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Complex Gaussian multiplicative chaos

Hubert Lacoin ', Rémi Rhodes 12, Vincent Vargas 2

Abstract

In this article, we study complex Gaussian multiplicative chaos. More precisely, we study
the renormalization theory and the limit of the exponential of a complex log-correlated Gaus-
sian field in all dimensions (including Gaussian Free Fields in dimension 2). Our main working
assumption is that the real part and the imaginary part are independent. We also discuss ap-
plications in 2D string theory; in particular we give a rigorous mathematical definition of
the so-called Tachyon fields, the conformally invariant operators in critical Liouville Quantum
Gravity with a ¢ = 1 central charge, and derive the original KPZ formula for these fields.

Key words or phrases: Random measures, complex Gaussian multiplicative chaos, tachyon fields, multifractal.

Contents

1 Introduction
1.1 Previous related works . . . . . . . ...
1.2 Content of the paper . . . . . . . . . . e
1.3 Applications in 2D-string theory . . . . . . . . . . .. . ... .. ..o
1.4 Chodos-Thorn/Feigin-Fuks Theory . . . . . . ... ... ... ... ... ......

2 Setup
2.1 Examples . . . . . e e
2.2 Notations . . . . . . . e e e e e e
2.3 A toolbox of useful results . . . . . . . ...

3 Study of phase I and its I/II boundary
3.1 Study of the inner phase . . . . . . . . . . . ...
Analysis of the capacity . . . . . . . . . .
3.2 Phase transition I/IT . . . . . . . . ...
Analysis of the capacity . . . . . . . . . .

4 Study of the phase III and its I/III and II/III boundaries
4.1 Results and organization of the proofs . . . . . . . ... ... ... ... ......
4.2 Thesecond moments . . . . . . . . . . ... e e e
4.3 Proof of Lemma 4.8 . . . . . . ... e
4.4 Proof of Proposition 4.6 . . . . . . . . ...
4.5 Proof of Theorem 4.2 and 4.3 . . . . . . . . . . . . . e

Université Paris-Dauphine, Ceremade, F-75016 Paris, France.
2Partially supported by grant ANR-11-JCJC CHAMU

11
11
16
17
18



C

1

Conjectures 35

5.1 Reminder: conjectureson B =0 . . . . . . . ... 35
5.2 Conjectures on the inner phase IT . . . . . . ... ... ... ... ... .. ... .. 35
53 Triple point . . . . . . . . L 36
5.4  Continuity in dimension 1 of the limiting process in the frontier I/II . . . . . . .. 36
Gaussian Free Fields 36
6.1 Massive Gaussian Free Field in the plane . . . . . ... ... ... .. ... .... 37
6.2 Gaussian Free Field on planar bounded domains . . . . . .. .. ... ... .... 37
Phase I and frontier I/IT . . . . . . . . . . .. ... 39
Gaussian Free Field on planar bounded domains: another approach in phase I and
frontier I/TT . . . . . . . L oo 40
Phases IT and III, frontier I/IIT and II/IIT . . . . . .. .. ... ... ... ... .. 42
Other GFFs . . . . . . . e 45
Applications in 2D-string theory 47
7.1 Introduction . . . . . . . . . . . e e 47
7.2 Conformal Field theory with central charge c=1 . ... . ... ... ... ..... 48
7.3 CFT with central charge ¢ =1 coupled to gravity . . . . . .. ... .. ... .... 49
The special point y=2,8=0. . . . . . . . . . e 49
Tachyons within phase I and frontier I/IT . . . . . .. ... ... ... ... .... 49
KPZ formula for the tachyon fields . . . . . . ... ... ... .. ... .. ..., 50
Further comments on the special point vy =2,6=0. . .. .. ... ......... 51

7.4  Chodos-Thorn/Feigin-Fuks Theory: Gaussian Free Field with a background charge 51

Control of moments of order 2k 53
A.1 Optimal matching between two finite sets in R% . . . . . . . ... ... ... ... . 53
A.2 Proof of proposition A.1 for matching indices k =%k . . . ... . ... ... ..., 54
A3 Proof of Lemma A.3 . . . . . . .. 57
A4 Thecase k < k' . . . . 58
A5 Proof of (A2) . . . o 59
Differentiability of Gaussian processes 60
Auxiliary results of section 6 61
Introduction

In dimension d, a real Gaussian multiplicative chaos is a random measure on a given domain D
of R? that can be formally written, for any Borel set A C D as:

M7 (A) = / eVX(:v)—ﬁE[XZ(I)] dz, (1.1)
A

where dz stands for the Lebesgue measure on D (or more generally any Radon measure instead
of dz: see [49] for a recent review on Gaussian multiplicative chaos) and X is a centered Gaussian
distribution possessing a covariance kernel of the form:

E[X (2)X ()] = Iny Tim + gz, ), (12)
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with Iny (u) = max(lnw,0) and ¢g a continuous function over D x D. The covariance kernel
thus possesses a singularity along the diagonal and it is clear that giving sense to (1.1) is not
straightforward (how do you define the exponential of a distribution?). The standard approach
consists in applying a “cut-off 7 to the distribution X, that is in regularizing the field X in order
to get rid of the singularity of the covariance kernel and get a nicer field. The regularization
usually depends on a small parameter, call it ¢, that stands for the extent to which the field has
been regularized. The measure (1.1) is naturally understood as the limit of the random measures:

M(A) = / X @)= BXE@)] gy (1.3)
A

when the regularization parameter ¢ goes to 0. It is well known [35, 3, 49] that this procedure
produces non trivial limiting objects when the real parameter -y is strictly less than some critical
value v, = v/2d.

The critical case, i.e. ¥ = ., has been investigated in [22, 23]. An extra renormalization term
is necessary to obtain a random measure M’ . This limiting measure is also called the derivative
Gaussian multiplicative chaos because it can also be obtained by differentiating (1.1) with respect
to the parameter ~:

2
M'(A) = lim [ (1 B[X2()] — X.(x))e X0 FEN@] gy, (1.4)
A

This object has recently received much attention because of its fundamental role in analyzing the
behaviour of the maximum of log-correlated Gaussian fields. The reader is referred to the papers
[10, 9, 43] for substantial recent advances on this topic. The super-critical case v > 7. is still
open but some conjectures are stated in [6, 22, 49], based on recent results [8, 42, 56] obtained in
simpler but related models (see Section 5).

Standard theory of Gaussian multiplicative chaos has found many applications in finance,
Liouville Quantum Gravity or turbulence (see [49] and references therein). Yet, the need of un-
derstanding the renormalization theory of Gaussian multiplicative chaos with a complex value of
the parameter v has emerged. This is for instance the case in 2D-string theory and more precisely
when looking at conformal matter fields coupled to gravity (see below).

In this paper, we consider two independent identically distributed centered Gaussian distri-
butions X and Y, each of which with covariance kernel of the type (1.2). By considering their
respective regularizations (X.). and (Y:)., the problem addressed here is to find a proper renor-
malization as well as the limit of the family of complex random measures :

R (15)
A
where ~, 8 are real constants. Notice that we may restrict to the case when ~, 8 are nonnegative

by symmetry of the Gaussian law. We will see that the renormalization theory of these measures
presents three phases, summarized in Figure 1, depending on the considered values of v and f.

1.1 Previous related works

We first mention the recent work [34] where the authors conduct a thorough study of all phases
(inner and frontier) in the simpler context of the Random Energy Model (REM) partition function.
They give the precise asymptotics of all phases. Note that in this context, phase I (inner and
frontier) is trivial at order 1 as the (mean) renormalized partition function converges to a non
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Figure 1: Phase diagram

vanishing constant: this is due to the lack of correlations in the model. Hence, in [34], the authors
go one step further as they give the fluctuations.

As is now well known, correlations may be added for instance on a tree structure like Man-
delbrot multiplicative cascades. In this context, this problem is investigated in [15, 4, 5]. In the
pioneering work [15], the authors computed the free energy and deduced a phase diagram similar
to our Figure 1. In [4], the authors treat the case of dyadic multiplicative cascades. Since this
model is 1-dimensional, we may see the complex random measure M/ # (A) as a random function
ts M2P ([0,¢]). Translated in our context, the results in [4] are the following:

e Phase I: the authors prove that there is almost sure convergence in the space of continuous
functions. In fact, in the companion paper [5], the authors show almost sure convergence
in the space of continuous functions for a class of models that includes the one we consider
here (except for free fields).

e Phase II, frontier I/II, frontier II/III and triple point: not investigated.

e Phase IIT and frontier I/IIL:: the authors show that the sequence is tight when properly
renormalized. Convergence is not investigated.

We further stress that the authors in [4, 5] do not prove the convergence in law in phase III but
claim that if convergence holds then every possible limit is a Brownian motion in multifractal
time. The argument is based on the uniqueness property of the solution of some fixed point
equation, the star equation for multiplicative cascades. The corresponding equation for Gaussian
multiplicative chaos has been introduced in [1] but uniqueness has only been established in the



real subcritical case so far. So the same argument cannot be used in the context of Gaussian
multiplicative chaos. On the other hand, we also point out that the approach developed in [4, 5]
is general enough in the inner phase I to treat situations where the real part and imaginary part
are not necessarily independent.

1.2 Content of the paper

The purpose of this manuscript is not only to investigate the phase diagram in the context
of Gaussian multiplicative chaos but also to describe the limiting object that we obtain when
renormalizing properly the family (M. B )e as € — 0. We will first show that the model exhibits
three phases, which are represented in Figure 1. We will also describe the limiting objects after
renormalization. Apart from the inner phase I and the frontier of phases I/II where the renor-
malization procedure produces new objects, we prove that the renormalization procedure leads
to objects that can be described in terms of the limiting measures that we get on the real line
8 = 0. Roughly speaking, we get a complex Gaussian random measure with a random intensity:
the real part X. governs the description of the intensity whereas all the information about the
field Y is lost into a white noise (a similar phenomenon is observed in [18] for a different model).
Figure 2 is a brief yet complete description of the picture we draw. Actually, we do not treat
the triple point and the description we give in the inner phase II is a conjecture: our method
to explain how the complex Gaussian random measure appears indicates that the inner phase 11
can be described by a complex Gaussian random measure with random intensity given by the
objects we get in the real supercritical case (v > \/ﬁ), which remains conjectural so far. We will
also detail applications in Conformal Field Theories (CFT) and 2D-Liouville Quantum Gravity
(LQG), which are summarized below.

1.3 Applications in 2D-string theory

Polyakov [47] showed that 2D string theory could be interpreted as a theory of two dimensional
quantum gravity, where the string coordinate is considered as a c-dimensional matter field defined
on some two dimensional worldsheet ¥ equipped with a metric g. The coupling between the matter
field and the metric is governed by the Polyakov action, which factorizes as a tensor product of the
classical Liouville action and that of a Gaussian Free Field Y. The metric on X is thus a random
variable, which roughly takes on the form [47, 40, 12] (we consider an Euclidean background
metric for simplicity):

g(z) = X3 dz2 (1.6)

where b is a coupling constant expressed in terms of the central charge ¢ of the matter field and
X is a random field, the fluctuations of which are governed by the Liouville action. In critical 2.D-
Liouville Quantum Gravity , this action turns the field X into a Free Field, with appropriate mean
and boundary conditions. Two-dimensional string theory corresponds to the case ¢ = 1,b = 2.
The Liouville Quantum Gravity with ¢ = 1 is the conjectured scaling limit of critical statistical
physical models having a ¢ = 1 central charge (like the O(n = 2) loop model or the @ = 4-states
Potts model) defined on random lattices. We do not review here the huge amount of works on
this topic and we refer the reader to [13, 12, 25, 16, 17, 28, 30, 31, 38, 40, 45, 47| for further
insights.

In critical 2D-Liouville Quantum Gravity, the so-called tachyon fields T are the operators
which are conformally invariant within the theory (see the excellent reviews [38, 45]). In this
paper, we will mathematically construct the tachyon fields for a ¢ = 1 central charge

A X@)HBY (2) gy
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Figure 2: Limiting measure diagram. We indicate between brackets how to renormalize the field
d
M2® and the limiting field. For instance in phase III, ”Limit W22y (572_5)” means that

the field 572_gM§ B converges as € — 0 towards W,2,,2,. Now we explain the description of
the limiting law: conditionally on p, W), stands for a complex Gaussian random measure with
intensity p. Conditionally on p, N} is a a-stable Poisson random measure with intensity p. M "is
the derivative martingale and M?” is a standard Gaussian multiplicative chaos with intermittency
parameter 2. The constant o> depends on v and f3.

for v £ 8 = 2 and v €]1, 2], where following the above discussion X and Y are two independent

Gaussian Free Fields. We will further argue that the Wick ordering (see section 7 for a discussion

about this notion) of the above field does not produce tachyons for v+ = 2 and y < 1. The main

reason is that, below the threshold v = 1, a nonstandard renormalization procedure is necessary

(we enter phase IIT on Figure 2), and this deeply modifies the conformal dimension of these fields.
Finally, we will also derive the corresponding KPZ formula (see [40])

b2
0 _
Ajg = Ay + ZA;‘JB(A;‘JB - 1),
which is a relation between the conformal dimension A?B of the spinless vertex operator e’?¥ and

the quantum dimension AZB (or gravitational dimension) of this operator gravitationally dressed.
The reader is referred to section 7 for further details.



1.4 Chodos-Thorn/Feigin-Fuks Theory

In subsection 7.4, we will also discuss some connections between our work and the vertex oper-
ators of the so-called Chodos-Thorn/Feigin-Fuks Theory (CTFF), which is a Gaussian free field
conformal theory where a background charge is inserted in order to lower the central charge be-
low the ¢ = 1 value (see [11, 19, 20, 30, 36]). Connections (and questions) with the imaginary
geometry developed in [44, 54] are also mentioned.

Acknowledgements

We would like to thank F. David, P. Le Doussal, B. Duplantier and S. Sheffield for interesting
discussions on these topics. Special thanks are addressed to R. Allez for his help during the early
stages of this project.

2 Setup

Let us introduce a canonical family of log-correlated Gaussian distributions, called star scale
invariant, and their cut-off approximations, which we will work with in the first part of this
paper. Of course, other natural choices are possible and they are discussed in subsection 2.1
below.

Let us consider a continuous covariance kernel k on R? such that:

Assumption (A). The kernel k satisfies the following assumptions, for some constant Cy, inde-
pendent of © € R%:

A1. k is normalized by the condition k(0) =1,
A2. k(z) < Cr(1 + |z|)7Y for some v > d.
A3. |k(z) — k(0)| < Cglz| for all x € R

We set for ¢ €]0, 1] and = € R?

and
G (x) = e K@),

We consider two independent families of centered Gaussian processes (Xa(m))xeRd’se}oJ} and
(Yz())pera ccjo,1) With covariance kernel given by:

Ve, g 6]07 1]7 E[Xa(x)Xe’(y)] = E[Ya(x)ya’(y)] = KEVE/(y - ‘T)y

where eVe' := sup(e, €’). The construction of such fields is possible via a white noise decomposition
as explained in [1]. We set:

FX =o{X,(@);z e R u>¢e} and FY =o{Yy(z);z € R u > ¢}

FX = o{Xy(x);z € R, u €]0,1]} and FY = o{¥,(2);z € R, u €]0,1]}

and
Fo=o{Xu(2),Yy(zx);z € R u > e}



We stress that, for u < ¢, the field (X, () — Xc(z)), cpa is independent from F.. Then we consider
the following locally finite complex measure:

£

VA € BRY), MYP(A) = / ) Xe@)FiBYe() g (2.1)
A

Let us finally notice that K can be approximated as follows

Ve € B(0,R), |K.(z)—|In(jz|Ve)|| < Ckg. (2.2)

2.1 Examples

Let us also mention here some important Gaussian fields covered by our methods:

1. Exact scale invariant kernels like the one studied in [2, 50]). At first sight, these kernels

do not satisfy Assumption (A) as they cannot be written as floo @ du. Yet, they can be

written as loo @ du + H(z) for some continuous translation invariant covariance kernel
H. And our proof are easy to adapt if one adds a smooth field to X, and Y.

2. Massive Gaussian Free Field (MFF for short) on R2. The whole plane MFF is a centered
Gaussian distribution with covariance kernel given by the Green function of the operator
2r(m? — A)~! on R?, i.e. by:

2 le—y® du
2u

[e.e]
Vr,y € R%, G (z,y) :/ e~ T —. (2.3)
0 2u
The real m > 0 is called the mass. This kernel is of o-positive type in the sense of Kahane
[35] since we integrate a continuous function of positive type with respect to a positive
measure. It is furthermore a star-scale invariant kernel (see [1, 48]): it can be rewritten as

teo u(x —
Gm(z,y) = /1 Fon (0 = y)) du. (2.4)

u

2
. . _m? 2w
for some continuous covariance kernel k,,, = % fo e 2w 1273 gy,

3. Gaussian Free Fields in a compact domain. In dimension 2, an important family of Gaussian
distributions is the family of Gaussian free fields (see [31, 53] for instance). They do not
satisfy Assumption (A) (in particular they are not translation invariant) and substantial
modifications are needed to adapt the proofs to this case. Because of the importance of
applications in this context, we treat specifically these fields in section 6. Applications are
given in section 7.

4. Log-correlated Gaussian Fields (LGF) with covariance kernel given by (m? — A)~%?2 in any
dimension d for m > 0 (see [24, 41] for instance). Furthermore, in the case of the whole
plane and m > 0, the Green function of the operator (m? — A)_d/ 2 is a star scale invariant

kernel.

