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Résumé

Cette these de doctorat porte sur ’étude de deux objets probabilistes, les mesures de chaos multiplicatif
gaussien (GMC) et la théorie conforme des champs de Liouville (LCFT). Le GMC fut introduit par Kahane
en 1985 et il s’agit aujourd’hui d’un objet extrémement important en théorie des probabilités et en physique
mathématique. Tres récemment le GMC a été utilisé pour définir les fonctions de corrélation de la LCFT, une
théorie qui est apparue pour la premiere fois en 1981 dans le célebre article de Polyakov, “Quantum geometry
of bosonic strings”.

Grace a ce lien établi entre GMC et LCFT, nous pouvons traduire les techniques de la théorie conforme
des champs dans un langage probabiliste pour effectuer des calculs exacts sur les mesures de GMC. Nous
partons des équations de BPZ pour LCFT, introduite par Belavin, Polyakov et Zamolodchikov en 1983. Le
méchanisme de ces équations sera étudié vers la fin de cette thése et nous prouvrons les équations de BPZ
d’ordre supérieure avec un formalisme général.

En développant les méthodes probabilistes établies par Kupiainen-Rhodes-Vargas pour la résolution des
équations de BPZ et en traitant plusieurs difficultés majeures, nous obtiendront des relations non triviales
sur les objets fondamentaux du LCFT. Plus précisément, nous prouvrons les formules exactes pour toutes les
constantes de structure du LCFT sur le disque avec la constante cosmologique nulle a I'intérieur du disque, dont
une parmi ces quatre a été résolue par Remy en 2017. Comme cas particulier, nous trouverons la distribution de
la masse totale du GMC sur Iintervalle avec des log-singularités placées en deux extrémités, qui a été conjecturé
indépendamment par Ostrovsky et par Fyodorov, Le Doussal, et Rosso en 2009. Une autre conséquence directe
est la loi de la masse totale du GMC sur le cercle avec log-singularité en 1, conjecturé par Ostrovsky en 2016.

Abstract

Throughout this PhD thesis we will study two probabilistic objects, Gaussian multiplicative chaos (GMC)
measures and Liouville conformal field theory (LCFT). The GMC measures were first introduced by Kahane
in 1985 and have grown into an extremely important field of probability theory and mathematical physics.
Very recently GMC has been used to give a probabilistic definition of the correlation functions of LCFT, a
theory that first appeared in Polyakov’s 1981 seminal work, “Quantum geometry of bosonic strings”.

Once the connection between GMC and LCFT is established, one can hope to translate the techniques of
conformal field theory in a probabilistic framework to perform exact computations on the GMC measures. We
start from the BPZ equations for LCFT, introduced by Belavin, Polyakov and Zamolodchikov in 1983. The
mechanism of these equations is studied in the last part of this thesis and we prove the higher order BPZ
equations with a general formalism.

Following the probabilistic methods established by Kupiainen-Rhodes-Vargas for the resolution of the BPZ
equations and after overcoming several major difficulties, we obtain non trivial relations for some fundamental
objects of LCF'T. More precisely, we prove the exact formulas for all the four structure constants of LCFT on
the disk with null cosmological constant in the bulk, one of which was solved by Remy in 2017. As a special
case, we find the distribution of the total mass of GMC on the interval with log-singularities put on both ends,
a conjecture that has been independently predicted by Ostrovsky and by Fyodorov, Le Doussal, and Rosso in
2009. Another direct consequence is the law of the total mass of GMC on the unit circle with a log-singularity,
conjectured by Ostrovsky in 2016.
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CHAPTER 1

An overview of Gaussian chaos and Liouville theory

In collaboration with Guillaume Remy. A great thanks to him for sharing with me his texts.

1.1 Introduction

The present chapter is destined to give an overview of the results concerning two probabilistic objects, the
Gaussian multiplicative chaos (GMC) measures and Liouville conformal field theory (LCFT). We will present
the definitions, the most important properties and the required information the reader needs to understand
the following chapters. The theory of Gaussian multiplicative chaos was first introduced heuristically by B.
Mandelbrot in 1972 in [65, 66] and then defined rigorously by J.-P. Kahane in 1985 in [56] and has ever since
been extensively studied in many problems of probability theory and mathematical physics with applications
including random geometry, 2d quantum gravity, statistical physics, 3d turbulence and mathematical finance.
See [92] for a review.

On the other hand Liouville conformal field theory was only very recently understood as a probabilistic
object. It first appeared in the physics literature in the seminal paper “Quantum geometry of bosonic strings”
by A. Polyakov in 1981 [82]. Considerable efforts were then devoted by theoretical physicists to try to solve
Liouville theory - in other words to compute its correlation functions - motivated by its importance in the
study of non-critical string theory and of random geometry in two dimensions. A major step in this direction
was taken by Belavin, Polyakov, and Zamolodchikov (BPZ) in 1984 in the paper [10] which laid down the
foundations of conformal field theory (CFT).! Liouville field theory is indeed a CFT and using these techniques
the celebrated DOZZ formula was conjectured independently by Dorn and Otto in [25] and Zamolodchikov and
Zamolodchikov in [108]. This formula gives the value of the most fundamental quantity in Liouville theory: the
three-point correlation function of the theory on the Riemann sphere. However, the major problem behind this
study of Liouville theory was that it completely lacked mathematical rigour and the derivation of the DOZZ
formula was seen more as a guess even on a physics level of rigour. The biggest problem came from the fact
that it appeared unclear how to construct a consistent theory based on the so-called path integral formalism in
the case of Liouville theory. Many reviews on LCFT abandon this path integral definition right from the start
and replace it by purely algebraic definitions. This is the famous conformal bootstrap approach to LCFT, see
[91].

1The original motivation of BPZ in [10] was precisely to obtain an exact value for the correlation function of LCFT although
CFT has now grown into a huge field of theoretical physics with countless applications.

7



8 CHAPTER 1. AN OVERVIEW OF GAUSSIAN CHAOS AND LIOUVILLE THEORY

A decisive step to solve this problem was made by David-Kupiainen-Rhodes-Vargas in the paper [20] where
a probabilistic definition is given for the Liouville field theory. The authors find a way to interpret the path
integral of LCFT: using a regularization and renormalization procedure they obtain a rigorous probabilistic
definition of the theory. The correlation functions of LCFT are thus expressed in terms of moments of GMC
measures with log-singularities. We emphasize that this establishes a link that was unknown to two major com-
munities of physicists, the statistical physics community working with GMC related models and the theoretical
physics community working on LCFT.

Once a probabilistic content has been given to the correlation functions of LCFT, the next natural step is to
try to prove all the properties one expects for a CFT. The correlation functions of LCFT are shown to behave
as conformal tensors (KPZ formula) and obey the Weyl anomaly (behaviour under a change of background
metric). Next we can introduce the stress-energy tensor of the theory and prove the Ward identities. Lastly
the BPZ equations are established for a correlation function where at least one of the point in the correlation
has a so-called degenerate weight. These differential equations are extremely important as they translate the
constraints imposed by the local conformal invariance (by opposition to the KPZ formula which just takes into
account global conformal invariance).

Using these BPZ equations CFT tells us that it should be possible to perform exact computations of certain
correlation functions with a small number of points. In the case of Liouville theory the precise way to extract
information out of the BPZ equations to obtain non-trivial relations on the correlation functions goes back
to Teschner [101]. On the Riemann sphere the simplest correlation is the three-point function and the BPZ
equations thus lead to relations that completely determine this function, this is the content of the celebrated
DOZZ formula. Implementing all of the above in a probabilistic framework allowed Kupiainen-Rhodes-Vargas
in 2017 to give a proof of the DOZZ formula [60, 61]. Very shortly after, the same procedure was implemented
by Remy to prove the Fyodorov-Bouchaud formula [41] that can also be interpreted as a bulk one point function
of boundary LCFT on the disk with ppr = 0, see 1.3.2 for the Liouville potential on the disk. The above
mentioned works are both based on BPZ equations with a degenerate insertion in the bulk (in the sphere case
there is no boundary), the general mechanism of this type of BPZ equations will be explained in chapter 4.

This thesis continues to investigate the other three building blocks [37, 52, 84] of boundary LCFT, in
the case where ppyx = 0. The BPZ equations in this case are also discussed in chapter 4. One of the main
reasons for working in this regime is that the BPZ equations for boundary LCFT are not completely under-
stood. Writing BPZ equations with a degenerate insertion on the boundary adds some special constraints on
boundary cosmological constants around the degenerate insertion and it is still a work in progress. However,
when gy = 0, the condition simplifies to a phase change and we can obtain a stronger holomorphic version
for the BPZ equations on the boundary. We illustrate in chapter 3 how these differential equations can be
directly obtained without prior knowledge of LCEF'T. In some special cases of our building blocks, we recover
several results of GMC measures: the distribution of the total mass of GMC on the interval with two insertions,
and the distribution of the total mass of GMC on the circle with one insertion, the latter also known as the
Fyodorov-Bouchaud formula with insertion. Let us take a small detour in the world of statistical physics. In
this world GMC measures were first considered on the interval in the work of Bacry-Muzy [9] followed by
the work of Fyodorov-Bouchaud [41] on a random energy model, which they studied on the circle. Fyodorov
and Bouchaud conjectured the law of the total mass on the circle using a heuristic analytic continuation from
integer to complex moments which we refer to as the Fyodorov-Bouchaud formula. They also conjectured the
distribution of the maximum of underlying gaussian field. The Fyodorov-Bouchaud formula was extended by
Ostrovsky [78] to include a single insertion point, which is the result we obtain from rigorous mathematical
arguments. The case of the distribution of the total mass of the GMC measure on the interval was first con-
sidered by Ostrovsky [74] using his theory of intermittency differentiation resulting in explicit conjectures for
the negative moments [75] and for the fractional moments of the total mass [76]. The problem of the total
mass on the interval with two insertion points was independently considered by Fyodorov et al. [45] using the
technique of analytic continuation from integer to complex moments. Fyodorov et al. conjectured the frac-
tional moments of the total mass as well as the Laplace transform of the distribution of the maximum of the
underlying log-correlated field, see also [44]. The two approaches to the problem with two insertion points were
unified in [77], see also [79] for a detailed review. We will prove these conjectures by using the connection with
LCFT which allows us to introduce the correct auxiliary functions corresponding to holomorphic observables
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of CFT.
We now briefly summarize the main results of this thesis.

<& Main result 1: Content of chapter 2, in collaboration with Guillaume Remy.
Consider the log-correlated field X on [0, 1] with covariance:

E[X (2)X (y)] = 2In (1.1.1)

lz—yl
Then for v € (0,2) and for real numbers a, b, p satisfying suitable bounds we will give the exact value of the
following quantity:

M(v,p,a,b) = E[(/O (1 — x)be%X(”J)dx)p]. (1.1.2)

The strategy of proof adapts the proof of the DOZZ formula [61] to dimension 1, but it does not require any
knowledge of CFT. Subsection 1.5.2 summarizes this result.

<& Main result 2: Content of chapter 3, in collaboration with Guillaume Remy.
Consider the log-correlated field Xp on the unit circle 9D with covariance:

i 0’ 1
E[X]D)(e 0)X]D)(€ 0 )] = 2111 m (113)

For v € (0,2) and suitable parameters «, 3, we will prove the exact formula for

w 2@-a-p)

- o4 6

G(a76) =K (/ 77[*65)([)(6 )d9> , (1.1.4)
0 18

[1—e|2

where Q = 4 + 2 This formula generalizes the Fyodorov-Bouchaud formula which corresponds to the special
case where § = 0. The proof consists in finding shift equations on 5 while keeping « constant. Therefore
the result is constructed on the Fyodorov-Bouchaud formula and there is no overlap between the two results
although the new one is more general.

Additionally, for v € (0,2) and suitable S, ux, 1 < k < 3 we will prove the exact value of

2 1 3 1(2Q-3%_, Br)
ol i0
E / — ()l 20 nn ske )e2 2 dR
( 0 Hi: 2km _ei9|’ng Z oe| 3 55 )

1 ]ers k=1

The three singularity points ei%%, 1 < k < 3, are arbitrary on the circle and can be related by conformal
identities. It also appears that taking u; = 1 and ps = ug = 0 and after a change of metric, the above result
will recover the previous result (1.1.2) on the interval, see subsection ??. However, we emphasis that there is
no overlap and the proof of the results in chapter 3 requires prior knowledge of the formulas for the interval
case. Subsection 1.5.3 summarizes this chapter with more details, where we choose to represent the expressions
on the real axis equipped with an appropriate metric.

< Main result 3: Content of chapter 4.
In all the results mentioned above, we start by introducing some auxiliary functions and study their second
order differential equations. The general form of this type of differential equations are known as the BPZ
equations. Our third result proves higher order BPZ equations, based on some intrinsic relations between cor-

relation functions in CFT and Coulomb gas integrals. We summarize this result in more details in subsection
1.4.3.
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The remaining part of this overview is divided as follows. First we will give the definitions and basic
properties of all the objects that we will use, the Gaussian free field, the Gaussian multiplicative chaos measures
and the correlation functions of LCFT. Then we will explain in more details all the properties Liouville field
theory inherits from the framework of CFT. Exploiting the constraints imposed by the BPZ equations leads to
the derivation of exact formulas for GMC measures and Liouville theory. This is what one should understand by
the word “integrability” that we have used in the title, the existence of exact formulas for fractional moments
of certain GMC measures or equivalently for the corresponding correlation functions of LCFT. Applications
to related problems in probability theory are also included. Lastly we will state some open problems for future
directions of research as well as a list of additional exact formulas that we expect to be able to prove using
similar techniques.

1.2 Gaussian free fields and Gaussian multiplicative chaos

1.2.1 Gaussian free fields and log-correlated fields

The fundamental Gaussian processes that we will always work with are log-correlated fields which can be
defined on R? in any dimension d. However for our purpose we will only need the cases d = 1 or d = 2.
In the case of dimension two the field is then known as the Gaussian free field (GFF). In dimension one a
log-correlated field can be seen as the restriction to a 1d domain of a Gaussian free field in two-dimensions.
For the purpose of this overview and for the coming chapters we will consider many different domains, the
Riemann sphere S?, the unit disk D, the upper-half plane H for the two-dimensional cases and the unit interval
[0, 1], the unit circle D, the real axis R for the one-dimensional case. Although the general idea is always the
same, defining the field on each domain will be slightly different based on the topology of the domain. We will
try to treat all the above cases in the most concise way possible.

Let us start with the case of the full plane GFF X that will be used to define the GFF on the Riemann
phere S2. One should keep in mind that a very natural way to represent the sphere S? is simply to add a point
at infinity to the complex plane, i.e. CU{oo}. We start by introducing the space S(C) of smooth test functions
on C with compact support and the subspace Sp(C) C S(C) of test functions that have zero average over C.
We denote by 8’(C) the space of distributions associated to S(C) and by S'(C)/R the space of distributions
associated to Sp(C) which can be seen as a space of distributions modulo constants.

We can now define the full plane GFF X as a Gaussian random variable living in S’'(C) /R with the following
covariance for all f,h € Sy(C):

Bl( [ f@X @) [ X = [ feh)n

d*xd®y.? (1.2.2)
[z =yl
Note that the above definition can be extended to the case where f,h are generalized functions. Therefore we
can also view the filed X as a centered Gaussian process indexed by a certain signed measure space. With
this full plane GFF we can define a GFF living in S'(C) by prescribing the value of X against a probability
measure on C. This will fix the undetermined constant and thus X will be defined against any test function
in S’(C). Anticipating the coming constructions of LCFT it is natural to write g(z)d?x for the measure on C
with which we define:

X, (z) = X(x) —/Y(x)g(x)d%. (1.2.3)
C
We will say that X, is the GFF on the Riemann sphere S? of zero average with respect to the metric g. A

natural choice is to chose,
4

g(z) = ———= 1.2.4
( ) (1 4 |I’|2)2 ’ ( )
2This is a suitable definition for the covariance of a Gaussian process as one can prove by Fourier analysis the following identity,
&h
/ f(z)h(y) In d2 d?y f 2(5 (1.2.2)
c2 |£E ‘5'

where ¢ > 0 is a constant.
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as this is the canonical spherical metric on S%. More explicitly with this choice g the field X then has the
covariance: for z,y € C,
E[X;(x)X 1 L L In g L In g 1 L

[X5(2)X5(y)] = N ng(z) — ;Ingly) +n2 5. (1.2.5)
We will see in subsection 1.4.1 that in LCFT it suffices to study one particular metric and all the results under
other conformally equivalent metrics can be obtained by using Weyl anomaly. By conformally equivalent we
mean that g(x) = e#®j(z) with ¢ € C'(C U {oo}) such that Jo10p(x)Pg(x)d?z < co. This completes the
description of the different GFF on the plane and on the sphere.

We move on to the boundary case and start by looking at the unit disk ). When one works on a domain
with boundary there is of course a choice to be made of which boundary conditions to work with. The most
natural choice one can think of are the Dirichlet boundary conditions where one imposes the GFF Xp to be
equal to 0 on the boundary. It turns out that this is not the right choice to construct LCFT as this boundary
condition is much too strong and many of the expected properties of CFT - see section 1.4 - would fail to hold.
Hence we will rather choose Neumann boundary conditions, also sometimes called free boundary conditions.
The covariance of the Neumann GFF Xy is given for x,y € D by:

1

E[Xp(x)Xp(y)] = In EEE

(1.2.6)

Of course just like for the case of the full plane GFF, Xy lives in the space of distributions so the equation
(1.2.6) is to be understood by,

1

n——— d%xd%y, 1.2.7
|z —yl[1 — 27| (1.2.7)

Bl [ f@) @) [ i)W = [ fan)
D D D*
where again f and h are smooth test functions defined on . We also define for different metric g con-

formally equivalent to the canonical metric on D the field Xp, with vanishing mean on the circle, i.e.
Jop Xb,g(2)g(x)*/?dx = 0. The field Xp 4, can be obtained by

Xpg=Xp— | Xp(z)g(z)"/da. (1.2.8)
oD
With the covariance (1.2.6) established one can then give the covariance for the GFF defined on H by using

the conformal mapping z — :_; linking H and . This provides the expression:

1

E[Xw(z)Xu(y)] = In —yllz=7l

l+1n\m+i|2+1n|y+i|2—21n2. (1.2.9)
7]

Thed fileds Xp,  are then defined as Xy — [, Xg(z)g(x)*/?dx. For some technical reasons, when computing
exact formulas in chapter 2 and 3, we will consider another log correlated field X defined on H:

1
E[X(2)X(y)] =2In Tl +2In|z|y +2In|y|+, where |z|4 = max(|z],1). (1.2.10)
r—=yYy

The field X can be constructed from Xy using:
1 /" -
X =Xy — f/ Xy (e')db. (1.2.11)
T Jo

We will explain how results calculated using the field X can be related to those using the field Xy.

Lastly we conclude this discussion with the one dimensional cases that we need. For the case of the circle
0D we will simply restrict the Neumann boundary GFF Xp defined on the disk D to the circle. The covariance
we thus obtain is given for two points e*, et?’ by:

1

E[Xp(e"?)Xp(e?)] = 21n T (1.2.12)
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For the case of the real axis, by analogy with (1.2.12) we will simply chose for our field X defined on R the
covariance given for z,y € R:

E[X(2)X(y)]=2In ‘ | +2In|z|; +2Iny|4. (1.2.13)
r—y

_1

Particularly, for the interval case where z,y € [0, 1], the covariance equals 21n =k

1.2.2 Gaussian multiplicative chaos measures

We will now introduce the Gaussian multiplicative chaos measures, a fundamental building block of LCFT. Our
goal is to define a random measure with density with respect to the Lebesgue measure given by the exponential
of our log-correlated fields. The major problem that must be overcome comes from the fact that the exponential
of a distribution is ill-defined. Thus this requires to use a regularization and renormalization procedure. The
same method will work to define GMC measures associated to all the different cases of log-correlated field that
we have described above.

The first step is to provide a regularization procedure of X, a log-correlated field defined on C or H. Let n
be a smooth function on R supported in [1,1], such that WfR+ n(t)dt = 1 and define ns(z) := 35n(|x]?/6?).
We will work with the regularization

Xo(o)s= [ X = wysto)iy (1.2.14)

When X is a Gaussian field on H, we should consider an extension of the field X () = X (¥) for x € H, then
the above definition makes sense. Note that our regularization is indeed a smooth version of the circle average
(it is slightly differnt when z is close to the boundary for the case of H). This choice makes it possible to take
derivatives of the field Xs. There are also other regularizations as long as certain conditions are satisfied, and
they are all equivalent for defining the GMC measures, see [12] for more details. When X is a log-correlated
field on D, a possible method to do this is to use circle average regularization although many other paths are
possible. For € > 0 we call [5(x) the length of the arc As(x) = {z € D; |z — x| = §} and we set:

L
ls(z)

We now state the following proposition-definition of Gaussian multiplicative chaos for dimension 1 and 2:

Xs(z) = /A " X(z + s)ds. (1.2.15)

Proposition 1.2.1. (Definition of GMC) Let v € (0,2) and X a log-correlated field on a domain D of
dimension 2. We then define the random measure e~ ®)d?x as the following limit in probability

X@) 22— fim 7X@~ B EXs (0)%] 2, (1.2.16)
6—0

in the sense of weak convergence of measures. More precisely this means that for all continuous compactly
supported test functions f: D — R, the following convergence holds in probability:

[ s@eX s = tim [y T2y, (1.2.17)
D 6—0 D

We also define for the one dimensional case where X is a 1d log-correlated field defined: for v € (0,2),

3X@) gy — lim o3 X6 (@)= % EIXs(0)%] g (1.2.18)
6—0

e

Remark 1.2.2. The above definition can be extended to d-dimensional case, see [92]. Note that there is
a slight difference when we talk about 1d log-correlated field. Here we are considering 1d fields with kernel
ZIHﬁ + h(x,y) instead of lnﬁ + h(z,y), as described in the previous subsection. This difference in
convention changes the domain of existence for .
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We always integrate the GMC measure with a background metric g, in which case we can integrate a much
larger family of test functions. Actually in the later LCF'T constructions, we will integrate against the following
measures on different geometries:

o On §% 7X@ g(z)d?z.

e OnD: e”Xm'g(m)L)vzd%, and on D: e3X7.0(c"") g(¢0) 3 dg.
(-faf)

e On H: e"’Xﬂg(ﬂ%dgx, and on R: e2Xm9(®) g(2) 2 dx.
|lz—z| "2
Remark that we can easily relate the GMC on D with GMC on H using conformal invariance of GFF.
For example, starting from Xy with covariance given by (1.2.9), we take the conformal map 1(z) = 275 and
f: D — R a test function, then

[ @@z = [ @) @ @), (1.2.19)
D H

Therefore we are free to present the results of GMC on D or on H.

Now we give a list of results on the existence of moments of GMC on S2, D, and 8D. We also include the
generalization where certain fractional moments are added in the GMC measure. The bounds obtained will be
extremely important for the definitions of the correlations of LCFT. We start with the existence of moments:

Proposition 1.2.3. (Moments of GMC on'S?) Let § be the canonical spherical metric on S? and let v € (0,2).
Then we have,

E[(/ X g(x)d2x)P] < 400, (1.2.20)
C
if and only if p < %.

We also provide a similar result for D and JD:

Proposition 1.2.4. (Moments of GMC on D) Let v € (0,2), then we have

e'yX]D‘(a;)
]E[(/ — S d*1)P] < 400 (1.2.21)
b (1~ Jaf2) %
if and only if p < % and
2m )
E[(/ e2 X2 49)P] < 400 (1.2.22)
0
if and only if p < %.
We have a different result for the moments of the bulk measure because of singularity %WQ and
(1=|z|?)"=

because of the behaviour of the GFF X near the boundary. To study LCFT we also need the same type of
results but with insertion points. The bounds for non-triviality of a GMC moment with insertion have been
obtained in [20, 53], they are:

Proposition 1.2.5. (Moments of GMC with insertions) Let v € (0,2), Q@ = 3 + %, o, B €R, z € C with
|z] <1, and s € OD. Then we have,

0< ]E[(/(C ;eVXf'(I)Q(x)d?x)p] < 400, (1.2.23)

|z — x|
if and only if o < Q and p < ,;% A %(Q — ). Similarly,

1 1 e Xn(x)
0< E[(/ 5 - d’z)P] < 400, (1.2.24)
bl =2l s ¥ (1 o)
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if and only iff a < Q, B<Q, andp < % A %(Q —a)A %(Q — f). Lastly,

27 .
0< IEJ[(/ 163%(619)(19)17] < 00, (1.2.25)
0

s—ei9|%

ifandonlyifﬁ<Qandp<$A%(Q—6).

1.3 Liouville conformal field theory

We now move on to the study of Liouville conformal field theory (LCFT). As we mentioned in introduction this
theory first appeared in Polyakov’s seminal 1981 paper [82] out of the need to understand what is a canonical
random Riemannian metric on a surface of given topology. More precisely Polyakov tells us that for a fixed
reference metric g on a given surface M one should consider the random metric e?®g where ¢ is the Liouville
field.

This section will provide the construction of LCFT on different surfaces. Based on the topology of the
surface M there will be some differences in the construction. We will start by the simplest case, LCFT on the
Riemann sphere following [20]. Next will come the case of the unit disk D first studied in [53] where one has to
cope with the presence of a boundary. Let us mention that LCFT has also been constructed on other domains,
see [87] for the annulus case, [21] for the torus and [49] for compact surfaces of higher genus.

1.3.1 LCFT on the Riemann sphere

The case of the Riemann sphere S? studied in detail in [20] is the simplest to define the theory of LCFT as it
is a compact simply connected boundaryless surface. Our choice of coordinates to represent the sphere S? will
be the complex plane with a point added at infinity C U {o0}.

To define LCFT, physicists use what is referred to as the path integral formalism.* Informally it tells us
that our Liouville field ¢ will be given in terms of an infinite measure on a suitable functional space. Until the
very recent work [20] giving a rigorous probabilistic content to LCFT had remained an open problem. We now
sketch the physicists’ heuristic definitions before explaining how to make them rigorous. Consider the following
space of maps:

Y={X:§* >R} (1.3.1)
The Liouville field ¢ is then given by the following formal definition, for any background metric ¢ on S2,

1
E[F(¢)] = E/ F(X)e 9:tX9)pDx, (1.3.2)
b
where SL(X, g) is the so-called Liouville action:

1
Sp(X,g9) = yym /(C(|89X|2 + QR X + dmpeX)g(x)d>x. (1.3.3)

Let us comment on all our notations. The three real parameters v, @, u that appear obey v € (0,2), Q@ = 3+ %,
and g > 0. DX is the formal uniform measure on the space ¥ and g is the background Riemannian metric
used to define the theory. To avoid going too deep into the framework of Riemannian geometry we restrict

3For v € (1/2,2) it remains to be proved that the bound written above on p is optimal although it is strongly believed to be
the case, see [53] for an explanation of this subtlety.
41t is instructive to note that the path integral formalism we explain can also be used to heuristically define Brownian motion.
Consider the space of path ¥/ = {¢: [0,1] = R, ¢(0) = 0} and the action Sgy = % fol |o’(t)|?dt. Then for all suitable F,
1

E[F((Bs)oss<1)l = & . F(o)e=95(?) Do,

where Do is a formal uniform measure on X/.
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ourselves to the case where the background metric g is a diagonal tensor, meaning that g will simply be a
positive function defined on C U {co}. In this simple case we have 99X = ¢7'90X and R, = —¢g 'Alng. As a
matter of fact it turns out that on the Riemman sphere up to a change of coordinates any metric tensor can
be written under this form. Lastly Z is a formal normalization constant.

Let us now explain the three terms appearing in the Liouville action. The gradient term |99X|? of (1.3.3)
is the free field or kinetic energy term. If this was the only term present, up to a global constant, the law of ¢
would be that of our Gaussian free field X, on S?. But the action (1.3.3) also contains a non-linear interaction
term, the exponential term e¥X. At first glance it may seem unclear why it is interesting to consider this
specific interaction. The first motivation comes from theoretical physics - in particular string theory and 2d
quantum gravity, see [19, 23, 24, 82] - where as we have said earlier e?g formally defines the correct random
Riemannian metric on S2. The second reason is that, out of all possible interaction terms, the exponential term
is the simplest term that defines a conformal field theory. The implications of this will be explained thoroughly
in sections 1.4 and 1.5. Finally, the term QR,X is the linear coupling of X to the background metric g. It is
required to get a consistent theory but does not pose any mathematical problems as it is a linear term in X.

One may wonder why the Liouville action is the correct action to define canonical random metrics. A first
answer comes from physics, in particular from Polyakov in [82]. An easier answer comes from the study of
classical Liouville theory, meaning that we look for the functions X minimizing the Liouville action. It is a
well known fact of classical geometry that such a minimum X,,;, is unique if it exists and the new metric
g = e¥Xming is of constant negative curvature provided that Q. = %5. In other words, the minimum of the
Liouville action uniformizes the surface (M, g) and it is therefore natural to look at quantum fluctuations of
the uniformized metric e?Xmi»g. This is precisely the meaning of (1.3.2).

As we have written it the path integral (1.3.2) diverges for any surface of genus 0 or 1, including therefore
the case of the sphere. To see this we can write the Gauss-Bonnet formula, given here for a boundaryless
surface M of genus h equipped with a metric g, [,, Ry(z)g(x)d*s = 87(1 — h). When h = 0 or 1, this implies
that it is impossible to define on the surface a metric of constant negative curvature, meaning that Sy (X, g)
will have no minimum and therefore the path integral (1.3.2) diverges. To solve this problem we proceed as in
[20] and add insertion points. We consider the new expression,

1
E[F(¢)] = = /Z F(X)ezfv=1 @iX(z1)e=SL(X9) D x| (1.3.4)

where we have chosen N insertion points z; € S? with weights a; € R. By choosing F = 1 in the above
expression we define the N-point correlation function of LCFT, the most fundamental observable of the
theory:

N
1
<H Vai(zi»Sz’g = E/ ezz{\;l C’iX(Zi)e_SL(ng)DX, (135)
b))

i=1

where V,, (z;) = e®¢(#) are the so-called vertex operators.
We show that the following conditions known as the Seiberg bounds must be satisfied in order for (1.3.4)
and (1.3.5) to exist:

N
D a;>2Q and Vi, a; <Q. (1.3.6)
i=1
The minimum number of insertion points needed to satisfy these bounds is three. This is precisely the require-
ment to entirely determine a conformal automorphism of the sphere, the so-called Mobius transformations.
From a geometric standpoint, we can also view insertion points as conical singularities of the metric which
allow hyperbolic metrics to be defined on the surface.
We now move on to the probabilistic definition of (1.3.5). This will require to use both the Gaussian free
field and the Gaussian multiplicative chaos measures. The GFF will appear out of the need to make sense

5Here we write Q. = % as this is the correct value in the classical theory where the goal is to minimize the Liouville action. In

the quantum theory we will always have Q = % + %



16 CHAPTER 1. AN OVERVIEW OF GAUSSIAN CHAOS AND LIOUVILLE THEORY

of the formal density e~ 17 Je107XP9(@)d*s D X which we will interpret as the density of a Gaussian vector in

infinite dimensions. The key observation is that by performing an integration by parts we have:

%/C|89X|2g(x)d2x: %/CX <—§;> Xg(x)d*z. (1.3.7)

Therefore we are formally constructing a field with covariance given by the inverse of the Laplacian. To give a
more precise mathematical meaning to this observation we will replace the abstract space ¥ by the following
L? space,

LA(S%) = {X:$* - R,/ X(2)%g(x)d*x < +oo}, (1.3.8)
C
on which we can diagonalize the Laplacian. Now let (e;);>1 be a basis of eigenvectors for —A, meaning that,

— g(x) tAej(x) = Nje; (@), (1.3.9)

where the e; are normalized to have an L? norm equal to 1: [.. e;(z)?g(x)d*z = 1. With this basis any function
X € L*(S?) can be written,

X=c+) cej, (1.3.10)

where the coefficient ¢; are obtained by ¢; = [, X (x)e;(z)g(z)d*x. Such a decomposition tells us that we have,

o0

*/ 09X |?g(x Z (1.3.11)

=1

and so heuristically it is natural to want to write:

F(X)e™ = [ XPe@)d’epx — // Fc+ ) cjej)de || e i dc (1.3.12)
Lo [Pl > e H 1

j=1

Here dc and each dc; are Lebesgue measures on R. The sum >, 2T ej(xz) with (e;);>1 being a sequence
214/ %, z

of i.i.d. standard Gaussians converges in the space of distributions towards X, and thus we can make sense of
the above formal expression by writing that:

/ F(X)e a7 J |0 X Pa@d®e px . / E[F (X, + ¢)]de. (1.3.13)
L2(S?) R

In the above expression, the left hand side is a formal expression where X is an integration variable. On the
right hand side X, is the GFF that we have constructed. By construction of our GFF X, on S? we have
Jo Xg(2)Ry(2)g(x)d*x = 0. Therefore:

_ 1 9 20(2 27-_* = - " N 3 .
/L2(§2) F(X)e = [ 109X g(z)d Je X(x)Rg()g( )d? DX = / 2Q ]E[F(Xg‘FC)]dC. (1.3-14)

Thus using the Gaussian free field we have given a probabilistic meaning to (1.3.2) in the very special
case where p = 0. We now tackle the problem of handling the exponential interaction term, this is where we
will require the theory of Gaussian multiplicative chaos. To define the correlations (1.3.5) we want to pick in
(1.3.14) a functionnal F' of the type,

N
F(X) = [[erXGenlee ™o, (1.3.15)
i=1
but since X, is not defined pointwise but lives in the space of distributions this will require a regularization

and renormalization procedure. We now state the theorem that insures that the correlations of LCFT on S?
are well-defined by using the regularization-renormalization procedure.
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Theorem 1.3.1. (Correlation functions of LCFT on S?) Choose N points z; € S? of weights o; € R such
that the Seiberg bounds (1.3.6) are satisfied. Then the N-point correlation function of LCFT is defined by the
following limit,

2

<H Vai(21))s2,g = lim (] | Va.6(21)) (1.3.16)

where the expresssion of the reqularized correlation is give by:

N
HVO‘ 21)) ::26(1112*%)(% Siei-% Zilal*%)/ —2Qc {H aleal(X§,6(21)+C)—éE[Xg.a(zz)z]
—pee [, VX560~ G EXG 5@ (z)d*z
x e~he” Je 9 }dc, (1.3.17)
where Ay := $(Q — 5) is the conformal weight. The limit written above exists and is different from 0 and
400. By simple manipulations on the above definition, one obtains the more compact expression,
N Xg(x) 1-33X 2 - Eimiioi9
1 e X (@) g() =7 2im1 @i g2y v
(Ve ziD)s2g=2Z(@) [ ——==FE ;3( ) , (1.3.18)
, |2; — 25| TIY., o — zi[ye
i=1 1<i<j<N C k=11% — %k
where
(In2-1/2) 2
Z(a) = 26—#(21&1 i —2Q) (XL, o= 3) 0 —1p (Zl 1 C’sz @ M) ) (1.3.19)

Remark 1.3.2. g5 is defined as g5 := g * ns. In the expression (1.3.17), we manually add the multiplier
term Hf\;l g5(z1)2°1 to have the conformal invariance consistent with the literature, and we add the constant
prefactor term that is independent of z; to stay in the same convention as the DOZZ formula in the literature.
Both added terms play no important roles and can be easily analyzed. We chose to present in this way as it is
easier for the proof of the BPZ equations. Of course we can define the correlation functions for any metric g
conformally equivalent to g by using X, in the above definition instead of X, and we only need to change the
prefactor accordingly. More details can be found in [20].

There are two simple steps to go from (1.3.17) to (1.3.18). The first is to apply the Girsanov theorem (also

called the complete the square trick in physics) to the insertions e®i*Xs. 5(“)_*]& RICON I, which produces a
shift on the field Xj 5(x) = X 5(x) + >, 0 E[X; 5(2) X 5(2;)]. By then using the explicit expression of the
covariance this creates the fractional powers in the GMC measure. The sec20nd step is simply to perform a
change of variable on the integral over ¢ by setting u = pe™® [ e1Xa.5(@)=FEX0.5(@)1 g2 The integral over
u then gives a Gamma function and we are left with (1.3.18). This last expression we obtain for the value of
the N-point correlation of LCFT on S? is fundamental. It tells us that we have a definition for the correlation
function in terms of a relatively simple probabilistic object, a moment of a GMC measure with prescribed log-
singularities. With this expression well-established one can now hope to implement rigorously in a probabilistic
framework all the techniques of conformal field theory.

1.3.2 LCFT on a domain with boundary

Following [53] LCFT can of course also be defined on a domain with a boundary. We start by explaining the
construction on the unit disk D and we denote by 9D its boundary. By conformal mapping this will provide
as well the construction of LCFT on H. The biggest difference with the case of the Riemann sphere S? is that
we can now have two exponential interaction terms, a bulk interaction pue?Xd?z and a boundary interaction
poez X df. Therefore the Liouville action will contain in this case boundary terms:

1 1 ¥y
Sa(X,dx?) = o /D(\3X|2 + dmpe’ X )d% + %/ (QX + 2mppe=")do. (1.3.20)
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In the same way as before we can write a heuristic path integral definition for the correlation functions of

the theory:
N

M
(IT Ve Gzo) T Bs, (50w = %/ X X (2043 5, i X (1) o= So(X.de®) p x¢ (1.3.21)
i=1 j=1 x

In our presentation we have restricted ourselves to the case of the Euclidean metric dz2 on I but of course
one could also define the theory in any background metric g. We note that there are two types of insertion
points, bulk insertions z; € D with weights «; € R that are inside the disk and boundary insertions s; € 0D
with weights §; € R that are placed on the unit circle. Similar techniques as the ones explained for the case
of S? allow one to give a probabilistic meaning to the above path integral. The Seiberg bounds for this case
are given by:

N M B
PILEDD 5 >Q and Vi, 0; <Q, V), §; < Q. (1.3.22)
i=1 j=1

Again we notice that these bounds impose a minimum number of points that corresponds exactly to
completely determining a conformal automorphism of the disk D. We can now state:

Theorem 1.3.3. (Correlation functions of LCFT on D) Choose N points z; € D and M points s; € 0D such
that the bounds (1.3.22) hold. We replace pp by different boundary cosmological constants p; between s; and
sj+1 with s; well ordered on the circle and the corresponding boundary measure is denoted by dus(0). Then
the correlation function has an expression given by,

N M
(TVe ) T BS " (50w
i=1 j=1
N a? B 3!
=[Ja=1="7 ] Iz =zl 01— ziz| e 1T zi = sl ] sj— syl 2
i=1 1<i<i’<N 1<i<KN,1<j<M 1<j<g’<M
5 1 X ()
/dce(Zi @it TR | exp | — /‘evc/ N ~ M - 2
R D [[isy lo — 2P|l — 2z T2 | — 55075 (1 — |2[2)F
_e% 2m 1 egx(eze)dua(0)>‘|
. , B; :
0TIl = b T e — 5%
Remark 1.3.4. The boundary measure duy(0) is defined as:
M-1
d/”'a(e)/de = Z /’Lj]-ew between s; and s;j41 + ,UM15779 between sp; and s1-° (1323)
j=1

The difference with S? is that if both interaction terms are present, i.e. u > 0, w5 > 0, then we will not
land on an expression as simple as (1.3.18). Indeed, it is not possible to perform the same change of variable
on ¢ and we must stick to the expression of Theorem 1.3.3. On the other hand if one chooses =0 or ug =0
then the above can be simplified to obtain an expression involving a moment of GMC on the circle 0D or
respectively on the disk D. For example, in the case ;= 0 we have

N M
(JT Ve o) [T BE " (5))m,=0
i=1 j=1
N yo_o? 8,8
:H(17|zi| )2 H |2 — 20| X0 |1 — 257y | H |Zi75j|*ai6j H |5j*5j/|7 2
i=1 1<i<i’<N 1<i<N,1<j<M 1<j<j' <M

2ty B —2Q
T —

2% 0+ %, 8 -2 [( 1 —
P ) i E 2X(€ )d 6
( ) K/o T, e — 2o S )>

2
M .
Y g Hj:l et — 557
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We give the equivalent representation on H equipped with the metric §(z) = ﬁ,

N M
([TVe. ) T BE " (s))m

i=1 j=1

N o2 880

= H |z — zi| 72 H |2 — zir |74 |2y — 2y | T H |2 — 55|75 H |sj = 851772
i=1 1<i<i’ <N 1<i<N,1<j<M 1<j<j'<M
N 22
/dcech exp —,ue”’c/ ~ 9(z) T 1)/|x—ﬂ2 X @ @2y
R w Lo o — 2o =z [[Z, o — 5[

72
. G(r) 5 (—=p—1)
_e¥ / R g(r)s - - egX(r)dua(r)>] .
R I[icy [ — 2| Hj:l Ir—s;|7=

where N o
2 i+ B —2
p= izt Ot 2 Py @ (1.3.24)
v
and the boundary measure is defined by
M-1
d,ua(r)/dr = Z /-lesj<7'<sj+1 + /’LM1T¢(51,5M)- (1325)
j=1

1.4 The techniques of conformal field theory

Now that we have at our disposal a probabilistic construction of LCFT we can verify that it satisfies all the
different properties expected of a conformal field theory. This will provide extremely powerful techniques to
perform exact computations on the Liouville theory. In particular the celebrated equations of Belavin-Polyakov-
Zamolodchikov (BPZ) translate the constraints imposed by the local conformal invariance of CFT. By using
these equations we will be able to obtain exact computations on certain correlation functions of the theory.
We insist on the fact that all the properties we will consider - Weyl anomaly, KPZ formula and BPZ equations
- are theorems that are proved starting from the definition given by Theorem 1.3.1. They are not imposed as
axioms as in other approaches [91]. In the following three subsections there will always be two cases, the case
of the Riemann sphere S? and the case of a domain with boundary.

1.4.1 Weyl anomaly and KPZ formula

In section 1.3 we gave a definition of LCFT for any background metric ¢ defined on the Riemann sphere S2. It
is thus natural to wonder how the correlation functions of LCFT depend on this choice of background metric.
The answer to this question is given by the Weyl anomaly, a property expected of all CFT’s. Following [20]:

Theorem 1.4.1. (Weyl anomaly on S?) Given a metric g = e¥§ conformally equivalent to the spherical metric
g we have,

N

N
=ex <L ) |2d*z z)§(z)d*z (z))s2 5 4.
[T Voute)sng = o0 (o [ opto)ea 44 [ stwratoneo)) [IVoens ()

i=1
where ¢, = 1 4+ 6Q2%. This constant cy, is the so-called central charge of the Liouville conformal field theory.

We can also write down the exact same theorem for a domain with boundary. We write here the result for
the unit disk D although of course a similar formula is true for the upper half plane H or for other geometries
where LCFT has been constructed. Following [53]:
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Theorem 1.4.2. (Weyl anomaly on D) Given a metric g = e?dz? conformally equivalent to the Euclidean
metric dz? on D we have,

N M
Hj—1,Hj 2 2 0 Hj—1,Hj
HVaz (z:) HB 770 (84))p,g = exp (96 / |0p(z)|°d x+4/Dg0(e )d9)> <£[1 Vai(zi)jl;IIBB; “(s5))p
(1.4.2)
where again cr, = 1 + 6Q2.
We now move on to the KPZ formula which describes the behaviour of the Liouville theory when one

applies a conformal automorphism to the domain. In other words it tells us that the correlations of LCFT
behave as conformal tensors. We start with S2, see [20]:

Theorem 1.4.3. (KPZ formula on S*) For any conformal automorphism 1 of S?, the following holds:

N N N
<H eidWE)yg, o — H [ ()] =22 <H 9, o (1.4.3)
i=1 i=1 i=1

The Ay, := % (Q — %) in the above theorem are the so-called conformal weights of CFT. Similarly for a
domain with boundary such as the unit disk D, see [53]:

Theorem 1.4.4. (KPZ formula on D) For any conformal automorphism ¢ of D, the following holds:

N N M
([T V. (w(2)) H By ((s))w = [T 10/ (o)l 728 T 1/ (s5)| 72 H Vo, (2i) H Bl (
1= =1 =1
1 ’ (1.4.4)

Another very similar result that we have at our disposal is the conformal change of domain formula. This
tells us how the theory behaves when we change domains by a conformal map v (for instance we can map the
unit disk D to upper half plane H). The result is again that the theory behaves as a conformal tensor.

Theorem 1.4.5. (Conformal change of domain) Let D be a domain of C with a smooth boundary and
conformally equivalent to the unit disk D. Let v : D — D be a conformal map between D and D and let
gy = [V'|?9(¢) be the pull-back of a metric g on D by 1. Then we have:

M
HVal (21) HB“J Y (55)) Dugy = H\w (=) %H\w (5,)] % HVal w(z) [T B3 (0 (5))mg-
j=1

1.4.2 Degenerate fields and BPZ equations

In this last subsection we explain the BPZ equations of Belavin-Polyakov-Zamolodchikov that will give us the
constraints we need to compute certain correlation functions of LCFT. We start by explaining the case of the
Riemann sphere S?. Consider the following function,

N
2= (Voy (2) [ [ Ve (20))e2.5 (1.4.5)

i=1

where the points z, z; € S? have respective weights —x, a; chosen so that the Seiberg bounds (1.3.6) hold. The
reason why we distinguish the point z of weight —y is that we will choose this —x to be equal to a very special
value, either —3 or —= V—x( ) is then called a degenerate field insertion and the value of —x is the degenerate

weight. More generaily, the degenerate weights of order (r,s) € N** are given by — ((T Dy 4 20— 1)) Here we

are considering degenerate insertions with order (2,1) and (1,2), which are the most 1mportant cases for the
integrability program of LCFT. Under this very specific condition the function of z given by (1.4.5) will be
solution to a second order differential equation. Indeed, it is shown in [60] using probabilistic techniques:
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Theorem 1.4.6. Consider points z,z; € S? with respective weights —x,a; € R chosen so that the Seiberg
bounds (1.3.6) hold. Then we have the following PDE,

1 N

(50 + Y T + 3 o0 V() [[ Ve e =0,

— (z— 2;)?

under the condition that x is worth 3 or %

Again we see the conformal weight A, := S (Q — S) appear. For the purposes of proving the DOZZ
formula the authors of [61] have applied the differential equation more specifically to the case of a four-
point function, see subsection 1.5.1. Naturally a similar story can be told for the case of a domain with
boundary. It will be more convenient to write the differential equation on H although by conformal mapping
we can easily transform it into an equation on ID. For this boundary case we consider correlations of the type
<HfV:1 Ve, (%) Hfil Bg, (sj))u where we have bulk insertions z; € H with a; € R and boundary insertions
s; € OH = R with ; € R and again we choose the weights so that the bounds (1.3.22) hold. Now in the
boundary case there are two possibilities for the position of the degenerate insertion, either in the bulk H or on
the boundary R. Both of these cases will lead to BPZ equations. We start by giving the theorem corresponding
to the case where the degenerate insertion is placed in the bulk:

Theorem 1.4.7. Consider points z,z; € H with respective weights —x, a; € R and points s; € R with
respective weights 5; € R chosen so that the Seiberg bounds (1.3.22) hold. Then we have the following PDE,

1 AL, LA, YA, Mo A,
SR e D Y e D D e AP DY e
N 1 N 1 M 1 N M
+ z— Ea?—i— Z z— z»azi + Z z 77824_ Z z— s,asj)<V*X(Z) HVai(’Zi) H Bg_:_lyuj (sj))m =0,
i=1 ¢ i=1 v j=1 3 i=1 j=1

where x needs to be equal to 3 or

2
~E

The proof of this differential equation is very similar to the sphere case and there is no additional major
difficulties. We only need to pay attention to the boundary measure dug since we put different boundary
cosmological constants ji;, and the technical problem is the same as in the subsection 2.3 where we use a e-cut

off around each boundary insertion s; and the € singularities regrouped together can be shown to converge to
0.

Moving on to the second possibility where we place the degenerate insertion on the boundary, we also
expect to have a BPZ equation of order 2 but it turns out that for such an equation to hold we impose a very
special condition on the s values around the degenerate insertion. More precisely, for each p; we can write

1% Q
pi = | = cos(my(o; — 5))- (1.4.6)
sin(m )
When the degenerate insertion s is added between s; and s;11 (by convention sp = —oo and spr41 = 00), the

BPZ equations hold true when the degenrate vertex operator Bi;“j (s) satisfies p); = /# cos(my(o; £
- sin TFT

53— %)) The statement is as follows:

Conjecture 1. Consider points z; € H with weights a; € R and points s,s; € R with respective weights

—X,B; € R chosen so that the Seiberg bounds (1.3.22) hold, where x = 3 or % We order the boundary
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insertion points accordingly : s1 < -+ < spr. Then we have the following PDE for s > sp:

N MA, N Ny Mo
SS - 2 82 82 85
+Z (s — 2;)? +;(s—zl)2 +2::1(S—8j)2 +;s—zz 1+;5—ZZ 1+JZ::15—5] ))
N M
(BU () [T Vau (=) T BE " (i) = 0,
i=1 j=1

under the condition that there exists oy € C such that
_ % ;o 15
g = | —E cos(my(onr — ), phr = | —a cos(my(oar £

sm(w%) 2 sin(7 %)

We also have similar equations when s is inserted elsewhere on R.

This phenomenon is partially understood in the special case where p = 0, where the condition becomes
simply ,u; = et 5. This is done in chapter 3 for the four point correlations and discussed in 4 for the higher
order BPZ equations (see also the next subsection). To understand the constraint in the general case where
u > 0, we need to do some finer analysis of the potential singularities and this would hopefully come out in
an upcoming work. We also expect the some other conditions for the BPZ equations to hold:

Conjecture 2. Consider points z; € H with weights a; € R and points s,s; € R with respective weights
—X, B € R chosen so that the Seiberg bounds (1.3.22) hold where x = 3 or 2 Suppose that pg is a constant

(instead of piecewise constant) and verifies j = p2 tan (w2 ) then we have the following PDE:

1 N N A M N 1 M 1
— s -9, 9. Os.
D S D D S Bleern i Dt AR D AR D 0
=1 =1 ]:1 1=1 1=1 Jj=1
N M
(B () [T Vau(z0) TT B, (50} = 0
i=1 j=1

1.4.3 Higher order BPZ equations, Summary of chapter 4

In fact, CFT predicts there to be BPZ equations of all orders. To illustrate the idea, let us consider the sphere
case in this subsction. We can index the BPZ equations by two parameters (r, s), with r, s positive integers. This
index corresponds to the parameter —(@ + @) for the degenerate insertion. The equation associated
with the parameter (r, s) is a partial differential equation of order rs in several complex variables. There is no
general combinatorial formula for the BPZ equations of general orders (r, s). Nevertheless, in 1988, Benoit and
Saint-Aubin (BSA, [11]) found an explicit formula for the BPZ equations of order (r,1) and (1,r). To present
the combinatorial formula, we will need the notations for some differential operators:

Definition 1.4.8. We introduce the differential operators (L_,)n>1 defined as
N

Loy:i=0., L.n=>), <—(ln_lazl + W) n>2. (1.4.7)

— 21— 2) (z1— 2
Now let us state the BSA formulas for the BPZ equations:

Theorem 1.4.9. Let r > 2 an integer and
(1.4.8)
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2(r 2)

The BPZ equations of order r hold true for v € ( 2) when x = 3 and for v € (0,2) when x = £

ﬁ
> >—l

DT<V,(T,1)X(Z) Va, (21)) =0, (1.4.9)
l

Il
_

where the differential operator D, is given by the Benoit and Saint-Aubin’s formula:

2\r—k
= Z > (X L Loy L, (1.4.10)
k=1 (ny,...,np)e(N*)* H ( ni)(zz’:]‘+1 nz)

ni+--+ng=r

with L_,, defined in definition 4.1.8.

