Lecture Notes in Mathematics 1980

Editors:

J.-M. Morel, Cachan
F. Takens, Groningen
B. Teissier, Paris



Krzysztof Bogdan - Tomasz Byczkowski
Tadeusz Kulczycki - Michal Ryznar
Renming Song - Zoran Vondracek

Potential Analysis of Stable
Processes and its Extensions

Volume Editors:

Piotr Graczyk
Andrzej Stos

@ Springer



Editors

Piotr Graczyk Andrzej Stos

LAREMA Laboratoire de Mathématiques
Université d’ Angers Université Blaise Pascal

2 bd Lavoisier Campus Universitaire des Cézeaux
49045 Angers 63177 Aubiere

France France

Piotr.Graczyk @univ-angers.fr stos @math.univ-bpclermont.fr

Authors: see List of Contributors

ISBN: 978-3-642-02140-4 e-ISBN: 978-3-642-02141-1
DOI: 10.1007/978-3-642-02141-1

Lecture Notes in Mathematics ISSN print edition: 0075-8434
ISSN electronic edition: 1617-9692

Library of Congress Control Number: 2009928106
Mathematics Subject Classification (2000): 60J45, 60G52, 60J50, 60J75, 31B25, 31C05, 31C35, 31C25

(© Springer-Verlag Berlin Heidelberg 2009

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9,
1965, in its current version, and permission for use must always be obtained from Springer. Violations
are liable to prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective
laws and regulations and therefore free for general use.

Cover design: SPi Publisher Services

Printed on acid-free paper

springer.com



Foreword

This monograph is devoted to the potential theory of stable stochastic
processes and related topics, such as the subordinate Brownian motions (in-
cluding the relativistic process) and Feynman-Kac semigroups generated by
certain Schrédinger operators.

The stable Lévy processes and related stochastic processes play an impor-
tant role in stochastic modelling in applied sciences, in particular in financial
mathematics, and the theoretical motivation for the study of their fine prop-
erties is also very strong. The potential theory of stable and related processes
naturally extends the theory established in the classical case of the Brownian
motion and the Laplace operator.

The foundations and general setting of probabilistic potential theory were
given by G.A. Hunt [92](1957), R.M. Blumenthal and R.K. Getoor [23](1968),
S.C. Port and J.C. Stone [130](1971). K.L. Chung and Z. Zhao [62](1995) have
studied the potential theory of the Brownian motion and related Schrédinger
operators. The present book focuses on classes of processes that contain the
Brownian motion as a special case. A part of this volume may also be viewed
as a probabilistic counterpart of the book of N.S. Landkof [117](1972).

The main part of Introduction that opens the book is a general presen-
tation of fundamental objects of the potential theory of the isotropic stable
Lévy processes in comparison with those of the Brownian motion (presented
in a subsection). The introduction is accessible to a non-specialist. Also the
chapters that follow should be of interest to a wider audience. A detailed
description of the content of the book is given at the end of Chapter 1.

Some of the material of the book was presented by T. Byczkowski,
T. Kulezycki, M. Ryznar and Z. Vondracek at the Workshop on Stochas-
tic and Harmonic Analysis of Processes with Jumps held at Angers, France,
May 2-9, 2006. The authors are grateful to the organizers and to the main
supporters of the Workshop — the CNRS, the European Network of Harmonic
Analysis HARP and the University of Angers — for this opportunity, which
gave the incentive to write the monograph.



vi Foreword
The book was written while Z. Vondracek was visiting the Department of
Mathematics of University of Illinois at Urbana-Champaign. He thanks the
department for the stimulating environment and hospitality. Thanks are also
due to Andreas Kyprianou for several useful comments. The editors thank
T. Luks for critical reading of some parts of the manuscript and for some of
the figures illustrating the text.
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Chapter 1
Introduction

1.1 Bases of Potential Theory of Stable Processes

In 1957, G. A. Hunt introduced and developed the potential theory of Markov
processes in his fundamental treatise [92]. Hunt’s theory is essentially based
on the fact that the integral of the transition probability of a Markov process
defines a potential kernel:

Ulx,y) = /Oocp(t,x,y)dt-

One of the important topics in the theory is the study of multiplicative
functionals of the Markov process, corresponding either to Schrédinger per-
turbations of the generator of the process, or to killing the process at
certain stopping times. Among the most influential treatises on this subject
are the monographs [23] by R. M. Blumenthal and R. K. Getoor, [60] by
K. L. Chung, [22] by W. Hansen and J. Bliedtner, and [62] by K. L. Chung
and Z. Zhao.

Harmonic functions of a strong Markov process are defined by the mean
value property with respect to the distribution of the process stopped at the
first exit time of a domain. An important case of such a function is the
potential of a measure not charging the domain, thus yielding no “sources”
to change the expected occupation time of the process.

To produce specific results, however, the general framework of Hunt’s the-
ory requires precise information on the asymptotics of the potential kernel of
the given Markov process. For instance, the process of the Brownian motion
in R? is generated by the Laplacian, A, and yields the Newtonian kernel,
x — clx — y|~!. Here y is the source or pole of the kernel. When zq is fixed
and |y| — oo, we have that, regardless of z, |x —y|~/|zg — y|~* — 1, which
eventually leads to the conclusion that nonnegative functions harmonic on
the whole of R?® must be constant.

Explicit formulas for the potential kernel are rare. Even the Brownian
motion killed when first exiting a subdomain of R? in general leads to a

K. Bogdan et al., Potential Analysis of Stable Processes and its Extensions, 1
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(© Springer-Verlag Berlin Heidelberg 2009



2 1 Introduction

transition density and potential kernel which are not given by closed-form
formulas, and may be even difficult to estimate.

A primary example of a jump process is the isotropic a-stable Lévy process
in R?, whose potential kernel is the M. Riesz’ kernel. The analytic theory of
the Riesz kernel, the fractional Laplacian A®/2?, and the corresponding a-
harmonic functions had been well established for a long time (see [133] and
[117]). However, until recently little was known about the boundary behavior
of a-harmonic functions on sub-domains of R%.

We begin the book by presenting some of the basic objects and results of
the classical (Newtonian) potential theory (o = 2), and Riesz potential the-
ory (0 < a < 2). We have already mentioned the well known but remarkable
fact that the (Newtonian) potential theory of the Laplacian can be inter-
preted and developed by means of the Brownian motion ([71]). An analogous
relationship holds for the (Riesz) potential theory of the fractional Laplacian
and the isotropic a-stable Lévy process. We pursue this relationship in the
following sections. We like to remark that A®/? is a primary example of a
nonlocal pseudo differential operator ([97]) and we hope that a part of our
discussion will extend to other nonlocal operators. Apart from its significance
in mathematics, the fractional Laplacian appears in theoretical physics in the
connection to the problem of stability of the matter [118]. Namely, the oper-
ator [ — (I — A)l/ 2 corresponds to the kinetic energy of a relativistic particle
and A'/2 can be regarded as an approximation to I — (I — A)1/2, see, e.g.,
[45], [134].

In what follows, functions and sets are assumed to be Borel measurable.
We will write f ~ ¢ to indicate that f and g are comparable, i.e. there is a
constant ¢ (a positive real number independent of x), such that ¢~ f(z) <
g(z) < ef(x). Values of constants may change from place to place, for instance
f(z) < (2¢+ 1)g(z) = cg(z) should not alarm the reader.

1.1.1 Classical Potential Theory
We consider the Gaussian kernel,

1 g2
gt(x)zwe |zl /4t, xGRd, t>0. (11)

It is well known that {g;, ¢ > 0} form a convolution semigroup: gs*g: = gs+¢,
where s,t > 0. This property is at the heart of the classical potential theory.
Complicating the notation slightly, we define transition probability

g(s,x,t,A):/ gi—s(y)dy, s<t,recR? AcCRL. (1.2)
A—zx



1 Introduction 3

The semigroup property of {g;} is equivalent to the following Chapman-
Kolmogorov equation

/ g(s’x,u7d2) (U7Z7t7A) (s’x7t7A)’ S<u<t’x€Rd7ACRd'
Rd
If d > 3 then we define and calculate the Newtonian kernel,
N(x) = / gi(x)dt = Ad)2‘$|2_d7 reR?.
0

Here and below

Ay =T((d =)/2)/ (272D (/2)]). (1.3)

The semigroup property yields that N x g(x f gi(x N(z). Recall
that a function h € C?(D) is called harmomc in an open set D C RYif it
satisfies Laplace’s equation,

2

d
Z f —~0, zeD. (1.4)

It is well known that N is harmonic on R%\ {0}. Let B(a,r) = {x € R :
|z—al < r}, wherea € RY r > 0. We also let B, = B(0,7), B = B; = B(0,1).
The Poisson kernel of B(a,r) is

(d/2) r* — |z — al?
P(m,z):%(rdfz?? x|—zd|’ xz € B(a,r), z€dB(a,r). (1.5)

It is well known that if A is harmonic in an open set containing the closure
of B(a,r) then

h(z) = / h(z) P(z,z)o(dz), « € Bla,r). (1.6)
OB(a,r)

Here o denotes the (d — 1)-dimensional Haussdorff measure on 0B(a,r). We
like to note that P(x, z) is positive and continuous on B(a,r) x 0B(a,r), and
has the following properties:

/ P(z,z)o(dz) =1, z¢€ Bl(a,r), (1.7)
dB(a,r)

lim P(z,z)o(dz) =0, we€dB(a,r), 6>0. (1.8)
=W JoaB(a,r)\B(w,d)
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It is also well known that for every z € 0B(a,r), P(-, z) is harmonic in B(a,r),
a property resembling Chapman-Kolmogorov equation if we consider (1.6) for
h(z) = P(z, z9). Consequently, if f € C(0B(a,r)), then the Poisson integral,

P[f](z) = /(?B( )P(x,z) f(z)o(dz), xe€ B(a,r), (1.9)

solves the Dirichlet problem for B(a,r) and f. Namely, P[f] extends to
the unique continuous function on B(a,r) U dB(a,r), which is harmonic in
B(a,r), and coincides with f on dB(a,r), see (1.8). In particular, P[1] = 1,
compare (1.7).

An analogous Martin representation is valid for every nonnegative h har-
monic on B(a,r),

h(z) = Plp](z) := /aB( )P(:c,z) w(dz), «x € Bla,r). (1.10)

Here 1 > 0 is a unique nonnegative measure on 9B(a,r). We like to note that
appropriate sections of P[u] weakly converge to p ([107]), which reminds us
that in general the boundary values of harmonic functions require handling
with care.

By (1.5) we have that P(z1,2) < (1+s/r)4(1 —s/r) 4P (29, 2) if 21,22 €
B(a,s), s <r, z € dB(a,r). As a direct application of (1.10) we obtain the
following Harnack inequality,

c_lh(:rl) < h(ze) < ch(zy), w1,22 € B(a,s), (1.11)

provided h is nonnegative harmonic. We see that h is nearly constant (i.e.
comparable with 1) on B(a,s) for s < r. If D is connected, then considering
finite coverings of compact K C D by overlapping chains of balls, we see
that nonnegative functions h harmonic on D are nearly constant on K, see
Figure 1.1.

(L) v
T 0000

Fig. 1.1 Harnack chain
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Despite its general importance, Harnack inequality is less useful at the
boundary of the domain because the corresponding constant gets inflated for
points close to the boundary. In fact, nonnegative harmonic functions present
a complicated array of asymptotic behaviors at the boundary, see (1.5). To
study the asymptotics, we first concentrate on nonnegative harmonic function
vanishing at a part of the boundary.

The Boundary Harnack Principle (BHP) for classical harmonic functions
delicately depends on the geometric regularity of the domain. To simplify
our discussion we will consider the following Lipschitz condition. Let d > 2.
Recall that I : R¥! — R is called Lipschitz if there is A < oo such that

T(y) —T(2)| < Nz —vy|, y,zeRIL. (1.12)
We define (special Lipschitz domain)
Dr={x=(x1,...,2q) €R? : 2qg>T(21,...,24-1)}. (1.13)

A nonempty open D C R? is called a Lipschitz domain if for every z € 0D
there exist 7 > 0, a Lipschitz function I' : R?~! — R, and an isometry T of
R4, such that DN B(z,r) = T(Dr) N B(z,r), that is, if D is locally isometric
with a set “above” the graph of a Lipschitz function.

Theorem 1.1 (Boundary Harnack Principle). Let D be a connected
Lipschitz domain. Let U C R? be open and let K C U be compact. There
exists C < oo such that for every (nonzero) functions u,v > 0, which are
harmonic in D and vanish continuously on D¢ NU, we have

prtly) _ ul@)

u(y)
o) S ) S °

< , z,2ye KND. 1.14
o) (1.14)

Thus, the ratio u/v is nearly constant on D N K. Furthermore, under the
above assumptions,

im u(@)
M)

exists as © — 2z € ODNK , (1.15)

see Figure 1.2.

The theorem is crucial in the study of asymptotics and structure of general
nonnegative harmonic functions in Lipschitz domains. The proof of BHP for
classical harmonic functions in Lipschitz domains was independently given
by B. Dahlberg(1977), A. Ancona(1978) and J.-M. Wu(1978), and (1.15) was
published by D. Jerison and C. Kenig in 1982.

We now return to {g:}, and the resulting transition probability g. By
Wiener’s theorem there are probability measures P*, 2 € R?, on the space
of all continuous functions (paths) [0,00) > t — X(t) € R? such that
P70 (X (0) = xp) = 1 and P™(X; € A|X,; = x) = g(s,x,t,A) = P*(Xy—s €
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Fig. 1.2 The setup of
BHP

)
>
=

A), for zg,z € R?, 0 < s < t, A C R% Recall that the construction of the
distribution of the process from a transition probability on this path space
requires certain continuity properties of the transition probability in time.
Here we have lim; .o g¢(x)/t = 0 (z # 0), which eventually allows the paths
to be continuous by Kolmogorov’s test or by Kinney-Dynkin theorem, see
[135]. Thus, X, is continuous. Denote X = (X;) = (X},..., XJ), and let E*
be the integration with respect to P*. We have EYX} = 0, E°(X})? = 2t.
Thus, X; = By, where B; is the usual Brownian motion with variance of
each coordinate equal to .

By the construction, E*f(Xy) = [eu f(1)9(0,2,t,dy) = [pa f(¥)g:(y —
x)dy for x € R? t > 0, and nonnegative or integrable f. For a (Borel) set
A C R by Fubini-Tonelli theorem,

Ez/ 1A(Xt)dt:/N(y—a:)dy, reR.
0 A

Therefore N (-—x) may be interpreted as the density function of (the measure
of) the expected occupation time of the process, when started at x.

So far we have only considered X evaluated at constant (deterministic)
times ¢. For an open D C R? we now define the first exit time from D,

p = inf{t >0: X; & D}.
By the usual convention, inf() = oco. 7p is a Markov (stopping) time. A
function h defined and Borel measurable on R is harmonic on D if for every

open bounded set U such that U C D (denoted U CC D) we have

h(z) = E°h(X.,), z€U. (1.16)
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We assume here the absolute convergence of the integral. Since the P*-
distribution of X, = is the normalized surface measure on the sphere
0B(z,71), the equality (1.16) reads as follows:

h(x) = / h(y) P(0,y — 2)o(dy).
OB (z,r)

if x € U = B(a,r), see (1.5) and (1.6). Thus, (1.16) agrees with the classical
definition of harmonicity.

The above definitions may and will be extended below to other strong
Markov processes, and (1.16) may be referred to as the “averaging property”
or “mean value property”.

We should note that (for the Brownian motion) the values of h on D¢ are
irrelevant in (1.16) because X, € OU C D in (1.16). For the isotropic stable
Lévy process, which we will discuss below, the support of the distribution
of the process stopped at the first exit time of a domain is typically the
whole complement of the domain. Indeed, as time (¢) advances, the paths
of the process may leave the domain either by continuously approaching the
boundary or by a direct jump to the complement of the domain. In particular,
a harmonic function should generally be defined on the whole of R%. It is of
considerable importance to classify nonnegative harmonic functions of the
process according to these two scenarios, see the concluding remarks in [38].

To indicate the role of the strong Markov property, we consider a nonneg-
ative function i on D¢ and we let h(x) = E*h(X;,), v € D. We will regard
h on D¢ as the boundary/external values of h, as appropriate for general
processes with jumps. It will be convenient to write h(z) for h(zx) if 2 € D
Let x € U CcC D. We have

E*h(X,,) = E*EXvh(X,,) = E*h(X,,) = h(z).

In particular we see that A is harmonic on U. The above essentially also proves
that {h(X;,)} is a martingale ordered by the inclusion of (open relatively
compact) subsets U of D, with respect to every P*, x € D. Closability of
such martingales is of some interest in this theory [27, 38], and relates to
the existence of boundary values of harmonic functions. For instance the
martingales given by Poisson integrals (1.10) are not closable for singular
measures p on 0B(a,r).

1.1.2 Potential Theory of the Riesz Kernel

We will introduce the principal object of this book, namely the isotropic
(rotation invariant) a-stable Lévy process. We will construct the transition
density of the process by using convolution semigroups of measures. For a
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measure v on R? we let |y| denote its total mass. For a function f we let
v(f) = [ fdv, whenever the integral makes sense. When |y| < oo and n =
1,2,... we let ¥ = v % ... %y (n times) denote the n-fold convolution of
with itself:

Y"(f) = /f(331 +xo 4 -+ @) y(dzy)y(daa) . . y(day,) .

We also let 40 = 6y, the evaluation at 0. If ~ is finite on R? then we define

> (7 — |y|d0)"
Py = exp t(y — |y[00) := Y w

n=0

e AT
= (exp —t|7y|8o) * exp ty = e~ Z —7' , teR. (1.18)
n!

n=0

(1.17)

By (1.18) each P; is a probability measure, provided v > 0 and ¢ > 0, which
we will assume in what follows. By (1.17), P] form a convolution semigroup,

P)«P}] =Pl ,, st=>0.
Furthermore, for two such measures 71, 72, we have
Pl s P2 =Pl 50,

By (1.17),
}%(Pg—éo)/tZW— |’7|50. (119)

In the following discussion for simplicity we will also assume that + has
bounded support and that 7 is symmetric: y(—A) = v(A4), A C R% The
reader may want to verify that

| wiran = [ k) <co. tz0. (1.20)

As a hint we note that only the third term in (1.17) contributes to (1.20).
In particular,

P} (B(0,R)°) < t/ ly|*v(dy)/R* -0 as R — o0. (1.21)
Rd

We define
(B) = Ad7_a/ 2| ~dz, BCRY. (1.22)
B
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It is a Lévy measure, i.e. a nonnegative measure on R%\ {0} satisfying

/ min(|y|?, 1) v(dy) < oo. (1.23)
Rd

We also note that v is symmetric. We consider the following operator, the
fractional Laplacian,

A2yu(z) = Ag_o lim uly) —ulw) - (1.24)
e e—0t {y€ER: |y—z|>c} |y - x|d+o¢

The limit exists if, say, u is C? near = and bounded on R?. The claim follows
from Taylor expansion of u at x, with remainder of order two, and by the
symmetry of v. We like to note that A = A®/? satisfies the positive mazimum
principle: for every p € C°(R?)

sup o(y) = ¢(z) =0 implies Ap(z) <0.
yeR?

The most general operators on C°(R?) which have this property are of the
form

d
Ap(x) = Z aij(2) Da; Dajp(2) + b(2) V() + g(2) ()

4 / (0 +9) — () — yVo(@) 1yc1) ulady) . (1.25)
Rd

Here yV is the scalar product of y and the gradient of ¢, and for every
z, a(r) = (a;(z));';—; is a real nonnegative definite symmetric matrix, the
vector b(z) = (b;(x))%_, has real coordinates, g(x) < 0, and p(z,-) is a Lévy
measure. The description is due to Courrege, see [90, Proposition 2.10], [151,
Chapter 2] or [97, Chapter 4.5]. For translation invariant operators of this
type, a, b, ¢, and p are independent of . For A®/2? we further have a = 0,
b=0,¢g=0and u=v.

For 7 > 0 and a function ¢ on R? we consider its dilation o, (y) = ¢(y/7),
and we note that v(p,) = r~*v(¢). In particular, v is homogeneous: v(rB) =
r~v(B), B C R%. Similarly, if ¢ € C2°(R9), then A%/2(p,.) = r~*(AY/2p),.

We will consider approximations of v and A®/? suggested by (1.24). For
0 < < e < 0o we define measures v5.(f) = f6<|y‘<6 f(y)v(dy). We have

Pl — Ple = Pk (P — ) (1.26)

When ¢ — 0, the above converges (uniformly in §) to 0 on each C2° function
with compact support. This claim follows from Taylor expansion with the
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quadratic remainder, (1.20) applied to v = v, (1.23), and the fact that
P/=* are probabilities, hence uniformly finite.

If ¢ is a bounded continuous function on R%, n > 0, and 0 < R < oo, then
there is ¢ € C2° such that |¢ — | < 1 on B(0, R). We have

| (B = P=) (@) < | (B~ = P=™) (¢)| + 21
+ [P % P (B(0, R)°)
+ P/ *PV“(B(O R)¢ )] sup|o — ¢| .

By inspecting (1.21) we see that the measures P,~> weakly converge to a
probability measure, say P, as ¢ — 0, and so {P;,t > 0} is a convolution
semigroup, too. We also note that P/t weakly converges to v on (closed
subsets of) R?\ {0}. This follows from the approximation of P, by P,**
and (1.19).

The Fourier transform of Pf is easily calculated from (1.17),

P (u) = / e P/ (dy) = exp (t / (e = 1>u€,m(dy>> . uweR?,
Rd Rd
(1.27)
hence P;(u) = exp(t®(u)), where

D(u) = /Rd ( wy 1 — iuylpo,1)(y )) v(dy)

= /Rd(cos(uy)—l)u(dy) mw/|§|—1|u£ag(d£) = —clu|]®.
(1.28)

In fact, ¢ = 1 here, and ®(u) = —|u|* as we shall see momentarily.

For t > 0, the measures P; have rapidly decreasing Fourier transform hence
they are absolutely continuous with bounded smooth densities, p;(x), given
by the Fourier inversion formula:

pe(z) = (27r)_d/ e et gy (1.29)
Rd

Explicit formulas for the p; do not exist except for a = 1,

d+1
pe(r) = a (d+21 ) ! EESRY
T (A4 |z?)

and a = 2, which corresponds to the Brownian motion and is excluded from
our present considerations. Clearly, ps*pi(z) = ps1¢(z), s,t > 0. From (1.28)
we obtain the scaling property:

pe(x) =t~ Vep tVer), zeRY t>0. (1.30)
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In particular,
pi(x) < ct=e. (1.31)

We define the potential kernel (M. Riesz kernel) of the convolution semigroup
of functions {p;}:

K,(x) = /000 pi(z)dt, xcRe. (1.32)

When d > «, we have that K, (z) is finite for x # 0, see (1.31). By (1.30),
Fa(z) = Agalel*. (1.33)

The explicit constant here and in (1.28) may be obtained by a calculation
involving Bessel functions, but it is easier to employ the Laplace transform to
this end (see below). Since K, = oo if a > d, and cumbersome modifications
are needed in this case, the dimension d = 1 is explicitly excluded from
our considerations. We refer to [41] for more information and references on
the case d = 1. Unless stated otherwise in the remainder of this chapter we
assume that d > 2

We construct the standard isotropic a-stable Lévy process (Y3, P?) in RY
by specifying the following density function of its transition probability:

p(S,.’L‘,t,y) ::ptfs(y_x)) xayeRda 5<ta

and stipulating that P*(Y(0) = ) = 1. This is completely analogous to the
construction of the Brownian motion, except for the fact that the distribution
of the process is eventually concentrated on right continuous paths with left
limits (rather than on continuous paths). The latter follows from the Kinney-
Dynkin theorem and the fact that P;/t converges to v # 0. In fact Y; has
discontinuities of the first kind, that is jumps (by z), occurring in time (¢) with
intensity v(dz)dt ([135]), see Figure 1.3. The term standard above involves
certain technical measure-theoretic and topological assumptions, involving
the right continuity and left-limitedness of the paths ¢ — Y; as mentioned
above, and the so called quasi-left continuity, see, e.g., [18], [23] for more
details. The process (Y;, P*) is Markov on R? with transition probabilities
Pr(Y, € AlY; =) = pr(s,x,t,y)dy, for zg,z € R4, 0 < s < t, A C R%
and initial distribution is specified by P* (Y (0) = z¢) = 1. It is also well-
known that (Y3, P*) is strong Markov with respect to the so-called standard
filtration ([23]). As usual, P*, E® denote the distribution and expectation
for the process starting from . We note that by the symmetry of (v and) P;,
E*f(Y:) = E°f(x +Yy) = [pa f(z +y)Pe(dy) = f * pi(x) and

—

(f *pe)(€) = f(&)e EI". (1.34)
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Fig. 1.3 Subordination: trajectories of the a/2-stable subordinator, the Brownian
motion, and the a-stable Lévy process in R

The (semigroup of the) process Y; has A%/2 as the infinitesimal generator
([156, 97]). Indeed, by using (1.19) and (1.26) we have that

A2 (x) = i 1.
u(z) i " (1.35)
= A4 _o lim / ng_x)dy, reR ue Cfo(Rd).
e—0F {yeR®: |y—z|>e} ‘y—l“ “

The result can also be obtained by using Fourier inversion formula and (1.34)
([90, 97]). To justify the notation A®/2, we note that the Fourier symbol of
A%/2 and the Fourier symbol of the Laplacian regarded as convolution-type
(i.e. translation invariant) operators satisfy the equation

SR = e = (Coe) (1.36

compare (1.35), (1.34).

