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1. INTRODUCTION AND SETTING

The law of the iterated logarithm (LIL) describes the magnitude of the fluctuations
of stochastic processes. The original statement of LIL for a random walk is due to
Khinchin in [22]. In this paper we discuss various types of the LILs for a large class
of symmetric jump processes.

We first recall some known results on LILs of stable processes, which are related
to the topics of our paper. Let X := (X))o be a strictly S-stable process on R in
the sense of Sato [31, Definition 13.1] with 0 < 5 < 2 and v((0,00)) > 0 for the
Lévy measure v of X. Then the following facts are well-known (see [31, Propositions
47.16 and 47.21]).

Proposition 1.1. (1) Let h be a positive continuous and increasing function on
(0,6] for some § > 0. Then
| X

limsup ——~ =0 a.s. or =o00 a.s.
o h(t)
according to fo(s h(t)=Pdt < 0o or = oo, respectively.
(2) Assume that X is not a subordinator. Then there exists a constant ¢ € (0,00)

such that

.. Supg <t|X8|
lim inf <5 =c a.s.

=0 (t/log |log t[)!/?

Proposition 1.1(1) was obtained by Khinchin in [23]. Multidimensional version of
Proposition 1.1(2) was first proved by Taylor in [32], and then a refined version of
Proposition 1.1(2) for (non-symmetric) Lévy processes was established by Wee in
[33]. Recently the results in Proposition 1.1 have been extended to some class of
Feller processes (see [24] and the references therein).
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When 6 > 1, a local time of X exists, and various LILs for the local time are
known. In the next result we still concentrate on a strictly S-stable process X on

R.

Proposition 1.2. Assume € (1,2). Then, there exist a local time {l(x,t) : x €
R,t > 0} and constants ¢y, ¢y € (0,00) such that

sup, [(y, 1)

(1.1) lu;riigp 177 (loglog ) 1/7 =1, a.S.
and

sup, l(y,t
(1.2) lim inf Py [y ) @s..

o0 tl—l/ﬁ(loglogt)—lﬂ/ﬁ = Cyg,

In [18] Griffin showed that (1.2) holds, and in [34] Wee has extended (1.2) to a
large class of Lévy processes. As applications of the large deviation method, (1.1)
was proved by Donsker and Varadhan in [13]. For the case of diffusions, LILs for the
local time have further considered on metric measure spaces including fractals based
on the large deviation technique (see [15, 7]); however, the corresponding work for
(non-Lévy) jump processes is still not available. It would be very interesting to see
to what extent the above results for Lévy processes are still true for general jump
processes, e.g. see [35, p. 306]. Thus, we are concerned with the following;

Question 1.1. If the generator of the process X 1is perturbed so that the corre-
sponding process of new generator is no longer a Lévy process, do the results in
Propositions 1.1 and 1.2 still hold?

In this paper, we consider this problem for a large class of symmetric Markov
jump processes on metric measure spaces via heat kernel estimates.

In order to explain our results explicitly, let us first give the framework. Let (M, d)
be a locally compact, separable and connected metric space, and let 1 be a Radon
measure on M with full support. We assume that B(x,r) is relatively compact for
allz € M and r > 0. Let (&, %) be a symmetric regular Dirichlet form on L*(M, ).
We denote the associated Hunt process by X = (Xt > 0;P*, 2 € M; %, t > 0).
Then there is a properly exceptional set .4 C M such that the associated Hunt
process is uniquely determined up to any starting point outside 4. Let (P;);>0 be
the semigroup corresponding to (&£,.%), and set Ry = (0,00). A heat kernel (a
transition density) of X is a non-negative symmetric measurable function p(t, x,y)
defined on R, x M x M such that

Pof(x) = /M Pt 7, 2)f(2) pld2),  plt+s,2,7) = /M p(t, z, 2)p(s, 2, y) u(dz),

for any Borel function f on M, for all s,t > 0, all x € M \ A4 and p-almost all
y € M.

We will use “:=" to denote a definition, which is read as “is defined to be”. For
a,b € R, a A b := min{a,b} and a V b := max{a,b}. The following is our main
theorem for the case of §-stable like processes on a-sets.

[43

Theorem 1.3. [-stable-like processes on a-sets| Let (M,d, ) be as above.
Consider a symmetric reqular Dirichlet form (&,.%) on L*(M,u) that has the tran-
sition density function p(t,x,y). We assume p and p(t,x,y) satisfy that
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(i) there is a constant o > 0 such that
(1.3) ar® < u(B(z,r)) <cr®, xe M,r >0,
(ii) there also exists a constant B > 0 such that for all z,y € M and t > 0,

t t
14 A — ) <t Seq [t N —— ).
(14 e ( : d(ﬂf,y)“*ﬁ) Plt, oY) S ( : d(xyy)“”)

Then, we have the following statements.
(1) If there is a strictly increasing function ¢ on (0,1) such that

(1.5) /0 ¢<i)ﬁ ds < oo (resp. = ),

then

d(Xs,
(1.6)  limsup SUPy<rs (Xs, 7)
t—0 o(t)
Similarly, if ¢ is defined on (1,00) and the integral in (1.5) is over [1,00),
then (1.6) holds for t — oo instead of t — 0.
(2) There exist constants ¢y, cg € (0,00) such that for all x € M and P*-a.e.,

=0 (resp. = 0), P*-a.e. w, Vo € M.

=5, liminf SPo<st AN, )
8" @/ log | logt) 7P > iR Tt/ loglog 1)1/

(3) Assume a < B. Then, there exist a local time {l(z,t) : x € M,t > 0} and
constants cz, cg, co, 19 € (0,00) such that for all x € M and P*-a.e.,

= Cg.

lim su sup, 1(y, ) = ¢7, liminf sup, !(y, ) =c
N t1=a/B(loglogt)o/8 — 7 Timee t1-o/B(loglogt)—1+e/d Y
R(t R(t
lim sup ®) = cg, liminf ®)

100 /P (loglogt)t—a/8 =00 to/B(loglogt) /8 o,
where R(t) = u(X([0,])) is the range of the process X.
Note that in [9], (1.4) is proved for stable-like processes, that is

(L7 &u,v) = /M (u(x) —uly))(v(z) = v(y)) n(d,dy) Vu,v e ZF,

xM\{z=y}

where u is a quasi-continuous version of u € .%, and the Lévy measure n(-, -) satisfies

’ pldr)p(dy) _ /M(dﬂf) (dy)
Ul y)et? S A,y B

for p € (0,2). [-stable-like processes are perturbations of -stable processes, and
clearly they are no longer Lévy processes in general. Stable-like processes are ana-
logues of uniform elliptic divergence forms in the framework of jump processes. — We
emphasize here that, in Theorem 1.3 above, we do not assume [ < 2 in general (see
Example 5.3). Indeed, in this paper we will consider more general jump processes
that include jump processes of mixed types on metric measure spaces, which are
given in Section 5.

n(dz, dy) <

For the case of diffusions that enjoy the so-called sub-Gaussian heat kernel esti-
mates, LILs corresponding to Theorem 1.3 have been established in [7, 15]. However,
since the proof uses Donsker-Varadhan’s large deviation theory for Markov process-
es, some self-similarity of the process is assumed in these papers (see [7, (4.4)] and
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[15, (1.7)]). In the present paper, we will not assume such a self-similarity on the
process X. Instead we consider a family of scaling processes and take a (somewhat
classical) “bare-hands” approach.

The remainder of the paper is organized as follows. In Section 2, we give the
assumptions on estimates of heat kernels we will use, and present their consequences.
In Section 3, we establish LILs for sample paths. Section 4 is devoted to the LILs of
maximums of local times and ranges of processes. The LILs for jump processes of
mixed types on metric measure spaces are given in Section 5 to illustrate the power
of our results. Some of the proofs and technical lemmas are left in Appendix A.

Throughout this paper, we will use ¢, with or without subscripts and superscripts,
to denote strictly positive finite constants whose values are insignificant and may
change from line to line. We write f =< g if there exist constants ¢y, co > 0 such that
c19(z) < f(z) < cag(z) for all .

2. HEAT KERNEL ESTIMATES AND THEIR CONSEQUENCES

Let (&,.7) be a symmetric regular Dirichlet form on L*(M, 11). In this paper we
will consider the following type of estimates for heat kernels: there exists a properly
exceptional set 4" and, for given T' € (0, oc], there exist positive constants C; and
(5 such that for all z € M \ A, p-almost all y € M and t € (0,7),

1 t
21) pltzy) <O <V<¢—1<t>> A v<d<x,y>>¢<d<m,y>))’
1 t
(22) CQ(‘/(W(t)) 4 v<d<x,y>>¢<d<x,y>>) <P %Y)

Here V : R, — R, and ¢ : Ry — R, are strictly increasing functions, and there
exists a constants ¢ > 1 such that

(2.3) V(0)=0, V(co)=o0c and V(2r)<cV(r) for every r > 0.

Note that (2.3) is equivalent to the following: there exist constants ¢,d > 0 such
that

V(R) _
Vi(r)

We now state the first set of our assumptions on heat kernels.

(2.4) V(0)=0, V(co)=00 and

c<§>d forall 0 <r < R.

Assumption 2.1. There exists a transition density p(t, z,y) : Ry x M x M — [0, o0
of the semigroup of (&, .%) satisfying (2.1) and (2.2) with 7" = oo, and (2.3).

Assumption 2.2. ¢(0) = 0, and there exist constants ¢y € (0,1) and ¢ > 1 such
that for every r > 0

(2.5) o(r) < cod(fr).

It is easy to see that under (2.5), lim ¢(r) = oo, and there exist constants cg, dy >
T—00
0 such that

Co <§>do < i((f)) forall 0 <r < R,

e.g. the proof of [19, Proposition 5.1].
In this section, we assume the above heat kernel estimates and discuss the conse-
quences. Sometime we only consider two-sided estimates about heat kernel for short
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time. We call Assumption 2.1 holds with T < oo, if there exists a transition density
p(t,z,y) : Ry x M x M — [0, 00| of the semigroup of (&,.%) satisfying (2.1) and
(2.2) with T' < oo, and (2.3). We emphasize that the constants appearing in the
statements of this section only depend on heat kernel estimate (2.1) and (2.2).

Before we go on, let us note that the (2.1) and (2.2) can be proved in a rather
wide framework.

Theorem 2.3. ([10, Theorem 1.2]) Let (M,d, ;1) be a metric measure space given
above with (M) = oo, and assume that there exist o € M, k € (0,1] and an
increasing sequence T, — 00 as n — oo so that for everyn > 1, 0 < r < 1 and
x € B(xg,1y), there is some ball B(y,kr) C B(x,r) N B(xg,1,). Let (&, F) be a
symmetric reqular Dirichlet form on L*(M, i) such that & is given by (1.7) and the
Lévy measure n(-,-) satisfies

pu(da)p(dy) puld) pu(dy)

B0 e et y) <" S VG oty

Assume further that w(B(z,r)) < V(r) for all x € M and r > 0, that V and ¢
satisfy (2.8) and (2.10) below respectively, and that [ (s/¢(s))ds < esr?/o(r) for

all ¥ > 0. Then there exists a jointly continuous heat kernel p(t,x,y) that enjoys
the estimates (2.1) and (2.2) with T = co.

Remark 2.4. In [10, Theorem 1.2], an additional assumption was made on the
space (M, d) such that it enjoys some scaling property (see [10, p. 282]). However,
such assumption can be removed by introducing a family of scaled distances as in
(4.13) below instead of assuming the existence of a family of scaled spaces, and by
discussing similarly to the proof of Proposition 4.5 below.

2.1. General case. In this subsection, we state consequences of Assumptions 2.1
and 2.2. The proofs of next two propositions are given in Appendix A.1.

