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Abstract. Let (X,d, 1) be a metric measure space with a local regular Dirichlet
form. We give necessary and sufficient conditions for a parabolic Harnack inequality
with global space-time scaling exponent 3 > 2 to hold. We show that this parabolic
Harnack inequality is stable under rough isometries. As a consequence, once such a
Harnack inequality is established on a metric measure space, then it holds for any
uniformly elliptic operator in divergence form on a manifold naturally defined from
the graph approximation of the space.

1. Introduction.

Let (X,d, 1) be a metric measure space with a local regular Dirichlet form (&,.7).
(See Section 2 for definitions of the terms used in the introduction.) Assume that the
metric is geodesic and for simplicity assume that X has infinite diameter. For a typical
example let X be a complete non-compact Riemannian manifold with Riemannian met-
ric, Riemannian measure and &(f, f) = [ IV f |2dp. In this paper, we give necessary
and sufficient conditions for a parabolic Harnack inequality with ‘anomalous’ space-time
scaling to hold, and we show the stability of this parabolic Harnack inequality under
certain transformations.

For 3,8 > 2, let ¥(s) = s°1(,<1y + s°1151). For R > 0 let T = ¥(R), Q- =
(T,2T) x B(zo,R) and Q4 = (37,4T) x B(zg, R). Let A be the self-adjoint operator
corresponding to (&, %#). X satisfies the parabolic Harnack inequality PHI(¥), if there
exists a constant ¢; such that for any zo € X and R > 0, if u = u(t, z) is a non-negative
solution of the heat equation dyu = Aw in (0,4T) x B(xg,2R), then

supu < ¢y inf u.
Q_ Q+

If 3 = B we sometimes write PHI(3) for PHI(¥). It is known that such a Harnack
inequality is strongly related to detailed estimates of the heat kernel, i.e., the fundamental
solution of the heat equation.
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When 3 = 3 = 2, the study of the parabolic Harnack inequality has a long
history (see [Dal], [SC2] etc. for details). For any divergence operator . =
> =1 a%i(aij(x)%) on R"™ which is uniformly elliptic, Aronson ([A]) proved that the
heat kernel p;(z,y) satisfies

c1 d(z,y)?

s o (e ) <rten < myee (< U55). 0

w(B(z, /2 cat

where p is Lebesgue measure (so p(B(z,t/?))~" = ¢t="/?). It is not hard to derive
the parabolic Harnack inequality from (1.1). Similar results hold in the field of global
analysis on manifolds. Let A be the Laplace-Beltrami operator on a complete Riemannian
manifold M with Riemannian metric d and with Riemannian measure p. Li-Yau ([LiY])
proved that if M has non-negative Ricci curvature, then the heat kernel p:(x, y) satisfies
(1.1). A few years later, Grigor’yan ([Grl]) and Saloff-Coste ([SC1]) refined this result
and proved, in conjunction with results by Fabes-Stroock ([F'S]) and Kusuoka-Stroock
([KS]), that (1.1) is equivalent to a volume doubling condition (VD) plus a Poincaré
inequality (PI(2)). These techniques were then extended to Dirichlet forms on metric
spaces in [BM], [St1], [St2] and to graphs in [Del]. The origin of the ideas and techniques
used in this field go back to Nash ([N]) and Moser ([M1], [M2], [M3]).

Examples where § = 3 > 2 are given by fractals. The mathematical study of
stochastic processes and the corresponding operators on fractals (see, for instance, [B1],
[Ki]) has shown that on many ‘regular’ fractals, there are naturally defined Dirichlet
forms whose heat kernels with respect to the Hausdorff measure p satisfy

e ee (- (45) )
vt < e (- (N55) 7)o

(see [BP], [BB1], [BB2], [FHK], [Kuml] etc.). The techniques of [Grl] and [SC1] do
not apply to these spaces. The main obstacle is that the Moser iteration argument used
in these papers needs the existence of sufficiently many cut-off functions ¢ with approxi-
mately minimal energy such that the L? and L> norms of V¢, suitably normalized, are
comparable. Functions of this kind exist only if 3 = 8 = 2.

Recently, in [BB5], two of the authors established equivalent stable conditions for
(1.2) (equivalently, to PHI(3)) on graphs. The key idea was to introduce a new inequality
CS(0), called a cut-off Sobolev inequality, which implies the existence of enough ‘low
energy’ cut-off functions on the space. This was quite recently extended to the manifold
setting by one of the authors in [B2]. Note that when the process is strongly recurrent,
there are simpler equivalent stable conditions (see [BCK], [Kum3]), given in terms of
electrical resistance.

The aim of this paper is twofold. First we extend the results in [BB5], [B2] to the
general framework of metric measure spaces. One of our main theorems gives necessary
and sufficient conditions for PHI(¥) to hold (Theorem 2.16). The proofs given here are
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Figure 1. Sierpinski gasket graph and fractal-like manifold.
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Figure 2. Tiling of Sierpinski gaskets.

based closely on those in [BB5]. Secondly, we establish the stability of PHI(¥) under
rough isometries and under bounded perturbations, assuming some local regularity on
the spaces (Theorem 2.21). Let us look at two examples. The right side of Figure 1 is an
example of a fractal-like manifold M: it is a 2-dimensional Riemannian manifold which
is made from the Sierpinski gasket graph (left side of Figure 1) by replacing the edges
by tubes of length 1, and by gluing the tubes together smoothly at the vertices. Also,
one allows some small bumps, and some of the tubes to be removed. More precisely,
M is a smooth Riemannian manifold which is roughly isometric to the Sierpinski gasket
graph. Brownian motion moves on the surface of the tubes. For our second example,
Figure 2 is an example of a fractal tiling which is made by the following procedure. First,
consider the triangular lattice on R? where each edge is of length 1. We then fill each
triangle with a Sierpinski gasket. This fractal tiling is roughly isometric to R%. One can
define a Dirichlet form on the space by summing up Dirichlet forms on the gasket. As a
consequence of our main theorems and the known heat kernel estimates on the Sierpinski
gasket ([BP], [Jo]), we have the following: the Dirichlet form for the manifold depicted on
the right side of Figure 1 satisfies PHI(¥) with ¥(s) = 52 V 51°85/1°82 while the Dirichlet
form for the tiling shown in Figure 2 satisfies PHI(¥) with ¥(s) = s% A sl°85/1082,

The organization of the paper is the following. In Section 2, we present the frame-
work and the main theorems. Sections 3 and 4 provide the proof of Theorem 2.16. In
Section 5, we give the proof of Theorem 2.21. We also give several applications. Our
results, together with Hino’s results in [Hin], complete the proof of the singularity of the
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energy measures of Dirichlet forms on higher dimensional Sierpinski carpets with respect
to the Hausdorff measures. Another application gives transition density estimates for the
self-similar Brownian motions defined on higher-dimensional Sierpinski carpets by [KZ].

We will use ¢, with or without subscripts, to denote strictly positive finite constants
whose values are insignificant and may change from line to line.

2. Framework and main theorems.

Let (X,d) be a connected locally compact complete separable metric space. We
assume that the metric d is geodesic: for each x,y € X there exists a (not necessarily
unique) geodesic path vy(x,y) such that for each z € vy(z,y), we have d(z, z) + d(z,y) =
d(z,y). Let p be a Borel measure on X such that 0 < p(B) < oo for every ball B in
X. We write B(z,r) = {y : d(z,y) < r}, and V(x,r) = p(B(z,r)). Note that under
the assumptions above, the closure of B(z,r) is compact for all z € X and 0 < r < oo.
For simplicity in what follows, we will also assume that X has infinite diameter, but
similar results (with obvious modifications to the statements and the proofs) hold when
the diameter of X is finite. We will call such a space a metric measure space, or a MM
space. ‘Metric measure space’ is not a new term, and we mention [Gr2], [GHL], [Ha],
[Kas], [Ke] as a sample of recent papers that deal with analysis on such spaces.

Now let (&, .7) be a regular, strong local Dirichlet form on L?(X, p1): see [FOT] for
details. We denote by A the corresponding self-adjoint operator; that is, we say h is in
the domain of A and Ah = f if h € .F and &(h,g) = — [ fgdu for every g € F. Let
{P;} be the corresponding semigroup. (&,.%) is called conservative (or stochastically
complete) if P;1 = 1 for all ¢ > 0. Throughout the paper, we assume that (&,.%) is
conservative.

