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UST branches, martingales, and multiple SLE(2)*

Alex Karrila®

Abstract

We identify the local scaling limit of multiple boundary-to-boundary branches in
a uniform spanning tree (UST) as a local multiple SLE(2), i.e., an SLE(2) process
weighted by a suitable partition function. By recent results, this also characterizes the
“global” scaling limit of the full collection of full curves. The identification is based
on a martingale observable in the UST with N branches, obtained by weighting the
well-known martingale in the UST with one branch by the discrete partition functions
of the models. The obtained weighting transforms of the discrete martingales and
the limiting SLE processes, respectively, only rely on a discrete domain Markov
property and (essentially) the convergence of partition functions. We illustrate their
generalizability by sketching an analogous convergence proof for a boundary-visiting
UST branch and a boundary-visiting SLE(2).
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1 Introduction

Schramm-Loewner evolution (SLE) type curves are conformally invariant random
curves [39, 38, 11], known or conjectured to describe the scaling limits of random
interfaces in many critical planar lattice models [42, 34, 40, 4, 48, 41, 14, 6, 15, 12].
A particularly interesting variant is the local multiple SLE [9, 30], which explicitly
connects SLEs to Conformal field theory, the physics description of scaling limits of
critical models [1, 13, 10, 22, 35]. The main result of this article, Theorem 2.1, proves
local multiple SLE convergence for multiple boundary-to-boundary branches in a uniform
spanning tree (UST) model on 72 (see Figure 1), as well as its natural generalization to
other isoradial lattices.

The local multiple SLE convergence of multiple UST branches was predicted in [21,
Conjecture 4.3] (see also [9, Section 2] and [27, Section 5.1]). A proof outline for
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that conjecture was given by the author in [20, Theorem 6.8] together with several
consequences, most importantly determining the scaling limit of full curves based on
the conjectured local limit. This paper fills the omitted part [20, Assumption 5.1] of that
proof outline, thus completing the proof.

Scaling limits of multiple chordal interfaces have been recently also studied in terms
of the global multiple SLEs [29, 32, 46, 36, 2]. The proof of our main theorem 2.1
provides an important example of the relation between convergence proofs based on
local and global multiple SLEs, as discussed in [20, Section 1]: On the one hand, due to
recent characterization results for global multiple SLEs, rather short convergence proofs
can nowadays be given for various discrete chordal curve models, when conditioned on
the pairing of the boundary points by the curves [46, 2]. Such proofs require as an input
the convergence of the corresponding one-curve model to chordal SLE (see [48] on the
UST). To extend such proofs to unconditional models, one in addition needs to solve the
scaling limit probabilities of the different pairings of boundary points. This is done for
some lattice models in [42, 37] and Theorem 2.2 of this paper. In conclusion, using [48],
global multiple SLE theory, and Theorem 2.2, one could thus characterize the scaling
limit of (unconditional) multiple UST branches in terms of global multiple SLEs.

In this paper, we instead convert the convergence proof of [48], based on martingale
observables, from one to multiple UST branches. Key tools are a discrete Girsanov
transform, converting discrete martingales from one to multiple UST branches, and
(essentially) Theorem 2.2, establishing the convergence of the conversion factors in
such martingale transforms. Compared to using global multiple SLEs, this approach
roughly speaking takes fewer inputs, but with the price of re-doing the input from [48].
The discrete Girsanov transform is not specific to the UST model and, if an analogue
of Theorem 2.2 were at hand, SLE convergence proofs could be promoted from one
to multiple curves similarly in other lattice models; see the use of [42] in [25] for
comparison. We illustrate this generalizability by showing how to extend our proof to a
boundary-visiting UST branch and boundary-visiting SLE(2).

Martingale arguments proving the convergence lattice interfaces to different multiple
SLE type curves are given in [16, 26, 25, 20, 17]. The convergence of different variants
of a single UST branch, or the closely related loop-erased random walk, to different SLE
variants has been proven in [34, 48, 33, 8], and for isoradial and even more general
graphs in [7, 47, 43, 44].

Organization

Section 2 gives the precise statement of the main result and a brief discussion
of its consequences. The following three sections constitute the proof: Section 3
solves the discrete partition functions and martingales in a purely combinatorial setup,
Section 4 establishes the convergence of these observables, and Section 5 identifies the
scaling limit process via the limiting martingale observable. Some technical details are
postponed to Appendices A and B. The analogue of the main result for a boundary-visiting
UST branch is discussed in Section 6, and its (non-rigorous) interpretation in terms of
boundary-visiting SLEs in Appendix C.

2 Setup and statement

This section introduces the precise setup and statement of the main result. The
combinatorial model is defined Subsection 2.1. Section 2.2 introduces isoradial graphs
on which the scaling limit results are obtained. The necessary background on Loewner
evolutions and (multiple) SLEs are reviewed in Section 2.3, and in Section 2.4 we are
ready to state and discuss the theorem.
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Figure 1: A WST sample on a 50 x 50 square grid graph, with the boundary branches
from the interior vertices of the odd edges e1, e3, and e5 reaching the boundary each via
a different even edge es, e4, OT €.

2.1 The weighted spanning tree and its boundary-to-boundary branches
2.1.1 The random spanning tree model

Let H = (V(H),E(H)) be a connected finite graph. A spanning tree of H is a subgraph 7
that is connected and acyclic (is a tree) and contains all the vertices of H (is spanning).
Endow the edges £(H) with positive weights w : £(H) — R~¢. The weighted (random)
spanning tree on H is a random spanning tree with probabilities

P[T] o [ wie)

ecT

Note that if all edges e € £(H) carry equal weight, this becomes a uniform random
spanning tree.

We will in this paper always study the planar weighted spanning tree with wired
boundary conditions, meaning the following. Let G = (V, £) be a finite connected planar
graph with a fixed planar embedding. Declare some vertices adjacent to the infinite face
of G as boundary vertices V2, and the remaining vertices of V as interior vertices V°. The
weighted spanning tree with wired boundary conditions (WST) on G is then a weighted
spanning tree on the graph H = G/0 obtained by identifying all the boundary vertices
V9 to a single vertex v?. For notational simplicity, we will identify the edges of G and
G/0, hence both graphs endowed with the edge weights w, and we regard the WST as
a subgraph of both G/0 and G via this identification. Edges between the interior and
boundary vertices V° and V? are called boundary edges OE.

2.1.2 Boundary-to-boundary branches

Note that in a WST tree, each interior vertex v € V° connects to the boundary vertices
dV by a unique simple path, called the boundary branch from v. Let eq,...,ean € OE
be distinct boundary edges, indexed counterclockwise along the boundary. Condition
the WST on G on the event that the boundary branches from the interior vertices of
the odd edges eq,e3,...,eany_1 reach the boundary 0V via the even edges es, eq4, ..., ean,
each using a different even edge; see Figure 1 for illustration. (We assume that G
and ey, ...,eon are such that this conditioning is possible.) This produces N boundary
branches in the WST, and adding the odd edges ey, e3,...,ean5_1, We obtain N chordal,
vertex-disjoint simple paths on G. These chordal vertex-disjoint paths are called WST
boundary-to-boundary branches pairing eq, ..., esn.
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The way the boundary-to-boundary branches pair the edges ey, ..., ean is encoded
into a partition « of the set {1,2,...,2N} into disjoint pairs. Due to planarity and the
disjointness of the boundary-to-boundary branches, « is a planar pair partition a.k.a. a
link pattern, i.e., the pairs of « among the real-line points {1,2,...,2N} can be connected
by N disjoint curves in the upper half-plane. The set of link patterns on {1,2,...,2N} is
denoted by LPy.

2.2 Isoradial graphs

2.2.1 Isoradial lattices

Let I' be an infinite, locally finite planar graph embedded in the plane. We say that I" an
isoradial lattice with mesh size ¢ if the following holds: the vertices adjacent to each
face of I lie on the arc of a circle with radius J, centered inside that face. We draw the
dual graph I'* of T" so that the dual vertices lie at these circle center points. The four
endpoints of an edge e and its dual e* then determine a rhombus of side length §. We
endow isoradial lattices with edge weights

w(e) = tanf,,

where 0. is half of the opening angle of the rhombus, as divided by e. As in [7], we
assume that the half angles 6. are bounded uniformly away from 0 and 7/2: there exists
1 > 0 such that

n<6.<7/2—n 2.1)

for all edges e of I". When studying the scaling limit ¢ | 0, we will always assume that
same 7 applies for all §.

2.2.2 Simply-connected subgraphs

Let A¢ C C be a bounded simply-connected domain, whose boundary consists of edges
and vertices inI'. Let G = (V, £) be the planar graph with V = V(I')NAg and £ = £(I')NAg.
We call G the simply-connected subgraph of I'. We will always run the WST model on G
with the isoradial edge weights and boundary vertices V7 = V N dAg.

2.3 Loewner evolutions and SLE

We now briefly review Loewner evolutions and SLE in the upper half-plane H. We
refer the reader to the textbooks [31, 3, 23] for more details.

2.3.1 Loewner evolutions

The Loewner (differential) equation in H determines a family of complex analytic map-
pings g¢, t > 0 by

go(z) =2z forallzeH

2
Ohge(2) = ————,
) = G-,
where W. : R>o — R is a given continuous function, called the driving function. For a
given z € H, the solution ¢;(z) of this equation is defined up to the (possibly infinite)
hitting time 7(z) of 0 by the process |g:(z) — W;|. The set where g; is not defined is
denoted by

(2.2)

K,={zeH:71(z) <t}
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The sets K; are growing in ¢, and for all ¢ they turn out to be hulls, i.e., K; are bounded
and closed in H, and H, := H\ K} is simply-connected. It also holds true that g;, called
the mapping-out function of H;, is a conformal map H; — H such that

2
gt(z):z—&—;t—FO(l/zQ) as z — oo.

The Loewner differential equation thus maps a driving function W. to a growing
family of hulls K.. Conversely, a family of growing hulls K. can be obtained as the hulls
of some Loewner equation (after a suitable time reparametrization) if and only if the
hulls satisfy the local growth property and have a half-plane capacity tending to infinity
(see [23] for definitions). The families K., W., and g. satisfying the above conditions
can thus be regarded as equivalent, and we title them Loewner evolutions. We equip
the space of Loewner evolutions with the metric topology inherited from their driving
functions

d(VVa W) = Z 27" min{lv S%p] |Wt - Wt‘}a

nelN te|

i.e., the topology of uniform convergence over compact subsets. Random Loewner
evolutions will be studied in this topology. The Borel sigma algebra .# of this metric is,
as usual, equipped with the right continuous filtration (.%;):>o of the stopped functions
Wont, 1., F = Ngs10(Wops).

2.3.2 SLE type processes

The Schramm-Loewner evolution SLE(x) with parameter x > 0 from 0 to oo in H, for
short SLE(x) in (H : 0, 00), is the random Loewner evolution driven by a scaled Brownian
motion,

Wo=0
th == \/EdBt

It is a chordal curve in the precise sense that, almost surely, there exists a continuous
function v : R>o — H, with 7(0) = 0 and fy(t)tj—%ooo, such that H \ K; is the unbounded
component of H \ ([0, ¢]) for all ¢.

This work concerns SLE type processes with a partition function. The starting point
at time ¢ = 0 are 2NV marked real points Xél) <...< X(()QN) and a smooth, positive
partition function Z : R* — R,. The driving function is bound to the evolution a
special j:th marked point

W, = Xt(j) for all ¢,

and W; and the remaining the marked real points Xt(i) = g (Xéi)), with ¢ # j, evolve
according to the SLE type stochastic differential equations

) (1) (2N)
AW, = rdB; + H—ajzz(;i((f)“:;g&v)))dt 03
dx) = _—2 _dt foralli#j. '

XM -w,

2.3.3 Localizations

The partition function SLEs obtained as scaling limits in this paper will be so-called local
multiple SLEs. We will not need any inputs from the theory of local multiple SLEs, but it
is necessary to comply with their inherently local nature.
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A localization neighbourhood is a bounded open neighbourhood U of X(gj) =Wy in H,
whose closure is a hull bounded away from all the other marked (starting) points X (i),
1 # j. Morally, we would like to consider the partition function SLE up to the time the
hulls K. exit the neighbourhood U. However, such an exit time is not continuous in our
topology of Loewner evolutions, posing problems when studying weak convergence of
lattice models. Hence, we use the continuous modification T of the exit time of U, as
defined in [20]. The stopping at 7 comes later than the exit time of U but before the exit
time of its e-thickening U,, where a small ¢ > 0 is chosen as an input in the definition
of 7. The precise definition is not important in the context of this paper.

