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Semiclassical limit of Liouville Field Theory

Hubert Lacoin !, Rémi Rhodes '3, Vincent Vargas 23

Abstract

Liouville Field Theory (LFT for short) is a two dimensional model of random surfaces, which is for
instance involved in 2d string theory or in the description of the fluctuations of metrics in 2d Liouville
quantum gravity. This is a probabilistic model that consists in weighting the classical Free Field action
with an interaction term given by the exponential of a Gaussian multiplicative chaos. The main input of
our work is the study of the semiclassical limit of the theory, which is a prescribed asymptotic regime of
LFT of interest in physics literature (see [36] and references therein). We derive exact formulas for the
Laplace transform of the Liouville field in the case of flat metric on the unit disk with Dirichlet boundary
conditions. As a consequence, we prove that the Liouville field concentrates on the solution of the classical
Liouville equation with explicit negative scalar curvature. We also characterize the leading fluctuations,
which are Gaussian and massive, and establish a large deviation principle. Though considered as an
ansatz in the whole physics literature, it seems that it is the first rigorous probabilistic derivation of the
semiclassical limit of LFT. On the other hand, we carry out the same analysis when we further weight
the Liouville action with heavy matter operators. This procedure appears when computing the n-points
correlation functions of LFT.

Key words or phrases: Liouville equation, Gaussian multiplicative chaos, semiclassical limit, large deviation
principle, Liouville field theory, singular Liouville equation.

1 Introduction

One of the aims of this paper is to initiate the study of Laplace asymptotics and large deviation principles
in the realm of Liouville field theory.

To begin with, let us mention that there exists a considerable literature devoted to Laplace asymptotic
expansions and large deviation principles for the canonical random paths: the Brownian motion in R%. To
make things simple, the aim of these studies is to investigate the asymptotic behaviour as v — 0 of

E[G(yB)e™7 T(P)] (1.1)

where B is a Brownian motion and F, G are general functionals. Schilder’s pioneering work [50] (see also [44])
treated the full asymptotic expansion in the case of Wiener integrals. This was then extended by Freidlin
and Wentzell [28] to It6 diffusions. Similar results were obtained for conditioned Brownian paths (such as
the Brownian bridge) by Davies and Truman [14, 15, 16, 17]. Ellis and Rosen [25, 26, 27] also developed
further Laplace asymptotic expansions for Gaussian functional integrals. Then Azencott and Doss [3] used
asymptotic expansions to study the semiclassical limit of the Schrédinger equation (see also Azencott [1, 2]).
These works initiated a long series (see for instance [7, 8, 9, 10]) and it is beyond the scope of this paper to
review the whole literature until nowadays.

There is an important conceptual difference between canonical random paths and canonical random
surfaces. Whereas Brownian motion and its variants are rather nicely behaved (Holder continuous), the
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canonical two dimensional random surface, i.e. the Gaussian Free Field (GFF), is much wilder: it cannot be
defined pointwise for instance and must be understood as a random distribution (like e.g. the local time of the
one dimensional Brownian motion, or its derivative). As a consequence, many nonlinear functionals defined
solely on the space of continuous functions must be defined via renormalization techniques when applied
to the GFF: see the book of Simon [51] for instance. In this paper, we consider probably the most natural
framework of weighted random surfaces: the 2d-Liouville Field Theory (LFT). LFT is ruled by the Liouville
action

1 N
51.00) = 7= [ 107013 + QR+ dmee??] Ay(a) (1.2)
in the background metric § (89, R; and \; stand for the gradient, curvature and volume form of the metric
g) with Q = 3 + %, v €]0,2] and p > 0. This is a model describing random surfaces or metrics. Informally,
the probability to observe a surface in D¢ is proportional to

e L) Dy (1.3)

where Dy stands for the “uniform measure” on surfaces. Recall that, in the physics literature, the Liouville
action enables to describe random metrics in Liouville quantum gravity in the conformal gauge as introduced
by Polyakov [45] (studied by David [12] and Distler-Kawai [20], see also the seminal work of Knizhnik-
Polyakov-Zamolodchikov [39] in the light cone gauge) or in 2d string theory (see Klebanov’s review [38] for
instance). There are many excellent reviews on this topic [36, 43, 45, 53]. The rough idea is to couple the
action of a conformal matter field (say a planar model of statistical physics at its critical point so as to become
conformally invariant) to the action of gravity. This gives a couple of random variables (79§, M), where the
random metric €7%§ encodes the structure of the space and M stands for the matter field. Liouville quantum
gravity in 2d can thus be seen as a toy model to understand in quantum gravity how the interaction with
matter influences the geometry of space-time. Working in 2d is simpler because the Einstein-Hilbert action
becomes essentially trivial in 2d. In the conformal gauge and up to omitting some details, the law of this pair
of random variables tensorizes [45, 12] and the marginal law of the metric e7¥§ is given by the Liouville action
(1.2). The only way the metric keeps track of its interaction with the matter field M is through the parameter
7, called Liouville conformal factor, which can be explicitly expressed in terms of the central charge ¢ of the
matter field using the celebrated KPZ result [39]

7:\/25—0—\/1—0. (1.4)
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Therefore, the influence of the matter on the space is parameterized by ~.

To give a rigorous meaning to the definition (1.2) has been carried out in [13] in the case of the Riemann
sphere. We will restrict here to a simpler situation. We will consider the flat unit disk and impose Dirichlet
boundary conditions, in which case the path integral (1.3) with action (1.2) is also known as Hoegh-Krohn
model [32]. In that case, we have to interpret the term

1 N
R 9 p|2 N4
exp( 47T/D|8 <p|g/\g(dx))Dgo

as the law of the centered Gaussian Free Field with Dirichlet boundary condition (GFF for short, see [23]).
Therefore, we replace the Brownian motion in (1.1) by a shifted GFF ¢ and the nonlinear functional F in
(1.1) is the integrated exponential of this GFF

_4mA fD e"“"kg]

E[G(vp)e (1.5)

Such an exponential, also called Liouville interaction term, is nothing but a Gaussian multiplicative chaos in
2d. Recall that the theory of Gaussian multiplicative chaos, founded in 1985 by Kahane [37], enables to make
sense of the exponential of the GFF though the exponential is not defined on the abstract functional space
the GFF lives on. Our main motivation for considering this framework is to compute the semiclassical limit
of 2d-Liouville Field Theory.

In a way, we will see that the geometry of space is encoded in the quantity py?. More precisely, we study
the so-called semiclassical limit, meaning the convergence of the field y¢ when the parameter v — 0 while



(a) curvature=1 (b) curvature=4

Figure 1: Two surfaces with negative curvature

keeping fixed the quantity A = pu~? (thus g — o00). In the case where § is flat, we prove that the field vy
(resp. the measure 7% \;(dx)) converges in law towards the solution U (resp. eV(®))\;(dz)) to the so-called
classical Liouville equation

AQU — Rg = 87T2A€U. (16)

Equation (1.6) appears when looking for metrics in the conformal equivalence class of § with prescribed Ricci
scalar curvature —872A (see [54] for instance). Its solution has the following explicit form on the unit disk U
(equipped with the flat metric, i.e. take § equal to the Euclidean metric)

l—« o
ST withmA=
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Uz) =21
with o €]0, 1] when imposing Dirichlet boundary condition on OU. The quantity —872A describes the expected
curvature of the random metric ¢7%§ (see Figure 1) for small . The fact that this quantity is negative reflects
the hyperbolicity of the geometry of the space.

We also characterize the leading order fluctuations around this hyperbolic geometry. They are Gaussian
and massive in the sense that the rescaled field ¢ — y~'U converges towards a massive Gaussian free field in
the metric eV(®)§. The mass of this free field is 872A and thus exactly corresponds to minus the curvature:
the more curved the space is, the more massive the Gaussian fluctuations are.

Then we investigate the possible deviations away from this hyperbolic geometry: we prove that the Liou-
ville field satisfies a large deviation principle with an explicit good rate function, the Liouville action given
by (1.2). This rate function is non trivial, admits a unique minimum at the solution to the Liouville equation
with curvature 872A. At first sight and in view of the literature on the discrete GFF, one could naively infer
that this result is not surprising. However, the renormalization procedure in the definition of the interaction
term in (1.5) involves hidden divergences, which make our statement a priori not necessarily natural. The
proof is based on computing the exact asymptotic expansion of (1.5) when G is the exponential of a linear
function of ¢: in fact, this exact expression (see (3.5) below when G = 1) is the main result of this paper as
all the other results stem from this asymptotic equivalent.