Proposition 2.5. Under Assumptions 2.1 and 2.2 (even in the case that Assumption
2.1 only holds with T < o00), the process X is conservative, i.e. for any x € M\ A
and t > 0,

/p(t,l‘,y) H(dy) =1.

Proposition 2.6. Let p(t,z,y) satisfy Assumptions 2.1 and 2.2 above. Then,

(1) For any x € M and r > 0,
(2.7) w(B(x,r)) < V(r).
(2) Diam (M) = oo and u(M) = co. In particular, there exist constants c1, ca >
0, do > di > 0 such that
d1 d2
(2.8) c (?) < % < @(%) for every 0 <r < R < oc.

It is known that any regular Dirichlet form admits a unique representation in the
following form

& (u,v) =6 (u, v) + / (u(z) = u(y))(v(z) - v(y)) n(dz, dy)

MxM\{z=y}

+ /M u(x)v(z) k(dr)
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for all u,v € .Z N C.(M). Here & is a symmetric form that satisfies the strong
local property, n(dx,dy) is a symmetric positive Radon measure on M x M off the
diagonal, and k(dx) is a positive Radon measure on M. The measure n(dz, dy) is
called the jump measure and k(dz) is called the killing measure.

Proposition 2.7. Assume that the regular Dirichlet form (&, F) enjoys the heat
kernel p(t, x,y) such that Assumptions 2.1 and 2.2 are satisfied (even in the case that
Assumption 2.1 is only satisfied with T' < oo ). Then, the killing measure k(dx) = 0,
and the jump measure n(dx,dy) satisfies (2.6).

Indeed, since the process X is conservative by Proposition 2.5, clearly k(dx) = 0.
For the assertion of n(dz,dy), using the heat kernel estimates, we can follow the
proof of [5, Theorem 1.2, (a)= (c)].

2.2. The case that ¢ satisfies the doubling property. Throughout this sub-
section, we assume that ¢ satisfies the doubling property.

Assumption 2.8. There is a constant ¢ > 1 so that
(2.9) o(2r) < co(r) for every r > 0.

Note that, (2.9) implies that for any 6 > 1 there exists ¢y = co(f) > 1 such that
for every r > 0, ¢(6r) < cop(r). If Assumptions 2.2 and 2.8 are satisfied, then it is
easy to see (also see the proof of [19, Proposition 5.1]) that ¢ satisfies the following
inequality

(2.10) 63<§>d3 < oLR) < ey <§>d4
r ¢(r) r
for all 0 < r < R and some positive constants ¢;, d;(i = 3,4).

In this subsection, we state consequences of Assumptions 2.1, 2.2 and 2.8. The
proofs of Propositions 2.9, 2.11 and 2.12 in this subsection are also given in Appendix
Al

We first prove the Holder estimates for p(t, x,y). As a result, under Assumptions
2.1, 2.2 and 2.8, even in the case that Assumption 2.1 holds with T < oo, the
property exceptional set .4 can be taken to be the empty set, and so (2.1) and (2.2)
hold for all z,y € M and t > 0. We will frequently use this fact without explicitly
mentioning it.

Proposition 2.9. Suppose Assumptions 2.1, 2.2 and 2.8 hold. Then there exist
constants 0 € (0,1] and ¢ > 0 such that for allt > s > 0 and x;,y; € M withi = 1,2

|p taxhyl) _p(wavaQ)‘

¢ -1 — S T1,T9 15 Y2 0.
Q1)< gy (60 9) i)+ din )

In particular, for all t > 0 and x;,y; € M with i =1,2

c d(x1,22) + d(y1, o) ’
(2.12) Ip(t, 21, 51) — p(t, 22, 92)| < V(oL(0) ( o—1(1) ) ‘

Furthermore, (2.11) and (2.12) still hold true for any 0 < s <t < T, if Assump-
tions 2.2 and 2.8 are satisfied and Assumption 2.1 only holds with T' < co.

Using Proposition 2.9 and following the proof of [7, Proposition 2.3] (also see [2]
for the original proof), we can get
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Theorem 2.10 (Zero-One Law for Tail Events). Let p(t,z,y) satisfy Assump-
tions 2.1, 2.2 and 2.8 above, and let A be a tail event. Then, either P*(A) is 0 for
all x or else it is 1 for all x € M.

For an open set D, we define
(2.13) pP(t,z,y) == p(t,z,y) — Ex(p(t —7p, Xop,Y) 1 Tp < t), t>0,z,y €D

Using the strong Markov property of X, it is easy to verify that pP(t,z,y) is the
transition density for X”, the subprocess of X killed upon leaving an open set D.
pP(t, z,y) is also called the Dirichlet heat kernel of the process X killed on exiting D.
The following two statements present a lower bound for the near diagonal estimate
of Dirichlet heart kernels and detailed controls of the distribution of the maximal
process.

Proposition 2.11. If Assumptions 2.1, 2.2 and 2.8 hold, there are constants &y, co >
0 such that for any x € M and r > 0,

(2.14) pPED (g (r), 2y y') = eV (r)7h, @'y € Bla,r/2).

Furthermore, if Assumptions 2.2 and 2.8 are satisfied and Assumption 2.1 only holds
for T < oo, then (2.14) holds for all x € M and r = 0 with dop(r) € (0,T).

Proposition 2.12. If Assumptions 2.1, 2.2 and 2.8 hold, there are some constants
co > 0 and af,al € (0,1) such that for allx € M, r >0 andn > 1,
(2.15) a;" <P sup  d(Xi,x) <7r)<ay".

0<s<cong(r)

Furthermore, if Assumptions 2.2 and 2.8 are satisfied and Assumption 2.1 only holds
for T' < oo, then (2.15) holds for allx € M, n > 1 and r > 0 with conp(r) < T.

Let us introduce a space-time process Z; = (Vj, X), where V; = Vi + s. The law
of the space-time process s — Z starting from (¢, x) will be denoted by P®*) For
any r,t,0 > 0 and x € M, we define

Qs(t,x,r) =[t,t+ dp(r)] x B(x,r).

We say that a non-negative Borel measurable function h(t,z) on [0,00) x M is
parabolic in a relatively open subset D of [0, 00) x M, if for every relatively compact
open subset Dy C D, h(t,z) = E(t"”)h(ZTDl) for every (t,x) € D;, where 7p, =
inf{s >0:Z; ¢ D;}.

We now state the following parabolic Harnack inequality.

Proposition 2.13. Assume that Assumptions 2.1, 2.2 and 2.8 hold. For every
0 < 6 < 1, there exists ¢; > 0 such that for every z € M, R > 0 and every
non-negative function h on [0,00) x M, that is parabolic on [0,30¢(R)] X B(z,2R),
sup h(t,y) <c; inf h(0,y).
(t)€Qs(56(R),2,R) veB(zR)
By Assumptions 2.1, 2.2 and 2.8 and Proposition 2.7, the density J(z,y) of the

jump measure n(dz, dy) satisfies the following (UJS): there exists a constant ¢; > 0
such that for p-a.e. z,y € M,

/ J(z,y)p(dz) whenever r < 3d(z,y).
B(z,r)

C1

J(z,y) < )
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Let ¢ be the constant in Assumption 2.8, and ¢y € (0,1) be the constant such that
for almost all x € M and r > 0,

(216) Px(TB(x7T/2) < C(ﬂZﬁ(T’)) < ]./27

see e.g. (3.6) below. Since the density J(z,y) of the jump measure n(dz, dy) satisfies
(UJS), Proposition 2.13 can be proved by following the arguments of [10, Theorem
4.12] and [11, Theorem 5.2]. See [10, Appendix B] and [11, Section 5] for more
details. In fact, as explained in the first paragraph of [11, Theorem 5.2] one can first
consider the case that h is non-negative and bounded on [0, c0) X F' and establish the
result for 0 < ¢g/c. Once this is done, one can extend it to all 6 < 1 and any non-
negative parabolic function (not necessarily bounded) by a simple chaining argument
and the argument in the step 3 of the proof of [11, Theorem 5.2], respectively.

3. LAWS OF THE ITERATED LOGARITHM FOR SAMPLE PATHS

In this section, we discuss LILs for sample paths of the process X. Instead of
assuming full heat kernel estimates as in Assumption 2.1, we give the estimates that
are needed in each statement. Throughout this section, we assume the reference
measure j satisfies the uniform volume doubling property:

(3.1) w(B(z,r)) < V(r) for every x € M and r > 0,

where V' is a strictly increasing function that satisfies (2.3).

3.1. Upper bound for limsup behavior. Let heat kernel p(t,x,y) on (M, d, u)
satisfy the following upper bound estimate for all x € M \ A4, p-almost all y € M
and all ¢t € (a,b) with a < b,

Ct
V(d(z,y))o(d(z,y))’
where C' > 0, and ¢ : R, — R, is a strictly increasing functions satisfying (2.5).

(3.2) p(t,z,y) <

Theorem 3.1. Let p(t,x,y) satisfy the upper bound estimate (3.2) above. Then,
the following holds.

(1) If a = 0 and there is an increasing function ¢ on (0,1) such that
1
1
(3.3) / - dt < oo,
0 <Z5(<P(t))
then

5 SUPggs<t d( X, )
im sup
t—0 SO(t)

(2) If b = oo and there is an increasing function ¢ on (1,00) such that

o 1
(3.4) /1 m dt < oo,
then

< 2, P?-a.e. w, Ve e M\ N .

. SUPggs<t d(Xs, )
lim sup
t—00 o(t)

< 2, P?-a.e. w, Ve e M\ N .
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Proof. We only prove (1), since (2) can be verified similarly. Let us first check that
there is a constant ¢; > 0 such that for all z € M\ A7, r > 0 and t € (0,b),
Clt

(3.5) /B(x?r)cp(t,:v,z) p(dz) < Pk

If t > ¢(r), then the right hand side of (3.5) is greater than 1 by taking ¢; > 1, so we
may assume that ¢ < ¢(r). Without loss of generality, we also assume that b = 1.
It follows from (3.2) and the increasing property of V' that, for all z € M \ A,
p-almost all z € M with d(x, z) > s and each t € (0,1),

Ct
V(s)o(s)
This upper bound, along with the uniform volume doubling property of y (e.g. (2.4)
and (3.1)) and (2.5), yields that

p(t,x, z) <

o0

| ptaau@) <Y
B(xz,r)° k=0

/ p(t.2) (d2)
B(z,0kt1r)\ B(z,0kr)

c ot
V(0Fr) p(6Fr) " (B (z,

[M]#

<
k

I
o

cV(0Fr) ¢ =t cqt
V@) o) < 20

A
M8

i

0
Now, let
T = inf{t > 0: Xy ¢ B(z,r)}.
By (3.5) and the strong Markov property of X, for all x € M \ A4, t € (0,1) and
r >0,
Pm<TB(x’T) < t) <Px(TB(w’T) < ¢, d(XQt,x) < 7“/2) + Px(d(th, x) > T‘/Q)
26125
<t d(Xo, X, >r/2
) ( 2t B(z,r)) T/ ) + qb(r/2)
QClt < C5t .
(r/2) = ¢(r/2)
Set s = 2% for all k > 1. By (3.6), we have that, for all z € M \ A
C5Sk
P*( sup d(Xs,x) > 20(sk)) = PP (TB(z.20(s) < Sk) < —————.
<0<s£k ( ) (10( k)) ( B(z,2¢(sk)) k) ¢((P(3k+1>>
By the assumption (3.3) and the Borel-Cantelli lemma,

P?( sup d(Xs,z) < 2p(sk)) except finite £ > 1) =1,

0<s<sg

<Px (TB(x,r

(3.6)

< sup Pz<d(X2tfsa Z) > 70/2) + ¢

s<t,d(z,z)>r

which implies the desired assertion. U

Remark 3.2. From (3.5), one can easily get similar statements for the limsup
behaviors of d(Xy,z) for both t — 0 and t — co.

By considering ep(r) for small € > 0 instead of ¢(r) in Theorem 3.1, we obtain
the following corollary.

