ON HARMONIC FUNCTIONS OF SYMMETRIC LEVY
PROCESSES

ANTE MIMICA

ABSTRACT. We consider some classes of Lévy processes for which the estimate of
Krylov and Safonov (as in [BL02]) fails and thus it is not possible to use the stan-
dard iteration technique to obtain a-priori Holder continuity estimates of harmonic
functions. Despite the faliure of this method, we obtain some a-priori regularity
estimates of harmonic functions for these processes. Moreover, we extend results
from [SSV06] and obtain asymptotic behavior of the Green function and the Lévy
density for a large class of subordinate Brownian motions, where the Laplace
exponent of the corresponding subordinator is a slowly varying function.

1. INTRODUCTION

Recently there has been much interest in investigation of the continuity properties
of harmonic functions with the respect to various non-local operators. An example
of such operator L is of the form

(L)) = /Rd\{o} (f(@+h) = f(x) = (Vf(@), h) <) n(z, h) dh (1.1)

for f € C(RY) bounded. Here n: R? x (R4\ {0}) — [0, 00) is a measurable function
satisfying
A7 < n(w, ) < el BT,

for some constants ¢1,co > 0 and a € [0, 2].

It is known that for a € (0,2) Hoélder regularity estimates hold for £-harmonic
functions (see [BLO02] for a probabilistic and [Sil06] for an analytic approach) .
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For a = 0, techniques developed so far are not applicable. One of our aims is to
investigate this case using a probabilistic approach.

In many cases the operator of the form (1.1) can be understood as the infinitesimal
generator of a Markov jump process. The kernel n(x,h) can be thought of as the
measure of intensity of jumps of the process.

Let us describe the stochastic process we are considering. Let S = (S; : ¢t > 0) be
a subordinator such that its Laplace exponent ¢ defined by ¢(\) = —log (Ee"\sl)

satisfies
. ¢' () e
Sy T
for some « € [0,2] . Let B = (B;,P,) be an independent Brownian motion in R and
define a new process X = (X;,P,) in R? by X; = B(S;) . It is called the subordinate

Brownian motion.

forany x>0 (1.2)

Example 1: Let S be a subordinator with the Laplace exponent ¢ satisfying

lim o)

B .
Ar+oo AT20())

with o € (0,2) and ¢: (0,00) — (0,00) that varies slowly at infinity (i.e. for any
x>0, Zéé\x)) —1as A — +00).
Then (1.2) holds (we just use Theorem 1.7.2 in [BGT87] together with the fact that

¢’ is decreasing and ¢(\) = fo)\ ¢'(t) dt) and
n(a, h) = n(h) < [~ (|R]7%), [A] — 0+,

n(h)
[h[=4=L([h]~2)

which means that stays between two positive constants as |h| — 0+ .

Choosing ¢ = 1 we see that the rotationally invariant a-stable process (whose in-
finitesimal generator is the fractional Laplacian £ = —(—A)?) is included in this
class. Other choices of ¢ allow us to consider processes which are not invariant under
time-space scaling.

The processes described in Example 1 with ¢ = 1 belong to the class of Lévy stable
or, more generally, stable-like Markov jump processes. The potential theory of
such processes is well investigated (see [BL02, CK03, SV04, BS05, BK05, RSV06,
KS07, CKO08, Mim10, Szt10, KM11]). For example, it is known that harmonic
functions of such processes satisfy Holder regularity estimates and the scale invariant
Harnack inequality holds. Also, two sided heat kernel estimates are obtained for
these processes.
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Not much is known about harmonic functions in the case when the corresponding
subordinators belong to ’boundary’ cases, i.e. a € {0,2} (see [SSV06, Miml1,
Mim12]). For the class of geometric stable processes only the non-scale invariant

Harnack inequality was proved and on-diagonal heat kernel upper estimate is not
finite (see [SSV06]).

The following two examples belong to these "boundary’ cases and are covered by our
approach.

Example 2: Let ¢(\) = log(1 + A). The corresponding process X is known as the
variance gamma process. In (1.2) we have a = 0 . Moreover, it will be proved (see
Theorem 4.1) that

n(z,h) =n(h) < |h|™% |h| =0+ . (1.3)

This example can be generalized in various ways. For example, we can take k£ € N
and consider ¢ = ¢ o...0¢. Then (see Theorem 4.1 or Subsection 7.1)
—_——

k times

-1

ng(z, h) = ni(h) < |h|™? log-~-log|—}ll‘ ~...-loglogﬁ ~logﬁ , |h| =0+ .

k—1 times

Another generalization is to consider ¢(\) = log(1 + A?/?) for some 3 € (0,2]. The
process X is known as the g-geometric stable process and the behavior of n is given
also by (1.3).

Example 3: Let ¢p(\) =
4.1)

7log(11 7 Then in (1.2) we have o = 2 and (see Theorem

-2
n(z, h) = n(h) = |h|~4-2 (1og fm) b= 0+
This behavior shows that small jumps of this process have higher intensity than
small jumps of any stable process.
A measurable bounded function f: R? — R is said _to be harmonic in an open set
D C RY if for any relatively compact open set B C B C D
F(2) = B, f(Xy,) forany o€ B,
where 75 = inf{t > 0: X; ¢ B} .
The main theorem is the following regularity result, which covers cases a € [0, 1).

