ASYMPTOTIC PROPERTIES OF SUBORDINATORS AND
APPLICATIONS IN POTENTIAL THEORY

ANTE MIMICA

ABSTRACT. We consider a particular class of subordinators whose Laplace expo-
nent varies regularly with index a € [0,2] and obtain asymptotic behavior of the
Lévy density and potential density. This results can be used to obtain asymp-
totic behavior of the Green function and the Lévy density of the corresponding
subordinate Brownian motion. We prove a-priori regularity estimates of harmonic
functions. These results are applied to the case of variance gamma and iterated
variance gamma processes as well as to the case of geometric stable processes.
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1. INTRODUCTION
Let S = (S;: t > 0) be a subordinator defined on a probability space (2, F,P)

with the Laplace exponent
d(A) = —logE [e '], A>0
and such that Sy = 0. Then
P(N) = bA +/ (1 —e )y M(dt),
(0,00)

where b > 0 and M is a measure on (0, c0) satisfying

/ (1A L) M(dt) < oo, (1.1)
(0,00)

usually called the Lévy measure of S.
It is shown in [SSV10] that the Lévy measure of the geometric stable subordinator,
i.e. a subordinator with ¢()\) = log(1+ \%/?) (0 < 8 < 2), has a density u satisfying

u(t) ~ %, t 0+ (1.2)

This result was proved by using the explicit formula
ntnﬁ/Q

Z T(1+n6/2)

When 3 = 2 this subordinator is also known as the gamma subordinator.

Usually, behavior of the Lévy density can be obtained by using one of the clas-
sical Tauberian theorems. These types of theorems are not applicable to the above
example or, more generally, to the case when ¢ varies slowly at infinity, i.e.

¢(Ax)

)}Lngow_l forall x>0.
Our first aim is to obtain the behavior of the Lévy density within this class of
subordinators. In particular, we can treat the class of iterated gamma subordinators.
For example, the subordinator with the Laplace exponent

d(A) = log(1 + log(1+ ) (1.3)
has the Lévy density p with the following behavior
1
t)y~w ———, t—0 1.4
) ~ o £ 04 (1.4)

and such that ¢ — te'u(t) is a non-decreasing function.
From (1.2) and (1.4) we see that Lévy measure of subordinators in this class is
almost integrable, meaning that these subordinators jump very slowly.
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Another way to see this is by considering the potential measure U, which measures
the mean time spent by the subordinator in some set, i.e.

U(A) = E [/Ooo Lisien dt} |

For the gamma subordinator we get

1
t)~————, 1
UOA) ~ o =0+
and for the iterated gamma subordinator with the Laplace exponent given in (1.3)
1
U([0,t]) t— 0+ .

- loglog(1/t)’
In other words, these subordinators spend, on average, more time in small intervals
[0,¢] then any stable subordinator, i.e. a subordinator with the Laplace exponent
d(A) = A2 (0 < a < 2).

Knowing asymptotic properties of potential density allows us to deduce asymp-
totic properties of the Lévy densities of the corresponding ’conjugate’ subordinators.
For example, the conjugate of geometric subordinator has the Laplace exponent

A
A)=—F7-—.
4(3) log(1+ )
The Lévy density have the following behavior

1

T a—— | S
() Pogre ' 07

As a consequence, we see that this Lévy measure barely satisfies the integrability
condition (1.1), meaning that the intensity of small jumps is very high. In this sense
this subordinator is very fast.

We can use asymptotic results concerning these subordinators to say something
about Green function, jumping function and regularity of harmonic functions for
corresponding subordinate Brownian motions.

Now let us be more precise. Throughout the paper we will have the following
assumption.

Assumptions 1.1. Let a € [0,2] and let S be a subordinator with the Laplace
exponent ¢ satisfying:

(A-1) derivative ¢’ varies regularly at infinity with index a/2 — 1 , i.e.

/
A
¢(x):xa/2_1 for any x > 0;

1 I~ 7

Ao ¢(A)
(A-2) the Lévy measure M is infinite and has a non-increasing density ;
(A-3) the potential measure U has a non-increasing density w.

In the case a = 0 we have an additional assumption:
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(B) t — te™u(t) is monotone on (0,7) for some a > 0 and T > 0 ;
while in the case a = 2 we assume
(C) (A/o(N))" varies regularly at infinity with index —1 .

Remark 1.2. The most important assumption is (A-1). Assumptions (A-2) and
(A-3) are satisfied for a large class of subordinators (e.g. when the Laplace exponent
is a complete Bernstein function, cf. Section 2).

Our results are new for a € {0,2}. More precisely, for & = 0 we have the following
results.

Theorem 1.3. Assume (A-1), (A-2) and (B) with « = 0. The Lévy density u
has the following behavior near zero

& (1/t
a0~ 200 o,
Theorem 1.4. Assume (A-1) and (A-3) with a = 0. The potential density u
satisfies
"(1/t
u(t)NL/)w t—0+.
t2¢ (1/t)

In the case a = 2 we get the following results.

Theorem 1.5. Assume (A-1), (A-2) and (C) with « = 2. Then

1d
p(t) ~ - o1/) 10
Theorem 1.6. Assume (A-1) and (A-3) with « = 2. Then the following is true
) oL 1
¢'(1/t)  to(1/t)
Let B = (B;: t > 0) be a Brownian motion in R? with transition density
pult ) = (am0) ey { -0

(note that B is twice faster than the standard Brownian motion in R?). We define
a new stochastic process X = (X;: t > 0) by setting X; = Bg,, t > 0. The process
X is then a Lévy process such that

E ei€Xe) — e_t¢<|§|2), ceR t>0.

For example, if S is a geometric stable subordinator, then the corresponding subor-
dinate Brownian motion X is called geometric stable process.

We say that a bounded function h: R? — R is harmonic in a nonempty bounded
open set D C R? if for any open set B C R? such that B C D we have

h(z) =E,[h(X,,;);78 <oc|, forall z€ B.

, t—0+ .
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The following regularity result covers known results for a € (0,2), but is new for
a €{0,2}.