Corollary 3.3. Suppose that p(t,x,y) satisfies the upper bound estimate (3.2), and
that ¢ is a strictly increasing function satisfying (2.10). Then, the following holds.
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(1) If a =0 and there is an increasing function ¢ on (0,1) such that (3.3) holds,

then
d(Xs,
lim sup SWocsct A Xy, 2) =0, P®-a.e. w, Ve e M\ N .
t—0 @(t)
(2) If b = oo and there is an increasing function ¢ on (1,00) such that (3.4)
holds, then
d(Xs,
lim sup SUPo<sc d(Xs, 7) =0, P®-a.e. w, Yo e M\ N .
t—00 <P(t)

3.2. Lower bound for limsup behavior. We begin with the assumption that
the heat kernel p(t, x,y) on (M, d, u) satisfies the following off-diagonal lower bound
estimate: there are constants a, C' > 0 such that for every x € M \ A", p-almost all
y € M and all t € (a, c0),

C't
V(d(z,y))p(d(z,y))’

where V' and ¢ are strictly increasing functions satisfying (2.8) and (2.9), respective-
ly. The statement below presents lower bound for the limsup behavior of maximal
process for t — oo.

(3.7) p(t,z,y) > d(z,y) > ¢ (t),

Theorem 3.4. Let p(t,z,y) satisfy the lower bound estimate (3.7) above. If there
is an increasing function ¢ on (1 oo) such that

(3.8) / ¢ — 0,

then for all x € M\ N
d(X. 1
(3.9) lim sup _ X 2) > —, P%ae w.
oo @(t)VOTI(t) T 2
and so for all x € M\ N
d(X.. , d(X,,
(3.10) lim sup SUPy<st UK, 2) = lim sup dX1,2)
t—o0 go(t) t—00 SO(t)

=00, P%-a.e w.

Proof. Without loss of generality, we can assume that a = 1 and ¢(1) = 1. First,
choose ry > 2 such that r, d ¢1, where d; and ¢; are constants given in (2.8). By
(2.8) and (2.9), we have that for all s > 1

! S 1
/7’28 W dv<r) B Z /Te[rks rkH (T)gb( ) dV(T)

k=0
k+1 (

r5s)
= Z k+1 + S)

(- )w

1 > 1
> = (1+logy ro)(k+1) _ —
( ) 2 o(s)

k=0
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_ 1
= ng.
In particular,
t
3.11 inf ———dV 0
(3.1) 21 /r>d>1(t) V(r)e(r) ) >0,
and by (3.8),
o 1
3.12 d ———dV(r) = oo.
312) Joat ],y T V0 =

For any k > 1, set
By = {d(Xprer, Xor) = (2"1) v o1 (25}
Then for every x € M \ A" and k > 1, by the Markov property,
P7(B,|7,,) > inf P(d(Xys, 2) > p(2H) v 671 (2541))
2k
= S
(k1 )vg-12k+1y V(1) o(r)

If there exist infinitely many k > 1 such that ¢(21) < ¢~1(2F1) then, by
(3.11), for infinitely many £ > 1,

av(r).

2k
P*(By| Zs,) 26’/

—dV(r
SRS 7775 v os R

C t
>—inf ————dV(r) =:1c3 >0
2 t>1 r=é—1(t) V(T)¢(T) ( ) 3
and so
(3.13) > PU(BZ,,) = .
k=1
If there is ko > 1 such that for all k > ko, p(251) > ¢=1(28+1), then
z ok C ok+1
P*(By|-#s,) = C —dVT:—/ ———dV/(r).
BIF) 2 C | ey V00 73 ey Vigo)

Combining this with (3.12), we also get (3.13). Therefore, by the second Borel-
Cantelli lemma, P*(limsup B,,) = 1. Whence, for infinitely many k& > 1,

A(Xgen, 1) > (257 v 67 (2541))

or

1 1
d(Xye,7) 2 (@2 Vo 1 (2) = S(p(27) v 671 (2Y).
In particular,
_ d( Xy, x) , d(Xok, x) 1
lim sup ————————— > limsu > —.
et OV () T ki’ 22 VI 7 2
The proof of (3.9) is complete.
By (3.9), we immediately get that for all x € M \ A
d(Xs, X, 1
lim sup SUPo<sgt (X 7) > lim sup d(X, z) > —, P%ae w
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Therefore, (3.10) follows by considering ky(r) for large enough k > 1 instead of (r)
and using (2.9). O

To consider the lower bound for limsup behavior of maximal process for ¢ — 0,
we need the following two-sided off-diagonal estimate for the heat kernel p(¢,x,y)
on (M,d, u), i.e. for every x € M\ A, p-almost all y € M and each t € (0,b) with
some constant b > 0,

Clt O2t
V(d(z, y))¢(d(z,y)) V(d(z, y))¢(d(x,y))’
where V' and ¢ are strictly increasing functions satisfying (2.8) and (2.9), respec-
tively.

(3.14) < plt,z,y) < d(z,y) = ¢~ '(t),

Theorem 3.5. Let p(t,x,y) satisfy two-sided off-diagonal estimate (3.14) above. If
there is an increasing function ¢ on (0,1) such that

|
(3.15) /0 —¢(<p(t)) dt = oo,

then for allxz € M \ N,
d(X 1
(3.16) lim supM > -, P*-a.e. w,
t—0 go(t) V Qﬁfl (t) 2
and so for all x € M\ N,
d XS? . d X 9
(3.17) lim sup SUPy<egt AN, 2) = lim sup dX1,z) = 00, P*-a.e. w.
t—0 go(t) t—0 cp(t)

To prove Theorem 3.5, we will adopt the following generalized Borel-Cantelli
lemma.

Lemma 3.6. ([30, Theorem 2.1] or [36, Theorem 1)) Let Ay, As, ... be a sequence
of events satisfying conditions

Y P(4,) =00
n=1
and
P(Ar N A;) < CP(A:)P(4))
for all k,j > L such that k # j and for some constants C' > 1 and L. Then,
P(limsup 4,) > 1/C.

Proof of Theorem 3.5. For simplicity, we may and can assume that b =1, ¢(1) =1
and 2% < ¢;, where d; and c¢; are constants given in (2.8). Then, similar to the
proof of Theorem 3.4, under assumptions of the theorem, we have

t
3.18 inf / ——dV(r) >0,
( ) t€(0,1] Jr>g-1(1) V(r)e(r) )

and, by (3.15),

! 1
(3.19) /0 dt /@@(t) Ve dV(r) = oco.
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For some t € (0,1) and any k > 1, set s, = 27"t and

Ay =X, X)) 2 051 V 67 (1) .
By the Markov property and the lower bound in (3.14), for all z € M \ A/,
P?(Ay) > inf P(d(X,,.,,2) = @(se) V 67" (s1))

: Sk+1
oo | )
U i etsove 10 V(d(z9))0(d(z, 1))

Sk
202/ NN dV(T) =i C2C1 5 -
rop(svei(sy) V(T)o(r) ’

In particular, if ¢(0) > ¢~ 1(6), then

if (0) < ¢~1(0), then
6

3.20 Cro = / T _av().
(3.20) Y s V)e(r) )
Combining these two estimates above with (3.18) and (3.19) yields that

> PH(Ay) = .

On the other hand, for any k < j, by the Markov property and the upper bound
for the heat kernel (3.14),

P (Ax N A4;) <E7 (14, PV (d(X,y, 1, Xo) > 9(s) V 07 (51))
<P*(A4;)sup P* (d(X,,,,,2) = @(sp) V

<esPP(Aj)ers, < G5l Crs,-
From this and (3.20), we can easily see that there is a constant Cy > 1 such that
P*(A, N A;) < CoPP(Ar)PT(4;).
Therefore, according to Lemma 3.6,
P*(limsup A,,) > 1/C,

which along with the Blumenthal 0-1 law implies that P*(limsup A,,) = 1. Whence,
for infinitely many k£ > 1,

1 _
A(X, ) > S50 V67 (50)
or
1 B 1 B
d(Xspyyr ) 2 5(@(%) Vo (sk) = 5 (¢ (st11) VO (8k41)) -
In particular,
lim sup d(X,, 7) > lim sup Xy, 7) > 1,

-0 @)V ori(t) koo (s1) Vo (sy) T 2
which gives us (3.16). Hence, (3.17) follows by considering kp(r) for large k£ > 1
instead of ¢(r) and using (2.9). O
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Remark 3.7. The proof of Theorem 3.4 is only based on off-diagonal lower bound
of the heat kernel estimate for long time, while in the proof of Theorem 3.5 explicit
two-sided off-diagonal estimate of the heat kernel for small time is used. Unlike the
case of Theorem 3.4, we do not know how to prove Theorem 3.5 by using only the
off-diagonal lower bound of the heat kernel estimate.

3.3. Liminf laws of the iterated logarithm. In this part, we discuss Chung-type
liminf laws of the iterated logarithm. To this end, we assume that the heat kernel
p(t, z,y) on (M, d, ) satisfies the following two-sided estimates with 7" € (0, oo]: for
every x € M \ A, p-almost all y € M and each 0 <t < T,

Cit Cot
V(d(z,y))o(d(z,y)) V(d(z,y))o(d(z,y))’

where V and ¢ are strictly increasing functions satisfying (2.8) and (2.10) respec-
tively.

(3.21) <p(t,zy) <

Theorem 3.8. Let p(t,x,y) satisfy two-sided estimate (3.21) above with 0 < T <
0o. Then there exists a constant ¢ € (0,00) such that

d(Xs,
lim inf SoP0<s<t (Xo, ) =, P*-a.e. w, Vx € M.

t—0 ¢~ 1(t/log |logt|)
Proof. The following proof is based on the idea of that in [14, Chapter 3] (see also
the proof of [24, Theorem 2]). Without loss of generality, we can assume that 7' = 1,
and 4 = () due to Proposition 2.9.
For any k£ > 1, let ¢(ax) = e\ = mlog(l + k), u = colpe™™ and
Ok = D ic k1 Ui, Where cg > 0 and af € (0,1) are the constants in Proposition 2.12.
We will prove that there are £, ¢; € (0, 00) such that for all x € M

v TB(a) 1/4
P sup < €> <cerexp(—=m/7), m>1.
(2a27n<7‘<2am ¢(T) log | log ¢(T>|
For k > 1, let G}, = {Sup%@@ki1 d(Xs, X,,) > ak}. By the Markov property,
Proposition 2.5 and Proposition 2.12, for all x € M,
P*(Gy) <supP?( sup d(X,,z2) > ay)

0<s<ug

=1—infP*( sup d(X,,2) < ay)

0<s<ug
—1—a™=1—(1+k) 3 <exp(—ck™2/?).

For k > 1, let Hy, = {supy.,<,, d(Xs,2) > ai}. Then, for all z € M and for all
k>,

oo — )2 .
C30% < Ca) o€ (k+i) 120g(1—|—l<:—|—z) <ese
P(ay) ek

where the first inequality follows from (3.6) and the doubling property of ¢.
For m > 1, define A,, = (2" Dy, where D), = {supgescq, , d(Xs,2) > 2a1}.
Since Dy, C G, U Hk,

P*(H;) <

A, € (Mp2,Gr) U (U2 Hy) -
By using the Markov property again, we find that for all z € M,
P?(A,) < PN, Gr) + PT(URE, Hy)
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Zﬁ {Sup0<s<ok Ld(X, 7) - 1})
ke Qak

2P
< inf SUPo<s<oy— 1d(stm) S 1)
(

m<k<2m 2ak
x B(w 2ay) - TB(z,2az)
=P sup <1)>2P° sup ——=<1)
m<k<2m Ok—1 m<k<2m Uk

x TB(:E»T)
>P < sup < §>
asm<r<2am (1) log | log ¢(T)|

for some £ € (0, 00). Using this equality, by the Borel-Cantelli lemma, we conclude
that

T x,r
lim sup B(z.r)

r—0 ¢(r)log|log o(r)]
On the other hand, for any k > 1, let ¢(I) = e *. Then,

B, ::{ sup TB(x,r) > b}
L1 <r<ly (b(T) 1Og | 10g ¢(T)’

A raen > b 6() 1og |1og 9(10)] }.