Remark 1.4.10. The constraint on v when x = 3 is a purely technical condition and is only required by

Proposition 4.2.9. In particular, we have BPZ equations of all orders for v € [\/5, 2) when x = 3.
It can be easily checked that when r = 2, the above equations are coherent with the results in Theorem
1.4.6.

In the boundary LCFT case we can have a boundary degenerate insertion or a bulk degenerate insertion.
When it comes to a boundary degenerate insertion Bf(r_l)x(s) defined as below, we will work with an extended

definition where s lives in the upper-half plane:
Definition 1.4.11. Let p1,...pup >0, —00 < 851 < -+ < sy <00 and s € H\{z;,1 <i < N}UR. We define
the extended correlation function <Bf(r_1)x(s) Hf\il Va, (2i) H;‘il ngfl’ﬂj(Sj»H by

N M ,7 )

(r—1)xoy (r—1)x8, e -~ Py

[[(-9G-s = " [e-9 = [ -zl [ ls-zl™ [l
i=1 Jj=1 1<i<i/ <N 1<i<i/’<N 1<i<N,1<j<M
(r=Dx pt {r=hx

_ 2 (r—1)
H |s; — s, PP PR (/ (s —w)” . egxmu)s}&n(u)w&(pwx“)dua(u)>

1<’ <M R |u— 2|7 |u — s;[7P/2

(1.4.11)

(r=1)~

Similarly, we define (B~ (s) Hf\;l Va, (%) vail ngfl’”j (s;))m by replacing the term (s—u)" = in the

above integral by (u — s) =g

Remark 1.4.12. We can take a larger family of values for pj, as long as the moment of GMC in the above
expectation is well defined without ambiguity. See chapter 3 for more details.

Now we state the BPZ equations for boundary LCFT, where we can prove the result without constraint
on 7.

Theorem 1.4.13. Let r > 2 an integer and x = % or 3 . Let pyy. oo opup >0, 89 < --- < spyroand s €
H\{z;,1 <i < N}. The BPZ equations of order r for a boundary degenerate insertion hold true for v € (0,2):
M
DB, 1)y Hva (z0) [T B " (s)))m = 0, (1.4.12)
j=1

where the expression of the differential operator DX is given by (1.4.9), where we replace the operators L_,, by
LY defined as L®| := 0, and for n > 2:

N
H 1 1 Ay (n—1) Ay (n—1)
1 =Y (gt~ et BNEE

z1— 8" (21— s)" (z—s)™

RS <_ LY +Aﬁl(”‘1)>_ (1.4.13)

(st =s)"7 17 (51— s)"
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The BPZ equations of order r also hold true when we insert a bulk degenerate insertion: for v € (0,2),

N M
DIV 1y (2) [ Ve o) T B () = 0, (L4.14)
=1

i=1 j=

where DE* s defined by the expression (1.4.9) where we replace L_,, by Lﬂj’i defined as L@’f := 0, and for
n>2,

e N~ (L o Boy(n=1)  Agy(n—1)
2523 (ot m gt G )
- 1 Apoyn—=1) K71 Ag,(n—1)
Gt T e +l§< PRSI LR P > (1.4.15)

1.5 Integrability of GMC and of Liouville theory

1.5.1 The DOZZ formula on the Riemann sphere

In this section we will sketch the proof of the celebrated DOZZ formula which gives the value of the three-point
correlation function of LOFT on S%. We state the main result of [61]:

Theorem 1.5.1. (DOZZ formula) Choose three points z1,z2,2z3 € S? of respective weights ay, s, a3 € R
such that the bounds (1.3.6) are satisfied. Then we have the following expression for the three-point correlation

function,
3

<H Vai (Zi)>§27g = |Zl — 22|2A12‘2’2 — Z3|2A23|Zl — 23‘2A13C7(041, Ck270[3), (151)
i=1
where we have:
V2 g, a2 20w T4 (0)T 3 (1) T3 (a2) Y3 (as)
C’Y(ahana?’) = (WJU‘Z(Z)(§) 2 ) v T a T a T a T a . (152)
%(5*@) g(§*a1) g(§*042) g(§*013)
In the above expressions we have l(x) = %, a=oat+aztas, A =Dny —Day, —Aay, Do, = F(Q— %),
Q=73+ % and Y, is a special function expressed in terms of the double gamma function I'y,
T(r) = (15.3)
€Tr) = B «J.
! Ly (2)l(Q — x)
where: o o o
> dt ot _emF % —x)? -
T, (z) = / @ R —— G- e 23| (1.5.4)
o tl(l-e2)1—-e) 2 t

We will now briefly mention the main arguments leading to the DOZZ formula. The first part of the theorem
that gives the dependence on the positions zj, 23, 23 is a consequence of the KPZ formula (1.4.3). Indeed one
simply needs to apply (1.4.3) to the Mobius map 1 that satisfies ¥(z1) = 0, ¥(22) = 1, ¥(z3) = co. The
structure constant C (o, aa, a3) is then recovered by taking the following limit:

Cyla,az,03) = lim 23|23 (Vi (0) Viay (1) Viag (00) )2 .- (1.5.5)

The difficult part of the theorem is thus to give the exact value for the constant C, (o1, a2, a3). This is
where we need to use the two BPZ equations of Theorem 1.4.6 for a four-point function. There are two such
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equations as the degenerate weight can be equal either to —3 or to —%. One can then deduce two non-trivial

relations on C (a1, oz, a3) which are,

2 2
Cylos+303,00) 1 H=FIEENER - DG 201 - 3) 150
Cy(or — 3,0, 03) mpl(F(a— 3 —2Q)(F(a—2as — IN(F(@—2az —3))’
and 2 4\7(2 2 4\7(1 2
Cy(ar + 3, ag,a3) _ 1 W=2)I(Z)UEE — 25 (@ — 200 — ) (1L5.7)
Cy(ar — %,a%ag,) Tl l(%(d —-2-2Q )l(%(d —2a3 — %))l(%(o’z — 20y — %))
with g = (pml(CZ) being the dual cosmological constant. Of course by symmetry similar relations are verified

ml(Zz)
for a shift on OZQ or on ag. It turns out that these two shift equations completely determine the dependence
on the a; if 42 ¢ Q. Then one can extent the formula to all values of v by a standard continuity argument.

Let us give more comments on the shift equations. One of the major difficulties in the rigorous mathematical
proof is the second shift equation (1.5.7). In physics this second shift equation is predicted by replacing 3 by
% in the first shift equation. However they are very different in nature. While the first equation comes from a
Taylor expansion, the second equation will have a fractional shift on the moment of the GMC, which cannot be
simply obtained by an expansion. This requires a careful study of the local behavior of GFF around singularities
and we will need to compute the value of the so-called reflection coefficient before we can obtain the second
shift equation. For a much more complete summary of the proof of the DOZZ formula one can take a look at
the lecture notes [103]. We will see that in certain cases such as GMC on the interval or the Fyodorov-Bouchaud
formula there will be some simplifications, and in the case of the boundary Liouville structure constants there
will be some complications.

1.5.2 GMC on the unit interval, Summary of chapter 2

We study the GMC measure associated to the log-correlated field X; defined on the unit interval [0,1]. We
will prove an exact formula for the moments of the total mass of the GMC measure. The log-correlated field
X that we work with has a covariance given by:

E[X ()X (y)] =2In (1.5.8)

|z —y|

Note that this is a restriction of the filed X defined on H with covariance given by (1.2.1). For this model of
GMC the most general quantity that we will provide an expression for is defined for v € (0,2) and for real p,
a, b obeying the bounds (1.5.10) written below:

M(y,p,a,b) = E[(/O 241 — 2)Pe3X@ gy, (15.9)

This is the moment p of the total mass of our GMC measure with two “insertion points” in 0 and 1 of weight a
and b. As explained in subsection 1.2.2, the theory of Gaussian multiplicative chaos tells us that these moments
are non-trivial, i.e. different from 0 and +o0, if and only if:
2 2
¥ ¥ 4 4 4
a > -7 -1, b> _Z_l’ p< ?A(l—&-?(l—&-a))A(l—&-?(l—&-b)). (1.5.10)

The techniques of proof of this formula on [0, 1] are similar in spirit to the techniques used to prove the
DOZZ formula. First remark that M (v, p,a,b) can be related to (Bg’ll (O)Bg;o(l)Bg;’O(oo)mﬂ, where we take

o =0on [0,1]° and up =1 on [0, 1] and the background metric is given by g(x) L

= m
the metric thanks to Theorem 1.4.2. Now by applying (1.4.12) with » = 2 we have the differential equations for
the four point auxiliary function <BfX(S)Bg’11 (O)Bé’zo(l)Bg’SO(oo)mg. On the other hand, the way we choose

. We are free to choose
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1o makes the parameter §3 independent of the total mass of GMC, and this parameter gives a degree of
freedom to the moment p. Therefore we can work with fixed p and obtain two shift equations on a and b,
which completely determine the dependence of (1.5.9) on a and b. For the dependence of p we can do as in
the proof of Fyodorov-Bouchaud formula, where the author calculates simply the negative integer moments of
the total mass of GMC and shows that this suffices to characterize the law. However in the interval case, as
can be observed from the final exact formula, it is much less trivial to exploit its distribution. A self-contained
way is to again use the reflection techniques introduced in the proof of DOZZ formula, where this time the
simplification is that we do not need the exact value of the reflection coefficient.
We state here the main result of chapter 2:

Theorem 1.5.2. For v € (0,2) and for p, a, b satisfying (1.5.10)%, M (v, p, a,b) is given by,

,\{2

PR+ 1) — (= DR +1) = - DPT(Ra+b+2) = (=P —p3)

(2m)P(2 v
(a+b+2)—(2p—-2)3) ’

)L, (2
ST DG+ D+ P Co+ 1) + )0 (

2
v
where the function T (z) is defined by equation (1.5.4).

As a corollary by choosing a = b = 0 we obtain the value of the moments of the GMC measure without
insertions:

Corollary 1.5.3. For vy € (0,2) and p < %:

N

' ErPP 2P Ty (2 — (= DEPTH (4 — (= DI (2 — pd)
e3X1(®) 1\P] = ol ol 2 ~ 2 P ) &
BI( | ey = o e (15.11)

Finally we state that Theorem 1.5.2 can be used to obtain the following tail expansion for a GMC measure

-0
in dimension one. In the result appears R; («) , a one-dimensional reflection coefficient that can be calculated
based on the value of M(v,p,a,b).

Proposition 1.5.4. For v € (0,2) and n € (0,1) define:
n [e]3
Ifm(a) ::/ ™7 e3X1@) gy, (1.5.12)
0

Then for o € (F,Q) we have the following tail expansion for Ila’n(a) as u — oo and for some v > 0,

Ea(a) 1
d _ iy
P(Il,n(a) > U) - u%(Q_a) + O(u%(Q—Q)"I‘V)’ (1513)
where the value of R?(a) is given by:
2 1
_ o) 7 (@=)=3(2)3(Q-)=3 p_(, _ 2
Rl(a) = 20 (1) o i)' (1.5.14)

(Q—a)T(1—2)5@ - T (Q-a)

1.5.3 Integrability of boundary Liouville theory, Summary of chapter 3

In this subsection we work in the probabilistic framework of boundary LCFT with p = 0. We present exact
formulas for the basic correlation functions of the theory, i.e., the bulk one point function, the bulk-boundary
correlator, the boundary two-point and the boundary three-point functions. These four correlations should be
seen as the fundamental building blocks of boundary Liouville theory, playing the analogue role of the DOZZ
formula in the case of the Riemann sphere.

6 Again the result also holds for all complex p such that Re(p) satisfies the bounds (1.5.10).
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We suppose that the following Seiberg bounds hold:

N M ﬁ
DY ?J >Q, Vi, B3 <Q. (1.5.15)

i=1 j=1

Notice here that we do not have the condition a; < @) as we do not have a bulk potential. Using conformal
invariance one can thus reduce computing the following basic correlation functions to computing a single
constant called the structure constant:

¢ Bulk one-point function. For z ¢ H, «a > Q:
U(a)
(Va(2))y = PR (1.5.16)

o Bulk-boundary correlator. For z € H, s€ R, /<Q, a+ g > @

(Vo) Bi(s)s = gt s (15.17

+ Boundary two-point function. For 51,50 € R, 3 € (3,Q):

_ R(67/’('17M2)

M1, 042 M2,
<Bﬁ (51)BY (32)>H e (1.5.18)

« Boundary three-point function. For i € {1,2,3}, s;, 5; € R satisfying ; < Q and ), 3; > 2Q:

H(Bhﬁ%ﬁa)

IENT B, ft2 PRI _ (p1,p2,13)
<Bgl (s1)Bj, " (s2) Bs; (53)>H T 51 — sa| P18 Ba|5; — gy|Ai+tBa—Ba|g, — gy |AatBa— b1

(1.5.19)
We have used the notations A, = §(Q — §), Ag = g(Q — g), and A; = %(Q — %) Each of the four
structure constants U, G, R, H will have a definition involving Gaussian multiplicative chaos.

With this at hand one can now give a probabilistic definition to the four structure constants U, G, R, H
using moments of GMC on H. We study the log-correlated field X defined on H with covariance given by

E[X(2)X(y)] =2In +2In|z|y +2In|y|4, where |z|; = max(|z],1). (1.5.20)

[z —yl
1
B35
three-point functions we will consider parameters 1, us2, 3 in C. To be able to choose a suitable branch cut
to define the probabilistic expressions below, we introduce the following conditions we will refer to as the
half-space conditions.

The background metric that we work with is g(z) = . In order to define the boundary two-point and

Definition 1.5.5. (Half-space condition for p;) Consider p1, p2, ps € C. We say that (1;)i=12,3 satisfies the
half-space condition if there exists a half-space H of C whose boundary is a line passing through the origin not
equal to the real axis and satisfying the following. The half-space H does not contain the half-line (—o0,0).
Each p; is contained in H (the half-space with its boundary included) and the sum py + po + pg is strictly
contained in H. We will also refer to the half-space condition for a pair pq, e € C which will be the condition
above with ps set to 0.

Definition 1.5.6. (Correlation functions of Liouville theory on H) Fiz v € (0,2). Consider parameters
a,B,081,02,83 € R, up € (0,+0), and p1, s, u3 € C. The four correlation functions U,G, R, H have the
following probabilistic definitions:
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_op2e=@)y (25U T 7.
e Ula) =sT(Z55) | 1o U(a) where for o > 3:
Y2 2Q-0)
— 35—«
U(a)=E (/ W@gx(m)dm> . (1.5.21)
R | =i
_2p2at6-20y (5 @ 2 B <o
e G(a,B) = WF( ~ ) | 1 G(a,B) where for B < Q, 3 —a < 5 <o
2 B
_ IR 3@t
Cla,f) =E (/ W&X(@dx) . (1.5.22)
R |r—ip

((5115252; = %F(w)ﬁgﬁiizlﬁg where in the following range of parameters,

3
1 4 2
(ii)i=1,2,3 satisfies Definition 1.5.5, B; < @, ;(2@ — E Bi) < 7z A min ;(Q - Bi), (1.5.23)
i=1

one can define:

1 3
1(&723: ﬁl) ;(2Q_Zi:1 Bz)
—7(B1,82,83) g(x)®5 =t IX(z
T =B || [ 2 e o) (1.5.24)
% Jol B o — 12
The dependence on the parameters i1, 2, 3 appears through the measure:
dp(x) = p11(—oo,0y(2)dx + p2l 1) (2)dx 4+ p3l(1 00)(z)d. (1.5.25)

The GMC integral inside the expectation is a complex number avoiding (—oo,0). To define its fractional
power we choose its argument in (—m, ).

o R(B,p1,2) = —T(1 — M)F(ﬁ,m,ug), where R(B, ju1, u2) is defined for 3 € (3,Q) and puy, po
obeying the constraint of Definition 1.5.5 by the following limiting procedure. Consider 3 < B < < Q

and B — B2 < B3 < Q. Then the following limits exists and we set:

— ) 1 . +7(8,82,83)
R(B, p1, p2) = m 53}%{1&@2 + Bs = B1)H (4} 1y 1) (1.5.26)

In order to state our main results, we introduce the function Sy (z) defined for v € (0,2) and Re(z) € (0,Q)
by:

(1.5.27)

and the double functions are defined in (1.5.4). Both functions I'y (z) and Sy () admit meromorphic extensions
to all z € C with a known pole structure, see subsection 3.5.4 for more details. Using these two functions one
can define the following special function introduced in [84]. For i € {1,2,3}, define o; through the relation

i = ¢i™1(0i=%) with the convention that for positive p; one has Re(o;) = % Denote 3 = 31 + B2 + 3. Then
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define:

IPT <§17ﬂ27ﬂ3) (1528)
1,02,03
2Q-8 y_2 _By_ 3 —_ —

B (27.‘-) =~ +1(%)(2 2)(Q-5) 1F%(2Q g)lﬂ%(ﬂﬂrﬁs ,32)1_‘2(Q_B1+522 Bs)F%(Q_ﬁ2+523 ﬁ1)
1“(1_ﬁ>2Q r(2=29Q) L2 (Q)T1(Q — Bi)I'1(Q — B2)I'3(Q — Bs)

¥

(- (20— —01-02)(Q— B —01—02)+(Q+ 2 —02—03) (R —02—03) +(Q+ 5 —01—03) (B —01—03) 203 (203-Q))

X

S%(%—I-O'l—Oz)S%(%—l—O'g—O'l)
x/m $3Q-F +os— 02 +1)83(F +os—01+7)83(Q—F +o5—01+7) Jin(— 22 +oz—ogyr AT
cio S3(Q+ B -2 +o3—01+7)532Q -3 — Z + 05— 01 +7)S3(Q+7) i

The contour of the integral is to the right of the poles at r = —(Q— %4*0'370'2) n%fm%, r= ( 2 t+o3—01)—
ny —mf r=—(Q- +03—01) ng —m2 and to the left of the poles at r = —(& B2 —1—03—01)—1—7”L1—i—m2
= —(Q Bl ﬁ2 +03 —o01)+n3 +mf r=ng +m with m,n € N?. We can now state our main results.
For the sake of completeness we recall

Theorem 1.5.7. (Bulk one-point function, R. 2017 [88]) For v € (0,2), a > %, one has:
a 2(Q-a)
— 2_%271' v Yo 72
Ula) = | ———— I'— ——). 1.5.29
(@) <r<1f)> L (15.20)

Now the main results of the present work is to provide expressions for the remaining three structure
constants. We will indeed prove the following theorems:

Theorem 1.5.8. (Bulk-boundary correlator) For v € (0,2), B<Q, 3 —a < g < «a, one has:

M

[NJEeY

(@ —

(S

)2

(1.5.30)

~—

v B 2(Q-a=%) L /va
Blon ) = 93 (5-m9y N3 +2 - (a— 5Ty (a+ 4)r
’ I(1—2) F2(Q - By (a)?Ty(Q

Theorem 1.5.9. (Boundary two-point and three-point functions) Consider v € (0,2), B € (3,Q), and puy, jiz
obeying the condition of Definition 1.5.5. Then one has:

2 1 1 .
- (2m)~(@=A72(2)3(Q-A)—3 T (8 — 1)eim(e1+02-Q)(Q=H)
R(B, pi1, p2) = — T I . . (1.5.31)
Q=BT —F)~ I'1(Q = 5)S3(5 + 02 —01)S3(5 + 01— 02)
Similarly, for p1, B2, B3 and w1, ua, ps satisfying the set of conditions (3.1.18),
+7(B1,82,83) b1, B2, B3
H(Hlv“Q;H’S) - IPT (0_1’0_270_3 . (1532)

Let us now state how the value of R(f3, 1, u2) provides a very general first order tail expansion for the
probability of a one-dimensional GMC measure to be large. For this discussion we choose 1, g € [0, 00) with
at most one of the two parameters being 0, and we introduce the notation:

2 1
Iny s (B) := / M@G%X(m) (Nll{x<0} + ,LL21{1>0}) dx. (1.5.33)
-

In the above 11,712 € (0,1). Now the tail expansion result is the following:
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Proposition 1.5.10. For 3 € (3,Q) and any n1,n2 € (0,1), we have the following tail expansion for I, ,,(3)
as u — oo and for some v > 0:

R(B, pa, p 1
P(Lyy s (B) > u) = ig(lgﬁf) + Ol (1.5.34)

Although the proof strategy of boundary LCFT structure constants follows the same lines as the DOZZ
formula, there are additional technical difficulties that arise because of the presence of complex valued quantities
included with the GMC measures. Performing OPE in this case will require some care and extra estimates.
Furthermore, the computation of the reflection coefficient R(3, 1, pi2) is not direct and will require the specific

value of R(3,1,0) = E?(ﬁ) calculated in the interval case (1.5.14).

1.6 Applications and perspectives

Finally, this section provides a list of applications of GMC and of Liouville theory to other problems in
probability theory and in mathematical physics. We also provide perspectives on future research.

1.6.1 The maximum of X and random matrix theory

We now turn to the applications of the exact formulas for the GMC measures. It turns out that the Fyodorov-
Bouchaud formula will give us some precise information on the behaviour of the maximum of our field X on
the unit circle. Characterizing the behaviour of the maximum of X requires to compute the law of the total

mass of the derivative martingale,
1 27

Y= -3 X(e9)eX ) dp, (1.6.1)
0

which following [6] can be characterized by the convergence in law:

2Y’ = lim LY

lim 5=, (1.6.2)

Therefore using Fyodorov-Bouchaud formula we can easily compute the density for 2Y":

Fovi(y) = y~2¢ 7Y 1 0i(9)-

We observe that In2Y” is distributed like a standard Gumbel law. Recall that an impressive series of works
(see [16, 18] for the latest results) have proven that for suitable sequences of cut-off approximations X, the
following convergence in law holds,

. 1 1
max Xe(ew)—Zlnf—F%lnlnf — G+InY' +C, (1.6.3)
0€[0,27] € 2 € e—0

where G is a Gumbel law independent from Y’ and C' is a non universal constant that depends on the cut-off
procedure. From this convergence and previous considerations, one can deduce the following convergence in
law,
0 1 3 1
max X.(e")—2ln-+ —-Inln—- — G; + Gy + C, (1.6.4)
0€[0,27] € 2 € €0
where G; and Gs are two independent Gumbel laws and where we have absorbed the factor In 2 in the constant
C'. This convergence was conjectured in Fyodorov-Bouchaud [41]. As a matter of fact, Fyodorov-Bouchaud
state (1.6.4) as their main result. Mathematically, it is the first occurrence of an explicit formula for the limit
density of the properly recentered maximum of a GFF.
A similar story can be told for unitary random matrices. Let Uy denote the N x N random matrices
distributed according to the Haar probability measure on the unitary group U(NN). Denoting by (e%*, ..., ")



1.6. APPLICATIONS AND PERSPECTIVES 31

the eigenvalues of Uy, we consider its characteristic polynomial py(6) evaluated on the unit circle at a point
e'?:

N
pn(0) = det(1 — e PUy) = JJ(1 = 7). (1.6.5)
k=1
Recently, the following convergence in law has been obtained in [104] for a real « € (f%, V2):

lpv (6)] lal X (%)
_— — e2 € )de. 1.6.6
Ellpx 0] " v (1.6:6)

This convergence seems to indicate that 21n |px(6)| should be seen as a cut-off of X just like our X, with N

corresponding to 1. Based on this analogy, it is reasonable that the properly shifted maximum of 21n |py(6)]

should converge to the same limit as the (properly shifted) maximum of X on the unit circle. Indeed it has been
recently conjectured by Fyodorov, Hiary and Keating [42] (and further developed in [43]) that the following

convergence in law should hold,

3
max Inlpy(@)]—InN+-InlInN — G +G+C, (1.6.7)
0€[0,27] 4 N—oo

where G; and G- are again two independent Gumbel laws and C' a real constant. On the mathematical side
the most recent result [17] establishes that

9?[02}5(7@ In|py(0)] —In N + %lnlnN (1.6.8)

is tight. Just like for the GFF it is natural to expect that the following convergence is easier to establish
directly
3
max Inlpy(0)|—InN+-InlnN — G +InY' +C. (1.6.9)
0€[0,27] 4 N—oo
Our result could then prove instrumental in precisely identifying the limit in the conjectured convergence
(1.6.7).
In the case of the unit interval it is also possible with our exact formula to study the behaviour of the
maximum of X; on [0,1] and to establish a link with random Hermitian matrices. The behaviour of the
maximum is given by the following convergence in law, first conjectured in [78],

1 1
max Xy (z)—2In-+ §lnlnf = G1+ G+ N(0,4ln2) +In X + In X3 + C, (1.6.10)
zel0,1] € 2 € €0

with again as before Gy, Go two Gumbel laws and C a non-universal constant that depends on the cut-off
procedure. On the other hand we see there are three additional terms, a Gaussian law and two additional laws
In X5 and In X3 (see chapter 2 for a precise definition). Moving on to the link with random matrices, to obtain
as limit a GMC on the interval the correct matrix ensemble is an ensemble of Hermitian matrices Hpy. Their
eigenvalues are on the real line but with the right rescaling the limit of the characteristic polynomial will be
a GMC on [0, 1]. We can thus conjecture:

3
m{rg)i]ln|det(HN —z)|—InN + ZlnlnN e G1+ G2+ N(0,4In2) +In X5 + In X3 + C. (1.6.11)
xze|0, — 00

1.6.2 Relation with the one-point toric conformal blocks

Very recently in [48], a GMC expression has been proposed for the one-point conformal blocks for LCFT on
the torus. The main result of [48] is that this probabilistic definition matches the known expression in physics
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given by Zamolodchikov’s recursion. More precisely, the expression of [48] for conformal blocks is given by, for
parameters 3 € (—%,Q),7 PeR,qe(0,1),

=g |( [

where Z is a normalization constant, ©, is the Jacobi theta function, and Y, is a log-correlated field which
can be thought of as the restriction of a 2d GFF on the torus to one of the loops of the torus (see [48] for
more details). Both ©, and Y, depend on the parameter ¢ related to the moduli 7 of the torus by ¢ = ™.
The proof strategy of [48] to show that (1.6.12) matches known definitions still relies on the BPZ equations,
operator product expansions, and this time a whole system of coupled shift equations. Therefore one needs
again to perform the OPE with reflection and in order to obtain an explicit answer use the formula of Theorem
1.5.9 for the boundary two-point function. The precise quantity required in [48] evaluated using Theorem 1.5.9
is

Ty

V(0@ (z)" 7 ”Pwdag> (1.6.12)

[N/

R(B,1, e-in+m1P) 2(2m)7* ' T(2)r(1 - ) 1= S
) —in g B -1 myP— % ind
R(B+2 - 3,1, tm0)  5(Q=BN(1— )7 'T(H - FINA— P + %) 1+ emP- 5 rims

Furthermore, the normalization Z of the conformal block gg’ p(B) is explicitly given by

T

1 :
(BTML%fl)n(q)ﬁz +1-Zp (/ elxm(ezﬂm)[—Qsin(ﬂ'a:)]B;empmdx> (1.6.13)
0

o

Z =q

where 7(g) is the Dedekind eta function. As an output of the proof of [48], the GMC expectation above is
explicitly evaluated, for 3 € (—%, Q), PeRr:

1
E (/ e3Yel®)[ 9 sin(m)]‘?e”“dx> (1.6.14)
0

2w

2

C(NE e mer 22 T3 (@ DN3G + DN3(Q -5 —iPT3(Q - F +iP)
_( ) e'™ 2 2 ]_"(1— )"r 5 ) .
v/ 2

The proof of (1.6.14) follows very closely the techniques used to prove Theorem 1.5.8 and relies again of the
exact formula for the boundary two-point function given by Theorem 1.5.9. Lastly an observation is that both
(1.5.30) and (1.6.14) degenerate to the same formula (up to a prefactor due to the mapping of D to H and to
a global phase) if one choose & = @ in (1.5.30) and P =0 in (1.6.14). Both (1.5.30) and (1.6.14) up to trivial
prefactors are thus a special case of the following GMC moment, written here with the field Xp for P € R,
<@, T-a<b<a

2(Q-a-%)

E (/ e3Xn () | 2miz _ 1|—ﬁz”e”“dx> : (1.6.15)
0

This quantity is also expected to have an explicit evaluation using I‘v which can be conjectured form Selberg
integrals. We leave repeating our methods to prove a formula for (1. 6. 15) for a future work.

“In [48] this parameter 3 is called «, but we use here the notation 3 in order to keep the convention of this paper for insertions
on the boundary.
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1.6.3 Stochastic variance model

The 1d GMC measures with kernel 2In™ ﬁ with In" () = max(Inz,0) provide a model for the stochastic
variance of an financial asset. GMC is a multifractal measure and is used in the modeling of intermittent time
signals characterized by an alternation of small fluctuations and large fluctuations (hence the terminology
“intermittence”). Financial assets (stocks, currencies, indices, etc.) are precisely intermittent signals and in
particular their stochastic variance 8. Numerous empirical studies show that the GMC with kernel 21n™ ﬁ,
also called lognormal Multifractal Random measure (MRM), verifies most of the properties and statisties
observed on the variance of the assets: lognormality of the volatility, and long range correlations, we refer to
[7, 8] for a study and a review. Volatility modeling and forecasting is an important field of finance since it is
related to option pricing and risk forecasting. We refer to [32] for the problem of forecasting volatility with
this choice of GMC.

Here we give an application of our results on the unit interval. A call option of the variance starting from
t = 0 (current time) with exercise date t = T offers the buyer the opportunity to buy the variance of a financial
product over the future period [0, 7], with a fixed price K called the strike. If we model the variance with the

total mass of GMC over [0, T], denoted by M, ([0,T]), then the price of the call option at ¢t = 0 is given by
C(K,T) = e " TE[(M, ([0, T]) — K) 1 |70], (1.6.16)

where 7 is the interest rate, (x); = max(x,0) and Fy is the sigma-algebra that contains all the past information.

Take X the log-correlated field defined on [0, 1] with covariance given by 21n Iz—iy‘ We observe that

T 1
M, ([0,T]) (i)/o e3X@/T) gy — T/O e3X0) e — T ([0, 1)). (1.6.17)

Therefore Theorem 1.5.2 also characterizes the law of M., ([0,T]). Thanks to the computations done by Ostro-
vski (see [79] for a review), an explicit formula for the Fourier transform of In M, ([0, T]) has been established.
It is also deduced that In M, ([0, T) has a density fr. Let us denote by ¢r its Fourier transform and k& = In K.
Without prior knowledge of the past, i.e. Fq = (), the value of the option can be priced as

Cr(k) :=C(K,T)=e"T /koo(e“ﬂ — M) fi(z)dz. (1.6.18)

Here C} is not a square integrable function since when k& — 0, C1(k) — E[M,([0,77])]. Hence we consider the
function

Y7 (v) = /Re“’ke‘”“CT(k)dkz (1.6.19)

for a suitable a > 0. The value of « affects the speed of convergence. We can express ¢ in function of ¢
after some computations:

e Tor(v—i(a+1))

vr(v) = a?+a—v2+i2a+1)v

The expression of ¢r(v) is explicit and we can do a fast Fourier transform to get the approximated value of
Cr (k).

Finally as a remark, Theorem 1.5.2 provides the Levy-Kintchine decomposition of the infinite divisible
distribution In M, ([0, T7]), hence we can use the simulation of a Levy process in order to apply Monte Carlo
methods. This will enable the computation of many other exotic option values.

8The stochastic variance of an asset is the variance of its log-return; this variance is a random measure in the mathematical
sense. Besides, the standard error of its log- Yield is called volatility.
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1.6.4 Additional applications

A major motivation for probabilists to study Liouville theory is that it provides the conjectured scaling limit
of random planar maps potentially weighted by a statistical physics model. To every integrability formula in
Liouville theory there should correspond an observable on random planar maps; see [20] for the conjectures in
the case of the Riemann sphere. Let us mention a slightly different approach to Liouville theory developed in
[33, 71]. The strength of this approach is that it bridges the gap between the discrete world of random planar
maps and the continuum description of Liouville quantum gravity. Major progress has been made in the case

of pure gravity v = \/§ corresponding to uniform random planar maps. The same framework has also allowed

to derive rigorously the so-called KPZ relation of [58]; see [36]. Establishing links between the approach of
[33] and the path integral construction we propose could prove very useful to obtain a better understanding
of Liouville theory. Finally, we mention the widespread approach to the probabilistic study of CFT using the
celebrated SLE curves. BPZ type equations can be written for these curves [28] and precise links with the
Virasoro algebra of CFT have been uncovered [30]. Coupling between the SLE and Liouville theory has also
been widely developed in [33].

We can briefly mention a few additional problems linked to Liouville theory. First, the integrability formulas
we present in section 1.5 are only a very small part of what can be found in the review [72]. For instance there
is another whole set of formulas for the ZZ-branes of Liouville theory. Also, the problem of random geometry
has been studied with a modified action where an additional Mabuchi term is added to (1.3.2), see [15]. This
new Mabuchi term can be seen as a perturbation of the Liouville CFT. We mention as well the celebrated
AGT conjecture [1] linking the Liouville theory to the Nekrasov partition function of a four-dimensional gauge
theory. This has been recently studied on the mathematical side in the work [68], where the reflection operator
of Liouville theory appears. Finally there is a link between the zeros of the Riemann zeta function and GMC
theory, see for instance [95] and references therein.

1.6.5 Other exact formulas for Liouville theory

In this section we give some perspectives on a series of formulas and results that we expect to obtain with
similar techniques.

Let us start by a generalization of the formula (1.5.30) for the case u = 0. In fact the Selberg integral on
the circle - the so-called Morris integral - predicts that one can go even furthermore and hope to prove the
following formula.

Conjecture 3. For vy € (0,2) and suitable a, b, p € R give a meaning to and prove the following formula:

. (1.6.20)

2

0 2
B[ ‘/27r et (-0 e%X(eig)de)p} — (27)? DI = ) (Q —a—-b— ) (Q —a)l(Q -0 (Q - F)
X T(a -

0 e — 13T DI — Z)T,(Q —a— B)05(Q —b— )T+ (@—a— (@)
This formula is interesting because it characterizes the Fourier transform of GMC on the unit circle. The
first difficulty is to well define this object to be a single valued function. The second difficulty is that it is no more
covered by correlation functions of LCFT because of the term ei%(b*“), although certain non-hypergeometric

differential equations are expected for the auxiliary functions.
We will now state a list of formulas that generalizes the formulas of subsection 1.5.3. We keep using the

notations U(«), G(a, 8), R(B, p1, p2) and H((;fllizii; but we now work with u > 0.

Conjecture 4. For >0, up > 0, z € H, and suitable o

Ula) = %(wz(%))@‘#r(ﬂ SO Ca - 2 1 cos@n(a — Q) (o — %)) (1.6.21)
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For suitable B, 1, pi2,

(2m)3(Q-P)~3(2)3(Q-A)-3% 1

~

(Q— B —2)7Q=" S (5+01+02—-Q)Sy(5 —01-02+Q)

3 (8- 3ra - 22

R(ﬁuu’luua) = -

3 7 . (1.6.22)
F%(Q — ﬂ)S%(§ + 09 — O'l)S%(§ + 01 — 02)
We can also generalize the three point structure constant:
(B1,82,83)
H(H17lt27/t3) (1.6.23)
2Q-8 1_2y0_By_
QI‘(ﬂl + B2+ B3 — 2Q)(27T) ’ H(%)(Z H@m2)
T 2, 2Q-8 a_
K v D(1-20)" 7 ()

I3 (2Q — )0y (28=02r . (Q
I (QT3(Q = A1)l (Q — B2)l'3(Q — B3)
« 1
S%(%—F(H—GQ)S%(%—FO’g—O’l)S%(%—FUl+O’2—Q)S%(%—0'1—0'3+Q)

X/ioo S%(—%+02+U3+T)SW(Q—&+U3—0‘2+7")S%(%+0'3—0'1+T)S%(Q—%+03—01+T)dr

_ ﬁ1+[322—[33 )1’\% (Q _ Bz+,823—l31)

(S

X

—100 S%(Q"‘ﬁl—*‘l-dg—dl-*‘ )S%(QQ—%1—%+O’3—O’1+7’)S%(203+T’)S%(Q+T) i.
For the expression of G(«, B), see the review [72].

The algebra of the proof for R(S, u1, ne) and H((fllfzi?’; is exactly the same as the y = 0 case proved
in chapter 3. There are some additional difficulties that we need to understand: the conjecture 1 for BPZ
equations on the boundary, and all the reflection techniques should be reproved in this case where both bulk
and boundary potential are present. We also expect the exact formula of R(3, u1, p2) to give the distribution
of the total mass of the quantum disk. The calculus of U(«) seems to have some technical problems as the

domain of definition is not sufficient to write shift equations.

Finally let us note that formulas also exist in the case of other topologies (torus [50] or annulus [67]).
Proving these formulas is a whole new adventure as one needs to perform the so-called “modular bootstrap”.

1.6.6 More on BPZ equations

Higher order BPZ equations can also be used to deduce exact formulas of certain correlation functions of
LFCT, such as the integral forms introduced by Fateev-Litvinov [38, 39]. The idea is to first show that the
solution space of higher order BPZ equations is of dimension 1 using monodromy arguments [26, 27]. It is not
hard to verify that the integral forms of Fateev-Litvinov satisfy higher order BPZ equations using its relation
with Coulomb gas integrals and analycity of its parameters, especially analycity in . Therefore we can identify
the LCFT correlation functions to Fateev—Litvinov integrals. See the conjecture below. However this conjecture

only works for the paramters y = 7 and v < \/7, while the proof of higher order BPZ equations works for

2(7‘ 2)

v > . As long as r > 4, the intersection is empty.

Conjecture 5. Four point Liouville correlation functions can be expressed as follows (in the domain of
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existence for the integral):

(Vo2 (2) Vi, (0) Ve (1) Ve (00)
(Vo 0 (0)Veey (1) Vi (00))

_ - |Z| (r—lQ)'yal |Z B 1| (7‘—12)7042

Sro1 (352 —an). 3(A —a2). - %)

r—1
/ [ fws Ao fw, — 1Ay, — AT Ty — wy |7 dw, (1.6.24)
cr-t s=1

1<s<s’'<r-—1
where A = %(Z?Zl a; —2Q + @), and Sy_1 is the complex Selberg integral defined by
r—1
S_1(a,b,g) = / T lwslolws — 12 [ fws — we[?d2w. (1.6.25)
Cr—t s=1 1<s<s'<r—1

The integral is well defined for the following range of parameters:

4 2 -2 2
B A VA P Gl 3 (1.6.26)
r—1 2 v 2 ol
Remark 1.6.1. Note that there is no conjecture for the degenerate insertion with weight —@, in which

case the domain of definition is empty for the integral on the right hand side.

The renormalizing factors in equation (1.6.24) are explicit. The value of the three point correlation function
(V, _=n (0)Va, (1)Vy, (00)) is given by the DOZZ formula and the value of complex Selberg integrals can be

written explicitly in terms of Gamma functions.
Another series of higher order differential equations, known as equations of motion, are conjectured in [109]:

Conjecture 6 (higher equations of motion). Define V., = ¢V,

DDAV (oo () [ Vi 1))z = By (Vissnn (2) T Ve (202, (1.6.27)
l l

where l(x) = % and B, is defined by

_ 72 D)) (- )2
BT—(WMZ(4)) l(%) .

The operators D, are the same as in higher order BPZ equations, D, are defined by replacing L_, by L_, in
the expresion of D,., with L_,, given by

(1.6.28)

Ly =0s, (1.6.29)

N
L= (- ! Dz, + Auln = U) n>2. (1.6.30)

AN e E

Remark 1.6.2. We have an algebraical proof for the r = 2 case using the methods proposed in chapter 4. The
major difficulty is the existence of the certain objects coming from higher order derivatives.



CHAPTER 2

Gaussian multiplicative chaos on the unit interval

In collaboration with Guillaume Remy.

We consider a sub-critical Gaussian multiplicative chaos (GMC) measure defined on the unit interval
[0,1] and prove an exact formula for the fractional moments of the total mass of this measure. Our formula
includes the case where log-singularities (also called insertion points) are added in 0 and 1, the most general
case predicted by the Selberg integral. The idea to perform this computation is to introduce certain auxiliary
functions resembling holomorphic observables of conformal field theory that will be solutions of hypergeometric
equations. Solving these equations then provides non-trivial relations that completely determine the moments
we wish to compute. We also include a detailed discussion of the so-called reflection coefficients appearing
in tail expansions of GMC measures and in Liouville theory. Our theorem provides an exact value for one of
these coefficients. Lastly we mention some additional applications to small deviations for GMC measures, to
the behavior of the maximum of the log-correlated field on the interval and to random hermitian matrices.

2.1 Introduction and main result

Starting from a log-correlated field X one can define the associated Gaussian multiplicative chaos (GMC)
measure which has a density with respect to the Lebesgue measure formally given by the exponential of X.
This definition is formal as X lives in the space of distributions but since the pioneering work of Kahane [56]
in 1985 it is well understood how to give a rigorous probabilistic definition to these GMC measures by using
a limiting procedure. Ever since GMC has been extensively studied in probability theory and mathematical
physics with applications including 3d turbulence, statistical physics, mathematical finance, random geometry
and 2d quantum gravity. See for instance [92] for a review.

Despite the importance of GMC measures in many active fields of research, rigorous computations have
remained until very recently completely out of reach. A large number of exact formulas have been conjectured
by the physicists’ trick of analytic continuation from positive integers to real numbers (see the explanations
below) but with no indication of how to rigorously prove such formulas. A decisive step was made in [20] where
a connection is uncovered between GMC measures and the correlation functions of Liouville conformal field
theory (LCFT). By implementing the techniques of conformal field theory (CFT) in a probabilistic setting one
can hope to perform rigorous computations on GMC.

Indeed, in 2017 a proof was given by Kupiainen-Rhodes-Vargas of the celebrated DOZZ formula [60, 61]
first conjectured independently by Dorn and Otto in [25] and by Zamolodchikov and Zamolodchikov in [108].
This formula gives the value of the three-point correlation function of LCFT on the Riemann sphere and it can

37
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also be seen as the first rigorous computation of fractional moments of a GMC measure. Very shortly after, the
study of LCFT on the unit disk by the first author led in [88] to the proof of a probability density for the total
mass of the GMC measure on the unit circle. This result proves the conjecture of Fyodorov and Bouchaud
stated in [41] and it is the first explicit probability density for a GMC measure obtained in the mathematical
literature.

The present paper presents a third case where exact computations are tractable using CFT-inspired tech-
niques which is the case of GMC on the unit interval [0,1] with X of covariance written below (2.1.1). This
model was studied by Bacry-Muzy in [9] where they prove existence of moments and other properties of GMC.
Five years after exact formulas for this model on the interval were conjectured independently by Fyodorov-Le
Doussal-Rosso in [45, 44] and by Ostrovsky in [75, 76]. In [45, 44] the exact formulas are found using an ana-
lytic continuation from integers to real numbers but in his papers Ostrovsky went a step further and showed
that the formulas did correspond to a valid probability distribution. He also performs the computation of the
derivatives of all order in 7 of (2.1.4) at v = 0 which is referred to as the intermittency differentiation. However
a crucial analycity argument is missing for this approach to prove rigorously an exact formula. See [79] for a
beautiful review on all the known results and conjectures for the GMC on the interval (and also for the similar
model on the circle) as well as for many additional references.

The main result of our work is precisely the proof of these conjectures for the GMC measure on [0, 1]. The
major input of our paper is the introduction of two auxiliary functions that will be solutions to hypergeometric
equations, see Proposition 2.1.4. This observation was to the best of our knowledge unknown to the statistical
physics community although an analogous statement was known in the case of the Selberg integral, see [57] and
the explanations of subsection 2.1.1. By studying the solution space of these differential equations we obtain
non-trivial relations on the GMC that allow us to rigorously prove the formulas conjectured by physicists.

Let us now introduce the framework of our paper. We consider the log-correlated field X on the interval
[0, 1] with covariance given for x,y € [0,1] by:

1
E[X(2)X(y)] =2In ———.! (2.1.1)
[z —yl
Because of the singularity of its covariance X is not defined pointwise and lives in the space of distributions.
We define the associated GMC measure on the interval [0,1] by the standard regularization procedure for
7 € (0,2),
2
G%X(w)dl' -— lim egxéw)*%E[Xé(I)z]dx’ (212)
6—0
where X stands for any reasonable cut-off of X that converges to X as § goes to 0. The convergence in (2.1.2)

is in probability with respect to the weak topology of measures, meaning that for all continuous test functions
f:]0,1] — R the following holds in probability:

1 1 3 2
/ f(x)erX@)dy = lim/ f(a:)efX&w%TE[Xﬂxﬁdx. (2.1.3)
0 =0 Jo

For an elementary proof of this convergence see [12]. We now introduce the main quantity of interest of our
paper, for v € (0,2) and for real p, a, b:

! X
AIhgna,@::Jﬂ{ﬁ (1 — x)be? X @) dy)P]. (2.1.4)

This quantity is the moment p of the total mass of our GMC measure with two “insertion points” in 0 and 1
of weight a and b. The theory of Gaussian multiplicative chaos tells us that these moments are non-trivial, i.e.
different from 0 and +o0, if and only if:
2 2 4 4 4
a>—%~d,b>—%—L p< A+ SI+a) AT+ (1+D). (2.1.5)

LOur normalization differs from the In Iziiy\ usually found in the literature.



2.1. INTRODUCTION AND MAIN RESULT 39

The first two conditions are required for the GMC measure to integrate the fractional powers % and (1 — z)°.

Notice that this condition is weaker than the one we would get with the Lebesgue measure, @ > —1 and b > —1.2
We then have a bound on the moment p, the first part p < ;1—2 is the standard condition for the existence of
a moment of GMC without insertions. The additional condition on p, p < (1 + %(1 +a) A1+ %(1 +b)),
comes from the presence of the insertions. A proof of the bounds (2.1.5) can be found in [93, 53].

Now the goal of our paper is simply to prove the following exact formula for M (v, p, a, b):

Theorem 2.1.1. For v € (0,2) and for p, a, b satisfying (2.1.5), M(~,p,a,b) is given by,

@2m)T3(2(a+1) -~ (p-DPT3E0+1) — (p -1z (E(a+b+2) — (p—2)3)3(2 —p3)

2

(PTrA =533z Ga+ 1)+ PrzEG+ 1)+ 3z (G a+b+2) - (2p - 2)3)

where the function I'; (z) is defined for x >0 and Q = 3 + % by:

Oodt —xt _Qt Q_ 2 _Q
1nrl(m):/ < < < G Al 4 (2.1.6)
2 o tl(l—eZ)1—-e"7) 2 t

As a corollary by choosing a = b = 0 we obtain the value of the moments of the GMC measure without
insertions:

Corollary 2.1.2. For~y € (0,2) and p < %

X 0GP T2 - @- DT - @ - 293G - p3)
E[(/O e2X( )dSU) ] F(l—%)p F%(%)F%(%+%)2F%(%7(2]7—2)%) .

Thanks to the computations performed by Ostrovsky [77], we can also state our main result in the following
equivalent way:

Corollary 2.1.3. The following equality in law holds,
1 . 2
/ 291 — z)’e2 X @ dy = 2p2= B+ +2AH 1y, X X, X3, (2.1.7)
0

where L,Y.,, X1, X2, X3 are five independent random variables in Ry with the following laws:

L = exp(N(0,7° In2)),

1 22
Y, = &),
r-)
_ 4 4 2(b—a) 2(b—a)
Xl_ 27%(1,¥,1+?(1+G), 72 ) 72 )7
4 2 1 2
1 .
Xo = 272(1a$71+?(2+a+b)7§7?)7
4 4 1 2 1 2
Xg—BQQ( ?1+?,§+?(1+a+b),§+?(l+a+b)).

Here £(1) is an exponential law of parameter 1 and B2 is a special beta law defined in appendiz 2.4.5. It
satisfies B2 2 € [0, 1].

2
2Proving Theorem 2.1.1 for —1 — A/T < a < —1 will require a lot of technical work as precise estimates on GMC measures are
required to show that Proposition 2.1.4 holds in this case.
3The result also holds for all complex p such that Re(p) satisfies the bounds (2.1.5).
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The advantage of this formulation is that it is more transparent than the large formula of Theorem 2.1.1.
The log-normal law L is a global mode coming from the fact that X is not of zero average on [0, 1], see the
discussion of subsection 2.1.3. The random variable Y, is actually the law of the total mass of the GMC measure
defined on the unit circle - see [88] - and it will play a crucial role in understanding the small deviations of
GMC, see again subsection 2.1.3. Lastly the generalized beta laws studied in [78] have a complicated definition
but take values in [0, 1] just like the standard beta law.

2.1.1 Strategy of the proof

We start off with the well known observation that a formula can be given for M (7, p, a,b) in the very special
case where p € N, a > —1, b > —1 and p satisfying (2.1.5). Indeed, in this case the computation reduces to a
real integral - the famous Selberg integral - whose value is known, see for instance [40]. This is because for a
positive integer moment we can write p integrals and exchange them with the expectation E[-]. More precisely
for a,b > —1, p satisfying (2.1.5) and p € N we have, using any suitable regularization procedure:

IE[(/O x*(1— x)be%X(I)dx)p]

1 2
— limE 1 — 2)bedXs(2) =% E[X;(2)%] 7,.\p
i El( [ a(1 = a)ed o Y

— — 2 1 X5(i) - S E[Xs ()]
}1_{%/01]])1_[:17 (1—a) EH 2 8 ldzq ... dzx,

/ Hx (1—a;)eT FTics EX @)X @) gy .. dr,,
(0,17 ;=

:/ Hm 1—uxz; bH dzy...dxp
(0,117 5= i<j |z —w]\
2

ﬁ Lta—( = )PP +b— (G~ )P —5%)
=1 2+a+b—(p+3—2)742)r(1—%)

(2.1.8)

The last line is precisely given by the Selberg integral. It is then natural to look for an analytic continuation
of this expression from positive integer p to any real p satisfying (2.1.5). Notice that giving the analytic
continuation of a such a quantity is a highly non-trivial problem as p appears both in the argument of the
Gamma functions as well as in the number of terms in the product. To find the right candidate for the analytic
continuation we start by writing down the following relations that we will refer to as the shift equations. They
are deduced by simple algebra from (2.1.8) again for p € N and under the bounds (2.1.5),

M(y,pat+%,b)  T+a+ZT)N2+a+b—(2p—2)%) 2.19)
M(vy,p,a,b) I(l+a— (-T2 +a+b—(p—2)%) o
M(y,pa+1,b) _ TGE1+a)+DI(2+a+b)—(2p - 2)) (2.1.10)
M(y,p,a,b)  T((l+a)—(p—1))I(H2+a+b)—(p—2)) -
and for p € N* under the bounds (2.1.5),
M(y,p.ab) _T(l+a—(p—1))0A+b—(p-1)F)N(1-p)TC+a+b—(p—2)%) 2.111)
M(y,p—1,a,b) I(2+a+b—(2p—3)0)T(2+a+b—(2p—2)L)0(1 %) o

Of course similar shift equations hold for b but as there is a symmetry M(vy,p, a,b) = M (v, p, b, a) we will
write everything only for a. The reason why the function I'y () introduced in Theorem 2.1.1 appears is that
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it verifies the following two relations, for v € (0,2) and = > 0,

F%($) . 1 RV AT
T (x+3) ()T (2.1.12)
P R R L (2.1.13)

See appendix 2.4.5 for more details on I'y (z). Therefore we can use I'; (z) to construct a candidate function
that will verify all the shift equations (2.1.9), (2.1.10), (2.1.11) not only for p € N but for any real p satisfying
the bounds (2.1.5). More precisely for any function C(p) of p (and ) the following quantity,

I (

2

Ta(2a+ 1)+ PP2 G0+ + T3 (3(a+b+2) - (2p—2)3) ’

2
5

C(p)

(a+1)=(-1)Pr3E0+1) - (p— 1)23( P3(Glatb+2) -~ (p—2)3) (2.1.14)

is a solution to the shift equations (2.1.9), (2.1.10). Notice that for %2 ¢ Q these two shift equations completely
determine the dependence on a (and on b by symmetry) of M(y,p,a,b). Then by a standard continuity
argument in vy we will be able to extend the expression (2.1.14) to all v € (0,2). Next the equation (2.1.11)
translates into a constraint on the unknown function C(p):

Clp) _ Vw1221 DL = p7)
Clp-1) van(5)* Ta-2) (2.1.15)

We see that (2.1.15) is not enough to fully determine the function C(p). An additional shift equation that is
a priori not predicted by the Selberg integral (2.1.8) is required. We will indeed prove that we have,

C(p)
Clp— %)

72

[\]

=f(7)(1)"T(% -p), (2.1.16)

where f() is an unknown positive function of 7. Now combining (2.1.15) and (2.1.16) completely determines
the function C(p) again up to an unknown constant c¢., of y:

~—

2m)P 2. 42 2
(24 (= —pl). (2.1.17)

o Cmp 2
Cp) = Vf(l—%)P ~y

S

This last constant ¢, is evaluated by choosing p = 0 and thus we arrive at the function of Theorem 2.1.1 giving
the expression of M (v, p,a,b).

