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Abstract

We prove that the elliptic Harnack inequality (on a manifold, graph, or suitably
regular metric measure space) is stable under bounded perturbations, as well as
rough isometries.
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1 Introduction

A well known theorem of Moser [Mol] is that an elliptic Harnack inequality (EHI) holds
for solutions associated with uniformly elliptic divergence form PDE. Let A be given by

8f),

dz;

Af(x) = Zd: i(%(f)

) e (1.1)
where (a;;(z),z € R?) is bounded, measurable and uniformly elliptic. Let h be a non-
negative A-harmonic function in a domain B(z,2R), and let B = B(x, R) C B(z,2R).
Moser’s theorem states that there exists a constant Cp, depending only on d and the
ellipticity constant of a_(-), such that

esssup h < Cy essinf h. (1.2)
B(z,R) B(z,R)

A few years later Moser [Mo2, Mo3] extended this to obtain a parabolic Harnack inequality
(PHI) for solutions u = u(t,x) to the heat equation associated with A:
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This states that if v is a non-negative solution to (1.3) in a space-time cylinder @ = (0,7") x
B(x,2R), where R = T?, then writing Q_ = (T/4,T/2) x B(z,R), Q. = (3T/4,T) x
B(z, R),
esssupu < Cpessinfu. (1.4)
Q- Q+
If h is harmonic then u(t, ) = h(x) is a solution to (1.3), so the PHI implies the EHI. The
methods of Moser are very robust, and have been extended to manifolds, metric measure
spaces, and graphs — see [BG, Sal92, St, Del, MS1].

The EHI and PHI have numerous applications, and in particular give a priori regularity
for solutions to (1.3). It is well known that Harnack inequality is useful beyond the
linear elliptic and parabolic equations mentioned above. For instance variants of Harnack
inequality apply to non-local operators, non-linear equations and geometric evolution
equations including the Ricci flow and mean curvature flow — see the survey [Kas.

S.T. Yau and his collaborators [Yau, CY, LY] developed a completely different ap-
proach to Harnack inequalities based on gradient estimates. [Yau] proves the Liouville
property for Riemannian manifolds with non-negative Ricci curvature using gradient es-
timates for positive harmonic functions. A local version of these gradient estimates was
given by Cheng and Yau in [CY]. Let (M,g) a Riemannian manifold whose Ricci cur-
vature is bounded below by —K for some K > 0. Fix 6 € (0,1). Then there exists
C > 0, depending only on ¢ and dim(M ), such that any positive solution u of the Laplace
equation Au = 0 in B(x,2r) C M satisfies

Vin(u) < C(r'+VK) in B(z,26r).

Integrating this estimate along geodesics immediately yields a local version of the EHI.
In particular, any u above satisfies

u(z)/u(y) < exp(C(1+VKr), 2,y € Blx,20r).

For the case of manifolds with non-negative Ricci curvature we have K = 0, and so obtain
the EHI. This gradient estimate was extended to the parabolic setting by Li and Yau [L.Y].
See [Sal95, p. 435] for a comparison between the gradient estimates of [Yau, CY, LY] and
the Harnack inequalties of Moser [Mol, Mo2].

A major advance in understanding the PHI was made in 1992 by Grigoryan and Saloff-
Coste [Gr0, Sal92], who proved that the PHI is equivalent to two conditions: volume
doubling (VD) and a family of Poincaré inequalities (PI). The context of [Gr0, Sal92]
is the Laplace-Beltrami operator on Riemannian manifolds, but the basic equivalence
VD+PI < PHI also holds for graphs and metric measure spaces with a Dirichlet form —
see [Del, St]. This characterisation of the PHI implies that it is stable with respect to
rough isometries — see [CS, Theorem 8.3]. For more details and a survey of the literature
see the introduction of [Sal95].

One consequence of the EHI is the Liouville property — that all bounded harmonic
functions are constant. However, the Liouville property is not stable under rough isome-
tries — see [Lyo]. See [Sal04, Section 5] for a survey of related results and open questions.



Using the gradient estimate in [CY, Proposition 6], Grigor'yan [Gr0, p. 340] remarks
that there exists a two dimensional Riemannian manifold that satisfies the EHI but does
not satisfy the PHI. In the late 1990s further examples inspired by analysis on fractals
were given — see [BB1]. The essential idea behind the example in [BB1] is that if a
space is roughly isometric to an infinite Sierpinski carpet, then a PHI holds, but with
anomalous space time scaling given by R = 7%V T2, where 3 > 2. This PHI implies the
EHI, but the standard PHI (with R = T?) cannot then hold. (One cannot have the PHI
with two asymptotically distinct space-time scaling relations.) [BB3, BBK] prove that
the anomalous PHI(¥) with scaling R = W(T') = T 1<) + 772171 is stable under
rough isometries. These papers also prove that PHI(V) is equivalent to volume doubling,
a family of Poincaré inequalities with scaling ¥, and a new inequality which controlled
the energy of cutoff functions in annuli, called a cutoff Sobolev inequality, and denoted
CS(V). The papers [BB3, BBK] proved the PHI by Moser’s argument, but the more
recent papers [AB, GHL] use de Giorgi’s argument and a mean value inequality to obtain
similar results, but with a to simpler form of the cutoff Sobolev inequality. In addition,
an important point for this paper, [GHL] does not require the underlying metric space to
be a length space.

A further example of weighted Laplace operators on Riemannian manifolds that satisfy
EHI but not PHI is given in [GS, Example 6.14]. Consider the second order differential
operators L, on R", n > 2 given by

Lo = (14 \x|2)7a/2 Z
i=1

Then L, satisfies the PHI if and only if & > —n but satisfies the EHI for all o € R.
Weighted Laplace operators of this kind arise naturally in the context of Schrodinger
operators and conformal transformations of Riemannian metrics — see [Gri06, Section 6.4

and 10].

These papers left open the problem of the stability of the EHI, and also the question of
finding a satisfactory characterisation of the EHI. This problem is mentioned in [Gri95],
[Sal04, Question 12] and [Kum]. In [GHLO], the authors write “An interesting (and
obviously hard) question is the characterization of the elliptic Harnack inequality in more
geometric terms — so far nothing is known, not even a conjecture.”

((1 + y:zz:F)a/2 i) =A+a iy

0
Ox; Ox; 1+ |a:\2

In [De2], Delmotte gave an example of a graph which satisfies the EHI but for which
(VD) fails; his example was to take the join of the infinite Sierpinski gasket graph with
another (suitably chosen) graph. This example shows that any attempt to characterize
the EHI must tackle the difficulty that different parts of the space may have different
space-time scaling functions. Considerable progress on this was made by R. Bass [Bas],
but his result requires volume doubling, as well as some additional hypotheses on capacity.

As Bass remarks, all the robust proofs of the EHI, using the methods of De Giorgi,
Nash or Moser, use the volume doubling property in an essential way, as well as Sobolev
and Poincaré type inequalities. The starting point for this paper is the observation that
a change of the symmetric measure (or equivalently a time change of the process) does
not affect the sheaf of harmonic functions on bounded open sets. On the other hand
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properties such as volume doubling or Poincaré inequality are not in general preserved by
this transformation.

Conversely, given a space satistfying the EHI, one could seek to construct a ‘good” mea-
sure u such that volume doubling, as well as additional Poincaré and Sobolev inequalities
do hold with respect to p; this is indeed the approach of this paper. Our main result,
Theorem 1.3, is that the EHI is stable. Our methods also give a characterization of the
EHI by properties that are easily seen to be stable under perturbations — see Theorem
5.15.

Our main interest is the EHI for manifolds and graphs. To handle both cases at
once we work in the general context of metric measure spaces. So we consider a complete,
locally compact, separable, geodesic (or length) metric space (X, d) with a Radon measure
m which has full support, so that m(U) > 0 for all non-empty, open U. We call this a
metric measure space. Let (€, F™) be a strongly local Dirichlet form on L*(X,m) — see
[FOT]. We call the quintuple (X, d, m,E, F™) a measure metric space with Dirichlet form,
or MMD space. We write B(x,r) = {y : d(x,y) < r} for open balls in X', and given a ball
B = B(z,r) we sometimes use the notation B to denote the ball B(x,0r). We assume
(X, d) has infinite radius, so that X — B(z, R) # 0 for all R > 0. See Section 2 for more
details of these spaces, and the definitions of harmonic functions and capacities in this
context.

Our two fundamental examples are Riemannian manifolds and the cable systems of
graphs. If (M, g) is a Riemannian manifold we take d and m to be the Riemannian
distance and measure respectively, and define the Dirichlet form to be the closure of the
symmetric bilinear form

E(f.f) = /X 1V, fP2dm, | € C(M).

Given a graph G = (V, E) the cable system of G is the metric space obtained by
replacing each edge by a copy of the unit interval, glued together in the obvious way. For
a graph with uniformly bounded vertex degree the EHI for the graph is equivalent to the
EHI for its cable system, and so our theorem also implies stability of the EHI for graphs.
See Section 6 for more details of both these examples.

Since our main spaces of interest are regular at small length scales, we will avoid
a number of technical issues which could arise for general MMD spaces by making two
assumptions of local regularity: Assumptions 2.3 and 2.5. Both our main examples satisfy
these assumptions — see Section 6.

The hypothesis of volume doubling plays an important role in the study of heat kernel
bounds for the process X, and as mentioned above is a necessary condition for the PHI.

Definition 1.1 (Volume doubling property). We say that a Borel measure p on a metric
space (X,d) satisfies the volume doubling property, if p is non-zero and there exists a
constant Cy < oo such that

p(B(x,2r)) < Cvpu(B(z,r)) (1.5)

for all x € X and for all » > 0.



Definition 1.2. We say that (X,d,m,E, F™) satisfies the elliptic Harnack inequality
(EHI) if there exist constants 1 < A,Cy < oo such that for any x € X and R > 0, for
any nonnegative harmonic function h on a ball B(z, AR) one has

esssup h < Cp essinf h. (1.6)
B(z,R) B(z,R)

If (X,d) is a geodesic metric space and the above inequality holds for some value of
A > 1, then it holds for any other A’ > 1 with a constant Cy(A’). If the EHI holds,
then iterating the condition (1.6) gives a.e. Holder continuity of harmonic functions, and
it follows that any harmonic function has a continuous modification.

Our first main theorem is

Theorem 1.3. Let (X,d,m) be a length metric measure space, and (E,F) be a strongly
local Dirichlet form on L*(X,m). Suppose that Assumptions 2.3 and 2.5 hold. Let (€', F)
be a strongly local Dirichlet form on L*(X, m') which is equivalent to £, so that there exists
C < oo such that

CTEf f) < E(f, f) S CE(S, f)  fordl feF,
C™'m(A) < m/(A) < Cm(A)  for all measurable sets A.

Suppose that (X,d, m,E, F) satisfies the elliptic Harnack inequality. Then the EHI holds
for (X,d,m',EF).

We now state some consequences of Theorem 1.3 for Riemannian manifolds and graphs.
We say that two Riemannian manifolds (M, g) and (M’,¢') are quasi isometric if there
exists a diffeomorphism ¢ : (M, g) — (M’', ¢') and a constant K > 1 such that

K~g(€,€) < g'(dp(€), dp(§)) < Kg(§,€), forall £ € TM.

Let (M, g) be a Riemannian manifold and let Sym(7'M) denote the bundle of sym-
metric endomorphisms of the tangent bundle T'M. We say that A is an uniformly elliptic
operator in divergence form if there exists A : M — Sym(T M) a measurable section of
Sym(7T'M) and a constant K > 1 such that

K'g(&,€) < g(A,€) < Kg(&,€), VEeTM,

such that A(-) = div (AV(-)). Here div and V denote the Riemannian divergence and
gradient respectively.

Theorem 1.4. (a) Let (M,qg) be a Riemannian manifold that is quasi isometric to a
manifold whose Ricci curvature is bounded below, and let A denote the corresponding
Laplace-Beltrami operator. If (M, g) satisfies the EHI for non-negative solutions of Au =
0, then it satisfies the EHI for non-negative solutions of Au = 0, where A is any uniformly
elliptic operator in divergence form.

