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Abstract

In this paper, we establish sharp two-sided estimates for the transition densities of relativistic
stable processes (or equivalently, for the heat kernels of the operators m — (m2/ @ — A)O‘/ %) in
C11 open sets. The estimates are uniform in m € (0, M] for each fixed M > 0. Letting m | 0,
the estimates given in this paper recover the Dirichlet heat kernel estimates for —(—A)®/2 in
C1!-open sets obtained in [9]. Sharp two-sided estimates are also obtained for Green functions
of relativistic stable processes in half-space-like C'''! open sets and bounded C''! open sets.

AMS 2000 Mathematics Subject Classification: Primary 60J35, 47G20, 60J75; Secondary
47D07

Keywords and phrases: symmetric a-stable process, relativistic stable process, heat kernel,
transition density, Green function, exit time, Lévy system, boundary Harnack principle, parabolic
Harnack inequality

1 Introduction

Throughout this paper we assume that d > 1 and « € (0,2). For any m > 0, a relativistic a-stable
process X™ on R% with weight m is a Lévy process with characteristic function given by

Efep 6 (47~ X)) =exp (¢ (1P + ) =) ). gemt

X0, which will be denoted by X, is simply a (rotationally) symmetric a-stable process on R
The infinitesimal generator of X™ is m — (mz/ @— A)O‘/ 2. When « = 1, the infinitesimal generator
reduces to the free relativistic Hamiltonian m —+/—A + m2. Here the kinetic energy of a relativistic
particle is vV/—A + m?2 —m, instead of —A for a nonrelativistic particle. The reason to subtract the
constant m in the free Hamiltonian is to ensure that its spectrum is [0, 00) (see [6]). There exists a
huge literature on the properties of relativistic Hamiltonians (see, for example, [6, 20, 24, 29, 30]).
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Various fine properties of relativistic a-stable processes have been studied recently in [12, 15, 23,
25, 26, 28, 31].

The objective of this paper is to establish sharp two-sided estimates on the transition density
PR (t,x,y) of the subprocess of X™ in any C1! open set D C R, pj(t, x,y) is also the heat kernel
of the restriction of m — (m?® — A)®/? in D with zero exterior condition. A precise definition of
CY! open set will be given in Section 2. Along the way, we also obtain sharp two-sided estimates
on the transition density p™ (¢, z,y) of X" in bounded time intervals; see Theorem 3.6 below.

The main result of this paper is Theorem 1.1 below. The open set D below is not necessarily
bounded or connected. In this paper, we use “:=" as a way of definition. For a,b € R, a Ab :=
min{a, b} and a V b := max{a, b}.

Theorem 1.1 Let M > 0 be a constant, D a CY open set in R and dp(x) the distance between
x and D°.

(i) For any T > 0, there exist C; = C1(a, M, D, T) > 1 and Cy = Co(a, M, D, T) > 1 such that
for any m € (0, M] and (t,z,y) € (0,T] x D x D,

1 dp(x)*/? o)\ (,—aja , to(Cam!/*|z —y|) m
g (1) (127 ) (e M) < e

Op (x)°/? oW\ [ —aja , tE(m! |z —y|/Cs)
Y N

where ¢(r) = e~ (1 4 rldta=1/2),

(ii) Suppose in addition that D is bounded. For any T > 0, there exist C3 = Cs(a, M, D, T) > 0
and Cy = Cy(a, M, D, T) > 0 such that for any m € (0, M] and (t,z,y) € [T, 00) x D x D,

Cs e 5p (@) 2 8p(y)™? < ptoa,y) < Coe™N 5p(a)/2 8p(y)*2,
where )\‘f’m’D > 0 is the smallest eigenvalue of the restriction of (m2/CY — A)O‘/2 —m in D with

zero exterior condition.

Remark 1.2 (i) Note that the estimates in Theorem 1.1 are uniform in m € (0, M]. When
m | 0, m — (m¥* — A)*? converges to the fractional Laplacian A%/? := —(—=A)*/2 in the
distributional sense and it is easy to check that X™ converges weakly to X in the Skorokhod
space D([0,00),R?). Tt follows from [16, Theorm 1.1] together with the uniform Hélder
continuity result of [11, Theorem 4.14] that p7j(t,x,y) converges pointwisely to pp(t,z,y),
the transition density function of the subprocess X” of X in D, and that, if D is bounded,
lim,, |0 )\Lf’m’D = )\?’D, the smallest eigenvalue of (—A)®/2 in D with zero exterior condition.
So letting m | 0 in Theorem 1.1 recovers the sharp two-sided estimates of pp (¢, x,y) for CH!

open set D, which were obtained recently in [9].

(ii) When D is bounded, the functions ¢(m'/®|z — y|/Cy) and ¢(Com'/ |z — y|) are bounded
between two positive constants independent of m € (0, M]. Thus it follows from Theorem
1.1(i) above and Theorem 1.1(i) of [9] that, for each T' > 0, the heat kernel p;(t,z,y) is
uniformly comparable to the heat kernel pp(t,z,y) on (0,7] x D x D when D is a bounded
CU1 open set. However when D is unbounded, these two are not comparable.



(iii) In fact, the upper bound estimates in both Theorem 1.1 and Theorem 1.3 below hold for
any open set D satisfying (a weak version of) the uniform exterior ball condition in place of
the C1! condition, while the lower bound estimates in both Theorem 1.1 and Theorem 1.3
below hold for any open set D satisfying the uniform interior ball condition in place of the
C! condition. (See the paragraph before Theorem 3.8 and the beginning of Section 4 for
the definitions of uniform exterior and interior ball conditions respectively.)

Although two-sided estimates on transition densities of jump processes in R% have been studied
by several authors in the last several years, (see [7, 8, 11, 12] and the references therein), due
to the complication near the boundary, sharp two-sided estimates on transition densities of jump
processes in open sets have only been studied very recently in [9, 10] by the authors and in [17]
by Chen and Tokle for symmetric stable processes and censored stable processes. See [4] for some
recent development of heat kernel estimates for symmetric stable processes in general open sets.

This paper is a natural continuation of our previous work [9, 10]. We point out that, although
this paper adopts the main strategy from [9], there are many new difficulties and differences between
obtaining estimates on transition densities of relativistic stable processes in open sets and those of
symmetric stable processes and censored stable processes in open sets studied [9, 10]. For example,
unlike symmetric stable processes and censored stable processes, relativistic stable processes do not
have the stable-scaling property, which is one of the main ingredients used in the approaches of
[9, 10]. As in [9, 10], the Lévy system of X", which describes how the process jumps (see (2.5)),
is the basic tool used throughout our argument as X" moves by “pure jumps”. But the Lévy
density of X does not have a simple form and has exponential decay at infinity as opposed to the
polynomial decay of the Lévy density of symmetric stable processes. Moreover, in this paper we
aim at obtaining sharp estimates that are uniform in m € (0, M]; that is, the comparing constants
in Theorem 1.1 are independent of m € (0, M]. This requires very careful and detailed estimates
throughout our proofs. Furthermore, unlike symmetric stable processes considered in [9], sharp
lower bound on transition densities of relativistic stable processes in R? was not available. Thus
we need to first establish sharp two-sided estimates on the transition densities of relativistic stable
processes in R? in bounded time intervals, which is done in Theorem 3.6. These estimates are
sharper than the ones established earlier in [12] for more general jump processes with exponentially
decaying jump kernels.

We overcome the above mentioned difficulties by using estimates on transition densities of
symmetric stable processes in bounded open sets, Meyer’s construction (see [1, Remarks 3.4 and
3.5]), the uniform estimates on exit times in Theorem 2.6, the uniform parabolic Harnack inequality
in Theorem 2.7, and the uniform comparison between Green functions of X" and X in small balls
(see Theorem 2.5). In particular, this uniform comparability between Green functions is used in
several places to get the boundary decay rate of p7;(¢,x,y). Our approach uses a combination of
probabilistic and analytic techniques, but it is mainly probabilistic.

When D is a bounded C'! open set, integrating the estimates on p'(t, z,y) from Theorem 1.1
over t yields sharp two-sided sharp estimates on the Green function G7(x,y) := fooo Pt z,y)dt.



To state this result, we define a function Vj on D x D by

/2 a/2
<1 A 6D(x’)x _6;)|iy) ) |z — |4 when d > «,
N 1/2 1/2
Vi(x,y) = log [ 1+ Op(x) “0p(y) when d =1 = q,
|z — |
a/2 /2
(5D(x)(5D(y))(a71)/2 A 5D(x)’x 5[;’@) when d =1 < a.
| _

Theorem 1.3 Let M > 0 be a constant and D a bounded C1'-open set in R®. Then there exist
positive constants Cs < Cg depending only on D, o, M such that for every m € (0, M] and (x,y) €
D x D,

CsVh(z,y) < Gp(z,y) < CGeVp (2, y).

The proof of Theorem 1.3 is the same as that of [9, Corollary 1.2]. Theorem 1.3 extends the
Green function estimates obtained in [15, 26, 31] in the sense that the case d = 1 is allowed.
Theorem 1.3 improves the Green function estimates obtained in [15, 22, 31] in the sense that our
estimates are uniform in m € (0, M].

Following [17], we say an open set D in R? is half-space-like if there is an orthonormal coordinate
system y = (y1,--- ,yq) for R? so that H, C D C H, for some real numbers a > b. Here for a € R,
H, = {(yl, cyg) ERY: gy > a}. Although we do not yet have large time heat kernel estimates
when D is unbounded, by using the short time heat kernel estimates in Theorem 1.1(i), the two-
sided Green function estimates on the upper half space from [23] and a comparison idea from [17],
we are able to obtain sharp two-sided estimates on the Green function G5 (z,y) when D is a half-
space-like C1'! open set. To state our result, we define a function YN/B"m on D x D as follows: when
d >3,

m(2—a)/a <1 N (aD(x>+m—<2—a>/<2&>aD(x)ﬂﬂ)(aD(y)+m—<2—a>/<2ﬂ>6D(y)a/z)) 7 — g2

lz—y|?
V" (2,y) = when |z — y| > 3m~1/®,
a/2
(1 A 75’:"(5};["2@)) |z — y|o‘_d when |z —y| < 3m~1/e,
when d = 2,
e 1y (14 BoErm= Gy ()/2) (6 (3) £m = 5 (3)/2)
lz—yl?
~ when |z — y| > 3m Ve,
O (2, y) = |z =yl

a/2
(1 A 5D(ac)6D(y)) / |J:—y|a_2+m(2_a)/aln(l—l—m1/o‘(5l)(x) ASp(y)))

[z—y]?

when |z — y| < 3m~ 1/



when d =1 < a,

e—m!/*|z—y|
o=y~
+m =/ (5 (z) A dp(y))*/? when |z —y| > 3m~ Y/,

a/2
(6p(2)dp(y))

(m™% N dp(x) A dp () +mE=/(@p(@) Aop(y))

Vo (@,y) =
(=12 , I0(@)*?dp(y)

‘x_y’ _|_m(2—a)/o¢ 5D(x)1/26D(y)1/2

—1/a.
)

when |z —y| < 3m

when d =1 = q,
( e—mlz—yl
~ +m'2 (6p(x) A dp(y)'/? when |z —y| > 3m ™1/,

V" (@, y) =
Sr(x)Y/25 1/2
log <1 i D )|x _Zry) ) +ml/2 5D($)1/25D(y)1/2

(m™ ' Adp(x) Adp(y)? +m(dp(x) Adp(y))

when |z — y| < 3m~/e;

\

and when d =1 > «a,

m—1/2g—m/ oy (1 . Sp(x)dp(y)

a/2
) + m=/ (5 () A dp(y))

|z — y|t=(/2) |z —yl?
. (2—a)/(2a) a/2 o -1/«
Fam(p ) e M “g’(f))ff?()y”m when |z — y| > 3m™1/°,
o=yl (10 2ELDN YT o6 (a) 3 ()

when |z — y| < 3m~1/,

Theorem 1.4 Let M > 0 be a constant and D a half-space-like CY' open set in R%. Then there
exist C7 < Cs depending only on D,« and M such that for any m € (0, M] and (z,y) € D x D,

CVE™(x,y) < GB(x,y) < CsVE™(,y).