Now the major difficulty that must be overcome is to find a way to prove all the shift equations (2.1.9),
(2.1.10), (2.1.11) as well as the additional equation (2.1.16) for all real values of p, a, b satisfying (2.1.5) and
not just for positive integer p. To achieve this the key ingredient of our proof is to introduce the following two
auxiliary functions for ¢ < 0,

1 2
Ult) := E[(/ (2 —t)T2%(1 — 2)’e2 X @) dg)P], (2.1.18)
0
and )
() = ]E[(/ (z— 1) 2%(1 — 2)" 3X@ )], (2.1.19)
0

and to show using probabilistic techniques that the following holds:

Proposition 2.1.4. For v € (0,2), a,b,p satisfying (2.1.5) and t < 0, U(t) is solution of the hypergeometric
equation:
t(1-t)U"(t)+ (C— (A+ B+ 1)U (t) — ABU(t) = 0. (2.1.20)
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The parameters A, B,C are given by:
v 04
A=-"B=—(a+b+1) = (2-p).C=-a~ . (2.1.21)
Similarly U(t) is solution of the hypergeometric equation but with parameters A, B,C given by:

- - 4 ~ 4
A:—p,B:—?(a+b+2)+p71,0:7?(a+1). (2.1.22)

Let us make a few comments on the meaning of U(t) and U (t). These auxiliary functions are very similar to
the correlation functions of LCFT with a degenerate field insertion - see [60, 61] for the case of the sphere and
[88] for the unit disk - which also obey differential equations known as the BPZ equations. What is mysterious
in our present case is that it is not clear whether there exists an actual CF'T where U (t) and U(t) correspond to
correlations with degenerate insertions which would explain why the differential equations of Proposition 2.1.4
hold. Furthermore if we replace the real ¢ by a complex variable ¢ € C\[0, o], it is not hard to see that U ()
is a holomorphic function and Proposition 2.1.4 will hold if we replace the ordinary derivative by a complex
derivative d;. In the conformal bootstrap approach of CFT initiated by Belavin-Polyakov-Zamolodchikov in
[10], a correlation function with a degenerate insertion can be decomposed into combinations of the structure
constants and of the conformal blocks. A conformal block is a locally holomorphic function and it is always
accompanied by its complex conjugate in the decomposition. What is mysterious with U (t) and U(t) is that we
only see the holomorphic part. At this stage we have no CFT-based explanation for this observation although
a possible path could be to look at boundary LCFT with multiple boundary cosmological constants, see for
instance [72]. On the other hand let us mention that again in the very special case where p € N, U(t) and U(t)
reduce to Selberg-type integrals and the equations of Proposition 2.1.4 were known in this case, see [57].

Proposition 2.1.4 will be established in section 2.3 by performing direct computations on U(t) and U (t).
We then write the solutions of the hypergeometric equations in two different bases. One solution corresponds
to a power series expansion in [t| and the other to an expansion in |t|~1. The change of basis formula (2.4.56)
written in appendix 2.4.5 given by the theory of hypergeometric equations then provides non-trivial relations
which are precisely the shift equations that we wish to prove. This is performed in detail in section 2.2 where
Proposition 2.2.1 completely determines the dependence in a and b of M(v,p,a,b) and Proposition 2.2.2
establishes (2.1.17). Thus we have proved Theorem 2.1.1.

2.1.2 Tail expansion for GMC and the reflection coefficients

Before moving into the proof of our main result, we provide in this subsection and in the following some
applications of Theorem 2.1.1. The first application we will consider deals with tail expansions for GMC
measures, in other words the probability for a GMC measure to be large. We choose to include here a very
general discussion about these tail expansions of GMC with an arbitrary insertion both in one and in two
dimensions. For each tail expansion result there will appear a universal coeflicient known as the reflection
coefficient.

The first case that was studied is the tail expansion of a GMC in dimension two and a precise asymptotic
was given in [61] in terms of the reflection coefficient Ry(a),* see Proposition 2.1.6 below.® Let us mention
that it was recently discovered in [103] that Ra(«) corresponds to the partition function of the a-quantum
sphere introduced by Duplantier-Miller-Sheflield in [33]. Now our exact formula on the unit interval will allow
us to write a similar tail expansion for GMC in dimension one. Following [33] we use the standard radial
decomposition of the covariance (2.1.1) of X around the point 0, i.e. we write for s > 0,

X(e™*/?) = B, +Y(e™%/?), (2.1.23)

4In [61] or [103] this coefficient is actually called R(a) but for the needs of our discussion we introduce the 2 to indicate the
dimension. Furthermore the bar stands for the fact that it is the unit volume coefficient.

5Ra(a) is the bulk reflection coefficient in dimension two, a boundary reflection coefficient Eg(a) also exists but its value
remains unknown, see the figure below.
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where B, is a standard Brownian motion and Y is an independent Gaussian process that can be defined on
the whole plane with covariance given for x,y € C by:

lz| V |yl
|z — y

E[Y(2)Y(y)]=2In (2.1.24)

Motivated by the Williams decomposition of Theorem 2.4.3, we introduce for A > 0 the process that will
be used in the definitions below,
Bi—Xs s>0
B = { v o= (2.1.25)

B_,+Xs s<0,

where (B — \s)s>0 and (B, — \s)>0 are two independent Brownian motions with negative drift conditioned to

—0 J—
stay negative. We can now give the definitions of the two coefficients in dimension one R; («) and R;(«a) along
with the associated GMC measures with insertion I 3 y(@) and I ,(a) whose tail behavior will be governed by
the corresponding coefficient:

—0 1 > ok Q;a Iy (e—s/2 2
Rl(a) = E[(—/ eEBs ez (e )ds);(Qfoz)]7

— 1 259 4o s 5 s
Rl(a) ::E[(f/ 65652 (eEY(e /2)+65Y(—e /2))d8)%(Q—a)]7

2/
n Yoy
Iﬁn(a) = T e X@y,
0
vt Yoy
I () == / |z — o]~ 7 e2X@) .
v=n

Let us make some comments on these definitions. Here a € (3,Q), Q = %Jr%, and 7 is an arbitrary positive real
number chosen small enough. To match the conventions of the study of LCFT we have written the fractional

power 2~ 2, 50 in these notations we have a = —2*. Notice that the difference between Ila’n(a) and I ,(«) lies

in the position of the insertion. For I 3 ,(@) the insertion is placed in 0 (by symmetry we could have placed it in
-0

1). Our Theorem 2.1.1 will give us the value of the associated coefficient R, («). The other case corresponds to

placing the insertion at a point v inside the interval, v € (0, 1), and gives the quantity I1 , (). The computation
of the associated R;(a)) will be done in a future work. We now claim:

Proposition 2.1.5. For a € (3,Q) we have the following tail expansion for Iﬁn(a) as u — 0o and for some
v >0,

R (a) 1
) _u
P(Il,n(a) > U) = u%(Q_a) + O(u%(Q—aH—I/)’ (2126)
where the value of E?(a) is given by:
2 1
— om)3 Q=) =3 (2)3(Q-)=3 T, (o — 2
R} (a) = ) (”)2 T o= Fg( 2) (2.1.27)
(Q—a)l(1—2)5 1(Q@—a)

The proof of this proposition is done in appendix 2.4.4. Notice that we impose the condition a € (3, Q).
This is crucial for the tail behavior of I? (@) (or similarly for I; ,(a)) to be dominated by the insertion and
this is precisely why the asymptotic expansion is independent of the choice of 7. It also explains why the radial
decomposition (2.1.23) is natural as it is well suited to study X around a particular point. If one is interested
in the case where o < 3 (or simply a = 0), a different argument known as the localization trick is required to
obtain the tail expansion, see [94] for more details. For the sake of completeness of our discussion we also recall
the tail expansion in dimension two that was obtained in [61]. The normalizations in this case are slightly
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different as we do not include a factor 2 in the covariance. We work with a Gaussian process X defined on the

unit disk D with covariance In ﬁ_y‘ Instead of Y we use Y with covariance:

_ Y,
E[Y(2)Y (y)] =In M (2.1.28)
|z =y
For an insertion placed in z, |z| < 1 we now define,

o0

27 N .
B / V) g 2@,
0

Ra(a) = E[( [

—00

Iry(a) == /B( : |x — z|7”’aevX(w)d2x,
z,M

and we state the result obtained in [61]:

Proposition 2.1.6. (Kupiainen-Rhodes-Vargas [61]) For a € (3,Q) we have the following tail expansion for
I, (a) as u — oo and for some v > 0,

Ry« 1
Bl n(a) > w) = 22D 4 O(—t ), (21.20)

where the value of Ra(«) is given by:

4 @I
Ralo) = 2(Q —a)p(1 - )

4

2w 2

@ p-3(Q-a)
@) T(Z(Q - a)T(2(Q - a))

5

(2.1.30)

A similar proposition is also expected for R, (a), the boundary reflection coefficient in dimension two,

whose expression and computation are left for a future paper. One notices that E?(a) has a more convoluted
expression than Ry(a) as the special function F% appears in its expression. Such expressions have already
appeared in the study of Liouville theory for instance in [85] where a general formula for the reflection amplitude
is given. We now summarize the four different cases that we have discussed in the following figure. For each
coefficient the number 1 or 2 stands for the dimension and the partial @ symbol stands for the boundary cases,
no 0 corresponds to the bulk cases.

2.1.3 Small deviations for GMC

We now turn to the problem of determining the universal behavior of the probability for a GMC to be small.
Both the exact formulas of Theorem 2.1.1 and the one proven on the unit circle in [88] will provide crucial
insight. For this subsection only we will use the following shorthand notation:

1
Lyap ::/ 21 — 2)Pe3 X @) dy. (2.1.31)
0

In the following we will rely extensively on the decomposition
Ly ap =C¢LY, X1 X2X3

coming from Corollary 2.1.3 with ¢ being a positive constant. First L is a log-normal law, so one has P(L <
€) < c1 exp(—cz2(Ine€)?) for some ¢y, ca > 0. On the other hand the probability for Y, to be small is much smaller

_ 4
since P(Y,, < ¢) < exp(—ce ~?) for some ¢ > 0. From the above and since X7, Xz, X3 > 1 the probability to
be small for I, 45 will be of log-normal type. By comparison in the case of the total mass of the GMC on the
unit circle it was shown in [88] that it is distributed according to Y, and so its probability to be small is of

_ 4
order exp(—ce 7).
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Figure 2.1: Four types of reflection coeflicients

Thus it appears that GMC on the unit interval and the unit circle have completely different small deviations.
However this difference comes from the fact that the log-correlated field on the circle is of average zero while in
the case of the interval there is a non-zero global mode producing the log-normal variable L. Therefore on the
interval if one subtracts the average of X with respect to the correct measure (see below) one can remove the
log-normal law L appearing in the decomposition of Corollary 2.1.3. The probability for the resulting GMC

to be small will then be bounded by exp(—ce_v%) for some ¢ > 0 just like for the case of the circle. We expect
this to be the correct universal behavior.

Let us make the above more precise. We start by writing down the decomposition of the covariance of our
field in terms of the Chebyshev polynomials. For all z,y € [0, 1] with  # y we have:

+oo
4
—2ln|z —y|=4In2+ E —Tn(2z — 1)T,(2y — 1). (2.1.32)
n

n=1

We recall that the Chebyshev polynomial of order n is the unique polynomial verifying T,,(cos ) = cos(n#@).
This basis of polynomials is also orthogonal with respect to dot product given by the integration against
ﬁdl’, i.e.

0 for n#m

1
1
To(2) T () ——=dr = m for n=m=0 2.1.33
| m@Te) = T (2.1.33)

From the above our field X (z) can be constructed by the series:

+oo
X(z) =2VIn2a0 + ) %Tn@z —1). (2.1.34)

Here (a)nen is a sequence of i.i.d. standard Gaussians. This of course only makes sense if one integrates both
sides against a test function. We now introduce:

X(x)dr =2VIn2a¢ and X, (z):= X(z) - X.

~ 2/t 1
X::?/o V1-(2z - 1)2
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We easily check that e3~ faw exp(NV (72 In2)). The probability to be small for the GMC associated to X (z)
is now given by,

1
]P’(/ e X+@dy < ¢) < exp(—ce_%z). (2.1.35)
0

This result can be easily obtained from Corollary 2.1.3 by noticing that since we removed L = exp(N (72 1n2))
the probability to be small is now governed by Y, which gives the bound written above. The argument we
have just described is expected to work for any GMC in any dimension, a result of this nature can be found
in [63].

There is also a direct application of these observations to determining the law of the random variable
I, 4. This is linked to how the strategy of the proof of the present paper differs from the one used in [8§]
to prove the Fyodorov-Bouchaud formula. In subsection 2.2.2 we first use the differential equation (2.1.20) on
U(t) to obtain a relation between M (v, p,a,b) and M(v,p—1,a,b). Thus from this relation and knowing that
M(~,0,a,b) = 1 one can compute recursively all the negative moments of the random variable I, , ;. As it was
emphasized in many papers (see the review [79] by Ostrovsky and references therein), the negative moments of
L, 4 do not determine its law as the growth of the negative moments is too fast. This is why we must derive
a second relation between M (v, p, a,b) and M(vy,p — =, a,b) which gives enough information to complete the
proof. By contrast in the case of the total mass of the &MC on the unit circle the negative moments do capture
uniquely the probability distribution and so the proof of the Fyodorov-Bouchaud formula given in [88] only
requires one shift equation (in a similar fashion one obtains a relation between the moment p and the moment
p — 1 of the total mass of the GMC).

But the negative moments of I, , 5 do not determine its law only because of the log-normal law L in the
decomposition of Corollary 2.1.3. By using Corollary 2.1.3 and by independence of X, () and X one can

factor out e3X "= [ and the computation of the negative moments is now sufficient to uniquely determine

the distribution. Thus the negative moments of a GMC measure always determine its law if one removes
the global Gaussian coming from the average of the field with respect to an appropriate measure. From this
observation the relation between M (v, p,a,b) and M(y,p — ,;%, a, b) could be omitted in the proof of Theorem
2.1.1. Nonetheless if one only computes the negative moments it is not clear that the analytic continuation
given by the I'y functions does correspond to the fractional moments of a random variable, this fact has been
checked by Ostrovsky in [76]. Thus in order to keep the proof of our theorem self-contained we choose to keep
both shift equations.

2.1.4 Other applications

Similarly as in [88] we will write the applications of our Theorem 2.1.1 to the behavior of the maximum of X
and to random matrix theory. We refer to [88] for more detailed explanations and for additional references on
these problems.
Characterizing the behavior of the maximum of X requires to compute the law of the total mass of the
derivative martingale,
1

e 1 2
M = —f/ X(2)eX@dy = - lim [ (Xs(z) — E[Xg(x)Q])eX‘S(m)féE[X‘S(I) lda,
2 Jo 60 Jg

which following [6] can be characterized by the convergence in law:
S R
2M' = lim —/ e? X @y, (2.1.36)
0

Therefore from our Theorem 2.1.1 we can easily compute the moments of this quantity,

pI‘l(l — p)F1(2 —p)2F1(4 —p)
F1(2)2F1(4 — 2p)
G(4 —2p)
G(1-p)G(2-p)?G(4—p)’

E[(2M’)"] = (27)
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where G(x) is the so-called Barnes G function, see appendix 2.4.5 for more details. Just like in Corollary 2.1.3
an explicit description of the resulting law has been found in [78],

o’ 1 %ii{p@f(g, (2.1.37)

where L, X1, X5, X3 are four independent random variables on R, with the following laws:

L = exp(N(0,41n2)),

1
X, = ?671/9, y>0

~ _ 11
X2 - 62,%(1a 1727 57 5)7

~ 2
X3 =—dy, y>1
Y
Then for a suitable regularization X5 of X the following convergence holds in law:

1 3 1 ,
xr&%ﬁ]X5(x) - 21115 + §ln1ng e Gi+InM +c

= G+ G+ N(0,4In2) +In Xy + In X5 + c.

All the random variables appearing above are independent, G; and G, are two independent Gumbel laws, and
¢ is a non-universal real constant that depends on the regularization procedure. We have also used the fact
o law
that thl = gg.
Lastly we briefly mention that in the case of the interval it is also possible to see the GMC measure as the
limit of the characteristic polynomial of random Hermitian matrices, the connection in this case was established
in [13]. The main result of [13] is that for suitable random Hermitian matrices Hy, the quantity

|det(Hy — )Y
E|det(Hy — x)|Y

converges in law to the GMC measure on the unit interval [0, 1].% Therefore the same applications as the ones
given in [88] hold and in particular one can conjecture that the following convergence in law holds:

3 - -
max In|det(Hy —z)|—InN+-InlnN — G +G2+N(0,4In2) +In X5 + In X5 + c.
z€[0,1] 4 N—oo

This conjecture first appeared in [46] although it was written on [—1, 1] instead of [0, 1].

2.2 The shift equations on a and p

To prove Theorem 2.1.1 we proceed in two steps. We first completely determine the dependence of M (v, p, a, b)
on the parameters a and b, see the result of Proposition 2.2.1 just below. We are then left with an unknown
function C'(p) of p (and v) and give its value in Proposition 2.2.2. Throughout this section we extensively
use the fact that U(t) and U(t) are solutions of the hypergeometric equations of Proposition 2.1.4 proven in
section 2.3.

6 Actually in [13] the limiting GMC measure is defined on [—1, 1] but of course by a change of variable we can write everything
on [0,1].



48 CHAPTER 2. GAUSSIAN MULTIPLICATIVE CHAOS ON THE UNIT INTERVAL

2.2.1 The shifts in a

The goal of this subsection is to prove the shift equations (2.1.9), (2.1.10) on a and b to completely determine
the dependence of M (7, p, a,b) on these two parameters. By symmetry we will write everything only for a. We
will thus prove that:

Proposition 2.2.1. For v € (0,2) and a,b,p satisfying the bounds (2.1.5), M(v,p,a,b) is given by the
expression,

Pa(3a+b+2)—(p—2)3)

)
a—|—b+2)_(2p_2)%) ) (221)

C(p)

P3G+ - - DPT3E0+1 - (- 13
DG+ D+ P Co+D + 33

where C(p) is the function that contains the remaining dependence on p (and ~). It will be computed in
subsection 2.2.2.

o The +1—2 shift equation
Here we start with the first auxiliary function, for v € (0,2) and a, b, p satisfying (2.1.5):

U(t) = E[(/O (x = )% 2°(1 — 2)Pe3X@ )], (2.2.2)

From the result of Proposition 2.1.4, U(t) is solution to a hypergeometric equation. As explained in appendix
2.4.5 we can write the solutions of this hypergeometric equation for ¢ € (—o00,0) in two different bases, one
corresponding to an expansion in powers of || and one to an expansion in power of |¢|~!. Since the solution
space is a two-dimensional real vector space, each basis will be parametrized by two real constants. Let C7, Cy
and D1, Do stand for these constants. The theory of hypergeometric equations then gives an explicit change
of basis formula (2.4.56) linking Cy,Cs and D1, Dy. Thus we can write, when A — B and C are not integers,

U(t) = C1F(A,B,C,t) + Co|t|'"“F(14+ A—C,1+ B—-C,2—-C,t) (2.2.3)
=Di|t| A F(A1+A-C,14+A—-B,t )+ Dy|t| BF(B,1+ B—C,1+ B — A, t™%), (2.2.4)

where F' is the hypergeometric function. We recall that the parameters A, B, C are given by:

2 2 2
A=-P B=—(@+b+1)-2-pT,0=-a- 1. (2.2.5)
The values of A, B, C left out corresponding to A — B or C' being integers will be recovered at the level of the
shift equation (2.2.11) by continuity. The idea is now to identify the constants C1,Cs, D1, Do by performing
asymptotic expansions on U(t). Two of the above constants are easily obtained by evaluating U(t) in t = 0
and by taking the limit ¢ — —o0:

2

Cr = M(3,p,a+ 1-.b), (2.2.6)

Dy = M(v,p,a,b). (2.2.7)
By performing a more detailed asymptotic expansion in ¢ — —oco we claim that:
Dy =0. (2.2.8)

We sketch a short proof. For t < —2 (arbitrary) and x € [0, 1],

[N

o 42 2

(0= 8)F — 1] <elt T,
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for some constant ¢ > 0. By interpolating, for ¢t < —2,
P'YZ 1 72 'Y2 al
U@ - Dl = Bl (e =0 + (1= 0l ¥ )1 - 2) e Xz
0

= lET[(/O (ue = 1) + (1wt T )2 (1 - 2)'e3 ¥ Ddr)?] g

1 42 2 Y —t 7TQ:C“ 1—z)°
<lpl [ doa(er— 0% — 7 )at1 - (w [ EELEC I gy
0 |£L’1 71'|T

/ ﬁ—l py?
<M pab) = O(F Y,
——00

where in both steps we have used the Girsanov theorem (see appendix 2.4.1) and ¢’ > 0 is some constant.
However, by using the bound (2.1.5) over p:

2
(—A) — (—B) = —(a+b+1+(2—2p)%) <1 (2.2.9)

This implies that Dy = 0. We then use the following identity coming from the theory of hypergeometric

functions (2.4.56):

ri-cC)yr(A-B+1)

Gi= TA—CtiTA=B) " (2.2.10)
This leads to the first shift equation (2.1.9):
M(v,pa+%,b)  T+a+2)T@+a+b—(2p—2)%) .
M@.pab)  T(+a—(p-D)F@+a+b—(p-2%) .

o The +1 shift equation
We now write everything with the second auxiliary function, for v € (0,2) and a, b, p satisfying (2.1.5):

1
() = Ej( / (2 — )2°(1 — 2)Pe3XE@ gy (2.2.12)
0
Again we write the solutions of the hypergeometric equation around ¢ = 0_ and ¢ = —oo, when Cand A— B
are not integers,
U(t) = C1F(A,B,C,t)+ Colt| °FU+A—C,1+B—C,2—C,1) (2.2.13)

—D1|t|‘4 (A1+A—C1+A-Bt )+ Dot BF(B1+B-C,14+B— At (2.2.14)

As before we have introduced four real constants C, Cy, D1, Dy and A, B, C are given by:
4

- . 4 .
A:—p,B:—?(a—&—b—FZ)—i—p—l,C:—’y2(a—|—1). (2.2.15)
Two of our constants are again easily obtained,
C1 = M(y,p,a+1,b), (2.2.16)
Dy = M(v,p,a,b), (2.2.17)

and we can proceed as previously to obtain:

Dy =0. (2.2.18)
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The relation between C; and D; (2.4.56) then leads to the shift equation (2.1.10):

M(75p7aab) 71_‘(’}% +a>_(p_l))r(%(2+a+b)_(p_2))

M(y,p,a+1,b) r(ﬁ(1+a)+1)r(,j2(2+a+b) —(r-2) (2.2.19)

2

Therefore for - ¢ Q, (2.2.11) and (2.2.19) prove the formula of Proposition 2.2.1. The result for the other

values of « follows from the well known fact that v +— M (v, p,a,b) is a continuous function.

2.2.2 The shifts in p

We now tackle the problem of determining two shift equations on p, (2.1.15) and (2.1.16), to completely
determine the function C(p) of Proposition 2.2.1. We will work only with U(t). The idea is to perform a
computation at the next order in the expressions of the previous subsection. This will give the desired result:

Proposition 2.2.2. Fory € (0,2) and p < ,;%:
(2.2.20)

o The +1 shift equation
Since we have completely determined the dependence of M on a,b by equation (2.2.1) we are free to choose a
and b as we wish. To find the next order in ¢ — 0_, the most natural idea is to take a such that 0 <1 —C =

1+a+ 7; < 1, and then it suffices to study the equivalent of U(¢t) — U(0) when ¢ — 0_. For technical reasons

this only gives the expression of Cy when v < /2. To obtain Cy for all v € (0,2), we will need to go one order
2

further in the asymptotic expansion and we make the choice 0 < a < 1 — 2- and b = 0. In this case, we have

!
p< %, 1 <1—C < 2. We perform a Taylor expansion around ¢t = 0_,
1
U(t) = U(0) + tU'(0) + 2 / U (tu)(1 — u)du,
0
with

2 1 72 1 —t ﬁ @ o4
U () © —P [ (21 — )50 R / EZ )T 3@ gy
4 0 Z1 0 |q; — :131|77

2 ~2 _% 42 1 —t ﬁ a .
e B e !
! 0 0 |z +tuy| T

(%) comes from multiple applications of the Girsanov theorem (see appendix 2.4.1) and symmetrization tricks.
One may refer to (2.3.5) where we calculate rigorously the derivatives of U(t). Next we have the following
bound for y € [0, — 1], w € [0,1], and ¢ € [-1,0]:

1 2
E[(/ (x—tu) 4732: e%X(m)dm)P—l]
0 ot tugls

2

' ot = ! 1 % ¢y
< sup {E[(/O xiefx(“’dx)p*HE[(/o Meﬂ(f)d:c)f"l]}

> Pl
z1€[0,1] |x—gj1‘% |x—aj1|%

< 00.

Then we get by dominant convergence that,

2

2 2 00 2
U (tu) R L e / dy(y + 1) 1y M (y,p - 1,a — =, 0),
0

Za
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and again by dominant convergence:

2 T(a+ 2 2 [ 42 2 42
S PO e [y T M G am T 0ol )
4 T2+a+ %) 0 4

Ut)-U(0)—tU’'(0) =

The value of the integral above is given by (2.4.64). We arrive at the expression for Cs:

e+ 1)T(—a— % —-1) ~?
: M(y,p—1,a— -—,0). 2.2.21
T (v:p 70 (2:2.21)

Co=p

The theory of hypergeometric equations (2.4.56) gives this time the relation:

I(C-1)(A-B+1)
T(A)T(C — B)

Cy = D;. (2.2.22)

By identifying the above two expressions of Cy, we get

2

2 T(l+a—(p—1)L)T2+a—(p—2)L
M(’Yap_]-va_l’o): ( . (p )4) ( ¢ (pz )4)M(’77paaa0)'
4 Fl+a)l2+a—(2p—-3)%)
By using the shift equation (2.2.11) on a, we can drop the 7%2 after a in the expression M (v,p—1,a — %2, 0)
andvveobtainforO<a<17%2 and b =0,
M(v,p.a,0)  TA-F)TA+a—-(p-1)P)FA - -DF)T2+a—(p—2)%)
M(yv,p—1,6,0) 1(1-2) I2+a—(2p-3)L)2+a—(2p—-2)%)
Combined with (2.2.1), this leads to a first relation on our constant C(p), for p < 7%,
2
C(p) a1y 2 1 D(1—pT)
—or( D -3 P4 2.2.23
C(p-1) %) I(1-2) ( )
Reversely, (2.2.23) and (2.2.1) show that for all a, b, p satisfying the bounds (2.1.5):
2 2 2 2
M(ypab) TA=F)TA+a—p=D)pll+b=(p-D)plC+atb=-p=27) .y,
M(y,p—1,a,b) T(1-7%) P2+a+b—(2p—3) )2 +a+b—(2p—2)%)

o The —i—;% shift equation

Since the relation (2.2.23) is not enough to completely determine the function C(p), we seek another relation on
C(p) that is not predicted by the Selberg integral. The techniques of this subsection are a little more involved,
they lead to a relation between C(p) and C(p — %) Again we can pick a and b as we wish so we choose b =0
and —1— 1—2 <a<—-1- %2 + ag where ag > 0 is a constant introduced in lemma 2.4.9 of appendix 2.4.3. The
asymptotic in ¢ — 0_ of the following quantity is then given by the lemma 2.4.9,

2

L(—p+1+ F(a+1 22 4 22
( o ))It|1+“+4M(%p—l—yz(aﬂ)a—?—a_l’0)+0(It1+“+4),

['(=p)

where g(v, a) is a real function that only depends on v and a. Comparing with the expansion (2.2.3), we have:

P(—p+1+5(a+1)) 4 ~2
M(y,p—1-—(a+1),-2—a— --,0). 2.2.25
T=p) (v 72( ) 70 ( )

Coy = g(7,a)
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With the identity (2.4.56) coming from hypergeometric equations:

I(C )P(A B+1)
I(AI(C = B)

:F(—l—a—%)F 2+a—(2p_2)'yj)M )
D(—pZ)I(1—(p—1)L) (7,p,a,0).

Csy = Dy

Comparing the above two expressions of Cs yields:

o(7.0) = M(1.p.0,0) ERCINC 1i>r<2+a—<2p %) (500
M(77p—1—?(a+1),—2—a—77 0) (- p+1—|— S(a+1)I(—p )I‘(l—(p %)

A crucial remark is that from (2.2.1) and analycity of the function I',, M (v, p,a,b) is analytic in a,b. Thus
the right hand side of (2.2.26) is analytic in a. We can then do analytic continuation simultaneously for both
sides in the above equation. Thls shows that the expression of the right hand side does not depend on p not

only for -1 - % < a < —1 — 2~ 4 ap but for all appropriate a where the expression is well-defined, i.e.

—1-L <a<-1.
In the following computations f(v) stands for a real function depending only on 7 and we will use the
abube of notation that it could be a different function of v every time it appears. Consider the case where

k+1 < ’y < 4 for a k € N*. For this range of v we make the special choice a = *W and thus the bounds
2
—1- T < a < —1 on a are satisfied. In the previous paragraph we have shown that for a = —%
M ’ (k+1)w .0 (4 —k— 1—(p_12
SR = )___ f() s, ) (P - )742 ) (2.2.27)
M(v,p— 55 + k, "~ = 2,0) D(=p)P(*- - D2 - 2p+ k- 1))

By the shift equations (2.2.11) and (2.2.19):

M(’)@p—%—{—k‘ M_2O)

1
M(y,p— & +k, -2 ) JI;IO

F32+1— pL((1+j)z5 +2-p)
2+])?—k+272p)

2k I(4-— (2p—|—3k‘—i—1)72)
! Soomr :

P42k —)EIE— (p+2k—i—1)%)

Then by (2.2.24),

M(’Y,p— % +ka_W70)

M(Va - %7 —W,O)

:f(,y)kl:[lr(Q—(p+k+i+1)%2)r(2—(p+z)§) 2-(p+1+i)% )F(3 (p—&-k:—l—i)%)
i=0 T(4— (2p+k+2) )04 (2p+k+21+1)%2) ,

and the product of the above two equations gives:
M(v,p— % + k5 —2,0) ‘o) T(—2p+k—1)2L)
M(y,p— 2, &% 0) LG (- DPIE-p) 52~ (p+1+)7)
LG +1=p)T((1+ 7)) +2—p)

>< .
jl;[O r((2+y)$—k+2—2p)
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Combining this relation with the previous shift equations (2.2.27):

2
M(’77p7 _%70)

2
M(y,p— &, —EE% 0)

2 2

(&4 —k—p)D(-pZ)TA — (p— 1)P)ITA — (2p+k — 1)T)
T(-p)T*2 —DrEe-@p+k-1)2)rE-(p-17%)
I(1—p)l(+1- )F(*JrQ—p)F(,%JrQ—p)

I'(3 - %)Hzo(2—(p+1+2) 0(% —k+2—-2p)(2 —k+2-2p)
i) D(—pZ)0(1— (p— 1)I)T(E — (2p+ k — ) I)T(1 - p)
I@3-p)IB—(p—1) 42)T(2—(2p+k—1)L)F( —p)
D(% +2 - p)D( +2 - p)D(s —k —p)D (s +1—p)
H S E -1+ -k +2-2p)0(E — k+2 - 2p)
4 F(%*k*p) (Z+1-pI(% —k+1-p)
= JOT(5 —p) (2 kt1-2p0(5 —kt1-2p)

By (2.2.1), the same ratio of M can also be written as,

M(y,p,~ %7 0) () f(y)(l)pr(vi’k*p) (o +1-pl(x—k+1-p)
M(%p_%’_(k—&-i)7270) C(p—%) 2 F( k+1—2p)F(——k+1—2p) ’
thus we obtain for k—H << k:
Cp) Vy—po 4
— = =) PT'(—= —p). 2.2.28
Clp— ) F(5) (72 p) ( )

This proves the second shift equation (2.1.16) on C(p). Then for every fixed v such that 2 ¢ Q both shift
equations (2.2.23) and (2.2.28) completely determine the value C(p) up to a constant c, of ~. To see this,
take another continuous function €(p) that satisfies both shift equations (2.2.23) and (2.2.28). Then the ratio
R(p) = % is a 1-periodic and T—perlodlc continuous function. Combining this with the fact that L ¢Q
implies that the ratio fR(p) is constant and C(p) is determined up to a constant ¢, of v by the two shift
equations on p.

The constant ¢, is then evaluated by choosing p = 0 and by using the known value M (v,0, a,b) = 1. Thus
we arrive at the formula of Proposition 2.2.2. Finally by the continuity of v — M (7, p, a,b), we can extend the
formula to the values of v that were left out. This completes the proof of Proposition 2.2.2.

2.3 Proof of the differential equations

We now move to the proof of Proposition 2.1.4. In order to show that U(t) and U(t) satisfy these differential
equations we will need to introduce a regularization procedure. We will work with two small parameters § > 0
and € > 0 which will be sent to 0 at the appropriate places in the proof. The first parameter § controls the
cut-off procedure used to smooth X. A convenient smoothing procedure can be written by seeing X as the
restriction of the centered Gaussian field defined on the disk D+ (1,0), i.e. the unit disk centered in (3,0). X
still has a covariance given by:

E[X ()X (y)] = 2In ﬁ (2.3.1)
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Then for any smooth function § € C*°([0, 00), R1.) with support in [0,1] and satisfying [;~6 = L, we write

05 = 5%9(‘5—‘2) and define the regularized field X5 := X * 5. Similarly we introduce:

1 1
= S —'] 0 Ay dPys. 2.3.2
Br /<c/<cx+y1+yz 5(y1)0s(y2)d y1d”y2 ( )

This quantity will appear when we take the derivative of E[Xs(z)Xs(y)]. Now since we have the singularities
2 and (1 — z)® that appear in U(t) and U(t), we will also need to restrict the integration from [0,1] to the
smaller interval [e,1 — €] for some small € that will be sent to 0. Finally we introduce some more compact
notations for various expressions that depend on both § and e:

Gs(z,y) = E[Xs(2) Xs(y)]
D(x;t) == (z —t) Ta(1 — z)°

Uon®) =Bl [ D )Xo @udayy

€

71—’

1—e - L2
VW (eiit) = E[([  D(a;t)ed ¥s@+r Gatom) gy
1—e

V(e anit) =E[([  D(at)edXo@(Gutean)tCotwa) gryp—2)

€

Eoc5(t) == D(; )V} (e;1)
Ei5(t) :=D(1—¢ t)vg};)a —et).

)

The terms V( 5 and V, 5) will appear when we compute respectively the first and second order derivatives of
Ucs. The terms Eoyes and E 5 are the boundary terms of the integration by parts performed below. We will

also use U(t), Ve(l)(xl, t), 1/;(2)(371,:52, t), Eo,c(t), E1.(t) for the limit of the above quantities as § goes to 0.

Proof. First we prove the equation for U(t). We recall the definition,
1 42
U(t) = E[(/ (z—t)Tz(1 — 2)’e2 X @ dg)P], (2.3.3)
0
and we calculate the derivatives with the help of the Girsanov theorem of appendix 2.4.1:

1—e¢
c5(t) Zp/ dxy 0y D(z1; )‘/;(,(1;)(331;75)

’Y2

1—e¢
——p [ dndn, (@ -9t - )V, i)

1—e
a b
== p(Bres®) = Bocs®) ~ [ dnaDlaitlV i (- - 1)
€ — 41
1—e 1
—/ dx1D(x1;t) 8a;11/'€()5)(x1;t)).
We claim that the last term in the sum equals zero. Indeed,
1—e 1—e 1—e
t 2
/ dmlD(xht) 8$1 ‘/ve(?(xla : - 1 / / d$1dﬂ?2 1131, ) (362, ) T Gé(mz’xl)‘/e(? (.CL‘l, Z‘Q,t)
€ ’ (vg —21)s ’

=0 by symmetry.
Thus, by sending ¢ to 0,

UL(t) = ~p(Be(t) — Bo 1) —/ delD(xl;t)Ve(l)(xl;t)(x% - _bml ) (2.3.4)
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In the same spirit, we calculate:

() = p}[ / 4o (””“’i)V(”( 0

7]. 1—e 1—e ml )D(I’Q t) "/2G 2
dx ) ) 5(22,11)‘/() AR
/ / 2 w1—t)($2—t)64 0 (71, 2:1)

An integration by parts gives:

_ /6 - dxlat (‘(Dx(lxi7 :; )V;((l;) ($1§ t)

1—e¢ 22
Ty —t)4
= [ a0 (B Dt - eV s

1—t1

1 1 e 1) 1 . a b
=—F. —E ¢ dr1D(x1;t)V. it — -
o Bua(0) 4 Fos(t) - / 21Dl OV, (a3 ) —— (o = )
1—e¢ 1—e . b
— - 1 / daj / xlat)D($27t) e%cg(mg,ml)v(g)(xl’xQ;t).
(r1 —t) (w2 — 71)s @
By symmetry of the expression under the exchange of 1 and xo,
_ 1 1—e 1—e -t 42
/ dl‘l/ dxz .'L'l7 ) (1:27 ) eTG5($2,$1)‘/;(§)($17x2;t)
(1 —t) (w2 — 21)s ’
o 1—e¢ 1—e¢ 2
:f/ dxl/ dzaD(x1;t)D(2g; t)e T G (@2:01)
(2)
X + Vi (xy, x9;t
((xl—t Y2 — x1)s xg—t)(xl—xg)g) co (T1,2231)
1—e 1—e .
_\p— U7 — 1 / dm / xla )D(.’I}Q,t) T2 — T eﬁca(x%ll)v(i)(xl,J;Q;t)-
931 — t)(SCQ — t) (1‘2 — 931)5 €
Since ﬁ < ¢ for some constant ¢ > 0 independent of 4, by sending § to 0,
1 1 e 1 a b
vy = 2 (1——Fn( Eo.(t —/ dzy D(wy; )V (25t 2 ). (235
(1) = = (= Bre(®) + 7= Eo.(t) - dn (1 )Ve (w1 )mlitj31 17331) (2.3.5)

A further calculation shows that,

1 a b
xl—t X 1—1‘1

1—e
/ dzy D (x1;t) V.V (215 1)

1—e¢ a
:/ da1D(z1; ) VD (215t )(;(mll_t - mil), 1it(x11_t + 1_1$1))
= —/ dzy D(x1;t) VD (215t )( + (115)(b1x1)) - %(% - %)Ué(t)a

and as a consequence,

UE’/( ) pz (#El,e(t — 6) + %Eoyé(t) +/€ B d$1D(x1;t)V€(1)(x1;t)(% + M))

b

—_
I
.y
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We can also write U, 5(¢) in a similar form, by doing an integration by parts:

a b

1—e
(L=t —€)Eyes(t) + (t — €)Ep,es(t) — / day D(x1; )V (2158) (21 — t)(x—1 ~T=a

)

2 1—e
=1+ FYZ)/ dx1D(xq; t)Ve(js)(xl;t)

2 1—e¢ 1—e
22 —t
+ (- Ul/ / dzyday D(wy; t) D(w; te T 0o 2) _ZLZ 2y g gy
2 € € (1'2 - 1'1)5 ©

2 1—e
:(1+Vz)/ dr1D(x1; )V, (x1:t)

2 1—e l1—e 2 —

-1 / dml/ dy D (ay; 1) D(a; t)e T Goleen) 22 Iy gy gy i),

4 € € (:L'Z - xl)zi ’

By sending 4 to 0 and by applying the Girsanov theorem of appendix 2.4.1, we obtain,
~(B+a+bULt) =(1 — t — By, (t) + (t — ) Fo.. (1
1—e¢
b
—/ day D(ar; )V (s ) (1 — £)(-% —

X1 17171

),

where we recall that B= —(a+b+1) — (2 — p)”ﬁTQ. We also note that,

a b

1—e¢
dzy D(x1; ) VO (213 8) (21 — ) (— —
| dmDes V@i -0 - =

)

1—e 1—
—(a+ B s(t) - / dy D(ay: VD (2L 4 L0y
’ € T 1-— T
and hence,
1oe t o b(l—t
—BU.(t)=(1—-t—€)E1(t) + (t —€)Epe(t) + / dx1D(zq; t)Ve(l)(xl;t)(;L + 1(796)) (2.3.7)
€ 1 — 41
Combining this with the expressions for U! and U/, equations (2.3.4) and (2.3.6),
1—e
) = — _ _ VO (L - D
U0 == p(Er ) = Bact) = [ Dl VD i) (£ = ).
2 1—¢
ey <PV (1 L / VO (b
U0 = (o B+ Boc) + | dn DtV @i+ g pay)
a b ,
+ (? - m)Ue(t),
we finally arrive at:
t(1—t)U!(t)+ (C — (A+ B+ 1)t)U/(t) — ABU.(t) (2.3.8)

2
Py 1 1
=e(l—e)—(——F1.(t) + —Ep.(t)).
(1= O (e Fut) + —Fo (1)
From this expression we see that the last thing we need to check is that as € goes to zero the right hand side
of the above expression converges to 0 in a suitable sense. Indeed we will prove that, for ¢ in a fixed compact
set K C (—00,0), €E4 (t) and €Ey ((t) converge uniformly to 0 for a well chosen sequence of €. Let us consider
€Fy (t) as eEq ((t) can be treated in a similar fashion:

Byt =~ pF e —gpl( [ ETITEAZ g

o — €|
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In the following we will discuss three disjoint cases based on the value of a. They are a > —1 + %, —-1<a<
142 and -1- % <a< 1.

a>-1+2

This is the simplest case as we have for e sufficiently small and for some ¢y > 0,

1, .a b
1—
cEo.(0) < coer (1 — VB [ T ed e gy
0 |:E — €|T
2

62}’0 006a+1M(’77p3 a — %7 b)a

which converges to 0 as € — 0 uniformly over t € K.
2
ii) —-1<a< -1+
In this case we have p — 1 < 1 and e**+! = 0.Ifp—1<0,
€E—

| T 0Tt =) x gy

2
o — e[

is uniformly bounded thus it is immediate to obtain the convergence to 0. Hence it suffices to consider the
case 0 < p—1 < 1. We choose ey = ZLN Using the sub-additivity of the function x — xzP~!, we have for some
co, ¢ > 0 independent of K:

1

2
enEocy (t) <coel 'E[( / 2 X@ g1 4 el
N |£U — 61\[|T

N-1 €n 2@ .,

a+1 1 X(z) p—1 !/ a+1

SCOEN E E[(/ 7w262 dx) ]+C€N .
n=1 €nt1 ‘SL’ — €pnt1] 2

xa

Then by the scaling property of GMC,
IE[(/ 'Tiﬁe%)((m)dx)ﬁfl]
€n+41 |33 — €n+1‘7
~2 ~2 €n—1 ua N
:27(p—l)(p—2)—(a—T+1>(p—1>]E[(/ _3X W g1
e u—e,|T
:2§p27(§+a+1)p+a+1E[(/5n—l u® . e%X(")du)pfl].

joinl
n |lu — €, 2

We can deduce that,

[N

XX (x p—1 / a+1
—e? @ dz )P 4 e
2

en Eo o () < 612—N<a+1>2<N—1>(§p2—<§+a+1>p+a+1>]E[(/
’ - 1
1 lz—1l

N L N—oco
< @NCrp=r—a=bp 4 Jeqfl T25° ),

for some constants c1,¢, ¢’ > 0. The convergence holds since p > 0 and %p — % —a —1 < 0 (this inequality
comes from (2.1.5)), and it holds uniformly over ¢ in K.

i) —1 -2 <a< -1

In this case p — 1 < 0 so we are always dealing with negative moments. This implies that for ¢ in K, we can
bound eEy (t) by,

1
2 2
€Eo (t) < coe™E]( / 2 X @) 1],

€
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simply by restricting the integral over [e, 1 —¢€] to [e,1/2]. An estimation of the resulting GMC moment is given
by lemma 2.4.4 in appendix 2.4.2. For € sufficiently small, there exists a constant ¢ > 0 such that,

1 (l,i(a+1))2 4?2 >
2 2 cet v . 1+a+———>0

E[( | 2% 7 ez X@dg)p—1] < 2 1ya? 4
e ceP=D(A+a—p)— == 14+a+ 'Y - B < 0

This suffices to show the convergence to 0 of eEy ((t).
Indeed, in the first case, a basic inequality shows that (3 — %(a +1))? > —(a + 1) with equality when
2
—(a+ 1) = . Since the condition cannot be satisfied, we have the strict inequality. In the second case where
14+a+ 7; — % < 0, we can easily show that under this condition together with the bound (2.1.5) for p,
p-1D(1+a-— "f) =1 1) SHES —(a+1). Hence in both cases, eEy (t)—>0, where the convergence is again
uniform over ¢ in K.

Combining the cases (i), (ii) and (iii), we have proven the differential equation 2.1.20 in the weak sense
(in the sense of distributions). Since it is a hypoelliptic equation (the dominant operator is a Laplacian) with
analytic coefficients, U(t) is analytic and the equation holds in the strong sense.

Let us now briefly mention the case of U(t). In a similar manner, we calculate,

1—e a _
—BU(t) :%((lftdel,e(t)‘F(t*E)EO,e(t)+/ duy D(x1;t) VD (23t )(—t+ b t))),

! 1 1—x
Ué(t) - _p(El’E(t) - EO»G(t) - /el_e dﬂclﬁ(%l;75)‘76(1)(961%)(%11 1 —bxl )),
00 =23 (7= B0+ = Foul) */: o Do 07O 00+ )
e U]

where D(z;t) := (z — t) z%(1 — z)® and where f/e(l)(ml; t), Eo.c(t), F1(t) are defined as functions of D(;t),
the same as their definitions without the tilde. We verify easily that,

t(1 —t)U/(t)+(C — (A + B + 1)t)U.(t) — ABU(t) (2.3.9)
=e(l— 6)%(71 717 1,6 (t) + ;Eme(t)),

and the right hand side of the above expression converges again to zero uniformly for ¢ in any compact set of
(—00,0), which finishes the proof of the Proposition 2.1.4. O

One may wonder if other differential equations can be obtained for similar observables. If instead of U (%)
and U(t) one introduces the more general function

£ — B /O (o — (1 — )X gy (2.3.10)

for some arbitrary real number y, then this function will be solution to a second order differential equation if
and only if x = % or x =1 (except for some special cases where “non-trivial” relations hold for instance for
p = 0). This fact can be obtained by similar computations as the ones performed above. On the other hand
conformal field theory predicts that differential equations of any order are expected to be verified by suitable
observables although it is not clear to us at this stage what information can be extracted from these higher

order differential equations.
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2.4 Appendix

2.4.1 Reminder on some useful theorems

We recall some theorems in probability that we will use without further justification. In the following, D is a
compact subset of RY.

Theorem 2.4.1 (Girsanov theorem). Let (Z(x))zep be a continuous centered Gaussian process and Z a
Gaussian variable which belongs to the L? closure of the vector space spanned by (Z(z))zep. Let F be a real
continuous bounded function from C(D,R) to R. Then we have the following identity:

2
[ez_%

F((Z(2))sep)] = EIF ((Z(2) + E[Z(2)Z))acp)] (2.4.1)

When applied to our case, although the log-correlated field X is not a continuous Gaussian process, we can
still make the arguments rigorous by using a regularization procedure. Let us illustrate the idea by a simple
example that is used in section 2.3. We introduce three cut-off parameters, § to smooth the log-correlated field
X, € to avoid the singularities in 0 and 1, and A > 0 to apply (2.4.1) to a bounded functional F. Hence the
following computation:

1 1—e ,
IE[(/ 21— 2)e ¥ @ d)?] = lim lim lim dry 2%(1 — 21)"E lllxéllmge;xé(zl)WSE[X(S(II)Q]
0 € —0A—+oo €
1—e¢
(/ z%(1— a:)begxﬂm)W;]E[Xs(ﬂ?)z]dx)pll
(2.4.1) 1—e¢
= limlim lim duyai(1 - 21)'E l1|xs||oo<A

1—e
([ - x>bera<w>+ffwxmxw—?E[wﬂdx)”‘l]

1 1 _.a _ b N
— / dzy 2%(1 — xl)bIE[(/ Meax(w)dx)pfl}_
0 0

2
|21 — 2| %
The next theorem is a comparison result due to Kahane [56]:

Theorem 2.4.2 (Convexity inequality). Let (Z1(x))zen, (Z2(2))zep be two continuous centered Gaussian
processes such that for all x,y € D:

E[Z1(2)Z1(y)] < E[Z2(2) Z2(y)]-

Then for all convex function (resp. concave) F with at most polynomial growth at infinity, and o a positive
finite measure over D,

E[F( /D eZ @3B 212" 5 (d2))] < ( resp. > ) E[F( /D 22 (=3B 222 5 (g, (2.4.2)

To apply this theorem to log-correlated fields, one needs again to use a regularization procedure. Finally,
we provide the Williams decomposition theorem, see for instance [106]:

Theorem 2.4.3. Let (B; — vs)s>0 be a Brownian motion with negative drift, i.e. v > 0 and let M =
Sup,so(Bs — vs). Then conditionally on M the law of the path (Bs — vs)s>o is given by the joining of two
independent paths:

1) A Brownian motion (Bl 4+ vs)o<s<ry, with positive drift v run until its hitting time Tar of M.

2) (M + B — vt)¢>o where (B —vt)>0 is a Brownian motion with negative drift conditioned to stay negative.
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Moreover, one has the following time reversal property for all C > 0 (where 7 denotes the hitting time of
C),

law

(Bl _ +v(rc = 8) = Clocscre = (Bs — 08)o<s<i o (2.4.3)

where (Bs — vs)s>0 s a Brownian motion with drift —v conditioned to stay negative and L_c is the last time
(Bs — vs)s>0 hits —C.

2.4.2 An estimate on GMC

We now move on to the proof of some technical lemmas required in the previous sections. Lemma 2.4.4 written
below will be used in section 2.3 to show that the boundary terms obtained in the derivation of the differential
equations converge to 0. Just like in section 2.1.2 for s > 0 we write X(e‘s/z) =B, + Y(e_s/Q) where By is a
standard Brownian motion and Y is an independent centered Gaussian field on C with covariance:

lz[ vyl

E[Y(2)Y(y)]=2In P

(2.4.4)

Denote the GMC measure associated to Y (e=*/2) by uy (ds) := e3Y (") ds. The goal of this subsection is to
prove the following lemmas:

Lemma 2.4.4. For ¢ >0, a < —1 — fo, and a fized constant A > 0, there exists €1 < A sufficiently small
such that for all € < €1,

ce(%"'%(“'l))z, 1+a+ % + ol

A . >0,
E[( / 263X @) g3y ~1] < s S (2.4.5)
€ Cefq(1+a+T)7 i, 1—|—a—|—%+% <0

where ¢ > 0 is a constant that depends on A,~,a and q.

