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ESTIMATES OF HEAT KERNELS
FOR NON-LOCAL REGULAR DIRICHLET FORMS

ALEXANDER GRIGOR’YAN, JIAXIN HU, AND KA-SING LAU

ABSTRACT. In this paper we present new heat kernel upper bounds for a cer-
tain class of non-local regular Dirichlet forms on metric measure spaces, in-
cluding fractal spaces. We use a new purely analytic method where one of
the main tools is the parabolic maximum principle. We deduce an off-diagonal
upper bound of the heat kernel from the on-diagonal one under the volume reg-
ularity hypothesis, restriction of the jump kernel and the survival hypothesis.
As an application, we obtain two-sided estimates of heat kernels for non-local
regular Dirichlet forms with finite effective resistance, including settings with
the walk dimension greater than 2.
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We are concerned with heat kernel estimates for a class of non-local regular
Dirichlet forms. Let (M, d) be a locally compact separable metric space and let
be a Radon measure on M with full support. The triple (M, d, i) will be referred
to as a metric measure space. Let (£, F) be a regular Dirichlet form in L? (M, ).
As is well known (cf. [I1]), any regular Dirichlet form has the generator £ that is a
non-positive definite self-adjoint operator in L? (M, 1), which in turn gives rise to
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the heat semigroup P; = e'* and an associated Hunt process ({Xt}t>0 ; {Px}zeM)
on M.

If the operator P; is an integral operator, that is, has the integral kernel p; (z, y),
then the latter is called the heat kernel. At the same time, p; (x,y) is the transition
density of the process {X;}. The question of the existence and the estimates of the
heat kernel has attracted considerable attention in the literature. The estimates of
the heat kernel could then be used for many applications, in particular, for obtaining
information about the path properties of {X;} and the spectral properties of the
operator L.

Depending on the setting one expects different types of estimates of the heat
kernel p; (z,y). For example, in R™ with the classical Dirichlet form

E (u,u) :/ Vu)? da,

whose generator is the classical Laplace operator A, the heat kernel is the Gauss-

Weierstrass function
1 |z —y|”
pe(z,y) = (i) exp ( m

that is also the transition density of Brownian motion. For the Dirichlet form

Ou Ou
E (u,u) = / a;j (x) 8787d$
n i 0T

where (a;; (x)) is a symmetric uniformly elliptic matrix, the generator is the oper-

ator
0 0
L= (aT) !

and the heat kernel admits (cf. [I]) the two-sided Gaussian bounds

c |z — y|”
Pt (x,y) = W exp (-T .

Similar bounds hold on some classes of Riemannian manifolds (see [14], [33]). Note
that in the above examples the Dirichlet form is local and, hence, the corresponding
Hunt process is a diffusion.

Local Dirichlet forms may also be defined on some singular spaces like fractals,
where the definition is implicit and uses the self-similarity structure (cf. [2], [3],
[21], [27], [32]). On some classes of fractals the heat kernel is known to exist and
to satisfy the following sub-Gaussian estimates:

C o - d(a:,y) B/(B-1)
ta/B P 1/ ’

where a > 0 and 8 > 1 are some parameters that characterize the underlying space
in question, and d (x,y) is an appropriate distance function.
Consider the following example of a non-local Dirichlet form in R™:

€ (uu) = / i / —(US)_;rii%)) dxdy,

(1.1) pe(w,y) <
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where 0 < 8 < 2. The generator of this form is const (—A)ﬁ/Q, and the heat kernel
admits the bounds

- 1 1
pt(xay)’\W + tl/fB

The associated Hunt process is the symmetric stable process of index 3, that is, a
jump process.

Similarly, if £ denotes the generator of diffusion with the heat kernel (III), then
the operator — (—L)” for any 0 < v < 1 is the generator of a non-local Dirichlet
form, and its heat kernel admits the estimate

. d(z,y)) )
(12) Dt (l’,y) - ta/lBI (1+ tl/ﬂ/ ) )

where 8’ = v (see, for example, [I3], [26], [36]). It was shown in [20] that (1)) and
([C2) exhaust all possible two-sided estimates of heat kernels of self-similar type.

The purpose of this paper is to give equivalent conditions for upper bounds of
the heat kernels of non-local type.

Let us return to the general setup of a metric measure space (M, d, 1) equipped
with a regular Dirichlet form (€, F). Assume in addition that (£, F) is conservative,
that is, P,1 = 1. Denote by V (z,r) the measure of the metric ball B (z,r). We
assume throughout that all metric balls are precompact. In particular, this implies
that V (z,r) is finite.

Let «, 8 be fixed positive numbers, and let C' denote a positive constant that
can be different at different occurrences. Let us state the following conditions that
in general may be true or not.

(V<) : Upper a-regularity: For all x € M and all r > 0,
Vix,r) < Cre.

(DUE) : On-diagonal upper estimate: The heat kernel p; exists and satisfies the
on-diagonal upper estimate

C
Y4 (:Evy) < Wa

for all ¢ > 0 and p-almost all z,y € M.
(UE) : Upper estimate of non-local type: The heat kernel p; exists and satisfies
the off-diagonal upper estimate

c d(z,y)\
pe(z,y) < /B (1 + /B

for all ¢ > 0 and p-almost all z,y € M.
(UE,,.) : Upper estimate of local type: The heat kernel p; exists and satisfies the
off-diagonal upper estimate

C d(z,y) B/(B-1)
for all ¢ > 0 and p-almost all z,y € M, where § > 1.

(S) : Survival estimate: There exist constants €, € (0,1) such that, for all
x € M, all balls B(z,r) and all t'/8 < ér,

P, (TB(x,r) < t) <e,

where 7q is the first exit time of the process {X;} from a set Q.
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Note that P, (g (s, < t) is the probability of {X;} to leave B (z,r) before time
t. The smallness of this probability as is stated in (S) means a high probability
of the process staying in B (z,7) up to time ¢. The latter can be considered as
the probability of survival of the process up to the time ¢ assuming that outside
B (x,r) the process gets killed.

The above definition of condition (S) is a bit loose because in general P, may
not be defined for all € M. A rigorous analytic definition of (S) in terms of the
heat semigroup will be given in Section

Condition (V<) determines the value of the parameter «, while condition ()
determines 8 that is a space/time scaling parameter. In the fractal literature 3 is
called the walk dimension.

Under the standing assumption (V<), the following characterization of (UEj,.)
is known as

(1.3) (UE1oe) < (DUE) + (S) + (“locality”),

where “locality” means that the form (£,F) is local (see [I6] and Remark
below). In the present paper we prove a similar characterization of the non-local
upper estimate (UE) by relaxing the condition of the locality of (£, F). Recall that
by a theorem of Beurling and Deny, any regular conservative Dirichlet form admits
a decomposition

(1.4) E(u,v) = EL) (u,v) + EY) (u,v),

where £ is a local part and

1) o= [ [ @ - uw) ) - o) i)
M x M\diag
is a jump part with a jump measure j defined on M x M \ diag. In our setting the

jump measure j will have a density with respect to p x p, which will be denoted
by J (z,%), and so the jump part £) becomes

16) V() = [ [ (ul@) - uw) (0(o) - o) I p)d(w)dn(e).
M x M
Let us consider the following condition:

(J<) : The jump density exists and admits the estimate
J(@,y) < Cd(x,y) =+,

for p-almost all z,y € M.

In the case of a local form (£, F) , we have J = 0 so that (J<) is trivially satisfied.
In general, (J<) restricts the long jumps and can be regarded as a measure of non-
locality.

Our main result (Theorem 23 below) states that, under the standing assumption
(V<) , the following equivalence holds:

(1.7) (UE) & (DUE) + (S) + (J<).

We would like to emphasize that it is an analogy with (IL3) where the locality was
used instead of (J<).
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Let us comment on the individual conditions in (7). It is well known that
(DUE) is equivalent to a certain Nash functional inequality for the Dirichlet form
(€, F) (cf. [8]). On the other hand, the Nash inequality is known to be true provided

J (z,y) > ed (z,y) P

and V (z,r) > er® (see [24] and Proposition 2.6 below). Hence, under these condi-
tions one has also (DUE). It seems that the upper bound (J<) of the jump density
alone does not imply (DUE).

An equivalence somewhat similar to (I7) was proved in [6], where instead of
condition (S) one used a stronger condition

t
]P)z (TB(gc,v") S t) S CT_ﬁ

for all ¢,7 > 0, and instead of (J<) a certain property of the sample paths that also
restricts the long jumps, but in different terms.

Under the assumption 8 < 2 and some additional hypotheses, another result of
[6] states that, for the pure jump Dirichlet form (L),

(UE) < (DUE) + (J<).

Hence, in this case the hypothesis (S) in (7)) can be dropped. Moreover, if
both condition (V') (that is, V (x,r) < r*) and condition (J) (that is, J(z,y) <
d(z,y)~ (@A) hold, then (UE) is true without any further hypothesis; see [9L10].

In general if 3 > 2 (as may happen on fractal spaces), it is not known whether
(S) can be dropped.

However, conditions (S) and (DUE) in (7)) can be verified under certain hy-
potheses about effective resistance R(x,y) (cf. the definition at the beginning of
Section [0l as well as [27], [28], [29]). Assume that 0 < a < §, and consider the
following condition, named (R):

R(z,y) =< d(z,y) .

This condition (R) implies that the corresponding process is recurrent; see (6.47)
below.

If (£, F) is parabolic (cf. Definition [63]) and condition (V) is satisfied, we prove
in Theorem 617 that

(UE)+ (NLE) & (R) + (J<),

where (NLE) stands for the near diagonal lower estimate of the heat kernel (cf.
Section[6.7)). Let us mention for comparison that, under the same standing assump-
tions,

(UEioe) + (NLE) < (R) + (“locality”)
(cf. [3T} Theorem 3.1] and Corollary [618)).

The techniques for obtaining heat kernel bounds for non-local Dirichlet forms
have been developed by a number of authors; see for example [4L[6L[7,9,10] and the
references therein. The basic approach to obtaining heat kernel upper estimates
used in these papers consists of two steps. The first step is to obtain the heat kernel
upper bounds for a truncated Dirichlet form, that is, in the case when the jump
density J (z,y) has a bounded range. In this case one uses the Davies method as
it was presented in the seminal work [8] and where the cut-off functions of form
(A —d(wg,x)), were used (where A is a positive constant). This method can be
used as long as the cut-off functions belong to the domain of the Dirichlet form,
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which is the case only when 5 < 2 (hence, if 5 > 2, then this method does not
work).

The second step is to obtain heat kernel estimates for the original Dirichlet
form by comparing the heat semigroup of the truncated Dirichlet form with the
original heat semigroup. We remark that while the first step was done by purely
analytic means, the second step in the above-mentioned papers used a probabilistic
argument.

In this article, we develop an alternative approach to obtaining upper bounds
that is new in the following two aspects:

(1) We give a new method of obtaining heat kernel estimates for truncated
Dirichlet forms without restriction on the walk dimension.

(2) We prove new simple relations between the truncated and original heat
semigroups, using the parabolic maximum principle developed in [15].
This argument is purely analytic.

