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Abstract

Gaussian Multiplicative Chaos is a way to produce a measure on R? (or subdo-
main of R?) of the form ¢?X®)dz, where X is a log-correlated Gaussian field and
v € [0,4/2d) is a fixed constant. A renormalization procedure is needed to make this
precise, since X oscillates between —oo and oo and is not a function in the usual
sense. This procedure yields the zero measure when v = v/2d.

Two methods have been proposed to produce a non-trivial measure when v =
v/2d. The first involves taking a derivative at v = v/2d (and was studied in an earlier
paper by the current authors), while the second involves a modified renormalization
scheme. We show here that the two constructions are equivalent and use this fact
to deduce several quantitative properties of the random measure. In particular, we
complete the study of the moments of the derivative martingale, which allows us to
establish the KPZ formula at criticality.
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1. Introduction

1.1 Overview

In the eighties, Kahane [33] developed a continuous parameter theory of multifractal
random measures, called Gaussian multiplicative chaos. His efforts were followed by
several authors [2, 5, 7, 16, 25, 50, 51, 53] coming up with various generalizations at
different scales. This family of random fields has found many applications in various
fields of science, especially in turbulence and in mathematical finance.
Roughly speaking, a Gaussian multiplicative chaos on R? or on a bounded domain of
R? (with respect to the Lebesgue measure) is a random measure that can formally be
written as: ,
M(dz) = X @)= FEX@)?] 1, (1)

where X is a centered Gaussian distribution and v a nonnegative parameter. The situation
of interest is when the field X is log-correlated, that is when

) 2)
[z —y|

K(z,y) € E[X(2)X(y)] =In
for some bounded continuous function ¢g. In this case, X is a Gaussian random generalized
function (a.k.a. distribution) on R? that cannot defined as an actual function pointwise.
Kahane showed that one can nonetheless give a rigorous definition to (1). Briefly, the idea
is to cut off the singularity of the kernel (2) occurring at x = y (sometimes referred to
as ultraviolet cutoff). The cut-off strategy we will use here is based on a white noise de-
composition of the Gaussian distribution X. In short, we will assume that the covariance
kernel of X can be written as:

K(x,y) — /1+OO k(u(x - y)) du

u

for some continuous covariance kernel k. Though not covering the whole family of kernels
of type (2), this family of fields is quite natural since it possesses nice scaling relations
(see [2]). A white noise decomposition of X involves formally writing X as

xw= [ [ A wias.ay)

where W is a space-time white noise and ¢ is a convolution square root of k. Then a
cut-off of X at level ¢t can be written as

Xt(a:):/;t /Rdg(yi\/j;x)W(ds,dy).

This is a Gaussian field with continuous covariance kernel that approximates X in the
sense that we recover the distribution X when letting ¢ go to oco. Having applied this
cutoff, it is now possible to define the approximate measure

My(dz) = X@-F X gy, (3)
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The family (M), is a positive martingale, so it converges almost surely. The measure M
is then understood as the almost sure limit of this martingale. The limiting measure M
is non trivial if and only if 42 < 2d (see [33]). For v > 2d, the measure M as defined by
(1) thus vanishes, giving rise to the issue of constructing non trivial objects for v* > 2d
in any other possible way.

In this paper, we pursue the effort initiated in [16] to understand the critical case, that
is when 2 = 2d. Tt is shown in [16] that the natural object at criticality is the derivative
multiplicative chaos, which can be formally written as

M'(dz) = (V2dE[X (2)%] — X (z))eV2X @)X @] gy (4)

It is a positive atomless random measure. It can be rigorously defined via cut-off approx-
imations in the same spirit as in (3). More precisely, the approximations are obtained by
differentiating (3) with respect to v at the value 4 = 2d, hence the term “derivative”.
Nevertheless, it is expected that derivative Gaussian multiplicative chaos at criticality,
that is M’, can be recovered via a properly renormalized version of (3). In this paper,
inspired by analog results in the case of branching Brownian motion [43] or branching
random walk [1], we prove that

Vit My(dz) — \/%M’(dx), in probability as t — oc. (5)

This renormalization procedure is sometimes called Seneta-Heyde scaling [1]. Property
(5) establishes the important fact that the derivative martingale also appears as the limit
of the natural renormalization of the vanishing martingale (3) for 4> = 2d. Beyond this
unifying perspective, this renormalization approach to criticality is convenient to complete
the description of the main properties of the derivative martingale initiated in [16]. In
particular, the Seneta-Heyde renormalization turns out to be crucial to applying Kahane’s
convexity inequalities at criticality. From this, we complete the study of the moments of
the derivative martingale and compute its power-law spectrum. These properties are
a prerequisite for establishing the celebrated Knizhnik-Polyakov-Zamolodchikov (KPZ)
formula at criticality arising in Liouville quantum gravity. Let us stress that our proof of
the KPZ formula shows that it is valid for any log-correlated Gaussian field for which one
can prove a critical Senete-Heyde renormalization theorem of the type (5).

Recently, the authors in [19] constructed a probabilistic and geometrical framework
for two dimensional Liouville quantum gravity and the KPZ equation [38], based on the
two-dimensional Gaussian free field (GFF) (see [13, 14, 15, 19, 26, 38, 47] and references
therein for physics considerations). It consists in taking X equal to the GFF in (1). In this
context, the KPZ formula has been proved rigorously [19, 52] (see also [10] in the context
of Mandelbrot’s multiplicative cascades). This was done in the standard case of Liouville
quantum gravity, namely strictly below the critical value of the GFF coupling constant ~
in the Liouville conformal factor, i.e, for v* < 4 (recall that the phase transition occurs
at 7% = 2d in dimension d, producing a phase transition for 4% = 4 in dimension 2).



1.2 Remarks about atomic measures at criticality

In dimension two, the Liouville quantum gravity measure on a domain D is sometimes
interpreted as the image of the intrinsic measure of a random surface M under a conformal
map that sends M to D. This type of “surface” is highly singular (not a manifold in the
usual sense). In certain limiting cases where the surface develops singular “bottlenecks”,
one expects the image measure on D to become an atomic measure. In a certain sense
(that we will not explain here), constructing these atomic measures requires one to replace
v < 2 by a “dual value” v/ > 2 satisfying 7' = 4.

It is interesting to consider the analogous atomic measure in the critical case v = +' = 2
and to think about what its physical significance might be. We believe that the both the
7 = 2 measures (treated in this paper) and their 4/ = 2 “atomic measure” variants (see
below) have been studied in the physics literature before. However, when reading the
physics literature about v = +' = 2 Liouville quantum gravity, it is sometimes difficult
to sort out which physical constructions correspond to which mathematical objects. The
remainder of this subsection will describe some of the history of these constructions and
their relationship to the current work. This discussion can be safely skipped by the reader
without specific background or interest in this area.

The issue of mathematically constructing singular Liouville measures beyond the phase
transition, namely for 42 > 4, and deriving the corresponding (non-standard dual) KPZ
formula has been investigated in [6, 17, 20], giving the first mathematical understanding of
the so-called duality in Liouville quantum gravity (see [3, 4, 12, 18, 22, 32, 35, 36, 37, 41]
for an account of physics motivations). It thus remains to complete the mathematical
Liouville quantum gravity picture at criticality, i.e. for 4v* = 4. From the physics per-
spective, Liouville quantum gravity at criticality has been investigated in [11, 27, 28, 29,
30, 34, 36, 39, 40, 42, 48, 49, 55]. The reader is also referred to [16] for a brief summary
about the physics literature on Liouville quantum gravity at criticality. Let us just stress
that the critical case v = 2 corresponds to the value ¢ = 1 of the so-called central charge
¢ of the conformal field theory coupled to gravity, via the famous KPZ result [38]:

y=(V25—c—V1-¢)/V6, c<1.

