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Abstract

Quenched and annealed heat kernel estimates are established for Fontes-Isopi-Newman
(FIN) processes on spaces equipped with a resistance form. These results are new even in the
case of the one-dimensional FIN diffusion, and also apply to fractals such as the Sierpinski
gasket and carpet.
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1 Introduction

The Fontes-Isopi-Newman (FIN) diffusion is the time-change of one-dimensional Brownian mo-
tion by the positive continuous additive functional with Revuz measure given by

v(dz) = v;6,,(dz), (1.1)

i

where (v, 7;);en is the Poisson point process on (0,00) x R with intensity av™'~%dvdz for
some «a € (0,1), and d,, is the probability measure placing all its mass at ;. This process,
introduced in [16], arises naturally as the scaling limit of the one-dimensional Bouchaud trap
model [5, 16] and the constant speed random walk amongst heavy-tailed random conductances in
one dimension [9]. In the recent work [13], the definition of a FIN diffusion and the latter scaling
results were extended to more general spaces admitting a point recurrent diffusion, namely
spaces equipped with a resistance form (for a definition of such, see Section 2). Spaces in this
class include one-dimensional Fuclidean space and various fractals, such as the Sierpinski gasket
and Sierpinski carpet. In the present article, we establish quenched (for typical realisation of
the FIN measure) and annealed (averaged over the FIN measure) heat kernel estimates for FIN
processes associated with resistance forms. These results are new even in the one-dimensional
case. En route, we also extend the one-dimensional exit time bounds of [7, 8] to our more
general setting.
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We now introduce the main objects of interest in this study. A resistance metric on a space
F is a function R : F' x F' — R such that, for every finite V' C F, one can find a weighted
graph with vertex set V' (here, ‘weighted’ means edges are equipped with conductances) for
which R|y «y is the associated effective resistance; this definition was introduced by Kigami in
the study of analysis on low-dimensional fractals, see [19] for background. We write F for the
collection of quadruples of the form (F, R, i, p), where: F' is a non-empty set; R is a resistance
metric on F such that closed bounded sets in (F,R) are compact (note this implies (F,R)
is complete, separable and locally compact); p is a locally finite, non-atomic Borel regular
measure of full support on (F,R); and p is a marked point in F. Note that the resistance
metric is associated with a so-called ‘resistance form’ (£, F) (another concept introduced by
Kigami), and we will further assume that for elements of F this form is ‘regular’ (see Definition
2.2). Whilst we postpone precise definitions for this terminology until Section 2, we note that
it ensures the existence of a related regular Dirichlet form (€, D) on L2(F, i1), which we suppose
is recurrent, and also a Hunt process ((X¢)i>0, (Pr)zer) that admits jointly measurable local
times (L¢(2))zert>0-

In our construction of a FIN process on F', the process X introduced in the previous para-
graph will play the role of Brownian motion. To expand on this, first suppose that v is the
natural generalisation of (1.1) given by setting v(dx) = ), vi0s, (dx), where now (v;, x;)ien is
the Poisson point process on (0,00) x F with intensity cv™!"%dvu(dz) for some a € (0,1).
We will write P for the probability measure on the space upon which this Poisson process is
built, and observe that P-a.s. the measure v is itself a locally finite Borel regular measure of
full support on (F, R). Given a realisation of v satisfying the latter properties, we then define

AY 1=/FLt(33)V(d$),

and its right-continuous inverse 7”(t) := inf{s > 0 : AY > t}. The process X" obtained by
setting
Xy = X

is then the a-FIN process associated with the space (F, R, ut); in general, this process might not
be a diffusion (i.e. it might not have continuous sample paths), hence we call it a FIN process,
rather than a FIN diffusion. (Note that, by applying the trace theorem of [17, Theorem 6.2.1],
this could alternatively simply be seen as Brownian motion on (F, R,v)). The quenched law
of X” started from x will be denoted by PY (i.e. this is the law of X under P, for the given
realisation of v). We have from [20, Theorem 10.4] that, for P-a.e. realisation of v, X* admits a
jointly continuous transition density (p}(z,v))zyeF, t>0; we call the latter object the quenched
heat kernel for X, and its expectation under P the annealed heat kernel. Providing estimates
for (p}(z,y))zyeF, t>0 is the goal of this article.

For convenience when presenting our results, we next state several assumptions that we will
require concerning the underlying metric measure space. Towards setting out the first of these
conditions, we define Br(z,r) := {y € F': R(z,y) < r} to be the open ball in (F, R) of radius
7, centred at x. We also write Rp := sup, ,cr R(,y) for the diameter of I with respect to R.
In the second and third conditions we introduce another metric d on F, since in examples it
is often useful to consider an alternative metric to the resistance metric. Moreover, if we write
f = g for two strictly positive functions defined on the same space, we mean that there exist
constants ¢y, co € (0,00) such that ¢1 f < g < cof everywhere.

Uniform volume growth with volume doubling (UVD) There exist constants cg, ¢, ¢y,
and a non-decreasing function v : (0,00) — (0, 00) satisfying v(2r) < cqu(r) for all r €
(0, Rp + 1) such that

cqu(r) < w(Br(z,r)) < eyu(r), Ve e F,re (0,Rp+1).
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Metric comparison (MC) The function d : F x F — R is a metric on F such that d < R"
for some 5 > 0.

Geodesic metric comparison (GMC) MC holds and also d is a geodesic metric.

The most important of these conditions for our arguments is UVD; indeed, we appeal to it in
all that follows. It is easily checked in the case when we have polynomial volume growth, i.e.
v(r) =< rf for some § ¢ > 0. The condition MC is clearly always satisfied by taking d = R and
(8 = 1. However, as noted above, it is often useful in examples to consider an alternative metric
to the resistance metric, and so we include this as an option under this assumption. Condition
GMC is relatively strong, but is applied to establish matching upper and lower annealed heat
kernel bounds, and can be checked for various models of fractal (as we describe below).

We are now in a position to state our annealed heat kernel bounds. For this, we introduce
the notation h(r) := rv(r)'/®, which gives a natural time-scaling for X”. In the following result
we assume X is a diffusion. Note that this restriction is not needed for the on-diagonal bounds.

Theorem 1.1. There exists an a. € (0,1) such that for a > a, we have the following.

(a) Suppose UVD and MC, and that X is a diffusion. Then there exist constants a,ci,co such

that

Clh_l(t) e—CQN(CL)
t )

N(a) :=sup {nZl: fgh((@)l/ﬁ>}, (1.2)

NB. If the defining set is empty, we set N(a) = 0.
(b) Suppose UVD and GMC hold, and that X is a diffusion. Then there exist constants a,c1, ca
such that

E(P%/(ﬂfvy)) < Vx,yEF, te(o’h(RF))v

where

hl(t
E (p} (2,y)) > Clt()e—cﬂ“‘”, v,y € F, t € (0, h(Rp)),

where N(a) is again defined as at (1.2).

To illustrate the above result, suppose GMC holds, and moreover the underlying space
satisfies p(Bg(x, 7)) < r% (where Bg(w,r) is a ball with respect to the metric d), so that UVD
holds with v(r) = rP4s; note that d; can be considered the fractal dimension of F with respect
to d, and d; := Bdy the fractal dimension of I’ with respect to R. In this case the estimates have
the standard sub-diffusive form in that there exist constants ci, co, c3,cq4 such that: provided

a>ae forallz,ye F,te (O,R}jﬁdf/a),

1 1
dw \ Tw=T duw \ w1
it %/ exp {—02 <d(a:,y) ) } < E(p{(z,y)) < st~/ ?exp {—04 (d(:r,y) ) } )

t t
(1.3)
where p .
f
dy = —+ —
w o + 3
can be considered to be the walk dimension of X* (with respect to d), and

_ 2dy
S ady,
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can be considered to be the spectral dimension of X”. In this case, we can take (see (5.9))

\/B2d2 + 4Bdy — Bdy

2

Qe =

In particular, all the above assumptions hold (with f = dy = 1) in the case when FF =R, R=d
is the Euclidean metric on R, and p is Lebesgue measure on R; this setting corresponds to the
original FIN diffusion. Hence in this case, if a > (v/5 — 1)/2 ~ 0.618, we obtain annealed heat

kernel estimates with
4 — 14+« 4. — 2
Y T 14 a

(Note these exponents are continuous as a — 17, with limits 2 and 1, respectively, which are the
usual exponents for Brownian motion; that the law of the FIN diffusion converges as o« — 1~
to that of Brownian motion was checked in [15, Remark 4.4].)