Due to working only up to the stopping time 7, it suffices to define an SLE partition
function Z(.’El, e ,ng) forxzy < ... < xan.

2.4 The main result and some consequences

The main result of this paper is given the following setup and notation.

Let (T')nenw be a sequence of of isoradial lattices with mesh sizes ¢, | 0. Let
(Gn; egn), . eg}\;) be simply-connected subgraphs of I',, with a fixed number 2N of marked
boundary edges. Assume that, as planar domains with marked boundary points, G,
are uniformly bounded and converge in the Carathéodory sense (see, e.g., [7] for the
definition) to a domain (A;py,...,pay) with 2N distinct marked prime ends.

Let ¢, : A, — Hand ¢ : A — H conformal maps such that ¢, ! — ¢! uniformly over
compact subsets of H. Such maps exist by the Carathéodory convergence, and can be
chosen so that, denoting ¢(p1,...,pan) = (Xél) .. .XézN)), we have —oo < Xél) <...<
X(SQN) < 00. We also fix an index 1 < j < 2N and a localization neighbourhood U of X(gj).

Consider now WST boundary-to-boundary branches on (G,; e§”>7 e eg}\;), mapped

conformally to H by the maps above. Let W™ denote the driving functions in the
Loewner evolutions describing the growth of the boundary-to-boundary branch starting
from e j") and stopped at the continuous modification 7(") of the exit time of U.

Theorem 2.1 (WST boundary-to-boundary branches converge to local multiple SLE(2)).
In the setup and notation above, W converge weakly to the SLE type driving func-
tion (2.3) stopped at 7, with parameter v = 2, and partition function Zy as given in
Equation (4.3). If the WST boundary-to-boundary branches are in addition conditioned
to form a given link pattern o € LPy, then the analogous convergence holds with the
partition function Z,, given in (4.2).

The functions Zy and Z, above are so-called local multiple SLE partition functions
at k = 2, and W is hence a local multiple SLE(2) driving function; see [21, Theorem 4.1]
or Theorem 2.3 below.

For several remarkable consequences of Theorem 2.1, see [20, Theorems 5.2, 5.8, 6.8,
and Proposition 5.9]. Note that for these consequences it is important that no boundary
regularity assumptions were imposed on the domains A, or A. Some simpler conse-
quences of Theorem 2.1 and by-products of its proof are discussed below.

First, Theorem 2.1 is also a conformal invariance result. Indeed, the description of
the scaling limit is given merely in terms of H and Xél) . X(SQN), not their conformal
(pre)images, the actual limiting domain A and prime ends py,...,ponN.

In the case of a single curve, N = 1, the theorem above is equivalent to the well
known SLE(2) convergence of a WST branch [48]. The scaling limit appears as a partition
function SLE since the conformal maps were chosen so that it is an SLE(2) from X; to
X5, not from 0 to co.
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As a by-product of the proof, we obtain the convergence of the WST boundary-to-
boundary branch link pattern probabilities on isoradial graphs and without any boundary
regularity assumptions (cf. [27, 28] and [21, Theorem 3.16]).

Theorem 2.2 (Scaling limit of link pattern probabilities). In the setup and notation above,
the probability that the WST boundary-to-boundary branches form the link pattern «
tends to Z, (X" ... xPy z2p(x(V . XYY asn — oo

Second, the proof of Theorem 2.1 also provides an alternative proof showing that the
partition functions Zy and Z, satisfy the PDEs that appear in the definition of the so-
called local multiple SLE partition functions (see, e.g., [30, Appendix A]). The same PDEs
appear in Conformal field theory as degeneracy PDEs for correlation functions of primary
fields [35]. A different proof for the theorem below was given in [21, Theorem 4.1] by a
direct computation based on the explicit expressions (4.3) and (4.2).

Theorem 2.3. The partition functions Zy and Z,, satisfy forall j € {1,...,2N} the PDEs

2N

2N
2 2
(r“)juz*(xl,. .. ,{EQN) + Z p— z'(r“)iZ*({L‘l, .. .,1'2]\]) — Z mz*(xl, R ,LL‘QN) =0.
i=1 """ J i=1 ? J
i#] 1#]

3 The combinatorial model

In this section, we study the combinatorial WST model on a finite connected planar
graph G. We assume that such G comes with a planar embedding, a choice of boundary
vertices, and edge weights w. The main results — and the only ones referred to in
other sections — are Proposition 3.4, establishing WST martingales, and Theorem 3.1,
expressing them in terms of discrete harmonic functions.

3.1 WST connectivity partition functions

In this subsection, we define some basic discrete harmonic objects, define the con-
nectivity partition functions of the WST, and review their solution in terms of the discrete
harmonic objects, given in [27, 28] and [21].

3.1.1 The discrete Green’s function, Poisson kernel, and excursion kernel

Define the weight w(v) of a vertex v as the total weight of adjacent edges,
w(v) == Z w(e).
e=(v,u)€E

For w,v € V, denote by # (v, w) the set of finite length nearest-neighbour walks (se-
quences of adjacent vertices) on the graph G, whose first vertex is v and last w. Let

A € # (v,w) be a walk with the vertex sequence v = vg,v1,...,v, = w and the edge
sequence e; = (vg, V1), €2 = (V1,V2), ..., €m = (Um—1,VUm). Define the weight of the walk A
by

w(n) o= L= W(er),
[Tz w(vk)
Note that this weight is preserved under reversing the walk.
Denote by #°(v,w) C # (v,w) the walks that only contain interior vertices. The
discrete Green’s function on G : V x ¥V — R is now defined as the partition function of
walks in #° (v, w)
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Note that G(v, w) indeed is the Green’s function of the negative discrete Laplacian (see
Section A.1 in Appendix A), and that G(v, w) = G(w,v).

If w is the interior vertex of a boundary edge e € 0&, then we call G(v, w) a discrete
Poisson kernel between v and e and denote

G(v,w) =: P(v,e).

Note that Green'’s function has zero boundary values, G(v,w) = 0 for all w € 9V, so the
Poisson kernel P(v, e) can be seen as the discrete derivative of G(v, w) in w, along the
boundary edge e. Note also that P(v, e) is a discrete harmonic function in v, see again
Section A.1.

If also v is the interior vertex of a boundary edge ¢ € 9&, then we call G(v,w) a
discrete excursion kernel between ¢ and e and denote

G(v,w) = P(v,e) =: K(€,e).

The excursion kernel can be interpreted as the discrete derivative of P(v, e) in v, along
the boundary edge é. The reason for introducing these redundant notations is their
different behaviour in the scaling limit.

3.1.2 Excursion kernel determinants

Let a € LPy be a link pattern. The left-to-right orientation of « is the ordered collec-
tion of ordered pairs ((a1,b1),...,(an,by)) such that o = {{a1,b1},...,{an,bn}} and
furthermore a; < b; foralliand a1 < as < ... < ap.

Let e,...,ean be boundary edges of G, and let ((ay1,b1),...,(an,bn)) be the left-to-
right orientation of a link pattern a € LP 5. We define the excursion kernel determinant
Ag(el, ey 62]\7) of o on (g, €1y, 62]\]) by

N

AK(er, ... eon) = det (K(eak,ebz)) 3.1)

k=1

3.1.3 Solution of the WST connectivity partition functions

Consider now the WST measure P on G. Let eq,...,esn be distinct boundary edges,
indexed in counterclockwise order. Denote by Ex the event that the WST boundary
branches from the interior vertices of the odd edges ei,es, ..., ean—_1 reach the boundary
0JV via the even edges eg, ey, . . ., ean, €ach using a different even edge. (Recall that this is
the event required in the construction of boundary-to-boundary branches in Section 2.1.)
We denote

Zl%(el,...,eyv) :=P[EN].

We wish to keep the graph G (equipped with embedding, boundary vertices, and edge
weights), as well as the marked boundary edges, explicit in this notation for later
purposes.

For a link pattern a € LP denote by F,, the event that £y occurs and additionally
the obtained WST boundary-to-boundary branches pair the edges e;, ..., ean according
to the link pattern «. Denote

ZS(e1,. .. ean) = P[E,],
so obviously

Z]%(el,...,egN)z Z Zg(el,...762N). (32)
a€LPyn
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We call Z9 the connectivity o partition function of the WST and Z]% the total WST
connectivity partition function.

The WST connectivity partition functions Z9, for all a € LPy, were solved in terms
of excursion kernels determinants in [27, 28]. We follow here the presentation in [21,
Theorem 3.12 and Section 3.6].

Theorem 3.1. We have for alla € LPy

2N
Zg(el,...,€2N> = H W(ei) Z -///O:Ll-;Ag(ela~-~7e2N)> (33)
=2 BELP N

i even

where ///a_é only depend on the link patterns o, € LPy as given explicitly in [21,
Example 2.10].

The formula above differs from that appearing in [21, Section 3.6] in terms of the
edge weight factor. This is due to a different choice of normalization in the definition of
discrete excursion kernels.

3.2 Discrete martingales

In this subsection, we study discrete martingales under growing WST boundary-to-
boundary branches. The reader should notice that the discussion of this subsection
could be carried out more or less similarly in several other lattice models. What is
special about the WST is Theorem 3.1 above, which connects the obtained martingales
to discrete harmonic functions.

Let us introduce some notation. Let (G;eq,...,ean) be as above. Fix a link pattern
a € LPy. Denote the conditional WST measures by

Py[-]:=P[-| Ex] and P,[-]:=P[-|E.]

where Ey and E, C Ex are as above. Under these conditional measures, we are
interested in the WST boundary-to-boundary branch v (a sequence of adjacent vertices
~(0),7(1),...) starting from the marked boundary edge e; = (y(0),v(1)). Note that under
P, we also know the last edges ¢j € {e1,...,ean} of 7. Denote by E; the WST event that
the boundary branch from the interior vertex of the odd-index edge e; or e, reaches the
boundary dV via the even-index one. Hence E, C F; and if N = 1 then indeed Ey = F;.
Denote

Under the conditional measures Py, P,, and Py, denote by F;, ¢t € {1,2,...}, the sigma
algebras of the ¢ first vertices (7(0),...,7(¢)) on the path v (so F; is the trivial sigma
algebra). By discrete martingales we mean martingales under these measures and this
filtration.

3.2.1 Connectivity probability martingales

Our first martingales are the conditional probabilities of the event F,, given F;. Denote
by G; the planar graph G = (V, £) with boundary vertices V? = V7 U {7(0),...,y(t — 1)}
and denote eg-t) = (y(t —1),9(t)) (so V?_; = V? and e§-1) = e;). Define the shorthand
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notations

t
th = Zg‘(el,...,ej_l,eg),ej+1,...,egN) and

t
Z]%t = Z]%t(el,...,ej_l,eg),ej_H,...,egN) and

t .

79 Zlg*(e§- ),ek), j odd
1= th (t) .
i (ense;”), j even.

Below we use the discrete domain Markov property to construct conditional probability
martingales from these partition functions. Note that Theorem 3.1 expresses these
partition functions as polynomials in discrete excursion kernels on G;.