The Liouville measure at criticality presents an unusual dependence on the Liouville field
¢ (equivalent to X here) of the so-called “tachyon field” T'(p) o< @ e* [34, 36, 49]. Tts
integral over a “background” Borelian set A generates the quantum area A = | AT (p)de,
that we can recognize as the formal heuristic expression for the derivative measure (4).
The possibility at criticality of another tachyon field of the atypical form T(p) oc ¢
nevertheless appears in [30, 34, 37]. This form seems to heuristically correspond to a
measure of type (1) (which actually vanishes for v = 2). At first sight, our result (5) here
then seems to suggest that, up to the requested renormalization (5) of (1), the atypical
tachyon field would actually coincide with the usual ¢ e?# tachyon field.

However, this atypical tachyon field e2# in Liouville quantum gravity has been associ-
ated to another, non-standard, form of the critical ¢ = 1,y = 2 random surface models.
Indeed, the introduction of higher trace terms in the action of the ¢ = 1 matrix model of
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two-dimensional quantum gravity is known to generate a new critical behavior of the ran-
dom surface [30, 34, 36, 55], with an enhanced critical proliferation of spherical bubbles
connected one to another by microscopic “wormholes”.

In order to model this non-standard critical theory, it might be necessary to modify
the measures introduced here by explicitly introducing “atoms” on top of them, using
the approach of [6, 17, 20] for adding atoms to 7 < 2 random measures M., in the
description of the dual phase of Liouville quantum gravity. The “dual Liouville measure”
corresponding to v < 2 involves choosing a Poisson point process from n~*~*dnM, (dx),
where a = +%/4 € (0,1), and letting each point (7, z) in this process indicate an atom
of size n at location x. When v = 2 and o = 1, we can replace M, with the derivative
measure M’ (4) (i.e., the limit (5)), and use the same construction; in this case (since
a = 1) the measure a.s. assigns infinite mass to each positive-Lebesgue-measure set A €
B(RY). Tt is nonetheless still well-defined as a measure, and all of its (infinite) mass
resides on a countable collection of atoms, each with finite mass. Alternatively, one
may use standard Lévy compensation (intuitively, this amounts to replacing an “infinite
measure” with an “infinite measure minus its expectation”, interpreted in such a way
that the result is finite) to produce a random distribution whose integral against any
smooth test function is a.s. a finite (signed) value. One may expect that this construction
yields the continuum random measure associated with the non-standard ¢ = 1,7 = 2
Liouville random surface with enhanced bottlenecks, as described in [30, 34, 55], thus
giving a mathematical interpretation to the (formal) tachyon field e?¢ that differs from
the renormalized measure (5).

2. Setup

2.1 Notations

For a Borelian set A C R? B(A) stands for the Borelian sigma-algebra on A. All the
considered fields are constructed on the same probability space (2, F,P). We denote by
E the corresponding expectation. Given a Borelian set A C RY, we denote by A€ its
complement in R?. The relation f =< g means that there exists a positive constant ¢ > 0
such that ¢! f(z) < g(x) < cf(x) for all z.

2.2 x-scale invariant kernels

Here we introduce the Gaussian fields that we will use throughout the paper. We consider
a family of centered stationary Gaussian processes ((X:())qerd )t > o where, for each ¢ > 0,
the process (X;(z)),ere has covariance given by:

t

K(z) = E[X,(0)X,(2)] = /16 k(ux)

u

du (6)

for some covariance kernel k satisfying k(0) = 1, of class C'! and vanishing outside a com-
pact set (actually this latter condition is not necessary but it simplifies the presentation).
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We also assume that the process (X;(z) — X(2)),ere is independent of the processes
((Xu(2))sera),, ., forall s <t. In other words, the mapping ¢ — X;(-) has independent
increments. Such a construction of Gaussian processes is carried out in [2]. For v > 0, we
consider the approximate Gaussian multiplicative chaos M; (dr) on R%:

M ) = KB .

It is well known [2, 33] that, almost surely, the family of random measures (M, );~o
weakly converges as t — oo towards a random measures M7, which is non-trivial for
7?2 < 2d. The purpose of this paper is to investigate the phase transition, that is 4% = 2d.
Remind that we have [16, 33]:

Proposition 1. Forv* = 2d (and also for v* > 2d), the standard construction (7) yields
a vanishing limiting measure:
tlim M/ (dx) =0 almost surely. (8)
—00
One of the main purposes of this article is to give a non trivial renormalization of

the family (th)t. We stress that a suitable renormalization should yield a non trivial
solution to the lognormal star-equation:

Definition 2. Log-normal x-scale invariance. A random Radon measure M is said
to be lognormal x-scale invariant if for all 0 < e < 1, M obeys the cascading rule

e ) ©)

where w. is a stationary stochastically continuous Gaussian process and MF® is a random
measure independent from w. satisfying the scaling relation
A

(M7 (A)) (M=)

AEB(RY) ¢ /) AeBR)’ (10)

O

Let us mention that the authors in [2] have proved that, for v* < 2d, the measure M7
is lognormal *-scale invariant with

wa(r) = X1 (1) = (7; Fd)n -, (11)

where Xy, 1 is the Gaussian process introduced in (6). Furthermore this scaling relation
still makes perfect sense when the scaling factor w, is given by (11) for the value 2 = 2d.
Therefore, to define a natural Gaussian multiplicative chaos at the value 42 = 2d, one has
to look for a solution to this equation when the scaling factor is given by (11) with v = 2d

and conversely, each random measure candidate for being a Gaussian multiplicative chaos
at the value v* = 2d must satisfy these relations. In [16], a non trivial solution has
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been constructed, called the derivative martingale. Since it is conjectured that all the
non trivial ergodic solutions to this equation (actually we also need to impose a sufficient
decay of the covariance kernel of the process we, see [2] for further details) are equal up
to a multiplicative factor, it is expected that a non trivial renormalization of the family
(th)t converges towards the derivative martingale. Proving this is the first purpose of
this paper. The second purpose is to prove that the derivative martingale satisfies the
KPZ formula.

The organization of this paper is as follows. In Section 3, we introduce the derivative
martingale and remind the reader of its properties as stated in [16]. In Section 4, we
explain how to renormalize (th)t to obtain the derivative martingale. This entails
many non trivial moment estimates for the derivative martingale. In Section 5, we prove
that these moment estimates allow to obtain the KPZ formula at criticality.

Remark 3. As observed in [16], we stress that the main motivation for considering *-
scale tnvariant kernels is the connection between the associated random measures and
the x-equation. Nevertheless, our proofs can be easily generalized. First, we stress that
the assumption about the compact support of k involved in (6) may be relaxed, provided
that one imposes some restrictions about the decay of k at infinity. Generally speaking,
these restrictions are rather weak but may require some tedious extra computations. For
instance, it is not very difficult to see that the case when k is C1 with an exponential decay
for k and Vk does work. One may also wonder about the case of more general Gaussian
multiplicative chaos of log-correlated Gaussian fields “a la Kahane” [33]. It is not difficult
to see that these other chaos can be written as in (6), with a kernel k depending also on
the scale u. Then the same restrictions about the decay of k(u,-) at infinity apply. Let
us just add that one can carry out the renormalization approach associated to exact scale
invariant kernels as constructed in [5, 51].

3. Derivative martingale

A way of constructing a solution to the x-equation at the critical value 4* = 2d is to
introduce the derivative martingale M](dx) defined by:

M, (dz) = (\/ﬁt — Xt(g:))e\/ﬁXt(w)—dE[Xt(x)ﬂdx'

It is plain to see that, for each open bounded set A C R% the family (M](A)); is a
martingale. Nevertheless, it is not nonnegative. It is therefore not obvious that such a
family converges towards a (non trivial) positive limiting random variable. The following
theorem has been proved in [16]:

Theorem 4. For each bounded open set A C R4, the martingale (M](A));>o con-
verges almost surely towards a positive random wvariable denoted by M'(A), such that
M'(A) > 0 almost surely. Consequently, almost surely, the (locally signed) random mea-
sures (M (dx)): > o converge weakly ast — oo towards a positive random measure M'(dzx).
This limiting measure has full support and is atomless. Furthermore, the measure M’ is
a solution to the x-equation (9) with v = v/2d.