We will briefly recall an alternative method of constructing p; (and X;)
by subordination of the Gaussian kernel (and the Brownian motion, respec-
tively). For 8 € (0,1) we denote by {5’} the standard S-stable subordinator,
i.e. the nondecreasing Lévy process on the line starting at 0, and determined
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by the Laplace transform
Ee % —e " 1>0, u>0. (1.37)

Here E is the expectation corresponding to 7. Let ha(t,y) denote the tran-
sition density of the process, for t > 0. The function can be obtained either
from Haussdorff-Bernstein-Widder theorem on completely monotone func-
tions and (1.37), or from an explicit construction based on (1.17), which
gives (1.37) from the following Lévy measure on R:

B —1—
1{y>o}miy =Bay,

see also [86] for precise asymptotics of the function. The potential kernel of
the subordinator is

St d =L 0 1.38
| hottyie =Y >0, (1.38)

which is verified by applying the Laplace transform to each side of (1.38),
and by using (1.37). By (1.38) and Fubini’s theorem,

T S
E / ) it = 05 / Yo () dy. (1.39)

We consider = a/2 € (0,1). Let {X;} be the Brownian motion and assume
that X and n®/? are stochastically independent.
We may now define

pr(z) = / " (@) ot w)du,

and
Y, = Xn?/z .

Let P*, E* denote the resulting (i.e. product) probability measure, and the
corresponding expectation. Here the Brownian motion (hence also Y') starts
from z € R?. We will write E = E° and we denote by F the expectation for
the Brownian motion starting at 0. In view of the independence of X and
n®/? we have

EeY¢ = EE exp [ana/zd = Ee I = ot Z ot (1 40)

compare (1.28). We can also identify the constant in the definition of the
Riesz kernel (1.33), that is prove that for a < d the potential operator of ¥’
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has K, as the (convolutional) kernel,

Unfa) = 7 [ f00 bt = Aa [ y=al* S dy. (D

Indeed, by subordination and (1.38) we have
EI/ FX Q/Q)dt:/ Ef(r+ X .0)di
0 Mt 0 Mt

/Rd/ooo/ooof(:v+y)gu(y) heay2(t,u) dudy dt

:/Rdf(x+y)A {/(; ha/g(t, u) dt} (47Tu)_d/2€_‘y‘2/4u du dy
1

_ OO a/2—d/2—1,_—|z—z|*/du
= 50T (a)2) /Rdf(Z)/O u e du dz

:Adya/ Ldz:f*Ka(x),
R

|z —x|d-e

compare (1.3). The Fourier symbol of the operator of convolution with K,
is [¢] .

In order to effectively study the potential theory of ¥ on domains D C R¢,
we need explicit formulas, or at least estimates for the potential kernel of the
process killed at the first instant of leaving D, that is for the Green function
for the fractional Laplacian on D.

1.1.3 Green Function and Poisson Kernel of A®/?

The Green function and the harmonic measure of the fractional Laplacian
are defined in [117, Theorem IV.4.16, pp. 229, 240], see also [25], [22, pp. 191,
250, 384], [109], and [129], [41] for the case of dimension one. We will briefly
recall the construction. The finite Green function Gp(z,y) of D, if it exists
(e.g., if d > a or D is bounded), is bound to satisfy

Gp(z,v)AY%p(v)dv = —p(z), zeR?, o e CX(D). (1.42)
]Rd

For instance, if d > « then (1.42) holds for D = R¢ and the Riesz kernel:
Gra(z,y) = Koly —2), x,y € RY, (1.43)
as follows from the inspection of their Fourier symbols, see [117, (1.1.12")],

or from the approximation (1.17). Thus, Gp is the integral kernel of the
inverse of —A%/2 on C>°(D). We like to remark that within the framework
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of the theory of fractional powers of nonnegative operators, the preferred
notation for A®/? is —(—=A)*/2? (and so Gp = (—(—(—A)O‘/Z))_l). In the
following discussion we will stick to our previous (shorter) notation, and we
will keep assuming that d > 2, in particular d > «. Within this setup, w¥,
the harmonic measure of D, is defined as the unique ([117, p. 245], [41])
subprobability measure (probability measure if D is bounded) concentrated
on D such that [,, Gga(z,y)w}h(dz) < Gga(z,y) for all y € RY, and

- Gra (Za Y)wp (dz) = Gra(z,y) (144)

for y € D¢ (except at points of OD irreqular for the Dirichlet problem on D,
see [117], [23]).
Given wp, the Green function can be defined pointwise as

GD(LU, y) = GRd (x,y) - De GRd (Z, y)w%(d'z) : (145)

More generally, we have

Gp(z,v) = Gu(z,v)+ [ Gpw,v)w(dw), z,veR ifU C D. (1.46)
Rd

As seen in [38], (1.46) is the origin of the notion of harmonicity. In particular,
x — Gp(z,y) is a-harmonic on D \ {y}. The symmetry of Gra(z,y) =
Ko (y — x) = Gra(y, x) implies that Gp(z,v) = Gp(v,x) for z,v € R? ([117,
p. 285]), which is related to Hunt’s switching equality [23], and eventually
dates back to George Green’s work on potential of electric fields. We recall
that the harmonic measure is the P*-distribution of Y, , the process stopped
at the first instance of leaving D,

/ F)o®(dy) = B f(Yry), @€ RY,

and the Green function is the density function of the integral kernel of the
Green operator,

e | " Wt = [ 10)Go )y = Go(@), xR,
0 R4

Indeed, these statements result from the following application of the strong
Markov property,

Guofta) =5 [ svar =7 [ v

+E" /OO F(Y))dt = Gpf(x) + E*Graf(Ys,) .
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Fig. 1.4 Trajectory of the stable process leaving the unit disc on the plane, o = 1.8

see (1.41, 1.43, 1.44, 1.45) and Figure 1.4.

We can interpret y — Gp(z,y) as the density function of the expected
time spent at y by the process Y started at x, before it exits D for the first
time.

Using (1.42), (1.46), and Fubini’s theorem we obtain

[ Golana o= [ o) -ellpdn), © Rl g e CR@.
D c

(1.47)
We define the expected first exit time of D (by V),

sp(z) = E*tp = » Gp(z,v)dv, z€cR?, (1.48)

and the Poisson kernel of D:

Pp(z,y) = / Gp(x,v)Ad_aly —v|"4%dv, zeR?, yeD. (1.49)
D
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Consider (open) U C D. By integrating (1.46) against the Lebesgue measure
we obtain

sD(x)ZSU(:E)—i—/Rd sp(y)wi(dy), zeRY UcCD. (1.50)

Integrating (1.46) against A4 o |y — |4~ dv on R?, we get

Pp(z,y) = Py(z,y) + /PD(z,y)wﬁ(dz), xeU, ye D (1.51)

The reader may attempt interpreting (1.51) as harmonicity of Pp(z,y) + 0y,
see [38]. By considering ¢ approximating 14 for open A C D¢ in (1.47), and
by (1.24) and Fubini’s theorem we arrive at the ITkeda-Watanabe formula

([95]):
whH(A) = /APD(z,y)dy, zeD. (1.52)

We can interpret (1.49), and (1.52), as follows. Jumping from v € D to
y € D€ happens over time with intensity Ag _o|y — v|797*. The intensity
is integrated against the occupation time measure, Gp(z,v)dv, thus giving
Pp(z,y).

For a large class of domains (but not for all domains) w}(0D) = 0 for
every x € D, so that

wh(dy) = Pp(x,y)dy on D°. (1.53)

In particular, (1.53) holds for domains with the outer cone property (a class
of open sets containing finite intersections of bounded Lipschitz domains).
This is proved by noting that P*(Y;, € D¢) is bounded away from 0 for
z € D and B, = B(z, dist(z, D)), see the formula (1.57) below. Thus the
process Y started at « will leave D by a jump (from within B,) with a positive
probability. If Y., jumps to D\ B, then this reasoning can be repeated by
the strong Markov property. Since leaving D continuously requires an infinite
number of such jumps (from balls B, to D\ B,), the probability of continuous
approach to the boundary is zero, see [27], [152], [154]. Below we will use the
observation for the intersection of a given Lipschitz domain with a ball, see
Figure 2.1.

We note in passing that (1.47) and (1.53) yield the following decomposition
of each o € C°(R?) into a sum of a Green potential and Poisson integral,

p(r) = /D Gp(x,v) [—A“/Qcp(v)} dv + . Pp(x,y)e(y)dy, x€D,
(1.54)

where we assumed that D is bounded, hence w% (R?) = 1. One can interpret
the two integrals as resulting from “sources” within D, and jumps between



18 1 Introduction

D and D¢ (“tunneling” from sources outside of D). For general domains D
the picture is somewhat complicated by an additional term related to the
continuous approach of ¥; to 9D at ¢t = 7p, see [38] and [125] for details.

The Green function of the ball is known explicitly:

Sa/271

G&@JO=BWA$—M”“/ : ds. zveB,,
0

s+ 1)4/2

where

w= (2= o))" = o)/ o’

and By = 1(d/2)/ (22720 (a/2)]2), see [25], [133].
Also ([78], [33], [43]),

Cd
o, (@) = 22—~ [af)?, Jal <.
,—
and
r? — |z|?

; a/2 1
PBr(zvy):Ca |l‘—y|d’ ‘$|<7”, |y|>r,

=

where C? = 7'+4/2T(d/2) sin(ra/2), see Figures 1.5 and 1.6.

0.8 |

0.6 |

0.2}
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Fig. 1.5 Green function of (—1,1)

(1.55)

(1.56)

(1.57)
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Fig. 1.6 Poisson kernel of (—1,1)

The formulas (1.55) and (1.57) are essentially due to Marcel Riesz and date
back to 1938 ([133]). They were completed and interpreted in the present
framework by R. Blumenthal, R. Getoor and D. Ray in 1961 ([25]). The
proof of (1.55) and (1.57) consists of verification of (1.44) for wg (dy) =
1pe(y)Pr(x,y)dy. This is a rather involved procedure, aided by the use of
the inversion, Tx = |z|~2z, where x € R?\ {0}. We refer to [25], [117] and
[133] for details of the calculation. The explanation of the role of the inversion
(and the corresponding Kelvin transform) in obtaining the Poisson kernel of
the ball, along with the interpretation of the inversion in terms of the process
Y are given in [41]. For instance ([41]),

Grp(z,y) = |z[*y[* *Cp(Tz, Ty). (1.58)

Here TD = {Tx : « € D}. We encourage the reader to verify (1.58) for
D =R%

Results similar to (1.55) and (1.57) exist for the complement of the ball
and for half-spaces. In fact they can be obtained from (1.55) and (1.57) by
using (1.58). For half-spaces a different proof of (1.55) and (1.57) (i.e. one not
using the Kelvin transform) was obtained recently as a consequence of the
corresponding results for the relativistic process in [44]. The formula (1.56)
was first given in [78], see also [33]. For clarity, we need to emphasize that the
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distribution of Y7, (, ,), given by (1.57), is concentrated on {y : [y — x| > r},
hence with probability one the first exit of Y from B(x,r) is by a jump.
Apart from inversion, scaling is extremely helpful in the potential the-
ory of the stable Lévy process. Let > 0. Recall that v(rA) = r~*v(A4),
A (x) = 1A 2p(z /1), Ko(rz) = r* 4K, (z). By the definition and
uniqueness of the Green function and the harmonic measure we see that

wip(rd) = wp(A), (1.59)
and
Grp(rz,mv) = "G p(z,v), (1.60)
hence
srp(re) =r%sp(z), (1.61)
and
Pyp(rz,ry) = r~*Pp(z,y). (1.62)

Translation invariance and rotation invariance are equally important but
easier to observe. For example Gpiy(zr+y,v+y) = Gp(x,v). Together with
scaling and inversion the properties help reduce many of our considerations
to the setting of the unit ball centered at the origin.

A function u defined (and Borel measurable) on R? is called a-harmonic
in an (open) set D if it is harmonic on D for the isotropic a-stable Lévy
process Y: for every open bounded set U such that U C D we have

u(z) = E*u(Yy,), zeU. (1.63)

We assume here absolute convergence of the integral.
A counterpart of Weyl’s lemma holds ([32]) for a-harmonic functions: u is
a-harmonic in D if and only if v is C? on D, and

A 2u(z) =0, zeD. (1.64)

We note that for this condition to hold,  must be defined on the whole of R?,
and its values on D¢ are crucial for this property. This reflects the fact that
A%/? is a non-local operator allowing for a direct influence between distant
points z and y in the domain of w, see (1.24). In particular, the following
integrability assumption holds for a-harmonic function wu:

u(y)|
/Rd @+ )™ =

We may also define A%/ in a weak (distributional) sense. This allows to con-
sider A®/? and (Schrédinger operators) A%/2¢ 4 q¢ as defined locally, i.e. on
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arbitrary open sets (in the sense of the L. Schwartz’ theory of distributions),
even for discontinuous ¢ which do not have well-defined pointwise values (see
below). In this connection we like to mention the following observation: if u is
a-harmonic on open U; and u is a-harmonic on open Us then u is a-harmonic
on Uy U U,. This fact is trivial according to (1.64). It can also be proved by
using the probabilistic definition of a-harmonicity (1.63), but such proof is no
longer trivial ([33]). This points out a local aspect of the otherwise non-local
property of a-harmonicity (the reader interested in more details may consult
[32] and [33]). In the remainder of this survey we will not employ the weak
fractional Laplacian (we refer the interested reader to [32] for details of this
approach to Schrodinger operators). We will use a probabilistic methodology
based on the so-called multiplicative functionals and Green functions, rather
than on infinitesimal generators; and we refer the interested reader to [33] for
more.
If w is a-harmonic in a domain containing B(0, ) then

- ¢ il A d B 1
’U,(ZL’) - Ya 1ol |y|2 _ TQ |y 1'| u(y) Y, T e (O,T') . ( 65)
y|>r

We see that such u is C°° on B(0,r). For nonnegative u we also obtain
Harnack inequality. The next two propositions are versions of it.

Proposition 1.2. Ifu >0 on RY and u is a-harmonic on D D B,> B, >

T1,Ts, then .
(1) < GJ—F%) (). (1.66)

Proof. If r < s < p then by (1.57) we have Pp_(z1,2) < (1 +r/s)¢(1 —
7/8)4Pg_ (w2, 2) for |z| > s. Using (1.65) (for B(0,s))), and letting s — p,
we prove the result. m]

Proposition 1.3. Ifzy,x2 € D then there is ¢y, 4, such that for every A > 0
U(.Tl) g Czl,:vzu(x2) . (167)

Proof. If x1,20 € B, C Bg, C D for some r > 0 then we are done by
Lemma 1.2 with ¢ = ¢, 4, depending only on d. Assume that B(zq,2r) C D,
B(z9,2r) C D, B(x1,2r) N B(xz,2r) = () for some r > 0, and consider (1.63)
with U = B(x1,r). Let y € D. By (1.65) and the first part of the proof we
obtain u(z;) > ch(zQ’r) w(xe)Pp, (0,2 — x1)dz = cu(xs). 0

If K C D is compact and x1,22 € K then c;, ,, in Harnack’s inequality
above may be so chosen to depend only on K, D, and «, because r in the
above proof may be chosen independently of x1, x2. Note that D and K may
be disconnected. This shows a certain advantage of the fact that Y has jumps.
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1.1.4 Subordinate Brownian Motions

The rotationally invariant a—stable processes are obtained from the Brownian
motion by a subordination procedure.

Let X = (X(u) : uw > 0) be a d-dimensional Brownian motion. Subor-
dination of Brownian motion consists of time-changing the paths of X by
an independent subordinator. To be more precise, let S = (S; : t > 0) be
a subordinator (i.e., a nonnegative, increasing Lévy process) independent of
X. The process Y = (Y; : t > 0) defined by Y; = X(S;) is called a sub-
ordinate Brownian motion. The process Y is an example of a rotationally
invariant d-dimensional Lévy process. A general Lévy process in R? is com-
pletely characterized by its characteristic triple (b, A, ), where b € R?, A is
a nonnegative definite d x d matrix, and 7 is a measure on R?\ {0} satisfying
J(1A|z]?) m(dx) < oo, called the Lévy measure of the process. Its characteris-
tic exponent ®, defined by E[exp{i(z,Y;)}] = exp{—t®(z)}, € RY, is given
by the Lévy-Khintchine formula involving the characteristic triple (b, A, 7).
The main difficulty in studying general Lévy processes stems from the fact
that the Lévy measure 7 can be quite complicated.

The situation simplifies immensely in the case of subordinate Brownian
motions. If we take the Brownian motion X as given, then Y is completely
determined by the subordinator S. Hence, one can deduce properties of Y
from properties of the subordinator S. On the analytic level this translates
to the following: Let ¢ denote the Laplace exponent of the subordinator S.
That is, E[exp{—AS;}] = exp{—t¢(A)}, A > 0. Then the characteristic ex-
ponent ® of the subordinate Brownian motion Y takes on the very simple
form ®(x) = ¢(]z|?) (our Brownian motion X runs at twice the usual speed).
Hence, properties of Y should follow from properties of the Laplace exponent
¢. This will be one of main themes of these lecture notes — we will study
potential-theoretic properties of Y by using information given by ¢. Results
obtained by this approach include explicit formulas for the Green function of
Y and the Lévy measure of Y. Let p(t,z,%), z,y € R% t > 0, denote the tran-
sition densities of the Brownian motion X, and let u, respectively U, denote
the Lévy measure, respectively the potential measure, of the subordinator S.
Then the Lévy measure 7 of Y is given by n(dx) = J(z) dz, where

Iw)= [ pt.0.2) (),
0
while the Green function G(z,y), =,y € R, of Y is given by
G(z,y) = / p(t,z,y) U(dt).
0

Let us consider the second formula (same reasoning also applies to the first
one). This formula suggests that the asymptotic behavior of G(z,y) when



1 Introduction 23

|x—y| — 0 (respectively, when |x—y| — 00) should follow from the asymptotic
behavior of the potential measure U at oo (respectively at 0). The latter can
be studied in the case when the potential measure has a monotone density
u with respect to the Lebesgue measure. Indeed, the Laplace transform of
U is given by LU(A) = 1/¢(N), hence one can invoke the Tauberian and
monotone density theorems to obtain the asymptotic behavior of U from the
asymptotic behavior of ¢.

We will be mainly interested in the behavior of the Green function G(z,y)
and the jumping function J(z) near zero, hence the reasonable assumption
on ¢ will be that it is regularly varying at infinity with index a € [0, 1]. This
includes subordinators having a drift, as well as subordinators with slowly
varying Laplace exponent at infinity, for example, a gamma subordinator. In
the latter case we have ¢(\) =log(1 + A) and hence o = 0.

1.2 Outline of the Book

Precise boundary estimates and explicit structure of a-harmonic functions
on general sub-domains of R? remained for a long time essentially beyond
the reach of the general theory. They are now objects of the Boundary
Potential Theory which is discussed in Chapters 2 and 3 of the book. The
main results of this theory: the Boundary Harnack Principle, the 3G
Theorem, the potential theory of Schrédinger-type perturbations and
the Conditional Gauge Theorem are proven and discussed in Chapter 2.
In Chapter 3 we present the important topic of nontangential limits of a-
harmonic functions on the border of the domain, whose main result is the
Relative Fatou Theorem for a-harmonic functions. Boundary Potential
Theory for relativistic stable processes is also presented in Chapter 3.

The Spectral Theory of stable and related processes is an important tool
of the Stochastic Potential Theory. It is the subject of Chapter 4 of the book.
Its main results: Intrinsic Ultracontractivity, connection to Steklov problem,
eigenvalue estimates, isoperimetric inequalities and estimates of the spectral
gap are presented.

The second part of the book, contained in Chapter 5, is devoted to the
Potential Theory for Subordinate Brownian motions, processes more
general than a—stable processes. Both classical Potential Theory and Bound-
ary Potential Theory are presented for the subordinators and the subordinate
processes. The main examples of subordinate processes covered by these re-
sults are stable and relativistic stable processes, geometric stable processes
and iterated geometric stable processes. Important classes of gamma subor-
dinators and Bessel subordinators are also included. In the last section of this
chapter the underlying Brownian motion is replaced by the Brownian motion
killed upon exiting a Lipschitz domain D.

The book has a form of extended lecture notes. We often strive to sug-
gest ideas and relationships at the cost of the generality and completeness.
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When the ideas are too cumbersome to verbalize, we choose to refer to the
original papers. Occasionally, we present new results and modifications or
simplifications of existing proofs. We often employ probabilistic notions and
interpretations because they are extremely valuable for understanding of the
ideas. They also lead to concise notation and powerful technical tools. Gener-
ally speaking, the main perspective that the probabilistic potential theory can
offer is that of the distribution of the underlying process on the path space, as
constructed by Kolmogorov. The distribution is a much richer object than the
corresponding transition probability (or semigroup). The fundamental prop-
erty of the distribution is the strong Markov property, first proved by Hunt
for the Brownian motion. It should be noted that this property supersedes
the Chapman-Kolmogorov equations allowing for the use of random stopping
times—chiefly the first exit times of sub-domains of the state space with the
natural hierarchy given by inclusion of the domains. For instance, the strong
Markov property yields the mean value property for the Green potentials of
measures off the support of these measures.



Chapter 2

Boundary Potential Theory

for Schrodinger Operators Based
on Fractional Laplacian

by K. Bogdan and T. Byczkowski

2.1 Introduction

Precise boundary estimates and explicit structure of harmonic functions are
closely related to the so-called Boundary Harnack Principle (BHP). The
proof of BHP for classical harmonic functions was given in 1977-78 by
H. Dahlberg in [65], A. Ancona in [3] and J.-M. Wu in [153] (we also re-
fer to [99] for a streamlined exposition and additional results). The results
were obtained within the realm of the analytic potential theory. A proba-
bilistic proof of BHP, one which employs only elementary properties of the
Brownian motion, was given in [11]. The proof encouraged subsequent at-
tempts to generalize BHP to other processes, in particular to the processes
of jump type.

BHP asserts that the ratio u(z)/v(z) of nonnegative functions harmonic
on a domain D which vanish outside the domain near a part of the domain’s
boundary, 0D, is bounded inside the domain near this part of 9D. The result
requires assumptions on the underlying Markov process and the domain.
For Lipschitz domains and harmonic functions of the isotropic a-stable Lévy
process (0 < a < 2), BHP was proved in [27]. Another proof, motivated
by [11], was obtained in [31] and extensions beyond Lipschitz domains were
obtained in [150] and [38]. In particular the results of [38] provide a conclusion
of a part of the research in this subject, and offer techniques that may be
used for other jump-type processes.

Lipschitz BHP leads to Martin representation of nonnegative a-harmonic
functions on Lipschitz domains ([28] and [56]). Another important conse-
quence of BHP are sharp estimates of the Green function of Lipschitz
domains and the so-called 3G Theorem (see (2.26) below). We give these
applications in the first part of the chapter, along with a self-contained proof
of BHP, following [27] and [38].

In the second part of the chapter we focus on the potential theory of
Schrodinger-type perturbations, A®/2 4 ¢, of the fractional Laplacian on sub-
domains of R%. The main result we discuss here is the Conditional Gauge
Theorem (CGT), asserting comparability of the Green function of AY2 4 g
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with that of A%/2, under an assumption of “non-explosion”. Here 0 < o < 2,
and the proof of CGT relies on the 3G Theorem, thus on (Lipschitz) BHP.
In presenting these results we generally follow the approach of papers [32] and
[33]. The approach was modeled after [62], which deals with the Laplacian
and its underlying process of the Brownian motion (see [64] for Schrédinger
perturbations of elliptic partial differential operators of second order). For a
different technique we refer to [54]. It should be noted that there are many
algebraic similarities between the fractional Laplacian (a < 2) and the Lapla-
cian (a = 2), but there are also deep analytical differences between these two
cases, primarily due to the discontinuity of paths of the isotropic a-stable
Lévy process for 0 < a < 2.

