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Liouville Quantum Gravity on the unit disk

Yichao Huang *, Rémi Rhodes | Vincent Vargas *

Abstract

Our purpose is to pursue the rigorous construction of Liouville Quantum Field Theory on
Riemann surfaces initiated by F. David, A. Kupiainen and the last two authors in the context
of the Riemann sphere and inspired by the 1981 seminal work by Polyakov. In this paper,
we investigate the case of simply connected domains with boundary. We also make precise
conjectures about the relationship of this theory to scaling limits of random planar maps with
boundary conformally embedded onto the disk.

Key words or phrases: Liouville Quantum Gravity, quantum field theory, Gaussian multiplica-
tive chaos, KPZ formula, KPZ scaling laws, Polyakov formula, conformal anomaly.
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1 Introduction

Let us begin this introduction with a soft attempt of explanation for mathematicians of what is
Liouville Quantum Field Theory (LQFT). This theory may be better understood if we first briefly
recall the Feynman path integral representation of the Brownian motion on R%. Denoting by ¥ the
space of paths ¢ : [0,1] — R? starting from o (0) = 0, we define the action functional on ¥ by

1 T

Vo ey, Spulo) =g / 6(r)2 dr. (1.1)
0

It is nowadays rather well understood that Brownian motion, call it B, can be understood in terms

of Feynman path integrals via the relation

EIF((Bu)s<7)] = [ Flo)e ) Dg (1:2)

where Do stands for a formal uniform measure on ¥ and Z is a renormalization constant. The
Brownian motion is also often said to be the canonical uniform random path in R?: this terminology
is due to the fact the Brownian motion is the scaling limit (n — o0) of the simple random walk, i.e.
the uniform measure on the n-step paths joining neighboring sites of the regular Euclidean lattice.

The reader may try to guess what could be the above picture if, instead of “canonical random
path”, we ask for a “canonical random Riemann surface”. The answer is Liouville quantum gravity.
As in the case of the Brownian motion, there are two ways to give sense to this theory: directly
in the continuum in terms of Feynmann surface integrals or as scaling limit of suitable discrete
models called Random Planar Maps (RPM). This picture is nowadays well understood in physics
literature since the pioneering work by Polyakov [23]. The reader is referred to [18, 22] for physics
reviews, to [23, 6, 8, 20] for founding papers in physics and to [7] for a brief introduction for
mathematicians and a rigorous construction on the Riemann sphere.

In this paper, we will construct the Liouville quantum field theory on Riemann surfaces with
boundary directly in the continuum in the spirit of Feynman surface integrals. More precisely
we consider a (strict) simply connected domain D of R? with a simple boundary equipped with
a Riemannian metric ¢g. Similar to the action (1.1) for Brownian motion, we must consider the
Liouville action functional on such a Riemannian manifold. It is defined for each function X : D —
R by

1 1
S(X,g) = e /D (J09X)* + QRy X + dmue™™) Ay + o /é)D (QK,X + 2ﬂua€%X) Aog  (1.3)

where 99, Ry, K 4, Ay and Ay, respectively stand for the gradient, Ricci scalar curvature, geodesic
curvature (along the boundary), volume form and line element along 9D in the metric g: see section
2.1 for the definitions. The parameters p, g = 0 (with p + pg > 0) are respectively the bulk and
boundary cosmological constants and @),y are real parameters.



Before going into further details of the quantum field theory, let us first make a detour in
Riemann geometry to explain why the roots of LQFT are deeply connected to the the theory of
uniformization of Riemann surfaces. Indeed, a fundamental problem in geometry is to uniformize
the surface (D, g): this means that we look for a metric ¢’ on D conformally equivalent to g, i.e.
¢’ = e"g for some smooth function u on D, with constant Ricci scalar curvature in D and constant
geodesic curvature on 0. Under appropriate assumptions, the unknown function v is a minimizer
of the Liouville action functional (1.3). Indeed, for the particular value

2

the saddle points X of this functional with Neumann boundary condition 0,,(3X) + Ky =

—%‘MG%X , where 0,,, stands for the Neumann operator along 9D, solve (if exists) the celebrated
Liouville equation

2
— Ny(vX) + Ry = —2mpy?eX on D, 8ng(%X) + K, = —%e%){ on 0D. (1.5)

Setting u = vX and defining a new metric ¢’ = e%g, the metric ¢’ satisfies the relations

oy
2 )

Ry = —2muy?  and Ky =—

hence providing a solution to the uniformization problem of the Riemann surface (D, g). Let us
further mention that, for the value of @ given by (1.4), this theory is conformally invariant: this
means that if we choose a conformal map 9 : D > D then the couple (X, g) solves (1.5) on D if
and only if (X o9+ Q1In|y’|,g o 9) solves (1.5) on D !. These are the foundations of the theory
of uniformization of surfaces with boundary in 2d, also called Classical Liouville field theory.

In quantum (or probabilistic) Liouville field theory, one looks for the construction of a random
field X with law given heuristically in terms of a functional integral

E[F(X)] = Z‘l/F(X)e‘S(X’g)DX (1.6)

where Z is a normalization constant and DX stands for a formal uniform measure on some space
of maps X : D — R. This expression is in the same spirit as for the Brownian motion (1.2). This
formalism describes the law of the log-conformal factor X of a formal random metric of the form
e’ g on D. Of course, this description is purely formal and giving a mathematical description of
this picture is a longstanding problem since the work of Polyakov [23]. It turns out that for the
particular values

vEl,2, Q==+7,

= |

Let us prove this for the Neumann boundary condition; the other equation can be dealt with similarly. Since
is an isometry from (D, go|¢’|?) to (D, g), we have Koz = Kg 0. Now applying formula (2.3) which is valid
in great generality, we get that Kgoy = [¢'|(Kg 01 — m In |¢']). Hence we get that

1 0(3X)
goy on

2
i THOY  Z(Xo n |y’
Ongos (L(X 00+ QI ]) + Koo = 1] O+ Ky o) = — T ed (e



this field theory is expected to become a Conformal Field Theory (see [16] for a background on this
topic). The aim of this paper is to make rigorous sense of the above heuristic picture and thereby
defining a canonical random field X inspired by Feynman surface integrals. A noticeable difference
with the example of the Brownian motion where there is only one canonical random path (up to
reparametrization) is that there is a whole family of canonical random Riemann surfaces indexed
by a single parameter v €]0, 2]. Conformal Field Theories are characterized by their central charge
c € R that reflects the way the theory reacts to conformal changes of the background metric ¢
defined on D (see section 3.3). For the Liouville quantum theory on the disk, we will establish
that the central charge is ¢ = 1 + 6@Q?: thus it can range continuously in the interval [25, +oc[ and
this is one of the interesting features of this theory. We will also study the conformal covariance
(KPZ formula) and p, ps-dependence of this theory. Once constructed, the Liouville (random)
field X allows us to define the Liouville measure, which can be thought of as the volume form
associated to the random metric tensor €¥Xg. We will state a precise mathematical conjecture on
the relationship between the Liouville measure and the scaling limit of random planar maps with
a simple boundary conformally embedded onto the unit disk.

To conclude, let us stress that the thread of the paper is inspired by [7]. The main input is
here to understand the phenomena related to the presence of a boundary; in particular, part of
the construction relies on the theory of Gaussian multiplicative chaos (GMC) and the presence of
the boundary requires to integrate against GMC measures functions that are not integrable with
respect to Lebesgue measure when approaching the boundary (these technical difficulties do not
appear in the case of the sphere [7] where there is no boundary): see proposition 2.3 for instance.

Remark 1.1. The authors of [10, 30] developed a theory of quantum surfaces on domains with
two marked points on the boundary. In this context, the measures live in a quotient space where
two measures are equivalent if one is the image of the other by a conformal map which fizes the two
marked points on the boundary (in the case of the upper half plane with 0 and oo as marked points,
two measures M and N are equivalent if there exists some A > 0 such that M(.) = N(A.)). In
our paper, we develop a theory with three (or more) marked points on the boundary of the domain.
Basically, these three points are what you need to fix the degree of freedom with respect to the
automorphisms of the disk.

Acknowledgements

The authors would like to thank F. David and A. Kupiainen for interesting discussions on this
topic.

2 Background and preliminary results

In order to facilitate the reading of the manuscript, we gather in this section the basics in Riemann
geometry and probability theory that we will use throughout the paper.

2.1 Metrics on the unit disk

Let us denote by D the unit disk and 9D its boundary. We consider the Laplace-Beltrami operator
A and Neumann operator 0, on D and 0D equipped with the Euclidean metric. More generally, we
say that a metric ¢ = g(x)dz? on the unit disk is conformally equivalent to the Euclidean metric



if g(z) = e?® for some function ¢ : D :— R of class C'(D) N C°(D) such that

/D\&p]Q d\ < +o0. (2.1)

Notice that we use the same notation g for the metric tensor and the function which defines it but
this should not lead to confusions. In that case, the Laplace-Beltrami operator A, and Neumann
operator d,, in the metric g are given by

Ng = g 'A, and On, = g 20,.

We denote respectively by R, and K, the Ricci scalar curvature and geodesic curvature K in the
metric g. If ¢ = e¥g is another metric on the unit disk conformally equivalent to the flat metric,
we get the following rules for the changes of (geodesic) curvature under such a conformal change
of metrics

Ry =e"?(Ry — DNgyp) on D, (2.2)
Ky = ??(Ky+ 0,,0/2) on JD. (2.3)
For instance, when equipped with the Euclidean metric, the unit disk has Ricci scalar curvature
0 and geodesic curvature 1 along its boundary. Combining these data with the rules (2.2)+(2.3),
one can recover the explicit expressions of R, and K, for any metric g conformally equivalent to

the Euclidean metric. We will also consider the volume form A, on D, the line element Ay, on D,
and the gradient 09 associated to the metric g.