23

Taking b = —4/log a’ where a} € (0, 1) is the constant in Proposition 2.12, we know
from Proposition 2.12 that

P(B) < ke
Thus, by the Borel-Cantelli lemma again,

€ [€, 0],

.
lim sup Bzr)

=0 ¢(r)log |log ¢(r)|

which implies that

. TB(z,r
lim su ()

=C
ob ¢(r)log|log o(r)]

for some constant C' > 0, also thanks to the Blumenthal 0-1 law. The desired
assertion follows from the equality above. OJ

P*-a.e. w, Vr € M,

For the behavior of liminf for maximal process with ¢ — oo, we have the following
conclusion similar to Theorem 3.8.

Theorem 3.9. Let p(t,x,y) satisfy two-sided estimate (3.21) for all t > 0, i.e
T = oco. Then there exists a constant ¢ € (0,00) such that
SUpy ot (X, )

h{ggf o1(t/ loglog 1) =c, P*-a.e. w, VY € M.
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Proof. Since the proof is the same as that of Theorem 3.8 with some modifications,
we just highlight a few differences. With the notions in the argument above, we
define the sequences ay, o, and sets Gy, Dy as

k-1
Plar) = €k27 Ok = Zuz
1=1

and
G = { sup d(Xs, Xy, ) > ak}, D, = { sup d(X,,x) > 2ak},

0k<3<0k+1 0<S<0’k+1

respectively. To conclude the proof, we use Theorem 2.10 instead of Blumenthal 0-1
law. O

Remark 3.10. It can be easily observed that the behavior of limsup does not
change if we consider sup,_,, d(Xs, ) instead of d(X;,z). However, the liminf
behavior for d(X;,z) can be different from that of sup,_,, d(X,,x). For instance,
if the process X is recurrent, i.e. floo dt = oo, then for all x € M \ A,

lim inftg)oo d(Xt, l’) =0.

1
V(e=H(t)

4. LAwWS OF THE ITERATED LOGARITHM FOR LOCAL TIMES

In this section, we discuss the LILs for local time when the process X enjoys
the local times. Throughout the section, we assume Assumptions 2.1, 2.2 and 2.8.
Recall that, under Assumptions 2.1, 2.2 and 2.8, (2.8) holds for V' by Proposition
2.6(2), and (2.10) holds for ¢ by the remark below Assumption 2.8. Note that (2.8)
and (2.10) are equivalent to the existence of constants cs, -+ ,cs > 1 and Ly > 1
such that for every r > 0,

csP(r) < ¢(Lor) < cgp(r) and c;V(r) < V(Lor) < cs V(r).

In particular,

©dV(s) 1 .
(1) | Ve = w7

4.1. Estimates for resolvent densities. We define the A-resolvent density (i.e.
the density function of the A-resolvent operator) by

uMz, y) =/ e Np(t, z,y) dt.
0

For each A C M, set
Ta:=inf{t >0: X, ¢ A}, o4:=inf{t >0: X, € A}

and
oY =inf{t >0: X, € A}.
For simplicity, we write 09 := af{)x .

For an open subset A C M with A # M, define
ua(z,y) = / Pt y)dt, zy € A
0

where p”(t,-,-) is the Dirichlet heat kernel of the process X killed on exiting A, see
(2.13).
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Proposition 4.1. Suppose that
o 1 At

4.2 e M dt =< , A>0.
42 | v = e
Then the following three statements hold.

(i) There exist c1,co > 0 such that
o(r) ¢(r)
V(r) V(r)
(ii) There exists c3 > 0 such that the following holds for any xo € M, R > 0 and

any r,y € B(l’o, R/4)7

1 U@ (T,x) < ¢ for all € M, r> 0.

o(d(z,y)) 1

P* (0% > 75, Sc '
(70> TBe0.R) S 0 wmer 1 9)

(iii) It holds that
1—EY[e 7] < C4$
forall z,y € M.

Remark 4.2. The exponent on the right hand side of (iii) (which is § — a when
dy = dy = a and d3 = dy =  in (2.8) and (2.10)) is sharp in general, and we do
need this exponent later. We may be able to obtain the Holder continuity by using
the Harnack inequality in Proposition 2.13, but we cannot get the sharp exponent
with that approach (cf. Proposition 2.9). Another possible approach is to use the
properties of the so-called resistance form (see for example, [21]), but they require
various preparations, so we take this “bare-hands” approach.

Proof of Proposition 4.1. The following arguments are based on [3, Section 4] and
[6, Section 5], but with highly non-trivial modifications due to the generality and
the effects of jumps.

(i) The lower bound is easy. Set A = B(xz,r). By (3.6) and (2.10), there exists a
constant ¢; > 0 such that for all xt € M and r > 0,

1

P? (14 < 19(r)) < 5

and so, by conservativeness of the process (Proposition 2.5), we have

E*(74) > ad()P” (14 > co(r)) > So(r).

We then have

0) <E(ra) = [ uaen) uldy) < ualo. () < oV (r)uaa, ),

0
T

where we used the fact ua(z,y) = ua(y,z) = PY(0? < 09 )ua(z,z) < ua(x, ).
Thus, the lower bound is established.

We next prove the upper bound. Let Ry, be an independent exponential distribut-
ed random variable with mean A~!. In the following, with some abuse of notation,
we also use P* for the product probability of P* and the law of R). We claim that

there exists a constant c¢3 > 0 such that

(4.3) P*(Ry < 7a) < (ec3Ap(r)) A1, xe€ M,r,A>0.
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To prove this, we first note that
(4.4) P?(ta > t) <exp(—t/(cs0(r))), =€ M,r,t>0.
Indeed, since for any x € M and t,r > 0,
P (TB2r) 2 1) < / p(t, z,y) pdy) < M
B(w,2r) V(p~t(t))
by (2.8) and (2.10), there is a constant ¢5 > 0 such that
P*(Tp(2r = ¢s0(r)) < 1/2

for all x € M and r > 0. So, by induction and the Markov property, we have for
each k € N,

P74 = cs(k +1)o(r)) <E* [1{TA>csk¢(r)}PX05’“¢(”(TB(XO,QT) > c50(r))
<(1/2)",
which immediately yields (4.4). Using (4.4), we have
P*(R) < 7a) :/ Ae ™ MPT(14 > t)dt < / e Mexp(—t/(cso(r))) dt

=AM+ 1/(e30(r))) " < esAo(r),

0 (4.3) is established.
Now using (4.3) with the choice of A\ = (2c3¢(r))™!, the fact that us(y,z) <
ua(z, z) and the strong Markov property, we have

uA(I,l’> < uA(LU,I) + Px(‘R)\ < TA)UA(x7x) < u/\((L’,ZL’) + (1/2>UA('T7‘T)
This, along with (2.1), (4.2) and (2.10), gives us

ua(r, ) < 2uMz,2) < 2/000 e’\tm dt < cﬁ%.

(il) Write A = B(zo, R) and B = B(y, c.d(x,y)), where 0 < ¢, < 1 is chosen later.
Using the strong Markov property and Proposition 2.5,
UA(?J; y) = UB(y, y) + EY (1 - fy(XTB)) UA(ZJ; y)7
where f,(z) := P*(o) > 74). Thus,

(4.5) up(y,y) = va(y, y) B [f, (X ).

Since f,(-) is harmonic on A \ {y}, by Proposition 2.13 (we only use the elliptic
Harnack inequality here), there exist two constants ¢, ca > 0 such that

(4.6) fy(2)/ 1y(Z) < e, Vz,2' € By, c.kd(z, y)) \ B,

where we choose k > 0 to satisfy 1 < ¢,k < 3/2. Note that 1 < ¢,k is required
in order to guarantee that x € B(y, c.kd(z,y)) \ B. Using the jump kernel of the
process X (see Proposition 2.7) and the Lévy system formula (see for example [10,
Appendix AJ), we have

T/t
PY(Xrpne & Bly, c.kd(z, y)) / / J(Xs,u) p(du) ds}
B(y,cxkd(z,y))

/TB/\t/ cs pu(du) ds }
B(y,cokd(z,y))° V(d(Xs,u))p(d(Xs,u))
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caBEY[Tp N t]
<

¢(cu(k = D)d(x, y))
where in the last line we have used (2.10), (4.1) and the fact that for any z,y € M,
EY(15) < cop(cid(z,y)) due to (4.4) (e.g. see (A.2)). Note that the constant ¢5 > 0
is independent of ¢, and k. We choose k large enough and ¢, small enough such that
cs(k—1)7% < 1/2 and 1 < ¢,k < 3/2. Taking t — oo in the inequality above, we
have

g 05<k - 1)7d37

PY(X., ¢ Bly, c.kd(z,y))) < 1/2.
Using this, (4.5) and (4.6), we find that
P?(oy > 74)/2 = f,(2)/2 <GEY[L{x,  en.erdwuntfo(Xrs)] < EY[f,(Xr,)]
_ ey 1 oldy))
ualy,y) ualy,y) V(d(z,y))’

where we use (i) in the last inequality. We thus obtain (ii).
(iii) From (4.2), we know that

. 2L ooef)\t 1 . 2L
‘ v<¢—1<A—1>></o Vo) " S Vo)

for some constant ¢ > 1 and A > 0. Then, for all » > 0,
C*IM < / e*t/¢(T); dt < CM
V(r) 0

which implies that for any s,¢ > 0,

o(s) _ 20(s+1)
4.7 < .
(4.7) V(s) S V(s+1)
Using (4.7), the desired inequality is trivial when d(z,y) > e™! by taking ¢, =
Cl‘(/e(i)l). Let n € N be such that e™"™! < d(z,y) < e and set 7, = Tp(y,e-m) for
each m € N. Then,

1 —EY[e "] = P¥(c? > Ry)

SPYod > Ry, Ri<7)+ > PU0Y > Ry 7n < By < Tst)

m=1

+PY0? > R,,R, > 1)

< PY(Ry < 7,) + Z PY(0% > Ry, 7y < Ry < Ti_1) + PY(00 > 70)

T
m=1

SPYRy < 7) + Y PU(L(o0sr iz X Bt} P (Ry < 7))

m=1

+ PZ”(U0 > Tp)

T

<PY(Ry < 7,) Z PY(c0>17,) sup PR < Tpye-miy) +PY(o

0
z = TO)
z€B(y,e~mt1)

x

<ag(e™) + e Z PV (e™™)/V(e™) + csp(e™)/V(e™)
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< ad(e™)/V(e™) < eold(z,y))/V(d(z,y)),

where we used (i), (ii), (4.3), (2.8) and (2.10) in the fifth inequality, and (2.8) and
(2.10) in the last line. O

4.2. Existence and estimates for local times. Let (A;);>¢ be a continuous ad-
ditive functional of the process X, i.e.

o t — A; is almost surely continuous and nondecreasing with Ag = 0;

L] At € }\t,

o Ais(w) = Ay(w) + Ay(Gw) for all s, > 0.
Set Ty = inf{t > 0 : A, > 0}. A, is called a local time of the process X at z,
if P*(Ty = 0) =1 and PY(Ty = 0) = 0 for all y ¢ =. The reason that A; is
called a local time at z for the Markov process X is that the function ¢ — A; is the
distribution function of a measure supported on the set {¢|X; = x}, see e.g. [8, V. 3].
The next proposition gives us a necessary and sufficient condition for the existence
of a local time.

Proposition 4.3. The process X has a local time for all x € M, if and only if

! 1
(4.8) /0 Vo) dt < oo.

