On the length of chains in a metric space.

Mathav Murugan*

April 3, 2020

Abstract

We obtain an upper bound on the minimal number of points in an e-chain
joining two points in a metric space. This generalizes a bound due to Hambly and
Kumagai (1999) for the case of resistance metric on certain self-similar fractals. As
an application, we deduce a condition on e-chains introduced by Grigor’yan and
Telcs (2012). This allows us to obtain sharp bounds on the heat kernel for spaces
satisfying the parabolic Harnack inequality without assuming further conditions on
the metric. A snowflake transform on the Euclidean space shows that our bound is
sharp.

1 Introduction

The fundamental solution of the heat equation (or heat kernel) on R™ is given by the
Gauss Weierstrass kernel

o1 d(z,y)?
pt(x7y) - ( <

—47Tt)n/2exp 1 ), for all z,y € R*,t > 0.

From a probabilistic viewpoint, the heat kernel can be interpreted as the transition prob-

ability density of the diffusion generated by the Laplacian A. More generally, for any
uniformly elliptic, divergence form operator Lu = > =0 % <aij (m)%) on R™, Aronson
), 1 J

[Ar67] proved that the heat kernel p;(z, y) of the corresponding heat equation dyu—Lu = 0

satisfies
C1 d($a y)2 Cl d(l’, y)2
2t _ < < 7 _ I\ d)
V(z,t1i2) P ( ot ) SPew) S peemm e | e )

for all z,y € R",t > 0, where ¢;,Cy € (0,00). Here V(x,r) denotes the Lebesgue measure
of the Euclidean ball B(x,r) centered at x with radius r.
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To prove the above lower bound on p;(z,y), the first step is to obtain the lower bound
under the additional restriction that d(z,y) < Ct/2. Such an estimate is called a near
diagonal lower bound. In order to obtain the full lower bound from a near diagonal lower
bound, one chooses a sequence of points (called a chain) {z;}!_, such that vy = z,z, =y
and n € N such that d(z;, z;11) < C(t/n)/?/2 for all i = 0,1,...,n — 1. Then we use
Chapman-Kolmogorov equation to obtain the estimate

(e, y) > / / 11 s (Yis Yis1) dyi - - dyn—1,
B(wn_1,C(t/n)1/2/2) B(a1,,C(t/n)1/2/2)

where yy = z,y, = y. By optimizing over n and the sequence {z;},_, and using the near
diagonal lower bound, we obtain the full lower bound on the heat kernel p,(z,y). This
method of obtaining full heat kernel lower bound is called the chaining argument.

The use of chaining argument to obtain heat kernel estimates is classical [ASG7, Ar67].
Such chaining arguments are also used to obtain heat kernel estimates on fractals; see
[Bar98] for a general introduction to diffusions on fractals. In this work, we address the
natural converse question: Do heat kernel estimates imply the existence of short chains?
Our main result provides an upper bound on the length of chains, which in some sense
is the best possible. The goal of this work is to obtain sharp quantitative bounds on the
connectivity of a metric space. This will be expressed as bounds on the length of chains.

1.1 Framework and definitions

We recall the definition of a chain in a metric space (X, d).

Definition 1.1. We say that a sequence {z;}, of points in X is an e-chain between
points z,y € X if

ro=x, zny=vy, and d(z;,zi1)<e foralli=0,1,...,N—1.

For any ¢ > 0 and z,y € X, define

N—

1
d-(x,y) = inf d(x;, xi41),
<) {z;} 18 e-chain ; ( +)

where the infimum is taken over all e-chains {x;}, between z,y with arbitrary N.
Note that if (X, d) is a geodesic space, then d.(z,y) = d(x,y) for all e > 0,2,y € X.

Throughout this paper, we consider a complete, locally compact separable metric space
(X, d), equipped with a Radon measure m with full support, i.e., a Borel measure m on X
which is finite on any compact set and strictly positive on any non-empty open set. Such
a triple (X, d, m) is referred to as a metric measure space. Then we set diam(X,d) :=
sup, yex d(7,y) and B(z,r) :={y € X | d(x,y) <} for v € X and r > 0.

