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THE TAIL EXPANSION OF GAUSSIAN MULTIPLICATIVE CHAOS
AND THE LIOUVILLE REFLECTION COEFFICIENT'
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Université Aix-Marseille and Ecole Normale Supérieure de Paris

In this short note we derive a precise tail expansion for Gaussian mul-
tiplicative chaos (GMC) associated to the 2d Gaussian Free Fiedl (GFF) on
the unit disk with zero average on the unit circle (and variants). More specif-
ically, we show that to first order the tail is a constant times an inverse power
with an explicit value for the tail exponent as well as an explicit value for
the constant in front of the inverse power; we also provide a second order
bound for the tail expansion. The main interest of our work consists of two
points. First, our derivation is based on a simple method, which we believe
is universal in the sense that it can be generalized to all dimensions and to
all log-correlated fields. Second, in the 2d case we consider, the value of the
constant in front of the inverse power is (up to explicit terms) nothing but the
Liouville reflection coefficient taken at a special value. The explicit compu-
tation of the constant was performed in the recent rigorous derivation with
A. Kupiainen of the DOZZ formula (Kupiainen, Rhodes and Vargas (2017a,
2017b)); to our knowledge, it is the first time one derives rigorously an ex-
plicit value for such a constant in the tail expansion of a GMC measure. We
have deliberately kept this paper short to emphasize the method so that it
becomes an easily accessible toolbox for computing tails in GMC theory.

1. Introduction. Gaussian multiplicative chaos (GMC) measures are wide-
spread in probability and statistical physics; indeed, they appear in a wide variety
of contexts and in particular in the fields of finance, number theory, Liouville quan-
tum gravity and turbulence (see [15] for references). In view of the broad applica-
tions of GMC theory, it is very natural to study these measures in great detail. The
foundations of GMC theory were laid in Kahane’s 1985 seminal work [9]. If €2 is
some open subset of R?, then the theory of GMC enables one to define random
measures of the form

(1.1) M, (dx) = oV XO-BEIX W] g

where dx denotes the Lebesgue measure and X is a log-correlated Gaussian field,
that is, a centered Gaussian field with covariance

1
(1.2) E[X(x)X(y)]:lnr_yl+f(x,y), X,y €Q
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with f some smooth and bounded function. Of course definition (1.1) is only for-
mal since X is not defined pointwise hence the measure M, can only be defined
via a regularization procedure. More specifically, the measure M, is defined via
the limit in probability of the sequence

2
(1.3) M, (dx) = eV Xe@) = EIXc 02 gy

where (X¢)e~0 is a reasonable family of smooth Gaussian fields converging to-
wards X when € goes to 0; see Berestycki’s very simple and elegant approach [3]
for an introduction to GMC and an account on the above issues of convergence.

Kahane [9] proved in 1985 that the measure M, is different from O if and only if
y? < 2d;*> moreover, a standard result in GMC theory is the following condition on
existence of moments (see [15], Section 2). If O is some nonempty and bounded
open subset, then

(1.4) E[M,(O)] <0 <= p< %.

In view of (1.4), it is natural to seek the exact tail behaviour of M, (O). This
was achieved in the beautiful work by Barral and Jin [2] in the 1d case and for a
covariance kernel of the form E[X (x) X (y)] =1In B i 37 on the interval [0, 1]. More

specifically, the work of Barral and Jin established that

" 1
(1.5) P(M,[0,1]>1) = % + 0<—2),
tv?

where the constant C, is given by

2 _ 2
292 E[M,[0, 117 M,[0, 1] — M,[0, 1]7]

1.6 C.=
(1.6) 2—y2 In2

Unfortunately, it is not obvious how to generalize the work [2] to higher dimen-
sions and other kernels of the type (1.2) because their argument is based on a func-
tional relation, which is obtained from a specific geometric representation (called
cone construction) of the Gaussian field with kernel E[ X (x) X (y)] =In |xi—y| in di-
mension 1. Moreover, the approach of Barral and Jin does not provide an explicit
value for the constant C,. Let us also mention the Appendix of Leblé—Serfaty—
Zeitouni [13] in a slightly different framework, which contains a description of the

tail of the modulus of complex GMC (for g € (0, V2)),

8 :
Mpg(D) := lim 6—7/ IBXe) gy
e—0 D

Zwe will only consider this case in this note though there has been much progress recently in
understanding the critical case y2 =2d.
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with X a full plane Gaussian Free Field (GFF)in dimension 2 and D a bounded
open subset of the plane. This type of GMC possesses moments of all orders which
are related to Coulomb gas computations. This makes possible to compute the tail
with a value of the constant given by a variational formula (whose solution is not
explicit).

Let O denote an open subset of R? with a C! boundary.> The aim of this work
is to introduce a simple method to compute the tail of M, (O) together with an
exact value for the constant in the leading order term. We will consider the case
of the unit disk D equipped with a Gaussian Free Field (GFF) X with vanishing
mean over the unit circle (eventually augmented by an independent Gaussian per-
turbation; this covers for instance the important case of the GFF with Neumann
boundary condition). Indeed, though we believe our method can be generalized to
all dimensions and all kernels, we stick to the 2d GFF setting to keep this note
rather short. Let us stress furthermore that these generalizations may eventually
raise serious additional technicalities.

We further mention that some material in this note is inspired by the work of
Duplantier—Miller—Sheffield [6] and also by the tail estimates, which appear in our
recent proof with Kupiainen of the DOZZ formula [11, 12]. In fact, our main result
(Theorem 2.2 below) can be seen as a strengthening of the convergence results
which underlies the construction of the so-called quantum sphere in [6]. However,
this note is mostly self-contained. It requires no a priori knowledge of the paper
[6], and we recall the definition of the reflection coefficient of Liouville conformal
field theory (LCFT hereafter) before stating the main result.

1.1. The Liouville reflection coefficient. From now on we restrict to the case
of dimension 2. Consider y € (0, 2), and define Q = % + % In this subsection we
introduce the (unit volume) reflection coefficient of LCFT. It was defined in [12]
where it plays an important role in the proof of the DOZZ formula. This coefficient
shows up when one analyzes the large values of GMC measures with a singularity,
that is, when one looks at variables of the type

/ L v (@,
B(u.r) |x —v[r*

For this integral to exist, the exponent must satisfy o < Q [5]. It turns out that,
when « is large enough (in fact o > %), large values of this random variable mostly
come from the singularity at the point v and the reflection coefficient quantifies
this statement (more details later). Therefore, it can intuitively be understood as
a coefficient of mass localization in GMC theory. Our proof for the tail is based
on a localization trick (see Section 3.1), which allows us to express the tail of

30ur techniques could perhaps handle more general cases, but, for the sake of simplicity, we con-
sider only the case of a smooth boundary; see Remark 3.3.
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GMC in terms of singular integrals as above. This is the reason why the reflection
coefficient is instrumental in identifying the constant in the tail of GMC measures.