The novelty of this result rests on the case @ = 0. By B,(zo) we denote the open
ball with center zo € R% and radius r > 0 .
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Theorem 1.1. Let S be a subordinator such that its Lévy and potential measures
have decreasing densities. Assume that the Laplace exponent of S satisfies (1.2) with
a € [0,1). Let X be the corresponding subordinate Brownian motion and let d > 3.

There is a constant ¢ > 0 such that for any r € (0,1) and any bounded function
f: R4 — R which is harmonic in By, (0),

¢ (r?)

|f(x) = fy)] < CHfHooW

for all x,y € Bz(0).

Applying Theorem 1.1 to Example 1, we obtain expected Holder regularity esti-
mates. Within this example the result is new when the scaling is lost, e. g.

6(A) = A% [log(1 4+ A)]' "% .

The situation is more interesting in Example 2, e.g. for the geometric stable process.
For this process we obtain logarithmic regularity estimates:

1

[f(z) = fy)] < C||f!|oolog(r_1)w ,

It is still unknown whether Holder regularity estimates hold for harmonic functions
of this process (or, generally, of the processes belonging to the case a = 0).

Let us explain why known analytic and probabilistic techniques do not work in the
case a = (. The main idea in the proof of the a priori Holder estimates of harmonic
functions relies on the estimate of Krylov and Safonov.

In probabilistic setting this estimate can be formulated as follows. There is a con-
stant ¢ > 0 such that for every closed subset A C B,(0) and x € Br(0)

Al
]P):(:(TA<7_B ’T)ZC ,
07 ="1B,(0)]

where Ty = 74 is the first hitting time of A and |A| denotes the Lebesgue measure
of the set A .

(1.4)

Performing a computation similar to the one in the proof of Proposition 3.4 in [BL02]
(see also Lemma 3.4 in [SV04]) we deduce

r2¢'(r?) A
o(r=?) [B:(0)]

]P)x(TA < TBT,(Q)) >c
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If o € (0,2), it can be seen that % = 1 as r — 0+ . This gives estimate
of the form (1.4) and thus the standard Moser’s iteration procedure for obtaining
a-priori Holder regularity estimates of harmonic functions can be applied (see the

proof of Theorem 4.1 in [BLO02] for a probabilistic version).

The situation is quite different for o = 0. To find a counterexample we will use the
following result.

Proposition 1.2. Let S be as subordinator such that its Lévy and potential measures
have decreasing densities and whose Laplace exponent satisfies (1.2) with a € [0, 1).
Let X be the corresponding subordinate Brownian motion and let d > 3.

There is a constant ¢ > 0 such that for every r € (0,1) and x € Br(0)

€ B,(0)\ B;(0)) < AUy

X =)

7—5’% (0)

For o = 0 it will follow that lim 25 — ¢ (see (2.10)). Therefore in this case

r—0+ B(r=2)
(1.4) does not hold, since

lim ]P)O(TBT-(O)\B%(O) < TBT(O)) < lim ]P)()(X

r—0+ r—0+ TB& (©)

€ B,(0)\ B;(0)) =0.

Considering process X in the setting of metric measure spaces (as in [CKO08] or
[BGKO09]) the news feature appears. Theorem 4.1 shows that the jumping kernel of
the process X is of the form n(z, h) = j(|h|) with

_r 2 (r?) Eots(0

I ===y o)

In the case a = 0 the term % becomes significant. This has not yet been

r— 0+ .

treated within this framework.

The latter discussion shows that the question of the continuity of harmonic functions
becomes interesting even in the case when the kernel n(z, h) is space homogeneous,
or in other words, in the case of a Lévy process. There is no known technique that
covers this situation in the case of a more general jump process.

Our technique relies on asymptotic properties of the underlying subordinator. The

potential density can be analyzed using the de Haan theory of slow variation (see
[BGTS87]).
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On the other hand, there is no known Tauberian theorem that can be applied to
obtain asymptotic behavior of the Lévy density p of the subordinator. For this
purpose we perform asymptotic inversion of the Laplace transform (see Proposition
3.2) to get

p(t) <t 2¢'(t7%), t = 0+ .

These techniques allow us to extend results from [SSV06] to much wider class of
subordinators whose Laplace exponents are logarithmic or, more generally, slowly
varying functions.

Although we do not obtain regularity estimates of harmonic functions for cases when
a € [1,2], it is possible to say something about the behavior of the jumping kernel
and the Green function. In this sense, the case a = 2 is also new. For example
the Green function of the process corresponding to the Example 3 above has the
following behavior:

G(z,y) < |z —y|* log(|lz —y|™"), lx—y| = 0+ .

We may say that such process X is 'between’ any stable process and Brownian
motion.

Let us briefly comment the technique we are using to prove the regularity result. In
Section 2 it will be seen that any bounded function f which is harmonic in Bs,(0)
can be represented as

f@) = [ Knofe () € B,0).
7(0)

where Kp, (0)(z, 2) is the Poisson kernel of the ball B,(0).

The following estimate of differences of Poisson kernel is the key to the proof of
Theorem 1.1:

c |z|_d7¢;g‘|;|__y?,;2)) r<|z| <2r
| KB, 0) (71, 2) — Kp,(0) (22, 2)| < S

Hos D) 2] > 2r

for 1,25 € Bz (0) (see Proposition 5.3).

