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We construct a stochastic process, called the Liouville Brownian mo-
tion, which is the Brownian motion associated to the metric e’ X(@ dzz,
y < ¥Yc =2 and X is a Gaussian Free Field. Such a process is conjectured to
be related to the scaling limit of random walks on large planar maps even-
tually weighted by a model of statistical physics which are embedded in
the Euclidean plane or in the sphere in a conformal manner. The construc-
tion amounts to changing the speed of a standard two-dimensional Brow-
nian motion B; depending on the local behavior of the Liouville measure
“My (dz) = e?X@) 4z We prove that the associated Markov process is a
Feller diffusion for all y < y =2 and that for all y < y,, the Liouville mea-
sure M, is invariant under Py. This Liouville Brownian motion enables us
to introduce a whole set of tools of stochastic analysis in Liouville quantum
gravity, which will be hopefully useful in analyzing the geometry of Liouville
quantum gravity.

1. Introduction. An important issue for applications in 2d-Liouville quan-
tum gravity is to construct a random metric on a two-dimensional Riemann man-
ifold D, say a domain of R? (or the sphere) equipped with the Euclidean metric
dz2, which takes on the form

(1.1) e’ @ az?,

where X is a Gaussian Free Field (GFF) on the manifold D and y € [0, 2) is a
coupling constant that can be expressed in terms of the central charge of the model
coupled to gravity (see [14, 29] for further details and also [18, 24, 31] for in-
sights in Liouville quantum gravity). The simplicity of such an expression hides
many highly nontrivial mathematical difficulties. Indeed, the correlation function
of a GFF presents a short scale logarithmically divergent behavior that makes re-
lation (1.1) nonrigorous. One has to apply a cutoff procedure to smooth down the
singularity of the GFF and the method to do this at a metric level remains unclear.
However, many geometric quantities are related to this metric and for some of
them, the cutoff procedure may be applied properly. For instance, the construction
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of the volume form, also called the Liouville measure, was carried out by Kahane
within the framework of Gaussian multiplicative chaos [27] (see also [21, 36, 37]
for more recent constructions based on convolution techniques). This allows us to
give a rigorous meaning to the expression

(1.2) M, (A) = / I X@O-0ADEX @ g,
A

where dz stands for the volume form (Lebesgue measure) on D [to be exhaustive,
one should integrate against £(z) dz where & is a deterministic function involving
the conformal radius at z but this term does not play an important role for our
concerns]. This strategy made possible an interpretation in terms of measures of
the Knizhnik—Polyakov—Zamolodchikov formula (KPZ for short, see [29]) relat-
ing the fractal dimensions of sets as seen by the Lebesgue measure or the Liouville
measure. The KPZ formula is proved in [21] when considering the fractal notion of
expected box counting dimension whereas the fractal notion of almost sure Haus-
dorff dimension is considered in [6, 34] (see also [9]). The reader may consult [7,
9, 14, 16, 18-20, 23, 24, 31, 35] for more references on this topic. Another impor-
tant part of the theory which we do not review here is that it is conjectured to be
the scaling limit of discrete quantum gravity: the reader may consult [21] for more
on this topic as well as physics references therein.

Another powerful tool in describing a Riemann geometry is the Brownian mo-
tion. With it are attached several analytic objects serving to describe the geome-
try: a semigroup, a Laplace—Beltrami operator, a heat kernel, Dirichlet forms, etc.
Therefore, a relevant way to have further insights into Liouville quantum gravity
geometry is to define the Liouville Brownian motion (LBM for short). This is the
purpose of this paper. It can be constructed on any background 2d-Riemann man-
ifold equipped with a GFF X and can be seen as the Brownian motion associated
to the metric e?*® gdx? where y € [0, 2[ is a parameter and dx? stands for the
metric on the manifold.

In this paper and for pedagogical purposes, we will mostly describe the situation
when the underlying manifold is the whole plane R?, in which case it is natural
to consider a Massive Gaussian Free Field X on R? (MFF for short). We will also
explain how to adapt our framework to the cases of the sphere S?, the torus T2
or planar bounded domains. More generally, it is also clear that our methodology
may apply to any 2-dimensional Riemann manifold equipped with a log-correlated
Gaussian field and yields similar results. Let us also mention that another work
[10] appeared online simultaneously to ours and is concerned with the LBM start-
ing from one point: the paper [10] proves that for fixed x, one can define almost
surely the LBM starting from x (the work [10] also initiates a multi-fractal analy-
sis of the LBM starting from one point). We will show that almost surely we can
define the LBM starting from all x, hence obtaining the existence of a diffusion
process associated to the tensor (1.1) and all the related stochastic analysis tools.
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Finally, we point out that the notions of diffusion or heat kernel are at the core of
the physics literature about Liouville quantum gravity (see [3,4, 12, 13, 15, 16, 41],
e.g., among a huge amount of other works). For instance, a heat kernel derivation
of the KPZ formula is obtained in [16]. The fractal structure of quantum space—
time is also investigated in [3, 4, 15, 41] via diffusions and heat kernel properties,
obtaining relations about the fractal dimensions of quantum space—time.

2. Liouville Brownian motion on the plane. In this section, we construct
Liouville Brownian motion on the whole plane. Regarding the physics literature,
the natural free field to consider on the whole plane is the Massive Gaussian Free
Field (MFF for short). So we first remind the reader of the construction of the MFF
after introducing a few basic notation. Then we recall the construction of Gaussian
multiplicative chaos associated to the MFF and state a few basic properties, which
are used thereafter to construct the Liouville Brownian motion.

2.1. Basic notation and terminology.

Basics. In what follows, the Liouville Brownian motion that we are going to
construct will be denoted by (B¢)i>0. We distinguish the (quantum) time t along
Bt and the (classical) time ¢ along a standard Brownian motion B;. The open ball
centered at x with radius R is denoted B(x, R) and the closed ball B(x, R). S? and
T? stand for the two-dimensional sphere or torus.

Functional spaces and analysis. The space of continuous functions with com-
pact support in a domain D (resp., vanishing at infinity on R?, resp., bounded
functions on D, resp., continuous functions on R equipped with the sup-norm
topology over compact sets) is denoted by C.(D) [resp., Co(R?), resp., Cp(D),
resp., C(R4)].

The standard Laplace—Beltrami operator on a manifold is denoted by A. We
will say that a semigroup on Cp(D) is Feller if the semigroup maps Cp(D) into
itself. We will say that a Markov process on D is Feller if its semigroup is.

Positive continuous additive functionals and Revuz measures. Let us consider
a standard Brownian motion (2, (B;)r>0, (F1)r>0, (IPf)xeD) in D (with D = R?,
S? or T?). It is reversible for the canonical volume form dx of D. We suppose that
the space 2p is equipped with the standard shifts (6;);>¢ on the trajectory. One
may then consider the classical notion of capacity Cap associated to the Brownian
motion (see [22]). The set K is said polar when Cap(K) = 0.

A Revuz measure p is a Radon measure on D which does not charge the polar
sets. A positive continuous additive functional (PCAF) (A;);>0 is a F;-adapted
continuous functional with values in [0, oo] that satisfies for all w € A:

Args(w) = As(w) + Ay (Qs (U)))7 5,1 >0,
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where A is a subset of 2 such that Vx € D, [Pf(A) =1 and 6,(A) C A for
all + > 0. In particular, we will always consider PCAFs defined for all starting
points x € D (they are sometimes called PCAF in the strict sense in the literature,
especially in [22]).

Massive Gaussian Free Field on the plane. 'We consider a whole plane Massive
Gaussian Free Field (MFF) (see [25, 39] for an overview of the construction of
the MFF and applications). Given a real number m > 0, it is a centered Gaussian
random distribution (in the sense of Schwartz) with covariance function given by
the Green function G, of the operator m? — A, that is,

(m* — A)Gp(x, ) =276,.

Notice that G,, is 7 times the Green function of the Brownian motion killed at
rate m?/2. It is a standard fact that the massive Green function can be written
as an integral of the transition densities of the Brownian motion weighted by the
exponential of the mass:

@2.1) Ve, y R, Gulx,y) = /°° e—(mz/z)u—u—yz/(zu);i_“_
0 u

Clearly, it is a kernel of o-positive type in the sense of Kahane [27] since we
integrate a continuous function of positive type with respect to a positive measure.
One can also check that

2.2) G(x,y) =In

+ gm (-x’ )’),
lx =yl
for some continuous and bounded function g, and Iny x = max(Ilnx, 0).
It is furthermore a star-scale invariant kernel (see [2, 33]): it can be rewritten as

0 ki (u(x — y)) du
u b

2.3) Gm(x.y) = f1

for some continuous covariance kernel k,,, (z) = % I e~/ QUIP=v/2 gy 1 par-
ticular, we will make intensive use of the following relation, valid for € € ]0, 1]:

Xy 1
2.4) Gm(x,y)SGm(—,—)+ln—.
€ € €

Now we consider an unbounded strictly increasing sequence (c,),>1 such that
c1 = 1. For each n > 1, we consider a centered Gaussian process Y,, with covari-
ance kernel given by

ok —
2.5) E[Y, (x) Y ()] = / Mdu.

