’sds
0 0

is expected to be O(1) while the entropy cost is given by

2 N
IP’(suszgN> ~ ——:O(t_%>.
s<t 77\/%

e When )\ € (0, 57y), we still demand our drifted Brownian motion B;' to remain below an

O(1) threshold, which requires an entropy cost of

A2
2e 2t 2
P (suszA < N> ~ \/Eei,NeW —0 <e’\2tt3> '
s<t s )\2t§

The structural difference here is that even though B is rather negative in the interme-

diate time interval s € [t/,t — t'], the terminal value B} is typically O(1):

P(B?gx

supBi‘SN) H—Oo>e*)‘(N7x)(1+/\(N—$)), x < N.
s<t
Therefore for the purpose of deriving the renormalised constant, we will have to keep

’

t t
C’l—i—/ B ds + Che?B? %C’l—i—/ e”Bﬁds—F/ B ds + 7P .
0 0 t—t!

which is O(1) as (B})s<¢ and (B;*_,— B;\) s<¢ behave like the negation of two independent
BES(3)-processes.

e Moving beyond, we can only ask the B2 not to drift faster than A — x~y or else the entropy

cost would be too expensive. To proceed we first apply Cameron-Martin theorem to
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rewrite (3.2.7) as

E

n2'y2 t A=K7y A—KYy R
ey Be—5—t <Cl +/ B ds + Che' B
0

2.2
— Ryt I tR

—e (3.2.8)

t —K
<Cle—vB? Ty / (BB, "”>ds+02>
0

If A = k7, there isn’t any drift in the expectation. The observation from the case A =0
suggests that we may want to demand B,_; — By to not exceed an O(1) threshold for
s < t. This would imply again an entropy cost of O(F%), and we expect that

/

— K t
C’le_VBtA ! +/ eW(BS_Bt)dstC'Q%/ eV Bs=Bilgs + Oy
0 0

is O(1) because (B;_s — B;)s<y behaves like the negation of a BES(3)-process as before.

If A > K, the story is simpler because Bi‘:sm — B} may be seen as a Brownian

motion with negative drift. Similar to the earlier case where A < 0,

t t

_ A—KYy A=Ky _ pA—ky A=Ky _ pA—rKY

Cre B +/ V(B =By )ds—i—C'g%/ VBB D gs 4 O,
0 0

is already O(1) without incurring any further entropy cost.

3.2.5 Path decomposition of BES(3)-processes

Before we proceed to the proofs, we collect Williams’ path decomposition theorem [Wil74]
for 3-dimensional Bessel processes (abbreviated as BES(3)-processes) which will be helpful

when we study the probabilistic representations of the renormalised constant (3.1.16).

Theorem 3.2.6 (Williams 1974). Fiz x > 0, and consider the following independent

objects:
e (Bs)s>0 is a standard Brownian motion (starting from 0).
e U is a Uniform|0, 1] random variable.
° (52)520 is a 3-dimensional Bessel process starting from 0.

Then the process (Bg)szo defined by

o x + Bs 5 < Tf:(:(lfU)a (3 9 9)
° xU + ﬁo s> Tf:r(lfU)

s=T_,a-uv) =

128



3.8. Proof of Theorem 8.1.1

with
T yo—vy=inf{s >0:Bs=—2(1-U)} =inf{s > 0: 2 + B; = 2U}

is a 3-dimensional Bessel process starting from x (written as BES;(3)-process).
In view of Theorem 3.2.6, we introduce the following definition.

Definition 3.2.7. Let (Bs)s>0 and (8Y)s>0 be as in Theorem 3.2.6, and x > 0 an inde-
pendent random variable. Then the process (5;‘)520 defined by

~ r+Bs s<T_,,
BT = CoT o (3.2.10)
ng_x s2T 4

with
T ,=inf{s >0:2+ B, =0}

s called a 3-dimensional Bessel process starting from x conditioned on hitting 0, written
as BES,(3)-process.

3.3 Proof of Theorem 3.1.1

3.3.1 Supercritical case

We set the insertions at (21, 22, 23, 24) := (0, 2, 1, 00) with Liouville momenta (aq, ag, aig, avg)
satisfying the Seiberg bounds, and we write —logz =t + i¢ with ¢ > 0 and ¢ € [0, 27).
We assume that both ag + a4 — @Q > 0 and a3 + as — ¢ > 0 which corresponds to the
supercritical case of Theorem 3.1.1. Notice that this corresponds precisely to having
(a1,a0,Q) and (Q, oz, ay) satisfying the Seiberg bounds (with respectively the 3-rd and

the 1-st momenta saturating the second Seiberg bound).

Proof of (3.1.13). Let X(s,0) = Bs+Y (s,0) be a GFF on Cop = Ry xSj. By the conformal
covariance of GMC, it is equivalent to study the chaos measure of X with respect to gy,
or to consider the field X (s,0) + % log gy(s,0) = X (s,0) — Q|s| and do the regularisation
with respect to Lebesgue measure.

From now on, we write dM 7(s,0) for GMC measure of the lateral noise with respect
to Lebesgue measure on Cy, (while dM7(x) will be used for GMC measure of the entire

GFF in spherical coordinates).
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We are interested in the total GMC mass

W, ;:/ eW(Bs-*'(Oél—Q)81s>o—(064—Q)51s<o+a3G(075+i9)+042G(t+i¢,8+i9))dMV(S’9)
Coo

:/ ew(Bs—l—(al+a21S<t—Q)sls>o—(a4—Q)Sls<0+Oé3G(Oas-‘r’i@)+042G(0,5—t+i(9_¢)))dM\’Y(379)_

(oo}

(3.3.1)

The behaviour of this integral is essentially governed by the radial process. From the

expression above, we can see that on the negative real line the process is (B_s+(au—Q)s)s>0

which is a Brownian motion with negative drift so the integrand is integrable at s = —o0.

On the positive real line, the radial process has a positive drift ay + o — @ up to time t,
then a negative drift ay — @ from ¢ to oc.

The first step is to apply Cameron-Martin theorem to get rid of the (a1 + ag — @) drift

term in [0, ¢], so that for all continuous and bounded function F': R — R
E [F(Wt)] =E [6(a1+a2—Q)Bt—%(a1+a2—Q)2tF(Zt)} (3.3'2)
where Z; is the random variable defined by

7 ::/ V(Bot(01-Q)(t=5)1s>1—(aa=Q)sloco G (0, —s+i(¢=0))+asG(0:5+0) g A 11 (5. @),

(3.3.3)
Hence the correlation function takes the form (recall ¢t = log ‘71|)

(Var (0)Vay (2) Vay (1) Vi (00))
2
= 2\z|2(%_A1_A2)]1 — 7|29 / eQ°R [e(alJrO‘?_Q)Bt exp(—pe’“Z;)| dc
R
(3.3.4)

Q2

2—0&10[2:2(4

where the exponent for |z| was found by noticing that (a1 + as — Q)
Ay — Ay).

Remark 3.3.1. The change of measure (3.3.2) becomes trivial if oy + ae = Q. This is

the reason why there is a phase transition at this value and why the case is easier to treat.

Remark 3.3.2. From a geometric point of view, the change of measure (3.3.2) has the
effect of changing the background metric from a cone to a cylinder as illustrated in Figure
3.3 (see also Appendix 3.B for links between changes of metrics and changes of probability

measures).

We can sample the radial part (Bs)o<s<: by the independent sum Bs; = Brs + %5

where (Brg)o<s<t is a standard Brownian bridge and § ~ N (0,1) (see Figure 3.4). We

write (Bs)o<s<t the process on R where

1. (B_s)s>0 and (BS)SZt are independent Brownian motions.
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Figure 3.3: Change of measure from the cone to the cylinder

2. (Bs)o<s<t is a Brownian bridge in [0, ] independent of the two other processes.

Similarly, we write Z; for the GMC mass defined similarly as Z; but with B instead of B.

The result will follow from an analysis of the behaviour of Z;.

sz\/i(g

By, = Brg + \%s ‘

0 t

a; —Q
Q—ay

Figure 3.4: The radial process in (0,¢) is the independent sum of a Brownian bridge (red)
and a random drift (blue).

Let n € (0,1/2). We split Z, into three parts and write Z, = L; + C; + R; where
L;, C; and R; are obtained by restricting the domain of integration to (—oo, t'/277) x S,
(t1/2*’7,t — t1/2*’7) x St and (t — /2=, 00) x S! respectively. We define Z; = L; + C; + Ry
similarly. These random variables are the “left”, “central”, and “right” parts of the Z,
and Z;.

For b > 0, we introduce the event flb,t = { sup By < b}. This event has probability
0<s<t

P(Ay,) =1—e 2/ = £(b/V?).

)

Notice that lim f(z) =1 and f(z) ~ 2z%
T—r00

z—0
Conditioning on Ay ¢, the processes (b— Bs)o<s<t/2 and (b— By_s)o<s<¢/2 are absolutely
continuous with respect to a BES;(3)-process. Hence there exists 7’ > 0 such that with

high probability as t — oo, we have sup B, < —tY/2=7" 1t follows that C; — 0
t1/2-n<s<t—t1/2-m

in probability as ¢ — oo when conditioned on flb,t.
Let Py, the law of a field X (s,0) = Bs + Y (s,0) where
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1. Y is a standard lateral noise.
2. (B_s)s>0 is a standard Brownian motion.
3. (b— By)s>0 is a BES,(3)-process independent of (B_g)s>0.

We now describe the behaviour of L; and R;. On Ab,ta the law of the process (b —
BS)0§S§t1/2777 is absolutely continuous with respect to that of a BES,(3)-process, and the
Radon-Nikodym derivative tends to 1 a.s. and in L' as ¢t — oo (see e.g. [MY16, Exercise
9.4]). Hence the pair of processes ((b — BS)ogsgtl/%m (b— Bt_5)0§5§t1/2—71) converges in
distribution to a pair of BESy(3)-processes, and it is clear that these limit processes are
independent of each other.

As for the angular part, notice that for all s < t'/2=7 and s’ > t — t!/27" we have for
all 0,6 € S',
1 1

-y
|]_ — e*(S/*S)fi(9/79)| S 1Og 1 o e_(t_2t1/277,) - 0(6 ) (335)

H(s+1i0,s" +i0') = log

Now let Y, Y~ be independent lateral noises on Coo and define Y'(s, 0) := Y (s,0) 1,4 /2+
Y7 (5,0)155¢/2. Let L; (resp R;") be the random variable defined like Ly (resp. R; ) except
we use Y’ rather than Y for the lateral noise. Then under flw, the pair (f); , R;r ) converges

in distribution to a pair of independent random variables (Lo, Roo) With

oo T

. lav / ¢1(Be—(ei=Q)slu<otasGO.5+i0)) g7 15 ),

oo

R oy / ¢ (Bs—(01-Q)sTozo+2G(05+i0) g\ [ (5, 9)
Coo

where the field is sampled from P, in both cases.

Using the estimate (3.3.5) and Kahane’s convexity inequality, we have for all ¢ € R

E [eXP (‘Mewc(zt + Rt)) |f~1b,t} =Es [Et exp (—WW@[ + ﬁﬁ)] (14 0(e"?))
7 B [exp(=pe™(Loo + Roo))]
= By [exp(—pe”Loo )| Ep [exp(—pe” Roo )] -
Putting pieces together, we find for all ¢ € R
Jlim E [eXp(—ueVCZ) |Ab,t} = limE [exp(—ue”it) exp(—pe*Cy) exp(—ue”cl?t)lflb,t]

= By [exp(—pe”“Loo )] Ep [exp(—pe™ Roo)] -

To conclude we need to relate the behaviour of Zt with that of Z; as t — oo. To this
end we will condition on the value of the drift 6 ~ N(0,1). For fixed 6 € R, we have
%tlﬂ_” = 6t~", and this will be sufficient to show that up to time t'/27", the radial

132



3.8. Proof of Theorem 8.1.1

part of the GFF (By_s — \[ 8)o<s<i1/2—n does not “feel” the drift and therefore looks like a

Brownian motion started from /t5. More precisely, we have
e IR, < 6—7\/55Rt < IR,

Taking expectations and rescaling § by ¢t~1/2, we get for all ¢ € R

VIR [eler+02m QB exp(— 1Ry Ay, |

62

_ [ (a1+a2—Q)s _ e (a0 2Ty By 7 ] €
/e E[exp( ue Rt)]Abi} T

(1+a2=QPR, foxp (—pe? () R, d6

Sva e

where we applied the dominated convergence theorem in the last line.

Remark 3.3.3. The take-home message of this computation is that as t gets large the
value of the radial part at t is distributed like \/t5, so when properly rescaled, its law
converges vaguely to Lebesgue measure. Hence the field in the right part looks like a usual
GFF plus a constant which is “distributed” with Lebesgue measure, so & plays the role of an

extra zero mode in the limit. This translates the fact that we see two independent surfaces

in the limit.

Recalling the expression of the correlation function (3.3.4), we make the change of
variable (¢,d) = (u,v — u) (with Jacobian equal to 1) and find

U [ ]
R
52

_\// ro/ (1 +a2—QVIo R [exp( 11e"® Zt)|Abt} \ﬁdédc

I \/T/ elortaz=Q)(etd) p(astes=Q)eg, loxp(— e’ Log )| Ky {exp(—ueV(”‘s)Rm)} dédc
oo T Jr2

= (/ elostaa=QuE, foxp(—pue Ly )] du> </ ele1+a2=QE, lexp(—pe” Rao )] dv> .
V2m \Jr R
(3.3.6)
Thus we have for each b > 0

lim t3/2/ e9°Eexp(— e’ Zy)| ApP(Ap ¢ )de
R

t—o00
= \/5{)2 </ e(o‘1+°‘2_Q)“Eb[exp(—ueWRoo)]du) </ e(o‘3+o‘4_Q)”Eb[exp(—uewLoo)]dv> :
m R R

It is shown in [DKRV17] that bE; [exp(—pe’” L )] has a non-trivial limit as b — oo
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and, exchanging limits, the authors conclude that

t—o00

t
blim bEy [exp(—pe? Loo)] = lim 4/ %E [exp(—pe? Ly)] . (3.3.7)
— 00

On the other hand, one can recover the BESy(3)-process by conditioning a Brownian motion

with negative drift to stay below b forever and letting the drift tend to 0. More precisely,

if 7, = inf{s > 0, Bs + (o — Q)s > b}, then we have P(7,; = 00) % 2(Q — a)b. Now
a—Q~

adding the drift & — @ in the definition of L., gives the correlation function %Cw(oz, g, ay).
In the end (see [Bav18] for details), we have the alternative characterisation of the limit
(3.3.7)

limb [ el@s+a=@VE, loxp(—pe’’ Log)] dv = —= lim

1
=—-0:C .
b—oo Jp 4a—Q o — Q 4 ! 7(0&, 3, 044)

(3.3.8)

A similar statement holds for the L., term, so we have

1
8V 21

From [DKRV17], the family of functions E[exp(—pue’Z)1y | converges uniformly

lim lim t%/2 / eQJCE[eXp(—ueWZt)IAb t]dc = 8307(041, a2, Q)ach(Q, as, 044).
R ,

b—oot—00

with respect to t as b — oo, enabling us to exchange limits in b an in ¢. Hence

t—o00 b—oot—00

lim t3/2/ReQ”CIE[eXp( ue'“Zy)|de = lim lim t3/2/ReQ‘TcE[eXp( e Z)1 Abt]dc

8\/7830 (061,062,62)8107(@,0[3,0[4).