The structure of the paper is as follows. In Section 2] we state the main results
of this paper: Theorems 2] and 23l In Section [3] we obtain tail estimates for
non-local Dirichlet forms, the main technical results here being Theorem Bl and
Corollary In Section [ we obtain heat kernel estimates for the truncated heat
semigroup; see Theorem In Section Bl we prove the main theorem, Theorem
21

In Section [6l we apply Theorem 2.1]to obtain two-sided heat kernel bounds using
effective resistance, where the main results are Theorems and [6.171

In Appendix A we state for convenience of the reader the parabolic maximum
principle that is the main technical tool used in this paper. In Appendix B we list
all lettered hypotheses used.

Notation. The letters ¢, c1,Cq, etc. denote positive constants whose values are
unimportant and may differ at different occurrences. The relation f =< g between
two non-negative functions f,g means that there is a constant C > 1 such that
C~1f < g < Cf for a specified range of the variables.

2. TERMINOLOGY AND MAIN RESULTS

Let (M, d, 1) be a metric measure space that is unbounded. Recall that a Dirich-
let form (€,F) in L% (M, u) is a symmetric, non-negative definite, bilinear form
& : F x F — R defined on a dense subspace F of L? (M, p), which satisfies in
addition the following properties:

(1) Closedness: F is a Hilbert space with respect to the following inner
product:
&f,9)=¢&f9)+(f.9).
(2) The Markov property: if f € F, then also fi= (f A1), belongs to F
and E(f) < E(f), where E(f) :=E(f. f).

Then (£,F) has the generator L that is a non-positive definite, self-adjoint

operator on L? (M, u) with domain D C F such that

g(fag) = (_‘Cfag)
for all f € D and g € F. The generator £ determines the heat semigroup {Pt}tzo
by P, = e** in the sense of functional calculus of self-adjoint operators. It is known
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that { P}, is a strongly continuous, contractive, symmetric semigroup in L2, and
is Markovian, that is, 0 < P,f < 1forany t > 0if 0 < f < 1.

The Markovian property of the heat semigroup implies that the operator P;
preserves the inequalities between functions, which allows us to use monotone limits
to extend P; from L? to L* (in fact, P; extends to any L9, 1 < ¢ < o0, as a
contraction; cf. [Tl p. 37]). In particular, P;1 is defined. The form (&, F) is called
conservative if P;1 =1 for every ¢t > 0.

The Dirichlet form (£, F) can be recovered from the heat semigroup as follows.
For any f € L?, the function

te T (F =P d)

is increasing as t is decreasing. In particular, it has the limit as ¢ — 0. It turns out
that the limit is finite if and only if f € F, and

1
(2.1) Jm o (f=Pf, f) = E(f).
Fix some p € [0, +00). A Dirichlet form (€, F) is said to be p-local if E(f,g) =0
for any two functions f,g € F with compact supports such that

dist (supp f,supp g) > p.

We call a form (£, F) quasi-local if it is p-local for some 0 < p < oo.

For a non-empty open  C M, let F(€) be the closure of FNCy(§) in the norm
of F. It is known that if (€, F) is regular, then (€, F(Q2)) is a regular Dirichlet form
in L2(€, p) since F(£) is dense in L2(2, ). Denote by P§? the heat semigroup of
(€, F(9)).

Let us give a probabilistic interpretation of the heat semigroups P; and P§?. For
any regular Dirichlet form (&, F), there is an associated Hunt process. Denote by
X, t > 0, the trajectories of a process and by P,z € M, the probability measure in
the space of trajectories emanating from the point x. Denote by E; the expectation
of the probability measure P,. Then the relation between the Dirichlet form and
the associated Hunt process is given by the following identity:

(2.2) Pif(x) = Eq [f(X)]

for all bounded (or non-negative) Borel functions f and all ¢ > 0, and for u-
almost all z € M (note that P;f is a function from L° and, hence, is defined up
to a set of measure zero, whereas E, f(X;) is defined pointwise for all z € M).
By [IIl Theorem 7.2.1, p. 380], such a process always exists but, in general, is
not unique. For a non-empty subset 2 of M, one has the following identity (see
[T, p. 153, eq. (4.1.2)]): for all bounded (or non-negative) Borel functions f and
for all t > 0,

(23) Ptﬂf(x) =E, [1{t<TQ}f(Xt)} )
where 7 is the first exit time 1o defined by
(2.4) To =inf {t >0: X, ¢ Q}.

In particular, if f = 1q, we see from (Z3]) that
(2.5) Pg(z) =P, (t < Tq).
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A family {p¢},., of u x p-measurable functions on M x M is called the heat
kernel of the form (&, F) if p; is the integral kernel of the operator P, that is, for
any t > 0 and for any f € L?(M, u),

(2.6) Pf () = /N @) @) du )

for p-almost all x € M, where {P;};>0 is the heat semigroup of (£, F) as mentioned
above.
For any x € M and r > 0, denote by

B(z,r)={ye M : d(y,x) <r}

a metric ball in M with center z and radius . We assume throughout that all balls
are precompact. Set V(z,r) := u (B(z,r)).

In addition to conditions (DUFE) and (UE) defined in the Introduction, consider
the following condition:

(UE®): The heat kernel p; exists and there exist C,« > 0,8 > 0 such that

(2.7) pe(,y) < tgﬂé (dif/’f))

for all ¢ > 0 and p-almost all z,y € M, where ® : [0,00) — [0,00) is a
continuous, non-increasing function such that

(2.8) /000 s*71®(s)ds < oo.

Let us restate in analytic terms the survival condition mentioned in the Intro-
duction:

(S) : Survival estimate. There exist constants e, € (0,1) and § > 0 such
that, for all balls B = B(xg,r) and for all t'/8 < ¢r,

1
(2.9) 1 — PP1pg(z) <e for p-almost all x € ZB’
where AB = B (zg, \r).
By (Z3)), we have that
1-PBig(z) = 1-P,(t<7p)
= Pm (TB S t) y

which implies the equivalence of the two definitions of (.5).
Finally, consider two more conditions.
(T) : Tail estimate. There exist constants €, € (0,1) and g > 0 such that,
for all balls B = B(xg,r) and for all t'/8 < ér,

1
Pi1pe(x) < ¢ for p-almost all z € ZB'

(T : Strong tail estimate. There exist constants ¢ > 0 and S > 0 such that,

for all balls B = B(zg, ) and for all ¢ > 0,

strong)

t 1
Plge(z) < C_/B for p-almost all x € ZB'
r

Clearly, we have that (Tstrong) = (T') .

We now state the main technical result of this paper.
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Theorem 2.1. Let (M,d, 1) be a metric measure space with precompact balls, and
let (£, F) be a reqular conservative Dirichlet form in L* (M, u) with jump density
J. Then the following implication holds:

(2.10) (V<) + (DUE) + (J<) +(S) = (UE).
The proof of Theorem 2.1 will be given in Section
Remark 2.2. Also define the condition
(V) : There exist constants ¢, C,a > 0 such that, for all z € M and all » > 0,
cr® <V(x,r) < Cre.
If the measure p satisfies (V'), then u is called a-regular.
By [17, Theorem 3.2], if (£, F) is conservative, then
(V<) + (UE) = (V).
Hence, the hypotheses of Theorem 2] imply that p is a-regular.

The following main theorem provides convenient equivalent conditions for (UE)
and is a combination of Theorem 2.J] with previously known results.

Theorem 2.3. Let (M,d, 1) be a metric measure space with precompact balls, and
let (£, F) be a reqular conservative Dirichlet form in L* (M, u) with jump density
J. If (V<) holds, then the following equivalences are true:

(UE) & (UE®) + (J<)
& (DUE) + (J<) +(T)

< (DUE) + (J<) + (S)

& (DUE) + (J<) + (Tstrong) -

Proof. Observe that the implication (UE) = (J<) holds by [6 p. 150], and (UE) =
(UE®) is trivial by taking ®(s) = (1 +S)—(07+,8)' The implication (UE®) =
DUE) is obvious. The implication (UE®) = (T) was proved in [I7, formula

(
(3.6), p. 2072]. Since (&, F) is conservative, the equivalence (T') < (S) holds by
[I5, Theorem 3.1, p. 96]. By Theorem 2] we have

(DUE) + (J<) + (5) = (VE),

which closes the cycle of implications, thus proving the first three equivalences.
Finally, the implication (UE) = (Tstrong) is true (see also [17, formula (3.6),
p. 2072]), and hence

(UE)

(2.11)

(DUE) =+ (JS) + (Tstrong)
(DUE) + (J<) +(T) = (UE),

=
=
which finishes the proof. O

Remark 2.4. If (£,F) has only a jump part and 0 < § < 2, then (V<) and (J<)
imply that (£, F) is conservative (see [19,35]).

Remark 2.5. Under the standing assumptions of Theorem the following equiv-
alence is also true:

(UEjoc) & (DUE) + (“locality”) + (S) .
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Indeed, since (U Ej,.) is stronger than (UE), it implies (DU E) and (S) by Theorem
Next, (UEj,.) =(“locality”) by [20, Lemma 3.1]. The opposite implication

(DUE) + (“locality”) 4+ (S) = (UEi.)
was proved in [16].

In order to state some consequence of Theorem [Z.3] we need the following propo-
sition.
Define first the following condition:

(JZ) : There exist constants C, «, 8 > 0 such that, for y-almost all z # vy,
J(x,y) > O d(w,y)~ P

Proposition 2.6. Let (M,d, ) be a metric measure space, and let (£, F) be a
regular Dirichlet form in L? (M, p) with jump density J. Then

(2.12) (V)+ (J>) = (DUE).

Proof. As was proved in [24] Theorem 3.1], under (V') the following inequality holds
for all non-zero functions u € L' N L?:

—u i 2(1 « —28/«
/M /M %du(x) da (y) > ellul 302/ fluf 720/,

where c is a positive constant. Using (I4), (L0) and (J>) we obtain
Ew) = ED (u)+ &Y (u)

(u (@) —u(y)”
> C/ / — 5 dn (@) du(y
mJu d(z,y)*tP () dus(v)
> clfull3 P fuf
for all u € F N L'. Hence, (DUE) follows by [8]. O

Corollary 2.7. Let (M,d, i) be a metric measure space with precompact balls, and
let (£,F) be a regular conservative Dirichlet form in L? (M, u) with jump density
J. If (V) holds and J(z,y) =< d(z,y) (@5, then

(2.13) (UE) & (S).

Proof. Let us show that (S) = (UE). Indeed, (DUE) holds by Proposition
Hence, (UE) is satisfied by Theorem 23] The opposite implication (UE) = (5)
also holds by Theorem 2.3 O

Therefore, if (V') holds and J(z,y) =< d(x,y)~(®*5) then in order to obtain
off-diagonal upper bounds of heat kernels, one needs only to verify the survival
condition (S). We will show in Section [6 that the survival condition (S) holds for
a class of measure spaces with effective resistance metrics.

Remark 2.8. The upper estimate (UF) is best possible for non-local forms in the
following sense: if the heat kernel p, satisfies the estimate

1 d(z,y)
pe(z,y) < W(I) <tlT>



HEAT KERNEL 6407

for all ¢ > 0 and p-almost all z,y € M, where ® is a continuous decreasing function
on [0, +00), then necessarily

®(s)>c(l+s) @t
for some ¢ > 0 (see [20, Lemma 3.1]).