Remark 1.2. In the polynomial growth case (i.e. v(r) = r8%), it is possible to check that
the value of a, given above can not be improved by the current arguments, in that the upper
bound explodes for any smaller value of a. The issue we encounter is that our techniques do
not allow us to check the integrability of the on-diagonal part of the heat kernel. Note that if
we consider the related issue of estimating the tail of the exit time distribution, a problem for
which integrability is not a problem, then we no longer need to restrict the range of . For
details, see Proposition 5.1, which generalises the one-dimensional results of [7, 8]. Furthermore,
for general «, the argument of Theorem 1.1(a) will show Ep¥(p, p)? < c¢(h™1(t)/t)? for suitably
small #. We leave it as an open question to check the finiteness of the annealed on-diagonal heat
kernel when o < «.. A similar issue was encountered in the study of random walk on infinite
variance Galton-Watson trees in [14].

Going beyond one dimension, one might consider the example of the Sierpinski gasket.
Specifically, this is the unique non-empty compact set F' C R? satisfying F = U?:lwi(F ), where

T —Ppi
2 )

Yi(x) = pi + z € R?,

and {p1,pe2,p3} are the vertices of an equilateral triangle of unit side length. This is equipped
with an intrinsic geodesic metric d (which is equivalent to the Euclidean), and also a resistance
metric R that satisfies d < R® with 8 = In(2)/In(5/3), see e.g. [22] (1.6.10). Moreover, if j is
the In(3)/In(2)-dimensional Hausdorff measure on F' (with respect to d), then p(Bg(z,7)) < r%
with dy = In(3)/In(2). It follows that (1.3) holds for a > o, = 0.743 with

I (5 X 3%1)

. 21n(3)
A i= In(2) ’

dg i = ——————.
©om(5x3e)
(Again, these exponents are continuous as « — 17, with limits being equal to the Brownian
motion exponents, and a similar argument to the one-dimensional case [15, Remark 4.4] could
be used to establish the corresponding convergence of processes.) We note that it would in fact
be possible to check all the relevant conditions for the entire class of nested fractals, of which the
Sierpinski gasket is just one example. The results also apply to the two-dimensional Sierpinski
carpet, where to establish GMC the results of [3] can be applied as in [12].

As well as establishing annealed heat kernel estimates, we investigate the quenched behaviour
of the heat kernel. In particular, we study the short-time asymptotics of the on-diagonal part
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of the heat kernel, both uniformly over compacts and pointwise. Strikingly, in both cases, the
fluctuations above the mean behaviour are much smaller than those below. Whilst we postpone
the most general statements of our results until later in the article (see Section 4), let us briefly
describe the situation when UVD holds with v(r) =< /. For any closed ball G C F with radius
in (0,00), we then P-a.s. have that

SuszG’péj(x?x) (14)

I

i
0< lTjélp =05/ (35+a) |Jog ¢| (1) (s +e) <

0<e < ingpt”(:v,x) < g < 00, vVt € (0,tr), (1.5)
re

for some random constants ¢1, co and deterministic constant ¢z. Thus, at least in the case where
we also have GMC holding for some metric d, so that Theorem 1.1 applies and we have that
EpY (z,z) = t=%/s+®) (1.4) shows that we see logarithmic fluctuations above the mean (of
order |log t|1=®)/(s+)) "and (1.5) shows we see larger, polynomial fluctuations below the mean
(of order t=97/(0r+)) . The former effect is due to points of unusually low mass, and is common
for random self-similar fractals, cf. [11]. The latter effect is due to the atoms in the measure,
at which the heat kernel remains bounded as ¢ — 0. For the pointwise results, we consider
the behaviour at the distinguished point p, though the results could alternatively be stated for
p-a.e. point; in either case, there will P-a.s. not be an atom at the point under consideration.
We have P-a.s. that

Py (p,p)

0<li 1.6
< H?_?(l)lp =07/ (0p+a) (10g ‘ logt‘)(l—a)/(ﬁf—i-a) < ( )
Moreover, it P-a.s. holds that, for any ¢ > 0,
L Y (psp)
llglélf 1-0s/Gs+e)| Jog t|-30+2)/a > 0, (1.7)
and also ,
lim inf LAGY) (1.8)

t—0  ¢=0f/(0p+a) |log t|—1/(5f+a)

The asymmetry of log-logarithmic fluctuations above the mean and logarithmic fluctuations
below stems from a similar asymmetry in the FIN measure, which we will derive from classical
results about the fluctuations of a related a-stable process.

Finally we also give quenched off-diagonal estimates in one-dimension. We show that in this
case the fixed environment induces averaging, so that there are no oscillations in the off-diagonal
terms. This is demonstrated in establishing Theorem 6.1, a quenched version of the results of
Cerny [8] and Cabezas [7] on the tail of the exit time distribution, and we then extend this to
a full heat kernel estimate in the following result. Note that the integrability issues arising in
the annealed case do not affect the quenched heat kernel bounds which are established for all
0<a<l.

Theorem 1.3. Suppose (p}(z,y))zycr, >0 is the quenched heat kernel of the one-dimensional
FIN diffusion. Let x,y be fixred with |z —y| = D > 0. For any € > 0, there exist constants
ci,t=1,...,4, such that P-a.s. there exists a random tg > 0 such that for 0 <t < ty:

Dl+1l/a @
pY(x,y) > et /2| logt| 30 @ exp <C2< ) )

t

Dlt+l/a @
P (r,y) < cst™® /2 (log|log )1~/ (14 exp (—04( ) )

t

where we recall ds = 2/(1 + «) in this case.
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The remainder of the article is organised as follows. In Section 2 we provide further back-
ground about the resistance form setting in which we are working. In Section 3 we establish
various estimates of the masses of resistance balls with respect to the FIN measure, which will
be a key ingredient for our heat kernel estimates. In Section 4, we deduce our quenched on-
diagonal heat kernel estimates, which yield the results at (1.4)-(1.8). Section 5 contains the
proof of the annealed heat kernel bounds contained in Theorem 1.1. Since the arguments used
to prove these are closely related to the proofs of exit time bounds for X¥, we also include
annealed exit time bounds in this section, which extend the previously established results for
the one-dimensional FIN diffusion to our more general setting. Finally, in Section 6 we study
the quenched behaviour of the off-diagonal part of the heat kernel in one dimension.

2 Framework

In [20] the notion of a resistance form was introduced to capture a natural class of objects in
which the electrical resistance is a metric and the associated diffusions are point recurrent.

Definition 2.1 (|20, Definition 3.1]). Let F' be a non-empty set. A pair (€,F) is called a
resistance form on F if it satisfies the following five conditions.

RF1 F is a linear subspace of the collection of functions {f : F — R} containing constants,
and £ is a non-negative symmetric quadratic form on F such that E(f, f) = 0 if and only
if f is constant on F.

RF2 Let ~ be the equivalence relation on F defined by saying f ~ g if and only if f — g is
constant on F'. Then (F/ ~,E) is a Hilbert space.

RF3 If x # y, then there exists a f € F such that f(z) # f(y).

RF4 For any x,y € F,

1f(z) = fy)I

R(z,y) = sup{ £7.7)

: ferF, 5(f,f)>0}<oo. (2.1)

RF5 If f:=(fA1)VO, then f € F and E(f, f) < E(f, f) for any f € F.