4. Renormalization

The main purpose of this paper is to establish that the derivative martingale can be seen

as the limit of a suitable renormalization of the family (th)t.

Theorem 5. The family (\/fth)t converges in probability as t — oo towards a non
trivial limit, which turns out to be the same, up to a multiplicative constant, as the limit
of the derivative martingale. More precisely, we have for all bounded open set A:

2
VIMY?(A) — \/iM'(A), in probability as t — oo.
m

The main advantage of this renormalization approach is to make the derivative mar-
tingale appear as a limit of integrals over exponentials of the field: this is useful to use
Kahane’s convexity inequality (see (10)). We can then prove:

Corollary 6. The positive random measure M'(dx) possesses moments of order q for all
q < 1. Furthermore, for all ¢ > 0 and every non-empty bounded open set A, we have

1 q
supEKi) ] < +00.
21 LMY (A)
We can then determine the power law spectrum of the random measure M':

Corollary 7. The power law spectrum of the random measure M’ is given for 0 < g < 1
by
£(q) = 2dq — dg®. (12)

More precisely, for each bounded open set A of R?, we have
Vg <1, E[M(AA)Y] =< CA@

when X goes to 0, and where the coefficient C,, depends on q.

5. KPZ formula

5.1 The KPZ formula

In this section, we investigate the KPZ formula for the derivative martingale, which
corresponds to the natural construction of Gaussian multiplicative chaos at criticality
v? = 2d. The KPZ formula is a relation between the Hausdorff dimensions of a given set
A as measured by the Lebesgue measure or M’'. So we first recall how to define these
dimensions. Given an atomless Radon measure p on R? and s € [0, 1], we define

H°(A) =inf { ) u(Bi)*}



where the infimum runs over all the covering ( By ), of A with open Euclidean balls centered
at A with radius r; < 6. Clearly, the mapping § > 0 +— H 275 (A) is decreasing. Hence we
can define the s-dimensional p-Hausdorff outer measure:

s 1 3,0
Hj(A) = }SI_I}(l)HH (A).
The limit exists but may be infinite. H} is a metric outer measure on R? (see [24] for
definitions). Thus H} is a measure on the o-field of H;-measurable sets, which contains
all the Borelian sets.
The p-Hausdorff dimension of the set A is then defined as the value

dim,(A) = inf{s > 0; H;(A) =0}. (13)

Notice that dim,(A) € [0,1]. Since p is atomless, the Hausdorff dimension is also charac-
terized by:
dim,(A) = sup{s > 0; H;(A) = +oo}. (14)

Since M’ does not possess atoms, this relation is valid for M’. This allows to characterize
the Hausdorff dimension as the threshold value at which the mapping s — H (A) jumps
from +o0 to 0.

In what follows, given a compact set K of R? we define its Hausdorff dimensions
dimpe,(K) and dimy (K) computed as indicated above with p respectively equal to the
Lebesgue measure or M’. So, a priori, the value of dim (K) is random. Nevertheless, a
straightforward 0 — 1 law argument shows that dimy; (K) is actually deterministic. We
reinforce this intuition by stating:

Theorem 8. KPZ at criticality v2 = 2d. Let K be a compact set of R%. Almost surely,
we have the relation

§(dimpy (K))

dimLeb(K) = d

Remark 9. Let us stress that our proof also allows one to choose K random but inde-
pendent of the measure M. We could also consider sets K depending on M through the
first scales of M, that is depending on (Xy(2))yeras < for some T > 0. Strengthening
this dependence would give rise to non trivial additional difficulties.

5.2 Heuristics and open questions on the KPZ formula
Here, we give a direct and heuristic derivation of Theorem 8 for the following reasons:
e it gives a quick intuitive idea of why Theorem 8 is valid;

e it enlightens the idea behind the proof of Theorem 8 (which involves introducing
very particular Frostman measures);



e it leads in a natural way to open questions which can be seen as generalizations (or
complements to) Theorem 8.

In fact, we will work in the subcritical case v < 2d (a similar heuristic can be derived
for the case 7% = 2d). Recall that lognormal x-scale invariance for M, defined by (1) with
v? < 2d, amounts to the following equivalent:

1(z)— 21

M(B(z,r)) ~ rie mt @™

3=

where ~ denotes that both quantities are equal up to multiplication by a random factor
of order 1 which does not depend on r (note that the random factor depends on x). If we

set £,(s) = (d + “’;)g — %282, it is thus tempting to write the following equivalents for a
set K:

H (K) = hmmf{ZM (zk,7))° K C UpB(xk,13), |ri] <6}

2

X, -2 Int
hmmf{z r,‘fey T ()= nrk)s, K C UpB(xg, 1), |rK| < 5}

sy X (k) e s
—hmmf{Zeﬁy g C &() , K C UpB(xg, 78), |75 <5}

where the last term is a Gaussian multiplicative chaos applied to the Radon measure
H&O/A(K N dx) (at least if H®)/4(K) < oo). This heuristics shows that the quan-

tum Hausdorff measure H3, should not be too far from [ e*?¥®)~ SEEX @2 [ (s)/ 4(dzx)
(though up to possible logarithmic corrections). In particular, H3,(K) is of order 1 if and

only if H&®)/4(K) is of order 1. Note that the e*¥X@)- LB @) (s )/4(dx) measure
appears in the physics litterature on KPZ in the so-called “gravitational dressing” (see,
e.g., [26]), and in the rigorous context of the coupling of Schramm-Loewner Evolution
to Liouville quantum gravity [21]. Naturally, one could ask to what extent the above
heuristics can be made rigorous.

A. Auxiliary results

We first state the classical “Kahane’s convexity inequalities” (originally written in [33] ,
see also [2, 53] for a proof in English):

Lemma 10. Let F' : R, — R be some convex function such that

Ve € Ry, |F(z)] < M(1+|z|%),
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for some positive constants M, 3, and o be a Radon measure on the Borelian subsets
of RY. Given a bounded Borelian set A, let (X, )rea, (Yy)rea be two continuous centered
Gaussian processes with continuous covariance kernels kx and ky such that

Vu,v € A, kx(u,v) < ky(u,v).

E[F( /A X3 o (ar) )| < B[P ( /A 1 o (ar)) .

If we further assume

Then

Vue A, kx(u,u) = ky(u,u)

then for any increasing function F': Ry — R:

E[F(squ;)} < E[F(supr)}.

€A €A

B. Proofs of Section 4

We denote by F; the sigma algebra generated by {X,(z);s < t,z € R?} and by F the
sigma algebra generated by |, F;. Given a fixed open bounded set A C R? and parameters
t, 3 > 0, we introduce the random variables

20(4) = [ (VR = Xila) 4 B)T o g5 o

R (A) :AH{T§>t}e‘/_Xt ~dt

where, for each z € A, 77 is the stopping time adapted to the filtration G, = o(X,(7);s < t,x €
R?) defined by

8 = inf{u > 0, X,(z) — V2du > S}.

For x € R%, we also define
ftﬁ(x) = (@t — Xi(x)+ /)1 (51} V24X (z)—dt

It is plain to check that for each 8 > 0 and each bounded open set A, (Z7(A)), is a
nonnegative martingale with respect to (), such that E[Z(A)] = B|A|. It is proved in
[16] that it is uniformly integrable and therefore almost surely converges towards a non
trivial limit.

