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Scaling limit for Brownian motions on the /-level
Sierpinski gaskets: The fractal to Euclidean crossover®

David A. Croydon’ Ben Hambly? Takashi Kumagai®

Abstract

In two dimensions, the I-level Sierpinski gasket SG(l) is obtained by splitting an
equilateral triangle into a collection of 12 equilateral triangles of equal size and with
the same total area, retaining only the I(I + 1)/2 triangles with the same orientation
as the original triangle, and then iterating this procedure indefinitely. We show that
the canonical diffusions on the spaces SG(I), [ > 2, can be rescaled to yield Brownian
motion on the initial triangle. Our argument also applies to the analogous higher-
dimensional Sierpinski gaskets. Moreover, we prove a local central limit theorem
for the associated transition densities. Key to this is the derivation of a Poincaré
inequality, in the proof of which we exploit the Euclidean-type mixing that occurs
between the bottlenecks present at each scale of the fractal.
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1 Introduction

It is now well known that heat flow on fractal spaces, such as Sierpinski gaskets,
has clear differences to that on classical Euclidean space. Indeed, unlike the diffusive
behaviour of Brownian motion on the latter spaces, the canonical diffusions on many
fractals have been shown to be sub-diffusive, with walk dimension strictly larger than 2.
(We recall that the walk dimension is the polynomial exponent governing the space-time
scaling of the process in question, see (1.1) below for a precise definition in our setting.)
In the physics literature, see [30] in particular, the question was raised as to how the
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Scaling limit for Brownian motions on the [-level Sierpinski gaskets

Figure 1: The sets SG(2), SG(3) and SG(4) in two dimensions.

crossover from ‘fractal’ to ‘Euclidean’ behaviour occurs when one considers a sequence
of fractals increasingly well-approximating Euclidean space. Establishing rigourously
a result conjectured in [30], in [19], this question was studied at the level of certain
exponents describing the laws of the related stochastic processes. It was established that
these exponents, which relate to the short-time, microscopic behaviour of the relevant
diffusions, retain the fractal aspects of the model, even asymptotically. (We expand
on this discussion in Theorem 1.1 and Remarks 1.4 and 1.6 below.) In this article, we
consider the same issue, but at the level of a functional scaling limit. In contrast to
the story told in [19] and [30], we demonstrate that for a certain sequence of fractal
spaces and a certain scaling regime, the fractality of the spaces is no longer preserved
in the limit. Rather, we see that the associated sub-diffusive processes have as a scaling
limit a standard Brownian motion on Euclidean space (restricted to lie within a suitable
domain). Additionally, we present a corresponding result for the transition densities of
the processes in question.

To describe the results in [19] and our main results, let us start by introducing some
key notation; full definitions are postponed to Section 2. We will work in d-dimensional
Euclidean space, d > 2, but usually suppress d from the notation as this parameter does
not vary. First, let V) be the vertices of a d-dimensional regular tetrahedron A of side
length 1, one of the vertices of which is 0. For each integer | > 2, we set SG(/) to be the
d-dimensional [-level Sierpinski gasket with boundary Vj (see Figure 1), and suppose
that X! = (th)tzo is the canonical diffusion, i.e. Brownian motion, on this space, started
from 0; the time-scaling of X! will be fixed so that the expected commute time between
0 and each other vertex of A is equal to 1. For each [,d > 2, the following limit, called
the walk dimension, is known to exist:

R 1ogE(’th’2) | .
w(l) = tl—%Tgt ; (1.1)

moreover, it has been established that d,,(I) € (2,00), see [20, Proposition 5.3], for
example. Additionally, each of the processes X' admits a transition density (or heat
kernel) with respect to the canonical flat probability measure on the underlying space,
(pL(z, Y))z,yesc(), +>o0 say. The spectral dimension is defined to be the exponent governing
the asymptotic scaling in the eigenvalues and it typically determines the behaviour of
the on-diagonal part of the heat kernel at short times. In particular, for our purposes we
can define

2log pt(0,0)

ds (1) := 150 logt

It is known that the spectral dimension exists for Brownian motion on SG(l). The
following is the main result of [19].
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Theorem 1.1. ([19, Corollary 2.3]) For each d > 2, the following hold as | — oc.
9 loglogl + 0O(1) ifd = 2;
du(l) = { T e 1

lo, logl> 1.2
d+ ¢ ifd > 3. (1.2)

(1
logl >

loglogl |, O(1) .rg _ o,
@@Z{Q_IM e (1.3)

2- 20, ifd > 3.

As this theorem shows, d,,(I) — d and ds(I) — 2 as | — oo, meaning the fractal aspects
of the model are retained asymptotically for d > 3. In our first conclusion, we show that
this is not the case for the sample paths of the processes when they are observed on
an appropriate time scale. To present this result, we suppose that X2 = (XtA)tZO is
standard Brownian motion on A, reflected at the boundary. Unless otherwise stated, we
assume that all stochastic processes start from 0. (This is not an essential requirement,
but eases the presentation.)

Theorem 1.2. There exists a sequence of scaling parameters (71)122 taking values in
(0,00) such that, as | — oo,

l A
(X'rlt)tzo - (Xt )tzo
in distribution with respect to the local uniform topology on C([0, ), A), the space of
continuous functions on A (equipped with the Euclidean distance).

To place this result into context, we note there have been substantial developments in
the literature for understanding the scaling limits of processes on fractal-like spaces as
described by so-called ‘resistance forms’. See [8, 10, 22], for example. However, we can
not immediately apply the results in those works to deduce Theorem 1.2 since, whilst
the processes X!, | > 2, are associated with resistance forms, the limiting process X is
not. Indeed, the resistance metric (see Subsection 2.2 for a definition) degenerates in
the limit, and so fails to capture the behaviour of the process X2.

The scaling factors (7!);>2 of Theorem 1.2 will initially be defined in terms of a certain
hitting time, see (2.7) below. Combining our definition of 7! with (1.2), we have the
following result. (In the following, we write f(I) =< g(I) if there exist ¢;, c2 > 0 such that
c19(l) < f(l) < cag(l) for all I, and f(1) ~ g(1) if lim;—,» f(1)/g(l) exists.)

Theorem 1.3. It holds that

1 . _ o,
= 1;2—dw(z) _ ] T ifd =2;
2 127d’ ifd>3.

In particular, Theorem 1.3 shows that 7! — 0 as | — oo, and so we are slowing down
the diffusions X' by an increasing amount as | — co. Intuitively this makes sense as the
diffusions X' hit the vertices of A in finite time, whereas the process X* does not.

Remark 1.4. (a) The < in the statement of Theorem 1.3 is a direct consequence of
(1.2). It would be interesting to determine whether < could be replaced by ~; this
would require showing that the O(1) terms in (1.2) are of the form C + o(1) for
some constant C' € R. (See Remark 3.3 below for further discussion of this point.)

(b) We highlight that the walk dimension of the limiting process X is 2, independent
of the dimension. Hence, apart from in dimension two, the walk dimensions d,, (1)
do not converge to the walk dimension of X as [ — co. In particular, the fractality
of the spaces persists in the walk dimension, but not at the level of processes on
the time scale of Theorem 1.2. This difference can be explained by noting that the
walk dimension is given by the arbitrarily short-time asymptotics of the diffusions
X!, whereas the scaling limit of Theorem 1.2 depends of the behaviour of X' at
a specified (albeit still short) time scale, as is required to enable the process to
suitably explore the space.
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Figure 2: The set SG(2), the (Hausdorff) limit of the sets SG,,(!) (as [ — co0) and the
convex hull of SG(I) (for any /). The marked line segment shows the distance between
vertices in Vj.

(c) One might also consider the behaviour of X ! on the infinite versions of the fractals,
as given by SG (1) := US2,1"SG(l). In this case, the limiting space is naturally
given by an infinite collection of tetrahedra only connected at vertices, see Figure
2 for the two-dimensional case. On the time-scales considered in Theorem 1.2, the
natural diffusions on SG (1), X" say, will take an increasingly long time to leave
the initial tetrahedron. Indeed, the expected time it takes Xi’fo to hit a vertex in V
other than its starting location is 1/27!. Since 1/7! diverges, it is easy to see that
the limit process must be trapped in the initial tetrahedron forever and, in fact, one
readily sees that Xi’fo — X2 by the same argument as Theorem 1.2. This situation
is to be expected given that, as already noted, the limiting Brownian motion X*
never hits points.

On the other hand, by considering the process X" at hitting times of tetrahedral
vertices in the limiting space, it is an elementary exercise to check that, for any
sequence (g);>2 such that [7! < g < 1,

(%) = ()

1

in distribution, where X< is the Brownian motion on the cone given by the convex
hull of SG(I) (for any (), reflected at the boundary. (Suitably avoiding the lattice
cases when the constants ¢; takes values in {{™" : n € IN}, a similar claim can be
made for other sequences ; — 0.)

Finally, if one considers the processes X"> without time-rescaling, we expect
that one will see the processes mix within each tetrahedron in asymptotically zero
time, and then, after an asymptotically exponential amount of time, jump to an
adjacent tetrahedron, uniformly amongst the possible neighbours. (One could
regard the process as a continuous-time Markov chain on the graph representing
the part of the tetrahedral lattice obtained when one considers each tetrahedron
as a point.) In particular, we conjecture that a functional scaling limit with respect
to the uniform topology will not hold. However, it should be possible to describe
the finite-dimensional distributions of the limiting process in terms of a continuous
time random walk on tetrahedra in such a way that, conditional on where this walk
is, the limiting process is uniformly distributed on the relevant tetrahedron. We
leave checking the details of such a result as an open problem.