The function R(z,y) defined in (2.1) can be rewritten as

R(z,y) = (nf{€(f, f): fEF, fx) =1, f(y) =0}", (2.2)

which is the effective resistance between z and y. This is a metric on F [20, Proposition
3.3], which we call the resistance metric associated with the form (£, F). We define the open
ball centred at x with radius r in the resistance metric by Bgr(z,r) := {y € F: R(z,y) <r}.
Throughout the paper we assume that we have a non-empty set I’ equipped with a resistance
form (€, F) such that the closure of Bg(z,r), denoted Bgr(z,7), is compact for any 2 € F and
r > 0. (Note the latter condition ensures (F, R) is complete, separable and locally compact.)
We will also restrict our attention to resistance forms that are regular in the following sense.

Definition 2.2 ([20, Definition 6.2]). Let Co(F) be the collection of compactly supported, con-
tinuous (with respect to R) functions on F, and || - |r be the supremum norm for functions on
F. A resistance form (£, F) on F is called regular if and only if F N Co(F) is dense in Cy(F)
with respect to || - || r.
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We state two fundamental results that we use in a few places. Firstly, a simple consequence
of (2.1), is the Holder continuity of functions in the domain of the resistance form;

[f(x) = fW)* < Rz, y)E(f. f), Yo,y e F, feF. (2.3)

We also recall that from [20, Theorem 10.4] that for P-a.e. realisation of v we have a jointly
continuous heat kernel (pf(z,y))zyert>0. This satisfies the following bound, which is a simple
modification of the proof of [1, (4.17)],

il )l ) < P02, 2.4)

(NB. In [1], the preceding estimate is derived for a general Dirichlet form, rather than one
associated with a resistance form, and so is actually more general than the case we state here.)
We conclude this section by noting that the doubling property of v implies that we have a

constant ¢ > 0 such that
v(r) >er?, ¥Yre (0,Rp+1). (2.5)

Here v = log ¢4/ log 2, where ¢4 is the constant appearing in the definition of UVD.

3 Volume growth estimates

Before proceeding to study the heat kernel, in this section we explore the behaviour of the FIN
measure. Throughout we suppose that UVD holds. The FIN measure v is closely related to an
a-stable Lévy process, and we will use this connection to provide estimates on the local and
uniform volume growth. We write V(z,r) = v(Bgr(z,r)) for the volume growth function of
balls in the resistance metric under the FIN measure. In the following, we let £ be an a-stable
subordinator, and recall that we can construct this by setting £; = > vily, <4y, where (v;, ;)
are the points of a Poisson process on (0,00) x R, with intensity av™* " 'dvdt.

Lemma 3.1. It is possible to couple (Lt)i>0 and (V(p,7))r>0 so that, P-a.s.,
‘ch(’/‘) < V(p¢ T) < [’cuv(r)a Vr e (Oa RF + 1)

Proof. By definition we have V(p,r) = fBR(p,r) > Vibz,(dy), where the points (v;,x;) are a
Poisson point process of intensity av="'dvu(dx). Let i be a measure on R, given by ([0, s)) =
w(Br(p, )) for all s > 0. Thus, by projecting the points z; € F to Z; = R(p,z;) € Ry, we
have V (p,r fo ; Vi0z,(dy), where the points (v;, Z;) are a Poisson point process of intensity
s 1dvu(da:) Makmg the change of variables t; = 4~1([0,%;)), and noting that (v;,t;) are
Poisson points with intensity cv~™*"'dvdt, this implies

/ Zvl ds / szét (ds) L(Br(pr))-

Applying the UVD assumption concludes the proof. O

We now recall some basic facts about the sample paths of a-stable subordinators, which we
will subsequently use to control the volume growth of our measure. For statements and proofs
see [6, Chapter II1.4]. Firstly, there is an integral test for the upper bound on the behaviour of
L near 0 in that, P-almost surely,

lim sup —
t—0 ht

Li ) oo, if fo h; “dt =
0, if fo O‘alt<oo
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In particular we have for any positive ¢ that, P-almost surely, there is an infinite sequence of
times {t,,}7° ;, with ¢, — 0 as n — oo, such that

Ly, > ctt/*|logt,|Y?, Vn € N,
and for any € > 0, P-almost surely, there is a random constant ¢y such that
Ly <tV logt|1F/ @ Wi e (0,t).
For the lower bounds we have smaller fluctuations. Indeed, [6, III Theorem 11] states that,
P-almost surely,

lim inf Ly

_ Cu(e a1 — o)1=/
8 7 log [Tog a1/ — Cal= et al )

Combining these results with Lemma 3.1 we have the following lemma, which summarizes the
volume growth of balls in the FIN measure from a p-typical point, where there is no atom.

Lemma 3.2. (1) For any € > 0 there exists a random 19 > 0 such that
Vip, ) < v(r)/*logv(r)|1Fe)/e, Vr < ro, P-a.s.
(2) There is a ¢ > 0 and an infinite sequence {ry} with r, — 0 as n — 0o such that
Vip, ) > cv(ra) Y logv(ry) Y2, Vn e N, P-a.s.
(8) There is a deterministic C' and random roy > 0 such that
Vip,r) > Co(r)"/*(log|log v(r)|) =/, Vr < 1o, P-a.s.
(4) There is a ¢ and an infinite sequence {ry,} with r, — 0 as n — oo such that
Vip,ry) < cv(ry)Y*(og |logv(ra) )Y, VneN,  P-as.

The uniform behaviour of balls is different, as the atoms play a role. We let G C F be
a closed ball in F' with radius in (0,00), so that it is compact by assumption and satisfies
w(G) > 0, and define Rg := sup, ,eq R(z,Y).

Lemma 3.3. There exist random constants 0 < c1, co such that

cp <supV(z,r) < co, Vr < Rgq, P-a.s.
zelG
Proof. The upper bound is clear as, for any xy € G,

sup sup V(z,7) < v(Br(wo,2Rg)) < oo,
r<Rg z€G

P-a.s. For the lower bound, we note that for any Poisson point (v;, x;) with z; € G, we have
supgeq V(z,r) > v(Br(z, 7)) > v; > 0 for all » > 0. O

More challenging is to estimate the uniform infimum of the volume. For this we state the
result obtained in [18] for the left tail of the law of the one-dimensional subordinator. For any
fixed t, as © — 0,

P(L; < xt'/®) ~ Oz (M=) oxp(—Coz~/(1=9)), (3.1)
where C; = (2r(1 — a)a®/CU=))=1/2 and Cy = (1 — a)a®17%), We also remark that the
upper tail has a simple upper bound in that there is a constant C'5 such that

P(L; > 2t/ < Cyz™®, YVt >0,z > 0. (3.2)
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Lemma 3.4. There exist constants ¢y, co such that, P-a.s.,

o infoeq V(z,r) . infyeq V(x,r)
<1 f <l < ca.
TS o) e log o) = 0 v e log o(r) T/ =

Proof. We first define the minimal number of balls in a cover of a set A
N(A,r) = min {k : 3(y;)¥_, such that A C UBR(yi,r)} ,

and the maximal number of disjoint balls with centres in a set A
NY(A,r) = max {k : I(y;)%_, such that y; € A and Bg(yi,r) N Brly;,r) = 0,7 # z} ,

and claim N(G,r) and N%(G,r) are both bounded above and below, up to a constant factor,

by p(G)/v(r).
For the lower bound on N(G,r), we see that from UVD,

N(G,r)
WG < Y u(Brlyir)) < cuN(Gr)u(r).
i=1
so that N(G,7) > cuu(G)v(r)~L.

For the upper bound, given a maximal collection of N¢(G,/2) disjoint balls with centres at
points {y;} in G, any point x € G must be within a distance /2 of a ball, otherwise we could
include another ball in our collection. Thus we have a cover of G with N¢(G,7/2) balls by using
the same set of centres {y;} and with balls of double their radius. Hence N(G,r) < N4(G,r/2).

