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Abstract

Let M, be a subcritical Gaussian multiplicative chaos measure associated with a
general log-correlated Gaussian field defined on a bounded domain D C R%, d > 1.
We find an explicit formula for its singularity spectrum by showing that M, satisfies
almost surely the multifractal formalism, i.e., we prove that its singularity spectrum
is almost surely equal to the Legendre-Fenchel transform of its L?-spectrum. Then
applying this result, we compute the lower singularity spectrum of the multifractal
random walk and of the Liouville Brownian motion.
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1 Introduction

The main goal of this paper is to prove that subcritical Gaussian Multiplicative Chaos
(GMC) measures associated with a large class of log-correlated Gaussian fields in all
dimensions satisfy the multifractal formalism. This has been formally stated in [RV14,
Section 4], but to the best of our knowledge, it has never been proved rigorously. In
order to achieve this result, we perform a careful analysis of the local mass concentration
of GMC measures around thick points of the corresponding underlying field. Moreover,
using this result, we provide an explicit expression for the lower singularity spectrum
of the Multifractal Random Walk (MRW) and of the Liouville Brownian Motion (LBM).
Before entering into the details of the main results, we briefly review the theory of GMC
and of multifractal analysis of measures.
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Multifractal analysis of GMC and applications

Gaussian multiplicative chaos Given a domain D C R?, d > 1, the theory of GMC,
originally developed by Kahane [Kah85], aims to define rigorously random measures of
the form

M, (dz) = X @ =37 EX @)%y (1.1)

where dz denotes the Lebesgue measure, « is a real parameter, and X is a log-correlated
Gaussian field on D, i.e. a centred Gaussian field whose covariance kernel can be formally
written as

E[X (2)X(y)] = —log|z —y| +g(z,y), x,y€D,

where g : D x D — R is say bounded and continuous. Since the covariance kernel
of X has a logarithmic divergence along the diagonal, we cannot define the field X
pointwise. However, we can make rigorous sense of X by viewing it as a random
Schwartz distribution. Therefore, the definition of (1.1) is non-trivial as, a priori, we
cannot exponentiate a random generalized function. In order to interpret (1.1) rigorously,
we need to approximate X via a regularizing procedure which involves a suitable
collection of regularized random fields (X.).¢(o,1]. The GMC measure associated with X
is then given by the limit of the sequence of approximating measures

ME(dz) = X (@)= 37 BIXe (2)%]

As long as the parameter 7?2 is strictly less than the critical value 2d, which is usually
called subcritical regime, it is well-known [Ber17, Kah85, RV10b] that the sequence
(Mi)se(o,l] converges weakly in probability towards a non-degenerate measure M, .
Moreover, it is known that M, is almost surely non-atomic, but singular with respect to
the Lebesgue measure. Many further properties of such measures concerning, among
others, moments and multifractal behaviour are known. We refer to Section 2 for more
details.

The original interest in defining GMC measures stemmed from the need of making rig-
orous Mandelbrot’s model for energy dissipation in fully developed turbulence [Man72],
but it has since been found applications in a wide range of fields: from mathematical
finance [DRV12] to mathematical physics [DS11], but also random matrices [BWW18]
as well as number theory [SW20]. For a review on the theory of GMC and for further
references and applications we refer to [RV14].

Multifractal analysis The purpose of multifractal analysis is to finely describe the
heterogeneity in distribution of measures whose mass is concentrated in a highly irregu-
lar way. For i a non-negative finite measure supported on a domain D C R?, d > 1, we
introduce the local Holder exponent (or local dimension) of x at x € D by letting

1 B
dim, (z) 1= lim 28#B@: 1)
N0 log r

provided the limit exists, where B(x,r) denotes the closed ball centred at x with radius r.
Then the irregularity on the mass concentration of ;1 can be described via the dimension
of the sets

E. (o) :={z €D : dim,(z) =a}, a>0.

In particular, we say that 4 is a multifractal measure if the sets E,,(«) have positive Haus-
dorff dimensions for different values of @ > 0 belonging to an interval with non-empty
interior. Hence, if 1 is a multifractal measure, then the collection of sets (E,(a))a>0
produces a decomposition of D into a family of subfractals.
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The main objective of multifractal analysis is to compute the size of E, (), i.e. to find
an expression for the singularity spectrum of y, which is the function d,, : [0, 00) — [0, c0)
defined by

dy(a) == dimy(E,(a)), «a€[0,00),
where dimy denotes the Hausdorff dimension. To this end, Frisch and Parisi [PF85]
introduced the notion of multifractal formalism, which is a heuristic principle used to

establish an explicit connection between the singularity spectrum d,, and the L?-spectrum
of the measure . We define the L9-spectrum of u by

L i B(z;,r))4
T, (q) -— lim sup og sup {Zze[ /1:( (_‘L‘ ’I")) }
13 N0 _ 1Ogr

, q€R,

where (B(z;,7));cs is a countable family of disjoint closed balls with radius r centred at
x; € D, and the supremum is taken over all such families. We say that u satisfies the
multifractal formalism if the following equality holds

du(a) =7;(a), Va>0. (1.2)

Here, 7, refers to the Legendre-Fenchel transform of 7, which is defined by setting
* := inf >0.
7 (a) ;IelR{aq—i-Tu(q)}/\O, a>0

Let us mention that a rigorous mathematical version of multifractal formalism was
initially developed in [Ols95] and we refer to it for further details.

In order to investigate the local regularity of functions, or in our case of paths of
stochastic processes, we adopt a similar approach. More precisely, if I/ C R is an interval
and f: I — R%, d > 1, is a given function, we define the lower local Holder exponent (or
lower local dimension) of f at z € I by setting

i (2) -t g B+ 7) = Fa =)
N0 log r

’

and we define the sets in which f has lower local Holder exponent o > 0 as
Ef(a):= {zel: dim(z) = al .

As in the case of measures, we are interested in finding an explicit expression for the
lower singularity spectrum of f, which is the function d; : [0, c0) — [0, c0) defined by

ds(a) == dimy(E;(a)), a€[0,00).

1.1 Main results

We state here the main results of this paper, and we refer to Section 3, 4 and 5 for
the precise statements and for further details.

Multifractal analysis of GMC For a bounded domain D C R4, d > 1, we consider a
log-correlated Gaussian field on D, and we show that the associated subcritical GMC
measure M, satisfies the multifractal formalism, in the sense of (1.2). This result has
been heuristically discussed in [RV14, Section 4], but to the best of our knowledge it has
never been proved rigorously. To be precise, in Theorem 3.1 we show that for 72 < 2d
and « > 0, it holds almost surely that

dar, (@) = 1y (@) = d_%(%+%)2’ ifaeK\/E_\}?)z’(\/g_'—I\}Ql)z}’
’ i 0, otherwise,
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hence recovering precisely the prediction made in [RV14]. Furthermore, as a by-product,
we also obtain an explicit expression for the L?-spectrum of M, .

Let us briefly flesh out the intuition behind the proof of our main result. The strategy
of the proof is inspired by the multifractal analysis of multiplicative cascades which has
been performed in [Bar99]. The upper bound for dMA/, i.e. the inequality d M, < 7']%,
follows from the general theory of the multifractal analysis of measures. On the other
hand, the lower bound is more involved to prove and it is based on the following heuristic.
For 72 < 2d, it is known that the GMC measure M., is carried by the set of «-thick points
of the underlying field X which is defined by

T, = {:v €D : lim i(kfg)g ’y} , (1.3)
where (X.).c(o,1) is a suitable regularization of X. The key to our proof is to study the
local mass concentration of A, around thick points of X. More precisely, following the
idea of [RV14, Theorem 4.1], we show that it exists a non-random exponent oy > 0 such
that M, has local dimension «, at points in T, for all ¢*> < 2d/+?. Consequently, this
implies that M, has local Holder exponent o, on a set of full M,,-measure. This fact,
together with some known properties of GMC measures, is enough to prove the lower
bound for de i.e. the inequality djz, > T]Th.

Multifractal analysis of MRW and LBM The MRW has been first introduced in
[BDMO1] as a stochastic volatility model, and it can be simply defined as follows. Fix a
time T > 0 and let d > 1, then the d-dimensional MRW Z7 is defined for 4% < 2 as

2} == By (o4, te€10,T7],

where M, is a GMC measure on [0, 7] and B is an independent d-dimensional Brownian
motion. In Theorem 4.3, we find the relation between the lower singularity spectrum
of the paths of Z7 and the singularity spectrum of M,. More precisely, for ~v? < 2 and

a > 0, we show that
dz- () =da, (2a) = d_%( v 7)27 ifae [(\}5_|2|>2’<\}§+|2|>1 ’
0

, otherwise,

—
|
:
Q
+
N2

almost surely.

The LBM has been simultaneously defined in [Ber15, GRV16] as the canonical planar
diffusion associated with the Liouville quantum gravity metric tensor. In this article, we
will consider the d-dimensional LBM, for d > 2. More precisely, let D C R¢ be a bounded
domain, let B be a d-dimensional Brownian motion started inside D, and let X be an
independent log-correlated Gaussian field on D. Then the LBM B” on D can be formally
defined for 72 < 4 as

Bg = BF.fl(t) 5

tAT 1.2 2
F(t) ::/ OX(BI—3EIX(B)N g ¢ 0,
0

where T is the first exit time of B from D. As we will see in Section 5, adapting
the original definition of planar LBM to higher dimensions is a straightforward task.
Then, we focus on computing the lower singularity spectrum of the paths of 3,, and in
Theorem 5.5, we show that for 72 < 4 and o > 0, it holds that

- () (- )

0, otherwise,

dpy () =
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almost surely. Along the proof of this result, we show that the measure j, defined by
p~([s,t]) :== F,(t) — Fy(s), for s < t € [0,T], satisfies the multifractal formalism and we
compute its singularity spectrum.

1.2 Structure of the paper

The reminder of this article is structured as follows. In Section 2, we collect some
definitions and results that are used in the rest of the article. More precisely, we
start by recalling the definition of log-correlated Gaussian field, and we prove a lemma
concerning the fluctuations of its convolution approximation. Then we recall some known
properties of GMC measures, we collect some facts about the Hausdorff dimension, and
finally we state some general results on multifractal analysis of measures. In Section 3,
we state precisely our main result and we perform its proof. Sections 4 and 5 are devoted
to computing the lower singularity spectrum of the MRW and of the LBM, respectively.
In Appendix A, we prove Proposition 3.4, which is the main step of the proof of our
main result. Appendix B contains the proof of the finiteness of positive moments of the
measure involved in the definition of the LBM. Finally, Appendix C collects some general
results on Gaussian fields that are used throughout the paper.

2 Preliminaries

In this section, after introducing the basic notation, we collect some definitions
and results on log-correlated Gaussian fields, on the theory of GMC, on the Hausdorff
dimension, and on multifractal analysis of measures.

Basic notation

Welet N := {1,2,3,...}. Ford > 1, we use R to indicate the d-dimensional Euclidean
space. If a and b are two quantities, we use a < b to denote the statement a < Cb for
some constant C' > 0 independent from the parameters of interest. Given a subset
D C RY, we denote by D its closure and by 9D its boundary.

