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Abstract

In this thesis, we study examples of near-critical interfaces in planar statistical mechanics models.
These interfaces are defined on a lattice and we are interested in constructing their scaling limit
as the meshsize of the lattice tends to 0. We show that in our examples, the limiting curves are
described by massive SLE, as conjectured by Makarov and Smirnov [MS10].

In the first chapter, we look at a model called the massive harmonic explorer. This model was
proposed by Makarov and Smirnov as a near-critical, or massive, perturbation of the harmonic
explorer [MS10|. They argued that the scaling limit of the massive harmonic explorer in a bounded
domain is a massive version of chordal SLE,4, called massive SLE4, which is conformally covariant
and absolutely continuous with respect to chordal SLE;. We provide a full and rigorous proof
of this statement. Moreover, we show that a massive SLE4 curve can be coupled with a massive
Gaussian free field as its level line, when the field has appropriate boundary conditions.

In the second chapter, we instigate further the above coupling between a massive GFF and
a massive SLE4 curve. We give an alternative proof of this coupling in which the coupling is
constructed by reweighting the law of the standard GFF-SLE,; coupling. As a consequence of
this construction, we derive an explicit expression for the Radon-Nikodym derivative of the law of
massive SLE, with respect to the law of SLE,. We then prove that by reweighting the law of the
coupling GFF-CLEy in a similar way, one obtains a coupling between a massive GFF and a random
countable collection of simple loops, that we call massive CLE4. As in the massless setting, these
loops can be seen as the level lines of the massive GFF. Using this coupling, we show that massive
CLE4 can in turn be coupled to a massive Brownian loop soup of intensity 1/2 in such way that
the loops of massive CLE, correspond to the outer boundaries of the outermost clusters of loops
in the loop soup. This proves a conjecture of Camia |Caml3|. Moreover, this relation between
massive CLE, and the massive Brownian loop soup of intensity 1/2 yields an explicit expression for
the Radon-Nikodym derivative of the law of massive CLE4 with respect to that of CLE,. Finally,
we note that, as the law of the massive GFF, the laws of massive SLE4 and massive CLE4 are
conformally covariant.

In the third chapter, we consider the interface separating +1 and —1 spins in the critical planar
Ising model with Dobrushin boundary conditions perturbed by an external magnetic field. We
prove that this interface has a scaling limit. This result holds when the Ising model is defined on
a bounded and simply connected subgraph of §Z2, with § > 0. We show that if the scaling of the
external field is of order 6'°/%, then, as § — 0, the interface converges in law to a random curve
whose law is conformally covariant and absolutely continuous with respect to SLE3. This limiting
law is a massive version of SLE3 in the sense of Makarov and Smirnov [MS10] and we give an
explicit expression for its Radon-Nikodym derivative with respect to SLE3. We also prove that if
the scaling of the external field is of order §'°/8g;(8) with g;(6) — 0, then the interface converges
in law to SLEs. In contrast, we show that if the scaling of the external field is of order §15/8gy(§)
with go(d) — oo, then the interface degenerates to a boundary arc.
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Chapter 1

Introduction

Planar statistical mechanics models are a class of models which aim at capturing the behavior of a
large system of interacting components. These models often depend on a set of parameters, such
as the temperature and one of the early achievements of statistical mechanics was to prove that
in many cases, these models undergo a phase transition: their macroscopic behavior is strongly
influenced by the value of their parameters and drastically changes when these parameters assume
a specific value, which is called the critical value or critical point.

These models are usually defined on a graph, typically a subset of the square grid 6Z¢, for some
0 > 0 and where d is the dimension. They give rise to probability measures on the vertices and/or
edges of the graph: edges may be open or closed, vertices may be assigned a real, complex, or vector-
valued random variable. Many questions in statistical mechanics can therefore be formulated within
a probabilistic framework and the macroscopic properties of the models can in turn be thought
of as properties of the corresponding probability measures. A question that has fascinated both
physicists and mathematicians for more than 50 years is the existence of a scaling limit for these
measures when the meshsize ¢ of the square grid 6Z? is sent to 0. This question, and its answer,
is central in quantum field theory and turns out to harness the role played by the parameters of
the model.

In two dimensions, at the critical point, physicists have observed that the model, or equivalently
the corresponding probability measure, should acquire many symmetries in the scaling limit 6 —
0: many functionals of the limiting measure, such as limits of correlation functions, should be
conformally invariant. Moreover, at the lattice-level, these models satisfy an important property,
called a domain Markov property. Informally, this can be phrased as follows. If the model is defined
in abox A C 6Z2 and one looks at the system in a smaller box A C A, then the state of the system in
A depends on the state of the system outside A only through the state of the system on the boundary
of A. This can be recast in terms of conditional expectations under the corresponding probability
measure. Importantly, this domain Markov property is predicted to be conserved when taking the
scaling limit § — 0: the limiting measure, if it exists, should also satisfy a domain Markov property.
This prediction, together with the above mentioned limiting conformal invariance property, marked
the beginning of conformal field theory (CFT) [Pol70; BPZ84|. Indeed, conformal invariance and
the domain Markov property impose strong constraints on what the limiting measures can be and
this was used by physicists to classify the measures that can arise from scaling limits of planar
statistical mechanics models at their critical point [FF84; [FF90]. However, mathematically, many
questions remain open about this classification and the very existence of limiting measures, even
though a lot of progress was made in the last 25 years, at least in some specific cases, see [GKR24]
for a review.

Instead of looking at correlation functions as in the approach developed in CF'T, another way to
study planar statistical mechanics models in the scaling limit is via their graphical representation.
Indeed, many of these models can be described in terms of a set of interfaces: for example,
interfaces separating +1 and —1 spins in a magnet or interfaces separating open and closed edges
in a percolation model. If one believes physicists’ prediction that these models are in some sense
conformally invariant in the scaling limit, these interfaces should converge as § — 0 to random
curves in the complex plane that are conformally invariant in law. Moreover, at the lattice-level,
when appropriate boundary conditions are imposed to the model, an interface joining two boundary
points is observed and in the scaling limit, the law of this boundary-to-boundary interface should



become conformally invariant as well. The Markov property of the model should also manifest
itself in the law of the limiting interface. More precisely, if one traces a portion of the interface
starting from the boundary of the domain, then the law of the part of the interface that remains
to be discovered should be the same as that of the original interface, but in the domain slit by the
portion of the interface that was traced. This conjectural description of the scaling limit of the
law of critical boundary-to-boundary interfaces puzzled mathematicians during more than twenty
years until the far-reaching ideas of Oded Schramm sparked a revolution in the mathematical
understanding of these conjectures.

Schramm introduced a one-parameter family of laws on random curves, now called Schramm-
Loewner evolutions (SLE) [Sch00]. These random curves live on simply connected subsets of the
complex plane C and join two boundary points. They are characterized by two properties. First,
they are conformally invariant in law: if ¢ : D — D is a conformal map between two simply
connected domains D, D ¢ C and ~ has the law of an SLE curve in D, then ¢(y) has the law of
an SLE curve in D. Second, SLE curves satisfy the following domain Markov property. If 7 is an
SLE curve in a domain D C C and ¢ € (0, c0), then, conditionally on ([0, ¢]), ¥([¢t, 00)) has the law
of an SLE curve in the unbounded component of the slit domain D \ v([0,¢)). The family of SLE
curves is indexed by a non-negative parameter x, which can be shown to quantify the roughness
of the curve. We will give a more precise definition of SLE curves in Section 23]

Since SLE,; curves are characterized by conformal invariance in law and a domain Markov prop-
erty, they are the natural candidates to be the scaling limits of the above boundary-to-boundary
interfaces observed in planar statistical mechanics models with appropriate boundary conditions,
when these models are at their critical point. This was first established in the case of loop-erased
random walk: the scaling limit of loop-erased random walk is SLE; [LSWO04]. Via Wilson’s algo-
rithm, one can sample a uniform spanning tree using loop-erased random walk trajectories and
this connection yielded a proof of the convergence of the so-called Peano curve of the uniform
spanning tree to SLEg [LSWO04]. It was then proved that the interface of critical site percolation
with free-wired boundary conditions on the hexagonal lattice converges to SLEg [SmiO1]. The
proof relied on new tools in discrete complex analysis and these tools were subsequently used to
prove that the interface of the critical Ising model with Dobrushin boundary conditions converges
to SLE3 while that of the critical FK-Ising model with free-wired boundary conditions converges to
SLE+6/3 [Che+14]. With different techniques, convergence of the interface of the discrete Gaussian
free field to SLE, was also established [SS09).

Convergence of the critical interface to an SLE, curve can be used to derive many properties
of the underlying statistical mechanics model at its critical point, for example its so-called critical
exponents [LSWO02; SWO01} [Wul8b; |Wul8a|, which govern its macroscopic behavior. However,
this provides an accurate description of the model at its critical point only, whereas in statistical
mechanics, understanding the phase transition itself is also of great importance to gain insights
on the behavior of the model. In this regard, typical questions are about the thermodynamical
properties of the model near the critical point. As the parameters of the model approach their
critical values, these thermodynamical properties, such as the average magnetization in a magnet
or the density of the largest cluster in a percolation model, start to exhibit the same behavior as
at criticality. One possible way to investigate this phenomena is via the study of the so-called
near-critical regime. In this regime, the parameters of the model are not set at their critical value
but instead converge to their critical value when the meshsize of the lattice is sent to 0. To be in
the near-critical regime, the rate of this convergence must be appropriately chosen.

Physicists, most notably Fisher, Kadanoff and Wilson, understood in the mid-sixties and seven-
ties that in many models, different thermodynamical quantities can be related to each other as the
parameters approach their critical values: this is the so-called scaling (and hyperscaling) relations
[Fis99|. Studying the near-critical regime of these models is a possible path toward establishing
these relations rigorously, as first achieved by Kesten for two-dimensional percolation on the square
lattice |[Kes87], see also [Nol0§]. For some other two-dimensional percolation models, on the math-
ematical side, these scaling and hyperscaling relations are starting to be better understood [DM22]
but a satisfying picture of their near-critical regime is still lacking.

In the near-critical regime, the description of planar statistical mechanics models in terms of a
set of interfaces is still valid. However, much less is known about the properties of these interfaces.
As in the critical regime, a natural question is whether they have a scaling limit or not, and if so
how to describe it. In the critical regime, the properties of the scaling limit of the interfaces are
often useful to establish properties of the model, such as the critical exponents mentioned above.
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Therefore, one may hope that constructing and studying the scaling limit of these near-critical
interfaces is a promising way to understand the behavior of planar models in the near-critical
regime.

At the lattice-level, a model in the near-critical regime can be seen as a perturbation of the
model in the critical regime. The near-critical interfaces can in turn be seen as a perturbation
of the critical ones, in the sense that their law is absolutely continuous with respect to that of
the critical interfaces. This absolute continuity may not pertain to the scaling limit but it can
be expected that the limiting near-critical interface, if it exists, is still related in some way to
the critical one. Moreover, one can observe that the near-critical boundary-to-boundary interface
satisfies the same type of domain Markov property as the critical boundary-to-boundary interface.
These two observations — absolute continuity at the lattice-level and the domain Markov property —
led Makarov and Smirnov to raise the following question [MS10]: can SLE curves be in some sense
“perturbed” to describe the scaling limits of near-critical boundary-to-boundary interfaces? In the
continuum, the laws of these limiting near-critical interfaces should depend on a parameter, called
the mass, which should stem from the near-critical perturbation applied to the model on the lattice.
In view of this, Makarov and Smirnov gave the name of massive SLE to these “perturbations” of
SLE that should describe the (conjectural) limiting laws of boundary-to-boundary near-critical
interfaces.

One main difference between massive SLE and SLE is that the law of massive SLE is not
expected to be conformally invariant. Indeed, in the scaling limit, the near-critical perturbation
performed at the lattice-level breaks the conformal invariance of the model which is observed in
the critical regime. As a consequence, the laws of the limiting near-critical interfaces should be
conformally covariant, and not invariant: when mapping one domain to another via a conformal
map, the image of the curve via the conformal map would have the same law but only provided
that the mass is changed appropriately, in a way that depends on the choice of conformal map.

Moreover, the near-critical perturbation introduces a finite correlation length in the model.
Informally, this means that observables depending on parts of the system at different and far away
locations are roughly decorrelated. However, correlations between observables depending on parts
of the system at close enough locations are roughly the same as in the critical regime, at least
when stability below the correlation length holds (which is often expected to be the case). At the
level of the interfaces, this should imply that “local” properties, such as the Hausdorff dimension
of the curve, should be the same as those of the critical interfaces while global properties may be
different. If these differences are not too striking, one expects the limiting law of the near-critical
interface to be absolutely continuous with respect to that of the corresponding SLE, whereas if
these differences are too important, the law of the limiting near-critical interface would be singular
with respect to that of the corresponding SLE,. When looking at the driving function of the
limiting near-critical interface, this should be encoded as follows. The driving function would
satisfy an SDE given by /k times a Brownian motion plus a drift term, where we recall that \/k
times a Brownian motion is the driving function of SLE,. The regularity of the drift would then
determine whether or not the law of the corresponding massive SLE,; is absolutely continuous with
respect to that of SLE,. However, at this stage of development of the theory of massive SLE,
making this discussion more precise is out of reach.

As explained above, SLE, curves can be characterized by their conformal invariance in law
and a Markovian property. Moreover, for a fixed value of k, SLE, can often be characterized as
the only law on random curves for which a given observable is a martingale. These two types
of characterization are often very useful to prove that a discrete interface in the critical regime
converges to an SLE, curve in the scaling limit. In the near-critical regime, such characterizations
are often lacking, which makes establishing scaling-limit-type results more difficult. Nevertheless,
convergence of near-critical interfaces has been established in a few cases. For example, massive
loop-erased random walk has been shown to converge to massive SLE; |[CW21; |BH22|. Some
progress has also been made towards establishing convergence of the interface of the near-critical
FK-Ising model [Par22a| and of near-critical percolation [NW09b; |GPS18]|, although in these two
cases proving uniqueness of the limiting law remains a challenge.

In this thesis, we will construct and investigate two other massive SLE, curves. In the first
chapter, we will look at the case k = 4 and study a massive version of the harmonic explorer that
was originally introduced by Makarov and Smirnov [MS10]. We will prove that the corresponding
near-critical interface has a scaling limit, called massive SLE,4. In the second chapter, we will see
that massive SLE, has a rich interplay with the massive planar Gaussian free field: when the field
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has appropriate boundary conditions, massive SLE4 can be coupled to the field as its level line.
Based on this, we will construct a loop analogue of massive SLE,, called massive CLE4, and unveil
its connections to the massive Gaussian free field but also to a massive version of the Brownian
loop soup. Finally, in the third chapter, we will consider the case k = 3 and describe the scaling
limit of the interface separating +1 and —1 spins in the critical planar Ising model with Dobrushin
boundary conditions perturbed by an external magnetic field. In this case, we will also look at
the sub-critical and super-critical regimes and prove that in both cases, in the scaling limit, the
interface degenerates, either to the critical one or to a boundary arc.

Let us now give a brief overview of the main results of each chapter. We inform the reader that
each of these chapters can be read independently from the others. We provide some background
material on SLE curves and convergence of discrete interfaces to continuous curves in Chapter [2]

1.1 Massive SLE, and the scaling limit of the massive har-
monic explorer

In this chapter, we are interested in an example of near-critical interface called the massive harmonic
explorer. This model of random lattice path was originally introduced by Makarov and Smirnov
IMS10] as a near-critical perturbation of the harmonic explorer studied by Schramm and Sheffield
[SS05]. Let us first give the construction of the harmonic explorer. We will then see how to perturb
it to construct the massive harmonic explorer.

The harmonic explorer is a random discrete path defined on the hexagonal lattice. To construct
it, one considers a subset 25 of the triangular lattice §T with meshsize § > 0 together with two
marked points as and bs on the boundary of 25. The vertices on the clockwise oriented boundary
arc (asbs) are assigned the sign + while the vertices on the counter-clockwise oriented boundary arc
(asbs) are assigned the sign —, a5 and bs being assigned an arbitrary sign. The path starts in the
middle of the edge joining as to the vertex on the boundary of 25 with opposite sign. This singles
out a vertex v of {25 which is linked by an edge to as and to this other boundary vertex. Let hg
be the unique discrete harmonic function in Q5 with boundary conditions +1/2 on the boundary
vertices with sign + and —1/2 on the boundary vertices with sign —. Then, with probability
1/2 + hs(v), the path turns right, that is follows the edges of the hexagonal lattice linking its
starting point to the middle of the edge of {25 on its left, and the vertex v is assigned the sign +.
With complementary probability, the path turns left and in this case, the vertex v is assigned the
sign —. In both cases, the vertex v becomes a boundary vertex and this defines a new graph, with
its associated discrete harmonic function hs;. One can then repeat the above procedure, with
respect to the harmonic function corresponding to the new graph, to continue tracing the path.
This gives rise to a sequence of discrete harmonic functions (ks ), corresponding to the sequence
of graphs obtained while constructing the path. The procedure terminates when the path reaches
the edge linking bs to a boundary vertex with opposite sign. See Figure for a dual perspective
on the hexagonal lattice.

To define a near-critical, or massive, perturbation of this model, which we call the massive
harmonic explorer as in [MS10], we assign a weight 1 — em?§? to each edge of the graph. Here,
m? > 0 is a strictly positive constant and ¢ > 0 is a constant depending on the lattice, but not on
0. We let hJ* be the unique discrete massive harmonic function in Qs with boundary conditions
1/2 on the boundary vertices with sign + and —1/2 on the boundary vertices with sign —. The
path is then constructed by following the same procedure as above, except that we now consider
the function hJ" instead of hs, thus obtaining a sequence of discrete massive harmonic functions
(R, )n- See again Figure for a dual perspective on the hexagonal lattice.

The harmonic explorer is known to converge to chordal SLE, in an appropriate topology [SS05].
Makarov and Smirnov provided arguments in [MS10] to support their assertion that the massive
harmonic explorer in turn converges to a massive version of chordal SLE4, called massive SLE,4,
which is absolutely continuous with respect to SLE,4. This was further investigated in an unpub-
lished manuscript [Sha]; however, a conclusive argument was not reached. The main result of this
chapter is a fully detailed and rigorous proof of the statement of Makarov and Smirnov, and can
informally be written as follows.

Theorem 1.1.1. Let Q C C be a bounded, open and simply connected domain with two marked
boundary points a and b. Let (Q5,as,b5)s be discrete approzimations of (2, a,b), where for each
0 > 0, Qs is a subset of the triangular lattice §T. Let m > 0. Then, as § — 0, the scaling limit
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Figure 1.1: (a) Initial configuration: the hexagons on the right-hand side have sign — while those
on the left hand-side have sign +. (b) The blue path is a possible path followed by the first steps
of the massive harmonic explorer. The hexagons on the right, respectively left, of the path have
been assigned the sign —, respectively +.

of the massive harmonic explorer from as to bs in Qs is a random curve v whose law is that of
massive SLE, with mass m in ) from a to b.

The precise assumptions on (Qs,as,bs)s and (92;a,b) together with the topologies in which
weak convergence is obtained will be described in Chapter[2] Let us now say a word about massive
SLE,. Let ¢ : Q — H be a conformal map from  to the upper half-plane H = {z € C : &(2) > 0}
such that ¢(a) = 0 and ¢(b) = oco. A curve v in Q from a to b is said to have the law of massive
SLE,4 with mass m in Q from a to b if ¢(7), when parametrized by half-plane capacity, is a chordal
stochastic Loewner evolution whose driving function satisfies the SDE

dW; = 2dB; — 271'(/ mQPtm(w)ht(w)dw> dt, Wy=0, (1.1)
Q¢

where (By,t > 0) is a standard one-dimensional Brownian motion. Above, €, is defined as  \ K4,
with K; being the hull generated by ¢(v)([0,¢t]), P;™ is related to the massive Poisson kernel with
mass m in ; = Q\ K; evaluated at the growth point v(¢) and h; is the unique harmonic function
in Q; with boundary conditions —1/2 on the counterclockwise oriented boundary arc (ab) and
the right side of v([0,¢]) and 1/2 on the clockwise oriented boundary arc (ab) and the left side of
([0, 2)).

All the quantities appearing in the SDE ([1.1]) will be defined precisely in Section We will
see in Section that this SDE has a unique weak solution whose law is absolutely continuous
with respect to (2B, t > 0). This implies that massive SLE; with mass m in 2 from a to b is
absolutely continuous with respect to SLE, in € from a to b.

We will show Theorem under weaker assumptions on the mass m: we will establish the
result for a space-dependent mass m : Q — R, and its appropriate discretizations (mg : Q5 —
R, )s, provided that the function m is continuous and bounded. Defining massive SLE, with
space-dependent mass also enables us to show that massive SLE, is conformally covariant, in a
sense made precise in Section [3.5.1

SLE4 has a rich interplay with the planar continuum Gaussian free field (GFF). The prime
example of this is the existence of a level line coupling between an SLE, curve and a GFF with
appropriate boundary conditions [Dub09; MS16]. One may wonder whether the massive version
of SLE4 defined via the SDE can be coupled in the same way to a massive GFF. The answer
to this question turns out to be positive. Let @ C C be a bounded, open and simply connected
domain and let m > 0. The massive GFF in 2 with mass m and Dirichlet boundary conditions is
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the centered Gaussian process I'™ indexed by smooth and compactly supported functions whose
covariance is, for f and g two such functions,

H@%ﬂwﬂwzlﬁ@mwawmwwﬂ

Above, G§ is the massive Green function in  with mass m and Dirichlet boundary conditions,
that is G§} is the inverse in the sense of the distributions of the operator —A + m? in  with
Dirichlet boundary conditions. As the GFF, the massive GFF is not defined pointwise but is only
a generalized function. One can also impose boundary conditions to a masive GFF. More precisely,
for a function f : 9Q — R with finitely many discontinuity points, we say that a massive GFF
'™ in © with mass m has boundary conditions f if I'" has the same law as I'f" + ¢}, where

o is a massive GFF in Q with mass m and Dirichlet boundary conditions and ¢ is the massive
harmonic extension of f in €2. The existence of a coupling between a massive GFF with appropriate
boundary conditions and a massive SLE4 curve then reads as follows.

Theorem 1.1.2. Set A := \/7/8. Let Q C C be a bounded, open and simply connected domain
and let a,b € 9Q. Denote by 00T, respectively O™, the clockwise, respectively counterclockwise,
oriented boundary arc (ab). Let m > 0. Then there exists a coupling (I'™,~) where T'™ is a massive
GFF in Q with mass m and boundary conditions —X on 00~ and X on 00" and ~ is a massive
SLE, with mass m in Q from a to b. In this coupling, for any stopping time T for the filtration
generated by ~y, conditionally on ([0, 7]),

I N

where T is a massive GFF in Q\ ([0, 7]) with mass m and Dirichlet boundary conditions and
¢ is the massive harmonic function in Q\ v([0,7]) with boundary conditions —\ on 0Q~ and
the right side of v¥([0,7]) and X\ on OQF and the left side of ¥([0,7]). Moreover, T'™ and ¢ are
independent.

The existence of such a coupling was already observed in the physics literature [BBC09| as-
suming absolute continuity of massive SLE; with respect to SLE,4 in the upper half-plane. We
emphasize that here, Theorem [1.1.2]is only stated in bounded domains. Its proof, given in Section
[B:5] is analogous to that of the existence of a coupling between a GFF and an SLE, curve. We
will actually establish the result in the case of a space-dependent mass m : 2 — R, provided
that m is a bounded and continuous function. Conformal covariance of the massive GFF and
of massive SLE4 can then be used to extend this result to unbounded domains with appropriate
space-dependent masses, that is masses which are inherited from a bounded domain via conformal
mapping, see Section [3.5] for details.

Outline of the proof of Theorem [1.1.1

Let us say a few words about the proof of Theorem [[.1.1] Its strategy can be decomposed into
three main steps. The first one is to show tightness of the sequence of massive harmonic explorer
paths (vs)s in an appropriate topology. One natural approach would be to show that the massive
harmonic explorer is absolutely continuous with respect to the harmonic explorer and that the
Radon-Nikodym derivative is well-behaved in the limit 6 — 0. However, it is unclear whether
absolute continuity holds at the level of the discrete curves and we therefore adopt a different
approach relying on [KS17] and |[Kar23]. Thanks to these results, to prove tightness of (7s)s, it
suffices to show a suitable bound on the probability that the massive harmonic explorer crosses an
annulus intersecting the boundary of Q5. This is what we will establish in Section [3.2

Tightness of the sequence (7s)s then implies the existence of subsequential limits. Character-
izing these subsequential limits thus obtained is the aim of the next step of the proof. This step
is split into two. First, we will exhibit and study a discrete martingale for the filtration generated
by the massive harmonic explorer. This martingale will be given by for fixed § > 0, the sequence
of discrete massive harmonic functions (hy’,)n, see Section for details. We will prove that
the continuum limit as 6 — 0 of AjJ' is the unique massive harmonic function in € with mass
m and boundary conditions 1/2 on the clockwise oriented boundary arc (ab) and —1/2 on the
counter-clockwise oriented boundary arc (ab). This result will in fact be shown for each Ay’ under
precise assumptions on the convergence of the domain at time n to a continumm domain. These
assumptions will hold thanks to the tightness of the sequence (vs)s proved in the previous step.
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Convergence of these discrete massive harmonic functions is established in Section [3.3] by adapting
some of the arguments of [CS11] to the massive setting.

This convergence result suggests the following characterization of the limiting law of any sub-
sequential limit of (7s)s: this law is the unique law on non-self-intersecting curves in Q from a
to b such that the massive harmonic function Ay with mass m and boundary conditions 1/2 on
the clockwise oriented boundary arc (ab) and the left side of v([0,¢]) and —1/2 on the counter-
clockwise oriented boundary arc (ab) and the right side of ([0, ¢]) is a martingale for the filtration
generated by . We will indeed established uniqueness of such a law and show that massive SLE,4
in € from a to b satisfies the above martingale property. This will thus identify uniquely the law of
any subsequential limit of (v5)s. Observe that this characterization of massive SLE, is reminiscent
of the characterization of SLE4 by the martingale property of a certain (massless) harmonic func-
tion |[Dub09; MS16|. In the massive case, the proof follows the same strategy but involves some
technicalities due to the presence of a mass. It is given in Section [3.4

1.2 Massive SLE,;, massive CLE; and the massive planar
GFF

In Chapter [3] we showed that a massive SLE4 curve can be coupled with a massive Gaussian
free field with appropriate boundary conditions as its level line. This massive SLE4 curve was
defined via its driving function and the proof of Theorem [I.1.2]relied on the explicit expression for
this function. However, in a simply connected domain D C C and under suitable conditions on
the mass, the massive GFF with mass m is absolutely continuous with respect to the GFF with
Radon-Nikodym derivative given by

dPmGrre *lex —} m2(2) : h(2) : dz
T ) = Lo (- g [ )20 s a:) (1.2)

where Z is a normalization constant. In , : h? : is the Wick square of the GFF, which is a
renormalized version of the square of the GFF.

In view of , it is natural to wonder whether the law of the coupling massive GFF-massive
SLE,4 can be obtained by reweighting the law of the coupling GFF-SLE4. This idea, albeit under
a different form, was already suggested in the physics literature [BBC09, Section 4.6] and the first
main result of Chapter [4 rigorously formalizes it.

In everything that follows, we set A := /7/8, and if D C C is an open, bounded and simply
connected domain, with a,b € 8D (in the sense of prime ends), we denote by D™, respectively
0D, the clockwise-oriented, respectively counterclockwise-oriented, boundary arc (ab). We also
define F(P:@b) . 9D — R to be equal to A on 9DT and —\ on dD~.

Theorem 1.2.1. Let D,a,b be as above, and let ¢ : D — R be the unique harmonic function in
D with boundary values F(P-%) . Denote by P the law of the coupling (h + ¢,7) between a GFF
h + ¢ with boundary conditions ¢ in D and an SLE4 curve v in D from a tob. Let m: D — R,
be of the form |¢'|m o p, where ¢ : D — D is a conformal isomorphism, D C C is a bounded and
simply connected domain and m : D — R4 is a bounded and continuous function. Define a new
probability measure P by

%((th ?,7)) := %exp ( %/sz(z) S (h+¢)2(2) : dz> (1.3)

where Z is a normalization constant. Then, under P,

1. the marginal law of h+¢ is that of a massive GFF in D with mass m and boundary conditions
F(D,a,b)}.

2. the marginal law of v is that of a massive SLE;y curve with mass m in D from a to b, as

defined in Section[{.1.1]

Moreover, lett € [0,00). Then, under P, conditionally on ~v([0,]), h+¢ = hi+ P where hy+d¢ has
the law of a massive GFF in D\~([0,t]) with mass m and with boundary conditions FP\V10:1:7(1):b),
The same result holds at t = co; with hy + ¢; being a sum of independent massive GFFs with mass
m and boundary conditions =X\ on either side of the curve.
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Theorem [1.2.1] implies that the law of massive SLE, is absolutely continuous with respect
to that of ordinary SLE,4, and that in the massive GFF-massive SLE,4 coupling (i.e. the law of
(h+¢,~) under P), the curve is a measurable function of the ﬁeld Observe also that by conformal
invariance of SLE4 and conformal covariance of the random variable on the right-hand side of ,
we can deduce from Theorem [[.2:1] that massive SLE, is conformally covariant, in a sense that will
be made precise below.

Finally, Theorem combined with Le Jan’s isomorphism theorem [Jan08; |Jan10] yield the

following expression for the Radon-Nikodym derivative of the law an%fé)z of massive SLE, with

respect to the law P(Sg’Ea;b) of SLE,.

Corollary 1.2.2. Let D C C, a,b € 0D and m : D — Ry be as in Theorem |1.2.1. Then, for
t>0,

dP(l)Sfé)) 1 1 2 1
b (1 =5 e (QM (e 4 (e,m?) = 1) - 5 m2<z>¢t<z>¢;"<z>dz)
dPg i, o (v(s),s<t) Dy

m?2(2) CR(z,0D)
X exp </th = log CR(Z,@Dt)dZ>

where Z is as in the definition of P in Theorem . Above, Dy := D\ v([0,t]) and ¢4,
respectively ¢, is the harmonic, respectively massive harmonic, function in D, with boundary
conditions FP+7(8):0)

Here j1; denotes the Brownian loop measure in Dy, and for a loop £ , (£, m?) := fOT(Z) m2(£(t))dt,
where T(¢) is the lifetime of £. For z € D, CR(z,0D), respectively CR(z,0D;) is the conformal
radius of z in D, respectively Dy.

SLE, curves for k € (8/3,8) have loop versions, called conformal loop ensembles (CLE). CLE,
are a one-parameter family of random countable collections of planar loops characterized by their
conformal invariance and a certain Markovian property [SW12]. There also exists a coupling
between a CLE, and a GFF with Dirichlet boundary conditions [MS11; JASW19] in which the
loops of CLE, are in a certain sense, similarly to SLEy, level lines of the GFF. One may wonder
whether a massive version of this coupling exists. To date, no massive version of CLEy4, or of
CLE, for other values of k, has been defined. However, using the same ideas as those motivating
Theorem we can construct a coupling between a massive GFF and a random collection of
planar loops.

Theorem 1.2.3. Let D C C and m : D — Ry be as in Theorem [1.2.1. Denote by P the law of
the coupling (h,T') between a GFF h in D with Dirichlet boundary conditions and a CLE4 T in D.
Define a new probability measure P by

%((h,l“)) = %eXp (- %/DmQ(Z) Lh3(z) dz) (1.4)

where Z is a normalization constant. Then, under P, the marginal law of h is that of a massive
GFF in D with mass m and with Dirichlet boundary conditions. Moreover, under P, conditionally

onT,
hZZhj-f—fj
J

where the sum runs over the loops (L;); of T and

1. for each j, hj +&; has the law of a massive GFF in the interior of the loop L; with mass m
and boundary conditions &;;

2. the fields (h; +&;); are independent;

3. the random variables (£;); are independent and P(¢€; = —2A\|T) = P(&; = 2\|T) = 1/2 V5;

4. the random variables (§;); are measurable with respect to the fields (hj +&;);.

Definition 1.2.4. We define massive CLE, to be the law of the collection of loops I' under P, and
we denote this law by PQCLE4.

LIf this measurability had already been proven in the previous chapter, then Theorem would follow from
the results of this chapter. However, this fact was not straightforward to prove in the set-up of the previous chapter.
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Again it follows from the above theorem and definition that the law of massive CLE, is ab-
solutely continuous with respect to the law of CLE, in D. In particular, massive CLE, defines a
countable collection of planar loops in D that are almost surely simple and almost surely do not
touch each other or the boundary of D. Moreover, we can deduce from Theorem that the
law of massive CLE, is conformally covariant.

Corollary 1.2.5. Let D C C and m : D — Ry be as in Theorem . Let $ : D — D be a
conformal map. If T' has the law of massive CLEy in D with mass m, then $(I') has the law of
massive CLEy in D with mass given by, for w € D, m?(w) = [($~1) (w)|>m?(¢~ (w)).

Observe also that the coupling of Theorem [I.2.3] can be iterated in the interiors of the loops to
obtain a loop decomposition of the massive GFF similar to that of the GFF [ASW19|. However,
in this decomposition, the loops are not identically distributed: this is because massive CLEy is
only conformally covariant and not conformally invariant.

As in the case of massive SLEy, a consequence of Theorem [I.2.3]is an explicit expression for
the Radon-Nikodym derivative of P o with respect to the law PZ; , of CLE4 in D.

Corollary 1.2.6. Let D C C and m : D — Ry be as in Theorem|1.2.5 Then

D
dI[DmCLE4

dng& Int(Lj;)

m?2(z) . CR(z,0D) >
X ex lo . dz
P (/Int(Lj) i 8 CR(z, L;)

T = %Hexp <;Hj (e_w’m2> +(6,m?) —1) — 2)\2/ m2(z)HJ(m)(z,Lj)dz>

where Z is as in the definition (1.4) ofﬁ) n Theoremm and where the product runs over the
loops (Lj); of T'. For each j, p; is the Brownian loop measure in the interior Int(L;) of the loop

L; while, for z € Int(L;), Hj(m)(z, L) is the massive harmonic measure of L; seen from z.

Remark 1.2.7. In the massless case, the partition function of SLE, can be related to the (-
regularized determinant of the Laplacian [Dub09; [PW24]. This is also the case for massive

SLE,: using the computations of [BBC09, Appendix A], one can relate the exponential of the loop
2 —

measure term of Corollary [1.2.2) respectively Corollary [1.2.6| to (%) 12

dete (—A;4+m?)\—1/

( detC(fA]‘) )

the Laplacian in Dy, respectively the interior of the loop L;, with Dirichlet boundary conditions.

, respectively

2, Here, det¢ denotes the (-regularized determinant and A, respectively Aj, is

Although Corollary [I.2.6] gives an explicit expression for the Radon-Nikodym derivative of
PP cLg, with respect to P8y, , this does not provide a direct construction of massive CLE4. Such
a construction exists in the massless case |[SW12|: if one first samples a Brownian loop soup
with intensity 1/2 in D and keeps only the outer boundaries of the outermost clusters of loops
of the loop soup, then one obtains a collection of loops in D that has the law of CLE4 in D. In
[Cam13], Camia introduced a massive version of the Brownian loop soup and conjectured that the
outer boundaries of its outermost clusters at intensity 1/2 are distributed as the level lines of the
massive GFF. Thanks to Theorem and to the coupling of [QW19, Proposition 5], we can
prove this conjecture and give an explicit construction of massive CLEj,.

Theorem 1.2.8. Let D C C and m : D — Ry be as in Theorem|[1.2.1 Then a massive CLE, T
in D with mass m and a massive Brownian loop soup L in D with mass m and intensity 1/2 can
be coupled together in such way that the outer boundaries of the outermost clusters of L are the
loops of T.

Outline of the proof of Theorem [1.2.1) and Theorem [1.2.3

The proof of Theorem given in Section [4.2] is composed of two main steps. Note that by
definition, under P as defined via , the marginal law of h + ¢ is that of a massive GFF in D
with mass m and boundary conditions F(P:  1In the first step, we identify the conditional law
under P of h + ¢ given v([0,¢]), for ¢ > 0. This involves some technical arguments but the main
idea is simple. Let f be a smooth function with compact support and let ¢ > 0. It suffices to
compute the characteristic function of (h + ¢, f) given ([0, t]) under P. If the field h 4 ¢ were a
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pointwise defined function and thus no renormalization were needed to define its square, we would
have that

Elexp(i(h + ¢, ))In([0.4])] = ZitE[eXp(i(h+d),f))exp(—%/DWLZ(Z)(h+¢)2(2)d2)lv([0,t])]

1 ) 1
= ZE[GXP(Z(M + ¢, f)) exp(—5 / m?(2)(he + ¢0)* (2)dz) ([0, 1])],
D,

(1.5)
using the fact that under P, h + ¢ and v are coupled in such way that, conditionally on ([0, ¢])
h+¢ = hy + ¢; where hy + ¢ is a GFF in D; := D\ ([0, t]) with boundary conditions F(P#7(%):)
This coupling will be recalled more precisely in Section Similarly, we would have that

1 1
2y = Elexp(—5 /D m®(2)(h + ¢)*(2)d2)|7([0,1])] = Elexp(—5 i m?(2)(he + ¢4)?(2)dz) ([0, 1])]-
(1.6)

Now, observe that, since conditionally on v([0,t]), ht+ ¢, is a GFF in D; with boundary conditions
FPev®:b according to (1.2)), the random variable

s (=3 [ mEm o)

D,

3

is the Radon-Nikodym derivative of the law of the massive GFF in D; with mass m and boundary
conditions F(P+7(1):0) with respect to the law of the GFF in D, with the same boundary boundary
conditions. Going back to , this would complete the proof.

Of course, these computations are only formal since h is not a pointwise defined function.
Nevertheless, when introducing the renormalization of A2 mentioned in the discussion below ,
they can be made rigorous. The equalities and actually hold true when considering the
renormalized squares : (b + ¢)? : and : (hy + ¢¢)? : of h + ¢ and hy + ¢, but up to a correction
term due to boundary effects. This term is the same in both equalities and thus is cancelled out.

The second step of the proof of Theorem|[1.2.1]is devoted to the identification of the marginal law
of 7 under P. This relies on a martingale characterization of massive SLE, shown in the previous
chapter and on the fact that under P, h + ¢ and ~ are coupled as described in the statement of
Theorem [[.2.1] This fact is used to express the martingale characterizing massive SLE, as an
observable of the field h + ¢ conditioned on ~([0,¢]), for ¢ > 0. This is possible thanks to the
Markov property of the massive GFF and the explicit expression for its covariance.

The strategy for the proof of Theorem [1.2.3]is the same as that of Theorem [1.2.1} except that
we must deal with more technicalities. This is due to the fact that under P and when regularizing
the GFF h to define its square, conditionally on I', the regularized GFF's (h; .); obtained via the
decomposition of h are not supported in the interior of the loops of I'. This creates correlations and
we must ensure that they disappear when we remove the regularization. To identify the conditional
law of the variables (&;); given I' under P, we simply use the symmetry of the Wick square of the
GFF and of the conditional laws of (h;); and (&;); given I' under P.

Finally, to prove Theorem [1.2.8] we first compute the Radon-Nikodym derivative of the law
of the massive Brownian loop soup with respect to that of the Brownian loop soup. We then use
this Radon-Nikodym derivative to reweight the coupling of [QW19] between a CLE4, a GFF with
Dirichlet boundary conditions and a Brownian loop soup with intensity 1/2 in a similar way as in
Theorem [1.2.3] We show that we thus obtain a coupling between a massive CLEy4, a massive GFF
with Dirichlet boundary conditions and a massive Brownian loop soup with intensity 1/2, which
yields Theorem [T.2.8

We will prove Theorem Theorem [1.2.3] and Theorem [1.2.8| under the assumptions that
the domain D is bounded and that the mass m : D — Ry is a bounded and continuous func-
tion. Conformal covariance then extends the results to the stated generality. However, our set of
allowable masses is probably not the optimal one. This will be discussed in Section

1.3 Interface scaling limit for the critical planar Ising model
perturbed by a magnetic field

In this chapter, we look at another example of interface in a near-critical regime: the interface
separating +1 and —1 spins in the planar Ising model at critical temperature with Dobrushin
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boundary conditions perturbed by an external magnetic field. When there is no external field, this
interface is known to converge to an SLE3 curve [Che+14]. According to [MS10], in the presence
of an external field, one should expect the limiting interface to be a massive version of SLE3, in
the sense that its law is obtained by “perturbing” the law of SLE3. The main result of this chapter
makes this precise. We will give an exact definition of the Ising model perturbed by an external
magnetic field and of its interface in the core of the chapter but for now, let us simply state the
result.

Theorem 1.3.1. Let h : Q@ — Ry be a bounded and Lipschitz function. Let Q C C be a bounded
and simply connected domain with two marked boundary points a,b € 9Q. Let (s;as,b5)s be
discrete approzimations of (Q;a,b) where for each § > 0, Qs is a subgraph of 6Z2. Consider the
interface vs of the critical Ising model in Qs with Dobrushin boundary conditions and external
magnetic field H(x,08) = C; h(2)5'%/8, where C, > 0 is a constant that will be defined below and
corresponds to the fact that we are working on the square lattice. Then, as § — 0, 5 converges in
law to a massive version of SLE3 in Q) from a to b, with law denoted by P%Q’a’b).

The Radon-Nikodym derivative of IP’;LQ’a’b) with respect to the law P(Ssz’lgéb) of SLE3 in Q from a
to b is given by, for anyt > 0,

dP(Q"a’b) 1 1 ) k
?Qab) (7) = Q E 7'/ h(zl)h(zk)ft (Zla-"vzk)Hde (17)
APy, Zn( Q) 5 R Jay =1
s lo(y(s)0<s<t) > j

where Z,(Q) is a normalization constant. Above, we have set Q; = Q\ v([0,t]) and the functions
ft(k) 1 QF = R are explicit.

The precise assumptions on (§2s;as,b5)s and (€2;a,b) together with the topologies in which
weak convergence is obtained will be detailed in Section Above, the constant C, and the

functions ( t(k))kzl are such that the k-point spin correlations of the critical Ising model in the

discrete slit domain €5 with Dobrushin boundary conditions converge to C¥ t(k) as § — 0, see
[CHI21| and Section Rescaling the external field by C; ! guarantees that the limiting law

}P’gl’a’b) does not depend on the fact that the sequence (7s)s is defined on the square lattice. In this

way, one can expect }P’gg’a’b) to be universal. Note that rescaling the strength of the perturbation
by a lattice-dependent constant is common in the near-critical regime, as for example in the case
of the massive harmonic explorer.

Since Pgﬂ’a’b) is obtained as the scaling limit of an interface in a near-critical model, it is
not conformally invariant, but conformally covariant, as shown below. Not surprisingly given the
nature of the near-critical perturbation, the behavior of Piﬂ’a’b) under conformal maps is the same

as that of the continuum magnetization field of the critical Ising model constructed in |[CGN15|.

]P’;LQ’“’b) 18 conformally covariant in the following sense. If v has law

P00 (b))
h

Proposition 1.3.2. The law

]P;ELQ#%I’)

and v : Q — Q is a conformal map, then Y(7) has law where h is given by,

for w € Q, .
7 -1 15 -1
h(w) = |( ™) (w)| 5 h(y ™ (w)).

Theorem [I.3.1] describes the scaling limit of the interface when the scaling of the external
magnetic field is the near-critical one. A natural question that then arises is to give a description
of the scaling limit of the interface when the scaling of the magnetic field is not the near-critical
one. The first case to consider is when the scaling of the field goes to 0 faster than 6%/ as § — 0.
In this case, we show that the scaling limit of the interface is the same as in the critical regime. The

topologies in which this convergence holds are the same as in Theorem [I.3.1] and will be described
in Section (511

Proposition 1.3.3. Let g1 : Ry — R be such that g1(5) — 0 as 6 — 0. Assume that the function
h, the domain (Q;a,b) and its approzimations (Qs;as,bs)s are as in Theorem . Consider
the interface 5 of the critical Ising model in Qs with Dobrushin boundary conditions and external
magnetic field H(x,0) = h(x)6*/8g,(5). Then, as § — 0, s converges in law to an SLE3 in Q
from a to b.

The second case to consider is that of an external magnetic field whose strength is larger than
§15/8_ In this case, as in near-critical percolation away from the near-critical window INWO9b|, we
prove that the interface degenerates to a boundary arc.
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Proposition 1.3.4. Let g : Ry — Ry be such that g2(0) — 0o as 6 — 0. Assume that (£2;a,b)
and its discrete approzimations (Ss;as,bs)s are as in Theorem , Consider the interface s
of the critical Ising model in Qs with Dobrushin boundary conditions and external magnetic field
H(3) = hé'/8gy(5), for some h > 0. Then, as § — 0, vs converges in law to OQ~. Here, O~ is
the boundary arc of 02 where —1 boundary conditions are imposed.

Observe that Proposition [1.3.4] in fact covers the case h < 0. Indeed, by spin flip (broken)
symmetry, using Proposition [T.3.4] but with the opposite boundary conditions for the Ising model,
one can easily see that when h < 0, 5 converges in law to 9Q", where Q" is the boundary arc
of 902 where +1 boundary conditions are imposed.

In view of Proposition one may wonder if in the continuum, the measure P{>* of

p Y ) h
Theorem also degenerates to a measure supported on 92~ as h — oo. In this direction, we
prove that the ]P’;lﬂ’a’b)—probability that the curve exits an arbitrarily small neighborhood of 9Q~
vanishes as h — oo.

Proposition 1.3.5. Let Q C C be a bounded and simply connected domain with two marked
boundary points a,b € Q. Let n > 0 and define Q~(n) := {z € Q : dist(2,007) <n}. Then

Jim By 0@\ Q7 () # 0] = 0.

For the same reasons as those explained below Proposition [1.3.4] and using the convergence
result of Theorem it can be deduced from Proposition that the Pzﬂ’a’b)—probability that
the curve exits an arbitrarily small neighborhood of Q" vanishes as h — —oo.

Let us conclude this section of the introduction by a few remarks. Contrary to most results
establishing convergence of a discrete interface to an SLE, curve, the proof of Theorem does
not rely on a martingale characterization of Pzﬂ’a’b). As such, it leaves open the question of how

to characterize the law of Péﬂ’a’b): the characterization of the limiting interface is often an issue in
near-critical regimes. We note that [MS10] gives a conjecture on which observable could provide

a characterizing martingale for IP’;LQ’a’b) but even if this was established, it would probably not
be very useful to prove scaling-limit type results. Indeed, the discrete version of this observable
would satisfy a discrete boundary value problem for which convergence of the discrete solution to
its continuum analogue is not known.