(Note in conjunction with the conclusion of the previous paragraph, this establishes the desired
lower bound on N4(G,r).) Moreover, for r < Rg, using UVD,

N4(G,r/2)
ap(@ > Y u(Bryir/2)) = aNU(G,r/2)0(r/2),
i=1
and so NG, 7/2) < cju(G)v(r/2)~!
We now establish our result. For convenience, we write ¢(r) = v(r)/*|logv(r)|'*~1/*. Let
Ajr = {V(yj,27%) < cud(27F)}, where ¢, is a constant we will choose later, and the {y;} are
centres of balls corresponding to N¢(G,27%). By Lemma 3.1 and (3.1), we have P(A;;) <

v(2_k)c2c*_a/(1_a) for any j, k. As there are N4(G,27%) > cv(27%)~! disjoint balls of radius 2%
in G, we have

P <iI€1£V(a:,2k) > c*¢(2k)> < me (i, 27%) > cxp(27 ))

( G2—
J— Cc
- %
4(@G,2
H

(1 —P(4;1))
j=1

<.

—a/(1-a)
cv(2_k)_1+02‘3* ).

IN

exp(—
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Thus, as v grows at least polynomially (2.5), by choosing ¢, > Cél_a)/ * sufficiently large, we
obtain from a Borel-Cantelli argument that

: V(@278
limsup inf —————=
k—oo Z€G ¢(27k)

It is easy to check from this that there is a constant ¢ such that

< ¢y, P-a.s.

lim sup inf Viz,r) <cg, P-a.s.
r—0 z€G qb(?")

For the corresponding liminf result, we first note that there exists a collection of points
—k—1
(yl)f\i(lc2 ) such that the balls Bgr(y:,27%1) form a cover of G. For 27% < r < 27F+1 it
holds that 1
Vv Vi(y;, 275
Ve (24
zeG  ¢(r) i=1,..,N(G,2—k—1) ¢p(27F+1)

Using Lemma 3.1 and (3.1) again, it is straightforward to estimate

o V2t MO (V2
g <i1,,__,];?(£,2“) o) = “””) < .2 F < o) = “””)
< CU(Z—k—l)—H—ng—a/(l—a)'
As the volume function grows polynomially, provided we choose z < Cél_a)/ ® we can sum this
expression and, by Borel-Cantelli, see that there is a constant ¢ > 0 such that

liminf inf V(@)
r—0 xeG (Z)(T)

> c, P-as.

4 Quenched on-diagonal heat kernel estimates

We will write P for the law of the FIN diffusion started from p in the fixed environment v
and write E} for the expectation with respect to this measure. We now turn our attention
to bounds for the quenched transition density (pj(z,y))zyeF >0, starting in this section with
quenched on-diagonal estimates. In Section 4.1 we derive pointwise estimates, and in Section
4.2 estimates that hold uniformly on compacts. Our arguments adapt techniques of [10, 21],
which develop heat kernel bounds for resistance forms.

4.1 Local quenched heat kernel bounds

By results of [10, 21], we know that, for the on-diagonal bounds of interest here, it will be
sufficient to understand information about the volume growth of balls in the resistance metric.
We note from [21, Lemma 4.1] that, for resistance balls under the UVD assumption on the base
measure (i, there is a constant Cr < 1 such that for all x € F,r € (0, Rp),

Crr < R(z, Bg(x,r)¢) <.

(Note that here R(z, Bg(x,r)¢) is used to denote the resistance between x and Bg(x,r)¢, which
is defined similarly to (2.2), rather than the minimal resistance distance between z and a point
in the set Br(x,7)¢.) Moreover, the argument of [21, Proposition 4.1] in the case of a measure
satisfying the UVD assumption is a local argument, and can be applied in our case to give the
following.

10
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Lemma 4.1. P-a.s. we have

Py () (T, ) < , Ve e F, re (0,Rp). (4.1)

(x,7)

The corresponding lower bound has a local version that is not so straightforward. The
standard approach to the on-diagonal lower bound is to estimate the tail of the exit time
distribution from balls. In order to do this estimates on the mean exit time are required. Let
Ty =inf{t > 0: X; ¢ A}. The arguments in [21] yield the following.

Lemma 4.2. For P-a.e. realisation of v, it holds that

BTy

IN

o) rVip,r), Ve eF, re(0,Rp/2),

1 1
EpVTBR(p,r) > §CRT‘V <p, 401237') s Vr € (O,RF/Q)
Proof. The main part of the argument of [21, Proposition 4.2] can be used as it relies on Green’s
function estimates which are independent of the measure. In particular, writing gp,,,r) for the

Green’s function for the process killed upon exiting Br(p, ), these estimates can be summarized
as

9Br(or) (P p) =2 CrTy  gBRpr(y) <71, Va,y € Br(p,r), r € (0, Rp/2).
Applying the upper bound here, we deduce that, for all z € F, r € (0, Rr/2),

E;TBR(p,r) = /B ” )QBR(p,r)(x,y)V(dy) < T‘V(p,’r’).
RO,

For the corresponding lower bound, we can follow the argument in [21, Proposition 4.2] to
conclude that gg, () (0, y) > %C’Rr for all y € Br(p, %CIQ%T), r € (0, Rp/2). Hence we have

, 1 1
EpTBR(p,r) - / gBR(p,r)(xay>V<dy) > §CRTV <p7 40%{?”) )
Br(p,r

as desired. ]
We now use these exit time estimates to get a local heat kernel estimate.

Lemma 4.3. For P-a.e. realisation of v, it holds that: for every r € (0,Rp/2) and t <
%CRTV(p7 iC}%T%

102\
DE (W) Vip.r)

Proof. From the fact that

EPVTBR(pvr) S t + E,Z (1{TBR(p,T)>t}Eg(t (TBR(pv"n))> )
using the estimates on the mean exit time we have

1 1 y

§CRTV 0, ZCR’I“ <t+rV(p, r)Pp (TBy(pr) > 1)-

In particular, this implies

1 1 ~2 1,2
3CrrV(p, CRr) t CrV (p, 3Ckr)
PY(T, > 2 1R _ > 1R 4.2
p (Tg(pr) > 1) = rV(p,r) rVip,r) = 4V(p,7) 2

11
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for t < iCRTV(p, %C}z_—{r). Now, by applying Cauchy-Schwarz as in [21, Proposition 4.3], one
obtains the estimate PY(Tg, (. > t)* < p5,(p, p)V (p,7), and so we deduce

2
v CRV(p? 102 T) _
5 (p,p) = (W Vip,r)~ .

O

We next apply Lemmas 4.1 and 4.3 in combination with the volume estimates from the
previous section to deduce quenched local heat kernel estimates for X¥. Our results will be
stated in terms of the inverse of the function

h(r) = rv(r)l/o‘.

We give some straightforward properties of this function and its inverse arising from the volume
doubling property of v(r). The reader may find it helpful to think of the volume growth for the
base measure as given by v(r) = 7%/, which is the case for one-dimensional Euclidean space and
self-similar fractal sets.

Lemma 4.4. (1) The function h(r) is increasing and has a doubling property in that h(2r) <
¢h(r), for ¢ = 2(:;/06 > 2 where cq is the constant that appears in the definition of UVD.

(2) The function has an inverse h=1(r) which is an increasing function for all v < Rp and
satisfies the growth condition 2h~(r) < h=1(ér).

(8) Let ¢ =logé/log2 =1+~/a > 1. There is a constant ¢ such that h(r) > ér? for r <rp
and hence there is a constant ¢’ such that h=(r) < ¢r'/9 for all r < rp.

(4) r/h=(r) > =Y/ is increasing in . In particular

clh_l(r)|logr|1/q

IN

1
h=t(r|logr|) < CQh_l(T’)| logr|, r< min{i,RF},
1
03h_1(r)(log | log r|)1/q < h_l(r log|logr|) < C4h_1(7") log|logr|, r< min{i,RF}.

Proof. These are easy consequences of the fact that v(r) is increasing and has the volume
doubling property. O

Theorem 4.5. (1) There exists a deterministic constant ¢ and a random constant tg such that

hL(t
®) (log | log t[)1=)/e | Vit < tp, P-a.s.

pi(p,p) < c
(2) For any € > 0, there exists a deterministic constant ¢ and a random constant tg such that
hlt
i (p,p) > Ct()| log t|~30+e)/e vVt < tp, P-a.s.
(8) Also there is a random infinite sequence of times t, with t, — 0 such that
h™ (tn)

Py, (p,p) < t7| log t,,| =9/, Vn € N, P-a.s.
n

12
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Proof. The upper bound of (1) is a simple application of the upper heat kernel estimate (4.1)
in terms of volume growth, and the lower bound on the volume growth result in Lemma 3.2(3),
with the properties of the function A~! from Lemma 4.4. That is if t = 7V (p,r), then
pi(p,p) < er/t. Then for t > crv(r)|log|logv(r)||'=V/* = ch(r)|log|log h(r)/r||}~/* we
require h(r) < t|log |log (t/h=(t))]|*=®)/®. Using the lower bound on t/h~'(t) and then prop-
erty (4) of Lemma 4.4 gives the result.