Remark 2.1. The reader may skip this remark upon the first reading. One may also wish to
extend our methods to kernels possibly depending on the scale and non stationary, i.e. of the type

<k
K(az,y) :/ (ux,uy,u) du
1 u

8



where ((z,y) — k(z,y,u))y > 1 s a family of (non necessarily stationary) covariance kernels. By
modifying properly Assumption (A) to fit to this case, one can see that our methods apply provided
that one takes care of the following subtlety. In the case of non-stationary kernels: the Wick
ordering of the field e¥X=@)+iBY=(2) qo: yields a different limit from the martingale renormalization.
Let us illustrate this with Theorem 3 for instance. This theorem may be directly applied to the
martingale ,

/ X @)Y ()= ()Y@ g
A
which converges towards a limit M2, Notice the renormalization by the variance instead of the

appropriate power of €. Yet, one may be instead interested in the Wick ordering of the field
e Xe@)+iBYe(2) gy e, in the limit of the field

2 g2 )
EQ_Q/G'YXE(I)—HBYE(:C) dx.
A

By evaluating the difference between ln% and B[X.(x)?], formally, we have

2 2 oo — UL, UL, U
limer—F [ eXe@isye@) gy = [ (5 -5) [Ty 8 g0y
e—0 A A
In the important case of Gaussian Free Fields, this exponential term in the Wick ordering
limit makes the conformal radius appear. Details are given in the case of the GFF in Section 6.
We let the reader adapt the argument to the other fields he might be interested in.

2.2 Notations

We will further denote by C(E, F') the space of continuous functions from E to F. The notation
f(z) >4z, g(x) means that
f(x)

lim —= =1.

v=wo g(x)
CF(RY) (resp. CF(R?) ) denotes the space of functions defined on R? that are k times continuously
differentiable (resp. k times continuously differentiable with a compact support) on D equipped
with the topology of uniform convergence on D for the derivatives up to order k. The random
variables in this paper are defined on a probability space (2, F,P) and we denote by E the
corresponding expectation. The space of random variables with integrable p-th power is denoted
L, . The space of measurable functions defined on a Borel set D with integrable p-th power will
be denoted LP(D).

When we make use of one of the two following inequalities

[4 0
(Z ai> > Za? when 6 > 1, (Z ai> < Za? when 6 < 1 (2.5)

iel el iel el

which are valid for any collection of positive numbers (a;);c; we will simply say, by superadditivity
or by subadditivity.

2.3 A toolbox of useful results

Let us introduce here some useful result that we will massively use in the proofs. The following
convexity inequality is proved in [35] by interpolation and Gaussian integration by parts, we
present also a special consequence of it.



Proposition 2.2 (Kahane’s convexity inequality). Let Z; and Zy be two centered Gaussian fields
on R (or on any metric space) with covariance kernels Ki(z,y) and Ko(x,y) respectively.

If Va,y € R4 Ki(z,y) < Ka(z,y) then, for all real convex function F and all positive
measure o on R, we have

E [F < / eZﬂx)—E[Z%(:cn/zg(dx)ﬂ <E [F < / eZz(x)—IE[ZS(:cn/%(dx))] . (2.6)
Rd R4

As a consequence if Yo,y € RY,  Ky(x,y) < Ka(z,y) + a for some o € R then we have for
p>0

& K / ezl(x>—mzf(x>1/2a(d$)>p] < eor-DE [( / eZz(x)—E[ZZQ(x)]/QJ(d:E))p] ifp>1
R4 R4

& K / ezl<x>—E[Z%<x>1/2a(d$)>p] S her- D [( / 622<x>—E[Z§(x>1/2a(d$)>p] ifp<1.
R4 R4
2.7)

Proof of (2.7). We consider the case a > 0. In that case we apply (2.6) to the fields Z; and
Zy + Q where Q a Gaussian of variance a which is independent of Z, (the kernel of Zs + Q is
K5+ «). Then the inequalities (2.7) are obtained by integrating over the variable Z. When a < 0
we consider Z; + Q and Z5 instead. O

The above proposition allows us to compare moments of order p for two different log-normal
multiplicative chaos integrated on a measure o. We will sometimes use it to make comparisons
with a chaos which present a nice property of stochastic scale invariance and is constructed in
[50, Proposition 2.9]

Proposition 2.3. For every dimension d and T > 0, one can construct a sequence of Gaussian
fields {(X:(z))zer,,€ = 0} whose covariance structures are given by

E[X.(2) X2 (y)] = / oy STz w)ulam) (2.8)

where O(d) is the orthogonal group on R%, o4 is the Haar measure on it and

In(T/e +1—M when |x1| < &,
glw) = MO o (29
Iny (T/|z1|) when |z1| > €
where x1 is the first real-coordinate of = in RY.
For any fized X € (0,1),
(Xae(A2))zeno,1/2) = U+ (Xe(2))2eB0,1/2)) (2.10)

where Q) is a Gaussian variable of variance |InA| which is independent of X.. Finally given
T >0, R > 0 there exists a constant C such that for all z € B(0, R)

|In(]z| Ve)| — C < E[X:(x)Xc(z+ 2)] < |In(]z] Ve)| + C. (2.11)

10



3 Study of phase I and its I/IT boundary

3.1 Study of the inner phase

We study the inner phase I, namely

Pri={v+B8<V2dye [\/g,\/ﬁ[}u{fy2+/32<d}. (3.1)

Throughout the paper, we will use the terminology ”inner phase I” to denote the couples of
parameters (7, ) satisfying (3.1) in order to avoid heavy notations.

2 2
We are interested in the martingale (E%_%Mg B (dz))e. The reader can check that (3.1) is
equivalent to the existence of some p €]1,2[ such that {(p) > d where:
2 2 2
B gl
(p) = (d+ o — 5 — 5™
2 2
As a warm-up, the reader may check that if one considers p > 2 such that ((p) > d then the
martingale is bounded in Ly. This corresponds to the parameters (v, 3) such that 42 + 32 < d.
This Lo phase is rather straightforward to study. Also, if one introduces

pe(7, B) == sup{p > 1; {(p) > d}, (3.2)

one gets that p. €]

@, 2—62[] We have the following behaviour inside phase I:

2

Theorem 3.1. (Convergence) Let (3,7) belongs to inner phase I. Consider p €]1,2[ such that
¢(p) >d.
1. For all compactly supported bounded measurable function f, the martingale

’Y2 [5’2

(6272 | flz) M)P(dx))
Rd

is uniformly bounded in Ly,. Furthermore, for all R > 0, there exists a constant Cp g (only

depending on p, R) such that for all bounded measurable function f with compact support in
B(0,R):
"/2 52
E[ sup ‘67_7
€€]0,1]

2. The D'(R?)-valued martingale:

[ tat @] < Gl
R

72 8 2 [5’2

2
ET_TMQ’B fp— 572_2/ cp(a:)eVXE(x)HBYE(x)dx
]Rd

converges almost surely in the space D&(Rd) of distributions of order d towards a non trivial limit
M7YP. More precisely, for each R > 0, there exists a random variable Z® € L, such that for all
functions p € C4(B(0, R)):

8d<,0(:17)
MY () < Zp sup |——2—
‘ (QO)‘ RmeB((I])’R) ‘8£Elaxd

. . 2 _p? . .
3. In dimension 1, we have convergence of (E%_TMQ’B[O,t])tE[OvT} in the space of continuous
functions.

11



Remark 3.2. For the reader who wishes to skip the proofs, we stress here that item 1. of Theorem
3.1 is proved in dimension 1 in [5, Prop. 3.1] in greater generality. Actually, their argument is
quite elegant and flexible: it may be extended to treat situations like

. f(x)eva(x)JriBYs(l‘) o(dz)

for general possibly correlated X. and Y. and o a Radon measure. In our context, their main
assumptions is that the kernel k introduced in section 2 has compact support. Their proof is written
in dimension 1 but clearly adapts to higher dimensions. However, the proofs of their paper can
not be adapted to the case of long range correlated fields like Gaussian Free Fields (see section
6). Furthermore their tightness criterion clearly works in dimension 1 but extension to higher
dimension does not make sense. Here, we suggest to study tightness in the space of distributions
of order d as this will turn out to be important in view of the applications in Euclidean Field
Theory. This step is carried out via a sharp analysis of capacity of the involved measures (see
Lemma 3.13). Other choices of spaces for tightness may be investigated as well.

Remark 3.3. Important enough, we point out that the strategy developed in [5] is not robust
enough to treat the frontier of phases 1 and 2. This point will be developed in subsection 3.2 via
a lemma that guarantees at least the existence of some p > 1 (maybe not sharp) such that the
martingale s bounded in L.

Remark 3.4. Item 1. of the above theorem describes a sufficient condition on p €]1,2[ in order
for the martingale to be uniformly bounded in IL,,. We do not know if this condition is sharp as in
the real case § = 0. We prove a weaker statement in Proposition 3.5 by proving that the condition
&(p) = d is necessary when p > 2.

The fact that for any f
g
(272 iy f(z) Mg’ﬁ(dx))ae[o,l}

is a martingale for decreasing e simply follows from our construction of the X, which are sums
of independent infinitesimal fields, and the choice of the renormalization which guarantees that
the mean is constant. The martingale property is not required to prove convergence in LP (see
for instance the circle average construction of the GFF exponential in Section 6) but it allows to
have shorter and perhaps more elegant proofs. An important step in the proof of the Theorem
is the uniform control of the capacity of the measure M/ 0 which we prove only later in Lemma
3.10.

Proof of Theorem 3.1.

Item 1. We do not follow the proof of [5, Prop. 3.1] as we want to give a proof that is also valid for
fields with long range correlations. Let us consider a bounded measurable function ¢ : R* — R
with support included in B(0,1) and p €]1,2[ such that {(p) > d. We have by Jensen’s inequality:

Eugﬁ—g /Rd o(z) Mgﬁ(dx)(p] gE[E[a’Yz_ﬁz/

p/2
B(0,1) }

e(@)p(y) M2 (do) M2 (dy) | F¥ |

1

<IelBE((7 [ o )

We can then conclude with Lemma 3.10.
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Item 2. We consider the mapping

W2

x=(r1,...,2q) GRdHFg’B(:El,...,xd) =z

o[,

/ o(x)eXe@)FiBY() gy
[0,z1] -+ x[0,24]
Let ¢ be a smooth test function with support in ]0, 1[%. By integration by parts, we get:

R / ()X @BV @)
10,1[¢

d
_(C1)leE _9%(x) / XY gy -y | de
10,1/¢ 021 -0z \ J[0,21)x--x[0,24]
where u = (uq,- -+ ,uq). Therefore, we conclude that:
()
M ()| < 7(2,
[M27 ()| IS]‘SEW oy o2 22

where:
Ze :/ |FDP (21, ..., xq)|dz.
Jo,1[¢

Observe that (Z:). is a positive submartingale. Furthermore, from Item 1, we deduce that

BIZPI < [ BIF e ol < Cpa
0,1

Item 8. One applies [5, Prop 3.2]. O

Proposition 3.5. (Necessary conditions for LL, convergence for p > 2) If the martingale

282 8 d
(e 72 M2P([0,1]),
is bounded in L, for some p > 2 then &(p) > d.

Proof. We consider p > 2 such that E[|M7?([0,1]%)P] < co. We have the following inequalities:
2 2 2 2
Elle T~ 7 M2%([0, %)) = BE[(|eZ ~F M2# ([0, 1)%)[2)/2|FX]]
2
J__ P
> E[E[(le= = M2([0, 1]4)2)| FX] P2

T [( / o MY ’O(d:L')Mg’O(dy)) p/2]
[0,1)9x[0,1]¢

Ga(x - y)ﬁz
’Y?O 'Yvo 2
[0,1/n)4[0,1/n]4 Ge(z —y)P

where the first inequality is Jensen’s inequality for the conditional expectation and in the last one
we have used super-additivity and stationarity. Now from Kahane’s inequality (2.7), we can, at
the cost of a multiplicative constant, replace X in the last line by the scale invariant field given
by Proposition 2.3. This gives

MO (dx) MO /2
BA 0, 11¢] > on'=<0B[( [ e Y
ogaxfoe |y —xl?
for some fixed constant C' > 0. Hence the desired result by letting n — oo. O
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Theorem 3.6. (Multifractal spectrum) We consider p €|1,2] such that ((p) > d. Then for
all ¢ € [0,p] and some constant Cyq > 0:

E(M P (BO,m)|1] = Cpré.
r—0

Remark 3.7. We stress here that the above result is standard in the real case § = 0. Yet,
in the general case B # 0, the proof is far from straightforward. The difficulty here is that the
fluctuations of the process Y in the term e®Ye may cause a faster decay of MY  than expected, a
kind of Riemann-Lebesgue averaging to 0. We have to make sure that this does not happen. We
further stress that this averaging to O occurs outside the phase I and that the phases II and II1
may be seen as the study of the fluctuations along this averaging.

Furthermore, we stress that the results holds as well if we replace the ball B(0,7) by o(-/r)
for some continuous and compactly supported function .

N . . 2_82
Proof. We carry out the proof in dimension 1. Observe that the martingale (e =~ = M2’ (K)).
is uniformly bounded in L, for all compact sets K. Let us fix r > 0. Let us consider a family of
complex random measures for r > ¢ > 0:

Mﬁéﬁ(dﬂf) = e’y(XE_X”“)(x)'i_iB(YE_Yr)(l‘)—(é—%?)1ng dx

2?82
Observe that M,/ #(dx) is independent of the fields X, and Y, and has the same law as r <%) 2P MYP(da)r).
For € < r, we can decompose MQ’B as
2 2 2 2
T T MY (dx) = X @+ @)= Cr =)L B (). (3.3)

Therefore we have:
2 2
E[|e% =7 M2([0,7])|]
) 2 L2
S A Y

2 2.2 2.2
e s E{equT-(O)—%ln%

/ (X (2)= X7 (0)+iB (Y (2) - Yr (0)) Mgéﬁ(dx)‘q]
0] |

2

/ K @)= XL OB )Y O) (O) FTE 8 iy m 7
0.7 "

=
=)
N

2 2 2.2 2.2
=i =)= p [ X 0=

r

where X’ and Y’ are fields that are independent of X and Y with the same law (and hence
2 [‘32
(7‘(§)%_T 1P (dx/r), X!, Y!) has the same law as (M7 (dz), X, Y;) ).

T rTyTTr

Now we make a change of variables in the integral and the use the Girsanov transform to get:

E[|e ~% M2([0,1])|"]

2 g
:rqq)E[eqvx;«m—ff 1 / ew(x;.(m)—x;<o>>+w<w<m>—mo>>(E)Wz 2 Mg,ﬁ(da;)“’}
[071] T T
25
=r<<q>1EH / ewZﬁf(wazzf(x)—@E[Zﬂxmfr(x)(E)3 : Mgﬂ(dm)‘q] (3.4)
[0,1] r T

14



where we have set ZX (z) = X/(rz) — X.(0), ZY (z) = Y!(rx) — Y/(0) and

r T

2 — 1 2 2 1 -1
(o) = 2¢—1)"+8 / k(uz) -1
2 r U
To conclude the proof, we have to show that
liII(l) lir%E H / e’YZ5<(ac)-l-iBZﬁ’-,(ac)—Lgﬁ2 IE[ZX(x)]-i-fr(:c)eé—@jMgﬁ(dx)‘q] (3.5)
r—0e— [071]

exists and is non-zero. We do it using a martingale argument. The covariance kernel of Z is given
by,

E[ZX (2)2X (2/)] = / V7 k(r(x — ayu) — k(raw) — k(ra'u) +1 (3.6)
1 u
_ / " k(@ —a')o) — k(zo) — k@) +1 (37)

Due to this structure of covariance, one can construct a process whose marginal have the same
law (we also name it Z = (Z%,ZY) as it brings no confusion) indexed by r < 1 such that for
each x and ' < r, E[Z.(z) | Z,(x)] = Z,(z). With this construction the process

2

A, = (/ e'ny((:v)—l—iﬁZTY(x)—M]E[Zx(x)]—kfo(w)g%—gMg,ﬂ(dx)>
[0,1]

)

£€[0,1],r€[0,1]

is a doubly indexed martingale (note that f, has been changed to fy) and thus

lim lim E[|A,|9] = sup E[|Ac,|9] > 0 (3.8)

r—0e—0 e,r

exists and we just have to show uniform boundedness of |A. ,|9. Let FZ denote the sigma algebra
generated by Z, by Jensen’s inequality

E[|Ae,r|q] <E [(E [|A€7T|2|]:Y’]_—Z])Q/2}

/2
< CE[(=” L M0 ()M ) | 39
[0,1]2 |z — ylﬁ

for some universal constant C' (where the second inequality is obtained by computing explicitly
the average as in the proof of Theorem 3.1) and we conclude using Lemma 3.10. What remains
to show is that replacing fy by f, does not change the limit. This is easy: if AE,T denotes the
process where fj is replaced by f,. we obtain after redoing the same computation with an extra
efr=fo — 1 factor that

BllA., — Aol = oVE[(2 [ 2y ()] (3.10)

[0,1])2 !33 - y’BQ

when r tends to zero, and conclude. O
We also have:
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Theorem 3.8. (Star scale invariance). Assume that the kernel k is of class C** with deriva-

tives of order 2d Holder. The distribution of order d MY'P is star scale invariant in the sense that

it can be written as Y,
MYB(dz) = e Xr@+iBYr(@)=C5 =5) 0§ 178 ()

where Mﬂﬁ s a distribution of order d, is independent of the fields X, and Y, and has the same

law as MY (dx/r).

Remark 3.9. The scaling relation (3.3) or that of Theorem 3.8 is only valid for star scale
invariant kernels as those described in section 2. If one wishes to apply this argument to more
general situations than those described in sections 2.1 or 6, the difference is that we have a
decomposition

where the measure M7 is independent of X, Y, and the family of complex valued distributions
(W’B’T)r is tight in the space of distributions of order d.

Proof. We stick to the notations of the beginning of the proof of Theorem 3.6 and write

R Ve X, (0)+i8Yr (@)~ (5~ L) L g ro,6
% =T M2 (da) = X OFIBYe@)=Cor =) 3 18 (), (3.11)

N

+%_ 82
2 2

where Mﬂ,gﬁ (dz) is independent of the fields X, and Y, and has the same law as ¢ (%) Mg’ﬁ(dx/r).