We first stress that, for each x fixed, the process t — X,(x) is standard Brownian
motion. We will repeatedly use this fact throughout the proof without mentioning it
again.
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B.1 Rooted measure

Since for each z, (f7(z)), is a martingale, we can define the probability measure ©7 on
B(A) @ F; by
ftﬁ (z)
0; = dx dP. 15
*= G _

We denote by Egs the corresponding expectation. In fact, since the above definition
t

defines a pre-measure on the ring | J, 7, one can define the rooted measure ©° on B(A)®@F
by using Caratheodory’s extension theorem. We recover @‘B BA)eF = @f . We observe that
©7(ZP(A) > 0) =1 for any t.
Similarly, we construct the probability measure Q° on F by setting:
Z(4)
Bl A
which is nothing but the marginal law of (w, ) — w with respect to ©7. Since (Z7(A)); o

is a uniformly integrable martingale which converges to a limit Z?(A), we can also define
Q" directly on F by:

RFt

B _
Q|]—‘t - de

79(4)
B _
=

We state a few elementary results below. The conditional law of x given F; is given by:

dp.

B _ fi() "
Oy (dz|F) = ZE(A)d :

If YV is a B(A) ® Fi-measurable random variable then it has the following conditional
expectation given F;:

B T
BeglV17) = [ Vo) 250

dzx.

In particular, for any event F € F;, we have
fi(x)
Eos [ IgE Y | F] = E gI[E/Y:c,w
IsBeplY 17 = Boolll | Vi) 5 20
Under ©7 the law of the random process (B++/2ds—X,) < is that of a 3-dimensional
Bessel process started at 5. In what follows, we will use the notation:

YP(x) = B+ V2ds — X,(). (16)

Of course, Y(x) simply stands for v/2ds — X,(x).

The proof is inspired from [1]. Mainly, we follow their argument. Nevertheless, we
make two remarks. First, most of the auxiliary estimates obtained in [1] about the
minimum of the underlying random walk are much easier to obtain in our context because
of the Gaussian nature of our framework (in particular, the random walk conditioned to
stay positive is here a Bessel process). Second, the continuous structure makes correlations
much more intricate to get rid of: we have no spinal decomposition at our disposal, no
underlying tree structure, etc. We adapt some arguments developed in [16] at this level.

dx] = Egp[M5Y].

12



B.2 Proofs under the rooted measure

The first step is to prove the convergence under Q. This subsection is thus entirely
devoted to the proof of the following result:

Proposition 11. Given > 0, we have

Egs [?ggjﬂ o~ % ast — 0o (17)
and
Eqs K]Z%:Ztii)z} ~ % as t — oo. (18)

As a consequence, under Q°, we have

. RP(A) \/5 _ .
lim vt =/ —  in probability. 19
t—00 ZtB(A) T p Y (19)

5
Proof. 1t is clear that (17)4(18) imply that the variance of the ratio ‘/ZEZS) under Q”
t

goes to 0 a t goes to co. Therefore, under @7, this ratio converges in quadratic mean
towards \/g , and hence in probability, thus proving (19).
It is plain to establish the relation (17). First observe that:

RI(A 1
1 x)—dt
= FE[Mgoge ™)

Let us denote by B a standard one-dimensional Brownian motion. By using the Girsanov
transform, we have:

RI(A) 1
Bos [ZE(A)] - BP(O SlipgtB“ <P)
~ SP(BI <)

/2
~4/— ast— oo
mt
Relation (17) is established.

The proof of (18) is much more involved and will be carried out in several steps. To
begin with, it may be worth sketching the strategy of the proof:

1. Observe that

a7 (20)



2. Deduce that

8 2 8
o (Gom) =2 e * vl .

3. The third step consists in subtracting a ball centered at x with radius e™" to the set
A, call it B(z,e~). This is convenient because if the radius is well chosen the ratio
RY(A\B(z,e~ht))
ZE(A\B(x,e*ht ( )
the reason Why we can subtract a ball is that the measure does not possess atom.
So, at least if the radius of the ball is small enough, it is always possible to subtract
a ball centered at x without radically affecting the behaviour of the quantity (21).
In the forthcoming rigorous proof, we won’t base our argument on the fact that the
measure is atomless. Instead, we will use estimates on the process Y;B (x) under the
rooted measure, which amounts to the same (as proved in [16]).

13

4. The last step consists in factorizing (21) because of (almost) independence:

(
8 2 r xt
EQﬁ[(%) ] = Ko -Z}Ej§§ 3 Yfl(x)}
- B
:E@f _%]EQ [Y;Bl( )]
PG 5
~ Egs _J;}Eji]EQB[R j }

This last quantity is equivalent for t large to % Actually, most of the forthcoming
computations are made to justify that the factorization can be made rigorously.
This point is highly technical and the related computations may appear tedious to
the reader.

Now we begin with the rigorous proof of (18). Recall that we use the shorthand (16).
Let us first claim:

Lemma 12. We have

4 2
EQ‘*K?}&;) ] :O<%> ast — oo.

Proof. By Jensen inequality, we have:

Bor [ (Y] = o (B [y 170)

Z(A)




Since, under O, the law of the process (Y?(z))s<; is that of a 3-dimensional Bessel
process starting at 5 > 0, the lemma follows. O

Now we will decompose the space in two parts: a part, call it F;, where we have strong
estimates on the process (Y (z)), <; and an other part that we want to be “small”. More
precisely, let E; be a B(A) ® Fi-measurable event such that E@f(]IEt) — 1 as t goes to
00. Let

& = Egp [HEf%‘E} :
Notice that
B
gjﬁﬁji - E@f [%‘E} =&+ E@tﬁ [I[Etn%(xﬂft] . (22)
We deduce:
B 2 3 3
QF [(%) } = [Eqs [%&} +Egp [g}gji Iz, Yfl(x)} . (23)

We will treat separately the two terms in the above right-hand side. The Cauchy-Schwarz
inequality and Lemma 12 yield

Eqs [Ziﬁj; ft} < Egs [(?ZZE?)Q} 1/2EQﬂ [5152} v < %EQB [@2} 1/2. (24)

If we can prove that Egs [{ﬂ = o(%) then (24) will tell us that Egs [gggj;&} = 0(%).

Therefore, Proposition 11, in particular (18), is a consequence of the two following lemma:

~—

Lemma 13. Let § > 0 and E; be an event such that E@f(ﬂEt) — 1 as t goes to co. We

have 1
o] =o(?)

Lemma 14. Let § > 0. There exists a family of events E, such that E@f(I[Et) —1last
goes to oo and

RI(A) 1, ]< 2 (1)

Bt 270 77

15



Proof of Lemma 15. Fix € > 0. By Jensen’s inequality, we have

o [¢] < B[t

S Egp [Yﬁ< )2I[{€\f<Y (= )}]

1
+E [71[ }
CH Y;ﬁ(a:)z {evE>Yf (2}

<E g 4
ey [Yﬁ( )2 {6\/<Yﬁ(r}}

1 ]I{Tx >t} V2dX¢(z)—dt
+ =370 et

Eos [15] L1 [I[{supoﬂxu( <9 ]
= £2¢ B (5 Xt( )) {Xi(z)>B—eVit}

Using the joint law of a Brownian motion together with its maximum, we prove that, for
some constant C' independent of ¢, e, we have:

1 H{S“plo,t] Xu(z) < B}
] [ (8 — Xi(x)) ]I{Xt(x)>ﬁ—a\/f}} < eCl/t.

Since E®f []IEg] — 0 as t — 0o, we deduce:

lim sup tEqs [ff] < eC.

t—o00

Since £ can be chosen arbitrarily small, the proof of the lemma follows. O

Proof of Lemma 1. We consider a function h such that h; — oo as t — oo. We define

Rﬁ@=/(h%fwﬁﬂmMﬁw B () = RI(A) = B (2)
B(z,e="t)N

Zﬁmzf £2(2) dz Z5(z) = Z8(A) — 28" (a).
B(z,e~h)NA

Now we precise the choice of the set FEj:
El = {n"” <Y2(x) <h}In{h/® < inf YO(x)}

u€[he,t]
={Z)"(=z) <t}
E} = {R{™(x) < Z)" ()} n{R" () < Z]"(x)}
@ E'NE’NE?

