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Abstract

This article investigates the heat kernel of the two-dimensional uniform spanning tree.
We improve previous work by demonstrating the occurrence of log-logarithmic fluctuations
around the leading order polynomial behaviour for the on-diagonal part of the quenched
heat kernel. In addition we give two-sided estimates for the averaged heat kernel, and we
show that the exponents that appear in the off-diagonal parts of the quenched and averaged
versions of the heat kernel differ. Finally, we derive various scaling limits for the heat kernel,
the implications of which include enabling us to sharpen the known asymptotics regarding
the on-diagonal part of the averaged heat kernel and the expected distance travelled by the
associated simple random walk.

1 Introduction

The focus of this article is the two-dimensional uniform spanning tree (UST), which is a random
subgraph of Z? that will henceforth be denoted by . Since the introduction of this object
in [34], considerable progress has been made in our understanding of the geometry of USTs
(and, more generally, uniform spanning forests), see [11] for background. In this direction, a
particularly useful viewpoint was provided by Wilson, who gave a construction of USTs via
loop erased random walks (LERWSs) [36]. Indeed, the latter description was at the heart of
Schramm’s seminal work describing the subsequential scaling limits of two-dimensional LERW
and U in terms of what is now called the Schramm-Loewner evolution (SLE) [35], see also [29].
In recent years, building on Lawler and Viklund’s convergence result for the LERW in its natural
parametrisation [30], a more detailed picture of the scaling limit of U/ has been established [4, 18].
And, closely related to this, properties of the simple random walk (SRW) on U have also been
explored [4, 8, 9]. The goal here is to provide further insight into the behaviour of the heat
kernel (transition density) of the latter process.

Let us proceed to present some of the basic notation that will be used throughout the article.
We will assume that the two-dimensional UST U is built on a probability space (2, F,P); we
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write E for the associated expectation. Note that, P-a.s., U is a one-ended tree with vertex
set Z?2 [34]. We write y(x,y) for the unique self-avoiding path between x,y € Z2, and ~(x, 00)
for the unique infinite self-avoiding path started at z. By Wilson’s algorithm (see [36], and the
recollection of this at the start of Section 2), y(z,y) is equal in law to the loop erasure of a
SRW started at « and run until it hits y. We will denote by dy; the intrinsic metric on the
graph U, so that dy(x,y) is the length of the geodesic y(z,y). We write 1y, for the measure
on Z? such that g ({z}) is given by the number of edges of U that contain z; this is the
invariant measure of the simple random walk. We denote balls in the intrinsic metric dy; by
By(z,r) ={y € Z*? : dy(x,y) < r}. We use dy to denote the £, metric on Z?2, and Boo(z,7) to
denote balls in the do-metric; these balls are of course boxes.

Many of the exponents that describe the behaviour of ¢ and the associated random walk can
be expressed in terms of the growth exponent of the two-dimensional LERW, which is given by
k = 5/4. More precisely, let L,, be the loop erasure of a SRW in Z? run until its first exit from
[~n,n]?, M, be the number of steps in L,, and G(n) = E(M,). By [26], we have

G(n) = EM, = n", (1.1)[e:growth]

where =< means ‘bounded above and below by constant multiples of’. (This improves earlier
estimates in [19, 33|, which establish that lim,_,~ log G(n)/logn = «.) The papers [8, 9] gave
estimates for the heat kernel of U in terms of the function G; these can now be written more
simply using (1.1). When we cite results from [8, 9] we will give the simplified versions without
further comment.

Next, we introduce the simple random walk on U, which is the discrete-time Markov process
XY = ((XY),>0, (PY),,cz2) that at each time step jumps from its current location to a uniformly

chosen neighbour in the graph Y. For x € 7?2, the law PY is called the quenched law of the
simple random walk on U started at x, and we write

P (XH =)
pu ({y})

for the corresponding quenched heat kernel.

To understand the properties of random walk on a space such as U, a by now well-established
approach is to first study volume growth and resistance growth (see, for example, [6, 21, 22]). Re-
garding the volume growth, one would expect from (1.1) and Wilson’s algorithm that By (z, ")
should be approximately the same as By (z,r), and hence that |By(x, R)| should be of order
R%/%_ This expectation was confirmed by [9, Theorem 1.2], which gives stretched exponential
estimates for the upper and lower tails of R=2/%|By;(0, R)|. We define the ‘fractal dimension’ of
U by

Pz, y) = Va,y € 7%,

df=—=r¢. (1.2)[dfdes]

Using the estimates in [9, Theorem 1.2] an easy Borel-Cantelli argument gives that there exist
deterministic constants ¢y, ca € (0, 00) such that, P-a.s.,

cyrd (log log 7")*9 < py (By(0,7)) < CQT'df(IOg log 7")3

for large r. The first main result of this paper is that volume fluctuations of log-logarithmic
magnitude really do occur.

(mainthm1)



Theorem 1.1. P-a.s.,
tu (Bu(0,7))

lim sup T (log log 1) /5 = 00, (1.3)[bigvolasi]

r—oo T

and also
lim inf (loglog )3/ iy (B (0,7))

T—00 rdf

=0. (1.4) smallvolas1

Similar fluctuations have also been observed for Galton-Watson trees [7, Proposition 2.8] (see
also [16, Lemma 5.1]). The proof here is more complicated as the correlations between different
parts of the space are harder to control. The key ingredient is the argument of Section 3 below,
in which we provide a general technique for estimating from below the probability of seeing a
particular path configuration in the initial stages of the construction of the UST via Wilson’s
algorithm. This enables us to control the probability of seeing especially short or long paths in
some region of U.

The volume fluctuations of Theorem 1.1 are associated with corresponding fluctuations in
the on-diagonal part of the quenched heat kernel. From [9, Theorem 4.5], we know there exist
deterministic constants 1, ca € (0,00) and a1, as € (0,00) such that, P-a.s.,

cin” /% (loglog n) = < i, (0,0) < can™ /™ (loglog n)°*

for large n. Here

2 13
o (1.5) [dwdet]

is the so-called walk dimension; this represents the space-time scaling exponent with respect to
the intrinsic metric. Applying Theorem 1.1, we are able to deduce that log-log fluctuations in
the quenched heat kernel actually occur.

du,ZZ],+-df:=

{cor1) Corollary 1.2. There exists 3 > 0 such that, P-a.s.,
1irginf(log logn) Y/ 1B3pds/dwpll (0,0) =0,

lim sup(log log n) “Pns /4w ¥ (0,0) = co.

n—oo

These volume and heat kernel fluctuations arise from unlikely configurations of U inside
B (0,7) at a (random) sequence of scales rp — co. Another consequence of the occurrence of
such exceptional configurations is the failure of the elliptic Harnack inequality in this setting. For
a precise description of the particular form of the elliptic Harnack inequality that we consider,
see Definition 7.1 below.

(ehicor)

Corollary 1.3. The large-scale elliptic Harnack inequality does not hold for the random walk
onU.

We now consider the off-diagonal heat kernel. To avoid the issues of parity that arise from
the fact U is a bipartite graph, we introduce the following smoothed version of the heat kernel

U A
: (@, y) + P (z,y)
M(z,y) == 5 ot :




In [9, Theorem 4.7] it was shown that there exist deterministic constants a, C' € (0,00) such
that, P-a.s.:

d 1 1
~ T du\ @1 a du\ @1
n expd —A dy (0, 2)™ < pH(0,2) < An~ s exp 1 (du(0,2)™
A n A n

holds whenever n > dy(0, 2) and max{n? |z|} is suitably large, where

A=A(n,z):=C (1og (max{ndw, |x]})>a . (1.6) [o:Adet]

The logarithmic correction factor A represents the possible influence of exceptional environments
on the heat kernel.

We are unlikely to see an exceptional configuration at any particular scale, so it is not
surprising that for the averaged heat kernel the fluctuations of Corollary 1.2 disappear: by [9,
Theorem 4.4(c)], we have that

cin~ /M < B (0,0) < con~/ My > 1. (1.7) [e: annondub|

As for the off-diagonal part of the averaged heat kernel, one might hope that one could replace
the random distance di(0, ) with its typical order with respect to the Euclidean metric, that
is, |x|", and that, as with (1.7) one would be able to remove the errors associated with the term
A in (1.6). We show that this is almost the case, however, in the annealed off-diagonal bounds

the exponent dwl—_l needs to be replaced by a strictly smaller number.

(mainthm3) Theorem 1.4. There exist constants cy,ca,c3,cq4 € (0,00) and 0 < 0o < 61 < 1 such that: for
every x = (x1,22) € Z* and n > |z1| + |22,

01 02
_dy Kdw \ dog—1 _dy Kdw \ dog—1
n dw exp{ —c2 (’93| ) <EH(0,2) < cgn” @w exp { —cy (‘93| >
n n

Our argument indicates that we can take 6; < 1 due to contribution to the averaged heat
kernel from realisations of U where the intrinsic distance from 0 to x is unusually short, and
thus where the heat kernel % (0, z) is unusually large. This phenomenon was not observed in
the earlier study of random walk on a Galton-Watson tree of [7] (see Theorem 1.5 in particular),
since the intrinsic metric of the trees was the only one involved there.

Remark 1.5. We have 0, = Hdéj;ll = %, and we conjecture that this is also the correct value

for 5. This would mean that the averaged heat kernel estimates of Theorem 1.4 are of the
usual sub-Gaussian form, but with respect to the extrinsic walk dimension xd,,, rather than the
intrinsic walk dimension that appears in the quenched bounds.

In the course of our proofs we obtain some new tail estimates on the length of the path v(z, y)
between points z and y; by Wilson’s algorithm this is also the length of a LERW run from z to

Y.
(T:dxy) Theorem 1.6. (a) There exist constants c; such that for A > 1, z,y € 72,
616_62>\4 < P(du(ac,y) < A ldoo(z, y)"“) < 636’_04)\4.
(b) There exist constants c,q such that for X\ > 1, z,y € 72,

P (dy(z,y) > Moo(,y)") < c(log A\)IN~GR)/%,



The upper bound in (a) is proved in Theorem 2.7, (b) is proved at the end of Section 2, and
the lower bound in (a) is proved at the end of Section 3.

We now consider the scaling limit of the UST and its heat kernel. Schramm’s original work
encoded U in terms of a path ensemble (consisting of the shortest paths in ¢ between pairs of
vertices), which enabled basic topological properties of any possible scaling limit to be deduced.
In [4], building on the work of [8, 9], this scaling picture was extended to incorporate the
intrinsic (i.e. shortest path) metric on U, as well as the uniform measure, with the result of [4]
being expressed in terms of the tightness under rescaling of U in a certain Gromov-Hausdorff-
type topology for metric-measure spaces with an embedding into FEuclidean space. The main
obstacle to extending the work of [4] to a full (i.e. non-subsequential) scaling limit was the need
to prove the existence of the scaling limit of the two-dimensional LERW as a stochastic process,
rather than simply as a compact subset of the plane. This was subsequently established in [30],
and Holden and Sun [18] then proved that U/ has a full scaling limit as a metric-measure space.

Let us now describe the setting of [4] more precisely. To retain information about I/ in the
Euclidean topology, (U, dys) can be considered as a spatial tree (cf. [17]) — that is, as a real tree
(see [31, Definition 1.1], for example) obtained from the graph by including unit line segments
along edges, embedded into R? via a continuous map ¢y, : U — R?, which is given by the identity
on vertices, with linear interpolation along edges. In addition, suppose the space is rooted at
the origin of Z2, giving a random ‘measured, rooted spatial tree’ (U, dy, puq, du,0). For this
quintuplet, it follows from [18, Theorem 1.1] (see also [4, Theorem 1.1]) that

K d -
(u75 dU)52MU76¢U70) — (Ta dr, 1, ¢7—>p7—) (18)

as 0 — 0 with respect to the Gromov-Hausdorff-type topology introduced in [4, Section 3]. The
random limit space is such that, P-a.s.: (T,d7) is a complete and locally compact real tree; 7
is a locally finite Borel measure on (7 ,d7); ¢7 is a continuous map from (7, d7) into R?; and
p7 is a distinguished vertex in 7. In the original result of [4], the measure p;s considered was
the uniform measure on the vertices, but it is no problem to replace this with the measure we
consider here since, after scaling the uniform measure by a factor of two, the Prohorov distance
between the two measures is bounded above by two, and so the discrepancy disappears in the
scaling limit. Moreover, it readily follows from (1.8) that the space (T, dr, ur, o7, p7) satisfies
the following scale invariance property: for any A > 0,

K d -
(7-7 A"dr, A2“'717 AT, pT) = (7-7 dr, b1, &7, pT) : (19)

Further from the SLE description of the limit in [18], one also has rotational invariance, i.e. for
any 6 € [0, 27),

d
(T, dr, w1, RopT, p7) = (T, dT, o7, b7, PT) 5 (1.10)

where Ry is a rotation of Euclidean space about the origin by the angle 6. In Proposition 8.2
below, we further establish an invariance under a rerooting property for the limit space.

One of the motivations for proving (1.8) was to show that the random walks on U converge
to a limiting process. It was shown in [4] that the random walks on U started from 0 satisfy

(5X§[*“dwt)t20 = (o1 (XtT))tzo (1.11) [zuconvh]

in distribution under the averaged or annealed law. (Cf. the more general statements con-
cerning the convergence of random walks on trees of [2, 13].) Here, for P-a.e. realisation



of (T,dr,ur,or,pr), XT = (XtT)tzo is the canonical diffusion, or Brownian motion, on
(T, dr, p7) started from pr, and ¢7(X7) is the corresponding random element of C(R,,R?).
In this article, we connect the heat kernel of the discrete process XY to that of X7, for which
off-diagonal estimates were given in [4]. As our first result in this direction, we show the conver-
gence of the quenched and averaged on-diagonal part of the heat kernel. From (1.8) and (1.11),
the first claim of the following result, which concerns (p;r(x,y))x7ye7~,t>o, the quenched heat
kernel on the tree 7 (as defined in [4]), is essentially an application of the local limit theorem
of [14]. To adapt this to yield the corresponding statement for the averaged heat kernels, we
check the uniform integrability of the on-diagonal part of the discrete heat kernel by applying an
argument similar to that applied to deduce averaged heat kernel estimates for Galton-Watson
trees in [7, Theorem 1.5]. We note that the exact form of the on-diagonal part of the limiting
averaged heat kernel is a simple consequence of the scale invariance property (1.8). Moreover,
the result at (1.12) improves part of [9, Theorem 4.4], where it was shown that n%/%Epl(0,0)
is bounded above and below by constants.

(mainthn2) pheorem 1.7. It holds that

(ndf/dwﬁzénj (Oa 0)) i} (pZ(pTa pT))t>0

t>0

in distribution with respect to the topology of uniform convergence on compact subsets of (0, 00),
and moreover,

(n /Bt (0,0) = (Bo] (pr.p7)) 0 = (CE7/) (1.12) [odbkscale|

t>0 t>0

in the same topology, where C € (0,00) is a constant.