As already advertised, in addition to a functional scaling limit, we can also give a
scaling limit for the transition densities of X', | > 2. Recall that (p!(x, Y))a,yesG(), +>0 1S
the transition density of Brownian motion on SG((). Similarly, we write (p£(z,9))z yeA, 10
for the transition density of X with respect the d-dimensional Hausdorff measure on A
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normalised to be a probability measure. We are then able to show the following uniform
convergence.

Theorem 1.5. For every compact interval I C (0, 00), it holds that

Jim sup sup ki, (,y) — b (2, y)] = 0.

= 2,yeSG(l) tel

Remark 1.6. (a) The proof of Theorem 1.5 highlights the point at which the transition
density evolves from the fractal scaling to the Euclidean. Indeed, in Lemma 4.6
below, we show that, for ¢t < =%, the on-diagonal supremum SUp,esq(y Ph(T, ©) is
bounded above by an expression of the form ¢~ ()/dw () (multiplied by a suitable I-
dependent constant), whereas for ¢ > [ —dw() the bound is of the form ¢~%/2, Whilst
we only need the upper bound, we expect that the nature of the ¢ dependence is
precise (though possibly there will be a different /-dependent constant needed in a
corresponding lower bound). This is natural to expect, since =% () is precisely the
time-scale on which the diffusion X' leaves a level 1 cell, and thus moves beyond
the fractal scale to the more Euclidean structure in which these cells are arranged.

(b) A similar remark to Remark 1.4(b) could be made concerning the spectral dimen-
sions d,(l) of the diffusions X'. As noted in (1.3), ds(I) — 2 as | — co. Since the
limiting process X* has spectral dimension d, there is only continuity in these
exponents in dimension 2. Again, comparing the results of [19] and this paper, we
see that the fractality of the spaces is preserved on arbitrarily short time scales,
but not on the time scales given by 7! (which is much longer than the time-scale
=4+ jdentified in the previous comment). In fact, in the arguments used to prove
Theorem 1.5, we are required to consider the interplay between the fractal and
Euclidean nature of the spaces not just at the first level, but between each scale
level along the sequence [~™, m > 0.

(c) Whilst we do not pursue it here, we believe that by appealing to the general
framework of [27], it should also be possible to show convergence of the rescaled
eigenvalues and eigenfunctions of the generators of the processes X', | > 2, to
those associated with the limiting process X%.

The remainder of the article is organised as follows. In Section 2, we present
some basic background regarding the construction of the sets SG(I) and the associated
processes X!, as well as the limiting process X“. Section 3 contains the proof of
Theorem 1.2, a key input to which is an estimate on the diameter of SG(!) with respect
to an effective resistance metric. Using some symmetries of the underlying objects,
the proof of Theorem 1.3 is also set out in this section. Next, in Section 4, we show
the equicontinuity of the rescaled transition densities of the processes X!, and as a
consequence obtain Theorem 1.5. Finally, in Section 5, we discuss some further examples
to which the approach of this article should be applicable, and some for which additional
work seems to be required. Unless specifically noted, constants such as ¢,C, ... may
change from line to line.

2 Preliminaries

In this section, we introduce some of the key notation that will be used throughout
the rest of the article. As already noted, we will typically suppress the dimensional
dependence from the notation.

2.1 The [-level Sierpinski gaskets

To construct an [-level Sierpinski gasket in d dimensions, we start by considering
a d-dimensional regular tetrahedron A of side length 1, with one vertex equal to O.
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(For each dimension d, the set A will be fixed for all [.) For each [ € IN, let N, ; be the
maximal number of translations of /' A that can be placed inside A and only intersect at
vertices. There is only one arrangement that achieves this; we denote the corresponding
translations of [~1A by (Aj);y:d’f. For example, when d = 2, these are the collection of
upward pointing triangles that appear when A is tiled by triangles a factor [ smaller. (A
similar description can also be given in higher dimensions.) As noted in [19], it holds
that No; =1(l+1)/2, and N4; can be computed for d > 3 via the formula

l

Ny = Z Ng—1,k-
k=1

It is a simple exercise in induction (on d) to check that this implies

d+1-1
Ny, = ( J ) (2.1)
Now, for each j =1,..., Nq,, let ¢; be the orientation preserving similitude from A to

Aj;. For [ > 2, the [-level Sierpinski gasket that we will consider, SG(l), is then the unique

compact set K satisfying
Ng,

K= U ;i (K).

See Figure 1 for illustrations of SG(2), SG(3) and SG(4) in two dimensions.

The set SG(!) is readily computed to have Hausdorff dimension given by

log NdJ
du (SG(1)) = Tlogl

Moreover, the corresponding dy (SG(l))-dimensional Hausdorff measure on SG(!) is a
non-trivial, finite measure of full support. We will denote by 1! the version of this measure
that has been normalized to have total mass equal to one. In particular, it holds that
pt(SG(I)NA;) =1/Ny, for each j =1,..., Nay.

In our subsequent arguments, it will be convenient to label the ‘vertices’ of each
SG(l). As noted in the introduction, we will denote by 1} the vertices of the original
regular tetrahedron A. We will further define the i-th level vertices inductively by setting

Na,.

Vilﬂ = U V; (Vil) :
Jj=1

Note in particular that if we consider V7 to be the vertices of a graph, with edges between
nearest-neighbour vertices, then V{ is simply the restriction of a tetrahedral lattice with
edge length equal to [~! to those vertices within A.

2.2 Resistance and Brownian motion

To construct our Brownian motion X! = (X});>o on SG(I), we will apply the general
machinery of [22] (see also [23]), which covers a much wider collection of self-similar
fractals. (We note that Brownian motion was constructed and detailed heat kernel
estimates were obtained earlier on nested fractals, which is a class of fractals including
SG(l). See [12, 13, 14, 18, 24, 29], for instance.) We start by considering the bilinear
form on V{, given by setting:

1

E(f, f) =i

> (fl@) = fw)’.

z,yeVo
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In particular, the above expression represents the energy dissipated in the network
created when wires of resistance (d + 1)/2 are placed between each pair of vertices in
Vb and vertices are held at voltages according to f. The choice of normalisation is made
so that the corresponding effective resistance, as defined by setting Ry(z,z) := 0 and,

for x #£ vy,
Ro(z,y) := (inf {&(f, f) : f(x)=0, fly) =1}", (2.2)

is simply the discrete metric on Vj, i.e. Ro(z,y) = 1y,+,}. For each d,l > 2, it is then
possible to deduce the existence of a constant p; = pg; > 1 such that if a sequence of

bilinear forms (€});>1 is defined on the sets (V}!);>1, respectively, by setting

Na,

ELa (1) = > EL(f oy, foiy), (2.3)

j=1

where &) := &, then the corresponding effective resistances R!, defined analogously to
(2.2), satisfy
Ri(z,y) = Rj/(z,y) (2.4)

forevery: > i and z,y € Vil,. This compatibility means it is possible to introduce a metric
R! on U, V! such that R = R! on each V} (and R' = R, on Vp). By [22, Theorem 3.3.4],
one can use continuity to extend R' to a metric on the whole SG(I) that is equivalent
to the Euclidean metric (see [13, Remark 3.7]). Moreover, as per [22, Definition 2.3.2],
R! is a resistance metric on SG(I) and, by [22, Theorem 2.3.6], there is an associated
resistance form (£, F'), which is a bilinear form on SG(I) satisfying

Rl(x,y) = (inf {Sl(f, f: fe Fl flx)=0, f(y) = 1})_1, (2.5)

for each z,y € SG(l) with « # y. Finally, we note that the results of [22, Section 2.4] show
that (€', F) can also be considered as a regular Dirichlet form on L?(SG(l), u!). Thus,
by the classical correspondence (e.g. [15, Theorem 7.2.1]), there exists a related Hunt
process X ! which can be checked to be a diffusion process; this is our Brownian motion.
Since points have positive capacity in our setting (by [23, Theorem 9.9]), the law of this
process is uniquely defined from any starting point. We recall from the introduction
that, for simplicity of presentation, we will henceforth suppose that X' is started from 0
unless otherwise stated.

2.3 Vertex hitting times and an associated random walk

At the heart of our arguments will be the discrete-time random walk obtained by
observing X! at the hitting times of vertices in V/'. To introduce this, we first recall that
processes associated with resistance forms (on compact spaces) satisfy the commute time
identity (see [10, equation (2.17)], for example). In particular, if Ui =inf{t >0: X,f =z},
then

E (o) |X{=2)+E(oL| X =y) =R'(z,y), Va,ye€SG(). (2.6)

Applying this in conjunction with the strong Markov property for X!, we obtain that the
stopping times (7?),,>o are all well-defined and finite random variables, where T} = 0
and

Th=inf {t> 1), xieviv{xh 1

Moreover, from the obvious symmetries of the fractal SG(!), we have that the discrete-
time process (Y}!),>0 given by

vi=XxL, vn>0,
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is the simple random walk on V/ (considered as a graph with nearest-neighbour edges)
started from O.
As a final piece of notation for this preliminary section, we define

rt=dIPE(T)). (2.7)

In Section 4, we will later check that this is equivalent to the description of 7! given in
Theorem 1.3. As for Theorem 1.2, we will use a law of large numbers for the sequence
(T!),>0 to deduce that

U nE(TY) = nrll=2d ™1
(see Proposition 3.6), which then allows us to show

Xh, ~ Xi b YleZQtJ - X7, (2.8)
Ldi2t]
where the convergence result is a simple consequence of the fact that Y is merely a
random walk on a section of a tetrahedral lattice.