By using the decomposition described above, we can transform this lemma into another equivalent form,

A —2Ine
IE[(/ 29e3 X (@) dz) =9 :2‘1E[(/21 i e%(Bs—S(%+%(a+1)))MY(ds))—q]

—2lne
:241@[(/ e2(Beta) iy (ds)) =),
—2InA

where again (By)s>o is a standard Brownian motion independent from Y, and oo = —7 — %(a + 1). Therefore
lemma 2.4.4 is equivalent to the following lemma:

Lemma 2.4.5. For ¢ > 0, a > 0, a fized constant ro, there exists r1 > ro sufficiently large such that for all
T 2 T1,

2
r - -4 <0
BI([ 3Oy (@) <4 2 (2.4.6)
ro cel'5==F) -2 >0

where ¢ > 0 is a constant that depends on rg, v, and q.

A similar result for 2d GMC has been proved in [60] (proposition 5.1). A slight difference is that in [60]
the power ¢ depends on a.

We start by proving three intermediate results. We denote ys = B, + «s, and we introduce for g > 1 the
stopping time T3 = inf{s > 0,y, = 8 — 1}. Recall the density of T for § > 1,u > 0:

B—1 _(-1-aw?

™
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Lemma 2.4.6. For a, A > 0, we have:

a2t
P(supy, < A) < e~ (2.4.8)
s<t
Proof. We know the density of sup,<; ys:
(A—as)? a2t A2
A [Ce T A= [P 725 a2
P(supy, < A) = P(T >t) = / ds < / ——ds =7,
(sglt)y = ) ( A+1 Z ) /7271_ ] 83/2 — /727_(_ 0 5‘3/2
O
Lemma 2.4.7. We set fort > 0:
t+1
I(t) = / ez W) s (ds). (2.4.9)
t
For q > 0, we have the following inequality,
E[I(t)"yes1 — ye] < ea(e”29Wen7%) 41) as., (2.4.10)

where ¢1 depends on 7, q.

Proof. Conditioning on y;41 —y¢ =y, (Bs — Bt)t<s<t+1 has the law of a Brownian bridge between 0 and y — a.
Hence it has the law of (B, — sB{ + s(y — a))o<s<1, where B’ is an independent Brownian motion. We have:

1
E[I(£)~[ys 1 — v = y] = B / eF (BLmsBitsn) 1y, (ds)) 4],
0

Notice that e25¥ > e3¥% A 1, and a classic result on the moments of Gaussian multiplicative chaos shows that,
E{(uy ([0,1])) 7] < oo,
thus:
1 Y ’ ’ a7y / /
]E[(/ €3 BB y (ds)) ™) < Ele™ 7 Mosest (B BUIE[(uy (0, 1])) )
0
=:c < o0

We can now derive that:

E[I(t) Yyre1 —ye =y] < cl(e_%qy V1)< cl(e_%qy +1) a.s.

Lemma 2.4.8. Define for § >1, a>0,q>0 andr > 2:

1{Sup56[0‘7‘] yse[ﬁflxﬁ]}
(Jy €2¥*py (ds))

Then there exists co > 0 depending on -, a, q such that:

Jrp :=E| (2.4.11)

o2
JIrg < coe” T el F)B, (2.4.12)
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Proof.
_ 1 _ 1 _
_ay(B-1) {sup, ys€[B—1,8]} {sup,eo, ¥ys€[6—-1,6]}
J.g<e TR e 2€00,7] + E[1 e s€l0:r) =: A+ B.
B = [ {Ts<r—1} I(Tg)q ] [ {Tg>r—1} equg_l I(T 1)q }

We first bound A. By using the strong Markov property of (y,)s>0 with respect to Fr,1:

_av(B=1)

A <e 2 ]E[]-{Tﬁ'f‘lg’!’}I(Tﬁ)iql{supse[Tﬁ_Fl,r] ys—yTB+1§ﬁ—yTB+1}]

_av(B=1)

=€ : E[]‘{TﬁJFlST}I(TB)_qE[l{S“Pse[o,rfTﬂ71] yQSB*yTﬁJA}“FTﬁ"‘l]]

_av(B-1)

=e E[1{TB+IST}E[I(T5)_q“FT57B - yTﬁJ’_l}E[l{suPse[U,r—Tﬁ—1] v, <B—yry 1} 15, B — yTﬁ-H]]'

By lemma 2.4.7,
E[I(T3) | Frs, B — yrs41] < 01(67%(1(”/3“75) +1) as.

By lemma 2.4.6,

a?(r—Tg—1)
a(B—yrg41)———5——
E[l{supse[o,rqﬁfu yéﬁﬁ*yTgH}']:Tzwﬁ —yrp41] <e g : a.S.

Therefore:

av(B—1)

A<cie” 2 E[1{Tﬁ+1gr}(e—%Q(yTﬁﬂ—B) + 1)60‘(B—yTﬁ+1)_

a2(7‘7TB—1)
2

Conditioning on Fry, y7,+1 — B has the law of N + a where N ~ N(0,1). Hence,

e (8-1) a?(r-T5-1)

A <ere” TR0 1) B[ e

ay(B=1) a2 1242 a2 a®(r-Tg-1)
7f(eiT+ 8 - 2

e BTy agne

=cC1€
_ 242 a2y a?T
<cie” wig (5 + l)e’TE[l{TES,._l}eTﬁ}.
We calculate with the density of Tjs:

Ty LBl riaw? a2
2u e 2 du

s 1= 0 anant

Combining the elements above we get,
a2r a
A< e el BB, (2.4.13)

for some constant ¢} > 0 of v, « and q. We proceed similarly for B, using again the Markov property:

Lisup, e m (s —yr—1)EB—1—yr—1.B—yr—1]}
B =E |:1{T3>T71} eQ’Y@l;—l I(T _ 1)q ]

1
<
<E |:1{T[f>7‘*1} B (B—1=sup (. 1 . (ys_yr—l))l(/r- _ 1)q:|

=~ TPy > r - 1)E[e%Supseww(yS*yH)I(r - 1)“’}
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We show that the expectation term can be easily bounded: let us denote (y,)s an independent process which
has the same law as (ys)s,

1
2

W=

E|e SUPselr—1.11 (ys_yr*l)[(r — 1)*‘1] <E [e‘” SUPse0,1] yé} E{I(r _ 1)72q}

1
1 112 _ ’ 1
<ciE {eqw SUPse[o,1] ysi| -]E[e R 1] 2,

where in the last inequality we have used lemma 2.4.7. We see that this whole expression is a constant that
depends on v, a and q.
Now it suffices to compute:

RGN | _(57127au)2
u u

IP’(T5>7~—1):/

¢
r—1 V2mu3/?

— a2(r— 0 . _ 12
< ﬂ lea(ﬁfl),%‘/ u,3/267(/‘12i) du
r—1

T Vor

< a1 - =G
Hence )
B < dlem 2 ele= %8, (2.4.14)
Equations (2.4.13) and (2.4.14) together finish the proof of the lemma. O
Now we can prove the main lemma:
Proof of lemma 2.4.5. Define for n > 1:
M, ={ sup (ys —yr,) € [n —1,n]}. (2.4.15)
s€[ro,r]
We can write,
" 0l q2’72 vy " 0
BI([ 3y (ds) 1) = S B, ([ eH0 0y (ds)
To n>1 To
:e(ngz —5%)ro Z Jrfro,nu

n>1

and by lemma 2.4.8 when r — 7oy > 2:

2

_ar e
Jr—ron < co€” 2 ela=%5)n,

In the case where a — 41 <0, it is then straightforward that there exists ¢ depending on 7,7, a, ¢ such that:

C¥27‘

E[( / By (d5)) ) < e

The other case where o — 4 > 0 is actually very direct to prove, since we then have:

2.2
[* e gy
— )

([ eFv g (ds)) ) < Blem F BT — 1)77] < cel 3

To

In the last inequality we have used the fact that y,._1 = B,_1 + a(r — 1) and that E[I(r — 1)7?] is a constant
independent of r that we can absorb in c¢. Notice this argument actually works whenever o > 0. This finishes
the proof of lemma 2.4.4. O
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2.4.3 Fusion estimation and the reflection coefficient

In this subsection we will prove the asymptotic expansion result that is used in subsection 2.2.2 to obtain the
shift equation (2.1.16) on p with a shift 2. In this expansion will appear the reflection coefficient introduced
in section 2.1.2 which will also be discussed in the next subsection. Here we will thus show:

Lemma 2.4.9. For —1— 772 <a<—-1- %—I—ao with ag > 0 a constant chosen small enough, p < 1+ %(a—i— 1),
ast— 0_,

2 L(—p+1+ 5(a+1)) : 4 §
_ b 72 1+a+2- v
U(t) =M 0 t My,p—1——=(a+1),-2—a— -0
(t) =M(y,p,a+ -, 0) +g(,a) () It] TM(y,p 72(a+ ) a— -0
2
+ o([t|Met), (2.4.16)
where g(7y,a) is defined as:
4 1 * %+%<a+1) 144 (a+1
9(v,@) = —I(= 5 (a+ DE[ / et py (ds)) 737, (24.17)

The process BitH(eth) g defined by (2.1.25) and py (ds) = e3Y ()45 is the notation introduced in section
92.4.2.

. . . . . . -0 .
Notice that in the expression of g(y, a) we recognize the reflection coefficient R, (—276‘) of section 2.1.2. We
emphasize that we only need the result for a in a small open set, it is not necessary to obtain an explicit value
for aqg.

Remark 2.4.10. From the conditions on a and p in the lemma, we have —2 — a — % > —1 - % and

p—1-— ,Y%(a+ 1) < 0, thus the bounds (2.1.5) are satisfied and M(vy,p—1— %(aJr 1),-2—a— nZTZ,O) is well

defined. We also want to mention that a similar result holds for U(t) and the proof is almost the same.

Proof. We adapt the arguments in [61] for the proof of this lemma. We introduce the notation
2
K(t) := /(x — 1) T %3 X @y (2.4.18)
I
for a borel set I C [0,1]. Recall that we work with —1 — 772 <a< —-1- % + ap with ap small, hence
p<1l+ %(a +1) < 1. We want to study the asymptotic of
E[Ko,1(t)?] — E[Ko,1)(0)"] = T1 + Ty, (2.4.19)
where we defined:

Ty = E[K[j¢,1)(8)*] — E[K}o,1)(0)"], T3 = E[K[,1)(t)"] — E[Ks,1;(1)"]. (2.4.20)

2
& First we consider T;. The goal is to show that T} = o(|t|*+** ). By interpolation,

1
IT1| <|p| /O duB[| K011 () = Kio,11(0) [ (uK ey 1) () + (1 = u) Kpo,1(0))P ']
<[PIE[| K j4),1)(t) — Ko,17(0)[K[e1,1(0)7 1] < [pl (A1 + Ao), (2.4.21)

where
Ay = E[|Kjy,11(t) — K{jeg,17(0)| Kpeg,11(0)P]

and
Ay = E[|Kj¢,1)(0) = K{o,17(0)|K[j¢,1(0)P ]
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2
We start by estimating A;. Using the sub-additivity of the function x — z 7,
Ay =E[|Kje,1(8) — Kqjey,1 (0) K ey, 1](0)”_1]

2 1 1 a+ T
§|t|77/ dxy x‘f]E[(/ 762X(“”)dm)p 1]
[t] [t] |l‘ — .I1| 2
'72 tO 1 '72 ok
<% dxlxm[(/ 275 3 X@ g1 4 ol T

[t] 1

where t( is a constant in (0, 1) to be fixed. Note that in this subsection we will use ¢ > 0 to denote a positive
constant with the abuse of notation that it can be a different constant every time it appears. Here we now need

to apply lemma 2.4.4. We check that the bounds of (2.1.5) on p imply that 1+ a4+ (1 — p)%2 > 0. Therefore
we are in the first case of lemma 2.4.4 which implies there exists e; > 0 such that for all z1 < ey
1 Py 2 (a+1)2
E[(/ 20T 3 X@) gpyp=1] < ca:fZ( ) . (2.4.22)

Taking ty = €; we obtain:

+5(at1 2
Ay <clt| T / dxlxa et +clt| T

2 72
<ol @R % o[t e+, (2.4.23)
On the other hand:
Az = E[Ko 4 (0)Kqje), 17 (0)7 ] (2.4.24)
It| 2 1 a2
= dxy x;”TE[(/ %egx(z)dx)pfl]
0 [t] ‘Z — 1‘1|T
|t] ar?? 1 A2 4
§/ deyxy * E[(/ 20T ez X (@) gg)p)
0 [¢]
(2.4.22) I 2
et Tt @D g irat 3y, (2.4.25)

2
Hence we have shown that T} = o(|t|!ToF 7).

& Now we focus on Tp. The goal is to restrict K to the complementary of [[t|**",|¢|], with A > 0 a con-
stant to be fixed, and then on the two parts the GMC’s are weakly correlated. The same computation as
(2.4.21) together with the technique we used for T} show that for || sufficiently small:

E[K{0,1)(t)?] = E[K[ep+n ee ()P < [PIEE jepen oy (6 Kje,1)(0)P ]

It a+ L (a+1)?2
<t T / dryz,
|t

|1+h

1+h)(1+a+ L (a+1) )

< c|t|
By takmg h < —m, we have
ok 1 2 72
Z+(1+h)(1+a+$(a+1))>1+a+z, (2.4.26)

hence >
E[Ko,1)(t)"] — E[K[jsuen o5 (H)P] = o(Jt]* o+ T). (2.4.27)
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This means that it suffices to evaluate E[K[jyj1+n |¢jc (t)P] — E[K [ 1 (2)P]. We will use the radial decomposition
of X with the notations introduced in the first paragraph of section 2.4.2,

A

1 [2nm 2 2B _e(ral
K(t) := Ky () = 5/ (€72 — 1) 3 Bems G a (et (ds), (2.4.28)
0
1 > ’Y2 ol X
Ks(t) := Ko sjr+0y(t) = 5/ (e7%/2 — )T 3 (Bems(GH5 (1)) 1 (ds). (2.4.29)
2(14h) In 5

From (2.4.4), we deduce that for s < 2In r7 and s >2(1+h)In %

0<E[Y(e ¥?)Y(e*/?)] =

% < 2[t|", (2.4.30)

1 — e (s'=5)/2]

where we used the inequality In ﬁ < 2z for x € [0, %] Define the processes,
P(6_5/2) = Y(e_5/2)1{5§21n ﬁ} + Y(e_8/2)1{522(1+h) In ﬁ}?

jj(efs/Q) = Y(678/2)1{s§21n ﬁ} + ?(675/2)1{522(1%41) In ‘%‘}7

where Y is a gaussian field independent from everything and has the same law as Y. Then we have the
inequality over the covariance:

E[P(e™*/*)P(e”/*)] < E[P(e~*/*)P(e™*/*)] < E[P(e~*/*)P(e™*/?)] + 211" (2.4.31)

The function x — xP is convex when p < 0 and concave when 0 < p < 1. We will only work with the case
p < 0 since the case 0 < p < 1 can be treated in the same way. By applying Kahane’s inequality of Theorem
2.4.2,

E[(K (1) + Ka(6))") < E[(Kq (£) + Ka(0)F] < T @I E[(K, (1) + Ka(t))7), (2.4.32)

~ 2
where Ks(t) := 5 f2 1+h) In L (€752 — )T 2 (B _g(%+7(“+1)))uy(ds). By the Markov property of Brownian
Il
motion and stationarity of 115, we have

Rolt) = |t|(1+h)(1+a+ 2+ 6232(1+h) In(1/1¢1) / (t|"e=/? +1)F 6%(3575(%+%(a+1)))u?(ds)7 (2.4.33)
0

with B an independent Brownian motion. We denote

2 o ~
00 = TR (3 Baman, Vo= /0 eF Boms Gt o (g, (2.4.34)

then:

E[(K1(t) + (1 +[t] )WT V)P] < E[(Kq1(t) + Ka(t))"] (2.4.35)
< 5P E[(K, (1) + 0,V)7).

By the Williams path decomposition of Theorem 2.4.3 we can write,

ol )
V= e2M2 /L efB?uf,(ds), (2.4.36)
M

where A\ = T + %(a +1), M = sups>o(és — As) and Ly, is the last time (Bis)szo hits —M. Recall that the

law of M is known, for v > 1,

) 1
Pez™ > v) = . (2.4.37)

A

v
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For simplicity, we introduce the notations:

pa) =5 [ B uplas), o) =

2 ) 1, .

Now we discuss the lower and upper bound separately.

<& Lower bound: Since we work with p <0,
E[(K1(t) + K2(1))"] — E[K1(t)"]
> E[(K: (1) + (1+ |11) 0103 p(0))?] — B[ (£)7)

= 2u] [ E (0904 0 )T e = o))

Y

Aj [/ 25 RS ﬂ((uﬂ)p DI+ M) T o) K (075
(2.4.63) g4\ '(—p+ %)F(—%) 42 1 p—dr

> ey B T T K0 )

By the Girsanov theorem,

E[((1+ [t")F ovp(N) 5 K (1)~ %]

2 21n
I+a+2 ax 1 IR 52 s(24+1(a 4
= (|t|(1 + ‘t|h)) T ]E[p()\) = ]E[(§/0 (e /2 —t) Te? F(Bs+s(F+3( +1))) (dS))p w]
2 2
o lgitet% 4 4 oY
S TR T M p = 1= e+ 1), -2 —a = ,0).

This completes the proof for lower bound.

< Upper bound: we start with an inequality:
E[((K1(t) + Ka(t))?] — E[K1(t)7]
<E[(Ki(t) + 01V)"] - EIKy ()] + (e @ 1" — B[ (0)7)
=E[(K1(t) + o¢V)?] — E[K1(t)"] + O([t]").
To get rid of the big O term, we will need an h such that

2
h>1+at
4
Together with the condition 2.4.26, we have
2
v 1+a
1 —<h<——-—.
tat 4 1+a+92

There exists such an A when a is sufficiently close to —1 — %.
For A > 0 fixed, since p < 0 we have,

E[(K1(t) + 0:V)" = K1 (t)"] < E[((E1 () + 00 V)P — K1 (6)") L{ars )]

<E[((K1(t) + o e2™pa(N)? — K1 (6)?) 1 s a3)
(2.4.37) 4\ > du » a po 2
=" | // (1) = oA F Ka (0]
1(t
Girsanov 4N 1+a+ﬁ o du p XN p—g
TR [ oy (W 17 = Dpah) 7 Kat) 7]

K1 (t)

67

(2.4.38)

(2.4.39)

(2.4.40)
(2.4.41)

(2.4.42)

(2.4.43)
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where
. L0 e 2 3(Brs(d4d (1)) pm
K1(t):E[<§/ (e —t) Te2\ e aTy uy(ds))” 7 ]
0
0_ 4 :
e M(%p—1—7(a+1)7_2_a_%’0)’
Y
andfora<—1_4(’17fh)’

G, = [t~ QM+t 3 Baemmarn 2% 0 as
Hence E[(K1(t) + 0V )P — K1 (t)P] is smaller than a term equivalent to:

AT (p+ (- 2)
v I'(—p)

We can conclude by sending A to co. O

2 4 2
T B A ()T IM (= 1= (4 1), -2 —a = I1,0).

2.4.4 Computation of the reflection coefficient

The goal of this subsection is to prove the tail expansion result for GMC given by Proposition 2.1.5. In the

first step we give a proof of the tail expansion (2.1.26) where the coefficient R, is expressed in terms of the
processes Y and BY as defined in the section 2.1.2. The proof is almost the same as in [61]. In the second step

we provide the exact value (2.1.27) for E? by using Theorem 2.1.1. Before proving the proposition, we provide
a useful lemma. The proof can be found in [61] (see lemma 2.8).

Lemma 2.4.11. Let a € (3,Q) with Q = 3 + %, then for p < 2 and all non trivial interval I C R:

,-y2
1
Q—«a

This lemma tells us that the additional term e25: ©  behaves nicely and the bound on p is the same as in
the case of GMC moments.

w2

Q—a )
B, * e%y(eﬂﬂ)ds)p] < 0. (2.4.44)

Proof of Proposition 2.1.5. Using the decomposition X (e=*/2) = B, + Y (e~*/?) we have,

9]
jﬁn(a):/nx—%e%x(w)dle/ o3 (Ba=s(3+2-%)) 3V (e /%) gg
’ 0 2 —2Inn
Theorem 2.4.3 lM]-/OO 1BQ50 1y(e—s/2)
=M e#B: 7 e ds,
2 —2Inn—L

Q—a
where M = sup,~o(Bs — %s) and Ly is the last time <B2

S

) hits —M. The law of M is given by:
5>0

1
P >v) = 5 (v>1). (2.4.45)
v ¥
We denote
pa(2=2) = 1/OO BT AV g
2 2/ 1, ’
o] Q—a
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and study the upper and lower bounds for P(I{, (@) > u).
< Upper bound:

oy 2@=) —9
Qo B9 R
2 S CEE 2@y

P12, (@) > u) < P(e2™ p(

< Lower bound: we first show that the tail behavior is concentrated at x = 0 and that the value of i does not
matter. Consider h, e > 0 sufficiently small,

1
P12, (a) > u+u'™") —P(I7, (a) > u) < ]P’(/ ™5 e?X@ gy > 1y
n

E[(f} &= % e3X(®)dg)>* ] 1
- Ou%oo( 2(Q—a) v
u l u v

), (2.4.46)

where v > 0 can be any constant that satisfies v < (1 — h)(%2 —€) — % Thus it suffices to study the tail
behavior of Iﬁl(a). Take A = 27” In u,

_2(Q-a) Q— o 20Q-9 Q— o 20Q-9
S e B TG R WP

Take h' > 1 a constant such that h’Q(Qf_a) < %, by Holder’s inequality and Markov inequality:

Q— a 2@Q-a
Elpa(=5—=)" 71, (250)50-]

Q—a p2e-a. 1 Q—«
5 )t W P(pal 5 )

Q- a)h/w]uf(ky)(h'q) — O(u (- D)y
2

We impose additionally that v satisfies v < (1 — v)(h' — 1), then

2Q—a)
Y

<E[pa( >u

<E[pa(

_2Q=a) - 2(Q-a) _2Q-a) _,
PP (o) > u) >u” " 7 E[pA(Q2 )T 7 4+ 0T ). (2.4.47)

We claim that for v > 1 and for some ¢ > 0,

@) ) () < e, (2.4.48)

Elp(

This shows that: 5

R (a) 1
2(Q—a) +0( 2<Q—a>+l,)'

w7 w7

P(I{ () > u) = (2.4.49)

By applying the tail result to (2.4.46) we deduce,

E‘f(a) 1

@ M—i—min(u,h) ’

P(I7, () > u) = (2.4.50)
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which finishes the proof for the first part. For the second part let € > 0, the value of E?(a) is then determined

by the following limit, with p = @,
lim eE[17, (a)"~] = PRI (). (2.4.51)
With our Theorem 2.1.1 we can compute this limit and get:
) = (27T)”(§)P§F G-rpryG -G -DPNG 0= (=29 | o 50
T3N3 C —a+ Py C+ P (E—a—(2p-2)3) =0 72

It remains to show (2.4.48). By (2.4.

Bs%a defined for s < 0 by

Q=a
is independent from everything and has the same law as (Bs 2 )s<o. We can then write,

—o
p(Q 5 )= A1 +u""A,, (2.4.52)
where:
L[~ 15Q5 e3Y(e™?)
A= - e? ds, (2.4.53)
2 L2—” Inu

Q_
Ay = 1/ e3B: " ZY(efs/Q)ds.

By interpolation (see (2.4.21) for example),

2(Q—a) 2ot
E[(Ay +u™Ax)" 5 — Ay 7 ]
9 —a fol 2(Q @) 2(Q )1
< LuiyE[AQ InaX{P( ) 17 Al }]
If 28 <,
20 2(Q—a) 2Q-a) 4
]E[(A1 +uVA)T 7 — A7 ] <us E[AQA i ]
Holder _”E[Ap]l/pE[Ap 1(2(Q,Y @>,1)](P—1)/ZD < Cu—l/7

where 1 <p < 75 to ensure that E[A?] is finite, and we know that

1 e 13% 1Y(e’s/2)
A > 5 e2”s 7 g2 ds

has negative moments. On the other hand, if M > 1, then:

2Q-a) e 2(Q—a)
—Uu

[(Al +u VAQ) Y —Al ]S @ 2Q—a)

) I <eu”

5 Elp(—; g

This last upper bound comes from the fact that the moment of p(%) is finite thanks to Lemma 2.4.11 and

2(Q—a) 4
> <z ]

since
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2.4.5 Special functions

Lastly we include here a detailed discussion on hypergeometric functions and on the special functions I'y and
G that we have used in our paper. First, let us discuss the theory of hypergeometric equations and the so-

called connection formulas between the different bases of their solutions. For A > 0 let I'(A4) = fooo tA-le~tdt

denote the standard Gamma function and let (A),, := F(F‘?X)" ). For A, B,C, and z real numbers we define the

hypergeometric function F' by:
(A)n(Bla_,

F(A,B = 2.4.54
(4.5.0.0) =3 ey (2.4.54)
This function can be used to solve the following hypergeometric equation:
d? d
(t(1 - t)@ +(C—-(A+B+ 1)t)$ — AB)U(t) = 0. (2.4.55)

For our purposes we will always work with the parameter ¢ € (—o0,0) and we can give the following two bases
of solutions, under the assumption that C and A — B are not integers,

U(t) = C1F(A, B,C,t)
+ Oyt “F(1+A—-C,1+B—-C,2—C,t)
=Di|t|  F(A,1+A-C, 1+ A—- Bt 1)
+ Dylt| BF(B, 1+ B-C,1+B— A,t7Y),
where the first expression is an expansion in power of |¢| and the second is an expansion in powers of |¢t|~1. For
each basis we have two real constants that parametrize the solution space, C'1, Cy and Dy, Dy. We thus expect

to have an explicit change of basis formula that will give a link between C7,Cy and Dy, Ds. This is precisely
what give the so-called connection formulas:

P(1-C)I(A-B+1) T(1-C)['(B—A+1)
C1\ _ (T@—crDra-B) T(B-CIOII-A D, 9 456
o] = S T I S s R (2.4.56)
2 T(A)T(C—B) T(B)T(C—A) 2

This relation comes from the theory of hypergeometric equations and we will extensively use it to deduce our
shift equations. We will apply it for both hypergeometric equations of Proposition 2.1.4.

We will now provide some explanations on the function F%(x) that we have introduced as well as its
connection with the so-called G Barnes’ function. Our function I'; (z) is equal to the function I'y(z) defined
in the appendix of [72] with b= 7. 7 For all v € (0,2) and for z > 0, I'5 (2) is defined by the integral formula
written in Theorem 2.1.1,

oo — _Qt
1nF1($)=/ a e — (%7x)2e‘t+x7% (2.4.57)
: o t|l-—eF)1-eF) 2 t ]’

where we have Q = 3 + % Since the function Iy (z) is continuous it is completely determined by the following
two shift equations,

Iy (z) 1 YT, Va1
2 = I(E=5) (L)~ 2 T2, 2.4.58
Ti(x+3) +or (5)E) (2.4.58)
I'y(x) 1 22y 20

F%(;r%) - mr(7)(5)7 7, (2.4.59)

"In [79] Ostrovsky uses a slightly different special function T'2(z|7), the relation with our F%(a:) is:

g2 D2(217)

2.1
Ly (z) = (5)z(~ )
3 (=) (7) LT
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o

and by its value in

F%( ) = 1. We mention that I'y (z) is an analytic function of z. In the case where
~v = 2 the function I' e

() r duces to,

R N

Ty(z) = (2m)3 2 G(x) ", (2.4.60)

where G(x) is the so-called Barnes G function. This function is useful when we study the limit v — 2 in section
2.1.4. Finally in our Corollary 2.1.3 we have used a special 82 o distribution defined in [79]. Here we recall the
definition:

Definition 2.4.12 (Existence theorem). The distribution —1In s 2(a1, az;bo, b1, b2) is infinitely divisible on
[0,00) and has the Lévy-Khintchine decomposition for Re(p) > —bg:

(o )

Elexp(pIn B2,2(a1, az; bo, b, b2))] = exp (/ (e7P" —1)e ™! (1= e—ait)(1 —e—ast) ¢
. Z _

Furthermore, the distribution In B2 2(a1, az;bo,b1,b2) is absolutely continuous with respect to the Lebesgue
measure.

We only work with the case (a1, as) = (1, 7%) Then Sz 2(1, % bo, b1, ba) depends on 4 parameters 7, by, by, by
and its real moments p > —by are given by the formula:
I'2 (F(p+00))L 2 (3 (bo + b1))'3 (F(bo + b2))2 (3 (p + bo + by + b2))
T (3b0)T3 (3(p + bo + b1))T3 (3 (0 + bo + b2))T'3 (3 (b0 + b1 + b2)

4
E[B2,2(1, ek bo, b1, b2)P] = (2.4.62)

Of course we have v € (0, 2) and the real numbers p, by, b1, b2 must be chosen so that the arguments of all the I'y
are positive. We conclude this section with a few computations that we need that also involve hypergeometric
functions.

Lemma 2.4.13. Forp <0 and -1 <a <0 orfor0<p<1and —1 < a < —p we have the identity:

& , ., TD(@I(=a—p)
u—+1)P — Dutdu = 2.4.63
JACERIE e (246
Proof. Denote by (z), :=z(x+1)...(z+n—1).
> _ = (1) 1 = (—=1)" 1
1 p*l a ld — ( —)n . —0)n
J) ey == 3 S o = S S o,
1 i ()" (=p)nla)n 1 i (=1)" (=p)n(—a = p)n
atf= nl (a+1l)n a+tpi= nl (-a—p+1)
1 1
:aF(fp,a,GJﬁ*L*l) - a+pF(7pﬂ7a7pa7a7p+]-»f]-)
_T(@)(~a—p)
L(-p)
where in the last line we used the formula, for suitable a,b € R
B B o r IT(b
BF(a+b,a,a+1,—1)+aF(@+bbb+1,-1) (“+()+(b)+ )
a
O
Lemma 2.4.14. ForO0<a<1-— 'V; we have:
2 2 2 P(a)(—a— 2
T )Ty ldy = (a+ l)sz‘i). (2.4.64)

4 Jo 4 I'(—1)
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Proof. By the previous lemma,

2y e D@D(a= %)
[ 2 ® ety = S

We take the derivative in z in the above equation and evaluate it at z = 1 to get:

2 o0 2 2 a
VZ/O (y+ 1)1y dy = (a+%)r( );((

2

T

G_T)
5 .
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CHAPTER 3

Integrability of boundary Liouville theory

In collaboration with Guillaume Remy.

Liouville conformal field theory (LCFT) is considered on a simply connected domain with boundary, spe-
cializing to the case where the Liouville potential is integrated only over the boundary of the domain. We
work in the probabilistic framework of boundary LCFT introduced by Huang-Rhodes-Vargas (2015). Building
upon the known proof of the bulk one-point function by the first author, exact formulas are rigorously derived
for the remaining basic correlation functions of the theory, i.e., the bulk-boundary correlator, the boundary
two-point and the boundary three-point functions. These four correlations should be seen as the fundamental
building blocks of boundary Liouville theory, playing the analogue role of the DOZZ formula in the case of
the Riemann sphere. Our study of boundary LCFT also provides the general framework to understand the
integrability of one-dimensional Gaussian multiplicative chaos measures as well as their tail expansions. Finally
this work sets the stage for studying the more general case of boundary LCFT with both bulk and boundary
Liouville potentials.

3.1 Introduction and main results

Liouville conformal field theory - LCFT henceforth - first appeared in Polyakov’s seminal 1981 paper [82]
where he introduces a theory of summation over the space of Riemannian metrics on a given two-dimensional
surface. As a fundamental building block of non-critical string theory, the necessity to solve Liouville theory
lead Belavin, Polyakov, and Zamolodchikov (BPZ) to introduce in [10] conformal field theory (CFT), a powerful
framework to study quantum field theories possessing conformal symmetry. On the Riemann sphere, solving
Liouville theory amounts to computing the three-point function - which is given by the DOZZ formula proposed
in [25, 108] - and arguing that higher order correlation functions can be obtained from it using the conformal
bootstrap method of [10]. A similar program can be pursued for surfaces with boundary, where the basic
correlations have been derived in the physics literature in [37, 52, 84] and the conformal bootstrap is also
applicable.

We work here in the probabilistic framework of LCFT first introduced by David-Kupiainen-Rhodes-Vargas
on the Riemann sphere in [20], and later followed by companion works for the boundary case [53] and in higher
genus [21, 49, 87]. The strength of this framework is it allows to put Liouville theory on solid mathematical
grounds and to rigorously carry out the program of solving the theory as described above. Indeed, in the
case of the Riemann sphere, the BPZ differential equations expressing the constraints of the local conformal
invariance of CFT were shown to hold in [60]. Building on this work a proof of the DOZZ formula was then
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given in [61]. Very shortly after, the same procedure was implemented by the first author [88] in the case of
boundary LCFT to prove the Fyodorov-Bouchaud formula proposed in [41] that can also be interpreted as a
bulk one-point function of boundary LCFT.

The purpose of the present work is to pursue solving Liouville theory on a domain with boundary, in the
special case where the Liouville potential is only present on the boundary, see the Liouville action (3.1.2) below.
In the study of boundary LCFT there are four basic correlation functions that must be computed: the bulk
one-point function, the bulk-boundary correlator, and the boundary two-point and three-point functions. For
the last two correlations we allow the freedom to choose different cosmological constants for each connected
component of the boundary, see again (3.1.2). Taking as an input our previous works [88, 89], we will thus
compute all the basic correlations of boundary LCFT. In a future work we plan to address the same problem
in the more general setting where there is also a bulk Liouville potential in the action. Lastly for finding higher
order correlations one needs in principle to apply the conformal bootstrap method, although at the level of
probability this remains a challenge even in the case of the Riemann sphere.

The key probabilistic object required to define LCFT is the Gaussian multiplicative chaos (GMC) measure,
which formally corresponds to exponentiating a log-correlated Gaussian field. Since the pioneering work of
Kahane [56], it is well understood how to define this object using a suitable regularization procedure [12, 92].
GMC measures are now an extremely well studied object in probability theory and appear in many apparently
unrelated problems such as 3d turbulence, mathematical finance, statistical physics, two-dimensional random
geometry and probabilistic LCFT. One illustration is the Fyodorov-Bouchaud formula giving the law of the
total mass of the GMC measure on the unit circle that was first proposed in statistical physics [41] in the
context of random energy models. It was proved in [88] by viewing it as the bulk one-point function of boundary
LCFT derived in [37] and by using the BPZ equations. This connection between [41] and [37] was unknown
to physicists. Furthermore, our previous work [89] studies GMC on the unit interval making again rigorous
predictions of statistical physicists [45] (see also the related set of works [76, 78, 79]) using once more the BPZ
equations coming from CFT.

In the present paper we further uncover these connections between the theory of GMC measures and
Liouville CFT. We show how the law of the total mass of GMC on the unit interval studied in [89] can be
derived from a special case of the boundary three-point function of boundary LCFT. Lastly we explain how
the boundary two-point function gives a very general result on the tail expansion of one-dimensional GMC
measures. The study of boundary LCFT with boundary Liouville potential is thus the most general framework
to understand the integrability of one-dimensional GMC measures.

Let us now introduce the framework of our paper. By conformal invariance we can work equivalently on
the upper half plane H = {z € C | Im(z) > 0} or on the unit disk D = {z € C||z| < 1} but for almost all of
this paper we will work on H. We use notations H = HUR, 9D for the unit circle and similarly D = D U 9DD.
In theoretical physics Liouville theory is defined using the path integral formalism. Let us fix N bulk insertion
points z; € H of associated weights «; € R and M boundary insertions points s; € R with weight 3; € R.
In physics the correlation function of LCFT at these points is defined using the following infinite dimensional
integral on the space of maps X : H — R,

N M
<Heai¢<zi> 11 eifas(sj)> :/
i=1 j=1 X

where DX is a formal uniform measure on the maps X and S7(X) is the Liouville action given by:

N M
DX [ e He%ane—sam, (3.1.1)
:H—R i=1 j=1

Sp(X) = L / (J09X > + QRyX) dAg + i/ (QKgX + QMae%X) dXog- (3.1.2)

47 H 27 R
Here v € (0,2), and one has Q = 3 + %.1 For a choice g of background metric on H, 99, Ry, K4, d\g,
dMpg respectively stand for the gradient, Ricci curvature, geodesic curvature of the boundary, volume form
and line element in the metric g. The precise choice of g is irrelevant thanks to the Weyl anomaly proven
in [53], see also Lemma 3.5.7 in appendix. ug is the cosmological constant tuning the interaction strength of

IThe central of the theory is then given by ¢ = 1 4 6Q2.
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the Liouville potential. It will be chosen either to be a fixed positive number or more generally a function
to : R — C constraint to be constant in between two consecutive insertion points s; on R. Of course since
the path integral (3.1.1) does not make rigorous sense we will rely on the construction of [53] to obtain a valid
probabilistic definition for these correlation functions. A requirement for a correlation to be well-defined is
that the following Seiberg bounds must hold:

N M B
daity T >0, Vifi<Q (3.1.3)
i=1 j=1

Notice here that we do not have the condition «; < @ as we do not have a bulk potential. One of the key
properties of a CFT is that its correlations behave as conformal tensors under conformal automorphism. This
has indeed been checked for the probabilistic definitions in [20, 53]. Using conformal invariance one can thus
reduce computing the following basic correlation functions to computing a single constant called the structure
constant. We perform this reduction for the four basic correlations that will be at the heart of our work:

e Bulk one-point function. For z ¢ H, o > Q:

<ea¢<2>> - Lz«?(;’z)ﬁa (3.1.4)

e Bulk-boundary correlator. For z €¢ H, s e R, <@, a+ g > Q:

ad(z) So(s)\ _ G(a, B)
<e € > |Z_5‘2AQ—A,3|Z_S‘2A6‘ (3.1.5)

+ Boundary two-point function. For 51,50 € R, € (3,Q):

éd) s B (s _ R(ﬂaulvﬁm)
<62 (s1) 56 2)> e (3.1.6)

« Boundary three-point function. For i € {1,2,3}, s;, 5; € R satisfying 5; < Q and ), 5; > 2Q:

H(61762763)
<e%¢<s1>e%¢(s2)e%¢(sa>> - (1,12, 123) (3.1.7)
‘51 _ 32|A1+A2*A3|51 _ 53|A1+A3*A2|32 _ 83|A2+A3*A1' o

We have used the notations A, = §(Q — §), Ag = g(Q - g), and A; = %(Q - %) Each of the four
structure constants U, G, R, H will have a definition involving Gaussian multiplicative chaos.

3.1.1 Probabilistic definitions

In this section we will introduce the probabilistic objects with which we can rigorously define the four correla-
tions (3.1.4) through (3.1.7). We will define all of the probabilistic objects on H. We view H as being equipped
with the following background metric g, written here in diagonal form g = g(z)dz?,

1
g(z) = M, where |z|4 := max(|z],1). (3.1.8)

This choice is convenient to work with because it will make some computations work in the same way as in
[61] and [89]. We now need to define the Gaussian free field (GFF) we will be working with.
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U(Oé) G(Oé, /B)
B
R(B, 11, p2) Hi )
51 52 U3
3 i f B3
2
H2 6\1N’ -

Figure 3.1: Structure constants for boundary Liouville theory

Definition 3.1.1. (Gaussian free field on H) The Gaussian free field X is the centered Gaussian process on
H with covariance given by:

E[X (2)X (y)] ! S nge) — 3 ngly). (3.1.9)

=h— —

[z —yllz -yl 2
Since the variance at each point is infinite, X is not defined pointwise and exists as a random distribution. It
also satisfies:

/7r X (e?ydg = 0. (3.1.10)
0

To construct the above GFF X one can perform the following. Consider Xp the Neumann boundary (also
called free boundary) GFF on . This field has a covariance given by, for z,y € D,

1

E[Xp(2)Xp(y)] = In EET)

(3.1.11)
The field X has zero average on the unit circle. One can then conformally map the disk D equipped with the
Euclidean metric to the upper-half plane H equipped with the metric §(z) = ﬁ. By this map from the
field Xp we obtain the field X; defined on H which has covariance,

1 1lng(ac) - %lng(y), (3.1.12)

E[X;(2)X;(y)] = In T —yllzr—3] 2

and zero average on R in the metric §. Finally the above field X can be obtained from the field X by simply
setting:

1 [7 B
X(a) = Xyla) = 1 [ Xg(e)ap. (3.113)
T Jo
We now define the Gaussian multiplicative chaos measure on R.

Definition 3.1.2. (Gaussian multiplicative chaos) Fiz a v € (0,2). The GMC measure associated to the field
X is defined by the following limit,

3X@) 4y = lim 3 X~ FEX@?] gy, (3.1.14)

e—0
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where the convergence is in probability and in the sense of weak convergence of measures on R. Here X, is a
suitable regularization of the field. More precisely, for a continuous compactly supported function f on R, the
following convergence holds in probability:

2
/f(x)e%X(f”)dx:lim/f(x)e%X€(Z)f%E[Xﬁ(Iﬂdx. (3.1.15)
R R

e—0

For an elementary proof of this convergence and examples of smoothing of the field X, see for instance
[12]. With this at hand one can now give a probabilistic definition to the four structure constants U, G, R, H
using moments of GMC on H. The reason why the following definitions are the correct interpretation of (3.1.1)
has been performed in [53]. We will also work with the four quantities U, G, R, H which will be purely defined
as moment of GMC on H and be each related to the corresponding U, G, R, H by an explicit prefactor.

In order to define the boundary two-point and three-point functions we will consider parameters p1, po, i3
in C corresponding to the values taken by g in the Liouville action (3.1.2). To be able to choose a suitable
branch cut to define the probabilistic expressions below, we introduce the following conditions we will refer to

as the half-space conditions.

Definition 3.1.3. (Half-space condition for w;) Consider p1, p2, ps € C. We say that (u;)i=12,3 satisfies the
half-space condition if there exists a half-space H of C whose boundary is a line passing through the origin not
equal to the real axis and satisfying the following. The half-space H does not contained the half-line (—o0,0).
Each p; is contained in H (the half-space with its boundary included) and the sum py + po + ps is strictly
contained in H. We will also refer to the half-space condition for a pair 1, us € C which will be the condition
above with us set to 0.

Definition 3.1.4. (Correlation functions of Liouville theory on H) Fiz v € (0,2). Consider parameters
a,B,B1,82,83 € R, pug € (0,400), and p1, s,z € C. The four correlation functions U,G, R, H have the
following probabilistic definitions:

2Q=-a)

o Ula) = %F(z(an)) <u8 g )U(a) where for o > % :

2Q-a)

. %(%—a) N 5
Ula)=E (/ Mezm)da:) . (3.1.16)
R |r—ie

2Q—20-8\ __
e G(a, B) = 2I(22H822Q) (/“a v ) G(a, B) where for 3 <Q, 3 —a < g <a:

¥ ¥
2 8
_ 1G-a-5) 7(@Q-a=3)
G(a, B) =E (/R %62X(z)dx . (3.1.17)
((5115253 = %1"(751""52":&3_26‘2 )Fgﬁiiz%;)) where in the following range of parameters,
1 > 4 2
(1i)i=1,2,3 satisfies Definition 3.1.3, f; < @Q, ;(QQ - Zﬂl) < ? A miin ;(Q - Bi), (3.1.18)
i=1

one can define:

(3.1.19)

(1,p2,13) —

1 3
o -8 7292 )
P88 _ o (/R g(x) eFX@ gy ()
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The dependence on the parameters i1, 2, i3 appears through the measure:
dp(x) = p11(—oo,0)()dx + p2l 1) (2)dx + 311 00) (z)d. (3.1.20)

The GMC integral inside the expectation is a complex number avoiding (—o0,0). To define its fractional
power we choose its argument in (—m, ).

e R(ﬁvﬂlvﬂ’Q) = 71—‘(1 (Q 2) ) (57M17N2) where E(ﬂvﬂlaﬂQ) is deﬁned fOT‘ 6 € (%aQ) and M1y 2
obeying the constraint of Deﬁmtzon 3.1.3 by the following limiting procedure. Consider 3 < o < < Q
and B — f2 < B3 < Q. Then the following limits exists and we set:

R(B, 1, 12) := (Q 5 sl (B2 + B3 — BYH (2. (3.1.21)

The proof of why the above moments of GMC are well-defined under the written parameter ranges has
been performed in [53].

3.1.2 Main theorems

In order to state our main results, we need to introduce the following special functions. For all v € (0,2) and
for Re(z) > 0, I'; (z) is defined by the following integral formula:

oo It —xt —% Q _ )2 _Q
T (z) = / i c —°¢* G2 T3 (3.1.22)
? o tl(l—eT)1—e7) 2 t
Furthermore consider the function Sy (z) defined for v € (0,2) and Re(z) € (0,Q) b
Sa () i@ (3.1.23)
o = . 1.
z I';(Q —=)

Both functions I'y (z) and S (z) admit meromorphic extensions to all z € C with a known pole structure,
see Section 3.5.4 for more details. Using these two functions one can define the following special function
introduced in [84]. For i € {1,2,3}, define o; through the relation p; := ™(7:~ %) with the convention that
for positive y; one has Re(o;) = 3. Denote B = B1 + B2 + B3. Then define:

Ipr (fifzgi) (3.1.24)
_ (27) ZQJ‘} +1(%)(%—%)(Q—§)—1 1—‘%(262 _ g)l—\%(ﬁ1+ﬁ3 )Fz Q- ﬁ1+/322—53 )F%(Q _ ,32+%3_ﬁ1)
r(1— ’ﬁ)w*ﬂ (B—QQ) F%(Q) E(Q - Bl)rg(Q - B2)F%(Q — Bs)
et5 (= (20— % —01-02)(Q— 3 —01-02) HQ+ L —02—03) (B2 —02—03)+H(Q+ B —01-03) (B —01—03)—203(205—Q))

x S, (B —05)S2 (B 4 ga —
1(2—1—01 02) %(24—03 o1)

x/m S3Q-F+os— 0 +1)83(F +0o5—01+7)S3(Q—F +o3— 01 +7) gin(— 2 tos—oqr 4T
—ioo S3(Q + % 7+0’3—0’1+7‘)S%(2Q—%—%+03—01+T)S%(Q+T) i

The contour of the integral is to the right of the poles at r = —(Q— %+O’3-O’2) n%—m%, r= ( 2 +o3—01)—

n;—mf r=—(Q- +03—01) n%—m2 andtotheleftofthepolesatr——(ﬂ 52+03—01)+n1+m2
r=—(Q— Bl ﬁ2+0'3—0'1)+’n +mf r—n +m with m,n € N2. We can now state our main results.

For the sake of completeness we recall
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Theorem 3.1.5. (Bulk one-point function, R. 2017 [88]) For v € (0,2), a > 3, one has:
e} Q(Qfa)
= 2_%271' v Yo 72
U =| ———5 I'(— ——). 3.1.25
(@) (m’f)) o (31.25)

Now the main results of the present work is to provide expressions for the remaining three structure
constants. We will indeed prove the following theorems:
Theorem 3.1.6. (Bulk-boundary correlator) For v € (0,2), < Q, 3 —a < g < a, one has:
2(Q_aq_8
Gl (262 TR £ 2 - DNy s Hry @ - 52
a, B) =
T(1—2) I'1(Q - Az (a)T3(Q)
Theorem 3.1.7. (Boundary two-point and three-point functions) Consider v € (0,2), § € (%,Q), and 1, po
obeying the condition of Definition 3.1.3. Then one has:

(3.1.26)

2 1 .
_ 2m)7 (@A) =2 (2)3(Q-B)—3 [+ (8 — 2)ein(or1+o2-Q)(Q—5)
(Q—-B)I (1 —)> L3(Q —B)S3(5 +02—01)S3(5 +01—02)
Similarly, for p1, B2, B3 and p1, ua, ps satisfying the set of conditions (3.1.18),
= (B1.82.85) _ B, B2, Bs
H(H17H27H3) = Ipr (017 09,03 . (3128)

Before moving on to the proof of these results we will first explain how the boundary two-point function
can be viewed as a reflection coeflicient and also present an outline of our proof strategy.

3.1.3 The reflection coefficient

In this section we explain how the boundary two-point function R(S3, u1,pu2) can also be seen as a reflection
coeflicient providing a tail expansion for one-dimensional Gaussian multiplicative chaos measures on the real
line R. A more detailed discussion of this phenomenon is provided in [89]. We start by explaining how we can
give a direct probabilistic definition to R(8, 1, 12) without using the limit of (3.1.21). Following [33] we use
the standard radial decomposition of the covariance (3.1.9) of X around the point 0, i.e. we write for s > 0,

X(e™?) =B+ V(™). X(—e™/?) =B, +Y(-e/?), (3.1.29)

where B, is a standard Brownian motion and Y is an independent Gaussian process that can be defined on
the whole plane with covariance given for z,y € C by:

Vv
E[Y (2)Y (y)] = 210 2LV 1YL (3.1.30)
|z —y|
We introduce for A > 0 the process that will be used in the definition below,
By—Xs s>0
=77 5= (3.1.31)
B_s+Xs s<0,

where (By — As)s>0 and (Bs — As)s>0 are two independent Brownian motions with negative drift conditioned
to stay negative. Now for § € (3,Q) and pi, o satisfying the constraint of Definition 3.1.3 we can give an
alternative definition of R(3, 1, f12):

T e AN
(2/ 6785 (MQ@?Y(E )+Mleay(_€ ))> . (3132)

~We now provide a lemma proven in Section 3.5.2.3 that shows that both definitions (3.1.21) and (3.1.32)
of R(B, 1, u2) are equivalent.

E(Bvﬂlvﬂa) =K
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Lemma 3.1.8. Assume that pi1, pi2, i3 € C obey the constraint of Definition 3.1.3. Consider 3 V 2 < 81 < Q
and B — B2 < B3 < Q. Taking (3.1.32) as the definition of R(f, u1,u2) the following limit holds:

. - (B1,B2,0: =
5 jém 5 (B2 + B3 — 51)HEM1,”22,N2)) = 2(Q — B1)R(Br, pa,s p2). (3.1.33)
3 1—P2

A similar result holds when 51 = B2 and 0 < B3 < Q:

. —7(B1,82,8 - -
Yimm G311 = 2(Q = B1) (R(By. o ) + R(Bu iz, 1)) (3.1.34)

Let us now state how the value of R(f3, 1, u2) provides a very general first order tail expansion for the
probability of a one-dimensional GMC measure to be large. For this discussion we choose 1, g € [0, 00) with
at most one of the two parameters being 0, and we introduce the notation:

n2 1
Ly (B) = / S e2X @ (1111, <0y + polizsoy) do. (3.1.35)
—M

In the above 71,72 € (0,1). Now the tail expansion result is the following:

Proposition 3.1.9. For 3 € (3,Q) and any n1,n2 € (0,1), we have the following tail expansion for I, ,,(3)
as u — oo and for some v > 0:

1
Q-B)+v )-

B(lyym(B) > w) = D) o

3.1.36
IR (3.1.36)

u’

The proof of this proposition follows exactly the same steps as for the case of 3 = 0, u2 > 0 considered
in [89]. Notice that we impose the condition 3 € (3, Q). This is crucial for the tail behavior of I, ,,(5) to be
dominated by the insertion and this is precisely why the asymptotic expansion is independent of the choice
of m1 and 7. It also explains why the radial decomposition (3.1.29) is natural as it is well suited to study X
around a particular point. If one is interested in the case where § < 2 (or simply 8 = 0), a different argument
known as the localization trick is required to obtain the tail expansion, see [94] for more details.