We next turn our attention to the off-diagonal part of the heat kernel. Whilst it is natural to
ask whether the scaling limit of (1.12) can be extended to include the off-diagonal part, we recall
that ¢ is not a bijection (see [4, Theorem 1.3]), and so one cannot a priori assume that the limit
of nds/dw Eﬁlfm 1(0, [zn!/%dw]) (where we write [zn!/%%] for the closest lattice point to xn!'/#dw)

can be written as Ep/ (p7, gb}l (z)), or indeed that this latter expectation is well-defined. This
being the case, the following result is presented in terms of the density of the embedded process
#7(XT), where X7 is the canonical Brownian motion on the limiting space; we note ¢ (X7 ) is
not Markov under the annealed law (or strong Markov under the quenched law, see Remark 8.3
below). Nevertheless, as we will show, gZ)}l is well defined except on a set of Lebesgue measure
zero, and so the averaged density of ¢7(X7) is in fact given by the expression Ep] (pr, ¢}1 (x)).
The key additional input to the proof of this result is an equicontinuity property for the discrete
heat kernel under scaling (see Proposition 8.1), which in turn depends on our estimate for the
probability of seeing long paths in the uniform spanning tree (see Theorem 1.6).

(denslimit) Theorem 1.8. For each t € (0,00), ¢7(X]) admits a continuous probability density q; =
(q1(%))zer2 under the annealed probability law P - PY, so that

E (PY(or(X7) € B)) = /B () de

for all Borel B C R%. The functions (q;)i>0 satisfy the following.
(a) There ezists a constant C' € (0,00) such that

lqi(x) — qu(y)| < Ct=4/2dwig —yF/2 0 Yoy e R%t > 0.



(b) For any A >0 and 0 € [0,27), it holds that
)

(c) For each t € (0,00), it holds that

©eR? (q¢(7))zere -

(ndf/dwEﬁz[lth (0, [:cnﬁ])) = (qt(2)) yere

z€eR?

uniformly on compact subsets of R2.
(d) For each t € (0,00) and x € R?, it holds that

() = E (p] (p7. 7' (2))) -

Remark 1.9. By (b) there exists a continuous function f : Ry — Ry such that

() = £/ f([aft ),

As an almost immediate corollary of Theorems 1.4 and 1.8, we obtain the following.

{cor2) Corollary 1.10. There exist constants c1,ca,c3,¢4 € (0,00) and 61,02 € (0,1) such that the
averaged density of ¢T(XtT), as given by Theorem 1.8, satisfies: for every v € R? and t > 0,

01 )
Kdw \ dgp—1 Kdw \ dgp—1
et/ exp { —cy <\:n|t > < () < st~/ exp { —¢y <|xt >

As a further consequence of Theorem 1.4, together with the the estimate on the probability
of seeing long paths of Theorem 1.6, we obtain the following upper bounds on the averaged
behaviour of the distance travelled by X“ up to a given time, both in terms of the Euclidean
and the intrinsic distances. Bounds for E(E} (dy(0, X¥)?) were considered in [9, Theorem 4.6],
but the upper bound there has an additional term (logn)®.

{cor-dist) Corollary 1.11. For every p > 0, it holds that forn > 1,
c;np/“dw < E(E(L){‘me) < cpnp/“d'w,
c;np/d“’ < E(Eg(du(O,X,Zf)p> < cpnP/ .

It follows from the argument used to establish the random walk convergence result of [4,
Theorem 1.4] that, under the averaged distribution, not only do we have (1.11), but also

_ d _ d
(n=1/ede| X iso = (I67(XT)ezo and (n=H*dy (0, XY, ))iz0 = (d7(p1, X[))iz0. Com-
bining this with the integrability given by Corollary 1.11 we obtain the following convergence

result.

(cor3) Corollary 1.12. (a) For every p > O, it holds that

)~ ® (L (o)) 5, = (G0)

7

(nor/mems (EY | x4,




with respect to the topology of uniform convergence on compact subsets of [0,00), where C), €
(0,00) is a constant depending only upon p.
(b) For every p > 0, it holds that

(v (5 (038 )), ., (2 () = ()

with respect to the topology of uniform convergence on compact subsets of [0,00), where again
Cp € (0,00) is a constant depending only upon p.

The remainder of the article is organised as follows. In Section 2 we review and refine
some previous estimates for LERWs and the two-dimensional UST, proving the upper bound of
Theorem 1.6(a) and Theorem 1.6(b) in particular. Section 3 provides an approach to showing
that particular anomalous paths occur within the UST. This allows us to check the remaining
part of Theorem 1.6, as well as the volume and heat kernel fluctuation results of Theorem 1.1
and Corollary 1.2 respectively, which will be done in Section 4. Section 5 adapts results of [4]
concerning the structure of the UST to the case where we condition on a particular path being
present, and these preliminary statements are then applied in Section 6 to deduce the heat
kernel bounds of Theorem 1.4. Then, in Section 7, we confirm the failure of the elliptic Harnack
inequality, as stated in Corollary 1.3. And, in Section 8, we apply the random walk scaling limit
result of [4] in conjunction with the estimates of this article to deduce Theorems 1.7 and 1.8, as
well as Corollaries 1.10 — 1.12. Finally, we postpone to the appendix the proofs of some estimates
from Section 2 that are relatively close variations on the proofs of the corresponding results in
[8]. NB. We will often use a continuous variable in places where a discrete one is required; in
this case we implicitly mean that the floor of the relevant variable should be considered.

2 Loop erased random walk and the UST

(sec:LERW) This section contains some refinements of previous estimates on the geometry of the UST and

the behaviour of the LERW. The key input we need for the averaged heat kernel upper bound
(Proposition 2.9) is a relatively straightforward adaptation of [4, Proposition 2.10], adding resis-
tance estimates to the volume estimates of the latter result. We also set out some new results,
which include the upper bounds of Theorem 1.6.

We begin by introducing some notation for paths and operations on paths. A path v is a (finite
or infinite) sequence of adjacent vertices in Z2, i.e. v = (Y0,71,...) With v;_1 ~ 7;, where for
x,y € Z? we write x ~ y if |z —y| = 1. Given a set A C Z2, we define 74 = min{i > 0: ~; ¢ A},
and set £4(v) = (70,.-.,7r,). Given a finite path v, we write £(y) for the chronological loop
erasure of v, see [23, 25].

We now recall Wilson’s algorithm, see [36]. For x € Z? let S® be a simple random walk (SRW)

on Z? started at z; we take (S%),cz2 to be independent. Write Z? as a sequence {zg, 21, 22, - - - },

and define a sequence of trees as follows:
Uy = {20},
U; = Ui+ U,C(gz/{icil(szi)), 1>1, (2.1)
U = J;u;.

By [36], the random tree U has the law of the UST. It follows that the law of & does not depend
on the particular sequence (z;). In fact, more is true: the z; can be chosen adaptively as a



function of U;_1. However, if we use independent (S%) as above, then the final tree U depends
as a random variable on both the random walks and the sequence (z;). To circumvent this,
for a finite graph Wilson [36] defined a family of random variables (called ‘stacks’) that enable
one to define (non-independent) random walks (S*),cz2, and in this setup the final tree U does
not depend on (z) for i > 1. (Note though that the random walk S») does depend on the
sequence (21,...2p—1).) It is straightforward to check that this also holds with probability 1 for
a recurrent graph, and it will sometimes be useful for us to apply this construction.

We write L(x,00) for the loop-erased random walk from z to infinity; this is the weak limit
as m — oo of L(Ep,,(2)(57)). By Wilson’s algorithm L(x,00) has the same law as the (=, c0),
the unique injective path from x to infinity in U. (See [11, Proposition 14.1], for example.) We
moreover write v, = y(z,00), V;[i] for the ith point on ~,, define the segment of the path 7,
between its ith and jth points by Vz[i, j| = (Vz[i], V=]t + 1], .. .,72[j]), and define v;[i, 00) in a
similar fashion. Furthermore, we let 7, ,(7;) = min{i > 0 : 7, [i] € Boo(y,)}; whenever we use
notation such as 7,[7,r], the exit time 7,, will always be for the path v,. For z,y € 72, we
introduce the ‘Schramm distance’ on U (after [35]) by setting

d5j(z,y) = diam(v(z,y)),

where the right-hand side is the diameter of v(z,y) (considered as a subset of Z?) with respect
to doo.

In the next sequence of results of this section we collect and refine some properties of loop-
erased random walks from [4, 8, 9, 33]. In the following result, we write 0B, (0, r) for the outer
boundary of Buo(0,7), i.e. those vertices of Z2?\ By (0,7) that have as a neighbour a vertex in
B (0,7).

(L:abscty) Lemma 2.1. Let 6 > 1, n > 1, and suppose that Dy, Dy are subsets of 72 with Bso(0,6n) C
Dy N Dy. There exists a constant ¢ = ¢1(6) such that if v is a self-avoiding path from 0 to
0B (0,n) then

P (Ep,.0m) (L(ED, (S))) = 7) < 1P (Epoyom) (L(ED,(S?))) =) -
If fori =1 ori =2 one has D; = 72, then L(Ep,(S%)) should be taken to be L(0,00).

Proof. See [33, Proposition 4.4] for the result when 6 > 4. Checking the proof of the latter
result, one finds that the result as stated above holds for any # > 1. (In [33] the emphasis was
on the fact that one can take C(6) = 1 + c(log#)~! for large 6.) O

(regdef) Definition 2.2. Let D CZ2 Let A >1,1<r; <ry. Wesay that D is (), 71, r9)-reqular if we
have for each xz,y € D,

AV (e, y)® < dy(w,y) < Adjy(,y), when ry < djy(x,y) < 1o,
dy(z,y) < Arf,  when dy(z,y) <,
du(xay) 2 )\7171'2{, When dz‘j(x,y) 2 9.

It is straightforward to check the following.
Lemma 2.3. (a) If D is (\,r1,7r2)-reqular and ro > \2/6ry | then

Aty (z,y) < di(z,y)" < Mdy(z,y)*, when Xrf < dy(z,y) < A5,



dZ‘/Sl('Z‘vy)’i < )\T‘T, when dZ/[(wvy) < )\Tlﬁv
diy(z,y) > A5, when dy(x,y) > A7\

(b) Let T C Z? be a tree, w € T, v(w,T) be a self-avoiding path from w to T, and let T' =
TUN(w,T). If T and v(w,T) are (A, r1,r2)-reqular, then T' is (2"\, 211, ro)-reqular.

The next result is a consequence of [4, Proposition 2.8].

(L:regboX) T omma 2.4. Let n > 1 and A\ > \g. Then
P (Bm(oan) is (A, e, n)-reg“lar> > 1 — cpe— e,

(L:regpath) Lemma 2.5. Let § > 1, n > 1, and suppose D C Z2 is such that B(0,0n) C D. It then holds
that there exist constants ¢; = ¢;(0) such that for A > Ao, where X\ is some large, finite constant,

P(Ep_(0m)(LED(SY)) is (A, e~ n)-regular) > 1 — cpe=N"”,

Proof. By Lemma 2.1 it is enough to prove this when £(£p(S?)) is replaced by L(0,oc0). The
bound then follows from Lemma 2.4 and Wilson’s algorithm. U

(L:g2m0y) L eynma 2.6. There exists Ao > 1 and constant ¢y > 0 with the following properties. Let
n>1, A >\ and x € Boo(0,3n/4), let 7 be a shortest path in Z* between 0 and x, and set
A={yeZ®:dy(y,7) <n/8}. Then

P(’y(O,x) C A and is (/\,nefcl)‘l/z,n)—regular) > cy.

Proof. Let G be the event that B (0,n) is ()\,ne_cl)‘l/z,n)—regular. Choose k > 16 and
let y satisfy doo(0,y) = n/k. Let Go = {7(0,y) C Bs(0,n/8)}; by [9, Lemma 2.6] we have
P(GS) < cok /3 choose k so that cok™1/3 < % Let 5% be a SRW started at z, and G4 be the
event that S% makes a closed loop around 0 which separates 0 and y before it leaves A; we have
P(G4) > c3 > 0. Then P(G2NGyq) > 3c3. We now choose \g large enough so that P(G) < fcs
and hence writing G = G1 N G2 N G4 we have P(G) > %03. On the event G the SRW S hits
~(0,y) before it exits A, so v(0,z) C A. Since B (0,n) is regular, so is the path v(0,z). O

(T:LERW-1Y) Theorem 2.7. Let n > 1, and suppose D C Z2 is such that Bso(0,n) C D. If D # 72, set
Lynp = Ep(0,n) (L(Ep(SY))), and set L, 72 = Epuo(0m)(L(0,00)). It then holds that there ewist
constants ¢; such that, for A > 1,

P (|Lop| < A7'n%) < ceme (2.2) e+ LERW-T]

In particular, for any x,y € 72,

P (dy(z,y) < X oo (z,)") < cremea ", (2.3) o+ dury-1b]

Proof. A bound with exponent /5= ig given in [8, Theorem 6.7], and with some more care
one can obtain (2.2) by essentially the same arguments — see the Appendix for details. Taking
z =0, D=27*{y} and n = [d(0,y)], we have dy(z,y) = |L(Ep(S°))| > |Ln p|, which (with

translation invariance) gives (2.3). O
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To state our next result, Proposition 2.9, we need to introduce some more notation and basic
definitions. Specifically, we write Reg for the effective resistance on U considered as an electrical
network with unit conductances along each edge. (See [3, 32] for background.) We recall from
(1.2) and (1.5) the definition of dy and d.,.

(def:defjlam) Definition 2.8. We say a ball By(x,r) is A\-good if we have the following:
(1) A < By, )| < A,
(2) Reg(x, By(z,7r)°) > 1/,
(3) By(z,7) C Boo(z, Arl/*5).

We moreover define
Fi(A\,n) ={By(x,r) is A-good for all x € B (0,n), e nr < < n"}, (2.4)[f1def ]

and note that on the event Fij(\,n) we have By (z,n") C Boo(x, An) for all x € B (0,n).

{P:PF1n) Proposition 2.9. There exist constants c1,co, Ag such that

P (Fi(\,n)°) < cpexp(—eA/19), v >1, A > Ao

Proof. The proof below is a modification of that of [4, Proposition 2.10]. Let r = ne*)‘lm, and
assume first that n is large enough so that » > A. Let J(z, A) be the set of those r € [1, 00) such
that the three conditions in Definition 2.8 hold.

Set Ry =n, Ry = re*’™ and let Dy be as in [4, Proposition 2.9], with |Ds| < XA Set
mo := inf{m : m > e’“‘/\l/32}, and let E(r, \) := Nyep, N7 {mr* € J(2,A)}. A simple union

bound allows us to deduce from [9, Theorem 1.1(a) and Proposition 4.2(a)] that
P (E(r,\)°) < |D2|6R>\1/3206_C/>\1/9 < Ce=<"N*.

Let As(r,\) be the event given in the statement of [4, Proposition 2.9]; we have P(E(r, \)¢ U
As(r,\)¢) < Cexp(—eA/1). Moreover, if E(r,\) N As(r,A) holds, then, by [4, (2.14) and the
last display in the proof of Proposition 2.9], for each © € By (0,n), there exists y = y, € Dy with
dy(z,y) < 4r%/AY* and dyo(2,) < 2rr/X. Choosing g large enough, we have dy(z,y,) < 7
and doo (z,yz) < 7.