Let us further recall the Gauss-Bonnet theorem

/ Ryd\g + 2/ Kgydhyg = 4mx (D), (2.4)
D oD

where x(D) is the Euler characteristics of the disk (that is x(ID) = 1), and the Green-Riemann
formula

/ by dAg + / 89 - 99 drg = / O, 0 Aoy (2.5)
D D oD

We will denote by m,(f) and mg,(f) the mean value of f respectively in the disk D or the
boundary 0D with respect to a measure v on D or 0D, that is

1

1
my(f)—m/mfdu or (@D) (mfdy.

If the measure v is the volume form (or the line element on JD) of some metric g, we will use
the notation mgy(f) (or may(f)). When no reference to the metric g is given (m(f) or ma(f)) this
means that we work with the Euclidean metric.

The Sobolev space H'(D) is defined as the closure of the space of smooth functions on D with
respect to the inner product

/(fh+8f—8h)d>\.
D

We denote by H (D) its dual.



Finally, we introduce the Green function G of the Neumann problem on D

1

G(z,y) =1In E
It is the unique function satisfying

1.  — G(z,y) is harmonic on D \ {y},

2. v+ G(z,y) +1In|y — z| is harmonic on D for all y € D,

3. 0,G(z,y) =—1for x € ID, y € D,

4. G(z,y) = G(y,x) for x,y € D and z # y,

5. mpG(z,-) =0 for all z € D.

Recall that (2.5) combined with the properties of G implies that for all f € C?(D) N C'(D)

~ (@) = man(f) = | Gl At = [ Glanonfe)dalds). 1)
It is quite important to observe here that G is positive definite on D.

2.2 Mobius transforms of the unit disk

The Mébius transforms of the unit disk are given by ¢(z) = e'*{=2% with |a| < 1. Recall that

i 1- ’CLF

Y (x) = A=)

from which one gets

YY) — (@) = @)@ @) Py —2), 1-9@)dy) = @' @)@ @)1 -ay). (2.8)

The Green function for the Neumann problem defined above thus verifies
G(¥(2),¥(y) = G(z,y) — In[y/(z)] — In [’ (y)]- (2.9)

2.3 Gaussian Free Field with Neumann boundary conditions

We consider on D a Gaussian Free Field (GFF) Xgp with Neumann boundary conditions and
vanishing mean along the boundary, namely mg(Xap) = 0 (see [9, 29] for more details about GFF).
This field is a Gaussian centered distribution (in the sense of Schwartz) with covariance kernel given
by the Green function of the Neumann problem with vanishing mean along the boundary

E[Xop(z)Xop(y)] = G(z,y). (2.10)

It can be shown that this Gaussian random distribution (in the sense of Schwartz) lives almost
surely in H=}(D) (same argument as in [9]).

As a distribution, the field Xgp cannot be understood as a fairly defined function. To remedy
this problem, we will need to consider some regularizations of this field in order to deal with nice



(random) functions. Thus, we introduce the regularized field Xpp . as follows. For € > 0, we let
lc(x) be the length of the arc A (z) = {z € D;|z — 2| = €} (computed with the Euclidean line
element ds on the boundary of the disk centered at = and radius €). Then we set

1

Xove(z) = le(z) Ac(z)

Xop(z + s)ds.

A similar regularization was considered in [11] and the reader can check that this field has a locally
Holder version both in the variables x and €. Let us mention that we have the following two options:
either z € D and then for € < dist(z, 9D) we obtain

1 2w

X3D7E(x) Xa]D)(x + Eeie)de,

:%0

or z € 0D and then Xpp ((z) is intuitively the same as above except that we integrate along the
“half-circle” centered at z with radius € contained in D.

Proposition 2.1. Let us denote by gp the Poincaré metric over the unit disk

1 2

We claim

1) As € — 0, the convergence E[Xop (z)%] +Ine — LIngp(z) holds uniformly over the compact
subsets of D.

2) As € — 0, the convergence E[Xgp ((z)?] + 2Ine — —1 holds uniformly over oD.

3) Consider a Mobius transform 1 of the disk. Denote by Xgp o 1) the e-circle average of the field
Xop op. Then as € — 0, we have the convergence

E[Xop o ti(2)?] +Ine — 5 ngp(p(x)) — 2In /(@)
uniformly over the compact subsets of D and the convergence
E[Xsp 0 ¥e(z)?] + 2Ine — —1 — 2In [/ (z)|
uniformly over OD.

Proof. To prove the first statement results, apply the e-circle average regularization to the Green
function G in (2.6) and use the fact that the following integral vanishes

2m 2m 1 ,
1 a7 ==
/0 /0 g 4048 =0

to get the uniform convergence over compact subsets of E[Xg (z)?] + In € towards

1
T Ingp(x).

The strategy is similar for the second statement except that you get m—2 times the integral
foﬂ foﬂ In —L—— dfde’, which does not vanish anymore and yields the constant —1. The third

\ei9 _ et |

claim results from (2.9). O



2.4 Gaussian Multiplicative Chaos

Gaussian multiplicative chaos theory was introduced in [19]. The reader is referred to [24] for
a review on the topic. Here, we deal with convolution of the GFF so that as a straightforward
combination of the main result in [28] and Proposition 2.2, we claim

Proposition 2.2. For v € [0,2[ and )\, Ay the volume form and line element on D, 0D of the
Euclidean metric, the random measures e7XoPd\, e%XBDd)\a are defined as the limits in probability

2 2

. J_ X . a0

X g\ = lim e T e?Xed)  e2XMN\gp = lim e T e2XMed)\y
e—0 e—0

in the sense of weak convergence of measures over D, OD. These limiting measures are non trivial
and are two standard Gaussian Multiplicative Chaos (GMC) on D, 0D, namely

X0 gy = P Xop@-FEXo @] g ()TN e3Xongrgp = e ¥ 3 Ko@) FEXom (@] gy,

Actually, the main issue is to show that these measures give almost surely finite mass respec-
tively to the disk and its boundary. This turns out to be obvious for the boundary measure as the
expectation of the total mass of 0D is finite. Concerning the bulk measure, this statement is not
straightforward: observe for instance that the expectation is infinite

2
E / e1Xom )] = / gp ()T dA
D D
as soon as 72 > 2. Yet, we show in the following proposition that the random variable fD e’ Xop g\

is almost surely finite for all values of v €]0, 2[.

Proposition 2.3. For «y €]0,2[, the quantities below are almost surely finite

/ e Xong\  and / e2 X0 d\pp.
D oD

Proof. As explained above, we only need to focus on the bulk measure. Observe first that its
expectation is finite in the case v2 < 2. For 42 > 2 (in fact the argument below works for v > 1),
we prove that it has moments of small order o > 0, which entails the a.s. finiteness of the total
mass of the interior of the disk.

Recall the sub-additivity inequality for « €]0,1[: if (a;)1 < j < n are positive real numbers then

(a1 +- - +ap)® <af +-- +ap.

Therefore we can write

E[(/}DeVXBD(QC)—éE[Xgm} —(1 — ’;‘2)72/2 )d)\)a]

B [( 3 /1 . ¢ Xon (@)~ B[X3] Wd A) a}

nelN <laf? <1-27n1

< s f

2 «
1 Xon(2) -5 EIX3] g A) } _
nelN 1-2—7n < |:E|2 < 1—2—n—1



Now we trade the GFF Xgp for a log-correlated field that possesses a nicer structure of cor-
relations with the help of Kahane convexity inequality [19]. More precisely, we consider any log-
correlated field on R? with a white noise decomposition and invariant under rotation. For instance,
let us consider a star scale invariant kernel with compact support (see [3]): we choose a positive
definite isotropic positive function k with compact support of class C? and we set

We consider a family of Gaussian processes (Y¢(z)). such that (see [3] for the details of the con-
struction of such fields)

Va;, (TS R27 E[Y;(Z’)Y;/ (y)] = Kmax(e,s’)(x - y)

The reader may check that for all 7,7/ €]0,1] such that 1 — 27" < r2,r'2 < 1 — 27" and
6,0" € [0, 2] ' '
E[Xon(re?) Xop(r'e®)] = 2E[Yy ()Y, ()] — A

for some constant A independent of n, 8. This inequality of covariances allows us to use Kahane’s
convexity inequality (see [19] or [24, Theorem 2.1]). Indeed, because the map x — z® is concave,
we have for some standard Gaussian random variable N independent of everything

2 «@
E [(evAl/QN—Aw2/2 I Xon— 5 EIXZ5] 4 A) }
1-2-n < |z|2 < 1-2—n—1

2n11/2

27 1— ) . [e%
/ / ( B () B P )
_9—n 1/2
27 ) . @
_ cz—"aE[( / VDo )BT P gg)
0

for some constant C independent of everything. By using the comparison to Mandelbrot’s multi-
plicative cascades as explained in [12, Appendix B.1] to use a moment estimate in [21, Proposition
2.1 and the remark just after], we have that for any o < v~! and some other constant C' > 0

. 2T ) ) a
Supm[(n%gnw—lﬁ / emYzfn(el%—v?E[YTn(el%?}dg) ]go‘
n 0

Combining we get (up to changing the value of C' to absorb the constant E[e‘”AI/QN —ady?/ )

Xop(@)-LEXZ] L)@ na(% —1-(-1?),,-%
EK/]De 3 aD - ’x‘2)“/2/2)d)\) ] < 0%2 2 n

which is finite when v €]1,2][. O

3 Liouville Quantum Gravity on the disk

We are now in a position to give the precise definition of the LQFT on the disk with marked
points: n points in the bulk D and n’ points on the boundary D. In what follows, we will first
give a necessary and sufficient condition (Seiberg’s bound) on these marked points in order that



LQFT is well defined. This will allow us to give the definitions of the Liouville field and measure.
Finally, we will explain how these objects behave under conformal changes of background metrics
and conformal reparametrization of the domain. Basically, the approach is the same as in [7] but
there are some technical differences in order to treat the interactions bulk/boundary.