The bound at (3) is another straightforward consequence of (4.1), the lower bound on the
volume in Lemma 3.2(2) and the properties of A1,

For the lower bound of (2), we use Lemma 4.3 and apply Lemma 3.2 again to deduce that
(with a modification of € in the last line)

2
CrV (p, 1CEr) 1
14 > - v g Jfv 7 ‘/
th(pa 10) - < 4V(p, T‘) (/07 T‘)

cv(r) ™/ log () |30/ (log | Tog w(r)] )~ 1/°)
cv(r) ™/ log u(r) S0+,

AVANIY

provided r is such that ¢t < %CRTV(,O, r). This will hold if we take r such that
t < ro(r)!/*(log | log v(r)]) !~/ = ¢'h(r)(log | log (h(r) /r)[)' 71/

Inverting this gives r > ¢’h=1(t)(log |logt|)1=®)/®. Substituting this into the above bound
leads to

—-3(1+4¢)/a
y er h(r)
> —— |log —=~
P (p,p) = nr) ’ 0g
Substituting in for 7, using the properties of A~ and adjusting ¢ gives the result. O

We can prove a sharper version for the upper fluctuations. In order to do this we consider
a slight modification of our function h and define hy(r) = rv(r)/*(loglog v(r)) =/,

Theorem 4.6. We have

4
t
0< limsup;lM < oo, P—a.s.

10 Dy (t)
Proof. The upper bound is essentially derived in the proof of Lemma 4.5.
For the lower bound we use Lemma 4.3. By Lemma 3.2(4) we have a sequence {7, }>%; such
that V(p,rn) < cv(rn)*(og|logv(r,)|)' =/, We also know that
1 1 1
Vip, 1CBra) > ¢o(5Chra) (0 log o( 3 Chra) )~/ > ¢"o(ra) (105 Tog (ra) )~/
Thus, almost surely, there is a sequence of times {t,}>>; such that for

ty, < C//Tnv(rn)l/a(log ’ logv(rn”)lil/a = C//hll(rn)7

N

we have p,, (p, p) > ¢"v(r,) Y% (log|log v(ry,)[)/*~ 1. That is py, (p, p) > by ' (tn)/tn, Which
gives us the result. O

Finally, note that in the case where v(r) = 7%/, we obtain (1.6) from Theorem 4.6, and (1.7)
and (1.8) from Theorem 4.5.

13
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4.2 Global quenched heat kernel estimates

We can use the same ideas as in the previous section to obtain bounds on the on-diagonal heat
kernel that are uniform on compacts. Throughout, we let G C F be a closed ball with radius
in (0,00). We begin with the behaviour of the infimum. The atoms of v result in points where
the heat kernel does not diverge as t — 0.

Theorem 4.7. There exist random constants c1,co and a deterministic constant tgp such that

0 <c < inf pf(z,x) < co, Vi < tp, P-a.s.
zeG

Proof. By the proof of Theorem 10.4 and Lemma 10.8 in [20], we have that pf (z, ) is a strictly
positive decreasing function of ¢ for each x, and so infycq py (x, ) > inf e py, (v, x) for t <tp.
Applying the continuity of the heat kernel (see [20]), the latter is strictly positive. Thus we
have the lower bound.

For the upper bound we observe that if we take a point (v;, ;) with z; € G in the Poisson
process, then inf,cq pf (z,z) < pf(x;,x;) for all ¢ > 0. From the local upper bound (4.1) we
have, as v(BRr(z;,7)) > ¢, that p{(z;,z;) < ¢, and the result follows. O

For the supremum of the heat kernel, we have the following estimates.

Theorem 4.8. For any ¢ > 0, there exist deterministic constants c1,cs and a random constant
tr such that

h(t h(t
" 1og 509/ < suppi(a.a) < 2" rogef e,
[AS

for every t < tp, P-a.s.

Proof. The upper bound follows from (4.1) with the lower bound on the infimum of the volumes
of balls. That is if we set t = rV (z,r) we have pi(x,z) < cr/t. By choosing

(1)

we have, using Lemma 4.4(4), that » < ¢h~(t)|logt|(!=®)/®_ Substituting this in for r in the
upper bound on p;(x, z) gives the uniform upper bound.
The lower bound is a simple consequence of Theorem 4.5(2). ]

1-1/a
t>r ingV(:v, r) > ch(r) , (4.3)
Te

We can also give a fluctuation result for the supremum of the heat kernel. For this we
consider the function hy(r) = rv(r)/*|logv(r)|*~1/e.

Theorem 4.9. We have

14
t
0 < limsup SUPseq Pi (7, 7)

<00, P-a.s.
£0 hl(t)

Proof. For the upper bound we just make a minor modification of the proof of the upper bound
in Theorem 4.8, using our function h;(t) in (4.3).

For the lower bound, by Lemma 3.4, there is a sequence of points and radii {xy,r,}22,
with x,, € F and 7, — 0, such that V(z,,r,) < cv(r,)"*|logv(r,)|'~1/*. We also obtain by
applying the lower bound in Lemma 3.4 and then UVD,

Vi(zn, %C’%rn) > clv(%Cﬁrn)l/al logv(iC%rn)\lfl/a > cw(rn)l/a| log v(rn)\lfl/a.

14
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Thus, if we take t,, = hy(r,) we will have a sequence of points and times, with ¢,, — 0 such that
as tn, = hy(ry) < iC’anV(aﬁn, ), by Lemma 4.3, we have

- hl (Tn) tn

This gives the lower bound on the upper fluctuation of sup,cq pi(z, z). O

C’RV(a:n,csrn))Qv(x . )71> Crn chfl(tn).

> J—

Again we can specialize these results to the case where v(r) = 7%/ to obtain (1.4) and (1.5).

5 Annealed heat kernel and exit time estimates

In this section, we prove Theorem 1.1. Throughout, we suppose that UVD and MC hold,
with the latter condition giving us the existence of a metric d for which d =< R? for some
B > 0. Moreover, for the entirety of this section, we also suppose that X is a diffusion (i.e. has
continuous sample paths). Note that this implies that, for P-a.e. realisation of v, XV is also a
diffusion. In the proofs of both the upper and lower annealed heat kernel bounds, we will apply
chaining arguments, the success of which depends on exploiting the independence of v between
disjoint regions of space.

The annealed heat kernel result is also closely linked to the following exit time bound. To
state this, we use the abbreviation

Tp = TBy(p,0)

for the exit time of the ball By(p, D) by X”. We will also write

Ba() = / PY(-)P(dv)

for the annealed law of X started from = € F', and Dp := sup, ,cp d(x,y) for the diameter of
F' with respect to d.

Theorem 5.1. (a) Suppose UVD and MC hold, and that X is a diffusion. Then there exist
constants a,cq such that

P,(Tp < T) < e~aN@) VD € (0,Dp/2), T € (0, h(RF)),

where N(a) is defined as at (1.2) with T in place of t and D in place of d(z,y).
(b) Suppose UVD and GMC' hold, and that X is a diffusion. Then there exist constants a,c1, ca
such that

P,(Tp <T) > cre~ N @ VD e (0,Dp/2), T € (0, h(Rr)),

where N(a) is again defined as at (1.2) with T in place of t and D in place of d(zx,y).

5.1 Proof of upper bounds

We start with the proof of the upper annealed exit time bound.