Let us admit for a while the following lemma:

16



Lemma 15. Let f > 0. There is a constant a > 0 such that for every function hy
satisfying

t —_—
tli>oo lIl ta oo
and "
. t -
fm i =0 )
then
lim O)(E) =1, lm inf OJ(E|Y(z)=u)=1. (26)
—00

o0 el )

So we pursue the proof of Lemma 14 while assuming now that the conditions and
conclusions of Lemma 15 are in force. In what follows, C' will denote a constant that may

change from line to line and that does not depend on relevant quantities. On F;, we have
Rf’h < Ztﬁ’h < t72. Therefore

R 1 L 1 1
Mg, | <t B |—— 1, |
@f[zfm) Y/ (x) ‘) @f[zﬂA) Y () 5

On E,, in particular on E}, we have Y}’ (z) > 8 + hi/ﬁ. Hence

R 1 B 1 1
6|l=————5—1g | <t "Egs
o [Ztﬁ(A) VY (x) ] o [ZﬂA) <ﬁ+hi/6>]
1 1
< Eos
205+ %) ° [ZE<A>]
< 71 .
B2 Alt?
Here we have used Eqs [Zfl( A)] = ﬁ. Thus we have
RO 1 1
Eos|[————1g] =0 ). 27
o @ VP () 27
Let us treat the quantity:
R/ 1
E s[4t —— 1 .
o i v

IA\/ RZBhC o ]

Rﬁhc 1 ,
5|A| / ZPme (g Yﬁ(gj) e <P () <n i (x)] dr.
t

17



We know that the covariance kernel k appearing in (6) vanishes outside a compact set.

Without loss of generality, we may assume that k vanishes outside the ball B(0,1). Let us

introduce the sigma algebra G, generated by the random variables {X,(y);y € R, s < t}.
B,h,c

(z)

Conditionally to x,G,, the random variables }Zzg:h,c ®) and Yﬁl(x) f?(x) are independent.
Therefore we have:
RP™e(z) 1
E@f[ tﬁ ( ) 3 ]IEt]
Zy(A) Yy ()
RIMe(zy 1
< Bo L v e < <
RP™(2) 1
:Eﬁ[ﬂ » E B[tix,ft}ﬂz B[—x,ftﬂ
Or | {h? < YR (2) < he} Oy Ztﬁ’h’c(aj) | he | ey Y;ﬁ(x) | h

To complete the proof of Lemma 14, we admit for a while the two following lemma, the
proof of which are gathered in the next subsubsection.
Lemma 16. We have

1 2

Bog [, < /2.
o 7@ <V

Lemma 17. We have

R/ (x)
e? [

/2
t Z,§67h’c($) ]I{h;/3 < Y]?t(x) < ht}] < E(]‘ + €(t)),

for some function € such that lim;_,, €(t) = 0.

We conclude the proof of Lemma 14. With the help Lemma of 16 and 17, we obtain:

R () !
ot [Tt <o) < naBer | G ) 1 Bt [l v

- R(a)
S \/;IE@ (/<Y (@) < hy Eop [Mu’ ght”

8 []I
Jhye
2p 1 Ry (x)}
mt O L <Y @) < ) B )

2

<
= ot

(1+e(t))

for some function e such that limy_, £(t) = 0. O O

18



B.2.1 Proofs of auxiliary lemmas

Proof of Lemma 15. Under O} | the process (Y (x)), < is a 3-dimensional Bessel process.
It is plain to deduce that

; By
lim ©7(E}) = 1. (28)
Let us prove that lim,_., ©7(E?) = 1. We define the random variables
1
S, = sup X, (z) — V2dt + In(t + 1), S =sup S,
$=gp Xl vz Y up
and the event
B={S < +oo}.

It is proved in [16] that P(B) = 1. It is plain to deduce that ©7(B) = 1. We have
20 = [ Y e T
A\B(z,e~ht)

/ (B + V2dt — sup X,(x)) ]I{Tg>t}emx’f(z)_dt dz
A\B(z,e—ht) ?

o
> (74

Tyl 1) - St)RBhC( )

Tl 1) - S) ROM(2).

Therefore

{ﬁ + 4\;% ln(t + 1) -S> 1} C {Ztﬁ’h’c(x) > Rtﬁ,h,C(x)}’

from which we deduce:
. B B,h,c > B,h,c _
tlgglo O, (Zt () > R (55)) L.
With the same argument, we prove
3 B th th —
tlgglo O (Zt () > R (55)) =1

Hence
lim O (E}) = 1. (29)
—00

For F?, we will use some computations made in [16]. By using the Markov inequality
and by conditioning on an event B, we get:

072" (x) > 17%) < *Eqs (2" ()| B] + 67 (B) (30)

for every measurable set B. We set for R > 0

BR:{Vt L<Y;B(:L')<R(1+\/tln(1+t))}.

' R(In(2 + 1))?

19



We choose B = By in (30). It is proved in [16] that the quantity ©F(B%) can be made
arbitrarily close to 0 when choosing R large enough. Intuitively, this is just a precise
statement corresponding to the fact that a Bessel [, process goes to infinity with speed
rate \/f as t goes to oo.

So it just remains to prove that, for R fixed, the quantity t2E®f [Zf ’h|B r) goes to 0 as
t goes to oco. To that purpose, it suffices to estimate the quantity

PRes 2" (2)|(Xa(2))s < 1 7, Br]

and prove that it goes to 0 when t goes to oo uniformly with respect to the inputs
(Xs(2))s <+, . We first rewrite this quantity as:

E@f [Z1t67h(z)|(Xs(x))s <ty Ly BR]

Lo [/ Y;B(Z)]I{T%t}e@&@_dt dz|(Xs(2))s <4, 7, Br|
ANB(z,e~t)

This expectation has been computed in [16] thanks to explicit formulae for the conditional
expectations of the process (X (z))s given (Xs(x))s < Before making these formulae

precise, we clarify a few points. The kernel k involved in (6) vanishes outside a compact
set. So, without loss of generality, we assume that k£ vanishes outside the ball B(0,1).
We divide the ball B(z,e™") in two areas: the ring C(t) = B(x,e™ ™)\ B(z,e~") and the
ball B(z,e"). The results of the computations are the following. Concerning the ring,
we have:

Bop[ | Y7000 50 02| (X,(0))s < 1, B
ANC(t)

D
</ ¢ dG(ln ! )dz
ANC(t) |z — 2| |z — 2|

for some function G given by

VY

2
Gly) = (1 ++vyln(1+ y)) V2Pt

and some constant D > 0 depending on irrelevant quantities. Therefore, by making a
change of polar coordinates, we get (C' stands for a constant, more precisely the area of
the d-dimensional sphere):

Bop [ Y20y PO G (X (o), < 1, B
ANC(#)

e~ ht D
< C'/ e—dG<ln 1) r¢tdr
e—t T T

= CeP /tG(y) dy.

h

20



Now we just want to make sure that there exists a > 0 such that the condition lim;_, 1!% =
+oo implies that the integral t?e” f}ft G(y) dy goes to 0 as t — oo. Observe that for y
large enough, the function G is decreasing. Therefore, a rough bound of the quantity
under study is
t
t2eP | G(y)dy < 3P G(hy).
hi

_VZdDyl/3

Now, for y large enough again, we observe that G is less than e . Therefore it is

plain to check that any a > \/2%1) suits.