Let (€, F) be a symmetric Dirichlet form on L*(X,m). In other words, the domain
F is a dense linear subspace of L?(X,m), such that £ : F x F — R is a non-negative
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definite symmetric bilinear form which is closed (F is a Hilbert space under the inner
product &(-,-) = &E(-,-) + (-, ) L2(x,m)) and Markovian (the unit contraction operates on
F;(uvO)Ale Fand E((uVO) AL (uVO0)AL) < E(u,u) for any u € F). Recall that
(€, F) is called regular if F NC.(X) is dense both in (F, &) and in (Cc(X), || - [|sup)- Here
Cc(X) is the space of R-valued continuous functions on X with compact support.

For a function u € F, let supp,,[u] denote the support of the measure |u|dm, i.e., the
smallest closed subset F' of X with [ x\r [uldm = 0; note that supp,,[u] coincides with

the closure of X \ u='({0}) in X if u is continuous. Recall that (&, F) is called strongly
local if E(u,v) = 0 for any u,v € F with supp,,[u], supp,,[v] compact and v is constant
m-almost everywhere in a neighborhood of supp,,[u]. The pair (X,d, m, &, F) of a metric
measure space (X, d,m) and a strongly local, regular symmetric Dirichlet form (€, F) on
L*(X,m) is termed a metric measure Dirichlet space, or an MMD space. We refer to
[FOT, CF] for a comprehensive account of the theory of symmetric Dirichlet forms.

We recall the definition of energy measures associated to an MMD space. Note that
fg € F for any f,g € FNL>®(X,m) by [FOT, Theorem 1.4.2-(ii)] and that {(—n) V
(fAn)}2, C F and lim, oo(—n) V (f An) = f in norm in (F,&;) by [FOT, Theorem
1.4.2-(iii)].

Definition 1.2 (cf. [FOT, (3.2.14) and (3.2.15)]). Let (X,d, m, &, F) be an MMD space.
The energy measure I'(f, f) of f € F is defined, first for f € F N L>*(X,m) as the
unique ([0, oo]-valued) Borel measure on X with the property that

[ oan=Ert -G fralgeFnc), (1)

and then by I'(f, f)(A) = lim,oe T'((—n) V (f An), (—n) V (f An))(A) for each Borel
subset A of K for general f € F.

The notion of energy measure can be extended to the local Dirichlet space Fi.., which
is defined as

Fow 1= {f € 12 (X, m) ‘ For any relatively compact open subset V' of X,}' (1.2)

there exists f# € F such that fly = f#1y m-a.e.
For any f € Fi, and for any relatively compact open set V' C X, we define
L(f, HV) =T (%, V),

where f# is as in the definition of Fj... Since (£, F) is strongly local, the value of
L(f#, f#)(V) does not depend on the choice of f#, and is therefore well defined. Since
X is locally compact, this defines a Radon measure I'(f, f) on X.

Definition 1.3 (Capacity between sets). For subsets A, B C X, we define
F(A,B):={f € F:f=1on aneighborhood of A and f =0 on a neighborhood of B},

and the capacity Cap(A, B) as
Cap(A,B) =inf{E(f, f): f € F(A, B)}.
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The main result of this work provides upper bounds on d.(x,y) based on analytic
conditions on an MMD space that we introduce now. Henceforth, we fix a continuous
increasing bijection ¥ : (0, 00) — (0, 00) such that for all 0 < r < R,

(B <3< (2)

for some constants 0 < 7 < (s and C' > 1. Throughout this work, the function ¥ is
meant to denote the space time scaling of the process.

Definition 1.4. We recall the following properties that an MMD space (X, d, m, &, F)
may satisfy:
We say that (X, d, m) satisfies the volume doubling property (VD) if there exists Cp > 1
such that

m(B(z,2r)) < Cpm(B(z,r)), forallze X,r>0. (VD)

We say that (X, d, m, &, F) satisfies the Poincaré inequality P1(\V), if there exist constants
C, A > 1 such that for all z € X, r € (0,00) and f € F

(/ U—?angcwvy/ ar(f. f). PI(D)
B(z,R)

B(z,Ar)

where f = m(B(z,7))™! fB(m o fdp. If all balls are relatively compact, then the above
inequality can be extended to all f € Fge.

We say that (X,d,m,E,F) satisfies the capacity estimate cap(¥V)< if there exist
C1, Ay, Ay > 1 such that for all z € X, 0 < R < diam(X, d)/As,

B(z, R))

Cap(B(a B). Bla ARY) < GG T cap(¥)

We recall the definition of the heat kernel corresponding to an MMD space.

