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Abstract

This thesis develops techniques to extract the large- N behavior of N-fold multiple integrals. There
are two main motivations for developing such techniques. First, mulitple integrals can arise as
integral representations of special functions. Similar to the integral representation for the Euler’s I’
function, having powerful tools to extract information from these expressions, such as the regularity
of the function, asymptotic behaviors, or explicit expression for specific parameter values, is crucial.
Second, multiple integrals appear in statistical mechanics, such as partition functions of multi-
particle systems in the classical picture or as building blocks of correlation functions in a quantum
framework.

Techniques from large deviations theory, Riemann-Hilbert problems and the transport- based meth-
ods form the basic arsenal to access their asymptotic behavior. Currently, one of the rare model in
the existing literature that can be dealt with in a large generality, is the partition function of the
B-ensembles [APS01, [EMO03| BIOSH, BG13a, BG13bl [CGM15] which can be seen as the law of the
spectrum of certain random matrix models. The understanding of this model follows from more
than fifty years of extensive study and surprising links with various fields such as the enumeration
of maps [BIPZ78], random tilings [Joh02], integrable systems [GM22], statistics [PA14], or quantum
mechanics [GMGWO98] were discovered. However, there is interest in exploring generalization of
this model, and this is the main subject of this thesis.

This thesis focuses on two models that go beyond the classical S-ensembles. The first one concerns
the f-ensembles in the high temperature, viz when [ scales with N as § = P/N with P constant.
The major difference compared to the constant 5-case is that one has to account for entropic effects
due to the high temperature. These effects are due to the contributions of the Lebesgue integration
measure which is here of the same order in IV as the energy. The second model of interest is the so-
called sinh-model, introduced in [BGK16] to study the type of integrals introduced in [Luk01] which
are conjectured to be linked with some form factor in quantum field theory. This model involves a
hyperbolic Vandermonde determinant as well as an unscaled potential term, which makes certain
nice properties of the usual S-ensembles inaccessible. Additionally, for interesting applications in
physics, one has to deal with potentials which depend in IV in a more involved way, resulting in a
more sophisticated analysis.

This manuscript is divided into five parts::

e The first part of this thesis is an introduction to the field of multiple integrals analysis. It
describes links to special functions, classical and quantum integrable models and random ma-
trix theory. It also provides a brief overview of the various existing methods in the literature
as well as a presentation of the models that we consider in this thesis. A rec of each chapter
can be found at the end of this introduction.

e Based on [DGM23]E]7 this chapter establishes a central limit theorem for the linear statis-
tics of a (-ensemble in the high temperature regime. The result goes beyond the setting
of quadratic potentials considered earlier in the litterature [NTI8]. The proof is based on

The bold notation is used for the contributions of the author.



the inversion of the so-called master operator, which is done by establishing a link with a
Schrodinger operator. This result is a generalization of existing techniques developped for
the circular case [HL21] to a non-compact setting where more care is needed.

Based on [DG24], this chapter establishes the existence of an asymptotic expansion for the
partition function of the model studied in Chapter [I] for potentials given by the sum of a
quadratic potential and a bounded smooth function. The proof is based on the analysis of
the loop equations in the setting where the equilibrium measure is supported on the whole
real line. Our proof includes continuity results for the master operator, from which the large-
N behavior of the linear-satistics is deduced. To conclude about the partition function, a
continuity result for the equilibrium measure with respect to the potential dependance is also
shown.

Based on [DGK24], this chapter deals with the sinh-model. Working with a N-dependent
potential, the explicit form of the leading asymptotic for Lukyanov’s conjecture for the vacuum
expectation value of the exponential of the field operator of the quantum sinh-Gordon model
[LukO1] is argued. The conjecture is valid under the very natural hypothesis that a certain
remainder term is negligible. This chapter heavily relies on the explicit expression for the
equilibrium measure found in [BGK16], allowing for explicit computations.

The last part is a conclusion summarizing the content of this thesis. We also address some
natural questions following our results.

The appendices contain general facts about unbounded operators, large deviation principles,
and Riemann-Hilbert problems.
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Introduction
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wrecks your ability to think clearly. Iden-
tifying with a belief makes you feel like
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motivates you to focus your attention on
collecting evidence in its favor. Iden-
tity makes you reflexively reject arguments
that feel like attacks on you or the status
of your group.” Julia Galef
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I.1 Integral representations

I.1.1 The Birth of Integration theory

In the XVI-th and XVII-th century, significant work about integrals was independently achieved
by Leibniz and Newton, respectively, in their seminal books Nova Methodus pro Mazimis et Min-
imis and Philosophie Naturalis Principia Mathematica, see the excellent reviews [Edw12, [Ham16].
Since the mathematical rigor was not yet developped and the logical revolution of the XIX-XX-th
centuries had not yet occurred, the manipulations were very speculative and more philosophical in
nature. It is commonly accepted that, more or less at the same period, these two mathematicians
created the theory of calculus independently of each other. The advances of the XVII-th century
followed millennia of investigation into “quadmtureﬂ and tangent” problems by Greek, Chinese and
Arabic mathematicians.

Often in science, big discoveries and paradigms shifts arise from joint efforts. In the early XVII-
th century, Fermat manipulated quantities like derivatives, although he didn’t present it as an
important tool nor introduced a notation for it. Moreover, mathematicians like Torricelli and
Barrow, Newton’s teacher, understood the inverse relationship between tangents and quadrature,
or in modern terms, between differentiation and integration. Barrow, in his Geometrical Lectures
published in 1670, even explicitly stated a geometric theorem about this inverse relationship. It was
noticed at this time, from the works of Galileo, for example, that representing the velocity versus
time of a moving object on a graph allowed one to deduce the distance traveled by computing the
area under the curve. The contributions of Newton and Leibniz was not so much in their discovery
of the fundamental theorem of calculus, namely that:

f(x) — fla) = / o (1)

whatever these symbols mean, but rather by stressing the importance of these concepts and ex-
ploring the consequences of these formulas.

The techniques and discoveries of the XVII-th century were formalized by Riemann in 1854 in his
Habilitationsschrift, where he posed “What is one to understand by f; f(z)dz ?7. His formalization
employed the rigorous notion of limit and the so called e-6 techniques developed by Bolzano,
Weierstrass and Cauchy in the early XIX-th century. Riemann’s approach involved approximating

2The problem of the quadrature of a surface has to be understood as the attempt of computing its area. The
intuition behind it was almost always to divide the surface into small pieces for which the corresponding area could
be computed, with the hope that the total area could then be determined.
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the area under the curve using small rectangles. By successively choosing smaller and smaller
rectangles (thus taking the limit), he could determine the exact value of the area under the curve.

With the development, among many other fields, of thermodynamics with physicists like Gibbs
and Boltzmann and probability theory with the works by Gauss and Laplace, the integral became
a central object in both mathematics and physics. Riemann’s approach was quite successful in
providing a solid foundation for calculus, the use of Fourier series and more generally the ability
to integrate discontinuous functions.

In 1902, Lebesgue introduced a new theory of integration in his doctoral thesis. In his framework,
equation held for a broadelﬂ class of functions compared to Riemann’s framework. Although
Lebesgue’s theory was later extended to provide meaning to more integrals of functions, such as the
Henstock—Kurzweil integral and Pfeffer’s integral [SK11) [Pfe92], it became the standard method
for integrating functions. One reason for that is the convenience of the Lebesgue spaces and the
fact that most of the theorems can be shown easily in this framework. Its construction involves a
measure, which is the central object of measure theory, providing a solid foundation for probability
theory.

I.1.2 Integral representations

In Lebesgue’s theory, theorems which were already available in Riemann’s framework could be
demonstrated more easily. One example is the Arzela’s dominated convergence theorem [LuxT71].
Some of these theorems allow for the handling of functions in the form of parameter-dependent
integrals, namely,

b(z)
g:xr—>/( | f(x, t)dt. (2)

These theorems established that, under certain natural hypotheses on f, ¢ is a continuous/differentiable
function. The fundamental theorems of Lebesgue’s theory imply that when solving a differential
equation, one could, in principle, be satisfied with finding a solution of the form . This is be-
cause, assuming that f satisfies certain hypotheses, one could recover all the information obtained
from an explicit expression. Therefore, an expression can be considered ’explicit’ if one can extract

all the desired information from it. This information can include regularity properties, exact values

at certain parameter values, and asymptotic behavior.

Together with other tools, such as the Laplace’s method or its generalization the saddle-point
method [AF03|, Chapter 6], there is a sufficiently strong arsenal that one can use in many cases to
deal with one-dimensional integrals of the form

- [g F(z0)d¢

where % is a curve in the complex plane. For example, one is able to deduce the regularity of this
function assuming f is regular enough or its limit when z — zg, assuming the knowledge on the
same limit about f. Many of the so-called special functions admit expressions of such a form.

An example of a special function is the celebrated Euler’s Gamma function I', defined by
“+o0o
I'(z) (deh) / e 7 dt for R(z) > 0.
0

This defines a holomorphic function in the right half-plane. From this expression, one is able
to find limits, demonstrate smoothness properties and algebraic relations as well as compute I'’s

3 Although, Riemann-integrability on bounded intervals imply Lebesgue integrability, this is not the case for the
improper Riemann integral. However, one can argue that functions which are only Lebesgue integrable have a much
more general form than the improper Riemann integrable ones.
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values at specific points. The Gamma function belongs to a broad class of functions called higher
transcendental functions which generalizes the transcendental functions, such as exp or cos. The
latter are themselves generalizations of the simplest possible functions, namely the polynomials.
They constitute generalizations in the sense that to move from one class to a higher one, one
needs to take a limit (from polynomial functions to transcendental functions) or integrate (from
transcendental to higher transcendental functions) which also ammounts to take a limit. With
an extensive literature on the subject, the higher transcendental class is considered now very well
understood. The next natural step is then to try to understand the next class of special functions
i.e. the generalization of the previous class. A class of functions that generalizes the higher
transcendental functions is the so-called Painlevé class of functions.

In the early XX-th-century, Painlevé and his school studied second order nonlinear rational differ-
ential equations. Specifically, they focused on a subclass of these equations, namely those for which
the only singularities of the solutions depending on the initial data are poles. Painlevé and Gambier
showed that there exists only fifty equations of such a type. Furthermore, they demonstrated that
fourty-four of these equations could be reduced to the remaining six (or to trivial ones), yielding
the famous Painlevé equations I-VI. Their solutions, known as Painlevé transcendents play a sig-
nificant role in mathematical physics and many other areas today. The corresponding equations
can be seen as reductions of the so-called integrable partial differential equations (PDE) such as
the Korteweg-de Vries equation, the non-linear Schrodinger equation or the sine-Gordon equation
[FTKN23]. Their solutions also appear in random matrix theory in the so-called Gaussian Unitary
Ensemble, i.e. the probability distribution on Hermitian matrices proportional to:

exp (—Tr(H?))dH (3)

where dH ‘<" Hf\il dHi; [[1<;< j<n dRe(H;;)dIm(H;;) stands for the Lebesgue measure on RN x

CNWW-1)/2 the space of Hermitian matrices. For a random matrix sampled from this distribution,
the probability of finding no eigenvalues in an interval of the type [0, z] for = > 0, as the size N of
the matrix goes to infinity, is given by an expression of the form [PS97):

oo [0

where o is a solution of Painlevé V. This limiting probability can be represented by a Fredholm
determinant, i.e. the determinant of the operator id — K, acting on L?([0,z]) where Ksine,z
is the so-called Sine-kernel operator [BGKI6l (1.1.3)]. One may also obtain an expression for
the asymptotic distribution of the law of the fluctuations of the largest eigenvalue, known as
the Tracy-Widom law, of the cumulative distribution function F' [TW94]. F(z) is given by the
Fredholm determinant of id — Kajry , acting on L? (x, +00[) where Kairy,» is the so-called Airy-
kernel operator [BGK16) (1.1.4)]. This determinant can also be expressed in terms of a Painlevé
transcendent. Namely, we have,

+0o0
det (id — Kairy,z) = exp </ (x — t)u(t)2dt> (4)
xr
where u is a solution of Painlevé II. Painlevé transcendents also appear in other probabilistic inte-
grable models such as in the computation of the correlation functions in the 2D-Ising model [Bot18]
or in random growth processes [For03].

These functions allow for obtaining “explicit” expressions for sophisticated objects. However, these
quantities do not admit finite-order integral representations. They are generally expressed as series
whose n-th summand is given by a n-fold integral of a simple combination of simple transcendental
functions. To turn them into powerful mathematical tools, one must be able to extract all the
knowledge out of such representations.
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Although maps like z — det (id — K,) for a general z-dependent operator K, are in general hard
to study, there is a subclass of operators called integrable integral operators [IIKS90] for which it is
possible to extract a lot of information. These operators are integral operators whose kernels are
of the following form:

SN fa(©)ga(n)
E—n ’

N
kz(&??) = with Zfa(g)ga(g) =0.
a=1

For this class of operators, a strong link with the so-called Riemann-Hilbert theory exists, the basic
theory is described in Appendix |C| or in the reference [Deil9] where the link is described. This
connection has been explored in the literature in [Sak68, [JTMMS80), ITKS90].

Riemann-Hilbert theory includes powerful method and effective tools to investigate such operators,
such as the Deift-Zhou nonlinear steepest-descent method [DZ92] [DZ93] or the concept of local
parametrix [[ts81]. The Riemann-Hilbert theory is even able to handle the layer of Painlevé tran-
scendents. Indeed, the latter can be expressed as some function of a matrix entry of the solution
of a 2 x 2 matrix Riemann-Hilbert problem (RHP). With the present tools in this theory, one can
extract all the information about the Painlevé transcendents [FTKN23].

We have argued that there exist tools to study the various mentionned special functions. However,
a natural question arises “What is the next layer of special functions ?” Such a layer should be a
class of functions such that their asymptotic behavior is described in terms of the previous layer of
functions. For example, the asymptotic behavior the Painlevé II transcendent u appearing in ,
is given by u(x) ~ Ai(x) as x — 400 [BBDO§| where Ai stands for the Airy-function given on the

real line by:
e 1 +oo 3
Ai(z) (def) / oS <t3 + xt> dt.
0

To construct the next layers of special functions, one might be interested in studying representa-
tions of sophisticated algebraic structures. Indeed, it was first noticed by Bargmann in the 40’s
[Bard7] that classical special functions can arise as matrix elements of representations of elements
of certain Lie groups [KV95]. A simple example of such a link is given by specific representations
of the Euclidean group of the plane E(2), which consists of all the transformations that preserve
the Euclidean distance, namely translations and rotations. The elements of this group can be
parametrized by three real numbers r, 0, ¢ in the following manner:

(def) cosf —sinf rcosep
g(r,0,0) =’ | sinf cosf rsing | € E(2).
0 0 1

Moreover, there exists a specific representation T,, depending on a real parameter p, of E(2) on
L?(S), the space of square integrable functions on the unit sphere of the plane, that allows one to
express the Bessel function of the first kind J, as a matrix element. It arises as a solution of a
second order linear differential equation and can be defined for all integer n by

(déf) " eiz sin (—in g )

Jn(2) 2

—T

1 .
By taking the orthonormal basis of L?(S) composed of functions e, : z — ——¢"*, one can prove

V2T

that o
Jn—m(ﬂ"') _ em9+1(mfn)(90+§) <Tp[g(7“, 9, gp)]en, €m>L2(S) .
This picture also includes, the hypergeometric functions 2 Fy (a, b, ¢, z) (respectively the Gegenbauer

polynomials CT(LO‘) (z)) which arises as matrix elements of a representation of the special linear group
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SLs(C) (resp. the special orthogonal group SOn(R)) [KV95, Chapter 7 & 9]. Additionally, the
relationships between special functions, such as summation identities or addition formulas, stem
from this algebraic structure. Such formulas can arise from the fact that the representation verifies
the homorphism property or by writing a change of basis formula in the representation space. The
parameters labelling a special function often arise as the parameters labelling the representation or
a certain group element.

To consider a higher layer composed of more sophisticated functions, one can consider matrix
elements of algebraic structures more subtle than groups, namely the quantum groups [Dri86],
[[sa23]. Such structures appeared in the 80’s, in the study of quantum integrable systems and more
precisely in the context of the quantum inverse scattering method [Yan67, Bax72l, [STE79]. They
are not groups, but they can still be considered as encoding the symmetries of a physical system.

I.1.3 Large-N behavior of multiple N-fold integrals

This thesis aims at developing techniques to capture more information about certain special func-
tions that are given in terms of N-fold multiple integrals. More precisely, our goal in this thesis is
to extend the techniques allowing one to capture the large-IN behaviour of integrals of the generic
form:

N N
A _/N H kN(xi,xj).HwN(ac,-)dxi (5)
RN & .
i,j=1 =1

where ky is a N-dependent kernel and wy a weight making the integral convergent which may
also depend on N. These integrals arise in quantum integrable models as in Lukyanov’s conjecture
[Luk01] about the quantum sinh-Gordon model, see Section|[[.7|for more details. Indeed, by applying
the classical separation of variables method, it was conjectured that the vacuum expectation value
of the exponential of the field operator was given in terms of a ratio of integrals given under the
general form:

- sinh [wﬂ:ﬁi - x]|] sinh {w2|xi - x]q N
N5 = / .He_v(“:i)d:vi, w1, ws > 0.
R

N i<ici<n w1 w2 i=1
Above V is a function growing sufficiently fast at infinity. They can also be given as building blocks
of volumes appearing in asymptotic geometric analysis. In [KMP98| [GPQT7], the authors showed
that these integrals arise as building blocks of the volume of the unit ball of self-adjoint matrices
for the p-Schatten norm, p > 3. These integrals take the form:

N
— -|P
Z3cha =/ | | |f —x‘;\b. | | |25 Ce Nl gy, a,b,c > 0.
RN

1<i<j<N i=1

Such integrals also arise as normalizing constant in probabilistic models also known as partition
functions. This terminology is due to the statistical mechanics approach to study these models.
An example of such a model is the partition function of the law of the spectrum of certain ran-
dom matrices. The spectrum of a random matrix sampled from the Gaussian Unitary Ensemble,
introduced in , is given by the following p.d.f.

N

1.2
H |xi—a:j\2.He il N
1<i<j<N =1 GUE 2 |2
ZGUE , ZNT = . H |z — ;] .He il d;.
N RY 1<i<j<n i=1

Other examples of random matrix models give rise to similar expressions with different domains
(the real half-line, or a bounded interval) or potentials. Surprisingly, the double product can also



I2. A SIMPLE CASE USING LARGE DEVIATION TECHNIQUES 13

contain hyperbolic sines such as in (f]). In the work [CW14], the authors showed that the spectrum
of a Hermitian matrix sampled from the distribution proportional to

(def)

exp (—NTr (V(M) — AM))dM, with A diag (1/N,...,(N —=1)/N),

admits the following partition function:

N
ZI(\J,’W = /N H |z; — x| sinh |z; — ;] HefNV(‘“)da:i.
RY 1<i<j<n i=1

Finally, these integrals also appear in statistical mechanics, such as in the Coulomb gas setting
[Ser18]. This model represents confined electrically charged particles interacting with one another.
In this setting, the partition function is very important as it’s possible to recover the average of
observables from it and detect the presence of phases transitions.

There already exist techniques to extract the large N-behaviour designed for certain integral [EMO03,
BG13a, BG13b, BGKI5, ICGM15, BGK16, [CKM23| [Ser23] . Nonetheless, the general case remains
largely open. In order to make these integral representations really explicit, one needs to design
techniques to extract all the information from them. Before expliciting the considered type of
integrals in this thesis, we review some of the cases where one is able to grasp this information.
This review will allow us to give an overview of the existing methods such as large deviation
principles, Riemann-Hilbert techniques or the loop equations analysis.

I.2 A simple case using large deviation techniques

A simple case where one is able to capture the asymptotic behaviour of a N-fold integral is the
following case:

N N
TNV, W] (dif)/ [T ). T[e ™ an. (6)
RN ;521 i=1

with W a smooth bounded function and V' a function growing sufficiently fast at infinity so that
the integral converges. This integral can be seen as the partition function of a classical statistical
mechanics system with N particles on the real line, confined by a potential V' and interacting
through a two-body interaction W. Unless V' and W are chosen very specifically, one cannot
expect to compute explicitly the integral Jx[V, W]. However, one can ask the following question:
“Does there exist coefficients F»[V, W], Fy[V, W]... such that

log In [V, W] = N2Fy[V, W] + NF [V, W] + ..”

To show such an asymptotic expansion (AE), a probilistic point of view on Jy[V, W] is useful and
for this purpose, we define the following probability measure:

N
AP (M, ay) ) EL gy with Zy[v] ‘%) / L Oava,
R a=1

In the following, it will be useful to consider the empirical measure, namely, the random measure
given by

(def) 1 N
o~ €
N = N ;_1 (5)\1"
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In this picture, the particles \; are considered random variables whose joint law is IP’X,. The empirical
measure is an important quantity as it describes the density of particles for a given configuration
(A1,..., An). It is also useful as it can be seen that the following equation holds:

InlV, W) = In[VIEY [eV*Fwi] where Fiful 2 [ W(s.du()du(t). (1)

The first term in the RHS, Zy[V], can be easily managed, as by Fubini’s theorem, it can be recast

as N
INlV] = (/ e_NV()‘)d)\> :
R

This one-dimensional integral is of Laplace type hence the eponymous method allows one to capture
its leading asymptotic behaviour. Indeed, assuming that the function V is strictly convex and hence
attains its minimizer at a unique point g, an application of the Laplace method demonstrates that:

1 .
e log Zn[V] fendin min V = —V (o). (8)

The second term can be dealt with the theory of large deviation principles (LDP) which we recall
briefly here and in Appendix A sequence of probability measures (vy) on a Polish space S
satisfies a LDP if there exists a function I, called the rate function and a positive sequence vy
going to infinity, called the speed, such that:

1
VF' closed set of S, liminf — log v (F) > — inf I(z),
N UN el
1
VO open set of S, lim sup — log vn (O) < — inf I(x).
N UN €0

We stress, that the function I should be lower semi-continuous and positive. This definition can
be non-rigorously summarized as:

vy (A) ~ e7vnintal as N — oo,

which asserts the exponential decay of the probability of rare events (or large deviations from the
expected behavior at large N). We say in that case that a LDP(vy, ) holds. The advantage of
this theory is that it admits theorems allowing one to capture the large-N behaviour of terms like

IEX, [eN *Fw (v ]} when Fyy satisfies certain properties.

One can show, by the boundedness and continuity of W, that Fy is bounded and continuous
on M;(R), the space of probability measures on R, equipped with its weak topology. Further-
more, it can be proven without too much effort that the sequence of probability measures Py
on M; (Mi(R)), defined as the law of fiy seen as a probability measure-valued random variable
under PY;, satisfies LDP(N?, I/) for a certain rate function Iy. Therefore one is able, by applying
Varadhan’s lemma to deduce the following asymptotic behaviour

1

7 og B [V PWIN] o sup (R () — v (1)} (9)

N—o00 peEM; (R)

To rigorously show the following asymptotic behaviour, via @, and @:

1
OB INV.W] 5 sup () — Fr(a)} = Vo),
N—oo pEM1 (R)

it is necessary to prove that the law of iy indeed satisfies a LDP(N?, I1/). It might be tempting to
use the famous Sanov’s theorem for the law of the empirical measure of iid random variables but
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the N-dependence of each law prevents one from applying this theorem. This can be however done
by hand and it can be shown that for every u € M;(R):

(def)

foi) [ Viadua),

Computing, the limit of N~2log Jn[V, W] amounts to minimize the following quantity

/RV(x)du(x) B //R2 Wz, y)du(z)du(y).

Without specifying the functions of V and W, this functional is non-trivial to minimize with respect
to 1 hence doesn’t provide an easy computation of the limit limy_,oo N ~2log Jn[V, W]. However,
this allows at least to show the existence of the limit under reasonable assumptions on V' and W.

This machinery works for all integrals involving a two-body interaction which is bounded and
continuous. This class of integrals is well-understood and there exists techniques to deal with
them. However, one can also consider showing this type of result for more involved interactions
such as the singular ones, i.e. unbounded or discontinuous interaction W. These integrals are way
more difficult to handle as it requires a lot of effort to adapt the techniques. An instance of such
an integral is the partition function of the so-called F-ensembles.

1.3 The [-ensembles

The partition function of the so-called §5-ensembles given by:

N N
2By / PP, AN AN, with p%2(\,..., Ay) ‘%) | RSN
i<j i=1
(10)
Above V is a confining potential growing fast enough at infinity, i.e. faster than logarithmically,
making this integral convergent.

The integral ZJ(\é) [V] is equal to Jn|[V, W] with W (x,y) (def) Blog|r — y|1y<y. This function is not
bounded and thus the function Fyy, introduced in is not bounded either. Indeed, one can see it
by showing that the sequence (Fw (U([0, N_l])))N, where U([0, N~1]) is the uniform measure on
[0, N1, is not bounded. Indeed,

8 // 1oz~ ylau (0. N @0, N (y) = 25+ D1ogN — 4oo

This argument shows that Varadhan’s lemma cannot be applied. One must then use new tools in
order to capture the asymptotic behavior of Z](\é) V].

I[.3.1 Definition and links to random matrix theory

The probability measure associated to this partition function is the so-called S-ensembles, given
by:
V.3 (def) v A
dPN (Al,...,)\N) = PN (Al,...’AN)T. (11)
Zy'vI
Excellent reviews about this probabilistic model are available in [Meh04, DG09, [AGZ10al, [Forl0,
PS11l,  BGK16, FGRV16, [Guil9].The probability measure P%’B arose historically as the joint-law of

the eigenvalues of certain N x N random matrices. Indeed for 8 = 1,2,4 and V (z) = Bz?/4, ]P’]‘(;ﬁ ,
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called the Gaussian -ensemble (GSE) arises as the joint-law of the eigenvalues of the following
random matrix

_A+1A
-5

N
. 1 ..
Wlth (Al,J)lflyjﬁN gv ® NF(Oa1)7 VZ,] € [[17N]]
Z»]:]‘

Above, =1 (resp. 2, resp. 4),  denotes the real transpose (resp. complex conjugate transpose,
resp. quaternionic conjugate transpose), F denotes the field R (resp. C, resp. H). These matrix
ensembles are called respectively the Gaussian Orthogonal Ensemble (GOE), Gaussian Unitary
Ensemble (GUE) and Gaussian Symplectic Ensemble (GSE). The names of these ensembles refer to
the fact that the law of a random matrix sampled from this ensemble is invariant under deterministic

conjugaison by an element of this group. Namely, for the GOE it reads: M Y OT M O, for all
0 €Oy (R)

To establish the explicit form for the law of the spectrum, the idea, see [AGZI10al, Theorem 2.5.2],
is to check that such a random matrix M decomposes into TUDU where U is orthogonal (resp.
hermitian, resp. symplectic) when § = 1 (resp. 2, resp. 4) and D real diagonal. Heuristically,
a random matrix in this ensemble can thus be identified with its preimage with respect to the
“bijective”lﬂ map (U, D) — M. By a change of variables, since U can be, at least heuristically,
parametrized by SN (N — 1)/2 parameters, one can show that the Jacobian must a polynomial in
the eigenvalues. Furthermore, by degree considerations and the fact that this map fails to be a
bijection as soon as D;; = Dj; for i # j, the Jacobian must be proportionnal to |A(Ag, ..., )P,
where A(A1,...,A\y) is the Vandermonde determinant associated with the numbers (A1, ..., Anx).
Integrating with respect to U yields the form of ]P%B .

These three ensembles correspond, when interpreting real symmetric (resp. complex hermitian,
resp. quaternionic self-dual) matrices as hamiltonian operators, to three types of quantum systems.
In 1962, Dyson [Dys62] in a very important paper established a link between the GOE (resp. GUE,
resp. GSE) and systems presenting time and spin-reversal symmetry (resp. with no time reversal
symmetry, resp. with time-reversal symmetry) [Haa0l]. There exists nine others type of random
matrices modeling quantum systems with symmetries [Iva02]. In this picture, S seems to play the
role of the dimension over the field of the reals and it has been an important question whether or
not the S-ensemble arises as the law of the spectrum of certain interesting random matrix models
for general 8 > 0 and more general V', see [Edel0).

In an important work [DE02a], Dumitriu and Edelman managed to find a tridiagonal matrix
ensemble with independent coefficients (up to symmetry). Namely, by exploiting the fact that
for 6 = 1,2,4, the law of the matrix was invariant under conjugation by certain group elements,
they managed to exhibit an explicit random matrix Mg, with independent entries up to symmetry,
whose spectrum follows the distribution of the S-ensembles. The law of Mp is given by:

N(0,2)  xgv-1) 0 o

xgv-1) N(0,2)  xpv-2) 0
My = — 0 _ . R 12
8= XB(N—2) | (12)

- XB
X N(Oa 2)

with the x, distribution defined by the following p.d.f.

1—a/2
(d:ef) 2 xa—l —x2/2
[(a/2)

fxa (@)

4This map is clearly not bijective since M can have eigenvalues with multiplicities and U is not unique. However,
this map can be made bijective by throwing away hermitian matrices forming a set of null Lebesgue measure, i.e. by
restricting to matrices with distinct eigenvalues.
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and where all the coefficients are independent up to the symmetry. This representation makes
sense for all 8 > 0 and the spectrum of Mg follows the GSE. This tridiagonal representation was
later generalized to polynomial potentials, as discussed in [KRV16]. Although the coefficients are
no longer independent, the matrix does exhibit a kind of Markov field property.

The S-ensemble for = 2 and quadratic potential can also be seen as the law of the ground state
of a system composed of N free fermions confined in a quadratic potential [DLDMSI15]. There
also exist some discrete version of the S-ensemble which arise in the context of lozenge tilings of
hexagons [Guil9)].

Finally, explicit expressions exist for the law of the spectrum of other random matrix models,
such as the Laguerre-ensemble or the Jacobi ensemble. These expressions are quite similar in the
sense that they also contain a Vandermonde and a confining term. The main difference lies in the
domain of integration, which must be changed to [0, +o00] for the Laguerre-ensemble and [0, 1] for
the Jacobi-ensemble. In the first case, one usually chooses a potential which present a singularity
at 0 such as V(z) = —alog |x| + |z| for o > 0.

Having introduced the $-ensembles and shown several links it has with many other models, we now
review the existing techniques to obtain the asymptotic behavior of its partition function Z](\'?) V].

I.3.2 Large deviation principle and leading order for Z](f) V]

The [-ensembles can be viewed as an interacting particle system, or more precisely a log-gas with
N particles subject to a confining potential V', which prevents them from escaping to infinity. It
also involves a 2-body repulsive (singular) interaction that makes more likely for these particles to
be well-spaced. With this point of view, IP%'B introduced in , can be interpreted as a Gibbs
measure at inverse temperature 5 > 0:

PR (M, ) = PN )

with Hamiltonian H given by, when the A; are distinct,

def
W) [ Vinte) =[] togle sty
Yy

Here, the empirical measure is defined as fiy = N ! Zi\il 0y,- This object encodes the macroscopic

behavior of the system and provides important information about p]‘\/,’ﬁ and Z](\,ﬁ) [V] since HY; solely

depends on fy. It is known since Wigner [Wig55] that, when V' is quadratic, fiy converges to

d f)
the semi-circle law g, given by dpug(x ) = \/ — 221 [_g 9)(2)dz. Moreover, the convergence of

the empirical measure of the S-ensembles for general 1% has been obtained via the LDP theory, see
[AGZ10al, Theorem 2.6.1] for a recent proof.

Theorem 1.3.1 ([BAG97]) The family of random measures (in)n>1 satisfies, in M1(R) equipped
with the weak topology, a LDP(N?, I‘ﬁ/) with strictly convex, good rate function Ie given by

(def)

I () "= Evplp) — inf  Evp(v).

veMi(R)

The functional Ev g is given for all p € Mi(R) by

(1) (def) //R2 (V(;:) + V;y) - glog |z — y!) dp(x)dp(y). (13)

5This double integral can be seen as the one fold-integral of the log of the characteristic polynomial of the
“associated” random matrix against iy .
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def
The unique minimizer is attained at a Lebesgue absolutely continuous probability measure dpy,g(z) (def)

pv.g(z)dx. It is called the equilibrium measure and is characterized by the following Euler-Lagrange
equations:

> Cyg outside supp py,g

(14)
=Cyg pv,3 — as

Viz)— B /R log |z — yldpy,(y) {

pv,g is compactly supported. Finally, under IP%B, LN converges weakly towards py,g almost surely
and the free energy reads

. 1
lim 5 log Zi[V] = - / V(@)dpy,p(x) + B // log |z — yldpv,s(x)duv,s(y).  (15)
— 00 R R2

Several comments need to be made about this theorem. First, for all 5 > 0 and V quadratic, one
recovers the semi-circle distribution

dx

B

Though, only in few other cases, is the equilibrium measure explicitly known such as the potential
V(x) = 2" and 8 = 2 [Dei99, Section 6] in which the equilibrium measure reads:

n—1 i
Yy 20 -1
pva(z) = ; a? — 22 [ 2*" 72 ¢ Z g2 2% H 5 1_q,q(7)dz, (16)
j=1 =1

with explicit endpoints given by:

_ 1
(def) -1\ "

=1

Another case where the equilibrium density is explicit is for the potential V (x) = ’25—3— %$3+%$2+%x

and § = 1, [CKI10, Example 1.2] where py; is given by

pva(e) = 1o+ 2)Y2(2 — 21y (0). (18)
In this example, one can see that the density py,; doesn’t vanish like a square-root at the endpoint 2.
In general, one usually resorts a one-dimensional integral representation for uy g which is obtained
by solving a scalar RHP [Dei99) Section 6] which we will detail below. Also, note that uy g plays
a significant role in the analysis of orthogonal polynomials by Riemann-Hilbert and the non-linear
steepest descent method, see the previous reference for a review and Subsection[[.3.4] The properties
have been extensively studied [Lan72, DKMO98, [ST13].

Secondly, from the Euler-Lagrange characterization , one can deduce that, if V' is analytic, uyg
is supported on a finite union of segments (J; [a;, ] with m > 1 and —oo < a1 < by < ag < --- <
by, < +oo [DKMO9S8, Theorem 1.38]. The case m = 1 is called the one-cut regime while the case
m > 1 is called the multi-cut regime. Strict convexity and smoothness hypotheses on V ensures
that m = 1 [Joh98, Prop 3.1], but there is no clear characterization of all potentials leading to the
one-cut regime. Furthermore, it might happen that for a point zg € supp py,g, the p.d.f. of py g
might vanish like (z — )% for an integer k. When this situation occurs, we say that we are in the
critical case. An instance of this class is py,3 when V = ‘%4 — 22. Indeed, the equilibrium measure
admits the following expression, see [CK0G]

1
dpyg(x) = %\/ |z —2|.|z + 2’.2721[_2,2](1‘)(1.1‘.
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For general V', one may obtain an integral representation or the equilibrium density py, g by solving
a scalar RHP. Indeed, assuming the one-cut regime, one differentiates the Euler-Lagrange equation

to get:

Yovpy)dy (def) 1 * pv,a(y)dy
]{L Vxﬁj = Vi(z) vz & [a,b], F(z) = (z—a)l/Q(Z—b)l/z/a Vzﬁ_y . (19)

where { denotes the Cauchy principal value with the choice of the principal branch of the logarithm.
It follows from a direct computation that, for all = € [a, b]:

pvs(e) and F.(z)—F_(z)= —AV'(z) .

Fi(x F_(x) =27
N (T [T e

Above F denotes the boundary value of F' from the + side and is defined by:
Fu(x) < lim F(2),
z€+ side non—tangentially

where the + side is defined as the . Since F' decays sufficiently fast at infinity, F'(z) verifies for all

z€C\a,0],
b /
d 2
Fe) = [ 5t LA N—
o 27 (2 =y)y/(0—y)(y —a)
Thus, one finally obtains the following expression for py g:

b —z)(x —a)V’
prale) = f LEZDEZO VW) Ay (20)

(b=y)(y—a)y—s2m*

Thirdly, it seems that the expression obtained in for the rate function is very similar to the
one associated with the integral Jn[V, W] for a bounded continuous 2-body interaction W. The
fact that the logarithmic interaction is singular, and more precisely that

pe Mi(R) — //R2 log |z — yldu(x)du(y)

fails to be a bounded continuous function, implies that Varadhan’s lemma doesn’t apply. The main
achievement of the proof was to overcome this singularity.

LDP techniques allow one to capture the leading behavior of log Z](Vﬁ) [V] when N goes to infinity,

but to go beyond this leading order, one must use more involved techniques such as the study of
the fluctuations of the eigenvalues.

I.3.3 Fluctuations and subleading order for Z](VB) V]

Once one knows about the limiting behavior of jiy, one is interested in the fluctuations around this
limit, namely whether a central limit theorem (CLT) for linear statistics holds. More precisely, a
result of this type has been proven first, for 5 = 2 and polynomial V' (of even degree and positive
leading coefficient) in [Joh9§],

N [ F@d Gy~ ) (@) 25 (). 0(0)) 1)
R N—o00

for m(f),o(f) € R and f smooth such that f and f’ don’t grow too fast at infinity. It was later

generalized to all 8 and a large class of V in [BGI13a] and to more general settings in [BGI13D),

Shcl3l BLS18, [LLW19]. It was proven that the size of these fluctuations does not change when

changing S and V. However, the size of fluctuations has been shown to be very dependent of the
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regularity of the test-function. Indeed for indicator functions f = 1,4, which are very singular,
[Kil07, BMP22] show that the fluctuations are again Gaussian but of size v/log N/N. Mesoscopic
CLT’s i.e. results of the type:

N/Rf (x xo) d(ﬁN a MVﬁ) (x> N%O '/\/’(Tn(f>7 02(f>>7 UN N—)—>oo 0 NUN ~>—><>0 +oo

where f is a compactly supported function have also been shown in [BL18| Lam2Tal [Pei24]. One can
choose vy = N~ where o € (0, 1) for example. CLT’s for individual particles at an intermediate
distance from the edge, i.e. for the k-th particle Ay with k = k(N) — 400 as N — +oo, were
shown in [Gus05, BEY14a, [BMP22]. These results show that the fluctuations of this k-th particle
around the k-th quantile 7 of uy g, defined by:

Yk k
dpy,g(z) = N

—00

are of typical size v/log N/N.

These results can be seen as a second order asymptotic expansion (AE) for the partition function
in the sense that one usually shows by proving the convergence of Laplace transforms. In the
following, we denote by H*(O), the s-th Sobolev subspace of functions supported on an open set
O C R™, defined by which belongs to:

df
e (R™) D Ly e 2R™), ]l grsmmy < +00}

where
(def)

a0 ) 1R )

Above, ||.||2 denotes the Euclidean norm on R™. Then we are able to state the following celebrated
theorem in random matrix theory:

Theorem 1.3.2 ([Joh98]) Forh € H*™(O) where O C R is some open neighborhood of supp 2,
a >0, such that |h(x)| = O(V(x)) at infinity and |h'(z)| < q(z) for some polynomial q, there exists
a quadratic form o2 such that the following holds:

log]EVB [ PARYICY )} N N/ x)dpy,g(x) + (Z — 1> /Rh(:c)duvﬁ(x) +0%(h) +o(1). (22)

The quadratic form o?(h) can be written as:

e_ _ _ /
(def) /dth/\/ s)(s—a)h(

O‘ e
2123 —a )(b—1t) t

and admits a form of 1/2-Sobolev norm type given by:

+oo
1 efy 2 [T —
- ; 6 2a,(h)]2, with  ap(h) ﬂ/o h (“ ; bLb S cos 9) cos kOdo.
(23)
The signed measure vy,g is given by for 3 =2 and quadratic V' by
(def) 1 1[_2,2}
dv,2 o(x) (5 +d2) — dx. (24)

V4 — 22
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Furthermore, there exists established expansions for the partition function associated to the quadratic
def
potential Vi (z) (del) 22/2, log Z](\?) [Viz], namely the Mehta’s formula [Meh04, Formula 17.6.7] which

expresses Z]((?) [V] as a Selberg integral. It reads

fir(4)

21Vl = (e N BrDEL L
r(1+3)

From there, one can obtain the following asymptotic expansion:

10gZ§f)[Vg] N {glog (g) — %}N2 + gNlogN—i— {(% + g) log (%) + log(27) — log <1—|— g)}N

1,0, 2 ), log(2n)
+12{3+2+ﬂ}logN+81X(O,ﬂ,1)+ 5
Above, the function x (s, z1,22) is a special case of the general Barnes ¢ function which is the

meromorphic continuation (with respect to s) of the function defined for Re(s) > 2 by the formula

(25)

+o(1). (26)

def 1
X (8,21, 22) & > (27)

(n1,n2)€N2\{(0,0)} (n121 + naz2)

From and , one can deduce the AE of the partition function for modified potentials
Vi(x) = 22/2 + N~ 1h(x):

log Z\) V3] e log ZP[Ve] + N /R h(z)dpy, 5(z) + <; - 1> /R h(z)dpy, 5(z) + o> (h) + o(1).

While the picture in the one-cut case is simple, it is much more subtle in the multi-cut case.
Indeed, it is possible in that case that the fluctuations are not Gaussian as it was noticed in
[Pas06, [Shclll [Sheld, BG13b]. Indeed in the multi-cut case, one should add a bounded oscillatory
term in N to the above equation.

CLTs allow one to go beyond the leading order behavior of the partition function. One can wonder
if it possible to access its AE even beyond that ? We review some of the existing methods. We
first start with the 8 = 2 case and the orthogonal polynomials method.

I.3.4 The asymptotic expansion of the partition function at § =2

The case 8 = 2 for the partition function Z](VB) [V] enjoys a particular expression. Indeed, in

this case, the corresponding S-ensemble enjoys a so-called determinantal property, i.e. its n-th
correlation function p(z1,...,zy) is given by a n x n determinant det [K(z;,z;)]. Similarly, the

partition function Z](\?) [V] can be recast in terms of the following monic orthogonal polynomials
(7)) defined as follows:

i (x) =2 + ... and Yk, 1 (i) (deh) / (@) (@)e NV @y = 2
R

With these definitions, the partition function Z](\?) [V] admits the following expression:

1<i,j<N t

N-1
L —1
ZPW] =Nl det /Rx’*ﬂ—le(w)dx_N! [ ] (7(N)> : wy(x) e NV@ - (28)
=0
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In principle, this relation just transports the difficulty of extracting the asymptotics of Z](\?) V]

(),

towards the one of computing the v, ’’s. The idea is that these orthogonal polynomials are

integrable, meaning that, in principle, every question about their asymptotics can be answered.
The existence of an asymptotic expansion for potentials leading to one-cut equilibrium measures
have been obtained in [EMO03] and [BI05a] as well as for the two-cut case [CGM15]. In a recent

work [CKM23], this AE has been obtained for singular potentials, i.e., for log Z](\?) [|z]7], with v > 0,
up to o(1). This analysis relies on the following RHP [FIK92].
Theorem 1.3.3 The following 2 x 2 RHP:

e V=YMecO(C\R).

e YV admits continuous £ boundary-value Y+ on R.

o Forallz €R, Y, (z)=Y_(z) ((1] le(m)>

-1 ZN 0
¢ V(z) = (L +0(z7")) 0 N
admits a unique solution Y which is given by

N N
(def) iy (2) Cr [WNU’N} (2)
Vz € C, y(N) z) = ) ) .
(2) —217TVJ(V]\£)1W]]\\,[_1(Z) —217r’yJ(V]\QICR (TN _1wn] (2)

We recall that the boundary values of a function haave been defined in (C.1)) and we refer to
Appendix [C] for basic definitions about RHPs.

This very important result allows one to use the vast literature of RHPs to extract the large N

behavior of the coeflicients ’y(N). The main tool for this procedure is the so-called Deift-Zhou

)

non-linear steepest descent method [DZ92, [DZ93|, see [DLW96l, [Dei99] for reviews. It consists of
performing invertible transformations from the unique solution ) of the above RHP

until the RHP for R is such that the jump matrix is close to the identity. This implies that its
solution is asymptotically close to the identity. Before explaining the different transformations
occurring in this method, we make the assumption that V' is an analytic potential leading to the
one-cut regime. This implies that the equilibrium density py,2, supported on [a, b] can be continued
analytically in a complex neighborhood of its support.

The first transformation is explicitly given by

Cy,2
2

[S) % 5 €
T(z) D N F2osy (o)eNoIos =N Ty os, g(z) / log(z — t)duya(t), Tm(z) # 0.
R

with

The function 7T solves the following RHP
e 7T cO(C\R).
e 7 admits continuous + boundary-value 71 on R.

e Forall z € R, T (z) = T-(x)G7(x) with

(@ef) [(eN-@)—g+@)  N(9-()+g+ (2)—V(@)+Cav)
0 N9 (@) g+ ()
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e 7T(2) :I2+O(z_1) as 2 — oo.

This transformation has the effect of normalizing the first RHP. Indeed, one gets T (z) = Io+0(z7!)
at infinity as an asymptotic condition for 7. Furthermore, one can notice that G5 admits the
following factorization:

Gr(z) = e Vo=@ G é) Ve (@)os with p(z) ‘< iW/ dpv2(C)-

One can show that g4 (z) —g—(x) = 2¢(x) for all z € (a,b). This leads to the second step. One uses
the unique solution 7 to construct the unique solution S of a new RHP with a modified contour
Ys given in Figure [}

o S€O(C\Xy).

e S admits continuous £+ boundary-value S4 on Xs (the + (resp. — ) side is always on the left
(resp. right) side as one traverses the contour).

o S.(z) =8_(2)Gs(z) for all z € ¥s where G is given in Figure

e S(z)=I+0(z71) as z — oo.
1 6_2NSD(Z)
b

/

0 1

-1 0
Figure I.1: Piecewise definition of the jump matrix Gs on the contour ¥s. Note that the specific
shape of Yg is not important.

Without entering into too many details, one can show that the function

z €Crrgy(z) - g-(2),

appearing in , is purely imaginary on [a, b] and of real part positive above (a,b) and negative
below. Thus G contains rapidly oscillating terms on [a, b]. The transformation 7 ~~ S transforms
these oscillatory terms into exponentially fast decaying terms. This allows one to deal with a RHP
whose jump matrix satisfies

-1 0

I otherwise.

Gs(z) — ox(z) ‘< (0 1) if z¢€[a,b],

N—oo

Thus when N goes to infinity, one can expect that the solution S converges to the unique solution
S of the below RHP:

o 5% € O(C\[a,b)),
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o §¥(2) =8%(2) <_01 (1)> for all z € [a, b),

e S¥(2) =L +0(27!) as z — 0.

Indeed, since the jump matrix of S, Gs converges pointwise towards the identity oustide of [a, b],
we expect that the other jumps will disappear. This RHP can be explicitly solved (it is done by
diagonalizing G¥) but proving that S —> S (for some appropriate norms) is delicate. When

two jump matrices G, G, correspondlng to two RHP on some contour of the complex plane X,
are such that [|G1 — GallL2(n)nree () e 0, then the corresponding solutions X7, X5 also satisfy
—00

X1 — Xallz2(s) e 0 [Dei99, Corollary 7.108]. The problem arises near the endpoints a and b,
—00

where G's may not converge uniformly to G3°.

To overcome this issue, one has to perform a last transformation S ~» R by constructing a so-called
local parametriz Spay which is a the solution of a RHP on a contour ¥s,,,. The construction of this
2 x 2 matrix-valued function is quite sophisticated so we do not recall it here. Nonetheless, its role

is to solve explicitly the previous RHP in the neighborhoods of the endpoints a and b such that

(def)

after setting R SSpalr, one can show that U is a holomorphic function on ¥, with jumps

given by a matrix Gr. One can finally show that |Gr — laf|eo(s spar) o 0. This allows one
ar —00

to solve uniquely the RHP for R and by performing the inverse transformations one gets [Dei99,
Theorem 7.171]:
Theorem 1.3.4 It holds that T (z) = (I2 + 0(1))Sso(2) uniformly for |Im(z)| > €.

This theorem is sufficient to determine the asymptotic behavior of 7;’s and concludes about the AE
of Z](\?) [V]. Applying this method, the authors of [EMO03] obtained the following AE for polynomials
potentials of the form V (., t1,...,t,) : A= A2/2+ 30 AL

ZOW (i, .t M
N~%log N@[ SLISEID) . D er(ty, .o tn) N72F 4 O(NT2M2), (30)
ZN'[V(.,0,...,0)]
def
This expansion holds for all M > 0. The numbers ex(t1,...,t,) are analytic functions of ¢ (def)
(t1,...,tn) and possess a combinatorial interpretation. There exists a connection between asymp-

totics of multiple integrals, such as the partition function ZJ(\?) [V] and the enumeration of maps.
As argued in [BIPZ78, Boulll [ET16], there is a link between the so-called formal matriz integrals
and generating functions of maps. This statement can be seen at the level of equation by the
following result:

Theorem 1.3.5 The numbers ey(t) appearing in (30) admit the following expression:

er(t) = Z Kp(mi,...,my) H (_tl)mz

(m1,...,mp)E(N*)" =1

The coefficient ki(mi, ..., my) is the number of k-maps with m; j-valent vertices for j € [1,n].

A map is a combinatorial object that can be defined as a graph embedded in a Riemann surface
so that: (i) the images of the edges do not intersect, and (i) the connected components of the
embedding are simply connected. A k-map is then a map embedded in a surface of genus k.

This connection was first observed by the seminal works [BIPZ78| tH93]. The previous theorem
can be seen as a motivation for computing the AE of certain integrals, as one may recover some
combinatorial species in the coefficients.

After having addressed the special case 8 = 2, we conclude this section by summarizing several
results about the S-ensembles. This will lead us to consider generalizations of this model.
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I.3.5 Universality

The concept of universality refers to the phenomenon observed experimentally that there are fea-
tures of many physical systems that do not depend on the details of such systems. An example of
universality is that a large class of systems exhibit the same so-called critical exponents at phase
transitions points. This observation also holds mathematically in many random models, where they
tend to exhibit the same limiting behavior as their complexity (often represented by a size param-
eter N) tends to infinity. Remarkably, this limiting behavior appears to depend very little on the
initial parameters of the model [Dei06]. Classic examples of this phenomenon include the famous
law of large numbers and the central limit theorem for independent variables. The emergence of the
Tracy-Widom law in systems with high correlation, such as the six-vertex model, the S-ensembles,
or the random growth models, can also be interpreted as instances of universality [BG16].

The renormalization group theory a la Wilson provides a mathematical explanation for this phe-
nomenon [LL75, [CCEF10, [Ott23]. In this framework, the limiting behavior arises as an attractive
fixed point of the renormalization operator. This operator coarse-grains the system as its complex-
ity increases, bringing the system closer to this attractor.

In the realm of random matrix theory, universality results are well-established. While Wigner’s
theorem serves as the most evident illustration, universal features also emerge when investigating
the local behavior of eigenvalues.

It has been proven that the local statistics within the bulk of S-ensembles converge towards the
so-called Sinef process, initially demonstrated for Gaussian S-ensembles [VV(9]. Analogous results
can be found in the literature concerning the two-dimensional Coulomb case, such as the Ginibre
point process [BS09], and the Riesz-f process in Riesz gases [Bou22].

For B-ensembles, this result is considered universal as it ultimately does not depend on the choice
of the potential, as shown in [BEY12l BEY14b]. Other universality results have been shown
using orthogonal polynomials in [PS97, [Wid99, [BI99, DKM™T99a, DKM™99b, [DGKV07, DGO7D),
PS08, [Shcll]. Instead, it solely depends on the inverse temperature §. This universality class
even encompasses general interactions that exhibit logarithmic local behavior, as demonstrated
in [Venl3]. Thus, one may wonder what happens when modifying the model more substantially,
specifically the N-dependence of the temperature, the interaction, or scaling of the potential. These
issues will be addressed in Sections [L5 and [L7

In Section we will remove the scaling of the potential and make S N-dependent such that N3
is constant. In Section we will use a different interaction and eliminate the scaling by N of
the potential. This involves relinquishing certain convenient properties inherent in the 8-ensembles
that enable the analysis. Despite the significant implications of these changes, we expect that most
of the results and heuristics in the S-ensembles will remain valid. However, proving these results
will require addressing a substantial technical gap arising from these modifications.

Having addressed the special case § = 2 for the AE of log ZJ(\/?) [V], we now give details about

a general method for deriving the complete AE (up to any finite order N—*) for Z](\?) [V]. This
method, called the loop equations analysis, will play a significant role in this thesis.

I.4 The asympotic expansion of ZJ(\?) [V] by the loop equations anal-
ysis
I[.4.1 Overview of the method

For the general case, let V' be a general potential, Vit be a reference potential such that the large-
N behavior of Z](VB) [Vief] is known (the quadratic potential is a good example because of Mehta’s
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formula (25)), and define

VY 4 (1= Ve, vi € [0,1], (31)

then one has
(8) 1 1
ZNV ~
log (JBV)iH — / Oy log 2\ [Vi]dt = —N* / E [ / (V(x)—Vref(:U))duN(:B)} dt.  (32)
ZN [Viet] 0 0 R

This equation links the partition function with the linear statistics i.e. expressions given, for an
integer n > 1 and a smooth function f, by

<fn>g/ﬁN (déf) E% [/R fn(xla e 7xn)d®nﬁN(xla e 7«%1)] . (33)

The computation allows one, in principle, to deduce the large-N behavior of the partition
function from an integration of the asymptotics linear statistics. Suppose one has:

5 calt)
W Ve, =34 0 (v,
a=0

K

dy -
log 2 [Vier] = aN? + bNlog N + ¢N + dlog N + > =+ 0 (N <K+1>) ,
a=0

one might hope to obtain the N~! expansion for N2 log Zj(f) [V] in the form:

1 1
log ZP V] = <a—/ co(t)dt) N?+bNlog N + <c—/ cl(t)dt> N +dlog N
0 0

1
K da—/ Caro(t)dt
+y p o2t +O<N’(K+1)). (34)
a=0 Ne

Since the asymptotics of log Z](Vﬂ) [Viet] can be obtained by dealing only with properties of the I'

function by , the main step in this procedure is to obtain the asymptotics of (V' — %ef>;fN and
make the integration step rigorous.

To obtain the AE of the linear-satistic (V — ‘/ref>l¥tN, one relies on a technique called the analysis
of the loop or Schwinger-Dyson equations. It consists of a tower of equations indexed by n € N*
which makes it possible to extract the large-IN behavior of the linear statistics. These equations
can be proven by integration by parts or by using the fact that Z](\f) [V] is invariant under change

of variables. The first one takes the following form:

B p—2 . (def) f(2) = f(y)
This first loop equation links the 2-linear statistic (D[f]);, gp, With 1-linear statistics. Taking the
formal limit of as N — oo, one obtains the following equation:

5 L P @) = [ V@)@ (36)
R2 R

This equation can be derived rigorously, by differentiating the Euler-Lagrange equation and
then integrating against f(z)dpy g(z). To explain the mechanism behind extracting the large-INV
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asymptotic of the linear statistics out of the loop equations, we need to recenter (35 using (36)).

Explicitly, by using the recentred measure Ly (def) N — py,g one obtains:
8 1-5/2 1-B8/2
KUy + DU cyocn + ol F ey = 22 (1, (37)

Above, the operator I is called the master-operator and is defined by:
(def) x)—
ki@ s [ AW g0 - v s (38)

This operator is well-known to appear in this context, see [BG13al [BG13bl [Shcl3l BLS1§|. Inverting
this operator and obtaining sufficiently good controls on it with respect to appropriate norms are
the technical requirements for analyzing the loop equations. This was achieved in [BEG15| relying
on techniques developed in [Tri85] and we will present the idea to demonstrate its inversion. Once
it is inverted, equation can be recast as:

Ny = 2N Wy~ 2 KM ey — S (DK M) pyarn - (39)

For the following, it is also useful to state the m-th loop equation. For that, we need several
notations, let f,, a function of n variables then we set:

K Ul ) S KT [z 2] (20),
Dl[fn](xh ey :En+1) (déf) D [fn(wx?n ) $n+1)] (:Blﬁ $2)
o) [frl(x1,. .. 2n—1) (deh) fo(x1, o Ta1,21,%ay -, Tp—1) (40)

With the operators defined previously, we can state the n-th loop equation for a bounded smooth
function f, of n > 1 variables:

_ LS g@ogrt By ok 1B o
<fn>g§>£1v a N2 ; <6 Kl [aafnbnélﬁN—i_Q <D1 Kl [fn]>n(§lﬁ1v+ N <81K:1 [fn]>HV,ﬁn(§1£N
1 < 1—
#3309 KT Al ocny + IR OT R, - (01

a=2

One of the main feature of the above equation is that it relates n-linear statistics with n+1, n —1
and n—2 linear statistics. An other point is that the inverse of the master operator appears in every
linear statistics of the RHS. But, the method of the loop equations analysis consists in estimating
every term of the RHS. To identify if a term is, with respect to a fixed order O(N~K), either a
remainder or a contribution, one needs a bound on the linear-statistics called an a priori bound.

1.4.2 The a priori bound
This bound takes the following form:

C
Nz~
where C' > 0 is a positive constant indedpendent of f,, and where the W°-norm and the regular-
ization Ry, k > 0, are defined by:

[{fadp, 1S IRl fnlllwge @n), (42)

(def)

i (def) —kV (24
lgllwzeee) =" max llg |z ), Relgl(@r, . wn) = [[e ™) gar,...,2n).
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This bound can be proven by concentration of measure and was first shown in [BAMPS95] and is
legit for all function f,, such that R.[f,] € W °(R™).

Under convenient assumptions on the growth of the potential, it is possible to bound the p.d.f.
Z](\?) [V]_lpj‘(,”g , introduced ([10)), as follows:

YO, €RY, Z0 WP O, ) < exp { = N2D?[fin reg, i3] + O(N log N) } - (44)
where the pseudo-distance D? (possibly infinite) is defined for all u, v € M1 (R) by:

00 .y 2
D20 )~ [ ogle—vidtp—v@pae - = [ EETAOg g

where F denotes the Fourier transform of a measure. One can notice that for atomic measures,
this quantity is infinite. Therefore, if one wants to prove that Z](VB) [V]_lp%ﬁ (A1,...,An) is small
as soon as iy is far from py g with respect to D, it is convenient to regularize iy into [y reg
following a procedure developed in [MMS14]. The regularized empirical measure iy reg consists of
a convolution of fiy with the uniform measure on very small intervals, [0, e N | for example. Thus,
since iy is close to [IN reg, Z](Vﬁ) [V}_lpxﬁ()\l, ..., AN) is small as soon as jiy is far from pyg. To
start, one can show that for a general bounded continuous function f,,

<fn>(%£

= (fnle)n .+ exponential errors
N QLN

where f,|. (def) fn-¢c with ¢. a compactly supported smooth function whose support is sufficiently
large. We can thus suppose in the rest of this section that f;,, is a compactly supported function.
To conclude on the a priori bound, one can use the fact that Ln = (in — [iN reg) + (N, reg — HV,8)-
By choosing a sufficiently close regularization fin rcg, one can see that for f, € W °(R"):

<fn>(§)£N = <fn>

Furthermore, for the linear statistic on the RHS, particles in the event:

n__ + eXpOnential €ITors.
®ﬂN,reg_.uV,ﬁ

(def) _
QS D2y rog, pivg) > M/N'Y}, e>0

(such that the empirical measure is far from the equilibrium measure) will only yield exponential
errors O(e~MN""%) for a constant ¢ > 0 because of ([44).

n

EX;P []_Qc fn(ajl, . ,H?n) H d(//zN,reg - MV,,B)(xi)
R™ =1

<fn>" =

N 4+ exponential errors.
®IU'N,reg

By Plancherel formula and Cauchy-Schwarz inequality, one gets the following inequalities:

EG | 1ac ; Jn(z1, ..., 20) Hd(ﬁN,reg — Mv,ﬁ)(l‘i)]
=1
n 1/2
d" no
a=1
" n 1/2) ™ 1/2
— N%(l_a) Rn n 8017 “ .. 78077, p (Pa (27‘(’)” -~ N%(l—ia) .