On the ball B(z,e™"), we have

Bop| [ Ve PO (X e B
¢ ANB(z,e~t)
< ePG(t)

for some irrelevant constant D, which may be different from that involved in the bound
on the ring. Once again, the condition lim; . hi% = +oo for some well chosen a > 0
implies that the term G(t) goes to 0 as ¢ — oo. Finally we deduce that

O (ZPM ) <7 =1, ast— 0. (31)
By gathering (28)+(29)4(31), we have proved that
O (E,) — 1, ast— oo
It just remains to prove that

lim inf  O)(E|Y2(x) =u) = 1.

t—o0 uE[hz/g,ht}
We first prove that
lim ©7((E})Yy (2) = u) =0
—00
uniformly with respect to u € [hi/ ® hy]. Observe that
O ((E)) Yy, (x) = u)
< O ((B)) Vi (@) = uysup =Y () < —1) + O/ (sup ~¥,*(z) > —1)
€A

€A

=0+ 0/ (inf Y (z) < 1).
€A
It results from the observations made at the beginning of the proof of this lemma that

the above quantity becomes arbitrarily small as ¢ gets large.
Concerning E?, observe that

O/ (2" (w) > t72|Y)) (x) = u) < ©/(Z]"(x) > ¢72|Y}),(x) = u, Bg) + ©°(Bf).
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Now we observe that we have already proved that ©; (2" (x) > t 2|2 (z) = u, Bg) — 0
as t — oo. Therefore

limsup sup O (Z)"(z) > t2|Y (v) = u) < ©°(BY,).

t—o0 ue[him,ht]

Since ©F(B%) can be made arbitrarily close to 0 for R large enough, we conclude that:

limsup sup O (Z)"(x) > Y0 (x) = u) = 0.

t—oo uE[hz/g,ht]
It just remains to prove that
; B( 1)y 0 — —
lim O] (B} Y, (x) = u) = 1

uniformly with respect to u € [hi/ % hy]. This is obvious since (Y?), is a 3-dimensional

Bessel process. O

Proof of Lemma 16. By using standard tricks of changes of probability measures, we have:

p xr
Eqp [Yt%(x)lx ght} - f,fj(:c)E [ }{zﬁixi |ght} .

Let us compute the latter conditional expectation:

E[ftﬁ(x) |ght}

ve(2)
- I[{T£>ht}6\/mht WE [I[{Sup[o,t] X (o)-ds < gye” X Xn (@)= Ith
= Lipopge O Y (@)

where

F(y)=E [ﬂ{sup[oytiht] PR Cos (m))—d(t—ht)} |

By using the Girsanov transform, we get:

F () =E [T,y 5000 <)
This quantity is plain to compute since the process s — X () is a Brownian motion:

F(y) =P(|Xin, (2)] < y)
VIR a2 gy,
Y
t—hy

1 /
V2T J_

qﬁ L
W\/t—ht

22




The lemma follows. O

Proof of Lemma 17. We have:

E [Rf ()
(S Ztﬁ’h7c(l’)

7h7c
For [ b gy 0]t OBV =)
T e gphe(g) <Y @ <ha ] gy AT e

]IEJ

From Lemma 15, we have O (Ex|Y2(z) = u) — 1 as t — oo uniformly with respect to
u € [hl/ ? hy). Therefore

R} () R} ()

E®f [Mﬂ{hl/g < VP (2) < ht}i| (1 + €(t))E [W

e (32)

for some function e such that lim,_,. e(¢) = 0. On E, we have R>™“(x) < Z"°(z), from
which we get:

R/ (x) o] <z [Rf’h’c(x)

E@‘*[ of | 75me HEm{Zf(A»l/t}}+E@f[H{ZF<A><1/t}]' (33)
Zy ()

——1
Lz ()

By using the Markov inequality, we have:

1 1 1
.

Eqs []I{ZE( A) <€ l/t}] EQﬂ[ (34)

By gathering (33) and (34), we deduce

R™(x) R™()

1
Eﬁ[iﬂt}<ﬂ‘3ﬂ[7 8 ]+—.
Ch Ztﬁ,h,C(x) E Ch Zt@h,C(z) En{ZP (A)>1/t} f

Since Z/"(x) 15, < t~2, we have on the set E,N{Z](A) > 1/t} the estimate Z”"(z) < %Zf(A)
Therefore, on the set B, N {Z°(A) > 1/t}, we have

Z"M (@) = (1= 171)Z](4A).

We deduce
g [E(@) 1 R () | L
@f[ tﬁ,h,C(x> } 1 _ 41 @ﬁ[ (A) Etm{ZE(A)>1/t} + +
1 A 1
< —. 35
[ pief [ ZE(A) 3 (35)
The result follows by gathering (17)+(32)+(35). O
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B.3 Proof of Theorem 5

In the previous subsection, we have proved the convergence of \[ in probability

Z"(A)
towards \/g under the measure Q° for any 3 > 0. This is the content of Proposition 11.

Our objective is now to use this convergence under Q” to establish the convergence under
the original probability measure P.
Proposition 11 ensures that, for any € > 0,

A
\/7‘ \/7 0, ast— oo.
A

— 0, ast— oo.

QB

Equivalently
E(ZE(A {‘\[R (4) \/E}>\/§€})
Za) VTITVE

From [16], we know that
supmaj(Xt(:E) — V2t < 0
re

t
almost surely. By setting

Er = {sup maj(Xt(x) —V2dt < R},
t T€
we obtain an increasing family such that
P(|JEr) =1
From the convergence (Z/(A) is nonnegative)

E(ZB(

>—>O, as t — 00,

Ip
(T Ve BVES
we deduce the convergence of

77 (A)T =0 (36)

{lvizsea- VAT

in probability as t — oo. Fix § > R. On Eg we have R’(A) = th(A). Concerning
ZE(A), we observe that, for § > R, we have
VE >0, BMY?(A)+ M(A) = Z[(A).

Therefore lim,_, Z(A) = M'(A) > 0 on Ep for 8 > R (recall that MY?%(A) — 0 as
t — 00). From (36), we deduce that, necessarily on Eg:

1 ast — oo
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that is
— 0, ast— oo.

I
{|Vitr /2|5 /Te}

The proof of Theorem 5 is over. O

B.4 Other proofs of Section 4.

We use the comparison with multiplicative cascades set out in the appendix of [16]. The
idea is to compare moments of discrete lognormal multiplicative cascades to moments of
the family (M;); thanks to Lemma 10. More precisely and sticking to the notations in
[16], we have

(Va0 1)) SB[ [ SOFTOTo@)], )

where

e 7 is a Gaussian random variable with fixed mean and variance (thus independent
of n), and independent of the family (M),

e the parameter o belongs to ]0, 1], making the mapping = — = concave,

o /. X ()= 3E[Xn (5)?] o(dt) stands for a lognormal multiplicative cascade at generation
n, the parameters of which are adjusted to be in the critical situation (see [16] for
a precise definition).

It is now well established that the right-hand side of (37) is bounded uniformly with
respect to n. The reader may consult [1, 8, 31] for instance about this topic. By the
Fatou lemma and Theorem 5, we have
/ d\\ & P Vv2d AR
E[(0/(0.119)°] < liminf B[(va)YZ([0.119)°)
This shows that the measure M’ possesses moments of order ¢ for 0 < g < 1. We already

know that it possesses moments of negative order [16].
It remains to prove that

fg}iEKm)q] < +00.

We write the proof in dimension 1 (generalization to higher dimensions is straightforward)
and we assume that the kernel £ of (6) vanishes outside the interval [—1,1]. Our proof
is based on an argument in [45], which we adapt here to get bounds that are uniform in
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t. We work with the ball A = [0,1]. The first step consists in writing an appropriate
decomposition for the measure v£M,?%([0,1]). We have:

1
Mt\—{—;8([07 1]) :/ e\/iXt+1118(x)—(t+ln8) d[lf
0
3

2k+1
>§:/;

® e\/ixwrln s(z)—(t+In8) dx

k=01
3 2k+1
> Z inf eﬁxlns(m)—lnfﬁ/ ® \/_(Xt+ln8 Xing) (@)=t o
o “€lE 25 k
We set
2041
Y :1 inf \/§X1118(1')—1n8 N, — 8 3 6\/§(Xt+1118 X))t "
! 8 [7, 27,+1] ’ ? i
4
for i = 0,...,3. A straightforward computation of covariances shows that ((X;ims —

Xns)(x))zer has same distribution as (X;(8z)).cr. It is plain to deduce that
e the random variables (Y;); are independent of (NNV;);,

e the random variables (Y;); are identically distributed,

e the random variables (/NV;); are identically distributed with common law th([O, 1]).

