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Abstract

Given a sequence of resistance forms that converges with respect to the Gromov-
Hausdorff-vague topology and satisfies a uniform volume doubling condition, we show
the convergence of corresponding Brownian motions and local times. As a corollary of
this, we obtain the convergence of time-changed processes. Examples of our main
results include scaling limits of Liouville Brownian motion, the Bouchaud trap model
and the random conductance model on trees and self-similar fractals. For the latter
two models, we show that under some assumptions the limiting process is a FIN
diffusion on the relevant space.
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1 Introduction

In recent years, interest in time-changes of stochastic processes according to ir-
regular measures has arisen from various sources. Fundamental examples of such
time-changed processes include the so-called Fontes-Isopi-Newman (FIN) diffusion [21],
the introduction of which was motivated by the study of the localisation and aging
properties of physical spin systems, and the two-dimensional Liouville Brownian motion
[11, 23], which is the diffusion naturally associated with planar Liouville quantum gravity.
More precisely, the FIN diffusion is the time-change of one-dimensional Brownian motion
by the positive continuous additive functional with Revuz measure given by

v(dx) = Zviémi(d:p), (1.1)
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where (v;, 7;)iew is the Poisson point process with intensity av~!~*dvdz, and J,, is the
probability measure placing all its mass at z;. Similarly, the two-dimensional Liouville
Brownian motion is the time-change of two-dimensional Brownian motion by the positive
continuous additive functional with Revuz measure given by

v(dx) = e“V(I)f%QE(V(I)Q)da: (1.2)

for some xk € (0,2), where ~ is the massive Gaussian free field; actually the latter
description is only formal since the Gaussian free field can not be defined as a function
in two dimensions. In both cases, connections have been made with discrete models;
the FIN diffusion is known to be the scaling limit of the one-dimensional Bouchaud
trap model [10, 21] and the constant speed random walk amongst heavy-tailed random
conductances in one-dimension [13], and the two-dimensional Liouville Brownian motion
is conjectured to be the scaling limit of simple random walks on random planar maps
[23], see also [20]. The goal here is to provide a general framework for studying such
processes and their discrete approximations in the case when the underlying stochastic
process is strongly recurrent, in the sense that it can be described by a resistance form,
as introduced by Kigami (see [31] for background). In particular, this includes the case
of Brownian motion on tree-like spaces and low-dimensional self-similar fractals.

To present our main results, let us start by introducing the types of object under
consideration (for further details, see Section 2). Let I be the collection of quadruples of
the form (F, R, i1, 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 Borel regular measure of full support on (F, R)
(for clarity, note that whenever we refer to the support of a measure, we mean its closed
support); and p is a marked point in F'. Note that the resistance metric is associated
with a resistance form (€, F) (see Definition 2.1 below), and we will further assume that
for elements of IF this form is regular in the sense of Definition 2.2. In particular, this
ensures the existence of a related regular Dirichlet form (£, D) on L?(F, 1), which we
suppose is recurrent, and also a Hunt process ((X;):>0, Py, « € F') that can be checked
to admit jointly measurable local times (L(x))zecr>0. The process X represents our
underlying stochastic process (i.e. it plays the role that Brownian motion does in the
construction of the FIN diffusion and Liouville Brownian motion), and the existence of
local times means that when it comes to defining the time-change additive functional, it
will be possible to do this explicitly.

Towards establishing a scaling limit for discrete processes, we will assume that we
have a sequence (F,,, Ry, fin, pn)n>1 in F that converges with respect to the Gromov-
Hausdorff-vague topology (see Section 2.2) to an element (F, R, i, p) € F. Our initial
aim is to show that it is then the case that the associated Hunt processes X" and their
local times L™ converge to X and L, respectively. To do this we assume some regularity
for the measures in the sequence - this requirement is formalised in Assumption 1.2,
which depends on the following volume growth property. In the statement of the
latter, we denote by B,,(z,r) the open ball in (F,,, R,,) centred at x and of radius r, and
also ro(n) := inf; yer,, o2y Bn(z,y) and r(n) == sup, yep, Ru(z,y). (NB. We allow the
possibility that r¢(n) = 0 and/or r,(n) = c0.) We note that this control on the volume
yields an equicontinuity property for the local times.

Definition 1.1. A sequence (F,, Ry, fin, Pn)n>1 in F is said to satisfy uniform volume
growth with volume doubling (UVD) if there exist constants ci, ¢z, c3 € (0,00) such that

c1v(r) < pn (Bp(z,7)) < cu(r), Vo € Fp, r € [ro(n), reo(n) + 1]

for every n > 1, where v : (0,00) — (0, 00) is non-decreasing function with v(2r) < cgv(r)
foreveryr € R;.
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Assumption 1.2. The sequence (F,,, Ry, tn, pn)n>1 in I satisfies UVD, and also

(anRnu,u/nupn) - (F7 R7 122 p)u (13)

in the Gromov-Hausdorff-vague topology, where (F, R, i1, p) € TF.

It is now possible to state our first main result. We write D(R, M) for the space of
cadlag processes on M, equipped with the usual Skorohod J; topology. The definition of
equicontinuity of the local times L™, n > 1, should be interpreted as the conclusion of
Lemma 2.9.

Theorem 1.3. Suppose Assumption 1.2 holds. It is then possible to isometrically embed
(F,,Ry,), n>1, and (F, R) into a common metric space (M, dys) in such a way that if X"
is started from p,,, X is started from p, then

(th)tZO - (Xt)tzo

in distribution in D(R., M). Moreover, the local times of L™ are equicontinuous, and if
the finite collections (x?)_, in F,,, n > 1, are such that dy;(z?,z;) — 0 for some (x;)%_,

in F, then it simultaneously holds that

(Ly (x?))i:L...,k,tzo — (L¢ ('ri))izl,..‘,k,tzo ) (1.4)
in distribution in C(R., R¥).

From the above result, we further deduce the convergence of time-changed processes.
The following assumption adds the time-change measure to the framework.

Assumption 1.4. Assumption 1.2 holds with (1.3) replaced by
(FI'L7 R7l7 ,ILTL) VTL? pn) % (F’ R7 ‘U/, V? p) k)

in the (extended) Gromov-Hausdorff-vague topology (see Section 2.2), where v,, is a
locally finite Borel regular measure on F),, and v is a locally finite Borel regular measure
on (F, R) with v(F) > 0.

The time-change additive functional that we consider is the following:

Ay ::/FLt(x)u(dz). (1.5)

In particular, let 7(¢) := inf{s > 0: A, > t} be the right-continuous inverse of A, and
define a process X" by setting
Xy =X (1.6)

As described in Section 2.1, this is the trace of X on the support of v (with respect
to the measure v), and its Dirichlet form is given by the corresponding Dirichlet form
trace. We define A", 7", and X"~ similarly. The space L}OC(RJF, M) is the space of
cadlag functions R, — M such that fUT da(p, f(t))dt < oo for all T > 0, equipped with
the topology induced by supposing f,, — f if and only if fOT dy (fn(t), f(t))dt — 0 for any
T >0.

Corollary 1.5. (a) Suppose Assumption 1.4 holds, and that v has full support. Then it is
possible to isometrically embed (F,, R,), n > 1, and (F, R) into a common metric space
(M,dpr) in such a way that

X — XV (1.7)
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in distribution in D(Ry, M), where we assume that X" is started from p,, and X is
started from p.

(b) Suppose Assumption 1.4 holds, and that X is continuous. Then (1.7) holds in
distribution in Lj, (R, M).

The above results are proved in Section 3, following the introduction of preliminary
material in Section 2. In the remainder of the article, we demonstrate the application of
Theorem 1.3 and Corollary 1.5 to a number of natural examples. Firstly, we investigate
the Liouville Brownian motion associated with a resistance form, showing in Proposi-
tion 4.3 that Assumption 1.2 implies the convergence of the corresponding Liouville
Brownian motions. This allows us to deduce the convergence of Liouville Brownian
motions on a variety of trees and fractals, which we discuss in Example 4.5. We note
that Liouville Brownian motion associated with a resistance form is a toy model and
we discuss it merely as a simple example of our methods. The more interesting and
challenging problem of analysing this process in two dimensions is not possible within
our framework. Next, in Section 5, we proceed similarly for the Bouchaud trap model,
describing the limiting process as the FIN process associated with a resistance form in
Proposition 5.4, and giving an application in Example 5.5. Related to this, in Section 6,
we study the heavy-tailed random conductance model on trees and a class of self-similar
fractals, discussing a FIN limit for the so-called constant speed random walk in Propo-
sitions 6.4, 6.17 and Examples 6.5, 6.18. Heat kernel estimates for the limiting FIN
processes will be presented in a forthcoming paper [18].

Of the applications outlined in the previous paragraph, one that is particularly
illustrative of the contribution of this article is the random conductance model on the
(pre-)Sierpinski gasket graphs. More precisely, the random conductance model on a
locally finite, connected graph G = (V, E) is obtained by first randomly selecting edge-
indexed conductances (we)ec g, and then, conditional on these, defining a continuous time
Markov chain that jumps along edges with probabilities proportional to the conductances.
For the latter process, there are two time scales commonly considered in the literature:
firstly, for the variable speed random walk (VSRW), the jump rate along edge ¢ is given
by we, so that the holding time at a vertex « has mean (3., .. w.) '; secondly, for the
constant speed random walk (CSRW), holding times are assumed to have unit mean.
From this description, it is clear that the CSRW is a time-change of the VSRW according
to the measure placing mass ) _ . ., w. on vertex x. Here, we will only ever consider
conductances that are uniformly bounded below, but this still gives a rich enough model
for there to exist a difference in the trapping behaviour experienced by the VSRW
and CSRW. Indeed, in the one-dimensional case (i.e. when G is Z equipped with edges
between nearest neighbours) when conductances are i.i.d., it is easily checked that
the VSRW has as its scaling limit Brownian motion (by adapting the argument of [13,
Appendix A] to the VSRW, for example); although the VSRW will cross edges of large
conductance many times before escaping, it does so quickly, so that homogenisation
still occurs. In the case of random conductances also uniformly bounded from above,
the analogous result was proved in [35] for the VSRW on the fractal graphs shown in
Figure 1, with limit being Brownian motion on the Sierpinski gasket. In Section 6.2,
we extend this result significantly to show the same is true whenever the conductance
distribution has at most polynomial decay at infinity. Specifically, writing X" for the
VSRW on the nth level graph and X for Brownian motion on the Sierpinski gasket, we
prove that, under the annealed law (averaging over both process and environment),

(X527 )10 = (Xt)yso (1.8)

the time scaling here is the same as for the VSRW on the unweighted graph. For the
CSRW, on the other hand, the many crossings of edges of large conductance lead to
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Figure 1: The Sierpinski gasket graphs G, G, Gs.

more significant trapping, which remains in the limit. In particular, if the conductance
distribution satisfies P(w, > u) ~ «~“ for some « € (0,1), then, as noted above, in the
one-dimensional case the CSRW has a FIN diffusion limit [13]. Applying our time-change
results, we are able to show that the corresponding result holds for the Sierpinski gasket
graphs. Namely, writing X™“-¥ for the CSRW on the nth level graph, we establish that
there exists a constant ¢ such that, again under the annealed law,

(Xc?;n/’a(5/3)nt)t20 = (X{) >0 (1.9)

where the limit is now o-FIN diffusion on the Sierpinski gasket, which is time-change
of the Brownian motion on the limiting gasket by a Poisson random measure defined
similarly to (1.1), but with Lebesgue measure in the intensity replaced by the appropriate
Hausdorff measure. (Note that, in the case that Ew. < oo, our techniques also yield
convergence of CSRW to the Brownian motion, see Remark 6.19.) Full details for the
preceding discussion are provided in Section 6. At the start of the latter section, we
also give an expanded heuristic explanation for the appearance of the FIN diffusion as
a limit of the CSRW amongst heavy-tailed conductances. We remark that the specific
conclusion of this interpretation is dependent on the point recurrence of the processes
involved; by contrast, for the random conductance model on Z¢ for d > 2, the same
trapping behaviour gives rise in the limit to the so-called fractional kinetics process, for
which the time-change and spatial motion are uncorrelated [6, 13].

Finally, we note there are many other applications to which the notion of time-change
is relevant, so that the techniques of this article might be useful. Although we do not
consider it here, one such example is the diffusion on branching Brownian motion, as
recently constructed in [2]. For many random state spaces, though, the uniform volume
doubling condition is too restrictive. Towards addressing this issue, in a follow-up work
to this paper, a result similar to the first claim of Theorem 1.3 is proved under a weaker,
non-explosion condition [17]. The latter work, however, does not include a statement
on local time convergence. Moreover, whilst the examples of time-changes described
above are based on measures that are constant in time, our main results will also be
convenient for describing time-changes based on space-time measures, i.e. via additive
functionals of the form A; := |, FxR, 1¢s<r,(2)}¥(dzds). In particular, Theorem 1.3 would
be well-suited to extending the study of the scaling limits of randomly trapped random
walks, as introduced in [9], from the one-dimensional setting to trees and fractals.

2 Preliminaries

2.1 Resistance forms and associated processes

In this section, we define precisely the objects of study and outline some of their
relevant properties; primarily this involves a recap of results from [22] and [31]. We
start by recalling the definition of a resistance form and its associated resistance metric.
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Definition 2.1 ([31, 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 ifand only if f — g
is constant on F. Then (F/ ~, &) is a Hilbert space.

RF3 Ifz +# vy, then there exists a f € F such that f(z) # f(y).

RF4 For anyz,y € F,

f(z) - f)?

e o {1

: feF, 5(f,f)>0}<oo‘ (2.1)

RF5 If f:= (f A1)V O, then f € F and £(f, f) < E(f, f) for any f € F.

We note that (2.1) can be rewritten as

R(z,y) = (inf {E(f. f): fEF, flx)=1, fly) =0},

which is the effective resistance between x and y. The function R : FF x FF — R is
actually a metric on F' (see [31, Proposition 3.3]); we call this the resistance metric
associated with (£, F). Henceforth, we will assume that we have a non-empty set F’
equipped with a resistance form (&, F) such that (F, R) is complete, separable and
locally compact. (NB. The property RF4 ensures that functions in F are continuous
with respect to the resistance metric, and so are defined everywhere, rather than up
to almost-everywhere/quasi-everywhere equivalence, as is commonly the case in the
theory of Dirichlet forms.) Defining the open ball centred at x and of radius r with
respect to the resistance metric by Br(x,r) := {y € F: R(z,y) < r}, and denoting its
closure by Bg(z,r), we will also assume that Bg(x,) is compact for any = € F and r > 0.
Furthermore, we will restrict our attention to resistance forms that are regular, as per
the following definition.