Definition 1.5. Let (X,d,m,&, F) be an MMD space, and let {F},., denote its asso-
ciated Markov semigroup. A family {p;},., of non-negative Borel measurable functions
on X x X is called the heat kernel of (X,d,m,E,F), if p; is the integral kernel of the
operator P; for any ¢ > 0, that is, for any ¢ > 0 and for any f € L?(X,m),

P, f(x) = /Xpt(x,y)f(y) dm(y) for m-almost every z € X.

We remark that not every MMD space (X, d, m, &, F) has a heat kernel. The existence
of heat kernel is an issue in general.

1.2 Main results

Our main result is the following upper bound on d..



Theorem 1.6. Let (X,d,m,E,F) be an MMD space that satisfies (VD), PI(V), and
cap(V)<, where U satisfies (1.3). Then there exists C > 1 such that for all e > 0 and for
all z,y € X that satisfy d(z,y) > ¢, we have

de(z,y)* _ ¥(d(z,y))
<C 1.4
g2 = U(e) (14)
In particular, for all x,y € X, we have
, d-(z,y) _
lim U(e) ~ = 0. (1.5)

Remark 1.7. (a) If ¥(r) = r? (1.4) implies the chain condition d.(z,y) < d(z,y) for all
e>0,zr,y e X.

(b) If U(r) =77, then (1.4) and the triangle inequality d.(x,y) > d(z,y) imply that

2 2 B
d(z,y)* _ de(z,y)* _ Cd(x,y)
g2 = g2 - b’

for all z,y € X,e > 0 with d(z,y) > €. By letting ¢ — 0, we give a new proof of the
known fact that § > 2 must necessarily hold.

(¢) Let U(r) = r? with 8 > 2. Consider the Dirichlet form corresponding to the Brownian

motion on R? with Lebesgue measure as the symmetric measure, and the snowflake

metric d(z,y) = ||z — y||§/ﬂ, where ||z — y||, denotes the Euclidean distance (cf. [MT,

Defintion 1.2.8] for the terminology ‘snowflake metric’). In this case, it is easy to
obtain 0. (r.y)?
e\ T, Y
V(e)——— = V(d(z,y)) < [lz — vl
for all z,y € R% ¢ > 0 with € < d(z,y). Hence, the bound (1.4) is sharp for all 3 > 2.

(d) Theorem 1.6 provides a new proof to an estimate due to Hambly and Kumagai
[HalKu99, Lemma 3.3]. Based on the results in [HalKu99], the estimate (1.5) was
introduced by Grigor’yan and Teles in [GT12, (1.8)] to obtain sharp estimates of the
heat kernel (cf. Corollary 2.9).

By [GT12, Theorem 6.5] along with (1.5), we have the following corollary (see Theorem
2.11 for generalization to arbitrary scale functions ).

Corollary 1.8. Let (X,d,m,E,F) be an MMD space that satisfies the following sub-
Gaussian estimate on its heat kernel py(-,-): there exists f > 2,C,c > 0 such that

c d(x,y)? 1/(B-1) C d(z,y)? 1/(8-1)
—\ T < < — —
V(x,t1/8) exp ( ( ot < pi(r,y) < V (x, £1/5) exp o

(1.6)
for all x,y € X,t >0, where V(z,r) = m(B(x,r)). Then the metric d satisfies the chain
condition: there exists K > 1 such that

d(z,y) < d.(x,y) < Kd(z,y) for alle >0 and for all z,y € X. (1.7)
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Remark 1.9. (a) The chain condition (1.7) admits the following characterization. Let
(X, d) be metric space such that the open balls B(z,r) are relatively compact for all
z € X,r > 0. Then (X,d) satisfies the chain condition if and only if there exists a
geodesic metric p such that d is bi-Lipschitz equivalent to p [IKM, Proposition A.1].
Recall that (X, p) is geodesic, if for any two points x,y € X, there exists a function
v : [0, p(z,y)] — X such that p(y(s),v(t)) = |s — ¢ for all s,t € [0, p(z,y)].