Similar type estimate has been obtained in [Szt10] for stable Lévy processes using
scaling argument and the explicit behavior of the transition density. In our setting
there are many cases where the behavior of the transition density is not known and
the scaling argument does not work. Our idea is to establish the following Green
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function difference estimates:

r2¢'(r?) z—y
|G(21,y) — G(22,9)| < o2 r <1 A %>

for all y € R? and 1,25 & B,(y) (see Proposition 5.1).

The paper is organized as follows. In Section 2 we introduce all concepts we need
throughout the paper. Section 3 is devoted to the study of subordinators. We obtain
asymptotic properties of Lévy and potential densities. In Section 4 asymptotical
properties of the Green function and Lévy density of the subordinate Brownian
motions are obtained. Difference estimates of the Green function and the Poisson
kernel are the main subject of Section 5. This type of estimates are the main
ingredient in the proof of the regularity result in Section 6. In Section 7 we apply
our results to some new examples.

Notation. For two functions f and g we write f ~ g if f/g converges to 1 and
f =< g if f/g stays between two positive constants. The n-th derivative of f (if
exists) is denoted by f™,

The logarithm with base e is denoted by log and we introduce the following notation
for iterated logarithms: log, = log and log,_, = log olog,, for k € N.

We say that f: R — R is increasing if s < ¢t implies f(s) < f(t) and analogously for
a decreasing function.

The standard Euclidian norm and the standard inner product in R? are denoted
by | - | and (-,-), respectively. By B,(z) = {y € R%: |y — 2| < r} we denote the
open ball centered at x with radius r > 0. The Gamma function is defined by
L(p) = [t~ e " dt for p > 0.

2. PRELIMINARIES

2.1. Lévy processes and their potential theory. A stochastic process X =
(X;: t > 0) with values in R? (d > 1) defined on a probability space (€, F,P) is said
to be a Lévy process if it has independent and stationary increments, its trajectories
are P-a.s. right continuous with left limits and P(X, =0) = 1.

The characteristic function of X; is always of the form

Eexp{i(¢, Xi)} = exp {—tP(¢)},
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where ® is called the characteristic (or Lévy) exponent of X. It has the following
Lévy-Khintchine representation

. 1 ile :

(¢) =i, + §<A5,5> + /d (1= €9 + iz, ) 1qja<1y) H(da).
R

Here v € RY, A is a non-negative definite symmetric d x d real matrix and II is a

measure on RY, called the Lévy measure of X, satisfying

I1({0}) =0 and /Rd(l Az)TI(dz) < oo .

The Brownian motion B = (B;: t > 0) in R? with transition density po(t,z,y) =
—d/2 |:E— |2 . , . ..
(47t) =% exp {—4—3} is an example of a Lévy process with the characteristic ex-

ponent ®(&) = |€]2 .

A subordinator is a stochastic process S = (S;: t > 0) which is a Lévy process in R
such that S; € [0, 00) for every ¢t > 0. In this case it is more convenient to consider
the Laplace transform of S;:

Eexp{—AS:} = exp{—tp(\)}, A >0.

The function ¢: (0,00) — (0,00) is called the Laplace exponent of S and it has the
following representation

BN = 7A+ / (1 — e )u(d).

(0,00)

Here v > 0 and p is also called the Lévy measure of S and it satisfies the following
integrability condition: [, (1 At)u(dt) < oco.

The potential measure of the subordinator S is defined by
UA) =E [/ Lis,eay dt} for a measurable A C [0,00).
0

The Laplace transform of U is then

LU = /(0 )e—MU(dt)zﬁ. (2.1)

Assume that the processes B and S just described are independent. We define a
new stochastic process X = (X;: ¢t > 0) by X; = B(S;) and call it the subordinate
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Brownian motion. It is a Lévy process with the characteristic exponent ®(§) =
#(|¢]?) and the Lévy measure of the form II(dx) = j(|z|) dr with

jr) = /( 0700)(47rt)_d/2 exp {—Z—i} p(dt) . (2.2)

The process X has the transition density and it is given by

12
p(t,z,y) = /[0 )(47rs)_d/2 exp {_|x 4sy| }P(St € ds). (2.3)

When X is transient, we can define the Green function of X by
G(z,y) =/ p(t,z,y)dt, z,y eRY, z #y.
(0,00)

The Green function can be considered as the density of the Green measure defined
by

G(z,A) =E, [/ Lix,eay dt} , A CR? measurable ,
0
since G(x, A) fA (z,y) dy.

Using (2.3) we can rewrite it as G(z,y) = g(Jy — z|) with

g(r) = /( - (4t) =2 exp {—Z—i } Ul(dt). (2.4)

Let D C R? be a bounded open set. We define the process killed upon exiting D

XD =(XP:t>0)by
D Xt t<7_D
Xt _{ 0 t27D>

where 0 is an extra point adjoined to D.

Using the strong Markov property we can see that the Green measure of X7 is

Gp(z, A) =E, {/ Lixpeay dt]
0

0 ™D

= G(1, A) — E,[G(X,,, A);mp < 0] .
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Thus in the transient case the Green function of X can be written as
GD(x7y> = G(S(I,y) - Ex[G(XTpay);TD < OO], xz,Y € Dv € 7A Y.

Since X is, in particular, an isotropic Lévy process it follows from [Szt00] that
P, (X € 0B.(0)) =0, x € B.(0).