(b) Let (M,g) and (M',g') be two Riemannian manifolds that are quasi isometric to a
manifold whose Ricci curvature is bounded below. Let A and A" denote the corresponding
Laplace-Beltrami operators. Then, non-negative A-harmonic functions satisfy the EHI, if
and only if non-negative A'-harmonic functions satisfy the EHI.
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Theorem 1.5. Let G = (V, E) and G' = (V' E’) be bounded degree graphs, which are
roughly isometric. Then the EHI holds for G’ if and only if it holds for G.

Remark 1.6. (1) Theorem 1.4(a) is a generalization of Moser’s elliptic Harnack inequality
[Mol]. The parabolic versions of (a) and (b) are due to [Sal92b]. For (b) note the the
manifold (M, g) might not have Ricci curvature bounded below and hence the methods of
[Yau, CY] will not apply. A parabolic version of Theorem 1.5 is essentially due to [Del].
(2) As proved in [Lyo], the Liouville property is not stable under rough isometries.

The outline of our argument is as follows. In Section 3 using the tools of potential
theory we prove that the EHI implies certain regularity properties for Green’s functions
and capacities. The main result of this section (Theorem 3.11) is that the EHI implies
that (X, d) has the metric doubling property.

Definition 1.7. The space (X, d) satisfies the metric doubling property (MD) if there
exists M < oo such that any ball B(x, R) can be covered by M balls of radius R/2.

An equivalent definition is that there exists M’ < oo such that any ball B(z, R)
contains at most M’ points which are all a distance of at least R/2 from each other. We
will frequently use the fact that (MD) holds for (X,d) if and only if (X,d) has finite
Assouad dimension. Recall that the Assouad dimension is the infimum of all numbers
$ > 0 with the property that every ball of radius 7 > 0 has at most Ce~? disjoint points
of mutual distance at least er for some C' > 1 independent of the ball. (See [Hei, Exercise
10.17].) Equivalently, this is the infimum of all numbers § > 0 with the property that
every ball of radius » > 0 can be covered by at most Ce™? balls of radius er for some
C > 1 independent of the ball.

It is well known that volume doubling implies metric doubling. A partial converse
also holds: if (X, d) satisfies (MD) then there exists a Radon measure 1 on X such that
(X,d, ) satisfies (VD). This is a classical result due to Vol’berg and Konyagin [VK] in
the case of compact spaces, and Luukkainen and Saksman [[L.uS] in the case of general
complete spaces. For other proofs see [Wu] and [Hei, Chapter 13]), and also [Hei, Chapter
10] for a survey of some conditions equivalent to (MD).

The measures constructed in these papers are very far from being unique. In Section
4, using the approach of [VK], we show that if X satisfies the EHI and Assumptions 2.3
and 2.5 then we can construct a ‘good’ doubling measure p which is absolutely continuous
with respect to m, and connects capacities with the measures of balls in a suitable fashion
— see Definition 4.1 and Theorem 4.2.

At this point we could use some extensions of the methods of [Bas, GHL] to prove
the stability of the EHI. However, a quicker approach, which we follow in Section 5, is
to use ideas from the theory of quasisymmetric transformations of metric spaces. (See
[Hei] for an introduction to this theory, and [Ii2] for applications to heat kernels.) These
transformations do not distort annuli too much, and therefore preserve the EHI — see
Lemma 5.3. In Section 5 we prove that there exists a new metric dg on X and a constant
> 0 such that the new space (X, dy, i) satisfies Poincaré and cutoff energy inequalities
with respect to a global space-time scaling relation of the form R = T — see Theorem
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5.14. These inequalities are stable with respect to bounded perturbations of the Dirichlet
form. While metric dy is not geodesic the main theorem of [GHL| does apply in this
context, and gives that the PI and CS inequalities in Theorem 5.14 imply the EHI. This
gives the stability of the EHI, as well as a stable characterization — see Theorem 5.15.

In Section 6 we return to our two main classes of examples, weighted Riemannian
manifolds and weighted graphs. We show that they both satisfy our local regularity
hypotheses Assumptions 2.3 and 2.5, and give the (short) proof of Theorem 1.4.

The final Section 7 formulates the class of rough isometries which we consider, and
states our result on the stability of the EHI under rough isometries. Since rough isometries
only relate spaces at large scales, and the EHI is a statement which holds at all length
scales, any statement of stability under rough isometries requires that the family of spaces
under consideration satisfies suitable local regularity hypotheses.

A characterization of the EHI in terms of effective resistance (equivalently capacity)
was suggested in [B1]. G. Kozma [{o] gave an illuminating counterexample — a spherically
symmetric tree. This example does not satisfy (MD), and at the end of Section 7 we
suggest a modified characterization, which is the ‘dumbbell condition’ of [B1] together
with (MD).

We use ¢, d,C,C" for strictly positive constants, which may change value from line
to line. Constants with numerical subscripts will keep the same value in each argument,
while those with letter subscripts will be regarded as constant throughout the paper. The
notation Cy = Cy(a, b) means that the constant Cy depends only on the constants a and
b.

2 Metric measure spaces with Dirichlet form

In this section give some background on MMD spaces, and give our two assumptions of
local regularity. We take (X, d) to be a locally compact metric space with infinite radius,
and m to be a Radon measure on (X', d) with full support. Let (£, F™) be a strongly
local Dirichlet form on L*(X,m). We call (X,d,m,E, F™) a measure metric space with
Dirichlet form, or MMD space. Except in Section 5 we will assume also that (X, d) is a
length space.

In the context of MMD spaces Poincaré and Sobolev inequalities involve integrals with
respect to the energy measures dU(f, f) — formally these can be regarded as |V f|[*dm. For
bounded f € F™ the measure dI'(f, f) is defined to be the unique measure such that for
all bounded g € F™ we have

/ﬁﬂ«ﬁﬁ=2&ﬁf@—eu%m.

We have
ﬂﬁﬁzLﬂWJ)

For a Riemannian manifold dU'(f, f) = |V, f[*dm.
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Associated with (€, F™) is a semigroup (F;) and its infinitesimal generator (£, D(L)).
The operator L satisfies

- / (fLg)dm =E(f,9). fe€F™.geD(L); (2.1)

in the case of a Riemannian manifold £ is the Laplace-Beltrami operator. (P;) is the
semigroup of a continuous Hunt process X = (X;,t € [0,00),P*, x € X).

We define capacities for (X, d,m,E, F™) as follows. For a non-empty open subset
D C X, let Co(D) denote the space of all continuous functions with compact support in

D. Let Fp denote the closure of F™ N Co(D) with respect to the /E(-,-) + ||-||>-norm.
By A € D, we mean that the closure of A is a compact subset of D. For A € D we set

Capp(A) =inf{E(f, f) : f € Fp and f > 1 in a neighbourhood of A}. (2.2)

It is clear from the definition that if A; C Ay €@ Dy C D, then
Capp, (A1) < Capp, (A2). (2.3)

We can consider Capp(A) to be the effective conductance between the sets A and D¢
if we regard X' as an electrical network and E(f, f) as the energy of the function f. A
statement depending on x € B is said to hold quasi-everywhere on B (abbreviated as
g.e. on B), if there exists a set N C B of zero capacity such that the statement if true for
every x € B\ N. It is known that (€, Fp) is a regular Dirichlet form on L*(D,m) and

FD:{fefm:fzo q.e. on D}, (2.4)

where fis any quasi continuous representative of f (see [FOT, Corollary 2.3.1 and The-
orem 4.4.3]). Functions in the extended Dirichlet space will always represented by their
quasi continuous version (cf. [FOT, Theorem 2.1.7]), so that expressions like [ f2dl'(p, ¢)
are well defined.

Given an open set U C X, we set

Fioc(U) = {h €L} _(U) : for all relatively compact V C U,

loc

there exists h* € F™, s.t. hly = h*1y, m-a.e.}.

Definition 2.1. A function h : U — R is said to be harmonic in an open set U C X,
if h € Foc(U) and satisfies E(f,h) = 0 for all f € F™ NCy(U). Here E(f,h) can be
unambiguously defined as £(f, h*) where h = h¥ in a precompact open set containing
supp(f) and h#* € F™.

This definition implies that £Lh = 0 in D provided that A is in the domain of Lp.

Next, we define the Green’s operator and Green’s function.



Definition 2.2. Let D be a bounded open subset of X. Let Lp denote the generator of
the Dirichlet form (&€, Fp, L*(D,m)) and assume that

= in 8(f,§)>0
reFo Mo} | £1[3

We define the inverse of —Lp as the Green operator Gp = (—Lp)™' : L*(D,m) —
L*(D,m). We say a jointly measurable function gp(-,-) : D x D — R is the Green
function for D if

Gpf(z) = /DgD(:v,y)f(y) m(dy) for all f € L*(D,m) and for m a.e. z € D.

Assumption 2.3. (Existence of Green function) For any bounded, non-empty open set
D C X, we assume that A\, (D) > 0 and that there exists a Green function gp(x,y) for
D defined for (z,y) € D x D with the following properties:

(i) (Symmetry) gp(x,y) = gp(y,x) > 0 for all (x,y) € D x D\ diag;
(i) (Continuity) gp(z,y) is jointly continuous in (z,y) € D x D \ diag;

(iii) (Maximum principles) If zy € U € D, then

inf D = inf : D = D).
U{?IO}QD(ZEOy ) = nfgp(zo, ), Sup gp(o, ) S;UPQD(ZEOa )

(iv) (Harmonic) For any fixed = € D, the function y — gp(x,y) is in Fioc(D \ {z}) and
is harmonic in D \ {z}.

Here diag denotes the diagonal in D x D.

Remark 2.4. Note that changing the measure m to an equivalent Radon measure m/
does not affect either the the capacity of bounded sets or the class of harmonic functions.
Further, if f, fo € C(X) N Fp then writing (-, -),, for the inner product in L*(m),

E(Gpfr, f2) = (f1, f2)m, (2.6)

and it follows that gp(-,-) is also not affected by this change of measure.

Our second key local regularity assumption is as follows.

Assumption 2.5. (Bounded geometry or (BG)). We say that a MMD space (X, d, m,E, F™)
satisfies (BG) if there exist ro € (0, 00] and C, < oo such that the following hold:

(i) (Volume doubling property at small scales). For all x € X and for all r € (0, ro] we
have (B(z.2r))
m(B(x,2r
— T L (O 2.7
m(Bn) = =0
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(ii) (Expected occupation time growth at small scales.) There exists 7o > 0 such that
for all xy € X and for all 0 < s <r < ry we have

m(B(z,5))  Capp,sn(B(x,7)) <o (f)@

Cabpgeny (B@.5)  m(B(,7) 28)

See Section 6 for the verification of Assumptions 2.5 and 2.3 for our two main cases
of interest, weighted Riemannian manifolds with Ricci curvature bounded below, and the
cable system of graphs with uniformly bounded vertex degree. The condition (BG) is a
robust one, because under mild conditions it is preserved under bounded perturbation of
conductance in a weighted graph, and quasi isometries of weighted manifolds.