Since & is regular, &(f,g) can be written in terms of a signed measure I'(f,g).
To be more precise, for f € %, (the collection .%;, is the set of functions in # that
are essentially bounded) I'(f, f) is the unique smooth Borel measure (called the energy
measure) on X satisfying

/X GAT(f, ) = 26(f, fg) — £(f%0), g€ P,

where ¢ is the quasi-continuous modification of g € %. (Recall that u : X — R is
called quasi-continuous if for any ¢ > 0, there exists an open set G C X such that
Cap(G) < € and u|x\g is continuous. It is known that each u € .# admits a quasi-
continuous modification @ — see [FOT], Theorem 2.1.3.) Throughout the paper, we will
abuse notation and take the quasi-continuous modification of g € %, without writing g.
I'(f,g) is defined by

F(f9) = 3(T(f + 0. +9) = T(f.1) - T(g.9),  fg€ P,

I'(f,g) is also local, linear in f and g, and satisfies the Leibniz and chain rules — see
[FOT], p.115-116. That is, if f1,..., fm,g, and ©(f1,..., fm) are in %, and @; denotes
the partial derivative of ¢ in the it direction, we have:
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dr'(fg,h) = fdI'(g,h) + gdI'(f,h),

AT(p(frs- s fn) 9) = Y @i(f1s-- - Fm)dT(fis 9)-

i=1
We call (X,d, u, &) a metric measure Dirichlet space, or a MMD space.

ExXaMPLES. 1. If M is a Riemannian manifold, we can take d to be the Riemannian
metric and g the Riemannian measure. The Dirichlet form & is defined by taking its
core € to be the C*° functions on M with compact support, and defining

E(f.f) = /M VfPdu, fet.

The domain .# of & is then the completion of ¢ with respect to the norm ||f]]2 +
E(f. /)2, and dI'(f,9) =V f - Vgdp.

2. Cable system of a graph. Given a weighted graph (G, E,v) (see Definition 2.13 below)
we can define the cable system G¢ by replacing each edge of G by a copy of (0, 1), joined
together in the obvious way at the vertices. For further details see [BB5] or [BPY]. Let
p be the measure on G¢ given by taking du(t) = v, dt for t in the cable connecting z
and y, where v, is the conductance of the edge connecting x and y; see [BB5]. One
takes as the core € the functions in C(G¢) which have compact support and are C! on
each cable, and sets

E(f.f) = /G L (0)2dp(t).

One use of this construction is that the restriction to G of a harmonic function h on G¢
yields a harmonic function on G.

3. Let D be a domain in R? with a smooth boundary. Then let ¢ = C2(D), u be
Lebesgue measure, and

S f) =1 /D IV f2du.

The associated Markov process Y is Brownian motion on D with normal reflection on
0D. For the extension of this construction to piecewise smooth domains such as the
pre-Sierpinski carpet, see [BB4].

4. For fractal sets it is not as easy to describe &. However, let F' C R? be a connected
set, and suppose that there exists a geodesic metric d on F. Let p be the Hausdorff
a-measure on F' (with respect to d) and suppose that

ar® < u(Bg(z,r)) < cor®, xz € F,r>0.

Let
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A3 o (f) = {u € L*(F, pt) : Nooo(f) < 00}

There exist many fractals satisfying the above with a Dirichlet form & on L?(F,u) for
which the domain .% of & is given by /127/020, and 1Ny o0 (f) < E(f, f) < caNp oo(f); see
[Gr2], [GHL], [Kum2] etc.

In the particular case of the Sierpinski gasket F' = Fs¢, let F), be the set of vertices
of triangles of side 27"; regard F,, as a graph with = ~ y if and only if x and y are in
some triangle of side 27", Then for f € Ag{i with 8 =log5/log2, one has

E(f,f) = e lm (5/3)" > (f(x) — f(y))*.

r~y

In many contexts (including examples 1-3 above) there is a natural metric dg asso-
ciated with the Dirichlet space (&,.%, L?(M, 1)), defined as follows. Let

L) = {f € F :dl(f, f) < A}, (2.1)
and set
de(z,y) = sup{f(z) — f(y) : f € L(1)}.

We cannot use this metric in this paper, since for many true fractal spaces it is known
(see [Kus], [Hin]) that £ (1) contains only (quasi-everywhere) constant functions, so
that dg(z,y) = 0. (One can also have, in other circumstances, dg(z,y) = 0o — see e.g.
BS)

Let 8,0 > 2 and

P ifs<l1

¥(s) =Vz4(s) = {

7 if s> 1.

¥ (s) will give the space/time scaling on the space X. Generalization of this time scaling
factor may be possible (see e.g., [T]), but we do not pursue it here.
We now give a number of conditions which X may or may not satisfy.

DEFINITION 2.1. (a) X satisfies volume doubling VD if there exists a constant ¢;
such that

V(z,2R) < 1V (z,R) forallz e X, R>0. (VD)

(b) X satisfies the Poincaré inequality PI(¥) if there exists a constant ¢s such that for
any ball B= B(z,R) C X and f € Z,



Harnack inequalities on metric spaces 491

/ (f(2) - Fp)?dn(z) < 20(R) / dr'(f. f). (PI(2))
B B

Here 5 = u(B) ™" [, f(@)du().

(c) We say a function u is harmonic on a domain D if u € Z,. and &(u,g) = 0 for all
g € F with support in D. Here u € %, if and only if for any relatively compact open
set G, there exists a function w € % such that u = w p-a.e. on G. See page 117 in
[FOT] for the definition of & (u,g) for u € F,. when (&,.%) is a regular, strong local
Dirichlet form. Functions in .% are only defined up to quasi-everywhere equivalence; we
use a quasi-continuous modification of u. X satisfies the elliptic Harnack inequality EHI
if there exists a constant ¢z such that, for any ball B(z, R), whenever u is a non-negative
harmonic function on B(x, R) then there is a quasi-continuous modification @ of u that
satisfies

sup @ <cz inf . (EHI)
B(z,R/2) B(z,R/2)

Note that by a standard argument (see, e.g., [M1], p.587) EHI implies that @ is Holder
continuous.
(d) Let Q = Q(z0, T, R) = (0,4T) x B(zg,2R) =: I x Bag. Let u(t,z): Q — R.

o We define uy = % € L?(dt x p) as the derivative in the Schwartz’ distribution

sense. That is, we define u; to be the function f in L?(dt x ) so that for any
function ¢ : @ — R such that g(z,-) € C¥(0,4T) for each z € B(zo,2R) and
gt = % € L%(dt x p), then

/Q (F(,)g(a,t) + ulz, O)gi . 1) dt u(d) = 0.

o Let H(I — Z*) be the space of functions u € L?(I — .#*) with the distributional
time derivative u; € L?(I — .F*) equipped with the norm

(/I [(t, )% + [lue(t, -)||?5;*dt)1/2_

Here we identify L?(X, u) with its own dual and denote the dual of .# by .#*. So,
F C L*(X, ) C Z* with continuous and dense embeddings.
Let F(I x X) = L*(I — )N H(I — %) be a Hilbert space with norm

1/2
lll ) = ( [ ute. 1 + ||ut<t,.>|3wdt) .

o We define %,.(Q) to be the set of dt ® du-measurable functions on @ such that
for every relatively compact open set D CC Bap and every open interval I’ CC I,
there exists a function v’ € .Z (I x X) with u = v’ on I’ x D. We define
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F.(Q) :={ue F(I xX) :u(t,-) has compact support in Bop for a.e. t € I'}.

We say a function u(t,x) : @ — R is a solution of the heat equation in @ if

U € Foe(Q) and

/J [/f(t,:v)ut(t,a:)u(dx)+é"(f(t,-),u(t,~)) dt=0, VJccl VfeZ.(Q). (22)

X satisfies the parabolic Harnack inequality PHI(¥), if there exists a constant ¢4 such
that the following holds. Let 9 € X, R > 0, T = ¥(R), and v = u(t,z) be a non-
negative solution of the heat equation in Q(zg,T, R). Write Q_ = (T,2T") x B(xo, R)
and Q4 = (3T,4T) x B(xzg, R); then there exists @& = @(t, z) such that @(t,-) is a quasi-
continuous modification of u(t,-) for each t and

sup @ < c¢q4 inf 4. (PHI(?))
Q_ Q+

Given this PHI, a standard oscillation argument implies that 4 is jointly continuous.

REMARK 2.2. In the case of general MMD spaces we can only define harmonic
functions up to quasi-everywhere equivalence. This is why we needed to be careful in our
definitions of EHI and PHI(¥).