TBr(0)
for any r > 0 and € B,(0) . This allows us to use the Ikeda-Watanabe formula
(see Theorem 1 in [IW62]):

PoXoy €F) = [ [ Grwleile-shdydz, (29
F JB.(0)

for z € B,(0) and F C B,(0) .

C

Defining a function Kp (o) B-(0) x B,(0) — [0,00) by

Kp, o)z, 2) = ( )GBT(O)(%?J)J'(\Z —yl)dy (2.6)
B (0
the Tkeda-Watanabe formula (2.5) reads
Pp( Xy 0 €F) = / Kp, ()(z,2)dz. (2.7)
F

The function Kp, ) will be called the Poisson kernel for the ball 5,(0) .

2.2. Bernstein functions and subordinators. A function ¢: (0,00) — (0, 00) is
said to be a Bernstein function if ¢ € C*=(0,00) and (—1)"¢™ < 0 for all n € N.
Every Bernstein ¢ function has the following representation:

WM=%+wxyA)u—fWMm, (2.8)

where 71,7, > 0 and p is a measure on (0, 00) satisfying f(o Oo)(1 A t)p(dt) < oo.

Using the elementary inequality ye ™ < 1 —e7¥ y > 0 we deduce from (2.8) that
every Bernstein function ¢ satisfies:

A (N) < ¢(A) for any A > 0. (2.9)

There is a strong connection between subordinators and Bernstein functions. To be
more precise, ¢ is a Bernstein function such that ¢(0+) =0 (i.e. v; =0 in (2.8)) if
and only if it is the Laplace exponent of some subordinator. If ¢(0+) > 0, ¢ can be
understood as the Laplace exponent of a subordinator killed with rate ¢(0+) (see
Chapter 3 in [Ber96]).
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A Bernstein function ¢ is a complete Bernstein function if the Lévy measure in (2.8)
has a completely monotone density, i.e. p(dt) = u(t) dt, where p: (0,00) — (0, 00),
1€ C=(0,00) and (=1)"u™ >0 for any n € N .

Let us mention some properties of complete Bernstein function (see [SSV10]). The
composition of two complete Bernstein function is a complete Bernstein function
and if ¢ is a complete Bernstein function, then ¢*(\) = ﬁ is also a complete
Bernstein function.

Assume that S is a subordinator with the Laplace exponent ¢ and infinite Lévy
measure. Then ¢* is a Bernstein function if and only if the potential measure U
has a decreasing density u with respect to the Lebesgue measure. Moreover, if v
denotes the Lévy measure of the subordinator with the Laplace exponent ¢*, then
u(t) = v(t,o00) for any ¢t >0 .

2.3. Regular variation. A function f: (0,00) — (0,00) varies regularly (at infin-
ity) with index p € R if

oy JOA)
Avtoo f(A)

= z” for every x > 0.

If p = 0, then we say that f is slowly varying. Regular (slow) variation at 0 is
defined similarly.

If f varies regularly with index p € R, then there exists a slowly varying function ¢
so that f(A) = APL(N).

Let ¢ be a slowly varying function such that L(\) = fo/\ Z(t—t) dt exists for all A > 0.
Then L is slowly varying,

L)

and

L L) — LY

JJim 75y, = logx for every z > 0.

(see Proposition 1.5.9 a and p. 127 in [BGTS87]).
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3. SUBORDINATORS

Let S = (S;: t > 0) be a subordinator with the Laplace exponent ¢ satisfying the
following conditions:

(A-1) ‘Fhere is o € [0, 2] such that ¢’ varies regularly at infinity with index § — 1,
ie.
¢'(Az) g

TSV
(A-2) the Lévy measure is infite and has a decreasing density p ,
(A-3) the potential measure has a decreasing density .

~1 for every z >0,

When a = 2 we additionaly assume:

/
(A-4) A — (ﬁ) varies regularly at infinity with index —1.

Remark 3.1. (a) The most important assumption is (A-1) (and (A-4) when o =
2). Other assumptions hold for a large class of subordinators (e. g. when ¢
is a complete Bernstein function with infinite Lévy measure).

(b) By Karamata’s theorem (see Theorem 1.5.11 in [BGT87]) it follows from
(A-1) that ¢ varies regularly at infinity with index § .

Proposition 3.2. Let a € [0,2) and let S be a subordinator satisfying (A-1) and
(A-2). Then
pt) <t2g' ™), t =0+ .

Proof. Let € > 0. By a change of variable
6O0+e) =00 = [ (e = et a
0

=\t /OO et (1— e HuA ) dt . (3.1)

Since p is decreasing, the following holds

1
d(A+e)—o(N) > A‘lu()\_l)/ e (1 — e‘erlt) dt .
0
Now we can apply Fatou lemma to deduce

¢'(\) = lim pATe) Z oY A2\ /1 te ™t dt

e—0+ £

= A2u(AH (1 —2e7Y).
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By setting A = ¢! we get the upper bound

t_2 ! t_l
wu(t) < #(1) for every t > 0. (3.2)
J— 6_

Now we prove the lower bound. Using (3.1), for any r € (0,1) and ¢ > 0 we can
write

dA+¢e)—o(\) =1+ I, (3.3)
with

I =X\ / et 1 — e Hu(A ) dt
0

I, = )\_1/ et (1— e (A dt .