3 Consequences of EHI

Throughout this section we assume that (X, d, m,&, F™) is a MMD space which satisfies
Assumption 2.3, as well as the EHI with constant C'y. In addition we assume that (X, d)
is a length space, and will write v(x,y) for a geodesic between x and y. Recall that (X})
is the Hunt process associated with (£, F™), and write for F' C X,

TFIin{tZOIXtEF},TF:TFc. (31)

Theorem 3.1. Let (X,d) satisfy the EHI. Then there exists a constant Co = Cq(Ch)
such that if B(xo,2R) C D then

gp(z0,y) < Cagp(xo, 2) if d(zo,y) = d(w0,2) = R. (3.2)

Proof. The proof of [B1, Theorem 2] carries over to this situation with essentially no
change. (In fact it is slightly simpler, since there is no need to make corrections at small
length scales.) Note that since gp(,-) is continuous off the diagonal, we can use the EHI
with sup and inf instead of esssup and essinf. O

Corollary 3.2. Let B(xy,2R) C D. Let A > 2. Then there exists a constant Cy =
C1(Cy, A) such that

gD(waI') S ClgD(x()?y)a fOT' z,y € B(‘T07 R) \ B(x(]?R/A)

Proof. We can assume d(z, xg) > d(zo,y). Let z be the point on (o, x) with d(zo, z) =
d(xg,y). Then we can compare gp(zo,y) and gp(zo, z) by Theorem 3.1, and gp(zo, 2) and
gp(zo,x) by using a chain of balls with centres in y(z,z). (The number of balls needed
will depend on A.) O

Lemma 3.3. Let xy € X, R > 0 and let B(x¢,2R) C D. There exists a constant
Co = Co(Cy) such that if 1,29, y1,y2 € B(xo, R) with d(xj,y;) > R/4 then

gp(1,91) < Cogp(xa, ya). (3.3)
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Proof. A counting argument shows there exists a ball B(z, R/9) C B(xg, R) which con-
tains none of the points z1, 9, y1, y2. Using Corollary 3.2 we have gp(x1,11) < cgp(z, 1),
gp(z,x1) < cgp(z,x9), and gp(z,x2) < gp(x2,ya), and combining these comparisons gives
the required bound. O

Definition 3.4. Set

gdp (ZL’, T’) - inf gp (IL‘, y) (34>
y:d(z,y)=r

The maximum principle implies that gp(x,r) is non-increasing in r. An easy argument
gives that if d(x,y) = r and B(x,2r) U B(y,2r) C D then

gp(z, 1) < Cagp(y, ). (3.5)

Let D be a bounded domain in X', A be Borel set, A € D C X, and recall from (2.2)
the definition of Capp(A). By [FOT, Theorem 4.3.3], [GH, Proposition A.2] there exists
a function hu p € Fp called the equilibrium potential such that hyp =1 q.e. in A and
E(hap,hap)=Capp(A). The function hy p(-) is the hitting probability of the set A:

hap(x) =P (T4 < 7p), forx € D quasi everywhere. (3.6)

Further
hap(x) =1, quasi everywhere on A. (3.7)

There exists a Radon measure v4 p called the capacitary measure or equilibrium measure
that does not charge any set of zero capacity, supported on A such that vs p(0A) =
Capp(A) and satisfies (cf. [FOT, Lemma 2.2.10 and Theorem 2.2.5] and [GH, Lemma
6.5])

E(hap,v) = / vdvap = / vdvap, forallve Fp; (3.8)
0A D

hap(y) =vapGp(y) = / vap(dr)gp(x,y), forallye D\ JA. (3.9)
04

Here v in (3.8) denotes a quasi continuous version of v. By [FOT, Theorem 2.1.5 and
p.71] Capp(A) can be expressed as

Capp(A) =inf{E(f, f) : f € Fp, f > 1 quasi everywhere on A}. (3.10)
Lemma 3.5. Let B(xg,2r) C D. Then

gp(xo,7) < Capp(B(xo, 7))~ < Cagp(wo, 7). (3.11)

Proof. Let v be the capacitary measure for B(zq,r) with respect to Gp. Then v is
supported by 0B(x,r) and by (3.9)

1 =vG(zg) = /aB gp(zo, 2)v(dz).

11



Hence

v(B(zo,7))gp(z0,7) <1 < V(B(l’o,r>>zselg%gp($o,2) < Cov(B(zo,7))gp(T0, 7).

0J

Remark 3.6. The assumption B(xg,2r) C D in Theorem 3.1, Corollary 3.2, Lemmas 3.3
and 3.5 can be replaced with the assumption B(zg, Kr) C D for any fixed K > 1.

Lemma 3.7. Let B = B(zg, R) C X, and let x1 € B(zo, R/2), By = B(x1, R/4). There
exists po = po(Cy) such that

PY(Tp, < 1) > po >0 fory € B(xy, TR/8). (3.12)

Proof. Let v be the capacitary measure for By with respect to Gg, and h(x) = vGg(x) =
P*(Tp, < 7). Then h is 1 on By, so by the maximum principle it is enough to prove
(3.12) for y € B(wy, TR/8) with d(y, B;) > R/16.

By Corollary 3.2 (applied in a chain of balls if necessary) there exists py > 0 depending
only on Cy such that gg(y, 2) > pogp(x1, 2) for z € 9B;. Thus

h(y) > po /BB g(w1, 2)v(dz) = povGp(T1) = po.

O

Corollary 3.8. Let B(xg,2R) C D. Then there ezists 6 = 0(Cy) > 0 such that if
0<s<r<R/2and x € B(xo, R) then

izgzg > c(é)e. (3.13)

Proof. Let w € 0B(x,2s) and let z € y(x,w) N 0B(z,s). Applying the EHI on a chain of
balls on v(z,w) gives gp(x,w) > c1gp(x, z), and it follows that

gp(z,s) < Cigp(z,2s).

Iterating this estimate then gives (3.13) with 6 = log, C}. O

Remark 3.9. The example of R? shows that we cannot expect a corresponding upper
bound on gp(z,7)/gp(x,s).

The key estimate in this Section is the following geometric consequence of the EHI. A
weaker result proved with some of the same ideas, and in the graph case only, is given in
[B1, Theorem 1].
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Lemma 3.10. Let B = B(zo,R) C X. Let A € [3,1], 0 < 6 < 1/32 and let B; =
B(z;,0R), i =1,...,n satisfy:

(2) Bf = B(z;,80R) are disjoint.

Then there ezists a constant C; = C1(Cy, ) such that n < Cf.

Proof. Let y; and w; be points on (o, z;) with d(z;,y;) = 30R and d(z;, w;) = 56 R. Let
A; = B(y;,6). By Lemma 3.7

]P’x(TBZ < TB;) >p1 >0, forall x € A, (314)

Now let D = B — U;B;, and let N be the number of distinct balls A; hit by X before
Tp. Write S} < Sy < --- < Sy for the hitting times of these balls. Let Gy; = {N >
k,Xs, € Ai}. On the event Gy; if X then hits B; before leaving B} we will have N = k.
So using (3.14), for k > 1,

P*(N = k[N > k) > pr,

and thus V is dominated by a geometric random variable with mean 1/p;. Hence,
E*N < 1/p;. (3.15)
Now set
hz(.ilﬁ) = ]P’x(TAi < TD).

Then h;(y;) = 1 and by Lemma 3.7 h;(w;) > p;. Using the EHI in a chain of balls we
have hz(aio) > Py = pg(é) > 0. Thus

prt > E°N = Z hi(zo) > npa,

i=1

which gives an upper bound for n. O

Theorem 3.11. Let (X,d,m,E, F™) satisfy EHI. Then (X,d) satisfies the metric dou-
bling property (MD).

Proof. Let 6 = 1/32, zp € X, R > 0. It is sufficient to show that there exists M
(depending only on Cp) such that if B(z;,80R), 1 <1i < n are disjoint balls with centres
in B(zg, R) — B(zo, R/4) then n < M. So let B(z;,8/R), i = 1,...,n satisfy these
conditions.

Let By, = B(wo, sk6R) for 1/(26) < k < 2/4, and let ny be the number of balls
B(z;,0R) which intersect 0By. Since each B(z;, dR) must intersect at least one of the sets
0By, we have n < )", nj,. The previous Lemma gives n, < Cy, and thus n < 2C4/6. O

We now compare gp in two domains.
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Lemma 3.12. There ezists a constant Cy such that if B = B(zo, R) and 2B = B(x¢, 2R)
then

928(z,y) < Cogp(x,y) for x,y € B(xo, R/4). (3.16)

Proof. Let B' = B(zo, R/2) and y € B(zo, R/4). Choose z1 € 0B’ to maximise gap(x1,y).
Let v be a geodesic path from zq to 0B(xg,3R), let zo be the point on v N dB, and
A = B(zy, R/4).

Using Lemma 3.7 there exists p; > 0 such that

pA(w) = IED11}()(7'}3 S A) >p1, weE B/,
P(rp <Tp) >p, z€A

Then

EI192B(X7373/)
+E L (x, ea)928(Xrp, y) + E7 Lix, ¢)928(Xoy, )

928(1,y) = gB(71,9) +
) +pa(z1) sup  gop(w,y) + (1 — pa(z1)) sup g25(z,y)
Y)

(21,9

= gB(®1,y
(z1,y
(

< gg(r1,
weANDB 2€OB

+p1 sup gap(w,y) + (1 —p1) sup g25(z,¥).
weANIB 2€OB

< gBlx1,Yy
If w € A then

928(w,y) = E L1y, <ry)928( X1y, y) < (1 —p1) sup g258(2,y) < (1 —p1)g2p(T1,Y).
z€0B’

The maximum principle implies that gap(z,y) < gop(x1,y) for all z € 9B. Combining
the inequalities above gives

923(1’1, y) < 93(531, y) +p1(1 - P1)92B($1, y) + (1 - p1)923(951>y),

which implies that
923(371,3/) < pfng(x17y)' (317>
Now let © € B(xzg, R/4). By Corollary 3.2

925(71,y) < prlgp(z1,y) < Cgp(z,y).

Hence

g28(%,y)) = gp (2, y) + E gop( X7, y)
< gp/(z,y) + g28(x1,y) < (14 C)gp(z,y).

O
Corollary 3.13. Let A > 4. There ezists Cy = Co(Cy, A) such that for x € X, r > 0,
CapB(z,2Ar) (B(:Ea T)) < CapB(w,Ar)(B(‘T? T)) < CO CapB(z,2Ar) (B(l‘7 T)) (318)
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Proof. The first inequality is immediate from the monotonicity of capacity, and the second
one follows immediately from Lemmas 3.5 and 3.12. OJ

Lemma 3.14. Let A > 8, and D be a bounded domain in X. Let x € X and r > 0 be
such that B(x,4r) C D.
(a) There exists Cy = Co(Cy) such that

Capp(B(z,r)) < CyCapp(B(y,r)) forye B(x,r).
(b) There exists C; = C1(A, Cy) such that

CapB(x7Ar)(B(I7 T)) <Ci CapB(y,Ar) (B(y7 T)) fO’f‘ ye B(CL’, T)' (319>

Proof. (a) follows easily from Lemmas 3.5 and 3.12.
(b) We have

CapB(x,Ar) (B(l’, 7”)) < Cy Ca’pB(:L‘,Ar) <B<y’ 7”))
< C3 CapB(a:,QAr)(B(ya T)) < Cl CapB(y,A’/‘)(‘B(y7 T))

0

We conclude this section with a capacity estimate which will play a key role in our
construction of a well behaved doubling measure.

Proposition 3.15. Let D C X be a bounded open domain, and let B(xy,8R) C D. Let
F C B(zo, R). Let b > 4, and suppose there exist disjoint Borel sets (Q;, 1 < i < n), with
n > 2, such that

F= U, Qs

and for each i there ezists z; € @Q; such that B(z;, R/6b) C Q;. Then there exists § =
d(b,Cyg) > 0 such that

Capp(F) < (1-9) Z?:1 Capp(Qi).

Proof. Let v; and h; be the equilibrium measure and equilibrium potential respectively
for ();, so that and h; =1 q.e. on );. Then

Capp(Qs) = 1i(0Q;) = vi(D).
By (3.6) and Lemma 3.7, there exists ¢; > 0 such that
hi(y) > e for y € B(zo, R) q.e.
Let h =" h;. Let y € F, so that there exists ¢ such that y € Q;. Then since n > 2,
h(y) = th(y) > 1—1—201 >14c¢, foryéelF qe.
i=1 i
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Consequently if 2’ = [(1+ ¢;)"'h| A 1 then I/ = 1 quasi everywhere on F. It follows that

Capp(F) < EMW, ) <EMN, (1 +c)'h)=14¢c)* Z/ h dy;
i=1 7D

n

<(L+e) Y ow(D) = (1+e) 'y Capp(Qs).