It is easy to deduce from VD that there exist c5, @ < oo such that if z,y € X and
0 <r < R then

Vied) . (dep)+ )" 23

Viy,r) — r

The following covering lemma holds; cf. [BB5].

LEMMA 2.3.  Assume that X satisfies VD. For zg € X and 0 < s < R < oo, there
exists a cover of B(xg, R) by balls B(x;,s) with x; € B(xo, R) such that no point in X
is in more than Ly of the B(x;,2s). Here Ly depends only on s, R and the constant ¢;
im VD.

DEFINITION 2.4. Let A, B be disjoint subsets of X. We define the effective resis-
tance Reg(A, B) by

ReH(A,B)_lzinf{/ dr'(f,f): f=0on Aand f =1 on B,fef}. (2.4)
b'e

X satisfies the condition RES(¥) if there exist constants c¢1, ¢o such that for any xg € X,
R>0,

V(R) < Reg(B(x0, R), B(x0,2R)) < C2V(W$(0R)R).

< (RES(?))

C1
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DEFINITION 2.5. X satisfies CS(¥) if there exist 6 € (0,1] and constants c¢1, o
such that the following holds. For every zo € X, R > 0 there exists a cut-off function
©(= @q,,r) With the properties:

(a) p(x) > 1 for x € B(xg, R/2).
(b) ¢(z) =0 for x € B(zg, R)".

)
() le(x) — @(y)| < er(d(x,y)/R)” for all 2.y.
(d) For any ball B(z,s) with 0 < s <R and f € .Z,

| rareosaem®( [ argpeeet [ pa). @)
B(z,s) B(z,2s) B(x,2s)

REMARK 2.6.
1. We call (2.5) a weighted Sobolev inequality. It is clear that to prove (2.5) it is enough
to consider nonnegative f.
2. Suppose CS(¥) holds for X, but with (a) above replaced by

o(x) > 1 for z € B(xg,0R), (2.6)

for some § < % Then an easy covering argument (using VD) gives CS(¥) with § = %
3. Let A > 1. Suppose that CS(¥) holds, except that instead of (2.5) we have

[ pareosatm®( [ agnsees [ pa) e
B(z,s) B(z,\s) B(x,\s)

Then once again it is easy to obtain CS(¥) with A = 2 by a covering argument.

4. Any operation on the cut-off function ¢ which reduces dI'(p, ) while keeping prop-
erties (a), (b) and (c) of Definition 2.5 will generate a new cut-off function which still
satisfies (2.5). We can therefore assume that any cut-off function ¢ satisfies the following:

(a) 0<p<1.
(b) For each t € (0,1) the set {x : ¢(z) > t} is connected and contains B(zg, R/2).
(¢) Each connected component A of {z : ¢(z) < t} intersects B(zg, R)°.

5. Note that if CS(¥) holds for ¥ = W3 5, then CS(¥ 4/) holds if 3’ > 3 and ' < j.
We have the following by the same arguments as in Lemma 5.1 of [BB5].

LEMMA 2.7. Let X satisfy VD, PI(¥) and CS(¥). Then X satisfies RES(¥).

In the definitions which follow, recall that we have a ‘crossover’ from ¢ = P scaling
to t = r? scaling at r = 1. For (¢,7) € (0,00) x [0,00) we consider the two regions:

A ={t,r):t<1Vvr}, As={(t,r):t>1Vvr}.

Let
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e ()",

DEFINITION 2.8. Let X be a MMD space. We say X satisfies HK(¥) if the heat
kernel p;(z,y) on X exists and satisfies

crhg(cad(z,y), 1) cshg(cad(z,y),1)

900 ) < LA 2.8
V(e im) S PoY) S s 28)

for x,y € X and t € (0, 00) with (¢,d(x,y)) € A1, and
c1hg(ced(z,y),t) < ol y) < eshg(cad(z,y), t) 2.9)

V(x,t1/7) V(x,tt/0)

for z,y € X and t € (0,00) with (¢,d(z,y)) € As.

REMARK 2.9. To understand why the crossover takes the form it does, it is useful
to consider the contribution to p(x,y) from various types of paths in X. Let r = d(x, y).
First, if 0 <t <1 and r < 1 then the behaviour is essentially local.

If r > t then we are in the ‘large deviations’ regime: the main contribution to p;(z,y)
is from those paths of the Markov process Y which are within a distance O(t/r) of a
geodesic from x to y. So, once the length of the geodesic is given, only the local structure
of X plays a role. Note that in this case the term in the exponential is smaller than
e*, so that the volume term V (z,t'/#)~! could be absorbed into the exponential with
a suitable modification of the constants ¢y and c4.

Finally, if ¢ > 1 and r < t, then the paths which contribute to p;(z, y) fill out a much
larger part of X: those which lie in B(x,t'/?) if » < t/8, and those which are within a
distance O(t/r?~1) of a geodesic from z to y in the case when /8 <r <.

We will also want to discuss local versions of these conditions. Since these will only
depend on ¥(s) for s € [0,1], they are independent of the parameter 5. We say X

satisfies VDjo if VD holds for z € X, 0 < R < 1. Similarly we define PI(53)joc, EH}IOC,

CS(6)10c and PHI(()1oc by requiring the conditions only for 0 < R < 1. For HK(8)i0¢
we require the bounds only for ¢ € (0,1) — so only (2.8) is involved. The value 1 here is
just for simplicity: each of the local conditions implies an analogous local condition for
0 < R < Ry for any (fixed) Rg > 1 — see Section 2 of [HSC].

Finally, we introduce two local notions which do not include any scaling order.

DEFINITION 2.10. (a) We call ¢ a cut-off function for Ay C Ay if ¢ =1 on Ay and
is zero on AS.
(b) We say X satisfies Py, if for each ¢; > 0, there exists ¢a > 0 such that

/ (f(2) - Fp)Pdu(z) < c2 / dr'(f. f) (2.10)
B B

for any ball B = B(z,¢1) C X and f € Z.
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(c) We say X satisfies CCjy if for every z¢ € X, there exists a cut-off function ¢(= ¢4,)
for B(xg,1/2) C B(xzg, 1) such that

/ dI'(p, ) < c3V (w0, 1),
B(xo,1)

where c3 > 0 is independent of zy and .
CC stands for ‘controlled cut-off’ functions. Clearly PI(3)1. for any 3 > 2 implies Plj,.
and CS(f)1c for any 3 > 0 implies CCjqc.

We next give some sufficient condition for CS(2)joc.

We say (X, d, u, &) has regular local cut-off functions if there exists a constant C;
such that for all x € X, R € (0,1) there exists a cut-off function ¢ : X — R for
B(z,R/2) C B(xz, R) such that Ry € Z(C4), where .Z(C1) is defined in (2.1).

LEMMA 2.11. If the MMD space (X,d, u, &) has regular local cut-off functions such
that (c) of Definition 2.5 holds, then it satisfies CS(2)10c-

PROOF. Let ¢ be a regular local cut-off function for B(z, R/2) C B(z, R) such that
Ry € Z(C1). Then dI'(p,¢) < C?R™2du, so fB(w 9 f2dr(p, @) < C2R™2 fB(w 9 f2dp.
Thus (2.5) holds. O

If dg is a true metric, then (X, dg, u, &) has regular local cut-off functions since one
can take C; = 2 and ¢(y) = (1 A (2 — 2R 'dg(z0,y)) V 0. Thus Examples 1-3 above
have regular local cut-off functions.

DEFINITION 2.12. X satisfies the condition E(¥) if for any xg € X, R > 0,
¥ (R) < E™[1g(5y,r)] < c2¥(R), (E(¥))

where 74 = inf{t > 0 : Y; ¢ A}, Y} is the strong Markov process associated to the
Dirichlet form (&,.%), and E® denotes the expectation starting from the point z.
E(¥) describes the ‘walk dimension’ of the associated Markov process.

We also will need to consider weighted graphs.

DEFINITION 2.13. Let (G, E) be an infinite locally finite connected graph. We
write x ~ y if (x,y) € E, i.e., there is an edge connecting x and y. Define edge weights
(conductances) vzy = vy, > 0, z,y € G, and assume that v is adapted to the graph
structure by requiring that v, > 0 if and only if z ~ y. Let v, = Zy Vay, and define a
measure v on G by v(A) =3 v, We call (G,v) a weighted graph.

We write d(x,y) for the graph distance, and define the balls

Bg(z,r) ={y : d(z,y) <r}.