(b) Corollary 1.8 was previously known only for the case § = 2. By a version of Varad-
han’s asymptotic formula in [HR, Theorem 1.1], we obtain that d is bi-Lipschitz
equivalent to the intrinsic metric. Hence by the remark above, d satisfies the chain
condition. However, the intrinsic metric vanishes identically for the case § > 2. This
suggests the need for a completely different approach when g > 2.

(c) The chain condition plays an essential role in the proof of singularity of energy mea-
sures in [KM] for spaces satisfying the sub-Gaussian heat kernel estimate.

Recall that the parameter § in Corollary 2.9 is called the walk dimension. The fol-
lowing result can be viewed as a generalization of the result that the walk dimension is
at least two.

Corollary 1.10. Let (X,d,m,E,F) be an MMD space that satisfies (VD), PI(V), and
cap(\V)<, where U satisfies (1.3). Then there exists Cy > 1 such that

a2 -
>Cr (- . for all 0 < s < r < diam(X, d).

S

Notation. In the following, we will use the notation A < B for quantities A and B
to indicate the existence of an implicit constant C' > 1 depending on some inessential
parameters such that A < CB. We write A < B, if A < B and B < A.

2 Proofs

2.1 Connectedness
We recall the notion of a net in a metric space.

Definition 2.1. Let (X,d) be a metric space and let ¢ > 0. A maximal e-separated
subset V' C X is called an e-net; in other words, V' satisfies the following properties:

(a) V' is e-separated; that is, d(x,y) > € whenever z,y € V and x # y.
(b) (maximality) If W DV and W is e-separated, then W = V.

As a first step towards (1.4), we show that d.(z,y) is finite for all ¢ > 0,2,y € X.



Lemma 2.2. Let (X,d,m,E,F) be an MMD space that satisfies (VD), PI(\V), where ¥
satisfies (1.3). Then

d.(z,y) <oo forall z,y € X and for all e > 0.
Proof. Let x € X,e >0 and U, = {y : d.(x,y) < o0}, V, = X \ U,. Clearly U, is open,

since z € U, implies B(z,¢) C U,. Similarly, V, is open since z € V,, implies B(z,¢) C V.
The above statements also imply that

inf{d(y,2) 1y e U,,z€V,} >e. (2.1)
Let N denote a ¢/2-net in (X, d). Let ¢, € C.(X)NF such that 1 > ¢, > O,sz‘B(Z gy =1L
and supp(¢,) C B(z,¢). Define
o(y) = sup ¢.(y) forallye X.
zENNU,
By (2.1), and U.enB(z,e/2) = X, we obtain
6 =1y (2.2)

For any precompact open set U, we have {z € NNU, : B(z,¢) NU}| < co. In this case,
by setting Ny = {z € NNU, : B(z,¢) N U}, we have

zlerll\;U ¢.(y) = o(y) forally e U, zleIJl\ifU ¢, € FNC(X).
Therefore ¢ = 1y, € Foc N C(X). By [CF, Theorem 4.3.8], the push-forward measure of

(¢, @) by ¢ is absolutely continuous with respect to the 1-dimensional Lebesgue measure.
Since {0, 1} has zero Lebesgue measure, we obtain

[(¢,¢)(B) =0 (2.3)

for all balls B = B(z, R), R > 0. Since ¢ is continuous, by PI(V), ¢ is constant on all
balls B(x, R). Therefore ¢(y) = ¢(x) = 1 for all y € B(z, R), R > 0. Therefore ¢ = 1.
Hence V,, = ). Since x € X, e > 0 are arbitrary, we obtain the desired estimate. O

Recall that a metric space (X, d) is said to be uniformly perfect, if there exists C' > 1
such that B(z,r)\ B(z,r/C) # 0 for all x € X,r > 0 that satisfy B(z,r) # X.

Corollary 2.3. Let (X,d,m,E,F) be an MMD space that (VD), PI(V), where U satisfies
(1.3). Then (X,d) is a uniformly perfect metric space.