We must mention here that there is a sizeable literature on mathematical studies of discrete random
surfaces in all dimensions: see for instance the recent review of Funaki [29]. In particular, within the (discrete)
framework of gradient perturbations of the GFF, there has been an impressive series of results: large deviation
principles (see [19]) or central limit theorems (see [42] for a convergence to the massless GFF in the whole
space) for instance. Nonetheless, the results of this paper bear major differences with the discrete case and,
in particular, cannot be derived from the discrete frameworks previously considered. Indeed, in the discrete
case, one can work in nice functional spaces whereas, in the continuum setting of this paper, the GFF lives
in the space of distributions and not in a functional space. Also, since the Liouville measure does not live
in a fixed Wiener chaos, one can not rely on classical estimates in the constructive field theory literature in
order to get exponential approximations (see [18] for the definition) of the continuum setting by the discrete
setting. Besides, an important aspect of our work is the derivation of sharp asymptotics for the partition
function (see (3.5) below) and more generally the Laplace transform of the field ¢: this is a specific feature
of the continuum setting which is essential in the problem of establishing exact relations for the three point



correlation function, the celebrated DOZZ formula (Dom, Otto, Zamolodchikov and Zamolodchikov) [22, 58]
derived on the sphere (see [36] for a recent article on this problem).

Figure 2: Surface with negative curvature and conical singularities

Finally, we investigate the Liouville action with heavy matter insertions. This means that we plug p

a2}
exponential terms of the form e= * (with X; € [0,2[) in the Liouville action in order to compute the p-point

correlation functions of LFT. The terminology “heavy matter” is related to the fact that the exponential

X
weights e X are chosen in a regime so as to affect the saddle points of the action. We prove that the

Liouville field ¢ then concentrates on the solution of the Liouville equation with sources (where ¢, stands
for the Dirac mass at z;)

P
AU — Ry = 8m*Ae¥ — 21 ) " Xib.,  Upy =0. (1.7)
i=1
This equation appears when one looks for a metric with prescribed negative curvature 87?A and conical

singularities at the points z1,...,2, (see Figure 2). Each source X;d,, creates a singularity with shape ~
ﬁ in the metric eV (@ §. Such singularities are called conical as they are locally isometric to a cone with

“deficit angle” 7X; (see Figure 3).

Figure 3: Cone with deficit angle 7X. Glue isometrically the two boundary segments of the left-hand side
figure to get the cone of the right-hand side figure. Such a cone is isometric to the complex plane equipped
with the metric ds? = |z|~¥dzdz.

Here again, the leading order fluctuations around this hyperbolic geometry with conical singularities are
Gaussian and massive in the sense that the rescaled field ¢ — v~ 'U converges towards a massive free field in
the metric eV(®)§, where U is now the solution of (1.7). The mass of this free field is once again minus the
curvature, namely 872A. We also establish a large deviation principle with an explicit good rate function,
which is non trivial and admits a unique minimum at the solution of the Liouville equation with sources.



Conformal gravity in 4d. Let us stress that an analog 4d-conformal field theory has been studied in the
physics literature (see [35]) from quantized gravity. The dynamics are governed by the Wess-Zumino action
and the Weyl action. Basically, the underlying idea is that the 4d Paneitz operator is conformally covariant
and yields a notion of @-curvature. To put it simply, we can consider the Euclidean background metric so
that the Paneitz operator simply becomes the bilaplacian. The action then becomes

= # /D [(Ap, Ap) + 1672 pe”?] A(dz), (1.8)
which is the 4d analog of (1.2) in 4d in flat background metric. The important point for our purposes is that
the corresponding free field action (u = 0) generates a log-correlated Gaussian field so that our approach
applies word for word. We mention that such a theory shares fractal properties similar to 2d Liouville field
theory, like the geometrical KPZ formula, as proved in [4, 47]. The semiclassical limit is described in terms
of the equation

Swzw (@)

A? = AéY, (1.9)
which is a prescription of constant (negative) @Q-curvature. The reader may consult [21] for more on this topic
of Q-uniformization of 4d-surfaces. Heavy matter operators may be added as well, leading to a perturbed
equation (1.9) with additional sources (i.e. Dirac masses). This approach can also be generalized to even
larger dimensions by considering the conformally covariant GJMS operators (from Graham, Jenne, Mason
and Sparling [33]), which take the simple form A%/? in even d-dimensional flat space.

Discussion on possible extensions or other geometries. Extra boundary terms

1

— N e /2
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where d¢ stands for the length element on 0D in the metric § and r; for the geodesic curvature on 9D, may
be considered as well in the Liouville action (1.2). These boundary terms rule the behaviour of the Liouville
field on the boundary and gives rise to the boundary Liouville Field theory. We will refrain from considering
these extra terms here: our purpose is to expose some aspects of LFT mainly to mathematicians and we wish
to avoid these further complications. Yet, this would be a first natural (and non trivial) extension of our
work.

In this paper, we focus on the unit disk with flat geometry but we stress that hyperbolic geometry can
be handled the same way. Of particular interest is the construction of LF'T on the sphere [13]. In that case,
the semi-classical limit exhibits some further interesting features. The point is that the limiting equations
requires to construct a hyperbolic structure on the sphere, which is rather not inclined to support such a
structure. This can be addressed by taking care of the nature of the insertions in the surface: there are some
additional constraints on the insertions (z;, X;);, which are called Seiberg bound in the physics literature.
Yet this framework will be addressed elsewhere. This problem also receives a new growing interest in the
community of differential geometry: the reader may consult for instance [5, 6, 54] and references therein for
more on this topic and other closely related topics, like the Toda system. Indeed, another natural extension of
our work could be to consider the large deviations of Toda field theories. In fact, tilting the free field measure
with any nonlinear functional of the free field that yields interesting critical points for the Laplace method
deserves to be investigated.
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2 Background and notations

2.1 Notations

Differential geometry: The standard gradient, Laplacian and Lebesgue measure on (a subdomain of) R?2
are denoted by 09, A and A(dz) (and sometimes even dz). We will adopt the following notations related to



Riemannian geometry throughout the paper. On a bounded domain D of R?, a smooth function § : D —]0, oo|
defines a scalar metric tensor by

(z,u,v) € D x R? x R? = §(z)(u,v),

where (u,v) stands for the canonical inner product on R2. In what follows, we will denote by g(x)dz? this
metric tensor and sometimes, with a slight abuse of notation, identify g(z)dz? with the function g.

We can associate to this metric tensor a gradient &9, a Laplace-Beltrami operator A;, a Ricci scalar
curvature R, and a volume form Az, which are defined by:

() =i(x) ' Dp(x) Ry(r) = — A Inj(x) (2.1)
Ajo(z) =4(z) " Ap(a) /D o(z) Agldar) = /D o (2)(x) Md). (2.2)

We denote by (99¢p, (“)%ﬁ)g the pairing of two gradients 99, 899 in the metric §, that is
(090,099 4(x) = §(x) " (Dp(x), (). (2.3)

Green function and conformal maps: The Green function on a domain D will be denoted by Gp(z, y).
By definition, the Green function is the unique function which solves the following equation for all x € D:

AyGp(z,y) = —216,, Gp(z,.) =0 on dD.

Note that with this convention Gp(x,y) = In Flvcl + p(z,y) where @ is a smooth function on D (not smooth

on the whole boundary dD). By conformal map 1 : D — D, we will always mean a bijective bi-holomorphic
map from D onto D. Recall that the Green function is conformally invariant in the sense that Gp oY = G 5.

Functional spaces: C2°(D) stands for the space of smooth compactly supported functions on D. We
denote ILP(D) the standard space of functions u such that |u|? is integrable. Classically, if D is a (say) smooth
bounded domain, we define the space Hg(D) as the completion of C2°(D) with respect to the (squared)
norm |p|3: = [, |0¢]* dz. Let us recall a few facts on Hj(D) and its dual H~'(D) which we need in the
paper: see [23, section 4.2] for instance. The space H (D) is defined as the Banach space of continuous
linear functionals f on H}(D) equipped with the norm

|l = sup fp)
eeH (D), |¢| g1 <1

where we denote f(y) the distribution f applied at ¢. The dual space of (H~1(D),|.|g-1) is once again a
Banach space. The space Hg (D) can then be equipped with the weak* topology, i.e. the topology induced by
the linear functionals ¢ € H}(D) — f(p) for all f in H=1(D): see [18, Appendix B]. This topology coincides
with the standard weak topology on H}(D). We will use this remark when establishing the large deviation
principle.

2.2 Gaussian Free Fields

Let P, E denote the probability law and expectation of a standard probability space; the corresponding space
of variables Z such that |Z|P is integrable will be denoted by L,,. On this space, the centered Gaussian Free
field X with mass m > 0 on a planar domain D C R? and Dirichlet boundary condition is the Gaussian field
whose covariance function is given by the Green function G (recall that, for m = 0, we denote Gp = G%))
of the problem

Au—mu==2nf on D, wupp =0,

where m > 0 is a function defined on D. When the mass satisfies m # 0, one usually talks about Massive
Free Fied (MFF for short) whereas one rather uses the terminology Gaussian Free Field (GFF for short) for
the massless field with m = 0. Therefore, for any smooth compactly supported functions f,h on D

E[x(nxm)] = [[  f@Gp @ h) sy,

Almost surely, the GFF lives on the space H~1(D) (see [23]).



Remark 2.1. In fact, X belongs to the standard Sobolev space H™*(D) for all s > 0 (see [23] for further
details) but for simplicity, we refrain from considering this framework. Many theorems of this paper could in
fact be strengthened to the topology of H=*(D); for instance, this is the case for the large deviation result, i.e.
Theorem 3.4, by using [18, Theorem 4.2.4] which enables to strengthen topologies in large deviation principles.