The reader may check that such a process is stationary and has smooth sample
paths (to check this point, apply the Kolmogorov criterion to Y, as well as its
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derivatives in the standard manner). The MGFF is the Gaussian distribution defined
by

X() =) Yal),
n>1
where the processes (Y,), are assumed to be independent. We define the n-re-
gularized field by

(2.6) Xo() =) Vi),
k=1

Actually, based on Kahane’s theory of multiplicative chaos [27], the choice of the
decomposition (2.6) will not play a part in the forthcoming results, except that it is
important that the covariance kernel of X, be smooth in order to associate to this
field a Riemann geometry.

NOTATION 2.1. In what follows, we will consider a Brownian motion on
R? (or other two-dimensional manifolds) (25, Fg, (B1)i=0, (F1)i>0, ([Pf)xeRz).
We will also consider a MFF X (and all the corresponding (Y,),) defined on a
probability space (2x, Fx, PX). So we consider a measurable space (2, F) =
(R2x x Qp, Fx ® Fp) on which are defined both the MFF X and the Brown-
ian motion B. On this measurable space are defined the probability measures
P, = PX ® P2 (with expectation [, ) for all x € R%. Notice that under P,, the MFF
X and the Brownian motion are independent. We will also denote by F,, the sigma-
algebra generated by the fields (Yx)k<p, thatis, F, =o{Yix(x); k <n,x € R2}. Fi-
nally, we mention that we will sometimes consider other Brownian motions B, W:
the convention of notation will be the same as for B.

2.2. Gaussian multiplicative chaos. Let us fix y > 0. We consider the random
measure for n > 1 (the constant ¢, is defined in the previous subsection)

2.7 M, (dx) = Cn—)/z/Zean(x) dx,

defined on the Borel sets of R2, which will be called n-regularized Liouville mea-
sure. Classical theory of Gaussian multiplicative chaos ([27] or [35], Theorem 2.5)
ensures that, PX almost surely, the family (M,),> weakly converges as n — 00
toward a limiting Radon measure M, which is called the Liouville measure. The
limiting measure is nontrivial if and only if y € [0, 2). We will denote by &;, the
power law spectrum of M (see [2, 5, 34], e.g.):

y? v:
(2.8) Vp =0, SM(p)=(2+7>p—7p .
Recall (see [27] or [35], Theorems 2.11 and 2.12) that for all bounded Borel set A
and p < 4/y2, we have E[M(A)P] < 400 and that
(2.9) supr M P E[M(rA)P] < C,

r<l

for some constant C, only depending on p.
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Let us emphasize that Kahane’s theory of Gaussian multiplicative chaos ensures
that the law of the measure M does not depend on the chosen regularization (X}),
of X (see [27, 35, 37]). Furthermore, in the case of a GFF X on a planar domain,
this result is reinforced in [21] for the Liouville measure: the authors prove that
circle average approximations of X and projections of X along any H ! basis yields
almost surely the same Liouville measure. For more recent results on existence and
uniqueness, see [38].

We state below a result about the local modulus of continuity of the measure M
as well as its approximating sequence (My,),.

THEOREM 2.2. We set o =2(1 — %)2 > 0. Let € > 0 and R > 0. PX-almost
surely, there exists a random constant C > 0 such that:

sup  sup supr (M, (B(x,r))) + M(B(x,r)) < C.
re(0,1) xe[-R,R]2n>1

PROOF. It suffices to prove the result only for M because (M,), is a martin-
gale converging a.s. toward M (use Doob’s inequalities to estimate the sup,, M, in
terms of M).

We take R = % for simplicity. Now, we partition [—%, %]2 into 22" dyadic

squares (I,{)15j522n of equal size. If p belongs to ]O, %[, we get

. 1 B .
[PX( sup M([r{)22<a_€)n)§2p(a e)n[EX|: Z M(InJ)P]

1<j<22n 1<j<2n

Cp
<
— 26m(p)—2—(a—€e)p)n "’

By taking p = % in the above inequalities [i.e., §y/(p) —2 — (¢ — €)p > 0] and
by using Borel-Cantelli’s lemma, we obtain that, PX almost surely, there exists a
random constant C such that

C
z(a—e)n

sup M(I,{)S Vn > 1.

1§j§22n
We conqlude by the fact that each ball B(x, r) is contained in at most 4 dyadic

squares (1] )1<j<22n When we choose n such that 2n1+1 <r< ZL" U

2.3. Potential of the measure M. For each R > 0, let us introduce the Green
function G g of the Laplacian on the ball B(0, R) with Dirichlet boundary condi-
tions, that is, (8, stands for the Dirac mass at x)

(2.10) AGR(x,-)=—28,("), Gr(x,)aB0,R) =0.

Keep in mind the distinction between the massive Green function G,, defined
by (2.1) on R? and the Green function G g on a ball B(0, R). Despite the simi-
lar notation, this should bring no confusion as we will always refer to the massive
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Green function when the subscript is m and the Green function on balls when the
subscript is R.
We introduce the R-potential of a Borel measure u on R? by

Vx € B(O, R), gr(p)(x) 1=/ GRr(x,y)u(dy).
B(0,R)
Let us consider the set of measures
M={M,;n>1}U{M}.

Furthermore, for x € R2, we denote by M? the shifted measure M?(-) = M (z + ).
Now we use Theorem 2.2 to prove the following.

PROPOSITION 2.3.  For any R > 0, PX-almost surely, we have:

1. Sup, e 1 SUPxep(0, k) R (M) (X) < +00,

2. for any u € M, the mapping x € B(0, R) — gr()(x) is continuous,
3. Sup,ep(.r) IR (Mp)(x) — gr(M)(x)| — 0 as n — oo,

4. for any zg € R2, lim,_, ,, SUD, < B(0. R) lgr (M?)(x) — gr(M%)(x)| =0.

PROOF. Recall that the Green function G g satisfies for all x, y € B(0, R)

+C

1
(2.11) Gr(x,y)<—1In
T x =yl

for some constant C. Therefore, it suffices to prove that

1
sup  sup / In u(dy) < 4o0.
ueMxeB(O.R)JBO.R)  |x —y|

From Theorem 2.2, we can find a constant C and « > 0 (depending on y and R)
such that for all x € B(0,2R) and all r € (0, R)

sup u(B(x,r)) <Cr.
nem

For 1 € M, we have

1 1
/ In p(dy) < Z/ In n(dy)
B(0.R) =0"B lx — vl

|x N y| (0’R)m{z_"R<|x—y|§2—n+1R}

(2.12) <> (In2—InR)u(B(x,27""R))

n>0
<C2*) (nIn2—InR)R*27*".
n>1

This latter quantity is finite and does not depend on x or i € M. This proves the
first part of our statement.
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For the second statement, consider a function 6 : R — R such that 0 <0 < 1,
0(x) = 1 for |x| <1 and 8(x) =0 for |x| > 2. For § > 0 set 65(x) = 6(x/§) and
Os(x) =1 — 6s(x). Choose u € M. Observe that for all § > 0

gr() () = fB o g GROE DB = Yy

0,R
GRr(x, )0s(x — y)u(dy)
B(O,R)

=1 Ay s(x)+ Dy s(x).

(2.13) +/

We will show that the mappings x — D, s5(x) converge uniformly toward x >
gr(n)(x) as § — 0. As it is obvious to check that the mapping x — D, 5(x)
is continuous with the help of standard theorems of continuity for parameterized
integrals, this will show that x — gr(u)(x) is continuous. So, let us show that
the family of mappings x — A, s(x) converges uniformly toward 0 on B(0, R) as
6 — 0. From (2.11) again, it is enough to show that

sup / In Os(x — y)u(dy) — 0 as § — 0.
xeB(0,R)VBOR) X =]

In fact, we will prove a stronger statement. With computations similar to (2.12),
we get

1
sup/ In
peMJIBOR)  |x =yl

(2.14) < sup

HEM y>102/(— In4s)

<Cln2 > (4127
n>In2/(—1n4é)

Os(x — y)u(dy)

/ In
B(O,R)N2"~1<|x—y|<271}  [x — |

wu(dy)

This latter series converges to 0 as 6 — 0. The function gg(u) is thus continuous
as a uniform limit of continuous functions.

We now prove the third statement. Sticking to the previous notation (2.13), we
have

grR(My)(x) =: Ap, 5(x) + Dy, ().