Finally, by using the fact that f,, is a compactly supported function, we can bound the H n/2_
norm of f, by C||Rx[fulllwee ) with C' > 0 independent of f,,. Note that, in order to control the
exponential errors, one had to rely on the fact that |Rx[fn]llwee®n) is finite. Since € > 0 can be
taken as small as needed, this establishes .
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I.4.3 The inversion the of the master operator

To estimate each term in and via the a priori bound, it is necessary to verify that it
is applicable i.e. that the test-function f,, of every linear statistics involved in these equations
are such that Ry[f,] € W -norm for n sufficiently large. In order to prove that, it is necessary
to obtain controls on the operators involved in . One then needs to show the continuity of
the operators K1, Do K~ and ©® o K~! with respect to the norm IR« []llwee®n). Since the
controls on the other operators can be proven quite directly, the only non-trivial thing to prove
is the continuity of X~!. It follows from the integral representation of K~![f] that one can show
when inverting K, see [BEGIS, Lemma 3.2]. Indeed, once an integral representation for X~1[f] is
found, the standard tools of functional analysis allow one to obtain the desired continuity results.

It can be derived as follows, let g be a smooth function such that K[f] = g. One first notes that it
is possible to recast K[f](x) by

[y (def)
Klf](z) = - e,ﬂ(ﬂﬁ)f(if)ﬁ]i m(_)ydﬂv,,é’(y), Veg(z) =" V(z)-p R10g|$*y|duv,,3(y)*0v,,3-
The effective potential appearing here is such that, by the Euler-Lagrange equations , one has
Vet () = 0 on supppuy g and is positive elsewhere. In the following, we assume that the potential V'
leads to the one-cut regime and set supp py g = [a,b]. Let z €]a, b], one gets the following singular

integral equation:
Y
5 ][ () »
RT—Y

) (deD -8 )
F() = (z—a)%(z—b)% . x_yd:uvﬁ(y)a

(y) = g(z). (46)

By setting:

where we use the principal determination of the logarithm, one can verify from that F is the
unique solution of the following scalar RHP:

e F € O(C\]a,b]) and admits continuous + boundary values on |a, b|.

—2ig(s)
e For all s €la, b, Fi(s) — F_(s) = .
el bl Fals) ~F(s) = L —

e F(2) =0(272) as 2 — oo.

Provided that:
g(u)

du
a vV (b—u)(u—a)

the unique solution of the above RHP is known. This leads to:

g M —2ig(u)
RIS e e et

=0, (47)

If constraint is not satisfied, F(z) # O(272) as z — oo. Finally, from the definition of F, it can
be seen that:
281 (s)pv,5(s)
(b—s)(s—a)
This leads to the following expression for f(s) with s € [a, b]:

B 0 90 oDy
o= ][ = Vigl(s). (48)

V(b — u—s27r pv.(s)

Filz) +F_(2) =
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For s ¢ [a, b], one can find that:

_g(s) —2aV[g](s)
1) = =g =2 vies)” (49)

From these integral representations, it is not hard to read the regularity as well as obtaining a
control of the form [|[R.K ™ [g]llweer) < C| Ry [9)llwee ) for " > k> 0 which is exactly what is
needed to conduct the loop equation analysis.

I.4.4 The loop equations analysis

In order to identify the first leading order term, which is of the order N~! for (f) £y We start
by examining . The first term of the RHS of clearly contributes to this order, while the
second is evidently a o(N~!). For the third one, the a priori bound is only able to say that:

(DoK M f) oy = O ).

def)

This is not precise enough so we need to investigate the loop equation at level 2. Setting fo (%
Do K~L[f], it reads:

(O 0 K 0afal) ey + 5 (D10 s, + 53 O Ul e
1 1-—
+ 52 (0P o KT D2 ), , + Tﬁ (O fel)z, - (50)

N

)y =~

= — 3
®LN N2 QL

By applying the a priori bound to the first term of the RHS of , we get the following

estimate:
1

N2
Hence by picking € > 0 small enough, we can conclude that it is negligible and doesn’t contribute
to the expansion up to o(N~!). The same application of the a priori bound for the second, third
and fifth term of predicts the respective estimates O (N_%+35>, O (N_%+5) and O (N_2+25).
The fourth one is a deterministic term so we can finally conclude that:

(0 0 KT D2 fol) g, = O (N7HF) . (51)

(f2)pyory = O (N_%+2€> 7 (52)

and hence that: 59 ,
Py = =2 KTy, + 0 (N3 (53)

This allows us to improve the a priori bound into an a posteriori bound for the one linear st?tistics.
The 1-linear statistic are indeed more precisely a O(N~!) rather than an imprecise O(N~27¢).

We now explain how to get the subleading order of (f), namely its AE up to o(IN ~2). The first
-2

loop equation contains the 1-linear statistic _ﬁT (IC_l[f]’>LN. By (53), we know its AE up

to o(N~2), namely:

B—2
N

- (B=2)% 1 femtr 1/ -
(KU )ey = g (KIS ) g+ o(N2). (54
It thus remains to obtain the AE of (Do IC_l[f]>£N®£N up to o(N~2). The first term in (50) is
clearly a o(N~2). So is the fifth term by . The third term is a 1-linear statistic preceded by a
factor N~! so by , we know its AE up to o(N~2). The fourth one is also clearly a contribution

of the right order so we collect it. The application of the a priori bound for the 3-linear statistic
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<D1 oKy ]| f2]> yields an imprecise O(N —3+3e ). To capture more precisely its N-behavior, it

1s necessary to 1nvest1gate the third loop equation.

Skipping some details, we will repeat the same analysis in this equation. The a posteriori bound
on the 1-linear statistic and the a prior: bound on the 2 and 3-linear statistics will be enough to
show that all the terms will be o(N~2) except for the 4-th linear statistic:

Dok o Do K A,
The latter is estimated by the a priori bound as a O(N ~2%4¢) which is too imprecise. It will thus be
necessary to investigate the fourth loop equation to improve this estimate and get the right order.
In this fourth equation, the estimates we currently have on the k-linear statistics for k € [1,5]
wil be precise enough to show that all these terms are of order O(N 7%“’5). This is then enough
to conclude to conclude about the AE of (f) £y Up to o(N~2) and get the following improved a
posteriori bounds:

<f4>§)£N =0 (N—§+56> ’ <f3>§)£N -0 (N—§+58> , <f2>®LN N2 o ( _7+5E) |

where ¢ comes from collecting the contributions coming from the third and fourth terms in (50J).

This allows us to find the AE of (f), up to O(N2 —5te ). This machinery allows one to push the
AE of k-linear statistics up to any order by investigating enough loop equations and at each step
improving the a priori bounds into a posteriori bounds. This is enough to conclude about the AE
in powers of N~! of k-linear statistics up to any order and this for any k& > 1. In particular, the
loop equations analysis provides an AE for the 1-linear-statistic involved in , which takes the
following form for all M > 0,

M
e (V — Vre,V -
(V= Viet)p, = > d Vo) O(N <M+1>). (55)
k=1

I1.4.5 Integration of the asymptotic expansion of linear statistics

The last step of this method consists of integrating this AE as in in order to deduce the AE for
Z](Vﬁ) [V']. To achieve this, one needs to be able to make the integrals of each coefficient well-defined.

Indeed, using the notations of the beginning of this Subsection, one gets:

! ! x(V = Vier, Vi)d
/0 <V V}ef> dt = /0 <V_V}ef>“Vtht+ZfO — e / ON (M+1))dt (56)

These integrals might not be well-defined and could even be infinite if the corresponding integrands
are not integrable. However, it can be shown that each coefficient cx(V — Vier, V4) is a finite sum
of linear statistics with respect to products of uy, g. The kind of result that is needed here is a
continuity property for the map t € [0,1] — uy, 3. Following [BG13al Lemma 5.1}, one can show
that starting from a potential V¢f such that the corresponding equilibrium measure py, . 3 has the
same support as py,g, the equilibrium measure associated with the interpolating potential V; is
given by:

1,8 = tv,g + (1 =) v, p- (57)
This can be proven by using that the characterization of the equilibrium measure , which is
affine in py g and V. With this result, one can integrate the coefficients ¢ = ¢ (V — Vier, V) as well
as the remainder appearing in . The latter is composed of all the linear statistics that we were
able to neglect and can be controled by:

IRAlV — Veerllwr,, &0

|O(N—(M+1))| < C, N ,
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where R, is the regularization appearing in , C; is a t-dependent constant composed of the
continuity constants of the different operators involved in the loop equations and c¢(M) is a large
enough integer. By the interpolating form of py, g, it is straightforward to show that these constants
are continuous with respect to ¢, yielding a finite integral. This results in the fact that the integral
of the remainder fol O(N~M+1)qt is itself a remainder O(N~(M+1) allowing us to conclude about
. This constitutes the method of the analysis of the loop equations.

We now introduce the model that will be the main focus of Chapters [I] and [2, namely the §-
ensembles at high temperature.

I.5 The p-ensembles at high temperature

1.5.1 The model

The B-ensembles at high temperature is described by the following probability measure

def dN A
dPY (M1, ) (:)pX’P()\l,...,)\N)ZN[V] (58)
with
N N
def 2P _ ) def
SGHPYRURSYO R | [PVREDVIE oY | P CO zy[v] ' /RNp]‘QP(Al,...,AN)dNA.
i<j i=1
(59)

The primary difference from the classical -ensembles is the replacement of a constant § > 0
with an N-dependent vanishing coefficient of 2P/N. In a statistical mechanics approach, this
coefficient is interpreted as the inverse temperature. Therefore, when NN is large, it corresponds to
a high-temperature regime. It can also be viewed as a parameter that tunes the strength of the
two-body interaction. Consequently, in this regime, the particles are less correlated compared to
the S-constant regime. This statement will be formalized later by presenting results that assert the
presence of disorder in this regime.

Another difference is that NV is replaced by V', which places the confining contribution on the
same scale with respect to N as the repulsive interaction. Explicitly, pX,’P can be rewritten as:

PO ) = ity 1) [ v@duta) -2 ] s e udutr)duty).
R T#Y

We know, by Sanov’s theorem and the AE of the partition function of the classical 5-ensemble,
that the entropyﬁ regardless of the potential, is of magnitude order N. In the classical regime, the
Hamiltonian was scaled by N2, making the entropy negligible in the description of the macroscopic
behaviour of the system. Indeed in the classical regime, we have seen in Theorem that the
empirical measure /i), converges to an equilibrium measure py,g which is the minimizer of a certain
functional £y 3. This functional only depends on the potential V' and the logarithmic interaction
between the particles. However, since the leading scale in the high temperature regime is NV, we
will observe the entropy coming into play, which is one reason why this regime is particularly
interesting.

1.5.2 Global behavior and fluctuations

As in the S-constant case, one is first interested in the global behavior of the particles, which can
be understood by the study of the asymptotics of fiy. Similar to Theorem LDP provide tools
to access this information. The following theorem holds:

5Indeed in[Shc13l Formula (1.20)] one can see the entropy appearing as a subleading term.
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Theorem 1.5.1 The family of random measures (In)n>1 satisfies, in M1(R) equipped with the
weak topology, a LDP(N, I{,D) with strictly convex, good rate function I5 given by:

(def)

I{ () Evip(p) — inf  Eyp(v). (60)

veMi(R)

The functional Ev,p is defined for all p € M;(R) by

Evp(p) ) /]R (V( ) +log d/;(; ) // log |z — yldu(x)dp(y) if dp < da,

~+00 otherwise.
(61)
The unique minimizer is attained at a Lebesgue absolutely continuous probability measure py,p
which is called the equilibrium measure. Its p.d.f. is denoted by py.p and py.p is characterized by
the following Fuler-Lagrange equations:

(62)

d C tsid
V(a:)—2P/1og\x—yduwp(y)+1ogWP(”U){ = tvp outside supp pv,p
R

dx =Cyp pv,p — as

Moreover, py,p is supported on the whole real line. Finally, under IP’X;P, N converges weakly
towards jv,p almost surely and the free energy reads:

. 1 d x
lim — log ZN[V] = —/ (V(a:) + log MVP()) d/LV’p(.I')—f—P// log |z —y|dpy,p(z)dpy, p(y).
N—oo N R dx R2

The LDP was established in [GZ19], see [CGZ14) 1.2] for a discussion about this regime. It was
also proven in [BGP15], that for the Gaussian S-ensembles as long as 3 > N1, so for smaller
temperatures than the regime of our interest, the structure of the LDP in Theorem remains the
same, and entropy doesn’t play any role. If the logarithmic interaction was not singular, this result
would follow from a successive application of Sanov’s theorem and Varadhan’s lemma [3.0.5
Overcoming the singularity of the logarithm is the main difficulty in this proof. The second part
of the theorem, namely the study of the equilibrium measure py, p, was adressed in [GM22]. The
authors established, in the continuation of [Spo20], a connection between py, p and the equilibrium
measure of the Toda chain l/a‘)j}a, see Section The authors also showed a continuity result for

pv,p with respect to the P-dependence.

Several comments have to be made about the previous theorem. First, the LDP holds at a lower
speed compared to the classical regime, since the scaling of the Hamiltonian has been decreased
from N? to N.

Secondly, the form of the rate function I{/D given in , has also changed, and entropic effects
start to kick in. These effects automatically make the equilibrium measure, absolutely continuous
with respect to Lebesgue and supported on the whole real line. The latter is the main difference
with the classical regime, where py g is compactly supported. Since the mathematical entropy
is equal, by convention, to minus the physical entropy, minimizing I‘J/3 amounts to compromise
between minimizing the energy with respect to

/ V(@)dp(x) — P // log & — yldpu(x)dpu(y)

while at the same time, maximizing its physical entropy. Hence, py p is the result of a simultaneous
competition between energy minimization and entropy maximization.

Finally, due to the presence of the entropy, the Euler-Lagrange equation has a different form than
the one found in Theorem While the same equation in the classical B-ensemble was affine in
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{4, it is non-linear in the high temperature regime. This has the effect of making way more difficult
the understanding of the dependence of py p with respect to V. As explained in Subsection
to perform the method of the loop equations analysis, one has to obtain a continuity result for
t — py,,p where V; is the interpolating potential defined in . This can be proven for ¢ — py;, g
in the classical regime without too much effort but the same proof doesn’t work at all in the
high temperature regime. Indeed, one cannot rely anymore on the linearity of the Euler-Lagrange
equation with respect to u. We were however able to prove this result in this case, see
Theorem relying on Banach fixed-point theorem. We will explain the basic idea of this proof
in Subsection [L8.2

Equation (62]) can solved explicitly in the case of a quadratic potential [ABGI12| and reads:

322
e 2 1 (def /Jroo P-1 7—+1:pt
t 2 dt.
orlt) = P \ °(P)

It was also shown that this density interpolates between the case P — 0, where one recovers the
Gaussian distribution and P — +o0o where one recovers the semi-circle law. This phenomenon,
discovered in [ABGI12|, is sometimes called the Gauss-Wigner crossover and was generalized to
more general V' [NT20a, Remark 2.1]. This density is also explicit in other models, namely the
Jacobi and Laguerre ensembles, involving hypergeometric functions, see [Maz22]. This measure
was also studied in the framework of Coulomb gases, it is called the thermal equilibrium measure
in [AS22]. A general explicit form for py p can be obtained by taking the exponential of . This
leads to the following epxression:

pv.p(z) = exp <—V(£U) + QP/ log |x — y|duy,p(y) + C’v,p> x — ae. (63)
R

Furthermore, it can be shown that the logarithmic potential, as expressed above, exhibits the
following asymptotic behavior as |z| — oo:

| ozl = slda (o) = oz |+ 0(1/2).
This leads to the following asymptotic behavior for py p:

pupla) o[ e (<V () + Cup). (64)

We thus observe that py, p decays exponentially fast at infinity.

I.5.3 Fluctuations in the high temperature regime

Once the law of large numbers is established i.e. the convergence of the empirical measure, one
becomes interested in the fluctuations around the limit, namely a CLT. For N=! < 8 < log N, it
was shown in [BGP15] that for quadratic potentials Vi (z) = 2% and smooth test functions h:

~ law
Nﬁ/Rh(x)d(MN = #se)(@) T Op ntydv, (1)
The measure v,2 5 is the one appearing in . This result motivates the understanding of the
form of the fluctuations when = 2P/N for P > 0, namely the high temperature regime. In this
regime, several results exist to describe the fluctuations of linear statistics. All of them involve a
rescaling by v N in order to observe the Gaussian fluctuations:

e for quadratic potentials and test-functions with polynomial growth was first proven in [NT18].
This result is a natural extension of [BGP15| as it allowed to deal with a higher temperature.
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e In the circular case, for smooth enough test-functions and general smooth enough potential
V', a CLT was proven in [HL21]. The authors successfully inverted the master operator and
provided an explicit description of the limiting variance in terms of this inverse. This result
is very general and allows for non-quadratic potentials. Furthermore, they demonstrated
that the Gauss-Wigner crossover is valid at the level of the limiting variance.Specifically,
they showed that as the parameter P, on which the limiting variance depends, approaches
0 (respectively, +00), the variance converges to that of the CLT for independent and iid
particles (respectively, for the constant /3 case).

e On the real line with general potential V' smooth enough and growing fast enough at infinity
for bounded smooth enough functions, a CLT was shown in [DGM23]. This result, which is
a contribution of the author of this manuscript and their co-author, is discussed in Chapter
It extends the techniques used in the circular case to a non-compact setting, specifically
the real line. Additionally, we successfully inverted the master operator = in this context and
obtained an explicit description of the limiting variance ¢ — agiens’HT(V, P, ¢).

e A CLT on the real line, polynomial potentials and test-functions with polynomial growth
followed was established in [MM24]. This result, however, is limited to polynomial potentials
and does not extend to other types of potentials. Nevertheless, it encompasses a broader class
of test functions beyond merely sufficiently smooth and bounded functions.

To highlight the contribution of this thesis, we present our result explicitly:
Theorem 1.5.2 Assume that V' satisfies Assumptions and Assumption [I.1.3. Then for all

¢ € C*(R) with ¢, ¢ and ¢" bounded such that /d)(a:)d,uv;p(x) = 0, we have the following
R

convergence:

VI [ ola)din = pp)a) 25 N (0.0 (V. P.) (65)

[e.e]

where the limiting variance U[QB—ens,HT(Vv P, ¢) is given by

(def) —
U,%’—ens,HT(V’ P, ¢) = <¢/a:‘ I[QSDLQ(;LVJ:) :/IR{

=— r) — =5 2
—|—P//R2 <H 1[¢](; = 1[¢](y)> dpy p(z)dpy p(y) . (66)

(E_l (] (2)* + V" (2)=7[¢] (33)2> dpv.p()

We will give more details about the proof in Subsection A common approach to proving this
type of result, developped in [Joh98] and used in [BLS18], is based on the following convergence of
Laplace transforms:

X" oo (VAL [ ot~ pv)@))] =, exp (~50F e (V2 P26)).

N—o0 2

1.5.4 Local behavior

The local behavior of the particles have also been understood in this model, namely the convergence
of local statistics. It was proven in [BGP15|] that the local statistics Zf\i 19N —p) for any F €
R and when the \; are distributed according to the Gaussian [-ensemble at high temperature,
converge to a Poisson point process with density py p(E£) > 0. An alternative proof was also
presented later in [NT18|. This result was later generalized to general potential V' in [NT20al.
Finally, this result was extended to more general geometric settings and interactions in [Lam21b].
These results are consistant with the fact that in the constant (S-case, the bulk local statistics
converges toward a Sine-/3 process. Indeed, it was proven in [ADI4a] that this process converges
toward a Poisson point process as 8 goes to 0.



36 CONTENTS

Regarding the edge, the question of the local behavior was first raised in [AD14b] where it was
shown that the Tracy Widom law T'Wj, i.e. the properly rescaled limiting law of the fluctuations of
the largest eigenvalue of the S-ensembles, converges to a Gumbel distribution as 8 — 0. The latter
describes the behavior of the maximum of multiple identically independently distributed particles.
It was later proven in [Pak18] that for quadratic potentials and § < bgl ~ the edge of the spectrum

i.e. the law of max, Ai, when properly rescaled, converges to a Gumbel law. The convergence
7

of the local statistics at the edge was also demonstrated in this paper. At the level of stochastic
operators, this convergence was also shown to hold [DL22]. This result was finally generalized to
BN — cste and for general V' in [Lam21b]. The result goes as follows:

Theorem 1.5.3 For V(x) = |z|%, there exists ny > 0 which behaves like (log N)é such that the
following convergence holds:

ey

an ! (l_nllaXin - 77N> N%o Gumbel(0, 1).

The precise result for V(z) = |z|* yields the following formula for the speed ny:

_ 1 _
i = (log NYL/@ <1+2P a+lloglogN  log(a) Cv7p>

a? log N alog N

with Cy p given as . In Chapter |1} we will use the localization of the spectrum for general V'
[Lam21b]ﬂ in order to say that for ¢ a smooth enough test-function and with high probability:

/¢M@MMm/mH%mmwmw
R R

with En N—> +00. This truncation argument will be crucial in showing the CLT for -ensemble
—00
at high temperature [DGM23].

I.5.5 The master operator and the differences with the classical regime

Due to the change in leading scale in the high temperature regime compared to the constant (
regime (N wversus N?), the master operator K, introduced in , governing the fluctuations of
the empirical measure around the equilibrium measure py,p, also changes. The main difference,
except that one has to replace py,g by py,p and add a recentring term, is that one has to add a
differential term. It is defined as:

sioiw) D op [ MW ) v@0) + 00 2P [ Hioperluiet). (67
R r—y R
Above H denotes the Hilbert transform defined by:

wn [ 1),
RY—T

Hf](x)

and satisfies |
(/R log . - y‘duV’P(y)> (z) = Hlpv,p|().

The first two terms, upon replacing py,p — py,g constitutes the master operator K introduced in
(38). The fourth term is a constant recentring term such that [, E[¢](z)duy,p(x) = 0, while the
third term is the differential term in question. The effect of that term makes = an unbounded
operator which must be inverted on an appropriate domain, requiring some technicalities.

"The result for general V', although not presented as a result, can be directly derived from the arguments presented
in this paper.
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As explained in Subsection the main task when analyzing the loop equations, as will be the
case in Chapter [2] is to invert this master operator = and obtain continuity results with respect to
appropriate norms. In practice, it is much easier to invert this operator K in the classical regime
than = in the high temperature regime. Another setup where the inversion of the master operator
is more involved than the classical regime of S-ensembles is [BGK15].

In the high temperature regime, the inversion of the master operator, see Subsection for
details, turns out to be different. Indeed, using the Euler-Lagrange equations , one can see
that the analogue of the derivative of the effective potential, namely:

K%T/(x):V’(x)—i—QP/ dMV,P(y),

R Y—2Z
. Py p(T) . , .
is not equal to 0 on the support of puy, p but rather equal to —— @) which doesn’t vanish on an
pv,p(T
interval. This allows one to recast the operator = as:
—_ / IOIV,P(x)
El¢)(z) = ¢'(z) + pvp(x)QS(:v) + 2PH[¢pv,p](z) — 2P R’H[dmv,P] (y)duv,p(y) . (68)

As it will be explained in Subsection and Chapter [I] Section this operator can be inverted
on some subspace H of the weighted Sobolev space [CL20, [Zhi98]:

def
H'(pv,p) il {U € L*(uy,p),u € Lz(,UMP)}-

We were able to prove its inversion in [DGM23]:
Theorem 1.5.4 (Inversion of the master operator) = : ©(2) — H is invertible. Further-
more there exists C' > 0, such that for all f € H,

HE_I[f]HB(#v,P) < CHf,||L2(NV,P)' o)

Above © (Z) denotes the domain of =, a functional space which we don’t explicit here. The idea
of the proof of such a result is explained in Subsection [[.8.1]

The advantage of such an invertible differential operator is that, in principle, the inverse is regular-
izing. This means that while Z[¢] is defined only for smooth enough function due to the differential
term, which is encoded in the definition of ® (Z), the inverse Z~![¢)] will be smooth and admit
an integral representation. This integral representation is very useful to derive the continuity re-
sults that we need in order to conduct the loop equation analysis. We were able to prove these in
[DG24]:

Theorem 1.5.5 Let n > 1, there exists a C' > 0 such that for all f € H" 1 (R):

IET Il zm @) < ClLF g w)-

Moreover, there exists C' > 0, such that for all g € W59, (R),

=™ [allwze ey < Mgl e

We present the idea of the proof in Subsection

Finally, the differences between the constant 5 case and the high temperature regime are summa-
rized in Figure

Besides being an interesting generalization of the classical-case, the high-temperature regime has
connections with physics through the so-called integrable systems. One instance of such a physical
system is the Toda chain and the next section is dedicated to it.
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(8 constant B~N-T
LDP speed N? -energy LDP speed N - energy +entropy
SUpD fleq = [a, D] SUpp fleq = R; exponential decay at oo
CLT speed N CLT speed v N
Sine-g/Airy  local statistics Poisson statistics
Fluct(max z;) ~ Fj (Tracy Widom) Fluct(max x;) ~ Gumbel
Master operator ¢ — K[¢] o — Klp| + ¢

Figure 1.2: Summary of the differences between the classical regime and the high temperature
regime for the S-ensembles.

1.6 The Toda chain

This section introduces the so-called Toda chain. This physical model is integrable and admits a
link with the previous [-ensembles as it was discovered in [Spo20]. In that work, the author aims
at establishing a so-called hydrodynamic equation for the Toda chain. The main result of Chapter
has a link with this research line. We will briefly describe the model and its main features, as
well as its link with the result of Chapter

I.6.1 Definition of the system

First introduced in 1967 in [Tod67], the Toda chain or Toda lattice is a one-dimensional many-body

def def
system composed of N particles at positions q (deD (gi)1<i<n and momenta p (def) (pi)i<i<n. By
imposing periodic boundary conditions, namely gnyy; = ¢; + £ with £ € R, these particles interact

def
through a potential U(q1,...,qN) (deh) Zfil e¥i—%i+1 g0 that the Hamiltonian of the system is given

by:
(def) 1 N (def)
¢ 2 —ri 16l
H(a,p) = 2;pi+e " ri= g1 — g
—

An important feature of this Hamiltonian is the form of the two-body interaction. Particle j
interacts only with particles j — 1 and j + 1, in a sense it is a “nearest label interaction”. In this
setup, if {.,.} denotes the Poisson bracket defined for two functions f(p,q,t), g(p,q,t), by:

N
(def) of g Of dg
{9} = ;(3%’ Op;  Op; 5%)’

def) d

the equations of motion read, with the notation () (2 £x(t):
L {qkapj}:(sj,k’ {q]€7QJ}:{pkapj}:O for allj,ke [[LN]]v
® ik = Pks pp=e "kl —e Tk for all k € [1, N].

Since
q N
— —rj1 —rj _ =70 —rN _
— pi—Ze imt—e i = —e =0,
2
i=1 i=1

the total momentum is a conserved quantity together with the Hamiltonian. Flaschka [Fla74]
and Manakov [Man75] independently showed, after it was conjectured in the literature following
numerical simulations, that the system is integrable. Indeed, they showed that the system exhibits
N integrals of motion, namely N local conserved quantities (other than the total momentum and

energy).

The Toda chain can be thought either as the discretization of a continuous fluid (¢(z,t), p(z,t)) or
as a chain with a fixed number of particles.
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I1.6.2 Integrability and the Lax pair

We now introduce a new set of dependent variables, called the Flaschka variables, to express these

conserved quantities:
U~ 41

ap=e¢ 2 , 1<k<N.
With the 2N variables a (def) (ak)]kvzl and p, the evolution equations given previously can be recast
as:
ar = —(pr+1 — pr)ak, 1<k <N. (70)
The integrability of the Toda chain can be seen via the existence of a Lazx pair (Ly, By). The very
existence of this pair of matrices is sufficient to exhibit /N independent integrals of motion, as we
will see below. We set:

-p1 a1 0 an
ay  —p2 a2 0 0
ety 1| 0 a2 —p3 a3 0
Ly = = , (71)
2
0 aN-2 —PN-1 GN-1
an 0 aN-1 —DPN
0 —aq 0 an
al 0 —a 0 0
BN (d;f) 0 as 0 —as 0
0 NP anN—2 0 —anN-1
—anN e 0 anN-—1 0

Again, the dynamics of the system can be recast as Ly(t) = [By(t), Ln(t)]. A Lax pair is simply
a pair of matrices (or operators in some contexts) that satisfies this relationship.

The fact that such a pair provides the appropriate number of integrals of motion can be seen from
the fact that Ly(t) is isospectral, i.e. its eigenvalues do not evolve in time. Indeed, let ¢,tg > 0
and consider Uy (¢, o) as the solution of the Cauchy problem

d
vVt >0, %UN(t,to) = By (t)Un(t, o), Un (to,to) = In,
: (def) (def) .
it can be seen that My (t) =" Ly(t)Un(t,t0) and On(t) =" Un(t,to)L(tg) verify the same Cauchy
problem

vt > 0, %PN(t) — B(t)Px(t), Py (to) = L(to).

From this, we conclude that Ly (t) = Un(t,t0) Ly (to)Un(t, o) ", thus the characteristic polynomial

. . . . . def
of Ly is constant over time and so do its roots, i.e. the eigenvalues AV (deh) (AN, of Ly.

In general, there is no hope to expect that )\ZN of Ly are local quantities (in the sense that it would
depend only on a susbset of the variables a and b). Physically, what is more relevant is defining a
set of local conserved quantities as follows:
(def) N N N .
N (ae N\ _ _ N
QUINTZTN (AN =D (L) =D e
i=1 i=1 i=1

The first equality shows that Q"N s indeed a conserved quantity while the third one allows to
show that its corresponding density is local:

N N
n def
QN D NN ST (L), (B, (I s (72)

Ji=1 In—1=1
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Indeed, one can observe from that the above equation involves only variables a;i, p;j+r for
k € [0,n — 1] modulo N.

The three first local conserved quantities are interpreted as stretches, momenta and the energy
density:

(def)
='r

1
QY w QM =p, QP = 5(1?? +af +a7_4)

As we will see, these local conserved quantities can be used to describe the state of the system at
long times.

I1.6.3 Statistical description of the system and GGE

Most books on statistical mechanics begin with the assumption that the physical system of interest
thermalizes in the sense that it reaches a thermal equilibrium state (a state of maximal entropy
and equirepartied energy). The Gibbs ensemble or canonical ensemble (GE) is a description of a
physical system at thermal equilibrium. It is represented by a probability distribution over the
system’s microstates. The probability of a microstate having an energy F; is given by:

—BE;
(def) €
Pae(Fi) = Zj e BE;

where § > 0 is the inverse temperature and acts as a Lagrange multiplier ensuring that this
distribution maximizes entropy under fixed constraints [RAS15]. This distribution is invariant over
the system’s dynamics, since energy is conserved over time.

The long-time behavior of integrable systems can be modelled using the so-called Generalized
Gibbs Ensemble (GGE), introduced in [Jay57]. Subsequent experiments [RDYOOT7, VRI6] have
shown that this model fits well with certain experiments. Like the GE, the GGE is a probabilistic
description given by:

_Z HnQn
def) € n
Pace(Q1,Q2,-..) (den e =77

ZGGE

where the @,,’s represent the local conserved charges of the system (including energy and many
others). The Lagrange multipliers p,, are, just like 3, tuning parameters. They are often referred
as chemical potentials. This measure is also invariant under the dynamic.

For the Toda chain, the GGE depends on a potential V', which grow faster than z2 at infinity, and
a parameter P > 0, and is given by:

N
e VI TT a?" dpida;
(def) i=1

dry" (p,a)
N ZJI\Df,Toda[V]

(73)

Choosing a polynomial V' = 37, ux X*, we find that Tr (V(Ly)) = S p_q tixQFN. Here, P is a
parameter called the pressure which can be seen as the Lagrange multiplier corresponding to the
constraint that >, r; is conserved. For the choice of Vg = X 2/2, we obtain:

N N

and thus
N N

_m2 _ _ 42
H e pk/dek Hazp Lo~ dqy,
k=1 k=1

dTy" (a,p) =
N Zﬁ,Toda[VG]
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This measure is the joint law of N standard Gaussian random variables and N y variable with
parameter 2P, all independent of each other. Under this distribution, Ly is a random Jacobi
matrix with extra coefficients in the top-right and bottom-left corners, which takes the following
form:

N(0,1) X2 0 xep
2 2
X2p Nzofl) LT \0[
ﬂ Xz;D ﬁ X2pP
0 222 N(0,1) 22 0
Ly'& V2 SR
: A Xéz.ﬂ . XéP
0 A= 0,1 S
X2P ﬁ N)Ezz; ) \/5
Azb = 1
N 0 NG N(0,1)

This matrix looks like the Jacobi matrix given by Dumitriu and Edelamn [DE02al and forms the
basis for comparing it with the S-ensembles.

Following partial proofs of [Spo20], the authors of [GM22] managed to establish rigorously the
comparison between the GGE of the Toda chain and the $-ensembles at high temperature. They

proved that the empirical measure of the eigenvalues of Ly satisfies, under ']TXJF‘TQ/ 2P defined in
, a LDP with good rate function admitting a unique minimizer u‘?f}g*a. As a consequence, they
showed that this unique minimizer is then the weak-limit of this empirical measure. The meausre
V;l;f}c,la can be linked to the equilibrium measure of the S-ensembles at high temperature by the
following theorem, which was first conjectured in [Spo20]:

Theorem 1.6.1 [GM22] For any bounded continuous function f, it holds that:
[ sz =on (P [ fadne). (74)

Understanding the limiting behavior of the eigenvalues of Ly under the GGE allows in principle
to justify a coarse-grained description for the Toda chain, namely the hydrodynamic description.

1.6.4 Hydrodynamic equation: the computation of the currents

For the Toda chain, it is believed that a hydrodynamic equation holds. A hydrodynamic description
corresponds to a coarser description of the system which is supposed to hold at intermediate
large time scales. For integrable systems, this description is called the generalized hydrodynamic
description, see the review [Doy20, BBDV22l [Ess22]. More explicitly, after many collisions between
the particles which leads to mixing, the description of the system via Boltzmann equations becomes
accurate. This description leads to the relaxation of the system and entropy maximization. This
maximization holds at large spatial scales but also at intermediate mesoscopic scales. This scale
corresponds to a partition of the space into smaller parts named fluid cells which are considered big
thermodynamically speaking. Each cell is supposed to have reach equilibrium at long enough times.
Indeed in each fluid cell, after a certain relaxation time, the local state is supposed to approach a
GGE distribution.

In one-dimensional systems, the hydrodynamic equations have the following form:

Op(x,t) + Op.(vp)(z,t) =0

Ov(z,t) + v(x, t)0pv(z, t) = (75)

—1
——0,P t
where p is the local density of the fluid, v is its velocity and P(p) is the pressure of the fluid.

The basic assumption for a hydrodynamic description to hold is the local entropy maximization also
called local thermodynamic equilibrium property. This means that at mesoscopic scale i.e. in fluid
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cells, the distribution of the system maximizes the entropy. Formally, it states that the average of a
local observable o(x,t) at position x and time ¢ can be, after long enough time, well approximated
by the GGE-average (0(0,0))g(, - The subscript S(z,?) denotes the Lagrange multiplier(s), which
depends on z and ¢, which determines the local (Generalized) Gibbs distribution of maximum
entropy. In the case of the Toda chain, let o ((ai1x, Pi+k)—K<i<k) be an observable depending only
on finite subset of particles whose indices are in [i — K,i + K] C [1, N] for some i € [1, N]. Let
x € [0,1], t € R, such that i/N Njgo x, the local entropy maximization assumption reads explicitly:

1 Nt Vot .Ps
Nt/o 0((ai+k(3)7p¢+k(3))_K<i<K>dS NQOENJ o (ai+k7pi+k)_K§i§K .

The conservation laws and the computations of the limit of the averages of the conserved charges and
its corresponding currents represent the basis for deriving a generalized hydrodynamic description.

Since the charges QE"LN, defined in , are local and QZN is conserved, there must exist local

currents Jl-[n]’N, which satisfy the following conservation law:

a

ﬁQW@+@AWw:u (76)

7

where we have set 0; f(7) (def) f(i+1) — f(i). By differentiating an} with respect to t, we get:

TN (1) = (B (L3 (1) — IR0 Bx (1)), = a1 (t) (L (014 — ast) (K (0)srs -

dt
def
The conservation law (76]), corresponds to setting Ji[n}’N(t) (deh) a;—1(t) (LY (1)), ,_,- To derive a
hydrodynamic equation of type , it is necessary to compute the limits of the average of the

[n],N

density of the conserved charges at time 0, A}im E]‘(;P[Qi (0)], and of the average current at time
—00

0 A}im EX;P[JF]’N(O)} for generic parameters P and V. Indeed, to write , one has to make
—00

sense of the local density of particles p and its local velocity v. While the GGE-averages of the
local conserved charge densities provide a definition for p, the GGE-averages of the currents are
enough to define v.

To derive these limits one uses the links with the [-ensembles at high temperature. For the
conserved charges, this can be done via:

N—oo

ENTQ" (0)) = N [TrLy(0)"] = Ex” [ /R x”dmm} — /R 2" v ()
= 0dp (P/RQC"dMV,P(x)> ., (77)

where uy p is the equilibrium measure of the S-ensembles at high temperature introduced in The-

orem [[.5.1 The measure 1/501513 is the weak-limit of the empirical measure of the spectrum of the

Lax matrix L of the Toda chain when distributed by the GGE ’]I%P and the last equality comes
from Theorem [[.6.11

Furthermore, to deal with the currents, we define the matrix Lﬁ, by
(LR)ig = (< + Si=1,j=n) (I )i

With this definition, the currents can be recast as Jl-[n]’N(O) = Tr(LN(O)LfV(O)). The knowledge of

the limiting behavior of the eigenvalues of Ly is not sufficient anymore to compute E%P [Ji[n}’N(O)} .
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However, it was argued in [Spo21], (6.10)] that the limit of the average of the currents was linked
to the fluctuations of the spectrum of Ly by

Op lim EXT [N (0)] = lim %covxp (TrLy (0), TrL%(0)) (78)
—00

N—oo

with covariance taken with respect to Tpp. Furthermore, by replacing the traces by integrals
against the empirical measure, equation can be rewritten as:

op Jim EN [P (0)] = lim Cov(” <\/ﬁ / wdjin (2), VN / x"dﬁN(:n)>. (79)
—00 R R

N—o0

It was shown in [MM24], that a CLT holds for the linear statistics / a*dfin(z), namely:
R

~ a law
[t = @) 5 A (0. 0k V. P.Y))
R — 00

Extracting the variance U%Oda(V, P, z*) allows one to compute the derivative of the limits of the
currents. The authors showed that the limiting variances of the CLT’s for the Toda chain and the
high temperature regime of -ensembles are linked through:

U%oda(v7 P, xk) =dp (Pagfens,HT(Vv P, $k)) ‘

Unfortunately, they didn’t manage to find an explicit form for any of these variances. As explained
before, in [DGM23] we showed a central limit theorem for the linear statistics with bounded
test functions in the B-ensembles at high temperature but with an explicitﬁ form for the limiting
variance O-%fens,HT(‘/’ P, f) but our expression is only valid for bounded smooth enough functions.
Nonetheless, we expect that this expression remains valid when f(z) = z. Our expectation is based
on the fact that the CLT, at least for polynomial potentials V', holds for polynomial test-functions
by [MM24]. The previous reasoning establishes a conjecture for the computation of o4 4. (V, P, zF)
[n],N

and thus for the averaged currents A}im EX;P[JZ- (0)].
—00

Having reviewed the theory of S-ensembles at high temperature and presented one motivation for
studying this regime, we now present another model which is more involved than the classical
[B-ensembles: the so-called sinh-model.

1.7 The sinh-model

I.7.1 Motivations from quantum integrable systems

A quantum integrable system is a class of quantum systems such that, in principle, one is able to
compute most quantities of interest. There exists four types of such systems:

e quantum spin chains: 141 dimensional systems such as the X XX Heisenberg spin-chain
e quantum many-body systems: the Calogero-Sutherland model an example of this class.

e quantum field theories:for instance the sinh-Gordon in 1+1 dimensions. We are going to
present it in the following.

e 2D lattice systems: the six-vertex model represents one of them.

8The reader might have understood by now that this word is very fuzzy.
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It is given by a Hilbert space b, the state space and a Hamiltonian 7 which is, in this setting, a self-
adjoint operator. In this quantum picture, observables are also realized as self-adjoint operators.
on b.

The main quantities of interest in a quantum integrable system are the finite temperature correlation
functions, namely thermal expectation values of products of local operators O;(x;,t;) at inverse
temperature S > 0 given by:

(def)y Tr [01(.%‘1, t1) ... On(xp, tn)e_f@H]
<Ol(xlat1)“'on(l'natn)>,8 - Tr [6757{] .

The main reason for the interest in these quantities is that they can be directly observed in ex-
periments. Assuming that the Hamiltonian H possesses a unique ground state |\Ifgs>ﬂ namely an
eigenstate for the lowest eigenvalue of H, then the zero temperature (i.e. [ = o0) correlation
functions are the simplest case among all 8 > 0. Indeed, in that case,

<01(:L'1,t1) - On<$mtn)>oo = <\Ifgs ‘ 01($1,t1) - On(xnatn) ‘ \Ilgs> .

This fact is analogous as in the classical setting of Gibbs ensembles where in the limit § — +oo,
this measure simplifies in a uniform law over the ground states.

By picking, an orthonormal basis of h, (|¥;)),5,, one is able to define the form factors for a local
operator O, which is a great tool to compute the correlation functions. They are defined as matrix
elements for general operators O by:

def
Fo(Vi, ¥7) (e (V| O] Wy) .

Under certain conditions, such as the translational invariance of the model, one is able to relate the
n-point correlation functions at zero temperature to the form factors by a so-called form-factors
expansion, namely for space-time points (x;, t;)1<i<n:

n n—1
(O1(@1,t1) .. Onln, 1)) o = > H{fomia_l,%a)}-He“%“‘“)Pia‘i“ﬂ“‘t“Eia-

i1,ein—1>0a=2 7=1

The correlations functions of a model are often computed through a procedure called the alge-
braic Bethe ansatz or the quantum inverse scattering method (QISM), see [Yan67, Bax72, [STET9].
However there exists a class of model such that this machinery is not feasible namely the models
which don’t possess a particular state called the vacuum state. The quantum Toda chain is one
instance of these models. To overcome the failure of this method, a generalization was developed
by Sklyanin in [SKI89, [SKI95]. It allows one to determine the spectrum, eigenvectors and correlation
functions in quantum integrable models and can be thought as a way to map multi-parameter mul-
tidimensional spectral problems into multi-parameter one-dimensional spectral problem which is in
principle considerably easier. This method is called the quantum separation of variables method.

The method also allows one to obtain expressions for the form factors associated to generic operators
O of the form:

N
@1019) = [ Foln.....um). T awlualou(un)dinx (v) (80)

a=1

In the sense that its lowest eigenvalue is non-degenerate.
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where the g-function are solutions of some finite difference one dimensionnal equations and the
measure py admits the following general form:

(def) N sinh[w; (z; — 2;)] sinh[wa (z;
d = G : dz;.
pN(z1, .. TN) 11 o H ;

1<j

Writing equation explicitly and supposing that ¢y (yq)qw (ya) can be written as exp(—Wo w(ya)),
one obtain an expression close to the partition function of the 3-ensembles Z](\?) (Wo vl

N .
(def) sinh|wy (z; — sinh|we (x; —
N[W@,\IMFO] :e / FO(yl,,yN)H [ ( T .7)] K3 H Wd;' \I/(ya
RN - w9
1<

(81)
This method is very general and was applied to many models such as the sinh-Gordon quantum
field theory in 141 dimensions. In the next Subsection, we briefly describe the model and state a
conjecture about the form factors in this model.

1.7.2 An integrable quantum field theory: the sinh-Gordon model

Developed during the XX-th century by physicists like Feynman, Tomonaga, Dirac, Schwinger and
Dyson among others, quantum field theory is the quantum analogue for classical field theory in
classical physics. It is an approach to model the evolution of particles during interactions, and it
is the foundation of the so-called standard-model, one of the experimentally most accurate theory
of physics ever written. This model is incredibly efficient in predicting most of the phenomenons
surrounding us and led to many Nobel Prizes. It has been given a rigorous construction in some
cases, namely in the free-case also known as the Klein-Gordon equation or in the so-called ¢* model.
Nevertheless, in the full generality, most of the questions remain open, and it is fair to say that
this theory lacks a rigorous mathematical foundation when dealing with non-trivial interactions.
It is therefore a challenge to make these theories well-defined and one could choose to tackle first
the simplest ones (even though incredibly hard), namely the one admitting an integrable structure.
An instance of this class is the sinh-Gordon model.

The classical sinh-Gordon model describes the evolution of a scalar field ¢(z,t) by the following
partial differential equation:

2
(02 — 82)$(x,t) + " sinh (¢(x,t)) = 0
g
where m is the mass of the field and g is a coupling constant. This equation is associated with the
extremalization of the action Ssinn given by density the L£(¢,0,¢):

m2
Ssinh def / £smh ¢7 u¢)dmdt smh(d)a u¢) 8 ot ¢(37 t) - ?COSh (¢( ))
(82)
In the classical picture, it can be shown that this equation is integrable in the sense that it admits
a Lax pair [DF19L Section 3.2.1]. It is well known that the quantum analogue of this theory is
integrable using the fact that the scattering matrix is scalar [ZZ79]. We refer to [KLM21] for a
review on the quantum sinh-Gordon model. In the finite volume case (namely on a torus of radius
R > 0), by applying the QSVM, Lukyanov [Luk01] conjectured an expression for the form factors
associated to the exponential of the field operator, namely:

(X)) Bt

Va € R, <\1:gs

df
e ’ \I/gs> ) }\1[111
o

21+ 2)(1+b2)’
(83)
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where b ‘% g*/(16m + 2¢%) and
@n [ 1 %= T
1€l . —2 : 1 Vg —Wa(vi) gJN
IN(R,a) = /RN Z‘|<J|' sinh [(14b7%)(y — ;)] sinh {Hb?] i”le () gN (84)

In this definition, the function W, is defined by:

(def) g(v) & . (def) ey
Wa(v) = h(y) —ay— [ —2 20— =L th g(\) "= log (1+e<0)) (85
(v) "= rvcosh(y) —ay /R cosh(7 ) 2r with g(A) "= log (1 +e7)) (85)
Above, the function ¢ verifies the following equation:
d")/ ’ —¢( /)
e(y) + %K('y —4")log (1 +e ) = 27mR cosh(y) (86)
R

where

T
4 cosh () sin (2> 9 5.9
K\ (def) 1+b and (def) m(b*—b"7)

T = .
2 2 —2
cosh(2)) — cos ( T ) 44207+ 20

1+ b2

It was shown in [FKS99] that admits a unique soluution in L*°(R). Several years later, a
lattice discretization of the sinh-Gordon model in finite volume was proposed in [BT06]. The
discretized field is defined over N sites, and it was shown that when A — 0" and N — oo, one
recovers the classical sinh-Gordon model. In this sense, one can consider that the limit N —
oo of the discretization provides a definition of a quantum sinh-Gordon model in finite volume.
This discretization was also shown to be integrable, in the sense that N integrals of motion were
exhibited. Recently, in [GGV24], a construction based on the Gaussian free field was also proposed.

In Chapter |3, we will try to follow the path developed in [BGK16] to make progress by studying
the limit (83)), see Subsection for a brief description.

We now introduce the sinh-model which is a probabilistic model which arises when tackling the
study of the multiple integrals defined in with Fo(y1,...,yn) = Hivzl e~ We will introduce
this model and discuss some of its properties before presenting the results we have obtained.

1.7.3 Definition of the model and comparison with S-ensembles

The sinh-model is the probabilistic model introduced in [BGK16], wi,ws > 0 and a potential V'
growing sufficiently fast at infinity, by

def ~
dPXf,sinh()‘l: ey )\N) (i) ZN,sinh[V] 1PZ‘\;,sinh(/\17 ey )\N)dN)\ (87)
with
(def) T N
PZ‘\;,sinh(Ah R )‘N) = H [Sinh (ﬂ'wlp\i - )\j‘) sinh (7Tw2’Ai — AJD } . Hefv()‘i)_
1<J i1

This model is interesting because by applying the loop equations method (Subsection in P%’Sinh,
one can access the AE of the corresponding partition function. The latter represents the general
form of the multiple integral obtained by applying the QSVM to certain quantum integrable models
. Additionally, it can be seen as a generalization of the -ensembles.

Indeed, these two systems share several commonalities. They both represent an interacting system
of N particles on the real line subjected to a confining potential V with a repulsive two-body
interaction. However, there are some important differences between these two models. The most
obvious difference is the form of the interaction. Although they exhibit the same singular behavior
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when particles are close, the hyperbolic sine function arising in makes the model less compu-
tationally tractable in principle. An illustration of this fact is the loss of homogeneity when the
interaction is changed:

|| ~» sinh (mwi|A; — Aj|) sinh (mwa|A; — Aj]) .

This makes rescaling changes of variables of the type \; = Ty, less efficient when studying the
distribution Pxﬁsinh compared to the gB-ensemble case where one can just discard the scaling 7.

This will lead to major complications in the analysis of 5% sinh V]

A second important difference is the absence of scaling by N of the potential, this type of interacting
particle systems is said to have non-varying weights (see [BGK16, Section 1.4] for a discussion). It is
worth reminding the reader that the presence of such a scaling resulted in the confining and repulsive
terms having the same magnitude in terms of N. Consequently, at large N, the system exhibited
a global behavior where particles remained, with overwhelming probability, within a bounded N-
independent region [a,b]. Without this scaling, and with a repulsive interaction (of strength N?)
stronger than the confinement (of strength N), it is expected that the particles will primarily
experience repulsion until the effect of the potential becomes significant. As a result, when N is
large, the particles are more likely to localize within an N-dependent region [ay, by], where axn and
by tend to infinity. Introducing a change of variables A\; = Ty u;, with 7v — o0 as N — oo, allows
us to rebalance these contributions in terms of N and ensures that the particles remain within an
interval [a, b] with high probability. The cost of this procedure is that one must retain this scaling
throughout the entire analysis due to the loss of homogeneity of the sinh interaction. One must then
proceed with caution due to the increased complexity resulting from the additional N-dependence
and multiple scales in the problem, namely N and 7. Indeed, by performing an integration by
parts, it can be observed that the first loop equation of the model [BGKI6l Proposition 3.2.3]
involves N-dependent operators, significantly increasing the technicalities involved in analyzing
the loop equations.

To determine the appropriate scaling, assuming the configuration (u1, ..., un) is sufficiently typical,
we find:

N
> Vi(rwm) o~ NV(ry)
1 N—oo

and
N
Zlog {sinh (mwiTn | s — pj|) sinh (Twe |y — uj|)} ol CN?7y.
1<j

1
Thus, to get NV (1n) Mo CN?7y, we need, for V growing like |z|? as z — oo, 7y = N1 and
—00

for V growing like el®! at infinity, one finds the following hyperbolic equation e™ = N7y which at
the first order leads to 7y = log N. We therefore consider the following particle system:

def _
APY om0y AN) ) Zn V] 0% i Ot -+, An) A A (88)
with
(def) N N
px,sinh(Ah ceey )\N) i H sinh (WWITNP\Z’ - )\J’) sinh (ﬂwQTN’/\i - AJD . H efNTNVN()‘i) (89)
i<j =1
(def)

and 7y adapted to V. In the above expression, we have set Vy(x) (Ntn)" YW (rnz). In
[BGK16], the authors considered a general, strictly convex, smooth, N-independent potential
Vy =V, with 7y = N® and managed to show wvia the loop equations analysis, a large-N AE
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for log Z]%Sinh [V] up to o(1). The appropriate framework for the study of Lukyanov’s conjecture,
is to establish such a development for log Z}V’Smh [V] up to o(1) with V as in (85). In the following,
we will consider such V. Since the potential V' grows exponentially fast at infinity, we choose the
scaling 7y = log N in the rest of this section. We now explain some features of the model and
describe the global behavior of the particles as N tends to infinity.

1.7.4 Global behavior of the particles

Just as for the S-ensembles, the strategy for understanding the global behavior of the particles is
to analyze the limiting behavior for large N of the empirical measure fixy = N1 Zf\il dy,. This is
summarized by the following result.

Theorem 1.7.1 The family of random measures (in)n>1 satisfies, in Mi(R) equipped with the
weak topology, a LDP(N?1log N, I sinn) with strictly convex, good rate function:

def .
IV sinh ( = ) EV sinh — inf gV,sinh (V) .
R)

veM

The functional Eyginn is defined for all ;€ Mi(R) by:

(w1 + ws) / ‘
def) | ————F—— z — yldu(z)du(y) if p([-1,1]¢) =0,
Evamn() ) o ety - (%0)
400 if p([—1,1]¢) > 0.
ef) 1
The unique minimaizer is attained at the Rademacher probability measure, i.e. at Rad (def) ((5 1+

01). Finally, under IP’MSinh, [N converges weakly towards Rad almost surely and the free energy
reads

: 1 m(wi + wa) + w2) (w1 + wa) + w2)
A}gnoo Nlog N log Znsinn[V] = // |z — y|dRad(x)dRad(y) = .

This theorem can be proved following a similar approach to [BGK16, Appendix B]. The rate
function Iy ginh in this LDP is a bit different to the one obtained in [BGK16), Theorem 2.1.1] which
is valid for potentials growing like a|z|? at infinity. In our case, choosing the stronger confining
potential V' growing exponentially fast at infinity corresponds, heuristically, to taking ¢ — +oo.
As a result, Iy gnn does not depend on the parameters defining . One reason for this is that, at
large NV, it is extremely unlikely to have a substantial number of particles outside of [—1, 1] due to
the strong confining effect of V. Moreover, within [—1, 1], the particles only “feel” the confinement
as a correction to the repulsion. Concretely, the contribution of the potential within [—1, 1] is equal
to N27yVy(A) ~ NI for |\ < 1, while the repulsive effect is proportional to N2 log N.

In our case, it is convenient to work with a N-dependent equilibrium measure that approaches the
Rademacher law as N grows large, while still enjoying some useful properties. Another instance

where one uses a N-dependent equilibrium measure is [BF06, Section 5]. The idea is that ,uglv) and
£(V]Z1)nh absorb much more the N dependence of Jold N.sinh [V] than Rad and Eyginp-

A more suitable choice to capture the large-IN behavior of the particles is the minimizer of the
following functional:

g‘(/J\sfl)nh[ ](dif) / Vn(z)dp by //R2 10gUs1nh TwaTN (2 — y)] dp(@)du(y).

It satisfies the following theorem.
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(N) (N)
q

Theorem 1.7.2 &,/ , is strictly convex. Its unique minimizer denoted peq° and called the equi-

librium measure, is absolutely continuous with respect to the Lebesque measure with p.d.f. péév),

and it is characterized by the following Fuler-Lagrange equations:

2 sin . (N)
1 . > (Cginh outside supp peq
V(@) = 5~ /R log [ [ sinh [rw,rn (z — )] duéff)(y){ ~ oo ) _ g NIV
a=1 - VN eq :

Finally, it is compactly supported on [an,by] and has a vanishing square-root behavior at the
endpoints.

-1 05 0 05 1

Figure 1.3: The equilibrium density péév).

This measure whose general form is represented in Figure is very similar to uy,g introduced
in Theorem [[.3.1] Indeed, it is Lebesgue-continuous, compactly supported and also exhibits the
vanishing square-root behavior at the endpoints. Furthermore, to capture more properties of pgg)
by differentiating equality , one finds that it satisfies the following singular integral equation:

)

by
def
Va € [an, b, Svlp))(w) = Vi (), Sulela) & £ S (rla — ) oty (92)
an
(def) 2 TTWq . . . . .
where S(z) =" >, 5 coth (Tw,z). We stress that in the singular equation (92), which is

analogous to , the unknown is the triplet (péév), an,by). As previously explained, one would
like to solve this equation in order to have a manageable expression for the density and access the
knowledge of linear statistics and, hence the partition function Zy sinn[V].

While in the classical S-ensemble case, this equation can be easily solved by means of a scalar RHP,
the situation here is much more involved. The operator Sy belongs to the class of so-called truncated
Wiener-Hopf operators. When defined on sufficiently irregular Sobolev spaces, this operator can be
inverted by using a Wiener-Hopf factorization involving the solution y of an auxiliary 2 x 2 RHP.
This method is greatly inspired by the technique developed in [Kre62), Nov80].

More explicitly, to solve equation Sy[p](§) = H(), it is convenient to first solve the regularized
equation

by
Va € [an, by], Snald)(x) = H(x), Slgl(x) (di”f S, (rn(z — ) o(w)dy  (93)

anN

where S, (x) (def) S(2)1—yzy rzy) and Ty (de) 7n(bny — an). To obtain the final answer, one can

send the parameter v — 400 once that all the computations are made. Furthermore, equation (93]
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can be recasted as

(def) [N dn :
Folel© D £ s~ metngl =he), vk o0 2 (P2n)

The solutions of #n ,[p] = h can be mapped to a solution ® of a 2 x 2 RHP.

Lemma 1.7.3 [BGKI106, Lem 4.1.1] Let h € H*([0,Zn]), s < 0. For any solution ¢ € H*([0,ZTn]),
of ’Nylp] = h. There exists a two-dimensional vector function ® € O (C\R) such that ¢ =
FL[(®1)4] and @ is a solution to the boundary value problem:

o (,)+ € F[H*(RT)] for a € {1,2}, and there exists C > 0 such that:

Vi >0, Vae{1,2}, / Ba (A £ i0)[2 (14 N + [u)? dA < C,
R

e We have the jump equation for ®(X) = Gy(A).@_(A) + H(X) for A € R, with:

iIAZT v
(def) € 0 (def) 0
GX()\) = 21;[1-5; [S,y] ()\) _efv\jN and H()\) = <_e—1)\:CNF[he] ()\)) . (95)

It turns out that this boundary value problem can be solved by constructing a factorization of G.
This leads to the formulation of the following 2 x 2, RHP for y which can be solved:

Theorem 1.7.4 [BGK16, Prop 4.2.1] For N sufficiently large, there exists a unique solution to
the 2 x 2 RHP:

* x € M2 (O (C\R)),

e Y admits continuous x-boundary values on R,

BY

¢ 3 =AQ) (& +

o For all{ € R, x4(§) = Gy (§)x—(§), where G has been introduced in .

+ O(A2)> as \ goes to infinity.

In the above theorem, we do not provide the exact expressions of A and B as they are not needed
for the purpose of this discussion. However, they can be found in the corresponding reference. The
RHP above can be solved by using the Deift-Zhou non-linear steepest descend method. This allows
us to invert the operator #n , on H*([0,Zy]) for s big enough and obtain an integral representation
in terms of x for the inverse. After letting v — 400, we obtain the following result:

Theorem 1.7.5 [BGK106, Prop 4.3.8] Let 0 < s < 1/2, the operator Sy : H*([an,bn]) = X5(R)
18 continuous and invertible where

%, (R) 4 {heﬂsam, / X11(M)F[h](TNu)e‘”N“”Ndu=0}-

+ie

The inverse Wy is given for all ¢ € X5(R) by

def) ()2 )\ . _ du Kn(, e inTNbN
Wy [¢] (€) (:) (QN) / 2_76 it A(E aN)/ 7/" N( 1)
T JR42i AT Rtie 217 p—=A

‘F[qsl[anbNﬂ () (96)

for a N-dependent kernel Ky given in terms of x and a fized € > 0.

In [BGK16], Section 4], the authors were able to deduce many properties about the large- N behavior
of x, which translates into knowledge of the operator Wy for large N. This enables us to find the
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solution of for choices of ay < by such that by — ay > n uniformly in N for some n > 0.
Imposing the following constraints on ay and by,

by .
[ e =1, | F Vi lrae ™ =0 (o7
an +1e

allows one to uniquely determine ay and by such that the following holds:

) = WVl (98)
The first equation guarantees that ugg) has mass 1, while the second ensures, using the linear form
in the definition of X4(R), that it vanishes as a square root at the endpoints.

Compared to the derivation of an explicit expression for the equilibrium measure in the classical
[B-ensemble case which leads to , it is fair to say that the above procedure is considerably more
sophisticated. Indeed, in the first case, by solving a scalar RHP, one is rewarded with an explicit
expression, in the parameters (except for the endpoints) for the equilibrium density. This provides
a lot of knowledge on this function such as: its regularity, its vanishing behavior at the endpoints
or its dependence on additional parameters introduced in the model. In the sinh-model, it requires
to solve a 2 x 2 RHP which is, in general, considerably harder than dealing with a scalar RHP.
Furthermore, while the formula found in which involves the operator Wy, introduced in ,
is very satisfying on many aspects as it allows one to understand the regularity, the N-dependence
or again the behavior at the endpoints, it is way more involved than . Indeed, the expression is
now a triple integral and it depends on the entries of y which are non-explicit functions. These facts
imply that it requires way more efforts to extract the information out of this expression. Indeed,
it is necessary to extract the large-IN behavior of x(A) , which requires a lot of effort in order to

undestand the behavior in N and £ of pgg) (&).