Remark 2.2. We could treat other boundary conditions as well but for simplicity, we restrict to the case of
Dirichlet boundary conditions. In the case when the action possesses boundary terms, it is more relevant to
consider a GFF with Neumann boundary conditions in the following.

In what follows, we need to consider cutoff approximations of the Gaussian free field X on D. The cutoff
may be any of the following:

-White Noise (WN) (see [47, 40, 46]): The Green function Gp on D can be written as

GD(xay) :’/T/ p(r,x,y) dr.
0

where p(t, z,y) will denote the transition densities of the Brownian motion on D killed upon touching
0D. A formal way to define the Gaussian field X is to consider a white noise W on Ry x D and define

X(e) =7 [ N | plo/2.) W ). (2.4)

We define the approximations X. by integrating over (¢2,00) x D in (2.4) instead of (0,00) x D. The
covariance function for these approximations is given by

oo

E[X.(2) X ()] = 7 / p(r, z,y) dr. (2.5)

e2ve’?

-Circle Average (CA) (see [24]): We introduce the circle averages (X:).¢jo,1) of radius ¢, i.e. X (z) stands
for the mean value of X on the circle centered at x with radius e. We could also consider more general
mollifiers (see [48, 49]).

-Orthonormal Basis Expansion (OBE) (see [23, 24, 40, 46]): We consider an orthonormal basis (fx)r>1
of H}(D) made up of continuous functions and the projections of X onto this orthonormal basis, namely
we define the sequence of i.i.d. Gaussian random variables:

e = % [ (0x(@).08 ().

The projections of X onto the span of {f1,..., f,} are given by X,,(z) =Y 1_; exfr(2).

In any of the above three cases, the family of cutoff approximations will be denoted by (X.). (withe = e™"

in the case of (OBE)).

Remark 2.3. Another way to obtain an approximation of the Gaussian Free Field, is to consider first a
lattice version. We do not mention it here as it is slightly less convenient than the other options in our setup:
the lattice field and the continuous field are not defined on the same space and it is quite technical to construct
a relevant coupling between the two of them.

2.3 Gaussian multiplicative chaos

For the three possible cutoff approximations (X.). of the GFF and for v € [0, 2], we consider the random
measure on D defined by

42
e'yX(:c) dr = lim ETe'YXE(x) dx. (26)
e—0

The limit holds almost surely and is understood in the sense of weak convergence of measures. This has been
proved in [37] for the cutoff family (WN) and (OBE) and in [24] for (CA). The limit is non trivial if and only
if 7 < 2 (see [37]). For these three possible cutoffs, the limiting objects (X, e?X(®) dz) that we get by taking
the limit as € — 0 have the same law [46].



The Wick Notation

In the paper we make extensive use of Wick notation for the exponential. If Z is a Gaussian variable with
mean zero and variance o2, its Wick n-th power (n € N) is defined by

& (=1)™n! 2 2 1
7" = — oM Z" ™ = o"H, (07 7 2.7
7nZ:O m!(n — 2m!)2m0 7 (07°2) 27)
where H,, is the n-th Hermite Polynomial. If Z is not centered then : Z" : is understood as : Z" : = : Z" :

where Z := Z — E[Z].

This definition is designed to make the Wick monomials orthogonal to each other. More precisely if (Z,Y)
is a Gaussian vector we have
E[: Z" Y™ =nll,_,E[ZY]". (2.8)

The Wick exponential is defined formally as the result of the following expansion in Wick powers
(oo}
a7 /AL
n=0

A bit of combinatorics with Wick monomials leads to the following identity

. 2.2
ce7Z = exp (’yZ — U; ) . (2.10)

Most of the time we will use the Wick notation for Gaussian fields that are distributions rather than Gaussian
variables, but we specify the meaning of this notation below.

Wick Notation for Gaussian Fields

We cousider a Free Field X defined on a planar domain D (we stress that the basics below extend without
changes to any other log-correlated Gaussian field). We define the Wick powers and the Wick exponential
as a distribution on D, by taking the limit of cutoff approximations of X constructed in Section 2.2. Indeed
from the formula (2.8), the reader can check that for any smooth function u, and any n the sequence indexed
bye>0

/ X2 (z) u(x)dx (2.11)
D

is Cauchy in Ly, and thus admits a limit when ¢ — 0. The limit is denoted by (: X" : u). With some
additional work one can check that : X™ : defines a random distribution acting on u. For v < 2, one can also
consider the limit : €¥X(®) : dz in the sense of weak convergence of measures of the family (: e7¥<(*) . dx),

and one can check that )
X@) g = X C(z,U)” 2 dp, (2.12)

where C(z,U) denotes the conformal radius and the measure is defined in subsection 2.3. Notice that for
v < /2, the limit can also be obtained from the series expansion (2.9): for all u € IL?(D) for some p > 1

2 X@) Ly (z) dr = 7" X" (x): u(x)dx .
[ e @ iu@ar =Y 1 [ X (@) utw o (213)

n>0

where the above sum converges in L.



3 Semiclassical limit

3.1 The semiclassical limit

In this section and for pedagogical purpose, we make one simplification by not taking into account a possibly
curved space. As mentioned in introduction, the case of the hyperbolic geometry can be handled the same
way whereas additional difficulties appear on the sphere, which the methods of this paper cannot handle.

We equip the unit disk U with the flat metric, i.e. the metric associated to the metric tensor g = 1 on U.
We consider a GFF X on U with Dirichlet boundary condition. We consider a cosmological constant p > 0
and a Liouville conformal factor vy €]0, 2]. We set

2
Q=Z+7.
v o2

We define the law P, , of the Liouville field X on U associated to (u,7) as the tilted version of P as
follows:

E,,[F(X)] = Z;\E [F(X) exp ( —dmp /U evxmdxﬂ (3.1)
where

Zyy :E[exp(—élﬂu/e"’X(z)dx)}
U

and F is any bounded continuous functional on H~*(U).

Our aim is to determine the asymptotic behavior of the fields ¥X when + tends to zero and u tends to
infinity simultaneously while satisfying the relation

wy? = A, (3.2)
for a fixed positive A.
We claim

Theorem 3.1. Assume that v — 0, — oo under the constraint (3.2). The field vX concentrates on the
solution of the classical Liouville equation
AU = 8r%AeV (3.3)

with zero boundary condition on U. More precisely

1. The partition function has the following asymptotic behavior at the exponential scale

1
2 _ 2 2A U@\ ], .
%mbv Inz, ., = o /U(|8U(x)\ +16m°Ae” ™))dz =: F(A). (3.4)

2. More precisely we have the following equivalent as v — 0
Zymy ~ e’ W) exp (—271’1\/ V@ In C’(x,U)dx) E [exp <—27rA/ V@ X ()2 dx)} . (3.5)
U U

where : X? : is the standard Wick-ordered square field, i.e. : X (z)? := hl% X (2)? — E[X.(2)?] where
e—
X is the cutoff field (see subsection 2.2).
3. The field yX converges in probability in H=1(U) as v — 0 towards U.

4. Both random measures : e¥X : dx and e?Xdx converge in law in the sense of weak convergence of
measures towards eV @ dx as v — 0.

5. the field X — v~ 1U converges in law in H=(U) as v — 0 towards a Massive Free Field in the metric
§ = eV @ dz? with Dirichlet boundary condition and mass 872\ , that is a Gaussian field with covariance
kernel given by the Green function of the operator 2m(87%A — Az) =1 with Dirichlet boundary conditions.

Remark 3.2. The above theorem shows in a way that the metric €X®dz? converges as v — 0 towards the
metric on the disk with negative curvature —8m2A. Actually, we only treat here the case of the curvature or
volume form of the metric. But the same argument can be adapted for instance to prove the convergence of
the associated Brownian motion defined in [30, 31].



3.2 The large deviation principle

Now we focus on a Large Deviation Principle. Recall that U is the solution to the classical Liouville equation
(3.3). For f € H}(U), we consider the weak solution V of the perturbed Liouville equation (see Theorem
A1)

AV =8r%Ae" @ —2nf(x), with Vjay =0, (3.6)
and we set )
F(A, f) = - /(|6V(:1:)|2 + 1672 AeV @) + / f@)(V(z) = U(zx))dz.
U U

In the course of the proof of our large deviation result: Theorem 3.4, we will check that the mapping f €
HY(U) — F(A, f) — F(A) is convex, Gateaux-differentiable and weakly lower semi-continuous (for the weak*

topology).

We define its Fenchel-Legendre transform as follows by

Yhe HY(U), TI*(h)= sup {h(f) —F(A, f)+F(A)}. (3.7)
feH;(U)

Proposition 3.3. The function I* is a good rate function with explicit expression

N 400, otherwise,

where
1

Vu € H}(U), E(u) = o

/(|8u(x)|2 +1672Ae®))dz.
U

In particular, we have I*(h) > 0 except for h = 0.

The fact that I* vanishes only for h = 0 is important because this entails that the forthcoming LDP
provides non trivial bounds as soon as the set A has non empty interior and 0 ¢ A.