Definition 2.2 ([31, Definition 6.2]). Let Cy(F') be the collection of compactly supported,
continuous (with respect to R) functions on F, and | - | be the supremum norm for
functions on F. A resistance form (€, F) on F is called regular if and only if F N Cy(F) is
dense in Cy(F') with respect to || - || .

We next introduce related Dirichlet forms and stochastic processes. First, suppose
 is a Borel regular measure on (F, R) such that 0 < u(Bgr(z,7)) < oo for all z € F and
r > 0. Moreover, write D to be the closure of 7 NCy(F') with respect to the inner product
&1 on F N L*(F, 1) given by

Ei(f9) = 5(f,g)+/ngdu- (2.2)

Under the assumption that (£, F) is regular, we then have the following. See [22, Section
1.1] for the definition of a regular Dirichlet form.

Theorem 2.3 ([31, Theorem 9.4]). The quadratic form (£, D) is a regular Dirichlet form
on L2(F, j1).
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Given a regular Dirichlet form, standard theory then gives us the existence of an
associated Hunt process ((X;)¢>0, Pz, z € F) (e.g. [22, Theorem 7.2.1]). Note that such
a process is, in general, only specified uniquely for starting points outside a set of zero
capacity. However, in this setting every point has strictly positive capacity (see [31,
Theorem 9.9]), and so the process is defined uniquely everywhere. Moreover, since we
are assuming closed balls are compact, we have from [31, Theorem 10.4] that X admits
a jointly continuous transition density (p:(2,¥y))s yeF>0. We note that the Dirichlet form
for Brownian motion on R¢ is a resistance form only when d = 1. However, resistance
forms are a rich class that contains various Dirichlet forms for diffusions on fractals, see
[30].

Key to this study will be the existence of local times for X. As a first step to
introducing these, note that the strict positivity of the capacity of points remarked upon
above implies that all points are regular (see [14, Theorems 1.3.14 and 3.1.10, and
Lemma A.2.18], for example). Thus X admits local times everywhere (see [12, (V.3.13)]).
In the following lemma, by studying the potential density of X, we check that these
local times can be defined in a jointly measurable way and satisfy an occupation density
formula.

Lemma 2.4. (a) Define the (one-)potential density (u(z,y))s yer of X by setting

u(:my)z/o e 'pi(z,y)dt. (2.3)

It then holds that u(z,y) < oo for all z,y € F. Furthermore,

- u(z,y)
E,(e7™) = -2 (2.4)
() w(y,y)
where 7, := inf{t > 0: X, = y} is the hitting time of y by X, and also
(e, y) — u(z, ) < u(z,x)R(y. 2) (2.5)

forallz,y,z € F.
(b) The process X admits jointly measurable local times (L.(z)),cr >0 that satisfy, P,-a.s.
for any x,

t
/ 14(X5)ds = / Li(y)p(dy) (2.6)
0 A
for all measurable subsets A C F andt > 0.

Proof. To prove part (a), we essentially follow the proof of [5, Theorem 7.20], and then
apply results from [41]. First, observe that the definition of the resistance metric at (2.1)
readily implies

f(@) = f)* < E(f, )Rz, y) 2.7)
forall f € F, z,y € F. Hence

f@)? <2f(y)* + 21 f () — fW)I* < 2f(y)° +2&(f, f)R(z,y).

Using the local compactness of (F, R), for any point « € F, we can integrate the above
over a compact neighbourhood of z to obtain f(z)? < c¢&(f, f) for any f € D, where
&, was defined at (2.2). We thus have that f — f(x) is a bounded linear operator on
the Hilbert space (D, 511 / 2), and so by the Riesz representation theorem there exists a
function u(z, ) € D such that

Er(u(z, ), ) = f(=) (2.8)
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for all f € D. From (2.8), we immediately obtain that u(z,z) = & (u(x, ), u(z,-)) < cc.
In combination with (2.7), this implies (2.5) and the ﬁniteness of u(z, y) everywhere
Furthermore, if we define an operator on L?(F, i) by setting U f(z = [nu I Yu(dy),
then by arguing exactly as in the proof of [5, Theorem 7.20], one can check El(Uf, g) =
[ fgdp for every f e Co( ) and g € D. It follows that U agrees with the resolvent of
X on Cy(F), ie. Uf(x) :=E, [;" e ' f(X¢)dt for all f € Cy(F), and extending the latter
statement to all f € L2(F 1) is elementary. By the continuity of the transition density
in this setting, this implies that the function u can alternatively be defined via (2.3). To
complete the proof of part (a), we note that (2.4) is proved in [41, Theorem 3.6.5].
From part (a), we know that E,(e~ ") is a jointly continuous function of z,y € F.
Thus, because we also know that all points of F' are regular for X, we can immediately
apply the first part of [26, Theorem 1] to obtain that X admits jointly measurable local
times (L¢(x))zer,t>0. Furthermore, since X has a transition density, it holds that p is a

reference measure for X, i.e. u(A) = 0 if and only if U1 4(x fo e P (X; € A)dt =0
for all x € F (see [12, Definition V.1.1]). Thus we can apply the second part of [26,
Theorem 1] to confirm (2.6) holds. O

We now describe background on time-changes of the Hunt process X from [22,
Section 6.2]. First suppose v is an arbitrary positive Radon measure on (F, R). As at
(1.5), define a continuous additive functional (A;);>o by setting A, := [, L(z)v(dz), and
let (7(t))¢>0 be its right-continuous inverse, i.e. 7(t) :=inf {s > 0: A, > t}. If G C F'is
the closed support of v, then ((X)tzo, P,, x € G) is also a strong Markov process, where
X, = X (1); this is the trace of X on G (with respect to ). We also define a trace of the
Dirichlet form (£, D) on G, which we will denote by (£, D), by setting

E(g.9) =inf{E(f, f): f € De, flc =g}, (2.9)

D= {gELQ(G,V) : £(g,9) <oo}, (2.10)

where D, is the extended Dirichlet space associated with (£,D), i.e. the family of u-
measurable functions f on F such that |f| < co, p-a.e. and there exists an £-Cauchy
sequence (f,)n>0 in D such that f,(z) — f(z), p-a.e. Connecting these two notions is
the following result.

Theorem 2.5 ([22, Theorem 6.2.11). It holds that (£, D) is a regular Dirichlet form on
L?(G,v), and the associated Hunt process is X .

Finally, we note a result that, in the recurrent case, characterises the trace of our
Dirichlet form on a compact set. Note that the Dirichlet form (£, D) is said to be recurrent
if and only if 1 € D, and £(1,1) = 0.

Lemma 2.6. If (£, D) is recurrent and G is compact, then (£, D) is a regular resistance
form on G, with associated resistance metric R|gxa-

Proof. Since (€,D) is recurrent, we have that D. = F (see [28, Proposition 2.13]). Thus

E(g,9) =inf{E(f, f): fEF, fla =g}, (2.11)

and also D = {f|¢ : f € F} N L?*(G,v). By (2.7), we moreover have that {f|¢ : f € F} C
C(G) C L*(G,v), and so )
D={flc: feF}. (2.12)

Finally, we observe that (2.11) and (2.12) give that (5 15) is the trace of the resistance
form (£, F) on G in the sense of [31, Definition 8.3]. Since G is closed, by [31, Theorem
8.4], this implies (£, D) is also a regular resistance form on this set, with associated
resistance metric R|Gxg. O
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2.2 Gromov-Hausdorff-vague topology

In this section we introduce the Gromov-Hausdorff-vague topology and an extension
that we require. For more details regarding such metrics, see [1, 4]. We start by defining
a topology on ., which is the subset of IF containing elements (F, R, y, p) such that
(F, R) is compact. In particular, for two elements (F, R, i, p), (F',R', 1/, p') € F., we set
A((F, R, u, p), (F', R, 1/, p')) to be equal to

Jduf, {dar (W(E), () +diy (o o™ w0 ™) +dur(p )} (2.13)

where the infimum is taken over all metric spaces M = (M,d)s) and isometric em-
beddings ¢ : (F,R) — (M,dy), ¥ : (F',R') — (M,dy), and we define d%; to be the
Hausdorff distance between compact subsets of M, and d%, to be the Prohorov distance
between finite Borel measures on M. It is known that A. defines a metric on the equiva-
lence classes of I, (where we say two elements of IF. are equivalent if there is a measure
and root preserving isometry between them), see [1, Theorem 2.5].

To extend A. to a metric on the equivalence classes of I, we consider bounded restric-
tions of elements of F. More precisely, for (F, R, 1, p) € I, define (F") R, u(") p(")
by setting: F(") to be the closed ball in (F, R) of radius r centred at p, i.e. Br(p,r); R(")
and 1(") to be the restriction of R and y respectively to F("), and p(") to be equal to p.
By assumption, (F("), R(")) is compact, and so to check that (F(), R u() p(")) € F, it
will suffice to note that: R(") is a resistance metric on F("), the associated resistance
form (£, F(") is regular, and (£(", F(")) is moreover a recurrent regular Dirichlet
form. (These claims follow from Theorem 2.5 and Lemma 2.6.)

As in [1, Lemma 2.8], we can check the regularity of the restriction operation with
respect to the metric A, to show that, for any two elements of the space IF, the map
r = AJ(FT R M) p)y (F/T) R /) /(1)) is cadlag. (NB. In [1, Lemma 2.8],
the metric spaces are assumed to be length spaces, but it is not difficult to remove this
assumption.) This allows us to define a function A on F?2 by setting

A((F,R,p, p), (F', R, 1, p))
0
= / e " (1 A Ac((F('r‘)’R(y-)7u(r)7p(7-))7 (F/('r-)’R/('r‘)"u//(r)’p/('r)))) d’f’, (2.14)
0

and one can check that this is a metric on (the equivalence classes of) I, cf. [1, Theorem
2.9], and also [4, Proof of Proposition 5.12]. The associated topology is the Gromov-
Hausdorff-vague topology, as defined at [4, Definition 5.8]. From [4, Proposition 5.9], we
have the following important consequence of convergence in this topology.

Lemma 2.7. Suppose (Fy,, Ry, lin, pn), n > 1, and (F, R, u, p) are elements of I such that
(Fy, Ry, tiny pn) — (F, R, u, p) in the Gromov-Hausdorff-vague topology. It is then possible
to embed (F,,,R,), n > 1, and (F, R) isometrically into the same (complete, separable,
locally compact) metric space (M, dys) in such a way that, for Lebesgue-almost-every
r >0,

n

afy (0, FO) =0, dfy (1) 6) 50, du(p),p7) =0, (2.15)

where we have identified the various objects with their embeddings.

We next note that the measure bounds of UVD transfer to limits under the Gromov-
Hausdorff-vague topology. The proof, which is an elementary consequence of the previous
result, is omitted.
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Lemma 2.8. Suppose (F, R, 1, p) € I is the limit with respect to the Gromov-Hausdorff-
vague topology of a sequence (F,,, R, ltn, pn)n>1 in I that satisfies UVD. It is then the
case that

cv(r) < p(Br(z,7)) < cou(r), Ve e F, r € [ro, 700 + 1], (2.16)

where 1 := inf, yep o2y R(7,y) and ro := sup,, ,cp R(7,y).

Finally, we define an extended version of the Gromov-Hausdorff-vague topology for
elements of the form (F, R, u,v, p), where (F, R, u,p) € ¥, and v is another locally finite
Borel regular measure on (F, R) (not necessarily of full support). We do this in the
obvious way: for elements (F, R, u,v, p) and (F’, R', i/, v, p’) such that (F, R) and (F’, R’)
are compact, we include the term d%; (v o4 ~1,1/ 0 ¢/~1) in the definition of A, at (2.13);
in the general case, we use this version of A. to define A((F, R, u,v,p), (F', R, i/, v, p"))
as at (2.14); the induced topology is then the extended Gromov-Hausdorff-vague topology.
It is straightforward to check that the natural adaptation of Lemma 2.7 that includes the
convergence d (v, v(")) also holds, where v, (") is the restriction of v,, v to F\"”,

F(), respectively.

2.3 Local time continuity

Key to our arguments is the following equicontinuity result for the local times of a
sequence satisfying the UVD property. Since the proof is similar to the discrete time
version proved for graphs in [16, Theorem 1.4], we only provide a sketch.

Lemma 2.9. If (F,,, Ry, tin, Pn)n>1 is @ sequence in I, satisfying sup,, ro(n) < oo and
also UVD, then, foreache > 0andT > 0,

lim sup sup P}’ sup  sup |Li(y)— Ly(z)|>¢e| =0.
020 p>1zeF, y,2€F,: 0<t<T
Ry (y,2)<6

Proof. We start by checking the commute time identity for a resistance form. In particu-
lar, if (F, R, p, p) € F,, then we claim that

E, (1)) + Ey (1;) = R(z,y)u(F)  Va,y € F, (2.17)

where 7, is the hitting time of z by X. Indeed, fix z,y € F. As in the proof of [33,
Proposition 4.2], there exists a function g¢,}(y, ) € F such that: &(g(1(y,-), f) = f(y)
for every f € F such that f(z) = 0; g(o1(v,¥) = £(9{21 (¥, ), 942} (¥, ) = R(x,y); and also
9¢z}(y, ) = 0. (NB. The set B in the proof of [33, Proposition 4.2] is replaced here by
F\{z}.) By symmetry, we deduce that

& (g{m}(ya ) + g{y}(xv ')’ f) =& (Q{x}(:% ')’ f - f(I)) +& (g{y}(xv ')7 f - f(y)) =0

for every f € F. It follows that g¢,1(y,-) + gy} (,-) is constant, and so satisfies

9y (W) + 9193 (2, 1) = 9123 (5 ) + gy (2, 2) = R(w,y).

Moreover, as at [33, (4.7)], we have that g{w}(y, -) is the occupation density for X, started
at y and killed at z, and so E,(7,) = [ 942} (¥, 2)1(dz). Combining the latter two results,
the identity at (2.17) follows.