Moreover, we can choose a version of the local time at x, which will denote by l(x,t),
by requiring the following property.

(1) The function (w,t,x) — l(z,t)(w) is jointly measurable such that the follow-
ing density of occupation formula holds for all non-negative Borel measurable
function f,

(4.9) / F(X.)ds = /M F (@), £) pu(dz).

(2) For any x,y € M and X\ > 0,

(4.10) E” (/ e M dl(y,t)) = uM(z,y).
0
Proof. According to [28, Theorem 3.2], in our setting a necessary and sufficient
condition for the existence of a local time at all x € M is that
uM(z,x) < oo forall z € M and some A > 0.

Using Assumption 2.1 and the doubling properties of V' and ¢,
Mz, x) = / e Mp(t,z,r)dt < oo forallz e M
0

if and only if

! 1
e_’\t— o0
/o V(o)

which in turn is equivalent to (4.8).

Local times are defined up to a multiplicative constant, see [8, V. 3.13]. By [17,
Theorem 1] and [8, VI. 4.18], we can choose a version of local times satisfying the
desired properties (i) and (ii), also see the remark below [28, Theorem 3.2]. O
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Throughout the reminder of this section the condition (4.8) is assumed, and the
local time [(z,t) is always chosen to satisfy (1) and (2) in Proposition 4.3.
Note that, (4.2) implies (4.8). By the strong Markov property and (4.10),

oo

Nog) =B [N B [ el
0 o

0
Y
—E"¢ \VEY / e dl(y,t) = E"e v (y, y).
0
So,

(4.11) E*le"] = u'(z,y)/u' (y,y),

which is continuous because of the continuity of p(t, x,y), see Proposition 2.9.
Given Proposition 4.1, some general theory gives the following. (See [12, Theorem

1.1] for the discrete version.)

Proposition 4.4. If (4.2) holds, then the following estimate holds for each x,y, z €
M and u,6 >0,

(4.12) P*(sup [I(z,t) — (y, 1)] > 6) < 2ete 0V VdEw)/o(dwy)

0<t<u
Proof. Let q(x,y) = (1 — E*[e"%3]E¥[e~2])Y/2. Note that, since y — EV[e7%] is
continuous (see (4.11)), by [8, V. 3.2§]

P (sup |l(z,t) — (y,1)] > 6) < 2ete™d/Ra@w),

0<t<u

Since Proposition 4.1(iii) yields that

g(z,y) < (1= E[e™V]) + (1 = BY[e™"%]) < e1g(d(w, 9))/V (d(x,y)),
the proof is complete. O

The next proposition is an analogue of [15, Lemma 5.5]. Since we do not have
self-similarity of the process, serious modifications of the proof are needed. In fact
we also simplify their proof a bit. (Note that the exponent in the statement of [15,
Lemma 5.5] requires some change as we mention in Remark 4.6.) We will use a
version of Garsia’s lemma (Lemma A.1), which is proved in Appendix A.2.

Proposition 4.5. Suppose that dy < d3 where dy and d3 are the constants in (2.8)
and (2.10) respectively. Then the local time [(x,t)(w) can be chosen so that almost
surely (x,t) — l(z,t)(w) is continuous, and there exist constants ¢y, cy > 0 such that
the following holds for all z € M, L,u, A > 0,

P*( sup sup |l(z,t) —I(y,1)] = A)

d(z,y)<L 0<t<u

< V(T (W) VL) —enZeoeR S

D V(L)? ‘
Proof. First, note that under the assumption dy < d3, (4.2) holds (see Lemma 4.8
below), so that we can use Proposition 4.1. In particular, according to (4.12), the
assumption dy < dz and the Borel-Cantelli lemma, we can easily check that for each
fixed ¢ > 0, the local time [(x,t) is continuous almost surely at any x € M. This
along with [28, Theorem 8] implies that [(x, ) is jointly continuous almost surely.

Below, without loss of generality, we assume ¢(1) = 1.
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Since we will use a scaling argument in the remainder of the proof, we prepare
a scaled distance and a scaled measure. For each ¢ > 0, define a metric d(s5) and a
measure /sy on M by

desy(z,y) =0"d(z,y) Y,y € M,

(4.13) C
u () =VO) uld) YT CB(M).

For 6 > 0, let (M, ds), j1(5)) be the scaled metric measure space defined by (4.13),
and X .= {Xs(s)e : t = 0} be the scaled process in (M, ds), f1(5)). We also let

Vi) (r) = VI(or)/V(0),  dw)(r) = ¢(0r)/6(9)
and
By (x,r) ={x € M : d5)(z,y) <r}.

Then, 4i(s)(Bay, (z,7)) < Vi5)(r) uniformly on 6,r > 0 and z € M,

di V(R d
(4.14) cl<§) < 0(F) < 02(§> " for every 0 > 0,0 <r < R < o0,

r Visy(r) r
and

RN\ ds gb(g)(R) R\ da
415 < e )8 5> 0,0 R < co.
(4.15) cg< ) 50 (1) c4< r) or every 0 > <r<R<oo

In particular, if (M,d, ) is an a-set, i.e. satisfies (1.3), then it is easy to see that
(M, dsy, pu(s)) with V(r) = r* is also an a-set, and ji(5) satisfies (1.3) with the same
constants ¢y, co > 0.

Note that the transition density function p(® (t,z,y) of X (®) with respect to the
measure /i) is related to that of X by the formula

POt 2, y) = V(0)p(¢(5)t,x,y)

for all t > 0 and =,y € M. Thus, from Assumptions 2.1 we have that all z,y € M
and t,0 € (0,00),

O (¢, x, \C( ! t )’
PR SO\ G 3w Vi @ 0o o @ )

1 t
“ < pO(t,z,y).
2<V<5>(¢<5(t>> " ‘/(5)(d(6)(37>y))¢(5)(d(5)(x,y))) P (t,z,y)

Let [©)(x,t) be its local time with respect to the measure 14(5), which exists by Propo-
sition 4.3, (4.14), (4.15) and the assumption d» < d3. Let P4 be its probability
space.

In the following, set ' = ¢~'. Then, from (4.9) we see that (V(8")/¢(8"))l(y, p(8')t)
under P? corresponds to 1) (y, t) under P{5. Thus, choosing § = 1/~ (u)) ALY,
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we have
P=( sup sup li(w,t) Uy, 1)| > A)
d(z,y)<L 0<t<u
= PZ< sup sup V(") /o(d)
d(z,y) <L 0<t<u/¢(8")
(4.16) U 6(0)0) (3. 9] > AV(E)/ ()
<Piy( s swp |1 t) =1y, 0)] > AV(E)/6(5)
dsry (@,y)<OL 0<t<u/¢(d")
<Pi( s sup 10(a, 1)~ 10y, )] > AV /6(8)).
d(5/)(x,y)<5L 0<t<1
Set U(r) = \/¢(r)/V(r) and H = By, (0, 1/2) for some xo € M, and define
o, SWPost< 199 (,8) = 19 (y, 1)
F/ [$ —1 n(d n(d y
5 ( //HxH Xp Ulde (@,9)) ) )M(a)( x) sy (dy)
(

(6"
supgeycr 100 (2, t) — 19 (y, 1)
F&/::// €XP | Cx b _1/’L/dx//lz/dy7
dsry (z,y)<1 ( < U(d(5/ Y)) > ) (6)( ) (5)( )

(z,
for small constant ¢, > 0. Clearly I's;(H) < Fy and, by (2.8) and (2.10),
R\ (ds—d2)/2 ( ) (da—d1)/2

(B < U < (8
(4.17) L\ U(r) v\
holds for all 0 < » < R and some positive constants ¢, cy. We will prove in the
end of this proof that Ef,[Fy] is uniformly bounded (with respect to ) so that
I's(H) < Fy < 0o. Assuming this fact for the moment, we can apply Lemma A.1
with U(z) = e** — 1 and ¢q(u) = U(u), and deduce
U(u)du

u

, , desry(@,y)
1O (2, t) — 19 (y,1)] < Co/ log(exDyr (H)Vigry(u) > 4+ 1)
0

for pus)-almost all x,y € Bd(é/)(flf(], 1/16) and ¢t < 1, and ¢, ¢; are independent of
zo. Due to (4.14) and (4.17), as stated in Lemma A.1 the above estimate holds
for 1€ (y, ) under P{;) uniformly (i.e. with the same constants co,c; > 0 for all
0 > 0). By (4.17) again, there exist constants ¢y, c3 > 0 independent of § such that
for fi(s)-almost all z,y € M with dy(x,y) <L and t < 1

U(u)du

OL
(4.18) 19 (. 1) — 1 (y, 1) <cO/0 log(¢1 Fy Vigny (u) 2 + 1) .
<62U(5L) ( log(l + C3F6'V(5/) (5L)_2)) .

Indeed, by (4.14) and (4.17),

5L
d
log(c1 Fy Vigry(u) ™ + 1) U(u)du

u

[en]

<) (log(1 + e1Fy Vigh (SL/2M) 7)) U (5L/2%)
fe=

o0
< ¢ (log(1 + c3Fy Vigy(OL Z 9—k(ds—dz)/2
k=0

[en]
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< CQU((SL) ( 10g<]. + CgF(;/‘/((;/) (5[/)_2)) .
Plugging this into (4.16), we have

P*( sup sup [i(z,t) ~ (y,1)| > A)

d(z,y)<L 0<t<u

< Pj, <02U(6L) log(1 + e3Fy Vi (6L) %) > AV(5/)/¢(5/))
_ Pfy)<log(1 + 3 F5 Visn(0L)72) = ¢ "AV (") /(U (5L)<b(5’))>
< T VDA (1 | By [Fy] Vi (0L

< Gl AVE)/UELHE) (1 +Ef Fé,])

Vien(6L)?
V(O (W) V L) o Ay (V) (U (L6 () AD)8(6~ (w)VE) :
= V(L)2 e <1 + E(5/)[F6’]>,

where we used Chebyshev’s inequality in the second inequality, the fact that 0L < 1
(so that V(s (L) < 1) in the third inequality and put 6 = (1/¢ ' (u)) A L~" in the
last equality.