Theorem 3.4. Assume that v — 0,4 — oo under the constraint (3.2). Set Y, = vX — U. The following
LDP holds with good rate function I* on the space H~'(U) equipped with the norm |.|gz-1

— inf I*(h) < liminfy*P, - (Y, € A) < limsup+?P,, (Y, € A) < — inf I*(h)
heA ¥—0 ’ y—0 ’ heA
for each Borel subset A of H=1(U).

3.3 Proof of Theorem 3.1

We first compute the limit of the partition function Z,, .

4 A 4 A 2
E[exp (—Z/ewx(m)dw)] =E[exp (—71-2/ :e'YX(m):C’(m,U)2dx)].
7 Ju 7 Ju

We define Y =Y, as follows

Where U is the solution of (3.3). Note that this implies in particular that

U(z) = 747TA/UGU(y)GU(3:,y)dy. (3.9)
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We have

4mA
E [exp <_7T2 / X (@) d$>:|
Y U

=E [exp (—47T2A / V@ (1 4 4Y () dx) exp <—47T2A / e X@) _ U@ (1 44y () dx)}
U 7 Ju

~y
A ZA?
= exp (_7r2 / V@1 - U(x))dz + st 5 / eU(w)JrU(y)GU(x,y)dxdy) (3.10)
7 Ju v U2
4 2A2
y E[exp (—:A /U U@ X () da — 8”75\ /U 2 eU<I>+U<y>Gm(m,y>dwdy)

exp (472/\/ e X@) _ U@ (1 4 4y (2)) dm) }
7 Ju

The first exponential term in the expectation

67% flU el )X(a:)dzf 8“"{2/\ fUQ el H'U(y)GU(a:,y)da:dy

is a Cameron-Martin transform term. It has the effect of shifting the field X by a function which is equal to

- ﬂ/(3U(‘7‘")C¥U(:E,y)dx = U(x) (3.11)
7 Ju A

Hence after this shift, ¥ becomes a centered field, and the expectation in the last line of (3.10) is equal to

E[exp (—4;A / V@ (X 1 'yX(x))dx) ]
U

For the term in front of the expectation, from (3.9) we have the following simplification

87r2A2/ U@+ Gy (x, y)dady = — 27TA/ U@ U (z)dz = ——/
U2

/\8U [2dz,

o 2 2\ U)
exp( o /U(|8U(x)| + 167 Ae”)dz | . (3.12)

The computation of the partition function (item 1. and item 2.) is completed with the following lemma.

and thus it is equal to

Lemma 3.5. The quantity Z, = Ele™® Js eUm:X(I)Q:dI] is finite for any a > 0 and under the probability

measure U )
m_ 71 _—a [ " :X(z)%:dx
P=2z e

the field X has the law of a Massive Free Field in the metric g = eV ®*)da? with Dirichlet boundary condition
and mass 4o, that is a Gaussian field with covariance kernel given by the Green function of the operator
2m(dma — Ay) L.

Proof of Lemma 3.5. Let § be the metric tensor eV®) dz2. Let (Aj); be the non-decreasing sequence of
eigenvalues of —(2) ’1Ag with Dirichlet boundary conditions (with repetition if necessary to take into account
multiple eigenvalue). Let (e;); be an orthogonal sequence of eigenvectors associated to A; normalized to 1 in
the 1L?(U, \;) sense, ie. [;;e;(2)*A;(dz) = 1. Note that the sequence (e;); is orthogonal in L*(U, A;) and in
the Sobolev space H}(U) (see [11, chapter 7]). Recall that A\; ~ Cj as j goes to infinity according to Weyl’s
asymptotic formula [56, 57]. Then we have

@

j(x

N
™
<

j=1

E
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where (¢;); is an i.i.d. sequence of standard Gaussian variables given by ¢; = (X, e;) 1. In this case, we have

2 x — (1) o ()’ @ -1
/U:X(:c) : eVl )dxz/uj((; \/(ngj) _Zf\j)eU( )dm:jzlsAj |

Jj=1

Therefore we have

Zoy =E[e™® fuﬁx(f”)z’ﬁeumdﬂ = HE[eirjsj]eM = H Aj e%j’

which converges if o > —%. By computing the Laplace transform of the field X under HN”, it is plain to see
that the field is Gaussian. It remains to identify the covariance structure

E[X (2)X (y)] = E[X ()X (y)e~ [or X @) ey 7
& ey(w)ey () Bl T
*Z A Zo

Hence the law of X is that of the Massive Free Field in the metric eV® dz? conditioned to be 0 on the
boundary of U with mass 2« x 27. O

Lemma 3.6. For any bounded positive function g on U one has

v—0

lim E[exp (—712 /Ug(a?)(e'yx(x) 1 7X(x))d:c> ]
= e 7 Jym C@U)drg oy (- /U g(z) s X(2)?: dx)], (3.13)

where : X2 : is the standard Wick-ordered square field defined in Section 2.5.

Remark 3.7. Before to the proof of this lemma, let us make a few comments. First, observe that the expres-
sion in the exponential is not positive as the elementary inequality e* — 1 — u > 0 might suggest. Indeed one
should not forget that here e¥Xdzx is defined via a renormalization procedure (recall (2.6)). This being clear,
let us shortly explain why (3.13) holds. We have

exp (5 [ a@@*® - 1= X (@)ao)
— exp (;Q/Ug(x):evxm : (1—(C(x,U))72/2)dx> (3.14)
- (—;/Ug(x)(: X@) L —7X(a;))dx) .

2
When ~y tends to zero (1—(C(x,U))” /2) is equivalent to —y?/2In C(z,U). According to the expansion (2.13),
it also makes sense to say that : €YX®) . dx ~ dx in some sense as v goes to 0 so that the first term should
converge to e~z Jy9(@)InC(eU)de

As for the second term (2.13) tells us that

7 2g(2)(: X . 1 — 4 X (2))dz ~

@ s X () : da (3.15)
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which indicates convergence.

The difficult part is then to show that the formal equivalent above are rigorous in a sense, and also that
lower order terms do not change the behavior of the Laplace transform on the left-hand side of (3.13).

Proof of Lemma 3.6. The first step is to prove that the random variable

1 ,YQ 72
H, = po] /(e”X("”) —1—~X(z) — 71110(3:,1[}) -5 X(x)? )g(x)dx
U

converges in Lo towards 0 as v — 0. We have

1 X () ey 72
H, = = s e : (C’(x,U) - 1) ) In C(z,U)dz (3.16)
1 2
+? /U(: e X@) . 1 X (z) — % : X(a:)2 Dg(x)dx (3.17)

It is rather straightforward to check the convergence to zero in Ly of the first term. As for the term of the
second line, by the expansion (2.13) and the orthogonality of Wick polynomials (2.8), its variance is equal to

5 2t [ (Gl a(elgt)isdy 318)

n>3

The variance being of order 42 the second line of (3.16) is of order 7.
The second step is to prove a form of tightness. Indeed if we can prove that for any positive bounded
function g one has
2
SupE[677_2 Sy 2g(z)(e?* ™) —1—yX (z)~ 2L In C(m,U))dm} < 400. (3'19)
>0

then the first step implies the following convergence in probability

e*'y*r" fU g(m)((ewx(z)flf’yX(m)fé In C(z,U))dz e fU g(x):X(x)2:dz

and (3.19) implies that the sequence is bounded in £2 and hence tight in £!. Thus the convergence in
probability implies convergence in £' and thus convergence of the expectation which concludes the proof of
Lemma 3.6.

So we just have to prove (3.19). For notational simplicity we assume in the proof that ¢ = 1/2 and that
fU dz = 1 but the proof with general g (and in particular g = eV(®)) works just the same. As the quantity
are continuous for v € (0, 1], we can assume that v is small.

Our strategy is to introduce first the white noise cutoff (X;). for the field X.

2
Introducing the cutoff. Recall that : €7X<(*) : stands for e Xe(@)=TEX:(2)’] Then as e —z — 1 is a
positive function, we have

y 2 1 1
2 <C(:E,IU)2 ceXe@ 1 X (x) — élnC(x,U)) < §E [X2(2)] < 5\ Ingl. (3.20)
For the rest of the proof, we use the notation
+2 ,YQ 72
R.(z) == C(z,U) T : 7X@ 1 _ X (z) - 7 InC(z,U) — 5 X2(x) : (3.21)

We want to find a good bound for [i;|R.(z)|dz which holds with a large probability and use (3.20) to

1/8

bound the exponential when the bound on [ |R.(z)|dz is not satisfactory. We set € := e~ " and hence

|Ing| = v~ 1/8. We stress that this relation will hold during the rest of the proof of lemma 3.19.
We have for any x

—C n83
E [|Re(2)|1{1x. () > mef2y] < e (1 + [InC(z, U))]). (3.22)
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This inequality can be established without being subtle: use the triangle inequality to decompose | R.(z)| and
then estimate each term with standard Gaussian computations.