Proof. Let B(z,r) be a ball such that B(z,r) # X. Let y € X \ B(x,r). By Lemma
2.2, there exists an e-chain {xi}i]io,xo = z,xy = y between z and y for ¢ = r/4.
Since d(z,z9) = 0,d(z,zn) > r and [d(x,z;) — d(z,xi51) < d(xi,x41) < 7/4 for all
i=0,...,N —1, we have d(z,z;) € [r/2,r) for some 1 < j <N — 1. Hence

B(r,r)\ B(z,1/2) 0. (2.4
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2.2 A two point estimate using Poincaré inequality

For two measures m,v on (X,d), for R > 0,z € X, we define a ‘truncated maximal
function’ (B(r.1))
m v(B(x,r

MRv(e) = S (B,
If v < m, then the above expression is the truncated maximal function of the Radon-
Nikodym derivative ;TZL. However, in the lemma below v will be the energy measure, and
hence the measure v and m might be mutually singular. In the following lemma, by C(X)
we mean the space of continuous functions on X.

(2.5)

Lemma 2.4. (see [HeK098, Lemma 5.15]) Let (X,d,m,E, F) be an MMD space that
satisfies (VD), PI(V), where U satisfies (1.3). There exists C > 0 such that for all
190€ X,R>0, z,y € B(xog,C™'R), and for all u € C(X) N Foc

ju(a) = u(y)]* < C(R) (MET (u,u)(x) + MET (u,u)(y)),
where I'(u,u) denotes the energy measure of u.

Proof. The proof in [HeK098] applies to our setting with minor modifications. For the
convenience of the reader, we recall the proof below.

Let 60 € (0,1) be a constant that will be chosen later. For a ball B, by up we denote
ﬁ [ wdm. Define B, ; = B(x,27%R) for i € {0,1,2,...}. We estimate

= 1
< Z }UBN — UBI,¢+1| = Z m /B B (u — uBm,) dm‘

0 1=0

8

[u() - up, ,

-
I

dm

s

Il
o

),
B S P
m(Bxyi‘i’l) Bz,i+1 ’

dm  (since B, ;11 C B,,; and by (VD))

(2

1
< u—up. .
~ m(By;) /Bz | Bea

= 1
= Z (m(Bg;,i) /B“ ‘u B

=0

o0 ' 1 1/2
<N Y27 R)V? ( / dl(u, u ) by PL(U
; ( ) m(By) B(z,A527'R) (u,u) ( ()

STW(R) V22 (Mg (u,u) (@) (by (1.3) and (VD))

1/2
? dm) (by Holder inequality)

AN

S (W(R)MGspT (u, u) (). (2.6)
Similarly, by setting B, = B(y, §'R), we obtain
() = up,| < (W(R) My T (u, u)(y)"*. (2.7)
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We choose C' > 1 large enough and ¢’ > ¢ so that ,y € B(xo, C"'R) implies B, C B,
For example, it suffices to choose C, 9, ¢’ so that

2071+ 6 < 4. (2.8)
We also require

Ad < AV <1, (2.9)
so that M5l (u, u)(x) < MET (u,w)(x) and M35 (u, w)(y) < MET(u,uw)(y).

Evidently, given any A > 1, it is possible to choose C' > 1,0 < § < ¢’ < 1 such that
(2.8) and (2.9) are satisfied. We fix one such C, ¢, 4" for the remainder of the proof.

By B, C By, m(By) S m(Byy), (VD) and PI(¥), we obtain

1 1
_ < _
m(Bao) /B g “By’dmway) / fu = | dm

u, U ! 1/2
(st

‘UB:E,O - U’Byl <

< (W(R)Mjy T (u,u)(y)*  (2.10)

Combining (2.6), (2.7), (2.10), Aé < A’ < 1, we obtain the desired bound

u(z) — uy) < |u(z) — up, | + [us,, — us,| + [u(y) — us,)|
S U(R)2 (MET (u,w)(x) + MET (u,u)(y)"?.

0J

The telescoping sum argument has been applied in the context of anomalous diffusions
previously in [BCK, p. 1654]. However, in [BCK] the argument is used in the ‘strongly
recurrent case’. One of the main novelties of this work is to extract useful estimates from
that argument without further assumptions on volume growth.

2.3 A partition of unity

The use of partition of unity with functions of small Dirichlet energy indexed by a net is
well-known [Ka&6, p. 235], [BBK, p. 504]. Since we do not have a reference to give for
the requirement in (c¢) below, we provide the details.