From item 2 of Theorem 3.1, the left-hand side converges in the sense of distributions of order d to-
2 2

Jo_ B
wards M7#(dz). Concerning the right-hand side, for all » > 0, the family ¢ (%) P MYP (dx /1)

converges in law as € — 0 in the sense of distributions of order d towards M, B (dz), which has
the same law as r?M"?(dz/r) and is independent of X,., ;. Because of our assumption on the
regularity of k, we can apply Proposition B.2 to prove that both processes X,,Y, are almost
surely of class C?. We can then pass to the limit in (3.11) to complete the proof of Theorem
3.8. O

Analysis of the capacity

The following lemma settles the case where (3,7) belongs to the inner phase I. Recall that this
implies the existence of p €]1,2[ such that ((p) > d.

Lemma 3.10. Let (8,7) belong to the inner phase I. If p €]1,2] is such that {(p) > d, there
exists C' > 0 such that we have for all € < 1:

/2
p|([ o O p2 )\ _
z,y€(0,1]4 ly — x| h

Proof. For simplicity, we suppose that d = 1. From Proposition 2.2, (2.2) and (2.11), it is sufficient
to prove the result when X, (z) = Z is the scale invariant Gaussian log-correlated fields described
in Proposition 2.3 (we apply (2.7) to the field X.(z) + X.(y) indexed by R?) with T' = 2. Now,
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by subadditivity of z — 2?/2, we get:

o M2 (dx) M) (dy) | e W MO ()M (dy) \ *
: </,ye[ou(5) ) = </ %

ly — x| wyel0,1] 2 ly — x|
i 0 0 g
([ ey
0,1],ye[2,1] 2 ly — |7

We first handle the second term in the above sum. We have by Jensen’s Inequality that:

D 2
(z,9)€[0, 4] x[1.1] 2 ly — x| h (@y)el0,d]x (L1 |y — x[7*+5

< / u” +62 / dv.

This latter quantity is finite since v2 + 52 < 2. Hence, we get the existence of some constant
C > 0 such that:

M) M 2 M (d) M

E

@,y€el0,1] 2 ly — x| ly — x|
(3.12)
By stochastic scale invariance (2.10) for A = 1/2, we have
p/2
(] & MM
(@welo.b)? 2 ly — |
1 2 e¥Xer2(@/ 247X 2W/2) g dy p/2
- 2?(14—“{2/2—62/2) E /(x,y)€[0,1]2 € |y — ZL'|62
Xe(2)+7Xe p/2
I B . / o XA X Wy
20(1+72/2-52/2) (.)€[0.1]? ly — x|
1 / o XX iy P/2
20(p) (z,y)€[0,1]2 ly — x|
en (T En T / . .
If we set u, = I [(f(xy )e0,1]2 en et (‘;H:‘lﬂ(y)d dy)p ] where ¢, = 2% then inequality (3.12)

amounts to un,4+1 < pu, + C where p = 24% < 1. Hence the sequence (u),>1 is bounded,
yielding the result. O

3.2 Phase transition I/II

Theorem 3.11. Let us consider the frontier I/II: 5+~ = v/2d and v €] g, V2d[. We further

consider any p €)1, @[
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1. For all compact compactly supported bounded measurable function f, the martingale

’y2 [5’2

(€777 | flz) M2P(dx))
Rd

is uniformly bounded in L,. Furthermore, for all R > 0, there exists a constant Cp r (only
depending on p,R) such that for all bounded measurable function f with compact support in
B(0,R):

2 8 p
E[ sup 5% | f() M2 (dn)]| | < Courl £
€€]0,1] R4

2. The D'(R?)-valued martingale:

'Y2 ﬁ2

Mg’ﬁ T — 57_7/ (’D(JJ)EPYXE(x)‘l’iﬁYE((E)dx
R4

converges almost surely in the space Dé(Rd) of distributions of order d towards a non trivial limit
M7P. More precisely, for each R > 0, there exists a random variable Z® € L, such that for all
functions ¢ € CHB(0, R)):

()
MY () < Zp sup |—t
\ ()| < Zg xEB(gR) \ 0z 0z,

3. Forallp < @, we set ((p) = (d + l; - %2) — gpz = V2dvyp — l;p2. There exists some
constant Cy, > 0 such that:
E(M P (BO,r)l"] = Cprt®.
r—r

4. Assume that the kernel k is of class C*¢ with derivatives of order 2d Hélder. The distribution
of order d, MV is star scale invariant in the sense that it can be written as

2

M8 (dg) = @ Xr@HiBYn @)~ (5 =5k 1718 ()

where Mﬂﬁ s a distribution of order d, is independent of the fields X, and Y, and has the same
law as rM™"P(dz/r).

Remark 3.12. In this case, ¢ is increasing on |0, @[ with C(@) =d and C’(@) = 0. Hence

the continuity of MY"P in dimension 1 is not obvious.

Proof. The argument for item 1 and 2 is the same as in the proof of Theorem 3.1 except that
we use Lemma 3.13 below instead of Lemma 3.10 (indeed, we can choose p such that o = p/2 €

]‘é—z_j, %%[ and 3ay/v2d > 1.). Items 3 and 4 are proved as in Theorem 3.6 and 3.8. O

Analysis of the capacity

The following lemma settles the case 5+ v = v/2d and 7y €] %l, V2d[:

Lemma 3.13. Let vy €] %l, V2d[. Letl > 0. For all « G]é—?d, %%[, there exists C' > 0 such that

1.

for alle," < 5

7,0 7,0 @
. ( [ R A oLl <§y>) <oy
z€[0,1]%; ly—z| < ﬁ ’y - x’( 2d=) j=1 Jve
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Proof. For simplicity, we suppose that ¢ = ¢, = 2% and ¢/ = g = 2—i, with & < k. We set
Xi(x) = Xop(2) (Xpr(2) = Xz (2)), Mi(e) = MZ(x) ( My (z) = M2 (2)) and Fi, = F,
(Fr = Fe,,). We further define

Aj={(@,y) € (0.4 lz -yl <27} Dj={(z,y) € (0,127 <Jy—a| <2771}

We have:

k

1 1 Mk(da:)Mkr(dy) j(\/ﬂ—'y)Q 1 1

g, ey <€ 2 2V [ g M) e )
1 Y j=1+1 j

/ 1 1 Mk(dx)Mk/ (dy)
A PP |y g (V2

Therefore, if a < 1, we get the following inequality:

e k «

1 1 My(dx) My (dy) aj(v2d—)? 1 1

</A Ay goaiae ) <€ 2 2T /D g g k() Mie ()
! Y Jj=l+1 J

1 1 Mylde)Mp(dy) "
+< /A ) . (3.13)

" 2k72/2 2kl72/2 ’y — x’(m—’ﬂz

Now, we estimate each quantity in the sum on the right hand side. We start with the last term
above. We have by Jensen’s inequality
/ 1 1 My(de)My(dy) " . / L1 Mi(da)M(dy) o :
Ay 2kv?/2 9k'y? /2 ly — x,(\/ﬁ—y)z A, 2kv2/2 9k'y2/2 ly — x‘(\/ﬁ—w k
e[ L M)
g 277 |y — 2| V2 )|
Now we use the inequality ab < a? + b?/2 and obtain (for some constant C(v,d))
1 1 Mylde)My(dy) " B 1 %@ dpdy \°
Ay 2EVE2 2RIy ) (V2d—)? h Ay 267 |y — g|(V2d=)?
1 (0%
/ L en Xy
[0’1]d 2 2

</ 2dke2~/(Xk (m)—\/ﬁln?“)dx)
[0,1]¢

To conclude the proof we need the following result which is a refined version of [33, Theorem
1.6] coming from [42, Prop 2.1] or [7, Lemma 9], the proof of which is postponed to the end of
this section.

E <E

E

— 02ok((V2d—)*—d)p

=CE

Lemma 3.14. For any v > \/g and any a < %%, there exists C' (depending on 7y and o) such
that for all ¢ we have

. / it (@-vam)g ) | ¢ ¢ (3.14)
[071}(1 llng‘ﬁaﬂy
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Let us admit this lemma for a while. We get the bound

/ odk ,2y(Xp(2)=V2d1n 2%) 7. < 30 ‘
[0,1)¢ kv2a®?

Now, we handle the terms in the sum (3.13). Without loss of generality, we may assume that
the kernel k appearing in Assumption (A) has a compact support included in the ball B(0,1).
Indeed if not, we can use Proposition 2.2 and (2.2) to get a comparison with the compactly
supported case. In particular, we will use the fact that, conditionally to F;, the sigma algebras
o{My(A); A C By} and o{M},(A); A C By} are independent as soon as dist(By, By) > 277. Thus

E

we get
1 : [ 1 :
E < /| WMkwx)Mk(dy))) <E (E[ /| WMkw:c)Mk(dy)w) ]
j L j
- . o
<E ( / WMJ-(dx)Mj(dy))) ]
- . o
<e|(/ M (da) M (dy) | |-
| \Jly—al<ir 27
Now, one can conclude similarly to the previous term. O

Proof of Lemma 3.1/. We assume that ¢ = 2% (this brings no loss of generality since by Propo-
sition 2.2, one can compare the Lh.s. of 3.14 for two € within a factor of 2).
For r € N let us cover the interval [0,1]¢ by the dyadic cubes of the form:

r i i+ 1
= 1 [+

1<i<d
where z = (21, ,24) € {0,...,2" — 1}9. Let (Y(k)(x))xe[m]d be a standard Gaussian 2%-adic
cascade defined on [0, 1]¢ by the covariance function
1
Ey® @y ® () —m L
Y@y O] =t

where dy(z,v) is the dyadic distance defined on [0,1]%, i.e. da(x,y) is an inverse power of 2 and
we have

do(z,y) <277 & <E|z, T,y € Iér)) )

Note that the process Y is a particular case of branching random walk (studied in e.g. [33, 42])
with i.i.d Gaussian step, and deterministic branching number 2¢.
From (2.2), there exists C' such that

E[X)(z) X5 (y)] + C > EY® (@)Y ®(y)).
Hence, by Proposition 2.2, we get that there exists some C' > 0 such that:

(/ deem(xk(x)—\/ﬁlnzk)dx)
[0,1]¢

< CE (/ deGZV(Y(k)(x)—m1n2k)d$> ]
[0,1]¢

E

— CE o (et vaamat)

z€{0,...,2k—1}4
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Now, by using [42, Prop 2.1] or [7, Lemma 9], we know that for all 8 > 1 and a < %:

«

B(VEdY ) (2~ *2)—2d In 2% c

2€{0,...,.2k—1}d
Now, recall that v > \/g and hence for all o < %%:
(0%
E S et -vadm) < i '
kv2a®?

z€{0,...,2k—1}4

4 Study of the phase III and its I/III and II/IIT boundaries

4.1 Results and organization of the proofs

In the inner phase III, the limit object describing the renormalized measure is a complex white-
noise whose intensity depends on X and is given by M?27?(dx) (all the information about Y is
lost in the limit).

The frontiers I/III and II/III present similar behaviors but there are additional technical
difficulties especially for the frontier IT1/IIL. Indeed, in that case, the intensity measure M?79(dz)
is the so-called derivative martingale (see [22, 23]).

Now, we define the function 2 that will appear throughout the following convergence results

Definition 4.1. Function o2. In dimension d, we define the function the function of the pa-
rameters (v, 3):

f]Rd exp ( —(v*+ 6% o1 l_kU(UZ) du> dz if B2++2>d

2(132 2
B ) = oo k(uz)— u
( ) fzegd71 Vd_l(dZ) exp ( 0 %du) if 52 + ,.Y2 —d

(4.1)

where vg_1(2) denotes the surface measure on S (the d — 1 dimensional unit sphere).

Observe that in dimension 1, for 32 +~2 = 1, 02 takes the simpler form

o?(1) = 2exp (/OOO wdu) .

u

We also stress that we have the following asymptotic behaviour for large z and 8% 4+ 42 > d:

(-t [ LA )

0o u (L e

Therefore o2 is well defined for 5% +~2 > d.
We are now in position to state the main results of this section:
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Theorem 4.2. o When v € [0, \/g[ and % +~? > d, we have

d

(7 =5022(A) | = (Worarzno (A)) acga (4.2)

ACR?
where 02 = 02(82 +~2) and W is a standard complexr Gaussian measure on R% with inten-
sity o2 M0 The above convergence holds in the sense of convergence in law of the finite
dimensional distributions.

o When v € [0, %[ and 8% +~% = d, we have

(5“’2_%\ln E!_1/2MQ’B(A)) = (Wozpr200(A)) gcpa - (4.3)

ACR?
where 0> = %(d) and W is a standard complex Gaussian measure on R with intensity
a?M?70. The above convergence holds in the sense of convergence in law of the finite di-
mensional distributions.

Concerning the frontier IT1/I11, we will need to use the results in [22, 23]. Further assumptions
must be made in order to make sure that one can construct the derivative martingale and prove
the Seneta-Heyde renormalization (see [23, Section D and Remark 31]):

Assumption (A). We consider the following assumptions:
A4. k is nonnegative,
A5. k has compact support,

A5’. k admits a nonnegative convolution square root g, i.e. k(x) = [pa g(y)g(x+y)dy, such that
g 1s nonnegative, g and Og are integrable, and for some constants C >0, a > 1

sup g(x)+]9g(z)| < +o0, / v_l/ ¢%(y) dy dv < 0o, k(z)+|0k(x)| < Ce ol
1 B(0,In% v)

|z| > 2

Theorem 4.3. Assume that k satisfies assumptions A.1-4 and either A.5 or A.5. When v =
\Vd/2 and B? +~? > d, we have

(e a2 o) | = (Worn(A)) acs - (4.4)

7t =20 4 dp2),
v

and the law of Wy (+) is, conditionally to X, that of a complex Gaussian random measure
with intensity o> M'. The above convergence holds in the sense of convergence in law of the finite
dimensional distributions.

In dimension 1, the law of (Wy2pp([0,¢]))e >0 coincides with (By2n(jo,))t; where B is a
complex Brownian motion independent of X.

with

To carry out the proof, we compute the limit of the moments conditionally to X and prove
that they match those of the prescribed Gaussian random measure. The first important step is

to identify the second moment of E [[Mg P(A)2|X| in each case. This work is done in Sections
4.2 to 4.4.
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Then in a second step, we conclude the proof of the above theorems in Section 4.5. The main
idea is to consider the higher order moments and to show that they are those of a Gaussian
variable. The main technical material on these moments is gathered in appendix A.

Remark 4.4. In dimension 1, it is enough to assume k to be twice differentiable on some interval
[0,6] for some & > 0. The left and right derivative at 0 need not be the same. For instance, one
can consider the kernel k(u) = (1 — |ul|)4 in dimension 1.

4.2 The second moments

Let us first focus on computing the second moment. We want to prove the following;:

Proposition 4.5. Let A be some compact ball with a non-empty interior.

o When 2+ p%2>d, v < %l, we have the following L1 -convergence

2
lim B Ugvz—dﬂMgﬁ (A)( \X} = 02(72 + B2 MPO(A). (4.5)
where d
2.2 2\ _ iy V2B —d r
PO ) = e [ S (46)

e When 2+ p%2=d, v < %l, we have the following L1 -convergence

2
lim [(Evz—d/%1n(a)\—1/2Mgﬁ(A)( yx] = 2(1)M>0(A). (4.7)
E—r
where
dr
2(1) =2 lim |Ing|™? : 4.
(1) =2 Jim e[ | == (4.8)

Proposition 4.6. Let A be some compact ball with non empty interior. When 7> + % > d,

v = %l, we have the following convergence in probability

lim E U\lna]l/A‘Mg’B(A)F \X} = o%(?2 +62)\/gM’(A). (4.9)

First, we point out that computing the limits (4.6) and (4.8) yields the expression of Definition
4.1. This point will be shown in our proofs.

The proof of the above two propositions will be the object of Sections 4.2 to 4.4. For simplicity,
we will consider the case d = 1 since the general case is a straightforward adaptation of this case.
Computing the variance of M(A) for an arbitrary interval is not more difficult than dealing with
the case A = [0, 1] so that we will only consider this case in the proof. Before going to the core
of the proof (in which we will have to deal with the II/III case separately) let us exhibit a more
user-friendly expression for E[| M2 (A)2|FX):

2 2 2,42 M2%(dz)M2° (dy
IEU&V 1/2MQ’5([0,1])‘ |fX]:s2V o 1/[01]2 e (dn)Me (dy) (4.10)

Gs (l‘ - y)62
The right-hand side of (4.10) can be rewritten as

g [ o (Y(Xel@) + Xelw) — TE[(Xe(a) + Xo(0))?])

Gl = )P dzdy. (4.11)
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By symmetry the integral is equal to 2 |, (y >z} (of course we cannot do anything of the kind
when d > 2 but this step is just performed for notational convenience here and there is nothing
crucial about it). With the change of variables y — 2 — r and setting

Xer(2) = Xe(z+7) + Xe(2), (4.12)

we obtain that (4.11) is equal to

2/01 W </01_T exp <7Xa,r(z) - 7;]E[(Xg,r(z))2]> dz) dr =2 /01 W]\Z&rdr.

(4.13)
where we have defined
R 1—r ,Y2
N, = / exp <7X57r(z) - TE[(XW(z))Q]) dz,
o ) (4.14)
and M7, = / exp <fyXE,r(z) — %E[(Xw(z))z]) dz.
0
As a conclusion we have
e[|l 17| =t [ 2y (4.15)
€ ) 0 GE(T)BZ"‘VZ e,r4r- :
Similarly when 72 + 8% = 1, we have
2 2 1o .
E [(Ev =172 I e|~/2 128 ([0, 1])( ny] - ]1115]_1/ N2 dr. (4.16)
o Ge(r) ©

The first key tool of the argument relies on the following lemma, the proof of which is straight-
forward and thus left to the reader:

Lemma 4.7. We can write:
Ge(et) = ef(t)ge(t)
with

1—k(uw) du

f(t) = ef()‘t‘ %(u) du and ga(t) =e fost w

The function f is continuous on R and f(t) ~ In|t| for t large. Furthermore, for each fized t,
9=(t) = 1 as e — 0 and sup,y < 1 |Inge(t)| = C < o0.