Given A C G write 0A = {y € A°: d(x,y) = 1 for some x € A} for the exterior boundary
of A, and let A = AU OA.
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DEFINITION 2.14. A weighted graph (G, v) has controlled weights if there exists
po > 0 such that for all z,y € G

Vgy
— 2 Do, r~y.
Vg

This was called the pg-condition in [GT2].

The Laplacian is defined on (G,v) by
1
Af(x) =~ vy (f(y) = F(2)).
Ty

We also define a Dirichlet form (&,.%) by taking .# = L?(G,v), and

E(f9) =352 ) (@) = fW)g) = 9W)wvay, frgeF.

If f € F we define the measure I'(f, f) on G by setting

Ta(f, (@) =Y (f(z) = f()*Vay-

y~z

The conditions VD, EHI and PHI(¥) for graphs are defined in exactly the same way
as for manifolds; see [BB5]. The definitions of PI(¥) and RES(¥) are also the same.
For the bound HK(¥) we only require (2.9). The condition CS(¥) is also the same; the
weighted Sobolev inequality (2.5) takes the form

> f@)’Ta(e,9)(x)

z€Bg(w1,s)

<<R>0( S L H@ue Y fo(w)2)~ (2.11)

z€Bg(x1,28) 2€Bg(x1,25)

It is easy to check that Plj,. and CCj,. hold for any weighted graph with controlled
weights. In fact, PI(3)1oc and CS(3)10c hold for any choice of 3 > 2 on such graphs, since
it is irrelevant to treat R < 1 for graphs.

We summarize the conditions we have introduced:

VD Volume doubling
PI(¥) Poincaré inequality
EHI Elliptic Harnack inequality

PHI(¥) Parabolic Harnack inequality
RES(¥) Resistance exponent
CS(w) Cut-off Sobolev inequality
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CcC Controlled cut-off functions
HK(¥)  Heat kernel estimates
E(W¥) Walk dimension

We will need the following:

THEOREM 2.15 (See [BBK], [HSC] Theorem 5.3, [GT3])). The following are
equivalent:
(a) X satisfies PHI(W).
(b) X satisfies HK(P).
(¢) X satisfies VD, EHI and RES(¥).
(d) X satisfies VD, EHI and E(¥).

PrROOF. The equivalence of (a) and (b) is given in [BBK]. (See also [HSC] for
the case where solutions to the heat equation are sufficient regular.) That these are
equivalent to (c¢) and (d) is proved in [GT3]. (See [GT2] for the graph case.) O

The first of our main theorems is the following. (The graph case was proved in
[BB5)).

THEOREM 2.16. Suppose that X is either an infinite connected weighted graph with
controlled weights, or a MMD space. The following are equivalent:

(a) X satisfies VD, PI(¥) and CS(¥).
(b) X satisfies PHI(¥).

Our second topic is the stability of PHI(¥). We will actually discuss two kinds of
stability.

DEFINITION 2.17. A property P is stable under bounded perturbation if whenever
P holds for (6, .7), then it holds for (£®),.%), provided
a&N(f, ) < ED(f,f) < D (f,f), forall fe 7. (2.12)
The following result is due to Le Jan ([LJ], Proposition 1.5.5(b)). A simple proof is
given in [Mos] p. 389.
LEMMA 2.18. Let X be a MMD space. Suppose (60, .F),i=1,2 are strong local
regular Dirichlet forms that satisfy (2.12). Then the energy measures I'") satisfy
adl'W(f, f) <dTD(f, f) < codT'D(f, f),  for all f € F. (2.13)
It is immediate from Lemma 2.18 that the conditions PI(¥) and C'S(¥) are stable
under bounded perturbations. So we deduce:

THEOREM 2.19. Let X be a MMD space. Then PHI(¥) and HK(¥) are stable
under bounded perturbations.

The second kind of stability is stability under rough isometries.
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DEFINITION 2.20. For each ¢ = 1,2, let (X;,d;, u;) be either a metric measure
space or a weighted graph. A map ¢ : X7 — X5 is a rough isometry if there exist
constants ¢; > 0 and ¢, c3 > 1 such that

Xy = | Ba(e(x),c1),
reXy

¢y H(dy(z,y) — e1) < da(p(x), o(y)) < caldi(z,y) + c1),
and
cglul(Bd1($7cl)) < Mg(de((p(l’),Cl)> < C3/~L1(Bd1 (m7cl)>'

If there exists a rough isometry between two spaces they are said to be roughly isometric.
(One can check this is an equivalence relation.)

This concept was introduced by Kanai in [Kanl], [Kan2]. A rough isometry be-
tween X; and X5 means that the global structure of the two spaces is the same. However,
to have stability of Harnack inequalities, we also require some control over the local struc-
ture. In the case of graphs it is enough to have controlled weights, but for metric measure
spaces more regularity is needed. (In [Kanl], [Kan2] this local control was obtained by
geometrical assumptions on the manifolds.)

The following theorem concerns the stability of PHI(¥) under rough isometries.

THEOREM 2.21. Let X; be either a MMD space satisfying VDioe and Plioe or a
graph with controlled weights, and suppose there exists a rough isometry ¢ : X1 — Xs.
Let ¥;(s) = SBil{Sgl} + 8’81{521}.

(a) Suppose that Xo satisfies P1(B2)10c. If X1 satisfies VD, CCioc and PI(¥1) then Xo
satisfies VD and PI(Ws).

(b) Suppose that Xo satisfies CS(B2)10e- If X1 satisfies VD and CS(¥,) then X, satisfies
VD and CS(¥3).

By this theorem together with Theorem 2.16, we see that PHI(¥) is stable under
rough isometries, given suitable local regularity of the two spaces.
3. Construction of cut-off functions.

In this section we will prove Theorem 2.16 (b) = (a). If X satisfies PHI(¥), then
(VD) and HK(¥) hold by Theorem 2.15.

LeMMA 3.1.  PI(¥) holds.

PROOF. Let Y be the process Y ‘reflected at the boundary’ of the ball B =
B(zg, R) C X: see [Ch] for this construction in a general context. Write p,(x,y) for the
transition density of Y, and p?(z,y) for that of the process Y killed on exiting B.

The argument of [SC1] gives PI(¥) once we have the estimate

ﬁt(zvy) > p?(Iay) > CV(I07R)717 T,y € B(anR/2)a %W(R) <t< W(R)
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This is proved in [BBK], as a key step in the derivation of HK(¥) from PHI(¥). O

We now prove that PHI(?) = CS(¥), and follow the arguments in [BB5] and [B2].
The main difference from [BB5] is that a strong transience condition (called (FVG)) was
needed there in the initial arguments. We will also slightly simplify the arguments in
[B2].

Let D = B(zg, R — ¢) where € < R/10, and A > 0. Let Y be the process associated
with the Dirichlet form (&,.%). Let G¥ be the resolvent associated with the process Y’
killed on exiting D; that is,

GPf(z) = E* / e (V) dt,

for bounded measurable f, where 7p = inf{t : Y; € X — D}. Let pP(-,-) be the heat
kernel of Y killed on exiting D. Then the Green kernel of G¥ is given by

9% (z,y) =/ e MppP (x,y)dt.
0

We use the Green kernel to build a cut-off function ¢.

LEMMA 3.2. Let xg € X. Then there exists § > 0 such that if A = oW (R)™*

¥(R)
D <Cp——F— B ¢ 1
gx (an y) = Cl V(C,Co, R)7 Yy € ($076R) ’ (3 )
U(R)
P > COyr—te B(xo,0R). 3.2
gx (l‘an) el 2V(1’0,R)7 Yy € (.fo, ) ( )
Proor. This follows easily from HK(¥) by integration. O

LEMMA 3.3.  Let ¢ and R be as above, and let x,y € B(xp,0R)¢. Then there
exists 0 > 0 such that

sup g% (o, ). (3-3)

B(:Eo,(SR)C

d(f;@/))"

19 (20, 2) — g2 (20, 9)| < (

PrOOF. The Holder continuity of pP follows from PHI(¥) by a standard argument;
see [M2]. Integrating we obtain (3.3). O

Fix 9y € X and let B’ = B(z9,0R), B = B(zo,R), D = B(xo, R — €) where
e < R/10. Let A = ¥ (R)~! and define
() = 1A (W (R)7'GY1p (x)),

where ¢ is chosen so that ¢(z) = 1 on # € B’. Using Lemmas 3.2 and 3.3, it is easy
to check that ¢ is a cut-off function for B’ C B that satisfies Definition 2.5 (a)—(c). To
complete the proof of CS(¥), we need to establish (2.5).
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PROPOSITION 3.4. Letxy € X and f € F. Let § be defined by Lemma 3.2 and let
I = B(z1,0s) with 0 < s < R and I* = B(x1,s). There exist c1,ca > 0 such that for all
[ ez,

[ Paro <aem( [ argnvers? [ Pa). e
I I* I*
Proor. CASE 1. We first consider the case where s = R and 1 = zg. Let
Fp={feF:f=0qe on X —D}.
Set

(S, 9) =é"(f,g)+A/fgdu.