In order to introduce the reflection coefficient, we first recall basic material in-
troduced in [16]. For all « < Q, we define the process BY

BY, ifs <0
1.7 By =1-° ’
(7 : B¢ ifs >0,

where (BY)s>0, (B;") s>0 are two independent standard Brownian motions with
negative drift « — Q and conditioned to stay negative. We also consider an inde-
pendent centered Gaussian field Y defined for s € R and 6 € [0, 2] with covari-
ance

(1.8) E[Y(s,0)Y (s, 6)] =In — ¢

|e—sei9 _ e—s’ei9/|
and associated GMC measure
2
N, (dsd6) = Y O-TEV 0% g 4o,

We introduce the integrated chaos measure with respect to Y
2 72 2
(1.9) Zy = / eV Y EN=TEY .07 gg,
0

This is a slight abuse of notation since the process Z; is not a function (for y > +/2)
but rather a generalized function; in this setup Z;ds is a stationary 1d random
measure, meaning that this random measure has same law as its pushforward by
any translation.

Now we define the (unit volume) reflection coefficient R(«) for all o € ( %, 0)
by the following formula:

_ S F (0
(1.10) R() =IE[</ e?B5 7, ds) }

Notice that the condition o € (%, Q) ensures that %(Q —a) < %; hence, one

can show that R(«) is well defined for all « € (%, Q). Indeed, for all @ < Q and
p €, iz) the following holds (see [12], Lemma 2.8)
14

(1.11) E[(/_O:OeVB?zsds)p] < o0.

Finally, one of the main results of [12] is an integrability result for R. Indeed,
one has the following remarkable explicit formula for R

@i T30 —a)
2(Q-a) TEHQ-arGQ—a)
where I is the standard Gamma function and /(x) =I'(x)/I"(1 — x).

(1.12) R(a) =



3086 R. RHODES AND V. VARGAS

Now that we have introduced R, we can announce the organization of the paper.
First, we state our main result in Section 2 and then proceed with the proof in
Section 3. The final section of the paper discusses how the method can be extended
to more general situations.

2. Setup and main results. We consider the open unit disk D C C equipped
with a full plane Gaussian Free Field (GFF) X with vanishing mean over the unit
circle. This is a centered Gaussian field with covariance

(2.1) Vx,yeD, E[X@x)X(y)]=In )
|x =yl

REMARK 2.1. Recall that the full plane GFF is a centered Gaussian distri-

bution X defined up to additive constant with covariance In |xi—y\ Thus, it makes
sense to consider X := X — ﬁ \z]=1 X (z)dz—z, for which the covariance is easily

identified to be given by

E[X(X)X(y)] =In + 1{|x|zl} In|x|+ 1{‘y|21} In|y]|.

|x — ¥l
When restricted to D, this gives (2.1).

For y € (0, 2), we consider the GMC measure

(22) My (dZZ) — eVX(Z)_4E[X(Z)2] dzz,

where d?z is the standard Lebesgue measure in the plane (recall that (2.2) is de-
fined as the limit of (1.3) when € goes to 0). In the sequel we adopt the following
standard convention. For 8 € R, we denote ) (resp., 0(t?)) a quantity of the
form €17 where ¢ goes to 0 (resp., remains bounded) as ¢ goes to infinity. Denote
by | B| the Lebesgue measure of the Borel measurable set B and by A the closure
of the set A.

Our main result is:

THEOREM 2.2. Set

_ ¥y _v
(2.3) pozzl(zyif)_ki_ku'

1+ po—-3
For any § € (0, TM”Z) and for any open set © C D with a C' boundary, we
have

2 -
Z(Q—v) 4
(2.4) P(M, (O) > t) = 5~ Y R(j/)|(9|+o(t v? 8),

SO =P+ 5
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where R(y) is the (unit volume) reflection coefficient of LCFT evaluated at y. It
has explicit expression

R(y):_<nl§%2))%<9‘” r-3@-y)
25) FQ@-y) TEGQ-yITG@Q-y)
wiho=2 17,
y 2

and the function [ is given by a ratio of Gamma functions [(x) =T'(x)/ (1 — x).

The origin of the value po will be more transparent in Remark 3.7 below. Also,
notice that 1 4+ pg — % > 0 so that our statement is not trivially empty.

REMARK 2.3. In a previous version of this note, we stated (2.4) with a bet-
ter bound on § than the present condition; unfortunately, this was due to a slight
mistake in the proof. Also, let us mention that we do not know what is the optimal
bound on § such that (2.4) holds.

More than the result, our method of proof makes us believe in a higher level
of generality for this result. For general GMC measures 1n 2d with respect to a
Gaussian field with covariance (1.2), we expect that the ln =y part is responsible
for the appearance of the reflection coefficient term whereas the perturbation term
f(x,y)in (1.2) produces an integral which depends only on the on-diagonal values
of f.

As an illustration of this discussion we claim:

COROLLARY 2.4. Assume the GMC measure (2.2) is defined with respect to
the Gaussian distribution X with covariance (1.2) for some function f that is lo-
cally Holder and positive definite. For any open set © C O C D with a C! bound-
ary, we have

s 2Q-7) Ry
P(M. (O _ $(@-fw) ) v y
(M, (O) > 1) (_/Oe v %(Q—y)+1 t:_z

(2.6)

I\J"’;

+o(t 7

),

where R(y) is still the (unit volume) reflection coefficient of LCFT evaluated at y .

REMARK 2.5. One can apply Corollary 2.4 with f(x,y) = N =5 xy‘ to get the
right tail of GMC based on the GFF X with Neumann boundary condition in D
which has covariance E[X (x) X (y)] = In m Indeed, f(x,y) =In L

T—xy|
is positive definite* and locally Holder in D.