We will now explain the strategies used to obtain the asymptotics of Zy ginn[V].

1.7.5 The partition function

Several strategies exist to obtain an AE for log Zn ginn[V] up to o(1). The first strategy is the loop
equations analysis, described for the classical -ensembles in Subsection [[.4 By using this method
for a N-independent potential V', the authors of [BGK16], managed to obtain an explicit expression

(log N

«
for the coefficients of the AE of log Z ginn[V] up to O(NW)) for a;,y > 0. To conduct the loop

equations analysis, the authors identified the master operator Uy (which is then N-dependent)
which has the following expression:

(def)
unlg] = o {v' = Sn [o] } + 5w [00)]. (99)
By exploiting the inversion of the singular integral transform Sy from Theorem the authors
managed to invert Uy and obtain an integral representation for L{K,l [BGK16, Prop 5.2.1]. This
expression is similar to the one found for the classical S-ensembles and . On [an,bn],
since the first term of vanishes by , this representation reads, for a smooth ¢ in X4(R)
with 0 < s < 1/2, and = € [an, by]:
_ Wh|o|(x
U5 (o) () = L) (100)
()
peq (%)
Since pgff) vanishes like a square-root at the endpoints, and Wy is the inverse of the singular integral
transform Sy, (T00) is very similar to (48). Outside [ay, by], it reads Uy [¢](x) = Lsinn () Ksinn (2)
with

lamn(2) ' Sy o Wy V() — V' (2), Fann(@) ‘2 Sn 0 Wylg)(@) — 6(x),
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which is again very similar to . One also needs to obtain controls with respect to the W, >°-norm
to apply the a priori bound and conduct the loop equations analysis. However, this representation
is not completely satisfying for extracting this control, as one has to take care of a vanishing
denominator when N goes to infinity in . Indeed, in the case of a IN-dependent potential Vi

introduced in , we know that péff) approaches the Rademacher measure. Thus, we expect that
pgq)(:lzl) feand +oo and that for = # +1, p( )(:L') fee 0.
—00

Moreover, from the form of the density found by computing Wx[V}], it is expected that the
convergence to 0 far from the endpoints is polynomially fast. However, for sufficiently smooth
functions ¢ one can expect that the numerator will also vanish exponentially fast in the bulk.
Using the explicit form of Wy , along with the knowledge on the asymptotics of x and the
residue theorem, it is possible to obtain a sufficiently explicit representation of that term. From
this expression, the exponential decay in the bulk becomes apparent. One can deduce from it that
a linear statistic like <L{]§1[¢]>Mgg) is of order 1, and its explicit limit can be obtained.

The second approach can be pursued via the asymptotics of the so-called bi-orthogonal polynomials.
A good reference for the theory of such polynomials is [Bor98|. Inspired by the orthogonal polyno-
mials approach for obtaining the partition function of the S-ensembles for § = 2, as explained in
Subsection there exists a generalization for other models whose interaction can be written as
a product of two different Vandermonde determinants, as is the case here, namely:

N2 e~ T (w1Fw2)TN (N=1)A; 2 ) AG—1)

_ TWpAi(J—
| I | I sinh [mwpTN (A = | I SN—T . I | 1,3(11‘3th (e P ) . (101)
1<j p=1 i=1 p=1

Thus, similarly as in , it is possible to recast the partition function as:

Znsinn[V] = H%-_l (102)

where the 7;’s correspond to the normalization with respect to orthogonality conditions for a system
of polynomials (P;, Q;)i>o0 called the bi-orthogonal polynomials. In [CR13], the authors managed
to prove that such polynomials admita RH formulation in the same spirit as in Theorem
From this RHP, one can expect to extract, again using the Deift-Zhou non-linear steepest descent
method, the large-N behavior of the v;’s and hence the AE of Zy sinn[V].

However, currently, the literature only contains the formalization of this approach in the case of
varying-weights. The generalization to the non-varying-weights case implies rescaling the integral.
As we have argued before, this would introduce another scale 7 into the large-N analysis of this
RHP. Extending the proof to this setup would require a significant effort.

We now state the results obtained in this thesis as well as summarize Chapters and

1.8 Summary of research results

[.8.1 Chapter CLT for real p-ensembles at high temperature

This result is derived from joint work with Ronan Memin [DGM23]. We establish for the (-
ensembles at high temperature, under very general conditions on the potential V', a central limit
theorem for linear statistics with bounded smooth enough functions.

We consider the probability measure IP’X;P on R¥ as introduced in , where V is quite general,
i.e., it grows sufficiently fast at infinity and is smooth enough. Examples of such potentials include
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polynomials of even degree with positive leading coefficient or the hyperbolic cosine function. The
goal of this article is to study the fluctuations of the linear statistics, rescaled by v/ N, namely:

\/N/ o(z)d(pn — pv,p)(z), ¢ smooth and bounded
R

where iy is the empirical measure and py, p is the equilibrium measure introduced in Theorem
More precisely, we demonstrate that as IV tends to infinity, this quantity converges in distribution
to a normal distribution A'(0,0%(¢)) for some o2(¢) > 0.

A common approach to proving this type of result, first developped in [Joh98] and used in [BLS1S],
is based on the following convergence of Laplace transforms:

X" e (VA [ st - mr)))| mr e (-50%9)).

Our strategy is based on a well-known change of variables in the partition function Zx[V] defined in
, see [Joh98| [Shcl4bl BFG15, BLS1§|. Take a compactly supported smooth function ¢ : R — R
and perform the following change of variables in Zy[V],

Ti = Yi + o(ys) 1<i<N.

o
VN

This yields:

’:12

_ N N . ¥ Z'ILVIV?J2+ #(y:) 3 N
ZN[V]_/RNKJ- ; yﬁ\/ﬁw(yz) o(y;))| " VN Zl( Ve yz)>d Y.

Expanding the different terms in this integral, we obtain:

V,P t ¢ yz - yj al /
ZN[V] z/RNpN’ (y1,---,yzv)-exp{ Z +Z( —V yl)cb(yi))

2

- %UJQV(@ + O<N7%t3H¢HW1°°(R)) }dNy, (103)

where J?V(gb) is a quadratic form in ¢ converging to a limiting variance o(¢). Recalling the defini-

tion of the master operator = deﬁned in , one can observe that in (103]), the term proportional
to ¢ is almost VN [ E[¢]dfin(x). Therefore, we can set the error term as follows:

def —_ i) —
error term % _j/N / =[6)(2)diiw (2 Z ¢ vi) =3 ()~ V'w)own)
R i<j i=1
_3
= o (@) + o () + O(t°N"2)
After dividing both parts of the equation by Zx[V], and because of the identity [ Z[¢](z)dpy,p(z) =
0 (coming from (62)), we deduce from ([103)) the following convergence:

EVP [exp txﬁ/ d(in — pv,p)(x) + error termH e exp(— io%d))). (104)

The error term can be managed by using large deviation principle and concentration of measure
type techniques to argue that ziy is close to py,p as N — oo with high probability. The proof
proceeds as follows: define the following distance d by

,\ (de
d = ) )d
() Hfﬁllfq {’/f p(x /f ' (

1 fll1/2<1
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where || f||Lip denotes the Lipschitz constant of f, and ||f||1/2 / |t| | F[£](t)|? dt, with F being

the Fourier transform on L?(R). By using a regularization of the empirical measure fiy developped
in [MMS14], we obtain the following concentration result:

Proposition 1.8.1 There exists K € R (depending on P and on V'), such that for any N > 1 and
r >0,

7r2
Py (d(fin, py,p) > 1) < e NI HOPlR N (105)

Since some building blocks of the error term arising in equation (104)) also appear in the classical
[B-ensembles, it is well-known that this type of concentration result allows one to neglect this term
(see [Guil9, Cor. 4.16]).

Once this term is handled and shown to be negligible, equation demonstrates the central limit
theorem for test functions of the form Z[¢|, where ¢ is compactly supported and satisfies certain
regularity conditions. To extend this result to functions ¢ supported on the entire real line, more
precise information about the size of the spectrunﬂ is required.

In the constant B-ensembles, particles will localize in a bounded interval [a,b], namely the
smallest interval containing the support of uy,3. Therefore, one can expect the contribution of ¢
outside of a compact set to be negligible. Specifically, it is expected that the following probability

W(’/qﬁ )iy ( /<z> 140 (@)diin () >t>

However, in the high-temperature regime, since the support of py p is the entire real line,

more precise estimates on the size of the spectrum are required. In the works [Pakl8, [Lam21b], the

authors managed to localize the spectrum in an interval of the form [—FEy, En], where Ey Ny
%

is really small.

V~!(log N). This allows for the proof of the central limit theorem of the form Z[¢], where ¢ is
smooth enough and decays fast enough at infinity, i.e.:

1
v / d(fin — pv,p)(x) = N (0,0%(4))
N—o0
for 02(¢) > 0. To complete the proof and obtain a central limit theorem for the linear statistics, and
this for an explicit and general class of functions v, one must invert the operator = and repeat the

def
previous procedure with ¢ (def) Z~!¢]. The analog of this operator was inverted in [HL21], where

the particles lie on the unit circle. However, due to the fact that, in the circular case, this operator
then acts on compactly supported functions, the techniques do not generalize easily. Inverting this
unbounded operator, which acts on functions defined on an unbounded domain, is therefore one of
the main obstacles in the proof, and more involved techniques are required. We now explain how
we managed to overcome this difference from the circular case.

To invert Z, it is enough to invert the operator £, defined as L[¢] (del) E[¢'], since =71 [¢] = (L7[g])".
The heuristic is that the operator £ is a second-order differential operator that is positive on
a certain Hilbert space. Following [HL2I], this operator can be analyzed using Hilbert space
techniques. To use this set of tools, we must restrict ourselves to the class of potentials V' such
that the associated equilibrium measure py, p satisfies the Poincaré inequality:

EICl‘z'/ol; >0,vf EC&(R), Va‘rMVP Pom/ ’f 2dMVP( )

10T he set of integration variables (y1,...,yn) is heuristically thought as the spectrum of a random matrix
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Polynomial potentials of even degree with positive leading coefficient or the hyperbolic cosine are
example of such potentials. This is verified for any smooth potential that is strictly convex outside
of a compact set. With this inequality, one can show that the pair (H, (.,.),), where

def def
H {u € L(uvp) | o € L(uv.p). /R u(a)dpy,p(z) = o} C o )

defines a Hilbert space. In particular, the operator £, seen as an unbounded operator on the
previous weighted Sobolev space can be decomposed as

—L=A+2PW, (106)
where A and W are given for all ¢ € C2°(R) by:

Alg) ) _Wovr)

pv,P

(def)

MW pvp] + /R Hd v plWduvp(y)  (107)

where H denotes the Hilbert transform. It is possible to show that A and VW are symmetric,
positive semi-definite operators on this space and that their respective kernels are given by the
one-dimensionnal vector space of constant functions. Furthermore, by exploiting that A is a Sturm-

d
Liouville operator i.e. an oeprator of the form T (pd) + g, one can show that A is conugated
x x

to a Schrédinger operator of the form —A + wy via:

plvyPAW =—-A+ wy,
where wy is a potential such that wy (z) — +00 as |x| — oco. It is a standard fact from the theory
of such operators that such a Schrédinger operator is diagonalizable, and thus, so is \A. From this,
one can deduce that A is positive on a domain D(A), i.e. there exists ¢ > 0 such that for all
¢ € D(A),
(Alg], )y > cliglli.

Above, ¢ can be taken equal to A\1(A), the smallest eigenvalue of A. Thus, by , —L is also
positive. This fact allows us to extend £ to a domain D(L), known as the Friedrichs extension see
Appendix [A] such that it is invertible on this space.

Theorem 1.8.2 (Inversion of the master operator) —L : D(L) — H is bijective. Further-
more, (—L£)~! is positive, continuous from (H,|.||n) to (D(L), ||.||n). More precisely, for all f € H,

1L A1l < A (A2 . (108)

By construction, it remains obvious that its inverse £~! satisfies (108). This continuity result will
be crucial for Chapter [2| to get controls on Z~! with respect to L? and L norms.

Once this operator is inverted, it is necessary to show that there exists a class of functions ¢
such that Z7![¢] satisfies the regularity and decay conditions required to consider non-compactly
supported functions. We showed that the class of functions, denoted by 7T, defined by:

T (def) {f € C*(R) | f, f', f" are bounded, /f Ydpy,p(x )—O} (109)

is such that for every ¢ € T, Z71[¢] is smooth and decay fast enough to make rigorous the heuristic
change of variables in Zx[V] detailed above. This can be shown by using the regularity conditions
on the domain D(L) and the integral representation for =1

+oo

[ duvete) o) + 20 (= olovsl(0) - [ 1= Tl e}

x

1
pv.p(x)

(1]

“Hel(x) =

(110)
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which comes from the following resolvent formula:
L7g] = —-A""[p+2PWo L g]].

This integral representation allows one to capture the growth of Z7![¢] and its derivatives and
verify that if ¢ € T, then Z7![¢] is smooth enough and decays rapidly enough at infinity so that
the CLT is valid for ¢. All these ingredients allowed us to conclude about Theorem

1.8.2 Chapter : Asymptotics of the partition function for S-ensembles at high
temperature

This result is based on the following article [DG24]. We establish the existence of an all-order AE
of the partition function Zx [V 4] defined in and Vg 4(7) = 2%/2 + ¢(x) where ¢ is a bounded
smooth function.

Theorem 1.8.3 (AE of the partition function) Let ¢ € L?(R), such that ) € L*(R) for all
k > 0. There ezists a unique sequence (¢;)i>o € RN depending on ¢ and P, such that for all K > 0,

K
%lOgZN VG¢> — go ( (K-i—l)) .

The strategy is based on the analysis of the loop equations, see Subsection [[.4 In order to make
the previous scheme work, one needs to be able to obtain the following results:

(i) An a priori bound on the linear statistics, namely

[{fadp, 1= N (f)

Nel n)

where (¢(n)), (m,,) are increasing sequences going to oo as n — 0o, C' > 0 a positive constant
and N,&m) a norm on functions of n variables which admit derivatives of order m.

(i) Continuity inequalities for the inverse of the master operator on the functional spaces sug-

gested by N namely:
NI (ETHA) < CNFED(f)

(iii) A control on the dependence in ¢ of integrals against vy, , , p where Vg g.4(2) = 2?/2+t¢(x).

These results are the main requirements that allow one to perform the loop equations analysis, and
therefore to first deduce an AE for the linear statistics.

For the point (i), we follow the scheme used in [BGK16], Corollary 3.1.10]. When the particles
concentrate on a compact set, i.e. when the limiting measure is compactly supported (such as

(N)

pv,g for the classical S-ensembles, or jieq’ for the sinh-model), one can show that

<f>§£1v = <f|C>(§[;N + exponential errors (111)

where fio(£1,- -+, 6n) (%) (&1, &) TTn x(&) where x is a compactly supported function equal
to 1 on a set containing the support of the equilibrium measure. Thus, in this framework, following
the scheme explained in Subsection deriving an a priori bound on (f ><2%£N for general f amounts
to show it for the truncated function f. as our estimates are much more imprecise than exponential
errors. By the procedure detailled in Subsection one obtains a control in terms of | fe|| grn/2(gn)-
Since this function is compactly supported, it is possible to transform the H n/2_norms in terms of
a Wyr°-norm, namely:
[ fell grrz@ny < I fellwee@ny < [1f lwee @n)-
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These bounds allow to only require a finite W, °-norm property on the functions for which the a
priort bound is admissible. We were however not able to reproduce this procedure in the high
temperature regime.

Indeed, showing that (f ) —(fie)n 2, 806 to zero exponentially fast as N goes to infinity, even if

ones takes a IV —dependent truncatlon namely chooses a smooth function yn such that, it is equal to
lon [-En,En]and 0 on [-Eny —1, Ey +1]¢ where Ey oL oo is difficult here. The unability to

construct a convenient truncation which would produce 111)) leads to the requirement to deal with
several norms: (H™? and W°) at the same time. The a pmom bound is supposed to be applied
to the linear statistics involved in the loop equations, i.e. linear statistics with test-functions of
the form Ao Z~1[f], where Z~! is the inverse of the master operator and A € {D, ©®} which were
defined in and . In order to apply it for this type of linear-statistics, one must then obtain
the continuity with respect t o two norms, for the different operators involved and especially the
master operator. This requirement increases considerably the complexity and technicality of the
proof. Point (i) is still completed.

For the point (ii), the main difficulty is to obtain continuity results with respect to W>° and H n/2
norms, for the master operator Z~!. We obtained them namely:

Theorem 1.8.4 (Controls on the master operator) Letn > 1, there exists a C > 0 such that
for all f € H"L(R):

= @) < CIF s w)-
Moreover, there exists C' > 0, such that for all g € W39 (R),

| ’

= glllweem) < C'llgllwes, v)-

They follow by obtaining a convenient integral representation for the inverse Z~![¢]. Our strategy
is based on the resolvent formula. By recalling , we get:

f(@)pv.p(x) = —(E ' flpv.p) (z) — 2Ppy,p(z)H[E" [ flpv.p)(z)
+2Ppy p(2) /R HEfovrlw)duvpy). (112)

and thus by integrating on [z, +00[, we get:

+o0
1

m / dpy,p(t) {f(t) +2P{7{[ flpv.pl( /H pvyp](y)dlu,{/,p(y)}] ,

T

[1]

() =

(113)
This integrand is composed of two terms: the term in f(¢), which can be handled by standard
techniques, and the term proportional to 2P. The latter involves the master operator =~! which
makes this formula circular. However, because of the L?-isometry property of the Hilbert transform
and, crucially, the continuity result , one can show the continuity of this expression in f with
respect to L? and L>™ norms. Furthermore, to show the continuity with stronger norms namely
H" or W°, one must differentiate and manage the diverging parts appearing. This can be done
by using integration by parts. This can be seen at the level of the operator A which is a building
block of L , we have:

1
pv,p()

AT () = [ stva
T) = fv,p(t) (114)
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which implies by differentiating and integrating by parts:

- " __pQ/,P@:) +oo
A ) = ST [ r (o) - 1)
_ e [ove@ T @ _
" ey [f (t)p'v,p<t>””“)L el (f pfv,p> (elt) = ote)
_M oe pv,P /
B pV,P<$)2/$ (fp/V,P> (t)dpv,p(t). (115)

Since, in the last integral, pQ/’ p» Which vanishes at least once, appears in the denominator, this
formula can only hold in a neighborhood of +00 (the same can be done near —oo). Even though,
the prefactor of the integral diverges strongly, the order of this prefactor being roughly V' (z)e?V (),
the integrand decay at the inverse same speed and by integrating, a factor 1/V’(x) must be added
which allow obtaining an integrable decaying behavior at infinity. This procedure can be applied
to deal with every derivative of A~![f]’ and all the derivatives of Z71[f]. To deal with the behavior
of A7'[f]” in a compact set, the first equality in is convenient and doesn’t exhibit any
singularity. These formulations allow obtaining sufficiently good controls with respect to the two
norms involved in the problem. This completes point (i3).

Points (i) and (i), make the loop equations analysis possible. This leads to the existence of the
AE for the linear statistics for general potential V:

Theorem 1.8.5 (AE of linear statistics) Under assumptions on the potential V', for all
¢ € L*(R¥), such that ¢ € L2(R¥) for all j > 0, there exists a unique sequence (bi)i>[k/2]
depending on 'V, ¢ and P such that forall K > 0:

K
Oeey = > o +0 (N0,
i=[k/2]

Once the AE is obtained up to any order for the linear statistics and this, for smooth bounded
functions, one can try to integrate this AE into one for the partition function via the following
formula:

log ZN [VG ¢] log ZN[VG - N / VG ot dt

ch K+1) + Z fO Ck ¢7 / O N (K+1 d (116)

Since the AE of log ZN[Vg.] can be obtained up to any order in N~! as in , in order to make
this integration-step rigorous, one needs to integrate each term ci(¢,t) arising in the AE of the
linear statistics as well as the remainder term which also depends on ¢t. One can show that proving
that these integrals are well-defined boils down to realize point (7).

Let ¢ smooth and bounded, V' a general potential and define Vi ; : © — V(z)+t¢(x) where t € [0, 1].
One can show that every quantity that we need to integrate depend on ¢ only via py,,. Showing
that the map ¢t — py,, € W°(R) is continuous for all n € N is enough to integrate all of these
terms depending on ¢ and conclude about the AE for log Zn[Vi ¢

For the classical B-ensemble, this continuity result is easy to show. We argued in Subsection
following [BG13al, that if V and W are such that py. g and pyy,3 have the same support [a, b],
then the equilibrium measure associated to the convex combination of potentials tV + (1 — t)W
is the convex combination of the equilibrium measure tuy,s + (1 — t)uw,s, (57). For the high
temperature regime, this step turns out to be way more involved.
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First it is easy to see, taking two potentials V' and W, that

prv+-nw,p 7 tov,p + (1 —1)pw,p. (117)

Indeed, the above equation isn’t compatible with the asymptotic behavior at infinity found in .
To show that py, , p converges uniformly to py, 1P when t — g, we set the following definition:

def) PVy 4, P — PVy, P 1 def
uy () e 20 oty g, (118)

ot P

By using , one can show that wu; solves the following equation:

1+ 0tuy () = exp {6t( — ¢(x) + /R P(y)dpv,,.,.p(Yy) + 2P /R log |z — ylue(y)dpv,,,  .p(y)

—9pP //]R2 log !y—z!m(z)duw,to,P(z)duvd),tO,P(y)Jr% /R [log (1 + dtug(y)) — otug(y)] dMV¢,tO,P(y)) }

By linearizing the exponential in the above equation, one can show that there exists a continuous

def
invertible operator 7 (def) —Lo A7, and some t-continuous operators U, V; such that v, is a fixed

point of the following equation:

w =T o Viud, with Vifu] ‘=)~ + /R oWy, (v) + Stlfu].  (119)

One can show that the operator 7! is continuous and that V; is Lipschitz-continuous with respect
to L norms, with Lipschitz constant proportional to ét. Thus, by picking ¢ close enough to g,
which amounts to take dt small enough, an application of Banach fixed-point theorem leads to the
fact that u; is the unique fixed point of the t-continuous operator 7' o V;. It is then a standard
fact that the unique fixed point of a contractive operator continuous in ¢ is itself continuous in ¢.
This reasoning allows us prove the following theorem:

Theorem 1.8.6 Under assumptions on the potential V, for all i € N and for all € L*(R),
such that ¢®) € L*(R) for all k > 0,

vy, — pv, o llwee(w) T 0

where Vg : x = V(x) + to(x) where t € [0,1]. The W*(R)-norm is defined as || f|lwee(r) (def)

krrﬁaxﬂllf(’“)llm(m Furthermore, for all v € R, t = py, (z) € C*(R) and satisfies the following
c[0,n ;
integro-differential equation for allt > 0 and x € R:

0upv, ) = (00 + [ oo, (5105 ) pr, ().

1.8.3 Chapter On the equilibrium measure for the Lukyanov integral

This article is based on the preprint [DGK24] which gives an explicit form for the leading order
sinh
term in the AE of log NT[Q],

Z3 Vo]
justifying that the limit in Lukyanov’s conjecture about the vacuum expectation value of the
exponential of the field operator, introduced in , exists.

in terms of the parameters o, wy; and wy. This result allows
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The starting point is the interpolation equation, namely

1 M——Nl N bal Z3mh [V ]dt = Nlog N b<'d>Vf dt
OgZ?Vi“h[Vo]_ og N | Orlog ZNT[Vildt = Nlog N | (i),

b

= NlogN/ (id) (v dt+Rn. (120)
N—oo 0 Meq,t

While we are only able to show that the remainder term is of order O(v/N log? N), we make the

following assumption:

Assumptions 1.8.7
Ry = O(1). (121)

N—o0

PO . 1 . .
We know that the limiting measure of iy is the singular measure 5(6,1 + 91). Since this measure

doesn’t capture enough of the N-dependence of jiy, it is more convenient to use the N-dependent
equilibrium measure ugg). The first step that one needs to take care is the construction of this

measure. We rely on the equation Sy [pgév)] = V](,, where Sy and Vi have been introduced in
and (85)), and on the inversion of this operator, see Theorem The potential is explicit, and

we recall its coarse form:

VN (§)

= Norw cosh(éy) — %5 + negligible errors.

The exponential errors come from the integral term in which decreases like O(e~217l) at infinity.

With the rescaling in 7y, it can be seen that this term decreases in This term will only

N3y~
contributes to the remainders and for this heuristic, we can neglect its effects.
By the explicit form of Vi, using the residue theorem and growth conditions at infinity of the
Riemann-Hilbert solution y, one is able to obtain the following explicit expression for pgév) and this
for general ay < by:

) () = i dAe—iTNMﬁ—aN)<c[K(A,i)ewa K\, —i)e~™van bX11(A)X12,+(0)>
q ) -

Pe ~ 2N i A—i A +i )
R+-2ie

+ negligible errors, (122)

where the kernel K is defined as follows:

KO xa xasn) = S (0)xaz():

As explained in Subsection to construct péf;’), one needs to find the endpoints ay and by.
It is done by exploiting the constraints. The first constraint considered is the one ensuring the

square-root like vanishing behavior of p((ag), namely €; y = 0 with

def d 71,7_
¢y D / Z,ie NN (1) F [V Lia ] (7). (123)
R+tie 1

By the residue theorem and the knowledge on the asymptotics of y, we get:

G N = ! (E (—eTNbNXH(i) + e_TN“NXH(—i)) + bx117+(0)) + error term. (124)
NTN 2

The second constraint on the mass € y = 1 where

def) [N
¢y () / AN(€)de (125)

N
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can also be computed by using Fubini’s theorem and the form found in (122)) to get:

2N €y v = bx’; 1 (0)x12,4(0) +

;{ (eT™NbN 4 emTvaN) [iX11,+(0)X12(i) —ixn (i)X12,+(0)}

+ x11()xa1,4-(0)e™N — x11(1) o, (0) (€N — e7™VoN) }

Using the local inversion theorem, one is able to find a unique couple (ay, by ) solving these equa-
tions and then conclude on the construction of p,gg). Before trying to compute ffg ¢ péé}’) (€)dE, one
needs to obtain the asymptotic behavior of ay and by, this can be done by solving explicitly the

two constraints which leads to

1 2w B R (1)4/
by =1+ log ( mB R (1) Ve —|—w2) + error
log N T
1 2B R (1)/
ay =—1— log ( WL ONET +w2) + error
log N v

where Ry is an explicit special function depending on the parameter wi, w. Finally, using Fubini
and all the asymptotics that we computed, this is enough to obtain the following leading order

term for the expectation value of ,uglv):

t 1
id = ———— 40— . 126
(i >uéqN% N—oo m(wy + wa)N + (NlogN) (126)

This leads to the following conjecture:
Conjecture 1.8.8 Under the assumption (121])

Z]s\ifnh [‘/b] b2

log 2N ol %
%8 Z5mR (1] N oo 27(wr + w2)

log N + O(1). (127)
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Chapter 1

CLT for real S-ensembles at high
temperature

“When it is asked, What is the foundation
of all conclusions from experience? we can
give no satisfactory answer but must re-
turn to the same point, and confess that
the empirical evidence of cause and effect
1s ultimately based on habit or custom, not
on logical reasoning or any form of neces-

sary connection.” David Hume

Contents
(1.1 _Introduction and main result| . .. ... ... ... ... .......... 63
1.2 Regularity of the equilibrium measure and Hilbert transform|. . . . . . 69
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(1.4 Localization of the edge of a configuration| . ... .. ... ........ 78
[L.5 Laplace transform, proof of Theorem 1.1.4| . . . ... .. ... .. .... 81
(1.6 Inversion of £]. . . . . . . o o i i i i e e e e e e e e e e e 87
1.7  Regularity of the inverseof £ |. . . . . . ... ... ... ... ... 93
(1.8 Appendix: proof of Theorem 1.6.2 . . . . ... ... ... ......... 97

1.1 Introduction and main result

The B-ensemble of dimension N > 1 with parameter 5 > 0 and potential V' is the probability

measure on RY given by
1

AP (w1, an) = ———— [ |2 — 2P 25 VEdey . day .
N (l’]_, ’$N) ZN(V, /8) H |l‘ x]’ € ! $1 :EN

1<J
The potential V' has to be chosen so that the partition function
ZN(V,B) = / H |x; — l’j|’86_ > V@) de, .. day
RN G5
is finite. This is the case for example if for some ' > max(1, 3),
V(z)

liminf ——+— > 1,
|1:I:I\n—1& N log |z|

63

(1.1)

(1.2)
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see [AGZ10bl, equation (2.6.2)]. The parameter /3, which is allowed to depend on N, is the so-called
inverse temperature.

2
Under the special choice of Vg(z) = %, the measure ([L.1)) can be seen as the joint law of the

(unordered) eigenvalues of certain matrix models:

e For B =1 (resp. § = 2), it is the law of the eigenvalues of the Gaussian Orthogonal Ensemble
(resp. Gaussian Unitary Ensemble), [AGZ10b, Theorem 2.5.2].

e For general 8 > 0, potentially depending on N, it is the law of the spectrum of certain
tri-diagonal random matrices as shown by Dumitriu and Edelman in [DEO2b].

We consider here the high temperature regime where [ scales as 1/N, and write § = % for some
P > 0. The corresponding measure is therefore
V,P
dPN (1'1, cee, X

— x| Nem Tt V@) gy, | dry, (1.3)

1<]

with partition function

N .
/RNH]azl—xﬂNe =1 V@) dyy L day . (1.4)

1<)

It was shown in [GZ19] that under ]P’]‘\/,’P, the sequence of empirical measures

1 N
1=

satisfies a large deviation principle at speed N with strictly convex, good rate function. As a
consequence, fiy converges almost surely in distribution towards a deterministic measure py as N
goes to infinity, meaning that almost surely, for every bounded continuous f : R — R,

[ 1@dint@) = [ @y (a)

The limiting measure py can be seen to have a density py which satisfies for almost every z € R

V(z) - 2P / log | — ylov (y)dy + log py(z) = Cy-p (1.5)
R

where Cy, p is constant (see [GM22, Lemma 3.2] for example).

The [-ensemble in the regime SN N—> 2P > 0 has drawn a lot of attention from the random
— 00
matrix and statistical physics communities lately. This regime was first considered by [CLI7] with

the study of Dyson Brownian motion with vanishing repulsive coefficient scaled like —. Gases of

vortices were also studied with temperature proportional to N in [BG99]. The limiting density
was then described in the case of the quadratic potential in [ABG12], as a crossover between the
Wigner semicircle law (fixed § > 0 case) and the Gaussian density (case § = 0). The fluctuations
of the eigenvalues in the bulk and at the edge of a configuration were studied for example in
[BGP15, INT18, NT20b, [Pak18| Lam21b]. These fluctuations were shown to be described by Poisson
statistics in this regime. Recently, Spohn uncovered in [Spo20] a link between the study of the
Classical Toda chain and the g-ensemble in the high temperature regime, showing that the limiting
density of states of the classical Toda chain, distributed according to the generalized Gibbs ensemble
with polynomial potential, can be computed by means of the limiting empirical measure of the (-
ensemble at high temperature. In [Maz22], the author established this relation using the matrix



1.1. INTRODUCTION AND MAIN RESULT 65

representation of the S-ensemble and a moment method, and in [GM22] the authors proved a large
deviation principle for the empirical measure of the Toda chain, establishing the previous result
for potentials with polynomial growth. See also [Spo22, [GM23 IMM22] for a similar link between
the Ablowitz-Ladik lattice and the circular S-ensemble at high temperature. This relation can
be further pushed to compute the limiting currents of the Toda chain through the central limit
theorem for the empirical measure in the 8 ensemble. The computation of these currents is a crucial
step to the derivation of a hydrodynamic equation for the Toda chain, and to the analysis of the
correlations of the locally conserved quantities at equilibrium through linearized hydodynamics, see
[Spo21]. The derivation of the currents via the central limit theorem is justified in the recent paper
[MM24].

The Central Limit Theorem for the fluctuations of the linear statistics of G-ensembles was first
established by [Joh98]| for § = 2 and polynomial potential, then generalized and further developed
in the regime where (3 is fixed in [Shcl3l BG13a, BG13bl BLS18, LLW19]. Also an optimal local
law was found in this regime in [BMP22]. The CLT was obtained in the high-temperature regime
BN — 2P > 0 by Nakano and Trinh in [NTI8, Theorem 4.9] for quadratic V, relying on the
tridiagonal representation for the S-ensemble with quadratic potential in [DE0O2b]. In [HL21], the
authors prove the CLT in the case of the circular -ensemble at high temperature with general
potential, using a normal approximation method involving the spectral analysis of an operator
associated to the limiting covariance structure. Their method allowed them to derive a Berry-
Esseen bound, i.e. a speed of convergence of the fluctuations towards a Gaussian variable.

In this paper, we adapt part of the arguments of [HL21] to our setup. More precisely, we show that
for a class of regular, convex potentials V satisfying a growth condition of the type

V,/(IL’)
i
\m|1£>noo V’(m)Q

denoting vy = fny — py and considering test functions f belonging to the range of a certain
integro-differential operator, the scaled fluctuations of fiy, defined by

VN (f) (/f )dpn (z /f )dpy (2 >,

converge in law towards centered Gaussian law with variance depending on f.

When considering the fixed temperature regime, i.e. 3 fixed, one has to renormalize the z;’s by
V/N. Tt is shown in [AGZI0b, Theorem 2.6.1] that the measure

DN
=1

satisfies a large deviation principle, and the limiting measure is characterized in [AGZ10D, Lemma
2.6.2] by an equation similar to . In fact, the term log py in the left-hand side of is the
only difference in the equation characterizing the limiting measure in the fixed 8 case. We point
out the very similar characterization of the equilibrium measure corresponding to the minimization
problem arising in [BGK16]. There again, the limiting measure is compactly supported. The term
log py is of prime importance because its presence implies that the support of py is the whole
real line. It leads to technicalities to deal with the behavior at infinity of most of the associated
objects, namely dealing with weighted Lebesgue spaces L?(uy/) and the corresponding Sobolev
spaces H*(uy).

Our strategy is based on a change of variables in the partition function ZL[V] (T.4)), used for the -
ensemble at fixed temperature introduced in [Joh98, BFG15, [Shc14b|, and used in [Guil9, BGKI16]
to derive the loop equations and in [BLSIS§]| to derive a CLT in the -ensemble with (3 fixed. The
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outline of the argument goes as follows: Take ¢ : R — R smooth, vanishing fast enough at infinity,
and do the change of variables in Z§[V], z; = y; + tN~Y2¢(y;), 1 <i < N, to get

P eXP( ZV(% N (w)))
><H< +7¢ yz)) ay.

ZHV] = /IRN 1Tl — v+ \/tN(Cﬁ(yz’) - ¢(yj)) N

1<j

Expanding the different terms in this integral, one gets:

| ¢
/Hyz Y| ¥ ™ “V(y‘)-eXp{

1<J

Zd)yl -

; Z () V' yz>¢<yz»>)] }.exp (- Sot@)ay.
2

where the term o3 (¢) converges towards a limiting variance o%(¢) depending on ¢, P and V. After
dividing both parts of the equation by Zﬁ[V], and because of equation (1.5 characterizing py, one
can deduce from the last equation the convergence of the Laplace transform

E [et\/ﬁ(uw(s[¢])+error term)] N:;O exp (t; 2(¢)> : (1.6)

where = is a linear operator acting on test functions and defined by

[1]

) @ ap [ A= ) 4 6(0) - V@) - 2P [ Mo v ). (17)

Once the error term is taken care of, ((1.6)) shows the central limit theorem for test functions of the
form Z[¢]. Following [HL21], the operator £ given by

(def)

=" E[¢] (1.8)

can be analyzed using Hilbert space techniques. In particular, the operator £, seen as an unbounded
operator of the Hilbert space

L[g]

H= {'LL € LZ(IU'V) ul € LQ(MV)7/ u(x)d,uv(x) = O} ) <U7U>H = <U,,’U/>L2(MV) ;
R
can be decomposed as
—L=A+2PW,

where A is a positive Sturm-Liouville operator and W is positive and self-adjoint. Such a writing
allows us to show that —L is invertible, see Theorem

We now state the assumptions we make on the potential V. Recall that a probability measure pu
supported on R satisfies the Poincaré inequality if there exists C' > 0 such that for all f € C*(R)
with compact support:

Var,(f) < /R <f(fc)— /R f(y)du(y)>2du(:r) <c /R 7 (@) 2dp(z) (1.9)

Assumptions 1.1.1 The potential V satisfies:
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i) Vel R), V(z) — +oo, |V/(z)] — o0 and is such that wy satisfies the Poincaré

|x| =400 || =400
inequality ((1.9).
i) For all polynomial Q € R[X] and o >0, Q (V'(z)) e V@ = o (27%).

|x|—o00
iit) Furthermore, for any sequence (xy)n such that |zn| goes to infinity, and for all real a < b,
we have, as N goes to infinity,

1
—_— V" — 0.
Vilan)? ailir;bl (en +2)| —

1 V' (x) VO (z)

iv) The function —5 is integrable at infinity, —— = O (1) and =

) / V2 g finity, V’(l’) \x|aoo( ) V’((IJ) |z]—o0

Since we need another assumption to state our result, we postpone to Remark explicit exam-
ples of potentials admissible for our main result. We now discuss the previous assumptions.

(1)

e Because i) implies that V' goes to infinity faster than linearly, we will see that it ensures
exponential decay at infinity of py. Recalling the sufficient condition for IP%P of equa-
tion to be defined, this first assumption implies that there exists o > 0 such that
lim inf}) 00 % > «. This guarantees in particular that the S-ensemble is well-defined
for all N > 1 and P > 0. We will use the fact that py satisfies the Poincaré inequality to
ensure that H endowed with (-,-)y is a Hilbert space.

e The second assumption ensures that any power of V/ (and of V" by iv)) is in L?(uy) and
that py-, which behaves like eV up to a sub-exponential factor, belongs to the Sobolev space
H%(R) C C'(R). Indeed, for k < 2, using iv), py (¥ behaves at infinity like (V’)¥py as shown
in Lemma which is in L?(R) by assumption ).

tion (z1,...,2y) following the law IP%P: this will be done in Corollary which comes as
a consequence of [Lam21b, Theorem 3.4]. More precisely, Corollary |1.4.2] establishes that for
some sequences (o )n, (ay)n and (Ey)n, (Ef)n, all going to infinity, the random variables

e Assumption #4) will be used to localize the minimum/maximum point of a typical configura-

+ + — —
« max x; — F and o max x; — F
N(1§jSN J N> N<1Sj§N J N

converge in distribution. For large N, the scalars E]J([ and E can thus be seen as the edges
of a typical configuration. Furthermore,

V(EZ) ~log N. (1.10)

We refer to Section for detailed statements, which we use to lift the result of Proposition
from compactly supported functions to more general functions.

e We use Assumption 7v) to control integral remainders in the proof of Theorem ensuring
that £7! is regular enough i.e. that for sufficiently smooth functions f, L~1[f] € H?(R).

We will need another technical assumption to ensure that Taylor remainders arising in the proof
of Theorem [1.5.2] are negligible.
Assumptions 1.1.2 With the notations of Theorem[1.4.1], we have

sup |V (@)] = o(N1/2),

where In = [E;,—Q;E;{,-i—ﬂ.
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Remark 1.1.3 Taking V = Veony + ¢ with Viony, ¢ € C3(R) such that #*) is bounded for k =
0,...,3, Veony 18 convex with |V | — 4oo at infinity, satisfying hypotheses ii), iii), iv) and
Assumptlon such that there exists € > 0 such that Veony — 2P f¢ is convex (see Lemma,
then V satisfies Assumptions|I.7.1land[l.7.4 The main point that needs to be checked is that the
measure uy satisfies the Poincaré inequality, this will be done in Proposition [I.2.6] The function
fe is introduced as a function that behaves like log |z| at infinity, but has second derivative which
is as small as desired.

The type of functions Vony that one can consider is typically the convex polynomials or cosh(az).
On the other hand a scaled potential like ¢* has a faster growing derivative at infinity and doesn’t
satisfy assumptions i) and iv).

We are now able to state the main result, i.e. the central limit theorem for functions belonging to
the image of the operator £ introduced in (|1.8)).
Theorem 1.1.4 Assume that V' satisfies Assumptions and Assumption[1.1.9. Then for all

¢ € C2(R) with ¢, ¢ and ¢" bounded such that / ¢(x)duy (x) = 0, we have the convergence:
R
VNN (@) =5 N (0,(05)(9)) (1.11)

where the limiting variance (o0%)%(¢) is given by

(05)%() = (6, L7 D))y :/R (ﬁ_l[¢]”(96)2 + V”(ﬂ?)ﬁ‘lw/(m)z) dpy ()

-1 ") — 1 2
el (c )£ (y>> A @)y (y) . (1.12)

Remark 1.1.5 In particular, let ¢1, ..., ¢4 € C*(R), all 5at15fy1ng the hypotheses of Theorem-
Considering for t = (t1,...,t4) € R? the function ¢ = Z j=11i®5, ¢ also satisfies the hypotheses.
Then we have

i

E [ei\/ﬁ(thN(¢1)+-~~+thN(¢d)] —-F |:e’i\/NVN(¢):|

and the last expectation converges towards the characteristic function of a centered Gaussian vari-
able. Thus, we see that the vector v N (vn(¢1),. .., vn(dq)) converges towards a centered Gaussian
vector whose covariance matrix is given by ((¢;, £~ ¢;])y )1 <ij<d

Remark 1.1.6 In Theorem it’s possible to consider functlons such that fR x)dpy(x) #0
if one replaces ¢ by ¢— [, ¢( d,uv( ). Also, the assumptlon 1|4v) is restrictive. In the setting of
a polynomial potential V', by a more careful analysis, one mlght improve the result, by considering
less regular test-functions ¢.

As a tool to deal with the error term of equation (|1.6[), we establish a concentration inequality for
the empirical measure. This inequality is stated in terms of the following distance over the set of
probability distributions P(R).

For p, i’ € P(R) we define the distance

d(p, p') = sup {‘/f )dp(x /f( )i (x)

} , (1.13)

||f l[Lip<1

1fll1/2<1
where || f||Lip denotes the Lipschitz constant of f, and || || /2= / It | F[f](t)|* dt, where F denotes
the Fourier transform on L?(R) which takes the following expression F[f / f(z)e " dx for

fin LY(R) N L2(R).
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We then have:
Theorem 1.1.7 There exists K € R (depending on P and on V'), such that for any N > 1 and
r >0,

P (d(jin, pv) > 1) < eV EE AP IOBNTE (1.14)
This result is the analog of [HL21, Theorem 1.4].

The paper is organized as follows. In Section [1.2] we discuss the regularity of the equilibrium
density py under Assumption[I.1.1] In Section[I.3|we prove Theorem[I.1.7] Section[I.4]is dedicated
to the localization of the edge of a typical configuration, mentioned in the discussion preceding the
statement of Assumption We next prove in Section the convergence of the Laplace
transform of v/ Nvy (L) for general functions ¢ which establishes Theorem for functions of
the form L¢. Section is dedicated to the diagonalization and inversion of £ given by . In
Section we show regularity properties of £~! to establish Theorem We detail in Appendix
elements of proof for the spectral theory of Schrodinger operators, used in Section [I.6]
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1.2 Regularity of the equilibrium measure and Hilbert transform

In this section, we discuss the regularity properties of the equilibrium density py, namely its decay
at infinity and its smoothness, and give formulas for its two first derivatives.

The Hilbert transform, whose definition we recall, plays a central role in the analysis of the equi-
librium measure. It is first defined on the Schwartz class through V¢ € S(R), Vz € R,

Hig)(x) D f 2O gy lim/ o) gy = /+Oo datt) =¢le=t), (1.15)
[t—z|>e 0

rRt—2 €l0 t—=x t

where ][ denotes the Cauchy principal value integral, and then extended to L?(R) thanks to

L. L T - - ) .
property 4i) of Lemma(l.2.1¢ || f(l 12 (40 IH [l 22(4z)- The last expression in ([1.15) is a definition
T

where the integral converges in the classical sense. We also recall the definition of the logarithmic
potential U/ of a density of probability f : R — R, given for z € R by

Uf (@) D - /[R log [z — 1 (y)dy. (1.16)

Because we assume f € L'(R) to be nonnegative, Uf takes values in [—oco, +00). If f integrates
the function log, i.e [; log|z|f(x)dx < 400, then U f takes real values. Additionally, one can check
that the logarithmic potential and the Hilbert transform of f are linked through the distributional
identity (Uf)/ = H[f].

We recall in the next lemma some properties of the Hilbert transform that we will use in the rest
of the paper.
Lemma 1.2.1 (Properties of the Hilbert transform)

i) Fourier transform: For all ¢ € L*(R), ]:[/H[gb]} (w) = imsgn(w)F[P](w) for all w € R.
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ii) As a consequence, l?—l is an isometry of L*(R), and H satisfies on L*(R) the identity H? =
—m21. "

iii) Derivative: For any f € H*(R), H[f] is also HY(R) and H[f) = H[f'].

iv) Forallp > 1, the Hilbert transform can be extended as a bounded operator H : LP(R) — LP(R).

v) Skew-self adjointness: For any f,g € L*(R), (M1, 9) 2wy = — (- Hlg) L2 ()
Proof We refer to [Kin09| for the proofs of these properties. O

As a consequence of [GZ19], fiy converges almost surely under }P%P towards the unique minimizer
of the energy-functional £y p, defined for p € P(R) by

£ p(p) @D /R [V(x) + log (d/;f)ﬂdu(x) - P//R2 log | — y|dp(z)duly) if p < da

+o0 otherwise
(1.17)
Here we wrote p < dz for ” i is absolutely continuous with respect to Lebesgue measure”.

Consequently, following [GM22, Lemma 3.2], the density py of uy satisfies equation ((1.5]), which
we rewrite here for convenience.

Via) = 2P [ logla ~ ylov (s)dy + log pu () = Cucr. (1.18)

where Cy p is a constant (depending on V' and P). Using this equation, we will show in the next
lemma that py decays exponentially and is twice continuously differentiable via the representation:

Vz € R, py(z) =exp ( —V(z) —2PU (x) — Cup).

2
In the Gaussian potential case i.e. Vg(x) = %, an explicit formula has been found first in [ABG12],
and in [TS15] via a different method:

xQ
Vg( ) F(P) exXp ( B ?>
Xr) = .
P P/2m /+Oo P18 it gy
0

It has been established in [BGP15] that /P + 1,0;G(\/P + 1z) converges to the Gaussian distribu-
tion when P goes to zero and the semi-circle law when P goes to infinity. So in the Gaussian case,
1y can be seen as an interpolation between the Gaussian distribution and the semi-circular one.
In fact, this interpolation result holds true for general potentials, see [NT20b, Remark 2.1].

In the next lemma, we prove that py has the same regularity as V.
Lemma 1.2.2 Under Assumption[I.1.1

e The support of py is R and there exists a constant C}, such that for all x € R,

pv(z) < OB (1 + |z])*Pe V().

e The density py is in C3(R) and we have

py = *(V/ + ZP%[PV])PV (1.19)

and
ol = ( —2PH[py] — V" + V"% + 4P*H[py]? + 4PV’H[pV]) v . (1.20)



1.2. REGULARITY OF THE EQUILIBRIUM MEASURE AND HILBERT TRANSFORM 71

Proof For the first point, [GM22, Lemma 3.2] establishes that the support of uy is the whole real
axis, and that under the first condition of Assumptions we have the bound, valid for all x € R

(z) < Kp (1.21)
r) < —— | )
P el
with K}é a positive constant. Using (1.18)) and the fact that
log |z — y| <log (1 + |z|) + log (1 + |y]),
we see that for all z € R,
pv(z) < CY exp ( —V(x)+2Plog(1+ ]:L“|)> , (1.22)

with
€ = exp (2P [ log(1-+ lypv (w)dy + Cur)
R

which is indeed finite by (1.21]).

For the second point, we use that (U pV)/ = H[py] weakly and equation (1.18) to conclude on the
distributional identity

Py = ( -V = QPH[pv])pv :

By the second point of Assumption V/(z)eV@H+2Plog(l+zl) — o(2=1) as x| — oo, thus by
(L.22), V'py € L*(R). Also since py is L*(R) and bounded, we deduce, by using that H[L*(R)] =
L%(R), that H[py]|py € L*(R). Adding up these terms we get py € H(R). Because H[py| = H|[p}/]
in a weak sense by Lemma m H[py] € HY(R). By the classical fact that H'(R) is contained in
the set of 1/2-Holder functions C'/2(R), we have H[py] € CY/?(R) and so UPv € CHY/2(R), the set
of functions in C!(R) with derivative of class 1/2-Holder.

Using the fact that V is continuously differentiable, the previous equation for the weak derivative
of py then ensures that py € C'(R) and equation holds in the strong sense.

Differentiating (in a weak sense) equation (|1.19)) we obtain
ol = ( —2PH[py) — V" + V" + 4P H[py ) + 4PV’H[pV]) v

The three first terms belong to L?(IR) for the same reasons as before. Since py € H!(R)n by Lemma
z'z') so is H[py] € H'(R), it is then bounded over R hence the two last term are in L?(R) when
multiplied by py. Finally, we can conclude that py € H?(R) and so that H[py] € H?(R) with
Hlpv]" = H[p{/] (in a weak sense). As before, we conclude that py € C*(R) and that equation
holds in a strong sense. By the exact same method, we can show that py € C3(R). O

We next show that the Hilbert transform of py is continuous and decays at infinity.

Lemma 1.2.3 Let u € L*(R) such that [ u(t)dt (def) lim 4 o0 fflA u(t)dt exists and f : t — tu(t) €
H(R) then
— t)dt
H[u)(z) ~ M_
|z| =00 x

Moreover if/ u(t)dt =0, [p f(t)dt exists and g : t — t*u(t) € H*(R), then
R

W) ~ = Jg tu(t)dt
|z|—00 x2
As a consequence, we obtain that H[py|(x) | ‘N —z~ 1 and the logarithmic potential UPY is Lips-
T|—00

chitz bounded, with bounded derivative H|[py].
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Proof Let u € L*(R), such that [, u(t)dt exists and f : t — tu(t) € H'(R). Then

w(t)di = /R [xu(a; +1) ;txu(x —t) n u(af;- t) n u(m2— t) it = H[f](x).

aHu)(z) + /

R

Since f € HY(R), so is H[f], proving that it goes to zero at infinity. Hence

Hu|(z) ~ M

|z|—o00 x

Moreover if/ u(t)dt =0, [ f(t)dt exists and g : ¢ — t?u(t) € H'(R), then by the same argument:
R

P H[u) () = 2 H]f)(x) = Hlg)(x) — /R F(t)dt

~ Jptu(tdt o
where g(t) = t2u(t). We deduce that H[u](z) o RT since H[g] goes to zero at infinity.(]
The following Lemmas will be useful to show that if V = Vo + ¢ with Vegyy such that there
exists a > 0 such that for |z| big enough, V! () > « and ¢ bounded then V satisfies Poincaré
inequality.

Lemma 1.2.4 (Asymptotic of the logarithmic potential) We have the following asymptotic

expansion at infinity UV (x) = —log |z| + | ‘O (z71).
T|—00
Proof Since H[py|(z) = —o~! +| |O (x72), and recalling that UPv (defined by (1.16]) satisfies
Tr|—0o0
(UPV)(z) = H]pv](z), we deduce the result by integrating ¢ — H[py](t) + 1/t in a neighborhood
of infinity. O

We conclude this section by stating the Poincaré inequality for the measure uy under the assump-
tion that V is a bounded perturbation of a strictly convex potential Vi qpy.
Lemma 1.2.5 Let ¢ > 0, there exists a function f € C3(R) such that f-(z) +loglz| = O (1),

|z| =00
and || fl|oc < e.
Proof Indeed, for fixed € > 0, let
fe(x) (def) —log (\/ el + :U2> )
It is straightforward to verify that for all z € R,
el — 22
|f2 (x)] = T <e. 0

Proposition 1.2.6 Assume that V. = Veony + &, where Veony € C3(R) with Veony conver and ¢
bounded. Assume that there exists € > 0 such that Viony — 2P fz is convex (f being given by Lemma
. Then, the measure uy satisfies the Poincaré inequality: there exists a constant C > 0 such
that for all f € CL(R),

2
Var (1) = | <f(:v)— / f(y)duv(y)> duy(0) £ C [ P @), (123)

Proof We use the fact that if pq, uo are two absolutely continuous probability measures supported

1 d
on R such that — < it < C for some C > 0 and pu; satisfies Poincaré inequality with constant
2

C} then so does pg for some other constant. Indeed, in that case let f € C1(R), we have:

Vary, (f) = i%f/

(f(z) — a)? dua(z) < C Vary (f) < C2Cy / (@) Pdpa ().
R R
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f
Here we take dus(x) (deh) pv(z)dz and we want to compare it to a measure p; supported on R
1
defined by duy(z) = - €XP (— W (x))dx for some convex function W. The measure y then clearly

verifies the Poincaré inequality: this fact comes as a direct consequence of [BBCGO8, Corollary
1.9], which states that if a probability measure p has a log-concave density on R, then it satisfies

def
(1.23). With the definition W (é) Veonv — 2P fo with € > 0 such that V.o, — 2P f. is convex,
1 d
W —V —2PUPV is bounded on R. It is then not hard to see that ° < dﬂ < C for some C' >0
v
which allows to conclude that uy satisfies the Poincaré inequality. O

Remark 1.2.7 The previous proof is easily extended to potentials V' = Viony + @, with Viony
satisfying: there exists a > 0 such that for |z| big enough, V. (z) > «; such as V(z) = 22" + ¢(x)
with ¢ bounded and n > 1. This potential indeed fails to satisfy the condition V" —2Pf/ > 0, and
we need another trick.

On the other side, one can notice that z — V' (z) — 2P f.(x 4+ x¢) for z¢ big enough will be convex.
Indeed, the ”lack of convexity” of —f. will be compensated since f”(z + z) > 0 will occur in the
region where V! (z) > a. Therefore we can use the same argument as the one of Proposition
to conclude that py satisfies Poincaré inequality.

Remark 1.2.8 We will apply later inequality to more general functions than C!(R), namely
functions of the weighted Sobolev space H'(jy ), defined in Section which can be seen as the

completion of C2°(R) with respect to the norm |lul[z2(,, ) + [[W/[| L2 (4 )-

1.3 Concentration inequality, proof of Theorem (1.1.7]

We prove in this section the concentration Theorem Its proof is a direct adaptation of
Theorem 1.4 of [HL21], which shows the analogous estimate in the circular setup. It is inspired

by LMMSMJ and based on a comparison between a configuration xy = (z1,...,2y) sampled with
Py" and a regularized version ynx = (y1,...,yn), which we describe here.
(def) (def)

Definition 1.3.1 y; = 1, and for 0< k<N — 1, ypy1 = yp +max{zp,1 — xx, N3}

Note that the configuration yy given by the previous definition satisfies yr41 —yr > N2, and yn
is close to x in the sense that

al 1
Dl =l < o (1.24)
k=1

Indeed, by construction we have |z — yx| = yr — x < (k — 1)N~3, and we get the bound by
summing these inequalities.
The key point of the proof of Theorem is comparing the empirical measure iy = % Zf\; 1925

where x follows P%P, to the regularized measure

N
~  (def) 1
AN = An-s5* N Z; 5%‘7 (1.25)

i.e. the convolution of Ay-s5 and the empirical measure, where Ay-s is the uniform measure on
[0, N=°]. The interest of introducing the measure iy is that it is close to fi, while having a finite
energy €y p(fin), given by . Finally, notice that the empirical measure doesn’t change when
reordering x1,...,zy, and thus we do not lose in generality for our purposes in assuming that
r1 < ... < xpy in Definition [1.3.1

We now introduce a distance on P(R) which is well-suited to our context.
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Definition 1.3.2 For u, i/ € P(R) we define the distance (possibly infinite) D(p, p') by
7y (def) / / 2
D(p, ') =" = [ logle —yld(u — p')(z)d(p — ') (y) (1.26)

400 1 9 1/2
= </ | Fln =10 dt) :
0
where the Fourier transform of a signed measure v is defined by F|v](z) (deh / e d(pu — p')(x).
R

. 1/2
Let f: R — R with finite 1/2 norm || f]]; (def) (fR It | FLF1(0)]? dt) . By Plancherel theorem

and Holder inequality, for any u, 1/ € P(R), setting v = pu — 1/,

/f Japu(z /f Yo (

Therefore the metric d defined in ([1.13)) is dominated by D

P — 2
‘/r {12 ]()’T[;]/(j)dt| < 5l FIR D).

d(p, p') < \/;TD(,% 1. (1.27)

The following lemma shows how the distance D is related to the energy-functional £y, p defined in

(1.17), we will write £ for simplicity.
Lemma 1.3.3 We have for any absolutely continuous p € P(R) with finite energy E(u),

E(1) — E(uv) = PD(u, ) + /R log di"’v(g)dm). (1.28)

Proof (of Lemma [1.3.3)) Subtracting £(u) — E(uy) we find

£~ o) = [ Vet —p)@)+ [ 108 o) — [ tog v el o)
=P [ sl — sldute)dnto) + P [ 1ogle = yldny @ (v). (120)
Now, if v is a signed measure of mass zero, integrating we get
/RV(x)dl/(x) — 2P //R2 log |z — y|dv(z)duy (y) + /Rlog pv(x)dv(z) =0.

We take v =y — py, and get

V@it = @) =2P [ ozle =~ sldua)av) = 2P [ tox ke~ slda )y )

- [ ogpv(@)du(e) + [ Toxpv @)y ().

Plugging this last identity in , we find

&)~ £uv) == [ togle ~ slavia)av(y) + [ 1og diﬂv(z)d“(@

which establishes the result. O
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Proof (Proof of Theorem We first give a lower bound for the partition function Z{[V]
of IP’X, . We rewrite it as

zZEV] = / exp ( Zlog |z — x| — Z { (x;) + logpv(xi)}>duv(x1) cdpy(zy),
1<J
and apply Jensen inequality to obtain:

log Zy[V] / ( > log |z — xgl—Z[ (mz’)+10gPV($i>}>dMV(xl>---dNV(xN)

1<j

> P(N —1) // log [z — yldpy (x)duy (y N/ z) +log py (x )}duv(@

> —NE(uy —P//R2 log |z — yldpy (x)dpy (y).

Using this estimate and the fact that for 1 < 4,5 < N we have |z; — x| < |y; — y;|, with yny =
(y1,-..,yn) of definition we deduce the bound on the density of probability

V,P
4P
dNgx

(@1, va) < exp {NEGuv) + P [ Tog o =iy @) ()

+ = Zlog]y, y]]—Zsz}. (1.30)

#J
Recalling ((1.25), we now show the following estimate:
3
S togly —351 <2+ 3 [ logla —yldin(o)dfinty) + 5N og N+ 5N (131)
i#£]
Let i # j and u,v € [0, N7°]. Since for x # 0 and |h| < |x|, we have |log |z + h| — log ||| < |—h,

we deduce that:

| log | + | — log | |’<2|U_U| <2N_5 2
s du— ] — o -2
1Y —Yj 1Y — Yjl| = i —uj| — N-3 N2

Thus, summing over ¢ # j and integrating with respect to u and v, we get:

> loglyi — s <2+Z// log |yi — yj + u — v|dAy-s(u)dAy-s5(v)

i#]
— 94 N? // log | — yldfin (x)dfin (y) — N // log Ju — vldAy—s (u)dAy-s(v).