Let v = G?lB/. Note that
W@) < [ gP@)duty) < Blrp) S ab(R),  z€ D, (3.5)

by Theorem 2.15. By [FOT] Theorem 4.4.1, v € %#p and is quasi-continuous. Further,
since Y is continuous, v = 0 on D°. Let f € .%Z. Then

/fzdf(v,v) S/ f2dr(v,v) z/ dF(fZ’U,’U)—/ 2fvdl(f,v).
B X X X
Since v € Zp we have f?v € Zp, so by [FOT], Theorem 4.4.1,
/ dl(f?v,v) = &(f*v,GR1p) < E(f2v,GR1p) :/ fPolpdp < cW(R) | fdu,
X X B

where we used (3.5) in the last inequality. Using Cauchy-Schwarz and (3.5), we obtain

gc(/XvzdF(f,f)>1/2(/XdeF(v,v)>1/
<am( [ ar f)>1/2< [ farw.n)

So, writing H = [ f2dI'(v,v), J = [5dI'(f, f), K = [, f*du, we have

2

’ /X 2fudl(f,v)

1/2

H < ¥ (R)K + cW(R)JY2HY?,

from which it follows that H < ¢W(R)K + ¢¥(R)?J. From this, (3.4) with s = R follows
easily.
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CASE 2. Define

Q(b) = Q(z0,b) = {y : g (x0,y) > b}
and let
h = Co¥(R)/(2V (x0, R)),
where C5 is as in Lemma 3.2. Note that by Lemma 3.2 and the fact gf (zo,y) = 0 for
y ¢ D,

B(zo,0R) C Q(2h) C Q(h) C B(o, R).
In Case 2, we will consider the situation that either

I* C Q(2h) (3.6)

I* 0 B(wo,0R/2) = & (3.7)

holds. Since ¢ = 1 on Q(2h), (3.4) is clear if (3.6) holds. Thus, we consider when
(3.7) holds. Let ¢)s(z) = 1A (ckp(s)_le(zo’sfe)h(m)) be a cut-off function for I C I*
given by Case 1. Let ¢o(z) = ¥(R)'GR1pn(z) where B” = B(xg,R/2) and ¢;(z) =
o () — minyer- (y), then by Lemma 3.3,

o1(x) <c(s/R)Y =L, xecl.

Let
A= 2dr (e, ¢),
/If (¢, )
D= [ dr(f,f)+w(s)* [ f2
I* I*
F= | f2dI(p1,01).
I*
Now as
dI(f2920, ) < dL(f202¢1,00) = f22dI(p1,00) + e1d L (f902, ¢0),
we have

A<F= [ f*2dI(¢1,%0) Z/ Al (f*Y3¢e1,¢0) —/ e1dL(f*02, ¢0). (3-8)
g It It

For the first term in (3.8)
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/* A (2201, 00) = /de(f%?sol,soo)
= (2200, B(R) TGP 1) — A /X P21 podu

< A2, W(R) TG ) =W (R)™" [ fPlerdp = 0.
BI/

Here we used the fact that ¢; > 0 on I* and that the support of v is in I*, hence
outside B” (due to (3.7)).

The final term in (3.8) is handled, using the Leibniz and chain rules and Cauchy-
Schwarz, as

| erdrrv. o)

1/2 1/2 12
([ wzarin) o ([ o) Y [ arearnm)

< CDI/QLFI/Q,

< 2‘ /1 e1fY2dI(f, o)

+2‘ /I* Sﬁlfzwsdp(wsvgoo)

where we used Case 1 in the final line. Thus we obtain A < F < ¢DL? so that (3.4)
holds.

CASE 3. We finally consider the general case. When either (3.6) or (3.7) holds, the
result is already proved in Case 2. So assume that neither of them hold. Then I'* must
intersect both B(zg,dR/2) and B(xg,0R)°, so s > JR/4. We use Lemma 2.3 to cover
I with balls B; = B(z;,c1R), where ¢; € (0,6/4) has been chosen small enough so that
each B} := B(z;,c1R/0) satisfies at least one of (3.6) or (3.7). We can then apply (3.4)
with I replaced by each ball B;: writing s’ = ¢; R we have

[ Fare.o < et 1rp( [ AT 9 / ; P,

We then sum over i. Since no point of I* is in more than Ly (not depending on zg or R)
of the B}, and s/c; < s’ < s, we obtain (3.4) for I. O

4. Sobolev inequalities and elliptic Harnack inequality.

In this section we will prove Theorem 2.16 (a) = (b). Assume that X satisfies VD,
PI(¥) and CS(¥). Using Theorem 2.15 (c) = (a) and Lemma 2.7, it is enough to show
VD +PI(¥) + CS(¥) = EHI. For z € X, R > 0 let ¢ = ¢, g be a cut-off function given
by CS(¥). We define the measure v = v, g by

dy = dp+ ¥ (R)dI(p, ).
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We remark that we do not know if the measure ~ satisfies volume doubling. The first
step in the argument is to use CS(¥) to obtain a weighted Sobolev inequality. For any
set J C X set

J*={y:d(y,J) < s}.

PROPOSITION 4.1. Let s < R and J C B(xg, R) be a finite union of balls of radius
s. There exist k > 1 and ¢; > 0 such that

(s [usean) " < e (wtmpn [ ar )+ omou [ fan).
(4.1)

We omit the proof, since it is the same as that of Theorem 5.4 of [BB5].
The next result is the generalization of Lemma 4 of [M1] to the case of a MMD

space.
LEMMA 4.2. Let D be a domain in X, let u be positive and harmonic in D, v = uF,

where k € R, k # %, and let n be supported in D. Suppose fD dI'(n,n) < oo, then

/Dner(v,v) < (2k2k1)2/Dv2dF(n,n).

PRrROOF. Let g € .% be supported by D. Then if ' = Gh where h = 0 on D we
have

/ dI'(gu',u") :/ dI'(gu',u) :/ gu'hdp = 0.
D X X
Hence, approximating u by functions of the form u’ we deduce that
/ dI'(gu,u) = 0.
D

Using this, and taking g = n?k?u?*~2, we conclude that

/ n*dl (v, v) :/ gdl'(u,u) = —/ udl(g,u). (4.2)
D D D
Using the Leibniz and chain rules, the right hand side is equal to
—Qk/ nudl'(n,v) — (2k — 2)/ n*dI(v,v).
D D

Thus,
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2k
2 —
[ wtar.o) = 52 [ warw.

<t (] nzdm,v))l/g( / vzdf(n,n))l/Q,

where we used Cauchy-Schwarz. Dividing and squaring, we obtain the result. O

Let u be harmonic and nonnegative in B(zo,4R). By looking at u + ¢ and letting
e | 0 we may without loss of generality suppose u is strictly positive. Note that, as for
a general MMD space we do not initially have any a priori continuity for u, we do not
obtain a pointwise bound in (4.3).

PROPOSITION 4.3. Let v be either u or u~t. There exists ¢1 such that if B(z,2r) C
B(zo,4R) and 0 < g < 2, then

ess supB(z’r/Q)UQq < e Vi, 2r)~t / (@ (r)dl(v?,v9) + v*%dp). (4.3)
B(z,2r)

PROOF. Let ¢g be a (regularized) cut-off function given by CS(¥) for B(z,r). Let
h,=1—-2"",0<n<o00,s0that 0 =hg < hoo = 1. For k > 0 set

or(x) = (po(x) — hi)t,  dyo = dp+ Y (r)dI (o, o).

Set A = {z : wo(z) > hi}, and note that B(x,r/2) C A, C Ay C B(z,r) for every ng.
We therefore have, writing V' for V(x, r),

oV < u(Ag) <V, k>0.

The Holder condition on ¢y given by CS(¥) implies that if + € Agyq and y € Af,

then d(z,y) > csr27%%. Set s = 2e5r27%/%, and note that ¢, > ¢,27% on A% .