From (2.14), we have sup, ¢ 1 SUP,c3(0.R) | An,s(X)] — 0 as § — 0. Therefore,
it suffices to prove that for each fixed § > 0, the family (Dyy, 5), converges
uniformly on B(0, R) toward Dy s. Point-wise convergence is ensured by the
weak convergence of the family of measure (M,), toward M as n — oco. We
just have to show that the family (D, s), is relatively compact for the topol-
ogy of uniform convergence on B(0, R). For each fixed § > 0, the mapping
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(x,y) > Gg(x, y)ég (x — y) is continuous on B(0, R)? and, therefore, uniformly
continuous. The quantity

w(n) = sup |GRr(x, y)05(x —y) — Gr(x', y)0s(x" — y)|
|x—x’|<n,(x,x’,y)€B(0,R)3

thus converges toward 0 as n — 0. We have for x, x" € B(0, R)2
| D, 5(x) = D, 5(x")| < o|x — x'|) My (B(O, B)).

We complete the proof with the Arzela-Ascoli criterion and the relation
sup,, M,,(B(0, R)) < 400 almost surely. The proof of item 4 can be handled the
same way, so we let the reader check the details. [J

2.4. Approximation and construction of the PCAF of M. For R > 0, we fur-
ther introduce the stopping time

Tg =inf{r > 0; B; ¢ B(0, R)}.

Observe that Theorem 2.2 (or Proposition 2.3) implies that each u € M does not
charge any polar set. Following [11], Proposition 3.2, we deduce that PX a.s. we

can associate to each . € M a unique PCAF (F/* ’R), such that the process

V>0, gr(W(Biaty) — 8R(W(Bo) + FF
is a mean zero martingale under [Pf for all x € B(0, R). The Revuz measure of the

PCAF F* R is y [restricted to the ball B(0, R)].

NOTATION 2.4.  When u = M, for some n > 1, we write F(t) instead of the
heavy notation FtM”’R. Similarly, we write Fg(t) for FtM R

It may be worth mentioning that we have the explicit expression
29 tATR X, (B,
(2.15) Fra)y=c, 7/ / e’ Xn(B) gy,
0

The purpose of what follows is now to establish the convergence of the family
of PCAFs (Fp), toward Fg. Following [8], we consider the following distance
between two Radon measures w, v on B(0, R):

dr(u,v) = sup |gr(W)(x) —gr()(x)].
x€B(0,R)

Now we state the following lemma; the proof of which is omitted as a straight-
forward adaptation of [8], Proposition 2.1.
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LEMMA 2.5. Forall R,n>0,x € B(0, R) and U1, 42 two Borel measures
such that dg (1, o) < 1, we have

P (sup| FI" — FF K| = ) < cexp

o)

for some constant cg that only depends (increasingly) on

sup  sup  gr(ki)(x).
i=1,2x€B(0,R)

From Proposition 2.3 item 3, PX-almost surely and for all R > 0, we have
dr(M,, M) — 0 as n — o0o. We deduce the following.

COROLLARY 2.6. PX-almost surely, for all x € B(0, R), we have

Pf(sup]F,’é(t)—FR(t)\zn>—>0, asn — oo.
t>0

THEOREM 2.7. PX-almost surely, there exists a uniqgue PCAF denoted by F
such that

F(t) = Fgr(1), fort < Tg.
Furthermore, PX -almost surely:

1. the Revuz measure of F is M,

2. forallx e R? and T > 0, P (sup,_ |cn_y2/2 fo e B dr — F(t)| > n) —
Oasn— oo, -

3. forall x € R?, I]Df—a.s., F is strictly increasing,

4. forall x e R?, PB-a.s., lim,_ o F () = +00,

5. the law of the pair (B, F) under IPf on the space of continuous functions
on R equipped with the topology of uniform convergence over compact sets is a
continuous function of x, meaning

Jim EP[G(B, )] =EL [G(B, F)]
for every bounded continuous function on C ([0, T], Ry) (for T > 0) and xg € R2.

PROOF. Existence and uniqueness of such a PCAF is a straightforward con-
sequence of the previous results.

Item 2 results from Corollary 2.6 provided that one takes R large enough to
make [Pfcg (Tr < T) arbitrarily small.

Item 1 results from [22], Theorem 5.1.3 and Lemma 5.1.10, and [11], Proposi-
tion 3.2. Indeed, this shows that F' coincides with the whole plane PCAF of the
measure M (recall that it does not charge polar sets).
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Now we focus on items 3 and 4. Obviously, PX-almost surely and for all x €
R?, the mapping ¢ € Ry > F(t) is increasing [Pf -almost surely. This mapping
thus defines a measure on R, which we still denote by F with a slight abuse of
notation.

From now on, we will use a few auxiliary lemmas along the main argument:
their proofs are postponed after that of Theorem 2.7. Recall the definition of (F,),
in Section 2.1.

LEMMA 2.8. For each fixed x € R?, [Pf-almost surely, for all t > 0 and
R >0, the family (Fg(t)), is a uniformly integrable martingale with respect to
the filtration (Fy)n, which converges PX-almost surely toward Fg(t). We have,
[Pf -almost surely, EX[Fr(t)] =1 A Tk.

We prove item 3. We fix x € R? and we first prove that P,-a.s. F is strictly in-
creasing. It suffices to prove that it is strictly increasing on [0, Tg[ for all R > 0. We
consider a nonempty interval [ = [s, t] witht < Tg. [Pf -a.s., theevent { Fr (1) > 0}
is an event belonging to the asymptotic sigma-algebra generated by the random
processes (Y;,),, that is,

{Fr(D) >0} € () o{¥k(x); x e R* k> N}.
N>1

As the processes (Yy)x are independent, we can use the Kolmogorov 0-1 law to
deduce that, [Pf -almost surely, the event {Fr(I) > 0} has PX -probability 0 or 1.
From Lemma 2.8, we have PZ-almost surely

EX[Fr(I)]=t—5>0.

Therefore, I]Df -almost surely, on the event {t < Tg}, the event {Fg(/) > 0} has
PX-probability 1. Then we can consider a countable family (1 p)p of intervals gen-
erating the Borel sigma algebra on [0, Tg[. IPf -almost surely, we have Fgr(I,) >0
for all p (and all R > 0). This shows that PX-a.s., F has full support PZ-a.s., which
equivalently means that the random mapping ¢ — F(¢) is strictly increasing.

So far, we have only proved that, for each x € R?, there is a measurable set
S, C  such that PX(S,) =1 and on S, F is strictly increasing under [Pf. Now
we want to show that there is a measurable set S C Q such that PX(S) = 1 and for
all x e R%, on S, F is strictly increasing under [Pf . Clearly, we can find a set S
such that PX(S) =1 for all x € Q2 and F is increasing on S under IPf. Now we
explain a coupling procedure that will serve to complete the proof of item 3 as well
as 4 and 5. Let us consider another Brownian motion W independent of B, X (even
if it means enlarging the space €2, we may assume that W is defined on the same
probability space than the MFF X and the Brownian motion B). We denote by
le”W the probability measure P2 ® [P;V. We state the following coupling lemma,
the proof of which is rather elementary and thus left to the reader.
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LEMMA 2.9. Let us denote by 1| the first time at which the first components
of B and W coincide and by 1> the first time at which the second components
coincide after t1:

7 =inf{u > 0; B) = W)}, © =inf{u > 7j; B = W2}

Under P2V | the random process B defined by

X,y ’
B (th’ Wtz)’ ift <1,
B, =1 (B}, W?), ifri<t<m,
(B,l, Blz), ift <t,

is a Brownian motion on R? starting from vy, and coincides with W for all times
t > 1. Furthermore, we have
vn >0, lim sup [Pf’yx(tz >n)—0 and [Pf’yx(tz <o0)=1.
§—0 2. ’ ’
x,yeR%; |x—y|<§

We can associate PX-as. to the Brownian motion B a PCAF, denoted by
F (B, ) to distinguish it from F, with Revuz measure M as prescribed in the be-
ginning of the proof of Theorem 2.7. It is also plain to check that PX-a.s., for all

X,y € R2, under [Pf’*yw, the marginal laws of (B, F) and (B, F(B,")), respectively,

coincide with the law of (B, F') under [Pf and [Ply9 .

Therefore, on S and for y € Q, P2V a.s., the PCAF F(B, -) is strictly increas-
ing on R ;. Furthermore, the coupling procedure (Lemma 2.9) also entails that the
mappings s € [12, +0o[+ F(s) — F(t2) and s € [12, +0oo[+— F(B,s) — F(B, 1)
are equal [Pf”yw a.s. Therefore, for any x € R? and y € Q?, the above discussion
shows that F(s) is strictly increasing for s > 1. If y is chosen arbitrarily close
to x, Lemma 2.9 shows that t; — 0 in probability. We deduce that F is strictly
increasing on R . This completes the proof of item 3 as we have shown that on S
for all x € R?, F is strictly increasing PB as.