Recall equation (3.3.4) to find

(Var (0) Vas (Z)Voz:a (1)Vay(00))

1
|2 (%= ~A2)|1 — 2|72 (log —) 732030, (o1, a2, Q)01 CH(Q, a3, vg).

z—>0 4/ 27 ‘ ‘Z|

O]

3.3.2 Critical case

We conclude the proof of Theorem 3.1.1 by proving the asymptotic formula (3.1.14), i.e

we assume «q + ag = Q.

Proof of (3.1.14). The analysis of Section 3.3.1 fails only because the limit identified in
(3.3.6) becomes trivial in this case because the triplet (o, as, @) violates the first Seiberg
bound. Geometrically, the random variable R; does not have enough mass as ¢ — oo in

order to produce another surface.
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3.8. Proof of Theorem 8.1.1

However, the analysis is still valid up to equation (3.3.2) and the expression of Z; is the
same with this new set of parameters. Consider the same decomposition Z; = L; + C; + Ry
and write & = Cy + Ry with the same 1 > 0.

As before, we condition the radial part no to exceed a given value. For b > 0, we define

the event

It is well-known that

b/VE 2
P(Ay,) = \/Z /0 =% dv = g(b/ V).

Notice that g(z) T 1 and g(x) it \/gx The process (Bs)s>0 conditioned on Ay, has
the law of a BESy(3)-process. Repeating the argument of the previous subsection, we find
that & — 0 in probability as ¢ — oo when conditioned on Ay ;.

As for the radial part, we have the following estimate for s < t1/277 and 0 € S*

1

_ —t/2
1= ooy ~ O

\H(s +i6,t +i0)| = log

Let P, be the law of the field when the radial part (Bs)s>0 is conditioned not to exceed

b. Applying exactly the same framework as before, we have for all K > 0
lim VIE [Z; "] = lim VIE [L; "]
t—o0 t—o0
5 (3.3.9)
=/ — lim bE;, | L 7| .
2 jmm 1

So it follows from the result of [Bav18] that

lim [ e “°FE |exp [ — e“/c/ 672?—10‘10(%")6[]\47)] dc = ——=0104(Q, a3, «

t—oo Jp |: p( © ¢ 2\/7 1 Q 3 4)
(3.3.10)

which concludes the proof. O

3.3.3 Proof of Theorem 3.1.2

As mentioned in Section 3.1.3, Theorem 3.1.2 follows easily from Theorem 3.1.1 by taking
o to be arbitrary. We will use the notations in Section 3.3.1 and 3.3.2, outlining the
differences with the Liouville case and leaving the details to the reader.

Let (aq, a9, a3, aq) be such that the Seiberg bound is satisfied. If a; + ag — Q < K7,
the previous analysis applies immediately modulo the obvious substitution % < Kk in the

relevant places. If a1 + as — Q > k7, however, we only apply Cameron-Martin to partially
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offset the positive drift in [0, ] by k7, as motivated in Section 3.2.4. This leads to

2

E [W; ] = e-mi(eatea-Qus g [(67(3’5““”“263”””2) _q (3.3.11)

where W; is defined in (3.3.1) and Zy is defined suitably. Notice that (3.3.11) is identical
to (3.3.2) when a3 + ae — @ = K, the analysis of which is similar to that of Section 3.3.2

except that here we consider the event

Ay = { sup (Bi_s — By) < b}
0<s<t

so that L; becomes irrelevant in the limit while R; survives as ¢ — oo instead. The
case a1 + as — Q > Ky is straightforward because e~ V(BrH(@i+a2-Q=rx0) 7, ig an integral
involving the exponentiation of a two-sided Brownian motion with negative drifts in both
directions, and we can even obtain (3.1.21) by dominated convergence directly.

O

3.4 Proof of Theorem 3.1.3

This section is devoted to the proof of Theorem 3.1.3 which gives probabilistic representa-
tions for the limits (3.3.8) and (3.3.9) for which we do not have exact formulae outside
of the Liouville case. We will not discuss (3.1.21) which is basically explained in the last

section.

3.4.1 Infinite series representation of E) (a1, as, as, ay)

In order to obtain Theorem 3.1.3 we need the following intermediate result.

Lemma 3.4.1. Fiz h > 0. When a1 + as — Q € [0,x7], the constant B, (a1, s, as, ay)

in (3.1.16) has the following representations.

o Ifag+as—Q =0, we have

2o~ —r
Ez(alv a2, 3, O£4) = \/; Z nhe 'ynhE |:<Fa370¢4 (nha Bnh)) 1{mins>0 Brh<h}
n=1

(3.4.1)

where (BY)s>0 is a BES,(3)-process.
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3.4. Proof of Theorem 3.1.3

o If a1 +ay—Q € (0,k7),

2 o= nhe~ (Fr=(artaz=Q))nh Limingso 7% <h}U{mingso B, <h}
Ez(a17a27a37a4) — \/;Z (a +a _Q)2 ]:E >0, - >0 PR, ~ -
n=1 ! 2 (Fa3,0é4 (nh7 53) + Fé@,al (Ta /837.)>

(3.4.2)

where (B} ;)s>0 and (,6’}28)320 are independent BES,(3)- and BES7(3)-processes respec-
tively with T ~ Gamma(2, a1 + a2 — Q), and F' is an independent copy of F.

o Ifag +ax—Q =k,

2= -
El (a1, 00,03, 04) = \/;Znhe i [(Fozz,oq(nh)ﬂ-nh)) Lmingo grh<h)
n=1

(3.4.3)

where (BY)s>0 is a BES,(3)-process.

Proof. For the sake of brevity we only sketch the proof for the case h = 1 here and leave
the details to the reader. The key idea is the partitioning of

0<s<t 0<s<t

Apy = { sup B, §n} :kLan{ sup B, € [(k—l),k]} = %{O?ggtk—Bs S [0,1]}.

When a; + as — @ = 0, our claim essentially follows from Proposition 3.1 and Lemma
3.2 in [DKRV17], where a dominated convergence argument (see the paragraph after
Lemma 3.2 and Section 5.0.3 in that article) implies that the renormalised constant is

given by

o0 o0

. _ 2 _
zzltlggo (\/EE {Lt Kl{miHOSSSt n—Bsﬁl}‘A”’t} P(An’t)) - \/;Z:lnEn [L‘X’Hl{minszo n—Bs<1}
n= n=

which is equivalent to (3.4.1). The proof of (3.4.3) is similar.
To apply the same dominated convergence approach to (3.4.2), we need a control
analogous to [DKRV17, equation (3.18)] when a3 + as — @ € (0, k7). Indeed the same

argument there suggests that
PR |l 02D Ly 4 Ri) ™ fsupy, o, Bty | < Ce™ 7 (rraam@n

for some constant C' > 0 independent of ¢ and n, and therefore E})(aq,as, a3, ) again

has an infinite series representation of the form

: 3/2 a1tas—Q) By —K
> ,}H& (t 2R [6( 1+02-Q) (Ly + Ry) 1{SUP0§s§t Bse[n—l,n}}}) . (3.4.4)
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Let us highlight several observations.

e For every n € N, the event {supy<,<; Bs € [n — 1,n]} may be replaced by

{ sup Bsgn}ﬁ<{ min @ n-— B; < 1}U{ min  n— By — (Bi—s — B) < 1})
0<s<t 0<s<tt/2=n 0<s<t/2=m

:An,t Z:An,t

up to a cost of o(1) for neglecting the unlikely event {Supse[tl/z—mt_tl/2—n] B;>n— 1}.

e Similar to the proof of Theorem 3.1.1, if we condition on the event A, ; and B; = «,
then

(n - BS)ogsgtl/%m (” — By — (Bt—s - Bt))ogsgtl/%n

converge in distribution to independent BES,(3)- and BES,,_;(3)-processes (87 ;)s>0

and (B ,")s>0 respectively. Consequently L; and R; converge in distribution to

" Fagaq(n, B ) and " F,, , (n —x, B ") respectively.

We now compute

]E |:1An,tmzn,t ’ (Bs)se(7007t1/27n}u[t7t1/27n700):|

=1, . .
{mmogsgtl/?*’I n—Bsgl}U{mmOSSStl/Q,n n—Bt—(Bt_S—Bt)Sl}

x P (An,t‘(Bs)56(7007151/2—’7]u[tftl/Q—",oo))

where
P <An,t’(BS)se(—oo,t1/2*’7]u[t—t1/2*",oo) = 1{Supogs§t1/2—" Bsﬁn}l{supogsgzl/z—n B¢_s—Bt<n—B}

x P sup By <n|Bjijz—n, B;_j1/2-9

t1/2-n<g<t—t1/2-m
and
2
—— 55— (n—B _n)(n—B:—(B _,—B
P sup BS <n Btl/Q_"’Bt—tl/Q_" =1—ce t72t1/2—n( t1/2 2)( t—( t—t1/2—n t))
t1/2—71S8§t_t1/277]

is asymptotically %(n — Byja-n)(n— By — (B,_j1/2-n — Byt)) when t is large. In particular

P (Apy|Be = x) ~ %n(n —x) +o(t™), t — oo.
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Substituting this into the summand in (3.4.4), we obtain

t—o0

lim #3/2 / E [e(a1+°‘2Q)“(Lt+Rt)”1AM

Anﬂg, Bt = l‘:| ]P)(An,t‘Bt = {L‘)P(Bt S da:)

—0o0

(a1+a2—Q)n n

1‘2
X P(An,t‘Bt =ux)e 2tdx
e—(a1+a2—Q)(n—z)

An,ta By = $]

n,t

26(a1+a2—Q)n n

. Hminso 87 <130{min,»0 837<1)
Vo o (€M Foy 0y (N, Bf’) + e’ch’YS’M (n—x, 5?{1))5

n(n — x)dx

where the last line follows by dominated convergence, and is equal to

\/gne—(m—(al-ﬁ-w—Q))n /OO]E
T 0

so we are done.

Lmingso 87, <1}0{min 50 B3 , <1}

—(oq—i—az—Q)xd
xe XL
(1 3,04 (n7 BE,) I (;3,044 ($7 /836%7))}‘C

O]

Remark 3.4.2. The careful reader may notice that the proof above when oy + as — Q €
(0, k) differs slightly from that in Section 3.53.1 where one considers the event Avmt =

SUP)<s<t ES < n} instead of Ay = {supogsgt B < n} The current approach, which
addresses the partitioning of probability space instead of factorisation in the first place, may
have the drawback that (3.4.2) does not give a product of two negative moments immediately

but it allows for an easier side-by-side comparison with the analysis in [DKRV17].

3.4.2 Proof of Theorem 3.1.3

The infinite series representation in Lemma 3.4.1 is reminiscent of Riemann sums. We now

explain how to obtain the simplified expressions in Theorem 3.1.3.

Proof of (3.1.18) and (3.1.20). We begin with a3 + ag — Q = 0. Fix some N > 0, and
without loss of generality choose a sequence of h — 07 such that h always divides both
N~!and N. Then by Lemma 3.4.1 we have

N/h
2 B —K

El(ar, 02,03, a4) =4/ — > nhe mnhE[<Fa3,a4(nh,ﬂ."h)) Limingso pi<ny | +CON
n=1/Nh+1

(3.4.5)

for some constant Cy > 0 which depends on N and the other parameters but not on h,

with the property that limy_,. Cy = 0.
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Recall (3.1.17) for the definition of the random functional F. By Theorem 3.2.6, we
can rewrite the sum in (3.4.5) as

N/h i
> nhe"””h/" E e—vnh/ dM™ ()
n=1/Nh+1 0 |z|>1 |$|4’”’(a3+0‘4)\x — 1|res

—K
_ o _ —s—i6 —
+/ o WAFBILo<r_ gy FhutBoon_ o ) He2T o) ~sCG (e ))dMV(s,O) du
RSZOXSé

N/h
w:nfél—u) Z e—fvynh /nh E e—wnh/ dM'Y(x)
n=1/Nh+1 (n=1)h |z|>1 |x‘4f’y(a3+a4)|x - 1|“/a3

—K
+/ e—'y((nh+Bs)1{S§T71}+(nh—x+@27T_m)1{527:1}—agG(l,efsfie))d]/\Z,y(&9) dx
RSZO XSé

N

— o) [

1/N

e PR, [(Fu%a4 (z, Bﬂ) H] dx

where the o(1) error is with respect to h — 0" and comes from the fact that
e = (14 0(1))e %, e~ _ (14 (1))

uniformly in & > 0 and n € N for all z € [(n — 1)h,nh|. The desired formula (3.1.18) is
recovered by sending h — 0% and N — co. The proof of (3.1.20) is similar. O

The case where a3 + az — @ € (0,k7) is slightly more involved and the following

elementary formula will be useful.

Lemma 3.4.3. Fix k,v,A > 0 such that A < k. Let X, Y be independent non-negative
random variables and T an independent Exp(\) random variable. Provided that all the

moments below exist, we have

- A A A (k=2 PN
T l_2g(2 .2 (k=%)
E[(X +e77Y) }_73 <7,;§ ’Y>E[X D e[y (3.4.6)
where B(x,y) = FF(ZQE%) is the beta function.

The proof of Lemma 3.4.3 follows from the same change-of-variable argument in (3.3.6)
and is skipped here. For a sanity check one may quickly verify that both the LHS and
RHS of (3.4.6) converge to E[X "] as A\/y — 0.
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3.4. Proof of Theorem 3.1.3

Proof of (3.1.19). Our starting point is (3.4.2) from Lemma 3.4.1. It is clear that

g | tomineso 82t <hyotmingo 5 <) | —g Limin,so 87 <h} i
(Faaa (b B%) + Fiy o, (T, BF,)) (P (b B + Fiy o, (T.BF,))
B Lningso 87, <h} g Limingso 8% <h}n{mingso 67, <h} ]

(Faaan (mhs B2) + Fly 0, (T, BT, (Faaas (mhs BE2) + Fly 0, (T BT,

where the last term is O(h?) and may be safely ignored. Arguing as before, we see that

nhe—(Fr—(a1+a2—Q))nh Lmingo Brt<h}
Z Fa-Qr )
(1 +az (Fa37a4 (nh, /BE, )+ ng@ a1 (7. 5}?))