We now suppose (Fy,, Ry, fin, Pn)n>1 iS @ sequence in F. as in the statement of the
lemma, and consider the associated local time processes. From [12, (V.3.28)], we have
that

P ( sup |L{(y) — Ly (2)] > s) < 2¢Tee/20n (@), (2.18)
0<t<T
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where
bulw,y)? = 1= B2 (70 By (7)) < B2 (7)) + By (72) = Rl y)an (Fr),
and the final equality is a consequence of (2.17). Hence we obtain that

Lr(y) — Ly
sup P sup ILY (y) — L (2)] S o) < 2eTeel2,
.y, 2€F, 0<t<T /R (Y, 2) pin (Frn)

Sup0<t<T|L (y) — L7 (2)]
// R ) )un(dy)un(dZ),

Thus if we set

then it follows that
lim sup sup Py (I'), > )\un(Fn)Q) =0. (2.19)

A—=00 p>1zeF,
The result now follows from a standard argument involving Garsia’s lemma, as originally
proved in [24], see also [25]; applications to local times appear in [8, 16], for example.
We simply highlight the differences. Choose y,z € F,, and ¢ € [0,7]. Then let (K;)2,
be a sequence of balls K; = B, (y 21*2’Rn(y, z)), so that K contains both y and z, and
Ni>o; = {y}. Write fk, 1= pn(K;) fK L (w)pn (dw), and then we deduce that

el ki =1 1/163/ 272 Ry (y,2) pin (Fn)
K Ml / / |L} (w) =Ly (w')]/4y/ Rn (w,w’ ) pn (Fr) /
el t n W ) (dw) o, (dw
n i—1 i1 ( ) ( )

fin(
cv(2'7% R, (y,2)) T,

IN

where the first inequality is an application of Jensen’s inequality, and the second is
obtained from UVD and the definition of I';,. Summing over ¢ and repeating for a
sequence decreasing to z yields

I'n
L2 (y) — LY (2)] < 16W22 ’log< ° ))2>. (2.20)

21 QZR (

Now, suppose I',, < A\, (F,,)?. The UVD property then gives I';, < cAv(ro(n)). Together
with the doubling property of v and the assumption that M = sup,, 7« (n) < co we thus
find that

cAv(roo(n))?
L) - L} < 16y/Fnne 22 o (2

< eV Ry, 2)v(M) rnax{l7 log \Y¢M, log Ry, (y, 2) "'},
uniformly over y, z € F,, and ¢ € [0,T]. Combining this estimate with (2.19) completes
the proof. O
Note that we also have continuity of the limiting local times.

Lemma 2.10. If (F, R, i, p) € F. satisfies (2.16), then the local times (L;(x))yecr >0 Of
the associated process are continuous in x, uniformly over compact intervals of't, P,-a.s.
foranyy € F.

Proof. Arguing as for (2.19), we have that

T /F /F esPozer L)~ LAV FGE gy ()

is a finite random variable, Py-a.s., for any 7' < co. Hence, by applying the estimate
(2.20), we obtain the result. O
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3 Convergence of processes

3.1 Compact case

In this section, we prove the first part of Theorem 1.3 in the case that the met-
ric spaces (F,,R,), n > 1, and (F,R) are all compact (see Proposition 3.6 below).
Throughout, we assume that Assumption 1.2 holds. Note that, by Lemma 2.7, under
this Gromov-Hausdorff-vague convergence assumption, it is possible to suppose that
(Fn,Ry), n > 1, and (F, R) are isometrically embedded into a common metric space
(M, dys) such that

di (F,,F) =0, d%; (pin, 1) — 0, dar(pn, p) — 0, (3.1)

where we have identified the various objects with their embeddings. Throughout this
section, we fix one such collection of embeddings.

Our argument will depend on approximating the processes X, n > 1, and X by
processes on finite state spaces. We start by describing such a procedure in the limiting
case. Let (x;);>1 be a dense sequence of points in F with 21 = p. For each £, it is possible
to choose ¢, such that

F C U Buy(zi,ep), (3.2)

(where By (x,r) represents a ball in (M, dys),) and moreover one can do this in such a
way that e, — 0 as k — oo. Choose ¥, &5, ... eF € [e4, 2¢x] such that (B (z;,eF))k_, are
continuity sets for  (i.e. u(Bas (24, %)\ Bar (i, €¥)) = 0); such a choice is possible because,
for any x € M, the map r — pu(Bp(z,7)) has a countable number of discontinuities.

Define sets K¢, K%,..., K} by setting K = By (z1,5) and
szﬂ = Bu(wit1, 5i'c+1)\ Uj’:l Bar(;, 5?) (3.3)

In particular, the elements of the collection (K¥)¥_, are measurable, disjoint continuity
sets, and cover . We introduce a corresponding measurable mapping ¢(*) : FF —
{x1,..., 2} by setting ¢(¥)(2) = z; if z € K, and a related measure u*) = ji0 (¢(*))~1,
Of course, the image of ¢(*) might not be the whole of {z1,...,z1} since some of the Kik
might be empty. So, to better describe it, we introduce the notation I, := {i : K} # 0}
and Vi := {z; : i € I;}. (We will often implicitly use the fact that the points (z;);cs, are
distinct, which follows from the definition.) The following simple lemma establishes that
the measure ;) charges all the points of V.

Lemma 3.1. The support of the measure ;%) is equal to V.
Proof. Suppose i € {1,...,k} and u® ({z;}) = 0. Then by definition
0= u(KY) = p (Br(i i)\ UjZy Br(z,€5)) = p (Br(wi, i)\ UjZ1 Br(zj,e5))

where we use that Bg(z;,cF) is a continuity set for y. Now, Br(z;,f)\ UZ] Bg(z;,e¥)
is an open set. Thus, because p has full support, the fact that the latter set has zero
measure implies that it is empty. Hence Bg(z;,e¥) C U;;lléR(xj, e¥). Since the right-
hand side is closed, it follows that Bg(z;,ef) € U/Z} Br(x;,c¥), and therefore K = {.
Thus i ¢ Ij,. In particular, we have established that the support of (*) contains Vj,. Since
the reverse inclusion is trivial, this completes the proof. O

Next observe that sup, . R(z, ¢ (2)) < 2¢;, — 0, and hence p*) — n weakly as
measures on F'. This will allow us to check that a family of associated time-changed
processes X (%) converge to X. Indeed, set

AP = / Li(z)p™® (dz).
F
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The continuity of the local times L (see Lemma 2.10) then implies that, P,-a.s., for each t,

AP /F Li(z)u(dz) = t.

Since the processes are increasing, this convergence actually holds uniformly on compact
intervals (cf. the proof of Dini’s theorem). Setting 7 (¢) := inf{s > 0: A™ > s}, it
follows that, P,-a.s., 7(*)(t) — t uniformly on compact intervals. Composing with the
process X to define Xt(k) = er(t)' we thus obtain that Xt(k) — X; for all ¢t > 0 such
that X is continuous at ¢, P,-a.s. In particular, denoting by T’y the set of times ¢ such that
P,(X is continuous at t) = 1, this implies the following finite dimensional convergence
result.

Lemma 3.2. Ifty,...,t,, € Tx, then dM(Xéf)7Xti) — 0 foreachi=1,...,m, as k — oo,
P,-a.s.

We next adapt the approximation argument to the processes X™, n > 1. By (3.1), it is
possible to choose z?* € F,, such that dy; (27, z;) — 0, with the particular choice =} = py,.
Moreover, by (3.2), it is possible to suppose that for each k there exists an integer ny
such that, forn > ny, F,, C UleBM(xi, er). Thus, for each k and n > nj we can define a
map ¢"* : F,, — {a7,..., 27} by setting ¢"*(z) = 27 if 2 € K. Note that

lim limsup sup R, (z,¢™"*(z)) < lim limsup <2sk + sup dM(:v?,xZ-)) =0. (3.4)

k—oco n—soco zeF, k—oo n—oo i=1,....k

We define u%k) = i, 0 (¢™*)7!, and set

At = [ L ).

n

Moreover, let 7*(t) = inf{s > 0 : A" > s}, and define X"* := X7 k(- Itis then
straightforward to deduce the following lemma.

Lemma 3.3. The law of X"* under P} converges weakly to the law of X*) under P,
as probability measures on the space D(R., M). In particular, the finite-dimensional
distributions converge for any collection of times t,...,t,, > 0, m € IN.

Proof. Fix k, and define V}, as above Lemma 3.1. Our first step is to characterise the
Dirichlet form (£*), D(¥)) of the Markov chain X (*), which by Theorem 2.5 is given by
(2.9), (2.10) with G = V}, and v = u(¥). Since F is compact, we have that (£, D) = (£, F)
(see [31, p. 35]), and so (&£,D) is recurrent. Hence we have from Lemma 2.6 that
(%) D" is also a resistance form with associated resistance metric R**) := R|y, xv, .
In particular, we obtain that

EW(f N =5 3 D) - f@),

z,yEVy

where the conductances (c¢(® (z, Y))zyev, are uniquely determined by the resistance R®)
[30, Theorem 2.1.12].
We similarly have that the Dirichlet form (€™ D™F) of the Markov chain X™* is
given by
n 1 n
EVM(f f) = 3 > ) (fly) - fl2)?

z,YEVn k

EJP 22 (2017), paper 82. http://www.imstat.org/ejp/
Page 13/41


http://dx.doi.org/10.1214/17-EJP99
http://www.imstat.org/ejp/

Time-changes of stochastic processes associated with resistance forms

where V,, ;, := {27 : i € I}, and we note that for large n we have that the cardinality of
Vi and Vj, are both equal. We will now check that

(™ (@' a)), ey, — (Cu«)(g;i, g;j))ijelk . (3.5)

Observe that, from the definition of the resistance metric, we have c¢™*(z , 7)<
Ry (7, x%)~". Hence we find that

limsup max ¢™*(z?,z2") < max R(z;, ;)" < oo.
Rl Ead)
n—oo 5JE€EI: i,jEI:
i#] i#]

In particular, for any subsequence (c"*(z'™, x;“”))i jer,» we have a convergent subsub-

))ijer, with limit (é(x;,x;)); jer,. Define an associated form

Nm;, My

sequence (c"mk(z; ™ .
(€,D) by setting

N 1

Ef.H) =5 Y ewn)(fly) - f()?

z,y€Vi

and D := {f : Vi, = R}, and let R be the associated resistance (which may a priori
be infinite between pairs of vertices). It is then an elementary exercise to check that
¢"m* — ¢ implies (R, (z;", 2" ijer, = (R(xi,75))ijer,. Indeed, if we define
Tk © Vak — Vi by i — x; (which is a bijection for large n), then, using the fact that we
are dealing with finite dimensional spaces (and so can exchange limits and infima), we

have for i # j that

Jan R, 7)™
= lim inf {é‘"mw’“(f, i f Vo = Ry fla;™) =1, f(@;™) = 0}
= Jim it {ER(f o m o f oM, )t £ €D, fla) =1, flay) =0}
= inf{ 1_1>m Enmi (fomml,mfoﬂnml,k) L fED, f(a) =1, f(z;) = 0}
= mf{é(f, f): fFED, flw) =1, fla;) = 0}
= ]N%(xi,xj)_l.

’I’Lm’ nml

However, we also know (R, (z;"™,z;™"))ijer, = (R® (24, 2;))i jer,, and so it must be
the case that R = R™*). In turn, this implies ¢ = ¢(*) (see [30, Theorem 2.1.12]), and the
conclusion at (3.5) follows as desired.

Next, note that for each i € I}

® ({2}) = pn (KF) = p (KF) = p® ({2:}) >0, (3.6)

where we have applied that u,, — u weakly, and that KF is a continuity set for the
limiting measure. The fact that the limit is strictly positive was proved in Lemma 3.1.
These observations will allow us to check convergence of the generators. Specifically,
the generator of X(¥) is given by

1

e & ) () = f@)

JE€Ik

Similarly, if we define m,, i, as above, then the generator of 7, . (X™¥) is given by

An’kf@cz) - (k) {x”} Z ™ k Z; 7 ] (xj) - f(xl))

]Efk
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Hence, (3.5) and (3.6) imply that

max |A® f(z;) — A™F f(z)| — 0

i€ly

for any f : Vi, — R. Since the starting points of the processes satisfy wnvk(X{f’k) = X(()k) =
p (as local time accumulates immediately), this generator convergence is enough to
establish the distributional convergence Wn’k(X””f) — X*) (see [29, Theorem 19.25]).
To complete the proof of the first claim, it is thus enough to recall that dp; (27, mp 1 (2F)) =
dp (2, z;) — 0 for each 1.

For the claim regarding finite-dimensional distributions, one notes that convergence
in the space D(R,, M) implies convergence of finite-dimensional distributions at times
t1,...,tm that are continuity times for the process X*), i.e. times at which X®*) is
continuous, P,-a.s. Furthermore, it is elementary to check that every ¢ > 0 is a continuity
time for the finite state space continuous time Markov chain X (*). O

Remark 3.4. In this article, we have defined resistance metrics in terms of an underlying
resistance form. In fact, from [30, Theorems 2.3.4 and 2.3.6], we have that the metrics
and forms are in one-to-one correspondence, and an alternative characterisation of
resistance metrics is given in [30, Definition 2.3.2] as follows: for a given set F, a
function R : F x ' — R is a resistance metric if, for every finite V C F’, one can find a
weighted (i.e. equipped with conductances) graph with vertex set V for which R|y .y is
the associated effective resistance. Note that this latter definition in conjunction with an
argument similar to that used to establish (3.5) readily allows it to be deduced that the
collection of resistance metric spaces is closed with respect to the Gromov-Hausdorff
topology.

The remaining ingredient we need to establish the result of interest is the following
lemma.