3. TAIL ESTIMATES FOR QUASI-LOCAL DIRICHLET FORMS

In this section we give the tail estimate for an arbitrary p-local regular Dirichlet
form (E(p),f(p)) in L2(M, ). We use the superscript (p) in the notation of this
form in order to emphasize that the results of this section will be applied in Sections
[ and [ for the Dirichlet form, also denoted by (5(p), F(P)), that is obtained by p-
truncation of the jump density of the original Dirichlet form (£, F). However, in
this section (5 ) F (p)) stands for any p-local regular Dirichlet form.

Denote by {Q$*} the heat semigroup of the form (£(P), F(P)(Q)) restricted to a
non-empty open set {2 C M. Denote by

U,={z:d(z,U) < p}

the p-neighborhood of a set U C M if p > 0, and let U, = U if p = 0. We will
use the following inequality obtained in [I8] Corollary 4.8, Remark 4.10]. Let Q,U
be two open subsets of M such that U, is precompact and U, C Q. Then, for any
0 < f € L*>®(M) such that f|y =0 and for all ¢ > 0 and p-almost all € U,

(3.1) £f(@) < (1-Qf1u(x)) sup QL fll=w,):-
0<s<t

Theorem 3.1. Let ¢(r,-) be a non-decreasing function in (0,00) for any r € (0,00).

Assume that, for any ball B = B (z,r) and for any t € (0,Ty) where Ty € (0, 00],
1

(3.2) 1-QP1g < é(r,t) in 15

Then, for any ball B = B (z,r),t € (0,Ty) and any integer k > 1,

o1

(3.3) QtlB(z7k(r+p))u < o(r, t)k mn ZB.
Consequently, for any ball B(xz, R) with R > p and t € (0,Tp), for any integer
k>1,
(34) QtlB(w,k:R)C < ¢(R -0 t)kil in B(.I, R)
Proof. We will prove [B.3]) by induction in k. Indeed, let By = B(z, k(r+p)). Then
[33) holds for k = 1, since by ([B2) we have in ;B

Qilp: <1—Qilp, <1-Q715 < ¢(r,1).
For the inductive step from k to k + 1, consider the function

u(t,") = Qilpg, .

Applying BJ)) with @ = M, U = B and [ = 1p¢,,, we obtain the following
inequality in U, = B;:

(35) u(tv ) < (1 - QtBlB) sup ||u(3’ ) ||L°°(Bl)'
0<s<t

Note that, for every z € By,
BliJrl - B(Z7 k('r + p))cv
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and that, for 0 < s < ¢,
o(r,s) < P(r,1).

Applying the inductive hypothesis for the ball B(z, k(r+p)), we obtain the following
inequality in B(z, %r):

U (Sa ) = QsleJrl S QslB(z,k(rer))C S ¢(T7 S)k S ¢(7“, t)k
Covering the ball B; by a countable family of balls like B(z, %7‘)7 we obtain that
Sup HU' (57 ) ||L°°(Bl) < (b(?“, t)k'
0<s<t
Therefore, it follows from B3] and (B2 that
1
u(t,) < o(r,t)*in 1B,

proving (33)).
Finally, in order to show B4, let r := R — p > 0. It follows from ([B3]) that, for
any y € M and k > 1,

(3.6) Qulp(yrrye < G(R—p, )" in Bly,r/4).
Fixing x € M, using [B.4) for any y € B (z, R), and noticing that
B(y,kR) C B (x,(k+1) R),
we obtain
Qi1 (et )Ry < Qelprrye < ¢(R—p,t)" in B(y,r/4).
Covering B (z, R) by a countable family of balls like B(y,r/4), we obtain
Qg (kr)r): < SR — p, 1),
whence ([B.8)) follows by renaming k to k — 1. O

Corollary 3.2. Assume that there exist constants e, § € (0,1) such that, for all balls
B of radius v and for allt € (0,Ty) where Ty € (0, 00] provided that t'/% < § (r A p),

1
(3.7) 1-QP1p<cin 1B
Then, for any ball B(xz,r) and t € (0,Tp),
T .
(3.8) Qilp(z,re < Cexp (—c (; A tl%)) in B(z,p),

where the constants C,c > 0 depend only on €,4.
Proof. If r < 2p or if §p < t'/#, then ([B.8) is trivially satisfied by choosing a large
enough constant C, because Q;1p(; ) < 1 and

r P _
;/\m §max{2,(5 1}.

Assume that 7 > 2 and t'/# < §p. Define the function ¢(r,t) as follows:

e, if t1/8 < §p,
o(r,t) = { 1, otherwise.
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Clearly, ¢(r,t) is increasing in ¢, and (B.7)) implies that ([B.2]) holds with this function
¢. Choose an integer k > 1 such that

k<4 <k41.
2p

Applying the inequality ([B.4) of Theorem BJl with R = 2p and noticing that
¢ (p,t) = ¢ because t'/# < §p, we obtain that in B(z,2p),

QtlB(a@,r)“ < QtlB (z,kER)* - < ¢(p7 ) -

= 1 —exp (—(k —1)log l)
5

1
exp (— (% — 2) log g) = Cexp (—c%) ,

whence (B8] follows. O

IA

4. HEAT SEMIGROUP OF THE TRUNCATED DIRICHLET FORM

Let (£, F) be a regular Dirichlet form in L? that allows a jump density J (,y)
in the jump part. Fix p € (0,00) and define the bilinear form £*) (u,v) by
(4.1)

) (u,v) = EW) (u, v) + / /B ) () () — o) T )t
z,p
Clearly, the form £() (u,v) is well defined for u,v € F and

(4.2) EP) (u) < & (u) for all u € F.

In this section, we prove that the form (5 ) F ) can be extended to a regular
Dirichlet form (5 ) F (P)) and obtain upper estimates of the heat kernel g; of the
truncated Dirichlet form (5 ) F (”)).

Proposition 4.1. For all u € F, we have

(13) ) <80 + 4oy [ pduty)

zeM

Proof. Tt follows from (I4l), (LX) and (@) that
£ (uyu) — ) (u, u) = / /B () ) Ty

<o f [ (e ) S

<4 / /B T ) )

< 4|ul3 esup J(z,y)du(y),
z€M J B(z,p)c

which was to be proved. O

Proposition 4.2. Assume that

(4.4) esup J(z,y)du(y) < oo.
€M J B(z,p)°
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Then the form (E(p),}') is closable, and its closure (E(p),}'(p)) in L? is a regular,
p-local Dirichlet form in L?.

Remark 4.3. Under the hypotheses (V<) and (J<) condition (4] is satisfied (see
the proof of Proposition [A.7]).

Proof. 1t follows easily from (@) that the form (£(7), F) is symmetric, non-negative
definite, and Markovian. In order to prove that it is closable, it suffices to show
that if {u,} -, is a sequence from F such that

Uy, L—2> 0 and £®) (U, — Upm) — 0 as n,m — oo,
then £ (u,) — 0 as n — oco. Indeed, by ([@E3) we have
E(Up — Um) < g (Up, — Upm,) + const ||u, — um||§ -0

as n,m — 0o. By the closedness of (£, F), we conclude that & (u,) — 0, whence
the claim follows from (@.2]).

Let F() be the domain of the closure of (5(”), ]-') . Then (E(p), .7-"(”)) is a Dirichlet
form. Let us prove that it is regular, that is, F(») N Cy is dense both in Cy and
F). The former follows from the fact that F N Cj is dense in Cy and F C F#).
To prove the latter, observe that, by construction of F()_ for any u € F) and any
€ > 0 there exists v € F such that

EP (u—v)" 4 |Ju— ||, < e.
By the regularity of (£, F), there exists f € F N Cp, such that
Ew—D"+lo—fl, <.
Adding up these two inequalities, using ([£2)) and the triangle inequalities, we obtain
EP) (u— )24 lu— fl, < conste,

which proved the density of F N Cy in F®).

To show that (5(p),]-"(p)) is p-local, consider functions u,v € F with compact
supports and such that

dist (supp u, suppv) > p.

If both points x, y are outside one of the supports supp u, supp v, then the integrand
function in ([@I]) vanishes. If they belong to different supports, then d(z,y) > p
so that the couple (z,y) is outside the domain of integration in (ZII). Hence, the
integral in (@I vanishes. Since £(F) is local, we see that £ (u,v) = 0, and hence
£)(u,v) = 0, which finishes the proof. a

We now have two regular Dirichlet forms (£, F) and (£ (p), F(P)). For any non-
empty open subset () C M, denote by {Ptﬂ}t>0 and {Q?}t>0 the heat semigroups

of (£, F(Q)) and (£, F(P)(Q)) respectively. Here we investigate the relationship
between these two semigroups.

Proposition 4.4. For any non-empty open subset Q of M and any non-negative
f e L?>nLY(M,u), we have that, for all t > 0 and almost all x € Q,

(4.5) Pef(e) <QPf(@)+2tfln esup  J(z,y).
zeEM,yeB(z,p)°
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Proof. Without loss of generality we assume that ) is precompact; otherwise we
exhaust 2 by a sequence of precompact open subsets and then pass to the limit. It
suffices to assume that ||f||; < 1. Note that the function

’U(t, ) = ?f
is a weak solution of the heat equation associated with the form (5(9)7_7:(p) (Q)),
that is, for any ¢ € F(¥)(Q) and ¢ > 0,

(4.6) <%, 1/;) +EP (v, ) =0

(see Appendix [ for details).
Let ¢ be a cut-off function of the pair (2, M), that is, p € FN Cp, 0 < p < 1,
and ¢ = 1 in an open neighborhood of Q. Consider the function

(4.7) u(t, @) = v(t,x) + 2u(p)te(a),
where

wip)=  eup  J(oy)
z€EM,yeB(z,p)¢

We claim that u is a weak supersolution of the heat equation, associated with
(€, F (), that is,

(4.8) (%J/J) +E(u) >0

for all non-negative ¢ € F(Q2) and ¢ > 0. Fix such a function ¢ and note that it
satisfies ([&6)) because F () C F*) (Q). Since ¢ = 1in Q, we see that (¢, 1) = [|[¢]1
and

=i -1 — = 1i -1 — >
(4.9) E(p,v) = Im 1™ (¢ = Prp,¢) = lim 177 (1 = Prp, ¢p) > 0.
Therefore, it follows from ({7), [@6) and @3] that

ov

(g_?’ 1p) + & (u, ) = (5 +2w(p)e, ¢> + & (v +2w(p)ty, ¥)

_ (%w) 2w(p) [l 4+ € (0.0) + 2(p)tE (0.10)

(4.10) > =W (0,9) + 20(p)l|¢ll + € (v, ).
On the other hand, using the facts that v, > 0 and that

ot )l = [|Q€fIl, < Ifh <1,

we have that

& (’U7 ’(/}) - g(p) (7), ¢)
- / / (v(t,2) — v(t,y) ((x) — (y)) I (2 y)dpu(y)dplz)
M J B(x,p)°

> - / / (v(t, 2)0(y) + v(t, 1) (@) T (&, y)duy)du(z)
M JB(w,p)°

@) z-200) [ v [ i) = -200) ]
M B(z,p)©
Combining (£I0) and (@IIl), we obtain ().
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Finally, observing that

2
w(t,) 2D Fast o,
we conclude that by the parabolic comparison principle
u(t,-) > Pf()
n (0,00) x Q (cf. [I5) Lemma 4.16] or Lemma [3] in the Appendix). Substituting
u from (7)) and using that ¢ =1 in 2, we obtain ([@.3]). O

Corollary 4.5. For an open set Q C M, let p$* and q* be the heat kernels of
(E,F(Q)) and (P, FP)(Q)), respectively. Then

(4.12) pi(z,y) <q(z,y)+2t  esup  J(z,y)
2EM.yeB (x.p)°

for allt > 0 and almost all x,y € Q. In particular, for Q = M,

(4.13) pe(w,y) < qi(w,y) +2t esup  J(w,y)
z€EM,y€eB(z,p)°

for allt >0 and almost all x,y € M.
Proof. Inequality ([{I2]) immediately follows from (4.H). O

Proposition 4.6. For any open subset Q of M and any non-negative f € L*> N
L% (M, ), we have that, for all t > 0 and almost all x € €,

@19 PP - Q)] < 2l esup / J (@, y)du(y).
€M JB(z,p)°

Proof. The proof is similar to that of Proposition L4l It suffices to assume that
Ifllse < 1. As in the proof of Proposition B4l set v (t,-) = Q! f and

(4.15) u(t, ) = v(t, ) + 2w(p)te(zx),

where ¢ as before is a cut-off function of the pair (€2, M), but w (p) is now defined
by

(4.16) w(p) = esup J(z,y)dp(y).
zeM JB(z,p)°

Then u satisfies ([@8) for all non-negative ¢ € F () and ¢ > 0, because similar to

(@11 we have

£ (v,9) -
> - / /B )+ V) e () )
> 2ot ). /M s@in) [ sty
> “2u(p)[[¢ |1,
where we have used that
[[v(t, = Q7S] < Iflloe < 1.