Since p is decreasing, the dominated convergence theorem yields

[ [ee]
lim sup — < )\_2,u()\_17")/ te ' dt

e—=04+ £

= (r+1De " A 2u(A ). (3.4)

To handle I; first we use the theorem of Potter (see Theorem 1.5.6 (iii) in [BGT87])
to conclude that there are constants ¢; > 0 and d > 0 such that

¢'(At)
¢'(A)
Therefore, by (3.2), (3.5) and the dominated convergence theorem

< e’ forall A>1 and t<1. (3.5)

. I . 1 T et 1ty g—1
limsup — < limsup ———— e ———— (M) dt
e—0+ € e—0+ 1—2e! 0 eIt

gqﬁ’()\)# /0 #=le~t dt . (3.6)

Combining (3.3), (3.4) and (3.6) we deduce

&1

(ﬂ()\) S Qﬁ%)\) m /(;T t5_1€_t dt + (7“ + 1)€_T)\_2M()\_1T) .

Furthermore, by choosing 7 € (0,1) so that —5— [ #*~te™ dt < 1 we get

6T
2(r+1)

p( A" > N¢'(A\) for every A >1.
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By (A-1) we can find 5 € (0,7) so that q;;,(&il)) > "%271 for any t € (0,ty). The lower
bound nwo follows:

e

mt_2¢'(t_l) for every t e (0,%) .

p(t) >

U

Remark 3.3. The precise asymptotical behavior of g when « € (0, 2) can be obtained
by Karamata’s Tauberian theorem. This is not the case when a = 0.
Under an additional assumption

t — ta®u(t) is monotone on (0,T) for some a >0 and T >0,
it is possible to prove the following precise asymptotics in the case a =0 :
p(t) ~t 2 (7, t — 04 .

Proposition 3.4. Let a € [0,2) and let S be a subordinator satisfying (A-1) and

(A-3). Then
IR EAG)
u(t) ~ , t—= 04 .
(t) T (1 _ %) o(t—1)?
Remark 3.5. It can be proved that
I Aol (e
u(t) < A G) t—0+.

Ty e

similarly as in Proposition 3.2. It is enough to note
V(A +e)—yp(A) = / (e — e Ty (t) dt
0

with $(A) = — k.

The main reason why we need precise asymptotics of u is to be able to handle the
case o = 2 by duality.

Proof of Proposition 3.4. Let us first consider the case a = 0. In this case ¢()\) =
A¢' () varies slowly (at infinity) and thus it follows from Subsection 2.3 that ¢p(\) =

[ A Z(t_t) dt also varies slowly and

b $02) —6())
A—+00 )\gb’()\)

= logx for every x> 0.
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This and (2.1) imply

LU e s@) o e®) o
1 (1) 4 (L)2 Iy @) 4(L) &,
39 (3) ¢ (3) ' (3 X
for any x > 0. Now we can apply de Haan’s Tauberian theorem (see 0—version of
[BGT87, Theorem 3.9.1]) to deduce

Uz) — UN)
W (3)eRd)

—logx, A\ >0+ .

If we apply de Haan’s monotone density theorem (see [BGT87, Theorem 3.6.8]) we
finally obtain
t_2 / t—l
u(t)NLQ), t—0+.
to (t)

The case « € (0, 2) is already known. We give the proof for the sake of completeness
and adapt the result to the formula obtained in the case a =0 .

Since
1
LUN) = ——=
=5
varies regularly at infinity with index —§, Karamata’s Tauberian theorem (see The-
orem 1.7.1 in [BGT87]) implies

1 1
ri-9)o"

Then by Karamata’s monotone density theorem (see Theorem 1.7.2 in [BGT87]) we
deduce

U((o, 1) ~

, t—=> 0+ .

a 1 1 t72¢/(t7h)

e TT-8) s

t—0+ .

Now we consider the case oo = 2.

Proposition 3.6. Let o = 2 and let S be a subordinator satisfying (A-1), (A-2)
and (A-4). Then

p(t) ~t2 (to(t™) —¢'(t7h) , t = 0+ .
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Proof. Since potential density exists by (A-3) we see that ¢ it follows that ¢*(\) =

ﬁ defines the Laplace exponent of a (possibly killed) subordinator, which we de-

note by T (see Section 2).

Note that the subordinator T corresponds to the case of a = 0. If we denote
potential density of T" by v, then

v(t) = p(t,00), t>0.
Proposition 3.4 yields
- oY)
p(s)ds ~ —————= "t -0+ . 3.7
| o~ =0 &7
By assumption (A-4) we know that t — (¢*)(t7!) varies regularly at 0 with index

1 and thus t +— % varies regularly at 0 with index —1.

Now we change variable in the integral on the left-hand side in (3.7) and conclude

e ds e
/0 (s )82 G t—0+ .

This gives (r = t71):

— ~ 0.
52 o (r)2 e

Note that the right-hand side is now regularly varying at infinity with index 1 and

thus by Karamata’s monotone density theorem (see Theorem 1.7.2 in [BGTS87]) we

deduce

/OT N(S_l) ds r (¢*)/(T)

W) )
r2 ¢*(T)2
Going back (t = r~!) we conclude
ey
Qr(t1)?

. — 00,

u(t)

, t—=> 0+ .