2.1 Log-correlated Gaussian fields

Given a bounded domain D c R4, d > 1, a log-correlated Gaussian field X on D is a
Gaussian field whose covariance kernel takes the form

K(z,y) = —loglr —yl+g(z,y), x,yeD, (2.1)

where g € C(D x D). We adopt the convention to extend the covariance kernel K to
R? x R? by setting K(z,y) = 0 whenever (z,y) ¢ D x D. Moreover, for (2.1) to be
a covariance kernel, we need to require that it is symmetric and non-negative semi-
definite. Since the covariance kernel K has a singularity on the diagonal, the field X
does not make literal sense as a pointwise defined Gaussian field, but it can be rigorously
interpreted as a random Schwartz distribution. Such a random generalized function
can be characterized by the property that, for any compactly supported test function
¢ € C*(RY), the pairing (X, ¢) produces a centred Gaussian random variable with
variance
EI(X,0)(X,0)] = [ oK (oy)(u)dody.
R xR4

The existence of such a stochastic process follows from a direct construction. Indeed, it
can be easily verified that K, as defined in (2.1), is the kernel of a self-adjoint Hilbert-
Schmidt operator on L?(R¢). In particular, such an operator is symmetric and compact,
so by the spectral theorem there exist a non-increasing sequence (A, )nen of strictly
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positive eigenvalues and corresponding eigenfunctions (¢, ),en that form an orthonormal
basis of Ker(K)* in L?(R?). Then the field X can be defined via its Karhunen-Loéve

expansion
X(.’ﬂ) = Z Zn V /\7L¢n7

nelN
where (Z,)nen is a collection of i.i.d. standard normal random variables defined on a
common probability space (2, F,P). Note that the functions ¢,, are supported on the
domain D. It can be proved that the convergence of the above series takes place in the
space H~“(R%), for any a > 0. We refer to [JSW20, Section 2] for more details.

In order to give a meaning to GMC measures, we need to define the exponential
of a random Schwartz distribution. This is done through a regularization and limiting
procedure. The most general and natural way to obtain a regularization of X is through
the so-called convolution approximation. If we let 1) € C>°(R?) be non-negative, radially
symmetric, with compact support and unit mass, then the e-convolution approximation
of the field X is defined by

Xe(x) =X xpe(z) = | X(&)pe(z —2')da', zeR?, c€(0,1], (2.2)
Rd
where 9. (7) = e~%)(e"'2) for € R?. As we observed above, X € H~%(R%) for any
« > 0, and so the convolution X * 1. is actually well-defined. Moreover, it is easy to
check that the regularized field X, is a centred Gaussian field with covariance kernel
given by

K.(e,y) = / Yele — VK@ Yuly — y)de'dy’, 2,y € RE.
R4 xR

Furthermore, the following properties of the convolution approximation (X.).c(o,1] are
well known (see e.g. [[SW20, Lemma 2.8]):

(P1) for Lebesgue-almost every (z,y) € D x D,

ilg(l)Kg(x,y) = K(z,9);

(P2) there exists a finite constant X > 0 such that,

sup  sup |E[Xc(2)Xo(y)] +log(Jz -yl +e)| < K;

0<e’'<e<Llz,yeD

(P3) forall e € (0,1], the map D > z — X.(x) is almost surely continuous.

Let us mention that for particular types of log-correlated Gaussian fields there are
some other natural approximations having properties (P1), (P2), and (P3). For example,
if X is a two-dimensional Gaussian Free Field (GFF), then one can use the regularization
obtained through the circle average around each point in the domain (cf. [DS11]).

Before proceeding, we state and prove a lemma that allows to control the exponential
moment of the fluctuations of the convolution approximation of log-correlated Gaussian
fields. Such lemma is crucial in the proof of our main result, more specifically in the
proof of Proposition 3.4.

Lemma 2.1. For d > 1, let D C R¢ be a bounded domain. Consider a log-correlated
Gaussian field X on D with covariance kernel (2.1) and let (X:).c(o,1] be its convolution
approximation, as defined in (2.2). Then there exists a finite constant C > 0 such that,

sup sup E |eSPuenn Xr(W)=Xr(@)| <
re(0,1] z€D,

where D, := {x € D : dist(xz,0D) < r}.
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Proof. Fix r € (0,1] and = € D,. Consider the centred Gaussian field (X}’ (v))ueB(z,r)
defined by
Xf(u) = XT(U)_XT(‘T)z UJEB(IaT)v

and the random variable ¥ given by

QY= sup X7 (u).
u€B(z,r)

The variance of the field (X} (u)),eB(z,r) can be uniformly bounded in = and . Indeed,
for u, v € B(z,r), thanks to property (P2), it exists a finite constant X > 0 such that

E[X7 (u) X7 (v))] < —log(lu —v| +7) +log(jlu — x| + 1) + log(Jv — x| + ) — logr + 4K
< —2logr + 2log2r + 4K
=2log2+ 4K, (2.3)

where the last inequality is due to the fact that |u — x| < r and |v — x| < r. Thanks to
property (P3), we know that the the field X7 is almost surely continuous and so we can
apply Borell-TIS inequality (cf. Lemma C.3) to obtain that

t2
P (|Qf — E[QF]| > t) < 2e *Fr (2.4)

for all ¢ > 0, where 02, := sup,c p(,.» I [X7(u)?]. We claim that both o7 , and E[Q}] can
be uniformly bounded in = and r. For o2 ,, this follows easily from (2.3). For E[Q}], we
can apply Dudley’s entropy bound (cf. Lemma C.4). Indeed, doing computation similar
to the one in (2.3), and using the properties of the convolution approximation (cf. also
[JSW20, Lemma 2.8]), one can easily verify that there exists a finite constant A > 0, that
does not depend on x and r, such that
E[(X7 (u) — X2(0))%] = E[(X, (1) — X, (0))%] < A@ . Vu,v € Bla,r).

Therefore, applying Lemma C.4 to the field (X}(u))yep(z,r), One can readily obtain
the desired uniform upper bound. Hence, from (2.4), it follows that there exist finite
constants ag, a; > 0, independent of x and r, such that

_ (t—ag)?

P(QF >t) <2 2

Finally, remembering that for every non-negative random variable X it holds that
E[X] = [,° P(X > t)dt, we have that

z o z > > _ (log(t)—ap)?
]E[eﬂr} :/ (e >t)dt=/ 1P(Q$>logt)dt§/ 2 1 dt < oo,

0 0 0

uniformly in x and r, which concludes the proof. O

2.2 Properties of Gaussian multiplicative chaos

We recall here the main properties of GMC measures that we need in the following
sections. For d > 1, let D C R% be a bounded domain. Consider a log-correlated Gaussian
field X defined on D with covariance kernel (2.1) and let (X.).c(o,1] be its convolution
approximation as defined in (2.2).

We start by recalling the following standard result concerning the existence and the
non-degeneracy of GMC measures.
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Proposition 2.2 ([Berl7, Theorem 1.1]). Ifﬂy2 < 2d, then the sequence of approximating
measures

M (dx) == e Xe@=3EX()’lqy 2 e (0,1],

converges in probability and in L' (P) to some non-degenerate limit M., called GMC mea-
sure, in the space of Radon measures with respect to the topology of weak convergence.
Furthermore, M., does not depend on the choice of the mollifier ¢ used in (2.2).

For 7% < 2d, it can be easily verified that the random measure ), is almost surely
supported on the whole domain D (cf. [RV14]). On the other hand, M, gives full measure
to the set of y-thick points 7., defined in (1.3). It is known that the Hausdorff dimension
of 7, is equal to d — 72 /2 (cf. [RV14, Theorem 4.2]). Immediate consequences of this fact
are that M, is almost surely atomless, and that M, is singular with respect to M., for
any v # 7. In particular, for v # 0, M, is singular with respect to the Lebesgue measure.
Let us also observe that when 2 gets closer to 2d, the measure M, is carried by a set
whose Hausdorff dimension gets closer to 0. In particular, this means that M, tends to
cluster as 2 increases, until it degenerates at y?> = 2d. Let us emphasize that there is a
rich literature on critical GMC measures, i.e. when 2 = 2d, and we refer to [Pow20] for
a review.

We have the following standard result concerning the existence of uniform bounds on
positive and negative moments of GMC measures.

Proposition 2.3 ([RV14, Theorems 2.11 and 2.12]). Let v? < 2d and q < 2d/~*. Then for
any non-empty compact set A C D it holds that

q
sup E [(/ e“’XE(I)éWQE[XE(mP]dx) ] < 00.
e€(0,1] A

An important feature of GMC measures is their multifractal behaviour. More precisely,
it can be shown that the moments of A, have a power law behaviour in which the
exponents can be expressed through a non-linear function £, , called the power law
spectrum, which is defined by

1 1
&, (q) == (d+ 272> q-— 572612, geR. (2.5)

More formally, we have the following proposition.

Proposition 2.4 ([RV14, Theorem 2.14]). Let v? < 2d and q < 2d/~?. Then there exists
a finite constant C' > 0 such that for all x € D and r € (0, 1] it holds that

E[M, (B(z,7))1] < Crév (@)

Finally, we state below a result on the local modulus of continuity of GMC measures
which is an easy consequence of Proposition 2.4.

Proposition 2.5. Let 7> < 2d and € € (0,1]. Then, almost surely, there exist finite
constants Cy, Cy > 0 such that for all x € D and r € (0, 1] it holds that

Cor(VIHIVR) 42 < N (B(a,r)) < Cor(VAhI/V2) =

Proof. A proof of the upper bound is given in [GRV16, Theorem 2.2] in the case d = 2.
However, the proof can be easily adapted to all dimensions. The lower bound can
be proved similarly. Indeed, let us assume for simplicity that D = (—1,1)? and let
o := (Vd+ |y|/v2)?. For n € N, we write X,, :== 27"Z% N (—1,1)? for the lattice 2-"Z
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restricted to the open box (—1,1)?. Thanks to an union bound, Markov’s inequality, and
Proposition 2.4, it holds for each n € N, € € (0, 1], and ¢ < 0 that

P (mizn M,(B(z,27")) < 2”(a+5)) =P (m%x M, (B(z,27"))? > an(aJrE))
ZE€2in Z2E€2n

< Z O FIR[M, (B(2,27™)9)]

z€X,
< ansfn(ﬁM,Y (g)—d—aq) ,

where the implicit constant does not depend on n. If we chose ¢ = —v/2d/|7|, then one
can easily check that {ys. (¢) —d — ag = 0. Therefore, thanks to the Borel-Cantelli lemma,
we have that it almost surely exists a finite constant C' > 0 such that

min M, (B(z,27") > c27 ™M) - vp e N,

z€Xy

To conclude, it is sufficient to notice that for all x € (—1,1)% and r € (0, 1], there exist
n € N and z € ¥, such that 27" < r < 27"l and B(z,27""1) C B(z,r). O

2.3 Hausdorff dimension

We collect here the definition and some properties of the Hausdorff dimension that
we need in the sequel. We refer to [Fal97] for further details.

Definition 2.6. Let D Cc R%, d > 1, and s > 0. We define the s-dimensional Hausdorff

measure of D by

H(D) = lim H5(D).

where

H3(D) := inf { Z diam(U,,)° : (U,)nen is a 6-cover ofD} , 0€(0,1].
neN

The Hausdorff dimension of D is defined by the following equivalent formulas
dimy (D) :=inf{s >0 : H*(D) =0} =sup{s >0 : H*(D) = o},

with the convention that dimy () = 0.

Note that 0 < dimy (D) < d for any D C R%, d > 1. Moreover, from the definition
of Hausdorff dimension, it immediately follows that if H*(D) < oo, then dimy (D) < s.
Furthermore, the Hausdorff dimension enjoys monotonicity and countable stability, i.e.
dimy (D) < dimy(D’) for any D C D', and dimy (UnenDy) = sup,,¢n dimy (D,,) for any
collection of subsets (Dy,)nen-

Other useful properties of the Hausdorff dimension are collected in the following
proposition.
Proposition 2.7 ([Jacl8, Proposition 2.15]). Let f : [0,00) — R be a continuous and
increasing function. Consider a set D C [0, 00) and assume there exist finite constants C,
R, o > 0 such that |f(x + 1) — f(x —r)| < Cr® for allr € [0, R) and « € D. Then it holds
that .

ditmy(f(D)) < — dima (D).

We conclude this subsection with the following result.