3.1 Definition and existence of the partition function

LQFT on the disk will be defined in terms of three parameters v, u, pg, respectively the coupling
constant and the bulk/boundary cosmological constants, and marked points. In this section, we
will assume that the parameters v, u, pg satisfy

v €]0,2[, ppe =0 and pA4pp > 0. (3.1)

Concerning the marked points, we fix a set of n points (z;)1 < < in the interior of D together
with n weights (a;)1 <i<n» € R™ and n’ points (s;)1 < j < »» on the boundary 0D together with n’
weights (8)1<j<n € R™. The family (z;,o;); will be called bulk marked points and the family
(sj,85); boundary marked points.

Consider any metric ¢ = e?d2? on the unit disk conformally equivalent to the Euclidean metric
in the sense of (2.1).

Our purpose is now to define the partition function Hgfjjgfgi’(sj Bi)i (e,9,F) of LQFT applied
to a functional F'. This partition function formally corresponds to the Feynmann surface integral
(1.6) with action (1.3). Yet, a rigorous approach requires the regularization procedure. This is the
reason why we define the regularized partition function for all € €]0,1] and bounded continuous
functional F' on H~(D) by

" (c.9. F) (3:2)
1 ngl? n o2
=% <fD 01l At 41 gd)\a) / E [F(XQD +e+Q/2Ing) [ e exiletXometQ/2ng)(z)
R

i

87 8, 2
X HETjeTJ(C‘i'XBD,e‘FQ/ang)(Sj) exp < — % /D Ry(c+ Xop) drg — pe’CeT /De“/(XaD,dQ/?lng) d)\>

J

72

exp < — Q Ky(c+ Xop) dhog — ,uae%CeT ez (Xop,+Q/2Ing) d/\a)] de.
21 Jop oD

The first natural question is to inquire whether the limit
I ™ (g, F) o= T T2 (e, g, ). (3.3)

exists and is not trivial. Existence and non triviality will be phrased in terms of the following three
conditions

St 56> Q (3.4)
Vi o <Q, (3.5)
Vi B <Q. (3.6)

We claim

10



Theorem 3.1. (Seiberg bounds) We have the following alternatives

1. Assume p > 0 and pg = 0. The partition function ngfjgﬁi’(sj’ﬁj)j (g9,1) converges and is non
trivial if and only if (3.4)+(3.5)+(3.6) hold.

2. Assume p =0 and py > 0. The partition function Hg’fﬁj;ﬁi’(si’ﬁj)j (g9,1) converges and is non
trivial if and only if (3.4) +(3.6) hold.

8. In all other cases, we have
Hgffﬂg’z)u(sgﬁg) (1) =0 or H’(\fﬂgf)lv(sgvﬁﬂ) (9,1) = +o0.

Along the computations involved in Theorem 3.1, we get the expression below for the partition
function when the metric g is the Euclidean metric. Notice that considering the only Euclidean
metric is not a restriction because we will see later that there is an explicit procedure to express
the partition function in any background metric g in terms of that in the Euclidean metric (Weyl
anomaly, subsection 3.3).

Proposition 3.2. (Partition function) Assume g is the Euclidean metric dz?. Then, in each
case of Theorem 3.1 ensuring existence and non triviality, we have

ﬁ,
558 (H ap(z)~ )ecu,s) /R o(Tiats, % -0)e (3.7)

E[F(X3D+H+c)exp<—ue'yc/

X
e e Xon g\ — uaezc/
D

oD
where
= Z aiG(x, Zi) + Z %G(l’, 3j)7
i J
3., er B2
C(z,s) :Zaz’ai’G(Ziyzi’) + Z B]f] G(sj,s) + Z 0425] Gz 8) = Z ?J

i<i! i<i' ij j

Proof of Theorem 3.1 and Proposition 3.2. We begin with the Seiberg bound. Because the conformal
factor ¢ of g = e¥dx? is assumed to be smooth (i.e. of class C!), we can assume without loss of
generality that ¢ = 0. The main lines of the argument will be similar to [7, Section 3|, up to a few
modifications that we explain below. First observe that Propositions 2.2 and 2.3 ensure that the
interaction terms

2 2
. J_ 2 . J_
lim €4 / ezXme Ny and lim ez / Y Xome g\
oD D

e—0 e—0
are non trivial provided that v €]0,2[. Hence, following [7, Section 3], ngjjgfgi’(sj B33 (9,1) < 400
if and only if (3.4) holds: roughly speaking, recall that basically this amounts to claiming that the

integral (A, A" are two strictly positive constants)

/ e(zl ai-‘r% Z]‘ Bj—Q)ce_Me“/cA_MaA/ de
R

11

FERPERTH d)\a)} dc,



is converging if and only if (3.4) holds.

Recall then that the remaining part of the proof in [7, Section 3] consists in determining when a
marked point causes the blowing up of the interaction measure, in which case Hgffjgf,zi’(sj B3 (dz*, F) =
0. The reason why a marked point may cause the blowing up of the interaction measure is that
these marked points are handled with the Girsanov transform and this amounts to determining
whether the bulk/boundary measures integrates some singularities of the type ~ OT 1 7

lz—s; 27

1
lx—2i[%
This is what we study in more details below.

Here we have two types of marked points (in the bulk or along the boundary) and two interaction
measures: boundary e3Xop d)\y or bulk e¥Xop d\. A marked point (zi, ;) in the bulk questions
whether the bulk measure integrates the singularity z +— e®7G(@%) This is exactly the same
situation as in [7, Section 3]. Therefore the conclusion is the same: «; must be strictly less than
Q. The same argument settles the case of the effect of a boundary marked point (s;, ;) on the
boundary measure: 8; must be strictly less than Q.

What is not treated in [7, Section 3] is the effect of boundary marked points on the bulk measure:

namely we have to determine when the measure e7X22 ) integrates the singularity « — e%'yG(w’sf )
for some s; belonging to the boundary 0D. Observe that the situation is more complicated as the
behavior of the bulk measure is highly perturbed when approaching the boundary: recalling the
expression of t£1e bulk measure in Proposition 2.2, we see that on the one hand the deterministic

density gp(:E)’YT blows up along the boundary and on the other hand the field Xgp acquires more
and more correlations, which become maximal along the boundary: as x approaches the boundary,
G(z,y) tends to behave like 21n ﬁ rather than In ‘w—i‘

Let us now analyze the situation. We want to prove that the singularity is integrable if and only
if B; < Q. Without loss of generality, we assume that s; = 1. In what follows, C' stands for some
generic constant, which may change along the lines and does not depend on relevant quantities.

Let us first assume that the singularity is integrable, more precisely for some § fixed small
enough

lim 6%706("1)6467&9@’6 d\ < 400 (3.8)
=0 /DNB(1,5)

where
Ge(l‘, y) = E[XﬁD,e(:E)X@D,e(y)]'

For each ¢ > 0 small enough, we denote by D, the small disk centered at 1 — 2¢ with radius e.
Notice that for e small enough, this disk is contained in B(1,d)ND. Therefore, we have the obvious
relation

B 2 B 2 2 1
/ eTJFYGE('vl)e% e’Y—XB]D,s d)\ 2 / eTJ’YGE('vl)eﬁ/XaD,e_%E[X?yDYe}e%(E[X(’Q)DVE]_ln;) d)\
DNB(1,5)

€

It is then plain to check that, for some constant C independent of € and uniformly with respect to
x € D,

1 1
IE[Xopc(z)?] — 21n E\ <O, |Ge(z,1) —2In E\ < C.
We deduce

B 2 2 "/2 2
/ e 2G0T 1 Xome g\ > Ce P2 / 1 Xom =T BXop.d g\
DNB(L,6)

€

12



If we can establish the following estimate

2
in probability, limsup 2 / e Xom ~ T BXG ] gy = +00, (3.9)

e—0 B

we deduce that necessarily 5; < @ in order for (3.8) to hold.
To establish (3.9), observe (see subsection 6.2) that, for some deterministic constant C' inde-
pendent of e,

sup sup |Ge(z,z) + 2Ine| < 400,
e>0 €D

in such a way that

2
/ e“/XaD,e—%E[X(%D,E] d\ > Ot 7 Xop (1) gminge pe Xop,e(*)—Xop (1) (3.10)

€

Next, we estimate the min in the above expression. Observe that (D(2,1) stands for the disk
centered at 2 with radius 1)

2 Xon, )~ Xao(1) = min, .l

where the Gaussian process Y is defined by
}/e(u) = Xé)ID),e(l - E’LL) - XﬁD,e(l)'

The key point is to estimate the fluctuations of the Gaussian process Y.. The reader may check
(see subsection 6.2) that the variance of Y (2) is bounded independently of € and that for all
z,2' € D(2,1)

E[(Ye(2) = Ye(2))?] < Clz = 2],

uniformly in 0 < € < 1. Recall the Kolmogorov criterion

Theorem 3.3. (Kolmogorov criterion) Let X be a continous stochastic process on D(1,2). If,
for some B,a,C > 0:

Ve, z € D(1,2), E[|X, - X.|9 < Clz — 2>*P.