Now, suppose E(r, \)NAs(r, A) holds, and let z € By (0,n), and s € [4Ar", n”]. We will prove
that s € J(z,2\) by verifying the conditions (1)—(3) in Definition 2.8. Choose m € [4\, mg + 1]
so that (m — 1)r® < s < mr®. It then holds that

| Bu (2, 8) | < |Bua(y, (m + 1)r")] < M(m+1)/(m — 1)) s < 225%.

Similarly, |By/(z,s")| > (2A)7's%, so that the volume bound (1) holds. Next, applying the
triangle inequality for resistances (and the fact that Reg(x,ys) = dy(z,yz)),

Reff (:Ev BZ//(:L‘v S)c) > Reff (yxa Bu(l', S)C) - dl//(l‘a ya:)
> Reff(yma BZ/I(yma s = Tﬁ)c) —r"
> X Hm —2)r" —rf > (20) 7 s,

which gives (2). Finally for (3) we have

Bu(z,5) C By (Y, (m + 1)1%) C Boo(ya, A(m + 1)) C Boo(z, 2Xs),
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where the last inclusion holds since (1 + A(m + 1)/%) < 2X\(m — 1)/%r < 2Xs. Thus, for
A > Ao with Ag suitably large, E(r, A) N As(r,A) C F1(2X\,n), and this completes the proof of
the proposition in the case when r > .

Finally, suppose r = ne " < A de.n < AeM* . A union bound then gives
’Vnﬁ—l 2 /\1/9 /7\1/9
P (F1(\,n)) Z ZP ¢ J(z,)\)) < en*Tre© <Ce ¢ ,
zEBn (0) s

where the last inequality is again an application of [9, Theorem 1.1(a) and Proposition 4.2(a)].
This is enough to complete the proof. Il

A further observation that will be useful in the proof of the averaged heat kernel upper bound
is the following.

(L:F1dist) T omyma 2.10. Suppose that Fi(\,n) occurs, and let x,y € Boo(0,n). It then holds that
doo(z,y) € [)\e*)‘l/m/”n,n] implies dy(x,y) > A\ " doo(x,y)".

Proof. Let 1 < A *doo(x,9)", so that y & Buo(x, \r'/%). The condition on de(z,y) implies that
we can choose r so that r € [e‘AlMOn",n’"‘], and thus property (3) in the definition of a good

ball implies that y &€ By(x,r), and so dy(x,y) > r. O

The next few results will lead to the proof of Theorem 1.6(b), beginning with the case when
x and y are neighbours in Z2.

(nnp) Proposition 2.11. There exist constants c;,q such that
s R/ < p (dy(0,e1) > s) < co(log .9)‘1.5_(2_"””)/”7
for all s > 2, where e; = (1,0).

We start with a proof of the lower bound. For this, it will be convenient to introduce U’, the
dual of U. This is the graph with vertex set (Z + %)2 whose edges are precisely those nearest
neighbour edges that do not cross an edge of U. It is known that U’ has the same law as U (see
[11]). We set 0/ = (1/2,1/2) for the root of the dual graph.

Proof of the lower bound of Proposition 2.11. Applying [4, Proposition 2.8] and Proposition
2.9, for r > 1, A > Ao, we can find an event Go(A,7) with P(Go(\,7)¢) < cre=eM™ such
that if this event holds then we have By (0, R) is (c3A'/29, 7, R)-regular and also F; (), R) holds,
where R := reX/ "/ Let G{(\, ) be the corresponding event for the dual graph, and define
G\, r) = Go(A\, r) NGH(A, ).

On G(\,r), if 4/ is the unique injective path from 0’ to infinity in &', then we have that the
section of 4/ from its last exit from Bao(0',7) to Beo(0',27)¢ has length greater than cA~1/20r%,
(We assume that A is chosen large enough so that A > 2.) Denote by .. this section of v/,
and let {2, z}} be an edge crossed by ~,. If {x1, 22} is the dual edge to {z], 2%}, then it must
be the case that dj;(z1,z2) > 7, and thus dy(z1,z2) > cA™H/20r",

Finally, for 21 ~ x5 (in Z?), set F(zy,z2) = {dy(z1,29) > eA~1/297%}. The argument above
gives that

Z Z lp(th) > 1G()\J“) Z Z ]_F(xth) > C)\*l/QOTRIG(/\,T).

21E€Boso (0,2r) T2~71 21E€Boso (0,2r) z2~71
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Hence taking expectations

(1 — 01€_C2>\1/40) AT H20pr < Z Z P(F(x1,22)) < r?P(F(0,e1)),

21€Bx(0,2r) T2~T1

and the result follows by a simple reparameterisation. O

A similar idea gives an upper bound. We begin by looking at the size of the finite component
rooted at a vertex. In particular, for x € Z2, this is defined to be the set A, = {y : x € v(y,0)}.
We also define the depth of A, by dep(A,) = max{dy(z,y):y € Az}

Lemma 2.12. For A € N, we have that

P(dep(Ag) = A) < e) A™2/%, (2.5)[e:Atail-1b1
P(dep(Ag) > \) < cpA~=R)/%, (2.6) [e:Atail-1b2

Proof. Suppose that the event G(A,r) defined in the proof of the lower bound holds, and
again set R := reX*/5 NB. We suppose that A is large enough so that (32)\)1/"‘7“ < R. Let
r € Bwo(0,7), and suppose that dep(A4;) = s, where 7% < s < (16A)"1R®. We then claim
that A, C Boo(0,R/2). Indeed, suppose y € A, N Byo(0, R/2)¢, and let 3’ be the first point
on y(y,z) which is in By (0, R). Since r < 1R < d(z,y') < dij(z,y), we must then have
s = dep(Az) > dy(z,y’) > min{ A" R* A\71d5 (2, y)*} > A"147FR*, which is a contradiction.
Now, there exists y, € A, such that dy(z,y,) = s, and it must be the case that y, € B (0, R/2).
Thus the ball By(yx, s) is A-good, and we obtain

|Aa| > |Bu(ya, s)| = A dep(Aq)*/". (2.7) [e:1bvolAx]

Next, let s € NN [r*,2r5], and set Hy, = {x € Boo(0,7) : dep(4,) = s}. By (2.7), we then have
that
Lopu) D [Ael = X715 Hol 10 (2.8)[sedt]

z€H,
If 2 € Hy and y € A, then y € Boo(0, R/2) and dy(z,y) < s. Hence doo(z,y)" < dy(,y)" <
max{\r®, My (z,9)} < 2\", and so y € B (0, (1 + (20)/%)r). Since the sets (Az),cfy, are dis-

joint, it follows that 15y Zmeﬁls |Az| < C)\Q/HT‘QIG()\J), and combining this with the estimate
at (2.8) yields

|Ho[1a0o < AT 51600, (2.9)[Lamest]
Finally, let A, = inf{\ > Ao : G(A,r) holds}, and note that P(A, > \) < P(G(\, 7)) <
616_62)‘1/40. Thus A, is almost-surely finite, and there exist finite constants ¢, such that E(AY) <

¢p; note that these constants can be chosen not to depend on r. Hence, from (2.9), we deduce
that, for s € NN [r", 2r7],

P(dep(Ag) = s) < 12| Boo (0, 7)|P(dep(Ag) = s) = r2E(|H,|) < er 2E(ALT/%) < cs72/%.
This gives the bound (2.5), and the bound (2.6) readily follows. O

Proof of the upper bound of Proposition 2.11. Again, suppose that the event G(\,r) defined in

)\1/40/}{

the proof of the lower bound holds, and A is chosen large enough so that 2 <e . Suppose
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(sec:control)

that dyg(0,e1) > 2%c3\'/20r% (where c3 is as in the definition of the aforementioned event). Note
that the dual vertices enclosed by the path (0, e;) (combined with the edge from 0 to e;) are all
elements of the finite component of U’ rooted at 0', which we denote Aj,. On G(A,r), we have
df,(O, e1) > 2r, and so there exists a point x1 € (0, e1) such that ds(0,21) > 2r. Let a9 be a
point on (0, e1) adjacent to x1, and let {2/, x5} be the edge dual to {x1,22}. One of the points
), o is in Al),; we call this point 2’. Since d,(0’,2") > r and G(),r) holds, we thus obtain that
dep(Al,) > ;' A7Y20r% Hence G(A,7) N {dy(0,e1) > 2%czAV/20r%} C G(\, ) N {dep(A4},) >
c3 IATY/20p5Y “and so, setting 7 := c3 "ATY2%% and A = ¢/(log 7)*,

P(dl/{(o, 61) > 7:) < P(G(logf’r)c) + P(dep( 6/) > 2_Hcg2(c/)_1/10(10gf)_47:“)
< Clefczc/ log 7 _|_C,,:7(2714)/n(10g f)4(27,4)/,{’
which, taking ¢ suitably large, yields the desired result. -

Proof of Theorem 1.6(b). Suppose that the event G(\, r) defined in the proof of Proposition 2.11
)\1/40/H

holds, and write R := re . We will assume that we also have a parameter ¢ that satisfies
4R \V20 < ¢ < 651)\_1/206)\1/40. Let doo(0,2) = 7, and L be a shortest path in Z2 between 0
and z. If dy(0,2) > tr", then df,(O,:n) > cgl/ﬁ)\_l/zo’*tl/”r, and so there exists a point y on
(0, z) with doo(0,y) > cgl/'{)\_l/m”tl/“r. Let 3 be a dual point with de(y,y’) = 3 which is
separated from infinity by v(0,z) U L. The path in the dual tree 7'(y’, 00) must pass through L
at a point 2/, and the length of the section of 7/(y’, 00) inside By (2, ) will be of length at least
c3 ' A71/200% Moreover, for each vertex 2’ of 7/(y/, 00) inside Buo(2',7), it must be the case that
A’, has do-diameter greater than d(0,y’) — 2r, and so dep(A’,) > 27" cz AT/ 20tk Now, let
H = {dy(0,z) > tr*} and F(z') = {dep(A’,) > 27%c; *A~1/2%r*}. We then have that

1ancon Z 1r(r) = Lungouncs A 20

2'€Boo (0,2r)

So, by (2.6),

P(HNG(\7)) < czr "A\Y2E lunainr Z 1pin
2'€Boo (07,27)
SegrRAY N P(R(Y)
2z'€Bx (07,27)
< CTZ—KAI/QO(2—563—1)\—l/?Otrﬁ)—@—n)/n
— C)\l/lO/{tf(27/<)/m‘

Hence, taking A\ = (logt)*!, the result follows similarly to the end of the previous proof. O

3 Controlling paths

In this section, we provide a general technique for estimating from below the probability of
seeing a particular path configuration in the UST. This will enable us to estimate from below
the probability of seeing especially short paths between given points, and so prove the lower
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bound in Theorem 1.6(a). These estimates will also be a key ingredient in establishing volume
and heat kernel fluctuations for the UST, as we do in the subsequent section.

Let € Z2, and m > 1. A scale m path from 0 to =, 7 say, is a sequence of distinct vertices
0 = z0,21,...,2N = x such that z; € (mZ)? and the Euclidean (i.e. £2) distance between x; 1
and x; is equal to m for each i =1,..., N — 1, and also xn € B, (zn—-1), where we define

B, (x) := Boo(z,7/2).

We write || = N for the length of the path. Now, fix a path 7 of length N. The rest of this
section is devoted to defining an event Fy,(z,7) with P(Fy,(z,7)) > e ¢V such that on this
event the path from 0 to z in the UST is contained in UY B, (z;) and (up to constants) has
length Nm*.

To complete the program described in the previous paragraph, we will again appeal to Wil-
son’s algorithm. As at the start of Section 2, let (5%),cz2 be a collection of independent simple
random walks on Z2, where S? is started from z. Slightly modifying the algorithm at (2.1), we
use these to construct the part of the UST containing both 0 and x via an iterative procedure.
In particular, let k£ be some integer that will be fixed later. We begin our construction by taking
Uy = 7 to be the loop-erasure of S (O:.lm/k]) pun until it first hits the origin g = 0. We then
continue as at (2.1): for i > 1, let U; = U;—1 U~y;, where ~; is the loop-erasure of S¥ run until it
first hits U;_;. We will later use the notation z to represent the unique point in ¢;_1 N~;. From
Wilson’s algorithm, we obtain that the path from 0 to x in the graph tree Uy is distributed
identically to the path from 0 to x in Y. For convenience, we will henceforth assume that i
has been constructed by continuing with Wilson’s algorithm from Uy, and so this equality is
almost-sure.

We next define a sequence of ‘good’ events G;. Given A > 2, which will also be chosen later,
set Go := {7 C Bn(0)} N {|v| < Am”}, where || is the number of elements of the path
7. To define G; for i = 1,..., N — 1, first let R; be the mA=2 x 2mA~? rectangle consisting
of B,,\—2(r;) and the adjacent square of side-length mA~2 that is closest to x;_1; this is the
rectangle about x; with a solid border shown in Figure 1. Moreover, let (J; be the union of the
m X m(l%‘d) rectangle contained in B, (z;) that is closest to z;_1, the m X M rectangle
contained in By, (x;—1) that is furthest from x;_o (if i = 1, take this to be the rectangle closest
to xz;), and B,,y—2(x;—1); this is the dotted region shown in Figure 1. Note in particular @); has
essentially two forms, depending on whether x; 2, z;_1, z; are co-linear or not; these are the two
configurations are shown in Figure 1. For i =1,... N — 1, we then set G; = ﬂ?zng, where:

° G} is the event that S%¢ exits R; on the side closest to z;_1 — call this exit time 7;, and
also S7', . hits ;1 before exiting Q;

e G? is the event that |v;| € [A\~1m", Am*];
e G? is the event that |y; N Byya-2(2;)| < A(3mA~2)% = 35A73/2m~,
Finally, we take

GNn = { C Bn(zn-1) UBn(zNn)} N {|yv] < Am"},
Ep(x, ) == NG,

To highlight the relevance of F,(z,7) = NY,G; to controlling path lengths, we note that on
this event we have that

N N
dy(0,2) <3 dy(zioy,2) < |yl < AN + 1)m” < 2ANm”. (3.1) [distupper]
i=1 1=0
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(config)

Figure 1: Configuration within By, (z;—1) U By, (z;) on the event Go N - - -

Moreover, from the construction it is possible to deduce that, on F,,(z, ),

dy (0, )

N—-1

Z Z dz,{(x;, x;Jrl)
=1
N—-1

> (dye (2, 2q) — dy (3, 74 1))
=1
N—-1

> (Ivil = s O Bsyx-2(x4)])
=1

> (N-1) ()\_1 - 3%—3/2) m",

Btk o)

N G;.

(3.2) [aistlower|

where the bound dy (2, 2}, 1) < |vi N Bypma-2(2:)| is a consequence of the fact that the random
walk S* does not backtrack to B,,y—2(x;) once it exits R; C Bs,,y—2(z;), which means that
neither does 7;, and so the path in ¢/ from z; to xj,; must be contained within Bj,,5-2(x;). In
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particular, for N > 2 and A suitably large, this implies di;(0,x) > ﬁN m', and so we have the
desired control over the lengths of paths.
The following is the key estimate of this section.

(pathprop) pyroposition 3.1. If k and X are chosen large enough, then there exists a constant ¢ € (0,00)
and mgy € N such that

P (Fp (7)) > =7 (3.3) [pathpropest
whenever m > mg, © € Z2, and m is a scale m path w from 0 to x.