The last 1ntegral is equal to —2 — 5log N, so we deduce . We now combine (1.30)) and (1.31)).
Recall and set

ex " ( [ 10gle — slduv @) +3/2+ 2/ )
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Then, we get:

V,P
P,

(. aw) < €N exp { [N {5(W) — £(in) +/R (V(az) +log dﬁg;”) dﬁN(w)}

= eN NP exp { — NPD*(jiy, py) + N/R (V(z) + log pyv(x)) dizn (x)

N
=2V,
=1

where we used equation ([1.28]) in the last equality. Using again equation ((1.18)) we then see that

)

the density dTN(xl, ...,xy) is bounded by
x

N
e NP exp [N PD ) + 2PN [ gl —sldlis — i) )| TL v
=1

Recalling ((1.16)), we used that // log |x — yld(pn — v ) (z)dpy (y) = —/ UPY (z)d(pn — pin) ().
R2

R
V,P
As a consequence of the bound on the density d]\]fv (x1,...,zN) we established, we have for all
x

r>0

PP (D2(fiy, ) > 1) < e NFren+5PlogN /

N
exp {—QPN/ UPVd(pn — ﬂN)} H pv(x;)dz; .
RN R

i=1
(1.32)

Next, we show that —N/ UPVd(un — fin) is bounded. By Lemma|1.2.3] UV is differentiable with

R
bounded derivative H[py| on R. As a consequence,

‘N/RUde(ﬁN—ﬂN)‘ Sé/RIU”V(yHrU)—U”V(%)Id)\N5(U)

N
< [[#H]pv]llo (Zlyz — @i +N/Rud/\zv—5(U)>

=1

< [#lpv]lle (537 + N74/2),

where we used (1.24)) in the last inequality. Therefore, we deduce from (|1.32)

P]\\/[,P (DQ(,ENHUJV) > 7,) < e—NPT+cN+5P10gN+%HH[/}V}HW — ¢~ NPr+5Plog N+ Ky (1'33)
2P
with Ky (deh) cN + WH/H [pv] ||co- Since (cn)n is bounded, so is (Kn)n-
Finally, let f be a Lipschitz bounded function with || f||rip < 1, then, we have (as we did for UPV)

< N2,

/ f(2)dfin (x) - / f(@)din ()
R R

Thus by (T-27)

. N~ - _ 1 -
d(in, pv) < d(in, in) + d(fin, pv) < N2 + ED(NNaMV)a
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and for any N such that » — N=2 > r/2 (in particular » — N=2 > 0) we get

P ~ P 1 ~ _ P 1 ~
Y i) > 1) < P (G D) > (= N2 ) < P (GLs D% ) > 72/1)

and the last term is bounded by e~V TQPLJ“E’P log N+K for some K large enough, which concludes
the proof. O
As a consequence of Theorem [I.1.7] we are able to control the quantities
def gb N
/ [ =2 i — o)l - ) ) (134

for a certain class of test functions ¢.
Corollary 1.3.4 There exists C, K > 0 such that for all ¢ € C*(R) N H?(R) with bounded second
derivative, we have for e > 0 and N large enough,

PN*®

V,P —1/24¢ —ex - -
P (Vi@ < N 21 ep{ Ta[ e

+5PlogN+K}

with N2(¢) = 19"l 2(aw) + 19" | 22 (dz)-
Proof We follow the proof given in [Guil9, Cor. 4.16] and adapt it to our setting. Let us denote

by &((ﬁ) the quantity
I, 2= G — o — ).

We have the almost sure inequality, by a Taylor estimate

[CN () = CN (D)) < 2N 72 oo - (1.35)
Thus, for any ¢ > 0,

PR (v (9)] > 8) < PR (1w (6) — Cn(9)] > 6/2) +BYT (I0v(0)] > 3/2)
< BT (2N 79"l > 6/2) + BYT (IGn(0)] > 6/2) .

where the first term of the right-hand side is either 0 or 1. With 6 = N=¢ ¢ > 0, it is zero for
N large enough. For such a choice of §, and for NV large enough,

~ 1
V.p - V,P _
P (o (@)l > N 9) <P (1G] > )
We next show that, for some C' > 0 independent of ¢, we have

Cn(0)] < CD* (i, 1) |6l sr2my - (1.36)

We begin by showing this inequality for ¢ € S(R). By using the inverse Fourier transform we have

v (Y) = ;ﬂ/ Jg A0 1: — iR dF i (t)e 1yd(ﬁN —pv)(@)d(fn — pv)(y)
- 1/ dtitF //R2 l;zxy_ )1d(uzv — pv) (@)d(fin — pv) (y)

— / dtit F](t) //R e /0 dae® "V d(fiy — pv) (2)d(fin — pv) (y)
27r dtlt}' [¥](t) /01 da/Reiamd(ﬁN —Mv)(x)/Rei(l_a)tyd(ﬁN —Mv)(y)
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We then apply in order the triangular inequality, Cauchy-Schwarz inequality, a change of variable
~ 2 . .
and the fact that |F [ty — py]|” is an even function.

ICn ()] < /dt\tf y/ da|F [an — pv] (at)] . |F oy — pv] (1 = a)t)|
g/dt\t}“[w](t)! /dawm—mmwr?);(/o da|F [ = ) (1 = 1))
= / at |t F ] (0) / dor | F [fiy — pv] (at)
<L /+oodt|t}' () / M0\ F i — av] (o) ?

tdo
+2/ O] [ F iy - )

<= 27r dt\t}"[ 1) D*(finv, )

< 217T</Rdtt]—"[¢](t)|2(1+t2))%</R 1j_tt2)%D2(ﬁN,HV)

DZ(ﬁN, pv ) Na ()

1
< —

< FD2(NN7MV)H¢HH2

By density of S(R) in H2(R), and since Cy : (H 2R), | - H2(R ) — R is continuous, the inequality
still holds for ¢. Thus, using equation ([1.33]),

pYP (ETV<¢>| > 1N-1+8) <P [ D2(n ) >
> ol

NE
<exps —P——-+——+5PlogN+ K,
{ 206l o) }

which concludes the proof. [l

1.4 Localization of the edge of a configuration
In [Lam21bl Theorem 1.8, Theorem 3.4], Lambert was able to control the edge (i.e the minimum
and the maximum) of a typical configuration (zy, ..., xy) distributed according to IP’V’P, by showing

that the random measure N
—  (def)
=N = Z(swﬁl(%‘)
j=1

converges in distribution towards a Poisson point process for a function ¢y which takes the form

def
on(@) 'Y By +ayla.

Before being more precise on the construction of (Ex)y and (an )y, we explain, following [Lam21b],
how one can use this convergence to localize the edge of a typical configuration (z1,...,xy). Let us
assume for a moment that Zx converges towards a Poisson point process with intensity 0(x) = e™*,

with Eny — +o0o. In particular, the random variable

‘—'N(t? +OO)
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+oo
converges in distribution towards a Poisson random variable with mean / e"*dzx. Combined
t

with the equalities

Py’ (EN(t, +00) = o) = PyP (v 1<j <N, pyt(zj) = an(z; — Ex) < t)

we deduce that for all t € R

V,P —t
Py <aN <12§‘?§ij —EN> < t> e exp(—e™").

Therefore, the random variable
N ( max I — EN>
1<j<N

converges in distribution to the Gumbel law, showing that the maximum of a configuration is of
order Ey. Furthermore, as will be clear from the construction of ay and Ey, ay is positive, and
goes to infinity as N goes to infinity.

Replacing in the previous analysis 0(z) = e¢* and En — —o0, we would have deduced in the same

fashion that
i - B
N (@ISDN v N>

converges in law.

With the above notations, we can apply [Lam21bl Theorem 3.4] to our context.
Theorem 1.4.1 Let v = . There exists (E};)n, (af)n sequences of real numbers with |EY,| —
+00, a¥;, > 0 for large enough N, satisfying V'(E%;) = ajv, such that:

Ne—V(EX)+2Plog |[EY |[+A\D
a) — 1 (recall Cy p is defined through equation ((1.5))),

OZUN N—oo

log(a}y) v v
b) = NjgoO and of | ER;| fendacl

¢) For all compact K C R,

(afy) "2 sup [V"(on(2))] 20
zeK — 00

As a consequence, the random measure Zxn converges in distribution as N — oo to a Poisson point
process with intensity 0(x) = e~ "*.

Proof We prove it in the case v = +, the case where v = — being similar. We show that there
exists a sequence (E7)y going to +oo satisfying f(ER) = —log N, where we defined the function
f by

f(z) ==V(x) +2Plog|z| + Cyp —log |V'(z)].

Recalling Assumption i), [V'| goes to infinity at infinity, thus o}, = V/(EY) — +oo (in the

case v = —1 we would have looked for a sequence (Ey)n going to —oo and ay = —V'(Ey)).
As a consequence of Assumptions ii), one shows that log|V’| is negligible with respect to V'
1
at infinity. Therefore, because 08 1% — 0,
flx)=-V(@)+ o (V(x)). (1.37)
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Because f(x) 7, X there exists (E};)n going to infinity such that for all N > 1, f(EY) =
T—+00

—log N. Setting z = Ej; in (1.37)), we obtain that —V(E},) ~ f(E};) = —log N. Property c)

follows from Assumptions point iii), along with the fact that a]_vl stays bounded.
log(ay) log|V'(EY
It remains to show that og(ay) = og[V'(Ey) — 0. By construction, we have
N N N—o0
~V(Ef)+2Plog EL4+A
g V/()| _ o8 (N VI RIEY) vy
N N TN T

Using that V(EY;) ~ log N, we can conclude that log |V/(EY;)| = o(N) which concludes the proof.C]

By the discussion preceding Theorem [1.4.1] we deduce the following corollary.

Corollary 1.4.2 (Edge of a configuration) Let E5, a3 (deh [V/(E3)| be the sequences of The-

orem [1.4.1] associated with v = +1. Then, both random variables

- +
« max x; — F

N <1§jSN ! N>
and

N (12;1%1]\[:5]- — EN>
converge to a Gumbel law, whose distribution function is given for t > 0 by G([0,t]) = exp(e™).
Furthermore, V(Ex) ~log N and o4 e +00.

— 00

Remark 1.4.3 Note that[Lam21b, Theorem 3.4] applies for V of class C? outside of a compact set,
allowing to take V(z) = |2|* for a > 1. In this case, we find Ex ~ +(log N)'/*. If V(2) = cosh(z),
we find EY; ~ —Ej, ~ argcosh(log N) ~ loglog N.

The next lemma will be convenient in the proof of Theorem [1.5.2] when dealing with error terms.
Lemma 1.4.4 With the notations of Corollary[1.4.3, we have

v ([Ey, BYIY) = o(N712).

Proof Let 0 < § < 1, to be specified later. We have

oo ERCS)
| dw@= [ @@ e < [ pvaras s ol
Ef Jops R [Ef; ool

By the first inequality of Lemma the integral is ﬁmite.3 Also from the same inequality, we
have for some constant C’ and x big enough py(z) < C’ e~ 1V Because V is increasing in a
neighborhood of 400, we get for N large enough

sup p%;(s < 0/1—56—(1—5)3\/@;)'

(B ool
Taking § > 0 such that 1 — (1 —§)3 (2e) —v < 0 and using that V(EJ) = log N + o(log N)
(established in the proof of Theorem [1.4.1)),

+
VN / " iy () < Ke110EN+(1-9)30(0g N)
EY

B-

N
and the right-hand side goes to zero as N goes to infinity. The integral / dpy (x) can be handled

. —0o0
in the same way. O

Remark 1.4.5 We could improve the proof to show that uy ([Ey, Ef]¢) ~ N7 for any e > 0,

but showing that it is o(N %) is sufficient for what we need and requires less carefulness.
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1.5 Laplace transform for smooth test functions, proof of Theorem
1.1.4

Section allows us to justify in Proposition the heuristics we gave in equation for ¢
having compact support. We will then extend in Theorem this result to a more general set
of functions, by an approximation by compactly supported functions, using Corollary

Proposition 1.5.1 For ¢ € C'(R,R) with compact support, we have for any real t, as N goes to

nfinity,

X" [exp (v (i)] e { Sarto) | (1.39)

N—oo

where Z[¢| is given by equation , and qp(®) is given by
() [ (¢ + v @ Jduvio) + 2 [ (D=2 @ ). 139)

Proof Let ¢ € C}(R,R), and let t € R. We perform in equation (1.4)) the change of variables
T =y + ﬁqﬁ(yi), 1 <i < N, which is a diffeomorphism for N big enough. We thus have

2 N

V=L L e 00— ot)| e [ = v o+ poton)]
al ¢
1:[ <1 + \/Nqﬁ'(yi)) dVy, (1.40)

and we develop separately the different terms of this integral. The first term can be written as:

2P/N t qby@) ;) |2
Il — w1 + — :
1<J 1<j Yi yj
The second product above, setting Ag; ; (e Hys) = 9ly;) and using Taylor-Lagrange theorem,
Yi —Yj
equals:
t o) — o(y;) >
exp (5 Do 1+ A=
i<i \/7 Yi —Yj
2P t2 .
= exp <NZ<; ( T 0~ gy (Adiy)’ +RN,1<Z,J>> ) (1.41)
here we noticed that 1 + ! Ag;i>1 f |¢'lc > 0 if N is big enough, and where
w wi —Ad; - — , w
\/N %) = \/N oo g g
Rl )] < o2
NG T) | = 3N3/2 00"

Again by Taylor-Lagrange theorem, the second term in ((1.40) equals

2

P ( P> <V<yi> * jﬁv%yiwy» oV )0 + RN,2<z'>) )

i=1
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— V) < + wlgf)(m)) #(y;)? for some 0; € [0,1]. This remainder thus

where Ry (i) = 6N3/2 Wi

verifies, for N large enough:

1t
6N3/2

o3, sup  [VO(a)].
d(z,supp ¢)<1

[Rp2(i)] <

The last term reads

ilj_:v[l(ur\tﬁaﬁ (yi ) —exp<z< '(v:) ——gb(yz) +RN,3(2')>>,

with |Ry 3(7) ¢']|2,. Dividing both sides of equation (L.40) by Z%[V], we get:

| - 3N3/2

4 [exo fivm ([ dewdm@ + (@) - v@odina ) |

xexp{ ( P (P0=20) ditint) - [ <V”<x>¢2<w>+¢'<x>2>dm)}

< exp (Kt} | = 1.

the limit N — 0o, we can get rid of Kn:
tim 5[ {tf< //R 200 s yanto) + [ 100 - Vi) ain))

xexp{ ( P (A= )Qdm:c)dm(y)— / <V"<x>¢2<x>+¢’<x>2>dm<x>)}]=1.

o(x) — o(y)
y

xr —

C%) where ¢(t,¢) > 0 is independent of N. This bound implies that, taking

Using Fubini’s theorem (the function (z,y) — being bounded continuous on R?), the

first line in the expectation value can be rewritten as eVNAN with:
Ay o [ K= gy )it )+ [ [80) =V )60l — ) )+ P (9)
R2 T R (1.42)

where (n(¢) is given by (1.34]), and where we differentiated Equation (1.5) — every term involved
being differentiable by the results of Section to deduce

[ V@ote) ~ @) - P [ AL g i) = 0.

Let F': P(R) — R be defined by

e (Y )Qdmx)du(y)— | V@@ + @l (143)

It is continuous for the topology of weak convergence since all the functions in the integrals are
bounded continuous. So far we have established that:

lim EY" [exp (thNJr F(HN))] =1, (1.44)

N—oo
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with Ayx given by (1.42). We now replace in the latter equation the term F'(fy) by its limiting
expression, F(uy). Fix a metric that is compatible with the weak convergence of probability

measures on R. For example,
[ 1@inte) = [ p@yivte

where the supremum runs over f : R — R bounded and Lipschitz with || f]lcc < 1 and Lipschitz

constant |f|ip < 1. By the large deviations principle for (fn)y under the probability (1.3)

established by [GZ19, Theorem 1.1], for all 6 > 0 the event Ay(0) (def) {dvip(fin, pry) > 0} has (for

N big enough) probability smaller than e~V where ¢; > 0. Hence, it is convenient to decompose
the expectation of equation (|1.44)) into:

dLip(,U:, é Sup ) (145)

oy U def
Ey” [1AN(5) exp (t\/NAN - 2F(NN))] +EXF [1AN(5)C exp (t\/NAN + 2F(MN)>] @) 70, 7).

We can bound the second term by using Cauchy-Schwarz inequality:

) #2 1/2
0<7@ < P(AN((;)CPEX;P [exp (t\/NAN + F(/lN))} — o Nes/2 9 (e\/ﬁC(tﬁ,V,t)) :
2 N—+o00

where we used the rough bound
2

2
VRAN + 5 F ()| < Va9, V) + SealV,6)

for some c1(¢p, V), ca(¢, V') > 0 independent of N. By taking the limit N — +o0, we conclude that:

1= lim IE 4 [exp (t\/NAN + iF(ﬂN))]

N—oo

N—o0

2
= lim E |:1{dLip(/1N»,u'V)<5} exp (t\/NAN + 2F(/J,N)>:| .

By continuity of F' there is some ¢(J) which goes to 0 as § — 0 such that, for dpi,(v, py) < 6, we
have |F'(v) — F(uy)| < €(0). Taking the (decreasing) limit as § goes to zero, we deduce that:

N—oo 0—0 N—oo

t2 2
lim ]E ; [exp (t\/NAN + 2F([LN)):| = lim lim ]EX,’P [l{dLip(ﬂva)Sg}et‘/NAN} B%F(HV).
But the same large deviations argument shows that:

lim lim E ; [1{dLip(ﬂN,uv)§5} exp (t\/ﬁANﬂ = A}gnoo E%P [exp (t\/NANﬂ .

6—0 N—oo

Thus, we have shown that:

lim IE [exp {t\/> 2P //R2 @ — )d,uv( Yd(in — pv)(y) + PCn (o)

N—o0

t2

+ [ @) = V@@l - p)(a) H = exp (= 5 F(w)), (1.46)

which establishes that v NAy = VN (VN(E[qb]) + PCN(gb)) converges in law towards a centered

Gaussian random variable with announced variance. We finally get rid of the remaining term (x(¢),
using Corollary taking € = 1/4 for example, we see in particular that v/ N(y(¢) converges in
probability towards zero. The conclusion follows from Slutsky’s lemma. ]
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We now extend the result of Proposition[I.5.1]to a more general set of functions. With the notations
of Proposition the following theorem holds:
Theorem 1.5.2 Let ¢ € H*(R)NC?(R) such that ¢ is bounded. Additionally, suppose that V3 ¢?,
V"¢, V"$? and V'¢ are bounded. Then, recalling we have the convergence as N goes to
nfinity
VNN (E[g]) 5 N (0,qp(9)) -
— 00

Proof For N > 1, let Ey, E}; be given by Corollary Let xn : R — [0, 1] be C? with compact
support such that:

xn(z) =1forx € [Ey —1,E% + 1] and xn(z) =0 for z € [Ey — 2, EY, +2]°

and such that, denoting ¢ = ¢x N, supy ||¢$]\;)Hoo + ||¢S\I;)||L2(R) < +4oo for k =0,1,2 (we assumed
¢ € H2(R) and ||¢"||oc < 00, in particular ¢, ¢’ and ¢ are bounded and such a yx exists). The
point of cutting ¢ outside the set [Ey — 1, EY; 4+ 1] is that with high probability, the empirical
measure iy doesn’t see the difference between ¢ and ¢y .

The support of ¢ is then contained in [Ey — 2,EJJ{, + 2], and we now argue that the proof of
Proposition can be adapted so that:

—_ law
VNun(Elow) 2% N(0,0p(6)) (1.47)
Similarly as in Proposition we perform, in Z ﬁ[VL the change of variables x; = y; + ﬁqb N (Yi),
1 < i < N, which is the same as before, but with ¢ replaced by ¢n. First, with Iy (def) [Eyx —

2, E}; + 2], the error term

0 Su V&) (x
] Lo V@)

Kn(t, ¢n) < I3, +

N1/2

of the proof of Proposition is still going to zero, because of our choice of xx and Assumption
As previously, we then have:

2
Jim Ex" [exp (t\/NAN(dw) + ZFN(gN))] =1 (1.48)

with

Awon) @ ap [ EXEIZOM gy (i — ) 0) + Pé(on)

+ [ (@) - Vi@on@]day - wv)(a).
R

where (n is given by , and

. (def) on(T) — PN (Y) 2 N N " 2 / 271 74

Fxt) - [ (PDZD) iy @i ) - [ [V @0x (0 + il din ().

Taking again the distance dp;, defined in , one can check that for p, v probability measures

over R:
|Fn(p) — Fn(v)] < Cndiip(p, v),

where Cy is a term depending on the norms ||¢'y|lso, |#%llccs V0% |loo and |[(V"¢3,)||oo- The
choice of xn and the fact that ¢ is chosen so that V®)¢? and V”¢¢’ are bounded, guarantee that
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[[(V"$%)'||oo is bounded in N. The other norms are easily bounded by hypothesis. Therefore Cy
can be seen to be uniformly bounded in N, and we find some C > 0 independent of N such that

[Fx(n) — ()] < Cluip(p.v).

As in proposition we use the large deviation principle for (fin) to deduce that:

. V,P ﬁ N _ V,p ﬁFN(NV)
N1—1>I£oo]EN [exp (t\/NAN(ng) +3 FN(MN))] = Nl_lfﬁooEN [exp (t\/NAN(ng))} ez .

By dominated convergence, Fn(uy) converges to F'(uy), the function F' being given by (1.43)).
This shows the convergence as N goes to infinity

2

lim IE]‘\/;P [exp (t\/NAN(QﬁN))} = exp < - %F(MV)) ;

N—+o0

and we deduce that v N (I/N (ZElon]) + PC N(¢N)) converges towards a centered Gaussian variable
with variance —F(uy) = gp(¢). Because supy [|¢n || g2(r) is finite, we can again apply Corollary
to deduce the convergence in law ([1.47). We now have the ingredients to conclude, by showing
that the characteristic function

E%P [exp (it\/]qu(E[qb]))]
converges to the characteristic function of a Gaussian variable with appropriate variance. Denoting
~ (def) o(x) — ¢ -
Ziele) < 2p [ K= gy ) 4 6/ (0) - V@)ot) = Zlol(w) + 2P [ Moo ) (o).

we have:
We aim at establishing that:
EYP [exp (it\/ﬁw(é[cb]))] —EGP [exp (it\/ﬁ /R =Z[g] (x)d/lN(ac))]

<exp (— VN /R Z(o)(x)dpy (x)

converges towards the appropriate characteristic function.

By Corollary |1.4.2] the probability under IP)X;P of the event & = {xl, cooxn € [Ey—1, E]J\; + 1]}
converges to 1. Along with the convergence ([1.47)), we deduce that:

2

exp (~Lap(0)) = limEY” [eXp (v [ é[«sm(:c)dm(:c)ﬂ exp (<t | Efon](a)du (o))

— lmE};” [LSN exp (it\/ﬁ /R é[qSN](a:)dﬂN(az))} exp(—it\/ﬁ /]R E[QZ)N](m)duV(:p)),

where we used that:

Ey” [1&% exp (it\/ﬁ/ﬂgﬁ[cﬁz\/](m)dﬂz\r(m))] exp ( - it\/ﬁ/RE[ng](x)dW(;nD’ <P (&%)

— 0.
N—~+oc0
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Using that ¢ = ¢ on Jy = [Ey — 1, B} + 1],

[ Eoni@dn o) =2 || PN g @y ) + [ (o) = V@ ()] doy (0
_2P/J2 G p— du (z)dpyv (y +2P//J2 onle) = onty) v (@) dpy (y)

r—y

+ [ 9@ = Vi@ du (o) + / [B@) (@) + ¢ @ (@) - V@)oo (@) dpv (@),

I

By boundedness of (||¢/y|loc)n, the second term is bounded by

cr //J2) dpy ()dpy (y) < 2Cpuy (J5) = o(N~H?)
N

where we used the union bound and Lemma By the same estimate and the fact that xy can
be chosen so that (||xy|le)n is bounded, and because ¢/, V'¢ are bounded, the last integral term
is also o( N -1/ 2). By the previous arguments, we also conclude that

2 // 2y X =0 gy @) ) + [ [6(0) — V@)oo duv () = o2,

thus
[ Eom@duy (@) = [ Zfelduy (@) + o),
R R

and so far we have :
2

exp (‘%QP(¢)> = lij{an%P [1&\/ exp (it\/ﬁ/ﬂ%é[aﬁ]v](x)dﬂ]v(x))] exp 1t\/>/ z)dpy (z ))

Finally, using that on £y the measure iy is supported on Jy (because each z; € Jy), using ¢y = ¢
on Jy, we get:

[ Fontertinte) =2 ], SE i m+ap | S w0

+ / [¢/(z) = V'(z)p(2) ] djin (z)
JINn
= 2P/ wdﬂV(ﬁU)dﬂN(y) + / [¢/(x) — V/($)¢($)]dﬂN(x) + O(N71/2) ’
2 Ty

R

Where in the second line we used, using Lemma again, that
on(z ¢N on(T) — PN (Y
// 0D gyt = [ DO g ) = oV,
J3)e L= In % J§

r—y

and the same estimate holds for ¢ replaced by ¢. Therefore,

g B (16 050 (VW [ Elol(aidint)) | exp (= 1VN [ Elolaldur () . L ar(@).
This establishes that:
hm]E [exp 1t\/>/ x)dian(x ))] = exp ( - t;(IP(Qb)) )

which concludes the proof. O
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Remark 1.5.3 Taking ¢ such that ¢’ satisfies the conditions of Theorem we have:

X" [exo (VNon(2l6))] o { Sarte) | (1.49)

N—oo

where the operator £ is defined as L’[(Z)] (def) =[¢'], i

0 =2p [ HOZEW ) 1 60) - Vi@ ) - 2P [ WGl (150)
Note that ¢} (¢') = (0%)2(£[¢]) where o}, is defined in (T.12). By Theorem the class of

functions in £7![T] where

(def)

T = {f e C*(R) | f, f', f" are bounded,/ f(x)dpy (z) = 0} (1.51)
R
satisfies (L.49). This proves Theorem [I.1.4]

1.6 Inversion of L

This section is dedicated to the definition of £ given by (1.8) and its domain and then we focus on
its inversion. We rely heavily on results of Appendix [I.8 the diagonalization of the operator A by
the use of the theory of Schrodinger operators.

Let P > 0 be fixed. We introduce the operators A and W, acting on sufficiently smooth functions
of L? (/’LV)v by

(def) <¢>’pv>

!/

/
Alg] ‘= — = — <¢”+ 'ngb’> and W|¢] = (& H[¢'pv] /H ¢'pv](y)dpv (y) -
% 4%
(1.52)
One can show that the operator A corresponds to the operator verifying:
@i = [ ) @ (@) = [ o AW @)duv (@) = (6. A2,
We first show the following decomposition of L.
Lemma 1.6.1 For ¢ twice differentiable we have the following pointwise identity
—L[gp] = Alg] + 2PW[¢]. (1.53)
Proof We write for z € R
/ Y
op [ FZEW iy — —2p o @Ml (o) + 2P ). (159)
Then,
Llg) =¢" = V'¢) — 2P H[pv] + 2PH[¢'pv] — 2P/ H[o pv](y)dpv (y) -
R
/
By (1.19) we have =V’ — 2PH|[py] = p—v, which concludes the proof. O
%

In order to state the next theorem, whose proof we detail in the Appendix, we introduce the
following Sobolev-type spaces. Let

H(R) ‘< {ueH'(®R), uV' € 1*(R)}.
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As explained in the Appendix, A, defined in , is linked to a Schrodinger operator S (def)
—A + wy via A[p] = pvl/ZS[p%//qu]. Here wy is deﬁned in (1.70), continuous bounded by below
12

and grows at infinity like R This operator S is defined on the following space:

D(S) = {u € HL(R), /pv A L/lpT/U] e LQ(R)}.

Now, let
(def) _
Dr2(w)(A) = Pvl/QD(S)

and its homogeneous counterpart
(def)
Diaeo(A) Y {u € Duagy(A). | @iy (z) = 0.

Finally, we let L3(uy) be the subset of L?(uy) of zero mean functions with respect to py .

We detail the proof of the following theorem in Appendix which is based on Schrédinger oper-
ators theory.

Theorem 1.6.2 (Diagonalization of A in L2(uv)) There exists a sequence 0 < A\j < Ay < .
going to infinity, and a complete orthonormal set (¢n)n>1 of L3(uy) of associated ezgenfunctzons
for A, meaning that

e span{e¢n, n > 1} is dense in L3(uy),
e For all Z.7j; <¢)27 ¢j>L2(,U«V) = 6i,j;
e Foralln>1, Alpn] = Ann.

Furthermore, each ¢y is in Drzg)o(A), A : Draryo(A) = L§(uv) is bijective, and we have the
writing, for u € L3(uy)
= A (U bn) 12y G0

n>1

We see the operators A and W as unbounded operators on the space

H—{U€H1Mv|/ z)dpy (z) = 0}

endowed with the inner product (u,v)y = (v, ') [2(uy)- This defines an inner product on H and
makes it a complete space: it can be seen that H'(uy ) is the completion of C2°(R) with respect
to the inner product (u,v) 2, + (W', V") 12(,,,), see [Zhi98]. The space H is then the kernel of the

bounded (with respect to || - ||i) linear form, (1, VL2 (uy) ON H'(uy), and both inner products are
equivalent on H because of the Poincaré inequality, Proposition The use of H is motivated
by the fact that both A and W are self-adjoint positive on this space as we show in Lemma

In the next proposition, we deduce from Theorem the diagonalization of A in H.
Proposition 1.6.3 (Diagonalization of A in H) With the same eigenvalues 0 < A\; < Aa < ...
as in Theorem there exists a complete orthonormal set (Y )n>1 of H formed by eigenfunctions
of A.

Proof With (¢y,)n>1 of Theoremm

61,] = <¢i7¢j>L2(uV) = <¢Za [¢j]>L2(uv)

<¢w ¢ >L2 (v)

V‘HQV‘HS"H

<

<¢17 ¢]>
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With ¢, = \/L/\fnqbn, (¥n)n>1 is then orthonormal with respect to the inner product of H. To show

that span{vy,,n > 1} is dense in H, let u € H be such that for all j > 1, (u, ¢;)4 = 0. In the last
series of equalities, replace ¢; by u: we see that u is orthogonal to each ¢; in L?(uy), thus u is a
constant as shown in the proof of Lemma and because u € H it has zero mean against uy .
This shows that v = 0. ]

We set for what follows D(A) ‘% {u € H| Afu] € H} and DOV) 'Y {u € H|W[u] € H}.
Lemma 1.6.4 The following properties hold:

o The operator W : D(W) — H is positive: for all ¢ € D(W),

Wi, o = 5 16pvE2 > 0,

with equality only for ¢ = 0, where the 1/2-norm of u is given by
(def)
iy [ fal 1 fel ) o

e Both A and W are self-adjoint for the inner product of H.
Proof To prove the first point, let ¢ € D(W). Then,
2m <W[¢]7 ¢>H =—2r <H[¢/)0V]/7 ¢/PV>L2(dZ) - = <Z$]: [H[¢IPVH ) I[¢IPV]>L2(dx)
= (|2 Fl¢'ov], FI&'ov]) 24 = ¢ pvlli e >0,

and because ¢ is in H, this last quantity is zero if and only if ¢ vanishes.
For the second point, note that both D(A) and D(W) contain C:°(R) NH, so A and W are densely
defined. Let 4,1 € span(¢,,n > 1), then by orthonormality

(Al iy = dijhi = (Y, Ay

hence A is symmetric. Furthermore, we notice that we have

D(A) = {u € H,) " A2| {u,vhn)y |* < +oo}.
n>1
Indeed, we extend A on the space of the RHS by for all v € {u € H,>" 4 N2 | (uy )y |2 < +oo},
(def)
'A[U] ; Z )‘TL <U7 ¢n>H ¢n

n>1

It is then clear that A[v] € H. The converse is straightforward. Moreover, it is standard that D(.A)

is therefore the completion of span (i,,,n > 1) under the graph norm |ju|% (def) ullg + || A[u] ||
which makes (A, D(A)) a closed operator. Moreover, (A, D(A)) is self-adjoint since for v € D(A*),
there exists f, € H, such that for all u € C°(R) N H,

<(A[u]),aval>L2(R) = <ulvpr1/;>L2(R) :

This implies that, in the sense of distributions, (A[v])’ = f{, € L?(uy) and therefore A[v] = fy +C
for a constant C'. Finally, since we necessarily have, [ A[v](z)duy (z) =0, A[v] € Hi.e. v € D(A).

Now let u,v € D(W), using Plancherel’s isometry and i) of Lemma we see that

Wlu),v)y = <(W[u])',v’pv>L2(d$) = % (|| f[u’pv],f[v/PVDLz(dx) ;
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and this last expression is symmetric in (u,v), so W is symmetric. To see that W is self-adjoint,
one must show that D(W*) C D(W). Let v € D(W?*), then the map u € DW) — Wlu],v)y
can be extended to a continuous linear functional on H, so there exists f, € H such that for all
u € CXP(R)NH,
<_H[U/PV]/aU/PV>L2(R) = (u'py, fz/;>L2(R) .

Therefore, in the sense of distributions —H[v'py) = f, € L*(uy). Since for all f € H, W[f] €
L3(uy), we just showed that W[v] € H ie v € D(W). This concludes the proof. O
Definition 1.6.5 (Quadratic form associated to —L) We define for all u,v € HNC°(R) the
quadratic form associated to —L by

q—c(u,v) = (Alul, Al]) 12, + PAF W ov], FIU'ov]) r2agde) -
We also define the form domain of L by

QL) = {u eH, qg_r(u,u) < +oo}.

Note that for all u,v € HNCX(R), ¢—z(u,v) = (=L[u],v), and that whenever u € D(A) ND(W),
q-c(u,u) = (Alu], u)y + 2P W(ul, uhy > M (A)llullf (1.55)

by Proposition and Lemma We can now extend ¢_, to its form domain (L) which is
equal to {u € H, Alu] € L?(uy), Flu'py] € LQ(\:E|d:E)} = Dr2(r),0(A). The equality comes from

the fact that A1 (L(Q)(uv)) = Dy2r)0(A), that Dr2g)o(A) C H and that Flu'py] € L*(|z[dz)
whenever u € Dpr2(r)(A), indeed u'py € H'(R) because (u'py) = —pyAlu] € L*(R). We now
define D(L) the domain of definition of —L by:

D(L) (def) {u € Q(L),v+— q—r(u,v) can be extended to a continuous linear functional on H}.

Proposition 1.6.6 D(L) = D(A).
Proof Let uw € D(L), by Riesz’s theorem there exists f, € H, such that ¢_z(u,v) = (fu,v)y

for all v € Q(L), we set —Lu (def) fu, it is called the Friedrichs extension of —L£. Then for all

v € HNCX(R), by integration by part and anti selft-adjointness of H, we get:
(=Llu], v}y = q—£(u,v) = (u, A[v])y + 2P (u, W[v])y ,

hence we deduce the distributional identity —£[u] = Afu] + 2PW|u]. Since u € H, v/py € L*(R),
hence H[u'py] € L*(R) so Wlu] € L*(R). Furthermore u € D(L) C Q(L£) = Dprz(ryo(A), so
WIu))' = H[pvAlu]] € L*(R) which implies that Wu] € H. Finally, since L[u] € H, Afu] € H so
u € D(A).

Similarly, if u € D(A), for the same reasons as before W[u| € H thus L[u] = —Afu] —2PW]u| € H
ie ue€D(L). O

We are now ready to state the main theorem of this section, that is the inversion of £ on D(L).
Theorem 1.6.7 (Inversion of £) —L : D(L) — H is bijective. Furthermore, (—L)™! is posi-
tive, continuous from (H, ||.||[n) to (D(L),]].||n). More precisely, for all f € H,

£ AT < A (A) 72 e

Proof Let f € H, since (f, .)y is alinear form on Q(£) = Dr2() o(A) which is, by , continuous
with respect to q_r, one can applies Riesz’s theorem so there exists a unique uy € DL2(R),0(A)7
such that for all v € Q(L), (f,v)y = ¢—c(uy,v). Since, uy is clearly in D(L) by definition of the
Friedrichs extension of —L, we have —L[us] = f. Finally, the continuity of £~! with respect to

||.|[ follows from (1.55]). O
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Remark 1.6.8 We can diagonalize £ by the same argument we used in Appendix[L.8|to diagonalize
Ain L3 ().

We now prove, following Remark a more compact formula for the variance such as the one
appearing in [HL21]. With 7 defined in (1.51]), we have
Lemma 1.6.9 The following equality holds for all ¢ € T

<£_1[¢]7¢>H (def)/( V(@)L 1[¢]/(x)2>duv($)
-1 ") — “1ra 2
+P //R 2 (c DIGETal <y>> A () () (156)

Proof It suffices to show that (U¥)2(£[¢]> = (L[¢], p)y for all p € D(L).

€6 0w = [ (L2LY @t @) — 22 [ 16016l (0),

Integration by parts in the first integral leads to:

_/R((Qi)p;),)/(a:)ﬁ(x)dﬂv(x)=A<W)($)2duv($)

_ 2 rrN2 PV o2 (P ’
_/R{qs — ¢ (x) p—“j(fv)+¢(l‘) <p‘;> (@) ¢ duy ().

Since
/! i 2
Py _ ( — V" —2PH[py] + V" + 4P*H[py]* + 4PV’H[pv]> = V" =2PH[pv]' + <pl) ’
" pv

we obtain
(L8], B)y = /R (6"(2)* + V" (2)¢! (2)?)dpuy () — 2P /R Hig! pv]! (@) (2)dpry ()
2P / Hipv) () (@)2dpry (z).
R

We conclude using the fact that for all ¢ € D(L), we have:
I (CL=E0Y ) ) = 2 [ (el (2160 — i el (216 ) ).
R2 x y R

We now state a result that could allow one to obtain an explicit formulation for £~ by the help
of Fredholm determinant theory for Hilbert-Schmidt operators. The reader can refer to [GGKI2]
for more details.

Definition 1.6.10 (Fredholm determinant) Let K be a kernel Hilbert-Schmidt operator on
L?(uy), we define the Fredholm 2-determinant of id + K by

0 k(tit) ... k(tto)

tatr) 0 t)]
HdNV(tz)
i=1

(def)
det(|d+lC Zn‘/n

n>1

k(tn,tl) E(tn,ta) ... 0

where | M| is the usual determinant for a matriz M.
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Theorem 1.6.11 (Explicit expression for £71) For all u € H, such that

+o0
/ u(t)oy (t)dt

T —

pv ()

1s integrable at 400, we have:

—L 7 Mu) = A u] — AT o R[ul.

(/+m ds (/ u(t)py (1t + O,

In this expression A~'[u] is given by

(def) too ds ,
where C' "= pv (y)dy )dt. The operator R is the kernel operator
R

defined for all v € L?(uy) by

Rmmﬂ@fAMawwwmw@x

where
k(z,y) k(zt) ... k(zt)
- E(tn,y) k(tn,t1) ... 0

where K is the kernel operator defined for all w € L?(uy) by:

Klw](x) ‘< /R k(z,y)w(y)dy,

with
def
k(z,y) <

Finally, 2PWo A~ = —K.
Proof Let f € H, there exists a unique u € D(A) such that Afu] = f. Since (u/p
/

L3(R), we get u'py € HY(R), so v/ (z)py(z) — 0. By definition, —( wpv)
2| =400 4%

2Plog |z — v —2P/log\z—yldﬂv(z).
R

—+00

AT (@)pv (2) = ' (2)pv (2) = f)py (t)dt

xT

Using the fact that / u(z)py (x)dx = 0, integrating again we get:
R

+o0 dS +o0
wmz—é S [ oo c

(1.58)

(1.59)

v) = —pvAu] €
= f hence

(1.60)

+oo “+oo
where C' = / pv(z)d / ds / F(t)pv (t)dt. Now using that that for all g € H
R T s

pv(s)

- <A n 2PW)71 — Ao (id +2PWo ,4—1) -
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-1
We only need to compute the expression of (id+2PWoA_1> . Using (|1.60)), let v € A[D(ﬁ)] =H.

We obtain:
+oo
/ dtu(t)pv (t).

+oo
Wo Al ][ / dtv(t)py (t /d,uv ][
S—T RS

By Sokhotski-Plejmel formula, we have:

oo M s 1 1 +o0
dtv( = lim i f{ . }/ dtv(t)py (1)
]is—a:/ v(t)pv (t) g_l>r(§l+M—1>IEoo v 2 s—x+15+3_$_1€ . v(t)py (t)

We then proceed to an integration by part:

][S_x/mdtv H)pv(t) = lim lim [log((s _2:”)2“2) /;oodtv(t)pv(t)]M

e—0t M—+4o00 -M

+ /Rdslog\x — s|v(s)pv(s).

To conclude that:
Wo A ul(w) = = [ dslogle = slo()ov () + [ i) [ dstogly = slo)ov (o)

we just need to show that

+oo
log|x/ dtv(t)py (t) — 0.

|z]—o0

The latter can be seen by Cauchy-Schwarz inequality:

ogta) [ dto(pv ()] < Nog@) oy v 0 [ gty 2ar) "

R
In this inequality, we used that py is decreasing exponentially fast in a neighborhood of 400, hence
+o0
log () / dtv(D)pv (1) —> 0.

+o0

Using that / v(t)py (t)dt = 0, we have / v(t)py (t)dt = —/ v(t)py (t)dt, therefore the exact
R x

—0o0
same argument allows us to conclude when x goes to —oo. We obtain the following equality:

(id+2PWo A1) [v](x) :U(m)—QP/Rdslog|x—5|v(s)pv(s)+2P/Rd,uV(y)/Rdslog|y—s|v(s)pv(s).

With the operator K given in (1.58)), by [GGK12, Section XII.2], we can conclude that the inverse
of the kernel operator id — K is id — R where R is given in (1.57). This concludes the proof. O

1.7 Regularity of the inverse of £ and completion of the proof of
Theorem (1.1.4

Since we have proven the central limit theorem for functions of the type L¢ with ¢ regular enough
and satisfying vanishing asymptotic conditions at infinity, we exhibit a class of functions f for
which £7!f is regular enough to satisfy conditions of Theorem Define the subset 7 of H by

(def

T 1) {f eC*(R)| f, f', f" are bounded,/ fduy = O}.
R
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Theorem 1.7.1 For f € T, there exists a unique u € C*(R) such that v € H?*(R) with u(®
bounded which verifies:

e W(z)= O (V'(z)™)

|z|—o0

e ()= O (V(2)™

|z]—o0

e u®(z)= O (V'(2)7})
|z| =00
and such that f = Llu].
Proof Let f € T C H, then since —L : D(L) — H is bijective, there exists a unique u € D(L) such
that —L[u] = f i.e.

—u" — &u’ — 2PH[u'py] + 2P/ H[u' py](t)dpy (t) = f. (1.61)
pv R
Hence we have
vy = oy (£ 2PHl oy ) = 2P [ Moy e (1)) (1.62)

Since u € D(L) = D(A) = {u € H | Au € H}, the functions u/py and its distributional derivatives
/ !/
(W' pv) = —pyAu and (v py)" = —plpr.(p%/QAu) —pv (.Au) are in L?(R). In particular u/py
1%

goes to zero at infinity, and H[u/py] € H*(R) C C'(R). So we can integrate (1.62) on [z, +oo[ ,
since by Lemma [1.2.3] the right-hand sideisa O (py(z)), to get the following expression for x

|z|—o00

large enough:

+o0o
o (2)py (x) = / ov () (f +2PH[ o] — 2P /R I py)(s)day (5)) ()t (1.63)

From this expression, we see that u’ € C?(R). We now check the integrability condition at infinity
and the claimed boundedness properties of v/, v, u®. After proceeding to an integration by parts,
which is permitted by the previous arguments, we obtain:

’ pv () / /
W) = =B (@) 4 2PHI (@) 2P | Moy O () ~ Ra(e), (169

) (def) 1 +oo pv(t) / / /
where we set Ri(z) = @) /x [p"t(t) <f +2PH[u' py| — QP/RH[U pv](s)d,uv(s))] pv (t)dt.

We will need to show that R; is a remainder of order O+ (V'(z)~?) at infinity. In this case, we
T—r+00

will have /(z) = O+ (V/(z)~') which will be useful for the following. If we reinject (1.64) in
T—>+00
(T61), we find:

o =~ (f +2PHlpv] ~ 2P /R Hlu! v (1) (1)

/
= VR (1.65)

pv

- Z/‘; !— Z,:j (f + 2PH[W py] — 2P/RH[U/PV](t)dHV(t)> — R
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Hence
o Z/%j(x) /‘:OO PV(t)dt{ (Z};)l(t) [f +2PH py] - 2P/R’H[U/PV](S)CZMV(S)} (t)
——
- 2. (¥i) SY:RU

+ (f’ - 2PH[vau]) (t) }

o
o = 0 (1)
:t—>9-oo(v (t) 1) o

< V”(t) ) B
Pt too V/(t)Z B t——400
H[pv Au] is bounded comes again from lemma [1.2.3] Differentiating yields

We recall that because of Assumptions |1.1.1{ iv) (V/(t)™'). The fact that

W) = (B @) (o) - (SL@) Rate) - B )g(0),

/

def
where we have set ¢ (def) pr

(7 + 2PHlpv] — 2P [ i oy )0y (1))
v R
integration by parts argument as in ((1.65)), we obtain:

. Now, by the same

N )
(orty) 710 = oy o@
@ ) e g @? [ vy @
= -l S e @], + £ [ (0 vt = 2ot
py ()2
<PV(~”L’)) @),

(dﬁf) 1 +o0
mw) " {

The above integration by part is justified by the fact that g goes indeed to zero at +o0o. Hence

(f+2PH[ pv]-2P /R H[“’Pv]@ﬂ#v@))%] gg} (t)pv (t)dt. (1.66)

@) = (L) @R + (L) R,

PV 1%

RN /
Since <,0> (x) = _Qr (V’(m)), using Lemma |1.2.2| and Assumptions |1.1.1{ iv), and p—v(:c) =
X oo pV

Ri(z)= O (V’($)_2) and that  Ro(z)= O (V’(m)_3>.

T—-+00 T—-+00

Since the integrand in R; is a . Qr (V’ (t)*1>, by a comparison argument, we get:
—+00

_ N where e 1 [T pv(D)
i (x) _x—>O+oo(Il( ) h L) = pv(aj)/m V'(t) dt
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Furthermore, by integration by parts:

(def) pv () 1 [ pv
0 e e . o) o

B )2 1 +o0 B V”(t) pv 1 pv ’
=, 0 (V@) pv(x)/x ”V(”dt{ VIz g, V’(t)(p’v) (t)}' (1.67)

pv (t)
V/(t)Q

1 +oo
By the same argument as before, the last integral is of the form —— / 0 ( )dt SO
4% ($) T t—r+o0

we can conclude that:

1 +oo V//(t) oV 1 v/ B 1 too
P\/(ff)/:n pV(t)dt{ B W@ + V(1) <p§/> (t)} = x_QLOO (,OV(HC)V’(:U)Q/QE PV(t)dt>,

where we used that ¢ — V’(t)72 is decreasing on [z, +00[ for  big enough. In order to conclude
1 oo
that Ri(x) = a:—>0+oo (V’(x)_2>, one just needs to check that PV(ZU)/x py (t)dt = x—>0+oo(1)’ By

two integration by parts, we obtain:

[ wa =D (et /va(t)[(”v)””]I(t)dt

pv () Py (@)  \pl, py () pv(z) Py

+oo0
- ac—>0+oo(1) + pvl(x) /x t—g—oo((;"/(sit))z ) dt

_ 1 +o00 pv(t) B )
o anJroo(l) + x%o+oo (pv(x) /x V’(t)2dt> o x—>+oo(1)

-2

since t — py(t) is decreasing on [z, +oo] for x big enough and that ¢ — V'(t)~* is integrable at
infinity by assumption 4v). This allows to conclude indeed that Ri(z) = O (V’ (a?)_Q).

T——400

Now, we have to check that Ra(x) = O (V’(:c)_3>. By differentiating (1.66|), by the same

T—+00
arguments as before,

(def) @ 1 [ py(t)
Ry(z) = x—>0—|—oo(12(x)) where Iy(x) = pv(l")/x V/(t)2dt'

Moreover, by integration by part, we get just as before:

(def) pv () 1 [ v\
b e L e o(y) o

+00
0. ) i [T o ()l

= 9 (ver) . 0 G [ o) = 0. (ver). s

Finally, we can conclude that, by doing the same thing near —oo,

W@= 0 (V’(az)_l), W)= 0 (v’(g;)—l) and u®(z) = y 9+OO<V'(:E)—1),
(1.69)

which establishes that these functions are in L? in a neighborhood of oo, again by assumption iv).
Since we already showed that v € C3(R) € H{ (R), it establishes that u € H3(R) NC3(R) with u(®)

loc

bounded. To complete the proof we just have to show that (u/)2V®), w/u"V", (u/)2V" and 'V’
are bounded which is easily checked by (1.69)) and assumption iv). O
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1.8 Appendix: proof of Theorem |1.6.2

In order to analyze A, we let, for u € L?(R),

(def) 1/2 + —1/2
Sl "= g2 Alpy ).
Note that u € (L*(R), ||| 12(az)) — p‘_/l/gu € (L*(uv); 1 2(uyy) s an isometry. It turns out that
it will be easier to study first the operator S in order to get the spectral properties of A.
Proposition 1.8.1 The operator S is a Schrédinger operator: it admits the following expression
for all u € C2(R): S[u] = —u" + wyu with

(def) 1 (1 1 1
wy = 5 (2v’2 — V" +2PV'H[py] — 2PH[p}/] + 2P2H[pv]2> =3 [(log ov)” + 5 (log pv)’ﬂ :
(1.70)
. . V'(x)?
Furthermore, wy is continuous and we have wy (x) ~ — +oo
Proof We compute directly
-1/2 \1\’
(pv(pV u) ) 12 N\ Py —1)2 7
ov (ov ""u) ov (ov " u)
172 1 _3/0 ~3/2 1 52 2
= (o = 50" Potu) + oo = S0 (o)
~1/2 L _5/2 21 _3p
= oy’ U”+va/ () u = 5oy ol
~1/2 1 2 1 _
= py / [u” + ZPVQ (p/\/) U — 5pvlp§//u}
-1/2 " 1[ p/X// 1 p/V 2}
T R (GBI

, 1 1 -
- PV1/2 <UH 9 [(1082 pv)" + §(log Pv)a} U) = Pvl/2 (U” - wvu> .

Now, using Lemma [1.2.2] we have

wy = % (;v — V" 4+ 2PV'H[py] - 2PH|pl] + 2P2%[pv12> :

Notice that H[p},] and H[py] are bounded since they belong to H!(R), as we showed in Lemma
1.2.2| that py is H2(R). Along with Assumption [1.1.1] 44) and Lemma [1.2.3] we deduce wy (x) ~
oo

iv%). 0
Remark 1.8.2 Note that the function wy need not be positive on R. In fact, neglecting the terms
involving the Hilbert transforms of py and pf,, wy would only be positive outside of a compact set.
However, using the positivity of A, which will be shown further in the article, we can show that
the operator —u” + wyu is itself positive on L2(R). It can also be checked that, by integration by
parts, S is self-adjoint on C2°(R) with the inner product of L?(R).

We now introduce an extension of S by defining its associated bilinear form.
Definition 1.8.3 (Quadratic form associated to S)
Let a > 0 such that wy + « > 1. We define the quadratic form associated to S + aid, defined for
all w € C°(R) by
qolu, u) (def) / u' (x)2dx + / u?(z)(wy () + a)dz
R

R
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This quadratic form can be extended to a larger domain denoted by Q(S + aid), called the form
domain of the operator S 4+ aid. By the theory of Schrédinger operators, it is well-known (see
[Dav96l, Theorem 8.2.1]) that such a domain is given by

Q(S + aid) = {u e HY(R), u(wy + a)V/? € LQ(R)} —{ue H'®R),uV' € L2®R)} ‘Y Hl,(R).

The space Hy,(R) can be seen to be the completion of C>°(R) under the norm q,. Now that the
quadratic form associated to S + aid has been extended to its form domain, it is possible to go
back to the operator and extend it by its Friedrichs extension.

Theorem 1.8.4 (Friedrichs extension of S + aid)

There exists an extension (S + aid)p of the operator S + aid, called the Friedrichs extension of

S+ aid defined on D((S + aid)p) - {u € HY(R), —u” + (wy + a)u € L2(R)} .
Proof We denote

D((S + aid)F) (deh {U € H(R),u € H(R) = qa(u,v)

can be extended to a continuous linear functional on L? (R)}

Ifve D((S + ozid)F>, by Riesz’s theorem there exists a unique f, € L?(R) such that g,(u,v) =

(u, fo) 12(4y) holds for all u € L?(R) and we can set (S + aid)p[v] (def) fv- Note that it is indeed a
way of extending S + aid since for all u, v € CZ°(R), ga(u,v) = (u, (S + aid)[v]) 12(g4y)-

We want to show that D((S + ozid)F> = {u € HY (R), —u" + (wy + a)u € LQ(]R)}. Let f €

D((S + aid)F> and g (def) (S + aid)r[f] € L*(R). By definition of g4, for all u € C2°(R):

/Rgudx: /Rf’(:z;)u’(:z;)d:x—i—/R(wV(:x)—l—a)f(x)u(w)d:n: —/Rf(:z:)u”(a:)d:v~l—/R(wV(m)+a)f(x)u(x)dw

Therefore in the sense of distributions, we get —f” + (wy + ) = g which is a function in L?(R),
hence f € {u € HLR), —u" + (wy + a)u € LQ(R)}. Conversely, if f € H{,(R) such that
—f" + (wy + a)f € L?(R), it is possible to extend u + qu(f,u) to a continuous linear form on
L*(R) by

wes [ = @)+ @) @) + o)) do
which concludes the fact that D((S + aid) F) - {u € HL,(R), —u" + (wy + a)u € L2(R)}. O

In the following, we will only deal with (S + aid)F : D((s + aid) F) — L%(R) and
denote it S + aid : D(S + aid) — L2%(R).

Remark 1.8.5 Note that in the previous proof, the application of Riesz’s theorem doesn’t allow
to say that (S + aid) : v € (D(S + «aid), H-an) — fy € (LQ(R), ||.\|L2(dx)), where ||.||4, stands for
the norm associated to the bilinear positive definite form ¢, is continuous. It can be seen by the
fact that

v E (D(S + aid), H.an> — q(.,v) € (LQ(R)’, H-HL%dz)')a where L?(R) stands for the topological

dual of L?(R) equipped with its usual norm, is not continuous. Indeed the |.||,, norm doesn’t
control the second derivative of v and hence doesn’t provide any module of continuity for the
L?(R)-extended linear form ¢(.,v).

Also note that, even though it would be convenient that D ((S+aid) = LR, (wy +a)?dz)NH?(R)

it is not true without more properties on wy . Such a result holds, for example when wy belongs
to Ba, the class of reverse Holder weights, see [ABA(07, Theorem 1.1].



1.8. APPENDIX: PROOF OF THEOREM 1.6.2 99

Theorem 1.8.6 (Inversion of S + aid)

For every f € L?(R), there exists a unique u € D<S+aid> such that (S+aid)[u] = f. Furthermore,
the map (S + aid)~! is continuous from (L*(R), ||.||L2(dw)) to (D(S + aid), ||.]l¢. )-

Proof Let f € L?(R), the map u (U, f) 12(4z) I8 continuous on (H{/(R),||.|lg) which is a
Hilbert space. Therefore by Riesz’s theorem, there exists a unique vy € H L,(R) such that for
all w € HY,(R), (f, U)r2(4y) = da(vy,u) from which we deduce that, in the sense of distributions,
f=—v7+ (wv + a)vy which implies that vy € D(S + aid). Since vy € D(S + aid), we have then
for all u € L2(R), (f, W) 2(45) = Ga(vy,u) = (S + a)[vf],u)LQ(dx), hence (S + aid)[vs] = f. Finally,
by Riesz’s theorem, f € L?(R) — vy € Hy,(R) is continuous hence so is (S + aid) ™. O
Remark 1.8.7 It would be tempting to use Banach’s isomorphism theorem to say that since
(S + aid) ™! is bijective and continuous, so must be S + aid. But since (D(S + aid), ||.||4,) is not a
Banach space (it’s not closed in H{, (R)) we can’t apply it.

We are now able to diagonalize the resolvent of S.
Theorem 1.8.8 (Diagonalization of (S + aid)™?!)
There exists a complete orthonormal set (Vn)n>0 of L*(R) (meaning that

span{t,, n > O}H'HLQ(d‘”) = L*(R)

and (Yi, 5) 12(dz) = 0i,j), where each ¥y, € D(S + aid) and (,un(oz))n>0 € [0, 1] with pn () e 0
= — 00
such that (S + aid) i) = pn(a)y for allm > 0. We also have

def LN —
@) up 1(S + aid) " fll 12 (am) < 1.

|[(s+aie)”"|
||f||L2(dz):1

L2(dx)

Proof By Proposition [L.8.1) wy + « is continuous and goes to infinity at infinity. By Rellich
criterion [RS78, Theorem XIII.65], the unit ball of D(S + aid), i.e. the set

o' (x)%dx —I-/

R

{uED@+awn/

(wy (z) + a)u?(z)dz < 1}
R

considered as a subset of L?(R) is relatively compact in (L*(R), ||.| L2(dm))' Hence, we can conclude
that the injection ¢ : (D(S + aid),].ls.) — (L*(R), H.||L2(dx)) is a compact operator. Since
(S + aid)™!: (L3(R), ||.||L2(dx)) — (D(S + aid), ||.||¢,) is continuous then (S + aid) ™! is compact
from (L*(R), ||'HL2(dx)) to itself. The fact that (S + aid)~! is self-adjoint and positive allows us to

apply the spectral theorem to obtain (un(a)) positive eigenvalues verifying g, («) Njo 0 by

n>0
compactness and a Hilbertian basis (¢)n>0 € L2(R)Y, such that for all n > 0, (S + aid)"[i,] =
n()thy. Tt is then easy to see that for all n, 1, € D(S + «id) since they belong to the range of
(S + aid)~!. Finally, since for all ¢ € L?(R), ((S + aid)[¢], 9) 12(45) = Hng%Q(dx), the spectrum of

(S + aid) ™! is contained in [0, 1]. It allows us to conclude that [||(S + aid)*l‘HLQ(dx) <1 O
Since for all u € HL,/(R), (S + a)[u] € L*(R) iff S[u] € L*(R), if we define D(S) in the same
manner that we did before, D(S) = D(S +«id). It is now straightforward to see how to extend A =

~1/2 o 1/2 (def)  —1/2 . .
Py / Spv/ on Drawy(A) =" py / D(S) equipped with the norm ||.||g, 0 to (LQ(;W)7 ”’||L2(uv))'
The norm ||.[|g,,p is defined for all u € Dp2g)(A) by

llgupy = /R o () dpy () + /R u2 (@) (wy (2) + 0)dy ()

It is easy to see that (A + aid)™! is continuous.
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Remark 1.8.9 The kernel of A is generated by the function 1. Indeed if ¢ € Dr2(w)(A) is in the
kernel of A then

, /
@) | siem =&

PV PV

But since ¢ is in L?(uy) then ¢ = 0 which implies that ¢ is constant. We must restrict A to the
orthogonal of KerA with respect to the inner product of L?(uy), i.e

0=—

(def)

DLQ(R)70(A) = {UEDLQ ‘/ d/iv O}.

Doing so makes A injective.

Before inverting A, we need the following lemma:
Lemma 1.8.10 The following equality holds

(At aid) (Prayod)) = Lm) “ {u e 22u). [ utwduv(a) =0},

Proof Let ¢ = ¢ for ¢ € R, (A + aid)[¢] = ac then (A + aid)[R.1] = R1. Hence since A + aid
is self-adjoint with respect to the inner product of L?(uy) and that R1 is stable by A + aid, then

(A+aid) [(R.T)LHDL%R) (.A)} C (R.1)*. For the converse, let u € (R.1)%, since A+ aid is bijective,
there exists v € Dy (g)(A) such that u = (A + aid)[v]. For all w € R.1,

0= (u,w) 20,y = (A +aid)[v], w) 12, = (v, (A+ aid)[w]) 2,
Hence v € ((A+ aid)[RT])J' = R1+ and so (R.1)* € (A + «id) [(RI)L] O

It is easy to see that L3(py) is a closed subset of L?(uy) as it is the kernel of the linear form
€ L?(uy) — <¢,T>L2 ) making it a Hilbert space.

(v
Proposition 1.8.11 (Diagonalization and invertibility of .A) There exists a complete orthonor-

mal set of <L%(pv), (., '>L2(uv))’ (dn)nen € DLQ(R%O(A)N such that Alpn| = Andyn (meaning that

span{¢n, n > O}H'”LQ(”V) = Li(uv)

def
and (¢i, §5) 12(uy) = 0ij). Furthermore, A : Dyag) o(A) — L§(uy) ‘= {U € L*(uv), [pu(z)dpy (x) =

0} is bijective, A~ is continuous when considered as an operator of L(Q)(,uv).