2.2 Boundary Harnack Principle

Below we freely mix ideas from [27], [31], [32], [150], and [38], with some
didactic improvements and modifications aimed at the simplification of pre-
sentation. In particular we give perhaps the shortest existing proof of BHP
for a-harmonic functions.

In what follows nonempty D C R is open. We intend to present the main
ideas of the proof of BHP as given in [38] for arbitrary domains. However,
for the simplicity of the discussion in the remainder of this chapter unless
stated otherwise, we will assume that D is a Lipschitz domain, and we will
concentrate on finite nonnegative functions f on R?, which are represented
on D as Poisson integrals of their values on D°:

f(z) = . fW)Pp(x,y)dy, «€ D°. (2.1)

For instance, if (D is a Lipschitz domain and) f > 0 is bounded on D,
then f = Pp[f] on D, see [27]. For a general discussion of the notion of a-
harmonicity we refer the reader to [32, 38]. We should perhaps state a warning
that some aspects of the notion are richer and even counter-intuitive when
confronted with the properties of harmonic functions of local operators. In
particular, non-negativeness of functions which are a-harmonic on D is useful
only if assumed on the whole of R? (rather than merely on D). For instance,
if ly| > r, then the function

B>z — [sup Pp, (v,y)] - Pp,(z,y),
veEB,

takes on the minimum of zero in a interior point of B,., in stark contrast
with the Harnack inequality. The reader may also want to consider (non-
Lipschitz) domains with boundary of positive Lebesgue measure and domains



2 Boundary Potential Theory for Schrédinger Operators 27

Fig. 2.1 D, B,, and

outer cone

with complement of zero Lebesgue measure but positive Riesz capacity, to ap-
prehend the complexity of the boundary problems for a-harmonic functions.

For function f > 0 satisfying (2.1) we have A®/2f(z) = 0 on D, see [32].
Furthermore, for every open U C D we have

fz) = . fywi(dy), weU. (2.2)

This follows from (1.51). We emphasize that for the above mean value prop-
erty of Poisson integrals it is not necessary that U be a compact subset of D,
and we to refer the reader to [38] for cautions needed to deal with the general
nonnegative a-harmonic functions.

When 0 < r < 1 we let D, = DN B,, a domain with the outer cone
property, see Figure 2.1. We will often use (2.2) for U = D,.. We note that
wh (0D;) =0 for x € D, in particular we can employ (1.53) for such U.

Consider B = B; and assume that

f=0onB\D. (2.3)

Since Gp, < Gp, (see (1.45), (1.46)), by the definition of Poisson kernel
(1.49) we get

Pp (z,y) < Pp,(v,y), x€D,,y€ B;.

By the mean value property and the assumption (2.3) we obtain

fx)< | fy)Ps. (z,y)dy, xze€B., 0<r<l1. (2.4)
Be
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The function Ppg, (z,y) has a singularity at |y| = r. To remove this inconve-
nience, we will consider an analogue of volume averaging used on occasions in
the classical potential theory. We fix a nonnegative function ¢ € C°((1/2,1))
such that f11/2 é(r)dr =1 and we define

1

Y(z,y) = o(r) Pp,.(x,y)dr

1/2

ly[AL (r2 — mz)a/z
— iy —x|-d/ =22 yydr, @y e RY
lylAL/2 (ly|*> - 72)a/2

It is not difficult to check that
C

O, y)| < ————, |2/ <1/3, yeRe. 2.5
¢(x, ) 0T e lz| <1/ (2.5)
By Fubini’s theorem and (2.4) we obtain

s [ Ty <o [ o0t we By 00
To obtain a reverse inequality for x € D; = D N B being not too close

to dD; we note that Pg_(0,y) > Cr|y|=4=* see (1.57). If 1o > 0 and
B(2rg,z9) € D1, then

so=[ Ry fwdyz [ iyl )y

Bc(wo,’l‘o)
2.7)

By the Harnack inequality for f on B(zg,r) we can enlarge the domain of
integration so that

flao) > e [ 1+ )y

Here and in what follows the constants (¢, C etc.) depend on d, o and D, in
particular on rq.
This and (2.6) yield the following Carleson-type estimate.

Corollary 2.1. There is a constant C' depending only on d, o, and xg such
that
f(z) <Cf(zo), x,20 € Diy3. (2.8)
In what follows we will consider D /4 and will fix 2o € Dy /5. We have

:/C f(y)PD1/4(x,y)dy: : Gp,,,(z,v)k(v)dv, (2.9)
1/4
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where

() = / Aaaly — o] f(y)dy, ve Dy
D34

We thus have f expressed as the Green potential of the charge x(v) inter-
preted as the intensity of jumps of Y “to” f on D°€. Let

(@) = [ Aacaly=ol )y, ve D,
1/3

a(v) = / Ag—aly — v~ f(y)dy, v € Dy,
B1/3\D1/4

and
filz) = / Gp, (@, v)ki(v)dv, i=1,2. (2.10)
Dy

We note that f; are a-harmonic, in fact Poisson integrals, on D /4. We observe
that 1 is bounded, in fact nearly constant on Dy 4:

¢ 'ri(v2) < k1(v1) < err(v2),  v1,v2 € Dyyy, (2.11)

because |y — v| =9~ is nearly constant in v € D, /4 (uniformly in y € Bf/?)).

Also, k1(v) < ef (zg), see (2.7). Thus

fi(x) < ef(xo) i Gp,,,(w,v)dv = cf(wo)sp,,(¥), =€ Dy (2.12)
1/4

We will see that sp, , faithfully represents the asymptotics of f = f1 + f2 at
0D N By 5. To this end we first note that by (2.8),

fa(z) < Cf(xo)wp, ,(Bijs), €Dy (2.13)

Lemma 2.2. For every p € (0,1) there is a constant C' such that if D C B
then
whH(B?) < Csp(z), x€D,.

Proof. Let 0 < p < 1. We choose a function ¢ € C2°(R%) such that 0 < ¢ < 1,
e(y) =1if |y < p, and ¢(y) = 01if |y| > 1. Let = € D,. By (1.47) we have

wp(B°) =/C(<p($)—<p(y))w%(dy) </ (p(x) = ¢(y))wh (dy)

c

- _/ Gp(z,y) Ao (y)dy .
D

It remains to observe that A®/2¢ is bounded and the lemma follows. a
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By (2.13), scaling and Lemma 2.2 (with p = 4/5) we obtain that fo(z) <
cf(zo)sp, ,,(z) for x € Dy 5. This, and (2.12) yield the following improvement
of Carleson estimate

cilf(xo)sDIM(ac) < flz) < cf(:co)le/4(x), x € Dyys. (2.14)

Indeed, the lower bound in (2.14) follows from the inequality

flx) > GD1/4(x,v)/<;3(v)dv,
Dy

where
k3 (v) = / o T eyl 2 ef ) e Dy
B(x!,r’

and B(2r',2") C Dy4 \ D15 is a ball (if the set Dy,4 \ Dy /5 is empty then
f2 =0, and we simply use (2.11) and (2.10)).
The following Boundary Harnack Principle is a direct analogue of (1.14).

Theorem 2.3 (BHP). If functions f1 and fa satisfy the above assumptions
on f, then

fi@) fa(y) < CHi(y) f2(z), z,y € Dyys.

Proof. We fix o € D N By 5. For x,y € D N By 5 we obtain from (2.14)

fi(@) fa(y) < & fr(wo) fa(x0)sp, 4 ()5D, . (Y)

and
fi() fa(x) = ¢ 72 fi(wo) f2(20) 5D, 4 (¥)sD, ,, (T) -

The result, translation and scaling invariance of the class of a-harmonic
functions, and the usual Harnack inequality, allow to estimate the growth of
a-harmonic functions vanishing at a part of the domain’s boundary up to
this part of the boundary. The constant C' in our present proof depends on
D (and the choice of zg), however a more delicate and technical proof shows
that C' may be so chosen to depend only on d and «. We refer the reader to
[38] for this important strengthening of BHP. An important consequence of
the domain-independent, or uniform BHP of [38] is given in the following
statement

Dlaig?lo fi(x)/ f2(z) exists. (2.15)

BHP and (2.15) were given in [27] (see also [31]) for Lipschitz domains,
generalized in [150] to the so-called k-fat domains, and proved for arbitrary
open sets in [38]. The proof of (2.15) seems too technical to be discussed here,
but we will hopefully give some insight into its main idea, when discussing
the uniqueness of the Martin kernel with the pole at infinity for cones.
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Let p(z) = dist(x, D¢). Compared to BHP, the following local estimate
for individual (nonnegative) Poisson integral on Lipschitz domains, if not
sharp, is more explicit.

Lemma 2.4. Let T : R? — R satisfy (1.12), and T'(0) = 0. Let D = DrN B,
and A =(0,0,...,0,1/2) € D. There are C = C(d,a, \) and € = €(d,a, \) €
(0, ) such that

CT f(A)p(z)* < flz) S Cf(A)p(z)*, x € Dyys. (2.16)

The right hand side of (2.16) is a strengthening of the Carleson estimate,
and it asserts a power-type decay of u at the boundary of D. This decay rate
is related to the existence of outer cones for the boundary points of D, and
steady escape of mass of the process when it approaches 9D (see our discus-
sion above of the fact that w¥ (0D) = 0). For a class of domains including
domains with the boundary defined by a C? function we have ¢ = /2, which
may be verified by a direct calculation involving the Green function of the
ball, and of the complement of the ball, see [56], [L09]. Then (2.16) becomes
sharp, meaning that all sides of the inequality are in fact comparable. The
exponent a/2 is also related to the fact that

f@) =237, zeR, (2.17)

is a-harmonic on the half-line {z > 0}, see [30] for explicit calculations in-
volving A®/2,

For general Lipschitz domains the exponent € on the right-hand side of
(2.16) is usually not given explicitly. We like to note that € > 0 may be arbi-
trarily small, e.g. for the complement of cone with sufficiently small opening
in dimension d > 2. For a more detailed study of the asymptotic behavior of
a-harmonic functions in cones, and some open problems we refer the reader
to [5] and [123].

We will briefly discuss the left hand side inequality in (2.16). We like to
emphasize the fact that the power-type decay cannot be arbitrarily fast, a
significant difference when compared with the classical harmonic functions
in narrow cones. Indeed, ¢ > 0 may be arbitrarily small (for very narrow
cones), but we always have & —e < a! This is a noteworthy contrast with the
classical potential theory (o = 2). For an explanation of this phenomenon we
will consider exponentially shrinking disjoint balls B¥ = B(A¥, er®), where
0 <7 < 1 and ¢ are such that B¥ ¢ D, (k =0,1,...), see Figure 2.2. By
the mean value property, we have

k—1

>Y [ s (2.18)
=0

k—1

>C / f k: Do
B! ’

=0
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Fig. 2.2 Exponentially
shrinking balls

where we used the formula for the Poisson kernel of the ball. Thus, 8 :=
F(AR)r—he > ¢S 5. By induction we see that 8, > C(1 4 C)* 3y, which
yields the exponent oo — e < o on the left hand side of (2.16).

We note that the first term of the sum in (2.18) approximately equals
7k f(Ap), which is much smaller than the whole sum. Thus a direct jump (say,
to Bp) has a negligible impact on the values of the a-harmonic function on
B*. Instead, the many combined shorter jumps between the balls {B'} yield
the main contribution. The geometry of Lipschitz domains plays a role here.
Domains which are “thinner” at some boundary points may show a different
decay rate of a-harmonic functions (i.e. that given by a few direct jumps
may prevail, see [125]). This observation leads to a notion of inaccessibility
developed in [38].

We want to point out after [38], that BHP can be studied as a property
of the Poisson kernel and the Green function, without even referring to the
notion of a-harmonicity. In fact, the main application of BHP is the following
one, to fi(x) = Gp(x,x1) and fo(x) = Gp(x,x2), for x (in a Lipschitz subset
of) D\ {x1,z2}. We fix an arbitrary reference point zy € D and we define
the Martin kernel of D,

. Gp(z,v)
M = 1 —_—
D(-T;y) Dalf}l)y GD((EO,’U)

, reR? yeaD. (2.19)
Theorem 2.5. The limit in (2.19) exists. x — Mp(x,y) is up to constant
multiples the only nonnegative a-harmonic function on D and equal to zero
on D¢ which continuously vanishes at D¢\ {y}.
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The existence part of the result follows easily from (2.15). The a-
harmonicity of Mp, however, depends delicately on the Lipschitz geometry
of the domain via the lower bound in (2.16), see [28]. We refer the reader
to [28] for an elementary study of the properties of Mp(-,y) for Lipschitz
domains. We also refer to [38] for the case of arbitrary open set and for the
explanation of the role played by the accessibility of the point y from within
the set.

It should be noted that Mp(-,y) is not of the form (2.1). Nonnegative
a-harmonic functions vanishing on D¢ are called singular a-harmonic. They
resemble classical Poisson integrals of singular measures on the sphere (and
also nonnegative martingales converging to zero almost surely).

We will cite after [28] the representation theorem for nonnegative a-
harmonic functions on bounded Lipschitz domains D (for arbitrary nonempty
open subsets of R? see [38]).

Theorem 2.6. For every function u > 0 which is a-harmonic in D there
exists a unique finite measure = 0 on 0D, such that

uw) = [ Poyuiy+ [ Mou(s). ceD. (220

In view of the recent developments in [38] we like to make the following
comments. First, [,. Pp(z,y)u(y)dy above may be generalized to Poisson
integrals of nonnegative measures:

Pp(z,y)\(dy) < o0, (2.21)

Dec

and it is legitimate to regard D¢ as the “Martin boundary” of (bounded
Lipschitz) D for A*/2, with kernels Mp(-,y), y € dD, and Pp(-,y) + 5,(-),
y € D\ dD. Second, for general domains in arbitrary dimension, inaccessi-
ble points of the Euclidean boundary will contribute a Poisson kernel, rather
than a Martin kernel. Third, for unbounded domains a Martin kernel may
be attributed to the point at infinity (if accessible). For details we refer the
reader to [38], which appears to finalize the problem of representing nonneg-
ative a-harmonic functions, and offers notions and methods appropriate for
handling more general Markov processes with jumps. To further encourage
the interested reader, we want to point out that for bounded domains their
“Martin boundary” decreases when the domain increases [38]. Comparing to
A, we see that the potential theory of A®/? is more compatible with the
Euclidean topology of R<.

We return to considering a Lipschitz domain D C R in dimension d > 2.
For y € 0D, Mp(z,y) is (up to constant multiples) the unique a-harmonic
function continuously vanishing on D¢\ {y} (and having a singularity at v,
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which “feeds” the function through (1.63)). As remarked above, a similar
function can be constructed for the point at infinity, if D is unbounded:

B B . GD(xv U)
M(z) = Mp(z,00) = Daul,llir\l*OO Gp(zo,v)

, z€R™L (2.22)
In the case when D is an open cone C C R?, the existence, uniqueness and
homogeneity properties of M were studied [5] and [123]. Below we will give a
flavor of the technique used in the study. We first note that the mean value
property holds for such M for every bounded open subset U of C, as the
pole is so far away. Let 1 # 0 be a point in R? (say 1 = (0,...,0,1)). For
x € R?\{0}, we denote by §(z) the angle between x and 1. The right circular
cone of angle © € (0, ) is the Lipschitz domain

C=Co={rcR?:0(z) <O}.

Clearly, for every » > 0 we have rC = C. In particular, by scaling, if u is
a-harmonic on C, then so is  — u(rz). We will prove the uniqueness of M.
To this end, we assume that there is another function m > 0 on R? which
vanishes on C¢, satisfies m(1) = 1 and

m(z) =E,m(Y,,), zcR%,
for every open bounded B C C. By BHP,
C'm(x) < M(z) < Cm(z),

for x € BN C. By scaling, this extends to all x € C with the same constant.
We let a = inf,cc m(z)/M(z). For clarity, we note that C~! < a < 1. Let
R(z) = m(z) —aM(z), so that R > 0 on R?. Assume (falsely) that R(x) >0
for some, and therefore for every x € C. Then, by BHP and scaling,

R(z) > eM(z), =e€R%

for some € > 0. We have

. .m(x) . aM(z)+ R(z)
o=l e T B

> a+e,

which is a contradiction. Thus R = 0, m = aM, and the normalizing condi-
tion m(1) = M (1) = 1 yields a = 1. The uniqueness of M is verified.

We like to note that the existence of the limits of the ratios of nonnegative
a-harmonic functions, (2.15), is proved by a similar argument, see [27, 38|.
This oscillation-reducing mechanism of BHP is well known for local op-
erators, e.g. Laplacian ([11]), but the non-local character of the fractional
Laplacian seriously complicates such arguments, except in some special cases,
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like that of the cone. Some elements of the proof (of vanishing of oscillations of
ratios of non-negative a-harmonic functions) are given in [27]. The complete
details in the generality of arbitrary domains are given in [38].

To appreciate the importance of uniqueness, we return to the discussion of
the Martin kernel with the pole at infinity for the cone. By scaling, for every
k > 0 the function M (kx)/M (k1) satisfies the hypotheses defining M. Thus
it is equal to M, or

M(kx) = M(z)M (k1) = €R?.

In particular, M (ki1) = M(I1)M (k1) for positive k,l. By continuity of «a-
harmonic functions on the domain of harmonicity, there exists 8 such that
M (k1) = K’ M(1) = k" and

M(kz) = kPM(z), zeR?,

M(x) = |2|°M(z/|zl), = #0, (2.23)

compare (2.16). By (2.14), M is locally bounded and tends to zero at the
origin, thus
0<pf<a. (2.24)

It is known that (3 is close to « for very narrow cones, and it will be close to
0 for obtuse cones (for O close to ), at least in dimension d > 2. We refer
the reader to [5], [123], [35] for more information and a few explicit values of
B for specific cones (see (2.17) for the half-line).

2.3 Approximate Factorization of Green Function

In this section we will consider a bounded Lipschitz domain D C R?, d > 2,
with Lipschitz constant A. To simplify formulas, we recall the notation ~: we
write f(y) = g(y) fory € A if there exist constants Cy, Cy not depending on
y such that C1 f(y) < g(y) < Ca f(y), y € A

Let §(z) = dist(z, D). We fix 9,21 € D, g # x1, and we let Kk =
1/(2v1+ A2). For z,y € D we denote r = r(x,y) = §(x) VI(y)V | z—y |. For
small r > 0 we write B(x,y) for the set of points A such that B(A, xr) C DN
B(z,3r)N B(y, 3r), see Figure 2.3, and we put B(z,y) = {z1} for large r [29].
The set B(z,y) is nonempty (see [98] or [29] for details). Informally speaking,
A € B(z,y) dominates x and y similarly as A of Lemma 2.4 dominates the
points of Dy /o, see Figure 2.3. Let G = Gp, the Green function of D for the
fractional Laplacian. We define

o(x) = G(xg,z) Ac.
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Fig. 2.3 A€ B(z,y)

The following is a sharp, if not completely explicit, approximate factorization
of G(z,y).

L 6(@)o(y)
RSOy

2 — 5o < Glayy) < CXDOW) e (505)

¢*(A)

Here A is an arbitrary point of B(z,y). A proof of (2.25) is given in [98] (see
also [29] for the case of o = 2). We will sketch the proof.

If 2 and y are close to each other but far from the boundary, then (2.25)
is equivalent to G(x,y) ~ |z — y|*~¢, because the term subtracted in (1.45)
is small.

Another case to consider is the situation of |y — x| being large and §(z),
4(y) being small. By symmetry, G(z,y) is a-harmonic both in z, and in y
(on D\ {y} and D\ {z}, correspondingly). By BHP (and the usual Harnack
inequality) G(z,y)/G(xo,y) = G(x,21)/G(x0,z1). Since 0 < G(xg,x1) < 00
is a constant, we obtain (2.25) in the considered case. If |y — z|, d(z), and
0(y) are all small then we use BHP in a similar way, but twice. If §(z) is
small, and d(y) is large, then G(z,y) = G(y,x) =~ G(z¢,x) by the Harnack
inequality.

We remark that ¢(-) may be replaced by sp(-) in (2.25), compare
Lemma 2.2, [38]. For bounded C? domains we may use ¢(-) = 6%/3(-),
obtaining an estimate which is both sharp and explicit, [109, 56].

We will give a short proof of the following celebrated inequality known as
3G Theorem:

Theorem 2.7 (3G).

—d
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where W = [¢(y)d(T)]/[¢(R)P(S)]. We will verify the boundedness of . Let
r1=0(x)Vo(y)V|e—yl,ra =5(y)Vo(z)V|y—z|, and r3 = §(z) VI(z) V]z—z|
because ¢ is bounded. If R = 7 and S = x1 then W < C. If R # x4, that is if
r1 is small, then we choose @ € 9D such that d(y) = |y — @Q|. By the Carleson
estimate ¢(y) < C¢(R). Consequently, if S = x1, then W < C. The same
holds true if S # x; and R = x;. By symmetry, to complete the proof, we
may assume that r1 < ro are small. We have rg < rq + 15 < 21, so r3 is also
small. In fact |T—Q| < [T —z|+|y—z|+|y—Q| < 3r3+ra+7r2 < 8ra, therefore
by the Carleson estimate and the Harnack inequality ¢(7) < C¢(S). Recall
that ¢(y) < Co(R), thus W is bounded in this case, too. This finishes the
proof. a

Since |z —y[* =y — 2|*7/Jx — 2|7 < 297 (|lx —y[* T + |y — 2[*77),
we obtain the following version of 3G:

SC(Kolz—y)+Ko(y—2)), zyeD. (2.27)

The definition of the Martin kernel yields

Wéc(l{a@_ywﬂ%(y—é)), z,yeD, £€dD.

(2.28)

As we have mentioned, the importance of 3G in potential theory was ob-
served in [64]. Below we will use a probabilistic framework of conditional
processes to employ 3G to construct and estimate the Green function of
Schrédinger perturbations of A®/2. Before we take our chances in this en-
deavor, however, we like to notice that a purely analytic approach to this
problem also exists. The approach is based on the so called perturbation se-
ries, or Duhamel’s formula, whose application is greatly simplified if 3G is
satisfied. We refer the reader to a self-contained exposition of this technique
in [85] (see also [84]). Analogous consideration based on so-called 3P The-
orem of [36] yields comparability of the perturbed transition density with
the original one. We refer the interested reader to [36] and [37] for these
developments.

2.4 Schrodinger Operator and Conditional
Gauge Theorem

We will focus on the potential theory of Schrédinger operators, u — A®/2q+
qu, on subdomains of R, following the development of [32, 33, 62]. The class
of admissible “potentials” ¢ is tailor-made for the transition probability of
{Y;} (and A®/?).
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Put in a general perspective we consider here “small” additive perturba-
tions of the generator of a semigroup and we expect the potential-theoretic
object to be similar before and after these perturbations. In particular, the
conditional gauge function defined below is the ratio between the Green func-
tions after and before the perturbation, and the Conditional Gauge Theorem
(CGT) asserts that the function is bounded under certain assumptions. Orig-
inally, many authors considered the Laplace operator and bounded ¢, or ¢ in
a Kato class and smooth domains D, see the references in [64]. The paper
[64] made an essential progress by including Lipschitz domains in the case of
the Laplace operator. This direction of research is summarized in [62].

The paper [54] initiated in 1997 the study of CGT for rotation invariant
stable Lévy and more general processes for Schrodinger and more general
perturbations. The focus of [54] was on C1'! domains. CGT for the stable
proceses in Lipschitz domains was proved in 1999 in [32]. We also like to note
that there is a recent non-probabilistic approach to CGT, see [85] and [37].

A (Borel) function ¢ on R? is said to belong to the Kato class J, if

hm sup / E*q(Ys)|ds =0. (2.29)
0 zeRrd

Thus, (2.29) is a statement of negligibility of ¢ in (small) time, with respect
to the given transition probability. To make (2.32) more explicit we recall the
following well-known estimate (see (1.29)):

- t - [e3% t - [e%
C 1<|x|d+am 4/ ) <pt(x)<0<|x|d+am d/ ) : (2.30)

The estimate is proved by subordination (see, e.g., [39]). Noteworthy,

|x|d+a7t—d/a iff < x|, (2.31)

We easily see that

‘ ¢ 1

By the definition of E*, and Fubini-Tonelli, ¢ € 7, if and only if

2 1
lim su A dy— 0.
tl0 a:eﬂgd /Rd {Iy — x|d+0¢ |y _ x|a—d lq(y)|dy
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It follows that (2.29) is equivalent to the following condition of negligibility
of ¢ in (small) space with respect to the potential operator:

tim sup [ Kale - ) o) dy =0, (2.32)
Y40 geRrd J|z—y|<y

We also note that L>(RY) C J,, C L}, (R%).

loc

For q € J, we define the additive functional

and the corresponding multiplicative functional

eq(t) = exp(4,(1)) .