Xe—X2 C B—aqs
For all § €]0, g[, we set L = sup,., | o L Then, for all p < q, BE[LP] <1+ %.

One can then deduce that the family of processes (Y¢)e is tight in the space of continuous
functions over D(2,1) for the topology of uniform convergence. We deduce that for each subse-
quence, we can find R large enough such that mingep, Xop () — Xop(1) > — R with probability
arbitrarily close to 1. Finally, we observe that the process € — Xpp (1) behaves like a Brownian
motion at time 2In 1 (see [11, section 6.1]), we can use the law of the iterated logarithm in (3.10)
to complete the proof of (3.9).

Now it remains to show that the condition ; < @ is sufficient to have integrability. Now it
remains to show that the condition 8; < @ is sufficient to have integrability. For each r > 0, we
denote

A ={zeD;lz—-1] <}

13



We consider 0 < a < 1. Observe that for z,2’ € A,, we have the relation
G(z,7) 2 E[(Xop, (1 - 1))%| - C

for some constant C' independent of r. Because of this relation and the concavity of the map
x +— x%, we can apply Kahane’s convexity inequality and get for some standard Gaussian random
variable IV independent of everything

]E[(/ G@N—C/267X0D—§E[X§D} dA)a} gE[(/ e’YXBJD,r-(l—T)—éE[XaD,T-(l—rF] d}\)o‘]‘
A, Ar

The last expectation can be easily explicitly computed as it is just the Laplace transform of some
Gaussian random variable. Given the fact that E[Xgp (1 —r)?] ~ —2Inr, we get for some other
constant C,

E[(/ ¢ Xop— G EIX3] d)\)a] < Op2+1P)a—r?a?

r

Let n > 0. We deduce

IP(/ e'YXBD—éE[X(%D] d\ > T2+72—n) < T—oc(2+'yz—n)E[</ evXam—ﬁ]E[X?,D] d)\)a] < COyna—a®y?
r Ar'

Choosing o > 0 small enough, we have na — a?y% > 0. We can then use the Borel-Cantelli lemma
to deduce that there exists a random constant R, which is finite almost surely, such that

sup 7,—(2+“/2—?7)/ e“/XaD—éE[Xgm} d\ < R. (3.11)
r€]0,1] Ay

Now we introduce the sets for n > 1 (6 > 0 is fixed)
By={z€D;|z—1]<5,27" < (1 —|2]*) <27}
Finally, we get

5, 2 22 bj k o
/ e“/TJG("l)eVXOD_%E[X‘%D]Qﬁ d\ = Z / EVTJG(‘yl)e'YXBD_%E[XgD}gP‘l dA
DNB(1,6) "

n>1

g C Z 2’né2'\/ﬁ]n/ e“{XaD—gE[Xng] d\
A

n > 1 9—n+1
2
<CRY onir 91Bing=—n(2+7*—n)
n>1

The proof of Theorem 3.1 is complete provided that we choose 0 < 7 < v(Q — ;). Once the Seiberg
bounds are established, the computation of the partition function (i.e. Proposition 3.2) follows the
same lines as in [7, Theorem 3.2]. O

14



3.2 Definitions of the Liouville field, Liouville measure and boundary Liouville
measure.

As long as one of the two conditions of Theorem 3.1 is satisfied, one may define the joint law of the
Liouville field ¢ together with the Liouville measure Z(-) and boundary Liouville measure Z(-).
In spirit, the situation is that the convergence of the partition function entails that we get a non
trivial probability law for the field ¢ = ¢+ Xgp + % In g under the probability measure defined by
the partition function. This field formally corresponds to the log-conformal factor of some random
metric €7?g conformally equivalent to g. Yet, observe that the field ¢ is in H~! almost surely so
that a rigorous description of this metric is not straightforward, at least clearly not standard. The
Liouville measure that we construct below is a random measure that can be thought of as the
volume form of this formal metric tensor whereas the boundary Liouville measure corresponds to
the line element along the boundary. Let us mention that we could construct as well the Liouville
Brownian motion by using the construction made in [14, 15] but a rigorous construction of a
distance function associated to the metric tensor e??¢ remains an open question.

Given a measured space E, we denote by R(E) the space of Radon measures on E equipped
with the topology of weak convergence. The joint law of (¢, Z, Zy) is defined for all continuous
bounded functional F on H~!(D) x R(D) x R(ID) by

Eous " [F(. 2, Za>]

6967r (fD |61ng\2d)\+fam4lngd)\a

_ hm/ H6 1 p0i(Xon +Q/21n g)(2:) HEB“ o4 (Xop,+Q/21ng)(s))

HS/Z’Z;Z)M(SJvBJ) ( e—0

J
2

[ <X8]D> Yot Q/2Ing, T ’ (Xop,+Q/2Ing) A, e3¢ T ¢3 (Xop+Q/2Ing) dAa)

exp ——/Rg(chXaD)d)\g—ucheé/eV(XOD»EJFQ/?l“g) d)\)
D
2
exp / Ky(c+ Xop) dhog — ,uae% e%/ 3 (Xop,c+Q/21ng) d)\aﬂdc.
oD

We denote by ]Pf(yz,ﬂg,’ﬁf!}(sj’ﬁj )i the associated probability measure. In the following subsections, we
will mention several interesting properties satisfied by these objects.
3.3 Conformal changes of metric and Weyl anomaly

Here we want to determine the dependence of the partition function (3.3) (as well as the Liouville
field /measures) on the metric g conformally equivalent to the Euclidean metric

Theorem 3.4. (Weyl anomaly)
1. Given two metrics g,g' conformally equivalent to the flat metric and g’ = e®g, we have

(Zivai)iv(z(va,')i / 2

1 LG F) 146

In “ron a,)_(9= ) _1+6Q (/\8ggp\2d)\g+/2Rgcpd)\g+4/ Ky s, )-
W0 ) %6 L > o

2. The law of the triple (¢, Z, Zy) under szﬂg,lzlb(s”ﬁm does not depend on the metric g in the
conformal equivalence class of the Fuclidean metric.
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Proof. In (3.3), we use the Girsanov transform to the exponential term

) ),
exp ( 1 | BeXondhg =5 | Ko Xon d)\ag>,

which has the effect of shifting the field X by

Q
v o

Then we use the rules (2.2)+ (2.3) (2.7) to see that this shlft is equal to

RGaD( 2) Ag(dz) — GaD(-,z)Kgd)\ag.

~2ling — my(ing).

Due to the Girsanov renormalization, the whole partition function will be multiplied by the expo-
nential of the variance of the field % fD Ry Xop dAg + % f ap KgXop dAgg, which can be computed

with (2.2)+(2.3)+(2.7) and is given by
2
@ / |01n g|? d.

167

Hence, by making the changes of variables v = ¢ + %ma(ln g), we get
(2i,@)4,(55,8;5 )
I g™ (ng)
ol 2 101 g2 A+ L ma(ing) e%W(fmz 010 g2 dA+ [, 4IngdXs )

lim e(zi @ity X, Bj_Q)vE [F(Xam) + v, Xo0 gy e2VenXop dXp)
e—0 R

2 ﬁz B
l_I6 5 i Xo,e(2i) He i3 Xom,e(s)

( J
2 2
o ol Jo ol
exp ( — pe’le2 / eI Xome g\ — ppe2Ve / e2 X oD, d)\a)} de
D )
L1607 (f 191n g|2 dA
96 D gl +fau3)4lngd)\8 (23,24)i,(55,85) 5
=€ i (da?, F).

To complete the proof for two metrics ¢, ¢’ conformally equivalent to the Euclidean metric, say
g = e¥g, we apply twice the above result to get

L Il (g F)
HP(YZ;;/Z(?;L//)’/Z’(SJ’ﬁJ )] (g’ F)

1 2
_ 1466 (/\(‘Nng’\zd)\—i—/ 41ng’dAa—/\81ng\2dA—/ Alngdr)
967 D ) D oD

_1+6Q?

</|8<,0|2d)\—|—2/8<,0-81ngd/\—|—/ 4<,pd)\a).
D D oD

Now we use (2.5)4(2.2) to get

(#i,04)i5(85:85)5 (1 2
H 757377 F 1 6 1
In z”_“a"_‘)_( _5_)_(9’ ) _ 1t @ (/ |02 d)\+2/chgd)\g+4/ gp(l—i——@nlng)d)\a).
iow ™7 (g, F) D D o 2
We complete the proof with (2.3). O
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3.4 Conformal covariance and KPZ formula

Now we want to establish the conformal covariance of the partition function, i.e. to determine its
behavior under the action of Mobius transforms on the marked points. We focus here on the case
when the background metric is the Euclidean one: as shown by the Weyl anomaly (Theorem 3.4),
this is not a restriction. One thus looks at

1 S0 td Y 8-Q)c i Xom e (W) TT 2 o 8 Xome(0(5,))
—ll_H)El) Re( 2 245 P )E[F(Xam)e—i-c He2e oD, He4e oD, g

j
2 1. 22 ol
exp ( — pe T | X g\ — ppezCe ez XoD,e d)\aﬂ de.
D oD

where v is a Mobius transform of the unit disk.