Proof Since (S + aid)~! considered as an operator of L?(R), is compact so is (A + aid)~*
L?(py) and since A is self—adjoint by the spectral theorem, (A + aid)~! is diagonalizable. With
the notations of Theorem 8 (A + aid)~! has eigenvalues (,un(a)) >0 and corresponding eigen-

) 1
functions ¢,, = pv1 2 € Dr2(w)(A). Hence for all n € N, A[¢,] = \nopy with A, (deD (M @

—a).

Now,
Ml a2y = AN%](%)%(Q?MW(%) = —/R(pvqﬁ%)’(w)%(x)dw: /Rcb%(x)zduv(x) > 0.

Furthermore, the kernel of A is R.1, thus the spectrum of A restricted to D r2(r),0(A) is positive. But
since (A+aid) ™! is a compact operator of L?(uy i and that (A4aid) maps R.11 to R.1- with respect

to the inner product of L?(uy) (see lemma [1.8.10)), then (A + ozid)_l is compact as an operator
from L2(uy) to itself. By Fredholm alternative, for every A € R X\ # 0, either (A + aid)™! — \id is
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1
bijective either A € Sp((A + aid)™!). These conditions are equivalent to: either A + (a — X)id is

1 1

bijective as an operator from D2 gy o(A) to L§(uy), either —a+ € Sp(A). If we set A = — then
’ o

either A is bijective either 0 € Sp(A), since the latter is wrong then A : Dyz2(g) o(A) = L§(uy) is

bijective. The spectrum of A is < — a> C (A1, +o0) C (0,400), where \; is the smallest
n>0

Mn(a)
eigenvalue, hence we deduce that H‘A_lm L2(uv) < )\1_1. O
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Chapter 2

Asymptotics of the partition function
for S-ensembles at high temperature

“In the end, “what counts as science” is
less important than how science gets done.
Science is about what is true. Any pro-
posal about how the world truly is should
be able to be judged by the methods of
science, even if the answer is “we don’t
know and never will.” Ezxcluding a possi-
ble way the world could be on the basis of
a philosophical predisposition is contrary
to the spirit of science. The real question
18, how should scientific practice accom-
modate this possibility?” Sean M. Carroll
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2.1 Introduction

2.1.1 Setting of the problem

Let P > 0 and V be a function growing sufficiently fast at infinity. The real S-ensemble at high
temperature is the particle system on R, {xl}f\;l with the following distribution:

N N
. def 1 —Vi(xs
dPY(z) = p(z)dey ... dvy  with p%(x)(z)ZNmmejFP/NHe Vied (2.1)
1<J =1

where Zyx[V] > 0 is the partition function that ensures that }P’% is a probability measure on RY,
namely

N N
Zy[V] = / T 1w — 2PN T eV @ das (2.2)

RN &5 i=1
Here, the factor 2 in the two-body interaction is irrelevant and just makes the equations ”nicer”.
The main goal of this article is to establish the existence of the large N-asymptotic expansion of
log Zn[V] under some assumptions on V' using the technique first used in [ACM92] [ATM90] and
later developed in BG13b]. Note that when 2P/N is replaced by a N-independent 8 > 0
(that one can interpret as a coupling constant that measures the strength of the interaction), the
distribution is known as the real S-ensemble in the fixed temperature regime and represents for
polynomial potential the joint law of eigenvalues of the so-called Orthogonal (resp. Unitary, resp.
Symplectic ) ensemble for 8 = 1 (resp. 3 = 2, resp. 8 = 4) (see [AGZI0a]). For general 3 > 0
and quadratic V, the S-ensemble was expressed as the law of the spectrum of tridiagonal random
matrices with independent entries [DE(Q2a]. The result was then extended to general polynomial V'

in [KRV16].
When S is fixed, a great deal is known about this model because of twenty years of intensive study.

First, central limit theorems were proven in [Joh98| [BG13a, [Shcl4al, BLSTS| Lam?21a, [LLWI9],
asymptotic of the partition function in BGK15], local laws [BY Y14, BEY14b

[CEFLW21l, BMP22, [Pei24] and universality results [PS97, DGOT7a, DGKVOT7]. For 5 =2

constant and V' polynomial, the asymptotic expansion of the partition function has the form

N 2log ZJ[V] ~ > N2,
920
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where the previous equality has to be understood in the sense of an asymptotic expansion. The
coefficients (cg)g>0 of this expansion correspond to enumerations of maps and, more generally, the

asymptotic expansion of log Z]BV[V] gives information on the enumerations of graphs embedded in
surfaces [Marl4, MTY05]. In [DFGZ23|, the authors were able to establish the asymptotics for
the moments of Hilbert-Schmidt norms of matrices uniformly distributed on unit balls. They were
able to link these moments with the partition function of S-ensembles with singular potential, for
which it is possible to obtain the leading asymptotics.

The study of the S-ensembles at high temperature has attracted a lot of attention recently since
links were discovered with integrable systems, including the famous classical Toda chain [Tod67].
The integrable structure of this system, namely the existence of a sufficient number of conserved
quantities, can be established by the existence of a so-called Laz matriz, whose spectrum is in-
variant under the dynamics. At long times, the model doesn’t thermalize, i.e. it doesn’t reach
thermal equilibrium but is rather described by a more sophisticated probability measure called
the Generalized Gibbs Ensemble (GGE) [Jay57]. This is due to the existence of a set of locally
conserved quantities, which highly constrains the dynamics. In the context of the Toda chain, the
GGE has been studied in [Spo20] and a link was established with the Gaussian S-ensembles. In the
case of a Gaussian potential, it was shown that the distribution of the Lax matrix under the GGE
was similar to the law of the tridiagonal representation of the Gaussian B-ensembles of Dumitriu
and Edelman. This link was explored in [GM22] for more general potentials via large deviation
techniques.

However, the high temperature regime had already been the subject of research with the pioneering
works [CL97, BG99, [ABG12]. More recently, large deviation principles (LDP) [Pak20, [GZ19] and
central limit theorems for S-ensembles at high temperature were shown in the circular case [HL21].
In the real case [NTI18]|, such a result was obtained for quadratic potentials and polynomial test-
functions, for general potentials with smooth bounded functions in [DGM23] and for polynomial
potentials and polynomial test-functions in [MM24]. Convergence results of bulk local statistics
to Poisson point-processes were established, first in [BGP15] and later in [NT18], for Gaussian
potential, then generalized to general potentials in [NT20a] and finally to general interactions,
potentials and geometric settings in [Lam21b]. The latter work, includes the convergence of the
edge statistics and the asymptotic law of the fluctuations of the edge of the spectrum, namely
a Gumbel distribution which was first discovered in the quadratic case by [Pakl8]. This is in
adequation with the fact that this law can be seen as the limit of the g-Tracy Widom law when
f — 0 [AD14b]. Finally, in [FM21], the authors analyzed the so-called loop equations to deduce the
moments of the subdominant correction of the equilibrium measures corresponding to Gaussian,

Laguerre and Jacobi ensembles. A natural extension of all these results is to obtain the large N

def
asymptotic expansion of the n—linear statistics (f >é£ for general test-functions f where Ly (def)
N

def
N1 Zivzl 0z, s the empirical distribution, £y (:e) Ly — py and

k
<f>;‘fl®...®uk (e Ex [/ f(3317~~737k)Hdﬂz‘(fl?i)] . (2.3)
R i=1

By [GZ19], the sequence of random probability measures (L )y satisfies a large deviation principle

def
at speed N with a strictly convex, good rate function I‘},D . The latter is defined by I‘},D (deh) & —
inf,,c v, (r) £(1t) where, for all absolutely continuous probability measures p with respect to the
Lebesgue measure:

def d
£(w) " / Vidp — 2P// log |z — yldu(z)du(y) + / log (f) dp
R R2 R X

and +oo for other probability measures on R. In this functional, the last term is called the entropy
of the measure u, and because of conventions, it represents the negative physical entropy. This
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term is negligible when the inverse temperature (3 is constant and the potential is scaled by N
(it doesn’t appear in the corresponding good rate function [AGZ10a]) but has the same order of
magnitude as the energy when the correlation between particles is small/the temperature is high
(see [Deal8| (34)] for a discussion). Minimizing the functional £ amounts to minimizing the energy
while maximizing the (physical) entropy.

We call the unique minimizer of £ and denote it 1y (we omit the P-dependence since this parameter
is fixed throughout the entire article) the equilibrium measure which is Lebesgue continuous with
p-d.f. py characterized by

V() - 2P [ loglo—ylov(y)dy+logpy(a) =hv 5 -ae (2.4)
R

where Ay is a constant (see [GM22, Lemma 3.2]). In this context, py is supported on R because
of the presence of the entropy in the minimizing equation. This is a major difference with the
B-constant case and IN-scaled potential, where the equilibrium measure is compactly supported.
This equation can be rewritten, assuming py is continuous (which is true as long as V' is smooth;
see [DGM23, Lemma 2.2]), as

Vr € R, py(z) = exp (—V(:C)—ZPUPV (:1:)+>\v>, UPY (x) (deh) —/ log |z —yl|pv (y)dy. (2.5)
R

One observes that UPV diverges logarithmically to —oo at infinity [DGM23, Lemma 2.4]. Hence,
assuming that V grows fast enough at infinity, instead of a compactly supported measure as in the
constant 3 case, the equilibrium density is an exponentially fast decaying function at infinity in the
case BN = 2P. Furthermore, this measure can be seen as an interpolation (with the appropriate
scaling in P) called originally the Gauss-Wigner crossover [ABG12] between the equilibrium of the
classical S-ensembles (when P goes to +00) and the measure du(z) = e~V ®dxz/Z (when P goes to
0) [NT20a]. Note that under the choice of V() = 22/2, the density has an explicit form [ABGI2]:

—% 1 ) [ P T e 2 i

This density is also explicit in some other models, namely the Laguerre and Jacobi ensembles,
involving hypergeometric functions [Maz22].

Our goal here is to follow a strategy introduced in [BGI3al, BG13b] and used in [BGK15, BGK16]
to establish the existence of the large N-asymptotic of log Zx[V] for a general potential of the form

f)
Va,s(x) (def) 22/2 + ¢ where ¢ is a bounded smooth function. Namely we wish to show that for all
K > 0, there exists cg,...,cx € R depending on ¢ and P such that:

%logZN Vo] = Z G0 ( <K+1>) .

Before stating the main results and explaining how to obtain them, we need to introduce some
objects. An object that appears naturally when tackling this model is the so-called master operator
= defined, for sufficiently smooth ¢, by:

(def)

Ve eR,  E[g)(x) ¢’<x>+(1ogpv)’<x>¢<x>+zp( o)~ [ Hlomlwiduty >) (2.6)

where H denotes the Hilbert transform, which is defined by H|[f](z ][ e dy and where the

integral has to be understood as a Cauchy principal value. The main dlfference between = and
the master operator K that arises in the classical S-ensembles is the first derivative term of the
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RHS in (2.6). Because of this term, = is then an unbounded operator. While in the classical
[-ensembles, K is easily invertible and controled, see [BFG15] dealing such an operator demands
lot of technicalities in general. In particular, inverting and obtaining controls is much more difficult
in this case.

One can understand the operator = as controlling the fluctuations of the empirical measure Ly
with respect to puy in the sense that when one writes, for a sufficiently smooth function ¢,

(@)1, = (8),, + R,

the remainder Ry is expressed as a sum of linear statistics of functions involving Z~1[¢] and goes
to zero when N is large. Above, the superscript for the expectation value with respect to uy can
be omitted since the measure is deterministic. Furthermore, as we will show in the present work,
if V1 and V4 are two potentials, Z~! appears naturally when one wants to study the variation
between the two corresponding equilibrium measures, namely py; — py,. Finally, by exploiting the
fact that the partition function Zy[V], introduced in (2.2), is invariant under the transformation
Ai — A + tN"1/2¢()\;) for ¢ sufficiently smooth, the authors showed a central limit theorem in

[DGMZ23] i.e. that
VN/EMd@N—MﬁgAMQHWD

for 02 a positive quadratic form. It has been shown in this same article that this operator is

invertible and that when ¢ is smooth, so is Z7'[¢]. This was done by inverting the operator £,

defined by L[¢] e g [¢'], on the Hilbert space:

def def
H {U e L? (uv) ‘ u' € L (uy) 7/RudNV = O} SERCRENE (@) Loy 27)

Once the operator L is inverted, this straightforwardly implies that = is invertible with inverse
/

=7 = (L7 Y]) -

The establishment of the large-N behavior of the 1-linear statistics is based on the so-called loop
equations or Schwinger-Dyson equations introduced in [ACM92) [ArM90]; see [BGK16] for a more
precise state of the art.

2.1.2 Assumptions

For the rest of the paper, we use the following list of assumptions on the potential V:
Assumptions 2.1.1 The potential V' satisfies:

(i) V€ C*(R),
(i) V(z) — oo and|V'(z)] — oo,

|| =00 || —+oo
(iii) The measure py satisfies the Poincaré inequality i.e. there exists Cpoine > 0 (depending on
V and P) such that for all f € CL(R):

(def)

var,, (1) [ (f(fc)— / f(y)duv(y)>2dl~tv($)SCPoinc | @l @

(iv) For all polynomial Q € R[X] and o> 0, allp >0, Q (VP (z)) e V@) = o (279).

|z| =00

(v) The function — is integrable at infinit . V@) O (1) fork>2
v € Junciion —5 1S 1nitegraoie at tnjni an = or .
V2 g Y V’(l’) |x|—o00 B
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Assumption (i) is necessary to ensure that uy and Z~1[¢] for ¢ smooth are smooth (its derivatives
involve derivatives of V).

Assumption (i) is sufficient condition for Zn[V] to be well-defined. Indeed, the assumption on
V' implies that V grows faster than linearly at infinity, which implies that the S-ensemble is well-
defined. Another consequence is that py has exponential decay at infinity. The fact that V' goes to

infinity is also necessary to ensure that Z~1[¢]*) (z) | ﬁ 0 for all £ > 0 and for bounded smooth
Tr|—00
¢.

Assumption (4i) implies that = defined in ({2.6)), is invertible; see [DGM23, Proposition 2.6]. The
authors showed that for any potential of the form V = V g,y + ¢, where Viony is a strictly convex
potential outside of a compact set and ¢ a bounded function, uy satisfies the Poincaré inequality.

Assumption (iv) is necessary to ensure that the equilibrium density py is smooth.

Assumption v) allows one to prove that 2! is continuous with respect to the appropriate norms.
Indeed, when differentiating Z~1[¢], for ¢ a smooth function, quantities behaving at infinity like
V) (2)V'(2)~" will naturally arise. On the other hand, we will integrate some functions that
behave like V/(x)~2 at infinity.

These conditions are satisfied, for example, for every V in the following class

et 4 e "

«

{x s anag?+(x), n > 0,an > 0,a; € R, ¢ bounded Vk € N}U{x o a>0,7€ R}.

These potentials satisfy assumptions see [DGM23| Proposition 2.6, Remark 2.7]for a discus-
sion about it. On the other hand, potentials like V' (z) = e*” violate assumption therefore they
do not fit in our analysis.

2.1.3 Main results

(def)
To state the next result, we recall that Ly =" Ly — uy.
Theorem 2.1.2 (Asymptotic expansion of linear statistics) Under assumptz’ons on the
potential V, for all smooth function ¢ € L*(R¥), such that o) e L%(RF) for all j > 0, there exists
a unique sequence (b;);>r,/2) depending on V', ¢ and P such that forall K > 0:

K

(qﬁ%% = Z % +0 (N_(K+1)) :
i=[k/2]

def
Our goal is to obtain the existence of an asymptotic expansion for Zx[Vg 4] where Vg 4(z) (deh)

22 /2 + ¢(z) and ¢ is a smooth function. As will be explained further, one would like to deduce the

asymptotic expansion of log Zny[Vi 4| from an integration of the one for t € [0, 1] — ((ﬁ)chv"‘b’t where

Va,p.4() (LD 42 /2 +t¢(x) . In order to make this step rigorous, we need the following continuity
result with respect to t.

Theorem 2.1.3 Under assumptions on the potential V', for all i € N and for all smooth
function ¢ € L*(R), such that $*) € L*(R) for all k > 0,

vy, — pv, o llwee(w) =0

where Vg @ x = V(x) + to(x) where t € [0,1]. The W*(R)-norm is defined as || f|lwee(r) (def)

km[[gx]]||f(k)||Loo(R). Furthermore, for all v € R, t = py, (z) € C*(R) and satisfies the following
€[0,n ’
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integro-differential equation for allt > 0 and x € R:
0upv, ) = (~00a) + [ o, ($)ds ) pr, ().

Theorem together with Theorem allow us to deduce the following theorem.

Theorem 2.1.4 (Asymptotic expansion of the partition function) Let ¢ € L2(R) be a
smooth function, such that ) € L*(R) for all k > 0. There exists a unique sequence (¢;)i>o € RY
depending on ¢ and P, such that for all K >0,

K
1 G
il - “ —(K+1)
N log Zn [V 4] Zz; N +0 (N ) .
The leading term cq s given by:
(def) dprvg (%)
O = — R VG,qﬁ(x)d,uVG,(;s (.%')—FP R2 IOg |x_y’d/’LVG7¢ ('T)d:uVG’(p (y) - R IOg dx d,uVG,qb (.’B)

(2.9)
The first subleading term c1 is given in terms of the Euler-Mascheroni constant v and E[l the
inverse of the master operator associated with the potential Vg 4. It can be written as

@def) P log(l+P) 1 P+1 1\ P
S T Sl A og (1+-"=) —log(1+=) - =
o= gt +2§ og ( 1+ — og ( 1+~ :

1
0

Above, ©@ and D are explicit operators given in Section while

(05761, +{o=5 [p0257]

VG 4.t Mg ¢t

] dt. (2.10)

1 oo

E [gl(x) =

=@ . Tilol(y)dpvg ., (v)

where Ty is an explicit kernel operator given in (2.77)). The symbol 51—1 is also defined in Sections

and It is a standard fact (see for example [GZ19l Theorem 1.2]) that the leading term ¢

is the free energy of the model i.e., ¢ = limy 0o N~ ' log Zn[Vi¢] = —inf€(p) = —E (v, ,) where
m :

the infimum runs over probability measures on R.

2.1.4 Outline of the proof

This strategy is based on the following interpolation equation of the form:

1
log 2 Viso] = log Zu{V) — N [ (@) at. (2.11)
0

On the RHS, it is convenient to have log Zx[V(] since, by Mehta’s formula [Meh04, 17.6.7], one can
extract its asymptotic expansion at large N. Once this identity is obtained, the derivation of the
asymptotic expansion of the free energy of the model log Zn[V] follows from a similar expnasion for
the 1-linear statistics as soon as one has sufficiently precise controls on the remainder’s dependence
on the data of the problem.

We now explain how to derive Theorem for a general potential V satisfying assumptions[2.1.1
The proof is based on the analysis of the Schwinger-Dyson equations (SDE). It consists of a tower
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of equations that link linear statistics of different orders together. The simplest equation is the one
at level 1, which reads for any ¢ smooth enough:

1%
(O, = % (E"0)) + b <(E’1[¢])'>£N ~P(DoE Y]y o, (2.12)
(def) () — P(y)
= p—
1-linear statistic and the 2-linear statistic <D o E_l[¢]>ZN Sl The deduction of the asymptotic
expansion for linear statistics from the SDE is based on a so-called a priori bound, which we will
assume for now, of the following form:

where D is the operator defined for all x # y by D[¢|(x, y) . This equation links the

2l
<C 2.13
| <¢>(§>£N < Nk/2 ( )
for a norm ||.|| that we don’t make precise here. Note however, that in the high temperature, one

has a to deal with a more complex norm which requires integrability conditions on the functions
we apply this bound to. Assuming we know that
v a1(e)

(D= M) oarn = Nt o(N~') and that (1)) = o(1),

for some a(¢) € R, then (2.12)) allows one to obtain the leading order asymptotic for the 1-statistic:

@f, =N (P(EA)) —a@P+o1)) T n(@N+o(NY).

2%

Assuming now that for n = 2

(Do= ) 0r, = D0 02 4 o(N ), (214)
=1

it is not hard to see that one can iteratively derive the expansion of <¢)>XN and get:

@, =3 1Y

i=1

+o(N™), 12(9) = Pas ((E7'9])") = Pau(o).

By the same procedure, one can see that the extraction of the asymptotic expansion up to order
n > 2 of the 1-linear statistics boils down to extracting the one for the 2-linear statistics.

To achieve that, one needs to investigate the loop equation at level 2, which has the following form
for a smooth function ¢9 of 2 variables

1

(62)Lyocy = 3 Ule2D)ry + (VIda])

+ % VoY pocy + x5 V162D

\%

(%»CN N
with U, V, W and ) some operators. From estimate (2.13)) that we assumed at the beginning, we
know that

Ue:DE, =0T, Wlad =0, W er, = ONT).

It is straightforward to see that only the term N1 (V[¢o]) .y vields a non-negligible contribution

to the expansion of (¢2>ZN®£N at precision o( N~1!). In order to push it up to o(N~2), one needs
to obtain the asymptotic expansion for the 3-linear statistics and so on. Each additional order in
the asymptotic expansion requires analysing a higher level SDE. Hopefully, each time only a finite
number of equations need to be analyzed in order to get all the contributions, and the estimate
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allows one to neglect all the other terms. Finally, in order to apply the estimate to neglect the
remainders, one needs to show that the operators involved in the SDE preserve enough of the
regularity of the function they act on, especially for the inverse of the master operator Z~!. In this
setting, one has to obtain way more subtle controls compared to the constant g-setting. This is
due to the fact that involves a more complex norm than just a L°°-norm. Moreover, finding
a manageable integral representation for Z71[¢] in order to extract controls out of it, is a highly
non-trivial step. This makes the proof of the continuity of Z~![¢] with respect to ¢ quite technical.
Finding such a form and proving continuity results for Z~! is one of the main technical contribution
of this article.

When integrating the asymptotic expansion of the 1-linear statistics (gb%if’(‘s’t, one needs to justify

that the resulting integrals are finite, i.e. that the integrands are integrable. Justifying that
L= pvg.4, 1s continuous with respect to the uniform convergence norm (of the function and all its
derivatives) is enough to conclude this. A transport-based approximation of an analogue of py,, ot
was constructed in [LS17] in the case of the 2D Coulomb gas. While for the classical S-ensembles,
it is not hard to show, under some hypotheses on the supports of V and W, that

v +(—nw =ty + (1 = t)uw,

and deduce the continuity of ¢ — p;y 1 (1_¢w, to analog result in the high temperature regime is
much more involved. This is due to the non-linearity of (2.4)).

To show this result, our method is based on an application of the Banach fixed-point theorem to
. In the model with fixed 8 the analogous step may be done easily because of the linearity,
with respect to the equilibrium measure, of the characterizing equation (the analogue ) Due
to the presence of entropy, py is the solution of a non-linear integral equation.

2.1.5 Notations and conventions

e Let X be a open set of RP, we denote by C¥(X) (resp. LP(X)) the space of functions
differentiable k-times for which the k-th derivative is continuous (resp. pM-power integrable
functions) on X. C¥(X) denotes the space of functions of class k on X with compact support.
For p € [1,+0¢c], we denote by LP(X) the usual Lebesgue spaces on X and by LP(u) the
Lebesgue spaces with respect to a borelian measure y on R. Furthermore, we define L3(u)
by {u € L*(n), [pudp = 0}. For a function of several variables f, we denote the derivative
operator with respect to its i-th variable by 0; f.

e The space of functions f such that f*) € L®(R) for all k = 0,...,n will be denoted W2°(R).

(def)

Its norm is classically || f|yeo(r) = kgf[g);ﬂnf(k)”Lm(R)'

e Let f € L?(R), we denote by H[f] the Hilbert transform of f defined by

@ [ fW) 4,
RY—Z

Hf](x)

where ][ stands for the Cauchy principal value integral.

e We denote the Fourier transform of f € LY(R) N L?(R) by

Fiin) /R f(z)eted.

When p is a signed measure over R, we shall denote its Fourier transform by the same symbol
Flul-
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e The 1/2-norm is defined for any function f which makes this quantity finite
(def)
1713, [ PR

e We denote by M;(R) the set of probability measures over R. For p, ' € M;(R) we define
the distance (possibly infinite) D by

1/2

D(p, ') = </0+oo %!f[u — 1] (t)\th) : (2.15)

e We define the Sobolev spaces for all m > 0 by

def
H™(RY) S {4 € LR, |u] g gy < +00)

where

(def) n
falloary < [ U+ I 1P )

Above, ||.||2 denotes the Euclidean norm on R". If u € M;(R), we also define
() = {u e L), u® € L)}

Outline of the paper. In Section we establish an a priori bound on the n-linear statistics
that will be crucial in order to analyze the loop equations. To prove this bound, we first prove
a concentration inequality for the empirical measure. In Section we establish controls on the
operators that appear as building blocks of the loop equations. In Section [2.4] we prove controls on
the so-called master operator. These will play a crucial role in the analysis of the loop equations.
We then state the loop equations and establish the large N asymptotic expansion of the linear
statistics in Section In Section we establish the continuity of the equilibrium density
associated with the interpolation between the Gaussian potential and the potential considered in
this paper, and this with respect to the interpolation parameter. Section is dedicated to the
expansion of the partition function and an explicit form for the free energy associated with the
Gaussian potential, as well as the interpolation formula. We conclude with Theorem thanks
to the results shown in Section [2.6] including Theorem [2.1.3] This allows us to integrate the
asymptotic expansion obtained in Theorem [2.1.2] We detail in Appendix [2.9] some results obtained
in [DGM23] upon which this article largely relies. In Appendix we prove the continuity and
the integrability of the constants that appear in our problem.

Acknowledgements: The author wishes to thank Alice Guionnet, Gaultier Lambert and Trinh
Khanh Duy for useful suggestions and interesting discussions about this article. T also thank Karol
Kozlowski for his valuable advice and his idea for showing the continuity of the equilibrium density
with respect to the interpolation.

2.2 A priori bound on the linear statistics

As explained in the introduction, before analyzing the loop equations, one needs a bound that

quantifies how small is a function integrated n times against the recentred empirical measure
def
Ly (def) Ly — py. Before addressing this, let us recall certain properties enjoyed by wy and the

concentration results established in [DGM23].
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2.2.1 Equilibrium measure

We recall the definition of the logarithmic potential (or sometimes called Symm’s operator) U of
a function f: R — R. When it is defined, the latter is given for all x € R by

Uf () = - /R log |+ — y|£ (y)dy (2.16)

One can check that (Uf)/ = H[f].

We now describe the regularity of the equilibrium density py characterized by (2.4)).
Lemma 2.2.1 [DGM23, Lemma 2.2]

o The support of uy is R and there exists a P-dependent constant Cy such that for all x € R,
pv(x) < Cy(1+ |z])?Fe V),

o The density py € C*(R) and it holds

pv' =~ (V’ + QPH[vapv, (2.17)
as well as

= (BPHIAT VAP ) 9

2.2.2 Concentration inequality

We now use an idea introduced by [MMS14] and based on a comparison between a configuration
z = (z1,...,2n) sampled with IP’X,’P and a regularized version y = (y1,...,yn~), which we describe
here.

Definition 2.2.2 Let z = (z1,...,2x5) € RY and suppose (up to reordering) that 1 < x9 < ... <
rn. We definey € RN by:

71 (def) 1 and Ve [0,N —1], yrs1 (deh) Yr + max {ka — T, ef(logN)Q} .

(def) Lg\l;)

ef) 1
We denote by L( y) (deh) Z(Sy and also define L LSE;) x Uy the convolution between

a=1
and Uy the uniform measure on [O,N*Qe*(logm ]

Note that the configuration y given by the previous definition satisfies yx41 — yx > e~ (log N )2, and
y is close to z in the sense that
N
2
S i — ] < N2 (o8N (2.19)
k=1

One can note that we have |z — yi| = yr — 2 < (k — 1)e~ (o8 N)? " and we get (2.19) by summing
these inequalities. As in the proof of [DGM23|, Theorem 1.5], we obtain a bound on the density:
Theorem 2.2.3 For all N > 1 and x = (;L‘l, ... ,ZL'N) e RV,

PR () < exp (= NPD? (10, v) + Ky +2P(log N)?) Hpv (1) (2.20)

where Ky (deh) 2P| H]pv]llec +C + P‘ // log |z — y]d,uv(x)d,u,v(y)‘ for some fized, V -independent
2
constant C and with D as given in (2.15)).

Note that we have to keep the dependance on V in all of the constants involved in our problem.
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2.2.3 A priori bound on linear statistics

Thanks to the bound given in Theorem we can prove the below a prior: bound on the linear
statistics. This bound is a prior: in the sense that it is not optimal, namely, we will show later
that for the n-linear statistics are O(N~["/21) versus O(N—"(17¢)/2) as predicted by the a priori

bound. Anyway, this will allow us to neglect, in the loop equations, the terms that are integrated

def
with respect to ®" Ly, where Ly (def) Ly — py. The following theorem and its proof are just

adaptations of [BGK16, Corollary 3.1.10].
Theorem 2.2.4 (A priori bound on linear statistics) Let ¢ > 0, there exits C, . > 0 such
that for all f in W (R™) N H™?(R™), it holds

Ch EeK

sz (Mo + 17 lLnrageny) -

(N ey <

where Ky is defined in Theorem [2.2.5
Proof We use the decomposition Ly = <LN — L%)u) + E%)u where E%) = L%)u — vy and obtain:

U

Dancs = Z S BV / fa,...,»andcﬁsugza H a(Iy-L,) (&)

1=0 11 << a:
1 l

+ (Pgnpw - (2:21)

Since the x;’s are not far from the y;’s, we have the following bound by the mean value theorem
and the fact that all the involved measures are probability measures:

l n
! i
< Co |1 £ ll e gmy Ne 05N (2.22)

for some constant C,, > 0 only depending on n.

Let’s focus now on (f) . We know by Theorem [2.2.3| that

_cNE (def) 1
P%P(QN) = 5O (e N ) where Qn = {)\ eRY, D? |:LE\:I}’?u’ MV} > le}
for some ¢ > 0 independent of V' and for a remainder controlled V-independently. It ensures that:

‘(f Jon ),

< Celtvee HfHW5>°(R") + R (/]

where

(s < BT [1% | A 60at 8, 6 6
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By Plancherel formula and Cauchy-Schwarz inequality, one gets:

Rnlf] =Ex"

log, | Flflereeon) Hf[ Nu} — a)(;l;fn] (2.23)

n o\ 1/2
< < [ 7ol 1] rsoar(‘jﬁl) BT 105,25 D" [LY,, v ]]
a=1

12" 1/2
2% 9 d"p
< e On o
= N%(l_e) /]Rn "F[f] ((1017 7%0 Z |()0 ‘ (27‘(’)"
R [ P
- N%(l—a)
which concludes the proof. O

2.3 Properties and control of the operators involved

In this section, we will set some definitions of operators which arise as building blocks of the loop
equations. After defining them, we will prove their continuity on appropriate spaces. This will
ultimately allow to apply the a priori bounds given in Theorem [2.2.4]

2.3.1 Definitions

The operators that will appear in the loop equations at level n > 2 will be constructed via the
following extension procedure, allowing one to extend operators acting on [ variables into operators
acting on n + [ variables.

Definition 2.3.1 (Extension of operators) Given an operator O that acts on functions of one
variable and yields a function of | variables, ¢ a function of n variables, we define O1 by:

O1[0](€15 -+, &nri1) = O [P &1y - -5 Enri—1)] (61, -+ -5 &) (2.24)

2.3.2 Control on the non-commutative derivative operator

A first example of an operator appearing in the loop equations is the non-commutative derivative
(NCD) operator.
Definition 2.3.2 Let f € C1(R), we define the NCD operator D|f] by:

f(mx).:?];(y) if:v;éy.

f'() ifr=y

Vz,y € R, D[f](z,y) =

In the following, p > 2 is fixed.
Theorem 2.3.3 (Control for the NCD operator) Let n > 1, there exists C(n) > 0 such that
for all f € C*(RP~1) N H*HL(RP),

1D iy < CO gy

Before showing this inequality, we need to show a general form of the derivatives of D;[f].
Lemma 2.3.4 (General form for derivatives of D1[f]) Let m = (my,...,m,) € NP satisfy
mi > mo and Zle m; <n. Let x1,...,x, € R be such that x1 # x2, then one has:

) g k+] k
mo g (w2) Z (z2 —21)

8mD1[f](ajl, cees $n) = Z Cﬂu,mz,j

(x2 — xl)m1+m2+1 J (225)
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. (def) . .
with Cry my,j = (7752)(7711 +mo — )I(=1)""7 and g = 05" .. .8ﬁ’1f(.,$3, Cey Tp).
Proof First, it is easy to verify that Dy[f] € C"(RP) for z1 # 2. Secondly, when n > 2, by the
Schwarz theorem, the order of the partial derivatives does not matter. It is only the derivatives
with respect to z1 and xp that are non-trivial to compute. Indeed, let z = (z1,...,x,) € RP be

such that x1 # x2, then

g(x1) — g(x2)
T1 — X

8;13...8;npD1[f](x1,...,wp) =

def
with g (def) oy Oy f( s, xp). By applying the Leibniz formula when differentiating m;

times with respect to x1, one gets:

e o m my! X ") (z
858118:%3 ...8a;pp,D1[f](x1,...,3?p) = m (g(.%'2> — Zk('l)(.fQ —.'L'l)k .
k=0 ’

Again, we differentiate mqy times with respect to xo and apply the Leibniz formula to get (2.25)).00

We proved Lemma for my; > mg. Since Dy[f] is symmetric under the exchange of the two
first variables, we can always assume that m; > mg. The idea of the proof of Theorem [2:3.3]is to
prove separately the L? control on ™D [f] close to the singularity (the diagonal) and far from it.
To do so, we will use the Taylor formula with integral remainder to deal with the singularity and

Lemma when we are at a fixed distance from the diagonal.

Proof (of Theorem [2.3.3) Let m (deh) (mi1,...,my) € NP be such that m (deh) P mi < n.

Without loss of generality, we can assume that m; > mso. Let’s show that
1077 05" ... 95 " D1 [f1|| 2wy < CllS lrm+1 (o)

with C' > 0 independent of f. We first show this inequality on the subspace {z € R", |x; — z2| < 1}.
First note that

1
Dl[f](:l,‘l,l‘g,...,l'p):/o alf(l'1+t(132—l’l),lbg,...,l'p)dt

an so by differentiating under the integral sign and by Jensen’s inequality, we obtain:

oz Oy D ] (w1, 2, ap)|

1
g/o (1 —t)2mgZmegutmetlions 9 f(xy + t(xa — 21), 23, .., 3p) dt.

Hence, by integrating with respect to z, changing x9 — 1 into x3, and using Fubini, we get:

2
/ ‘8’1"18;”2...agnle[f](wl,xg,...,:Bp)’ 1y |<1d"®
Rn

1 1
S/ dt(l—t)2m1t2m2/ divg/dfcl/dxg.../dxpaiﬂﬁm?“@g”...8]7om’lf(x1—|—t§§,:v3,...,:Ep)2
0 1 R R R
< C(my, mo) |07 2100 O, T2y

< C(ma, ma)|| f | Fmsr o1y

Now we deal with the subset {z € R", |1 — z2| > 1}. By Jensen’s inequality and Lemma we
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get:

m2
/dm/l | dxg‘0{”18’2“2...0;1le[f](x1,x2,...,wp)‘Q < (mg—l—l)ZC?nhmm
R xro—x1|>1

j=0
) "o g* ) () A%
N
x [ d d — -
/R o /ZQ_m1|>1 2 |wg — @y [2r1H2mat2-2]
with g = 95" .. .8ﬁ’1f(., x3,...,%p). Again by Jensen’s inequality, we get:
/d.’,ﬂl/ dx2‘ainlagnz"'8;,%’D1[f](x17x27"'> )‘ S m2+1 Z ’m1m23 1_j+1)
R |zo—z1|>1

m1—j (k+j)(x1>2

1 g
g(])(x2)2+ Z T(ZEQ —l‘l)Qk

k=0 )
x/dxl/ dxg .
2 2 2—2
R lwa—a1[>1 |zg — @q[Frat2mata=2)

For all j € [0, mz], the double integral in the last line can be estimated with another constant
C(m1,m2) depending only on m; and my. For that, we use Fubini’s theorem:

mi—j g(k+j) (-%'1)2

g(j)(l'g)Q + Z A (511'2 _ :L‘1)2k
k=0
/Rdml /|:c2—z1|>1 dy |29 — a1 |2m1T2mat2-2
. d:L’l
- /Rda:gg(a)(m)? /|x2_m>1 (g — 2 [Prut2ma+2-2]
mi—j l<:+]) de 9
+ Z j2P) / dr1g (1)? /x2_$1|>1 |2 — xq |2 2ma42-2(+k) = C(ml’mz)HgHHml(R)'
Hence, after suming over j and changing the constant appropriately, we integrate over x3,...,x,
to obtain:

/ dxg...dzvp/d:vl/ dro [0 052 ... Oy Di[f] (w1, mo, ..., )|
Rp—2 R |z2 1‘1‘>1

o]

< C(m1,mg) sup < C(ma,m2) || Fll7me1 o1y -

le[l,m1] L2(Rr~1)

This is enough to conclude. U

Since in Theorem the bound on the linear statistic involves the W°(R?)-norm, we state the
following result.
Proposition 2.3.5 There exists a C > 0 such that for all f € C*(RP~1) N W (RPL),

D1 lwee ey < C)N fllwes, me-1)-

n+1

Proof This follows from Lemma together with the Taylor formula with integral remainder.[]

2.4 Control on the master operator =

In this section, we study the so-called master operator which will play an essential role in the
following. Indeed, proving continuity of this operator is a crucial step if one wants to analyze the
loop equations.
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2.4.1 Definition

We recall the definition of the operator L.
Definition 2.4.1 We define, for a sufficiently smooth function f, the operator

LIf]="E[f] = —Alf] - 2PW[f]

ALy _ev) Wi < [Fov] + [ #170v] i)

L is an unbounded operator on the space H defined in (2.7]). This space is indeed a Hilbert-space

by the fact that uy verifies the Poincaré inequality (see assumption |(723)). Its domain is defined
by D(L) = D(A) = {u € H, Alu] € H} by [DGM23, Theorem 6.7]. We show that the functions
belonging to this set are smooth.

Lemma 2.4.2 (Regularity of the inverse of the derivative) [DGM23, Theorem 7.1] Let v €

D(L), then v’ € CL(R).

For the next theorem, we recall that A : D(A) — H is a diagonalizable operator with positive
countable spectrum. We denote by Aj(A) > 0 its smallest eigenvalue. This quantity has a role in
our problem since for all f € H, [|L7 [f]lln < M (A)~Y2||f|ln see [DGM23, Theorem 6.7].
Theorem 2.4.3 (Inversion of the master operator) = : ©(E) — H is invertible, of inverse
defined for all g € H by:

_ (def) _
ol =" (£ gl
where D(Z2) (deh) {f €C'R), JveD(L), f=1'}. Furthermore for all f € H,

1= (A 2y < CellF N2 (2.26)

[1]

where Cp (4D A (A)~12,

Proof To prove that Z is invertible on ©(Z), the only thing to prove is that for all v € (L),
v" € C°(R) which is true by Lemmam The estimate comes from the fact that given f € H, one
has Z-'[f] = (£7'[f])". Then

=7 oy = 167Ul < Cel I -

The crucial step when one wants to analyze the loop equations, is to obtain controls on the master
operator which we will show in this section. These bounds will allow us to apply the bound obtained
in Theorem to functions like =~ 1[¢].

2.4.2 Preliminaries

We define an operator O whose iterations will appear in the derivatives of the inverse of the master
operator (which exists because of Lemma ).
Definition 2.4.4 Let O be the operator defined on smooth enough functions by:

OLf)(x) L (f pv) (2)  z—ae (2.27)

Py

In order to give a more precise description of OF, which will allow us to analyse its asymptotics at
infinity, we need the following definition.
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Definition 2.4.5 (Differential degree) Let f be a function of one variable defined on R differ-
entiable n times, we define the differential degree denoted by dé with respect to f by

d} (H (f<k))a’“> S kay
k=0

k=0

For example the differential degree with respect to f of (f/)? and f”f is 2, while dg ((f(3))2> = 6.
Remark 2.4.6 For example, with o (def) p¥, it holds that:
Pv
. Olf] = d/f +af.
° 02[f] — (aa’)/f+3aa’f’+a2f“.
o O3[f] = (a (aa’)’)'f+ (40420//4—7(10/2) P4 (6a'a2) QB ),

Using the notion of differential degree, we are now able to state the next theorem.
Theorem 2.4.7 Let k > 1, f € CK(R), there exists a family of polynomials (P¥)o<.<) such that

k
O*[f] = Z f(k*j)Pf(a, ., al)), with o & P¥ (2.28)
J=0 Pv
In fact, Pf (a, . ,a(j)), J € [0,k], is the unique homogeneous polynomial in j + 1 variables, with

differential degree with respect to a equal to j, degree k and with coefficients independent of V
satisfying the following reccurence relations:

e Pil(a) = aPf (a) = aFt!
. . / .
o Vj e [1,k], P;H'l (oz,...,a(J)) = (an_l(a,...,a(J_l))) —l—aP}€ (oz,...,a(J))

/! /
. P]f_tll (... ,a(kﬂ)) = (aPf (a,... ,oa(k))) = ((/a)...q)
Proof Let’s prove it by induction. For k = 1, O[f] = o/ f +af’ and so by setting P} («) = a, which
is homogeneous, of degree 1 and of differential degree 0, and P} (a, /) = o which is of degree 1
and differential degree 1, this proves the claim. Suppose that (2.28) holds at rank k € N*, then:

/ k , k
OFHL[f] = <a0k[‘ﬂ> _ Zf(kfj) [an(a, o 704(3'))} + Zf(kfjﬂ)apjk (a7 N wa(j))
j=0

J=0

k-1
- [ap’f(a""’a(k))],erZf(k_j) { [O‘Pﬂk(o‘v"->O‘(j))}/+apf+1(04a---aOé(jJrl))}
=0

+aPy(a) Y
. k+1, 4 (def) k(o pktl (k+1)) (def) k k)Y
Hence by setting Py™ " (a) "= (aPO (a)) , P (a, o ) = (osz (a, oY )) and for
, o L/ .
all j € [0,k — 1], Pﬁrll (a, e ,a(3+1)) (def) (an(a, e ,oz(J))) + an (a, e ,oz(J)), we obtain the

desired form of (2.28) and the recurrence relations. It remains to check that the homogeneity and
degree conditions hold at rank k + 1. This follows from the recurrence relations for the Pf 's. O

2.4.3 Closed form for =!

Before showing a closed form for the derivatives of Efl[ f] and their L? properties, we first prove
that, if f is sufficiently smooth, they indeed exist.
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Lemma 2.4.8 (Regularity of the inverse) Let f € H such that fpy € H"(R) with n > 2, then
pvE"Yf] € H" 1 (R). Furthermore if f € HNC™(R) is such that fpy € H*(R), then one also has
E71f] € C"TY(R).

Note that the last condition is verified whenever f and its derivatives are continuous and grow
slower than e~V at infinity. The proof uses the operators £ and A introduced in Definition
Proof We recall that 2~![f] = (£L7[f])’. When f € H, we know that py (£71[f])’ € H?(R). This

is because L7![f] € D (L) C {u € H, A[u] € H} and (pv (£_1[f])/)/ = pv A[L7Yf]] € H'(R). We

want to show that py (E_l[f])” € H™"(R), let’s show first that H [pv (E_l[f])/} € H"(R). First
observe that

pv AL f] = —pv f+2PpvH [pv (Cil[f])/} - QPPV/RH [ﬂv (ﬁfl[f])/} (y)dy

Hence, since py (ﬁ_l[f]), € H%(R), so is H [pv (E_l[f])/] Moreover, the function

2Ppy [ M [pv (ﬁ_l[f])/} (y)dy clearly belongs to H™(R) for all n € N hence pyAo L7Lf] =

/

/
(pv (Efl[f])/> € H%*(R) and hence py (L’*l[f})/ € H?(R). By induction, this shows that (L[f])" =
1
=1 f] € —H" 1 (R) c C*(R) by Sobolev-Hélder embedding theorem and hence we can conclude

pv
that H [pv (E*I[f])/] € H""1(R). Since

()" = 7 =22 (cpp) —2p (H [ov (£711])] - /R H |pv (£715)] (y)dﬂv(y)) (2.29)

PV
/
and that 2V ¢ C*®(R), we can then conclude that, under the assumption that f € C™(R),
pv
(E7Mf)" = L71[f] € C*(R), hence E~1[f] € C"FL(R). O

/
Lemma 2.4.9 There exists My > 0 such that V|z| > My, p—v(m)‘ > 1.
%
Proof From Lemma H[py] is bounded and by assumption V/(z) goes to infinity, the
/
conclusion follows from the fact that p—v(a:) = —V'(x) — 2PH|[pv]. O
%

We are now able to prove that a closed form holds for the derivatives of Z=1. The idea is to use
the resolvant formula which gives that for all f € H,

L7f = —AT [f+2PWo L7 [f]] (2.30)

and for all x € R,

. B 1 +oo
A7) = — / F(ov (). (2.31)

It doesn’t matter if one chooses +0o or —oo in (2.3I) since [; f(t)py(t)dt = 0 but it will be
convenient to make the choice sgn(z)oo for reasons that will appear further. Before establishing

1
1. we need to introduce an operator X that takes a function in — H™(R) and

the continuity for =~
1

produces one belonging to — H™(R) N H by means of a recentring.
9%

1
Definition 2.4.10 Let ¢ € — H"™(R), we define the operator X by
PV

X[6)(€) = o(6) — /R o()dpuy (2).
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1 1
For any ¢ € —H™(R), it is clear that py X[¢] € H"(R) i.e. X[¢] € —H"(R). We denote by
PV 1%

~ (def) _ =1 (den)
E1 = Epo0d, El = E1oX

and, given a general operator U, we adopt the notation U for the operator U o X.
1

Theorem 2.4.11 Let f € C"(R)N (H”(]R)), for all |x| > My with My given in Lemma|2.4.9
pv

for all k € [1,n+ 1] it holds that

k—1

— .\ () (def) P}

=-11]) =) QF(6,...,0) By, where g =" v 2.32

(=1) ; ( ) 6 e
with the convention that gv*l[f] (def) Bo- The B;’s are defined, for all |x| > My, for all i € [1,k],
by:

. sgn(z)oo
def) — , N
i) | a0 [xn)+ 20w 211) (0
pv ()

xX
(see (2.27)). Above QF denotes the unique homogeneous polynomial in a + 1 variables with degree

k — a, with differential degree with respect to 6 a and with coefficients independent of V' satisfying
the following induction relations:

bTH0) = 0Q5(0) = 0" (2.33)
/
Va € [1,k — 1], Qk+1 ( : ,9@) — 0" (9, . .,9@) +Qk, (9,...,0<a>) (2.34)
Q1 (o ( , Uﬂ) — Qb (9, ok 1>) — kD) (2.35)
Proof We prove this statement by induction. For k = 1, by (2.30)) and (2.31)), by setting
g S —x(f] - 2PWo L[],

we get for all z € R,

sgn(x)oo

(z) = | g = @) (230

For k = 2, differentiating again, which is allowed by Lemma we get for |x| large enough:

/

(L) (@) = (A7 [g)(2) = —g(x) — %(w) (A'g)) ().

After performing an integration by parts in the last integral, we obtain

sgn(z)oo

(E1) @ = (1) @ =F@ [ aovio (9%)/“)—(951)(”

def
By defining Q}(6) (def) 0, it is readily seen that its degree is 1 and its differential degree with respect
to 6 is 0. Let k € [2,n] and suppose that (2.32) is true at rank k, then by differentiating we get:

,_.

. k—

(E )kH QF ( ,9@) By 0+ QF (0,...,9(“>)'5k_a. (2.37)

=0

<)
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First, let i € [1, k] and |z| be large enough,

sgn(z)oo sgn(z)oo
Bi(x) = —O'[g)(x) — ggm / dtw(t)oi[g](t):f)g(x) / dtpy (O™ [g](t) = (0Bi1)(@).

The second equality follows from an integration by parts and the fact that —2 p v = 0'lg] goes to
PV Py
zero at infinity. Hence ([2.37) becomes

(=) =Y

— QO + Y (6% (6.-.0) 4 @E s (60,00 ) ) s

a=1

008 (0, 09 B+ @5 (0., 09)

Mw

Il
=)

+ Qb (6,,0% ) 51

By the definitions of (Q**1),, it is clear that is true at rank k£ + 1. The fact that QF+!
are homogeneous and have degree k — a and differential degree a can be checked directly from the
induction relations ([2.33)), (2.34)), (2.35]). O
Remark 2.4.12 When V(x) = 2™ with m even, it can be checked from that for every a €

[0,n—2], Q™(8, . ..,0) s of the form ¢, 2™~ 1=~ (=1 LT (3) 4 R? (ZL’, Hlpv],..., H [pgf)]) (x)
where cq p is a real number, T} is polynomial of degree strictly lower than m(n —1—a) — (n — 1)
and R} is also a polynomial of degree greater than 1. Since all these Hilbert transform vanish at

infinity, such a polynomial expression goes to zero at infinity. This decomposition holds as long as
the degree of the monomial is non-negative, otherwise it is zero. We give the first decompositions

for (év—l[f})(k) for k € [0, 3]:

=1f] = o, (Z71171) = 65, (Z11)" = 08+ %6,
and
(é\_/l[f])(g) _ 9”,61 + (99/ + (92)/) ,62 + 9353.

With the choice of potential V(z) = z™ with m even, choosing a bounded function f with
bounded derivatives at all orders and integrating by parts, it holds that for allk > 0, there ex-

ists yék), .. ’%(Ck) € R,

OHlg)(x) il 1
1Br(@)] Do x’[g]lx zm=1 Zg (:L‘kfn J +|x\goo <kag> '

When V(z) = cosh(ax), by the same computation, we get for different 'yj(k)

(@)~ a'“Z’V’“)g” (em'” 0 (ekalf’”o).

2.4.4 Controls on the inverse of the master operator

Since we are going to use the polynomials, Pf and Q;’“ defined previously in Theorem w and

2.4.11] a lot in our estimates on El_l, we first need the following lemma. With o = pfvﬁfl, the
Py

tollowing result holds.
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Lemma 2.4.13 For all k > 1, for all j € [0, k]
(i) ij (a,...,a0)) (@)= O (V'(z)7F),

|z|—o00

(ii) P (a,....,a) (z)= O (V'(z)7%),

|z| =00

(iii) Q% (6,...,09) ()= O (V'(x)k9).

|z|—o0

Proof For i), by the Faa di Bruno’s formula, for all n > 0,

n n i D\ N
o — <—1>( ' 3 (=D)AL (VD + 2PH[py] D)
VI + QPH[,Ov] Y (V/ 4 2PrH[pVD\>\|+1 Pl )\Z'(Z'))‘l
where the sum is over A (A1,-..,An) such that Y | i\; = n. From assumption v) and Lemma

2.9.2] we see that
(@)<Y C 0 (V@) )= 0 (V(@)™).

Yo |z| =00 |z|—00

Hence Pf, as a homogeneous polynomial in (a, e ,a(j)) of degree k, is a | |O (V’(m)_k).
T|—00

For the point 7i), one has to notice that for each monomial

(au))” / _ zn;lja(m) (Oé(j))’f1 ﬁ <a(i))” ,
p

1 i#]j

4, D [

n

But, we have proven that for all i € N, o = O (V’(m)_l), so by denoting [ (def) Yol =

|z|—o0
deg(A4,), A,(z) = | ‘O (V’ (m)_l). Therefore, any homogeneous polynomial of degree k such as
T|—00
Pf in the variables (a, ... ,a(j)) is a | |O (V/(z)~%). Finally for the point i), it is clear that for
Tr|—00
all 7 >0,
09)(z) = VUt (z) — 2PN [pv](j) @)= 0 (V'(z)).

|z|—00

Thus ng) (9, ey G(j)) as a homogeneous polynomial of degree k — 7, is a | IO (V'(x)k_j). Il
T|—00

Theorem 2.4.14 (H™(R)-continuity of 2y ") There exists a constant C(Z7*, H") > 0 depend-
ing only on n and V such that for all f € H"1(RP),

< CET H| fll s ).

=17

)

Under the choice of potential Vy; defined in Theorem foro e ﬂkZOHk(R) the map t € [0,1] —

C(Z7Y, H™) is continuous.

The idea of the proof is to use the closed form for the operator O defined in 2.4.4|, found in

Theorem [2.4.7]and inject it in the 8 which appear in the closed form for Efl(n) in Theorem [2.4.11
Proof Let m < n and (mi,...,m,) € NP be such that > m; = m. Let x2,...,2, € RP~! be
fixed, we define h : zy — 95" ...0," f(x1,...,7p) and g = —X[h] — 2PW o L~1[h]. With these

notations,

o= [f) (@, . wp) = E1 [B) ™) (a4).
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We can then apply Theorem [2.4.11{ and Theorem so for |z1| large enough, we get

mi1—1

gv—l[h](ml)(xl) = Z QM (9, . .,9(a)> (%1)Bmy—a(21)
:i 1 sgn(z1)oo
— ; Qu" (0,...,9(“)) (:El)pv(xl) Z dtpy (£)O0™ 4] (t)
sgn(z1)oo

mi—1mi—a

= > Q@ (6,69) (@) ! / dtpy (£)g™ =D ()P (a, ..., a®)(t).

= = pv (1)

1

(2.38)
Moreover an integration by parts yields:

o ml—lml—a
@) = X3 Qe (0.6 <m><—9(m1C‘”)<x1>a<x1>PF—a<a,-..,a<b>><x1>
a=0 b=0
sgn(x1)oo

[1]

1
pv(r1)

+ dpy (1 [gm-a-“”(t)a(t)ww (2 a®) (0

1

+ glmima=b)p) [apgm—a (a, . a(b))}/ (t)] ) . (2.39)

We now use My > 0 from Lemma m so that By (a, . ,a(b)) that appear above are well-
defined on [—My, My]¢ i.e. don’t have any singularity. Hence by integrating with respect to 1,

(E_l[h](ml))Q on [My,+oo], we get, by Jensen’s inequality, for a constant C'(n;) > 0 depending
only on my:

/ " i (=7 [h](ml)(m1)>2

My

mi—1lmi—a

Clm) Y- > / a1 Qg (6,...,01) <x1>2{gw-a-b)<x1>2a<x1>2pgm‘“<a,.--,a<b>><x1>2

a=0 b=0
) sgn(z1)00 2
+ PRENE / dtpy (£)gmM =D (H)a(t) P e (a, o a(b)) (t)
1
: sgn(z1)o0 / 2
o dtpy (1)g™1 =970 (1) [apgnl—a (a, . ,oz(b)ﬂ (1) }

We want to bound this expression by HgH%ImlH(R), but since g = —h + 2PH [pyE~1[h]] + ¢, where

¢ = [ph(@)duy(y) — 2P [ H [pvE~1R]] (y)dpy (y), the constant terms will fail to be in L*(R).
We thus have to treat these terms separately. In the previous sum, ¢ is differentiated everywhere
except in the term b = m; — a so this is the only value of b where we have to deal with ¢. By
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defining:
B0 @t (0,0 (@a@) B (o ... a®)() (2.40)
sgn(x)oo
@v . Qu(6,....0) () ni—a ®\]’
fnl,a,b ‘T pv(LU) dtpV(t) [apb <Oé, Lo, )} (t), (241)

X
by using Jensen’s inequality and inequality (2.26]) we get :

m1—1

+o0
Cm) - [ o [0 a0+ ao0?]
a=0 Y Mv
WV v
<Cm) sup (it —alZaqan e + e —al B an o)

0<a<mi
—_ 2
< (1A + 12 Tov= ] )
< C(Vima)llpv |l Lo (r) (Hhuiz(R) + HPV||L°°(R)7T2||E_1[h]H%?(uv))

<C(V,m) <”hH%2(R) + HPVHLOO(R)W2C%HhI|’%2(W))
< CU(V,m) (|05 . 9 (w2, ) 3 my

where at the end, the constant Cy(V,m) is defined by:

(def)

1),V 2),V
= Clm) s (15wl ange) 15—l a0

Ci1(V,nq)

X lpv || Lo ) (1 + HPVH%OQ(R)WQC%) . (2.42)

Above, the first integral that appears is well-defined, since by Lemma [2.4.13] one can check by
assumption |(v) that f%i,a,mﬁa(f’«"l) and f(2) (z1) behave like O (V'(z1)~?) which is inte-
[e.@]

mi,a,mi—a 21|
grable by assumption again.

(def)

In the following, we set g =" g — ¢. We can now replace ¢’ by g’ since we handled all the terms
involving ¢. By Cauchy-Schwarz inequality, with Co(V,m1) defined by:

_ v |2
CalVim) = Cm) macx (6.2, L= ([ My My ]?)
0<b<ni—a
(3).V 2 @),V ||
bl T2 a2y anw,b qu_MV,MV]c))’ (2.43)
with
n(z)oo 1/2
n (a) *®
3),V . a' (9’ 50 )(x) 2 2 pri—a (b) 2 2 44
fm,a’b T v (@) dtpy (t)“a(t)*P, <a,...,a )(t) , (2.44)
sgn(z)oo 1/2
n (a)
(4),v . a1 (9, '30 ) (.I) 2 ni—a (b) /
Y e pEs dtpy (t) [an (a, a )} o] (2.45)
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we get

mi—1lmi—a

> / dleml .,9<a>) (x1)2{9<m1“b>(x1)2a(x1)2py1—a(a,...,a<b>)(x1)2

a=0 b=0
2

sgn(z1)oo
1
—3 dipy ()™~ ()a(t) Py (a, o a(b)> (t)
x1)? / b
pvie)® | J
) sgn(z1)oo / 2
t ooy dtpy (1) g™ (1) [apgnl*a (a,...,a(b))] (1) }

< Co(Vyma) gl mi+1 gy-

Finally, by using that g = —h — 2PH [pyE~'[h]] , that 7~ 'H is an isometry in L*(R) and that for
all u € HY(R), H[u] = H[u'], we obtain:

= ) m) < 2max C(Vomn) 2 ([l g oy + 2P ov =" (bl g1 sy )-

L2([MV +OOD =1

We now use the form stated in Lemma to conclude that

=7 1[h) ™) < 2max Cy(V, my)Y2 (2P Cs(V,m1) + 1) B o1 )

L2([Mytoo) — i=12

where C3(V,m1) is explicitly given in Lemma [2.9.3] By the exact same bounds, on | — oo, —My|,
we finally obtain

=1 [p)m) < 4max Cy(V,m1)2 (2P Cs(V,m1) + 1) || Al g +1 )

L2 ([-My,My]e) i=1,2

Now relaxing the dependance on s, ..., 7, € R and integrating with respect to these variables, we
get

o™=t (/] < 4maxC, (V,m1)? (2P Cs(V,my1) + 1)

HLQ( [—My ,My]cxRP— 1)

1/2
X </]Rp_1 Ha;nQ .. @glpf(.,m, e CCp)H?{ml-H(R)dxg A d.%'p> .

Thus we deduce that for a constant C'(n) > 0 only depending on n such that

‘ :1_1 ]HHTL([—MV,MV]CxRpfl) <C(n )nlﬂi’; {n?xC v, m1)1/2 (2PmC3(V,my) + 1) Hf||Hn+1 (RP)-
Now, we prove the control on [—My, My] x RP~! we fix z2,...,2, € R. By Cauchy—Scﬁ\‘rifi
inequality:

[ e @f 4 < 1 |levE e

My <([-Mv,My]) L2(R)

< C3(V,my)? Hp(/lHiw([,M‘,,M‘,]) ||h||§{m1(R)
where the last inequality comes from Lemma@ Again relaxing the dependance on z3,...,z, € R

and integrating with respect to these variables, we get for a constant C'(n) > 0 independent of n:

:1_1 HHn [— My, My ]xRp—1) < C(n )WIEEZX Cs(V,my Hp\_/lHLoo([—MV,MV]) HfHH”“(R”)'
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Collecting the last bound, using that C3(V,m) is increasing in m and (2.46)) leads to the conclusion
for

=1 (def) -1 1
o=t HY) "= O(n) [ce.(v, ) 163 || o (- aty 11y + @PTC3(Vim) + 1) max max Gi(V, )2
(2:47)
The fact that, upon choosing the potential Vi ; with ¢ € NksoHF(R), t — C(Efl, H™) is continuous
is shown in Proposition [2 [l

Theorem 2.4.15 (W°°(R) -continuity of = ) Letn > 1, for all f € W9, (RP),

':—1 o0
ey < CET W e, o)

=1

Under the choice of potential Vy; defined in Theorem for ¢ € Nk>oHY(R) the map t € [0,1]
C(E;, W) is continuous.