Let {B;} be a cover of Api1 by balls of radius s;/2, and let Jyy; = U;B;. Write
Tjy = JH2 AL = A% and note that Ay C Jyp1 C Jhy C© Ay
From Proposition 4.1 with f = vP and s replaced by s /2,

1/k 1/k
(v [ )= (v [ )
Akt Jrg1
< eV [‘P(r)/
Jl/c+1

<cgVTH [LD(T)/A

By Lemma 4.2, we have the ‘converse to the Poincaré inequality’ for f = vP, which
controls the first term in (4.4).

Ar(r. )+ oo [ ]

dr(f. f) + 22 /

N
Ay

’
k+1
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o) [ A <ve)e ) [ ari ) < e v [ gt

’
k41 Ak+1 Ak

9 2
< cQ22kW(T) (2 P ) deF(gak, ©k)
p—1 Ay,

2p 2
< c192%" <2 1) f2dyo.
P — Ap

We therefore deduce that

1/k 2
_ o 2 _
(V ! / f2 d’YO) é C11 (21)1) 22kv ! f2d"/(). (45)
Apy1 P — Ay

Now, similarly to the first part of Moser’s argument [M1] with p,, = gx™ for appro-
priate g, we have

1/(29)
€sS SUP g (1 /2)V < C12 <V_1/ v2qd’yo) .
B(z,r)

Using CS(¥) and VD, we obtain (4.3) — see [BB5] Proposition 5.8 for details. O

Recall that ¢ is a cut-off function for B(xg, R) given by CS(¥). We define
Q) ={z:9(x)>t}, 0<t<]l,

and write Q(1) for the interior of {z : ¢(x) > 1}.
Using Proposition 4.3, we have the following. See [BB5] Corollary 5.9 for the proof.
COROLLARY 4.4. Let1>s>t>0. There exists ( > 2 such that if 0 < ¢ < %,

ess supQ(S)vzq <eci(s—t)"V(xg, R)! / v*dy. (4.6)
Q()

Now our goal is to deduce the elliptic Harnack inequality. The following corresponds
to the second part of Moser’s arguments.
Let w = logu, and write w = V (zg, R) ! fB(m Ry W g

PROPOSITION 4.5 (cf. [BB5] Proposition 5.7, Corollary 5.10).
(a) There exists ¢1 such that

/Q d[(w,w)g(hylf&fﬁ
B(z0,2R) W(R)

(b) Let 1 > s>t >0. Then
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V(zo, R
/ dy < Cz(x%’).
{Jw—]>A}NQ(s) A

PROOF. Again, this is essentially Moser’s proof. Let ¢1(x) be a cut-off function
given by CS(¥) for the ball B* := B(x¢,4R). So

/ dI'(w,w) < c/ ©2dIN(w, w).
B(z0,2R) *

Applying (4.2) with n = @1, v = w, g = ¢3/u? and D = B*, we have

[ ddrww) = [ wirgd)

Using the Leibniz and chain rules, the right hand side is equal to

—2/ p1dl(p1,w) +2/ ©2dl (w, w).

Thus,

[ darwa =2 [ g <2( [ areue) ([ drww)”

where we used Cauchy-Schwarz. Dividing and squaring,

/ GdT(w,w) <4 [ dl(p1,01).
* B*

Finally, using CS(¥) in B* with f € .# such that f|p(y,sr) = 1 (since (&,.7) is a
regular Dirichlet form, such an f exists) and VD we deduce that

/ AT (p1,1) < AW(R) "V (o, R).

The proof of (b) is the same as that of [BB5] Corollary 5.10, so we omit it. O

In order to get the Harnack inequality the argument in [M2] required a generalization
of the John-Nirenberg inequality with a complicated proof. Bombieri [Bom] found a way
to avoid such an argument for elliptic second order differential equations. Moser (Lemma
3 in [M3]) carried the idea over to the parabolic case and Bombieri and Giusti (Theorem
4 in [BG]) obtained the inequality in an abstract setting. (See also Lemma 2.2.6 in
[SC2].) This argument can be applied to our setting (with suitable modifications) and
we can show that Corollary 4.4 and Proposition 4.5 (b) give
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€ss SUPg(,, r/2) 0gU < C1,

(see [BB5] Lemma 5.11 and Theorem 5.12 for a detailed proof). Let v = u~!. The same
argument implies ess SUpp,, r/2) l0gv < ¢1, or ess inf g5y, r/2)logu > —c1. Combining
we deduce

e <essinfp(y, r/2)U < €SS SUPp (g, r/2)U < €7

We thus obtain the following.

THEOREM 4.6.  There exists ¢1 such that if u is nonnegative and harmonic in
B(zo,4R), then

€8S SUP (o, r/2)U < C1€S8 inf gy, r/2)U-

PROOF OF THEOREM 2.16 (a) = (b).

As we mentioned in the beginning of this section, using Theorem 2.15 (¢) = (a) and
Lemma 2.7, it is enough to show VD + PI(¥) + CS(¥) = EHIL.

Let u be nonnegative and harmonic in B(zg,4R). Suppose 1 and r are such that
B(z1,3r) C B(xg,4R). By looking at Cu + D for suitable constants C and D, we may
suppose that ess supp(,, o;yu = 1 and ess infp(,, 2-yu = 0. Hence by Theorem 4.6 we
have

€ss SUPp(y, U — ess infp(y, Hu < (1 - 7 V)ess SUpp(p, < (1 — .
Soif p=1-¢;' then

€sS SUPp (g, U — €ss infp(y, u < pless SUP B(g, ,2r) U — €58 inf 5z, 2] -

It follows easily that

€8S SUPp(y, U — 88 infp(y, pyu < cor” (4.7

1,T)
for some v > 0. Define u(z1) = lim, g ess supp(,, ,yu. If one takes a countable basis
{B;} for X and excludes those points x € B; such that u(x) ¢ [ess infp,u, ess supp, ul,
then for every other x it is easy to see, using (4.7), that u(z) = u(x). Thus, u is equal to
u for p-almost every . Moreover, from (4.7) we see that @ is Holder continuous. Recall
that in our definition of harmonic function we take a quasi-continuous modification as
defined in [FOT]. We conclude u = @ quasi-everywhere, and so u has a quasi-continuous
modification that is continuous. Using this modification and Theorem 4.6, we have

sup u<c

1 inf  w.
B(z0,R/2) B(zo,R/2)

The elliptic Harnack inequality EHI now follows by a covering argument. O
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5. Stability under rough isometries.

In this section we prove Theorem 2.21. It is known (and easy) that the condition
VD is stable under rough isometry, see [CS], [HK2] etc.

In [HKZ2] the stability of VD +PI(¥) and VD 4+ CS(¥) under rough isometries is
proved in the case when the spaces are graphs with controlled weights. Since rough
isometry is an equivalence relation, to prove Theorem 2.21 it is enough to prove that if
X is a MMD space satisfying VDjoc, PI(3)10c and CS(8)1oc and G is a graph constructed
by taking an appropriate net of X, (so that X and G are roughly isometric), then VD,
PI(¥) and CS(¥) hold for X if and only if they hold for G.

Let X be a MM space satisfying VDj,.. Let G C X be a maximal set such that

d(z,y) > 1 for z,y € G,x # y.

Thus B(z, %), x € G are disjoint, and UyegB(x,1) = X. Give G a graph structure by
letting  ~ y if d(x,y) < 3. Let dg be the usual graph distance on G, and write Bg/(z,r)

for balls in G. It is straightforward to check that G is connected, and that
3d(z,y) < dg(z,y) <d(z,y) +1, z,y€C.

Since X satisfies VD), we have, as in Lemma 2.3 of [Kan1], that the vertex degree in
G is uniformly bounded.

For each z ~ y in G let z;, be the midpoint of a geodesic connecting x and y, and
Ay = B(24y,5/2), so that B(z,1) C Ay C B(x,4). Let vy =0if x L y, and if z ~ y
let

Vay = (Azy)-

As usual we set v, = Zywm Ugy. Write Ay = Uy~epAay. Since X satisfies VDjoc, we have
u(B(z,1)) < vy < cip(Ay) < cp(B(z,4)) < cap(B(z, 1)), (5.1)

and using (2.3) it is easy to verify that (G, v) has controlled weights.
Define +: G — X by +(z) = z. We have

PROPOSITION 5.1.  Let X be a MM space satisfying VD\o.. Then the associated
weighted graph (G,v) has controlled weights and v is a rough isometry.

In the following, we abuse notation and denote the image of 2 by the same character
as its pre-image.