4The fact that f is positive definite can be seen after a series expansion of the In.
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Actually, we even believe that the above structure of the tail of GMC measures
is universal in the sense that in all dimensions there should be an analogue of
the unit volume reflection coefficient, with a probabilistic representation similar to
(1.10), such that the tail is given by (2.6) (see Section 4 for further discussion).
A specific feature of the 2d case is that there exists an explicit analytic expression
(2.5) established in [11, 12] for the expectation formula (1.10).

Let us comment on the physics literature. To our knowledge, an explicit tail
expansion for GMC was derived (at the level of physics rigor) in the papers [7,
8] in the 1d case for two specific log-correlated models—the circular case in [7]
and the unit interval case in [8] (with exact logarithmic correlations, i.e., the case
where f =0 in (1.2)). Their derivation is based on exact integrability results for
GMC, hence their results are much stronger than just tail expansions for these
specific GMC measures; however, these works do not address the derivation of
tail expansions for 1d GMC associated to general logarithmic kernels or more
importantly for GMC in higher dimensions. We refer to the Section 4 below for
more on this.

Finally, let us mention that the our main result Theorem 2.2 (together with its
Corollary 2.4) reinforces/strengthens the convergence results used to define the
unit volume quantum sphere [6], Definition 4.21, stated by Duplantier—Miller—
Sheffield. Indeed, the definition of quantum sphere in [6] is the following. Con-
sider the random field 4 defined on the cylinder R x [0, 27r] by the sum of two
independent processes /1 (s) + Y (s, 8) such that:

e The radial part A is %ln U, where U is chosen according to the a Bessel ex-

cursion measure with index 6 =4 — % (and reparametrized to have quadratic

variation ds).
e The nonradial part Y has the law given by (1.8).

The (unit volume or area) quantum sphere is obtained by conditioning the mea-
sure e’” ds d to have volume 1. By definition %ln U is distributed according to

BY + % Ine*, where (e*)? (which is the maximum of the excursion) is distributed

according to the (infinite) measure u%_z du (recall that 6 =4 — %). Recalling the
definition (1.9) of Z,, we define

o0 By
p(y) =f e’ Zs ds.
—o0

Therefore, the law of the (unit volume or area) quantum sphere wj, is obtained as
the following limit when € goes to 0

. 1 2 Y
27  E[F(un)]:= lim aE[F((e )“e"B Ny (ds dO))1 oy p et 1 el

where Ce = E[1(,+)2,()e[1,14¢7] @and F is an arbitrary bounded measurable func-
tional defined on the space of Radon measures equipped with the weak-x topology.
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The asymptotics of this quantity is easily identified with a simple change of vari-
ables

w2 yB!
E[F((e ) e?P NV(dSde))l(e*)zp(y)e[l,l—f—é]]

o 4 s
:/0 E[F (ue?® Ny, (ds d)) Lupy)eri el ]u? 2 du

o0 e"BY N, (ds d) s 5_
=/ E[F(yy—),o()/)l 2i|1ye[1,l—l-e]y2 Zdy-
0 py)

It is then straightforward to get the equivalent as € — 0

w2 B!
E[F((e") e Ny (ds d6))1 e p(y)eft.1el)

o 5 e’ N, (ds do) 2
m(/ Lyefi, 146102 2dv>E|:F<V—>p(y)y(Q y)}
0 o)

where a & b means that the ratio a/b converges to 1 and we have used that 1 — % =
%(Q — ¥). Therefore, definition (2.7) is equivalent to the following:

DEFINITION 2.6. The law of the unit area quantum sphere w;, (in the space
of quantum surfaces with two marked points —oo and 00°) is given by

1 VBN, (ds do 20
(2.8) IE[F(;L;,)]:WE[F<%>MW§(Q y)],

where R(y) is the unit volume reflection coefficient and F is an arbitrary bounded
measurable functional defined on the space of Radon measures equipped with the
weak-+ topology.

In view of expression (2.8), it is quite natural to interpret R(y) as the partition
function of the unit area quantum sphere. Hence, our paper suggests (and proves to
the extent of Corollary 2.4) that the unit area quantum sphere is a universal feature
of tails of GMC measures.

Also, the above simple computation shows the equivalence between the reflec-
tion coefficient (or two-point correlation function) constructed in [12] and the unit
area quantum sphere (with two marked points). Let us mention that this equiva-
lence [5] <> [6] has been established in [1] for quantum surfaces with three marked
points.

3See [6] for the definition of quantum surfaces. Here, we choose a parameterisation of the unit area
quantum sphere such that the radial part is maximal at 0.
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3. Proof of Theorem 2.2.

Conventions and notations. We will denote | - | the norm in C of the standard
Euclidean metric. For all r > 0, we will denote by B(x,r) (resp., C(x,r)) the
Euclidean ball (resp., circle) of center x and radius . We will write X L1 Y when
the random variables X and Y are independent.

3.1. Localization trick. The difficulty in computing right tails of random mea-
sures usually lies in the fact that the right tail should depend on the macroscopic
shape of the random measure. An important observation in our argument is that
tails of GMC measures depend only very softly on their global shape. It is based
on the Girsanov transform, which we apply in a way so as to localize the computa-
tions for the right tail of GMC measures around a fixed point. Girsanov’s transform
is a standard tool in the study of Gaussian processes (or even GMC measures) but,
to the best of our knowledge, it has never been used to localize large mass effects of
GMC measures. Anyway, this simple observation reduces drastically the difficulty
of computing the tails.

LEMMA 3.1 (Localization trick). Let O be an open set. We have

1
3.1 P(M,, (O z:fE[71 >]d2,
(3.1) (M, (0) >1) o LM, 0) (M, (v,0)>1} [d7V
where we have set
M, (v, O ::/ — M, (d%?).
y( ) (9|Z—U|y2 V( Z)

PROOF. First write

M, (O)
P(M,(0) > 1) = E[My ) I{MV(O)>I}:|
(3.2) ' .
_ [ g rxo-EExe2 1 ]dZ ,
I, [e 2 M, (©) M@= |4

Girsanov’s transform then asserts that weighting the probability law by

2
eV XW=FEX®1 amounts to shifting the law of X by y In ﬁ and our claim
follows. Of course, as the field X is distribution-valued, it cannot be evaluated
pointwise. The last equality in (3.2) thus requires a cut-off regularization of X (v)
and then a harmless passage to the limit in the regularization parameter to be rig-

orously established (use the fact that sup,_ E[m] < 400 where € stands for
the regularization parameter). [J

The important point is that the asymptotic behavior of the quantity E[m X

1m, (v,0)>1}] 1s completely dominated by the behavior close to v because of the
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1
lz=vl”
enough to complete our argument.

singularity >. S0, we will establish the following estimate which will be

1+ po—-%
LEMMA 3.2. Forany 6 € (0, Tpo”z) and for all open sets © C D with C!
boundary, there exists some function € : R; x O — R such that

Lo ] 2Q-v) Ry) 1 -
————1 (1, (0,0)>1) | = e(t,v
My @.0) M EOTNT 2oy b1 BT e

Yve O, E|:

and satisfying Yv lim; |€(t,v)| = 0 and sup,cp > dist(v, O)¥|e(t, v)| <
+-00 for some o < 1.