Proof of Theorem 5.1(a). Let N = N(a). Clearly we can assume N > 1, else the result is
trivial. We also note that it is an elementary exercise to check from condition MC and the
definition at (1.2) that N is finite. Set A = D/N, and define a sequence of stopping times
(03)i>0 by setting o9 = 0, and

Oit1 :inf{t>ai: inf d(X;j,ng) ZA}

s<o;

15
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(Note this sequence might terminate if the space has finite diameter.) Moreover, write
gi=inf {t >0;: d(XJ,X}) > A/2},

so that 09 < 69 < 01 < G1.... Since X is a diffusion (and so does not jump at the relevant
stopping times), we have that X[0 e B4(0,iA), and so on < Tp, which implies

Py(Tp <T) < Pplon <T)

N-1

< ]I%(Z(&i—ai)gT)
1=0

< TR, (0T )

for any 6 > 0. Now, note that we can write

57—072/ (L&x(z)—Lgx(m)> v(dx), i=0,...,N—1,
Ba(X_x,A/2) ’ !

where 5;)( and UZ-X are defined similarly to 6; and o;, but with the Brownian motion X in place

of the FIN diffusion X". Since the balls By(X, X,A/Q) t =0,...,N — 1, are disjoint, we

thus have that, conditional on the Brownian motion X, the random variables (5; — o) 01 are

independent. In particular, this yields
X) ) .

Applying the strong Markov property for X at time U])V(_l, we consequently find that

X) xEx <€9&0)> . (5.1)

In the next part of the proof, we derive the following bound:

P, (Tp < T) < "E, (HE (*901 o)

P,(Tp <T) < TE, (HE (*901 oi)

E. < 900) <1l—c1+ (5.2)

9h(r)’

where we write r = ¢AY? for ¢ a constant depending only on the constants of the condition
MC, chosen so that Bg(z,A/2) DO Bgr(z,r), uniformly in  and A. First, recall from (4.2) that

aV(z, 1C%r) t
V(z,r) rV(z,r)

Now, by stochastically dominating &g below by a non-negative random variable whose dis-
tribution function is equal to the expression on the right-hand side above on the interval
[0, 17V (@, 2C%r)] (cf. [2, Lemma 1.1]), we find

12 Vv C —0
EY (679&0) < 1- M 4 /017“ (#3Cr) eisds
0

Vix,r) rV(x,r)
B a1 V(x, ic%r) 1
- V(z,r) Orv(z,r) (5:3)
16
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We next apply the coupling with a stable process of Lemma 3.1 to deduce that

V(IE o2 T) ﬁc v(XC%r) Ec v(2C2%r) /ey (r) ﬁc /cuc?
E| 4RV ) S g | 2RAVRY ) R Vg~ RT/ Cu >E 1Culq | _
< V(QZ, 7“) - ﬁcuv(r) L1 - L1 c2 >0,

(5.4)
where for the first equality we apply the self-similarity under scaling of the process £, and for the
second inequality we repeatedly apply the doubling property of v and set n = [— log 46% /log 2].
(Note that, since Cr < 1, we have that V(z, 1C%r)/V (z,r) < 1, and so the above expectations
are finite.) Furthermore, again applying Lemma 3.1 and the self-similarity of £, we have that

5 () <1 () (55)

From (3.1), we have that the expectation on the right-hand side here is finite. Substituting
(5.4) and (5.5) into the P-integrated version of (5.3), and relabelling the constants, we obtain
the bound at (5.2).

Returning to (5.1), we apply the bound of the previous paragraph to deduce that

X)) 8 (1_ 9}5@«))‘

P,(Tp <T) <60TE (HE (_901 oi)

Iterating the argument, this gives
€2 N 0T —c1 N+ 42—
P,(Tp <T)<eT(1- — ) < N+
s < (1-atgis) <
To optimise this bound, we take § = /coN/Th(r), which yields

c TN
Pp (TD < T) < 6*01N+2 2 <e —61N+N\/

where the second inequality follows from our choice of N. Thus taking a large gives the desired
conclusion. O

To establish the on-diagonal upper bound of Theorem 1.1(a), we use the techniques devel-
oped in [4, 11].

Proof of Theorem 1.1(a). For the first part of the proof, we suppose that at < h(d(x,y)l/ﬂ),
where a is the constant of Theorem 5.1(a), so that N(a) > 1. We decompose the heat kernel as
follows:

pt”(:v,y)é/ pt”/g(w,Z)pt”/z(z,y)V(dZ)+/H Pyro(, )P p(z,y)v(dz) = I + I, (5.6)
Y,z z,Y

where H,, :={z € F': R(z,2z) < R(y,2)}. (Note that, for ‘typical’ z,y, H,. = Hg , up to a
set of zero v-measure, and so the inequality above can be replaced by an equality. However, in
general this is not true, since it might be the case that there is an atom of v equidistant from x
and from y.) Hence note that, by symmetry, to complete the proof it will suffice to show that

-1
< 40 v,
- t

17
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To this end, writing B = Bg(z, 1R(z,y)), H = H,,, observe that (since X is a diffusion)

L = / P} (Tp € ds, X%, € dw) / P} (Ty € ds', X7, € duw')
[0,t/2]x8B [0,t/2—s]xOH

< /H oy (W 2855 9)0(d2)

IN

/ P} (T € ds, X7, € dw) / Py (Ty € ds', X%, € dw') pi_,_g(w',y)
[0,¢/2]xOB [0,t/2—s]xOH

IN

/ P} (T € ds, X7, € dw) / P} (Ty € ds', X7, € duw')
[0,t/2]x8B [0,t/2—s]xOH

X \/péj/Q(w,7 w/)p;’/Q(y7 y)

/MP:L’ (Tp < t/2, X7, € dw) /aHPw (X1, € du') \/pf/g(w’,w’)pt”/g(y,y),

IN

where for the second inequality we apply Cauchy-Schwarz to obtain that p} . (w',y) <
[ (T w’)l/zpt”_s_s, (y,y)'/2, and apply the fact that the on-diagonal part of the heat kernel
is monotonically decreasing as a function of ¢t. Moreover, for the third inequality, we use that
the hitting distribution of X¥ is the same as for the Brownian motion X. Now, for a fixed t,
define A, to be equal to

”<h71(t/4ﬁ)31/a <V (2, h Nt/4N)) < Xo(h~H(t/AN)Y*, 2 € {w'»y}} )
(log A) "o

where Ao will be chosen below. Recall from (4.1) that Phrv( )(z, z) < 2V(z,r)~1. Thus, for

r = h~1(t/4)\) with A contained in the set defining A, ,, we have 2rV(z,r) < t/2for z € {u', y},
and so

inf{)\>)\o:

1—

2 __ 2(og A) _ ci(log A) S a ALY
Vi(z,r) = v(h=1(t/4N)) /e = t ’
where the final inequality is a consequence of property (2) of Lemma 4.4 (see (2.5) for the
definition of ). In particular, this implies, for any ¢ > 0,

Pia(2,2) < Vze{w',y}, (5.7)

o

’
w7y

t

ClA

EIL < / / E | P/ (T <t/2, X%, € dw) P, (X1, € duw')
oB JOH

Observe that MC, Lemma 4.4 and our assumption at < h(d(z,y)/?) imply Bg(z, h='(t/4)\))N
B = ) for A > X\p uniformly in z € OH U {y} (and moreover this choice of \g can be made
independently of x and y). It follows that A, , is v|ge measurable. Since P} (T < t/2, X7, €
dw) Py (X7, € dw') is v|p measurable, we obtain that

Je
et~ (H)E (A;;,*;“)
t
We next observe that the stable tail estimates of (3.1) and (3.2) imply that P(A,/, > A) <

EL < / P, (T < t/2, XY, € dw) / Py (X1, € du') (5.8)
0B OH

L-‘r&
coA~%. Hence E(Ag,*; ) < c3 whenever aiﬂ + & < a. In particular, we can always choose &
small enough so that this is satisfied whenever

21 4~ —
a> o= W € (0,1). (5.9)

18
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Returning to (5.8), this yields that, for a > a,

-1
El, < / P, (T <t/2, X7, € dw)/ Py (X7, € duw') ch”_(1)
oB OH t

ALt
= ar v . Op, (T < t/2).
The result is thus a consequence of Theorem 5.1(a).
Finally, in the case when N = 0, we start by applying the Cauchy-Schwarz inequality to
deduce that p¥(z,y) < p¥(x,x)?pY (y,y)'/2. Hence, if we define Az similarly to above, then
we can proceed as at (5.7) to deduce, for any £ > 0,
i"’
Ay

()

() < S50

Taking expectations as before yields the result in the case. O

5.2 Proof of lower bounds

Throughout this subsection, we suppose that UVD and GMC hold, so that, in particular, d is
a geodesic metric. We start by checking the lower heat kernel bound using a standard chaining
argument.