Lemma 3.2. We have
En[I{E} | Fi] = 23 /2% and  E\[I{E.} | Fi] = 25 /27"
Proof. Note that we have
En[1{E.}] = P[Es | Ex] = P[E,]/P[EN] = Z5' /25!,

and similarly |, [1{E,}] = Z9' /Z7*. This actually proves the claim for conditioning on
the trivial sigma algebra F;. The same deduction, combined with the domain Markov
property for the WST (see, e.g., [20, Proof of precompactness in Theorem 6.8]) can be
used to prove the claim for any F;. O

3.2.2 Discrete Girsanov transforms

The measure P, can be seen as either Py or IP; conditional on the event E,. We
now recall how martingales under the unconditional measure can be transformed to
the conditional one and vice versa, by a discrete analogue of Girsanov’s transform.
Analogous martingale transforms hold in a wide generality but, as with the previous
martingales, we prefer to state and prove them for WST, in the form in which they will
be applied.

Lemma 3.3. IfMt(a) is an F; martingale under P, then
MY = M 2§ )25
is an F; martingale under Py . IfMt(l) is an F; martingale under IP1, then
M) = Mg 750 (7

is an F; martingale under P ; here T is the F; stopping time given by the first time s for
which the next step v(s + 1) may be taken under P, so that Z5+ =.

Proof. Start from the first transform. The process Mt(N) is clearly adapted, and it is
integrable due to the finiteness of the sample space, so it remains to check the conditional
expectation property, i.e., ]E[]I{A}Mt(fl)] = IE[ﬂ{A}Mt(N)] for any A € F;. Starting from
the conditional expectation property of Mt(o‘), and then expressing IE, as a conditional
measure, E,[ -] = Ex[- 1{E,}]/Pn[E.], we obtain, for any event A € F;
Eo[M{1{A}] = Eo[M{?]1{A}]
Ex[M{V1{AYEN[1{Eo} | Al = En M 1{AYEN [1{Eo} | Friall.

Substituting the conditional probabilities from Lemma 3.2 now proves the first claim.
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For the second transform, integrability and adaptedness are similarly clear. Let us
prove the conditional expectation property. Notice that E,[ - | = Ei[ - 1{E,}]/P1[E4]
and using Lemma 3.2 compute, for an arbitrary event A € F;

Eo[M;”1{A}] - Eo[M;$11{A}] (3.4)
1

= m <E1 [Mt(a)]l{A}th/Zlgt} —E; [Mt(zz]l{A}th“/Zf‘“}) .

Next, using the piecewise definition of Mt(a), we obtain

(4 =5 (m [n{T < )M (277 28T A (28 )27 — 28 25 )]
e =Xy, JFi-measurable r.v. apply Lemma 3.2
FE LT 1) MO 280282
N—————
:=Y:, JFi-measurable r.v.
—E [n{T > t}1{A} Mﬁiﬁ(zlgt“/zgwwzswl/Zfﬂ)
—_———
=Y;
1
- i [ XL} | 7|~ By | XA [1(a) | Fon]|
Py [Ea]
=0 by tower law of conditional expectation
ep o] - o]
=0 since Mt(l) is a martingale
=0.
This finishes the proof. O

3.2.3 Discrete harmonic martingales

We now establish the discrete harmonic martingales on which the scaling limit identifica-
tion is based. The starting point is the well-known F; martingales under the measure P4,
given by [34, 48, 8]

pY: (v, eg-t))

Mi(v) = ———— -,
K9 (e, eg»t))

where v € V is any fixed vertex; (3.5)

here and hereafter we will need Poisson and excursion kernels on subgraphs G; of G,
explicating the subgraph in the superscript. Note that for fixed ¢, M;(v) is a discrete
harmonic function of v on G; (see Section A.1 in Appendix A). Let us also define the
notation

5 —1 A K%t t
Zg” = Z %Q,BAB (617...,€j,1,6§-),€j+1,...7€2]\/),
BELP N

i.e., ng is obtained from Z9t given by (3.3) by diviging out the wgights of~the even
marked boundary edges of G;. Analogously, define Zj%t = ZBELPN th and Zlgt as the

case N = 1 with marked edges egt)7 er. The martingale transforms of Lemma 3.3 and

the martingale (3.5) now allow us to find martingales under the various measures. We
collect these below, directly with normalizing factors for which scaling limits exist. Note
that the normalizing factors are Poisson kernels P = P9 at time t = 1.

EJP 25 (2020), paper 83. http://www.imstat.org/ejp/
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Proposition 3.4. Let v,w € V be any vertices and € LPy any link pattern. We have
the following F; martingales under the different measures:

P9t v,e(-t)
MO w) = S ) by ) under
Z7
pY: v,e(t
Mt(a) (v,w) = ——z"-> H P(w,e;)  stopped at T, under P;
1#3
PY% (v e(t) 2N
Mt(N) (v,w) = (th H P(w,e;)  stopped at T, under Py;
tséj
2
Mt(N) = f;,t under Py; and
Zy
~ th
Mt(a) = th stopped at Ty, under P;

here T (resp. Ty) is the F; stopping time given by the first time s for which the next step
(s + 1) may be taken under P, (resp. Py) so that Z8+ = 0.

Proof. For the first martingale, note that Zlgt is by Theorem 3.1 a constant scaling of
K9 (e, e;t)). Mt(l)(v,w) is thus a constant scaling of the martingale (3.5). The second
one is, up to constant scaling, obtained by applying the second martingale transform
of Lemma 3.3 to the first martingale. The third martingale Mt(N) (v, w) is obtained by
the first transform of Lemma 3.3 from the second martingale Mt(a)(v, w). The fourth
one is the conditional probability martingale of Lemma 3.2. The fifth martingale ]\th(o‘)
is obtained by the second martingale transform of Lemma 3.3 from the fourth one.
(Lemma 3.3 is stated as transforming IP; martingales to P, but its direct analogue
applies from Py to IP,.) O

4 Observable convergence results

4.1 Convergence of discrete harmonic objects

4.1.1 The continuous Green’s function, Poisson kernel, and excursion kernel
The Green’s function G(z,w) of the negative Laplacian (—A) on the upper half-plane
z,w € H is given by

1 *
G(z,w) = —ﬂ[log|z —w| —log |z — w*|].

The Poisson kernel P(z,z) of the z € H at + € R and is given by
1 1 1 S(z)

) =

T z—a  wlz—a?

(4.1)

and the excursion kernel K(z,y) between z,y € R, = # y is given by
1 1
K(z,y) = ———.
Notice that the normal derivatives of G can be defined on R by Schwarz reflection,
and then

P(z,2) = (8,G(z,2 + i) g »
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and in a similar sense
K(z,z") = (0,P(x +yi,a")),_, -

With this observation, G, P, and K are the continuum analogues (in H) of the discrete
objects G, P, and K, respectively, introduced in Section 3.1.1.

When combining Poisson kernels with Loewner evolutions, we will need the following
elementary observation. Let H; C H be the complement of a hull in H and ¢; : H; — H its
mapping-out function. Let = € R be such that a neighbourhood N of z in H is contained
in H,. As observed above, G(z,w) defines a harmonic function of w on H\ {z} (and thus on
H,\ {z}) with boundary normal derivative P(z, z) at . Denote z; = g:(z), w; = g¢(w), and
x; = g:(z). By conformal invariance of harmonic functions, G(z,w) = G(g; ' (2), g; * (w;))
is hence a harmonic function of w; on H\ {z;}. Its boundary normal derivative at x;
given by

(gzt_l)l(xt)P(zvx) =

4.1.2 Convergence results on isoradial graphs

We now state four results, guaranteeing the convergence of suitable ratios of discrete
Green'’s functions, Poisson kernels, and excursion kernels to their continuous counter-
parts. The two first results are “classics” of discrete harmonic analysis, see [7], while
the two latter ones follow by combining the first ones with Theorem A.4 of Appendix A.
Theorem A.4 can be proven based on a uniform estimate on the behaviour discrete
harmonic functions near a boundary segment with zero boundary conditions, given
recently by Chelkak and Wan [8, Corollary 3.8]. We provide in Appendix A a different
proof based on conformal crossing estimates for the random walk [24], that was found
independently by the author.

The convergence results consider the following setup. Let G(") = (V") £(") be
simply-connected subgraphs of the isoradial lattices I'(™ with mesh sizes §,, — 0, as
defined in Section 2.2. Denote the Green, Poisson, and excursion kernels on G(™
by G, P, and K("), respectively. Let v(™ w(™ e V(") be interior vertices and

e\ el e 9€™ be distinct boundary edges, both connected to v(™ by a path on

the interior vertices. Assume that (g(”);v(”),w(”);egn),egl)) — (A;v,w;p1,p2) in the
Carathéodory sense, where the limit is a simply-connected domain with two marked
interior points and two distinct marked prime ends. Let ¢ be a conformal map A — H.
Note that the scaling limits in the following theorem are conformally invariant, in the

sense that they do not depend on the precise choice of this conformal map.

Theorem 4.1. In the setup and notation given above, we have the following conver-
gences as n — 0.

i) [7, Corollary 3.11] The discrete Green’s functions G ( v(")) tend to the continuous
one G(¢(+), ¢(v)) uniformly over compact subsets of A\ {v}, in the following precise
sense: given r > 0, there exist e(n) = e(n,r) withe(n) — 0 asn — oo, such that for
all vertices u € V") lying inside the limiting domain A with d(u,v), d(u, dA) > r, we
have

|G (u, ™) = G($(u), (v))] < e(n).

ii) [7, Theorem 3.13] Ratios of discrete Poisson kernels P (-, (™) /P (y() ¢{™)
tend to the continuous ones P(¢(:), ¢p(p1))/P(é(v), ¢(p1)) uniformly over compact
subsets of A, in the following precise sense: given r > 0, there exist ¢(n) = ¢(n, )
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with e(n) — 0 as n — oo, such that for all vertices u € V(") lying inside the limiting
domain A with d(u,dA) > r, we have

P(™) (u, ™) _ P(é(u), ¢(p1)) < e(n);

P (v, ey P(d(v), d(p1))
here we assume that ¢ is chosen so that ¢(p;) # co.
iii) Convergence of excursion kernel-Poisson kernel ratios (also in [8, Proposition 3.141]):
we have

KO (e, e5”) L Km).é(p)
POV (v() ™)) (w(m) o5y P(d(v), ¢(p1))P(d(w), 4(p2))”

where we assume that ¢(p1), ¢(p2) # oo.

iv) Convergence of ratios of Poisson kernels in different domains: Let Q () = g™ pe
simply-connected subgraphs of ™, such that also (G™;v(™, w™); ™) satisfy the
assumptions of this proposition, with the limiting domain ([X; v, w;p1). Suppose
furthermore that H \ ¢(A) is a hull and bounded away from ¢(w) and ¢(p;). Then,
we have

asn — o

P9 () ey P(6(v), 6(p1))
PI™ (wm, ™) T Plg(é(w)), g(6(p1)))

where g is a conformal mapping-out function (;5(]\) — H and we assume ¢(p;) # oo.

asn — oo,

The proof of Theorem 4.1 is given in Section A.5 in Appendix A.

4.2 SLE partition functions and convergence of WST connectivity probabilities

4.2.1 Excursion kernel determinants and partition functions

In analogy to the discrete excursion kernel determinants, as defined in Section 3.1.2,
we define their continuous counterparts. Let z; < ... < 295 be real numbers, and let
((a1,b1),-..,(an,bn)) be the left-to-right orientation of a link pattern o € LP . We define
the continuous excursion kernel determinant AX (xq,. .., xox) of a by
© N
AL (zq,...,x2n) = det (K(zak,xb,z))k oy
and connectivity partition functions
Za(xl,...,aig]\[) = Z ./%O:;jAg(ajl,...,.’L‘gN), (4.2)
BELP N

where Z . é is as in Theorem 3.1. Finally, we also define

Zn(x1,...,xaN) = Z Zo(X1,. .., TaN)- (4.3)
a€LPyN

An alternative expression for Zy is given in [36, Lemma 4.12].