We use the following convention for the rest of this section. If M is a measure on a measurable
space F¥ and ¢ : E — FE is a bi-measurable bijection then the measure M o ¢ is defined by the
relation M op(A) = M(¢(A)) for all measurable set A C E.

Theorem 3.5. Let ¢ be a Mébius transform of the disk. Then

H(d}(zl) Ozl i d:E 1 H |¢ Z | 2AQ’L H |¢ Aﬂ]H,(\fﬂal)l(dlﬂz, 1)

where the conformal weights N, are defined by
e Q
0 =5@3)

Furthermore the law of the triple (¢, Z, Zy) under ]P(Zzgiil’ifg’ﬁj)j s the same as that of the triple

(ot +QWn|Y|,Z oth, Zy o b)) under ]P,(Ywizzl(z;);(w(sj) ki,

Proof. To facilitate the comprehension, we take only into consideration the law of the Liouville
field and we leave to the reader the details of the whole proof for the triple (¢, Z, Zy).
We first study the behavior of the measure under the Mobius transform ¢:

Lemma 3.6. For any f € C*(D), we have
2 2
(Xop o ¢, lim / feTerXomeq, lim / feTezXomed)y)
"(Xop + mo(Xop o ), lim / f o perYomctmoXovewl /|, Tim / f o 1ped Komtmoonot) |5y, )

Proof of Lemma 3.6. Using Proposition 2.1, we have that

lim E{Xon,o(4(2))?] ~ E[(Xop 0 %) e (2)%] =0

\¢’(1)\
on D and on 9D.

As |¢'(x)] is always larger than a constant that is strictly positif, we can use the result in [28] to
show that the measures

2
(W)%eVXaD,EO¢d)\

17



and
WQ
¢z eV Xapov)e 1y

converge in probability to the same random measure on D.

Similarly,
€

|¢']

X
2

)WTe Xop.co% g3 5

(

and )
E/YT e%(XBIDOw)E dAa

converge in probability to the same limit measure on 9D.
We also have, by change of variables in the integrand

42
/ f € 2 e“/XalDed)\ / fow € 2 e’YXE)]D eow|¢| d\ = / f ¢ ) eWXaD’€Ow|¢/|Q7d)\

W |
and similarly

2

)”r%

/fe462X‘9]D€d>\a /fowwezxaww |dAa—/f ¥ ( Xov.cot /| 4,

[4/]

Combining the above arguments, we conclude the proof by recalling the change of metric formula

law
Xop 01 —mp(Xap 0 ¥) = Xop, (3.13)
which can be verified using the definition of mg and the Green function. O

Anticipating the formula (3.13), we use the change of variables ¢ = ¢+ mg(Xg 0 1)) to write

Hgyw;ggtlal)“(d}(sj) Bj); (dﬂf )

o2
— lim e( Yiaits Y, ﬁj—Q) (e=ma(Xopov)) | [F(Xé)]l)) c+e—my(Xop o)) H e e®iXom,c(¥(2i))
e—0 R ’ i
'32 ’3 = '72 Y= 72 ol
H e g3 Xome(¥(s;)) exp < — pele / eV Xop,e—ma(Xapoy)) 7y poe2te T / e2 (Xop,e=ma(Xopoy)) dAﬁg)} de.
D D
J

We now apply the Girsanov transform to the factor ¢@mo(Xop°¥) This will shift the law of the field
Xop, which becomes

Xoo+ o2 [ Glvald2)
T JoD
We now introduce a useful constant in the following calculation
Do= [ 6wl v Maldnra(ds) = 4*Elma(Xop 0 ).
We also introduce the function

H(y) = [ G((y), ¥(2))ra(dz)

oD

so that Dy = [;p H(y)Aa(dy). Recall that [, G(y,z)\a(dz) = 0 for all y.
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Under the Girsanov transform Xgp(z) — mg(Xgp o 1) becomes Xgp(xz) — mgy(Xop 0 ¥) +
%Hw_l(:n)) - %D,b and we get

H’(yw,tggl,/)JQZ)“(w(sj) B3 (d$ )

=t 80y [ (T T QR P (Xyp, 42— ma(Xap 0 ) + g2 H™ () — 5 D0)
e—0 R ’ 47T
2
I (5 (i (Xom, (6(z0))—ma (Xopoy)+ £ H(zi)— 1% Dy) 11 2 o3 Xop,c(b(sy))=ma(Xopov)+ 42 H(s;) =% D)

@ J
exp<_ s / oV Xop(@)—ma(Xonow)+ 2 H(W ™ (@)~ % Dy) gy
D

_uae% % / e%(Xam(x)—ma(xamow)"‘%H(wil(x)) 4% Dw)d)\ag)} de.
D

Notice the relation (consequence of (2.9))

Q
2w

Q
—D
W( T

the Dy part with cancel out the first exponential term in the above expression when we do the

H(z) = QIn

change of variables ¢ =¢ — %Dd}.
Now using (3.13), (2.2) and Lemma 3.6, we finally have

H'(\/’Lisgl,) al)u(w(sj) B]) (dx )

_HW |0c2/2 aQHW |ﬁ2/4 BQ/2

o2
i [ (55 g [F(Xapcow™ =@/ (w} ()] + ) [] e e Kamelc)

e—0 R i
62 BJ X . "/2 X o "/2 WX
e es (Xopelss)) exp ( — peer / 1 Xoe g\ — pgezCe / e2Xo,e d)\agﬂ de.
; D D
J
This completes the proof of the theorem. O

3.5 Conformal changes of domains

In this section, we explain how to construct the LQFT on domains that are conformally equivalent
to the unit disk. Basically, the idea is to find a conformal map sending this domain to the unit
disk and to use the conformal covariance property of the LQFT.

Let D be a simply connected (strict) domain of C, say with a C' Jordan boundary. From
the Riemann mapping theorem, we can consider a conformal map ¢ : D — D. If we further
consider marked points (z;, ;) in D and boundary marked points (s;, 3;); in 0D, they will be sent
respectively to (1(z;), ;) in D and to the boundary marked points (¢(s;), 5;); in 0D. Finally, the
uniformization theorem tells us that there is no restriction if we assume that D is equipped with
a metric of the type g, = [¢'|?g(¢) for some metric g on ID.
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The Liouville partition function on (D, gy) applied to a functional F' reads

H-(yzﬂg,ﬁ“(sjﬁ]) (D 9y F) (3.14)
dlng2d\+ [, 41n d,\> of
:e%”(fml o At op 41ng dAo lir% E[F(Xy —I-c-l-Q/angw)H67eai(C+X”v€+Q/21ng¢)(zi)
€E— R i
2
1 e%(C+Xue+Q/21ngw)(sa)exp / Ry, (c+ X,)d)g, — pe’e™ / /Xt @/2Ingy) d>\>
, D

eXp / Kag, (¢ + X,) dog, — [1g 3% T /aDe%(Xy,e+Q/21ngw) dAa)} de,

where X, is a GFF on D with Neumann boundary condition and vanishing r-mean. By shift
invariance of the Lebesgue measure, the choice of v is irrelevant and it will be convenient to take
X, = Xpp o ¢, which is free boundary GFF with vanishing mean for the line element on 0D in
the metric |'|?dxz? on D.

Proposition 3.7. Let D be a simply connected (strict) domain of C with a C* Jordan boundary.
Then we have the relation

HgZ:j;u’Zzl’(s‘?’B]) (D g’d” (¢7 Z7 Za))
=TT 1/ )22 T 1 (s )| 2oz e idip g F(¢ 0+ QI ], Z 0 0, Zy 0 1)).
i J

In particular:

1. we have the following relation between the partition functions (F =1)

,% )i, 75 a A 1 )iy B
i (D, gy, 1 HW )24 ZHI?ZJ ST B D, g 1),

2. The law of the triple (¢, Z, Zy) under P50 o yhe same as (potp +QIn || Z, Zy)

(D7gz,/1)77uu'37“
((21), QZ)h(w(SJ) B])

under P
(D,9) 7148 514

Proof. Again we only treat a functional F' depending only on the Liouville field for simplicity.
Applying lemma 3.6 and using that Ry (z) = Ry(¥(z)) and Ky, (v) = K4(¢(z)) (because ¢ is a
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conformal map), (3.14) is equal to

i (D, gy, F)

- Ang|2 dr+ [, 41 dA) o? B; Bj
o (s vt [T 1w/ G2 [T (s)I9F ==
i J

lim RE[F((XaD e+ Q/2Ing) o+ Qn|y|)

HE 3 eal(c+XaDe+Q/21ng (¥(z:) H TJ 7] c+Xop,e+Q/21ng)(¥(s;))

J

2
exp T in / Ry(¥)(c + Xop o 9)g(v) ¢/ |* dA — pe?“eT /De“r(XaD,eJer Ing) d)\)

2
exp (~ 32 [ Ky)(et Xon ow)liflg”? () dho — paedees | eitmararmng a)] e
oD oD
= H ! (z0)| 22 H ! () [T DD g (g0 4+ QIn []). (3.15)
This completes the proof. O

3.6 Law of the volume of space/boundary

We want to express here the (joint) law of the volume of bulk/boundary on the unit disk equipped
with the Euclidean metric. It will be convenient to express this law in terms of the couple of
random measures (Zo(-), Z9(-)) under P respectively defined on I and 9D by (recall Proposition
2.2)

Zo(-) = eMMeerXon g) - 70(.) = eztome3Xon gy, (3.16)
with 5,
= ZaiG(az,zi), Hop(z Z —LG(x,s;) (3.17)
We further introduce the ratio
R 2oD)
Zp(0D)2"

By definition of the law of the bulk/boundary Liouville measures, we have

(26,08)4,(55,85)
B onds® [F(2, Zy)]

=50 (da?, 1)) / (Dot 2, 8,-Q)eg [ (e 7y dr) 3 2 )
R
exp ( — e’ Zy(D) — ,uae%cZg(aD))} dc

:g(ngzﬂmv(w» 7 (dz?, 1))~ /ooyi(zm+;zjﬁj—cz>_1
0

Zo(dx) 73 (dx) L2 it Y,
2 0 0 2P (2] .y( i 0itg 20 Bi—Q)
E[F (y R ZoD) ’ng(a]D))) exp ( ny°R ,uay) Z5(0D) 2 ] dy.