Lemma 2.5. Let (X,d,m,E,F) be an MMD space that satisfies (VD), and Cap(V)<.
Let ¢ > 0 and let V denote any e-net. Let ¢ < diam(X,d)/Ay, where Ay > 1 is the
constant in Cap(V)<. Then, there exists a family of functions {¢, : z € V'} that satisfies
the following properties:

(a) {¥. : z € V'} is partition of unity > ., ¥, = 1.

(b) ¥, € Co(X)NF with 0 <, <1, 1, =1, and 9, 0.

|B(z,a/4) |B(z,£’15/4)C

(c) Forall z €V, 2/ € V\{z}, we have ¢, Blec/ay) = 0- (this follows from (a) and (b)).
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(d) There exists C > 1 such that for all z € V,

m(B(z,¢))

Proof. For z € V| we define the corresponding ‘Voronoi cell’ R, as
R {pe X s dlp2) = d V) = mipdpo) .

We denote its £/4-neighbourhood by R/* = U,e r.B(z,e/4). By the triangle inequality,
we have

B(z,e/2) C R. C B(z,¢), |JR.=X, (2.11)
zeV
and
p € B(z,¢/2) implies that p ¢ V,, for w € V' \ {z}. (2.12)

By (2.12), and the triangle inequality, we have
v,w €V and v # w, imply that B(z,e/4) N R/ = 0. (2.13)

For z € V, let N, denote an £/(4A;)-net of R,, where A; denote the constant in cap(V)-.
For each w € N,, by cap(¥)<, (1.3), (VD), there exists C; > 1 such that for w € N,, z €
V', we have a non-negative function p,, € C.(X) N F that satisfies

m
=0, &(puw,pu) <Cr—g5—

=1 (2.14)

pw‘B(w,s/(llAl) ’ pwlB(w,s/4)c
Hence by (VD) and (2.14), we obtain a family of functions {¢, : z € V'} that satisfy

< m(B(z,¢)

Define 5
wz = - .
ZwGV (bw

Property (a) is immediate. Properties (b) and (c) follow from (2.15), (2.13), and (2.11).
Property (d) follows from (2.15), (VD), Leibniz rule, chain rule and Cauchy-Schwarz
inequality, we obtain

6<¢z,¢2>5sup(2¢w) £ ) + (5 6.)” S Eldurdu)

weV weVNB(z,5¢/2)

m(B(w,e)) . m(B(z¢))
S Z U(e) S Ue)

weVNB(z,5e/2)
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2.4 Proof of the main result

We recall an elementary lemma from [GT12].

Lemma 2.6. (/GT12, Lemma 6.3]) Let (X,d) be a metric space. Define N.(x,y) as
the minimal value of N such that there exists an e-chain {xi}fio between x and y. If
d.(z,y) < oo for some z,y € X,e > 0, then

{MW < No(z,y) < 9[

3

)]

Proof of Theorem 1.6. Let Ay denote the constant in Cap(V)<. Since d. < d. whenever
¢’ < g, by replacing ¢ by £/(2A,) if necessary and by using (1.3), we assume that ¢ <
diam(X, d)/A2

Fix z,y € X,e > 0 such that d(z,y) > e. Set ¢’ = ¢/3. Let V be an ¢’-net such that
{z,y} C V. Define & : V" — [0,00) as

(z) := Ne(z, 2), (2.16)
where N (z, z) is as defined in Lemma 2.6. By Lemma 2.2, 4 is finite. By definition,
[i(z1) — u(2z2)| <1  forall 21,25 € V such that d(z1,22) < €. (2.17)

Let {1, : z € V'} denote the partition of unity defined in Lemma 2.5. Define u : X —
[0, 00) as

u(p) ==Y a(2)¢.(p).

zeV

For any ball B(zg,7),zo € X,r > 0, by Lemma 2.5 we have

u(p) = > a(2)0.(p)  for all p € B(xo, ). (2.18)

z€VNB(xg,r+5e’/4)

Since V' N B(xg, 7 + 5e’/4) is a finite set by (VD), we obtain that u € F,.. By Lemma
2.5(b), we have u‘B(z oy = @(z) for all z € V. Therefore by [CF, Theorem 4.3.8],

the push-forward measure of I'(u,u) by w is absolutely continuous with respect to the
1-dimensional Lebesgue measure. Therefore, we obtain

I(u,u)(B(z,&'/4)) =0 forall z € V. (2.19)