In (4.15) and (4.16), we integrate MZ, w.r.t. to a measure on [0, 1]: either 672+62_1Wd7‘
or |In E\_lﬁdr. In both cases the total mass of the measure is of order one and converges
when € — 0. Furthermore when € — 0 most of the mass of these measures is supported by small

r, even by r that are of order € in the case v> + 52 > 1.

Now the idea is that X.,.(z) ~ 2X. when 7 is small and hence that M2, (or M) can be
replaced by MZ27([0,1]) in the integral. This corresponds to proving the following lemma

Lemma 4.8. For v < 1/v/2, we have the following convergence in Ly,

lim M), = lim M2, = M*0([0,1]) (4.17)
’ £,5— )

e,s—0
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When v = 1/v/2, M?79(]0,1]) has to be replaced by the derivative martingale, which is not
in IL; so that there is no hope for an equivalent statement to hold. The case is treated separately
in Section 4.4.

Proof of Proposition 4.5 using Lemma 4.8. We first show (4.6) and (4.7). Using the definition of
G we can write

ot dr e = h(ur) — 1
Y+ 1/0 W =¢ 1/0 dr exp <(72—|—52)/1 (T)du . (4.18)

Then we use first the change of variables » — r’ = re™! and u — v/ = ue and the above integral

becomes .
1.1\ 1
dr’ exp <(72 + 52)/ 7]{:@ 2,) du/> , (4.19)
€

and then we obtain (4.6) by taking the limit when ¢ — 0 and applying standard integration
theorems.

For (4.7), we have

1/e

0

1/2

Loqr ¢|Ine| dr 1 dr
Ine|™! e lne_l/ — + lne_l/
mel™ [ am = am T e e

|Ing|=1/2 et L — 1
+|In E]_l/ dr exp </ (wr) = Lo, () du | . (4.20)
€ 1

|Ing|l/2 r u

The first term tends to zero because G:(r) > Ce, the second term as well because G¢(r) > C/r.
To prove the convergence of the third term, we perform the change of variables v — v’ = ur to

obtain ne|-1/2 X
nel” T k(u) — Tig (v
/ dr exp </ @) /[0’1]( )du’> . (4.21)
ellnglt/2 T r U

The term in the exponential converges uniformly to

/OO k(u') — Ty y(u’)
0

u/

du’

on the domain of integration when ¢ tends to zero and then integrating with respect to r cancels
the |Ing|~! in front of the integral.

Now what remains to prove is that in Lj:
e+ [ L Nm oo, e =0, wh B<1
o 0 W’ er ([0,1])|dr =0, when v+ <

e—0

(4.22)

1
. . 1
lim | Ine| 1/0 GE(T)IM!,T—M“O([O,l])ldrzo when v+ 3 =1

Let § be arbitrarily small. According to Lemma 4.8 we can find 1 such that if max(r,e) < n and

M2, — M*0(0,1])] < 8
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Then for all ¢ < 1 we have

1
2,92 2 ~
E [5’7 +h 1/0 reRE (T)52+72|M;{,1—M2%0([0, 1])|dr}
£

! 2 2
<5€~,2+g2_1/ 7dr+/ = _dr. (423
0 Ga(T)BQ_F,YQ re[n’l] GE(T)62+,\/2 ( )

According the proof of (4.6), the first term is smaller than a constant times § and the second one
can be made arbitrary small for a fixed 7 if € is taken sufficiently small. is enough to conclude as
d is arbitrary. The other limit can be proven in the same manner. O

4.3 Proof of Lemma 4.8
First let us notice that it is sufficient to prove the result for M. s as
E||M., — Mg,s|] =5 (4.24)
and thus tends to zero.
If € < /s, we write
2+,0 27,0 ,
’ME’Y,S - M2%0’ < ‘MQ:S - M\P}g,s’ + ‘M;Y/;s - M\/é [07 1” + ’M\/é [07 1] - M2Fy 0[07 1” (425)
and if ¢ > /s,
|MZ, — MP70[0,1)] < [MZ, — M27°[0,1]] + | MZ70[0,1] — M*70[0, 1]|. (4.26)

The last terms in the r.h.s. of both (4.25) and (4.26) converge to 0 in L; as the martingale
(ij;o)t > o is uniformly integrable (see e.g. [35]) and we just have to care about the other terms.
For the second term in (4.25), we use the following result

Lemma 4.9. Let (X,Y) be a centered Gaussian vector. There exists a universal constant C' such
that E[‘e X-E[X?))2 eY—E[Y2]/2‘] < OVE[(X V). (4.27)
Proof. We use the Girsanov formula for the measure tilted by X and we obtain

E HeX—IE[XQ]/2 _ eY—E[Y2]/2H ) [eX—IE[XQ] ‘1 _ eY—X—IE[Y2}/2+IE[X2]/2H

) Hl _ 6Y+1E[XY]—X—E[XZ]—E[Y21/2+E[X2]/2H ) Hl _ e(X—Y)—E[(X—Y)Z}/zu . (4.28)

Then the reader can check that the last term can be bounded by C\/E[(X — Y)?] (it is sufficient
to check it when (X —Y') has small variance because it is always smaller than 2). O

By Jensen’s inequality and stationarity, we have

X s @B EX /5 (@)2) _ 29X 5(@)~22EIX 5(2)?]

1
M7~ M200,1]| < /0 E[ ]daz (4.29)

< C\/E [X /es0) = X ﬁ(O)] < O3, (4.30)
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which tends to zero. The same computation allow to control also the first term in (4.26)

Finally, we control the |[MZJ, — M:Y/§5| term in (4.25) by proving the following Lemma that

ensures that the (MZs)e > ¢ is uniformly Cauchy in L? for some ¢ > 1 (and hence in ') when

e —0.
Lemma 4.10. For any vy < 1/v/2, for any q € (1, min(2, #)), there exists C > 0 and a(q,7y) > 0
(not depending on s, but only on q) such that for any € > €' > 0 we have

1/q
E [|Mg,,s - Mgsw] < O (4.31)

Proof. In the proof we always consider that € is small enough. It is sufficient to prove the result
for €/ € [¢/2,¢) as then we can use telescopic sums i.e. if ¢ € [27(Fe 27™¢) we have

m—1

1/q
E ’M;,s - Mgs‘q} < E |:’M;7(k+1)878 - M’Y

1/q 1/q
27k€78‘q:| + E [‘Mg,s - Mﬁ/ ’q:|
k=0

2—Megs

e~ i 9 ke, (4.32)

k=0

Recall that F. is the o-algebra generated by X;, t > . We have for all ¢ € (1,2):

<

Q

/2
E[|M], - M2,|7| <E [E (o, -2, 7]’ ] (4.33)

The conditional expectation E [(M;ﬁ = M) .7-"5] is in fact a conditional variance as E[M], || F.] =

M. Then the conditional variance can be expanded as a double integral:
/ didy ¥ Xes @+Xes )= E[X2, @)+X2, ()]
[0,1]2
2 2
% Cov <ev(xg,ys—xg,s)(x)—gE[(XE,,S—XE,S)Q(x)],ew(xs,,s—xg,s)(y)—gIE[(XE,,S—XE,S)Z(y)]> (4.34)
Now we try to control the covariance term in x and y, with a simple function. We have
Cov <ev(XE/,s—Xs,s)(:c)—fE[(XEI,S—XE,SF(:U)]7ey(xs,ys—xg,s)(y)—fIE[(XE,’S—(XE,S)Q(y)]>

— eﬂyzE((Xs/,s_XE,S)(x)(Xsl,s_Xsas)(y)) —1

< CE ((Xa’,s - Xe,s)($)(Xa’,s - Xe,s)(y)) ) (4'35)

where the last inequality uses the fact that /2 < & (so that the covariances are uniformly
bounded by 41n2). Then using translation invariance we have

E ((Xa’,s - Xe,S)($)(Xa’,s - XE,s)(y))
=2IE ((Xer — Xo)(2)(Xer — Xe)(y)) + E((Xo — Xo)(z + 5)(Xer — Xo)(v))
+E (X — Xo)(z — 5)(Xe — Xo)(y)) . (4.36)

The first term is equal to

/ e R =9) 1y < m2 max k(v) = g((z —y)/e), (4.37)
1

/e u v > \1;?!\
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and one can find similar bounds for the two others. Note that by our assumption on k, g is an
integrable function. Using the inequality ab < a?/2 + b?/2 together with the symmetry in x and
y for the exponential term in (4.34) and combining it with the bound we have just obtained for
the covariance we obtain

E[(M] , — M2)P | F]<C " 21 Xes(2)—?E[X2 (2)]

X <2g (%) +g (%) +g <%y+s>> dady. (4.38)

Now we can extend the above integral to y € R to obtain an upper bound (and then three terms
in the second line above give the same contribution by translation invariance), and make the
change of variable z = == to obtain

1 o0
B{01), 32, | 7)< s ([ enseerbiela) (7 )

0

1
< C/E </ 62’YX5,S(55)_'Y2E[X52,S(I)]dx) . (439)
0

Plugging this inequality into (4.33), we have
1 s q/2
E (M), - Mgsﬂ < Ce?’E < / e21Xe,s (2)=7"E[ X2, (2)] dx) . (4.40)
I ) 0

Now we split the interval [0,1] into K = [¢~!] disjoint intervals of length 1/K setting
I=[{-1)/K,j/K], j=1K

Using the inequality (3" a;)? < 3. a for < 1 we have

1 a/2 a/2
E [(/ 62“/Xs,s(w)—’72E[X?,s(w)]d$> ] — KE (/ 62’7Xs,s(r)—“121E[X§,s(r)]dx) ) (4.41)
0 2

Using the Holder inequality we have, for any p > 1 (let p’ = p/(p — 1) denote its Holder
conjugate),

/2
E </ eZVXs,s(x)_V2E[Xs2,s(x)] dx>
0

) 1/p pq/2] P
< (1/K)1°E [e’yqus,s(O)—%E[Xg,s(r)]} E (K/ 627(Xs,s(x)_Xs,s(0))dx) . (4.42)
2

By Jensen’s inequality, if p’q/2 > 1 (which holds whenever p < 2 as ¢ > 1) the last factor is
smaller than

2,12

1/p
E K/ e'Yp/q(Xs,s(w)_Xs,s(O))dx] < exp </7 pq max E[(X57s(x) _ Xa7s(0))2]> .
2

2 z€[0,1/K]
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which bounded above by a constant that does not depend on €. On the other hand the first term
is equal to
2
¢ ETPE[X2 (@) < ~22a(pa-1)

because E[X. 5(7)?] < 4E[X.(z)?] = 4|In¢|. In the end, combining (4.40), (4.41) and (4.42) (recall
that K < 2e71), we get that

E [’Mg,s B Mg,s‘q] < ng—l—Q’YZQ(pq—l)' (4'43)

Then the result is proved provided one can find p > 1 such that ¢ — 1 > 2v2q(pg — 1), which is
possible whenever ¢ < 1/(2v?). O

4.4 Proof of Proposition 4.6
Recall (4.15). The aim of this Section is to show that in probability

1
ey [ 2dr e ye
gli}r(l]e /0\ GE(T)62+1/2 | 1n€| M&ﬂ“

e ! 2dr 2, 2.,
:<g%gﬁ 1/2/0 W) \/;M [0,1]:02(1/2+62)\/;M[0,1]. (4.44)

The second equality is in fact (4.6) and has already been proved. In fact, we can replace
M%«ﬁ by Mgl/r\/§ in the Lh.s. as

! 1
52_1/2L 1/2 T1V2 _arl/V2) 52_1/227’7(:17‘ 1/2
/0\ g G€ (T’)62+1/2 | ln 5| EHMS,T Mam ” 0 15 G€ (T)62+1/2 | ln €| . (445)

which tends to 0 thanks to Lemma 4.7. Hence what remains to prove is that

1
mez| 4 12 )[1VE \E / _
gl_%s /0 G ()T <|lnz—:| M,y 7TM [0,1] 0 (4.46)
or with a change of variable r — s =r/e
e—1
: ds 1/2 3 1/3/2 \/5 ’ _
igr% /0 (Goles) )Pz <|1nz—:| MLy 7TM [0,1] || = 0. (4.47)

We will split the proof of (4.47) in two lemmas: one taking care of the contribution of the small
s in the integral (which is the most important step) and another one controlling the contribution
of the larger s:

Lemma 4.11. We have in probability

-1
© ds 2
/A (G-(es)/e)P+1/2 (‘ nel ML — M0, 1] (4.48)

Lemma 4.12. For all A, we have in probability

A s
/o (G (ES)(;E)BQ"‘VQ <| ln5|1/2M€17é;/§ - \/EM/[Q 1]) ' =0 (4.49)

29

lim lim
A—o0e—0

lim
e—0




The limit (4.47) results from a combination of (4.48) and (4.49). Before proceeding with the
proofs of these lemmas, let us introduce some notations. In what follows, for some x > 0, we will
consider the set

B, ={sup sup X,(z)+v2hhu <k},

x€[0,1] u€0,1]
(4.50)
B,.={sup sup X,(z)+V2lnu < x}.
z€[0,1] u€le,1]
Obviously By, C By for all € > 0, and it is proved in [22, Proposition 19] that
P(B;) =1 ask — oc.
For z € [0,1] and x > 0, we also introduce the stopping time
K
7 = sup{u €]0,1]; X, (z) + V2Inu > }.
It is readily seen that, on By, we have 75 = 0 for all z € [0, 1].
Proof of Lemma 4.11. The reader can check using Lemma 4.7 that
e ds
lim i =0.
AR | Goes) ey
Hence what we have to prove is
e ds
lim lim |In 5]1/2M€1/E;[ =0 in probability. (4.51)

A—oc0e—0 J 4 (Ge(gs)/5)52+1/2

To do so, it is enough to show that the expectation of the above expression restricted to the
event B, vanishes, for all k, as A — oo and € — 0. The key point is to prove that there exists a
constant C' such that for all ¢:

B, | < \/?{ +v2/2(1 + In(Ct)) (4.52)

st Ineli72

Indeed, this implies that for all x > 0

671
ds 1/2 3 71/V2
AIE)IIOO ;I_I)I%)E []]'Bm/ (G (ES)/E)62+1/2 ‘ lnE’ ME s

< lim hm\/2/—7r/ /€—|—\/_/2 (1 +1n(Ct))

A—00e—0 (es)/e)B*+1/2

=0.

Let us now prove (4.52).

E[M,

£,et

1
1/fﬂ / E 1p, el/fxg ct(2)— E[XE,Et(z)ﬂ] dz
0

\/éxg,gt(z)—im[xs,st(z)ﬂ] da.

1
/0 E Vue [€,1]Xu(2)+v2Inu < k€
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By the Girsanov formula, the expectation in the r.h.s. of the above expectation is equal to
(recall that K. denotes the covariance kernel of X.):

]P’( sup Xu(2) + v2/2Inu + V2/2K,(et)) < /1). (4.53)

u€le,1]

Because of Assumption (A), we may find a constant C' such that |k(0) — k(z)| < C|z| for all
x € R. Thus we have for u € [¢, 1]:

—1 -1
1 u 1— t 1 1— t (Ct) 1
In — — K, (et) :/ Mdv < / ﬂdv < / Ctdv —I—/ %
1 e e (

u v v c-1 v
< 14 1In(Ct).

For some given z, the process Xu(Z)ue]o,l] has the same law of a time changed standard Brownian
motion (B, /7 )uejo,1 and hence (4.53) is smaller than

P( sup B, m+\f/2(1+1n(0t))) \/§“+\/§/2(1+1n(0t)),

5[0,/ Ine]] m |Inel'/2

which is enough to conclude. O

Proof of Lemma /.12. We set ¢” = /g, &' = eInln(e™1). From [23], we know that | In E]UzaMf’O[O, 1]
converges towards \/2/m M’[0,1] (note that Ine’/Ine — 1) when ¢ tends to zero and thus it is
enough to prove (4.49) with /2/7M’[0,1] replaced by |In 5\1/2€M;,/§’0[0, 1].