This is the general formula. It may be useful to state as a particular example the case puy = 0 as
it often arises in the study of random planar maps with a boundary.
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Corollary 3.8. Assume pg = 0. The joint law of the bulk/boundary Liouville measures are given
by

(26,04)4,(85,84) 4
E%MBZQM,Jd:cZJ ! [F(Zv Zﬁ)]

:Z—1/u%(ziaﬁ%Zjﬁj—Q)—1E{F<uZo(dzn)7u% Z§ (dx
R Zo(D) " Zy(D)

~—

>ZO(]D)_%(Zi ity X i@ g gy,

(SIS

where Z is a renormalization constant to get a probability measure. In particular, the law of the vol-
Yty >, 8i-Q
v

ume of space follows a Gamma law with parameters ( ,,u) and the random variable

Z(D) is independent of the random measures (ZZ((Cg)) Za(dx)).

" 73

Remark 3.9. Since the geometrical KPZ formula established in [25] has been established almost
surely with respect to the GFF expectation, it holds for the Liouville measure in our context almost
surely too.

4 Liouville QFT at v =2

Here we explain how to construct LQFT on the unit disk in the important case v = 2. The reason
why this case is so specific is that it is no more superrenormalizable at small scales. In other
words the interaction terms e?Xo2d\ or eXo2d\y can no more be obtained as a Wick ordering,
i.e. a subcritical Gaussian multiplicative chaos: it corresponds to the phase transition in Gaussian
multiplicative chaos theory. Indeed, the standard renormalizations

2 e2Xome@ gy and eeXaD’é(x)d)\a

yield vanishing limiting measures. To get a non trivial limit, an extra push 4/In % is necessary, which

is called the Seneta-Heyde norming. For Gaussian multiplicative chaos, this has been investigated
in [13] for a white noise decomposition of the GFF, which does not exactly correspond to our
framework as we work with convolution cutoff approximations. So, we explain in this section how
to generalize the results in [13] to convolutions.

We first claim

Theorem 4.1. The family of boundary approximation measures on JD

[ 1
In = eeXomed)y
€

converges in probability as € goes to 0 towards a non trivial limiting measure, which has moments
of order q for all ¢ < 1.

Theorem 4.2. The family of bulk approximation measures on D

[ 1
In = €2 eXomed)
€

converges in probability as € goes to 0 towards a non trivial limiting measure, which has moments
of order q for all ¢ < 1.
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Remark 4.3. Actually, our proof for the two above theorems establishes convergence in probability
for a large class of cutoff approximations with mollifying family, not only the circle average family.

Proof of Theorem 4.1. The strategy is the following: first we show the convergence in probability
of a specific family of white noise cutoff approximations. Then we will show that this entails
the convergence in probability for a whole class of convolution approximations, including circle
averages.

Recall that if we consider a centered Gaussian distribution X on the boundary of the unit disk
with the following covariance structure

0 10\] _
]E[X(e )X(e )] —ZIDW,

then the law on the boundary of the GFF Xyp is given by

1 2 )
Xop =X — — X (e%)dp.

2 0
Our first step is to construct Xgp as a function of some white noise W and of a smooth Gaussian
process Y. This decomposition will be convenient to establish convergence in probability of the
approximating measures based on martingale techniques. We will recover the situation of approx-
imations based on convolution of Xgp after that.

Recall the following decomposition (see [27])

1 ! dt
VmGRz, 1H+m:2/0 (t—|3§‘|%)+t—2—|—2(1—|33|%)+

Now we construct two Gaussian distributions: the first one X will have the covariance structure
of the first term in the above right-hand side and the second one Y the second term.

Lemma 4.4. There exists a white noise W on [1,+00[x0D and a family of centered Gaussian

processes (X¢)eelo,1) on 0D, which are measurable functions of this white noise, such that

VO <e<ée <1, X.— Xo is independent of o{X,(e?);¢ <u<1,0¢€[0,2n]} (4.1)

and )
1 1
_ o A . 7 dt € . -/ d
E[Xc(e") X ()] =2 / (t—|e? = e?'|2) 5 = / (1= [o(e? — ™)), =2 (4.2)
Ve t 1 v
The limiting distribution X = lim._,0 X, is a centered Gaussian distribution with covariance struc-

ture
dt

oy 1 . i1
E[X ()X ()] = 2 /0 (1~ 16 — ' [3). .

Finally, for any smooth function R on [1,+o0o[xID with compact support, the function

z € 0D — T.(R)(z) := E[X(2)W(R)]
18 a continuous function which converges uniformly as € — 0 towards

z € 0D T(R)(2) := E[X(2)W(R)].
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This lemma is proved in appendix 6.3. Then we consider a centered Gaussian field Y indepen-
dent of (X¢)eejo,1) With covariance given by

E[Y ()Y (e?)] = (1 — | — e?'|2),

Recall that such a kernel is indeed positive definite [17].

Now we can set

2
Xop= X +Y — % / (X () + Y ())db.
0

This is a construction of Xgp as a function of (W,Y"). Now we would like to use [13] to show that

the random measures
1 _
\/In = eeed)g (4.3)
€

converges in probability to a non trivial limiting random measure as ¢ — 0. To this purpose,

observe that the covariance (k¢)ce)o,1) kernels of the family (X¢)gjo,1) can be written as

1 0!
o @ k(v, e, e? o - iy
k(e e = / k(v,e”,e7) U’ ) dv  with  k(v,e?,e?) = (1 — |v(e? — ¥ )|%)+
1
Such a kernel k satisfies the properties
A.1 [k is nonnegative, continuous.
A.2 k is Holder on the diagonal, more precisely V0,6', Vv > 1,
|k‘(U,€i9,€i€) o k(v’ew’ew'” < ,U1/2|ei9 o ei€’|1/2
A.3 Ek satisfies the integrability condition
%) k(v ei0 ei@’
sup kv, e”,e”) dv < +00.
0
1 k(v it eie) 1

A.4 for all € €]0,1], [* ===~ dv=In<,
A.5 k(v,e? ) =0 for e — | > v
Observe in particular that [A.2] implies that

1 S /e |60 _ ,if'|1/2 , .

IIn = — ke(e?, )] < %dv < C(le? — &' | /e)1/2

€ 1 v /

for some constant C' (independent of €). In particular we have the property
) . 1 . -
e — e <e = \lnz — k(e < C. (4.4)

These properties are the only assumptions used in [26] to construct the derivative martingale and
in [13] to prove the Seneta-Heyde norming. Therefore the family of random measures 4.3 converges
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in probability towards a non trivial random measures, which has moments of order ¢ for all ¢ < 1
(see [13]).
Hence, if X, = X +Y — & Ozﬂ(Xe(ew) + Y (e))dd, then

M, = lnlee Xe(e! )d)\a
€

converges in probability to a random measure M’ which is a measurable function of the white noise
W and the process Y, call it F(W,Y).

Now, we show convergence in probability of 4/In % € eXomed)\y, where Xop,e is the circle average

approximation of Xgp towards the same limit M’. The ideas in the following stem from the
techniques developed in [24] along with some some variant of lemma 49 in [28] (we will not recall
lemma 49 as our proof will be self contained).

For this, we introduce X (%D, an independent copy of Xgp, and X élm . its circle average approxi-
mation. Let us define for ¢ € [0,1] and 6 € [0, 27] 7

Zc(t,e?) = VtXhp (7)) + VI —tX(e?).

M! = /In L eXb @ gy,
€

We first show that M} converges in distribution to M’' = F(W,Y). From [27, Proof of Theorem
2.1], one gets that for all o < 1

Now, we set

lim |E[M} (B)*] — E[M(B)"]

e—0

< CMCAIim Uln / eZe(t:) =5 BlZe(t,) ]d)\a) a] dt
2 e—0 oD
(i+1)A ) ) «@
+ ¢ C zlim sup 4 /[In = / Zé(tvew)—%E[Ze(t76’9)2}d9> ]dt,
=0 Jp 0 <i<4s 21 Ae

CA o hm Sup ‘E[XéD,e(ew)XéD,e(eiel)] - E[Xe(eie)Xe(ew/)”

e—0 I eiel‘ > Ae

where

and
Ca=Tm sup  [B[Xpp, (") Xjp ()] - BXc(?) X ().
=0 leif —eif’ | < Ae 7 7
The reader can check that C4 is bounded independently of A and Alim C4 = 0. Since
—00
E[ <\ /In % fol Ze(tun) =3B Ze (tu)?] du) ] is also bounded independently of everything (by comparison

with Mandelbrot’s multiplicative cascades as explained in the [12, appendix| and [13, appendix
B.4]), we are done if we can show that for all ¢ € [0, 1]

2(i+1)A ) . o
hm E sup \/ln / Zs(tvele)—%E[Zs(tvele)zldg) } =0. (4.5)
=0 2iAe

0<7,<
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Notice that this quantity is less than
(In %)”‘/%a]E [(esupee[o,zﬂ Ze<t,e”>—%E[Ze<me”>2}) “} . (4.6)

To estimate this quantity, we use the main result of [1]: more precisely, setting

1 3 1
me=2In— — =—1Inln —,
e 2 €

we claim that there exist two constants C, ¢ > 0 such that for € small enough

Va >0, ]P( max Z(t,e) — m,
0€[0,27]

> x) < Ce ™,

In particular we get that for o < ¢

sup E {(esupge[oy%r] Ze(t7ei0)> a} < o,
€

Plugging this estimate into (4.6), we see that the quantity (4.6) is less than

L\ a2 a ame Ly-a
o) e — ¢ (In o) ™"

C'(ln

for some constant C’ > 0. This proves the claim (4.5), hence the convergence in law of the random
measure M} towards M’ = F(W,Y).