Proof. It is enough to show that if £ and A\ are chosen large enough, then there exists a constant
¢ > 0 such that

P(Go) > ¢ (3.4) [acsst)
and also, fori=1,..., N,
P (Gi|Go,...,Gi-1) > ¢ (3.5)[aiest]

uniformly over m, x and 7.
To establish (3.4), we first note that [9, Lemma 2.6 and Proposition 2.7] imply

P(Go) > P (70 C Bm(0)) — P (|yo] > Am") > 1 — k™3 — c(AE") /5,

whenever m > k > 1. Taking any A > 1 and k large yields a bound of the desired form.
For (3.5) when i =1,..., N — 1, we start by bounding P (G; |Gy, ...,Gi—1) below by

P (G}|Go,...,Gi1) =P (Gi N (G})°|Go,...,Gim1) =P (G; N (G| Go,...,Gi—1).

Now, elementary random walk estimates yield that the first term here is bounded below by
cA~* whenever \? > k (this latter inequality is required for the case i = 1). Next, let 4; be the
loop-erased random walk from x; to the boundary of (Bp,(z;) UQ;)\vi—1. On G}, we have that
~vi = 7;. Hence, by [8, Theorem 5.8 and 6.7],

P (GI N (G?)°|Go,...,Gi1) <P <|%| ¢ [\"'m*, am*| G, . . -,Gz‘ﬂ) < crem N,

Similarly, let 4; be the loop-erased random walk from z; to the boundary of (RiUQ®i)\Vi—1. On
G}, we have that v; = ;. So, by applying [8, Theorem 5.8] again,

P (Gzl N (G?)C ‘ Go, ..., Gi—l) P (|’:yz N B3m>\*2 (JZZ)’ > )\(Sm)fQ)” ‘ Go, ..., Gi—l)

<
< —02)\

c1e
Combining these estimates we obtain

— o \3/5

P(Gi‘GO""’Gi—I)ZCA 4_016 ca\ ’

which is greater than %)\_4 > 0 for large .
The estimate (3.5) for i = N is obtained similarly. 0

We can now conclude the proof of Theorem 1.6 — recall that (b) was proved at the end of
Section 2, and the upper bound in (a) follows from Theorem 2.7.

Proof of the lower bound in Theorem 1.6(a). Without loss of generality, we may assume y = 0.
Moreover, in view of Proposition 3.1, we can choose constants ci, cs, c3, c4, c5, g such that if
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k = c1, A = co, then the estimate (3.3) holds with ¢ = ¢3 and my = ¢4, and also on F,,,(z, ) we
have that
s Nm" < dy(0,2) < cg Nm”.

Now, for any m > 1 and x € Z? with d(0,2) > m, one can choose a scale m path 7 from 0 to
x such that N < ¢7d(0,2)/m. On Fp,(z,7), we therefore have that

diy(0, ) < cgerdag (0, 2)m L.

It readily follows that if duo(0,2) > ca(cgerA)* and we choose m = duo(0,2)/(ceerA)?, which
implies m > ¢4 and d(0,z) > m, then on F,,(x,7) it holds that dy(0,7) < A~ d(0,2)*. So
we conclude that

P (dy(0,2) < A Moo (0,2)%) > P (Fyp (2, 7)) > e~V > emeaceeid’,

0

Remark 3.2. Whilst it would be straightforward to apply our approach to construct a corre-
sponding exponential estimate from below for the probability of seeing exceptionally long paths
in the UST, a stronger polynomial bound for such an event is already known. Indeed, by con-
sidering that with polynomially large probability the loop-erased random walk from z to y exits
Boo(z, Moo (z,y)), it was established in [9, Proposition 2.7] that

P (dy(,y) > Moo (z,y)") > cA™/57¢

for z,y € Z?, A > Ao (cf. Proposition 2.11). The point of our approach is that it also gives
control of the macroscopic shape of the long path.

4 Volume fluctuations

fl . . .. . . .
{sec:fluct) In this section, we prove Theorem 1.1. The main ingredient in the proofs of these results is the

following lemma, which provides tail bounds for the volume of balls in the UST.

Lemma 4.1. There exist constants c1, co such that, for all v, \ > 1,

P (yBu(o, r)| > Arz/”) > e NV g gl (4.1) [bigvol]

and also

P (|Bu(0,1)] < A% > eqem e < oo™, (4.2) (smalivol]

Remark 4.2. See [9, Theorem 1.2] for upper bounds of exp(—cA\!/3) for the probability in (4.1)
and of exp(—cA!/9) for the probability in (4.2).

Proof. Consider a square of N x N boxes, each of size m x m, with the bottom left box centred
on the origin. Let 7 be the scale m horizontal path from 0 to the point z = ((N — 1)m, 0), and
suppose that the part of the UST containing 0 and x is constructed as in the event F,,(x,7)
of the previous section. Then, for each string of vertical boxes, assume that one has a similar
construction, where at the bottom level we assume that the algorithm attaches to the horizontal
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Figure 2: The tree Up y, on the event F(N,m).
(grid)

part of the construction. If both such stages of this construction occur, we say that the event
F(N,m) holds. (See Figure 2.) Similarly to the proof of Proposition 3.1, we have that

P (F(N,m)) > e~*N" (4.3)
for all N > 1, m > mg. Moreover, similarly to (3.1), we deduce that, on F/(N,m),
dy(0,2) < eNm” (4.4)[b1]

for every x € Uy 1, where Uy, is the subset of ¢/ built in defining the event F'(N,m). Now, on
F(N,m), we have that every vertex in the Nm x Nm region of boxes is within a d.-distance
of m from a vertex in Uy,,. Thus, conditioning on Uy, and continuing to construct the
remainder of U from this tree as the root, by a minor adaptation of the ‘filling-in’ argument of
[9, Proposition 3.2], it is possible deduce that on an event of (conditional) probability greater
than 1 —cje— 2N e every vertex x contained in the bottom Nm x NTm squares that is inside the

outer paths (i.e. the shaded region of Figure 2) satisfies
dy (2, Un ) < (NY2m)® < Nm*. (4.5)[b2]
In particular, putting the bounds at (4.4) and (4.5) together, we deduce that

P (|By(0,cNm")| = c(Nm)?) > (1 - cle_CQNl/B) e N > gV’

Setting 7 = cNm" and A = ¢N2(5=D/% /c2/% vields the result at (4.1).

For the result at (4.2), we argue similarly, though with a different initial tree configuration.
We again consider a square of N x N boxes, each of size m x m, centred on the origin. Let 7 be
the scale m path that starts at 0 and spirals outwards around the boxes. Denoting the centre
of the final box by z, we write G(N,m) = F,,(z, 7). (See Figure 3.) From Proposition 3.1, we
have that

P (G(N,m)) > e V",
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Figure 3: The tree Uy, on the event G(N,m).
(spiral)

Furthermore, let y and ' be centres of two adjacent boxes at a Euclidean distance approximately
Nm/3 from the origin, but with y one circuit closer to the origin than y’. (See Figure 3.) By
arguing as at (3.2), we have on G(N,m) that dy(0,y) > cN?m*.

Next, denote by Z;{N,m the tree constructed in the definition on G(N,m), and note that every
vertex in By, (0) is within do-distance m of this set. Thus, similarly to the first part of the
proof, we can again apply the ‘filling-in’ argument of [9, Proposition 3.2] to deduce that on an
event of (conditional on Z;{Nm) probability greater than 1 — cje= 2N e every vertex x contained
in Byp,/2(0) is within a dy-distance of Nm®. If this is the case and G(INV,m) occurs, it further

holds that every point z on the straight line between y and 3/ satisfies
dyy(0, 2) > dy(0,y) — dy(y, z) > cN*m” — Nm" > cN*m”*,

where we have applied the lower bound on di(0,y) from the previous paragraph. In particular,
since by construction any path in U from By, (0)¢ to 0 must pass through the line between y
and 3/, it follows that By, (0)¢ C By/(0,cN?m”)¢, which implies in turn that

P (|By(0,eN?*m")| < (Nm)?) > (1 _ cle—02N1/3) N S g o,

Setting r = cN?m" and \ = N5 yields (4.2). O

Proof of Theorem 1.1. We start by showing large volumes occur almost-surely, i.e. (1.3). To this
end, we define a sequence of scales:

D;=¢", m; = ei2/€(log )2,

We now run Wilson’s algorithm, using the family of independent SRW (5%, € Z?). At stage i
we use all the vertices in Byp,(0) which have not already been explored, in an order described
in more detail below; write U; for the tree obtained. Let F; be the o-field generated by the
construction at the end of stage 1.

By [9, Theorem 1.1], we have that

Bap, (0) € Bu(0, A D) € By, (0) (4.6)
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with probability greater than 1 — eA"17/16,

Hence, if we run Wilson’s algorithm from the vertices contained inside Bap,(0) (in any order),
taking 0 as the root, then the probability of seeing the part of the tree we generate, I; say, leaving
Bysp,(0) is less than eA"17/16 By applying a Borel-Cantelli argument we thus obtain that

Ui C Bysp,(0) € B, (0) (4.7)

for large 4, almost-surely. Moreover, from (4.6), we see that we may also assume that the dy-
diameter of U; is bounded above by i4Df < mj , for large i, almost-surely. Define the event
F(i) to be the event that (4.7) and the diameter estimate for ¢/; both hold.

Next, we define an event G(i+1) as follows. In particular, we first suppose that it incorporates
the event F(i) holding. We then mimic the definition of the event

F(Dig1/miy1, mis1) = Flc(log (i + 1))"/?, miy1)

from the proof of (4.1). However, we run the first random walk in the box By, (0) until it hits
the root U; C By, (0), rather than the root 0. Let U’(i+ 1) be the part of the UST that is thus
constructed. Next, extend U’(i+1) to a tree U(i+ 1) by running loop-erased random walks from
each of the vertices contained in the bottom ZZE X 21;"7::1 squares that is inside the outer paths
until they hit the part of the tree already constructed as in Wilson’s algorithm (again, we refer
to the shaded region of Figure 2). We then complete the definition of G(i + 1) by supposing on
this event that the dy-diameter of U(i + 1) is bounded above by cDHlmf_:ll. (Since on F(i) we
also have an estimate for the dy-diameter of (i) of mf, ;, we can control the lengths of paths

in the appropriate way.) Similarly to (4.3), this construction yields that, for large 1,

P(G(i+1)|F) =P (Gli+1)|F)1pu > e~ c(Dit1/mit1)? > j—c

for some ¢ < 1. Since it is clear that G(i) is F;-measurable, then it follows from the conditional
Borel-Cantelli lemma that G(i) occurs infinitely often, almost-surely. Finally, we note that
on G(i) we have that ]BM(O,CDHlmf;l)\ > ¢D? ;. From this, the reparameterisation r; =
cD;mF ™! yields the result.

To prove (1.4), we proceed in essentially in the same way. In particular, define an event
H(i+ 1) similarly to G(i + 1), but based on the event G(D;11/m;t1,m;t1) from the proof of
(4.2) (i.e. using the spiral path of Figure 3, rather than the finger-like structure of Figure 2),
and then ‘filling-in’ from all vertices in Bp,, /2(0). Arguing as in the proof of (4.2), we deduce
that P(H (i + 1) | F;) > i for some ¢ < 1, H(i) is F;-measurable, and moreover, on H (i) we
have that | By (0, cDymf~?)| < D2 O

5 Volume and resistance estimates on the UST

sec:VRest . . . . . . .
< >The aim of this section is to derive estimates for ‘good events’, on which we have control on

the volume and resistance of the two-dimensional UST. These will be applied in the subsequent
sections to deduce the heat kernel estimates and other results stated in the introduction. Much
of what we do here will build on previous work from [4, 9]. As already noted, the main input
for the averaged heat kernel upper bound was the adaptation of [4, Proposition 2.10] that was
established in Proposition 2.9. A key difference in deriving the averaged heat kernel lower bound
is that we will be need to understand the structure of the UST conditional on the presence of
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a given path, and deriving the relevant estimates requires substantial effort; our main result is
Theorem 5.9.

Our first two lemmas relate to the following situation. Suppose we have begun the con-
struction of the UST using Wilson’s algorithm, and have constructed a tree Uy. Write Py for
the law of U conditional on the event {{fy = 7}. We wish to adapt the unconditioned results
of [4, 9] to the law P7. We begin with the following ‘filling-in’ lemma, based on [4, Lemma
2.3] and [9, Proposition 3.2]. If T is a tree contained in U, then for each x € Z? there exists
a unique self-avoiding path in U connecting = and T; we denote this by ~v(z, 7). We write
dy(x,T) = min{dy(z,y),y € T} for the length of this path.

(L:£illin) L emma 5.1. Let r > 1, and T be a finite connected tree. There exist constants ¢; € (0,00) not
depending on v and T such that for each § < % the following holds. Let Ay C As be subsets of
72, with the property that any path in Z* \ T between Ay and A$ is of length greater than r.
Suppose that doo(x,T) < 0r for all x € Ay. Then there exists an event G such that

P7(G°) < e17 2| As| exp(—c20~1/?),
and on G we have that, for all xz € Ay:

dy(z, T) < (0Y2r)%  d5(a, T) <8Y%r; (2, T) C As.

Proof. If Ay is a Euclidean ball of radius r/2, and A, is a Euclidean ball of radius r centred on
the same point, then this is immediate from the proof of [4, Lemma 2.3]. (Checking the proof
in [9] one sees that one can take the power of § to be 6~/ rather than 6~1/3.) The proof for
more general sets A; is similar. O

(L:basiclP) [ emma 5.2 (Cf. [4, Lemma 2.5]). Let x € Z?, r > 1, k > 2, and Dy C Z* satisfy Bo, s(x) C
Uyepo Br1sk(y). Let T be a finite connected tree such that T C Bo, ()¢, and write v = ~v(z,T).
There exists an event Fy = Fy(x,r, k) which satisfies

PT(F:[C) S €_Clk1/8,

and on Fy(x,r, k) there exists T < 7,,(7y) such that, writing Wy, = ~[T:

(CL) k71/47,.fi <T< k.l/474n’.

(b) a %r < doo(x, W) < 7;

(c¢) there exists Y, € Dy such that doo(Ye, Wy) < 1/3k, d3(Yy,W,) < 2r/3k and also
du(Yx, Wx) < Cl(T'/k)H.

Proof. This follows as in [4]. The most delicate part of the argument is to verify that [4, Lemma
2.4] holds in this context. For this, we need to show that if v = v(z, T), then v does not make
too many close returns to the segment [z, 7, ] after time T (14k—1/8)p- The argument in [4,
Lemma 2.4] is for v(z, 00), and the proof for v(z,T) is very similar. O

Towards stating Theorem 5.9, we now introduce an event similar to those of the kind con-

sidered in Sections 3 and 4, but incorporating the regularity of Definition 2.2. We now choose

N € N to be suitably large; in particular N > 128. Let (@)ZN:IO be the path with an ‘S shape’

given by

((=N,-1),(=N+1,-1),...,(N,-1),
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Figure 4: The part of U constructed on the event Hy, (with N; = 3).