Now relation (3.2) combined with Lemma 3.2 yields that

%(Q_y) R(Y) /e(t v)dzv.
o

4

P(M,(O) >t) =
ST(Z AR R S A

Notice that since © has a C' boundary and SUp,co ;=1 dist(v, O)¥le(t, v)| <
+o00, the term [, €(t, v) d?v is indeed well defined. In fact the term Jo€(t,v) d*v
converges to 0 as ¢ goes to infinity by using the dominated convergence theorem
and the fact that for all v one has lim,_, « |€(¢, v)| = 0. This yields Theorem 2.2.
The remaining part of this section is thus devoted to the proof of this lemma.

REMARK 3.3. Let us stress here that the assumption that © has a C!
boundary ensures that [, W d*v < oo for all o < 1. Therefore, the term

Jo€(t,v) d?v is well defined and converges to 0. This is the only place where the
C! assumption is used, and perhaps one could relax a bit the C! assumption by a
finer analysis of the € (¢, v) term.

3.2. GFF with vanishing mean over a circle. Given v € C, we consider the
GFF X?-" with vanishing mean over the circle C (v, r), namely a centered Gaussian
random distribution with covariance for x, y € D

r r

1 — —
(33) E[X" (x)X""(y)]=In —I—ln('x ”') n 1n<u) +1nr,
lx — vl + +
where we use the notation |z|+ = |z| if [z] > 1 and |z] =11if |z] < 1.
Let us denote by (X,""),>0 the circle average of this field
dw

w—uv

XV = —% XV (w
“ 2mi |lw—v|=re= ( )

A simple computation shows that (X»"),>0 is a standard Brownian motion start-
ing from 0 independent of the sigma algebra o {X"V""(z); z € B(v, r)‘}.
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3.3. Polar decomposition and the reflection coefficient. The asymptotic ex-
pansion in Lemma 3.2 will be determined by the behavior of the integral M, (v, O)
around the singularity at v. As already noticed in [12], an important ingredient in
the analysis is the reflection coefficient. We consider the polar decomposition of
the chaos measure. We have the following equality in the sense of distributions

X" (v+ re_seie) =B;+Y(s,0),

where Bs is Brownian Motion starting form the origin at s = 0 and Y (s, 6) the
independent centered Gaussian field with covariance

=S\ e
(3.4) E[Y(s.0)Y (s, 0)] =In ——
|€_s€’0 — e~ plf |
Then we get by the change of variables z = v + re*¢/%®
o XU ()= L EIX (2)%] , [0
(3.5) / , d?7 ' 2 / e B Q=19 7 g,
B(v,r) |Z — U|y 0

The following decomposition lemma due to Williams (see [17]) will be useful
in the study of M, (v, B(v,r)):

LEMMA 3.4. Let (By — vs)s>0 be a Brownian motion with negative drift, that
is, v > 0, and let M = sup,(Bg; — vs). Then, conditionally on M, the law of the
path (Bg — vs)s>0 is given by the joining of two independent paths:

e A Brownian motion ((le +vs))s<t), With positive drift v > 0 run until its hitting
time Ty of M.

o (M + Bs2 — VS§)s>0 Where Bs2 — vs is a Brownian motion with negative drift
conditioned to stay negative.

By the joining of two paths (X)s<r (with T > 0) and ()_(s)szo, we mean the path
(Xsls<1 + X5—115>7)s>0. Moreover, one has the following time reversal property
for all C > 0 (where t¢ denotes the hitting time of C)

law

(B'}Cfs—i_v(rc_s)_c) == (Es —VS)sSLic,

S<tC

where (Es — vS8)s>0 IS a Brownian motion with drift —v conditioned to stay nega-
tive and L _c is the last time (By — vs) hits —C.

REMARK 3.5. As a consequence of the above lemma, one can also deduce
that the process (Br_.+s — V(L_c +5) 4+ C)>0 is equal in distribution to (By —
VS)SEO’

Observe that the measures involved in this relation are defined through a limiting procedure. Thus,
one needs to apply the change of variables in the regularized measures and then pass to the limit to
obtain the relation.
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We may apply Lemma 3.4 to (3.5). Let M = sup,.o(Bs; — (Q —y)s),and L_y
be the last time (BY )s>0 hits —M (recall that B! was defined in (1.7)). Then,

© g aw ,m [ B!

A e]/( s—(Q—V)S)Zs ds = eV /L 2 Zs+L_M ds
—L_ym

(3.6)

law Mm o BY
=e¥ / e’ Zgds,
—L_y

where we used stationarity of the process Z; (and independence of Z; and By).
The distribution of M is well known (see Section 3.5.C in the textbook [10] for
instance):

3.7) P > 1) = 55—, 121

t v

Now notice that R(y) appears as the coefficient of the tail of the random variable
erM [ "B 7, ds
—00 s

Vi >0, IP’(eVM /Oo "B 7 ds > z) — RO 7@ oy @)=y,
—00
Indeed, setting Z := ffooo eVBs Z ds, we have because of (3.7)
PeMZ>t)=PMZ>t,Z<t)+P(MZ>1t, Z>1)
—E[27 O 1) @y P M Z > 1, Z > 1)
= R(y) 7@ +E[Z%(Q_V)lz>t]t_%(Q_y)
+PEMZ>1,2>1).