We introduce )?875/78 which is an interpolation between X, s and X, (when ¢ <&’ < 1):
Xe,e’,s =2X + (Xs,s - Xe’,s)'

We then use the following decomposition

A |Ine|'/?ds 1
INE /30
[ G e (2 - ™)

1

A 1/2 ~
< / [Ine]!/2ds / VD Xeet(2) - EEXe 1 (2)?] _ (VDKo ()= BIR . (2)7] g,
o (Ge(es)/e)p?+1/2

0

1
A 1/2 _ _
n | Ine|'/2ds SUVDX i () BIR, (2] _ (VDR ()= LEIR. (207 g,
0 (G:(es)/e)F*+1/2

0

A 1/2 ~ ~
n / [Ine]'/?ds / COIVDR o () -ABIR. L (2)2) _ VEX(2)-EIX=()7] g,
0 (Geles)/e)P*+1/2

and show that each of the three terms converges to zero in probability.
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The first term converges in Ly norm. Indeed, from Lemma 4.9 we have

A ~ ~
E / | Ine|'/2dt / (VDX ()= SB[ et (52] _ 1V ()= YLK (2]
0 (G:(et)/e)P*+1/2

A 1/2
< / [ Ine[*/2dt / E [|e0/V e () FEXea ] _ (0D eer )~ BIEer o] gz
0 (Ge(et)/e)P*+1/2

’ \lns\1/2dt ! 1/2_1/4
<C/o (Ge(et /562+1/2\/E cet(2) = Xeon c1(2))2] < C'|Ing|/2eM/4,

The second term converges to zero in probability. This is a bit more tricky to show because
we do not have IL; convergence but we can manage to obtain it by restricting ourselves to the
event B, .» with say £ = Inln|Ine| (whose probability tends to one). By Jensen’s inequality, the
expectation of the second term on the event B, . is smaller than

1

A 1/2 ~ ~

/ ‘lnE’ / C21t /]E |:]]-B " ’6(1/\/—)){5 e, st(z)__E[X el st(z)2} — e(l/\/i)xs,s’,st(z)_%E[Xs,s’,st(zy]’ dz.
o Gelenfeyrire | F 1P

(4.54)
Then, by independence of the increments of (X.-¢)¢ > 9, we have
1
‘ / cUVX, o o (2) = FEIX, o 0(2)%] _ o(/VDX, o 1 (2)—FEX, o 1 (2)?] g, (4.55)
Z/E[]IB ”e\/ngw(z)—lE[Xsu(z)z}]EHe(l/ﬁ)()?sys,,yst—zxs,,)(z)—in«:[(fis’s,,’Et—zxs,,)Q(z)]
0
_ e(l/ﬂ)()’zs,s’,st_zxs”)(z) E[(Xs e, Et_2Xs”)2(Z)] ] dZ.
By a Girsanov transform one sees that the first factor in the r.h.s. of (4.55) is equal to
P[ max Xu(2) < ] = P[|Xur(2)] < &] \/5 ~ (4.56)
X m NS = 1" S = —_——_— .
ue(e”,1] © 7 (Ing)l/2
Using Lemma 4.9 one sees that the second factor is smaller than
C \/ E[(Xeer ot — Xeoret)?] < C/A(In|Ing])T,
Hence (4.54) is smaller than
(In | lnz—:| )~1/2dt _
C\/_/ PR S < CVAk(In |Inel)~ V2. (4.57)
Finally we show that
|1 |1/2 1
ne X lE(IX 2 2
(1/\/§)X5,5/,5 (Z)_fE[Xs,E/,st(z) } — ﬁXs’(z)_E[Xs’(z) ]
‘ / (t2) )P /e t\#) Ty e dz | dt|  (4.58)
0
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tends to zero in probability. To do so we prove that for some ¢ < 1 the ¢g-th moment converges
to zero. The content of | - | can be rewritten as

1
I n e[1/2 / V2 ) BX ()¢ (1) dz, (4.59)
0
where

A
(1/\[) XEE Xs’ et (z)_l [ XEE Xs’ et ( ) } —

/ (et /s e (eI OB OO )

0

Then using conditional Jensen’s inequality, we obtain that the ¢-th moment is smaller than

a/2
(—Ine)?E ( /[0 1]2eﬁ%/<Z>+Xs'<2’>>—2E[Xsf<Z>2JE[g(z)g(z')]dzdz'> . (460)

then we need to have an upper bound on E[£(2)£(z")] to conclude.

Lemma 4.13. We stick to the notation of (4.37). For any z and 2z’ we have

(
Efe(2)¢( < >2lne/s <Z_Z;‘,_€A>.

Proof. Expanding the two integrals we get

A A 1
- // =(et)/e)FH2(GL(et) [e) P2 H+1/2
0 0
X <6E[(X€y5t_Xs’,st)(z)(xs,st’ _Xs’,st’)(zl)}/2 — 1) dtdt/ (461)

Using the inequality e* — 1 < ez for # < K and the fact that
E[(Xa,at - XE’,at)(Z)(XE,at’ - Xa’,at’)(z/)] <4E [(XE - Xa’)z(o)] :

we get

6/

2
e e, et ™Al ot e,et! el et/ ! -1 — — ’ z ; — 1~ ) 2 2
B[(Xe et =Xor o) ()Xo o =Xor o) (2] _ 1 < <€> E[(Xeet — Xoret)(2)(Xeer — X ev)(2))]/

To get a bound on (4.61), we need a bound on E[(X, o — X o¢)(2)(Xz e — Xer ov)(2')] that does
not depend on ¢ nor #'. We do so by noticing that for any values of ¢, ¢’ in [0, A], we have

min(|z — 2/|,|z — 2/ +et|, |z — 2/ —et|,|z — 2 + et —et'|) = |z — 2| — A, (4.62)

Hence, using the notation introduced in (4.37), we have

z— 2| —€A)
B{(Xet = Xera) () Ko — X (] < Ol g (L2 *) (4.6
A
The result follows from the combination of the above inequalities and the fact that f
0

/6 (Ge(et)/e)PT+1/2

is bounded uniformly in A and ¢ from Lemma 4.7.
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From Lemma 4.13 and (4.60) we have that the ¢g-th moment of (4.58) is smaller than
2
C|lne|?/? (5) In(e/e")

(12 = ) - cA) "
< (/ e\/i(XE/(z)-‘,—XE/(z’))—2E[X5/(z)2]g< S +>dzdz'> . (4.64)
[0,1]2

El
In the above expectation, by using the relation

V(X ()4 X0 ()~ 2B[X (2)?] ¢ %emxsm—m[xsz(z)?] n %emxsmz')—zm[xg/(z'ﬁ]’

we get the following upper-bound by symmetrization:

J— / _
/ eﬁ(Xgl(Z)+X5/(Z'))—2E[Xs’(Z)z}g <(‘Z : ’ EA)+> dzd?
[0,1]2

EJ

< / 62\/§X5,(z)—2E[X5,(z)2}g ((\Z — 2| = EA)+> dzds’
[071}2 e’
1 2
< E//O 2V2X.1 (2)~2E[ X (2) ]dz/Rg((\z”\ (eA)/)) de”
where the last line was obtained by a change of variables and expanding the integral over R. The

function in the second integral is smaller than g (|2”| — 1)), which is integrable. And hence it
remains to show that

I\ 2 1 q/2
| Ing|?/2 (%) In(e’ /e)E [(6// 62\/§X5/(z)—2E[X5/(Z)2]dZ> ] , (4.65)
0

tends to zero.
Now, we use Lemma 3.14 with v = 2v/2 and o = ¢/2 < 1/2, and we obtain the following

bound
1 q/2
(¢ [ exvexoormeiaeria;
0

so that the expression (4.65) is smaller than

E < Ollne|" %,

/

Cllne|™ <%>21n(€’/5),

which tends to zero according to our definition of &’. O

4.5 Proof of Theorem 4.2 and 4.3

Now, we conclude the proofs of Theorem 4.2 and 4.3. For simplicity, we consider the case d = 1.
We only treat the proof of Theorem 4.2 since Theorem 4.3 can be dealt with similarly. We
consider [ disjoint intervals Ap,--- , A;. We fix k vectors uq, - -- ,u; in R%2. We denote by < u,z >
the Euclidean scalar product on R%. We also introduce a sequence (f;);>1 of continuous and
bounded functions which is dense in the space of continuous functions with compact support. We
want to show that

l
Zgl,---,ul = ZE’YQ—% < u“Mg?B(Az) >
=1
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converges in law to Z41 % 1= 22:1 Wa2pr2v.0(A;) as e goes to 0. If this was not the case, we could
find an index jj and a subsequence ¢,, going to 0 such that E[f;,(ZZ"""")] does not converge to
E[fg,(Z"")]. By applying a diagonal extraction argument to proposition A.1, we can find a
subsequence (n,), > 1 such that for all k£ > 1 we get the following almost sure convergence (with
respect to X):

E[(Zz5)fX] - B2 )k X]

p—00

By the method of moments, we deduce that almost surely we have:

Enp

Elfin(Z8IX] > Elf(Z2)|X]

Hence by dominated convergence, we get that E[fj,(Zz" ")) = E[fj,(Z% )] which con-
p—r00

np

tradicts our assumption.

5 Conjectures

5.1 Reminder: conjectures on 5 =0

In the case § = 0, there is still some open questions about the renormalization of the measures
(M2"°).. Some conjectures are stated in [6, 22] that we recall here:

Conjecture 5.1. Assume v > v/2d and set a = @. Then

3
(—Ine)2vameV2-dp10(de) Y o N, (dx), ase—0 (5.1)

where ¢y is a positive constant depending on vy and the law of N, is given, conditioned on the
derivative martingale M', by an independently scattered random measure the law of which is
characterized by

VA € B(RY, Vg >0, E[e~™NaW|p)] = 0" M),

5.2 Conjectures on the inner phase I1

We state here conjectures on this phase that we should be able to prove in the case of discrete
cascades thanks to the exact study of the extremal process combined with our argument to
establish convergence in law towards a complex Gaussian random measure conditionally on X.
In the context of Gaussian multiplicative chaos, we have to rely on the conjecture 5.1 to state:

Conjecture 5.2. Let > 0 and v > \/g such that v+ 8 > v2d. Then we get the following
convergence in law:

L v2d-d .8
- g v, N .
((lng)z Sie o)) (WMM,(A))AC[M

where, conditionally on Ny, Waeye is a complexr Gaussian random measure with intensity Ny,
M

and N§, is a a-stable random measure with intensity M' and o = \/g%, namely an independently

scattered random measure whose law is characterized by E[e_qu?f’(A)] = e~ "M (A) for allu >0
and A bounded Borelian set. The constant o depends on (v, 3).
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5.3 Triple point

Concerning the triple point, the situation is a bit more delicate. When looking at the proof of
subsection 4.4, it is natural to expect:

Conjecture 5.3. For f =~ = %l, the following convergence in law holds:

(1mefi M2 fa)) 2 (Woanp (4)) gcga -

ACR4
where, conditionally on M', W2y (+) is a complex Gaussian random measure with intensity
o’ M’', and o2 is a constant.

5.4 Continuity in dimension 1 of the limiting process in the frontier I/II

Looking at the proof of lemma 3.13, one can write the following heuristics for £ < n:

M0 (dz) M (dy)
2 2 1 1
B2 M7 0,27%)2 | }'X} :/ 27" 2" .Y
2 [0, % 1%[0, ] G (y—2)V2)
n 2i—k 2
~Y 2 e |l L
207 5 | 20 T
j=k =1
n 29k )
~Y 3 o 2/(X5— (55)—V2Im2)
j=k 1=1

- i ,
Recall that it is conjectured that Zfilk 27 (X3 (57) V2n2) converges in law to some atomic ran-
dom measure v (see (5.1)). Hence, the limit M should satisfy the bound E[M7#([0, 2%])2 | FX] <

3
v(]0, %])(k’%?_l)_l and more generally:

| |~

B[ (s, )27 « — A0
(Iny 2 V2 )

E

It is therefore natural to conjecture that in dimension 1, we can reinforce the above result by an
almost sure convergence in the space of continuous functions. Indeed, as soon as one can show
that the limiting measure M?? is cadlag, the above estimates entail continuity.

6 Gaussian Free Fields

The Gaussian Free field with mass m > 0 on a set D C R? (for simplicity we can say that D
is either a planar bounded domain or the whole plane) and Dirichlet boundary condition is the
Gaussian field whose covariance function is given by the Green function of the problem

Au—2mu= =2rf on D, wpp=0.

Notice the unusual normalization factor 27 in order to get correlations of the form (1.2). When
D = R? we have to consider m > 0: otherwise the Green function is infinite everywhere. In the
case of a bounded domain D, we are mostly interested in the case m = 0.
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The Green function can be written as
o0
g(x,y) ZW/ e”"p(r,xz,y) dr.
0

where p(t,z,y) will denote the transition densities of the Brownian motion on D killed upon
touching 0D. A formal way to define the complex Gaussian field X + Y (with X and Y inde-
pendent GFF) is to consider two independent white noises WX, WY on Ry x D and define

X(z) = \/7_1/000 /l)e_mr/zp(r/2,x,y) WX (dr, dy),

o (6.1)
V() =V [ [ et/ WY Gdrdy).
o Jp
To define the exponential of the field X + 7Y, we need to use a cut-off procedure. So we define the
approximations X, and Y. (respectively of the fields X and Y) by integrating over (¢2,00) x D
in (6.1) instead of (0,00) x D. The covariance function for these approximations is given by

o0

E[X. (2) X (y)] = E[Yz(2) Yo (y)] = 77/ e ""p(r,x,y) dr. (6.2)

e2ve’?

6.1 Massive Gaussian Free Field in the plane

Observe that, in the case of massive Gaussian Free Field on R? (see subsection 2.1), the kernel p
is translation invariant and has a simple expression

1 |z —y|?

p(t7$7y) = 2—71'te_ 2

The whole plane massive Green function then takes the form

° lz—yl® d
Va,y € R?, Gm(:n,y):/o i % (6.3)

and can be rewritten as too .
G (z,y) = /1 M du. (6.4)

. . _m 2_v .
for some continuous covariance kernel k,,, = % fo e~ 1#"=3 du. Therefore the whole plane massive

free field strictly enters the framework of the first part of our paper.
6.2 Gaussian Free Field on planar bounded domains

The case of the GFF on a planar bounded domain is a bit more delicate (but nothing too serious)
as p(t,x,y) is not translation invariant this time. We use the change of variables r — =2 in the
integral in the r.h.s. of (6.2) to find something closer to the setup that we have worked with in
the previous sections and obtain:

E[X:(2)Xer (y)] = E[Y(2)Yer (y)] = 27 /0E E e (2 3, y) dr. (6.5)

The kernel 27Te_m/r2r_3p(r_2, x,y) will have to play the role of k(u(i—y))_
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We have

—(rlz—y))?
2

27T7"_3p('f'_2,117,y) < Ta V(!E,y,’f’). (66)

Furthermore the two kernels are asymptotically equivalent in the interior of D in the sense that
for any compact K C D:

9 (rle—y)?

lim sup |27r 2p(r 2, z,y)e 2z ~ —1]=0. (6.7)

r—00 (E,yEK

We will also consider the following decomposition of the covariance function

9= (2, y) =E[X(7) Xc(y)]

—1

€ 1
:/ 2mr S3p(r=2, xz,y) dr +/ 2mr 3p(r=2, xz,y) dr
1 0
=ge(z,y) + ¢ (2,9),

This corresponds to writing N
X. =X, +X (6.8)

where X’ and X. have respective covariance functions g. (z,y) and ¢'(z,y).
The conformal radius C'(z, D) of a point  in the planar bounded domain D is defined by

C(z,D) =

(6.9)
|/ ()]

where ¢ is any conformal mapping of D to the unit disc such that ¢(x) = 0. In fact, we will use
the following definition which is more useful for our purpose. Let ¢ be any conformal map from
D to the upper half plane H. Then we have the following expression for the conformal radius:

2Im(p(x))
C(z,D) = ————==. (6.10)
|/ ()]
Set
Ge(z,y) = e 9:@2),
The following claim is proved in the Appendix.
Lemma 6.1. For all x € D, we set Cc(x,D) = ¢/Ge(x,x). For all x € D, we have:
lim C.(z,z) = C(x, D) (6.11)
e—0

uniformly on the compact subsets of D.

We define for (7, 8) € R2 and ¢ the following operator:

Mgﬁ((p) :/ (lp(x)e“/Xs(w)—l—iﬁYE(gc)_VZEﬁzGs(x’x)c(xyD)ﬁ_g .
D

where (z) is a bounded measurable function on D. Notice that the renormalization term

2 2
X gﬁ G.(z,z) in the exponential is chosen such that MJ B () is a martingale in e.
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Given another planar domain D and a conformal map Y : D — D, we will denote by (Xg ) €]0,1]
and (Yaw)ge}o,u the random fields defined by

X¥(x) = Xe(¥(x)) and YP(z) = Ye(y(x)).

These two family form two independent white noise approximating sequences of the GFFs X o
and Y o1 defined on D. Then we define for ¢ defined on D:

2

Mg,ﬁ,w((p) _ /~ (’D(x)e“/Xé"(w)Jriﬁng(w)—”2;‘32 Gs(w(w)vw(w))c(x,ﬁ)%—g|¢/($)|27 dz.
D

When 1 is the identity we simply write M. # This allows us to define simultaneously the GFF on
every planar bounded domain conformally equivalent to D. We also mention the rule, for z € D,
|C(¢(x), D)| = |¢/(2)||C(x, D)| where |[¢/(x)|? is the Jacobian of the mapping ¢ : D — D (this
follows right away from the definition of the conformal radius (6.9)).

Phase I and frontier I/I1
Consider a couple (v,5) € Ry x R and define

We have the following behavior inside phase I:

Theorem 6.2. Consider a couple (v,8) € Ry x R in phase I or in the frontier I/II (excluding
the extremal points). Consider p €]|1,2] such that ((p) > 2 in the inner phase I or p € [1, %[ on
the frontier 1/II. Then:

1. For every bounded planar bounded domain D and conformal map ¢ : D — D, for all
bounded function ¢ C D, the martingale:

(M2 ()
is uniformly bounded in L.

2. Almost surely, the convergence of MQW() holds in the sense of distributions of order
2. The operator morm in the space of distributions of order 2 of the limiting distribution,
denoted by M"P¥(.), is L,-integrable.

3. For all q € [0,p] and all function o € C2(D):

BIM (o (/)] ~, Cur®)
r—0
for all x € D and some constant Cy > 0, which is continuous with respect to x on D.

Proof. The proofs of items 1,2,3 are exactly the same as in Section 3: when computing the L,
norm, thanks to (6.6), we can use Proposition 2.2 to compare the capacity with the one of the
stationary case k(z) = e*°/2, O
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Remark 6.3. As a consequence of the above Theorem we have for any ¢ € Cg(ﬁ),

2 2 .
limes ~2 /D p(z)? X OHOV@) 4z = MY (),

e—0

in the L, sense.

To see this, the reader can check that with our definitions

’Y2 [5’2

T [ o) O 4 ()

B gcp(a:)e’yxﬁ’ @)+iBY2 (2) =57 o) gy, (6.12)

=/«M%M—C@DD
D

As C.(x, D) converges uniformly (Lemma 6.1), Theorem 3.1 (Item 1) shows that the moment of
order p of the above quantity tends to zero.