We have
eq(t+s) =eq(t) (eq(s) 0 b)), t,s=0.
Here 6, is the usual shift operator acting on the process Y by the formula:
Y00, = Yiis.
For an open bounded set D we define the killed Feynman-Kac semigroup
T; by the formula

T, f(a) = B[t < i eg(t) f(¥D)]. (2.33)

T} is a strongly continuous semigroup on L,(D), 1 < p < oo, and on C (D)~
for regular D. For each t > 0, the operator T} is determined by a symmetric
transition density function u(z,y) which is in Co(D x D) for regular D. We
should note that {T}, ¢ > 0} is generated by A®/? + ¢, see [32]. The next
lemma is fundamental in the theory of Feynman-Kac semigroups— this is seen
in the development of [62], which we will follow quite closely below.

Lemma 2.8. [Khasminski lemma] Let T be an optional time of Y such that
T<t+7106,, on{t<t},t>0. (2.34)
Suppose that ¢ > 0 and E*A(T) < oo for all x € R%. Then for each integer
n > 0 we have,
sup E*[A(7)"] < nlsup(E*A(T))". (2.35)
Ifsup, E*A(T) = a < 1 then

sup E*eAl) < (1- a)_l .
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The condition (2.34) is satisfied if 7 is constant or if 7 = 7p for some
D C R%.

Proof. Since g > 0, the functional A(+) is nonnegative and nondecreasing. By
Fubini-Tonelli and (2.29), A(7) < oo a.s. We have

A(r)ntt

—— /0 [A(T) — A(t)]" dA().

For t < T, by (2.34),
t+706,
A(T) — At) < A(t+700;) — A(t) = / q(Y,) ds
= [/OTQ(Ys)dS] 00y =A(t)ob,.

By Fubini’s theorem,

B [A(r)"+]

T S Em[/OT[Am 0 6,]" dA(t)] = /OOOE”” [t < i [A@) 0 6] q (V)] dt .

By the Markov property the last integral is equal to

/0 T B < BV A q(V)] dt < sup £ [A(7)") / VB < mq(v)] dt
= sup B [A(r)" E"A(7).

It follows that

sup ET[A(r)" ] < (n+1) sup B[A(r)"] sup E*[A(7)],

hence (2.35) is proved by induction on n. The last assertion of the lemma is
an immediate consequence of (2.35). O

We like to note that A(t) increases where ¢ > 0, and e, (¢) may be inter-
preted as the mass of a particle moving along the trajectories of the process
in the potential well given by ¢. If ¢ < 0 then the mass is always bounded by
1 (subprobabilistic), which corresponds to Courrége’s theorem, see (1.25).

The gauge function of D and q is defined as follows:

u(z) = E%eq(1D) .
We can interpret u(x) as the expected mass of the particle when it leaves

the domain. We note that since 7p is an unbounded random variable, the
mass may be infinite if ¢ is (say, positive and) large enough. When the gauge
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function satisfies u(z) < oo for (some, hence for all) z € D, we call the pair
(D, q) gaugeable.

We consider u,(z,y) = E¥[li<rpeq(t)|Y; = yl, the integral kernel of T;.
We define the Green function of the Schrodinger operator on D,

W%wﬂwmmwﬁ-

The potential operator of the the Feynman-Kac semigroup T} killed off D is,
by definition

oo

Vf(x):/oooth(:c)dt: Bt < mpieq(t) (Y] dt

0

5 [T e s~ [ Vi) s an.

Both functions V and u; are symmetric in (x,y) € D x D and u; is continuous
whenever D is regular.

The theorem below provides the fundamental property of the gauge and
clarifies conditions on gaugeability. For the proof, we refer to [62] (see § 5.6
and Theorem 4.19), or [33, Theorem 4.2], where it can be seen that the result
is analogous to the Harnack inequality.

Theorem 2.9 (Gauge Theorem). Let D be a domain with m(D) < oo
and let ¢ € J*. If u(xg) < oo for some xog € D, then u is bounded in R?.
Moreover, the following conditions are equivalent:

(i) (D, q) is gaugeable;

(it) The semigroup Ty satisfies [y ||Tt||oc dt < 00;

(iii) V1 € L>=(RY);

(iv) V|q| € L=(RY).

Thus, for the sake of brevity, we can write V1 € L>(RY) to indicate that
(D, q) is gaugeable. In what follows we always assume that (D, ¢) is gaugeable
indeed. We like to remark that gaugeability is difficult to express explicitly.
However a useful connection exists of gaugeability to the existence of positive
functions harmonic on D for A®/2 + ¢, which can be used to give natural and
simple examples of the gauge function for some (not-so-natural) potentials g,
see Figure 2.4 and [33].

The following estimate for the kernel w;(x,y) of the Feynman-Kac

strengthens Lemma 4.7 in [32] and enables us to simplify the proof of
CGT, compared to [32].

Theorem 2.10. Let D C R? be open with finite Lebesque measure and q €
Ju- If (D, q) is gaugeable and 0 < § < 1 then for z,y € RY

w(x,y) < CLt~ Ve (Yo )z —y) "N for 0<t<ty, (2.36)
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25F a=0.7

051

0 1 1 1 1 1 1 1
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Fig. 2.4 A gauge function for g > 0, see [33]

where tg = to(0,q, ), C1 = C1(d, ) and
u(x,y) < Cy exp (—=01t), for t>to, (2.37)

where Cy = Cq(D,d, ), 8 = B(0,q,«). Furthermore, if D is additionally
bounded then
V(x,y) < Cslo—y[* 7. (2.38)

Proof. Let p > 1 be fixed. Choose ty > 0 such that for 0 < ¢ < ¢y

sup E”[egpq(t)] < 2.
xzeD

For 0 < t <ty and f € L*(D) define S, f(z) = E®[t < Tp; epq(t) f(Y)]. By
Schwarz inequality, for 0 < t <ty we have

1S/ (z)|* < E*[t < 7p; eapq()] B[t < 7p; f(V2)?] < 2 E*[f(V2)?]
- / F )2 pele, y) dy < 2679/ || ]2 suppa (x)
Thus, we have obtained

[19¢|2,00 < CE~4/2



2 Boundary Potential Theory for Schrédinger Operators 43

Now, observe that for positive f € L' and positive ¢ € L? we have

/¢Stfdx= /fStqﬁda: < |\st¢||oo/fdm< 15 12,00 16112 11111 -

This shows that S;f € L? and ||S¢|[12 < ||Stl|2.00- If f € L* we have S, f =
St/zst/Qf € L™ so

15

Loo < |1St/211,2 [[Se/2ll2,00 < 11Se/2ll3.00 < C 74
Let B be a Borel subset of D. Then
Tilp(x) < B[t < Tp; epq(t) 15(Y:)]* 72 E2[t < 7p; 15(Y;)]°
_ 5
= (Si1p(2))' ™" (PP1g(x))
1Sel[12 m(B) 0 [Crt= ¥ (71 p)~ " ALy m(B)]°

<
< C«tf(lf&)d/a m(B) [Cl tfd/a ((tfl/a p)fdfoz A 1)]5
< Oy 75—d/oz m(B) [(t—l/a p)—d—a A 1]67

where p = sup, ¢ g |z — y| and we applied the fact that

pe(a,y) =tV p (7Y (x — y))

PP (,y) <
<t (Y — ) A, 50, oy € R

Thus, we have obtained

b
m(B)

[ wla)dy < Cat= e mB) (471 ) A1
B
Consider B = B(yp,0) and x,yo € D. Letting 6 | 0, we obtain
up(z,y) < Cat= [tV o =y~ A1),
which gives (2.36). Since (D, q) is gaugeable, by Theorem 2.5 we obtain
Tl < Cem,

for t > tg and for some € > 0. On the other hand

ﬁ/ut(x,y)lfg(y) dy = |IT3|

1,00 -
As before, this gives ui(x,y) < ||Ti|]1,00 - Since

1Tell00 < 1T llo0 [1Ti—to 1t < 1T 1,00 C ™75,
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we obtain (2.37). To prove (2.38) we apply (2.36) to estimate

to to
crt / ug(z,y)dt < / VLA Y —y) " dt
0 0

to ¢ —d—a«
:/ =Y A (a) 19 dt
0 lz -yl

|z—y|* At
_ |£K o y|—§(d+a) / ’ t6—(1—6)d/a dt
0

to
+ / t= g
|[z—y|*Ato

In the first integral on the right hand-side we take a § > 0 such that d/a <
%g, and we then see that the first integral is convergent. We obtain the

upper bound
C4|£L' _ y|—5(d+a)|x _ yl(l—d/a+6(1+d/a))°‘ + CS|1' _ y|a—d —C |£E o y|a—d )

To finish the proof we observe that (2.37) yields

oo
/ wp(e,y)dt < fle P

to

which, together with the observation that |z — y| < diam(D), concludes the
proof of (2.38). O

We note that since u;(x,y) is continuous, the above estimate yields the
continuity of V(x,y) for z,3y € RY, x # y, under the assumption that D is
regular (and bounded).

We should also mention that there exists a new method of estimating u;
based on the notion of conditional smallness of ¢ which yields comparability
of uy and p; in finite time, see [36].

The following lemma is a well-known but fundamental relationship be-
tween Gp and V, see [62], Ch. 6. For an analyst, the lemma is an instance of
the (implicit) perturbation formula for V', compare [85].

Lemma 2.11. Suppose that g € Jo and V1 € L>®(D). If V |q| Gp |f] < o0
on D then
Vi=Gpf+VqGpf.

Proof. By Fubini’s theorem we obtain

VqGp f(z) = B /0 " eat)a(Y) BY | /0 " pv) ds) e

5 [T [ iwyasa
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D TD
—p [ [ ewatvi) dras
0 s
TD
= E* f(Ys) [eq(s) —1)ds =V f(z) = Gpf(x).

0

The application of Fubini’s theorem is justified by the condition V' |¢| Gp | f]
< 0. O

An important consequence of the above lemma and Theorem 2.10 is the
following

Lemma 2.12. Suppose that ¢ € J, and V1 € L (D). Assume that D is
bounded and reqular. Then for every x,y € D, x© # y we have

V(z,y) =Gp(z,y) + /D V(z,w)q(w) Gp(w,y) dw. (2.39)

Proof. Applying the preceding lemma we obtain that for every z € D the
equation (2.39) holds y-almost everywhere. Assume that |z —y| > § > 0.
Then either | —w| > §/2 or |w — y| > 6/2. Suppose that the first condition
holds. Then, by Theorem 2.10 we obtain

V(z,w) < C Ky(z,w) < CKq(0/2) so

V(z,w) |qg(w)|Gp(w,y) < C Ka(/2) [g(w)] Ko(w —y).

In the second case we obtain

V(z, w)lq(w)| Gp(w,y) < C Koz — w)|q(w)| Ka(6/2).
Consequently, when |z — y| > § we have

V(z, w) |q(w)| Gp(w,y) < C Ka(5/2) [¢(w)| [Ka(w —y) + Ka(z —w)].

Since D is bounded, it follows that the set of functions

{w = V(z,w) q(w) Gp(w,y); (z,y) € D x D, |z —y| >}
is uniformly integrable on D. On the other hand, for each w € D, the function

(#,y) = V(z,w) g(w) Gp(w,y)

is continuous except possibly at z = w or y = w. Therefore, the integral on
the right-hand side of (2.39) is continuous in (z,y) € D x D, |z — y| > 4.

Since § is arbitrary, both members of (2.39) are continuous in (z,y) € D x D,
x # y. The proof is complete. a



46 K. Bogdan and T. Byczkowski

Let h be an a-harmonic and positive on a bounded domain D. By pP (z,y)
we denote the transition density function of (Y;) killed on exiting D. For
x,y € D and t > 0 we define time-homogeneous transition density (of Doob’s
h-process)

putz,y) = h(z) ™" pp (2, y) hy).

This defines a strong Markov process on Dg = DU{d}. Here 9 is the absorb-
ing state (cemetery) attached to the state space to accommodate for the loss
of mass (the conditional process is generally subprobabilistic if considered
on the original state space, [23]). The h-process is denoted also by Y;, while
the corresponding expectations and probabilities are denoted by E}, P;. We
should note that even though we use the same generic notation for the condi-
tional process, there is no pathwise correspondence between the original and
the conditional processes, and theorems involving the conditional process are
usually more difficult.
The definition of the h-process yields,

Eilt < 1 (V)] = hle) " B7[t < 7o () AYD]. (2.40)
Let D be a bounded Lipschitz domain; for fixed £ € 9D we put

Here Mp(-,€) is Martin’s kernel of D, which is a-harmonic in D [27, 38].
We also need another version of conditioning: for fixed y € D we let

The function h above is a-harmonic in D\ {z}, and superharmonic in D, see
[56]. In the sequel, we will use the notation Ef , Pf (EZ, P7, respectively) to
indicate conditioning by Martin kernel (Green function, respectively).

We redefine a-stable £-Lévy motion Y; by putting Yy = € for s > 7p to get
the process on DU{{}. Analogously, a-stable z-Lévy motion Y; is defined on
D and Y, = z for s > 7p\ (23

For a stopping time T' < 7p\ g,,; we obtain a specialization of the formula
(2.40):

EZ[T < TD\{y}> f(YT)} = GD((E,Z)71 EZ[T < Tp; f(YT) GD(YT, Z))] . (241)

A similar formula holds true for the £-process.

As an instructive exercise we compute the Green function of a-stable
z-Lévy motion.

Proposition 2.13 (Green function for conditional process). Let D
be a bounded Lipschitz domain in R?, oo < d, Y, - a-stable z-Lévy motion.
The Green function of D, as the function of y, computed for the process Y
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(starting at x € D and exiting at z € D) has the following form:

GD(x’ y) GD<y’ Z)
Gp(z,y) ’

Proof. Indeed, we obtain

TD\{z} 00
B /0 F(¥)dt = / EP[t < 7o goy: f(¥)] dt
/ GD Z Z [t<’7‘D\{ b f(}/t)GD(Y;, )]d

= GD(l‘,Z)ilEx\/O f(Y) Gp(Yy, 2)dt

= C;D(l‘7 Z)_lGD(f() GD(" Z))(J))

_ GD<x’y) GD(:U’Z)
= /D Go(e.1) fy)dy.

By the above calculations, we obtain
TO\{=} GD(I',y) GD(y7Z)
ElT Z:Ef/ 1Y, dt:/ dy
D\{ } ( t) D GD(Qf,y)

C/ y)+ Kao(y — 2)]dy < 2C K,(y)dy < .
DNB(0,R)

The calculations provide the proof of the second formula in Theorem 2.14
below (the proof of the first formula is similar and will be omitted).

Theorem 2.14.
Eitp < o0, Pg(tlri?;y% =& =1,

Py < oo P( Jim Yi=2) =1

Theorem 2.14 shows that the behavior of the conditional process is dramat-
ically different from that of the original process. In particular, the conditional
process exits through the pole of the function h and does so in a continuous
manner.

Lemma 2.15. Let D,U be bounded regular (e.g. Lipschitz) domains such
that U € D and z € U. Put Do = D\ U and let { = Tp\y.y. Let u € D,
u# z and x € Dy. Then we have

Py =( = GU , (2.42)

PHrp, =(}=0. (2.43)
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Let us remark that the second formula states that the conditional process
cannot reach the point z jumping from outside a certain neighborhood of this
point. The first formula gives the precise value of the probability of reaching
the point z when starting from a point within a neighborhood of this point.
The formulas are essential in proving CGT for the operator A2, 0 < o < 2.

Proof. To prove the first formula we observe that
Gp(u,v) = Ko(u —v) — E*[Ko (Y, —)].
Consequently, we obtain

E[ry < 70iGp (Y, 2)] = B"[ru < 703 KoY, = 2)]
—E"[ry < 7p; BV [Ko(Yry, — 2)]
= E'u[TU < TD§Ka(YTU - Z)]
—Eu[TU < Tp; Eu[Ka(YTD —z)o Oy “7:”’]]
= E"[ty <7p; Ka(Yry, — 2) = Ka(Yr, — 2)]
= BY[Ko(Yy, — 2) — Ka(Ysy, — 2)]

= GD(U, Z) - GU(ua Z) .
Taking into account
P;{TU\{Z} 7& C} = GD(“’? Z)_lEu[TU < TD; GD(YTuvZ)] )

we obtain the first formula. To prove the second formula we observe that
Gp (-, z) is a-harmonic and bounded on Dy = D\ U so

E*Gp(Yrp,,2) = Gp(z,2)
and

P¥{7p, <} = Gp(x,2) ' E*[rp, < 7p; Gp(Yop,, 2)]
= GD(:E,z)_lE‘”GD(YTDO,z) =Gp(r,2) 'Gp(x,2) = 1.

As a corollary we obtain (compare Lemma 4.4 in [64]):

Corollary 2.16. Assume that y € D with d(y, D) > 36. Put U = B(y, 39).
Then we have

inf Pu{TU = TD} > 0, inf P;{TU\{y} = C} > 0. (2.44)
u€B(y,0) uw€B(y,0)\{y}

Proof. We first prove the second part of (2.44). In view of Lemma 2.15 we
have that
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Gu(u,y) < Gu(u,y)
GD(U,y) - Ka(uay)

Piringyy =¢} = =1—-A L lu—y|" "B Ko (Yry,y) .

Observe that we have |u —y| < § for u € B(y,d) and also |Y,, —y| > 30
which yields E“K, (Y, ,y) < Ada(36)*~ % This completes the proof of the
second part of (2.44). We now prove the first part. We denote R = diam(D).
Then, by the explicit formula for Poisson kernel for balls (1.57), we obtain

P“{ry =1p} = P"{Y,, € D}
= PU7y{YTB(o,35) €D — y} Z PU7y{Y"'B(0,35) € B(O’R)C}

A,Cd/‘ (@®2|uyP)“” dz
“Jepn PG ) ey =2l

> pi=ldp C?(86)*/2wy
Cd ]6 /2 / 14 > e}
R A PR LI (/Lr T

WV

because we have p > R > 66 under the integral sign. By w,; we denote the
surface measure of the unit sphere in R?. a

The following lemma is a “conditional” version of Khasminski’s lemma
(see Lemma 2.8). The proof relies on 3G Theorem (2.26) as in [64].

Lemma 2.17. For every e > 0 there exists n = n(e, D, q) such that for every
open set U C D with m(U) < n we have

TUu\{y}
sup E;‘/ lg(Y)|dt < e
u€ED, u#y 0

and if 0 < e <1 then exp(—¢) < Ejey(¢) < (1—¢)~"

Proof. Let z,y be in D, x # y. Applying the definition of transition proba-
bility pf’ of the process conditioned by the function h(-) = G(-,y) and using
Fubini’s Theorem we obtain

%%ﬁﬂﬂﬂg%%mmmmmwﬂ

_ / / P2t w) ()| dudt
0 U

G@@*Lf@fmammwcwmmw

Gmw*LGmwmwamwm.

By 3G Theorem, the last integral is estimated by

c/ o2 0) + Ko(,9)] a(u)] dut,
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with C depending only on D and q. However, by the properties of Kato class,
we obtain

sup [ Kal.u)la(w)] du — 0,

zeD JU
as m(U) — 0. The last part of the lemma now follows from Khasminski’s
Lemma. O

By the above lemma, Lemma 2.8 and Corollary 2.44, we easily obtain the
following result (compare Lemma 4.3 in [64]).

Lemma 2.18. Under the notation of Corollary 4.4 there exist constants Cq
and Cy such that for every u,v € B(y,0), v # y, with 6 > 0 small enough we
have

Ci < Eu[TU = Tp; eq(TD)] <0y, 1< E;}[TU\{y} =(; eq(C)} < Csy.

(2.45)

Proof. We prove the second part of (2.18). The other case is similar and is left
to the reader. Applying Lemma 2.17 with & = 1/2, we obtain £}/ [e|q(T0)] < 2.
Denote the infimum in Corollary 2.16 by C. Then, in view of Jensen’s inequal-
ity, we obtain

Eveg(r)lr = ¢ > explEY| / Y g difry = )}

WV

exo(- B3 ) defro = )y

WV

expl~ g Byl =G [ la(¥i)l )

WV

1o [ 1
exp(—g Byl [ la)ld} > espl—55).

Before stating the next lemma, we introduce some notation. For y € Rd,
ly| > 1 let

Adadu Adadu
ni = | ’ Ch)= [ el (2a0)
B(0,1) [u—yltTefuld=e B0 |u—yldte

Lemma 2.19. For all y € R? such that |y| > 1 we have

Li(y) = I2(y) -

Proof. Clearly, we have I1(y) > I2(y). To show a reverse inequality, de-
note A(y) = B(y/ly|,1/2) n B(0,1), Bly) = B(0,1) \ Aly) and M(y)
= SUP,ep(y [y — ul =, m(y) = infuepqy) ly —u[~9"*. It is not difficult
to see that M(y) < Cm(y). Consequently,



2 Boundary Potential Theory for Schrédinger Operators 51

du du wa
— <MO) [ <)
/B(y) u — y|dte|uld-o luj<t luld=e o

< wyq du
= alB(y) Jpgy lu—ylite

However, for u € A(y) we have |u| > 1/2, so

/ du < 2d_a/ du
AQy) |u— yldFejuld—e = AQy) lu—yldte

We define the conditional gauge as the gauge function for the conditional
process:

O

u(x,y) = Ejeq(tp\gyy), €D, yeD.

Recall the Tkeda-Watanabe formula (1.52): for a bounded domain D with the
exterior cone property the density function of the P*-distribution of Y, is
given, for x € D, by

Ad B GD(:E’U)

—a Dmdv, yGDC

The following explains the role of the conditional gauge function (compare
[62, Theorem 6.3]).

Lemma 2.20. If (D, q) is gaugeable then
Viz,y) =u(z,y)Gp(z,y), =z,yeD, x#y. (2.47)
Proof. Since x # y, by the proof of Lemma 2.12 we obtain that
Vi, ) ]ql(-) Gp(y) < oo

on the set {(x,y) € D x D, |z —y| > ¢}, for a fixed § > 0. Applying Fubini’s
theorem,

¢ (%S)
5 [Ceatiyar = [ Esle < Geyft) i)
= Gplay)! / E*[t < 3 eq(t) a(Ye) G (Yiuy)) de

= Gplaa)™ [ Viw)atw) Goluw.y)do.

Since

€T ¢ _ T ¢ delI(t) _ x _
5 [ eatiyar = 5y [T 208 at = By (©) 1) = u(w) <1,

by Lemma 2.12 we obtain (2.47). O
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The preceding lemma yields the following.

Lemma 2.21. Let D be an open reqular bounded subset of R%. Then the
gauge function u(x,y) is continuous and symmetric on D x D, x # y.

We thus arrive at the main conclusion of this section: Conditional Gauge
Theorem (CGT).

Theorem 2.22 (CGT). Let D be a bounded Lipschitz domain, g € J<. If
(D, q) is gaugeable (i.e. E¥eq(Tp) < 00) then

sup u(z,y) < oo,
z,yeD

and, moreover, u has a symmetric continuous extension to D X D.

Proof. The proof is carried out in several steps.

Step 1. For § > 0 we put Ds = {z € D; d(x, D) > 30}. We choose and fix
throughout the proof ¢ and a Lipschitz domain U such that D\Ds CU SC D
and for all y € D

sup By [ a0l < 12, sup B[ lavlan < 172,
w€D,u#y 0 u€eRd 0

with 7 = 7ys\ gy} Or T = Tp(y,36)\{y}- By Lemma 2.8 and Lemma 2.17 we
obtain

sup  Ejejq (1) < 2, sup B (7) < 2.
ueD,uzty u€eR?

We show for x,y € Ds, x # y the following;:

u(z,y) < C, where C =C(D,«,q,9).

Fix z,y € Ds and denote Dy = D \ B(y,9), U = B(y,39) \ {y} and

T\ =17p,, Th=5n-1+7Tp,00s,_ .,
So=0, S,=T,+mobr,, n=1,2,..