Any half space satisfies the assumption of the theorem above. When D is the half space
H:={z = (21,...,24) € R?: 24 > 0}, the two-sided estimates on G}; were essentially obtained in
[23, Theorems 2.13 and 3.2] for d = 1 and in [23, Theorem 5.3] for d > 2. However there are some
errors in the statement of [23, Theorem 2.13] for the case of & < d = 1 and in the statement of [23,
Theorem 5.3] for the case of | — y| < 3; see the proofs of Theorem 5.1 and 5.2 below for details,
which corrects both errors in [23].

The rest of the paper is organized as follows. In Section 2 we recall some basic facts about X™
and prove some preliminary uniform results on X", like uniform estimates on the Green function
G'E for small balls and annuli, uniform parabolic Harnack inequality, uniform Harnack principle
and uniform boundary Harnack principle. The upper bound in Theorem 1.1(i) is proved in Section
3, while the lower bound in Theorem 1.1(i) is proved in Section 4. Theorem 1.1(ii) is also proved
in Section 4. Theorem 1.4 is proved in the last section.



In the remainder of this paper, we assume that m > 0. We will use capital letters C1,Cy, ...
to denote constants in the statements of results, and their labeling will be fixed. The lower case
constants ci,ca,... will denote generic constants used in proofs, whose exact values are not im-
portant and can change from one appearance to another. The labeling of the lower case constants
starts anew in every proof. The dependence of the constant ¢ on the dimension d will not be
mentioned explicitly. We will use 0 to denote a cemetery point and for every function f, we extend
its definition to 0 by setting f(9) = 0. We will use dz to denote the Lebesgue measure in R?. For
a Borel set A C R, we also use |A| to denote its Lebesgue measure.

2 Relativistic stable processes and preliminary uniform estimates

The Lévy measure of the relativistic a-stable process X, defined in (1.1), has a density

J™ () = " (|z]) = 0‘)/000(47ru) 4/20=505 = oy ~(145) gy, (2.1)

oT(1 - ¢

which is continuous and radially decreasing on R% \ {0} (see [31, Lemma 2]). Here and in the rest
of this paper I' is the Gamma function defined by I'(\) := f t*le~tdt for every A > 0. Put
J™(xz,y) = j"(|lx —y|). Let A(d, —a) := a2a_17r_d/2f(d%)F(1 — 2)~1. Using change of variables
twice, first with u = |z|?v then with v = 1/s, we get

T (@,y) = A(d, —a)|z -y p(m"/ |z — y|) (2.2)
where
d+a\"!' [ da
Y(r) = 2—<d+a>r< 5 > / s 2 leTaiTw ds (2.3)
0

which is a decreasing smooth function of r? satisfying ¥ (r) < 1 and
cfle_rr(d"'a_l)/2 < (r) < ereTpldte=1)/2 on [1,00) (2.4)
for some ¢; > 1 (see [15, pp. 276-277] for details). We denote the Lévy density of X by
J(@,y) = T (2. y) = A(d, —a) |z — y| =@

The Lévy density gives rise to a Lévy system for X", which describes the jumps of the process
X™: for any non-negative measurable function f on Ry x R x R?, 2 € R? and stopping time T
(with respect to the filtration of X™),

T
S (s X0 XV e gy | = B [/0 (Rdf(s,X?,y>Jm<X?,y>dy)ds]. (25)

s<T

(See, for example, [11, Proof of Lemma 4.7] and [12, Appendix A]).
For r € (0,00), we define

r when d + o > 2,
&(r) == g rlta when d =1 > «, (2.6)
r’In(2) whend=1=a.



Lemma 2.1 There exists Cy = Cy(d, o) > 0 such that for all r € (0,1),

L—(r) < Co&(r).

Proof. Note that

and, by the mean-value theorem,

o0 @ S T2 o0 @ S
/ 8%71671(1 —e 5)ds< 7“2/ s 21 ds < € (r). (2.8)
r2 r2
Since
d + « -1 r? > d+o s r2
1—y(r) = 27D < > / +/ sz tei(l—e 5)ds,
2 0 r2

we arrive at the conclusion of this lemma by combining (2.7)-(2.8). O

The next two inequalities, which can be seen easily from (2.4), will be used several times in this
paper. For any a > 0 and M > 0, there exist positive constants C1g and C7; depending on a and
M such that for any m € (0, M|,

J"(r) < Crog™(2r), Vr € (0,a) (2.9)

and
™) < Cuj™(r +a),  Vr>a. (2.10)

We will use p™(t,x,y) = p™(t,x — y) to denote the transition density of X™ and use p(t,z,y)
to denote the transition density of X. It is well known that (cf. [11])

t

p(t,x,y) = <td/°‘ A w) on (0,00) x R? x RY. (2.11)
r—y

Here for two non-negative functions f, g, f < ¢g means that there is a positive constant ¢y > 1 so

that c; Lf < g <¢of on their common domain of definitions. It is also known that
1 ¢ [ a2 12l
p(t,x) =e / (4mu) =26 0 e 0,(t, u)du, (2.12)
0

where 0,(t,u) is the transition density of an §-stable subordinator with the Laplace transform
e Tt follows from [34, (2.5.17)—(2.5.18)] and [2, Theorem 2.1] that

Ou(t,u) < ctu~1—/? for every t > 0,u > 0,
thus by (2.1) and (2.12), there exists L = L(«) > 0 such that

Pt y) < LtetJY(z,y) for all (¢, z,y) € (0,00) x RY x RZ, (2.13)



From (1.1), one can easily see that X™ has the following scaling property:
Pt x,y) = mY Ot (mt, mY Y, mt ), (2.14)
i.e,
{m~Y*(X}, — X}),t >0} has the same distribution as that of {X/" — X",¢t>0}.  (2.15)
Thus it follows from (2.13) and (2.14) that
p"(tz,y) < Lte™J™(x,y) (t,z,y) € (0,00) x R? x RY (2.16)
and it follows from [31, Lemma 3] that there exists My = Ms(«) > 0 such that
Pt y) < My(mdemd/2g=d/2 4 y=d/er), (2.17)

For any open set D, we use 775 to denote the first exit time from D for X, i.e., 7/} = inf{t > 0:
X ¢ D} and let 7p be the first exit time from D for X. We define X" by XZ”’D(w) = X"(w) if
t <71/ (w) and Xtm’D(w) =0 if t > 77 (w). We define XP similarly. X" is called the subprocess
of X™ killed upon exiting D (or, the killed relativistic stable process in D with weight m), and X7
is called the killed symmetric a-stable process in D.

It is known (see [12]) that X™P has a continuous transition density p3 (¢, z,y) with respect to
the Lebesgue measure. We will use G (z,y) := [~ ph(t, x,y)dt to denote the Green function of
X™P We use pp(t,r,y) and Gp(x,y) to denote the transition density and the Green function of
XP respectively.

P (t, z,y) also has the following scaling property:

pB(ta,y) = mYopl . (mt,m! oz, m/y). (2.18)

Thus the Green function G (z,y) of X™P satisfies

GB(w,y) = m-/oG]

m

1/uD(ml/°‘:U,m1/°‘y) for every z,y € D. (2.19)
Let
Tm(,y) = J(2,y) = T (2,y) = A(d, —a)lz =y~ (1 = p(m!*|z —y]).

Then
/ J(x,y)dy =m  for all z € RY. (2.20)
Rd

(See [31, Lemma 2].) Thus X™ can be constructed from X by reducing jumps via Meyer’s con-
struction; see [1, Remarks 3.4 and 3.5]. By (3.18) of [1, Lemma 3.6], we have

Pt x,y) < e™pp(t,a,y),  forevery (t,2,y) € (0,00) x D x D. (2.21)
Lemma 2.2 Suppose that B = (0,2) C R and o > 1. Define

_ 95(z)dB(y)

f(xay) - |.’IJ _ y|2 ’ V:L‘,y € B (222)



(i) If f(x,w) > 4, there exists C1a = Chra(a) > 0 such that

Gp(z,y)Gp(z,w)

- (a—1)/2 (a=1)/2 ~ .
G (z.0) < C1205(y) dB(z) <Ci2, y,z€B

(ii) There exists C13 = C13(a) > 0 such that

GB(:L" y)GB(ya Z)
Gp(x,z)

< (i3 for every x,y,z € B.

Proof. Note that (see [18, p. 187])

|z — :U| <ép(x)Néply) if f(z,y) >4, (2.23)
op(x) Nop(y) = (53( )Vig(y) if f(z,y) >4, (2.24)
3|z — Z/| >dp(x) Véply)  if f(a,y) <4 (2.25)

We know from [9, Corollary 1.2] that

2o/ o/
Gin(r.0) = (3n(a)ia(y)) /0B (226)
So when f(x,w) > 4, we have by (2.26) that
Gp(,9)Gp(z w) a1 . (=172 O5(x)*/*dp5(y)*"?
G () < (65(2)05(w)) @D/ ((53( )35(y)) A T— >
X ((58(2’)5B<7U))(a1)/2 A 53(2):2_52(|w)a/2> . (2.27)

If f(x,w) >4, f(z,y) >4 and f(z,w) > 4, we have

GB(xvy)GB(Z,’w)
Gp(z,w)
If f(x,w) >4, f(x,y) <4 and f(z,w) > 4, we have by (2.27) that
Gp(z,y)Gp(z,w) < ¢ 5 ()1 /255(y)*/?6p(2) @~ /2
Gplew) = o=l
= a(fl, y))1/2 5B(y)(a71)/2 5B(z)(a*1)/2
< 2c305(y) @V 2 op(2) D2,

S (&) ((53((@)(53(2))(0{71)/2.

Similarly, if f(x,w) >4, f(z,y) >4 and f(z,w) <4,
( 2 ( o) ) §C45B(Z)(a_l)/Q(SB(y)(a_l)/2-
If f(z,w) >4, f(x,y) <4 and f(z, )<4 then
GB(x7y)GB(Z7w) < ¢ 63(1’)1/2 (53(11})1/2
Gplew) = T le—yl 2w
es(f(a,y) 2 (f(2,w) 255 (y) @~ D2 5p(z) @02
46553(y)(a71)/2 63(2)(0171)/2'

p(y)*2op(2)>/?

IN

9



The proof of (i) is now finished.
Now we prove (ii). It follows from (i) we have

GB(.%, y)GB(y7 Z)
Gp(z,z)

<cg if f(x,z) > 4. (2.28)

By symmetry we may assume f(z,y) > f(y,z) and consider the following cases separately: If

flz,2) < 4 and f(z.y) > f(y,2) = 4, then by (2.24) dp(2)dp(2) = 3(08(2)dp(y) V o5(y)dn(2)).
This together with |z — z| < 2(|x — y| V |y — z|) implies that Gp(z,2) > c7(Gp(x,y) A Gp(y, 2))

and so
GB(.Z', y)GB(y7 Z)
Gp(z,2)
If f(z,2) <4 and f(z,y) > 4> f(y,2), by (2.23)-(2.26)

GB(:E’ y)GB(ya Z)
Gp(x,z)

< ;Y (GE(2,y) vV GE(y, 2)).

5(y)*/? |z — 2|
Sp(x)*/? |y — 2|

o=yl N\ (ly— 2+ |z -y
CSGB(xay) <6B(.T) +1 |y_Z|

< cGp(z,y) (1 + = - y’)

< CSGB(:’U’ y)

IN

ly — 2|
1) —z
< (o) (1420 ) < oo (192).