4.2.2 Proof of Theorem 2.2

Denote by P(™ the WST measure on G, let EJ((,” and E{" be the WST connectivity
events on (G™;e{™, ... e”)) defined in Section 3.1.3, and P{"[ -] = P™)[ . |E(”]. In
this notation, we wish to show that

Zo(x$V . x )

(QN))

) as n — o0.
Zy(x{M . x|

Py EM] —
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From the inclusion of events Eé") C E](\;"), we have

IPEV)[Eé )] = o)
POIEY]
% 1AK(") (n) e(n)
(Theorem 3.1) = Lselry 1 (K<n) (n) 2x) (n) (4.4)
Z‘YGLPN ZﬂGLPN ‘///%ﬁAﬂ (e1,. e2]\7)

Note that each term in the determinants Ag(n) above is a product of IV excursion kernels

K(")(~7 -), and in such a term, each of the 2N marked boundary edges appears as an
excursion kernel argument exactly once. Divide both sides of the fraction above by
2% P (0™ (™), where v(™) € V), is the vertex of G™ closest to a fixed but arbitrary
reference point v in the limiting domain A. Then, by Theorem 4.1(iii), studying either
the numerator or denominator of (4.4) above (but not yet their ratio), in the scaling limit
n — oo we can replace the discrete Poisson and excursion kernels by their continuous
counterparts, making a small error o(1). That is, for instance for the numerator, we
compute

HQN S A (el (n)
K” n n

_ See., €

: (P(n)(y(n) el™) ) )

BELP N

2N
:H(W) S AN ). ... 0lpn)) + o(1)

BELP N

1 (1) (2N)
E— - ¢ A ¢ + o(1), (4.5)
11 <'P(¢5(’U)7X(gz))> ( 0 0 ) 0( )

where the last step used the definitions (4.2) and Xéi) = ¢(p;). Furthermore, note that
by [21, Theorem 4.1], we have Z, > 0, so the error o(1) in (4.5) is small also relative
to the first term. A similar deduction holds for the denominator of (4.4). Due to small
relative errors, we can also study the ratio (4.4), and Theorem 2.2 follows. O

5 Proof of the main theorem

The proof of Theorem 2.1 consists of showing precompactness, i.e., the existence of
subsequential weak limits, and identification of any subsequential limit. The precompact-
ness part was done for one curve in [24] (see also [19]), and for multiple curves in [20].
We briefly review the key part of the argument in Section A.3 in Appendix A. This section
provides the proof of the identification part.

For notation, denote by P the WST measure on G(™), conditional on the event £\
between the edges eg"), e eg}\;, where x € {a, N,1}. (The limit identification will be
identical for x € {a, N, 1}.) By the precompactness, we may extract a subsequence such
that the stopped driving functions W™ converge weakly to a limiting random function
W described by the weak limit measure P, (a Borel measure on the space of continuous
functions). We will suppress the subsequence notation and assume that W(*) converge
weakly.

5.1 Continuous martingales in the scaling limit

The first step in the identification part of Theorem 2.1 is to promote the discrete
martingales of Proposition 3.4 to continuous martingales in the weak limit. This is
formulated in Proposition 5.1 below, and the rest of this subsection constitutes the proof
of that proposition.
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To state Proposition 5.1, notice that the derivative g, of a Loewner mapping-out
function (see (2.2)) evolves as

90(2) =1
oi(e) = — 22

(g¢(2) = We)?

Up to the stopping time 7, the functions g;(-) and their derivatives g;(-) are well defined

by Schwarz reflection also at the marked boundary points Xéi) € R, i # j. Their

evolution is governed by the same differential equation (5.1), with z = X(gi). Recall also

the definitions of the neighbourhood U, and the filtration .%; from Section 2.3.

(5.1)

Proposition 5.1. For all z € H\ U, and w € H, the process

2N

P(g:(2), W) I P(w, X5

1 2N )
Z(xM,. x| )>@;1, g(x$")
1F]

M (z2,0) = ,  stopped at T (5.2)

is a continuous bounded .%,; martingale under P,.

5.1.1 Proof of boundedness and continuity in Proposition 5.1

Boundedness: The boundedness of the process ///t(*)(z7 w) follows from basic properties
of Loewner evolutions, combined with some standard harmonic measure arguments.
A proof is given for completeness in Appendix B.

Continuity: Recall that W; is the weak limit process on the space of continuous
functions, thus by construction continuous in ¢. From basic properties of ordinary differ-
ential equations, it follows that also the processes Xt(l), .. ,Xt(zN), g+(z), and g; (X(()i)) are
then continuous. Thus, each individual factor in the denominator and numerator of the
right-hand side of (5.2) is continuous. Finally, in the proof of boundedness it is shown
that the processes in the denominator remain bounded away from zero. Continuity of
) (%) then follows. O

5.1.2 Uniform convergence of discrete martingale observables

Before proceeding to prove the martingaleness in Proposition 5.1, we will need a uniform
convergence result for the discrete martingale observables in Proposition 3.4.

In order to state the uniform convergence, we need some more notations. View
the WST boundary-to-boundary branch from eyL), as mapped to H by ¢,,, as a Loewner
chain. Denote by ¢ the continuous time parameter of this Loewner chain and by 7(™) the
continuous exit time of the localization neighbourhood U. Denote by W™ the drivin
function of the Loewner chain, as stopped at (™) (so W.(") — W. weakly), and by g.(n
the solutions to the Loewner equation. Denote X" = g{"(X{™") the solutions of this
Loewner equation starting from the boundary point Xé””') = qbn(ez(-")) corresponding to

the i:th marked boundary edge. For z € H\ U, and w € H, denote

» P )W) 2N e x )
M) (2, w) = ((it;n( ) t(n;)zzv) H (EL) / 0(”;3 ,  stopped at T (5.3)
Z(X X )1;1 (9 ) (X5 )
7]

Finally, denote by [¢t](™ (resp. [7(™](")) the next time after ¢ (resp. 7(™) when the
growth process has reached a vertex of V,,, as intepreted on a WST branch on G,,.
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Proposition 5.2. Assume the setup of Theorem 2.1, and let r > 0 be given. There exist
e(n) = e(n,r), with e(n) — 0 as n — oo, such that the following holds. For any v,w € V),
with |¢n,(v)], |¢n(w)] < 1/r and d(én(v), O(H\ U.)), d(¢n(w), 0H) > r, any realization of
W™ possible under P, and any t < 7(®)

‘Mfg ) (v, w) — t<n;*>(¢n(v),¢n(w))‘ < £(n),

and thus in particular
M) 0 (0 0) = A (G0 (0), ()| < ()

here MS(";*)(U7 w) are the ]Pi”) martingales in discrete time s from Proposition 3.4, for

the WST boundary-to-boundary branches on (G,; e%"), e eg;\;).

Proof. Fix a realization of the WST boundary-to-boundary branch from e , and the
corresponding driving function W ™. Denote by s the discrete time parameter, and
fix also s < [T(”)](”). We have thus also fixed the graph gé”’. Recall the expression

for MS(";*) (v,w) from Proposition 3.4 (suppressing all indices n in the expression to
streamline the notation):

Gs (s ) 2N 2N g, (s)y 2N 4
Ms(n;*)(v’w) P% (v, € H P(w,e;) = Hi:l P~ (v,6;7) P(w, e;)
ng ng bl PYs (1)7 ei)
1757 17_57
stopped at s =T, (5.4)

where we denoted egs) = e; for i # j. Notice that (for all n large enough) [T(")] (") comes

before T, so we need not care about the stopping at 7" in what follows.
Now, assume for a contradiction that for some ¢ > 0, there existed infinitely many n,
W™, () < 7 4™ and w( such that

f(n)

MU ), 0 — 5 (60 (0™), 6w ™))| = 6.

By standard compactness arguments, we may extract a subsequence such that
(G e el 0™ w™), with s = [+™](™), converge in the Carathéodory sense.
Note that by the assumed setup, also (g<">; eg”), . ,eg;\;; v(”),w(")) convergence in the
Carathéodory sense. Consider now n — oo along this subsequence. Using Theo-

rem 4.1(iii) and (iv) for MFZE,L*))](,L) (v, w(™) in (5.4), and basic Carathéodory stability
arguments for ///t((tt;)*)(én( (™), $,,(w™)), we observe that these two quantities then
converge to the same limit, a contradiction. O
5.1.3 Proof of martingaleness in Proposition 5.1

,///t(*) (z,w) is clearly .%; adapted, and it is integrable since it is bounded. It remains to
check the conditional expectation property. We claim that, for all ¢t > 0,

M (2,0) = B LM (2,0) | F),

from which the conditional expectation property follows. Equivalently, we wish to show
that for any f; continuous bounded function of W measurable with respect to .%;, we
have

B[4 (2,0) fi(W)] = B[ A (2,0) f,(W)]. (5.5)
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Let thus us prove (5.5). The proof is based on approximating the expectations on either
side above by their discrete analogues. For notational simplicity, we will perform the
analysis for the left-hand side — the right-hand side can be treated analogously.

We would like to use the weak convergence W™ _ W.. Note however that the pro-
cess .4, (z,w) takes as input not only W." but also the processes X" = g{"(x{"")
and (g{™)(X{""), with i # j. If we replaced them in the definition (5.3) with g™ (X{")
and (¢\™)(x$"), then .7 (2, w) and .4, (2, w) would both be simply the same continu-
ous bounded function A . ., of the driving function, applied to w™ and W., respectively.
(The boundedness uniformly over the driving function was proven in Lemma B.1 in
Appendix B, and continuity follows from the stablhty of the Loewner equation with re-
spect to driving term.) Let us now compare ///(" "(z,w) and h, . w)(W(”)) i.e., replace

g™ (x{™) and (¢™™) (x§™) by gi"™(X$) and (¢™)(x{"). First, changing X" to
Xé" ) will perturb I )( -) and ( t( )) () applied to these starting points by a small amount,
uniformly over ¢ and W(").! Second, by the compactness of the possible coordinates
gt(")(X(gi)), proven in Appendix B, also 1/Z, only acquires a small perturbation, again
uniformly over ¢ and W (" (recall that a continuous function is uniformly continuous on a
compact set). In conclusion, we have

'%t(*) (Z?w) = h(t,z,w) (W) and (5.6)
M (2,0) = Bip ) (W) 4 0(1), (5.7)

the latter asymptotic formula as 7 — 0o, o(1) small uniformly over ¢ and W ("), Altogether,
we get

E, [ 4 (z,w)f,(W)]
)

(use (5.6)) = Eu[ht,z.w) (W) fr(W)]
(weak conv.) = E{" )[h(t . w)(W(n))ft(W N+ o(1)
(use (5.7)) = B[4 (z,0) fi (W) + o(1)] + o(1)
(o(1) uniform) = E{™[.4, <” (2, w) f (W) + o(1).

Note that here and in continuation it is important that the error terms inside the
expectation operator are uniform, and can thus be taken outside of the expectation.

Next, let v(™ €V, be the vertex for which ¢, (v(™)) is as close to z as possible, and
define w(™ € V, closest to w in the analogous sense. It is easy to deduce that .#, (m; *)( w)
is uniformly close to .Z\"* (¢, (v™), ¢, (w(™)) as n — co. One then obtains

E. [ 47 (2,0) fi(W)] = ES LA™ (6(0), b (w0™) £ (W )] + 0(1)

(Prop. 5.2) = B{Y [M{0) iy (@0, 0™) £ (W) + o(1), (5.8)
where in both steps a uniform error term o(1) was taken out of the expectation and
absorbed into the previous one.