By (2.18) and Lemma 2.5(a), we have

ulp) =alz)+ Y (a(w) —a(2)u(p) forallp€ B(ze),z€ V.  (2.20)

weVNB(z,9¢’ /4)

By (VD), there exits C; > 1 such that sup,cy [V N B(2,9¢'/4)] < C;. By (2.20), and
Cauchy-Schwarz inequality, there exists C5 > 1 such that the following holds: for all

11



z €V, we have

Dlu,u)(B(z,e) <Cr Y (a(w) = i(2)*E (Y, o)

weVNB(z,9¢’ /4)

B /
< Z % (by (2.17) and Lemma 2.5(d))
weVNB(z,9¢' /4)

< CQW (by (VD) and (1.3)). (2.21)

By Lemma 2.5, (2.21) and (VD), there exists C3 > 0 such that for all z € X, r > &'/4, we
have

MwwBemse Y HELEE) o mBED
wEB(z,r+5¢’/4)
Combining (2.19) and (2.22), we obtain
MPET (u,u)(z) = sup L(u, u)(B(z 7)) Cs forall z € V,R > 0. (2.23)

Combining the above estimate along with Lemma 2.6, we obtain (1.4). We obtain (1.5)
using (1.4) and lim. o ¥(e) = 0. O]

Remark 2.7. (a) The constant C'in (1.4) can be chosen to depend only on the constants
associated with the assumptions (VD), PI(¥), cap(V)< and (1.3).

(b) The proof of the estimate on d.(x,y) uses cap(V)< only at scales less than e, whereas
it relies on PI(W) for scales up to the order of d(z,y). In other words, our argument
relies on the Poincaré inequality on a larger range of scales than it relies on the
capacity upper bound.

Proof of Corollary 1.10. Let 0 < s < r < diam(X,d). By uniform perfectness of (X, d)
(more precisely, by (2.4)), there exists x,z, € X such that r/2 < d(z,z,) <r.

By (1.3), it suffices to consider the case s < r/2. Therefore,

U(r)  Y(d(x,z.))

(1) 2 (0 wva

S
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2.5 Application to heat kernel estimates

Definition 2.8. Let U C V be open sets in X with U ¢ U C V. We say a continuous
function ¢ is a cutoff function for U C V if ¢ = 1 on a neighbourhood of U and supp(¢) C
V.

We recall the cutoff Sobolev inequality CS(¥) for an MMD space(X,d, m, &, F): there
exists Cs > 0 such that for any z € X, R,r > 0, there exists a cutoff function ¢ for
B(z,R) C B(z, R+ r) such that

f*dm,

1 Cs
far@o) < [ S dr (. f) +

/B(:Jc,RJrr)\B(x,R) B(z,R+r)\B(z,R) W(r) /B(I,R+r)\B(x,R)

for all f € F.

For ¥ satisfying (1.3), we define

2(s) = sup (; - \1’17")) . (2.24)

Corollary 2.9. Let (X,d,m,E,F) be an MMD space that satisfies (VD), PI(V), and
CS(V), where ¥ satisfies (1.3). Then we have matching upper and lower bounds on the
heat kernel as given in

YIS S Y (X o

where ® is as defined in (2.24), and € = e(t, x,y) is chosen so that

e(t,z,y) = sup {5 >0 @ds(x,y) < t} .

Here =< in (2.25) means that both < and > are true, but the positive constants C' and ¢
may be different for upper and lower bounds.

Proof. This follows from [GHL, Theorem 1.2|, [GT12, Theorem 6.5] and Theorem 1.6. [J

Lemma 2.10. Let ¥ : (0,00) — (0,00) be a continuous, increasing bijection such that

crt (E)ﬂl < \g((f)) < Cy <E>62, (2.26)

r r

for some constants 1 < By < By and Cy > 1. Let ® be the function defined in (2.24).
Then, there exists Cy > 0 such that

B2/(B2—1) B1/(B1—1)
;! <§) < (5) < Oy (§> , forall0<s<S. (2.27)

13




Proof. For A > 1,r > 0, we have
S 1 s 1
d(s) = - — = = -
= (7 5) =2 (5~ wem)

<sup (7 - (W;\I,U) (by (2.26))

< 1 sCy A1 1
su -
S ONE e\ 7 U (r)
1 —1yf2—1
< Cl)\52q)(801 A2,
By choosing S/s = C;*A*~! in the above estimate, we obtain the lower bound on %
in (2.27). The proof of upper bound in (2.27) is analogous. O

We prove the following generalization of Corollary 1.8.