Proof of Theorem 1.1(b). Set N = N(a). Suppose that N = 0, meaning that at > h(d(z,y)"?).
By (2.3) and (2.4), we have that

[0} (2, y) — b (w,2)* < € (0f (), Y () R(z,y) < 19 (2, 2) Rz, y). (5.10)

In particular, since R(x,y)? < ci1d(z,y), we have that

v v CQd($7y)1//B v C3h_1(at)
T,y) > z,x) |1 —/|————— | > z,x) |1 — | ————= . 5.11
Py ( y) Pt ( ) tpt”(a:, a;) Pt ( ) tpf{(a?, z) ( )

Now, consider the event Ay := {A\"tv(r/\) < V(z,7/2)) < V(z,7/A) < dv(r/A)}. On Ay, we
obtain from Lemma 4.3 and UVD that p¥(z,z) > c¢(A)h~1(t)/t, where ¢()) is a deterministic
function of A taking values in (0, 00). Inserting this bound into (5.11) and taking expectations

thus yields
c -1 czh™(a
e > S0 (1 [0 o

By (3.1) and (3.2), it is possible to choose A large enough so that P(Ay) > 1/2. Moreover, given
)\, taking a small ensures that csh™!(at)/c(A\)h~1(t) < 1/4, and this is enough to complete the
proof in this case.

We now turn our attention to the case when N > 1. Let A = d(z,y)/N, and let (z;)¥,
be points on a geodesic from x to y such that d(z;,z;+1) = A. For ¢ = 0,...,N, let B; :=
By(x;i, AJ4), Bl := By(z;,c1A), where ¢; > 1 is a constant that will be chosen below. Further-
more, write B := UY | B;, and set A; := Bj\B, and A; := B/\(A;_1 UB),i=2,...,N. Note
that Aq,..., AN, B1,..., By are disjoint. We define associated events

B(A;) = {V(Ai) < v(r)l/a}, E(B;) := {I/(Bi) € v(r)l/e [2,4]}7
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where 7 := AY8. We have that
P (E(A) 2 P (v(B) < o(r)"/?) =P (Lypy < o)) =P (Lugppjuen <1) = 2

where the final inequality holds because p(B}) < czv(r) (by UVD and GMC). Moreover, since
w(B;)/v(r) € [ea, c5], we similarly have that

P (E(B:) = P (Lo € [2:4]) > inf P (L € [2,4]) > ce.

tE(ca,cs]
Thus we conclude that, if F :=NY (E(A;) N E(B;)), then
P(E)>e N, (5.12)

For the remainder of the proof, we assume that E holds, and establish a lower heat kernel
bound on this event. First note

N
paw)z [ vdne [ vlduo) TL o) (5.13)
By Bn-1 i=1
where yg = x and yy = y. Note that, by proceeding similarly to (5.11), we have that
csrIN
pynWi—19i) 2 PN Wi y) |\ L= = |- 5.14
by wi-1,9) 2 Py (0 ) ( tpyn (Wi i) (5:14)

Moreover, by Lemma 4.3, it holds that

CgV(yi, ’F/Q
Now, choose 7 := ¢1or, with ¢ large enough so that Bgr(y;,7/2) 2 B;, noting in particular this
implies (on E)

)\ 1 ) L
> Vi)’ Vi < Rp/2, t/N < 5091"V(yi,r/2). (5.15)

PN (Y, ¥i) = <

V(y;, 7/2) > 2v(r)V/e. (5.16)

Then let c; be large enough so that B; 2O Bg(y,) for all y € B;. Since B{ N Bj # () only if
li — j| < 2¢1, and B} N Bj # 0 can only occur if |i — j| < ¢; + 1/4, it must be the case (on E)
that

V(yi, 7) < 2(2¢1 + Do) +2(c; + 1/4 + Do) < eqqo(r) /e (5.17)

Combining (5.14), (5.15), (5.16) and (5.17), we thus obtain

C12 [esh(r)N c13
; i—1y Y1 2 1-— Z ’
pt/N(y 15 Yi) v(r)l/o‘ c1at U(T)l/a

where we used that at/N < h(AY?) < ci4h(r) and at/(N + 1) > h((N/(N + 1))/PA/B) >
c15h(r), and have adjusted a to be suitably small so that the constant ci3 is strictly positive.
Returning to (5.13), and recalling (5.16), this implies that on F we have that

C16 e—c17N > cl8h71(t) e—clgN
v(r)l/e - t '

Pl (z,y) >

The result follows from this and the estimate at (5.12). O]
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Finally for this section, we prove the lower exit time bound.

Proof of Theorem 5.1(b). Let D < Dp/4, and suppose N = N(a) > 4, where a is the constant
of Theorem 1.1(b). Let y € By(p,3D)\Bqa(p,2D), and N = N(a) be defined similarly to (1.2)
from d(p,y) and T. In particular, it follows from the fact that d(p,y) > D that N > N > 4.
This implies By_, € Ba(p, D)¢, where By_, is defined analogously to the definition of By_;
in the previous proof. In particular, appealing to the estimates deduced in the latter argument,
we have

N=1
v(dy1)- / v(dyy_y) H p;//]\}(yifl»yi) > e N
! i=1

N-1

PY(Tp <T)> Py (X;€Bg_,) > /B

on E (where this event is now defined with terminal points p and y). Since N < N(a’) for
suitably large @, this completes the proof when N > 4. If N < 4, then this simply implies
aT /4> h((D/A)YB), i.e. T > coh(DY?), and so

PY(Tp <T)> P! (TD < th(D1/5)> . (5.18)

Now, by choosing a” small enough, we obtain a”’cyh(DVY?)/4 < h((D/4)'/8). Moreover, we
have that v(DY#) > cskv((D/k)'/?) (by UVD and GMC), and so

D\ /8 . a’e h(Dl/ﬁ)
b < ek 1Bp (DUB) < T2
h<<k> )_cm B (D7) < 2

for k > ko. This implies we can estimate the right-hand side of (5.18) below by e~ = ¢g > 0
by applying the first part of the proof, and the result follows by adjusting the constants. O

6 Quenched off-diagonal heat kernel estimates in one dimension

Here we show that it is possible to obtain well-behaved off diagonal estimates as the randomness
in the environment is averaged over the path between points. We start by estimating the short
time tail of the exit time distribution and then use this to establish our heat kernel estimates.
We will work in one-dimension only for this part. In this case, the resistance metric is equal
to the Euclidean distance, and we write B(x,r) = Bgr(x,r). For our first result, a hitting time
estimate, we use the notation

7, = inf{t > 0: X/ =}

Theorem 6.1. For the one-dimensional case we fix D > 0, then there exist constants c¢;,1 =
1,...,4, such that, P-a.s, there exists a tog > 0 such that for all t < tg

Dlt+l/a @ Dl+l/a @
crexp | —co " <Py (tp <t)<czexp | —c4 " .