Now, using (1.11) and Markov’s inequality, the two correction terms are easily

2
seen to be o(¢ 7 @7~y

3.4. Decomposition of the GMC around v. We fix v € O, and set r =
dist(v, d0). Our purpose now is to replace the field X in the definition of
M, (v, B(v,r)) by the field X"" in order to use the polar decomposition of the
GMC measure in B(v, r) as detailed in the previous subsection. It suffices to sub-
tract the mean value of X along the circle C (v, r). Therefore, we introduce

1 dw
Nv,r = : % X(w) .
21i Jiw—v|=r w—v

This is a centered Gaussian variable with variance

E[N],]=—Inr.
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We introduce the field X = X — N, which has the same law as X"". One can
notice that

E[X(x)N,,]=0

for all |x — v| < r; hence, X is independent from N, , in this region. Therefore,
using the decomposition in distribution obtained in Section 3.3

(3.8) M, (v, Bw,r)) =r>7 e"ME, I, (M),

where we have set

Y No,—L2EIN2,] [ B
E.,i=e 2 vl I, (M) := e'™s Zods

L_ym

4 . .
oo eV Bs Zsds. We will constantly use in the
sequel the fact that x — I, (x) is an increasing function.

with the convention that I, (c0) = [

3.5. Getting rid of the nonsingularity. Now we argue that the behaviour of
E[ml{My(v,O)w}] is completely determined by that of E[m X
I{MV(U, B(v,r))>t}]. We will show this claim by giving an upper/lower bound of

a -
E[ml{My(v,Obt}] up to o(t »* ) for any § € (0, Tmy). We introduce
the notation A := M, (v, B(v,r)° N O). A key lemma in the argument is the fol-
lowing:

LEMMA 3.6. Forall p € (0, %), there is some constant C), > 0,

1 lfp€<0, 5 1),
lp\/l 4
Vve O, E[AP]<C, x (ln—) ifp=——1,
r 14
4 4
14 Y

with ¥ (p) = (2 — L) p — & p? and r = dist(v, O°).

REMARK 3.7. Notice that ¥ (p) > 0 for p € (0,4/y? — 1). The value of py
in (2.3) is determined in such a way that ¥ (pg) = —1. This ensures that Y (p) €
(—1,0) for p € (4/y*—1, po). Our proof will show that the exponent & appearing
in Lemma 3.2 will actually be given by v/ (p) for some p € (4/y% — 1, po).

PROOF. If p > 0, observe that ¥ (p) > 0 if and only if p < %(Q —y) =

% — 1. In this case the result is a simple consequence of Lemma A.1 in [5].
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Now we study the case p > % —1.SetB,:={xeD;27" ! <|x —v| <27
and A, = M, (0, B,)?. Assume p > 1 (if p <1 use sub-additivity of the mapping
x + x? in the next argument). Using in turn Minkowski’s inequality and invari-
ance under translations, we have

7lnr

E[A?]'7 < Z E[AP]"/7 + E[M, (0)"]?.

It is standard fact in GMC theory that A, scales as E[AF] = 2_"‘/’(1’)E[Af ] (see
the review [15] for instance). We deduce that
Wy
E[Ap]l/p <C, Z =¥ (p)/p.
n=0

Since ¥ (p) <0, we get our claim. [J

po+1
Now we first give the upper bound. Fix § € (0, OHW)' We can find n > §
such that

4 4
(3.9) (I=m+p0) > —+6, 1+po>—+n.
Y Y

Hence, we can choose <p<po+1suchthat (1 —n)p > 2 + 4.

1
El ———+1
[My(v, 0) {MV(”’O>>’}]

1
<E 1 _
- [M (v, B(v,r))+ A (My (v.B(v,r))>1~1! n}}

3.10
( ) +E[ 1{A>l‘1 n}]

1
= E[WI{MV(U,B(UJ))N—zIn}i|
+ E[Ap_l]t_(l—ﬁ)P.

Notice that the expectation E[A?~!] can be analyzed with Lemma 3.6 and gives
E[AP~1 < Cpr? P~V with ¢ (p — 1) € (1, 0).
For the lower bound we first restrict to the set {A < '~} to get

1
E 1
[My(v, B(v,r) + A {M””’B(””*A”}}

1
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1
|:My (v, B(v, 7))+t {MV(“vB(UJ))N}]

1
_ E|:My (v, B(v,r)) +tl=n I{MV(U’B(U’r))>t,A>l‘l_’7}i|
1
3.11 SR —— 9
( ) - |:My(v’ B(v,r)) {MV(U,B(v,r))>t}:|

1
1-n
PR S]] [ —
[M,, (v, B(v,r))? {My(v,g(v’,))ﬂ}}

1
B IE[My(v B(v,r)) +t1-n I{MV(U’B(U’”)M’ANW}}

1 1
>(1—— |E| ———=1
—< rn) [My(v, B(v.r)) {MV(”’B(“””}}

1
a E[My (v, B(v,r)) +t1-n I{MV(U’B(U’F))N’AN]n}]’

where we have used the inequality (1 4+ u)~! > 1 — u. The last of the three terms

1
E 1 -
[My(v,B(v,r))+t1_” (My (0, B.r)>1,A>1! n}}
is less than 1 ~(I=MP(A > 1), and, by the Markov inequality,
t_(l_")IP’(A - tl—n) < t—(l—n)pE[Ap—l] < C <t~ U=mppv(p=D

with ¥ (p — 1) € (—1, 0). The second will be treated in the same time as the first
4

_n),hence ot v* ).

(next subsection) and will be proved to be O (+ 7

3.6. Behaviour near the singularity. In view of the bounds (3.10) and (3.11),
it remains to study the term

1
El—— 1 |
[My (v, B(v, 1)) {MV(va(U,r))>t}i|
We will proceed by using decomposition (3.8) and establishing lower/upper
bounds.

Lower bound. In the study of the lower bound, let us fix n such that n > §
and n satisfies (3.9) in such a way that we can find 1 < p < 1 4 pg with p(1 —
n) > % + . We will introduce the event {y M > nlnt}. On this event one has
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L,(M) > Iy(g Int), and therefore,

1
E|———— 1
|:My(v, B(‘U, r)) {M}/(U,B(U,r))>t}i|

[ 1
- IE-rZ—VZEr,ueW‘% (M) 1{’2‘V2Er,veVM1y<M>>tJ

[ 1

>
=k Lr2=V*E, ,eM I, (c0) s gy e 1nt>>f}1{VM>”“”}]

i 1
L2V E, ye? M I, (00) {rz‘yzEr,veyMM%1nr)>z}}

1
— E[FZ_VZE;»,UE‘VMIV (OO) l{rz_)/zE,,UeVMIy(% lnt)>t}1{VM<nlnt}] .