To prove Theorem 2.21(b) we will need to transfer functions between C(G, R;.) and
C(X,R;). Let f € C(X, R;). Define

Flw) = p(Bx, 1) / fdu, zeC. (5.2)

B(z,1)
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The transfer in the other direction requires a bit more care. Using VD), and CCi,., we
can find a partition of unity {¢,}.cc where each ¢, : X — R is quasi continuous and

satisfies the following:
(i) ¥z (w) =1 for w € B(x,
(ii) Yz (w) =0 for w € B(x,
(iii) fB(Ll) A’ (e, ,) < cV(x,1).

If we assume CS((3)joc, then we can choose {t, }ce that further satisfies the following:
(iti") For each z € G, s <1 and f € Z,

/ fzdf(%,wx)écww( [ argp+ee [ f?du). (5.3)
B(z,s) B(z,2s) B(z,2s)

);
)

N[ Qo [

Now if g : G — R set

9(z) = Y g(@)pu(2). (5-4)

zeG
Note that g : X — R is quasi continuous. Set also, if f: G — R, k € N,

Vif(z) = sup |f(z) = f(2)].

zidg(z,2)<k

LEMMA 5.2. Let X be a MMD space satisfying VDo and CCyoe. Let f : G — R,
and x € G.

(a) If Y, (w) > 0 for some w € B(x,1) then d(z,z) < 3 and x ~ z.
(b) If ¢.(w) > 0 for some w € Ay then da(z,2) <4, and

[f(z) = f(w)] < Vaf(z), we A,
(c) Let AC G, and A" = {y : dg(y, A) < 4}. Then
Z Vif(2)?v. <a Z (f(y) - f(z))QVyz-

z€EA y,z€A’

@ X v NGRS S (Ve

yeGNB(z,r—1) yeGNB(x,r+2)

(e)
[ arGp < avisapv.
B(z,1)

(£) If X further satisfies CS(B)ioc, then, for each s <1 and h € Z,
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/ R2dI(f, f) < 05329V1f(x)2(/ d(h, h) + ¥ (s)~" / thu>-
B(z,s) B(z,2s) B(xz,2s)

PROOF. The proof of (a)—(c¢) and the second inequality of (d) is simple, and is the
same as that of [B2] Lemma 5.6(a)—(d). So we will give the rest of the proof.

For the first inequality of (d), there is nothing to prove when r < 1, so assume 7 > 1.
Using (5.1) and VD),c, we see that the left hand side of (d) is bounded by

C 2 =cC w
S w1 /| o fwran)

yeGNB(x,r—1) yeGﬂB(ac r—1)

where the equality holds because for each y € G and w € B(y,1/4), f(w) = f(y).
Since {B(y,1/4)}yec are disjoint, the right hand side is bounded from above by

fB(z,r) f(w)Zdﬂ(w)-
Before proving (e), let us prove (f). By (a) we can write, for w € B(z, 1),

z)+ ) b (w)(f(2) = f(2)).

T

Hence

/B(m)h dr(f.f) =32 >/ f(Z)—f(a:))/ h2dT (s, o)

z~T 2~ B(z,s)

<SG - 1@ [ )

T

<Y Vif(a /( RRLURS

zZ~T

< C'SQGVlf(x)2</ dF(h,h)+W(s)‘1/ thu), (5.5)
B(z,2s) B(z,2s)

where we used (5.3) in the last inequality.
Now (e) is easy. Using (5.5) with s = 1 and h|p(s,25) = 1, we have

o , ; / 2
/B(:z:,l) dr'(f,f) <c¢> Vif(x) /B(m) (s, 10,) < Vi f(2)2V (2, 1),

T

where CCjo. and V D), are used for the second inequality. ]

LEMMA 5.3. Let X be a MMD space satisfying VDjoe and Plyge. Let g: X — Ry,
z € G, andy ~x. Then

(G(2) — 9W))Pvay < c / dr(g, g).

Ty
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The proof is simple, and it is the same as that of [B2] Lemma 5.7, so we omit it.
In the arguments that follow, we will use the fact, given in Remark 2.6, that to verify
CS(¥) it is enough to do so for any 6 > 0 in (2.6) and A > 0 in (2.7).

PROPOSITION 5.4. Let X be a MMD space satisfying VDioe, Plioe and CCige, and
(G, v) be the associated weighted graph.

(a) Suppose that X satisfies VD and PI(¥). Then (G,v) satisfies VD and PI(¥).
(b) Suppose that X satisfies VD and CS(¥). Then (G,v) satisfies VD and CS(¥).

PROOF. As mentioned above, VD is preserved, so it is enough to prove PI(¥) and
CS(¥) respectively.

We first prove (a). Let x € G, R >0, f : G — R and let Bg(z, R) be a ball in G.
It is enough to prove the following weak Poincaré inequality;

S (W)~ Toer)ve <cW(R) > Ta(f. )W), (5.6)

yEBg(z,R) yEBg(z,c'R)

where ¢ > 0,¢ > 1 are constants. Indeed, an argument such as that in Jerison [Je] (see
also [HaKo] for a more general formulation) can be used to derive the (strong) Poincaré
inequality PI(¥) from VD and (5.6).

We note that for fixed ¢g > 1, PI(¥) for R < ¢y always holds on (G, v). Indeed, if
we let M, := max{|f(2') — f(v')| : 2’,y' € Bg(wo, R)}, then, since mingep f(x) < fp <
maxzep f(x), we have that the left hand side of (5.6) is bounded by

2M,, Z Vy SCCO Z FG(f?f)(y)7

y€Bg(z,R) y€Bg(z,R)

where C,, > 0 depends on ¢y. This is turn is less than or equal to the right hand side of
(5.6). So it is enough to prove (5.6) for R > ¢p. Applying Lemma 5.2(d) for f — « where
a=V(z,R)™! fB(m ) J @ and noting Bg(x, R') € GNB(z, R—1) where R’ = (R—1)/3,
we have

/B CJTwerd@ ze S (GwmePnze 3 G0 Toem)

yEBg (x,R') yEBg (x,R’)

Here the last inequality is because the minimum of the middle term (as a function of «)
is attained when o = fBG(%R/). On the other hand, Using Lemma 5.2(e), we have

| andp<
B(z,R)

<¢ Y el hH)

yEBg(z,R+2)

/ AT < e VIRV ()

yGBG(m,R)

Combining the estimates with PI(¥) for X gives (5.6) for R > ¢o.
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We next prove (b). We need to construct a cut-off function @ satisfying (a)—(d) of
Definition 2.5. If R < ¢ then it is easy to check that we can take @(z) to be the indicator
of Bg(l’(), R/2>

So assume R > cg. We can find a constant ¢; such that

Bg(l‘o,ClR) cGN B(Io,R/S — 6) cGn B(.To,R/4 + 6) C Bg(xQ,R).

It is enough to construct a cut-off function ¢ for Bg(zg,c1R) C Ba(zo, R). Let ¢ be
a cut-off function for B(zo, R/8) C B(zo, R/4), and let ¢ be given by (5.2). Properties
(a)—(c) of Definition 2.5 are easily checked, and it remains to verify the weighted Sobolev
inequality (2.5).

Let 1 € G, 1 < s < R, and Ag = Bg(x1,s). Choose ¢, c3 so that

Ag C B(x1,c08 — 6) NG C B(x1,2¢28) NG C Bg(x1,c38 — 6).
Write Ay, = Bg(z1,c¢35), and let f : A, — Ry. We extend f to G by taking f to be

zero outside Ay, and define f by (5.4).
Let x € G, and y ~ z. Then by Lemma 5.2(b) and Lemma 5.3

F@)2(@(x) — B(y))2vay < ¢ /A f@Pdr ) w)

< 2c/A Fw)2dI (¢, @) (w) +2c/A Vaf(x)*dI (e, o) (w).

zy Ty

Therefore

S S @ (@) - 3w)) vy

T€EAG Yy~

<y ¥ Jwdri. ) e 3 Y / Vaf @I (e o))

T€EAG Yy~ TE€EAG Yy~ ¥ ey

< C/Bmms) Fw)*dl (¢, ¢)(w) +¢ Y ZV4f(x)2/A dl(p, o) (w).  (5.7)

TE€EAG Y~T Y

Applying CS(¥) to ¢ in the ball A, gives
[ ) < R uB(eny 5) < R, (5.3)
Azy

Therefore, using Lemma 5.2(c), the second term in (5.7) is bounded by

cR7 "N Vaf (@) vay < cR7Y > Ta(f, f)(2). (5.9)

zEAG Y~ r€AY
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Using (2.5) for ¢ gives
[ Fwrareow
B(z1,c28)

<o [ AT () /

B(x1,2c2s8)

qu). (5.10)

By Lemma 5.2(e),

/B(xhzczs) dr(f,f) < > /B(m) ar(f, f)

z€GNB(x1,2c25+1)

<c > Vif(2)*V(z,1)

r€GNB(x1,2c25+1)

< Y (f@) = F) vy, (5.11)
z,y€EAL
while by Lemma 5.2(d)
IR CE ORI VIO (5.12)

r€Bg(x1,c38)

Combining the estimates (5.7)—(5.12) completes the proof. O

PROPOSITION 5.5.  Let X be a MMD space satisfying VDioc, Plioc, and (G,v) be
the associated weighted graph.