3 Proof of Theorems 1.2 and 1.3

In this section, we will prove the functional scaling limit of Theorem 1.2 and the
description of the scaling factors given by Theorem 1.3. In order to make rigourous the
sketch proof of Theorem 1.2 presented at the end of previous section, we start by giving
the scaling limit of the discrete-time random walk Y. The proof involves quite standard
techniques, but we include it for completeness. (In the case of two dimensions, a much
easier argument is possible using the symmetries of the triangle.)

Proposition 3.1. As | — oo,

(YLIdPtJ)tZO - (XtA)tZO

in distribution with respect to the usual Skorohod J;-topology on D([0,c0), A), the space
of cadlag functions on A (equipped with the Euclidean distance).

Proof. We will apply the general result for convergence to a reflected diffusion of [7,
Theorem 2.1], checking the conditions discussed at the end of [7, Section 2]. (Technically,
we should apply this to the continuous time version of Y with unit mean exponential
holding times, but for the various estimates we require, there is no problem to switch
between discrete and continuous time.) We will first show tightness of the sequence
(Y\_leQtJ)tZO' I > 1, in the following sense. For every ¢,T > 0,

lim lim sup sup P sup Ylel2tJ — YleIQSJ > € Yol =z | =0. (3.1)
0—=0 |00 zeV} 0<s,t<T:
|s—t[<o

To this end, it will be convenient to consider the random walk on the graph with vertex
set V = Up>ol’ Vll/, with edges between nearest-neighbour vertices. Note that V is simply
a section of the tetrahedral lattice contained within a cone. Write Y = (Y,,),>¢ for the
discrete-time simple random walk on this graph, and ;" for the measure on V that
assigns each vertex x € V a mass equal to its graph degree. It is clear that the graph
metric on V is bounded above and below by constant multiples of the Euclidean metric.
Moreover, writing B(x,7) := {y : |y — z| < r} for the closed Euclidean ball, then it holds
that pV (B(z,7)) < 1 +r? for z € V and r > 0. In particular, " is a doubling measure,
i.e. there exists a constant C such that

Y (B(x,2r)) <cop” (B(m,r)) , Ve eV, r>0. (3.2)
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Applying [2, Lemma 3.29 and Lemma 3.31], we further deduce that, for every x € V' and
r>0,

s S G @ SCRE S () - fe)
K ( ($7r)) y,2€VNB(x,r) y’ZTVOIB(w’T):
y—z|=1

where Rp(, . is the relative isoperimetric constant for B(z,r) of [2, Definition 3.21].
From [2, Theorem 3.24], we have that
|V N B(x, 7")|
RB(:(),T‘) > _ )
KB(z,r)

where kp(, , is given by
K5 := min max u,v € VNB(z,r): {y z}e ,
B(a.r) I' y,2eVNnB(z,r): |{ ’ ( ’ ) {y } ’Yu,u}
ly—z|=1

with the first infimum being taken over collections I' of nearest neighbour paths with
vertices in V' N B(z,r) that contain, for each pair u,v € V N B(z,r) an element v, ,
connecting u to v. Adapting the argument of [2, Theorem 3.25] from the square to the
tetrahedral lattice, it is an elementary exercise to check that

KB(zr) < C ’V N B(x,r)| T,

Hence, we see that RB(%T) > Cr~!, which implies in turn that, for every z € V and r > 0,

- N < o e e
’uV (B(.’L‘,r)) y,zeVzﬁzB(w,r) (f(y) f( )) N y,zIEV%_(w,r):(f(y) f( ))

Now, (3.3) is the Poincaré inequality for the graph V. It is well-known that in conjunction
with the volume doubling property of (3.2) and the fact the graph V has bounded
degree, this implies that the random walk Y admits two-sided Gaussian transition
density estimates (see [11, Theorem 1.7]). Furthermore, two-sided Gaussian estimates
imply the following exit time estimates: foreveryz € V, r > 1,

sup E (5’Y(£E, T) ‘YO = y) < eir?, (3.4)

yeVNB(x,r)
E (6Y (z,7)| Yo = 2) > car?,

where ¢Y (z,7) ;= inf{n >0: Y, & B(x,r)} (see [17, Theorem 3.1] and [16, Proposition
6.1]). In turn, these yield the following estimate: foreveryx € V, r > 1and t > 0,

P (6Y(m,7") < t‘YO = ac) < Ce*CTQ/t,
see the argument of [4, Theorem 5.5], for example. Clearly, the latter bound implies: for

everyx €V, r>1andt >0,

P<sup Y, —z| >r

0<n<t

Yo = x> < Ce—cr’/t,

By appealing to the symmetry of the graphs V/, it readily follows that: for ¢ € (0, %)
T >0,

: ! ! !
limsup sup P sup ’YLdetJ —Yjgps | >€|Yg =2
=00 OEEVll 0<s,t<T":
ls—t|<é

< limsup sup 76~ 'P sup |V, —z|>el
l—oo z€V 0<n<3dI2§

Yo = a:) < CTs Lo/,
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Since the final expression here converges to 0 as 6 — 0, the claim in (3.1) follows.
Appealing to standard criteria for tightness of measures on D([0, c0), A) (see [21, Chapter
16], for example), we deduce that [7, Assumption 2.6] holds.

For [7, Assumption 2.3], we need to check an exit time bound and a Holder continuity
result for harmonic functions. The first of these is implied by (3.4). As for the second, we
again appeal to [17, Theorem 1] to observe that the two-sided Gaussian estimates for the
transition density of Y imply an elliptic Harnack inequality, i.e. there exists a constant
C < oo such that, for every z € V, r > 1 and v : V — R that is harmonic in V N B(z, 2r)
(with respect to Y),

sup  wu(r) <C inf  wu(x). (3.5)
z€VNB(z,r) z€VNB(z,r)

From this, standard arguments imply the existence of a constant C' and v > 0 such that

z —yl\” _
u(z) —uly)] < O — lullo:,  Vz,y €V NB,r),

for every v : V — R that is harmonic in V N B(z,2r). (We give an example of the
argument in the proof of Theorem 4.7 below.) By scaling, the corresponding estimate
holds for functions u : V! — R that are harmonic with respect to Y, with the constant
being uniform over different values of /. This confirms [7, Assumption 2.3] in the present
setting.

Next, suppose V are the vertices of the tetrahedral lattice obtained by extending V in
the obvious way, and let Y = (Yn)nzO be the associated nearest-neighbour discrete-time
random walk, started from 0. It is elementary to check that

(5?Lde—2tj)t>0 — (Xt)>0 5

where the limit process is standard Brownian motion on R, started from 0. From this,
it is straightforward to check that, if Y' is Y killed on hitting 0A, X is X2 killed on
hitting A, and z; € V{ satisfies 7; — x € A, then

weakly as probability measures on D([0, c0), A). This confirms condition (ii) of [7, Theo-
rem 2.1].

It remains to check that the invariant measures of Y, suitably normalised, converge
to the invariant measure of X*, and also that the Dirichlet form of any potential limiting
process is bounded above by that of X2. The first of these claims is elementary. As
for the second, this is also straightforward to check using the fact that: there exists a
constant ¢ € (0, 00) such that, for any f € C%(A),

BY (@)= 1) e [ (9f@)Pd

z,yeV]:
lz—y[=1""

cf. the argument of [7, Proposition 3.16], in which the more challenging example of a
percolation cluster was considered. As a consequence, we can conclude that all of the
conditions of [7, Theorem 2.1] hold, and the result follows. O

To check the remaining approximation in (2.8), it will be useful to suitably understand
the effective resistance metrics R' and the scaling constants p;. In this direction, we first
recall a result from [19]. (The notation p; was introduced at (2.3).)
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Lemma 3.2 ([19, Theorem 2.2]). If d = 2, then p; < logl. Ifd > 3, then p; < 1.
Remark 3.3. It will follow from observations made in the proof of Theorem 1.3 that
I _ I? '
2p1Ng,

From the expression for Ny ; in (2.1), it follows that

l dl2d71.

Hence to replace =< by ~ in Theorem 1.3, as suggested might be an interesting problem
in Remark 1.4(b), it would be enough to show that p; ~ clog! when d = 2 and that p; has
a limit when d > 3.

Lemma 3.2 will be sufficient for our purposes when d = 2. However, for d > 3, we
need slightly more control on the p;, and in particular need that they are uniformly
bounded away from 1.

1 f/)l 1.
1>2 =~

Proof. Since we know that p; > 1 for each fixed [, the result for d = 2 immediately follows
from Lemma 3.2. Thus we restrict to the case when d > 3. For each I, suppose V/ is the
vertex set of a graph, equipped with nearest-neighbour edges. See Figure 3. Moreover,
suppose (Ry.(z,y)), yev; is the effective resistance on V! when edges are equipped with
unit resistors. By (2.3) and (2.4), we have that, for any = € V5\{0},

2p;
d+1

RY0,2) = 22 Ro(0,2) =

and so to prove the result, we are required to find a suitable lower bound for Ry, (0, z). To

this end, fix = € V;\{0} and suppose A}, and Al are the vertices in V{ at graph distance
|1/2] from 0 and z, respectively. (Again, see Figure 3.) Now, by Rayleigh’s monotonicity
principle and the parallel law (see [28, Chapter 9], for example),

Ry (0,2) > Ry; (0,A5) + Ryy (AL, x) = 2Ry (0,A) .
By shorting vertices at each fixed distance from 0, it further holds that

L1/2]
va 0 AO Z de .