Lemma 3.5. The laws of X" under P, n > 1, form a tight sequence in D(R, M).
Moreover, for anye > 0andt > 0,

lim Timsup Py (R (X7, X7) > ) =o0. (3.7)

Pn
00 n—oo

Proof. To verify tightness, it will suffice to check Aldous’ tightness criteria (see, for
example, [29, Theorem 16.11]): for any bounded sequence of X" stopping times o, and
any sequence 4, — 0, it holds that, fore > 0, P! (R.(X; , X[ ,; ) >¢) — 0. Applying
the strong Markov property, to establish this it will be enough to show that

sup P} (Rn(z, X5 ) >¢) — 0. (3.8)
z€F,

To do this, we note that the UVD condition implies the following exit time estimate

28
sup Py ( sup R, (z,X{") > €> <cie v/, (3.9)
z€F, 0<t<s

uniformly in n, where v is the function appearing in the definition of UVD (see [33,
Proposition 4.2 and Lemma 4.2]). Moreover, the doubling property of v implies that
v(r) > c3r® forr < 1, and so v~ 1(§/¢) < ¢5(5/e)° for § suitable small. The result at (3.8)
follows.
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To prove (3.7), first note that

i = | meuan - [ L@
F, Ey
< / |LH(¢™F (@) — L ()| pn (dix)
< Un(Fn sup ’Ln (bnk( )) _L?(m)| ’

’EEn

Now, by (3.1), pn(F,) — u(F), and the compactness of the space (F, R) implies that the
latter is a finite limit. Hence, also applying (3.4) and the local time equicontinuity result
of Lemma 2.9, it follows that

lim limsup P, < sup ’Af’k —t‘ > 5) =0.
k—oo nooo 0<t<T

Taking inverses, we thus find that

lim limsup P ( sup |T"’k(t) - t’ > 5) = 0.

k=00 nosoo U™ \o<t<T

From this, we see that, for any ¢,¢,d > 0,

lim lim sup P, (Rn (Xt”,Xt"’k) > 5)

=0 n—oo

< lim limsup P}, ( sup Ry (X7, X)) > 5)

§—0 nooo SE[t—8,t+3]NR4

< limlimsup sup P, | sup R, (z,X])>c¢
=0 nooo z€F, 5€[0,24]

= O7

where to deduce the second inequality, we apply the Markov property at time max{0,t—¢},
and (3.9) to deduce the equality. O

Piecing together Lemmas 3.2 and 3.3, and (3.7), we obtain that the finite-dimensional
distributions of X" converge to those of X for any collection of times ¢4,...,t, € Tk,
where we recall that T'x is the set of continuity times of X (see [29, Theorem 4.28]).
Together with the tightness of X", as established in Lemma 3.5, we arrive at the desired
conclusion by applying [29, Theorem 16.10].

Proposition 3.6. The law of X" under P converges weakly to the law of X under P,
as probability measures on the space D(IR+, M).

3.2 Locally compact case

In this section, we explain how to extend from the compact case to the locally compact
case. The proof will involve considering the trace of the relevant processes on bounded
subsets (cf. the proof of [7, Theorem 1.4]). Key to this approach is the following lemma,
which is an immediate consequence of Lemma 2.6. (Recall that we are assuming (€, D)
is recurrent for (F, R, u,p) € F.)

Lemma 3.7. Let (F, R, 1, p) € F. Forr > 0, let (£("), D)) be the trace of (£,D) on F")
with respect to the measure ;). Then (£, D) is a resistance form on F(") with
associated resistance metric R(").

A second key ingredient for our argument is the following uniform exit time estimate
for sequences of resistance forms satisfying UVD.
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Lemma 3.8. Suppose (F),, Ry, tin, pn)n>1 is a sequence in F satisfying UVD, then, for
any T < oo,

lim sup P}’ ( sup Ry (pn,X7') > r) =0.

700 > 0<t<T

Proof. Similarly to (3.9), we have by [33, Proposition 4.2 and Lemma 4.2] that

epr
sup P, ( sup R, (z, X}) > r) < cie v T/,
n>1 0<t<T

Letting » — oo establishes the result. O

We are now ready to prove the main result of this section, which establishes the first
claim of Theorem 1.3.

Proposition 3.9. Suppose (F,,, Ry, lin, pn), n > 1, and (F, R, u, p) satisfy Assumption 1.2.
It is then possible to embed (F,,, R,), n > 1, and (F, R) isometrically into the same metric
space (M, dy) in such a way that the law of X™ under P! converges weakly to the law
of X under P, as probability measures on the space D(R, M).

Proof. Under the assumption of the proposition, it is possible to suppose all the objects
of the discussion have been isometrically embedded into a common metric space (M, dy;)
in the way described in Lemma 2.7. Define (£("), D(")) as in the statement of Lemma 3.7.
By Theorem 2.5, we have that this is a regular Dirichlet form on L?(F("), (")), and the
associated process X () is given by a time-change according to the additive functional

Al ::/ Li(x)p") (dz).
F

By monotonicity and the fact that the various additive functionals are increasing, we
have that A§T) — [ Li(z)pn(dz) = t uniformly on compact time intervals, P,-a.s. Similarly
to the proof of Lemma 3.2, it follows that if ¢4, ...,t,, € Tx for any m € IN (where again
we denote by T'x the continuity times of X), then P,-a.s., dM(Xt(:), X:,) — 0 for each
i=1,...,m. Moreover, writing 7(") for the right-continuous inverse of A("), we have that
for any bounded sequence of X (") stopping times o, and any sequence §, — 0, it holds
that, for any ¢, > 0,

Py (R(X0, X005 ) €)= By (R(Xrir(0,) Xrto 0, 48) > )

< supF, (supR(x,Xs) > 5> +o(1),
rEF s<d

as r — oo. (We note that 7(")(c,) is a stopping time for X.) Since by (2.16) we know
that the limiting space (F, R, i, p) satisfies uniform volume doubling, we can again apply
[33, Proposition 4.2 and Lemma 4.2] as at (3.9) to deduce that the probability above is
bounded by ¢;e~%2</v" ' (6/2)_ Letting § — 0, we obtain that Aldous’ tightness criteria holds
(cf. the proof of Lemma 3.5), and so the laws of X under P, are tight in D(R4, M).
Combining this with the above convergence of finite dimensional distributions, we obtain
that, under P,, X(") converges to X in distribution in the space D(R., M).

Next, let X™" be the trace of X" on F,(Zr) with respect to ugf). By Lemma 3.7, the
Dirichlet form of this process, (&gf), Dﬁf)) say, is actually a resistance form with associated
resistance metric Rgf), cf. the corresponding result in the limiting case. Hence, recalling
we have embedded all the relevant objects into M in the way described by Lemma 2.7,
Proposition 3.6 yields that, for Lebesgue-almost-every » > 0, we have that the law of
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X™" under P’ converges weakly to the law of X (") under P, as probability measures
on the space D(Ry, M).

Finally, we observe that if supy<;<7 1 Ry (pn, X{') < 7, then the time-change functional
describing X™" satisfies o

4= [ peudan = [ L@ =t

n n

fort < T + 1. It follows that X;"" = X" for ¢t < T. Thus we find that, for any £ > 0,

P ( sup R, (X}, X["") > 5) <Py ( sup  Ry(pn, X7') > r) :

0<t<T 0<t<T+1
By Lemma 3.8, this converges to 0 as r — oo, uniformly in n > 1. Combining this with
the conclusions of the previous two paragraphs completes the result. O

3.3 Convergence of local times

Again we suppose that the spaces (F,,R,), n > 1, and (F,R) are isometrically
embedded into a common metric space (M, dys) in such a way that the conclusion of
Lemma 2.7 holds. Given the convergence result of Proposition 3.9 (and [29, Theorem
4.30], for example), it is further possible to suppose that X" started from p, and X
started from p are coupled so that X" — X in D(R, M), almost-surely. We will suppose
that this is the case throughout this section, and write the joint probability measure as
P. To prove the finite dimensional convergence of local times as at (1.4), we will follow
an approximation argument, based on averaging over small balls. To this end, it is useful
to introduce the following functions: forx € M, § > 0,

f5,:(y) :=max {0, — dpn(z,y)}.

An immediate consequence of the continuity of local times of X is the following lemma.

Lemma 3.10. P-a.s., foranyx € F andT >0,as§ — 0,

t
sup M _ Lt((E) — 0.

te[0,T] fF fé,w (y)u(dy)

Proof. For the case when F'is compact, the result follows easily from Lemma 2.10 (and
the occupation density formula of (2.6)). In the case when F' is only locally compact, we
note that on the event sup,c(y ) (p, X;) < 7 it is the case that the local times of X are
identical to the local times of X (") up to time 7. Since the latter are continuous functions
for each ¢ > 0, almost-surely, then so are the local times of X for ¢ € [0, 7], almost-surely
on sup,¢o. 77 12(p; X¢) < r. Taking r — oo, and then 7" — oo, we deduce that the local
times of X are continuous functions for each ¢ > 0, almost-surely, and the result follows
in this case as well. O

Lemma 3.11. P-a.s., foranyxz € F, T >0andd >0, asn — oo,

sup f(f fﬁ,m(X;L)dS fg f5,:v(Xs)d5

SO0 | T Foe iin(@9) T Fowdatdy|

Proof. Fix z € F. It is then possible to choose r such that By, (x,5) N F C F") for every
4 < 1. Moreover, since our choice of embeddings satisfies the conclusions of Lemma 2.7,
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we may further suppose that ugf) — (") weakly as probability measures on M. It follows

that
_ (r) ) (7o) —
/F ; f5,2(y) n (dy) /N ) fs (W) (dy) — /N ) fs2(y)p'™ (dy) /F fs.a(y)u(dy) >0,

where the strict positivity of the limit is a simple consequence of the fact that x4 has full
support. Thus it remains to show that, for any 7" > 0,

sup
t€[0,T7]

— 0. (3.10)

t t
/ f(;’m(X;L)dS — / f(;’m(Xs)dS
0 0

To begin with, suppose that X is continuous at time ¢. It is then the case that, for each n,
there exists a homeomorphism )\, : [0,¢] — [0,¢] with A, (0) = 0 such that

sup |s — An(s)] = 0, (3.11)
s€0,t]
and also
sup dus (X;fj (S),Xs> — 0. (3.12)
s€[0,t] "
Now,

M, (s)

< /0 Foa(XE ) = fou(X5)

t
/
0

The first term in the upper bound here converges to zero by (3.12). As for the second
term, we have from (3.11) that d,, (X/\:Ll(s), X;) — 0 whenever X is continuous at s. Since
the times at which X is not continuous is at most countable, the dominated convergence
theorem yields that the second term also converges to zero, thereby establishing the
limit (3.10) pointwise at times at which X is continuous. To extend to the full result is
straightforward, using again that the times at which X is not continuous is countable, as
well as the monotonicity and continuity of the limit. O

/0 ra(X)ds /0 ' fra(X0)ds

ds.

f§,w (X)\gl(s)) - f6,w(Xs)

Lemma 3.12. Foranyz € F'and T > 0, ifz,, € F, is such that dy/(z,,z) — 0, then

Bt ) o

— L (zn)
an fs.0(y) i (dy) !
Proof. For large n, we have that by the occupation density formula (2.6)

f(;: fé,r(X?)dg e
an fﬁ,x(y),un(dy) Lt ( n)

Thus if the sequence (F,,, Ry, ftn, prn)n>1 satisfies sup,, ro(n) < 0o, then the result follows
from the local time equicontinuity result of Lemma 2.9. In the general case, it is possible
to obtain the result by considering the restriction to bounded subsets as in the last part
of the proof of Proposition 3.9. O

lim lim sup P ( sup

§—0 n—o00 tE[(LT]

< sup |LY(y) — LY (2)].
Y,2€ By (21,,26)

From Lemmas 3.10, 3.11 and 3.12, we deduce that for any x € F and T > 0, if
T, € I, is such that dy(7,,x) — 0, then (L (2,,))iecjo,7) = (Lt(2))tejo,r) in P-probability
in C(]0,T],R). This result immediately extends to finite collections of points, which is
enough to establish (1.4).
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3.4 Time-changed processes

In this section, we prove Corollary 1.5, starting by showing convergence of the
time-change additive functionals.

Proposition 3.13. If Assumption 1.4 holds, then (A});>0 — (A¢)t>0 in distribution in
the space C(R4,R), simultaneously with the convergence of processes X" — X in
DR+, R), where we assume that X" is started from p,, and X is started from p.

Proof. We first prove the result in the case that the underlying spaces are compact,
i.e. when (F,, Ry, tin, pn) € Fe, n > 1, and (F, R, u, p) € F.. Suppose all the objects are
isometrically embedded into a common space in the way described at (3.1), and let
(z;)i>1 be as in Section 3.1. Moreover, for each k, define (K¥)¥_, as in (3.3), but with

each set chosen to be a continuity set for the measure v, rather than for p. Then, for any
T > 0, we have from the continuity of local times (Lemma 2.10) that, P,-a.s.,

k

Ay = Ly(wi)v(KF)

i=1

<v(F) sup sup  |Li(y) — Li(2)] — 0.
tel0,T] y,z€F:
R(y,z)<4ej

sup
t€[0,T]

Next, from (1.4), we deduce that

k k
(Zwmvwf)) +<2Lt<xi>u<@>>

in distribution in C(R4,R), where z7 are also chosen as in Section 3.1. Furthermore,
for large n, we have that

t>0 t>0

S vn(Fn) sup  sup  [Li(y) — L (2)].
te[0,T] y,zEFn:
Rn(yvz)§45k

sup
te[0,T]

k
AP =Y L) (KT
i=1

Under P}, this converges to zero in probability as n — oo and then k — oo by Lemma
2.9. Noting that, from Theorem 1.3, the convergence of local times at (1.4) occurs
simultaneously with the convergence of processes, the desired result follows.

For the general case, one again proceeds by considering the restriction to bounded
subsets similarly to the proof of Proposition 3.9. For this, it is useful to note that it is
enough to consider radii r that are continuity sets for both i and v, since the collections
of points of discontinuity of the maps » — u(Bg(p,r)) and r — v(Bg(p,r)) are both
countable. O

We next check the divergence of the additive functional (A4;);>¢, as defined at (1.5).

Lemma 3.14. For (F,R,u,p) € I, and v a locally finite Borel regular measure on (F, R)
with v(F) > 0, we have A; — co ast — oo, Py-a.s. forany z € F.

Proof. First note that, by [14, Theorem 5.2.16], we have that (£, D) is an irreducible
Dirichlet form (see [14, Section 2.1] for a definition). Since (£, D) is recurrent, we can
apply [14, Theorem 3.5.6(ii)] to deduce that P, (1, < c0) =1, for all z,y € F. Moreover,
by [41, Theorem 3.6.5], we have that E,( [, e ‘dL¢(z)) = u(x,x) > 0, forall z € F,
where (u(z,y))s,yer is the potential density of X, as defined at (2.3). Combining these
two observations, following the proof of [15, Lemma 2.3] allows us to deduce that
im0 inf ¢ ) Ly (x) = oo for any r > 0, Py-a.s. for any y € F. This readily yields the
result. O
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Note that the previous lemma implies that 7(¢) := inf{s > 0 : As > ¢} remains finite
for all ¢ > 0, and so confirms that X, ;) has an infinite lifetime. We are now in a position
to complete the proof of Corollary 1.5.