Theorem 1.7. Assume d > 3. There is a constant ¢ > 0 such that for any
0<r<1/4 and any bounded function h: R* — R which is harmonic in By, (0)
we have

h(z) — h(y)] < A O (T rall sy B (0)
PG e =) 7 =l R
where v, (0,1) — R is defined by
(1 —20-1)-1 0<a<l
Pals) = { logs a=1

(201 —1)ls* ! 1T<a<2.

It is interesting that for a = 0 we do not get Holder continuity of harmonic func-
tions. For example, in the case of geometric stable subordinator we get logarithmic
modulus of continuity of harmonic functions

1
log(|lz —y|™1)
On the other hand, for the subordinator conjugate to the geometric stable subor-
dinator, the corresponding subordinate Brownian motion will be closer to Brownian

motion than any isotropic stable process. In this case harmonic functions are more
than locally Holder continous:

() = h(y)| <

[h(x) = h(y)] < clog(r™) Al

c
e 12]loo |2 =yl log(Jz —y[ 7).

In the case of the isotropic symmetric a-stable process (i.e. ¢(A) = A*/2) with
a € (1,2) Theorem 1.7 gives local Lipschitz continuity of harmonic functions.

Subordinate Brownian motions with a € (0,2) belong to the class of stable-
like jump processes. The potential theory of these processes is well investigated (cf.
[BL02, CK03, SV04, BS05, BK05, RSV06, KS07, CK08, Mim10, Szt10]). It is known
that for many stable-like jump processes harmonic functions are Holder continuous,
scale invariant Harnack inequality holds and two-sided heat kernel estimates are
obtained.

On the other hand, not much is known about harmonic functions in the case when
the corresponding subordinators are slow or fast (cf. [SSV06, Mim1la, Mim11b]).
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 (cf.
[SSV06]).
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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 with the help of
Tauberian theorems. Section 4 is devoted to subordinate Brownian motions and
obtaining asymptotics of the corresponding Green function and Lévy density. Dif-
ference estimates of the Green function 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 a few examples including iterated variance
gamma processes.

Notation. For two functions f and g we write f ~ g if f/g converges to 1. 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;,, = logolog, for k € N.

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 » > 0. The Gamma function is defined by
L(p) = [yt~ te " dt for p > 0.

2. PRELIMINARIES

Let (2, F,P) be a probability space. A stochastic process Y = (Y;: ¢ > 0) defined
on (2, F,P) is called a Lévy process in R? (d > 1) if it has stationary and independent
increments with paths that are P-a.s. right-continous with left limits and starting
at 0.

The characteristic function of Y; is of the form

Reilé:Ye) — (;t<1>(~’,f)7 e R,

where ® is called the characteristic exponent of Y and it is given by
. 1 iem
BO) = i(6,7) + 506 + [ (1= il ) upen) ).
R

Here v € R?, @ is a d x d positive semidefinite matrix and II is a measure on R?
satisfying

M({0}) =0 and /Rd(l/\|xl2)ﬂ(dx)<oo,

called the Lévy measure.

A stochastic process S = (S;: t > 0) is called a subordinator if it is a Lévy process
taking values in [0, 00) and such that Sy = 0. In this case it is convenient to use
Laplace transfrom of S;, which is always of the form

Ee % =N N> 0,
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We call ¢ the Laplace exponent of S and it has the following representation

P(N) = bA +/ (1 —e )y M(dt), (2.1)

(0,00)

where b > 0 and the Lévy measure M is now a measure on (0, c0) satisfying
/ (LAt)M(dt) < oo . (2.2)
(0,00)

The potential measure U of the subordinator S is a measure on (0, 00) defined by

U(A) = E/OOO 1{St€A} dt .

For a measure N on [0, 00) we define its Laplace transform of N by
LN\ = /OO e MN(dt), A>0.
0

When N has a density v (with respect to the Lebesgue measure) we have

SN = / T e Myt dt

0

We can calculate the Laplace transform of U as follows

o o o0 1
LU\ = / / e MP(S, € du)dt = / Ee 5 dt = / TN gt = ——
0 [0,00) 0 0

A function f: (0,00) — (0,00) is a Bernstein function if
feC>®((0,00)) and (—=1)"f™ <0 forall neN.
We say that g: (0,00) — (0,00) is a completely monotone function if
g€ C®((0,00)) and (—=1)"¢g™ >0 forall ne NU{0}.

If f is a Bernstein function, then f’ and e=*/ are completely monotone functions for
any u > 0.
Any Bernstein function f has the following representation

fA) =a+bX+ / (1 —e ) M(dt), (2.4)
(0,00)
where a,b > 0 and M is a measure on (0, c0) satisfying (2.2). Therefore the Laplace
exponent of subordinator is always a Bernstein function.
Conversely, every Bernstein function f with representation (2.4) is the Laplace
exponent of a (possibly killed) subordinator. More precisely, let S be a subordinator
with Laplace exponent ¢(A) = f(A\) — a and let E be an independent exponential
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random variable with mean 1/a. The subordinator killed with rate a is a stochastic
process S = (S;: t > 0) defined by

S, _ St t < E
"l oo t>F.
Then
Ee S = E[eM ] P(E > t) = !?We @ = ¢~/
A Bernstein function f is called a complete Bernstein function if the Lévy measure
in representation (2.4) has a completely monotone density p (with respect to the

Lebesgue measure).
For example, the following functions are complete Bernstein:

M (0<p<1), log(l+A) and

>0). 2.5
2 @>0) 25
If fi, fo and f are complete Bernstein functions the following functions are also
complete Bernstein

fitfe, fiofy and f7, (2.6)

where f* is the conjugate of f defined by f*(A) = A/f(A) .

A Bernstein function f is called a special Bernstein function if f* is also a Bern-
stein function. In particular, any complete Bernstein function is also a special
Bernstein functions.