If f(z,2) <4, f(z,y) <4 and f(y,z) <4, then by (2.25) and (2.26)
Gp(z,y)GB(Y, 2) < 01053(3/) |z — 2| <e <5B(3/) n 65(y) >
Gp(z,2) [z —ylly — 2| [z =yl |y — 2]
< o3 P(lr—y[* T+ ly— 227,

Therefore, by combining with (2.28), we have

Gp (.73, y)GB(y7 Z)
Gp(z,z)

<c11, forall x,y,z€ B.

Lemma 2.3 Suppose that B = (0,2) C R and a = 1. Let f be as in (2.22) and define F(x,y) :=
log (1+ f(,)"/?) .

(i) If f(x,w) > 4, there exists C14 > 0 such that

Gp(z,y)Gp(z,w)
Gp(z,w)

< CI4F($7y)F(27w)7 Y,z € B.

(ii) There exists Ci5 > 0 such that

GB($7 y)GB(yv z)
Gp(z,z)

< Cis(1+ F(z,y) + F(y,2)) 9,2 € B.

10



Proof. (i) is an immediate consequence of [9, Corollary 1.2]. Using [9, Corollary 1.2], (ii) can be
proved by following the argument of the proof of [18, Theorem 6.24]. We omit the details. O

For r € (0, 1], we define

2724 when d + a > 2,

o(r)=141 when d =1 > «,
In(1/r) whend=1=a.

The following result will be used to prove Theorem 2.5.

Lemma 2.4 (i) If B is a ball of radius 1 in R?, then,

/ Gp(z,w)o(lw — z|)Gp(z,w)
BxB

dwdz < 0o.
GB(:Ua y)

sup
z,yEBx#Y

(ii) If d > 2 and U is an annulus of inner radius 1 and outer radius 3/2 in R?, then

/ GU($aw)J(|w_Z|)GU(Zaw)
UxU Gu(z,y)

sup dwdz < oco.

z,yelUx#y

Proof. We only present the proof of (i). The proof of (ii) is similar to the proof of (i) for the case
d > a. We prove (i) by dealing with two separate cases.

Case 1: d > «a. In this case, by repeating the argument in [14, Example 2|, we know that there
exists ¢; = ¢1(d, o) > 0 such that

GB(wi)O—(‘w — ZDGB(Z,IU) < 1 + 1
C
Gp(x.y) RN e e PR e P L
1 1

’Z _ y’d—a’w _ Z|d+a—6 + ‘.%’ _ w‘d—a‘w _ z‘d—&—a—ﬁ

1 1
+ )
’.’L‘ _ w’d—a/2|z _ y|d—a/2‘w _ z‘3a/2—,8 |$ _ w|d—a/2‘z _ y’d—a’w _ Z’2a—ﬁ>

where 3 =2 when d > 2 and =1+ a when d =1 > «. The conclusion now follows immediately.
Case 2: d =1 < a. In this case, it follows from the first part of the proof of Proposition 3.17
in [22] that

dwdz < 00,

/ Gz, w)o(lw - 2))Gp(2,y)
sup
z,yeBx#y, f(x,y)<4J BxB GB(l',y)

where the f is the function defined in (2.22). The inequality

/ GB(CC,'UJ)O'(|w_Z|)GB(Z,y)dde < 00
)>4JBxB

sup

:E,yEB,:E;ﬁy,f(iE,y GB (.’177 y)

follows easily from Lemmas 2.2-2.3. O

The following result will be used later in this paper. Note that this result does not follow from
the main result in [22], since the constants in the following results are uniform in m € (0, 00) and
r € (0, Rgm~/].
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Theorem 2.5 There exist positive constants Ry and Cig > 1 depending only on d and « such that

for any m € (0,00), any ball B of radius r < Rym ™/,

C;&GB(ZL‘,:{/) < Gg(x,y) < 016GB($ay)? T,y € B.

Moreover, in the case d > 2, there exists a constant C17 = Cy7(d,«) > 1 such that for any
m € (0,00), 7 € (0, Rom ™) and any annulus U of inner radius v and outer radius 3r/2,

CﬁlGU(wvy) S Gg(xay) S Cl7GU(xay)7 €,y S U

Proof. We only present the proof for balls, the case of annuli is similar. By [9], Gg(z,y) < V§(z,v).
Hence by (2.19), we only need to prove the theorem for m = 1. In this proof we will use B, to
denote the ball B(0,r).
Put

JH(z,y)
J(2,y)
Then it follows from (2.1)—(2.3) that there exists ¢; = ¢1(d, @) > 0 such that for any m € (0, c0) and
r € (0,00), inf, yep, F(x,y) > c1 — 1. It follows from Lemma 2.1 that there exists co = ca(d,a) > 0

F(z,y) = —1=y¢(e-y) -1, =zyeRL

such that for any r € (0,00) and z,y € By,

[P (rz,ry)| + | In(1 + F(ra,ry))| + (MOFF2ml 1) < epf (rlz - y)). (2.29)

B, (v) == /B

Then it follows from [15, Section 3] that

Put

(2, y)dy = Ad, —a) /B o~y (1 — (| —y))dy, =€ B,

c c
T T

G}3T (x,y) = GBT(:L',y)Ez[KBT (18B,)] for every x,y € B,

where
t t
EP(t)=exp( ) ln(1+F(XSB_’“,XsBT))/ F(XPr y)J(Xfr,y)dyds+/ g, (XP)ds).
0<s<t 0 /B, 0

Using the scaling property of Gp,, we get

sup / GBr (1’, w) (€4| In{+Flw.) — 1)GB7‘ (Z7 ’U))
B, X By

dwd
G, (@, y)Jw — 2|7+ e

$,yEBr,I§éy
[ Gl Gyt
z,y€B1,2#y J B1 x By Gp ('7;7 y)‘w - Z‘d—’—a

dwdz, (2.30)

Sup / GB7(x,w)‘F(w,Z))’GB7(Z,'U))dwdz
B, x B,

z,y€B,,x#y GBr (.T, y) |w - Z‘d+a

/ Gp,(z,w)|F(rw,rz))|Gp, (rz,rw)
= sup
x,y€B1,x#y J B1x By GBl (33, y)’w - z|d+a

dwdz (2.31)
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and

sup
x,y€Brx#y J B

/ Gp,(z,w)GB, (w,y) g, (w)dw = r* - sup 4, (rw)dw.

/ G31 (.Z',UJ)GBl (way)
G, (r,y) zyeB1 a2y J B,

GBl (337 y)
(2.32)
Using (2.29)-(2.31) and Lemma 2.4, we have for r € (0, 1]

4 In(1+F(w,z))| _ 1
wp [ Gnlol )G o) g
B, xB,

z,y€ By, x#y GBr (377 y) |w - Z‘d_'_a

and

sup
z,Y€Br, £y

By applying (2.20), the 3G inequality (Lemma 2.2(ii) and Lemma 2.3(ii) for d = 1) and (2.32), we
also have
/ GBT (x7 w)GBT‘ (w’ y)
r GBT (x7 y)
Now choose Ry > 0 small enough so that for r < Ry

dwdz < c3r.

/ G, (v, w)|F(w,2))|Gp, (2, w)
By x By G, (z,y)|lw — z|d+e

sup
z,y€Br,z#y J B

g, (w)dw < cgr®.

sup dwdz <

z,yEBy,x#Yy

wp [ GnlenlFn )G )
2,y€By,x#y J Brx By G, (z,y)|lw — 2|+

/ Gp, (z, w)(eIMUHF@ )G p (2,w)
B, X By G, (z,y)|lw — z|d+e

[N

dwdz <

ool

and

sup dw <

x7yEBT7$#y B

/ GBT(Z',’LU)GBT (way)
r GBr (x7 y)
Using the three displays above, we can follow the argument in [14, Proposition 2.3] to conclude
that for all » < Ry,

1
g

sup  BY[KPr(rp )] < 2%/4
z,y€ By, x#y

Now the upper bound on GlBT follows immediately. The lower bound on G};T is an easy consequence
of Jensen’s inequality, see [14, Remark 2] for details. O

In the remainder of this paper, Ry will always stand for the constant in Theorem 2.5.

Later in this paper, we will also need the following exit time estimate and parabolic Harnack
inequality that are uniform in m € (0, M]. These results are extensions of Proposition 4.9 and
Theorem 4.12 of [12], respectively.

Theorem 2.6 For any M >0, R >0, A >0 and 0 < B < 1, there exists v = v(A, B, M,R) €
(0, 1/2) such that for every m € (0, M], r € (0, R] and z € R,

Po (7hw an <77°) < B.
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Proof. Let Y™ be a symmetric pure jump process on R? with jump kernel given by

m 3" (Jx —y|) if |z —y| <1,
JO (xay> = { .

m(1)|x — y|_(d+o‘) if |x —y| > 1.

Note that J)"(z,y) > J™(x,y). In view of (2.1)-(2.4) and (2.20), there are constants ¢; =
¢i(M,d,a) > 0,i = 1,2, such that

C2 C1
T yre S < Ji(z,y) < Ty for every m € (0, M] and z,y € R? (2.33)
and
sup Jy"'(z) < M for every m € (0, M] and z,y € R?, (2.34)
zeRY
where Ji™"(z) = [ga (J§"(z,y) — J"(x,y)) dy. In view of (2.33), it follows from [11, Proposition

4.1] that for each M>0,R>0,A>0and 0< B <1, there is v = v(4, B, M, R) € (0,1) such
that for every m € (0, M], r € (0, R] and x € R%,

Po (7hiear) <77%) < B/2,

where TE(T;’AT) is the first time the process Y™ exits the set B(x, Ar). On the other hand, in

view of (2.34), X™ can be obtained from Y by adding new jumps according to the jump kernel

Ji(z,y) — J™(z,y) through Meyer’s construction (see [1, Remarks 3.4]). Hence we have for every
€ (0,M], r € (0, R] and = € R4,

P, (Tgl(m’AT) < ’yr“)

< P, (TE{; Ary < ~r® and there is no new jumps added to Y™ by time vro‘)
+ P, (there is at least one new jump added to Y™ by time yr®)
< B2+ (1-e I I=) < /o (1- e M) < B,
where the last inequality is achieved by decreasing the value of v if necessary. O

We now introduce the space-time process Z!" := (V;, X*), where Vs = Vp + s. The filtration
generated by Z™ satisfying the usual condition will be denoted as {]T"s; s > 0}. The law of the
space-time process s — Z!" starting from (¢, z) will be denoted as Ptz),

We say that a non-negative Borel function h(t,z) on [0, 00) x R? is parabolic with respect to the
process X™ in a relatively open subset D of [0, 00) x R? if for every relatively compact open subset
Dy of D, h(t,z) = Et2) [h(Zm(Tgln))] for every (t,z) € Dy, where TD =inf{s >0: ZI" ¢ D;}.
For each r,t > 0, we define Q(t,z,r) := [t,t + 7] x B(x,r).

Theorem 2.7 For any R > 0, and M > 0, there exists Cig > 0 such that for every m € (0, M],
0<6<1,zeRe re(0,R] and every non-negative function h on [0,00) x R? that is bounded and
parabolic on 0,7 (2r)*] x B(z,2r) with respect to X™,

sup h(t,y) < Cis inf h(0,y).
(t,y)EQ((;Ta,Z7’I") yEB(z,r)
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Proof. Since v is decreasing, we have for any |y| > 2r,

L[ gyt g do )
r pory eyl Tyl S o<ty [0 = grld T Tylete
Thus there is a constant ¢ > 0 so that for every m > 0,
J™M(x,y) < Cd/ J™(z,y)dz for every r < > — y\‘
™ JB(x,r) 2
The conclusion of the theorem now follows from [8, Theorem 4.5]. O

Recall that an open set D in R? (when d > 2) is said to be a C1! open set if there exist a
localization radius R > 0 and a constant Ay > 0 such that for every z € 9D, there is a C*'-function
6 = 6. : REL = R satistying 6(0) = Vo(0) = 0, [Volleo < Ao, [V(x) — Vo(2)| < Aol — 21,
and an orthonormal coordinate system y = (y1, -+ ,¥q—1,%4) ‘= (¥, yq) such that B(z, R)N D =
B(z,R)N{y :yq > ¢(y)}. By a C"! open set in R we mean an open set which can be expressed as
the union of disjoint intervals so that the minimum of the lengths of all these intervals is positive
and the minimum of the distances between these intervals is positive. Note that a C! open set
can be unbounded and disconnected. It is well known that a C™! open set D satisfies both the
uniform interior ball condition and the uniform exterior ball condition: there exists rg < R such
that for every x € D with dyp(z) < ro and y € R?\ D with dyp(y) < 79, there are z, 2, € D
so that |z — z,| = dap(2), |y — 2| = dap(y) and that B(zg,r9) C D and B(yg,r9) C R\ D for
o = 2z +10(T — 22)/|x — 24| and yo = 2z, + ro(y — 2y)/|y — 2y|. For simplicity, in this paper we
call the pair (rg, Ag) the characteristics of the C! open set D. Without loss of generality, we will
assume that rg < Ry, the constant in Theorem 2.5.