Separating the space into the two events {|X.(z)| > |Ing|?} and {|X.(z)| < |Ine|?} and using the
inequality e* — 1 —u —u?/2 > u3/6 for u € R on the second event, we deduce

Ro(2) > Re(2)L{|x. (o) mne2y — CAY/4(1 + [InC(z,U)°). (3.23)

A= {</U Re(x)|]l{X€(z)>|lna|2}dx) > '73} )

We can integrate the inequality (3.23) with respect to the Lebesgue measure over U. To bound the
integrated first term in the right-hand side of (3.23), we can use (3.22) and the Markov inequality to obtain

Let us set

P[A] < emellel’ =3, (3.24)

We can finally conclude, using (3.20) and (3.23), that

1 22 2
E [exp (—2 /(C(x,IU)T ceXe@ s X (2) - % InC(z,U)) dx)}
7 Ju
< 7' [e—% fU=X?=]1AC} FP[A]ezel] (3.25)
which can be bounded above by a constant (independent of ) thanks to the bound

sup E [6_% fU:X?:} < 400
e>0

and (3.24).

Removing the cutoff. The first observation is that we have the following estimate for any event B by
using the Cauchy-Schwarz inequality (and the fact that the exponential is positive and C(z,U) < 1)

1 v X (x ~2 . _ _
E [e—ﬂw . >—1—vX(w>—zlncwﬂdwng} < [} X @] < 07 /P (3.26)

where C' is a positive constant. Now we set M = [, :e?¥@): dz, M. = [ C(x,U))7*/2 :e7X=(®): dz. On the
event B¢, we can write

E[e™ Jo(@X @ —1-3X (@)= % In C(a.1)) ]
—E [e‘# S @072 X @)= O 1) e L f (XX () dwe#Wf‘M)]ch] : (3.27)

It is therefore relevant to consider an event B such that we can properly estimate the last two exponential
terms. A reasonable choice is to set

B {|/U<X—Xa><x>dx| > 22} u{r -2y = 47}

On the event B¢, (3.27) allows us to compare (with constants) the desired quantity with the cutoff version.
To use (3.26) on the event B, what remains to do is to prove that

P(B) < e3¢0, (3.28)

The quantity [,;(X — X.)(z)dz is a Gaussian random variable whose variance is of order . Hence there
exists a constant ¢ such that

P [ / (X — X.)(@)da > 2| < exp(—erte)) (3.29)
U

14



To evaluate the likeliness of a deviation of M, — M, we are going to compute the exponential moment of
this variable with respect to E¢ := E [-|F.] where F. is the sigma-algebra generated by the random variables
{Xu(x);e <wu,x € U}. For t > 0 let us consider the function

é(t) = E [e“MfM) | fe} < . (3.30)
Note that neither the full expectation with respect to IP nor the expectation for negative ¢ are finite. We have
(1) = E° [(ME - M)e“Ms—M)} = / O(z,U)"/2 ; 1Xe(@)  Ee [et(ME_M) - et(ME_MI)] dr (331

U

where
N = / AXW A Celan gy, (3.32)
U

and G¢(z,y) > 0 is the correlation function of X — X.. Note that for any z € U

Pt (M—D7) _ exp (_t/(eWQGa(m,y) _ 1)@7X(y)dy>
U

and e~ '™ are decreasing functions of the field X — X.. Hence making use of the FKG inequality for white

noise (see [34, section 2.2] for the case of countable product and note that by expression (2.4) the field X — X,
is an increasing function of the white noise) for the field X — X, and the inequality e* > 1+ u

RS [e—tz\zm} SE= [et(M—I\;I””)] Re [e—tM]
>E* |14 H(M — M")| EF [e]
:(1 — t/ [67265(“’) - 1} C(w,U)72/2 e XeW) dy)IE‘E [e7™M].
U

Combining this with (3.31) and using that C(z,U)) is uniformly bounded and : e¥¥<(®) :< e7X< we obtain
that for + sufficiently small

' (t) < 2té(t) / / [67265(1’9) - 1] 7 Xe@+Xe () dzdy. (3.33)
]UZ
With this we can conclude that )
o(t) < e, (3.34)
where

7. = // [6726‘5(%1;) — 1] ¥ Xe @)+ Xe(W) qpdy.
U2

The last thing that we need is a good control on Z.. Note that one can find a constant C' such that for
all z € U, for all y < 1, and ¢

/ {e“’zéf@ﬂ) - 1] dy < Cy2e. (3.35)
U

Hence using the inequality

e Xe(@)+Xe(y) < % (627X5(:8) + 627X5(y)) , (3.36)
and symmetries in the integration we obtain
Z. < //U2 [e”zéf(m’w — 1] eZWXE(m)dydx < C’er/UeQVXE(I)dx. (3.37)
Now we have
/UeQWXE(I)dx =24 /UeZ'YXS(I)]l{VXE(w)E Ine|/ayde (3.38)
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and one can find ¢ > 0 such that
—2
: [/ L X )z ey da | < eI (3-39)
U

Hence using the Markov property (changing the value of ¢ if needed) we have for v small enough

P[Z. > \E] < e "Inel, (3.40)
Finally using (3.34) with ¢ = e71/% we have that

P [(Me -M) >~ | Z. < 51/2} <exp(—e /y)e! /2.

This entails that 72
P [(Me _ M) > ,YS] <e |Ing| + 2€Xp(—€_1/4"y3)61/2.

1/8

which completes the proof since we have ¢ = e~ O

Back to the proof of Theorem 3.1, we consider a continuous bounded function F on the space H ~!(U).
The same computation as (3.10) shows that

4w A
E[F(yX)exp (— %

O X@ dz)] =exp  — (10U (z)|? + 1672 AV @) da (3.41)
) [

1
U 4my?

4w A
X E{F(’yX—l—U) exp (—;/QU(z)(evX(z) -1 —WX(x))dJ;> }
U

As vX converges in probability towards 0, it is plain to deduce from Lemma 3.6 again that the expectation
in the above right-hand side behaves when v — 0 as follows

AmA
lim IE[F(fyX +U)exp (_”2 / V@) (7X@ ] _ q/X(x))dx) }
70 7 Ju

= F(U)e 2™ Joe?t InC@D)drglexp (- 27TA/ V@ X ()2 dz)]. (3.42)
U

This shows the convergence in law of the field vX towards U. Hence item 3. Item 4 can be proved in the
same way.
Now we focus on item 5. We use again the notation

Y=X-~"'U.
From (3.41), we have
yi% E,~[F(Y)] = Z'E[F(X)exp (- 27A /U V@) X (2)? 1 dz)] (3.43)
where
Z :=Elexp (- 27A /U V@ X (2)%: da)). (3.44)
Using Lemma 3.5, the proof of Theorem 3.1 is over. O
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3.4 Proof of the large deviation principle
Proof of Proposition 3.3

The fact that I* is a good rate function will follow from Theorem 3.4. So we focus on establishing the
expression of I* on H}(U). Our strategy is to first establish the identity on a dense subset of H}(U) and then
use a bit of topology to extend it.

For h € H=1(U), let us denote by H the mapping

H : f € HY(U) = h(f) = (R(A, f) — F(A)).

As it is Gateaux-differentiable (see Proposition A.2), we can compute the partial derivative evaluated at f
in the direction v € H}(U), call it 9,H(f). To this purpose, let us introduce the solution V of (3.6) and the
function g € H}(U) solution of (A.4) with A in (A.4) replaced by v. From Proposition A.2 and the definition
of F.

H(f +tv) — H(f)

OuH) = fim, :
1
=h(v) + — / (2(0V, dg) + 1672AeY g — A fg)da — / v(V —-U)dx (3.45)
am Jy U

—h(v) /U o(V — U) da.

To get the last line, we have used the fact that V' is the solution of (3.6) in such a way that the first integral
in the first line vanishes. Let us define

S ={h € H}(U);h =V —U;V solution to (3.6) for some function f € H}(U)}. (3.46)

If h € S, we can choose f such that h = V — U where V is a solution to (3.6). Then, by (3.45), we deduce
that f is a critical point of H, which is concave. Therefore I*(h) = H(f). Plugging the relation h =V — U
into the expression of H(f), we get I*(h) = E(V)— E(U) = E(U + h) — E(U). This provides the expression
of I* on S.

Now we show that S is dense in Hg(U). For this purpose we show that

S ={hc HYU) | Ah € H}(U)}. (3.47)

Indeed setting V = U + h € Hg(U), we have
AV =AU + Ah

=8n?Ae" + (AU + Ah — 87%AeY)

=8n?Ae" + (872 Ae¥ + Ah — 87?AeY).
Setting f = (4rAe¥ — 4nAeV — (27)~1Ah), it remains to to prove that f belongs to H}(U) if and only if
Ah does. In both cases it suffices to prove that eV — e" € HJ(U) but this is easy: because it vanishes on the

boundary because h does, and d(eV —e") = eVOU — eV 9V is square integrable. For this last point, one can
check that either Ah € H{(U) (easy) or f € H}(U) (using AV = 872Ae" — 27 f) implies that V is bounded.