Applying (2.1), this yields that

/2|
d—1) 1

. (0, Al >

Ryp (0,80) 2 — ;i(i+1)...(i+d—2)’

and clearly the right-hand side here converges as | — oo to

—1'°° d—1
i(i+1)...(i+d—2) d(d—2)'

M

=1

Combining the above observations, we deduce that

o (d+1)(d—1)

1 fpp>———=>1.

e M= T qd—2)
Since p; > 1 for each fixed [, this completes the proof. O
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S

Figure 3: The sets V2, V3 and V! in three dimensions. In each case, the set V; consists
of the four extremal vertices of the tetrahedron. The shaded regions show Al and A}
when the resistance being estimated is that between the vertices in the bottom left and
right of the figure.
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From the above estimates on p;, we are able to deduce the following uniform bound
on the diameters of the spaces SG(!) in terms of their effective resistance metrics. This
result is fundamental for the arguments that follow.

Lemma 3.5. Foralld > 2,

sup sup Rl(z,y) < oo
1>2 z,y€SG(l)

Proof. For a given ¢ € IN, we say that the sets of the form

’(/JJIOO’(/JL(A), j17"‘>ji€{17"'7Nd,l}7

are i-cells; we also say that A is a 0-cell. Clearly, for each = € SG(I), we can find a
sequence (z;);>o such that, for each i > 0, x; € V}! (where V{ := V}), and z, z; and ;41
are in the same ¢-cell. It thus obviously holds that x; — x with respect to the Euclidean
metric, and, since this is topologically equivalent to the effective resistance metric, then
Rl(x;,7) — 0. Supposing (v;);>o is a similarly constructed sequence for y € SG(I), it
follows that

Rl(x7y) = 111{20 Rl(x%y’i)
i—1 i—1
< . ! ! !
< im (3 10+ 52 R + 3 R <ym,ym+1>>
< 1+2 Z sup sup R (¢j1 O'.'Oqujm(x/)?d)jl 0 "'Owjm(y/))'

m=02z" 9 €V it jm€{l,....Na1}

Now, by the self-similarity of the construction of the resistance form, i.e. (2.3), it holds
that

R (¢j, 00y, (), 005, 00y (y) < py "R (2, y)).

Hence, we have shown that

sup Rl(z, y)<1+22pl sup R!'(z',y).
x,y€SG(l) m=0 @’y €V}

Consequently, since Lemma 3.4 implies that > >~ _,p; " = (1 — pl_l)—1 is uniformly
bounded over [ > 2, to complete the proof it will suffice to show that the same is true of
the supremum on the right-hand side above. Using the same notation as in the proof of
Lemma 3.4, we have that

Lo
sup R (2',y) = —
z’y' eV Pl o yev]
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And, by elementary arguments (cf. [28, Proposition 9.16 and Exercise 9.1]), one can
check that

roo
sup val (I Y ) S
z' .y eV}

Cy, ford > 3;
Cslogl, ford=2,

where C, is a dimension dependent constant. Applying these estimates in conjunction
with Lemma 3.2, we obtain the desired result. O

We are now able to show that the stopping times Tfl, which were introduced in
Subsection 2.3, concentrate on their means in the following manner. The constant 7t
was defined in (2.7).

Proposition 3.6. Forany T > 0, as | — oo,

sup, < | Ty, — nE(TH))|

; —0
-

in probability.

Proof. Since T — nE(T}) is a martingale (in n), we have from Doob’s L? martingale
inequality that

Var(T})

<C ittt ¥
> Ude,T E(Tf)z

2
p <S“Pnsw 'Tl —nB(T)| ) . E ((szm (—ETL;ZTJEml)) )

and so it will be sufficient to show that the right-hand side converges to 0 as [ — co. For
A C SG(I), we write
o' (A):=inf{t >0: X! c A}.

By the scaling of the resistance form (£!, F!) that follows from (2.3) and the scaling of
the measure 4/, it is possible to check that, when X' is started from 0, 7} is equal in
distribution to p; ' N, o 1! (Vo\{0}). Moreover, in the proof of Theorem 1.3 below (see
(3.6) in particular), we will check that E(a!(1,\{0})) = 1/2d. Hence it will be enough to
show that

I?E (¢'(Vo\{0})?) = 0

as [ — oo. To do this, we will check that the expectation on the left-hand side above can
be bounded uniformly in /. To this end, we first introduce a parameter

t;:= sup E (crl(Vo\{O})‘X(lJ =z).
zeSG(I)

By the commute time identity (see (2.6)), we have that

t;< sup sup E (U;‘X(l) =z) < sup R (z,y) < C,
z€SG(l) yeVp\{0} z,y€SG(I)

where we have applied Lemma 3.5 to deduce the second inequality with a constant C
that is independent of /. Consequently, applying the Markov property and the Markov
inequality, we have that

P (o' (Vo\{0}) > 2nt;) < sup P (a'(Vo\{0}) >24|X{=2)" <27, Vnel.
z€SG(1)

In particular, under P, o!(V,\{0})/2t, is stochastically dominated by a geometric, param-
eter 1/2, random variable, and so it has a second moment that is uniformly bounded in /.
Since t; is also uniformly bounded in [, this completes the proof. O
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Next, define (H'!(t));>0, the right-continuous inverse of T", by setting
H'(t) == inf {n>0: T! > t}.

It is a straightforward consequence of the previous proposition (and the definition of 7!)
that we have a similar concentration result for H'.

Corollary 3.7. Forany T > 0, as |l — oo,

sup ’d_ll_zHl(Tlt) —t| =0
t<T

in probability.

Putting together Proposition 3.1 and Corollary 3.7, we arrive at the proof of Theorem
1.2.

Proof of Theorem 1.2. Fix §,T > 0, and suppose that

sup ‘d_ll_2Hl(7'lt) - t‘ <.
t<T

It then holds that

Sup X‘f'lt - Yl_ldl2tJ ’ S lil + Sup Yél(‘rlt) - Yl_ldl2tj ‘
t<T t<T
-1 l l
= : * s ti%’rjr(s: ‘YLdlsz a YLdlth .
s=t|<5

Consequently, for any ¢, > 0,

>¢)

< P (S“P [d~ 12 H (') — t| > 5) +P |7 sup (Ve = Yiae | > €
t<T s,t<T+6:
[s—t[<d

p <sup ‘Xilt - del%j
t<T

By Corollary 3.7, the first of these probabilities converges to 0 as | — oo. Moreover,
Proposition 3.1 gives that the second probability converges to

P sup XSA‘—XtA >e |,
$,t<T+6:
|s—t] <o

which, by the continuity of the process X', converges in turn to 0 as § — 0. In particular,
we have checked that, as | — oo,

P (sup ‘Xilt — Ylelth > €> — 0,
t<T

which, in conjunction with Proposition 3.1, is enough to complete the proof. O

l

’

To complete this section, we check the claims of Theorem 1.3, which reexpresses 7
as originally defined in (2.7), in terms of the walk dimension, and describes the | — oo
asymptotics.
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Proof of Theorem 1.3. We start by recalling from the proof of Proposition 3.6 that 77 is
equal in distribution to p; ' N 'o!(V5\{0}), where o!(V;\{0}) is defined in the same proof.
Hence, since d,, (1) = log(plNd,l)/logl (by [19, Proposition 2.1], see also [1, Theorem
8.18]),

= dP~ OB (o' (Vo\{0})) .

In particular, to complete the proof of the equality in the statement of the theorem, it
suffices to show that )
E (o (o\{0})) = 5. (3.6)

In checking this, we will apply the commute time identity of (2.6), which implies that, for
any = € Vp\{0},
1 1
E(cl) = =R =_.
(om) 5 R'(0,z) 5
Now, we may alternatively write
E (07)
1 l
= E(oulo=or i\ iony) + B (00 1ot >0t 10\ (01)})
= E (o' (W \{0) 1ot —orvorfony) +
E (' (Vo\{OD 1ot o1 v\ op)y) + E (04) P (o > o (Vo\{0}))
= E(0'(10\{0})) +E (0}) P (o3, > o' (10\{0})) ,
where we have applied the strong Markov property at o' (V,\{0}) to deduce the second
equality. (We also use symmetry to replace the expected time taken by the process X' to

traverse from a vertex of 15\{0, 2} to x with the expected time taken to traverse from 0
to z.) Again appealing to symmetry, we have that

_Wl-2 _d-1

P (ai > UZ(VO\{O})) =Wl =1 =g

It follows that

E (o'(Vo\{0})) = E (¢}) P (o} = o' (15\{0})) = ;ld’

which establishes (3.6), as required.
Finally, the =< part of the theorem statement is a ready consequence of (1.2). O

4 Proof of Theorem 1.5

In this section, we establish the convergence of transition densities stated as Theorem
1.5. We first note that, by standard results on processes associated with resistance
forms, for each | > 2, the process X' admits a jointly continuous transition density with
respect to ,ul (see [23, Theorem 10.4], for example). As already noted in the introduction,
we will denote this function by (p!(z, Y))z,yesc(), t>0- Given the functional scaling limit
of Theorem 1.2, to establish the convergence of these objects, it will suffice to check
they satisfy the following equicontinuity result. Indeed, the proof of Theorem 1.5 can
then be completed by a simple adaptation of the argument of [9, Theorem 1]. (In [9], the
focus was on the transition densities of random walks on graphs, but the basic argument
applies to more general processes.)

Theorem 4.1. For every compact interval I C (0, 0), it holds that
lim lim sup sup sup |plTLt(J;, y) — phi (2, y’)’ =0.