_ 2/7T , T -k o
_(oa+0z2—Q)2(m—(a1+a2—Q))E[( wo04(rBE) + oo (T PF) % o
(3.4.7)

where 7 ~ Exp(ky — (a1 + a2 — Q)) and T ~ Gamma(2, a1 + az — Q). Recall that if U is
an independent Uniform[0, 1] random variable, then (71, 72) := (TU, T (1 —U)) is a pair

of independent Exp(a; + as — @) random variables. Combining this fact with Theorem
3.2.6, we obtain

27T

o (T, B = € EL, o (T3, BT

and we can rewrite the expectation in (3.4.7) as
~ ~ —K
B | (Fane (7 )+ T L (0 5FD) .
Similarly, if we let 71, 7% be independent Exp(ky — (o + g — Q)), then
\/72 nhe—(Fr—(a1+a2—Q))nh E
(a1 +az - Q)?

2/m

T @ | (7 e 292 ¢ Fl () o)
(3.4.8)

Lmingso BT <h}

(Faa oy (nh Bnh) + Féz ay (T, 67%—,))&]

The claim then follows by sending h — 0 and applying Lemma 3.4.3 to (3.4.7) and
(3.4.8). O
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3.5 Fusion in boundary Liouville Conformal Field Theory

3.5.1 Boundary Liouville Conformal Field Theory

Boundary LCFT is LCFT on proper simply connected domains D C C. We start by a
brief review of the theory and refer to [HRV 18] for details. Like LCFT on the sphere, the
theory is conformally invariant, so by the Riemann uniformisation theorem, it is enough
to study it on the upper-half plane H := {Imz > 0} (the unit disc D is also a common
choice) equipped with some background metric g. In this context, the Liouville action

with boundary term is given by®

1
SL(X,g) = 47T/H (\VX|2 + 47Tue'ng(z)) d?z + ,ua/Re;Xg(a:)l/de (3.5.1)

where pg > 0 is the boundary cosmological constant. One recognises the Dirichlet energy in
the first term of the action, giving rise to a GFF which we take to have Neumann boundary
conditions. The GFF is weighted by its bulk GMC mass M7 (H) and its boundary GMC
mass M (R), where the boundary GMC is formally

Vi X ()= LE[X (2)2] o0 1/2
dMy(x) = e2 8 g(x)/*dx

and is obtained via a regularisation of the field using semi-circle averages.
As in the sphere case, the observables are the vertex operators V,(z) for insertions
z € H. The main difference is that one can consider insertions on the boundary, which we

formally write

for 2 € R and f in a range to be determined. The correlation functions ([, Va, (i) Hjj\il Bg,(z;))

exist if and only if the Seiberg bounds are satisfied, which in this context are given by

U::Z%+§Bj—1>0
Q 2Q ’

i=1 j=1 (352)

~

Vi, a; <@ and B < Q.
If these are satisfied, the correlation function has the following form® [HRV18]:

N M
<H Va, (2:) H Bg, (x])> = 2¢C(2%) /ReQ“IE [exp (—ue”C/He'deM'y - ,uaegc/Re;HdMg)] dc
i=1 j=1

(3.5.3)

5We omit the Ricci and geodesic curvature terms.
5We chose the prefactor 2 so that the asymptotic behaviour of the bulk 1-point function with p = 0
coincides with that of [FZZ00, equation (2.24)].
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3.5. Fusion in boundary Liouville Conformal Field Theory

where H and C(z,x) are the functions defined by

N M 8,
H:ZaiG(zi, Z? (xj,-)
i=1 j=1

Z%%’G iy 2;) Z Zﬁ]G (zi,x5) +ZﬁjﬁjG Zj, g)
,J

<3’ Jj<j’

(3.5.4)

with G being Green’s function with Neumann boundary conditions on (H, g). Notice that
the usual change of variable © = €7 does not give a nicer expression in this case since the
exponential term in the expectation is quadratic in e3C.

Correlation functions are conformally covariant, and if ¢ : H — H is a Mobius

transformation, then (recall that A, = §(Q — §))

N M N M N M
<H Vau () T B, <¢<xj>>> = [T 22 T ')l <H Vo ) [ B, <xj>> .

Mobius transforms of H have three real parameters, so when the location of the
insertions have less than (or exactly) three real parameters, the correlation functions are

determined by conformal invariance, and we have the following structure constants

1. Bulk-boundary two-point function

R(e, B)

|Z . 2|2Aa—Aﬁ|Z o $|2A/j .

(Va(2)Bp(2)) =

As a special case of this equation for 8 = 0, we have the bulk one-point function

(Vi(2)) = |z(—](j2)A (3.5.5)

2. Boundary three-point function

(61aﬁ2763)
<Bﬂ1 (xl)B,B2 (332)353 ($3)> |£L'1 o x2|Aﬁ1+A32 Aﬂ& |£L’2 _ x3|AB2+AB3 Aﬁl |1.3 _ 1.1|A33+AB1 Aﬁz

(3.5.6)

Remark 3.5.1. There is also a definition for a boundary two-point function, which we
omit here since we will not be needing it for the purpose of this paper. Let us just mention
that this object is to the reflection coefficient of [KRV17] what the boundary three-point
function is to the DOZZ formula.

The above structure constants are to be understood as meromorphic functions of

the parameters and they arise naturally in the bootstrap formalism. Physicists have
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conjectured exact formulae for the values of these structure constants [FZZ00, PT02], and
there are works in progress by Gwynne and Remy establishing the validity of (3.5.5) and
Remy and Zhu addressing (3.5.6).

3.5.2 Main results

The cases we treat are the fusion on two boundary-insertions, the absorption of a bulk-

insertion on the boundary and the fusion of two bulk-insertions.

Theorem 3.5.2 (Boundary four-point). Let (1, B2, B3, B4) satisfying the Seiberg bounds
and suppose that B3 + B4 > Q. Then the following asymptotic holds:

1. Supercritical case

If By + B2 > Q, then

2
1 |1;’QT7A517A

(Bg, (0)Bg, (x)Bg, (1) Bg, (00)) ~ - 03¢(B1, B2, Q)01c(Q, B3, Ba).

x—0 4ﬁ 10g3/2 i

||

2. Critical case
If B1 + B2 = Q, then

x_§ﬂ162
(B (0)Bg, () By (1) Bg, (00)) ~ _\/>’10‘1/21610(Q,,33,54) (3.5.7)

x—0

3. Subcritical case

If B+ B2 < Q, then

(Bs, (0)Bg, () Ba, (1)Bg, (00)) ~ |a[~2%c(By + B, B3, Ba),

x—0

The next theorem is about the fusion in the bulk two-point function.

Theorem 3.5.3 (Bulk two-point: Fusion). Let (a1, a9, 3) satisfying the Seiberg bounds.
Then the following asymptotics hold:

1. If =0, then

. . 272 |z|2(Q72*Aa1*Aaz)
WonVoli+ 20, =2 P s

830’)/(05170527 Q) (358)

2. If 8 >0, then

(a) Supercritical case
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3.5. Fusion in boundary Liouville Conformal Field Theory

If a1 + a9 > Q, then

(Vo (1) Vap (i + 2) B3 (0))

2 2
2A57%7a1a2 ‘Z|2(%7Aa1 7Aa2)

= 4\/% 3/2 1 6307(0417062762)81}%((2,5).

z2—0 log

B

(b) Critical case
If a1 + a0 = Q, then

. ' 2A5—%2—oqocg |Z’7a1a2
(Ve (1) Va, (i + 2) Bg(0)) —0 Vor 10g1/2 ialR(Qaﬁ)-

El

(¢) Subcritical case

If a1 + as < Q, then

2
(Var (1) Vaa (i + 2)Bp(0)) ~ 2897570022792 jay 4 ag,8).  (35.9)

Another interesting limit of the bulk two-point function is sending one insertion to the

boundary.

Theorem 3.5.4 (Bulk two-point: Absorption). Let (aq,ae) satisfying the Seiberg bounds,
and suppose o > % Then the following asymptotic holds:

1. Supercritical case

If ag > %, then

2
22(%*Aal —Bay) ’z‘(a27%)2

(Vau (1) Va, (2))

S0 aE 1ogr g e Qe Q)
2. Critical case
If ag = %, then
V. (i)V, 2% 2 0o R
(Ve (1) Vay (2)) Z:O —m hR(a1, Q).
3. Subcritical case
If ag < %, then
R(aq,2a9)

<Va1 (i)V@2 (Z>> ~

230 m. (3.5.10)
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We now turn to the bulk-boundary three-point function (Vi (2)Bg, (0)Bg,(c0)). There
is not much to say about the merging of the bulk insertion with a boundary insertion since
for all 7 > 0 and ¢ € (0, 7), the correlation function (V, (re?)Bg, (0)Bg,(cc)) is deduced
from (V,,(e"?)Bg, (0)Bs,(c0)) by scaling. The non-trivial parameter we can vary is 6, and
the limit & — 0 corresponds to the absorption of an bulk insertion on a boundary point
which is not an insertion. Thus we will study the correlation function (V,(2)Bg, (1) Bg,(c0))
in the limit z — 0. Notice that by Md&bius invariance, this is the same as studying the

function (V4 (i) Bg, (0)Bg,(x)) in the limit x — 0, i.e. merging the two boundary insertions.

Theorem 3.5.5 (Bulk-boundary three-point). Let («, 81, B2) satisfying the Seiberg bounds,
and assume that B1 + [Bo > % Then the following asymptotic holds

1. Supercritical case
If a > %, then
Q% oA (a—2)2
274 o |z|\*72

3/2 1 aQR(O(, Q)alc(Qa ﬁlv 52)

Bl

(Va(2) B, (1) B, (0)) 250 4y/m log
2. Critical case
If a = %, then

1
250 _Walc(Qvﬁl,/82)-

]

(Va(2)Bg, (1) Bg,(20))

3. Subcritical case

If a < %, then
(Va ()W, (V3 (00)) ~, (2,1, Ba).

Remark 3.5.6. More generally, the fusion rules in the supercritical case are the following:

1. Fusion of boundary-boundary (51, B2)-insertions produces a boundary three-point

function d3¢(5, B2, Q).
2. Absorption of a bulk a-insertion produces a bulk-boundary function 92 R(c, Q).
3. Fusion of bulk-bulk (o1, cp)-insertions produces a DOZZ formula 03C, (o, a2, Q).

This rule, as well as the rate functions of the above theorems, can be used to compute the
asymptotic behaviour of all correlation functions upon fusion of insertions, and express the

limit with a lower order correlation function.

We haven’t said anything about the fusion of bulk-boundary insertions. This is

because it can be seen as a two-step procedure of first absorbing the bulk insertion into
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3.5. Fusion in boundary Liouville Conformal Field Theory

the boundary and then merging the boundary insertions. Hence the operation does
not produce a structure constant. As an example, consider the correlation function
(Va(2)Bgs,(0)Bg,(1)Bg,(00)) in the limit z — 0, for (o, B1, B2, B3) satisfying the Seiberg
bounds, and suppose that both B3 + 84 > @Q and 2a + 81 > @, so that we are in the

supercritical case. Then the asymptotic is given by

(Va(z)Bﬂ1(0)Bﬂ2(1)Bﬁ3( ))
1 pfe$roen
Do I/r 10g? L 0

(Va(i)Bg, (0) Bg(00))|5=001¢(Q, B2, B3).

Remark 3.5.7. Even though the correlation functions can no longer be expressed in terms
of negative moments of GMC' (unless puy = 0), it is still possible to give probabilistic
representations of the renormalised constants in the aforementioned theorems by performing

the same partitioning-of-probability-space procedure on

E [exp (—ue”c/ e M — ManC/ e;HdMg>] .
H R

as we did in Section 3.4. We omit the details here.

We now turn to proving Theorems 3.5.2, 3.5.3, 3.5.4 and 3.5.5. We only deal with
Theorems 3.5.2 and 3.5.3 since the other cases are similar.
Subcritical cases follow from dominated convergence so we won’t treat them. The rest

of the proofs are very similar to that of Theorem 3.1.1 so we will be brief.

Proof of Theorem 3.5.2. The setting is the upper-half plane H equipped with the metric
g9(z) = 4\2’\;4. We use the same procedure as for the sphere and apply the conformal
change of coordinate ¢ : z — e~*/2 from the infinite strip S := R x (0,27) to H. Then
Green’s function on the strip is given by the even part of Green’s function on the cylinder,
i.e. if X is a GFF on R, x (0,27)g, we have (recall (3.2.2))

e A A e TR
E[X(S70)X(879)}_G(2727272)+G(272727 2)
s 0 s ¢ s 60 s 0
(‘5|/\‘5|) ss’>0+H(§§§,§)+H(§§§ 5)
s'—s ¢ -0 s'—s 0 +0
(Is| A Is'[)1ss>0 + G(O 5y ) 60,0, ).

(3.5.11)
Hence the field can be decomposed into the independent sum X = B + Y where (Bs)ser
is standard two-sided Brownian motion and Y is a log-correlated field whose covariance
kernel is given by the sum of G functions on the right-hand side of the previous equation.
It is also clear from the definition that the law of Y is translation invariant. The pullback

measure of g on the strip is gy (s, 0) = e~ 15l so we can take the GMC measure of Y with
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respect to Lebesgue measure on § and take the drifted process Bs; — %|s| for the radial
part of the GFF.

First we have to explain how to make sense of boundary (derivative) @-insertions. A
boundary insertion with momentum § at oo (on the strip) amounts in adding a positive drift
g to the radial process (on the positive real line), so the total drift vanishes when § = @. For
t > 0, define H; := H\ (e~/?D) (resp. R; := R\(—e~*/2,e7%2)) and (Bg(0)Bg, (1) Bg,(0)):
the correlation function where we integrate the bulk (resp. boundary) GMC measure of
(3.5.3) on H; (resp. R;) instead of H (resp. R). Viewed in the strip, this is the same as
taking Sy := (—o0,t) x (0,27) and (—o0,t) x {0,271} as domains of integration for the bulk
and boundary measures.

For fixed b > 0, we have

2
IP’<supBS§b> ~ —b,

0<s<t t—o0 7Tt

. (3.5.12)
P (s 35— Qs <)~ (@ pp
and so by previous arguments we have
tliglo %t<BQ(0)Bﬁz(1)B/33 (00)) = BE%C;B<35(O)B52(1)353 (00)) = —01¢(Q, B2, B3).

The critical case (3.5.7) follows easily from this equality.

Now we turn to the supercritical case. We write ¢ := 2log ﬁ The radial process has a
positive drift %(61 + B2 — Q) in (0,t), which we kill by Cameron-Martin’s theorem (recall
(3.3.2), yielding the Radon-Nikodym derivative e3(B1+B2-Q) Bi—5 (B1+B2-Q)* | Thig accounts
for the polynomial rate in |z|.

Similarly as in Figure 3.4, we condition on value of the process at time ¢ and introduce
By = /t§ with § ~ N(0,1) independent of everything. Thus the process in [0, ] is the
sum of a random drift % and an independent Brownian bridge in [0, ¢] (see Figure 3.5).
Conditioning the Brownian bridge in (0,t) to stay below b, we get a contribution of

2,-3/2 1 . e e . .
\/;t /2 = m. Taking t — oo then b — oo, the limiting integral on the left is a

strip with a (4-insertions at —oo, a fB3-insertion at 0 and a (derivative) Q-insertion at +oo
(see Figure 3.5), hence the limit is —191¢(Q, B3, B1) (recall the prefactor 2 in the definition
of (3.5.3)). Similarly the limiting integral on the left is —%810(51, B2, @), which yields the
result.