(N,0),(N —1,0),...,(=N,0),
(_N7 1)7 (_N+ 17 1)7 ) (N71))a
note that Ny = 3(2N+1)—1. Let m € N with m > 256, we then let (xi)ZN:lo be the corresponding
scale m path given by setting x; = ma;. (Ultimately we will only be interested in the situation

when both N and m are very large.) Let I'(0) be the path in R? which is the union of the line
segments [z;_1, ;] for i =1,..., Ny. For ¢t > 0 we write

I(t) = {z € R? : doo(z,T(0)) < mt}.

We now use Wilson’s algorithm to construct U, and begin the construction using the points x;,
0 <1i < N;. We wish the tree constructed to be inside I'(1/8) — see Figure 4, and also to have
some additional regularity properties given below. As above, let (S%),>0, € Z?, be independent
SRW in Z?, where S7 is started from . For i =1,..., N let R) be the rectangle, with sides m/4
and 5m/4 which contains both Be (-1, m/8) and Bs (x5, m/8). Let R; C R. be the rectangle
with sides m/4 and m/2 which contains By (z;,m/8), and let Q; = R! \ Boo(z;,m/8). Let
Uy =0 = {0}, and for i > 1 let

Vi :E(gui_l(sxi)), Uy = U;—1 Uy, fori=1,...,N.
Define events Gf, 1=1,...,Ny, 7 =1,2, as follows.

° G} is the event that S% first exits R; on the side closest to x;_1, within a ds.-distance
m/16 of the line segment between x;_1 and x; — call this exit time 7;, and also Sff; . hits
~vi—1 before exiting Q;;

e G7 is the event that v; is (), (3/2)me_cl’\1/2,3m/2)—regular.
Let G; = G} N G?, and

7
Hi=(\G;, i=1,...,N.
j=1

Similarly to Proposition 3.1, we then have the following.
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(P+HN1) Proposition 5.3. There exist constants ¢; € (0,00) and Ao, mo > 2 such that if A > A\ and

m > mg, then

P(Hy,) > e M, (5.1) e:PeHn)

Proof. Set Hyp = ). Arguing as in the proof of Lemma 2.6, we have that P(H;) = P(G;) >
ca > 0 for m sufficiently large. From this, the result at (5.1) will follow if we can prove that for

some c3 that
P(H;|H;_ 1) >e™ %,  i=2,...,Ny. (5.2)[e: indn]

We use induction. Suppose that (5.2) holds for ¢ — 1 for some ¢ > 2. Since ;1 contains a path
from x;_1 to the boundary of B.(x;—1,m/8), standard properties of the simple random walk
S*i give us that

P(G}|H;_1) > 2e7%. (5.3)
Now, let 7; be the path in U; from x; to U;_o. Note that, if we condition on U;_o, then 7; is
equal in law to L(&ye ,(5%)). Thus, if we set

G? = {Ep,, (w0 (Fi) is (N, (3/2)me N 3m/2)-regular},

then Lemma 2.5 yields that
P ((GH\IHis) < g™, (5.4) o0

It is also straightforward to verify that G} N é? NH;_1 C G} N G? N H;_1, and it therefore follows
that

P(H;|Hi 1) = P(G N G2|H; 1) > P(GEN G2 Hi 1) = P(GHH; 1) — P ((G2) |Hi ).
Using (5.4) and the inductive hypothesis we have that

_\C P ((é?> ﬁHz’—l!Hi—2> 12
P((G) M) = =gy St S G
i—1|Hi—2

where the final inequality holds by taking Ag suitably large. Combining (5.3) and (5.5), we thus
obtain that (5.2) holds for i. O

We now fix A > Ag, where A\g > 2 is as in the previous proposition, and consider the uniform
spanning tree obtained by conditioning on the event Hy,. Let 7 be a fixed tree such that
PUn, = T | Hn,) > 0, and, as above, write Py (-) = P(-|Un, = T). We will derive volume
and resistance bounds for balls By(x,r) where z is close to the middle section of 7 and r is of
order m”™ that will hold with P4 probability close to 1. To this end, we introduce some more
notation. The tree 7 contains a path from Zy to Zn,; denote this by T¢runk. For a > 0, let

To=TN(—(N
To+:=TN (=N

Jym, (N = 1)m] x [=m/8,m/8]),

-1
—1)m, (N —1)m] x [Tm/8,9m/8]).

The following lemma, relating to distances on T, follows easily from the definition of the event
Hy,.
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(L:dUonT) I emma 5.4. Let 21,29 € To with doo (21, 22) > 3m. Then
clA_lm”_ldoo(zl,zg) < dy(z1,29) < cz)\m“_ldoo(zl,@).
Now, for a € (0, 1), let
D(a) := [-aNm,aNm] x [-9m/8,9m/8]. (5.6)[ddef]

We wish to define the region in D(a) which lies ‘between’ To N Tpunk and To + N Terunk. To do
this precisely, write 7?51‘% for the continuous piecewise linear self-avoiding path in R? obtained
by connecting neighbouring points in 7;.n% by a line segment. Let DI'RE (a) be the closure of the
connected component of D(a) \ 7,X . which contains the point (0,m/2), and define D*(a) =
Dy (a) N Z%. To simplify our notation we will concentrate on the regions D*(a); exactly the
same arguments apply to the corresponding region D~ (a) lying ‘below’ To N Tirunk-

Let k € N satisfy k > A* and k < m. We now choose a grid A; C D (7/8) of points with
separation of order %k:_l/ 4m such that

pr@/4) < | Bw (z,%k*1/4m).
z€MA1

Since |D(3/4)| < ¢Nm?, we can choose this set so that |A1| < cNk?. Let z € Ay and set
G11(z) := {57 hits T before it leaves Boo(z, k1/7m)} ,
Gua(2) = { (= T)| < K"/}
Grs(2) = {75 T = k™ Tdoc (2, T)"
(L:connect?) Lemma 5.5. If \* <k <m A (N/8)7 and z € Ay then
P7(G1;(2)°) < ce~ k1 forj=1,2,3.

Proof. Note that S* can only leave By (2, kY "m) without hitting 7 if it leaves horizontally at
a distance of order k'/7m from z. Since every point in D*(3/4) is within a d, distance 5m,/8
of T we obtain the bound on P(G11(2)¢). The bound for G2 follows by part 1 of [9, Theorem
2.2] (with D = D’ = D(1) and n = m), and the bound for G3 follows by part 2 of the same
theorem. O

Now let
Fy(k) = () (Gu1(2) N Gra(z) N Gi3(2));

z€MA

by Lemma 5.5 we have

P(FQ(k)C) S CNkQS_CkI/lo S CNe_C/kl/lo‘

(5.7) [ F2prot)

(P:volub) Proposition 5.6. There exists 5 > 0 such that the following holds. Suppose that X < k <
m A (61N)7. There exists an event F3 = F3(k) with

Pr(F§) < eNe /" (5.8)[o:PFac]
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such that on F3(k) the following properties hold.
(a) If y € D*(5/8), then there exists x € T with

dgy(y,w) < 5K Tm, - dy(y, x) < 2" Tm”".

(b) Ify € DY (5/8) and 1 < s < 1A\~ N, then

Bu(y, sm") C Buo(y, c(As + k/T)m) N D(3/4), (5.9)[e:ballconta
and thus
|Bu(y, sm™)| < ¢ (As + kY7)>m?. (5.10)

Proof. We continue the construction of the UST from Uy, by adding in the points in the grid
AN DT (3/4); write Uy for the tree thus obtained. We then complete the uniform spanning tree
inside D*(5/8). We use the filling-in of Lemma 5.1 with § = k~'/2, » = m/8, Ay = D*(5/8),
Ay = D*(3/4), and write F3(k) for the ‘good event’ given by Lemma 5.1. Then
P(F3(k)°) < cNe *".

Now let F3(k) = Fy(k) N E3(k); the bound (5.8) follows from (5.7) and the bound on P(F%(k))
given above.

In the remaining part of the proof, we assume F5(k) holds. Let y; € DT (5/8). Then the event
F5 implies that there exists wy € Uy with d5(y1,w1) < k~Y4m and dy(y1,w1) < (k=/4m)".
By the construction of U; there exists a point z; € Ay such that wy € y(z1,T), and v(z1,T) C
Boo(21,kY/™m). Let x; be the point where (21, T) meets T. The events Gy;(21) imply that
dyy(wy,21) < 4kY"m, and dy(z1,w1) < kY7"m*, and the bounds in (a) follow immediately.

For part (b), let y1,y2 € DT(5/8) with dy(y1,y2) < sm”. Let z2 be the point where y(y2, T)
meets 7 — we may have x; = x9. As U is a tree, we have dy(x1,x2) < diy(y1,y2) < sm”. Using
Lemma 5.4, and taking A\g large enough so that cl_l)\s > 3, we obtain

doo(1,2) < 7 ' Ams.

Since doo (yj, ;) < 5kY/"m, it follows that deo(y1,1y2) < cAms 4+ 10mk'/7. This proves (5.9) and
the volume upper bound (5.10) is then immediate. O

We now consider resistance bounds.

Proposition 5.7. There exist 53 > 0 and ¢, such that the following holds. Suppose that A7 <
k< mA (6N, and c1kY7™ < s < 6,N. Let F5(k) be as in the previous proposition. On the
event F3(k), we have

sm" > Reg(z, By(z, sm")°) > 1sm" for y € D*(9/16). (5.11)[e:rebound|

Proof. The upper bound is immediate. For the lower bound let y € DT (5/8), and write
B, = By(y, %sm””), By = By/(y, sm™). It is sufficient to prove that there are exactly two points
in 0B which are connected to 0By by a path outside Bi; a cut set argument then gives the
bound (5.11).

Note first that by the construction of 7 there exists ¢ such that each component 7' of
T\ Tirunk satisfies

dy(z,2') < exm®,  dy(z,2') < em, for 2,2 € T'.
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By Proposition 5.6 and the observation above there is a point & € Tyne with dy(z,y) <
c1kY"m® and df,(x, y) < c1kY/"m; we used here the fact that k& > \7. Note that = € Bj.

Let wq, wo be the two points in Tipynk NI By; it is clear that each of these is connected to 0Bs
by a path outside B;. Now let z € 9By and suppose there exists w € 0By with w # wy, ws such
that v(w, z) is disjoint from B;. By Proposition 5.6 we have dy(y, z) < c(As + kY ")ym < ¢ sm,
so choosing d2 small enough we have that z € D*(5/8). Let 2’ be the closest point in T to z. By
Proposition 5.6 we have dy(z, 2') < 2k'/7m*, and it follows that the path ~(z,y) must intersect
T. Let 2" be the closest point in Tymunr to 2’. The definition of z implies that 2" must lie on
Tirunk between wy and wsy, and hence dy(y, 2”) < %sm”. Thus

du(ya 2) < du(yv Z//) + dl/l(zllv Zl) + d[/l<2/7 2) < %Sm’{ +cAm” + 2k1/7mna

which contradicts the fact that z € 0B5 if ¢1 is large enough. O

Proposition 5.8. There exist 63 > 0 and c¢1 such that the following holds. Suppose that A <
kYT < 83N and k < mY?. There is an event Fy(k) with Pr(F§) < cNe=“*"*" such that on
Fy(k), if c1k'/* < s < 83N, then

|Bu(z,s)| > A" 6~ 2sm?  for all x € D*(3).

Proof. We follow the general lines of [9, Theorem 3.4], but note that the event Hy, means that
the path 7 cannot loop back on itself too much. This means that the hardest part of the proof
in [9], which uses [9, Lemma 3.7] is not needed.

We choose points z; € T, 1 < i < Ny, such that By (z;,m/2) are disjoint and 7 C
UiBxo(zi,m). We have ¢N < Ny < JN. Write m; = k~Y4m. For each i choose points
wij € T N Boo(2i,m/2) with 1 < j < N3 such that B (w;;, m1) are disjoint and N3 > ckl/4,

The event Hy, implies that if y1,y2 € T N Boo(2i, m1), then diy(y1,y2) < cAmf. Choose also
a,b> 0. Let Q1(w;;) = Boo(wij, k~%m1) and Q2(wsj) = Boo(wij, 2k~%my). We cover Q2(wjj;) by
a grid A3 of points with separation £~°k~%my, so that |Az| = 4k%*. We run Wilson’s algorithm
for the points in A3, and declare this stage of the construction a success for w;; if for all y € As,
the random walk SY hits T before it leaves B (wi;,m1). By the discrete Beurling estimate,
[27], the probability of failure p; satisfies

I < ‘Ag‘ckfa/ll < ckbea/4.

We choose a = 1,b = 1/12 and k large enough so that p; < %

Using the ‘stacks’ construction in Wilson’s algorithm, we can successively explore the UST in
each box Boo(w;j,m1), for j = 1,..., N3, and continue until we get a success. (See the argument
in Theorem 5.4 of [5] for more details.) Conditional on previous failures, the probability of a
failure at stage j is still bounded by pi1, and so since we have N3 tries, the overall probability of
failure is less than ce~ """

If this stage is a success for some j, we write j; = j and w} = w;j,. We then fill in the UST
inside Q2(w}). By the filling-in result of Lemma 5.1 (with A; = Q;(w}), j = 1,2 and r = k™ 'my,
§ = k~1/12) the ‘good’ event G = G(w}) given there satisfies P7(G¢) < ce=*'"** Moreover, if G
holds, then every path from a point in B (w), k~1my) to T is contained in Boo(w}, m1). Write
G, for the event that both stages of the construction are successful.

Now set

N2
Fy= (G},
i=1
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so that
_lE1/24

_okl/24 _p1/4
ck e ck < c¢Ne 7

Pr(Ff) < cNe

and define Fy := ﬁ'4 N F3, where F3 is the event defined in Proposition 5.6.

Suppose now that Fy holds. Let y € Boo(w}, k~'m1). The event Fj implies that dy(y,T)
ck'4m*, and the event G’ implies that v(y,T) C Boo(w},m1). Tt follows that dy(y, ;)
co(kY* + N\)m”, and thus we obtain that

’Bu(Zi,CQ(k1/4 + A)m")| > \Boo(wg,kflmlﬂ > m2k /2,

Next let 2 € D (1/2), and set J = {2; : dy(2;,z) < 3sm"}. By Lemma 5.4 we have [J| > cA™!s.
Taking ¢; large enough we have Byy(z;, c2(k'/* + \)m*) C By/(x, sm”), and so

By(z, sm") > [J|m?k™>? = eA™ sm?k /2.

We summarize the estimates of this section in the following theorem.

(thm:thn5-8) phoorem 5.9. There exist constants ¢; such that the following holds. Suppose that X7 < k <
m'/2 NeyN*. There exists an event Fy, = F,(k) with P(F¢) < coNe= k" " guch that on F.(k)
if x € DY(1/2), and c4k'/* < s < e5N then

AT T 2m2s < | By(z, sm")| < edm?s, (5.12) [vest]
1sm" < Reg(, By(z, sm™)°) < sm”. (5.13) [rest]

Finally, we give a local version of the previous result. For z € T, and s € [c4k'/%, ¢5N] define
Fi(z,k,s) to be the event that the estimates at (5.12) and (5.13) hold. By only considering
boxes of size m within a distance csm of z, rather than the order N boxes considered in the
previous result, one readily obtains the following.

{corest) Corollary 5.10. Let A7 < k < m!? Ae;N* and c4k*/* < s < esN. Then if x € To N D*(1/2),

_k1/24

Pr(Fi(z,k,s)°) < chse

6 Heat kernel bounds

: -b . . . . . . . . .
{sec:amn >Im this section, we will obtain heat kernel bounds using the estimates given in the previous

section, starting with the quenched fluctuations.