Proposition 2.8 ([Fal97, Proposition 2.3]). Let ix be a non-negative finite Radon measure
on R? supported on a bounded domain D C R, d > 1. Let E C D such that u(E) > 0.
For each x € E, we let dimﬂ(x) to be the local dimension of i1 at x as defined in (2.10)
below. If dim,(x) = s for all x € E, then dimy (E) = s.
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2.4 Multifractal analysis of measures

We collect here some general facts about multifractal analysis of measures. Let u be
a non-negative finite Radon measure on R4, d > 1, which may be random or non-random,
supported on a bounded domain D C R?.

Definition 2.9. The L?-spectrum of y is the function 7, : R —+ R defined by

1 ; B(z;,r))4
Tu(Q) := lim sup Ogsupzzelﬂ( (x4,71))

, ¢€R, (2.6)
N0 —lOg’I"

where (B(z;,7)):cr is a countable family of disjoint closed balls with radius r centred
at x; € D, and the supremum is taken over all such families. Moreover, the Legendre—
Fenchel transform of the Li-spectrum 7, is the function 7; : [0,00) — [0,00) defined
by
() == inf {ag +1.(¢)} A0, a€0,00). (2.7)
geR

We have the following classical result concerning the L?-spectrum.

Proposition 2.10 ([LN99, Section 3]). The L-spectrum 7, is a decreasing convex func-
tion with 7,(1) = 0. Moreover, dom(7,) := {¢ € R : 7,(¢) < oo} = R if and only
if

lim sup 1Og lnmeD{M(B(x’ T))} < 00.

N0 log r

Let us collect here some notation. For a > 0, we introduce the sets E,(a), U,,(«) and
B, («) defined by

E,(a) :={z € D : dim,(z) = o}, (2.8)

U,(2) :={z €D : dim,(z) <a}, Bu(a):={zeD : dim,(z)>a}, (2.9)

where

log (B
dim,, (z) = lim log p(B(w,1)) (2.10)
0 log r

1 B — 1 B
dim ,(z) := lim inf M , dim,(z) := limsup M
iz N0 log 0 log r

which are called the local dimension, the lower local dimension and the upper local
dimension of u at x, respectively.
Definition 2.11. The singularity spectrum of u is the function d, : [0,00) — [0,00)
defined by

dy(e) ==dimy(Eu(a)), a€]0,00). (2.11)

We have the following fundamental result.
Proposition 2.12. For o > 0, it holds that dimy (U, (o) N By()) < 77 (c).

A proof of Proposition 2.12, in a slightly different setting, can be found in [BMP92,
Theorem 1]. However, the proof we provide here is a simple generalization of [B]J10,
Proposition A.1]. The proof is based on Besicovitch’s covering theorem (cf. [Fal97]).

Lemma 2.13 (Besicovitch’s covering theorem). Consider a set E C R? and for each
x € E fix a number r, > 0 such that sup,cp 7, < oo. Then there exists an integer
o4, depending only on the dimension d, for which there exist countable subfamilies
Bi,...,Bs, of {B(x,r;) : x € E} such that £ C Ujcq,... 0,3 Upes, B and B; is a collection
of disjoint sets for eachi € {1,...,04}.
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Proof of Proposition 2.12. Fix a > 0. By definition (2.7) of 7
that

it is sufficient to prove

/1’

dimy, (U, («) NBu(a) <ag+7.(q), YgER. (2.12)

Without loss of generality, we can assume that 7,(q) < oo, for all ¢ € R. We split the
proof into two parts. In the first part we prove inequality (2.12) for ¢ > 0, while in the
second part we prove inequality (2.12) for ¢ < 0.

Case ¢ > 0. Define 5,. := (a+¢)q + 7,(¢) + ¢, for ¢ > 0 fixed. Using the notation
introduced in Subsection 2.3, it is sufficient to show that supsc g1 7—[5“ “(U,(a)NBy(a)) <
co. By definition, for every « € U, (o) N By (w), it exists a decreasing sequence (74 n)nen
converging to 0 such that

wW(B(x,rep)) >rote, VneN.

Fix § € (0,1], then for each z € U, (o) N B, (a), we choose n, such that 7, ,, € (0,d). For
each m € N, we let
Fpoi={zeU,(a)NBy(a) : 27" <7ryp, < 27t

Thanks to the Besicovitch’s covering theorem (cf. Lemma 2.13), it exists a positive
integer o4 such that for every m € IN, we can find o4 disjoint subsets F}, 1,..., Fi o,
of F,, such that each F,, ; is at most countable, the balls B(z,r; ,,) with centres at
x € F,, ; are pairwise disjoint and

(B e,

is a 6-cover of U, (@) N B, («). Then we have that

qua(i ( Z Z Z ga’;:e q+7.(q)+e

meN j=1zcF,, ;

o4
< Z Z Z u(B(x,rxmm))qr;f‘,EZHE

meEN j=1z€F,, ;
od
SY Y Y M2,
meN j=1 TEF

where the implicit constant does not depend on m. We observe that, forall j € 1,..., 04,
the family (B(z,27"*!)),cp, , can be divided into two countable families of disjoint
closed balls with centres in D. Hence, by definition of 7, for m large enough, we get

Z w(B(x, 27" < gmlrula)te/2)
€, ;

which implies that sups o1 ’H?“'E (U, (a) NBy(a)) < oo.

Case q¢ < 0. Define s, . = (a —¢)q + 7.(q) + ¢, for ¢ > 0 fixed. As before, it is
sufficient to show that supse (o H" *(U,(a) N Byu(a)) < oo. By definition, for every
z € U, () NBy(a), it exists a decreasing sequence (u,,,)necw converging to 0 such that

w(B(w,uz ) <ug,”, VnelN.

Proceeding similarly to the previous case, we get

Hiqi(f ( mBH Z Z Z J; 2_m))‘12_m(7u(‘1)+5)’

meN j=1zcF,, ;
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where the implicit constant does not depend on m, and by definition of 7, for m large
enough, we get
Z /L(B(l’, 2—m))q S 2m(7'u(q)+a/2) ,

T€EFm
which implies that sup;¢ g 1 Hoe (U, (a) NBpu(a)) < oo, O

Since E, (o) € U, () NB,(), an immediate consequence of Proposition 2.12 is the
following corollary.

Corollary 2.14. For a > 0, it holds that d,, (o) < 7;().

In particular, Corollary 2.14 implies that to prove the validity of the multifractal
formalism for a non-negative Radon measure p, we only need to prove the bound
du(a) > 7;(a) for all a > 0.

3 Multifractal analysis of Gaussian multiplicative chaos

Let us now turn to the multifractal analysis of GMC measures. Ford > 1, let D C R4
be a bounded domain. Consider a log-correlated Gaussian field X on D with covariance
kernel (2.1) and let (Xa)ee(o,l] be its convolution approximation, as defined in (2.2). For
every 72 < 2d, consider the GMC measure M, on D associated with X, as defined in
Proposition 2.2.

The main result of this article is contained in the following theorem.

Theorem 3.1. For y? < 2d, the GMC measure M., satisfies the multifractal formalism.
More precisely, for a > 0 it holds that

df%(d%wg)z, ifo e {(\/&\}5)2,<x/&+%)1 :

0, otherwise,

dar, (@) = 73 () =

(3.1)
almost surely. Moreover, the Li-spectrum of M., is given by

_gg\dw (q—)qa lfq € (—OO, q—] )
TM«, (q) = d— SM—Y (q) ) lfq S [q*7q+} 5 (32)
=&, (a4)a,  ifq € [g4,00),

almost surely, where q.. := £v/2d/|| and €,, is the power law spectrum of M., as defined
in (2.5).

Remark 3.2. We emphasize that the range of values of o > 0 for which the set Ej;_ (o)
is non-empty increases with 2. This is a consequence of the well known fact that when
72 gets closer to the critical value 2d, the concentration of mass of M., becomes more
and more clustered and so it gives rise to a larger spectrum of singularities.

Remark 3.3. Since the GMC measure ), is almost surely a non-negative finite Radon
measure supported on a bounded domain, Proposition 2.10 implies that the L?-spectrum
Tnr., iS a decreasing convex function and TMW(I) = 0. Moreover, thanks to the lower
bound in Proposition 2.5, one can easily verify that dom(7az,) = R.

The rest of this section is devoted to the proof of Theorem 3.1 which is based on the
following result.

Proposition 3.4. Let 4> < 2d and ¢*> < 2d/~y?. For M,,-almost every x € D, the GMC
measure M., satisfies

. log M., (B(z,r)) 1
lim —=2— = P g Z 2
ﬁ{% logr * 2 )7
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almost surely.
Proof. The proof can be found in Appendix A. O

Remark 3.5. Roughly speaking, since for ¢> < 2d/+? the measure My is carried by the
set of ¢gy-thick points of X, Proposition 3.4 implies that around such points the measure
M., has local dimension equal to

o i=d+ (; - q> 72 (3.3)

Thanks to Corollary 2.14, we already know that, for o > 0, it holds almost surely
that daz, (@) < 73, (a). Therefore, to prove the validity of the multifractal formalism for
M., it suffices to show that for o > 0 the lower bound dyz, (@) > 7}, () holds almost
surely. Let us start with the following lemma which is an immediate consequence of
Proposition 3.4.

Lemma 3.6. For v> < 2d, it holds almost surely that dar, (1) = oy, where oy is as
in (3.3) with ¢ = 1. Moreover, if E C D is such that dimy(F) < oy, then M,(E) =0
almost surely.

Proof. For z € Ejz (1), it obviously holds that dimy,, (z) = «;. Furthermore, thanks to
Proposition 3.4, we know that M, (Ez, (a1)) > 0 almost surely. Therefore, the first part
of the lemma follows from Proposition 2.8. Concerning the second part of the lemma,
let us proceed by contradiction. Consider a subset £ C D with dimy(E) < «; and such
that M, (E) > 0. Thanks to Proposition 3.4, we know that the subset Ej; () is of full
M.,-measure, and so we have that M, (ENEy (a1)) = M, (E) > 0. Moreover, since for all
r € ENEy, (1) it holds that dimy, () = a1, then Proposition 2.8 and the monotonicity
of Hausdorff dimension imply that

dimy (E) > dimy (ENEpy (1)) = a1,
which is clearly a contradiction. O

Now, we introduce the structure function ¢, associated with M, which is defined by

1 1
b, (q) == d — &, (q) = 572612 - (d + 272> g+d, q€R, (3.4)

where we recall that ., is the power law spectrum of M, defined in (2.5). A direct
computation shows that the Legendre-Fenchel transform of ¢,;, can be written as

follows )
l1/d—a 1
* = — = — >0.
o, (@) (d 2( 5 +2’y) )/\O7 a>0

The following two lemmas provide a lower bound for daz, (o) in terms of ¢3, (g), for all

q*> < 2d/~?, and an upper bound for 7w, (q) in terms of ¢y (¢), for all ¢ € R, respectively.

Lemma 3.7. Let 7 < 2d and ¢*> < 2d/~*. Then it holds almost surely that d; () >
@31, (0q), where ay is as defined in (3.3).

Proof. On one hand, thanks to Proposition 3.4, we know that the set E M, (aq) is almost
surely of full M,,-measure. On the other hand, Lemma 3.6 implies that M, cannot give
positive measure to a set of Hausdorff dimension strictly less than d — ¢*>v?/2. Therefore,
it should hold almost surely that

1 ,
dar, (ag) = d — §q2'72 = O, (aq)

where the last equality can be checked directly. O
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Lemma 3.8. For v? < 2d, it holds almost surely that T, (q) < ¢, (q) forall g € R.

Proof. Thanks to Remark 3.3, the function 75, : R — R is convex and hence continuous.
Therefore, it is sufficient to prove that for all ¢ € R, it holds almost surely that 7/ (¢) <
®u, (q). For simplicity, we assume that D = (-1, 1)?. We split the proof into two parts.
In the first part we focus on ¢ > 2d/~?, while in the second part we focus on ¢ < 2d/~2.