Put ¢ = 7p\yy}- Because of the second formula in Lemma 2.15, the (condi-
tional) process exits from D \ {y} first entering B(y,?). Hence ¢ = S, for
some n. Thus, we obtain

Efeg(C) =Y EZ[T, < (,Sn =G eg(Q)]. (2.48)

n=1
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For n = 1, by strong Markov property, we obtain
G(l’,y) EZ[Tl < Ca Sl = Ca eq(C)]
= G(x,y) By[rp, < ¢ eq(Ti){v = G eq(Tv)} 0 0]
= G(x,y) [TD(J <G €q(T1) E?J [TU =G eq(TU)H
T Y1,
= E*[tp, < 7p; €q(Th) G(Yry,y) By [ = G eq(10)]]-

Since 7p, < Tp yields Y1, € B(y,d), using Lemma 2.44 we obtain that the
last term above is equivalent to

E*[tp, <7p; €q(Th) G(Yr1,,y)] < E¥[eg(Th) G(Yry,y)] -
Taking into account one term of the series (2.48), we get
G(z,y) Ey[Th < ¢, Sn =G eq()]
G(z,y) Ey[T, < (G eq(Tu){Tv = C; eq(7v)} 0 01, ]
G, y) BT < G eq(Tn) By [r0 = G e(Q)]]
E*[T, < 73 ¢g(T0) G(Yr,, y) By ™ [rv = G e4(Q)]].

Since Y7, € B(y,d), whenever T,, < 7p, so by Lemma 4.5 we obtain

E®[T,, < 7p; eq(Tn) G(Yr,,9) By ™ [ty = (5 eq(C)]]

~ E°[T, < 7p; eq(Th) G(Y1,,, )]

= E"[Sh—1 < Tp; eq(Sn-1){Tp, < 7D; €4(7D,) G(Y7p,,y)} 005, ]
= E*[S,_1 < TD; €q(Sn_1)EY3"~'[1p, < TD; €4(TD,) G(Yrp,, )]
= E*[Sn-1 < 7D; €q(Sn—1)E 5" [ey(1Dy) G(Yrp, )] ]

xr

xr
Using Tkeda-Watanabe formula for Dy and Lemma 2.19, we have for z € Dy
P -Ad —«
E*leq(Tp,) G(Yrp,» Y)] o S w(z,v) G(w, y)| mppEES Gp,(z,v) dw dv
0
Ad —«
o) Uz, v) wy)| [t Gp,(z,v) dw dv
Y,
:/D U(2,0) Ag 0601 (6”> Gp,(z,v) dv
0
~ / U(2,0) Ag—a 07467 Iy <y g v) Gp,(z,v)dv
a— Ad «
~ d/D /B(y u(z,v |U_w|d+aGD0(z,v)dwdv
0 )

<64 d/ / (z,0) Ad :;_a Gp,(#,v) dw dv
Do L |

54 ey (rpy) ~ 8% dEzeq(TD) ~ 50
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by gaugeability. Here u(z,v) = Ejeq(Tpy\{v}) is the conditional gauge of the
set Dy.

If T,,_1 < Tp, for n > 2, then Yy, | € B(y, ) hence by (4) and Lemma
4.5 we obtain

Gz, y)ES [Ty < ¢, S = Ceq(Q)] < C6*E*[Sp_1 < Tp; €q(Sn-1)]
= C6* BT,y < mp;eg(Tn_1){Tv < Tp;ieq(tv)} 0 br, ]
= C0*E* (T, 1 < p; eq(Tn,l)EYTnfl [Tv < Tp;eq(Tv)]]
<205 E*(T—1 < 7p; eq(Tn_1)]
~ 205 1E*(T,,_1 < Tp; eq(Tn_l)EYTn—l [Tv = Tp; eq(Tu)]]
= QC(Sa_dEm[Tn_l < Tp,Sn—1=Tp;eq(TD)] -

Thus

G(‘r’y) E;/ceQ(C) = G(‘T7y) ZE;;[Tn < C7Sn = C; eQ(C)]

n=1

< CO* (14 Y B [Tt < 7D, St = 705 ¢4(7D)])

n=2

< C6 (1 + E%e,4(7p)) -

Recall that x,y satisfy the conditions d(z, D¢) > 34, d(y,D°) > 36 and
| — y| < diam(D) < co. We obtain (compare [62], Lemma 6.7)

G(z,y) = C'lx —y|*~* > C' (diam(D))* "7,

with C" = C'(D, «, q,6). This clearly ends the proof of Step 1.

Step 2. In this step we remove the condition d(x, D) > 3§ imposed on
x € Din (5).

To do this, assume that y € Ds but d(z, D) < 36. Let U? be as in Step 1.
Denote U = U% \ {y}. Then we have

u(x,y) = E;[TU = (; eq(TU)] + EZ[TU <¢; eq(TU) u(YTva)]

< Ejejg (o) (1+ S w(w,y)) .
w §,WFY

By Step 1 and properties of U?, we obtain the conclusion.

Step 3. In this step we apply the symmetry of the function u(z,y) in
x,y € D to finish the proof of the boundedness of u.

Observe that the symmetry of u along with Step 2 settle the case when
x € D5 and y € Dj. It remains only the case when x # y, z,y € D§.
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To resolve this case, we proceed exactly as in Step 2 to obtain
u(z,y) = Eylrr = G eq(mo)] + Ejltu < eq(to) u(Yey,y)] -

If 7o < ¢ then d(Y;,,D°) > 30 which reduces the proof to the case z €

Ds, y € D§. By Step 2 and symmetry of u, we obtain the conclusion. This
completes the proof of the theorem. ad

Concluding remarks. We like to note that in the proof of CGT for
A ([62]) one first considers conditioning by the boundary (Martin kernel).
The boundedness of the conditional gauge for interior points of the domain
is then obtained as an easy corollary by considering the further evolution
of the Brownian motion till it hits the boundary. For A2 (0 < a < 2),
due to the jumps of the process, the more important is the boundedness
of the conditional gauge in the interior of D (conditioning by the Green
function), and it cannot be obtained easily from the boundary behavior of
the conditional gauge. Instead, we obtain the boundedness of the conditional
gauge on the boundary as an easy corollary by approximation from within
the domain.

We should also observe that the recent advances in the understanding of
the role of the 3G Theorem allow for analytic proofs of CGT in this and
other settings, by using the perturbation series. We refer the reader to [85] for
details, and to [84] for the general perspective on the role of BHP in proving
3G. Such an approach has the advantage of being more explicit, algebraic,
and discrete, paralleling the definition of the exponential function in terms
of the power series, rather than differential equations. On the other hand,
the probabilistic setting allows for intrinsic interpretations and verbalization
of the proofs in terms of mass and trajectories of stochastic processes. The
authors may only wonder which of these two approaches is more the reality,
and which is more the language.

We want to conclude our discussion by mentioning a few directions of
further research. First, it seems important to obtain an approximate factor-
ization of the Green function for general (non-Lipschitz) domains, by using
[38]. Second, it is of interest to study the asymptotics of the Martin kernel
for narrow cones, and use the setup of [5] to complete the results of [111].
Third, it is of paramount importance to give sharp estimates for the transi-
tion density of the killed process. Fourth, it seems important to generalize the
results discussed above to other stable Lévy processes ([40]), to more general
jump type Markov processes, and to more general additive perturbations of
their generators ([36, 52, 102, 82, 83]).



Chapter 3
Nontangential Convergence
for a-harmonic Functions

by M. Ryznar

3.1 Introduction

Let D be the open unit circle in R? and f be a bounded classical harmonic
function on Dj; that is Af = 0 on D. In 1906 Fatou (see [75]) proved that

lim xr) exists a.s.,
m—»QGBDf( )

where the limit is nontangential. That is ¢ — @ € 0D and z € I'g - a
bounded cone with vertex () which is included in D (see picture below).

Littlewood in 1927 (see [120]) proved the sharpness of Fatou’s result. For
any tangential curve v contained in the disk D ending at 1 there is a bounded
harmonic function such that for almost every 6 the limit

lim f(z) does NOT exist.

z—eif xeyetf
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The theorem of Fatou was later extended to much more general domains
in R?. The following authors contributed in solving the problem of the nontan-
gential convergence under various assumptions on the domain D using either
analytical or probabilistic methods: Hunt and Wheeden (1968) [94], Ancona
(1978) [3], Jerison and Kenig (1982) [100], Doob(1984) [71], Bass(1995) [10],
Chen, Durret and Ma (1997) [46].

Theorem 3.1 (Fatou’s Theorem). If f > 0 is a harmonic function on a
Lipschitz domain D, that is Af = 0 on D, then the nontangential (finite)
limit
I
rHCIQIQBD f(:C)
exists a.s. with respect to the surface measure of 0D. The limit has to be
taken nontangentially, that is |x — Q| < td4(D), where t > 0 is fized.

Another problem which may be of interest is the boundary behav-
ior of ratios of positive harmonic functions. Does the nontangential limit
lim,;_.geap % exist? For the unit ball the result was obtained by Doob
(1959) in [72]. The case of Lipschitz bounded domains was considered by Wu
(1978) in [153].
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Theorem 3.2 (Relative Fatou’s Theorem). If f,g > 0 are harmonic
functions on a Lipschitz domain D, that is Af =0 on D, having the Martin
representation f(x) = [, Mp(z, z)u(dz), g(x) = [,, Mp(z, z)v(dz), where
Mp(x, z) is the Martin kernel of D and p,v are finite positive measures on
0D. Then the nontangential (finite) limit

f(z)

im
z—QeaD g(x)
exists a.s. with respect to the measure v.

A natural question arises if both Fatou’s theorems could be proved for
a-harmonic function, 0 < a < 2 (for the definition see the next section).

The following example exhibits that the behavior of the a-harmonic func-
tions, o < 2, is less regular than in the classical case.

Example 3.3. Let a < 2. Suppose that D is the open unit ball in RY. Then
the function
fla) =1~z Jaf <1

fl@) =0, |z[>1

is a-harmonic in D and

2y (@) = oo

Bass and You (2003) in [15] provide examples of positive bounded a-
harmonic functions on a half-space such that the nontangential limit does
not exist at almost all points of the boundary. They also gave some sufficient
conditions for the nontangential convergence.

There are probabilistic proofs of the Fatou theorem taking the advantage
of the fact that for harmonic f > 0 and a Brownian motion Wy,

Mt = f(Wt/\TD)

is a positive supermartingale and Wi, hits the boundary at the exiting
time 7p.

Let us remark that for the a-stable process, a < 2, due to its jumping
nature, this argument can not be applied. Nevertheless it turns out that the
relative Fatou theorem for a-harmonic functions holds at least for some points
of the boundary but we need to impose some further assumptions on the
functions (see Theorem 3.4). Namely we need to consider so called singular
a-harmonic functions, which are precisely defined in the next section.
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3.2 Basic Definitions and Properties

We assume that (X, P*) is a rotation invariant (isotropic) a-stable Lévy mo-
tion on R%, d > 2 with index a € (0,2). That is it has independent stationary
increments and its characteristic function is given by the following formula:

P — «
EVei=Xe — ¢=t2I" 5 e RY,

For an open set D C R? we define its first exit time 7p = inf{t > 0: X; ¢
D}. One of the basic objects in the potential theory of the stable process is
the so-called a-harmonic measure of D given by

wh(B) = P*(X,, € B), BC D, xcR

Recall that an open D is a Lipschitz set if there exist constants Ry (local-
ization radius) and A > 0 (Lipschitz constant) such that for every @ € 9D
there is a function F : R~! — R and an orthonormal coordinate system
y = (y1, ..., ya) such that

Dn B(Q,Ro) = {y T Ya > F(yl, ...,ydfl)} N B(Q,Ro)

Moreover F' is Lipschitz with the Lipschitz constant not greater than A.
If F is differentiable and VF' is Lipschitz with the Lipschitz constant not
greater than )\ then D is called a C'1! set.

Fig. 3.1 Typical
Lipschitz domain
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If D is a bounded Lipschitz set then wf,(0D) = 0 and w¥, has the density
with respect to the Lebesgue measure called the Poisson kernel of D,

PD(xay)v $€D7y€ (D)C

When D = B(0,r), r > 0, the Poisson kernel is given by an explicit
formula:

r? — |z|?

a/2 1
Pr(x7y):Cd,a ( ) |l‘7y|d7 |(E| <, |y| >,

ly[* —r?
where Cy o = I'(d/2)7~%2 L sin(mar/2) (see [25]).

A Borel function  on R? is said to be a-harmonic on D if for each bounded
open set B with B C D and for x € B we have

h(z) = E*h(X.p),

where the last integral is absolutely convergent. If h = 0 on D¢ then it is
called singular a-harmonic on D. On the other hand & is called regular
a-harmonic on D if

h(z) = B°h(X.p).

For example the harmonic measure w¥, (B) for a fixed B is regular cc-harmonic
on D as a function of x.
We define the Riesz potential by the formula

Ulx—y) = / pi(x —y)dt = Agolz —y|*™ %,
0

where p;(z — y) is the transition density of the process X; and Ag, is a
positive constant dependent on d, a.
The Green function of D is defined as

GD(I,y) = Ad7_a(|$ - y|a7d - Ez|y - XTD|a7d)a x,y € Da Y 7é Y.
A very important result in the potential theory of the stable process is

Boundary Harnack Principle (BHP). Let D be a Lipschitz domain and
U an open subset of R?, K a compact subset of U such that K N D # (.
There exists ¢, € (0,00) such that for every u,v > 0, a-harmonic in D and
vanishing continuously on D¢ NU, with u(xg) = v(xg) for fized o € K we
have

cov(y) < uly) < ¢, v(y),

forallye KND.

This result was proved by Bogdan [27]. See also [150].
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Another important object of the potential theory is the so-called Martin
kernel. It may be defined as the following limit, which exists due to BHP:

M(z,z) = lim Gop(z,y)

,x€D,ze€dD,
D3y—=z G'p(xo,y)

where zg € D is a reference point chosen at our convenience.
Every nonnegative singular a-harmonic function on D has a unique rep-
resentation called the Martin representation. That is

f@)= | Mz, z)p(dz),
0D

where y is a finite measure on D (see Chen and Song (1998) [50] or Bogdan
(1999)[28]).
For the unit ball and xy = 0:

(1~ Ja?)e?

M(z,z) = P

L fal < 13l = 1.

Let us observe that taking the uniform measure on the unit sphere one
can easily show that the function

fla)= (1 —[a)**Y el <1 fla)=0, |z[=1,

is an example of a singular a-harmonic function on the unit ball. Recall that
this is the function from Example 3.3.

3.3 Relative Fatou Theorem for a-Harmonic Functions

Throughout the whole section we assume that D is a Lipschitz bounded set
unless stated otherwise. Suppose that u(z), v(z) are two nonnegative singular
a-harmonic functions, 0 < a < 2, determined by two Borel finite measures
concentrated on dD. That is

u(z) = Mz, z)pu(dz), wv(z)= M(x, z)v(dz).
oD oD

Next we can write the following decomposition of the measure p(dz):
dp = fdv + dps,

where j14 is singular to v and f € L*(v) is a positive function.

The first result about the boundary limit behavior of the ratio of u(x) and
v(z) was obtained by Bogdan and Dyda (2003) in [34] for the special case
du = fdo, where o is the Haussdorff surface measure concentrated on 9D for
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a bounded C'! open set. They showed that for o-almost every point Q € 0D
we have
lim u(@)
z—Q v(x)

= f(Q),

provided that the limit is taken nontangentially. Then that result was gener-
alized independently to the general setting for Lipschitz sets by Michalik and
Ryznar 2004 [124] and Kim (2006) [101]. As a matter of fact Kim in [101]
studied even more general sets than Lipschitz: namely he considered so called
k-fat sets (see Remark 3.5 below)

Theorem 3.4. For v-almost every point QQ € 0D we have

()
lim 250~ /(@)

e

as x — @ nontangentially.

The methods used in [124] and [101] to prove Theorem 3.4 are different.
While the proof in [124] is mostly analytical then [101] uses more probabilistic
arguments. In the rest of this section we provide the outline of the proof from
[124]. We start with reminding some estimates of the Martin kernel and then
we provide the proof of the maximal estimate (see Lemma 3.6) which is the
main tool in establishing Theorem 3.4.

Useful Estimates for Martin Kernel
The basic estimates for M were obtained by Jakubowski (2002) in [98].
Before stating this result we need to define points Ag ., @ € 0D,r > 0. Let
xo € D be a fixed reference point. For r < Ry/32 we denote by Ag , a point
for which
B(Ag,r,kr) C B(Q,m)ND (3.1)

for a certain absolute constant k = k(D) = 1/(2v/1 4 A2). For r > R(/32
we set Ag, = x1, where z1 € D is such that |xg — 21| = Ro/4. The picture
below explains how to locate Ag ;.
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Remark 3.5. There are non-Lipschitz sets for which the property (3.1) holds
with some k and 0 < r < rq. Sets for which (3.1) holds are called k-fat.

The above mentioned result from [98] states that

o() P(z)
C|£E e (A ) < M(z,2) < C|x e (A )

(3.2)

where ¢, C' depend on d, a, A and
¢(x) = min(Gp(z, xo), dea(Ro/Zl)o‘*d).

If D is a Ct! domain then Kulezycki (1997) in [109], Chen and Song (1998)
in [51] showed that

a/2 a/2
M < M(sz) < CM

PR PR
where 0, (D) = dist (0D, x).

To take advantage of (3.2) one has to estimate the function ¢(x). This can
be achieved by considering cones and their Martin kernels (see [5]).

An unbounded circular cone with vertex at 0 = (0,0, ...,0) and symmetric
with respect to the d-th axis is a set I' defined as

F={z:n-|(z1,22, .., 24-1)| < xa},

where 7 € (—00,00), see Figure 3.2 below. The aperture of T' is the angle
~ = arccos(n/+/1 4+ n?) € (0, ).

Let T’ be a cone with vertex at 0 and aperture v € (0,7). Assume that
1=(0,0,...,0,1). From Bogdan and Banuelos (2003) [5] there exists a unique
nonnegative function Mr on R¢ the Martin kernel with pole at infinity called
such that Mp(1) = 1, Mr = 0 on I' and Mp is regular a-harmonic on
every open bounded subset of I'. Moreover, Mr is locally bounded on R% and
homogeneous of degree ( € [0, «), that is,

Mr(z) = |z|’ Mr(z/|z|), = €T.

Furthermore, 8 = (T, ) called the characteristic of T is a strictly decreasing
function of v. An exact relationship between the aperture and the charac-
teristic of T is not well known except a few cases including v = 7/2, that is
when T is a half-space. In this case M (z) = :z:g/Z,x el,sof=a/2

For a cone I" with vertex at @ (obviously isometric to some cone with
vertex at 0) we define a bounded cone I'), =T'N B(Q, 7). For any Q € 0D, by
the properties of Lipschitz sets we know that there exists 2y > 0 such that

for every r < Ry there exist cones I', " such that
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0

Fig. 3.2 Bounded and unbounded circular cones

0

Fig. 3.3 Inner cone and covering cone

' c DNB(Q,Ry) CT,.

Here 3, ﬁ may depend locally on I',r. We will call I, an inner bounded cone
and ', a covering bounded cone (see Figure 3.3).

There are rg and [y, Eo such that cones with characteristic Sy > Eo, re-
spectively, are universal for every boundary point:

B(Ag,ry, kro) C Ty C fm
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and B
r,, C B(Q,ro)NDCT,,.

These observations enable a comparison between the function ¢ and the Mar-
tin kernels of the inner bounded cone or the covering bounded cone locally
at the vicinity of @ or globally if we use cones with characteristics By > So.
The Boundary Harnack Principle together with optimal estimates of Martin
kernels for cones (see [123]) give tools to get useful estimates for the Martin
kernel M(z, z) of D. For the proofs of following Lemmas 3.6, 3.8 and 3.9 see
[124].

Lemma 3.6. Let » < Ry. For Q € 0D consider an inner bounded cone
[y and a covering bounded cone I, with characteristics 8,3 . Moreover, let
| — Q| < |z — z|. Then there exist constants ¢ = c(r,D,3,5) and C =
C(T,D,ﬁ,ﬁ) such that

2= QN M,z _ (=@
c(|m—z|) SM(m,@SC(m—a) |

Corollary 3.7. Let z,2' € 0D, € D and |v — 2'| < |z — z| . There are

universal By > Py both smaller than o such that there exist constants ¢ =
¢(Ro, D, By, Bo) and C = C(Ry, D, By, Bo) such that

|z — 2| d—a+20 M(z, z) |z — 2| d—a+2830
c < ——<C .
|z — 2| M(z,2') |z — 2|
Lemma 3.8. Let r < Rg. For Q € 0D consider an inner bounded cone T',.
and a covering bounded cone T',.. Moreover, let |z — Q| < 2|z —z|. Then there

exist constants ¢ = c(r, D, 8, 3) and C' = C(r, D, B, 3) such that

¢(z) ()
|z — zd—at26 ~ M(z,z) < C|x — z|d—a+28"

Furthermore, if B = [y and B = BO then ¢ = c(RmD,BO,B})) and C =
C(Ro, D, o, o). In this case the above estimates hold for all z € 0D,z € D.

Lemma 3.9. Ifv(z) = [,, M v(dz) then

liminfu(z) >0

z—Q

for v almost all Q provided the limit is nontangential.

As an immediate consequence of the above lemma and the well known fact

Gp(x,z9) =0 ifz—Q
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we have that

GD (.’E, xO)
v(x)
for v almost all @ provided the limit is nontangential.
Now we can easily show that if du = fdr and f is continuous at @ then

the ratio of u and v converges to f for all such points @ that (3.3) holds. To
see this we define

—0 asz—Q (3.3)

hiz) = [ £) ~ FQM (. (),
aDN{|z=Q|=¢}

L) = / F(2) — F(Q)M(x, 2)v(dz).
ODN{|z—Q|<e}

and then

u(z) —f(Q)’ < Jop |1 (2) = F(Q)|M(z, z)v(dz)
v(x) v(x)

_ NL(z)  Ix(x)

-~ w(x) + v(z)

At first we estimate the term 21((;”)). By Lemma 3.4,

¢ G,

M(z,z) < C o Z|Elx)a+250 <C z L;Tfj?rlﬁo .
If |z — Q| > e and |z — Q| <&/2 then |x — z| > /2. This implies

M(z,z) < C(e)Gp(x, x0).
Hence
I(x) = / £(2) — F@QIM(z, 2)u(dz)
oD {|2-Q|>e}
< CE)ulGp(z, z0) / () — F@)I(da),
oD

which together with (3.3) shows that

—0, asz— Q. (3.4)

Observe that the above limit holds without the continuity assumption.
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Next, note that

Ir(x) < sup [f(2) = f(Q)lv(x)

[2—Q|<e

hence

o(2) < lzfgﬁ)ge\f(z) - f(@Q)—0, ase—0

by the continuity of f at Q.
To provide the proof of the relative Fatou theorem in the general case we
need the following crucial lemma.

Lemma 3.10 (Nontangential Maximal Estimate). Suppose that

u(x) = M(z,2)u(dz), v(x)= M(z, 2)v(dz).
oD aD

For any x € D, Q € 9D and t > 0 such that |v — Q| < t8,(D) there exist
constants C = C(t,Q), ¢ = c(t,Q) such that

Proof. For n > 1 set
Bn = B(Q7 2n|1, - QD

and
AlzBlv An:Bn\Bn717nZ2

If z € Ay then

o~ QI/t <8, <o — 2 <3z — Q.
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If z € A,, then
@ =Dlr - QI <o -2 < @+ Dz - Q.

Define a,, = sup,c 4, M(z,z2), 2z € A, and observe that by Lemma 3.2

anp = M(z,2),z € Ay,
If 2/ € A, and z € Ay, k > n then

|z — 2’| < 4|z — z|.

Hence by Lemma 3.2 we obtain

M(z,2) < CM(z,2")

for some C' > 1 dependent on t and Q. It implies that ax < Ca, for k > n
and for
b, =supag, n>1,
k>n

this yields
a, <b, <Ca,.