O]

Proof of Theorem 3.5.3. In this proof, we use the flat disc (D, dz) as set-up, which is
mapped to the semi-infinite cylinder C; = R, x S! equipped with the metric g(s, ) = e=2*

z

under the conformal transformation z +— e¢7?. So the GFF decomposes as the sum of a
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. 15 - Q)
2 - M4

Figure 3.5: The radial process on the strip in [0, ¢] is the sum of a Brownian bridge (red)
and a random independent drift (blue).

drifted Brownian motion (Bs — @s)s>0 and an independent lateral noise Y from which we
take the GMC measure with respect to Lebesgue measure.

We treat the case § > 0 and a1 + as > @, the others being similar. Let ¢t := log \%I
With the presence of the insertions, the radial part has a positive drift oy + g — Q in
(0,t) and negative drift a; — @ in (¢, 00). Killing the drift in (0,¢) with Cameron-Martin’s
theorem gives the exponent in |z|. Conditioning on the value of B; = v/t and conditioning
the Brownian bridge not to exceed some b > 0 gives a prefactor of \/gt_?’/ 2. Taking t — 00
then b — oo, we find that the integral on the right is an infinite cylinder with insertions
(a1, a2,Q) at (+00,0,—00), so its value is —3893C (a1, a2, Q) (the lateral noise is close to
the one used before in this region and can be dealt with using Kahane’s convexity inequality).
On the other hand, the integral on the left is a semi-infinite cylinder with a @)-insertion at

oo and a [-insertion on the boundary, so its value is —%(%(Va(i)B/B(O)Na:Q. O

3.5.3 Links with random planar maps

The above results can be interpreted with respect to the KPZ conjecture on random planar
maps with the topology of the disc. For concreteness, let 7T, ., be the set of triangulations of
the disc with n internal vertices and m+2 boundary vertices, with two marked vertices (one
internal and one on the boundary). Then it is known [AS03] that there exists u, u§ > 0
such that

(& C —
#HTnm < el kg 1/2p=5/2

We suppose that for a triangulation (t,z,x), we have conformal mapped t to H (in

the manner of section 3.1.4) and that z is mapped to ¢ and x is mapped to 0. For each

t,a ( 2

. . t ..
such triangulation and a > 0, we can construct measures v** (resp. 1/8’“) giving mass a

(resp. a) to each triangle (resp. each boundary edge). Now we let u := (1 + a?)u¢ and
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po = (14 a)ug, and sample the triangulations at random with the probability measure

Py(t,2,%) = e Hltlg—not(®)
a

where Z, is the normalising constant and ¢(t) is the boundary length of t. Additionally
we choose the internal marked vertex uniformly in the internal vertices of t and similarly
for the boundary marked vertex.

It is conjectured [HRV18] that the pair of random measures (v*, I/g’a) converges in
distribution to a pair of random measures on (D, 0D), and the limit (v, vy) should be given
by (some form of) LQFT on the disc. In particular, it should be the case that for all

measurable sets A C H, B C R,

22

] B /Af ST
: LV/ZERH B /B)‘\/g,uc’ug(x)dx

where we define for all v € (0,2) and p, ug > 0,

<

o =

fyoopo (2) = §<V’Y(Z)VW(7;)BW(O)>
1 (3.5.13)

Ay piopio () 1= ?8<Bv($>vv(i)37(0)>

where Z, Zy are normalising constants whose values are discussed in Appendix 3.C.
Similarly to the discussion of section 3.1.4, the result of Theorems 3.5.5 and 3.5.3
gives precise estimates on the expected density of vertices in different settings: internal or
boundary vertices around the marked point on the boundary, internal vertices around the
internal marked point, and internal vertices around the boundary.
Finally, we mention that one can formulate other conjectures involving different values
of v (e.g. by weighting the measure P, by some statistical mechanics model), p and py

(e.g. by considering other types of maps).
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Appendix 3.A The DOZZ formula
The DOZZ formula is the expression of the 3-point correlation function on the sphere

The formula reads

(Ve (0)Vary (1) Vs (00)) s2-
e\
7 _LO7/4 k
Cy (a1, a0, 3) = <7W (§> F“‘M)
T/ (O)T’Y (041 T% (Ozg)T% (ag) (SAl)

where @ = a1 + as + a3 and Ty is Zamolodchikov’s special function. It has the following

integral representation for Rz € (0, Q)
sinh? (( 5 ) %) dt

1= (3 () )|

Y (z) and it has a simple zero at 0 if

and it is extended holomorphically to C.
z) =

It satisfies the functional relation Y(Q —
2 e R\ Q7, so it has a simple zero at Q too and Y'(Q) = —Y'(0) # 0

Let us introduce the notation

Cy(on, a9, a3) = TE-Q (G- CYI)T(

iP and show the limit (3.1.11). Then

Now we assume a1 + as = @ and ag = Q

a=2Q —iP and
— . T'(0 )T(al)QT(zP) 43
C(al,Q—Oél,Q—ZP): i ] 0 P
T(—E)Y(ar + L)Y (e — F)Y(F) P=o P

The product of DOZZs appearing in the bootstrap equation (3.1.7) becomes

6W(a1, a,@ —iP)C +(Q+ 1P, a3, o)
4T’(0)2T(a3)T(a4)
P—0 T(a3+a4 Q+iP)T(a3+a42fQ7iP)T(a4+QEiP7a3)T(a3+QJEZP a4) (3 A 2)

it —401C,(Q, a3, ay).
(1 + a2+ Q —iP) — 0, so the prefactor in the DOZZ formula with

Notice that 2Q) —

"This is not really a restriction since the theory is continuous in ~y
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Liouville momenta (o, @ — a1,Q — iP) is simply 1 in this limit. Hence

%iinoc’y(al) Q — a1, Q - ZP)C"/(Q =+ ZP) 053,064) = 4810’)/(627 a3, a4)-

Appendix 3.B Conical singularities

Here we reproduce [Bav18, Appendix B]| for the commodity of the reader.

We study the effect of a change of measure with respect to the Liouville field. Let X
be a GFF on S? with some background metric g and dM, be the associated chaos measure
(regularised in g). Let w € H} be a function such that e3v e LY(dMy). Let § := e¥g
and dM g be the chaos of X regularised in §. Then for all k > 0, applying successively

Girsanov’s theorem and conformal covariance, we find

([+e)
S2

In particular, the vertex operator which is formally written V,,(z) = e

E e<x,§w>v%2||w||%M;(Sz)n] R

~E [Mg(s%*ﬂ] (3.B.1)

X(2)- S EX(2)?) i

a special case of the previous setting with w = %O‘G(z, -). Hence, after regularising, we
find that adding a vertex operator is the same as conformally multiplying the metric by

QAG(zv')

_2a
Green’s function, i.e. we have § = e @ g. Hence the metric behaves like |[x — 2| @

near 0 so it has a conical singularity of order a//Q.

w1 RN
1 . 3
N o

a=0 D<a<Q a=Q

Figure 3.6: The effect of the the vertex operator V,,(0) in the crépe metric.

If & = @, the singularity is no longer integrable, so the volume is infinite and the
surface has a semi-infinite cylinder. Loosely, we will refer to this situation as a cusp, even

though the hyperbolic cusp has finite volume because of the extra log-correction in the
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metric:

log g(z + h) = —2log|h| — 2loglogm + O(1).

1
|
The reason for this abuse of terminology is that we are interested in GMC measure.
Indeed, suppose z = 0 in the sphere coordinates. By conformal covariance, if we use the
cylinder coordinates, the log-correction term is the same as shifting the radial part of the

GFF from the Brownian motion (Bs)s>0 to (Bs —Qlog(1+s))s>0. Up to time ¢, this corre-

+dBs Q% rt 1
_Q-[O 1+Z_T.]0 (1+s)2 ds
)

sponds to a change of measure given by the exponential martingale e

1
(1+¢)?
uous with respect to the old one, meaning that GMC does not make a difference between

which is uniformly integrable since fooo dt < 0o. So the new field is absolutely contin-
a Euclidean cylinder and a hyperbolic cusp.
Another way to see this is to look at the curvature, which reads in the distributional

sense

20005 I 1
A= Q - - -
Ry =e <Kg+ Q (52 VO1g<S2>>)

where Voly(S?) is the volume of the sphere in the metric g. Thus the metric has an atom
of curvature at z, meaning it has a conical singularity.
Of course, when o = @, the singularity is no longer integrable and the metric looks

like a semi-infinite (flat) cylinder near 0.

Appendix 3.C The normalising constant in (3.1.22) and (3.5.13)

We present the computation of the normalising constant for f, , (in a more general setting).
The idea is that integrating over the location of a ~-insertion is the same as differentiating
with respect to the cosmological constant. We present the main steps and leave the details
to the reader.

Let N >3 and z1,...,28 € C pairwise disjoint and (ayq, ..., an) satisfying the Seiberg
bounds. For notational convenience, we write G(x) := ZZ]\L 1 G (2, x) and as usual

_ N o

o= Q-
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Using Cameron-Martin’s theorem to go from the second to third line we find

71<Xl:< Qi (thj) N
3¢ i /A Vw(z)HVai(zi) dz

C i=1

= /ﬁe”’g(z)/Re(Q(Hz?)cE [exp (—HewMV (eV(g+WG(Z"))))} ded?z

(3.C.1)
=FE [/ eQocere N (e”g) exp (—,ue'YcMV (e”g)) dc]
R

- 2 oG

= —76 1<i<y Z“ZJ HV Z
9 aﬂ ai\%i

so that in the end

N

5 /N Qo
V V . 22 = —— Vo, (2 = 7 Zq e
/@< 7(2) | | ai(zz)>d Bu <i|:|1 o ( 1)> ~ <I | Ve (2i > (3.C.2)

=1

_ Qo
where we simply used that <Hf\i1 Va,(zi)) isequal to = 7 times some quantity independent
of p. In particular this yields (3.1.22) for N = 3 and (a1, a2, a3) = (7,7,7)-
Similarly, in the disc case, we find that for (i, ..., an, B1, ..., Bar) satisfying the Seiberg

bounds, we have

N M
/]HI<V"/(Z)HVO%(Z'L') HBﬂj(xj)>d =T <HVa zi) Bg, l‘])>

i=1 j=1
and

M
/R<BV H w; (% H >d:v— o <HVaz zi B/BJ(QTJ)>

=1 :

In general, this does not simplify as nicely as (3.C.2) but if e.g. u = 0, then we have

for instance

3y —2Q

R(v,7).
7 (7,7)

/R (B, () V5 (1) By (0)) da: =
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Chapter 4

Tail Asymptotics of General

Gaussian Multiplicative Chaos

Abstract. In this chapter we study the tail probability of the mass of Gaussian multi-
plicative chaos. With the novel use of a Tauberian argument and Goldie’s implicit renewal
theorem, we provide a unified approach to general log-correlated Gaussian fields in arbitrary
dimension and derive precise first order asymptotics of the tail probability, resolving a
conjecture of Rhodes and Vargas. The leading order is described by a universal constant
that captures the generic property of Gaussian multiplicative chaos, and may be seen as

the analogue of the Liouville unit volume reflection coefficients in higher dimensions.

4.1 Introduction

Gaussian multiplicative chaos (GMC) was first constructed by Kahane [Kah85] in an
attempt to provide a mathematical framework for the Kolmogorov-Obukhov-Mandelbrot
model of energy dissipation in turbulence. The theory of (subcritical) GMC consists of

defining and studying, for each v € (0, v2d), the random measure
2
M, (dz) = X @)= FEX @) g (4.1.1)

where X(-) is a (centred) log-correlated Gaussian field on some domain D C R?. The
expression (4.1.1) is formal because X (-) is not defined pointwise; instead it is only a
random generalised function. It is now, however, well understood that M, may be defined

via a limiting procedure of the form

2
M, (dx) = lim M, ((dz) = lim X @)= FEIXc(@)*] g,

e—0 e—0

where X,(-) is some suitable sequence of smooth Gaussian fields that converges to X (-) as

¢ — 0. We refer the readers to e.g. [Berl7] for more details about the construction.
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In recent years the theory of GMC has attracted a lot of attention in the mathematics
and physics communities due to its wide array of applications — it plays a central role in
random planar geometry [DMS14, DS11] and the mathematical formulation of Liouville
conformal field theory (LCFT) [DKRV16], appears as a universal limit in other areas such
as random matrix theory [Web15, BWW18, LOS18, NSW18], and is even used as a model
for Riemann zeta function in probabilistic number theory [SW16] or stochastic volatility
in quantitative finance [DRV12].

In spite of the importance of the theory, not much is known about the distributional
properties of GMC. For instance, given a bounded open set A C D, one may ask what the
exact distribution of M, (A) is, but nothing is known except in very specific cases where
specialised LCFT tools are applicable [KRV17, Rem17, RZ18]. Indeed even the regularity
of the distribution (e.g. whether it has a density or not) is not known except for kernels

with exact scale invariance [RV10b].

4.1.1 Main results

Define M, 4(dx) = g(x)M,(dz) where g(z) > 0 is continuous on D. The goal of this paper

is to derive the leading order asymptotics for
P (M, 4(A) >t) (4.1.2)

for non-trivial’ bounded open sets A C D as t — oo. This may be seen as a first step
towards the goal of understanding the full distribution of M, 4(A), and will also highlight

a new universality phenomenon of GMC. It is a standard fact in the literature that
2d
E[M,4(AF] <00 & p< )

and this suggests the possibility that the right tail (4.1.2) may satisfy a power law with

exponent 2d/v2. Our main result confirms this behaviour.

Theorem 4.1.1. Let vy € (0,v2d), Q = %+% and M., 4 be the subcritical GMC' associated

with the Gaussian field X (-) with covariance
E[X(2)X (y)] = —log|z — y| + f(x,y), Vz,y € D (4.1.3)
where f is a continuous function on D x D. Suppose f can be decomposed into
f(@,y) = fr(e,y) — f-(2,9) (4.1.4)

where fi, f— are covariance kernels for some continuous Gaussian fields on D. Then there

exists some constant 6%d > 0 independent of f and g such that for any bounded open set

'In the sense that | 4 9(x)dxz > 0. In particular A has non-trivial Lebesgue measure.
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ACD,

2 o J—
P (M, 4(A) > t) =° < / e @ (”’“)g(v)igdv> Q79 Coa ot ) (4.15)
A

%(Q"Y)‘i‘l t%g

While the decomposition condition (4.1.4) may look intractable at first glance, it is
implied by a more convenient criterion regarding higher regularity of f (see Lemma 4.2.3
or [JSW18] for more details about local Sobolev spaces H}} ). This is satisfied by the

important example of the Liouville quantum gravity measure in dimension 2, i.e.