If the Laplace exponent ¢ of a subordinator S is a Bernstein function such that
its Lévy measure M is infinite, then the potential measure U has a non-increasing
density u if and only if ¢ is a special Bernstein function. Moreover, if T is the
(possibly killed) subordinator corresponding to the Bernstein function ¢* and if its
Lévy measure is denoted by N, we have

u(t) = N(t,00), t >0. (2.7)

For all the details concerning Bernstein functions the reader is referred to [SSV10].
We say that f: (0,00) — (0,00) varies reqularly at infinity with index p € R if
A

)

a—oo f(z)

If f varies regularly with index p = 0 we say also that f varies slowly at infinity.
Any function f varying regularly with index p € R can be represented as

f(x) = 2"t(x)

for some slowly varying function ¢. Regular and slow variation at 0 is defined
similarly. In this paper we will repeatedly use the following theorems from the
theory of regular variation.

=N for A>0.
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(1) Karamata’s Theorem. Assume that ¢ is locally bounded function that varies
slowly at infinity. If p > —1, then

T p—&—lg
/ tPe(t) dt ~ x—(x), r — 00
1 p+1
and if p < —1, then

o) xp—l—l
/ tPU(t) ~ , T — 00.
T _p_l

If ¢ varies slowly at 0, then for p < —1

1 pt+lp
/ t00(t) dt ~ x_p—_@i), x— 0+

and for p > —1

z s
tPe(t) ~ , x— 04 .
| e~
(2) Karamata’s Tauberian theorem. Let U be a measure on [0,00), ¢ >0, p >0
and let ¢ be a locally bounded function that varies slowly at infinity. Then
the following is true
xPl(x)

U([0,z]) Ncm, r—00 <<= LU ~cAPUL/N), A= 0+ .

The statement stays true if ¢ varies slowly at 0, x — 0+ and A — oo .
(3) Karamata’s monotone density theorem. If U has density v which is ultimately
monotone, ¢ € R and p € R, then
xPl(x)
U(0,2]) ~c——" 2 — 00 <= u(x)~cpz" (), x — 00.
(0. ~ eprrs (2) ~ cpa?4(2)
The above equivalence holds true when ¢ varies slowly at 0, p > 0 and
r— 04 .

Concerning all the detalis of this theory, the reader is referred to [BGTS87].

3. ASYMPTOTIC PROPERTIES OF SUBORDINATORS

Let S = (S;: t > 0) be a subordinator with the Laplace exponent satisfying (A-
1), (A-2) and (A-3). The aim of this section is to obtain behavior of Lévy and
potential density of S near zero.
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3.1. Slow subordinators. In this subsection we treat the case a = 0 and thus we
additionally assume (B). This case requires finer analysis than the other cases.

Our first goal is to prove Theorem 1.3. First we need the following technical
lemma.

Lemma 3.1. (i) The Laplace exponent ¢ varies slowly at infinity.
(ii) For any x >0
o(Az) — d(A)
T()\) — lOg x, A — 0.
In particular, for any x > 1, the function X\ — ¢(Ax) — ¢(N\) varies slowly at
infinity.

Proof. (i) Since £(A) = A¢'(\) varies slowly at infinity, by [BGT87, Proposition
1.5.9a] we conclude that ¢(\) = fo/\ ((t)% also varies slowly at infinity.
(ii) Let > 0. Then

d(Ar) — d(N) /‘” 0(\t) dt

—_— = —2— =1 A 1
since, by the uniform convergence theorem for slowly varying functions (cf. [BGT87,
Theorem 1.2.1]) ,\ILOO % = 1 uniformly in ¢ € [1,z].

Let > 1. Then by (3.1) we have

¢(Azy) = o(Ay)  L(Ay)
o(Az) = o(A) LA

~1, A— 0.

g

Remark 3.2. Since ¢ varies slowly at infinity, it can be easily showed that the drift
coefficient b in representation (2.1) is necessary zero.

Proof of Theorem 1.3. We assume that ¢t — e®tu(t) is non-decreasing. Let z > 1
and let V,, be a measure on (0,00) with density

xt T
v, (t) = / e u(s)ds = t/ e™u(st)ds, t > 0.
¢ 1

For A > ax we can calculate the Laplace transform of V,

LV,(\) = / h e My, (t) dt

:/ ~O=aty (st ds dt

0 1

(/Oooe 2 )dt)g.

I
—
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Since ¢'(A) = [° e Mtu(t) dt, we obtain

v A d
2v=[o(3-a)5

Then Lemma 3.1 (ii) yields
LV,(\) ~¢'(AN)logx, N\ — oo
and thus by the Karamata’s Tauberian theorem we obtain
Va([0,2]) ~ ¢'(1/t) logz, t — O+,

since t — ¢'(1/t) varies regularly at 0 with index 1.
Note that for 0 < t; <ty < % we have

ds

x d xT
v (ty) = / sty u(sty) ?S < / stae™™ i(sty) <= vz (t2)
1 1

by (B) and thus we can apply Karamata’s monotone density theorem to get

v (t

)Nwlogx, t— 0+ .

Now we have

(x — 1)t%e®u(t) - [ e spu(s) ds _ at [T e pu(s) ds

gty = ¢y T (1Y)
which by (3.2) implies

t2 at t 1
lim sup e ult) < TOBE
t—ot+  @'(1/t) x—1
By letting x — 1+ we get

forany = > 1.

. ()
lim su <
t—>0+p ¢'(1/t) —

For 0 < £ < 1 we define

and proceed similarly to obtain

V(1) ~

¢'<1/t) log(1/), ¢ 1 0.

Then

(1 — z)t?e™ u(t) - [l esu(s)ds L @t [l e u(s) ds
o1ty  — ¢y T @1/t

Y

11

(3.2)
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which with (3.3) gives

2 ,at
lirninft e u(t) > zlog(1/x)
TV N

Letting x — 1— yields

forany 0 <z <1.