Proof. Define N :=sup{n > 1: at/n < (D/n)'*'/*}, where a will be chosen in the proof. Note
that N = (Dt1/®/t)*, Firstly we establish the upper bound. We have a fixed environment v.
We follow the proof of the upper bound of Theorem 5.1. Let A = D/N. We set 0p = 0 and let
o; =inf{t > 0: X; =iA} fori =1,..., N be the successive visits to the points iD/N. Using
this we have 7p = oy = Zf\il(ai —0;—1). We note that {o; — Ui—l}fil are independent random
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variables with their distribution depending on the environment. By Markov’s inequality we
have

PY(p<t) = BY(e > e
e@tE(I)/efeTD

N
€9t H E[I)/efe(aifci,l)
=1

IN

N
_ e@t HEE/i—l)Ae_eal(i)
i=1

where o1 (7) is the first hitting time of A started from (i — 1)A. As 01(i) > T((i—1)a,a) We can
now use (4.2) as in the derivation of (5.3) to obtain

aV((i—1)A,1CEA) 1

v —001(9)y « gV —0Tg((i-1)a,0)) < 1 — .
Efi_na(e™"™0) < Bj_yale JET TG DAA) T AV(G- DA A)

Let A; = 1V ((i—1)A, 1C%A)/V((i —1)A, A) which has the same law as ¢;V (0, 1C%)/V(0,1)
under P, and let B; = v(A)Y*/V((i — 1)A, A) which has the same law as 1/V(0,1) under P.
We can then write

P! (tp <t) < eetﬁ <1 — A + 0}52)) = exp <9t—é<Ai - ehlfg))) .

=1

We now observe that A; are positive and bounded random variables and hence all moments
exist. We also note that, by the lower tail estimate in (3.1), B; have polynomial moments.
Now let Oy = nh(A)~!, then by a standard fourth moment estimate we have for any § > 0, a

constant C' such that
N
B; B
i=1 N n

1
Pl =
(%
A straightforward Borel-Cantelli argument yields
N
1 B; B

Thus, if 7 is chosen large, then there exist constants Ng and C > 0 such that

> (4 oy ) 2 O

=1

> 5) <CN~2

for N > Ny, P-almost surely. Using this we have that for N > Ny

Pé’(TD St) < eXp(QNt—CN>

N 141/«
= exp (77 <D> t—CN
NN/t
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< exp(—(C —an)N).

Thus by choosing a small we have the upper bound.

For the lower bound we consider the following events. Recall X denotes the one-dimensional
Brownian motion that we are time changing, and {L;(z) : 0 < t} is its local time process at x.
Consider the events

. t
Loslle < Fvi—na, o)

Ei={Xi:0i1 <t <o;} C[(i —2)A A} n{||L;, —

By construction of these events we have NY | E; C {rp < t}.

By the strong Markov property, the events E; are independent (given v), and hence Py (7p <
t) > Hf\;l Py(E;), where we note Py(E;) is a random variable depending on V' ((i —1)A, A). For
the Brownian motion to remain in the interval ((: —2)A, A) up to time o; we must we have the
process exiting the interval at iA and hence Py_1a(Xy € ((i — 2)A,iA] : t < 0y) = 1/2, and
hence PY(rp < t) is bounded below by

N
t

—-N o ) < o <1< o . ] .

2 7’];EP)O <”Lm La'thOO > NV((Z — 1)A,A) {Xt i1 <t< Uz} C [(Z 2)A,ZA])

On the event E; we have Brownian motion in the interval ((i — 2)A,7A) and hence on E; we
have ||Ly; — Ly, ,||oo is equal in distribution to ||Lyar ,|lec. Thus we want to consider the
random variable || Lz ar_; || co-

Lemma 6.2. There exists a constant ¢ such that
PO(HLTI/\T71HOO < /\) >ch, O0< A<,

Proof. Clearly ||Lrar,|loo < Supge[—1,1) Lr () and thus

Po(llLrynr_ylloo £ A) > Py S[UP }Lﬁ(‘r) < ).
ze[—1,1

Thus we just consider Fy(supgejo L () < A). By the first Ray-Knight Theorem we have
L., (2—x)=Z;, for 0 <z <2 where Z is a square Bessel process of index 2. Hence

PO(HLT1/\711HOO < )‘) > PO( sup Z; < /\)'
z€[0,2]

The square Bessel is the square of the radius of a two-dimensional Brownian motion W =
(W1, W?) and hence
Py( sup Z, < \) = Py( max |[W,| < V).
z€[0,2] 0<z<2
By scaling, considering a box inside the ball of radius 1 and using the reflection principle, we
can write this as

Py(sup Z, <\) = Py( max |[W;|<1)

2€[0,2] 0<z<2/X

> P wl<1/v2 W2 <1/V2
0(0§I22§//\ r = /\[’ognxlg/A - S1/V2)

= Py( max W} <1/v2)?
0<z<2/X

= APy (0 < Wy, < 1/V2)?
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VA/2
= i(/o exp(—y?/2)dy)”.

Finally, from the asymptotics of the integral, for small A, there is a constant ¢ such that

PO(HLTl/\T_lHOO < )\) > PO( sup Zm < )\) > cA.
z€]0,2]

O]

We now continue the proof of Theorem 6.1. With this lemma we can obtain our lower bound
result as

N N .
I%WD§t>2112Nv«ﬂan¢m::“p<_§:k%<2NV«t;UAJM)>‘ (62

i=1 =1

We note that by scaling and choice of N we have V¥ := 2NV ((i — 1)A,A)/ct < JV(0,1)
in distribution. Hence, as the logarithmic moments of the volume will exist for all & > 0 we
proceed in the same way as for the convergence result (6.1) to see that there is a C' > 0 such

that
N

> log, (V) <CN, P-as.
=1

Using this in (6.2) we have the lower bound. O

We now combine this with the on-diagonal part to establish our quenched heat kernel es-
timate Theorem 1.3. Firstly we give a result connecting the tail of the exit time distribution
with the lower off-diagonal heat kernel estimate.

Lemma 6.3. P-a.s., for every x,y € F', t > 0,

pi (@, y) = Py (ry <t/2) p{ (y,y)

Proof. The following proof holds P-a.s. Fix z,y € F', t > 0. Since the heat kernel is continuous,
we have that

14 y 1 1% 1%
pi(w,y) = ;%mpx (X{ € Br(y,¢))

1
lim —PY (1, <t/2) inf PY(X'€B
I v vt mf By (X5 € Brly.€)

v

1
— PY(r, <t/2)1i inf s (y, 2)v(dz).
v (7y = 1/2) lim Vo) t/2u<15<t/BR(y,a)p (y, 2)v(dz)

Now, proceeding as at (5.10), we have that, for any z € Br(y,¢) and s € [t/2,1],

€ 2e
Ps(Y,2) > 05 (Y, y) (1 - ) >p{W (L= |-
’ i sp¥(y,y) ! tpY (v, y)
Thus we have deduced that

2e
pi(w,y) > Py (ry <t/2) limpy (y,9) | 1 — | 57— | »
t(@y) 2 Py (1y < 1/2) lim pi/(y, y) Y

from which the result follows. O
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We are now ready to prove Theorem 1.3.

Proof of Theorem 1.3. In a similar way to the derivation of (5.6), conditioning on 7, where
m = (z +y)/2, we have

t/2
Payy) < /H /0 P (i € ds)p!)s_, (m, 2)p a2, y)0(d2)
Y,z

t/2
—i—/ / Py (Tm € ds)pyjo_s(m, 2)p) (2, 2)v(dz) =11 + L.
Hapy JO

For the first term, integrating out z over R and applying Cauchy-Schwarz (as well as the
monotonicity of the on-diagonal part of the heat kernel) yields

1/2

s | P € ds)pa(msy) < P (Tm < )y fp0msmipgs (5, 4).

The same bound holds for Iy with x and y reversed. Thus applying our local on-diagonal
estimate (Theorem 4.6) and the tail estimate for the exit time distribution (Theorem 6.1) we
have the upper bound.

For the lower bound we just apply Lemma 6.3 along with our estimate for the lower bound
on the tail of the exit time distribution (Theorem 6.1) and the local on-diagonal heat kernel
bound (Theorem 4.5(2)). O

We also have a Varadhan type estimate.

Corollary 6.4. In the one-dimensional case, there exist constants ci,co such that, P-a.s.,

1| DIV < liminf —t*log PY (rp < t) < limsup —t* log P¥(mp < t) < ¢o|D|**/*, VD e R.
t—o0 t—o0

Proof. Tt follows from Theorem 6.1 that the claim holds P-a.s. for a countable set of D, and
hence by monotonicity for all D. O
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