Repeating the end of the proof of Proposition 4.4 we obtain that, for all ¢ > 0 and
almost all x € Q,

(4.17) PP f(x) < Q' f () + 2w(p)t.
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In order to show the inequality

(4.18) PP f(x) > Q7' f(x) — 2w(p)t,

we instead consider the function

= P2 f(x) + 2u(p)te.

In a similar way, one can verify that u is a supersolution of (@6]). Hence, by the
comparison principle of Lemma [Z3] we obtain that v > Q$*f in (0,00) x €, thus
finishing the proof. O

Next we show the existence of the heat kernel ¢; of (5 ) F (f’)) and derive its
on-diagonal upper bound.

Proposition 4.7. Let (£, F) be a reqular Dirichlet form in L? with a jump density
J (z,y) and let (5(’)),}"(")) be the truncated form as in @I). If (€, F) satisfies the

conditions (DUE), (V<) and (J<), then the heat kernel ¢, of (), F(P)) exists and
satisfies the on-diagonal upper estimate

C _
(4.19) a(,y) < 75 exp (4p77t)

for allt > 0 and p-almost all x,y € M, where C' > 0 depends on the constants in
the hypotheses but is independent of p.

Proof. First observe that (DUFE) implies the Nash inequality:

(1422

(4.20) 205 < ceu)

for all w € FN L' with |lull; = 1, for C > 0 (cf. [8 Theorem (2.1)]). By conditions
(V<) and (J<), we have that

/ Ja.y)duly) < C / d(z,5)~ O du(y)
B(z,p)° B(x,p)©

oo
= C’/ s~ @B qy (z, )
p

< ep?

)

and hence there exists ¢ > 0 independent of p such that

(4.21) w(p) := esup/ J(z,y)du(y) < ep™.
xeM JB(z,p)c

Therefore, we obtain from @20) and [@3) that for all u € F®) N L' with
||U’H1 = 1a
2(1+22 _
Jul; ) < 0 (£9 ) + 497 ul)

Hence, by [8, Theorem (2.1)], the heat kernel ¢; of (g(p)’]:(p)) exists and satisfies
EI9). 0

The following proposition gives a survival estimate for the Dirichlet heat semi-
group {Qf}bo associated with (5(”), .7-"(”)) for any ball B.
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Proposition 4.8. If conditions (S), (J<) and (V<) are satisfied, then we have that,
for any €' € (,1), there exists &' > 0 independent of p such that, for allt > 0 and
all balls B of radius r,

1
(4.22) 1 - QP1g(zx) <€ for p-almost all x € ZB’
provided that t'/% < §' (r A p).

Proof. We show (L22]) by using Proposition Indeed, let B = B(xg,r) and
choose ! = B and f = 1p in @I4). It follows, using [@.21), that for all ¢ > 0 and
almost all x € B,

PP1p(x) < Q7 1p(x) + 200 t|1p]le = Q7 1p(x) + cp~ 1.
Hence, we have from condition (S) that

(4.23) 1-QP1g(x) < 1-PP1g(x)+cp Pt
1
< e+epPt<ein 1B
if t1/8 < §r and if cp~Pt < &’ — ¢, for any €’ € (,1). This finishes the proof. O

The following theorem gives the upper estimate of the heat kernel ¢; of

(5(/9)7 ]:(p)),

Theorem 4.9. Let (S(P),f(p)) be the truncated Dirichlet form as above. If (€, F)
satisfies the conditions (DUE), (J<), (S) and (V<), then, for allt > 0 and p-almost
all x,y € M,

C _ d(z,
(4.24) qi(x,y) < 7a7p OXP (4p 515) exp (‘c( (,y) A tl%)) ;

p
where the constants C,c > 0 depend on the constants in the hypotheses but are
independent of p.

Proof. Fix xg,yo € M and t > 0. Set r = %d(xo, Yo). By the semigroup property,
we have that

qQi(z,y) = qt(z, 2)qi (2, y)du(z)

—

1

IN

qt(z, 2)qe (2, y)du(z)
B(zg,r)°

[t aG o).
B(yo,m)°
Using ([@.19) and B.8) with Ty = oo, we obtain that

C
[ aeoeGade) < gpee ) [ s
B(zo,r)° B(zo,r)*

C _ r P
B N
ra/B exp(4p t) exp( (p t1/5)>

for p-almost all x € B(xg, p) and y € M. Similarly,

C
qt(x, 2)qu (2, y)du(z) < exp (4p~"t) exp (—c( ))
/B(yow /7 t1/8
for p-almost all y € B(yo, p) and x € M. Hence, inequality ([{24) follows.

+

(4.25)

IN

IN
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5. PROOF OF THEOREM [2.1]

In this section, we prove Theorem 2l The proof of the main implication (ZI0)
will be done in two steps. In the first step we show that, for any real n > 0,
(a+B)n

(5.1) pi(z,y) < ;(j/lﬁ) <1 + dif;;)) nFats
for almost all z,y € M and all ¢ > 0. In the second step, we obtain the desired
estimate (UFE) by a self-improvement of (5.1J).
Lemma 5.1. Assume that all the hypotheses of Theorem 2] hold. Then
(V<) + (DUE) + (J<) + (5) = G.I).

Proof. Since the estimate (B.I]) becomes stronger for larger n, it suffices to assume
that n > o+ . Fix some ¢t > 0, z,y € M and set r = d(z,y). If r < t1/7 then
1) follows from (DUE). Hence, we assume in the sequel that

(5.2) r>tt/8,
Let p > 0 be such that

P P

Rl

(we specify the value of p below). Using Theorem [£9land the elementary inequality
exp (—cs) < ep(n)s™™ for all s > 0,
we obtain from ([@24) and (E.3) that

< 1 T <C(n) r\ "
qt(x,y)_mexp —01; S Ja/B ; .

Therefore, it follows from ({I3) and (J<) that
(e+B)¢

pe(z,y) < gz, y) +cp”

(5.4) < fa(/?? [(g)" +p—(a+ﬁ)t1+a/6} .

Now choose p such that
(B)" _ p(etB)irals,
r
that is,
atpB
p= rﬁ (tl/ﬁ) ntats .

This p satisfies ([B.3)), since by (B2) and n > o + 3,

P _ (T \wFais
e G B
_n___ _atB
D ()T s (L
t1/8 t1/8 — \¢1/8 p
Substituting the value of p to ([B4), we obtain
20(n) (p\n _ cln) [ v -5

which finishes the proof. O
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As a second step, we now prove Theorem 2.1

Proof of Theorem 2l To show (210), we divide the proof into four steps.

Step 1. For all r > 0 and p-almost all z, it follows from (B.I)) (cf. [17, Inequality
(3.7), p. 2072]) that

(atB)n
c(n) d(z,y)\ "7
d < 1 d
/B(x,r)cpt(x,y) 1(y) < /BW)C 7o /P ( T 7B 1(y)
o 4 _ (atB)n
< c(n)/ s (14 ) nFetB ds
rt—1/8
—6
(56) <C) (rt717)
where
nf —a(a+B)
5.7 p=-L""T 0 (0,B),
6.7 et e

provided that
(5.8) n>a(l+a/f).

Step 2. Let B be any ball of radius r. Using [18, Lemma 6.1], we obtain from (5.6)
that there is ¢ > 0 such that

—6 1
(5.9) 1-PP1g(z)<c (rtil/ﬁ) for p-a.a. x € ZB.
Note that the conservativeness of (£, F) is required in [I8, Lemma 6.1]. Therefore,
using ([£.23),
-8
(5.10) 1-QP1p(x) <o {(rtl/ﬂ) + pﬂt} = $(r,1)

for all ¢ > 0 and p-almost all x € iB, where ¢; > 0 is independent of the ball B
and p.

Step 3. We prove the following improvement of estimate ([£24): for all ¢t > 0,k > 1,
and all xg,yo € M with d(zg,yo) > 4kp,

C(k) _ A\ —0k=1)
(5.11) a(w.y) < S5 exp (4p~71) <1+pt w) ,

for p-almost all © € B(zg, p),y € B(yo, p), where the constant C(k) is independent
of p. The argument is similar to that of Theorem 9 but we use the sharper
estimate (5I0) instead of survival estimate (S). Indeed, fix & > 1,¢ > 0 and fix
o, Yo € M. Set

1
r = 5d(zo,y0) > 2kp.

Assume that
ptil/ B> 1;
otherwise (5.11]) follows directly from (EI9I).
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Applying inequality (3.4) in Theorem B.J] with R = 2p and with function ¢(r,t)

from (5I0), we obtain that in B(xo, p),

Qi1 < Qilp(ay2kp) < O(ps t)k—t
W k-1
ch1 [(ptl/ﬁ) + pﬁt}

ch)(pf‘”B)fe%fl)

IN

since
-B _9
p_ﬁt - (pt—l/ﬁ) < (pt—l/ﬁ) )
Similarly, we have that in B(yo, p),
—9(k—1)
Qg < Ck) (pt777) .

Therefore, it follows from (£25]) and [@I9) that

@u(z,y) < a9l Lo (ary Qe Baorye () + 1196 (2, ) oo (1) @1 By 1) (W)

O(k)

< 2 /B exp (4p_5t) (pt_l/ﬁ

)79(1@71)

for all ¢ > 0 and p-almost all x € B(zg, p),y € B(yo, p), thus proving (&1T)).