Gaussian Free Field on planar bounded domains: another approach in phase I and
frontier I/11

Circle averages. In this subsection, we extend the framework of [25] to the complex case. Let
X and Y be two independent GFF's on a domain D. Without loss of generality, we suppose that D
contains the square [0,1]? (otherwise we could consider a smaller square inside D). We introduce
the circle averages (Xc).c0,1) and (Yz).¢jo,1) of radius ¢, i.e. X.(z) (vesp. Yz(x)) stands for the
mean value of X (resp. Y') on the circle centered at x with radius e (cf. [25] for further details).
We then consider the operator:

x)+i8Y:(x)—(~2 /2—B> < (x)?
s M5 () = /D () Xe @ HBY: (@)=(27 /2= /D ELX: (0)?] g

We set G. o (x,y) = E[Xc(2) X (y)]. We can now state the following theorem:

Theorem 6.4. In the inner phase I, we consider p €]1,2] such that ((p) > 2 and on the frontier
I/II (excluding the extremal points), we consider p €]1, %[ For all bounded measurable function

© with compact support in D, the family (Mg’ﬁ(go))€ converges in 1L, towards a variable M75(p).

Proof. Here M. # is not a martingale so we cannot content ourselves with proving boundedness
in L,: we must show that the sequence is Cauchy. If €, > 0, we have the following bounds:

E[|M2([0,1)2) — M7 ([0, 1))
< E[E[M2?((0,1]%) — M27((0,1]°) P X]/?]
= E[|A(e,e) + A(e',€') — 24(e, ') [P/3] (6.13)
where we have set:

A, ) = / 1K= (@)= F BN @] X (1)~ 5 BN (0] 8o (00) iy
’ (0.11)?

If 6 > 0, we further define

Ale 2, 6) = / e (@)= BIXe (@] 71X (1) =5 BIX e 0] 82Cr (00) gy
([0.112)2 [a—y| < 5

Cle,e,6) = / X (@)= 5 BIXe (@] 71X (1) =5 BIX e 0] G (00) gy
([0.112)2 [a—y[>5
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The main idea of what follows is the following: we split the integrals appearing in (6.13) in two
regions |x —y| < § and |x — y| > § for some § > 0. On the set |z — y| > ¢, the singularity
P*Ceer @) is hounded by a constant (eventually depending on 0). Therefore, the convergence of
the term

E[|C(e,e,0) + O, ¢, 8) — 20(c, &, 8)[P/?]

towards 0 boils down to establishing the convergence of the family (M7 ’0) in L”. This is "almost”
proved in [25]: actually, the authors in [25] only prove almost sure convergence. On the other
hand, it is plain to check (using Proposition 2.2 get a comparison with a stationary field) that
this family is uniformly bounded in L, for some ¢ > p. The claim of convergence in L, follows.
We deduce:

lim SupEHMg’ﬁ([O, 1) — M;’B([Oa 1]%)[7]

£,e'—0
< limsup E[|A(e, £,0)[P/%] + B[ A/, &, 6)[P/%] 4 2E[| A (e, €', 6)[P/?).
£,e'—=0
By the capacity lemmas 3.10 or 3.13 (depending if we are in the inner phase I or the frontier
I/II), the above quantity goes to 0 as & goes to 0; therefore (M2 ([0,1]2)). is a Cauchy sequence
in L.
O

Orthonormal basis expansion of the GFF. As a preliminary, the reader is referred to
[53, 25] for further background about the decomposition of the GFF along orthonormal basis.
Let us denote by H (D) the Hilbert space closure of the space C2°(D) with respect to the inner
product

(f,9)v = % /DVf(a:) -Vg(x)dz.

Now we want to expand the GFF along a given orthonormal basis of H(D) to produce another
way of defining the limiting random variable M7?. We will also show that the limit obtained
with this procedure does not depend on the choice of the orthonormal basis.

So we consider an orthonormal basis (f)r > 1 of H(D) made up of continuous functions. We
consider the projections of X and Y onto this orthonormal basis, namely we define the sequence
of i.i.d. Gaussian random variables:

1 L1
e = %/DVX(:E)ka(JE)d:E, and ¢, = %/DVY(x)ka(x)dx.

The projections of X and Y onto the span of {fi,..., f,} are given by:
Xn(z) =) erfulz) and Yo(z) =) e ful).
k=1 k=1

In this context, we set:

MYA(A) = / VX (@) HBY (@)~ (2 /2~ B D) B[ X (2)?] g (6.14)
A

We have the following result:
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Theorem 6.5. In the inner phase I, we consider p €]1,2] such that ((p) > 2 and on the frontier
I/IT (excluding the extremal points), we consider p €]1, %[ For all bounded measurable function

@ with compact support in D, the sequence (Mf{ﬁ (©))n converges almost surely and in L, to
MYB(p), i.e. the same limit as the circle average approzimations of Theorem 6./.

Proof. First observe that the sequence (M;’(p)), is a martingale uniformly bounded in L,
(because of Lemma 3.10 or Lemma 3.13 depending if we are in the inner phase I or the frontier
I/II). Thus it converges almost surely and in L,,.

Let € > 0. For n > 1, we denote by X, .(x) (resp. Y, o(x)) the circle average of X, (x) (resp.
Y, (z)), i.e. the mean value of X,, (resp. Y;,) along the circle centered at x with radius e. For all
n < m, we have the following;:

E[/ o(z)erXme @ +iBYm.e (@) =(v* 2= B2/ Bl Xm.e @] gor) (2 € Vo < ]
D

_/ (p(x)e'an,s(:v)+z‘/3Yn,5(w)—(~y2/2—/32/2)E[Xn,5(x)2] da
D

Now, we take the limit as m — oo and get that:

BV () e <] = [ pla)er el i =02 2= AP g,

Since the variable M7 P converges in L,, we can take the limit in the above identity as e — 0
hence getting:
E[M P (0)|(ex: €k )k < n] = M7 ().

Now, we conclude that M, B (¢) is a martingale bounded in I, which converges to M7#(¢). O

Remark 6.6. The almost sure limit of Theorem 6.2 is the same in distribution as the one defined
in Theorem 6.4 or 6.5.

Phases II and III, frontier I/III and II/III

Now let us discuss how to adapt the proofs of Theorems 4.2 and (4.3) to the case of the GFF
with Dirichlet boundary condition.

Concerning the corresponding statements, we have to specify what the value of o and the
intensity measure are. It appears through the computations that the natural thing to do is to
renormalize ¢7X+8Ys by a power of ¢ (i.e. by considering Wick ordering). So we consider here

42 B2 )
MZP(A) 282_2/ ) Xe(@)FiBYe(2) gy
A
for all measurable bounded set A C D.
Theorem 6.7. o When v €[0,1] and B +~* > 2, we have

<572‘1MQ’B(A)) = (W, 257200 (A)) 4 ga - (6.15)

ACR?
with ) w2
02 =0%(B? +47) = 271/ exp < (¥ + 52)/ lme ™™ du) rdr,

0 0 u
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and

]\72%0(dx) = lim 272X (@) 4y
e—0

= C(x, D)2“/ lim 27X ()27 EXZ @) 4 — C(m,D)%zMQV’O(da;) : (6.16)

e—0

and W is a standard complex Gaussian measure on R with intensity o2M?"0. The above
convergence holds in the sense of convergence in law of the finite dimensional marginals.

o When v €[0,1] and B +~* = 2, we have

(=7 M2 A)) = (Wagzeno(A)) y g (6.17)

ACRd

with

0o ,—u?/2 _ 1
0? = 0%(2) := 2mexp (/ ‘ 0.(4) du> .
0 U

and W is a standard complex Gaussian measure on R with intensity o>M?Y0. The above
convergence holds in the sense of convergence in law of the finite dimensional distributions.

Theorem 6.8. When v =1 and B> +~% > d, we have

(e m2o(a)) = (W) pepa (6.18)

ACR?

o? = \/%02(52 +1).

Convergence holds in the sense of convergence in law of the finite dimensional distributions and
the law of WU_QM,(-) is that of a complex Gaussian random measure with intensity c>M' where

M'(dz) —llm\/72]1n6]1/2 2Xe(w

= C(z, D)* lim 2E[X? ()] — Xa(a;)]e%<x>—2E[X?<x>de =: C(x, D)>M’(dz). (6.19)

with

Remark 6.9. Note that the expression that we find for o is that of Theorem 4.2 where k is taken
equal to e~u’/2,

Computations of the constant 0?. When adapting the proof, there is only some work to be
done in the computation of the second moment (Proposition 4.5 and 4.6). In particular there is
some challenge in computing the value of 2. For simplicity we compute the second moment for
A a square included in D (and which does not touch the boundary).

Repeating the computations of Section 4.2 leading to (4.13) we obtain after having made the
change of variables (x,y) € A2 = (z,2) with z =y — a:

22
E[(e”—lMgﬁ(A))? | FX :€v2+52_1/ / (C's(x,GD()C's(i-l-;,zfﬁ)z p e»yXE’z(m)—;E[Xfyz(m)}d:E dz,
A-A \ Jana—z) Sz, + 2

]
P ML L 6.20
= [ e (6.20)
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Xez(2) = Xe(2) + Xe(2 + 2)

)

e—1
Gg(z) = exp <_/ M) with k‘o(z) _ €_|22|/2,
1

u
~?—p? 2, 32 (6-21)
- / (Ce(z, D)Ce(x + 2, D)) : 2Gg(2)”’ - Ko (@)~ TEX2 ()]
2% Jana—z) Ge(x,x+ 2)7°+8
M. = [ Ol Dyt Ty,
’ A
Also, we have similar expressions for the frontiers I/IIT or II/III.
We need to prove the following equivalent of Lemma 4.8
Lemma 6.10. For v < 1 we have the following convergences in 1Ly
lim M2, = lim M2, = M?(A). (6.22)

e,2—0 ’ e,2—0

Proof. The proof of the convergence of M is very similar to what we have done in the translation
invariant case and we wish not to repeat it. What there is to do is to prove that M., — M2 .(A)
converges to zero. First we notice that

C.(x,D)/C(x,D) and C.(x + z,D)/C(x, D)

converges to one uniformly in A when ¢ and z tend to zero so that the C. in M can be replaced
by C(z, D). The second thing is to check that

lim0 G%2)/Ge(x,x + 2) = C(x, D) (6.23)

2,6~

uniformly in A. The —In of the quotient above is equal to

e7h o= (rl20)?/2
/ £ omr Sp(r~2, z,x 4 z)dr
1 r

et o (rlz])?/2 et 2
= / 7(1—2717"_2]9(7“_2,x,x))dr+27r/ r3 <e_(|z|r) /2p(7‘_2,x,x) —p(r 2z, + z)) dr.
1 1
(6.24)

By the monotone convergence Theorem, the first term converges to

el [ee]

1 1
lim —(1 = 2nr2p(r~2,z,2))dr = / —(1 = 27r2p(r2,2,2))dr

which according to Lemma 6.1 is equal to —InC(x, D).

We have to show that the second term goes to zero. Let Pg’é,y denote the law of the standard
Brownian bridge (Ys)secpo,q with lifetime ¢ starting from x and ending at y. Then using the
definition of p, we have

_(@—y)? ¢

1 .
pt,z,y) = 3¢ Py, ((Ys)selo,q stays in D).
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Hence the second term in (6.24) is equal in absolute value to
-1
|/ rle= (#7272 <P£7;2 (Yexits D) — P;;rz(YeXits D)) dr|
1

< / r Y P (Yexits D) — Pr o, (Yexits D)[dt. (6.25)
1
A classic fact for Brownian Motion is that if  and x + 2z are at a positive distance d of the
boundary of D, then there exists constants ¢ and C such that
P;;Ui_z(YeXitS D) < C’(d)e_c(d)rﬁ.
As for fixed r , ,
lim | P, " (Yexits D) — Py, . (Yexits D)| =0

2—0 zx+e
we can apply the dominate convergence Theorem to show that the r.h.s. of (6.25) tends to zero.

The third step is to change the domain of integration from A N (A — z) to A but this is easy
to check that the contribution to the integral of A\ (A — z) is negligible. O

Other GFF's

They are other possible choices of the underlying GFF. One may for instance consider Neumann
boundary conditions instead of Dirichlet’s, or consider a GFF with vanishing mean on the sphere
or the torus. We will only give a few details here in the case of the torus. This straightforwardly
adapts to the case of the sphere. But we do not treat the case of the GFF with Neumann boundary
conditions: we believe but have not checked in details that everything works the same.

Consider a GFF on the torus with vanishing mean (X (z))zer where T is the two-dimensional
torus. All the theorems stated for the GFF with Dirichlet boundary applies. The difference here
concerns the computation of the constant o2. Let us expand the corresponding Green function on
the torus G along the eigenvalues of the Laplacian on T. More precisely, it is the Green function
associated to the problem: for f € L?(T) and fT f =0, find a solution u to the problem:

Au=—=2rf, u€ L*T) and/u:O.
T

The eigenvalues of the Laplacian are given for = (z1,22) € T by:

ep.q(T) = V2cos(2mpry + 2mqrs) foq(®) = V2sin(2npry + 2mqas)

with associated eigenvalue —\, , = 27(p® + ¢) for (p,q) € N* x ZU {0} x N* = E,. For n € N*,
We define the truncated Green function

() :% 3

(p,q)EER

——— cos (2mpxy + 2mqxs).
p2 + q2 ( )

In this context, the equivalent of Lemma 4.7 reads:

Lemma 6.11. We have the following convergence for all x € R?:

Gn(7) =Inn—F() + g(a)
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where F : RZ = R is given by:

F@) = —r + 1 1 — cos (27 (z1u + 22v))

dud
2 [_1’1]2 U2 +U2 uav

and gn, satisfies SUp|,/y) <1 19n(2)] < C and gn(z) — 0 as n — co. The constant r is determined
by

3| -

1
Z T s =In+r+o(l) asn— oo
e, L T4

and, for all ¥* + 32 > 2, we have fR2 e~ (P HANF(@) gy < o0.

Proof. Because of the definition of k, it suffices to estimate the quantity

1 1 I xI9
% Z Zm (COS(Q?Tp; + 27Tq;) — 1)
Ipl,lq| < n
(p,q)#0

It can be rewritten as

1 Z 1 1 T T2
Ip|la| < n "
(p,q)#0

This is a sum of Riemann type. It converges as n goes to co towards

1 2 2 -1
cos(2mxiu + 2mrov) dud.

% [_171]2 U2 + ’U2

The function g, is the remainder in this convergence and its properties are easily established via
standard techniques of Riemann approximations. This proves the claim about the structure of F'.
Let us prove that F' satisfies the announced integrability condition. Obviously, F' is continuous
and therefore locally integrable. We just have to study its behaviour close to co. By making a
change of variables, we get:

1 — cos (2m(Eu + %v))

|z]

1
Fz)=—-rk+ — dudv.

27 J 1Ll Jo )2 u? + v’

This quantity is then easily seen to be equivalent to % f[—lrl e]2\[—1,1]2 ﬁ dudv, which is in

turn equivalent to In|z| as x — oo. O
One can thus applies Theorems 6.7 and 6.8 with the constant

0_2(,72 + 52) _ {f[{@ €xp < - (’72 + 52)F($)) dr if ’72 + ﬁ2 > 2,

2me2h 2k if 2 + 32 =2.
where o
. / %du + lim t 1,0, — (2m)7 fo cos(27r cos G)dedr
—1,12\B(0,1) Ul t—=o Jo r
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7 Applications in 2D-string theory

7.1 Introduction

Euclidian quantum gravity is an attempt to quantize general relativity based on Feynman’s func-
tional integral and on the Einstein-Hilbert action principle. One integrates over all Riemannian
metrics on a d-dimensional manifold ¥. The Lorentzian signature is then hopefully recovered via
Wick rotation.

General relativity is a reparametrization invariant theory which can be formulated with no
reference to coordinates at all and this diffeomorphism invariance is a central issue in quantum
theory. The main motivation for considering 2D (for two-dimensional) quantum gravity comes
from the fact that the Einstein-Hilbert action becomes trivial in 2D as it reduces to a topological
term and the cosmological constant coupled to the volume of space-time. All the non trivial
dynamics of the two-dimensional theory thus come from gauge fixing the diffeomorphisms while
keeping the geometry exactly fixed. This is the famous representation of the functional integral
over geometries as a Liouville field theory by Polyakov [47] (see also [47, 40, 12]).

More precisely, one couples a Conformal Field Theory (CEFT) (or more generally a matter
field or quantum field theory) to gravity via any reparametrization invariant action for conformal
matter fields with central charge ¢ . A famous example is the coupling of ¢ free scalar matter fields
to gravity, which can also be interpreted as an embedding of ¥ in a c-dimensional Euclidian space,
thus leading to an interpretation of such a specific theory of 2D-Liouville Quantum Gravity as a
bosonic string theory in ¢ dimensions [47].

The following discussion will focus on the coupling of one free scalar matter field to gravity:
the CFT is then said to have a central charge ¢ = 1 and this corresponds to the bosonic string
in 1 dimension. For a central charge ¢ = 1, it is shown in [47, 40, 12]) that the reparametrization
invariant action of the CFT (here called the Polyakov action) factorizes as a tensor product: the
fluctuations of the metric are independent of the CFT. More precisely, the random metric roughly
takes on the form [47, 40, 12] (we consider an Euclidean background metric for simplicity):

g(z) = X @22 (7.1)

where the fluctuations of the field X are governed by the Liouville action (with b = 2 for a central
charge ¢ = 1) and the CFT becomes an independent free field, say Y. When the cosmological
constant is set to 0, one talks about critical 2D-Liouville Quantum Gravity and the Liouville
action turns the field X in (7.1) into a Free Field, with appropriate boundary conditions. For
an excellent review on 2D string theory, we refer to Klebanov’s lecture notes [38]. As expressed
by Klebanov in [38]: ”Two-dimensional string theory is the kind of toy model which possesses
a remarkably simple structure but at the same time incorporates some of the physics of string
theories embedded in higher dimensions”. The reader is also referred to [13, 12, 25, 16, 17, 28,
29, 30, 31, 38, 40, 45, 47] for more insights on 2D-Liouville quantum gravity.