Finally, we will compute the integrability of Fy. Using (4.12) for 1)(y, ) under
Py (note that (4.12) holds uniformly, i.e. with the same constant cs > 0 for all
§' > 0), we have

kU (dggn (=)
Pf(;,)< sup |10 (z,t) — 19 (y, 1) > kU(d((;/)(x,y))> < 2ete TNt = gplmesk

0<i<1

Let ¢, = ¢5/2, and

z . z SUPo<i<s |l(6/)(‘r7 t) - l(él) <y7 t>|
Efy o) (::5)] = Efpy | exp (e Uds (2, ) )
Thus, we have

E'(Z(;/)[I((;/)(l’, Y, ]-)]

19 (z, ) — 19 (y, ¢
< ec*(kH)Pfy) k< SuPoi<1 |1 (2, 1) (y,1)] <k+1
k=0 Ul(dsy(x,y))

(o)
L2elte Z e~k? = K < .
k=0

Note that this value is uniformly bounded for all ' > 0. Take an open covering
{dy(z,y) <1} C Ui(Bs)(x4,2) X Bio(wi,2))

such that each point in {d(s(z,y) < 1} is covered only a (uniformly) finite number
of {Bs)(x:,2) x Bsy(x4,2)}i, say Cyp. Using the doubling property of the volume
and the assumption that balls are relatively compact, such a covering is possible.
For each x,y with d((z,y) <1,

")

X
a 1 (zia )
Efs) L) (z,y,1) — 1] = Efy) 1{‘73(5/)@1-,2)@}]3 Bsry(@in2 {I((;/)(:c, Y1 = 0By (2:,2)) — 1]]

g (K - 1)Pf5’)(0—3(5/)(mi,2) g 1)
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So
Ef{ [Fo] = // Efs) L) (2, y,1) — 1 dpe) () dpe (y)
d(a/)(x,y)gl
<eo(K = 1)) Pl (08, @2 < 1)

Here we note that s (B (r,2)) < gV (2), ie. pey(Bey(,2)) is uniformly
bounded. Noting that

/ 19y, 4) puen (dy)
B(5/>($i,4)

4
Els) = Es) [ /0 1By (@) (Xﬁ‘s))dS]

B 3+0’B(5,)(zi,2) )
> Ey) / 15 i) (X)) ds 0B, (2,,2) < 1

L B((;/)(xiaQ)
i 5753;) (®4,2) 3
z CONE 8
2 E((S/) E(é/) |:/0 13(5/)(227;,4) (X§ )) d3:| 1{UB(§/)(I»“2)<1}]

where the last inequality is due to the fact that
X 3
Bgr) (@i:2) s
E((S’) {/0 13(5/)(%‘74) (ng )) d8:|

is uniformly bounded from below. Indeed, since ¢(y(1) = 1 for all & > 0, using
Proposition 2.11 for the scaled process and the semigroup property for the Dirichlet
heart kernel, we have

3
inf EY, 1 - X((S’) ds| >3 inf P, >3
wEB(lg/l)(th) (67) |:/0 B(Sl)( 1,4)( s ) S weB(lal})(aciQ) (6 )(TB(S/)( A = )

—3iuf / pOE @A (3 ) 4) s (dy) > cs.
wEB(a/)(xiA) B<5/)(:Ei,2)

We thus obtain

ZPZS’)(O—B(&/)(:):Z',Q) < 1) < Cy ZE?&)

/ 19 (y, 4) jusry (dy)]
B(ar) (271,4)

< 0By l/MW) 19 (y, 4) M(é’)(dy)] = 4,

so we conclude Ef;, [Fi] is uniformly bounded. O

Remark 4.6. In lines 8 and 12 of [15, p. 526, (N/(1 — ¢))"® should be changed to
N™®r /(1 — ¢)"®r/2 Because of the typos, in the statement of of [15, Lemma 5.5],
exp (— es5ta?67%/%) should be changed to exp ( — cgstIT/2e/2qr5=r0/2)

4.3. Laws of the iterated logarithm for the maximum of local times and
ranges of processes. Throughout this subsection, we always assume the following

Assumption 4.7. d3 > d».

The following lemma is easy.
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Lemma 4.8. Under Assumption 4.7, (4.2) holds and

o t

In particular, we have (4.8).

Proof. Let f(t) := W and

w(\) = /OO e Mft)dt = 27! /Ooesf(s/)\) ds.

0 0
Since f is decreasing, we see that

w(N) = )\_1/

1 1

e f(s/N)ds > )\_1f(1/>\)/ e *ds = coA T f(1/N).

1/2 1/2
On the other hand, it follows from (2.8) and (2.10) that
Ry\d/da V(¢ 1(R)) R\ d2/ds
: i < V(=
(4.20) o (5) V(g 1(r) ()

holds for all 0 < r < R and some constants ci;,co > 0. This along with the
assumption dz > ds yields that

) [N [ L)
f(l/A)‘/o fam +/1 fam

1 o)
< cz/ e S5/ g +/ e *ds < 00.
0 1

We have proved (4.2).
We now verify (4.19). By the increasing properties of V' and ¢, for any ¢ > 0,

/ I
——ds > ———.

o V(67'(s)) V(e~!(t))

The upper bound of (4.19) can be obtained from (4.2) as follows:

t 1 t 1 o0 1 cat

—— _ds< st T s < sl s —
/o V(o 1(s)) </ V() </ Vo6 C S Ve )
The proof is complete. [l

According to Lemma 4.8 and Proposition 4.3, under Assumption 4.7 the local
time [(x,t) of the process X exists for all x € M. Denote by

L*(t) = sup l(x,t), t>0.
zeM

We will establish two LILs for L*(¢).

Remark 4.9. Even for one-dimensional Lévy process, some mild assumptions like
Assumption 4.7 above on characteristic exponent (also called symbol) are required
to establish LILs of associated local times, see [34].

First, we have the following LIL for L*(t).
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Theorem 4.10. Under Assumption 4.7, there exists a constant ¢y € (0,00) such

that o’
L*(t
lim su = ¢y, P*-a.e. w, Yo € M.
roe H/V(67 1t/ loglogt)) "

We need the following tail probability estimate for the local time I(z,t).

Lemma 4.11. Under Assumption 4.7, there exists a constant ¢c; > 0 such that for
all x,y € M and t,b > 0,

bt
PY (l(x, t) >

— ] <279
V(cb‘l(t)))
Proof. For any € > 0, by Assumption 2.1,

PN a) <6 = [ plorw,2) i) < (B )

¢~1(s))

and so
/0 PY(d(Xs,x) <e)ds < C’g,u(B(q:,g))/O m ds.

Combining this with the fact

: 1 !
l(z,1) :g%m/o L p(ae) (Xs) ds,
we have
! 1
(0) <€ | gy O

Furthermore, according to the estimate above and [29, Theorem 3.10.1], we find that

Ey<l(a:,t)"> < nl (02 /Otmds)n, n >0,

which implies that
l(x,t
202 fO W ds

The desired assertion is a direct consequence of the inequality above, the Chebyshev
inequality and (4.19). O

Proposition 4.12. Under Assumption 4.7, there are constants c1,co > 0 such that
forb>1,
sup P (L*(t) S
up Z TN
t>0,0€ M V(e~'(t))
Proof. Let f be an increasing function such that f(1) = 1 and lim, ., f(r) = oo.
By (3.6), the doubling property of ¢ and (2.10), we find that for any x € M and
t>0andb>1,

@ * 2—bt x su Z 2—bt
i (L )= V(¢1(t))) = (d(z,x)<f<£))¢—l<t>l( 0= V(¢1(t)))
+P?(sup d(X,,xz) = f(b)¢~ (1))

0<s<t

) < Clb_c2 .
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20t
<P? sup U(z,) >
(d(z,m)q(b)wm V(¢‘1(t)))

+ Cot
o(f(b)p~1(t))
2bt
<P® (z,t) > —————
S (d(z,x)és}l(g¢—1(t) (,8) > V(¢_1(t)))
+ le(b)_d3

for some constant ¢; > 0.

On the one hand, by Lemma 4.11, there is a constant ¢, > 0 such that for all
reM,t>0and b>1

2bt
pP* sup l(2,t) > ———
(d(z,x)<f(b)¢1(t) V(p~t(t))

bt bt
<P I(z,t) = Uz, t)] 2 7 P\ l(z,t) 2 7
) <d<z,x>5}$¢—w>’ =0 =il 2 v<¢1<t>>> + P (160> 7 )

bt
<p* sup (2, t) = l(z,t)] = —— | + 272
(d(z,@sf(bw—l(t) Vie~'(t))

On the other hand, according to Proposition 4.5, there are constants c3, ¢4 > 0 such
that for all £ > 0 and b > 1,

P sup (2, t) = l(x,t)] =
(d(sz)ﬁ(b)@bl(t) V(¢ 1(75

LV
<esewp (e BT
(s 0

(VU)o
- p( VD) s e

< ¢ exp (—Cbe(b>d1f(b)—d4) = C5exp ( — ﬂ);

where 6 :=dy — d; > 0.
Combining with all the estimates above, we find that

bt Cﬁb
supP* ([ L*(t) > ———— | <c¢ b)™% 4 720 4 ox {— }}
wpP (110> gty ) < |10 [~ ()
The proof is finished by taking f(r) = /% in the inequality above . O

Now, we are ready to prove Theorem 4.10.

Proof of Theorem 4.10. (i)(Upper bound): According to Proposition 4.12, we find
that

bt
sup P*

t>02€M (L*(t) > W) —0, b— o0,
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Then, according to Proposition A.2 and the (stronger) doubling properties of V' and
¢, we know that

lims L*(t) <
1m su < Q.
el V(61 (t/ Toglogt))

(ii)(Lower bound): Let R(t) = u(X([0,¢])) be the range of the process. By
Theorem 3.9, there is a sequence {t,} such that ¢, — co as n — oo, and

sup d(X,. 1) < 1 (t—)

0<s<tn loglogty,
Since R(t) < coV (supge, e d(Xs, 1)),

_ tn
A <V (67 (o))

In particular,

. R(t)
4.21 1 f < 3.
42 R Tt oglogn) <
By the fact that
(4.22) = / l(x,t) u(dr) < L*(t)R(1),
X([0,2])
we get
L* 1
lim sup ®) > —.

PP IV (61 (t/loglog ) ~ <
From those two inequalities above, we have proved the desired assertion by zero-
one law for tail events (see Theorem 2.10). U

Next, we turn to the another LIL.

Theorem 4.13. Under Assumption 4.7, there exists a constant ¢y € (0,00) such
that
L(t)
lim inf = P*-a.e. Ve € M.
5 (1 loglog )/ V(6 (t/ loglogh)) s

Proof. (i)(Lower bound): Let R(t) be the range of the process. Then, by (3.6),

. - 1 Cgt
P*(R(t) > r) <P (Oiggtd(Xs,x) 2V (ar)) < oV i (ar)

According to the doubling properties of V' and ¢,
sup P*(R(t) = bV (¢ '(t))) =0, b— .

xeM,t>0

This, along with Proposition A.2 and the doubling properties of V' and ¢ again,
yields that

: R(t)
4.2 1 <
(4.23) Htriigp V(p~1(t/loglogt))loglogt “

Also due to (4.22), we get that
L*(t 1
lim inf ) > —.

oo (t/loglogt)/V(¢=1(t/loglogt)) ~ c3
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(ii)(Upper bound): Below, we turn to prove that
. (1)
1 f < C4,
ety (t/loglogt)/V(¢~1(t/loglogt)) “
which along with the inequality above and zero-one law for tail events (see Theorem

2.10) yields the required assertion.
Let ¢ = . Then,

lim inf L*(t)
t—oo (t/loglogt)/V(¢~(t/loglogt))
< lim sup L (t)

koo (tke1/loglogtiin)/V (@~ (trr1/ loglogty1))
.. l(.ﬁl?,thrl) —l<$,tk)
+ liminf su .
b ety (ti+1/loglog tyi1)/V (¢~ (tk+1/ loglog i)
From Theorem 4.10, (4.20) and the assumption d3 > ds, we know that

I L*(ty)

im sup -

koo (thy1/loglogter)/V (07! (tkr1/ loglogtyr))
So, by the Markov property and the second Borel-Cantelli lemma, it suffices to prove
that there is a constant C' > 0 such that for any x € M,

= tr+1/ loglog tyia
P*( sup(l(z,t —l(x,tg)) < C Gy, | = o0.
; (IEE( ( k—l—l) ( k)) V(¢_1(tk+1/10g10gtk+1))| tk)

For this, we follow the proofs of [7, Proposition 4.8] and [34, Theorem 3.2] but
with some significant modifications. Note that, using Assumption 2.1, we have that
there is a constant ¢y = ¢o(ds) € (0,1) such that for every ¢ > 0 and balls B; and
By of radius 2¢~1(t) with By N By # 0,

=0.

inf ' d
ik N p(t, z,y) p(dy)

(4.24)

V

. 1 t
Ct>62£31 /32 <V(¢—1(t)) A V(d(z,y))¢(d(z,y))> )
t

1
> et (v TR M) 2 o
where in the last inequality we used the doubling properties of V' and ¢.