Proof of Corollary 1.2. By [7, Theorem 4.1], for any realisation of & we have that
2

U
p2r|BM(O,7")|(O7O) < m (61)

Let a, = |By/(0,n)|n~%, and t,, = n|By/(0,n)|. Plugging these into (6.1), we have

Z/{ 7n
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By (1.3), a,, > (loglogn)'/® infinitely often, almost-surely, giving the liminf statement.

We next prove the limsup statement. We use the construction of U/ given after the proof of
Lemma 5.2 with a 3(2IN +1) array of boxes of side m. As in Proposition 5.3, this has probability
of success of at least e “N. Given m, we define R, = m", N = % loglog R, R = %Nm"7 and

define
0 tds, if t<R,,
v = _
tRY™Yif t> R,

Let 7 be the tree given right after Proposition 5.3. Then by Theorem 5.9, there is an event
F.(k) with P7(F.(k)°) < cNe=¢¥""*" such that the following hold on F, (k):

c1,kv(Ro) < |Bu(0, Ro)| < c2xv(Ro),
c3 xRy < Reg (0, By (0, Ro)¢) < Ro,

where R := ck?m" and c¢;  := k%, where ¢; € R. We now follow [22]. Let r(t) =t and let Z(¢)
be the inverse function of r(t) - v(t). After some calculations we get, noting d,, = 1 + dy,

(0 = 1/ dw if ¢< R,
T 2RI e > Rl
and the function k(t) = v(Z(t)) is
tds/Qtdy) — gdy/dw — 3f ¢ < R
— | e/2RY D2 if > R,

We can rewrite the final line as

- duw\ dr —1
k(t) = tds/dw <R:> , where a= ;d > 0.

One then finds from [22, Proposition 3.3] that

C C
P4.(0,0) > Lk pop 22K

R%w < n < ¢y R,
k(n) 2 ==k

for some ¢;;, = ¢;k7%, i = 1,2, where ¢;,¢; > 0. (Note that [22, Proposition 3.3] holds for
R > R, if the assumption of the proposition holds for R > R,.) So taking T = 627>\Rdw/2 =
_gl/24

2(4662%(1%* loglog R, )%, it holds that, given T, with probability greater than 1 — cNe ,

we have
T4/ #(0,0) > e3 x(loglog R.)*™ > ¢, (loglog T)*%.

In order to have 1 — cNe~¢F/** > 1/2, it is enough to take k < (log N)?* which is comparable

to (logloglog R,)?*. (Note that this choice of k enjoys k < \/m A (N/8c\)/? that is required in
Theorem 5.9.) Hence we have

T/t (0,0) > co(loglog )42,

for some cg > 0 and € > 0 which is small.

The rest of the argument goes through similarly to the proof of Theorem 1.1 in Section 4. We
choose m(i) = e"/% so R, (i) = €', N(i) = (2¢1) "' loglog R, (i), and S e N =5 il = oo
Similarly to (4.7), we have good separation of scales. Using the conditional Borel-Cantelli lemma,
we obtain the desired lower bound. O
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6.1 Averaged heat kernel upper bound

To establish the upper bound of Theorem 1.4, we start by deducing upper estimates for the
transition density that hold on the event F; (A, n), which was defined at (2.4). In this subsection,
we fix 9 = 1/40. Moreover, throughout this and the next subsection, we will write

b\ 1/(dw—1)
otr)= (=),
t
where d,, = 13/5 was introduced at (1.5). We also set
ax,rzinf{nzo:du(x,Xg):T}, TJC:inf{nZO:Xg:a:}. (6.2)[sigxr]

(L:KM34) Lemma 6.1 ([22, Proposition 3.3]). There exist constants ¢; and q; such that if By(z,r) and
By(x,c1\"%r) are A-good, then

Pz, z) < coN2t s/ if %rd“’ <t<r® andteN,

Pg (o’m,r > 03)\_q3rdw) > NI
(L:Fleasyub) Lemma 6.2. There exists Ao such that if X > Ao then on the event Fy(\,n) it holds that

P (x,2) < A2t/ for all € By (0,n), n®re /2 <t < pdwk gndt e N,
Pg(crx,r > 63>\_Q37“dw) >N, for all x € B (0,n) and nre AC/2 < p <t (6.3)[e:smallexit

Proof. This follows immediately from Lemma 6.1 and the definition of Fi (A, n). g

(L:tailhit) [ emma 6.3. There exist Ao, ¢ > 0 such that the follows holds. Suppose Fi(A,n) holds with
A>No. Ifn/8 < dx(0,2) < 7Tn/8, then

PH(T, <t) < 2exp(—cA™90(t,n"))  for t > nfdwe /2, (6.4) [e:med-hit]

Proof. Let y be the first point on the path v(0,z) with ds(0,y) > n/9. By Lemma 2.10 we
have di(0,y) > cA™"n”, and it is clear that T;, < T,. Let m > 1, and set

R=c\ ™" r=—, s=—.
m m

Moreover, let x; be points on 7(0,z) such that g = 0 and dy(x;—1,2z;) = r, and & be the
duration from T}, until X¥ leaves By(x;,r). Using this notation, we have that

m

— m—
Ty Z Lig>s)
0 =0

1=
We next choose m € N so that m € [my, m; + 1] where
pn

dw1>\ ’
t

and b > 0 will be chosen later. We set ¢ = (dwqs + b)/(dw — 1). If ¢ > A7Pn % then
®(t,n") < A¥/(dw=1) "and so our choice of ¢ ensures that the probability bound in (6.4) holds.
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Thus we will assume that my > 1, so that m; < m < 2m; and r = R/m > R/2m;. Now, the
condition on 7 in (6.3) holds if R/2m1 = cA~"n*/2my > e "°/2n*. This is equivalent to

o1y b1 —k_ A0 /2\dy—1
2dw=1) ; < (eATer )T

ie. t> eAldw—1)=bo =A% (dw_l)/Qn”dw, and we observe that this holds if ¢ > nfdwe=3A0/5 and A
is large enough. To apply (6.3), we will also need that s = t/m satisfies s < cgA™®Brdw. After
some algebra we find this requires A7t < egATBHRdw Qo taking b > q3 + kd,, and A\g large
enough, this condition is also satisfied.

With the choice of m in the previous paragraph, we can apply the bounds in (6.3) to deduce
that Zﬁal 1¢¢,> ) stochastically dominates a binomial random variable with parameters m and
p = ca A", Applying the following general bound for a binomial random variable 7,

P (In— En| > t) < 2exp(—t*/(2En + 2t/3)),
we thus deduce that
PY(T, < Fea\ ") = PY(T, < 3smp) < 2e” P = 2exp(—cA”%m),
and the result follows by a reparameterisation of . O

The following result improves upon the corresponding bound in [9, Proposition 4.15] by
obtaining an upper bound for p%(:v, y) on a set for which the probability has a uniform (in n)
lower bound. Whilst the estimate holds for a more limited range of times, it is enough for our
purposes. We take £ < g9 = 1/40.

{P:G-ub) Proposition 6.4. Suppose Fi(\,n) holds with X > Ao, then
P40, 2) < A4 /dw exp (=X~ (t,n"))
whenever © € Bay, 4(0) \ By/2(0), e AMprdw <t < prdw gnd t € N.

Proof. Let z1 be the first point on the path v(0,x) with dy(0,21) > n/8, and 2z, be the first
point on the path vy(z,0) with du(z, 29) > n/8. Let Ag be the set of points y in Z? such that
the path v(0,%) does not contain 21, and A, = Z?\ Ag. Then, as in the proof of [7, Theorem
4.9],
P (XY = 2) = B{(XY = 2, X[ ) € Ao) + /(XY = 2, X[/ ) € A)
< 4P (XY = 0,X{{)y € Ao) + B/ (XY = 2, X{{)9) € As)
<4PH(X{' =0,T,, <t/2) + PH(X{ = 2,T,, <t/2). (6.5) [eeee]

For the second term above,

P(Z)/{(Xl{/{ - x’Tzl < t/2) = EOM (1{Tz1 <t/2}PZ (X?{—Tzl = :L'))

< P(Z]”(Tzl < t/2) sup PZ (Xg =)
t/2<s<t,s€N

<4PYU(T, < t/2) sup \/p%’(Zth)p?(%ﬂ?)

t/2<s<t,seN

31



< eMexp (= A7I®(t, n")) NIt ds/dw

Here we used the Cauchy-Schwarz for the penultimate bound, and Lemmas 6.2 and 6.3 to obtain
the final one. The first term of (6.5) is bounded in the same way. O

We now have all the pieces in place, and the one remaining lemma we give provides the means
to put these together.

(L:Epsum) T emma 6.5. Let Gi, k > 1, be a sequence of sets with P(Gy) — 1 and let T € N. If we have
P4(0,2) < ay, on Gy, for each k, then

Epf(0,2) < a1+ Y axP(Gi_y). (6.6)

k=2

Proof. Set Ay = Gy and A = Gi\Gg_1 for k > 2. Since P(UrGj) = 1, we have P(UpAg) = 1,
and thus

oo oo
Epf(0,2) =Y B (0,2)14,) Z P(A;) < a;P(A) —{—ZakP GS_,).
k=1 =1 k=2

O

Proof of the upper bound of Theorem 1.4. By [9, Theorem 4.4], we have that Ep%’T(O,O) <
¢TI~ /dw  Hence, applying the Cauchy-Schwarz as in the proof of Proposition 6.4, we further
have that, for all z € Z2,

Ep4(0,2) < E[p4, (0,0 254 (z, )% < E(p(0,0)) V> E(p4 (2, 2))/? < ¢T%/% . (6.7)[e:aub-near]

Hence if d(0,2) < 16, then the result follows.
Now let doo (0, 2) > 16. Choose n such that = € Bs,,/4(0)\By,/2(0), and set ® = ®(T',n"). Set

for k > 1,
e = k/eopl/(cotas)

Choose c1 so that ® > ¢; implies that )\,;(dw_l)(sﬁ%) > e_/\il. If ® < ¢q, then the estimate again
follows from (6.7), so we assume that ® > ¢;. We now use Lemma 6.5 with Gy, = Fi(Ag,n).
The definition of A, gives that T > ndw )\,;(dwfl)(eﬁqs) > prdee=A' | 50 Proposition 6.4 allows

us to take
aj, = T4/ dw AP exp ( — )\,;%(I)).
Thus the first term in the sum (6.6) is given by

ay = T~/ dw §3s/(a5+0) eXp(_q)Eo/(q5+ao))_

Appealing to Proposition 2.9, and for convenience replacing exp(—c/\l/ 16) with the weaker bound
exp(—cA®), we see the kth term for £ > 2 is bounded above by

T/ dw 35/20 § 5/ (a5+20) gy (- Peo/(a5+0) (=a5/20 4 (f — 1))).

Summing this series, the bound follows with 62 = £ /(g5 + o). O
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6.2 Averaged heat kernel lower bound

In this subsection, we will use Theorem 5.9 to establish the averaged heat kernel lower bound
from Theorem 1.4. The ideas of the following arguments are from [7, Section 4]. We first
obtain deterministic diagonal and near-diagonal lower bounds that hold on realisations of U
that occur with suitably high probability. We recall the notation D (a) from 4 lines below
(5.6), define D~ (a) analogously for the corresponding part of the UST below Ty N Tipunk, and
set D*(a) := D*(a) U D™ (a).

{on-dialbaq) [,emnma 6.6. Let \ > Ao, m > mg and X < k <mY2 A e N Moreover, let ﬁ'*(k) be an event
with the properties described in the statement of Theorem 5.9 for both D*(1/2) and D~ (1/2),
and in particular satisfies Pr(F,(k)¢) < cNe=K'"*"  Then there exist constants c;,q; such that
on Fy(k), if © € D¥(3/8) and cok'/* < s < c3N, then

Mz, 2) > e APk im T2 > ATk 2y de (6.8)[eq:niebi2-4
for 06/\_1k_5/252m”dw <n< 67)\_1k_5/232m“dw.

Proof. This can be obtained by modifying standard arguments. By a line-by-line modification
of the proof of [21, Proposition 4.4.1, 4.4.3], for example, we have on F, (k) that

N2 2 mrde < BY (O smr) < cAs?mdw

for all z € D*(3/8) and s in the given range. The above estimates and the Markov property

(see [21, Proposition 4.4.3]) imply that the following holds on Fi(k),
C/)\—lk—5/252mndw —-n

- cAs?mrde

for all z € D*(3/8) and n > 0. Given this and the upper volume estimate that holds on F(k),

(6.8) can be proved as in [21, Proposition 4.4.4]. O

Pozc/{ (02,5, > )

)

(near-diag-lower) [ emma 6.7. (a) Let A > Ao, m > mg, AT < k < mY2AciN* and a € (0,1). Moreover, let Fy(k)
be an event as in Lemma 6.6 that satisfies Pr(F,(k)°) < cNe=k'"*" | Then there exist constants
cl,q; such that on Fi.(k), we have for x € D*(3/8) and y € U satisfying dy(x,y) < 25“m” for
some c’l)\4/(1*°‘)k5/(1*0‘) <s<d&N,

M(x,y) > AABE 24/ for GATET282mpde < p < ATV RO/ 262 m e, (6.9)[e:nd1b67]

(b) Ifzo € D(3/8)NTy and x,y € By(wo,s"/*m"), then the same lower bound holds on an event
Fi(xo,k,s) that satisfies PT(F(x()?k 5)¢) < cAse Y/

Proof. By the discrete-time adaptation of [7, Lemma 4.3] (which can be obtained by applying
estimates in [15, Section 4]) and Lemma 6.6, we have

ey | cduley) _ XK1
M (z, ) ~ npd(x,x) T st T 47
Hence |p%(z,y) — pY(z, )| < p% (2, x)/2, so we obtain
B (@,y) > Pt (2, 2) — |5 (2, y) — P (2, 2)| > B (2, 2) /2 > A~k 2n /e,

where we used Lemma 6.6 in the last inequality. This establishes part (a), and part (b) is
obtained in the same way, but using Corollary 5.10 in place of Theorem 5.9. O
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Definition 6.8. Let M, N € N, a = %, A > Ao, m > myg, T be a fixed tree as described after
Proposition 5.3, and « € Ty with  # 0. Set r = dyy(0,z)/N and let 29 = 0,21, -+ , 2y = « be
points on the path between 0 and = with |dy(z;—1, z;) —r| < 1 that are chosen in some fixed way.
Fori=1,...,N, let & be the smallest integer k such that Fy(z;, k, k'2), {|By(zi—1, 1km*)| >
m?} and {|By(z;, 1k®m~)| > m?} hold. (Set & = oo if the requirements are not satisfied.) We
then say that G(g,x, N, M) holds if 7, &7 < MN.