2

pbQC (dx) = R(x; D)T M, (dx)

where M, (dx) is the GMC measure associated with the Gaussian free field with Dirichlet
boundary conditions on D, in which case f(z,z) = R(z; D) is the conformal radius of z

in D. This is not covered in any previously known results.

Corollary 4.1.2. If f € H{ (O x O) for some s > d and open set O D D, then the
decomposition condition (4.1.4) is satisfied. In particular the tail asymptotics (4.1.5) holds.

The constant 6%(1 that appears in the tail asymptotics (4.1.5) has various probabilistic
representations which are summarised in Corollary 4.3.3, and we shall call it the reflection
coefficient of Gaussian multiplicative chaos? as it may be seen as the d-dimensional analogue
of the reflection coefficient in Liouville conformal field theory (LCFT), see Section 4.A.
Based on existing exact integrability results, we can even provide an explicit expression
for éwl when d =1 and d = 2.

Corollary 4.1.3 (cf. [RV17, Section 4]). The constant C 4 in (4.1.5) is given by

( (271.)%(@—’7) g1

| 3e-arGe-v) |
Ca=d2 07 < ”5(@ i, (4.1.6)

(rrepyra- 1) N(-3@-") P

\ 2@Q ) rG@-MrE@—7) '

Proof. The d = 2 case follows from [RV17] which proves (4.1.5) when f =0 and g = 1.
By Theorem 4.1.1, our constant 6%51 is independent of f and therefore coincides with the
Liouville unit volume reflection coefficient evaluated at ~y, the value of which is given by
the formula in (4.1.6).

For d = 1, this follows from [Rem17] which verifies the Fyodorov-Bouchaud formula
[FB08a] that gives the exact distribution of the total mass of the GMC (associated with

Gaussian free field with vanishing average over the unit circle) on the circle. O

Zevaluated at v; see the general definition of C., 4(a) in Section 4.A.
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4.1.2 Previous work and our approach

Despite being a very fundamental question, the tail probability of GMC has not been
investigated very much in the literature. To our knowledge, the first result in this direction
is established by Barral and Jin [BJ14] for the GMC associated with the exactly scale
invariant kernel E[X (z)X (y)] = —log |x — y| on the unit interval [0, 1]:

PO (0,1)) > 1) = 55 1 o(t™ )

tr*

where the constant C, > 0 is given by

1

o B0 0.4 - (o, )

:2—72 log 2

The issue about their approach is that they rely heavily on the exact scale invariance of
the kernel and the symmetry of the unit interval in order to derive a stochastic fixed point
equation. Such derivation of leading tail coefficient results in the inexplicit constant Cl. It
is not clear how their method can be adapted to general kernels in higher dimension, let
alone arbitrary open test sets A.

A recent paper [RV17] by Rhodes and Vargas, who consider the whole-plane Gaussian
free field (GFF) restricted to the unit disc (i.e. E[X ()X (y)] = —log|z —y| on D = {x €
R? : |z| < 1}), offers a new perspective for the tail problem. Their starting point is the

localisation trick

V2 f (@)
PO (4) > 0) = [ B |0t ] gy, .4) = [ S
which effectively pins down the y-thick points of X (), allowing one to express the depen-
dence of the leading tail coefficient on the test set A in a very explicit way. Their proof
then makes use the polar decomposition of the GFF, which can be adapted to the case
when the function f is positive definite and sufficiently regular® when d < 2.
Our strategy is inspired by the ideas from both approaches and we make several
additional input. Instead of working directly with E [M, 4(v, A)fll{Mw(u,A)»}} in the
localisation trick like [RV17], we shall apply Tauberian arguments and consider the

equivalent problem of the asymptotics of

1
E|— e MMyy4) 4.1.7

as A = oo. The advantage of working with this expression is that it is more amenable to

further analysis with Kahane’s interpolation formula and ultimately allows us to reduce our

3This extension is covered in [RV17, v3] with f being locally Holder.
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problem to the case where the underlying kernel is exact (i.e. E[X (z)X (y)] = — log |x —y|).
Then all we need is the precise asymptotics of the tail probability

P ( /wq |77 M., 4(dz) > t> (4.1.8)

which can be obtained using a coupling argument and a result by Goldie from the literature
of random recursive equations. Unlike many other estimates such as moment bounds in
GMC, the expectation (4.1.7) we are studying here concerns a function F' : z + z~le™*
which is not convex or concave. The lack of a convenient convex/concave modification of
F without affecting the behaviour of the expectation as A — oo means that the popular
convexity inequality (4.2.9) is not applicable, and Kahane’s full interpolation formula
(4.2.8) plays an indispensable role in our analysis.

The novel use of Tauberian arguments and Goldie’s result helps us bypass many
tedious estimates in existing approaches, and our proof requires no special decomposition
of the log-kernel (such as the cone construction in [BJ14] or the polar decomposition of
GFF in [RV17]), providing a unified framework for general kernels in all dimensions®*.
Our philosophy is that once we obtain the tail probability of a particular GMC, we can
extrapolate the result to all other GMCs in the same dimension, as far as the leading order
term is concerned. The end result suggests that the power law of M, 4(A) is a consequence
of approximate scale invariance of log-correlated fields.

We note that our result generalises that of [RV17] not only to general kernels in arbitrary
dimension, but also to sets that do not necessarily have C'' boundary. Theorem 4.1.1 shares
the same spirit of the result in [RV17] in the sense that we have successfully separated the
dependence on the test set A and the functions f, g from the rest of the tail coefficient,
and the constant E%d captures any remaining dependence on d and v and generic feature
of GMC. The fact that we are unable to provide an explicit formula for 6%(1 ford > 3
should not be seen as a drawback of our approach — explicit expressions are known for
d =1 and d = 2 only because the constant has an LCFT interpretation, and their formulae
are found (independently of the study of tail probability) by LCFT tools which do not

seem to have natural generalisation to higher dimension at the moment.

“The paper [BJ14] used Goldie’s ideas in a very different way. Indeed the authors were not aware of the
localisation trick and therefore had to revisit Goldie’s proof to relax the independence assumption. Such
an approach was not robust enough to treat higher dimensions d, general test sets A or arbitrary densities
g, and also required a proof of C, < oo which was involved.
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4.1.3 On the relevance of the kernel decomposition

Based on the continuity assumption of f, it is always possible to decompose f into the

difference of two positive definite functions: indeed

B /D £ w)h(y)dy

is a symmetric Hilbert-Schmidt operator that maps L?(D) to L?(D) and by the standard
spectral theory of compact self-adjoint operators there exist A\, € R and ¢,, € L?(D) such

n—oo

that (Trdn)(x) = Aén(2), |An]| —— 0 and

(Z [ Anlén(z )1{)\n>0}> (Z |)‘n|¢n($)¢n(y)1{>\n<0}>

n=1

=:fy(z,y) =3fj?$zy)

in L?(D).Therefore, the relevant question is to determine the least regularity on fi for
the power-law profile (4.1.5) to hold. Our decomposition condition (4.1.4) requires fi to
be kernels of some continuous Gaussian fields. As it turns out, we only use this technical

assumption to obtain the following estimate (see for instance Corollary 4.3.5(ii)):

e There exists some r > 0 and C' > 0 such that for all v € D and s € [0, 1]

M3 (dx C
P / L)Q >t < —; vt >0 (4.1.9)
B(v,r)ND |37 - U|’y t?il
2
where M3 (dx) = 1Z+@) =5 E[Z:(®)°] 4 5 the Gaussian multiplicative chaos associated
with the log-correlated field Zs; with covariance E[Z(z)Zs(y)] = —log|z — y| +

sf(z,y).
Inspecting the proof in Section 4.3, this is the only assumption (other than the continuity
of f) we need in order to apply dominated convergence in several places (such as (4.3.19))
which ultimately yields the desired power law. In other words our decomposition condition

(4.1.4) may be relaxed so long as (4.1.9) is satisfied, e.g. we may assume instead that

e The Gaussian fields G+ associated with the kernels fi satisfy

P (Sup |G+(x)] < oo> >0 (4.1.10)
zeD

(see Section 4.2.1 for various implications).
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All the proofs in Section 4.3 will go through without any modification to cover this slightly
more general setting (which obviously includes the case where G+ are continuous on D).
We choose not to phrase Theorem 4.1.1 this way because (4.1.10) is less tractable and
not necessarily much more general. Indeed when fi(z,y) = fi(x — y) are continuous
shift-invariant kernels, a classical result by Belayev [Bel61] states that G4 are either
continuous or unbounded on any non-empty open sets’, and so (4.1.10) is equivalent to the
original condition (4.1.4) in the stationary setting. We also think that the decomposition
condition (4.1.4) is a very natural assumption because for any s > 0, € > 0 and symmetric
function f(-,-) € H*(R2%), one can always find some symmetric function f(-,-) € C°(R24),
say by truncating suitable basis expansion (see also [JSW18, Lemma 2.2]), such that
|| f — ﬂ‘HS(R2d) < € and that the operator T% is of finite rank, i.e. the decomposition
condition (4.1.4) is satisfied by a “dense collection” of covariance kernels of the form
(4.1.3).

To understand the importance of continuity at the level of the fields G4, let us consider

the simpler situation where f = f.. We have

E[X(2)X(y)] = —log |z — y| + f(x,y) = —log|z — y| + f(v,v)

on a ball of small radius r > 0 centred around v € A. This says that X(-) is the sum of
an exactly scale invariant field Y (with covariance E[Y ()Y (y)] = K(z,y) = —log |x — y|)
and an independent field G4 which locally behaves like an independent random variable
N, ~ N(0, f(v,v)), and this leads to

2
IP(/ e FE@ M (dx) - t>
A |z — v[??

=M (0,4)
N IP’</ evzf(a:,v)M%g(dx) - t) N e%d(waf(v’U)g(v)%fl Cya (41.11)
|lz—v|<r [z — o] P
=My g(v,r)
(see Corollary 4.3.5 and Remark 4.3.6). This allows us to interpret
2@Q-7) Cya

2d 2d
P (M, 4(A) > t) ~ </ 67(Q—7)f(’u,v)g(v) 2 dv> v
7 A 2Q-m+1 2
in the following way: if M, 4(A) is extremely large, then most of its mass comes from a
small neighbourhood B(v,r) C A of some 7-thick point v € A of X(-), and this point v
is more likely to come from regions of higher density with respect to g and/or of higher

values of f, i.e. where G4 has higher variance near v.

5The theorem of Belayev actually concerns stationary kernels in d = 1, but this implies the statement in
higher dimension because we may view G4, with d — 1 coordinates fixed, as Gaussian fields in 1 dimension.
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When G is not continuous, the localisation intuition is not valid anymore and our
method breaks down because (4.1.10) is possibly false by Belayev’s dichotomy mentioned
earlier. It may happen that (4.1.9) is still valid, in which case the power-law profile will
still hold, but it is unclear how to proceed with a Gaussian field G that is only guaranteed
to have a separable and measurable version but nothing else. We conjecture that the power
law (4.1.5) remains true without the generalised decomposition condition (4.1.10) based

on two heuristics:

e Despite the possibility that G4+ are unbounded in every non-empty open set, G4
are still measurable and Lusin’s theorem suggests some “approximate” continuity of
the fields which is much weaker than the usual notion of continuity but is perhaps

sufficient for studying integrals.

e The construction of the GMC measure involves the mollification of the underlying
log-correlated field. When G+ are convolved with a smooth mollifier § € C°(R%),
the new covariance kernels are differentiable which implies that the resulting fields

are actually continuous.

4.1.4 Critical GMCs and extremal processes: heuristics

Let us abuse the notation and denote by M 57 the critical GMC (via Seneta—Heyde

renormalisation®)

- T 2\ 3 V2dX () —dE[ X ()2
M, jg(dz) = lim /5 (E[X(z)%])% e (@) —dE[Xc(2)°] g
and similarly M mg(d:p) = g()M, s55(dz). While a similar criterion for the existence of
moments [DRSV14b)]

E[Mm,g(/l)p} < 0o & p<l1

has been known for critical GMC associated with general fields, previous attempts to
understand the tail probability P(M, 55 ,(A) > t) are again restricted to exact kernels
so that the derivation via stochastic fixed point equation may be applied [BKNT15].
By combining the techniques in this paper with additional ingredients including fusion
estimates of GMC that have appeared in [DKRV17, BW18], it is possible to prove that

P (M g,(4) > t) "= ff‘;’(\/%m +o(t™h). (4.1.12)

50ur definition differs from the usual one by the factor /7/2 for aesthetic purpose.
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The precise statement and the proof of the result will be discussed separately in a
forthcoming article in order not to overload the present paper. Nevertheless, let us provide
a heuristic proof of (4.1.12) in the case d = 2 based on Theorem 4.1.1. Recall that for
v € (0,2) we have

4 4 2 2\ 51
o (v ra-1))” (1)
Cr2=-— R P d
e -9z -1
Using the property” that
M,y(d.’L') Y27 2M2(dw)
2—7

and that I'(z) = 27 'T'(1 + z) *2% 271, we should expect

P (May(A)> 1) "2 B (M, g(4) > (2 7)20)

1> (1_12> = Jag(v)dv =27 ng(U)dv‘
(2 ¥

~7)-20)7 #

Y27 4
~Y

2 il

v 1

Unfortunately it seems impossible to justify the interchanging of the limits v — 27
and t — oo to turn the above argument into a rigorous proof, and this is actually not
the approach adopted in the separate paper. On the other hand, the constant 6%[1 is not
explicitly known in higher dimension d > 3 but the heuristic here suggests the existence of

a non-trivial limit:

2d J—
lim (V2d—7)?Cya= lim (V2d—~)C,4€ (0,00).
y—=V2d y—=v2d~

Connection to discrete Gaussian free field The tail probability of critical chaos is
not only interesting in its own right but is also closely related to the study of extrema of
log-correlated Gaussian fields, which has been an active area of research in the last two
decades. For instance, it is known that the extremal process of a discrete Gaussian free
field (DGFF) in d = 2 converges to a Poisson point process with intensity e 2% @ Z(dx)
for some random measure Z(dz) [BL14, BL16a, BL18] which has long been conjectured to

be some constant multiple of the critical LQG measure /L%QG, i.e.

Z(dx) o ;599 (dz) = R(z; D)>My(dz), z€D (4.1.13)

where Ms(dz) is the critical GMC associated with Gaussian free field with Dirichlet

"This was first proved in d = 2, for GFF with Dirichlet boundary conditions in [APS18], and subsequently
extended in [JSW18] to log-correlated fields (4.1.3) with f € HZ"® in dimension d = 2.

loc
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boundary condition. The random measure Z(dx) is characterised (up to a deterministic

multiplicative factor) by a set of properties, among which the Laplace-type estimate

. E [Z(A)e_)‘z(
lim

A)]
= R(z; D)?d 4.1.14
A0+ —log A C/A (w3 D) dz, ( )

(where ¢ > 0 is independent of A) has been left unverified by ,u%QG for several years until
very recently in the revision of [BL14]. Here we suggest an approach slightly different from
that in [BL14]: it is sufficient to first establish the statement that

t0 ¢ [, R(z; D)*da

: +o(t™h) (4.1.15)

P (159%(4) > 1)

from which we conclude that the Laplace-type estimate holds by straightforward computa-
tion. We would like to point out that (4.1.15) is a strictly stronger statement and cannot

be deduced from the estimate (4.1.14) without additional assumption.