—_— > -«
M1 2
5

Figure 3.2: R(f, u1, pi2)

The above picture summarizes what the reflection coefficient computes. In the range 5 € (3,Q), the tail
expansion of the GMC is dominated by the insertion. The parameters 1, o tune the weights of both sides as
we approach the insertion. For more details and results on tail expansions of GMC measures with the reflection
coefficients see the works [63, 94, 107].

3.1.4 Outline of the proof

We summarize here the main steps of the proof and the intermediate results that will lead us to Theorems
3.1.6 and 3.1.7. Our proof strategy follows closely the one of the previous works [60, 88, 89] but there are
many novel difficulties that must be resolved due to the fact that we are forced to work with complex valued
quantities (instead of positive as in the cited works).

o BPZ differential equations. Since LCFT is a conformal field theory, correlation functions containing a
field with a degenerate insertion are predicted to obey a differential equation known as the BPZ equation.
Therefore if one considers a correlation function where one of the boundary insertion points has a weight



3.1. INTRODUCTION AND MAIN RESULTS 83

p=—3or —2 then the whole correlation will obey the BPZ equation.? More precisely, for y = 3 or

and t € H, we will consider the following observables,

ax p
Gy(t)=E l(/R Mg(x)g(pl)el)((m)dx> 1 where p = %(Q —a— g + g%

2
v

ax 5 q
Hy(t)=E [( /IR Mg(x)“‘f*)egxmdux(x)) ] where ¢ = —(2Q — 1 — B2 — B3 + X).

1
o o — 1|2 g

The functions G, (t) and H, (t) will be used respectively to prove Theorem 3.1.6 and Theorem 3.1.7.
In Section 3.4 we show that H,(t) obeys a hypergeometric equation and similarly for G, (¢) after an
extra change of variable. It is then possible to write down explicitly a solution space, writing it here to
illustrate the discussion for H, (¢),

H,(t) = C1F(A,B,C,t) + Cot" “F(1+ A~ C,1+ B~ C,2 - C,t)
=B F(A\BJ1+A+B—C,1—t)+By(1-t)°" 4 BF(C-A,C—-B,1+C—-A—B,1-1),

where A, B,C are known parameters depending on =, 81, 82, 83 and the Cy,Cs, By, Bo are parameters
that parametrize the solution space of the hypergeometric equation. These last four parameters are
unknown at this stage of the proof.

o Operator product expansion (OPE). The next step is to perform an asymptotic analysis directly on
the probabilistic definition of H, (t) (and similarly for G, (t)) to identify the constants C1,Ca, By, By in
terms H, the quantity we are interested in computing. For instance by sending ¢ to 0, one immediately

obtains the result,

—_— X
oy =mTER (3.1.37)

(1,64 po,e” 4 pug)

In the case where x = 3 and for a suitable range of 3; in which 8, € (4, %), one can obtain by a

straightforward analysis of a real integral on R that:

2

M1+ - Pre -
I'(=7)

« OPE with reflection. The method described above only works for the first degenerate weight x = 1,
and only in a very specific domain of parameters. In the case of x = 2, or for y = 7 but with 8; chosen
close to @, the asymptotic analysis required to identified Cy will be much more involved. It is called
the OPE with reflection as the boundary two-point function - also called the reflection coefficient - will

always appear in the answer. Carrying this out one finds the answer:

2

Cy=q

R (3.1.38)

(1,64 po,e” 4 pug)

S

) (m B uze”ﬂ) 7Bt 2.B)

— ) TEBL-QNT(2(Q - p1) — )
o, — 2Q — B PEBL — QT (3(Q — B1) q)ﬁ(ﬁlaN17N2)F(2Q_,51£?ﬁ2@ (3.1.39)
Y F(—q) (p1,€™ T pg,e” 4 pg)

This phenomenon was known to physicists and its probabilistic description is one of the major achieve-
ments of [61].

o Shift equations and analytic continuation. Once we have derived expressions for the coefficients
C1,C5, By, By, the theory of hypergeometric equation will imply a non trivial relation on our quantity of
interest. For instance one has the following relation between C, Cs, By in the case of the hypergeometric
equation satisfied by the function H, (t):

P(x(B1 — x)T(1 — xB2 + x?) (2 —xB1 + x)T(1 — xB2 + x?)
O T TN~ (B Be— 2x - 4D)

B =
YT T((B1 - x +a2)T(1— xBe + X2 — ¢)

2.

(3.1.40)

21t is also possible to consider degenerate insertions in the bulk but they will not be used in the present paper.
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These equations will then translate to functional equations on G and H that we will refer to as shift
equations because they will involve our functions of interest at shifted values of the insertion weight, the
ol

shift being £y for x = 5 or % A key observation is that the shift equation obtained for x = 7 allows

to analytically continue our probabilistic definitions of H and G to meromorphic functions defined in
a complex neighborhood of the real line. The procedure is analogue to the well-known example of the
Gamma function where the functional equation I'(x + 1) = 2T'(z) can be used to extend the gamma
function to a meromorphic function of C with prescribed poles. In our case the poles will also be prescribed
by the shift equations. Once established analytic continuation will then be used to derive a second shift
equation corresponding to y = %

e Shift equations imply the result. The final step is simply to check that the two shift equations
obtained for a specific correlation function completely specify its value. Let us explain this for G(a, 3).
Assume 72 ¢ Q. The shift equations imply a relation between the correlation at 8 and 3+ and between
the correlation at 5 and B+ 2. Since the ratio of the two periods is not in Q, the shift equations uniquely
specify the function up to the knowledge of one value which can be taken to be when 5 = 0. One then
has G(a,0) = U(a) which is known from the previous work [88]. By using the special functions Iy, Sy
introduced in appendix, it is also possible to explicitly construct an analytic function satisfying the same
shift equations. Therefore the correlation function must be equal to this analytic function, and we can
extend the result to the case where v2 € Q by continuity in ~.

Although the above proof strategy follows the same lines as the previous works [60, 88, 89], there are
additional technical difficulties that arise because of the presence of complex valued quantities included with
the GMC measures. Performing OPE in this case will require some care and extra estimates and is the purpose
of Lemmas 3.5.4 and 3.5.5.

Acknowledgements. The authors would like to thank Rémi Rhodes and Vincent Vargas for making us
discover Liouville conformal field theory. G.R. was supported by an NSF Mathematical Sciences Postdoctoral
Research Fellowship.

3.2 The bulk-boundary correlator

In this section we will prove Theorem 3.1.6. To compute our quantity of interest G(c, 3) we will show it obeys
two functional equations that will completely specify its value. We thus need to show:

Proposition 3.2.1. (Shift equations for G(«, 3)) For every fived o > Q, the function 3 — G(«, 3) originally
defined for B € (v — 2, Q) admits a meromorphic extension in a complex neighborhood of the real line and
this extension satisfies the following two equations,

_ r(1—2) r(2e - 28— 2yp(1 — 28)2 _
Gla,B+7) = - — v62 724 4 5 4 T G(a, B), (3.2.1)
2 % a _ B 4 By2
_ 4. (-2 L2 —-2-4)ra-2=) _
Glonft =)= Loy O G(w.f), (3.2.2)
To2n T em)r P11+ 3+ 9P = 29T = 25 — %)

viewed as equalities of meromorphic functions.

Using Proposition 3.2.1 and the fact that U(a) is known from the previous work [88], it is easy to prove
the value of G(a, ).

Proof of Theorem 3.1.6. The two shift equations of Proposition 3.2.1 completely specify the dependence in f3
of G(a, B) up to a real constant depending only on «. Since the value G(«,0) is given by U(«), we can write:

I(catl $@Q-a=5) B _ 4 8 8 812
o ) = (23( +2)27T>w TR+ - )Ty(a—5)y(a+ 5 (Q - %) . (323

r(-2)
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O

To show Proposition 3.2.1, we will use the solvability coming from the BPZ equations of Liouville theory.

For x = 3 or %, we denote:

2 B X
p= ;(Q—a— 5+ 5). (3.2.4)

We now introduce two auxiliary functions corresponding to the two values of y = 3 or % and for ¢t € H:

(/R (Gt g(x)g(p‘”eZX(“)dx) p} . (3.2.5)

|z — |7

Gx(t) =E

The parameter range where G, (t) is well-defined is:

4 2
B <@, and p<?/\;(Q—ﬁ). (3.2.6)

Let us justify why G (t) is well-defined under these conditions. First for y = 7 since (t —x) is always contained

2
in the upper half plane we can define (t — x)WT by choosing the argument to be in [0, 7r]. This means for ¢t € H
and for either value of yx, the GMC integral

t—z)% 2(p—1) .2 X ()
W) 2 ()33 X@) gy (3.2.7)
R

|z — v

is a random complex number almost surely contained in H. We can thus define its p power again by choosing
an argument in [0, 7]. Finally we must argue why the moment itself is finite. Since (t—z)% is strictly contained
in H, there can be no cancellation of the imaginary part and thus the condition of existence of the moment of
this GMC is equivalent to the positive case which gives the condition we have written on p.

Assume ¢ € {re'’ |r >0, 0 € (0,%)} and perform the change of variable s = H% The variable s then
belongs to the set s € —H. We choose the argument of s to be in (—,0) and define v/1 — s = t4/s. Now set:

Gy () = PTGy (). (3.2.8)

Then one has,

G (s) =E l(/}R (VI—s—/s2)% elx(z)g(x)f(pl)dx>p] ’ (3.2.9)

|x — i|7

where the argument of the GMC integral can be chosen in (—m, 7). We will introduce a dual set of auxiliary
functions corresponding to, for t € {re? |r >0, 6 € (—%,0)}, s = H% with argument this time in (0, 7),

V1—s=ty/s, and: R
Gy(s) = PTGy (—t). (3.2.10)

One lands on the expression,

éx(s) -E l(/R (—vVI—s—/s2)% elx(a:)g(x)”gz(Pl)dz>p] ) (3.2.11)

|x — |

The above GMC integral in the expectation avoids the cut (0,00) and its argument is chosen to be in (0, 27).
We prove in Section 3.4.1 that G, (s) obeys the following hypergeometric equation,

s(1—8)02G(s) + (C — (A + B +1)5)0,G, (s) — ABG,(s) = 0, (3.2.12)

with parameters given by:

A:—P%aB:1+X(X—C¥—p%),C:f-l-x(x—a—p—). (3.2.13)
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The exact same equation also holds for C?X(s) As detailed in Section 3.5.4, one can explicitly write the solution
space of the equation around s = 0 and s = 1, under the assumption that C and C' — A — B are not integers:*

Gy (s) = C1F(A,B,C,s) + Cys' °F(1+ A—~C,1+ B~ C,2—C,s) (3.2.14)
=B F(A,BJ1+ A4+ B—C,1—5)+By(1—5) 4 BF(C—-AC-B14+C—-A-B,1-5),

Gy (s) = C1F(A,B,C,s) + Cos' CF(1+ A—C,14+ B - C,2—C,s) (3.2.15)
=B F(AB1+A4+B—-C,1—5)+By(1—5) "4 BF(C—-AC-B14+C—-A-B,1-5).

Here Cy,Cy, By, B, C’l, C’g, El, B, are all real constants that parametrize the different basis of solutions. Since
the solution space is two-dimensional, there is a change of basis formula (3.5.105) that relates C1,Cy with
Bl, By and similarly for C’l, 6’2, El, Bs. In the following we will relate several of these coefficients to G and it
is precisely the change of basis that will lead us to the shift equations of Proposition 3.2.1.

3.2.1 First shift equation

In this section we prove the first shift equation (3.2.1) in a restricted range of parameters where G(a, 3) is
well-defined probabilistically without analytic continuation.

Lemma 3.2.2. For o, 3 satisfying 8 < % —Zand 3 —a< g < a— 3, the following equation holds:

@mﬁ+w=2ﬁ —G(, B). (3.2.16)

Proof. We start off with the following parameter choices:

x=17a>Q

5 (3.2.17)

In the case of x = 4 we can actually assume ¢ € (0, +00) which means that s € (0,1). By sending s to 0 one
automatically gets that:

¢y =G, B — %), ¢y = ™5 Gla, B — %). (3.2.18)

Although we cannot express B; and B; in terms of the bulk-boundary correlator G, by setting s = 1 one
obtains the equality:

B = B, (3.2.19)

In order to derive an expression for Cs, we have to expand G%(s) up to the order s'~C. In this case C' =
% — % + %. The parameter choice (3.2.17) implies that 0 < 1 — C' < 1. Thus we have to get the leading

asymptotic of the difference é%(s) — G2 (0) as s — 0. Following the analysis of [89] and applying Theorem

3The values excluded here are recovered by an easy continuity argument.
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3.5.1 we obtain:

G3(s) — G4(0) (3.2.20)
V1 zZ 1 [ 2 (p-2) o
=p dl‘1( i \/gzl) il E |e2X(x1) 7“(](9:) i - e3 X @) dg —|—0(517c)
R |21 — 1] R |z —ipe
22 i ﬁ( —2) p—l
:p/dl'l(\/l_s_\[xl)4 —lp / g(z)s® SFX@) gy +o(sC)
R |z — [ R \a;—i|W|:c—x1|g
U 1 2 1 | % (p-2) -
Tr1=—¢ — — 4 — 8
-V /dm1 s 1;|)w B / g(x) - C3X(@) gy +o(s)
7 R

o — i1 - %/

_ (l-C u(l —u) T —1 1-C
- p(/]Rd |uwa+(p—1>é> Glo.p ) o)

The way to obtain the bound in o(s'~¢)

the above integral over R is by writing,

/ L L / DT 1 et oo %) / PR (3.2.21)
R ‘ul'yaJr(p*l)% R+ u,‘/aJ’,(p,l)"fT RJre”r u"/a*‘r(p 1) ol

on the error terms is the same as [89]. The correct way to interpret

where here R e'™ means that the integral should be understood as a contour integral on (—o0,0) passing just
above the point u = —1. Notice also this integral converges because of the condition 8 < 2. In Section 3.5.4.3

we give the exact value of this integral in terms of the gamma function (3.5.112). Putting everything together
we have shown,

. . Slfcpr(zc— 2)r(2:20— 1)
I'(=7)
. T(C-2r@2-20-2)

= Cy=p . (1 — ¢i™B3=20NG(a, B + %). (3.2.22)

I'(=7)

C5 can be calculated in a similar manner, using this time:

/du(il —u)T — (—21) T _ eiw% / du(l +u)d —21 p—in(rat(p—1)% )/ du (1+u)7T -1
R ||yt =1 R, qrote-D% Rie—ir  qyet(— LS

(1_ im(3— ZC)) ( ﬂ‘F ) (1 C)

_ (20 -2)I'(2 - 20 — %)eiﬂp§(1 _ eim(3-20))
(=)
Hence: )
. rec -2r2-20-x) . 2
Gy =p™ 3(( N e (| - im0 G, 5 4 - (3.2.23)
T4

Now we have the connection fc formula (3.5.105) expressing B; in terms of Cl, Cy and similarly for Bl, Cl, Cs.
Using the fact that By = B; and our expressions for Cy,Co, Cl, Cs in terms of G we deduce:

rere-A-nB~ gl i

NC—arc—pC @l -

I'(2—C)I(C— A—B)T(2C —2)I(2 —2C —
(1 - A)(1- B) T2

Spt

)

+p (1= emO=) (14 & CI)G 0, B+ 1) =
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We thus land on the following shift equation, which is simplified using (3.5.98):

2

Glo, B+ 2) __ Iora-Ara-n) I'(—%) sin(rA)
Gla,—-3) pI'2-CT(C—AT(C-B)r(@2C - 2)(2 20 — %) 2cos(nC) cos(nB)
_ D(Ora-ArQ- B r(-2%) sin(rC) sin(rA)
pr(2 - COL(3 + AT(§ + B) T(2C — 2)T(2 — 2C — 27) sin(2xC) sin(n (3 + B))
B I'(L - B)I(1-B) (3 —20)T(~2)
TN - Or@ - ON(AT(L +4) T(2-20 - Z)
 T(1-2)r(1-2B)réE - c)? 1
CT(1424)0(2 - 20)0(2 - 2C — 22) 2211

1
D(1- )0 -2 21 -2 122
I+ 31— 28 4 21— ) 9%-%
Then by replacing 3 by 3+ 3 one lands on the equation of Lemma 3.2.2. To extend it to the wider range of
validity in « and /3 one uses the analycity of G with respect to these parameters shown in Lemma 3.5.6. [

One consequence of Lemma, 3.2.2 is that it allows to analytically continue G as a meromorphic function
defined in a complex neighborhood of the real line.

Lemma 3.2.3. Fiz a > Q. The function 8+ G(a, 3) originally defined for 3 < Q, T-a< g < «a admits a
meromorphic extension in a complex neighborhood of the real line.

Proof. Lemma 3.5.6 shows that G(«, 3) is complex analytic in a complex neighborhood of the real line where it
is defined probabilistically. The shift equation of Lemma 3.2.2 then shows 3 — G(a, 3) can be meromorphically
continued to a complex neighborhood of the whole real line, the pole structure being prescribed by the Gamma
functions in the shift equation. O

3.2.2 Second shift equation

We will now derive an expression of C5 in a different manner corresponding to the so-called operator product

expansion (OPE) with reflection. This computation will be valid for % < < Q. For x = 7 this will give us

the reflection principle and for y = % it will allow us to obtain the second shift equation on 8. A complete

proof of the following steps can be found in [61]. We first perform a change of variable = — % on the expression
of Gy (s):

ax p
) Vi—sz—v5)72 2
Gy (s)=E /( i ‘/52 eFX@ () Fe-Vgz | | (3.2.24)
R |z — iz

Note that C' = % — X; + X—f For all 8 € (Q — Po, Q) where 3y is a small positive number, the following
asymptotic is then shown in Lemma 3.5.4 for the case x = % and in Lemma 3.5.5 for the case of y = 3:

T =2 (—p 4 2(Q - B))
I'(—p)

R(B,1,e™7)G(a,2Q — B~ X) + o(s" ).
(3.2.25)

In the above s is chosen in (0,1) for x = % and in (—1,0) for x = 2. From this we can deduce the expression

2 B
of Cy, still for 3 € (Q — Bo, Q),

N (11— 2SN (—p+2(Q - B))_ L
Co=- : : )r((_pz))+ d B))R(& 1,e™2)G (e, 2Q — B — x). (3.2.26)
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The range of validity of the above expression can be extended from g € (Q — Sy, Q) to the range 8 € (%, Q) by
using analycity in the parameter 5. Indeed, Lemma 3.5.6 implies the analycity in 8 in a complex neighborhood
of (%, Q) of both G, (s) and G(«,2Q — 8 — x). The analycity of G,(s) then implies the analycity of C and
the analycity of R(j,1, ei”%) is known from the exact formula for R proved in Section 3.3. Thus we extend
the equality to 5 € (%, Q). From this we can deduce:

Lemma 3.2.4 (Reflection principle for G(«, 8)). We can analytically continue the definition of G(c, 3) in 3
beyond the point f = Q by the following formula, valid for o, B satisfying B € (3,Q) and 3 —a < g < a:

é<m:f”¥*%ﬁ%kg)wln< .2Q - B). (3.2.27)
«, F(—1+27a+%—%) , 1, « 2.

Proof. We work with x = 3. We have seen two ways of calculating Cs based on the value of 3:

2
F(2C—2)F(2—2C—'*T) 1— iTr(3—2C) el 42 - 2
G S Ik (3.2.28)
2 r(i- 2(Q— B))F( —pt2 (Q 8)) i N ,
B I'(-p) (5’176 4) (O‘aQQ_ﬁ_§), ;<ﬁ<Q.

Since éx(s) is complex analytic in 8 in a complex neighborhood of %, this implies the analyticity of Co around
8 = % This implies that there is an equality between the two expressions for Cy viewed as meromorphic

functions of # in a neighborhood of % Lastly from equation (3.3.22) of Section 3.3 we have a shift equation

— — . 2
that relates R(3+3,1,1) and R(8, 1, /™). Therefore we can rewrite the relation in the desired way claimed

in the lemma. O
With both Lemma 3.2.3 and Lemma 3.2.4 we can now finish the proof of Proposition 3.2.1.

Proof of Proposition 3.2.1. We switch to xy = % to deduce the second shift equation. Using again the known

shift equations for R we first write:

Rpten) 3 s TEROE) ey,
R(B+2,1,1) 7(@—5)(%) ( (1-e )- (3.2.29)

/Y? )
By applying Lemma 3.2.4 with 5 + %, we obtain:
4 _
R %Wﬂ-ﬂﬂ4+m+§—%
I - %) M1+ 2+ 8- 5

)
A(QW){% 1 (2072)F(177’6)F(71+2a+€7l)

Cy = G(a, - ;)7 Cy =e™G(a, B - %)a Co = em(p_%(Q_ﬁ))éz, By = B;.

As in the previous subsection we can thus write:

T(C)I(C — A— B)
T(C — A)T(C - B)

I'(2-C)I(C—A—B)

O =€) = Ar B

Co(1 — emP=3@-8) _
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Then we can deduce the shift equation,

Glaf+3) 2 (2m)'T0(1 - L) P(2AT(C)T(1 — A)T(1 - B)
G, B — %) T(2C-2)T(1 = 22)(—1+22 + 2 — 2) T2 - O)T(A+ 3)I(B + 3)
o sin(ﬂA)
2sin(m(B + 1)) sin(r(C — 1))
CZra-%) (1 - 2B)I(3 - C)?
- 4 1 283 2a B 2
A [}
_ ET-F)” o A L G Ak 0 5
e E T2 - D 2 - )
and finally:
rel 4 2 2\ 4 200 _ B 4 8
ral 4 2 a e
Gla,B)  (om)ze % T(1— 21— 2 — H)r(-1+ 2 + )
Hence we have proven Proposition 3.2.1. O

3.3 The boundary two-point and three-point functions

The goal of this section is to prove Theorem 3.1.7. We follow roughly the same steps as in the previous section,
except we will derive explicitly the expression for the boundary two-point function used in the proof of Theorem

3.1.6. Again we will rely on the hypergeometric equations shown in Section 3.4 to obtain shift equations on

H Eﬁiﬁz ii)) The difference here is that the functional equation obtained will contain 3 terms instead of 2, see

for instance equation (3.3.10) below. Throughout this section we will use:

1
= ;(2Q—/31 — P2 — B3+ X). (3.3.1)
We introduce the auxiliary function for x = 3 or % and t € H,
(t—z)% 2 !
H,(t) =E / ﬁg(@%(q_l)egx(”)du(w) : (33:2)
R |z 72 |z =172
where:
dp(r) = p1(—oo,0)(x)dx + pol(o,1)(2)dr + 311 00y () d. (3.3.3)

To start the range of parameters we want to work with is:
4
Bi <Q, w1 € (0,00), pg,puz € —H and ¢< 2 /\mm (Q Bi). (3.3.4)

By pi2, i3 € —H we mean that their argument is chosen in [—m,0]. With this choice the GMC integral,
(t_x)% 22 0—1) 2L X(x
e AR T (339

never hits the line (—o00,0) and so its argument can be chosen to be in (—m,7) and its ¢ power is thus
well-defined. Now ¢ +— H, (t) is holomorphic in H and it is shown in Section 3.4 that H, (t) satisfies the
hypergeometric equation,

t(1 =)0} H,(t) + (C — (A+ B+ 1)t)0,H, (t) — ABH,(t) =0, (3.3.6)
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with parameters:

A=—qﬂ> B=—1+x(51+ﬁz—2x+q1

D) 5) O =x(B =) (3.3.7)

We will also use the auxiliary function H,(t),
- —_HE 2 !
H,(t)=E / Mg(x)%(qfl)e%?((r)d#(x) : (3.3.8)
R || |z — 177

which is defined with the following parameter choices:
_ 4
te-H, 8 <@, pi,puz € —H, ps € (0,00), and g¢< p] A mm (Q Bi)- (3.3.9)

With these choices of parameters the GMC integral is again a complex number which is avoiding the half-line
(—00,0) and whose argument can be chosen again in (—m, ). H,(t) obeys the exact same hypergeometric
equation as H, (t). As in the previous section the key idea will be that we can explicitly write the solution of
the hypergeometric equation.

3.3.1 First shift equation for the three-point function

We start again by proving the first shift equation on H by setting y = 2 3 and working with the functions

Hy(t) and H 2 (t). For this first lemma the parameter range on the 3; and u; is such that each H appearing
is defined probabilistically (without analytic continuation) meaning the bounds (3.1.18) are satisified.

Lemma 3.3.1. (3-shift equations for probabilistic H) The following two shift equations for H hold,

+(B1.82—F.8s) D(L - 21— 22 4 2 FP=3.02.00) (3.3.10)
L1, 42, Jbs - 1 2 2 iy .O.
S VT S P U T N PR TE R
2 2 2
AP 3 — BN(- 2 4 )T(1+ 2 - P12 (11 — a8 ) HO 2 50
P+ 502 =3B+ B2) = (¢ = 2)F)T(—F) (01,6 % iz pis)
and,
2 2
(1 — L@)(Mg e AR 4 P(l-3P)r(s - ) —H(B1—F B2,Bs)
2 o™ T pais) VP T(— 0D (=1 4 28 4 262 _ 22 4 g2y (ki)
2
[(2— 2+ 3001 — BI04 - - 1) im (2 381\ 2(B1+F.B2.B)
+ > > s (1 — pee™ T TR ) H 2 (3.3.11)
P(L= 25+ =)0 = +47)

provided that for every function H appearing, its parameters obey the constraint (3.1.18) required for H to be
defined probabilistically. Furthermore, for both shift equations, given a fizved 1 € (3, %), there exists an open

set U C R? such that for (B2, B3) € U, the parameters of each H of the equation obeys (3.1.18).

Proof. We first choose the parameters 31, 82, 85 and p1, 2, i3 so that they obey the constraint (3.3.4) plus
the following extra constraint on f;:

— —. 3.3.12
<pr < 5 ( )

The function ¢ — H 1 (t) is holomorphic on H and extends continuously on H. Using the basis of solutions of
the hypergeometric equation recalled in Section 3.5.4.1, we can write the following solutions around t = 0,
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t =1 and t = oo, under the assumption that neither C, C — A — B, or A — B are integers:*
Hy(t) = C1F(A,B,C,t) + Cot' " “F(1+ A= C,1+ B—C,2 - C,t) (3.3.13)
=B F(A\BJ1+A+B—-C,1—-t)+By(1-t)° 4 BF(C—-A,C-B,1+C—-A-B,1—-1)
= D™t AF(A 1+ A~ C 1+ A~ B,t7 ) + Dye™ Pt BR(B,1+ B~ C,1+ B~ At™h).
The constants C1, Cs, B, Be, D1, Dy are again the real constants that parametrize the solution space around
the different points. As was performed in Section 3.2 we will identify them by Taylor expansion. First we note
that by setting ¢t = 0:
Cr=Hy(0)=H 2™ L (3.3.14)

imy? Ty

(1,64 poe” 4 pg)
Next to find Cy we go at higher order in the ¢ — 0 limit. We then expand the increment Hy () — H(0) at
first order following the same step as for (3.2.20):

Hz(t) — Hz(0) (3.3.15)

2

= z (t—2) - (-z )% (t — 2) % g(x) = @=D) e a1 .
Q/Rdﬂ( 1) 8 ‘ (/}R |x‘w/31| du(x )) +o(t'~9)

|x1|Tl|x1 —1|@‘x—1’1|z

2
t— _ ol
— gt ¢ (/ it =20 (‘”iﬁﬁ)H”ﬁfﬂ’ﬂi’BS)mz +o(t' =€),
R

|z1| 2 |xr — 1] (1”3 pg,e” 4 pg)

The integral in front of H converges thanks to the condition (3.3.12). Also notice with our conventions the
argument of (—x1) is either 0 or 7. Hence one obtains:

I(-14 28— 2yp1 - 22 281 .
Cr=g¢q ( 2 42) Sl )(/11*#261”7) gt (3.3.16)
F(_%) (nie T e 1 pa)

Similarly by setting t = 1 we get:

B H(Blyﬂ? 2753) (3317)

i
(11,p2,e” 4 ua)

The connection formula (3.5.105) between Cy, Cs, and By then implies the shift equation (3.3.10) in the range
of parameters constraint by (3.3.4) and (3.3.12), after performing furthermore the replacement pz — e’# 143
(which also rotates the domain where ps belongs). To lift these constraint we then invoque the analycity of
H as a function of its parameters given by Lemma 3.5.6. We have thus shown that (3.3.10) holds whenever
all three H appearing are well-defined. The claim on the existence of the interval U for every fixed 5; can be
easily checked. Now we repeat these steps with H 3 to obtain the shift equation with the opposite phase. We

expand ﬁl (t),

Hy(t)=C1F(A,B,C,t) + Cot' " “F(1+ A~ C, 1+ B—C,2—C,t) (3.3.18)
=B F(A\BJ1+A+B—-C,1—t)+By(1-t)°" 4 BF(C—-AC-B,14+C—-A-B,1-1)
=D ™ AF(A 14+ A—C, 14+ A—B,t7 )+ Dy Bt BF(B,1+ B—C,1+ B — A, t7}),

and compute in the same way the values of Cy, Co, By:

G =m0 g =mPh s (3.3.19)
(e 4 p1,p2,u3) (7T p1,e'™ T o, Ha)
N D(—1+ 2 22\ — 2 2 (B2
Gy = g1 2 — )0 -7 <u1 —uge”@@)) 7 Rk (3.3.20)
F(_'YT) (e p1,p2,p3)

Then the connection formula (3.5.105) implies the shift equation (3.3.11). O

4 Again the values excluded here are recovered by a continuity argument.
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3.3.2 Solving the two-point function

At this point we will postpone computing the boundary three-point function H and focus on determining shift
equations that will completely specify R. Once we have proved the exact formula for R, it will be then be
possible to finish computing H. In a similar way the value of R is also required in the proof of the value of G
in Section 3.2.

3.3.2.1 First shift equation on the reflection coefficient

We start again by proving a first shift equation for R(fS1, u1,u2) restricted to the case where R is defined
probabilistically.

17rfy

Lemma 3.3.2. Consider v € (0,2), p1 € (%7%),7;11,/@ € C such that both pairs (p1,pe) and (pi,e 1 ug)
both obey the condition of Definition 3.1.3. Then R(53, u1, t2) obeys,
2
_ D(-1+4 2 —2)p(2 — 24 ing?
R(By, pua, pia) = — i Z ") (ul pize’ ™z ) R(Br+ - ,m,e T a). (3.3.21)
ra-i)
Similarly for 81 € (0, % — 3) and the same constraint on 1, po as before
2
_ in? [(—1+ 2892 - 28 1) e —
R(B1 + %;,U/lae ) = — ?(1 72) 2 4 (,ul — poe ' 21) R(B1+ v, p1, p2)- (3.3.22)
T4

Proof. The key idea to derive the shift equations for R is to take suitable limits of the shift equations of Lemma
3.3.1 to make R appear from H. We will use extensively the Lemma 3.1.8 of Section 3.1.3 which provides this
limit. Fix a 81 € (3, %) Consider two parameters €,7 > 0 and set 3 = 1 —¢, 83 = f1 — o+ 3 +1 = 3 +e+1n.
Notice that for this parameter choice the three H functions appearing in the shift equation (3.3.10) are well-
defined. The idea now is to match the poles of (3.3.10) as 1 goes to 0 or in other words as 83 goes to f; — B2+ 3.
By applying Lemma 3.1.8 we get:

. Y\ 7 (B1,82—F,83)
1 — 01— =)H 2 =2
63¢611—Héz+g(ﬂ2+ﬂ3 e (Q — B)R(Br, p, pi2)

. D(2Be _ 2yp(1 — 282 4 2 —(B1—2 ,Ba,
lim n,(/82+/83_ﬁ1_7) (15 7;1) ( 72 ) —~ H(ﬁl ﬁﬂS) —0
63~L61_62+ 2 F( 2 + ( - ]. T)F(l - §ﬁ2 - (q - ].)T)) (;1,1,& 4 ;1,2,;4,3)
gh(2+ 2 — Br(1 — 22 4 2)I(—1 4 28 - 2p(1 — 1)

(»32+53—ﬁ1—%)

2

r<1+%>r<2——<ﬁl+ﬁg> (q 2>%>>r<—§>

% (Ml _uzeiﬂ g )F(ﬁl-‘!-i;ﬂjﬂs) ‘|

imy?
(1,64 po,us)

lim
B3lB1—B2+%

)(,ul poe’™ 3) (*—51) (Bi+ 5 7#17314 [12)-

This leads to a relation on the reflection coefficient:

[(—1+4 28 — 272 Y81\ = iny?
= ;( B Z)( 2) (Hl — pige' ™2 ) R(B1 + %,ul,e%m) (3.3.23)
1

R(ﬂlv#laNQ) = -
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By using the alternative auxiliary function H 1 (t) along the same lines we obtain a relation between R(3; +

iny2 -
Fopr,e 1 pg) and R(By + 7, g, p2):

= ol iny? D14+ TR -2 - ) Cir2B1\ =
R(B1+ 5,1, 7 p2) = 5 (Ml — poe” "2 ) R(B1 +7, 1, p2). (3.3.24)
2 ra-%)
Hence this implies the claim of the lemma. O

At this point in the proof we need to show R(f1, i1, 12) is analytic in 3 in the interval (3,Q). For this we
will again take a limit from the first shift equation.

Lemma 3.3.3. (Analycity of R(B1,u1,u2) in B1 and p1,p2) For all py,ps obeying Definition 5.1.3, the
function By +— R(B1, p1, ) is complex analytic on a complex neighborhood of any compact set K C (3,Q).
For all 1 € (3,Q), the function (uy, po) R(B1, pu1, p2) is complex analytic on any compact set K contained
in the open set of pairs (u1, u2) obeying Definition 3.1.35.

Proof. In the shift equation (3.3.10), set 81 = 3 47, 4 < B2 = 83 < Q. We multiply the shift equation (3.3.10)
by 7, exchange po and pg, and let 7 — 04, this yields:

2(Q — B2)R(B2, pu1, p2) = (Q — Bo) (R(ﬂz,/h,uz) + R(fB2, 1, 6”“72 ,u3)>

2 a2\
“ (,Ufl _ ,LL3€“F’Y4) H(%ﬁzﬁi)z
Y (k1,63 ps,p2)
- = imy? 2 —=(7,82,82)
= R(Bo, 11, pi2) = R(Baspin, e 1 pig) + —— ( — pge’™ > H " ) 3.3.25
( ) ( ) 'V(Q _ﬁQ) (p1,e” 4 pg,u2) ( )

Take pz = 0 in the previous equation and fix a compact K C (3,Q). In our previous work [89] we have
calculated the expression of R(S32, 111, 0) and it is complex analytic in 33 in a complex neighborhood of K. By the
w7 (7:82,82) .
(11,0,p2)

of K. Therefore the above equation with uz = 0 implies the claim of analycity for 83 — R(Bo, pi1, pi2). The
exact same reasoning implies the analycity of (u1, u2) — R(Ba2, p1, ). O

result of Lemma 3.5.6 we know the function H is also complex analytic in 2 in a complex neighborhood

3.3.2.2 OPE with reflection and the reflection principle

We now move to performing the OPE with reflection. We rely extensively on Lemma 3.5.4 and Lemma 3.5.5
giving the Taylor expansion using the reflection coeflicient. As in Section 3.2.2 we first use OPE with reflection
for x = 3 to obtain the reflection principle.

Lemma 3.3.4 (Reflection principle for Hgﬁi ﬁzi‘;)) Consider parameters 1, o, 43, B1, B2, B3 such that B, €
(2,Q) and satisfying the parameter range (3.1.18) for H(iiﬁii) and R(By, i1, pio) to be well-defined. Then

—(81,82,83)

one can meromorphically extend By — H, " ..\ beyond the point $1 = Q by the following relation:

sy LT - %)F(waﬁl)ﬁ 7 (2Q—51.52.6) 3396
(p1,p2,m3) — F(ﬁ 1+ 2+ﬁ3 QQ) (ﬁl’ul’ll'?) (p1,p2,13) : ( e )
The quantity ng?lflﬂf)z P3) is thus well-defined as long as Héfi'ﬁz ii)) and R(B1, 1, 12) are well-defined.

Similarly, for (1, u2) satisfying the constraint of Definition 3.1.3, we can analytically extend By — R(B1, j1, pi2)
to the range (3,Q + %) thanks to the relation:

1
_2(Q—p1) 2(Q—pB1)y "’
D(1— 2@ A0)p(1 4 A@A)

R(Br1, pa, p2) R(2Q — Bu, i, o) = (3.3.27)



3.3. THE BOUNDARY TWO-POINT AND THREE-POINT FUNCTIONS 95

Proof. Throughout the proof we keep the same notations as used in the proof of Lemma 3.3.1 for the solution
space of the hypergeometric equation satisfied by Hy (t). The first step is to assume 51 € (Q — Bo, @) so that
we can apply the result of Lemma 3.5.5 and identify the value of C5 to be:

A TEBL - QIR (Q—B1) — 7
:2(Q Bl) (7(61 Q)) (’Y(Q 51) q)R(ﬁl’/JI’MQ)F(?Qfﬂlfzf,ﬁzfj)z ) (3328)

Cy L
Y ['(—q) (n1,e"™ T pg,e 2 pg)

The key argument is to observe that since by Lemma 3.5.6 51 — H 1 (t) is complex analytic so is the coefficient

Cy. By using this combined with the analycity of R and H, we can extend the range of validity of equation
(3.3.28) from B € (Q — B0, Q) to f1 € (%, Q). Now equation (3.3.16) derived in the the proof of Lemma 3.3.1

gives us an alternative expression for Cy, which is valid for 3, € (3, %) The analycity of 81 — C5 in a complex
neighborhood of % then implies that one can “glue” together the two expressions for C;. More precisely the
equality,

2 2
2(Q _ ﬂl) F(;(ﬂl — Q))F(;(Q - 51) - Q)— —=(2Q—p1—3,B2,83)
R(Bu,pa,po)H ™7~ 2270 (3.3.29)
Y F(_Q) (m,emﬁuz,e%zus)
T(—1+ 22 — 22 (1 - 22 CvB1\ —— 2
—q ( 2 42) ( 5) (Ml _ ’u2em”,71) H(ﬁ1+?f2zﬁ3) e
F(,WT) (p1,e” 2 pze 2 pg)

provides the desired analytic continuation of H. To land on the form of the reflection equation given in the
lemma one needs to replace $; by 81 — 3. This transforms R(f1, uu1, p2) into R(B1 — 3, pi1, 2) which we can

— iny?
shift back to R(B1, ju1,e 1 piz) using the shift equation (3.3.21). Lastly we perform the parameter replacement

inny? im —
GT"{*‘LLQ to pp and e 3 pg3 to pg. Therefore this implies the claim of the reflection principle for H. The claim
for R is then an immediate consequence. O

3.3.2.3 Analytic continuation of H and R

At this stage we will use the shift equations we have derived to analytically continue H and R both in the
parameters 3; and p;. The analytic continuations will be defined in a larger range of parameters than the one
required for the GMC expression to be well-defined.

B1,B2,83)

N17M2aM3)) Fiz pq, po, 3 obeying the condition of Definition 3.1.3.

Lemma 3.3.5. (Analytic continuation ofﬁg

Then the function (81, B2, B3) — ngiizﬁz)) originally defined in the parameter range given by (3.1.18) extends

to a meromorphic function of the three variables in a small complex neighborhood of R®. Now fix 1, B2, B3 in
this complex neighborhood of R® and write ji; 1= ei™1(0i=2) with the convention that Re(o;) = % when p; > 0.
The function

(01, 02, 03) s H1P20%) (3.3.30)

(™1(01=F) gimi(o2=F) gimr(o3=F))
then extends to a meromorphic function of C3.

Proof. We first work at fixed 1, p2, 3 obeying the constraint of Definition 3.1.3 and perform the analytic con-
tinuation in the parameters 81, 82, 3. First notice that for any triple (u1, 2, u3) obeying Definition 3.1.3, then

in~y? inny?
either (p1,e” 7 pg, pus) or (g1, e~ "7 iz, p13) can be obtained by turning us without crossing the branch (—oo, 0)

imy?
and is such that it obeys Definition 3.1.3. Let us assume that the triplet satisfying this is (u1, e~ 7 Lo, [43)-
+7(B1,82—7,83)
H 2

imy2 1S

Then in the shift equation (3.3.10) one can choose the parameters (31, 32, 83 such that
(1,6 3 pag,us)
defined probabilistically and that out of the two remaining terms,

—=(B1+3,62,03) —=(B1—%,B2,83)
(1,12, 3) and H(uuuz,ua) ’
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one of them is defined probabilistically and the other has parameters 31, B2, 33 that do not obey (3.1.18). The
shift equation thus provides the definition of the third term. By using Lemma 3.5.6 giving the analycity of H in

a complex neighborhood of the domain where it is defined probabilistically combined with the iteration of the

*Ei ii i'iz)) in a complex neighborhood of

R3. The locations of the poles of the meromorphic extension are prescribed by the shift equation.

above procedure provides a meromorphic extension of (51, 52, 83) —

Now we move to the analytic continuation in the ;. We rewrite these parameters as p; := ™ (= %) with
the convention that Re(o;) = % when p; > 0. Then one can analytic continue H in the parameters o; to a

meromorphic function of C* by using again the shift equations of Lemma 3.3.1. As a concrete example, for
—(61,82—2,83)

11, o, ps € (0,00), in order to define H(“ iz 13)"

3.3.1 in terms of:

one can express it using the first shift equation of Lemma

F(Bl—%ﬁzﬁ-%—%ﬁz&) (B1+73.82+%—2.,83)
, .

and H

N e
(g 1)M2,M3) (I‘«l,em(“ D

(p1,e H2,p3)

The p; appearing above are now obeying the constraint of Definition 3.1.3, and therefore the H functions are
well-defined. The poles of H as a function of the ¢; are again prescribed by the shift equations.
O

Lemma 3.3.6. (Analytic continuation of R(B1,p1,p2)) For all py,pa obeying the constraint of Definition
3.1.3, the function By — R(B1, 1, o) originally defined on the interval (3,Q) extends to a meromorphic
function defined in a complex neighborhood of R and satisfying the shift equation:

M(-1+2 - T)re-1 %) o
2

. 4By |2 —
M1 — [LQBW 2 R(Bl + v, B, ,LLQ). (3331)
I'(1— )2 sm(wL2 )

R(BlaulaNQ) = -

Furthermore, for a fived (3, in the above complex neighborhood of R, the function R(B, e””(‘”_%), eim(o 2_*))
extends to a meromorphic function of (o1,02) on C2.

Proof. 31 — R(B1, 11, pt2) is originally defined on an interval of size %, but using (3.3.27) we can analytically
extend its definition to an interval of size %7 i.e. the interval 8, € (3, Q—f—%) This gives us a large enough interval

to successively apply both shift equations of Lemma 3.3.2 to extend 31 — R(B1, 1, 42) to a meromorphic
function defined in a complex neighborhood of the real line and to get the shift equation stated above. The
analytic continuation in (o1, 03) follows the exact same steps as for H. O

3.3.2.4 Second shift equation on the reflection coefficient

Finally we will derive the second shift on R(f1, i1, pto) that will completely specify its value.

Lemma 3.3.7. (Second shift equation for R(B1, p1, p2)). For all 1, po obeying the constraint of Definition
3.1.3, the meromorphic function By — R(B1,pu1,u2) defined in a complex neighborhood of R satisfies the
following shift equation:

(2m) 1 e

Q=83 = A r(1 - 2) sin(r2) sin(r (22 + %)) e

E(ﬁaﬂlaﬂ2) = (B—i_ 3M17M2)'

1251
2

2

(3.3.32)

Proof. We are now working exclusively with the choice Y = 2. There will be several steps that will successively
require to choose different ranges of parameters. We first place ourselves in the following range of parameters:

2
te H7 €€ (0760)a ﬁl = 62 = Q -6 ﬁ3 = ; +ep € (O,+OO), 2, 13 € (_0070) (3333)

In the above € is chosen small enough7 smaller than the constant §y required to apply Lemma 3.5.4. Notice
also that in this range g < 2 A min; = (Q — B;). Furthermore in the above the choice of p; is such that we can
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apply Proposition 3.4.3 giving that H: (¢) obeys the hypergeometric equation. We can thus expand H: (¢) on
Y ¥
the basis,

Hy(t) = C1F(A,B,C,t) + Cot' " “F(1+ A= C,1+ B—C,2 - C\t) (3.3.34)
=B F(A\BJ1+A+B—-C,1—1)+By(1-t)°" 4 BF(C-AC-B,1+C—-A-B,1-1)
=D ™t AF(A 1+ A~ C 1+ A~ Bt 1) + D™ Pt BR(B,14+ B~ C,1+ B— At7"),

where again Cy,Cs, By, B, D1, Dy are parametrizing the solution space around the points 0, 1, and co. As
before by sending ¢ to 0 and to 1 one obtains:

_ =(B1—2,B2.83)

—(B1,82—2,B3)
Cr= H% 0)= H(m,e”uz,e”#s)’ :

By=H:(1)=H

T T (psp2,etTug)

(3.3.35)

Let us make some comments on the values of the u; appearing in C7 and B;. For C; since o, 3 are negative,
11, €7 1o, ¥ g are all positive numbers and the function H appearing is thus well-defined as a GMC quantity.
For B, now p; and e'” ju3 are positive while p is negative, so we are no longer under the constraint of Definition
3.1.3, but rather in a limiting case. Since the moment of the GMC of the H appearing in B, is positive, i.e.
the moment is equal to 5, we can still make sense of this GMC by a simple continuity argument. Since the

condition required for Lemma 3.5.4, 81 € (Q — Bo, @), is satisfied one then derives:
C2Q-B)TCB - QNIE(Q—p1) —a)
gl I'(=q)

Now we write the connection formula (3.5.105) linking C4, By, Ca, setting x = % in the equation below:

—=(2Q—81—2,82,83)

Cz E(ﬁhu1,u2)H(m,e,~W2’eiw3) . (3.3.36)

D(x(B1 — x)T(1 = xB2 + x?) o4 (2 —xB1+ x)T(1 — xB2 + x?)
(x(B1 —x +a2)PA —xBo +x% —¢2) ' T T+ B2 — x(B1 + B2 — 2x +42))

In the range of parameters we have been working with, all three constants C1, By, Cy are well-defined proba-
bilistic quantities through a function H. But now by analytic continuation of Lemma 3.3.5 we can view the
above identity as an identity of the analytic function H. By repeating the above strategy in the range of
parameters,

Bi = Co.  (3.3.37)

2
teH, ec (0,60), fr=P2=Q —¢, 3= ; + e py, pz € (0,4+00), pz € (—o00,0), (3.3.38)

one can identify By, By, C;. Then again we can write the connection formula (3.5.105) linking By, Bs, Cy and
extend the identity to an identity of analytic functions. We can proceed similarly for all the triples (By, Bs, D1),
(B1, D1, D3), (C1,Cs,Dy), and (Cy, D1, D3). At the level of analytic functions, the values of these remaining
constants are as follows:

—(B1,82,83—2)

Dl = H(c”,ul,e”;n,e’”'pg)’ (3339)
2Q — Ba) T2 (B2 — Q)T (2(Q — B2) — q) — i in \m(B1.2Q—Ba—2,83)

By =2 7 2) T (_”q) R(B2, o, pa)H, " i (3.3.40)
2(Q —p P(2(8s = QNT(2(Q — B3) —q)— in \(B1,82,2Q—B3—2)

Dy = ( ~ 3) 2 F(—’Z]) R(ﬁ&:ulae M3)H(e:”u21,ei"u2?ei"vu3)' (3341)

We now know that the analytic function H appears in all the constants Cy,Cy, By, Bo, D1, Do and is
related to the probabilistic definition of H in the appropriate range of parameters. With this at hand we apply
the connection formulas coming from the hypergeometric equation in the following way. We use the relation
(3.5.105) expressing B in terms of Cy and Cb, as well as

I'C)Y'(A-B) Oy 1 ¢m(1-C) r'2-C)'(A-B)

D2 = viaric— By I1-BIT(A-C+1)

Cy (3.3.42)
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coming from (3.5.104) to eliminate C; and obtain the following relation:

rB) , T(C-B
[(A+B-C) > T(A-B)

Dy =

re-ao) ( I'(B) e 1= (C — B)
(

rA—c+n)\I(B—C+1)  T(1-B) )Cz. (3.3.43)

Let us now take 81 = 3 € (3, %) B2 =3 +mn, 3 =0Q — B, u3 = 0 and study the asymptotic as 7 — 0. In this
case,

4 4 2 4 2 4
g4 Ayn g 2 A4 m o, 4 (3.3.44)
2 2 2 2
0 Y Y Y Y Y vy Y
and
fim 12 — 22 — ) T S g0 5 o5 + L man,0) (3.3.45)
im =-2(— — - — .3.
77—>0n 2 ~ F(*%) s M1, 276 M1, )
lim Cy = (ﬁ—l)r(% ke R(B. 11 1) R2Q — B — =, €7 1) (3.3.46)
n‘)On 2 = 2 F(*ﬂ%) s M1, 12 /77/’[/17 H2), -9
8
lim 7?By = —— hmnR( +1,e™ 1y, 0). (3.3.47)

n—0

To obtain the above limits one simply needs to apply Lemma 3.1.8, but there is again a subtlety coming from
the fact that the u; appearing above does not strictly obey the condition of Definition 3.1.3 and our proof of
Lemma 3.1.8 does not cover this case. But to remedy this, one can simply apply again the shift equations of
Lemma 3.3.1 to rotate the u; that is on the line (—o0, 0). Then it is possible to obtain R from H using Lemma
3.1.8 and finally one can rotate back the p; to its original value by using Lemma 3.3.2. In the limit of By we
also use a limit calculated in [61]:

(BQ 7,Q—0)

(H1,12,0) =2 (3.3.4%)

lim H
n—0

The moment of the GMC defining H in this limit is Z and tends to 0, this gives a contribution 1 to the limit.
But in this case there is also a concentration behavior at the insertion with parameter () — 7, this adds 1 to
the final limit.