Proposition 6.9. It holds that
Pr(G(q,z,N,M)) > 1— c—]\} — eNX (m® A N) efclml/élg/\(CNl/zSS),
where cq s a constant that depends on q.
Proof. By Corollary 5.10 and a simple union bound, it holds that
Pr (fi >ml/2 A (ch/lz) for some z) < N X cA (m6 A N) e Cm! /1SN (eN1/28E)

Moreover, Corollary 5.10 and the Markov inequality yield that

N

C

Pr (Z & g <m1/aneniizy > MN) = Mq
=1

Putting these estimates together completes the proof. O

Proof of the lower bound of Theorem 1.4. For simplicity, we only consider the case when = =
(R,0), where R € Z,; see Remark 6.10 for the modifications necessary for the general case. Let
T > R, and set y = R"¥ /T. We need to consider several cases. These will depend on constants
b,b’ > 8, which will be chosen below.

Case 1: R <T < bR. Let F be the event that the UST U contains the straight path along the
x1-axis between 0 and z. By considering the construction of U which starts by running S* until it
hits 0, we have P(F) > 4=F. Let z be the point adjacent to  on the path (0, z). If the event F
holds, then PY (Xt € {z,2}) > 47T, and it follows immediately that Ef4.(0,z) > 4= %1 > =T
which yields the desired lower bound for these values of R and T'.

Case 2: T > b R"*% . To begin with, suppose that R > 1. We use Lemma 6.7, and take A = \o.
Given k we set ¢;N* = k, and choose k = kg > g large enough so that P (F(ko)¢) < 3. We
take s = c’l)\gkéo. As the constants A, k, s do not depend on R or T', we can absorb them into
constants ¢;. The bound (6.9) holds for T' € [c;m” v, com” @] so we choose m so that T is
in this range; this gives that m > cR. (NB. By increasing the value of b’ if necessary, we can
further ensure that m > mg and m'/? > kg.) The construction of Fi(kg) in Section 5 implies
that on this event dy;(0,z) < ¢s'/2m”, and thus we have the lower bound

P40, 2) > ¢4/ dw,

Since P(Hy,) > exp(—cN) > exp(—c'ky) and P7(F.(ky)) > i, the averaged lower bound
Eﬁ%(o, x) >cT —ds/dw follows. If R = 0, then one can use the same event as for R = 1 to deduce

the result, since one also has that ]5%{(0, 0) > ¢I'~%/dw on that event.
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Case 3: bR < T < ¥ R"*¥ . Choose N, m € N to satisfy

wdy (|| V(1)
N < (b)rdw—1 <T> <N+1, m<R/N<m+1.

Note that N +1 > (b’)%yl/(”dw_l) > 8, and R/N > bY/(vdw=1) " Hence choosing b large
enough we can ensure that m > mg and also that if 7 is a tree selected in the way described
after Proposition 5.3, then P7(G(43/2,2, N, M)) > . The reason we take ¢ = 43/2 is that
this is the power of & that arises in the time range for the estimate (6.9). More precisely on
G(q,z,N,M), for each i = 1,..., N, it holds that

P (2,y) > e A0 /e (6.10)

for cz)\_lgi_5/2(£}2)2m”dw <n < 03)\_15;5/2(5}2)2771“% and 2,y € Bu(zi,g?m“). Since 24 —
5/2 = 43/2, in the argument below, we will need to sum over the quantities 5?3/ 2; restricting to
the event G(43/2,x, N, M) ensures that we can control this sum.

Now, since it holds that diy(zi—1,2i) < cAm”, the estimate (6.10) includes the case when
z € Bu(zifl,%ffm”) and y € Bu(zi,%gfm”). Setting T := Zfil n;, where n;, i = 1,..., N,
satisfy the previous constraints, we then have that

i i

Moreover, writing B; := By(z;, 2(£8 A €8, )m”), we have that

(0, z)
1 Y 2
> B Z Py (0,91) - “Pny (yN—hx)l{ni—du(yi,l,yi) is even for each i}
y1€B1 YN—1EBN_1
N—1
> (|Bj’ AN 5;!12 n;df/dw> A0 g&qz n;\fdf/dw
j=1
N N
> T/ dw / dy 43/2
> ¢ exp | —AN = (@2 + (43/2)dy/dw) Y _log&i — —“log | D¢
i=1 w i=1

> e T~ %/ exp(—c\N),

where in the last inequality we used ZZ]\LI log¢&; < Zfil £%3/2 < MN. Note that in (6.11), we
may take cz > 0 as small as we like. (This is because 7% (z, ) is monotone decreasing, which
means we can take ¢ in Lemma 6.6 as small as desired. Moreover, we can take ¢ in Lemma
6.7 to match this). In particular, taking co < 8 %% M~1 we obtain

A1 P < g N < T

1

Hence we may take T < T. If T < cg\™? > 5?3/2m”dw, then we can choose n; so that T = T.
If not, let 7/ = T — T < Nr% . Let jy be such that &j, is minimal, and add N’ extra steps
between Bj,_1 and Bj, in the chaining argument above, each with time length satisfying the
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(R:genx)

(failEHI)

(ehidef)

(thm:MD-LSthm)

(thm:MD-LSpr)

(L:noMD)

constraint of nj, and the total time of the additional steps is equal to 7”. The latter constraints
readily imply that N’ < ¢N, and we further observe that each extra step contributes a factor
of c,\gj_()(q2+(43/2)df/dw) to the lower bound. Thus the total contribution is no less than e~
Taking the average over G(43/2,z, N, M) and T, we obtain the result.

O

Remark 6.10. For a general z = (21, 22) € Z? we need to replace the tree T defined in Section
5 by a tree which connects 0 and z. We replace the ‘S-shaped’ path (:i:i)ZN:lO defined just after
Lemma 5.2 with a path for the which the central section has ‘I’ shape which connects 0 and
(21/m, z2/m), and the rest of the path shields the central section from the remainder of Z2.
The estimates of Section 5 and 6 all work for this path, and the proof of the lower bound on
Ef%(0, z) then follows.

7 Failure of the elliptic Harnack inequalities

The aim of this section is to make precise and prove Corollary 1.3. We start by giving the
definition of the elliptic Harnack inequality that we consider, as well as a related metric doubling

property.

Definition 7.1. Let (X, d,, itw) be a weighted random graph.

(i) We say that the large scale elliptic Harnack inequalities (LS-EHI) hold (for the random
walk associated with (X, d., pu)) if there exists a deterministic constant C' > 1 and, for each
xo € Xy, there exists an Rj ;,(w) > 0 such that the following inequality is satisfied

sup u<C inf .
By, (z0,R) B, (z0,R)

for any xp € X,, R > Rjg(w) and any non-negative bounded harmonic function u on
Ba, (z0,2R).

(ii) We say that the large scale metric doubling property (LS-MD) holds if there exists a deter-
ministic constant M € N and, for each zg € X, there exists Ry ,,(w) > 0 such that, for any
zo € Xy and R > Ry 5, (w), Bqg, (0, R) can be covered by M balls of radius R/2.

The main result in this section is the following.

Theorem 7.2. (LS-EHI) does not hold for the random walk on U.
For the proof, we use the following proposition.

Proposition 7.3. (LS-EHI) implies (LS-MD).

Proof. The proof is a line-by-line modification of [10, Theorem 3.11]. Hence we omit it. O
The following lemma will be used to check that (LS-MD) is violated for U.

Lemma 7.4. There exists a constant § > 0 such that, P-a.s., one can find a divergent sequence
(Rp)n>1 for which there exist at least n disjoint dy-balls of radius SR, contained in By (0, Ry,).
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Proof. Let (G(i))i>1 be the events described in the proof of Theorem 1.1, where it was shown

i)/
that G(7) holds infinitely often, P-a.s. Now, let (zj)j(:kigz)l * be the vertices at the centres of the
top row of boxes in the configuration shown in Figure 2 for N = D;/m; and m = m,;. On G(i),
we have that 5
dy(0,2;) <C <Z> my, Vi=1,2,... ,5(logi)1/2,

myg

and also

myg

D;
du(z, Li) > ¢ < - 2) mE, Vi=1,2,... e(logi)’?,

where L; is the bottom row of boxes in the configuration shown in Figure 2. It readily fol-
lows that there exist at least £(logi)!/? disjoint dy-balls of radius £ (% — 2) m} contained in

By (0,C (%) mf’). Hence taking

where i = e("/¢)? yields the result. O

Proof of Theorem 7.2. Let 6 > 0, and suppose that LS-MD holds. Then there exists a constant
M'" = M'(M, ) such that: for each x € X, there exists R, , < oo, such that if R > R, ,, then

the ball By(x, R) can be covered by M’ balls of radius 6 R. However, Lemma 7.4 shows that
this fails for ¢. Hence Proposition 7.3 yields the result. g

8 Scaling limits

(sec:scaling) 1y this section, we prove the results stated in the introduction concerning scaling limits of the

random walk, namely Theorems 1.7 and 1.8, and Corollaries 1.10 and 1.12.

Proof of Theorem 1.7. By the separability of the Gromov-Hausdorff-vague topology (see, for
example, [1, Proposition 5.12]), it is possible to suppose that we have a sequence (Up)p>1 of
copies of U, all built on the same probability space, so that

(Un,n " dy,,, 7?1, 0) = (T do, o7, PT)

holds P-a.s. (Note that for this part of the article, we do not need the spatial embeddings into
R2.) It follows from [1, Proposition 5.9] that, P-a.s., there exists a metric space (M, dy;) so that
the spaces (Up,n "dy, ), n > 1, and (T, d7) can be isometrically embedded into (M, dys) in such
a way that: 0 and p7 are mapped to a common point, 0y say; the embedded measures n =2y,
converge vaguely to the embedded version of u7; and, for all but countably many r, the sets
U, N Bar(0p7,7), where Bys(0p7,7) is the closed ball in M of radius r centred at 0,7, converge
to T N Bar(0pr, ) with respect to the Hausdorff distance between compact subsets of (M, dyy).
As a consequence (see, [13, Theorem 7.1]), we moreover have that the laws of the random walks
(Xgl’gﬁ)tzg converge weakly to the law of (X )i>0, when these are considered as measures on
D(R4, M). Consequently, we have that the Assumptions 1 and 5 of [14] are satisfied (actually
Assumption 1 requires the convergence of measures of balls under the various laws, but this
condition is readily relaxed to the requirement that the balls in question are continuity sets for
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the limiting measure), and hence we can apply [14, Theorem 1 and Proposition 14] to deduce
that the associated transition densities satisfy, P-a.s.,

(n2ﬁﬁ22+@ (0, 0))

Reparameterising this, the first part of the theorem follows.

In view of the distributional limit we have just proved, to prove the scaling limit at (1.12) it
will suffice to check the following integrability condition: for any p > 1, there exists a constant
C € (0,00) such that

= (o] (b7 7)) 120 - (8.1)

t>0

sup n®r/% || (0,0), < C, (8.2) [ofmonents|

n>1

where || - ||, is the L, norm with respect to P. Now, by Lemma 6.2, on the event Fy(\,n'/®"),
it holds that p¥(0,0) < eXin~% /% Hence, if A, := inf{\ > 1: Fy()\,n'/%"*) holds}, then

nds/dw Hﬁ% (O,O)HP <c ||A%Hp. (8.3) [Lpbound|
Since Proposition 2.9 yields that the right-hand side above is uniformly bounded in n, this
completes the proof. O

In preparation for the proof of Theorem 1.8, we verify the equicontinuity of the averaged heat
kernel under scaling.

(equicont) prohosition 8.1. There exists a constant C € (0,00) such that

df/duw

supn
n>1

Bt (0 len]) — Baff, (0, [ynmia]) | < Ot/ |z — y /2,
for all z,y € R%, t > 0.
Proof. From [14, Lemmas 9 and 10], we have for every x,y € Z? and n > 1 that

~ " 2
(B4 (0,2) — 74 (0,y))" < - (8.4) [se¢££7 ]
Hence Jensen’s and Hoélder’s inequalities yield that, for any € > 0,
2
U _RU 2 1/2 U 1/2
[BA (0,2) — Bt (0,y)] < \/; Jesete, 2] | 0,00 e
where we again write || - ||, for the L, norm with respect to P. Now, by Theorem 1.6, it holds
that, for suitably small €,
|t < Cla—y2 (8.5)[dest1]
+e

Moreover, from (8.3) (and Proposition 2.9), we have that

Hﬁg{(n/g] (0,0)1/2Hm < O /2,

1
Since nd/dw x n=1/2 x (nxaw )k/2 x p=d/24w = 1 combining these estimates readily yields the
result. O

We moreover note the following rerooting invariance property of the limiting tree.
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(reroot)

Proposition 8.2. (a) For any » € R?,

P (o7 (x)| > 1) =0.

(b) For any = € R,

(Ta dTa ur, ¢T -, ¢’;’1 (IL')) i (Tv d'Tv HT, ¢Ta pT) . (86>

Proof. We first prove the result of part (a) for z € R?\{0}. In particular, by the scale and
rotational invariance properties of (1.9) and (1.10), respectively, we have that P(\d)}l ()| > 1)
is a constant for z € R?\{0}. Moreover, as was noted in the proof of [4, Theorem 1.3], we know
that the Lebesgue measure of {z : \gzﬁ}l (x)| > 1} is zero, P-a.s. Hence, it follows from Fubini’s
theorem that P(|¢}1(:L‘)| > 1) = 0 for all z € R?\{0}.

We next prove part (b) for z € R?\{0}. To begin with, we note from part (a) that the
left-hand side of (8.6) is a well-defined measured, rooted spatial tree, P-a.s. Moreover, by the
separability of the Gromov-Hausdorfl-type topology that we are considering (see [4, Proposition
3.4]), it is possible to suppose that we have realisations of the relevant random objects built on
a common probability space so that

(Z/{, 5§d1/l7 572L/J“U7 6n(bU7 O) — (Tv dT: M7 ¢7—7 pT) ’

almost-surely as n — oo (cf. the proof of Theorem 1.7). It follows that it is almost-surely
possible to choose a (random) x € §,,Z% such that

(ua 6Zd2/17 5’?7,#1/{’ 5n¢u - 'I'r]z%v x'r]z%) — (T) d'T’ Hr, ¢T -, ¢’;’1(:L‘)) :

In particular, this implies that |zf — 2| — 0, almost-surely. Moreover, let z,, € §,Z? be a
deterministic sequence such that |z, — x| — 0. One can then deduce from [9, Theorem 1.1]
(and the Borel-Cantelli lemma) that there exists a deterministic subsequence n; along which
O duy (T, $§Z) — 0, almost-surely. Hence we find that, almost-surely,

(u7 5ZidU7 572”/14/{7 67119251/{ - xniu xni) — (Ta dTa T, QST -, (;5’;’1 (.’L’)) .

By the translation invariance of U (see [34, Theorem 2.3]), the left-hand side here has the
same distribution as (U,d’gidu,d,%i tas On; b, 0), which we know converges in distribution to
(T,dr, pr, &1, pT), and so the result follows.

Finally, let 2 € R?\{0}. Then, from part (b) (for such z), we know that ]¢7_-1(0)] is equal in
distribution to |¢}1 (z)|]. And, from part (a) (again, for such z), we know the latter is P-a.s.
equal to 1. In particular, we find that <b7r1 (0) = {p7}, P-a.s. Hence both part (a) and part (b)

are readily extended to include the point x = 0. 0
Proof of Theorem 1.8. From [4, Theorem 1.4], we know that, under the averaged law
_ d
(n 1/dwnX%)t>0 N (¢T (XtT))tZO . (8.7) [xwconv]
Applying this in conjunction with Theorem 1.7 (specifically (1.12)) and Proposition 8.1, ele-
mentary analysis arguments yield that, for each fixed ¢t € (0,00), ¢7(X;) admits a density

q:(z) € C(R? R) satisfying the convergence result of part (c). From this, part (a) of the theo-
rem is a simple consequence of Proposition 8.1. Moreover, given the continuity of the density
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q¢ in the spatial variable, part (b) follows from the scale and rotational invariance properties at
(1.9) (1.10).