=1

The first inequality above follows from (3.10), the second inequality follows from the fact
that A’ is a potential (see [FOT, Corollary 2.2.2 and Lemma 2.2.10]), the third equality
follows from (3.8) and the fourth inequality holds since A’ < 1. O

Remark 3.16. All the results in this section can be localized in the following sense: if we
assume the EHI holds at small scales (i.e. for radii less than some R;) then the conclusions
of the results in this section also hold at sufficiently small scales.

4 Construction of good doubling measures

We continue to consider a length metric measure space with Dirichlet form (X, d, m, &, F™)
which satisfies the EHI and Assumptions 2.3 and 2.5. The space (X, d) satisfies metric
doubling by Theorem 3.11, and therefore by [VI{, LuS]| there exists a doubling measure
won (X,d). However, this measure might be somewhat pathological (see [Wu, Theorem
2]), and to prove the EHI we will require some additional regularity properties of p. In
this section we adapt the argument of [VK] to obtain a ‘good’ doubling measure, that is
one which connects measures and capacities of balls in a satisfactory fashion.

Definition 4.1. Let D be either a ball B(xy, R) C X or the whole space X. If D = X fix
xg € X. Let Cyp < oo and 0 < f; < fy. We say a measure v on D is (Cy, 51, B2)-capacity
good if the following holds.

(a) The measure v is doubling on all balls contained in D, that is

v (B(z,2s))

D (B(r.s) < Cp whenever B(x,2s) C D. (4.1)

(b) For all x € D and 0 < s; < s5 such that B(zx,s2) C D,

O \s1) T v(B(z, 1)) Capp, e (B, 52)) ~ $1
(c) The measure v is absolutely continuous with respect to m and we have
W () < Co essint () wh B(z,1)c D (4.3)
ess sup — essinf — whenever B(z, , .
yEB(z,P) m ¥ = OyGB(x,l) dm Y
1 d
Cy i eoy) < d—y(y) < Gyt oY) for m-almost every y € D. (4.4)
m
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The following is the main result of this section.

Theorem 4.2 (Construction of a doubling measure). Let (X,d) be a complete, locally
compact, length metric space with a strongly local regular Dirichlet form (€, F™) on
L2(X,m) which satisfies Assumptions 2.3 and 2.5 and the EHI. Then there exist con-
stants Cy > 1, 0 < B1 < By and a measure p on X which is (Cy, p1, B2)-capacity good.

We begin by adapting the argument in [VK] to construct measure with the desired
properties in a ball B(zg, R). We then follow [LuS] and obtain p as a weak® limit of
measures defined on an increasing family of balls.

Proposition 4.3 (Measure in a ball). Let (X,d, m,E, F™) be as in the previous Theorem.
There ezist Cy > 1, 0 < By < By such that for any ball By = B(xo,r) C X with r > 19
there ezists a measure v = vy, , on By which is (Cy, 1, Ba2)-capacity good.

The proof uses a family of generalized dyadic cubes, which provide a family of nested
partitions of a space.

Lemma 4.4. ([KRS, Theorem 2.1]) Let (X,d) be a complete, length metric space satis-

fying (MD) and let A > 4 and cy = % — ﬁ. Let By = B(xo,7) denote a closed ball in

(X,d). Then there exists a collection {Qy; : k € Z4,i € Iy C Z4} of Borel sets satisfying
the following properties:

(a) By = Uier, Qi for all k € Z,.
(b)) If m<n and i€ I, j € I, then either Qpn; N Qm; =0 or else Qni C Q. ;-
(c) For every k € Z,, i € I, there exists xy; such that

Bz, carA™F) N By C Qri C B(wy,, A™%r).

(d) The sets N, = {xy,; : i € I}, where xy,; are as defined in (c) are increasing, Ny =
{x0}, and Qoo = By. Moreover for each k € Z, Ny is a maximal rA=*-separated
subset (rA % -net) of By.

(e) Property (b) defines a partial order < on L = {(k,i) : k € Zy,1 € I} by inclusion,
where (k,i) < (m, j) whenever Qp; C Q. ;-

(f) There exists Cpy > 0 such that, for all k € Zy and for all xy; € Ny, the ‘successors’
Sk(@r) = A{@1y 0 (k+1,7) < (k,9)}

satisfy

Moreover, by property (c), we have d(xy;,y) < A™*r for all y € Si(z;).
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We now set A = 8 and until the end of the proof of Proposition 4.3 we fix a ball
By = B(xg,r). We remark that the constants in the rest of the section do not depend on
the ball By: they depend only on the constants in EHI and (MD).

We fix a family
{Qk,i3 k€Z+,i e I CZ+},

of generalized dyadic cubes as given by Lemma 4.4, and define the nets Ny and successors
Sk(x) as in the lemma. For k > 1, we define the predecessor Py(x) of € Nj to be the
unique element of Ny_; such that x € Sy_1(Px(z)). Note that for x € Ny, Sk(x) C Ngiq
whereas Py(z) € Ng_1. For x € By, we denote by Qk(z) the unique Qy; such that
z € Qp;. For x € N, we denote by ¢, the capacity

Ck((L') = CapB(x,A—k‘Hr) (Qk(l‘))
The following lemma provides useful estimates on cy.

Lemma 4.5 (Capacity estimates for generalized dyadic cubes). There exists Cy > 1 such
that the following hold.
(a) For all k € Z, and for all x,y € Ny, such that d(z,y) < 4rA=", we have

Crlen(y) < arlx) < Crex(y). (4.6)
(b) For all k € Z,, for all x € Ny, for all y € Si(z), we have

Crlep(x) < cper(y) < Crex(z). (4.7)

Proof. First, we observe that there is C' > 1 such that

1

O_l (gB(x,A*IQ*lr) (ZL’, A_kr))_l < Ck(x) < C (gB(;E,A*kJFl’/‘) (1:’ A_kr))_ (48>

for all # € B(zg,7). The upper bound in (4.8) follows from Lemma 4.4(c), domain
monotonicity of capacity and Lemma 3.5. For the lower bound, we again use Lemma
4.4(c) to choose a point z € v(zg, ) N By such that d(x,2) = crA=%/2 where c is as given
by Lemma 4.4(c). By the triangle inequality Qx(x) D B(z,crA=*/2). The lower bound
again follows from domain monotonicity, Lemma 3.5 and standard chaining arguments
using EHI. The estimates (4.6) and (4.7) then follow from (4.8), domain monotonicity of
capacity and Lemma 3.12. 0

We record one more estimate regarding the subadditivity of ¢, which will play an
essential role in ensuring (4.2).

Lemma 4.6 (Enhanced subaddivity estimate). There exists § € (0,1) such that for all
ke Zy, for all x € Ny, we have

@) < (1-0) 3 eunl).

yESk ()
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Proof. By the triangle inequality, B(y, A=*r) C B(x, A=**1lr) for all k € Z,,x € Ny, y €
Sk(x). The lemma now follows from Proposition 3.15 and domain monotonicity of capac-
ity. 0

We now follow the Vol’berg-Konyagin construction closely, but with some essential
changes. Recall that we want to construct a doubling measure p on By satisfying the
estimates in Definition 4.1.

Lemma 4.7. (See [VK, Lemma, p. 631].) Let By = B(xo,7) and let ¢; denote the
capacities of the corresponding generalized dyadic cubes as defined above. There exists
Cs > 1 satisfying the following. Let uy; be a probability measure on Ny such that

pe(e’) < (2 pi(e”)

cr(e) = ep(e)

Then there exists a probability measure pyy1 on Niiq such that

for all ', €" € Ny, with d(e',e") < 4A7"r. (4.9)

(1) For all ¢', 9" € Nyy1 with d(g', g") < 4A*"1r we have

tr1(9) - rotrr(9”)
— Y2

Crt1(9') Crt1(9") . (4.10)

(2) Let § € (0,1) be the constant in Lemma 4.6. For all points e € Ny and g € Si(e),

Cg_luk(@ < fi+1(9) <q _5)/%(6)‘ (4.11)

cr(e) crt1(9) cr(e)

(8) The construction of the measure pgyq1 from the measure py can be regarded as the
transfer of masses from the points Ny to those of Ny.1, with no mass transferred over
a distance greater than (1 +4/A)A *r.

Remark 4.8. The key differences from the Lemma in [VK] are, first, that we require the
relations (4.9), (4.10) and (4.11) for the ratios pu/cy rather than just for uy, and second,
the presence of the term 1 — § in the right hand inequality in (4.11).

Proof. By Lemma 4.4(f) we have |Si(x)| < Cj for all z, k. Set
Cy = C1Cu,

where C is the constant in (4.6). Let u; be a probability measure N, satisfying (4.9).

Let e € Ni; we will construct py1(g) for g € Sk(e) by mass transfer. Initially we
distribute the mass ux(e) to g € Sk(e) so that the mass of g € Siy1(e) is proportional to
ck+1(g). We therefore set

folg) = crt1(9)

for all Ny and Si(e).
ZQ’ESk(e)Ck-H(g/)Mk(e)’ oralle € Niand g € Sile)
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By (4.5), Lemma 4.5 and Lemma 4.6, we have

Cgluk(e) < folg) _

,uk(e)
@) = amlg =170

(1- cx(e)

, (4.12)

for all points e € Ny, and g € Si(e). If the measure fy on Ny satisfies condition (1) of
the Lemma, we set g1 = fo. Condition (2) is satisfied by (4.12), and (3) is obviously
satisfied by Lemma 4.4(c).

If fo does not satisfy condition (1) of the Lemma, then we proceed to adjust the masses

of the points in Ny in the following fashion. Let py, ..., pr be the pairs of points {¢’, ¢"}
with ¢', " € Npy1 with 0 < d(g', ¢") < 4A~*1r. We begin with the pair p; = {g},g/}. If

fo(g1) §C22 fo(g7) and Jo(g7) §C22 folg1)

Ck+1 (91’) 7 Ck+1(91/) Ci+1 (gi) ’

Ck+1(9/1)

then we set f; = fo. If one of the inequalities is violated, say the first, then we define
the measure f; by a suitable transfer of mass from ¢} to ¢f. We set fi(g) = fo(g) for
9 7 91,91, and set f1(g1) = fo(g1) — an, f1(gY) = fo(9)) + on, where an > 0 is chosen such

that
o) _ e filer)
= (2 .
ck1(91) ck1(97)
We then consider the pair py, and construct the measure f; from f; in exactly the same
way, by a suitable mass transfer between the points in the pair if this is necessary. Con-
tinuing we obtain a sequence of measures f;, and we find that p41 = fr is the desired
measure in the lemma.
The proof that py,1 satisfies the properties (1)—(3) is almost the same as in [VK].
We note that a key property of the construction is that we cannot have chains of mass
transfers: as in [VK] there are no pairs p; = (g1, 92), pj+i = (92, g3) such that at step j

mass is transferred from g; to go, and then at a later step 7 + ¢ mass is transferred from
g2 to g3. (See [VK, p. 633].) O

To construct the doubling measure in Proposition 4.3 we use Lemma 4.7 for large
scales, and rely on (BG) for small scales.

Proof of Proposition 4.3. Recall that A = 8. Let puy be the probability measure on
No = {x0}. We use Lemma 4.7 to inductively construct probability measures j;, on Ng.
For x € By, by Ei(z) we denote the unique y € Ny such that Q(x) = Qx(y). Note that
by the construction

d(l’, Ek<33')) < A_k(l?, Pk+1(Ek+1(.CIZ)) = Ek($), (413)

for all x € By and for all k € Z,. Let [ denote the smallest non-negative integer such
that A~lr < ro/Az; since r > 19 we have [ > 2. The desired measure v = v, , is given by

fe)=ay %1%)(2), u(dz) = f(=) m(d2),

yeEN, y
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where o > 0 is chosen so that f(zy) = 1. Note that we have p;(z) = a~'v(Q;(z)) for all
x € Nl~

First, we show (4.3) and (4.4). By the argument in [Kal, Lemma 2.5 there exists
C3 > 1 (that does not depend on r) such for any pair of points x,y € By that can be
connected by a geodesic that stays within By, there exists sequence of points Ej(z) =
Y0s Yls - - s Un-1,Yn = Ei(y) in Nj, with n < C3(1 +d(x,y)) and d(y;, yi41) < 4Ar for all
i=0,1,...,n—1. By comparing successive 1 (y;) using Lemma 4.7(3) and by comparing
successive m(Q;(y)) using the volume doubling property of m at small scales (2.7), we
obtain (4.3) and (4.4).