We will need the result from the interval case [89] where we have found the reflection coefficient E?(a)
with one of the u; set to O:

(2m)H @

2)3(Q-a)-} 1
= —0 )2 2 Ty(a— 2)
R(a,1,0) = R, (a) = 2 z . (3.3.49)
! (Q - a)T(1— )@ T3(Q-a)
The rest of the proof is now direct algebraic computations. Together with (3.3.27) we have:
7 7_% D)
lim nDy = (g - B)M%z F(¥ - %)F(l - %) G Bb+3 10
7 ~ 1 r(—4) r(1-2)r(1+ 2) R(8 +Q,1,0)’
a4, e (2 A(-2
= Z(on) T G ) (5~ 3 I (3.3.50)
D(~)T(1 - )%
F(% - 5% R(B, p1, p2)
lim nCy =« _L ’y% = 3 . (3.3.51)
" PN RB+ L0 pi)
4
4 _ in4A 1
lir% 0> By = —4(27) 2 1ufe’ o —_— (3.3.52)
" P - %)
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Putting all these into (3.3.43), we get:

N2 - 4 4 a
4(27‘(‘)%7162#? ( ST )2 - (7" e~ _ 1y) (3.3.53)
NEESTREIE
2 4 -
_ _ ”"(‘7"" ) F(T — 772) (Baﬂllap@)
=—-27(Q — Be v 1 28 28\ 1 i
D(=2)TCAT(1 = 2) R(B+ 2, i, € puz)
After simplification:

_ 23 28

R(B, 1, 1 2 o PEITA ) % %
At 2o ), @)
R(B+ 3, p, e p2) (@ — B) r(1— 232

R(B+ 2, p1,€7™ o 2 a N2 -2-4) 4 4
£ 74 1 ) _ . (277) -1 (’Y 72) ( : 4’Y ’YQ)(,U,f _qu e zw%)' (3355)
R(B+ 5,11, p2) (3 =) T(1— )
Hence we arrive at (3.3.31). O

3.3.2.5 Solution of the shift equation on R

Proof of Theorem 3.1.7, equation (3.1.27). We introduce o1, 09 defined through the relation p; := eimv(@i—F)
with the convention that for positive p; one has Re(o;) = % We can thus write for y = 3 or % that:

2
— 4e2imx(o1+02=Q) iy (%(/3 +2(01 — 02))) sin (%(6 + 2o — 01))) . (3.3.56)

2x 2x

By =y e'™xP

One can then rewrite the two shift equations under the following form,

R(Bump) __ D1+ % - Pre-% - %)
_ 1 2) _ 2 4_ PRIy 2 4 - ﬂ—ﬂ (3.3.57)
R(B+7,p1, p2) ri-% sin(m )
x 4el™(@1+02=Q) gipy (W (B+2(cy — 02))> sin (%(ﬁ + 2(0g — 01))) ;
R(B, 1, 12) ki
_ _ _ 3.3.58
R(B + %71117#2) ?Q-8F -Hr - 1—2)72 Siﬂ(ﬁ%) sin(ﬂ'(¥ + %)) ( :
x 45 (01172=Q) gipy (:(5 +2(0y — ag))> sin (:(5 +2(0g — al))) :

These two shift equation completely specify the function R(B7 11, t2) as a function of the parameter 5 up to
one value. Since we know that R(Q, uu1, 12) = 1, the function R is thus uniquely specified and can be identified
to be the function written in equation (3.1.27) since it obeys the same shift equations and has the same value

at 5 =Q. O
3.3.3 Solving the three-point function

With the value of R completely specified, we complete the proof of the expression for H. The first step is to
derive the additional shift equation in %
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3.3.3.1 The shift equations for H

~

—(B1, 52753)) Let y = 1 or

Proposition 3.3.8 (Shift equations for H (i) )+

—(B1,82,83)
(p1,p12,13) 7

%. We have the following functional

equations for H viewed as a meromorphic function of all of its parameters,

(B2 —x.Bs) _ T(x(Br = x)T(1 = xB2 + x2) T —x.52.65)
(bl (0B = x + 43T = xB2 + X2 = a5) (e 3 o)

2x

2x 2x
X22m) 5t al(=g+ 2T = xBOT(A = xB2 + X2 (py” — pg’ ™) F B 2.09)

X

(1 — 2= sin(mx(B1 = )T (=T + T2 = x(Pr + B2 = 2x +43))  (we” 2 pan)’

(3.3.59)

and:
2090) 51 T(—q + 2)0(1 - 2 2
2 q+ XPB2), 2x
X ( W); - ( ~ ) ( 2) (:U'; - N2 wrx[-b)H(Bl,Bz:‘j?Ba) (3360)
I1- ’YT)T I'(—q) (p1se H2543)
_ L(x(B1 —x)) 7 (B1—x,B2,83)
D(—qZT(—1+x(B1 + B2 — 2x + qF))  Pomams)
2(2m) 5 1 T2 = XA+ X*)0(—g + ZI0A —xBIL (B — Q) 2
x2(2m) > T2 = xB1+ x q XBOT (x(B1 i (B1+x.62,65)
+ - (1" _M xOe ﬁl))H(ui,m,#Z) ’

r(1-2)% Tl —x(8 = x +a3)M (P — x> + 4%
Proof. These shift equations all come from applying (3.5.105). The first comes from the relation,

C(x(B1 = x)T(1 = xBa2 + x°) L2 — xB1 + x*)I(1 — xB2 + x?)

By = C
P T - x + qz)F(l —XBa 2 ¢! " L1+ 2)T(2 — x(B1 + B2 — 2x +q3))

Cy,  (3.3.61)

and the second can be deduced by replacing 31 by 81 + 7 in the following relation:

; PX(BL =X)L+ xB—x%) P2 —xA1+ X (=1 +xB2 —x?)

B2 =52 ¢5)0(= 1+x(51+ﬁz—2x+q2)) YT T =X (B — X+ 42T (B2 — X + 4 )Cz (3.3.62)

The case of interest x = % requires a little bit more effort than for deriving the x = 3 shift equations. For in-

_ —(2Q—B1— 2,82, P2,
stance the expression of Cy is expressed as R(f1, i1, LLQ)HEH? efrlm ”eifif)a) Eilltlfz fj,)“a)
we will need to apply the shift equation of % and then the reflection principle of Lemma 3.3.4.

"/’ 1,

The same strategy has to be applied to 02 and Bg. This allows us to write:

To transform it into H

Co 2(2m) 5 T(—g + 27X)F(1 = xB)T(x(B1 — Q))( o zﬂxﬂl)H(Bl-&-X,ﬁg,Bg) (3.3.63)
T r(1- TQ)TX I'(—q) e (16" % 12" 3 pig)’ o

& — X2(27T)27X 1 F(_q + 2%()F(l - Xﬁl)F(X(ﬁl - Q)) QTX oimX(x—B1) F( 1+X752,53) 4

) = TN T (14 fu H oy 20 (3.3.64)

1—‘(1—7?)’Y (—q) ERTRTN

B X2(2m) 5 L D(=g + 291 = xB2)T(x (B2 — Q))( o gimxBa BB (3.3.65)
o INOIES T)QTX I'(=q) ot (€™ 1™ F )’ o

Putting all these into the crossing relation proves the shift equations stated in the proposition. O

3.3.3.2 The exact formula [pr satisfies the shift equations and the reflection principle

Take again p; := ¢i™(7:= %) with the convention that Re(o;) = % when yi; > 0. Recall also that 3 = 5, +82+/3.
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To show that H is equal to the exact formula Ipr given by (3.1.24), there are three steps that remain to be
shown. 1) The function Ipr satisfies the shift equations of Lemma 3.3.8. 2) A solution of the shift equations of
Lemma 3.3.8 is completely specified up to one global constant. 3) Ipy and H are equal at one particular value
of parameters. In the following we successively show these three claims. We introduce the following notation:

Br.B2. B3 _ [* (51,82.59)
Ipr <01702’03 =/ Plor onon)T)dr. (3.3.66)
Lets start by showing the lemma:
617 527 63

Lemma 3.3.9. The function Ipr < > satisfies the shift equations satisfied by H.

01,02,0

Proof. Checking that Ipr satisfies the shift equations of Lemma 3.3.8 is equivalent to checking the following
shift equations,

—7(81,82.8) _ P(x(B1 —x)I'(1 = xB2) T —xBatxBa) (3.3.67)

H
(noi2:13) = (1 — x (B2 + B3 — B1))T (3(Br+ B3 — B2 —2x)) (1,2 p2yua)
_xPem 3T TG B = )P = 3BT = x5)20e ™ N sin(ax (5 — 01 +92) s,y )
(

PI-2)%  sinrx(B — PEE - 2000 +x(Q - ENI( - 3B+ Ba— ) 0T
and:
2x _ 172 2
;((21(%)1:)2; F(v(i(; (XB))F;;)—) XP2) it S (R —x+oatos) sin(wx(% + 05— a3))ﬁiii§;@z:i§) (3.3.68)
_ L'(xf1) TP B28) X2(2m) 5t Al (3 (B = 2))P(1 = xB1 — x?))
D(F(8 —2Q)I(3(B1 + B2 — B3)) (raspma) NG %2)2% sin(mx AT (5 (8 - 2Q))
2™~ F X401+ sin(mx(— 2 — 01+ 02)) (81 42x.82.8)
L(5(B2+ B3 — B1 —2x))T(1 — 5(B1 + B3 — B2)) (n1p2,413)
We calculate the ratios of the integrands,
‘ngi affi?i)ﬂa)(s) _T(3(B1+ B3 — B2 — 20)P(L — 3(B2 + B3 — BU))T(L — xB1 +x°) (3.3.69)
Pl (s) (1~ xf2) ~

Sin(7r)<(—ﬁ1 + ﬁz +o1—03—29))

51n(7rx( + 02 — 03— 8))

)

X sin(wx(% —x+o01—02))

P (- 2T (B - 2Q))r (1+x(@ Q= B)T(1 = $(By + Bz — B) i@~ —o1-02)

Pt X2(2m) T (B~ )DL - xB)I(L - xB.)
y s1n(7r>((ﬁ1 + 52 —X+o1 —03—3))

(3.3.70)
sm(ﬂ'x( +02 —03—35))
If we plug Ipy into equation (3.3.67) and regroup terms on one side, we will get:
/i dr P20 1 sin(my (2 — x + 01— 02))sin(nx (-2 + 2 + 01 — 03 — 1)) 1 (3.3.71)
Ciso (01702703) Sin(ﬂ'X(Bl — X)) SlIl(Tl'X( + 02— 03— T)) -

sin(wx(%l — 01+ 02)) sm(7rx(ﬁ1 + & —Xx+o1—03—71))
sin(mx (61 — x)) sm(ﬂ'x( +0oy—03—71))
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We can verify with some algebra that the integrand of the above integral equals 0, hence Ipr satisfies (3.3.67).
To check the second shift equation, we will need additionally the ratio:

PO x2@n) ST (B~ 2)(X(Br + Bs — B2))T(L — ¥ (B2 + B3 — i — 2))
iemX(Q=F —a1-02) sm(7rx(7 + % —X+o1—03—71))
(1 —xB1 — x2)T(1 — xB1)sin(mx (2 + 01 — 09))sin(mx (8 — 2 4 x + 03 — 01 +7))

Dt (5 aT(1- )5 T(L(F - QQD(1+MQ%DH1§@1+&BQ) 532

If we plug Ipy into equation (3.3.68) and regroup things on one side, we will get:

L) O BB
L(3(B —2Q)T(5(B1 + B2 — Bs)) / Ploraos) ()

100

sin(my 1) sin(mx (2 + o3 — 03))ei™ (- FHF ot sin(my (3 + 2 —x+ 01— 03— 7))
sin(mx(Z — x)) sin(ZX (B + B2 — B)) sin(mx (% + 02— 05— 7))
s sin(5¢ (81 + B3 —fg)) sin(5¢ (B2 + Bz — f1 — 2x))e"im™XP sin(7rx(51 + % —x+o1—03—7))
sin(my (2 — x)) sin(ZX (B + B — B5)) sin(my (5 — 2 + x+ 03— 01+ 7))

After some algebra we will be able to write it in the form,

L(xp1) sin(mx )™ F —F txoites) / R pB52.8) () imar
D(X(B = 2Q))T(X(B1 + B2 — B3)) sin(my(E — y)) sin(ZX(By + B — B3)) J—ice 71727
sin(wx(% + % —x+ 01— 03 —7))sin(mwxr)

[ sin(ﬂ'x(% +oy—03—71))

eiﬁx(%z—x—ﬂz-ﬁ-as)

sm(7rx(& —o1+o05+47)) Sm(ﬂx(’ﬁ—?’ —x+o1—03— r))]

sin(mx(5- — % +x+03—01+7))

B2

I'(xf1) sin(mx51)e eimxX(= B = 4x—o1t0s)
T3 (B —2Q)T(3 (81 + B2 — B3)) sin(mx(Z — ) sin(ZX (Br + B> — B3))

X*/)dM1X1W&2$@ﬂ&W”ﬂ

—100

DN —

where T_, f(r) = f(r — x) for any function f. The integral term should be understood as a contour integral
and it equals 0 thanks to Cauchy’s theorem. O

Next we move on to showing:

Lemma 3.3.10. The function Ipr satisfies the following two properties,

IPT <2Q - 52 - 63a62753> _ 17

(3.3.73)
01,02,03

and the reflection principle of Lemma 3.5.4.

Proof. 1t is rather direct to observe that it satisfies the reflection principle, since the integrand of the Barnes
type integral is not changed when applying the transform 8; — 2Q — (1. The rest is an easy algebra using
the shift equations of I'y and S%. To see the special value at 31 = 2QQ — B2 — B3 equals 1, we will need to
apply the residue theorem. When 1 approaches 2Q) — 82 — B3 from the right hand side, we have a preceding
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term F(EE?Q) that goes to 0. Additionally in the Barnes type integral, the two poles at r = —(% +o03—01)
il
and r = —(Q — % — %2 + o3 — o01) will collapse. To extract the divergent term that can be compensated
with the preceding term, we can slightly modify the contour to let it go from the right hand side of r =
—(Q - %1 — ’8—22 + 03 — 01), this allows us to pick up the divergent term by residue theorem:
Jl e AR R LT R R AR TR R el R SR
—ico S%(Q—F% — 2 4550 +7)83(2Q — & _ %+O’3—O’1+T‘)S%(Q+T> i

Jel
pio2q-pa—pe 1 S3(5 401 -02)53(Q = Bs) sy yo(Bieyon
2m(58 — Q) 53(B1)S3(Q — Bt 61— 03)
We can check that when 81 — 2Q — B2 — (3, the preceding term is equivalent to

B

(ﬁ Q)S (ﬁ )S (ﬂ ) e*if(%*02+03)(ﬁ73+03701) ( )
2r(5 — Q)Sy 3 3.3.74
2 PO S3(3 +01—03)93(% + 05 —01)
This proves that Ipr (2Q —052 ;5;’ 62’ﬂ3> =1.
1,02,03
O

3.3.3.3 Uniqueness of the shift equations on H
We will now finish the proof of Theorem 3.1.7.

Proof of Theorem 3.1.7, equation (3.1.28). The information to extract from (3.3.59) and (3.3.60) is that we

have a three term shift equation on £;. If we fix the parameters o, 83, 11, 42, 13, then we know that 5, —
(B1,82,83)

(11 sy 18 @ solution to the following shift equations (here we denote x = Z or 2):

(A2x () Toy + Bay(x) + Cox () T2y )g(x) = 0, (3.3.75)

(B1,82,83) to all

with T, g(x) = g(z + a). Note that we have analytically extended the domain of definition for H (11 imoris)

values of 81 € R. If we further impose that g satisfies the reflection principle, i.e.
(- 2(Q,Y_x))F(ﬁ2+f37m)§(l‘7ﬂlyﬂ2)

g(z) = — F(:c+62+ﬂs—2Q) g9(2Q — x) =: S(x)g9(2Q — ), (3.3.76)

it can be shown that the dimension of the solution space is at most 1.

In fact suppose that g is a solution to the system of equations (3.3.75) and (3.3.76). The equation (3.3.75)
with x = 7 tells that g is characterized by its values in [@Q — 7, @Q + 7]. Together with (3.3.76), g can be
characterized by its values in [Q — 7, Q). Since we already know a solution Ip7 to this system, we can define
c1 a ~y-periodic function by

g(x)
ci(z) = ,x € Q —,Q). 3.3.77
(@) = A e € [0 7.0) (33.77)
Then it is easy to see that ¢1(x)Ipr(z) is still a solution to
(Ay(x)Ty + By (z) + Cy(z)T_+)g(z) = 0, (3.3.78)

and it has the same value as g(z) on the interval [Q—~, @), hence we should have g(x) = ¢1(z)Ipr(x) for x € R.

In the same manner we can show that there exists a %—periodic function co(x) such that g(x) = co(x)Ipr(z)

for z € R. Indeed we should have ¢i(x) = ca2(x) which is y-periodic and %—periodic. This implies that g(z) =
cIpr(z) with ¢ a constant and that the solution space is of dimension 1. We can fix the constant ¢ to be 1
with the special value g(2Q) — B2 — 83) = 1. This proves uniqueness of the solution. We prove in the following

2Q — P2 — 5&5%53) 1

that Ipr indeed satisfies the reflection principle and Ipp (
01,02,03

O
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3.3.3.4 Consistency with the interval GMC

Finally we include here the consistency check that our formula matches the one of [89]. To check that the result
is coherent with the interval case, we look at the limit when Im(oq),Im(o3) — 400 and 02 = % and use the
asymptotic of S 3 function provided in the appendix. First let us do a change of variable r — r — 5 + 01 — 03,
the Barnes type integral will become

/m S3(Q=% =% +01 - 024153 (0)S3(Q = a4 e oo e e
e
—ioo S%(Q+%—&—@+r)sv(2cg S41)52(Q -2 +o01—05+5) L
(3.3.79)

We send Im(o1) — 400 and do the change r — —7:
im (=2 to2—03) (= BHo1-03) i 5 (—(Q—FF — P Ho1—02) (- — P +01-02)+(Q- B +01-03) (- F +01-03))

X/m S;(3+% -4 +95,5-Q+59)
5 (Q+8)S%(ﬁs+ 5

e

=

wp

—z27r(02—03)5$, (3.3.80)

|
R

—100

From the result in [83] on the b-hypergeometric functions, when Im(c3) — +00, the above integral (excluding
the preceding term) converges to:

S35+ -

2

(3.3.81)

The rest of the terms in Ipr are much easier to analyse. Putting everything together and taking Im(o7),Im(o3) —
400, 09 = % will yield after simplification:

2Q-B 1_2y0_By_ 3 — —
(2r)" 5 +1(v)(2 2)Q-3) 1F%(§7Q)F%(61+53 2) (524—,823 51)11%(@761-%22 ,63)

I — 22" r(E=2) Fg(Q)Fg(Q—ﬁl)Fg(Q—ﬁz)Fg( 3)

4 v

(51,52,53)
(0,1

(3.3.82)

It can be easily checked that this formula is exactly the same as what the authors have found in [89)].

3.4 Proof of the BPZ differential equations

The goal of this section is to check the BPZ differential equations - reducing in our case to the standard
hypergeometric equations - that have been used extensively in the previous two sections.

3.4.1 Bulk-boundary case

We prove here the differential equation used in Section 3.2.

Proposition 3.4.1. Let x = 3 or %, p= %(Q —a—5 —|— ). Consider in the following parameter range,

ﬂ<Q> p<%/\%(Q76)7 tGH, (341)

the auxiliary function,

R |z —i[

Gy(t)=E l(/ io)® ;)% g(:c)”sz@l)e%X(z)dx)p] : (3.4.2)
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Consider furthermore fort € {re?|r >0, 6 € (0,%)} the change of variable s = tz and G, (s) = sP 7 G (t).
Then the function éx(s) obeys the hypergeometric equation,
s(1—8)02G(s) + (C — (A + B +1)5)0:G, (s) — ABG,(s) = 0, (3.4.3)

with the parameters defined by:

X v 3 2
AZ—szB=1+X(X—Oé—p*),C’=7+x(x—oz—pf (3.4.4)

4 2 2>'

Remark 3.4.2. As explained in Section 3.2, in the change of variable from t to s the argument of s is in
(=m,0) and one has /1 —s = t\/s. Furthermore, the exact same hypergeometric equation holds for the dual
function Gy (s) introduced in Section 3.2.

Proof. For simplicity, we introduce the notations,

X
2

p—1
t_ 2
Vi(z1;t) =E (/ (t—2) e X@g(y )8(p_2)dx> , (3.4.5)
| —i]rele — x>

ax

p—2
t - o'l 'YQ
Va(z1,22it) = E / o) 7eiXWg(x) s PV : (3.4.6)
PETPE TR

We will not be bothered here with the regularization procedure of the log-correlated field X that must in
principle be used to perform the computations. A fully rigorous proof implementing the regularization method
can be found in [89]. Let us compute the derivatives of the function G, (t) with the help of the Girsanov
theorem 3.5.1:

M&w/mﬁtﬂE%mw— /miﬁiﬁimm> (3.4.7)
R

|z — |7 |z — e

5 a a (t—x1)% / (t—z)%
=—p= | d Vi dry——F—0,, Vi (x1;t).
p2/R o (:Eli +x1 +i> |z — e 1@t) +p R o |wg —dfye ™ 1(@1t)

We compute the last term:

/ da lgamv1 (z131) (3.4.8)

oy — [

1 t—21)2 (t—x2) 2
= —(p— 1)7/ / d:[,'ldl'g ( 1) ( 2) ) ‘/Q(l'l,l'g;t)
RJR

1= T2 gy — i|rozy — i1y — @] T

=0 by the symmetry x1 <> .

Note that integrability problem of zlim can be handled by taking the regularized version of X, see [89] for
more details. We can also compute the first order derivative directly without doing integration by parts:

8,G,, = p X dxli(tixl)%illfl(xl't). (3.4.9)

X 2 Jr |z — i ’

Then we have,
92G. — — VX/dx Mv(x~t)+ R M3V(x.t) (3.4.10)
tox = TP . 1 1 — i@ {15 P e 1 7 —q]e tV1(Z1; A
2 ax_q
VX e « (t—ax1)2
= — p—= d V -t
L o <m1—z+x1 +z> Ty — i izst)

t—x 5
+w—/d1 D oV t).

|21 — |7
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We can compute the last term by using the symmetry between 7 and xs:

/dxl - (awl + ) Vi(z15) (3.4.11)

IxX_q ax

=(p—1)%/R/Rdx1dx2 (— Q- ) (=277 {E —z) 7 Va(@1, 2:)

Ty =Tz =2/ g —gve|z, —ireley — x| T
(t_xl)’YX 1(t_x2)’72x -1

—ipeley —irefer — ol

‘é(xlnyvt)

Then we have when x = %,

2 1 a «Q a a
L 4 Jr T\ t—i+t+z’ +(t—i)(a:1—i)+(t+i)(x1+i)
(
|

- (tgi tii> 6tG‘p§Ad”1 ((t—i)?xl —0 (t+i>?w1+i>>

The expression of 97G,, in the case where y = % uses the fact that 9,,(t —z1)2 't =0= %8951 (t—x1)2

We repeat the previous computation and obtain when y = %,

9;Gy = _% (t iz i ) KGx = ’QY/Rdxl ((t - z‘)(axl — i) " (tJri)?xl +i)> ﬁi_flji Vl(wl(’ii zl 13)

We can also write G in a similar form. An integration by parts together with the symmetry shows that:

'YX
X I1 t_xl) +
dz \% it 3.4.14
(5 9 / 1 e 1 — i 1(z15) ( )
v et ! (t—axp)2+! 2
=—=/d Vi(zyst -1)—G
2/R xl(xl—i+x1+i) o —ipa @t P =1 Ox
vy alt—i) a(t+i)\ (t—z1)7 72
—— 1|4 V; —-1)— G,
2/]R xl(m—i R |zy — |7 test) +( )4+’ya) X

Now we summarize the expressions of the derivatives,

1 Y _ alt—4)  a(t+i)\ (t—z)" .
(2x + ; —p§ —20)Gy = — Ad:ﬂl < - + o4 o1 —ife Vi(zy;t), (3.4.15)
2 o « (t—l‘l)T
Cu==ry ¢ Vi(ast 41
O X p2/]R X1 (1’1—Z+1'1+Z> |LE1—Z'|’YO‘ 1(1171, )7 (3 6)

and when y = 7 or 3,

(0%

m)‘% - %%Adﬁ((m)?xmﬁ<t+z‘>?x1+ )) (|icl_xlz)|:i“(“’ B (3417

Combining everything implies that G, satisfies a differential equation:

8t2Gx:_X<

2

(£ + 192G, + 2x(a — )G + x> (7x + % —pL-—9a)Gy = 0. (3.4.18)
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Now consider s = t2 and take the function,

1+

One then has:

0.G(s) = — %5*%(1 —8)TIP T ,G, (1) +st*1G (s),
~ 1 3 1%
902G (5) =7 (B-pT)s™ = (1 =) ) s H(1 = 9) 2T 0G, (1)
]- X _ =
+Z 31 fs)*lspTafGX(t)+pzs 19,G, (s) — p%s 2G o (s).

Then,

t0:Gy, = — 25(1 — 5)9,Gy, —i—p?(l — )Gy,
(t? +1)02G, =45*(1 — 8)02G, — pyxs(1 — 8)0sGy + pyx(1 — 5)Gy,
'7X X X
+2s (@7 —4)s+3— p—) 0.G — s (@7 4)s+3— p7> G

=45%(1 — 5)0? G +2s((pyx —4)s +3 — pwx)i?G —|—p 5 ((2 p%)

This allows to transform the equation of G, into a hypergeometric equation of éx,
5(1—8)0°G, + (C — (A+ B+ 1)s)9,G,, — ABG, =

with the parameters defined by
X 0 3 Y
A=—p 2 B=1 —a—pl)Cc=2 —a—pd).
P +x(x —«a p4),0 2+x(>< o p2)

3.4.2 Boundary three-point case

Moving on to the equation used in Section 3.3.

Proposition 3.4.3. Let x = 3 or % and g = %(ZQ — 81 — B2 — B3 + X). In the parameter range,

— 4
Bi <Q, w1 € (0,00), po,pusc —H, q<7—Amm (Q Bi), teH,

we define the function,

_ _=o)F e x|
i EK/ FEAPETE " N

Then H,(t) obeys the hypergeometric equation,
t(1—1)0?H + (C — (A+ B+ 1)t)0;H — ABH =0,

with parameters:
X
A= —q% B =—14x(B1+ 2 = 2x + 45 1).0=x(B1 — ).

Furthermore the exact same hypergeometric equation holds for the dual function,

. _ (x—1)= . %(qu 21X (x) !
HM—E[(/W@ P du >> ]

s—i—p—
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(3.4.19)

(3.4.20)

(3.4.21)

(3.4.22)
(3.4.23)

1) Gy
(3.4.24)

(3.4.25)

(3.4.26)

(3.4.27)

(3.4.28)

(3.4.29)

(3.4.30)
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this time in the range of parameters:
_ 4
te 7H7 Bl < Qa M, 2 € 7H7 u3 € (0,00), and q< 7 A mln (Q 51) (3431)

Proof. We denote for a small € > 0,

R =R\{(—€,6)U (1l —¢,1+4¢)}. (3.4.32)
Consider .
(t—2)% (a1 3 X (@)
Hx,e(t) =K W‘g(ﬂf) 8 ez2 d,u(x) . (3433)
R. T —
For simplicity, we introduce the notations,
(t - JU)% 72 x o
Vi =B | [ L@ F DA Oy || (3430
Re |z| ™= |z — 1|2 |z — 2| =
_ ( = t—e)=
(1+€)2 (10
N (t—l-i—e)TX (t—1—e)%
Er (t) = po—555 Ve(l = &1), Ef (1) = ps———5"55 Ve(1 + 61). (3.4.36)
(1—e€) =€z (I1+e) =€z

The proof follows the same step as the previous case, the only difference is that here we have additional
boundary terms when performing integration by parts due to the presence of the insertions in 0 and 1. Similarly
we compute,

(2x + l _ ql — By — B2)Hyc = f/ dp(zr) <51t i Ba(t — 1)) (t —x1)2 = Vo(ns)
X 2 R.

v w1 ey ey - 1]

+% (—(t+e)E; () + (t—e)Ef (t) — (t =1+ e B (t) + (t —1—€)Ef (1)), (3.4.37)

t— X
OH,,. — /du ) (51+ B2 ) ( x1)2 - Ve
w1 @ = 1) gy ey - 173
+q (—Bg o (t) + Eg (1) — By (t) + Ef (1)), (3.4.38)
2 t—{L‘)—YQX
o (P, P g X B B2 ( 1 .
it =—x (5 + 25 ) ot =B [ anton) (4 ity ) o e
ol (- B )+ B () - B+ Ef.(1)
ax t—|—6 0,€ t—e¢ 0,€ t—1—|—6 l,e t—l—é l,e .
(3.4.39)
Then we have
t(1—t)0fHy e+ (C— (A+ B+ 1)t)0,H, . — ABH,
s fe(l+e) e(l—e) o e(l—e) _ e(l4+e o
= E, (t)+—F, (t)— ——=F; _(t)— ———=FE] _(t 4.4
ot (g 0+ om0 - e - M mw), ea)
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with the parameters given by:
A= fq%x, B=-1+x(B1+pB2—2x+ qg), C=x(B1—x)- (3.4.41)

To complete the proof the only thing left is to argue that the boundary terms eE_jF€ (t) converge to 0 as € goes
to 0 locally uniformly in ¢. This has been done in [89]. Thus we have proved the differential equation for H,
in a weak sense, which is equivalent to its strong sense in this case. Finally the exact same argument works
for H,(t). O

3.5 Appendix

3.5.1 Some useful theorems

We recall some theorems in probability that we will use without further justification. In the following D is a
compact subset of RY.

Theorem 3.5.1 (Girsanov theorem). Let (Z(x))zep be a continuous centered Gaussian process and Z a
Gaussian variable which belongs to the L? closure of the vector space spanned by (Z(z))zep. Let F be a real
continuous bounded function from C(D,R) to R. Then we have the following identity:

E[Z2]

E 7% F((Z(2))sen)| = BIF((Z(2) + BIZ(2) Z])acp)]. (3.5.1)

When applied to our case, although the log-correlated field X is not a continuous Gaussian process, we can
still make the arguments rigorous by using a regularization procedure (see [89] for a more detailed explanation).
Next we recall Kahane’s inequality:

Theorem 3.5.2 (Kahane’s inequality). Let (Zo(2))zep, (Z1(x))zep be two continuous centered Gaussian
processes such that for all x,y € D:

[E[Zo(z) Zo(y)] — E[Z1(z) Z1(y)]| < C. (3.5.2)
Define for u € [0,1]:
Zy =1 —uZy+uZy, W, = / eZn(@)=3EZu(@)] 5 (qy). (3.5.3)
D

Then for all smooth function F with at most polynomial growth at infinity, and o a complex Radon measure
over D,

F [F (/ eZo(x)—%E[Zo(x)ﬂa(dx))} ) [F (/ ezl(x)—éE[Zl(x)Z]U(dx))]’ < sup QEHWu|2|F"(Wu)H~
D D uel0,1] 2
(3.5.4)

The same remark as for Theorem 3.5.1 is valid to justify one can use this inequality in the case where Zj
and Z; are log-correlated fields. Finally we provide the Williams decomposition theorem, see for instance [106]
for a reference:

Theorem 3.5.3. Let (Bs — vs)s>0 be a Brownian motion with negative drift, i.e. v > 0 and let M =

Supgso(Bs — vs). Then conditionally on M the law of the path (Bs — vs)s>0 is given by the joining of two

independent paths:

1) A Brownian motion (Bl 4+ vs)o<s<ry, with positive drift v run until its hitting time Tar of M.

2) (M + B? —vt);>0 where (B —vt);>o is a Brownian motion with negative drift conditioned to stay negative.
Moreover, one has the following time reversal property for all C > 0 (where 7¢ denotes the hitting time of

C),
(B71'c—s + U(TC - S) - C)OSSSTC ' (Be - US)ogsgL,m (3.5.5)

where (Bs — vs)s>0 s a Brownian motion with drift —v conditioned to stay negative and L_c is the last time
(Bs — vs)s>0 hits —C.
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3.5.2 Technical estimates on GMC

We repeat here several proofs found in [61, 89] that must be adapted because our objects are complex valued.

3.5.2.1 OPE with reflection

We want to compute the asymptotic expansion of the functions éx and H, in the case where there will

be reflection. This has been performed in the previous works [61, 89] but it is not straightforward to adapt

the proofs as we are working with complex valued quantities so there are many inequalities that need to be
¥ 2

adapted. We will treat separately the cases where x = 5 and x = 3 Starting with the case where y = %:

Lemma 3.5.4. (OPE with reflection for x = %) Recall p = %(Q —a— g + %) and consider s € (—1,0). There
exits a small parameter Sy > 0 such that for 8 € (Q — Bo, Q) and « such that p < ,;% A %(Q — B), the following

asymptotic expansion holds:

5 s T( - 2Q- A)T(

(0) = —s*73 -

Q-5 —p)ﬁ

2w

(B,1,-1)G(,2Q — B — %) + O(|5|%+%2— ).
(3.5.6)

Similarly, recall g = %(2@ — B1— B2 — B3+ %) and consider t € (0,1). Then in the following parameter range,
4 .2
51 S (Q - BOa Q)7 q< ? A HlilIl ;(Q - 52)7 H1 € (07 —|—OO), M2, 3 € (_0070)7 (357)

the following asymptotic also holds:

12811 4 L(1-2(Q~B))F(3(Q~51) —a)
I'(=q)

- —=(2Q—B1—2,82,83)
R(Blv M, N2)H(H1’*#27*H3)

Ho (it) — H2 (0) = —(it) (3.5.8)

_@J’_%)'

2N
2

+ o(|¢|

Proof. We will prove only the case of Hz, the case of G2 can be treated in a similar fashion. For a Borel set
v vy
I C R, we introduce the notation,

%" = 15

. .
Ki(it) == / S —— P S COF ) (3.5.9)
I

where as always dpu(x) = p11(—oo0)(®)dx + p21l(0,1)(2)dx + 311 00)(z)dx. In the following it is convenient to
use d|p|(z) to denote the measure 111 (oo 0y (2)dx — p121 0,1y (%)dx — p131 (1 o0) (x)dz which is a positive measure
thanks to our choice py € (0, +00), fa, u3 € (—00,0). The signs of the parameters y; allows to separate K (it)
into a positive real part K;(0) and an imaginary part. This remark is used to bound |K;(it)|?~1 by | K (0)]9~!
and in several other similar cases (remark that necessarily ¢ — 1 < 0). Now we want to study the asymptotic
of,

E[KR(it)q] — E[K]R(O)q] =T+ 15, (3510)

where we defined:

T1 = E[K(—t7t)° (Zt)q] - E[KR(O)q], TQ = ]E[KR(Zt)q] - E[K(_t,t)c(it)q]. (3511)
. . . 1-281 4 4 2(Q-81) . .
<& First we consider T7. The goal is to show that Ty = o(Jt|” 7 "7%) = o(|t|~ ). By interpolation,

T4 | g\q|/0 duE [| K (_ ) (it) — Kr(0)||uK (¢ 5 (it) + (1 — w) Kr(0)|97] (3.5.12)

<|qlB [(|K (—t,ye (it) — K(—t,4¢ (0)] + | K (Zt,)e (0) — KR (0)]) [ K(—t.4)c(0)[7"]
:‘Q|(A1 +A2)7
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with:
A1 =B [[K (e (it) = K(—r,e O K (.- (0)71] Az = E [[K(—4,1)c(0) — Kr(0)]| K (~1,¢(0)]7"] .
(3.5.13)
We have
.
1 g(x s(q 2)@2X$)d'u
ast [ ) B </ @) e (3.5.14)
(=) lz1] 72 |21 — 1|2 (—t0e |22 Yz — 17 |m—x1|7

q
2lxq|1 11 +1_7_ L(‘Z 2) X(f)d
St/dwx1 1|1 23 (-3-0ued </ g(x) T =2 e3X@d|p|(x) )
R |z (—t,t)e

ol P — 11 = 1 o - | T

q
2 (g-1) 3 X () s 461
< 2E (/( | 9(x) ¥ VAN d|u|(x )> Loy = o).
t,t)e

a5 e — 15

In the last equality we have ignored the first term since it is a O(t) and we will take 31 > % On the other
hand,

1 _aB
Mze [ due) e =0, (3.5.15)
(—t.t) lz1| 72 ey =172
A 1- % 2201 2(Q—p1)
for some constant ¢; > 0. When 81 > 1— T is satisfied, i.e., fo < =%, we have O(t*~ "2 ) = o(t> ).
2 5%
This proves that
Ty = oft= Q=P (3.5.16)

< Now we focus on Ty. The goal is to restrict K to (—oo, —t) U (—t!Th #1+7) U (¢, 00), with A > 0 a small
positive constant to be fixed, and then the GMC on the three disjoint parts will be weakly correlated. We have
by interpolation and by dropping the imaginary part,

|E[KR (i) 7] = E[K (_oo,—tyu(—t1+h s1+m)0(t.00) (1) ]| (3.5.17)

1
< |Q|/ duE [| K¢ —premyuren (i) [uKRr(0) + (1 = w) Koo —tyu(—er+n 11+0)U(t,00) (0) 7]

t+ |21
<@m/ﬁ ) —
t,—t1HR)U(E R E) |z1] 72 |21 — 1|2

_ O(t1+(1+h)(17%))’

for some constant co > 0. By taking h satisfying the condition,

1+(2-3)B1— 35
T

h < (3.5.18)

we have: ,
E[Kr(it)7] — E[K(_ 0o, t)u(_i1+h 111y 0(1,00) (i) 1] = o(t797FV), (3.5.19)

It remains to evaluate E[K (o _¢)u(—tr+h s1+m)0t,00) (1)) — E[K(_y 1)c (it)?]. We now introduce the radial de-
composition of the field X,
X(l’) =B onm lz] + Y(l’), (3520)

where B, Y are independent Gaussian processes with (B;)ser @ Brownian motion starting from 0 for s > 0,
B, =0 when s < 0, and Y is a centered Gaussian process with covariance,

21n [yl =], |y < 1,

EY (2)Y (y)] = { el

(3.5.21)
2In |;1; i sIng(z) — 3 Ing(y), else.
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One can wonder why the process Y with the above covariance is well-defined. To construct Y, starting from
X set:

1 )df <1
Y(z) = fo (|z[e*)de, lz| <1, (3.5.22)
X(x), |z > 1.
Now with this decomposition one can write:
g )
K (it) = / v = g(z) T @ Ved Bo2miel 3Y () gy (). (3.5.23)
e 5 e - 1)

From (3.5.21), we deduce that for |z/| < t'*" and |z| > ¢,

!/

E[Y ()Y ()] = ’21n 1- % < 4th, (3.5.24)

where we used the inequality |In|1 — z|| < 2|z| for 2 € [~3, 1]. Define the processes,

P(z) := Y($)1|I|Stl+h + Y(l‘)lmZt, (3.5.25)
P(x) = Y($)1|I|St1+h + Y(x)lmzm (3.5.26)

where Y is an independent copy of Y. Then we have the inequality over the covariance:

[E[P(2) P)] ~ EIP(2) Py)]| < 4t". (3.5.27)
Consider now for u € [0, 1]:
P,(z) =1 —uP(z) + VuP(z), (3.5.28)
Ki(it,u) = / m,i_ i = 9(@) 5 @D eFB2min 3P @) gy (). (3.5.29)
13 |z — 1]

By applying Kahane’s inequality of Theorem 3.5.2,

. . iy . q
‘E [K(,Oo),t)u(,ﬂ-f-h7t1+h)u(t’oo) (Zt)q] —E {(K(—oo,—t)u(t,oo)('tt) + K(,t1+h,’t1+h,)(lt)) } (3.5.30)

<2|g(g — Dt" sup E[|K;(it,u)|’]
u€l0,1]

S c3tha

for some constant c3 > 0, and where in K(_t1+h7t1+h)(it) we simply use the field Y instead of Y. When
> %(Q — /1), we can bound the previous term by o(t%(Q_ﬁl)).

Consider now the change of variable x = t't"e=5/2 for the field K(_t1+h,t1+h) (it). By the Markov property
of the Brownian motion and stationarity of

dug (s) == Y (—e™*/?)ds + paY (e=/?)ds, (3.5.31)

we have

~ 1 ¥ 22y 2 o jthe=s/2 ¥ s
K(,t1+h’t1+h)(it) — §it1+(1+h)(1—%"!‘7)6532(1“1) In(1/t) / ( +1 ) ej(Bs—a(Q—ﬁﬂ)dluY/(S)’
0

|tl+he—s/2 — 1]72*

- (3.5.32)
with B an independent Brownian motion. We denote

2
AR (=24 25) 3 Bogipn n —
op =t (1+h)( )3 204m 1/ Y =

1 [ 5 s
5/ e%(Bra(Qfﬁl))dM?(S)_ (3.5.33)
0
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By interpolation, we can prove that for some constant ¢4 > 0:
E[(K(—t,0)c (i) + K(_pen gany(it))9] — E [(K (g )¢ (it) +i0, V)] ( (3.5.34)

< C4|q|t1+h+(1+h)(1—%+%2)15 {e;BﬂHh)‘"(l/”/ 6%(&—%(@—61))(1”?(8)‘[((1 2)(0)|q—1
0

Since Ba(144)n(1/4)5 (Bs)s>0, (f’(x))mgl, and K(1,2)(0) are independent, we can easily bound the last term
by, for some c5 > 0,

e (A+R) (2= 25 _ o(t%(Q_ﬁl)). (3.5.35)

By the Williams path decomposition of Theorem 3.5.3 we can write,

5 1 oo . Q;ﬁl
V= efMi/L e2B: ° g (ds), (3.5.36)
M

~ Q-8
where M = sup~o(Bs — %s) and Ly is the last time (B_; ) hits —M. Recall that the law of M is
s>0

known, for v > 1,

1
Mgy b
B3 > 0) = o (3.5.37)

For simplicity, we introduce the notation:

oo Q—pB1
o) =5 [T upas). (3.5.38)

Again by interpolation and then independence we can show that

q
’]E (K (—tt) <(it) +io, V) ? |]-E [(K( ¢4y (1 t) +ioe? p(ﬂl)) } (3.5.39)

1 81 4 42 2 0 Lg% q—1

< glalt =20 i [T ) K 0]

O(t1+(1+h)(1’m)) _ o(t%(Qfﬁl)).
In summary,
. . 20—

Ty = B[(K (1.0 (it) + iore? ™ p(81))7] — B[K (_y.0)e (it)7] + o(t7 (9 71)). (3.5.40)

Finally, we evaluate the above difference at first order explicitly using the fact that density of ez™ is known:
E[(K(~,1)<(it) +iore™ p(1))7] — E[K (1)< (it)7] (3.5.41)

2 > d . . q <1\ q
= ;(Q - A)E {./1 ﬁ (K=t (it) +ioep(Br)v)" — Kty (it)9)

e du ) 2(0-8,) 5 Ng—2(0—
— 42— B1) 2 (Q BE /amwn Z(Q751)+1((w+1)q*1)p(ﬂ1)w(Q /BI)K(_t7t)C(Zt)q 2(Q—p1)

In the last equality we have applied Theorem 3.5.1. Next,

- . -z 2201 2 X(z t—0
e = [ e g(a) VO () 2 R 0), (35.42)
(~t,t)e |z|2 U =12 &S
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and for h < -1

)

2
Y (Q—p1)

—tl (1+h)(1— 751-&- Je3 Baiitnym/e 10;"0_ (3.5.43)

a.s.

With some simple arguments of uniform integrability, we conclude that:

E [(KH t)c(it) n iate%Mp(ﬁl))q] — B[K .4y (it)7] (3.5.44)
20+ 4 2(Q-5y) (Q ) </Ooo ui(Qd—uﬁl)H ((iu+1)7 — 1)> E {p(ﬁl)%(Q_ﬁl)} E [KR(O)‘I—%(Q_ﬁI)
LB - QL E(Q—p1) —a) (2Q-B1-2.52.53)

= (’Lt)%(Qiﬁl)%(Q_Bl) E(ﬁlv“l7“2)ﬁ

(11, —p2,— M3)

I'(—q)

The power of ¢ comes from the evaluation of the integral. Inspecting the proof we see that the conditions on
8o and h indeed allow us to find small values of these parameters that make the arguments work. Therefore
we have proved the claim. O

Now the analogue result for y = 2

Lemma 3.5.5. (OPE with reflection for x = 3 ) Recall p = g(Q —a—5 —l— 1) and consider s € (0,1). There

exists a small parameter By > 0 such that for 8 € (Q — Bo, Q) and « such thatp < 2 A= (Q —f), the following
asymptotic expansion holds:

2

Ga(s)—G2(0)=—s3T%~ (1 - Z(Qf_ﬁ))F(—er %(Q -8))

I'(-p)
-, (3.5.45)

R

R(B, 1,67 )0, 2Q — B — %)

Nl

+ o(s|

Similarly, recall q = l(QQ — By — B2 — B3 + 7) and consider t € (0,1). Then for pi,pe, ns € (0,+00),
B1 € (Q — Bo, Q) and 52,53 chosen so that q < 2 A min; £ (Q — i), the following asymptotic also holds:

¥81 2 — (2 - 2 — —q)_
H:(t) — Hy(0) = A=+ 2(Q — B1) (,y(ﬁl Q)) (,y(Q p1) —q) R(ﬁl,uhug)H( Q—fB1— 2’52 53)
2 2 Y F(_q) (p1,e™ T 4 po, ™I 4 u3)
o), (3.5.46)

Proof. We will keep the notations in the proof of Lemma 3.5.4 although there are some slight differences. This
time K is defined with the x = 7 insertion:

t—a)T 22
Ki(t) = / Wg@)g@nezxmdu(;p). (3.5.47)
x

81
|z —1]

To deal with the complex phase we will simply use the following inequality. For a fixed p < 1 and ¢ € [0, 7),
there exists a constant ¢ > 0 such that for all z1,22,y1,y2 € (0,400):

[(z1 + €951)? — (22 + €ya)?| < c(|o] — 2B + |y — y5]). (3.5.48)

This inequality can be proved by studying the derivative of the function (z,y) — (/P 4 ety!/P)P. With
the help of this inequality we will be able to perform the same proof as in the case of the previous lemma.
Following the same steps as in [89], we have:

E[‘K(foo,ft)(t)q —o0 0)(0)q
E[I1 K ,00) (0)|* — |K(Ooo )

] = o(tz(@F), (3.5.49)

|
] = o(t>( @A), (3.5.50)
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Applying (3.5.48) implies that:

E[lK(—t,6)e()? — Kr(0)]] = E[|(K(—oo,—1)(t) + i’ [ K (£,00) ()])? = (K (~00,0)(0) + eiW§|K(0,oo)(0)DqH
EHK (D) = K(—00,0)(0)]] + cE[|[ K (1,00) (#)|? = [ K (2,00) (0)[*]]
o(t¥(@- 61)) (3.5.51)

\/\ \/\

Next we repeat the step where we introduce a small & > 0 and want to compare Kg(t) and K(_ o, _¢)u(—st+h 11+0)0(t,00) ()-
Following again the steps of [89], under the constraint on h,

¥ q
h < 275712, (3.5.52)
="+
one can show that:
EHK(,OO’t) (t)q — K(—oo7—t)u(—t1+h7tl+h)(t)qH - O(t%(Qiﬁl)) (3553)

By applying again (3.5.48) one obtains,

EHKR(t)q — K(,Oo,,t)u(,tuh’t1+h)u(t’oo) (t)qH < CEHK(,OQ@ (t)q — K(,Oo’,t)u(,tvrh’tuh)(t)qH = O(t%(Q_Bl)).
(3.5.54)

Therefore as in the previous lemma we have now reduced the problem to studying the difference:
E[K(—oo,—t)u(—tHh,t1+h)u(t,oo)(t)q] — E[K(_t7t)c(t)q]. (3.5.55)

We proceed exactly in the same way as the case xy = %, using Kahane’s inequality of Theorem 3.5.2 to
obtain:

B ol
E[K (—co,—tyu(=tr+n i1+m)Ut00) (D] = BI(K (—e.e (1) + 0¢V)T] = O(") + O (1_71+T))~ (3.5.56)

When h > 3(Q — 1) this term is also a o(tZ(@=F1). Here the expression of oy is slightly different:

2

_ t§+(1+h)(1*%+%)e%32(1+h) In(1/t) (3.5.57)
As in our previous work [89], we can show that
B{(K (oo, (8) + 00V)1) — E[K( ooy (1) (3.5.58)

— B[(K(—o0.—t)(t) + 0163 p(81))9] = E[K(_ s _1(£)7] + ot (@~1))

This result is proved using inequalities, the lower bound and upper bound are equivalent to a term with order
t2(@=F1) As a consequence,

E[(K (o0, (t) + V)] = E[(K(—co,—)(t) + 63 M p(£1))7] = 0(¢3 (@77, (3.5.59)

However, we can write V as
XM ]. ’YBQ;ﬂl XM
oV = oe2 2/ e2” * g (ds) < oe2 p(B). (3.5.60)
L

This allows us to put an absolute value in expectation:

E(K( oo, (t) + 01V)T = (K(_so_0)() + 003 p(81))7]] = o(t3(@=5)) (3.5.61)
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We can conclude by using (3.5.48) that:
E{(K(_oe(t) + 0iV)] — E[(K(_oaye (£) + 0re M p(81))7] = oft3(@5)) (3:5.62)

We estimate as in the case x = %:

2 2 _
_ 13- 2@ =5 (’y( ))F(v(Q 51) ) RGP 2580 L 3@-py,
Y F( q) (M1,H26”7T,#36”—YT)
Finally it is again possible to choose suitable small A > 0 and By > 0. This concludes the proof of the
lemma. O

3.5.2.2 Analytic continuation

In this section we prove the lemma of analyticity of the moments of GMC that we have used repetitively
throughout the paper. This fact has been first shown in [61] in the case of the correlation functions on the
sphere. The main idea is that starting from the range of real parameters of §; or a where a given GMC
expression is defined, one can find a small neighborhood in C of the parameter range where the quantity will
still be well-defined and is complex analytic in this parameter range. We also use in Section 3.3 the fact that
the three-point function is complex analytic in the p;. This fact is obtain directly just be differentiating with
respect to p;.

Lemma 3.5.6. (Analycity in insertions weights and in p; of moments of GMC) Consider the following
functions defined in the given parameter range:

e (,8) = G(a,p) for B<Q, 3 —a<§ <a.

. (a,B)HGX(t)forteH,ﬂ<Q,%(Qfa—er%) L A2(Q-B).

(B1,B2,83)
(ﬂla 62753) = H(ui,uzz,ui) f

2
(i)i=1,2,3 satisfies Definition 5.1.53, f; < @, 2Q ZBZ — A mm ;(Q — Bi).

° (ﬁlaBQaBB) — HX(t) fOT'.'

_ 4
Bi <Q, w1 €(0,00), po,pusc —H, q<7Amm (Q Bi), teH.

Then for each function above, and for each of the function’s variables, it is complex analytic in a small complex
neighborhood of any compact set K contained in the domain of definition of the function for real parameters.
Furthermore the function H now viewed as a function of ui,po, s is complex analytic in any compact K
contained in the range of parameters written above.

Proof. We briefly adapt the proof of [61] for the function H ((5 1’5 25 3; as the other cases can be treated in a

similar manner. The first step performed in [61] is to apply the Girsanov theorem to pull out the insertions
outside of the GMC expectation. It will be convenient to assume the three insertions are not located at 0, 1
and oo but rather at three points s1, so, s3 all in R and obeying the extra constraints |s;| > 2 and |s; — s;/| > 2
respectively for all 4« € {1,2,3} and for all ¢ # ¢’. The reason it is possible to assume this is that the Liouville
correlations are conformally invariant in the sense of the KPZ formula of [53]. It will be convenient to use the
notations 3 = (51, 82, 83) and s = (s1, $2, $3). Our starting point is thus that it is possible to write,
Homi) — pE i) (o), (3.5.64)

(1,002,143
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for P € R an explicit prefactor that is analytic in the ; and hence can be ignored and where we have
introduced:

(3.5.65)

F(E-0,80)
+7(B1,82,83) g(xz)3'7 " &i= Y X
H (1, g (8) = E / 3 5 € @ dpu(x)
R Hi:l |z — 542

Now by applying Theorem 3.5.1 we can obtain H Eiiiz ii))

> %(2Q_E?:1 Bi)

(s) from the following limit,

H(ﬁlﬁmﬁs)(s) = lim F.(8), (3.5.66)

(1,p02,143) r—o0

where we have introduced,

3 2 Po
Bi s:)2 1 vx(p
fr(ﬂ) =K Heﬁin(si)_T]E[Xr( i)7] (/]R g(:L-)Qer( )du($)> ] , (3567)

i=1

po = %(2@ — Z?Zl B;) and:

R, :=R\ U, (s; —e ™2, s, +e77/2). (3.5.68)
The fields X,.(s;) are radial parts of X (s;) obtained by taking the mean of X (s;) over the upper-half circles of
radius e~"/2, OB (s;,e""/?) .