We now prove item 4. Once again, the coupling procedure (Lemma 2.9)
shows that it is enough to prove item 4 PX a.s. for only one x € R?: because
[Pf”yw (12 < 00) =1 for all x, y, it is plain to deduce that [Pf(F(t) —ooast —
o0) = [Pf(F(t) —ooast— oo) forall y € R2. So we work under IPg.

We consider the following sequence of stopping times associated to the Brown-
ian motion:

T, =inf{t > 0,|B,|=2n},  T,=inf{t > T,,|B, — Br,| = }}.

We also consider an increasing sequence of integers (n;) j>1 such that the follow-
ing property holds for all / < k:

Z O(j’j/fk—l—i-l,
I<j<j'<k
(2.16)
with o ;7 = sup Gn(x,y).
\x|§2nj+l/4,|y|22nj/—l/4
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Such a sequence exists because G, defined by (2.1) satisfies G, (x, y) < ce—clx=yl
for |x — y| > 1 and some constant ¢ > 0. Recall that we identify F and its associ-
ated measure. From the Markov inequality and Fatou’s lemma, we obtain

u>0< N {F(T,. T,) sc})

1<j<k

Sck_lH[o[ I (F(]Tnj,fnj]))‘l]

I<j<k

2
< 1iminfc’<—l+1[E0[(/ kDO
nee [li<j<i1Tn; T

-1
w7 Cn (B4 Xa By g ,dSk> }

(2.17)

We want to get rid of the long range correlations of the MFF X. To this pur-
pose, we introduce a log-correlated random distribution X with covariance ker-
nel E[X(x)X(y)] = Iny Iyi—X\ It is a kernel of o-positive type [35], Proposi-
tion 2.15. We can find an approximation family “a la Kahane” (X,), of X such
that E[X,,(x) X, (y)] < In4 |y+x| and

(2.18)  E[Xa(0)Xa(»)] = D < E[Xa ()X ()] < E[X, () X, (] + D

for some constant D which does not depend on relevant quantities (in particular
not on n, e.g., [35], proof of Proposition 2.15). By using this relation and (2.16),

we get for all (x7,...,xx), Vi,..., Vk) € ngjgk]Tnj, Tnj]

[EX[(éXn(xj)> (éxnm)ﬂ

k k
=Y B[ X, pXaOD]+ Y. EX[XaGx)Xa(yj)]
iml J'=li#]

(2.19) .
<k —1+DD+ Y EX[X,cnNXap]+2 > aj

Jj=l I<j<j'=k

B k k
<(k—I1+1)(D+2)+ [EX[(Z Xn(xj)> (Z Xn(yﬂ)}-
j=t j=l

In the last line, we have used the fact that [EX[)_(H (xj))_(,,(y_,-/)] =0if j # .
Now we want to apply Lemma A.1 with Y (x7,...,xx) = Z’;:l X, (xj) (with
kernel K) and Y'(x;, ..., xx) = ¥5_; X, (x;) (with kernel K'), v(dx, ..., dx;) =
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wi(dxy) x -+ x ur(dxy) where each u; stands for the occupation measure of the
Brownian motion between the times Ty, and T,,j and the convex function x — 1/x
(in fact, this function is discontinuous at O but this is not a problem: truncate it in
order to have a continuous convex function, apply Kahane’s inequality and then
remove the truncation). We have shown above that K < K’ + C with C = (k — [ +
1)(D + 2). The last point is that the exponential term in the expectation (2.17) is
not renormalized by the variance. However, the above inequality shows that

k 2 k
[EX[(Z Xn(xj)> } <Y E¥[Xp(x)*] + 2Dk — 1+ 1)
j=l

j=l

in such a way that (k — [ + 1)Inc, < [EX[(ZIJ‘-:, Xn(xj))z] <(k-I1+1)Inc, +
2Dk —1+1).
Hence, even if it means multiplying the constant ¢ by a deterministic constant

(1 2
that does not depend on k, [, we can replace the term c, k=+DO7/2D 4 2.17)

by exp(—V;[EX[(Z];:, Xn(xj))z]). We are then in position to apply Lemma A.1
item 2, which tells us that we can replace X, in (2.19) by X,, at the cost of replacing
the constant ¢ by another constant ¢’, which still does not depend on n (only on
D, y). The main advantage of this procedure is that we deal now with a field X,,
that possesses strong decorrelation properties: if, for a set A C R?, we denote by
Fn.a the sigma algebra generated by the random variables {X’n (x),x € A} then
Fn.a 1s independent of F, p as soon as dist(A, B) > 1.

In what follows, we still stick to the notation Eg to denote expectation with
respect to the probability measure PX® [Pg and ¢, = EX[X,,(x)?], which does not
depend on x by stationarity. We have by using the strong Markov property of the
Brownian motion and the fact that X,, is decorrelated at distance 1

u>0< N (F(T,. Ty,)) < C}>

I<j<k

< liminf(c’)k_l“[Eo[(/ ) 5;(k—1+1)(y2/2)
[li<j<idTn; T

n—oo

i ) -1
x ¥ Kn(Bs)++Xu(Bs)) g, .. -dsk> :|

it , ) —1qk—1+1
= liminf(c")"™ + [E0|:(/ 7 /ze”X”(BS)ds> ] )
1T, Ty ]

n—oo

2 -
=V 7/2 oy Xn(By

Notice that n — fml T 16 )ds is a uniformly integrable martingale

and converges toward a random variable denoted by

f o7 X (B2 B[R (B g
1Ty Ty



3090 C. GARBAN, R. RHODES AND V. VARGAS

(the proof is identical to Lemma 2.8 and the notation is due to the fact that the limit
is a Gaussian multiplicative chaos). Therefore, the Jensen inequality leads to

n>0< N {FOT,. T,1) sc})

I=j=<k

_ ) < —1q\ k—I+1
< (c/[o[( / X B)—( DB X3 (B)] ds) ]) ‘
1T 7o)

Let us admit for a while that the above expectation in the right-hand side is finite
(this will be proved below in Lemma 2.12). This inequality shows that we can
choose ¢ small enough such that

[Po< N {F(]Tn,.,Tn,.])Sc})=o.
I<j<oo
Thus, we get
Po(ﬂ U {F(]Tnj,fnj])>c})=l.
[>1l<j<oo
Since lim;_, oo F (1) > ch>1 I{F(]T 7, D>c)> the proof of item 4 is complete.
- njrth

It remains to prove item 5. For y € R?, we denote by M? the shifted measure
MY(A) = M(A +y), and F” its associated PCAF. We claim that it is enough to
prove that, PX-a.s. for all x e R and > 0

(2.20) lim P2 (sup|Fy(t) —F*(t)| > n) —0.
y—>x (<T

Indeed, if (2.20) is true, then for any uniformly continuous function G (with mod-
ulus m and bounded by K) on C(R; R2 x R.), we have for all n > 0

IEB[G(B, F)] - [Ef[G(B, |
= |[Ef[G(x + B, F*)] - E§[G(y + B, F)]|
< KI{x—y|>n} + K[Pg<su§)|Fx(t) — FY(1)| > 17) +m(n).

We can then pass to the limit as y — x and use (2.20) to prove that the first two
terms go to 0 and then choose 7 arbitrarily small to conclude.
To establish (2.20), for all R > 0, we use Lemma 2.5 to get

P& (su;T>|Fy(t) — F*(0)] = n)
1=

=P§ (sup| F(t A Tr) = F*(t ATw)| = 1) + PE(Tr < T)
<0

dpy. moy>1) + PE (TR < T).

0
< _ 1
‘CRCXP< cR«/dR(My,Mx)>+ {
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Since dg(M?>, M*) — 0 as y — x (cf. item 4 of Proposition 2.3), we deduce

lim sup [Pg<sup|Fy(t) — F*(n)| > 77) <PE(Tr <T).
t<T

y—x

We complete the proof by letting R — co. [

PROOF OF LEMMA 2.8.  PB-as., the family (F2(t)), is a nonnegative martin-
gale w.r.t. the filtration (F,,), and, therefore, converges almost surely as n — oc.

Let us prove that it is uniformly integrable. Denote by v the occupation measure
of the Brownian motion B between 0 and ¢ A Tr. Observe that

/Rz C;VZ/ZeVXn (Z)v(dz) — F1'5 ().

From [27] (see also [35]), we just have to prove that I]Df -a.s.

1 J 5
./RZ /Rz m"( 2)v(d7') < +o0

for some o < 2. This statement is elementary (just compute the expectation), and
thus left to the reader (much stronger statements are discussed in [17], Section 10,
e.g). O

2.5. Study of the moments and power law spectrum. In this section, we inves-
tigate the finiteness of the moments of the PCAF. We will say that F' possesses
moments of order ¢ if we have E[F (¢)7] < +oo forall £ >0 and x € R2.