A real-valued function u defined on R? is said to be harmonic in an open set D C R?% with
respect to X™ if for every open set B whose closure is a compact subset of D,

E, Du(Xngl)u < oo and wu(z)=E, [u(Xmgl)} for every x € B. (2.35)

T

A real-valued function u defined on R? is said to be regular harmonic in an open set D C R¢ with
respect to X™ if

E, Uu(X%L)H <oo and u(x)=E, [u(X’%L)} for every x € D.

T

Clearly, a regular harmonic function in D is harmonic in D.
The following uniform Harnack principle is a consequence of Theorem 2.7 and the scaling
property (2.15).

Theorem 2.8 (Uniform Harnack principle) There exists a constant C1g = Cig(a,d) > 0 such
that for any m € (0,00) and r € (0,4m=/?], 2o € R and any function u which is nonnegative in
R? and harmonic in B(xg,r) with respect to X™ we have

u(z) < Crou(y) for all x,y € B(xo,7/2).

The following uniform boundary Harnack principle will be needed in the proof of Theorem 1.4.
Note that this result is not a consequence of the boundary Harnack principle in [27], since the
constant C' below is uniform in m € (0,00) and r € (0, Ry~ /?].
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Theorem 2.9 (Uniform boundary Harnack principle) Suppose M € (0,00) and that D is
an open set in RY, z € OD, r € (0, RoM~'/*) and that B(A,kr) C D N B(z,r). There exists
Coo = Coo(d,a, 5, M) > 0 such that for every m € (0, M], and any functions u,v > 0 on RY,
positive reqular harmonic for X™ in D N B(z,2r) and vanishing on DN B(z,2r), we have

u(A4) _ u(z) u(A)
o(A) < (@) < 6‘20@, x € DN B(z,r).

-1
CZO

Proof. By using (2.1)-(2.2) and Theorem 2.5, we can easily get uniform estimates on the Poisson

kernel

KB (2o (7, 2) ::/ G'Bwo,m) (@, y) I " (y, 2)dy
B(zo,r)

of B(zo,r) with respect to X™ for € (0, RoM ~/¢]. In particular, for r < |z — 2| < 2RoM ~1/*,
K B(aor)
r € (0, RgM~%]. Then using the uniform estimates on K o) (z,z) and Theorem 2.5 we can

(z,2) is comparable to Kp(g, (7, 2), the Poisson kernel of B(zo,r) with respect to X for

easily see that [32, Lemma 3.3] can be proved in the same way. Using the uniform estimates on the
Poisson kernel of B(zg,r), (2.1)—(2.2) and Theorem 2.5 we can adapt the argument in [3, 27, 32]
to get our uniform boundary Harnack principle. We omit the details. O

3 Upper bound estimate

The goal of this section is to establish the sharp upper bound for p};(t,z,y). Before establishing
such upper bound, we first give some preliminary lower bounds on p’; (¢, z,y) and sharp two-sided
estimates for p™ (¢, x,y), which will be used later.

Lemma 3.1 For any positive constants M, T, b and a, there exists Cy1 = Ca1(a, b, M,a,T) > 0
such that for any m € (0, M],z € R and X € (0,77,

: m
ylérlRfd P, (TB(z,QbAl/a) > a)\) > C91.
ly—z|<bal/e

Proof. By Theorem 2.6, there exists ¢ = (b, a, M,T) > 0 such that for any m € (0, M] and
A€ (0,77,

inf P,(

>el) >
y€ER4

1
TB(y.bAL/ 2) =9

We may assume that € > a. Applying Theorem 2.7 at most 1 + [(a — €)(4/b)?] times, we get that
there exists ¢; = ¢1(a, M, a,T) > 0 such that for all m € (0, M],

C1 pg(%b,\ua) (5)\7 Y, w) < pg(%b,\ua) (a)\, Y, w) for w € B(y, b)‘l/a/Q)'
Thus for any m € (0, M],

Py (Tg(y,bx\l/”‘) > (I}\) = /;(y b>\1/a) pg(y’b)\l/a) (a)\y Y, w)dw

V

> P’ o (aX, y, w)dw
L e P @)

v

c P woon(aN, y, w)dw > 1 /2.
1/;(%6)\1/&/2) B(yf)\l/ /2)( ) 1/
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This proves the lemma. i

For the next four results, D is an arbitrary nonempty open set and we use the convention that
6p(-) = co when D = R?,

Proposition 3.2 Let M and T be positive constants. Suppose that (t,z,y) € (0,T7] x D x D
with Sp(z) > tY* > 2|z — ylyp(m/ |z — y|) =/ @) Then there exists a positive constant Coy =
Co(M,a,T) such that for any m € (0, M],

ph(t a,y) > Cot™ ¥, (3.1)
Proof. Let t < T and x,y € D with dp(z) > t'/* > 2|z — ylop(m'/*|z — y|)~/ ¢+ By the

uniform parabolic Harnack inequality (Theorem 2.7), there exists ¢; = ¢1(a, M,T) > 0 such that
for any m € (0, M],

PR(t/2,z,w) < 1 pR(t,z,y) for every w € B(z, 2tY%/3).

This together with Lemma 3.1 yields that for any m € (0, M],

1
1 |B(z, t/2)| Jpag/e 2

> CQt_d/a/ P oo (t/2, 2, w)dw
Bat/eyz) D@t i )

= ot P, (Tg(m’tl/a/z) > t/2) > c3 t_d/o‘,

pg(t,x,y) > p%(t/Q,x,w)dw

where ¢; = ¢;(T,a, M) > 0 for i = 2, 3. O

Lemma 3.3 Let M and T be positive constants. Suppose that (t,x,y) € (0,T] x D x D with
min {6p(x), Sp(y)} > tY/* and |x —y|* > 27 “tp(m |z — y|)*/ @) Then there exists a constant
Caz = Co3(a, T, M) > 0 such that for all m € (0, M],

P, (Xtva € B(y, 2_1t1/°‘)) > Cos tY0HL ™ (1 ).

Proof. By Lemma 3.1, starting at z € B(y, 4~ 't'/®), with probability at least ¢; = ¢; (o, M, T) >
0, for any m € (0, M], the process X™ does not move more than 6='t'/® by time ¢. Thus, it is
sufficient to show that there exists a constant co = ca(a, M,T) > 0 such that for any m € (0, M],
t € (0,T] and (z,y) with |z — y|® > 2=t (m!/e|z — y|)o/(@+e),

P, (X"%D hits the ball B(y, 4~ 11/%) by time t) > o 14/ M (g 4p). (3.2)

Let B, := B(z, 6~ y(m!/oTV/e)l/(dFe)gl/ey B .= B(y, 6~ p(m!/oT/ @)/ (dre)l/a)y and 777 .
7Rt It follows from Lemma 3.1, there exists c¢g = c3(«, M,T) > 0 such that for all m € (0, M|,
By

Ey[t AT > tPy ()0 > t) > cat for t > 0. (3.3)
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By the Lévy system in (2.5),

P, (X"%D hits the ball B(y, 4~ 11/) by time t)

v

Py (X{Am € By, 4~ Lyp(mt/ ot/ e/ dre)d/ey and ¢ A 7™ is a jumping time )

s [ [ o duds], (5.4

where in the first inequality we used the fact that ¢ (r) <1 for all » > 0.

We consider two cases separately.

(i) Suppose |z —y| < TY*. Note that |z —y| > 271t/ @ p(m/ T/ )1/ (d+a) NMoreover, if s < 7
and u € By,

IV

(XS —ul <l =yl + |z = X + [y —ul <2z —yl.
Thus from (3.4), for any m € (0, M],

P, (Xm’D hits the ball B(y, 4~ 1Y) by time t)

> E; [MT;”]/ J"@2lz =yl du > eat By " (2w —y|) = et T (2w — y))

By

for some positive constants ¢; = ¢;(«, M, T), i = 4,5. Here in the second inequality above, we used
(3.3). Therefore using (2.9), we see that the assertion of the lemma is valid for |z — y| < T/,
(ii) Suppose |z —y| > T/, In this case, if s < 7 and u € By,

(XS —uf <z —yl+ o = X+ [u—yl
< ’w - y’ + Bflw(ml/aTl/a)1/(d+o¢)t1/a < ‘.’L‘ - y‘ + 371¢(m1/aT1/a)1/(d+a)T1/a.

Thus from (3.4), for any m € (0, M],

P, (Xm’D hits the ball B(y, 4~ 1Y/) by time t)

Y

Eq [t A7) /B i (\m —y|+ 3—1¢(m1/a:r1/a)1/<d+a>T1/a) du

Y

Y

cot Byl 5" (lo =yl + 37 p(ml/oT /ey @rerri/e)

> td/a-l—l -m <‘$ y‘ +3—1w(ml/aTl/a)l/(d—&-oa)Tl/a)

for some positive constants ¢; = ¢;(a, M,T'), i = 6,7. Here in the second inequality, (3.3) is used.
Since |z — y| > T > 3= Lyp(ml/ eV /(@) /e ysing (2.10), we see that the assertion of the
lemma is valid for |z — y| > T/, O

Proposition 3.4 Let M and T be positive constants. Suppose that (t,z,y) € (0,T] x D x D with
min {6p(z), 5p(y)} > (t/2)V/* and |z — y|* > 27 L ip(m/ |z — y[)*/ @) Then there exists a
constant Coy = Coy(a, M, T) > 0 such that for all m € (0, M],

pp(t,m,y) > CoutJ™(z,y).
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Proof. By the semigroup property, Proposition 3.2 and Lemma 3.3, there exist positive constants
c1 = c1(a, T, M) and ¢y = co(a, T, M) such that for all m € (0, M],

PRt z,y) = /D PI(t)2, 2, 2)pIa (12, 2, y)d=

> pp(t/2, 2, 2)pH(t/2, 2, y)dz

/B(y, 271(t/2)1 )

cit=4/ep, (Xf]Z;D € B(y, 2_1(t/2)1/a)) > e tJ" (2, y).

Y

Combining Propositions 3.2 and 3.4, we have the following preliminary lower bound for p'; (¢, z, y).

Proposition 3.5 Let M and T be positive constants. Suppose that (t,z,y) € (0,T] x D x D with
min {dp(z), p(y)} > t'/%. Then there exists a constant Cos = Cos(c, M, T) > 0 such that for all
m € (0, M],

pp(ta,y) > Cos (7 NI (2,y)).