Let us define
pi(s) = EleV O],

Since the mapping = +— e~V ig convex, we can apply Lemma 10 and obtain

() < Efe~sVIMEs1)],

Therefore:
er(s) < Ele™/ M (O]
< Ele S\/fo:oYiNi]

—E[H ¢i(sY2))]
< Elgy(s¥1)"].

Let us denote by F' the distribution function of Y;. We have:

o(s) < / " pu(s2)t F(de)
s—1/2

oi(sz)* F(dx) + /O; oi(sz)* F(dx)
8_1/2) + %(81/2)4-

Il
EN
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It is plain to check that E[(Y;)79] < +oo for all ¢ > 0. Fix ¢y > 0. By the Markov
inequality, we deduce: .
pi(s) < sTTE[(YD) 7]+ @u(sV2)"
Therefore ,
pr(s) < (s E[(V) ) + ¢u(s'?)?) (5720 + i(s72)%). (38)
for all ¢ < go/4. Let us admit for a while the following lemma

Lemma 18. The family of functions (¢i(+)): uniformly converges on Ry as t — oo
towards

p(s) = Ele~* (O],

Since P(M'(]0,1]) = 0) = 0, we deduce lims_,o ¢(s) = 0. Therefore there exist sy > 0
and ty > 0 such that

Vs > 50,V >ty (s2FE[(Y1) 7] + ¢u(s/2)?) <

Sl

Plugging this estimate into (38) yields:

1
Vs > s0,Vt >ty wi(s) <

(52 (s1/2)2).
\\/5( ‘I’SO( ))

Then, by induction, we check that:
n ]. _on n
SOt(32 ) < ﬁ(an+13 @y @3 H(Sl/z)) (39)

where a; = 1 and a,,1 = a? + 1. Let us choose Q > 1+2\/5 so as to have Q* —Q — 1 > 0.

It is then plain to check by induction that Q%" > Q + a,. Let us choose s = s¢ + Q1.
Then for all x > s, there exists n € N such that:

n n+1
52 <z < 52

In other words,

o < ln_a: < gnt+l
Ins

Thus we obtain from (39)

n 1 n+1 _ on+1 n+1
pr(z) < p(s”) < E(QZ sl (817))
1

< —=(x7*+277)

V2

where o = ¢ — 11‘;? >0 and 8 = —lwfr(lssm) > 0. Since limy_,o0 ¢s(s) = E[e™M (01)] we

can choose (8 arbitrarily close to By = —% > (0. To sum up, we have proved that,

for all B < f3y, there exists g = so + Q9 and ty, > 0 such that

Vo > a0, Vt >ty () < —=(27% +277). (40)

S
V2
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It is straightforward to deduce

= (i) 1 < =

for all 0 < ¢ < min(a, By). Put in other words, we have proved the result “only for small
q”. But, remembering that

oi(z) < Elp(2Y1)"]

and E[Y, 7] < 400 for all ¢ > 0, we can deduce from (40) the result for arbitrary ¢ by
induction. O

Proof of Lemma 18. Define the family of functions
fr:y €10, 1[— ¢4(tan %)

Since IP’(\/ tM, \/_ 0, 1]) ) 0, it is plain to deduce that f; can be continuously extended
to [0,1] by settmg ft( ) 0 for all ¢. In the same way we define a continuous function on
[0,1] by

f:yel0,1[— p(tan %)

and f(1) = 0 (possible because P(M'([0,1]) = 0) = 0). The family (f;); pointwise
converges as t — oo towards f. Furthermore, the functions f; are non increasing for all
t. It is then standard to deduce the uniform convergence. The lemma follows. O

C. Proof of Section 5

Proof of Proposition 7. Consider a solution M of the x-equation (9) with w. given by (11)
and 72 = 2d. Consider an exponent 0 < ¢ < 1, an open bounded set A and A < 1. From
equation (9) (with e = \) and the Jensen inequality we have:

2

By =B ( [ M E T )
AA
> \4E|e
= XWE[M(A)7].
Conversely, we use Lemma 10 and equation (9):

E[M(AA)7] :EK/M X 3 ()= BLX

cof( o o)

= an))|
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where Z is a standard Gaussian random variable and ay = inf, yexa Kln (y — x). There-
fore:

E[M(\A)7] < Aqu[ew\/ﬂZ—%qE[M(A)q].

We complete the proof by noticing that ay > C' + In % 0J

Remark 19. Actually, using the x-equation to compute the power-law spectrum is not
necessary: it can be computed with similar arguments for any derivative martingale asso-
ciated to a log-correlated Gaussian field.

Proof of Theorem 8. Without loss of generality, we assume that k vanishes outside the
ball B(0,1). Let K be a compact set included in the ball B(0, 1) with Lebesgue Hausdorff
dimension dimy.,(K) < 1 (the case dimpe,(K) = 1 is obvious). Let ¢ € [0, 1] be such that
£(q) > ddimp,(K) with £(q) < d. For € > 0, there is a covering of K by a countable
family of balls (B(z,, 7)), such that

Z be (2)
By using in turn the stationarity and the power law spectrum of the measure, we have
E [ S M/(B(z,, rn))q] -V E [M’(B(O, 7))
<, Z Tg(q)

< Cge.

Using the Markov inequality, we deduce

(ZM' (Tny 7)) C’q\/§> >1— /e
Thus, with probability 1 — /e, there is a covering of balls of K such that
Z M'(B(xp,))? < Cyv/e.

So q = dim (K almost surely. Therefore d dimpq,(K) > dimp, (K).
Conversely, consider ¢ € [0, 1] such that £(¢) < ddimge(K). By the Frostman Lemma,
there is a probability measure v supported by K such that

/B . m (dz)y(dy) < +oo. (41)
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For ¢ € [0, 1], let us define the random measure 7 as the almost sure limit of the following
family of positive random measures:

Y(dz) = tliglo eqth(x)_qu]E[(Xt(x))z]fy(dx>. (42)
The limit is non trivial: Kahane [33] (see also a more general proof in [50]) proved that,
for a Radon measure ~y(dz) satisfying (41) with a power exponent  (instead of £(q) in
(41)) the associated chaos

82
¥(dz) = lim eSXt(:v)—TJE[(Xt(m))ﬂ,y(dx)

t—00

is non degenerate (i.e. the martingale is regular) provided that x— % > (0. In our context,
this condition reads ¢?d < &£(q), that is ¢ < 1.
From the Frostman lemma again, we just have to prove that the quantity

1 ~ ~
/B(o,l)2 M'(B(z, |y — x‘))qW(dx)v(dy)

is finite almost surely, which will follow from

1 - -
E[/Bm,nz TFBE =y )] < oo (43)

Actually, by using the Fatou lemma in (43), it is even sufficient to prove that:

lim inf
t—o0

/ [eq\/ﬁXt(@xﬂmxt(y)—2q2dE[(Xt(x))2}
B(0,1)? (VEMY*(B(x, |y — «])))"

From now on, we will focus on computing the above integral (44). There is a way of
making the computations with minimal effort: we change the process X; with the perfect
scaling process introduced in [51]. We just have to justify that this change of processes is
mathematically rigorous. So let us admit for a while the following lemma:

}v(dzz)v(dy) < 4o00. (44)

Lemma 20. If (44) is finite for the process (X¢(x));, > 0.zerd With correlations given by

E[X(z), Xs(y)] = /gemin(s¢>(|($ =y, 8)|)o(ds) (45)