Proof of Corollary 1.5. First, suppose we are in case (a); in particular, v(F') has full
support. Moreover, suppose that we have embedded all the objects of the discussion into
a common metric space (M, dys) in the way described by Lemma 2.7, and that the various
processes are coupled so that X" — X in D(Ry, M), and A” — A in D(R4, R, ), almost-
surely. As in Section 3.3, denote the probability measure corresponding to the coupling
by P. Now, note that, P-a.s., for any ¢,0 > 0 we have that [}.(L¢ys(z) — Li(x))p(dz) =
6 > 0, and so, applying the continuity of local times, we can find an € > 0 such that
Liis(x) — Li(x) > € on a non-empty open set. Since v(F) has full support, it readily
follows that (A;):>o is strictly increasing, P-a.s. Thus we can apply [44, Theorem 7.2],
to deduce that 7" — 7 in D(R4, R, ), where the limiting function is strictly increasing
and continuous, P-a.s. (Recall that 7" is the right-continuous inverse of A", and 7 is the
right-continuous inverse of A.) Together with the convergence X" — X, this implies
(see [44, Theorem 3.1]) that X™*» — X" in D(R,, M), P-a.s., which confirms the result.

The proof of part (b) is essentially the same, but involves different topologies. In
particular, from A” — A in D(R4, Ry ), it is only possible in general to suppose 7" — 7
with respect to the Skorohod M; topology [44, Theorem 7.1]. Given this convergence
holds simultaneously with X™ — X in D(R, M), where X is assumed to be continuous,
we can apply the straightforward generalisation of [19, Lemma A.6] to deduce the
result. O

4 Liouville Brownian motion

Given an element in (F, R, i, p) € I, the associated Liouville Brownian motion is the
process XV, defined as at (1.6), where v is the Liouville measure. To define this, let
us first introduce the Gaussian free field on F, (y(z)).cr say, which we will suppose is
pinned at p, and built on a probability space with probability measure P and expectation
E. In particular, we define (v(z)),cr to be a centred Gaussian field (i.e. Ey(z) = 0 for all
x € F), with covariances given by

Cov(v(2),v(y)) = g9(z,y), Y,y €F,

where g(z,y) is the Green’s function of X killed on hitting p (cf. the notation gy, in the
proof of Lemma 2.9). Note that these assumptions imply that v(p) = 0, P-a.s., and yield
that an alternative way to characterise the covariances is via the formula

E((/(x) = 7W)*) = R(x,y),  VayeF

(To deduce the latter identity, it is useful to observe that 2g(x,y) = R(p,z) + R(p,y) —
R(z,y), see [31, Theorem 4.3].) Thus we have from standard estimates for Gaussian
random variables that

P (|y(z) —y(y)| > &) < 2~ 2RGw 4.1)

and substituting this for the estimate (2.18), one can follow the proof of Lemma 2.9
to deduce that, if (F, R, i, p) satisfies the volume doubling estimates of (2.16), then
(v(x))zer is a continuous function, P-a.s. (To check this continuity property, one might
alternatively note that (2.16) yields an estimate for the size of a e-cover of F(") of the
form c1e7¢2, and from this the result is an application of [40, Theorem 8.6], for example.)
In this case, for x > 0 fixed, setting (similarly to (1.2))

v(dz) = em(w)—TE(v(w)z)u(de
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yields a locally finite, Borel regular measure on (F, R) of full support, P-a.s. (Note also
that this choice of normalisation yields Ev(dz) = u(dz).) Thus, for P-a.e. realisation of
v, we can define X* by the procedure at (1.6). Since under P, the starting point of X”
is x, the corresponding quenched law of X" started from z € F' is well-defined; we will
denote this by P;. Moreover, we can define the annealed law of the Liouville Brownian
motion X” by integrating out the Liouville measure, i.e.

PLEM (1) .= /P; () P(dv). (4.2)

The principal aim of this section is to show that if we have (F,, Ry, tin, pn) —
(F,R, i1, p) in F and the UVD property holds (i.e. Assumption 1.2 is satisfied), then
the associated Liouville measures and Liouville Brownian motions converge. To this
end, we start by noting the equicontinuity of the Gaussian free fields in the sequence,
which we will denote by (v, (z))zcr,, n > 1. As for the continuity of +, the proof of this
result is identical to that of the local time equicontinuity result of Lemma 2.9, with (2.18)
replaced by (4.1), and so is omitted.

Lemma 4.1. If (F),, Ry, tin, pn)n>1 is a sequence in I satisfying UVD, then, for eache > 0
andr >0,

limsupP | sup  |y,(y) —m(2)| > | =0.
0-0p>1 y,zEF,,(LT');

Rp(y,2)<é

We can now deduce convergence of Liouville measures under Assumption 1.2; the
following result can be interpreted as a distributional version of Assumption 1.4. We
write v, for the Liouville measure associated with (F,,, Ry, tin, pn)-

Lemma 4.2. Suppose Assumption 1.2 holds, and that (F,, R, tin,pn), n > 1, and
(F, R, u,p) are isometrically embedded into a common (complete, separable, locally
compact) metric space (M,dy;) so that the conclusion of Lemma 2.7 holds. It is then
the case that v,, — v in distribution with respect to the vague topology for locally finite
Borel measures on (M, dy).

Proof. By [29, Theorem 16.16], it will suffice to show that

/ f(@)v,(dz) — f(z)v(dx) (4.3)
M M
in distribution, for any non-negative, continuous, compactly supported f : M — R.
For each such f, we note that the support of f is contained in Bjys(p,r/2) for some
r > 0 for which (2.15) holds. Moreover, under the assumptions of the lemma, we have
that (f(x)e"”(f)‘%E(’Y(z)z))wep is a continuous function on F, P-a.s., and Lemma 4.1

NZ
implies the equicontinuity of the functions (f (:v)em"("”)*TE(V"(“J)Q))IG r,. Consequently,
the result at (4.3) can be proved in the same way as Proposition 3.13 if we can show the
analogue of (1.4) in this setting, i.e. if (#7)%_, in F,,, n > 1, are such that dy;(z?, ;) — 0

for some (x;)¥_, in F, then it holds that
(v (27")) 11

in distribution in R*. However, this is straightforward, since all the random variables
above are centred Gaussian random variables, and

ok (v (l‘i))i:1,,_,7k )
(Covim@ @),y — (Cov(rtm)(e))iyr e
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where to deduce the latter convergence, it is again helpful to apply the identity 2¢g(x, y) =
R(p,z) + R(p,y) — R(x,y) from [31, Theorem 4.3]. O

From this convergence of Liouville measures, a simple adaptation of Corollary 1.5
yields the convergence of Liouville Brownian motion in this setting. In particular, by the
separability of the space of locally finite Borel measures on (M, dy;) under the vague
topology, we can suppose v, and v are coupled so that the conclusion of Lemma 4.2
holds P-a.s. (see [29, Theorem 4.30], for example). Under this coupling, the proof of
Corollary 1.5 yields the almost-sure convergence of quenched laws, i.e. P»"" — P/,
weakly as probability measures on D(R, M), P-a.s., where, for v,, given, Prvnis the
law of X™"~ started from p,,. Integrating out the above result with respect to P then
gives the following, where P55~ is the annealed law of X"~ started from p,,.

Proposition 4.3. Suppose Assumption 1.2 holds. It is then possible to isometrically
embed (F,, Ry, tin, pn), n > 1, and (F, R, u, p) into a common metric space (M,dys) so

that

IPI;BM" N IPLBl\/[
Pn P

weakly as probability measures on D(R, M).

Remark 4.4. It is natural to ask for heat kernel estimates for the Liouville Brownian
motion X”. In the two-dimensional setting, this is a significant challenge (see [3, 39] for
work in this direction). Here, however, estimating the quenched heat kernel of X” is
straightforward. Indeed, as noted above, the measure estimates for p at (2.16) imply
that the density %(w) = e""’(”)_éE(W(@z) is P-a.s. a continuous, strictly positive function,
and so uniformly bounded away from 0 and co on compact regions. Thus, uniformly
over compact regions, v satisfies the same measure estimates as ¢ (up to constants that
depend on the particular region and realisation of v). In particular, this implies that, up
to constants, the short-time on-diagonal quenched heat-kernel behaviour of X* will be
the same as for the original process X. (See [33] for particular heat kernel estimates
that hold under uniform volume doubling.)

Example 4.5. As simple examples, one might consider graphical approximations to
tree-like and low-dimensional fractal spaces. In the following, we briefly introduce some
of these.

(i) The most basic example would be to set F;, to be the integer lattice Z equipped with
the rescaled Euclidean distance R,,(z,y) = n~!|z —y|, counting measure s, (A) := n~1|A4]|,
and distinguished vertex p,, = 0. Then Assumption 1.2 is satisfied with limit (F, R, u, p)
given by F' = R, R the Euclidean metric, ;1 one-dimensional Lebesgue measure, and
p=0.

(ii) More generally than the previous example, one might consider a family of graph trees
(Gpn)n>1 for which there exist scaling factors (ay)n>1, (bn)n>1 such that the rescaled
spaces (Gp, an Ry, bnfin, pn)n>1 satisfy Assumption 1.2 for some limiting tree (F, R, i, p) €
IF, where: R, is the resistance metric associated with unit resistances along edges of
Gp; pbn is the counting measure on G,,; and p,, is a distinguished vertex. (Here and in
the following, we call GG a graph tree if it is connected and contains no cycle.) In this
setting the resistance metric is identical to the usual shortest path graph distance, for
which the assumptions are generally easier to check. For example, it is elementary to
check the result for the graphs approximating the Vicsek set, as shown in Figure 2, with
an =3"", b, =5"".

(iii) It is known that the resistance metric on the graphs approximating nested fractals,
again when unit resistors are placed along edges, can be rescaled to yield a resistance
metric on the limiting fractal (this is an application of the homogenisation result of [42,
Theorem 3.8], for example). In Section 6.2, we introduce a more general class of fractals,
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Figure 2: The Vicsek set graphs G1, Ga, Gs.

so leave details until later (alternatively, see [38] for background on nested fractals).
However, as an illustrative example, we note that the Assumption 1.2 applies to the
sequence (G, an Ry, bujin, prn), n > 1, where: G, is the nth level Sierpinski gasket graph,
as introduced at the end of Section 1 (see Figure 1); R,, is the associated resistance
metric; u, is the counting measure on vertices; p,, can be chosen arbitrarily as long
as (pn)n>1 converges in R?; and the scaling factors are given by a,, = (3/5)", b, = 37 ™.
Furthermore, we note that the results in this section also establish that

ay/* sup q, () = sup y(z)

zeG, zel

in distribution, where v¢, is the Gaussian free field on G,,, and v the Gaussian free field
on the limiting fractal; this refines the result of [36, Theorem 2.2] for these examples.
(iv) Finally, another fractal for which our present setting is appropriate is the two-
dimensional Sierpinski carpet and its graphical approximations, as shown in Figure
3. (Again, the results would apply to other low-dimensional carpets.) Whilst the exact
resistance scaling factor is not known in this case, previous results allow us to control
the resistance in terms of the graph distance (cf. the comments in [16, Section 5.4]). It
follows that there exist subsequences (G, , an, Rn;, bn, tin,, pn;) (Where again R, is the
resistance metric on G,, with unit edge resistances, and p,, is counting measure) that
satisfy Assumption 1.2 with a,, = 4™ for some v € (0,1), and b,, = 8~ ".
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Figure 3: The Sierpinski carpet graphs G1, Gs, Gs.

5 Bouchaud trap model

We start this section by introducing the (symmetric) Bouchaud trap model (BTM) on
a locally finite, connected graph G = (Vz, E). To do this, we first introduce a trapping
landscape £ = (£;)zev,,, Which is a collection of independent and identically distributed
strictly-positive random variables built on a probability space with probability measure P.
Conditional on &, the dynamics of the BTM are then given by a continuous-time V-valued
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Markov chain X¢ = (Xf)tzo with jump rate from z to y given by 1/, if {x,y} € Fg, and
jump rate 0 otherwise. The quenched law of X¢ started from z (i.e. the law given &) will
be denoted P$, and the corresponding annealed law, obtained by integrating out &, by
PBT™ (cf. (4.2)).

To put the BTM into the framework of this article, we note that it can be obtained as
a time-change of the continuous time simple random walk on G. In particular, let R¢
be the resistance metric on Vi obtained by placing unit resistors along edges, and g
be the counting measure on Vg (i.e. pg({z}) = 1 for all x € V). As in Section 2.1, we
can naturally associate a process X with the triple (Vi, Rg, 1), and it is an elementary
exercise to check that this is the continuous-time V;-valued Markov chain with unit jump
rate along edges. Moreover, by time-changing X as at (1.6) according to the measure vg
defined by setting v¢({z}) = &,, we obtain X¢.

Similarly to the previous section, our goal is to present scaling limits of the BTM
for sequences of recurrent graphs which, when equipped with resistance metrics and
counting measure, satisfy UVD and converge in the Gromov-Hausdorff-vague topology
to a limit in IF. We will do this in the case when the trapping environment is heavy-tailed.
More specifically, in this section we make the following assumption.

Assumption 5.1. Suppose (G,),>1 is a sequence of locally finite, connected graphs with
vertex sets V,,, resistance metrics R,, (as above, here we assume that individual edges
have unit resistance), counting measures u,,, and distinguished vertices p,,. Suppose
further that each graph G,, is recurrent, so that (V,,, Ry, itn, pn) € F. Moreover, assume
that there exist scaling factors (a,)n>1, (bn)n>1 such that (V,,, an Ry, bufin, prn)n>1 satisfy
Assumption 1.2, where the measure p of the limiting space (F, R, u, p) € T is non-atomic.
Finally, we suppose that each G,, is equipped with a trapping landscape " = (£2)zev,
such that

Pl >u)~u™“ (5.1)

for some fixed o € (0,1), where f(u) ~ g(u) means lim, o f(u)/g(u) = 1.

Remark 5.2. It would be straightforward to replace (5.1) with the assumption that the
random variables £ are in the domain of attraction of a stable law with index «, but we
do not do so here for reasons of brevity.