Now we establish the expression of I* on H}(U) \ S by density. Note that as a supremum of continuous
linear functions, I* restricted to H}(U) is weakly lower semi-continuous (for the Hg(U) norm). By continuity
of E(.) for the H}(U) norm, approximating h € HJ} by a sequence in & we deduce that

Vh € H3(U), I*(h)<E(U+h)—E(U). (3.48)

Conversely, if h € H}(U), we can find a sequence (h,,), in S converging in H}(U) towards h. For each n, let
us consider f,, € Hg(U) such that h,, = V,, — U where V,, is the solution to (3.6) associated to f,,. From (3.6),
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one can check that (f,,), is Cauchy and strongly converges in H~!(U). Then we get:

I"(h) = sup h(f)—F(A, f)+F(A)
feH;(U)
2h(fn) = F(A, fn) + F(A)
=(h = hn)(fn) + ha(fn) = F(A, fn) + F(A)
=(h — hp)(fn) + E(U + hy) — E(U).

We conclude by observing that (h — hy,)(fn) = 0 and E(U + h,,) — E(U) = E(U +h) — E(U) as n — oo.

To complete the proof, we show that I*(h) < +oo implies h € H}(U). For each f € H}(U), let us consider
the associated solution to (3.6) and define h = V — U. Repeating the above argument, we have for each
f e Hg(U)

I*(h) > (h—h)(f) + E(U + h) — E(U). (3.49)

As I*(h) < 400 and E(U + h) — E(U) > 0, we deduce that

Vfe Hy(U), h(f)<C+h(f), (3.50)

for some constant C' > 0, which does not depend on f. Let us further introduce a function g € H}(U) such
that —27f = Ag. To establish that h € Hg(U), it suffices to prove that the above right-hand side of (3.50)
is bounded uniformly when || f||z-1 <1 (or equivalently ||g]|z: < 1). By integrating (3.6) with respect to V,
we get

—/ oV > da = 8772A/e‘71_/dx+ / AgV dz,
U U
which can be rewritten as

/|8V\2dx+87r2A/(e‘7 —)Vdz = —87T2A/ de+/<ag,av> dz. (3.51)
U U U U

Using the elementary inequality (a,b) < o|a|> + £[b|? for the two terms for a well chosen ¢ > 0 we can
establish that the right-hand side is less than C" + 5 [, |8V |* dz, for some constant C” that does not depend
on f. Observe that (e* — 1)u > 0 for all u € R so we deduce that [;;|0V|*dz is bounded uniformly on the
set {f € Hg(U) | [[fllg-+ <1} (and thus [;; [0h]* dz too). Finally, we have

R(F) = /U (99, 0R) d < [gl1 |l

so that h(f) is uniformly bounded on the set {f € H}(U) | || f|lz—2 < 1}. This implies that h € HE(U).
Also, recall that U is the unique minimum in H¢(U) of the functional E. Indeed, a function in Hg(U) is

a minimum of this functional if and only if it is a weak solution to (3.3). Furthermore, the weak solution of

(3.3) is unique as we have proved that the field 7X converges in law (and even in probability) towards U

as soon as we get a weak solution U to this equation. The limit in law being unique, we get uniqueness for
(3.3). In particular, if h € H}(U) and h # 0, we get I*(h) = E(U +h) — E(U) > 0. O

Proof of Theorem 3.4.
Assume that we can prove that the family (Y5 ), is exponentially tight and that for each function f € Hg(U)

Yy (6)
. 2 —_—
%13%)7 InE,,[e* | =F(A, f) — F(A). (3.52)
The mapping f € H}(U) — F(A, f) — F(A) is Gateaux-differentiable as shown in (3.45) and weakly lower
semi-continuous (even weakly continuous) from Proposition A.3. Hence we can apply a standard result from
the theory of Large deviation in functional spaces [18, Corollary 4.5.27], which entails the proof of Theorem
3.4.
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So we focus on establishing (3.52) first and then we will prove that the family (Y,), is exponentially
tight. As we already know the asymptotic behavior of the partition function, it is sufficient to compute the
asymptotic behavior of

Yo (£) Y. AA
Zuyle ] :]E[exp( "’(Qf) - LQ/@'YX('%) dx) ]
v 7" Ju
Let V be the (deterministic) weak solution of (3.6) and set

: AV
0a) = Jla) A" = -2 (). (3.53)
7T
Note that it implies
| oot ay = via) (354)
We define H,, to be a shifted version of the field X,
v
Hy(zx)=X—-—. (3.55)
Y
We have
Y. 47A
E[exp ( 7(2f) - Lz / eV X (@) dx) ] (3.56)
Y Y U
—F [eﬁz fo(rX (@)=U (@) f(@)do— 22 [ eV 4y Hy (2)) do = 45 [y X =V 14y H (@) 4]
_ 2 fU(47rAV(z)eV(T) 4rAeV (®) U(z)f(:r))da:+2 > foz z)0(y)Gu(z,y)dzdy
% ]E[E; fUX(ac)f)(ac)dac—h—2 Ju2 G(x)f)(y)GU(ac,y)dxdye—‘:fTA s e“rX(z)_eV(w)(l-&-fyH,Y(m))dac]. (357)

Once again, the first exponential term in the expectation
5 Jy X(@)0(2)dz— 315 [i2 0(2)0(y)Gu(@,y)dwdy
is a Cameron-Martin transform term. It has the effect of shifting the field X by an amount v~V (cf. (3.54)),

and hence after this shift, H., becomes a centered field, and the expectation in the last line of (3.57) is equal
to

E{exp (—47T2A / V@ (e X@) 1 ’yX(a:))da:) }
7 Ju

Concerning the exponential term in front of the expectation, it can be simplified. Let us briefly explain how.
From (3.54) and (3.53)

1 1 ,
/We Y)Go(z, y)dady — / 0(2)V (2)da = —%/UAV(:U)V(x)dx _ %/Uwvun dz.  (3.58)

We also have

mAeV @V (z)dx = x)—0(x x:fi x)|“dx x)V(x). .
[V = [ (1) - b@WV@) = —5- [0V [ jove. @)

U

Using this in (3.57) we obtain

Y. 4\
]E[exp( A’/Y(Qf) — ?/UeVX(m) dx)}

= exp <47T172/U(|6V( )2 + 1672 AeY (@) /f Uz ))dz) (3.60)

A
X E{exp <—j;2 V@ (X @) _q 7X(z))dz> }
U
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To complete the proof of (3.52): we use Lemma 3.6 which asserts that the last line converges as v — 0 towards

e—27rA Iy eV(@ I C(m,U)de[e—Qﬂ'A Iy eV (@) . x? (z):dx} ]

Now, we turn to the exponential tightness of the field Y, = vX — U. The exponential tightness of the
field Y, = vX — U is equivalent to the exponential tightness of X (simply because if K is a compact set of
H=Y(U), K + U is also compact). We adopt the framework of section 4.2 in [23]. By conformal invariance,
we work on the square S = [0, 1]2. In this case, given a sequence (@j,k)jk>1, the series

fn = Z a;  sin(mjz) sin(mjy) (3.61)

1<j,k<n

lajkl®

converges in H~1(S) if and only if D ik 52z < 00. In this case the limit f := limy, f, has the following
norm

|aj.x?
|f|H’1(S) = Z (jQJ‘Fk'Q)

Jik21

In H71(S), the GFF is then the almost sure limit of the series (3.61) where a; ) = \/;ﬁ where (€ 1) k>1
is an i.i.d. sequence of standard Gaussian variables (in this case the £, are the H'(S) projections of X on
the H'(S) basis ((z,y) — sin(mjz)sin(rjy));x>1). Let C > 0 be fixed. We introduce the following compact

set of H~1(S) (we identify the limit of the series (3.61) with the sequence (a;x)jx>1)

C
(52 + k:2)1/4}

Kc = {(ajk)jr=1; Vi k, lajkl <

We have
P(vX ¢ Kc) = P(3j,k, Ylejn| > O + kYY)
< Z P(ylejnl > C(5% + k%)%

Jik21

22 4EH1/2) +k 2)1/2)

DL

7,k>1

hence we get that
lim hmw InP(vX ¢ K¢) = —oc.

C—o0y

This shows that vX is exponentially tight in H~1(S).

4 Semiclassical limit of LFT with heavy matter insertions

In this section, we want to treat the case of heavy matter operator insertions in the partition function. This
roughly corresponds to tilting the partition function of LFT with exponential terms and we will see that,
semiclassically, this creates conical singularities in a hyperbolic surface. We restrict once again to the flat
unit disk for simplicity.