Let us also mention that Theorem [[.3.1] and its proof suggest that it should be possible to
construct a coupling between the continuum magnetization field of the critical Ising model with
Dobrushin boundary conditions and an SLE3 curve, in a spirit similar to the GFF-SLE4 coupling
[SS13; [Dub09]. As in the case of the massive GFF studied in the previous chapter, this coupling
could be extended to the near-critical regime. These questions will be investigated in future work.
Such a coupling may turn out to be useful to compare the arm exponents in the near-critical regime
(if they exist) with those in the critical regime, which is a question raised in [MS10].

Besides, we note that from Theorem|[1.3.1] given the topologies in which convergence is obtained,

,a,b)

we know that the driving function of the curve « under IP’ELQ "/ exists, is continuous, and its law is

absolutely continuous with respect to that of the driving function of v under Pé%g;b). If continuity

in t of the random variable on the right-hand side of (1.7) in Theorem was established,

% This driving

function would have the form of v/3 times a Brownian motion plus a drift term, where we recall
that /3 times a Brownian motion is the driving function of v under IF’(SSE’ISS’I)).

Finally, perturbing the critical Ising model by an external field is not the only way to move
away from the critical regime. Another way is to perturb the temperature and look at the Ising
model with inverse temperature 8 = . + md, where (. is the critical inverse temperature and
m € R [Par22b; [CIM23]. Proving convergence of the interface in this setting is more challenging:
this stems from the fact that the energy field of the critical Ising model cannot be constructed as
a random field in the continuum, whereas the magnetization field can be [CGN15; [FM17].

Let us now briefly discuss the proofs of Theorem [1.3.1} Proposition|1.3.3] Proposition and

Proposition [1.3.5

one could deduce an explicit expression for the driving function of v under ]P’ElQ

Outline of the proofs

The proofs of Theorem [1.3.1] and Proposition [I.3.3] given respectively in Section [5.2] and Section
follow the same strategy. Let us denote by ]P’gth, respectively IP’(;i, the law of 5 when h # 0,
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respectively h = 0. The first step of the proofs of Theorem and Proposition is to show
tightness of (v5)s under (Pfst,h)& For this, we observe that for each > 0, the law of v5 under PE, has

a Radon-Nikodym derivative Fs(ys) with respect to the law of v5 under ]P’f;t. Moreover, (vs)s under
(]P’f;t)(; is tight in an appropriate topology by |Che+14]. In view of this, to establish tightness of
(7s)s under (P;t’h)(;, it therefore suffices to prove that for any p € [1,00), sups~o EE[|F5(7s)|?] < oo,

where E(;i denotes the expectation with respect to ]P’éi. This is what we achieve in the first part of
the proofs of Theorem [1.3.1] and Proposition

The second step of the proofs of Theorem [I.3:1] and Proposition [[.3:3]is to prove a characteri-
zation of the limiting laws obtained along weakly convergent subsequences of (vs)s under (P(:;h)g.

Let (7,)n be such a weakly convergent subsequence under (P, ),. To characterize its limiting

law, we fist use the fact that (7,), under (P;), converges in law to ]P’gﬁgs’b) [Che+14]. By Sko-

rokhod representation theorem, we can therefore define on a common probability space (S, F,P) a

sequence (¥,,), and a random curve 7 such that for each n, 7, has law PZ, ~ has law Pé%g;b) and

P-almost surely, v, — . The Radon-Nikodym derivatives (F},(vn))n of (Pih)n with respect to
(PE),, are then all defined on (S, F,P). In the setting of Proposition when the scaling of the

external field is 57115/ 891 (6n), we characterize the limiting law of weakly convergent subsequences

under (Pih)n by showing that the discrete Radon-Nikodym derivatives (F,(yy))n converge to 1

in L?(IP). This yields that the limiting law is IP(SSE’EQ;Z)), as claimed. In the setting of Theorem

when the scaling of the external field is 5a%/ 8, the characterization of the limiting laws of weakly

convergent subsequences (IP’ih)n is established by proving that (F},(v,))» has a subsequence that
converges in L!(P) to an explicit random variable. To show this convergence, a crucial result is
the convergence of the k-point spin correlations of the critical Ising model obtained in |[CHI21].
This ultimately allows us to express the limit of (F},(7V,))r along a subsequence in terms of explicit
functions of the domain slit by the limiting curve. This is similar in spirit to the construction of
the continuum planar Ising magnetization field [CGN15|. However, in our setting, more work is
needed as we must also take into account the contribution of points that arbitrarily close to the
boundary. Moreover, since the underlying domain is typically €2 slit by a portion of a rough curve,
we cannot assume smoothness of the boundary. Another important result used in the proof of
the convergence of F,(v,) is the computation of the two-arm exponent of the critical Ising model
[Wul8a]. This is instrumental to show that a quantity that can be seen as the magnetization of the
discrete interface vanishes in the limit n — oco. This also provides a useful bound on the growth
of the size of the interface, which is necessary to control what happens near the boundary of the
domain.

The proof of Proposition [1.3.4] given in Section [5.3.2] is more probabilistic in nature. The
heuristic behind this result is that spins tend to align with the magnetic field and that the scaling
5% 92(0) makes this phenomena dominate in the limit 6 — 0. To implement this idea, we rely
on the Edwards-Sokal coupling for the Ising model with an external magnetic field, which was
investigated in [CV16; (CIJN20b; (CJN20a]. For this, the first step is to change the Dobrushin
boundary conditions into +1 boundary conditions using spatial-mixing-type arguments which build
on what happens at criticality [CDH16]. This change of boundary conditions then enables us to
use the Edwards-Sokal coupling with an external field to show that, for arbitrary n > 0, the
probability that there is a path of +1 spins staying within distance n from 0€25 and joining the
n-neighborhoods of as and bs on 39}' converges to 1 as § — 0. To show this, an important result
is the joint convergence of the lattice FK-Ising cluster boundaries to CLE;4/3 and of the discrete
FK-Ising cluster area measures to CME;4,3 |[CCK19]. Having such a path of +1 spins rules out
that a path with only —1 spins on one of its sides reaches distance n from 9€Qy as 6 — 0, which
proves Proposition

Proposition [1.3.5]is shown in Section [5.3.3] The proof relies on both Theorem [1.3.1] and Propo-
sition In particular, for the argument to work, we use results obtained in the discrete setting
and, interestingly, we do not know how to obtain Proposition directly in the continuum.

Acknowledgments. 1 would like here to thank Sébastien Martineau for suggesting a short ar-
gument to prove Proposition [1.3.5
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Chapter 2

Background on Loewner chains
and convergence of discrete curves

2.1 Loewner chains and SLE

Set H := {z € C: ¥(2) > 0} and let v : [0,00) — H be a non-self-crossing curve targeting oo
and such that y(0) = 0. For ¢t > 0, let K; be the hull generated by ([0, ¢]), that is H \ K} is the
unbounded connected component of H \ v([0,¢]). In the case where v([0,¢]) is non-self-touching,
K is simply given by 7([0,¢]). For each ¢ > 0, it is easy to see that there exists a unique conformal
g+ : H\ K; — H satisfying the normalization g;(c0) = oo and such that lim, o (g:(2) —2) = 0. It
can then be proved that g, satisfies the asymptotic

aiq (t)

ge(z) =z + —|—O(|z|_2) as |z| = oo.

The coefficient a;(t) is equal to hcap(Ky), the half-plane capacity of K, which, roughly speaking,
is a measure of the size of K; seen from co. Moreover, one can show that aq(0) = 0 and that
t — a1(t) is continuous and strictly increasing. Therefore, the curve v can be reparametrized
in such a way that at each time ¢, a1(t) = 2¢t. ~ is then said to be parameterized by half-plane
capacity.

In this time-reparametrization and with the normalization of g; just described, it is known
that there exists a unique real-valued function ¢ — W;, called the driving function, such that the
following equation, called the Loewner equation, is satisfied:

2

_ z) =2z, forallzeH\ K;. 2.1
gt(z)fwt 90( ) \ t ( )

Org1(z) =

Indeed, it can be shown that g; extends continuously to 7(¢) and setting W; = g:(y(t)) yields the
above equation, see e.g. [Law05, Chapter 4] and [Kem17, Chapter 4].

Conversely, given a continuous and real-valued function ¢ — W, one can construct a locally
growing family of hulls (K3); by solving the equation . Under additional assumptions on the
function t — W;, the family of hulls obtained using is generated by a curve, in the sense
explained above.

Schramm-Loewner evolutions, or SLE for short, are random Loewner chains introduced by
Schramm [Sch00|. For x > 0, SLE, is the Loewner chain obtained by considering the Loewner
equation with driving function Wy = \/kBj, where (B, t > 0) is a standard one-dimensional
Brownian motion. As such, SLE,. is defined in H but, thanks to the conformal invariance of the
Loewner equation, SLE, can be defined in any simply connected domain 2 C C with two marked
boundary points a,b € 99 by considering a conformal map ¢ : Q — H with ¢(a) = 0 and ¢(b) = oo
and taking the image of SLE, in H by ¢~!. In particular, SLE, is conformally invariant and it
turns out that this conformal invariance property together with a certain domain Markov property
characterize the family (SLE,, s > 0).
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2.2 Topology and convergence on the space of curve

Following [KS17], the space of curves that we will consider is a subspace of the space of continuous
mappings from [0, 1] to C modulo reparametrization. More precisely, let

¢ = {f e ¢([0,1],C) :

either f is not constant on any subinterval of [0, 1]
“or fis constant on [0, 1]

and let f1, fo € C’' be equivalent if there exists an increasing homeomorphism v : [0,1] — [0, 1]
with fo = f1 o 9. We denote by [f] the equivalence class of f under this equivalence relation and
set

X(©C):={[f]: feC}
X(C) is called the space of curves. We turn X(C) into a metric space by equipping it with the
metric

dx (f,9) = nf{|[fo = golle = fo € [f]. 90 € [9]}-

(X(C),dx) is a separable and complete metric space, but it is not compact. Given @ C C with
00 # () and two marked boundary points a and b, we define the space of simple curves from a to
bin Q as

XSimple(Q’a" b) = {[f] : f € Cl7 f((o’ 1)) - Qa f(O) = a, f(l) = b’ f injeCtive}'

We then let X4(€, a,b) be the closure of Xgimpie(€2,a,b) in X (C) with respect to the metric dx.
Curves in X(Q, a,b) run from a to b, may touch 9 elsewhere than at their endpoints, may touch
themselves and have multiple points but they can have no transversal self-crossings. Notice that
if (P,,),, is a sequence of probability measures supported on Xgimple(€2, a, b) that converges weakly
to a probability measure P*, then a priori P* is supported on X (€, a,b).

Assume that we have a family of random curves (vs)s distributed according to some family
(Ps)s such that for each § > 0, 5 is an element of XO(Q(;; as, bs). Here, for each 6 > 0, (Q,;; as, bs)s
is a suitable polygonal domain associated to (§25;as,bs) that approximates (;a,b), see Section
for the precise definition and assumptions. The curves (v5)s can be made to be supported
on the same space Xo(2;a,b) by uniformization. More precisely, let ¢ :  — H be a conformal
map such that ¢(a) = 0 and ¢(b) = oo and similarly, for § > 0, let ¢s : Qs — H be a conformal
map such that ¢s(as) = 0 and ¢5(bs) = oo. Setting 75 := ¢5(7s), the family (yi)s is supported
on Xo(H;0,00). Moreover, for each § > 0, when parametrized by half-plane capacity, ’yg{ has an
associated driving function Ws. In this setting, there are two different topological spaces in which
we may wish to show tightness of (vs)s:

(T.1) the space of curves Xo(H, 0, 00) equipped with the metric dx;

(T.2) the metrizable space of continuous functions from [0,00) to H with the topology of
uniform convergence on compact subsets of [0, c0).

Tightness could also be established for the driving functions (Ws)s, in which case the topological
space to consider is

(T.3) the metrizable space of continuous functions from [0,00) to R with the topology of
uniform convergence on compact subsets of [0, c0).

It turns out that, by [KS17), Corollary 1.7], weak convergence in one of the topologies |(T.1)H(T.3)|
implies weak convergence in the other two and that the limits agree, in the sense that the limiting
random curve is driven by the limiting driving function.

Another natural topological space in which to establish tightness of (vs)s is

(T.4) the space of curves X (C) equipped with the metric dx.

Under the assumption that (Q(s; as, bs)s converges in the Carathéodory sense to (Q;a,b) and that
(as)s and (bs)s are close approximations of the degenerate prime ends a and b, [Kar23|, Theorem 4.2]
guarantees that weak convergence of (vs5)s in the topology implies weak convergence in the
other three topologies -H see the discussion below [Kar23, Theorem 4.2]. Moreover, if v
denotes the limit in the topology and v¥ denotes the limit in the topology then v has
the same law as ¢~ 1(7™). We note that [Kar23, Theorem 4.2] also guarantees that ~ is supported
on (.
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Chapter 3

Massive SLE, and the scaling limit
of the massive harmonic explorer

3.1 Setup

3.1.1 Assumptions on the domain

We consider an open, bounded and simply connected subset €2 of the complex plane C such that
0 € Q. We fix two marked boundary points a,b € 02 and we assume that both a and b are
degenerate prime ends of Q. That is, if f : D — € is a conformal map from the unit disc D
to Q and f is a bijective mapping from 0D to 02 induced by f, see [Pom92, Theorem 2.15],
then f can be extended continuously at z,,z, € 0D by taking radial limits, where 2z, € ID,
respectively z, € 0D, is the preimage of a, respectively b, by f Here, the radial limit of f at
¢ € ID is defined as lim._,o f o P.(¢), whenever this limit exists and where for ¢ > 0 and z € C,
P.(2) = (z/|z|) min{1 —¢, |z|}. For a more detailed discussion on degenerate prime ends, the reader
can consult [Pom92 Section 2.5]. These assumptions on € and the boundary points a and b will
in particular allow us to use [Kar23, Theorem 4.2].

We assume that (Qs)s is a sequence of graphs approximating €2 in a sense that we will now
explain. For each 6 > 0, Q5 is a simply connected subgraph of the triangular lattice §T, so that
every edge of s has length 6. We denote by V(Qs) the set of vertices of s and define the
boundary 0€s of Qs as

005 = {w € T \ V(Qys) : there exists v € V(2s) such that v ~ w}

where v ~ w means that there is an edge of dT connecting v and w. With this definition of 0,
it is legitimate to set Int(Qs) := V(Qs).

We associate to each Q5 an open and simply connected polygonal domain Qs c C by taking
the union of all open hexagons with side length ¢ centered at vertices in V(s). We assume that
there exists R > 0 such that for any § > 0, Q5 € B(0, R) and Q C B(0, R). The marked boundary
points a and b of 9 are then approximated by sequences (as)s and (bs)s where, for each § > 0,
as and by belong to Q5. We assume that for all § > 0, 0 belongs to Qs, which is necessary to
apply [Kar23, Theorem 4.2]. More importantly, we assume that the approximations (Qg; as,bs)s

converge to (£2;a,b) in the Carathéodory sense. That is,
e cach inner point z € Q belongs to €25 for § small enough;

e for every boundary point ¢ € 992, there exists a sequence (Cs)s such that {5 — Cas § — 0,
where, for each § > 0, (s € 0€)s.

This can be rephrased in terms of conformal maps. Let 1) : €2 — I be a conformal map such that
Y(a) = 1 and ¥(0) = 0. Similarly, for each § > 0, let ¥5 : s — D be a conformal map such
that 1s5(as) = 1 and 15(0) = 0. Then, by [Pom92, Theorem 1.8], the Carathéodory convergence
of (Qs;as5,b5)s to (2;a,b) is equivalent to

15 — 1 uniformly on compact subsets of 2 and

wgl — ™1 uniformly on compact subsets of D.
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Furthermore, we assume that ag, respectively bs, is a close approximation of a, respectively b, as
defined by Karrila in [Kar23| Section 4.3]. Let us recall what this means. To lighten the notations,
we identify the prime ends as and a with their corresponding radial limit points. For r > 0, let .S,
be the arc of dB(a,r) N Q disconnecting in Q the prime end a from 0 and that is closest to a. In
other words, S, is the last arc from the (possibly countable) collection dB(a,r) N2 of arcs that
a path running from 0 to a inside 2 must cross. Such an arc exists by [Kar23, Lemma A.1] and
approximation by radial limits. ag is then said to be a close approximation of a if

e a5 —aasd — 0; and

e for each r small enough and for all sufficiently (depgnding on r) small §, the boundary point
ags of Qs is connected to the midpoint of S, inside 5 N B(a,r).

3.1.2 Definition of the discrete model

The massive harmonic explorer is a massive version of the harmonic explorer studied by Schramm
and Sheffield in [SS05]. Let m : 2 — R4 be a continuous function bounded above by some constant
m > 0. For each § > 0, we assign a weight to the edges of the graph Qs as follows: if z and w
belong to V(€5) and are connected by an edge in €5, then the oriented edge (zw) from z to w has
weight 1 —m?2(z)6%, where we have set, for v € V(Qs),

2
2 em?(v)
= 3.1
ma(v) 6 tan(d) (3:-1)
Above, the constant ¢ > 0 is such that the faces of the hexagonal lattice dual to T have area
As = c6?, that is ¢ :A9\/§/8. 0 is defined as [CS11, Figure 1.B], that is @ = 7/6 for the triangular
lattice. If v ¢ QN Qs, we set m3(v) = 0. Notice that the weight of an edge depends on its
orientation: the oriented edge (wz) in s has weight 1 — m?2(w)d?. Observe also that for any
(ORS V(Qg),
_an = m?i.

For each 6 > 0 such that § < m;l, these edge weights naturally give rise to a massive random
walk X™ on 5. More precisely, if the walk X™ is at a vertex v € )5, then at the next step, it
jumps to one of its neighbors with probability 1 —m2(v)§? or is killed with probability m3(v)d2.
The jumps to its neighbors are uniform, that is if w is connected to v by an edge, then the walk
has probability (1 —m?(v)§?)/6 to jump to w at its next step. We denote by 7* the killing time of
the walk and by 7pq, the hitting time of 9Qs by the walk, when it started in Int(£2s). Accordingly,
we denote by ]P’gn) (7* < T9q,) the probability that the walk is killed before reaching the boundary
0 when it started at w € Int(€5). Such a massive random walk is intimately connected to
discrete massive harmonic functions with mass m, in the same way as random walk is connected to
discrete harmonic functions. Discrete massive harmonic functions are defined as follows: a function
h: Qs — R is said to be discrete massive harmonic with mass m if for any v € Int({s),

— m2(v)52
h(v) = # > h(w). (3.2)

v~w
As in the non-massive case, one can also define the massive harmonic measure H(™) (-, E}) of a
subset E7 of 0€Qs. This is the unique discrete massive harmonic function with mass m in Qs and
boundary value 1 on E; and 0 on 995 \ E;. For v € Int(Q5), H™ (v, E1) can be interpreted as the
probability that a massive random walk with mass m started at v is not killed before leaving 25
and exits Qs through Ey. Observe that H(™ (v,005) = 1 — PY™ (7% < 150,).

We can now define the massive harmonic explorer. For 0 < § < m;l, the massive harmonic
explorer with mass m is a random path ~s on the dual of 25 defined as follows. On 0, we assign
the sign + to the clockwise oriented boundary arc (ab), denoted 9", and the sign — to the counter-
clockwise oriented boundary arc (ab), denoted 922~ . Correspondingly, for each § > 0, the boundary
Q5 of Qs is split into two parts: the clockwise oriented boundary arc (asbs) has sign + while the
counter-clockwise oriented boundary arc (asbs) has sign —. This naturally defines a partition of
0f)s into two sets of vertices: the vertices of 925 that belong to the clockwise oriented boundary
arc (asbs) have sign + while the vertices that belong to counter-clockwise oriented boundary arc
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(asbs) have sign —. The vertices as and bs, in case they belong to 9, are assigned an arbitrary
sign. We denote the set of vertices with sign +, respectively —, by 89;, respectively €y .

Using this partition of 925, we then let A" be the unique discrete massive harmonic function
with mass m in Qs and boundary values —1/2 on 995 and 1/2 on 99 . Let mgo be the middle
point of the unique edge ey connecting two vertices of opposite sign to which as belongs; my is the
starting point of the massive harmonic explorer 5. The edge ey bounds a triangle fy of Q5 and
we denote by vy the vertex of Q25 U 0€Qs that is not an endpoint of eg. The explorer then turns
right with probability h*(v1) + 1/2, that is, with probability h"(v1) + 1/2, 75 traces the broken
line from myg to the center of f and then from the center of f to the middle point m; of the right
edge of fy. In that case, v1 becomes a boundary vertex with sign + and we set 251 := Q5 \ {v1},
89;:1 = 5‘9}' U {v1} and 395_71 = 09y . With complementary probability, the explorer turns
left, that is s traces the broken line from mg to the center of fy and then from the center of fj
to the middle point m; of the left edge of fy. In that case, v; becomes a boundary vertex with
sign — and we set Q51 = Q5 \ {v1}, 9, = 9Q5 U {v1} and 9Q;, := 9QF. In both cases, on
Qs,1, we let hg" be the unique discrete massive harmonic function with mass m and boundary
value —1/2 on 0Qy 51 and 1 /2 on (‘3(2 For the second step, we repeat the same procedure but
with respect to the vertex Vg, deﬁned analogoubly to v1, and using the function AJ",. We continue
until the path ~; hits the edge connecting two vertices of opposite sign to which b(; belongs which
almost surely happens in finite time. We update the graphs and their boundary at each step
to obtain random sequences (Qs5.,)n, (994, and (982 ,)n and the corresponding sequence of
discrete massive harmonic functions (hf;”n)n See again Flgure u 1| for a dual perspective on the
hexagonal lattice.

This discrete model is well-defined, in the sense that each step of the massive harmonic explorer
is chosen according to a probability measure. Indeed, notice that almost surely, for any n € N and
any w € Int(s.,,) U 0Qs 1,

m 1 m rr(m
s 0) = (H2 ()~ A ) 53)

where H, (g? 1 (w), respectively ﬁéngll(w), is the discrete massive harmonic measure with mass m
of 0QF s.n_1- respectively 05 s.n—1- seen from w. This equality is a consequence of the uniqueness of
discrete massive harmonic functions with prescribed boundary conditions: the functions on each
side of the equality are discrete massive harmonic with mass m and boundary values 1/2 on
aQIn_l and —1/2 on 085, ;. This shows that almost surely, for any n € N,

1 1/ . 1
sl + 5 = 5 (HL (o) — A, ) + 5

and the right-hand side almost surely takes values in [0,1] as both ng)_l(vn) and H§ n) 1(vp)
almost surely take values in [0, 1].

Observe also that the equality implies that this model has the following symmetry: almost
surely, for all n € N and all v € Int(Qs) U 995,

1— (R, (v) +1/2) = A, (v) +1/2 (3.4)

where izg”n is the unique discrete massive harmonic function with mass m in {25, and boundary
value —1/2 on 9 and 1/2 on 095 .

Throughout the text, for 0 < § < m;l, we denote by ng’a’b’m) the probability measure on
paths on the dual of 45 induced by the massive harmonic explorer from a to b in 2 with mass m.

Egﬂ’a’b’m) denotes the corresponding expectation. For ease of notations, when § > 0 and it is clear

ngya;b’m)

from the context that the path s is distributed according to , we simply write 7y instead

(Pgﬂ’a’b’m))(; implicitly depends on the

of 5. Notice also that the family of probability measures
sequence (25, as,bs)s approximating (€2, a, b).
With these notations, observe that for 0 < § < m satisfies the following domain

Markov property. Let 7 be a stopping time for the ﬁltratlon generated by . Then, almost surely,

-1 P(Qabm)

Q,a,b,m Q- v(7),b,m
P () ([0, 7])) = BE 1 0m ) (3.5)
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where, with a slight abuse of notation, IP’((SQT”Y(T)’b’m) denotes the probability measure induced on

paths by the massive harmonic explorer with mass m from ~(7) to bs in Q, = 5, and exploration
starting with respect to hy’ (vr41) + 1/2. That is, conditionally on ([0, 7]), at step 7 + 1, the
explorer turns right with probability h§® (v;+1)+1/2 and, with complementary probability, it turns
left and the rest of the path is traced following the same procedure as the one described above.
Finally, as in the case of the non-massive harmonic explorer, for each v € Int(2s) U 0Q5, we

notice that for each ¢, under Pgsl’a’b’m)7 the process (hg’fn(v)7 n > 0) is a martingale with respect to
the filtration (Fs,,)n generated «s. That is, for n € N, Fs,, = 0(y5([0,n])). We record this fact in
the proposition below.

Proposition 3.1.1. Let § > 0. In the above setting and using the same notations, for each
v € Int(Q25) UOQs, the process (hg',(v),n > 0) is a martingale with respect to the filtration (Fsn)n-

Proof. Let 6 > 0 and fix n € N. We first consider the case v = v, 1. Then, almost surely,

Q,a,b,m m 1 Q,a,b,m m
By g1 (v ) Fon] = 5 X BE 0 (R 1 (0n) = 1/2] Fi)

1 Q,a,b,m m
— 5 X (]. - P((S “ L)( &n—}—l(’vn“v‘l) = 1/2 ‘ f‘svn))

1 m 1 -1 1 m
=3 X (hé,n(vn-l-l) =+ 2> + 5 X <2 - h&,n(vn+1)>
= hg,Ln(Un+1)

g is also the discrete massive harmonic extension of its restriction to 9€s 41 and similarly
for hy' ;. Since taking the massive harmonic extension of a function defined on the boundary

of a domain is a linear operation and almost surely Egﬂ’a’b’m) (A1 (V) Fsn] = hsp(v) for all
v € 0Q5n41, the same relation holds almost surely for every v € Int(€s,+41). Thus, for each
v € Int(€5) U 0Qs, (A, (v),n > 0) is a martingale. O

In view of Proposition we call the functions (hg”n)n the martingale observables of the
massive harmonic explorer.

3.2 Tightness

In this section, we establish tightness of the sequence of massive harmonic explorer paths (vs)s,
where for each § > 0, 5 is distributed according to Pgﬂ’a’b’m). Tightness is shown in the topologies
(T.3)], using the approach laid out in [KS17]. This approach applies to families of probability
measures supported on a metric space of curves, whose construction is explained in Section [2.2
Under a condition on the probability of a certain crossing event, tightness of a sequence of random
curves supported on this space then follows from |[KS17, Theorem 1.7]. This theorem is phrased in
terms of Loewner chains, that we introduced in Section [KS17, Theorem 1.7] is then discussed
in Section [3:2.1] where we also explain the condition on the probability of the crossing event and
describe the topologies in which tightness is obtained. Finally, in Section we show that the
condition on the probability of the crossing event is satisfied by the sequence (7s)s distributed

(Q,a,b,m)
5 )

according to (P s, thus proving tightness of (vy5)s in the aforementioned topologies.

3.2.1 Annulus crossing estimate and tightness

To show tightness, we rely on the framework developed by Kemppainen and Smirnov in [KS17].
According to these results, tightness of the sequence of massive harmonic explorers (vs)s can

be established in the topologies |(T.1)H(T.3)| if, under Pgﬂ’a’b’m), an appropriate and uniform in

6 upper bound on the probability of a certain crossing event holds. In our case, we will prove
that under ng’a’b’m), the probability that the massive harmonic explorer v crosses a so-called
avoidable annulus of modulus /R, defined just below, decays geometrically in r/R, with constants
(2,a,b,m)

independent of J. Essentially, we will show that the family (P )s <! satisfies Condition
G.3 of |[KS17]. Let us now describe in more detail this condition and its consequences regarding
tightness of the family (]P’((;Q’a’b’m))km;l.
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Let zp € C and 0 < r < R and denote by A(zp,r, R) the annulus centered at zy with inner
radius r and outer radius R, that is

Az, R) :={2€C:r <]z —z| < R}.

Let 7 be a stopping time for v and set €, := Q\ 7([0,7]). The avoidable component A% of an
annulus A(zo,7, R) at time 7 in Q is defined as follows. If 9B(zy,7) N0, = 0, then A% = ().
Otherwise,

Q the connected component of z in Q, N A(zg, 7, R)
AY:=<2€Q,.NA(z,r,R) : . . .
does not disconnect 7(7) from b in Q.

If an annulus A(zg, 7, R) is such that A # (), we say that A(zq,7, R) is an avoidable annulus at
time 7. Furthermore, if v([7,1]) crosses A(zo,r, R) in one of the connected components of A%, ~
is said to make an unforced crossing of A(zg,r, R) in ;. The reader may wish to look at Figure
for an example of A,.

For a family (IP,,), of probability measures supported on X, (€2, a,b), Condition G.3 of [KS17]
then reads as follows. Here, curves are parametrized from 0 to 1.

Condition G.3 The family (P,), is said to satisfy a geometric power-law bound on an unforced
crossing if there exist K > 0 and A > 0 such that for any n, for any stopping time 0 < 7 < 1 and
for any annulus A = A(zp,r, R) where 0 < r < R,

A
P, (v([7,1]) makes a crossing of A which is contained in A%|~([0,7])) < K(;) .
By |[KS17, Theorem 1.7], verifying this condition for the family (P,), allows one to establish

tightness of the sequence of curves (v, ), distributed according to (P,), in the topologies
(T.3)| (see below for the details in our setting).

We wish to apply this result to the family of massive harmonic explorers under IP’((SQ’a’b’m).

However, note that under this law, v = ~; is an element of Xo(fz,;,a(;,b(;) for each §, whereas
Condition G.3 is stated for a family of probability measures all supported on the same Xo(£2, a, ).
Thus we first need to uniformize the picture. To this end, we let ¢ :  — H be a conformal map
such that ¢(a) = 0 and ¢(b) = oo and similarly, for § > 0, let ¢5 : Q5 — H be a conformal map such
that ¢s5(as) = 0 and ¢5(bs) = oo. For § > 0, we denote by Wj the driving function of i := ¢s(7s),
when the curve is parametrized by half-plane capacity.

In this setting [KS17, Theorem 1.7] yields the following. Suppose that the laws of (v§), <o<my?

satisfy Condition (where 5 has law (Pgﬂ’a’b’m)) for each &, and ¢; is as above). Then (vi)s
is tight in the topologies |(T.1)| and (Wjs)s is tight in the topology

Moreover, under the assumption that (€5;as,bs)s converges in the Carathéodory sense to
(Q; a,b), that (as) and (bs)s are close approximations of the degenerate prime ends a and b, [KS17,
Corollary 1.8] together with [Kar23, Theorem 4.2] imply the following stronger result.

Theorem 3.2.1. Assume that a family of measures (P,), satisfies Condition m Then, the
family (7vn,7E),, is tight in the topologies ((T.1)) and ((T.4)). Furthermore, any subsequential
i

limit (v,7™) almost surely satisfies v = ¢~ (4) where ¢~1 is extended by radial limits.
3.2.2 Proof of the annulus crossing estimate

As explained above, to establish tightness of the massive harmonic explorers (7s)s in the topologies
i

((T.1)) — ((T.3)), we show that the family (Pgﬂ’a’b’m))(g satisfies Condition This is the content
of the following proposition.

Proposition 3.2.2. There exist constants K, > 0 such that for any 0 < § < mgl, for any
stopping time T and any annulus A = A(zo,7, R),

Pgﬂ’a’b’m) (v([7, 1]) makes a crossing of A which is contained in A?‘s |v([0,7])) < K(;) .
This implies in particular that the family (ng’a’b’m))6<m;1 satisfies Condition .
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The proof of Proposition relies on a martingale argument similar to that used in the proof
of [SS05, Proposition 6.3]. Our martingale is a sum of two terms. One of them is the massive
version of the martingale used in the proof of [SS05, Proposition 6.3] or, in other words, the total
mass of massive random-walk excursions from a well-chosen set of boundary vertices to boundary
vertices with sign +. However, this term by itself is not a martingale because in our setting, the
massive harmonic measure of 9€; ,, seen from a vertex v € {1, is not a martingale. To compensate
the drift that arises from it, we must add another term, which is the second term in our martingale.
This term accounts for the probability that excursions get killed before leaving the domain. To
control the first term, using simple inequalities for the massive harmonic measure and up to some
minor modifications, one can argue as in the proof of [SS05, Propostion 6.3]. However, controlling
the second term requires new ideas but makes use of several lemmas proved in [SS05|.

We remark that it was already observed in [KS17, Section 4.4] that the proof of [SS05, Proposi-
tion 6.3] could be used to deduce Proposition [3.2.2) when m = 0, that is to show that the harmonic
explorer satisfies Condition However, in [KS17), Section 4.4], the argument did not take into
account a certain type of geometric configuration for AS%5. corresponding to the collection Ay in
our proof of Proposition thus making the proof incomplete. This gap is filled below.

Before turning to the proof of Proposition we recall [SSO5, Lemma 6.1] and its corollary
[SS05, Corollary 6.2] as we will repeatedly use them. In order to do so, we need to introduce the
discrete excursion measures, which are the discrete analogues of the Brownian excursion measures.
For 6 > 0, let Gs C 0T be a graph with boundary 0G;s. For an oriented edge (vw) of 6T, we
denote by rev(vw) the same edge with reverse orientation. We let E = E(Gj) denote the set of
edges of G5 whose inital vertex is in G5 and whose terminal vertex is in Int(Gs). Let By C E
and Ey C rev(E). For every v € 0G5, let XV be a simple random walk on 6T that starts at v and
is stopped at the first time n > 1 such that X! ¢ G5. Let vV denote the restriction of the law of
X" to those walks that use an edge of F; as their first step and an edge of Ey as their last step.
Finally, define

—— v
V(Gs,E1,E2) = E : v-.
vEAGs

V(Gs,E1,E») 18 called the discrete excursion measure from E; to Ez in Gs: this is a measure on paths
starting with an edge of F; and ending with an edge of F> and staying in G5 in between. When
Ey = rev(E), we simply write v(g;. 5, ,B,) = V(@s,E,)- The first result about the measure v(g; g,)
that will be instrumental in the proof of Proposition is a relation between the expected
number of visits to a vertex z € Int(Gs) under v, g,) and the probability that a walk started
from x exits G5 using an edge of rev(E4). This is [SS05, Lemma 6.1].

Lemma 3.2.3. Let G5 be as above and let By C E. Fiz x € Int(Gs) and for a path w, let n,(w)
be the number of times w visits x. Then

/ngj(w)u(Gé’El)(dw) = Hg,(x,rev(Ey))

where Ha, (z,rev(E7)) is the probability that a simple random walk started at x will first exit G
via an edge in rev(Ey). In particular, [ n.(w)vc, p)(dw) = 1.

This lemma can be used to estimate the v, g,)-mass of paths that visits a ball, provided the
ball is sufficiently far away from 0Gs. This is stated as [SS05, Corollary 6.2] and since this result
will be useful in the proof of Proposition let us recall it.

Lemma 3.2.4. Let Gs and E; be as above and let x € Int(Gs). Denote by rad,(Gs) the Euclidean
distance between x and the boundary of Gs. Assume that the boundary of G is connected. Let
B be the ball centered at x whose radius is %mdm(G(;) and let I'g be the set of paths that visit B.
Then

¢ He, (w,1ev(E1) < gy 0)(T5) < cHa, (@, rev(E))
for some absolute constant ¢ > 0.

The last fact that will be useful in the course of the proof of Proposition is the following
simple inequality between discrete massive and massless harmonic measures.
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Lemma 3.2.5. Let G5 C 0T be a finite graph with boundary dGs and let O be a subset of OGy.
For w € Int(Gs), denote by H(go)(w), respectively Hém) (w), the massless, respectively the massive,
discrete harmonic measure of O seen from w. Then, for any w € Int(Gs),

m 0
1" (w) < B (w).

Proof. Let w € Int(Gs). By definition,

Hy™ (w) = B (Xryg, €0)
where under P w) X is a simple massive random walk on 0T started at w and 75¢, denotes its
first hitting time of 8Gs. Therefore, we have that

(w)

P - 3 [

wiw—d I=1

where the sum is over the set of paths w on Tj starting at w and ending at a vertex of d. For such
a path w, w; denotes the jth vertex it visits and 7(w) is its length. The above equality then yields
that

T(W)

CECED I &

wiw—d J=1
0 -
= ]P)ES;Z; (‘X‘l'ac;‘5 € a)
0
= H” (w)

0)

where under ]P’g’w, X is a simple (massless) random walk started at w. O

With these lemmas in hand, let us now turn to the proof of Proposition [3 We first prove
the following proposition, which is a special case of Proposition [3.2.2] when the stopplng time 7 is
almost surely equal to 0. Thanks to the Markov property of the massive harmonic explorer,
the proof of Proposition [3.2.2 will follow the same strategy as that of the proof of this proposition,
and we find it easier to first explain the arguments for the time 7 = 0 and then show how to adapt
them to the case of a general stopping time.

Proposition 3.2.6. There exist constants K, > 0 such that for any 0 < § < mgl and any
annulus A = A(zg,7, R),

ng’a’b’m)('y makes a crossing of A which is contained in AQ*;) < K(;) . (3.6)

Proof. Fix 0 < § <, '. For clarity, as d is fixed, we write A% for A% A% s a collection (AQ) of

connected components of A(zg,r, R) N Qs. We are going to split it into two disjoint sub-collections
A and AS of connected components. These collections correspond to two different geometric
configurations for the intersection between (s and the annulus A(zg,r, R). We will then upper
bound the probability of a crossing of a component of A$* and that of a crossing of a component
of A$} separately. In both cases, the upper bound is established using a martingale argument.
Indeed, we will see that thanks to the optional stopping theorem, upper bounding the probability
of a crossing in A or that of a crossing in A$! amounts to upper bound a certain martingale at time
0 and lower bound it at a well-chosen stopping time. However, because of the different geometric
configurations reflected in the collections A{* and A$}, we cannot use the same martingale in both
cases and this is why we must distinguish between these two cases.

Let us now define the splitting of A% into two disjoint sub-collections A := (Asf,j)j and
A = (Ag)j)j as mentioned above. The collection A is such the following holds. A C A% is an
element of A$ if and only if v must first intersect B(zg, R) to cross A. In turn, the collection A%
is made of those components of A? that do not satisfy this property. In other words, A belongs
to A$ if and only if v must first intersect 9B(zg,r) to cross A?. See Figure for an illustration.

30



Figure 3.1: Example of a domain € together with an annulus A(zg,r, R). Here, the collection
A; consists of the connected component of A(zg,r, R) N Q shaded with red cross-hatch while the
collection Az consists of the connected component of A(zg,r, R) N with blue lines. The connected
component with black lines is an unavoidable component of Q N A(zg,r, R).

Observe that A$? or A may be empty. Given this splitting, we define two collections of connected
components of 0\ A9

B{" :={D C B(z,7)N Qs : D connected such that EIA?J € A such that 9D N aAﬁj #0}
By’ :={D cC Qs \ B(z0, R) : D connected such that 3A§{j € A such that 9D N BAgj #0}.

Notice that B{", respectively B$", is chosen such that if v makes a crossing of A% ;» respectively of
A3, for some j, then there exists n € N such that v(n) € B{", respectively v(n) € Bg". B{* and
B$Y depend on 6 but since ¢ is fixed and our estimates will be uniform in §, we do not mention
explicitly this dependency in the notation.

Let Q be the event that there exists j € N such that v; € B{’ U B$¥ and ([0, j]) contains
a crossing of A?. On Q, denote by o the least such j. Observe that Q can be decomposed as a
disjoint union @ = Q; LI Qa, where Q1 := QN {v, € B{*} and Q3 := QN {v, € BS'}. Therefore,
we see that to bound Pgﬂ’a’b’m)(Q), it is enough to bound the probabilities ng’a’b’m)(Ql) and

Pgﬂ’a’b’m)(Qg) separately. We claim that the following bound on ]P’((;Q’a’b’m)(Ql) holds.

Claim 3.2.7. There exist universal constants Ki,a1 > 0 such that

a,bm r\ "
p{a-b: )(Ql)gKl(R> . (3.7)

As for ]P’gﬂ’a’b’m)(Qg), we claim that it satisfies a similar bound.

Claim 3.2.8. There exist universal constants Ko, as > 0 such that

a m r “2
P Q) < a3 ) (38)

Claim and Claim together imply that the inequality (3.6]) holds with K = 2 max(K;, K>2)
and a = min(ay, a3), thus establishing Proposition Let us now turn to the proof of these
claims. We start by showing Claim [3.2.7]

31



Proof of Claim[3.2.7 Set D = 2R, where we recall that R > 0 is such that for any § > 0,
s C B(0,R) and ©Q C B(0,R). In particular, for any § > 0, diam(€25) < D. Let us assume that
(20,7, R) is in the following subset of C x Ry x Ry

1

G1 == {(20,7, R) : dist(z, Q) < D, r < mD, R<2D,0<10r < R}.

In this case, we will see that there exist universal constants K7, c1,@&; > 0 such that

oK, [\ ¥ ol+ai/2f o\ 41/2 m2D? r
P(Q’a’b’m) <22z L —d— 3.9
g (Ql) o R + C1 R + a1 R ( )

Therefore, for (zg,7, R) € G, the inequality (3.7) is satisfied with

2K, 22K om? _ A
Oy Ky = 2241 Li2Mdpe  and o = % Al (3.10)

C1 C1 C1

If (20,7, R) ¢ G, then notice that either there are no crossings of A(zo,7, R) that stay in Qs or the
ratio /R is greater than or equal to a deterministic constant ¢ > 0 (independent of §). Indeed:

1. If dist(zo,ﬁﬂg) > D, then, in order to have a crossing of A(zo,r, R) that stays in Qs, one
must have r > dist(zg, 9€25) and R < dist(zg, 9€25) + diam({2s). This implies that

E < dist(zo, 0€25) +Eham(Q5) <14 ==2.
r dist(zg, 9s)

|

!

Therefore, the ratio r/R is lower bounded by 1/2 in that case.
2. If 10r > R, then the ratio r/R is lower bounded by 1/10.
3. If dist(z, 0Qs) < D and R > 2D, then there are no crossings of A(zg,r, R) that stay in Q5.

4. Tf dist(zo, Q) < D and r> (1/100)@, then in order to have a crossing of A(zo,r, R), one
must have R < dist(zg, 082s) + diam(€25) and, in this case, dist(zp, 9€s) + diam(Q2s) < 2D.
This implies that the ratio r/R is lower bounded by 1,/200.

We thus see that if (20,7, R) ¢ G1, then either there are no crossings of A(zo,r, R) that stay in
(25 or the ratio r/R is lower bounded by 1/200. Taking oy as in (3.10) and Cp; > 0 such that
Cp1 x (1/200)** = 1, we trivially obtain that for (29,7, R) ¢ G,

P((;Q’a’b’m)(gﬂ < Chn (;)

since the right-hand side is greater than 1. Setting K7 = max(C1, Cy1) where C; is the constant
found in , we then obtain the inequality for any (29,7, R) € C x Ry x Ry with r < R.

Let us now turn to the proof of the inequality . Let (zo,7, R) be in G; and consider the
annulus A(zg,r, R). By definition of the collection A*, each connected component of B(zg,3r)N;s
which intersects some A? ; for some j has boundary entirely in 9§25 or Oxf. Recall that on the
event Qi, the stopping time o is defined as the least j such that v; € B{” and ([0, j]) contains a
crossing of A. On the event Q;, let S be the connected component of B(z,3r) N Qs intersecting
v(jo — 1,0]) and let Q7 C Qi, respectively Qf C Qi, be the event that S C 98, respectively

88 C 0Qf. Then PI"™ () = PI*™) Q) + P{*P™) (QF) and the inequality (3.9) will
hold if we can show that there exist constants Ky, cy,&; > 0 such that

% a1 a1 a1/2 272
Ki/(r 20K, ([ r maD* r
P(an;bﬂﬂ) +) « 17 17 d .
J Q) = c1 \R * ci \R * ca R

Let us prove this inequality for ng’a’b’m)(Qf). By symmetry (see the discussion around (3.4))),

the proof for ]P’gg’a’b’m)(Qf) is virtually the same. Let E_ denote the set of directed edges in
E = E(Q;) whose initial vertex is in 005 N B(2p,3r) and is disconnected from b in Q5 by a
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connected component of AS?. Denote by V_ the set of initial vertices of the edges in F_. Then, by
Lemma the process

= 3 5 X (1w 5). nzo
veV_ VAW

is a non-negative martingale for the filtration (F5,,),. Therefore, by the optional stopping theorem,
Q,a,b,m ~(m Q,a,b,m
1755 1 = 5™ Loy 1) = B (g 1757 1])- (3.11)

We thus see that in order to bound IP’(Q @ b’m)(Qf)7 it is enough to exhibit an appropriate upper

bound for ||V5 0) | and to show that ||u§ || is bounded away from 0 by a universal constant on the

event Q7. Let us first focus on ||V6,0 II
Observe that almost surely, for any n € N and any w € Int(Qs.,,) U 9Qs p,

1 m 1
Faw) + 5 = Hy (w) + 5BV (7 < o0, )

where, as explained in Section [3.1.2) H, g:’;) (w) is the discrete massive harmonic measure of 89(’5"”
seen from w. By Lemma [3.2.5] we then have that, almost surely, for any n € N,

~\m 1 1 m *
FAEDIE o (TR T

veEV_  v~w

where H; (0 )(w) is the discrete (massless) harmonic measure of 9QF, seen from w. Taking n = 0,

this ylelds that
1 *
1/50 || < Z Z < —|— ipwmd)(T < TaQé,o))' (312)

veV_  vw

Our upper bound on ||V6 0) || that will allow us to establish the inequality (3.9) is a consequence of
the following two lemmas.

Lemma 3.2.9. There exist universal constants K1, &1 > 0 such that, for any (20,7, R) € G1,

Z Z ) < Ky (R>&1. (3.13)

vEV_ vw

Lemma [3.2.9] can be derived using the same arguments as those used in the first part of the
proof of [SS05, Proposition 6.3], since we assume that 10r < R for (2q, 7, R) € G;. The next lemma,

which controls the term in ||ﬁgrg) || arising from the killing, will require a bit more work.

Lemma 3.2.10. For the same constants f(l and &1 as in Lemma and still assuming that
(Zo,’f', R) S g17

e (T2 _ r
POEDIE Tlte gmmﬁ)gzamm(]{) 2Dk L

veV_  wv~w

=

We postpone the proof of Lemma|3.2.10to the end and show how to proceed from here. Observe
that, using the inequality (3.12]), Lemma and Lemma [3.2.10| yield that

& G1/2
15| < K Cpomii (DY pmepel (3.14)
8,0 ! R "\ R R '

where K1, &; > 0 are universal constants.