O

Proposition 3.7. Let a« = 2 and let S be a subordinator satisfying (A-1) and (A-3).
Then the following is true

1
u(t) ~ pUT=y ~ ro )’ t—0+ .
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Proof. By (2.1) we get
1 N 1
P(A)  AP(A)

and thus by Karamata’s Tauberian theorem (see Theorem 1.7.1 in [BGT87]) it
follows that

LU(N) = , A — 400

1 t
U(o,t)) ~=——7"——,t—0
([ ? ]) 1—\(2) ¢/(t_1)? - _I_
since A — A\¢'(A) varies regualrly at infinity with index 1. By applying Karamata’s
monotone density (see Theorem 1.7.2 in [BGT87]) theorem we deduce

u(t) ~ t—0+ .

1
2GRl

4. LEVY DENSITY AND GREEN FUNCTION

Let S be a subordinator as in Section 3 and let X be the corresponding subordinate
Brownian motion in R? with d > 3. Our aim is to establish asymptotical behavior
of the Lévy density and Green function of X .

Recall that the Lévy density of X is of the form j(|z|), where j is given by (2.2).
Theorem 4.1. Assume that S satisfies (A-1) with some o € [0,2] and (A-2). If
a € [0,2), then

Jr) = r 2 (r7), r =0+ .
If o« =2 and (A-4) holds, then

Jr) =2 (o) = '), r = 0+

Proof. This result follows directly from Proposition 3.2 and Proposition 3.6 together
with Lemma A.1, where a = i, b=1+%.

For a € [0,2) the slowly varying function is given by £(t) = t27'¢/(t7!). When
a = 2 we take

0 =t - o) = 0L
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which varies slowly, since ¢*(\) = ﬁ is slowly varying by (A-1) and Karamata'’s
Theorem (see Theorem 1.5.11 in [BGT87]) and has a derivative that varies regularly
with index 1 by (A-4). O

The Green function of X is of the form G(z,y) = g(|y — z|), where g is given by
(2.4).

Theorem 4.2. Assume that S satisfies (A-1) with some a € [0,2] and (A-3). Let
d>3. Ifa€l0,2), then

e (b/ 7,—2
g(r) < r™ 2¢(i_2)1, r— 0+ .
If a =2, then
1 —d

Proof. We use Lemma A.1 with a = i, b=1— g, Proposition 3.4 and Proposition
3.7.

When « € [0,2) we define ((t) = % which varies slowly at 0 .

In the case a = 2, we let ((t) = m or {(t) = ﬁ which both vary slowly at
0. U

Using asymptotical results from this section we can now prove the proposition that
gives a counterexample for the estimate of the Krylov and Safonov.

Proof of Proposition 1.2. By (2.5),

P € BONB )= [ ]

B:(0)\By (0)
- [1 + 12 .

G, (2, 9)i(|z = y|) dy
0)

r
4
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Using Theorems 4.1 and 4.2 it follows that

n- | Guy @il - dy:
BT(O)\BE(O) B%(O)

< Jj(55)1B:(0) \ B5(0)] ; (0)9(|y|)dydz
T_2¢/(T_2) .

o(r=2)

<Cl

On the other hand,

n=[ Gy ()i (12 = ) dy dz
B O\B5(0) /B (0\B3, (0

< g(2) / / i(lyl) dydz . (4.1)
B.(0\By (0) / Bz (2)

To estimate the inner integral, note that Br(z) C B1(0) \ By, (0) for any 2 €
B,(0) \ Bz(0) and so, by Theorem 4.1,

il dy < e / s (s D ds < eapl(2] — )P, (42)

Thus, by Theorem 4.2 and (4.1)

I, < curm 2¢/ ) /gb 2l dt
_ ¢' —2) / _
S 3 ¢ 2
—2¢/( —2
<y

In the last equality we have used Karamata’s theorem (see Theorem 1.5.11 in
[BGT8T7]) and the fact that a € [0,1) . O
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5. DIFFERENCE ESTIMATES

Let X be the stochastic process in R? as in Section 4 and assume that d > 3. In
particular X is transient.

In this section we prove the difference estimates of the Green function and the
Poisson kernel.

Although we are slightly abusing notation, we set G(z) := G(0,x) = g(|z|).

Proposition 5.1. There is a constant ¢ > 0 such that for every r € (0,1)

G(2) = Gl < cg(r) (1A ) for all @,y ¢ B,(0).

Proof. Assume first that [z —y| < §. By the mean value theorem it follows that for
any t > 0 there exists ¥ = ¥(x,y,t) € [0,1] such that

|2 ly|2

— )2
< lztdy=—a)| - ==

e At —e i € |x — 9|
< 9lz=ul ooty
t
<2 te :

where in the last line the following elementary inequality was used

2

se™ < 277, 5>0.
Then |z +9(y — x)| > |z| — Iy — x| > § implies

2
x| _ vl

2
e 1 — e i | < 2lzulemam (5.1)

-7Vt

By (5.1)

G(z) — G(y)| < (4m) =42 / 42 oM — oM | u(t) dt
0

[e.e] 7-2
< 2(4m) "%z — y| / =22 sy (t) dt .
0

Since u is non-increasing and varies regularly at 0 with index § — 1, by Lemma A.1
we see that there is a constant ¢; > 0 so that

o0 7‘2
/ t_d/z_l/ze_@u(t) dt < Clr_dﬂu(rz) for every e (0,1).
0
Theorem 4.2 yields

Gx) ~ G)| < caglr)z2.