Repeating the argument of the previous two paragraphs for the right-hand side
of (5.5), we get

E, LA (2,0) i (W)] = S M, o 00, 0™) fi(W)] + 0(1). (5.9)

1 For (gt("))(-), such a stability follows directly from Grénwall’s lemma, similarly to Equation (B.1) in

Appendix B; using this stability and Grénwall’s lemma again, one then obtains a similar stability for (ggn))’ ().
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Now, notice that ft(W(”)) is measurable in the stopped sigma algebra ]-"mmm[ﬂn)}(n)
of the discrete time filtration F, of the WST branch on G ("), Also, for each fixed n, the
stopping times [t](™ A [7(™)](") and [7(")](™ are bounded, and thus we have

(n;* n n n (5% n n
Mm(n))/\ﬁm)"(n) (Z( )aw( )) = Ei ) M[T(n))w(n) (Z( )aw( )) "FM(M/\[T(M}(M]-

With these two observations, (5.9) yields

E, [ 4 (z,0) fu(W)] = B{" [M[(ﬁ&)wﬂmm (=, w™) (W] + 0(1). (5.10)

Finally, combining (5.8) and (5.10) and taking the limit n — oo proves (5.5). This finishes
the martingaleness part, and the entire proof of Proposition 5.1. O

5.2 Identification via martingales

The second step in our proof of Theorem 2.1 is to use the martingales from the first
step to identify W via explicit It6 calculus. In order to apply It6’s theorem, we first need
to show the semimartingaleness of the driving function W.

Lemma 5.3. The weak limit process W is a semimartingale.

Proof. The proof is based on applying the Implicit function theorem to the martingales

of Proposition 5.1. Denote g:(z) = z; and define a complex-valued process f in terms of

W; and the time-differentiable processes z, Xt(i), and g{(X(()i)), where i # j, given by

2N

Flze W (X )i (01 (X5)) i) = )
t )i \Gi\ Ao ") )i#j (Zt—Wt)z*(Xt(l)7~..;Xt(2N))il;[lgé(X(gl))
i#]
stopped at 7. (5.11)

Note that for z € H\ U, and given w € H, ///t(*)(zw) is by (5.2) and (4.1) a constant
multiple of &(f). Observe also that f and dy, f are complex analytic in z; (we will below
treat z; € H as the complex argument of f).

We first claim that for any function W. (and the related maps ¢.) and any ¢t < 7, we
have Jw,S(f) = S(0w, f) # 0 for almost every z € H,, or equivalently, for almost every
z¢ € H. Indeed, by basic properties of analytic functions, either (9w, f) = 0 for all
z € H, or $(0w, f) # 0 for almost every z; € H. By explicit differentiation, we see that
the latter occurs.

Take now a deterministic countable dense set of complex numbers z in a fixed ball in
H \ U.. By the previous paragraph, for any ¢ < 7, we must have dy,3(f) # 0 for some of
these z’s, and by continuity in time, dy S(f) # 0 then also holds on some time interval
around t. Now, by the Implicit function theorem, whenever dw, 3(f) # 0, the collection
of local inverses of (f) provides a smooth function ¢ such that the relation

Wi = 0z, (X{ )i (0(XS) )iy A (2,0))

holds (here we also used (3(f)): = cst. x (///t(*) (z,w)). In conclusion, we have determin-
istic collections of complex numbers z and local inverses ¢ of J(f), and it holds that
for every ¢t < 7 there exist z and % in these collections such that the relation above
is valid over some open time interval containing . We now conclude by observing
that ¢(z, (Xt(i))#j; (gg(Xéi)))#j,///t(*)(z,w)) (when it is defined) is a semimartingale.
Indeed, v is smooth, .///t(*)(z, w) is a continuous bounded martingale by Proposition 5.1,
while ¢:(z), g; (Xéi)), and Xt(i) are differentiable in time by the Loewner equations (2.2)
and (5.1). The claim thus follows by basic martingale theory. O
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Proofs of Theorems 2.1 and 2.3. Let f be as defined in (5.11). As W is a semimartingale,
we can apply Itd’s theorem to deduce that for ¢ < 7 (we omit writing the arguments of f)

1 i i
Af = 50, fAW, W), + Ow, FAW, + 0., fdz + > Ogw fax+3° B,y x0) Fd(gh(x{M),.
i#£j i#£j
(5.12)

Let us now compute the various terms above (we also omit writing the arguments of Z,
and its derivatives):

1 0,2,
Ow, fAW, = <Zt 7 Jz )det (5.13)
1., 1 2 92.\° 20, Z, 9;; 2.
LR AW W), = <(Zt et (B) - B - B
(5.14)
0., fdz = ! f 2 dt (5.15)
@G = 2= Wiz — Wy '
Oy fdX(Y = —=2 e G (5.16)
* h — t
; 2
agé(Xéi))fd(gé(X(() )))t = 7fdt, (5.17)

(XY — W)

where the three last equations also used the Loewner differential equations (2.2)
and (5.1).

By (5.12)-(5.17) (and noticing that f is a real scaling of 1/(z; — W;)), each term of d f
is of the form

1

o =W x [real stochastic differential], where k € {1,2,3}.
2t — Wi

Also, notice that S(f) is a martingale by Proposition 5.1 (i.e., the drift part of J(df)
vanishes) simultaneously for all z € H\U.,. It is easy to show that this can only occur if the
drift stochastic differential coefficients of 1/(z; — W;)* cancel out for each k individually.

We now examine the different powers 1/(z; — W;)* individually. Terms of the form
f/(zt — W;)? in (5.12) come from (5.14) and (5.15), and impose

1 2f 2f
- AW,W)y— — _dt=0
2 (Zt — Wt)Q < >t (Zt — Wt)Q
& AW, W), = 2dt. (5.18)

Terms f/(z; — W;) appear in (5.13) and (5.14) and they yield

f . 1 2f0;Z.
f FW], — - L=
oW, d[drift part of W], S ESTAYA

AW, W), =0

0,2,
Z,

< d[drift part of W]; = 2 dt. (5.19)

Equations (5.18) and (5.19) are sufficient to identify the stochastic differential of the
semimartingale W as

1 2N
0;Z (xtM .. xPN))
Z(xM L x P

dW, = V2dB; + 2 dt,
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i.e., W, is the SLE(2) driving function with the partition function Z,. This finishes the
proof of Theorem 2.1.

Let us yet prove Theorem 2.3. This is based on collecting the terms of the form
f/(ze — W;)%in (5.12) from (5.13), (5.14), (5.16), and (5.17):

G‘Z* 1 82* 2 a ‘Z*
- [drift part of W], + = [ 2 ( -2 - fAW, W),
2 Z, Z,
2
72 dt+z X“ i fdt =0
i#j Z;ﬁj t
i 2 i Z 2 2
_OiEe gy > (a @ dt+ — dt) = 0.
= i#j = X, =W (Xp7 — Wy)?
Since this must hold for any ¢ and any initial configuration of the points (Xél), ey X(gQN)),
as well as for any j, Theorem 2.3 follows. O

5.3 Alternative proof strategies

The proof of Theorem 2.1 relied on a discrete martingale observable that was a
discrete Girsanov transform of the one-branch martingale (3.5). The limit identification
step was then identical to that in the one-curve case, given by the special case x = 1.
It seems possible that also the other martingales of Lemma 3.2 and Proposition 3.4
could be used for proving Theorem 2.1, as originally suggested in [20]. We now briefly
describe three alternative proof strategies that seem tractable; note that the discussion
below is speculative.

i) Take as an input the identification of the one-curve scaling limit E; as an SLE(2).
Using the discrete transform converting expectations of F;-measurable functions
from ]Egn) to Eg\?) or E/, Lemma 3.2, find the continuous transform converting
expectations .#;-measurable functions from E; to Ey or E,. Apply Girsanov’s
theorem to convert the driving function from E; to Ex or E,. This strategy is
applied in [25] for FK-Ising and percolation.

ii) Take as an input the identification of the one-curve scaling limit and Theorem 2.3,
as proven independently in [21, Theorem 4.1]. Use the fourth and fifth martingale
Zg/Z, of Proposition 3.4. Here two technical difficulties arise. First, proving
Lemma 5.3 requires detailed analysis of the derivatives of the martingale functions,
and these derivatives may be zero (simultaneously for all ) at least if N = 2.
Second, in the proof of Theorem 2.1, we need at least two processes to identify
the two differentials d(W, W), and d[drift part of W];, so we need many enough
martingales Z3/Z, (scaling limits of Z3/Z,), and we need to establish suitable
linear independence type results for these martingales (especially N = 2 is a
problem again). Ways to overcome these difficulties are:

a) to argue absolute continuity with respect to the one-curve case, which implies
that W is a semimartingale and d(W, W), = 2d¢; or

b) to modify the fourth and fifth martingale results of Proposition 3.4: Zz may
be taken to be a WST connectivity partition function of 2M > 2N boundary
points, and Z3/Z, is still a P, martingale. The freedom of choice of these
extra boundary points would probably solve the problems named above.

iii) A completely different approach based on global multiple SLEs is outlined in an

update added to [21, Conjecture 4.3] after the publication of [36, 2].
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6 An analogous result for a boundary-visiting branch

We now sketch the proof of a local identification of the scaling limit of a single
spanning tree branch conditioned on boundary visits. The result and its proof are closely
analogous to our main theorem 2.1, and we trust that the reader can fill the details
omitted here for the sake of brevity. In particular, this proof provides another example of
how discrete partition functions can be used for transforming martingale observables, in
this case from the usual branch to the boundary-visiting branch.

6.1 Statement

This generalization only addresses the (isoradial) square lattice 72, and the WST on
its subgraph G = (V, &) thus becomes the uniform random spanning tree with wired
boundary conditions (UST). An edge é € & is called boundary-neighbouring if it is
between two interior vertices, but both of these interior vertices are adjacent to the
boundary vertices V2. A boundary branch in the UST is said to visit boundary at é if it
traverses through é. In this section, we will consider a single UST boundary-to-boundary
branch between the boundary edges e; = ¢;,, and es = eqy, With the additional condition
of visiting boundary at the boundary-neighbouring edges é1,...,éy’ in an order w, see
Figure 2(left) for an illustration. (We will always assume that the order of visits w is
topologically possible.)

The scaling limits are characterized in the following setup. Let (G,; ei(g ), eg‘ﬂ;
égn)7 . ,ég\?,)) be simply-connected subgraphs of §,,Z2, where 8, =3°0, with two marked
boundary edges and N’ marked boundary-neighbouring edges. Assume that, as planar
domains with marked boundary points, G,, are uniformly bounded and converge in the
Carathéodory sense to a domain (A; pin, Pout; P1 - - - » D7) With (2 + N’) distinct marked
prime ends. Assume also that the boundary of both G,, and A is locally a straight hor-
izontal or vertical line in some fixed neighbourhoods of the boundary-visit locations
& el and py ... e

Let ¢, : A, — Hand ¢ : A — H conformal maps such that ¢, ! — ¢! uniformly over
compact subsets of H. Denote ¢(pin,Pout;P1---,PN') = (Xoin), éout);f((()l), ) ..XéN/)),
and assume that ¢ is chosen so that these prime ends of H are all real (finite). Fix

a localization neighbourhood U of Xéi") bounded away from the remaining marked

boundary points Xéout), Xél), . .XéN/).
Consider now WST boundary-to-boundary branch from ei(: ) to e

to visit boundary at égn), ey és\?) in the (possible) order w. Map this branch conformally

(n)

out 0N G, conditioned

to H by the map ¢, above. Let W™ denote the driving functions in the Loewner
evolutions describing the growth of the boundary-to-boundary branch starting from ei(:f)
and stopped at the continuous modification 7(") of the exit time of U.

Theorem 6.1. In the setup and notation above, w converge weakly to the SLE type
driving function (2.3), stopped at 7, with parameter v = 2, and partition function

Co = Qw(Wt,Xt(OUt)7Xt(l), .. Xt(Nl)) as given in [21, Theorem 1.1].
The scaling limit above can interpreted as the initial segment of SLE(2) in
(H; X(gm), Xéout)), conditioned to visit Xél), . ,XéN ) in the order w, see Appendix C.