020 Isoo 2.2’ y,y'€SG(): tel
le—z'|,|ly—y'|<8
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In fact, we will check something slightly stronger than the above statement, namely
a uniform Holder continuity property for the transition densities. To state this, we
introduce the following scale function:

\I/l(T) = T'd’”’(l)l{rglfl} + 2Tl7“21{,,‘>171},

where, as per the characterization of Theorem 1.3, 7! = 2/2=4«(). We note that this
function is a continuous, strictly increasing function, and so has a well-defined inverse
\Ilfl, which is given by

() = tl/d"’(l)l{tgz—dw(w} + (2TZ)71/2t1/21{t>l*dw(l)}-

Roughly speaking, ¥; describes the time-scaling of X! on different scales: for r <71,
the appropriate time-scaling is the fractal one determined by r%»(), whereas, for » > [~1,
the scaling is the usual Euclidean one 72, scaled by the I-dependent constant 27¢. (The 2
here is simply to ensure that ¥; and \Ifl_l are continuous.) It is clear that Theorem 4.1 is a
consequence of the following statement. Note that we use the notation zVy := max{z, y}.

Theorem 4.2. For any ty > 0, there exist constants C' and vy > 0 such that
‘pszt(CU,y) _pi-lt(x/7y/)| S Ct_(1+3d/4) (|3j _ l’/‘ V. |y _ y/| V. l—l)"/’

for all z,2',y,y € SG(I), t € [4172,t0].

Towards proving Theorem 4.2, we start by deriving an exit time estimate that estab-
lishes that ¥; indeed gives appropriate control on the time-scaling, and also a version of
the elliptic Harnack inequality in the present setting. For the statement, we let B(x,r)
be the standard d-dimensional Euclidean ball, centred at = and with radius r, and define

a'(x,r) := o' (B(x,7)°)

to be the exit time of B(z,r) by X'. Moreover, we say that a function h; : SG(I) — R is
harmonic for (&, ;) in a ball B(z,r) if hl(thML(ww)) is a martingale (with respect to
the filtration associated with X') for every starting point 2 € SG(I). To ease notation in
what follows, we write P! := P(-| X} = z) and E} := E(-| X} = z).

Lemma 4.3. (a) There exists a constant c;, independent of [, such that
ELd' (zo,7) < a1 (r), vV, zo € SG(I), r € (0, i)

(b) There exists a constant § > 0, independent of [, such that the following holds. If
r € (8171, 1) and h; : SG(I) — R is a harmonic function for (€, F;) on B(z, 2r) for some
xo € SG(I), then

sup hi(y) <6 inf
y€B(z0,m)NSG(1) ( ) y€B(xo,m)NSG(I)

hi(y).

Proof. We start with the proof of (a). Let z,z9 € SG(I) and r € (0,1). Started from
z, if X! has exited B(z,2r) at a certain time, then it will also have exited B(zg,r). In
particular,

E.5'(zo,7) < ELG!(z,2r).
Moreover, if 7 € (17!, 1) and the jump chain on V{ has exited a ball of radius [ ~*([2rl]+1)
centred at the first hitting location of V{ by X!, then X' will have exited B(z, 2r). Hence,

by the definition of 7,

E\c'(z,2r) <ELo'(V}) + supE (6" (y, [2r]] +1)| Yo = y) ETY,
yev
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where 7Y was defined in the proof of Proposition 3.1, and ET} was defined in Subsection

2.3. Now, by scaling and the commute time identity, see (2.6), the first term above
satisfies
E.lo'(V]) < pl_lNd_’l1 sup  Rl(z,y) < Crli7?2 < orlr?,
y,2€SG(1)

where the second inequality follows from the description of 7! in Remark 3.3 and the
upper bound for the resistance diameter of Lemma 3.5, and the third inequality follows
from the choice of . Furthermore, recalling the definition of the lattice random walk Y
from the proof of Proposition 3.1, it holds that

1
sugE (6Y (y, [2r]] + 1)‘ Y, = y) ETll < Crt2 ([2rl] + 1)2 < Orlr? = 50\111(7“),
ye

where to deduce the first inequality, we apply the definition of 7! from (2.7) and the
bound on the exit times of Y given in (3.4). Hence we have shown the desired bound for
this range of r. Similarly, if r € (317(m+1) 11=™], then we have

Eé&l(xm r) < Ei&l(x, 2r)

< ELo' (Vi) + o, "IN SlelgE (&Y (y,[2ri™ ] + 1) | Yo = y)
y

< p;(erl)N;l(erl) ( sup Rl(z,y) + (|-27,lm+1-| + 1)2>
y,2€SG(1)

< O]~ w(O)(m+1) (1 + T2l2(m+1))

< C’rdw(l),

where for the final inequality we use the fact that d,,(I) > 2. This establishes the exit
time upper bound.

Let r € (8171, 1). If h; is harmonic on B(zo,r) with respect to X', then it is harmonic
on B(zg,2r(1 —171)) N V{ with respect to Y. Hence, similarly to (3.5),

sup hi(z) <C inf hi(x).
3

weg(woﬁT(l_l_l))mw xEB(wo,%r(l—l—l))ﬁvll
Note that this statement follows directly from (3.5) and the remark following [2, Def-
inition 1.44], which explains how there is no problem in incorporating the factor % if
one restricts the range of r suitably; this is the reason for taking r > 8/~! rather than
r > [~!. Now, since harmonic functions take their maximum and minimum values on the
boundaries of domains and the 1-cells of SG(I) only meet at vertices in V}, the above
inequality readily implies the desired result. O

Remark 4.4. It is natural to ask whether the exit time upper bound can be complemented
by a lower bound of the form El &'(z¢,r) > ¢¥;(r) for zg € SG(l), r > 0. However,

by arguing similarly to the previous proof, we are only able to show that, for r €
(=00, T,

E 51(330 r) > cr2]— ([dw)=2)(m+1) 5 pdw ()= (dw()=2) _ cl—(dw<l)—2)\1,l(r)
xo ) = = .
In particular, there is additional /-dependence in the constant. Whilst we believe there

should be some [-dependence as one passes along scales of the fractal from [7™ to
[=(m+1) "we do not know if this constant is optimal.
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We next derive a version of the Poincaré inequality that is tailored to the different
levels of the model with the scaling function ¥,(r). Again, the proof follows the standard
argument for fractals, but we have to combine this with an estimate for lattices in
an appropriate way to handle the situation between the scales /=™ and [~(™*1) for
each m > 0. The restriction to the m-cell ¢;(SG(l)) seems rather awkward, but we
believe that it is necessary, since without this, the comparison with the triangular lattice,
which allows us to use the bound in (3.3), would not be applicable. Indeed, bottlenecks
between m-cells will mean the result will not be true for more general sets of a similar
size. Intuitively, mixing within an m-cell of the random walk happens at a much quicker
rate than transitions between cells; this suggests functions like the heat kernel will, on
the appropriate time-scale, be somewhat step-like — smoothing on each m-cell, before
mass passes to a neighbouring one. Indeed, the situation that arises between two
neighbouring m-cells is, on the appropriate scale, somewhat analogous to the joining of
two copies of Z¢, d > 2, at a single point. It is known that the latter graphs violate the
Poincaré inequality (see [2, Example 3.32] and [25, Section 3.3]), and we find a similar
issue in our setting. Thus we believe it is unavoidable that we have to consider each
m-cell ¢;(SG(1)) separately.

Lemma 4.5. There exists finite constants C > 0 and Cy > 1 such that for | > 2: if
r € (370mtD 11=m] for some m > 0, x € ¢;(A) for some i = (iy,..., i) € {1,..., Ng }™,
where we define 1); := 1);, o---01; , and f € F', then

. 2
/ (&) = Fiey) ()
B(z,m)Mi (SG(1))
< C(r)ptt > EL(f oy, forhy), (4.1

JE{1,...,Na, 3+

(jl 7-~-7j7n):(i17---77;7n)7
by (SGINB (2.57) £

where

1
f x,r) " /
Blar) ™ pl(B(z,7) N pi(SG(1))) JB(x.rne: scw)

)t (dy).

Proof. In the proof, we will write B = B(x,r) N ;(SG(l)), where i € {1,...,Ng,;}" is
such that z € ¢;(A), with m satisfying r € (21=("*1 11=™] Note that the left-hand side
of (4.1) can be written

|t = f5...) )
1

W(B)/B/B(f(y)f(Z))Qul(dy)ul(dz)

1
~ 24(B) Z Z

je{1,...,Ng 1}t ke{l,...,Na,

y) — £(2))? 1 (dy) ' (d2).

yrt /Bﬁwj(SG(l)) /Bﬁwk(SG(l))
We next replace f(y) — f(z) by

F(y) = F@3(0) + F(¥5(0) = F(¥r(0) + £ (¥x(0)) — f(2)
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and use that (a + b+ ¢)? < 3(a? + b? + ¢?) to deduce that

/ / (F(0) — (=) i () (d2)
Bny; (SG(1)) J BNy (SG(1))
<3 / (F() — £ (0)) 1 (dy)ud (B N u(SG(1)))
BNy, (SG(1))
3 (F(5(0)) — F(r(0)? (B 155 (SG(D))) (B N (SG())
+3 [ (1) = S@n0)) W (@ (B S60) . @)
BNy (SG(1))

Now, to handle the first term here, we apply (2.5) and Lemma 3.5 to obtain
2 1 —(m+1) 2 1
/ (f(y) = f(1;(0))" ' (dy) < N, / (f otpj(y) — fov;(0)” p'(dy)
Bny; (SG(1)) SG(1)

<N ™ sup RY0,y)EN(f oy, f o)
yeSG(I)
< ONG " HVENf oy, £ oty).
Obviously, it is also the case that, if (j1,...,Jm) # (i1,.--,m) or BN, (SG(l)) = 0, then
the left-hand side above is zero. Hence

1 _ i 2 1 l
i > sy 0 = 0 W (B0 (5G0)

je€{1,....,Nq }+t1 ke{l,...,Ng  }+1!