4.1.5 On the critical case in Karamata’s Tauberian theory

The second version of [BL14] claims to have obtained the tail probability (4.1.15) as an
easy consequence of (4.1.14) through the use of Tauberian theorem (cf. [BL14, Corollary
2.10]). This would have relied on a result of the following form®: for a non-negative random
variable U and ¢ > 0
C E [U%e NV

PWU>t) = m +o(t™) 2N Ain& [—log)\] = (Cq. (4.1.16)
While the forward implication of (4.1.16) can be verified by straightforward computation
(Lemma 4.2.13), the backward implication (which is the direction of interest in [BL14])
is, unfortunately, false in general, as seen by the simple counter-example ¢ = 1 and
P(U > t) = (1 +0.1sin(logt))/t for t > 1. To understand what the backward implication
is really suggesting, first recall that

E [Ue*AU} OT _Clogh & E[Ulgey] X0 Clogt

by standard Tauberian theorem, and in the notation of Theorem 4.2.10 we are in the
critical case of Karamata’s Tauberian theory where p = 0 and L(x) = logz. Since
E [Ul{Ugt}] =—tP(U >t) + fot P(U > s)ds by Fubini, if we can ignore the negative term
(which would be subleading anyway if P(U > t) were supposed to be o(t !logt)) then we

S[BLH] only requires ¢ = 1, but if such claim were true for ¢ = 1 it would be true for any ¢ > 0 by a
simple reduction argument.
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have
! t
/ P(U > s)ds ~° Clogt (4.1.17)
0

The backward implication of (4.1.16) is thus, to some extent, equivalent to the question of
whether we can “differentiate” the above asymptotics and obtain P(U > t) ~ C'/t, and the
same counter-example we mentioned just now provides a negative answer to this. Indeed,
even under (4.1.17), it is still not possible to prove the existence of some C’ > 0 such that

for all ¢t > 0 sufficiently large

P(U >t) < %
or an analogous lower bound — whether U has a density function or not, one can always
construct counter-examples such that these bounds are not satisfied.

The necessary and sufficient conditions for the backward implication are related to the
notion of de Haan class from the higher-order theory of regular variation (see [dH76] or
e.g. [BGT89, Chapter 3]), which requires better control over subleading order terms in
E [U%~Y] as A — 0F. Such control is unavailable with the method in [BL14], and this
explains why the asymptotics of the tail probability of subcritical/critical GMC is more
subtle than that of the corresponding Laplace-type estimate.

Note, however, that once we prove an asymptotic power law for a random variable U,
we can rely on the forward implication of (4.1.16) to study the leading order coefficient C' in
the asymptotics. For our purpose, this provides an alternative probabilistic representation
of C 4 (see Corollary 4.3.3) which may be more useful in d > 3 for the derivation of an

explicit formula in the future.

4.1.6 Outline of the paper

The remainder of the article is organised as follows.

In Section 4.2 we compile a list of results that will be used in the proof of Theorem 4.1.1.
This includes a collection of facts regarding separable Gaussian processes, log-correlated
Gaussian fields and GMCs, Karamata’s Tauberian theorem and auxiliary asymptotics, and
random recursive equations.

In Section 4.3 we present the proof of Theorem 4.1.1 which is divided into two parts.
After sketching the idea of the localisation trick, we first establish the tail asymptotics for
GMCs associated with exact kernels. We then apply Kahane’s interpolation and generalise
the result to general kernels (4.1.3).

We conclude the article with Section 4.A where we define the reflection coefficient

C,.4(a) of Gaussian multiplicative chaos and prove that it is equivalent to the Liouville

reflection coefficients in d =1 and d = 2.
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4.2 Preliminaries

4.2.1 Basic facts of Gaussian processes

We collect a few standard results (see e.g. [GN16, Chapter 2]) regarding Gaussian processes

in the following theorem.

Theorem 4.2.1. Let (Gy)ie7 be a separable centred Gaussian process such that

P (sup|Gt| < oo> > 0.
teT

Then the following statements are true.

o Zero-one law: P (sup,et |G| < 00) = 1.
e Finite moments: E [sup;er |G|] < 00 and 02 = 0*(G) = sup;er E [GF] < oo.

o Concentration: there exists some ¢ > 0 such that for any t > 0,

"

The lemma below is an easy consequence of Theorem 4.2.1.

2

sup |G¢| — E [sup |Gt|} ‘ > t) < 2e %7, (4.2.1)
teT teT

Lemma 4.2.2. Let G(-) be a continuous Gaussian field on some compact domain K C R?,

then the following are true.

(i) There exists some ¢ > 0 such that

1
P (sup |G(z)| > t) < e vt > 0. (4.2.2)
zeK c

(ii) Let x € int(K). For any monotone functions ¥ : R — R with at most exponential
growth at infinity,

\Il< sup G(y))
yeB(z,r)

Proof. Since G(-) is continuous on K, it is separable and satisfies sup,cy |G(z)| < o0

lim E

r—0t

= lim E [\p( inf )G(y)ﬂ = E[¥(G(z))] (4.2.3)

r—07t yEeB(z,r

almost surely. By Theorem 4.2.1 we have E [sup,¢ |G(2)|] < 0o and 0?(G) < co. The

tail in (i) can thus be obtained from the concentration inequality (4.2.1).
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For (ii), note that by monotonicity we can split ¥ into positive and negative parts
U =W, —W¥_, such that ¥, are monotone functions with at most exponential growth at
infinity. Since we can deal with W, and W_ separately, we may as well assume without
loss of generality that ¥ is non-negative. Now take ro > 0 such that B(x,ry) € K, and
consider the case where U is non-decreasing. By (4.2.2) and the assumption on the growth

of ¥ at infinity, we have

E < 0.

Ul sup G(y)
yeB(z,ro)

But then for any r € (0, 7o),

0< inf W(G(y) < sup ¥(G(y) < sup VY(G(y))
yEB(z,r) yEB(z,r) yEB(z,r0)

and (4.2.3) follows from the continuity of G and dominated convergence. The case where

¥ is non-increasing is similar. O

4.2.2 Decomposition of Gaussian fields

We mention a result concerning the decomposition of symmetric functions from the very
recent paper [JSW18]. Let f(x,y) be a symmetric function on D x D for some domain
D c R%. We say f is in the local Sobolev space H} (D x D) of index s > 0 if xf is in
H?*(D x D) for any k € C°(D x D), i.e.

/Rd“ + [€[2)° | () (€)PdE < oo

—

where (kf) is the Fourier transform of xf (see more details in [JSW18, Section 2]). Then

Lemma 4.2.3 (cf. [JSWI18, Lemma 3.2]). If f € H{ (D x D) for some s > d, then there

loc

exist two centred, Holder-continuous Gaussian processes G4+ on R% such that
E[Gi(2)Gi(y)] —E[G-(2)G-(y)] = f(z,y),  Vz,ye (4.2.4)

for any bounded open set D' such that D’ C D.

This decomposition result has various important implications, one of which is the
positive-definiteness of the logarithmic kernel. The following result may be seen as a trivial
special case of [JSW18, Theorem B] and has been known since [RV10a].

Lemma 4.2.4. For each L € R, there exists rq(L) > 0 such that the kernel

Ki(w,y) = —logla —y| + L (4.2.5)
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is positive definite on B(0,74(L)) C R%. In particular, for any R > 0 there exists some
L > 0 such that Ky, is positive definite on B(0, R).

For the sake of convenience, we shall from now on call (4.2.5) the L-exact kernel, and
when L = 0 we simply call Ko(-,-) the exact kernel and write rq = 74(0). The exact kernel
will play a pivotal role as the reference point from which we extrapolate our tail result to
general kernels in the subcritical regime.

4.2.3 Gaussian multiplicative chaos

Given a log-correlated Gaussian field 4.1.3, there are various equivalent constructions of the
GMC measure M, . In the subcritical case v € (0, V/2d), one approach is the regularisation
procedure, which is first suggested in [RV10b] and then generalised /simplified in [Ber17].
The idea is to pick any suitable mollifier (-) and define

2
M, (dx) = 1 Xe(@) = FEX(2)*] gy (4.2.6)

where X (1) = X % 0.(-) is a continuous Gaussian field on D. Then

Theorem 4.2.5. For v € (0,v2d), the sequence of measures M., . converges in probability
to some measure M, in the weak* topology as € — 0. The limit M., is independent of the

choice of the mollification 6.

We collect a few standard results in the literature of GMC. The first is the celebrated

interpolation principle by Kahane.

Lemma 4.2.6 ([Kah85]). Let p be a Radon measure on D, X (-) and Y (-) be two continuous
centred Gaussian fields, and F': R. — R be some smooth function with at most polynomial

growth at infinity. Fort € [0,1], define Z;(x) = VtX(x) + /1 —tYi(x) and
PO =BFW)),  Wiim [ P18 (), (4.2.7)
D

Then the derivative of @ is given by

I\ 1 x - T
O(t) = 2/D/D(IE[X( )X (y)] - E[Y (2)Y (y)]) (4.2.8)
x E

|:€Zt(‘r)+Zt(y)_%E[Zi(m)Q]_%E[Zt(y)Q}F”(Wt) p(dz)p(dy).
In particular, if
EX(z)X(y)] <E[Y(2)Y(y)]  Va,y €D,
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then for any conver F : Ry — R

E [F ( /D eXW)éIE[X(w)zlp(dx))] <E {F < /D eYW)éE[Y(m)zlp(dx)ﬂ . (4.2.9)

and the inequality is reversed if F' is concave instead.

While Lemma 4.2.6 is stated for continuous fields, it may be extended to log-correlated
fields if we first apply it to mollified fields X, and Y, and take the limit ¢ — 0. Such
argument will work immediately for comparison principles (4.2.9) and we shall make no
further remarks on that. For the interpolation principle (4.2.8) we only need the following

weaker statement which may be extended to log-correlated fields in the same way.

Corollary 4.2.7. Under the same assumptions and notations in Lemma 4.2.6, if there
exists some C > 0 such that

EX(2)X(y)] —E}Y ()Y (y)l|<C  Vz,yeD,
then
/ C 2 /!
le' ()] < §E [(Wi)?[F" (W]

and consequently

1
o) =901 < 5 [ B [WRF" W] dr

The next result is a generalised criterion for the existence of moments of GMC.

Lemma 4.2.8. Let v € (0,v2d), Q =3 + %, a € [0,Q) and B(0,7) C D. Then

E K/ \x|'7aM7(da;)> ] < % (4.2.10)
|z|<r
if s < 3—? A %(Q — ). In particular
’ 2d
M, (dx) < 00, Vs < —,
|| <r Y

| 2d
(/ ]w\‘YQMv(da;)> ] < 00, Vs < — — 1.
lz|<r Y

Remark 4.2.9. The bound on (4.2.10) is uniform among the class of fields (4.1.3) with
sup, yep |f(2,y)| < C for some C >0 by Gaussian comparison (Lemma 4.2.6).

E

and E
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4.2.4 Tauberian theorem and related auxiliary results

Let us record the classical Tauberian theorem of Karamata.

Theorem 4.2.10 ([Fel71, Theorem XIII.5.3]). Let f(d-) be a non-negative measure on
Ry, F(t) := fg f(ds) and suppose

F(\) = /O sy F(dt)

exists for A > 0. If L is slowly varying at zero and p € [0,00), then

1

FO'ao) e R0

e’ L(e). (4.2.11)
The above is also true when we consider the asymptotics X\ — 0% and € — oo, and L being
slowly varying at infinity.

Our use of Theorem 4.2.10 is summarised in the following corollary.
Corollary 4.2.11. Let U be a non-negative random variable, C' > 0 and q¢ > 0. Then

t—o0 C E |:U—16—)\/U:| )‘7)\/00 Cr(l + q)

E[U  gpsy] < p & VI (4.2.12)

Proof. Let V = U~!. In the notation of Theorem 4.2.10, we choose f(ds) = sP(V € ds),
L =CI(1+q) and e = t~! such that F(\) = E [U=te=*Y] and F(e) =E U u=n],

and our claim is now immediate. O

To save ourselves from repeated calculations, we shall collect a few basic estimates
below. The first one concerns the Laplace transform estimate of a random variable with

power-law tail.
Lemma 4.2.12. If U is a non-negative random variable such that

o C
P(U > t) X o

for some C' > 0 and q > 0, then for any p > 0

o0 r 1
E [gre U] Y A CTptatl) (4.2.13)
p + q )\PJrq
IfP(U > t) < Ct™1 for all t > 0 instead, then there exists some C' > 0 such that
AU c’
p
E[U e } <o VA0 (4.2.14)
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4.2. Preliminaries

Proof. For any tg > 0, it is not difficult to see that there exists ¢y > 0 such that
E Uﬁpei)\/Ul{USto}] = O(eico)\).

For any € > 0, choose tg > 0 such that for all ¢t > ¢ty we have

1-— 1
O €)<IP’(U>7§)§C( +6).
t4 14
Using Fubini, we have
E|UPe V1 _ Levmp s ¢ oM (P A gy s par
[ e {U>t0} —%8 (U >to) + . e TS (U >1t)
—\/t > —\/t _p(l —€)  Al+¢)
<O(e Moy 4+ C 5 e ( Py T dt.

Note that for any m > 0 we have

= e_)\/t Mo A—o00
/ ) dt = \~(1+m) / s™e %ds "= (1 + o(1))D(1 + m))\—(m—i-l)
to 0

and therefore

= Miq [~p(1 =T (p+q) + (1+T(p + g+ 1)] + o(A"#*)

<Cq + (p + 1)6) M + O()\*(P+f1))'

N

E [U_pe_’\/U]

IN

p + q )\P+q

Similarly we have

o Cq Flp+qg+1) _
p,— AU i S ST ET ) (p+q)
E {U e ] > (p p (p+ 1)e> o + o(A ).

This means that

Cq o
_ _ < limi g+1 p,—AU
<p+q (p+1)€>r(p+q+1)_h/\n_1>£f/\ E{U e }

C
< lim sup A7 E [U—pe—w] < <q +(p+ 1)6) T(p+q+1).
A—00 p+q

Since € > 0 is arbitrary, we let € — 0" and obtain (4.2.13). The claim (4.2.14) is similar. [

We collect another Laplace transform estimate discussed in Section 4.1.5. The proof of

the result is similar to that of Lemma 4.2.12 and is omitted.