Let us now exhibit a lower bound for ||V6m)H on the event Q7. For n > 0 and w € Int(s4,),

denote by H(E n)( ), respectively H(g Tz( ), the discrete massive, respectively massless, harmonic

measure of 0§05 seen from w. Almost surely, it holds that, for any n € N and w € Int(Qs,),

H (w) + H (w) + BYY (7 < 1og,,) = H (w) + A (w).
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It follows that almost surely, for any n € N and w € Int(£2s.,),
H{7 (w) + By (7 < 7aq,,) 2 Hio)(w) (3.15)

since almost surely, for any n € N and w € Qs p, ﬁéoz (w) ff{érz) (w) > 0. Therefore, almost surely,

1755 °1= 3" & Z( +2P(m)(7 < 905, ))

veV_  wv~w
1 1
> 3 5 3 (GH ) + P < )
veV_o  v~vw
> Z H (w) (3.16)
veV_ v~w

where the inequality (3.16]) follows from the inequality (3.15) by multiplying both sides by 1/2.

The first inequality simply uses the fact that for any n € N and any w € Int(Q;,,), H(g?(w) is
non-negative. The second part of the proof of [SS05|, Proposition 6.3] shows that

Q,a,b,m 1 1 0 Q,a,b,m —
E{ ){HQI( > 6 2 2H§7§(w)>] 2 1Py (@)
veV_ vvw

where ¢; > 0 is a universal constant. This inequality together with (3.14)) and the optional stopping
theorem argument explained in (3.11]) yield that

6&1 @1/2
s (7)o ()

which, as explained above, implies the inequality (3.9). O

To complete the proof of Claim we must prove the auxiliary lemma that we used along
the way.

Proof of Lemma[3.2.10 Using the same notations as in the proof of Claim [3.2.7] we want to upper

bound the quantity
m, 1 m, *
ERIEDY 6 Y BT < mog,).
vEV_ v~w

Let us express this quantity in terms of the integral of a functional with respect to the excursion
measure (o, g_ gs), Where Es is the set of edges in {25 whose endpoint is in 9€25. We have that

ToQs

KGO = Y § S B mie Y - miot)

veV_ vvw k=0

IEDIEDY d62[§ (1m0 P )

veV_ v~ww w—00s k=0

(0)

where P’ (w) denotes the probability that a (non-massive) random walk on §T traces the path w,

IESB ) denotes the expectation with respect to (non-massive) random walk started at w and where,
for w € Qg, we write w : w — 95 to indicate that w is a path from w to 9 in Q5. We continue
with this expansion on paths to obtain that

||
™ . 1
LARIED D k3 D OCE i Pl
k=1

veEV_ w:v—0Qs

||

= ¥ md52{2(1m362)k]ﬁ’§0)(w)

w:E_—0Qs k=1

[w]
/ d52 [ (1— m362)k} dvias.B_ 85 (W)
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where w : E_ — 0f)s is the set of path starting with an edge of E_ and ending with an edge of Es
and w)>1 denotes the path w minus its first edge. The above representation of || K. ggd) || is useful as
the discrete excursion measure v(q, g_, ;) is well-understood. To obtain a bound on this integral
with respect to this excursion measure, we are going to split the set of excursions into two disjoint
sets: the set of excursions that remain in a well-chosen ball B(zg,7) and the set of excursions
which exit this ball. The radius 7 of this ball is going to be chosen such that the total mass of
excursions that exit in B(zp,7) can be well-controlled while excursions that stay in B(zg,7) are
not long enough to have a macroscopic probability to be killed. To find the appropriate radius 7,
it is more convenient to first rescale Q. So, let us now rescale )5, and thus Qs, by (rD)~! and
denote by Q;(r) the rescaled version of Q5. Q5(r) is a piece of the triangular lattice with meshsize
6 :=d(rD)~'. As we want the killing probabilities to agree on Qs and Qs(r), we must choose the
mass m? = m2(r) on Qs(r) such that

_, 5

_ 252 o 2 2 2792
mT2D27md5, that is m° =mar“D~.

Denote by E_(r), respectively Es(r), the image of E_, respectively Ejs, after the rescaling. Notice
that for any path w starting in E_ and ending in Es5(r), v(q,,6_,55)(W) = V@Qs (), B (r),Es (r)) (Wr),
where w, is the rescaled version of w. Therefore, we have that

||

||K§fd)\| = /m252{2(1 —m252)k} AV(ys (1), E— (1), Bs (r)) (@)
k=1

We now use a kind of restriction property of v(q;(r) rev(E;(r)),E5(r)) 1O Write

||

m*§? {Z(l - m252)k} AV (r) rev(B5 (1)), B5 () (@)
k=1

K| = /
(wown)EE— (1), e(w)EEs ()

where for a path w, (wow) is the first edge traversed by w and e(w) is the last one. Denote by z
the image of 2o by the rescaling (rD)~! and define the following sets of paths

Peoat(r) = {w : (wowy) € E_(r), e(w) € Es(r), Ik such that wy ¢ B(z(’), \/7%)}

Pin(r) = {w : (wowr) € E_(r), e(w) € Es(r), Vkwy, € B(z, \/7%)}

‘We then have that

]
{Z(l - m252)k} V(25 (r) e (B (1)), B () ()

IES5" | = mQSQ/
k=1

Peat(r)

||

+ ~252/ |:
" Pin(r) Z

(1- m252)k] AV Qs (r) rev(Es (r)),Es (r)) (W)
=1

< V(e () e (5 B (r)) (Peat (1)) + 1767 /P o |18 rev(s e Eaon (@) (3:17)

Using this upper bound, we are going to show that,
r\ %2 T
. G1/2 7 —2 52
K3l < 2%/ Kl(R) + 2mgD i

where K7 and Gy are as in (3.13). First, since for (20,7, R) € G1, 10/D < 1/VrD , the same
arguments as those used in the first part of the proof of [SS05, Proposition 6.3] show that

() n(5)

where K and & are as in (3.13). Since for (20,7, R) € Gi, the ratio r/D is upper bounded by
2r/R because R < 2D, it thus only remains to upper bound the second term in the sum on the

IN

V(s () wev(Es (), s (r)) (Peat (7))
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right-hand side of (3.17). For convenience, let us set Bs(r) = B(z, (rﬁ)_l/Q) NOT. We first use
the Fubini-Tonelli theorem to write

m252/_ ()‘w|dl/(ﬂ(5(r),rev(E(;(r)),E(g)(r)( w) = ~252 P [ }d’/(ﬂa(r) rev(Es(r)),Es(r)) (@)

m?5? / w)dV(Q;5 () ey (Bs (1)), Es (r)) (W)
xz€B;s(r) Pin (T)

By Lemma for any = € Qg,

/nz(w)dy(ﬂg(T),rev(Eg(r)),Eg)(r) (w)=1.

This yields that

m?6* / (Wl AV (r) rev(E5(r)). B () (W) S 7O% Y1
Pin(r) zE€Bs(r)

Using that m? = m2r?D? and the upper bound (3.18)), we thus obtain that
oy - (T ;
K50 |l < K (D) +mgDr.

We observe that for (zg,7, R) € Gi, the ratio 7/R is lower bounded by r/2D. Hence, it follows
from the inequality above that

(ma) (T \M? —2 72
1K< R 5) +mintx -
&1 /2
<om2i (L v +9m2D? x —
= R 2 R7

which, after multiplying both sides by 1/2, is exactly the claim of Lemma |3.2.10 O
We now turn to the proof of Claim [3.2.8

Proof of Claim[3.2.8 As in the proof of Claim we set D = 2R. Let us assume that (29,7, R)
is in the following subset of C x Ry x R4

Gs = { (20,7, R) : dist(z0,00s) < D, R < 2D, 0 < 10*r < R}.

In this case, we will see that there exist universal constants Ky, ¢z, &z > 0 such that

20Ky [ 7\% 2K, [ r\*/* m2D? [r
IP)(Qvaﬂb’m) < 2 J— 72 — 2 d —_ 3.].9
) (QQ) = Co R + cs R + Co R ( )

Therefore, for (zg,7, R) € G2, the inequality (3.8) is satisfied with

4K,  4m? - iy 1
222 TR and an = 22 AL (3.20)

Cy =Ky =
2 2 C2 Co 4 2

If (20,7, R) ¢ G, then notice that, as explained above for the set Gy, either there are no Crossmgs
of A? that stay in Qs or the ratio r/R is lower bounded by 10~%4. Taking as as in and
Ch2 > 0 such that Cpp x (1074)*2 = 1, we trivially obtain that for (zo,7, R) ¢ Ga,

ng’“’b’m)(gg) < Chpo (;)

since the right-hand side is greater than 1. Setting Ky = max(Cs, Cy2) where Cs is the constant
found in (3.20), we then obtain the inequality (3.8)) for any (2,7, R) € C x Ry x Ry with r < R.
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Let us now turn to the proof of the inequality (3.19). Let (20,7, R) be in G2 and consider the
annulus A(zg,7, R). By definition of A2, the boundary arcs of the connected components in A%
that are also arcs of 9€); are either all contained in €5 or all contained in 69+. Let us define

the martingale that will plays the role of the martingale (||y5 n) l,n > 0) that we used to estimate
}P’gg a0 (91). We start by rescaling 6T by 1/R using the map fg : 2 — z/R. We denote by 2} the
image of zo by fr. The image of the ball B(zq,7), respectively B(zo, R), under fr is B(zj,r/R),
respectively B(z(,1). We also denote by {25 the image of Q5 by fg; this is a piece of the triangular

lattice with meshsize d, 1= dR~'. For the killing probabilities to agree on €25 and €5, we must
choose the mass m?2 on {25 such that

5 02 .
maﬁ =m30%, thatis m2=m3R%.

Observe that we have the inclusions

B(z, %) C B(z, ;\/Z) C B(z, \/;) C B(z),1)

where the first inclusion holds because for (zg,r, R) € Ga, 10r < R. Moreover, the boundary of a
connected component D of A(z{, (1/3)\/r/R,+/7/R) N fr(A%}) is made of four arcs. One of them
is an arc of dB(z(,(1/3)+/r/R) and its opposite boundary arc is an arc of dB(z{, /r/R). The
two other boundary arcs, denoted b;(D) and bo(D), that are opposite to each other are either
two boundary arcs of o0~ 5 or of 8Q+ On the event Qs, let S be the connected component of

A(2h,(1/3)\/T/R),\/T/R) N fr(AS) crossed by 75([0, c]), where 75 denotes the rescaled version of
5. Note that the rescaling fr does not affect the value of 0. Let Qj, respectively QF, be the

event that b1 (S),ba(S) C dQy, respectively by (S), ba(S) C Q. Notice that we have

By (Qa) = PP (1 (@) + B (1 (Q5))

and the inequality (3.19)) will hold if we can show that there exist universal constants Ko, ¢0,42 >0

such that
Ky (r a2/ g p\ %2/t m2D? [\ /2
P(Qabm <22( = na il 92 d o )
) (fR (QQ )) Co (R) + Co R + o R

Let us prove this inequality for ]P’(Q’a’b m)(fg (Q3)). By symmetry (see the discussion around
(3.4)), the proof for ]P’(Q a.b:m) (fr (Q+)) is virtually the same. Let E_ denote the set of directed
edges in E = E(Qs) whose initial vertex is in 9Q5 NA(2), (1/3) m \/7/R) and on the boundary
of fr(AD). Denote V_ the set of initial vertices of the edges in E_. Then, by Lemma the

process
m 1
) = Z Z( ) 00,
fr

veE ) vvYw

is a non-negative martingale for the ﬁltratlon (Fs.n)n. Therefore, by the optional stopping theorem,
m Q,a,b,m m Q,a,b,m m
IV = B V| 2 B 1 o N

From here, we proceed as in the first case, that is we exhibit an upper bound for ||V(m)|| and a

lower bound for ||V5,g | on the event fr'(Qy ). Observe that, almost surely, for any n € N,

fz 13 (mwrg) s X 53 (MO + g <o)

vE ) vrw vefR (Vo) vw
1 m
= Z Z( 6nR +2]P)( a)(T <T895n))
vev. v~w

where Hgorz r denote the (non-massive) harmonic measure of 6@}71. This implies in particular that

A ED IS DEAROED DEDDE-HEILIELFRY (3.21)

veEV_ vNw veEV.  v~w
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Our upper bound on ||V(§Tg)|| that will ultimately allow us to establish the inequality (3.19) is a
consequence of the following two lemmas.

Lemma 3.2.11. There exist universal constants K’g,dg > 0 such that, for any (29,7, R) € Ga,

<) - n(5)"

vev. v~w

The proof of Lemma (3.2.11| follows the same lines as that of the first part of the proof of [SS05|
Proposition 6.3] but for the sake of completeness, we will sketch the necessary modifications below.

The next lemma controls the term in HV(%) || arising from the killing and we will prove it using the
same strategy as that used to show Lemma

Lemma 3.2.12. For the same constants Ko and &2 as in Lemma|3.2.11] and still assuming that
(Zo, T, R) € g27

L Ly S A S S
Z gzipwa(’r <T8©6)<K2<R> +§X4mdD <R) .

vev.  vw

We postpone the proof of Lemma/|3.2.12|to the end and show how to proceed from here. Observe
that combined together, Lemma [3.2.11| and Lemma [3.2.12] yield that

G /2 Ga /4 1/2
my < (T o (- L mmep2 (T
||V(570 || S K2<R> +K2<R + 5 X 4mdD R

where K5, &s > 0 are universal constants.

It now remains to exhibit a lower bound for HV&’?H on the event f5'(Qy). As in (3.16), we
first observe that, using Lemma [3.2.5] almost surely,

Hv(m)H > Z Z (0)

UGfR 7) w~v

To lower bound the right-hand side on the event fgl (93 ), we can use the same reasoning as in the
proof of [SS05, Propostion 6.3], using the annulus B(z{, \/7/R) \ B(z(,(1/3)y/r/R) and the arc
0B(z(,(1/2)+/r/R). Since we have the same scaling relations, we obtain the same lower bound as
in [SS05, Propostion 6.3] and therefore, there exists a universal constant ¢z > 0 such that

(2,a,b,m) 1 1
e X 553

vefpt(Vo) W

© (w)ﬂ > ¢, P (10,

Putting everything together, we have thus shown that

o) L /pN\®2/2 g\ Ge/d e\ 12
CQ]P’((; o (fEl(QS)) < K, (R) + Ko <R> +2mdD2 <R>

which as explained above implies the inequality (3.19)). This also concludes the proof of the claim,
conditionally on Lemma|3.2.11f and Lemma [3.2.12 O

To complete the proof of Claim we must prove the two auxiliary lemmas that we used
along the way. Let us start with the proof of Lemma [3.2.11] As it is very similar to the first part
of the proof of [SS05|, Proposition 6.3], we only briefly explain how to adapt the arguments.

Proof of Lemma|3.2.11. We use here the same notations as in the proof of Proposition [3.2.6
Lemma [3:2.11] can be shown by applying the same arguments as in the first part of the proof
of [SS05, Proposition 6.3] with respect to the balls B(z(,(1/3)y/r/R), B(z},(1/6)/r/R) and
B(z},r/R). Indeed, excursions starting from a vertex in V_ and ending with an edge of 8950
must exit the ball B(z(,r/R). Moreover, observe that the estimates of Lemma and Lemma
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do not depend on the meshsize of the graph, and therefore the rescaling fr is harmless. This
yields that there exist universal constants Ko, &2 > 0 such that

> % > Hyg plw) < ffz(\%%)d2 = K (;)d2/2, (3.22)

vev_  v~w

which is the statement of Lemma [3.2.11] O
Let us finally establish Lemma [3:2.12]

Proof of Lemma[3.2.72. As the proof is similar to that of Lemma [3.:2.10, we will be somewhat
brief. Using the same notations as in the proof of Claim we rescale Qs by 1/4/(r/R), which
yields the rescaled mass

mi := m3Rr.

We define the sets Pi,(r) and Pext(r) in the same way as before, but with respect to the ball
B(zll,(r/R)~'/*) instead, where 2] denotes the image of z{ after the rescaling. Notice once again
that the conclusions of Lemma hold for any graph, independently of its meshsize. When
considering excursions in Pi, (1), we thus obtain a term of the form

) (R)1/2
my, X ? .

Using the fact that for (20,7, R) € Go, R < 2D, we then get that

1/2 1/2
mj x (R> = der(R>
T T

1/2
_—2f T 3/271/2
= - 2 D
md(ZD) x V2R

1/2
< 4m2D?( = /.
- R

On the other hand, it follows from Lemma [3.2.3] and Lemma that the term arising from
excursions in Pyt (r) is upper bounded by

o) o)

since 10 < (r/R)~'/* for (29,7, R) € Go. Therefore, we obtain that

! 1IP><”%>(*< S )<Ko = &2/4+1 42D = v
D 5 2 RPN S, < Ko g MM\ R )

vev. vw
which is exactly the inequality claimed in the statement of Lemma [3.2.12 O
The proof of Proposition is now complete.

We now turn to the proof of Proposition [3.2.2

Proof of Proposition[3.2.9 Let us explain how to adapt the arguments of the proof of Proposition
to show an estimate similar to for the conditional probabilities ]P’gﬂ’a’b’m)(' [v([0,7])),
as required by Condition To this end, fix 0 < § < m;l and let 7 be a stopping time for
the filtration generated by . Let A(zp,7, R) be an annulus. As before, we divide the connected
components of A$ into two sub-collections Agl and Agz that are defined in the same way as A$’
and AS but with respect to ,, v(7) and b instead of 2, a and b. Notice that in both cases, we
can use the same sets G; and G, as above. Moreover, in both cases, we can also define the same
events and processes as for the time 7 = 0 estimates, except that now everything is conditioned on
~([0,7]). More precisely, conditionally on v([0, 7]), the event Q is defined as for the time 0 estimate
but with respect to AS’. Conditionally on ([0, 7]), on Q, the stopping time ¢ is then defined as
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the least j such that ’UT_H € B{v U B$%. and v([r,7 + j]) contains a crossing of A". Conditionally
on ([0, 7]), the events QF and fr (Q2 ) are then defined as above but with respect to A%, A%,
and €,. The argument based on the optional stopping theorem is replaced by the observation that
the martingale property of (hg', (w),n > 0) for any w together with the domain Markov property

(3.5) imply that, almost surely,

1757 = ESHP™ o5m | v([0, 7])]
=B P™|15 WH ([0, 7])]
> B0 g (1757 14 ([0, 7).

Similarly, we have that, almost surely,

m Q,a,b,m m
V) =ES v | (o, 7))
2,a, m
=ES | MWHM[O 7))
> B oo VA0, 7))

Now observe that the strategy used to upper bound || || and ||V50)|| that we used to prove
Claim and Claim can be apply to obtain an almost sure upper bound on ||V§ || and

||u5m)\| condltlonally on 75([0 7]), without making any change in the proof. In particular, the

upper bounds do not depend on diam(£2,) but only on D. Similarly, the exact same arguments as

(m)
6, 7+o ||

| on the

in the time 7 = 0 case yield the same almost sure lower bound as in the case 7 = 0 on ||

on the event Q] conditionally on «([0,7]). The analogous statement holds for HVéjg_g
event fr'(Qy) conditionally on ([0, 7]). This crucially implies that the constants in the upper
and lower bounds do not depend on 7 and are the same as in the case 7 = 0. We can therefore

conclude that for the same K and « as in the Proposition [3.2.6] almost surely,

]P’((;Q’a’b’m) (7([7, 1]) makes a crossing of A which is contained in A?" [v([0,7])) < K(;) .

3.3 Scaling limit of the martingale observable

In this section, we study the scaling limit of the martingale observable (hg"”n7 n 2 0). The results of
Section show that the sequence ('y(; )s is tight in the topologies ((T.1)]) — , which implies
that (7E')s converges along subsequences in these topologies. By [KSI? Corollary 1.8] and [Kar23|
Theorem 4.2, if (75} )& is such a convergent subsequence, then (75, ) in turn converges weakly in
X (C) equipped with the metric dx to a random curve that is almost surely supported on  and has
the same law as ¢~ (yH), provrded that for each dy, 5, is parametrized by the half-plane capacity of

. Here, assuming that (ng ,as, , bs, ) converges in the Carathéodry topology to (€2, a, b), we show
that the corresponding subsequence of massive harmonic functions (h”}‘c)gk converges pointwise to
the continuous massive harmonic function with the same boundary conditions. After suitable
reparametrization, we will prove that this in fact holds almost surely for the time-dependent
subsequences (hg; " 5,))8, 10 the domains (€25, ¢(s,))s,. This is established under the assumptions

that the time-reparametrized (random) sequence (ng’t@k), ay(s,,)» bs, )i almost surely converges in
the Carathéodory topology to (2, as,b) where Q; := Q\ K, with K; being the hull generated
at time ¢t by the limit v of (vs,)s, and a; = ~(¢). This will be the key to characterize in Section
the subsequential limits obtained as a consequence of the tightness of (’ygﬂ)g established in the
previous section.

To study the scaling limit of the martingale observable, we choose to use the framework de-
veloped by Chelkak and Smirnov in [CS11]. For ¢ > 0, we define the Laplacian As on Qs by, for
f: Qs = R and z € Int(Qy),

Asf(:) = o Y tan()(f(w) - 7).



where as above As = ¢6? is the area of a face of the graph dual to Qs and 6 is defined as in the
definition of m3. Let f: Qs — R be a discrete massive harmonic function with mass m in
Qs. It follows from the definition of a discrete massive harmonic function given in that f
satisfies, for all z € Int(Qy),

Z w(ﬂz) — f(w)) + m3(2)82f(2) = 0.

Multiplying both sides by 6 tan(#)/As, this is equivalent to

m?(z)
66tan(0)

—Asf(z) +m2(2)f(z) + A Asf(z) =0. (3.23)
The following lemma gives a continuity estimate for discrete massive harmonic functions. This

estimate will be useful to show precompactness of the family (h3")s in the proof of Proposition
0.9.2)

Lemma 3.3.1. Let m : Q — Ry be a continuous function bounded by some constant m > 0 in
Q. Let 6 > 0 be such that § < m;l. There exist constants C, 3 > 0 depending on m such that the
following holds. Let H be a positive massive discrete harmonic function with mass m defined in
B(z,2r) N 6T with 0 < r <M *. Then, for any wi,wy € B(z,2r)NJT,

< "LUl — 'wg‘ > A
|H(wy) — H(we)| < C| ——— max  H(w).
T w€eB(z,2r)N4T

Proof. The proof is almost identical to that of [BH22, Lemma 3.4], where this lemma is established
for constant mass. Indeed, the proof relies on an estimate on the probability that a massive random
walk makes a non-contractible loop in an annulus of modulus 1/2 before exiting it or being killed,
when the walk started not too far from the center of the annulus. Therefore, in our setting, we
can lower bound this probability by that of the same event taking place when the walk instead has
probability mfl&? to be killed at each step. This latter probability is exactly the probability that
is analyzed in the proof of [BH22, Lemma 3.4]. O

Recall that for § > 0, ¢s : Qs — H is a conformal map such that ods(as) = 0 and ¢s(bs) = 0.
Recall also that, for § > 0, we denote by £ the curve ¢s(ys). To establish convergence of the
martingale observable, it will be more convenient to parametrize the discrete curves (vs)s by the
half-plane capacity of their conformal images (v)s. Indeed, the curves (vf)s can be considered
as continuous curves in H. As such, they can be canonically parametrized by half-plane capacity,
as explained in Section For n > 0, let Fs,, be the o-algebra generated by v5([0,n]) and, for
t > 0and § > 0, let us define the following stopping time for the filtration (Fs,)n

t(6) := inf{n € N : hcap(¢ps(v5[0,n])) > t}.

We then let Q) be the connected component of Qs \ v5([0,%(0)]) which contains both ay) and
bs on its boundary, where a,s) is the last vertex added to 9€s).

By the results of Section the sequence (v{)s is tight in the topologies ((T.1))-((T.3))
and each subsequence (7s, )r has a further subsequence which weakly converges in X (C) with
the metric dy to a curve  supported on € (7 may depend on the subsequence at this stage),
provided that the curves (s, )r are parametrized by the half-plane capacitiy of their conformal
images (’yﬁ)gk. Moreover, v has the same law as ¢~'(y®). The space of continuous functions on
[0, 00) is a separable and metrizable space and therefore, by Skorokhod representation theorem, we
can suppose that for each weakly convergent subsequence of (vs, )r, we also have v5, — v almost
surely. In particular, we can assume that, almost surely, in the Carathéodory sense,

(Qt(k);at(k),bak) — (Q;a4,b) as §d — 0,

where we have set t(k) := t(d) and €, is the connected component of 2\ ([0, t]) which contains
a; : y(t) and b.

Proposition 3.3.2. Lett > 0. Let (0)r be a subsequence such that the sequence (W(I;HL);C converges
weakly in the topologies ((T.1)) — ((T.3)) to a random curve ¥, and thus (vs,)r also converges
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weakly to a random curve v in X (C) equipped with the metric dx. Then the sequence of discrete
massive harmonic functions (hg’; t(ék))k almost surely converges pointwise in y to the massive
harmonic function hi* : Q¢ — R solving the Dirichlet problem

{[_A+m%mmw@=m 2 e,

W' oar =3, Miaer = 3

Proposition will be a consequence of a general deterministic result. To state this result,
let us introduce a few notations, which mimic the setting of Proposition Let A be an open,
bounded and simply connected subset of C and let a,b € dA. We denote by AT, respectively
OA~, the clockwise boundary arc from a to b, respectively counterclockwise boundary arc from
a to b. We then approximate A by a sequence of graphs (As)s where for each § > 0, A; is a
portion of T. We define 0A; as in Sectio Recall also that As denotes the open and simply
connected polygonal domain obtained from Ay by taking the union of all open hexagons with side
length § centered at vertices of As. As in Section we obtain two sequences (ag)s and (bs)s
that approximate the boundary points a and b. We separate dA; into two subsets, 8/\}' and OAj ,
where Ay, respectively OA; are defined in a similar fashion as 39} and 0Qy . Finally, we let
m : A — R, be a continuous function which is bounded by some constant 7 > 0. For § < m;l,
where my is defined as in , we denote by hj* the discrete massive harmonic function in As
with boundary value 1/2 on OAY and —1/2 on OA; .

Lemma 3.3.3. In the above setting, assume that ([\5; as, bs) converges to (A;a,b) in the Carathéodory
sense. Then the sequence of functions (h§")s converges pointwise in A to the massive harmonic
function h™ : A — R solving the Dirichlet problem

{FA+m%MW%@:Q zeA

m 1 m =1
higas =20 higa- =5+

Proof. We first observe that, for any ¢ < ng and any z € Int(As) U OAs,

1
@) < 5
that is the sequence (h}"), <y’ is uniformly bounded. (hj"), <y’ is also equicontinuous. Indeed,
we have, for any z € Int(Ay),

_ !

CAOEE

(77 - 87),

where Hj"(z), respectively ﬁg”(z)7 is the discrete massive harmonic measure of dAJ, respectively

OAy , seen from z. Therefore, for any 6 < m;l, applying Lemma to both H(gm) and ffgm),
we can see that for any 2z € As and any wy,ws € B(z,2r) N 6T with 7 < m,; ' A dist(z, OAs),

1 m m rrim rr(m
() = 1) < (157 ) = B )]+ L ) = 7 )] )

< O(|w1 _“’2|>B
-2 r

X ( max H(gm) (w)+  max f{(gm)(w)>
weB(z,2r)N6T weB(z,2r)NST

sc(m”_uﬂ>é
T

By the Arzela-Ascoli theorem, uniform boundedness and equicontinuity of the sequence (h§"); <!
implies that there exists a function 2™ : A — R and a subsequence (hj3} ) such that (hg} ); converges
uniformly on compact subsets of A to h™. Let us show that A" is the massive harmonic function
with mass m in A and boundary conditions —1/2 on A~ and 1/2 on OAT.

We first prove that h™ is massive harmonic with mass m in A. Let ¢ : A — R be a smooth

and compactly supported function on A. We then have

[ A0+ mi el = Tim ST A (A @) + ) ()
z€Int(As)
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where, as in [CS11} Section 2], for f: A — R and § > 0, f% : As — R is defined as the restriction
of f to As. Using |[CS11, Lemma 2.2], we get that

Jim ST A5 (2)(—(8¢)° (2) + mP ()6 (2)
z€Int(As)

— 3 m _ ) 2 )
= dim D Ak () (= As¢" (2) + m ()¢ (2),
z€Int(As)

We also have that 2( )
m m=(z 5 .
) léfioA‘s Z Ash; (Z)Gtan Asp(z) =0
z€Int(As)
since As —+ 0 as d — 0 and

: m oy (%) m( M2(2)
5:%?10 Z Ashs (Z)Gtan(G)Aé(pé(Z):/Ah (Z)Gtan(e)A(p(z)dz'

z€Int(As)

Therefore, we have that

[ A0 N = TS A A () + ()6 (2)
z€Int(As)

4y Amg@(z)m

z€Int(As)

A5 (2).
By discrete integration by parts, this implies that

[ a0+ @p) = tim P A6 - M) + )
A L z€Int(As)

m?(z)

26 tan(0) Aﬁh?(z)] '

Since h}" is discrete massive harmonic with mass m, by (3.23)), the right-hand side is equal to 0
and thus,

+A

/hm o(2) +m2(2)p(2))dz = 0.

Therefore, h™ is weakly massive harmonic with mass m in A. But this implies that A™ is in fact
massive harmonic with mass m in A.

We now want to show that A™ is equal to the massive harmonic function with mass m and
boundary conditions 1/2 on A+ and —1/2 on dA~. Recall that, for any 0 < § < 7, " and any
z € Int(Ay) U OAs,

n) = 5 (G - A ). (3.24)

The same reasoning as above shows that there exist subsequences (Hg;n))q and (I:Ign))r and func-
tions H™ : A — R and H™ : A — R such that (Hg;‘)q, respectively (ﬁg’:)h converges uniformly on
compact subsets of A to H™, respectively H™. Moreover, H™ and H™ are both massive harmonic
with mass m in A. Let us show that H™, respectively H™, is in fact the massive harmonic measure
of OAT, respectively OA~. As the proof is virtually the same for both H™ and H™, we only detail
the arguments for H™.

Observe that by the weak Beurling estimate for (massless) harmonic measure, see e.g. [CS11]
Proposition 2.11], we have, for any z € Int(As, ),

dist(z, 0As,) > 8

0< H(m) < t| ——m
< H;,"(2) < cons (dist(z,aqu )

where the constant and B > 0 are independent of J,. Passing to the limit §, — 0, we obtain that,
for any z € A, )
dist(z, 9A) b
0< H(m) <Ol =/ 7

- (2) < (dist(z, 8A+))
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We can thus conclude that, for z € 9A~, H™(z) = 0. Now, recall that, for any ¢ € N and
z € Int(As, ),

Hé;n) =1- Hé;n)(z) — P (r* < ToAs, ) (3.25)

Once again, by the weak Beurling estimate for (massless) harmonic measure, we have that, for any
z € Int(As, ),

dist(z, DAs,) ) 8

Fr(m)
0< H < 1,
< H;, (z) < cons (dist(z, gq)

(3.26)

Moreover, if (z5,)q is a sequence of points such that for each ¢ € N, z5, € §,T and zs5, — 2, then

}E?jﬂ% }P’QT) (7" < 7Ton,,) < 1—Lga.

Taking the limsup as §;, — 0 on both sides of the equality (3.25)), this yields that

. . ¥4 * dlSt Z’aA B
L= H"(2) = (1= Lga) < 1= H™(2) = I inf P3 (7" < 7on,) < C(dist((zaf\)))

which implies that
limsupl — H™(z) <0.
z—OAT

On the other hand, since for any § < m, ' and z € Int(As) U 9As, H*(2) < 1, we have that

0 <limsup lim 1-— H(gm)(z) = limsup 1 — H™(2).
29N+ 0=04—0 2= OAF

Therefore, we obtain that lim,_,gx+ 1 — H™(2) = 0, which yields that H™ is equal to 1 on dAT.

The above arguments show that in fact the whole sequences (H(gm))(; and (ﬁgm))g converge
pointwise to the massive harmonic measure of 9A* and A, respectively. Recalling the decompo-
sition of hY", we can thus conclude that (h}")s converges pointwise along any subsequence,
and thus converges pointwise, to the function

2N ;(Hm(z) - ﬁm(z)>.

This function is massive harmonic with mass m in A and has boundary conditions 1/2 on OA™
and —1/2 on JA~. By uniqueness of such massive harmonic functions, we obtain that the limit
h™ of hY" is indeed solution to the Dirichlet problem of the statement of the lemma. O

3.4 Characterization of the limiting continuum curve

Recall that we have a random sequence (vs5)s of curves where for each § > 0, 5 is distributed
according to ]P’gg’a’b’m). For each § > 0, we also have a conformal map ¢s: Qs — H such that
ﬁa(;) = 0 and ¢5(bs) = oo and we denote by i the curve ¢5(7s). We have shown in Section

that the sequence (y§); is tight in the topologies ((T.1))) — ((T.3)]), which implies that (v});
converges weakly along subsequences in these topologies. If (W?i_ ) is such a convergent subsequence,

then its limit 4™ is a random non-self crossing curve in H whose time evolution can therefore be
described by the Loewner equation, see . Moreover, in this case, (75, ), converges weakly in
X (C) equipped with the metric dx to a random curve that is almost surely supported on  and
has the same law as ¢~1(7™), provided that for each 6y, 75, is parametrized by the half-plane
capacity of 'y?i. Our goal here is to characterize the limits of such subsequences, or equivalently
the Loewner chain describing their time evolution: we are going to show that this limiting Loewner
chain is characterized by the martingale property of a certain massive harmonic function. Before
stating precisely the result, in Section [3.4.1] we introduce a few notations and recall how to express
massive harmonic functions in terms of their harmonic counterparts. The characterization of the
limiting Loewner chain is then stated in Section [3.4.2] and Section [3:4.3]is devoted to its proof. In
Section [3.4.4], we reformulate Theorem [I.1.1] and show how to prove it by combining the results of
Section Section [3.3] and Section [3.4.2
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3.4.1 Massive harmonic functions and massive Poisson kernels

Let A C C be a bounded, open and simply connected domain. The Laplace operator —A in
A with Dirichlet boundary conditions has a unique Green function G, which is defined as its
inverse in the sense of distributions, that is for z € A, —AGA(z,-) = 0,(-). In what follows,
we will be interested in quantities related to the massive Laplace operator —A + m? in A with
Dirichlet boundary conditions. This operator acts on a function f € C3°(A) as [-A+m?(2)]f(z) =
—Af(z) + m?(2)f(2). It also has a unique Green function G%* defined as its inverse in the sense
of distributions, that is, for 2 € A, [-A + m?(-)]GR(2,-) = §.(-). Existence and uniqueness of
this Green function follows from the fact that —A + m?2(-) is a uniformly elliptic operator, see for
example [WGHG63]. We call G} the massive Green function (with mass m in A). Since for any
z €N, —AGR(2,+) = 0,(-) — m?(-)G7(z, ) (in the sense of distributions), G is related to G as
follows: for z,w € A,

GV (z,w) = Gpa(z,w) — /AmQ(y)GA(z,y)GXl(w,y)dy. (3.27)

Indeed, one can check that the right-hand side of this equality is the inverse of —A+m?2 in the sense
of distributions, which thus establishes . Moreover, G'{" is conformally covariant in the follow-
ing sense. Let ¢ : A — A be a conformal map and set, for y € A, m2(y) = [(¢7) ()Pm2(¢~ 1 (y)).
Then, for any z,w € A, i

G (z,w) = G (4(2), p(w)). (3.28)
This equality is a consequence of the conformal covariance of the two-dimensional massive (killed)
Brownian motion. Indeed, as in the case of standard Brownian motion, if A C A is an open set,
then

TA
/GWAMMWﬂwmhgm/ mumﬁ] (3.29)
A 0

where under E™ . B has the law of a massive Brownian motion with mass m started at z € A,

TA is its first exit time of A and 7* is its killing time. This equality can be deduced from [FOT11]
Theorem 4.2.6] and [FOT11, Section 6.1] by observing that in the terminology of Dirichlet forms,
in the bilinear form

S(uw):/DVU(Z)VU(Z)dz+/jjm2(z)u(z)v(z)dz

associated to the generator —A +m?(-) of massive Brownian motion, m?(z)dz is a killing measure.
This allows to connect massive Brownian motion and Brownian motion as claimed in .

Using the massive Green function G, one can express massive harmonic functions in A in
terms of their harmonic counterparts. More precisely, let f : OA — R be a piecewise smooth
function with finitely many discontinuity points. Let h be the unique harmonic extension of f in
A. Let h™ be the unique massive harmonic extension of f in A, that is A" is the unique solution
to the boundary value problem

{FA+m%MM@:O in A
w=7f ondA.

Then, it is easy to see that, for any z € A,
h"(z) = h(z) — / m?(w)h(w)GF (2, w)dw (3.30)
A

Indeed, this follows from the facts that [—A + m?(2)]h(z) = m?(2)h(z) for z € A, h(z) = f(z) for
z € OA and that, by definition of G, the function

Mz /Amz(w)h(w)GT(z,w)dw

is the unique solution to the boundary value problem

{[—A +m?(2)]¢™(2) = m?(2)h(z) in A
(™ =0 onOA.
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Note that A™ can also be rewritten in the form
h"(z) = h(z) — / m?(w)h™ (w)Ga (2, w)dw. (3.31)
A

Indeed, we have that, using the relation between G and G} and Fubini’s theorem (A is bounded
by assumption),

/Amz(w)GT(z,w)h(w)dw—/ m?(w ){GA (z,w) /m VGA (2, y)GY (y, w)dy | h(w)dw
/m VG A (z, w)h(w)dw
- [ @G 0GR (. w)hw)dudy
AXA

_ /AmQ(y)GA(Z, y)h(y)dy

—/W@mmm/wwmmwwmm
A A

=/m%Mm4whw—/m%mm@meWu@
A A
=Aﬁmm@mW@@

We will also need a massive object related to the massive Poisson kernel in A. As we will use it
only at one given point on the boundary, we find it convenient to introduce it as follows. Assume
that a and b are two marked boundary points of JA. Let ¢ : A — H be a conformal map such
that ¢a(a) =0 and @A (b) = co. For z € A, set

— 1 x —1
Ppr(z): 7T\$<(]5A(Z)>. (3.32)
Then Pp(z) = Py(éa(z)) is the bulk-to-boundary Poisson kernel in H evaluated at the bulk point
oa(z) and at the boundary point 0, i.e. Pa(z) is the density at 0 of the harmonic measure of R
seen from ¢ (z). Notice that Pa(z) depends on the boundary points a and b but for conciseness,
we do not mention explicitly this dependency in the notation. The massive version of P, is then
defined by, for z € A,

PI(2) = Pa(2) — /A m2(w) Py (w) G (2, w)duw. (3.33)

Finiteness of the above integral is shown in [CW21, Equation (4.6)]. Observe that by making the
change of variable u = ¢ (w) in this integral and using the conformal covariance property of the
massive Green function given by (3.28)), we have that

Py (z) G (¢a(2), w)dw.
SN A

where m?(w) = |(¢1") (w)|*m?(¢, ' (w)). We can thus see that PJ*(z) = P (¢a(2)) is the massive
bulk-to-boundary Poisson kernel in H with mass m evaluated at the bulk point ¢ (z) and at the
boundary point 0, i.e. Py*(z) is the density at 0 of the massive harmonic measure with mass m
of R seen from ¢4 (z). Moreover, using conformal covariance of the Poisson kernel and that of its
massive counterpart (for which the mass also changes under conformal maps), one can see that

Pi(z) _ BR(2)
Pr(z)  Palz)

where PR (=), respectively Pa(2), is the massive, respectively massless, bulk-to-boundary Poisson
kernel in A evaluated at the bulk point z and at the boundary point a. In other words, PR (2),
respectively P (z), is the density at a of the masseless, respectively massive, harmonic measure of
OA seen from z. Here, we consider ratios as Px(z) and 4 (2) are related by the multiplicative factor
|¢/\ (a)] and similarly for Py*(z) and PR (z). This requires that the conformal map ¢ extends as a
differentiable function at a, which is not necessarily the case. But the above ratios are nevertheless
always well-defined.

(3.34)

46



3.4.2 Martingale characterization of massive SLE,

Let us now state our characterization result. Although we have in mind its application to the
characterization of the scaling limit of the massive harmonic explorer, this result holds under fairly
general assumptions, that we now describe. Recall the assumptions made on the domain 2 and
the boundary points a,b € 9 in Subsection In this setting, as in Subsection [3.1.2] we
divide the boundary of Q into two parts, 9Q" and 92, which are the clockwise, respectively
counterclockwise, oriented boundary arcs between a and b. Let ¢ : Q — H be a conformal map
such that ¢(a) = 0 and ¢(b) = oo. As before, we also let m : @ — R, be a continuous function
bounded by some constant 77 > 0. Assume that (v(¢),t > 0) is a random non-self-crossing curve
in Q with y(0) = a and y(c0) = b. Let (¢(y(t)),t > 0) be its image in H. This is a non-self
crossing curve in H starting at 0 and targeting co. We assume that (¢((t)),t > 0) is parametrized
by half-plane capacity, or else reparametrize it. For ¢ > 0, we denote by K; the hull generated
by ¢(7)([0,¢]). (K¢t > 0) is a random locally growing family of hulls generated by a curve and
therefore, as explained in Section its growth can be described using the Loewner equation. In
other words, from the family (K;,¢t > 0), we can construct a random Loewner chain (g¢,¢ > 0)
whose time-evolution is described by a random driving function (Wy,¢ > 0) and the Loewner
equation . We set Q; := ¢~ '(H \ K;) and denote by 9Q;", respectively 09, , the clockwise,
respectively counter-clockwise, oriented boundary arc of ; from 7(¢) to b. For z € , we also
define the (possibly infinite) stopping time

T, = inf{t > 0: |g:(¢p(2)) — W] = 0}.

T, corresponds to the time at which ¢(z) is swallowed by the hulls (K, ¢ > 0) and with this
definition, for t > 0, K; = {w € H : To—1(w) < L}

In what follows, we are going to consider the time-evolution of the massive Green function and
of PS5 under the Loewner maps (f;):, where for ¢ > 0, f; := g — W;. In view of this, we introduce
the following notations. We denote by G}* the massive Green function with mass m in €2, defined
as in the discussion around . We also define, for t > 0 and z € 24,

m L 1 o~ -1 2 1 o~ -1 m
P"(z): W\S(ft( (z))) o m (w)ﬂ\y(ft(gb(w))>Gt (z,w)dw. (3.35)
Remark that in the notations of Section P/"(z) = P3(z) and, as already mentioned there
(notice that f; o ¢ satisfies the assumptions made on the map denoted ¢, in ), the integral
on the right-hand side of the above equality is well-defined. Setting P;(z) := ?S(W(lz)))’ the
ratio P/"(z)/P,(z) can be given the same interpretation as in (3.34), with the Poisson kernels
being evaluated at the bulk point z and at the boundary point «(t), the tip of the curve. Our
characterization result then reads as follows.

Proposition 3.4.1. Suppose that ,a,b, (v(t),t > 0) and m are as described in the previous two
paragraphs. For each t > 0, let h{" : 0y — R be the massive harmonic function in €y with mass
m and boundary conditions —1/2 on 0, and 1/2 on 0Q and assume that (hi"(z),t < 7.) is a
martingale for all z € . Let hy be the massless harmonic function in Q; with the same boundary
conditions as hY* and recall the definition of P/™(z) given in . Then ~y is distributed as a
massive SLE, curve from a to b in Q, that is the driving function (Wi, t > 0) of ¢(y) in H is given
by, fort >0,

Wy =2B, — 27 /t/ m?(w) P (w)hs(w)dwds (3.36)
0 Jo,

where (By,t > 0) is a standard one-dimensional Brownian motion.

In the course of the proof of Proposition [3.4.1] we will repeatedly use the following massive
version of the Hadamard formula.

Lemma 3.4.2. Under the same assumptions on £, a,b, (y(t),t > 0) and m as in Proposition|3.4.1]
for each z,w € Q, the function G} (z,w) is differentiable in t, until the first time that either z ¢
or w ¢ Q. Its differential is given by

G (z,w) = =27 P["(2) P[" (w),

where Py (z) and P™(w) are given by (3.35)).
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Proof. When the mass m is constant, the result is shown in [CW21 Lemma 4.7]. The arguments
can be straightforwardly adapted to the case of a bounded and continuous mass function. O

Before turning to the proof of Proposition [3.4.1] we state a preliminary lemma which will allow
us to control the ration P (w)/P;(w) uniformly in ¢ and w.

Lemma 3.4.3. Let R > 0,7m > 0 be such that Q C B(0, R), and m? < m?. Then almost surely,
for anyt > 0 and any w € Q,
P (w)

> L —2p2
Pr(w) > exp(—com-R*)

where co > 0 is an absolute constant.
Proof. We first observe that, almost surely, for any ¢t > 0 and any w € €,

P™(w) _ P (w)
Piw) = Pi(w)

This follows from the fact that P;”(w) is a non-negative massive harmonic function in Q, with
mass m < m while P/ is a non-negative massive harmonic function in Q; with 7 and both have
the same boundary values (in the distributional sense). One can then use [CW21, Equation (4.10)]
to obtain the lower bound
P (w)
Py(w)

> exp(—com? R?)

where ¢g > 0 is an absolute constant. In [CW21], this inequality is first shown for the discrete
counterpart of the ratio P/ (w)/P;(w) on the square grid of meshsize § > 0 and, since the lower
bound is uniform in § > 0, the inequality in the continuum follows from convergence of the discrete
ratio to the continuum one. This convergence holds provided that the discrete domains converge
to 2 in the Carathéodory topology. We emphasize that the proof in [CW21] thus does not rely
on the fact that the dynamics is that of the massive loop-erased random walk. O

With this lemma in hand, let us now turn to the proof of Proposition [3.41]

3.4.3 Proof of Proposition |3.4.1

We prove Proposition through a sequence of claims, that we now state and will prove in turn.

Claim 3.4.4. The driving function (Wi, t > 0) of ¢() is a semi-martingale. It can therefore be
decomposed as Wy = My + Vi where (My,t > 0) is a local martingale and (Vi,t > 0) is a process
with bounded variations.