SCNCZZ(m—O—l) Z gl(fo%,fo%)-
je{l,‘..,Nd)l}m’-Fll

(F15e-dm) =11, s8m )
¥ (SGM)NB(z,m)#0

The third term in (4.2) can be dealt with in the same way. As for the second term, we
have that

ul<13> > W0 = JWr(0) i (B (SG)) ' (B N(SGW)))
jk€{l,...,Ng, }m+1

1

2
< Z (f(15(0)) = f(¥x(0)))" LBy, (SC(1)#£0, Brr (SC(1)#0}
Noi i (B heqn  Nayms
(J15sdm )= (01505 ) s
(K1seeoskm ) =(21,5--yim)
1
S 2 1 > (f(5(0)) = F(@r(00))” Ly (0) (0 eB (@ r1- 0ot}
Naj (B) Jk€{1,..,Na 3+
(J1yeeesdim)=(61,00s8m ),
(k1,eeoskm)=(i1,-yim)
1 2
< (fly) = f(2))".
NG (B) 2

y,zEV#HrlﬂB(m,T’—H*(""*l))f‘l?/)i(SG(l))

Since the graph structure of V! . ; N4;(SG()) is simply a part of the triangular lattice,
we can apply the discrete-space Poincaré inequality of (3.3) to deduce that there exists a
constant C' such that

1
(B > (f(15(0) = F((0)))” 1 (B N3 (SG())) ' (BN hi(SG()))
# Jke{1,....Ngq  }m+1
C m—+1\2 X _ 2
< M(ﬂ ) |Bz,m| z; . (f(y) = f(2)", (4.3)
' |y_Zl;‘:leZi'+l)
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where we write B; ,, == V!, |1 N B(z,r + 1~ ™+) N4;(SG(1)).
Each of the sums can be bounded as follows:

S (fly) - f2)?

yvzeBi,rn:
jy—sl=t= (0
<(@d+1) > Eo (f oy, f o) Liy,(SG)NBi.m#0}
76{1,...,Nd,1}m+1:
(jl ..... jm,):(’il ..... im,)
<(d+1) > EN(f o, f o) Ly, (SG)nB(asm)£0}

je{l,...,Ndyl}WH—lZ
(15eesdm) =1, s0m)

where we have used that & (f o1, f o1;) < EY(f o, fot;) and B(z,r +171) C B(z,5r)
to obtain the second inequality. Moreover, it is elementary to check that |B;,,| <
CNCTZHM(B). Hence, the expression in (4.3) is bounded above by

C(rim+1)2

C(,rlm+1)2 .
—mFT > E(f oty F o) Ly, (8GuNNBsn£0) = —mit et
P d,l

1 1
Nm+
d,l je{l,...,Nd,[}"L+1:
(15 dm)=(11,.,m)

where we use the abbreviation

Y= pt ! Z EN(f oy, fory).
jE{1,...;Ng } 1

(jl7"'>4j77L):(i17-")i7n)7
;(SG(1))NB(,5r) £D

Combining this estimate with the bounds on the first and third terms, we conclude that
7l 2 — —(m m
/ (&) = Tyl ity < Cpp P TING D (14 ()2 3
B

Writing all the scaling factors in terms of [ and applying the assumption that » > %l —(m+1),
the right-hand side here is bounded above by

Cr2~ (@ (D=2)(m+1) 3,

Finally, for m > 1, we use the fact that » > il‘(m“) and d,(I) > 2, to deduce this is
bounded above by r®= (). For m = 0, we recall that 7! = 2/?>~%=() (see Theorem 1.3) to
obtain the bound C7'r2. In particular, in either case, the bound can be written simply as
C¥,(r)%, and so the proof is complete. O

We continue by applying the above Poincaré inequality to give an on-diagonal heat
kernel estimate, following closely the argument of [18, 26]. The final claim of the
following lemma is the one that we will require in order to establish the main results
of this section. Note the naturalness of the appearance of [~2 in (4.4); this is the time
taken by Xil_ to get beyond the fractal scale.

Lemma 4.6. There exists a constant ¢, independent of [, such that

{ c(t/rh) =2, vt € (17O 71

8 l
sup py(z,z) < cld=ds (D 4=d;0/du®) g € (0,1~ D),

xeSG(I)

In particular, there exists a constant ¢, independent of [, such that

sup ply,(z,7) < et 2, vt e [I72,1]. (4.4)
zeSG(I)
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Proof. Let ug € L*(SG(1l), u!') with uy > 0 and ||ug||; = 1. (In this proof, we suppress the
dependence on [ in the notation of norms.) Set u;(z) = (Plug)(z), where (P});>¢ is the
semigroup associated with X', and g(¢) = ||u||3; note that g is continuous and decreasing.
Define

[~y Wpds (D) i e < 1
VE(T):{ i ifr>171,

Y

(We highlight that, from (2.1), it is possible to check [~4t4s() — 1 as — oo, and so this
term is bounded above and below by constants, uniformly in /; we include it to ensure
the function V] is continuous.) Now, suppose m > 0 and r € (31=(™*1, 1;=m] For each
i € {1,...,Ng;}™, it is possible to cover v,;(SG(l)) by balls of the form B(z,r) where
z € ;(A) and, for each j € {1,..., Ng;}™* with (ji,...,Jm) = (i1,--.,im), ¥;(SG(1))
has a non-empty intersection with at most a constant number Cy of the sets B(x, 5r); the
constant Cy can be chosen independently of [, m and r. Write I'; for the centres of the
balls in this cover of ;(SG(l)). Applying the self-similarity of the Dirichlet form &£, as
follows from (2.3), we then deduce that

d
ag(t) = —25l(ut, ug)

= 29! > Elwoty,upony)

je{1,...;Ng 1 }m+1L

D S 3 I 3 B TS
i€{l,...,Ng, }m™ z€T; je{l,...,Ng  }mt1:
(J1seesdm)=(i1,s8m ),
D5 (SG(1))NB(z,5r)£0
< oyt > / (ut(y)—af’) u(dy),
B(z,r)Ni (SG(1))

i€{l,...,Ng,;}™ z€l’;

where @}’ is the average of u; on the set B(x,7) N;(SG(/)) (defined similarly to the
definition of fg’l(m " in the statement of Lemma 4.5) and, to deduce the final equality, we
have applied Lemma 4.5. Now, we observe that the inner integral can be written

/ ue(y)*p! (dy) — ' (B(a,r) N i(SG(1))) (af)2
B(z,r)Ny; (SG(1))

Since the sets B(z,r), z € I';, i € {1,...,Ng,;}" form a cover of SG(!), it holds that

>

ue(y)2ul (dy) > / () (dy) = g(1).
i€{1,...,Ngq  }™ z€l’;

/B(z,rmwi(sc(z)) sa()

Moreover, as the semigroup is conservative, ||u¢||; = 1, which readily implies

< ! <o
= pt (B(z, ) Ni(SG(1))) — Vi(r)’

Putting these estimates together yields

—x,1
Uy

d

279 < =W (r) 7 (g(t) — e2Vil(r) ),

for any r < 1. Therefore, if g(t) > coVi(r) 7%,

d
fﬁlog (9(t) — c2Vi(r)™1) > 210 (r) " (4.5)
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Next, fix a € (0,1), set r, := o™ and define s, = inf{t > 0: g(t) < c2Vj(r,,) "'} for n € IN.
Then (4.5) holds with r = r,, for 0 < t < s,,. With r = r,, integrating (4.5) over ¢ from
Sn+2 to s,+1, we thus obtain

QCl\pl(’/‘n)_l (Sn—i-l - Sn+2) < - IOg (g(sn-‘rl) - C2W(T")_1) + 10g (g(3n+2) o CQ‘/I(TH)_l)
o 62‘/[(7‘”4-2)_1 - CQW(Tn)_l
= log <C2Vl(7"n+1)1 - C2Vl(rn)1>
(Vi(rn)/Vi(ras2)) — 1
o ((W(m/wrm)) = 1>

§ C3,
for some c3 > 0 independent of [, where the last inequality is due to the fact that
at <a W <Vi(r,) Vilrps1) < a7,

which can easily be obtained from the definition of Vj(r) and the observation that
ds(l) > 1. Hence we have shown that s,4+1 — sp42 < c4¥,(r,,), and iterating this gives

sn<en Yy Wi(ry) < csWi(ra),
k=n—1
This implies that g(c5¥;(r,,)) < g(sn) = c2Vi(r,) L. It follows in turn that if c5¥;(r, 1) <
t < 05\111(7"n), then

-1 co(t/T) /2, vt e IO, 7],
g9(t) < caVi(rn) ™ < { celd= 4 =4 D/du D)y ¢ (0,14 D],

(Here, we note that by Remark 1.4(a), it holds that ¢;¥;(r,,) < ¥;(r,+1) for some ¢7 > 0
which is independent of I.) Using the fact that | P}||10 = ||P}||?_,,, we deduce the
desired heat kernel upper bound. O

Now the basic preparations are in place, we are ready to start developing continuity
results. We proceed by applying the elliptic Harnack inequality of Lemma 4.3 to give a
uniform Holder continuity property for harmonic functions.