4
. .. . . ——5—4 .
The correction term (second expectation in final line above) is r ~%o(t »* ) with

o < 1. Indeed, on the event {y M < nlnt}, the event {rZ_VZEr,veVMI,/(glnt) >

t} is contained in the event {rZ_VZEr,vly(oo) > ¢177}. Hence, the correction
term is less than E[(r2V" E,., )P~ = (=DPE[ L, (00)P~ 1] = r¥ (P=D=(=mp
E[1, (c0)? —11, where the function Y has been defined in Lemma 3.6.

Then we average with respect to M to get (recall that the distribution of M is
given by (3.7))

1

1
= E[rz—yZ Eyye?M I, (c0) 1{r2—72E,,veVM1y(g 1nt)>z}1{r2—V2E,,v1y(oo)gz}}

_4

2

4
n vl
)I,,(Vlnt)y :

200-v) 2y g V7Y
E|:(r Eyy)7 1, (00) l{rzyzEr,vIV(oo)ft}:|t

T20-y)+y

)
_ 20~y E[ly(glnt)y_z]t_;tz
200-y)+y I, (00)
20 —-vy)
200—-y)+vy

4
Iy(g Int)r?

1, (c0) 1{r2V2E,,U1y(oo)>z}]t

*<N| ~

% ]E|:(r2—}/2 Er’v)%(Q_V)
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2
Above, we have used the fact E[(rZ*VZEr,v)V(Q_V)] = 1. One has

4
2

4
Iy (Lin)7?
S— Y

2—y? 2(0-7) -
E|:(r Er’v)y Iy (OO) l{rz_y2Er,vIV(w)>[}]t

4

4 4 _
<E[(2 7 En) 7 T (00)7? "

71+77]t*y*2
41+ L=ty —4-
— rl//(yz TI)E[IV (OO) ) n]t 2 Tl’

where % — 1+ n < po by condition (3.9). Hence, it remains to show that

w|'“

I,(Linn)y
El—7
the process B!, defined for s <0 by the relation B V= B;/_ Loy, + g Int, is inde-

-y Int

1= R(y)(l 4+ o0(t™)) to get the desired lower bound. By Remark 3.5

pendent from everything and distributed like (B} );<o. We can then write

00 et n B
/ e’ Ssts=Iy<—lnt)+t "B
—00 )/

with
0 s
B :/ e’ Ps Zs—L_%lmdS-

—00

We set m = iz. Then we have (use the triangle inequality to get the third line

below)

R(y) - E[ly (3 lnt>m/1y(oo)]
:IE|:( Iy(glnt)—i-t_”B )m}—E[( Iy(glnt) )m]
(Iy(g Int) +t—1B)l/m (Iy(g Int) +¢t—"B)l/m
(b))
= (I, (LIne) + =1 B)/™
t~ "B ml/m\ m
+E[<(1y<3lnz>+r—n3>l/m)] )

I,(LInt) m
-E Y
[((Iy(ﬁlnt)th—"B)‘/m) ]

This expression is of the form (o, + B;)™ — o with % < ¢ for some ¢ > 0 and
all + > 0. Let us consider another constant C such that (1 + x)™ — 1 < Cx for
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0 <x <c. We deduce that (a; + B)" — ;" < Coztm_l,Bt. Plugging this estimate in
the above expression yields

Ry) - E[Iy <%lnt)m/1y(oo)]

I,(LInt ma1—1/m
scrm[( Al ) }
(Iy(glnt) +t-1B)l/m

) E[((Iy(glnt)it—nB)l/m>m]l/m.

In the above expression the first expectation is less than R(y)l_yz/ 4. We aim to
bound the second one. Let us fix n” € (0, 1). Then,

E[<(1y(%lnt>irﬂB)l/m)m]l/m

B™ 1/m
<E 7 7
- [ly(O)l_” (t_"B)”}

<t E[B" "I, 0)" ),

Notice that the last expectation is finite (use Holder inequality and the fact that B
has finite moments of order ¢ < m and 1,,(0) has finite negative moments of all
order). This proves our claim for the lower bound provided that we choose 1" small

enough so as to make n(1 — %) > 4.

Upper bound. For the upper bound we use again the decomposition (3.8)

1
El ——1
[My(v, B(v.r)) {MV(”’B‘”””}}

1
B E[rZ—VzEr,UeyMly(M) 1{’“2Ef-v”M’v<M>>f}]

We want to replace the term /,, (M) in the fraction by I,,(00). Hence, we write

1

E| o1

[My(v, B(v’ r)) {MV(UﬂB(U,V))>[}:|
— 1 .

= r2—)/2Er,veyMIy (OO) {rzf}/zEryveVM[y (M)>I}

]—I—C(l),

where C(¢) stands for the cost for this replacement

1 1 1
(3.12) C@) ':E[ﬂ—VZE,veVM (I,,(M) - Iy(oo))l{rZ—VZEr,UeVMIy(M)>t}j|‘
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4
Now we establish that this cost satisfies C(¢) = r_“o(t v? ) with @ < 1.

By Remark 3.5, conditionally on M, the process B! defined for s <0 by the
relation B) = Bf_ L_, T M is independent from everything and distributed like

(B;/)sgo- We can then write
< Bl M
/ e’ Zgds=1,(M)+e 7" B
—00
with
0 nY
B :/ eVBS ZS—L,M ds.
—00

. potl—75
Now we observe that, under the condition § € (0, Tpo}/)’ one can find n € (0, 1)

and p € (0, 1 4+ pg) such that

4 4 4 4
(3.13) p(l—n)+ n>8+— and n<l+—2>>5+—2.
Y Y

Indeed, this condition is equivalent to the set of conditions (1+ pg)(1—n)+ % n >

s+ iz and n(1+ iz) >64+ iz which are in turn equivalentton < 1 — +p6_i and

y2

n(l+ 2)>5—i— 4 . This is possible if and only if (1 — - 4)(1—1— 2)>(S—i—

: iy +po—s
which produces our condition § < T Notice that the 5 introduced in the

proof of the upper bound is not the same as the n introduced in the proof of the
lower bound. We are going to evaluate the cost term on different possible event,
that is, we introduce

(3.14) Ci() :=E["14,],

where " stands for the integrand inside the expectation in (3.12) and the event
A; (i = 1,2) ranges respectively, among the two events {M > glnt} and {M <

Tlnt).
Y
Let us start with C1(¢), which can be estimated by
1 I, (c0) — I, (M)
o= E[rZ—VZEr,veVM ( I, (M), (c0) ) 270 Epoe? Moy (M)>1.M> '"I}}

I t
E F 1 ;
- [ezyMIy(M)z (eVMIy(M)> {M>3lnf}]

where we have introduced the function

1
(3.15) F(u) :E[ml{ﬂ—yzEm}NA}]'
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The above expression for the cost will be analyzed according to different possi-
ble regimes of the function F, depending on the possible values of its argument

m. For this observe that 1 <2y Q(1 — g), hence we can choose 0 < g < 2
14
and 0 < a < 1 such that
2
(3.16) l<aqyQ and O<a<1—%.