Now we deduce that the family (W, Y, M!). converges in law. Take any smooth function R on
[1, +00[x 0D with compact support, any continuous function g on 9D, any bounded continuous
function G on R and v € R. We have by using the Girsanov transform

E[EW(R)—l—uYG(Mel (g))] _ e%Var[W(R)-l—uY]E[G(MEI (eTe (R)g)]

where T,(R) is defined in Lemma 4.4. The quantity in the right-hand side converges as ¢ — 0

towards
e2 VW I HYIRIG (M (T ) )] = Bl Y G (M (9))).

Hence our claim about the convergence in law of the triple (W,Y, M}). towards (W,Y, M’ =
F(W,Y)).

Now we consider the family (W,Y, M}, F(W,Y)),, which is tight. Even if it means extracting
a subsequence, it converges in law towards some (W, Y, M, M). We have just shown that the law
of (W, Y, M) is that of (W, Y, F(W,))), i.e. the same as the law of (W,), M). Hence M = M
almost surely. Therefore M! — F(W,Y) converges in law towards 0, hence in probability. Since
the convergence in probability of the family (M}), implies the convergence of probability of every

—

family (M,), that has the same law as (M})., the proof of Theorem 4.1 is complete.

€
Finally, one can notice that instead of Xgp . we could have considered any smooth convolution

approximation of X. O

Proof of Theorem /.2. Let us consider the Poisson kernel on the unit disk

VO<r<LVoe[0,2n], Pu(0)=> rl"lem?
nez
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We can then consider the harmonic extension inside the unit disk of the trace of the GFF Xgp

along the boundary

. 1 [27 .
Py(re®) = o / Po(6 — t)Xop (™) dt.
0

It is plain to see that Px is a continuous Gaussian process inside the unit disk. If we set
X = Xop — Py,

one can check that we get a GFF with Dirichlet boundary condition in the unit disk. Therefore, by
continuity of Py inside D, the convergence in probability of the random measures (€2 eXf’ID%e(m)d)\)6
boils down to showing the convergence in probability for the random measures

(€? eX?ir(“"”)d)\)6

where (XDI'). stands for the circle average approximations of the GFF XP. Given the fact that
the Seneta-Heyde norming has been proved in [13] for a white noise decomposition of X Dir e
can use the same argument as in the proof of Theorem 4.1 to show that convergence for the
white noise approximation family entails the convergence in probability for the circle average
approximations. ]

From now on, the construction of the Liouville LQG on the unit disk for v = 2 follows the
same lines as for v < 2 by taking the limit as € — 0 of the quantity

Hg;,;gu(sg'ﬁj)j (g’ F) (47)

_eﬁ (f]m ‘8lng|2d)\+fam,4lngd)\a>

of
lim E[F(Xam) +c+1ng) HETeai(c+XaD,e+1ng)(zi)

82 B, 2
HeTjeTJ(C—i-Xam,e-i-lng)(sj) exp ( _ E/DRQ(C + Xop) dhg — e/~ n EE2/

e2(Xop,c+Ing) d)\>
j D

exp ( — o= | Kylc+ Xop) dhog — poe®V—1In ee/6 e(Xop,cHng) d)\aﬂ de.
D

2T oD

defined for all continuous and bounded functional F' on H~'(D). From now on, the properties of
LQG (and their proofs) on the disk for v = 2 are the same as for v < 2 except Proposition 2.3,
which needs some extra care that we treat now.

Proposition 4.5. The quantities below are almost surely finite

/er@Dd/\ and / X d\op.
D oD

Proof. Recall the sub-additivity inequality for a €]0,1[: if (a;)1 < j < » are positive real numbers
then
(a1 +-+ap)® <af +- +ap.

Now we use Kahane’s convexity inequality [24, Theorem 2.1] to compare the Gaussian multiplica-
tive chaos with standard dyadic lognormal cascade (once again we refer to [12, Appendix B.1] for
full details). We consider the dyadic tree with i.i.d. weights with Gaussian law A(0,In2) on the
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edges of the tree and denote by Y/ the sum of these weights starting from the root up to the dyadic
indexed by j at generation n. We denote by (Z;); an i.i.d sequence (independent of everything)
standing for the mass of the dyadic cascade at criticality rooted at the dyadic j at generation n.
From [21] these random variables have distribution tail P(Z; > z) < % for some constant C' > 0,
and E[Z]q] < oo for ¢ < 1. Hence we get

s
< Z 22”0‘E[</ 62X3D(x)_2E[X§D}d)\>a]

1-2=7  |z|2 € 1-2—n-1

nelN
2V2(Y]'=v2In2n)
< ;NEKzZe )
- T (S e ']

Let n €]0,1[. By Jensen and for some constant B > 0

Jj=1 Jj=1

n

2 2V2(1—n) (Y] —v2In2n+55- Inn)\ Ton
e

From [21] again, this last expectation is bounded independently of n provided that we choose
2a(1 —n) < 1. In that case, up to changing the value of B, we get

_ 1 a 1
]E[(/]De2X3D(I) 2E[X§m17(1_ ‘xP)Z)d)\) | < B%@,

which can be obviously made finite provided that o > 1/3. O

5 Conjectures related to planar quadrangulations with boundary

We consider T, the set of quandrangulations of size n with a simple boundary of length 2p with
one marked point on the frontier and one marked point inside. Now to each quadrangulation T’
with marked point inside and a marked point on the boundary we associate a standard conformal
structure (by gluing Euclidean squares along their edges as prescribed by the quadrangulation)
and map it to the disk such that the interior point gets mapped to 0 and the frontier point to 1.
We give volume a? to each quadrilateral and length a to each edge on the boundary: we denote
vT,q the corresponding volume measure and 1/52 (dz) the corresponding boundary length measure.
Recall that we have the following asymptotics as n,p — oo Wlth L fixed (see appendix):

Tl ~ 012200 250 -
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and we set u© = In12, pu§ = =In-< 7 (these two constants are not universal as they depend on the map

one considers, i.e. are different for triangulations, etc...). Now, we consider the measures (v, ?)
defined by the following expression for all F

E[F (v (dzx), 0 Ze_“N —HoZp Z (v q(dx) VTa(dm))
TeTN,p

where the constants i, fig are functions of a defined by fi = p. + a’u, fig = 1y + apy and Zg is a
normalization constant. We can now state a precise mathematical conjecture:

Conjecture 1. The limit in law lir%(ua(dx), v9(dx)) exists in the product space of Radon measures
a—
equipped with the topology of weak convergence and is given (up to deterministic constants) by the

Liowville measure of LQG with parameter v = \/g, g and g =y, 1 = v and points z; = 0,
S§1 — 1.

Here we give a few more details on the above conjecture. It states the existence of constants
C,c > 0 such that

3 a 0 (Zuaz)u(s 75 )
limy B[P (v, (do), 02 (d)] = B 00  [F(CZ, c25)

where (Z, Zy) is given in subsection 3.6 with v = \/g, u, o and aq =y, f1 = 7 and points z; = 0,
s1 = 1. The constants C, ¢ are non universal in the sense that they depend on the planar map you
consider. For instance, the constants C, ¢ will be different if you consider triangulations instead of
quadrangulations. This can be seen directly on the asymptotics of planar maps: the joint law of
the volume and the boundary length will be given by the following density within the regime of
conjecture 1 (see appendix 6.1)
Ly zeat ol =iy iy,
R

In fact, the above distribution should be universal, i.e. should not depend on the planar map

2
model, except for the % constant in e~ 167 which is specific to quadrangulations and in the case
of triangulations (for instance) one should get a different constant than 1%. On the LQG side, it is

natural to conjecture that for v = \/g there exists some constant C' > 0 such that for all function
F

(2i,00)i,(85,85);
E PREIVITR(Z(D), Zg(0D))] =
) [P(2(D), 20D = g

/ / F(V,Z)V—3/211/2e—ﬂve—ﬂale—0§dde.

where (2, )i, (s4,3;); are as in conjecture 1. Finally, let us mention that one could also state
similar conjectures with three distinct marked points on the boundary (instead of one interior
marked point and one marked point on the boundary) or/and by conditioning on the measures
to have fixed volume (instead of the Boltzmann weight setting of conjecture 1). For instance,
within the framework of three marked points on the boundary (s;)1 < ; < 3 each with weight v and
ey = 0, one recovers the following very simple formula for the interior volume measure conditioned
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to have volume 1 (with the notations of section 3.6) that is the conjectured scaling limit of the
corresponding volume measure of planar maps conditioned to have volume 1

Q
E[F (2440 7,(D) /2%
B (7)) (D) = 1] = @0 L
o E[Zy(D)~®/273)]

6 Appendix

6.1 Asymptotics of quadrangulations with a boundary

Here we take material from [4] (see also [5]). Let 7, denote quandrangulations of size n with a
simple boundary of length 2p and a marked point on the frontier. Then we have
LGt @otp-1)!