Now when B; are complex numbers, we write 3; = a; + ib;. We want to prove there exists a complex
neighborhood V' in C3 containing the domain of definition for real 3; such that for all compact sets contained
in V, F.(B) converges uniformly as r — 400 over the compact set. It is known that X, .(s;) — X,(s;) are
independent Brownian motions for different s;. Hence,

|]:r+1(ﬂ> - fr(ﬂ)' (3569)

~E f[leibixﬁl(si)ﬁfE[X,,.+1<si>21 ((/RM 1X0) (@) du(a ))po ) </RrQ;X(w)f(x)dﬂ(x)yoﬂ
</R e (x)d“@)m B (/R ezx<x>f(x>du<x)>m 1 ,

ﬁ(p ) 1 x
where we denote f(z) = M Set Z, := [ e X@) f(x)du(x) and Y, := Z,11 — Z,. We want to

Hf 1lz—si| 72

+1 3 2
< cer2 i=1 biE

estimate
E[[(Z, + Y% — Z2°)) < Ellpy, | (Z, + V) = 22 + EfLy, 5 (Zo + Yo% = 220, (35.70)
where € > 0 will be fixed later. By interpolation,
E[Ly, e (Ze + V)P — Z0)) < [pole sup E[[(1— u)Z, + u¥ [Fer0-1] < ce. (3.5.71)

u€[0,1]

For the other term we use the Holder inequality with A > 1 such that R (po) < min’_, %(Q —a;) A ,%,
and 0 <m < ﬂ/z ,

E[Ly, e (Z + V)P0 — 22| < cB(|Y,| > €)% < ce YE[|Y,[™]3 (3.5.72)
3 mq %
ce XE / e X @) f(2)du(x)
[ ; (si—e™T/2,5;4e7/2)
1
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where in the last step 8 € R is defined by the last equality and we have used the multifractional scaling
property of the GMC. We can choose a suitable m such that § > 0. Now take e = e™"" with n = Him, then:

E[|(Z, + Y, )P0 — ZPo|] < ce™ = T i 1b’(€+6 Te % "< e Rl (3.5.73)

Hence if one choose the open set V in such a way that %Zf’zl b? < n always holds, all the inequalities we
have done before hold true and hence we have shown that F,.(3) converges locally uniformly. This proves the
analycity result.

Lastly we very briefly justify all the other cases. The analycity of G(c, 3) can be proved in the exact same

way as done above for H Eﬁiizii)) Furthermore adding the dependence t to get the functions G, (t) and H,(t)

also changes nothing to the above argument and so the same claim also holds in this case. Lastly for the

analycity in j; of /72

for puy one can write,

FE-2380)
(B1,B2,83) g(x) i=1 2 ¥ (x
(?,“H(“1 o) = O B </ e @) dp(z)

o] 5 o — 1]73

one simply needs to notice the complex derivatives are well-defined. For instance

%(2Q*Z?:1 Bi)
) (3.5.74)

0 (2=, 8) (E-8 . 8)
[ e ST P e ([ @I v, ,
731 wﬂQ B2
—o0 |z| 7= |z — 1| = R 2|7 |z - 1)

) 1(2Q-X7_,8:)-1

where the last expression is clearly well-defined. Furthermore one can check that Gﬁlﬁgﬁiiziz)) = 0. Therefore
w1 — H Eﬁi iiii)) is complex analytic in the claimed domain. O

3.5.2.3 The limit of H recovers R

Here we will prove Lemma 3.1.8. With our choice of p; satisfying Definition 3.1.3 this is an easy adaptation of
the positive case.

Proof. We prove the lemma in the first case where 2 < 1. Let us denote € = M %(Q B1).
For I C R a Borel set, we introduce the notation:
]. 72 ’Y
K| = / W—mg(I)T(pil Ve X @)y, (3.5.75)
|72 |z — 1] =
In our previous paper [89] it is proved that:
e €0
E[Kf) 1T = piR(51,0,1). (3.5.76)
Using the density of 2™ we have by definition of the reflection coefficient,
pi—e] .
E {(&Mm(ﬂl)) ' } =9 0 R(61,0,1), (3.5.77)
where:
1 ° ok Q_Qﬁl ot —s/2
p+(B1) = 5/ ezl = 3V s, (3.5.78)
—00

On the other hand, by the William’s path decomposition of Theorem 3.5.3 we can write:

a1 oo N Q-8 Sy(e—s/? o
Koy = e;Mﬁ/L et T eV ds < eFMp (), (3.5.79)
— LM



3.5. APPENDIX 119

Therefore, the result from [89] implies that:

E HK[’&;]‘ — (eFMp (Br))P } = o(e7D). (3.5.80)

Similarly we also have

pP1—€

E HK{’:L@ (B )" ] ot (35.81)

We will use these results to prove the complex pu; case. Consider first the case p; > 1. Using interpolation and
Holder’s inequality, for A > 1,

E [|(11 K(—o0,0) + 12Ko,1) + 13K (1,00))" ¢ — (11 K[1,0) + p2K[o,1)" €] (3.5.82)

1
<E ([ K (—oo,-1) + 13K 1,00 )]

A—1
—1—e)2_7"x
x sup E “(1 — ) (11 K (0,0 + 112 K0,1) + 3K (1,00)) + u(p1 K10y + /~02K[0,1])|(p1 )H}

u€[0,1]

Take p1 < A < rnin{%7 %(Q — B2V B3)}, then both expectations can be bounded by O(1). By the same
techniques with A = p — € we prove:

1—€ 7 7 p1—¢
i H (11 K10y + p2Kpo,)" "~ (meszf(Bl) + uze2Mp+(B1))

] (3.5.83)

1

vyl L ol % ol —s/2 ol —s/2 S
<E eaMﬁ/ e2Bs (\u1|e§y(_‘3 )+ |pglez¥ (e )> ds
— 00

p1—l—e¢
P1—e

<E [(we’%Mp(ﬁl) + |u2e3Mp+<51>)’“‘j

The second expectation is a O(e~!). For the first expectation, we use the inequality that for x,3 > 0 one has
P17+ yP17¢ < (x 4 y)Pr 7. This shows that:

—L Q—B1

pP1—€
1 —s/2 —s/2
E <e3M/ e%Bs ? <|M1|€%Y(7e ) 1 ugle?y )) ds) (3.5.84)

< |(jale3 - (30) + ale3 ¥ (3)) | < B [ s+ al Ko.) ] = o)

The last inequality comes from the fact that the two expectations are equivalent when € — 0 to a term O(e™1).
Therefore:

} — o(e ). (3.5.85)

Now consider the case p; < 1. Since p; = %(Q — 1) > 0, we are in the case 0 < p; < 1. By studying the first
order derivatives of the function,

1 1 1\ P1
(R%)? 3 (21,29, 23) = <M1$f1 + poxs? +H3$§1> : (3.5.86)

we can prove the following inequality with a constant ¢ > 0 depending only on the y;. For z;, 2} > 0,

3

3
(Z izt = (Y pal)"

i=1

3
<e ) |abt -, (3.5.87)
=1
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Applying the inequality,

1M

—€ ~ M p1—€
E H(ulK[oo,o) + e Ko + 13K (1,00)" <M1 Mp_(Br) + poez™ +(51))

} (3.5.88)

<cE HK(ploceO) (e2Mp_(B))Pr—¢ } + cE HKﬁ’flf — (exMpy () }
< B [|KP )~ (3o (B[] + o).
Moreover, by sub-additivity,
]E[|K€’10060) Kp 70)H [Kfi N 0 K(1 6)] <E[K€’10§’71)] o(1). (3.5.89)

Therefore we can bound
B[ — (@3- (B

In conclusion,

| < B f|Rrss - o

} +ole™l) = o(e). (3.5.90)

—e . x 2 p1—¢
251(1) eE {(,u,lK(,oo’()) + ,LLQK[OJ] + MgK(l’oo))pl ] = lgr(l) eE |:(M162Mp(,81> + /1,262Mp+(ﬁ1)) :| (3591)

= plﬁ(ﬁla M1, :UQ)
This finishes the proof of the lemma. O

3.5.3 Mapping GMC moments from D to H

We prove here a lemma providing a very concrete computation linking the moment of GMC on D to the
moment on H. This will be used to relate the moment formula for GMC on the circle of [88] to the U(a)
defined in our paper.

Lemma 3.5.7. Consider a > 3 and let X and Xp be the GFF respectively on H and D with covariance given
by equations (3.1.9) and (3.1.11). Then the following equality holds,

2Q—2a 2Q—2a

2 2 X, 6 v e%X(ﬁ) 1 ay v
E (/ ez Xnle )d9> = 20Q-Yg ( _g(x)2_4dx> , (3.5.92)
0

R T — 7

where both GMC measures are defined by a renormalization according to variable as performed in Definition
3.1.2.

Proof. Take ¢ : z — zﬂ'i the conformal map that maps the unit disk D equipped with the Euclidean metric
lm+l|4 This also maps the field Xp to the field X
with covariance given by (3.1.12). This coordinate change applied to the GMC implies the following relation:

27 o 2 . IX(@) - FE[X(e9)?]
E </ e;xmes)gmxme@f]dg) — 20(Q-a) (/ € il g(m)ﬂi—a)dx)
0 R
(3.5.93)

|x — |
Notice in the above expression we explicitly wrote the renormalization of the GMC to emphasize the formula
holds when the GMC is renormalized by variance. Now lets momentarily assume o > ) and write the integral

over c:
3 X5 ($) 5 ¥
/ 2)1G -y (3.5.94)
Jo—ipe ma

. 2
_ 776%( —a)In g(i) / dce(a—Q)cE |:6O(X§(i)_a22]E[X§(i)2]e_EW2 f]Re%Xg(I)—%IE[Xg(m)ﬂg(z)%da:
R

to the upper-half plane H equipped with the metric g(x) =

2Q—2«a

2Q—2
Q-za =
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To go from the field X; to the field X we must perform the change of variable X = X5 —Y with ¥ =
i fo 9)do. We perform this replacement and at the same time shift the integration over ¢ by —Y to
obtaln

/dce(a—@cE {ereaXu)—‘fE[Xg(i)Q]e—e%“f FXO G g(0) b g (3.5.95)
R
_ / deele-Qep [efm[yz]eax(nmm[xu)w—ﬂfE[Xm)?}e—e”f Jy X P EX @YX @ g0 F gy

In the last line we have applied the Girsanov Theorem 3.5.1 to e?Y. Record the following easy computations:

2__l ﬂnAew (o L g(z) 2
BV =~ [ male)as, BYX (@) = 50 S5 + 5B

T 71119(55)7} 2 ()2 g()
BYX(@)] = ;S - B, Bl = X @R+ 2.

Then:

2 1
/ dce(a@)cE[ L E[Y2] LaX () +aQE[X ()] - 3 E[X; ()] y—e F fj 3 X XY= %E[sz]g(w)zdw] (3.5.96)
R

i Fe _Q 2 _22 1
_ / deela=Q)eg {GQ(%C”)IE[YZ](?%(Q—a)In 2 g0 X () — S E[X(1)?] —e TR X (- IE[X“)Q]g(I)%dx]
R

2
o g N a . e Y x(zy— 22 2 1
_ eE(Q—a)ln 58 dce(a—Q)cE [eaX(z)—;E[X(z)z]e—e 2 fme2x( )~ g EX (@) ]9($)2d$:|
R
2Q—2«

31X (2)- LE[X(x)] g
_2r (2(a _ Q)) 3(a-Q il / e? : o) T do
vy Y R |x — 7,|’Ya

To obtain the third line we have shifted the integral over ¢ by %IE[YQ] and to obtain the last one we have
computed the integral over c. The conclusion of the above is thus that:

2Q—2a 2Q—2a

IXg(a) 7 3X(2)~ B E[X (2)?] . *
E ( m.g(x)4(3—a)dm> —E (/ ¢ : g(x) fdx> . (3.5.97)
R

r [z =i |z — i

Nl

To lift the constraint a > ) we have introduced to write the ¢ integrals we can simply use analycity in « of both
sides of the above equation. Then combining this equation with (3.5.93) implies the claim of the lemma. [

3.5.4 Special functions
3.5.4.1 Hypergeometric equations

Here we recall some facts we have used on the hypergeometric equation and its solution space. For A > 0
let T'(A) = fooo tA~le~tdt denote the standard Gamma function which can then be analytically extended to
C\ {—N}. We recall the following useful properties:

A= " 1y 1-24
FAT1-A) = (A’ (AT (A+ 2) = /72 I'(24). (3.5.98)
Let (A), := F(F‘?X)" ). For A, B, C, and z real numbers we define the hypergeometric function F' by:
— (A),(B)n
F(A, B, Ct) := E —— " 3.5.99
( ) 9 ) ) v n!(C)n ( )
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This function can be used to solve the following hypergeometric equation:

(t(l — t)j—; +(C—-(A+B+ 1)t)% - AB) f(t)=0. (3.5.100)

We can give the following three bases of solutions corresponding respectively to a power series expansion
around t =0, t = 1, and ¢t = co. Under the assumption that C is not an integer:

f(t)=C1F(A,B,C,t)+ Cot' " “F(1+ A= C,1+ B —C,2—-C,1). (3.5.101)
Under the assumption that C'— A — B is not an integer:
f(t)=BIF(A,B,1+ A+ B-C,1-1) (3.5.102)
+By(1-t)° 4 BR(C—-AC-B,1+C—-A-B,1-1).
Under the assumption that A — B is not an integer:
f(t) = Dit ™ F(A, 1+ A-C,1+ A—-B,t™) (3.5.103)
+ Dot PF(B,1+B—-C,1+B—A,t7 ).

For each basis we have two real constants that parametrize the solution space, C1,Cs, By, Bo, and Dy, D>.
We thus expect to have an explicit change of basis formula that will give a link between C7,C5, Bi, B, and
Dy, Ds. This is precisely what gives the so-called connection formulas,

F(1-C)L(A-B+1) T(1-C)[(B—A+1)
C1\ _ (T@A—cyOra-B) T(B-CFDI1-A4 D 3.5.104
o FEC—l)F(A—B-{-l) F(C—l)F(B—A-Hg NE (3.5.104)
2 T(A)T(C—B) T(B)T(C—A) 2
I'(C)N(C—A-B)  TI'(2-C)[(C—A—B)
By\ _ [Tc—arcc—5 T(1_A)T(1-B) C1 3.5.105
B,) = FEC)F(A+ch r(2—C)I(A+B-C) Cy ) (3.5.105)
(AT (B) T(A—C+DI(B-C+1)

These relations come from the theory of hypergeometric equations and we will extensively use them in
Section 3.2 and Section 3.3 to deduce our shift equations.
3.5.4.2 The double gamma function

We will now provide some explanations on the function I'y () and S (z) that we have introduced. For all
v € (0,2) and for Re(z) > 0, I'y (z) is defined by the integral formula,

Oodt —xt —Qt Q _ 2 _Q
lnF%(aj):/ @ < _—° G Al N 4 (3.5.106)
o tl(l-e3)(1—e7) 2 t

where we have Q = 3 + % Since the function L'y (z) is continuous it is completely determined by the following
two shift equations,

2 () 1 YT, YAz 1
3 _ L(=2)(2) =2 ta, 3.5.107
et D var 2@ (3.5.107)

Iy (2) 1 20 Y. 22 1
2 = L(—)(=)" "2, 3.5.108
e (35.108)
and by its value in %, Iy (%) = 1. Furthermore x — I'y () admits a meromorphic extension to all of C with
single poles at x = —n3 — m% for any n,m € N and I‘% (z) is never equal to 0. We have also used the double
sine function defined by:
Ty (33)

Sy(r) = —F——. (3.5.109)



3.5. APPENDIX 123

It obeys the following two shift equations:

Sy(z+72) Sy(z+ 2 2

Pl 2 . T 2 Y : 0

—— =~ = 2sin(—=x), = 2sin(—uz). (3.5.110)
Sy (z) 2 Sy (z) ~y

The double sine function admits a meromorphic extension to C with poles at © = —nJ — m% and with zeros

at x =Q +ng + m% for any n,m € N. Lastly we will need the following asymptotic for Sy (z):

—igz(e—Q) Im(z)
e’z as Im(z) — oo
Sy - ’ 3.5.111
(@) {e’zx(“’Q) as Im(z) —» —oc. ( )
3.5.4.3 Some useful integrals
Lemma 3.5.8. For 6y € [-m,7], =1 <g<1land1V (1+g)<b<2 we have the identity:
1 91 't —-s)r(-1+5-
/ ( +“l)7 gy = TAZWICEL+b=9) (3.5.112)
Ry e?f0 u F(_g)

By Ry e we mean a complex contour that is obtained by rotating the half-line (0,400) by an angle €. In
particular for 0y = 7 it is passing above —1 and for 6y = —x it is passing below.

Proof. Denote by (z)y, :=xz(x +1)...(x +n —1). We start by the case 6y = 0:

* (14u) -1 = (=1)" 1 = (=1 1
_ _ _ _ 5.11
/0 ub du 7;) n! (g)nnJrlfb nz:% n! (g)nlbergfn (3:5.113)
L S (gl =b) 1 i(—n”(—g)n(—wb—g)n
1—bc= nl (2—=0), 1—b+gi= n! (b—g)n
1
:1_b2F1(_g?1_ba2_b7_1)_WQFI(_gv_l—"_b_gab_g?_l)
CT(1—bT(-1+b—g)

['(~g) ’

where in the last line we used the formula, for suitable @,b € R,

L@+ 1)r(b+1) .

boFy(@+b,a,a+1,—1)+a2F(a+b,bb+1,-1)= (a1 h)

(3.5.114)

Then by rotating the contour, it is easy to observe that the value of the integral is the same for all 6y € [—, 7],

which finishes the proof. O
A direct consequence by a change of variable is the following identity:

Lemma 3.5.9. For 0y € [-m, 7], =1 <g<1land g <b<1A(1l+g) we have the identity:

[ ——yr) — — —
/ (Ltw)?—u _ TA-HI(-1+b—g) (35.115)
R+€i90

ub I'(-g)
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CHAPTER 4

Higher order BPZ equations

Inspired by some intrinsic relations between Coulomb gas integrals and Gaussian multiplicative chaos, this
article introduces a general mechanism to prove BPZ equations of order (r,1) and (1,7) in the setting of
probabilistic Liouville conformal field theory, a family of conformal field theory which depends on a parameter
v € (0,2). The method consists in regrouping singularities on the degenerate insertion, and transforming the
proof into an algebraic problem. With this method we show that BPZ equations hold on the sphere for the
parameter v € [v/2,2) in the case (r,1) and for v € (0,2) in the case (1,7). The same technique applies to the
boundary Liouville field theory when the bulk cosmological constant pp,x = 0, where we prove BPZ equations
of order (r,1) and (1,r) for v € (0, 2).

4.1 Introduction

Liouville conformal field theory (LCFT) falls within the general framework of conformal field theory (CFT).
One of the main goals of the theory is to characterize the correlation functions, which can be considered as
probability amplitudes for some interacting particle system. A direct relevance with probability theory is their
conjectured relation to the scaling limit of large planar maps via the so-called KPZ relation [58].

The purpose of this paper is to show that certain correlation functions of LCFT satisfy the Belavin-
Polyakov-Zamolodchikov (BPZ) equations, which were first proposed in 1984 [10] in the general context of
CFT. The BPZ equations are indexed by two parameters (r,s), with r, s positive integers. The equation
associated with the parameter (r,s) is a partial differential equation of order rs in several complex variables.
There is no general combinatorial formula for the BPZ equations of all orders (r,s). Nevertheless, in 1988,
Benoit and Saint-Aubin (BSA, [11]) found an explicit formula for the BPZ equations of order (r,1) and (1,7).
The approach that the authors employed is based on the theory of representations. Despite the simplicity, this
approach lacks rigorous definitions of the objects involved.

Recently, in a rigorous mathematical framework, a probabilistic approach to LCFT has been proposed in
David-Kupiainen-Rhodes-Vargas [20]: the authors construct the correlation functions of LCFT on the sphere
using Gaussian multiplicative chaos (GMC). The challenge is to show that the probabilistic setting allows to
prove the conjectures made in the physics literature. In this direction, the BPZ equations of order (2,1) and
(1,2) have been proved in [60], which constitutes an important step in proving the remarkable DOZZ formula
[61], first proposed by Dorn-Otto-Zamolodchikov-Zamolodchikov [25, 108].

Other results on GMC are also proved in different geometries based on the BPZ equations, such as the
Fyodorov Bouchaud’s formula [88], the probabilistic distribution of GMC on the unit interval [89] and exact
formulas for the boundary Liouville structure constants [37, 84] in an upcoming work. All these series of
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projects prove the BPZ equations of order (2,1) and (1,2) in a different setting and use this to deduce non
trivial shift equations of the object in question, which corresponds to the conformal bootstrap method in
physics.

As a matter of fact, higher order BPZ equations can also be used to deduce exact formulas of certain
correlation functions of LFCT, such as the integral forms introduced by Fateev-Litvinov [38, 39]. The idea
is to first show that the solution space of higher order BPZ equations is of dimension 1 using monodromy
arguments [26, 27]. It is not hard to verify that the integral forms of Fateev-Litvinov satisfy higher order BPZ
equations using its relation with Coulomb gas integrals and analycity of its parameters, especially analycity in
~. The hard part is to show higher order BPZ equations for Liouville correlation functions where the analycity
in 7 is an open problem.

In this article, we investigate the intrinsic problem lying in the BPZ equations for LCFT on the sphere and
on the unit disk, and we prove that the BSA formula for BPZ equations of order (r,1) and (1,7) holds true
for these two cases under some constraints.

4.1.1 Basic notions

The Gaussian free field with vanishing mean on the Riemannian sphere (C,§), with g(z) := W, has
covariance given by [20]:
1 1 . . 1
E[X(x)X(y)]=1n i (Ing(z)+Ing(y)) +In2 — 3 (4.1.1)

Because of the singularity of its covariance, X is not defined pointwise and lives in the space of distributions. We

2
use a regularization for the Gaussian free field X, = X 7, where the function 7 is defined by 7. = %n( lfz‘ )s
and n € C*> is a non-negative smooth function defined on R, with compact support in [%, 1] that satisfies

™ fooo n(t)dt = 1. The variance of the regularized field X, is given by:
) 1. 1
E[X (z)] = —ilnge(x)+1n2—§, (4.1.2)
where g, = g * 7.
We define the associated GMC measure [56] by a standard regularization procedure: for v € (0, 2),

2
X @ g(z)d2e = 11—1)% ewXE(x)*%JE[Xe(w)Q]gE(x)de. (4.1.3)

The above convergence is in probability in the weak topology of measures, i.e. for any continuous test function
f:CU{cx} — R, the following limit holds in probability:

'Y2
/Cf(x)e'yx(”)g(x)dzx = 21_1)1% /C f(x)evXe(w)—TE[Xe(x)z}ge(x)d%_ (4.1.4)
For an elementary proof of this, see [12].
Denote z = (z1,...,2n), and
Un :={(31,...,2x) € CN : Vi # j, 2] # 2}}. (4.1.5)
We define

_1. 2
Q—2+7, (4.1.6)

which is related to the central charge of the LCFT by the formula ¢ = 14+6Q?. Let us introduce the probabilistic
Liouville correlation functions first defined in [20]. The definition we give here is coherent with the physics
literature and is different from the definition in [20] by a multiplicative factor that is of no importance in the
setting of this paper.
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Definition 4.1.1 (Liouville correlations). For N € N*, a € RN and z € Uy, the correlation functions are
defined as follows:

=

N
<H Vo (1)) = 21_I>I(1)< Vaue(z1))
=1 =1
N 2
= lim 2¢M2- DG T -3 T, =) / 672QCE[ng(zl)A"leaz(Xe(zl)JrC)*aTlE[Xe(Zz)Q] (4.1.7)
e—0 R

=1

e
x e He™ Jee de,

2
2
VXe ()= G E[Xe () ]gg(w)d%}

where Aq == §(Q — §) is the conformal weight, and p > 0 is the cosmological constant.

When the Seiberg bounds Zf\;l a; > 2Q and Vi,a; < @Q are satisfied, the limit above exists and converges
to the following expression:

Zévzl a; —2Q

1 v X () 4 -2, o ]2 B Y
Za) ] ——=sE T gw) T i : (4.1.8)
|2i — 25| c

ITioy e — 2o

where

N
Z(a) = 2R EL a2, =), -1y (MM> . (4.1.9)
Y

Note that with different conventions, the constant term Z () can differ, but this will not have any impact
on the differential equations. In the notation of Z(a) we ignore the dependence on v because the parameter
~ should be fixed at first to define the background geometry of Liouville fields. The constraint Zil a; > 2Q
is actually subject to the pole at 0 of the Gamma function. If we remove the gamma function, the domain of
existence can be extended [20]:

Lemma 4.1.2 (Existence). <Hl]11 Va, (z1))/Z () is non trivial if and only if

N
Vi, < Q) A (—W < % A miin {3(@ - o@}) . (4.1.10)

This bound is actually the constraint on the moment of total mass of GMC with log singularities. It allows
to have positive moments in the expectation.

Now let us discuss briefly about the regularity of each parameter. It is not hard to show that <H;\i1 Va, (21))
is continuous in 7, a and z respectively, but we can go further. Correlation functions are actually analytic in
a, proved in [61] for ;; with small imaginary part (the domain of analyticity was then extended in [54]). The
correlation functions are also smooth in z, as proved in a recent work by Oikarinen [73]:

Lemma 4.1.3 (Smoothness). Uy > z — <Hf\;1 Va, (21)) is C*.

Let us give the definition for boundary Liouville correlations on the unit disk represented by (H, gy), where
gu(z) = ﬁ is the background metric. It was studied in [53] and here we give a version that adds different
boundary cosmological constants p;

Definition 4.1.4 (Boundary Liouville correlations). Define the Gaussian free field with Newmann boundary
conditions and vanishing mean on the boundary:

1 1, . 1.
7 ngu(@) - 5 Ingnly). (4.1.11)

EXu(@)Xuly)] =In o= = 5
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Let z1,...,zy € H pairwise distinct, —oo < t1 < -+ < tpy < 00 and p1, ...,y > 0 with pg = pun by
convention, then the boundary Liouville correlations with ppur = 0 are defined as

N M
(T Ve ) [T BE " (8500w
i=1 j=1
=Z(c;B) [ (2 —zllz —za]) "™ 11 Rz | 7 P

1<i<i’<N 1<i<N,1<j<M 1<j<j'<M

-p

1 B 22

x E / 3 X gy (1) % T gy (1) : (4.1.12)
( R ITL o — = [T, u — ¢]79/

2(2?’:1 o‘i""% Z;w:1 BJ_Q) a
ol

where p = nd

M-1
dpa(u)
du - Z ILletj<U<tj+1 + #Mlue(tl,tM)- (4-1~13)

Jj=1

Remark 4.1.5. (Hfil Ve, (21) ij:l ng’l’“j (t;))u/Z(ax; B) is well defined if and only if

Vi, 0 < Q)N (Vj, B < Q) A (—p < % A mjin {3(@ - @-)}) . (4.1.14)
The different values of p; represent boundary cosmological constants on each piece of the boundary. We
can send some of the p; to 0 as long as duy is non trivial. The expression of normalization factor Z(ca; 3) is
of no importance since we are only interested in differential equations in z.
Let us also introduce Coulomb gas integrals that will be useful for proving the BPZ equations. We will
explain later in section 4.1.3 how these integrals are related to Liouville correlation functions.

Definition 4.1.6 (Coulomb gas integrals). Let z € Uy, | € N*. Define the complex Coulomb gas integrals

Q@)= [ la—zl J/Cz I ez T v —wel & (4.1.15)

1<i<j<N 1<i<N,1<s<l 1<s<s'<l

The integral converges when % < %, Vi a; < % — @ and vazl o > % — (I_Tl)’y In the proof of the BPZ

equations, we will need real Coulomb gas integrals: for tg <t; < --- <tn(N > 2),

CW (0 t) = ] (tj—ti)*“f”'/ [ -t [ —w) Fdx,
t

0<i<j<N N-1<z1 < <T<IN 0<i<N,1<s<] 1<s/<s<l

(4.1.16)
where (—1)® depends on the choice of contour and is set to be ™. Especially, when (v,an_1,ay) € (iR})3,

Célo),a(to,t) is always well defined.

Remark 4.1.7. In section 4.2.5, we will consider C(—lzr—l)x a(t,t) for x = % or %, and we will work with

an—1,an € iRy sufficiently large in absolute value to have enough differentiability.

4.1.2 Main results

Definition 4.1.8. Denote L_(z;2) the algebra generated by the differential operators (L_,)n>1 and the identity
operator id, where

N

Ly:=0., L_,:= Z <(1_1821 + Aal(”_l)> n>2. (4.1.17)

pet 21— 2)" (z1—2)"
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In the literature, V, are called local fields, we also call it an insertion. A field V,, is degenerate if a =
—=by 262D g, r,s € N*_in this case we call it a (r, s)—degenerate insertion. When there is a degenerate
field, physicists have predicted that correlation functions of CFT satisfy certain partial differential equations
with highest order 0.° known as the BPZ equations. Although it is theoretically possible to construct this
differential equation from operators of £_(z;z), there is no general formula to achieve this. Only in the case
when 7 =1 or s = 1, Benoit and Saint-Aubin [11] found an explicit and compact formula:

Theorem 4.1.9. Let r > 2 an integer and

2
x=1 o= (4.1.18)

)
=2

r—1 7

The BPZ equations of order r hold true for v € (y/ Ar=2) 2) when x = 3 and for v € (0,2) when x = £
N

DT<V_(T_1)X(2) Val (Zl)> = 0, (4119)
l

Il
-

where the differential operator D, is given by the Benoit and Saint-Aubin’s formula:

2\r—k
D _Z Z (X ) k L—Tl1 "'L—nk, (4120)
k=1 (ny,...,ny)e(N*)* H ( ni)(Zz‘:j_H nz)

7l1+ Ang=r

with L_,, defined in definition 4.1.8.

Remark 4.1.10. In this article we use BPZ of order r to represent the two cases of order (r,1) and (1,7).
We remark that BPZ equations of order 2 has been well investigated by Kupiainen-Rhodes-Vargas in [60]. The
theorem above generalizes their result to all v > 2, with a constraint on v when x = . With some slight efforts,
the order 3 BPZ equations can be proved for all v € (0,2). This will be shown in section 4.2.4.

Remark 4.1.11. The constraint on v when x = 3 is a purely technical condition and is only required by

Proposition 4.2.9. In particular, we have BPZ equations of all orders for v € [\/i, 2) when x = 3.

In the boundary LCFT case we can have a boundary degenerate insertion or a bulk degenerate insertion.
When it comes to a boundary degenerate insertion Bf(rfl)x(t) defined as below, we will work with an extended
definition where ¢ lives in the upper-half plane:

Definition 4.1.12. Let p1,...up >0, —00 <1 < -+ <ty < oo and t € H\{z;,1 <i < N}UR. We define
the extended correlation function <Bi'(r_1)x(t) Hfil Va, (2) HM B“’ VR () ) m by

N

_ (r=Vxa; 1 (r=DxBj C N—asan vy
[[(G-0E-0) = J[ti-t) = [T (2 —zollz =z )~ 1T |2 — t5] ™"
i=1 j=1 1<i<i/ <N 1<i<N,1<j<M

(r=1)x
(r=Dyx 1) —p+
B;Bji/2 (t—w) =~ IXu(w) ) o (- US4 !
II =t PE W | e e gs( = o - (12

1<j<j/ <M ’

Similarly, we define (B~ (r 1y (£ )Hf\;l Ve (2i) Hjl\il ng—lv“j (t;))m by replacing the term (t — u) Cobux

)'yx

above integral by (u — t)

Remark 4.1.13. When t € R satisfies t;, <t < tij,+1 for certain 1 <ig < M — 1, we have

M M
(= HVa (o) [T B 00w = (BM05e Hva o) TT B ()
j=1 j=1

We also have similar results when t < t; and t > tp;. This explains the reason that we call it an extended
correlation function.
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Now we state the BPZ equations for boundary LCFT, where we can prove the result without constraint
on 7.

Theorem 4.1.14. Letr > 2 an integer and x = % or % Let iy, ... opupgr > 0,8 < -+ <tpr andt € H\{z,1 <
it < N}. The BPZ equations of order r for a boundary degenerate insertion hold true for ~ € (0,2):

N
DIBZ ), &) [T Veu () [T B ()0 =0, (4.1.22)
=1

i=1

where the expression of the differential operator DE is given by (4.1.20), where we replace the operators L_,
by L¥, defined as L*| := 0;, and for n > 2:

1 B 1 B 1 By(n=1)  Agn—1)
LZ, '_Z ( (z1 — t)”flaZl (zZ1 — t)"flaél - (21 —t)" - z =" )

= Ag (n—1

The BPZ equations of order r also hold true when we insert a bulk degenerate insertion: for v € (0,2),

N

DAV (2) H ai (i) HB”’ PH(t))m =0, (4.1.24)
=1

where DE* s defined by the expression (4.1.20) where we replace L_,, by LH_{’; defined as L@’f = 0,, and for
n>2,

e N~ (L1 . Aa(n=1)  Au(n—1)
25 =3 (ot m gt G )
__ 1 Aopn=1) (1 Ag (n—1)
ot T +Z( Gt e ) (4.1.25)

=1

In the boundary LCFT case, the proof of BPZ equations is very similar to the sphere case but there is no
more technical difficulties, see section 4.2.6.

4.1.3 Strategy of the proof

Let us start by explaining the motivation of introducmg Coulomb gas integrals and how it relates to Liouville

72‘1% 29— p e N~

correlations in a natural way. We consider — Under this condition, the moment of

Liouville correlations can be expanded by Fubini (the rigorous way is to take a regularization for X):
—ISN
/ glzj)m T Xz Hesz[X )X ()] 25

E [( [N gt Eil‘“’idzx)"
N
C [Tzt |2 — 257 ™ s Hk 1@ = zeror i

n—1
%EzN—l O‘i_(i)v 1

n(n—=1)v2 1>w _
_. (In2 )/ Hg [1 S dx
n i — 5[

=1 Hk 1 |xj - Zkhak i<j

:en(n 1)'7 (1I12— )/ H H
n i — @ ‘7

Hk 1 |$J — 2p |7 2
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Together with the expression of Z(a) (4.1.9), we deduce that when —M =n,

N

(I Ve (21)) = 2¢(2). (4.1.26)

=1

It is explained in [103] how physicists use this relation to predict exact formulas on correlation functions of
LCFT.

Now we explain the strategy. Consider the Liouville correlation function on the sphere with a degenerate
insertion: (V_(,._1)y(2) Hl]il Va, (z1)). By taking successive derivatives following the operators L_,, (see section
4.2.1), we will have integrals that have singularities at z and z;. Using integration by parts and some identities
we can regroup all the singularities on z. By doing so we observe some repeating terms P,Qq (Definition
4.2.6). This allows us to transform the proof of the BPZ equation into an algebraic problem where we search
to cancel the coefficients before each P,Qq.

On the other hand, we can prove directly that real Coulomb gas integrals satisfy BPZ equations. This
is based on the fact that the integrand satisfies BPZ equations (see section 4.3). Furthermore, real Coulomb
gas integrals have the same algebraic development into P,(q as Liouville correlations, but with a different
definition for the quantities P, and Q). This is not a surprising fact from the previous explanation of their
relations. A study of linear independence of this family allows to show that all the coefficients are actually
zero, which means that Liouville correlations satisfy BPZ equations. Remark that we use real Coulomb gas
integrals instead of complex ones in order to avoid the problem of integrating against the singularities.

For the organization of this paper, we will present a detailed proof for Theorem 4.1.9 in section 4.2, and
in 4.2.6 we give the proof of Theorem 4.1.14. Section 4.3 provides an original and elementary proof showing
that the integrand of Coulomb gas integrals satisfy BPZ equations, which implies as a consequence that real
Coulomb gas integrals also satisfy the BPZ equations.

Acknolwedgements: I would first like to thank Rémy Rhodes and Vincent Vargas for making me discover
LCFT. T also very warmly thank Yichao Huang, Joona Oikarinen, Eveliina Peltola, and Guillaume Remy for
many fruitful discussions.

4.2 Proof of the BPZ equations

The subsections 4.2.1 to 4.2.5 are devoted to the proof of the BPZ equations on the sphere. In section 4.2.6 we
will see that the BPZ equations for boundary LCFT can be proved in exactly the same manner as the sphere
case, but without constraint on v since the technical problem is avoided by taking ppuix = O.

4.2.1 Derivatives of correlation functions

We shall first understand how to derive the correlation functions. A proof for the derivative rule is recalled in
the appendix 4.4.

In this subsection, we will consider the correlation functions <Hfi0 Vaye(z1)) with 2o = 2z, a9 = —(r — 1)x.
This is to stay consistent in notations with the later proof of the BPZ equations, but all the results in this
subsection hold true for general values of o and zg. Let 6 : Ry — [0, 1] be a smooth function that equals 0 in
[0,2] and 1 in [1,00) and define f5 = 0(%) a regularization function. We introduce the notations:
Definition 4.2.1. Define for 6 >0, and (z,2z) € Un41:

N N o2
(T Varc(z))s =2¢m2 D3 Ziooi =3 Sloer=23) / e 20 B[ [ gy s e X0 S BXc
1=0 R 1=0

2
% ei‘ue’yc /C 9(1:720)6’7X€<I)7:2LE[X6(I)2

1. -
96(”>dzz]dc, (4.2.1)

w%re we add a regularization around zy while integrating the GMC measure compared to the expression of
(IT)2o Vau,e(z1)) defined in (4.1.7).
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We denote <Hi\io Va, (21))s the limit of (Hl]\io Vay,e(21))s when € goes to 0, which equals

o 05 (x — 20)e?X @ g(x)1 =T Elocig2y £V gai-20
Z(ag, ) H B JE[(/ T - ) C— (4.2.2)
0<i<j<N C [Lizo |z — zi|7ee

The notation « still stands for (aq,...,an). Note that (Hlj\io Va,(21))s converges in the weak topology to
N

(ITizo Veu (21))-

Lemma 4.2.2 (Derivative rule). For (z9,z) € Un41 and 0 <i < N,

N N

N
= e [ Os(y — z)
821<H Oélezl 22 -—]Z Hvozlezl 2 / ( _Z)O < 'ye 1_‘[‘/(,(17 Zl))ady
1=0 o i)e W - [
;e
N
+ 1{1':0}M/C(9z95(y —20)(Vy.,e(y) HVal’ﬁ(Zl)>§d2y7 23
1=0
where 1 1
i -t ) Frds. 4.2.4
Z)e ~/(C~/(C z— 2 +x277 (1'1)77 (1'2) r1d°T9 ( )

Remark 4.2.3. The functions é and (Hi\io Vay,e(21))s are smooth. The only difference in this derivative
rule with [60] is that we take the regularization 0s.

Let us explain briefly how to understand this derivative rule from the expression (4.2.2). There are three

terms. The first comes from the preceding term [, j |z; — z;|~** with regularization. The other two terms

appear whenever we take derivatives on moment of Gaussian multiplicative chaos. We can consider them as
a simple derivative under expectation and then an application of the Girsanov’s theorem. Finally we state an
identity that will be useful:

Lemma 4.2.4 (KPZ Identity). Ford,e >0, the integral [ 05(y—z)(V5,(y) Hi\io Vour.e(21))sd?y is well defined

and N v v
MV/ 05(y — 2)(Vye W) [ [ Vo, z0)sd®y = (O = 2Q)(] [ Ve ()5 (4.2.5)
C 1=0 =0 =0

Remark 4.2.5. When § or € equal 0, it simply means that there is no reqularization. By applying the lemma
multiple times, we obtain in particular that for p > 1, the integral

P P
/ H05 H Yoe(Ys HVOH c(z))sdy
Jj=1 =0

is well defined. An important information to extract from this is the integrability at infinity of the above integral.

Proof. For ¢ >0 and & > 0, by a change of variable ¢/ = 2 “ + ¢, we have

2p—2Q
(T Vo)) = =5 262 DG T 0F -3 T o022

2 2
_ N L 21 _ _ve! YXe(2)— L E[Xe(2)?] - 2
/ 20 {ng 1) B e (Xe(e) )= FEX ()] =™ [ e de(2)d z}dcf_

We obtain the lemma by taking the derivative with respect to p on both sides. The case ¢ = 0 can be obtained
by sending € — 0. O
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In [60], the authors proved that the functions

Vo e(21))

=

N
y = sup(V- W) [ [ Vawe(20) and (z,y) — sup(Vy () Vs ()
1=1 ¢

1

are integrable. The results generalize easily to the case with 5. This fact will be useful later to justify the
convergences.

4.2.2 Repeating patterns

Let us introduce some notations for the terms that will play a central role in the proof of BPZ equations.

Definition 4.2.6. For n € N*, we define

i
M=

3 eenn (4.2.6)

with z = (21, ...,2n). Formn= (ny1,...,ny), note Py =]/~ P,.
LetpeN, and q = (q1,...,q9p) € (N*)?, we define

Qq(z,2) := (@)P/ ﬁww N ﬁ ﬁv (z1))s d%y (4.2.7)
ql\® 9 ot (y; — 2)% (r—1)x (2 1 ay

We also provide an operator Ty, on Qq, with k € N*:

Tqu = qu,-v.,qk+1’...,qp (4~2~8)

Later we will show that proving the BPZ equations is equivalent to a combinatorial problem in the algebra
generated by P, and Qq.

Definition 4.2.7. Denote Rs for an arbitrary term in the functional vectorial space:

D.05(y1 — 2) 1= ? il
Vect| (z,2z) — D Pn/ (1 o H V (r—1)x (2 )HV'Y(yi)HVaL<Zl)>6 d*y|,
cr (Y1 —2) o (yi — 2) Pl e
p
DeLl_(zy),neN"m>0),qeN(p>1), Z ) (4.2.9)

Remark 4.2.8. DRs = R; for all D € L_(z;y).

The reason of introducing fRs(z,2) is that they appear in the calculus of derivatives as perturbation terms
and we want to control these terms. We show that they do not have contribution:

2(r—2)
r—1 7

Proposition 4.2.9. When x = 3 and v € (
weakly to O in the sense of dzstmbutwns as 6 — 0.

2) or when x = % and v € (0,2), Rs(z,2) converges

Proof. We can set D to identity since if we have weak convergence to 0 when D = id, then applying differential
operators from £_(z;z) will not affect its weak convergence to 0. Without loss of generality, we take P, = 1.
It is easy to see that 0,65 is supported in B(0,§)\B(0, g), and [|0.05]|cc < § for a constant ¢ > 0. Then it
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suffices to control

/ 8z95(y1 - Z) ﬁ eé(yi - Z) <V (Z) ﬁv (y) ﬁv (Zl)>6d2y
R —(r—1 2 @
o (=B L (e AT LT L L e
> : - ¥
< J§1-E / / 05(5i — 2)V_ 1y () [T Vi (o) T] V(25 d2y
B(z,0)\B(z,3) JCr—1 Zl_[g * 11;[1 11;[1
(4.2.5) . i 2
< C(aa'%,u)é ! <V7(r71)x(2)v“/(y1)HVQI(21)>5d Y1

B(2,6)\B(z,3)

Consider (z,2z) in a compact of Un41. We take 6y < 1 A min,»; |z; — 2;| A min; |2; — 2|, then

N
(Ve (V3 (1) [ Ve (20))s < lyn = 2| DXZ(=(r = 1)y, 7, H 2 = 2| i

=1 1<J

sup
y'€B(z,00)

S c(aa,% M)'yl - ZI(T_l)’YX'

|z — 2| XX @) g(g) TN i @?y =N ei2e
Bl e T
B(0,1)° [z =o' [Timy | — 27

Then we can bound the whole term by ¢(a, 7, )6~ D"+2=" which converges to 0 when the condition on ~
is satisfied.

O

4.2.3 Recursive formulas

This subsection is devoted to proving a recursive formula that allows to transform the higher BPZ equations
into a combinatorial form. The main result is the following proposition.

Proposition 4.2.10. The following relation holds when n+ n|+|q| < r:

LowPaQq=| Y mittn Z PPui+((n—1)Q— (r— D)x)Pa+2 3 PTJ5 + ((r — Dx — 2(”7_ DIVE

- n :
i i 1=1

S n—1iri n—1i n—1 r—1 n
—ZTP+2T+1+2(—vaiT]. +l= @ EEIX g
2 j= =1

2
n—1 o p n—1
S -5 3 Sn)

i=1 j’'=11i=1

PaQq + Rs (4.2.10)

The recursive relation seems complicated but we will not use directly this expression, what we need is only
the homogeneity of P,Qq. The proposition shows that D, () can be expressed as

DrQo= Y.  Anq(7)PaQq+Rs, (4.2.11)

n,q:|n|+|q|=r
where Ap q(7y) are rational fractions in v and are independent of other parameters (the expression of Ap q(7)
is different when x takes the value 3 or ;) To avoid ambiguity of the definition, we proceed as if the family
(PnQq)n,q is linearly independent and regroup the coefficients to obtain the above equation. In section 4.2.5, we
will prove that: every coefficient A () equals 0. Then by sending d to 0, we have D, (V_ -1, (2) [[, Vo, (21)) =

2
0 in the weak sense. The smoothness of correlation functions allows to conclude the proof for Theorem 4.1.9.
Now we discuss the first step of proving Proposition 4.2.10. It is easy to see that

Pni+n
L_pPaQq=(>_mi 5 )PaQq + PaLnQaq: (4.2.12)

- ng
i i
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Without loss of generality, we can consider P, = 1. Let us first prove an intermediate lemma, which is the
special case where q = O:

Lemma 4.2.11. The following relation holds when n < r:

n—1 n—1
Lon@Qo=( = Yo BiPaci + (0= 1)Q = (r = DX)Pa) Qo +2 Y PiQuos + ((r = Dx -

=1

—Zan it u /W(z,z;yﬁ d?y. (4.2.13)

Remark 4.2.12. For € > 0, the notation (z,2;y)s. stands for (V_(,_1)y.e(2) [Ti=; Vy.e(v:) Hllil Var,e(21))s-

Proof. We will need to use Lemma 4.2.2 for taking derivatives of (V_(,_1)y,c(2 )Hl 1 Vau,e(21))s, and then
tend € to 0 to get the desired relation. Remark that all the convergences in this proof are locally uniform
convergences for (z,z) when ¢ — 0, and it will not be specified.

Let us work with the case n > 2,

a]ozl B (r —1)xa; (n—1)Aq,
Ln ZZ (z; — 2)" Mz — 2j)e Z 2(z; — 2)" (25 — 2) + Z (zj — 2)" (2,2}
Jjo1#j J J
mag / 0s(y —2), . 2
+ 2,2;Y)5,ed
256, PEE
=: Az, 2)se + Be. (4.2.14)
We use a simple identity to calculate lim._,g A and lim._,q B,:
1 1 B "Z‘:l 1 1 (42.15)
(x1 —x9)(xg — 2)" 1 (21 —@2) (27 — 2)7 ! (x1 — 2)t (zg — 2)7 ¢ o

i=1

By symmetry and the above identity,

223 S ZZ 7 - e
; 2(z — 2zj)(z5 — 2) j 2z —zj)(zj —2)" Y 2(z —z5) (2 — 2)"

(n—1)a?

=> PP, i—) — -
; ; A(z; — 2)"

Therefore taking the limit for A, yields

n—1

lim A=~ 3" PP+ (0 - D)@~ (r— 1)x) P

i=1

For B, note that

pye0s(y — 2) 2
B, — / 2,2,Y)5,c d
DD e i e Ak L

S ey vz bsly—2) . S

i=1 j Zjiz)l yiz])ﬁ (yiz) i=1

Here we have used dominant convergence, where we can bound ﬁ < ¢ with ¢ a constant independent of e,
and the function y — sup.(z,z; y)s . is integrable.
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An integration by parts formula (or Stokes formula) gives the following identity:

s (y — 2) . 2
/Z —Z] ) n—1 <z,z,y>5,€d Yy

(y—=z
2(n — 1) s (y — 2) ) 2 . uy0s(y — 2) . )
- /C 20y — )" (2,23Y)s,e dy + ( 1)X/(c?(y—z)”*1(y—z)6< V23 Y)5,e Ay

D.05(y — 2) 5 / (17)?05(x — 2)05(y — 2) o o
+ /72,& ediy—2 2,252, Y)s,e dxdy.
) A 2z y)sedy 2 Hx—y)e(y—2z)"t < s Y

2(n— 1)

The first two terms in the sum converge to ((r —1)x — Q. For the last term, using the integrability of

(w,y) = sup.(z,2;,y)s5,. and by symmetry,

(1)?b5(x = )5y =), .
2/(:2 4($—y)€(y_z)n—l (2,2;2,9)5, d"xd"y

_ Z/ T—y 05(1'—2)95( Z) <Z z: T y>55d2$d2 e ZQ’LTL e
C2

=) =2 a—a

From the above calculus, we deduce that

n—1

i B =2 3 Qi+ (= D~ EUBE ZQWM/Z%() 095 =2) (. i y)s iy,

Sending € to 0 in L_,(z,2)s = Ac(z,2)s5 + Be proves the lemma for n > 2 in the weak derivative sense.
Then it suffices to conclude with the smoothness of correlations. It is not hard to verify the validity for the
case n = 1, which concludes the proof. O

We have shown Proposition 4.2.10 in the special case q = 0 in the previous lemma. The proof for the
general case can then be deduced from this result.

Proof of Proposition 4.2.10. Consider the case n > 2. Let y = (y1,...,¥p) and R > 0. Note that the operator
L_,, commutes with the integral sign in the following expression:

P p

Y 0s(y; — 2) 5 Y 05(y; — 2) 2

Lfnip/ =z y)se dly = ()P L o (z,z5y)s Ay
( 2 ) B(0 R)Pj];[l (y; — 2)% < ) ( 2 ) B(0 R)PE (yj —2)% < >

We introduce the notation

1 =3 (- 8 > (gt ).

=1

This newly defined operator considers y as insertions and applies the corresponding differential operators.
Remark that the value of A, is 1 and we can write

p
1y 0s(y; — 2) 2
(7)10/ %L_n(z,z; y>6,6 d y
2 B(0,R)? U (y; — )%
/L
2

=:Ap,. + Br.. (4.2.16)
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By the previous lemma, when € — 0, flR76 converges to

P

B\ p 05(y; — 2) . () 2

2 (2 [ 05 = 2) 1) (1 5y d2y
27 Iy o (Y —2)%

(p)

—n

in the sense of distributions. This is because the integral can be regarded as integrating LY/ (z,z;y)s, against

a test function of y. From the expression of LY ><z z;y)s (see Lemma 4.2.11) we can see that it does not
introduce any singularity for the integral. Consider for example the integral below:

p
Wy 0s(y; — 2) ; ) 2
(=) / / L (2, 2y)s Ay
27 |JB(o.r)y JB(O,R)P— E (yj —2)u "
We can bound it simply by
1wy, 0s(y; — =)
g [ oot = H n

The above term is well defined and by sending R — oo it converges to 0 for fixed §. Therefore we can write in
the weak sense:

L<p) (2, 2;y)5| d°y.