Theorem 4.7. There exist constants ¢; and +' > 0, independent of I, such that if h; is
bounded and harmonic for (€, F;) in a ball B(x, 2r) for some o € SG(I) andr € (8171, 1),
then

o —yl VI
[hi(z) — hi(y)| < a1 — |7l oo Y,y € B(xzo,r) N SG(I). (4.6)

Proof. We follow the arguments in [3, Lemma 3.8, Theorem 3.9]. Let h := h; be a
bounded harmonic function for (&, 7;) in B(zo, 2r) for some z € SG(I) and r € (8171, 1).
For m € NU {0} and « € B(xo,r) N SG(), set

Om(z,h) := sup h(y) — inf h(y).
( ) yEB(z,2=mr)NSG(1) ( yEB(z,2=™r)NSG(1) ()

We claim that there exists a constant p € (0, 1), independent of [, z, xg, v, m and h, such
that
Om+1($,h) SpOM(xah)a (47)

at least whenever 2~ ™+ > 8/~1 When proving (4.7), by rescaling, we may assume
—1< h<1and O, (x,h) =2. Define

T = inf{t>0:X;€dB(z,27™r)NSG()},
A = {yedB(z,27"r)NSG(I) : h(y) < 0}.
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Clearly either P. (XL € A) > 1/2 or PL (X! € A°) > 1/2 holds; without loss of generality
we may assume (by multiplying h by —1 if needed) the former option holds. Then, for
y € B(z, 2™ 1r) N SG(I),

hy) = E, (h(X7))
= E, (M(X}): X7 € A%) + E, (h(X]) : X] € A)
< Pl (X} ea)
= 1-P, (X} €A4).

Now, since P!(X} € A) is harmonic on B(z,2~™r) N SG(l), when 2~ ("+1r > 81-1 we
can apply Lemma 4.3(ii) to obtain that

P! (X} € A) > 07'P, (X} € A) > (20) "
for some 6 > 1. This yields that h(y) < 1 — (26)~!, and hence

1 1
Omy1(z,h) <1— 20 (-1)=2— - =pOm(z,h),
where p := 1 — (40)~! € (0,1). This proves (4.7).
We now prove (4.6). Let z,y € B(xzo,7) N SG(l). Suppose that there exists an
m € N U {0} so that 81~! < 2=+ < |z —¢y| < 27™r (which is possible if y €
B(x,7)\B(x,161~1)). Then, using (4.7),

8l
.
(2~ )] < Ol ) < 7 Oulies ) < 25 o < s (1) g

where 7' = logp~!/log2 and ¢; = 2'77. Moreover, if y € B(x,16/=*) N SG(I), then one
can simply note that h, takes its maximum and minimum values in B(z, 16/=!) N SG({) on
the boundary of this set, and thus the difference between h(z) and h(y) is also obtained
there. Together with the above bound, this observation implies

o)l < e ()

For y ¢ B(z,r), we apply the triangle inequality to deduce that |h(z) — h(y)| < |h(x) —
h(zo)| + |h(y) — h(zo)|, and then apply the above estimate to each part. O

Following the arguments in [5, Section 3], our subsequent goal is to show the -
potentials associated with X', [ > 2, are uniformly Hélder continuous. Specifically, we
define -

UM@) =Bl [ e pxdyan
0
Proposition 4.8. There exist constants ¢; and ~, independent of [ and ), such that if
f1 : SG(I) — R is a bounded, measurable function, then
U @) = UML) < e (74271 (le =yl VIT) filloes Vary € SG(D).
Proof. Fix zo € SG(I) and r € (817!, %). Suppose z,y € B(zo,r) N SG(l). Define 5, :=
o'(x0,2r) and f := f;. By applying the strong Markov property at time &,,

Ulf(z) = E. / T e () de + B (e — DULF(XL ) + BLULF(XL)

=I5+ I+ I,
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and similarly when x is replaced by y. By Lemma 4.3, we have
L] < (| FllocELar < eWu(r)||floo-
Moreover, by the observation that |1 — e | < u for all w > 0 and Lemma 4.3,
12| < AELo [ US flloe < c®i(r)]f oo
Similar bounds hold when x is replaced by y, and so we deduce that
UL (@) = U F ()] < W) flloo + [ELULF(XG,) — ELUL(XG,)] - (4.8)

Now, the function z — ELU} (X} ) is bounded and harmonic for (&, F;) in B(zg, 2r) N
SG(1), and thus, by Theorem 4.7, the second term in (4.8) is bounded by

|z —y| vi! ' ey Vit '
(= 0 7l < ext (=N Ty

Summarising, we have shown that

T — —1 v
U3 £(0) ~ U1 )| < ¢ (w o (e )

r

for any x,y € B(xo,r) N SG(l), where zo € SG(I) and r € (87!, §). Moreover, by applying
the triangle inequality, it is straightforward to extend the range of r from (81, %) to
(81=1, 7] for any ro > 0; in particular, we take 7o = 8. Hence, for z,y € SG(I), we can
take 2o = z and r = (Jz — y| v 82+7)/Y[=1)7"/(2+7) ¢ (811, 1) to conclude

UL f(2) = UL f(y)]

’ ’ 7,/(2""’)/) 4 4
< ¢ (\I}l ((|(E _ y‘ \Vi 8(2+’Y )/ l—l) ) + )\—1 (‘LL’ _ y| V. l—1)27 /(24 )) ||f||oo
— 12/ 2+
S C(Tl+/\ 1) (|x—y|\/l 1) v/( V)H.f”om
which completes the proof. O

We transfer Proposition 4.8 to the semigroup by appealing to spectral theory. In
particular, for each [ > 2, let (Ptl)tzo be the semigroup of X'!. By the standard spectral
theorem, there exist projection operators (E!),>o on the space L?(SG(l), u') such that:
for f € L2(SG(I), u'),

/= /O dEL(f),
Plf= /0 T e aEL(f),
Uif:/oooAiydEf,(f). (4.9)

(Note that the integration above is with respect to v.)

Proposition 4.9. If f; is in L?(SG(l), '), then P!, f; is almost-surely equal to a function
that is Holder continuous. Specifically, for this version of Piltf 1, it holds that

| P file) = Pl fly)] < OO (la =y vIT) I fill, Va,y € SGQ), e [2072,1],

where 7 is the constant of Proposition 4.8 and C is a constant independent of all the
other variables.
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Proof. Write (f, g) for the inner product in L?(SG(l), '). Note that in what follows ¢ is
fixed. As before, we write f = f;. Define

h= - ((71)71 + 1/) eVt dEL(f).
0

Since sup,, (7)) "' + v)2e=2"'t <14 (7't)~2 =: ¢14(I), then

/ow (7 4 0) e ABL(), EL()) < e1ul) /OOO d(ED (1), EP () = cra D13,

and so we see that h is an element of L?(SG(1), ).
Next, suppose g € L*(SG(l), u'). Then [|PL,gl1 < |lg

1, and

|Plig(x)| = ’/pilt(%y)g(y) m(dy)‘ < ca (D)9l

where

cou(l) == sup pli(z,y).
2,yESG(D)

Note that this constant is finite by the continuity of the heat kernel. It follows that
1PLgllz < [1Pfyglloe < c2,e(Dllglh-
Using Cauchy-Schwarz and the fact that sup,, () ~! + v)e ="'t = ¢1,4(1)}/? < oo, we have
- 't l l
(o) = [ (7 w) e L), ELla))

1/2

< ([ e-”“d<E£<f>,E£<f>>)l/2 < ([ eraelie). Eban )

< (cvunty [~ d<Ei<f>,Ei<f>>)l/2 < (el B )

= c10/2 (D' 21 fll2 | Py j29ll2
< Ol l2lgllx,

1/2

where ¢} (1) := Ci/t2/262-,t/2<l)' By considering the supremum over g € L'(SG(l), ') with
L'-norm less than 1, we obtain that ||A|| < ¢,(1)||f||2. Additionally, by (4.9),

Ui = / e T dEL(f) = PL,f,
0

and so the Holder continuity of Pi 1, f follows from Proposition 4.8. In particular, we have
that the constant of the result arises from the following bound: for ¢ € [2{72,1],

2e17'¢{(l) <201 (1+t7")  sup  phyyp(w,y) < CL=0F42),
z,y€SG(l)

where c¢; is constant of Proposition 4.8 and we have applied Lemma 4.6 to deduce the
final inequality. O

We are now in a position to prove Theorems 4.1 and 4.2.
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Proof of Theorems 4.1 and 4.2. Fix y € SG(I) and let f;(z) = pi,t/z(z, y). Since

P‘ll'lt/Qfl(x) = /pi—lt/2(x7z)fl(z) pH(dz) = /pilt/z(%z)plflt/g(zvy) pi(dz) = pilt(xay)v

we obtain from Proposition 4.9 that

Ph,9) = Phan@ )| = | Phiyai@) = Plago (2"
< Ot (| — 2| v I | filles
= Ot~ (jg — 2| v pla, (v y) 2

for all z,y € SG(I), t € [4(2,1]. By Lemma 4.6, the term p!,,(y,y)'/? is bounded above
by Ct~%*, and thus the result of Theorem 4.2 follows for the range t € [472,1]. By
simple modifications of the previous arguments, the constant 1 is readily replaced by an
arbitrary constant tg.

Finally, let I = [t1,to], where 0 < t; < to. Assume that [ is large enough so that
4]=2 < t;. Then, from Theorem 4.2,

sup sup ’le(fﬂ,y) _pi—lt(x/’y/)’ < Csupt— (1+3d/4) (5 v l_l)'y.
z,2 y,y €SG(l): tel e
le—a'|,ly—y'| <&

Taking the limit as | — oo and then § — 0 yields Theorem 4.1, as desired. O

5 Other examples

5.1 Triangles

We have worked with the family SG(I), which has a part of the triangular lattice as
the initial structure in each fractal. This could be modified to, for example, a sequence
of triangles attached to the outer edge of the unit triangle, see Figure 4. This would
have a mass of 3(n — 1) triangles of side length 1/n at stage n. In this case, the fractal
dimension of the limit would be 1 and we should see that the associated diffusions
converge to a one-dimensional Brownian motion on the boundary of a unit triangle.
(Actually, for this example, the limiting process is described by a resistance form, and
so we could alternatively deduce this conclusion by applying the convergence result of
[10, Theorem 1.3]. Moreover, the corresponding local limit theorem would follow by
checking the equicontinuity of the heat kernel using the resistance-based approach of
[9, Section 4].) Other higher-dimensional analogues of the construction would also be
possible. For instance, in three-dimensions, taking those first-stage tetrahedra touching
the outer boundary of the initial one would yield a two-dimensional Brownian motion on
the boundary of the tetrahedron. Or, taking only those first-stage tetrahedra intersecting
the edges of the initial one would yield a one-dimensional Brownian motion on the edges
of the tetrahedron. We believe that straightforward modifications to the arguments of
this paper would yield the corresponding results in these cases.