In view of Claim[3.4:4] in order to prove Proposition [3.4.1] we must identify the local martingale
(M, t > 0) and the process (V;,t > 0). To do this, we rely on the assumption that for each z € Q,
the process (h}"(2),0 < t < 7,) is a martingale. Indeed, by computing its Ito derivative and
using its martingale property, we will obtain equations satisfied by the process (V;,¢t > 0) and
the quadratic variation ((M).,t > 0) of (My,t > 0) that will uniquely determine (V;,¢ > 0) and
(My,t > 0). Let us first compute the Ito derivative of (h)*(2),0 <t < 7).

Claim 3.4.5. For each z € €0, the process

@)= 25 Gy ) o G e P i o) LR
is well defined, and the process (hi*(z),t < 7,) satisfies the SDE
AN (2) =P (2)dMy + P{(2)aVi + L7 (2)d(M), — 207 (2)dr
+ 20 P (2) | mP(w) P (w)h(w)dwdt, t<T,. (3.37)

Q¢
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Since by assumption, for any z € Q, (h}*(2),0 <t < 7,) is a martingale, we can deduce from
Claim that, almost surely, for any ¢ > 0 and z € {,

/Ot P (2) [alVS +27 /QS mQ(w)P:"”(w)h;"(w)dwds] + /Ot Q7Y (2) Bd(M)t - 2dt} =0. (3.38)

To identify (V;,t > 0) and ((M)¢,t > 0), we will use this equality evaluated at a well-chosen
sequence of points and then take a limit. The next claim establishes the existence of this (subse-
quential) limit.

Claim 3.4.6. Set

t
Vi=Vi+2m / / m?(w)P™(w)hs(w)dwds and A, = %<M>t — 2. (3.39)
0 JQg

Fizt > 0 and consider the sequence of points (z,)n = (¢~1(in))n. Then, almost surely, there exists
a subsequence (n(k))x such that

and QU (b) := lim M

P (z
Pr(b) = lim ——————=- ) novo0 P (2 (i)

3.40
k—o0 Ps (Zn(k)) ( )

exist, and moreover,

t t

~ 1 t _ 1 t
i [ ()P Ga)aVa + [ 00 Gaa)dds = 1 [ PO+ [ Pr)Qr @A
k— o0 0 0 m™Jo ™ Jo
(3.41)
Finally, based on Claim we will be able to identify (My,t > 0) and (V,t > 0).

Claim 3.4.7. (Mj)s>0 has the law of 2 times a standard Brownian motion, and with probability
one,

Vs = —27r/ / m?(w)P™ (w)h,(w)dwdr
o Ja.
for all s > 0.

Proof of Proposition[3.].1 This follows immediately from Claims and O

Proof of Claim[3.4.4 Fort > 0, let us first relate the massive harmonic function A" to the massless
harmonic function h;. As explained in (3.30)), for z € €, we have

R(2) = hy(2) — [ m%(w)G (2, w)he(w)dw (3.42)
Q
where h; can be written explicitly as

1

h(2) = arg(g(6(2)) — W) — 3 = ~arg(fi(9(2)) — 5.

Using the representation (3.31]) of massive harmonic functions, we have the equality
hi*(z) = he(z) — m?(w)Gy(z, w)h (w)dw
Qy

from which we deduce that

hi(z) = hi"(2) + A m?(w)Gy(z, w)h™ (w)dw.

Moreover, since Gy is almost surely equal to zero outside €; C €2, this yields that for ¢ > 0 and
S Qt7

hi(z) = hi*(2) +/Qm2(w)Gt(z,w)h;n(w)dw. (3.43)

By the (non-massive) Hadamard formula, almost surely, for any w € Q;, 0;Gi(z,w) = =271 P;(2) Py (w)
and therefore, almost surely, for any w € €, the function s — Gs(z,w) is decreasing on [0,¢].
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is a martingale by assumption, we deduce from this that, for any w € Q,
t) is a semi-martingale. This implies that the process

» IN
NS

(/Qm2(w)Gt(z,tU)h§”(w)dw, 0<t< T;.«)

is a semi-martingale as well. Again, since (h]*(z),0 <t < 7,) is a martingale by assumption, the
equality - ) then shows that for each z € Q, (ht(2),0 < t < 7,) is a semi-martingale. Now,
writing f;(2) = X¢(2) +iYi(2), we have

The process (Y;(z),t > 0) has bounded variations since Y;(2) = S(fi(2)) = S(g1(2)). As we have
just established that (h:(z),0 <t < 7,) is a semi-martingale, this in turn implies that the process
(Xt(2),0 <t < 7,)is a semi-martingale. Writing

W, = —X(2) + Xo + /Ot%(sz))ds,

then shows that (W;,t > 0) is a semi-martingale. O

Proof of Claim [3.4.7 given_Claims[3.4.5 and[3.4.6. Let us deduce from Claim and Claim
X

5| that the processes (Vs,s < t) and (As,s < t) defined in (3.39) are both 0. We will then
explain why this yields Claim From the equality (3.38)), we obtain that almost surely, for
any k € N,

t t
/ (k)P (o )V + / n(R)QT (2 )dA, = 0,
0 0

where (n(k))y is the subsequence obtained in Claim Together with (3.41]), this implies that,
almost surely,

= P B [dV, + QT (B)AL] = 0. (3.44)
™ Jo

The process (P (b), s < t) is almost surely strictly positive on [0, t] due to Lemma Therefore,
we obtain from ((3.44) that, almost surely, for all r1,75 € [0,¢] and any measurable function f :

[0,t] = R,
/ f(s)dV, = — / f(s)Q™(b)dA,. (3.45)

This equality applied to the function f(s) = PI"(z) for some z € € together with (3.38) yields
that for any z € €, almost surely, for all r1, 75 € [0, t],

/ PP QI 0)iA, ~ [ Qr()dA

This implies that As = 0 for all s € [0,¢]. Indeed, using the fact that, almost surely, for any z € Qq,
PI'"(z) is strictly positive and rewriting the above equality as

[ o(arn - s

we obtain that for any z € )y, almost surely, for any 0 < r; <ry <t

72Qm dA _/ Qm

71

As this equality holds for any z € €, we can deduce from this that for any z,w € €, almost
surely, for any 0 < r; < rg <t,

QR [ Qr(w)
Pri(e) ™= | Py ™

T1

(3.46)

T1
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Almost surely, for any 0 < s < ¢, the function (z,w) — Q7' (2)/P"(z) — Q7" (w)/P™(w) is not
identically 0 in Q2. Indeed, if this function were identically 0, then, since P™ is almost surely
strictly positive in €, this would imply that Q7" almost surely has constant sign in €); whereas it
massless version, Qg : 2z + (1/m)3(—1/fi(4(2))?), does not (as it can be seen by considering the
points ¢~ 1(i +n) and ¢~1(i +n) which almost surely belong to Q; for n large enough). Moreover,
since for any (z,w) € Q2, the function s — QM (z)/P™(z) — Q™(w)/P™(w) is almost surely
continuous, if Q7(z)/PI"(z) — QU (w)/P™(w) > 0, then there almost surely exists e > 0 such
that this quantity remains strictly positive on [s, s + €]. Taking s = 0 and (z,w) € QF such that

0(2)/ P (2) — Qi (w) /Py (w) > 0, we deduce from this and the equality that there almost

surely exists € > 0 such that
‘QU(z)  QF(w)

o P(z)  Pi(w)
Since QT'(2)/P™™(z) — QT (w) /P (w) > 0 for any s € [0, €], this yields that, almost surely, As =0
n [0,e]. We can use a similar argument to show that, almost surely, for any s € [0,¢], A; = 0.
Indeed, assume by contradiction that there exists s € [0,¢] such that As # 0. Choose (z,w) € Q7
such that Q7" (z)/P"(z) — QU (w)/PM(w) > 0. By continuity, there almost surely exists € > 0
such that Q7"(2)/P"(z) — QM (w)/P™(w) > 0 for any r € [s — €, s + ¢]. The equality then
yields that almost surely A, =0 on [s — €, s + €], which is a contradiction.
From the equality -7 we then conclude that V, = 0 for all s € [0,¢] as well. In view of the
definitions of (Vi,0 < s < t) and (A,,0 < s < t) given in , this yields that, almost surely, for
s € [0,t],

dAs = 0.

Vs = —27r/0 /Qrm (w)P™(w)h,(w)dwdr and
(M)s = 4s.

Since My = 0 and (M, t > 0) is a continuous process, by Lévy’s characterization of Brownian
motion, this implies that M; = 2B;, where (B;,¢t > 0) is a standard one-dimensional Brownian
motion. Therefore, we can conclude that

W, =2B; — 27 /0 t / m?(w) P (w)hs(w)dwds

which is the statement of Claim B.4.7 O

Proof of Claim[3.].6 given Claim[3-].5, We first observe that, since € is a bounded domain, there
exists C' > 0 such that for any n € N, |z,| < C. Therefore, the sequence (z,), is bounded in
(C,|-]). This implies that there exists a subsequence (zy(x))r along which (z,), converges. We
denote by b* the limit of this subsequence. Let s € [0,¢] and let us now show that the limits in
(3.40) almost surely exist. The first step is to show that the the sequence (PI" (2 (k) /Ps(2n(k))))k
almost surely converges. By |[CW21, Lemma 4.4], almost surely,

P (znm)) = / m? (W)G s (2 (k), w)dw.

We note that [CW21| Lemma 4.4] is proved for constant mass but the proof can easily be adapted
to the case where the mass is a bounded function. The above equality yields that, almost surely,

P™(z, Gs(zn(k),
= () =1 7/ mz(w)PSm(w)is(z (k) w)dw.

Ps(zn(r)) Q. Ps(zn(1))
Therefore, to complete the first step, it suffices to show that

Gs(2Zn(k),
lim mZ(w)Psm(w)i(Z (k) w)

dw 3.47
k— o0 0, PS(Zn(k)) ( )

almost surely exists. To this end, observe that, by definition of (z,)) and conformal invariance
of the Green function, we have that, almost surely,

G (Zn(k)v w)

N T
Py (o)) :”Gﬂs(d’(z"(’“”’“é(w”“( fs<¢<zn<k>>>>

= 7Gy, (in(k), ¢(w))3( - f(l())> i

in(k

51



where, as before, H, := ¢(Q2\ v([0, s])). We can now argue as in [CW21, Section 3.2] to show that
the limit as k — oo of the left-hand side exists. Indeed, the right-hand side of the above equality
is a ratio of two non-negative harmonic functions that have Dirichlet boundary conditions at the
boundary point co = limg_,o n(k). This implies that, almost surely,

Gs(b*’w) — 1 Gs(zn(k),w)

= _ A
Bb) A P (zg) (3.48)

see [CW21| Section 3.2] for the detailed arguments. To show that the limit (3.47) exists, we must
now explain why one can exchange the limit as K — oo and the integration over ;. As discussed
below [CW21| Equation (4.12)], this simply follows from the almost sure uniform estimate

mQ(w)Pgn(w)Gs(zn(k),w) < WQPS(w)G (Zn(r),w) <M 2p, (Zn(k))Gs (2n(k), w) —|—m20PS(2n(k))

where C' > 0 is a universal constant, see [CW21|, Equation (4.6)], which shows that, almost surely,
for any £ € N and any w € Q;

Gs(zn(k)a w)

m?(w)P™(w) Pooniey)

< MGy (2n(r), w) + MC.

Moreover, max.cp(+,r) fB(b*’T) m?(w)Gs(z,w)dw almost surely converges to 0 as 7 — 0, where
B(b*,r) is the ball of radius r centered at b*. This allows us to neglect the contribution from
points close to b*, where the Green function cannot be uniformly bounded. Thus, by domianted
convergence, we obtain that, almost surely,

. P Gs(b*,w)
1 w)P™( =: P (b). 4
A ) W) / ()P (w) = ey dw = P (3.49)

The second step is to show that (Q7'(2n(k))/Pi"(2n(k)))r almost surely converges as k — oo.
By definition, we have that, almost surely,

Q:;n(zn(k)) o Qs(zn(k)) _/Q ( )Qs( ) (Zn(k)7 )du)

P (znmy) Pz Pm(zn(k))

The ratio Qs(2nk))/ P (2n(k)) almost surely converges to 0 as k — oo. Indeed, we have that,

almost surely,
|QS (Zn(k))| |Qs (Zn(k))l
P (zn(k)) Py (zn))

and the ratio of the right-hand side almost surely converges to 0. This follows from the definition
of (z5,)n and the behavior of fs(z) for |z| — oco: as k — oo, almost surely,

< exp(com? R?) 0

Py(znr)) = 71r%<fs(i_n1(k))> ~ wnl(k) and  [Qs(zpw))| = 717‘%<f5(i;(1k))2>’ - wn(lk)z'

To complete the second step, we need to establish that

lm [ () Qu(w) S )

k—=oo Jo Py(zn(k))

almost surely exists. Using the same type of arguments as in the proof of [CW21, Lemma 4.4] and
the fact that almost surely, fQ' Py (w)dw < 00, one can show that, almost surely, for each k,

G (2 iy 0 SNCACNIRY)
/Q ) Q) g 1 w—/m )@ () .

Let us now show that (G (zn k), w)/Pi" (2nk)))r almost surely converges as k — oo for any w € €.
For this, we simply observe that, almost surely, for any & € N and any w € Q,

Gs(zn(k)vw) _ G-S(Zn(k)’w) % Pé(z”(k))
P (2 1)) Ps(2nr)) P (znk))

(3.50)
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It follows from and that the two ratios on the above right-hand side almost surely con-
verge. Indeed, note that the convergent sequence (P]"(2y,(k))/Ps(2pn(k)))x is almost surely bounded
below by exp(—com?R?) and therefore, its inverse also almost surely converges.

Finally, to show that the limit

lim m2 (w)Q;n(w) Gs (Zn(k)7 w)

k—oo Jo P;n(zn(k))

dw

almost surely exists, we must justify why the limit and the integration over €, can be exchanged.
This can be achieved using (3.50), [CW21], Equation (4.7)] and the same arguments as above. We
leave the details to the reader We thus obtain that, almost surely,

QT (zaw) / Gs(0%,w)
lim ————== = —P"(b m? (w) QT (w) —=———=dw =: QT (b).
koo P (2 (k)) Py(b )
The third and last step of the proof of the lemma is to show that the limit on the right-hand side
of (3.41)) exists and is such that the equality (3.41)) holds. To establish this, we use the dominated
convergence theorem. We first establish that, almost surely,

t

- 1 [t
ti [ (0P a7, = - [ P (B
0

k—oo Jq
where P7*(b) is given by (3.40) and (V, s > 0) is as defined in (3.39). The process (VS, 0<s<t)isa
process of bounded variations. It can thus be decomposed as V VJr V.~ where p *([0,5)) = V-

S
are non-negative measures. We first observe that, almost surely,

and = ([0,8)) =V~

S

. 1
nh%ngo nPs(zn) = - (3.51)
and the convergence is almost surely uniform on the interval [0,¢]. Let € > 0. The previous
observation implies that there almost surely exists Ky € N such that almost surely, for any k£ > K
and all s € [0,t], n(k)Ps(znm)) < 1/7 + €. Therefore, almost surely, for any k& > Ky and any
s €10,t],
P (z, 1

s ( (k)) <4

Ps (zn(k)) ™
where in the last inequality, we also used the fact that, almost surely, for any s € [0,t] and w € €,
P"(w) < Ps(w). The right-hand side of the above inequality is integrable with respect to dV;"
and dV,~. Therefore, by the dominated convergence theorem, almost surely,

(k)P (zn(k)) = n(k) Ps(2n(k))

t

lim n(k) Py (2n(k)) )dvH = /Pm b)dV;" and

k—oo Jq

¢
lim n(k)P™ (2 (k))dV, = / P™(b)dV,”,

k—oo Jo

which shows that, almost surely,

¢
lim n(k) P (2nk))d / P (b
k—oo Jo

Above, note that we used the decomposition n(k) P (znk)) = 1n(k) Ps(2n ) X (P (2n(k))/ Ps(Zn(k)))

together with the fact that these two factors almost surely converge to 1/m and P (b) respectively.
Let us now show that, almost surely,

t t
tin [ 0()QE Gao)id, = 1 [ QRO
k—o0 0 ™ Jo
where Q7'(b) is given by (3.40) and (As,s > 0) is as defined in (3.39)). As before, we decompose
the process (45,0 < s <t)as As = AT — A7 in order to apply the dominated convergence theorem

S

with respect to dAT and dA;. We first observe that, almost surely,

lim nQs(z,) =0

n—oo
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and the convergence is almost surely uniform on the interval [0,¢]. Let e > 0. The previous
observation, together with the uniform convergence , implies that there almost surely exists
K € N such that almost surely for any & > K; and any s € [0,t], n(k)|Qs(znu))| < € and
n(k)Ps(znk)) < 1/7 4+ €. Furthermore, the function s fﬂg Py (w)dw is almost surely continuous
on [0, t] and therefore has an almost sure maximum M (¢) on [0,¢]. This maximum is almost surely
non-negative since Pj is almost surely non-negative. As above, using [CW21, Equation (4.7)], we
then obtain that, almost surely, for any k£ > K; and any s € [0, ],

n(k)IQS" (zn(iy)| < 1(k)|Qs (zn (i) +n(/€)/Q m?(w)|Qs(w)|GT (2 k), w)dw

< e+n(k)Cm? i PS(zn(;g))1-75,,(11))dw—|—C’m2/Q (k)| Qs (2n (1)) |G (2n(k), w)dw
2 s

+ Om*n(k)|Qs (2 (k) [vOl(€2s)

<e+ Cﬁ2(l +e€) / Ps(w)dw + CWQG/ Gs(2n (k) w)dw + Cm*evol (€2
™ Qs Qs

<e+ CmQ(l + €)M (t) + CCmZe diam(Q)? 4+ CmZevol(Q)
o

where C,C > 0 are (non-random) constants. The right-hand side of this inequality is integrable
on [0, ¢] with respect to dA} and dA; . Therefore, by the dominated convergence theorem, almost
surely,

t t
i [ (0@ (u)dAf = - [ QU OPrO)LAL  and
™ Jo

k—oo Jo
t

t
i [ (b7 (zugo)dd; =+ [ QP (BA;
0

k—o0 Jo

which shows that, almost surely,

t

t
i [ (07 (zuo)dA. = = [ PRI 0)dAL,
0

k—oo Jo

Above, we have also used the decomposition

P (zn)) " QY (Zn())

and the fact that the three factors in this product almost surely converge to 1/7, P (b) and Q7 (b),
respectively, as k — oo. O

Proof of Claim[3-7.5 Recall the equality relating h*(z) to he(z) for z € Q and ¢t < 7,. In
view of this equality, a natural strategy to compute the Ito derivative of h}*(z) would be to first
apply Ito’s lemma to the product G*(z, w)h;(w) and then use the stochastic Fubini theorem to
switch the stochastic integral and the integral over 2. However, as we have a priori no information
of the local martingale (M, t > 0), checking that the conditions of the stochastic Fubini theorem
hold is not possible. We therefore follow a different strategy. Note that if absolute continuity of
the limiting curve with respect to SLE4 could be established from the discrete, then one may be
able to use the stochastic Fubini theorem to compute the Ito derivative of h}", as in the case of
massive loop-erased random walk and massive SLE, [CW21].

Let us first use the equality to express hy" in terms of the bulk-to-boundary Poisson kernel
Py : R x H — Ry in H given by Py(z,2) = (1/7)3(—1/(z — z)). As explained around (3.32),
Py(z, 2) is the density at = of the harmonic measure of R seen from z and, with the notation of
(3-32)), Pu(0,2) = Pu(z). Using the fact that

n(k)Q3 (zn(ky) = (k) Ps(zn()) X

0

%arg(ft(z)) = Pu(z, fi(6(2)))dz,

— 00

we have that, for z € Q and t < 7,

W () = / Pale, £i(6(2))dz — 3 m2<w>Gr<z,w>[ / Pale, f(6(w)))dz — | duw.

—00 Q
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By Fubini-Tonelli theorem, since the function (w,z) + m(w)?GY(z,w)Pu(z, fi(¢(w))) is non-
negative, we can switch the integral over €, and (—o0,0). This yields that

0 0
2 (w) G (2, w) / Pale, fo($(w)))dzdw = / 2 (w) G (2, w) P, fo($(w)))duwd.
Q —o0 —oo J

Notice that the integral fﬂt m(w)?G7 (2, w) Py (z, fi(é(w)))dw is finite since the only divergence
is at z = w where the integrand is bounded from above by a multiple of the (massless) Green
function Go(z,w). Therefore, we obtain that

0
hi*(2) 2/_ [PH(%ft@(Z))) -, m?(w)GY" (2, w) Pa(x, fo(¢(w)))dw | dz (3.52)
1 1 9 m
=) + 3 o m*(w)GY" (2, w)dw. (3.53)

We now make the change of variable u = g;(¢(w)) in the first integral over ;. By conformal
covariance of the massive Green function stated in (3.28)), we have, for any z,w € Q,

G} (z,w) = Gy (9:(6(2)), g¢(d(w)))
where Gy* is the massive Green function in H with mass m; given by, for u € H,
m(u)® = [((g: 0 9) ™) (w)]*m((ge 0 §) ™" (u))*. (3.54)

Going back to the equality (3.52)) for h}*(z), we see that the changes of variables u = g;(¢(w)) and
v =z + W,y in the integral :3.52 yield that

W
hi'(z) = 3 P (v, ge(6(2)))dv (3.55)
1 1 m
) + 3 . mz(w)Gt (z,w)dw. (3.56)

where we have set for z € Q; and = € R,

P (@ 0u(0(2) = Pl an(0(:)) = [ miw)GE (@(0(2). w) Palowidw. (357)

Observe that by using the same changes of variable as above in the definition of P;”, we obtain
that

P (2) = Pa(Wi, 0,(6 / m2 ()G (g1(6(2)), w) P (Wi, w) oo

Next, we want to compute the It6 derivative of h"(z) using the expression (3.55)) and Itd’s lemma.
Let us first write the result and then explain how each term arises. The It6 derivative of h}*(z)
reads (we will justify the appearance of each term below):

dhy" () =Pi(=)dMy = | m? (w) Py (w) G (2, w)dwd M, (3.58)
+ Pi(2)dV; — tﬂ m?(w) Py(w)GY" (2, w)dwdVy (3.59)
+ 3@, = 5 [ Q)G (o w)dud (M), (360
—2Qq(2)dt — 2 N m?(w) Qi (w) G} (2, w)dwdt (3.61)
+ 27 Py(2) mg(lw)Ptm(w)ht(w)dwdt. (3.62)

Q¢

where we have set, for z € (),

@u(z) = i%(<gt<¢<z>>l— Wt>2)'
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Let us start by explaining where the term (3.58) comes from. Using (3.57)), we can write

Wy Wy
e = [ Pate o) (5.63
Wi
- [ /H M2 (w) G (g2(6(2)), w) P, w) . (3.64)

Observe that the function y
veRo [ PP(ogol2)is

is differentiable and its derivative at y € R is

Py (y, 9¢(6(2)))-

To evaluate this derivative at y = Wy in order to compute the term depending on dM; in the
stochastic derivative of h}*, we must be slightly careful since both W; and the integrand in (3.63])—
depend on t. Quite straightforwardly, the term gives rise to the term P;(z)dM;, while
the term gives rise to the other term depending on dM; in . Indeed, observe that from
the expression of m; given in (3.54)), no terms depending on dM, arise from m;. Similarly, the
derivative of Gj* (g:(¢(2)), w) i does not yield any term depending on dM;. Indeed, by the
massive Hadamard formula of Lemma [3:4.2] we have that

aGE" (u,v) = 0,GM((gr 0 8) " (w), (9 0 9) ™ (v)) — 27 P (((9¢ 0 9) " (w)) P (((ge 0 9) ™" (v))dt
Therefore, going back to 7, we can conclude that the term depending on dM; in the

It6 derivative of h}"(z) is

Pt (We, gi(6(2)))dMy = Pa(We, gi(6(2)))d M — [/Hmf(@U)GE?‘(gt(sb(Z)),w)PH(Wt,w)dw dM,;
which can also be rewritten as
Pi(z)dM; — [ m?(w)G (2, w)Pt(w)dw] dMy = P (z)dM;.
Q¢

The term (3.59) in the stochastic derivative of h}" arises for exactly the same reasons as the term
(3.58)). Let us now explain where the quadratic variation term (3.60) comes from. To compute it,
we see that we must take the derivative of the function

e S N M2\ C™ (2. w)S = y
gt(¢(z))_$> Q. ( )Gt ( ’ ) (gt((b(w))—x)d (365)

and evaluate it at x = W;. The above function is indeed differentiable and its derivative at x € R
is

xeR»—>%<

(Gem =) [, mwarecos(goum—g ) 6o

Indeed, the integral

R}

2 m IS -1

G N e e &

is finite since the only divergence is at z = w where the integral is bounded from above by a
multiple of the Green function Go(z,w). One can thus differentiate under the integral sign, which
yields the expression for the derivative of the function . Once again, to evaluate the
derivative of this function at x = W}, we must be careful since both W; and the integrand depend
on t. However, for the same reasons as above, no term depending on d{M); arise from the integrand
and therefore, we obtain that the quadratic variation term in the It6 derivative of h}" is

Q4

313 (Geer—wre) - " WG G 3 Gy w400

which, using the definition of @, is exactly the term (3.60]). Let us now turn to the terms (3.61))
and (3.62). These terms come from the time-derivative of g;, whose expression is given by the
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Loewner equation, and of G}*, which can be computed using the massive Hadamard formula of
Lemma [3:4.2] Writing

() = Tarl6(:) ~ W) = 5 = [ ()Gt Largt(0(w) - W) - 5 ).
m 2 Q, m 2
we can see that the first summand in the term simply comes from the first term in the above
expression for h}*(z). As for the second summand in and the term , we observe that
by the Loewner equation and the massive Hadamard formula of Lemma we have that, for
z,w €y,
O (GY (2, w)hy(w)) = =210 P (2) P (w)he(w) + GY* (2, w) Q¢ (w).

Moreover, the integral [, P/"(w)hi(w)dw is well-defined since | (w)| is bounded from above by i
and the integral th P (w)dw is finite by [CW21], Corollary 4.6(i)], see also [CW21], Remark 4.3].
We have also seen above that the integral [, G7*(z,w)Q:(w)dw is well-defined. Therefore, using
the fact that G7*(z,w) = 0 for w ¢ Q;, we obtain that

o A )G (G u(wide ) =0y [ m2w)G )i

= —27P™(z) A m?(w) P (w)hy (w)dw

+ m?(w)GY (2, w) Q¢ (w)dw,
Q.

which exactly corresponds to the second summand of and the term . Moreover,
inspecting the above arguments, one can see that no other terms arise in the Ito derivative of
hi"(z). Therefore, from the definition of Q}*(z) in the statement of Claim we see that we
have obtained the desired SDE for h}"(z) and the proof of Claim is complete. O

3.4.4 Reformulation and proof of Theorem [1.1.1

To conclude, let us now give a rigorous formulation of Theorem [1.1.1| and show how to combine
the results of the previous sections to prove it.

Theorem 3.4.8. Let (Q5,as,b5)s be a sequence of subgraphs of 6T with two marked boundary
points as and bs. Assign a sign to boundary vertices of Qs in the fashion described in Section
. Assume that (Qg,%,bg) converges in the Carathéodory topology to (2, a,b), where & C C
and a,b € 0Q satisfy the assumptions of Section [3.1.1. Let m : Q@ — Ry be a bounded and
continuous function. For § > 0, assign a mass to each edge of Qs in the manner described in
Section . Let (ys)s be a sequence of random paths distributed according to (Pgﬂ’a‘b’m))g.

Then, in the notations of Section|3.2.1], the sequence (v5)s converges weakly to a random curve
v in the topologies ((T.1)) — ((L.3)). The driving function of v parametrized by half-plane
capacity satisfies the SDE

dW,; = 2dB; — 277( m2(w)Ptm(w)ht(w)dw> dt, Wy =0, (3.67)

Q¢

where (B, t > 0) is a standard one-dimensional Brownian motion and where P and hy have been
defined in Section|3.4.2. This SDE has a unique weak solution whose law is absolutely continuous
with respect to that of (2B, t > 0).

Moreover, provided that for each § > 0, s is parametrized by the half-plane capacity of vgﬂ, the
sequence (ys)s converges weakly in X (C) equipped with the metric dx to a random curve ~y that is
almost surely supported on Q and has the same law as ¢51(7H). This implies in particular that
is absolutely continuous with respect to SLE, in € from a to b.

Proof. By the results of Section the sequence (74 )s is tight in the topologies ((T.1)) — ((T.3)).

Provided that for each § > 0, 75 is parametrized by the half-plane capacity of 75, this implies that
(7s)s is tight as well, in the space X (C) equipped with the metric dx. Let (vs,)x be a convergent
subsequence and denote by 7 its weak limit. By Proposition[3.3.2] for each ¢t > 0, the corresponding
subsequence of discrete massive harmonic functions (hg’;’t( 5k))k almost surely converges pointwise
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to hy". Moreover, for each d; and any v € Int(S2s,) U 0%s,, (hy) ,(v),n > 0) is a martingale
for the filtration (Fs, n)n. Therefore, we obtain that for any z € Q, (hj*(2),0 <t < 7,) is a
martingale for the filtration generated by . To conclude, we use the characterization result of
Section[3.4.2] Indeed, since for any subsequential limit 7y of (7s)s and any z € €, (h*(2),0 <t < 72)
is a martingale, Proposition [3.4.1] implies that the driving function of all subsequential limits of
(vE)s satisfies the SDE (3.67). The fact that this SDE has a unique weak solution whose law is
absolutely continuous with respect to (2By,t > 0) is shown below in Lemma m The last part
of the statement of Theorem [3.4.8is a consequence of Theorem stated in Section O

3.5 Massive Gaussian free field and massive SLE,: level line
coupling

3.5.1 Absolute continuity of massive SLE, with respect to SLE, and
conformal covariance of massive SLE,

Absolute continuity of the massive harmonic explorer with respect to the (non-massive) harmonic
explorer is not straightforward to see at the discrete level, which explains why establishing tightness
is more involved than in the case of massive loop-erased random walk [CW21]. However, in the
continuum, absolute continuity of massive SLE, with respect to SLE, is easily shown, as pointed
out by Makarov and Smirnov in [MS10]. Here, we prove this fact for space-dependent mass,
following the sketch of proof given in [MS10} Section 3.2] when the mass is constant. This implies
in particular that massive SLE4 shares many geometric properties of SLE,.

Lemma 3.5.1. Let Q C C be a bounded, open and simply connected domain with two marked
boundary points a,b € 9Q. Let o > 0. With the same notations as in Section[3.1.5, there exists a
unique weak solution to the stochastic differential equation

dW, = 2dB, — F"dt, W, =0,

where, fort >0,

Fm=a [ m*(w)P™(w)h(w)dw.
Q

The law of this solution is absolutely continuous with respect to that of (2By,t > 0). This implies
that the massive SLEy Loewner chain (f]™); with mass m from a to b in Q as defined in is
absolutely continuous with respect to the SLEy Loewner chain (f:): from a to b in Q. In particular,
the hulls of massive SLE, are almost surely generated by a simple continuous curve v of Hausdorff
dimension 3/2. Moreover, v almost surely reaches its target point b and does not intersect 05,
except at its endpoints.

Proof. We adapt the strategy outlined in [MS10], taking into account the fact that here the mass
is position-dependent and therefore, a priori, G™(z,w) # G™(w, z). To show existence, uniqueness
and absolute continuity with respect to (2B;,t > 0) of the solution to the above SDE, we apply
Novikov’s criterion to the drift term F;™. Since the mass function m and the harmonic function
h: are both almost surely bounded for any ¢ > 0, we have that, almost surely, for any ¢ > 0,

|EY| < aM | Pi(z)dz,
Q4

for some (non-random) constant M > 0 depending on 2. We recall that the integral on the right-
hand side is almost surely finite by [CW21, Corollary 4.6]. Using the Fubini-Tonelli theorem and
the massive Hadamard formula of Lemma the above inequality yields that, almost surely,

/ |F™Pdt < 0¢M2/ / P (2) P (w)dzdwdt
0 0 Ja,x
oo
:aMQ/ / Leq,luea, P (2) P (w)dzdw
QxQ Jo

= (—27r)aM2/ / Lea,luea, 0:GY (2, w)dzdwdt
QxQJo
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Gg(z,w)dzdwf/ G2 (z,w)dzdw
xQ Qoo XQ

G (z,w)dzdw
X

Ga(z,w)dzdw.
x

INA
=

IA
=
S~ S— 55—

Since € is bounded, the last (non-random) integral on the right-hand side is finite. Therefore, we

obtain that | oo
E[exp (2/ |Ft|2dt)] < exp(C)
0

for some constant C' > 0 depending on a, m and 2. This shows that Novikov’s criterion holds and
therefore that there exists a unique weak solution to the SDE

dW, = 2dB, — F"dt, W, =0,

which is absolutely continuous with respect to (2By,t > 0). The rest of the statement of Lemma
follows from the corresponding properties of SLEy, see e.g. |[Keml7, Chapter 5]. O

The next lemma shows that massive SLE, is conformally covariant. Note that as a consequence
of this result, one can extend the definition of massive SLE, and its absolute continuity with respect
to SLE,4 to the case of unbounded domains provided that the mass is inherited from a bounded
domain via conformal mapping.

Lemma 3.5.2. Let Q C C be a bounded, open and simply connected domain with two marked
boundary points a,b € 0. Let p : Q) — Q be a conformal map such that o(a) = @ and p(b) = b,
where a,b € 0. Let m : Q — R, be a bounded and continuous function. If v has the law of a
massive SLEy curve in § from a to b with mass m, then ¢(7) has the law of a massive SLEy in Q
from @ to b with mass m : Q — R, given by, for w € Q,

m? (@) = (™) (@)*m® (o~ (@)). (3.68)
In other words, massive SLE, is conformally covariant.

Proof. This simply follows from a change of variable in the drift term of massive SLE4 in Q) from a
to b with mass m. Recall that ¢ is a conformal map from € to H such that ¢(a) = 0 and ¢(b) =
We have that

P =25 ) - [ G s 3 g )

Setting z = ¢~ 1(2) and w = ¢~ }(w) and using the conformal covariance of the massive Green
function (see (3.28])), we then obtain that

e =25 (repay) L OGS0 (G )

where m is as in (3.68]) and G’ denotes the massive Green function with mass m in Q; = ().
In the notation of Section the right-hand side of the above equality is equal to Pg“ (%) since
t

the map ¢o @~ is a conformal map from Q to H such that (¢op~1)(a) = 0 and (pop1)(b) = co.
By conformal invariance of harmonic functions, this then yields that

m?(w) P™ (w)hy (w)dw = / (@) P () by (1) did (3.69)
Qy Q

where h; is the harmonic function in Q, = Q\ ¢(7([0,#])) with boundary values —1/2 on the
counter-clockwise oriented boundary arc (ab) and the right side of ¢ (v([0,¢])) and +1/2 on the
clockwise oriented boundary arc (ab) and the left side of ¢(v([0,¢])). The right-hand side of
is exactly the drift term in the driving function of ¢ o ¢=1(5) if 4 has the law of massive SLE, in
Q from @ to b with mass 7. This thus shows that ¢(v) has indeed the law of massive SLE4 in Q
from @ to b with mass 7. O
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3.5.2 Coupling of the massive Gaussian free field and massive SLE,

In this section, we show the existence of a coupling between a massive GFF and a massive SLE4
curve stated in the introduction as Theorem [[.1.2] This result is shown for space-dependent mass,
so let us first define the massive GFF in this case. The definition is very similar to that in the
constant mass case.

Let © C C be an open, bounded and simply connected domain and let a,b € 0 be two
boundary points. Fix a conformal map ¢ : © — H such that ¢(a) = 0 and ¢(b) = oo. Let
m : Q — R4 be a continuous function bounded by some constant m > 0 in 2. A massive GFF I’
in © with mass m and Dirichlet boundary conditions is a centered Gaussian process indexed by
C(€2) with covariance given by, for f,g € C°(€),

E[(T, /)T, 9)] = (2)GE (2, w)g(w)dzdw.
QxQ
Above, as before, G§} is the massive Green function in Q with mass m or, in other words, this
is the inverse in the sense of distributions of the operator —A + m? with Dirichlet boundary
conditions in 2. The massive GFF T is absolutely continuous with respect to the massless GFF,
with Radon-Nikodym derivative

oo (=3 [ w00 )

where : T9(2)? : denotes the Wick-ordered square of the massless GFF I'° and Z is a normalization
constant chosen so that the expectation of this random variable is one. Finiteness of the expo-
nential term is established in [LRV17, Lemma 3.5] when the mass m is constant but the proof
can easily be adapted to the case of a non-constant mass by viewing m?(z)dz as the volume form
exp(log(m?(2)))dz.

With these definitions in hand, we can now state the existence of a coupling between a massive
GFF and a massive SLE4 curve. In the statement below, we stress that the domain €2 satisfies the
assumptions introduced at the beginning of this subsection, so that in particular €2 is bounded.

Lemma 3.5.3. Set A = \/7/8. There exists a coupling (T',7) where T' is a massive GFF in
with mass m and Dirichlet boundary conditions and v is a massive SLE4 curve with mass m from
a to b in Q. This coupling is such that the following Markov property holds. Assume that T is an
almost surely finite stopping time for the filtration generated by v and define the following massive
harmonic function

2 €0 San(f o) A= [ miw)er ) (zorar- (o)) - A) .
In other words, N is the unique massive harmonic function with mass m in Q\ v([0,7]) that has
boundary conditions —\ on the counter-clockwise oriented boundary arc (ab) and the right side of
~v([0,7]) and X on the clockwise oriented boundary arc (ab) and the left side of ~v([0,7]). Then,
given v([0, 7)), the conditional law of T+ nf* restricted to Q. is that of the sum of a massive GFF
in Qr with mass m and Dirichlet boundary conditions plus the function nl*.

Let us point out that the drift term in the definition of massive SLE, satisfies the equality

m = HE Laur w))) — w
2 [ ) B () o = 27 [ ) () s (6(w) - A )

In other words, the drift of massive SLE4 can be expressed in terms of the harmonic function

2o (a6 - A).
This function corresponds to the harmonic function appearing in the coupling between a (massless)
GFF in  and a SLE4 curve in Q from a to b. The function n* of Lemma is its massive
version.

Moreover, we also note that by conformal covariance of massive SLE4, see Lemma [3.5.2] and
of the massive GFF (which follows from the conformal covariance of the massive Green function,
see (3.28)), Lemma can be extended to unbounded domains with appropriate mass functions.
These mass functions are of the form , that is are inherited from a bounded domain via
conformal mapping.
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Proof of Lemma[3.5.3 The proof goes along the same lines as in the massless case, see e.g. [WW 17,
Proposition 2.2.7]. Let n be the continuous harmonic function in  with boundary conditions —\
on the boundary arc (ab) oriented clockwise and A on the boundary arc (ba) oriented clockwise.

More explicitly, for z € €,
1

n(z) = Ton

For ¢t > 0 and z such that 7, > ¢, set

arg(¢(2)) — A.

1
ne(z) = marg(ft(qb(z))) -\

Let ™ be the massive harmonic function in ) with the same boundary values as 7, that is

" =mn(z) - /Q m?(w)n(w)GE (2, w)dw.

For t > 0, let n;" be the massive harmonic function in §2; with boundary values —\ on the left side
of ¥([0,¢]) and the clockwise-oriented boundary arc (ab) and A on the right side of ([0, ¢]) and the
clockwise-oriented boundary arc (ba). That is, for z € Q such that 7, > ¢,

ne'(2) = me(z) — ; m? (w)n (w)GY (2, w)dw.

Fix z € Q and let us show that ¢ — n/*(z) is a continuous martingale until the possibly infinite
stopping time 7,. Indeed, by the computations done in the proof of Claim [3.4.5] n"(z) satisfies
the SDE

dn(z) = \/EP;"(Z)MBt = V21 P"(2)dB;. (3.70)

Therefore, t — n"(z) is a local martingale. But since ¢ — n"(z) is almost surely bounded
uniformly over ¢ by A, this is in fact a continuous martingale.

Next, let us show that for z,w € Q, t — 0" (2)n*(w) + G{*(z,w) is a continuous martingale
until the first time that either 7, < t or 7, < ¢, This essentially follows from the massive Hadamard
formula of Lemma which, together with the SDE , implies that

d<nm(z)7 nm(w»t = _atG;n(,% ’LU)

Therefore, t — 0" (2)n*(w) + G{*(z,w) is a local martingale until the first time that either 7, <t
or T, < t, Moreover, " (w) and ny*(w) are continuous and uniformly bounded over z,w by A and
G7" is non-increasing in ¢t. Thus, ¢ — ] (2)n"(w) + G7* (2, w) is a continuous martingale until the
first time that either 7, <t or 7, <'t,

Now, let ¢ € C°(2) and define, for ¢ > 0,

B = [ )G (el

We want to show that (7}, ¢) is a continuous martingale with quadratic variation

d((n™, @)t = —dE{" (). (3.711)

Since n}"(z) is a continuous martingale and is bounded uniformly over in Q by A, by Fubini’s
theorem, the integral (nJ*, ) is also a bounded and continuous martingale. To show that its
quadratic variation is given by (3.71)), it suffices to show that (n]",¢)* + E;"(p) is a martingale.
We observe that

(", 0)? + E" () = /Q . (2)p(w)n (2)n" (w) + G (2, w)|dzdw.

We have already shown that 0} (z)ny*(w) + G}*(z,w) is a continuous martingale and that 7} (z),
7" (w) are bounded uniformly over z,w. Moreover, G{*(z,w) is non-negative and non-increasing
in t. Therefore, we can apply Fubini’s theorem, which yields that (9™, ¢)?+ E () is a continuous
martingale.
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It now remains to construct a coupling that satisfies the domain Markov property. For z € €,
define

n = lim ) (2).

t—o0

This limit exists almost surely for fixed z since 1;"(z) is a bounded martingale. For z,w € Q and
@ € C°(Q2) non-negative, define also

G(zw) = lim G (z,w),  EX(p) = lim B (p).

These limits exist because G}*(z,w) and EJ*(p) are both non-negative. Let h be a massive GFF
in Q4 with mass m and boundary conditions given by 7 — n{*. Then, for any ¢ € C2°(£2) which
is non-negative and any p > 0, we have

Elexp(—u(T', ¢))] = E[E[exp(—p(T, )| Ko]]

_ E{cxp <_ (% = 05", ) M;E‘g(‘p))]

— o (- 22 () ) e (= (02 — i ) - (B2 - B

—ow (- LB ()

The last equality holds because (9}, ) is a continuous and bounded martingale with mean (1§, ¢)
and quadratic variation EJ'(¢) — E}"(¢). Finally, the coupling (T', v) satisfies the domain Markov
property since for any function ¢ € C2°(€2), the conditional law of (I' + 0", ,¢) given ([0, 7]) is
that of a Gaussian random variable with mean (97", ¢) and variance ET(¢p). O

Remark 3.5.4. We observe that using exactly the same arguments as in the proof of Proposition
one can show that a massive GFF with appropriate boundary conditions can be coupled to
a massive version of SLE4(p), where the drift is exactly the same as that of massive SLE4 except
that the harmonic function h; has different boundary conditions.
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Chapter 4

Massive SLE,, massive CLE, and
the massive planar GFF

4.1 Background

4.1.1 Reminder on massive SLE,

Massive SLE, is a massive version of SLE4 originally introduced in [MS10]. There are many
possible ways to define massive versions of SLE4 but we will use the name massive SLE4 for this
particular one, as in [MS10].

When mapped to H via a conformal map, a random curve whose law is massive SLE4 can
be described via its driving function as follows. Let D C C be a bounded, open and simply
connected domain and let a,b € D. Denote by 0D, respectively D™, the clockwise, respectively
counterclockwise, oriented boundary arc from a to b. Let m : D — R be a bounded and continuous
function. Let ¢ : D — H be a conformal map such that ¢(a) =0 and ¢(b) = co. Then, a random
curve 7 has the law of massive SLE4 in D from a to b with mass m if the driving function (W, ¢ > 0)
of ¢(v), when parametrized by half-plane capacity, satisfies the SDE

dW; = 2dB; — 271'( m2(z)Pg”(z)ht(z)dz) dt, Wy =0, (4.1)

D,

where (B, t > 0) is a one-dimensional standard Brownian motion. Above, for z € D;, we have set

= 2 (=) 5 g = o e e

where G}" is the massive Green function with mass m in D;. In , the function h; is the unique
harmonic function with boundary values 1/2 on 9D~ and the left side of v([0,¢]) and —1/2 on
0D~ and the right side of v([0,t]). It was shown in Chapter 3| that the SDE has a unique
weak solution whose law is absolutely continuous with respect to that of (2B, t > 0). This implies
that the law of massive SLE,4 in D from a to b with mass m is absolutely continuous with respect
to that of SLE4 in D from a to b.

Moreover, using the conformal covariance of the drift term in the SDE (4.1), one can extend
the definition of massive SLE, to pairs (D,7n) where D C C is the image under a conformal

map ¢ of a bounded, open and simply connected domain D C C and, for w € D, m(w)? =
(=) (w)*m(e~ (w))?, where m : D — R is a bounded and continuous function.

4.1.2 Conformal loop ensembles

Conformal loop ensembles (CLE) are a family of probability distributions on countable ensembles
of non-nested loops (closed curves) in open and simply connected domains of the complex plane
[She09; SW12]. As in [SW12, Section 2.1], we define a simple loop in the plane to be the image
of the unit circle under a continuous and injective map. With this definition, a loop ¢ with time-
duration 7(¢) is equivalent to the loop ¢ with time-duration 7(f) if there exists a bijective map
¥ [0,7()] — [0,7(£)] such that for any t € [0,7(¢)], £(x(t)) = £(t). This defines a space of
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loops, that we denote by Loop(C), and we endow it with the o-field ¥ generated by all the events
of the form {O C Int(¢)}, where O spans the set of open subsets of C and for a loop ¢, Int(¢)
denotes its interior. Note that Loop(C) can also be turned into a metric space, for example by
equipping it with the distance induced by the supremum norm. A countable collection I = (¢;) ¢
of loops in Loop(C) can be identified with the point-measure pur = > jes0e;- The space of
countable collections of loops is then naturally equipped with the o-field generated by the sets
{T': pur(A) =k} where A€ ¥ and k > 0.

CLE,, are random countable collections of loops indexed by a parameter x € (8/3,8). CLE,
is connected to SLE, via the so-called branching tree construction [She09]. The geometry of the
loops of a CLE, in an open and simply connected domain D depends on the value of k: when
K € (8/3,4], these loops are almost surely simple loops that do not intersect each other or D; on
the contrary, when k € (4, 8), they are almost surely non-simple but non-self-crossing and they may
touch (but not cross) 9D and each other. Another important property of CLE,; is their conformal
invariance in law: if ¢ : D — D is a conformal map between two open and simply connected
domains of C and T is a CLE, in D, then ¢(I") has the law of a CLE, in D.