Then we obtain

oD

no
u(z) = M(z,z)p(dz) = Z/A M (z, z)p(dz)
n=1 n
no
~ Z anft(An)
n=1
ng
~ Z bn,U(An)v
n=1
where ng be the smallest index for which 2|z — Q| > diam(D). Denote

R — o MBQ.T)

r>0 V(B(Qv 7"))

Now summation by parts yields (note that b, is nonincreasing):

u(x) ~ anp(An) =

(- bn)/:g”;y(Bn) + b
n=2 n
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<R (i(bnl - bn)V(Bn) + bnoV(Bn0)>

n=2
=R> byv(Ay)
n=1
~ Ru(z). O

Now we can complete the proof of Theorem 3.4. Let f(dz) = |f(z) —
f(Q)|v(dz) + ps(dz). Then

u(z)
v(x)

. f(Q)] < [ M@ i) /o)

0D
M(x, z)p(dz)/v(x
< /a ooy, M@ 20 0(2)

Mz, z)p(dz)/v(x).
+ /a o M 2 012)

The first term converges to 0, by the same argument as leading to (3.4),
if + — @ and (3.3) holds. To take care of the second term we apply the
Maximal Inequality to arrive at

/ M(z, 2)ii(dz)/v(z)
oDN{|z—Q|<e}

<C ( faDmB(Q,r) £ (2) = £(Q)[v(dz) Ms(B(Qﬂ”)))

o W(B(Q.1) L BQ.)

Next, observe that the set of points ) for which the limit

(Sup faDmB(Qm) |f(2) = f(@)|v(dz) + sup ws(B(Q, 1))

r<e V(B(Q7T)) r<e Z/(B(Q,T’))

lim
e—0

) 40 (3.5)

is of v measure zero. This completes the sketch of the proof of Theorem 3.4.

Note that the advantage of the above proof is that we can identify the
points Q € AD for which the ratio converges. Namely these are points for
which (3.3) and (3.5) hold.

3.4 Extensions to Other Processes

At first we consider the relativistic a-stable process 0 < a < 2. This is a Lévy
process which characteristic function is of the form

EOeiZ'Yt — e_t((lzlz+m2/a)a/2_m)7 z € Rd7
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where m > 0 is a parameter (see also Example 5.9 below). For m = 0 it
reduces to the isotropic a-stable process. The generator of this process is
given by

A, =m— (—A—i—mz/o‘)a/z.

To explain the name relativistic observe that if & = 1 the generator is related
to the kinetic energy of the relativistic particle of mass m, see [45]. If vy is
the Lévy measure of Y; and vy is the Lévy measure of X; (isotropic stable)
then (see [134]) vx — vy is a finite positive measure, which is equivalent to
the fact that A,, — Ag is a bounded operator. It suggests that the potential
theory of such a process should bear a lot of similarity with the potential
theory of the stable process. This is the case if we study properties of the
process killed after exiting a bounded open set.

Theorem 3.11 (Green Function Estimates). Let D be an open Lips-
chitz bounded set. There is a positive constant C = C(D) such that

C'Gp(x,y) < Gp(z,y) < CGpH(x,y), w,y€ D, (3.6)
where G, GY, are corresponding Green functions of D.

Remark 3.12. The comparison above may not hold for unbounded sets. In
the paper [83] optimal estimates for the Green function of a half-space are
derived and they exhibit that the Green function is comparable to the Brown-
ian Green function for the points away from the boundary and not too close
to each other.

For a bounded open C'*! set D the comparison (3.6) was proved by Ryznar
(2002) [134] and by another method by Chen and Song (2003) [53]. Later on
that result was proved for bounded open Lipschitz sets by Grzywny, Ryznar
(2006) [82] and for k-fat sets by Kim and Lee (2006) [102].

This estimate plus some other properties of the Lévy measure of Y will
allow to study potential theory for the relativistic process very much the
same as for the stable process provided that D is bounded and Lipschitz. For
example one can prove the existence of the Martin kernel of D for the process
Y and show that relative Fatou’s theorem holds for nonnegative functions
defined by the Martin kernel M} (z, 2):

h(z) = - MY (z, 2)p(dz).

Such a result for example was proved in [101] and [102], where a class of
nonlocal Feynman-Kac transforms of the stable process was studied. The
relativistic stable process is included in this class. It is easy to see that the
proof presented in the previous section will go through in the relativistic case
since due to Theorem 3.11 we are able to derive all needed estimates for the
Martin kernel of Y.
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Theorem 4.1 suggests that we should expect a similar result if we take
as Y; any Lévy process with its Lévy measure sufficiently close to the Lévy
measure vx. Let

EO0¢i=Ye — gt Jpa(1=cos(zw))vy (dw)
where vy is the Lévy measure of Y; and we assume that
vy —Ux is a finite signed measure.
Question. Is there a positive constant C' such that
C71GE(2,y) < GH(z,y) < CGH(x,y), x,y€D?
Theorem 3.13. Suppose that D is an open bounded set. If vx > vy then
GY(2,) < CGH(z,y).

If vx < vy then
Gp(x,y) < CGh(x,y)

This result was proved by Grzywny and Ryznar (2006) in [82]. Under the
additional assumption about the densities vx (x), vy (x) of the corresponding
Lévy measures:

vx (@) = vy (2) < Cla|~"¢, J2[ <1, 0>0,

the answer for the raised question is positive but we need to assume that D
is bounded Lipschitz and connected (see [82]). Namely there is a constant C
such that

CT'GP(z,y) < Gh(z,y) < CGH(z,y), =z,y€ D.

The assumption that D is connected is not to avoid, since the Lévy measure
vy can be concentrated on some neighborhood of the origin so the process
can only make small jumps, so Gp(z,y) might be 0 if D has components far
away from each other. This will not happen for the stable case.

For open bounded k-fat sets the result can be deduced under some ad-
ditional assumptions on the behavior of the Lévy measure at oo from the
results of Kim and Lee (2006) [102].

The comparability of the Green functions allows to prove many properties
similar to those possessed by the stable process. Again we can expect the
relative Fatou theorem holds however some further assumptions are necessary.
For example for the truncated stable process, that is if vy = vx|p,r), R >
0, the relative Fatou theorem is true for connected bounded « - fat sets. This
is a recent result obtained by Kim and Song in [104](see also [103]).



Chapter 4
Eigenvalues and Eigenfunctions for Stable
Processes

by T. Kulczycki

4.1 Introduction

Let X; be a symmetric a-stable process in R?, o € (0, 2]. This is a process with
independent and stationary increments and characteristic function E%e*Xt =
e " ¢ e RY, ¢t > 0. We will use E*, P* to denote the expectation and
probability of this process starting at x, respectively. By p(t, z,y) = pi(x —y)
we will denote the transition density of this process. That is,

P*(Xy € B) = / p(t, z,y) dy.
B

When o = 2 the process X; is just the Brownian motion in R? running at
twice the speed. That is, if & = 2 then

1 *ll";ty\z
(47rt)d/26 '

p(2)(t,x,y) = t>0, z,y € R (4.1)

When « = 1, the process X; is the Cauchy process in R? whose transition
densities are given by

&) - ca’
p (t’%y) (t2+ |x_y|2)(d+1)/2’

t>0, z,y € RY, (4.2)

where
ca =T ((d+1)/2)/xd+D/2,

We are mainly interested in the eigenvalues and eigenfunctions of the
semigroup { PP };>0 of the process X; killed upon exiting a domain D C R%.
Let D C R? be a domain with finite Lebesgue measure m(D) < co and

mp=inf{t >0: X, ¢ D}

K. Bogdan et al., Potential Analysis of Stable Processes and its Extensions, 73
Lecture Notes in Mathematics 1980, DOI 10.1007/978-3-642-02141-1_4,
(© Springer-Verlag Berlin Heidelberg 2009
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be the first exit time of D. By {PP};>¢ we denote the semigroup on L*(D)
of X; killed upon exiting D. That is,

PP f(z) = E*(f(X,),7p > 1), ze€ D, t>0, feL*D).

The semigroup has transition densities pp (¢, x,y) satisfying

PP f(x) = / po(t,2.y) £ () dy.
D

The kernel pp(t,x,y) is strictly positive symmetric and
p(t,z,y) < pt,e,y) < caat™*, zyeD, t>0.

It follows that
/ / ph(t,z,y) dedy < c, 4t *m(D)?
DJD

so for any ¢ > 0 the operator PP is a Hilbert-Schmidt operator. Hence for
any t > 0 the operator PP is compact. From the general theory of semigroups
it follows that there exists an orthonormal basis of eigenfunctions {p,}52
for L?(D) and corresponding eigenvalues {\, }°; satisfying

0< A <A< A<
with A, — 00 as n — oo. That is, the pair {p,, A\, } satisfies
PPy, (x) =e Mo, (x), z€D, t>0. (4.3)
We also have

p(t,x,y) = Ze "o (@) on (y).

The eigenfunctions ¢,, are continuous and bounded on D. In addition, A\;
is simple and the corresponding eigenfunction ¢;, often called the ground
state eigenfunction, is strictly positive on D. For more general properties of
the semigroups { PP };>0, see [79], [24], [54].

Let A be the infinitesimal generator of the semigroup { PP };>o. We have

t—0 t
—Ant
. e nl __ 1
= lim ————¢n(2)

= _)\n(pn(x)-
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For any ¢ > 0 we also have

| _ e/\nt

|on (@)

[ pott..pyents dy‘

< e/\ntH(anoo/ po(t,z,y)dy
D

= ||l P* (1D > 1) — 0,

when * — xg € 9D and xg is a regular point. We say that zg € 9D is a
regular point when P§(7p = 0) = 1. It may be shown that if D satisfies the
outer cone condition at g € D then zg is regular.

It follows that if all points on 9D are regular we have

App(z) = —Ap(x), x € D
on(x) =0, x € 0dD.

When a = 2 and X, is Brownian motion the semigroup {PP};>¢ is just
the heat semigroup. Figenvalues and eigenfunctions are the solutions of the
eigenvalue problem for the Dirichlet Laplacian :

App(x) = —Ap(z), 2 € D
on(z) =0, x € 0dD.

For example when D = (0, 7)

on(z) = MSin(nx), A = n2.

Indeed
sin”(nx) = —n?sin(nzx), sin(0) = sin(nw) = 0.

In particular the first eigenfunction is strictly positive on D = (0, )
p1(x) = \/2/7sin(x).

The second eigenfunction changes the sign once on D = (0,7)

pa(w) = /2/msin(2a).

Let us observe that eigenfunctions in this example satisfy the following
property: nth eigenfunction ,, has exactly n nodal domains. A nodal domain
for an eigenfunction ¢ is any connected component of a set on which ¢ has
a constant sign.
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In general, the eigenfunctions of the eigenvalue problem for the Dirichlet
Laplacian satisfies the Courant-Hilbert nodal domain theorem, which states
that the n-th eigenfunction has no more than n nodal domains.

When « € (0,2) eigenfunctions and eigenvalues satisfy

—(=A)*%p,(z) = —\,(z), 2 €D

4.4
on(x) =0, x € D¢, (4.4)

where
fly) = f@) ,

_x‘d+oz

—(=2)*2f(x) = lim Ag—q /

elo lz—y|>e ‘y
with A, = T((d — 7)/2)/(277%?|T(7/2)|). Nevertheless, in the case a €
(0,2) the operator —(—A)®/2 is a pseudodifferential nonlocal operator and
it is very difficult to obtain some properties of the semigroup and its eigen-
functions and eigenvalues using equations (4.4).

4.2 Intrinsic Ultracontractivity (IU)

Intrinsic ultracontractivity is the property of the semigroup which is very
useful in studying spectral properties of the eigenvalues and eigenfunctions

cf. [6].

Definition 4.1. The semigroup {PP}i>o is intrinsically ultracontractive
(TU) when for any t > 0 there exists ¢; such that for any x,y € D we
have

VE>03c; <ooVr,y €D pp(t,z,y) < crpr(x)er(y).

There are many other well known equivalent definitions of IU. We present
probabilistic definition of IU which will be very useful in studying semigroups
for stable processes.

Proposition 4.1. The semigroup {PP}i>o is TU if and only if
dJKCCDVYt>03c=cxpVreD Prp>t)<cP(tp>tX:€K).

The following very important result is proved in [110].

Theorem 4.2. When o € (0,2) and D C R? is bounded then {PP};>o
1s TU.

Proof. (idea) Let us fix K = B(xo,) such that K C D and let us denote
K1 = B(xg,7/2). We will use ¢ to denote positive constant which depend on
t>0,d, D, K and «. This constant may change its value from line to line.
We have for x € D
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P®(tp >t, X, € K)
= P*(tp\k, <1, X(Tp\k,) € K1, Xs in K for all s € (Tp\x,, To\ K, + 1))
> CPm(TD\[(1 < t,X(TD\Kl) € Kl)

By the Ikeda-Watanabe formula ([96]) it equals for x € D\ K;

Aqg
//pD\K1 s, 2,y) ds = |d+adydz

We have |y — z|~4~% > (diam(D))~?~* so the above expression is bounded

below by
t
C/ / pD\K1(57xay)dyds
D JO

¢
> c/ P*(tp\k, > s)ds
0

Z Cth(TD\Kl > t)
It follows that for x € D

P*(7p > t) < P*(tp\, > )+ P*(tp\k, < £, X (mp\x,) € K1)
< cP%(tp >t,X; € K). -

We have -
pD(tw,y):/ e M o () (y).
0

It follows that

pD(t,x,y) — e~ (An —Al)t@n(‘r)(pn(y)
Mgy (@)1 () ”Z o1 @)1 ()

Proposition 4.3 (Consequences of IU). Let a € (0,2) and D C R? is a
bounded open set. Then
i)
lim 417?(15796,9)
100 e~ Mty (2)p1(y)
i) 3C = C(D,a) Vt > 1

=1.

_pothmy) | e
~ awep e Mor(x)o1(y) | T

The next theorem proved in [110] gives asymptotic of .
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Theorem 4.4. Let a € (0,2) and D C R is a bounded open set. Then there
exist constants C, = C1(D, «), Co = Co(D, a) such that for all x € D

C1E*(1p) < p1(x) < C2E"(1p).

This theorem implies that for a € (0,2) when D = B(0,r) is a ball in R?
we have

p1(x) = E*(1p) = ca,alr® —[af*)*/,

when D = B(0,r) is a ball in R?,
p1(x) = E*(7p) = 53/ (2),

when D is a bounded C*! domain (6p(x) = dist(z,dD)),
c1d) () < pi(x) < 205 (@),

when D is a bounded Lipschitz domain, ¢, ca, 71,72 > 0 depend on D and a.

Intrinsic ultracontractivity may be investigated for some other semigroups
e.g. Feynman-Kac semigroups in R? with Schrédinger generators Hy — V/
where V : R — R is a potential. Recently the following result has been
obtained for relativistic a-stable processes. The relativistic a-stable process
in R? is a Markov process with independent and homogeneous increments
and the characteristic function of the form

B (exp(i€ X)) = exp (—t((m¥/ +[¢)*/2 = m))

m > 0.
The following result was proved in [112].

Theorem 4.5. Let o € (0,2), d > «. Let X; be a relativistic a-stable pro-
cess and {T;}1>0 a Feynman-Kac semigroup for X, with generator —((—A +
m?/@)a/2=m) _V where potential V(z) = |z|?, 3 > 0. We have
i) Ty are compact for any 8 > 0,
it) {Ti}e>o0 s IU if and only if B > 1,
iii) for B> 1
exp(—m"/*|z|)
p1(z) ~ :
(2] + 1)@+a+25+D)/2

4.3 Steklov Problem

IU gives some general properties of the first and consecutive eigenfunctions
for the semigroup of symmetric a-stable processes. Nevertheless we do not
know many fine properties of eigenvalues and eigenfunctions which are known
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for eigenvalues and eigenfunctions of Dirichlet Laplacian (a € (0,2)). Even
in the most simple geometric case when D = (—1,1) we do not know almost
any properties.

A very simple question is the following. What can be said about the second
eigenfunction @57 How many zeroes has this function on (—1,1)7

Some answers were obtained for the Cauchy process (symmetric a-stable
process for a« = 1). This was done in [7] by using the connection of the
spectral problem for this process and the Steklov problem.

The connection between the eigenvalue problem for the Cauchy process
and the Steklov problem arises as follows.

Let us consider the following construction. Let D = (—1,1) and ¢, A,
be eigenvalues and eigenfunctions for the semigroup of the Cauchy process
(i.e. a-stable process for o = 1) killed on exiting D. ¢,, are defined on D but
let us defined them on R by putting ¢, () = 0 for x € D¢. Since |, (x)| <
cnr(z) = (1 —|2?)/2 on D we get that ¢, is continuous on R.

Let

H = {(z,t): x € Rt >0}

be the upper half-space. Let us also denote H = {(z,t) : « € R4t > 0}.
We define functions u,,(x,t) for (z,¢) € H in the following way. For ¢ = 0 we
put u,(z,0) = ¢, (x). For t > 0 we put

wnlaent) = [ plt.. ) do

where p(t,z,y) is the transition density for the Cauchy process (a-stable
process for a = 1). Let us recall that

1 t

;m, t>07 x,yER

p(t,z,y) =
Since ¢,, are continuous on R we obtain that w,, are continuous on H.

A very important fact is that the transition density for the Cauchy process
p(t,x,y) is the Poisson kernel for upper half-space H for classical harmonic
measure. More precisely p(t, z, y) is the Poisson kernel for points (y,t) € Hy,
(z,0) € O0H. It follows that w, (x,t) is harmonic for (z,t) € H, for Laplacian

2 2 .
A= % + % in R2.
It can also be shown that

Oouy,

W(m, 0) = —Aqun(x,0).

Heuristically it can be verified as follows

aun T Un (1'7 t) - un(x, 0)
g (@0 = lim t

t—0T JRrd t
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— lim Cd/ Qpn(y) — @n(x dy
Re (

0t a2 4o — )

= —(~8)"p0(2)
= _)\n@n(m)-

The precise proof may be find in [7] (proof of Theorem 1.1).
Therefore u, (z,t) satisfy

Aun(xat) = 0; (.’B,t) € H+7 (45>
%(w, 0) = =\pun(z,0); xeD (4.6)
Un (2,0) = 0; x € D, (4.7)

This problem is known as the mized Steklov problem.
Using this connection the following result has been obtained [7].

Theorem 4.6. Let « = 1, D = (—1,1) and let @,, A\, be eigenvalues and
eigenfunctions for the semigroup of the Cauchy process (i.e. a-stable process
for o= 1) killed on exiting D. Then we have

i) 1 < X\ < 1.17, ¢ is positive, symmetric, increasing on (—1,0), decreas-
ing on (0,1) and concave on (—1,1),

i) 2 < Ao <, o is antisymmetric and (up to a sign) negative and convex
on (—1,0), positive and concave on (0,1),

iii) 3.4 < A3 < 37/2, @3 is symmelric and has 2 zeroes on (—1,1),

iv) the spectral gap satisfies Ao — A1 > A\ > 1,

v) o has no more than 2n — 2 zeroes on (—1,1).

The Steklov problem is known for many years and belongs to classical prob-
lems in spectral theory, although is less known then Dirichlet or Neumann
problems. In the famous R. Courant and D. Hilbert book [63], it appears as
the spectral problem in boundary conditions.

If Q is a bounded domain in R%, we write its boundary 9 as the dis-
joint union of two pieces, (9Q2); and (9€)2, and the classical “mized Steklov”
eigenvalue problem ([88], [68], [70]) is the following mixed boundary value
problem:

Auy(z) = 0; z €, (4.8)
‘98“; (2) = —enun(2); 2 € (OQ);. (4.9)
un(z) = 0; z € (082, (4.10)

where A = 25:1 68—; and % is the inner normal derivative. The basic differ-
ence between our Steklov problems and the classical one in that our domain

is unbounded.
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The problem similar to the Steklov problem is considered also in hydro-
dynamics. Let us consider the following problem.

Auy(x) = 0; x €, (4.11)
ou,, B .

W(a:) = —Apun(2); xz € F. (4.12)
My,

where Q C R? = {z = (21,22,23) : 3 < 0}, F = 90N {x = (21,72, 23) :
x3 = 0}, and B is the rest of the boundary of Q i.e. B = 92\ F. The problem
(4.11 - 4.13) describes small oscillations of an ideal fluid in a container €.
The fluid occupies the whole container 2. B is the bottom of the container
and F' is the fluid’s free surface where the fluid can oscillate. We assume
that the fluid is incompressible, inviscid and irrotational. Then Vu, () is the
maximal amplitude of the velocity of the fluid at the point . This problem
has been widely studied see e.g. [108], [115].

4.4 Eigenvalue Estimates

Z.-Q. Chen and R. Song obtained some very interesting two-sided eigenvalue
estimates [57]. They obtained their result for a very wide class of subordinate
Markov processes. Here we only present their results for symmetric a-stable
processes. Their main result for these processes is the following (cf. Example
5.1 [57)).

Theorem 4.7. Fiz o € (0,2) and let D C R? be an open bounded set. Let
{An}52, be eigenvalues of the semigroup {PP};>0 and {u,}22, be eigen-
values of the semigroup {PP}i>0 for the Brownian motion (in other words
{pn 352 are eigenvalues for the Dirichlet Laplacian).

Then we have

i)

An < 225

it) if additionally D is a convex bounded domain,
1 a/2 a/2

The method of the proof is very interesting. Two processes are considered.
The first one is Brownian motion subordinated by the stable subordinator
(the symmetric stable process ) killed by leaving a domain. The second one
is Brownian motion killed by leaving a domain and then subordinated by the
stable subordinator. The main result is obtained by comparing the quadratic
forms of these two processes.
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4.5 Generalized Isoperimetric Inequalities

Theorem 4.8. Let us fir o € (0,2]. Let D C RY be a bounded domain, D*
the ball in R* with the same volume as D. Then we have

A (D*) < M\ (D).
This theorem states that among all sets of equal volume the smallest first
eigenvalue has the ball. It is well known for many years.

Proof. (idea) It is well known that for any z € D
.1
M(D) =— thm n log(P®(tp > t)).

We can and do assume that 0 € D and D* has center at 0. We have

P(rp>t)= lim PY(X: €D, Xz €D,...,Xm €D,)

m— 00 m

// /p% 3?1 pt xg—xl)...pﬁ(mm—mm,l)dxldacg...dﬂcm

D

/ / / t (21 pt (xo —21)...p"% (Tm — Tim—1) dxy das ... dop,
:/ / / p%(xl)p%(xg—xl)...pﬁ(aﬁm—xm_l)dazldmg...dxm.

f*(z) denotes here a symmetric decreasing rearrangement of f(x). Since py(z)
is radial and radially decreasing we have pj(z) = p:(z).
It follows that

A (D) = — lim %log(Po(TD > t))

t—oo
1
> —tlim n log(P°(1p- > 1))
=\ (DY) O

The estimates of the spectral gap Ay — \;.
Let a € (0,2] and D C R be a bounded domain. Let us recall that there
exists C'(D, «) such that for all £ > 1 we have

po(t,z,y)

< —— 1| < 0D, e~ (A=At
S e @) () D,a)

In other words the spectral gap Ao — A1 measures the rate how quickly

po(t,2,y)/ (e p1(2)p1(y)) tends to 1.
The spectral gap for Laplacian and Schrédinger operator has been investi-

gated for many years. Motivated by problems concerning the behavior of free
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Boson gases M. van den Berg made the following conjecture for all convex
domains D C R? and convex and nonnegatives V : D — [0, 00)

372

Ay = A > o (4.14)
D

where dp = diam(D) and A}, A} are the first and the second eigenvalue for
the following eigenvalue problem for Schrédinger operator on D

{Awn(x) = V(@)pn(z) = =Anpn(z); €D,
en(x) =0; x€dD.

The case V' = 0 corresponds to Dirichlet Laplacian.
Let us point out that for a rectangle D = (0,a) x (0,b), a > band V =0

we have
2 2

. ™ . ™r ™ ™
1= (2 in(52). N -

. [ 2mxy\ . [TT2 47?72
wa(x) = sin (a) sin (T) , A= Z + =k

so the spectral gap equals Ao — A\ = 372/a?. By taking sufficiently long
rectangles we can see that the estimate (4.14) is optimal.

Let us also note that for the conjecture (4.14) the assumption of convexity
of D is necessary. If we take domains D with constant diameter which are
not convex then the spectral gap can be arbitrarily small. It is sufficient to
consider V' = 0 and the domain consisting of two disjoint balls joint together
with sufficiently narrow corridor.

The first substantial progress on this conjecture was made in 1985 by
I. M. Singer, B. Wong, S. T. Yau and S. S. T. Yau [141], who used a maximum
principle technique to show that

2

s
AY =AY > —-.
Ad2)

Later Q. Yui J. Q. Zhong in 1986 [157] showed that

Next in 1993 J. Ling [119] obtained the strict inequality
™

A A\ > S
2 1 d2D
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In 2000 B. Davis [68] and independently R. Baiuelos and P. Mendez [9]
showed that if D C R? is convex and double symmetric (that is symmetric
according to both coordinate axes) and V' = 0 then conjecture (4.14) holds i.e.