Now we restrict the cost C; (¢) further to the events {tr—4V 2 < ¢¥M I,(M)} and
then {tr=’Q > ¢¥M I,,(M)}, producing two quantities that we respectively call
Cl(t) and C3(1).

Concerning Cl1 (1), on the event {tr—%7¢ < eVMIy (M)}, we can use the rough
estimate F () < r~2 (obtained by using the fact that indicator functions are
bounded by 1 in (3.15)) to deduce that for any 0 < g <2

B
1 )
Ci@®)=<r E[WI{M>¥lnt}l{tr_“VQ<eVMIy(M)}]

B
9 _
(3.17) =rd9r9=% qE[(eVMIy(M))Z—q 1{M>§1nz}1{tr—ayQ<eVM1y(M)}]

1
i, S
< Crivv9=? qE[WI{M>)’jlnz}:|.

Above, we have used the fact that E[WlM ] can be bounded by constant.
Y

Indeed, we use Holder’s inequality with conjugate exponents m, m’ and B LI M as
well as I, (0) LI M to get the fact that

B B
= ] =®| o V]
I, (M)=1 1, (0)=~4
< E[Bm]l/mE[Iy (0)7(27q)m/]1/m’ < 400
provided that m is chosen smaller than % (recall that 7, (0) has negative moments
of all order; see [12]). Now we can use the explicit exponential law for M to get

(22 _
that (3.17) is less than Cr44¥2=2;=9=5" =01 Condition (3.16) imposes that the

; _ —(1+%)n—q(1-
r-exponent satisfies gay Q —2 > —1. The ¢-contribution equals ¢ (5 n=al n)’

which is as expected thanks to condition (3.13).
Concerning Clz(t), by using the Girsanov transform with the term

2
o~V Nor =7 EING ]
ur—v< > 1

F(u) =r_2IP’(Z > Q(—lnr)1/2<1 + L Inu ))
yQ —Inr

, we get for some standard Gaussian random variable Z and for

= r_z]P’(Z > (11— a)Q(—lnr)l/z) < Cr%(l—a)zQz—z‘
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Then, using this estimate, Clz(t) 1s seen to be less than

| 2092 1
Cr20-a70 ZE[—(eVMIy (M))2 1{M>% lnt}:|
which is less than Cr%(l_“)ZQZ_Zt_(H%Z)n using the explicit exponential distri-
bution (3.7) of M as in (3.17). Again, conditions (3.16) and (3.13) ensure respec-
tively, that the r-exponent and ¢-exponent behave as expected. This concludes the
case of C1(1).

Now we analyze C»(t)

1 I, (c0) — I, (M)
P2V B e M\ L, (M), (00) ) U7 Eraer ()1 M= ins)

Ca(1) sE[

_ 2 — _
< PE((P B R ()7 Ly ]

< Crl/f(ﬂfl)t*P]E[ly (oo)pfl]E[(eyMl{Mgg lnt}]

< rz/f(pfl)fwn(pf;%),

ly(oo)_ly(M)

T = 1. Hence, condition (3.13)

where we have used that almost surely

4
. ~4-s :
ensures that the cost term is ¥ P~Do(+ »* 7). To conclude, it suffices to bound
the term

1

1
= IE[”2_)’21*:r,v€yMIy (00) l{rz_yzEr~"“’yM1V(°°)>t}:|

_ 20—y
200-y)+vy

_ _4 _4 5
R(y)t V2+r‘/’(p_l)0(t ),

4
-8 . . . .. . .
where o(t »* ) is uniform in v, r. The last line is obtained by independence

of E,y, M, I,,(c0) and the explicit tail of the exponential distribution. Our claim
follows.

PROOF OF COROLLARY 2.4. In what follows, the Gaussian process X stands
for the GFF inside D with vanishing mean on the unit circle, that is, with covari-
ance structure given by (2.1) whereas G is an independent centered Gaussian field
in D such that

E[GX)G(]= f(x,y),
with f the function appearing in (1.2). Then we may assume that X = Xo + G.
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Now we follow and adapt the proof of Theorem 2.2. For this we set

2
MO (dx) = e Xo@ =T EXo(?] 7,
14

2
in such a way that M, (dx) = eVG(X)JTE[G(X)Z]MS (dx). The localization trick
then yields

M)(0) ;
m {My(0)>f}]

2
_ / E[eyxow)—émxo(v)%
O

P(M,(O) >1t) = E[

1
MY (0)

l{My(O)>t}:| d*v,

and Girsanov’s transform asserts that weighting the probability law by

2
7 X0 = EXo®)] amounts to shifting the law of X by y In ﬁ, hence
1
3.18 P(M, (O) > t :f E[il }dz :
(3.18) (M}, (O) > 1) o 0. ) (M, (0,0)>1) | A7V

where we have set

1
MO v, O :=/ — M%d> and M,(w,O :=/ _
y (0, O) 0z — v’ y( 2) y (v, 0) 0 lz— |

2
M, (d*z).
Let us set r = dist(v, d0) and r’ = min(r, €), where € > 0 is a regularization pa-
rameter which will be sent to 0 in the end. Sticking to the notations of Section 3.5,
we set

Ap = M)(,)(v, B(v,r)N0O) and A:=M,(v,B(v,r")*NO).