Proof Let f € W,11(RP), let m < n and (mq,...,m,) € NP be such that >.0_,m; = m, let
To,...,7, € RPTL we set h: x> 052 . O (... ,p) we know by theorem [2.4.11| that

) sgn(z1)oo
S = s [ dovingt).
xr1
where ¢ (@D _x [h] +2PX o H [pvgv—l[h]]. For the following we define
sgn(z)oo sgn(z)oo 1/2
1 1
IV oz t)dt|, )z t)2de| . 2.48
1 pV(x) pV( ) 2 pV(«T) pV( ) ( )

By integration by parts, one can see that Z} (z) = O (V/(z)7!) is bounded on R. So for the

|z|—o00

first and third term, by direct bounds:
sgn(x1)oo

! dtp 0) (~000) + [ hs)dny (s))

<2/ ool hllos < 20TV Nloo || £ llweo (e)-
pv(z1)

x1

For the two last terms, we want to use that 7—'# is an isometry on L?(R), so we use Cauchy-
Schwarz inequality and the fact that Z3 (z) = O (V'(2)~'/2) is bounded on R so that:
o0

|| —
sgn(z1)oo
2P =1 !
sup dtpy (H)X o H [pvET]] ()] < Cov) 1], < Co I llwe, o
r1E€R PV(xl)
1
with (e
Co(V) "L 2P (I oo + 1TV lcllov I142) mllov I1L2Ce (2.49)
Thus, by taking the supremum of z»,...,z), € RP~! we conclude that for m; =0,
me— 1 V
|21 e gy < CIZY lloe +Ca()) WS, o (2.50)
For m; # Oy (2.38)), for all |z| > My, ¢f Lemma
mi—1mi—a sgn(z1)oo
et le 6( ) ( ) mi—a— mi—a
:71 Z Z xl) ) / g( ' ’ (t)Pb ' (Oé, v 7a(b))(t)d.uV(t)

a=0 b=0 e
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where g (€ _y [h] —2PW o Zv—l[h] Furthermore, setting

¢ [ by () = 2P [ 3 o= 10] e

and
sgn(z)oo

G . Qal0...,09) () Y
OV 5 e / B0 a®) )| pr (0t (2.51)

x

we can bound every term in the previous sum, involving ¢, namely taking b = m; — a:
(5) op CAllh (5)
|Finy aimy —a ()] < (14 2P 7l pv loo C) 1Allwree ) 1Fimy ami —all Loo (= 0y 1y 1e) -

We directly bound ¢ in the LHS, while to bound fm L amy—a(Z1), we successfully applied Jensen’s
inequality, used the isometry property of 7~'H on L2( ) and used the inequality (2.26]). Further-

more, the fact that fﬁii}a’ml,a is bounded on [—My, My ]¢ comes from Lemma [2.4.13] Finally, by

setting g (def) g — ¢, it only remains to establish the following bounds:
mi— 1 mi—a 1 Sgn(zl)oo
> Y e (60,609) (@) g P a0 (Dpy ()
=0 b= pv (1)
1
mi—1lmi—a ‘qu (0, ce 9(“)) sgn(;)oo — (m1—a—b)
< H [ pvETL[A] } (t)
% b=0 {H PV ( )

+ g Hfml,abHLO"([—MV,MV]C)}

L2(R) }
sgn(z)oo

o s | QL (6,.,6) (w)\pvl(x) [ | e pvera @5

Loo([_MVfMV]C)

mi—1lmi—a
5),V
< Z Z {Hh||W°° Hfmz, wllzee (-ary ary)e)

a=0 b=0
"H [(pvf’l[h]) (m”b)]

6),V
IR e -ty A1)

with

xT

For each a, b, ffgi"a/b is bounded on [-My, My|¢ because of Lemma [2.4.13| and Lemma [2.9.2, By
Cauchy-Schwarz inequality and Lemma [2.9.3] we get:

— (m1—a—b) _ (m1—a—b)
H’H [(pv [h]> ] . WH (pv [h]) ‘ P 7Co(V,ma) | hllwse, )
Finally by the same reasonnings as before, we get
mi1—1mi—a sgn(z1)oo
le ., 0@ (z1) e .
‘ 2 2 xl) ) / g6 P o, o) (b py (1) dt

a=0 b=0 1

< Cr(Vyma) [ hllwgg, )
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where C7(V,m;) is defined by
max 1y lo(-any ange + 7Co(ViD) mmax 1705 oo (-any.an >)

C7(V,my) (€D max 2 ( e (=
1<I<my 0<a<l = b%
0<b<l—a 0<b<l—a
(2.53)
Thus, we deduce that
Hu_l[h](ml)HLw ([-My,My]°)
: 1Pllwge ). (2.54)

< |ma(1+2Prlov]|ocCr) max 150, all o= -aty as g + Cr(Vima)

Now let z € [-My, My], by differentiating m; times (2.36)), the Leibniz formula ensures that there
6(m1=1-)) and a polynomial S™ of degree m; — 1

exists polynomials R}, depending on (6,...,
#(m1)), whose coefficients are independent of V such that

depending on (6,...,
sgn(z)oo

__ my (m1)Y (g
=) = T [ gy o

my—2
+ Z Rty (6,0,00m 7170 (2)g) (@) = g™ D (@), (2.55)

We recall that the function g is defined by
] = [ =] (o).
R

def

g @ _p, —I-/ h(t)duy (t) + 2P (”H [pVH
R

Then, for all, x € [-My, My, by the same bounds as before with Cs(V, m;) defined by

1
MV,MV])H/)V HL‘X’([—MV,MV])

def
€0 max (150, -, 6Dl -
0T e ary ) +1)s (2:56)

Ca(Vim) "= 1<i<m,

l 0,.
+ 0<I£H<i;( 2 HRl “(

we obtain:
mi1—2
(0,500 71 @) X)) ()

Sm(g 0m1)) (z1) E
[P T m
Ydt + § R,
pv<a}1) [ PV 1—
Tl
- X[hrmrl)(m)] < 2Cs(Vom)[|hllwz (e

and
smi(g . gm)y(gy) T
oo BN [ e (0.0 )] [ 1 [v=1000) )i 0
pv (1)
1
< 2P| py |2 CeCs (Vo) ||l lwee vy

2P

It remains to bound the terms involving the Hilbert-transform. For that, we use that for all

¢ € H™(R) and a € [0,m; — 1],

— JHip@) :\//;mw) t

D] (0)dt < /2016 | 2y |66 | 2y
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Applying those results for ¢ = py=2—1[h] € H™ (R), Lemma allows us to conclude that:
G lwee _ @) < V2@l rm ).
We conclude by Lemma [2.9.3] that:
H’HW]HW,?%_I(R) < V2rCg(V, ml)HhHW%)1 ®)

and thus, with Cs(V,m1) defined in (2.56) we get:

sgn(z1)oo
L B e L
S R (0000 G [y o) = 2 [ ) ™ o)
a=0

< 2PV21Cs(V,m1)Cs(V, m)l[Pllwes _, @®):

All the previous bounds yield

=—1[p](mV)

< (2+2P 1/2 2PV2 Bl o
Loo([= My, My]) — < + 7T||pV”oo C[:"‘ fﬂ'C(;(K ml)) CS(V7m1)” HWml(R)

Upon taking the supremum over w2, ...,x, € RP~1 in , and over m < n we conclude that

:/:—i =1 00
= e ey < BT T i, o

with C(Z7 !, W2°) defined as

=1 _ (5),V
C(Ey, W,°) = max [ml(l +2P7|pv|lecCr) JDax, oy amy—all Lo (= My pyje) + C7(V,ma)

+ max (2 + 2Px | pv ||X/2C + 2PV27Cg(V, ml)) Cs(V,m1) + 2| Z) ||oo + Ca(V).  (2.57)
mi<n

The fact that, upon choosing the potential Vy ; with ¢ € Nk>oHE(R), t C(El_l, W2°) is continuous
is shown in Proposition [2.10.8 O

Finally, we define the variable insertion operators which will also be involved in the loop equations.
Definition 2.4.16 If ¢ is a function in n variables, we define the n-th variable insertion operator
0P g4s

OP[G](&1, - n1) = $(E1, - &p-1.61, 6y ) (2.58)

Corollary 2.4.17 Let n,p > 1, a € [2,p+ 1], for all f € W55, (RPTY),

[0 211y ) < 20E W i e

where the constant C(El_l, W) was introduced in Theorem |2.4.15,
(def)

(def)

Proof Lethngl(RpH),xl,...,xpER,m =" (m1,...,mp) € NP such that m =" >0 ;m; <
mn.
om0\ o Zr N [f] (w1, ... wp) = 00N Oy T Oy OB ET [ (31, Ta1, 1, Ta - - Tp)
-l-agw...@ﬁlfl(?;”l@ﬁl@ﬁlEfl [f] (z1,...,2q—1,21,%q .., Tp).
me(a) o 51 =1 S R
Thus ([0 o= (7] < 2[STA| L iy < 26E S W s, ey 0
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~—1
The last control that we need is on O 0=, in H™norm. ©® was defined in Definition [2.4.16

— 1
Theorem 2.4.18 (H"-continuity for @@ o=, ) Letn e N, p € [1,+oc[, let a € [2,p + 1],
there exists a constant C(O@ o =71, H™) > 0, such that for all f € H" 1 (RPHL),

~—1 “"1 s
10 o 21 [flllnzey < SO o 7L, H)|I £l 1 sy

Under the choice of potential Vy; defined in Theorem for ¢ € Nk>oHE(R) the map t € [0,1] —

c(0@W o=t H™) is continuous.

def
Proof Let f € H"W(RP), Let f € W25 (RFFY), 21,...,2, ER, m (def) (mi1,...,mp) € NP such
def
that m ‘4 P mi <n. We set
h:(x,y)— 05" ...Gﬁflaﬂl...ﬁgflf(m,xg,...,aja,l,y,xa,...,:z:p)
and

9(@,y) ) —hle,y) +2PH [y =T [0, w)]] (2) + ()

where we have set ¢(y) = /Rh(s, y)dpy (s) — ZP/RH [pvgjl [h(., y)]} (s)duy (s). Let x € R,

mO ™ o 7V [f] (21, ..., p) = E-L[OA(, 21)] (1) + E A, 21)] ™) (21). (2.59)
The first term is easy to control by Theorem [2.4.11

sgn(z1)oo

dtpv(t){ — 0y h(t,x1) + /R@;mh(s,arl)d,uv(s)

1

+2PH [pvév—l [O™h(., xl)]} (t) — zp/

2PH [pv =1 [0 (., 21)]| <s>dw<s>}.
R

From the standart arguments that we used before,
[ =05 h )l < 401+ 4P27T2||PV|%00(R)C%){||I§/ 13 g1 e
14 2 2
vl |2V [ g I0rm ) p - (2:60)
where I{/ and Ig/ have been defined in (2.48)).

We now deal with the second term in (2.59)). By (2.39)), we have for a constant C'(m;) > 0 depending
only on ms:
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mi—1mi—a

“+00
[T R e < Clm) Y Y / Qe (0.0 (a1)?

My a=0 b=0

X {[8{”1_“_1’9@1, 1) 2a(z1)* P (o, - a®)(21)?

. sgn(z1)oo 2
1
sgn(z1)oo 2
/
@2 dtpy (1O 1g (1, 1) [apbmm (a,...,a(b)ﬂ (t) }x (2.61)

Z1

We first deal with the presence of ¢in the sum. This term only arises in the sum when b = m; —a.

By using the functions fm b defined in , we can bound these terms, for all a € [0, m; — 1],
by

+oo
1 2),V %
| et (10 s -alon® + o)) <250 I oot
Mv je{1.2)

X /Rdarl (/Rh(t,m)Qduv(t)Jr‘le/RH [va‘l [h(-,xl)]] (t)2duv(t)>

<2 Z Hfm1,am1 aHLC’O([fMV,MV]C) (HPVHL‘X’ +4P2 2HpV||L°° C%)HthzLIl(RQ)
je{t.2}

Since we handled all the therms involving ¢, it just remains to bound (2.61)) with the substitution
(def)
9(z,y) ~ g(z,y) =" g(z,y) — ¢(y), namely:

+oo
[ ez (o,...00) <x1>2{8?1—“—”g<w1, n)al@)’ B o0 (@)

My
) sgn(z1)oo 2
v @)? / dtpy (807" g(t, a1)a(t) Py 0 (a,.-.,a“’>) )
Z1
. sgn(z1)00 | >
@) / dipy ()07 " "g(t, 1) [an"I*“ (a,...,a(@ﬂ (t) }
1

For the first term, we use the fact that for fixed z € R, t — a;m*“*bg(t, x) goes to zero at infinity
as an element of H!(R) and by Cauchy-Schwarz inequality, we get:

a
0= g (1) = \/ / 207 gt 1) gt 1)t < V2 (s 21) | e )
+oo

Furthermore, for all x; > My, f(l)’v cxoe QM (6,...,09) (2)a(z) P Y (a,. .., a®)(z) is

m1,a,b

bounded since it is continuous and a O (V’ (x)_z) by Lemma [2.4.13] We conclude, by Lemma

|z|—o00
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2.9.3[ that, with fm @b being given in ,

mi—1mi—a

Sy / dz307 =gy, 2) %Y (1)?

a=0 b=0

—+00
1),V 12 2
< C(mq) oJax ”f'gni,a,bHL"O([Mv,Mv]C)/ Hg(.,x1)HHm1_a_b+1(R)dac1
0<b<mi—a My
1),V 12 2
< C(my) Oggﬁl ||fm17a,bHL°O([—MV,MV]C)||g||Hm1+1(R2)
0<b<mi—a

< C(ma) [1+4P°7| pv || Lo ) C3(V; n)] oLnax, Hfml,ab”%oo([—Mv,MV]C)Hagl?’f(-’Z)H?{mﬁl(R?)'

0<b<m1 —a
It just remains to bound
2
sgn(z1)oo
le 9(a ) ( ) mi1—a—b+1 mi—a (b)
/ da1 e / dtpy (1)) at, 2)a(F " (a,...a) (1
1
sgn(z1)oo 2
/
4 / dtpy (D07~ g(t, 21) [aB " (o a)] (1) }
)
For the first term, we use Cauchy-Schwarz inequality, Lemma |2.4.13|and the function f deﬁned
in (2.44) to get
QM (6,...,0@) (z1)[? o b+ ®) i
o dtpy (t)0y t HP™M ™ (... t
PRENE pv ()9} a(t,z)a® B~ (ay...a®) (0
1
(3),V
< IFY e aty ity o 18 ) s o1 gy
< 20l oo aty aty gy (U AP 7 0w ey Cs (V)
x ||o5= .. e Lo p+1f(" Ty Tae1sT1, Ty - - s a:p)||%1m1+1(R).

We proceed in the exact same way for the second term and do the same thing on | — co, — My, for
every term we dealt with. Finally, by integrating with respect to 1, collecting all the terms and
then integrating over 1 € [—My, My]¢ and over za,...,z, € R, we get

|o@ [0y . o oy oy |

a—1

L2([— My ,My]exRp—1) < Co(Von)llf e (Ret1)

with C19(V,n) defined by

(def)
= C(”)nfﬁiﬁ{(HPVHmeﬁ‘lPQ 2||pV||L°° CL) Inax ||fm1,am1 a||Loo[ My, My]°)

36{1 2}

ClO(V7 TL)2

<a<mq
0<b<mi—a
je{1,3}

;
+ [1+4P%7%| pv[| Lo () C3 (Vi 1) ,nax ”fni)l,ab||Loo([_MV,MV}c)}' (2.62)
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My
It just remains to bound / E-1h(., 21)]™) (z1)%dz,. For that, we use (2.55)
—My
My
/E_l[h(-7:c1)](ml)(x1)2dfb1
—My
Y S 0(m1))(z1)? sEnfee :
b x
< C(ma) / d$1{ v (1)’ - / g(t,z1)py (t)dt
—MV 1

mi1—2

+ Z Rty (0, 00m1) <x1>2[afg<m1,x1>12+[afll—lgm,xl)]?}.

By the same procedure as before, we first deal with ¢ defined at the beginning of the proof, this
yields, with Z, defined in Theorem [2.4.15

My sgn(z1)oo 2

my (m1) T
/c(xl)dells (07})'&(7.51)2 (@)’ [ vt |+ rz (0. 0mot0) (131)2]

— My, 1

< Com)lIRn @ lov ey (14 4P 7oy 3oy C2 ) {IZY 1% 57600

2

Leo([-My ,My])

* Hle < .79(m171)) Hioo([—Mv,Mv])}'

Hence as before, we can replace g by g and conclude with the last bounds:

2

My gmi (9 9(m1))( )2 sgn(z1)oo
geeey Tl
t tydt | d
e [ stemovtie] s
— My, 1

2
V oma (ma)
Iy, S™(6,...,0 )HLoo([va,MvD

2
< llollZ2 2y
and by Cauchy-Schwarz inequality,
mi—2

My
/ dl’1< Z Rm1 a( v"'>9(m1_1_a)> ('7;1)26(119('7}17'7;1)2 +8{n1719(1‘1>x1)2>

_MV

<l oo

mi—1 My, T1

<> [ d [ oottt
a=0 —MV +oo
2
< m ..., gm—1=a) 2 (B2 -
e R Y (O O Y

Moreover, by Lemma [2.9.3]

HgHHml(Rz)SHhHHml(RQ)—|—2P7erVE1_1[h]HHm1(R2) [1+2P7Cs(V; )] A grms z2)-
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We can then conclude that

mi1—2
/ dl‘l Z Ry a( 7 79("“_1_“)) ($1)23f9(9€17x1)2+371m*19(96171‘1)2)

_MV

2
< o (m1—1—a) 2 . )
< C(m1) [L +2PCy(V, n)] {1+aeﬂglg>f_2ﬂ | R, (0,00 i ([_M%MV])}HhHH @)

Thus by integrating with respect to z € R, we get,

|o@ [z . oo . a1 |

F2(- My My xRe 1) Cra(V,m))|05™ fll prma-+1 o1

with C11(V,n) > 0 defined by

(def)
Cn(V,n)* = Tf)ﬁiﬁc(ml){ﬂpvhw(m (1+4P2 2HPVHLoo Cc)

2 | (0 om )

{|IV|| Hsml N ,e<m1>)H

Loo ([ My ,Mvy]) Loo([-My ,My])

PGl (HIXHEOHSW e(ml))HLOO([ My ,My])

+1+ ac[Orma—2] HR% —a ( ;- ..,9<m1—1—a)) H;([_MWMV})) } (2.63)

Collecting the bounds on the L?-norms of (@) [gv—l (052 ..o oy . p+1f] m ] on [—My, My|x
R and [— My, My| x R, we obtain:

<2 max C;(V,n)||hl gmi+1(met1y-

H@(a) {éﬁ 05 - 0L 05 - P“f] " } ’ L2(RP) i€{10,11}

By combining the above equation together with (2.60) and taking the supremum over m < n, we
get

Hn(RP) < C(@(a) o El_l, H”)HfHHle(Rerl)

| oz

with, C19 and C11 being given in (2.62) and (2.63)), Z\ being given in (2.48));

c(O®@o E{I,H”) €Dy max Ci(V,n)

i€{10,11}

2
+2,|(1 +4P27T2HPVH2OO(R)C[21)(HIXHQOO(R) + HPV|’L°°(R)HIYHLOO(R)>' (2.64)

This yields the conclusion. The fact that, upon choosing the potential V;; with ¢ € Ng>oH k(R),

t— (0@ o El_l, H™) is continuous is shown in Proposition [2.10.8 ]

2.5 Asymptotic expansion of the linear statistics

2.5.1 Loop equations for general functions

We are now ready to state the loop equations, we recall the definition of a linear statistic was

defined in ({2.3)).



136 CHAPTER 2. ASYMPTOTICS OF THE PARTITION FUNCTION

Theorem 2.5.1 (Dyson-Schwinger equations) The level 1 Schwinger-Dyson equation holds
for all Y1 € Ng>oHF(R) and takes the form:

W)y = w (0= )+ 1 (0= wn), —P(Dowl), . (@6)

j13% LNRLN

For all ¢, € ﬂkZOHk(R”), the level n > 1 Schwinger-Dyson equations reads:

g, = 5 (O W) o+ (AET ) g, — P(DroF W)

ny @ Ly Ly
1 ¢ —
- = 0@ o= [Dub +(0@W o= 0] ) w2 | (266
NaZ:2<< [ @Z’]>®£N < [ w]>uv®251\r (2.66)
Proof See for example [BGK16l Prop 3.2.3] done in a similar context. 0

2.5.2 Asymptotic expansion of linear statistics

The a priori bound on the linear statistics of Theorem provides a starting point for obtaining
the existence of their large-N asymptotic expansion in powers of N~! up to any order through an
analysis of the loop equations.

Theorem 2.5.2 Letyy, € ﬂ Hm(Rk), then for all integer K, there exists a sequence (dgk)’v)az(k/ﬂ €
m>0

RN such that % (k),V
g, = 3 S o (noo)
EN ol Tk/2]
with
101 {3} +p (o5 -]

Furthermore, there exists a sequence (mg ) > 0, increasing in K, such that for all k > 1 and

K >0, allyp € (| H™(RY),

mv

m>0
da Crem V;K7k
W, - 3 G W) CenlVIGK) o (2.67)
QLN /o] N ’
Above N (wm) (€0 max ([nllwee ®m), [[¥nll g gmy); while Crem(V, K, k) > 0 is a constant de-

pending on V, K and k. Finally, under the choice of potential Vy; defined in Theorem“ 2.1.5, for
¢ € Ni>oHE(R) the map t € [0,1] = Crem (Vs s, K, k) is continuous.
Proof Using the first loop equation given in Theorem [2.5.1] we get:

+ (@), —P(DoE ), (2.68)

LNRLN

(V1)ey = % <31§v_1[1/11]>

2%

where we recall that Z-1 = = o0 X defined in [2.4.10, The idea is to verify the hypotheses of
Theorems [2.2.4] for each function involved in the Dyson-Schwinger equations. By Proposition [2.3.5
and Theorem [2.3.3] [2.4.14] 2.4.15, 2.4.17 and [2.4.18| and the fact that ¢, € Ny>oH™(RF), we're

ensured that all the norms are finite and that a n-linear statistic will be a O (N 7%(175)) where

€ > 0 is fixed but can be chosen arbitrarly small.

We show by induction on K that there exists an asymptotic expansion up to o(N~X) for any
function vy, € ﬂmZOHm(Rk) for all £ < 2K.
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For K = 1, since the first term in (2.68)) clearly contributes to the asymptotic expansion of (¢1),

up to o(N~1) so we focus on the two other terms. In (2.68)), the second term is clearly a o(N 1)
since by Theorem Theorem [2.4.14] and Theorem [2.4.15

(A=), 1< Cree®Y N=O-972 (0= ol gy + 100E Wl

< C12eMV 0792 (o2, H2) 4+ O(ET T, W5°) ) N ().

To obtain the expansion of the 2-linear statistic up to o(N 1), we will need to use the loop equation

at level 2 with 1 (def) Doév_l[q/}]. Let 12 € Ng>oH*(R?) be arbitrary for now. The level 2 equation

reads:

<¢2>(§EN = % <8151—1[¢2]>W®£N + % <81§1v_1[w2]>(§)61v N <@(2) [am] >£

~P(Pios ) o

N

- <®(2) 0=] [82¢2]> . (2.69)

RLN 2%

The first term is a o( N ') as a 1-linear statistic (¥) ¢, Where ¥(z) (def) / ONET [ (x, y)dpy (y).
R
This function is indeed in H*(R) because of Theorem [2.4.14

117 ) < lovlloollOr=T ol ge) < llovllecC & H) a3 (R?)

and in W°(R) by Theorem [2.4.15

[ llwee ) < 10127 [Wal oo r2) < C(ETT, Wi® 2llwge re)-
Thus by the a priori bound Theorem [2.2.4] we get

—= POy XV — .
o) | < i CE )+ v eET H AP ). 270)

The following two terms in (2.69)) are also a o(N~!) by the same reasons as before. By Theorem
the 3-linear statistics is a o( N~!) for € > 0 small enough. Hence, we obtain the expansion:

e pe)
) ey = B 4 o) and () gy = DA 4 o)
where -
AV wn) E P (2 )+ P (0 oF ! [mDoE wi]])
and

df)(d)z) (def) <@(2) 0= [32¢2]>

Hv

More generally, suppose the desired expansion for (¢;) , ~ holds up to o(N~") for all k € [0, 2n]
RLn
and for any function vy, € Np>oH m(R¥). Additionnaly, suppose that (2.67) is true for all k €
[1, K — 2]. Then, taking a general function 9,12 € ﬂmZon(R2"+2), the (2n + 2)-th equation
involves the 2n + 3 linear statistic (D o El_l[l/Jgn+2]>2n+3 (see (2.66)). By Theorem [2.2.4] it will
® Ly
be a o (N _(”“)) for € small enough. The other terms will be either, 2n + 1-linear statistics with

a N~ prefactor and therefore behave like O(N~ (1) for ¢ small enough, or either be 2n-linear
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statistics with a prefactor N—!. For the latter, by hypothesis, we know the asymptotic expansion

up to O(N~—"), thus with the prefactor N=!, we deduce the following expansion for (19,1222
N

(2n+2)
A2 (ans0) —(n
<¢2n+2>27§2ﬁN = HNT to (N ( H))

We will deduce from that, the asymptotic expansion of ()2,41)2,+1  for a general 19,11 belonging
& Ly

to Ng>oHF(R?"+1). In the (2n + 1)-th loop equation (2.66)), the 2n + 2 linear statistic will yield a
non-trivial term of order N~=("*+1) j ¢,
dgff%) (D1 o 5f1[¢2n+1]>

<D1 o 51_1[1/}2n+1]>2r§2£N = Nl +0 (N*("Jrl)) )

Again, the (2n + 1)-linear statistics with a prefactor N~! will be o(N~(*1). Finally for the 2n
and 2n — 1 linear statistics with the prefactor N~! appearing in the (2n + 1)-th loop equation, we
know the asymptotic expansion up to o(N _(”H)) by hypothesis.

To conclude on the asymptotic expansion up to o(/N _(”+1)) for the 2n-linear statistics, just notice
that for each term appearing in the 2n equation each term will either be a 2n+ 1-linear statistics for
which we know the asymptotic expansion up to o( N~("+1))  or a linear statistic for which we know,
by hypothesis, the asymptotic expansion up to o(N~") (of order 2n,2n — 1 or 2n — 2), preceded
by a factor N~'. We can therefore conclude on the existence of the asymptotic expansion up to
o(N _(”H))for the 2n-linear statistics. Then applying the same arguments for 2n — 1,... 1-linear
statistics allows us to conclude that the induction step is established.

Finally, to conclude on (2.67)), one just has to notice that for all n > 1 and v, € Ng>oH*(R"™), for
all K > [n/2],
K

Z w")= fjv*éidi")%&m(wn) and R, () = o(N~HHD),
a=n/

®ﬁN

Above, the remainder %K _H(wn) contains all the neghglble (by the a priori bound) statistics in-
volving the operators =] I Dio=E ~7 and ©® o :f , thus just as in - ), by using cont1nu1ty of

the different operators involved in each of the statistics, there exists mg()n > 0, a polynomial Q Kon

. 1/2 —_ ; —1 —_
i e o2 (=) o (GE) L and (01 05 )
with coefficients independent of V' and a constant C'(K,n) > 0 such that

o<i<m{y

CO(K,n)
=T NKAL

‘ K+1[¢n] Q%,)nN:é) (¢n)-

To bound, dg?ll(wn) and extract the V-dependance, one just notices that it is a sum of linear
statistics, involving as before the previous operators. By contintuity of the operators, there exists
a polynomial Qg)n in the previous operator norms and || pVH})éQ with coefficients independent of V'
such that

< CI(K, ")QKn <2) (thn)-

\d&?llwn)

Thus setting Crem(V, K,n) = CW(K, n)Qg)n + CO(K, n)QKn and mg , (€0 nax (m%)n,mg)n)
allows us to conclude about The fact that ¢ € [0,1] = Crem(Vi4, K, n) is continuous follows
from the fact it is a polynomial in building blocks which are continuous as it is shown in Appendix

Lemma Proposition [2.10.8 O
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2.6 Parameter continuity of the equilibrium measure

We want to conclude about the asymptotic expansion of log Zx [V 4] for a smooth ¢, by inserting
the asymptotic expansion of the linear statistics of Theorem [2.5.2] in Lemma [2.7.3] In order to
make that step rigorous, it is necessary to prove that all the linear statistics integrated with respect
to the probability measure IP’XG"” with ¢ € [0,1], when integrating them with respect to t, yield
a definite and finite integral. Since all the quantities depend on ¢ through uy, ,,, we first prove
a continuity result for ¢ — py; ,,. The result that we are going to prove does not depend on the
specificity of the Gaussian potential so in the following, we set Vy, :  — V(x) + t¢(x) with V
satisfying the assumptions [2.1.1

While from the measure point of view, it is easy to show that ¢ — uy, , is continuous for the weak
topology of measures, it is not sufficient to deduce the continuity of the quantities involved in our
problem. Indeed, in the controls we showed in Section [2.4] quantities like L°°-norm of derivatives
of py; and Cp, it will be necessary to show that |pv, , — pv,, lwe(®) v 0 for all ¢y € [0, 1].

2.6.1 Setting for Banach fixed-point theorem
Let ¢ € C*(R), such that for all k € N, ¢(¥) € L2(R), let to € [0, 1], we define the function u; by:

_ pv¢’t - pV(p’to 1
ot PV iy

pv,, = (L +6tw)py,, — ie (2.71)

where t # tg and Jt (def) t — to. We will show, by Banach fixed-point theorem, that = — u;(x) €

C*(R), by Lemma is the unique fixed-point of a t continuous operator. This will allow us
to deduce that ¢ ~— u; is continuous for the (), .y We°-norm. The continuity of ¢ — py; will then
follow.

In order to construct the operator of interest, we start with the following lemma.
Lemma 2.6.1 Let t,t € [0, 1],

N =My + 0t [ @i, (@)= 2Pt [ Torle = yhua)d , (@), , ()

+/R [log (1 + Stuy(x)) — tuy()] duy,,, (). (2.72)

Here Ay, , denotes the constant appearing in (2.4) with potential V.
Proof We integrate with respect to py, , (2.4) to get

M = [ Voso(hdun, @)+ 8t [ o, ) =2P [ 1osle = yidi (@i , ()
+ /R log pv,, . (x)dpv, ,, ().

After using the fact that /Rutd'uvwo = 0, that py, , = (1+ 5tut)pv¢’t0 and the characterization
(2.4) of pv,, , this yields the result. O

To show that wu; is a fixed point of a t-continuous operator, we need to invert and control the

def
operator T (def) Lo A7! (these operators were inroduced in Definition [2.4.1)which will appear
naturally when comparing py, , to py, to"

lef)

Proposition 2.6.2 We define the operator T by T[v] (€8 — Klv] for allv e L2(,uv¢’t0), where

Klo)(x) < 2P / K@, 0o W)ov, ., ()
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and

(def) |z — 9 / |z =yl
k = (1 —[1 dz ).
(2,y) (og T ST |Z|pv¢,t0(2) z

T LQ(/’Lqu,tO) — L2(#V¢,to) is bijective and for all n > 0, T [W°(R)] = W °(R). Finally, for all
n € N, there exists Ct,, > 0 such that for any v € W °(R),

1T ooy < Crnllvllwee y- (2.73)

Proof It was shown in [DGM23] that T [v] = —Lo A ![v]. A and £ are unbounded operators on
H, it was also shown there that:

A:DA) Y (e H AP eH) 5 H and L£:D(A) = H

are bijective, thus sois 7 : H — H.

The fact that k verifies ||k(z, y)HL2(MV¢t ®pv,, ) < TOO implies that K : L?(py, W) = L*(pv, 1) 18
,to ,to ) ,

an Hilbert-Schmidt operator thus compact and so T is a Fredholm operator. We now show that the
kernel of 7 is trivial. Let v € L2(uv¢’t0) such that 7 [v] = 0 so v = K[v]. The RHS is in H* (v 40 )5
indeed we have:

Klol (@) = ~Hlupu,  Jo) = SB[ o), () € LG )

Moreover since fR d/ﬂ@ i = 0, we conclude that v € H. We can now conclude that v = 0 by
the bijectivity of 7 on H. Finally, by Fredhom alternative, 7 is invertible on L2 (v, to) since it is
injective.

We now prove that for all n € N, 7 [WS°(R)] = W°(R). We proceed by induction. For n = 0, let
feL>®R)C LQ(MVWO)- There exists a unique v € L2(“V¢,to) such that 7[v] = f sov = f + K[v]
but since f and K[v] are bounded, so is v € L*°(R). Reciprocally, if v € L*°(R) so is 7 [v], hence
T [L*®(R)] = L*®°(R). Finally let v € L>(R),

|71 <1+2Pmax/ e, )iy, (4 )) ol . (2.74)

L®(R)

Now suppose T [W°(R)] = W2°(R) is true and let’s show it for n41. Let f € W29 (R) C Wi°(R),
so by hypothesis, there exists v € W:°(R) such that:

fmuozwm@wﬁpw¥u+uwm<>/ v(y)dpy,,, (v) 2P/kgn yl(vpv, )™ (y)dy

log |z
+2Ps, // fh""«" (W)duv, i, , (2). (2.75)

We deduce that v(™ is differentiable of derivative:

v(n+1)(x) _ f(n+1)(x) — 2P (log(1 + |‘|))(n+1) (2) /Rv(y)d,uvwo (y) —2PH {(UPVWO)(M} (z), (2.76)

n nlsgn(x) . . n! . . .
where (log(1+ |])™ (z) = —=""2 if n is odd and ———— if n is even. Since the two first
(1 +[z[)" (1 + =)
terms in the RHS of (2.76)) are clearly bounded, we just have to show that H [(vpy,, ' )(”)] € HY(R).
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By boundedness of 1) and v for all i < n, we have:

(n+1-k)
(Upw,to)(nﬂ) = vy o+ Z (n + 1) PVt o)
SN PVs.to

= PV (f<"+1> — 2P (log(1 + |.) ™+ /R 0(y)dpav,,, () = 2PH | (vpv, ;)|

41 p(n-l—l k)
n V,to (k) 2
+ ——v € L*(R).
Z ( k > PV 1o ) ( )

Thus, it holds that H [(va25 , )(”)} € H'(R) and that it is bounded. Hence it proves that v("*1) ¢
L>*(R) and hence W2 (R) C T [W:2,(R)]. Conversely, if v € W23, (R), then f € W°(R) by
hypothesis and just as before, we show that (2.76) holds. We conclude that f("+1) € L>°(R) again
by showing that H [(vpvd)’to)(")} is bounded by the fact that v € W39,(R). This establishes that

P ®) =T [W,(R)].

Thus for all n € N, T : W°(R) — WS°(R) is a bijective operator. Furthermore, it is a bounded
operator by the fact that for all 1 < ¢ < n, there exists C' > 0 such that for all v € W:°(R), by
Leibniz formula:

[ T10]O ()] < 0 | ooy + 2P| (og(L+ 1) || o 0] e

i (k)
¢ 2 = yl| | PVeur
4 2P|v |y <>su/‘lo 2t (o dpy, - (y) < Clollwes
Il 3 () sup [ 108 721 2 @, 0 < Clbleco

Above we used (2.75)) and the fact that fR(vpV(b’tO)(i) (y)dy = 0 so:

/R log |z — yl(vpv, , ) (y)dy = /R log [ — yl(vpv,.,. )@ (y)dy — log(1 + Ja]) /R (0pv, o) (9)dy

_ [z —y| (4)
= /R log 7 +|$|(vpv¢,t0) (y)dy.

Thus we conclude that sup;epy HT HLOO ®) < C|lvllwee ). The bound on HT HLoo (R) Vas

shown in (2.74). We finally conclude that 7 : W;°(R) — WS°(R) is bounded bijective between
Banach spaces and by Banach isomorphism theorem so is 71, this establishes and completes
the proof. O
Remark 2.6.3 An explicit expression for 7! is available Fredholm determinant theory for in-
vertible Hilbert-Schmidt operators, see [GGK12) Section XII]. For all v € L%(Mw, to)’

T pl@) € ofa)
k(xz,s) k(z,t1) ... k(x,t,)
1 (_1)" k‘(tl,S) 0 R k(tl,tn)
+ dgt([ — IC) T; n! /Rn+1 dMV¢ to Hduv¢ to
- k(tn,s) k(tn,t1) ... 0

(2.77)

Above dgt stands for the 2-determinant. This formula was established in [DGM23| Theorem 6.11].

We are now able to show that wu; is a fixed point of a certain operator. We recall that ¢ was
introduced in the beginning of Subsection [2.6.1
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Proposition 2.6.4 For all t € [0,1], uy defined in (2.71)) is the unique measurable function such
that [g ue(x)dpy,, (v) =0 and which satisfies:

Ut = Til o Vt[ut]
(def)
where Vi[u] =" —¢ + [ o(y)dpv,,, (y) + 0tUs[u], and

(def)

Us[v](x)

log (1 + d0tv(y) | — dtu(y)
~o(a)+ [ o, )+ Klo) + [ e (1eontn) Zat

R 5t d/’[/qu.,tO (y)

X /01(1 — s)dsexp {85t (—qb(x) + /]R o(y)duv, , (y) + K[v] (w)>

+ /R & <1 - M;f)) _ 5tv(y)dw¢,to (zﬂ} + /R i <1 - &(125(752) o v, ;o (Y)-

Proof Lemma allows one to substitute Ay, , in the representation for py, , by (2.72) hence
leading to

vy, = (L+0tug)py, = exp <_V¢,to—2PU'DV¢'t0+)\V¢,to_5t¢+5t / S(y)dpv, ,, (y)—2P5tU " oto
R

— 2Pt //R Jlog |y — zlue(2)dpv, ,, (2)duv, ., (y) + /R [log (1 + 5tut(y)) - 5tut(y)} dpv, ., (y)> :

Recognizing py,, 1 Vi the first three terms in the exponential, u; has to satisfy the following relation
for all x € R,

|z —y|
_p ut(y)dpvy, . (y)

1 + dtus(x) = exp {5t< —o(z) + /R o(y)dpv, , (y) + 2P/Rlog 1

—z 1
—2P //R2 log |1y+ ’yl ut(z)d,uvwo (z)duvﬂ}’to (y) + 5 /R [log (1 + 0tue(y)) — otue(y)] duv, ., (y)) }

|1x_;|i‘|ut<y)d/“/¢,to (y) which is justified by the

Above, we have used that —U"""é.t0 (z) = /log
R

fact that / u(y)du%’to (y) = 0. Conversely, any u such that [, u(y)d,uvwo (y) = 0 and satisfying

the previous relation, verifies for all z € R,

Vi(z) +2PUY(x) + logw(z) = /

[ {Vitw) + 2P0 ) + tog wiy) fdpr, , ()

def . . . . .
where we have set w (def) (1+ 6tu)pv¢y . Because of this equation, w can be written in exponential

(def)

form as in (2.5)), it is thus positive and of mass 1 which makes du(x) =" w(x)dz a probability
measure which satisfies the equation characterizing uy, ,, hence, by unicity of the solution of (12.4)),
pv,, = p and thus u = u.



2.6. PARAMETER CONTINUITY OF THE EQUILIBRIUM MEASURE 143

We now expand exp into its Taylor-integral series of order 2, i.e. e =1+ z + 22 fol(l — s)e’*ds.

By using that
u(y)dpy,, ( w(Y) — 2P // log
RQ

= QP/ log

and T [v] = v — K[v], we get:

v(z)dpy, , (2)duy,, (y)

Tlus) () = —6(z) + /R o)y, (v)

+ ot

1
></0 exp (S(St(—(b(x)+/R¢(y)d/ﬂ/¢’t0(y)+K[Ut](x)

log (1 + dtus(y)) — Stus(y) log (1 + tuy(y)) — Stu(y)
+ /R 5t dfrv, ., (y))> (1—s)ds+ /R (61)° dpv, ., (y)] :

We next use the invertibility of 7 to conclude. O

The next theorem shows that for each t sufficiently close to tg, 7! o V; is contractive on a ball
of fixed radius. Let n > 0, denote for all R > 0, %,(0, R) the closed ball of radius R,, for the
W>°(R)-norm.

Theorem 2.6.5 For all e, > 0 small enough, there exists R,, > 0, such that for all t €|ty —en, to+
enl, the operator

T~ oVt (B0, R, L lweem) ) — (Zal0. B, lwiew))

is well-defined and continuous. Furthermore it is contractive, i.e. there exists ky €]0,1[, such that
for all v,w € $,(0,Ry,),

T oV] —T 1o Vt[w]}lwgo(m < Fnllv — wllwee r)-

Moreover ky, is independent of t on |ty — en,to + en[ for e, > 0 small enough.
—_— 1
Proof Let € > 0, t €]ty — &,t0 + €[, v € By(0, R) for an arbitrary 0 < R < 5 (because otherwise

the term [ log(1+dtv)py, , in Vi[v] might be ill-defined). We first show that [V4[v]|| peo(m) < +o0.
First, by Taylor-Lagrange inequality, we deduce that

HUHQoo(]R)(St 1 R26t
< — 7 .
d'uvd"to (y)‘ - 2 xe[_ufﬁi}s’uvum} (1 + 5t$)2 - 2(1 — (5tR)2

‘ / log [1 + dtv(y)] — dtv(y)
" ot

By recalling the definition of V; in Proposition and using the convexity of z — 22, we get:

2 4
[ +5t2R>
— |

Loo(R) 4(1 = 6tR)*
log Y duv,, (y)dy

log 7 H dpv,,, (y)dy

HVt[U]HLw(R) < &l <4H¢||LO<> +R?

< exp {& (2u¢um ® + RH /

R? R?
5t
e 20— 0tR? ) [T 21— tR)?

+ 2Bl oo (m)
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The RHS is of the form 2||¢||s + 0tgo(dt) where go is a positive function and with these notations
7 0 Vile) ey < Cro (21l (x) + Stgo(d)

Therefore, by choosing ¢ such that |t — tg| < g for 9 > 0 small enough, there exists Ry > 0 such
1

that 2||¢]|ccCT0 < Ro < - and
0

T_1 oV, (%0(0, R0)> C %0(0, RO).

This makes the operator 7o) : (@n(o, Ry), |H|W;§°(R)) — (%’n(O, Rp), ||-lwee (r) | well-defined
for all |t — tg| < eg. For the contractivity, let u,v € (0, Ry), we get by Proposition [2.6.2

HT—l[vt[] Vifol] < Cro |th[u] — U0l oo -

i

where U; was defined in Proposition We now want to control ‘L{t [u](z) — Uy [v](x)’ We have,
by decomposing the sum

[Us[u) () — Up[v] ()] < 8t (A1 + Aa(2)Elu](2) + Az(x)b[v](2)?)
where
bluwl() < —(z) + /R ¢(y)dpvy, ,, () + Klw](z) + /R log(1+6tw§?t;))5tw(y) duv,

Elw](z) = /01 exp [séth[w](m)] (1—s)ds

Al (def) /R log(1 + dtu(y)) — 5tu(y25;);0g(1 + dtu(y)) + otu(y) ‘ duy, . (4)
Aa(z) ‘= |b[u](2)” — bl](2)’]
As(z ‘E — E[v](2)].
First, Taylor Lagrange inequality leads to:
M s Vel € e e,

Furthermore, by using a — b? = (a + b)(a — b), that h[u] and h[v] are bounded

‘IC[U - v](x)’ + 0tA

A < 2mae ([l e 19l zo= e

J

ot
X<Ro+4p]

log | | /“LV¢ to (y)

J

Similarly, there exists C(Rp) > 0 such that:

O )y
re®) (1= 0tRo)? Lo ®)

< <4H¢HL°°(R) +8PRg

1 6ik > < C(Ro)llu — v oo (m)

L>(R)

Az|b[v]|| oo (m) < C(Ro)dt||u — v|| poo(m)
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which finally leads to the existence of Cy > 0 such that:

Hut[u] - U]HLoo(R) < Codtflu — UHLOO(R)

def
We now choose g again small enough such that kg (def) 0tCyC7,0 < 1, this concludes the proof
that 7! oV, is contractive on %B(0, Ry) with contractivity constant ko.

To get the contractivity property for 71 oV, on W°(R), we adapt a similar strategy. Let u €
%,(0, R) with 6tR < 1, by Proposition

1T WVelulllwes @) < CrnllVelu]lwee m)-

Furthermore, it is clear that every term appearing in the definition of V;[u] belongs to W,,(R), thus
by the same argument as before there exists a positive function g, such that,

17" o Vil lw, vy < O (2l ) + Stgu(R) ).

We conclude just as before that by taking &¢ small enough, 7' oV, : %,(0,R) — %,(0,R) is
well-defined. Finally, just as before since for all u,v € W°(R)

4[] (x) = 6t2 ( ) (60u2)® @EL Do)

- 5t09§§;§n (1) ()t @il @er o)

Moreover, by the same controls as before it is easy to derive that for all 0 < i < k < n, for all
u,v € Bn(0,Ry),

16 [w) 0[] *IE[u] " — B[] VB[] TIE[] | o) < (R sy k) [Ju = vl wge )-
This is enough to conclude that

HT OVt ] Til OVt[v]HWﬁo(R) < 5tCT,nC(Rnanai7k)Hu_UHW;?O(R)‘

Finally, by taking 6t small enough, we conclude that 7! oV, is contractive on %,(0, R,,) with
D 5107w C (R, i, k) < 1. 0

contractivity constant k, =
Remark 2.6.6 Note that the definition of u; as an element of W °(R) depends on ¢y and that we
only proved the characterization of u; as a fixed point for ¢ €|ty — ey, to + en[\{to} with &, > 0

small enough (we stress that we successively lowered 0t when increasing i.) Furthermore, since for
all v € L*(R)

7’—1 o Vto [U] = _¢ + / (bd:uV@toa

de
then we can set uy, (deh) —¢+ / ¢dpy,, 0 which is obviously the unique fixed point in ﬂ W (R)

neN
of T~1o Vy,.

2.6.2 Regularity of the equilibrium measure

We now prove the continuity of ¢t — u; € W °(R).

Lemma 2.6.7 Letn €N, ¢, >0 and R, > 0 be as in Theorem . For allv € #,(0,R,,), for
all (tp)p € (Jto — en, to + en)" such that t, — t €]ty — en, to + enl then
p—>00

1T oVl =T o Villllwee @) —2 0.

p—00
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Proof The proof is based on the fact that there exists a neighboorhood U, of ty such that for
all v € B,(0,R,), t € U, — Vv] € W(R) is continuous. Since 7! is also continuous in
W°(R)-norm, we can conclude. O
Corollary 2.6.8 (Continuity of the fixed-point) Let n € N, for all t,t' €]ty — en, to + €n],

i = el sy — 0.

Proof Let (t,)n € (Jto — &,t0 + 5[)N such that t, — t €]tg — ep,to + ep[. First
n—oo
[ut, =T o Vi, [l yyee gy = 177" 0 Veu[ue] = T 0 Vi fual | yeo gy < K lut, — uellye gy
and by the triangle inequality, we obtain:

|ue = T 1o Vi, [w Hwoo > g, — gl og—|Jue, — T 0 Vi, [ue HWoo ®) = (1=kn) llut, — utllyyeo m) -

Nevertheless by Lemma, [2.6.7 Hut — T to Vy, lug HWOO ®) — 0 because u; is the fixed point of
n—oo

T ~! oV, which is a continuous operator with respect to ¢t hence ||u;, — Ut||yyoory — 0. O
n n—00
Theorem 2.6.9 Let t,t € [0,1],

— 0
W2 (R) t—to

pr - pV¢,t0

Furthermore, for all x € R, k € N, t + 0kpy,(z) € C°(R) and satisfies the following partial
differential equation:

o0k e) = 0% | (<o + [ sIm(as) ] ),

def —pv, 1
Proof By setting wu (def) PV: — PV ,
t—t th/

lovi = v llwge ey = [t = €1 v uellyyoe gy < 271 = 10V ooy - lellwge ) -

By Corollary [2.6.8] ||ut|[yy00 m) = [t [y 00 (), thus the right-hand side goes to zero proving the

claim.

For the second point, we notice that

Since the RHS goes to zero as t — tg, uy, = —¢ + / ¢dpy,, 0 and n is arbitrary, we conclude that,
R

th - pV¢7t0

= H(ut — Uty) PV, < 2™ [Jur — ug lweo vy 10V, 4, lIWee () -

Wi (R) Wi (®)

x € R, t — py,(x) is differentiable at every ¢ € [0, 1] of derivative

8o (z) = - (o)™ (& / o) davi (y

Since the above expression is again differentiable in ¢ (one deals with the integral by dominated
convergence theorem with the domination |¢(z)dpv, (z)] < 2[¢[|2,(1 + maxep 1] lluslloc) PV, (@)
for an arbitrary tp), we conclude that for all x € R, ¢ — py,(z) € C*(R).
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Corollary 2.6.10 (Convergence of moments) Let h € N, t € [0,1] by denoting

def
m(t, h) ) / Py, (@),
R

we have for all ty € [0, 1]
m(t, h) S m(to, h).

Proof For all ¢t € [0,1], for all z € R, py, (z) < (14+maxeo 1) [|usl0)pv,, ,, (), hence by dominated
convergence theorem |m(t, h) — m(to, h)| o 0. O
— /

2.7 Proof of Theorem [2.1.4

2.7.1 Asymptotic expansion of the partition function for the Gaussian potential

The asymptotic behaviour of Zy [V] can be deduced from Mehta’s formula [Meh04, 17.6.7]

~ [Ve] = (2m)N/? ﬂ FF((:C;E;. (2.78)
a=1 + N

This will allow us to use this formula in our interpolating integration formula to deduce the asymp-
totic expansion of log Zn[Vy]. From the previous equation, we can deduce the asymptotic behaviour
of log Zn [Vi]. Tt is given by the following theorem:

Theorem 2.7.1 There exists a sequence (gi)i>0 € RY, such that for all K > 0,

K
1 9k
Slog Zy Vel = Y o5 + <N <K+1>) (2.79)
k=0
with
(def) P log(1+P) 1 P+1 1 P
) T L N (g (14 ) Clog (14— ) =2 ).
R e DI L Cs j U5

§>1

Above v denotes the Fuler-Mascheroni constant.
Proof We first use (2.78) to deduce

N

N log(2m aP P

logZN[Vg]:2)—|- E F(1+N>—N10gF<1+N>. (2.80)
a=1

Let K > 0, using the Taylor series expansion of logI" around 1 (see [GR14) 8.342]), one has

—NlogD (1 ) P — Z Ckkjll ):H. (2.81)

where ¢ denotes the Riemann ¢ function. The second term in (2.80]) can be estimated by using the

1
Weierstrass product formula for T

—+00

1 B 2. i
i) | (R (2.82)

j=1
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which is valid for any z € C. Hence we deduce that:

glogf (1 + k]:\]:) = —i (7(1 + %D) + log (1 + k]:\]:) — SN(k)>

k=1
= v - EUP Zlog( P)+ Swik) (2:83)

1M

+oo
1 kP 1 kP
where Sy (k) (9ef) _ Z [log ( + -+ ) - = - } By the Euler-Maclaurin formula, we have
J

7j=1
the following identity for any K > 0:

K+2

Zlog <1+> / Flt dt+z o (N’“ D(N) — f](\f_l)(o)>+R%\22 (2.84)

(def)

P
where fy(x) log <1 + :L]‘V) and By is the k-th Bernoulli number. The remainder R%\QQ

R _
B t— |1 ~
is defined by R{Y), () (1) / }VK“)(t)wczt, where By s is the (K + 2)-th

Bernoulli polynomial. By using the following bound on Bernoulli polynomials,

vz € [0,1],Vk > 0, | By ()] < 2

)

o can be controlled by the following inequalities:

where ( is the Riemann zeta function, Rg(

20(K +2) (K+2) (K +2) [N PEF2 (K + 1)
’RK—|—2| > W | ( )| - (27T)K+2 0 NE+2 . P K+2
—t
(1)
K+1 P
(27-‘-)K+2 NK+1 0 (1+U)K+2
Extracting the large N-behaviour in (2.84) leads to
P\ N [F
Zlog ( r > 5 / log(1 + t)dt + By log(1 + P)
0
K+2 k—1
ZE)k (k-2 1 N—(EFD)
+; PR )Nk1<(1+P)k1 )+O< )
K ¢
= Neoy+ 3+ +O(N~KFD) - (2.85)
k=0
e ef) log(l1+ P
where c_1 (d:f) (1 + P_l)log(l + P) _ 1’ co (d:f) Og(2+) and for all k € Hl,K]],
=By (—-P)* 1
Cl = —1].
k(k+1) (14 P)k

Also by Fubini’s theorem, we get,
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j=1 \k=1 J
=N N+1DP
=1 J J k=1
J

1 P
where gy j(z) = log <1 + -+ N:E) The first equality clearly shows that the RHS is a serie of
J

general term bounded by O ( J _2), so it converges and justifies the application of Fubini’s theorem.
Again by Euler-Maclaurin formula, we get:

égmm = _/ON10g< +3 +t§j> = [l %% (“171) s (”D]
S {05 () ) e e

(N)

where again the new remainder Ry-,(j) can be controlled via

p o\ K+2
(K1) ( )
2 (K +2 N
|RK+)2(J)| < (2(71.)I(+2)/0 1 PJ R dt
(1+.+t.>
J N

SRR () {050 o)

where O (

e +1> depends on K and P but not on N. Hence we deduce that

N 1
1 P 1 P+1 1
ZgNJ-(k):—N 10g< + s >d3—2[10g<1+—?_>—10g<1+.>]
J
k=1

0 j j
P)*Byyq ( P+ 1> ( 1> 1 i
— ) —\1+= O((N
+; k(k + 1) { 7 3 it (G-t
This leads to
N 400 Yoo K
N N—|— 1P - B
ZSN(k) - [ : ZQN,J ] = Z (ugl)N—l—Zug.k)N k) +O(N (KH))
h=t =i L j=1 k=0
K
=N +) dN*+ O(N—(KH)) (2.87)
k=0

where for all £ = —1,0... K, (ugk)) . € (*(N*) and d_j € R. This establishes the existence of
3>

the asymptotic expansion of log Zx [V] up to O(N —(K H)). Collecting the different terms, leads
to the formula for g;. [l
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2.7.2 Free energy of the model

Only, in this Subsection, since the parameter P varies, we include the P-dependance of Zx[V] in
the notation and write Z%[V] instead.
Theorem 2.7.2 (Free energy formula for Gaussian Potential) Let P > 0, the free energy
associated with the Gaussian potential is
1+ P log(2 !
F(P)'“Y 1im N-llog 2L 2PVe] = +T log(2P) + Og(zﬂ) + / logT (1 + Pz)de (2.88)

N—oo 0

As P goes to 400, we have:

+1g(2)+%+0( 1 (2.89)

log 2 1+ log2
F(P) = —P 3 + log _ L +log
2 2

-1)

~N—P(N
Proof By a change of variable, it holds that ZL [2PV] = <\/2P> 2L V] . Hence by

Mehta’s formula ([2.78]),

1+P log(2 !
F(P) D tim Nog 2 [2PV] =~ log(2p) + 52T | [ 05T+ P

0

We can replace the last term by its asymptotic expansion so that

(P+1) 3P log(2m)—1 1 1
log P 5 + 5 +12P10gP—|—O(P )

1
/ logI' (1 + Px)dx =
0

We used the classic formula to conclude

log(1 + Px) — log(2 1 1
logT'(1+Pz) = (14+Pz)log(1+Pzx)—1—Px— og(1+ Pz) — log(27) + (>

2 "oaren Y\ Tt Py

2.7.3 Interpolation with general potential

We first establish the link between the 1-linear statistics and the partition function with general
potential and the one with Gaussian potential.
Lemma 2.7.3 Let Vi(z) =tV (z) + (1 — t)Vg(z) with t € [0,1]. We have

Zn|[V]
Zn [V

1
log = —N/ (V= Ve dt (2.90)
0

Proof By the fundamental theorem of calculus:

N
o} alozv dt O Vi(x;)d" x.
gZN tht RN )Ztt() z

=1

1

Since Z O Vi(z;) =N / (x)]dLy(x), where Ly is the empricial measure associated to

the external potential V4, it concludes the proof. O
Theorem 2.7.4 For all ¢ € Ny>oH*(R), there exists a sequence (¢;)i>0 € RN depending on ¢ and
P such that for all K > 0
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The leading term cq is equal to the following expression:

/RVG,¢( x)dpuyg , () // log |z — yldpvy , (x)dpv, , (y) + /log (W) dpv,, ().

The subleading term c1 can be written as

(def) P log(1+P) 1 P+1 1 P
BT L INT (g (1452 ) —tog (142 ) = =
a =gt —g—+52 (lg(1+ j 7)) 7

Jj=1

- P/Dl <01§v—1¢>

Proof By Lemma and Theorem u to establish the asymptotic expansion of Zy [V ¢), it

+{e®o =1 D 0=10] ) dt. (2.91)

HVG ot Vg 6.t

suffices to obtain the one for / (¢>VG # dt. By Theorem [2.5.2, we get
0

1
(ORZEY
1 1 K / da (¢)dt 1 K (1)Veer
Va6t 0 Va,ot a (¢)
/0 ()10 it = /0 O, A+ - + /0 <<¢>£N¢ PR >dt.

a=1 a=1

Finally, we conclude that the last integral is a O (N _(K+1)) by (2.67) and the continuity on
t— P}/ék obtained in Proposition 2.10.1ll Furthermore, by collecting order 1 for log Zx [Vi]

1
and / dgl)’vc"f”t(qﬁ)dt for a = 1 in Theorem [2.5.2) we infer on the value ofc;. O
0

2.8 Conclusion

This work adapted the analysis of the loop equations method to prove the existence of a N1
asymptotic expansion for a general class of potential. This class include all potentials given by
x? 4+ ¢ where ¢ is a smooth bounded function. An immediate continuation of this result would
be to extend it to more general confining potentials like z* for example. Our method relied on
new controls on the equilibrium measures resulting from an energy minimization and entropy
maximization. A natural question would be to extend these ideas to more general interactions.