2
mmﬁt”“)z1.
t—0+ ¢'(1/t)

Proof of Theorem 1.4. By formula (2.3) and Lemma 3.1 we have
LU () =2V () _¢G)—2Gi) 26)
1/ (1 1\2 B 1y (1 Ty logw, A— 0+
x<l5 (x) ¢ (;) X¢ (X) ¢ (E)
for any x > 0. Now we can apply de Haan’s Tauberian theorem (cf. 0—version of
[BGT87, Theorem 3.9.1]) to deduce
UAz) —U(N)
1 71 L /1N2
30 (3)¢(3)
If we apply de Haan’s monotone density theorem (cf. [BGT87, Theorem 3.6.8])
we finally obtain
¢ (1/1)

mﬂwﬁgaaateo+.

—logz, A\ =0+ .

g

Corollary 3.3. We have the following asymptotic properties of the Lévy and poten-
tial densities

)~ =501/ and ) ~ G

3.2. Fast subordinators. We assume that S satisfies (A-1), (A-2), (A-3) and
(C) with a = 2. In this case ¢ varies slowly at infinity. Using Karamata’s theorem
we have

t—0+.

A
60 =6(1) + [ FE)dt ~AFO), A oo (3.4)
1
In particular, ¢ varies regularly at infinity with index 1.

Proof of Theorem 1.5. Since potential density exists by (A-3) we see that ¢ is a
special Bernstein function and thus ¢*(\) = A/¢(A) defines the Laplace exponent of
a (possibly killed) subordinator, which we denote by 7'

Note that the subordinator T' corresponds to the case of & = 0. If we denote
potential density of T by v, we have (cf. [SSV10, Corollary 10.8] or (2.7))

v(t) = M(t,00), t > 0.
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Theorem 1.4 yields
(¢)'(1/1)
M(t ~N ="
( ’OO) t2¢*(1/t)2’
By assumption (C) we know that ¢ — (¢*)'(1/t) varies regularly at 0 with index 1

and thus ¢t — t(f(;*)z(ll/g% varies regularly at 0 with index —1. Using the Karamata’s

— 0+ .

monotone density theorem we deduce

PRI

NW:%%(W(W), F 04

Proof of Theorem 1.6. By (3.4) we get
1 1
o " 2
and thus by Karamata’s Tauberian theorem it follows that
1 t
U{lo,t)) ~ —=————, t = 0+
O I

since A — A¢'(A) varies regualrly at infinity with index 1. By applying Karamata’s
monotone density theorem we deduce

LU =

, A — 00

1
u(t)wm, t—0+ .

Now the result follows from (3.4). O

3.3. Stable-like subordinators. Here we assume that subordinator S satisfies (A-
1), (A-2) and (A-3) with o € (0,2). In this case ¢’ varies regularly with index
/2 — 1 and so

§(N) = A214(), (3.5)

where ¢ varies slowly at infinity. Using the Karamata’s theorem we obtain

A
d(\) = o(1) + /1 & (t) dt ~ gwmx), A — o0 (3.6)

Theorem 3.4. We have the following asymptotic properties of the Lévy and poten-
tial density:
o o (1/t) a 1

“aaon e s sy PO

Proof. We follow ideas from the proof of [Mim10, Lemma 4.1]. Since
1

LUN) = 555

()
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varies regularly at infinity with index —«/2, Karamata’s Tauberian theorem implies
1 1 ;
F'(1-2)o(1/t)

Then by Karamata’s monotone density theorem we deduce

u(t) ~

U([0,¢t]) ~ — 0+ .

« 1

2l (1 —2) to (1/t)

, t—0+ .
Define measure V' by
V(A) = /AM(S, o0)ds, A € B([0,00)),
where M is the Lévy measure of S. Integration by parts yields

p(\) = A/OOO e MM (t,00) dt .

Therefore
oA
A
and so by the Karamata Tauberian theorem we have

LV()) =

V(0,8]) ~ — ot (1/8), £ — 0+ |

r-3)
Now Karamata’s monotone density gives

&
2

and applying it one more time, we finally obtain

a(1-35) ¢(1/t)
oar(2—-49) ¢

M(t, 00) ~ o (1/t), t — 0+

pu(t) ~

, t—0+ .

Remark 3.5. Similar results are obtained in [KSV, Theorems 2.9 and 2.10].
Corollary 3.6. We have

pu(t) ~ 1 oy qy(tlz/t) =T (11_ a) %cb(l/t), t— 04

and
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Proof. Using (3.5) and (3.6) we deduce

PN o«
~— A . 3.7
oo "o AT (3.7)
Combining this with Theorem 3.4 we finish the proof. O

4. SUBORDINATE BROWNIAN MOTION

In this section we consider subordinate Brownian motions. Our main goal here is
to obtain asymptotic properties of their Lévy density and Green function. Now let
us be more precise.

Assume that S = (S;: ¢ > 0) is a subordinator satisfying properties (A-1),
(A-2) and (A-3) and additionally (B) when a@ = 0 and (C) when a = 2. Let
B = (B;: t > 0) be an independent Brownian motion in R¢ with transition density

|z —yl

polt,x,y) = (4mt)~Y2e =

Define new process X = (X;:t > 0) by setting X; = Bg,, t > 0. It follows
from [Sat99, Theorem 30.1] that X is a purely discontinuous Lévy process with
characteristic exponent ®(£) = ¢(|£]?). We can write it also as

(I)(f) = /Rd (1 — €i<§7x> + i(f,x>ﬂ{|w‘§1}) J(m) dx

where J(z) = j(|x|) with

[e.e] r2
i(r) = / (4rt)~/2e=5 u(t) .. (41)
0
In other words, the Lévy measure of X has a density J usually called the Lévy
density.
The process X has also a transition density given by
oo . 2
p(t,x,y) = / (47TS>_d/26_‘ & P(S; € ds) . (4.2)
0
The Green function of X is defined by
G(z,y) =/ p(t,z,y)dt. (4.3)
0

If the integral in (4.3) is finite, we say that X is transient.
Remark 4.1. If the following integral is finite
a y\d/2-1

o ¢(N)

for some a > 0, then the process X is transient (cf. [Sat99, Corollary 37.6]). In
particular, X is transient if d > 3.

d\ < 00
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Remark 4.2. An interesting interpretation of the Green function can be seen from

the following identity
/G(I,y) dy = E, {/ Lix,en dt] :
A 0

In other words, if we integrate y — G(x,y) over a measurable set A C R?, we obtain
the mean time spent in the set A by the process X started at x.