Tnpl = pl2p— 1) (n—p+ Di(n+2p)°

We are interested in the asymptotics of |7, ,| as n,p — oo with & ﬁxed Notice that we have
within this asymptotic:

(2n +p— 1)! N\/%22n+p—1€(2n+p—1)1nn+p—1+%—(2n+p—1)\/%7
(n—p+ 1)~ /27Te("_p+1)lnn_p+l+§%_("—p+1)\/57

(1 + 2p)! ~/Zen 20 k20 205 (k2p)

2n+p-—1)! N\/T —~5/292n+p—1 ——:_
(n—p+1)(n+ 2p)! T

(3p)! V3 2T
i -1~ v

Hence, we get that

Also,

in such way that we get

9., _r/0V3p _9?
| Tnpl ~ 12"(5)% 5/2W€

Finally, if 7, denotes the set of quandrangulations of size n with a simple boundary of length 2p
with one marked point on the frontier and one marked point inside then we get

T| ~ 12 2pln —3/2\/ 9(2”>2
n7p

6.2 Some auxiliary estimates

Here we give hints for some estimates used in the proof of Theorem 3.1 and Proposition 3.2. We
stick to the notations used in this proof.
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Lemma 6.1. On boundary behavior of the regularized Green function G¢: remember that D, is the
disk of radius € centered at 1 — 2¢, we claim that

sup sup |Ge(z,z) + 2Ine| < 400.
e>0 €D

As a consequence, one sees that if x € D,
1 1
E[Xop.(r)?] —2In~| < C, |Ge(z,1) —2In~| < C
€ €

Proof. Let us calculate G¢(x,x) for € >0 Small enough. Recall that the non-regularized Green

functlon G(z,y) is the sum of In (E= y‘ and In =3 wy| We have already seen that the e-regularization
of In | m part of G (z,z) will simply be —Ine as in the proof of proposition 2.1. Now for the
In = wy| part, we remark a scaling relation: we can compare what is happening at € with that at
€/2 via the following observation (with a,b > 0 both small of order ¢)
o la/2 4+ b/2 — ab/4| T 1 I la+b—ab/2| _ |ab/2| <lal
la + b — ab| 2 la+b—abl ~ |a+0b— abl

By taking a = 1 — (z + e¢®?) and b= 1 — (T — ee’?’) we can establish

1
sup sup —dfdf’ + Ine| < 400
wop iz [ i erenere |

Together we get the first part of the lemma.
The first inequality in the second part of the lemma comes as a direct consequence. The second
inequality can be proved using a similar scaling relation as in the above proof. O

Now we establish another estimate concerning the process Y.. Recall that Y, is the Gaussian
process defined as Y(u) = Xpp (1 — eu) — Xop (1) and D(2,1) is the disk centered at 2 with
radius 1.

Lemma 6.2. For all z,2' € D(2,1),

uniformly in 0 < e < 1.
Proof. 1t suffices to prove that uniformly in e,
|Ge(1 —€2,1 —€2) — Ge(1 —ez,1 —€2')| < Clz = 2].

For the lnl m part of G, it suffices to prove that the following function is Lipschitz in r for

r € [0,2]
f(r)—i/ / m—_dpde’
472 Js, Js, e —rei?|

notice that f(1) = 0. But we have already seen that f(r) = 0 when r < 1 and this implies that
f(r)y=Inr when r>1
As of the In = _| part, we will write the difference as

o i0 = = 0’
/ / \1 (x +ee )((ye )—i—a:;ee )’dedé’
%, JS, ’1— T + eet )(Z""E v )’
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y—x
€

47T2/ / |1/€? — x/e+ew)(t+x/e+e“’)]dede,
s /8,

and this becomes

where x =1 — ez and y = 1 — €2’. Then we note t =

|1/€2 — (x/e + €)(T /e + )]

As the derivative with respect to t is continuous and uniformly bounded in € for |t| < 2, our proof
is complete. O

6.3 Proof of Lemma 4.4
We introduce the Fourier coefficients oy, (n) > 0 for n € Z,v € [1, 00| given by

1 °n —ind 0 1
— e (1 —|v(e" —1)[2)+df.
0

]av(n)F = o

We consider a standard white noise W on [1, 00[xdD and we set

21 —znu
29 Zav m@\/ﬁ/ / d’U d’LL)

ne”L

Observe that a,(n) = a,(—n) for n > 0 in such a way that X, is real-valued. Then we can check

that 1
_ — d’[) B . a1 d'U
EXE ZGX 26 n(0—0") / 2_:/ 1— 0 i\ |5 -
X Xalem)] = 3 e P = [T e =T
nez
Also, notice that we have

2w —znu
ey Zav 2”9/ / W (dv, du).

neL 27”}

Now we compute the correlations between the family (X.). and the white noise W. We consider
a smooth function H : [1,4+o0co[— R with compact support and a smooth function f on 9D: we set
F=H® f and

W(F H(v)f(e™)W (dv, du).

7
V2 [1,400[x[0,27]

Therefore, by considering the Fourier coefficients (¢, (f)), of f, we obtain

Te(F)(e”) =E[X(e”)W (H @ f)]

1 av(n) ind . .
= — e f(e")e ™ H(v) dvdu
22 [L,1/e[x[0,27] VU (") (®)

=3 ea(f)en? / » ai/(g)H(v) o,

n [17

Because H has compact support, it is readily seen that this series defines a continuous function of
#, which converges uniformly as ¢ — 0 towards a continuous function given by

T(F)(e") = Z cn(f)e™ /[1 [ ai/(g)H(v) dv.

32



6.4 Backgrounds on fractional Brownian sheet

We look at the main theorem in [1] and we slightly modify the hypothesis (1.2).
Let {(Y® : 2 € [0,1]%}e=0 be a family of centerd Gaussian fields indexed by [0, 1]% where d is the
dimension of the space. We suppose that for some constant 0 < Cy < oo,

v,y € [0,1]%,Ve > 0, |Cou (Y7, YY) + log(max{e, |o — y})| < Cy (6.1)
E[(Y) = Y¥)?) < Oye ' Pla —y| 2 it | —y| < e (6.2)
where | - | is the Euclidean distance.

We claim that

Theorem 6.3. There exist constants 0 < ¢,C < oo and a small €9 > 0 (all depending of Cy and
d) such that for all 0 < e < €y and all X > 0,

P[| max Y* —m.| >\ < Ce™
x€[0,1]¢

We adapt the proof by introducing the fractional Brownian sheet. Recall that a (one-dimensional)
fractional Brownian sheet Bl = {B{!,t € RV} with Hurst index H = (Hy,...,Hy),0 < H; < 1
is a real-valued centered Gaussian field with covariance structure

(Is;[25 + [t — |s; — t;1279),5,t € RN,

DO | =

N
E[BY ()Bs' (0] = ]|
j=1

In particular Bé{ is self-similar, i.e. for all constants ¢ > 0,
{BI(ct),t € RN} = {Zi= Hi Bl (1), t € RN}

in distribution.

In view of comparing with equation (6.2), we will choose a d-dimensional vector H with all H;
equal to 1/4. Let us denote this particular fractional Brownian sheet by ®.

We now define the field ®, on [0, ¢[? by linearly shrinking the region [p,2p[¢ of ® onto [0, €[?, that
is, (®(z),2 € [0,€e[?) = (®(I(x)),1(x) € [p,2p[?) where [ is the affine map from [0, €[? to [p, 2p[®.
Notice that ®. depends on the choice of p, and p can be chosen as large as desired.

Let us recall two estimations that are useful for the proof (compare with equations (2.7) and (2.8)
in [1]):

Following the definition of fractional Brownian sheet:

pd/2 < Var(®(z)) < (210)‘”2 (6.3)

Combine self-similarity of ® with lemma 3.4 from [2] we deduce that there exist ¢, C' > 0 such that

1/2

cp2e 2|z — y|y* < E[(®e(x) — De(y))?] < CpH2e |z — yl, (6.4)

where | - |3 is the 2-norm, which is equivalent to the Euclidean norm.

New following [1] we will divide [0, 1[¢ into boxes of side length ¢ > 0 and assign values to each
box using independent copies of ®..

We first recover lemma 2.2 in [1]. We claim that
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Lemma 6.4. There exist constants 0 < ¢,C' < oo (depending on p and d) such that

sup P(sup ®.(z) > \) < Ce N (6.5)
veVe ey

To prove this lemma we use Fernique’s majorizing measure argument. Notice that
B(z,r) = {y € O : E[(®c(z) — D.(y))?] < 7‘2} S{yeny: Cp2e /2|y — x];ﬂ < 7’2}

so that
u(B(z,r)) > Cr'

for some C' > 0 depending on p and d.
Applying the majorizing measure technique we obtain

E[sup @.(x SC/ —log(cridydr < C < o0
[ ()] oV g(crid)

xely

then we complete the proof of lemma 2.2 by invoking Borell’s inequality:

E[sup & () > C + \] < e V/2@)"*

zedy

the quantity on the right results from (6.3).
We then follow exactly the same steps as in [1] (the only difference is to replace some d’s by d/2’s
because of (6.3)) to recover the main theorem.
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