2.9 Appendix: Lemmas and technical results

Lemma 2.9.1 (Properties of the Hilbert transform)

i) As a consequence, 7 'H is an isometry of L?*(R), and H satisfies on L*(R) the identity
H?: = —r?I.

ii) Derivative: For any f € H'(R), H[f] is also HY(R) and H[f] = H][f'].
ii1) For allp > 1, the Hilbert transform can be extended as a bounded operator H : LP(R) — LP(R).
i) Skew-self adjointness: For any f,g € L*(R), (RS 9) 2wy = — (- Rlg)) 2 w)-

v) For all 6 > 0, for all f € L*(R) such that f' € L®(R), [|H[f]lleo < (671 f]l1 + 20| f'|ls0)
Proof We refer to [Kin09] for the proofs of properties i)-iv). To prove v), let f be such a function,

y)dy dy
)] < lim] [ ) i | [ W
e—0 <|z—y|<s Y EHO d<|lz—y|<e—t Y —




152 CHAPTER 2. ASYMPTOTICS OF THE PARTITION FUNCTION

The second term in the RHS can be bounded by 6!/ f|| r1(r) While the first term verifies

Lo i
e<le—yl<s Y —T|

The first term in the RHS can be bounded by 24| f||c while the second is equal to 0. This allows
to conclude. g

fly) — f(=)
Yy—x

dy + lim

e—0

d
lim ‘/ ) y| < lim
e<lz—yl<s Y2

e—0 Yy e—0 Eglxiy‘gé

We recall some results obtained in [DGM23].
Lemma 2.9.2 Let u € L*(R) be such that [, u(t)dt exists and let f : t — tu(t) € H*(R) then

—/Ru(t)dt

Moreover, zf/ u(t)dt =0, / f(t)dt exists and g : t — t2u(t) € HY(R), then:
R R

- /R tu(t)dt

Hlul(z) ~
[u]( )m_>OO .~
As a consequence, we obtain that H[py|(x) | ‘N —x~ 1 and the logarithmic potential UPY is Lips-
T|—00

chitz bounded, with bounded derivative H|[py].
Lemma 2.9.3 Let n > 1, and h € H"(R),

1ovETL B[l gnm) < C3(V, )l (w)-

with a constant C3(V,n), only depending on V' and n. For the choice of potentiel V.= Vy,, for
¢ € C®(R) with ¢F) € L2(R) for all k € N and t € [0,1], t = C5(V4,n) is a continuous function.
Moreover, for all h € H*(R) N W°(R),

1oV ET[R] | am®) < Cs5(Vin)[|Allwee m)

with a constant C5(V,n), only depending on V' and n. The function t — Cs(Vy,n) is also contin-

uous. )

Proof We first prove that for all k& > 0, h € — HF(R), there exists finite sets of indices 3;“ w
pv :

3;“ and ﬁf independent of V' and polynomials p’;m ,pfj boe.d ng ,inf, ... 0= with coefficients
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independent of V' and of degree at most k, such that for all x € R,

k—1 k-1
E_l[h](k) = Zplé,l,lh(a) + Z Z Ps,bg,ﬂ'l [ﬂvplé,b,zgh(a)] +..
a=0 a=0 bejg,a

k—1
k k k k
YD PE M | vl kot [pra,b,k,SH [ - H [pra,b,k,kh(a) ” e
a=0 peJk
,a R,—/
k—1
k k= k k k =_1
+ Z qb72’1H [pvqb&g: 1 [h]:| + ...+ Z qb7k+1’17-[ [pvqb’k_i_l,g']-[ |: O H [pvqb,k—l-l,k—l-l‘:‘ 1[}1] } .. ]
begk bedf . ,
k
+ 'r'lf’l + Z 7’[])672717'[ |:pVTII)€7272i| + ...+ Z T}If’k’l% [pVTIIj,k,Q/H |: . H [pvr§7k7k} . ]
beRY
k—1

beRk
x <2P / " [pvgv_l[h]} dpy — / hdpy ). (2.92)
R R

We prove it by induction, where for n = 1 one just uses the definition of = for the initial case i.e.

() = o =2 () <[] 20 ]

For the induction step, use a bootstrap argument. Suppose (2.92)) holds at rank &, then differentiate
/
1[n]) by the RHS of the above relation to show that (2.92) holds at rank k + 1.

and replace (E—
Now, by the Leibniz formula, for all k € [0, n], it holds that

k
k k—1)—— i
(5) 0=
=0

CERUIEDY

Furthermore by (2.92)), by using successively that 7= '# is an isometry of L?(R), inequality (2.26))

and Jensen’s inequality, we obtain:

_ k
D™ @)l 2@y < Ca(Vom) I ey

[1]

e | (pv
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with C3(V,n) given by

Cs(Vin) ‘) c(m)

+z7r01212§l!~12a|bmax (HPV pab21H Hp\/pab22H00>

Pg/ )pZ b,1,1H

X max < ¢ max
i<k<n | 0<a<i

- _i—1
+am Olggi%“jz a| rgax (Hpv pabzl

1/2
B HHPVPableoo>+CLHPV g ]|_ 1oyl
l

Y2+

Va2 || 1040 22l

+ C'yr\fj’ﬂ max
beJs

k—i)
| Hupvquluooupv i1 loollor oo

+ il | ma
LSUI

(k—1)
Vv o + |8y | max 1257 5 1 lloollV/Av T o1 lloo +

i—1
M} (2.93)

+2lpvlle (1 4+2P7Ce) [l 7

) i

PV

%

=2

For the second inequality, if h € H"(R) N W °(R), we use the fact the same inequalities but we
. 2 .
use the following integrals at the end / (pz’b7i7lh(“)pv(t)> dt < HhH%,VOO(R) / (p . 10v;)2dt. This
R a R [S12)

leads to

lovE [y < Cs(Vim) Ihllwee)

with C5(V,n) given by

(def)

C5(Vyn) =" C(n)
X max q ¢ max up b1Vpv | Fim max |3 |max (HP It b21H I/pvp, b22”oo>+
i<k<n | 0<a<i|| py 0<a a v Fa a,b,2,

o0

- 1—1
+am 0H<13§z ‘Jl a| bmax (Hpv pa,z,l

)

[AS]

. )

1/2 4
+Ce ol ata | HﬂVHerCNT!lemaXHPV || N0 a0 20l +

(k—=3) i
pi+1,1
o0

+ Crm'[Ji41| max
bedi

(k—i)

Py
+2 (1 2Pl Ce ) (I 2= Vavliage + alblmax ol sl VAV 2 o +

i—1
Z 1’ﬁ1| ma‘X ”pV 7ab,z,lHOO H Herb,z,l ‘OOH Vv erb,z,z ‘OO:| } (294)
=2

The fact that ¢ — C;(Vy4,n) is shown in Appendix O
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/
Remark 2.9.4 With 0 = z—“j, g (40 =51 =-1f] and ¢ (def) /]R (2PH [pvy] (y) — f(y)) duv (y) we have

g =[~-09—2PH[pyg]+c
g"=—0f + f —2PH[pv f] + (0> — 0') g + 2POH [py g] + AP*H [pvH [pv g]]
+ (=0 —2PH[pv]) c.

g = (62— 20') [ — 0" + "+ 2P0H oy f] — 2PH[pv0f] — 2PH [pv f'] + AP*H[pvH [pv f] |
+ [(92 — 0 — (6° - 99')} g+ 2P (0% —20) Hlpvg] — AP*0H [pvH [pv g]] + 4P*H [pvO0H [pv g]]
+4P*H [pyH [pybyg]] — 8P*H [PVH [ovH [pvyl ]]

+ ((92 —20') + 2P9H[py] — 2PH[py 6] + AP>H [pvﬂ[pv]] )c

2.10 Appendix: Integrability of the constants

2.10.1 Parameter continuity of norms of certain functions

In this appendix, we work with V' = Vg 4+, t € [0,1] and ¢ € Nk>oH*(R). We will show, that the
constant C;(V 4+, n) appearing in our problem, see Theorem [2.4.14] Theorem [2.4.15| and [2.4.18|
will be continuous in ¢ hence integrable on [0, 1]. In this section, we denote for all ¢ € [0, 1],

def
at(i)m and 0;

pVG,qh,t PVQW

/
(def) PV s

First of all, by Theorem [2.6.9} the map t — |pv, , ,[[wee(w) is continuous for all n € N. This allows
to conclude that
Lemma 2.10.1 Let t,tg € [0,1], for all n € N,

H - —
H [PVG,¢,t PVG,¢,t0] Weo(R) t—to

Proof We prove it by induction and use Lemma and Theorem [2.6.9, For n = 0, we know
that there exists C' > 0, such that:

[#0vo0e = Piig)|| < € (1verne = Posona | 1y T 10V = Pl o)

LY (R)

By Scheffé’s lemma, the L' norm goes to zero and by Theorem m goes also to zero as t goes to
—— 0 for some n > 0. We have that

to. Now suppose that H/H[PVG,W — pVG,¢,tO}

Wi (R) t—to
(n+1) _ (n+1) (n+1) (n+1) (n+2) (n+2)
HH PV o0 VG,d),tO] <C (||pVG,4>,t T VGt LY(R + ||pVG bt Ve loo)-

(n

Vo ¢) (z) goes to zero and we have the following domination by Leibniz formula

Since for all z € R, p

n+1

+1)
Pl @) < (1 mae gz, @) ZmVM

By dominated convergence theorem, the L'-norm goes to zero and the last term also trivially goes
to zero by theorem [2.6.9 ]
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Secondly, we can set My, ,, (see Lemma [2.4.9)) equal to any value M such that
M > e (14 16/ + 2P e [0 D2 (16 + 2P s [l ) )

We choose such a M, it is well-defined because of Lemma, [2.10.1
Lemma 2.10.2 For allt € [0,1], for alli,j € N, for all |x| > M,

/ (%)

P . Coi Cii
Vot (ar)‘ >1 and ‘ p}/G’d”t (:c)j’ < 51‘,070’]- + 1’23.
PVg gt PV g1 |z}7 |z[27

for constants C; ; > 0 independent of t.

/
p
Proof Let z € R, —M(aﬁ) =z +t¢'(x) + 2PH[pv , J(x). Thus if |z] > M,
PVa, o o

P
()
PV

> 14 (16 = /@) + 2P (e [l Dl = Hlove JG0)]) > 1

For the second point, one notices by differentiation and (2.17) that there exists polynomials Py
with coefficients independent of ¢ such that

<p> ? oy = o P 1) Ml ) - ol | )
k

PV — (x + t¢/(x) + 2PH[pv,, ) ()"

Furthermore, since |z| > 2 (]|¢/[|oc + 2P max;epo1) | H]pve 4. ]llec) we have

x x x
240/ (w) + 2P o) = 2 (B e — 2P e 24001 ) > 2.
s 2 2 s€[0,1] 2
Finally, the whole dependence in ¢ and x of the numerator are in the entries which are bounded
uniformly in ¢ and z, we can conclude that each numerator in the sum is bounded by a constant

(%
PVa . . _9 .. .
Cr > 0. We can conclude that | [ ——"= ()| < 4imaxy<; Ck|z| ™2, raising to the power j leads
PV 6. -

to the conclusion. O
Lemma 2.10.3 The map t — Hp(/é ¢t”Loo([_M’MD is continuous.

Proof Let x € [-M, M],

-1
B B dtue(x)py, (x) [[utllsoll oy, [FR(ESYRY)
Ve .0 (€)™ = Py gy (@) = =210 <|ét 1 G’S;O
PVa .t (x)pVG,d:,t (z) (1 — [t [f|ut]o0)
Taking the supremum over x € [—M, M] and let ¢ goes to ty establishes the result. O

Now it remains to bound the L? or L> norms of the functions f(i)’VGvW and IXG’¢’t appearing in
Theorem [2.4.14], 2.4.15 and 2.4.1§]

Lemma 2.10.4 ¢ — |7y %" |« for all a € {1,2} is continuous where Ty*" is defined in (2.52).
Proof Let 2 > 0, t,ty € [0, 1], by the mean-value theorem and with u; defined in Section we
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get

1 /+oo 1 +o0
[ s [ (s
PVa,ot (x) z Gt PVa.o .t (x) x G rto

1 +oo 1+ dtuy(s
/ PV o0 (s)ds ‘( ) — 1‘
xr

5 (@) - 5 @) =

T PVasa (x) 1+ dtuy(x)
’515’ +oo
= Vo (x)(l — ydtwut”oo) /x PVa .t (S)ds |ut(8) — ut($)|
Ot ||| uy 1 +eo
< T Bl @ . O ot (29
1 +o00
One thus concludes by showing that = €]0, +-00[— W/z (s = @)pvg. 4, (s)ds is bounded,

since, in (2.95), ¢ goes to zero and ¢ — |Jut || (w) is bounded.
This can be proven by integration by parts

—+00
1

PVt (z)

+oo 1 PV
/ (s = )PV 4.4, (8)ds = [ 210
xX

PV, (z)

(8)PVe,0.10 (8)8]

7
pVGv¢»t0 T

/
1 oo | py, %
_ / ﬂ(s) + ﬂ (s)s PV b0 (s)ds.
PVa .t () Ja pVG,dnto pVG,qb,tO
The first term in the right hand side is bounded, while by assumption v), the last term is a

: / o [(Peen®) o o . / T Paan ), )
,OVG@’tO(.%) z T——+00 S T——+00 pVG,¢,t0(x) z S

Again by an integration by parts, the last integral in the remainder is equal to

PVe.p1y (Z) 1 T Vg 500 (5)
-t 0] — 72(18 .
pVG,zﬁ,to (l’).%’ ZT—r+00 pVG,¢,zO (.%') T S

Since pyg , ,, 18 decreasing in a neighborhood at infinity the last remainder is a o (1) while the
3Py T—r+00

X

+o0o
_ PV, (s)ds is bounded by the
PV g0 (x)/x G éito

first is behaves like 272 at infinity. Finally, z —
same exact technique.
Doing the same thing over | — oo, 0] establishes that ¢ — ||I¥G’¢’t | is continuous.

Just as before, we get by the mean-value theorem,

(1 + Otuq(s))?

B @ - s [ puldia il
: : @) ™ (1+ Stun()?

< 2 e (s)ds ’
pVG2,¢,t0 . 0

1t lloe (2 + ulloe) 1
ST ol v ()2

1 too
We conclude by showing that = € [0, +o0[— 2/ (5 = 2)PVg s (s)%ds is bounded
pVG,¢>,t0 (l’) x o
which can again be proven by the same integration by parts and by doing the exact same thing on

| — 00,0]. Therefore by the fact that

_1‘

+o0
/ (5 — D)pv  (5)7ds. (2.96)

2 2
0< (I 1% = 1Ll < 1 (B5) = (Z5*) lloo —> 0

t—to
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Ve, ¢t

we conclude that ¢ — || Z,“*"||s is continuous. O

/
(def) PV s

Next, we show that any polynomial in 6; and its derivatives yield a continuous depen-

. PVa, gt
dance in t.

Lemma 2.10.5 Let P a polynomial in O, . . ., Gﬁk) for some k > 0 with coefficients independent of
t, let | € N then then the two following maps are continuous:

(i)t [IP(Or, -, 05 | oot
.. l k
(ii) t— || p%m P(0h,. -, 0) 1wy

. l k
(iii) t +— Hp%%tP(Ht, .. ,975 ))||L00(R).
Proof Proving these continuity results for any monomial in those variables is enough. Furthermore,
since by continuity x € [-M, M] — 91‘@ is bounded for all i < k, thus this monomial in (egl))ggigk
converges uniformly to the monomial in (egé))ogigkz as t goes to tg. The arguments are that the

product of two bounded, uniformly converging sequences of functions converges to the product

of the limits and that for all i > 0, Hgi) (x) — Hg) () = —dtelitD)(z) — 2PH [p%%w p%}éw }
, 0
The latter, when taking the supremum over = € [—M, M], goes to zero by Lemma This

establishes (7). Furthermore, notice that (7ii) implies (4i) since || pV; L (6. .. ,H(k)) | oo ) =

I pVG o (Ht, .o.,0 ) Hl/ 2 and P is arbitrary so we only prove (iii). Moreover since by Faa

di Bruno’s formula pE/) = exp(log pVGM)(l) can be written as Q (0, ... 0(”) pv where Q is a

polynomial with coefﬁments independent of ¢, it suffices to prove the result for [ = 0.
For all © € N, we have Ogi) (x) = —diox — to( T (x) — 2PH [pg-c);m] Noticing that by Leibniz

formula and the mean value theorem that for all j € N, forall 0 < a < 1

< o | (1 + Stug(x))™ — 1]

ijVG,4>,t (z)* - xijG,cb,to (x)a mijG,a#,to ()

|6t maxseo 1) [|us|lwpe ()

T mijG,¢,t0 (x)aH

1-a 00
(1 — [0t| maxeo 1) ”USHWZ""(R))

where the existence of the max is justified by Corollary [2.6.8] Taking the supremum over z € R
and let ¢ goes to £y shows that ¢ — (l‘ > xjva@J (a:)o‘) € L*°(R) is continuous. By boundedness
and continuity with respect to the ¢ parameter of ¢ — ¢(i+1)(:n) + 2PH [p% . J, we deduce that
for all i € N and a > 0,

16 pves o0 (@) = 0 prig o (2) e — 0.

N U
From this last uniform convergence result, we show that by taking a monomial Hf:o (91‘@) such

. I;
that S2F _oli = m, we deduce that py e 0 (H(Z ) = [ 0 ( m/ipvc,@t) , as a product of
bounded, uniformly converging t-sequences of functions, it converges uniformly. This concludes the
proof. (Il

Lemma 2.10.6 (Continuity of uniform norms) Forallj € {1,2,3,5,6}, t — anjl);/meLoo([,M’M}c)



2.10. APPENDIX: INTEGRABILITY OF THE CONSTANTS 159

18 continuous where we recall that
1 7V a —a b

fl(7a),b Gtz QL (9,5, . ,9§ )) ($)at(m)Pé (agy -, ozg ))(ac),

Qfl (9157 o ,6§Q)> (HZ) sgn(x)oo

f(2)7VG,<;/>,t

—a »\ 1’
l,a,b M pV (33) |:O[tP[f (Oét, ey Olg ))] (y)pVG,¢,t (y)dy’
G,p,t
a sgn(x)oo 1/2
Q4 (0.6 ) (@) |
3),Va,e, a —a b
DYt g ( p—r ) a(y)* P, <at, .al )) W) pve,. ()2dy|
G,p,t
a sgn(z)oo
Q (01 07) (@) ™
5), V¢ —a b
l(,a),b GOt g ( ov (J}) ) / ‘P{f (04157 s 7047E ))(y))pVG,qg,t (y)dyv
G,p,t

T

sgn(z)oo 1/2

—a b 2
/ ’Plf (at7 s 70‘§ ))(y)‘ pVG,¢>,t(y)2dy

xT

I (a)
OV, ]Qa (QLVM f;) ) (x)’

Proof First, one can check that, from Lemma [2.4.13 f(l)’VG‘¢‘t(:r) = O (7Y foralltel0,1].

ni,a,b

” |z|—o00
Noticing that since a(x) = (—z — t¢/(x) — 2PH[py, , J(x)) "1 = 0(x) !, there exists n > 0 and a
polynomial expression P with coefficients independent of ¢ such that

P (x—l, te', ... .to™, PHlpy, , ], ... ’P’}—[[pg/];;i])

(1 -+t (x)e=t +2PH[pyy , J(x)z=1)"

f(1)7VG»¢»t (.T) —

ni,a,b

In the above expression, the numerator must be a | |O (x~1). We conclude from this closed form,
T|—00
. 1),V , .
that f&{’:ﬁw converges uniformly to ffn)7a§’¢’t° when ¢ goes to tg on [—M, M]¢. Indeed, fglll)yrbc’w is
a bounded rational function such that the denominator is bounded from below uniformly in ¢ (see
Lemma [2.10.2) and such that both the numerator and denominator converges uniformly. Thus,

PN Hf(l)avG,cﬁ,t

1ab | oo (|—,)e) 18 continuous.

We only prove the continuity of ¢ +— Hfg?’ff“t | oo ((—a1,01)) in the case j =5, since the same argu-
ments also prove the cases j € {2,3,6}. Since |pVG,¢>,t (:E)_pVG,(b,to (z)| < |0t maX,e|o,1) ||u5||00|pVG,¢,t0 (z)
and that the following map is uniformly bounded in ¢ € [0, 1] and x > M

gt 1 X —

A ) P
pVG,¢,t (1’) x/ ‘ b (at’ A at )(y) pVG,¢,t0 (y) Y,

we can just show that g; converges uniformly to tg as t goes to ty. Moreover since

maXseo,1] l|s]] oo
1 — 6t maXse[o,1] s [l o

PVa .t (x)_17

|pVG,¢,t(x)_1 ~ PVa,s.io (:E)_l‘ < |6t|

PVa, st

it is enough to show the uniform convergence for gt- One can also notice that, for constants

PVa,é.t0
(1o and C} 4 independents of ¢,

Qh (B8 ) @) < Clalal ™ and [P0 0") 1) < Crala] 077,

Finally, by writing |$7(17G>Q2 (0,5, e 791@) (z)| as polynomial in 2™, tﬁb(iﬂ)(l‘) and H[ﬁ% A t] for

¢ >0 and :cl_“Plf_a(at, e ,agb))(x) as a rational function in those same variables, we conclude that
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these functions converge uniformly towards the same functions at ty. Therefore

+oo
fma (y)dy
—(l—a) nl ( (a) x PV 4.t l—a pl—a (b)
T Qulb,....0,77) (z) Y OPT  (agy0p)(Y)
‘ Y @ ] b t
converges uniformly to the same functions at ty. This establishes the proposition. O

Lemma 2.10.7 (Continuity L2-norms) For all j € [1,4], the maps t ||fn]1) :§¢t|]L2([_M7M]c)

are continuous where

Qut (01,0 ()
pVG,¢,t($)

sgn(z)oo
[y (a o a)] Wpvis, (w)dy

1/2
f(4),VG,¢>,t .
TLl,CL,b :

X —

x

(2.97)
Proof For the continuity of t — Hfm) 3/ 8 N 2q-m M] ), we use dominated convergence theorem.
Vet

Since, we showed uniform convergence and that anl b

for all « € [-M, M]°,

| oo (=, p1e) < +00, we conclude that

f(l)va,qb,t (37)2 N f(l)’VG’¢7t0 (LU)2

n1,a,b t—to n1,a,b
The domination follows from the fact fm ;/f Dl () = | |O (x~2) and that all the dependance in ¢ is
T|—0o0

bounded, hence there exists a constant Cy,, 4 > 0 independent of ¢ such that, for all z € [—M, M|°
and all ¢ € [0, 1],

G () < C
s ™ (@) < .

ni,a,b
), Vi (1),Va, 4,
This establishes that Hfm’a 3 N L2 (= v o) v [i8 P | 22 (= a1, 01e) -
(3)7VG,¢,t

We now establish the continuity for ¢ — ||f | 22([—a1,01)¢), the case j € {2,4} is done with

ni,a,b

2
the exact same arguments. We want to use dominated convergence theorem, for <fn3) ;/ lcj .a t) . The

latter, when t —> to € [0,1], also converges uniformly since it is uniformly bounded and that we

proved that fn a f ! converges uniformly. It just remains to verify the domination hypothesis. By

Lemma [2.4.13| we know that a(y)?Py ¢ (ozt, e ,agb)) (y)? = ‘ |O (y~2(m—a+1)) 'We conclude by
y|l—o0

Lemma [2.10.2 that there exists a constant Cy,, 45 > 0 such that for all y > M,
Cnl,a b

ni—a b )
a(y)’ Py (Oét, ..o )) (y)* < J2m—atD)

Similarly ‘le (Ht, . ,975“)) (y)z‘ < Cpyalz[?™~9) for all y > M and for Cy, . > 0 a constant
independent of ¢t and y. Finally, we get the following domination for an arbitrary ¢y and all y > M

om (et, L et(“)) ()2 T

PVa, et (z)?

() P (o, ol”) ()% 0ve . ()2 dy

T

Cnl’a’x|2(n1—a) /+0° Cm,a,b(l + maxe(o,1) ‘|USHOO)/0VG,¢,tO (y)dy
 PVa e, (z)(1 - maXgseio,1] uslloc) Ja y2(m—atl) .

The RHS is in L'([M, +oo[) by integration by parts as it was done in the proof of Lemma [2.10.4
We conclude by doing the same on | — oo, —M]. g
Proposition 2.10.8 With the choice of potential Vi, the following map is continuous

€[0,1] — (c(E;l,Hn), (=L, W), ce@ o_,ll,H”))
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Proof By recalling the expression of those constants in (2.47)), (2.57)), (2.64)), since in this appendix,
all the building blocks in these constants were shown to be continuous we can conclude. (]

2.10.2 Parameter-continuity of C;, and Ky ,,

In [DGM23, App. A], the authors showed that for a general potential V', the operator A considered
as an unbounded operator on H has the same spectrum as the Schrodinger operator S : D(S) —
L?(R),defined by

S Avwy  with D(ES) {u € H'(R),uV’ € L2(R), " + wyu € L(R), / u(w)de = o}
R
and
def) 1 /1 1 1
wy & 3 (2V’2 — V" + 2PV'H[py] — 2PH[p}/] + 2P2’H[pv]2> =5 [(log ov)” + 5 (log pv)’ﬂ .

(2.98)
Since Cz = A\ (A)~Y2 = X\ (S)~ /2 by Theorem we just have to show that when choosing
the potential V' = Vi 4 1, the t-dependent Schrodinger operator S; with potential wyy, ,, produces a
continuous smallest eigenvalue A1 (S;). Before that, we recall the essential material for manipulating
St
Proposition 2.10.9 The map t — Cr, = A\ (S;) /2 is continuous.
Proof First for all ¢ > 0, A1(S;) > 0. Secondly, we have the following equalities:

E, = mi 'S = inf "2(y)d /2 dy.
tlé%yutmmm)ﬁﬁ%wémumy+Ru@mmw@y
ullo=1 ull2=1

From the previous section wy,, converges uniformly to wy, ,, when t' goes to t. Hence for all
t,t' €[0,1], u € C(R) with |Julla =1

Ly wdn+ [, - [ @R+ |

R

U%WW@MSW%M—Wﬂmw

hence sup,cce (r)

” i N u')’® w?(y)w oes to zero as
cco | [0+ [ @)~ [0 @+ [ 0w, 0] s

t' goes to t. Since uniform convergence is enough to ensure convergence of infinimums we get the
result. O

We know prove the continuity of the constant Ky, ,, introduced in Theorem m
Lemma 2.10.10 The following map is continuous

t— KVG,¢,t = 2P”H[pVG,¢,t} oo +C + P‘ //]R2 log |z — y|dNVG,¢,t($)dMVG,¢,t (y)‘

for C some fized constant.
Proof We already proved the continuity of the map ¢ — [[H[pv; ]l ®) in Lemma S0
it just remains to show that the double integral is continuous with respect to t. We prove this
by dominated convergence theorem. The function (z,y) — log |z — ylpv, ,,(*)pvs.,,(y) converges
almost everywhere to

(2, y) = log |z — ylpvg 4. @)V 4.0 (Y)

as t goes to tg. Furthermore we have the following domination (z,y)-almost everywhere
2
‘ log |z — y| ‘pVG,¢,t (2)pve . (y) < ( log |z — y\‘(l + mex [wslloo )" PV .00 () PV 410 (U)-

This allows us to conclude on the continuity of ¢ — Ky, ,. [l
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Proposition 2.10.11 The map t — P}/(G;f’t where PY{,k appears in (2.67)) is integrable on [0, 1].
—~ 1 —~—1 -1
Proof By the bounds on m S oE ‘ and H’@(a) o=y ’ for 0 <7 < mgy in
Hi Wee Wee

El =1
Theorem [2.4.14] 2.4.75] and [2.4.17 plus the contim{ity results of Appendix m we conclude on the
. 1 VG7¢¢
finitness of fo P dt. O




Chapter 3

On the equilibrium measure for the
Lukyanov integral

“Mathematics, rightly viewed, possesses
not only truth, but supreme beauty—a
beauty cold and austere, like that of sculp-
ture, without appeal to any part of our
weaker nature, without the gorgeous trap-
pings of painting or music, yet sublimely
pure, and capable of a stern perfection
such as only the greatest art can show.”
Bertrand Russell
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3.1 Introduction and statement of results

3.1.1 The separation of variable integral for the exponent of the field

The seminal works of Al. Zamolodchikov [Zam90], following the pioneering considerations of Yang-
Yang [YY69], introduced the concept of Thermodynamic Bethe Ansatz (TBA) as a key tool allowing
one to describe the ground state energies of integrable quantum field theories in finite volume. The
construction, as an input, utilises the model’s S-matrix and describes the per-volume ground state
energy in terms of a solution to a non-linear integral equation. In the case of the Sinh-Gordon
141 dimensional quantum field theory, the TBA description was conjectured simultaneously and

163
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independently by Al. Zamolodchikov [Zam06] and Lukyanov [LukO1]. In that case, there is a
unique TBA equation which takes the form

4 cosh(\) sin [H%}

e(N) = 2tsin{ L

W} cosh(A) + /R K (A—p)log [1+e*€<ﬂ>] with K (\) =

cosh(2)\) — cos [HbQ]
(3.1)
This equation involves two parameters t,b > 0. t = CmR with C' > 0 some constant, R the model’s

volume and m the mass parameter. Finally, b > 0 measures the interaction strength.

It was rigorously shown in [FKS99] that, for any v > 0, the non-linear integral equation (3.1]) admits
a unique solution in L>°(R). With the solution at hand, the per-volume ground state energy admits
the integral representation

dA —=()
—m/R%cosh()\) log [1 + e } . (3.2)

These TBA-like considerations were backed up by Bethe Ansatz calculations carried out for the
lattice discretisation of the finite-volume Sinh-Gordon quantum field theory in [BT06, [Tes08].

By invoking an analogy with the classical method of separation of variables, Lukyanov [Luk01]
conjectured that the ground state expectation value of the exponential of the quantum Sinh-Gordon
field e*? may be deduced from the data contained in the large-N behaviour of the below integral

in[Val = /RN dN)\ﬁ

k<t

{sinh [(1 F 02O — )\5)} . sinh [(1 L0\ — A } } H e Ve | (3.3)

The potential V,, appearing above was expressed in terms of the solution € to the TBA equation
for the Sinh-Gordon model (3.1) as

_ oy [de 8w : _ —e(\)
Va(A) = tcosh(A) — aA L 2r cosh(h— 1) with g(p) = 2log [1 +e } . (3.4)

It was conjectured in [LukO1] that, as N — +oo0,

2

v [Varon] (N>a2 (e . (1 +o(1)> : (3-5)

3n (Vo) t

The constant term in these asymptotics <e°“">t was conjectured to coincide with the ground state
expectation value of the exponent of the properly normalised Sinh-Gordon quantum field in the
finite volume R theory. In this description, the fields were normalised so that, as v — +oo,
the two-point functions of the fields have trivial CFT-like normalisation in the short space-like
Minkowski-distance regime, see [Luk01] for more details.

In fact, Lukyanov’s integral falls into a much large class of N-fold integrals describing so-called
form factor -i.e. matrix elements- of local operators in numerous quantum integrable models
solvable by the quantum separation of variables method, see e.g. [Bab03, DKMO03],[DKM19, DM14],
GMN12| [KKN13|, [Koz13, Koz15L Nic13]. In such a setting the form factors are expressed as a ratio
Z[WnN]/Z[Vn] for certain potentials Viy, W and where

Z[Vy] = /%N d"AT]

k<t

VN () | (3.6)

,’:12

{sinh [Trwl()\k — )\4)} - sinh |:7TUJ2 Ak — A ] }
k=1
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Above w1, ws are related to a given model’s coupling constants, and % is a model dependent curve in
C. The curve may or may not be compact or closed. Also, the potential Vy may or may not depend
on N. However, typically, it is not varying with N as Vy(\) = NU(\) for some N independent
function U. For such multiple integrals, one is usually interested in the N — 400 regime which
allows one either to reach the thermodynamic or the continuum limit of the model. Thus, on top
of testing Lukyanov’s conjecture, the possibility to study of the large-N behaviour of this class of
integrals will have numerous applications in the field of quantum integrable models. We should
mention that the above integral falls into the class of bi-orthogonal ensembles [Bor98].

It is clear that the class of quantum separation of variables integrals Z°[Vy| bears a strong structural
ressembles with the spectral partition function of a random Hermitian matrix M sampled from a
measure < e NTIVMIqN with M being the Lebesgue measure on the statistically independent
entries. Indeed, the latter takes the form

. _ N 2 NV (X\g)
ZNHerm[V] /RNd Ag]Ak Aol He (3.7)

In both cases, there appears a one-body confining potential and a repulsive two-body interaction
vanishing as the square of the spacing between the integration variables. In fact, the two-body
interaction is given by Vandermonde determinants in both cases: the square of a usual Vandermonde
in the random matrix case and the product of two-hyperbolic Vandermondes in the quantum
separation of variables case . One could thus hope that the techniques allowing one to deal
with large-IN behaviour of the random matrix ensemble will also be fit for tackling the large-
N behaviour of quantum separation of variables issued integrals. Unfortunately, the situation is
way more intricate and takes its origin in crucial differences between these two types of integrals.
Genuinely, the potentials arising in the quantum separation of variables case are notlﬂ varying with
N as Vy(A) = NU(\) for some N independent function U. Thus, the two-body and the one-body
interactions in 2’ [Vy| evolve on different scales and one needs to dilatate the integration variables, in
an appropriate fashion, so that both rescaled interactions equilibrate. While in the random matrix
case the two-body interaction was behaving trivially under rescalings, this is not anymore the case
in the quantum separation of variables setting. This introduces several additional scales in N to
the problem what makes numerous of the steps developed for the random matrix case very tricky,
technically speaking, to set in. We would like to mention that, in fact, certain instances of integrals
of the type (3.6)) did in fact appear directly in the random matrix literature. More precisely, the
spectral part of a random Hermitian matrix’s sampled from a measure oc e NIV M) =AMIq AT with
A = diag(ai,...,an), ap = (k — 1)/N, admits the integral representation [CW14]

P nsource|V] = /RN dNa H { Ak — Ag) sinh (A — Ay } H e NV W) (3.8)

The asymptotic expansion of such integrals may be deal with by using the techniques developed in
[BGK15]. The work [CW14] proposed a Riemann—Hilbert approach for bi-orthogonal polynomials
that could, in principle, allow one to extract the large-IN behaviour of and, more generally,
(3.6). However, in the case of the quantum separation of variables issued integral, the necessity for
rescaling the integration variables would introduce numerous technical complications to the large- NV
analysis technique outlined in [CW14]. In particular, it would demand to have a highly detailed
control on the N-dependent equilibrium measure that will be obtained in the present paper.

The first progress in this direction of achieving a large-N analysis of multiple integrals of the form
(3.6)) was achieved in [BGKI16] where techniques allowing one to deal with N-dependent two-body

tElse, indeed, the study of the large-N behaviour of quantum separartion of variables issued multiple integrals
would follow from the application of techniques developed [BGK15]
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interactions were developed. The aim of this work is to push further the results obtained in [BGK16]
and lay the ground for rigorously justifying the presence of the the power-law term in N in ,
sand in a second stage for obtaining rigorously the whole expansion up to o(1). In order to apply
concentration of measure techniques which were first developed for S-ensembles in [BG97| and,
later, extended so as to allow to deal with more complex integrals in [BG13al, [BG13bl BGK16], one
first needs to have a good grasp on the so-called equilibrium measure. As explained in [BGKI6],
in the case of the partition function , the latter corresponds to the unique minimiser of an IN-
dependent functional on M?!(R), the space of probability measures on R. The construction of the
equilibrium measure is the main achievement of this work. As mentioned, this may also pave the
way to the Riemann—Hilbert analysis of the large-IN behaviour of by means of bi-orthogonal
polynomials. Our result allows us to back up the prediction on the leading large- N behaviour given
in , although the lack of certain estimates does not allow us to turn our findings into a rigorous
proof.

The paper is organised as follows.

3.1.2 The main results

It is easy to see that the repulsive nature of the sinh two-body interaction and the confining nature
of the potential are of the same order of magnitude in N on a scale log N. Hence, so as to deal
with finite quantities, it appears convenient to rescale the integration variables in (3.3) by log V.

Then, it holds 35 [Va] = [log N]" Zx [V with

N

N _ _
— N 1 ﬂ _ . Q] g _ —N7NV, ;oz()‘a)
2y Vi) = /RNd /\}:Ib{smh [ = O Ab)] sinh [ 2 (A Ab)”al;[le WVval) | (3.9)
The two periods w, grow with N as
W, = 2TTNWq, with ™~ = log N . (3.10)

The rescaled confining potential takes the form

cosh [Ty A] — aA / du g(rvi) . (3.11)

v
Via(A) = .
NialM) N7y N r 27N cosh [Tn (A — )]

The connection to the Lukyanov integral imposes the following from for the periods

1+ b2 1+0b672
w1 = and w9y = .
T T

(3.12)

Following the techniques of [BG97] and their adaptation to the N-dependent setting developed in
[IBGK16], one may show that

ZN[VNa] = exp{ — N2y inf( Enlu] + O(NTJQV)} : (3.13)

in which the N-dependent functional on M*!(R) takes the form

2
Enlp] = /Rd,u,(s)VN;a(s) dp(s)dp(t) log { H sinh (waSQ_t)} . (3.14)

27'N R2

En is strictly convex, lower-continuous and has compact level sets, see [BGK16] for more details.
As such, it admits a unique minimiser on M!(R) denoted by Jieqo- Our main result is gathered in
the
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Theorem 3.1.1 The equilibrium measure is Lebesgque continuous with a density deq;o given by the
square root of an analytic function. There exists tg such that, for any N and v > v, it is supported
on the segment oN.q = [AN:a;bN.a]. Moreover, there exists Ny such that, for any N > Ny it is
given by

Qeq,a = Wy [VNa crNa] AN AN - (3.15)

|bN‘—>bN o

where Wy is an explicit integral transform introduced in (3.46)) in which one should specify the
periods w, as in (3.12)).

The endpoints an.q,bn.a of the support admit the large-N expansion

OoN + «
2 N(1+62)(1+b-2)

* ]\172{01<1 " 2]:7[rgt](i)11<<<1 * i>) eI 52)3(21 +b‘2)2} ’ O<N§‘") (310

TNbN:o = log<

and

a = —lo %N + <
TNAN;a = 708 | 79 N(1L+062)(1+b-2)

B ]\172{01(1 " 2f7[rgt](i)11<<<1+?>> " 2(1+b2)(;(21 b=2)> } ’ O<N; "> 40

where n > 0 is fixed but can be taken as small as need be. The two constants 0¢,01 arising in this
expansion take the form

2 =1 1 t2 sin |:2(1Ib2u):|
_ 1+p2¥) 204027 = — _— = 3. 1
% cﬁrﬂi{(*b ) (st} ot o wvlzli{ S eas)

The hardest part of the theorem consists in proving the form of the endpoints, the rest of its content
follows from the techniques already developed in [BGK16].

We now explain one way to obtain the large-N behaviour of the ratio: 3n[Val/3n [Vo], i-e
ZN [VN;Q]/ZN [VN;O]. It is direct to see that

00108 Zx [Vivia] = NTaEnea [ / §dL§§‘N)(§)} with LV = Z Sx, (3.19)
R
being the empirical distribution of the integration variables, Ay = ()\1, ce A N), and Ep., referring

to the expectation in respect to the probability measure Py, on RY with density

1 al
pria(AN) = m I_Ib { sinh [ (Mo — )\b)} - sinh { (Aa — o ]} l_Ile_NTNVN?a()‘“) . (3.20)

Using concentration of measure techniques, one may show that under Py, the empirical measure
concentrates around the equilibrium measure in the sense that for smooth functions growing at
most polynomially at infinity it holds

Exca [ 600 (e -8 16)]| < 07 (3:21)
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for some constant depending on ¢. This reasoning then entails that
O log Zy [Vivia] = N7y / Edfieqia(€) + o(\/ﬁﬁ%) . (3.22)
R

The remainder is uniform in a. However the bounds issuing from the concentration are only a
priori bounds and these may be improved by using the machinery of loop equations which allow
one to improve the rigidity of the fluctuations, see [BG13a] for an implementation of the method in
the case of f-ensembles, and compute the subdominant corrections contained in the O remainder
above. However, in the case of the present multiple, there arise several technical difficulties in
the analysis of the associated system of loop equations which go beyond the scope of the present
analysis. We would however like to point out that under the specialisation , it holds

—~ alog N
NT, dileq: = + O(1), 3.23
N/R‘S Meq,a(&) (1—{—{)2)(14-5_2) ( ) ( )
with a remainder that is uniform in a.
This leads to the suggestive results
Zn| V- - 2
log( N [Vivia(o+b 1)2]> = % logN + Ry (3.24)
ZNn[Vio 2

with Ry a remainder that we are able only to estimate as O(\/ N 7']2\,> However, we expect that

this is an overestimate and that eventually, the machinery of loop equations will allow us to prove
that Ry = O(1). Thus, while not being a rigorous proof thereof, the above provides a strong check
of Lukyanov’s conjecture.

3.2 The N-dependent equilibrium measure

3.2.1 General properties of the equilibrium measure

Consider the multiple integral

M
o M
BEM_/RMd )\H

a<b

1 N
{ sinh [wwer()\a - )\b)} - sinh [warN()\a - )\b)} }TN H e MVNia(Ra) (3 .25)

a=1

There N is fixed and to be considered as an outer parameter. This kind of integral has been studied
in [BGK16]. It was shown there that

1
li —1 = — inf 2
Mg{;m{ e og%M} o (R)EN[M] (3.26)

with £y as defined in . The minimum is attained at a unique measure fieq;o that has compact
support given by a finite union of segments and is Lebesgue continuous with a density geq;a given
by the square root of an function analytic in an open neighbourhood of the supportﬂ In particular,
the density is smooth in the interior of the support and vanishes at least as a square root at the
edges of the support.

Lemma 3.2.1 There exists tg > 0 such that, for any v > to, the equilibrium measure has connected
support

ON;a = SuPp[ﬁeq;a] = [ClN;a;bN;a] : (3‘27)

'In our N dependent setting, the size of this neighbourhood will naturally depend on N
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Proof —

It follows from Appendix C of [BGK16] that the support of the equilibrium measure will be con-
nected, viz. of the form ([3.27), as soon as Vi, is strictly convex.

A direct calculation starting from (3.11)) yields

" _ N dpe 1 sinh? [TN()\ — ,u)]
VNia(A) = Wcosh [TnA] — /R QWN'{cosh O] — 2cosh3 O 0] }.g(rN,u) . (3.28)

It is easy to infer from the form of the non-linear integral equation satisfied by e, that there exist
t-independent ¢, c. > 0 such that

e—g()\) < Cae_tc/‘ECOSh()\) ) (329)
One thus gets the lower bound
o du 1 sinh? [Ty (A — )]
VI (A) > I cosh [ryA] — 2/ : -
N,a( ) = N Cos [TN :| CeTn© R 20N cosh [TN(N)] COSh3 [TN(,U/)]
N —rc!
> P —_ €
> N{t Ce™™:} > 0 (3.30)

where the last bound follows provided that t > tg for some vy > 0.

Further, it is a standard fact, see e.g. [Dei99] that fieq.o corresponds to the unique solution to the
variational problem

2 (N)
VN;a()\) - /I‘%dﬁeq;a(&?) log [HSinh (wa 9 S)] ) . (3.31)
a=1

™~ > ) NeR\ong

]

First of all, due to the smoothness of the equilibrium’s measure density and its square root vanishing
at the edges, we could formulate this problem in the strong sense, i.e. pointwise, and not a.e.. Also,
we stress that due to the strict convexity of Vi, for v > tg, the second condition is immediately
satisfied, see Appendix C of [BGK16] for more details.

This variational characterisation of the equilibrium measure allows one to obtain upper/lower
bounds on the endpoints an.o/bn.q-
Lemma 3.2.2 There exists Ng > 0 and ¢ > 0 such that, for any N > Np,

aNa < —¢ and bNa > S . (3.32)

Proof —

The proof goes by contradiction. Thus assume that for any ¢ > 0 and Ny there exists N > Ny such
that
AN:oe = —S or bna < <. (3.33)

One may take o < 1/4 and extracting sub-sequences if need be, one thus has a sequence Ny — +00
such that, for any k, bn,.« < < or, for any k, an,.« > —¢. We discuss in detail the first case
scenario, the second one can be excluded in the same fashion.

We start by introducing the so-called effective potential

2
Verr(A) = Vnia(A) + /Rdﬂeq;a(s)f]v()\, s) with fv(A,s) = :_;log [Hsinh (wa)\25>] .
a=1
(3.34)
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One has that

2
Ihfn(A,s) = — waa coth [rwen(A —s)] < for A>s. (3.35)

a=1

which entails that fx(A,s) — fv(u,s) < 0 for any A\, > s. One may thus decompose for any
1/2>X>1/4

by
V;eff()\) - V;eff(ka;a) = VNk;a()‘) - VNk;a(ka;a) + / dﬂeq;a(s) <ka ()" 3) - ka(i’S)>

anN

+ /bwd Peaia() (1w, (5:5) = i (bear ) ) - (3.36)

anN

One may then bound each term as follows. Since 1/4 > ¢ > by, .o, the last line produces a purely
negative contribution. Further, it is direct to estimate that Vi, .o () = o(1) as k — 4o00. Likewise,
if —3/4 < bn,.o < o then one has that Vi, .o (ka;a) = o(1), while for by, ., < —3/4 it holds for k
large enough that Vi, .o (ka;a) > Vi,:a(A). Thus, whatever the regime, it holds

Finally, one has, for A > s that
1 o
v\, s) = —m(wy +wa)(A—8) + O<E Ze—%@—S)) . (3.39)
=1

Thus, since A, 1/4 are uniformly away from s in the integral arising in the first line of (3.36)), one
gets that

Ver(A) — C) = Veg(\) — Ve (bvgsa) < 0(1) — m(wr +wa)(A— 1) < 0. (3.39)

eq;o
Since A € on.q, this contradicts the variational equation (3.31]).

One knows from Lemmathat the equilibrium measure is supported on the segment [an,q ; On:a)-
Since Deqio is smooth on |an., ;bn.o[ and admits at worst square root singularities at the edges
aN:a,UN:a, one has that 0eq:a € Hs([ana;bnie]) for any 0 < s < 1/2. In particular, one may
differentiate the first relation given in what yields the singular-integral equation satisfied by
the equilibrium measure’s density

2 bN;a
waa][ d$ Deq;a(s) coth [wa /\Es} = Vna(A) . (3.40)
a=1

AN;«

Now, Lemma (3.2.2) ensures that by.o — an.q > 20 > 0, so that peg:q solves a truncated Wiener-
Hopf equation in which the renormalised difference of boundaries satisfies

TNbN;a — TNGN;q Njoo +00 . (3.41)

This allows one to invoke Riemann—Hilbert techniques so as to solve the equation in the large-IV
regime and will provide the starting starting point for characterising the measure and its support
thoroughly in the large-/N regime.
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3.2.2 A truncated Wiener-Hopf based representation for the equilibrium mea-
sure

It was established in [BGK16] that, provided that by —ay > n and that N is large enough, the
singular integral operator Sy : H([an ;bn]) — Hs(R) with 0 < s < 1/2 defined for sufficiently
regular functions by

Z on ][d,uh ) coth [wa 2“} (3.42)

is invertible on the co-dimension 1 subspace of H(R)

Xs(R) = {96 Hi(R): J[g] = 0}  with  Jg] = /R S (e P F g (rg)

Ljer 21T
(3.43)
Above and in the following we agree upon

xny = by —any, Ty = TNIZIN, by = 7vby  and ay = Tnan . (3.44)

Moreover, without further notice we shall assume in this subsection that the lower bound holds
by —ax > nand that N is large enough. Finally, the Fourier transform F is defined, for g € L'(R),
as

Flol(p) = /R dy g(n)e (3.45)

The closed subspace X5(R) along with the inverse Wy are both described in terms of a piecewise
holomorphic 2 x 2 matrix valued function x that we shall discuss below. First, however, we provide
the expression for the inverse Wy. For any sufficiently regular g € X5(R), the latter takes the form
of an integral transform

2 —irnA(E—an) _
_ N dA dp e7TNTETAN K —ibxu
Wi [g](€) = o7 Ju e 207 Jop 2T =N {X11(>\)X12(#) )\XU(M)Xlz()\)}e
x Fg](rap) . (3.46)

in which € > 0 can be taken as small as need be.

Wy and J are both expressed in terms of the unique solution x to the 2 x 2 Riemann—Hilbert
problem

e Y€ (’)((C \ R) and admits continuous £ boundary values on R;
o x+(A) = Gy(X) x=(N), with a jump matrix

ei)\fN 0

sinh [2(L 4+ L
G = <R()\) —eiw> where  R(\) = 23 2]

2 sinh [%} sinh [ }

(3.47)

e as A\ —
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It was established in [BGK16| that x satisfies the variable reflection relation

_ (o xuN) =Axa(A) + xa2(A)
X(=4) = <—X21()\) Ax21(A) — x22(A) ) (3.49)

the complex conjugation property
) —x11(=A) X12(—)\)>
A = 3.50
()" = (i) e (3:50)

det[x(\)] = sen[SA] , A€ C\R. (3.51)

and that it holds

Again, it follows from [BGKI16] that x admits the large-N asymptotic behaviour valid as soon as
by —ap is bounded away from zero uniformly in V. Below, we list the uniform large-IN asymptotic
expansions in the regions of C which are pertinent for our needs. These regions are delimited by
the real axis and the curves I'y/; as depicted in Fig. First, however, we point out that R

()
® I’y
®
>
R + 1€

R
()
®
® I

Figure 3.1: : Contour I'y/| delimiting regions of uniform asymptotic expansion of .
admits a Wiener-Hopf-like factorisation
R(A) = Ry(N) Ry(X) (3.52)

where

i iA

e A2
@) e

w1 + wa
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and
2 i\
A DY H F( ! >
by w9 2mwy w1 27wy p=1 27Twp
Ry(A) = : : C— (3.54)
2my/w1 +we  \wy + wa w1 + wy r iAwy + w2)
271’(,«}1(,«}2
Note that
R (0) = —ivwi + wo and ()\RT()\))M—O = IVw; +ws . (3.55)
Also, Ry and R, satisfy to the relations
Ri(=A) = xR, (\)  and (RT()\*))* = A LR (). (3.56)
Furthermore, R;/; admit the asymptotic behaviour
1
— i) 2. -1
R\ = (=N (1+0Q)  for A — o0 (3.57)
1
R(N) = —i(inz-(1+ o0\ for A : 3.58
ey ()7 (1 +0(™)  for A — oo (3.58)

The notation 1 and | indicates the direction, in respect to R + ie in the complex plane where Ry /|
have no pole nor zeroes.

The mentioned uniform asymptotic expansions involves an auxiliary, piecewise analytic, matrix

—C(1-nzN 9
€ ) w12 (3.59)

for any 1 > 0 as small as need be and uniformly on C. Moreover, the remainder is smooth in ay
and by with derivatives controlled as

—¢
Ok Oy TIN) = Bdodro + O(7h (3.60)

Finally, one has

Pr(\) = I + %Rn—l(o)a—n(o) with ~ Jp =

1
1 — [II(0)I1-1(0)]

(3.61)
12

The entries x11, x12 admit holomorphic continuations from HT into some small tubular neighbour-
hood of R in H*. In particular, x11.+()\), x12.+(A) are regular at A = 0. In their turn, x11, x12
admit meromorphic continuations from HT into some small tubular neighbourhood of R in H¥.
They admit only one pole, which is simple at A = 0, and one has the behaviour

o1 (A) = R¢(0)§Rn11(0)-% +0(1)  and  xes_(\) = R¢(0)5Rn12(0)% +0(1) (3.62)

as A — 0t.
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¢ A between R + iec and I'y
In this region, it holds that

X(A) = Xo(A) + dx(A) (3.63)
where
— AN
Xoo()\> _ < 1/[/\RT(>‘)]_RT()\) /Ri()‘) 1/R0T()‘) ) 7 (3.64)
while

5x()) = ({miu) - ]%(]\;} [5(11PR) (V)] + LR
—Ry(N)[0(TTPR) (V)]

1 N [0(IPR)(N)]22
{srimm = o |- PP, + B )  (3.65)
_RT()‘) [5(HPR)()‘)] 12
The formulae for the remainder matrix involve
1 0 1 0
0(IlPr)(N) = ( RV ) - [IPR(N) — ( A 1 >] . (3.66)
Finally, one has the uniform estimate on the remainder
Sx(\) = o(e—é‘(l—mfw). (3.67)
e A\ between I') and R
In this region, it holds that
X(A) = Xoo(A) + dx(N) (3.68)
where 0 .
=1 (1 — S —iNTnia e NINja
Ry (A AR+ (A R+ (M
Xoo(A) = ( o )( R(;()) ) e (3.69)
== R (N)
while
_ 71/\1 o
Bx()) = ( ey <1 - ART((A)) ﬂMN“’) [OMPRYN]y, + Smy (f) [6(TTPR)(A)]21
(A
B [5(PR) (V)] 4, + Ry [D(IPR)()] 5,
- RN —idZnia “ATNa
R0 (1 —amme ) [B@APRYN]1, + SRy BAPR) (V)22 ) (3.70)
Ry(A B
B 5P R) ()], + BN [5(ITPR)(N)]
One has the uniform estimate on the remainder
ox(\) = O(e_C(l_")EN). (3.71)
Moreover, one infers that
R, (0)9 1111 (0
Xa1(\) = ¢<)f11() + 0(1)
N as  A—0 with Im(\)<O0. (3.72)
R (0)9rII12(0
Y22 (\) R (0)9R1115(0) + 0(1)

A
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and that x11(\) and x12(A\) admit bounded limits.

A remark is in order: while both the subspace constraint functional 7 and the inverse Wy involve
the Fourier transform of g, their values only depend on the values of g on [ay ;by]. This follows
from the jump conditions of .

Lemma 3.2.3 Let g1,92 € Hs(R), 0 < s < 1/2 be such that g1 = g2 on [an ;bn]. Then,

Tl = Tlg2] and  Wnlg1] = Wnlgo] . (3.73)

Proof —

Since gligy wy] € Hs(R), 0 < s < 1/2 as soon as g € Hs(R), it is enough to show that J[g| and
Wnlg] only depend on gli,, ,)- We discuss the proof only in the case of sufficiently regular g
having fast decay at infinity although this can be done in full generality within the distributional
setting of Hg(R) functions.

One may decompose J in the form

Jlgl = Tilg] + Telg] + Trlg] (3.74)
with
d ax . d +o0 .
JLlg] :/ 2.MX11(M)/ dng(n)e™Hm=tN) | 7plg) :/ HXH(,M)/ dng(n)e ™ H1=bN)
R-tie’ 410 —00 R+ie’217T by
(3.75)

and Jc[g} = jc[gl[aN ;bNﬂ’

We now show the vanishing of J7.[¢g] and Jgr[g]. Indeed, by using that x11 is analytic in the upper
half plane, that

C Foo : —qg(b 1 +oo .
xit(p) < 2 and / dng(n)el ™=t = .g( N) _ - / dng’ (n)e ™ HI=oN)
by

by iuTN TN
(3.76)
one observes that one has the uniform bound on H™
+oo . C
X [ dnglmerms o < (3.77)
N

and that the bounded functions are analytic in H™. This allows one to deform the integrations
from R + ie to R + iM with M > 0 as large as desired by virtue of Morera’s theorem. Then, one

has that
dp oo . b
/ i 2 () / dng(n)e'mHn=bn)
R+iM 41T by

| Tr[g]| =

< C/dS3
R [s2 + M?2]2

- C/ s, 0. @)
v M R[82+1]§ M —+o00

One carries out a similar reasoning regarding to Jr[g]. The p~! decay rate of the Fourier transform
at infinity and the existence of continuous + boundary values of x1; on R ensure that

an anN .
/ = (p / dng(n)e™Hn=bx) / - () / dng(n)evulan=m)

2im oo 21 oo

- / lell(u) /“N dyg(m)e” IO — 0. (3.79)
R_ip 20T —00 M=teo

This entails the claim relative to J[g]. The results relative to Wy |[g] are obtained in a very similar
fashion.
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3.2.3 A convenient representation for the inverse acting on Vy,

In the general case, one may not expect to be able to simplify Wy [g] beyond its two-dimensional
integral representation. However, since the potential of interest to us takes a very simple and

specific form, such simplifications are possible in the case of Wy [V](,; o)

We first observe that the expression (3.63)) for x on the line R+i€’, € > € leads to the representation

_ zy @1V . Q+(N)
x11(A) = VBN A RO) with {

1+ 6(IPR) (X)) + A§(ITPR),, (A)
Qi(/\) = 1+(5(HPR)11<)\)

(3.80)

There, the functions @/, are holomorphic and bounded in the region enclosed by the curves I';

and I'|. Similarly,

o 0+(\) . Q,(\) - Qt(\) = A+ (IPR) ,(A) + AS(TIPR) 5, ()
X12(A) = - S -
ARy (M) Ry (M) QN = §(IPR) ()
(3.81)
For further purpose, it is convenient to introduce the vectors
x11(A)
x12(A) >
Er()\) = . Ep(\) = 3.82
ey ( e ) a = () (3.52)
A
so that i
(BLV: Brl(n)) = xu(xaz(n) = Sxan(mxiz(h) (3.89)
The decomposition for x11 and x12 entail that Ex()) = EW(\) — 28 W (X) with
1 0+(A\ 1 0, (A
EJP () = A , BP0 = —— QY , (3.84)
ROV \ AQi(N) B\ a0
and similarly Ez(\) = L. BV () — 2. gy
1 AQ+(A 1 AQ (A
ED() = @ , BV = —— Qv ) (3.85)
ARy(A) \ —Qr(N) R (A) \ —Qu(\)
Finally, we also set
NunA +ivy . .
Ya(\) = WIXH(I) (3.86)
_ o o—xaz(®) g ~ixn(i) Nuy —wn
mO = T80 (1NuN+)\UN> T (3.87)
in which we have introduced the shorthand notations
Nuy = e’V 4 ¢7@V and oy = eV — e N (3.88)
3
Proposition 3.2.4 One has the decomposition Wn (V.| = > w](\(,z) where
’ a=1
(1) _ N AA irva-an) XL()‘)
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and

@),y QTN dAA i ae—an) X11 (M) xa2,-(0)
oy (€)= 5Ny o 20 S (3.90)

Finally, it holds that wg\‘?) &) = wﬁ%(f) + wj(\?,’;)i(f) + w](\}g’;)o(ﬁ). The building blocks of this decom-
position take the form, for v e {1,]},

1 v=t
-1 v=]

wﬁ)v(f) _ &TN Qe—iTNX(g—aN) (EL()\), g(v)()\)) with € = {

= 3.91
417TN R+2ie’ 217T ( )

Here, we have set

My = o on 27180 pay dp pFlg)(u) e e o
EV(N) 7r(>\+i)ER (—1)11<¢ +/R_i%n 217 (4 - %) cosh [%“} EQ (n)  (3.92)

g(i)()\) — N 2F[g](i)Eg)(i)11<g +/ dp pF(g](p) e Nk Eg’)(ﬂ) (3.93)
R

m(i—A) tiszy 21T (1 — \) cosh {%}
while
TN = v o g (B B ) = el (3.94)
Above, we have introduced
sy = (1—mmin{2,¢}  with ¢ = Zszin)z . (3.95)

Proof —

Owing to Lemma one may choose V](,;a to take any values outside of [an;bn] so as to
compute the Fourier transform occurring in the expression for Wy, provided the function belongs
to Hg(R) with 0 < s < 1/2. Thus, we choose to extend Vy., from [an;by] to R as Vi;a(A) =
ON:a (M1 jay by (A) + 0N (), where

v al du g(Tvp)
on.a(A) = cosh [Ty A| — — and () = . . (3.96
vl = gcosh A = §F and () = [ S E 699)
A direct calculation yields
by . t eO'EN _ e—i}LENeUaN 1 — e—i,uEN
dn et m=bx)yl (n) = —~ . 3.97
/aN e Nia(n) 2TNNi(;tU i —io NN (3.97)
Further, one has that
[ dne i) = <y [ dmox (e
R R
TN eIHTN / - in Flgl(w)
_ | dpeirn — . (3.98
2N Jr nCOSh(TNn) R ”* Blrvm) 27y N cosh {Lﬂ} | |
2
. . , 3. (a)
As a result, one obtains a decomposition Wy [Vy.,] = Zl Wy Where
a=
) Nt dA / dp e”mAEmaN) { p )
= —2mm-— SR g _ K A
oy (€)= 5y Ll S xir(Axaz(p) = Txar(u)xaz(A)

eO'EN _ efiqueUaN
x> o : ,
— 10
o=% K
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2),0 _ TNQ dA dp e ITNA(E—an) \ B \
wy (§) = — I T S = w— {Xu( )Xx12(k) AXH(M)XU( )}
1 — e HoN
/1/ )
and
(3) L iTn dX du e —iTNA(§-an) \ B \
oy (§) = TN Joge 27 Jor 2ir A {Xu( )x12(4) )\Xll(ﬂ)xu( )}

o o—inby 118l (1)
cosh [@} '
2

We first compute the p-integral arising in w](\}) and w](\,) For such a purpose, one starts by observing

that y1, admits an analytic continuation from H~ to H*. Denoting this analytic continuation as
X1a;—, one has the relation

Xiaie(N) = x1a(N)e PV with  S[A] > 0. (3.99)
(1)

Then, one may express @y’ in the form

(1) TNt dA du e —in Al —an) A _ K b\ UeUEN
SO = =) N = Oz = S (s >}£M_
TNT d\ dp e ITNA(E—an) o e N
_ A . — Sy A
T BN S 27 Jpan 2 {Xu( xazi- (1) = Txan-(k)xaa( )};u—ia
(3.100)

We could split the integral in two pieces since each integrand behaves at infinity as O(|u|_3/ 2).
Then, because of these bounds, one may take the first p-integral by means of the residues of the
poles located above the line R + i€’ and take the second p-integral by means of the residues of the
poles located below the line R + i¢’. Note that there is no pole at g — X in the first integral so that

only the pole at p = i contributes, while, in the second case, only the pole at © = —i does. This
yields
(1) Ty dA iryag—an) § B X1 (A)xaz(0d) — oixai(o1)xi2(A)/A
= — 3.101
@ (&) AN JRyoie 2 2 i—oA ( )
in which we have used the shorthand notations
8D = by and By = —an. (3.102)

Then, it is a matter of direct calculation to observe that owing to the inversion relation (3.49)) one
gets

3 AN TR - D) + ) (3103

with %1, as given in (3.86)-(3.87)). This was the last step before reaching (3.89)).