THEOREM 2.10 (Positive moments and power law spectrum). (1) If y < 2,
the mapping F possesses moments of order q for 0 < q < 4/y>. (2) If F admits
moments of order g > 1 then, for all s € [0, 1] and t € [0, T]:

E[(F(t+5) — F(1)?] < Cus5@,

where

2 2
YR
5(q>—(1+4)q 4

and Cy > 0 is some constant independent of x, T .

PROOF. There is here no exception to the rule in multiplicative chaos theory
that studying finiteness of the moments is technically heavy. So, the entire Ap-
pendix B is devoted to the proof of item 1.

Now we assume that y < 2 and that F possesses moments of order ¢ > 1. We
prove the estimate concerning the power law spectrum. By stationarity, we may
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assume that x = 0. We first prove it when r = 0 and then we deduce the uniform
estimate in ¢. Under Pg, we have

Fs) = /S o7 X(BI—(2DEIX (B g,
0

1
2.21) — s / o X(Bus) =P DEIX (Bl g,
0
1
law o / P X(W3BO—( 2 DEIX (5B g,
0

Let us stress here that the above computations are of course only formal as all
the quantities are understood as limits: yet, the final statement is correct as can be
seen by applying the argument to the same regularized quantities and by passing
to the limit to remove the cutoff. Then, from (2.4), we have G, (\/su, 1/sv) <
In % + Gy (u, v) for all u, v € R%. Then, by taking the gth power and expectation

in (2.21) and Kahane’s convexity inequalities (see Lemma A.1 item 2), we get
for some Gaussian random variable €25 with mean O and variance —% Ins and

independent of e X (B —(v*/DEIX(B)] gy
1 q
Eo[F(5)7] <sq[E0[(ey95+<y2/4>lns / o7 X(B—(/2/DEIX (B.)] du) ]
- 0

1
— I E [0/ 1ns][50[</ o7 X(B)—(? /DEIX(B,)?] du)"}
0
— Cqsg(q),

where C, = [EO[(fO1 eV X(B)—(?/2ELX (Bu)?] du)?] is independent of s, x.
Now we treat the general case t # 0. By using the Markov property of the Brow-
nian motion and the stationarity of X, it is readily seen that

Ex[(F(t+s)— F()"] =Eo[F(s)?]. O

COROLLARY 2.11. Seta=(1-— %)2. For each T > 0 and € > 0, there exists
a random constant C > 0 such that P, a.s.

sup |F(t)— F(s)| <Clt —s|*¢.

0<s<t<T

PROOF. Similar to Theorem 2.2 and thus left to the reader. [

Now we investigate finiteness of moments of negative order. Denote by 7;* the
first exit time of the Brownian motion B out of the disk B(x, r) for r €]0, 1].
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PROPOSITION 2.12.  For all q > 0, there exists some constant Cy > 0 (de-
pending on q) such that for all x € R* and r € [0, 1]

I —q
(2.22) sup [Ex[<C;y2/2/O eyX,,(Bs)ds> ]Squzf(_Q),

n>0

PROOF. Without loss of generality, we can take x = 0 by stationarity of the
field X. Furthermore, from Kahane’s convexity inequalities Lemma A.1, it suffices
to prove the result for one log-correlated Gaussian field with a kernel of o -positive
type. Let us choose the exact scale invariant field X with covariance kernel given

by

_ - 2
E[X(0)X ()] =1Iny
lx — ¥l
with white noise decomposition (Xe)e_e]O,l] of X as constructed in [37]. More
precisely, the correlation structure of (X¢)eeo.1] is given for €, €’ €]0, 1] by

E[Xe(x)Xer ()]

0, if |[x — y| > 2,
2 .
In——, if max(e, €’) <|x —y| <2,
= lx — vl

2 x —yI'/? : /
n— ——+2 1—4>, if |y — x| < max(e, €').
max(e, €’) max (e, €')1/2

This covariance structure entails some interesting properties that we detail now.
The process € — X has independent increments, meaning that for €’ > ¢ the field
Xc— X, is independent of the sigma algebra o {X,(z); z € R?, u > €'}. Fore' > ¢,
the field X ce i=Xe — X, has a correlation cutoff of length €’, meaning that the
fields (Xe,e/(x)) rea and (Xeve/(x)) rep are independent whenever the Euclidean
distance between the two sets A, B is greater than €. Finally, we have the follow-
ing relation in law for r, e < 1:

1
(2.23) (Xre(rx)) 4 <1 = (@ + X )2 <10
where 2, is a Gaussian distribution A/ (0, In %) and is independent of (X)e. In
what follows, we stick to the Notation 2.1 with X instead of X. Finally, we just
write 7, for T°.
So, we have to prove

(2.24) sup [EO[<2 v2/2¢7%)2 /

—-q
o7 X (B, )ds> } < C A9,
€€]0,1] 0

Notice that the supremum is reached for € — 0 by the martingale property and the
Jensen inequality. Now, if T4 is the first time the Brownian motion (B;r; =
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BT3/4),>0 hits the disk of radius %, we get for e < 1/4

2-72272)2 / oV Xe(BY) g
0

T
> V22V 2 f 1

"% 2 2 Tia g
o Xe(Bs) go 4 0=V /27?2 / o XeBsityya) 4
0

0

2 : 7 2 LV
> 87V /2 gy infix|<i X|/4(x)<(4€)y /2/ eV Xe1/a(Bs) g6
0

+ (4e)r 2 /

0
The main observation is that, under the annealed measure [Eg, the above two inte-
grals are independent identically distributed random variables. Indeed, by consid-
ering two bounded continuous functionals F, G, we get

T1/4 -
P(F,G):= [EO[F<(46)V2/2/ oV Xe.1/4(By) ds)
0

X G<(4€)y /2/ VXSI/4(Bs+T3/4)d >]
0

B| X 20 (T4 % By
= £ [E [F((4e)V / ¢¥ Xe.1/4(Bs ds>]
0
X [EX|: <(4€)}/ /2/ VXS 1/4(B5+T3/4) ds)]]
0

where we have used the fact that X ¢,1/4 has a correlation cutoff of length 1/4. If we

J/Xs 1/4(Bs+134) ds)

use now the stationarity of the field X ¢,1/4 and the independence of the increments
of the standard Brownian motion, we obtain

- T _
P(F,G)=EF [[EX [F((46)y2/2/ 1/4 eVX€~1/4(B‘)ds>]
0
< EX ((46)7/2/2 yXF1/4(BS+T3/4—BT3/4)dS)H

:[EO[F (46)”2/2 e eVX“M(B)dsﬂ

=[EO[F (4€)V2/2 e VX““(B)ds)}

X [EO[ ((46)]/2/2 VX&‘ 1/4(BA+T3/478T‘;/4)d )]

x Eo <(4€)V2/2 lew_{“?’l“(BS)ds)]
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Furthermore, for all » €]0, 1], we have

72/2 I }’)_(re(Bs) — 72/2 2 Tr/rz
(re/2) e ds = (re/2) r
0 0

eVXra(r(Br%,//r)) ds’

T - ~
= (r8/2)y2/2r2/ L X 0B) g
0

where By =r~! B,> is a Brownian motion and T = rT—g is the first time it hits the
disk of radius 1. Therefore, from (2.23), we get the following scaling relation in
distribution for all r € ]0, 1] under the annealed measure Pg:

T
(rs/Z)VZ/Z/ eV Xre(Bs) g
(2.25) 0 ,
lg/rzeyszr—;ﬂ/zln(l/r)(6/2);/2/2/ b orXe(By) 4
0

From this scaling relation and the above considerations, we deduce that we can
find some variable N with negative moments and such that we have the following
stochastic domination:

Y>NI1+Y2),

where (Y1, Y2) are i.i.d. of distribution Y, independent of N, E[N 7] < 400 (see
[1], Theorem 2.1.1) and Y is distributed like lim,_, e /2 /OTI eV X:(Bs) dg. We
get (2.24) is true with » = 1 by adapting [30] (see also [20], Section B.4). Then
one deduces inequality (2.24) from (2.25) for all ». [J

One can then deduce the following results.

COROLLARY 2.13. Forall g > 0, there exists some constant C > 0 (depend-
ing on q) such that for all x e R and all 0 < s <t < 1:

t —q
(2.26) sup [Ex[<c;”2/2/ eV Xn(Br) dr) } <C(t—s)59D,

n>0 s

PROOF. Without loss of generality, we can take x = 0 and s = 0 by stationarity
of the field X and the strong Markov property of the Brownian motion. Then it
suffices to show that the expectation in (2.26) is finite for + = 1. Indeed, one can
then use the techniques in the proof of Proposition 2.10 in order to obtain the
right-hand side of (2.26) for any ¢ € [0, 1] (x = x ™7 is convex).