Combining (2.16)-(2.17) with Proposition 3.5 we have the following sharp two-sided estimates
for pm(t7 x? y)'

Theorem 3.6 Let M and T be positive constants. Then there exists a constant Cog = Cog(ar, M, T) >
1 such that for allm € (0, M], t € (0,T] and x,y € R?,

02_61 (t*d/a /\tJm(x,y)> <p"(t,z,y) < Oy (tid/o‘ /\tJm(:c,y)) )

Lemma 3.7 Let M > 0 be a constant and E = {x € R? : |z| > ro}. For every T > 0, there is a
constant Co7 = Caz(ro, o, M, T) > 0 such that for any m € (0, M],

PE(t,2,y) < Cor VEdp(x)*?j™(Je = y|/16)  forro < |z| < 5ro/4, |yl > 2ro and t <T.
Proof. Define U := {z € R?: ry < |2 < 3rg/2}. It is well-known (see, e.g., [33]) that X ¢ OU.

For rog < |x| < 5ro/4, |y| > 21 and ¢ € (0,71, it follows from the strong Markov property and (2.5)
that

PE(ta,y) = Eo | PR = X y) : 17 <]

t
= / / (s, x, 2) / J™(z,w) pp(t — s,w,y)dw | dz | ds
o \Ju {w:|w|>3r0/2}
t
— / (/ p’r[}l(sax7 Z) (/ ‘]m(’z7w)p%t(t_s’w’y)dw> dZ) ds
0 U {w: (3ro/4)+(Iyl/2)=|w|>3r0/2}
t
+/ (/ pl(s,z, 2) (/ J™(z,w)ply(t — s,w,y)dw) dz) ds.
0 U {w: lwl>@Bro/4)+(1yl/2)}

= I+1I.
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Since p < p™, we have

t
0\Ju {w: (3ro/4)+(|yl/2)>|w|>3ro /2}

Since |w—y| > |y| — Jw| > L (Jy| — 22) > W > 2=l for jw| < (3r9/4) + (Jy|/2), by (2.16) we have
for |w| < (3ro/4) + (ly|/2) and 0 < s <t < T,

Pt — s,w,y) < pT(t —s,2/16,y/16) < Lte™ J™(x/16,y/16).

Therefore
t
I < Lte™ Jm(x/16,y/16)/ /pﬁ(s,x,z) / J"(z,w)dw | dz | ds
0 U {w: 3|z—y|/4>|w|>3rg/2}
= Lte™ J™(2/16,y/16) B, <3r0/2 <|XI| < 3o —yl/4; 7P < t)
< LTeMT ™ (jx — y|/16) P, (|X§”{Jn| > 37‘0/2> .

By Theorem 2.5,

P, (\Xm>3r0/2) - G (x,y)J™(y, 2)dydz
{|z|>3r0/2} JU

ia
Cio / / Gu(x,y)J (y, 2)dyd=
{|z|>3r0/2} JU

= CiP, (‘XTU| > 37“0/2)

< og(z) = c10%(x)

IN

for some positive constant ¢; = ¢1(M, g, ). Thus we have
I < et sp(0)2)™ (lx —y1/(16)), m € (0, M] (3.5)

for some positive constant co = ca(ro, a, M).
On the other hand, for z € U and w € R? with |w| > (3r9/4) + (|y|/2), we have

1 3 —
-l 2ol -2 5 (- ) 2 2 o

Thus by the symmetry of p(t — s,w,y) in (w,y), we have that there exists ¢z = ¢3(M, rp, ) > 0
such that for any m € (0, M],

t
/ ( / P (s, . 2) ( / T (2/16,y/16)p(t — s,y,w>dw> dz) ds
0 U {w: |w|>(3ro/4)+(ly|/2)}

c35™ (|12 — 1]/16) /Ot (/Up?}(s,x,z)dz> ds.

By (2.21), there exists c4 = ca(a,T") > 0 such that

11

IN

IN

5 /2
pir(s,x,z) < ™py(s,x,z) < cmms% <3_d/°‘ A %) , s<T.



The last inequality above comes from [9, Theorem 1.1]. Thus

t
/ </ pﬁ(s,x,z)dz) ds
0 U
< ¢ mT5 // g~ /o~ 1/2dzds—|—// d+ —dzds
{Jzl<st/} (z|>s1/a} |2]0He

< es0p(x)™ V.
This together with our estimate on I above completes the proof the lemma. O

In the remainder of this section we assume that D is an open set satisfying the following (weak
version of) uniform exterior ball condition with radius ro > 0: for every z € 9D and r € (0,79),
there is a ball B? of radius r such that B* ¢ R\ D and B* N 9D = {z}.

Theorem 3.8 Let M > 0 be a constant and D an open set satisfying the uniform exterior ball con-
dition with radius ro < Ry. For every T > 0, there exists a positive constant Cag = Cag(T, 19, v, M)
such that for any m € (0, M] and (t,z,y) € (0,T] x D x D,

a/2
PB(ta,y) < Cas (1 sl )(f‘d/“wmﬂw—va))-

Proof. In view of (2.16)-(2.17), it suffices to prove the theorem for x € D with ép(x) < ro/4. By
(2.21) and [9, Theorem 1.1], there exists ¢; = ¢1(a, T, D) > 0 such that on 0,7] x D x D

ph(t,z,y) < e™pp(t,z,y) < cleMTM <t_d/°‘ A ¥> . (3.6)
TY) 2 Ty) 2 Vi =yt
For x,y € D, let z € 9D so that |z — z| = dp(z). Let B, C D¢ be the ball with radius r¢ so
that 0B, N 0D = {z}. When ép(x) < ro/4 and |z — y| > 5rg, we have dp:(y) > 2r¢ and so
by Lemma 3.7, there is a constant co = co(r9, T, M,) > 0 such that for any m € (0, M] and
(t,z,y) € (0,T] x D x D,

PB(txy) < B (1 2,0) < 2850 (@) VI (2~ y]/16) = &2 6p()* VA (| — y]/16).

(3.7)
Since there exist constants c3 and ¢4 depending only on M, « and rg such that
073<jm(]:1;—y|/16)< S for m € (0, M] and |z — y| < 5ro,
o=y = = fa
combining (3.6)-(3.7), we arrive at the conclusion of the theorem. O

Theorem 3.9 Let M and T be positive constants. Suppose that D is an open set satisfying
the uniform exterior ball condition with radius rq < Rgy. Then there exists a constant Cog =
Co9(T, 19, M, &) > 0 such that for all m € (0,M], t € (0,T] and z,y € D,

/2 /2 mi/e|e —
PB(t,,y) < Cao (1 5D(\/)i )(m‘sD(\/)% )(rd/a/\t‘b( |$|_y|ﬁ|a/(16))>- (3)
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Proof. Fix T > 0 and M > 0. By Theorem 3.8, symmetry and the semigroup property, we get
that for any m € (0, M] and (¢,z,y) € (0,T] x D x D,

PRt a,y) = /D PB(t/2, 2, 2P (12, 2, y)d=

Sp ()~ 3p(y)°?
A (1/\T> (mT)

/D ((t/z)*d/a A (t/Z)Jm(a:/16,z/16)) ((t/z)*d/a A (t/2)Jm(z/16,y/16)> dz.

IN

By a change of variable,
/D ((t/z)*d/a A (t/2)Jm(a:/16,z/16)> ((t/z)*d/a A (t/2)Jm(z/16,y/16)> dz
d —d/a m, w —d/a ™ (0 w.
< (16) /R (@27 A @2 @/ 16,w)) (/207 A (1/2)7 (w,y/16)) d

Thus by Theorem 3.6 and the semigroup property, there exists a positive constant co = co(a, M, T)
such that for any m € (0, M] and (¢, z,y) € (0,7] x D x D,

T /2 a/2
pp(t,z,y) < e (1 A %) <1 A %) /dem(t/2,x/16,z)pm(t/2,z,y/lﬁ)dz
dp(x)*/? o)™\ .
= e (1/\T> <1/\T> p"(t,x/16,y/16)
5D(37)a/2 5D(y)a/2 —d/a m
< o (1 A T) <1 A T) <t dfa pt] (:):/16,y/16)> .
This completes the proof of the theorem. O

4 Lower bound estimate

Throughout this section, the open set D is assumed to satisfy the uniform interior ball condition
with radius ro > 0 in the following sense: For every x € D with dp(x) < rg, there is z, € dD so
that | — z;| = ép(z) and B(zg,r9) C D for z¢ := 25 + ro(x — 22) /|2 — 24 -

The goal of this section is to prove the following lower bound for p7; (¢, z,y).

Theorem 4.1 For any M > 0 and T > 0 there exists positive constant Csy = Cso(c, T, M, rp)
such that for all m € (0, M], (t,z,y) € (0,T] x D x D,

PB(t.2.5) > Cao (1 A ‘W) (1 A W) (9 ntjm(a— u))

Vi Vi
We will first establish Theorem 4.1 for small T', that is, we will first assume that
o\ ¢
<Tp = (-) . 41
t < 1o 16 (4.1)
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Lemma 4.2 Let M > 0 be a constant. Suppose that (t,x) € (0,Ty] x D with §p(z) < 3tY/* < ry/4
and k € (0,1). Let z, € 0D be such that |z, — x| = dp(x) and let n(z,) = (z — 25) /|2 — x|.
Put ©1 = 2z, + 3tY/°n(z,) and B = B(xy,3t"*). Suppose that xq is a point on the line segment
connecting z, and z, + 6t/°n(z,) such that B(xo,2kt'/*) € B\ {x}. Then for any a > 0, there
exists a constant Cs31 = C31(M, K, «,r9,a) > 0 such that for all m € (0, M],

P, (ng e B(:co,ml/a)) > Oy 7125 ()22, (4.2)

Proof. Let 0 < x; < k and assume first that 2~ 4k t1/* < op(z) < 3t/ Repeating the proof of
Lemma 3.3, we get that, in this case, there exists a constant ¢; = ¢1(«, k1, M, r9,a) > 0 such that
for all m € (0, M] and ¢t < Ty,

P, (X;’Z € B(a:o,mtl/a)> > et g™ (2, 10).
Using the fact that |z — xo| € [2kt1/%, 6t'/°], we have
P, (X;’Z € B(xo, mltl/a)> > >0  for every m € (0, M], (4.3)

where ¢y = ca(a, k1, M,19,a). By taking k1 = k, this shows that (4.2) holds for all @ > 0 in the
case when 24k t1/o < dp(z) < i/,

So it suffices to consider the case that dp(z) < 27*kt!/®. We now show that there is some
ap > 1 so that (4.2) holds for every a > ag and dp(z) < 2-*kt'/®. For simplicity, we assume
without loss of generality that 2o = 0 and let B := B(0, kt'/%). Let 29 = 2, + 47 wn(z,)t"/® and
By := B(xy,4 'kt'/®). Observe that since B(0,2xt'/*) c B\ {z},

k)26 < |y — 2| < 61/ for y € By and z € B(0, st'/%). (4.4)

By the strong Markov property of X™ at the first exit time 75, from By and Lemma 3.1, there
exists ¢3 = c3(a, k,a, M, T) > 0 such that for all m € (0, M],

Px(XﬂéaBmﬂdUa»
> P, (7]5?2 <at, X7 € B(0, 27 kt!/¥) and | X™ — ng‘ < k)2 for s € [15,,Th, + atl/o‘])
2
> 3Py (TEZ < at and X% € B(0, 2_1/<ct1/°‘)> : (4.5)
2

It follows from Theorem 2.5 and the explicit formula for the Poisson kernel of balls with respect
to X that there exist ¢4 = c4(a, M) > 0 and ¢5 = ¢5(a, M, k,79) > 0 such that for all m € (0, M],

m — o — « dp(z o/2
&(TQEB@2Hﬁ/DZR(K%GB@QH$/02%<ﬁL» . (4.6)

Applying Theorem 2.5 and the estimates for Gp (see, for instance, [13, (1.4)]), we get that there
exist ¢g = cg(a, M) > 0 and ¢7 = c7(a, M, k,ro) > 0 such that for all m € (0, M],

5D($)>a/2_

Py (15, > at) < (at)_1 E.[r5,] < 06(at)_1 Ex[mB,] < a ter < a
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Define ag = 2¢7/(c5). We have by (4.5)—(4.6) and the display above that for a > ag and m € (0, M],

~ /2
Po(X € B) > e (BalXTy € BO0.27 1) — By (7, > at) ) > e2 (c5/2) (555:)> . (@)

(4.3) and (4.7) show that (4.2) holds for every a > ag and for every z € D with §p(z) < 3t'/«.