4.1.3 Level lines of the Gaussian free field

In this section, unless mentioned otherwise, we assume that D C C is an open and simply connected
domain. We also set A := /7/8.

Definition of the GFF

The Gaussian free field (GFF) in D with Dirichlet boundary conditions is a centered Gaussian
process h indexed by smooth functions with compact support in D whose covariance is given by,
for f and g two such functions,

Bl(h (o)l = [ f(:)G(zw)gw)dzdu.
DxD

Above, Gp is the Green function in D: this is the inverse (in the sense of distributions) of the

operator —A in D with Dirichlet boundary conditions. As the Green function blows up on the

diagonal, the GFF is not defined pointwise but is instead a generalized function.

One can also define a GFF with specified boundary conditions. Let f : 9D — R be a bounded
function and let ¢ be its unique harmonic extension in D. That is, ¢ is the unique function
u: D — R such that —Au(z) = 0 for z € D and u(z) = f(z) for z € 9D. Then, a GFF in D is
said to have boundary conditions f if it has the same law as h + ¢ where h has the law of a GFF
in D with Dirichlet boundary conditions.

Coupling between an SLE, curve and a GFF

Let a,b € OD. Denote by 0D, respectively 9D, the clockwise-oriented, respectively counterclockwise-
oriented, boundary arc (ab). Let ¢ : D — R be the unique harmonic function in D with boundary
conditions A on DT and —\ on D~. Then, there exists a coupling (h + ¢, v) between a GFF

h + ¢ in D with boundary conditions ¢ and an SLE4 curve in D from a to b [Dub09; [MS16]. In
this coupling, for any ¢ > 0, conditionally on v([0,¢]), h + ¢ = hy + ¢+ where h; is a GFF with
Dirichlet boundary conditions in D; := D\ v([0,¢]) and ¢, is the unique harmonic function in D;
with boundary conditions A on dD% and the left side of v([0,¢]) and —A\ on D~ and the right
side of ¥([0, t]).

When t = oo, since v([0,00)) is almost surely a simple curve which does not intersect the
boundary of D except at its endpoints, D \ v([0,00)) is almost surely composed of two simply
connected components. Denote by Dy, respectively Dy, the component on the left, respectively
right, of v([0,0)). Then, conditionally on v([0,00)), h = h1 + ¢1 + ha + o where E| hy and hs
are independent GFFs with Dirichlet boundary conditions in D7 and Dy and ¢1, respectively ¢o
is almost surely equal to A, respectively 0, in Dy and to 0, respectively —A, in Ds.

These decompositions for ¢ < oo and ¢ = oo explain why in this coupling, the curve 7 is
sometimes called the level line of the field h + ¢. In this coupling, it can also be shown that the
curve v is in fact measurable with respect to the GFF h, see [MS16].

1We will never use the decompositions at time ¢ < co and ¢t = co simultaneously, therefore no confusion should
arise from the subscript notations used for these two decomposition.
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Coupling between an CLE,; and a GFF

There exists a coupling (h,T') between a GFF h in D with Dirichlet boundary conditions and a
CLE4 I' in D [ASW19]. In this coupling, conditionally on I', h = }_. h; 4+ §; where the sum runs
over the loops (L;); of I' and

o (h;); are independent GFFs with Dirichlet boundary conditions in the interiors of (L;);;
o (¢;); are independent random variables with P(¢§; = 2A|I") = P(§; = —2A|T") = 1/2 Vy;
o (h;); and (&;); are independent.

In this coupling, it can also be shown that the CLE4 T', the fields (h;); and the labels (§;); are in
fact measurable with respect to the GFF h [MS11; ASW19.

4.1.4 The Brownian loop measure and Le Jan’s isomorphism theorem

In this section, unless mentioned otherwise, we assume that D C C is an open, bounded and simply
connected domain and that m : D — R, is a bounded and continuous function.

The Brownian loop measure and the Brownian loop soup

Let us denote by P;"" the bridge probability from z to w of length ¢ for a two-dimensional standard
Brownian motion (Bs, s > 0). We also let 7o9p denote the first hitting time of D by (Bs, s > 0).
The rooted Brownian loop measure [LW04] pg p in D is defined as

Py (- t)dzdt.
#a, D / /t27rt Top > t)dz

This is a measure on rooted loops. One can define an equivalence relation between such loops as
follows. For ¢ a rooted loop, denote by 7(¥) its lifetime. Then, for u € R, 6,4 : t — {(u+t mod 7(¢))
is again a loop. We then say that two loops ¢ and { are equivalent if there exists u € R such
that ¢ = 6,0. The quotient of the rooted loop measure pp p under this equivalence relation is
the Brownian loop measure pup in D. One important property of this measure is its conformal
invariance: if f : Q — D is a conformal map, then f o ug = up.

For a > 0, one can then sample a Poisson point process with intensity aup which gives rise
to a countable collection of unrooted loops in D. This process is called a Brownian loop soup in
D with intensity o [LWO04]. It can be shown that for x(8/3,4], a CLE, can be constructed out a
Brownian loop soup with the correct intensity [SW12]. In particular, a CLE4 T' can be coupled to
a Brownian loop soup £ with intensity 1/2 in such way that the outer boundaries of the outermost
clusters of loops of L are the loops of I'. Here, we say that two loops ¢ and ¢ belong to the same
cluster of loops of L if there exists a sequence ({;)7_, of loops in £ such that ¢y = ¢, £, = ? and
for any k, £x N L1 # 0.

An important observable of a Brownian loop soup £ in D with intensity « > 0 is its renormalized
occupation-time field : L :. For z € D, : L(z) : should be thought of as the total amount of time
that loops in £ spend at z. However, since this quantity is in fact almost surely infinite, : L : is
constructed via renormalization as follows. Let € > 0 and set, for a bounded function f : D — R,

[RZEHEEEEDY /T“ dt—aup@mze /OT“)fw(t))dt)

LeLl:r(0)>e

where we note that ap (Lo fy ) fEE)AE) = B[ e pirze o F(EE))dt]. Then, by [Jan0s,
Section 10.2], as € tends to 0, (: Le(ﬁ) ;, f) converges in L?(P) and almost surely to a random
variable that we denote by [, f(2) : L(2) : dz. One can then make sense of : L : as a random field

indexed by bounded functions in D and this field is what we call the renormalized ocupation-time
field of L.

Wick square of the Gaussian free field

Since the GFF is only a generalized function, its square is a priori ill-defined and must be con-
structed via renormalization, as we now explain. Let us first introduce the circle-average approx-
imation of the GFF. Let h be a GFF in D with Dirichlet boundary conditions. For z € D and
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e > 0, denote by B(z,¢€) the ball of radius € centered at z and let p? be the uniform measure on
0B(z,¢€) seen from z. We define the random variable

he(2) = (h, p7)-

Even though p? is not a smooth function, this random variable is always well-defined and the
process (he(z),z € D,e > 0) is in fact jointly Holder continuous in (z, €), see [WP21}, Section 3.3.4].

As the expectation of h.(2)? blows up as € tends to 0, a divergent counterterm must be in-
troduced to define the square of h. This counterterm is chosen such that the limit field, denoted
by : h? :, is a centered field. Here, we will not need to construct the field : h? : itself. Instead,
we must only be able to make sense of the random variable (: h% :;m?), or more generally of
(: (h+ ¢)? :;m?), where ¢ will correspond to the boundary conditions of h and m? will be the
mass of the massive GFF. This is achieved thanks to the following lemma. Below, for ¢ : D — R
a bounded harmonic function, z € D and € > 0, we use the notation

L (Be(2) + 6e(2))? +  he(2)? + 20 (2)e(2) + b (2)? — E[he(2)?] (4.2)

where ¢.(z) the circle average approximation of ¢(z), that is

— [ otwipi(aw), (4.3)

Notice that if B(z,e) C D, then, by harmonicity, ¢.(z) = ¢(z). We also denote by dimg(A) the
Hausdorff dimension of the set A.

Lemma 4.1.1. Let m : D — Ry be a bounded and continuous function. Let h be a GFF with
Dirichlet boundary conditions in D and ¢ : D — R be a harmonic function bounded by some
constant by > 0. Then

lim [ m?(2) : (he(2) + ¢e(z dz—/ m? 2 dz +2(h, m?¢) + /m #(2)%dz

=0 Jp

where the limit is in L?(P). Above, (h,m?¢) denotes the GFF h tested against the function z —
m?2(2)p(z) and
2 2,
/ m? dz-eh_% Dm (2) : he(2)” 1 dz

where the limit is in L*(P). Moreover, for any b € (0,2 — dimg (D)), there exists C > 0 such
that, for any 0 < e < 1/2,

< Cé. (4.4)
L2(P)

H/m :(h+ ¢)? dz—/m (2) + ¢e(2))? 1 dz

The proof of Lemma is given in Appendix The assumption that ¢ is a harmonic
function is not really needed but it simplifies the proof and will always be satisfied in the cases
in which we will be interested. Let us also stress that in the above statement, the notation
Jp, m?(2) : h(2)? : dz is only formal since : h? : is not defined pointwise.

For convenience, as in , we will sometimes use the formal notation

[ w02 ) e = [ w0 b2 s de k2o + [ mPords @45)

Also, if the function m : D — Ry is of the form |¢’|(72 0 ) where ¢ : D — D is a conformal
isomorphism, D C C is an open, bounded and simply connected domain and m : D — R, is a
bounded and continuous function, we set

/m S (h+¢)? dz—/ + ¢)%(w) : dw
with h+ ¢ = (h+¢) o o=t
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Le Jan’s isomorphism theorem

The Brownian loop soup in D is related to the GFF in D with Dirichlet boundary conditions via
Le Jan’s isomorphism theorem [Jan08; [Jan10].

Proposition 4.1.2 (Le Jan’s isomorphism). The renormalized occupation-time field : L : of a
Brownian loop soup in D with intensity 1/2 has the same law as half the Wick square 1/2 : h% : of
a GFF h in D with Dirichlet boundary conditions.

We also recall the following result. It is stated as Theorem 8 in [Jan08] under the additional
assumption that the function m is smooth and has compact support in D. But the proof in fact
extends to the case where m is a bounded function and D a bounded domain.

Proposition 4.1.3. For a bounded and continuous function m : D — Ry and a loop £ : [0,7(¢)] —
D, set ({,m?) := OT(E) m?2(¢(t))dt. Then

Egrr [exp ( %/DmQ(z)  h2(2) dz)] ~ exp <;uD(e<£’m2> (0 m?) — 1)) <o

where under Eqgpr, h has the law of a GFF in D with Dirichlet boundary conditions.

Coupling between a GFF, a CLE, and a Brownian loop soup

There also exists a coupling between a GFF, a CLE,4 and a Brownian loop soup with intensity 1/2
such that all the relations described above hold [QW19].

Proposition 4.1.4 (Qian-Werner). One can couple a Brownian loop soup L in D with intensity
1/2, a CLE4 T in D and a GFF h in D with Dirichlet boundary conditions in such a way that:

e the loops of T' are the level lines of h as in Section[[.1.5;
o the loops of T are the outer boundaries of the outermost clusters of L;

e the renormalized occupation-time field : L : of L is exactly % ch?

4.1.5 The massive Gaussian free field

In this section, unless mentioned otherwise, we assume that D C C is an open, bounded and simply
connected domain and that m : D — R, is a bounded and continuous function.

Definition of the massive GFF

The massive GFF in D with mass m and Dirichlet boundary conditions is a centered Gaussian
process h indexed by smooth functions with compact support in D whose covariance is given by,
for f and g two such functions,

E[(h, £)(h. 9)] = / ()G (2 w)g(w)dzduw.

DxD

Above, G} is the massive Green function in D with mass m: this is the inverse (in the sense of
distributions) of the operator —A + m? in D with Dirichlet boundary conditions. Like the GFF,
the massive GFF is not defined pointwise but is instead a random generalized function.

From a statistical mechanics point of view, the massive GFF can be seen as a GFF “perturbed
by a mass”. The presence of this mass breaks the conformal invariance of the field, which is one of
the main features of the GFF: the massive GFF is not conformally invariant but only conformally
covariant, in the following sense. Let ¢ : D — D be conformal map. If h is a massive GFF in
D with mass m and Dirichlet boundary conditions, then the pushforward of h via ¢ is a massive
GFF in D with Dirichlet boundary conditions and mass m given by, for z € D,

m?(z) = (™) (2)Pm? (071 (). (4.6)

This simply follows from the conformal covariance of the massive Green function G'5.
One can also define a massive GFF with specified boundary conditions. Let f : 9D — R be
a bounded function and let @ be its unique massive harmonic extension in D. That is, ¢%" is
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the unique function u : D — R such that (—A + m?2(2))u(z) = 0 for 2 € D and u(z) = f(2) for
z € 0D. Then, a massive GFF in D with mass m is said to have boundary conditions f if it has
the same law as h + ¢" where h has the law of a massive GFF in D with mass m and Dirichlet
boundary conditions. Note that since massive harmonic functions are conformally covariant, with
the mass changing as in when conformally mapping the domain to another one, a massive
GFF with specified boundary conditions is also conformally covariant, in the same sense as for a
massive GFF with Dirichlet boundary conditions.

Absolute continuity with respect to the GFF

The law PP .p of the massive GFF in D with mass m and Dirichlet boundary conditions is
absolutely continuous with respect to the law ]P’gFF of the GFF in D with Dirichlet boundary
conditions. The corresponding Radon-Nikodym derivative has an explicit expression: it is given

by
dPP 1 1
—=22(h) = = - = 2(2):h%(2) : d 4.7
B = gew (g [ mie)he) (47)
where Z is a normalization constant and [, m?(z) : h?(z) : dz is as defined in Section See
[ALS20, Lemma 3.10] for a detailed proof of this fact. Let us nevertheless point out that the fact
that the random variable on the right-hand side is o(h)-measurable and almost strictly positive
can be justified using Lemma (see Lemma in Appendix [6.1). Moreover, by Proposition
this random variable is in L' (PEpy), so Z is finite.
Note also that, by Proposition applied with f = m?,

Z= EGFF{eXp (_ f/ m2(z) : h2(z) : dz )} = exp <;up(e_<z’m2> + (¢, m?) _1)). (4.8)

Similarly, for f : 3D — R a bounded function, the law of the massive GFF in D with mass m
and boundary conditions f is absolutely continuous with respect to the law Pgl’;fF of the GFF in
D with boundary conditions f. Indeed, if we define

dp2:S
4 6y) = 5 e (=5 [ s oy s az) (4.9)
GFF

where Z; is a normalization constant, then the law of h + ¢; under PﬁgFF is that of a massive
GFF in D with mass m and boundary conditions f. The fact that the random variable on the
right-hand side of (4.9) is almost surely strictly positive and measurable with respect to h + ¢

follows from Lemma and Lemma [6.1.4] in Appendix
To prove that under IP’ GFF defined via ED, h+ ¢y has the claimed law, one can compute the

Laplace transform of h + ¢ under IP’mGFF. Although this computation is rather straightforward,
let us detail it as we could not find any reference in the existing literature.

Proof of (4.9). Let g be a smooth function with compact support in D. Then, we have that

EDd e [exp((h + 67,9))] =§J€E8FF[exp (04 or0) -5 [ w6 oy 5|

exp(/¢f 2) — 5m2()6s(2)d )

xEGFF[exp(wg m26) _,/m 9 sz |
exp( [ or219(e) = i 072 ) EBer [expl(og — m0p). (4.10)

The fact that the two integrals above are finite follows from the fact that D is a bounded domain
and that ¢y and m are bounded functions in D. Similarly, we have that

Zy = Zexp ( - %/D mz(z)gbf(z)de) EDGrr [ exp((h, m?¢y))]. (4.11)
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Going back to (4.10)), this yields that
Eggpp [exp((h + d)fa g))]

—ew ([ 9)(050) - [ mP@)op)Enewdn)ds+ 1 [ (6B w)gw)dzdw
(Lo, Jees ),
e ([ a@eperi s [ e wgad)

where the last equality uses Fubini theorem. This is exactly the Laplace transform of (h + oF, 9)
when h has the law of a massive GFF in D with mass m and Dirichlet boundary conditions. [

For later reference, let us record the computation of the normalization constant Z; in the
following lemma.

Lemma 4.1.5. Let D C C be an open, bounded and simply connected domain. Let ¢ : D — R
be a bounded harmonic function in D and let m : D — Ry be a bounded and continuous function.
Then

2= (— 3 [ w(e)6,(I67 s+ guple 7 (e 1) )

where the integral is finite.

Proof. By (4.11)) and using the explicit expression (4.8) for Z, we have that

zp=exp (=g [ w20 s+ g (O 4 (tom) ~ 1) )Ere [exp((h o)
where

Elore [expl(hm?op)] =e (5 [ wt(:)os(IGH (G w0m2(w)oytw)dud:)

o (=5 [ mr@er@epes g [ mteere). @)

Above, we used Fubini theorem whose application can easily be justified. Indeed, ¢ is a bounded
function in D and the massive Green function G} is integrable in D x D since D is a bounded
domain. This yields the expression of Lemma for Z¢. The finiteness of the two integrals in
([4.12)) simply follows from the fact that m?, ¢y and ¢ are bounded functions and that D is a
bounded domain. O

Note that the definition of the massive GFF and the changes of measure and can be
extended to unbounded domains, provided that in such a domain D, the mass functionm : D — R
is of the form |¢'|(r o @) where ¢ : D — D is a conformal isomorphism, D is a bounded domain
and . : D — R, is a bounded and continuous function.

Modes of convergence of the Radon-Nikodym derivative of the massive GFF with
respect to the GFF

In this section, we collect some technical results on the mode of convergence as € — 0 of the random
variables

exp ( %/D m?(2) (he(2)? — ]E[he(z)z])dz> and
e (=5 [ () + 022 - Bl (022

where h is a GFF with Dirichlet boundary conditions in D and ¢ : D — R is a bounded harmonic
function. These random variables approximate the Radon-Nikodym derivatives and .
Their convergence in an L?(P) sense, which is shown below, will be useful in the proof of Theorem
[[:2.3]and Theorem[I:2.3] Indeed, there, we will need to take conditional expectations of the Radon-
Nikodym derivatives and , which will be well behaved since conditioning is a contraction
in LP.

In the statement below, for € > 0, the random variable [, m?(z) : (he(2)+¢c(2))? : dz is defined
as in and we use the notation for the random variable [, m?(2) : (h+ ¢)*(2) : dz.
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Lemma 4.1.6. Let D C C be a bounded, open and simply connected domain and let m : D — R
be a bounded and continuous function. Let h be a GFF with Dirichlet boundary conditions in D
and let ¢ : D — R be a harmonic function bounded by some constant by > 0. Then, for any
p € [1,00),

tiesp (=5 [ w25 (o) 4 0 a2 ) =exp (= 5 [ w20 ik 0(0) )

where the limit is in LP(P).

The proof of Lemma is given in Appendix This is for the proof of this lemma that
the rate of convergence obtained in Lemma is important.

Note that by taking ¢ = 0 in Lemma we obtain that the random variables approximating
the Radon-Nikodym derivative converge in L?(PP), for any p € [1,00).

Assumptions on the mass and on the domain of definition of the massive GFF

So far, in our discussion about the massive GFF, the domain D C C and the mass m : D — R,
have always been chosen to satisfy the assumptions of Theorem and Theorem However,
these assumptions are not optimal, as we now explain.

In Theorem [1.2.1] we will show that a massive GFF can be coupled to a random curve which
has the law of massive SLE4. Massive SLE, is in fact well-defined and absolutely continuous with
respect to SLE, provided that the domain D is bounded and that the mass m : D — R satisfies

/ m?(z)dz < oo and m?(2)m*(w)Gp(z, w)dzdw < oo, (4.13)
D DxD

where Gp is the Green function in D. For the massive GFF to be absolutely continuous with
respect to the GFF with Radon-Nikodym derivative , the mass m must also be such that

/ m?(2)m*(w)Gp(z,w)*dzdw < co. (4.14)
DxD

Indeed, the condition ensures that the random variable [, m?(z) : h(2)? : dz can be con-
structed as the limit in L*(P) of [, m2(2) : he(2)? : dz as € — 0. This is because if this condition
is not satisfied, then the variance of f m?2(2) : he(2)? : dz blows up as € — 0.

Observe that the conditions and (| - on m are conformally invariant in the following
sense. If ¢ : D — D is a conformal map and that m satisfies and (4.14)), then the mass
m : D — R defined via, for w € D, m(w)? = (¢~ ") (w)|*m(p *1( ))? also satisfies (#.13)) and
(4.14). However, in their current version, the proofs of Theorem and Theorem quire
stronger assumptions on the domain D C C and the function m : D — R,. These assumptions
are helpful to prove Lemma

We remark that the question of what happens when, for example, D = H and the mass m
is a constant m? > 0 is interesting. The massive GFF in H with mass m? does exist, since the
massive Green function in H with mass m? is symmetric and positive-definite. However, this field
is only locally absolutely continuous with respect to the GFF in H and thus we cannot define its
level lines via a change of measure similar to or .

2

4.2 Massive SLE, via change of measure

In this section, we prove Theorem 1] and its corollary, Corollary [I.2.2] The proof of Theorem
1.2.1]is given in Section There we first identify the conditional law of h + ¢ given ([0, ¢])
under P and then use the knowledge of this conditional law to show that the marginal law of
under P is that of massive SLE,. We will explain how to use these results to show Theorem
In the proof, we will assume that the domain D is bounded and that the mass m : D — Ry is a
bounded and continuous function. Conformal covariance then enables us to extend the results to
pairs (D, m) satisfying the more general assumptions of Theorem

Finally, Section[4.2.2]is devoted to the proof of Corollary[1.2.2] Conformal covariance of massive
SLE4 is also established there.
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4.2.1 A level line of the massive GFF

Let us first observe that the change of measure of Theorem is a valid change of measure.
Indeed, this is just the change of measure , which extends to a change of measure on (h+ ¢, )
since 7y is measurable with respect to h under Pgpr. This implies in particular that the marginal
law of h + ¢ under P is that of a massive GFF in D with mass m and boundary conditions A on
OD* and —\ on &D™.

To prove Theorem we must now understand what happens to the field h + ¢ under P
when conditioning on ~([0,¢]), for ¢ > 0. Denote by &’(IR?) the space of Schwartz distributions on
R? and observe that the field h + ¢ can be seen as a random element of S’(R?) by extending it to
0 outside of D. By definition of If”, the conditional law of h + ¢ under P given <y is such that, for
t>0and F : S'(R?) — R a bounded and continuous function, almost surely,

BIF(h + ) [2(0.0)] = 58| Flht d)exp (=5 [ m)s (b 0202 2) 10| (a15)
where we have set
zii= 8o (3 [ w0407 s d:) Ia(01)) (4.16)

Observe that in , the random partition function Z; is almost surely strictly positive: this
follows from the fact that if X is an almost surely strictly positive random variable and F is
a o-algebra, then E[X|F] is almost surely strictly positive. This implies in particular that the
right-hand side of is well-defined.

Since under P, conditionally on v([0,¢]), h + ¢ = ht + ¢ where h; and ¢; are as described in
Section[4:1.3] one expects the random partition function Z;, or more generally weighted conditional
expectations of the form

(it Neo (=3 [ me): (b6 =) 1 (0.1)] (4.17)

where f : D — R is a bounded and continuous function, to have an expression in terms of the field
hy and the harmonic function ¢;. As a first step toward the identification of the conditional law of
h + ¢ given ([0, ¢]) under P, let us show that this is indeed the case.

The weighted conditional expectation

Here and in the rest of Section if v : [0,00) = D is a simple and continuous curve in D that
does not touch the boundary of D except at its endpoints, we set, for ¢t > 0, D; := D \ v([0,t]).
We also denote by 0D;", respectively dD; , the boundary arc of D; formed by the union of 9D+
and the left side of v([0,¢]), respectively the union of 9D~ and the right side of ([0, ]). For ¢ > 0,
we also let ¢;, respectively ¢}*, be the unique harmonic function, respectively massive harmonic
function with mass m, with boundary conditions A on D, and —\ on 0D,

Observe that by absolute continuity of P with respect to P, under ]P’ the margmal law of v is
such that 7 is almost surely a simple and continuous curve that does not touch the boundary of
D except at its endpoints. Indeed, under P, the marginal law of « is that of SLE4 in D from a to
b, so that these properties are satisfied by v under P.

Let us now state and prove how to express weighted conditional expectations of the form
in terms of the field h; and the harmonic function ¢;. We first start with the case t € (0, 00).

Proposition 4.2.1. Under the same assumptions as in Theorem let f: D — R be a bounded
and continuous function. Then, for any t € (0,00), almost surely,

et + o e (=3 [ w(e) s (e 07(0) sz ) 12(10.1)]
—E[explith+on Mesp (= 5 [ (61 s e+ 00 ) 0.0

2 Jp,
m?(z) CR(z,0D)
1 ’ d
P ( /D ar 8 CR(z,0D,) Z)
where CR(z,0D), respectively CR(z,0D;), is the conformal radius of z in D, respectively D;.
Above, the random variable th m2(2) : (he + ¢¢)?(2) : dz is as defined via the notation (4.5)).

71



Proof. The proof is similar to that of Proposition [4.3.6] once the claim below is proved. Details
are left to the reader.

Claim 4.2.2. Almost surely,

lim exp (; [ ) B - Et[ht76(z)2])dz> — exp ( /D | m;(f) log 53((2’33 )) dz).

O

Proof of Claim[{.2.3 Let ¢ > 0 and set Dy, := {z € D, : dist(z,7([0,¢])) > €}. Observe that,
almost surely, if z € D, . is such that dist(z,0D) > ¢, then

1 CR(z,0D)

Mm@ﬂ—EWA@ﬂ=%ﬁ%aﬁﬁﬁj

(4.18)

On the other hand, it is easy to see that there exists K > 0 such that for any € > 0, almost surely,
for any z € D, . with dist(z,0D) <,

0 < E[h(2)?] — Bi[he.o(2)?] < Elhe(2)?] < K. (4.19)

Since almost surely for any z € D;, CR(z,0D) > CR(z,0D;) and since the function m is bounded,
we obtain from (4.18) and (4.19) that there exists C' > 0 such that, almost surely, for any z € D, ,

m2(2)[E[he(2)2] — By[he.e(2)?]] < c<1og m + 1) . (4.20)

Observe also that, almost surely,

. B 9 B m?(z) CR(z,0D)
iy 2 (2) Bl (5] — Bl (2 (2) = "5 hog Gt 200

pointwise in D;. Moreover, the function z — log(CR(z,0D)/CR(z,0D;)) is almost surely inte-
grable in D;. Therefore, using the dominated convergence theorem with the bound (4.20), we
obtain that, almost surely,

dz.

. B m?2(z) CR(z,90D)
tig [ ) ElR ()]~ Bulhee )7z = / o e R

To prove Claim it remains to show that, almost surely,

liH(l) m?(2)(Elhe(2)?] — Eq[he o (2)?])dz = 0. (4.21)
¢7YJD\Dy,

For this, we simply observe that the estimate (6.1 shows that there exists C' > 0 such that for any
0<e<1/2andany z € Dy, 0 < E[h(2)?] —Et[ht(2)?] < sup,ep Elhe(2)?] < Cloge™!. Together
with the boundedness of m, this yields that, almost surely,

‘ / m?(2)(Elhe(2)?] — Ei[he o (2)?])dz| < m?C(loge )Area(D; \ Dy.). (4.22)
Di\Dy,e

Since ([0, t]) almost surely has Hausdorff dimension 3/2 |Bef08], we have that, almost surely,
Area(D; \ D,.) = O(ez7). Therefore, the inequality (£.22) implies the almost sure convergence
(4.21)), which completes the proof of the claim. O

Let us now give an expression for weighted conditional expectations of the form when
t = oo. In this case, Dy := D\ ([0, 0)) is composed of two simply connected components. Recall
that we denote by Dy, respectively Ds, the component on the left, respectively right, of v([0, 00)).
Moreover, under P, conditionally on ([0, 00]), h+ ¢ = h1 + ¢1 + ha + ¢2, where hq, ha, ¢1 and ¢
are as described in Section LT3
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Proposition 4.2.3. Under the same assumptions as in Theorem let f: D — R be a bounded
and continuous function. Then, almost surely,

B explith + . Nexo (= 5 [ wt)s (h+ 02 1 d2) 12(10.0)
~E|espliths + . Nexp (=3 [ me) s (s 000) 1 ) (0,00

< B oxplitha + on, D)exw (= 5 [ mP) s (et 0n )5z ) (0.0

2 Da
m?(z) . CR(z,dD) m2(z) . CR(z,dD)
I 1
xexp( b dr B CRG0D) " )y, in OgCR<z,aD2>>

where CR(z,0D), respectively CR(z,0D;), j = 1,2, is the conformal radius of z in D, respectively
D;.
Proof. This is left to the reader, since the proof is identical to but simpler than the proof of
Proposition or alternatively may be obtained by taking ¢ to oo in Proposition O

The conditional law of h + ¢ under P

With Proposition in hands, let us now identify the conditional law of h + ¢ given (][0, ])
under I@’, for ¢ > 0. In this section, we keep the same notations as those adopted in Sectionfor
the slit domains (D¢);>0, their boundary arcs (0D; );>0 and (9D; )i>o and the functions (¢;):>o
and (¢}")¢>0-

Proposition 4.2.4. With the same assumptions as in Theorem let t > 0. Then, under
P, conditionally on v([0,t]), h+ & = ht + ¢ where hy + ¢+ has the law of a massive GFF in Dy
with mass m and with boundary conditions X on D} and —\ on dD; . In other words, under P,
the conditional law of h + ¢ given v([0,t]) is that of hi* + ¢ where hi* has the law of a massive
GFF in D, with mass m and with Dirichlet boundary conditions and ¢} is the massive harmonic

function in Dy with boundary values X\ on D} and —\ on OD; .

Proof. This is left to the reader, since, using Proposition [£:2.T] the proof is identical to but simpler
than the proof of Proposition 4.3.6 O

Let us now establish the conditional law of h 4 ¢ under P conditionally on ([0, 0)). Below,
the domains D; and the functions ¢; for j = 1,2 are as described in Section {.1.3]

Proposition 4.2.5. With the same assumptions as in Theorem under P, conditionally on
7([0,00)), h + ¢ = h1 + ¢1 + ho + @2 where for j = 1,2, h; + ¢; has the law of a massive GFF
in D; with mass m and boundary conditions ¢;. Moreover, under B, conditionally on ([0, 0)),
h1 + ¢1 and ha + @2 are independent.

Proof. This is left to the reader, since, using Proposition |4.2.3] the proof is identical to but simpler
than the proof of Proposition O

The marginal law of v under P

To conclude the proof of Theorem we must identify the marginal of v under P.

Proposition 4.2.6. With the same assumptions as in Theorem under P, the marginal law
of v is that of massive SLE,; with mass m in D from a to b.

The proof of Proposition relies on the martingale characterization of massive SLE, es-
tablished in Section [3:4] in Chapter [3] We recall it just below in a slightly weaker version than in
Chapter [3] in the sense that the statement actually holds if the curve is only non-self-touching,
and not necessarily simple. However, since this stronger assumption is satisfied here (by absolute
continuity of P with respect to P), this does not really matter.
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Proposition 4.2.7. Let D C C be an open, bounded and simply connected domain and let a,b €
OD. Let v :[0,00) = D be a random simple curve from a to b which does not hit 0D except at
its endpoints and denote by (Fy): the filtration generated by . Let m : D — Ry be a bounded
and continuous function. For z € D, define the stopping time T, for (Fi): by 7, := inf{t >
0:z¢€~([0,t])}. Fort >0, denote also by H™ the unique massive harmonic function in Dy =
D\~([0,t]) with boundary conditions 1/2 on D} and —1/2 on OD; . Assume that, for any z € D,
(H'(2),0 <t < 1,) is a martingale with respect to the filtration (F;)¢. Then, when appropriately
time-parametrized, vy has the law of a massive SLE, curve in D from a to b with mass m.

Proof of Proposition[{.2.6. To show Proposition we wish to use the martingale characteriza-
tion of massive SLE,4 given by Proposition Observe first that since P is absolutely continuous
with respect to P, under P, the marginal law of y is such that  is almost surely a simple and contin-
uous curve that almost surely does not touch dD except at its endpoints. Thus, the marginal law
of 7 under P is such that ~ is a random curve satisfying the first part of the assumptions of Propo-
sition To apply this proposition, it remains show that for any z € D, (H{"(2),0 <t < 7,)
is a martingale under P, where H;" is defined as in Proposition This will be established by
using the coupling given by Proposition [.2:4]

For z € D and € > 0, set T,(z) := inf{t > 0 : dist(z,7([0,¢])) < €}. Tc(2) is a stopping time
for the filtration generated by . We denote by p7’, the massive harmonic measure with mass m
of OB(z,€) seen from z. That is, for any & C dB(z,€),

/5 P (dw) = B Lpesr, T, o)

where under E{™, B has the law of a massive (killed) Brownian motion with mass (killing rate)
m started at z, 7* denotes its killing time and 7. its first hitting time of dB(z,€). Moreover, by
definition, if a function f : D — R is a bounded massive harmonic function in D, then for any
e >0 and any z € D such that dist(z,0D) > ¢, [ f(w)pl'.(dw) = f(z). Going back to the setting
of Proposition observe that, almost surely, for any ¢ > 0 and any z € Dy,

H'(2) = 5500 ().

Indeed, the functions on each side of the equality are massive harmonic in D; with the same
boundary values and therefore, they are equal. Now, let z € D and € > 0. To show that (H/"*(z),0 <
t < 7.) is a martingale under P, we are going to look at the “massive circle average” of the massive
GFF h + ¢. This will allow us to express H;"(z) as an observable of the field h + ¢ conditioned
on ([0, ¢]) under P. This massive circle average is defined in a similar way as the circle average of
the GFF (see Section : this is the random variable (h + ¢, p7".). Even though p7’. is not a
smooth function, this is a well-defined random variable for the same reasons as in the case of the
circle average of the GFF.
We can then deduce from the above discussion and Proposition that, almost surely,

E[(h+ ¢, pZ )Y (0, )Lt (2) = E[(hs + 64, p2) IV ([0, ) L, (1)
= (¢?ap2fe)lt<Te(z) = ¢:n(z)]1t<Te(z)~
The second equality follows from Proposition which shows that under P, conditionally on
~v([0,t]), h + ¢ = h{* + ¢7* where h]" has the law of a massive GFF in D, with mass m and

Dirichlet boundary conditions. The third equality uses the massive harmonicity of ¢;*. This
implies that, almost surely,

m 1 - m
H™"(2)lgper 2y = ﬁlE[(h + ¢, p2' )V ([0, ) Igeer. (2}
Taking € — 0, it follows that (H{"(2),0 <t < 7.) is a martingale with respect to (F;); under P,
where (F); is the filtration generated by . By Proposition this shows that under P, the

marginal law of v is that of a massive SLE,4 with mass m in D from a to b. O

We can now conclude the proof of Theorem [1.2.1
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Proof of Theorem [1.2.1]. P is a well-defined probability measure which is absolutely continuous
with respect to P. Item (1) follows by definition of P while Proposition shows Item (2).
Proposition establishes the correct conditional law of h + ¢ given ([0,¢]), for ¢t € (0,00)
under P. Finally, Proposition shows the part of the statement about the conditional law of
h + ¢ given ([0, 00)) under P. O

4.2.2 Some properties of massive SLE,

We now use Theorem to show two properties of massive SLE,, stated in Corollary and
Lemma [4.2.8

Proof of Corollary[1.2.3 By definition of P, we have that, for ¢t > 0,

dP

Z
FTAL =

Bt 6,7) S| ow (=5 [ ) (402 1 as 0.1 = 2

o(v(s),s<t)

where Z is as in the statement of Theorem In other words, for any random variable Y which
is o(y(s), s < t)-measurable, E[Y] = E[Z;/Z]. Since under P, the marginal law of  is that of SLE,4
in D from a to b while, by Theorem ﬂ under ]13’, the marginal law of « is that of massive SLE,
in D from a to b with mass m, this implies that, almost surely,

D,a,b
LA _Z .
D,a,b . .
APSR " oy 0sty 2

Proposition [£.2.1] applied with f = 0 and Lemma used in the domain D; yield that, almost
surely,

m2(2) ¢y (2) " (2)dz + / m*(z) ,  CR(z,0D) dZ)

1
Z = -
t exP( 2 b, 4m S CR(z,0D;)

Dy

1 2
exp <2ut(e<£’m '+ (6,m?) — 1))-

The statement of the corollary then follows from this equality and (4.23]). O

Lemma 4.2.8. Under the same assumptions as in Theorem on D and m, let ¢ : D — D
be a conformal map. If a curve v has the law of massive SLEy in D from a to b with mass m,
then ¢(vy) has the law of massive SLE, in D from p(a) to ¢(b) with mass m given by, for w € D,

m?(w) = (¢~ 1) (w)[Pm? (¢~ (w)).
]P)(D,a,b)

Proof. This follows from the conformal invariance of Py ™ and the conformal covariance of each
. . . . . (D,a,b) /m(D,a,b) .
term appearing in the Radon-Nikodym derivative P} o} o / Psr g, given by Corollary O

4.3 Massive CLE, via change of measure

In this section, we prove Theorem and its corollaries, Corollary and Corollary
Theorem is established in Section There, we first identify the conditional law under P

of the random variables (§;); given I'. Then, we turn to the identification of the conditional law
under P of the fields (hj+&;); given I'. We will explain how to use these results to prove Theorem
In the proof, we will assume that the domain D is bounded and that the mass m : D — R
is a bounded and continuous function. Conformal covariance then enables us to extend the results
to pairs (D, m) satisfying the more general assumptions of Theorem m Finally, in Section m

we establish Corollary and Corollary

4.3.1 Level lines of the massive GFF

Let us first observe that the change of measure of Theorem is well-defined. Indeed,
this is just the change of measure , which extends to a change of measure on (h,T") since T is
measurable with respect to A under Pgpr. This implies in particular that the marginal law of h
under P is that of a massive GFF in D with mass m and Dirichlet boundary conditions.
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The next step to prove Theorem is to understand how the field i behaves under P when
conditioning on I'. By definition of P via the change of measure (L.4), the conditional law of h
under P given T is such that, for F' : S'(R?) — R a bounded and continuous function, almost

e E[F(h)|T] = L g F(hyexp | — = [ m? cdz ||T (4.24)
Z(I) /

where we have set
Z() = ]E[exp ( - - / m? dz> |F} (4.25)

Note that the random partition function Z(T") is almost surely strictly positive: this again follows
from the fact that if X is an almost surely strictly positive random variable and F is a o-algebra,
then E[X|F] is almost surely strictly positive. This implies that the right-hand side of is
well-defined.

Since under P, conditionally on I', h = 37, h; + &; where (h;); and (§;); are as described
in Section u the random partition functlon Z(F), or more generally weighted conditional
expectations of the form

E | exp(i(h, f)) exp ( %/Dm2(z) ch3(2) : dz>|1“] (4.26)

where f: D — R is a bounded and continuous function, should have an expression in terms of the
fields (h;); and the labels (£;);. As a first step toward the identification of the conditional law of
h given T under P, let us establish such an expression.

The weighted conditional expectation

Observe that by absolute continuity of P with respect to P, under P, the marginal law of T is such
that I' is almost surely a countable collection of planar simple loops which do not touch each other
or 0D. Indeed, under P, the marginal law of I" is that of a CLE4 in D, so that these properties
are satisfied by I under P.

With these preliminary remarks made, let us now show how to express the weighted conditional
expectations of the form in terms of the fields (h;); and the labels (¢;);.

Proposition 4.3.1. Under the same assumptions as in Theorem and with the same nota-
tions, let f: D — R be a bounded and continuous function. Then, almost surely,

ot hoso -} [ mi(a )]

=TTt +6 e ( - % Jo ) 46 i:)ir|

m2(z) . CR(z,0D) )
X ex lo dz
P (/Int@,) in ®CR(z, L)

where the product runs over the loops (Lj;); of I' and CR(z,0D), respectively CR(z,L;), denotes
the conformal radius of z in D, respectwely in Int(L;). Above, (h;); and (§;); are as described
in Section |4.1.5 and the random variables (flnt(Lj) m2(z) : (hj +&)%(2) : dz); are as defined via

[EH).

Proof. Let f: D — R be a bounded and continuous function. By Lemma and since almost
surely |exp(i(h, f))] < 1, we have that

exp(in N)exo (= 5 [ m(e):n(ep? s a:)
—tigexp(ith, ) exp ( — 5 [ w0122 ~ Eln(e)2) e

where the limit is in L' (P). This yields that, almost surely,

E{exp(i(h, f)) exp ( %/sz(z) ch(2)?: dz> F]

— l%E[exp(i(h, ) exp ( - %/D m?(2) (he(2)? — E[he(Z)Q])dZ> IF]
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where again the limit is in L'(P). Using the fact that, as explained in Section [4.1.3] under P,
conditionally on I', h =37, hj +§&; with (h;); and (§;); as described there, we obtain that, almost
surely,

et s -} [ mi(er 0]

- lijr%)E[eXp(i(Z hj+¢&, 1))

J

exp ( _ %/ ((Z hy(2) + &5 (2 ))2 - ZE[hj7€(z)2|F]>dz> |r} (4.27)

X exp (; [ ) (E[h&z)?] - ZE[hj,e<z>2r1jdz),

where the limit is in L'(P). Above, for € > 0, z € D and any j, we have set

§ie(2) = i (Ime(ry), p2) = %E(@B(z’,e) N Int(Lj)) (4.28)

where £ denotes the length with respect to the arc-length measure. As before, for any j, h; ()
stands for the random variable (h;, p?). Now, for € > 0, let us define

e (S S
soimy [ mi) (ElhaGey - ZE[hj,e<z>2|rJ>dz

J

To prove Proposition [4.3.1] we must control the limit of I. and J, as € tends to 0. We claim the
following. Below, we denote by Pr the (random) conditional law induced by Er|[-] := E[-|T].

Claim 4.3.2. For P-almost every T,

where the limit is in L?(Pr).

Claim 4.3.3. Almost surely,

m?2(z) . CR(z,0D)
lim J, = / log ’ dz
€0 ; Int(L;) 4m CR(Za LJ)

where the sum on the right-hand side is almost surely finite.

We postpone the proof of these claims to the end and show how to prove Proposition [1.3.]]
based on them. On the one hand, we know that ece’s converges to exp(—3 [, m*(2) : h(z)? : dz)
in P-probabilty as € tends to 0. On the other hand, for any fixed § > 0 and for P-almost every T,
Pr(lefs — efo] > §) converges to 0 as € tends to 0, where Iy denotes the limiting random variable
in Claim By dominated convergence, this implies that ec converges to e0 in P-probability
as € tends to 0. Together with Claim m this in turn yields that e’<e’c converges to efoe’o in P-
probability as € tends to 0, where Jj is the limiting random variable in Claim [4.3.3] Combining this
with our first observation, we obtain that, P-almost surely, exp (=% [, m?(z) : h(z)? : dz) = eloe’o.
Proposition then follows from this and the independence of (h;); and (§;); under Pr. O

It now remains to prove Claim and Claim
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Proof of Claim[{.3.2 We first observe that, almost surely,

I = —;( /D mz(Z)Z(lw,e(«Z)2 — Elhj(2)*|0))dz + 2 /D mQ(Z)Zhj,e(Z)é‘j,e(Z)dz
/m Zgje dz+2/ m? Zhje > (s

k:k#j
+2/m Zhﬂ > Gz dz+/m )> 0 D Gel@)nelz )
k:k#j J kk#j

Conditionally on T', the first term should give rise to a collection of Wick squares of the GFF's
(hj); in the interiors of the loops (Lj) ; while the second term should yield a collection of GFFs
tested against the function z — m?(z )fj inside each loop. The third term should in turn give rise
to a collection of random variables (&2 : (m? ]Ilnt( L,)))j, one for each loop. Moreover, intuitively, the
three last terms should all converge to 0 since in the limit as € tends to 0, we should obtain random
functions/distributions supported on the interior of different loops. Making these rigorous is the
content of the following claim.

Claim 4.3.4. For P-almost every T,

lim m Z hje( rlhj.e(2)?])dz = Z( h? ;,m?) (4.29)

e—0 -
J
lim | m? Z hje(2)&).e(2)dz = Zgj(hj, m?) (4.30)
J
lim m Z hje( Z Ere(2)dz=0 (4.31)
e—0 hiht
lim Zhﬂ 2) Y hre(2)dz =0 (4.32)
e—0 hoht
21_1% m? ij (2)%dz = 252 /Im m?(z)dz (4.33)

lim m Z &l Z €re(2)dz=0 (4.34)

e—0
k:k#j

where the limits are in L*(Pr).