Case q > 2d/72. Since 2d/fy2 > 1, the conclusion in this case is trivial. Indeed, since
Ty, is a decreasing function and 7y, (1) = 0 (cf. Remark 3.3), it holds almost surely that
7, () <0 < ¢ (q), where the last inequality can be checked directly.

Case q < 2d/~*. For n € N, we write %, := 27""1Z4 N (—1,1)4 for the lattice 27"~ 174
restricted to the open box (—1,1)?. Then for each n € IN and £ > 0, by Markov’s inequality
and Proposition 2.4, we have that

P (Z M, (B(z,27™))1 > 2n(¢Mw((I)+E)> < 27 0+ N (M (B(2,27))1]

ZEX, ZEX,
< 2771(¢’M,Y (q)+5)27n§M,y (q)2nd — 9—ne ,

where the implicit constant does not depend on n. Hence, it holds that

Z g ( Z M,(B(z,27")? > 21’L(¢1&17(q)+5)> < o0,

nelN ZEX,

and so, thanks to the Borel-Cantelli lemma, we have that it almost surely exists a finite
constant C' > 0 independent of n such that

> M, (B(z,27")1 < €2 (@019 yp e N, (3.5)
2€%,

Let (B(x;,7))icr be a countable family of disjoint closed balls with radius » € (0, 1]
centred at x; € (—1,1)¢, and fix n € N such that 27" < r < 277!, We observe that
there exists a finite constant o, > 0 depending only on the dimension d, such that every
ball B(xz;,r) is contained in the union of at most o, balls of the form B(z;;,27 "), for
some z;; € X,—1, J = 1,...,04. Here, we adopt the convention that if for i € I, the
ball B(z;,r) is contained in Uj—y  ;B(z;,27""!) for some J < o4, then z;; = z;; for
j=J+1,...,04. Furthermore, since the balls (B(z;,r));cs are disjoint, we can choose
the balls (B(z;, 2*”“))1-617]-61 77777 -, in such a way that for fixed i # iy € I, it holds that
Zinj F# Zigj for j=1,...,04. Now, if ¢ € (0, 1], thanks to (3.5) and the sub-additivity of the
function x — z9, it holds almost surely that

Z M., (B(z;, 7 Z Z (z,27 1)) < 9nldary (@)Fe) < = (dary (@) Fe)
i€l -0d €301

(3.6)
where the implicit constant does not depend on n. Similarly, if ¢ € (1,2d/v?), thanks
to (3.5) and the convexity of the function x — z? for ¢ > 1, using Jensen’s inequality, it
holds almost surely that

ZM (2i,7))? < 0¥ Z Z M, ( n+1))q < on(dm, (9)+¢) < r—(om, (@)+e) ,
iel J=1,..,04 z€EXn_1

(3.7)
where the implicit constant does not depend on n. Moreover, for every ball B(x;,r), we
have that B(z,27""!) c B(z;,r) for some z € %,,1. Therefore, if ¢ < 0, then thanks
to (3.5) it holds almost surely that

ZMW(B(%WT))(I < Z MPY(B(Z,Q*"*l))q < on(éns, (a)+¢) < p(Onn (@) Fe) (3.8)

el 2€Xn41
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where the implicit constant does not depend on n. Finally, the conclusion follows by
taking logs in (3.6), (3.7), (3.8), and thanks to the arbitrariness of ¢ > 0. O

Thanks to Corollary 2.14, Lemmas 3.7 and 3.8, we obtain that for ¢®> < 2d/~? it holds
almost surely that

0< Qﬁ\/lﬂ, (aq) < dnr, (og) < T]t[7 (ag) < ¢*M7 (ag) s (3.9)

which implies that das, (o) = 73, () and 7ar, (q) = éar, (). For ¢* < 2d/4?, we observe
that the range of values of a > 0 of the form ¢, is equal to the interval (a_, o), where

() e ()

Thanks to Corollary 2.14 and Lemma 3.8, we can easily observe that for a & (a_, a4 )
we have that dy, (@) < 77, (a) < ¢}, (a) = 0. Therefore, these results imply that for all
a > 0, it holds almost surely that

a-1(t=v3)’ . itac|(va-5)" (va+3)].

0, otherwise,

dar, (@) = 7y (@) =

which coincides with (3.1).

To conclude the proof of Theorem 3.1 we need to show the validity of (3.2). This is
exactly the objective of the subsequent lemma whose proof follows similar steps of those
in [BJ10, Section 2.3].

Lemma 3.9. If+? < 2d, then for q € R it holds almost surely that

_é.g\/[,Y (q—)q7 Ifq S (_007 q—] )
™., (q) =qd— gMn, (Q) ) Ifq € [q,, q+] ;
&y (ar)g,  ifg € gy, 00),

where ¢ = £v/2d/|7|.

Proof. From (3.9), we know that 7a7 (¢) = ¢ar, (¢q) for ¢ € (¢—,q4). Thanks to the
continuity of the convex function 7, , the above equality can be extended to the close
interval [, q+]. Therefore, it remains to prove that 7y, is derivable at ¢, and linear on
[¢+,00), and the same also for ¢_ and (—oo, ¢_]. Thanks to the equality 7/, (¢) = ¢, (q)
on the interval [¢_, ¢4 ], we know that

i ) = o, (ar) = 220 ) = g () = 221

where 7']’\47 (¢;) (resp. 7-]’\/[7 (¢1)) denotes the left-hand (resp. right-hand) derivative of M,
at g4 (resp. at ¢_). Since the function Ta., 1S convex, we have that

ar, (@) > 7o, (a4) + T, (05) (0 — a4) = P, (a4)4,

and similarly 7/ (q) > qwa7 (g-)g. For g > q4, the reverse inequality can be obtained
using the fact that ¢4 /¢ € (0,1] and the sub-additivity of the function z — z9+/4, Indeed,
if we consider a countable family (B(z;,r)):;cs of disjoint closed balls with radius r
centred at z; € D, then

a4

(Z M’Y(B(xi’r))q> q < ZMW(B($1',7“)){]+ .

icl i€l
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Hence, taking logs and by definition of 75, , we have that

., (q+) = b, (q+)

q= ¢ (a4)q.
q+ q+ y (04)

™, (9) <
Therefore, for all ¢ > ¢ it holds that 7/, (¢) = ¢’§v1w (¢+)gq, and the same exact computation
yields also that 7 (q) = qﬁ%(q,)q for all ¢ < q_. Since ¢ (q) = d — &ar, (q), for all
q € R, the result is proved. O

This concludes the proof of Theorem 3.1.

4 Multifractal analysis of multifractal random walk

Theorem 3.1 gives a full characterization of the singularity spectrum of GMC mea-
sures. A natural question that may arise is whether we can use this result to perform the
multifractal analysis of objects that are built by means of these random measures. In
particular, in this section, we investigate the multifractal behaviour of the Multifractal
Random Walk (MRW).

4.1 Definition of the MRW

Let T > 0 and consider a log-correlated Gaussian field X on [0, T] with covariance
kernel of the from (2.1). For 72 < 2, consider the GMC measure M., on [0, T] associated
with X, as defined in Proposition 2.2. In addition, for d > 1, let B be a Brownian motion
on R? independent from the field X.

Remark 4.1. As the Brownian motion B is independent from the log-correlated Gaussian
field X, it will be useful to decompose the probability measure P as follows

P=PzoPx.

When we write “almost surely”, we mean PP-almost surely. If we need to specify that a
property holds almost surely with respect to the Brownian motion (resp. the field X), we
write P g-almost surely (resp. P x-almost surely).

Definition 4.2. Fix v?> < 2 and d > 1. The d-dimensional MRW on [0, T| associated with
the field X is the stochastic process (Z;'),c(o,r| defined by

Z) = B oy, tE€ [0,7]. 4.1)

The MRW has been originally introduced in [BDMO01] as a stochastic volatility model.
Indeed, assuming that the Brownian motion B is one-dimensional, the MRW is used
for modelling the price fluctuations of financial assets since it accounts for most of the
stylized facts of financial time series. For example, it reproduces the sudden jumps and
the periods of intense activity usually observed in stock prices. We refer to [BKMO08] for
a short overview on this topic.

4.2 Study of the lower singularity spectrum

The main goal of this section is to analyse the local fluctuations of the paths of the
MRW Z7. More precisely, we introduce for « > 0 the sets

Ez.(a) == {t € [0,T] : dim. (t) = o} ,

where dim ;- (¢) is the lower local dimension of Z7 at ¢ € [0,T] defined by

I zY oz
dimz, (¢) := liminf 08|20 = 2| -
™0 logr
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We want to compute the Hausdorff dimension of E;, («) for each o« > 0, i.e. we are
interested in finding an explicit expression for the lower singularity spectrum d;- :
[0,00) — [0, 00) defined by

dz (@) :=dimy(Ez (@), «a€[0,00).

In particular, we want to find the relation between d ;. (o) and dj, (). This is exactly
the content of the subsequent theorem.

Theorem 4.3. Letv? < 2 and d > 1. Then, for o > 0, the lower singularity spectrum of
the d-dimensional MRW Z7 is given by

dz (o) = da, (20) = 17%<1_,y?0‘ +%)2, ifo € {(\}52)2’(12+2)1 |

0, otherwise,

almost surely.

For a > 0, we define the set Ej; () as in (2.8), and the sets QMW (), EM7 (o) as
in (2.9). Then Theorem 4.3 is an easy consequence of the following lemma.

Lemma 4.4. If72 < 2, then for o > 0, it holds P g-almost surely that
() Enr, (2a) CEz- ();
(ii) Bz () C Uy, (2a) N Bar, (200).

Proof. Let (Z/)ic(o,r] be the d-dimensional MRW as defined in (4.1). Thanks to well-
known properties of Brownian motion, the following facts holds IP g-almost surely. Fix
e > 0, then it exists a finite constant C' > 0 such that, for every ¢ € [0,7] and r > 0 small
enough, it holds that

124 — 22, = [Bar, (0.44+)) — Bar,(o.6—r))] < CMV(B(t,r))%’E. (4.2)

Moreover, we also know that for each ¢ > 0 and ¢ € [0,T], for ~ > 0 small enough, it
holds that

1ie
sup |Z£Y+r - Z;Y—'r" = sup ‘BJLI’Y([O;t+T]) - BMW([O,t—T])| 2 M’Y(B(tvr))2+ : (4.3)
0<r<h 0<r<h

Proof of item (i). For a > 0, we fix t € Ej; (2cr). For every € > 0, we know that for
r > 0 small enough, it holds that

r2te < M (B(t,r)) < r?*F. (4.4)

Consequently, thanks to (4.2) and the right-hand side of (4.4), we get that for » > 0 small
enough, it holds that

2] — 2], < CMy(B(t,r)F° < CriPe-a(i=2)

On the other hand, thanks to (4.3) and the left-hand side of (4.4), there exists a decreasing
sequence (1, ),en converging to 0 such that

a—T¢&€ lE
r,(f +)(2+)7 Vn e IN.

|20, = 200, | = My (B(t,ra)) 3¢ >
Therefore, taking logs, by arbitrariness of € > 0, this implies that

log|Z),.. — Z7
lim int og| t+r t77’| —
N0 logr
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which means that ¢ € E;, (), Pp-almost surely.
Proof of item (ii). For « > 0, we fix t € Ez,(«). Similarly as above, for each ¢ > 0,
there exist decreasing sequences (7, )nen, (7}, )nen both converging to 0 such that

et <|2),, = 21, | S OM,(B(t,r,)* ™%, VneN,
where the last inequality is given by (4.2), and
it 2 2L, — 2, | 2 My(B(tr))TE, VneN,

where the last inequality is given by (4.3). By arbitrariness of ¢ > 0, these facts imply
that t € Uy, (2a) N B, (2), P p-almost surely. O

Finally, we show how the proof of Theorem 4.3 follows immediately from Lemma 4.4.
Proof of Theorem 4.3. From item (i) of Lemma 4.4, for all « > 0, we have the inequality
dz (@) > du, (20),

almost surely. On the other hand, item (ii) of Lemma 4.4, Proposition 2.12 and Theo-
rem 3.1 imply that, for all a > 0, it holds

dz-(a) < dimy (QMV (20) N By, (2a)) < ir (20) = dar, (20)

almost surely. Since Theorem 3.1 gives a full characterization of the singularity spectrum
daz,, this concludes the proof. O

5 Multifractal analysis of Liouville Brownian motion

The main goal of this section is to study the multifractal behaviour of the Liouville
Brownian motion (LBM). Roughly speaking, the LBM can be defined as the canonical
diffusion associated with the Liouville quantum gravity metric tensor given by

X (da? + dy?),

where X is a GFF on a domain D C R? and dz? + dy? is the Euclidean metric tensor.
The LBM has been introduced simultaneously in [Ber15, GRV16], and it can be built as a
time changed planar Brownian motion with respect to a GMC measure associated with
the field X. We refer to the above mentioned references for more details.