We next describe the limits of the trapping landscape and BTM under the above
assumption. We will show that the former is given by the natural generalisation to (1.1)
obtained by setting

v(dx) := Z 004, (dx),
where (v;, z;) are the points of a Poisson process on (0,00) x F with intensity given by
av~'=%dvu(dz), and d, is the probability measure on F' that places all its mass at ; note
that this is a locally finite, Borel regular measure on (F, R) of full support, P-a.s. (where
we suppose v is also built on the probability space with probability measure P). Moreover,
the latter is given by X7, that is, the time-change of the process X naturally associated
with (F, R, ) by the measure v. Reflecting the terminology for the corresponding one-
dimensional object, we will call this the a-FIN process on (F, R, 11). In general, this is
not a diffusion, but under our assumptions it will be whenever X is, and in this case we
will call it the «-FIN diffusion. Given v, the quenched law of X* started from z will be
denoted by P?, and the associated annealed law PE™N,

The following lemma establishes convergence of the trapping landscapes. We write
vy, for the measure on V,, induced by the trapping landscape £".

Lemma 5.3. Suppose Assumption 5.1 holds, and the spaces (V,,, an Ry, bptin, pn), n > 1,
and (F, R, 11, p) are isometrically embedded into a common (complete, separable, locally
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compact) metric space (M, dys) so that the conclusion of Lemma 2.7 holds. It is then the

case that b,l/al/n — v in distribution with respect to the vague topology for locally finite
Borel measures on (M, dyy).

Proof. By [29, Theorem 16.16] (and the fact that measures of disjoint sets are indepen-
dent under both v,, and v), it will suffice to show that b}/ “vn(B) — v(B) in distribution,
for every relatively compact set B C M such that B is a continuity set for v, P-a.s. Since
v(B) =0, P-a.s., if and only if u(B) = 0, the latter requirement is equivalent to supposing
B is a continuity set for u. For such a B, we have by assumption that b, u,,(B) — u(B).

Hence we have by an elementary computation that

E (e—Abif“vn(B)) - E (e—kbz/“ Cees 52)
= (1= A%,T(1 — @) + o(by))" P
e A T—a)u(B) (5.2)

Moreover, it is a simple application of Campbell’s theorem [32, (3.17)] that
E (e—/\V(B)) - E (e*Zi;miEB /\vi) — e J0,00y x5 (1€ )av ™ " dup(de) _ e—)\”F(l—a)p(B)7

and so we are done. O

In light of Lemma 5.3, and incorporating the scaling factors where appropriate, we
can proceed exactly as for the proof of Proposition 4.3 to deduce convergence of the
rescaled BTMs. We write PE™ for the annealed law of the BTM X™¢" on G,,.

Proposition 5.4. Suppose Assumption 5.1 holds. It is then possible to isometrically
embed (V,,, an Ry, bnpin, pn), n > 1, and (F, R, i, p) into a common metric space (M, dys)

so that
BTM,, n,&" FIN v
Fo. ((Xt/anbi/‘*)tzo © ) ~ P <(Xt Jizo € )

weakly as probability measures on D(R,., M).

Example 5.5. As applications of Proposition 5.4, we can consider the same spaces as
discussed in Example 4.5. For instance, for the BTM on the graph approximations to the
Sierpinski gasket (G,),>1 of Example 4.5(iii), we have the convergence of the annealed
law of (X;fj (5/3)n Ji>0 to the annealed law of the o-FIN diffusion on the Sierpinski
gasket.

6 Random conductance model

We now recall from the introduction the random conductance model; this is defined
similarly to the BTM, but with random weights now assigned to the edges rather than to
the vertices. As in the previous section, let G = (V, E¢) be a locally finite, connected
graph. Let w = (we)ecr, be a collection of independent and identically distributed
strictly-positive random variables built on a probability space with probability measure
P; these are the so-called random conductances. (Actually, for our model of self-similar
fractals, we will allow some local dependence.) Conditional on w, we define the variable
speed random walk (VSRW) X*“ = (X}’);>0 to be the continuous-time V-valued Markov
chain with jump rate from x to y given by w,,, if {z,y} € E¢, and jump rate 0 otherwise.
We obtain the associated constant speed random walk (CSRW) X« = (X,”");>0 by
setting the jump rate along edge z to y to be w,,/v({z}), where

vl = 3w

ecEq: x€e
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note that this is the time-change of X“ according to the measure v, and has unit mean
holding times at each vertex.

An important observation is that the VSRW and CSRW experience different trapping
behaviour on edges of large conductance. In particular, if we have an edge of conduc-
tance w, > 1 (surrounded by other edges of conductance close to 1), then both the VSRW
and CSRW cross the edge order w, times before escaping. However, each crossing only
takes the VSRW a time of 1/w,., meaning that it is only trapped for a time of order 1,
whereas each crossing for the CSRW takes a time of order 1, and so the latter process is
trapped for a total time of order w,. In particular, when the weights are bounded below,
we might typically expect the VSRW associated with the conductances w to behave
like the VSRW on the unweighted graph, which in each of the examples we consider
converges under scaling to Brownian motion on the limiting space. Moreover, we might
expect the CSRW to behave like the Bouchaud trap model with trapping environment
described by v, and therefore we expect to see FIN-type scaling limits for this process
when the conductances are heavy-tailed.

The aim of this section is to make the heuristics of the previous paragraph rigourous,
in the sense that we will show for the random conductance model on certain sequences
of graphs that, if the weights are chosen to satisfy (similarly to (5.1))

P(we>u) ~u™® (6.1)

for some fixed o € (0,1), then the rescaled VSRW X“ converges to the canonical
Brownian motion on the limit space, and the rescaled CSRW X“¥ converges to the
«a-FIN diffusion. The two classes we discuss are graph trees, and a family of self-similar
fractals.

6.1 Random conductance model on trees

In this section, we will study the scaling limit of the VSRW and CSRW for the random
conductance model on sequences of graph trees; our main result is Proposition 6.4. As
for the Bouchaud trap model, we will need to show that the associated time-change
measures converge. The additional part of the argument will be to check that we also
have homogenisation of the resistance metric when random conductances are placed
along edges. In this setting, this is straightforward, since we can apply the law of
large numbers along paths. We start by stating the main assumption of this section,
which closely matches Assumption 5.1. The restriction to compact spaces is only for
convenience of presentation, and not essential.

Assumption 6.1. Suppose (T,,),>1 is a sequence of finite graph trees with vertex sets
V., edge sets E,,, resistance metrics R, (here we assume that individual edges have
unit resistance), counting measures [, and distinguished vertices p,,. In particular,
(Vi, R, i, pn) € F.. Moreover, assume that there exist scaling factors (a,)n>1, (bn)n>1
such that y ., a? < oo and (Vy, an Ry, byupin, pn)n>1 satisfy Assumption 1.2, where the
limit space (F_, R, u,p) is in F., and the measure y is non-atomic. Finally, we suppose
that each T, is equipped with random conductances w™ = (w?).cg, bounded uniformly
below by 1, and such that (6.1) holds.

We start by considering the resistance metrics on the weighted graph trees. In
particular, given the conductances w”, we define R to be the associated resistance
metric on V,,. In the following lemma, we show that, for large n, these random metrics
are uniformly close to a scaled copy of R,. The scaling factor is given by o := Ew_ !

Lemma 6.2. Suppose Assumption 6.1 holds. It is then the case that, P-a.s.,

sup ay |RY(z,y) — oRn(x,y)| — 0.
w,yEVn

EJP 22 (2017), paper 82. http://www.imstat.org/ejp/
Page 27/41


http://dx.doi.org/10.1214/17-EJP99
http://www.imstat.org/ejp/

Time-changes of stochastic processes associated with resistance forms

Proof. Suppose (V,,a,R,) and (F, R) are embedded into the same space (M, d)s) such
that (3.1) holds. Define (z}'); »>1 and (z;);>1 as in Section 3.1, so that a, R, (z},z7) —

7 R Rad]

R(z,x;), for all 4,5 > 1. Since Ry(x}, ) is the sum of (w)~' along the R, (z}',z7)
edges in the path from z;' to x7/, we obtain from (a fourth moment version of) the strong
law of large numbers that, P-a.s., R (27, z7)/ Ry (2}, 27) — o, for every i,j > 1 (it is for
this that the assumption " ., a? < oo is needed). In particular, the combination of the
two previous observations implies that, P-a.s.,

sup a, ‘Rﬁ(w?,x?)) — an(xf,x;Lm — 0, vk > 1.

4,J<k
Since the resistances of unit edges satisfy (w”)~! < 1, we also have that R¥ < R,,. It
thus follows that, P-a.s.,

limsup sup ay, |R};(2,y) — oRu(,y)|

n—oo z,yeV,

a1 i vg
n— 00

< limsup{ sup an |RS (2], 2)) — oRn (2}, 27)| + 2 sup inf a, Ry (2, 7))
4,j<k zeV, i<k

S 2516)

where ¢;, is defined as in Section 3.1. In particular, since ¢, — 0 as £ — oo, the result
follows. O

Similarly to Lemma 5.3, we next check convergence of the measures v,,, where we
define v,({7}) = X" cp, . veo we for @ € V,,. The limiting measure v is the FIN measure
on F', defined as in the previous section.

Lemma 6.3. Suppose Assumption 6.1 holds, and the spaces (V,,, an Ry, byutin, pn), n > 1,
and (F, R, i1, p) are isometrically embedded into a common (complete, separable, locally
compact) metric space (M, dys) so that the conclusion of Lemma 2.7 holds. It is then the

case that 2_1b}/aun — v in distribution with respect to the vague topology for locally
finite Borel measures on (M, dy).

Proof. We first note that, if fi,, is a measure on V,, defined by setting fi,({z}) = deg,, (z),
i.e. the usual graph degree of x in T,,, then it is an elementary exercise to check that
d¥ (fin,2ptn) < 2, where d¥. is the Prohorov metric for measures on T},. In particular, it
follows that b, 1, — 21 weakly as measures on M.

We next show that, for all x € M, » > 0 such that By, (z,r) is a continuity set for p,

271 v, (Bag(z,7)) — v (Bag(z, 1)) (6.2)

in distribution. Writing B = By, (z,r), we have that

v, (B) =2 Z We + Z We.

ecE,:eCB e€E,: eNB#D, eZB

If we denote by E}(B) and E2(B) the subsets over which the two sums are taken,
respectively, then we claim that

bn |EL(B)| = w(B), b |EZ(B)| — 0. (6.3)

Indeed, for the second limit, we note that the edges in E2(B) each connect to a distinct
vertex in the annulus By (x,r + a,,)\B. It follows that, for any ¢ > 0,

limsup b, |E72L(B)’ < lim sup by, iy, (BM(J:, r+ an)\B) <pu (BM(JU,T + 6)\3) )
n—o0

n—roo
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Since B is a continuity set for p, the right-hand side can be made arbitrarily small by
adjusting ¢ as appropriate, which confirms the desired result. Given this, the first
limit at (6.3) is a simple consequence of the identity fi,(B) = 2|EL(B)| + |EL(B)],
and the conclusion of the first paragraph. Thus, exactly as for (5.2), we have that
E(e=?2 "0/ vn(B)) _ ¢~ A"T(1=a)u(B)  which establishes (6.2).

With the same techniques, it is straightforward to extend (6.2) to the result that

171 k k
(270w (B) = v (B))L,
=1
in distribution, where each set B; is a finite unions of balls that are continuity sets for u.
In particular, since the collection of such sets forms a separating class (see [29, p. 317]),
this implies the result (see [29, Theorem 16.16 and Exercise 16.11]). O

From Lemmas 6.2 and 6.3, we are able to prove the main result of this section. We
write PYSEWn for the quenched law of the VSRW X ™ on the tree T}, with conductances
w", started from x. We write PSSEW= for the annealed law of the corresponding CSRW
X™wv. We write P, for the law of the Brownian motion on (F, R, i) started from z, and
P} is the annealed law of the associated o-FIN diffusion, defined as in Section 5.

Proposition 6.4. Suppose Assumption 6.1 holds. It is then possible to isometrically
embed (V,,, an Ry, bupin, pn), n > 1, and (F, R, i, p) into a common metric space (M, dyr)
so that, P-a.s.,

PYSRW. <(th77anbn)t>0 € ) = Py ((X)iso ) (6.4)

weakly as probability measures on D(R,., M). Moreover,

CSRW,, @, FIN
Fon ((X:;/:nbi/“)po © ) P ((Xf)tzo < )

weakly as probability measures on D(R,., M).

Proof. The proof is essentially the same as that of Theorem 1.3 and Corollary 1.5, but
with care needed as the random metric RY is different to the metric R,, used for the
embedding. (We suppose throughout that the embeddings of (V,,, a, Ry, bnpin, pn), n > 1,
and (F, R, i, p) into (M, dys) satisfy the conclusion of Lemma 2.7.)

We first note that, since R;) < R, and Lemma 6.2 holds, we have from the UVD
assumption for the underlying space that, P-a.s.,

bppin (BE (2,1)) > cro(r), Ve €V, r € r§(n),re(n) + 1],
and, for every € > 0,
butin (B (x,7)) < cov(r),  Va €V, r € [max{r¥(n),a, e}, r< (n) + 1],

where distances are defined with respect to the metric R“ (note the truncation at a,, ‘e
in the upper bound). These bounds are enough to repeat the proof of Lemma 2.9 (cf.
the weaker version of UVD in [16]) to deduce the equicontinuity of the rescaled local
times (anL'Zt’fan b, (2))zev, of the VSRW X™* with respect to the distance a, R}, and, by
Lemma 6.2 again, the equicontinuity of these local times with respect to a,, R,,. We also

claim that the above volume bounds yield that in place of (3.9) we have, for §,¢ > 0,

___c28
lim sup sup P;/SRW" ( sup a,R, (myX"’w ) > é) <cre vre/ P-a.s. (6.5)
ot/anby
n—oo z€V, 0<t<s
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Checking this requires only a minor adaptation of results from [33]. Indeed, writing
7 (2, r) = inf{t > 0 : aan(m,XZt’fanbn) > r} and h(r) = rv(r), the proof of [33,
Proposition 4.2] gives the existence of constants ¢y, ¢ such that

ESWn (10 y, 1)) S exhlr), B (77 (1)) 2 eah(r),

for all z,y € V,, r € max{a,7§ (n),e}, an(rs(n) + 1)] and n > 1, and from this it readily
follows that S 45

Py (r (x,r)§8)§1—03+m
for every x € V,,, r € [max{a,ry(n),e}, an(r(n) +1)], s > 0 and n > 1, cf. proof of [33,
Lemma 4.2]. To obtain the exponential estimate of (6.5), we then follow the chaining
argument of [33, Lemma 4.2]. This requires us to apply the previous exit time tail
estimate for radii no smaller than c;v~!(£/§) (with respect to the metric a, R,,). Noting
that a,r§(n) — 0, P-a.s., one can thus adjust ¢ so that the relevant estimates hold for
large n.