Claim straightforwardly follows from this claim (recall the notation (4.5))). O

Proof of Claim[{.5] Let us start with (4.29). Let € > 0. Using that I" almost surely has Lebesgue
measure 0 and the inequality (a + b)? < 2a® + 2b2, we observe that, almost surely,

/D ) (Rl Bl 1)
L s s g

J
+ 2Er |:<
k k#J(Z)

( + 2E2 e( ) (435)

S o)~ Erlin 20z ) }

where for z € D, j(z) denotes the index of the loop of I' surrounding z, which exists for almost
every z. Let us show that the conditional expectations E; .(I") and Es ((I') almost surely converge
to 0 as € tends to 0. For E; ((I"), we have that, almost surely,

o) = e[ [ @0~ Bl )iz ) | o
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since the cross-terms vanish due to the conditional independence of the fields (h;);. Now, observe
that, almost surely, for any j,

2
lim Er [(/ mQ(z)(hj7e(z)2 - Er[h]‘75(2’)2})d2’ —(: h]2» :,m2)> } =0.
€0 Int(L;)

This follows from the fact that, under Pr, h; is a GFF with Dirichlet boundary conditions in Int(L;)
and Lemma So, by the dominated convergence theorem, to prove that E; .(I") almost surely
converges to 0 as e — 0, it suffices to show that a uniform bound in € on the conditional expectations
in which is summable. Using Lemmal[6.1.3)for the fields (h;); under Pr, we have that almost
surely, for any j,

o K/<> m?(2) (hje(2)* = Erlhye(2)*])dz = (- ] m’”

< 2/ m?(2)m*(w) Gy (2, w)dzdw + 4/ m?(2)m?(w)G(z, w)*dzdw
Int(Lj)XInt(Lj) Int(L]-)XInt(Lj)

where G . denotes the covariance of the field h?)e — Er[hj(-)%] under Pr and G; is the Green
function in Int(L;). One can easily check that, almost surely, for any z,w € D, C;’jye(z,w) =
2E[h; . (2)hj(w)]?. This implies that, almost surely, for any z,w € D, Gj.(z,w) < 2G;(z,w)* +

O(1) < 2Gp(z,w)? + O(1), where the implied constant is deterministic and independent of j. We
deduce from this that, almost surely,

;Ep{</lnt(Lj)m (2) (hj.e(2)? = Erlhje(2)?])dz — (: b3 ©;m )) }
<8 / m?(z2)m?(w)(2Gp(z,w)% + O(1))dzdw. (4.37)
DxD

The final inequality follows from the fact that G;(z,w) = 0 if j(z) # j(w) and Gp(z,w)* >
Gj(z,w)?if j(z) = j(w). We also used the fact that, almost surely, > Area(Int(L;))? < Area(D)?.
As explained above, this shows that E; .(I") almost surely converges to 0 as ¢ tends to 0. Let us
now show that Es .(I') also almost surely converges to 0. For ¢ > 0, define the set

Ge :={z € D : dist(z,L(z)) < €} (4.38)

where for z € D, L(z) denotes the loop of T surrounding z, which almost surely exists. Note that
by [SSW09; NW09a], Area(G.) = O(e5 ). We then have that, almost surely,

Epo(T) = Br [( / ()

Indeed, for z € D\ G, the integrand inside the conditional expectation is almost surely equal to
0 as the fields (h)x-j(-) are almost surely equal to 0 in Int(L(z)). Note also that the set of points
not surrounded by any loop of I almost surely has Lebesgue measure 0, so we can ignore it when
integrating. Pursuing our computations, we then have that, almost surely,

S o)~ Erlin 20z ) } .

k:k#5(z)

By () = / m?(z)m?(w) Z Er [(hk,e(z)2 = Er[hk,e(2)*]) (hp,e(w)? — Er [hp,E(w)Q])]dZdw7
GexGe k:k;éj((z))
pp#j(w

where we apply Fubini theorem term by term. In the sum above, by conditional independence of
hi, and h, given I', only the terms k& = p contribute. Since conditionally on I', for each k, hy is a
GFF with Dirichlet boundary conditions in Int(Ly), this yields that, almost surely,

E, ()= / m?(z)m?(w) Z Gr.e(z,w)dzdw
GexGe kiki (2) kA (w)
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where, as before, for each k, Gk,e denotes the covariance function of the field hi6 — Er[he.(-)%]
under Pr. For the same reasons as those in the first part of the proof, we get that, almost surely,

E, (T') < /G . m?(2)m?(w)(2Gp(z,w)* + O(1))dzdw.

Since the function z,w — Gp(z,w)? is integrable in D x D and Area(G.) almost surely converges
to 0 as € tends to 0, the right-hand side of the above inequality almost surely converges to 0 as ¢
tends to 0. Going back to (4.35) and combining this with the first part of the proof, we deduce

the equality (4.29)).

We now prove (4.30)). Let € > 0. Since I' almost surely has Lebesgue measure 0, we then have
that, almost surely,

Er [( JRGE I e e m2>)2]

(5, romisn- Sow)]
+2EF{<Z /Int(Lj)m2(z) 3 hkﬁ(z)ﬁk&(z)dz)T (4.39)

k:k#j
=: F) (T) + Ey () (4.40)

Let us now show that ELG(I’) and EQ,E(F) almost surely converges to 0 as € — 0. For ELS(I’), by
conditional independence of (h;); and (§;); given I', we have that, almost surely,

B0 = Y /() W 6 (21621 — ) } . (1.41)

Observe that for any j, almost surely,

2
lim Er K/ m2(z)hj1€(z)§j1€(z)dz —&;(hy, m2)> ] =0.
€0 Int(L;)

This follows from the fact that under P, conditionally on I', h; is a GFF with Dirichlet boundary
conditions in the interior Int(L;) of the loop L;. Therefore, by the dominated convergence theorem,
to prove that El,e(F) almost surely converges to 0 as € — 0, it suffices to show that a uniform
bound in € on the conditional expectations in which is summable. To this end, observe that,
almost surely,

e ( /M(Lj) () ()6 ()i — & (I, m2>ﬂ

< 8)\2/ m?(2)m*(w)Gj (2, w)dzdw + 8)\2/ m?(2)m*(w)G, (2, w)dzdw (4.42)
Int(L;) Int(L;)

where G . denotes the covariance of the field h; . when conditioning on I' (recall that under P,
conditionally on T', h; is a GFF in Int(L;) with Dirichlet boundary conditions) and G is the Green
function in Int(L; ) To obtain this inequality, we also used the fact that under P, almost surely,
for any j, §2 = 4)\2, which implies that for any z € D, almost surely, §2 (2) < 4)\2. Moreover,
almost surely7 for any z,w € D, we have that G, (z, w) < Gj(z,w) + O( ) < Gp(z,w) + O(1),
where the implied constant is determmlbtlc and independent of j. This yields that, almost surely,

ZEF [(/Int(Lj) m?(2)hje(2)€,e(2)dz — & (hy, mz))T

<1622 /D  mH@m(w)(Gplzw) + O(1)dzdu,
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since, almost surely, G;(z,w) = 0 if j(z) # j(w) and Gp(z,w) > G;(z,w) if j(z) = j(w). This
establishes the convergence to 0 as € — 0 of Eq ((I'). Let us now turn to Ep (I'). With G as in

(4.38)), observe that, almost surely,
2
b1z ) |

s [

The last equality follows from the fact that if = € D\G, then almost surely o1, ;) M. (2)€.e(2)
0. This is because h; is almost surely 0 outside of Int(L;) and &;.(z) is almost surely 0 if
dist(z,Int(L;)) > €. Using the conditional independence of (h;); and (&;); together with the
fact that conditionally on I', these random variables are centered it then follows that, almost
surely,

VE zglnt(L )

EQ,E(T)Z/GX(; m*(z)m*(w) Y Erlhye(2)he(w)Er[Ec(2)€),c(w)]dzdw.

JizawgInt(Ly)

Notice that almost surely, for any z,w € D, Er[{; ()& (w)] < 4\2. This implies that, almost
surely,

B, () < 4X\*m / Er[hj.(2)hj.(w)]dzdw. (4.43)
GexGe jiz wQInt(L )

Moreover, almost surely, for any z,w € D,

Y Erlhje(2)hye(w)] < Elhe(2)he(w)] < O(=loge), (4.44)

Jiz,wéInt(L;)

where the right- most inequality follows from Cauchy-Schwarz inequality and the estimate (6.1).
The inequality (4.44 apphed to the right-hand side of - 4.43)) yields that, almost surely, E, ()<
O(—log e)Area(G )2 O(—€3~ log€), which completes the proof of the equality ([A30).

We now show (4.31)). Let € > 0. For G. defined as in (4.38)), notice that conditionally on T, if
z € D\ Ge, then, almost surely, 3., hj e(2)8k,e(2) = 0. Indeed, since we are summing over indices
j # k, conditionally on T, for z € D\ GE, if z € Int(Ly), then 37, 4, &ke(2) and 3op ;5 b e(2)
are almost surely equal to 0. Therefore, it follows that, almost surely,

E[(/m )2 itz z>]<c/m D Erlhje(2)h.c(w) ErlE.c(2)6k.e (w)]dzdw

J#k J#k
(4.45)

where C' > 0 is a (non-random) constant depending only on 722 and where we used the fact that the
fields (h;); and the labels (§;); are conditionally independent given I' and that all these random
variables have mean 0 conditionally on I'. Observe that, for the same reasons as in , for
any z,w € Ge, almost surely, >, Er[hje(2)hj.(w)] < E[he(2)he(w)] = O(—loge) with constant
independent of z and w. Moreover, we have that, almost surely,

Er[€k,e(2)Er,e(w)] = ANEr|(Tine(z4)» £2) Tint(np)s PL)]
4)2

= Wﬁ(aB(z, €) NInt(Ly))L(OB(w,e) NInt(Lg)), (4.46)

where as in , L denote the arc-length measure. Observe also that almost surely, for any k and
any w, (1/2me) Length(0B(w, ) NInt(Ly)) < 1. Moreover, it is easy to see that, since the loops of
I are almost surely disjoint, we have that, almost surely, == >, £(0B(z,€) NInt(L;)) < 1. From
and these facts, we therefore obtain that, almost surely,

2
S Bl (2)6.c(w)] = 1oy 3 £OB(z, ) (1 Int(L) £OB(w, ) N Tnk(L))
k k

4)\2

- 27re

Zc (0B(z,€) NInt(Ly,)) < 422
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In view of (4.45)), this yields that, almost surely,

E [(/DmQ(z)Zhj7e(z)§k7e(z)dz)2] < O(—€i" loge),

ik
which shows the equality .
We now turn to . Let € > 0. With G, as in , observe that if z € D \ G, then
> e(2) Doh ke hke(2) = 0 almost surely. This is because for any j, the field h; is 0 outside
Int(L ). Therefore, almost surely,

UREE)SED IETS 2]

kikj
- /G . m?(2)m® (w)Er K Ej: hj.e(2) k%J hk,e(z)) ( ZJ: hj.e(w) k%;j hk,e(w)ﬂ dzdw. (4.47)

Observe that since the fields (h;); are centered and conditionally independent given I', almost
surely,

| (Z150) 3 1)) (S tgelw) 3 o))

k:k#j k:k#j
=D Erfhjc(2)hj e (w)]Er [ (2) by, e (w)].
7k
Under Pr, for each j, h; is a GFF in Int(L,) with Dirichlet boundary conditions and therefore, for

the same reasons as in (4.44), we have that, almost surely, for any j, ;. Er [y, (2) g, (w)] <
Elhe(2)he(w)] < O(—loge). This yields that, almost surely,

| ([ 26 i) X e } < O(log(e)?) Area(G)? = O(—~ (loge)?). (4.43)

k:k#j

By the inequality (4.48)), this completes the proof of the equality (4.32]).
We now prove (4.33)). Observe first that since D \ I almost surely has Lebesgue measure 0, we
have that, almost surely

we[( [t BT [ )]

Int(L

e | ([ w2 s - /D”zmg(z)dzﬂ’

where we have also used the fact that under Pr, for any j, 532- = 4)\2. Moreover, under Pr,
for z € D\ G, where G, is defined as in ({£.38), &;(2)> = 0 unless L; = L(z), in which case
&j(2)? = 4)%. Here, as in the proof of Claim for z € D, we have denoted by L(z) the loop
of " that surrounds z. Together Fubini-Tonelli theorem, Holder’s inequality and the boundedness
of m, this implies that, almost surely,

| (e Seere-Sa [ ey |
< m*Area(D)Er { / 2(2&,6(2)2)2 + 32%464
= m*Area(D / 2EFKZ§” ) ] + 32X\%dz. (4.49)

Notice that almost surely, for any 2z € D, & (2) = &(lme(z,), p2) = EE((’?B(z €) N Int(L;)),
where as in , L denotes the length Wlth respect to the arc-length measure Moreover, as the
loops are almost surely disjoint, we have that, almost surely, for any z € D,

Zc dB(z,¢) NInt(L;)) < 1. (4.50)

2me
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2
This inequality implies that, almost surely, for any z € G, Er KZ] §j76(z)2) ] < 16M*. Using
this in (4.49) yields that, almost surely,

Er [(/D m?(z) Zj:fj,e(z)2dz - zjzﬁf /Im(Lj) m2(z)dz) T < CArea(G.) = O(e™)

where C' > 0 is a deterministic constant depending only on D, 2 and A\2. This inequality implies
(4.33)).

Let us now prove (4.34)). Let € > 0. Observe that, under Pr, for j # k and z € D \ G, where
G is defined as in (4.38)), & c(2)&k,e(2) = 0. This implies that, almost surely,

#[([ oS o) ] -u[( [ woTo0 T o) ]

k:k#j k:k#j

Using Holder inequality, the boundedness of m and Fubini-Tonelli theorem, we then obtain that,
almost surely,

([0 Lo S o) Jemiamin) [ e (S0 2 6.0) Jo
(4.51)

Next, observe that, by the inequality (4.50) in the proof of Claim almost surely, for any
z € Ge,

EF{<;gj,e(z)gk,g(z))1 gEF[(meiﬁ(aB@,e)mnt(Lj))ﬂ < (4X%)2

Using this in (4.51]) yields that, almost surely,
2
Er [(/ m2(z)Z£j)e(z) Z fjﬁe(z)dz) ] < 16\*m*Area(D)Area(G,) = O(e37),
D , —
J k:k#j
which establishes the equality (4.34)). O
Let us now establish Claim [4.3.3]

Proof of Claim[{.3.3 Let e > 0. We first observe that if z € D is such that dist(z, L(z)) > € where
as in the proof of Claim L(z) denotes the loop of I surrounding z, then, almost surely,

= 3 Erlhe )] = Bz = el o)) = 5= g g o

where hj.) denotes the field in the loop L(z). This equality follows from the fact that under
P, conditionally on I', for any j # j(2), hj(2) = 0 almost surely since for j # j(z), h; is
almost surely equal to 0 in Int(L(z)). For € > 0, define the set G as in (£.38). Since the set
{z € D : z is not surrounded by a loop of I'} almost surely has Lebesgue measure 0, we then have
that, almost surely,

/D m?2(2) (Efhe(2)2] ZE[hj)e(zF I))dz

m?(z) CR 2 2
- /D\G 5 log CR d +/ m?(2)(Elh(2)?] — Z]EF[/%(Z) ))dz. (4.52)
€ J
The second term in this sum almost surely converges to 0 as € tends to 0. Indeed, almost surely,

OS/GEmQ(z) Z]Ep ic(2)?])dz < m? / (4.53)
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Above, the inequality on the left-hand side simply follows from the fact that, almost surely, for
any z € D, E[h.(2)?] — > i Erfhje(2 )?] > 0. Moreover, the estimate (6.1]) shows that there exists

C > 0 such that, for any 2z € D, E[h.(2)?] < Clog(¢~!). Using this and the boundedness of m in
(4.53)) yields that, almost surely,

0< / m?(z)(E Z]Ep je(2)7])dz < O(—loge)Area(Ge) = O(—eé_ loge),
G

This shows that the second term in the sum (4.52)) indeed almost surely converges to 0. For the
first term in the sum (4.52)), by the monotone convergence theorem, almost surely,

) m?2(z) CR(z,0D) , [ m?(2) CR(z,90D)
M e, 2 BCR(LE) T T Sy 2 BCR( L)

The random variable on the right-hand side is almost surely finite. Indeed, by [ASW19, Proposi-
tion 20], for each z € D, log CR(z,0D) —log CR(z, L(z)) has the law of 7_r ~, the first hitting time
of {—m, 7} by a standard one-dimensional Brownian motion started at 0. Moreover, for any z € D,
log CR(z,0D) — log CR(z, L(2)) is almost surely non-negative. Therefore, denoting by T_r . the
expectation of 7_ » and using Fubini-Tonelli theorem, we have that

m?(z) . CR(z,0D) m2(2)
< E 1 I _ T_ .
0= |: D 2m 8 CR(Z,L(Z)) Z:| I o Tr,‘n-dZ < o0
This implies that, almost surely,
2
m (Z)l CR(z,0D) b = o

b 27 °CR(zL(2))

Since D \ T" almost surely has Lebesgue measure 0 and since the loops of I" are almost surely
disjoint, the above integral over D can be written as a sum of integrals over the interiors of the
loops of T'. This yields that, almost surely,

m?2(z) CR(z, aD m2(z) . CR(z,0D)
log ’ dz.
b 2r P CR(z Z/Int@ T2r B ORGL,)

Going back to (4.52), this completes the proof of the claim. O

The conditional law of (¢;); under P

Let us now show that under P, conditionally on I', the random variables (§;); are independent and
Rademacher distributed on {—2X\,2A}.

Proposition 4.3.5. With the same assumptions as in Theorem under If”z conditionally on
T, the random wvariables (€;); are independent and almost surely, for any j, P(§; = —2A|I') =

B(g; = 2AI1) =

Proof. Observe that under P, almost surely, for any j, §; takes values in {—2A,2A}. Since P is
absolutely continuous with respect to P, this also holds under P. To identify the law of (£;); given
T" under P, it thus suffices to show that for any a € R, almost surely,

E[¢"® |T] = E[e~"* [T]. (4.54)

Indeed, it follows from this equality and the fact that almost surely &; € {—2A, 2A} that, almost
surely, I@’(gj = =2\l = I@’(gj =2\l = % Thus, let @ € R. To establish 7 we are going to
make use of the symmetry properties of the Wick square and of the conditional laws of (h;); and
(&), conditionally on I" under P. We first observe that, almost surely,

Ele~"% |T] = Z(IF)IE[ ~ia85 exp (- f/ m?(z) : h*(2) : dz)F]
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where Z(I') is defined in (4.25)). Proposition applied with f = 0 shows that, almost surely,
m?2(z) . CR(z,8D)
=1|Z;,()exp (/ log } dz) (4.55)
1:[ ! Int(L;) am CR(Za LJ)

where the random variables (Z;(I")); are defined as

Z;([):=E {exp ( - % /Im(L_) m?(2) : (hj +&)%(2) : dz) |r} : (4.56)

On the other hand, one can argue as in the proof of Proposition to show that, almost surely,

IE[ ~i98) exp ( - f/ m? dz|F]
zlimE{ —iag exp(—/ m?(z) dz)|I‘}
e—0

- (; /Int(Lj) m47<TZ) o %R((ivi?)) dz) (1457)
X E{eiaﬁj exp (— ;/Int(Lj) m?(2) s (h+&)3(2) : dz) F] kgéj Z;(I)

This yields that, almost surely,

Rt |1 = Zjl(F)E[e-wﬁf exp( / m2(z) : (hy + )2 (2 ):dz)ﬂ. (4.58)

Since under P, conditionally on I', {; has the same law as —&;, we then obtain that, almost surely,

E[e~"% | = ztr) [ng exp(—/ m2(2) : (h; — &)(2 ):dz>|l“}

It is also easy to see that if h is a GFF with Dirichlet boundary conditions and ¢ € R, then

Jpm2(z) : (h—c)*(2) : dz faw fpm —h +¢)?(2) : dz. This simply follows from the fact that
—h has the same law as h and that we can write

/D m2(2) : (h —¢)?(2) : dz = lim [ m?(2)((he(2) — ¢)* — E[he(2)?])dz

e—0 Jp

= lim mQ(z)((—he(z) +¢)? — E[he(2)?))dz

e—0

/m (—h+)2(2) : d2

where the limit is in L?(P). Therefore, we have that, almost surely,

Zl(l“) [za&fexp(—/m h—|—§j)();dz)|rj|.

Moreover, under Iﬁ’, conditionally on I', h; has the same law as —h;. This implies that, almost
surely,

Ee=i8 T =

Efe~i9¢/|0] = zl(r) [5 exp(—/ m2(z) : (h; +&)%(z ):dz)ﬂ. (4.59)

On the other hand, the same arguments as those used to prove (4.58)) show that, almost surely,

Zl(r) [mg] eXp(_ */ m?(2) : (hj +&)*(2 ):dz)ll“} (4.60)

We can deduce from this equality and - ) that (| - ) holds, thus identifying the conditional law
of & given I under P. Let us now show that under P, the random variables (&;); are conditionally

E[ef%|T] =
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independent given I'. To this end, conditionally on I, let (a;); be a collection of real numbers, one
for each loop. We then have that, almost surely,

Hexp ia;&;) |F { Hexp wjfj exp (— f/ m? dz> F]

where Z(T ) is defined as in ([4.25). Argumg as in the proof of Proposition and using the
conditional independence of (fj) i given I' under P, we obtain that, almost surely,

- 1
Hexp ia;&)|0] = : { 1458 exp (— 3 /Im(Lj) m?(2) s (h+&)%(2) : dz) |F}

Together with (4.60]), this implies that, almost surely, I@[HJ exp(ia;&;)|T] = I1; INE[eXp(iajEjﬂF],
which shows that under P, the random variables (£;) are conditionally independent given . [J

The conditional law of h under P

Let us now show that under P, conditionally on I', the field A can be decomposed as claimed in
Theorem [[.2.3] We will then establish Theorem [.2.3

Proposition 4.3.6. With the same assumptions as in Theorem under P, conditionally on
I, h= Zj hj + &; where the sum runs over the loops (L;j); of I' and the fields (h; + &;); are
independent fields whose law is, for each j, that of a massive GFF with mass m and boundary
conditions &; in the interior of the loop L;.

Proof. To establish the conditional law of h given I' under P, we are going to compute its charac-
teristic function. To this end, let f be a smooth function with compact support in D. We have
that, almost surely,

E[exp( (h, N))IT] = Z()E[exp( (h, f)) exp < - 7/ m?(z) : h3(2) : dz>|F}, (4.61)

where Z(I') is defined in (4.25). By Proposition almost surely,

E[exp(i(h, ) exp ( - %/D m2(2) : B2(z) : dz) |r}

~ [T exstiths + & e - 3 [, e ) )| e

J
m?(z) . CR(z,0D) )
X ex lo ’ dz |.
P </Int(L]-) ar F CR(z, L;)

Using the product decomposition (4.55)), we deduce from this that, almost surely,
E[exp(i(h, f))[T]

1
:H 2
j

(1)

with (Z;); defined as in (4.56). Now, observe that by (4.9), conditionally on T, for any j,
Z;(N)texp(—3 flnt(Lj) m?(z) : (h; +&;)?(2) : dz) is almost surely equal to the Radon-Nikodym
derivative of the massive GFF with mass m and boundary conditions §] in Int(L;) with respect
to the GFF with boundary conditions §; in Int(L;). Going back to , this implies that under
P, conditionally on I', h = > hj + & where hj +&; is a massive GFF in Int(L;) with boundary
conditions ¢;.

Let us now establish the conditional independence of the fields (h; +¢;); given I" under P. To
this end, under P, conditionally on T, let (f;); be a collection of smooth functions such that for
each j, f; has compact support in Int( ;). We then have that, almost surely,

E[ [T exp(ith; +&. £;)IT]

B | (Tewptiths + &) o ( =3 [ w026 502 ir|

B exotith + & Dewo (=5 [ w0420 )i
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where Z(I') is as in (4.25)). Since, almost surely, | []; exp(i(h; +&;, f;))| < 1, for the same reasons
as those explained in the first part of the proof, we have that, almost surely,

]E[Hei(hj+5j7.fj)|1"] — H }Z]:EF)E |:ei(hj+fj7fj) exp <_ ;/It(L )m2(z) . (hj +£])2(Z) : d2>|P:| )

’ (4.63)

On the other hand, using once again the same reasoning as in the first part of the proof, it is easy
to see that almost surely, for any 7,

E[exp(i(hj +&;, f]))|r]

— | elithy + g e (- 3 JRGCHURE VL iz )ir]

which, by (4.63]), implies that under P, conditionally on T, the fields (h; +¢;); are independent. [J
We can now conclude the proof of Theorem [1.2.3

Proof of Theorem|[1.2.3, P defined via the Radon-Nikodym derivative is a well-defined prob-
ability measure which is absolutely continuous with respect to P. Moreover, by definition, the
marginal law under P of h is that of a massive GFF in D with mass m and Dirichlet boundary
conditions. Proposition and Proposition show the first three items of the statement of
Theorem [T.2.3} The last item follows from the fact that under P, conditionally on T', for each j, &;
is almost surely measurable with respect to h; + ;. Since P is absolutely continuous with respect
to PP, the same holds true under P. This gives the joint law of (h;j +&;,€;) under P conditionally
on I'. This also concludes the proof of Theorem [1.2.3 O

4.3.2 Some properties of massive CLE,

We show below two properties of massive CLEy4, stated in Corollaries and that can be
established thanks to Theorem [1.2.3

Proof of Corollary[1.2.6, The proof is very similar to that of Corollary using that under P,
conditionally on I, (h;); and (§;) are independent. We leave the details to the reader. O

Proof of Corollary[1.2.5 The proof of this corollary follows the same strategy as that of Lemma
{28 and we leave the details to the reader. O

4.4 Massive CLE,, the massive Brownian loop soup and the
massive GFF

In this section, we prove Theorem In Section [4.4.1} we first define the massive Brownian
loop soup and show that its law is absolutely continuous with respect to that of the Brownian loop
soup. Then, in Section we use this result together with Theorem to deduce Theorem
238

4.4.1 The massive Brownian loop soup

The massive Brownian loop soup is a massive version of the Brownian loop soup introduced by
Camia in |[Cam13; Cam17]|. To define it, one first defines a massive version u%n) of the Brownian

loop measure, called the massive Brownian loop measure, via the following change of measure:

(£)
1™ (de) = exp ( - / m2(£(t))dt> 1p(de).
0
Here, we assume that the domain D and the mass function m satify the assumptions of Theorem

and we recall that pp was defined in Section The measure ,u(Dm) is then a measure
on unrooted loops in D. The presence of a mass breaks the conformal invariance of the measure:
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Mgn) is conformally covariant, in the following sense. If f : D — € is a conformal map, then

ni” = foufy” where, for z € Q, m?(z) = |(f71)(2)Pm?(f 7 (2).

The massive Brownian loop soup in D with mass m and intensity a > 0 is then defined
analogously to the Brownian loop soup in D with intensity « (see Section : this is the Poisson
point process with intensity measure a,ugn). The massive Brownian loop soup is actually absolutely
continuous with respect to the Brownian loop soup and the corresponding Radon-Nikodym can be
explicitly computed, as shown below.

Lemma 4.4.1. Let D C C and m : D — Ry be as in Theorem [1.2.8 Let o > 0 and denote by

P, respectively Pgm), the law of the Brownian loop soup, respectively massive Brownian loop soup
with mass m, i D with intensity . Then

df];%j) (L) = %exp (_ /D m?(z) : L(2) : dz) (4.64)

where under Py, : L : is the renormalized occupation-time field of L (see Section .

Proof. The proof goes along the same lines as that of the “if” part of the main theorem of [Tak90].
For convenience of the reader, we give the details in Appendix O

4.4.2 Construction of massive CLE, via a massive Brownian loop soup

We now turn to the proof of Theorem This theorem is in fact a consequence of the following
result, which we show below.

Proposition 4.4.2. Let D ¢ C and m : D — Ry be as in Theorem [I.2.8 Denote by P the
law of the coupling (h,L,T) of Proposition between a GFF h in D with Dirichlet boundary
conditions, a Brownian loop soup L in D with intensity 1/2 and o CLE; T in D. Define a new
probability measure P via

%((h,z,r)) - %exp (- /DmQ(z) L L(2) dz> (4.65)

where, under P, [, m?(z) : L(z) : dz is the renormalized occupation-time field of L tested against

the function m? and Z is a normalization constant. Then, under P,

1. the marginal law of h is that of a massive GFF in D with mass m and Dirichlet boundary
conditions;

2. the marginal law of T is that of a massive CLEy in D with mass m;

3. the loops of T are the level lines of h as in Theorem [1.2.5;

4. the marginal law of L is that of a massive Brownian loop soup in D with mass m and intensity
1/2;

5. the loops of I' are almost surely equal to the outer boundaries of the outermost clusters of L.

Proof. As noted in the proof of Lemma the change of measure (4.65)) is well-defined. Items
(1),(2) and (3) are consequences of the definition of P and Theorem Indeed, under P,
3 [pm%(2) : h(2)? : dz = [, m*(z) : L(z) : dz and therefore, by Theorem [1.2.3] (h,T) has the
required joint law under P. Item (4) is in turn a direct consequence of Lemma Finally, Item
(5) follows by absolute continuity, since the equality holds almost surely under P. O
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Chapter 5

Interface scaling limit for the
critical planar Ising model
perturbed by a magnetic field

5.1 Setting and background

We detail here the assumptions under which Theorem Proposition and Proposition
1.3.4] are proved: the assumptions on (€s; as,bs)s and (£2;a,b) are made precise in Section
and the topologies in which weak convergence is established are described in Section Section
and Section provide some background on the Ising model.

5.1.1 Assumptions on the domain

We consider a bounded, open and simply connected subset 2 of the complex plane C such that
0 € Q. We fix two marked boundary points a,b € 92 and we assume that both a and b are
degenerate prime ends of 2, see [Pom92, Section 2.5] for a definition. These assumptions on 2 and
the boundary points a and b will in particular allow us to use [Kar23| Theorem 4.2].

Regarding the assumptions on the boundary 92 of €2, Theorem [I.3.1]and Proposition [1.3.3] will
be shown assuming that the Hausdorff dimension of 92 is strictly smaller that %. However, the
proof of Proposition[I.3.4 requires 0f2 to be more regular and we will actually take it to be smooth,
for reasons that we explain in the proof of Claim [5.3.3]

We assume that (2s)s is a sequence of graphs approximating 2 in a sense that we will now
explain. For each 6§ > 0, )5 is a simply connected subgraph of the square lattice §Z2, so that every
edge of s has length §. We denote by V(Qs) the set of vertices of Q5 and define the boundary
005 of Qs as

005 = {w € 6Z* \ V(Qs) : there exists v € V(Qs) such that v ~ w}

where v ~ w means that there is an edge of 6Z? connecting v and w. With this definition of 02,
it is legitimate to set Int(£2s) := V(£25). We also let E(£s) denote the set of edges of §Z2 with at
least one endpoint in Int(€y).

We associate to each {2s an open and simply connected polygonal domain Qs cC by taking
the union of all open squares with side length 0 centered at vertices in V(£2s5). We assume that
for any 6 > 0, 0 belongs to €5 and that there exists R > 0 such that for any & > 0, Qs C B(0, R)
and Q C B(0,R). These assumptions are necessary to apply [Kar23| Theorem 4.2]. The marked
boundary points a and b of 92 are then approximated by sequences (as)s and (bs)s where, for each
6 > 0, as and bs belong to ;.

The sequence (Qg;ag,bg)g is assumed to converge to (€2;a,b) in the Carathéodory topology.
That is,

e cach inner point z € Q belongs to (s for § small enough;
e for every boundary point ¢ € 9, there exists a sequence ((s)s such that (s — ¢ as 6 — 0,

where, for each § > 0, (s € 0.
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This can be rephrased in terms of conformal maps. Let ¢ : © — D be a conformal map such that
Y(a) = 1 and ¥(0) = 0. Similarly, for each § > 0, let ¥5 : Qs — D be a conformal map such
that ¢5(as) = 1 and 1s(0) = 0. Then, by [Pom92, Theorem 1.8], the Carathéodory convergence
of (Qg; as,bs)s to (s a,b) is equivalent to

s — 1 uniformly on compact subsets of 2 and

1/16_1 — ™1 uniformly on compact subsets of D.

Furthermore, we suppose that ag, respectively by, is a close approximation of a, respectively b, as
defined by Karrila in [Kar23| Section 4.3]. Let us recall what this means. To lighten the notations,
we identify the prime ends a5 and a with their corresponding radial limit points. For r > 0, let S,
be the arc of dB(a,r) N Q disconnecting in Q the prime end a from 0 and that is closest to a. In
other words, S, is the last arc from the (possibly countable) collection 0B(a,r) N of arcs that
a path running from 0 to a inside € must cross. Such an arc exists by [Kar23| Lemma A.1] and
approximation by radial limits. as is then said to be a close approximation of a if

e a5 —aasd— 0; and

e for each r small enough and for all sufficiently (depgnding on r) small §, the boundary point
ags of s is connected to the midpoint of S, inside {25 N B(a, ).

In what follows, we will need to split the boundary 925 of Qs into two set of vertices, depending
on their position with respect to as; and bs. We therefore denote by 0§15, respectively 8(2}', the
vertices of 025 that are traversed when following the vertices of 025 from ag to bs counterclockwise,
respectively clockwise.

5.1.2 The Ising model

For § > 0, let (Qs;as,b5) be as above. The Ising model on Qs is a probability measure on spin
configurations o : V(Qs) U 95 — {—1,1}1V(2)U9%I|  In our setting, since the boundary 99
of (s is non-empty, boundary conditions can be imposed to specify the measure. Two different
choices of boundary conditions will be of interest here. The first one is that of Dobrushin boundary
conditions: the spins of the vertices of 95 are all —1 while the spins of the vertices of 89; are all
+1. The probability of an Ising spin configuration ¢ in 25 with Dobrushin boundary conditions is
given by

1
]P’?sé,g( ) = ? exp (ﬁ Z amay> lm;zﬂ]lolmg:,l (5.1)
Ty
where 8 > 0 is a parameter called the inverse temperature. Above, the sum is over nearest neighbor
vertices x ~ y of §Z? such that at least one of them belong to V(Qs).

The other set of boundary conditions that we will consider is that of +1 boundary condi-
tions and —1 boundary conditions. The probability Pg& ﬂ(a), respectively Pgsﬁ(o), of an Ising
spin configuration o in Qs with +1, respectively —1, boundary conditions is given by replacing
= +1]L,. o =1 by HU‘BQ —11, respectively HU‘BQ —_1 in In the course of the proof of

|asz
Proposmon we will also use the Ising model with free boundary conditions: in this case, the
spins of the Vertlces on 025 is not prescribed.

The parameter 5 plays an important role in the macroscopic behavior of the Ising model on
Q5. Indeed, there exists a critical value 0 < . < oo at which the model undergoes a phase
transition. On the square lattice, it has been shown that 8, = £ log(v/2+ 1) [FV17]. Moreover, at
B = B¢, as § — 0, the Ising model on the square lattice exhibits conformal invariance properties
and this has been the topic of extensive research in the past twenty years, see [Chel8; Dum?22| for
a survey. Here, we will always take 8 = (. and we set ]I%é = ]P%&’ 5. and ]P’gs = ]P’gé’ 5. and call
the corresponding Ising model the critical Ising model.

In what follows, we will consider the critical Ising model perturbed by an external magnetic field.
For H : V(£25) — R a bounded function, when we impose Dobrushin boundary conditions, this is a
probability measure denoted IE%&’H on spin configurations o : V(€Q5) U0Qs — {—1, +1}V(2:)U0%]

that can be defined via its Radon-Nikodym derivative with respect to l}%é as follows:

dIP$67

d%:’ (0) = 5 exp ( > H az>

z€V (Qs)
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where Zp is a normalization constant. We can also impose +1 boundary conditions to the model,
in which case the corresponding probability measure ]P’gé’ p has Radon-Nikodym derivative with
respect to Péé given by

dIP’g; (0) = 2= exp< > HUI>

€V (Qs)

Below, we will typically choose functions H : V(€s5) — R which depend on the meshsize 6 > 0
of Q5. Moreover, if h : Q@ — R, we define the function hs : V(2s) — R as the restriction of h to
V(€Qs), that is, for x € V(Q5), hs(z) = h(x).

An important property of the Ising model at arbitrary inverse temperature 5 > 0 perturbed by
an external magnetic field H is the FKG property [FV17, Theorem 3.21]. We introduce the partial
order < on spin configurations defined by o < ¢’ if and only if o, < o/, for any z € V(Q25) U 09Qs.
A function f : {—1,1}V()Y92% 5 R is said to be increasing if f(0) < f(o’) whenever o < o'
Similarly, we say that an event E is increasing if the indicator function Ig is increasing.

Proposition 5.1.1 (FKG inequality). Let f, g be two increasing functions and H : V(2s5) — R.
Then, for any boundary conditions €, Eg&ﬁﬂ[fg] > E?zé,g,H[f]Efzaﬁ,H[gy

As a consequence of the FKG inequality, we have the following comparison between the Ising
model perturbed by a non-negative external field and the Ising model with no external field.

Lemma 5.1.2. Let f be an increasing function and let H : V(Qs) — Ry. Then, Eaéﬁ’H[f] >
]E;Z_J,ﬂ[f]'

Ising measures with different boundary conditions can also be compared with one another. The
following inequality will be useful, see [Dum13] Theorem 7.6] for a proof.

Proposition 5.1.3. Let f be an increasing function. Then, Egé B[f] > ]Egi? [f]-

The discrete interface of the Ising model

Under Pés and Péé) > in each spin configuration, there is an interface 75 separating +1 and —1
spins: this is a discrete path running from as to bs such that a vertex adjacent to it has spin +1
if it is on its left and —1 if it is on its right. Note that this interface is a priori not unique. In
what follows, we always choose the leftmost such interface but this choice is irrelevant: any other
reasonable way of prescribing how to turn when encountering a face surrounded by four alternating
spins would yield the same scaling limit as 6 — 0. As in [Che+14], for technical reasons, we draw
~s on the auxiliary square-octagon lattice, with octagons corresponding to vertices of {25. This for
example prevents s from having self-intersection points.

The Edwards-Sokal coupling

The Edwards-Sokal coupling provides a coupling between an edge configuration on the graph
Gs = (V(Qs), Es), sampled from the FK-Ising measure, and an Ising configuration on 25 (with no
external field). As this coupling will be a useful tool in what follows, we recall it below.

We call a function w : E(Qs) — {0,112 an edge configuration. We say that an edge e is
open in w if w(e) = 1. Otherwise, e is said to be closed. We identify w with the subgraph whose
vertex set is V(§25) and whose edge set is {e € E(Qs) : w(e) = 1}. A cluster of w is a connected
component of this subgraph. One can also impose boundary conditions on d€)s: this is a partition
¢ of 905 and two vertices are wired together if they are in the same element of the partition. When
& = free, no vertices of 0€)s are wired together and when & = wired, all boundary vertices are wired
together.

With these notations, the FK-Ising percolation measure with parameter p € [0, 1] is defined as
follows: for £ a set of boundary conditions and w an edge configuration,

PPRA(w) = 220 [ (1= p)i=)
e€EE(Qs)

where w¢ is the edge configuration obtained by identifying wired boundary vertices and k(w®)
the number of clusters of w®. Above, Z, is a normalization constant chosen such that ]P’(;FI;’§ is a
probability measure.
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The measure ]P’ ¢ satisfies an FKG property similar to that of the Ising model and we will use
it on several occasmns To compare edge configurations, we introduce a partial order < defined as
follows: for w,w’ two edge configurations, w < w’ if and only if w(e) < w'(e) for any e € E(Qs).
A function f : {0,1}F(2) — R is then said to be increasing if f(w) < f(w’) whenever w < w'.
Similarly, an event E is said to be increasing if the indicator function I is increasing. The FKG
property of the FK-Ising model is the following inequality [Dum13, Theorem 4.14].

Proposition 5.1.4. Fiz p € [0,1]. Let f and g be two increasing functions and let £ be a set of

boundary conditions. Then ]EFK L[fg] > ]EFK 5[j"]IE(;F,I;’g[g].

This proposition yields the following comparison between boundary conditions, see [Duml3|
Corollary 4.19] for a proof.

Proposition 5.1.5. Fiz p € [0,1]. Let &€ < 1 be two sets of boundary conditions and let f be an
increasing function. Then, Eg?w[ﬂ > E??g[f]

We can now describe the Edwards-Sokal coupling for the Ising model in Q5. Fix p € [0, 1] and
let & € {wired, free}. Sample first an edge configuration w on Gs according to IP’F? . Then, assign
independently to each cluster of w not connected to 9€s a spin +1 or —1 with probability 1/2. If
& = free, proceed in a similar way for clusters connected to 025 and if £ = wired, assign the spin
+1 to the cluster connected to 9€2s. Finally, for each vertex x € V(§2s), define o, to be the spin
of the cluster of = in w.

Proposition 5.1.6 (Edwards-Sokal coupling [ES88|). The spin configuration o constructed above
is distributed according to the Ising measure with inverse temperature 3 = —%log(l —p) and
boundary conditions &, where £ € {wired, free}.

Below, when 8 = (., we simply write ]P’(;FK’5 instead of IP’FK ¢
0. 1.0l

, where p. is given by Proposition

The critical Ising interface

A conformal invariance property of the critical Ising model emerges when looking at the scaling
limit of the interface s under ]P’Si% as 0 — 0. Indeed, as a consequence of the next theorem, its
limiting law is conformally invariant.

Theorem 5.1.7 (|Che+14|). Under the above assumptions on (€ a,b) and (s, as,b5)s, as 6 — 0,
(vs)s under (PE)s converges weakly in the topologies |(T-1){(T.4) to SLE3 in Q from a to b.

Theorem will be the starting point of the proof of Theorem [1.3.1

5.1.3 Spin correlations at g = 3,

The crucial input for the proof of Theorem is the existence of a scaling limit for the k-point
spin correlations of the critical Ising model, when the boundary conditions are either +1, —1 or
Dobrushin. This result, established in |[CHI21|, holds under no assumption on the smoothness of
the boundary of the underlying domain 2. This fact is essential as we will typically apply this
result when the underlying domain is a domain slit by a portion of an SLE3 curve.

Theorem 5.1.8 (|CHI21]). Let Q@ C C be a bounded and simply connected domain and a,b € OS2
be two prime ends of OQ. Let (Qs;as,bs)s be discrete approximations of (€;a,b) satisfying the
assumptions of Section|5.1.1. Then, for any n > 0 and any k > 1, we have that

cS_gEj;'[[a,;1 og ] =CF g(zi’k)(xl, oo xk) +o(1)
57%1@}[6%1 0y, =Ck g—’k)(ml, oo xk)+o(1)

08B (00, ... 0m] = CE S (@1, .. ak) + 0(1)

as 6 — 0, uniformly over all x1,...,x € Q at distance at least n from O and from each other.
Here, C, > 0 is a constant that corresponds to the fact that we are working on the square lattice.

The functions f S k), g(;"k) and fg(;’k) are explicit and satisfy the following conformal covariance
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property. If ¥ : Q — Q is a conformal map, then for any k > 1 and any z1, ...,z € Q, with
g € {:t7 ) +};

k
FEP ) = ] |1//(xj)|1/8f§’k)(¢(x1)’ ().
j=1

Remark 5.1.9. In [CHI21], Theorem[5.1.8]is established under the assumption that €25 is a subset of
the rotated square lattice V/26e% 72 with meshsize v/26. The difference of meshsize does not change
anything while rotating 6Z2 only affects the value of the constant C,. The functions ( g(f’k))kzl,
¢ € {£,—,+}, remain the same.

Remark 5.1.10. Let us briefly explain the scaling by 575 that appears in Theorem Let

As = [—L, L]?NJZ2. Tt is known since the work of Onsager |[Ons44] that there exist ¢1,c2 > 0 such
that ) )

108 + 208

718 < Ej, [oo] < 718 (5.2)

where o is the spin at the origin. One can see from this inequality that in order to obtain a
non-trivial scaling limit for EL [o0] as 0 — 0, one should rescale this expectation by 6~ 5. For

k-spin correlation functions EX& [0z, - .04, ], one way to understand why the correct scaling is § -3
is to use the Edwards-Sokal coupling described in Section [5.3.2] This yields that

k
Ef (o, -] < JT PR s < 0s ()]
j=1

where for each j, As(z;) = (z; + [—d;, d;]) N 6Z? where d; = 4 miny,,; |z, — x;] A dist(z;, OA).
{z; +— 0As(z;)} is the event that there is an open path from z; to the boundary of As(x;).
Moreover, the Edwards-Sokal coupling shows that for each j,

F K wired
As(zj)

Using the upper bound (5.2)), we thus obtain that

[.Tj — 6/\5(13])} = EXJ(zJ)[UTJ]

This suggests that 5% is indeed the correct scaling to obtain a non-trivial limit for EL [0z, - 0z,]
as 0 — 0. When the boundary conditions are =4, the k-spin correlations functions also scale like
§%. When the points z1, ...,z are in the bulk, this is can be seen using a mixing argument which
shows that the boundary conditions do not affect the scaling of the spin correlations.

Spin correlations of the critical Ising model with +1 boundary conditions are often easier to
work with than those of the critical Ising model with Dobrushin boundary conditions. The following
lemma bounds the latter correlations by the former and this bound will enable us to get sufficient
control on the moments of ) 0.

Lemma 5.1.11. Let k > 1. For any 1, ..., x5 € Qs, |EF [H§:1 oq,]| < ]E(J{[H?:l Og,].

Proof. The proof relies on the Edwards-Sokal coupling of Proposition[5.1.6] Let us first examine the
case when the Ising model in Qs has + boundary conditions. Let k > 1. We identify the vertices
on the boundary of 25 with a single vertex by. For z1,...,x; € s, an FK-Ising percolation
configuration on Qs induces a graph on {z1, ..., g, bs }, where two vertices z; and x; are connected
via an edge if there is a direct open path between them and a vertex z; is connected to b, if there
is a direct open path between z; and the boundary of 5. Let us denote by A;, . ., the event
that the graph on {x1,..., 2, by} induced by the FK-Ising percolation configuration is such that
each cluster contains an even number of vertices, except possibly the cluster containing b4. Then,
using the Edwards-Sokal coupling, it is easy to see that

k
,wired
EJJF[H Uzj] = PaFK (Azl,-~.,zk)
j=1
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Note also that A, . 5, is an increasing event.

The Edwards-Sokal coupling can also be used in the case of Dobrushin boundary conditions.
The coupling is as with + boundary conditions except that the vertices of 89; are wired together,
the vertices of 05 are wired together but 99 is not wired to 9. Moreover, the FK-Ising
percolation configuration is in that case conditioned on the event {89; « 05 } that there are no
clusters containing both a vertex of Q7 and a vertex of 9Qj . We denote by P2~ (-[0Q] < 085 )
the corresponding probability measure. We identify the Vertlces on O 5 » respectively 0€}5 , with
a single vertex b, respectively b_. As before, for x1,...,z, € Qs, such an FK-Ising percolation
configuration on s induces a graph on {z1,...,x, b4+, b_}, where two vertices x; and z; are
connected via an edge if there is a direct open path between them and a vertex z; is connected to
by, respectively b_, if there is a direct open path between z; and 8(2;’, respectively 0€; . Let us
denote by Ag‘? n,)z,c, respectively Axl, ’ zx, the event that the graph induced on {z1,...,zx,by,b_}
by the FK-Ising percolation configuration is such that each cluster not connected to by or b_
contains an even number of vertices and that the cluster of b_ contains an even, respectively odd,
number of vertices. No restrictions are imposed on the cluster connected to b;. Then, it is easy
to see that

E:I: H ij ]P)Z w AgivenTk|89+ N aQ ) o Pg—W(A (odd) |8Q+ N 89 )
This yields that [Ej [HJ L 0u,)| <P5T YA, U A(Odd)Lk|5Q+ « 085 ). Now, since ALY

Agidd)zk is an increasing event and {9 < 905} is a decreasing event, we have that, by the
FKG inequality (Proposition ,

B3 (AL, U ALY ) N {09 @ 005}
P2=% (99}« 0Q)

_ BU(AST:, U AR B (00 + 995)
- P2 (09 « 0825)

PQ U)(A(even) UA (odd) )

$17~~~7$k

Moreover, by Proposition P2~ “’(A;T:en?wk A&?‘}d)@k) Py W“d(Ai‘iv,e“,)wk U Aé‘i‘fff{wk ). Since
when 8Q and 025 are wired together A&‘jﬁe"?wk UAgﬁdd)wk and A, ., are the same events, this
implies that |EF [H _104,)| < PERvired (4, A,, ), from which we deduce the lemma. O

o |0 005) =

.....