T
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When |z —y| > ¢
G(z) = G(y)| < G(x) + Gy) < 29(r)
since |x|, |y| > r. O
Proposition 5.2. There is a constant ¢ > 0 such that for all R € (0,1), r € (0, %],
y € Br(0) and xq, x5 € B%(O) \ B, (y)

‘GBR(O)(xl,y) - GBR(O)(I27y)‘ S Cg(r) (1 A |-’E1;£E2‘> .

Proof. By symmetry of the Green function,

Gpr0)(i,y) = Gro) (¥, i) = Ga; —y) — By [G(Xr, o) — @)
= G(ZL’, - y) - Ey[G(XTBR(o) - zl)] )

for i € {1,2}. Now the result follows from Proposition 5.1. O

Proposition 5.3. There is a constant ¢ > 0 such that for any r € (0,1) and
z,y € Br(0):

(1) if z € By,.(0) \ B.(0), then

ae (el = 1))

[0, 2) = Koy 0)(9:2)| < el ™70

(i) if z &€ Bs.(0), then

i(5
| K, 0)(w,2) = Kp,0)(y,2)| < C% .

Proof. In the estimate

|Kp,0)(,2) — Kp,0)(y, 2)| < / o |G,0)(%,v) — Gp,0)(y,v)| 4 (|2 — v]) dv
(0

we split the integral into three parts:

[1:/ |G, 0)(%,0) = G0 (y, )| (|2 = v]) dv
Bajo—y|(2)

/ G0y (@) — Gy (1 0)| (12 — w]) o
By (2)\Bajz—y|(2)

/ ‘GBT(O)( v) — GBT(O Yy,v ‘] |z —v|) dv
(O\Bz (x)

I

I3
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For the first part we obtain

< / G0, 0)j (17 — v]) dv + / G 0y 0|2 — v]) o
B2\zfy\(w) BB\zfy\(y)

Lzl

<2j ('—2'> /B G(v) dv < 01%, (5.2)

3\177;\(0)
for any z ¢ B,(0). We have used Theorem 4.2 to get the last inequality in (5.2).

In order to estimate Iy we split the integral in the following way. We let N =

a
81 | and write
log 2

N

I < Z/ |G, 0)(%,0) = G, 0)(y, )| (|2 — v]) dv.
B

n=1"Y Ban+1,_y(®)\Ban |5y (z)

Now, for each n € {1,..., N} we can apply Proposition 5.2 (with the corresponding
radii (2" — 1)|z — y| and r) to get
|Gp,0) (2, 0) = Gp,0)(y,v)] §(|z = v) dv

g((2”—1)\5€—y\)/ :
< c3 ~ Jj(lz —v])dv.
2t =1 Bont1je—y) (@)

LG+1 jo—y| (@\Ban|z—y| (2)

By Theorem 4.2

g((2" =Dz —y) _ 02" =Dz —y])

< for all n € {1,2,...,N},
9(lz = yl) (e =y

. g / 7,,—2
with n(r) = r=@ 2% :

Noting that n varies regularly at zero with index o —d < 0, the uniform convergence
theorem for regularly varying functions (see Theorem 1.5.2 in [BGTS87]) gives

n((2" = 1|z —yl)
n(lr —yl)

<c(2"—1)*% forall n€N and [z —y| < 1.
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By Theorem 4.2 and (2.9) g(|lz —y|) < 5% and so

It remains to estimate I3. Applying Theorem 5.2 we get

T — .
< esg) 2 [ ol

B, (z)

lz—ylp(jz—yl™2) ¢ .
d
SO (=D /BT.(J('”‘) v

—d

<ews /B e (5.3)

In the last inequality we have used the theorem of Potter (cf. [BGT87, Theorem
1.5.6 (iii)]) to conclude that for 6 < 1 — « there is a constant A5 > 0 such that

|z —ylo(lz —y|7?) o —y\' 7
ro(r—2) <45 ( r ) < 4,

since 7 +— r¢(r~?) varies regularly at zero with index 1 — « .

Since
i) > ('—2') for all v € B,(z) and z € By (0)°

it follows from (5.3) that
10

L<en——tt
TG (e =yl
On the other hand, for z € Bs,(0) \ B,(0) we deduce from
B,.(z) C B3(0) \ B\Z\—T(O)
(similarly as in (4.2)) that

/B D de o (=)
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By (5.3)

=
[3 §013|Z‘ ¢(|x_y|_2) f Il ze BQT(O>\BT(0)

6. REGULARITY OF HARMONIC FUNCTIONS

Recall that (2.7) gives the representation for any bounded function f: RY — R that
is harmonic in By, (xo):

F0) =B [ (Y)] = [ Ko@)z 2Bl (61)

Proof of Theorem 1.1. By (6.1)

@) = 1) < 1l /

By

Ky, 2) = Kpyo)(y, 2)| dz (6.2)
It remains to estimate the integral in (6.2), which we split in the following way

I = / | Kpyo)(@,2) = Kp,o)(y, 2)| dz
Byr(0)\B2r (0)

Iy :/ | Kb, 0)(%,2) — Kp,0)(y, 2)| dz
B1(0)\Bur (0)

Is = / ‘KBzr-(O)(x> z) — Kp,, o) (¥, Z)‘ dz
B1(0)¢
In order to estimate I; we use Proposition 5.3 (i). More precisely,

217 (2] = 2r)7%) dz

I < 6—1_2/
¢ (lz = yl17%) J s 0)\Bor @
4r
— L/ 7' ((t—2r)77) dt
2

T
< s [ e a
< Wﬁb(r_ )

where in the last inequality we have used Karamata’s theorem (see the 0-version of
Theorem 1.5.11 in [BGTS8T7]).