In what follows, we take a slightly more general approach, and we generalize the
construction of the LBM in dimension d > 2. Once this is done, we consider the problem
of studying the lower singularity spectrum of the d-dimensional LBM.

5.1 Definition of the LBM
For d > 2, consider a bounded domain D ¢ R? containing the ball B(0,1). Let B be a
d-dimensional Brownian motion started from the origin and define 7' to be its first exit
time from D, i.e.
T:=inf{t>0: B, ¢ D} . (5.1)

Moreover, consider a log-correlated Gaussian field X on D with covariance kernel of the
form (2.1) and independent from the Brownian motion B. Then the d-dimensional LBM
on D can be formally defined by

Bg = BF’Y—l(t)7 t 2 0,
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where the clock process F, is given by
tAT
Fy(t) = / X (B3 BIX(B) g > 0.
0

In the section, we adopt the same notation specified in Remark 4.1, i.e., we decompose
PasPp®Px.

To give rigorous sense to the definition of the LBM, it is sufficient to show the
existence of the clock process F’,. Following [Berl5, GRV16], we proceed with a regular-
ization and limiting procedure. Let (X.).c(o,1] be the convolution approximation of the
field X as defined in (2.2), then we have the following lemma.

Lemma 5.1. Ify? < 4, then P z-almost surely, for all t > 0, the sequence
tAT . )
FE(t) ;:/O eV Xe(Bs) =37 BIXe(Bo) lqs - ¢ € (0,1],

converges in P x-probability and in L'(Px) towards a non-degenerate limit F.(t) that
does not depend on the choice of the mollifier 1) used in (2.2).

Proof. This fact is a standard result and it is an easy consequence of [Berl7, Theo-
rem 1.1]. Indeed, fort > 0, let utT be the occupation measure between time 0 and time
t AT of the Brownian motion B, so that

FE(t) = /}Rd eva(:v)*%VQE[Xa(z)Ql,/g“(dx) , c€(0,1].

Then it is sufficient to prove that P g-almost surely, for all ¢ > 0, the measure z/tT has
dimension two, i.e., we need to show that for a € (0, 2), it holds that

[ =T ) () < .
X

Fix t > 0 and let v; be the occupation measure of the (unstopped) Brownian motion B
between time 0 and time ¢, then it obviously holds that

/ & — =07 (da)f (dy) < / & — 5w (dz)n(dy).
R4 xR R4 xR2

Therefore, taking expectation, it is enough to prove that for o € (0, 2), it holds that

t t
Egp [/ |x — y|0‘1/t(dx)yt(dy)] =Ep {/ / |B, — Bs|°‘drds} < 0. (5.2)
R xR o Jo
Using Fubini’s theorem, we have that
t ot
Ep [/ |z — y|_“ut(dx)yt(dy)] = / / Eg [|B, — Bs|~*] drds
R4xR? 0 Jo
t t o
=Eg [\Bﬂ‘“} / / |r — s|”2drds
o Jo
t

< 2tEp [|Bl|*a]/ r2dr
0

which is clearly finite if « € (0, 2). Therefore, this implies that for fixed ¢ > 0, the measure
vl has dimension two, P g-almost surely. To prove that the measure v/ has dimension
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two for all ¢ > 0, P g-almost surely, it is sufficient to take a sequence (t,),cn converging
to infinity and noting that for 0 < s <'¢, it holds that

/ & — =T (da )T (dy) < / & — =0 (dz) (dy)
RexR4 Rex R4

The conclusion follows thanks to [Ber17, Theorem 1.1]. O

Definition 5.2. Fix 72 < 4 and d > 2. The d-dimensional LBM on D associated with the
field X is the stochastic process (B} ):>o defined by

B} =By, >0, (5.3)

(ON
where I, is defined as in Lemma 5.1.

Remark 5.3. Let us emphasize that when d > 3, Lemma 5.1 yields a construction of the
LBM only for 42 < 4, and not for 72 < 2d as for the case of GMC measures. Therefore,
there is a gap, for 4 < vQ < 2d, where a construction of the LBM does not follow from
the general theory of GMC. This is due to the well-known fact that the dimension of the
occupation measure of the d-dimensional Brownian motion is at most two, for all d > 2
(see e.g. [MP10, Chapter 4]). To the best of our knowledge, if d > 3, a construction of
the d-dimensional LBM for 4 < 42 < 2d has not be done yet.

Before proceeding, let us introduce some notation. For 42 < 4, we can define on the
interval [0, T] the measure pu, by setting

pry([8,]) := Fy(t) — Fy(s), s<tel0,T]. (5.4)

It may be worth emphasizing that an immediate consequence of Lemma 5.1 is that
the measure p., can be interpreted as the weak limit of the sequence of approximating
measures (15 )c¢(0,1], where

1 (dt) == evXE(Bt)f%WQE[XE(Bt)Q]1{T>t}dt7 e (0,1]. (5.5)
Similarly, we can define on the interval [0, F’,(7')] the measure y by letting

s ([s,1]) == F;H(t) — F N (s), s<tel0,F(T)], (5.6)

so that for all ¢ € [0, F,(T')], we can write B; = B~ (0.4

Proposition 5.4. For 4? < 4, the random function F, : [0,T7] — R is almost surely
continuous and strictly increasing on the interval [0, T.

Proof. The function F, is continuous and strictly increasing as long as the measure .,
has no atoms and it has full support on the interval [0, 7']. To verify that ., is almost surely
atomless on [0, 7], one needs to use the power law behaviour of y., (cf. Proposition 5.6
below). We refer to [Berl5, Remark 3.5] for details. The proof of the fact that p., has
almost surely full support on [0, 7] can be found in [GRV16, Theorem 2.7]. To be precise,
in the above mentioned references the proofs are given in the planar case. However,
they immediately generalize to all dimensions and hence the details are omitted. O

5.2 Study of the lower singularity spectrum

In the same spirit as in Section 4, our goal is to study the local regularity of the paths
of the LBM B” defined in (5.3). More precisely, we are interested in the lower singularity
spectrum dg, : [0,00) — [0, 00) defined by

dgy (@) :=dimy (Egy(a)), a€]0,00),
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where Egz- (o) denotes the set of times at which B” has lower local dimension equal to
a>0,i.e.
Eg, (0) = {t € [0, F,(T)] : dimg, (1) = o} ,

where

log |B{,, — B/_,|
dimpg- (t) := liminf - =
s, (¢) lin\}(? log r

Theorem 5.5. Let v < 4 and d > 2. Then, for o > 0, the lower singularity spectrum of
the LBM B” is given by

2a72a(2§a_71+%7>2’ ifa e [(\/5+ %)‘i(ﬁ\gﬂ ;

0, otherwise,

dp~ (a) =

almost surely.

Since the LBM 5" is a time changed Brownian motion, the lower singularity spectrum
dp- can be obtained through the singularity spectrum of the measure (-, defined in (5.6),
as in the case of the MRW. However, in this setting the situation is less trivial since we do
not know the singularity spectrum of . at this point. Instead of working directly with
., ,» we start by proving that the measure 4., defined in (5.4), satisfies the multifractal
formalism, and we find an explicit formula for its singularity spectrum. Once this is done,
we can move to the proof of Theorem 5.5 which consists in finding the relations between
dg~, du? andd,. .

5.2.1 Multifractal analysis of /.,

The main goal of this section is to prove that the measure p., defined in (5.4) satisfies the
multifractal formalism. We will follow a strategy similar to that developed in Section 3.
As we will see, the presence of the Brownian motion creates some more technical
difficulties, but the underlying ideas are the same.

We start by computing the power law spectrum of the measure (..

Proposition 5.6. Let 72> < 4 and q < 4/42. Forr € (0,1], define the stopping time
Tsr = 1inf{t >0 : By ¢ B(0,/r)}. Then there exists a finite constant C' > 0 such that for
allr € (0,1], it holds that

E[MW([OvT\/FDq] < Crfuw(‘l) )

where
1 1
&, (q) = <1 + 4v2) ¢— 70", g€R,
is the power law spectrum of p..

Proof. Thanks to Kahane’s convexity inequality (cf. Lemma C.2), it is sufficient to prove
the result only for the d-dimensional exactly scale invariant field (X (z)),cg« defined in
[RV10a]. More precisely, for ¢ € (0, 1], we let (X.(z)),cre be the approximation of X as
defined in [BP21, Lemma 3.19]. Then, for A € (0,1), we can assume that
d

(X/\E()‘x))xeB(o,l) = (Xe(z) + Qk)$e3(0,1) ) (5.7)
where (2, is an independent centred Gaussian random variable with variance — log A (cf.
[BP21, Corollay 3.201). Let 0 < ¢ < /r, then scaling time by a factor r and using (5.7),
we get that

ps([0,77]) = /Tﬁ 1 Xe (B~ 3 E[X.(B)?] 46
0
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T/
:r/ X (Br) = 3 BIX. (Bra)? 4
0

d /T oV Xe(VFB)— 397X (ViBL)?) g
0

=

2 2 B >,

4 re’YQﬁ—%’Y E[Q\/F]/ €7Xa/ﬁ(Bs)*%72E[Xa/ﬁ(35)2]ds’
0

where B is an independent Brownian motion and 7 is the first exit time of B from B (0,1).
Now, raising to the power ¢ < 4/42 and taking expectations, one can easily verify that

(]

Removing the approximation, i.e. taking the limit when ¢ Y\, 0, gives us the desired
result provided that the quantities 15 ([0, 7 ;]) and uf/ ‘ﬁ([O, 7])? are uniformly integrable
in ¢ € (0,1], for ¢ < 4/+%. For ¢ < 0 this fact is proved in the planar case in [GRV16,
Proposition 2.12]), but the proof generalizes almost verbatim in higher dimensions. For

q € (0,4/~?) a proof of this fact can be found in Appendix B. O

{5 ([0, 75))7) = <V

q
e"/Xe/ﬁ(BS)%72E{Xs/ﬁ(é-€)2]ds> ]

We now state the main result that allows to prove that p., satisfies the multifractal
formalism. Let us emphasize that such a result is the analogue of Proposition 3.4, but
for the measure ji,.

Proposition 5.7. Let v < 4 and ¢*> < 4/~%. For y,-almost every t € [0,T], the measure

i~ satisfies
1 B(t,r 1 2
lim 28BN
N0 logr 2 2

almost surely.

Proof. The case in which the underlying field is a zero-boundary GFF on a bounded
domain D C R? has already been treated in [Jac18]. The proof follows similar lines as
the proof of Proposition 3.4 in Appendix A. Therefore, we only highlight here the main
changes that one needs to do in order for the proof to work in the general setting of a
log-correlated Gaussian field X on a bounded domain D C R4, d > 2.