Step 4. Finally, we prove (UE). Fix xg,yo € M, and let r = %d(mo,yo) as in the

above step. We show that

c r \ —(a+pB)
(5.12) pe(w,y) < /B <1 + m)

for all ¢ > 0 and p-almost all x € B(zg, p),y € B(yo, p), for all small enough p > 0.
Indeed, it suffices to assume that 7t—1/# is sufficiently large. Fix an integer n such

that (5.8) holds, and hence the number 8 from (5.7) is also fixed. Let
(5.13) k=2+[(a+B8)/0]

so that

—1/8\ P
pﬁt=<r ) <C,

and let p = gz. Then

8k
and hence, using ([@I3]) again and (EI1)),

pe(z,y) < qlz,y)+cp T
< C ] r —0(k—1) r N\ —(a+B) .
= ta/B ( + 8kt1/ﬂ) te (8_k>

c r \—(atB)
te/B (W)

for all ¢ > 0 and p-almost all © € B(zo,p),y € B(yo,p), thus proving (GEI2).

Therefore, (UE) follows.

]
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6. HEAT KERNEL BOUNDS USING EFFECTIVE RESISTANCE

In this section we show how Theorem 23] can be applied for a certain class of
metric measure spaces with effective resistance.

Let (£,F) be a regular Dirichlet form in L? (M, ) as before. Recall that the
effective resistance R(A, B) between two disjoint non-empty closed subsets A and
B of M is defined by

(6.1) R(A,B) ™' =inf{€(u): uwe€ FNCy, ula =1 and u|lp = 0}.

It follows from (6.1]) that, for any fixed A, R(A, B) is a non-increasing function of
B. Denote
R(z, B) := R({z}, B) and R(z,y) := R({z}, {y}).

In general, it may happen that R(z,y) = oo for some points z,y € M. In this
section we will exclude this case. We assume that the following two conditions
hold:

(R1) : There exist constants C,~ > 0 such that
(6.2) [u(2) = uly)” < Cd(z,y)"€ (u)

forallu € FNCy and all z,y € M.
(Rg) : There exist constants C,~ > 0 such that, for all balls B = B(z,r),

(6.3) R(z, B(z,r)%) > C~ 7.

Observe that condition (R;) is the Morrey-Sobolev type inequality in the frame-
work of Dirichlet forms. As we will see, it implies that all functions in F are Holder
continuous.

Consider also the following estimates of the effective resistance:

(R<) : There exist constants C,~y > 0 such that, for all z,y € M,
(6.4) R(z,y) < Cd(z,y)".
(R>) : There exist constants C,y > 0 such that, for all z,y € M,
(6.5) R(z,y) > Cd(x,y)".
Applying the definition of (61l to A = {z} and B = {y} we see that
(1) = (R<).
Observe that also
(Rg) = (R>).

Indeed, for any two points x,y € M, taking r = d(x,y) in ([63]) and noticing that
y € B (z,7)°, we obtain

R(z,y) > R(z, B(z,r)*) > C~'r" = C~ld(x,y)".

In the next subsections, we will investigate various sufficient conditions for (R;)
and (R2), as well as their consequences. Then we will prove Theorem [G.13] below
that states the equivalence (UFE) < (J<) under the standing hypotheses (R;) and
(R2).
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6.1. Condition (R;).

Lemma 6.1. If (Ry) and (V >) are satisfied, then any function v € F admits
a continuous version that satisfies [62)). Consequently, all functions in F have
Hélder continuous versions with the Holder exponent v/2.

Proof. By the regularity of (£, F), for every u € F there exists a sequence {uy,} -,
C FNCy such that |Ju, —ull; = 0 and € (v — uy,) — 0 as n — oco. By (R1) we have

(6.6) [un(y) = un(2)* < Cd(,y)7E (un)

for all z,y € M and n > 1. Since the sequence {€ (u,)} is uniformly bounded, it
follows from (G.6)) that the sequence {u,}, ., is equicontinuous in (M,d). Let us
prove that the sequence {uy,} -, is uniformly bounded in M in sup-norm. Indeed,
it follows from (G.0]) that

[un(y) = un(@)| < cd(,y)7/2,

with some ¢ > 0, and hence

Up(2)? > (un(y) — cd(z, yW/Q)j-

Integrating this inequality with respect to x € M with a fixed y and setting m =
|un (y)|, we obtain

el [ (m—citey?) ane) = [ (m - e) avias,

where R > 0 is chosen so that %m = ¢RY/2. Tt follows that m — cs?/? > =m and

1
2
2 1o, L o 2 2422
llunlls > / m dviz,s) = m V(z,R) > cym*R* = com® %%
0
where we have also used (V' >). It follows that

lun (y)| < CHUHHQPY .

Since the sequence {||uy ||} is uniformly bounded and the constant C'is independent
of n and y, we conclude that the sequence {sup |u,|} is uniformly bounded as well.

By the Arzela-Ascoli theorem, the sequence {u,} has a subsequence that con-
verges locally uniformly to a continuous function w, that is, a continuous version of
u. Obviously, @ satisfies (G.2]) that proves the Holder continuity. ]

The following proposition is useful for verifying (R;).

Proposition 6.2. Let (£,F) be a reqular Dirichlet form (£, F) in L? (M, p). If
(V) and (J>) are satisfied with 0 < a < B, then (Ry) holds with v = 8 — «a.
Consequently, all functions in F are Holder continuous with the Holder exponent

3(8—a).
Proof. We use in the proof the following fact: if p is a-regular and 0 < o < 3, then
there exists a constant C' > 0 such that for all functions u € L? (M, ) the following
inequality holds:
(6.7)

) —u@)P < Cate.) sw [ f . ,W u(y) — () Pdu(y)dyuz)

0<r<rg
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for all Lebesgue points z,y € M of u with d(x,y) < r¢/3, where r¢ € (0,+00] is
fixed but arbitrary (cf. [I7, the proof of Theorem 4.11(ii)]).

Since by hypothesis y is a-regular and J(z,y) > cd(z,y)~(@T#), we have, for all
u € FNCy and for all r > 0,

e = [ [1uw) - u@) P pdu(w)dnte)

MxM

= lu(y) — u(@)Pd(z, y)~ P du(y)du(x)
/]
- C/M /B(z,r) M%B\u(y) —u(z)|*dp(y)du().

Combining this with (67), we obtain

(6.8) u(y) — u(x)® < Cd(z,y)" € (u),
which yields (Ry) with v =5 — a.
The second claim follows from Lemma [6.]1] O

6.2. Parabolicity. Condition (R;) can also be obtained from (R<) assuming in
addition the parabolicity of (€, F).
For any precompact set K define its capacity by

(6.9) cap(K) =inf{€ (u): vwe FNCy, ulg =1},

that is, cap(K) = R(K,{oo})”". Obviously, cap(K) is a monotone increasing
function of K.

Definition 6.3. A Dirichlet form (&, F) is called parabolid! if cap(K) = 0 for any
compact subset of M.

A trivial sufficient condition for the parabolicity is that 1 € F and £ (1,1) = 0.
Indeed, in this case the constant function 1 can be used as a test function v in (6.9)
that yields cap (K) = 0.

Lemma 6.4. Let (£, F) be a regular Dirichlet form in L?. Then the following
statements hold:
parabolicity = conservativeness.

Proof. Indeed, if (£,F) is parabolic, then there exists a sequence of functions
{en}or, from F such that 0 < ¢, 71 and

E(on) =0
as n 1 oo. In particular, we have that
E(pn,v) =0
as n 1 oo, for any v € FNL'. Hence, (£, F) is conservative (cf. [II, Theorem 1.6.6,
p. 63)). O

IThe term “parabolic” comes from classification theory of Riemann surfaces. A simply con-
nected non-compact Riemann surface is conformally equivalent either to the Euclidean plane R2
or to the hyperbolic plane H2. In the first case the surface is called parabolic, whereas in the
second case — hyperbolic. It is known that the parabolicity of the Riemann surface is equivalent
to the vanishing of the capacity of any compact subset (cf. [12]).
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The following gives a criterion of verifying the parabolicity.

Proposition 6.5. Let (€, F) be a Dirichlet form in L? (M, u) and let (M,d) be
unbounded. Then the following implication holds:

(R1) + (R>) = parabolicity of (€, F).

Proof. Let K be a compact subset of M and fix zy € K. Fix a number n € (0, 1) to
be determined later on, and choose a point « ¢ K such that K C B(xg,nr) where
r = d(zo,x). Let ¥, € F such that ¢, (zo) =1, ¥(x) =0, 0 <1, <1in M, and

€ (¢s) = R(zo,2)”"
It follows from (R;), (R>) that, for all y € B(xo, nr),

(1=t2(®)” = (Wulz0) = vu(y))” < Cd(wo,y)"E (V)
UM

<
- R(zo, )

Now choose 7 so small that c¢n? < %. Hence, we have v, > % in B(zg,nr) D K. It
follows that f := 2y, > 1 on K, and

cap(K) < &(f) = 4€ (¢a)
= 4R(zo,z) ' <Cr

by using condition (R>). Letting r = d(xo,x) — 0o, we obtain that cap(K) = 0,
showing that (£, F) is parabolic. O

Proposition 6.6. Assume that (€, F) is parabolic. Then (R<) = (R1).

Proof. We need to prove (6.2) for any u € FNCp and all z,ye M. If u(x) = u (y),
then ([G2) is trivially satisfied, so that we assume in the sequel that u(z) # u(y).
Let {Q,},-, be an increasing sequence of precompact open sets that exhausts
M. We can assume that all Q,, contain  and y. Since cap (€2,) = 0, there exists
¢n € F N Cy such that ¢,lo, =1 and &€ (p,) < %; in particular, € (p,) — 0 as
n — oo.
For fixed z,y as above, define the function @ on M by

__u—u(y)e
" @)~ u(y)’

It is obvious that w, € FNCy and u,(z) = 1, u,(y) = 0. Hence, by definition,
R(z,y)™' < &(un)
€ (u) — 2u(y)€ (u, pn) +u(y)*€ (on)
(u(z) = uly))®

Passing to the limit as n — oo, we obtain
(6.10) (u() —u(y)* < Rz, y)€ (u).

Substituting here the estimate (R<) we obtain (6.2)). O
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Define the condition (R) as the conjunction of (R<) and (R>). That is,
(R): For all z,y € M,
R(z,y) < d(z,y)".
We see from Propositions and that, under condition (R),
parabolicity < (Ry) .
6.3. Condition (R3) with § < 2.

Proposition 6.7. Let (£, F) be a regular Dirichlet form in L? with ) = 0 and the
Jjump density J(z,y). Assume that (V<) and (J<) hold with some 0 < v < 8 < 2.
Assume also that F contains all Lipschitz functions with compact supports. Then
condition (Rg) holds with v = 8 — «a. Moreover, (€,F) is parabolic.

Remark 6.8. By hypothesis we have

E(¢) =€V (¢ // )2 (2, y)dp(y)dp ().
M xM

As we will see from the proof, the right hand side here is finite for any Lipschitz
function ¢ with compact support, provided (V<) and (J<) hold. Therefore, the
condition that F must contain all such functions is reasonable and not restrictive.
In fact, one can define F as the closure of the space of Lipschitz functions with
compact support.

The condition 8 < 2 is closely related to the use of Lipschitz functions and
cannot be dropped. It is not known if a similar statement is true for 5 > 2.

Proof. Set B = B(xg,r). Let ¢ be a Lipschitz function on M with the Lipschitz
constant L, such that ¢ = 0 in B°. Then ¢ € F. Since the function |¢ (z) — ¢ ()]
is symmetric in x,y and vanishes if (x,y) € B® x B¢, in particular, if (x,y) €
(2B)“ x (2B)“, it follows that

_ 2
&0 = 9@ =c [ [ PRI a0

</ L, /QB)C> wﬁi&ﬁ) dp(y)diz).