Therefore, M, (v, O) = M, (v, B(v,r’)) + A and similarly for the correspond-
ing items with index 0. Our next step will be to use the computations already
done for items with index O in the proof of Theorem 2.2 and compare with items
M, (v, B(v,r")) and A. The difference between these quantities involves the pro-
cess G which will be estimated in terms of the quantities:

2 2
(3.19) Sy(v):= sup eVG(z)—yTIE[G(z)Z]’ S;:supeVG(Z)_VTE[G(Z)Z],
zeB(v,r") ze0

2 2
(320) T.(v):= inf e’CO-TEGC@Y  7._ j4f orC@O-HFEIGR]

z€B(v,r") ze0
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Then we can reproduce the argument (3.10) for the upper bound

1
El ——1 >
[M;)(v,O) @ ’}}

_ | |
- _M)(,)(v, B(v,r") + AI{MV(UsB(vJ’))>t—t1'7}i| + E|: A 1{A>tln}]
(3.21) ] ]
M), B(v,r) p—17,~(1=mp
< L MO (v, B(v,r/))l{My(v,B(U’r/))>[tln}i| +E[AP s
_ | |
—17,—(1—n)
< _WU,— B(v’r/))1{Sr/(v)M)(,)(v,B(v,r))>t_tl—r7}] + ]E[AP ]t mp.

We have the obvious bound for p € (0, %)
E[A?] <E[SP]E[A]].

The assumption of f being Holder on O ensures that E[S”] is finite by standard
arguments for the supremum of Gaussian processes (see lecture 6 in [4], e.g.).
Hence, A satisfies the same bounds as Lemma 3.6, and the second term in (3.21)

— )
is again of the form (+")Y?~Do(r »* ).
The first term in (3.21), concerning the behaviour near the singularity at v, is
bounded as in Section 3.6 which states that

1
E[WI{MB(UvB(v,r’))>z_,1n}:|
2@y
T2Q-y)ty

for some « € (0, 1). By independence of S,/(v) and conditioning on S,(v), we
deduce

Rt 7+ () ot ¥ )

1

2(0 —v)
T2Q-v)+ty

Integrating this relation over O, we deduce from (3.18) that

_4 5

Rt PE[(Sy )7 ]+ () ot »* ).

4
2

. ;iz ;‘—2 20-y) 5
htrigpt P(M,(O) > 1) < (/O E[(Sy(v)) ]dv) 04y R(y).

This bound is valid for arbitrary ¢ (recall that r = min(r, €)). So, we want to
let ¢ — 0. An easy application of the dominated convergence theorem ensures
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that
4 2 4
lim [E[(S,,(v))yz]d,,:/ E[(eyG(v)JTJE[G(v)Z])yz]dv
e—=0J0O o
4 .
:/ oy @V g
(@]
Hence,
% 40 s 2(0 — _
limsuptﬂP(My(O»t)SU er' e (U’U)d'})&R(W.
oo ° 20-y)+v

This shows the upper bound. The lower bound is established in the same way
(using (3.20)). O

4. Extensions to other cases. In this section we explain how to generalize
our results to the other cases. Though the claims of this section cannot be taken for
granted (due to the fact that it sweeps under the rug potential technical difficulties),
it provides, nonetheless, arguments which we believe are convincing to tackle the
other cases.

4.1. The 2d case. Consider now the general case in 2d of a log-correlated
kernel of the type (1.2). Along the same lines as for the proof of Theorem (2.2),
the localization trick allows us to trade the study of the tail of the random variable
M, (O) for the study of the tail of the singular integral (for some r > 0)

¥ XO- L EIX())

2
(4.1) M, (v, B(v,r) ::f o200
y( )= Ly m—

for each point v € O (f appears in (1.2)). The full tail of M, (O) is obtained by
integration of the term

d°z

1
Bl —————1
|:My(v, B(v,r)) {MV(U’B(UJ))>t}:|

with respect to the measure d?v. The advantage of this localization trick is that
the tail of (4.1) is completely concentrated around v and is determined by a lo-

cal analysis, which is more transparent than a direct study of M, (O). For r small

the variable X has roughly covariance of the form In Ixi—y\ + f(v,v), and there-

fore X ~ X + N (in law) where X has In leTyl covariance and N is a centered
Gaussian independent from everything and with variance f (v, v). Combining this
decomposition with our estimates for X, one expects that
4 1
tVE———1
[My (v, B(v, 1)) {MV(U’B("’”)>’}]

(4.2) 5
(@—y) Q=)

- R y
SxZgopat
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Gathering the above considerations, we expect the following generalization of
Theorem 2.2 for kernels of type (1.2)

4 Q(Q_V) _ 1
P(M — y(@=nf.w) g2 ) Y R
(#y(0)>1) (foe ’ Q- +1 (y)t4

y2

4.3)

_4
We leave open the determination of bounds on the o(t »*) term.

4.2. The other dimensions. In higher dimensions we expect the method to
work as well by decomposing the log-correlated field into a radial part (Brownian
motion) and an independent radial part around each localization point v. The con-
stant in the expansion will then be given by explicit terms times the d-dimensional
analog Rd(y) of the reflection coefficient R(y) defined by (1.10). The question
is then to know if we can compute explicitly this expectation depending on d.
Presently, getting explicit formulas in dimension d > 3 seems out of reach since
one can not rely on the powerful framework of 2d conformal field theory for the
GFF.

Like in dimension 2, we also have an explicit expression for R(y) in dimen-
sion 1. Indeed, one has the following expression for R;(y) (the so-called boundary
unit volume reflection coefficient in the terminology of Liouville field theory):

2
_ o8 1, 2E[v(5)2) 2(01—7)
Ri(y) :E[(/ eVBSVeVY(s)—L/ g ds)y }
—00

where Bl is defined like BY in (1.7) with Q replaced by Q1 =% + % and Y; is
the restriction to the real line of the centered Gaussian field with covariance (3.4).
This yields the asymptotic

20— 2\ R _2
P(M,(O) > 1) = (/Oei(g' S (@.v) d2v> (1 — %) 1(%)/) +o(r 7*).
ty

The recent integrability results of Rémy for GMC on the circle [14] allows us to
compute explicitly the tail of M, (O) in the case when X is the circular logarithmic
noise and O = (0, 277); as a matter of fact, the result of Rémy is much more precise
since it gives the precise density of the total mass of GMC on the circle (this density
was conjectured in the physics literature in 2008 by Fyodorov—Bouchaud [7]; see
also a similar conjecture in [8] for the case of the unit interval). This leads to the
following explicit expression for Ry (y)

2
B (271,)?(Q1_V)
Ri(y) =

-
(1= 1T = 1) 7
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