The next lemma provides a bound on k-point spin correlations of the critical Ising model with
+1 boundary conditions. It is certainly well-known but for completeness, we prove it below.

Lemma 5.1.12. There exists a constant C' > 0 such that for any k > 1 and any x1, ...,z € Qs,
i 1
Ef (][] 0x,] < C*6% exp ( 0g )
J];II : 321 % (@) A d(z;,005)

where for each j, L(xj) = ming,.,-; |z, —x;|. Above, for x € Qs, d(x,0Qs) is the Euclidean distance
between x and 0.

Proof. The proof of this lemma relies on the Edwards-Sokal coupling and the Markov property of
FK-Ising percolation. We note that similar ideas appear in the proof of [FM17, Proposition 3.10].
Let k > 1 and let @1,...,z, € Q5. For each j € {1,...,k}, set L(z;) := 5 miny,z; |; — x,| and
d(z;) := d(xj,00s). We then define A(z;) to be the Euclidean square of side-length % X (d(xj) A
L(z;)) centered at x;. Observe that A(z;) C Q. Using that Ef [0, ...0,,] can expressed in terms
of connection events in a FK-Ising percolation configuration (see the proof of Lemma [5.1.11]) and
the Markov property of FK-Ising percolation, we obtain that

FK,wir d
Ef[ow - 00 H v )e i OA(z5)),
where As(z;) := A(z;) N §Z?. By [DHN11, Lemma 5.4], there exists a constant C' > 0 such that

for any j, P¥, \(z; <> OA(z;)) < C6Y8(d(x;) A L(z;))~'/8. This concludes the proof of the
lemma. O
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5.2 Scaling limit of the near-critical interface: proof of The-

orem [1.3.7]

In this section, we prove Theorem m We give the proof for H, = C;'hé'®/® where h € R
and C,, is the constant of Theorem [5.1.8] The extension to space-varying external fields can easily
be obtained, as long as the function A : € — R is bounded and Lipschitz. Indeed, this last
property guarantees that discrete sums approximate continuum integrals in a sufficiently nice way,
see |CS11|, which makes the generalization of the proof below straightforward.

To lighten notations, we set IP’;t = ]P’éé and P(;i’h = IP’i . Similarly, when (4,,), is a sequence
converging to 0, we set Q,, := Q5 , PF .= ]P’gén and IP’ih = IP’i

s, - We will also often write z € Qs
instead of z € Int(€s).

Remark 5.2.1. Let us give some intuition on why ¢ % is indeed the near-critical scaling. If we want
to be in the near-critical regime, we should choose « such that §°EF [>_sep, 0x) has a non-trivial
limit when § — 0. The sum should be interpreted as a discrete integral and therefore, it should be
rescaled by 62. Moreover, recall from Theorem that for x € Qg, IE5i [c4] is of order & 5. Thus,
ignoring the effect of the boundary, we should choose @ = 2 — % = % to obtain a non-trivial limit
for 6 EF [>wecp, 0z)- A similar reasoning can be used to show that for any & € N, EE (X, 02)"]

should be rescaled by § %% in order to have a non-trivial limit as § — 0.

Proof of Theorem[1.3.1 The proof consists of two main steps. First, in Proposition [5.2.2] we
establish tightness of (7s)s under (Pg‘fh)g in the topology Then, in Proposition [5.2.3 we
prove a characterization of the limiting law of any weakly convergent subsequence obtained as
a consequence of the tightness of (ys)s under (Pih)g. This yields convergence in law of (vs)s

under (Péi}h)g in the topology As explained in Section , this also implies tightness and
convergence of (7s5)s under (Py,)s in the topologies |(T.1)H(T.3)] and the limiting laws in each
topology agree.

Both to prove tightness and characterize the limiting law, we are going to use the fact that for
each § > 0, the law of 5 under Pg%h is absolutely continuous with respect to that of vs under ]P’(:;t
with Radon-Nikodym given by

dpéih 1 + 17 ¢15
— > — — /8
Fs(vs) == P (v5) = Z(;(h)E‘S [eXp (Ca hé > %)I%]- (5.3)

FASION]

Tightness of (vs5)s under (P;h)g in the topology |(T.4)|in fact follows from the uniform boundedness
of (Fs(vs))s in LP (p > 1), which is established in the proposition below.

Proposition 5.2.2 (tightness). For any p > 1 sup5>0 Eé [Fg(y(;)p] < o0. In particular, since
(vs)s under (Pi)g is tight in the topology (vs)s under (IP’5 n)s is also tight in the topology

(T4}

We postpone the proof of Proposition [5.2.2] to Section [5.2.1] and now state our characterization
of the limiting law of weakly convergent subsequences.

Proposition 5.2.3 (characterization of the limiting law). There exists a unique law IP’(Q “®) such

that the following holds. The Radon-Nikodym derivative of ]P’gﬂ 0 ith respect to ]P’éL’E; ) s given
by

d]P)(Qva7b) B k
h,, ( (Z k'/ f(Jr Z1,...,Zk)Hde)
j=1

(2,a b)
dIPSLEg k>0

( ' / f(— k) zl’,,.,zk)ﬁde) (5.4)
k>0 B i=1

and, for any sequence (6n)n such that (P £ )n converges weakly in the topology[(T.4), there exists

a further subsequence (0p, )k such that Pnk n = IP’EL ra:b) weakly as k — oo in the topology |(T.4)
Above, Qg, respectively 0y, denotes the connected component of Q\ v on the right, respectively

left, of v and the functions f; (Hk) f(+ ) and f( - fQR are as in Theorem .
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We will give the proof of Proposition in Section In view of Proposition and

Proposition the convergence part of Theorem follows from Prokhorov’s theorem. It
remains to prove the equality (1.7)) for the Radon-Nikodym derivative of ]P’;LQ’a’b)

]P(S%g;b) when restricted to o(y(s) : 0 < s < t). This is the content of the next proposition, whose

proof is postponed to Section [5.2.2] This proposition concludes the proof of Theorem [I.3.1]

with respect to

(Q,a,b) P(Q,a,b)

Proposition 5.2.4. Lett > 0. The Radon-Nikodym derivative of]P’ with respect to Pg; !

restricted to the o-field o(y(s) : 0 < s < t) is given by

dHD(Q a,b) , k;) k
(Qab)( ) k‘/ 1 zl,...,zk)Hdzj (5.5)
dIF)SLEg o(v(s):0<s<t) k>0 j=1

where we have set Qy := Q\ v([0,t]) and the functions fti k) = fQi %) are as in Theorem .

O

Remark 5.2.5. Let us note that a priori, Proposition could be derived from Proposition [5.2.3
by computing the conditional expectation of the random variable on the right-hand side of
given o(y(s) : 0 < s < t). However, it is not clear how to do this. Instead, to establish Proposition
5.2.4) we obtain the right-hand side of by computing the scaling limit of the corresponding
discrete quantity. This thus makes the statement of Theorem |1.3.1|stronger than the one we would
obtain by only proving Proposition [5.2.3

5.2.1 Tightness of (Pf);: proof of Proposition m
In this section, we prove Proposition Recall the definition (5.3)) of F5(~s).

Proof of Proposition[5.2.9 We give the proof in the case where h : @ — R is a bounded and
Lipchitz function: compared to the case when h is a constant, this requires a few modifications
that we prefer to detail. We first show that for any p € [1,00), sups EX[F5(v5)?] < oo. Fix
p € [1,00) and let § > 0. Set

S500) = B [ exp(0™** 3 Bl

rEQs

with hs(z) := C;'hs(x). We are going to obtain uniform bounds on Z;(h)~? and IEf;t [Ss(vs)P]
separately. For Eai [Ss(7s5)P], using first Jensen’s inequality for the conditional expectation and
then Holder’s inequality, we have that

EF[Ss(vs)?] < Egﬂ exp <p5 5 ;; hs(x )}
— B} :exp (¥ 3 st - fstos ) e (p5¥ = iso)lo. )|
<E} -exp <2p5185 E; (hs(z) — |iL5(:E)|)UI)r/2Ei{exp (21758 2; |hs(a am)]m.
- xells xells

(5.6)

Setting M = C; ' max,eq |h(z)| and applying Proposition with the increasing function o
> |hs(x)]og, we obtain that

it [ (20% 3 sl )| <7 [ (206% 3 fistole )|

€ z€Qs

<Ef |:eXp (2pM6185 > am)} (5.7)

FIS )
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where the last inequality follows by expanding the exponential and noticing that for any k > 1,
Ef [[1;<x ] > 0. The proof of [CGN15, Proposition 3.5] shows that

log E} {exp (2pM5185 3 am)] <pMOFES [ Y ou] 42 M2 TEL (Y 0u-Ef [ Y au])?.

FIS ) FIS ) FAS ) FIS 7
(5.8)

Since both 5%1[*3}'[230 o] and 5%1[53_[(2:5 0:)?%] converge as § — 0, see e.g. |[CGN15] or Lemma
5.2.18| below, it follows from the above inequality that there exist dg > 0 and ¢, ¢o > 0 (depending
only on ) such that for any 0 < § < dy,

E;" {exp (2pM(5185 Z agc)] < exp(2pMey + 2p> M3cy).
FASION]

On the other hand, using the spin flip symmetry of the Ising model, we have that

Ef {exp (2p(5185 > (hs() - |ﬁ5(£)|)az)] —E] [exp <2p5185 > (lhs(@)] - Bé(x))az)]

€Qs €N

where under EJ, the Ising spin configuration o in 5 has —1, respectively +1, boundary conditions

on 9QF, respectively 0€2; . Note that the function z |hs(2)|—hs(z) is non-negative and bounded
by 2M. Therefore, we can proceed as in ([5.7)) and (5.8]) to obtain that, with g, c; and ¢y as above,
for any 0 < § < dg,

EF [exp (2p5185 Z (hs(x) — |l~15(x)|)az>} < exp(4pMey + 8p* M3cy).
z€Ns

Going back to the inequality (5.6)), this yields that for any 0 < § < g,
Egt [Ss5(75)F] < exp(3pMey + 5p> M2cy).

It now remains to obtain a lower bound on Zs(h). For this, we simply observe that Jensen’s
inequality implies that Z5(h) > exp(d %Ef{ [, hs(z)o,]). Moreover, the results of Section
show that 05 EE[S hs(x)o,] converges to a finite limit as § — 0. Note that this limit may be
negative as the model has Dobrushin boundary conditions and h does not have a constant sign. We
obtain from this that there exist 6; > 0 and ¢ > 0 such that for any 0 < 6 < 01, Z5(h) > exp(—c),
which concludes the proof of the uniform boundedness of Es[F5(ys)P]. Tightness of (v5)s under
(]P’gfh)g in the topology now follows from this uniform boundedness and tightness of (vs)s
under (]P’f;t),;. Indeed, using Cauchy-Schwarz inequality, for any K C X (C), P;h(K ) can be bounded
by a constant, that is uniform in §, times PF(K)'/2. This concludes the proof of Proposition
0.2.2) O

5.2.2 Characterization of the limiting law: proof of Propositions [5.2.3

and [5.2.4]

In this section, we prove Proposition |5.2.3| and Proposition We start with Proposition [5.2.3

Proof of Proposition[5.2.3. Let (6,), be a sequence such that (IE”fLE »)n converges weakly as n — oo

in the topology [[T.4)] Note that such a sequence exists by Proposition [5.2.2l By Theorem
we also know that (P),, converges weakly in the topologies |(T.1){H(T.4)| to Pé%’g;b). The first step

of the proof is to use Skorokhod representation theorem to define a sequence (v,), and a random
curve v on the same probability space (S, F,P) in such a way that for each n, v, has law P, ~

has law Pé%’éls’_b) and P-almost surely, 7, — v as n — oo in the topologies |(T.1)H(T.4)

Now, the random variables (Fy,(v5)), defined via (with 6 = 0,) can all be defined on
(S, F,P). To prove Proposition[5.2.3] we are going to show that there exists a subsequence (8, )y, C
(6n)n such that F,,(ym,) converges in L (P) to the random variable of the right-hand side of (5.4).
As Proposition applied with p = 2 shows that (F},(7,)), is uniformly bounded in L?(P),
it actually suffices to show that there exists a subsequence (§,,)m C (dn)n such that F,(ym)
converges P-almost surely to the random variable on the right-hand side of . For this, we first
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observe that by the Markov property of the Ising model and the definition of ~,, for any n > 1,
F, () can be decomposed as

Fal) =5 59 (€518 (Vi) = Vo))
XEZ’L[eXp (C;lhé}f/s > am>]En’R{exp <0;1h5;5/8 > am>] (5.9)

€ L z€Qn R

where Q,, 1, respectively Q, g, is the connected component of £, \ V(v,) on the left, respectively
right, of 7,, and, conditionally on ~,,, E: 1» respectively E/ 1, denotes the expectation with respect
to the critical Ising model with +, respectively —, boundary conditions in €2, 1, respectively 2,, .
Here, V (7,,) is the set of vertices adjacent to 7,, where a vertex x € €, is said to be adjacent to 7,
if y,, traverses an edge of the octagon whose center is x. Vi (7, ), respectively Vg (), denotes the
set of vertices that are adjacent to v, and on its left, respectively right. For j € {L, R}, |V;(7,)|
is the number of vertices in V;(7,). Note that the P-almost sure convergence of v, to vy in the
topologies|(T.1) implies that almost surely, Q,, , — Q and Q,, g — Qg in the Carathéodory
topology, where Q,, respectively g, is the connected component of Q2 \ v on the left, respectively
right, of ~.

Expanding the two exponentials in 7 the existence of a subsequence along which almost
sure convergence of F,(7,) holds is a consequence of the following lemmas. Their proofs are given

in Section [5.2.2] and Section [£.2.21

Lemma 5.2.6. There exists a subsequence (6p)m C (0n)n such that, almost surely, as m — oo,
15

Om (|VL(’7m)| - |VR('7m)D — 0.

Lemma 5.2.7. For (0,,)m as in Lemma almost surely, for & € {+,—} with j(§) = L if
=+ andj(§) =R if {=—1,

. = C;khkélngg k. Sy (€,k) i di
minooz g om e[ 22 %H—kZ:Og o fité) (xlv"'vxk)g Tj <00

k=0 €L j(e) (&)
(5.10)
where the functions fj(é?) = g(fj(g are as in Theorem|5.1.8,
Proposition directly follows from Lemma and Lemma [5.2. O

Let us now turn to the proof of Proposition this follows a very similar strategy to the
proof of Proposition [5.2.3]

Proof of Proposition[5.2.4] As in the proof of Proposition and with (4,,), as there, we start
by coupling (v,), under (P¥), and 4 under Pé%’éls’b) on a common probability space (S, F,P).
We then parametrize the curves (v, ), by the half-plane capacity of their conformal images (%),
where for each n, v is defined as in Section For n > 1, denote by F,, ., the o-algebra generated
by v ([0,m]). Here, for m € N, 7,,([0,m]) is the curve obtained by following -, for m steps, where
a step corresponds to 7, traversing edges of the square-octagon lattice to join two edges of 6,72
that surrounds the same face of §,Z2. If m is larger than the total number of steps taken by 7y,
we set 7, ([0, m]) := vy,. For n > 1 and ¢ > 0, we then define the following stopping time for the
filtration (Frm)m:
t, = inf{m > 0 : heap(¢, (7, ([0, m]))) > t}.

Accordingly, we let Q,; be the discrete domain whose vertex set is V() \ V(yn;t) and whose
boundary 9, ¢ is split into two subarcs 9}, 1= 00, UVL(vn;t) and 9Q;}, := 0, UVR(7n;it).
Here, V (y,;t) is the set of vertices adjacent to v, ([0, t,]). VL(7n;t), respectively Vr(v,;t), denotes
the set of vertices that are adjacent to v, ([0,¢,]) and on its left, respectively right.

Since P-almost surely, v, — 7, we have that, P-almost surely, in the Carathéodory topology,

(Qn,t;an,hbn) — (Qt;atab) as n — o0

where a,, + denotes the tip of v,([0,t,]) and € is the connected component of 2\ v([0,¢]) whose
boundary contains both a; := ~y(t) and b.
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Observe now that, for ¢ > 0 and n > 1, the Radon-Nikodym of the law of ~,, under ]P’f p, With
respect to that of 7, under P restricted to F, , is given by

dpih 1 15 0%
2L (70) o L Golra SRS NS AR

o (vn(8):0<s<t,) z€Qn

The family (F,(yn;t),t > 0), is well-defined on (S, F,P). To prove Proposition we are

going to show that there exists a subsequence (d,,)m C (dp), such that for each t > 0, Fp, (Yim;t)
converges in L'(P) to the random variable on the right-hand side of (5.5). As (PZ ,),, converges

m,h
weakly to P;Q’a’b) by Proposition and Proposition this is indeed sufficient to establish
Proposition
We first observe that by the Markov property of the Ising model and the definition of ~,,, almost
surely, for any ¢t > 0 and any n > 1,

Fn(’Y'n; t) =

Fo(yn;t) = exp (C; ' hé (VL (i t)| — [VR(1nst)

))E;t[exp <C;1h<s}f/8 > az)]

€, ¢

1
Zn(h)
(5.12)

where conditionally on ~, ([0, t,]), Erﬂft[] denotes the expectation with respect to the critical Ising
model in €, ; with +, respectively —, boundary conditions on 89;,5, respectively 92, ;. Above,
for j € {L, R}, |Vj(yn;t)| is the number of vertices in V;(y,;t). Proposition applied with
p = 2 and combined with Jensen’s inequality shows that (F},(v,;¢),t > 0),, is uniformly bounded
in t and n in L?(P). To prove Proposition it therefore suffices to show that there exists a
subsequence (8,,)m C (0p)n such that for each ¢ > 0, F,,(7Vm;t) almost surely converges to the
right-hand side of as m — oo. Expanding the exponential in , this follows from the two
lemmas below, which are analogues of Lemma and Lemma and whose proofs are also

postponed to Section [5.2.2] and Section [5.2.2]

Lemma 5.2.8. Let (86,)m C (6n)n be as in Lemma([5.2.6, Then, almost surely, for anyt >0, as
m = 00, 835 (IVi (i )] = [Vie(mi 1)) = 0.

Lemma 5.2.9. Let t € (0,00) and let (8,,)m be as Lemmal[5.2.8 Then, almost surely,

15k

. > Cokpk 15 + k Sy (+,k) k
n%gréo E Uk' 5w B [( E 0.) | = E ﬁ/ﬂk £ (e, k) I | dzj <oo  (5.13)
k=0 ’ k=0 " % Jj=1

TEQm ¢

where the functions ft(i’k) = S(Zj;k) are as in Theorem .
These two lemmas conclude the proof of Proposition O

Vanishing of the magnetization of the interface

In this section, we prove Lemma and Lemma Note that these lemmas do not follow
from the P-almost sure convergence of Qn’t to Q; in the Carathéodory topology. Indeed, this
topology is not strong enough to guarantee convergence of the Minkowski dimension of Gth to
that of 0€);. Instead, Lemma[5.2.6]and Lemma [5.2.8| will be proved thanks to the following lemma,
which provides an almost sure estimate on the size of |V (y,)| along a subsequence, where |V ()|
is the number of vertices adjacent to ,,.

Lemma 5.2.10. Let 8 > 0. There exists a subsequence (0p,)m C (6n)n such that, almost surely,
11
Om +B|V(7m)| — 0 as m — oo.

Lemma [5.2.6] and Lemma [5.2.6] now straightforwardly follow from Lemma [5.2.10] Below, we
only give the proof of Lemma [5.2.8] as that of Lemma [5.2.6]is almost identical.

Proof of Lemma[5.2.8 Observe that, almost surely, for any ¢ > 0 and any n > 1, —|V(y,;t)] <
VL (Yn; )| = [VR(Yn3 )| < [V (n;t)|, where |V (y,;t)| denotes the number of vertices in V(y,;t).
Moreover, almost surely, for any n > 1, t — |V (y,;t)] is an increasing function. Therefore, almost
surely, for any ¢t > 0 and any n > 1, —|V (7)) < |VL(9n;t)] — [VR(Yn; t)| < |V ()| The statement
then follows directly from Lemma [5.2.10) O
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Let us now turn to the proof of Lemma For L > 0 and v € C, we set Aps(v) =
Az (v) N0Z2%, where AL (v) is the Euclidean square of side length 2L centered at v. For 0 < r < R
and v € 5, we say that there is an arm of sign +, respectively —, in the annulus Ag 5(v) \ A, 5(v)
if there is a nearest neighbor path joining A, s(v) to OAg, along which all vertices have spin +1,
respectively —1. For 0 < r < R and v € Qj, we denote by As(v;r, R) the event that there exist
two arms of opposite signs crossing the annulus Ag 5(v) \ Ay s(v). We then define

as(v;r, R) := P?(Ag(v;r, R)), aps(v;r,R) = Pt

AL,(;(u)(AQ(U; T, R))

where the boundary conditions on OAp s(v) under }P’fL s(v) are —1 on the bottom side of Ap5(v)
and +1 elsewhere (this choice is somewhat arbitrary but convenient).

Proof of Lemma[5.2.10. The strategy of the proof is to upper bound EX[|V(v,)|] and show that,

11
once multiplied by 6, +ﬁ, this expectation decays fast enough to apply Borel-Cantelli lemma
to get almost sure convergence along a subsequence (0,,)m. Let § > 0. Let n > 0 and set
An(n) = A{x € Q,, : d(x,00) < n}. We have that, for any n,

Ef[IV(Vn)H = Z Pf(m €V(m)) < Z o (3 6, d(, 082y,)).
TE€Q, €D,
For z € Q,, set L(z) := id(z, ) and note that Ar,) s, (z) C Q,. By the Markov property of
the Ising model, we have that

g x
(30, d(x,00)) < (560, id(az, 0Q)) = EE[P,H ) (Aa (a3 60, %L(ﬂﬁ)))]
U\BAL(E)(m)
AL (2,5, (T)
O10A L () (z)- NOW, [Wula), Corrolary 5.2] guarantees that, when 8 = f., changing the bound-
ary conditions does not change by more than a multiplicative constant the probability of events
depending on edges at macroscopic distance from the boundary. This implies that, almost surely,

where P denotes the critical Ising measure in Ay, s, () with boundary conditions

TNOAL (o) (%)
Ap(a) (@)

L))

1
~L(x))) = 201,(2),5, (0; On, 5

1
(Az(x; 0y, §L(x))) < 20p,(2),5, (T3 On,s 5

where the last equality uses translation invariance of the critical Ising model. Moreover, the proof
of [Wul8a, Theorem 1.2] shows that, as §,, — 0, uniformly in x € Q\ A(n),

LL())) S (6u/L()>/5,

T 0; 5na
L ()5, ( 3

for arbitrary 5 > 0, see e.g. [Wul8a, Equation (5.2)]. Choose § = /2. We thus obtain that there
exist (), 09 > 0 such that for any 0 < J < do,

_9_B45
Y. Pz e Vi) < Cp i
€ \An (1)

To estimate EX[|V (v,,)]], it now remains to deal with the sum over vertices in A,,(n). The argument
below goes along the same lines as the proof of [GPS13, Theorem 5.5], except that we must make
sure that we can get estimates in §,, on the probability of a two-arm event that are uniform in
space, even when points are close to the boundary of the domain. We divide 4,,(n) into p— 4 (09)
squares of side length n, where dp(99) denotes the Hausdorff dimension of 92. Among these
squares, one touches a, call it s,, and another touches b, call it s;,. For 7 > 0, we define the set
Pj(a) :=={x € 54 : 276, < d(z,a) < 27%15,} and P;(b) is defined analogously with a replaced by b.
We then have that, for any j > 0,

Z P%(IEV(%L)) < Z OéQn(x;(Sn,Qj(Sn).

z€P;(a) z€P;(a)

By the Markov property of the Ising model and using again [Wul8al Corollary 5.2], we have that
there exist ng > 1 and an absolute constant C' > 0 such that, for any n > ng and any j > 0,

an(x;én,2j5n) < Cay, ;10;5,1,23‘(5n)7

j+176n(
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where we have set L1 = = 2J1+15,. Rescaling by 1/L;41, so that the meshsize becomes 2-(+1)
and translating the domain, we then obtain that, for any j > 0,

1 o 1
L6, (000,27 00) = a9 (232 (J+1)7§) = ay 90—+ (0;2 (j+1),§)-

We note that the event Ay(0;2-0+1D)] 1) depends only on edges in the square At oG (0), which
is at macroscopic distance from 9A; 5-¢+1)(0). As above, by [Wul8a], there exists K > 0 such
that for any 5 > 0,

. 1 s
o 54w (0527 UFY, 5) < K2 (3-9)i

The same reasoning applies for = € P;(b). We thus have that there exist ny > 1 and a constant
K > 0 such that for any n > ny,

O(log, (3L))

Z Pf(xEV(’yn))SK ( Z 2= +5]+ Z 9 +5J

TESLUSyp 7=0 z€P;(a) z€ P, (b)
Ollog, (31))
<K 22j+12(5—*)J < 77*—55 (2+'B_§)
=0

We are now left with controlling the contribution of points in A, (n) that are in squares other than
Sq and sp. This can be done following the strategy of the proof of |GPS13| Theorem 5.5] and we
leave the details to the reader. We note that tighter estimates for the contribution of these points
could be obtained by using the half-plane two-arm exponents but it is not really necessary here
and would pose additional technical issues. Putting all the above estimates together we obtain

that there exist ng > 1 and C' > 0 such that for any n > ng, . 5 ﬁIEiHV(*yn)H < 052 As (6n)n
g

converges to 0, there exists a subsequence (0, )m C (0n)n such that > 7 < co. Borel-Cantelli

lemma then yields the statement of the lemma. O

Controlling the exponential of the magnetization field in the slit domain

In this section, we prove Lemma and Lemma Let us start with the proof of Lemma
[:2.9] Our end goal is to apply the dominated convergence theorem. The proof is therefore split
into two parts. First, in Lemma[5.2.11 we establish bounds on the terms 615k/8IEi A, 02)F] on
the left-hand side of @D that are uniform in m and tight enough to be summable once multiplied
by h*/k!. Then, in Lemma we prove that, almost surely, for any k& > 0, the k-th term of
the sum on the left-hand side of (5.13) almost surely converges as m — oo to the k-th term of the
sum on the right-hand side of (5.13).

Lemma 5.2.11. Let ¢t € (0,00). There almost surely exist mo > 1 and a sequence (Cy )i such
that, for any m > mg and any k > 1,

Lk 4
S 60 B (0w - 0w, ]| < Cha

("I;lv“-vwk)egm,t

with ), %};C'k,t < 0.
Lemma 5.2.12. Let t € (0,00). Almost surely, for any k > 1,

k
15k
lim E Cg_k(i:ng Eﬁt[awl ce O] = ft(i’k) (1,...,2k) H dx; (5.14)

m—r 00
($17"'7Zk)eﬂfn,t

where the functions f(jE ) f(ﬂE ®) are as in Theorem .
Before proving Lemma 1] and Lemma let us give the proof of Lemma

Proof of Lemma . This follows from the dominated convergence theorem: Lemmal[5.2.11|gives
us tight enough bounds on \(5 E. t[(zx 0.)¥]| while Lemma|5.2.12shows that, almost surely, for

any k > 1, 5ms Eit[(zm 0.)¥] converges to the correct quantity. O

101



We now turn to the proof Lemmal[5.2.11] Let us first introduce some notations. Let n > 0. For
t>0,m>1and k> 1, we set

Gf,]f?t(n) ={(z1,...,2) € an’t V4, d(xj,0Q) > n and Vi # j, |x; — ;| > n}.

Ggf?t(n) is the “good” set in which points are well-separated and at macroscopic distance from the
boundary. We also set A,, (1) := {x € Q¢ : d(z,0Q;) < n} and for k > 2,

BY,(n) == {(z1, ., 2k) € (U \ Ama(n))* : 3i # 4, |23 — 23] < ).

Proof of Lemma |5.2.11. To prove the lemma, we are going to control the contribution of points in

Gi:?t(n) and in QF, ,\ Ggf’)t(n) separately. Let ¢ € (0,00). Let us begin with the sum over foj}t (n)
for k > 1. We want to show that there almost surely exists a sequence (Cy )i and mg > 1 such
that, for any m > mg, any n > 0 and any k > 1,

15k
> S B y[0wy - 00| < Chs (5.15)
(@1,sz) EGY, ()

with >~ %Ck,t < 00. By Lemma [5.1.11) and Lemma [5.1.12] we have that, almost surely,

| 3 Ont BE 0w, .. 0m ] < 3 Ont B[00, - 0]

(z1,.. ,wk)EGmt() (1, ,ﬂik)eGmt()

< > cka%H( (z; /\dt(:cj))

(@1,02k)EG), (1)

< 3 cW’fH( () /\dt(xj)>

Kk
(1, 1$k)ean t\D'En>t

k
= [ (m)

0ol

ool

where we have set D,(,]f’)t = {(@1,...,2x) € QF,, : Fi # jow; = x;} and, for © € Uy, di(a) =
dist(z, Q). The last inequality follows from the non-negativity of the summand. Set dg =
2diam(2). Since almost surely, for any m, t — diam(€Q,, ) is a decreasing function, we can assume
that almost surely, for any m and any ¢ > 0, diam(Q,,,) < do. We now rescale Q,,, by dﬁl.
Denote by met the graph thus obtained and observe that almost surely, for m > 1, for any ¢ > 0
and for any z € Qm,t, di(xz) < 1. We then obtain that, almost surely, for any m > 1, any k > 1
and any t > 0,

k
_k 1
ng)(m) ng E 6ffdQ§Ck(a:1, l'k, H Sck xh...,xk;g) (516)

(21, ) €QE, \DE)

m,t m,t

where the last inequality uses that almost surely, for any m > 1 and any ¢ > 0, dy(z) < 1 for
x € Q0+ and where we have set, for o > 0,

k
Crl(z1, ..., 285 ) H

1\3\»—\

Fix 8 € (0, 1(1)0) To estimate the right-hand side of (5.16]), we use Holder inequality with o, & > 1
such that é ==1 %2 < g — B and § < 1. This choice of & will guarantee that Lemma |5.2.10
can be used to estlmate the contributions of points near the boundary. We get that, almost surely,

L . 1/a 1/
1 < it (% Hd%g) (T o)

(T1,000m) €QE, |, T=1 (@1,z1) €0k, \D,
(5.17)

Set Jy(m, &) =3, cq d(x)~%/8. We claim the following.
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Claim 5.2.13. Let & > 1 be such that % < % — B and let t € (0,00). Then, there almost surely
exists mg > 1 such that, for any m > myg, Ji(m,a&) < Ct’ddrf, where Ct 5 is a random constant
depending on &, t and €.

Claim 5.2.14. Let o > 1 be such that o/8 < 1. There exists ¢ > 0 such that almost surely, for
anym >1, any k > 2 and any t > 0,

Z C’k(ml,...,wk;%) Sckén_fkk;%.

(@1, z) €K, \DS)

m,t
These two claims together with the inequality (5.17)) imply that there almost surely exists
mg > 1 such that for any m > mg and any k£ > 1,

— 2k
[e3

Om

&3

Kk —k _ok L k
1 (m) < dg " 671 (Crady*) o
which yields the inequality (5.15)).

To prove Lemma|5.2.11} it now remains to control the contribution of points in Q’ﬁmt \ qulj?t(n).
We are going to show that there almost surely exists mg > 1 such that for any m > mg, any k& > 1
and any n > 0,

ks,

o

15k

M (i) = 3 S | 00y o 00, )| < CF ¥ PR + CF ks (5.18)
(@1,sak) €QE, NG, (n)

where C1+,C2; > 0 are random constants depending on ¢ and €. Observe in particular that the

terms on the above right-hand side are summable in k£, once multiplied by %T We have that,
almost surely, for any k > 1,

k 15k
MM (myn) = 3 B | A |
(1,025 ) EBYY, (m)

k X
Y 3 Ont |EE [owy - 0n]l. (5.19)

r=1 Wy (wl7...,(Ek)e¢W7»(Anl,t(n)r X (Qm,t\Am,t("]))k_r)

Above, EWT ranges over the different possible choices of r coordinates in A,, (1) and k—r ones in
Qi \ Am.¢(n). Given such a choice W;., ¢w, (Am (1) X (.t \ Am.¢(1n))*~7) is the permutation
of A t(m)" X (e \ Am,e(n))*~" corresponding to this choice. However, it is easy to see that
the sum over points in ¢w, (Am ¢(7)" X (Lt \ Am.e(7))¥~") does not depend on this choice of
permutations. To obtain the inequality , we thus see that we must upper bound the two

sums appearing in the decomposition ((5.19)) of Mt(k) (m;n). These bounds are the content of the
following two claims.

Claim 5.2.15. There almost surely exists mqg such that for any m > mg, any k > 2 and any
n >0, .
S B, 0n)l < Clyks
(1,,21) €BL, ()
where C1 = C1(t, ) is a random constant depending on t and ).
Claim 5.2.16. There almost surely exists mg such that, for any m > mg, any k > r > 1 and any
n >0, -
> Ot [EE (00, ... 00| < Chnr G=Ppts
(@1, @k) € Am ¢ (M) X (Rt \ Am e ()T
where Cy = Ca(t,Q) is a random constant depending on t and Q.

Claim [5.2.75] and Claim yield that there almost surely exists mg > 1 such that, for any
m > myg, any k > 1 and any n > 0,

k
M®) (mim) < CFykts + Z (W, |CFnE =P kts < Clpkts 4+ 28Chn3—PEs,

r=1

which shows the inequality (5.18]) and concludes the proof of the lemma, O
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Let us now prove Claim [5.2.13] Claim [5.2.14] Claim [5.2.15] and Claim [5.2.16

Proof of Claim[5.2.13. Let n > 0. Let us first estimate the contribution of points in Q,, + \ Ay, +(7)
to Ji(m, &), where A,, (1) 1= {x € Q¢ : dist(x, 0, 1) < don}. We have that, almost surely, for
any m > 1,

Z dt(ili)fg < n’%vol(ﬁ)d;f.
2€Qm, e\ Am,+ (1)
We now want to estimate the contribution of points in Am,t(n) to Ji(m, &). Let us write Am,t(n) =
Ag)t (n) U flg)t(n) where we have set

AV () = {2 € Apy(n) : dist(z, 8Q) < dist(z, vm ([0, tm]))}
{

S
€ Api(n) = dist(z, v ([0, t])) < dist(z, 0Q)}.

Ag?t(ﬁ) =7
Observe that almost surely, for any m > 1 and any ¢ > 0, Ag)t(n) C Uf(gn)Dk(m) where for
k>0, Dp(m) == {x € Q,, : 2¥0,, < dodist(z,0,) < 28116, } with K(m) = logy(1/8m) + 1.

Therefore, using that almost surely, for any ¢ > 0 and for any = € flg?t(n), di(z) = dist(x, 0Qy,),

the contribution of points in flg)t(n) is almost surely bounded by

i O(logy(n/6m)) -
> dist(x,00,)" < > 27886, 5 Dy(m)]
‘TEASL,)t(W) k=0
O(log2 (77/5m)) ~ 5 ~

< > 2sRgTaks <yt (5.20)

k=0
Let us now estimate the contributions of points in Zlﬁ,f)t (). Observe that almost surely, for any
x € fli)t(n) and any t > 0, di(x) = dist(x, ym ([0, tm])). Moreover, we have that, almost surely,
A (n) € U5 Crlmi . 1) where Ci(ymin, 1) = {x € Qs 2 2%, < do dist(z, 1 (0, tm])) <

2F+15,.}. Therefore, we have that, almost surely, for any m > 1 and any ¢ > 0,

~ O(logy(n/6m)) . O(logy(n/6m)) -
> d@TEs Y 2ERSGOminl S Y 2760 [Culymim,o0)]
veA, () k=0 k=0

By Lemma almost surely 6:”?1 o [V (¥m)] — 0 as m — oo. This implies that there almost
surely exists mg > 1 such that for any n > 0, the set Ck(vym,n,00) can be covered by Coon_%_ﬁ
balls of radius 7, where C, is a random constant independent of ¢. Each of these balls contains a
number of vertices of order 7%6,,2. This yields that almost surely, for any m > mg and any n > 0,

_ Ollogan/6m))
S di(@) R <0y Y 2T g EpRe k(R ARy
1€A~5:,)t(77) k=0

o0

< Coob2ns—P% ZQ—(%—B—%). (5.21)
k=0

The sum on the above right-hand side is finite since % < % — /3 by assumption. Putting everything
together, we get that there almost surely exists my > 1 such that for any m > mg, any ¢t > 0 and
any 1 > 0,

o|R
+
(=2
N
=
|
ool
+
3\
|
=2
3
no

Ji(m, @) S 6,203 P78 40,7
which yields the claim. O

Proof of Claim[5.2.14. Since Cy is a nonnegative function and (2 is a bounded domain, there exists
dqo > 1 such that, almost surely, for any m > 1, any ¢ > 0 and any k& > 0,

o o
Z C’k(xl,...,xk;g)g Z C’k(arl,...,xk;g)

(@1, 0,21) €, \D, (@1,,2%) €Bm (0,da)*\ D (da)

104



where Bm(O,cZQ) denotes the d,-approximation of the Euclidean ball B(07JQ) and D,(,]f) dg) =
{(z1,...,21) € Bn(0,do)* : 3 # jo; = zj}. By Proposition 3.10] and
Lemma 3.10], as § < 1, we obtain that there exists a constant ¢ > 0 such that, almost surely, for
any m > 1 and any k > 2,

Z C’k(zl,...,xk;%) Sck(;;b%k%,
(1,-+,21) € B (0,d0) F\D®) (dg)

which yields the claim. We note that the estimate of [JSW20, Lemma 3.10] is obtained in the
continuum but can also be derived in the discrete by using the same type of arguments as in the

proof of [FM17, Proposition 3.10]. O
Proof of Claim[5.2.15 By Lemma [5.1.11] we have that, almost surely,

k 15k 15k
F{ (mi) := 60 Y. [Enoa o]l <8 > B on]]
($17~~~7$k)635,]f,)t(71) (xlv"'ﬂxk)er(:,)t(n)

Using the same arguments as in the second part of the proof of [FM17, Proposition 3.10] together
with [JSW20, Lemma 3.10] to estimate the k-dependent constant, we get that there almost surely
exists mg > 1 such that for any m > mg, any k > 2 and any n > 0,

_ 15k
o [Bhlos on]l < gk
(wl,...,wk)EBff,)t(n)

where C; = C1(¢,Q) is a random constant depending on ¢ and €. This concludes the proof of the
claim. Note that the n-dependence of the above right-hand side could be made to depend on k but
these tighter estimates are not necessary here. O

Proof of Claim[5.2.16 Using the Edwards-Sokal coupling of Proposition [5.1.6] and with the same
notations as in the proof of Lemma we have that E [0z, ...04,] = ]ngi’wned(Azhwmk).
By the Markov property of the FK-Ising model, we then have that, almost surely, for any m > 1,
any r > 1, any k > 7 and any (21,...,2%) € Am.(0)" X (Ut \ Ame(n))*7,

FK,wired FK,wired FK,wired
Pm,t (Awl,m,wk) SP (Awr+17~~7517k) P )(xj — 6Adt(rj),m(wj))

~ = m,t Aay(aj),m(T;
j=1
where for z € Ap (1), Adg,(z;)m(zj) C 6mZ? is the square centered at z; with side-length

1di(z;) and Pii(":r)ei(m]) is the FK-Ising measure in Ag,(5,),m(z;) with wired boundary condi-

tions. Here,we recall that d;(x;) = dist(x, 0, +). Denoting by S,(;;:f) the sum in the statement of
Claim [5.2.16] this implies that

K 15k FK,wired "
S ssF (X P e g (@)
wEAm,t(’Vl)

z : FK wired
X IEDm,t (Arr+17---,$k)'
(g1 T r) E(Qm, e \Am,c (n))e—T

By [DHN11, Lemma 5.4], there exists C' > 0 such that, almost surely, for any m > 1, any ¢t > 0
and any o € Ay, (1),

Pl (@5 Oy () m (@) < O3 dy(7)7V/®,

The sum >4 di(x;)~1/® can be estimated as in we did in the proof of Claim [5.2.13} see the

discussion leading to the inequalities ([5.20)) and (5.21]). This yields that there almost surely exits
myg such that, almost surely, for any m > mg, any kK > r > 1 and any n > 0,

15(k—r)

St) Som G > Pt (Asy, )
(@1 ) E( e\ A, (7)) 5

The sum on the above right-hand side can now be upper bounded using Claim [5.2.14] and Claim
5.2.15] which concludes the proof. O
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We now turn to the proof of Lemma|5.2.12] We keep the same definitions for Ggﬁ’)t (n), Am.t(n)
k
and Bﬁn,)t (n).

Proof of Lemma|5.2.143. We have that, almost surely, for any m > 1, any ¢t > 0 and any k£ > 1,
15k
Z c; ké & [O’ml e O] = Z C7kG e IEﬁt[aml e O]
(@1, 2k)EQL, , (@1,0,2K)EG N, (m)
+ Z (o (5TEi e . S

(@1,00z0)€QE, NG, ()

Since (Qm7t; @m,t,bm) almost surely converges to (€2;a,b) in the Carathéodory topology, we obtain
from Theorem that, almost surely, for any k > 1,

15k
lim > Cr 0n BE 00, ... 00,) = /G ©n £, T dag (5.22)
t

m— 00
(@1,..2) €GP, ()

where we have set ng)(n) = {(z1,...,2%) € QF : Vj,d(z;,00) > nand Vi # j,|v; — ;| > n}

and ftk (i’k). Observe now that the inequality (5.18) shows that the contribution of points
in QF, ( ) is uniformly bounded in m by a quantity that converges to 0 as n — 0. Together

¢ \ G
with ( thlb yields that, almost surely, for any k > 1,

15k
: —ks 8t : (k)
lim E C " 0 Em7t[011 .. 0z,] = lim fi ' (z1,...,x I | dx;.
m— oo n—0 G(k)
(@1, k) EQE e (m

m,t

Lemma, [5.2.12] then follows from the claim below, which shows that in the continuum, the con-
tribution of points in QF \ G,Ek)(n) to the integral on the right-hand side of (5.14)) vanishes as
n — 0.

Claim 5.2.17. Almost surely, for any k > 1 and any t € (0, 00),

lim ft( (x1,...,x Hd:zcj / (k) ml,...,xk)Hdmj<oo.

n—0 GE’C) (n)

We now prove Claim

Proof of Claim[5.2.17. Let k > 1. Observe that almost surely, as n — 0, HG“")(n) ft(k) (1, ., 28) —
(k) :

is almost surely uniformly bounded in L?(2F). Going back to the discrete level and using Lemma
5.1.11)and Theorem [5.1.8] we have that, almost surely,

. 15k 4
/G(’“)(n) |ft( (x1,...,x |2dej :nIL% Z 83 Cg2k‘En’t[le "~O—mk”2

(@1,..,21) €GF) ()

IN

15k
lim Z On® Cg%\Ez)t[am con))?

n—oo ®
(@1,0021)€GE) ()

(+J€
/G,(gk)(ﬁ) | £y (z1,. ‘ Hd%
K
< [P a P T
(+:k) . (+ k) - . . .
where f, = fo,” is as in Theorem Almost sure finiteness of the last integral follows

from Lemma [6.3.1] in Appendix together with the fact since + has law IP’(SSES -b) 0 almost
surely has Hausdorff dimension 11/8. O
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Let us now turn to the proof of Lemma The proof follows the same strategy as that of
the proof of Lemma Namely, we first show that each term in the series on the left-hand side
of almost surely converges and then prove estimates on these terms that allow us to use the
dominated convergence theorem. These two statements are the content of the two lemmas below.
We omit their proof as it is almost identical to that of Lemma [5.2.12] and Lemma

Lemma 5.2.18. Let £ € {—,+}. Almost surely, for any k > 1,

15k

i > Cz?kfsfnTEfn,j(s)["wl""’wk}:/Qk I Hd%

(1, ,lk)EQmJ(g) 3(&)

where j(§), Qjcey and the functions fj(é];) are as in Lemma .

Lemma 5.2.19. Let £ € {—,+}. Almost surely, there exists mg such that, for any m > mgy and
any k> 1,

15k
158 3
Z Om Efn,j(ﬁ) (02, - 00, ] < C](f’go
(xl,...,xk)eﬂm,ﬂﬁ)

with Zk wC 5) < 00.

Proof of Lemma[5.2.7, Lemmal[5.2.7] directly follows from Lemma [5.2.18] Lemmal[5.2.19]and dom-
inated convergence. O

5.2.3 Conformal covariance of the limiting interface

b)

In this section, we show that the law of IE”EALQ’G’ is conformally covariant.

Proof of Proposition . This follows from the expression (|1.7]) for the Radon-Nikodym deriva-

tive of IP’(Q @b With respect to P(S%g ) Let ¥:Q—Qbea conformal map. ]P(SLE b) i conformally

1nvar1ant while by Theorem a change of variable yields that, almost surely, for any & > 1,

k k
/ Hh (£:k) Zl,...,Zk)Hde / HBZJ P ey Hdz]
i1 i=1

t]l

15

where we have set = (), ft(i’k) = f(%k) and for z € Q, h(z) = |(¥™ 1) (2)|F h(p~1(2)).
Similarly, Z5,(2) = Z;(2), which concludes the proof. O

5.3 Scaling limit of the interface away from near-criticality

5.3.1 The case of a small magnetic perturbation: proof of Proposition

1.3.3l

In this section, we prove Proposition We give the proof in the case H, = hés g1 (§) with b € R
but the extension to the case of space-varying external fields that are bounded is straightforward.
We keep the same notations as in Section for Péi, Pg'fh, P+ and Pf’h.