372
Ay =AY > o
D

Most (but not all) of the methods of estimating the spectral gap for
Laplacian and Schrédinger operator uses the fact that the first eigenfunction
on a convex domain with a convex potential is logconcave.

Unfortunately for « € (0,2) we do not know whether the first eigenfunction
is logconcave on a convex domain. For a € (0,2) even the weaker property
that the first eigenfunction is unimodal would be very interesting and helpful
to estimate the spectral gap. Therefore we have the following open problem.

Conjecture 4.9. Let a € (0,2) and D C R? be a conver bounded domain.
Then the first eigenfunction py for the semigroup {PtD}tZO s unimodal, that
s 1 1s unimodal along any line segment in D.

Of course for @ = 2 the first eigenfunction ¢; is unimodal because is
logconcave.

Even though we do not know whether the first eigenfunction is unimodal
for @ € (0,2) some estimates of the spectral gap were obtained. First they
were obtained for the Cauchy process (o = 1) using the connection with the
Steklov problem. Later these results were extended for all a € (0,2).

The result for the Cauchy process is the following [8].

Theorem 4.10. Let D C R? be a bounded convex domain which is symmet-
ric relative to both coordinate azes. Assume that [—a,a] x [=b,b], a > b >0 is
the smallest rectangle (with sides parallel to the coordinate axes) containing
D. Let {\,}22, be the eigenvalues corresponding to the semigroup of the
Cauchy process killed upon exiting D. We have

/\2—)\12%,

where C = 1077 is an absolute constant.

The estimate is obtained by proving a new weighted Poincaré inequality

and appealing to the connection between the eigenvalue problem for the

Cauchy process and a mixed boundary value problem for the Laplacian in

one dimension higher known as the mixed Steklov problem established in [7].
For o € (0,2) we have the following variational formula [73]

A (f(@) = f())?
Ay — Ay = }2;: dT /D /D W@l(x%ﬁ(y) dx dy, (4.15)

where

F={fe*D.¢) /D () (@) de = 1, /D F(2)g3 () dx = 0}.
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This formula is quite easy to prove. It has not been published before although
it follows from some other more general papers see e.g. [47].
Using this formula the following result has been shown [73].

Theorem 4.11. Let D C R? be a bounded convex domain which is symmet-
ric relative to both coordinate azes. Assume that [—a,a] x [=b,b], a > b is

the smallest rectangle (with sides parallel to the coordinate azes) containing

D. Then we have
C b2—a

)
a2

2451 (X2 = A1) 2

where

12T°(2/ ) -2
a2 —a)(l - 2a)2/a> - (416)

C =C(a)=10"232"427 201 (4 +

For rectangles it was possible to obtain the following more precise es-
timates [73]. These estimates are sharp i.e. the upper and lower bound
estimates have the same dependence on the length of the sides of the rectan-
gle. Nevertheless, the numerical constants which appear in this theorem are
far from being optimal.

Theorem 4.12. Let D = (—a,a) x (=b,b), where a > b. Then
(a)We have

%alﬁ_a fora <1,
2451 (Ao — A1) < 109 { 2log (1+%)a—b2 fora=1,
(2ia+ai1> b2a—2a fora>1.
(b)We have
b for a <1,

36 . 21+2aa1+a
1 -9 a b
245 - (A2 — A1) = 4 1077 log (1 + 3) po for a =1,
1 b
33 - 131+2/2.104 o2

for a>1.

Remark 4.13. The inequality

b

—1
245~ (A2 = A1) = 36-2%(a 4 b)lte

holds for all o € (0, 2).
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We have 2Ai£a = a7 223790 (a/2)T(1 — «/2). In particular we get
for example Ao — A1 > W fora=1/2, dg—X\ > m fora=1,
)\ Al_mforoz—f}/Z

For o € (0,2) it is also possible to obtain some estimates for the spectral
gap for all bounded open sets not necessarily convex or not even connected.
M. Kwasnicki [116] showed the following result.

Theorem 4.14. Let a € (0,2) and D C R? be a bounded open set with
inradius 1. Then
i)
lprlloc <1, a1 =car(d a),
i)
Ao — A > 2

= Tdta’
dD

co(d, ).

Let us notice that for convex double symmetric domains the estimates
obtained by R. Banuelos and T. Kulczycki are sharper.

Proof. (implication i) — ii)) Let us denote the right hand side of (4.15) by
E(f, f) Let f € mathcal F which is equivalent to [}, f(2)¢3(x)dz = 0 and
Ip F2(x)¢3(x) dz = 1. We have

(f. fi;;g / / )2en (@) (y) da dy
fd‘ia“ [ [ - et ey
:2;‘%&‘1 ([ r@de )dx/ y)dy
2 [ fa)dw / s+ [ P [ i)
f;;ij /f )eia
d‘”“/ e .

The constant d + « in the power of % is optimal which can be seen from
the following example. Let D = By U By where B, Bs are two disjoint unit
balls in R¢. Then we have

E(f.f) _
A2 — A1 _fo2 C=E(f, ) < e




Chapter 5
Potential Theory of Subordinate Brownian
Motion

by R. Song and Z. Vondracek

5.1 Introduction

The materials covered in the second part of the book are based on several
recent papers, primarily [132], [139], [148] and [146]. The main effort here
was given to unify the exposition of those results, and in doing so we also
eradicated the typos in these papers. Some new materials and generalizations
are also included. Here is the outline of Chapter 5.

In Section 5.2 we recall some basic facts about subordinators and give a
list of examples that will be useful later on. This list contains stable subor-
dinators, relativistic stable subordinators, subordinators which are sums of
stable subordinators and a drift, gamma subordinators, geometric stable sub-
ordinators, iterated geometric stable subordinators and Bessel subordinators.
All of these subordinators belong to the class of special subordinators (even
complete Bernstein subordinators). Special subordinators are important to
our approach because they are precisely the ones whose potential measure
restricted to (0,00) has a decreasing density w. In fact, for all of the listed
subordinators the potential measure has a decreasing density u. In the last
part of the section we study asymptotic behaviors of the potential density u
and the Lévy density of subordinators by use of Karamata’s and de Haan’s
Tauberian and monotone density theorems.

In Section 5.3 we derive asymptotic properties of the Green function and
the jumping function of subordinate Brownian motion. These results follow
from the technical Lemma 5.32 upon checking its conditions for particular
subordinators. Of special interest is the order of singularities of the Green
function near zero, starting from the Newtonian kernel at the one end, and
singularities on the brink of integrability on the other end obtained for iter-
ated geometric stable subordinators. The results for the asymptotic behavior
of the jumping function are less complete, but are substituted by results on
the decay at zero and at infinity. Finally, we discuss transition densities for
symmetric geometric stable processes which exhibit unusual behavior on the
diagonal for small (as well as large) times.

K. Bogdan et al., Potential Analysis of Stable Processes and its Extensions, 87
Lecture Notes in Mathematics 1980, DOI 10.1007/978-3-642-02141-1_5,
(© Springer-Verlag Berlin Heidelberg 2009
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The original motivation for deriving the results in Sections 5.2 and 5.3
was an attempt to obtain the Harnack inequality for subordinate Brownian
motions with subordinators whose Laplace exponent ¢(\) has the asymptotic
behavior at infinity of one of the following two forms: (i) ¢(A) ~ A, or (ii) log-
arithmic behavior at co. A typical example of the first case is the process Y
which is a sum of Brownian motion and an independent rotationally invariant
a-stable process. This situation was studied in [132]. A typical example of the
second case is a geometric stable process — a subordinate Brownian motion
via a geometric stable subordinator. In this case, ¢(\) ~ logA as A — oo.
This was studied in [139]. Section 5.4 contains an exposition of these results
and some generalizations, and is partially based on the general approach
to Harnack inequality from [145]. After obtaining some potential-theoretic
results for a class of radial Lévy processes, we derive Krylov-Safonov-type
estimates for the hitting probabilities involving capacities. Similar estimates
involving Lebesgue measure were obtained in [145] based on the work of Bass
and Levin [13]. These estimates are crucial in proving two types of Harnack
inequalities for small balls - scale invariant ones, and the weak ones in which
the constant might depend on the radius of a ball. In fact, we give a full
proof of the Harnack inequality only for iterated geometric stable processes,
and refer the reader to the original papers for the other cases.

Finally, in Section 5.5 we replace the underlying Brownian motion by the
Brownian motion killed upon exiting a Lipschitz domain D. The resulting
process is denoted by X”. We are interested in the potential theory of the
process ;P = XP(S;) where S is a special subordinator with infinite Lévy
measure or positive drift. Such questions were first studied for stable sub-
ordinators in [81], and the final solution in this case was given in [80]. The
general case for special subordinators appeared in [148]. Surprisingly, it turns
out that the potential theory of Y'” is in a one-to-one and onto correspon-
dence with the potential theory of XP. More precisely, there is a bijection
(realized by the potential operator of the subordinate process ZP = XP(T})
where T is the subordinator conjugate to S) from the cone S(Y'P) of excessive
functions of Y2 onto the cone S(XP) of excessive functions for X which
preserves nonnegative harmonic functions. This bijection makes it possible to
essentially transfer the potential theory of X to the potential theory of Y 7.
In this way we obtain the Martin kernel and the Martin representation for
Y P which immediately leads to a proof of the boundary Harnack principle for
nonnegative harmonic functions of Y. In the case of a C!*! domain we obtain
sharp bounds for the transition densities of the subordinate process Y 7.

The materials covered in this part of the book by no means include all that
can be said about the potential theory of subordinate Brownian motions.
One of the omissions is the Green function estimates for killed subordinate
Brownian motions and the boundary Harnack inequality for the positive
harmonic functions of subordinate Brownian motions. By using ideas from
[53] or [134] one can easily extend the Green function estimates of [51] and
[109] for killed symmetric stable processes to more general killed subordinate
Brownian motions under certain conditions, and then use these estimates to
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extend arguments in [27] and [150] to establish the boundary Harnack in-
equality for general subordinate Brownian motions under certain conditions.
In the case when the Laplace exponent ¢ is regularly varying at infinity, this
is done in [105]. Another notable omission is the spectral theory for such
processes together with implications to spectral theory of killed subordinate
Brownian motion. We refer the reader to [57], [58] and [59]. Related to this
is the general discussion on the exact difference between subordinate killed
Brownian motions and the killed subordinate Brownian motions and its
consequences. This was discussed in [144] and [143]. See also [87] and [149].

We end this introduction with few words on the notations. For functions
f and g we write f ~ g if the quotient f/g converges to 1, and f =< g if the
quotient f/g stays bounded between two positive constants.

5.2 Subordinators

5.2.1 Special Subordinators and Complete
Bernstein Functions

Let S = (S;: t > 0) be a subordinator, that is, an increasing Lévy process
taking values in [0, 0] with Sy = 0. We remark that our subordinators are
what some authors call killed subordinators. The Laplace transform of the
law of Sy is given by the formula

Elexp(—AS;)] = exp(—tp(N)), A > 0. (5.1)

The function ¢ : (0,00) — R is called the Laplace exponent of S, and it can
be written in the form

d(\) = a + bA + /000(1 — e M) p(dt) . (5.2)

Here a,b > 0, and p is a o-finite measure on (0, 00) satisfying

/Oo(t A1) p(dt) < oco. (5.3)
0

The constant a is called the killing rate, b the drift, and p the Lévy measure of
the subordinator S. By using condition (5.3) above one can easily check that

tlil%tu(t, o0) =0, (5.4)

/1 u(t, 00) dt < o0 (5.5)
0
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For t > 0, let n; be the distribution of S;. To be more precise, for a Borel
set A C [0,00), n:(A) = P(S; € A). The family of measures (1; : ¢ > 0) forms
a convolution semigroup of measures on [0,00). Clearly, the formula (5.1)
reads exp(—td(N\)) = Ln(N\), the Laplace transform of the measure 7;. We
refer the reader to [18] for much more detailed exposition on subordinators.

Recall that a C*° function ¢ : (0,00) — [0,00) is called a Bernstein
function if (—=1)"D"¢ < 0 for every n € N. It is well known (see, e.g., [17])
that a function ¢ : (0,00) — R is a Bernstein function if and only if it has
the representation given by (5.2).

We now introduce the concepts of special Bernstein functions and special
subordinators.

Definition 5.1. A Bernstein function ¢ is called a special Bernstein func-
tion if Y(A) := X/ (N) is also a Bernstein function. A subordinator S is called
a special subordinator if its Laplace exponent is a special Bernstein function.

We will call the function % in the definition above the Bernstein function
conjugate to @.

Special subordinators occur naturally in various situations. For instance,
they appear as the ladder time process for a Lévy process which is not a
compound Poisson process, see page 166 of [18]. Yet another situation in
which they appear naturally is in connection with the exponential functional
of subordinators (see [20]).

The most common examples of special Bernstein functions are complete
Bernstein functions, also called operator monotone functions in some liter-
ature. A function ¢ : (0,00) — R is called a complete Bernstein function if
there exists a Bernstein function 7 such that

$(A) = NLn(N), A >0,

where £ stands for the Laplace transform of the function n: Ln(A) =
JoT e Mn(t) dt. It is known (see, for instance, Remark 3.9.28 and Theorem
3.9.29 of [97]) that every complete Bernstein function is a Bernstein function
and that the following three conditions are equivalent:

(i) ¢ is a complete Bernstein function;
(i1) ¥(N) :== A/@(A) is a complete Bernstein function;
(iii) ¢ is a Bernstein function whose Lévy measure u is given by

w(dt) = /000 e Sty(ds)dt

where 7 is a measure on (0, c0) satisfying

/11 <d>+/°°i (ds) <
| S ds 1 -2 V(ds) < co.
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The equivalence of (i) and (ii) says that every complete Bernstein function
is a special Bernstein function. Note also that it follows from the condition
(iii) above that being a complete Bernstein function only depends on the
Lévy measure and that the Lévy measure p(dt) of any complete Bernstein
function has a completely monotone density. We also note that the tail
t — p(t,00) of the Lévy measure p is a completely monotone function.
Indeed, by Fubini’s theorem

w(x, 00) / / ~v(ds) dt = / e*”M.
0 S

A similar argument shows that the converse is also true, namely, if the tail
of the Lévy measure p is a completely monotone function, then p has a
completely monotone density. The density of the Lévy measure with respect
to the Lebesgue measure (when it exists) will be called the Lévy density.

The family of all complete Bernstein functions is a closed convex cone
containing positive constants. The following properties of complete Bernstein
functions are well known, see, for instance, [126]: (i) If ¢ is a nonzero com-
plete Bernstein function, then so are ¢(A~1)~1 and Ap(A™1); (ii) if ¢1 and ¢
are nonzero complete Bernstein functions and 5 € (0,1), then gb? N ;7*8()\)
is also a complete Bernstein function; (iii) if ¢; and ¢5 are nonzero complete
Bernstein functions and 3 € (—1,0) U (0,1), then (¢7(\) + ¢&(X)/7 is also
a complete Bernstein function.

Most of the familiar Bernstein functions are complete Bernstein functions.
The following are some examples of complete Bernstein functions ([97]): (1)
A a € (0,1]; (i) (A+1)* =1, € (0,1); (iii) log(1 + A); (iv) A+1 The first
family corresponds to a-stable subordinators (0 < « < 1) and a pure drift
(a = 1), the second family corresponds to relativistic a-stable subordina-
tors, the third Bernstein function corresponds to the gamma subordinator,
and the fourth corresponds to the compound Poisson process with rate 1
and exponential jumps. An example of a Bernstein function which is not a
complete Bernstein function is 1 — e~*. One can also check that 1 — e~ is
not a special Bernstein function as well. We refer the reader to [138] for an
extensive treatment of complete Bernstein functions.

The potential measure of the subordinator S is defined by

UA) = E/Ooo I(s,en)dt = /OOo n(A)dt, A C[0,00). (5.6)

Note that U(A) is the expected time the subordinator S spends in the set
A. The Laplace transform of the measure U is given by

L

o 60

LU\ = /000 e MAU(t) = E/OOO exp(—\Sy) dt =
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We are going to derive a characterization of special subordinators in terms
of their potential measures. Roughly, a subordinator S is special if and only
if its potential measure U restricted to (0,00) has a decreasing density. To
be more precise, let S be a special subordinator with the Laplace exponent
¢ given by

d(N\) = a+ b\ + /00(1 —e M) p(dt).
0
Then
A { 0, a>0,

im — — ; ~
=t =0,

A2 G0N

. 1 { 0, b> 0 or u(0,00) = o0,
lim —— = 1

A—oo P(A) a0y b =0and 1#(0,00) < 0.

Since A/@(\) is a Bernstein function, we must have

A B o0
A it +/ (1— =) p(dt) (5.8)
P(A) 0
for some Lévy measure v, and
0, a> 0,
a= 1 _0 (5.9)
oty 4=
~ 0, b>0 0, = 00,
b{ ; b—Oorc/;( OOO) > (5.10)
W , 0 =U an /J( ,OO) < 0.
Equivalently,
L 54 /OO “MII(t) dt (5.11)
— = e .
P(N) 0
with

(t) = a4 v(t,00), t>0.

Let 7(dt) := beo(dt)+T1(t) dt. Then the right-hand side in (5.11) is the Laplace
transform of the measure 7. Since 1/¢(A\) = LU(A), the Laplace transform
of the potential measure U of S, we have that LU(A) = L7(\) . Therefore,

U(dt) = beo(dt) + u(t) dt

with a decreasing function u(t) = II(t).
Conversely, suppose that S is a subordinator with potential measure
given by
U(dt) = ceo(dt) + u(t) dt,
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for some ¢ > 0 and some decreasing function u : (0, 00) — (0, 00) satistying
1
Jo u(t)dt < co. Then

L = =c - e Mu
ey EU()\) +/O (t)dt.

It follows that

D [ v e
0] " )\+/O (t)d(1 )

=cA+u(t)(1—e M) e~ /000(1 — e M)u(dt)
=cA + u(o0) + /000(1 —e M) y(dt), (5.12)

withy(dt) = —u(dt). Inthelast equality we used that lim; o u(t)(1—e~**) = 0.
This is a consequence of the assumption fol u(t) dt < co. It is easy to check,
by using the same integrability condition on u, that fooo(l At)y(dt) < oo, so
that v is a Lévy measure. Therefore, A/¢()) is a Bernstein function, implying
that S is a special subordinator.

In this way we have proved the following

Theorem 5.1. Let S be a subordinator with the potential measure U. Then
S is special if and only if

U(dt) = ceq(dt) + u(t) dt

for some ¢ > 0 and some decreasing function u : (0,00) — (0,00) satisfying
fol u(t) dt < oo.

Remark 5.2. The above result appeared in [19] as Corollaries 1 and 2 and
was possibly known even before. The above presentation is taken from [148].
In case ¢ = 0, we will call u the potential density of the subordinator S (or
of the Laplace exponent ¢).

Corollary 5.3. Let S be a subordinator with the Laplace exponent ¢ and the
potential measure U. Then ¢ is a complete Bernstein function if and only if
U restricted to (0,00) has a completely monotone density u.

Proof. Note that from the proof of Theorem 5.1 we have the explicit form of
the density u: u(t) = II(t) where TI(t) = a4+ v(t, 00). Here v is the Lévy mea-
sure of A/¢(A). If ¢ is complete Bernstein, then A/¢(\) is complete Bernstein,
and hence it follows from the property (iii) of complete Bernstein function
that u(t) = a + v(t,00) is a completely monotone function. Conversely, if
u is completely monotone, then clearly the tail ¢ — v(¢,00) is completely
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monotone, which implies that A\/¢(\) is complete Bernstein. Therefore, ¢ is
also a complete Bernstein function. a

Note that by comparing expressions (5.8) and (5.12) for A/¢()), and by
using formulae (5.9) and (5.10), it immediately follows that

b 0, b> 0 or u(0,00) = oo,
a-+p

%,szandu(O,oo)<oo,

0, a >0,
b+j0 t#(dt ya=0,

In particular, it cannot happen that both a and a are positive, and similarly,
that both b and b are positive. Moreover, it is clear from the definition of b
that b > 0 if and only if b = 0 and (0, c0) < co.

We record now some consequences of Theorem 5.1 and the formulae above.

||
gx

Corollary 5.4. Suppose that S = (S; : t > 0) is a subordinator whose
Laplace exponent

d(\) = a + bA + /000(1 — e p(dt)

is a special Bernstein function with b > 0 or (0, 00) = oo. Then the potential
measure U of S has a decreasing density u satisfying

}ir%tu(t) =0, (5.13)

t

lim [ sdu(s) =0. (5.14)

t—0 0

Proof. The formulae follow immediately from u(t) = a + v(t,00) and (5.4)—
(5.5) applied to v. O

Corollary 5.5. Suppose that S = (S;: t > 0) is a special subordinator with
the Laplace exponent given by

oo =a+ [ T e ()

0

where p satisfies 1(0,00) = 0o. Then

'—Lzﬁ - —e My
YO = 255 +/0 (1 ) u(dt) (5.15)

where the Lévy measure v satisfies v(0,00) = 00.
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Let T be the subordinator with the Laplace exponent . If u and v denote
the potential density of S and T respectively, then

v(t) = a+ p(t,00) . (5.16)

In particular, a = v(c0) and a = u(co). Moreover, a and a cannot be both
positive.

Assume that ¢ is a special Bernstein function with the representation
(5.2) where b > 0 or u(0,00) = co. Let S be a subordinator with the Laplace
exponent ¢, and let U denote its potential measure. By Corollary 5.4, U has
a decreasing density u : (0,00) — (0,00). Let T' be a subordinator with the
Laplace exponent ¢(A\) = A/¢(A\) and let V denote its potential measure.
Then V(dt) = beg(dt) + v(t) dt where v : (0,00) — (0,00) is a decreasing
function. If b > 0, the potential measure V has an atom at zero, and hence the
subordinator T is a compound Poisson process (this can be also seen as fol-
lows: since b > 0, we have u(0+) < 0o, and hence v(0, 00) = u(0+) —a < o0).
Note that in case b > 0, the Lévy measure p can be finite. If b = 0, we require
that 1(0,00) = oo, and then, by Corollary 5.5, ¢)(A) = A/¢()) has the same
form as ¢, namely b = 0 and v(0, 00) = oo. In this case, subordinators S and
T play symmetric roles.

The following result will be crucial for the developments in Section 5.5 of
this book.

Theorem 5.6. Let ¢ be a special Bernstein function with representation

(5.2) satisfying b > 0 or u(0,00) = co. Then

bu(t)—i—/o u(s)o(t —s) ds:bu(t)—l—/o o(s)ult—s)ds =1, ¢>0. (5.17)

Proof. Since for all A > 0 we have

Ly, 2N e,

$(N) A

after multiplying we get

= bLu(N) + Lu(N)Lv(N)
= bLu(\) + L(u*xv)(N).

> =

Inverting this equality gives

1=>bu(t) —|—/tu(s)v(t—s)d8, t>0.
0
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Theorem 5.6 has an amusing consequence related to the first passage of the
subordinator S. Let o3 = inf{s > 0: S; > t} be the first passage time across
the level ¢ > 0. By the first passage formula (see, e.g., [18], p.76), we have

P(S,, € ds,S,, € dz) = u(s)u(z — s)dsdz,

for 0 < s <t, and x > t. Since u(z,00) = v(x), by use of Fubini’s theorem
this implies

P(S,, >t):/too/otu(s)u(x—s)dsda:z/otu(s)/toou(x—s)dxds
= /Ot u(s)u(t — s,00)ds = /Otu(s)v(t —s)ds.

Since P(S,, > t) = 1, by comparing with (5.17) we see that P(S,, =t) =
bu(t). This provides a simple proof in case of special subordinators of the
well-known fact true for general subordinators (see [18], pp.77-79).

In the sequel we will also need the following result on potential density
that is valid for subordinators that are not necessarily special.

Proposition 5.7. Let S = (S; : t > 0) be a subordinator with drift b > 0.
Then its potential measure U has a density u continuous on (0, 00) satisfying
w(04) = 1/b and u(t) < u(0+) for every t > 0.

Proof. For the proof of existence of continuous u and the fact that
u(04) = 1/b see, e.g., [18], p.79. That u(t) < w(0+) for every t > 0 fol-
lows from the subadditivity of the function ¢ — U([0,t]) (see, e.g., [132]). O

5.2.2 Examples of Subordinators

In this subsection we give a list of subordinators that will be relevant in the
sequel and describe some of their properties.