The main steps of the proof in [Jac18] are [Jac18, Lemmas 3.9 and 3.11]. Let us
focus on [Jac18, Lemma 3.9]. The only main change that one needs to do is in [Jac18,
Equation 3.19]. Indeed, in that step the author uses the domain Markov property of
the GFF to bound the exponential moment of the fluctuations of the circle average
approximation. However, in the case of a general log-correlated Gaussian field, we can
bypass the use of such a property by using instead Lemma 2.1 in order to control the
fluctuations of the convolution approximation. To be more precise, let us briefly introduce
some notation. Let B and B be two independent d-dimensional Brownian motions started
from the origin, let 7, := o(B; : s < t) be the natural filtration associated with B up to a
certain fixed time ¢ > 0, and define the stopping time

7i=inf{s >0 : rBs+ B; ¢ B(0,1/2)} Ainf{s >0 : B, ¢ B(0,1/2)},

where r € (0,1]. Then, letting Qgt; = infuepp,,vm Xy7() — X 7(B:) the following lower
bound trivially holds on the interval [0, 7],

Xeyi(VrBs + By) 2 (X, s (VrBs + By) = X (V7B + By) + Q5 4+ X m(By) -
Therefore, plugging this estimate into the second line of [Jac18, Equation 3.19], using the

fact that in [Jac18, Equation 3.20] the probability is conditioned on F;, and proceeding
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in the same exact way as in the proof of Proposition A.1 below, we can reach the same
conclusion of [Jac18, Lemma 3.9] also in our more general setting.

Finally, the changes that one needs to do in the proof of [Jac18, Lemma 3.11] are
similar and therefore not discussed. O

We can now state the following proposition concerning the singularity spectrum of
Moy
Proposition 5.8. If 72> < 4, then the measure i~ satisfies the multifractal formalism.
More precisely, for o > 0 it holds that

duw(oz):T* (a): 1- (1_7@4—%7)27 ifa € |:<1_g)2’(1+g)2:| 7

0, otherwise,

almost surely.

Proof. Given Propositions 5.6 and 5.7, and defining the structure function ¢,_(q) :=
1 —¢,.(q), for all ¢ € R, one can proceed similarly to Section 3 to prove this result.
Therefore, the details are omitted. O

5.2.2 Conclusion of the proof

Now that we have found an explicit formula for the singularity spectrum of ;,, we can
study the relations between the various (lower) singularity spectra. For a > 0, we define
the set £, (a) as in (2.8), the sets Qw(a), EM (o) as in (2.9), and similarly also for By -
Let us start with the following lemma.

Lemma 5.9. If72 < 4, then for a > 0, it holds P g-almost surely that
(i) E#; (2a) C Epy();
(ii) Ep,(a) C U, - (2a)) N Eui (2a).

Proof. Since forallt¢ € [0, 7], it holds that B = BM—((O 4))» One can use the same argument
used in the proof of Lemma 4.4 to prove this result. O

Thanks to Lemma 5.9, the problem has been reduced to computing the Hausdorff
dimensions of E - (o) and of U,- () N EM; (2ar), for o > 0. We start with the following
trivial lemma.

Lemma 5.10. If 72 < 4, then for a > 0, it holds almost surely that
(@) B, (a) = F,(By, (o))

(i) U, () mEM (a)=F,(U, (a=')NB,, (a71)).

iy

Proof. The proof follows thanks to the fact that random function F, is almost surely

continuos and strictly increasing on the interval [0, T (cf. Proposition 5.4). O
The following lemma is concerned with the relation between d,,, and d .

Lemma 5.11. Ify? < 4, then for a > 0, it holds almost surely that d,- (@) = ad, (a7).

Proof. Thanks to item (i) of Lemma 5.10, we know that for o > 0, it holds almost surely

that B, (o) = Fy(E,., (@1)). Fixe > 0, and let ¢t € E,,_(a™!), then we define §, > 0 as
follows

5 :=sup{6>0: |[F(t+r)—Fy(t—r)<r® = Vre(0,6)}Al.
gl v
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We define the collection of sets (Ej; (a™1))nen by letting

E; (ah):={teE, (') : 27" < <27""} neN.

Then E, (a™') = U,enEj_ (a™'), and for all ¢ € Ej; (a™'), it holds that |F,(t + ) —

F,(t—r)| < r® ' =¢ for all r € (0,27™). Thanks to Proposition 5.4, we know that the
random function F, is almost surely continuous and strictly increasing. Hence, using
the countable stability of the Hausdorff dimension and Proposition 2.7, it holds almost
surely that

« (0%

d E71 —1 —
nen T e ook e, (070)

d,— (@) = sup dimy (F, (E}; (a™1)) <

My

dy, (a_l) .

1— e

The reverse inequality can be obtained similarly. Indeed, if we fix ¢ > 0 and we let
teE,- (), then we can define ¢; > 0 as follows

6 :==sup {6 >0 : |FW_1(t—|—r) —Fv_l(t—r)| <r*TEVr e (0,6)F AL

Defining the collection of sets (E” (a))nen similarly as above, and proceeding in the
same exact way, we obtain that it holds almost surely that

1
a—¢ pr (@)

dN’Y (a_l) S

The conclusion follows by arbitrariness of € > 0. O

We also need the following lemma which allows to conclude the proof.
Lemma 5.12. If 42 < 4, then for a > 0 it holds almost surely that dimH(Qu; () N

EM_ (@) < ary (a™h).

Proof. Thanks to item (ii) of Lemma 5.10 and to the definition of 7-;7, it is sufficient to
prove that for a > 0 it holds that

dimy (Fy (U, (@) NB, (a™h)) <g+am, (¢), VYgeR, (5.8)

almost surely. We will be brief here since this result can be proved using the same
procedure used in the proof of Proposition 2.12. We will only focus in the case ¢ > 0. Fix
€ > 0andlet 5, := g+ (7, (q) +¢)/(a”" —¢). By definition, for every t € U, (a~')N
E/w (a™1), it exists a decreasing sequence (7, )n,en converging to 0 such that

-1
Py (t 4+ vin) = Fy (6 = o] = iy (Blt,rin)) < 78—, W€ .

Fix § € (0,1], then for each t € U, (o~ )N By, (a™!), we choose n; such that ry,, € (0,0).
For each m € IN, we let

Frp = {t €U, (@ )NB, (@) : 27 <rpp, < 2*m+1} .

Proceeding as in the proof of Proposition 2.12, it exists a positive integer o7 such that for
every m € IN, we can find o, disjoint subsets F}, 1,..., I}, », of I}, such that each F,, ; is
at most countable, the balls B(t, 7 ,,) with centres at ¢ € F), ; are pairwise disjoint, and
the collection of sets

(((F’Y(‘B(t7 Ttmt)))tanm)je{L...m}) meN
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is a d-cover of F, (U, (a~')NB,, (a")). Then, thanks to the definition of 1., and to the
fact that F’, is almost surely strictly increasing, we have that

Hy*(Fy (U, (@) N, (@7 < 30D D0 1B (E+rom) = ot = rem )

meN j=1teF,,

o1
< Z Z Z H”Y(B(t»7't,nt))qr§j;;‘t(q)+a)

meN j=1teF,, ;

<D i > (Bt 27t elae)

meN j=1teF,,

where the implicit constant does not depend on m. Hence, the conclusion follows as in
the proof of Proposition 2.12. Similarly, we can prove inequality (5.8) for ¢ < 0. O

Finally, let us see how we can put everything together in order to prove Theorem 5.5.

Proof of Theorem 5.5. Let us start by observing that almost surely it holds that dg-(0) =
0 since B” is almost surely continuous. Thanks to item (i) of Lemma 5.9 and Lemma 5.11,
for a > 0, we have that

dg~ (a) > dM; (2a) = zadm ((Qa)_l) )
almost surely. On the other hand, item (ii) of Lemma 5.9, Lemma 5.12 and Proposition 5.8
imply that, for all o > 0, it holds that

gy (@) < dimy (U (2a) QEM;(Za)) < 207" ((20)71) = 20d,,, (20) 1),

almost surely. Since the singularity spectrum d,, is known, this concludes the proof. O

A Proof of Proposition 3.4

The proof of Proposition 3.4 follows similar steps of the proof in [RV14, Theorem 4.1].
However, our proof accommodates general log-correlated Gaussian fields. Indeed, it is
not enough to prove the result for an exactly stochastically scale invariant field, and then
deduce the result for all log-correlated fields, by means of Kahane’s convexity inequality
(cf. Lemma C.2). This is due to the fact that in the proof we need to consider moments of
certain integrals of the field that involve indicator functions depending on the field itself.

Since the conclusion of Proposition 3.4 trivially holds for v = 0, we may assume
~v # 0. The proof is essentially based on the following proposition and on a standard
Borel-Cantelli argument.

Proposition A.1. Let 72 < 2d, ¢°> < 2d/~? and define o := d + (1/2 — q)v?. For 8 > 0 and
E > 0, there exist constants C, b, C’, i/ > 0 such that for r € (0, 1] small enough it holds
that

E [My, ({z € D, : My(B(z,r)) > Er*?})] < Cr®, (A1)

and
E [My, ({z € Dy : My(B(x,1)) < Er*tP})] < O (A.2)

where D, := {x € D : dist(xz,0D) < r}.
Proof. The proof can be found in Subsection A.1. O

We are now ready to prove Proposition 3.4.
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Proof of Proposition 3.4. Fix 3> 0 and let o = d + (1/2 — q)v%. For n € N, we define the
following sets

Uy = {# € Dy-n : My(B(z,r)) < re=f vre [0,27™)},

and
L7 = {z € Dy-n : M,(B(z,r)) > reth v e [0,27™)},

where we recall that, for r € (0,1], D, := {z € D : dist(x,0D) < r}. We claim that for
every ¢ € (0, 1], it exists almost surely a finite N € IN such that

M,, ((U%c) <e, M, ((LQV)C) <e.

Thanks to Proposition A.1 with £ = 2~(®=#) and to Markov’s inequality, we know that
there exist constants C' > 0 and b > 0 such that for r € (0, 1] small enough, it holds that

P (M,

/N

z €D, : M, (B(z,r)) > 2_(‘1‘5)7"0‘—5}) > 7«%)

<r3E {Mqv ({x €D, : My(B(z,r)) > 2_(“_[3)7““_5})}

[SSY

IN

Cr

For n € N, taking » = 27, thanks to the Borel-Cantelli lemma, we get that the events

({8 (€ Do s M (B2 > @) = @)E))

occur only finitely often almost surely. Therefore, for all ¢ € (0, 1], it exists almost surely
a finite N € N such that

Mgy | U {# € Dan : My(B(x,27™) > 27" 1)* P} | < Z(z—")% <e.
n>N n>N

Let 2 € (UY)¢, then it exists r € [0,27") such that M, (B(z,r)) > r*~#. Since it exists
n > N such that 277! <r < 27", we get

M,(B(2,27") = My(B(x,r)) > r*™# > (27717,
which implies that
M,, ((U;V)C) <My | | {z€Don s My(B(a,27™) > (277 8| <.
n>N

A similar argument can be used to prove that for every e € (0, 1], it exists almost surely a
finite N € IN such that M, ((L])¢) < e. Therefore, introducing the sets

log M., (B

U, = Jur = {g;eD ; liminf(MWZa—ﬁ} :
N ™0 logr
log M., (B

Ly= )L =dzeD : limsp BB 4 gL
neN N0 log

since ¢ > 0 is arbitrary and U?, LJWV are increasing sets, we obtain that
Mgy ((Lv N Uv)c) =0.

The conclusion then follows from the arbitrariness of g > 0. O
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A.1 Proof of Proposition A.1

The objective of this subsection is to prove Proposition A.1. For simplicity, but without
loss of generality, we assume that D = (—1,1)?. The proof is based on Lemma 2.1 and on
the following two lemmas.