Now we deal with the case 0 < a < ag and dp(x) < 27 4kt"/*. If p(z) < 3(at/ap)"/®, we have
from (4.2) for the case of a = ap that there exist cg = cg(k, o, M) > 0 and cg = co(k, o, M,a) >0
such that for all m € (0, M],

Y

P, (Xz € Blao, wtV/)) = Po (X2 (u1/a) € Blo, nlat/a)/))

- () "-e (8)”

If 3(at/ag)/® < p(x) < 27*kt"/ (in this case k > 3 - 2%(a/ag)'/®), we get (4.2) from (4.3) by
taking k1 = (a/ag)'/®. The proof of the lemma is now complete. i

Proposition 4.3 Let M > 0 be a constant. Suppose that (t,x,y) € (0,Tp] x D x D with |z —y| <
tY and Sp(x) < 2t/*. Then there exists a constant Csy = Csa(a, M,79) > 0 such that for all
m € (0, M],

Pt ,y) = Cant™ ¥ bp()* 25 (y)*/2. (4.8)

Proof. Note that under the assumptions of the Proposition, we have dp(y) < |z —y|+ dp(z) <
3tt/e < ro/5. So there are points z,, z, € 0D and zg, yo € D such that op(z) = |z — 2|,
5p(y) = |y — 2|, B(x0,4tY*) N OD = {z,} and dB(yo, 4t"/*) N ID = {z,}. Observe that

dp(z0) = 6p(yo) = 4t and |z — xol, |y — yo| € [tV/, 4t/®).

By the semigroup property, with B := B(xzg, 4~ '#"/%) and B := B(yg, 4~ 1t1/%)

DBt a,y) = /D PB(t/3,, 2) /D PB(t/3, 2, w)p(t/3, w, y)dwdz

v

/B PB(t/3,2, 2) /gpz';(t/a,z,w>pg<t/3,w,y>dwdz

>t pB(/s) [ B/ s | Bt/ e
(z,w)EBxB B B

Since for z € B and w € B, dp(z) > dp(xo) — |zo — 2| > t4/2, dp(w) > 6p(yo) — |yo — w| >

tVe |z —w| < |z — x| + |20 — 2| + |z —y| + |y — yo| + [yo — w| < 10tY*, and |z — w| <

W (m'/ |z — w|)t'/*, by combining Proposition 3.2 and Proposition 3.4, we have that

there exists ¢; = ¢1(a, 19, M) > 0 such that for all m € (0, M],

inf  pR(t/3,z,w) > et~V
(z,w)eBxB
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Since 6p(z) < 2t/* < ry/8 and dp(y) < 3t'/%, we have by Lemma 4.2 that there is a positive
constant ¢y = co(av, M, 1) such that for all m € (0, M],

prﬁ(t7 €, y) Z Co tid/ail 6D($)a/2 5D(y)a/2

|

Proposition 4.4 Let M > 0 be a constant. Suppose that (t,z,y) € (0,Tp] x D x D with dp(z) <
(t/2)Y* < 6p(y) and |z — y|* > tp(mY/ ¥z — y[)*/[ @+ Then there ezists a constant Cs3 =
Css(a, M, o) > 0 such that for all m € (0, M],

pg (ta x, y) > 033 tl/g 5D (‘r)a/QJm ({I:a y) (49)
Proof. Since dp(z) < (t/2)Y/* < r9/16, there are z, € dD and zy € D such that dp(z) = |z — 2|

and 9Bz, 2t"/*)NAD = {z,}. Choose zq in Bz, 21/)(m1/aT01/a)1/(d+°‘)t1/a) and k = k(a) € (0,1)
such that

B (370, 2mp(m1/aT01/a)1/(d+a)t1/a)

c B («207 (2 _ 2—2/a)w(ml/aTOl/a)l/(d—i-a)tl/a) N B (l’, (1 _ 2_1_2/a)w(ml/aT&/a)l/(d+Q)tl/a) )

Such a ball B(z, 2mp(m1/o‘T01/a)1/(d+0‘)t1/a) always exists because 2 < (2 —271) + (1 -272) <
(2 =272 4 (1 — 27172/,
We consider two cases separately.
(i) Suppose |z —y| < Tol/a. Note that |z — y| > tl/o‘@b(ml/aTg/a)l/(d“‘). Thus for every
z € B(xo, Kw(ml/o‘T()l/a)l/(d+o‘)t1/o‘), we have dp(z) > (t/4)Y/* and
ly =21 > ly — 2| — |2 — 2l > 271 (t/4)/op(m! /Ty ) )
> 27 ¢/ 4) V(T ) A 2y — o),

On the other hand, for every z € B(xy, m¢(m1/“T&/a)1/(d+o‘)t1/o‘),
2=yl < lz=al+ e —yl < (12772 (m! TV gy < 2fa —y.

Thus by the semigroup property, Proposition 3.2 and Proposition 3.4, there exist positive constants
¢i = ci(a, M,rg), i =1,2,3, such that for all m € (0, M],

PRt z,y) = /D P(t)2, 2, 2P (12, 2, y)d=

v

/ 1 pg(t/27x7z)anl(t/2,Z7y)dz
B(wo,kip(ml/aTy/ )1/ (d+a)g1/a)

ert / P /2,2, 2)T7 (2, y)d
Bl(ao,kap(m1/aTy/ )1/ (d+a)g1/a)

B(mo,kip(m1/ Ty )1/ (d+a)p1/a)

cat™ @l — y) B (X757 € Blao mp(m/ Ty ) /() )
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Applying Lemma 4.2 and (2.9), we arrive at the conclusion of the Proposition for |z — y| < TO1 /e
(ii) Suppose |z —y| > T&/a. For every z € B(x, mp(ml/o‘TOl/a)l/(dJra)tl/a), we have

2=yl < (=27 p(mt ATy M EHOT oy — o < T+ Jy =,
Thus for every z € B(zg, /@¢(m1/0¢T01/a)1/(d+0¢)t1/0<)’ we have 0p(2) > (£/4)/ and

=2 > [y — ol — |2 — 2 > T,/ — (1 — 2772y (mt/oTy/ @)V et/
> 2—1(t/4)l/aw(ml/aTol/Oé)l/(d-&-a) > 2—1(t/4)1/a¢(ml/a’x B yll/a>1/(d+o¢)

1/(d+a) 1/(d+a)
) z e ) (m oy - )

> 2_1(75/4)1/0‘7,11 (ml/o‘TOl/a + ml/o‘|y — 2|

for some ¢4 = c4(a, 79, M) > 0, where in the last inequality we used (2.4). On the other hand, for
every z € B(wo, sp(m*/ |z — y|) 1/ (dredgl/e),

‘Z N x’ + ’x o y’ < (1 _ 2—1—2/a)w<ml/aT01/04)l/(d-i-a)tl/a + ’x N y’

<
< T+ |x—yl.

Thus by the semigroup property and Proposition 3.5, there exist positive constants ¢; = ¢;(«, M, r9),
i =5,6,7, such that for all m € (0, M],

ppt,xy) > pp(t/2,2,2)J"(2,y)dz

C5t/
B(mg,m/;(ml/aTOl/a)1/(d+0¢)t1/0t)

: 1
> C6t]m(|x—y|+T0/a)/ ) p?}(t/Q,x,z)dz
B(wo,mw(ml/aTO/a)l/(d+a)t1/a)

= orti™(j — ol + Ty Ba (X5 € Blao, kup(m! /T ) (Bl /ey )

Applying Lemma 4.2 and (2.10), we arrive at the conclusion of the proposition for |x — y| > TO1 /o
Od
Proposition 4.5 Let M > 0 be a constant. Suppose that (t,x,y) € (0,Tp] x D x D with
max {dp(2), 6p(y)} < (¢/2)"* < |o — ylep(m"/ |z — y|) 7/,
Then there exists a constant Csy = Csa(c, M, ro) > 0 such that for all m € (0, M],

Pt 2,y) = Caadp(2)**dp(y)** I (2, y). (4.10)

Proof. As in the first paragraph of the proof of Proposition 4.3, choose z, € 9D and g € D so
that |z — z,| = dp(x) and dB(zo,3tY*) N ID = {z,}. Let k :== 1 — 271/ Note that for every
z € B(zo, kt'/?), we have

0p(2) 2 2(t/2)Y*  and |y — 2| > dp(2) = dp(y) > (¢/2)M* = (t/2)"*p(m* |y — 2|)*/ ().
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Thus, by the semigroup property and Proposition 4.4, there exists positive constant ¢; = ¢1(a, M, D)
such that for all m € (0, M],

Ppltay) = [ PB(E/2, 2, 2)PR(E/2, 2 )z
B(zo,stl/)
m 1/2 a/2 m
> cl/ ph(t/2,x,2)t = dp(y)*“J" (2, y)dz. (4.11)
B(zo,kt1/)

If |x —y| < Tol/a, for every z € B(wxo, kt'/®)

lz—yl < |lz—yl+|zo—2|+|xo—2 < |l“—y|—|—4t1/o‘

92 H1/a 1/ 1/ 1/(d+
< |$—y|+w( e eyt )(t/2) ap(m |z — y|)H ()
m « 0 o
22+1/Oc
< (1+ T — .
< | z/;(ml/aTOl/a)l/(dJra))‘ Yl

If |z —y| > Tol/O‘7 for every z € B(xo, kt'/®)

2 —y| < |o—y| + |20 — 2|+ |wo — 2| < |z —y|+ 4 < o —y| + 4T,/

Thus by (2.9), (2.10) and Lemma 4.2, we get from (4.11) that there exist positive constants ¢; =
¢i(a, M, D),i = 2,3, such that for all m € (0, M],

PRt ay) > etV op(y)* 2Tz, y) / P2, 2, 2)dz
B(zo,kt/ @)

= ot 6p(y) 2T (@, y) Py (XZ/nQD € B(xo, /itl/a))

= ¢30p(2)*20p(y)* 2T (z, ).
O

Proof of Theorem 4.1. We first assume that t < Ty. Combining Propositions 3.2 and 3.4, we
get the conclusion of Theorem 4.1 in the case

max{dp(z),6p(y)} >t/ > |z — ylp(m"/ [ — y[)~ /().
Using symmetry and Proposition 4.3 we the conclusion of Theorem 4.1 in the case
max{dp(z), 5p (), |v — yl(m"/*|z — y|) "y <yl

Now we consider the case |z —y|y(m!/ |z —y|)~1/(d+2) > ¢1/e Using symmetry and combining
Propositions 4.4 and 4.5, we get the conclusion of Theorem 4.1 in the case min{dp(z),dp(y)} <
(t/2) and |z — y|p(m'/ |z — y|)~V/ @+ > /e Proposition 3.4 covers the remaining case
min{dp(x),dp(y)} > (t/2)Y* and |z — yl(m/*|z — y|)~1/(¢+®) > ¢1/® We have thus arrived at
the conclusion of Theorem 4.1 with ¢y = 1 for t < Tj.