6.2 The combinatorial model

Let us again start from the combinatorial solution. Consider the UST measure IP on
G, a simply-connected subgraph of Z2 (equipped with a choice of boundary vertices).
Denote by

Zw(einaeout;ela .. '76N’)

EJP 25 (2020), paper 83. http://www.imstat.org/ejp/
Page 22/37


https://doi.org/10.1214/20-EJP485
http://www.imstat.org/ejp/

UST branches, martingales, and multiple SLE(2)

€2 €1 €5€4 €369

=
Cout ¢ T

A~

€3 €in €768 €1

Figure 2: Left: A UST sample with a boundary-to-boundary branch between the
boundary edges e; = e;, and es = ey, Visiting boundary at the boundary-neighbouring
edges é1,¢é9, €3 in that order. Left and right: An illustration of the bijection between
spanning trees with a boundary-visiting boundary-to-boundary branch and those with
multiple boundary-to-boundary branches.

the probability that the boundary branch from ef reaches 9V via e, and visits
é§”>, . ,ég(;,) in the order w. There is a bijection between spanning trees satisfying
this condition, and spanning trees with N = (N’ + 1) boundary-to-boundary branches
that form a link pattern o = a(w) € LPy between the boundary edges éy,...,én
obtained by re-labelling e;,, e.u, and the 2N’ boundary edges adjacent to éq,...,én.
Informally, the bijection is simply obtained by “cutting the boundary-visiting branch at
each visit”, see Figure 2. For a formal description, see [21, Lemma 3.2].
In particular, we have

Zw(einyeout;élv . ~véN’) = Za(w)(éla e »éQN); (61)

and also the initial segment of the boundary-visiting branch coincides with that of a

suitable branch in the link pattern a(w) between é;,...,éan. Let us hence study the
UST measure conditional on the multiple branches forming a(w) between é1, ..., éan,
denoted P, . A discrete martingale observable under PP, is given Proposition 3.4,
o pY: v,e.(t)
Mt( )(v,u) = (th‘“>P(u,eout) stopped at T (6.2)

The same martingale observable could be found directly under the boundary visiting
branch, by modifying the proof of Proposition 3.4 so that martingales are transformed
from a single branch to a boundary-visiting branch, and then using (6.1).

6.3 Observable convergence

The expression for the discrete martingale observable (6.2) and its scaling limit were
studied in [21]: in the notation of Theorems 4.1 and 6.1

, P9t v,em
53N (th = ) P(u7 eout)
550 (T 17003 3 P(g:(2), We) P(w, X™)
— ng/:(Xo )¢ (Ba)| (out) (1) 5 (N7) 1/ y(out)y ’
i=1 Cw(WtaXt X X ) gt(Xo )

where ¢5(v) — z and ¢s(u) — w as § — 0, and (, is the function given in [21, Theo-
rem 1.1]. (To be very precise, we need to adapt [21, Theorem 1.1] a little bit to allow
potentially rough boundaries at e;, and e, above. This follows however by a simple
application Theorem 4.1(iv).)

6.4 Precompactness

The precompactness of the multiple branches in the link pattern «(w) is proven
identically to the precompactness part in the main theorem 2.1, see Section A.3. Note
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that in the main theorem, all the endpoints of WST branches tend to different limiting
prime ends, while this is not the case here. Nevertheless, the precompactness conditions
of [20], checked in Section A.3, guarantee precompactness even if some limiting prime
ends coincide, see [20, Section 4.1].

6.5 Continuous martingales in the scaling limit

Extract now a subsequential weak limit driving function W. Repeating the arguments
of Section 5.1 in verbatim, one observes that

P(gt(z)a Wt)
Co(Wy, X0 X Xy

N/
0% ()y-3
- Hgt(XO )77, stopped at 7 (6.3)
QQ(X(()O t)) i=1
is a bounded continuous martingale for all z € H\ U..

6.6 Identifying the scaling limit

With a blue copy of Lemma 5.3 (but this time based on the martingale (6.3)), one
proves that the driving function W is a semimartingale.

We now finish the proof outline of Theorem 6.1 by identifying the law of W with an
explicit computation that closely resembles the proof Theorem 2.1 in Section 5.2. We
start by defining, analogously to (5.11), the process

£ Wis (XY ic e X (g (X)) i gh (X)) (6.4)
N/

1 H L stopped at
= 5 5 / ou > (4 ) 75
(2 — W)W, X0, XD XN g (X ) 1 g (X573

whose imaginary part &f coincides with the martingale (6.3) up to a constant factor.
By It0’s theorem, we have for ¢ < 7 (omitting the arguments of f)

1
Af =50, AW, W), + O, fAW, + 0., fdz

+ ; g FAXO 4+ D fom faxem | 4 9, om0, fdlg] (X)),
i<N’

and the drift part of $(df) should vanish by the martingaleness of S f.
The five first terms, on the two first lines of (6.5), yield, identically to the five terms
in the It6 differential (5.12),

1 Oz Cu
dw, = _ Jom d 6.6
O, v, = (- - 2 ) raw (6.6)
1 1 2 Op. Co\®  20,.C 92 (o
*82 d VV7W _ = + 92 < Tin w) _ Tin Sw _ %in d VV7W
R Ow ST Whe =35 ((zt —wr TG T eewan T )T
(6.7)
0., fd L s 2 (6.8)
~ Z+y = — .
¢ ¢ Zt — Wt zZt — Wt
Oy € e 93,C 2
D (ouny fAX M) = ZZoutdw dt and 9o fdXD = —FEowy dt
e JAX G X x4 G th@ — W,
(6.9)
0, o FAGH (X)), = — s, (6.10)
nto (X7 = Wy)?
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while the last term of (6.5) becomes

__ 6
(X — w2
As in the proof Theorem 2.1 in Section 5.2, one now argues that the real drift

differentials multiplying the complex number 1/(z; — W;)* must cancel out in (6.5) for
each k individually. Terms of the form f/(z; — W;)? come from (6.7) and (6.8), and yield

agg(Xéi))fd(gg(X(gi)))t = fdt. (6.11)

d(W, W), = 2dt. (6.12)
Terms f/(z; — W}) appear in (6.6) and (6.7) and yield

d[drift part of W], = %ﬁdt. (6.13)

w

Equations (6.12) and (6.13) identify the semimartingale W as the solution to

(9 o) (W, X, XD, X))
CoWe, X" XD X))

dW, = V2dB; + 2 dt,

i.e., W; is the SLE(2) driving function with the partition function (,. This proves Theo-
rem 6.1.

Terms of the form f/(z; — W;)? in (6.5) provide a nice double-check: the come
from (6.6), (6.7), (6.9), (6.10), and (6.11), and yield

_ aﬂ?in CUJ
G

w

fd[drift part of W]; + = 5 <2 (&gg@) - ?Cw) fAW, W),

_85150llt<wf 2 dt_ Z aizguf — 2 dt

Co X(out) W, S (o X(z) — W,
e fdt + Z ———fdt=0
(X — v (X0 —wy)?

Similarly to the proof of Theorem 2.3 in Section 5.2, one deduces that (, must satisfy
the PDE

. A 2 . .
*3,3.“@(%111, Zout; L1y - - 7xN’) - 7a:vout<w($in7xout; Tiye-- axN’)
Tout — Tin
A 2 . .
- g 33:1<w(171n,170ut,l“1a-~-,$N')+ 2Cw(zin7xout;x1a---axN’)
i<N' Zq (:Eout - xin)
+ E (xln»xoutaxla”'a‘%N’):0~
L<N/ —Jim
(6.14)

The exact same PDE for (, was proven in [21, Theorem 1.1] with a completely different
method.

We conclude by remarking that the core of [21, Theorem 1.1], certain third order

PDEs of Conformal field theory for (., do not arise from this probabilistic study, as
anticipated in [21].

A On the boundary behaviour of discrete harmonic functions and
the precompactness of WST branches

The main result of this appendix is Theorem A.4, relating the boundary behaviour
of discrete harmonic functions to that of the continuous ones. The main observable
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convergence result of this paper, Theorem 4.1, is a simple application of Theorem A.4. A
key ingredient the proof of Theorem A.4 is a Beurling type estimate for random walk
excursions from [24], recalled in Proposition A.2. Interestingly, this proposition also
constitutes the proof of precompactness of the multiple WST boundary-to-boundary
branches.

A.1 Discrete harmonic functions

Consider for a moment the setup of Section 3, i.e., G = (V,€) is a finite connected
planar graph with a planar embedding, a choice of boundary vertices, and edge weights
w. The discrete Laplacian A maps a function f : ¥V — R on the vertices to another
function Af : ¥V — R given by

Af)= 3 wl(e)(f(w) — f(v)).

e=(v,u)e€

The function f is discrete harmonic is A f(v) = 0 for all interior vertices v € V°.

Recall the definitions of the discrete Green’s function and Poisson and excursion
kernels from Section 3.1.1. Note that the Green’s function G(-,w), interpreted as a
function ¥V — R with fixed w € V, satisfies G(v,w) = 0 for all v € JV, and for v € V°,

AG(v,w) = —3y (v) = {;1 1: v

By linearity, Poisson problems of the discrete Laplacian can thus be solved in terms of
G(-, w).

For an interior vertex v € V° and a set of boundary edges A C 9€, we define the
discrete harmonic measure of A as seen from v, denoted by Hg(v; A), as the probability
that random walk on V with edge weights w, launched from v € V, first reaches 9V via
an edge of A. All harmonic measures can be expressed in terms of Poisson kernels; if
A = {e} consists of a single boundary edge, then

Hg(v; {e}) = w(e)P(v,e),

and otherwise Hg(v; A) = > . 4 Hg(v; {e}).

Assume now that all boundary edges of G link to different boundary vertices (or
modify G accordingly). The harmonic measure Hg(v; A) (or the Poisson kernel) can
be regarded a discrete harmonic function on G by extending it to w € 9V by setting
Hg(w; A) = 1{w adjacent to A}. (This follows as Poisson kernel is a Green'’s function and
thus harmonic except at one vertex.) This justifies the term harmonic measure, and is
crucial for the scaling limit analysis of Poisson kernels.

A.2 A Beurling type estimate for random walk excursions

The main result of this subsection, Proposition A.2, is central in the proof of The-
orem A.4 and implies directly the precompactness of the WST boundary-to-boundary
branches. It was first given in [24, Section 4.5] in the latter purpose. Due to its double
importance, we recall the argument of [24] here. Note that in the results in this sub-
section are uniform over all simply-connected subgraphs of isoradial lattices (possibly
different lattices, satisfying 2.1), and do not depend on the mesh size.

A.2.1 Random walks and isoradial balls and quadrilaterals

Let I" be an isoradial lattice with the isoradial edge weights w. We will denote the
probability measure of the w-weighted random walk on T, launched from v € V(T'), by P,,.
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Let G = (V, &) be a simply-connected subgraph of I'. A random walk excursion from an
interior vertex v € V° to some boundary edges A C 9€ on G is a random walk launched
from v, stopped upon hitting the boundary vertices 9V, and conditioned to first reach
0V via an edge of A. We will denote the underlying random walk measure with this
conditioning by PY_ ,.

We define the discrete ball Br(u,p) around a vertex u € V(I'), for any p > 0, as
the following simply-connected isoradial graph. Take the largest simple loop ¢ on the
dual lattice I'* such that the primal vertices inside ¢ include u and are contained in
the (continuous) ball B(u, p). The primal vertices inside ¢ are the interior vertices of
Br(u, p), all their other neighbours in I' are the boundary vertices of Br(u, p), and the
edges of Br(u, p) are those of " between the vertices of Br(u, p). We will later refer to
a simply-connected isoradial subgraphs constructed via a dual loop /¢, similarly to the
above, as the subgraph of I' determined by /.

Let G = (V,€) be a simply-connected isoradial subgraph of I'. By an isoradial
quadrilateral (Q on the boundary of G, we mean the following topological quadrilateral.
We take two disjoint simple paths £ and ¢’ on the dual isoradial lattice I'*, both crossing
the boundary of G (as viewed as a continuous domain) by their first and last edges and
otherwise staying inside the domain G. We also require that there exists a path on the
graph G crossing both ¢ and ¢’ and staying on the interior vertices V° except for possibly
at its endpoints. Then, the planar domain Q is? the unique connected component of the
planar domain G \ (¢ U ¢') adjacent to both ¢ and ¢'. Two segments of 9@ lie on the arcs ¢
and ¢ and two on the boundary of the domain G, giving the structure of a topological
quadrilateral. We denote by m(Q) the conformal modulus of @, i.e., the unique L > 0
such that @ can be conformally mapped to the rectangle (0,1) x (0, L), where the top
and bottom arcs correspond to £ and ¢’.