For rest of the proof we can without loss of generality assume that o = 1 in the
definition of v. If x € Nj then in the mass transfer from p; to p; each piece of mass
moves a distance at most (1 +4A471) 31, A~ An additional distance of at most A~r
is then travelled in the transfer from gy to v. Since A > 8 the mass py(z) from z € Ny
travels a distance of at most

l
(1+4A7H))Y " A7r+ Alr <2477 (4.14)

i=k

Next we show that there exists C, such that

piarsr (Enia(2)) S v(B(w,s)) < Capara (v (2)).- (4.15)

for all x € By and for all A~y < s < r. Here M = M(s) € Z, is the unique integer
such that s/A < A=r < s. Note that M <[ —1.

By (4.14) the mass transfer of ppri1 (Fay1(2)) from the point Eyyq(x) takes place
over a distance at most 2A~M~1r < 25/8. Since d(z, Epri1(x)) < A™M~1r < 5/8; the
triangle inequality gives the lower bound in (4.15).

To prove the upper bound, recall from (4.14) that none of the mass in Ny, 1\ B(z, s+
2AMHLy) of pups_y falls in B(z, s). This implies that

v(B(z, ) < piar—1 (Nar—1 N B(z, s 4+ 2A7 M) (4.16)
Since s < A™M*1y and Ny,_ is an A= *lr-net, by (MD) there exists Cs > 1 such that
INyi—1 N B(z, s 4+ 247 M) < Cs. (4.17)

By the triangle inequality d(x, Ey_1(z),y) < 4A"M 1y for all y € Ny N B(x,s +
2A~M+1p). Therefore by (4.16), (4.17), Lemma 4.7, Lemma 4.5, there exists Cs > 1 such
that

V(B(I,S)) S CG,UM—l(EM—l(x))- (418)

Combining (4.18) along with (4.13) and Lemma 4.5, we obtain the desired upper bound
in (4.15).

For small balls we rely on (BG) as follows. If B(z,s) C By, s < A~*?r, y € B(x,s)
there exists C7 > 1 such that Ej(z) and Ej(y) can be connected by a chain of points
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in NV; given by Ej(z) = 20,21,...,2v-1,28 = Ei(y) with N < C7. This can be shown
by essentially the same argument as [Kal, Lemma 2.5] or [MS1, Proposition 2.16(d)].
Combining this with (2.7), Lemmas 4.7 and 4.5 we obtain that there exists Cs > 1 such
that

Cs ' f(x) < fly) < Csf(a).

Therefore for all balls B(z,s) C By with s < A=2r we have

Citf(x)m(B(z, s)) < v(B(z,s)) < Csf(z)m(B(z, s)). (4.19)

Combining (4.15) with Lemmas 4.7 and 4.5, we obtain the volume doubling property
for v for all balls whose radius s satisfies A="*1r < s < r. The estimate (4.19) and (BG)
for the measure m implies the volume doubling property for balls B(z, s) with s < A=+l
and B(z,2s) C By. This completes the proof of the doubling property given in (4.1).

It remains to verify (4.2). By an application of EHI, (4.7), (4.8) along with Lemmas
3.5, 3.12 and 3.3 there exists Cy > 1 such that

Cy er1(Eara (2)) < Cappy as) (B(2,5)) < Cocarra(Enria () (4.20)

for all € By, for all A=y < s <r, where M = M(s) is as above.

The equations (4.15), (4.19) and (4.20) link the v-measure and capacity of balls with
those of the generalized cubes () ;, while Lemma 4.5 and Lemma 4.7 link v-measures and
capacities of the Q;; with their successors and neighbours. Using these links, as well as
the regularity on small scales given by Assumption 2.5, (4.2) follows by a straightforward
argument. O

Proof of Theorem 4.2. Fix xg € X. For n > 1V rq let v,,, be the measure given by

Proposition 4.3, and let
Vg

Jni= dm -
Then f,, € L>®(B(xo,n),m) and by (4.3) we have for 1 < k <n that

Cy'™* < essinf f, < esssup f, < C3™. (4.21)
B(wo,k) B(wo,k)

A compactness argument similar to that in [LLuS] yields the existence of a subsequence ny
and a measurable function f, bounded on compacts, such that

/ hfdm = lim [ hf, dm (4.22)
X k—oo [y

for all h € L'(X,m) with compact support. Taking du = fdm then yields the required
measure. O

22



5 Quasisymmetry, time change, and the EHI

We recall the definition of quasisymmetry — see [Hei] for a nice exposition to this theory.
For many results in this section, we do not require that the metric space (X, d) is a length
space.

Definition 5.1. A distortion function is a homeomorphism of [0, c0) onto itself. Let n
be a distortion function. A map f : (X}, d;) — (X3, dy) between metric spaces is said to
be n-quasisymmetric, if f is a homeomorphism and

do(f(x), f(a) _  (di(z,a)
&(f @), f0) =" (ah(az, b))

for all triples of points z,a,b € X, x # b. We say f is a quasisymmety if it is n-
quasisymmetric for some distortion function . We say that metric spaces (X1, d;) and
(X5, dy) are quasisymmetric, if there exists a quasisymmetry f: (X, dy) — (X, dy). We
say that metrics d; and dy on X are quasisymmetric, if the identity map Id : (X,d;) —
(X, ds) is a quasisymmety.

If f: (X,d)) — (Xy,ds) is p-quasisymmetric, then f=' : (X5, dy) — (X1, dy) is
(-quasisymmetric, where ((t) = 1/n7(1/t). Quasisymmetry is an equivalence relation
among metric spaces [Hei, Proposition 10.6]. The following comparison of annuli follows
readily from the definition.

Lemma 5.2. (See [MT, Lemma 1.2.18]) Let the identity map 1d : (X, dy) — (X, d3) be
an n-quasisymmetry for some distortion function n. Then for all A > 1,z € X,r > 0,
there exists s > 0 such that, writing B; for balls in (X, d;)

Bs(x,s) C By(z,r) C By(x, Ar) C Bay(x,n(A)s). (5.1)
Moreover, for all A > 1,z € X,r > 0, there exists s > 0 such that

By(x,r) C By(z,s) C By(x, As) C By(x, Ayr), (5.2)
where Ay = 1/p71(A™1).

The property of being a length metric space is not preserved under a quasisymmetric
change of metric. Nevertheless, many properties that are relevant to heat kernel estimates
and Harnack inequalities are preserved under such transformations. For instance, it is
well known that the metric doubling property (MD) is a quasisymmetry invariant [Hei,
Theorem 10.18]. It follows easily from Lemma 5.2 that quasisymmetric metrics have the
same doubling measures. The EHI is also a quasisymmetry invariant as shown in the
following easy but important lemma.

Lemma 5.3. Let (X,d;, 1, E, F*),i = 1,2 be two MMD spaces such that dy and dy are
quasisymmetric. If (X, dg, p, E, F") satisfies EHI, then so does (X, dy, u, E, F").
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Proof. Let Cy, A > 1 be constants corresponding to EHI for (X, ds, u, £, F*). Then by
(5.2), we have EHI for (X, ds, u, £, F*) with constants Cy, A; > 1, where A; is as given
in Lemma 5.2. 0

We introduce the notion of a regular scale function.

Definition 5.4. We say that a function ¥ : X' x [0, 00) — [0,00) on a metric space (X, d)
is a regular scale function if ¥(z,0) = 0 for all x and there exist Cy, 51, B2 > 0 such that,
for all z,y € X, 0 < s < r we have, writing d(z,y) = R,

() (B Mot ca () (U oo

We now recall the notion of uniform perfectness [Hei, Section 11.1].

Definition 5.5. (1) A metric space (X, d) is uniformly perfect if there exists C' > 1 so
that for each x € X, and for each r > 0, the set B(z,r)\ B(z,7/C) is nonempty whenever
X\ B(zx,r) is non-empty.

(2) A measure p satisfies the reverse doubling property (RVD) if there exist constants Cj
and o > 0 such that

—u(B(:C,r)) r/s)* for x s<r
(B(r.5) > Co(r/s) fi eX,0<s<r. (5.4)

Remark 5.6. Every connected metric space is uniformly perfect. Uniform perfectness
is a quasisymmetry invariant — see [Hei, Exercise 11.2]. If u satisfies (VD) and (X, d) is
uniformly perfect, then p satisfies (RVD) — see [Hei, Exercise 13.1].

Next, we associate a quasisymmetric metric dy to any regular scale function ¥ on
(X, d), such that dy relates nicely to W.

Proposition 5.7. Let U be a reqular scale function on a metric space (X, d). There exists
a metric dg : X x X — [0,00) satisfying the following properties:

(a) There exist C, B > 0 such that, for all z,y € X we have

(b) d and dy are quasisymmetric.

(c) Assume in addition that (X,d) (or equivalently (X,dy)) has infinite diameter and
is uniformly perfect. Fix A > 1. Let By and B denote metric balls in (X,dy) and
(X,d) respectively. If either By(z,s) C B(x,r) C By(x, As) or B(x,r) C By(z,s) C
B(x, Ar) holds for some x € X,r > 0,s > 0, then there is a constant C; > 1 (which
does not depend on x € X, r > 0,s > 0) such that

CrlsP < W(x,r) < 067, (5.6)

where 5 > 0 is as given by (5.5).
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Proof. (a) Let D(z,y) = V(x,d(z,y)) + ¥(y,d(z,y)). Using (5.3) it is straightforward to
check that there exists K > 1 such that D(z,y) < K(D(x,z)+ D(z,y)) for all z,y,z € X.
Therefore by [Hei, Proposition 14.5] and (5.3), there exists a metric dgy on X and 8 > 0
that satisfies (5.5).

(b) By (5.3) and (5.5), there exists C; > 0, 0 < 71 < 75 such that

o (d(m))’“ _ o) _ (d(w))”
d(x,b) dy(x,b) d(x,b)
for all z,a,b € X that satisfy d(z,a) > d(x,b) > 0. (We can take v; = 3;/5.) Therefore
the identity map Id : (X,d) — (X, dy) is quasisymmetric where the homeomorphism 7
in Definition 5.1 can be chosen as n(t) = C} max (", ¢7?).
(c) As the two cases are very similar, we just treat the case By(x,s) C B(x,r) C
By(z, As). By uniform perfectness, there exists Cy > 1 such that there are points

y1 € By(z,s)\ By(z,s/Cy) and yo € By(z,C2As) \ By(z,s). The upper bound in
(5.6) follows from

\D(xar) < C\D(x>d(x>y2)) < Cld\I/(%Z/Q)’@ < CHSﬂ,

where we used (5.3) and d(z,y2) > 7 in the first estimate, (5.5) in the second, and
Y2 € By(z,CyAs) in the final estimate. Similarly, the lower bound in (5.6) follows from

U(x,r) > c¥(z,d(z,y1)) = ddy(z,31)" > ",

where we used (5.3) and d(x,y;) < 7 in the first estimate, (5.5) in the second, and
y1 ¢ By(z,s/Cs) in the final estimate. O

We now introduce Poincaré and cutoff energy inequalities with respect to a regular
scale function W. Recall that a cutoff function ¢ for By C B, is any function ¢ € F*
such that 0 < <1in &X', ¢ =1 in an open neighbourhood of By, and supp ¢ € Bs.

Definition 5.8. Let (X, d, u, E, F*) be a MMD space and let U be a reqular scale function.

We say that (X,d,n,E, F") satisfies the Poincaré inequality PI(V), if there exists
constants C; A > 1 such that for all x € X, R > 0 and f € F*

| -Frauscver) [ arigg), PI(Y)
B(z,R) B(z,AR)
where f = pu(B(x,r))™" fB(x’R) fdu.