For the rest of the paper we assume that d > 3. In particular, X is transient.

Remark 4.3. We can prove similar results in the case when X is transient and d = 1
or 2. Then we need some additional assumptions on the behavior of the Laplace
exponent ¢ at infinity.

From (4.2) and (4.3) we can see that
G(r,y) = Gly — =) = g(ly — )
with

g(r) = / (4mt) =2~ u(t)dt, r > 0. (4.4)
0
Note that functions j and g are non-increasing.

The following lemma will be useful in this and in the next section.
Lemma 4.4. Let w: (0,00) — (0,00) be a decreasing function satisfying
w(t) ~t7%(t), t — 0+,

for a locally bounded 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 "' D(p+b— D)r?w(r), r — 0+ .

Proof. We follow ideas from [KSV, Lemma 3.1]. After change of variable we have

I(r) = (ar) Pt /000 e P (%) dt

—p—btl —ptl X b2 w(at_r) bﬂ(ﬂ(?)
— q P btlp—ptLl 0 e~ Pt
- O i o

We may apply dominated convergence theorem, since by theorem of Potter (cf.
[BGT87, Theorem 1.5.6 (ii)]) for any 0 < § < p + b — 1 there exists a constant

A(d) > 0 such that
< A(0) [<E>5 v (g>6} for any t>0.
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Thus
lim —](T) :apb“/ e Pt =2 qt
r—0+ rP=0+L0(r) 0
U
Theorem 4.5. (i) For 0 < a < 2 we have
. 2 T(H) _aay
j(?”) ~ ﬂ-d/Q m?” ¢/<T ), T — 0+
and
1 D05 4 ¢/(r?)
- 0
9(7') Qagrd/2 (1 _ %) [¢(T‘2>]2’ r— 0+
(ii) For a = 2 we have
Ar(5?) .
) ~ G2 () — )] 7 0
and
P(%52) g 1
g(r) ~ o (/ﬁ’(r—?)’r_)OjL’

Proof. Let 0 < o < 2. Then by (4.1) we have

2

j(r) = (4) 42 / T e () de

with o
o~ 20

by Theorem 1.3 and Corollary 3.6. Since p varies regularly at 0 with index —a/2—1
we can use Lemma 4.4 with a =1/4, b =1+ «/2 and p = d/2 to get

4920 (4 4 2
i) = TG oo )

2T (452)
7T (1 9)

Similarly, by (4.4) we have

, t— 0+

rmd=2¢ (7“_2) ,r— 0+ .

(oo} 'r2
o(r) = / (4rt)~2e= u(t) dt, 1> 0
0

and
¢’ (1/1)
I (1—2)t2¢(1/t)%

u(t) ~ t— 0+
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by Theorem 1.4 and Corollary 3.6. Since u varies regularly at 0 with index a/2 — 1,
from Lemma 4.4 with a =1/4,b=1— «/2 and p = d/2 we get

—a/2p (d _ «
o(r) = 4 f‘rd(/g 2) (TQ)—d/Q-',-lu (7‘2)

RGO
Qard/2] (1 _ %) ) (7,_2)2»

r— 04 .

When o = 2 we use the same ideas with the help of Theorems 1.5 and 1.6, which
give
to(1/t) — ¢'(1/1)
12

p(t) ~

, t— 0+

and

1
womaaﬁyteo+.

g

Corollary 4.6. There exist constants ¢,¢ > 0 depending on d and o such that for
all 0 < r <1 we have

r 1

/ s 1g(s)ds < 072 and / s7i(s)ds < do(r7?).
0 ¢(’I" ) r

Proof. Assume first that 0 < o < 2. Then by Theorem 4.5 (i) we get

"o T (s 0
AS “ﬁ“gqls o DP = 25(2)

and

Let o = 2. Then t — ¢/(t~?) varies slowly at 0 and ¢ — ¢(r~?) varies regularly
at 0 with index —2. Using Karamata’s theorem and (3.4) we obtain from Theorem
4.5 (ii) the following

r? s

r - r S
[t sa [l o< g < it

and

/Tl shi(s) ds < cq [rl /rl B(s7?) ds — /rl s (s7?) ds] < crp(r?).
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5. DIFFERENCE ESTIMATES

Let D C R4 (d > 3) be an open set and let X be a subordinate Brownian motion
considered in Section 4. By X we denote the stochastic process obtained by killing
the process X upon exiting set D, i.e.

X, t<rT
D __ t D
Xt_{A tzTD

where A is an extra point adjoined to D and
mp = inf{t > 0: X, & D}

is the first exit time from the set D. The process X has also a transition probability
density pP(t,z,y) given by

pD(thvy) :p(tv'ray) - El[p<t - TDaXTD7y>;TD < t]u €,y € D.

The Green function of the process X is denoted by Gp(z,y) and we can easily
check that the following formula holds

Gplz,y) = / T pP(ta,y)dt = Gla,y) ~ BoG(Xop )], my €D, (5.1)

We remark that Gp(z,y) is a symmetric function.
Concerning exit distribution of the process X it follows from the fact that X is
in particular isotropic Lévy process that for any r > 0 we have

P, (X € 0B.(0)) =0, = € B.(0).