Let v € V° be an interior vertex and A C 0& a set of boundary edges of G. We say
that @ is compatible with A (resp. v U A), if all edges of A lie at least half outside of the
planar domain @ (resp. and also v ¢ ), and these edges or half-edges of A\ @ (resp.
and also v) all lie in one component of the planar domain G \ Q. For definiteness, we will
assume the ¢ separates ¢’ from v and the edges or half-edges of A\ Q.

Consider now the simply-connected subgraph of I' determined by the largest simple
loop on the dual I'*, so that the dual loop stays in Q U /U ¢’ and intersects both ¢ and
¢'. Slightly abusively, we will also denote by @ this subgraph of I" and G. The boundary
vertices V?(Q) are naturally divided into four disjoint subsets Sy, S1,S2, S3 indexed
counterclockwise: Sy and S are adjacent to boundary edges crossing the dual paths ¢
and ¢/, respectively, while S; and S5 are adjacent to the remaining two arcs of the simple
dual loop. Note that a walk on the interior vertices V° that crosses the domain @ from /¢
to ¢/ must make the crossing on the (a priori smaller) graph @ from S, to Ss.

A.2.2 A Beurling estimate for random walk excursions

Lemma A.l. [24, Proposition 4.17] There exists ¢y > 0 such that for any ¢ > 0 there
exists M > 0 such that the following holds. Let G = (V,&) be any simply-connected
isoradial subgraph with any marked boundary edges A C 9. Let () be an isoradial
quadrilateral on the boundary of G, compatible with A. Now, if m(Q) > M, then there
exists u € V°(Q) and p > 0 such that

i) B := Br(u, p) a subgraph of the graph Q;
ii) mingep Hg(x; A) > emax,cs, Hg(z; A); and

2 The definition of Q is here slightly more restrictive than in [24]. This is in order to directly comply with
assumptions in a result of [5], used in the proof of Lemma A.1.
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iii) P%_, [excursion intersects B] > ¢, for all x € V°(Q) adjacent to Sy and e € 9E(Q)

adjacent to Ss.

Proof. The proof in [24, Proposition 4.17] is given for I' = Z?2. Their argument, as well
as its inputs (the weak Beurling estimate [7, Proposition 2.11], the Harnack lemma [7,
Proposition 2.7], and [5, Proposition 3.3]), apply directly to general isoradial graphs I". O

The proof of the following lemma essentially coincides with the proof of [24, Theorem
4.18], where the statement is however given in terms of loop-erased random walks.

Proposition A.2. (cf. [24, Theorem 4.18]) Continue in the setup and notation of the
above lemma, and let ¢ be chosen larger than 1. Let a € V° be any vertex such that Q is
compatible with a U A. Denote by 7, 7/, and T the first times the random walk (trajectory)
from a hits ¢, ¢, and 0V, respectively. Then, we have

1
x PY

IPg
60(07 1) a~A

JoAlf <TIr<T) < 7" >T|r <T). (A.1)

In particular, for any € > 0, by choosing M large enough, having m(Q) > M guarantees
that

PY_ L7 <T|<é (A.2)

Remark A.3. By applying (A.1) to a “rainbow of discrete boundary quadrilaterals” one
can improve (A.2) to

IPg

a~A

[ < T) < Ke om(@

for some positive absolute constants K, «. This can be seen as an analogue of the weak
Beurling estimate for the random walk (e.g., [7, Proposition 2.11]) for excursions of
random walks. This extension is nevertheless not necessary here, and we leave the
details to the reader. (The non-trivial part is to divide a big discrete quadrilateral into a
rainbow of smaller ones so that the latter are discrete and (A.1) remains valid.)

Proof of Proposition A.2. Consider a random walk excursion from a to A. If this excur-
sion crosses ¢/, decompose it into three subwalks: roughly, in G and not crossing ¢’ from
a to Sp, then in @ from Sy to S;, and then in G from S5 to A. Formally, the last part starts
after the first crossing of ¢ and the middle part after the last crossing of ¢ before it.
Decompose the partition function of random walk excursions from a to A accordingly.
Lemma A.1 (iii) now implies that the middle part of this decomposition visits B with
probability at least ¢, so

1
Pyoalr <Tr <T)|< —Pounlrp <7 <T|7 < T
€o
P <7r'<T
_ Poalrs ST < T] (A.3)
goPgalr <T]

where 75 denotes the hitting time of B. (Inside this proof, all excursion probabilities are
in G, so we drop the superscripts.) Next, we claim that

1

Pooalts <7 <T) <
c_

1]Pa->A [TB S T< 7-/]7 (A4)

where c is the constant in Lemma A.1 (ii). To prove this, divide the excursion from a via
first B and then S; to A (resp. via B but avoiding S5) into two subwalks: first from a
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until first hitting B, and then from B via S> (resp. avoiding S;) to A. Studying the latter
parts, observe that for a random walk 7 launched from y € B,
Py <T& (T —1),n(T)) € A

P, [(n(T —1),n(T)) € 4]
maXges, HA(va)

IwaA[T/ < T] =

~ mingep Ha(z; A)
<1/,

where we used Lemma A.1 (ii). This also implies Py, 4[7" > T] > 1 —1/c. Taking ¢ > 1 in
Lemma A.1, we now obtain (A.4). Finally, combining (A.3) and (A.4), we obtain

1 Powalts <T < 7]
EQ(C — 1) IPaN\,A[T < T]
c_ 1
- 5()(6— 1)

Popalr <T|r <T] <

IPGWA[T/ > T|7‘ < T].

This proves (A.1).
To prove (A.2), notice that the excursion from a to A has to cross ¢ to reach ¢'. Thus,

Py Alr STI <P ulr <Tlr <T).

If c is chosen very large, then by (A.1) the conditional probability on the right-hand side
above is much smaller than the conditional probability of its complement event. Thus,
the right-hand side above is small. O

A.3 On the precompactness of WST boundary-to-boundary branches

Consider now a random walk excursion from a boundary-neighbouring vertex e,
where e; = (e3,ef) € €, to a given boundary edge e, € €. The loop-erasure of this
excursion is in distribution equal to a WST boundary-to-boundary branch from e; to
es (see [45] and [21, Corollary 3.5]). Proposition A.2 now states that for this random
walk excursion and any compatible isoradial quadrilateral @) with m(Q) large enough,
we have

PY, [excursion crosses Q] < (A.5)

CWG

The loop-erasure of the excursion (i.e., the WST branch) is of course even less likely to
cross Q.

Crossing probability bounds as (A.5) above, uniform over all planar domains and
quadrilaterals, were in [24] shown to imply the precompactness of a chordal random
curve model (see also [19]), in this case the WST boundary-to-boundary branch. Assum-
ing the crossing probability bound for a single boundary-to-boundary branch, a similar
bound was derived for multiple branches in [20]. These arguments in [24, 19, 20] are
not specific for the WST but hold for a wide range of random curve models; in this
sense Proposition A.2 is the core of the precompactness WST boundary-to-boundary
branches. For the remaining details on the precompactness, we refer to [20, Proof of
precompactness in Theorem 6.8].

A.4 Ratios of discrete harmonic functions near a Dirichlet boundary

Consider now a sequence of isoradial graphs I',, with mesh sizes §, — 0. Let
Gn = (Vn, &) be a sequence simply-connected isoradial subgraphs such that, as planar
domains, G,, — A in the sense of Carathéodory, with the corresponding conformal maps
¢n Ay > Hand ¢ : A — H, where ¢, — ¢ uniformly on the compact subsets of A.
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Let the interior vertices a,, € VS approximate the prime end a of A in the sense that
a, =: ¢nla,) — a’ =: ¢(a), and assume that a, are connected to (the vertex of V),
closest to) the reference point of the Carathéodory convergence by a path on the interior
vertices V.

Theorem A.4. In the setup above, let f,, g, : V,, — C be non-negative discrete harmonic
functions converging to the harmonic functions f, g : A — C, respectively, uniformly over
compact subsets of A. Assume furthermore that f,, g, attain zero boundary values in
the image of a neighbourhood of a’ under ¢!, for all n. Then, we have

falan)  9,(f o™ )(@)
gulan)  By(god )(a)

if 8,(g o ¢~1)(a’) # 0, where 9, denotes the vertical derivative (which is well defined at
a’ by Schwarz reflection).

Remark A.5. The theorem above holds even if f,, and g, only converge uniformly over
compact subsets ¢~ (V), where V is some neighbourhood of o’ in H; this is seen by
simply applying it to f,, and g, restricted to suitable subgraphs of G,,.

One way to prove Theorem A.4 would be based on [8, Corollary 3.8], see [8, Proof of
Proposition 3.14] for an analogue. We present below a proof based on Proposition A.2.

Proof of Theorem A.4. Roughly, the idea of the proof is to consider f,(a,) and g,(ay)
as expectations with respect to the random walk launched from a,,. Then, we split the
walks into a beginning in the vincinity of the boundary point ¢ and a tail after exiting
that vincinity for a first time.

Formally, let A’ = 9B(a’, R) N H be a semicircle of radius R around o’ in H, where R
is a (small) fixed number. Let » < R be another (very small) fixed number and denote

Al ={weA :Sw>r}.

We assume that R is small enough, so that the curve dB(da’,2R) separates ¢, (a,) from
the nonzero boundary values of f,, and g,, (as mapped to H). The index n will be assumed
large enough so the edges of ¢, (G, ) inside or intersecting the half-circle A’ have radii
< r (this is guaranteed for large enough n by standard harmonic measure arguments),
and d(¢n(an),a’) < r. Finally, denote by A4,,, A,.,, C A,, the images in A,, of the sets A’
and A/, respectively, under ¢ .

Let 75y, denote the hitting time of 0V, by a random walk, and define 7, =
min{ra,, 7oy, } and 7., = min{ra, ., 7oy, }, where 74, and 74, are the hitting times
of A,, and A,.,, respectively, by the walk trajectory. Notice that if 7, = 74, < o0, the
walk is at that time at a distance < §,, from A,,. We denote the set of all such possible
vertices as A},. We define analogously the vertex set A}, related to A,.,,.