Lemma 4.2.13. If U is a non-negative random variable such that

ooC
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Tail Asymptotics of General Gaussian Multiplicative Chaos

for some C >0 and g > 0, then

E [U%e V]

= COa. 4.2.15
Ag{)l+ —log A 4 ( )

IfP(U > t) < Ct™ 1 for all t sufficiently large instead, then (4.2.15) may be replaced by
the statement that the limit superior is upper bounded by Cq.
We also need the following elementary result, the proof of which is again skipped.

Lemma 4.2.14. Let U,V be two non-negative random variables. Suppose there exists

some C' >0 and ¢ > 0 such that

(i) PU>t) X0t
(i) PV >0t Vp>o.

Then the tail behaviour of UV is given by
(ii))  PUV >t) "% CE[VIt .

Remark 4.2.15. The converse of Lemma 4.2.14 is false: in gemeral if we are given only

conditions (ii) and (iii), we can only show that there exists some C' > 0 such that
PU>t)<C't™1

which follows immediately from P(UV > t) > P(U > t/a)P(V > a) for any a > 0 such
that P(V > a) # 0.

4.2.5 Random recursive equation

Here we collect Goldie’s implicit renewal theorem [Gol91] from the literature of random

recursive equation.

Theorem 4.2.16. Let M and R be two independent non-negative random variables.

Suppose there exists some q > 0 such that
(i) E[M?] =1.
(11) E[M?log M] < oo.
(iii) The conditional law of log M given M # 0 is non-arithmetic.

(i) [(°|P(R>t) —P(MR>t)|t1 dt < co.
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4.2. Preliminaries

Then E[MYlog M| € (0,00) and as t — oo,
C
P(R>t) = m +o(t™9)
where the constant C' > 0 is given by

C ! /Oo (P(R>t) —P(MR > t)) " dt. (4.2.16)
I Jo

~ E[Mtlog M
Theorem 4.2.16 will be used alongside the following lemma.

Lemma 4.2.17. Let U,V be two non-negative random variables and ¢ > 0. Then
o 1
/ P(U >t) —P(V > t)|t4 dt < -E|UY - V1. (4.2.17)
0 q

Moreover, for any coupling of (U, V') such that E|JU? — V1| < oo,

/OO P(U >t)—P(V > 1)t dt = 21&2 (U1 —V1]. (4.2.18)
0

Proof. Suppose U,V are bounded by some constant M > 0. The inequality (4.2.17) is

then a simple consequence of

P(U > t) —P(V > t)]
=|PU>t,V>t)+PU>t,V<t)—PU>t,V>t)—PU <tV >t)
=|P(U >tV <t)—P(U<t,V >t)
<P(U >tV <t)+PU <tV >t)
= P(max(U,V) > t) — P(min(U, V) > t)

combined with the fact that
E|U?— Vi = E [max(U,V)? — min(U, V)]

g / T B(max(U, V) > £) — P(min(U, V) > £)] dt.
0

The equality (4.2.18) is trivial because E[U?], E[V'?] are all finite.
For U,V that are not necessarily bounded but E|U? — V9| < oo (otherwise (4.2.17) is
trivial), we introduce a cutoff M > 0 and write Ups = min(U, M), Vay = min(V, M). Then

the previous discussion implies that
M 00
/ P(U > t) —P(V > t)|t7 tdt = / IP(Up > t) — P(Vyy > )| 197 at
0 0
1
< aE |max(Upy, Var)? — min(Upy, Var)?|
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Tail Asymptotics of General Gaussian Multiplicative Chaos

1 1 .
< 5E (U = VD) pmaxuvy<my| + gE (M — min(U, V)) Lmaxu,v)=})

1
Mooo, g U — v
q

by dominated convergence since both

(U = V) lmaxway<any |, (M? = min(U, V)) Ljmaxv)=ar)

are bounded by |U?—V1|. We send M — oo on the LHS of the above inequality and obtain
(4.2.17) by monotone convergence. The equality (4.2.18) may be proved by a similar cutoff

argument. [

4.3 Proof of Theorem 4.1.1

This section is devoted to the proof of the tail asymptotics of subcritical GMC measures.

As advertised earlier, our proof of Theorem 4.1.1 consists of two steps.

(i) Tail asymptotics of reference measure (Section 4.3.1): we consider the chaos measure
M., 4 associated with the exact kernel as the reference measure and derive the leading

order term of P (f|x\§r |:U\_72M%g(d:c) > t) as t — 00.

(ii) Tail extrapolation principle (Section 4.3.2): the leading order tail behaviour of M, 4
can be expressed in terms of that of M%g.

Before we start, let us highlight the localisation trick from [RV17]

Lemma 4.3.1. Let A C D be a non-empty open subset. Then’

P(My4(A) > 1) = /

1
AE [A/[(ml{Mw,g(v,A)>t} g(v)dv (4.3.1)
Y9 Y

where

e T@O VL (da)
My g(v, A) 1—/ e
A lz=op

Sketch of proof. For each e > 0, let X, be the mollified field with covariance E[X(z)X(y)] =

e—0t

—log (Jxr — y| Ve) + fe(z,y) where fe(x,y) —— f(x,y) pointwise (cf. [Berl7, Lemma

9 Actually it is not known whether the distribution of M, 4(v, A) is continuous everywhere and hence
the correct statement should be

1 1
[ oyt mscnn| s < B0, 4) > 0 5 [ B[yt nza swa

A

We are cheating here so that we do not have to keep the lower and upper bounds everywhere but for the
purpose of evaluating the tail asymptotics as ¢t — oo it does not make any difference.
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4.8. Proof of Theorem 4.1.1

3.4]). If M, (dx) is the GMC associated to X¢ and My 4(dx) = g(x) M, (dzx), then

P(M,4(A) > 1) = h%l P(M,4.c(A) > )
e—

_ I M’Y?.gv (A)
_ evXe(v) T E[X. ()]
= 6£%1+ AE M,yge(A) 1{M»Y,g,€(A)>t} g(v)dv. (4.3.2)

2
One may interpret X )= FE[X )] 55 5 Radon-Nikodym derivative, and by applying

the Cameron-Martin theorem, we can remove this exponential by shifting the mean of
X () by E[Xc()7Xe(v)] = v (=log (|- —v[ Ve) + f(-,v)), Le.

e’YXe(v)—éE[Xe(v)z] 1
Ml{M’Y,g,E(U7A)>t}:| (433)

My.(A) L My,g,e(A)}>t} :E[M

/‘/7976

where

2 72f€(1'7”)
M, ge(v, A) = / e’YXe(x)Jr’Y]E[Xe(x)Xe(v)]*%E[Xe(x)Q]g(x)dx _ / e M’y,g,e(gx)'
A A (lx—v|Ve)

Then (4.3.3) converges to the integrand in (4.3.1) as € — 07, and we can interchange the
limit and integral in (4.3.2) by dominated convergence since the expectation is always
upper-bounded by 1/¢.

O

4.3.1 The reference measure MV

Let Mﬁ be the GMC associated with the log-correlated field Y7, with covariance E[Y7(x)YL(y)] =
Kp(z,y) = —log|x — y| + L, which by Lemma 4.2.4 is positive definite on B(0,74(L)).
We shall suppress the dependence on L when we are referring to the exact kernel, i.e.

L =0. The main result in this subsection concerns the tail probability of M, (0,r) :=
f:r\<r |$|_ ’Y(dx)

Lemma 4.3.2. There exists some constant C., 4 > 0 such that for any r € (0,74] and as
t — 00,

—2d 1
2 ).

P (M4(0,r) >t) = - ot (4.3.4)

£~
Proof. Pick ¢ € (0,1). Using the fact that

(Y () per £ (Y (2) + No) g <,

175



Tail Asymptotics of General Gaussian Multiplicative Chaos

where N, ~ N (0, —logc) is an independent random variable, we obtain

(0, er) = / V@)~ B @7 9T

2
| <]er| ||
2
_ / Y ()= EIY (eu AU
Jul <|r| |cul?
2 2
d d—? N~ L E[NZ] Y ()= TE[Y (u)?2]_U

ful<r| Jul7?
2

= ¢ NRL (0, 7). (4.3.5)

2 2 _
For convenience, set ¢ = 3—3’—1 and write M = ¢~ 7 e?Ne = ¢79"Ne and R = M. (0,r).
We only need to show that conditions (i) — (iv) in Theorem 4.2.16 are satisfied to obtain

our desired tail behaviour. Conditions (ii) and (iii) are trivial, while
T S

and so condition (i) is also satisfied. If we take U = M,(0,7), V = M,(0,cr), and

2
W=U-V :/ 7Y (@)= FEN (2)?] de < |cr|_72MW(B(O,r)).
|z|€[er,r)

|z|* ~
then

/ IP(R>t) —P(MR > t)[ti  dt = / P(U >t) —P(V > t)|t4 at
0 0

1
< ZE|(V +W)i— VY
q

< 27E [VITIW + W] (4.3.6)

where the first inequality follows from Lemma 4.2.17 and the second inequality from the

elementary estimate
(V 4+ W)=V <g(V 4+ W)W < g2 (VITIw + W)

Since E[W4T17¢€] < 0o for any € > 0 (in particular that E[W9] < 00), we see that

1——1
-1 1—e¢ 1—e 1
(a=D(a+ )] D e @ <o

E[VIW] <E [V g

for e sufficiently small so that (¢ —1)(¢+ 1 —¢€)/(¢ —€) < g. Then (4.3.6) is finite and
condition (iv) is also satisfied, and by Theorem 4.2.16 (and again Lemma 4.2.17)

_ c
P(M,(0,r) > t) = tiqd +o(t7).
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4.8. Proof of Theorem 4.1.1

O
We summarise various probabilistic representations of 6%,1 in the following corollary.

Corollary 4.3.3. The constant 6%(1 has the following equivalent representations.

2d

— . 771 S—
Cya= tl;nolotv2 P (M,(0,7) > t)

| E [Mﬁo,r)?gle—www]
= i 4.3.7
Alg{r 3—2 -1 —log A ( )
1 P 2d_4q R 2d_q
= = E [MA,(O,T)WQ — M., (0, cr)~? ] , Ve e (0,1). (4.3.8)
—7% (d - 77) log e

Proof. The first representation is an immediate consequence of Lemma 4.3.2, and the
second representation follows from Lemma 4.2.13. For the third representation, the proof
of Lemma 4.3.2 and Theorem 4.2.16 suggests that

tllglo 1P (M (0,7) > t)
1 1 —
- 22 2 2 g W’Y(Q r)? = M7(07 cr)q]
E [ch evaNe (%qlogc—l— WNC)} q

for ¢ = 3—% — 1 and any ¢ € (0,1). Then it is straightforward to check that

ﬁq2 YqNe 72 72 2 72
E|c2%e ?qlogc—F’ch :?qlogc—kv]E [Vch] :—?qlogc

which implies (4.3.8). O

Remark 4.3.4. The fact that (4.3.8) holds regardless of ¢ € (0, 1) is not surprising. Indeed

when ¢ =27, we have

— 2d _q 2

— 2d _ N — 2d _ — 2d _
E | My(0,7)7 = — M,(0,cr)"? 1] - ZE [MW(Oa 2_(71_1)7“)”2 = M, (0,27"r)? '
n=1

and the summand on the RHS does not change with n because of the scaling property
(4.3.5). The scaling property also explains why (4.3.8) is independent of r € (0,74) (as

long as the exact kernel remains positive definite on B(0,r)).
Lemma 4.3.2 has several useful implications.

Corollary 4.3.5. The following are true.
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Tail Asymptotics of General Gaussian Multiplicative Chaos

(i) For any L € R and r € (0,rq(L)], let Mﬁ(o,r) = flx\<T |x\_72e”/2LM£(dx). We have,
as t — oo,

S 2d () C _2d
P (50,7 > t) = 5 @ NLZad | et (4.3.9)

e
(ii) Let X be the log-correlated field in Theorem 4.1.1, and A C D be a fized, non-trivial
open set. Then there exists some C > 0 independent of v € A such that

C

t?
Remark 4.3.6. The importance of Corollary 4.3.5 is as follows.

o The tail (4.3.9) in (i) suggests how P (M, 4(v, A) > t) should behave asymptotically as
t — oo. As we shall see in the proof, we can pick any r > 0 such that B(v,r) C A and
consider instead PP (M., 4(v, 1) > t) without changing the asymptotic behaviour. When
7 is small, the covariance structure of X looks like —log |z —y|+ f(v,v) = Ky (7, y)

locally in B(v,r) and we should expect

2d _
P (M, g(v,7) > 1) ~ e @00 ()5 C”’_d . (4.3.11)

It is mot hard to verify this claim when f is the covariance of some continuous
Gaussian field. The situation becomes slightly more tricky under the setting of
Theorem 4.1.1 when we only assume that f = fy — f_ is the difference of two such

covariance kernels and we shall not attempt to prove (4.3.11) here.

e The uniform bound (4.3.10) in (ii) provides an estimate sufficient for an application

of dominated convergence: since

2 [Mon,ea>n] 211 <
t*E M (0, A) | = t tIP’(M%g(v,A) >t)| <C Vv € A,

we have, by the localisation trick (4.3.1)

m 2 _ o 2 [ 100>
tli)rglotv P (M, q4(v,A) >t) = /A (tli)rglotv E [ M, (v, A) g(v)dv  (4.3.12)

provided that the limit on the RHS exists for g-almost every v € A. Note that the

existence of this limit is not known a priori. If we were allowed to assume (4.3.11)
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4.8. Proof of Theorem 4.1.1

though, the existence of such limit would not be an issue because

2d
lim £ E [M, 4(v, A) " Lag, 0,051

t—o0
1

2d
=—— lim A\2E | M, (v, A) " te ™/ Mrg(v.4) 4.3.13

2(0 —
= eal(@_v)f(v’v)g(v)%_l /(Q—wé

2Q-m+1

where the first equality follows from Corollary 4.2.11 and the second from Lemma 4.2.12
(with the fact that ,27‘21 —-1= %(Q — 7)), and this would yield Theorem 4.1.1. Our
proof, however, will adopt a more direct approach of evaluating the Laplace estimate

(4.3.13) without assuming the general tail behaviour (4.3.11).

Proof of Corollary 4.3.5. For convenience, let ¢ = 3—‘2[ —1= %(Q - ).

(i) For any ¢,6 € (0,1), we have

P (Mﬁ(o,cr) > t) <P (M{:(O,r) > t)

<P (Mﬁ(o, cr) > (1— H)t) +P (Mﬁ(o, B(0,7) \ B(0, er)) > 9t>

where M{:(O,A) = [ \x|_726721’ﬁg(daz). Since

2d
v?’