N . 05 (yj (»)
A= lim Apg= SIS R LP d’y. 4.2.17
Jim Apo = /C H (g — 2y LB (4.2.17)

On the other hand, an integration by parts shows that

- m 05(y; — 2) (%95(% z)  0.05(yi — 2) ) 2 -1
B € — / - 2,4 .ed + 0] [ R P
" soror L Ty =20 N —zpimn ~ (= syt ) (2900 3 5 O (7

where the Or_,o(R™!) comes from the boundary term and can be bounded independently of e. Therefore by
first sending € to 0 and then R — oo, we obtain the limit which equals:

p
B = Z T Qq + Rs. (4.2.18)

i=1

The above arguments show that

MY \p - Os(y; — )zz 2
L_n<2>/cp [ cavlady=A+ B

In the rest of this proof we do not need to take regularizations with 7.. With Lemma 4.2.11, we calculate

A:
L<p> (2,2;¥)s ( Z P(p>Pép> —1)Q — (r— 1)x) P} )Q(m 12 Z P<p>Q<p>
e 2(n=1) 9:05(yp+1 —2) . >
+ ((T 1)X Q Z Qz n—i (yp+1 — Z)n_l <Z7 zy, yp+l>5 d Yp+1,
where

N P P
y22221—2k+22 ) 2:: yj — 2)
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p N

QY (2,2,5) = (Voo (2) [T Vo (i) T Ve (20))s5-

i=1 1=1
Hence

((r=1)Q— (r— )X)Pa+ 23 PTG + ((r — Dy — 2= ypn S

i=1 i=1
P
+ Z < -
j=1

This allows to prove the statement when P, = 1. And as remarked previously, this suffices to prove the
statement for any P,.
Otherwise, one can verify the validity of the formula for the case n = 1. This finishes the proof. O

A~:

n

— n—i (” - 1)’YQ (7“ - 1)’YX n = n—irmi ’72 2 n—irpmi
PiTj +( — )T] + v E Ty Ty — i E E Tj, T; PaQq + Rs.
1

2 2

i= i=1 §/=11i=1

4.2.4 Tllustration with order 2 and 3

We give the commutation relation for L_,, (n > 1), which can be easily verified with Definition 4.1.8:

Lemma 4.2.13. Forn,m > 1
[L,n, L,m] = (m — n)L_(n+m) (4.2.19)

Now we check BPZ equations of order r = 2 and r = 3 with v € (0,2). We will see that the proof of the
BPZ equations becomes rather simple and involves only algebraic simplifications.

<& r = 2: By definition,
Dy = x*L_o+ L%, (4.2.20)

With the help of Proposition 4.2.10, we calculate:
L_1Qo = —xP1Qo + xQ1 + Rs.
By applying the operator L_; to the above equation, we obtain
L?1Qo = (—x P2+ X*P)Qo — 2X*P1Q1 + X* Q1.1 + X(—% +1)Q2 + Rs.

Again by Proposition 4.2.10, we calculate:
1 2
L_5Qo = (P} + ;PQ)QO +2P1Q1 + (x — ;)Qz - Q11+ Rs.
We can verify easily that in DaQo = x2L_2Qo + L%, Qo, all the coefficients before PnQq cancel and therefore
Do@Qo = Rs. This allows to show BPZ equations in the weak sense, we can then conclude with the smoothness

of correlation functions that the equation holds in the strong sense. O

<& r = 3: By definition,

X’ X’ 1
Dy =xX'Log+ g Laloot Lol L2 (4.2.21)
We have by lemma 4.2.19:
Lol y=L_ 1L _o—L_s.
Then we can write
4 X2 2 1.y
Dy = (" = 5 )Los+ La(X"La + 7 L2). (4.2.22)

Using Proposition 4.2.10:

L2,Qo = (—2xP2 + 4*P2)Qo — 8> PiQ1 + 4x*Q11 + 2x(—7x + 1)Q2 + R,
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L_5Qo = (—P] + (i —X)P2)Qo + 2P,Q1 + (2x — %)Qz - Q1,1+ Rs.

Hence

1
(X*L_2 + ZL%)QO = (5 —x*)P2Qo + (x* — %)Q2 + Rs.

X
( 2
We can then write

2

DsQo = (x* = 5)L-sQo + (5 X)) L1 PaQo + (¥ -

) K)L—le + Rs.

2

We mention that when x = 3 and « € (0,1], there is a type of Rs that does not vanish when 6 — 0:

0.05(y — 2) N
AW<V (r— 1)X HVOZZ Z[ 5d2y. (4223)
=1

For this kind of non-vanishing perturbation term, we will write it directly with its expression instead of writing
NRs. In general, there is another type

0:05(y1 — 2) O05(ya — 2)
C2 Y1 — = Yo — 2

N
(V_(r—1)x (2)V- HVal (21))s dy1d>ys
=1

that does not vanish. But thanks to the specific replication we use for D3 (4.2.22), this term will not appear
in the final expression, .

For the other types of perturbation terms, they still converge to 0, and we will keep the notation ER(; With
our calculus, in the expression of D3Q the term (4.2.23) appears only in (y*— 3)L_1Q2 and in (x*— —) _3Qo.
We can find the exact form of the perturbation term in the proof of Proposition 4.2.10. More precisely, we
have

(%‘X )L_1P>Qo + (x* —*) —1Q2
2.2 2
=-(x'- X?) ((;PB —2P1P)Qo + 2P2Q1 +2P1Q2 — 2Q21 + (v — ;)Q3)
N
Yoo Xy [ 0:05(y — 2) 2
=Xy [ B Ay o (20))s d ,
1300 = 3) [ T Ve V) [ Vi + 9%
and
2 2
L_3Qo Z(;P3 — 2P P2)Qo 4 2P2Q1 + 2P1Q2 — 2Q21 + (2x — 5)@3
0.05(y — 2) N
tu Z72<V—(r—l)x(z)v’y(y)HVm (z1))s d2y+m5~
c (-2 =1
When x = 3, we can verify that all the terms cancel and D3Qo = Rs. Especially, the perturbations that we

cannot control cancel among them. When y = %, the term

azeé(y - Z) O
——(V_ Vi ( d?
/(C (yl _ 2)2 < (r— ll;[l i Zl 5 y

converges to 0 by Proposition 4.2.9 and we can keep using the notation Rs for it. Hence we also have D3Qy =
NRs. This finishes the proof for BPZ equations of order 3. O
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4.2.5 Proof of the BPZ equations of order r with real Coulomb gas

According to the previous discussions, the proof of the BPZ equations of order r has been reduced to an alge-
braic problem. Interestingly, real coulomb gas integrals with a degenerate insertion satisfy the same recursive
relations, but without perturbation terms.

Definition 4.2.14. Forz; < --- <z (I >1) and t <t1 < --- <ty (N > 2), we denote the integrand of real
Coulomb gas integrals with degenerate insertions as

M

ajaj

etz = [ —t) I G@-t= ] @-z)"% @22

0<i<j<N 0<i<N,1<s<l 1<s’<s<l

where we denote ag = —(r — 1)x,to =t and by convention (—1)* = '™,

For real Coulomb gas integrals, we will always work with the condition

YON -1 _ YN
2 7 2

(’}/,OéN_l,OéN) S (iR+)3,min{— } > (4.2.25)

It is easy to see that under this condition,

oW (t,t) = / o (t,t;x)dx
7(7‘71)an tN—1<x1 << <tn 7(T71)X7a

is well defined and at least C".
Next we define the equivalent of ()¢ for Coulomb gas integrals.

Definition 4.2.15. Letp € N, and q = (q1,...,¢y) € (N*)?, we define
QP (t,t) := / RP %) 1Y, ot x)dx. (4.2.26)
tNo1<z1 <<z <ty ’

where

RO(t;x) ;:(%)P 3 ﬁ ! (4.2.27)

Ty — )G
1§51<---<sp§lj:1( 53 )

The operator Ty, on Q.(ll) with k € N* is defined as:

T.QY = QL) (4.2.28)

q1y-5qkt+1,..qp°

Remark 4.2.16. By convention Qg) =0 i¢f p > l. Note that in the expression of lel) there is no need for
reqularization Os around x; =t, since we are considering x; > ty_1 >t so that t is not a singularity.

By abuse of notation, when dealing with real variables, L_,, is defined as a real differential operator:
N

1 Ay (n—1)
= = el > . . .
L=8, L_, l§:1 ( e R =T > n>2 (4.2.29)

Then the same recursive relation holds for real Coulomb gas integrals:

Proposition 4.2.17. (P,(t,t) g)(t,t))n’q satisfies Proposition 4.2.10 with no perturbation terms Rs.

Remark 4.2.18. There is no Ry since there is no reqularization 05. The proof follows exactly the same steps
as the proof of Proposition 4.2.10 and there is no need for the regularization n. to help calculate the derivatives.
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The proposition tells in particular that
DOV = Y Mg PaQY, (4.2.30)
n,q:[n|+[q|=r

with the same coefficients An () as introduced in (4.2.11).

To prove BPZ equations, we only need to show that all the A\, () are equal to 0. We know that they
are rational fractions of 7, so it suffices to prove it for an infinity number of values for v € iR,. We show
in the following that real Coulomb gas integrals actually satisfy BPZ equations, which allows to solve the
combinatorial problem, see Proposition 4.2.22.

Lemma 4.2.19. For r € N*, the following differential equation holds:
0
Dof ) altt) =0. (4.2.31)

Remark 4.2.20. Here D, is composed of real differential operators L_,,, see (4.2.29). The proof of this lemma
can be found in section 4.3. Note that this result has been proved by Kytola-Peltola [62] with a fusion technique
in [31]. The fusion technique requires some non trivial manipulations of the Virasoro algebra. We would like
to mention that our proof is purely combinatorial and elementary.

Proposition 4.2.21. Take (v, ) such that (4.2.25) is satisfied. Then the real Coulomb gas integrals verify
BPZ equations of order r. More precisely,

D,C")

—(r—1)x,o

(t,t) = 0. (4.2.32)

Proof. By applying derivation under the integral sign and Stokes Theorem,

l
D.CY ) (bt :/ Do f), et 6 x)dx
No1<z1<--<T1<tnN

= / Dﬁ”fﬁlgrfl)xya(t,t;x)dx,
tny_1<z1 <<z <tn

with DP the operator D, where we replace in its expression the operators L_,, by

1
15) n—1
R T I e > 9.
- ”+S_1< (xs_t)n+($s_t)n> "

By Lemma 4.2.19, D l>f (r—1)x, o(t,t;x) = 0, this shows that D C(lzr Dx, o(t:t) =0.

Proposition 4.2.22. For n,q such that |n|+ |q| = r, the rational function An q(7v) equals 0.

Proof. We will work under the condition (4.2.25) with N sufficiently large. From the above proposition together
with the discussion from the previous subsection, we deduce that

S daMPQY =D (L) =0

n,q:|n|+|q|=r

For simplicity, let us denote ty =t and ozo = —(r — 1)x. We can divide the left hand side of the equation

by the common term [[o., ;< n(t; ti)* , then we have
ey _2
Z P, Z )\n,q(’y)/ Rg)(t;x) H (xs —ti)” 2 H (s — o) Tdx =
n:n|<r q:|g|=r—|n| IN—1<z1 < <zr <ty 0<i<N,1<s<r 1<s<s'<r
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Denote the left hand side by (x). We claim that the function gn((¢;)r+1<i<n) defined by

ml(t)nsen)i= Y ) [ R (t,%)
a:|ql=r—|n| No1<z1 <<z, <tn
Yoy ’YZ;‘: a; 2
11 @s—t) "7 ] Ga=t)" 7 [ (@s—as) Tdx (4.2.33)
r+1<i<N,1<s<r 1<s<r 1<s<s’'<r

equals 0 for all |n| < 7. To see this, suppose that for all 1 <1 < r, a; # 0. We study the asymptotic when
t1,t2,...,t. tend to ¢t simultaneously:

> H (Z tl—t)> gn((ti)rt1<i<n) | (1+0(1))

n:|n|<rj=1

(*)

S Y a(@nae)gm(@rnsien) | S ) (14 0(1)),

. t: — )i
n:[n[<r \n’:nCn’ 1<iy <o < <70 HJ:1( & )

where n C n’ means that n is a sub-tuple of n’ and in particular, when n’ = n,

H;:l )

e ((whzisr) = =07

Since (%) also equals 0, it is not hard to show (it should be done in a certain order) that

Vol <r, Y ewl((@)i<icr)gn (ti)rp1<isn) = 0.

n’:nCn’

The equations above form a linear system with a triangular coefficient matrix with non null values on the
diagonal, hence we will be able to conclude that gn((t;)r+1<i<n) = 0 for all |n| <.
Now we have

DIP Y / RP®x) [ (@we—t) =
tn—1<e1 <<z <tn

a:|g|=r—|n]| r+1<i<N,1<s<r
_ ¥ A2
I[ @ -t [ -wo) Tdx=0.  (4234)
1<s<r 1<s<s'<r
Let us take apqy1 = -+ = ay_92 = —%, note that we can sum over a finite set F,, of values of ¢; for each

r+1<i< N —2to obtain

Z H (xs —t;) = Z Xy ooy, = en(T1, ..., 2). (4.2.35)

t,€E, 1<s<r 1<ii < <in <7

Hence with a sum over (t,11,...,tny—2) € E

I - X B, _,, we can obtain a product of fundamental sym-

metric polynomials: Hj\;il en, (T1,...,7.). Since Zq:\q\:r—m\ An,q(Y )Rél7 (t,x) [T._;(zs —t)" is a symmetric
polynomial in (zs)1<s<r, by the fundamental theorem of symmetric polynomials, when NN is sufficiently large
we can sum up different values of ¢; (r +1 <i < N — 2) to get

/t << <anst
N

1T (@s =t~ ] (as- 2y)" T dx = 0. (4.2.36)

N—-1<i<N,1<s<r 1<s<s’'<r

Ana(M R (t,%) H -
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This implies that for all [n| < r,

> AaMR(tx) =0. (4.2.37)

a:la|=r—|n|

We can easily extend the above equations to all zs different from ¢. Then by a study of asymptotic when x4
tend simultaneously to ¢, we conclude that Ay (y) = 0. O

This finishes the proof of Theorem 4.1.9.

4.2.6 BPZ equations for boundary Liouville theory

Let us illustrate the idea with the degenerate insertion Bf(T,_l)X(t). The correlation function (4.1.21) is holo-
morphic in ¢ in the upper half plane except the points z;. The smoothness in (t,z) in this case has not been
proved, but the method in [73] applies to this case and we will assume this property. Note that the derivative
in L%, should be understood as a complex derivative with respect to t.

If we think heuristically V,,(2;) = B, (%i)Ba; (Z:), we can observe that the things behave very similar to

the sphere case: firstly the form of L  is nothing but L_,, written for the points 2i, Zi, tj, secondly we can

observe the same form of derivative rule that we illustrate below. We use the regularization 7, for the Gaussian
free field X: for x € R

X(0)=2 [ Xtz - )iy,
yeH
and for z;,1 <4 < N, we define for e sufficiently small
Xe(z;) = X *1e.

By abuse of notation, for 1 <i # 7 < N and z,z’ € R, we denote

1 1
(2 = 2))e (22)d2ay A,
(Z - Zj / / Zi— 2j — T +1‘277 (-’171)7’] (1’2) T1d°To
! 1
——} . — ] Lo d?
(x —a7). /IfﬂAﬂx—xl—x1+x2n (21)ne(z2)d“z1d" 22,

1 1
o =2 | | @ (@) d* i ds.
(x_zi)e AﬂAm—Zi—x1+x2n(xl)n (IQ) 14722

For the derivative rules, we have

N
)| (OO EORD
J7
=1

N M

— 67187 [6770%% B’ak e
& 2 -z ; 20— e ; 2(t; = Zk)e (LT Ve ele) [T B5 " (1)

ii#Ek =1 j=1

_’“‘/R2(V7 va . HB“J B (1)) ady,

y*Zk
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and
N M
Oz ([ Ve e e [T BE " (8))
i=1 j=1
;o a;Q Bia N
ik iQk j Ok =154
= = —— +t — + = ;€ (2 B JE (
21:2(22-—216)6 “z#:k 2(zi — Zk)e %:2(tj—zk)e 1_[1 H Bi,
v N M
k M 1,M
o T B Vire(z) [T B 2% (8)mdy.
[ s e 1T (0 L 852

Here the notation B, (y) simply means that inserting y between any ¢; and ¢;41 will keep the same boundary
constant s; on both sides of y.
Similarly, when deriving with respect to ¢;:

N

) e ZZ Bl‘7 15 F"] aliﬁk + aziﬁk: + ﬂ

t H1 i H ; 2(z; — tr)e ; 2(Zi — tr)e ]JZ; 2(t; — tr)e
Bk o

- —_— Vi, e(2i) By —h dy.

/J/~/]R 2(y . tk };[1 i H Bj€ H Y

We observe that the derivative rules behave exactly as if we have insertions z;,%;,¢; on the sphere.
Now we present the analogies of P,Qq:

Definition 4.2.23. For n € N*, we define

N a M
Palt,t;z) = (2(% _Zt)n + 2( ) +Z e _t (4.2.38)

i=1

Letpe N, and q = (q1,-..,qp) € (N*)?, we define

Qq(z,2) = (%)p/ Hﬁ (r— 1))( ll:[le H (2 HB“’ VR () dy (4.2.39)

RP 1 i=1
We keep using the notation Ty for TxQq = Qq,.....q1+1,....q, -

Remark 4.2.24. There is no need for the regularization 65 around t because y; =t is not a singularity when
t is in the upper half plane. Therefore Qq are well defined objects.

From the observations above, one can easily notice the following result:

Proposition 4.2.25. LY with PnQq satisfy Proposition 4.2.10 without perturbation terms Rs.

—n

As a consequence, we can write

N M
DH<B+(T I)X(t)HVai(zi) HBZ;_IM (ti)m = Z Anq(7)PnQq = 0.
i=1 J=1 [n|+|a|=r

Since there is no perturbation term, there is no constraint on . This finishes the proof of Theorem 4.1.14
with the degenerate insertion Bf(ril)x(t). The case with B:(Pl)x(t) is exactly the same, and the case of BPZ
equation with the degenerate insertion V,(r,l)x(z) can also be proved in the same manner. This allows to

conclude the proof for Theorem 4.1.14.
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4.3 BPZ equations for the integrand

Here we provide an elementary proof to show that the integrand of real Coulomb gas integrals satisfy BPZ
equations. This result is the key element to show that real Coulomb gas integrals satisfy BPZ equations.

Proposition 4.3.1. For r € N*, the following differential equation holds:
D, f(t,t) =0, (4.3.1)

where

N
0 iy (r=Dxaoy
)= ety = J[ -ty [[ti-t)

1<i<j<N i=1

and recall that L_,, for real variables are defined by

N
B B b, Ay(n—1)
L.,i=08, L_,= ?:1 ( Gt o) "2 2. (4.3.2)

Ay = GH(Q — F) is the conformal weight.

Proof. First let us transform it into a combinatorial problem as what we have done in section 4.2.3. Let
P,(t,t) = Zfil ﬁ, we can show easily

n—1
L Puf = (Z nP]D—* - L AR+ (- 10Q (- 1>x>Pn> Puf (4.3.3)

As a consequence, D,.f = _ An(7Y)Pn ) f, where An(y) corresponds to Ap q(7v) with g = 0 (see (4.2.11)).
[n|=r N1

Thus we will need to show that all the coefficients A, (7) are zero.

Without loss of generality, we can restrict ourselves to the case N > r. Interestingly, we can largely simplify
the problem if we take another point of view by treating P,(¢,t) as a polynomial of (¢,t) with values in the
algebra C[a]. If we quotient by the relation

V1<i<N,ai=0, (4.3.4)

then we can write

and

- N! [0 7P 6 74
D,.f = An ! = .
HlE T a0 Y mwema e |
m=1 (m,J.r..,rjrk)eN*k 1<ir<.im <N
ni+t-Fng=r

Thus if we can show D, f = 0 under the quotient relation (4.3.4), then by linear independence of functions

(e 7PN e 7]

o, t,t) —
(,t,8) (tiy — )™ .o (b, — )i

we have that A\, (y) = 0 for all |n| =r.
Now we prove D,.f = 0 under the condition (4.3.4). In this setting, the operators L_,, can be rewritten as

N

o Oy, Q(n—1a
Lo,=Y <(t1 —T o t)nl) . (4.3.5)

=1
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By first developing L_,,, f with the formula (4.3.3), we have

N T (X2)r—k
D, f = - : Lo ... L_p,
D D M e e

Li=1k=1n1++ng=r Hj:l 1 ni)(r — i=

r—n)x  (m-1) = azlaz2 1
[<_ 2 i > (t, —t Z Z (t, —)i(ty, — t)m i I (4.3.6)

2x laila#ly i=1

Certain terms with order k and k + 1 (here the order means the number of n;) cancel among themselves,

for example, for fixed (nq,...,n;) and Iy, we consider the following term with order k + 1:
(x>)* 1 (r—ni)x,
3 _ Ly ..L L pr(— ) L f (4.3.7)
k—1 207 (0 T k 2 —n — ]
nh4ny=n, Hj:1( ! —1 i) (r — j —p i) X ny(r —nf) ' 2 (ty, —8)"

If we extract the term that depends on ¢;, in the operator L_,, we have

1 QnY — Doy, > (r—ni)x, oy n(r—m)x  ay,
ll a 77 - 7 - — 9
(it + S o) = O > @0

In this equation we have eliminated all the terms that contain al For example, it is not hard to see that
Ly — atl Q(ny *l)a/lll
(tll—t)"l L 2(ty, —t)"1

W@ll f = 0. The previous calculus shows that if we extract the term —
l

from L_,» in (4.3.7), we can simplify as follows to obtain a term of order &:

(XQ)Tfk 1 o,
- E 0 L_ . L L_ " —7.f
k—1 N no n "
ny+nf=ny H] 1( =1 nl)(r - ng ni) ' 2x (tll - t) 1
2\r—k
X (n1 — 1) o
= ) S S A, S

15 (0 na)(r = o ) 2x  (t, — )™

The last line that we extract from (4.3.7) cancels a term of order k in (4.3.6). Thus, after such cancellations,

D.f = i\’: ET: Z (X2)r—k (- (r— nl)X)L L(J,{ o,
rd — k—1 g‘:l ni) 2 —nyg * —ngy (tll _ t)nl

l1=1k=1n1++np=r HJ i ( 1nz)(7” -
o 1
~ L. Ly “ 2 : : 4.3.8
ot 3 S (1439)
loila#ly i=1
0O ’ Q(n—1)ays
where L/ Zl/;él ( (ty — t’)n T+ 2((tl/—z)7’l' )
Again by fixing (ni,...,nx), we consider the following term of order k + 1:
2\r—k o
Z (x%) 1 (- (r nl)X)L*"k A ) __on 5
2 m (tl1 - t)nl

[ (0 na)(r = Y00, na) X2na (r = nf)

/ 1 _
7L1+n1 =nq

O L
2 [ (o) (r = X ) 2xm1 " 2

l2:l2701 nf+nf =ny

(- (r—nf)x n (ni — 1)) ouy oy . Z allal2ald 1 |7
2 Xty =)t )™ Ly o (t1, — )™ (t1, — )ity — )™
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where in the equality we interchange Lu{,? and Ln,l and then apply (4.3.3) to calculate L%? f- The
ny 1

tll —
terms with ozll or al2 were eliminated. Then we get

" 2\r—k r—mg
D=3 ¥ — j(X) . (—( 2)X)L_nk...L_n3

11 #£ls k=2 ny+-+ng=r Hj:l( 1 na)(r =321 i)

(- (r—mn1 —n2)x n (ng — 1)) oy, oy,
2 2ty =)t — )"

na—1

allal2al3 1
- Z Z tl —t)”l(tl —t) (tl _t)’sz i f (439)

la:lag{l1,l2} =1

Comparing the expression above to the expression (4.3.6), we can proceed with a recurrence. Suppose that we
arrive at the following expression, with 1 < K <r —1:

3 (o) T 1 10X
D= X Y Y gEse , USSP LIS

li,lg: k=K ni+-+ng=r HJ 1 ( 1”1)(7’*21 1 1) j=1

Vil
K
G VL1 G U ST
2 ! (tl' — t)"]‘
j=1*"
A« Ve
— J Simtiss - | f. 4.3.10
Z Z H (tl, — t)”ﬂ' 4(th — t)’(th L t)"K_Z f ( )
lK+1:lK+1¢{l1,...,lK} 1=1 7j=1 J +

We will repeat what we have done from (4.3.6) to (4.3.9) in this general setting. For fixed tuple of

(n1,...,ng,l1,...,lK), consider the following configurations with 1 < L < K
(nla s 7nL—17nlI(anL7 s anK—lvn,I/(a NK+1y--- 7nk)
Remark that if L = K, the decomposition is simply (n1,...,nx—1, "%, "}, nKk+1,...,nk). The new configu-

ration has k + 1 terms and we can find some similar cancellations as previously by investigating the following
term of order k + 1:

S 03+ 1 T (L, ) (e = Y0, )
LE::I n}<+%:nx H;:f (25:1 ni)(r — Zi 1 i) x? HJ L— 1(2{:1 ni +nf)(r — Zﬁ;l n; — ')
1:[( ( — Z;:l nZ)X) | ( (7" — 21_12712 n )X)L—nk o L—nK+1

K—=1 . atl [a%} it (7P (67}
- — - L 2 + L 7 2 L 7
( 2 ) < (tlL _ t)anl (tlL _ t)nK Z H (tl _ t)"J (tlL _ t)nK f

.....

Vwﬁ] l; #l J#L
Remark that this corresponds to the term extracted from (4.3.7). After some simplifications, this equals

2\r—k K n 17742
D 1(’5)“(2 riellp (O ))

At =ng HJ 1 (22ie )H]’;K(T_ J —1 M) 2X L=1 Hj:L—l( 1M + )

Lo Lingyr Y H tl _t f.

Gl Jj=1
Vz;ﬁ] l #l;
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We claim that

K
> i I ( 1) =1, (4.3.11)

K 1
j:L—l( i—1 i + 1)

which is not difficult to prove by induction on K: the case K = 1 is trivial. Suppose that the identity holds
for K = Ky, by induction we consider K = Ky + 1:

K
Z ”KH ( 1”1) _ Zz 1M + Kot =1 (4.3.12)

; K,
L=1 H] =L— 1( 1”2 + 1) Zz 1”1+”K0+1 D s ni—i—n’KOH

where we separate the sum in to Zfil +> Kot1- Therefore we can further simplify the expression above
for the term of order k + 1, which equals now

K—-1

O Z 1 T)X K*l
-3 e : )L_nk...L_nKH H G _t
Lol IT5= i ma)(r = 325 i) j:l (t;
ViFEj,li Al

The last line cancels a term of order k in (4.3.10). Therefore, after canceling the terms, we arrive at an
expression which is the analogue of (4.3.8)

T . K—-1 j
()" (r— 2211 mi)X
D.f = Z Z Z k1 ' (= = )
Iyl k=K nit+-+ng=r Hj:l( ! —ina)(r — 23:1 n;) j=1 2
Vil

K K
Ly, ... LU0 (= 20imy mi)X 2 S
(- s

—NK+41

ng—1 [K-1

A, Al Qg4
; : : 4313
Z Z H (tlj =) ) At — ) by, —t)E 0 f ( )

lK+1:lK+1¢{l1,...,lK} i=1 _]:1

The last step is to develop the operator LY % ) exactly as what we did to (4.3.8) and we will obtain

—NK 4+

Df= Y, ) > H@—11<ZJ_'(X ?)(r S H(*(r — Zézl ni)X)

Iyl 1 k=K +1ni+-Fngp=r 174 17) j=1
Vil
K+1 K
L L (— (r—>Ji=1 m)x | (nxg1—1) H Qi
g Lengys
* 2 2y = (ty, —t)ms
ng+1—1 [ K o ay a;

_ J I.(+1 K+2 ' f 4314

: Z ; 1;[ (tlj - t)nJ 4(th+1 - t)z(th+2 — t)"KJrl_z ( )

Ikt2ilkt2@{l1,lryp1} =1 j=1

This allows us to go from K to K +1 in the statement (4.3.10). When K grows tor,asn; = 1forall1 <i<r
and Y ._, n; = r, we obtain

D, f=0 (4.3.15)

under the condition (4.3.4). By discussions at the beginning of the proof, this allows to conclude that A, (y) =0
for all |n| = r, hence D,.f = 0 in the general setting. O



4.4. APPENDIX: PROOF OF THE DERIVATIVE RULE 149

4.4 Appendix: Proof of the derivative rule

Let us first recall the Gaussian integration by parts formula:

Lemma 4.4.1 (Gaussian integration by parts). Let (Y1,Y2) € R x R d > 1 a centered Gaussian vector, and
# € C°(R?) a function that decays faster than any polynomials at infinity. Then,

E[Y1¢(Y2)] = E[Y1Y2]E[Vé(Y2)] (4.4.1)
Proof. Let (\, ) € R x R?, we calculate

2
A EYP A E[Y1Ya]+ 4 pVar(Ya) p

E[eAYlJr;rYQ] —e 2

Taking the derivative with respect to A and evaluate at A = 0, we obtain:
E[Vie" ] = p- B[Y;Yy]ed #Vor2n
This proves the forumla for the function ¢(y) = e#*'¥. We then conclude with an argument of density. O

To calculate derivatives of the correlation functions, we will need a "continuous” version of Gaussian
integration by parts, where Y5 is now of infinite dimension:

Lemma 4.4.2. Let € > 0 and f a smooth test function with compact support. Denote X (f) = (X, f), we have

N N
XA [ Voo = 3~ auBIX (F) X (2]
=0 =0

—/W/% — 20)E[X (f) X HVal,e (21))sd?y

=

Vau,e(21))s

N
I
=)

(4.4.2)

This result can be obtained from the previous Gaussian integration by parts formula by discretizing the
Gaussian multiplicative chaos measure. Consider a function f such that f«: f = 0. By definition, we have for
e >0and z € C,

BLX(X.(a)] = £+ C@) = 7 [ i) /)ty

where C. = In ﬁ * 7. Recall that n. = E%n(li—f) with 7 supported in [%, 1]. Then by the Gaussian integration
by parts formula,

=

(X 4+ g)(f) ]| Vare(2))s

Il
=]

=

N N
=Y (LT Voo =7 [ 05y = 201+ Cln) (V) [T Vil
=0 =0 =0
1 o 2 al il / / - 2,/
#3 [ma0d(ee = o [ Vastets + /C 0514/ = 20) (Vo) T Vew.lenlody )

2

N
—Zazf*c z1) H e (21) 5—/17/95 —20)f * Ce(y W) [T Vare(21))sd?y,

(=)

where in the last equality we used the KPZ identity (4.2.5) to help the cancellation. Now we take f = 0,n(z;—).
Note that for 1 <i < N,

a2 . a?
821 (ge(zi)Aa‘i eaiXC(Zi);E[XE(Zi)Z]) = OZiazi (XE(Z’L) + %lnge(m)) ge( )A% e XE(Zi)iT”E[XE(Zi)ﬂ

a2
= (X 4 DI g)(f) gelz) B e KO- FENC
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Hence for 1 <i < N,

N

azi <H Val € Zl
=0

e N _ yas [ 0s(y — 20) N
Gy i — <0
2z, — =, (L Vel =5 LG v WY Gty

M\MZ

When ¢ = 0, there is an additional term coming from the derivative of the regularization 6s(y — zg), which
gives

N
/8 95 - ZQ '\/e HVQL;E 5d Y,

=0

this concludes the proof for the derivative rule 4.2.2.



Bibliography

Alday L. F., Gaiotto D., Tachikawa Y.: Liouville Correlation Functions from Four-dimensional Gauge
Theories, arXiv:0906.3219.

Alvarez O.: Theory of strings with boundaries: fluctuations, topology and quantum geometry, Nucl. Phys.,
B216: 125-184 (1983).

Andrews G.E., Askey R., Roy R.: Special functions, Enclyclopedia of Mathematics and its Applications,
volume 71, (1999).

Arguin L.P.: Extrema of log-correlated random variables: principles and examples, arXiv:1601.00582.

Arguin L.P.; Belius D., Bourgade P.: Maximum of the Characteristic Polynomial of Random Unitary
Matrices, Commun. Math. Phys., Volume 349, Issue 2, pp 703-751, (2017).

Aru J., Powell E., Septlveda A.: Critical Liouville measure as a limit of subcritical measures,
arXiv:1802.08433.

Bacry E., Kozhemyak A., Muzy J.F.: Continuous cascade models for asset returns, Journal of Economic
Dynamics and Control 32 (1), 156-199 (2008).

Bacry E., Kozhemyak A., Muzy J.F.: Log-Normal continuous cascades: aggregation properties and esti-
mation. Application to financial time-series, Quantitative finance 13 (5), 795-818 (2013).

Bacry E., Muzy J.-F.: Log-infinitely divisible multifractal random walks, Commun. Math. Phys., 236:
449-475 (2003).

Belavin A.A., Polyakov A.M., Zamolodchikov A.B.: Infinite conformal symmetry in two-dimensional quan-
tum field theory, Nuclear. Physics., B241, 333-380, (1984).

Benoit L., Saint-Aubin Y.: Degenerate conformal field theories and explicit expressions for some null
vectors. Physics Letters B, 215(3), 517-522 (1988).

Berestycki, N.: An elementary approach to Gaussian multiplicative chaos. Electronic communications in
Probability, 22 (2017).

Berestycki N., Webb C., Wong M.D.: Random hermitian matrices and Gaussian multiplicative chaos,
arXiv:1701.03289.

Bilal A., Ferrari F.: Multi-loop zeta function regularization and spectral cutoff in curved spacetime,
arXiv:1307.1689.

151



152

[33]
[34]

[35]

BIBLIOGRAPHY

Bilal A., Ferrari F., Klevtsov S.: 2D Quantum Gravity at One Loop with Liouville and Mabuchi Actions,
arXiv:1310.1951.

Biskup M., Louidor O.: Extreme local extrema of two-dimensional discrete Gaussian free field, Commun.
Math. Phys. 345, no. 1: 271-304, (2016).

Chhaibi R., Madaule T., Najnudel J.: On the maximum of the CSE field, arXiv:1607.00243.

Ding J., Roy R., Zeitouni O.: Convergence of the centered maximum of log-correlated Gaussian fields,
arXiv:1503.04588.

David F.: Conformal field theories coupled to 2-D gravity in the conformal gauge, Mod. Phys. Lett. A, 3:
1651-1656 (1988).

David F., Kupiainen A., Rhodes R., Vargas V.: Liouville quantum gravity on the Riemann sphere, Com-
mun. Math. Phys., 342: 869-907 (2016).

David F., Rhodes R., Vargas V.: Liouville quantum gravity on complex tori, J. Math. Phys., 57: 022302
(2016).

D’Hoker E., Kurzepa P. S.: 2-D quamtum gravity and Liouville theory, Mod. Phys. Lett. A, Vol.5, No. 18
1411-1421 (1990).

D’Hoker E., Phong D. H.: The geometry of string perturbation theory, Reviews of Modern Physics, Vol.
60, No.4, October (1988).

Distler J., Kawai H.: Conformal field theory and 2D quantum gravity, Nucl. Phys., B321: 509-517 (1989).

Dorn H., Otto H.-J.: Two and three point functions in Liouville theory, Nuclear Physics B, 429 (2),
375-388 (1994).

Dotsenko V. S., Fateev V. A.: Conformal algebra and multipoint correlation functions in 2D statistical
models. Nuclear Physics B, 240(3), 312-348 (1984).

Dotsenko V. S., Fateev V. A.: Four-point correlation functions and the operator algebra in the 2D con-
formal invariant theories with the central charge C' < 1. Nuclear Physics B, 251, 691-734 (1985).

Dubédat J.: SLE and the Free Field: partition functions and couplings, Journal of the AMS, 22(4):
995-1054 (2009).

Dubédat J.: Euler integrals for commuting SLEs, arXiv:math/0507276.
Dubédat J.: SLE and Virasoro representations: localization, arXiv:1312.1562.

Dubédat J.: SLE and Virasoro representations: fusion. Commaunications in Mathematical Physics, 336(2),
761-809 (2015).

Duchon J., Robert R., Vargas, V.: Forecasting volatility with the multifractal random walk model. Math-
ematical Finance: An International Journal of Mathematics, Statistics and Financial Economics, 22(1),
83-108 (2012).

Duplantier B., Miller J., Sheffield S.: Liouville quantum gravity as a mating of trees, arXiv:1409.7055.

Duplantier B., Rhodes R., Sheffield S., Vargas V.: Critical Gaussian multiplicative chaos: convergence of
the derivative martingale, Annals of Probability vol 42, Number 5, 1769-1808, (2014).

Duplantier B., Rhodes R., Sheffield S., Vargas V.: Renormalization of Critical Gaussian Multiplicative
Chaos and KPZ formula, Commun. Math. Phys., Volume 330, Issue 1, pp 283-330, (2014).



BIBLIOGRAPHY 153

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[46]

[47]

[48]

[49]

[50]
[51]

[52]

[53]

[54]

[55]

Duplantier B., Sheffield S.: Liouville quantum gravity and KPZ, Inventiones Mathematicae 185(2): 333-
393 (2011).

Fateev V., Zamolodchikov A., Zamolodchikov A.: Boundary Liouville field theory I. Boundary state and
boundary two-point function. arXiv preprint hep-th/0001012.

Fateev V. A.) Litvinov A. V.: Coulomb integrals in Liouville theory and Liouville gravity. JETP letters,
84(10), 531-536 (2007).

Fateev V. A.; Litvinov A. V.: Multipoint correlation functions in Liouville field theory and minimal
Liouville gravity. Theoretical and Mathematical Physics, 154(3), 454-472 (2008).

Forrester P.J., Ole Warnaar S.: The importance of the Selberg integral, Bulletin of the American Mathe-
matical Society, Vol. 45, No. 4, 489-534, (2008).

Fyodorov Y.V., Bouchaud J.P.: Freezing and extreme value statistics in a Random Energy Model with
logarithmically correlated potential, Journal of Physics A: Mathematical and Theoretical, Volume 41,
Number 37, 372001 (2008).

Fyodorov Y.V., Hiary G., Keating J.: Freezing Transition, Characteristic Polynomials of Random Matrices,
and the Riemann Zeta Function, Phys. Rev. Lett. 108, 170601 (2012).

Fyodorov Y.V., Keating J.: Freezing transitions and extreme values: random-matrix theory, ¢ (% +it) and
disordered landscapes. Phil. Trans. Roy. Soc. A. vol. 372, 20120503 (2014).

Fyodorov Y.V., Le Doussal P.: Moments of the position of the maximum for GUE characteristic polyno-
mials and for log-correlated Gaussian processes, J. Stat. Phys. Volume 164, pp 190-240, July (2016).

Fyodorov Y.V., Le Doussal P., Rosso A.: Statistical Mechanics of Logarithmic REM: Duality, Freezing
and Extreme Value Statistics of 1/f Noises generated by Gaussian Free Fields, J. Stat. Mech. P10005
(2009).

Fyodorov Y.V., Simm N.J.: On the distribution of the maximum value of the characteristic polynomial
of GUE random matrices, Nonlinearity 29 (9), 2837-2855 (2016).

Gawedzki K.: Lectures on conformal field theory. In Quantum fields and strings: A course for mathemati-
cians, Vols.1,2 (Princeton, NJ, 1996/1997), 727-805. Amer. Math. Soc., Providence, RI (1999).

Ghosal P., Remy G., Sun X., Sun Y.: Probabilistic conformal blocks for Liouville CFT on the torus,
arXiv:2003.03802 (2020).

Guillarmou C., Rhodes R., Vargas V.: Polyakov’s formulation of 2d bosonic string theory, Publ. math.
IHES (2019) 130: 111, https://doi.org/10.1007/s10240-019-00109-6.

Hadasz L., Jaskolski Z., Suchanek P.: Modular bootstrap in Liouville field theory, arXiv:0911.4296.

Harlow D., Maltz J., Witten E.: Analytic continuation of Liouville theory, J. High Energ. Phys. T1,
https://doi.org/10.1007/JHEP12(2011)071 (2011).

Hosomichi K.: Bulk-boundary propagator in Liouville theory on a disc, Journal of High Energy Physics,
Volume 2001, JHEP11 (2001).

Huang Y., Rhodes R., Vargas V.: Liouville Quantum Gravity on the unit disk. Annales de I’Institut Henri
Poincaré, Probabilités et Statistiques, Vol. 54, No. 3, pp. 1694-1730 (2018).

Huang Y.: Path integral approach to analytic continuation of Liouville theory: the pencil region. arXiv
preprint arXiv:1809.08650.

Huber S.: Modular invariance and orbifolds, Proseminar in theoretical physics ETH Zurich, (2013).



154

[59]
[60]

[61]

[66]

[67]
[68]
[69]

[70]
[71]

[72]
73]

[74]

[75]

[76]

[77]

BIBLIOGRAPHY

Kahane J.-P.: Sur le chaos multiplicatif, Ann. Sci. Math. Québec, 9(2), 105-150 (1985).

Kaneko J.: Selberg integrals and hypergeometric functions associated with Jack polynomials, SIAM J.
Math. Anal., Vol. 24, No. 4, pp. 1086-1110, July (1993).

Knizhnik V. G., Polyakov A. M., Zamolodchikov A. B.: Fractal structure of 2D quantum gravity, Modern
Phys. Lett. A, 3(8), 819-826 (1988).

Kupiainen A.: Constructive Liouville conformal field theory, arXiv:1611.05243.

Kupiainen A., Rhodes R., Vargas V.: Local conformal structure of Liouville quantum gravity. Communi-
cations in Mathematical Physics, 371(3), 1005-1069 (2019).

Kupiainen A., Rhodes R., Vargas V.: Integrability of Liouville theory: proof of the DOZZ Formula. Annals
of Mathematics, 191(1), 81-166 (2020).

Kytola K., Peltola E.: Conformally covariant boundary correlation functions with a quantum group. arXiv
preprint arXiv:1408.1384.

Lacoin H., Rhodes R., Vargas V.: Path integral for quantum Mabuchi K-energy, to appear.

Lambert G., Ostrovsky D., Simm N.: Subcritical multiplicative chaos for regularized counting statistics
from random matrix theory, arXiv:1612.02367.

Mandelbrot B. B.: Possible refinement of the log-normal hypothesis concerning the distribution of energy
dissipation in intermittent turbulence, Statistical Models and Turbulence, Lecture Notes in Physics 12,
Springer, New York, p. 333, (1972).

Mandelbrot B. B.: Limit lognormal multifractal measures, Frontiers of Physics: Landau Memorial Con-
ference, Pergamon, New York, p. 309 (1990).

Martinec E. J.: The annular report on non-critical string theory, arXiv:hep-th/0305148.
Maulik D., Okounkov A.: Quantum Groups and Quantum Cohomology, arXiv:1211.1287.

Mavromatos N. E., Miramontes J. L.: Regularizing the functional integral in 2D quantum gravity, Modern
Phys. Lett. A, 04 1847 (1989).

Melnikov Y. A.: Green’s functions and infinite products, Birkhauser (2010).

Miller J., Sheffield S.: Liouville quantum gravity and the Brownian map I: The QLE(8/3,0) metric,
arXiv:1507.00719.

Nakayama Y.: Liouville field theory - a decade after the revolution, arXiv:hep-th/0402009.

Oikarinen J.: Smoothness of Correlation Functions in Liouville Conformal Field Theory. Annales Henri
Poincaré, Vol. 20, No. 7, pp. 2377-2406 (2019).

Ostrovsky D.: Functional Feynman-Kac equations for limit lognormal multifractals, J. Stat. Phys. 127,
935-965 (2007).

Ostrovsky D.: Intermittency expansions for limit lognormal multifractals, Lett. Math. Phys. 83, 265-280
(2008).

Ostrovsky D.: Mellin transform of the limit lognormal distribution, Commun. Math. Phys., 288: 287-310
(2009).

Ostrovsky D.: Selberg integral as a meromorphic function, Int. Math. Res. Not., No. 17, pp. 3988-4028
(2013).



BIBLIOGRAPHY 155

Ostrovsky D.: On Barnes beta distributions and applications to the maximum distribution of the 2D
Gaussian free field, J. Stat. Phys. 164, 1292-1317, (2016).

Ostrovsky D.: A review of conjectured laws of total mass of Bacry-Muzy GMC measures on the interval
and circle and their applications, arXiv:1803.06677.

Paquette E., Zeitouni O.: The maximum of the CUE field, arXiv:1602.08875.
Polchinski J.: Evaluation of the one loop string path integral, Commun. Math. Phys., 104: 37-47 (1986).
Polyakov A. M., Quantum geometry of bosonic strings, Phys. Lett., 103B: 207-210 (1981).

Ponsot B., Teschner J.: Clebsch-Gordan and Racah-Wigner coefficients for a continuous series of repre-
sentations of U(q)(sl(2,R)), Commun. Math. Phys., 224, 613 (2001).

Ponsot B., Teschner J.: Boundary Liouville field theory: boundary three point function, Nuclear Physics
B, Vol 622, Issues 1-2, pp 309-327 (2002).

Ponsot B.: Recent progress in Liouville field theory, International Journal of Modern Physics A, World
Scientific Publishing, 1952, pp. 311-335 (2004).

Powell E.: Critical Gaussian chaos: convergence and uniqueness in the derivative normalisation,
arXiv:1704.06058.

Remy G.: Liouville quantum gravity on the annulus, arXiv:1711.06547.

Remy G.: The Fyodorov-Bouchaud formula and Liouville conformal field theory. Duke Mathematical
Journal (2019).

Remy G., Zhu T.: The distribution of Gaussian multiplicative chaos on the unit interval. arXiv preprint
arXiv:1804.02942.

Remy G., Zhu T.: Integrability of boundary Liouville conformal field theory. arXiv preprint
arXiv:2002.05625.

Ribault S.: Conformal field theory on the plane, arXiv:1406.4290.

Rhodes R., Vargas V.: Gaussian multiplicative chaos and applications: a review, Probability Surveys, 11:
315-392 (2014).

Rhodes R., Vargas V.: Lecture notes on Gaussian multiplicative chaos and Liouville quantum gravity, to
appear in Les Houches summer school proceedings, arXiv:1602.07323.

Rhodes R., Vargas V.: The tail expansion of Gaussian multiplicative chaos and the Liouville reflection
coefficient, arXiv:1710.02096.

Saksman E., Webb C.: The Riemann zeta function and Gaussian multiplicative chaos: statistics on the
critical line, arXiv:1609.00027.

Sandier E., Serfaty S.: 2D Coulomb gases and the renormalized energy, Ann. Probab., 43(4): 2026-2083
(2015).

Santachiara R., Viti J.: Local logarithmic correlators as limits of Coulomb gas integrals, arXiv:1311.2055.
Sarnak P.: Determinants of Laplacians, Commun. Math. Phys., 110: 113-120 (1987).

Seiberg N.: Notes on quantum Liouville theory and quantum gravity. Progress of Theoretical Physics
Supplement, 102, 319-349 (1990).



156 BIBLIOGRAPHY

[100] Subag E., Zeitouni O.: Freezing and decorated Poisson point processes, Commun. Math. Phys., Volume
337, Issue 1, pp 55-92, (2015).

[101] Teschner J.: On the Liouville three point function, Phys. Lett. B 363, 65-70 (1995).
[102] Teschner J.: Remarks on Liouville theory with boundary, arXiv:hep-th/0009138.
[103] Vargas V.: Lecture notes on Liouville theory and the DOZZ formula. arXiv preprint arXiv:1712.00829.

[104] Webb C.: The characteristic polynomial of a random unitary matrix and Gaussian multiplicative chaos,
Electron. J. Probab. 20, no. 104, 1-21, (2015).

[105] Weisberger W. I.: Conformal invariants for determinants of Laplacians on riemann surfaces, Commaun.
Math. Phys., 112: 633-638 (1987).

[106] Williams D.: Path decomposition and continuity of local time for one-dimensional diffusions, I, Proceed-
ings of the London Mathematical Society s3-28 (4), 738-768 (1974).

[107) Wong M.D.: Universal tail profile of Gaussian multiplicative chaos, Probability Theory and Related Fields,
Feb (2020) DOI: 10.1007/s00440-020-00960-3.

[108] Zamolodchikov A.B., Zamolodchikov A.B.: Structure constants and conformal bootstrap in Liouville field
theory, Nuclear Physics B, 477 (2), 577-605 (1996).

[109] Zamolodchikov A.: Higher equations of motion in Liouville field theory. International Journal of Modern
Physics A, 19(supp02), 510-523 (2004).

[110] Zhu T.: Higher order BPZ equations for Liouville conformal field theory. arXiv preprint arXiv:2001.08476.



RESUME

Cette these de doctorat porte sur I'étude de deux objets probabilistes, les mesures de chaos multiplicatif
gaussien (GMC) et la théorie conforme des champs de Liouville (LCFT). Le GMC fut introduit par Kahane en
1985 et il s'agit aujourd'hui d'un objet extrémement important en théorie des probabilités et en physique
mathématique. Tres récemment le GMC a été utilisé pour définir les fonctions de corrélation de la LCFT, une
théorie qui est apparue pour la premiére fois en 1981 dans le célebre article de Polyakov, "Quantum geometry of
bosonic strings".

Grace a ce lien établi entre GMC et LCFT, nous pouvons traduire les techniques de la théorie conforme des
champs dans un langage probabiliste pour effectuer des calculs exacts sur les mesures de GMC. Nous partons
des équations de BPZ pour LCFT, introduite par Belavin, Polyakov et Zamolodchikov en 1983. Le méchanisme
de ces équations sera étudié vers la fin de cette thése et nous prouvrons les équations de BPZ d'ordre
supérieure avec un formalisme général.

En développant les méthodes probabilistes établies par Kupiainen-Rhodes-Vargas pour la résolution des
équations de BPZ et en traitant plusieurs difficultés majeures, nous obtiendront des relations non triviales sur les
objets fondamentaux du LCFT. Plus précisément, nous prouvrons les formules exactes pour toutes les
constantes de structure du LCFT sur le disque avec la constante cosmologique nulle a l'intérieur du disque, dont
une parmi ces quatre a été résolue par Remy en 2017. Comme cas particulier, nous trouverons la distribution de
la masse totale du GMC sur l'intervalle avec des log-singularités placées en deux extrémités, qui a été
conjecturé indépendamment par Ostrovsky et par Fyodorov, Le Doussal, et Rosso en 2009. Une autre
conséquence directe est la loi de la masse totale du GMC sur le cercle avec log-singularité en 1, conjecturé par
Ostrovsky en 2016.

MOTS CLES : Chaos multiplicatif gaussien, Théorie de Liouville, Théorie conforme des champs, Equations de
BPZ

ABSTRACT

Throughout this PhD thesis we will study two probabilistic objects, Gaussian multiplicative chaos (GMC) measures
and Liouville conformal field theory (LCFT). The GMC measures were first introduced by Kahane in 1985 and
have grown into an extremely important field of probability theory and mathematical physics. Very recently GMC
has been used to give a probabilistic definition of the correlation functions of LCFT, a theory that first appeared in
Polyakov's 1981 seminal work, "Quantum geometry of bosonic strings".

Once the connection between GMC and LCFT is established, one can hope to translate the techniques of
conformal field theory in a probabilistic framework to perform exact computations on the GMC measures. We start
from the BPZ equations for LCFT, introduced by Belavin, Polyakov and Zamolodchikov in 1983. The mechanism
of these equations is studied in the last part of this thesis and we prove the higher order BPZ equations with a
general formalism.

Following the probabilistic methods established by Kupiainen-Rhodes-Vargas for the resolution of the BPZ
equations and after overcoming several major difficulties, we obtain non trivial relations for some fundamental
objects of LCFT. More precisely, we prove the exact formulas for all the four structure constants of LCFT on the
disk with null cosmological constant in the bulk, one of which was solved by Remy in 2017. As a special case, we
find the distribution of the total mass of GMC on the interval with log-singularities put on both ends, a conjecture
that has been independently predicted by Ostrovsky and by Fyodorov, Le Doussal, and Rosso in 2009. Another
direct consequence is the law of the total mass of GMC on the unit circle with a log-singularity, conjectured by
Ostrovsky in 2016.

KEYWORDS : Gaussian multiplicative chaos, Liouville field theory, Conformal field theory, BPZ equations
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