HARMONIC FUNCTIONS OF LEVY PROCESSES 25

We estimate [ and I3 with the help of Proposition 5.3 (ii). Since the Lévy measure
is finite away from the origin,

Cs

C4 e
I g—/ )y de< ——=
=0 (r =y Blm)ﬂ@) 6z -yl
Also,

Cq (1] crd (1r7?)
L < —— B e < ——~ 72
2= ¢ (|lz —y[=2) /131(0)\3440)] <2> o= o(lz—yl=2)’

where in the last inequality we have used Theorem 4.1. U

7. EXAMPLES

In this section is to illustrate our results by some examples.

7.1. (Iterated) Geometric stable processes. This class of examples belongs to
the case of o = 0.

Let 8 € (0,2]. We define a family of functions {¢,: (0,00) — (0,00): n € N}
recursively by

d1(\) =log(1+ N3, A>0
¢n+1:¢1o¢n> neN.

The function ¢; is a complete Bernsetin function. Since complete Bernstein functions
are closed under operation of composition, ¢, belongs to this class for every n € N.

Let S™ be a subordinator with the Laplace exponent ¢,,. S* is known as the geomet-
ric g-stable subordinator. We call S™ the iterated geometric g-stable subordinator.
The corresponding subordinate Brownian motions X™ will be called (iterated) geo-
metric S-stable processes.

As already remarked in [SSV06], these processes show quite different behavior com-
pared to the one of stable processes. Our contribution to this class of examples is
that now we can obtain behavior of the Lévy density as a special case of Theorem
4.1(even for iterated geometric stable processes).
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The Lévy density of X™ is comparable to

as |z| — 0+,

1
|| kl:[l logy(|z[~)

which is almost integrable. We can say that (intially) this process jumps slower than
any stable processes.

This can be also seen from the behavior of the Green function:

1
G(z,y as |z —y|l— 0+ .
(v = & — y|* logp(Jz — y[7) Hlogk —y|™") ==y

As a consequence, Eq7p, () < W as 7 — 0+. Therefore X" needs (on average)

more time to exit ball B,(0) than any stable process or Brownian motion.

Theorem 1.1 implies the following a-priori local regularity estimates of harmonic
functions:
1

1) = F @) < el Tog (™) oo

and any bounded function f which is harmonic in B,(0) .

for all z,y € Br(0)

This tells us that the modulus of continuity is bounded by a logarithmic term. It is
still an open problem whether these harmonic functions satify a-priori local Holder
continuity estimates.

7.2. Conjugates of (iterated) geometric stable processes. This class of ex-
amples corresponds to the case a = 2.

Let 1, (\) = %L(/\), where ¢,, are as in Subsection 7.1.

Since ¢, are complete Bernstein functions, 1, are also complete Bernstein func-
tions. Therefore, there exist (killed) subordinators 7" with the Laplace exponent
¥,. Killing will not affect the behavior of the Lévy and potential densities of T™
near zero.

In this case the Lévy density of the corresponding subordinate Brownian motion Y
behaves near the origin as

as |zl = 0+ .
2] log CE Hlog er ™ M
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Note that the integrability conditions of the Lévy measure are barely satisfied in
this case.

Comparing this behavior to the behavior of the small jumps of the a-stable process,
we see that small jumps of Y” are more intensive.

Another interesting feature of this process is the following behavior of the Green
function:

G(z,y) < |z =y "log,(lr —y|™") as o —y| =0+ .

In this sense the process Y™ is 'between’ stable processes and Brownian motion,
since their Green functions are given by

G =c |z —y|*™? and GP =, |z —y|*?.

APPENDIX A. ASYMPTOTICAL PROPERTIES

In the appendix we prove a technical lemma which is used throughout the paper.
Lemma A.1. Let w: (0,00) — (0,00) be a decreasing function satisfying
w(t) < t7%(t), t — 0+,

for a function £: (0,00) — (0,00) that varies slowly at 0 and b >0 .
If p>1 and a > 0, then
I(r) :/ tPe"Tw(t)dt, r >0,
0

satisfies

I(r) =< a_p_b+1r_p+1w(r), r— 0+ .

Proof. Change variables yields

I(r) = (ar)™Pt /00 e P 2w (%) dt (A1)

0

By assumptions, there are constants c¢q,co > 0 and ry > 0 such that

w(ar) < cea™? for every r € (0,7q). (A.2)

b
cira <
T ()
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Let us
and (A
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first prove the upper bound. Using the fact that w is decreasing, by (A.1)
.2) we get

! o
](7’) S (CLT)_P"‘l/ e—ttp—2w (CW) dt + (ar)—p—i-l/ e_ttp_2w (%) dt
0 1

1 o0
S CQ(CLT)_p'i'la_bw(r) |:/ e—ttp—2 dt"‘/ e_ttp+b_2 dt:|
0 1

S sza—P—b—i-lr—p-i-lw(r)

for every r € (0,7g) .

The lower bound follows similarly:

I(r) > (ar)_p+1/ e %w (ar) dt > cl(ar)_p“a_bw(r)/ e P2 dt
1 1

= cha PPy (r)

for every r € (0,rg) . O

[Ber96]
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