Proof of Proposition[I.3.3 The proof of Proposition consists of two steps: first showing
tightness of (vs)s under (IP’5 )5 in the topology (T.4) and then characterizing the law of any

subsequential limit of (vs)s under (Péi’h)(;. For both of these steps, we rely on the observation that

for any 6 > 0, the law of ~5 under ]P’gfh is absolutely continuous with respect to that of vs under
}P’ai with corresponding Radon-Nikodym derivative given by

dps 1

5200) = -8 [exp (16¥016) 3 o) o (5.23)

Fs(vs) = T
dPs ot

With this observation, tightness of (vs5)s under (P(Sih)g in the topology [(T.4)|follows from the same
arguments as those used in the proof of Proposmon .2.2] Indeed, using the same inequalities
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as in this proof but with §'%/% replaced by §'%/8g;(9), it is not hard to see that for any p > 1,
Supso Es[F5(7s)?] < co. We leave the details to the reader.
To characterize the law of any subsequential limits of (7s)s under (Pgth)g, we proceed as in

the proof of Proposition Let (0,)n be a sequence such that ]P)ih converges weakly in the
topology We use eorem and Skorokhod representation theorem to define on a
common probability space (S,F,P) a sequence (v,)n and a random curve « such that for any
n > 1, v, has law P, v has law Pé%’g;b and P-almost surely, v, — v in the topologies|(T.1)H(T.4)
The random variables (F,(v,))n given by (with 6 = §,,) can then all be defined on (S, F,P).

To characterize the limiting law of v,, under ]Pih7 we are going to show that F),(7,) converges in

LY(P) to 1. This will imply that the Radon-Nikodym derivative of the law of any subsequential

limit of (ys)s under (Pih)g with respect to P(SSEE;Z)) is equal to 1, thus proving Proposition 1.3.3l

To establish the above mentioned convergence, we are going to show that

i EF[(Fy (ya) — 1)) = 0. (5.24)

Developing the square and using that EX[F,(y,)] = 1, to show (5.24)), we see that it suffices to
prove that EX[F,(v,)?] converges to 1. Let us set S, (v,) := EX [exp(h&lf/Sgl (0n) >, 02)|7n]. We
are first going to show that B[S, (7,)?] converges to 1 as n — oo by exhibiting lower and upper
bounds on EF[S,(7,)?] that both converge to 1 as n — oo. For the upper bound, we can proceed
as in the proof of Proposition (with p = 2) to get that there exists ng > 1 and ¢1,¢2 > 0 such
that for any n > ny,

EE[S, (7m)?] < exp(6Mci1g1(6,) + 20M>cag1(6,)?) (5.25)

where M := max,cq |h(z)|. Observe that the right-hand side of converges to 1 as n — oo.
On the other hand, by Jensen’s inequality, EX[S,(7,)%] > Z,(h)?. The same reasoning as in
the proof of Proposition [5.2.2] now shows that there exist n; > 1 and ¢ > 0 such that for any
n > ny, Z,(h) > exp(—cg1(,)). Together with the inequality (5.25)), this implies that EX[S, (v,,)?]
converges to 1 as n — oo.

To prove , it remains to show Z,,(h) converges to 1 as n — oo. For this, we can once
again apply the same reasoning as in the proof of Proposition (with p = 1) to get that for
any n > ng, Z,(h) < exp(4Mc1g1(0n) + 8M?3cag1(8,)?). As we have already shown that for any
n > ny, Zp(h) > exp(—cg1(d,)), this yields that Z,(h) — 1 as n — oco. As explained above, this
also completes the proof of Proposition [1.3.3 O

5.3.2 The case of a large magnetic perturbation: proof of Proposition

1.3.4

The Edwards-Sokal coupling with non-zero magnetic field

For 6 > 0, let (Q5;as,bs5)s5 be as in Section The Edwards-Sokal cooupling of Proposition
can be extended to the case when the Ising model is perturbed by an external magnetic field,
at least when the external field is non-negative and when the boundary conditions are chosen to be
+ or free. This coupling will be instrumental for the proof of Proposition [1.3:4] so let us describe
it.

To construct the Edwards-Sokal coupling with an external field, one direct way to proceed
is to consider the extended graph obtained from (V(Qs), E(€s)) by adding a ghost vertex g to
the graph and drawing an edge (vg) between each vertex v € V({s) and g. We denote the set
of such edges E*(€;) and call a function w : F(Qs) U E*(5) — {0, 1HE@)IFHE Q)] an edge
configuration. We say that the edge e is open (in w) if w(e) = 1. Otherwise, e is said to be
closed. We identify w with the subgraph whose vertex set is V(€5) U {g} and whose edge set is
{e € E(Qs) U E*(Qs) : w(e) = 1}. A cluster of w is a connected component of this subgraph.

With these notations, the FK-Ising percolation measure with parameter p and external field
H on (V(Q5) U g, E(Qs) U E*(£25)) is defined as follows: for £ € {free,wired} and w an edge

configuration,

1 * x
ng?,g(w) — Z 2k(w5) H pw(e)(l _p)l—w(e) H (1 _ €—2H)w(e )(6—2H)1—w(e )
p.H c€E(Qs) e €E* (Qs)
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where w¢ is the configuration obtained by identifying wired vertices and k(w¢) is the number

of clusters of w¢ not connected to g. Z, g is a normalizing constant chosen such that IP’(;FKIS_I is a

probablhty measure. Note that when H = 0, ]P’g . 5 can be seen as a measure on edge configurations

n (V(Qs), E(Qs)) and it is equivalent to the measure P} p’ introduced in Section [5.1. 2l
The Edwards-Sokal coupling with external field H goes as follows [CV16}, [CIN20D; [CIN20a].

One first samples an edge configuration w on (V(Qs) U g, E(€Qs) U E*(€5)) according to IP’(SFI;IEJ

with p = 1 — e 28, where 3 is the inverse temperature of the Ising model. Then, all clusters of
w connected to g, and also the cluster of w connected to 0§ if £ = wired, are assigned the spin
+1. The spins of the remaining clusters, i.e. the clusters not connected to g, are chosen by tossing
independent fair coins, one for each cluster. This gives rise to a spin configuration in €25, where
each vertex has the spin of its cluster. This spin configuration has the same distribution as the
Ising model in €25 with inverse temperature 3, external field H and boundary conditions &.

From now on, we will set 8 = 8. and for H > 0 and ¢ € {free, wired}, we denote by IP’FK ¢ the
corresponding FK-Ising percolation measure with external field H. For the proof of Propomtion
1.3.4] it will be useful to have a version of the Edwards-Sokal coupling with external field in which
one first samples an edge configuration w on (V(€25), E(€2s)) and then, conditionally on w, samples
the set of clusters that are connected to g. This procedure does not sample an edge configuration

n (V(Qs) Ug, E(Qs) U E*(Qs)). However, given the edge configuration w on (V(£2s), E(€2s)) and
the set of clusters of w connected to g, one can still sample the sign of the clusters in such a
way that the resulting spin configuration in {25 has the same distribution as a critical Ising spin
configuration in 5 with external field H and boundary conditions &.

We summarize this alternative procedure in the following proposition, which is [CJN20a, Propo-
sition 1] and [CJN20aj, Lemma 4] and appears in an implicit form in [CV16]. We state these results
for free boundary conditions as these are the boundary conditions that we will use in the proof
of Proposition Below, for w : E(Qs) — {0, 1}E )l we denote by Cs(w) the set of clusters
of w and for C € Cs(w), |C| is the number of vertices in C. The event that a cluster C € Cs(w) is
connected to the ghost vertex g is denoted by {C +— g}.

Proposition 5.3.1. Let Pgr%e denote the law of the Edwards-Sokal coupling with external field

H >0. Forw: E(Qs) — {0,1}1F)| and C € Cs(w), we let o(C) denote the spin of C assigned by
the coupling. We then have that

ree Tee 1 1
Pglé,f (C +— g|lw) = tanh(H|C|), 1p>f “(0(C) = +1|w) = 5 + 5 tanh(H|C|).

Moreover, conditionally on w, the events ({C +— g})cec,(w) are mutually independent. Simi-

larly, conditionally on w, the events ({0(C) = +1})cec,(w) are mutually independent. The Radon-

FK Jdree

Nikodym derivative of Qf{%‘?, the marginal law of Py on edge configurations w : E(Qs) —

{0, 1Y) with respect to IP’éFK free o given by
d@free 1
e @) =5 — [ cosh(HlC)
dPs Zom CECs (w)
where Z5 g s a normalization constant.

Let us also record two stochastic domination results for the measures IP’[;FI; free eree and ]P’gK’fmc.

They are established in [CJN20a, Lemma 2] and |[CV16, Theorem 6].
Lemma 5.3.2. For any H > 0, ]P’FK’frCC stochastically dominates }P’(;FK’&CC. Similarly, for any
H >0, Qs stochastically dominates IP’FK free,

Proof of Proposition [1.3.4

In this section, we prove Proposition [1.3:4] We give the proof in the case h > 0 but it could easily
be adapted to handle the case of a non-constant perturbation h : x — h(x), as long as h is lower
bounded by a positive constant.

Proof of Proposition[I.3.4 Let n > 0. For 6 > 0, we set Q5 (n) := {x € Qs : d(z,0Q5) < n}. We
are going to show that
lim P, (s 1 (25 \ 25 () # 0] = (5.26)
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The first step is to turn the Dobrushin boundary conditions on 925 into +1 boundary conditions,
that are easier to handle. For this, let us start by briefly recalling the results of [Wul8a), Section 5.1].
A spin configuration in 5 gives rise to an edge configuration in Qs: an edge is open if its two
endvertices have the same spin, closed otherwise. Let E be an event measurable with respect to
the edge configuration in Qs \ Q5 (7/2). As E is measurable with respect to edges at macroscopic
distance from 9y, one can expect that the boundary conditions on 9€25 do not really influence
the probability of E: this phenomena is called spatial mixing. More precisely, [Wul8a), Section 5.1]
shows the following. Define a(n/2), respectively b(n/2), as the intersection point of dB(a,n/2),
respectively B (b,n/2), with Q. If this intersection point is not unique, then choose the first one
encountered when tracing 9QV starting from a, respectively b. For § > 0, let as(n/2), respectively
bs(n/2), be the discrete approximation of a(n/2), respectively b(n/2). Denote by {(bsbs(17/2))
(as(n/2)as)inQy (n/2)} the event that the topological rectangle €25 (n/2) is crossed by a path
of +1 spins staying in €5 (n/2) and going from the boundary arc (bsbs(n/2)) to the boundary
arc (as(n/2)as). Here, the boundary arcs are oriented counter-clockwise. The results of [Wul8al
Section 5.1] show that if there exists ¢ > 0 and dp > 0 such that for any § > 0,

P, [(bsbs(n/2)) < (as(n/2)as) in Q5 (n/2)] > c, (5.27)

then there exists C' > 0 such that for any 0 < § < do, P;h[E] < C’]P’;h[E].

Below, we will apply this result with the event E = C*(n/2,n), where C*(n/2,7n) is defined
as follows. Define a(n), b(n), as(n) and bs(n) as a(n/2), b(n/2), as(n/2) and bs(n/2) but with
n/2 replaced by n. Consider the topological rectangle (Rys;as(n/2),bs(n/2),bs5(n),bs(n)), where
the four marked points are in counterclockwise order and Rs := Q5 (n) \ 5 (n/2). With these
notations, the event C*(n/2,7) is the event that there exists a path 4 on the dual of Qs going
from the boundary arc (as(n/2)bs(n/2)) to the boundary arc (as(n)bs(n)) such the following is
fulfilled: if z,y € Q5 U 08s are adjacent to 7, then o, = oy if + and y are on the same side of
v, and 0, = —o, if  and y are on different sides of 4. Here, we say that a vertex is adjacent
to 4 if it is the endpoint of a primal edge crossed by 4. Moreover, as before, the boundary arcs
(a5(n/2)bs(n/2)) and (as(n)bs(n)) are oriented counter-clockwise. Observe now that the event
C*(n/2,n) is measurable with respect to the edge configuration in Qs \ Q5 (7/2) and that

Pyl 0 (25 \ Q5 (m) # 0] < Py, [CF(1/2,m)]. (5.28)

As explained above, to change the boundary conditions and show that there exist C' > 0 and dg > 0
such that for any 0 < § < dy,

P35, [C* (n/2,m)] < CPF,[C*(n/2,m)], (5.29)

we must show that the inequality (5.27)) is satisfied. Here, we recall that under P}h, the boundary
conditions of the Ising model in 95 are +1 Using the Markov property of the Ismg model and the

fact that {(bsbs(n/2)) <— (as(n/2)as)infy (n/2)} is an increasing event, we have that

P, [(bsbs(1/2)) < (as(n/2)as) in Q5 (7/2)] > P$;<n/2>,h [(bsbs (1/2)) < (as(n/2)as)]

> P [(bsb5(0/2)) < (a5(11/2)as)]

where Pg (n/2) is the probability measure on Ising spin configurations in €5 (n/2) with —1 bound-

ary condltlons on 0€ and the boundary arc (bs(n/2)as(n/2)) and +1 boundary conditions on the
boundary arcs (as(n/2)as) and (bsbs(n/2)). By [CDH16, Corollary 1.7], there exist ¢ = ¢(n) > 0
and &g > 0 such that for any 0 < § < do,

PS /o [(Bs5(1/2)) < (as(n/2)as)] > ¢,

which yields (5.29).
With the inequality (5.29) at hands, the next step of the proof is to replace C*(n/2,n)

by an event whose probability is easier to estimate. To this end, define {(as(n)as(n/2)) PN
(bs(n/2)bs(n))in Rs} as the event that there exits a crossing of Rs by a path of +1 spins going
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from the boundary arc (as(n)as (77/2)) to the boundary arc (bs(n/2)bs(n)) and staying in Rs. Ob-

serve that if {(as(n)as(n/2)) <— (bs(n/2)bs(n))in Rs} happens, then C*(n/2,7n) cannot happen.
Therefore,

PEL(CE(m/2,m) < 1= P, [(as(m)as(n/2)) < (bs(n/2)bs(n)) in Rs]. (5.30)

We are now going to show that the liminf as § — 0 of the probability on the right-hand side
above is equal to 1. For this, we will use the Edwards-Sokal coupling for the Ising model with an
external field, see Section For K € N, we let C5(K) be the event that there exists a sequence
Ci,...,Ci of open clusters in Qs such that k¥ < K, |C;| > (5’15/8/K for each 7 and one can find
a path ¥ staying in Rj that joins (as(n)as(n/2)) to (bs(n/2)bs(n)) such that the edges traversed
by 4 are either open edges of some C; or closed edges of the form (ry) with z € C;, y € C; and
i # j. Here, we stress that connections are consider in (V(€s) U 09Qs, E(£25)). We further define
the event Cs(g; K) as Cs(K) but we additionally require that all clusters (C;); visited by the path
7 are connected to the ghost vertex g.

In the Edwards-Sokal coupling with an external field, on the event Cs(g; K), the clusters visited

by #4 all have spin +1. Thus, we have that C5(g; K) C {(as(n)as(n/2)) N (bs(n/2)bs(n))in Rs}.
We note that on the event Cs(g; K), no restriction is imposed on the edges of 4 joining the boundary
arcs (as(n)as(n/2)) and (bs(n/2)bs(n)) to some vertex in some C;: these edges may be open or
closed. This is because under ]P’(}"h, the Ising model has +1 boundary conditions and therefore, the

spins on (as(n)as(n/2)) and (bs(n/2)bs(n)) are +1.
Since Cs(g; K) is an increasing event, by Proposition we obtain that

PF, [(as(m)as(n/2)) < (bs(n/2)bs(n)) in Rs] > By (Cs(g; K)]

2P rCC[Ca(g, K)] = BE5(C5(g; K)|Cs (KB5S (Cs (K))-
(5.31)

Using that tanh(x) < 1 and z — tanh(z) is increasing, Proposition 1| yields that

s (9 K)ICs (RO = B [ T] tamb(H(9) G s (K >Jz[tanh(H<6>5;f)r

CiNF#0
o (22" o

On the other hand, by stochastic domination, see Lemma PiSs[Cs (K)] > IE”(;FK’free[C(;(K)].

Since Cs(K) is an increasing event, we then arrive at

free [C(S( )] > ]P)E{f»frcc[cé([()] (533)

where ]P’FK free 35 the probability measure on FK-Ising configurations in Rs with free boundary

condltlons We now claim the following.
Claim 5.3.3. Let € > 0. There exists K = K(€) < oo such that lim infs_ IP’FK freeres(K)] > 1—e.

We postpone the proof of Claim [5.3.3] to the end and first explain how to conclude the proof
of the proposition. Let ¢ > 0. Claim together with the inequalities (5.31)), (5.32)) and ([5.33
yield that there exists K > 0 such that

imipt 27, [(as(n)as(0/2) > (s(o/ 20050 ) > (1= ) it [t (220

Since g2(d) — oo as  — 0, the liminf on the right-hand side above is equal to 1. By choos-
ing € > 0 small enough, this implies that for any p > 0, there exists 0 < K < oo such that

lim infs_,¢ ngh [(as(n)as(n/2)) e (bs(n/2)bs(n)) in Rs] > 1 — p. Going back to and (5.30)),
this shows that for any p > 0,

hmsupPi [C*(n/2,m)] < Cp,

which, by (5.28]), establishes (5.26) and concludes the proof. O
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Let us now turn to the proof of Claim [5.3.3

Proof of Claim[5.3.3 The proof is similar to the proofs of [CJN20a, Lemma 5] and |[CJN20a,
Lemma 7]. Indeed, under IP’FK’free the event Cs(K) is the same as the event E*(K, N) with a =6
and N = 1 of [CIJN20a, Lemma 7]. This is because under IP’FK free on the event Cs(g; K), the
path 4 automatically stays in Rs. The proofs of [CJN20a, Lemma 5] and [CIN20al Lemma 7] are
given when the domain is a rectangle of a fixed aspect ratio. However, one can observe that it is
easy to extend the arguments to the case of an arbitrary bounded and simply connected domain D
and its discrete approximation Dg, as long as one considers boundary arcs of D that have positive
harmonic measure seen from a point in the interior of the domain. The only restriction that must
be imposed is that 9D has Minkowski dimension 1: if 9D is too rough, one may not be able to
rule out that an arm event of type 010 takes place near dDgs in the limit § — 0. This point is
crucial to deduce results for P;E(’free (C5(K)) from results obtained for CLE;5,3 and CME;4,3 in
the continuum. We leave the details to the reader. O

5.3.3 On the h — oo limit of IP’ (a.b), : proof of Proposition m

Proof of Proposition[I.3.5. For h € R and n > 0, set p(h,n) := ]P’(Q Oy A (Q\Q(n) £ 0.
To prove the proposition, we argue by contradiction. Assume that there exists 7 > 0 such that
p(h,n) does not converge to 0 as h — co. Then, there exist € > 0 and a sequence (hy,),, such that
lim,, o0 by, = 00 and for any n > 1, p(hy,n) > €. Moreover, with H(n,J) = C’;lhn(;%, Theorem
1.3.1} when considering convergence in the topology implies that for any n > 1,

}1_2% ]Pg JH(n,8) [vs N (25 \ Q5 (n) # 0] = p(hn,m) > € (5.34)

where we have set Qj () := {z € Qs : dist(z, 0Q5) < n}. Now, let (d,), be a sequence converging
to 0 such that for any n > 1,

Py timsny 6. 1 (25, \ Q5 (1) # 0] > €. (5.35)

Note that such a sequence (4,,),, exists by (5.34). As h,, tends to co, we can write h,, = g(d,,) with
g(6n) — 00 as n — oo. Therefore, by Proposition we obtain that

lim PT 5[5, N (25, \ 25, (n) # 0] = 0.

n— oo

This contradicts (5.35) and completes the proof of Proposition m O
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Chapter 6
Appendix

In this section, D C C is assumed to be a bounded, open and simply connected domain.

6.1 Proof of Lemma [4.1.1] and Lemma [4.1.6]

Below, we will repeatedly make use of the following estimate. Let h be a GFF in D with Dirichlet
boundary conditions. Then, by [Berl7, Lemma 3.5], there exists C' > 0 such that for any 0 < € <
1/2,
sup E[he(2)?] < Clog(e™). (6.1)
zeD
Let us now turn to the proof of Lemma To prove this result, we first show the following
auxiliary lemma.

Lemma 6.1.1. Let h be a GFF in D with Dirichlet boundary conditions. Let 0 < § < e < 1/2.
Then, for any z,w € D such that max(dist(z, D), dist(w,0D)) > € and |z — w| > 2e,

E[(: he(2)? 1 — : hs(2)? ) (: he(w)? : — = hs(w)? :)] = 0. (6.2)
Moreover, there exists K > 0 such that for any 0 < d < e <1/2 and any z,w € D,
E[(: he(2)? = hs(2)? ) he(w)? : — = hs(w)? 2)] < K(logd)>. (6.3)

Proof. Let us first prove (6.2)). Let 0 < § < € < 1/2 and let z,w € D be such that |z —w| > 2¢
and assume without loss of generality that dist(z,0D) > e. Applying the Markov property in the
ball B(z,2¢) and using that (W,.),>0 := (hace—r(2) — h2e(2))r>0 is a Brownian motion, we see that

for some centered random variables X, X (not independent but independent of W),
(:he(2)? 2 = hs(2)? ) he(w)? 1 — : hs(w)?:) = ((Wt — %) — (W, — 8%) +2X (W, — WS))X

Taking expectation and using independence, we get zero, which completes the proof of (6.2]).
Let us now prove the estimate (6.3). Let 0 < § < e < 1/2 and let z,w € D. Observe first that

E[(: he(2)? : — : hg(2)? )% < 2B[(: he(2)? )%] + 2E[(: hs(2)? 2)?]. (6.4)

Moreover, since h.(z) is a Gaussian random variable, we have that E[(: hc(2)? :)?] = E[hc(2)*] —
2E[he(2)?]? + E[he(2)?]* = 2E[he(2)*]%. Going back to (6.4), we deduce from this and the estimate
that E[(: he(2)? 1 — : hs(2)? 1)?] < 4C?log(5)%. The estimate then simply follows from
this bound and the Cauchy-Schwarz inequality. O

With Lemma at hands, let us now prove Lemma[£.1.1] We first deal with the convergence
in L*(P) of [, m?(2) : he(2)? : dz, that is with the case ¢ = 0.

Lemma 6.1.2. Let m : D — Ry be a bounded and continuous function. Let h be a GFF with
Dirichlet boundary conditions in D. Then, as € — 0, the random variable [, m?(z) : he(2)? @ dz
converges in L*(P) to a limit denoted by Jpm2(2) : h(2)? : dz. Moreover, for any b € (0,2 —
dimg (9D)), there exists C' > 0 such that for any 0 < e < 1/2,

H /DmQ(z) th(z)? 1 dz — /DmQ(Z) the(2)? : dz < Ceb. (6.5)
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Proof of Lemma[6.1.2 For conciseness, let us set « := 2 — dimp (9D). We are going to show that
the sequence ( [, m?(2) : he(2)? : dz,e > 0) is a Cauchy sequence in L*(P) and thus has a limit in
L?(P) as € — 0. To this end, let 0 < § < € < 1/2. Then, by Fubini-Tonelli theorem, we have that

EH/DmQ(z):hs(z)2:dz—/Dm2(z):h5(z)2:dz T

= / m?(2)m?(W)E[(: he(2)? : — : hs(2)? ) he(w)? : — : hs(w)? :)]dwdz. (6.6)
DxD

Indeed, when we expand the product of the difference of the Wick squares, we obtain a sum of
non-negative terms and we can apply Fubini-Tonelli theorem to each of these terms separately.
With D, :={z € D : dist(z,0D) > €}, we decompose the region of integration into D x D, D, x D
and (D \ D) x (D, \ D). For the integral over D x D,, Lemma[6.1.1] shows that only the points
z,w € D x D, such that |z — w| < 2¢ contribute. Using the estimate of Lemma this
yields that

/ mQ(z)/ m2(w)E[(: he(2)? : — : hs(2)? ) he(w)? : = : hs(w)? :)]dwdz
D B(z,2¢)ND,
2 2 2 2 2
< /Dm (2) /B(z - m*(w)K (logd)“dwdz < O(e*(log 0)*) (6.7)

where the implied constant depends only on D and m?. The integral over D, x D can be bounded
in a similar way. We are now left to control the integral over (D \ D.) x (D \ D.). To do so, we
can simply use the estimate (6.3) of Lemma to obtain the bound

/ m2(2)m* (W)E[(: he(2)? 1 — 1 hs(2)? ) he(w)? : — = hs(w)? 2)]dwdz < O(e** log(8)?).
(D\D<)x(D\D<)

Going back to , since « € (0, 1], this bound together with the bound imply that

IEH/DmZ(z):hE(z)Q:dz/sz(z):h(g(z)Z:dz

This shows that ([, m?(2) : he(2)? : dz,e > 0) is a Cauchy sequence in L?(P) and therefore has a
limit in L?(P), that we denote by [, m?(z) : h(2)? : dz.

It now remains to prove the claim about the rate of convergence of [, m? (z) the(2)? 1 dz to
Jpm2(2) : h(2)? 1 dz. Let 0 < e < 1/2 and let k € N be such that e € [2=*+1) 27F). For n € N, set
ap = 2 " Usmg the triangle inequality and the inequality (6.8 ., we have that for some constant

C >0,
H /Dm2(Z) ez /Dm2(z) the(2)? 1 dz
s (9 2= [ () e s

/m thay, dz—/m tha, (2)% 1 dz

<C27 R (k+1)+C Z 2% (log(ani1)?)) /2.
n=k+1

2} < O(e**(log 6)?). (6.8)

+Z

n=k+1

Let n € (0,a). Then, we have that Y -, 27"%(n + 1) < 2lammela=n) §7¢ 9=n1(n 4 1), where
the last sum is finite. This concludes the proof of ( and thus of the lemma. O

Let us now turn to the proof of Lemma

Proof of Lemma[{.1.1} For conciseness, let us set o := 2 — dimpg (9D) € (0,1]. Observe first that,
almost surely, for any 0 < e < 1/2,

/m D (he(2) + ¢e(2 dz-/ m? dz+/IDQmQ(z)he(z)¢€(z)dz+/Dmg(z)gbe(z)gdz.

114



Therefore, by Lemma [6.1.2] it suffices to prove that

lirr(l) m?(2)he(2)be(2)dz = (h,m?¢) in L*(P) (6.9)
=0 Jp
lg% m?(2)pe(2)*dz = / m? (6.10)

Let us start with (6.10). By harmonicity of ¢ and our assumptions on ¢ and «, we have that, for
any b € (0,q],

z)QdZ—/DmQ(z)¢€(z)2dz

_ ‘ /D NG — 0.

< 2b3 /D\D m?(z)dz < O(eb) (6.11)

from which (6.10) follows. Let us now turn to (6.9). We are going to show that, for any b € (0, ),
there exists C; > 0 such that for any 0 < e < 1/2,

< Oyéb. (6.12)
L2(P)

|2thm20) 2 [ win(e)o. i

Let 0 < € < 1/2 and let k € N be such that e € [27( 1D 2-F) As before, for n € N, set a,, = 27"
By the triangular inequality, we have that

HQ(h,m%» -2 [ w2 o) .

sz” [ @ @ @1tz = [ w021

—I-QZ

n=k+1

L2(P)

/ M2 (2)hay 1o (2)anss (2)dz — / M (2)ha, ()0, (2)dz

(6.13)
L2(P)

To show (6.12)), we are going to upper bound each term in the above sum. To this end, let n > k.
We have that

A R |

L2(P)
:E{AXDmZ(z)m2(W)( an+1( )¢an+1( )_han(2)¢an(z))
X (hay i1 (W)a, iy (W) = ha,, (0)Pa, (W ))dwdz}

Set D,, := {z € D : dist(z,0D) > a,} and observe that, by harmonicity of ¢, for any z € D,
ba,(2) = ¢(2) = Pa,,,(z). We decompose the region of integration into D, x D, D x D,, and
(D\ D,,) x (D\ D). To bound the integral over D,, x D, if (z,w) € D, x D are such that
|z — w| > 2ay,, then we can use the Markov property in B(z,2a,) and the harmonicity of ¢ to
obtain that

E[( an+1(z) an+1( )_han( )¢an( ))(han+1( )¢an+l(w) _han(w)(ban(w))]
= 0(2)E[(ha, 1, (2) = ha, (2))(ha, iy (W) Pa, ., (w) = ha, (w)¢a, (w))] = 0.

Therefore, only points z,w such that |z — w| < 2a,, contribute to the integral over D,, x D. Note
also that, by harmonicity, for any n € N and any z € D, |@,,(2)] < by. Therefore, using the
estimate l-) Cauchy-Schwarz inequality and the boundedness of m, we obtain that

/D XDm2(2)m2(w)¢(Z)E[(han+1(2)—han(Z))( ani1 (W)Pay iy (W) = ha, (W)@, (w))]dwdz

< O(a%logay, ).
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The integral over D x D,, can be treated similarly. To control the integral over (D\ D,,) x (D\ D,,),
we simply use the estimate (6.1), Cauchy-Schwarz inequality, the uniform boundedness of ¢,, in
n and z and the boundedness of m and D to get that

m?(2)m? (W)E[(ha, ., (2)8a, 11 (2) = ha, (2)0e, (2))

/w\DnW\Dw % (B, ()60, () — g, (), (w))]duwd

< O(ap*log(ayyy))-
Going back to (6.13)), we can deduce from the above bounds that for some constant C > 0,

<2027%VE+1+2C Z @\/(log(anty))

L2(P) n=k+1

Hzm,m%) ~2 [ w021

For the same reasons as those explained in the proof of Lemma this bound yields the
inequality (6.12). Moreover, by the triangular inequality, the statement of the lemma about the
rate of convergence in L?(PP) follows from Lemma [6.1.2} (6.12) and (6.11]). O

As a corollary, we obtain an explicit expression for the variance of the Wick square of the GFF.

Lemma 6.1.3. Under the same assumptions as in Lemma

[(/ m dz)? :2/DxDmz(z)mz(w)GD(Z,w)dedz.

Proof. From the L?(IP) convergence result established in Lemma we have that

(s |-l )

= €11_1}1(1J m?(2)m?*(w)E[: he(2)? 2 he(w)? :]dwdz
DxD

where in the last equality, the application of Fubini theorem can be justified as in the proof of
Lemma By [Sim74, Theorem 1.3], for z € D, E[: h.(2)? :: he(w)? :] = 2E[hc(2)he(w)]?. This
yields that

IEK/sz(z) ch(2)?: dz>2] = lim m?(2)m?(w)2E[he(2)he (w))2dwdz.

e—0 DxD

Moreover, it is easy to see that the integral on the above right-hand side converges to
/m w)2G p (2, w) dwdz,

which completes the proof the lemma. O

Let us now establish Lemma m The idea of proof is similar to [Nel73a; Nel73b], see also
[Sim74, Chapter V).

Proof of Lemma[f. 1.6 Fix p € [1,00). Observe first that

hmexp(—/m (2) + 6u(2))? .d)—exp(—/m (h+ 6)%(2) z) (6.14)

in probability. Indeed, applying Lemma with the mass z — (p/2)m?(z), we obtain that
B[, ,m?(z) : (he(2) + ¢e(2))? : dz converges in L*(P) to § [, m?(z) : (h+ ¢)*(2) : dz as € — 0.
(6.14) then follows from the continuity of  — e~*. To prove the lemma, it is thus enough to show
that there exists M > 0 such that for any 0 < e < 1/2,

Kexp(/ m?(2) : (he(2) + ¢e(2))? -dz))? <M. (6.15)
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Indeed, (6.15) implies that (exp (—§ [, m?(2) : (he(2) + ¢c(2))? : dz),0 < € < 1/2) is uniformly
mtegrable and therefore that it converges in L (P) to its limit in probability, which is given by

-. Noting that

3 ot e ) e o )

and similarly for exp(— [, m (h+ (i)) ( ) dz), we deduce the lemma.
So, let us show the unlform bound Let 0 <e<l1 / 2 and for conciseness, set Y, :=
pfpm :(he(2) + ¢e(2))? 1 dz and YV := pr : (h+ ¢)*(2) : d=. We first observe that for

that alrnost surely, for any 0 < e < 1/2 and any z E D

he(2)? + 2he(2)¢e(2) > he(2)® — 2[he(2)[by > _bi'

The rightmost inequality is obtained by noting that the minimal value of the polynomial =
z? — 2|x|by is —bi (reached at & = £by). It follows from this that, almost surely, for any € > 0,

/m () + 6u(2))? : dz > —2b2¢/Dm2(z)dz—/Dm2(z)]1«:[h6(z)2]dz.

Together with the estimate (6.1]), this yields that there exists K > 0 such that, almost surely, for
any 0 < e <1/2,
/ m? (2) + ¢e(2))? 1 dz > —K log(e ™).

Above, the constant K depends only on D, m? and bg. Using this almost sure lower bound, we
then have that, for some constant C' > 0,

)

=E[exp (= (Ye =Y)) exp (= ¥)lpy,—ysony] +Blexp (= (Ve = V) exp (= Y)py,-v<-ny]
< exp(1)E[exp(=Y)] + exp (C|m®[| 1 (p) log(e ")) P(Ye - ¥ < —1)
< eXp(l)E[exp(—Y)] + exp (C’||m2||L1(D) log(e™"))P([Ye — Y| > 1), (6.16)

where E[exp(—Y)] is finite by [Jan08]. We thus see that to prove the uniform bound (6.15)), we must
show that the probability P(|Y. —Y| > 1) decays fast enough as e — 0. This will be achieved thanks
to Lemma[£.1.1} Indeed, by Markov inequality, for any ¢ € [2,00), P(|Ye — Y| > 1) < E[]Y, — V|9
Moreover, as both Y, and Y are random variables in T'g(H) @ 'y (H) @ To(H) where H is the
Gaussian Hilbert space corresponding to the GFF h, by [Sim74, Theorem 1.22], we have that

IYe = YlLa) < (g — D[IYe = Y| z2(p).

Together with Lemma this yields that, for any b € (0, «), there exists a constant C' > 0 such
that for any 0 < e < 1/2,

P([Ye — Y| 2> 1) < (¢ = DE[|Y. — Y|¥/* < CU(g — 1),

We are now going to choose ¢ in a e-dependent way. Namely, set ¢ = ¢ %/3. Then, (g—1)1<q?=
€~9%/3_ Moreover, there exists €; > 0 such that for any 0 < € < &, C? < e~ %/3, Therefore, for any
0<e<é,

PV, — Y| > 1) < e /3 ab/3cba — (ab/3,

Thanks to our choice of ¢, it then easy to see that there exists €, > 0 such that for any 0 < € < é,
P(|Y, — Y| > 1) < exp(—e~%/3). Going back to (6.16), we obtain that for any 0 < e < &,

Elexp(—Y:)] < exp(1)E[exp(—Y)] + exp (C[|m?| 1 (p) log(e ")) exp(—e~*/3).

Since b > 0, the second summand on the right-hand side of the above inequality converges to 0 as
€ — 0 and is therefore bounded by some constant C' > 0 independent of €. This shows that, for
any 0 < € < €9,

Elexp(—Ye)] < exp(1)E[exp(-Y)] + C.

We deduce from this the uniform bound ([6.15]), which as explained above, concludes the proof of
the lemma. O
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Finally, let us show the almost sure strict positiveness of the random variable on the right-hand
side of (4.9). Note that by taking ¢ = 0, the lemma below implies that the random variable on
the right-hand side of (4.7)) is also almost surely strictly positive.

Lemma 6.1.4. Almost surely,

exp<_/m  (h+0)2(2) : z>>0.

Proof. This lemma follows from the fact that

(exp(_/m (ht 6)2() ) ) (/m h+¢)()dz<oo>:1

since the random variable [, m?(2) : (h+ ¢)?(2) : dz is in L*(P). O

6.2 Proof of Lemma 4.4.1]

Proof of Lemmal[{.4.1 Let a > 0. As a preliminary remark, observe that the change of measure
is well-defined. Indeed, [, m?(2) : L(z) : dz is a limit in L?(P,) and is therefore measurable
with respect to £ while finiteness of the normalization constant Z is shown in [Jan08, Theorem 8§].

Let us denote by X (D) the space of unrooted loops contained in D. We turn X' (D) into
a metric space by endowing with the metric dy induced by the norm, for ¢ € X (D), ||{||x =
7(€) + supyeo, (o)) €(t)| where 7(¢) is the lifetime of the loop £. See [Law05, Section 5.1] for more
details about these definitions. Let f : X (D) — R4 be a nonnegative function with compact
support in X (D). To prove Lemma we must show that

E{" [exp(—(L, f))] = exp < —a /(1 - ef(e))u?%(dﬁ)> (6.17)

or, in words, that the Laplace transform of £ under ]P’((lm) is the same as that of a massive Brownian
loop in D with mass m and intensity . Above, the random variable (L, f) is defined as (L, f) :=
> ver f(£). For ease of notations, let us set

6(6) = exp ( -/ " m2<e(t>>dt)

and note that p73(df) = ¢(£)up(dl). Next, we observe that in the integral on the right-hand side
of , the integrand is 0 outside the support of f. We are going to use this to decompose this
integral as a sum over well-chosen compact sets of loops. To this end, let us define the sets of
loops, for n > 1, K,, := {{ € X(D) : £ C D,7(¢) € [27",2"]}. Observe that the set (K,,),, are such
that K,, C Int(K,41) and X(D) = U, K,,. Moreover, we claim the following.

Claim 6.2.1. The sets (K,), are compact sets of (X(D),dx).

We postpone the proof of Claim to the end and continue the proof of the equality (6.17)).
By [Eng89, Exercise 3.8.C], Claim and the covering property of the sets (K,) imply that

(X(D),dy) is hemicompact: for any compact set K C X (D), there exists n € N such that
K C K, see for example |[Wil04, Section 17.I]. Therefore, since f has compact support, for n
large enough,
Ja- e Oupan = [ - Oseu.
K,

Note that this integral is finite since loops in K,, have lifetime at least 27" (the divergence of the
total mass of up is only due to short loops). For n > 1, let us further set B, = {{ € X(D) :
¢ C D,7(¢) > 27"} and observe that K,, C B,,. Using the fact that f is compactly supported in
K, C B,,

e (=a [ - T ONo(up(ah)

= exp ( —a / n(l - e—f“>>¢><€)uD(d€)) =E, [exp(—wgn, £)+Ya(L) (6.18)
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where for a set B and a function g, (LB, g) := D _scr.yep 9(£) and where we have set, for n > 1,

Yo(L) = (L5, logd) +a / (1— $(0)p(de).

n

Note that in this definition, the integral an (1 —¢(€))up(dl) is finite since it is bounded above by
2up(Bn), which is finite because loops in B,, have lifetime at least 27". The equality implies
that to establish (6.17), it suffices to show that the random variable exp(—(Lp,, f) + Yn(£)) on
the right-hand side of converges in L'(P,) as n — oo to exp(—(L, f))R(L) where R(L)
denotes the random variable on the right-hand side of (with the normalization constant Z
included).

To this end, observe that exp(—(Lp,,, f)) almost surely converges to exp(—(L, f)) and moreover,
since f is non-negative, almost surely, for any n, exp(—(Lp,,, f)) < 1. By dominated convergence,
this implies that exp(—(Lp, , f)) converges in L*(P,) to exp(—(L, f)). Therefore, using once again
that, almost surely, for any n, exp(—(L3 , f)) < 1, the following claim then yields convergence of
exp(—(Lp,, f) + Y. (L)) to exp(—(L, f))R(L) in L}(P,), and thus concludes the proof of Lemma
441

Claim 6.2.2. The random variables (exp(Y,(L)))n converge in L'(P,) to the random variable on
the right-hand side of (4.64)).

O
We now turn to the proof of Claim [6.2.1] and Claim [6.2.2]

Proof of Claim[6.2.1 Let n > 1 and let (¢x); be a sequence of loops in K,,. To show that K, is
compact in (X(D),dx), we are going to show that there exists a subsequence (k(p)), such that
(Ur(p))p converges in (X' (D),dx) to a limit £* with £* € K,,. To this end, observe that, for any k,
since £, € K,, and ¢ is contained in the bounded domain D, 27" < |[{x||x = 7(£k) + sup, |£(¢)| <
2" + Cp where Cp > 0 is a finite constant that depends only on D. Therefore, (¢)y is bounded
in (X(D),dx), which implies that there exists a subsequence (k(p)), such (£;(,)), converges in
(X(D),dx) to alimit £*. To see that £* belongs to K, observe first that the function 7 : £ — 7(¢)
is continuous in (X'(D),dx) and therefore, the fact that for any p, 27" < 7({y(,)) < 2" implies
that 27" < 7(£*) < 2". Moreover, we have that ¢* C D since for any p, Li(p) belongs to X(D) and

hence ¢ C D. O

Proof of Claim[6.2.3 Let us set, for n > 1, Y,,(L) := (Lp,,log ¢) — aup(Ip, log ¢). Note that, in
this definition, the loop measure term is finite. Indeed, we have that

7(0) 00
ep(|logd|lp,) = up <H@€Bn/0 mz(ﬁ(t))dt> < /_n /D m?(2)pe (2, 2)dzdt < oo (6.19)

as D is bounded (here, p; is the heat kernel in D with Dirichlet boundary conditions on D). Now,
observe that, almost surely, exp(Y,(£)) = exp(Y;,(£)) exp (a [ ( B +log ¢(£))pp(dl)) where
finiteness of the integral an(l — &) + log ¢(€))MD(d€) follows from and the fact that, for
any £, |1 — ¢(¢) +log ¢(£)| < 2|log ¢(¢)|. Therefore, to prove the claim, it sufﬁces to show that

lim exp(
n—roo

V(L)) exp ( [, 0=+ 1o ¢<£>>m<d€>)
- eXp ( )i L(z) dz> (6.20)

where the limit is in L!'(P,). To establish this, we first show that (exp(Y,(L£))), is a bounded
martingale in L!(P,), which implies that it has a limit in L'(P,). To identify this limit with the
random variable on the right-hand side of (6.20)), we then prove that (exp(Y;(£)));, almost surely
converges to this random variable.

The fact that (exp(Y,,(£)))n is a martingale follows from the Poissonian nature of £, as we now
explain. For n > 2, let us set B} = By and B], = B, \ B,_1. We then have that, for any n > 2,
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almost surely,

Eolexp(Yn(£))| exp(Yn-1(£))]
= exp(Yn—1(£))Ealexp(Yn(£) = Yn-1(£))| exp(Yn-1(£))]

exp(Y,—1(£)) exp (a/B (1- ¢(£))MD(d€))Ea [exp((Ly,, log ¢))] exp(Yn-1(L))]

’
n

exp(¥n—1(£)) exp (a/B (1- ¢(f))uD(d€))Ea [exp((L;,,log 6))] = exp(Yn-1(£))

where in the penultimate equality, we used the fact that exp({Lp:,log¢)) = exp((Lp,,log®) —
(LB, _,,log ¢)) is independent of exp(Y,,—1(L)) since L is a Poisson point process. This shows that
(exp(Yy,(£)))n is a martingale. Boundedness in L!(P,) is straightforward to see since for each n,
exp(Y, (L)) is almost surely a non-negative random variable and Eq[exp(Y,,(L£))] = exp (o [ B,(1—
H(0))p (A0 Ealexp((Ls, , log 6))] = 1.

Having established that (exp(Y, (L)), converges in L!(P,), let us now show that it also con-
verges almost surely to the random variable on the right-hand side of . To this end, we first
apply the dominated convergence theorem to the loop measure term. Observe that, up-almost
everywhere, lim,, o Ip, (1—¢(£)+log d(£)) = 1—p(£) +1og ¢(¢£). Moreover, there exists a constant
C > 0 such that, for any loop ¢ with ¢(¢) > 1/2, |1 — ¢(£) +log ¢(£)| < C(y/é(£) — 1)%. Therefore,
setting F := {¢ € X(D) : ¢(¢) < 1/2}, we have that, for any n > 1, up-almost everywhere,
Ig\ell — o) +log¢(€)| < Ip,\pC(y/o() — 1)2. Moreover, it is easy to see that for a loop ¢,
(\/o(f) —1)2 < (log ¢(£))?/4 and up((log ¢(£))?) = pup((m?,£)?) < oo by |Jan08, Lemma 2] since
D is a bounded domain. This shows that, for any n > 1, up-almost everywhere,

Ip,|1 — ¢(0) +1log ¢(0)| < Ip,\pC(Vo(l) —1)* +1g|1 — (¢) + log ¢(¢)|
< C(log ¢(£))* +1g|1 — ¢(£) + log ¢(0)]

and the right-hand side is pp-integrable (loops in E have lifetime at least m 2 log(2)). Therefore,
by dominated convergence, we obtain that

n—oo Z

lim exp (a/ (1—¢(f) +log ¢(€))uD(dﬁ))> = exp(app(l — ¢(¢) +log ¢(£))) = L

where the rightmost equality follows from [Jan08, Theorem 8]. On the other hand, as recalled
in Section , we have that Y,,(£) converges Pq-almost surely to — [, m?(z) : L(z) : dz as

n — 0o. Therefore, by continuity of x — e¢*, we have that, P,-almost surely, lim,,_,, exp(Y,,(£)) =
exp (— [, m?(2) : L(z) : dz). As explained above, this yields (6.20) and concludes the proof of
Claim [6.2.2] O

6.3 Proof of Lemma [6.3.1]

Lemma 6.3.1. Let D C C be a bounded, open and simply connected domain such that 0D has
Hausdorff dimension strictly smaller than 7/4. Then, for any k > 1,

k
/ ‘f(D+,k)(x17"'71'k)‘2Hdl’j<OO
Dk =

where fj(;’k) s as in Theorem .

Proof. To show this lemma, we use the explicit expression of fgr’k): by |[CHI21, Theorem 7.1], we
have that, for any k£ > 1 and any x,...,x, € DF,

N

k
fé*””(ml,...,m)chmxj,amé(ﬂ ST ew(Mgnanr)
=

pe{—1,1}k 1<j<m<k

where Gp denotes the Green function in D with Dirichlet boundary conditions. Here, Gp is
normalized so that as y — z, Gp(z,y) ~ —log(|z — y|). Let a,& > 1 be such that 2 + 1 =

[e3
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and § < 2 —dimg(dD) and a < 2, where dimy(9D) denotes the Hausdorff dimension of dD.
Applying Holder inequality with the functions

k

gi(er, o a) = [[CRG@;,00) 74, go(ancm) = > ] e (FE™Golas.am),

J=1 pef{—1,1}k 1<j<m<k

we obtain that for any k£ > 1,

E 1
/m PSR (@, )2 dej < (/DCR(:C,aD)(de) </D golan,...,x dej> .

By our assumption on dg(0D) and our choice of &, it is easy to see that the first integral on the
above right-hand side is indeed finite. On the other hand, since Gp is a non-negative function, we
have that

k k
«
/;k 92 L1yewey & r:[ §2k/D exp (ZGD(xJ7xm))Hd'r]

1<j<m<k j=1

Finiteness of the above integral then follows by combining [JSW20, Proposition 3.9] and [JSW20|
Lemma 3.10]. O
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