Applying the conclusions of the previous paragraph, the proof of Proposition 3.6
can be followed exactly to yield the result at (6.4). Moreover, since we have local time
equicontinuity and the distributional convergence of time-change measures given by
Lemma 6.3, we also obtain the convergence of local times as at (1.4), and the convergence
of the CSRW X™“*¥ under the annealed measure (cf. the proof of Proposition 4.3 again).

O

Example 6.5. As a first application of Proposition 6.4, one might consider the random
conductance model on the Vicsek set example of Example 4.5(ii). For this, we obtain the
quenched convergence of the VSRW,

(Xgl’?))”t)tzo — (Xt)tzov

where X is the Brownian motion on the Vicsek set, and also the annealed convergence
of the CSRW,

n,w,v v
(XQan/a3rzt>t>O — (Xt )tZO?

where XV is the o-FIN diffusion on the Vicsek set.

6.2 Random conductance model on self-similar fractals

In this section, we study the random conductance model on a class of self-similar
fractals, extending the homogenisation results of [34, 35] greatly. After introducing the
model in Section 6.2.1, we then go on to study the renormalisation and homogenisation
of associated discrete Dirichlet forms in Sections 6.2.2 and 6.2.3, respectively, and derive
our main scaling results in Section 6.2.4.

6.2.1 Uniform finitely ramified graphs

For 3 >1and I = {1,2,---,N}, let (¥,);c; be a family of contraction maps on R¢ such
that ¥;x = f~'U;x + 75, x € R? where U, is a unitary map and 7; € R?. Assume
that (U;);c; satisfies the open set condition, i.e., there is a non-empty, bounded open
set W such that (¥;(W)),cr are disjoint and U;c;V; (W) C W. As (VU;);cs is a family of
contraction maps, there exists a unique non-void compact set F' such that F' = U;c; U, (F).
We assume F' is connected.

Let Fixz be the set of fixed points of the maps ¥;, i € I. A point x € Fix is called an
essential fixed point if there exist i, j € I, i # j and y € Fiz such that ¥;(x) = U,(y). Let
Ipi, :={i € I : the fixed point of ¥, is an essential fixed point}. We write V} for the set
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of essential fixed points. Denote ¥;, ; = W¥; o-.-0V; . We further assume a finitely
ramified property, i.e., if {i1,...,i,},{Jj1,...,jn} are distinct sequences, then

Uiy i (F) ()W (F) = Wy i (VO) () W5 (V)

note that, for each n > 0 and ¢y,--- ,4, € I, we call a set of the form ¥,, ... ; (V;) an
n-cell. A compact uniform finitely ramified (u.f.r.) fractal F is a set determined by (¥;);c;
satisfying the above assumptions with |Vj| > 2. Throughout, we assume without loss of
generality that ¥;(x) = f~'x and 0 belongs to V. We observe that u.f.r. fractals, first
introduced in [27], form a class of fractals which is wider than nested fractals ([38]),
and is included in the class of p.c.f. self-similar sets ([30]). In particular, the Sierpinski
gasket is an example of a u.f.r. fractal.
We next introduce the sequence of u.f.r. graphs approximating F'. In particular, let

Vi = Uiy o iner iy, i, (Vo),

noting that F' is the closure of U2 ,V;,. Moreover, denote by E,, the collection of pairs
of distinct points x,y € V,, such that x and y are in the same n-cell, and let u, be the
counting measure on V,, (placing mass one on each vertex). We will be interested in
the scaling behaviour of (V,,, RY, tin, pn) (Where p,, is some distinguished vertex) and the
associated VSRW and CSRW when R is the resistance metric determined by placing
random conductances along edges in F,; in this section we generalise slightly from the
i.i.d. conductance assumption to allow dependencies within the same n-cell.

For some of our results, it will be convenient to work in terms of the unbounded u.f.r.
fractal and graphs; we define these now. We call F .= U 8™ F an unbounded uniform
finitely ramified fractal. Let V= VO = U5 8"V, and Vn = B‘”V for n € Z. We define
n-cells for n € Z as in the compact case, and denote by E, the edges of the unbounded
graph, connecting vertices within the same n-cell.

Finally for this section, we introduce some useful index spaces. In particular, let

= = {nelI”: there exists n € Z such that i, = 1,k > n},
2, = {neI": there exists n € IN such that n, = 1,k > n}.

There is then a continuous map 7 : = — R” such that

m(n) = lim g, (Wy, (- (¥y_,(0))---)).

n— oo
It is easy to see F' = n(Z). For any 5 € 2, and i € Iy, define [1,i] € = as follows;

RSN BT |
miw={ " 120

Then, V = {n([n,4]) : 9 € Z4,i € Ipis}.

6.2.2 Renormalisation of forms

In this section, we introduce notation and basic properties for Dirichlet forms and
associated renormalisation maps on uniform finitely ramified graphs. To begin with, let
Q be the set of Q = (Qi;)i,jerr;, Such that

Qij = Qjs, Vi,J € Ipig, Z Qij =0, Vi€ Ipy.

J€IFix
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Observe that Q is a vector space, with an inner product (-, ')Q given by
Q.Q)g= > QuQj =TraceQ'Q, Q,Q €Q.
,kE€EIFix
Let O ={Q € Q:5¢(&,¢) ; 0 for any ¢ € I(IF;,)}, where
Sae=- Y Quag =5 3 Qula-g)

4,JE€IFix 1,5€IFix

and we define [(A) = {f : A —» R} for a set A. Set

Q2= sup —L>S
“ H E€l(Ipiz) ZiEIFn 52

Note that ¢1[|Q[* < (Q,Q)g < 2[|Q|* forall Q € Q. Let

Ou = {QEQ ng ZOVZJGIF’LZE?Z#jjU
Int(Qn) = {Qe€Q:Qi >0,Vi,j € Ipiu,i#j},
Qirr = {Q € 9 :5¢0(£ ) =0« ¢is constant}.

Note that Int(Qps) C Qirr C Qu C Q4. Take Q. € Int(Qys), and let
@+ = C(EJm Q+), @IW = C(E+7 QM)7 @ir'r = C(E+7 Qirr)~

Then O, and ©), are convex cones. For any § € O, define Sy by

% > Soe ([, D), ulx(n, ), w € LV, jio),

nEEL

where jiy is the counting measure on V. If § € Oy, then S, is a Dirichlet form on
I2(V, fig). So, there is an associated Markov process ((X/)¢>o, (P?),cy). We introduce
an order relation < in O as follows:

0 <0 if Sp(u,u) < Sg(u,u) forall ue L2V, jp).

The norm on O is given by [|0[|* = sup,,cyz2 (i 4,) So(u, u)/||u||?L2(V7ﬂO).

We now define the renormalisation map ®. For any 6 € O, let Sél) LAV, o) —
[0,0) be given by

Sél)(u) = inf{Sp(v,v) : v € LAV, fio), v(Bz) = u(z), x € V}.

By the self-similarity of £, there is a renormalisation map & : O, — O, defined by
setting S(gl)(u) = S’(I)(g) (u,u) forall § € ©4 and u € L%(V, fio). Let ¢ : Q, — O, be such
that +(Q)(n) = Q forallnp € E; and @ € Q4. Define a renormalisation map d:0, -9y
as ®(Q) = (+(Q))(n) for n € Z,. Note that it is independent of the choice of € =, . By

Schauder’s fixed point theorem, we know that there exists Q-+ € Qur (with (Q.);; > 0 for
some i # j) and pg, > 0 such that ®(Q.) = géiQ*. Henceforth, we assume the following.

Assumption 6.6. (1) For each Q € Q;,,, there exists ny = no(Q) € IN such that (f)"(Q) S
Int(Qyy) for all n > ny.
(2) There exists Qo € Int(Qxr) and pg, > 0 such that (Qo) = QéiQO'

In the following, we take one Qy € Int(Q),), as given by Assumption 6.6(2), and fix it.
Remarl~( 6.7. (1) It is known that pg, > 0 is uniquely determined, i.e. if Q1,Q2 € Qirr
satisfy ©(Q);) = gélej (7 = 1,2) with g, , 0, > 0, then oo, = 09, = 0g,- In the class of
fractal graphs we consider, we can prove 0q, > 1 (see [30], for example).

(2) Every nested fractal satisfies Assumption 6.6.

Under Assumption 6.6, we set & = 9o, ® : ©, — 0, & = 9o, ® and 52 (u) = 00, ST ()

for u € L2(V, fig).
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6.2.3 Homogenisation of forms

In this subsection, we will describe the homogenisation of the discrete Dirichlet forms
associated with the random conductance model on u.f.r. fractals, see Theorem 6.11 for the
main result. First, we give some further definitions for later use. Let Vo = {a; : i € Iy, }.
For Q* € Int(Qy), k € I, we define a matrix Ay - € [(I%,,) by setting

_ pQ” 1T
(Arg-)ij = Pg, (0 (X7, = a5,

where X! is a discrete time Markov chain on V; whose transition probabilities are
determined by the Dirichlet form obtained by placing a copy of @* on each 1-cell, and
v, = inf{n > 0: X} € Vy}. Then, it is easy to see that the following holds for u.fr.
graphs; 0 < (Ag,g-)ij < 1ifk #iand (Ag,Q«)rj = Ok;-

We now define a liberalisation of the renormalisation map around the fixed point Q..
For any 0 € ©, and Q. € Int(Q,) with i)(Q*) = Q,, define

S5 (u) = 09, So(v,v)  for we LAV, ),
where v € I2(V, fio) satisfies v(8z) = u(z), = € V, and v is Q.-harmonic on V' \ AV, i.e.,

o(n([n-i,d) = > (Aig)jwu(r((n. k)  for i€l,je Ip.
k€lpiy

Here n-i € 2, is given by (- i), = n—1, n > 2 and (- i); = i. It is easy to see that
S (u) = Ste. (o) (u,u) forall @ € ©4 and u € L2(V, fiy), where

Ho. (0)(n) = 0go Y "Akq.0( - k) Ak q. -
kel

Similarly, we define a linear map Ho. : Q4 — @ by Ho. (Q) = 00, > ower Ak QA Q. -

Note that ﬁQ* (Q+) = Q.. The following properties of ® and H, are easy, but important.

Note that the corresponding results hold for P.

Lemma 6.8. Let Q. € Int(Q)) satisfy ﬁ)(Q*) =Q. and 0,0 € O,.

(1) If0 < ¢, then ®(0) < ®(¢'), Hp.(0) < Hg,(0') and ®(0) < Hq, (0).

(2) For a,b >0, ®(af + b8') > a®(0) + b2(¢') and Hg_ (ab + b0') = aHg, (0) + bHq, (¢).
We are now ready to introduce a probability measure P on O,, to describe our

random conductance model in this setting. In particular, we now write # for a © ,-valued

random variable, and suppose that, under P, the elements (6(7)),c=, are independently

identically distributed Q;;-valued random variables such that, P-a.s.,

Ci1Qo <06(n), VYneE,.

Note that in [34, 35] it was assumed that P({0 € O, : C1Qo < 6(n) < C2Qy, for
n € E4}) = 1 for some C;,Cy > 0. Here we do not assume such a uniform ellipticity
condition from above. We note the following further property of ®:

E(®(0)) < ®(E(0)), (6.6)

where the expectation is taken for each element of the matrix in Q,.

Let ®” be the n-th iteration of . We make the following further assumption, which is
possible to verify in the case of nested fractals when the distribution of the individual
conductances does not have too heavy a tail at infinity.

Assumption 6.9. There exists ny € IN such that

E [(2™(0)(n)i;)?] < o0, Vi,j € Ipiz, n € B4
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Note that under Assumption 6.9 we have, foralli # j € I[p;,, n € =4,
[0 (0)(n)i;] < (E[(@7(8)(n)i;)*])"/? < o0,

so by (6.6), E[®"(0)(n);;] < co for all i # j € Ipi;, n € E4, n > ng. We next give a
sufficient condition for Assumption 6.9 to hold. For z,y € V,,, define

hn(z,y) = min{k : K;,--- Ky are n-cells,z € Ky,y € Ky, K;NK;11 Z0,Vi=1,...,k—1}.

Proposition 6.10. Suppose that there exists ny € IN such that ming yev, z£y fn, (T, y) >
2. Suppose also that the law of 6(n);; has at most polynomial decay at infinity for all
i # j € Iriz, n € 24, namely there exists c1,v;; > 0 such that P(6(n);; > s) < c1s™ 4.
Then Assumption 6.9 holds. In particular, Assumption 6.9 holds for nested fractal graphs
if the law of the random conductances has at most polynomial decay at infinity.

Proof. First, suppose we have two edges with conductance w;, wy such that P(w; > s) <
c;s Vi for ¢ = 1, 2. If the edges are connected in parallel, then the effective conductance
is w1 + wy, which satisfies

P(w; +ws > 5) < Pw; > 8/2) + P(wa > 5/2) < 2(cy Veg)s™ M2, Vs >1. (6.7)

Similarly, connect the two conductances in series, and assume that w; and wy are
independent. Then the effective conductance is (w; ! + w, ')~!, and we have

P(lwi'+wy ) 2s) = Plop+w'<s™)
< Pl SsTHPwy ' <571

< ecregsT M2 Vs > 1. (6.8)
Next, note that by the assumption we have min, yev;, vy Bin, (T, y) > 2l foralll > 1. Let
a; € V, be the fixed point of ¥;. Consider the network on 3" Vin, and fix a; # a; € V.
Define H,,, = {z € BV, : hin,(as, pmoz) = m} for 1 < m < Ring(a;,a5) — 1, and
Hipppy(asay) = 12 € BV, ¢ hing (aiy B7102) > hyngy(ai,a;)}. Now short all the vertices
that are in the same H,, for 1 < m < hyp, (a;, a;), and let C;; be the effective conductance
between a; and a; for the induced network. By Rayleigh’s monotonicity principle for
electric networks, we see that "0 (0)(n);; < Ci;, where n = (1,1,1,...). Applying (6.7)
and (6.8) repeatedly, we see that ij is integrable when [ is large enough. Therefore As-
sumption 6.9 holds in this case. Finally, note that the condition min, ¢ ., fin, (z,y) >2
holds for nested fractal graphs due to [37, Lemma (2.8)], so the last assertion holds. O

We are now ready to state the main result of this section.