The same reasoning yield (3.90)): the part of the integral deformed up to +ico produces 0 while the
part deformed to —ioco picks a simple pole at © = 0.
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3)

We now turn on to rewriting wpy’, which can be recast as

(3)(5) _ N i die_iTNA(g_aN)
C4inN Jpygie 2T Jryje 2T p— A

{emr (B, B ()

1 Flgl(p)

——rgT - (3.104)
cosh [TM}

)]

One then splits the integral in two pieces, one containing Eg) and the other one Eg). Both integrals
are well defined due to the O(p~%) behaviour at infinity of F[g](x) ensured by the O(e_é‘mh(é))

control on g(¥) (&) for any k > 0 and the O(|)\\_3/2) behaviour pointwise in u. Then, in the integral

involving Eg), one moves the p integration from R+1i€’ to R —is,. There are four potential sources

of poles in the integrand

1 1
——— polesat A = —i(n, ——— polesat A =1i(n,

polesat A\ = +i(1 4 2n)
Ry(A) Ry (M)

cosh [”—2’\}
(3.105)

with n € N*, and A = p. Thus, in deforming the integration contour, provided that 1 < (, one

picks up a pole at u = —i. This then yields wg\?;,)T(f)

Similarly, in the second integral involving Eg), one moves the u-integration contour from R + i€/
to R 4-1isg,. This produces one contribution stemming from the pole at u = A and one contribution
stemming from the pole at 4 = i. The last contribution is only present if 1 < (. The terms obtained
in this way correspond to wﬁ?T(g) for the p-integrals over R — isx;, and w](\?o(ﬁ ) for the residue at
i = A part.

3.2.4 Support of the equilibrium measure

When constructing the equilibrium measure, on top of determining its density, one also needs to
fix its support. Since the density belongs to Hs(R), see [BGKI6], with 0 < s < 1/2, and satisfies
the singular integral equation throughout its support [an.qa ;bn.o] Which satisfies owing to
Lemma the lower-bound by, — an,o > 2¢ > 0, one gets that, for any NV large enough, one
has the representation

/Q\eq;oz = WN [V]Q;a] (3.106)

|aN7bN(_>aN;ombN;a ’
We stress that the inverse operator Wy given in (3.46)) is now subordinate to the yet unknown
pair of points an.q, by, delimiting the support. One then gets two additional constraints, one
translating the fact that VJ(,;Q € Sy [HS([aN;a;bN;a])} with 0 < s < 1/2, and the second one
expressing the unit mass property of the measure

bn:a

0= TVhaljuyivoamabna 204 1= / N vl @}, o L @a0m)
In this Sub-Section, we shall establish that the constraints admit a unique solution, for
N large enough, provided that an,, < —¢ and by,, > ¢, a property that is ensured by Lemma
3.2.2L This thus ensures that this solution does provide one with the support of the equilibrium
measure. We close the subsection by establishing the explicit form of the first few terms in the
large-N expansion of an., and by.o. This ends the proof of Theorem
Proposition 3.2.5 For given endpoints an,by satisfying xny > n for some n > 0, the constraint

functional Ty [V](,,OJ defined in (3.43)) admits the large-N asymptotic expansion

po1 w5y ey . oxan=(0)  Flgl() by dn
TWial = Giamy =€) = TRy~ TN R {e = e i+ Rony)
(3.108)
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with a remainder that is smooth in an,by and controlled as

—EN% anN
e 4 e N
8§N8£N£Rj(aN,bN) = O(TK,—M > .

3.109
N1n ( )

Finally, », is as introduced in (3.95)) .

Proof —

Now one consecutively computes each of the contributions to 7. The one of vy., can be obtained
in closed form. Indeed, one has

obn

du b toe o
U/ . — e —ipbn e =

d:u —ip,fN —i,uEN taeaaN «Q
- R e T2l 3110
/R o 2T N Xaa(p)e e ;: S —t0) iy 1O

Note that, each integrand is a O(u_?’/ 2) at co. The first integral can be computed by taking the
residues of the poles located above of R + i¢’. There is a simple pole at u = i. To compute the
second integral, one observes that y11 admits an analytic continuation from H~ to H*. Denoting
this analytic continuation as x11.—, it holds x11.— () = x11(A\)e **~¥ with $[A] > 0. Thus, in the
second integral, one replaces x11 with x11,— and then takes the integral in terms of the residues at
the poles located below of R + ie’. This yields

v Na—b NA—a aX11;— 0
I[onia] = 2Ty N (Xll(l)e N — xu(—i)e “N) - 17'NJ\§) (3.111)
_ t><n<i>( By o) oxu;-(0)
AN € NN (3.112)

Here, we have simplified the expression owing to (3.50)).

Further, observe that integrations by parts and the O(e_tCOSh(g)) decay of g¥)(¢) for any k > 0
ensure that F[g](1) = O(p~%). Then, recalling the representation ([3.80) and inserting into the
expression for the constraint functional leads to

R du Q4 ) 81(1) by dp  pQu(u)FIgl(1) iuay
j[mN] B /RJrle/ 4i2 TNTN RT [7“] " /]R+16’ 4i? TNTN Ri COSh Tw] '

&3
:/ dp <> H< Y _/ du u@m 8l(1) —iuan
R—isy, 4i? 7T]VTN RT COSh [%L] R-tise, 4i2 TI'NTN Ri( COSh [W }
Flelt) by
- 7TNTNR¢(—1){QT(_) b Qu(i)e” } 1<c . (3.113)

In the second line we have deformed the integration contour to R — is, for the first integral and
to R +is,. Note that, in the process, one only picks poles of 1/ cosh [%] at +i, and this provided
that 1 < ¢. This generates the contribution of the last line.

Owing to the O(p %) for any k& > 0 decay of the integrand at infinity, one readily then estimates
the first integral to be O(e_”’/bN /N TN) and the second one to be O(e”’laN /N TN). Finally, one
has Qp/ (p) = 1 + O(e_C(l_"ﬁN) uniformly in g € R % is,. Thus, all-in-all,

f[g](l)_l> {e—EN —GEN}11<< + 1 O([G_BN _i_eEN]e—C(l_n)EN —|—e_%"EN +e”"aN> .

j[mN] - TNTN Ry ( Nty
(3.114)
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It is clear from the previous handlings and the properties of ()}, that the remainder is smooth in
an,by and that each an or by derivative of the remainder worsens the control by a factor of 7.

The result then follows upon putting together all the estimates and exact expressions.
Proposition 3.2.6 It holds

bn —
[ AW Vi © = 55 [Xhi 02 0) = xia O)xan-(0)]

- 4i;N{(ebN + e ™) [x11,- (0)x12(i)) — x12,— (0)x11 (i) —

PN — e Flgl(i)
2 } T SR, MR (0)

%Xll;—(O)XH(i)]

+ix11,- (0)x11 (i)

e%nEN + e—%»,]T)N
N .

e N 4 &™) 1y + O(
(3.115)

Proof —

One starts from the partially integrated expression for Wy [V]([; a] obtained in Proposition
Then, with the notation of that proposition, one has

by by
/ dEWN [Vira] (€ Z/ dew\(¢) . (3.116)

an
Since,
by . 1 — —iATN
/ dgeﬂ)«m(i*az\r) — '677 (3.117)
an IATN
one gets that
by
) _axiz-(0) / dA x11(A) — x11-(A)
= ——=—"— — . A1
/aN dgw (5) 27TN R-+2ie 217T AQ (3 8)

There, we have used that x1, admits and analytic continuation from H~ to H* denoted Xia;i—(A) =

”‘“NXl (\) for S(X\) > 0. The integral is well defined in that the integrand behaves as O(|A|~5/2
at oo. Splitting it in two pieces and taking the integral involving x11 by means of the residues at
the poles located above R + 2ie’ -there are none- and the integral involving x11.— by means of the
residues at the poles located below of R + 2i€’ -there is only one at A = 0- one gets that

N axi2;—(0)
dewP(¢) = — 22 5 1. (0) . (3.119)
/aN N 2TN
We next focus on the contribution involving w( ). One gets
by
(1) ¢ dA [ x12(A) —xaz-(V)
d = 12( A A) = x11.— (N)) 211 (A) ¢ -
[Taese - o5 [ {ReRs )+ (xn(d) — i ()20 ()

(3.120)
Splitting it in two pieces and taking the integral involving x1; by means of the residues at the poles
located above R + 2i€’ -there are none- and the integral involving x11,— by means of the residues
at the poles located below of R + 2i¢’ -there is only one at A = 0- one gets that

by
[ ae=0© =~ {0022 + 0200} (3.121)

anN
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A direct calculation leads to

Nuy —v . . .
%7 %2(0) = —onxi1(i) and  %/5(0) = iNunxi1(i).

(3.122)
Here, we remind that uy and vy have been introduced in (3.88)). Upon inserting the above into

(1)

the closed expression for the integral of wy;’, one eventually gets

11(0) = —iNunx12(i) — x11(3)

i

2

X11;7(0)X11(i)}

bn
[ asm P = 1 i [ 0 - -0

- o[- Oxn0) = Koo O]} G129

Finally, we focus on estimating the contribution issuing from wﬁ’). Starting from the expression

for the integrand provided in Proposition along with (3.117)), one gets that

by
/ dw(€) =10 + ¥ + 7V . (3.124)

anN

There, one has

@ _ 1 _dA ) 1_ oeny g e g™ W
EES ) 2i7r/\2([EL () + (1= EP )] — e B (), e0 ()

_ 1 dA oo e ) W eVF((i) [ D) 1y o)
T 4N Jasi,, 200 (EL \) + (1= EV ), € (A)) +11<<W<EL (i), € (1))

1 g *) 1 dA e M
* 47TN8>\{6 N<EL W?g““)) aco  AnN oy, 2imAZ° N<EL (A)’gm(W'
= .rnl

(3.125)

Above, > n, and is taken small enough. Also, we have made use of the relation (E(L“ (i), €W (1)) =
0.

To estimate the various contributions more precisely, one needs the auxiliary estimates

) ) _ —H —C(1-n)Zy
(BP0, EP ) = ToE O(VI+ NN+ Jul) - e=<=mmv) (3.126)
and
(BP0 EP () = o O+ NI+l - e~ ) (3.127)

Note that the remainders are holomorphic in A located between I'y and I'j and smooth in ay, by,
with each derivative adding a 7x factor to the control. From that and the fact that F[g] € S(R),
one infers the bounds

™) _ay_ 2iF[g](i) eI
(ELT ()\)75(“(/\0 = —e W(i—A)RT(A)R¢(1)11<C + O<\/r|>\|> (3.128)

and

(Eg)(x),g@)@)) - o<\/e%> . (3.129)

There, the remainders enjoy the same properties as above. Inserting these bounds inside of the
obtained representation for I(S), one gets

) _ ay_ 780 1 1 TN
Y = 27r2NR¢(i)11<<{iRT(i) + R¢(0)} + O( N > : (3.130)
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The remainder is now only C! in respect to ax, by and partial ay or by derivatives thereof enjoy
the same control with a 7y additional factor.

Similarly, one obtains

3 _ 1 dA (1) ey pW ] aidey g )
2=y ) 5o ([BY0) + (1= EP ()] — e (1), £ ()
" dA (o) e BB e® e TINFIRW) () g
~ 4nN R-ise,y 2im\? <EL (W) + (- B (A), € ()‘)>+11<< 22N (EL (i),€ (1))
1 —ixzy (D ) 1 dA iz ) M
- E S y(E :
47TN8A{6 < L (A€ (A)> a0 AN Jei, 2imAZ’ ( L)€ W)
(3.131)
As before, one gets the auxiliary estimates
(B0, BP (1) = o( VT +RDI+ [ul) - e~ (3.132)
and
) ©) _ A —¢(1=n)TN
E E S A 1 1 : . 1
(B EL W) = 5 imgy + O(VEFRNE+TD e ) (3.133)

Again, the remainders are holomorphic in A located between I'y and I'| and smooth in ay, by, with
each derivative adding a 7y factor to the control. Thus,

e~ bN—C(1-n)ZN
(Eg>(>\),g(ﬂ(,\)) = O(ﬁ) (3.134)
and i )
) ) o 20 Fg] (i) e by ﬂ
(EL (\), €T (A)) = W(i+)\>R¢(A>RT<_i)11<C + O<m> : (3.135)

There, the remainders enjoy the same properties as above. Hence, one gets that

(3) Flgl(i) e / dA e~7by
¥ = — . 1
T 22N Ry (—1) " Jipi, 2TAR (V) + A) A (3-136)

The remainder is C' in respect to ay, by and partial ay or by derivatives thereof enjoy the same
control with a 7 additional factor. The remaining integral can be computed by means of taking
the residues at A = 0 and A = —i located below of R + is,, leading eventually to

@) _ by 1801 1 1 o mbn
ITS = e b W11<C{1RT(i) + Ri(O)} + O( N > . (3137)

It remains to focus on I(()3) which takes the form

@3 _ 1 dA 7 inay () CaEn ) ] aeiNBy () ) Flgl(A)
5 = gy B B )+ (=) B )] - e M), B ()~ 2]
_ 1 X ian (g W) Fel)  a  FIEgQ) e )

T 4aN Juyi, 2000 (EL (), Br (A)) € <EL (i), Ep (1))11<<

Z1gl(0) (Eg)(O% Eg>(0)) _ obn Z18l0)

4T N
d\  _.: A
e /R e (B0 (), B 0) LB (313)

47r N
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It is then enough to invoke the previous auxiliary bounds to infer that (Eg) (0), Eg) (O)) = O(Ln)

while the two integral terms are a N *1O(e*”’751\’ + eMaIN ) Those auxiliary bounds also allow one
to simplify the explicit contributions so that, up to subdominant corrections,

¥ =

(3.139)

iF[g](i) by . an eI 4 e
27T2NRT(1)R¢(1)11<<<6 te ) +0 N ‘

The remainder is C! in respect to ay, by and partial ay or by derivatives thereof enjoy the same
control with a 7y additional factor. By putting the three estimates together, we get

b . _ U~ e
N @) T8l by | LGN e ¥nON | e?MAaN
/aN dewy (€)= 22N R (0)R, (i) (e te ) + O< N ) : (3.140)

This entails the claim.

Below, we establish the unique solvability of the constraints (3.107]) on the endpoints an, by under
the hypothesis that by — ax > 1, for some fixed n > 0. Later, we will establish that these unique
solutions do correspond to the endpoints of the support of the equilibrium measure.

Proposition 3.2.7 Consider the subset of R?

D, = [¢;+400[x ] —00;—¢], (3.141)

with ¢ > 0 and small. For any n > 0 there exists Ny such that, for any N > Ny, there exists a
unique solution (bN;a,aN;a) € D¢ to the constraint equations (3.107|). Moreover, it holds that

bn.a = 1 + o(1) and an. = —1 + o(1) . (3.142)

Proof —

It follows from Propositions and the expansion x11(i) = —i/R4(i) + O(e™*¥*n) with a
differentiable remainder, that the constraints (3.107)) are equivalent to the system of equations for

aN,bN: _
— _ L 0 _bN%’r] EN;(?]
oy _ gman — p@n=(0) O<e e > , (3.143)
tXH(Z) NTN

and

o 1,
4nN 1 o - (Oxe-(0) — X/12;7(O)X1.1;—(O) + §x11;7(0)}

eV 4TIV =
it

1

2
+ O<:CN<e;’"aN + e—f‘vbN)) . (3.144)

x11;—(0)x12(1) — x12;— (0)x11(i) x11;—(0)x11 (i)

There, we agree upon 3, = min {1, (1-— n)C}.

A direct calculation based on the expansions (3.63|) and (3.68|) leads to

x11;— (0)x12(i) — x12;— (0)x11 (1) — %Xll;—(O)XH(i) = R¢(O_)}%T(1) (1 +ie”*N 218 +0 (e_C(l_”)zN))
(3.145)
and
X Oz (0) = ¥ Oxar-(0) + Jxdy_(0) = O(Fy e ) (3.146)
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This allows one to recast the second constraint in the form

_ B 1+ ENO(e;‘"aN + ey e_C(l_")EN)
PN £ eTI = N

.- Ry(i) _
1 Ty 137 —¢(1-n)7
+ ie NRi(i) +O<e N)

= Neg - <1 + O(fNeWN + :z;Ne%nbN)> . (3.147)

There, we have set

47 .
g = T\/wl +W2RT(1) . (3.148)
Finally, owing to

1+ o(e—cu—mfw)

(0
oxi-(0) _ _ ag — (3.149)
ex1a (7) mwrtwa) ) g, B O(e‘“‘“”)
R, (i)
one recasts the first constrain in the form
B 1+ O( —C(l—ﬁ)fw> B
QN gman (o7 ) € ' i O(e_bN’N{" +eaw%7,>
(w1 + wa) 1 — je-7n RT(l)
R (1)
Qacg Sn@ —3ob
= 7+O<e’71"+e "N>. (3.150)
(w1 + ws)

In order to prove more efficiently the existence and uniqueness for N large enough of the system’s
solutions on the domain D, introduced in (3.141]), it is convenient to pass to the finite in N-variables

(un,vn) defined through (3.88).
Note that upon defining

TNX —TNY
\P(a;y) = <e4j—ve , eTNT e_TNy> , (3.151)
one has that
~ 1
D, = U(Dg) = {(u,v) ERTXR : u > i and Nu—2N°* > \vy}. (3.152)
Then, one may recast the constraints in the form
acp
uy = ¢g + 0Pq(un,v and vy = ————— + 0Py (un,vN) . 3.153
N = ¢ 1(un, vN) N = ot w) 2(un, vN) ( )

The functions §®, are smooth on ﬁg since the remainders in (3.147) and (3.150) are smooth on
D.. Moreover, it is direct to estimate that throughout D, it holds

5, (1, 0) = O<<Nu2+v);m(1—n’) N (N31)>%7(1—77/)> _ o(N‘%(l‘"')>, (3.154)

with ' > 0 and small enough. Taken that the remainder’s estimates also hold for the first deriva-
tives up to additional 7 factors, one gets that

0,6@u (u, )| + [0,0%a (u,v)| = O(N=F0=1) | (3.155)
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by slightly increasing 7. Thus, introducing the C' diffeomorphism on ng

co—u—|—5<1>1(u,v) >
P(u,v) = 3.156
o) = (st e (3150)
one has, uniformly throughout ﬁg, that D® = —1I» + O(N_g%"(l_”/)). One is thus in the setting

where one can invoke the local inversion theorem so as to ensure that ®, as soon as N is large
enough, is a local C! diffeomorphism on D, such that, for any (u,v) € D, there exist N-independent
s, s’ > 0 such that

® : B, — @(B(uvv)vs) > Bap(uu)s (3.157)
is a diffeomorphism.

This is enough so as to ensure that ® is a C! diffeomorphism on ﬁg. Indeed, assume that there exist
(u,v), (u',v") € D, (u,v) # (v, 0') such that ®(u,v) = ®(u/,v’). Then, one has the relation

v—u = 6P(u,v) — 6Py (v, ) = O(N_ﬁ"(l_”:)) (3.158)
vV —v = 0®y(u,v) — IPy(uw, V) = O(N*W"(lfn))
However, ® is injective on B(,,) s > (u/,v') what entails (u,v) = (u/,v'), a contradiction. This

entail that @ is a diffeomorphism on ’.ISC.

Finally, by the estimates on d®, it holds that <I><c0, oo ) = O(N _&"(1_”/)). However, since

(w1 tw2)
there exists s, s’ > 0 such that

(I’<B(co, aco )7S> D) B(:.(c07 aco )73, , (3‘159)

m(witw2) (w1 tw2)

it follows that (0,0) € ® (ﬁg), what ensures the existence and uniqueness of solutions to the system
(3-107) on D..

The form of the leading large-/N behaviour for an.q, by, then follows readily.
Lemma 3.2.8 The following large-N asymptotics hold

D coN n acg 2iR4 (i) (1 n 2.7:7[5](1)11«(1_{_?)) + O(L) (3.160)

2 om(w +wa) NeoR (i) N»n
and
iy _ N aco 2R () . 2]—"[g](i)1 1ie 1 161
¢ 2 21(w1 +w2)  NeoR (i) + r 1<C< + ”) + O(N”n) (3.161)

These asymptotic expansions involve the constant

4
g = Tﬂ-\/wl +w2RT<i) (3.162)

while sz, is as introduced in ([3.95)).

Moreover, it also holds that

- . C()N (%
bN;a - 10g< 2 ) * 7rN(w1+w2)
1[4l (i) 27 g](i)
{CgRJ,(i) (1 T T

Lic(1+ ?)> * 27r2N2(Z21 +w2)2} 0 jp) (3163)

N2
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and

_ . C()N (0%
INje = —log< 2 > + 7rN(w1 —i-CUQ)
1 [4iRy(0) 2 Flg] (i)
{C%Rdi) <1 B

11<<(1+ fﬁ)) N 27T2N2(Z21 +UJ2)2} - O(ﬁ) (3.164)

N2

Proof —

The result follows from direct calculations based on (3.69)) and (3.64)).

3.3 Large-N behaviour of the interpolating integral

Proposition 3.3.1 It holds

ONsa «o T
dE € Begia€) = log (22) + ilog N1 N~]
[ et = Sy e () + om0+ o [V +
(3.165)
Proof —
One starts by observing that
bN;a . o b ) e*i)\fN;a e_iAEN;a -1
d =My (§—ania) — ON;o N 1
/ o e T Ony (3166)

Here, we agree that Ty,, = EN;Q — apn.o- Thus, according to the partially integrated expression
for Wn [V](]; a] obtained in Proposition one may decompose the integral into three terms

bN;a 3
/ €€ Dega(§) = Y_H (3.167)
AN;a a=1
where
_ —iANTNia aiNTNa
(1) — tT7N Q XL()\)% A N1 () S ON;« bN;ae ; e ; 1
= N Jopm 2im L A 12(A) + x11(\) 21 (M) Ty T o [
(3.168)
’H(?) _ 97N Q ()\) (O) AN — bN;ae_i)‘fN?“ n e NN ] (3 169)
T 2N S o 20 T2 iAZTy el &

and, by employing the notations introduced in Proposition

bN;a
HO = 1P 41+ u with MY = / deew() (), ve {40}, (3.170)

AN;a
We stress that now, all the above quantities involve the solution x subordinate to the choice of
endpoints an;q, by

The first two contributions can be computed in closed form. Indeed, by applying the previously
introduced notations, one gets

@ _ TN / dA fanaxii(A) — bviaxa=(A) | xa-(A) = xai(A) 3171
H 217TNX1277( ) Rep-2i¢/ 2 i)\ZTN + )\37—]2\[ ’ ( ) )

Due to the O()\_5/2) decay of the integrand at oo
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i) the contribution of the integrand involving yi; can be evaluated by taking the residues of the
integrand’s poles located above R + 2i€¢’. Since there are no poles, this part produces 0.

ii) The contribution of the integrand involving x11,— can be evaluated by taking the residues of
the integrand’s poles located below R + 2i¢’. The only poles present are the third and second
order poles at 0.

All-in-all, one gets that

b 1
He = 2 .0-{—,’“’._0 +”._0}. 3.172
217rNX12’ (0) p— X11; (0) 27_}2\{)(11, (0) ( )
The large-N behaviour of x1, given in (3.68]), allows one to infer that
x12:—(0) = O<e_C(1_’7ﬁN%a) and Xgli);_(O) = O(Eﬁv;a) with ke N. (3.173)
This entails that
@ _ of ™ comEva ) - of oy
H? = O( e v ) = O sy ) - (3.174)
Similar handlings lead to
HO = NS bN;aa,\(X12~ ?/12>(0) + i({)Z <X12~ %12>(0)
4irN i " 272 AT

DN 1
T (Xn%n)(o) + %@ (xﬂ;_%n)(O)} . (3.175)

A long but straightforward calculation utilising the expansion (3.68)) yields

1 _ TN Do PN Lm0 = OGN (obNia _ a—GNia) . (1 — iloo’
H 4i7TNR¢(0)RT(i) {bN’ae Njoe | aN;a€ N (e N e 4N ) (1 110g Ri(O))
+ iRT(i) . [BN. e_EN;O‘ + AN eV — g7 TN:a (eEN?a — e_aN;O‘) . (1 +ilog’'R (0))}
R, (i) i o +

X (1 +o(TNe*<<1*">fN;a)). (3.176)

Observe that, for large N, one has

_ T _ Nuy.
BV + Gyae e = oy 1og( “;V ’“e) +O(N2) (3.177)
and
T -b — a UN;aTN
by e PN ™o = O — =5 ) . 3.178
v B e = O (s ) 17
Finally, by inserting the large-N expansion of the endpoints obtained in Lemma [3.2.8] one gets
20[2 1 efc(lfn)jN;a
HO = a l(M) ilog’ R (0)| — ol =+—7++—7— .
(w1 + wo) NN og | 2" ) +ilog 11,(0) (w1 + we)?N31y + N3 + N
(3.179)

3)

Hence, to conclude, it remains to estimate H(3). We estimate separately each of the Hy . For v €

{1,4}, by taking the expressions for wl(\?')T m obtained in Proposition[3.2.4|one gets the representation

() — ‘v & —i)Ty (v)
7y 4itNTN /RJrQie’ 2iTA3 (FT()\) +e Fi()‘)vg ()‘)) ) (3180)
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where we have introduced

FL(\) = (byar + 1) EP () (3.181)
Fr(\) = — (iGnar + 1) EP ) = (byvar + DEP () + e (layaA + 1) EP (V) . (3.182)

Thus, upon introducing >, = (1 — n)min{l, ¢ } and deforming the integration contours, one gets

HE) €v / dA (FT(/\),“!(“)()\)) - ;‘9)2\{6_»@1\’<F¢()‘)75(U)()‘)>}

- . _ . 3
417TNTN R-+iz, 20T\ [A=0

€ / dX e (1), E0(0) (3.183)

+ HTNTN Jroiz, 217N

Then, using that within the band |(\)| < 3z, one has the bounds

C
@) < N1 I\ 184
EVW] < Ty (N e+ N (3.184)
one readily gets that
Cty (._ L
‘7.[1()3) < N (N 111<C + N ”) . (3.185)

Finally, we focus on 7—[(()3) which, upon using that (E(LU()\), E?(A)) = 0, may be recast as

24 1 / dx  Flgl(\)
A

NTNTN Jrigie 2iTA% (ol [L

| (B0, EP ()
2

% {(iaN;a)\ 4 l)e—i/\azv;a + o NN (ibnaX + 1)} . (3.186)

Then, it is enough to observe that throughout the strip [3(\)| < 7,

(BP0, BY W) = —R(AA)wN(A) with  9y(3) = O((1+ADe =170 ) | (3.187)

In particular, the leading term has a second order zero at A = 0. This leads to

U TN (g0, B () DA L
Rz, 21TA% (ogh [%/\] 4irNTN

ib]\'/;o)\ + 1e_i>\gN;“ ‘
dirtNTN

by oA+ 1 7
ff B B0 Bl [ O T,
R—ie, R

2im )\ cosh |:7TT)\:| R(}\) 417TNTN +2ie’ 2171')\2 cosh |:7r27/\:|

(3.188)

Upon deforming further the integrals along R + iz, and picking the residues of the simple pole at
+i¢ and then applying direct bounds, one eventually gets

_ T C
{TN {N7111<< + N7#| 4 rye SU=meENate bN;“} < = [N7111<< + N~

N
(3.189)

‘7_[[()3)| < N7n

The claim then follows by putting the various estimates together.
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Conclusion

In this work, we have provided a full characterisation of the equilibrium measure which governs
the leading asymptotic expansion of the logarithm of the Lukyanov integral. This allowed us to
check by means of explicit calculations the predictions relative to the leading term of the Lukyanov
conjecture describing the large- N behaviour of a multiple-integral supposed to provide the lattice
regularisation of the vacuum expectation value of the exponential of the field operator in the
quantum Sinh-Gordon finite volume R field theory. Our calculations confirm this part of the
conjecture. However, a lack of sharp bounds on the remainder, issuing from our incapacity to
control, on sufficiently fine scales, the inverse of the master operator arising in the system of loop
equations, does not allow us to prove that indeed the other corrections which could contribute to
the asymptotics of the derivative 0, log Zn [VN;Q] will not do so on a stronger than log N scale. It
would be extremely interesting to develop a much better understanding of the scaling regimes of
the master operator appropriate for this setting.

We plan to address these questions, in full rigour, by alternative methods in further works.



Conclusion

“Space and time are the pure forms of sen-
sible intuition; for they are represented,
prior to all actual perception, as the con-
ditions of the possibility of external phe-
nomena.” Immanuel Kant
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We now give a conclusion and summarize some of the questions that arise from our work.

3.4 Central limit theorem

In Chapter (I} we managed to show a CLT for the real S-ensembles at high temperature. This was
done by using some of the tools developped in [HL21] and extending them to a non-compact case.
This required some technicalities and some new ideas. An example is the inversion of the master
operator shown by using a link between the latter and a Schrodinger operator.

Question 1: Would it be possible to extend the class of test functions allowed by Theorem [1.1.4] 7

Since Theorem [I.1.4]only includes bounded functions while the other CLT’s in the high temperature
regime [NT18| [HL21, MM24] allow for test-functions with polynomial growth, it seems likely that
our approach could lead to the same type of conclusion. A possible way to achieve this task would
be by specifying a potential (for example, a polynomial with a fixed even degree), but proving this
extension with a general V' could be challenging. Another way to improve the result could involve
reproducing the change of variables in the partition function with finer estimates on the remainders,
requiring less regularity on the test function ¢ of the change of variables z; — y; + tN 1/ 20 (y;).
Finally, when extending the set of functions for which the central limit theorem holds, the growth
conditions we require on ¢ may not be optimal, and finer estimates could lead to less stringent
conditions on the test functions.

Achieving such a task could lead to an explicit expression for the GGE-averages of the currents as
it was argued in Subsection [[.6.4] Indeed, currently we only know that this expression is valid for
bounded functions but the averages of the currents requires the knowledge on the limiting variance
O’%_ens’HT(‘/, P, .) for polynomials test-functions.

As it is the case in the classical regime, the size of the fluctuations of linear statistics are expected
to be different for singular test-function. It would be interesting to understand the fluctuations
under the choice of indicator functions as test-functions.

Question 2: Could this analysis be reproduced for singular potentials V' ?

191
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It would be interesting to see if it would be possible to include some potentials V' which present
a singularity at some point. One could think of the potentials of the type V' : z +— |z|7 for
1 < v < 2. These potentials and their first derivative are continuous but their second derivative
admit a singularity at the origin. Doing so would require to invert the master operator in that case
which is not trivial.

Question 3: Would it be possible to understand the continuity of the variance with respect to the
parameter P as in [HL21] ?

We recall that in this article, the authors obtained a CLT similar to our result in the circular
case. Although their result allow for a broader class of test-functions, we obtained the same
limiting variance a%_ens’HT(V, P,.) [DGMZ23] as in their result. They managed to understand the
asymptotic behaviour in P of the limiting variance. For all test-functions ¢ regular and integrable,
their result goes as follows:

—V(z
o3 ar(V, P,y) — \|¢‘|22 < /;b(x)Qe()d:c.
B—ens, ’ P—0 L2(uy,0) T f'ﬂ‘ e*V(y)dy

This variance corresponds to the limiting variance of the classical CLT for iid particles of law given
—V(z)
e

by ——
y f’]I‘ e*V(y)dy
measure; iy, p, that one recovers the 1/2-Sobolev norm when P — 400, i.e.:

dxz. They also managed to show that, under certain hypotheses on the equilibrium

+o0
2 2 (def) > 2 -~ (def) ik 4
HramanVP) 2 Wl 23 ki B [ p@eg

As was shown in [Joh90], this corresponds to the limiting variance of the classical f-ensemble. This
can be seen as a consequence of the Gauss-Wigner crossover as one expects that in the P — 0
limit, one recovers the equilibrium measure for iid particles, while in the P — +oo limit, one should
recover the equilibrium measure corresponding to the S-ensemble in the classical regime.

Showing this type of result in our case of the real line would require to have a control on the
P-dependence of the equilibrium measure py,p. This dependence of py, p has been understood in
[GM22] and it would be interesting to see if this knowledge would be enough to adapt the arguments
of [HL21), Section 8§].

3.5 Asymptotic of the partition function

The inversion of the master operator in Chapter [I] paved the way for the applicabilty of the loop
equations analysis method. In Chapter |2, to show the existence of a N~! asymptotic expansion for
the logarithm of the partition function for potentials of the form z? 4+ ¢ with ¢ a bounded smooth
function. Since the a priori bound shown there is different from the usual ones and includes a
stronger norm, it was necessary to obtain more subtle continuity controls on the inverse of the
master operator. This allowed me to derive the existence of an asymptotic expansion for the
linear statistics. I was finally able to control the dependence with respect to the potential of the
equilibrium measure which led to the final result.

Question 4: Would it be possible to adapt the proof of Chapter [2|in order to get more potentials
than just the sum of a quadratic potential and a bounded smooth function ?

This is very likely that this AE holds for more general potentials. In many cases, the loop equations
analysis was sufficient to include many more potentials like strictly convex polynomial potentials
in the classical S-ensemble case [BG13a] or in the sinh-model [BGK16].
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Extending this procedure to the class of strictly convex polynomial potentials, V (z) = 2% + 22/2
for example, would require to be able to obtain the AE of the following linear statistics

E" [ /R xQPdEN(:J:)} . (3.190)

While the a priori bound obtained in [DG24] allowed to deal only with bounded functions, it
would be necessary to obtain a similar one for unbounded functions. To state things in a clearer
way, we introduce the following exponential regularization, let ¢,, a function in n real variables,

Kuldl(6r, o &) S T eV guler . 60).
a=1

Obtaining an a priori bound of the form:

C
[Ond, | < e (N 0n] + N 20000 |
where
N6, 1 D e 16w @, N6, 1 S 1 (bl g2y

would represent a major step towards proving the existence of an AE for linear statistics with
unbounded functions. Even though it does seem reasonable to expect that such a bound hold, I
was not able to prove this in [DG24].

The inverse of the master operator should also be continuous with respect to these norms. Indeed,
the method that I used to prove the controls with respect to the H™/2? and W>° norms consisted on
relying on an integral representation for the inverse Z~!. Furthermore, by performing integration
by parts and estimating the growth of every building blocks that appear in this description of the
derivatives of the inverse, I managed to prove the desired expression. It seems that this procedure

could be adapted to show continuity with respect to the norms N,E”)"X’ and N,ﬁ”)’?

The two steps would be enough to prove the existence of a large-N expansion for the linear statistic
(3.190). To conclude about the large-IN expansion of Zﬁ [me + 22/ 2], one must be able to prove

def
that, setting V;(z) (90 42w + 22 /2, the map t + py, is continuous with respect to the W, °-norm.

Our proof in the case where 2?? is replaced by a bounded smooth function ¢, relied on the fact that
def) PV; — PV, 1
(def) %— is the fixed point of a contractive operator with respect to the W, °-norm.
—l PV

The proof for the contractivity property heavily relied on the fact that ¢ was bounded and it would
certainly not work anymore when ¢ is replaced by an unbounded function. Perhaps, it is still
possible to prove that this operator is contractive but with some other norm, namely a weighted
(det) || f

1+ |V

Ut

norm of the form N[f]

W2 (R)
Solving these 3 problems would again allow one to prove the existence of an all-order AE for

log Zﬁ [V] for V in larger class that just a the sum of a quadratic potential and a bounded smooth
function.

Question 5: Would it be possible to apply these techniques to grasp the asymptotic behaviour of
the partition function of S-ensembles in the classical regime but for singular potentials ?

An obstacle for establishing the existence of an AE for log Zj(f) [V] is often the lack of regularity

of the potential. For example, when V(z) = |z|” for 1 < v < 2, one can show that V" will admit
a singularity at zero. This will translate in the fact that the derivative of the equilibrium density
Py s has a singularity at zero.
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To see why it is an obstacle, one needs to write the first loop equation:

-1 _
T ) (3.191)

The obstruction in conducting the loop equations analysis comes from the presence of the derivative
term, namely the third one. Indeed, when recentring around the usual equilibrium measure py g,
as explained in the introduction, the master operator K, introduced in , will appear. After

using ¢ = K~![¢/] as the test-function in the recentred version (3.191]), one will have to deal with

def) _ .
a problematic 1-linear statistic given by (KX~1[]’) £y Where Ly (def) IN — py,g is the recentred

empirical measure. The singularity of the equilibrium measure at zero wil imply a singularity for
the inverse of the master operator acting on any function. This can be seen via . It will thus
not be possible to apply the a priori bound for this function.

One way to overcome this difficulty is to recenter against a N-dependent measure ,u%,Nﬂ) with C!

p.d.f. which pgfj\g which satisfies for all h sufficiently regular:

1 h(z) — hy) , (v N b N gt—1/2 [ N
o=5 [ MO @anN) - [ hev@dd)e - T [ H @)
[a,b]? r—y a a

This measure includes entropic effects just as the equilibrium measure of the S-ensembles in the
high temperature regime but with a N~! ponderation for the entropy. This recentring induces the

following change on the loop equation at level 1:

1 ~  (def) o
0= (D) g0z, + (KnleDz, Ln "= v — iy, (3.192)

where the N-dependent master operator K is defined by:

x) — -1
Knlo)(z) ‘< /R wdu‘v{?(y) ~ h(@)V' (@) + 6N1/2h’(:v). (3.193)

This operator can be seen as the master operator in the high temperature =, introduced in ,
but admitting an explicit dependence in N. It could in principle be inverted and controled using
the same techniques developped in [DGM23, [DG24].

Working with this more involved N-dependent equilibrium measure has the advantage of producing
a first loop equation ([3.192)) which doesn’t contain problematic terms anymore, i.e. a linear statistic
involving a derivative.

It is an open question whether one would be able to conduct the loop equations analysis method
for singular potentials with this new equilibrium measure and new master operator.

3.6 On the equilibrium measure for the Lukyanov integral

In Chapter |3] we were able to give a strong check of Lukyanov’s conjecture. Indeed, relying on
[BGK16], we obtain the main properties for the equilibrium measure relative to a specific N-
dependent potential including an explicit asymptotic expansion for its endpoints an,by. This
allowed us, under the natural hypothesis that a remainder termis sufficiently small, to see that
the renormalization N~? for a certain # in Lukyanov’s conjecture is necessary in order to have
a well-defined limit leading to an expression for the vacuum expectation value associated to the
exponential of the field operator in the sinh-Gordon model in 1 4+ 1 dimension and finite volume.

Question 6: Would it be possible to get rid of the assumption (121))?
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We believe that this is doable by using the bi-orthogonal polynomials approach for the sinh-model.
Following the RHP approach to bi-orthogonal polynomials developped in [CR13], it would be nec-
essary to adapt the Deift-Zhou non-linear steepest descent in this case, namely with the hyperbolic
Vandermonde as well the non-varying weight case. Having obtained several properties about the
equilibrium measure, this would allow us to show in a future work that we can indeed get rid of
this assumption.
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Index of notations

Matrices, operators and transforms

e Tr refers to the usual trace of a matrix or of a trace-class operator.

e det refers to the usual determinant on matrices or to a Fredholm determinant according to
context.

e id refers to the identity operator. Iy denotes the N x N indentity matrix.

e My (C) denotes the space of N x N matrices with complex entries.

e On(R) denotes the orthogonal group of dimension N.

e Uyn(C) denotes the unitary group of dimension N.

e 1 (C) denotes the space of Hermitian N x N matrices.

e SLy(C) denotes the special linear group of dimension N with complex coefficients.
e SON(R) denotes the special orthogonal group of dimension N.

e F(2) denotes the Euclidean group of dimension 2.

e F refers to the Fourier transform which is defined for all f € L*(R) N L?(R), by

def -
Firw) = [ et
Note that the minus sign convention is changed into a + sign in Chapter

° ][ denotes the Cauchy principal-value on an interval I.
I

e 7 denotes the Hilbert transform and is defined for a function f € L%(R), by

(def) f

Hif@e " f L

dy.

e Cy denotes the Cauchy-transform on a contour ¥ C C and is defined by

(def) [+ f(s) ds

v §— 22w

Cslf1(z)

cO(C\).

Sets, functional spaces, norms and distances

e N denotes the set of natural numbers.

e N* denotes the set of positive natural numbers.

197
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7Z denotes the set of integers.

R denotes the field of the real numbers.

C denotes the field of the complex numbers.

H* denotes the set of complex numbers of imaginary part (strictly) positive/negative.
S! denotes the unit circle in the plane.

O(U), where U is an open set of C, denotes the space of holomorphic functions on U.

Ck(U ), where U is an open set of R™ and k € [0,+oc], denotes the space of functions
differentiable k times whose k-th derivative is continuous.

M (R) stands for the space of probability measures on R.

Let X be a Borelian set, we denote by LP(X) the space of p-th power integrable functions on
X with its borelian o-algebra and the Lebesgue measure. In case of another measure p on
R, we write LP(u) space. The corresponding norms are defined by:

1/p 1/p
(def) (def)
el ( /. |u<x>|pda:) 7 oy ( / \u(x)\pdu@))

W (RP) denotes the space of functions f such that f*) € L®(RP) for all k = 0,...,n. Its

. def
norm is defined by [ f[|yee (r) (def) kgﬁ%ﬁﬂuf(k)”m(m

We define the Sobolev spaces for all m > 0 by

m n def n
H™(RY) S {4 € LR, [u] g gy < 400}

where

(def) m n
Jalloary < [+ I 1P )

Above, ||.||2 denotes the Euclidean norm on R". If u € M;(R), we also define the weighted
Sobolev space: with respect to u by

() ) {u e L), u® e L2}

D? denotes the “distance” on the space of measures defined by .

Special functions

I" denotes the Euler’s Gamma function.
¢ denotes the Zeta function.
Ai denotes the Airy function.

x denotes a special case of the general Barnes ¢ function in the Introduction defined in
and the solution of the Riemann-Hilbert problem relative to the sinh-model.

B,, denotes the n-th Bernoulli polynomial.

Vi denotes the Gaussian potential Vg(z) = 22/2.



3.6. ON THE EQUILIBRIUM MEASURE FOR THE LUKYANOV INTEGRAL 199

Constants

e ~v denotes the Euler-Mascheroni constant.
e Cy g denotes the constant appearing in the characterization of jy g .
e Cy p denotes the constant appearing in the characterization of py, p .

Multiple integrals

. Z](\f) [V'] denotes the partition function of the classical S-ensembles with at inverse temperature
6 > 0 and potential V' defined in .

e Zx[V] denotes the partition function of the S-ensembles in the high temperature regime with
potential V' defined in . The dependence in P > 0 is implicit here.

Measures

e dV )\ denotes the Lebesgue measure on RY with integration variables (A1, ..., Ay).

e Ly denotes the equilibrium measure of the classical S-ensembles with parameter 3 and
potential V' defined in Theorem [[.3.T} Tts p.d.f. is denoted by py,s.

e Ly p denotes the equilibrium measure of 3-ensembles in the large temperature regime with
parameter P and potential V' defined in Theorem Its p.d.f. is denoted by py,p. The
measure is denoted by py and its p.d.f. py in Chapter [1] and

e /5. denotes the semi-circle distribution whose pdf is given in Subsection [.3.2]

(N)
q

® [ieq  denotes the N-dependent equilibrium measure in the sinh-model.

e According to context, £y denotes the recentred distribution fiy —pv,g, iy —pov,p or N — ugg).

n
e X u; denotes the product measure of the p;’s.
i=1
e N(m,c?) denotes the normal distribution with mean m € R and variance o2 > 0.

® X denotes the y-distribution of parameter o > 0.

Functionals

e &y p is the functional defined in involved in the LDP for the classical S-ensembles.

e &y p is the functional defined in involved in the LDP for the S-ensembles in the high
temperature regime. It is sometimes simply denoted £.



200 CHAPTER 3. ON THE EQUILIBRIUM MEASURE FOR THE LUKYANOV INTEGRAL



Appendix A

Functional analysis

This appendix is based on the following references [Reel2l, [RS03l RS78| [Kat12, [HS12].

3.1 Unbounded operators

3.1.1 First definitions

The theory of unbounded operators has been developed in the 1920-30’s by Von Neumann and Stone
to overcome functional analysis developed by Banach, Hahn, Helly etc... One reason for developing
this theory comes from putting the ground for a mathematically rigorous framework for quantum
mechanics.

Definition 3.1.1 Let X and Y two Banach spaces, an unbounded operator is a linear T :
D(T) — Y where D(T) is a vector subspace of X and is called the domain of T. If D(T) is
dense in X, we say that T is densely defined.

def
Typical unbounded operators are differential operator, for example T (deh) I which deteriorate
x

the smoothness of the function it acts on.

A notion that is very useful when considering unbounded operators is the closed property. For that
we define the graph I'(T) of an unbounded T': X — Y as follows:

IT) = {(z,T(z)) e X xY,z € D(T)}

Definition 3.1.2 Let T : X — Y an unbounded operator, we say that T is closed if its graph

def
[(T) is closed for the product norm ||(z,y)| vy (4D llzl|x + [Jylly-

Namely this tells us that for each (2,,%,) € X" x YN, such that there z, — z and Tz, — ¥,

then z € D(T) and Tx = y. It is also equivalent to D(T') being complete for the graph norm

def
defined by ||z (deD |z||3% + | Tx||?. Furthermore, if T" is not closed but closable, in the sense

that '(T) is the graph a of an unbounded operator T (therefore automatically closed), we call T
the closure of T

It can be seen that for a closable operator T, the domain of its closure D (T) is exactly the

completion of I'(T") with respect to its graph norm ||.||7.

Example 3.1.3 e Wetake X =Y = LP(RY) for p > 1, d € N* and f € X. We define the
multiplication operator My : g € D(My) — fg where

p(My) L g e X, fg e X} = 17 (RE1+[1P)
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By the last equality, it is direct to conclude that D(My) with its graph norm is complete
hence My is closed.

e The second example is about the Laplacian in RY. With the following notations, we take
X =Y = L*(R%) and we define:

Tou 9N A for all u D(Tp) () C(R)

Tyu ') Au for all w e D(T)) 'Y H2(RY)
One can show that T} is the closure of Ty using that H2(R?) can be seen as the completion
of C*(R?) with respect to the H2(R?)-norm.

The following property is obvious.
Proposition 3.1.4 Let T : X — Y an unbounded closed operator, then

T is a bounded operator iff D(T) = X.

3.1.2 Adjoint

Now, we would like to state an unbounded version of the spectral theorem. To do so, we need to
put ourselves in an Hilbert space H with its inner product (.,.) and define a notion of adjointness
for an operator that is not defined everywhere.

Definition 3.1.5 Let T : H — H an unbounded operator, we say the unbounded operator T™ :
H — H is the adjoint of T if for all x € D(T) and y € D(T*) it holds that

(Tz,y) = (z,T"y) .
The domain of T* is defined as follows

D) L {y e H, w € D(T) — (Tx,y) € H')

where H' is the topological dual of H.

We need to make several comments. First, one should notice that this is exactly the same definition
as in the bounded case (i.e., we define T*y as the Riesz’s representant of the linear form z — (T'z, y),
except that in our case Riesz’s theorem would fail to be applied for every = € #H.) Secondly, in
the definition of D(T), we wrote “ € ” for ”“can be extended into a continuous linear form on
‘H‘. Thirdly, one should notice that the adjoint 7™ of a unbounded closed operator T exists if and
only if T is densely defined since otherwise T*y is not uniquely determined. Indeed, one could
add to definition of T*y, any z € D(T)*. Thus in the following, we only consider densely defined
unbounded operators T'.

Proposition 3.1.6 Let T a densely defined unbounded operator on H, then T* is a closed densely
defined operator. Furthermore if T is closable then, T* is densely defined.

Now that we reviewed the basic construction of adjoints for unbounded operators, we can state the
subtleties that arise when considering self-adjoint unbounded operators.
Definition 3.1.7 Let T be a densely defined unbounded operator on H, we say that T is symmet-
ric if for all u,v € D(T),

(Tu,v) = (u, Tv) .

This definition is equivalent to T™* being an extension of T" in the sense that D(T) C D(T™*) and that
on D(T), T* = T. Furthermore, we say that T is self-adjoint if D(T) = D(T*) and T'= T, then
if T is self-adjoint, it is necessary closed. When it is only the closure of T, T that is self-adjoint
then T is said to be essentially self-adjoint.
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Example 3.1.8 e The multiplication operator My on L?*(R?%) defined above is self-adjoint if
and only if f takes real values almost everywhere.

e For the Laplacian on R?, it is direct to see that Tj is symmetric and that T} is self-adjoint.
T1 being the closure of Ty allows us to conclude that Tj is only essentially self-adjoint.
Proposition 3.1.9 Let T be a self-adjoint injective unbounded operator on H, then T~ : T (D(T)) —
D(T) is also self-adjoint.

3.1.3 Spectral theorem for unbounded operators

In the following H denotes a Hilbert space.
Definition 3.1.10 A projection-valued measure on (R, B(R)) is a map v : B(R) — B(H) such
that

i) For all A € A(R), v(A) is a projection on H.
ii) v(0) =0, v(R) = Idy.

iii) Let (Ap)nen a sequence of disjoint sets in B(R), then

v (U An> = ().

neN neN

The spectral theorem in the bounded compact case states that there exists an orthonormal basis
(1) jen composed of eigenfunctions for the operator 7" with corresponding real eigenvalues ()\;);en
such that

T = N () ¥

JEN

This can be seen as an integral over the spectrum of T with respect to a projection-valued measure
vy such that vp(Aj) = (.,4;)1; which is indeed the orthogonal projection on C.¢p;. We state the
general version, when the spectrum might be continuous and hence the support of the projection-
valued measure being non-discrete, below.

Theorem 3.1.11 Let T be an unbounded self-adjoint operator on H, then there exists projection-
valued measure vy such that

T= / xdvp(z).
R

The projection-valued measure vy is called the spectral measure of T.

3.2 Form domains and Friedrichs extensions

This Section is dedicated to the description of a technique in operator theory called the Friedrichs
extension and is based on a [Non21]. The technique can be heuristically explained as below.

If (T,D(T)) is a symmetric, bounded by below operator on a Hilbert-space H, then one can define
an associated closable quadratic form (g, D(q)) which is also bounded by below. By closable, we
mean that there exist an extension, (g, D(q)) of (¢, D(q)) which is closed. Finally, from this closed
form one can, by Riesz’s theorem, obtain an extension, (T, D(T)), of (T, D(T)), which is self-adjoint.
This procedure is summarized as below:

(T,D(T)) — (¢, D(q)) — (@.D(q)) — (T, D(T)).
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3.2.1 Preliminaries

Definition 3.2.1 A quadratic form (q,D(q)) is said to be closed if the quadratic form is symmetric
and bounded from below, i.e. there exists C € R, such that for all u € D(q),

q(u, u) > Cllullf,
and such that D(q) equipped with the scalar product

def
<u7 'U>q (:) Q(u7v) + (C + 1) <U?U>H
is a Hilbert-space. (q,D(q)) is said to be closable if there exists a closed form (q,D(q)) which
extends it. In that case, we say that the latter is the closure of (¢, D(q)).
Definition 3.2.2 A quadratic form (q,D(q)) is said to be bounded on H if D(q) = H and such
that there exists C > 0 such that for all u,v € H,

lq(u, v)| < C-[Jull3-[lv]lo-

Furthermore, such a form is said to be coercive if it is bounded and there exists o > 0, such that
for allu e H,
2
lq(u, u)| = o lullz

Furthermore, one can associate a quadratic form gp associated to a general operator T’
Proposition 3.2.3 If (T, D(T)) is a symmetric, bounded from below operator, then (qr,D(T)) its

associated quadratic form defined for all u,v € D(T), by qr(u,v) (def) (T'[u],v), is bounded from

below and closable.

3.2.2 Extension of unbounded operators

In the present appendix, although the method is very general, one can think of T" as the one-
dimensional Schrodinger operator, i.e. for all u € C®(R), T[u](z) = —u”(z) + (2? + 1)u(z).
Suppose H is a dense Hilbert-space in a bigger Hilbert-space H. We define the following Hilbert-
space H = L?(R).
Definition 3.2.4 A symmetric operator (T, D(T)) is said to be bounded by below if there exists
c € R, such that for all u € D(T),

(TTu], ) > cljul

One can verify that, our example is indeed bounded by below:

(def)

(Tu), u)zy = /]R o (z)u(z)dz + /

Rx2u(a:)2da: = [[W/ 172 m +/R(x2 + Vu(z)’de > ||ul| 72 g)-

One thus considers its associated quadratic form defined for all u € D(q) (deh) C*(R) by

wMo=<ﬂwa®=mmmm+Amﬂﬂmwwm

Furthermore, (T, D(T)) is symmetric and bounded from below, hence (¢, D(q)) is closable and we
(def)

can consider its closure (g, D(g)) by Proposition [3.2.3] One can show that in our case, D(q)

{u e HY(R), |z|u € L*(R)}. In the following, we set H (deh) D(q) equipped with its scalar product

def
(u, )y (def) G(u,v). g is indeed a scalar product it is coercive and symmetric.

We are now able to extend the initial operator (T, D(T)) into a new operator (T,D(T)).
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Definition 3.2.5 Let (g, D(q)) be a quadratic form onH. Then, there exists an operator (T, D(T}))
associated to q such that

(d

f — _
D(T,) 1ef) {u € H, v q(u,v) can be extended into a continuous linear form on ’H}

For all w € D(Ty), Ty(u] is defined as the Riesz’s representant of the extension v — q(u,v) in a
continuous linear form.

Thus one is able to

Theorem 3.2.6 Let (T, D(T)) be a symmetric operator on H, consider (g, D(q)) the closure of the
quadratic form (gr,D(qr)) associated to (T,D(T)) as in Proposition[3.2.3 The domain D(qr) is
called the form domain of T and is denoted Q(T). Finally, the self-adjoint operator (T, D(T))
associated to (q,D(q)) is called the Friedrichs extension of T.

Furthermore, by enoying the coercivity of g, it is possible to state nice properties about its Friedrichs
extension. It is summarized in the following theorem.

Theorem 3.2.7 Suppose that (q,D(q)) is a closed coercive quadratic form on H and that for all
u € H, ||lully > |lullzz.- Then, the operator (Ty, D(T,)) constructed in Deﬁm’tz’on satisfies:

e D(T,) is dense in H.
o T,:D(T,) — H is bijective.

) Tq_1 is a bounded operator on H.
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Appendix B

Large deviation principles

One can find more details in the excellent books [RAS15] [DZ9§]. In this appendix, we fix (2, F,P)
a probability space.

Definition 3.0.1 Let X be a topological space. A function f : X — [—oo,+0o0] is lower semi-
continuous if for all c € R, {f < c} is a closed susbet of X.

Definition 3.0.2 Let [ : X — [0, +00] be a lower semi-continuous function and (rn) be a positive

sequence such that vy N—> +00. A sequence of probability measures (un)n in M1(X) is said to
—00

satisfy a large deviation principle at speed v with rate function I if the following inequalities hold

forall AC X:
1 . 1 —
—inf I(z) < liminf — log un(A) < limsup — log un(A) < — inf I(x). (B.1)
z€A N—oo TN N—oo TN z€A

We will just denote it by LDP(un,rn, 1) in such a case.

Definition 3.0.3 (Exponential tightness) We say that a sequence of probability measures (un )N
of M1(X) is exponentially tight at scale uy if for all M > 0, there exists a compact set Ky of X
such that

1
li —1 K¢ —M. B.2
i og i (Kjy) < (B.2)
The first result that we recall is the famous Sanov’s theorem. The statement is a LDP for the law

of the empirical distribution uy = N Zfi 1 0x, for a sequence of iid S-valued random variables.
We denote by px the law of the random element fiy, i.e. for all Borel subset B C M;(S )EL

def ~
on(B) "2 P (i € B). (B.3)
Theorem 3.0.4 (Sanov’s theorem) Let S be a Polish space, A € M1(S) and a sequence of iid

S-valued random variables (X;)i>1 of law X\. Then LDP(pn, N, H) holds on the space M1 (S) with

the convez rate function defined for allv € My(S) by H(v) (deh) H(v|\) where H(v|\) is the relative

enropy of v with respect to A defined by
dv
e log —(x)d ) < A,
Hw|A) < /S o8 gy (T () iy (B.4)

400 otherwise.
Theorem 3.0.5 (Varadhan’s lemma) Let (uy) be a sequence in My (X)) such that LDP(un,rn, I)
forrn N—> +oo and I a rate function. Let f: X — [—00,+00] be a bounded continuous function
— 00
then,

lim 1log/ N @ dpy (z) = sup (f(x) - I(az)) (B.5)
N—oo TN X z,f(z)AI(x)<+oo

IThis set is itself a Polish space when equipped the weak topology generated by Cj (S)

207
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The next result is about a sort of converse of Varadhan’s lemma.
Theorem 3.0.6 (Bryc’s inverse lemma) Let (un)n be an exponentially tight at scale uy se-
quence of probability measures of M1(S) such that for all bounded continuous function f,

e 1
A lim —log / N Wy (z)  exists. (B6)
N—oo UN S

Then LDP(un,un, I) holds with

I(z) "< sup {/ () = A} (B.7)

where the supremum runs over all bounded continuous functions.



Appendix C

Riemann-Hilbert problems

Excellent reviews can be found in [Dei99, Chapter 1], [AF03, Chapter 7] and [Gak90]. We recall
that given an oriented contour ¥ C C, we call the plus (respectively minus) side , the left (resp.
right) side as one traverses the contour in the direction of the arrow. We define the boundary
values of a function f defined in a neighborhood of 3, when these objets are well-defined by,

(def)

VzeX, fi(z) lim  f(2). (C.1)

2=z
' e+ side

Definition 3.0.1 (Riemann-Hilbert problem) A scalar Riemann-Hilbert problem (RHP) re-
quires in the data of an oriented contour % C C and a function g defined on 3. This determines a
RHP as follows: Seek for the set of solutions f satisfying the following conditions:

e feO(C\Y)
o fi(z)=f_(2)g9(z) for all z € ¥ (Jump condition)

The definition above is scalar but it is often the case that one seeks for matrix valued solutions. Also
the jump condition we gave is multiplicative but one could also take an additive jump condition.
One usually adds an asymptotic condition at infinity such as f(z) = h(2) +o(z!). This condition
usually ensures the uniqueness of solution of the RHP.

The next definition concerns the so-called standard RHP, the ones that are easier to solve.
Definition 3.0.2 A standard RHP is of the following form, given (X, g)

o feO(C\Y),
o fi(2)=f-(2)+g(z) forall z€ X,

o f(2)=0(z71) as z — 0.
Definition 3.0.3 (Hilbert transform) The Hilbert transform defined for all f € C°(X) by

Vo e R, Hf](x) D £ L) 4 (C.2)

»S5S—x

and extended as a bounded operator on L*(X,ds).
Definition 3.0.4 (Cauchy operator,[Cal77]) Let X be a self-intersecting Lipschitz curve in C,
we define the Cauchy operator Cx acting on L*(%,ds) by

(def) [+ f(s) ds

Ve L*(%,ds) Cslf](2) w5 — 2 2ir

cO(C\ ) (C.3)

209
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For any f € L*(%,ds), Cx[f] admits L*(X,ds) boundary values Cs. +[f]. The operators Cx. 4 are
bounded operators on L*(3,ds) which satisfies the Sokhotski—Plemelj formulas, namely

Colf] ~ Co[f] = . Co i [f] + - [f] = - HIf] (C4)

def
Proposition 3.0.5 A standard RHP admits a unique solution given by f (def) Cxlg].
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