Using (V<), the Lipschitz condition, and 2B C B (z, 4r), the first integral in (G11])
can be estimated by

? )\ e
- /2B </B(;E74r) d(z,y)a+ﬁ2> dp()

where we have also used 5 < 2.

In the second integral in (6I1) we have ¢ (y) = 0. Since ¢ (z) = 0 outside B,
the integration in « can be reduced to B instead of 2B. Hence, the second integral
is estimated by

2 du (y)
/BQb(CU) (/B(ac,r)“ d(x,y)o‘+5> dp(z)

(6.12)

(6.11)

IA

IN

4r
L2u(2B)/ g2 (eth) . ga—lgg
0

< CL*roB+2

IN

oo
CllolutB) [~ s st
T

Cllglf5, "

IN
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Hence, we obtain

(6.13) E(¢) < CL2=P2 L O ||g|2, roP.

Specify the function ¢ by
o(x) = <1 _ M)
r +

and observe that it vanishes in B¢, has the Lipschitz constant L = 1, and ||¢||, =
¢ (zg) = 1. Tt follows from (1)) and (GI3) that

R(zo, B°) ™' < £(¢) < Or7,

thus proving (Rs).
Finally, for any compact subset K of M, let r,, T co as n — oo so that K C

Bl(zo,m/2). Set
o) = (1- 2]

Tn

Then ¢, > % in K. Set u, = (2¢,) A 1. We have

C
cap(K) < € () < 48 (gn) < ——— 0
Tn
as n — 00, showing that cap(K) = 0. Hence, (£,F) is parabolic. O

6.4. Condition (R:) with general 8. Fix some 0 < o < § and set v = 8 — «a.
In this section we obtain (Rs) for an arbitrary value of § at the expense of using
more hypotheses.

Proposition 6.9. Let (£, F) be a regular Dirichlet form in L?. Then
(V<) + (J<) + (B2) + (B1) = (Ra) .

Proof. We first claim that, for any uy,us € F,

(6.14) E(ur Nug) < E(ur) + & (ug).

Indeed, set v1 = u; — us and vo = u1 + uo so that

1
Ul /\UQ = 5 (UQ — |U1|)

and
EurAuz) = 7€ loal) = 7 (€ (v2) + € (loa) = 26 (v, n])
< 5 E@)+E(mD)
< S (E @) +E W)
_ %(5(u1+u2)+8(u1—u2))
= E(ur)+E (u),

which proves (G.14).
The following argument is motivated by [5l the proof of Lemma 2.4]. Fix a ball

B = B(z,r). For # € B\ 1B, let 1, € F such that
Vo) =1, Yo(x) =0, 0<¢p <1 inM,
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and
€ (¢2) = R(wo,2) ™"
Fix some small enough n > 0. It follows from (R;), (R>) that, for all y € B(x,nr),
a(y)? ¥ (y) — Yu(2)|* < Cd(z,y)7E (¥2)
(nr)?
R(xo,x)

provided 7 is small enough. Hence, we have 1, < % in B(x,nr) (cf. Figure [I).
Since p is a-regular, there exists an integer N independent of zg,r such that the

<en’ < %,

IN

B(x.nr)

Y. (x)=0
. W, < 1/2 in BxNr)

~ I

FIGURE 1. Function 1, and covering for B\ 1B

annulus B \ 1B can be covered by N balls {B(z;, m‘)}f\;l. Define the function
f:wazl /\wwz/\.'./\wwz\ja

g=2(f—%> :
+

We have f () = 1 and, by the above argument, f < 3 in B\ 3B. It follows that
g(xo) =1, 9g=01in B\ %B, and 0 < g < 1in M. Using the Markov property of
(&, F), (€14, and (R>), we have

and set

N N
(6.15) E(g) SAE(F) <AD E(Ws) =4 Rlwo,2:) ' < er* .
i=1 =1

Consider the functions
91 =9¢ and g = glpe,
where ¢ is a cut-off function of the pair (3B, B) (cf. Figure B).
Observe that

1
supp g1 C 53, gi(zo) =1, and g= g1+ go.
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X0

81=8, gu(xO) =1

FIGURE 2. Functions g; and g

Also, g1 € F by construction and g, € F because go = g — g1. Since the supports
of g1 and go are disjoint, we obtain

(6.16) M (g) = €W (g1 + g2) = €W (1) + €D (g2) = €W (qn) .
On the other hand, using (J<) and (V<) and arguing as in (6.12), we obtain
&g = [ [ (0@ - 0) 00 - 00) I p)duw)dntz)
MxM
- 2/ /B 91 (0)92(0)T (2, 5) ()i (z)
> 2 [ @)@ pdiw)d)
1B JB(,r/2)°

> —ereF

It follows that
ED(g) = €D (g1+g2)

£ (91) + €Y (g2) + 26 (g1, 92)

(6.17) > D (g)) — ero P,
Combining (G.I0]), (G.I7), and ([G.I3]), we obtain
E(g) = €D (q)+EV) (g1)
< EB (g)+ED (g) + ero b
= E(9)+cre P
< Cro b,

Since ¢ is a test function for the resistance R (z(, B€), we conclude that
R(xo,BY) ' < E(q1) < Cro?

which was to be proved. O
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Corollary 6.10. Let (£, F) be a regular Dirichlet form in L. Then
parabolicity + (V<) + (J<) + (R) = (R1) + (Ra) .
Proof. Indeed, by Proposition we have
parabolicity + (R<) = (R1),

and the rest follows directly from Proposition O
6.5. The Green function. Assuming that (M, d) is non-compact and condition
(Ry) is satisfied, we construct the Dirichlet Green function, vanishing outside a
precompact open set Q C M. It turns out that it can be expressed in terms of

effective resistance and harmonic function in €.
By condition (R;), for any precompact open subset Q of M, the space F () is a

Hilbert space under norm £ (u)l/2 because, for u € F () and for x € Q,y € M\,
we have from (R;) that

u(@)* = Ju(y) — u(@)|]* < Cd(x,y)7E (u),

and thus the integration over ) gives that ||u|\§ < ¢(Q)E (u) . Therefore, by the
Arzela-Ascoli theorem, the embedding
F(Q)—C(Q)

is compact.
By the standard argument of PDE, it follows that, for any fixed precompact
open subset € and any fixed z € 2, the variational problem

(6.18) inf{€(v): ue F(Q), ulz)=1}

possesses a solution, that is, there exists a function g (z,-) € F () satisfying that
Yo (x,2) =1,0 < 9Yq (z,-) <1 on M, such that

(6.19) R(z,Q% 7 = £ (v (x,)).

For any z € 1, the function ¥q , () := ¥q (z,-) is harmonic in M \ ({z} U Q°) in
the sense that

(6.20) E (Yo, p) =0

for any test function ¢ € F () with ¢(z) = 0, because the function f := g, +
Ap € F(Q), f(z) =1 for any real A, and

E(Wax) < E(f) =€ Wae+Ap)

showing that &€ (¢ 4, ¢) = 0.
The effective resistance R(z,2¢) together with the harmonic function ¢q (z,-)
gives rise to the Green function as follows:

(6.21) ga(z,y) = { Rz, Q)ia(e,y), if 2,y € O,

0, otherwise.
Such a way of defining a Green function was first addressed in [28, Section 4] if Q
(instead of a ball) is a finite subset of M, and then was extended to infinite subsets
Qin [29] Section 4]. See also that [23] Section 4] follows the same pattern as in [2§]
when 2 is infinite.
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Clearly, it follows from (6.21]) that go(x,y) > 0 for any z,y € M, and go(z,-) €
F (£2). Moreover, for any ¢ € F () and any fixed z € Q,
(6.22) & (galz, ), ) = p(z),
because, if ¢(z) = 0, then ([@22) follows directly from (620), and if p(z) # 0, then
[622)) follows by replacing the function ¢(-) in ([@20) by ¥q (x, ) — ¢(-)/¢(x) and
then using (G.19) and (@.21)). For any =,y € Q, letting ¢(-) = ga(y,-) in (622), we
obtain that

galy,z) = & (9alz;-),9a(y;"))

(623) = g(gﬂ(ya)vgﬂ(xv)) :gﬂ(xvy)a

that is, the Green function gq(z,y) is symmetric in z,y € Q.
We estimate the Green function gg(z,y) for any ball B.

Proposition 6.11. Let (£,F) be a regular Dirichlet form in L? that satisfies
(Ry) and (Ry). Assume that there exists a constant N > 1 such that the an-
nuli B (x, Nr)\ B (z,r) are non-empty for all x € M and r > 0. Then there exist
constants C > 0, n € (0,1) such that, for all balls B = B(xq,r),

(6.24) ge(z,y) < Cr7 forallz,y € B,
(6.25) gB(xo,y) > C 7 for all y € B(xg,nr).

Proof. Set ) = B = B(xg,r) and let g (x,-) be as in (EI9). Choosing a point
z € 2B\ B and using (R1), we obtain, for any u € F N Cy such that u (o) = 1 and
u|ge = 0, that

1= (u(zo) —u(2))? < Cd(x,2)7E (u) < Cr7E (u),

whence
R(z0,B®) ' =inf& (u) > C 1

and R (zg, B) < Cr". Applying the latter inequality to the ball B (z,2r) instead
of B (xg,r), we obtain, for any z € B,

R(z, B°) < R(z, B (x,2r)°) < Cr".

Substituting this estimate into ([6.21I)) and using 0 < ¢ (z,-) < 1 we obtain (6.24).
To show (6.28]) observe that by (E19) and (Rx)

€ (B (x0,)) = R(zo, BY) ™' < er 7.
Then, using (R;), we obtain, for any y € B (zg,nr),

(1 -5 (20,9)° = (g (0,20) — VB (x0,y))”
Cd (an y)“/ E (wB (x07 ))

(22

Cn".

INIA

IN

If n is small enough, then Cn” < i, whence it follows that

1.
wB (any) > 5 m B(xoan’r)'
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Using again ([6.21I) and (R2), we obtain, for all y € B(zq,nr),

1
gB(xO’ y) = R(x()? BC)wB(:I:(Ly) > 507‘77

which proves ([G25]). O
Let L£p be the generator of (€, F (B)). Given f € L? (B), consider the function
(6:26) u(e) = [ gnle ) Wdu(o)
B

where gp(z,y) is the Green function defined by (62I). Then v € F (B) and u is a
weak solution to the Poisson-type equation

(6.27) —Lpu=f in B,
that is, for any ¢ € F (B),
(6.28) £ (u,p) = /B F(@)p(@)du(z).

Indeed, by ([6.22) and the dominated convergence theorem, we obtain that, for any
peF(B),

E(u9) = tli_]f)r})%(u—Ptu,cp)
= tim s [ (90C) = P (05(9)) 0 F)dn(o)
= /Bg(gg(ny),so)f(y)du(y)
= [ s want),
that proves (G.28).

Proposition 6.12. Assume that u is a-regular and (€, F) satisfies the conditions
(R1) and (Rs). Let f be any cut-off function for the pair (3B, B), where B =
B(xg,7) is an arbitrary ball. Then the solution u defined by ([6.20) satisfies the
following estimates:

(6.29) u(z) < Cr’* in B (zo,7)
and
(6.30) u(x) > er’™* in B(xo,nr),

where C,c >0 and n € (0,1/2) are constants that depend only on the constants in
the hypotheses (and do not depend on the ball B).