Therefore, in the following section, we review the basic notions of CFT with central charge ¢ =
1 and then recall the basic notions of CFT with central charge ¢ = 1 coupled to gravity, i.e. two-
dimensional string theory. In particular, we show that our work enables to define mathematically
the so-called Tachyon fields.
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7.2 Conformal Field theory with central charge c =1

We consider a domain D and a GFF Y on D with Dirichlet boundary conditions. In the physics
literature, one considers the conformally invariant action:

S(Y) = ﬁ /D VY (z)|d*x (7.2)

and all averages of functionals F(Y') are denoted formally as:
E[F(Y)] = / F(Y)e3M)qy.

Note that the normalization in the definition of S ensures that:

1

~ n————.
ly—z|—0 |y — x|

E[Y (y)Y (2

In this context, Conformal Field Theory (CFT) with central charge ¢ = 1 involves defining and
studying operators (or fields) formally constructed as functions of the GFF: see the mathemati-
cally oriented article [36] for more on this. Since the GFF is a distribution (generalized function),
this is often not straightforward mathematically. Of particular importance are the so-called vertex
operators denoted V,, = e (a € C) by physicists that we will rather denote formally in the
following way:

a2 02 2
Vo(Y(2),2) = C(x, D)7 ¥ @5 BV @) (7.3)

where C(z, D) is the conformal radius. This formal definition is more accurate to denote what
physicists of CFT or Quantum gravity call normal or Wick ordering of ¥ (in other fields, in the
Wick ordering of e®Y, the conformal radius does not appear in expression 7.3). Under this form,
we recognize Gaussian multiplicative chaos if « is a nonnegative real less than 2. If « is complex
with || < v/2, one can define V,, as a random distribution (see [36]). The construction is obvious
because |a| < v/2 ensure the fields are La-integrable.

In this paper and in the following discussion, we consider the case a = i3 where (3 is real. The
conformal dimension of V;g(Y, 2) measures how the field changes when one switches to another

parametrization. More precisely, let ¢ : D — D be a conformal map and set Y (&) = (Y 0 ¢)(Z).
Since the action (7.2) maps Y — Y under v, the conformal dimension A, of V;3 is defined by

Vig(Y (0(@)), (7)) = [¢/(@)| >4 Vig (Y (@), 7). (7.4)

In fact, this corresponds to the definition of conformal dimension for spinless operators. By the
~ ~ ~ = 2

rule |C'(¥(z),D)| = |4/ (z)||C(z, D)|, we get that A;z = %. In particular, we get the following

rigorous relation by integrating the formal relation (7.4) for some compact set K (K = ¢(K)):

| VT @905 = [ Vialy @), v@)lw @ d
K K
= [ Viaty )l @)

where K is some compact set.
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7.3 CFT with central charge ¢ = 1 coupled to gravity

In the special case ¢ = 1 (hence the case of a GFF Y with Dirichlet boundary conditions on some
domain D), we have b = 2 and the Polyakov action can be written under the following tensor
form:

S(X,Y) = ﬁ /D VY (2)| 2 + % /D VX (@) + QR(2) X (x)d%% (7.5)

where the first term is the classical GFF action (CFT with ¢ = 1) and the second is the classical
Liouville action (where we have set the cosmological constant to 0, R is the curvature and @ =
245t=2).

Following the physics literature (see [17, 30, 45]), we consider the following equivalence class
of random surfaces: if 1 : D — D is a conformal map then we get the following rule for the fields
(X,Y):

(X,Y) = (X oy +2In|¢|,Y o))

This equivalence class is a generalization of [25] in the sense that now we incorporate the matter
field Y. The reparametrization rule for Y is a just a consequence of the conformal invariance of
the Free Field, i.e. the action [, |VY (z)|d*z is conformally invariant. Since Liouville Quantum
Gravity is a conformal field theory, the relevant operators are the ones which are invariant under
the above rule; this ensures that the operators are stable under reparametrization, i.e. are inde-
pendent of the underlying background metric which is used to define the theory. For consistency
reasons (no conformal anomaly), one can only consider conformally invariant dressed operators
within Liouville Quantum Gravity. The simplest of such operators are the so-called tachyon
fields (see the reviews [38, 45]). More precisely, the tachyon fields are the CFT vertex operators
eV with gravitational dressing of the form e?X that are conformally invariant under the action
(7.5). Hence they are formally of the form e?X(@)+#Y (@) Here, we stress the fact that e7X(#)+i8Y (z)
is a function of the two GFFs X,Y in order to determine the way it changes under reparametriza-
tion. In what follows, we will thus consider the Wick ordering of the field e?X@)+8Y (z) and see
if it properly defines a conformally invariant operator under the action (7.5).

The special point v =2,5=0
At the special point (7 = 2,5 = 0), we recover the special tachyon field

M) = [ ceppara)

where M’ is the derivative martingale defined in [22, 23]:

M'(dz) = (2E[X(2)?] — X)e2X()-2BIX ()] g,

Tachyons within phase I and frontier I/II

It is natural to first look for other tachyons fields in phase I together with the frontier of phases
I/IT (excluding the extremal points) because the renormalization is standard in this area. The
Wick ordering of the field e?X(@)+#Y () then corresponds to (see subsection 6.2):

) 2 2 2 52
MY (dz) = X @H+SY @-FEX @ T EY @0 (y, D)7 7 da

We are thus looking for the couples (v, 3) satisfying
7/3 _1 J— 75
My (P od™)) = Mgy oty yon(P)
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for every function ¢ € C2(D). Now, we get that:

By
MXow+2 In [¢/|,Y otp ((’D)

_ / (7)Y X W@ 2 W @)+BY @)~ T EX @@+ 5 EY W@ 05, DY[*/2-F 225
D

_ /~ () X WENHBY (W@)~ T EX @)1+ 5 EY W@ o (p(3), DY~ % o/ (7)) 5+ 5 d2
D

= [ owm @) XY@ BN S B P a, D) @) P
D

Hence, for the field to be conformally invariant, one must solve the equation 2y = 72/2— 3%/2+2,
yielding the points of the frontier of phases I/II: v & 5 = 2 for 7 €]1,2[). This partially confirms
predictions of physicists (see [38] and references therein) in the sense that it was claimed that we
get tachyons on the segment v+ 5 = 2 for v € [0, 2[). Yet, we argue that one cannot find tachyons
for the values v+ 8 = 2 and « € [0, 1] by this Wick ordering procedure: we enter phase III and
the triple point, which involves non standard renormalization that highly perturbs the behaviour
of the exponent of the conformal radius, yielding operators that are not conformally invariant.
In order to get tachyon fields, it might be necessary to study the second order which corresponds
to analytic continuation in the physics literature (see [26]). For instance, in the case v = 0, the
paper [26] predicts as € — 0
o iBYe() -2

pr)de ~ e~ 2 W(p)+T(p) (7.6)
where W corresponds to the white noise and T is a distribution independent of W, which should
correspond to the tachyon field.

KPZ formula for the tachyon fields
Consider the vertex operators Vg = €' with 8 € [0,1), of a Conformal Field Theory (CFT)
with central charge ¢ = 1, i.e. Y is a GFF. We have seen that the conformal dimension A?B of

Vig is %2. The quantum dimension Agﬁ of the operator V;g is defined as the value such that the

operator
_ A4

is conformally invariant within the theory, i.e. becomes a tachyon field (recall that b = 2). We
have seen that we must choose

b(1—Aly) +8=2

in order for this field to be conformally invariant, yielding

5
q _
Al =g

We thus recover the celebrated KPZ formula (see [40])

b2
0 _ A4 q (A4
Ajg = Aiﬁ + ZAiﬁ(Aiﬁ -1)

in its original derivation for (critical) Liouville quantum gravity with a ¢ = 1 (b = 2) central
charge.
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Further comments on the special point v =2,8=0

We would like to make some further comments about the physics literature at ¢ = 1. As pointed
out in [23], this literature suggests (at least) three possible interpretations of the tachyon field
e?X | corresponding to the point (v = 2,8 = 0) in the diagram of Figure 2. The cornerstone
of the discussion is that this point is a wild discontinuity point. The first interpretation is the
derivative martingale M’ (formally Xe?X) constructed in [22], which turns out to coincide with
e?X via the Seneta-Heyde scaling (see [23]). However, this atypical tachyon field e>X in Liouville
quantum Gravity has been associated to another, non-standard, form of critical ¢ = 1,b = 2
random surface models. Indeed, the introduction of higher trace terms in the action of the ¢ =1
matrix model of two-dimensional quantum gravity is believed to generate a new critical behavior
of the random surface [32, 37, 39, 55], with an enhanced critical proliferation of spherical bubbles
connected one to another by microscopic “wormholes”. The mathematical meaning of this physics
poetry is to add atoms on top of the measure M’, meaning considering a random distribution
N ]}/1, where, conditionally on the derivative martingale M’, N]b, is an independently scattered
random measure distributed on R? and characterized by

B[ "Nhr ()] = —clalM'(4),

for some constant c. We further stress that the law N1, is exactly the same as the law (of the
real part) of W 172 (with the notation of Figure 2) that one gets along the half-line v =2,8 > 0

of Figure 2. We beheve that the introduction of these higher trace terms, though finely tuned
so as to reach the point (y = 2,8 = 0) at the scaling limit, make you reach this point via a
path living strictly inside the phase II. Therefore, the scaling limit that you get is indeed a 2D-
Cauchy process on top of the derivative martingale (i.e. WNl /2 Or equivalently N1 ,) but does not

correspond to the tachyon field because of the discontinuity at the point (y = 2,8 = 0).

Anyway, this remains a striking fact from the angle of (still conjectural) analogy between
random surfaces models and 2D-Liouville Quantum Gravity (see [14] for recent advances): all the
random surface models developed to approximate ¢ = 1 Liouville Quantum Gravity correspond
to all the possible limits that you get when approaching the discontinuity point (y = 2,8 = 0) in
the diagram of Figure 2.

7.4 Chodos-Thorn/Feigin-Fuks Theory: Gaussian Free Field with a background
charge

We discuss here applications of our results to Gaussian conformal field theory in the presence of a
background charge, also known as Chodos-Thorn/Feigin-Fuks Theory (CTFF) [11, 19, 20, 30, 36].
By inserting an imaginary background charge to the free field action, this theory allows one to
shift the ¢ = 1 central charge of the standard free field action to a ¢ < 1 central charge, with
¢ =1— 6?2 for some y > 0. In a way, this could be interpreted as a random geometry with
imaginary curvature (see [30, 54]).

More precisely, we still consider the vertex operators V,, = e® (a € C) defined by

o? oY (z)- L E[Y(2)2
VoY (2),3) = C(z, D) T Y @)~ FTEN ()] (7.7)
where Y is a GFF on a planar domain D, say with Dirichlet boundary conditions. Once again,

we can make sense of these operators via martingale techniques in the Ly phase, i.e. for |a|? < 2.
We continue this discussion while assuming now that « is purely imaginary, i.e. « = ¢3. Our work
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establishes that the only relevant values of 3 are such that |3|? < 2 since we have seen that other
values of 3 enter the phase III (or its II/III boundary) and yield a limiting white noise.
One can still measure how the field changes under conformal maps provided that we fix
a reparameterization rule. We assume from now on that D is the complex half-plane H, i.e.
= {# € C;3(2) > 0}. Given another simply connected planar domain D with a marked
boundary point ¢ € 0D and a conformal map ) : D> H sending ¢ to co, we will denote by Y¥
the centered Gaussian Free Field on D defined by

We consider the following equivalence class of random surfaces (also called imaginary surface in
[44, 54]). If ¢ : (D,q) — (H, 00) is a conformal map then we consider the following rule for the
field Y:

Y 5 Y(T) =Y op(F) — xargy (7).

For test functions ¢ on D, we have

[ ov@nvia(v @) ds
= / ¢(¢(5))eiﬁ(Y(¢(E))_Xarg¢/(g)) EY @)’ c(3, D) 12d®F
B

— [ ela)es @ E @O, D) ?W(zp-l(x))r"*5-2e-w><arg@’Wwd%
D

where 1/ denotes the complex conjugate of ¥'. This operator is not spinless in the sense that the
exponent of ¢/ differs from that of 1/ in the above right-hand side. The conformal dimensions of
this operator are then given by (A5, Aig) = (B—2 - B—X %2 %X) The quantity Az — Nig = —x3
is called the conformal spin.

Let us make some further comments. If the conformal spin of the vertex operator Vjg, that
is formally Vg = eY/x (to be understood as the limit lim,_, ¢ B?/26Ye(@) g as defined in this
paper), is —1 then the direction of the field transforms as the direction of a vector field under
conformal maps in such a way that the flow lines © = V;, -1(v) of the vertex operator V;, -1 are
conformally invariant curves, which are studied in [44, 54|, leading to a SLE based treatment of

NG

the CTFF theory. Let us mention the correspondence b = % — 5= with the standard x parameter

of SLE theory (see [36, 54]). One may also consult [21] for applications of vertex operators to the
study of conformally invariant curves.

Our paper naturally raises the following question. As a phase transition occurs when renor-
malizing the field V;, -1 (we get a limiting white noise for [x|~ > 2), how can this be interpreted
in the SLE framework? For instance, does this mean that we cannot approximate the flow lines in
[44, 54] for ||~ > 2 by discretizing the GFF? As in the case of tachyons, it might be necessary to
consider the approximation (7.6) and to consider the flow line of the limiting object T, discarding
the effect of the white noise.

Keeping up with this train of thoughts, a possible generalization could be the following. One
may for instance consider the flow lines of the operator e?X %Y where X,Y are two independent
GFF on D. Such operators occur for instance when coupling the CTFF theory with central charge
¢ =1—6x2 to 2D-gravity, in which case the string susceptibility matches b = /4 + x2 — x. The
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reparametrization rule for the field (X,Y") is then given by

(X,Y) == Y(@) = (X 0t(®) + VA + 2In [t/ (@)],Y 0 (T) — xarg (7))

The conformal spin of the operator e?X+%#Y remains equal to —Bx so we still impose § = 1/x in

order to get conformally invariant flow lines. But there is no need to make tedious computations:
it is straightforward to check that the flow lines ¥ of €?X /X are just the flow lines v of €?¥/X time
changed by F~(t) where F'(t) = e "X () je. u = voF~' If one knows a bit of information about
the capacity properties of the occupation measure of the path v, then one can apply Kahane’s
theory of Gaussian multiplicative chaos [35] to define the change of time F. For instance, this
strategy has been applied in [29] to define the natural quantum parameterization of Brownian
motion. Similar questions may be addressed in phase II : do we need to consider higher order
terms in order to get rid of the stable measure with random intensity?

A Control of moments of order 2k

In this appendix, we gather technical estimates on the convergence of the higher order moments
in phase III and its frontiers with the other phases. The main purpose of this appendix is to prove
proposition A.1 below. The following results have straightforward analogs in all dimensions: for
the sake of clarity, we state and prove them in dimension 1.

Proposition A.1. Let k and k' be natural integers. Then for any interval J, in the phase I11,
I/III and I1/II1 we have the following convergence in probability:

E[(MZP ()2 ()Y | FX]

_ etk ]2
VR M2 (M) | FY]
For all 1 > 2 and all 2l-tuple of natural integers (ki,..., ko), for any collection of disjoint
intervals Ji,--- ,J;, we have the following convergence in probability:

B[ M) (12 )| ] o A
EI—I>I(1) .8 — . X (k2i71+k2i)/2 - H 2i_1'1k2i71:k2i' ( 2)
nging[Ma (Ji) M7 (J;) | F } 1<i<l!

A.1 Optimal matching between two finite sets in R?

Before starting the proof, we introduce a matching procedure. This algorithm was introduced by
Gale and Shapley [27] to provide a solution to the stable marriage problem.

Given k < k', let (z1,...,23) and (y1,...,yr) be two sets of points in R? such that all the
pairwise distances |z; — y;| are distinct. The optimal matching of x with y is an injective
application:

o(x,y): {1,....k} = {1,..., K}

obtained by the following procedure:

(i) If 2; and y; are mutually closest, i.e. if:
Vi, j" |2 =yl < Jzy — y;| and |y — y;] < |2 — yyl

then we set o(i) = j.
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(ii) We delete the points that have been matched in step (7).

(iii) We iterate the procedure until all the z;’s have been matched.