5.2 Vicsek sets

We discuss here how our analysis can also be transferred to a family of finitely
ramified fractals based on the square and the cube. These we call Vicsek sets and label
them VS(1), where | = 2n + 1 is the number of divisions of the side, see Figure 5. There
is much that is the same as in the case of the Sierpinski gasket, but we need to be a little
more careful in certain places.

We start by recalling the resistance estimates from [19].

Lemma 5.1 ([19, Section 4.1]). If d = 2, then p; < logl. Ifd > 3, then p; < 1.
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\AAAAAAL

Figure 4: A variation on the SG(!) containing only the triangles touching the outer
boundary of A, shown at the second stage of construction for [ = 10.

Figure 5: The sets VS(2), VS(3) and VS(4) in two dimensions, shown at the 5th, 4th and
3rd stages of construction, respectively.

5.2.1 Two-dimensional case

The construction is to take a unit square and divide it into a [ x [ grid. We then construct a
checkerboard of squares of side 1/I. Retain all the squares that are connected diagonally,
taking steps through corner vertices, to one of the outer corners, and discard the
remaining ones. (See [6] for a more detailed definition.) Repeat this process within each
remaining square to build a fractal with fractal dimension log((1*> + 1)/2)/log(l). We see
that as [ — oo, the fractal dimension converges to 2 as expected.

The first step is to show the existence of diffusions on the fractals in the sequence.
For the case of the square, this is a consequence of the fact that it is a family of nested
fractals. By the argument of Lindstrom [29], for each n, there exists a fixed point w;
such that the network with conductance 1 on the horizontal and vertical edges and w; on
the diagonal edges, will satisfy the fixed point problem for the Dirichlet form

(1%+1)/2

gV =3 nE(fosifop)

i=1

(The graph upon which the Dirichlet form 51(0) is based is shown in Figure 6.) From this
fixed point, we can construct a sequence of Dirichlet forms (&;, F;) each defined on VS().
For each I, the corresponding Hunt process (X});>¢ is the Brownian motion on the VS(1).
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Figure 6: The graph upon which El(o) is built for the two-dimensional Vicsek set.

We now let [ — oo. It is shown in [19] that
p1 =< logl.

This makes it straightforward to follow the same steps as for the Sierpinski gasket case
to show that there will be a sequence of scaling parameters 7' such that as [ — co

(XLi)iz0 = (Bo)izo,

where B is reflected Brownian motion on the unit square.

5.2.2 Three-dimensional case

We consider the case of cubes where we break an initial cube up into a collection
of (2n + 1) cubes of side length 1/(2n + 1). Similarly to the two-dimensional case,
retain all cubes that are connected diagonally, taking steps through corner vertices, to
one of the outer corners, and discard the remaining ones. (Again, see [6] for a more
detailed definition.) The Hausdorff dimension of the resulting fractal is easily seen to be
log((n + 1)3 +n3)/log(2n + 1), which converges to 3 as expected.

The first issue is the existence of a Brownian motion on these sets as they are not
nested fractals in dimension 3 (or indeed higher dimensions), see the lecture notes [1]
for a discussion of the class of nested fractals. However, the structure of these sets is
such that we can apply the same arguments as used by [29] to show existence.

Let P = {(p1,p2,p3) : p1 > p2 > p3s > 0,3p1 + 3p2 + p3 = 1} be the set of probabilities
for a random walk on the unit cube where p; is the probability of crossing an edge, p»
the probability of crossing a diagonal on a face and p3 is the probability of crossing the
main diagonal across the cube. Note that these probabilities are proportional to the
conductivities (cy, ¢2, c3) between the vertices. That is, if we fix the edge conductivity
¢1 = 1, then for the diagonal across a face co = p2/p; and, for the main diagonal across
the cube, c3 = p3/p1.

Proposition 5.2. For each [, there is a fixed point for the renormalization map in the set
P. (In particular, one can construct a sequence of consistent resistance metrics on the
different levels of the fractal, analogous to (2.4).)

Proof. This follows the same argument as [29]. We show that the map on transition
probabilities induced by considering the trace of the random walk on Vi onto the vertex
set 1} is a continuous map from P to P and hence, by Brouwer’s fixed point theorem,
the fixed point exists. (The map on the probabilities is clearly continuous in p.)

Let X'! denote the Markov chain on V; moving according to the transition probabili-
ties given by an element of P. The renormalization map is equivalent to the map on tran-
sition probabilities given by f;(p) = ]PO(X%1 = A;), where Ty = inf{n > 0: X’ € V\{0}}
and the vertices A; are as in Figure 7. Now, by considering the paths the random walk
can take between the vertices and using the reflection symmetry, it is possible to check
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As

0 A,

Figure 7: The cube with corners labelled as in the proof of Proposition 5.2.

that, if the vertex is further away from 0, the probability of reaching it first will be
smaller. To see this for the edge and the diagonal across a face, we consider the bisector
of the face. To move from 0 to A5, we must cross the bisector, shown as the dotted line
in the figure, so taking a reflection in this plane we can map any path from 0 to A, to
a path from O to A;. Hence, not only are there are more paths in Vll to Ay, those that
hit the bisector have a higher probability than the corresponding reflected path that
goes from 0 to As. Thus the probability f(p) of arriving at A; must be greater then the
probability f2(p) of arriving at A,. Similarly, for the long diagonal, we can take the plane
bisecting A, and A3, as indicated on the figure by the dashed line, and any path on V}
from O to A3 can be reflected into a path from 0 to A, which therefore has a higher
probability of being reached, i.e. f3(p) < fa(p). O

Given Proposition 5.2, we have the existence of the processes exactly as for nested
fractals. The next task is to prove that the resistance scale factor p; is strictly larger
than one.

Lemma 5-3- 101 d - 3,
]llf /) 1.
1>2 ! >

Proof. We follow an approach similar to the Sierpinski gasket case. For each [/, suppose
Vll is the vertex set of a graph, equipped with all edges within each 0-cell. Moreover,
suppose (Ry:(z,Y)), yev; is the effective resistance on V! when edges are equipped with
the fixed point resistors, and define Ry, similarly on Vj. To fix the normalisation, we
consider the case when the fixed point resistances on the ‘edges’ (as opposed to the
‘diagonals’) are given by 1. As in the proof of Lemma 3.4, we will short all the vertices at
a fixed graph distance from 0.

As the resistance scale factor will be independent of which edge is considered, we
focus on the main diagonal. Using the labelling from Figure 7, we note that

Ry1(0, As) = piRy, (0, As).

Firstly, write a for the resistance along the diagonal across a face and b for the
resistance along the long diagonal across the cube. (Recall that the resistance along an
edge is equal to 1.) By a standard calculation we get

1 b(5ab+2a+0b)
B0 A) = s s @+ 1)

To prove the result, we need a good lower bound on Ry (0, A3). Suppose B), and B!
are the vertices in V/ at graph distance |//2] from 0 and A3, respectively. (Similar to
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Figure 3 for the Sierpinski gasket.) By Rayleigh’s monotonicity principle and the parallel
law,
Ry;(0,A3) > Ry (0, By) + Ry (Bi, As) = 2Ry (0, Bp) -

By shorting vertices at each fixed graph distance from 0, we have

L(1=3)/4]

2
1 Bl >
Fr 0.B0) 2 2 G TF D@ 8/t a0 11T 8at 5
i} . L(IZB):/M .
T 2(1+2/a+1/b) = ((+1)P -4
— 1 " ta h( T > l—
—————————~—~=tanh (| —= |, 0.
20 +2/a+1/5) 3 U \2v3
Writing
(a,b) :
a7 = )
g 2Ry, (0, A3)(1 + 2/a + 1/b)
we have

2T T
liminf p; > — tanh | —= a,b).
i pl_\/g (2\/3)77( )
Note that, for any a,b > 1, it holds that 1/2 = n(1,1) < n(a,b) < limy o n(a’,b’) =3/5
and it is also the case that % tanh (L) ~ 1.305. Combining the above observations, as

2v/3
b > a > 1 from the fixed point argument, we deduce that

liminf p; > 1.
=00

Since p; > 1 for each fixed [, this completes the proof. O

Applying Lemma 5.3, the following is established in exactly the same way as for
Lemma 3.5.

Lemma 5.4. Ford = 2,3,
sup sup Rl(z,y) < oc.
1>2 z,yeVS(l)
Once we have this result, we have the convergence of the processes in the same way
as for the Sierpinski gasket.

Remark 5.5. We can approximate the Sierpinski carpet by a sequence of Vicsek sets
by taking the side lengths as 3! and removing the appropriate pieces of checkerboard
to approximate the carpet. We would hope to be able to recover Brownian motion
on the carpet as a limit of these processes. In two-dimensions the existence of fixed
points for the sequence holds as the approximating sequence consists of nested fractals.
Establishing convergence would need some proof of the limit p3; — psc, which may be
more challenging. (Again, an alternative approach for this example, in which the limiting
process is described by a resistance form, would be to apply [10, Theorem 1.3].)
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