Let v = —4log(co/2) and constants p > 2 and ¢, > 0 will be chosen later. Set
s =t/ loglogt for t > . According to Lemma A.4, there exists a sequence {4;}°,
depending on z and s such that each A; is a ball of radius 2¢ 1 (s), lim;_,, d(z, A;) =
00, and the following hold:

reAy, ANAi #0 forall ieN, A,NA; =0 forall |i—j|>2.
For k > 1, set

E, = { sup (I(x, ks) — I(x, (k — 1)s)) < c.(t/loglogt)/V (¢~ (t/ loglogt)),

xeM

sUp d(X(h—1)stu, X(h—1)s) < po ' (8), Xis € A2k}-

o<u<s
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Let
= {L*(s) < cu(t/ loglogt)/V( '(t/loglogt)},
= { sup d(Xu,Xo) < po (s } and Bsy = {XS € Agk}.

O<u<s

By the strong Markov property, for all x € M,

no no—1
e ({77 ) = (T ) vie
k=1 k=1

no—1

= ( H ]1Ek>PX<n071>s(Bl N By N B3 ).

k=1
First, let ¢;,d; and d4 be the constants in (4.20). For s > 0 and ¢, > 0 with
c*clfy_H(dl/d‘*) > 1, using Proposition 4.12, we have
sup P*(BY) < sup P* (L*(s) > coory™ T/ W5/ V(97! (s)))
zeM zeM
< 02(0*01771+(d1/d4))_c3’

(4.25)

where in the first inequality we have used (4.20), and ¢, c3 are positive constants
independent of s and ¢,. Second, according to Propositions 2.5 and 2.12, there is a
constant ¢4 € (0,1) such that for all s > 0 and p > 1,

sup P*(5) < sup P* ( sup d(X,.,2) > p¢1<s>) <d
zeM zeM O<u<s
Third, by (4.24), for any k > 1
inf P*(B3;) = inf s, z, dy) >co.
L P = ot gtz ) 2o
Combining with all the estimates above and the fact
P(Dy N DyN D3) > P(D3) — P(DY) — P(Ds),
we find that
inf P*(E;) = inf P (BiNByN Bsy) > ¢ — cacoery HEH/M)TE o,

2€Ag(k—1) 2€A(k—1)
Now we choose ¢, and p depending on dy,d, and ¢;, © = 1,...4, large enough such

that inf.ca,,_,, P*(E)) > co/2. By this and (4.25), we find that for all x € M and
t>e?

(ﬂEk) (co/2)" (00/2)<logt> /4,

where ng = [longogt] +1= [%} + 1. Since there is a constant C' = C(c,, p) > 0
such that

N B e {10) < €t/ loglogt)/V (67 ¢/ og o)},

k=1
we get for all z € M and t > €2,
—1/4

Px{ “(t) < O(t/loglog t)/V (¢~ (t/loglogt))}><co/2)(1ogt) ,
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Therefore,

P‘"“( sup(I(z, tr1) — U@, 1)) < Cltisr/ loglog tir)/V (¢~ (trs/ log log tkH))@k)

zeM

> inf P <L*(tk+1) < Otign/loglog trn)/V (¢~ (trsn/ log log t,m)))

zeM
> (co/2)(k +1)712,
whose summation on k diverges. This completes the proof. [l

As in the proofs of Theorems 4.10 and 4.13, let R(t) = u(X([0,t])) be the range of
the process X. As a direct application of previous theorems, we have the following
statements for the ranges.

Theorem 4.14. Under Assumption 4.7, there exist constants cy,c; € (0,00) such

that
. R(t)

4.26) 1 = P*-a.e. A M
(4.26) Hfiigp V(¢~1(t/loglogt))loglogt 0, a.ce. w, V& €M,
- R(1) .

(4.27) lim inf =, P*-a.e. w, Vo € M.

t=oo V(¢! (t/loglogt))

Proof. First, the upper bound of (4.26) is already obtained in (4.23). The lower
bound of (4.26) is a consequence of (4.22) and Theorem 4.13. Next, the upper bound
of (4.27) is already obtained in (4.21). The lower bound of (4.27) is a consequence
of (4.22) and Theorem 4.10. Finally, the zero-one law for tail events (Theorem 2.10)
yields the desired results. U

5. EXAMPLES: JUMP PROCESSES OF MIXED TYPES ON METRIC MEASURE
SPACES

We now give three examples. The first one is the -stable-like processes on a-set.
This is the case dy = ds = @ and d3 = dy = ( in (2.8) and (2.10), and our results
can be written simply as Theorem 1.3 in Section 1.

The other two examples below are essentially taken from [10, Example 2.3(1) and
(2)]. We recall the framework on the metric measure space from here. Let (M, d, u)
be a locally compact, separable and connected metric space such that there is a
strictly increasing function V' satisfying (3.1) and (2.8), i.e. for any x € M and
r >0, u(B(z,r)) < V(r), and there exist constants c¢;,co > 0, da > d; > 0 such

that
R\& V(R RN
¢ (?) < V((T)) < ¢ (?> for every 0 <r < R < o0.

Example 5.1. Assume that there exist 0 < 8; < 2 < oo and a probability measure
v on [y, fa] such that

B2
o(r) = / rPu(dp), r>0.

Clearly, ¢ is a continuous strictly increasing function such that (2.10) holds with
d3 = fy and dy = f,. Consider a regular Dirichlet form (&, %) on L*(M, i) that has
the transition density function p(t, z, y) satisfying Assumption 2.1 with the functions
V and ¢ given above. Then, we have the following assertions.
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(i) All the statements of theorems in Section 3 hold for sample paths of the
process X.

(i) If dy < By, then the local time of the process X exists, and all the theorems
in Section 4 hold for local times and the range of the process X.

Example 5.2. Consider the following increasing function

o= ([ 5 P u(as)) R

where v is a probability measure on [51, f2] C (0,00). We can check easily that
for this example (2.10) also holds with d3 = §; and dy = [2. Consider a regular
Dirichlet form (&, %) on L?*(M, p1) that has the transition density function p(t, z, y)
satisfying Assumption 2.1 with the functions V' and ¢ given above. Then, we have
the same conclusions for the process X as these in Example 5.1.

Example 5.3. We give an example where  could be strictly larger than 2. Assume
that (M, d, i) enjoys the following:

(i) p is a a-set, namely d; = dy = a.

(ii) There exists a p-symmetric conservative diffusion on M which has a sym-
metric jointly continuous transition density {q(t,z,y) : t > 0,2,y € M} with
the following estimates for all ¢ > 0,z,y € M:

d(z, y)*
et~ B exp ( — (—@’ y)

_1
p )ﬁ* ) <q(t,z,y)

< c;»,t_o‘/’B* exp ( - C4<

z, =
d(z,y) > )

t
where (5, > 2.

It is known that various fractals including the Sierpinski gaskets and Sierpinski
carpets satisfy the conditions and for those cases, typically B, > 2 (see, for example,
[1, 26]).

Now, for 0 < v < 1, let {&}i=0 be the strictly 7-stable subordinator; namely
let {&}i=0 be a one dimensional non-negative Lévy process with the generating
function Elexp(—u&;)] = exp(—tu?). Assume further that { }¢~o is independent of
the diffusion process above. Then the subordinate process of the diffusion by the
~-stable subordinator has the following heat kernel

p(t,z,y) = / q(u, z, y)n,(u)du forallt >0, z,y € M,
0

where {n;(u) : t > 0,u > 0} is the transition density of {& }¢~o. It is easy to check
that p(t,z,y) satisfies (1.4) with 5 = 7/, so the conclusions of Theorem 1.3 hold
(see [25] for details).

APPENDIX A. SOME PROOFS AND TECHNICAL LEMMAS

In this appendix, we give some proofs of the results in Section 2, and also present
some technical lemmas that are used in the paper.
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A.1. Proofs of some results in Section 2.

Proof of Proposition 2.5. Without loss of generality, we assume that 7' = 1. Let (
be the lifetime of the process X, i.e. ¢ := inf{t > 0 : X; ¢ M}. Then, for any
r € M\ A and r > 0, ( > Tps. By the proof of Theorem 3.1, under the
assumptions, we have (3.6) for any x € M\ A", r > 0 and 0 < ¢t < 1, which implies
that any x € M\ A, r>0and 0 <t <1

b
o(r)
Letting r — oo, we have P*(¢ < t) = 0 for all 0 < ¢t < 1, where we have used

¢(00) = o0, due to (2.5) in Assumption 2.2. By the Markov property, for any
re M\ AN and 1 <t<2,

PU((<t) <P (<) +P (1< (<t) <supPF0<(<t—1)=0,

Px(c < t) < PI(TB({L‘,T) < t) <G

zeM
which further yields that for any € M \ 4 and any ¢t > 0, P*(¢ <t¢) =0. In
particular, for all x € M \ A", P*({ = co) = 1. The proof is complete. O

Proof of Proposition 2.6. (1) Clearly, it suffices to prove (2.7) for x € M \ 4. For

any t > 0, we have
[ pltmuty <1
B(z,r)

w(B(x,r)) <( inf p(t,x,y))l.

SO

yEB(z,r)
Taking ¢t = ¢(r) in Assumption 2.1, we find that

1 t (Oh
inf t,x C A > ,
Jen Pl Y) 2 1(v<r> v<r>¢<r>> V()
which yields that

u(B(z,1)) < CTV(r).
Let us prove the opposite inequality

p(B(z,7)) = e V(r).
According to (3.5) (which holds for all z € M \ .4 and ¢,r > 0) and Assumption
2.1, forallx € M\ A and t,r > 0,

/B (x’r)cp(m,y) u(dy) < ¢( 7

Using the assumption on ¢ and taking t =ty = ¢(go7)

/ plto, 2, y) u(dy) <
B(z,r)°

According to Proposition 2.5,

| pltozyutn) > 5.
B(z,r)

for some ¢¢ > 0 small enough,
1
5

—_

Thus,

1 -1
u(Ber) = 5( sw plto,z.)) > eV (eor),
yeB(z,r)
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which gives us the desired lower bound by the doubling property of V.
(2) Fix a point zp € M and let u.(z) = p(t, xg,x). By Proposition 2.5, |lu|; = 1;
on the other hand, ||u]|s < W Hence, noting V' (co) = oo, we have
M(M) > Hut”l

" luelloo

that is, (M) = oco. Due to (1) the measure of any ball is finite, and so M is not
contained in any ball, which proves diam (M) = co. The last assertion immediately
follows from [19, Corollary 5.3] and the fact that M is connected. O

— 00, t— 00,

Proof of Proposition 2.9. For simplicity, we only deal with the case that both As-
sumptions 2.1 and 2.8 hold true. The proof is essentially the same as that of [9,
Theorem 4.11], and we shall highlight a few different steps.

For each A C [0,00) x M, define 04 = inf{t >0: Z, € A} and A; = {y € M :
(s,y) € A}. Let Q(t, z,7) = [t,t 4+ cop(r)] X B(z, 1), where ¢y € (0, 1) is the constant
in (2.16). Then, following the argument of [10, Lemma 6.2] and using Proposition
2.7 and the Lévy system for the process X (see [10, Appendix A]), we can obtain
that there is a constant ¢; > 0 such that for all x € M \ A, t,r > 0 and any
compact subset A C Q(t, z, )

m @ pu(A)

V(r)o(r)’

where m ® p is a product measure of the Lebesgue measure m on R, and p on

M. Note that unlike [10, Lemma 6.2], here (A.1) is satisfied for all » > 0 not only
€ (0,1], which is due to the fact (2.16) holds for all » > 0.

Also by the Lévy system of the process X, we find that there is a constant co > 0
such that for all z € M\ A, t,r >0 and s > 2

plta)(x B( g [0 J(X du) dv
(X # Blao) [

s (/7">5/2 V(r )cf)() )) BTG

On one hand, by the doubling properties of V and ¢, we have

dV(r) V(Qk Ls) 1
/7">s/2 V(r)p(r) a ;/re@k 15,2ks] V h Z Qk 1 P(2+1s) S C3¢(S).

On the other hand, for all z € M \ 4" and r,t > 0, by (4.4) (Whlch is proved by the
doubling property (2.9) of ¢ only),

P (i(es) > ) < exp(—cat/(r)).