Proof. Observe that the a-regularity of 1 implies that the annuli B (x, Nr)\ B (z, )
are non-empty provided N is a large enough constant. Hence, Proposition
holds in the present setting. By reducing the constant n from the statement of this
proposition, we can assume that n < %

It follows from ([@24]) and (6:26) that, using the fact that 0 < f <1 in M,

u(z) = /B a5, 9) [ (W)du(y) < /B 952, y)du(y)
(6.31) < Cr'u(B) < Cr7te,
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Similarly, observing that f =1 in B and using (6.20]), we obtain

u(wo) = /B 95(20,9) F (1) d(y)

v

[ onteoninty)
B(zo,nr)

(6.32) eru(B(wo,mr)) > epr? T
Taking ¢ = v in ([628)) and using ([G31]) we obtain

E(u)= /B f(x)u(x)du(z) < Cr7Teu (B) < er? 2o,

Y

By Lemma [6.1] function u satisfies ([6.2)), so that for any « € B (z, nr),

< cd(z,x9)7E (u)
< O (z, )
< Cnvr2(7+a)_

Ju(z) — u(zo)|®

Choosing 1 small enough and comparing with (6.32]), we obtain that

1
[u(z) = u(@o)| < Ju(zo),
whence u(z) > su (zg) > cr?*® follows. O

6.6. Upper bounds of the heat kernel under (R;) and (R3). We now use the
estimates in (6.29)-([6.30) to obtain the survival estimate (S) and (DUE).

Theorem 6.13. Let (£, F) be a reqular Dirichlet form in L* (M, ). Assume that
w is a-regular and conditions (Ry), (Ra) are satisfied with some v > 0. Then the
survival estimate (S) and (DUE) hold with 8 = o+ . Consequently, we have

(6.33) (UE) & (J<).
Proof. Let us first prove (5). Fix a ball B = B(xg,r). We claim that for all ¢ > 0
and p-almost all z € B,
u(x) —t

lull
where u is given by ([6.26) with f being a cut-off function of the pair (3B, B).
Indeed, fix a cut-off function ¢ of the pair (B, M) and consider the function

w(t,z) = u(z) - to(x) — |lull o, PP1p(x).

Clearly, ([6.34) is equivalent to w < 0. Let us first show that w(t,z) is a weak
subsolution of the heat equation in (0,00) x B. We use the following facts:

(6.34) PP1p(x) >

(1) PP1p is a weak solution of the heat equation in (0,00) x B; in partic-
ular,
9 B B
b 1w ) +E (P71, 9) =0

for any ¢ € F (B).
(2) E(¢ ) >0 for any 0 < ¢ € F (B) (see [EI)).
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Using these as well as (6.28)) we obtain for any 0 < ¢ € F (B) and ¢ > 0,

0 0
+E (u—td — |lull . PP1p,¢)
- ((bv (p) +& (’U,, (p) —t& (¢7 90)
(f - ¢a QO) é Oa

which proves that w(t, x) is a weak subsolution of the heat equation in (0, 00) X B.
On the other hand, we have as t — 0+

IA

L*(B
wit,) = Jul 15 <0,
and hence w, satisfies the initial condition

2
we(t,) "o
Therefore, by the parabolic maximum principle of Proposition [[.Ilwe conclude that
w <0 for all t > 0 and p-almost all € B, thus proving (6.34).

Using ([6.34) and the estimates ([6.29)-([6.30) of Proposition [6.12] we obtain that,
for p-almost all © € B(xg,nr),

u(z) —t
Frsl@) 2 Ty
> c—citr B
c
> 50
-2

provided ¢r—# is small enough. This proves (S) although with constant 7 in (Z9)
instead of i. Using the ball covering argument as in the proof of Theorem [B1] one
can replace a small value of n by any value < 1, in particular, by i.

Next we show that condition (R;) implies (DUE). It suffices to show that con-
dition (R;) implies the Faber-Krahn inequality

(6.35) Amin () ;= inf £0) > cu (Q)fﬁ/a

= in >
rernco@ 1]

for all non-empty bounded? open subsets €2 of M, which in turn implies (DUFE) (see
for example [16, Lemmas 5.4 and 5.5]). Motivated by the argument in [22] Lemma
4.2], consider a function f € F N Cy(2) normalized so that sup|f| = 1, and let
x € Q be a point such that |f(z)] = 1. Let r be the largest radius such that
B(xz,r) C Q. Then the ball B(x,2r) is not covered by € so that there exists a
point y € B (z,2r)\Q (note that M is unbounded by condition (V')). In particular,

y & supp f (see Figure [3).
Noting that £) (f) < £ (f) and by the a-regularity of ,

r < Clu(B(z,r)]"* < Clu@)"",

21f ([635) is satisfied for bounded 2, then (635) is also satisfied for all open Q2 by the exhaustion
argument.
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FIGURE 3

we obtain from (R;) that
1 = [f(y) — f2)
Cd(y, )"~ € (f)
< ce)’E() s e @) e,
Since ||f||§ < (), it follows that
E(F) .
1z

for some ¢ > 0, thus proving the Faber-Krahn inequality.

Finally, observe that (€, F) is parabolic by Proposition [65, and hence is con-
servative by Lemma Therefore, the equivalence [@33]) follows directly from
Theorem |

IN

el (@),

Corollary 6.14. Let (£, F) be a reqular Dirichlet form in L? with a jump density
J(z,y) and let 0 < o < B. Then

(6.36) (V)+(J)+ (Ry) = (UE).
Proof. Note that (V)+(J) = (R1) by Proposition[6.2l Hence, the conclusion (6.30])
follows from Theorem O

Remark 6.15. Besides the hypotheses of Corollary .14 if in addition &%) = 0
and 8 < 2, and if F contains all Lipschitz functions with compact supports, then
condition (Rs) also holds by Proposition 67 Therefore, it follows from (G.36]) that

(6.37) )+ )= (UE).
Note that conclusion ([6.31) was addressed in [6[9].
Example 6.16. Let M be the Sierpinski gasket in R™ and let

e = [ [ L duiua),

|z
F {f6L2(M7u):5(f)<oo},
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where a = 10%(()231) is the Hausdorff dimension of M, u is the a-dimensional Haus-

dorff measure on M (so that condition (V') holds), and

(possibly 8 > 2). Then (€, F) is a regular Dirichlet form in L? and condition (.J) is
satisfied. Note that condition (R;) is true where v = 8 — « (see [17, Theorem 4.11
(iil), p. 2085]). In order to obtain (UFE), by Corollary and Proposition [6.9] it
suffices to verify condition (R>) with v = 8 — a.

Indeed, let (&, Fo) be the standard local, conservative, self-similar Dirichlet
form on the Sierpinski gasket, and let Ry be the associated effective resistance with
respect to (&, Fo). It is known (cf. [25]) that

(6.38)  Ro(x,y) = |z—y|*,

6.39 & = supr(@+8) 2du(y)dp(z).
039 &) = sup ‘/Lm) F ()2 du(y)duz)
For any r > 0, we have that
L U@ =P
& (f) .—Léw)xﬂwﬁwwm>

-y (@)~ f)?
= I;) /IV[ /13(%2’“T)\B(gg,2k1,~) |z — y|0‘+5 d,u(y)du(a:)

3 k=l s x) — 2 x
< ST e - T )
< et et e (uing @3)

k=0

< crﬁ*fﬁé’o(f).
On the other hand, we have that, using condition (V),

& (/) :=/Amwﬁﬁﬁ%¥wwwm
< / /B(“ |x_ Taji(ﬁ) )du(y)du(l‘)
< o’ Hf”z .
It follows that, for all » > 0,
E(f) = &(f)+&(f)
(6.40) < O Pa) + P 13

Minimizing the right-hand side of (€40, we conclude that

(B«—B)/Bx
(6.41) e <e(If13)

Now fix two points xg,yo € M, and let 7 : M By (@38]), we can choose
the test function f such that f(xo) =1, fIB(zo,r)c = 0, and

g()(f) = Ro(x(),yo)_l = r—(ﬁ*—a)'

-Eo(f)P/P-.
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Thus, using the Faber-Krahn inequality Amin(B(20,7)) > ¢r~?+, we have that

T —Amf"({;) 5

Combining this with (641]), we obtain that

< crﬁ*Eo(f) < Cr«.

E(f) < c(Cro)Bhb.. (f)W*
< C(C«Ta)(/@* B)/Bx . —(Bs—a)B/Bx _ C’Tafli’

and hence

R(zo,0)~" < E(f)<C'roF

C/ |$0—yo| ap
2 b

that is, R(z0,v0) > ¢|ro — yo|?~. This proves that condition (R>) holds.

6.7. Two-sided estimates of the heat kernel. Let us introduce the following
condition:

(NLE) : (The near diagonal lower estimate) There exist § € (0,1) and ¢ > 0 such
that, for all + > 0 and almost all z,y € M such that d (z,y) < 6t*/?,

pe(z,y) >t /7.

Theorem 6.17. Let (£, F) be a reqular Dirichlet form in L? (M, ). Fiz parameters
0<a<pf and set v = — a. Then the following equivalences are true:

parabolicity+ (V) + (J<)+ (R) & (UE)+ (NLE)
< (UE)+ (NLE) + continuity,

where “continuity” means that for any t > 0 the heat kernel p; (x,y) is continuous
in (z,y) € M x M.

Proof. We first show the implication
parabolicity + (V) + (J<) + (R) = (UE) + (NLE) + continuity.

By Corollary [6.10 both conditions (Ry) and (Rg2) are satisfied. Hence, by Theorem
613 we obtain (UFE).

Let us show that p; (z,y) as a function of z,y admits a continuous version. By
(Ry) and Lemma [6T], all functions from F are Holder continuous and, moreover,
satisfy (6.2). By (UE) we have, for any f € L2,

1P fll e < CEP £l

Since P,f € F, it admits a continuous version that will also be denoted by P;f.
Then we can write, for all ¢ > 0 and x € M,

[Pof ()] < CEP Y ]l
By the Riesz representation theorem, there is a function p; (z,-) € L? such that

(6.42) Pof (x) = (pe (x,-) . f).-
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The function p; (x,y) as a function of z,y is symmetric in the following sense:
pt (z,y) = pt (y,2) for almost all x,y € M. Using the semigroup identity Py s =
P, P, and the symmetry of the heat kernel, we obtain

Gese @) D) = [ pie) ( [ b £ wan <y>) e

= /M (/Mpt (z,2)ps (y, 2) dps (2)) fy)du(y),

whence

(6.43) Pros (2,y) = /M P (2,2) pa (9 2) i (2) = (e () s (0,))

for almost all y. The right-hand side is well defined for all x,y € M and is continuous
separately in « and in y because it has the form (6.42]). Therefore, the left-hand side,
that is, piys (x,y), has a pointwise version that is continuous in z and y separately.
Switching to this version we obtain, in particular, that the identity ([G43]) is true
pointwise.