More precisely, we consider distinct z1,..., 2, € U, X1,... &), € [0,2], a cosmological constant > 0 and
a Liouville conformal factor v €]0, 2]. We set

2
Q==+7.
v o2

We formally define the law P, . (.. x,), of the Liouville field X on U with heavy matter insertions (z;, &;);
associated to (i, ) as the law of the GFF on U tilted by

exp ( —dmp /{Ue'yx(x)dx) HeXT (=) (4.1)

i=1
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X ) . .
Of course, the above expression is not a function (because of eTX(ZZ)) and this cannot be considered as a

Radon-Nykodym derivative, but on a formal level one can always consider this last term as a Cameron-Martin
tilt. The rigorous definition of P, - (., x,), is then given by its action on bounded continuous functionals F
on H~1(U) as follows

]Ellv"Yv(ziin)i [F(X)}

_ X 2) S G-z
= Zﬂ,}/,(zi,xi)i]E{F(X + Z 7GU('7 zi)) exp ( - 47TM/Ue”X( )i XiGul, ”dx)}

where E stands for the expectation with respect to the free field X, and
Z oy (20, X0)s = E[exp ( — 47r,u/ VX (@) s XiGU("z’i)dx)} . (4.2)
U

The additional exponential terms in the above product are called heavy matter operators in the physics
literature (see [43, 36] for instance). The problem is to compute the asymptotic behaviour of the partition
function and to find the limit in law under the probability law P, ., ., x,), of the field vX when v = A and
v — 0.

We will see that the field concentrates on the solutions of the Liouville equation with sources (see Theorem
A4)

AU =8r°Ae” =21 " Xib., Uy =0, (4.3)

where §, stands for the Dirac mass at z. Theorem A.4 shows that if U is the solution of equation (4.3) then
U~ 3, X;Gu(-,z) is at least continuous. Therefore the metric eV(*)dz? possesses singularities of the type
% at the points z; .

|z—2;]

Theorem 4.1. Assume v — 0 while keeping fized the quantity v>u = A. The field vX concentrates on the
solution of the Liouville equation with sources (4.3). More precisely

1. The partition function has the following asymptotic behavior at the exponential scale

1
472

’1112) 72 In Z#v%(zi,?fz‘)i = /(‘8<U - H)($)|2 + 16W2A6U(x))dm = F(A7 (Zia Xi)i)' (4-4)
U

where H(xz) =, X;iGu(-, 2).
2. More precisely we have the following equivalent as v — 0
Doy (2,00 ™ Y Pz, X0)i) exp (—27TA/ V@) I C(J:,U)dx)
U

xE [exp (-%A /U V@) :X(m)Q:dxﬂ. (4.5)

3. The field vX converges in probability in H=1(U) as v — 0 towards U.

4. Both random measures : e¥X : dx and e?Xdx converge in law in the sense of weak convergence of
measures towards eV ®) dz as v — 0.

5. the field X —y~ U converges in law in H='(U) towards a Massive Free Field in the metric § = eV (*)dz?
with Dirichlet boundary condition and mass 872\ , that is a Gaussian field with covariance kernel given
by the Green function of the operator 2m(8m2A — Ay)~' and Dirichlet boundary condition.
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4.1 The large deviation principle for LFT with insertions

For f € H}(U), we consider the weak solution V of the perturbed Liouville equation (see Theorem A.1)

AV =8r°AeV ) —2rf(x) — 2 Y Xib.,, with Vigy =0, (4.6)

and we set
1 2 20 V()
F(A, f) = —E/(|8(V—H)| + 167 Ae )dx—l—/U(V— U-H)(z)f(x)da,
U

where U is the solution of the classical Liouville equation (4.3). The mapping f € H(U) — F(A, f) — F(A)
is still convex, Gateaux-differentiable and weakly lower semi-continuous.

We define the Fenchel-Legendre transform I* of F(A,-) — F(A) as prescribed by (3.7). We further define
the set

Ssource = {h € H™Y(U); h =V — U — H;V solution to (3.6) for some function f € Hg(U)}.

The function I* is a good rate function, with I*(h) > 0 except for h = 0. For h € Ssource, we have the
following explicit expression

I*(h) = E(V) — E(U) < 400, if h=V —U — H where V solves (4.6) for some € Hj(U),

and
1
Vue HY(U)+ H, Bu)= / (10(u — H)(x)[2 + 1672Ae"®)dz.
T Ju
Finally, Ssource + H is dense in H~1(U) as it contains the set of h such that h, Ah € Hg(U).
Theorem 4.2. Assume that v — 0,u — oo under the constraint (3.2). Set Y, = vX — U. The following
LDP holds with good rate function I* on the space H~'(U) equipped with the norm |.|pz-1

—inf I*(h) < A2 Hminf P, . 5. 2. (Y, € A) < A2 limsupP, - (o 1. (Y, € A) < — inf T*(h
hEA ( )_ry =0 Nv'Yv( ’L7Xl)t( il )—FY ’y—)Op 1575( Z7X1)l( Y )— hed ( )

for each Borel subset A of H~1(U).

4.2 Proofs
Proof of Theorem 4.1. We first compute the limit of the partition function Z, .

—43A [ 1K (@) T XiGy () dx]

:E[e 72

2
7 7—4’;’2/\ fU:eﬂ’X(‘T):ezi XiGU("zi)C(z,U)—YT da:]

Y5 (2i,X5)4 = E[e

Let us set V = U — H where U is the solution of (4.3). Note that V satisfies
V(z) = —47rA/ VW Gy, y)dy. (4.7)
U

Finally we set Y =Y, = X — 4~ 'V. The computation as in (3.10) yields

x w22 x
7 (o), = 6_% Jy eVl )(1—V(3:))dx687’\— S o2 eV @V Gy (2,y)dady
Y5 (Ziseti )i

< [ef% Sy VO X (@)de— B2 [ 7D Gy (e y)dudy — 45 eH“”)e”X(“er<I><1wa(x>>dz}

v v

1 @x x
= exp (— 5 /(|8V(9&)\2 + 167r2AeU(z))dx) E [er e (7 )_1_7X(z))d$]
dmy* Jy

The last line is obtained by using (4.7) to simplify the first term and by performing a Cameron-Martin
transform in the expectation which by (4.7) again has the property of shifting the field X by an amount
v~V and makes Y centered. The computation of the partition function as well as the other statements of
Theorem 4.1 are completed if one can show that Lemma 3.6 also holds in the case when U is the solution of
(4.3). O
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Proof of Lemma 3.6 for U(x) solution of (4.3). What has to be done is to add a factor eV(®) in front of many
terms and check that the proof still works. We have to be a bit careful here because eV (*) is not bounded as
it possesses singularities at the points where the mass is added. However as these singularities are integrable
this causes no major problem. Let us mention a few modifications that are needed for the proof to work: note
that before (3.29), it is not true that f; eV@) (X — X.)dx is of order ¢, but we still get a power of ¢ which is

sufficient for our purpose. In the rest of the proof we just have to use that eV(*) is integrable. O

Proof of Lemma 3.5 for U(z) solution of (4.3). What we need to do is to find a base of L?(eV(®) dz?) which
when suitably normalized is also a base of H}(U). Then the proof of Lemma 3.5 of the previous section
applies.

First note that eV is in L?(U) for some p > 1. Hence, one can consider the following Hilbert-Schmidt
operator on the space L2(eV(®) dz)

feo /U Go( 1) f(w)e”® dy

This symmetric operator can be diagonalized along an orthonormal (in L2(eV®) dx)) sequence (e;);>1 with
associated eigenvalues (%)j>1 (decreasing order with repetition to account for multiple eigenvalues). We
S )iz

stress that > y )\;2 < 400. Therefore we have

&

/\j) = /U Gu(@,y)e;(y)e”™ dy. (4.8)

By using Cauchy-Schwarz, we get
es(x 1/2 1/2
S < ([ ot @ ag) ([ eswrer ay)”
J U U

Therefore (4.8) implies that e; is a continuous bounded function. One can then differentiate the expression
(4.8) and see that the sequence (e;);>1 is in HJ(U); it is then standard to check that (%)Pl is an
)iz

orthonormal sequence in H{(U). In fact, the sequence ()\;); is the increasing sequence of eigenvalues of
—(2m)7'A, with Dirichlet boundary conditions where g is the metric tensor eV(®) da2. Tt remains to show
that the sequence (%)J‘Zl is a basis of H}(U). Consider a function ¢ in Hg(U) which is orthogonal to

i
every (e;)j>1 in H}. Then as

/ o(x)e; (@)l @ dz = —2r ()" / o(2)Ae; (2)dy = 27();)" / (O(x), de; (x))dz = 0. (4.9)
U U U

it is also orthogonal to all the (e;);>0 as an element of L.?(eV(*) dz) and thus is equal to zero. O

Proof of Theorem 4.2. As in the proof of Theorem 3.4, the first task is to compute the Laplace transform of
linear forms under the Liouville measure.
Let V be the (deterministic) weak solution of (4.6) (see Corollary A.5) and set

T:=V—H. (4.10)

We also consider
0(z) == f(zx) — drAe” @ (4.11)

Note our definition together with (4.6) imply that
7(0) = [ 6)Cute.v)dy (4.12)
U
We define Y, to be a shifted version of the field X,

Y(r) =X —

T
> (4.13)
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We have

E[exp (7_1X(f) — 4:—2/\ / ef @ g1X (@) da:) ] (4.14)
_ ]E[m% Sy v X (z) f(z)dz— 4"AUfU VA Yy (@) do = 2 [ M X =V (149, (x))dz]

_ ewg Sy (A AT (z)e" ) — 47rAeV(T>)dx+2 > [fy2 0(2)0(y) Gy (z,y)dzdy

x E[e7 3 Jy X@)0(@)de— 31z fy2 0(2)0(y)Gu(w,y)dady — 222 [ eH%”X“)—eV<w><1+m<x>>dx]. (4.15)

The usual Cameron-Martin tricks helps us to control the last term: the tilt shifts X by an amount T/~ (cf
(4.12)) and has the effect of centering Y. Similarly to (3.58) and (3.59), we have (OK)

/ 0(x)0(y)Gy(z, y)dedy = 7/ |0V (z) — 0H (z)|*dz. (4.16)
U2
and

We(w)mm:—i x) — x)|?dx x z)— H(x))dx .
| amaer Ty 27T/[U|av<> OH () +/Uf()(V() H@)dr,  (417)

which yields

4 A
E[exp <7_1X(f) - %/UeH(l')e”X(’”) dx) ]

= exp (-4;72 /U(|8V(x) — 0H (2))? + 167%Ae” @) dz + %/Uf(x)(V(:c) — H(x))d:v) (4.18)
X E{exp <4,7YT2A /U V@ (e X@) 1 ’yX(:z:))d:z:) ]

and the last expectation converges towards a constant. This gives the exact asymptotic expression of the
Laplace transform at exponential scale.