(Al) P(t’x) (O'A < TQ(t,:}c,T)) =

which implies that

(A.2) E*(T(er) = / P*(Tp(ay = t) dt < c5(r).
0

Therefore, there is a constant ¢g > 0 such that for all z € M \ A7, t,r > 0 and
s = 2r,

(A3) PO (X, £ BIX.5) <
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Having (A.1) and (A.3) at hand, one can follow the argument of [9, Theorem 4.11]
to get that the Holder continuity of bounded parabolic functions (see the definition
before Proposition 2.13), and so the desired assertion (2.11) for the heart kernel
p(t, z,y). Furthermore, (2.12) is an immediately consequence of (2.11). O

Proof of Proposition 2.11. For any z/,y’ € B(z,r/2) and t > 0,

p(t7 ':Ela y/) = pB(x,r) (ta :B/a y/) +E* (p(t — TB(z,r)> XTB(IJ) 5 y,) *TB(x,r) < t) .
On the one hand,

Cot
E”(pt—f e Xeoo oY) Ty <t>< sup  p(s,2,y) < ——— .
( Blar) B ) Bar) s<t;d(y,z)=r/2 ( ) V(T/2)¢<T/2)
For any d € (0,1/2), any 2’y € B(x, %57“) and t = ¢(or),

1o 1 ¢ Cl
Pt @ y) G <V(¢1(t)) : V(d(x’,y’))qb(d(x’,y’))) Z V(o)

C C
B(m,r)t L) > 1 2 )

By the doubling property of V', we find that

SO

Cs
V(r)

providing that § € (0,1/2) is small enough. Having this at hand, one can follow
the argument of [4, Lemma 2.3] and use the doubling property of ¢ to get the first

required assertion. The second assertion for the case that Assumption 2.1 only holds
with T' < oo directly follows from the argument above. 0

pB(;L’,’/‘) (tx/’y/) 2

Proof of Proposition 2.12. Here we only prove the case that Assumption 2.1 and 2.8
hold. According to (3.6) and the doubling property of ¢, for any r > 0 and all
xr e M,
P””( sup  d(Xs, Xp) < 2r> < a;
0<s<coop(r)
holds with some constants ¢ > 0 and a3 € (0, 1) independent of  and r. Then, for
any n > 1 and x € M, by the Markov property,
P sup  d(X,1)<7)

0<s<cong(r)
< E* (]l{supogsgco(n—lw(r) d(Xs,2)<r}s PXco(n_1)¢—1(r)( sup d(X& XO) < 2r)>
0<s<coop(r)
<aPr( sp  d(Xew) <),
0<s<co(n—1)p(r)
This proves the upper bound.
On the other hand, according to Proposition 2.11, there are constants &g, c; > 0

such that for all x € M and any r > 0,

pB(I7T)(5O¢(T), :L'/, y/) > ClV(r)—1’ 1'/’ y/ (= B(l’, 7“/2),

where pP@7) (¢, 2’| y/) denotes the Dirichlet heat kernel of the process killed by exiting
B(z, 7). Then, choosing m = [cy/do] + 1,

P°( sup d(Xs,x) <)

0<s<domnp(r)
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)pBWMéomm(r),x, y) pu(dy)

a L( b
= / / . / pPen) <5O¢(T)»$7 371) p(dzy)
B(z,r/2) J B(z,r/2) B(z,r/2)
(@) (50925(7"), Z1, $2>M(d$2) x / pB(z’T) <5o¢(7“), Tmn—1, y) p(dy)
B(z,r/2)
> ai",
also thanks to the doubling property of V. By the fact that

P*( sup d(Xsx)<r)=P? sup d(Xs,x) <7),

0<s<con(r) 0<s<domnep(r)

the proof is complete. 0

A.2. Some technical results. The first result is a extended version of Garsia’s
lemma ([16, Lemma 1]), see [6, Lemma 6.1] for a version of Garsia’s lemma for a
fractal.

Lemma A.1. Let (M,d, ) satisfy (3.1) and (2.8). Suppose q : [0,00) — [0,00) is
a measurable function with q(0) = 0 and that there exist constants C,Cy and v1, o
such that

T\ q(r) T\ 72
Z < < _
(A.4) C’1<R> \q(R)\C2<R> for every 0 <r < R < oo.

Let W : [0,00) — [0,00) be a non-negative strictly increasing convex function such
that lim, oo ¥(u) = oo. For any xg € M and Ry > 0, let H = B(xo, Ry) and
f: H — R? be a measurable function. If

= [ w(EE 2 i i <

then there exist c1,co > 0 that depends only on the constants in (2.8) and (A.4) such
that

Y

CgF(H)) q(u)du

d(z,y)
(A5) o=l < [ v (B0

u
for p x p-a.e. (x,y) € B(xg, Ro/8) X B(xo, Ry/8). If f is continuous, then (A.5)
holds every (z,y) € B(xg, Ro/8) x B(xg, Ry/8).

Proof. For fixed (z,y) € B(zo, Ry/8) x B(x, Ry/8) and k > 0, let ay, := 27*"1d(z, y)
and B}’ be open balls with radii a; such that By, C By and r,y € Byp C H. We
denote fi := 75~ fB fdu. For (z,w) € By_1, we have d(z,w) < 2ax_1, so by (A.4),
Caq(2a_1) = q( (z,w)). Thus, since VU is increasing,
|f(2) = f(w)] £ (z) = f(w)]
g (L2 N g (LB 2N ) € By X By
(ot ) ) B € B
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Using this, the increasing property and the convexity of U and the Jensen inequality,

Vbl (1 U@
Y (Czq(2ak1)> sv (M(Bkl)M(Bk) /Bk1><Bk Coq(2a5_1) p(dw) p(d ))

Ao IR VE) S o
Ao < BBy /B‘I’( 2 w) >“<d Jildz)

D(H)  _ T(H)
W(Br—1)u(Br) "V (ar)?’

where in the last inequality we used (3.1) and (2.8).
On the other hand, for £ > 1

[ e (G e

V(u)? u
I'(H) q(u)
> g(2a5_1) 0 (S
q( Wk~ 1 (V(ak)2> Qht1 q 2ak 1
I'(H) " du
AT > g(2a5_1) 0 (2 / ke
( ) q< @k 1 (V((Ik 2) A1 Cl QCLk 1 u

H k

= C1q(2a5_1)¥* I )2)> (2ax_1) /a wtdu
. 1 clf(H

= CQQ(QCI,]C,I)\D <—V<ak)2 )

Thus, by (A.6) and (A.7), for k > 1,

k+1

| fe-1 — fil < Coa(2a-1) 0" ch(Hg)

v
Ok ca'(H

<03/ W4<;;2
Af41

which implies

o) d(z,y)
. ral'(H)y q(u)du
(A8) llirisoliplfk—fo|S;Ifk_l—fkléw/o v () e

Suppose that f is continuous at z. Then, let By = B(x,ayp), so that z,y € By =
B(z,2d(x,y)) C B(xo, Ry). By considering By = B(x,ax) for k > 1, we get from

(A.8) that
d(z.y) c1 u)du
)=l <o [ () T

Similarly, we get from (A.8) that, if f is continuous at y then

) — fol < e /0 e (Clvif;)) s

Thus, if f is continuous at both z and v,

CIF(H)) q(u)du.

d(z,y)
@) = 1) < 1) = ol +170) =l <200 [ 97 (S

u
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The general case follows from Lebesgue differentiation theorem (e.g. see [20, Theo-
rem 1.8]). O

The following proposition gives an upper bound for LILs. Since it can be proved
by a simple modification of the proof of [7, Theorem 3.1], we skip the proof.

Proposition A.2. Let X be a strong Markov process on (M,d, ). Suppose (Fy)i=o
is a continuous adapted non-decreasing functional of X satisfying the following con-
ditions.

(1) There exists an increasing function ¢ on Ry satisfying the doubling property
and such that

sup PY(F, 2 bp(t)) >0 asb— cc.
zeMt>0

(2)
Ft_Fng;ffsoesa 0<5<t
Then, there ezists a constant C' € (0,00) such that

li £ <C
11m su X
o0 P ¢ (t/loglogt) loglogt

P*-a.e. w, Yo € M.

Remark A.3. Similar to the remark after the proof of [7, Theorem 3.1], Propo-
sition A.2 can be used to derive upper bounds for LIL of L*(t) = sup,cy l(z,1)
and the range R(t) = u(X([0,¢])) of jump processes. Note that, in our setting the
continuity of L*(t) is a consequence of Proposition 4.12, the strong Markov prop-
erty and the Borel-Cantelli lemma; while one can use Theorem 3.8 and the fact
R(t) < 1V (suppe,e; d(Xs, x)) for all ¢ > 0 and some constant ¢; > 0 to obtain the
continuity of R(t).

Proposition A.4. Let (M,d, ) be a connected metric measure space such that diam
M = oo and the volume doubling condition holds, i.e. there exists ¢y > 0 such that

u(B(x,2r)) < cyu(B(x,r)), x€ M,r>0.

Then, for each xo € M and R > 0, there exists a sequence {A;}2, such that each
A; is a ball of radius R, lim;_,, d(xg, A;) = 00, and the following hold:

IoEA(]? AiﬂAZ’_H?é@ fOT’CLll iGN, AiﬂAjZQ) fOT’CLll |Z—]|>2

Proof. First, by [27, Lemma 3.1 (i)], there exists a constant Ny € N such that for
each R > 0, there exists an open covering { B(z;, R)}2, of M with the property that
no point in M is more than Ny of the balls. We say a subset A of {z;}; is linked if
for each z;, z; € A, there is a chain 20 = z;, 21, - -+ | 2! = z; € A such that 2% ~ 2**1
(by which we mean B(z*, R) N B(z**1, R) # ) for all k = 0,1,--- ,1 — 1. Take
xo € M. We may assume without loss of generality that xqg = z5. For each k € N,
we may take a linked set Gy C {z;}; N B(x,4kR)¢ such that $G) = co. (Indeed, if
there is no such linked sets, then because diam M = oo and M is connected, there
are infinite number of mutually disjoint and non-empty linked sets {L,} such that
tL; < ooand L; C {z};NB(zo,4kR)°. We may assume that each L; is maximal (i.e.
no elements in {z;}; N B(wo,4kR)° N L is linked to L;). Because M is connected,
from each L;, there exists Z; € L; such that B(Z;, R) N B(xg,4kR) # 0. By
construction, {B(Z;, R)}; are mutually disjoint, but this contradicts to the volume
doubling assumption.) We fix one such a linked set Gy which is maximal; we may
choose Gy D Gry1 D -+ Set Gy = {z; }s.
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We now construct a desired chain inductively that contains a sequence {2, }7°, C
{#z}. Take z,, = zo. For each k > 0, given z,,, € Gy N B(zo, (4k + 2)R), take a
chain yf = 2, ,y¥, -+ ,yfk such that y¥ ~ yF | fori=0,---s, — 1, yf € G \ Giar1,
j=0,---s; — 1 and yfk =: Zmy,; € Gry1. Then it holds that z,,,, € B(xo, (4(k +
1) +2)R). Now let 7 = y¥ and define 7¥, i > 1 inductively as the maximum j such
that y;?‘ ~ g¥ . Then we have a sequence g§ = 2z, 5, - ,g]f; = Zm,_, such that
g~ gk and gF A gjf if |i—j| > 2. By doing this procedure iteratively, and doing the
same procedure (i.e. procedure to produce {§¥} from {y*}) again for each adjacent
sequences (this is necessary because the sequences of balls made by the adjacent

~k_ ~k ~k ~htl k1 ~htl
sequences {yo = Zmy Y1, 7y5; - ka+1} and {yo - ka-H Y 5, S;e+1 -
Zmy,.» ) could overlap many times), we have the desired chain. O

Acknowledgement. Our first proof of Proposition 4.5 was under assumption of
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