Recall that 7, denote the first exit times of the Brownian motion out of the
ball B(0, r). Recall that, by scaling and [40], Theorem 1.2 (page 93), we have the
existence of some absolute constant ¢ > 0 such that for all # > 0

t
2.27) PE(T, = 1) < Se I,
r
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We have

o0
F)™ <Y Lry pu<i=t ) F(T12) 70

n=1

Therefore, we get by Proposition 2.12 and the bound (2.27)

(0,0
Eo[F(1)™1] <> EolLiry o <1=7, ) F (T120) 7]

n=1

0,0)
—2g11/2
< Z [Pg(Tl/zn_l > D)V2E[F(T1/an) ] /
n=1

&)
<Cy 22 (2)2+(@+20)/27%,
n=1

This latter series is obviously finite. [

COROLLARY 2.14. Set =1+ %)2. Foreach T > 0 and € > 0, there exists
a random constant C > 0 such that Py a.s.

Vo<s<t<T, |F(t) — F(s)| = Clt —s|PTe.

PROOF. We take T' = 1 for simplicity. Now, we partition [0, 1] into 2" dyadic
squares (I;:l])lstQZn of equal size. If p > 0, we get

) ; 1 _ —
[Px< inf F(IV{)SWT)Vl)SZ p(ﬁ+€)ﬂ[Ex|: Z F(I’{) P]

l=j=2" 1<j<2n

< C 2 PF+Onp(=ECphn,

We conclude as in the proof of Theorem 2.2 by choosing p > 0 such that §(—p) —
I1+p(B+e)>0. O

2.6. Definition of the Liouville Brownian motion. Before giving the explicit
description of the Liouville Brownian motion, let us first motivate the forthcoming
definitions. The reader may consult [26] for an introductory background on Brow-
nian motion on manifolds. Recall that our purpose is to define the Brownian mo-
tion associated to the metric tensor formally written (using conventional notation
in Riemann geometry) e?X®) dx?, where dx? stands for the standard Euclidean
metric on R2. Because of the obvious divergences of such a direct definition, it is
natural to regularize the field X and to consider instead the Riemann metric tensor

(2.28) gn = Cnﬂ/z/Zean(x) dx2.
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. —y2/2
The renormalization sequence (c; v/ In
when n — o0.

The Riemann volume on the manifold (R2, gn) is nothing but the measure M,
defined by (2.7). One can also associate to the Riemann manifold (RZ, gn) a Brow-
nian motion B". Following the standard construction, such a Brownian motion can
be constructed as follows. Consider a standard Brownian motion Z on R? and,
for any x € R?, consider the solution Z™* of the following stochastic differential
equation:

appears here to regulate the divergences

n,x __
Zt=0 =x,

2.2 n
229 A2 =V ey I2XnE g7,

Notice that it is not clear for the time being that the solution of this SDE has an

infinite lifetime. Actually, we will see that the solution of such a SDE does not

converge in probability a n — oo. Yet, it is enough to investigate convergence

in law in the space of continuous functions C (R, R?). By using the Dambis—

Schwarz theorem, the solution of (2.29) as the same law as the following process.
DEFINITION 2.15. For any n > 1, we define

(2.30) B¢ = B,

where (B,),>0 is a planar Brownian motion, independent of the MFF X and where
the quadratic variation (B") of B"* is defined as follows:

N
(2.31) (B"), = inf{s >0: c;Vz/Z/ e?Xn B gy > t}.
0
We call this process n-regularized Liouville Brownian motion (n-LBM for short).

The infimum in (2.31) is necessarily finite. Indeed we have
22 (% yx,(BY —y2/2 min X, [*
ch / / eV n\Bu) du zcn v/ e MyeB(0,1) Xn(X / ]l{B,.eB(O,])} dr
0 0

and the latter quantity tends to oo when ¢ — 00 via recurrence arguments.
Observe that (2.31) amounts to saying that the increasing process (B™*) :
R4+ — Ry is just the inverse function of the PCAF

t
(2.32) Fo(t) =7/ f o Xn(BD) gy
0

studied in Section 2.4. In particular, we can assert now that the solution of (2.29)
has infinite lifetime because F, (t) — oo as t — oo (adapt, e.g., the argument of
item 4 in Theorem 2.7). Several standard facts can be deduced from the smoothness
of X,,.
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PROPOSITION 2.16. Let n > 1 be fixed. PX-a.s., the n-regularized Liouville
Brownian motion B" induces a Feller diffusion on R2. Let us denote by (Pty’n)tzo
its semigroup. Also, B" is reversible with respect to the Riemann volume M,,, which
is therefore invariant for B".

For a proof of this proposition, the reader may consult [22], for instance, though
the Feller property is not discussed but this is easy (for the same reason as the
Liouville Brownian motion is Feller; see item 1 of Proposition 2.19 below).

As we have seen that the PCAFs (F;,), converge toward F, it is natural to in-
troduce the following.

DEFINITION 2.17. Assume y < 2. PX almost surely, we define the Liouville
Brownian motion (LBM for short) as the time changed Brownian motion

B[ - BF—I ()
where F is the PCAF of Theorem 2.7.

Observe that the continuity of F makes sure that the LBM does not get stuck
in some area of the state space R2. Typically, this situation may happen over ar-
eas where the field X takes large values, therefore, having as consequence to slow
down the LBM. Furthermore, strict monotonicity of F' ensures that the LBM pos-
sesses no jumps and the fact that F tends to 0o as t — oo makes sure that the LBM
has an infinite lifetime, it does not “reach oo™ in finite time.

2.7. Main properties of the LBM. 1In this subsection, we collect a few impor-
tant properties of the LBM that can be deduced from our previous analysis. The
reader is referred to [22] for the classical terminology on Dirichlet forms.

THEOREM 2.18. For y €[0,2[, PX-a.s., the LBM is a strong Markov pro-
cess with continuous sample paths, that is a diffusion process. If we denote by

(Pty’X)tzo the associated semigroup on L*(R?%, M) then:

1. (Pty’X)tzo is strongly continuous on L*(R*, M) and symmetric.
2. the associated Dirichlet form is strongly local, regular and possesses
Ccx (R?) as special core.

Observe that the semigroup (Pty’X)tzo is itself random as it depends on the
randomness of the MFF X. Furthermore, the above theorem entails that we can

classically extend the semigroup (Pty’X)tzo to a strongly-continuous semi-group
on L”(RQ, M) forall 1 < p < o0.

PROOF OF THEOREM 2.18. From [22], Theorem 6.1.1, the LBM is a Hunt
process, therefore strong Markov. Item 1 and 2 then result from [22], Theo-
rem 6.2.1. Continuity of sample paths results from the fact that F is strictly in-
creasing (Theorem 2.7 item 3), in which case F~! is continuous. [J
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PROPOSITION 2.19.  Fory €0, 2[, PX-a.s.:

1. the law in C(R.) of the LBM B under IPf is continuous with respect to x.
2. for all x € R2, under IPf the n-LBM (B"),, converges in law in C(R)
equipped with the topology of uniform convergence over compact sets toward B,

3. the semigroup (Pty’X)tzo is the limit of the semigroups (PY"""), as n — 00
in the sense that

VFeCRY),  lim P/ fe0) = PN o),

4. for all x € R? and for all z € R?, PE(liminf, o0 [B; — 2| =0) =1,
5. forall x e R?, PE(limsup,_, ., |B,| = o00) = 1.

PROOF. Let us prove item 1. Observe that the mapping
(w,v) € C(Ry,R?) x CR4,Ry) > wov™!,

where v=1(r) = inf{s > 0; v(s) > ¢} is continuous at all these pairs (w, v) such
that v is strictly increasing and limg_, oo v(s) = 4+00. Therefore, item 1 results
from Theorem 2.7 items 3 + 4 + 5.

The same argument and Theorem 2.7 items 2 4 3 + 4 prove item 2. Item 3 is a
direct consequence of item 2. Items 4 and 5 results from the fact a standard Brow-
nian motion satisfies items 4 + 5 and the fact that B is a time changed Brownian
motion, with a continuous time change that goes to oo as t — co. [

COROLLARY 2.20. For y € [0,2], PX-a.s., the semigroup (Pty’X)tzo is
Feller.

For y < 2, we define the Liouville Laplacian Ax as the generator of the Liou-
ville Brownian motion times the usual extra factor /2. The Liouville Laplacian
corresponds to an operator which can formally be written as

Ay =e VXA

and can be thought of as the Laplace—Beltrami operator of 2d-Liouville quantum
gravity.

2.8. Asymptotic independence of the Liouville Brownian motion and the Eu-
clidean Brownian motion. Recall the SDE (2.29) with solution Z™*, which is
measurable with respect to the planar Brownian motion Z. In this section, we
prove that (Z™%), does not converge in probability as n — oo. This will show
that the time change representation of the LBM is more relevant.