(a) Suppose that X satisfies P1(B)1oc. If (G, V) satisfies VD and PI(¥) then X satisfies
VD and PI(¥).

(b) Suppose that X satisfies CS(B)ioc- If (G,v) satisfies VD and CS(¥) then X sat-
isfies VD and CS(¥).

ProoOF. We first prove (a). Let 29 € X, R > 0 and f € #. As mentioned in the
proof of Proposition 5.4(a), it is enough to prove the following weak Poincaré inequality;

/ (F(0) — Fageo.m)?n(y) < c¥(R) / dr(f. f), (5.13)
B(zo,R)

B(zo,c'R)

where ¢ > 0,¢ > 1 are constants. When R < 1, this can be obtained from PI(8)ioc, so

assume R > 1. Using PI()1oc with R = 1, we have for each = € G,

27 FroN2, 2
/B L P T /B LU ranse / dr(f, ).

B(z,1)
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Summing this over x € B(xg, R) N G, we have
[ pPase X fwrws [ i)
B(zo,R) € B(ag R)NG B(zo,R+1)

Putting f — o instead of f where o = }° cp.o ping f(@)Va/ (X ey, r)nG Vo) and
using the fact that | Blao.r)f — B)2du (as a function of 3) attains its minimum when

8= fB(me), we obtain

7 2 flz) — o)., .
/ = Tom) e X Gw-apur [ (m07R+1)dF(f,f)>

z€B(z0,R+1)NG

On the other hand, using Lemma 5.3. and summing, we have

> e fesef dr(f. f).

z€B(xo,R+1)NG B(zo,R+5)

Combining the estimates with PI(¥) for G gives (5.13) for R > 1.
We next prove (b). Let B = B(zg, R) be a ball in X. If R < ¢; then we can use

CS(B)10c to construct a cut-off function ¢ for B. So assume R > ¢;. We can therefore
assume that zg € G.
Given A C G write A® = UzeaB(z,1). We can find ¢; such that
B(zo,c1R) C Bg (20, 2R —6)Y) € Ba(xo,2¢2R + 6)Y € B(zo, R).

Let ¢ be a cut-off function for Bg(zg,c2R) C Ba(xg,2¢2R), and let

p(w) = fa(w) = Y pa(@)d.(w).

2€G
Properties (a)—(c) of ¢ follow easily from those of ¢, and it remains to verify (2.5).

Let By = B(z1,s) with s € (0, R). If s < ¢3 then, applying Lemma 5.2(f) and noting
Vip(z) < cR™%%, we have

[ daree s ([ arasee [ P,
B(x1,s) B(xz1,2s) B(xz1,2s)

Now suppose s > c3. Then we can assume x; € G, and there exist ¢; so that
B(z1,8) C Bg(x1,c48 — 6)(1) C Bg(x1,2c48 + 6)(1) C B(x1,c58 — 6).

Let g : B(x1,¢58) — R4. Define g on Bg(x1,2¢45 + 6) by (5.2). Then
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| stwpdr.ew)
xEBG(xl c48) B(z, 1)

<2 3 /B (xl)(g(w)—ﬁ(ﬂf))QdF(%@)(w) an

z€Bg(z1,c45)

/ gdr (g, ¢) <
B(z1,s)

+2 > / . 2)2dI (@, @) (w). (5.15)

z€Bg(x1,c45)

By Lemma 5.2(e) with s = 1, the term (5.14) is bounded by

S ([ g [ are)

2EBgG(x1,c48)

and using Pl this is bounded by

dR™% Z / dl'(g,g) < c”R*%/ dIl'(g,g). (5.16)
B(z,1)

zEBg(x1,c458) B(z1,c55)

For the term (5.15), by Lemma 5.2(e) and (2.11) for ¢¢,

S G /B L)

z€Bg(x1,c49)

< Y G@Vipa@?V(a )

z€Bg(x1,c49)

<c Y g@)’Talea va)()

z€Bg(x1,c48)

c<s/R>29( Y @@ v Y a<x>2uz).

z€Bg(x1,2¢48) z€Bg(x1,2¢48)

Using Lemma 5.3 for the first term, and an easy bound for the second, (2.5) now follows.
U

We finally mention several applications of our results.

1. Dirichlet forms on generalized Sierpinski carpets.

In [BB1], [BB2] a ‘nice’ diffusion process on a generalized Sierpinski carpet F is
constructed and it is proved that its heat kernel satisfies HK(¥) with ¥(s) = s% for
some d,, > 2. Let the corresponding Dirichlet form be denoted by &;. On the other
hand, a self-similar Dirichlet form & was constructed on the carpet by an averaging
method in [KZ] (see also [BB2] Remark 5.11 and [HKKZ]). Because of the possible
lack of uniqueness for the ‘nice’ diffusion, it is not known if the corresponding diffusions
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coincide. Further, it was not clear that the heat kernel corresponding to & satisfies
HK(¥). (If one tries to apply the coupling methods used in [BB2], this works for a
dense set of starting points, but not for all starting points because one does not know a
priori the continuity of harmonic functions.)

THEOREM 5.6.  Let (F,d) be a generalized Sierpinski carpet with walk dimension
dw, and & be the Dirichlet form constructed in [KZ]. Then the MMD space (F,d, &)
satisfies HK(dy) and PHI(d,,).

PROOF. It is easy to check that & is a bounded perturbation of & in the sense of
(2.12) (see [Hin] Section 5.2 and [KZ] Section 6). Thus HK(¥) for &; holds by Theorem
2.19. O

In [Hin], general criteria are given for energy measures of self-similar Dirichlet forms
on self-similar sets to be singular with respect to Bernoulli type measures. Roughly
speaking, the main theorems imply that the energy measures are singular with respect
to the Hausdorff measure if the elliptic Harnack inequality holds and the walk dimension
of the corresponding process (which corresponds to 3 and 3 in this paper) is greater
than 2. As a consequence of the last paragraph, these conditions hold for the self-similar
Dirichlet forms on the Sierpinski carpets and we can conclude that the energy measures
of the Dirichlet forms (both for & and & above) are singular with respect to Hausdorff
measure. (In fact, we can also verify (O) in [Hin], so using Theorem 2.4 in [Hin] we
can further conclude the singularity with respect to a certain class of Bernoulli type
measures.) Note that this was not proved in [Hin] for higher dimensional carpets since
at that point the elliptic Harnack inequality had not been proved for the self-similar
Dirichlet form &5.

2. Weighted graphs and manifolds associated with MM spaces satisfying VD).

In this section, we have explained how to construct weighted graphs from MM spaces
satisfying VDjo.. There is a natural way to construct ‘jungle gym’ type manifolds from
the weighted graphs (see [BCG], [Kan2], [PS] etc.). Roughly, this can be done by
replacing the edges by tubes of length 1, and by gluing the tubes together smoothly
at the vertices (see the right side of Figure 1). By Theorem 2.21, we know that if the
original MM space satisfies PHI(¥) for some ¥(s) = s” V s°, then the network on the
associated weighted graph and the Laplacian on the associated manifold satisfy PHI(¥’)
with ¥/(s) = s? v s%. Further, any uniformly elliptic operator in divergence form on a
manifold which is roughly isometric to the MMD space satisfies PHI(¥”).

This fact is useful in fractal contexts, since PHI(¥) with ¥(s) = s% for some d,, > 2
is proved for various ‘regular’ fractals. Our result thus gives an alternative proof of the
results in [BB3], [BB4], [Jo] and the heat kernel results in [HK2].

ACKNOWLEDGMENT. The authors thank Zhenqing Chen, Alexander Grigor’yan,
Masanori Hino, Laurent Saloff-Coste and Karl-Theodor Sturm for valuable comments,
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