A.2 Proof of proposition A.1 for matching indices k =k’

We prove (A.1) for J = [0,1]. The general case can be proved along the same lines. We introduce
the following notation:

M2P(dx) HMW dz;)
7j=1

2%
The moment E UMg’ﬁ([O, 1])‘ | ]:X] is given by

62
k2 / M2 (dxdy) <H1 cicj <k Ge(@i —2j) 11 cicj <k Ge(yi — Z/j))
g .
[0 1]2k

A3
Hij:l Ge(xi — yj)ﬁz (49)
Hence (A.1) for k =k’ corresponds to proving
2
f[o 1 ngo(dXdY)(H1 <i<j<k Ge(zi—x;) ], g2i<j <k Gs(yi—yj))ﬂ
& Ge(zi—y;)B
lim ik Geloimus) = &l (A.4)

o <f[o 12 M2 (dady) Ge(a y)‘52>k

Let o(x,y) be the permutation obtained by the optimal matching procedure described in the
previous section (which is Lebesgue almost-everywhere well defined) and set

B:={(x,y) | o(x,y) = 1},

where 1 denotes the identity. By symmetry of the indices, we can rewrite (A.3) (divided by EkBQ)
as

62
MQ’O(dxdy) <H1 <i<j<k Ge(zi — ;) [, <i<j<k G-(yi — yj))
K / . (A.5)
B

%
Hi,j:l Ge(x; — y;)*

A reformulation of (A.4) is that one can find a § that tends to zero with € which is such that
for all k with high probability

k
(1-0) ( Ge(x — y)_BQMQ’O(dwdy)>
0,1]2

62
/ M2 (dxdy) <H1 <ici <k Ge(@i— i) ) < icj <1 Gelyi — yj))
B

S k 2
Hi,j:l Ge(xi — y;)°

k
<(1+90) < o2 Ge(z — y)‘BQMQ’O(dxdy)> . (A6)
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Let us consider functions a(e) and b(e) such that ¢ < a(e) < b(e) < 1. We set

A= {(x,y) € [0, 1% Vi, |z —yil <ale), Vi#j, | —xj] 2 be), lyi —ysl 2 b(e)}. (A7)
Note that A C B (because when (x,y) € A all the pairs (z;,y;) are mutually closest.
Lemma A.2. When (x,y) € A we have

k

(1—0) [[ Gelwi — i)™

i=1

2 2
< Ih <i<j<k Ge(zi — xj)ﬁ IL <i<j<k Ge(yi — yj)ﬁ
= k

Hz’,j:l Ge(a; — y;)*

(1+0) ] Gelwi —wi)™ (A8)
=1
where § = 0(g) tends to zero when e does.
For (x,y) € B we have a general upper bound
.- G:Ei—:E'B2 .- G s — '52 k
H1<z<y<k e( i) H1<z<y<k (Wi —v5) Sc(k,ﬁ)HGe($i—yi)_ﬁ2- (A.9)

k
Hz’,j:l Ge(w; — l/j)62 i=1

Proof. We prove (A.9) by induction on k. We can assume that x1 = y; are mutually closest (there
is at least one pair of mutually closest vertices and we exchange the indices if needed). Then we
have for all j € {2,...,k}

<z —wn|+ |z < 2z
1 =yl <o =yl + 21 — y5] < 2021 -y (A10)
21 — x| <o =yl + |y1 — @] < 20y1 — ]
We have from Lemma 4.7 o
t
sup () = < o0,
sE[Ol]t<2s€<1G ( )
and hence, using the inequalities (A.10) we obtain that
1L <i<j<k Ge(w; — x5) I <i<j<k G:(yi — ;)
k
Hi,j:l Ge(zi — yj)
- 1 i<j <k Ge¥i —Yj
< 2 I, <ici< g Ge(Yi Z/y). (A11)
G:(z1 — 1) Hi,j:2 Ge(z; — yj)

Then using the induction hypothesis, (note that the identity is still the optimal matching once
2
(1,y1) have been deleted) we obtain (A.9) with C(k,3) = Clﬁ R(E-1),

The inequality (A.8) is obtained by noticing that on the set A for all i < j

i — il = lyi — 251] < |y — (A12)
sz _%’ |z — | < Jwj — .
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We have from Lemma 4.7

lim sup ‘

— 1‘ =0.
€205 > p(e),te(s—a(e),s+a(e))

Let 6,(c) be the quantity in the limit. Using (A.12) we obtain (A.8) with (1 %+ &;(g))?* k(=1
instead of (1 ). O

Now, we state the following lemma whose proof is postponed to the next subsection.

Lemma A.3. For all k, we have the following convergence in probability
Jio.12\ 4 M2 (dxdy) [T5-, Ge(zi — i) ™°

k
(Jioup M2°(drdy) G — y)~5*)

2

lim
e—0

=0. (A.13)

With this lemma and Lemma A.2, we can conclude the proof of (A.1). Let us first prove the
lower bound in (A.6). First we replace the domain integration B by A which is smaller. Then we
use (A.8) and obtain that

62
/ M2 (dxdy) (Hl <ici <k Ge(@i =) [T <icj < £ Ge(yi — yj))
B

Hﬁj:l Ge(z; — yj)ﬁz
k
> (1-0) [ 22(xdy) [ Gules — )
A i=1

k
> (1-¢) </ M2(dady)Ge (z — y)‘62> :
(0,12

where the last line holds with high probability according to Lemma A.3.
For the upper bound in (A.6), we remark that from (A.8) we have:

62
/ M2 (dxdy) <H1 cicj <k Ge@i—2j) Tl cicj < Ge(yi — yj))
A

k
Hi,j:l Ge(z; — yj)ﬁ2
k

<(1+0) [ M20axay) [] Gulari =), (214)
=1

Thus it is sufficient to control the contribution of B\ A to conclude. From (A.9) we have:

62
/ M2 (dxdy) <H1 <ici <k Ge(@i— i) [T < icj <1 Gelyi — yj))
B\A Hf,j:1 Ge(zi — y;)”

<Ces®) [y [[Gele; - ) P (A9
0.17\4 ;

k
According to (A.13), the r.h.s. is smaller than ¢ (f[o 12 M2 (dzdy)Ge (x — y)_BQ) provided ¢ is
chosen sufficiently small.

56



A.3 Proof of Lemma A.3

We decompose the set [0, 1]2* \ A as a union of non-disjoint events as follows

k
0,1\ A= [J{(x,y) € [0, 1% | |2; — yil > a(e)}
1=1

U U k) €017 | fai — 25 < b(e)}

1<i<j<k
U U A{ey) € 10,1 |y — g5l < b(e)}
1<i<j<k
k
= U /L U U Ai,j U A;’,j
i=1 1<i<j<k 1<i<j<k
Then by permutation of the indices and symmetry in z,y we have:
k 2 k 2
/ MO (dxdy) H Ge(x; —y) " <k | MY°(dxdy) H Ge(x; —y)~"?
[0,1)24\A i=1 A i=1
k 2
+k(k—1) [ M2O(dxdy) [] Gelai —v) ™"
A1, i=1

Hence it is sufficient to show (A.13) with [0,1]%* \ A replaced by A; and A; 5 in the numerator’s
integrand. After simplification it amounts to showing two things (see the next lemma). One sets

Dy = {(z,y) € 0,1 | |z — y| > a(e)}

4 (A.16)
Dy :={(x,y) € [0,1]" | |x1 — x2] < b(e)}.
Lemma A.4. The two following convergences hold in probability:
I fD2 Ge(x — y)_ﬁz Mg’o(da:dy)
im =0,
=0 [ig.1pp Gel(@ — y) =7 M2 (dady)
(A.17)

m Ip, 12, Ge(i — yi) =7 M2 (dxdy)

li 2

o (f[o,qz Ge(z — y)_ﬁzMg’O(diﬂdy))

Proof. Using the results of section 4.2 concerning convergence of the second moment, one can
make the following replacement in the denominator of (A.17)

gl=27"—p if v <1/v/2and 72+ 32 > 1,

Ge(z — y) P MO (dady) ~ { 7| In(e)| if v < 1/v/2 and 72 + 82 = 1,

(0,117 el =A% In(e)| "2 ify=1/v2and 2+ % > 1,
(A.18)

in the sense that the above ratios converge in probability towards a positive random variable.
Then the first line of (A.17) comes from an easy L; computation

e a(e) P if 4 < 1/v/2 and 2 4 82 > 1,

7| In(a(e))| ity <1/v2and 42+ 82 = 1. (A.19)

E [ N Ge(z — y)‘BQMQ’O(dwdy)} ~ {

o7



which is good enough as a(¢) > 0 (we only need to use the Markov inequality). When v = 1/1/2
we require (a(e)/e)?’ =1 > |Ine|'/2 to make things work.
A similar computation works for v < % for the second line of (A.17) but miserably fails in

the other cases. Set B(g) = b(¢)~! (and we assume that b is defined so that B is an integer). For
j=1,---,B—1, we define I; := [b(j — 1),b(j + 1)].

We have
2 , B-1 , 2
/ T] G-t — o) M2O(axdy) < 3 ( / Gula —y)~" Mg’o(d:ndy)) C(A20)
Dy ;5 =1 I;%[0,1]

Now we treat the case v < 1/4/2 and 7% + 2 > 1, the others can be dealt with similarly. We set

MZHO([) = e+ / Ge(x —y)~% M2 (dady)
Ix[0,1]

and therefore get:

2
@0 [ T Gulwi— 90 M2 xdy) € swp (EFOL) BE(0.1) (A0
4,=1 NV

By the results of section 4.2, the random measures Mf 7,0 converge in probability in the space
of Radon measures to the measure M2?0. By extracting a subsequence, we can assume that
almost sure convergence holds. Let b > 0 be fixed. We have:

m sup (MZYO[L]) M270((0,1]) < sup  (M*0(I;)) M*°((0,1])

e=01<j<B 1<j<b

Now one can conclude by letting b go to 0 in the above inequality and using the fact that /270
has no atoms.
Hence we have proved that:

o, T G — )= M2 “(dxdy)

) =0 (A.22)
e—
(f[o,l]z Ge(z — y)_BQMg’O(dxdy))

A.4 The case k < K

This case is easier and only uses the tools developed for the & = &’ case.
An easy computation shows that (A.1) for k < k" corresponds to proving
2
f , Mg’o(dXdY)(H1 <i<ji<k Ge(zi—z;) [Ty <a<j < K/ Gs(yi—yj))ﬁ
[071}k+k H?:l H;d:l Ge (xi_yj)ﬁ2

(k+k")/2
(Jioup M2 (drdy) Gz — y)~5*)

lim =0. (A.23)
e—0

Let o denote the function obtained from the matching procedure of x € R¥, y € R¥'. Set

B:={(x,y) € [0,1]"** | o(x,y)(i) =i, Vi € {1,...,k}}.
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We have by invariance under permutation of the indices that the numerator above is equal to

62
L/ M2 (dxdy) <H1 cicj <k Ge(@i—2) 1 cicj <1 Ge(yi — yj))
/ L (A2
B

(K = k)! [T, [T Ge (i — y))”?

Now we can adapt the proof of (A.9) in Lemma A.2 and show that for all (x,y) € B

62
(H1 <i<j<k Ge(wi — ;) I < i<j <K Ge(yi — yj)) - Cﬁzk(k/_l) I < i<i <k Ge(y; — yj)ﬁ2
1

Hf:l Hf;l Ge(wi — l/j)ﬁ2 h Hf:l Ge(zi — yi)™
(A.25)
Then using Lemma 4.7, we see that the numerator of the r.h.s. above is bounded by a constant.
Hence there is a constant C' such that

52
/ Mgo(dXdY) (Hl <i<j<k Ge(wi —2j) [T <i<j <K G-(yi — yj))
B [T TS, Ge(ai — )™
7,0
< C/ kMa (dxdy) :
o+ [Ty Ge(@i — vi)P

k
= ( M (dedy) G (z y>-52> (M2°([0, 1)) .
[0,1]2
Hence to prove (A.23), it is sufficient to prove that

- Mo, 1])
= \/f[o,l}2 M2 (dzdy)Ge (@ — y) =7

This is a simple consequence of the results of Section 4.2.

=0. (A.26)

A.5 Proof of (A.2)

We treat only the case of two intervals, more intervals meaning only more notational problems.
We further assume that J; and Jo are at positives distance from one another for simplicity.

If this is not the case, as when J; = [—1,0] and Jo = [0, 1], we can split Jo into two intervals
J5 =10,6] and J§ = [0,1] and expand the factor M (Jy) = M (J) + M(J}) in the product. Then
using the Hlder inequality together with (A.1) we prove that all the term where J} appear have
a negligible contribution when § goes to zero.

The moment in the numerator is equal to

4 B2
<H1:1 [T <i<j <k Ga(xﬁ - xé))
B
k ke m
(H(l,m)e{(172),(374)} [T I Ge(z} — xj ))
52
(I T2 Geol =) (T2 T Gela? — o

62
) (A.27)
B2 ’
k m m
<Hu,m>e{<1,4>,<2,3>} [T T, Gelad — )

ek / M0(dx)
xielki

2

X
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Now if I and J are at a positive distance, the term appearing on the second line is uniformly
bounded, and hence we obtain the result for free when either ki # ks or k3 # k4. In the case
k1 = k9 or k3 = k4 we have to show that the cross term

B2 B2
(0TI Gl — o)) (T122, T, Gela? — )

62
k km m
<H(l,m)6{(174),(2,3)} IL4 I Ge(a] - xj ))

is roughly equal to one on the subset of lekl X J22k3 that really matters. First we remark that
multiplying by k1!ks! we can restrict to the set

B; x By = {(x},x?,x%,x) e Jfkl X J22k3 | o(x},x%) =1,0(x3 x1) = 1}.

Then we show that on the set A; x Ay where A; and As are defined similarly to A in (A.7) we
show that the cross term is in the interval (1 —d,1 + §). Then one can conclude by using Lemma
A3.

B Differentiability of Gaussian processes

In this section, we state a few results about Gaussian processes, mainly about differentiability
and convergence in law in the sense of distributions. These results are certainly not new but we
have not found any proper reference.

In what follows, D stands for a compact subset D of R% and for X be a R™-valued stochas-
tically continuous stochastic process defined on D.

First we recall the classical

Proposition B.1. If, for some 8,a,C > 0:

Ve,z € D, E[|X, — X9 < Clz — 2|7,

X.—X. Cp2B8—av
For all ~ €]0, g[, we set L = sup,, | PR L, Then, for all p < q, E[L°] <1+ W.

Now we claim the following:
Proposition B.2. Assume that X is a centered Gaussian process with covariance kernel K.
Then:
1) if for some a > 0 and Vx,y € D, K(z,x) + K(z,2) — 2K (z,2) < Clx — z|* then X admits a
v-Hélder modification for all vy €]0, «/2].
2) if, for some k € N* and o > 0, K is of class C** and Va,y € D:

OOFK (z,2) + OFOF K (2, 2) — 20808 K (2, 2) < Cla — 2|°, (B.1)

then X is of class C*. Furthermore the k-th derivative is y-Hélder for all v €]0,a/2[ and the
Holder constant is in LP for all p > 0.

Proof. The first claim is just an application of Proposition B.1. We outline the second claim.
We consider a mollifying sequence (p,,), and we define the Gaussian process by convolution
X, = X % p,. For each n, this process is infinitely differentiable and the covariance structure is
readily seen to be given, after integration by parts, by:

E[0F X, (2)05 X, (2)] = //pn(y)pn(y')f?';afff(x —y, 2 — ) dydy & Ky (x, 2).
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Because of (B.1), it is plain to see that there exists a constant C' such that, for all n and z,y € D
E[|0}, Xu(2) — 05, Xa(2)[’] < Cle —y.

The same argument holds for all the derivatives of order k¥’ for ¥ = 0,. .., k. The Kolmogorov
criterion (Prop. B.1) ensures that the sequence (X,,), is tight in C* equipped with the topology of
uniform convergence of all derivatives of order k' for ¥’ = 0,. .., k. Since (X,,),, converges almost
surely in C(D) towards X, we deduce that X is of class C*. O

We deduce:

Corollary B.3. Consider a sequence (X,), of centered Gaussian processes with respective co-
variance kernel K, of class C?* such that all the derivatives up to order 2k uniformly converges
on D towards a covariance kernel K. Then the sequence (X, 0:Xn, . .. 8I;Xn) converges in law
in C(D) towards (X,0,X,...0FX), where X is a centered Gaussian process on D.

C Auxiliary results of section 6

Proof of Lemma 6.1. We suppose that B(z,d) C D. We set Gp to be the Green function in D.
We have for all function ' > 0:

L ([ poteami) dy = e [ P01 20 = B[ Pyt o)

€
= Ex[/D GD(B€27y)F(y)dyﬂ{TD>€2}] = /DF(y)Ex[GD(B€27y)]l{TD>€2}]dy'

Hence we have [ 5" pp(t,z,y)dt = E*[Gp(B.2,y) L, ~c2y]. Now, we extend Gp(z,y) to all R? x R?
by setting it equal to 0 as soon as x or y are not in the domain D. Recall that there exists some
constant C' > 0 such that for all z,y in R, Gp(z,y) < In le‘ + C. Now, we have:

|Ex[GD(B€2’ l‘)] - Em[GD(B€27$)]l{TD>€2}H = Ex[GD(BEQ’ x)ﬂ{TD < 82}]

i 1
S B = + O, 2 1501 >
1
< E*[(In ——— + C)*]"*P(sup |B, — x| > §)"/?
|352 —33‘| u < €2

< C(In é)ze—cﬁ/e?.

Hence, we can replace E*[Gp(B.2, x)1,, 2] by E*[Gp(B.2,r)]. Similarly, we can replace IE*[G p(B.2, x)]
by E*[Gp(B.2, 2)1{|p_, 4| < 53] Therefore we get

E*[Gp (B2, 2)L(7p5e2)] = E*[Gp (B2, 2)1(p, o < 53] + 0(1)

o lul?/2
:/ Gp(z + eu,z)du + o(1).
lu| < & 2

€

Now, by conformal invariance, we get that:

e—\u|2/2G . e—\u|2/2G )
/|u<é or p(z +eu,x)du = /|u<é o m(e(z + eu), p(z))du

£ £

e—lul?/2
“/| <5 2m Gu(p(x) + ' (2)u), p())du

€
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where the last line can be made rigorous by using the explicit expression of Gy:

1 1

In —In — .
|z — 9 |z — 9|

Therefore we get:

The result follows via (6.10).
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C*(R%), 9
CE(RY), 9

FY,1

~ 9

By, 30

bosonic string, 47

central charge, 47, 48, 50

conformal dimension, 48, 50
conformal field theory (CFT), 47-50
conformal radius, 38

derivative martingale, 51

derivative multiplicative chaos, 49

FX, T

FX T

FX,7

Gaussian free field (GFF), 5, 9, 12, 36, 37, 39—
42, 45, 48, 49

G, 7

inner phase I, 11

K., 7
KPZ formula, 50

Ly, 9
Liouville action, 5, 47
Liouville Quantum Gravity, 3, 5, 47, 49, 51

Massive free field (MFF), 8, 36
M, 3

M)P 3

M, 3

Polyakov action, 47, 49
quantum dimension, 50
star scale invariant, 7, 16, 18

tachyon field, 5, 49, 51
T, 30

vertex operator, 48-50

Wick ordering, 6, 9, 42, 48, 49
Wy, 6
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