THEOREM 2.21. Ify <2, PX-a.s. and for all x € R?, the pair of processes
(Z, Z"*), converges in law toward a couple (Z, Z*). The planar Brownian mo-
tion Z and the LBM Z* are independent.
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The above theorem shows that some extra randomness is created by taking the
limit n — oo. Indeed, the n-LBM is a measurable function of the planar Brownian
motion Z. Yet, Liouville/Euclidean Brownian motions are independent at the limit,
showing that convergence in probability cannot hold.

PROOF OF THEOREM 2.21. Before beginning the proof, let us first clarify a
few points. The n-LBM (2.29) involves the planar Brownian motion Z. An equiva-
lent definition in law of this n-LBM is given in Definition 2.15 by means of another
Brownian motion B, constructed via the Dambis—Schwarz theorem. As such, it im-
plicitly depends on n as well as Z. It is therefore relevant to write explicitly this
dependence in this proof. So we will write B” instead of B.

We begin with writing explicitly the dependence between Z and B”. The
Dambis—Schwarz theorem tells us that [recall (2.32)]

P R e W R
t _C}’l 0 € U= = (tx)"
Now we prove the asymptotic independence of Z and B”. Let us compute their
predictable bracket by making the change of variables:

(B, Z), =) / LX) g,
0

I —(y/2)X,(B"_
:C’);Z/4/ e (V/) ( Fnl(r))dr

n

=/ / eV DXn(BY) gy,
0

) ARG
— s 8 / IV IDXa (B gy,
0

From Theorem 2.7, the above expression corresponds to multiplying a tight fam-

ily by a factor ¢, v’/8 that goes to 0 as n — o0o. Therefore, PX-a.s., the family
({(B", Z)), (as random functions of ¢) converges PZ-a.s. in C (R4) toward 0. The
pair (B", Z) therefore converges in law in C (R.) toward a pair (B, Z) of Brown-
ian motions, the brackets of which vanish. Knight’s theorem [28], Theorem 4.13,
implies that B and Z are independent (see also the Appendix in [32]). As a mea-
surable function of B, the Liouville Brownian motion is independent of Z. [

2.9. Liouville Brownian motion defined on other geometries: Torus, sphere and
planar domains. So far, we constructed in detail the LBM for the (Massive) Free
Field on R2. Our method applies to other two-dimensional manifolds like the torus,
sphere, planar domains, . .. equipped with a log-correlated Gaussian field (of spe-
cial interest is the case of Gaussian Free Field), stationary or not. The main reason
is that Kahane’s theory remains valid on C'-manifolds (see [27, 35]). Intuitively,
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this is just because such manifolds are locally isometric to open domains of the
Euclidean space.

There is at least one point in our proofs that must be changed in order to apply
to the torus or the sphere, or any compact manifold without boundary: the fact
that lim;_, », F(x,?) = 400. Indeed, our proof uses the “infinite volume” of the
plane. In the case of the torus or sphere, the strategy is much simpler because of
compactness arguments: the standard Brownian motion on S? or T? possesses an
invariant probability measure, call it x, which is nothing but the volume form of
S? or T2. Apply the ergodic theorem to prove that PX ® [Plli3 almost surely:

lim m =G,

t—o0 t
for some random variable G, which is shift-invariant. Since the Brownian mo-
tion on the sphere is ergodic, G is measurable with respect to the sigma algebra
generated by o {X,;x € T? or S?}. It is not clear that G is constant. Yet, the set
{G > 0} is measurable with respect to the asymptotic sigma-algebra of the (Y}),.
Therefore, P* almost surely, the set {G > 0} has PX-probability 0 or 1. Since
G has expectation 1, this set has pPX -probability 1. Therefore, PX almost surely,
the change of times F goes to co as t — oo for u almost every x. Then use the
coupling trick to deduce that the property holds for all starting points.

APPENDIX A: KAHANE’S CONVEXITY INEQUALITY

For the classical terminology of Gaussian multiplicative chaos, the reader is
referred to [27] (see also [35]).

We consider a locally compact separable metric space (D, d), a Radon measure
v on the Borel subsets of (D, d) and two Gaussian random distributions Y, Y’ (in
the sense of Schwartz) with respective covariance kernels K, K’, which are of
o-positive type. We assume that the Gaussian multiplicative chaos associated to
(Y, v) and (Y’, v) are strongly nondegenerate (e.g., the kernels of Y, [see (2.5)] or
the kernel ysz of (2.1) for 0 < y2 < 4). Here, we recall the following standard
lemma that can be found in [27].

LEMMA A.1. Let F:Ry — R be some convex function such that
VxeRy,  |Fx)|<M(1+xP),
for some positive constants M, B.

(1) Assume that K (u,v) < K'(u,v) forall u,v € D. Then

[E[F</ eY"_(l/Z)E[Yfz]v(dr))}§[E|:F</ eY;—<1/2>[E[Y,’2],,(dr))]
D D
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(2) If K(u,v) < K'(u, v) + C for some constant C > 0 for all u,v € D then
[E[F(/ eY,—(l/Z)[E[er]v(dr))} < [E[F(eJEZ—C/zf ey;—(1/2)[5[y;2]v(dr)>]’
D D

where Z is a standard Gaussian random variable independent of the other random
quantities.

APPENDIX B: FINITENESS OF THE MOMENTS
In this section, our only goal is to prove that
Vx € R?, Ex[F(1)P] <400

for p € [0,4/y?[. We only treat the case when 2 < y? < 4 and, therefore, 1 <
p <4/y? (hence p < 2). This is mathematically the most complicated part and
notationally the easiest part. The case 0 < y2 < 2 is discussed in Remark B.6.

Furthermore, by stationarity of the field X, we may assume that x = 0. By using
the concavity of the mapping x — x?/2 and the Jensen inequality, we get

Eo[F(?] < EX[EB[F (1))

p/2
X
<e|([, [, renmaoman) |
where we have set

A e
’ 0 Js 4n2s|r — s|

(B.1)

So we just have to prove that the expectation in the above right-hand side is finite.
In what follows, &3, stands for the structure exponent of the measure M. Recall
that, in dimension d, it reads

2 2
(B3) Evi(p) = (d 4 %)p -

Of course, we can take here d = 2. But is worth recalling this fact since it will
happen that some arguments below will be carried out in dimension 1. So the
reader will take care of replacing d by 1 when reading a proof in dimension 1.
The main idea of our proof is the following. First, we observe that the function
f possesses singularities. They are logarithmic (see below) when x or |x — y| is
close to 0. We will also have to treat the behavior near infinity. So we split the
space R? x R? into 3 domains

B4 Di={xl<llx—yl<1}, Di={lx|=1Llx—-yl<1},

Dy={lx —yl=1}
and, by subadditivity of the mapping x € Ry — xP/2, it suffices to evaluate the
quantity in the right-hand side of (B.1) on each of these three domains.
Concerning the behavior of f, we claim the following.
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LEMMA B.1. We have:
1. forallx,y € R%: f(x,y) < D(1 +Iny |x+y|)(l +1Iny p1c_|)’

2. forall |x| = 1 and |x — y| < 1: f(x,y) < D(1+1Iny L) exp(—= 55, for
some constant D > 0.

PROOF. Recall (B.2). By making successive changes of variables, we obtain

_ _yl2
’ o Jo 4725y

2 _ 2 —v|2
:/z/m /« BT o1 dr ds
0 0

g(t) =/I o1/ 45
0

where we have set

27s

It is obvious to check that, for some constant D > 0, we have g(¢r) < D(1 +1Iny 1),
which completes the proof of item 1. The proof of item 2 is similar and left to the
reader. [

NoOTATION B.2. Until the end of the proof, we will only deal with expecta-
tions with respect to the measure M. So there is no need to keep on using the
superscript X of EX and we will just write E instead of EX.

Domain {|x]| <1, |x — y| <1}. The main purpose of this part is to show that

. 1 p/2
B.5 — — _Mdx)M(d +00.
(B [(/max(|x|,|y|)§1 X% — y[° (M y)) ]< >

The first step is to prove the following.

LEMMA B.3. Fory?> <4 and p €]l, %[, there exist 6 > 0 and C > 0 such
that for all n > 0,

/2
[E[( f iM(dx)M(dy))p }<cz—"<¥M<P>—<5P>/2>.
max(Jx|.[yh <2 |x]° -

PROOF. We carry out the proof in dimension 1 since, apart from notational
issues, the dimension 2 does not raise any further difficulty. We first have to prove

1 p/2
[E[(/ —SM(dx)M(dy)> :| < +o00.
(x.y)€l0,112 [x]

Furthermore, from Kahane’s convexity inequalities, it suffices to prove the above
lemma for any 1d log-correlated Gaussian field. Let us use the kernel K (x, y) =
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Iny ﬁ of [5]. In fact, whatever the covariance kernel, we just need to use the
property (2.9), which is shared by all the reasonable 1d log-correlated Gaussian
fields (see [35] for more on this).