Lemma A.2. Forv? < 2d and ¢ < 2d/~?, there exist a € (0,1] and C > 0 such that

Xl —évZE[Xs(zf]d .
i
/(—1,1)d (2] + )

Proof. The proof can be found in Subsection A.2. O

sup E <C

e€(0,1]

Lemma A.3. For+? < 2d and ¢ < 2d/~?, there exists C' > 0 such that

X (@3 EX @)\
sup E / 5 dx <(C.
£€(0,1] [~1/2,1/2)¢ (Jz| +e)av

Proof. The proof can be found in Subsection A.2. O

Proof of Proposition A.1. We split the proof into two parts. We start by proving (A.1)
and then we move to the proof of (A.2). For simplicity, but without loss of generality, we
consider the case F = 1.

Proof of (A.1). Let r € (0,1] and = € D,, where we recall that we are assuming that
D = (—1,1)% Fix e, ¢/ > 0 so that ¢’ < re. Then by Girsanov’s theorem (cf. Lemma C.1),
we have that

1.2.2 2
E|1l , —_— 1 Xer (@)= 37V E[X o (2)7]
{fB(:cn') eA{XTE(u)iéwzh[xrs(u)2]du>ra7/3}

— P </ 67er(u)+q'y2E[X'rs(u)Xs’ (I)]*%’YQE[XTE(U)Z]du > 7’&6>
B(z,r)

'YXTE(“)_lP‘/QE[er(u)ﬂ
<P e’ Kldl / ¢ ’ —du > ro 8, (A.3)
B(z,r) (|u - J)| + rg)q"/

where the last inequality is justified by the fact that, thanks to property (P2), for =z,
y € (—1,1)4, it exists K > 0 such that

—log(|Jz —y| + 7€) — K < E[X,e(2) X (y)] < —log (|Jz —y| + 7€) + K .

Now, let Qf := sup,cp(s,) Xr(u) — X;(z), then by changing variables, we see that the
integral in (A.3) can be upper bounded as follows

e'YXre(u)_%'YzlE[XrE(u)Q]
/B(r,r) (|u - l‘| + rg)q’y2

u)— u))—21~2 re(u 2
< e\v\(ﬂi+XT(x))/ e R P ]du
= 2
B(z,r) (‘u - $| +T€)q’y
Xre(rutz) =X, (rutz))— 12 E[X e ru+w)2
_ a7 P (OF X (@) / Qe e P
B(0,1) (Jul +e)a7
Xye(rutaz)—X, (rutz))+ 1421
STd+(1/2—Q)’Y2e%’YzKHVI(Qf-&-Xr(i’))/ 1 (e (e o z)) il Ogsdu
B(0,1) (Jul + )1
X! (u) =142 E[X] (u)?
< r‘“e’YZKHM(Q%XT(r))/ RGN :( ) ]du, (A.4)
B(0,1) (Jul + &)
EJP 28 (2023), paper 2. https://www.imstat.org/ejp

Page 27/36


https://doi.org/10.1214/22-EJP893
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Multifractal analysis of GMC and applications

for some log-correlated field X' in B(0,1), and some finite constant ¢ > 0 depending only
on K. Substituting the last expression of (A.4) back into (A.3), we obtain that

12,2 2
El1 ) / eI X (#) =3 E[X/ (2)7] A5
{fB(z,r) e‘YXrE(U)*%’YZJE[XTE(u)z]du>Ta75} ( )

X (W) — 22 EIX (0)2
<P e’Y2K(C+|q\)+\'Y\(Qf+XT(m))/ AR BT s 4
B(0,1) (lu] + &)

<P (e'ﬂK(chlql)+MQi > r‘§> 4P (e\'y\XT(m) < r‘g)

Y XL (W) =37 E[X] (u)?]
+ P / du >r~ .
B(0,1)

(ul + )"

Let us notice that all the three terms decay polynomially in r, for » € (0, 1] small enough,
uniformly in x € D, and ¢, ¢ € (0,1]. Indeed, for the first term this follows from
Lemma 2.1 and Markov’s inequality. For the second term, this follows from the fact that
X, (z) is a centred Gaussian random variable with variance E[X,.(z)?] = —logr + O(1)
(cf. [MP10, Lemma 12.9]). Finally, for the third term this follows from Lemma A.2 and
Markov’s inequality again. Therefore, for » € (0, 1] small enough, integrating over « € D,
the expression in (A.5) and putting everything together, we can see that there exist finite
constants C, b > 0 such that for all ¢, ¢’ € (0, 1], it holds that

wlw

edVYer ()= 3V EYor (2)%] 4 <ort.

IE{ / 1 ey
g YYre (u) =5 72E[Yre (w)?] 4 a—p
 AIsene u>re=t}
’

Now, thanks to Proposition 2.2, we know that the sequence of measures (ng)s’e(o,l]

converges to M, in L'(P) in the topology of weak convergence of measures. Therefore,
thanks to Portmanteau lemma and Fatou’s lemma, we get that

I {/D 1{f5($ . ewwE(u)§w2ra[v,»g(ru)2]du>raE}Mqv(dx)]
, :

< liminf E 1 . e
N0 D, {fBu,T)ewrs(u)f%Wzm[y7‘5(”)2]du>r‘*_ﬁ}

Therefore, since C and b are independent from ¢’ € (0, 1], we have that

YYer (2) = 30° YV B[V (2)?] dx] i

I [/D 1{f3(/ ) e’YYra(u)é'Y2E[Y'r5(U)2]du>To¢E}Mqv(dx):| <crt. (A.6)

Finally, since C and b are independent also from ¢ € (0, 1], using (A.6) and Fatou’s lemma,
we see that

E |:/D 1{Mw(B(a:,r))>r“—ﬁ}Mq'y(dx):|

< lim;
< hrsn\glfIE [/Dr 1{fs(m) ewmu)—;wzmyrs(umdu»aQ}Mq'y(dx)}
<Crb.

Proof of (A.2). We shall be brief here since the argument is similar to that used in
the proof of (A.1). Let r € (0,1] and = € D,, where we recall that we are assuming
that D = (—1,1)%. Fix ¢, ¢ € (0,1] so that ¢’ < re. Then by Girsanov’s theorem (cf.
Lemma C.1) and property (P2), we have

E eI X (1) = 54* Y EIX/ (2)?]

1{f3( e Xretw= %wQE[xm(m?Jduqﬂw}
@r
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2 Ver(u)7l72E[Xr£(u)2]
<P (e K‘q‘/ ¢ : ——du < oA (A.7)
B(z,r) (|U—.’IT‘ +r€)qw

Now, let QF := inf,cp(y ) Xr(u) — X, (z), then by proceeding in the same way as in the
proof of (A.1), we can see that the right-hand side of (A.7) can be lower bounded as

follows
e’)’er(u)_%’Yz]E[XTE (u)z]
/ —du
B(x,r) (|u—x| +r€)q’y

S pe= Keth|(Q2+X,(2)) / i
B(0,1) (Jul + )1

XL (W) =37 B[X (u)?]

du , (A.8)

for some log-correlated field X' in B(0,1), and some finite constant ¢ > 0 depending only
on K. Substituting the last expression of (A.8) back into (A.7), we obtain that

12,2 2
E|1l , . eI Xer (@)= 30"y E[Xo/ (2)7]
{fB(z,r) e’YXr£<U')*%72D¥[Xr£<“)2]du<ra+ﬁ}

<P (e—'yzK(c+lq|)+l'y\Qf < r%) P (e\’y\Xr(m) . rg)

XL (W)= 377E[X (u)?] s
+ P / 5 du <73 | .
B(0,1) (Jul + )

Thanks to Lemmas 2.1 and A.3, the conclusion then follows as in the proof of (A.1). O

A.2 Proofs of Lemmas A.2 and A.3

Let us finish by proving Lemmas A.2 and A.3. We recall once again that, for simplicity,
we are assuming that D = (—1,1)<.

Proof of Lemma A.2. Fore € (0,1] and a € (0,1], we define the quantity

o1 X< (2) =372 B[X< (2)?] . “
€T ’
/(—1,1)d (Jz| +5)q72

and we need to prove that it exists a € (0, 1] such that U2 can be uniformly bounded in
¢ € (0,1]. We split the proof into two parts. In the first part we focus on ¢ € (—v/2d/|v|, 0],
while in the second part we focus on ¢ € (0,v/2d/|v]).

Case q € (—v/2d/]v|,0]. Since |z| + ¢ < Vd+1forallz € (—1,1)? and ¢ € (0,1], we

can write
/ X (@)~ 3V BXe (2)?]
(_171)d

where the existence of the constant C' > 0, independent of € € (0, 1], follows from Jensen'’s
inequality.
Case q € (0,v2d/|v]). If e € (1/2,1], then we have that

a
(/ eva(w)—§72E[Xs(w)2]dx> ] < C200"
(_171)d

where the existence of the constant C' > 0, independent of ¢ € (1/2,1], follows from
Jensen’s inequality. Let us now assume that ¢ € (0,1/2]. Then it exists a unique n € IN

U? =E

€

U< (Vd+1)T R < CO(Wd+ 1)

Us < 200"
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such that 277! < ¢ < 27" Forallk € {0,1,...,n}, we let Qp := (—27%,27%)?. Then by
sub-additivity of the function x — z® for a € (0, 1], we have that

e Xe@ -3V EXe @]\ 7] 2l e Xe@ =3B @)\ °
Ut <E / ——do | [+) B / —dx
N G = Q\@en (el +e)T
. .

< ona(gy’—d) g

VX (27 )— 1P B[X. (2 "w)Q]d ¢
/(_Mﬂ (2] + 2ne) *
/ X (2)~ 3 E[Xe (2)7] g
Qr\Qr+1
(/ e'yXe(2"x)—i’vzlE[Xs@"x)Q]dx) ]
(—1,1)4
</ eVXE(TkI)§V2E[Xa(2—”)2]dx> ] . 9
(7171)(1

Now let k € {0,1,...,n}, then we want to estimate the following quantity

(/ e'st(ka)§V2E[Xs(2kw)2]dx> ] .
(7171)d

Thanks to property (P2), for z, y € (—1, l)d, it exists K > 0 such that

n—1

+ Z o(k+1)agy’ g
k=0

< gnalar’=d

n—1
+ ad Z o(k+1)a(ey’~d)
k=0

E

E[X. (27 2) X (27" y)] > —log (|z — y| + 2%¢) +log (2) — K,

and therefore, if we let Z and Q,-» be two real normal random variables independent
from everything else with variance 2K and log 2*, respectively, then

E[(X:(27"2) + 2)(X:(27%y) + Z)] > E[(Xoro(2) + Qo-r) (Xare(y) + Qo).

Since the function z — z® for a € (0,1] is concave, thanks to Kahane’s convexity
inequality (cf. Lemma C.2), we have that

(/ e’va(2’“r)—§721E[Xe(2kr)z]dx> ]
(—1,1)d
a
/ S (Xe@F)+2) 3B (X2 0)+2)°]
(_171)d
/ e’Y(sze(I)Jer—k)7%V2E[(X2k5($)+92—k)2] dz
(71’1)d

(/ 1 Xk (2)= 37 E[Xor_(2)7] da:) ]
(_171)d

where the existence of the constant C' > 0, independent of ¢ € (0,1/2], follows from
Jensen’s inequality. Hence, going back to (A.9), letting

E

_ 6'72aK(1—a)E

< 6')/2¢1K(17L1)IE)

_ ekt [gon ol

< Ce'yQaK(lfa)2%v2ka(a71) ,

1 1
Sq 1= (d+ §’Y2 - 11’72> a— 572@27 (A.10)
we obtain that .
vy .
k=0
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where the implicit constant does not depend on n. It can be easily verified that for each
v? < 2d and q € (0,v/2d/|y]) it exists @ € (0, 1] such that s; > 0. In particular, this implies
that U? is uniformly bounded in ¢ € [0,1/2), which proves the result. O

Proof of Lemma A.3. For every ¢ € (0, 1], we define

PXe(@) - EX @7\ T
Ul=EF / ——dz
[~1/2,1/2)d (|z| +e)ov

We need to prove that U ! can be uniformly bounded in ¢ € (0, 1]. We split the proof into
two cases.