We say that (X, d, p, E, F*) satisfies the cutoff energy inequality CS(V), if there exist
C1,Cy > 0, A > 1 such that the following holds. For all R > 0, x € X with B; = B(z, R),
By = B(z,AR), there exists a cutoff function ¢ for By C By such that for any u €
FrNL>®,

C.
u*dl (¢, gc/ dT(u, u) + 2 / u? dy. CS(W
LQ\Bl (80 (10) 1 B2\31 ( ) \I/(l',R) B2\31 /‘L ( )

If there exists 3 > 0 such that V(z,7r) =1? for all v € X,r > 0, we denote the properties
PI(W) and CS(¥) by PI(B) and CS(B) respectively.
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The following lemma shows that the Poincaré and cutoff energy inequalities take a
much simpler form with respect to the metric dy.

Lemma 5.9. Let (X,d, u, E, F") be an unbounded, uniformly perfect MMD space and let
U be a reqular scale function. Let dg be the metric constructed in Proposition 5.7 with
f >0 as given in (5.5). Then

(a) (X,d,u, E, F*) satisfies PI(V) if and only if (X, dy, u, E, F*) satisfies P1(3).
(b) (X,d,p, E, F*") satisfies CS(V) if and only if (X, dy, 1, E, F*) satisfies CS(S).
Proof. As before, we denote balls in the dy and d metrics by By and B respectively.

(a) Let (X,d,u,E, F") satisty PI(V) with constants C; A > 1. By (5.2), there exists
A" > 1 such that for all z € X', r > 0, there exists 7’ = 7/(r) > 0 such that

By(z,r) C B(x,r") C B(x, Ar') C By(z, A'r). (5.7)

Let z € X,r > 0 be arbitrary and let ' > 0, A’ > 1 be given as above. By PI(V), (5.7),
and Proposition 5.7(c), there exists C’ > 1 such that

[ -t ns v [ argpson [ agn, 69
B(z,r') B(z,Ar")

By (z,A'r)
for all f € F*. Further, for all f € L*(X, u)

2 .
/ |f = Fp@a| dp = min / If —d* du
Ba,r) a€R /()

uin [ f—dtdu= [ =l A 69)
a€R By (z,r) By (z,r)
The Poincaré inequality PI(53) for (X, dy, u, &, F*) follows from (5.8) and (5.9). The
converse is similar.
(b) Let (X,d,u, &, F*) satisfy CS(V) with constants C;,Cy, A > 1. Let z € X,r > 0
be arbitrary and let 7 > 0, A’ > 1 be as given in (5.7). By CS(V), there exists a cutoff
function ¢ for B(z,r") C B(x, Ar') such that for any u € F* N L>,

C
/ w?dl (i, p) < C’l/ dl'(u,u) + 2 p / u® dpu.
B(z,Ar")\B(z,r’) B(z,Ar")\B(z,r") \I,('Tv r ) B(z,Ar")\B(z,r") (5 10)

Clearly by (5.7), ¢ is also a cutoff function for By(x,r) C By(A'r). Since supp I'(p, p) C
B(z, Ar") \ B(z,r"), by (5.7), we have

u?dl(p, ) = / u?dl (i, ). (5.11)
B(z,Ar")\ B(z,r")

/Bq; (z,A’'r)\ By (z,r")

Combining (5.10), (5.11), (5.7), and Proposition 5.7(c), we obtain the cutoff energy in-
equality CS(3) for (X, dy, u, E, F*). The converse is again similar. O

We will extend CS(¥) to an inequality for cutoff functions for B(x, R) C B(x, R+7).
We will use the following elementary inequality involving energy measures.

26



Lemma 5.10. Let (€, F") be a regular Dirichlet form on L*(X, ) with energy measure
[(-,-). Then for any quasi-continous functions f, 1, ps € F* N L®, we have

/deF(‘PI\/@27901\/902)§/f2dr(9017901)+/fzdF(QO%SOQ)‘
X X X

Proof. Let @g = o1V y. By [FOT, Theorem 1.4.2(i),(ii)], we have ¢, € F*, f2 € F*. By
[FOT, last equation in p.206] we have for each j

| Pt e) = tim B (00 - ,00)).

Here E2 , denotes the expectation where Yj has the distribution f?du. Combining this
with the elementary estimate,

(po(Y2) = ¢0(¥0))* < max(pi(Yi) — ¢i(Y0)) Z i(Y2) = 9i(Y0))%,

we obtain the desired inequality. O

The cutoff energy inequality CS(W) has the following self improving property.

Proposition 5.11. (Cutoff energy inequality for all annuli) Let (X,d,p,E, F*) satisfy
(MD) and CS(V) for some reqular scale function V. There exist Cg, v > 0 such that the
following holds. For all R >0, r > 0, zg € X with By = B(xo, R), By = B(xo, R+7) and
U = By \ By, there exists a cutoff function ¢ for By C By such that for any f € F*NL>,

) R+7r\" 1
| raree <t [ dr<f,f>+oE( : ) oo [ A (512

Proof. Let f € F*N L™, Let A > 1, C1,Cy be the constants in CS(WV). Replacing A by
[A] if necessary, we can assume that A € N. Let n > 8(A + 8) and cover B(zg, R + 1)
by balls B; = B(z;,r/n),i € I such that z; € B(zo, R+ r) and the balls B(z;,r/2n) are
disjoint. Then using (MD) there exists a constant N (which does not depend on n) such
that any y € U is in at most N of the balls Bf = B(z;, Ar/n). Let U; = B} \ B;.

By CS(WV), there exists a cutoff function ¢; for B; C B} such that

o,
/U Al < /U AU G /U S (5.13)

Nowlet 2<j<n—A-1jeN andlet [, ={iel:2 € B(xg, R+ jr/n)}. Set

= max
wj i€l i

Then ¢; =1 on B(xg, R+ (j — 1)r/n), and is zero outside B(zo, R+ (j + A)r/n). Thus
1; is a cutoff function for B(xg, R+ (j —2)r/n) C B(xe, R+ (j + A+ 1)r/n). We have
d(zi,x9) < R+ for all i € I, so using (5.3)

U(zo,7) R+r Pa=h s
— < 2, .
Wer/n) = © ( - > " (5.14)
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Let V; = B(zo, R+(j+A+1)r/n)\B(zo, R+(j—2)r/n), so that supp (I'(¢;,1;)) C V,
Let h; be a cutoff function for supp (I'(¢;,v;)) C V;. By Lemma 5.10

/ F2dT (5, 1) = / F2hydT (i, ;)
X

< Z/ F2hidD (i, i) < Z/ F2dT (i, 05).- (5.15)

i€l i€l
Now let
1 n—A—2
YT 2A—4 Z Vi
j=A+3

Then ¢ is a cutoff function for B(xy, R) C B(xg, R+ 7). Since every point in B(xg, R+7)
is in the support of at most A + 4 of the energy measures I'(¢;,1;), by Cauchy-Schwarz
inequality we have

n—A—2
/ PP, 0) < (A+D)(n—24- 42 3 / T gy, (5.16)
Jj=A+3
Combining (5.15) and (5.16),
n—A—2
| Pae) < (At m-2a-97 3 Z/ F2dU (s 1),
j=A+43 iel

Set I = {i € I : supp(I(gs, i) C Blxo, R+7)\ Blzg,R)}. fA+2<j<n—A-1
and supp (I'(pi, ¢;)) NV # 0 by the triangle inequality supp (I'(¢;, i) C B(xo, R+ 1)\
B(xg, R). Therefore it suffices to consider only the indices i € I in (5.15). Since for each
i, supp(I'(pi, ¢;)) intersects at most 4(A + 4) different V;’s we have,

/X F2dU(, ) < A(A 1 4)(n— 24 — 4) PdC(os 0. (5.17)

el /B(:):o ,R+7r)\B(zo,R)

Combining (5.17), (5.13), and (5.14), and using that every point is in at most N different
B, we obtain

/X 0 (e, )

4(A + 4)? CoCn® (R+r\"" )
<—
g P YR 01§j/drff ( - ) ET/Uifdu
S

ZE07 )
_ AN(A 4 C/dP(f f>+020n52 R+ ﬁml/ﬂd
T (n—2A-4) ' U ’ W(xg, ) r U ")
Finally, we choose n large enough so that 4N(A + 4)%(n — 24 — 4)72C, < 1/8. O
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Remark 5.12. Note that this quite general argument enables us to deduce a cutoff
energy inequality on arbitrary annuli from CS(W). See [MS2, Lemma 2.1]. Further, if
U(x,r)=¥(y,r) for all z,y € X and r > 0, we can modify the proof by using (5.3) with
x = y instead of using (5.14), so that v =0 in (5.12).

Definition 5.13. Let (X, d,u,E, F*) be a MMD space and let U be a regular scale func-
tion. We say that (X,d, u, E, F") satisfies the capacity estimate (cap)y, if there exists
k € (0,1) and C > 1 such that for any ball x € X,r >0,

oA (Br)

(B, r))
U(x,7) TR

U(zx,r) (cap)w

< CapB(r,r) (B({L', K'T))

If U(x,r) =1 for allz € X,r > 0, we denote the property (cap)y by (cap)s.

We will now apply these results in the context of a change of measure on an MMD
space. Let (X,d,m,E,F™) be a MMD space which satisfies the EHI and Assumptions
2.3 and 2.5. Let (&, F.) denote the corresponding extended Dirichlet space (cf. [FOT,
Lemma 1.5.4]), and p be the measure constructed in Theorem 4.2. By construction p is
a positive Radon measure charging no set of capacity zero and possessing full support.
Let (E#, F*) denote the time changed Dirichlet space with respect to u. We have that
Fm = F,NLXX,m), F* = F.NL*(X,u) and EX(f, f) = E(f, f) for all f € F* (Cf.
[FOT, p. 275]). Moreover, the domain of the extended Dirichlet space is the same for
both the Dirichlet forms (€, F™, L?(X,m)) and (&, F*, L*(X, u)).

Theorem 5.14. (X,d,m,E,F™) be a length MMD space which satisfies the EHI and
Assumptions 2.3 and 2.5. Let u be the measure constructed in Theorem /.2. Then the
function ¥ defined by V(z,0) =0 and

C u(Ber)
) = b (B T/8))

is a reqular scale function. Furthermore, the MMD space (X,d,u,E,F") satisfies the
Poincaré inequality PI(V) and the cutoff energy inequality CS(WV).

r >0, (5.18)

Proof. By volume doubling and Corollary 3.13, there exists Cy > 0 such that for all » > 0
and for all z,y € X with d(z,y) < r, we have

Cy W (z,r) < U(y,r) < Cy¥(z, 7). (5.19)

If R < r the inequalities are immediate from property (b) in Theorem 4.2 and (5.19). If
s < r < R, then writing

Ue,r)  W(er) Wy, R) ¥, R)

U(y,s)  W(z, R) ¥(y,s) Y(y,R)’

and bounding each of the three terms on the right using Theorem 4.2 and (5.19) gives
(5.3). Thus V is a regular scale function.
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Let dy and 8 > 0 be as given by Proposition 5.7. Write By(+,-) for balls in the dy
metric. We now show that (X, dy, p, €, F*) satisfies (cap)s. By Lemma 5.2, there exists
A>8 k€ (0,1) such that for all z € X, r > 0,

B(z,s1) C By(x,kr) C B(x,se) C B(x,8s2) C By(z,r) C B(z, Asy),
for some s;, 55 > 0. By domain monotonicity of capacity, we have

CapB(a:,Aﬁ) (B((L’, 81)) < CapB\p(x,r) (B‘I’(‘r7 ’{T)) < CapB(z,Ssg) (B(l’, 82)) : (520>

By Proposition 5.7(c) and the regularity of W, s; and sy are both comparable with
WU(z,51) < ¥(x,s5) < r. Therefore by (VD), Lemmas 3.5, 3.12, (3.13), and (5.20),
we have

p(B(z,s92)) _ p(Byl(z,r))
U(x,s9) rP '

CapB(x,As1) (B(:Ev 81)) = CapB(z,SSQ) (B(QZ', SQ)) = (521)

Combining (5.20) and (5.21), we have that (X, dy, p, €, F*) satisfies (cap)z. By Lemma
5.3 and Proposition 5.7(b), (X, dy, p, €, F*) satisfies the EHI.