%%72 InE, » (z.x) [exp (W_Q(WX(f) - /UU(;v)f(x)dx)” =
— % /U(|av — 0H|? + 1672Ae¥ @) da + /U(V —U — H)(z)f(z)dz.

We can then complete the proof by following the lines of Theorem 3.4 (use Theorem A.4 and Corollary A.5
to study the rate function). O

A Solving the modified Liouville equation

This section is devoted to solving the (eventually singular) Liouville equation as well as some variants. The
techniques developed here are known in the differential geometry community and are close to [6]. Yet, we
have not found references corresponding exactly to the results we need. Furthermore, the proofs are rather
elementary and may help the reader (not necessarily familiar with these equations) to understand how it
works.

Theorem A.l. For every function f belonging to Hg(U), the equation
AU =8r?Ae” —2nf, Ujpy =0 (A1)
admits a weak solution on U which is Hélder continuous C1*(U) for all a < 1.

Proof. Let us consider the solution g € H{ (U) of the equation Ag = —27 f with boundary condition gjou = 0.

Let us set h(z) = 872Ae?(®) . Tt is then readily seen that U is a weak solution to (A.1) if and only if V = U —g
is a weak solution to

AV = h(z)eV ™, Vigy = 0. (A.2)
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With the help of Sobolev-Orlicz space embeddings [55], Ha (U) is continuously embedded into the Orlicz space
with Young function ®(t) = exp(t?) — 1. It results that e’ € LP(U) for all p > 1.
Let us consider the positive functional E defined on Hg (U)

E(V):/U(\aV(x)|2+2h(x)eV(””))dx ::/F(x,V(x),c‘?V(x))dx.

U

Since h € L4(U) for some g > 1, the functional E is indeed defined on H¢(U). Since p — F(z,V,p) is convex
and F is greater or equal to 0 the functional F is weakly lower semi-continuous (see [52, Theorem 1.6]). Since
E(V) goes to infinity as [;; [0V|?dx goes to infinity, E(V) achieves its infimum in Hj(U) as a consequence
of [52, Theorem 1.2]. One can check that argmin F' is reduced to one point (F is strictly convex) which is a
weak solution to (A.1): we call it V. Once again, with the help of Sobolev-Orlicz space embeddings, we know
that ¢V € LP(U). By Hoélder’s inequality, the product ke = AV belongs to LP(U) for all p > 1. Standard
arguments of Sobolev embeddings allows us to conclude that V' is Holder continuous on U. O

Proposition A.2. For every function f,h belonging to H}(U), we denote by Uy the solution of the equation

AU, = 872 Ae% — 27(f + th), Uyey = 0. (A.3)

Then the family (Uﬁ_UO

7 )t>0 strongly converges in H}(U) towards the solution V' of the equation

AV =8r°VAe”™ —2rh, Vigy = 0. (A.4)

Proof. First notice that (A.4) is linear in V so that there are no troubles in establishing existence and
uniqueness of a weak solution to this equation (see e.g. [52, Theorem 1.2]). Furthermore, the Sobolev-Orlicz
embedding entails that sup,¢jo 1) iy €2V do < 400 for all p > 1 and hence (from (A.3)) that AU is in L2(U).
The standard Sobolev embedding then entails that M = sup,jg 1) Sup,epy |Ur(7)] < +oo. In what follows, we
will consider a constant D such that

le® — 1 — x| < Dz?, forall |z| < 2M. (A.5)

Set V; = Ut;UO. Furthermore, by considering the difference of (A.3) evaluated at ¢t and ¢ = 0 and then
integrating against a test function ¢ in H}(U), we obtain

/<am,a¢> dm+87r2A/ eYot=1(eV =00 _ 1) pda = 27r/ hé dz. (A.6)
U U U

Taking ¢ = V; and using the inequality z(e* — 1) > 0, we deduce

1/2 1/2
/|aw|2dx < 27T/thdx < C(/ |aw|2dx) (/ |h|2dsc) . (A7)
U U U U

We used the Poincaré inequality to get the last inequality. Hence the sequence (V;); is bounded in H{(U),
and has limit points when ¢ — 0 for the weak topology in Hg(U). Let V be one of these limit points. By
taking the limit along a subsequence converging to V in (A.6) (and using (A.5) to get rid of the exponential
term), we deduce that V is a weak solution to (A.4). By uniqueness, V = V and is the weak limit of (V;);. It
remains to prove the convergence of the norms to get the strong convergence. By taking once again ¢ = V;
in (A.6), we get

lim (/ OV, |? dx + 87T2A/ eVor=1(eV = — 1)V, dg[:) = 271'/ RV dx.
t—0 U U U
The main difficult term is the integral containing the exponential term. With the help of (A.5), we have

/eUOt—l(eUt—Uo —1)thgc:/eU°|Vt\2dm+Ht, |Hy| < Dt/ \Vi|? da.
U U U
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By the Rellich-Kondrachov theorem, the embedding H}(U) — L2(U) is compact so that the first term in
the right-hand side converges towards [, e”°|V|? dz. Furthermore as V; is bounded in Hg(U) , the Sobolev
embedding entails that sup,¢jo 17 [ e |V;|? dz < +o0. Hence the second term goes to 0. We deduce

lim/ |8Vt|2d:c:—87r2A/eUOVde+27T/thx:/|8V\2d:v.
=0 Jy U U U

The proof is complete. O

Proposition A.3. Assume that the family (fi)i>o is weakly converging towards fo in H}(U) as t — 0.
Denote by U, the solution of the equation

AU, = 82 AeV — 21 f,, Uy = 0. (A.8)
Then the family (U)o strongly converges in Hg(U) towards Up.

Proof. The key points are first to observe that (f;)¢>0 is strongly converging towards fy in L2(U) by using
the Rellich-Kondrachov Theorem and that sup,.q fU |f¢:/? dz < +oo by the Sobolev embeddings. Then the
arguments are quite similar to the proof of Proposition A.2: we can prove that U; — Uy converges strongly to
the a solution of (A.4) with h = 0. Details are thus left to the reader. O

Theorem A.4. Consider z1,...,z, € U and X1, ... X, €]0,2[. The equation

p
AU =8rAe¥ =21 " X0, Uy =0 (A.9)

i=1
admits a solution on U such that U — Y_"_| X;Gy(-,z) is locally Holder continuous on U.

Proof. By using the same trick as in the proof of Theorem A.1, by setting V. = U — YF_| X,Gu(-, ), it
suffices to solve the equation
AV (z) = h(z)eV ™, Vigy =0 (A.10)

with h(z) = 872AeXiz1 XiGu(2)  Let us consider the functional
B(V) = / OV ()2 + 2h(z)eV @ da
U

defined on H{(U) (observe that h € L(U) for some ¢ < qx = 2/ max;eq1,.. py X; where gx > 1). Therefore,
one can use the same arguments than the ones in the proof of Theorem A.1l to deduce from [52, Theorem
1.2] and [52, Theorem 1.6] that the functional F is weakly lower semi-continuous and achieves its infimum in
H}(U). Moreover the reader can check that argmin E is reduced to a point (by convexity) which is a solution
of (A.10). Let us call it V. With the help of Sobolev-Orlicz space embeddings [55], H}(U) is continuously
embedded into the Orlicz space with Young function ®(t) = exp(t?) — 1. It results that ¢" € LP(U) for all
p > 1. By Hélder’s inequality, the product he" belongs to L¢(U) for all ¢ < gx. Standard arguments of Sobolev
embeddings allows us to conclude that V is a-Hélder continuous on U for all v < max(1,2(1 — ¢3')). O

Proposition A.5. For each function f € Hi(U) on U, the equation
p
AU = 4rheV — 21 " X6, +2nf, Uy =0 (A.11)
i=1
admits a solution on U such that U — Y_"_| X;Gy(+,z) is locally Holder continuous on U.

Proof. Tt suffices to adapt the arguments of Theorem A .4. O
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