Let us now perform an analysis on f,, — identical conclusions hold for g,. First,
expressing f,(a,) as an expectation with respect to a random walk 7 launched from a,,,
and then using the fact that A,, separates a,, from the nonzero boundary values of f,,
we have

fnlan) = Z fa(O)P [n(Tov,) = b]

bedV,
f(b)#0
= > fald) Y P n(rov,) =b & n(r,) = . (A.6)
bedV, vEAT
fn(b)#0

Next, we use Proposition A.2: study the random walk 7, launched from a,, and conditioned
on hitting 9V, at a fixed boundary vertex b where f,, is nonzero. If this walk crosses the
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curve segments A, \ A,.,, its image in H crosses a half-annulus centered at o’ £ R, with
inner and outer radii given by 2r and R — r (recall that we have discretization errors
< r), respectively. Proposition A.2 guarantees that the probability of such a crossing is
o(1) as /R — 0, the error term small uniformly over the mesh sizes ¢,, and b € 9V,, such
that f,,(b) # 0. We denote the error term by o, (1), to keep explicit the variable in the
Landau notation. With the positivity of f,,, this implies

fulan) = A+ 0yr(1) D fald) D P [n(rov,) =b & n(7s) = v]. (A.6 b)
bedv, veAL
Fa ()70 '

Next, notice that, using the separating property of A,, and the strong Markov property
of the random walk, we have

P [n(rov,) = b & n(m) = v] = P [n(r,) = v]P*[n(7ov, ) = b].
So (A.6 b) becomes
fn(an) = (1 +07‘/R Z Pan Tn = ’U Z fn T@V ) b]

veAF beaV,
o f(0)#0
= (14 0,/r(1) Z P [n(1n) = v] fr(v)
U€A7 in
— (1 + 0 ()P [n(1) € AT JE [fuln(r)) | n(r) € ALJ. (A6 0)

We now study the function f,(v) in (A.6 c), where v € AL

n-*

Recall first that f,

converges to f uniformly on the compact subsets of A, so f,(v) = f(v) + ol R)(l)
as n — oo; by uniformity, the error term ol R)(l) is small uniformly over v € Afm
once r and R are fixed — we add the superscript (r, R) to the Landau notation to
indicate the dependency. As a next step, let ¥ be the point of A, closest to the
vertex v, so d(0,v) < §,. Since f is continuous and thus uniformly continuous on a
compact set, we can now substitute f(v) with f(¢), making an error of ok )( 1) again
small uniformly over v, i.e., f(v) = f(0) + ogf’R)(l). Finally, since f has zero boundary
values at a, the harmonic function f o ¢~! : H — R extends by Schwarz reflection to
a smooth function in a neighbourhood of ¢’ = ¢(a) € R. Thus, we can approximate
f(®) = fo¢ (4(?)) in the previous expression by the Taylor expansion of f o ¢! at
a, giving f(0) = S(¢(0))9y (f o ¢~ ') (a’) + Or(R?), where the error term Og(R?) only
depends on the function f o ¢~!. Altogether, this chain of approximations yields

fa(0) = S(6(9))0y (fo o) (') + Or(R?) + o{"™(1), (A7)

where the error terms are small uniformly over v € Afm.
Now, substitute (A.7) back into (A.6 c) and use the uniformity of the Landau terms
of (A.7)inv e AL,

fulan) = (1+ 0ryr(1)P™ (1) € AL,,] <3y (foo™) (a)E™[S(¢(D)) | v=1n(ra) € AL,
+ ORr(R?) +o§j”vR>(1)). (A.6 d)

Finally, use the expansion (A.6 d) for both f,, and g,,. We have

falan) _ (Lo, r(1)(@,(f 0 671)(@)E [S((D)) | v = n(ra) € A, )+ Or(R?) 01" (1))
gn(@n)  (140,/r(1))(0y(g 0 ¢=) (@) E[S($(D)) | v = n(ra) € AL, ]+ Or(R?)+0" (1))
(A.8)
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Notice that S(¢(vy,)) > r by definition. Choosing for instance R = ¢? and r = €3, and
then taking first € small enough and then n large enough, we observe that f,,(a,)/gn(an)
can be made arbitrarily close to

This proves the claim. O

A.5 Proof of Theorem 4.1

Parts (i) and (ii) are proven in [7, Corollary 3.11] and [7, Theorem 3.13], respectively.
Part (iii) follows by applying Theorem A.4 (see also Remark A.5) to the fraction

ot o)
G(”) (1}(")7 u) ’

This is a ratio of two positive discrete harmonic functions of u, both converging uniformly
by parts (i) and (ii). Part (iv) follows by applying Theorem A.4 to

Gg(n) (U(n), U)
GI™ (wm,u)’

For part (iv), notice also the covariance formula for the boundary derivatives on Green’s
functions under conformal mapping-out, derived in the end of Section 4.1.1. O

B Proof of boundedness in Proposition 5.1

We will actually prove a slightly stronger statement: the martingale ///t(*) (z,w)in (5.2)
is bounded, and this does not rely on any knowledge about the weak limit W but only
on how ///t(*)(z,w) is defined in terms of a given continuous driving function. This
small difference will turn important later when we want to use the weak convergence
w® - w.

Lemma B.1. Let L///t(*)(z,w) be as in (5.2) but constructed from any continuous driving
function W (not necessarily on the support of the weak limit). For any z and w, there
exists C' > 0 such that for all continuous functions W and all t < 7, we have

.27 (z,w)| < C.

Proof. We deduce an upper bound for the right-hand side of (5.2), uniform over ¢ < 7
and over the driving function W. The factors P(w, Xél)) are deterministic so they may be
omitted in this analysis.

Let us first lower-bound $(g¢(2)) and hence upper-bound P(g:(z), W;) (see (4.1)). Fix
any w € H\ U,. It follows from Loewner’s equation that S(g;(w)) > S(gy, (w)), where gy,
is the mapping-out function of U,. Clearly, we can lower-bound the harmonic measure of
any curve from z to 9H;, as seen from w in H,, by the probability of a Brownian motion
from w looping around z before exiting H\ U.. By conformal invariance, also the harmonic
measure of the straight vertical line segment from ¢:(z) to R, as seen from ¢;(w) in H,
has the same lower bound. On the other hand, since we have 3(g:(w)) > S(gp. (w)), the
distance from g¢;(w) to this vertical line segment is at least S(gy, (w)) — S(g:(2)), and
Beurling’s estimate now upper-bounds the same harmonic measure by (essentially) a
power of $(g:(2))/S(gu. (w)). For the lower and upper bounds to be consistent, $(g:(z))
cannot be too small compared to S(gy, (w)).
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Let us next lower-bound Z, (Xt(l)7 ... ,Xt(zN)). By translation invariance (see (4.2)-

(4.3)), we may do it assuming Xt(l) = 0. The strategy is to first find both upper and
lower bounds for the differences (Xt(z) - Xt(l))7 cey (Xt(zN) - Xt(2N71)). Then, assuming
Xt(l) = 0 and these upper and lower bounds, we obtain a compact set of coordinates
(Xt(l), e ,Xt(2N)), and the continuous function Z*(Xt(l)7 e XEQN)) attains a minimum
under these assumptions. This minimum is positive by [21]. It remains to find the upper
and lower bounds for (Xt(Q) —Xt(l))7 e (Xt(QN) —Xt(szl)). By an argument very similar to
the previous paragraph, one can lower-bound the harmonic measures of all the intervals
(—oo,Xt(l)),(Xt(l),Xt(Q)),...,(Xt(zN),—&—oo), as seen from ¢;(w) in H. Since S(gi(w)) >
S(gu. (w)), Beurling’s estimate now shows that (Xt(g) - Xt(l)), ce (Xt(2N) - X,@N_l))
are lower-bounded. For the upper bound, suppose for a contradiction that we had
(Xt(QN) - Xt(l))/Q > C¥(w) for a large enough C. From Loewner’s equation we have
S(ge(w)) < S(w). Thus, the circular annulus centered at R(g:(w)) € R with inner radius
$(w) and outer radius C¥(w) disconnects ¢;(w) from either (Xt(QN)7 +00) (f R(g:(w)) <
(Xt(zN) + Xt(l))/Q) or (—oo7Xt(1)) (f R(ge(w)) > (Xt(QN) + Xt(l))/2). Beurling’s estimate
then upper-bounds the harmonic measure of one of these intervals by (essentially) a
power of 1/C. If C is large enough, this contradicts the previously derived constant
lower bound, so we must have (Xt(zN) - Xt(l)) < 2C%(w).
We are left with lower-bounding g{(X(()i)). Notice that by (5.1)

; 2! X(i)
&gg;(Xé)):— ;Qf( » ) :
(X = x7)

In the previous paragraph, we deduced |Xt(i) — Xt(j )| > (. It thus follows that

i 2 i
8tg£(Xé)) Z‘@QQ(X(S)% (B.1)
and by Gronwall’s lemma and the initial condition g{)(X(()i)) = 1, we have g{(XOi)) >
exp(—2t/C?). Since the stopping time 7 is less than the half-plane capacity of U,, we
obtain a lower bound for g{(X(()’)). This concludes the proof of boundedness. O

C Boundary-visiting SLEs

The scaling limit in Theorem 6.1 can interpreted as the initial segment of SLE(2) in
(I X ™, XYY conditioned to visit XV, ..., X" in the order w. We review here the
non-rigorous argument leading to this interpretation, following [18, 21].

Recall that the SLE(x) in (H; 2, Zout) is @ random curve v defined as a conformal
image of an SLE(x) curve in (H;0,00). The initial segment of the curve ~ from z;, to
ZTout, UP to the stopping time 7 as in Theorem 6.1, can almost surely be described by a
Loewner chain, namely the partition function SLE(x) with [9]

dW; = /kdB; + K Z(W, X0 dt (C.1)

t
I

where W, = x;,, and Xéout) = Tout, and
Z(a,b) = |b—a| 7",

Denote the probability measure of SLE(x) in (IH; Zin, Zout) by p(Hizin@out) ye will in this
appendix assume k < 8.
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The SLE(k) in (H; zi,, 2out) almost surely avoids any finite collection of points for
Kk < 8 [38], so the boundary-visiting SLE can only be defined via a suitable approximation
procedure. It was motivated (non-rigorously) in [18] that the probability to visit the
o-neighbourhoods of 1, ..., 2/ in the order w is of the magnitude (gs/ﬁfl)N' as o — 0,
and furthermore

Z(Tin, Tout) (0% 1) N PHizinTow) [y visits B(21, 0), ..., B(Zn, 0) in the order w)

should in the limit ¢ — 0 tend to a positive function of (z,, Zout; 1, . . ., &) that satisfies
certain Mobius covariance, PDEs, and asymptotics. Let us call this function the boundary
visit amplitude.

By [21, Theorem 1.1], the functions ¢, in Theorem 6.1 satisfies the covariance, PDEs,
and asymptotics of a boundary visit amplitude, at x = 2. Thus, assuming the uniqueness
of solutions to such a PDE problem, (,, is the SLE(2) boundary visit amplitude. We finish
the argument for general x, denoting the boundary visit amplitude by (.

Now, modify the limit procedure giving (conjecturally) the boundary visit amplitude
Cwo(Tin, Tout; L1, - - -, &), taking instead k;o-neighbourhoods of each z;, i.e., of different
sizes but shrinking at the same rate in the limit ¢ — 0. A guess for such a neighbourhood
visit probability would be

P zou) [y visits B(21, k10), ..., B(Zn, ky o) in the order w]

N’ ~ ~
_ (Qg/,{71)]\]’ Hkis/n—l Cw(xinaxout;xlv'--7IN/) +0((g8/K71)N,)

as o — 0.
Z((Einu (Eout)

i=1
(C.2)
Assuming (C.2) and using the conformal Markov property of the SLE, one obtains

pEiwin.Tou) [y visits B(#1, k10), ..., B(Zxn/, kns0) in the order w | Fya,]

N’ (out) (1) >(N")
o (1 K— CUJ(WvX Xy X ) fo— 4 o ’
= | [Tax" T (@Y o((0V )Y
i=1 Z(We, X;77)

stopped at 7. (C.3)

After all these heuristics, what one can rigorously prove that the leading coefficient
of (C.3)

N’ (out) (1) (V)
G S, X XM %
My = | [T ar(X§)3/ == SIE tZ(m ; N : ), stopped at 7,
i=1 my ou

indeed is a positive .%; local martingale under P,(.;H;x""%“‘) [18, 21], i.e., under (C.1). (The

drift part in its It6 differential is one of the PDEs defining (,, given in (6.14) for x = 2.)

It is also bounded, by arguments similar to Lemma B.1, hence a genuine martingale.
Construct now a new probability measure Q with the Radon-Nikodym derivatives

dQ

W’% = My/Mo. (C.4)

By Girsanov’s theorem, under the probability measure Q, the process W is up to time 7
governed by

Dy Co (Wi, X1, X0 V)
ou >(1 >(N/
Co (W, Xm0 X Xy

dW; = VkdB; + & dt, (C.5)
i.e., W is the SLE(x) type process with the partition function ¢,,.

EJP 25 (2020), paper 83. http://www.imstat.org/ejp/
Page 34/37


https://doi.org/10.1214/20-EJP485
http://www.imstat.org/ejp/

UST branches, martingales, and multiple SLE(2)

Going back to the heuristics, assuming (C.3) we interpret M; as the conditional
probability of SLE(x) in (H; X{™ x{*") to visit X{",..., XV, By (C.4), Q should
thus be interpreted as the measure and (C.5) as the driving function of the SLE(x) in
(1 X ™, x{*"), conditional on boundary visits at X", ..., X" in the order w.
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