On the other hand, using the spectral resolution {Ey} of the generator £ and
the elementary inequality e ™2 < 2%% that is true for all A > 0 and ¢t > 0, we
obtain

E(PS) = [ AL S) < 5 I for £ e 12

Applying this inequality with f = pi(z,-) and using (UFE) and ([6.43) yields

1 2
) < - )
& (par(z,-)) < St P2 (2, )5
1
) - < —1-a/B
(6.44) zetpgt(x,x) < Ct ,

forallt > 0and x € M.
Since by ([6.43) pi+s (,-) € F, we obtain by ([6.2)) and ([6.44]) that

pe(x,y1) — pe(,y2) 2 < Cd(yr,y2)7E (b (,-)) < CtBd(y1, y2)?

so that the function p; (z,y) is continuous in y uniformly in 2. Hence, p; (x,y) is
continuous jointly in z, y.

To verify (NLE), we use a standard argument. It follows from (UE) and the
a-regularity of p that, for all z € M and ¢, > 0,

oo

1
/ pe(z,y)duly) < c/ 52711+ 5) 7@ ds < =
B(z,r)° rt—1/8/2 2

provided 7t~1/# > C for some large C. Choosing r = Ct'/#, we obtain

N | =

/ pu(,y)du(y) = 1 - / P, y)du(y) >
B(z,r)

B(z,r)c



HEAT KERNEL 6435

By the semigroup property, the symmetry of p; and the Cauchy-Schwarz inequality,
we have

pa(z, ) = /M pe(z, ) du(y)

2
1

(6.45) > e =t b,
Combining (6.44) with (R;) we obtain, for all y € B(z, §t'/),
Cd(z,y)" =€ (pae(x,))

Cd(z,y)* =178
CoPmeg=2el0,

pac (2, ) — pou (, y)|?
(6.46)

IN NN

If § is small enough, then C%~% < 1¢3 where ¢; is the constant in ([@.45). It follows
that
Clt_a/ﬁ Clt_a/ﬁ

>

2 - 2

p2e(®,y) > par(z, ) —
thus proving (NLE).
Next we show the opposite implication,
(UE) + (NLE) = parabolicity + (V) + (J<) + (R) .
Note that (£,F) is conservative by Lemma By [I7, Theorem 3.2], (UE) +

(NLE) = (V). By Theorem 23] we have (UE) = (J<). To show (R;1), we use
the following inequality:
1
gwz g [ [ () - uw) pe duwiuto),
MJMm

that is true for any v € F and for any ¢ > 0 (see [I7]). Fix some r > 0 and choose
t from the identity r = 6t*/#. Tt follows from (NLE) that, for any u € F,

1 2
e 2 g [ [ 06 ) n i
> gtars ), [ 0@ ) )

- Cp—(atB) u(x) — u(y))? ).
_ et /M /B () ) dn) )

Combining this with (6.7), we obtain (R;), which also implies (R<).
As in the previous part of the proof, (UE) and (R;) imply that the heat kernel
is continuous. Using (NLE) and a <  we have

(6.47) / pt (z,y) dt > / =Bt = oo,
0 (d(z,y)/8)"

which implies that (£, F) is recurrent (cf. [II] formula (1.6.2), p. 55]), that is (cf.
[11, Theorem 1.6.3, p.58]), there exists a sequence {u,} -, C F such that

lim u, =1 p-a.e. and lim & (u,) =0.
n—00 n—oo

Let K be a compact subset of M and let zp € K. Then there exists an integer N,
such that u,(zg) > 2 for all n > N,,. It follows from (R;) that there exists n small
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enough such that u,(z) > 1 for all z € B(zg,n) and all n > N,,. Covering K by a
finite number of the balls {B(z;,n)}, we obtain that u, (z) > 3 for all z € K and
all n > N, for some large integer N. Set

Up 1= (2up) A L.
We see that v, € F, v, =1in K for all n > N, and
lim & (v,) <4 lim & (u,) =0,
n—oo

n—oo

whence it follows that
cap(K) < lim & (v,) =0,

n—oo
and hence (€, F) is parabolic.
Finally, let us now prove (R>). Indeed, fix z,y € M. By (GI0) and ([©44) we
have, for x,y € M and ¢ > 0,
pi(e.2) = puley) < Rlxy)' "€ (i (x,)
< CR(x’y)l/Qtfl/Q*a/(Qﬁ).
On the other hand, it follows from (NLE), (UE) that

d —(a+pB)
ploa)=plo) = el =l (14 400

lclt_a/ B

jiy 2 b

provided d(z,y) = ct'/? with a large enough constant c. It follows from the above
two estimates that

V

CR(z,y)"/2t1/2-0/(26) > %clt—a/B7

whence )
C1 B—a
> -
R(e,y) > (55) ¢

which proves (R>). O
Corollary 6.18. Let (£, F) be a regular Dirichlet form in L* (M, u). Fiz parame-
ters 0 < a < B and set v = 8 — . Then the following equivalence is true:
(6.48) parabolicity + (V) + “locality” + (R) < (UEjy.) + (NLE).
Proof. Since (UEj,.) = (UE), we obtain that by Theorem

(UEjoc) + (NLE) = parabolicity + (V) + (R),

whereas (UEj,.) =(“locality”) by [20] Lemma 3.1]. Since the locality is a stronger
assumption than (J<), by Theorems and 23] we have

parabolicity + (V) 4+ “locality” 4+ (R) = (UE) + (NLE) = (DUFE) + (S).
Finally, by (I3]) we obtain (UEj,.). O

Remark 6.19. If (€, F) is parabolic, then R(z,y) is symmetric in z,y. Assume in
addition that R is a metric in M (called the effective resistance metric). Setting
d(z,y) = R(z,y), we see that conditions (R;),(Rz2) and (R) are satisfied with
~ = 1. Therefore, Theorem implies that

(V) +(J<) & (UE) + (NLE),
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and Corollary implies that

(V) + (“locality”) < (UE)oe) + (NLE) .
The latter was also proved in [3I, Theorem 3.1] by a probabilistic method.
Example 6.20. Let M be a nested fractal in R™ (cf. [34]) that is generated by an
iterated function system { fi}ijil, N > 2 with contraction ratio 0 < s < 1:

|fi(z) = fi(y)| = slo — y| for all z,y € R™.
Let (£, F) be a local regular Dirichlet form introduced in [27] that is self-similar:

N
£ =r"Y Eofy),
k=1

where 0 < r < 1. It was shown that the associated effective resistance R is a metric
(cf. [27]). Moreover,

R(z,y) < |x—y|}z% for all x,y € M;

see [25, p. 163]. If the open set condition holds for {f;}

;1 then the Hausdorff
dimension of M is

log N

log (1/s)’
and the a-dimensional Hausdorff measure p is a-regular. In this case, we see that
both conditions (V) and (R) are true. Noting that (£,F) is parabolic because
1 € F, we obtain (UE},.) and (NLE) by using Corollary 618 Kumagai [30]
obtained the same result by a probabilistic method; see also [21].

7. APPENDIX A: PARABOLIC MAXIMUM PRINCIPLE

Let (M,d, ) be a metric measure space. Let (£,F) be a Dirichlet form in
L?(M, p) and L be its generator. Let I be an interval in R, and let £ be an open
subset of M. A function w : I — F is said to be a weak subsolution (resp. a weak
supersolution) of the heat equation

ou
7.1 — 4+ Lu=0
(7.1) It + Lu
in I x € if the Frechet derivative ?9—7; of u exists in I in the norm of L?(Q) and, for
any t € I and any non-negative function ¢ € F (Q),
0
(72) (Gre0w) +€ue).9) <0 (resp. 20)

If the inequality in (2)) is replaced by equality, then u is called a weak solution
of the heat equation (Il in I x Q. It is known that P;f is a weak solution in
(0,00) x § for any open Q@ C M (cf. [I5, Example 4.10]).

Proposition 7.1 (Parabolic maximum principle [15]). Let u be a weak subsolution
of the heat equation in (0,T) x , where T € (0,400] and ) is an open subset of M.
Assume in addition that u satisfies the following boundary and initial conditions:
o uy(t,) € F(Q) for any t € (0,T);
2

o u+(t,-)Lﬁ>)0 ast — 0.

Then u(t,x) <0 for any t € (0,T) and p-almost all x € Q.
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Remark 7.2. Tt was shown in [I5] Lemma 4.4] that, for a regular Dirichlet form
(€, F), if ue F and if u < v for some v € F(2), then uy € F(Q).

Lemma 7.3 (Lemma 4.16, p. 122, [15]). Let U be an open subset of M, and
0< felL?U). Ifu:Ry — F is a weak non-negative supersolution to the heat
equation in Ry x U and

2
(7.3) w(t,) 28 fast o,
then, for allt > 0,
(7.4) u(t,) > PVf in M.

8. APPENDIX B: LIST OF LETTERED CONDITIONS

Here we list all the lettered conditions used in the text.

Replacing the sign =< in condition, say, (X) by < and >, one obtains conditions
(X<) and (X>), respectively. The letters «, 8 always denote fixed positive reals.
The constant ~ is always equal to § — « and appears only in the case when 8 > «.

(V) : There exist constants ¢, C, e > 0 such that, for all z € M and all r > 0,
Vix,r) < Cre.
(J) : The jump density exists and admits the estimate
J(w,y) = Cd(z,y) =+,

for p-almost all x,y € M.
(DUE) : On-diagonal upper estimate: the heat kernel p; exists and satisfies the
on-diagonal upper estimate

< C
Dt (%y) > Wa

for all ¢ > 0 and p-almost all z,y € M.
(UE) : Upper estimate of non-local type: the heat kernel p; exists and satisfies
the off-diagonal upper estimate

c d(e.y)\ "
pe(a,y) < 5 (1+ 11/

for all ¢ > 0 and p-almost all z,y € M.
(UE,,.) : Upper estimate of a local type: the heat kernel p; exists and satisfies
the off-diagonal upper estimate

C o - d(x,y) B/(B-1)
ra/B P t1/B

for all ¢ > 0 and p-almost all z,y € M (here 8 > 1).
(UE®): The heat kernel p; exists and satisfies the estimate

C o4y
pi(@,y) < ta/ﬁq)< #1/8 )

for all ¢ > 0 and p-almost all z,y € M, where ® : [0,00) — [0,00) is a
continuous, non-increasing function such that

/ s 1(s)ds < 0.
0

pe (z,y) <
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(NLE) : (The near diagonal lower estimate) There exists ¢ € (0,1) such that,
for all ¢ > 0 and almost all z,y € M such that d (z,y) < 6t*/5,

pela,y) > ct=/P,

(S) : Survival estimate. There exist constants €, € (0,1) such that, for all
balls B = B(z¢,7) and for all t*/% < §r,

1
1 — PP1g(z) <e for p-almost all x € ZB'

(T) : Tail estimate. There exist constants €,6 € (0, 1) such that, for all balls
B = B(z¢,r) and for all t'/# < ¢r,

1
P1pc(x) < ¢ for p-almost all z € ZB'

Stmng) . Strong tail estimate. There exist constants ¢ > 0 and 8 > 0 such that,
for all balls B = B(zg,r) and for all t > 0,

Plpge(z) < ;—2 for p-almost all x € iB.
(R;): For allu e FNCy and all z,y € M, the following inequality holds:
[u(z) = u(y)* < Cd(z,y)7€ (u).
(R,) : For all z € M and r > 0,
R(z, B(x,r)%) > C~ 117,
(R) : For all z,y € M,
R(z,y) < Cd(z,y)".
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