TBy(0)

(cf. [Szt00]). This allows us to use the Ikeda-Watanabe formula proved in [IW62,
Theorem 1]:

PXop € F) = [ [ Grnleilz = sl dydz, (52)
F J B,.(0)

for z € B,(0) and F C B,(0)".
If we define a function Kp, (o): B,(0) x B,(0) — [0,00) by

Kp,(2,2) = o G, )iz —yl) dy, (5:3)
Br(0

then we can rewrite the Ikeda-Watanabe formula (5.2) as

IP’QC(XTBT(()) eF)= / Kp, (0)(z,2)dz.
F

The function Kp, (o) will be called the Poisson kernel for the ball B,.(0).
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Proposition 5.1. There is a constant ¢ > 0 such that for all 0 < r < 1 and
x,y & B,(0)

60) - Gl < egtr) (10 21

Proof. First we assume that |z — y| < r/2. By the mean value theorem we know
that for any ¢ > 0 there exists ¥ = ¥(x,y,t) € [0,1] such that

ac|2

_ _lwl?
e 4t — e 4t

- x —x 2
< |z + J(y x)|6_| )
- 2t

|z —y| _ptow-a?
< e 8t ,
— \/%

where in the last line we have used the following simple inequality

|z — y|

2 32
se ¥ <22, s>0.

Since
29y — )| = le| =y — 2| > .
we have
6_%—6_M <2‘ \;;/‘e ?:72t (5.4)
Now we can use (5.4) to get
Lz ly |

|mm—awnsum%ﬂlmrme—u—ewtmwﬁ

oo 7<2
< 2(4m) Y2 |z — g / t= 27 e (t) dt .
0

Since u is non-increasing and varies regularly at 0 with index /2 — 1, by Lemma
4.4 we get that for some constant ¢; > 0

) 2
/ tid/271/2eiﬁ'u/<t) dt S C1T7d+1u(7’2> for O <r< 1
0

and thus, by Theorem 4.5,

Gl) ~ G| < eaglr) =4

In the other case we have a simpler estimate
G(z) = G(y)| < G(z) + G(y) < 29(r)

since |z|, |y| > r. O
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Proposition 5.2. There is a constant ¢ > 0 such that for all0 < R < 1,0 <r <
R/2, y € Br(0) and 21,72 € Bgr/2(0) \ Br(y)

1 — X
Grpoer.5) = G )] < eatr) (10 2220

Proof. By symmetry of the Green function we have

GBR,(O) (xh y) = GBR(O) (ya IEZ) = G(l‘l - y) - Ey[G(XTBR(o) - xl)]
= G(ZBZ - y) - ]E'y[G<XTBR(O) - ml)] )

for i € {1,2}. Now the result follows from Proposition 5.1. O
The last part of this section is devoted to difference estimates of the Poisson
kernel. Recall that ¢,: (0,1) — R is defined by

(1—20-1)"1 0<a<l
val(s) =1 logs a=1
(2071 —1)7lso !l 1T <a<2.

Proposition 5.3. There is a constant ¢ > 0 such that for any 0 < r < 1 and
x,y € By5(0), x # y the following is true:

(i) if z € By (0) \ B.(0), then

(e e P AR
|KBT(0)<x7Z) KBT(0)<y’ >| < | | ¢(|x_y|—2) Ya <|x—y|) ’

(ii) if = & Ba.(0), then

10

.
Kp.(z,2) — Kp.)(y,2)| <c goa( )
Koo le:2) = Kool 2 < gy e \ ey

Proof. In the estimate

| K, 0)(%,2) — Kp,0)(y, 2)| S/

o |GB,0)(z,v) — Gp.0)(y,v)] j (|2 — v|) dv
B, (0

we split the integral into three parts:

h :/ (@) |G p,(0)(,0) = Gp,0)(y,v)| (]2 — v]) dv
B2\z—y| T

Iy

/ G500y, 0) — G0y (31, 0)| (1 — w]) do
Br/4(x)\B2\zfy|(x)

- G102, 0) — G5 )] (12 — vl do.
BT(O)\BTWL(m)
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For the first part we have

I < / G0y (@, 0)j (|2 — v]) do + / G (9, 0)j (|2 — 0]) do
BQ|x—y\(z) BS\ac—y\(y)

: i (7
<9 (g) /B BPRCCLE 01%, (5.5)

for any z € B,.(0). In the last inequality in (5.5) we have used Corollary 4.6.

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

ng gl

; J and write
og2

N

I, < Z/ }GBT(O)(%U) - GB,«(O)(Z/’UH j(lz = v])dv.
B

n=1"Y Bon+1),_y (®)\Ban |5y (z)

Now, for each n € {1,..., N} we can apply Proposition 5.2 (with r = (2" — 1)|z — y|
and R = 2"z — y|) to get

/ |G .0y (2, 0) — G0y (0, 0)] (2 — 0] o
Bynt1 ),y (@)\Ban |5y ()

9((2"—1)\56—2/\)/ :
<c3 ~ Jj(|z —v|)dv.
2n—1 Bynt1jz—y (@)

From Theorem 4.5 it follows that g varies regularly at zero with index o —d. By the
uniform convergence theorem for regularly varying functions (cf. [BGT87, Theorem
1.5.2]) we conclude that for some constant ¢, > 0 we have

g(2" =1z —yl)

<2t —1)?% for neN.
) (2" 1)

By Theorem 4.5 we obtain for 0 < a < 2 that

B |z —y|?¢'(Jlz — y7?) Cs
el <m0 S W=y

since A¢'(A) < ¢(A) (recall that ¢* is also a Bernstein function), while for @ = 2 we
have

Cg Cr

25— oD = ey )

ol — o)) <
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since A@'(A) ~ ¢(N), A — 0+. This gives

N e n . z
L< X @ = 0l - e - o ()

i(%) S

S G5y
¢ (|l =yl

n=1
@
2 r
< i e (). (5.6
¢(lz—yl72)" " \|z -yl
for any z ¢ B,(0), since
v 220:1 27(17a)n S (1 o 20471)71 0 S a<1
log — T
Y gl < N < Sl a=1
- a—1
n=1 2(a—1)N(2a—1 . 1)—1 < <4|xr_y‘> (2a—1 _ 1)—1 l<a<?2.