Assume T = 2Tj. Recall that Ty = (r9/16)*. For (¢,z,y) € (To,2Tp] x D x D, let zo,yo € D be
such that max{|z — zol, |y — yo|} < ro and min{dp(zo),0p(yo)} > ro/2. Note that, if |z —y| > 4ro,
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then |z —y| —2rg < |0 —yo| < |2 —y| + 270, so by (2.10), 5 J™ (20, y0) < J™(x,y) < coJ™ (20, Yo)
for some constant ¢ = ¢(M) > 1. Thus by considering the cases |z — y| > 41 and |z — y| < 4r¢, we

have ;
(/2)7 A 5™ (w0,50) = e (t*d/a AtT™(z, y)) . (4.12)

Similarly, there is a positive constant ¢y such that
—d/a m —d/« t m
(t/3)" N (/3)J " (2,2) = e | (t/(A2)7F A 5™ (w0, 2) |, 2z €D,
t t
(t/3)~ 4 A ng(w,y) > ((t/(lZ)) o\ Ejm(w,yg)> , weD. (4.13)
By (4.12) and the lower bound estimate in Theorem 4.1 for p7} on (0,7p] x D x D, we have

PRt 2,y) = /D PB(E/3, 2, 2 )3, 2, )P (t/3, w, y)dzdw
><

dp(x )a/2 op(y )a/z —d/a m 5D(2)0‘/2
> e (1/\ 3 )(m o )/DXD ((t/g) A(t/3)] (ac,z)) <1/\7t/3 )
-ph Z, W —d/o Emw Op(w)*/? zdw
Ph(t/3,2, ><<t/3) YN ST ,y>> <1A NE dzd
>

5D( )a/2 5D( )a/2 d/a i Mg
o (1 NG )(m N )/DD ((t/(12)) AT (o, ))

— (0% t m
pB(/3,00) ((0(12) 1 A ™ (0 ) ) e
for some positive constants ¢;,i = 3,4. Let Dy :={z € D : dp(z) > r9/4}. Clearly, xo,y0 € D1 and
min{dp, (o), 0p, (yo)} > ro/4 = 4(Tp)Y/™ > 4(t/2)Y/. (4.14)
By Theorem 3.6 and (4.13), we have
d/a toom m —d/a toom
(t/(12))" YN I (w0, 2) | PH(E/3,2,w) | (£/(12))" Y A — ™ (w,yo) | dzdw
Db 12 12
Zes [ 02) 0, 20, (32wl (¢ (12), w0, dzdu
D1 ><D1
> C5 / prgl (t/(12)7 Zo, Z)pgl (t/sa 2y w)p’an1 (t/(12)7 w, yO)dZdw
D1 ><D1
t
=c5pp, (t/2,70,90) > 6 <(t/2)d/a A §Jm(flio7yo)> > cr (fd/a A tJm($7y))

for some positive constants ¢;,i = 5,---,7. Here Proposition 3.5 is used in the third inequality in
view of (4.14). By repeating the argument above, we have proved Theorem 4.1. O

Proof of Theorem 1.1. Theorem 1.1(i) is a combination of Theorems 3.9 and 4.1, so we only
need to prove Theorem 1.1(ii).
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Since D is bounded, the functions ¢(m!/®|z—y|/Cy) and ¢(Com/*|z—1y|) are bounded between
two positive constants independent of m € (0, M]. Thus it follows from Theorem 1.1 (i) that there
exist positive constants ¢; = ¢;(«, M, D) > 0, i = 1,2, such that for all m € (0, M],

capp(t,z,y) < pht,z,y) < copp(t,z,y) on (0,71] x D x D, (4.15)

where 77 = diam(D)®. Let {)\z’m’D,k = 1,2...} be the eigenvalues of ((m*® — A)*/%2 —m)|p,
arranged in increasing order and repeated according to multiplicity, and let {¢?’Q’D, k=1,2,...}
be the corresponding eigenfunctions normalized to have unit L?-norm on D. It is well known that
)\‘f’m’D is simple and QST’O"D can be chosen to be non-negative. It follows from [16] that the function
m— Xf"m’D is continuous on [0, M], and thus it is bounded between two positive numbers on the
interval [0, M]. Since

a,m,D
or P (a) = M /DP?%(Tl, z,y) 67" P (y)dy,
it follows from (4.15) that there exist ¢; = ¢;(or, M, D) > 0, i = 3,4, such that
) < ety ap@ [ dnln) P )y, (4.16)
D

o1 P(@) = ey op(a) /D‘SD(y)a/%T’a’D(y)dy- (4.17)

a,m,D
>‘1

Using the Sobolev embedding theorem and the simplicity of , we conclude from Example 5.1

of [16] that the first eigenfunction ¢™" is continuous in L2(D;m) in m € [0, M]. Consequently,

m— /D 5p ()26 (y)dy

is a continuous positive function of m € [0, M] and so it is bounded between two positive constants
over the interval [0, M]. Thus by (4.16)—(4.17), there exist positive constants ¢; = ¢;(a, M, D) > 0,
i = 5,6, such that for every m € (0, M] and x € D,

es03 () < ¢ P () < oy (). (4.18)

It follows from the paragraph after Theorem 2.1.1 in [19] that there exists a decreasing function
g(t) of t
0,a,D 0,a,D
po(t,z,y) <gt)py™(x) oy (y)  (L,2,y) € (0,00) X D x D.
Thus by (4.15)—(4.18), we have for all m € (0, M],
Pt z,y) < crg()d7 P () 67" (y)  (tx,y) € (0,1] x D x D

for some positive constant c¢7. Put

m
a,m t
Pt ,y) = eM Pt ma?;D(’x;nyCzD (t,z,y) € (0,00) x D x D.
¢ (@) 7 ()

Then it follows from the arguments in [19, Theorems 4.2.5 and 2.1.4] that there exists a decreasing
function g(t) of ¢ such that

amD amD

Bt w,y) — 1] < g2(t/3) D e < g2(2/3) g (¢ /(24) )e N2
k=1

m,D_A;x,m,D)t
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Since the function m )\g’m’D — )\?’m’D is continuous on [0, M] (see [16]) and positive, there exists

g = cg(M) > 0 such that for all m € (0, M], AY™" — X3P > ¢g. Consequently we have

PB(t 2, y) — 1] < §2(t/3)3" (t/(24))e "

Thus there exists 7 = T5(M) > 0 such that for all m € (0, M], [p5(t,z,y) — 1| < & for t > Tp,
that is, for all m € (0, M] and ¢t > Tb,

1 )\a,m,D _)\a,m,Dt

_ D D 3 D D
3¢ @) o ) <t y) < et IO (@) 67 ().

Therefore, by (4.18) , we have for all m € (0, M] and ¢t > T,

—Ag Py

m, 3
S i @) () <t y) < SN () 6 ().
If T' < T5, then by Theorem 1.1(i), there is a constant cg > 1 such that for all m € (0, M]
¢ op(@)*2p(y)*"* < pp(t,2,y) < ¢ dp(@)*?dp(y)*?  for t € [T, T3) and 2,y € D.

This establishes Theorem 1.1(ii). O

5 Green function estimates
In this section, we present the proof of Theorem 1.4.

Theorem 5.1 Let H := {(z1,--- ,24) € R: x4 > 0} be the upper half space in R, d > 2. There
exists Css > 1 such that for all m > 0,

Cos Vi ™ (2,y) < Ghlx,y) < O3V ™ (x,y),  zy € H,

where ?ﬁm is defined preceding Theorem 1.4.

Proof. Since by (2.19),
Gz, y) = mld=/e Gl (mM oz, m/*y) for z,y € H, (5.1)

it suffices to consider m = 1. When m = 1, this theorem is essentially established as Theorem 5.3
in [23]. However there is an error in the statement of [23, Theorem 5.3] for the case of |z —y| < 3,

/2 /2
where the terms <T;QZT> should be replaced by (éﬁi‘]ﬁ) . The error in [23, Theorem 5.3]

stems from [5, Theorem 3.2], where the same error occurred in the estimate of the 1-resolvent of

X1 in upper half space. [5, Theorem 3.2] is a corollary of [5, Lemma 3.1]. A typo occurred in
the display preceding the statement of [5, Theorem 3.2], which resulted in all these errors. That
display should be

|z —y? |z —y lz—y> —

( 46<x>6<y>+1_1> oy~ 2@ @)
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d(2)d(y)

Another typo occurred in [5, (21) and (22)], where the term 6(x) A §(y) A 1 should be ‘ AL
=Y

With these corrections, the desired Green function estimates can then be established as in [23,

Theorem 5.3]. O

In the next theorem, the notation f =< g means that there are positive constants ¢; and co
depending only on « so that c¢i1g(x) < f(x) < cog(x) in the common domain of definition for f and

g.
Theorem 5.2 Let H = (0,00) C R. Then

(i) For « > 1 and z,y > 0,

( e_ml/a \x—y|

m(mfl/a Az A y)a/Q + m(2fa)/a(l, A y) + m(2fa)/(2a)(l, A y)a/2

when |z —y| >m~ YNz Ay,
G, y) = (m Y Az Ay)*t + mE (g A y) + mEm R (g A gy)es?

when o > 1 and |z —y| <m™Y* Az Ay,
n (2 mPAz Ay

+m(z Ay) +m 2z Ay)l?
SAEAY) e )+ e )

when o =1 and |z —y| <m Y* Az Ay.

(ii) For 0 < a <1 and x,y > 0,

(. —1/2 —ml/®|z—y|
m (& €T
(1 p—

/2
(2-a)/a (2—0)/(20) a/2
7= gD |x—y|2> +m (x ANy)+m (xAy)
when |z —y| > m~/e

Gz, y) <

a/2
a— €z —a)/a —a)/(2a a
oyt (1A ) e Ay e g

when |z —y| < m~/e

Proof. In view of (5.1), it suffices to establish the above estimates for m = 1. When m = 1, the
proof of this theorem is essentially given in [23, Theorems 2.13 and 3.2]. However there is an error in
the statement of [23, Theorem 2.13] for the case of o < d = 1, which is the same error as described
in the proof of Theorem 5.1 above. With this correction, we can get the desired estimates. O

Proof of Theorem 1.4. We will just give the proof for the case d > 2. The argument can be
adapted to give a proof for the case d = 1. To save space, we leave the details to interested readers.

In the rest of this proof, we assume d > 2. Without loss of generality, we assume M = 1 and
that Hy/y C D C H_y;4, where H, := {y = (J,y4) € R? : yg > a}. In this proof, the notation
f = g means that there are positive constants ¢; and co depending only on D and « so that
c19(x) < f(x) < cag(z) in the common domain of definition for f and g.
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If D is a general Cb! open set by (4.3), (4.4), (4.6), (4.7) in [9] and our Theorem 1.1(i), we
have for |z —y| < 3m~Y/e,

1 1 5D(90)a/250(y)a/2
pp(t @, y)dt = —— [ 1A 5.2
[ o= gl )
Now we assume that D is a half-space-like C1! open set in R?. Observe that if 6p(z) > 1, then
1 1 1 3
5 dp(x) <ép(x) — 5 <6m,,,(z) <ép(z) <dm_,,(z) <dp(z)+ 3 < §5D(x). (5.3)

«

(i) First assume that |z —y| > 3m~1/®.
If 1 <ép(z) <dp(y), by (5.3) and Theorem 5.1, we know that there exists cg > 1 such that for
all m >0 and d > 2,

o V" (xy) <G, (y) < Ghlayy) < G, (2y) < V™ (a,y).
In the remainder of this proof, for each x € D, we define

xo = (/.f, xTq + 1). (5.4)

Since |z — y| > 3m~1/*, we have |zg — y| > 2m~ V.