By Remark 5.6 the space (X, dy) is uniformly perfect, and the measure p on (X, dy)
satisfies (RVD). Therefore by [GHL, Theorem 1.2], since (X,dy, u,E, F*) satisfies the
EHI and (cap)g, it satisfies PI(3) and CS(). We now conclude using Lemma 5.9. [

Theorem 5.15. Let (X, d) be a complete, locally compact, length metric space with a
strongly local reqular Dirichlet form (£, F™) on L*(X,m) which satisfies Assumptions 2.3
and 2.5. The following are equivalent:

(a) (X,d,m,E,F™) satisfies the EHI.

(b) There exists a doubling Radon measure p on (X,d) which is mutually absolutely con-
tinuous with respect to m, and a reqular scale function ¥, such that the time-changed
MMD space (X,d, u,E, F*) satisfies the Poincaré inequality P1(V) and the cutoff energy
inequality CS(W).

(c¢) There exists a doubling Radon measure p on (X,d) which is mutually absolutely con-
tinuous with respect to m, a metric dy on X that is quasisymmetric to d, and 3 > 0, such
that the time-changed MMD space (X, dy, p, E, F*") satisfies Poincaré inequality P1([3)
and the cutoff energy inequality CS(3) for some 5 > 0.

Proof. (a) =(b) This follows from Theorem 5.14.

(b)=(c) Let dg and 5 > 0 be as given by Proposition 5.7. Quasisymmetry of dy follows
from Proposition 5.7(b). Then PI(5) and CS(3) for (X, dy, u, £, F*) follow from Lemma
5.9.

(c)=(a) By Remark 5.6 (X, d) are therefore (X, dy) are uniformly perfect. Thus yu satisfies
(RVD). By Proposition 5.11 and Remark 5.12, we obtain the condition (CSA) in [GHL].
Then by [GHL, Theorem 1.2, we obtain EHI for (X,dy,pu, €, F*). Since dy and d are
quasisymmetric, the desired EHI follows from Lemma 5.3. O
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Proof of Theorem 1.53. The relation £ < £ implies that the energy measure dI"(f, f) for
&’ satisfies
CVAT(f, f) < dU'(f, ) < CdT(f, f) for all f € F (5.22)

— see [L.J, Proposition 1.5.5(b)]. This implies stability of Poincaré and cutoff energy in-
equalities under such perturbations. Therefore, the desired EHI follows from stability of
property (b) in Theorem 5.15 (or alternatively (c)). O

We remark that the cutoff energy inequality in Theorems 5.15 and 5.14 could be
replaced by the slightly weaker generalized capacity estimate given in [GHL].

Remark 5.16. (1) The approach using quasisymmetry given in this section implicitly
contains an alternate proof to the main results in [Bas].

(2) Theorem 5.15 shows that, after suitable transformations of measure and metric, the
stability of EHI follows from the stability of the PHI(3) — see [BBK, p. 485 and Defini-
tion 2.1(d)] for the definition of PHI(S). It is known that the index 5 > 2 — see [Hin, p.
252]. One might ask if we can improve Theorem 5.15(c) to obtain PHI(2). A paper in
preparation [KKM] shows that this is not possible in general, but on the other hand the
Sierpinski gasket provides a non-trivial example where this is possible — see [Kil]. See
[Kaj, Section 9] for further discussion on this problem.

(3) The constant 5 > 0 in Theorem 5.15 can be made arbitrarily large by a ‘snowflake
transform’ of the metric dy — dg, where € € (0,1). We can ask how small 8 can be.
Recall that a conformal gauge on a set X is a maximal collection of metrics on X such
that each pair of metrics from the collection are quasisymmetric. By analogy with con-
formal Hausdorff dimension (see [MT, Defintion 2.2.1] or [Hei, pg. 121]), we can define
the conformal walk dimension of a MMD space (X,d,m,E, F™) as the infimum of all
B such that there exists a quasisymmetric metric dgy and a Revuz measure p with full
support such that the time changed MMD space (X, dy, i, €, F*) satisfies PHI(5). The
conformal walk dimension is always at least 2, and by Theorem 5.15 it is finite if and
only if the space satisfies EHI. This raises the following questions: Can the conformal
walk dimension be finite and strictly greater than 27 Is the infimum in the definition of
conformal walk dimension always attained?

(4) By [GHL, Theorem 1.2] the modified space (X, dy, p1, £, F*) satisfies heat kernel upper
and lower bounds — see [GHL] for details.

(5) The classical parabolic Harnack inequality PHI(2) implies that vector space of har-
monic functions with fixed polynomial growth is finite dimensional [CM, Theorem 0.7].
This result of Colding and Minicozzi settled a conjecture of Yau on manifolds with non-
negative Ricci curvature. This result was extended by P. Li [Li, Theorem 1] to spaces
satisfying a mean value inequality for harmonic functions with respect to a doubling mea-
sure. This theorem of Li along with our doubling measure g in Theorem 4.2 implies that
the vector space of harmonic functions with fixed polynomial growth is finite dimensional
on any space satisfying the EHI. Note that one cannot directly use [Li, Theorem 1] to ob-
tain the above result because there are manifolds that satisfy EHI but whose Riemannain
measure is not doubling.
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6 Examples: Weighted Riemannian manifolds and
graphs

In this section we return to our two main examples, and give sufficient conditions for these
spaces to satisfy the local regularity hypotheses 2.3 and 2.5.

We first recall some standard definitions in Riemannian geometry. Let (X, g) be a
Riemannian manifold, and v and V denote the Riemannian measure and the Riemannian
gradient respectively. In local coordinates (z1, xo,. .., x,), we have

Vf= Z gi 0 dv = +/det g(z) dx,

3,7=1

where det g denotes the determinant of the metric tensor (g; ;) and (¢*7) = (g;;)~* is the
co-metric tensor. For a function f € C*(X), we denote the length of the gradient by
V| = (g(Vf, V)% The Laplace-Beltrami operator A is given in local coordinates by

1 0 ” 0
A=—x)» — | g"/detg— ).
\/detgizj@xi (g ¢ g&cj)

A weighted manifold (X, g, p) is a Riemmanian manifold (X, g) endowed with a mea-
sure p that has a smooth (strictly) positive density w with respect to v. Let w be the
smooth function such that

du = wdv.

On the weighted manifold (M, g, 1), one associates a weighted Laplace operator A, given
by
A, f=Af+g(V(nw),Vf), forall feC®X).

We say that the weighted manifold (M, g, ) has controlled weights if the function w

defined above satisfies
w(x)

sup

< 00,
z,yeX:d(z,y)<1 w<y)

where d is the Riemannian distance function. The corresponding Dirichlet form on
L?(X, 1) is given by

(s fo) = /X oV IV du, fufs € F,

where F is the weighted Sobolev space of functions in L?*(X, ) whose distributional
gradient is also in L?*(X, ). We refer the reader to Grigor’yan’s survey [Gri06] for details of
the construction of the heat kernel, Markov semigroup and Brownian motion on weighted
manifolds for motivation, as well as applications.

Our second example is weighted graphs. Let G = (V, E) be an infinite graph, such
that each vertex x has finite degree. For x € V' we write z ~ y if {z,y} € E. For D C V
define

0D ={y € D°:y ~ x for some z € D}.
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We define a metric on V' by taking d(z, y) to be the length of the shortest path connecting
x and y. We define balls by

By(z,r) ={y € V:d(z,y) <r}.

Let w : £ — (0,00) be a function which assigns weight w, to the edge e. We write
Wyy for wy, 1, and define
W, = szy. (6.1)
ya
We extend w to a measure on V by setting w(A) = Y _, w,. We call (V, E,w) a weighted
graph. An unweighted graph has w, = 1.
The Dirichlet form associated with this weighted graph is given by taking

Ec(fi ) =35> we(fy) — f(2)),

T Yy~

with domain F = {f € L*(V,w) : &(f, f) < oo}. We define the Laplacian on G by
setting
1
Aef () = = S uny(7) — S(@))
T e
We say that a function h is harmonic on a set D C V if Agh(z) =0 for all x € D. (Note
that for Agh(x) to be defined for € D we need h to be defined on the set D U 9dD.)

The statement of the elliptic Harnack inequality for a weighted graph is analogous to
the EHI for a MMD space. We say G = (V, E, w) satisfies the EHI is there exists Cy < oo
such that if zp € V, R > 1, and h : B(zo,2R + 1) — R4 is harmonic in B(z,2R) then

sup h<Cpyx inf h.
Bg(zo,R) Bd(ajO?R)

The cable system of a weighted graph gives a natural embedding of a graph in a
connected metric length space. Choose a direction for each edge e € E, let (I.,e € F) be
a collection of copies of the open unit interval, and set

X - VU (UEGEIE)‘

(Following [V] we call the sets I. cables). We define a metric d. on X by using Euclidean
distance on each cable. If z € V and e = (z,y) is an oriented edge, we set d.(z,t) =
1 —d.(y,t) =t for t € I.. We then extend d,. to a metric on X’; note that this agrees with
the graph metric for z,y € V. We take m to be the measure on X which assigns zero
mass to points in V, and mass w,.|s — t| to any interval (s,t) C I.. For more details on
this construction see [V, BB3].

We say that a function f on X is piecewise differentiable if it is continuous at each
vertex x € V, is differentiable on each cable, and has one sided derivatives at the endpoints.
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Let Fy be the set of piecewise differentiable functions f with compact support. Given
two such functions we set

dU'(f,9)(t) = f'(t)g'(t)m(dt).

(While the sign of f’ and ¢’ depends on the orientation of the cable this does not affect
their product.) We then define

g(fag):/xdr(fvg)(t)? fa9€~7:0>

and take F to be the completion of Fy with respect to the norm

1l = ([ rram+e0.0)"

We extend £ to F, and it is straightforward to verify that (€, F) is a closed regular
strongly local Dirichlet form. We call (X, d.,m,&, F) the cable system of the graph G.
We define harmonic functions for the cable system as in Section 1.

We remark that (up to a constant time change) the associated Hunt process X behaves
like a Brownian motion on each cable, and like a ‘Walsh Brownian motion’ (see [W]) at
each vertex: starting at x it makes excursions along the cable Iy, ,, at rate proportional
t0 Wy /Wy

There is a natural bijection between harmonic functions on the graph G and the cable
system X. If h is harmonic on a domain D C X then h|y satisfies Agh(z) = 0 for any
x € Vsuch that B(z,1) C D. Conversely let Dy C V, and suppose that h : DyUdDy — R
is G-harmonic. Let D be the open subset of X which consists of Dy and all cables with
an endpoint in Dy. Define h by setting h(z) = h(x), 2 € Dy U Dy, and taking h to be
linear on each cable. Then h is harmonic on D.

Definition 6.1. We say that G has controlled weights if there exists py > 0 such that

Way

>po forallz €V, y ~ x. (6.2)

This is called the py condition in [GT]. Note that it implies that vertices have degree
at most 1/pg, so that an unweighted graph satisfies controlled weights if and only if the
vertex degrees are uniformly bounded.

Lemma 6.2. Let (X,d,u,E,F) be the cable system of a weighted graph G = (V, E, w).
If X satisfies the EHI with constant C'y then G has controlled weights.

Proof. (By looking at a linear (harmonic) function in a single cable we have that Cy > 3.)
Let o € V and let z;, i = 1,...n be the neighbours of xy. Let r < %, and y;, z; be the
points on the cable v(zo, z;) with d(zo, ;) = 7, d(xo, z;) = 2r. Set pj = Wy o, /W,

Let D = B(xg,2r) and h; be the harmonic function in B(xg, 2r) with h;(z;) = 6;;. We
have h;(zo) = pj, hj(y;) = 3p; if i # j and h;(y;) = (14 p;). So using the EHI with
L7

2h(y;) = 1+ p; < 2Cuh(y;) = Crpy,
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which leads to the required lower bound on p;. [

Remark 6.3. See [B1] for an example which shows that the EHI for a weighted graph,
as opposed to its cable system, does not imply controlled weights.