It remains to estimate I3. Applying Proposition 5.2 we get
[z —y
r By (2)

lz—ylo(e—yl™) v :
d
S e T Sy, 1

< C13W/Br(z)j(’7)|) (5.7)

where in the last inequality we have used the theorem of Potter (cf. [BGT87,
Theorem 1.5.6 (ii)]) to conclude that

I3 < c119(r)

J(vl) dv

v —ylo(lz —y|™?) _ e —yl _
e

For z € Bs,(0) we have

(o)) > (%) for all v € B,(2)
and so in this case
/(4
Is < cis

¢ (lz—yl=2)’
If z € By,.(0) \ B,(0) we deduce from

BT(Z) C B3(O) \ B\z|—r(0>
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and Corollary 4.6 the following

[ itehav < [ o) o
BT(Z) B3(0)\B|z\fr(0)

< o0 ((12] =7)7%)
Thus, in this case from (5.7) we see that

¢ (2] =)~
¢(lz—yl™?)

I3 < C14C16|Z|_d

6. HARMONIC FUNCTIONS

In this section we prove our regularity result. By the Ikeda-Watanabe formula
(5.3), for a bounded function h: R? — which is harmonic in By, () for some xy € R?
and r > 0 we have

h(z) = E, [h (XTBTWO)H - /Br(xo)c

Proof of Theorem 1.7. From (6.1) we deduce

|h(x) = h(y)| < ||h||oo/ NEBa (@, 2) = Koy 0)(y, 2)| dz. (6.2)

Kp, (20) (%, 2)W(2) dz, x € B,(x0). (6.1)

B (0)

It remains to estimate the integral in (6.2), which we split in the following way

I = / [ {KB%(O) (‘T’ Z) - KBQT‘(O) (yv Z)l dz
By (0)\ Bz (0)

]2 = / |K32T(())(I‘,Z) — KBzr(U)(y7Z>‘ dz
B1(0)\Bar(0)

I3 :/ | K5y, (0) (%, 2) — Kby (0)(y, 2)| dz
Bl(O)C
In order to estimate I; we use Proposition 5.3 (i). More precisely,

C
L < !

—_— - —2r)7?) d
~ ¢l —yl?) /BM@)\BQT«»‘Z' o (el —2r)™)

= /M 716 ((t— 2r)72) dt

~ oz -y Ly
< s e e
< Wfﬁ(””f )

where in the last inequality we have used Karamata’s theorem.
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We estimate I and I3 with the help of Proposition 5.3 (ii). Since the Lévy measure
is finite away from the origin, we have

4 , ]z\) cs
Is < ————c —)d _
3= ¢ (lz —yl?) /Bl(o)c] ( 2 ) = ¢ (|lz —yl?)

G -(M)d P i
IR /Bm\wﬂ 2) = 6o —o)

where in the last inequality we have used Corollary 4.6. U

Finally,

7. EXAMPLES

In this section we consider some examples. In all examples S is a subordinator
with the Laplace exponent ¢ and X is the corresponding subordinate Brownian
motion. By pu and u we denote the Lévy and potential density. Green function and
jump function are denoted by G and J.

First we consider examples with a = 0.

7.1. Variance gamma process. Let S be a subordinator with the Laplace ex-

ponent ¢(A) = log (1 + A). In this case the Lévy density is given by u(t) = <~

t
since .

log(1+ ) = / (1-— e’”)e? dt.
0

It is easy to check that u is completely monotone and thus ¢ is a complete Bernstein
function. Therefore conditions (A-1), (A-2) and (A-3) hold with @ = 0. Also the
condition (B) is satisfied with a = 1. We have the following asymptotic of u

0 d 1 1

u ~ — ~ s
dt o(1/t)  t(logt)®

The corresponding subordinate Brownian motion X is known as the variance gamma

process and it is transient when d > 3. By Theorem 4.5 we obtain the following
behavior of the jumping and Green function

r(s) 1

2 Jaft

t— 0+ .

J(z) ~ |z| — 0+

and
r(s) 1
T2z —y|? (log |z — y|)*
Using Theorem 1.7 we see that if & is harmonic and bounded in B,(0), then
1 1
) = o) < cloglr) bl
We do not know whether harmonic functions are Holder continuous.

Gz, y) ~ [z —y[ = 0+

y LY € Br/16<0) .
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7.2. Iterated variance gamma process. Let n € N and let S™ be a subordinator
whose Laplace exponent is ¢,,, where

¢1(A) =log (14 A)
Oni1(A) =log (14 ¢n(N)) for neN.

For any n € N ¢,, is complete Bernstein function (as a composition of such functions)
and thus conditions (A-1), (A-2) and (A-3) hold with & = 0. Denote the Lévy
and potential density of S™ by u, and u,. Processes S™ are called iterated gamma
subordinators.

In the following lemma we prove that condition (B) holds with a = 1.

Proposition 7.1. For everyn € N
t et tun(t), t>0
1S a non-decreasing function.

Proof. It n =1, then €'t u(t) = 1. Let n > 2. Taking derivative in

60 = [ =M di
0
we obtain
¢l (\) = / e My, (t) dt .
0
Therefore ¢ is the Laplace transform of a measure whose density is given by
s tpn(t), t> 0.

We are going to use the Widder-Post inversion formula for the Laplace transform
(cf. [Wid46]):

tat) = Jim L (M) g (1) 10 (r.)
Let us first prove that for any n € N the function
A= (=)™ 1+ A)™o™(N\)  is non-increasing. (7.2)
The following equality follows from the defining properties of ¢, :
(1+ N, (\) = e~ (02N +@3(A)+..+on (X)) (7.3)

Note that f,(A\) := @a(N\) + ¢3(A) + ... + ¢n(A) is a Bernstein function and thus the
right hand side of (7.3) is a completely monotone function.