Now we consider the case dp(xz) < 1. Choose a Q, € D such that dp(z) = |z — Q,|. Note
that xp € B(Q4,2). It is easy to see that one can choose a constant ¢4 = c4(D) and a bounded
CU1 open set U, whose Cll-characteristics depends on D but is independent of x, such that
B(Qu, )N D CcU C B(Qu, %) N D and (U N {6u(z) > cs}) \ B(Qq, 7) is nonempty. Note that
Su(z) = ép(z). Choose an z1 € (UN{6y(2) > ca})\ B(Qz, ). By Theorem 2.9 (uniform boundary
Harnack principle), Theorem 2.8 (uniform Harnack principle) and Theorem 1.3,

G (x,x1)
Grr[}l(x(), l’l)

If op(x) <1< 06p(y), then

GB(x,y) = GB(x0,y) = 5y () 2GB(x0,y) = 5p(2)*2CB (20, v). (5.5)

4
Op(y) <dp(e) +le -yl <1+le -yl < Jle—yl.
By (5.5), Theorem 5.1 and (5.3), we have for d > 3

Gp(x,y) = 6p(2)*/* G (20,y) < 6p()*/* G | (z0,y)

—(2-a)/(2a) —(2—a)/(2a) /2
= op(x) ) (1 A rm )0, () +m O_y,4() )) 1

|0 — y|? o — y|?2

/2 —(2—a)/(2c) /2 —(2—a)/(2a)) /2
_ G- <5D(I)a/gA<6D<x> +m 5p(2)*/)(0p(y) +m 50 (y) >)

|z —y|?
I
|z — y|d-2
< e (6p(x) +m~C=/CI6p (2)%/2)(0p(y) + m~ 2=/ 25 (y)e/2) 1
- |z —yl? |z — y|d—2
= VoM (z,y),
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and
G (x,y) < dp(x)**Gp(x0,y) > 5D($)a/2G7ﬁ1/4 (20, )

1 4+ m—2-a)/(22)) (§ 4+ m—(2-a)/(22) 5 a/2
= 5D(x)0‘/2m(2—a)/a( " )<H1/4(y) i H1/4(y) ) 1

|lz0 — y|? lzo —y|4—2
_ m(g_a)/a (5D(l‘) + m_(2_a)/(2a)5D($)a/2) ((5D(y) + m_(2_a)/(2a)5D(y)a/2> 1
|z — yl|? |z — y|d—2

> Va’m(az,y).

Similarly, when 0p(z) < 1 < dp(y) and d = 2, we get

G, y) = m2-9/ay (1 n (0p(x) + m~ =)/ (2)/2) (5p(y) + m(Qa)/(Za)5D(y)a/2)> ‘

|z —y?

«

Now we suppose that dp(z) < dp(y) < 1. In this case we have |zg — yo| = |z — y| > 3m~Y
Using (5.5), Theorem 2.8 (uniform Harnack principle), Theorem 2.8 (uniform Harnack principle)
and Theorem 1.3, similar to the argument before (5.5) with y instead of z, we get

GB(x,y) = dp(x)**GH(wo,y) = 6p(x)**5p(y)** G (w0, yo)- (5.6)
Thus by (5.3), (5.6) and Theorem 5.1, we have for d > 3,

G (z,y) =< dp(x)**5p(y)* >G5 (20, y0) < 5D(x)a/25D(y)a/2GT}r}_1/4 (z0,90)

1+ m*(2*a)/(2a)) (1 + m*(Qfa)/(2a)) 1
= op ()5 () Pmre
Pl onty) lzo — yol? |20 — yo|42
oy Bola) + I 02) () + G (4)7)

|z — y|? |z — y|d—2

= XN/a’m(:E, Y),
and

G (z,y) =< dp(x)**5p(y)**G (20, yo) > 5D($)Q/Q5D(y)a/2Gﬁl/4 (z0,Y0)

1+ m—(2—a)/(20t)) (1 + m—(2—a)/(2a)) 1
=~ nlx a/2(5 a/Qm(2—a)/oc (
p(@) o) |20 — yol? |20 — yo|?—2
L ayja (00(@) T G s () l2) (3p(y) +m - Cgp()er) 1
|z — y|? |z — y|d—2

= Vo(z,y).

Similarly, when 6p(z) < dp(y) < 1, |z — y| > 3m~"/* and d = 2, we get

G (z,y) < mZ/aly (1 n (6p(z) + m(QQ)/(QO‘)CSD(ZU)T/Q)@'Dé@) + m(Qa)/(Zo‘)CSD(y)a/z)) ‘
z—y

(ii) Now assume that |z — y| < 3m~/.
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When ¢ > 1, we have by Theorem 1.1 that

PRt z,y) = /D B2 (= 1z w12 )z
X

ml/o‘|xfz\/02)

= (1A 6p(@)*2(1 A Sp(y))™/? /D )

(1 Adp(2))*/? (1 g

|$ _ Z|d+a

/o), C
PRt —1,z,w)(1 A dp(w))™/? (1 A ¢(m|w ’_wy|dfl¢/ 2)> dzdw.

Therefore it follows from Theorem 5.1

IN

IN

/ PRt 2, y)dt
1

5 (1A 8p())*2(1 A Sp(y))/2 /

DxD

(1 A 3p(2)"? (l (mi/ea - z|/02>>

‘ZL’—Z’CH'O‘

G (2, w) (1 A Sp(w))*/? (1 p Bl — y’/@)) dzdw

|’LU _ y‘d—i-oz
. . pml/efe — 2|/Co)
c5 (LA Op(x)) /2(1/\5D(?/)) /2/D><D <1/\ |Z—,1;|d+a -
- $(m*|w — y|/Cy)
-Gy, (z,w) (1 A m|w _wy|dfa 2 > dzdw.

Observe that the following 3G inequality is valid,

|z —w|d—e - 1 N 1
¢ .
|z — z|d=o|z — w|d—> — 6 |z — z|d=@ |z — w|d—e

When d > 3, we have by Theorem 5.1 and (5.8) that

IN

IN

IN

IN

/ (1 N G zVCZ)) ™ (z,w) (1 p OmY o y|/02)> dzdw
DxD

|Z_:L»|d+a |w—y|d+a

/o <1 M —1zrd+a> AT (1 MM fy,m) dedu

ver f (1 Ma —1z|d+a> |T(—2;uo])fl/a21{'z—w'>3m1/a} (1 MM —1y|d+a> dedi
o <1 MNMa —1z|d+a> T (1 MM —1y|d+a> dedi

+ cg m(d_o‘)/o‘/D (1 A 7@ _lz‘d+a> dz/D <1 A —\w _1y|d+a) dw

1 1 1
1A 1A dzd (d-a)/a
“ /DD< \:cz|d+a> [z —w|®e ( |wy|d+a> sdw At com

1 1 1
1A 1A dzd _ y|mdte
“ /DD< |:c—z|d+a> o —wlte ( |w—y|d+a> zdw + eolz —y|
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Note that, by (2.11)

1 1 1
1A 1IN —F— | dzd
/Dxp( \x—zrd+a> rz—w|d-a< |w—y|d+a> =
1 1 1
= 1 d IN— | d
UL (o es) s ) (10 e

o[ ([ ) (e Y
C _ y4
= b lr—wee \Jp |z — 222 ) \ |z — 2|77 |z —w|d-@
1
'<1A\w—yld+"‘>dw
1 1
< 1A d
= C”/Dr:c—wrda< |w—yrd+a> b
o0
< 013/ /P(t—laﬁw)]?(l;way)det_ c13 G(r,y) < 6;4(1_- (5.9)
1 Jr |z —y|i—e

Here in the second to the last inequality of (5.9), we used the fact that

1 1 1 1
sup 1A 5o ——dz < sup IA —5 T dz < o0,
zweD JD |z — 22 ) [z —wl weRd JRd 2[** ) |z = wl

Thus when d > 3, by (5.2), (5.7) and (5.8),

a/2
<1 A —51’(33)5]39)) |z — y|*
|z -yl

1 00
< GB(xy) = /0 Pt 2, y)dt + / PRt 2, y)de
Sp(z)0 /2 LASH(E)2(1AS /2
< e <1/\ 173(31;9)) -y 4 016( Dl Q_;ww p(¥))

a/2
= <1 A 4617(‘%)%9)) |z —y|*
|z —y|

Now consider the case d = 2. If 1 < dp(z) < dp(y), by (5.3) and Theorem 5.1, we have

o/
<1 " %) 2 & — y[* 2+ mE YV In(1 4+ m*(3p(2) A dp(y)))

Bo(ey) < GBlay) < G, (x.y)

X

/2
= (1A D) T e e a1 (G (o) A B(0)

Thus in the rest of this proof, without loss of generality, we assume that dp(z) < dp(y), dp(z) <1
and |z — y| < 3m~1/®. Observe that for z,w € D, by Theorem 5.1, when |z — w| > 3m~ 1/,

(m!/2d0(=) + (mV/26p(2))*"*) (126 (w) + (m/*5p(w))""”) )

(ml/e|z — w|)2

m (2,0) < ey m@/* Iy (1 +
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Hence by Theorem 5.1

/ (1 p Pl ZVCQ)) (2, w) (1 PG ‘WC?)) dzdw
DxD

o= afF¥e [ — yPFe
< I+II+111, (5.10)
where
1/a),. 1/a|yy —
PP A (VL) I Y YL TR %) P
DxD |z — x|t |2 — w|?~ lw — y|>T
c
_ 5.11
|z —y[>~ (5:11)

by the same argument as that for (5.9),

. ¢(m1/a’x - Z|/C2) (2—a)/a
II = ci7 /DXD (1/\ 2 — z[2ta m Limi/a)z—w)>3)

( (ml/a(sD(Z) + (ml/a5D(Z))a/2) (ml/O‘éD(’w) + (ml/aéD(w))am))
‘In [ 1+

(ml/a\z—w])Q

. (1 p Bl — WC?)) dzduw, (5.12)

while

p(m e —2|/Ca) \ o0y
117 < 1 A | o
S a9 /DxD< A 2 — z2+a m {m!/*|z—w|<3}

n(1 + mY(Ep(2) A dp(w))) <1 A ¢(m‘1;a‘_wy|_2_ﬂ/ CQ)) dzdw.  (5.13)

As m € (0,1], 0p(z) <1 and m'/?|z — y| < 3, we have m'/*5p(x) < 1 and
m"%5p(y) < m*p(z) + m' |z — y| < 4.

Thus we have

1/al,. C
(2—a)/a ¢(m |l’ Z‘/ 2)
I = cxom /DXD (1 " |z — 2|2t L/l >3)

(In(1 + Jo — 2[) + In(1 + [y — w])) (1 p Bl — y'/02>> dzduw

lw — y[>e
< ¢ m(2-e)/a <sup/ (1 A %) In(1+ |z — z|)dz) Sup/ (1 A %) dw
«eDJp |z — 2|2t yeD JD lw — y[>Te
c
< egymE e < # (5.14)
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and

117

IN

1/al,.
(2-a)/a p(m/ |z — z|/Cs)
Co4 MM /DXD <1 A ’Z — $|2+a 1{m1/a|z—w|§3}

-m(y+@A##MM—ZDA<1+mUﬂw_mD

[y
'GA¢mﬂ‘w mxm)dww

‘w _ y|2+a

(2-a)/a </D <1 A @) In(1+ |z — z\)dz) </D <1 A m> dw)

A
o
&

3

< (2-a)/a ~ Co7 B
ST Sy (5.15)
Therefore by (5.7) and (5.10)-(5.15), we have
00 1 /2 1 a/2 /2 a2 1
| Bty < LA2REIRAIIT) o (1 5 2020000 _
: o =yl v =yl [ -y

This together with (5.2) yields that

5D($)a/25D(y)a/2> 1
|z

Gh(x,y) < | 1A .
Ble-y) ( [ =yl —yl*e

Observe that in the case of dp(x) < 6p(y), dp(z) <1 and |z — y| < 3m~1/, we have

a/2
<1 A %) |z — y|*2 > c290p(2)*? > c30In (1+ (6p(z) Adp(y))

> e3omZ/ 1y (1+ mY*(6p(x) A 6p(y))-

We conclude from this that G7}(z,y) =< V5" (z,y). This completes the proof for the case d > 2.
As we mentioned in the beginning of this proof, the above argument can be modified to give
a proof for the case d = 1. For example, by following the arguments in parts (ii) and (iii) of the
proof of [9, Corollary 1.2], our Theorem 1.1(i) gives that for |z —y| < 3m~/,
/1 bt )dt (5D(x)6D(y))(ail)/2 8 5D(w)a‘;2_55‘(y)“/2 whend=1<a, (5.16)
pplt, x,y)at = .
0 P log<1+w> when d =1 = a.

The remaining details are left to the interested reader. O
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