L 2 [+FL
E [MV(O,B(O,T) \B(O,cr))p] < (er)"°E [MV(B(O,T))”] <oo  Wp<
the tail probability of the random variable Mﬁ (0,B(0,7) \ B(0,cr)) decays faster
than t77 as t — oo by Markov’s inequality, and therefore

.. =L .. =L
lim inf ¢t7P <M7 (0,cr) > t) < htIg(l)Iolf t1P (]\47 (0,7) > t)

t—ro0
< lim sup t7P (Hﬁ(o,r) > t) < limsup t'P (M,];(O,cr) > (1-— 9)t> .
t—o00 t—00
As 0 € (0,1) is arbitrary, if P (MV(O,T) > t) ~ Ct™4 for some C > 0, then C must

be independent of r € (0,74(L)]. We may thus assume r > 0 to be as small as we

like (but independent of t) without loss of generality.

If L > 0, we may interpret K (x,y) = Ko(x,y) + L as the sum of the exact kernel

and the variance of an independent random variable N7, ~ N (0, L), and hence

2
g PRl
P (Mﬁ(o,r) > t) =P <67NL_72LM7((),7“) > t> ~ ”
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(i)

2 q
by Lemma 4.2.14, and E [(e"’NL—éL> ] = e%(Q_V)L.

If L < 0, we instead interpret Ky (x,y) = —log }e*L(x — y)‘ as the exact kernel
with coordinates scaled by e~*. If we restrict ourselves to z,y € B(0,e 'ry) or

equivalently r € (0, e~ Yr,], then

JR— — 2 —
P (Ms(o,r) > t) =P </| e~ La| eV (e o) =G EY (e ) gy > t)

z|<r
. 6 dqL
=P (edLMW(O, elr) > t) ~ 2 T
tq
d
where ed1l = e%(Q_W)L as expected.
Let r = r4. Then
t t
P(Myg4(v,A) >t) <P (M%g(v,B(v,r) nD)> 2> +P <|T’72672LM%9(D) > 2> .

Since E [M,, 4(D)?] < oo by Lemma 4.2.8, Markov’s inequality implies that we only
need to verify P (M, 4(v, B(v,7) N D) > t) < Ct~? uniformly in v.

To go beyond exact kernels, we utilise the decomposition condition of f. Let G4 (-)
be independent continuous Gaussian fields on D with covariance fi, and introduce

the random variables

2
R, = ¢"%"Psen G4 (z)+72sup, .ep If(yyz)l’ R = ¢Yinfaen G- (2)— %5 supyep [/~ (y:9)]

which possess moments of all orders by Lemma 4.2.2. Let a > 0 be such that

Pp_:=P(R_ >a) > 0.

Since E[X ()X (y)] + f-(z,y) = Ko(x — v,y —v) + f+(z,y), we have

P(M, 4(v, B(v,7) N D) > t) < Py 'P(R_M, 4(v, B(v,r) N D) > at)

2
V2 f(20) VG - (2)— FE[G - (2)?]
< P}glP / e e 2 at
B B(v,r)ND

M., (dx) > ———
p— 740 > Tl
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_ p-lp / 2 @00) G o) S B (o M (d2) - at
R B(0,r)N(D—v) 2|7 119]]o0

_ ¢
§P1P<R M. (0, r >a’>
r B\ e My 0r) >
- — at _1C(llglloo/a)'E | R
SPR}]E |:]P) <M7(O,T)>MR+‘R+>:| SPR} m [ +}

The coefficient P " C(||g]|s0/a)E [R1] < oo is independent of v so we are done.

d

4.3.2 The tail extrapolation principle

Based on the discussion in Remark 4.3.6, we have actually proved Theorem 4.1.1 when
E[X (z)X(y)] = Kr(z,y) is the L-exact kernel, and in this subsection we shall show the

existence of the limit

2d
lim A\2E | M, ,(v, A)"te™/Mra(v:4)

A—00

and evaluate the value of it.

Step 1: removal of non-singularity. We show that

Lemma 4.3.7. For any r > 0 such that B(v,r) C A,
_2d
E M%g(%A)_le_/\/M”’g(”’A)} A2 R [Mw,g(v,T)_le_A/MW(”’T)} +o(A ) (4.3.14)

Proof. Starting with the localisation trick (4.3.1), we know by the uniform bound (4.3.10)
from Corollary 4.3.5 that

P(M’Y,Q(A) > t) < / %]P) (M%g(va) > t) g(v)dv < M

2d
A t'72
for all ¢ > 0. In particular
2 Crg
P (Mg(v, A\ B(v,r) > 1) < P (Il My(4) > 1) < <52 >0
t?

for some C). 4 > 0.

To finish our proof we only need to show matching upper/lower bounds for (4.3.14).
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For a lower bound, pick d € (0,1) and

E [M%g(va A)_le_A/Mw(v,A)] S|

e_A/M“/,g(’Uvr)

e_)‘/M%g(U’T) )\1—5 -1
>E ( + > 1 s -
Mw,g('l),T’) M,%g(’l),T') {My,g(0,r)¥>A "1 M., o (v,A\B(v,r)) <AL=}
38 e*A/M%g(U:T)
>l N2 )E|—— 1
- ( 4 4> [ M%g(v,?") {nyg(va)}EAlig,M%g(v,A\B(Uﬂ«))S)\l—a}
=X/ My, q(v,7) —A/My.4(v,r)
:<1_/\_34j> E L —E il 19
M;.4(v,7) My g(v,r)  {Myg(v,r)<A' "1}
e*)‘/M%g(Uﬂ’)
) 1-§ 1-6
M’ng(vvr) {M,,g(v,r)>X"" 4, M, g(v,A\B(v,r)) >\ }
where
—A/ M g(v,r
wl s < )\7(176/4)67)‘35/4 _ 0()\_2%)
M, 4(v,7)  {Myg(vr)<AT1}
and
E G_A/M%g(vﬂ’)

}

d
< XU (AL 0,4\ B(u.1) 2 M) < 00D ()

—1
My (v, 7) {M%g(vﬂ")z)\k%,Mw,g(v,A\B(v,r))ZM*‘;}

and so we just pick 6 > 0 small enough satisfying (1 — 9) <3—‘21 + 1) > 3—5 for our desired
lower bound.

As for the upper bound,

_ A M~ ,g(v,A\B(v,r))\ 1
E Mmg(vvA)ilei/\/MW(v’A)} =E [M%Q(U,A)le Mw(””)( M e ) ) ]

. 1
B S mi)
<E |M,g(v,r)"e Mw(“’”( 1 5
- 79057 { Mg (0,r) 2N 7T My o (v,A\B(0,r)) <A1 =0}

_a%/4

+ e TR [My (v, A1 + A-C-Op (M%g(v, A\ B(0,7)) > )\1_5)

=o(A—2d/7?)
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—1

where
_ 33
1+ 4) 1
1)
{M'y,g(v17")2>\171an,g(U»A\B(OW))S)\lf‘S}

)

_ A
E | My g(v,r)" e M%QW)(
s
{ My, g(0,r) >N T, My, o (0,A\B(0,r)) <A1—6}

A0/ P i)
<e E|M, 4(v,7)" e Mran]
=1+4o0(1)
_2d
+o(A 7?)

A
M, g(v, )~ le” Matn)

< (1+0o(1)E
where the last inequality follows from similar calculations in the proof of the lower bound.
O

This concludes the proof of (4.3.14).
Step 2: tail extrapolation. For s € [0, 1], define Zs(x) = /s X (2) + V1 — sYj(y ) (2 —

2
v), M;(dr) = 175 (@)= 5 ElZs(2)’l gy and
I g(0) M (da)
@ —o]® ’

ME (v,7) ::/
7 B(v,r)

where r € (0,74(f(v,v))]. Our goal is to prove the following extrapolation result.

Lemma 4.3.8. Suppose v € D satisfies g(v) > 0. We have
2d 2d
lim A (1) = lim A+*¢(0) (4.3.16)
A—00 A—00
20—
_T (1 N 2d> O S i L I
Q-7 +1
(4.3.17)

In particular,
1 )\%E M 1, —X/ My 4(v,r)
1 - - REEANE]
Jim A M g(0.r) e )
2
2d\ 24— 24 2(@-7)
-T <1 + 2) 62’Y @ ’Y)f(vﬂf)g( )7 1 - v -
g SQR-7)+1

Proof. We first recall that the definition of ¢(t) depends on r but the limits (4.3.16), if

T o, ))*1e—A/(g(vWi(”’”’(w))

exist, do not because of Lemma 4.3.7. Also

2d 2d
Jim 2 #0(0) = Jim ¥ | (o027
20 _
=T (1 + 2?) e @NIww) o )%71/@—7)@#
7 Q-7 +1
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by combining Corollary 4.3.5 (L = f(v,v)) with Lemma 4.2.12. From now on we shall
focus on the equality of the two limits (4.3.16).
For any € > 0 there exists some r = r(e) € (0,74(f(v,v))] be such that

|f(z,y) — flv,v)] <€ (4.3.18)

for all z,y € B(v,r) by continuity. If we write F(z) = z e "% then F"(z) =
e M (l — ‘;—i + i—i), and Corollary 4.2.7 yields

3
S L R 2 4\ 22
_ < - e Y9\ S.
lp(1) s0(0)|<2/ E e~/ M5(v:r) d

+ +
0 M'ig(v’ r) Mi,g(v’ r)? M’ig(v’ r)?
(4.3.19)

Going through the argument in the proof of Corollary 4.3.5(ii), we can check that there
exists some C > 0 independent of s € [0, 1] and v € D such that

C
P (M,§7g(v,r) > t) S Tl vt > 0.

t?

_2d
By Lemma 4.2.12, the integrand in (4.3.19) is uniformly bounded by C'\ ~* for some
C’ > 0 which means that

2d C'e
limsup A7? [p(1) — (0)] < —-.
A—00 2
2d 2d
Since € > 0 is arbitrary, we have limy_,o A7 (1) = limy_y00 A7Z (0).

Finally, let €, > 0 be chosen according to (4.3.18) and the additional constraint that

—1’§e Vx € B(v,r)
which is possible because g(v) > 0 and ¢ is continuous. Then

2d
lign inf A2 B [M (0, ) 16 Mo (0]

A—00

> lim )\%(1 + 6)7167,},25E |:M,1’g(1),’l”)1€>\(1+€)672€/M71’9(v’r):|

A—00
— 14’,% 2d
= ((1 +6)672E) ( ”2> /\lim A7 (1),
— 00

2d
lim sup A* E [M%g(v, r)_le_’\/MV’g(”’r)]

A—00

A—00

< lim )\%(1 " 6)672€E [Mq}’g(v,T)_16_)‘(1+E)_16_726/M}/’9(”’T)}

184



4.A. Reflection coefficient of GMC

2d 2d

- ((1+e)ev2€) (1+34) lim A2 o(1).

A—00

Given that the lim inf/lim sup do not depend on r by Lemma 4.3.7 and e is arbitrary, the
claim (4.3.17) follows and this concludes the proof. O

Proof of Theorem 4.1.1. Since

% 1
o
Y |:Mfy,g(U7A) {M’y,g(’lj,A)>t}:| <

is uniformly bounded in v € A by Corollary 4.3.5, and

2d
24 1 A+ 1
lim t?E | ——1 v = lim E e_A/M“/,g(UvA)]
00 [Mww,A) vl ’AM] A=veo T(L + 24) {Mv,gw,A)

2
TR NI (Cht I
SQ—-y)+1 "

g-almost everywhere by Corollary 4.2.11, Lemma 4.3.7 and Lemma 4.3.8, we conclude that

o o 1
Jim 092 (M ,4(A) > 1) = /,4 <t11glo t*E [Wl{Mv,g(v,Abt}]) g(v)dv

2
_ ( / (@S0 ()% dv) B CH
A Q-7 +1

by dominated convergence. O

Appendix 4.A Reflection coefficient of GMC

In this appendix we explain why 6%61 should be seen as a natural d-dimensional analogue
of the Liouville reflection coefficients evaluated at . To commence with, we define C., 4(cv),
which we call the reflection coefficient of GMC, for each o € (3, Q) as follows.

Proposition 4.A.1. Let M, ,(0,7) = f|m|<r |z|7*M+(dz) for o € (3,Q). Then there
exists some constant C 4(a) > 0 independent of r € (0,74) such that

Cyala) = lim £ @ 9P (AL, ,(0,7) > 1)

t—o00

| E[H (0,039 e T000)

= lim (4.A.1)

A—0+ %(Q —a) —log A

Proof. The first equality can be obtained by repeating the proof of Lemma 4.3.2, and the

second equality follows from Lemma 4.2.13. O
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Tail Asymptotics of General Gaussian Multiplicative Chaos

We now show that C, 4(«) coincides with the Liouville reflection coefficients!?.

Proposition 4.A.2. When d = 2, the reflection coefficient C- 2() of GMC is equivalent
to the unit volume Liouville reflection coefficient R(c) defined in [RV17].

Proof. Using the notations in [RV17], we can write

oo
M, .4(0,1) 4 e“’M/ VB Zods = M I(L_py)
—L_m

where
e Z.ds is the GMC associated with the lateral noise of GFF;

o (BY)scr an independent two-sided Brownian motion with negative drift o — @

conditioned to stay non-positive;
e M is an independent Exp(2(Q — «)) random variable; and
o L_)y is the last time (BY)s>o hits —M.

Applying (4.A.1) and the decomposition above, we have

— . 1
Gl = 20 -a)"

(efyM)%(Q—a)ef)\eVMZ(L_M)
—log A '

s

When X\ — 0T, the above expectation is dominated by the event that the exponential
variable M is large, in which case L_y is very large and Z(L_p) behaves like Z(oco) which
does not depend on M. To make this rigorous we aim to prove matching upper/lower
bounds. Since P(e? > t) = t_%(Q_a) for t > 1, a straightforward computation shows that

2(0-a 2
E |:(67M)’Y(Q )e—)\e’YM:| :_;(Q—a)e_’\log)\—i-O(l)

where the error O(1) is bounded independently of A > 0. Using the fact that Z(co) has
moments of all orders smaller than % ([KRV17, Lemma 2.8]), we deduce that

YMA2(Q—a)  —Xe"MT(0)
I(00)7 @R K(e )T e ) ’I(O)

1
C < lim —F
772(0[) — )\i)r(r)l+ %(Q o Oé)

= E [Z(00) @]

—log A

10We only focus on d = 2; for d = 1 the same proof shows that C.,.1 coincides with the boundary unit
volume reflection coefficient, see [RV17, Section 4.3].
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4.A. Reflection coefficient of GMC

which is the desired upper bound. Now fix any T > 0, we have

yM 2(Q-w) —Ae"MZ(00)
((e )7 e ) ‘I(oo)

1
C,2(a) > lim ——F

T(L_r)> Qg

T A0+ %(Q —a) —log A
20— M
. 1 2(0-a) (e'yM) "/(Q 04)67)\67 Z(00)
— lim —E |Z 1
Jim, 2Q ) (00)7 ( “Tog {(M<T}

—E [Z(L-1) @]
Since T is arbitrary, we may send 7" — oo so that L_r — oo and obtain C,a(a) >

2
E [I (oo)?(Qfa)}. This matches our upper bound and is precisely the probabilistic defini-
tion of the Liouville reflection coefficient R(c) in [RV17, equation (1.10)].
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