Theorem 2.11. Let (X,d,m,E, F) be an MMD space. Let ¥ : (0,00) — (0,00) be an
increasing bijection that satisfies (2.26). Assume that (X, d, m, &, F) satisfies the following
estimate on its heat kernel py(-,-):

pi(z,y) = m exp <—ct<I> (d%’ y)» , (2.28)

for all z,y € X,t > 0, where V(x,r) = m(B(z,r)), where ® : (0,00) — (0,00) be as
defined in (2.24). Here < in (2.28) means that both < and > are true, but the positive
constants C' and c may be different for upper and lower bounds. Then the metric d satisfies
the chain condition: there exists K > 1 such that

d(z,y) < d.(x,y) < Kd(xz,y) foralle >0 and for all z,y € X.

Proof. By [GT12, Lemma 6.4] and (2.26), ¢ = £(t, z,y) satisfies

U(e)

e (z,y) < .

d.(z,y) =t. (2.29)

Note that

@ (20 = (- 5

< (P it (T ) ) v o)

<1 (2.30)

For z € X,r > 0, by integrating the lower bound in (1.6), over the ball B(x,2r) with
U~1(¢) = r and using (2.30), we obtain

V(x,2r) /

RSl A dy) <1
~J p I, y m y — 7

V(I, T) B(z,2r) t( ) ( )

14



which implies the volume doubling property. By the argument in the proof of Theorem
1.2 in [GHL, proof of (8.6)], the MMD space (X,d,m,&,F) satisfies PI(V). By (2.4)
and [Hei, Exercise 13.1], (X, d, m) satisfies the reverse volume doubling property; that is,
there exist ¢, « > 0 such that

V(z, R)
V(x,r)

>t (E) , forall 0 <r < R < diam(X,d).
r

By [GHL, Theorem 1.2], the MMD space (X, d, m, &, F) satisfies (VD), PI(¥), and CS(V).
In [GHL, Theorem 1.2] assumes that the space is unbounded, the same result also extends
to the bounded case [Lie, Theorem 3.2]; see [KM, Remark 2.9] for further discussion.
Therefore by Corollary 2.9 and (2.28), for all z,y € X and ¢ > 0, we have

o €Xp (—Cgtcb (d(zTy))) <V(z, U t)pe(, )

< Cro (o (15))

where ¢ = ¢(t, z,y). Therefore for z,y € X, ¢t >0

et D (de(ﬁ’w) < Cot® (d(“; : 3’)) +10g(Ch/es)

Hence, by [GT12, Lemma 3.19], for every z,y € X, there exists ¢,, > 0 such that for all

0 <t <ty wehave
ot <ds(f§,y)) < 20,10 (d(xt, y))

By the above estimate and Lemma 2.10

de(z,y) Sd(z,y), forall z,y>0,t<t,,, where e =¢(t,z,y). (2.31)

By (2.29) and d. > d, we obtain

NV
e(t,r,y) < < ) )
2.9 5\ day)

Hence lim; (¢, z,y) = 0. Since € — d.(z,y) is non-increasing, and lim; (¢, z,y) = 0,
by letting ¢ | 0 in (2.31), we obtain

hJI})l d-(z,y) < d(x,y), forall z,y € X.

Hence for all z,y € X, e > 0, we obtain d.(x,y) < d(z,y). O

Proof of Corollary 1.8. This is a special case of Theorem 2.11 with W¥(r) = r%. O
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Remark 2.12. Let U : X x[0,00) — [0, 00) is a regular scale function in the sense of [BM,
Definition 5.4]; that is, there exists C' > 1, 1, f2 > 0 such that for all z,y € X,0 < s <,
we have

o) () < S ) (22

Further, assume that the MMD space (X, d, m, &, F) satisties (VD), PI(V), and CS(V).
In this case, we can obtain sharp heat kernel bounds as follows: by a change of metric
as done in [BM, Proposition 5.7], we can reduce it to the case ¥(r) = 7, which can be
handled using Corollary 2.9.

S
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