It is straightforward to verify

Lemma 6.4. Let G have controlled weights. The EHI holds for G if and only if it holds
for the associated cable system.

We conclude this section by showing that a large class of weighted manifolds and cable
systems satisfy our local regularity hypotheses (BG). To this end, we introduce a local
parabolic Harnack inequality which turns out to be strong enough to imply (BG).

Definition 6.5. We say a MMD space (X, d, u, E, F) satisfies the local parabolic Harnack
inequality (PHI(2))1oc, if there exists R > 0,Cgr > 0 such that for allz € X, 0 <r < R,
any non-negative weak solution u of (0 + L)u =0 on (0,7%) X B(x,r) satisfies

sup u<Cgr inf u; PHI(2))10c
(r2/4,r2/2)x B(z,7/2) (3r2/4,r2)x B(z,r/2) ( 2)

here L is the generator corresponding to the Dirichlet form (€, F, L*(X, pn)).

Lemma 6.6. (a) Let (M, g, w) be a weighted Riemannian manifold with controlled weights
such that (M,g) is quasi-isometric to a manifold with Ricci curvature bounded below.
Then (M, g,w) satisfies (PHI(2))1oc-

(b) Let G = (V, E,w) be a weighted graph with controlled weights. Then its cable system
satisfies (PHI(2))10c.

Proof. (a) If (M, ¢') has Ricci curvature bounded below then (M, ¢') satisfies (PHI(2))j0c
by the Li-Yau estimates. By [HS, Theorem 2.7], the property (PHI(2))),. is stable under
quasi isometries and under introducing controlled weights.

(b) By taking R < 1 this reduces to looking at either a single cable (i.e. an interval) or a
finite union of cables. See [BM] for more details. O

Lemma 6.7. Let (X,d,m,E,F) be a MMD space that satisfies (PHI(2)),.. Then
(X,d,m,E, F) satisfies Assumption 2.3 and (BG).

Proof. We refer the reader to [BM] for the proof of Assumption 2.3.

By [HS, Theorem 2.7] the heat kernel on this space satisfies a two sided Gaussian
bound at small time scales. These imply volume doubling property at small scales.

Using the heat kernel upper bounds given in [[HS, Lemma 3.9], we obtain the following
Green’s function upper bound. There exists A > 1, a € (0, 1), Cy, rg > 0 such that for all
x € X,r € (0,r9) and for all y € B(z, Ar) such that d(z,y) = ar, we have

< _.
9B(z,Ar) (:Ea y) = COm(B(l‘, T))
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A matching lower bound follows from [HS, Lemmas 3.7 and 3.8], after adjusting 7o, a if
necessary.

Clearly, (PHI(2))),. implies a local EHI for small scales. By using the local EHI along
with the results in Section 2 (see Remark 3.16), there exists ro, C; > 0 such that

_ym(B(x,r m(B(x,r
Cy 1—< 752 ) < CapB(x,Br)(B(xar)) < %, Ve € X,Vr € (0,r9).
This implies (2.8) with v = 2. Hence (BG) follows. O

Proof of Theorem 1./. Assumption 2.5 follows from Lemma 6.6 and 6.7. Assumption 2.3
follows from [BM]. The conclusions now follow from Theorem 1.3. 0J

7 Stability under rough isometries

As well as stability of the EHI under bounded perturbation of weights, our results also
imply stability under rough isometries.

Definition 7.1. For each i = 1,2, let (), d;, 11;) be either a metric measure space or a
weighted graph. A map ¢ : Y, — )s is a rough isometry if there exist constants C; > 0
and Cy, C3 > 1 such that

X = U de((p(.T),Cl), (71>
Cy Hdi(2,y) — e1) < do(p(2), 0(y)) < Co(di(2,y) + 1), for z € Y, (7.2)
03_1/~L1(Bd1 (l’, OI)) < N2(Bd2(90(x)7 cl)) < C3M1(Bd1 (l’, Cl)) for T,y € V1. (7?))

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 Gromov [Gro| (under the name quasi isometry) in the
context of groups, and Kanai [Kal] (under the name rough isometry) for metric spaces;
in both cases they just required the conditions (7.1) and (7.2). The condition (7.3) is a
natural extension when one treats measure spaces — see [C5] and [BBK].

If two spaces are roughly isometric then they have similar large scale structure. How-
ever, as the EHI implies some local regularity, we need to impose some local regularity
on the spaces in the class we consider.

Definition 7.2. We say a MMD space satisfies a local EHI (denoted EHI\o.) if there
ezists ro € (0,00) and Cp, < 0o such that whenever 2r < ro, x € X and h is a nonnegative
harmonic function on B(z,2r) then

esssup h < Cp essinf h.
B(z,r) B(z,r)
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Remark 7.3. An easy chaining argument shows that if X satisfies EHI,. with constants
ro and Cp, then for any r; > 7o there exists C, = Cp(r1) such that X satisfies EHI,.
with constants r and C7.

Definition 7.4. Let X = (X,d,m,E, F) be a MMD space. We say X satisfies local
reqularity (LR) if there exists ry € (0,1), Cf, < oo such that the following conditions hold:
(B1) X satisfies (BG).

(B2) The Green’s function and operator satisfies Assumption 2.3.

(B3) X satisfies EHI}, with constants 9 and Cp,.

(B4) There exists Cy > 0 such that for all zy € X and for all r € (0,ry), there exists a
cut-off function ¢ for B(zg,7/2) C B(z,r) such that

/ 0T (. 0) < Com(B(xo,1)).
B(zo,r)

The final condition (B4) links m with the energy measure dI'(-,-) at small length
scales.

Lemma 7.5. (a) Let (M, g, w) be a weighted Riemannian manifold with controlled weights
such that (M, g) is quasi-isometric to a manifold with Ricci curvature bounded below.
Then (M, g,w) satisfies (LR).

(b) Let G = (V, E,w) be a weighted graph with controlled weights. Then its cable system
satisfies (LR).

Proof. Properties (B1)—(B3) all follow from Lemma 6.6 and 6.7. For (B4) it is sufficient
to look at a cutoff function ¢(z) which is piecewise linear in d(x, zy). O

Our main theorem concerning stability under rough isometries is the following.

Theorem 7.6 (Stability under rough isometries). Let X; = (X, d;, m;, &, F;), i = 1,2
be MMD spaces which satisfy (LR). Suppose that Xy satisfies the EHI, and Xy is roughly
isometric to Xy. Then Xy satisfies the EHI.

Sketch of the proof. The basic approach goes back to the seminal works of Kanai [Kal,
Ka2, Ka3]; see [CS, HK, BBK] for further developments.

We use the characterization of EHI in Theorem 5.15; and transfer functional inequal-
ities and volume estimates from one space to the other. A key step of this transfer is
carried out by a discretization procedure using weighted graphs.

We can approximate an MMD space (X,d, m,E, F™) by a weighted graph as follows.
For a small enough &, we choose an e-net V of the MMD space (X, d,m,E, F™), that
is a maximal e-separated subset of X. The set V forms the vertices of a graph whose
edges E are given by u ~ v if and only if d(u,v) < 3e. Define weights by w,, =
m(B(u,€)) +m(B(v,¢)) if {u,v} € E. (Many other choices are possible.) We then define
w, as in (6.1) and hence obtain a measure w on V. It is easy to verify that the metric
measure spaces (X, d,m) and (V, E,w) are roughly isometric.
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The next step is to transfer functions between MMD space and its net. This transfer
of functions has the property that the norms and energy measures are comparable on
balls (up to constants and linear scaling of balls), which in turn implies that functional
inequalities such as the Poincaré inequality and cutoff energy inequality can be transferred
between a MMD space and its net. Using the notation of [Sal04], we denote by rst a

“restriction map” that takes a function f : X — R on the MMD space to a function
rst(f) : V— R on the graph defined by

1

rst(f)(v) = m(B(o.5) /B(U : fy) m(dy), forveV.

Similarly, we denote by ext an “extension map” that takes a function f : V — R on the
net to a function ext(f) : X — R on the MMD space defined by

ext(f Z f(w)xo(x

veV

where (x,)vey 1S a ‘nice’ partition of unity on X indexed by the vertices of the net V/
satisfying the following properties:

(1 Z”L}GV Xv = L.

)

(ii) There exists ¢ € (0,1) such that x, > c on B(z,¢/2) for all v € V.
) X
)

(iii) xo» =0 on B(v,2¢)¢ for all v € V.

(iv) There exists C' > 0 such that x, € F™ and E(xu, Xv) < Cm(B(z,¢)) for all v € V.
The maps rst and ext are (roughly) inverses of each other, and they preserve norms and
energy measures on balls. Therefore volume doubling, the Poincaré inequality, and the
cutoff energy inequality can be transferred between a MMD space and its net.

A difficulty that is not present in the previous settings in [CS, HK, BBK] arises from
the change of measure in the characterization of the EHI in Theorem 5.15. This change of
symmetric measure does not affect the energy measures in the cutoff energy and Poincaré
inequalities. However the integrals on the left side of the Poincaré inequality, and the
final integral in the cutoff energy inequality involve the measure measure p constructed
in Theorem 4.2. Let g be such that du = gdm. The integrals for the cutoff energy and
Poincaré inequalities on the net the are taken with respect to the measure rst(g) du. It is
easy to verify using (4.3) that the metric measure spaces (X, d, ) and the net equipped
with the measure rst(g) dw are roughly isometric, and therefore integrals with respect to
the measures g dm and rst(g) dw are comparable on balls.

Thus, starting with the space X; we take g1 = dui/dm,, where p; is the measure
given by Theorem 4.2. Write V; for the nets for X;, i = 1,2. We take g; = rst(g;), and
then transfer ¢; to a function g, on Vs, using the rough isometry between V; and V,. The
function go = ext(gy) then gives a measure dus = godmsy on Xy, As in [CS, HK, BBK] we
can then transfer the cutoff energy and Poincaré inequalities across this chain of spaces,
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and deduce that the space (Xs, da, 9, &, Fo) satisfies the conditions in Theorem 5.15(b),
and therefore satisfies the EHI. O

Proof of Theorem 1.5. This is a direct consequence of Lemma 7.5 and Theorem 7.6. [

We conclude this paper by suggesting a characterization of the EHI in terms of capac-
ity, or equivalently effective conductance. Let D be a bounded domain in X. As in [CF]
we can define a reflected Dirichlet space F p; the associated diffusion X is the process X
reflected on (a) boundary of D. (For the case of manifolds or graphs this reflected process
can be constructed in a straightforward fashion). For disjoint subsets A;, Ay of D define

Cot (A1, Ag; D) = inf{Ep(f, f) : fla, =1, fla, = 0, f € Fp}.

Let D(xo, R) = {(x,y) € B(xo, R) : z,y € B(xo, R/2),d(x,y) > R/3}. Asin [B1] we say
that (X,d,m,E, F) satisfies the dumbbell condition if there exists Cp such that for all
x9 € X, R > 0 we have, writing D = B(xg, R),

sup  Ce(B(z,R/8),B(y,R/8); D) <Cp inf Cw(B(z,R/8),B(y,R/8); D).

(z,y)€D(z0,R) (z,y)€D(20,R)

[B1] asked if the dumbbell condition characterizes EHI. However G. Kozma [Ko] remarked
that a class of spherically symmetric trees satisfy the dumbbell condition, but fail to satisfy
EHI. These trees also fail to satisfy (MD). We can therefore modify the question in [B1]
as follows.

Problem 7.7. Let (X,d, m, &, F™) satisfy (LR), the dumbbell condition and metric dou-
bling. Does this space satisfy the EHI?

Acknowledgment. We are grateful to Laurent Saloff-Coste for some references and
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