S

where S stands for the sphere of R?, o the uniform measure on the sphere and the function
Gu (for 0 < u < 1) is given by

then (44) is finite for the process (X¢());, > ozere With correlations given by (6).
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So, from now on, we assume that the correlations of (X;(2)); > ¢sere are the new
correlations specified in Lemma 20 (see [51] for further details). Notice also that the
measure M7 also involves this new process. Such a family of kernels possesses useful
scaling properties, namely that for [z| < 1 and 0 < A < 1, K;(e "2) = Ky(z) + h. In
particular, we have the following scaling relation for all 0 </ <1 and all 0 < A < 1:

((Xt+h(€_hx)):c63(0,l)7 (Mt\-/kzh_d(e_hA»ACB(OvlT))
= ((Xe(@) + Qm)zen,), (emgh_zthtm(A))AcB(o,l))- (46)

where €2, is a centered Gaussian random variable with variance h and independent of the
couple

((X2)zen,1), (th(A))ACB(O,l))-

We will use the above relation throughout the proof.
By stationarity of the process X;, we can translate the integrand in the quantity (44)
to get

/ [eq\/ﬁxt(x)+q\/ﬂXt(y)—2q2dIE[(Xt(x))2]} (o)
y(dx)y(dy
B(0,1)2 (VIMY* (B(x, |y — =)))*
/ [6q\@xt(o>+q\@xt(y—m)—qw(xt(o»?}
= oy (VEMY*(B(0, |y — =)))*

} v(dx)y(dy).

Now we split the latter integral according to scales larger or smaller than e~ and obtain

/ [eq\@xﬁ<o>+qth(y—x)—quIth(o»?} ]
y(dx)y(dy)

B(0,1)2 (VEMY*(B(0, |y — =)))*
/ [eqm.xt<o>+q@xt(y—x)—qw[(xt(o»ﬂ} ()
y(dx)y(dy

a—yl>et (VEMY*(B(0, |y — x|)))"
0V/2AX1(0)+9V/ 20X (y—) g dE[(X:(0))2]

+ / [
e—y| < et

(VIM*!(B(0, |y — )

<

]v(dx)v(dy)

YTt + L)
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We first estimate I;(t). For |z —y| > e™, by using (46) with e™" = |y — x|, we deduce

[eq\/ﬁXt(0)+q\/ﬁXt(y—w)—qulE[(Xt(O))z] }
(VEMY?(B(0, |y — «[)))*

002V2d2 ~2¢%dh qV2dX, 1 (0)+qV2d X, p (5=37) 20 dE[(X;-1(0))?]

(exfﬂh 2dh\/E M, (B(O 1))) }

qut r(0)+qv2dX,_ n (1) —20°dE[(X ;-1 (0))?]

(Very3iso.1))’ |

::E[

- [emeh—2(q2—q)dh:| E[

C 1
S Ty af® [(\/ VH(B(0,1/2))) dJ

In the last line, we have used a Girsanov transform to get rid of the numerator. Therefore,

L q], then
Aafﬂ<3«uu2»)

if we setc:supugllE[<

C

1 c
]1 NS C Ssu E g -
WS (0.1/2))) Al

w31 [(\/EMW(B

v(dx)y(dy). (47)

From Corollary 6, the quantity

1
sup E

w31 [(WMW(B(O, 1/2)))4

is finite.

Remark 21. Corollary 6 only deals with Gaussian fields with correlations given by (6).
From Kahane’s convezity inequality, this quantity is also finite for every Gaussian fields
with correlations given

1

for some bounded function g. In particular, it is ﬁm’te for the field considered in Lemma
20.

To treat the term I5(t), we use quite a similar argument excepted that we use the
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scaling relation on h = t instead of —In|y — z|, and the Girsanov transform again:
Iy(t)
/ £20V/20% — %24t /3 X0 (0)+qv 3 X0 (€ (y—z))—g*2dE] (X0 (0)?)
- E[ )
ly—z| < et <6q\/ﬁﬂt—q2dt\/{5MO (B(O, 6t(y _ x))))

0V/2dX0(0)+9V/2d X0 (¢! (y—=))—q?2dE[(Xo (0))?]

/y_xgetE[eqmgt_Q(qz_q)dt]E[ (ﬁMO(B(o,et(y—x))))q ]V(dx)v(dy)

}v(df)v(dy)

o020k (¢t ()

= y(dz)y(dy).
ly—a| <ot 192 (fB(o . V24 X0 (u)~dE[(X1 (0))?]+q2dKo(e" (y—2)—u)+q2dKo (u) d’lL)q
et(y—x

By using the fact that K is positive and bounded by In2, we have (for some positive
constant C' independent of t)

I () C etf(‘J)E L (dx) (d )
2(t) < / [ ]'7 yay).
- tq/2 V2dXo(u)—dE[(X !
ly=al <ot (fB(O,et(y—w)) € HXo ()~ (0D du)

Since E[Xo(u)Xo(0)] < E[(X((0))?], we can use Kahane’s convexity inequalities to the
convex mapping = — —. We deduce (for some positive constant C' independent of ¢,

xd”’

which may change from line to line)

1
eVZAX0(0)—dE[(X1 (0))?] du)

B <c [ csopoeg] | dy)
ly—z| <e”?

fB(O,et(y—x))

1
e L
s C/y—:v et e edat|y — x|dq7(dx)7(dy)

1
< O/ / I NP,
y—ai <ot (U = x)s(qﬂ( )v(dy)

Hence 1
lim I5(¢t) < Climsu t_q/Q/ ——(dz)y(dy) = 0.
m (1) m sup S oy ) (d0)(dy)
The KPZ formula is proved. O

Proof of Lemma 20. Let us denote by K, the x-scale invariant kernel given by (6) associ-
ated to the process (X;(z));,. We will use the superscript ? to denote the corresponding
quantities associated to the “perfect” kernel of [51]: we denote by K} the kernel de-

scribed in Lemma 20, by (X7(x))i. (resp. MY ,\/ﬁ) the associated Gaussian field (resp.
approximate multiplicative chaos). It is plain to see there is a constant C' > 0 such that

Vt>0,Vr € RY, K(z)—C < KP(2) < Ky(2) + C.
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Now we prove the Lemma. By using the Girsanov transform, we have:

/ [eq\/ﬁXt(x)+q\/ﬁXt(y)—2q2dE[(Xt(1‘))2}
B(0,1)2

dx)vy(d
(VM (B(a, Iy — al)))’ rtdenta

fron:® : d
510117 L(VE Ly PP DV )

< €(2dq2+4dq)0/ E[ 1
o2 - (VE [p

6(126[](,{J (u—z)+q2dK7 (u—y) th(dU)) q
By the Girsanov transform again, we have

eI (d)y (dy)

] et ML @ (da)y(dy).

|ly—=l)

1 } q?2dKP (x
e dx)y(dy
/B(O,l) [(\/7‘/‘3 eq2de(u z)+q2dK?P (u— y)M\/i(du)) ( ) ( )
/ E[equf(x)JquXf( y)—2q2dE[(XT (z ))2]] (d ) (d )
= ylax)ylay).
BO) (VEMPYV* (B(x, |y — 1))’
The lemma follows. O

Remark 22. To sum up, we have proved that establishing the KPZ formula for the perfect
kernel is equivalent to establishing the KPZ formula for all x-scale invariant kernels.
Furthermore the above argument is obviously valid for any log-correlated Gaussian field
(as it only involves the Girsanov transform) and for other values of v: for v* < 2d with
the techniques developed in [52] or for v* > 2d with the techniques developed in [6]. In
particular, the KPZ formula established in [6, 52] in terms of Hausdorff dimensions
are valid for the GFF. The reader may compare with [19] where the KPZ formula is stated
in terms of expected box counting dimensions. At criticality, things are a bit more
subtle: the KPZ formula established in this paper is valid for all the derivative martingale
for which you can establish the renormalization theorem 5. This theorem is necessary to
be in position to apply Kahane’s convexity inequalities.
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