Taking m-th derivative in (7.3) and using the Leibniz formula for the m-th deriv-
ative of the product of two functions we get

(14 N D) + ol () = (e7+0) ™



ASYMPTOTIC PROPERTIES OF SUBORDINATORS 27
Using this we get

(1 A ) = (1 ) (ol + (14 ) ()
— ()" A ()™ <

since e/* is a completely monotone function. This proves that the function given
in (7.2) is non-increasing.
Now let 0 < s < t. Then by (7.1) and (7.2) we get

—1 m—1 m
si(s) = Jim_ 7 (M) (2
o (=nmt e me \T MA™ ()
R (m—i—s) (1+5) o ()
(—1)m-1 m \" m (m) (T
SnlbllIlm(m—l)! <m—|—s> <1+?) On (t)
(=Dt fm ™ rm (m) (T
A = 1)1 <m+s) (7)o (F)
= 't (1)
O
Since
AN C DU 10
K SOV IR N Oy R oy
~ ! A\ —
Mog A - logy A---log, | N o
we have
£~ L L t—0
M0~ g, (1) og, (D og (1) T 0T
and
u(t) ! ! t—0+ .

" (log, )7 108,y (1/1) - -1og, (1/¢) log (1/1)’

Asymptotic properties of the jumping function and the Green function of the cor-
responding subordinate Brownian motion are given by (cf. Theorem 4.5)

r(3) 1
)~ a2 [afTog,, (1/]a]) -~ log, (1/]a]) log (1/]z])

|z| — 0+
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and

I (¢ 1
G(l’7y) ~ ((1/22) y 2><
T o —y|? (logy, [+ — yl)
1
X ?
log,,—y (1/[z = yl) - --log, (1/]z — yl) log (1/|z — y])
Using Theorem 1.7 we see that if A is harmonic and bounded in B,(0), then
1
h(z) — h(y)| < clog,, (r H||hlls
() = 1) < elog, (™) oo

7.3. Geometric stable process. We say that S is a geometric 3/2-stable subordi-
nator if

|z —y| — 0+

y T,y € Br/16(0> .

d(\) = log (1 + \/?)
for some 0 < 3 < 2. The case 3 = 2 has been already investigated in 7.1. The cor-
responding subordinator Brownian motion is called the geometric -stable process.
Since ¢ is a complete Bernstein function, we only need to check the condition (B).
Proposition 7.2. For any 0 < < 2
t— tu(t), t>0

1S a non-increasing function.

Proof. We use the same idea as in Proposition 7.1. Note that
B N2
A (N) = =—
N = ST
is a (complete) Bernstein function. By the Leibniz formula we obtain
(_1)n—1 ()\¢(n+1)(/\) + ngb(n)()\)) _ (_1)n—1 ()\d)/o\))(n) >0
which implies
d
d\
for any n € N and A > 0. Therefore
A= (=) IAp™ (), A >0

is a non-decreasing function and thus by the Widder-Post inversion formula (7.1),
for all 0 < s <t we get

sp(s) = lim (= <2)n¢(n) (E>

aoe (n— 1)

- 1!
> m G5 (29 ()

= tu(t).

(=)™ "X ™M) = (=1)" A (A" (A) + ngt™ (X)) > 0
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t

Remark 7.3. It can be proved that ¢ is also a Thorin-Bernstein function, i.e. a Bern-
stein function such that ¢ — tu(t) is a completely monotone function (cf. [SSV10]).
From Proposition 7.2 we see that condition (B) is satisfied with a = 0. We have

2
" Bt(log )’
For the geometric stable process we have the following asymptotic (cf. Theorem 4.5)

r) s
J(x) ~ %W, |z| — 0+

p(t) ~ s and  u(t)

F 0+
2t — 0

and
I (5) 1

G.I, ~ )
(29~ o 20|z — y| (log |v — y|)°

[z —yl =0+ .

Remark 7.4. These asymptotic properties were first obtained in [SSV06]. In par-
ticular, the behavior of Lévy density of the subordinator S near zero was obtained
from the fact that S; has the Mittag-Leffler distribution.

Concerning continuity properties of harmonic functions, we obtain the same be-
havior as in the case of the variance gamma process (i.e. when 3 = 2).

Now we turn to the case a = 2. It will turn out that (by considering the behavior
of the Green function) these processes are close’ to the Brownian motion.

7.4. Conjugate of the iterated geometric stable process. Define
Pi(N) = log(1+ \/?)
Yar1(N) = log(L + ¢ (N)2) = (¢1 0 ¢,)(N), n €N

for some 0 < 3 < 2. Furthermore, for n € N we set

A
Cbn()‘) = wﬂ(}\)

Note that ¢, is a complete Bernstein function and in the case § = 2 the corre-
sponding subordinator S is actually a killed subordinator, but this will not affect
the behavior of Lévy and potential density near zero. Thus the conditions (A-1),
(A-2) and (A-3) hold with o = 2. Direct computation shows that condition (C)
also holds. Since

Coy L BU ) (B e
¥n(A) 2, 1(N) (2) D1(A) - na(A)
p A — 00

~ 2Xlog - logy A+ -log, | A’
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we have
1d (l/t)
()~ g G0 1/1) = 5 T2
2 L t— 0+
~ y — .
pt3(log,(1/t))? log,_1(1/t) - - -log(1/t)
and
(8) ~ —— = (1)) ~ Dlog, (1/1), t =0+
~N — = ~ — — .
Y ton(1/t) " g O6n ’
Asymptotic of jumping and Green function is then (cf. Theorem 4.5)
4T (42) 2 1
J(x) ~ 2 , x| — 0+
)~ R B log, (112 og, -+ (1/1al) -~ log(1/le])” "
and
(42 — y|>~?log, (1/|z —
G(.ﬁE,y)N (2)ﬁ|l’ y| Ogn( /|1} y|>7 |$_y|_>0_{_‘

4Amd/? 2

Remark 7.5. Comparing this result to the Green functions of the Brownian motion
and isotropic a-stable process (0 < a < 2) given by

T (d 2)
Ard/2

we see that our process is in this sense closer to Brownian motion than any stable
process.

Fda
o —y[** and G(z, >—5§@£u—ywd

G (z,y) =
Using Theorem 1.7 we see that if & is harmonic and bounded in B, (0), then
c
hMz) —h(y)| < ——
() = )| < 3o

Thus harmonic functions locally are more than Hélder continuous.

[h]loclz = yllog,(lx — y|™"), 2.y € By16(0).
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