Theorem 6.11. Under Assumptions 6.6 and 6.9, there exists Qp € Int(Q,s) such that,
forallne =,

Qp = lim ®"(0)(n), inL'(Qun,P). (6.9)

n—roo

The rest of this subsection is devoted to proving Theorem 6.11. The next proposition
is a restricted version of the result by Peirone [42], whose original ideas come from
Sabot [43]; see [34, Appendix A] for the proof.

Proposition 6.12. Under Assumption 6.6, for each M € Q,,.., there exists Qs € Int(Q )

such that Q = lim,,—, o O™(M).

The next lemma is an adaptation of [35, Lemma 4.1], but the proof requires serious
modification from the latter work to cover our more general setting. We denote by H
the n-th iteration of Hy,,.
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Lemma 6.13. Let Q. € Int(Q),) satisfy Cﬁ(Q*) = Q.. Under Assumption 6.9, there exist
c1 >0and0 < e <1 such that

E[||Hp, (3™ (0))(n) — Hy (E[@"@))M)IP] < ca(1— )", ¥neErn>1  (6.10)
In particular, it P-a.s. holds that
Tim [ HS(@(0)) () — HS (BO™ (O)])(m)] =0,  neZ,.

Proof. Let the left hand side of (6.10) be f(n,n) and set §’ = ®"°(§). Further, let

0 () = Ay AL (i i) Ay - A
9;52) . (n) = tAin .. tA“E[ (77 iy )] A, e Ay
O inn) = O ) =0, (),

where we set 4; := A, .. Then we have

f(n,m)

IN

ch E | Trace Z 011, in (n)

_ cgg(‘) Z E{Trace [(9;17'“7%(77))2”

11, yin

= o Z (E [Trace {(9151)1,7(77))2

11y yln

< cop Y, E {(Trace& zn(??))Z},

i1, yin

1

— Trace {(9252) vin (77)) 1 )

where the first equality is because 9;17,“ in (n) and 9317.,, n (n) are independent (because
of the finitely ramified property) and mean zero for (i1, - ,i,) # (j1, - ,jn), and the last
inequality is because Trace (B?) < (Trace B)? for any non-negative definite symmetric
matrix B.

Set A= (ai;) = A;, -+ Ai,, (xi5) =0"(n-41----ip). Then we have

1
(9251) i, ()ij = Zamazﬂm =3 Z (i — ai)(arj — ay)Tr,
Kl kel kAl

because z;; = — E}c:k;ﬁl xy. Thus, denoting Q. = (¢.):;, we have

E [(Trace o, ') i (n))2]

2

- E —%Z Z (aki—ali)29€kl

ik lk#Al

- iz Z Z Z (ak'i - ali)z(ak/i/ — al,i’)zE[xklxk’l’]

i kLk#AL i KUK A

S AY YT Y - a v — an)(Eled) A (Bl )
i klk#l i KUK AL
2
1
= 7|2 X (e —aw’ (Bl 2
i k,lik#£l
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2

< a Z Z (ari — @) (g )m |

ik lk#£L

where the last inequality is because there exists ¢, > 0 such that E[(®"(0)(n);;)?] < c.
for all 4, j € Ip;;;, which is due to Assumption 6.9. In particular, we obtain that

flnm) < co0fr > {Trace ‘A; ---'A; Q. A; - A; )2,
i1, in
Now, from the proof of [37, Proposition (5.5)], we have
00 (A, TAL QU A - Ay, < (1—2)"Q

in

for some 0 < € < 1. (Note that in [37] it is assumed that Zk# t A Ay is strictly positive
for all 4, but this assumption is satisfied in our setting; see [37, Proposition (7.2)].)
Combining this with Hq, (Q.) = Q., we obtain

f(n,m) < (1 —¢e)"(Trace Q.)? < ci(1—e)™
O

Proof of Theorem 6.11. Let ¢, = E[®™1"0(0)(n)] (¢, is independent of n). By Assump-
tion 6.9 and Proposition 6.12, for each m € NN, there exists Q),, € Int(Q,s) such that
lim;, o0 () = Qm and ®(Q.,) = Q. On the other hand, similarly to (6.6) we see

O™ (dpm) > bnam  Vm,n € NU{0}, (6.11)

so that @, > Qy+m. Denote the limit of (Q,,)m>0 by Q+; then (i(QJr) = Q4. (Note that
Q4+ € Int(Qjps) due to Assumption 6.6(1) and the assumption P({f € O, : C1Qo < 6(n)
forn € 21 }) = 1.) For any ¢ > 0, there exists N. € IN such that

(1 + 5)Q+ > Om vYm > N,. (6.12)

Indeed, if this does not hold, then because there exists C, > 0 such that (¢,,);; < C, for
alli # j € Iri, and all m € IN, there exists a subsequence (I;);>0 such that ¢;; > (14-¢)Q
and lim;_, ¢;, =: ¢ exists. On the other hand, by (6.11), we have Pl =L (¢1,) > ¢, for
all j/ > j sothat Q1 > ¢, which is a contradiction. By the definition of (),,,, for each m
and ¢ > 0, there exists L,, . such that (1 —¢)@,, < (i)"(qu) for alln > L,, .. Combining
these facts and noting Hg+ (¢m) > ®"(¢y,), we have

(1-e)Qr <HY (¢m) < (1+e)Qr  Vn > Ly c,m > N (6.13)
On the other hand, by Lemma 6.13, we have P-a.s. that
i [[HG, (@40 (0)) () = B, (6| = lim_ [ HS, (27F7(8))(n) — Hp, («(6m)) ()] = 0

for all n € 4, m > 0. Since Hp (®"7"0(0))(n) > @"T™* "0 (0)(n), we see that the
following holds P-a.s.: for some N/ € NN,

€M

(1+8)Qy = @™+ (0)(n), VYneZy,m>N.,. (6.14)

We now establish some more properties of fIQ+. It is easy to see sup,, |||H5+H| < 00,

where [[|[Hg ||| := supgeg,, jo|=1 1HG, (@)
that the size of each Jordan cell corresponding to the largest eigenvalue of Hg, is 1. We

, see [35, Lemma 4.3]. Using this, we see
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thus obtain that there exists an orthogonal projection P, : @y — Qs so that for each
k € IN, there exists n, € IN such that

IHZ: — Poll| < 27" (6.15)

By (6.13) and (6.15), we have ¢,,, > Pyo, > (1 — €)Q4 for all m > N.. Together with
(6.12), we have

lim ¢, = Q+. (6.16)
n— oo
Now, by Fatou’s lemma and (6.16),
E[lim sup Son (9)(n) (u,u)] > limsup Sy, (u,u) = Sq_ (u,u), (6.17)
n—oo n—o0o0

foralln € 24, u € l(V;)), where V,, := {n([n,1]) : i € Ip;;} is a 0-cell whose address is 7).
(Note that we can use Fatou’s lemma thanks to (6.14).) By (6.14) and (6.17), we have

lim sup Sen (g) () (4, u) = Sq., (u,u),
n—oo
P-a.s. foralln € ¢, u € I(V,)). Applying [35, Lemma 4.2] with Y;, = Sgn(g)(y)(u,u) and
Y = Sg, (u,u) (note that sup,, E[Y,?] < co due to Assumption 6.9), we have
lim E[|Sen (o) (u,w) — Sq, (u,uw)|] =0, VneZy, uel(Vy).

n— o0

Since {(V},) is finite dimensional, we obtain (6.9) where Qp = Q. O

6.2.4 Application to the random conductance model

We are now ready to explain the application of the homogenisation results of the previous
section to the random conductance model; see Proposition 6.17 for the main result. For
the setting, we recall the graphs (V,,, F,,), and the associated counting measure p,,, from
Section 6.2.1. We further suppose each graph is equipped with a collection of random
conductances (w; )eck, such that the conductances within each n-cell, (w¢')ecw, . (Vo)
are independent, and identically distributed as (w?).c g, (and built on a probability space
with probability measure P). The associated random resistance metric will be denoted
by RY.

Note that this family of random graphs can be coupled with the framework of the
previous section. In particular, suppose that (G(W)ij)ff;:l is distributed as (wgiyaj)fﬁzl,
independently for each 7. Then we easily see that the random weighted graph (V,,, E,,,w"™)
is identical in distribution to that given by the conductances associated with 6 on
8"V, C V. We will fix this identification throughout the section, and typically suppose
that Assumptions 6.6 and 6.9 are satisfied accordingly. This means that we can define
the @Qp for which the conclusion of Theorem 6.11 holds.

We next describe the limiting object. First, let R, be the resistance metric on V,,
induced by placing conductances according to Qp along edges of n-cells, i.e. setting the
conductance from ¥;, _; (a;) to ¥;, ; (a;) to be (Qp);;. From the fact that ®(Qp) =
Qp, it follows that there exists a resistance metric R on V, := U,>(V,, defined by
setting R := Qéoan on V,, where gg, > 1 is the scaling factor given by Assumption
6.6. Moreover, by [30, Theorems 2.3.10 and 3.3.4], taking the completion of the metric
space (V,, R) yields a resistance metric R on the u.f.r. fractal F, which is topologically
equivalent to the Euclidean metric. It is moreover an elementary exercise to check that
N~"u, — u, where p is the (unique up to a constant multiple) self-similar measure on F,
placing equal weight on each 1-cell; this measure is non-atomic and has full-support. We
observe that, for any p, € V,, such that p,, — p (with respect to R, or equivalently the
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Euclidean metric), we have that (V,,, a, Ry, bnpin, pn) = (F, R, u, p) in IF. with respect to
the Gromov-Hausdorff-vague topology for a,, = Qé: b, = N~". We moreover note that
(Vau, an Ry, by fin,, pn)n>1 satisfies UVD (see [27, Lemma 3.2]).

As in Section 6.1, to get from the convergence of the previous paragraph to the
convergence of the VSRW associated with the random conductances (w?).cg, , we need
to establish the convergence of the random metric R;;. This is the aim of the following
lemma.

Lemma 6.14. Suppose Assumptions 6.6 and 6.9 hold, and that the conductances
(w9)eer, are uniformly bounded from below (i.e. there exists a constant ¢ > 0 such
that w? > ¢, P-a.s.). Then it is the case that in P-probability

sup  an |R‘;:(l‘,y) - Rn('xvyﬂ — 0.
z,yeVy,

Proof. Translating Theorem 6.11 into the present notation, and noting that, for a finite
network, convergence of edge conductances implies convergence of the resistance
metric (cf. the proof of Lemma 3.3), we obtain for any z,y € V, that, in P-probability,
anR¥(xz,y) — R(z,y). Moreover, the fact that conductances are uniformly bounded
below implies that there exists a constant ¢; such that R? < ¢; R, P-a.s. From these
two facts, one can deduce the result by following the argument of Lemma 6.2. O

To prove convergence of the CSRW to the a-FIN diffusion, we introduce the random
time-change measures vy, as given by v,({z}) = >_.cp . ,e.we- In Lemma 6.16, we will
prove convergence to the limiting FIN measure v, again obtained from a Poisson process
on (0,00) x F with intensity av~'~*dvu(dz), under the following assumption. We note,
in this setting, it makes sense to state convergence results with respect to the original
Euclidean topology, since the objects already have a natural (non-isometric) embedding
there. Moreover, we observe that the assumption is satisfied for i.i.d. edge weights, each

with tails satisfying the same distributional asymptotics.

Assumption 6.15. There exists a constant ¢ > 0 such that the random conductance

distribution satisfies
P (Z w? >u) ~cu”

ec kg
for some a € (0,1).

Lemma 6.16. Suppose Assumption 6.15 holds, then there exists a constant ¢y > 0 such
that c;, 1bi/ “vn, — v in distribution with respect to the weak topology for finite measures
on R<.

Proof. The proof is again similar to the tree case (Lemma 6.3). In particular, it is an

easy exercise to check that there exists a constant ¢y > 0 such that, for any ¢1,...,%,, €
{1,...,N}, b}/“un(\llih__?im(F)) — cov(¥,,. 4, (F)) in distribution. From this, the result
again follows from [29, Theorem 16.16]. O

From Lemmas 6.14 and 6.16, we are able to prove the main result of this section by a
similar argument to the proof of Proposition 6.4; we thus state it without proof. We write
PYSEWx for the annealed law of the VSRW X™“ on the graph V,, with conductances w",
started from z. (Note that in Proposition 6.4 convergence of VSRW is shown P-a.s., but
here we have only annealed convergence since the convergence in Theorem 6.11 is in
the L'-sense.) We write PCSRWr for the annealed law of the corresponding CSRW X ™%V,
We write P, for the law of the Brownian motion on (F, R, u) started from z, and P}™ is
the annealed law of the associated a-FIN diffusion, defined as in Section 5.
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Proposition 6.17. Suppose Assumptions 6.6 and 6.9 hold, and that the conductances
(w®)eer, are uniformly bounded from below. It is then the case that

VSRW,, n,w
P <(Xt/“”b")t>0 € > =5 ((Xt)tzo < )

weakly as probability measures on D(R,,R?). Moreover, if Assumption 6.15 also holds,

then
CSRW,, n,w,v FIN v
e () ) B (00 )

cot/an bn/

weakly as probability measures on D(R.y,R%).

Example 6.18. To continue with the example of the Sierpinski gasket graphs from
previous sections, one can also apply Proposition 6.17 for this collection. In particular,
assuming that the conductances are uniformly bounded below and have at most polyno-
mial decay at infinity, we know that nested fractals satisfy both Assumption 6.6 and 6.9,
and so we obtain the annealed convergence of the VSRW on the Sierpinski gasket graphs
as at (1.8). Moreover, if it is further the case that the tail behaviour at infinity of the
conductances satisfies Assumption 6.15, then we also have the annealed convergence of
the CSRW as at (1.9).

Remark 6.19. When Ewg < oo for each e € Ej, one obtains in place of Lemma 6.16 (via
the same argument) that there exists a constant ¢y such that c; 'y, v — p. Consequently,
if Assumption 6.15 is replaced by the assumption of finite first moments, then one can
check the annealed limit of the CSRW is Brownian motion, rather than the FIN diffusion
that appears in the second statement of Proposition 6.17. A similar remark pertains to
Proposition 5.4 and the second statement of Proposition 6.4.
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