For part (d), we again recall from the proof of [4, Theorem 1.3] that the Lebesgue measure
of {z : ]qﬁ}l ()] > 1} is zero, and also from the latter result that ur = £ o ¢, where L is
two-dimensional Lebesgue measure. Putting these observations together yields

/B @@)de = E(PUXT € 674(B)))
~'(B)

(L

= E (/BptT(PTv ¢}1(x))1{¢T1(x)|1}dx>

— /B E (57 (o7, 67 () de,

! (o7, x)MT(d$)>

for all Borel B C R?, where we have applied Fubini’s theorem and Proposition 8.2(a) to obtain
the final equality. It follows that the desired equality holds for Lebesgue almost-every x, and so
to complete the proof, it will suffice to show that, for each fixed ¢, p;(z) := E(p] (pT, <b7_-1 (x))) is
continuous in z. Now, from the rotational invariance of (1.10), we have that p;(x) is constant on
circles centred at the origin. And thus, to check continuity at = # 0, it will suffice to show that
pt(Ax) — p(z) as X — 1. Moreover, by the scale invariance property (1.9), this is equivalent to
checking that py;(x) — pi(x) as A — 1, and doing this is our next aim. Arguing as in the proof
of [20, Theorem 10.4], for example, and applying the monotonicity of the on-diagonal part of
the heat kernel, one can deduce that, for s,t > r,

[T (o7, 67 @) = ] (o7, 67" (@)] < 207t = sl /] o (o, p7)PL 5 (07" (2), 67" ().

From this, the Cauchy-Schwarz inequality, the rerooting invariance of Proposition 8.2(b), and
(1.12), we see that

ps(x) — pe(x)| < 27t — 8|, p(0) = COr~ 1 =dr/de |t — o],

which implies that py;(z) — pi(z) as A — 1, as desired. To deal with the case x = 0, we again
argue as in the proof of [20, Theorem 10.4], for example (cf. (8.4)), to deduce that

67 (o7, p7) = 7 (o7, 67" (@))| < ™\ dr (o1, 67 @)T (o7, 7).
This implies

1/2

pu(0) = pr(@)] < ¢ [dr o 07 @) |6 (o )

14« :
1+5 =

From (8.1) and (8.2), we have that the term ||p] (p1, p7)*/?|| 1= is finite for any € > 0. Moreover,

arguing as in the proof of Proposition 8.2, for each x, one has that there exists a sequence (z,,)
such that |z, — x| — 0 and, along a subsequence (n;),

n; "y (0,2,) > dr(pr, 67 ().

40



Hence from (8.5) we obtain that ||d7(p7, ¢~ (2))Y/?||14e < C|z|/2, where the constant does not
depend on z. In particular, these estimates imply that p;(z) — p;(0) as |z| — 0, and so the
proof is complete. 0

Proof of Corollary 1.10. This is an easy application of Theorems 1.4 and 1.8(c). O

Proof of Corollary 1.11. We begin with the bounds for |X¥|. Integrating the upper bound of
Theorem 1.4, we find that

Kdw \ dg—1
n_p/dw”E(quXfﬂp) < g P/dwk Z cln_df/dw]$|p exp{ —c <\x| > < s,
T€Z2 K
as required. The lower bound follows in a similar fashion.

For the upper bound on dy (0, X¥) set Ry = [efn'/4], B, = By(0, Ry,) for k >0, B_; = 0,
and Dy = By \ Bx—1 for k > 0. Let kg = ((dw—1)/dy) logn. Note that if & > kg then Ry > n, so
that P¥ (XY € Dy) = 0. (Recall we are looking at the discrete time walk.) Write o} = 00 g, +1,
where o, , was defined at (6.2). We then have

ko
EEY dy (0, XY < B 2rePinr/te P(XY € Dy)
k=0

ko
< 2Pty " PVER (0 < n). (8.8)

k=0
Now, by an almost identical argument to Lemma 6.3, it is possible to check that on the event
Fy (O, AeRy™) with Ay = (4k)% we have
P (o, <n) < Cexp(—cA, my) = C’exp(fc)\;qekdw/(dw_l));
here, my := (c3\, @)Y/ (dw=Dd(RM /n) represents the number of steps into which the stopping
time is decomposed, where c3, g3, g4 are as in (6.3). Hence, by Proposition 2.9,

140/16

EPY (o), <n) <P (Fl()\k, ARy ”)C) + Cexp(—eh tehte/(dw=1)y < Ceek™ 7

which implies that the sum in (8.8) is finite, and so establishes the upper bound. The lower
bound is proved by the same argument as is used in [9, Theorem 4.4]. O

Proof of Corollary 1.12. From (8.7) we have under the averaged law that

(nfl/dwlﬁ ‘X’%tho i (|¢T (XtT)DtZO‘

Part (a) now follows using the uniform integrability given by Corollary 1.11.

For part (b), we start by noting that the convergence at (1.8) implies that the same result
holds if d¢ys is replaced by the map = +— 0%dy(0,x), and ¢ is replaced by the map z +—
d7(pr,x). As a consequence, in place of the random walk convergence result of (8.7), one
obtains that

_ d
(n 1/dwdu(0,XtL,’l))t20 4 (dr(or, X)) 1s -

(Concretely, apply [13, Theorem 7.2].) Part (b) then also follows from Corollary 1.11. O
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(zarem) Remark 8.3. Let R := {x : |¢7r1({x})] = 1}. With P-probability one, we have that L(R) = 0,
where we again use £ to denote Lebesgue measure on R?, and moreover 0 € R (see Proposition
8.2 and its proof). Since ,LLT(QS}I (R€)) = L(R) (by [4, Theorem 1.3]), it follows that, P-a.s.,
for any z € R and t > 0,

PLa ) eR) = [ T (67 @) pnrtan) =1,

¢r
(@) is the quenched law of X7 started from <b7r1 (z). It readily follows that, when
started from 2 € R (including from z = 0), ¢7(X7) is a Markov process, and moreover
has transition density that is determined by (p{ (¢7' (), ¢7' (2)))y,2er (and which is defined
arbitrarily elsewhere). On the other hand, if 7 is a stopping time for ¢7(X7) such that

szr_l(z)(@-(X;r) € R > 0, then it is clear that the quenched law of ((Z)T(ert))tzo does
T

not only depend on ¢7(X7), and so ¢7(X7) is not strong Markov. Indeed, the situation is
somewhat similar to that of reflecting Brownian motion in a planar domain with a slit removed
(cf. comments in [12, Section 3]), though the slit is replaced in our case by the dense set R¢ C R
which we note coincides with the ‘dual trunk’ studied in [35, Section 10].

where P7_,
b7

A Appendix: Short LERW paths

In this section we improve the estimates in [8] to prove Theorem 2.7. We begin by considering
the following situation, which is described in terms of parameters m,n, N € N satisfying 4 <
n<m<m+2n < N, cf. [8 Definition 1.4]. Let B, = Boo(0,m), By = Boo(0,N), and
T € Or By, where for a square B we write Og B for the right-hand side of the interior boundary
of B. Moreover, let 21 = x + (5,0), and define A, (z) = Boo(z,n/4). Finally, we also suppose
we are given a subset K C B,, that contains a path in B, from 0 to x. Importantly, we note
that the latter assumption was not made in [8]; it is the key to removing the terms in log(N/n)
in [8, Lemmas 4.6 and 6.1, and Propositions 6.2 and 6.3]. We also remark that in [8] the balls
B, and By were in the /5 norm on Z? rather than the ¢, norm, but this makes no essential
difference to the arguments.

The first result of the section concerns the Green’s function G of a simple random walk S on
7Z2. Given a subset A C Z2, we write G 4(y, z) for the expected number of visits that S makes
to z when it starts at y up until it exits A. In the proof, we write P, for the law of the random
walk started from z, and E, for the corresponding expectation.

(L:GBNK) T omma A.1. There exist constants ¢i such that, fory,z € A,(x),

n n
1 log (W_|> < Gpyx(y:2) < e log <1vy_|> | (A1) [o:emE]

Proof. Set A1 = Bsy, 16(21) and Az = By, 5(21). We note that

n n
1 —— | <G <G < 9l e I
C1 Og(l\/]y—z|) = Al(y7z)— AQ(y7z)_CQ Og(l\/|y—z\>

(Cf. The applications of results from [28, Chapter 6] that appear as [8, Proposition 2.4].) Hence,
since Gp\k(Y,2) > Ga,(y,2), the lower bound is immediate. For the upper bound, writing
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T4 and 74 for the hitting and exit time of a subset A C Z2 by the simple random walk S,
respectively, we have

GBN\K(y7 Z) = GAQ (y7 Z) + Ey (GBN\K(STA2 ) Z))

n
< el _— P, (T T G ' 2).
< evtom (7 37 ) + oy Pl <) s (02
By the discrete Harnack inequality (see [28, Theorem 6.3.9], for example) and the fact that K
contains a path from z to 0, we have that P, (T4, < Tk) < 1 — c3 for all w € As. Further, for
w' € 0A, we have

P (T, < 74,) < LA —2

logn’

Again, cf. [8, Proposition 2.4].) Combining these estimates gives Gg. .\ (2,2) < colog(n) +
N\
(1 —c3)Gpy\k(2,2), and thus Gp\k(z,2) < Zlog(n). Hence

n
< el —_
GBN\K(yaZ)—CQ Og(l\/|y—z|) + ¢s,
which yields the bound (A.1). O

Next, let S be a random walk started at z and conditioned to leave By before its first return
to K. We write G(-,-) for the Green’s function of S.

(L:nevld6) L emnma A.2 (Cf. [8, Lemma 4.6]). There exist constants ¢; such that, for z € A,(z) we have

c1 <G(z,2) < co.

Proof. We follow the proof in [8]. Taking y = z in (A.1) we can improve the upper bound
on Gp\k(z,2) in [8, (4.10)] to clogn. Using Lemma A.1 again, we can improve the upper
bound in the equation above [8, (4.11)], and hence improve the upper bound in [8, (4.11)] from
clog(N/n)/log N to ¢/logn. With these new bounds the argument of [8, Lemma 4.6] gives that
G(z,2) < co. O

The following two results refine some conditional hitting time estimates from [8].

(L:newedS.1) T emma A.3 (cf. [8, (6.1)]). There exists a constant ¢1 such that if D1 = OgBeo(x,n/16) and
K' = K\{z}, then, for v € D,

P, (Tx < TBeoo(z,1/8) | T, <Tkgr N\ TBN) >c1 > 0.
Proof. Write B' = B,, j3(x). The second displayed equation on [8, p. 2409] gives

G i (v,v) P.(T, < 5 NTf)

Pu (Lo < Tyt | To < Tho ATy ) = o2 i x g 2ois, (A2) estronBio

where T/f = min{j > 1: 5; € K}. As in Lemma A.1 we have that G\ g (v,v) < clogn, and so
the ratio of Green’s functions in (A.2) is bounded below by a constant ¢ > 0. Using the strong
Markov property at 7p, we obtain

P.(T, < gy NTH) <Py (T, < 730 ANT) + Pyt < T) max P, (T, < Ty NTF).
yeonB’
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The argument at the top of [8, p. 2410] gives that
P, (tp <Tj) < c(logn) Pyu(T, < 50 AT).

Moreover, for y € 0B/,

GZ2 K(y7v>
Py(Tv < TBN A T%) S W,

and as in Lemma A.1 we have Gz2\ (¥, v) < ¢, Gzz\ g (v,v) > clogn. Combining these estimates
concludes the proof. O

(L:neweq.2) [ omma A.4 (cf. [8, (6.2)]). There exists a constant ¢ > 0 such that if w € OrBoo(x,n), then
Py (TBy < Tpoy(a.m/8) \TBN <Tk) >c (A.3)[e:news6.2]

Proof. As on [8, p. 2410], we let yo be the point in B, (z) that maximises P, (75, < Tk).
Writing By = B (2, Tn/8), T7 = Tp., we have

Pyo (TBN < TK) = Pyo (TBN <Tg A T7) + Eyo(]-{T7<7'BN/\TK}PST7 (TBN < TK))

<Py (1By <Tk NT7) + max Py(1By < Tk).
vEIB7

Since K contains a path from 0 to z, the discrete Harnack inequality (again, see [28, Theorem
6.3.9], for example) gives us that there exists a constant p; > 0 such that

Py(Tpan) <Tk) <1—p1,  forallve dBr.

Thus
Py (By <Tk) <Py (ty <Tr NT7) + (1 —p1)Py(TBy < TK),

which proves (A.3) in the case w = yy. We can now use a reflection argument as on [8, p. 2410-
2411] to obtain the general case. O

These estimates now lead to an improved lower bound on the length of a LERW. Recall the
definition of the conditioned r.w. S, and set L1 = L(Epy (S5)), La = Ep, (z)(L1)-

(L:nevL61) Lemma A.5 (cf. [8, Lemma 6.1]). There exists a constant ¢ > 0 such that, for any z € A, (x),

P(z € Ly) > en 2,

Proof. Using Lemmas A.4 and A.3 to replace [8, (6.1),(6.2)], this follows as in [8]. O
Proposition A.6 (cf. [8, Proposition 6.2 and 6.3]). There exist constants c1,co and p > 0 such
that

cin® <EM < eon”,
E(M?) < con®",
P(M <e3n®) <1—p. (A.4)[e:Mlowertai
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Proof. Given Lemmas A.5 and A.2 the bounds on E(M) and E(M?) follow as in [8]. The final
inequality is then immediate from a second moment bound. O

Proof of Theorem 2.7. We follow the proof of [8, Proposition 6.6], first proving the result in
the case when D = By(0), where N/2 < nk < 3N/4 for some k > 4. Set L = L(Ep,(0)(S°)),
and, for j = 1,...k, let v; = €p, (0)(L). Let x; be the point where L first exits Bj,(0), and
Bj = By (xj). Let o be the path L from z;_; to its first exit from B;_;, and V; be the number
of hits by a; on the set B;_1. Let F; be the o-field generated by ;. Using the domain Markov
property for the LERW (see [24]) and then (A.4), we have

P (V) < con®|Fj1) =P (M)} sy, Scon®) S1-p, (A.5) [e:¥5ub

Let nj = liy,<caney- By (A.5), 2521 7n; stochastically dominates a binomial random variable
with parameters k£ and p, and so there exists a constant ¢ > 0 such that

k
P an < %pk‘ < ek,
j=1

Setting L' = &g, (0)(L), we have |L'| > czn” Z?Zl nj, and thus as N/2 < nk < 3N/4 we obtain
P (|L/| < ck_1/4N“> < e~k

taking k = eA/("=D = )% this gives the result when D = By. Note that the proof above
actually gives the lower bound for the length of L’ rather than L, so we can use Lemma 2.1 with
Dy = By, Dy = D to obtain a lower bound of the same form for |Eg, (0)(L(Ep(S°)))]. O
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