Case g € [0,v/2d/|y|). In this case, since |z| +& < \/d/2 + 1 for all z € [-1/2,1/2]¢
and ¢ € (0, 1], we can write

-1
sup U= < (VAZ+ 1) sup E / X (@)= 17 E(X. (0)) 4
] [1/2,1/2)4

€€(0,1 e€(0,1]
<C(Waz+n,
where the existence of the constant C' > 0, independent of ¢ € (0,1], follows from

Proposition 2.3.
Case q € (—v/2d/|~|,0). In this case, we can simply proceed as follows

X (@) -3 EX @7\
U-'<E / . dx ;
B(1/4,1/8) (|z| +e)av

and since |z| +e > 1/8 for all € B(1/4,1/8) and ¢ € (0, 1], we can write

-1
sup U= < (1/8)"7 sup E / X (@)= 57 E[Xe(2)%] 4 <C(1/8) 1",
c€(0,1] €(0,1] B(1/4,1/8)

and also in this case the existence of the constant C' > 0, independent of ¢ € (0, 1], follows
from Proposition 2.3. O

B Finiteness of positive moments of /.,

In this section, we adopt the same notation used in Section 5. The main goal is to
prove that the moments of order ¢ € (0,4/7?) of the measure i, defined in (5.4), are
uniformly bounded. The techniques used in the proof of this result are inspired from
[BP21, Section 3]. Moreover, let us mention that this result has been proved in the
planar case in [Berl5, Subsection 3.2], but the proof does not trivially generalize to
all dimensions. Before stating and proving the result, it may be worth recalling that
the measure ., can be interpreted as the weak limit of the sequence of approximated
measures (/fy)se(o,u defined in (5.5).

Proposition B.1. Let y2> < 4 and q € (0,4/+?). Then it holds that

T q
(/ ewXE<B§>—;E[XE(BS>21]dS> ] < o0,
0

where we recall that T' denotes the first exit time of B from the bounded domain D.

sup E
€€(0,1]
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Proof. As in the proof of Proposition 5.6, thanks to Kahane’s convexity inequality (cf.
Lemma C.2), we can assume X to be the d-dimensional exactly scale invariant field.
Moreover, without loss of generality, we can consider ¢ > 1. In order to keep the notation
not too cumbersome, we will give the proof only for ¢ € (1,2 A 4/42). Notice that this is
not restrictive if v2 € [2,4). The case in which v? < 2 and ¢ € [2,4/+?) is discussed at the
end.

For simplicity, we consider the case D = (0,1)?. Let us fix ¢ € (0,1], then letting
a=gq—1¢€(0,1), using Fubini’s theorem, Girsanov’s theorem (cf. Lemma C.1), and the
analogue of property (P2) for the exactly scale invariant field X., we obtain that

T q
(/ eva(Bs)—é'yQE[Xs(Bs)z]ds> ]
0

[T I T @
— EB / EX e'YXE(Bs)_%72E[XE(BS)2] (/ eVXE(BT)_;'YZE[XE(BT)2}dT> ‘| d8‘|
0 0

[T [ T a
— EB / ]EX (/ E'YXE(BT)+'Y2EX[XE(BS)XE(BT)]é72E[XE(BT)2]dT> ] dS]
0 0

E

T [ (T AX(B)-3EIX(B)?] ¢
<E E d ds| . B.1
st | [ B\ [ “p g ) | e

If ¢ € (1/2,1], then thanks to the concavity of the function z — 2z for a € (0, 1), using
Jensen’s inequality, we have that

T vXe(B)—37"BIXe(8,)] | * 2
/ —dr| | <2°Ex
o (|B, — Bs| +¢)7

— 997’ e

Ex

T a
/ evXa(Br)é“f]E[Xs(Brf]dr]
0

Therefore, substituting this estimate into (B.1), we get that

E

T q
</ eWXE(BS)éWQE[Xa(Bs)Q]dS> ] = 2av2EB[T1+a} < 00,
0

where the last inequality follows from the fact that 7" has exponentially decaying tail. Let
us now assume that ¢ € (0,1/2]. Then it exists a unique n € IN such that 27"~ ! < e <277,
For x € R? and k € {0,1,...,n}, we let Q.(z) be the open box of side length 2~%+!
centred at z, i.e. Qy(z) = (—27%,27%) + 2. Then by sub-additivity of the function x ++ ¢
for a € (0,1), we have that

T e’YXE(BT)_%'YzE[Xs(BT)z] d “
r
/0 (IBr — Bs| + )
T e'YXa(BT')7%'72E[XE(BW')2] ¢
/ (B, = Bl we e

Zn: E T 7Xe(Br)— 57 E[X:(Br)?] . ; a
+ * / B, —1(Bs B r
k=1 0 (|Br - le + 5)72 {Br€Qr-1(Bs)\Qr(Bs)}

Ex

< Ex

< R ( /T o1 Xe(Br)— 372 B[X. (B?] ) dr) “]
= o (27[B, — B, +2ne)® T{BreQn (B}
n T a
T (/0 ewXE(B»—;vQE[)@(Br)?]1{BT€Qk_1(BS)}dT> ]
k=1

EJP 28 (2023), paper 2. https://www.imstat.org/ejp
Page 32/36


https://doi.org/10.1214/22-EJP893
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Multifractal analysis of GMC and applications

T a
< My (/O e'VXE<BT)—572E[XE(BT)2]l{BreQn(Bs)}dT> ]
n T ¢
2 1.2 2
+Z2kaw Ex </O VX (Br)— 37 E[X(By) ]1{Brer1(Bs)}dT> ] . (B.2)
k=1

Now let k € {0,1,...,n}, then we want to estimate the following quantity

T a
</o eWXE(BT)é72E[XE(B"’)2]1{Breczk<33>}dr> 1 |

Using the translation and scaling invariance of the field X., Jensen’s inequality, and
Fubini’s theorem, we can proceed as follows

. a
/O e’YXE(BT)_é,yzlE[Xs(Br)z]1{BT€Qk(BS)}dT> ]

Ex

Ex

k(ln202_ 1.2
< ok(G7 e =37 o)

T a
/o €7X2’“€(2k(3"‘35))572E[X2’“e(2k(3"'BSM1{2k(BT—BS)er(0)}dT]

T a
1.2,2_ 1.2,
= 2tGre )</0 1{zk(B,,,Bs>er(o>}d7"> : (B.3)

Therefore, plugging estimate (B.3) into (B.2), we obtain that

T @'YXE(Br)*%’YZ]E[Xs(BT)Q} ¢
/ —dr
0 (1Br = Bs| +¢)
. k(34202 +142%a) ’ a
< 22 3 2 ; Lior(B,—B.)eooydr | -
k=0

Hence, integrating the previous expression over s € [0, 7] and then taking expectation
with respect to B, recalling inequality (B.1), we have that

T q
(/ €7X€(BS)%V2E[XE(BS)2]dS> ]
0
T T @
/O (/0 1{2k(BrBs)€QO(O)}dr> dS] . (B4)

Let us now estimate the expectation with respect to B on the right-hand side of the
above expression. For all k € {0,1,...,n}, applying Jensen’s inequality two times, we

obtain that
T T ’
/0 /0 1{2k(37‘—BS)6Qo(0)}dr ds

. (T T @
@ /0 /0 Lior(B,~B.)eQo(0)ydrds| .

In particular, letting « € (0, 2), using Markov’s inequality, Cauchy-Schwarz’s inequality,
and proceeding similarly to the proof of Lemma 5.1, we have that

I T T
T /O /0 1{2k<BrBs>er<o>}de5]
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=2 Es

/ / 1{2k(BT EQo(O)}deS‘|
nelN

< Zn = Ep |:1{n 1<T<n}/ / lior(B,—B. )eQO(O)}deS]

neN

1{n 1<T<n}T @

<Zna1PBT>n—1%//1PB\B — B,| <27 ¥t 2drds

nelN

< 27D [|By |72 Y 2n T HIPR(T > n — 1)} / r%dr,
nelN 0

and the latter series is obviously finite since we chose « € (0,2) and T has exponentially
decaying tail. Therefore, going back to (B.4), we have that

T 4 n
</ eyXE(BS);%E[XE(BS)Q]dS) 1 < nga(%“/zw%vz*a)’
0 k=0

where the implicit constant does not depend on n. To conclude it is sufficient to notice
that for a < 4/4% — 1, there exists a € (0,2) such that v?a/2 ++2/2 —a < 0.

As a final remark, we emphasize that, if v < 2, we only proved the existence of
moments of order ¢ € (0,2). However, the strategy of the proof could be adapted
to treat the general case ¢ € (0,4/7%). In this case, one has to choose n € IN such
that n < ¢ < n+ 1. Then applying Girsanov’s theorem n times in (B.1), one obtain
an expression similar to the last line of (B.1) except that we get an integral with n
singularities. Then, we can reproduce the argument up to modifications that are obvious
but notationally heavy. O

E

C Gaussian toolbox

We collect here some well-known results on Gaussian fields. In all the subsequent
lemmas, we assume D to be a bounded domain of R¢, d > 1.

Lemma C.1 ([RV16, Theorem 2.1]). Consider an almost surely continuous centred Gaus-
sian field (X (v)).cp and a Gaussian random variable Z which belongs to the L? closure
of the vector space spanned by (X(z))zep. Let F: C(D) — R be a bounded continuos
functional. Then the following equality holds

E[Z2]
2

E e

(XO)| =E[FX()+EX()Z])] .

Let us observe that Lemma C.1 is equivalent to the fact that under the probability
measure ¢Z~ElZ°1/2dP the field (X (z)),ep has the same law of the shifted field (X (z) +
E[X(2)Z])zep under P, which is the usual Girsanov’s theorem.

We now present a fundamental tool in the study of GMC measures, which is Kahane’s
convexity inequality. Essentially, this is an inequality that allows to compare GMC
measures associated with two slightly different fields.

Lemma C.2 ([RV16, Theorem 2.2]). Consider two almost surely continuous centred
Gaussian fields (X(z))zep and (Y (x)).ep such that

E[X(2)X(y)] < E[Y (@)Y (y)], Va,ye D,

Let f : (0,00) — R a convex function with at most polynomial growth at 0 and oo, and let
v be a Radon measure on D as in [Berl7, Equation 1.3]. Then it holds that

E[f </D 6X<x>éE[x<w>21,,(dx>>} <E {f (/D eY(w)éE[YW]V(dx)ﬂ ,
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We have the following standard concentration inequality for Gaussian fields which is
known as Borell-TIS inequality.

Lemma C.3 ([ATO7, Theorem 2.1.1]). Consider an almost surely continuous centred
Gaussian field (X (z))zep. Then it holds that

"

for all t > 0, where o3, := sup,cp E[X (z)?].
We finish this appendix with Dudley’s entropy bound.

+2
sup X (z) — E [sup X(m)] ‘ > t) <2 b,
zeD xeD

Lemma C.4 ([ATO7, Theorem 1.3.3]). Consider an almost surely continuous centred
Gaussian field (X (x))zep. Consider the pseudo-metric on D x D defined as follows

dx(z,y) = VE[X(z) - X(y)]?], (2,y) € D x D,

and let diamx (D) := sup(, yyepxp dx(,y). Let N(¢,D,dx) be the number of balls of
radius € with respect to dx needed to cover D. Then there exists a universal constant C'
such that

diamx (D) /2
E [sup X(m)} < C/ Vl9og(N(e, D, dx))de .
xeD 0
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