We also remind the reader that the above integral is finite for § = 0 (see [27]).
Therefore, by using subadditivity of the mapping x — x?/%, we have

1 p/2
[ riaomen) |

3 1 p/2
— [[(}Z})f[znlvznlxm WM(dx)M(dy)) ]
S 1 p/2
> E[(/[ —M(dx)M(dy)> ]

211 2-n1%[0,1] | x|

IA

S

S

28<n+1)p/2E[(M([2_"_1, 2_"])M([O, 1]))11/2]'

e

Il
=}

n

Now we use the standard inequality ab < ea® + b€—2 for any € > 0 and subadditivity
of the mapping x — x?/? to get (ab)P/? < eP/?aP 4+ €~ P/2bP . Therefore, with
a=M({27"1,27"]), b= M([0, 1]) and € = 2T DEmM(P)/P e obtain

[E[(M([zfnfl, 27" M ([0, 1]))p/2] < (2(n+1)§M(P)/P)P/Z[E[M([Z*nfl’ 27"])7]
+ (20 DEM (/) =PIE[ (10, 17)7].
By using (2.9), we get
E[M([27 27")"] < €2 Dsm )
and plugging this relation into the above expression yields:
E[( (127" 27" M ([0, 11) "] < 27D (), - E[M (10, 11)")).

To sum up, we have

E ! d d o
—M M
[(/(x,y)e[o,m |x|® @x)M( y)) }

o0
<(Cp+ [E[M([O, 1])17]) Z 7 —(n+1)(Em(p)/2=8p/2)
n=0
So, § can clearly be chosen small enough to make the above series convergent.
Once the finiteness of the expectation is proved, the statement results from a
scaling argument. For A < 1, the measure M satisfies (see [5] but this is elemen-
tary) the following relation in law:

2
(B.6) (M()MA))AC[(),” = ()‘Hy /zeyQAM(A))AC[O,l]’
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where €2), is a centered Gaussian random variable with variance — In A independent
of (M (A))acjo,1]- Thus, we have

. 1 p/2
(s rreeoman) |

_ )J’<‘+V2/2>‘SP/Z[E[ePVQA][EK /
[

1 p/2
o WM(dx)M(dy)) ]

The result follows by taking A =27". [J

LEMMA B.4. Foranyy? <4and p €]l, %[, there exist § > 0 and a constant
C > 0 such that for all n:

1 p/2 C
e|( CM@OM@) | £ e,
max(|x|,lyp<1  |x] 1—8p/2

27l —y|<27"

PROOF. Once again and for the same reason as previously, we carry out the
proof in dimension 1. In that case, we have to prove

1 p/2
[E[( / —5M(dX)M(dy)> ] < 2 Emp)=D),
(,yel0 12 x|

2-n—l<|x—y|<2—n

Once again Kahane’s convexity inequality shows that we can take the kernel
K(x,y) =1Int |xl—y| of [5]. We will use the following elementary geometric ar-

gument: for any n > 1, the set of points 27" -close to the diagonal

{x,y) €0, 17 |x — y] <27

is entirely recovered by the union for k =0, ..., 2" — 2 of the (overlapping) squares
[%, k2+n2]2‘ Therefore, by using subadditivity of the mapping x — x?/2, we have

([ oy mtaoman)”]

27ty —y|<27"

= ¥ _Z[E[( / iM(dx)M(dy))p/z]

yelk/2n, (k+2)/20 2 |x]°

1 p/2
< [E[(/ —8M(dx)M(dy)> ]
x,y€[0,27m+172 | x|

2nop/2 k k+27\?
g (e
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By stationarity and scale invariance (B.6), we get

213p/2 k k+27\?
> et ]) ]
k=1,..., 2”—2kp/ 2 2

1 —
<202 S EM([0,27 )]
k=1,...,2" =2
< 2mr/2p==Dam (e[ pr (0, 1)P] Y 8117/2
k:],,..,Z”—Zk
T 1-38p/2

where C only depends on E[M ([0, 1])”]. We conclude with Lemma B.3 provided
we impose p/2 < 1. [

Now we are equipped to prove (B.5). Choose another ' > 0 such that 0 < §’ <

W. By using Lemma B.4 and by subadditivity, we have

1 p/2
[E[( / ﬁM(dx)M(dy)) ]
max(|x|,lyD<1 [x[°|x — y]

+00 1 p/2
< E[( / 7/M(dX)M(dy)) }
,;) max(lxl, D=1 [x[®]x — p[°

2-n-l<|x—y|<2n

= , 1 p/2
522(n+1)(8p)/2[E[(/ —6M(dx)M(dy)) ]
=0 max(|x|,[yD<1 |x]

27l <fx—y|<27n

(B.7)

—+00
< 37 2006 P2 o (P2,
n=0

Since the latter series converges, the proof of (B.5) is complete.
By gathering (B.5) and Lemma B.1 item 1, we deduce

(B.8) [E[(/um,u—ygl f(x,y)M(dx)M(dy))p/z} < +o0.

Domain {|x — y| > 1}. Let us now investigate the situation when |x — y| > 1.
This is the easy part because, in that case, the measures M (dx) and M (dy) are “al-
most” independent. Therefore, we can proceed more directly in the computations.



LIOUVILLE BROWNIAN MOTION 3107

We use the Jensen inequality with the concave function x — x?/2 to get

([ re maoma)” ]
A ]

) r/2
<([ raperontacay)
lx—yl=1

Since |x — y| > 1, we have G, (x, y) < C for some fixed positive constant C. We
deduce that the above integral is less than e“P/?( Jrawp2 f(x,y)dx dy)P/?, which

is equal to ¢“P/2, hence finite.

Domain {|x| > 1, |x —y| <1}. The final part of the proof consists in checking
that

(B.9) e ( fww_m fr, y)M(dx)M(dy))p/z] < foo.

Because of Lemma (B.1) item 2, the above relation just boils down to proving that
there exist § > 0 such that

2 2
(B.10) [E[(/ exp(— ] /(4t))M(dx)M(dy)>P ]<+oo.
Ix|=1 lx —y|®

lx—yl=1
Once again, we first need to estimate the above expectation on stripes of the
type {|x| > 1,277 < |x — y| <27"}. So we claim the following.

LEMMA B.5. Fixt > 0. For any y* <4 and p €11, %[, there exists a con-
stant C > 0 (only depending on E[M ([0, 1])?]) such that for all n:
lx |2 p/2 5
[E[( / exp(——)M(dx)M(dy)) ] < C27"GmP=2)
jx|=1 4t
2*”*1§|x—y|§2*"

Let us admit for a while the above lemma to finish the proof of (B.10). If we

choose & such that 0 < § < 26Eu(P=2)
additivity to get to computations (B.7), similar

exp(—|x|?/(41)) p/2
[E[( /leZ] M(dx)M(dy)) ]

lx — yI®

, we can then use Lemma B.5 and sub-

lx—yl=<1

+00
< 3 2 EDOP/2 0o nEm () -2),
n=0
which is a converging series.



3108 C. GARBAN, R. RHODES AND V. VARGAS

PROOF OF LEMMA B.5. We keep on carrying out the proof in dimension 1

with the kernel K (x, y) =Inyt ﬁ It is also plain to check that the expectation

is finite thanks to the exponential term. We will prove the result when integrating
only over the domain {x > 1,27""! < |x — y| <27"}. It will then be obvious to
complete the proof (e.g., by using invariance of M in law under reflection). As
previously, the reader may check that the stripe {x > 1, 21 < lx —y| <27}

may be covered by the squares [2%, kz+,12]2 for k running over the set K,, = Z N

[2", +o0[. Therefore, by using subadditivity of the mapping x — x?/2, we have

{( L, ool o) ]

27 lg|x—y|<27"

k2 p/2
< E / ex <——>M dx)M(d ) }
Z [( [k/2m, (k+2) /2112 P 122n+2 (dx)M(dy)

kekK,

- 2 oot ([ 57 ]

kekK,

By stationarity and scale invariance (B.6), we get

k> k k+27\?
e L (Ee |

t22”+2 on on
kekK,

= 5 exp(~ s JELM(0. 7))
P t22n+2
—(n—Déu (p) kp P —n(Em (p)—1)
=2 kZ exp<—m)E[M([o, 1)]<c2 :
ek,

where C only depends on E[M ([0, 1])P]. The last line uses the standard trick of
convergence of Riemann sums. [

REMARK B.6. If y < 2, it is expected in great generality that F' possesses
moments of order p for p < %. We proved that this is true in the more complicated

situation /2 <y <2.If 0 < y < /2, we only gave the existence of moments for
p < 2. However, our strategy could be easily adapted to treat the case p < iz.

In that case, one has to choose an integer n > 2 such that p/n < 1 and apply the
Jensen inequality to get an expression similar to (B.1) (replace 2 by n) excepted
that we get an integral over (R?)" instead of (R?)2. Then we can reproduce our
strategy up to modifications that are obvious but notationally awful.
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