Example 5.8. (Stable subordinators) Our first example covers the fam-
ily of well-known stable subordinators. For 0 < a < 2, let ¢()\) = A\*/2. By
integration

2 o
A\/2 — o/ / 1 — e My —1-a/2 gy
Mi—a Jy W) |

i.e, the Lévy measure u(dt) of ¢ has a density given by («/2)/T(1 — a/2)
t=172/2 Since t~17%/2 = [ e*s%/2/T(1 + a/2) ds, it follows that ¢ is a
complete Bernstein function. The tail of the Lévy measure u is equal to

tfoz/2
M e
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The conjugate Bernstein function is ¥(\) = A~/2 hence its tail is
v(t,o00) = t*/271/T(a/2). This shows that the potential density of
(X)) = A*/? is equal to

toz/2—1

)= Ty

The subordinator S corresponding to ¢ is called an «/2-stable subordinator.
It is known that the distribution 7, (ds) of the a;/2-stable subordinator has
a density 7;(s) with respect to the Lebesgue measure. Moreover, by [142],

m(s) ~ 2xT (1 + %) sin (%) sTme2 s 00, (5.18)

and
m(s) <c(1As™17%2) ) s>0, (5.19)

for some positive constant ¢ > 0.

Example 5.9. (Relativistic stable subordinators) For 0 < a < 2 and
m >0, let ¢(\) = (X +m?/*)*/2 —m. By integration

avo Cv/2 & _ —m2/t ,_1—a
) —m= g [ e,

i.e., the Lévy measure u(dt) of ¢ has a density given by (a/2)/I'(1 — a/2)
e~m*/*t4=1-a/2 This Bernstein function appeared in [118] in the study of
the stability of relativistic matter, and so we call the corresponding subordi-
nator S a relativistic a/2-stable subordinator. Since the Lévy density of ¢ is
completely monotone, we know that ¢ is a complete Bernstein function. The
explicit form of potential density u of S can be computed as follows (see [91]
for this calculation): For ~, 5 > 0 let

oo tn
E,5(t) = —, t>0,

n=0

be the two parameter Mittag-Leffler function. By integrating term by term
it follows that

1
()\ + m?/oz)a/2 —m

/ e—)\te—m2/0<tt—1+a/2Ea/2’a/2(mto¢/2) dt =
0
Therefore,
—m?/%t ,—1+a a
u(t) =e b1t /QEQ/Q’Q/Q(mt /2).

The subordinator S corresponding to the complete Bernstein function
m + ¢(\) = (A + m**)*/2 is obtained by killing S at an independent
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exponential time with parameter m. By checking tables of Laplace trans-
forms ([74]) we see that

1 /OO ISV —m?/ %t —1+4a/2
—_— = e L Al A
m+ () 0 I'(a/2)

implying that the potential measure U of the subordinator S has the density
u given by

~( ) — 1 7m2/°‘tt71+a/2.

T(a/2)

Example 5.10. (Gamma subordinator) Let ¢(\) = log(1l + X). By use
of Frullani’s integral it follows that

log(1+ ) = / (1-— e_/\t)eT dt,
0

i.e., the Lévy measure of ¢ has a density given by e~!/t. Note that

_t/t f “1(1,00)(8) ds, implying that the density of the Lévy measure
1 is completely monotone. Therefore, ¢ is a complete Bernstein function. The
corresponding subordinator S is called a gamma subordinator. The explicit
form of the potential density u is not known. In the next section we will
derive the asymptotic behavior of w at 0 and at +oco. On the other hand, the
distribution 7n:(ds), t > 0, is well known and given by

ne(ds) = ﬁ sle™*ds, s>0. (5.20)
Before proceeding to the next two examples, let us briefly discuss composi-
tion of subordinators. Suppose that S* = (S} : ¢t > 0) and S? = (5% : t > 0)
are two independent subordinators with Laplace exponents ¢!, respectively
$?, and convolution semigroups (n} : ¢ > 0), respectively (n? : ¢t > 0). Define
the new process S = (S; : t > 0) by S; = S1(S?), subordination of S* by S2.
Subordinating a Lévy process by an independent subordinator always yields
a Lévy process (e.g. [135], p. 197). Hence, S is another subordinator. The
distribution 7; of Sy is given by

i) = | " 2 (duynl(ds) (5.21)

Therefore, for any A > 0,
/ / / 17 (du)y (ds)
0 0 0
|ty [ e nigas)
0 0

- / P (du)e? ) = 2B (),

0

showing that the Laplace exponent ¢ of S is given by ¢(\) = ¢?(4'(N)).
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Example 5.11. (Geometric stable subordinators) For 0 < a < 2, let
H(N) = log(1+A2/?). Since ¢ is a composition of the complete Bernstein func-
tions from Examples 5.8 and 5.10, it is itself a complete Bernstein function.
The corresponding subordinator S is called a geometric «/2-stable subor-
dinator. Note that this subordinator may be obtained by subordinating an
a/2-stable subordinator by a gamma subordinator. The concept of geometric
stable distributions was first introduced in [106]. We will now compute the
Lévy measure p of S. Define

0 tna/Q

Eo(t) = Z(*l)”m’ t>0.

n=0

By checking tables of Laplace transforms (or by computing term by term),
we see that

1 )\a/2—1
(T+A2)  Tae/2

/0 e ME,o(t)dt = 3 (5.22)

Further, since ¢(0+) = 0 and limy_., ¢(A\)/A = 0, we have that
P(N) = [;5(1 — e ) p(dt). By differentiating this expression for ¢ and
the explicit form of ¢ we obtain that

« )\oz/2—1

PRES (5:23)

/() = / T he M u(dt) =

By comparing (5.22) and (5.23) we see that the Lévy measure p(dt) has a
density given by

t) = —

pt) =5 —

The explicit form of the potential density u is not known. In the next section
we will derive the asymptotic behavior of u at 0+ and at oco.
We will now show that the distribution function of S is given by

(5.24)

0 Sna/Q
F(s)=1—E,(s) = Z(_m"—lm , 5>0. (5.25)
n=1

Indeed, for A > 0,

LF(\) = /OOO e M F(dt) = A/OOO e M(1 — By o(t)) dt

1 )\a/271
_ A(

= X — 1-'—)\0‘/2) = exp{flog(l -+ )\(X/Z)} .
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Since the function A — 1 4+ X\%/? is a complete Bernstein function, its recip-
rocal function, A +— 1/(1 4+ A%/?) is a Stieltjes function (see [97] for more
details about Stieltjes functions). Moreover, since lim; .o 1/(1 4+ A*/?) = 0,
it follows that there exists a measure o on (0, 00) such that

1

But this means that the function F' has a completely monotone density f
given by f(t) = Lo(t). It is shown in [127] that the distribution function of
Sy, t > 0, is equal to

) o F(t +n— 1)S(t+nfl)a/2
(=1) Tt)(n— DT+ (t+n—1)a/2)

n=1

Note that the case of the gamma subordinator may be subsumed under the
case of geometric «/2-stable subordinator by taking o = 2 in the definition.

Example 5.12. (Iterated geometric stable subordinators) Let
0 < a < 2. Define,

PN = 6(N) =log(L+A*2), oM (\) = (™ D(N), n>2.

Since ¢(™ is a complete Bernstein function, we have that ¢(™()\) =
fooo(l — e )uM(t)dt for a completely monotone Lévy density u(™(t).
The exact form of this density is not known.

Let S = (S§n) : t > 0) be the corresponding (iterated) subordinator,
and let U denote the potential measure of S(™). Since ¢(™ is a complete
Bernstein function, U™ admits a completely monotone density u(™. The
explicit form of the potential density u(™ is not known. In the next section
we will derive the asymptotic behavior of u at 0 and at 4oc0.

Example 5.13. (Stable subordinators with drifts) For 0 < a < 2 and
b >0, let (A) = bA 4+ A*/2. Since A — \*/2 is complete Bernstein, it follows
that ¢ is also a complete Bernstein function. The corresponding subordinator
S = (S;: t >0)is a sum of the pure drift subordinator ¢ — bt and the
a/2-stable subordinator. Its Lévy measure is the same as the Lévy measure
of the «/2-stable subordinator. In order to compute the potential density u
of the subordinator S, we first note that, similarly as in (5.22),

1 1 1
ML a0t = = .
/0 e pEr-al M = e = G

Therefore, u(t) = $ E1_/2(b=2/=)¢) for ¢ > 0.
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Example 5.14. (Bessel subordinators) The two subordinators in this
example are taken from [122]. The Bessel subordinator S; = (Sr(t) : ¢ > 0)
is a subordinator with no drift, no killing and Lévy density

prt) = 3 To(t) e,

where for any real number v, I, is the modified Bessel function. Since pj is
the Laplace transform of the function ~(t) = fot g(s) ds with

_ 7 (25 — 52)71/2, s €(0,2),
o= {5 i~

piy )

the Laplace exponent of S is a complete Bernstein function. The Laplace
exponent of Sy is given by

dr(A\) =log((1+A) + /(1 +A)2-1).
For any t > 0, the density of S7(t) is given by
3 —x
fi(z) = Elt(x)e .

The Bessel subordinator Sk = (Sk(t) : t > 0) is a subordinator with no
drift, no killing and Lévy density

pic(t) = S Kolt)e ™,

where for any real number v, K, is the modified Bessel function. Since pg
is the Laplace transform of the function

(t)_{o, t€(0,2],
T = Vlogt — 14+ VE— D2+ 1), t > 2,

the Laplace exponent of Sk is a complete Bernstein function. The Laplace
exponent of Sk is given by

dr(\) = % <log((1 N V/O N2 1))2 .

For any ¢ > 0, the density of Sk (t) is given by

ft(x): t t’ x
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where

2

9y (t) = \/% /000 exp(%) exp(—v cosh(§)) sinh(¢) sin(%g)df.

Example 5.15. For any a € (0,2) and 8 € (0,2 — «), it follows from the
properties of complete Bernstein functions that

¢(N) = X2 (log(1 + ))*/?

is a complete Bernstein function.

Example 5.16. For any o € (0,2) and § € (0,a), it follows from the
properties of complete Bernstein functions that

BN) = A2 (log(1 + )2

is a complete Bernstein function.

5.2.3 Asymptotic Behavior of the Potential, Lévy
and Transition Densities

Recall the formula (5.7) relating the Laplace exponent ¢ of the subordinator
S with the Laplace transform of its potential measure U. In the case U has
a density u, this formula reads

Lu()) = /0 T e Myt di = ﬁ .

The asymptotic behavior of ¢ at oo (resp. at 0) determines, by use of
Tauberian and the monotone density theorems, the asymptotic behavior of
the potential density u at 0 (resp. at 00). We first recall Karamata’s version
of these theorems from [21].

Theorem 5.17. (a) (Karamata’s Tauberian theorem) Let U : (0,00) —
(0,00) be an increasing function. If ¢ is slowly varying at oo (resp. at 0+ ),
p > 0, the following are equivalent:

(i) Ast— oo (resp. t — 0+)

t00(t)

U~ gy

(i) As A — 0 (resp. A — )

LU(N) ~ APU(1/N).
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(b)(Karamata’s monotone density theorem) If additionally U(dx) = u(z) dx,
where u is monotone and nonnegative, and p > 0, then (i) and (ii) are
equivalent to:
(iii) Ast — oo (resp. t — 0+)
Pt
u(t) ~ Pt At )
r'(1+p)

We are going to use Theorem 5.17 for Laplace exponents that are regularly
varying at oo (resp. at 0). To be more specific we will assume that either (i)

d(N) ~ A20(N), X — oo, (5.26)

where 0 < a < 2, and ¢ is slowly varying at oo, or (ii)
d(N) ~ A20(N), A —0, (5.27)

where 0 < a < 2, and £ is slowly varying at 0. In case (i), (5.26) implies b > 0
or 1(0,00) = oco. If ¢ is a special Bernstein function, then the correspond-
ing subordinator S has a decreasing potential density u whose asymptotic
behavior at 0 is then given by

L 0 5.28
t) ~ ——— ——— t . .
MO oy e 0t (52%)
In case (ii), if ¢ is a special Bernstein function with limy_ ., ¢(\) = oo, then
the corresponding subordinator S has a decreasing potential density u whose
asymptotic behavior at oo is then given by

1 e/t
D(a/2) £(1/t) "

As consequences of the above, we immediately get the following: (1) for « €
(0,2), the potential density of the relativistic a/2-stable subordinator satisfies

u(t) ~

(5.29)

ta/Q—l

u(t) ~ Ta/2) t — 0+, (5.30)

u(t) ~ %mH/“ , t—o00; (5.31)

(2) for @ € (0,2), 8 € (0,2 — ), the potential density of the subordinator
corresponding to Example 5.15 satisfies

1 1
t) ~ t—0 5.32
u() F(O[/?) tl_a/QHOgt‘ﬁ/2, - +a ( )
1 1

U0~ Fajat pja) oA

t — 00 (5.33)
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(3) for a € (0,2), B € (0,a), the potential density of the subordinator
corresponding to Example 5.16 satisfies

a |log t|°/2
t) ~ t—0 5.34
u( ) 2F(1+Ol/2) tlfa/Q 9 — +; ( )
— 1
u(t) ~ a—p t— o0, (5.35)

(11 (a—p)/2) (/2

In the case when the subordinator has a positive drift b > 0, the poten-
tial density u always exists, it is continuous, and u(04) = b. For example,
this will be the case when ¢(\) = b\ + A\*/2. Recall (see Example 5.13)
that the potential density is given by the rather explicit formula w(t) =
(1/b)E1_4/2(b*/3=2)¢) . The asymptotic behavior of u(t) as t — oo is not
casily derived from this formula. On the other hand, since ¢(A\) ~ \*/2 as
A — 0, it follows from (5.29) that u(t) ~ t*/?>~1/T'(«/2) as t — oc.

Note that the gamma subordinator, geometric «/2-stable subordina-
tors, iterated geometric stable subordinators and Bessel subordinators have
Laplace exponents that are not regularly varying with strictly positive ex-
ponent at oo, but are rather slowly varying at oo. In this case, Karamata’s
monotone density theorem cannot be used, and we need more refined ver-
sions of both Tauberian and monotone density theorems. The results are also
taken from [21].

Theorem 5.18. (a) (de Haan’s Tauberian Theorem) Let U : (0,00) —
(0,00) be an increasing function. If ¢ is slowly varying at oo (resp. at 0+),
c > 0, the following are equivalent:

(i) Ast — oo (resp. t — 0+)

U) — U(t)
70)

(ii) Ast — oo (resp. t — 0+)

— clog A\, VYA >0.

LU(5;) = LU(3)
10)

(b) (de Haan’s Monotone Density Theorem) If additionally U(dx) = u(z) dx,
where u is monotone and nonnegative, and ¢ > 0, then (i) and (i) are

equivalent to:

(iii) Ast — oo (resp. t — 0+)

—clog A, VA >0.

u(t) ~ ct=1e(t).

We are going to apply this result to establish the asymptotic behaviors of
the potential density of geometric stable subordinators, iterated geometric

stable subordinators and Bessel subordinators at zero.
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Proposition 5.19. For any a € (0,2], let ¢(\) = log(1 + \°/2), and let u
be the potential density of the corresponding subordinator. Then

2
at(logt)?
ta/2—l
u(t) ~ s—=s

T(a/2)’

u(t) ~

’ t_)0+a

Proof. Recall that
LU =1/¢(N) = 1/log(1 + A*/2).
Since
LU(5x) — LU(3)
(log A)~2
as A — 0+, we have by (the 0+ version of) Theorem 5.18 (a) that

2
— —logx, Vx>0,
Q

U(xt) =U(t 2
((lo)gt)_Q()*)along, I>0,

ast — 04. Now we can apply (the 0+ version of) Theorem 5.18 (b) to get that

2
at(logt)?

u(t) ~

as t — 0+. The asymptotic behavior of u(t) as ¢ — oo follows from Theorem
5.17. O

In order to deal with the iterated geometric stable subordinators, let eg = 0,
and inductively, e, = e“»=1, n > 1. For n > 1 define I, : (e,,00) — (0,00) by

l.(y) =loglog...logy, n times. (5.36)
Further, let Lo(y) = 1, and for n € N, define L,, : (e,,00) — (0,00) by
Ln(y) =lL@)ly) .- lu(y) - (5.37)

Note that I/,(y) = 1/(yLn-1(y)) for every n > 1. Let o € (0,2] and re-
call from Example 5.12 that ¢(M)(y) := log(1 + y®/2?), and for n > 1,

o (y) := ¢(¢" V) (y)). Let kn(y) := 1/0"(y).

Lemma 5.20. Lett > 0. For every n € N,

lim (K, (ty) — kn(y)) Ln_1 ()l (y)? = —% logt.

Yy—o0
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Proof. The proof for n =1 is straightforward and is implicit in the proof of
Proposition 5.19. We only give the proof for n = 2, the proof for general n
is similar. Using the fact that

log(1+y) ~y, y— 0+, (5.38)

we can easily get that

1 1 logt
lim (log 1 logy = — lim | log gy + logt logy = —logt. (5.39)
log(yt) y—o0 logy

Using (5.38) and the elementary fact that log(1 + y) ~ logy as y — oo we
get that

ylLHOlo(b(ty) — ka(y)) L1 (y)l2(y)?
L a log(1 +ya/2)
pEra <1°g log(1 1 (twm))
log y(loglog y)*
/2)? log(log(1 + y*/2)) log(log(1 + (ty)*/?))

2 . logy 2
= — lim [ log logy = ——logt.
o y—oo log(yt) «

T

O

Recall that U™ denotes the potential measure and u(™)(t) the potential
density of the iterated geometric stable subordinator S with the Laplace
exponent ¢,

Proposition 5.21. For any « € (0, 2], we have

2

(n)
w™ (t) ~ =0+, 5.40
(n) Hors 5.41

Proof. Using Lemma 5.20 we can easily see that

LU Ly )l
(IA1) 1\2 (1/\) - EInga Vo >0,
(Ln—l(X)ln(X) )_ o

as A — 0+. Therefore, by (the 0+ version of) Theorem 5.18 (a) we have that

2
T —logz, x>0,
@
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ast — 0+. Now we can apply (the 0+ version of) Theorem 5.18 (b) to get that

2
otLy—1(3)ln($)?

u™(t) ~

as t — 0+. The asymptotic behavior of u(™(t) at oo follows easily from
Theorem 5.17. O

Let u; and ux be the potential densities of the Bessel subordinators [
and K respectively. Then we have the following result.

Proposition 5.22. The potential densities of the Bessel subordinators sat-
isfy the following asymptotics

1

wrll) ~ fiogpe F 0%
1

() ~ t|logt|?’ — 0+,

1
ug(t) ~ Efl/z, t— 00,

ug(t) ~1, t— oo.

Proof. The proofs of first two relations are direct applications of de Haan’s
Tauberian and monotone density theorems and the proofs of the last two are
direct applications of Karamata’s Tauberian and monotone density theorems.
We omit the details. a

We now discuss the asymptotic behavior of the Lévy density of a subor-
dinator.

Proposition 5.23. Assume that the Laplace exponent ¢ of the subordinator
S is a complete Bernstein function and let u(t) denote the density of its Lévy
measure.

(i) Let 0 < a < 2. If p(N) ~ A/24(\), A — oo, and € is a slowly varying
function at co, then

a2

mt_l_o‘/2£(l/t)7 t—0+ . (5.42)

p(t) ~

(i) Let 0 < o < 2. If ¢(\) ~ AX/2U(N), X — 0, and { is a slowly varying
function at 0, then

p(t) ~ v o/2 7201y, t— oo, (5.43)

1—a/2)
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Proof. (i) The assumption implies that there is no drift, b = 0, and hence
by integration by parts,

6(\) = A/Ooo e~ (1, 00) dt .

Thus, [, e Mu(t,00)dt ~ A*/271()\) as A — oo, and (5.42) follows by
first using Karamata’s Tauberian theorem and then Karamata’s monotone
density theorem.

(ii) In this case it is possible that the drift b is strictly positive, and thus

p(N) = A <b+ /OOO e Mult, oo)dt> .

This implies that [~ e~ pu(t)dt ~ A*/271()\) as A — 0, and (5.43) holds
by Theorem 5.17. a

Note that if ¢(A) ~ bA as A — oo and b > 0, nothing can be inferred about
the behavior of the density u(t) near zero. Next we record the asymptotic
behavior of the Lévy density of the geometric stable subordinator. The first
claim follows from (5.24), and the second from the previous proposition.

Proposition 5.24. Let p(dt) = p(t) dt be the Lévy measure of a geometri-
cally a/2-stable subordinator. Then

(i) For0<a<2 u(t)~ g, t— 0+

(i) For 0 < a <2, u(t) ~ F(la_i/jmt*a/zfl, t —o0. Fora =2, p(t) = &.

In the case of iterated geometric stable subordinators, we have only partial
result for the asymptotic behavior of the density (™ which follows from
Proposition 5.43 (ii).

Proposition 5.25. For any a € (0,2),

O P 72 L e ) L
O T @ ! e

Remark 5.26. Note that we do not give the asymptotic behavior of u(")(t)
as t — oo for a = 2 (iterated gamma subordinator), and the asymptotic
behavior of u™(t) as t — 0+ for all o € (0,2]. It is an open problem to
determine the correct asymptotic behavior.

The following results are immediate consequences of Proposition 5.23.

Proposition 5.27. Suppose that « € (0,2) and § € (0,2 — «). Let p(t) be
the Lévy density of the subordinator corresponding to Example 5.15. Then
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«
2I'(1 — a/2)

- atf —1—(a+p)/2
uit) M- (at5))2)" o,

p(t) ~ t1 7 (log(1/1))72, ¢ — 0+,

t— 0.

Proposition 5.28. Suppose that a € (0,2) and § € (0, ). Let u(t) be the
Lévy density of the subordinator corresponding to Example 5.16. Then

a 1
#0) ~ SEA—a2) T2 (log(10))P2"
a—0 1

M~ T —(a— gy o LT

t— 04,

We conclude this section with a discussion of the asymptotic behavior of
transition densities of geometric stable subordinators. Let S = (S; : ¢ > 0)
be a geometric a/2-stable subordinator, and let (ns : s > 0) be the corre-
sponding convolution semigroup. Further, let (ps : s > 0) be the convolution
semigroup corresponding to an «/2-stable subordinator, and by abuse of
notation, let ps; denote the corresponding density. Then by (5.21) and the
explicit formula (5.20), we see that 7, has a density

£u(t) = /O b pu(t)ﬁ e du.

For s = 1, this formula reads

fit) = / " pult)e " du.

Moreover, we have shown in Example 5.11 that fi(¢) is completely mono-
tone. To be more precise, fi(¢) is the density of the distribution function
F(t) =1 — E,/2(t) of the probability measure 7, (see (5.25)).

Proposition 5.29. For any o € (0,2),

1
~ a/ - el
f1(t) I‘(a/2)t =0+, (5.44)
fl(t)NQWF(l—i—%)sin(%ﬁ)Fl_%, t— 0. (5.45)

Proof. The first relation follows from the explicit form of the distribution
function F(t) = 1 — E,/5(t) and Karamata’s monotone density theorem.
For the second relation, use the scaling property of stable distribution,
pult) = 4=/ py (=), to get

fi(t) = / e~ "u % py (u™? ) du.
0
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Now use (5.18), (5.19) and dominated convergence theorem to obtain the
required asymptotic behavior. a

5.3 Subordinate Brownian Motion

5.3.1 Definitions and Technical Lemma

Let X = (X;,P*) be a d-dimensional Brownian motion. The transition
densities p(t,z,y) = p(t,y — ), z,y € R4t > 0, of X are given by

p(t, ) = (4nt) =2 exp (‘if) .

The semigroup (P, : ¢ > 0) of X is defined by P, f(z) = E*[f(X,)] =
Jga p(t,2,9) f(y) dy, where f is a nonnegative Borel function on R?. Recall
that if d > 3, the Green function G (z,y) = G®(z —y), z,y € R, of X is
well defined and is equal to

o rd/2-1),
@) () — . — d+2
@) = [ pltua) it = =G fap e,

Let S = (S; : t > 0) be a subordinator independent of X, with Laplace
exponent ¢(A), Lévy measure p, drift b > 0, no killing, potential mea-
sure U, and convolution semigroup (1; : ¢t > 0). We define a new process
Y=%,:t>0)byY, = X(St). Then Y is a Lévy process with characteris-
tic exponent ®(z) = ¢(|z|?) (see e.g. [135], pp.197-198) called a subordinate
Brownian motion. The semigroup (Q; : ¢t > 0) of the process Y is given by

Quf(x) = E*[f(Y0)] = E*[f(X(5,))] = / " Pf (@) mds)

If the subordinator S is not a compound Poisson process then @; has a
density ¢(t,z,y) = q(t,z — y) given by q(t,x) fo (s, ) ni(ds).

From now on we assume that the subordinate process Y is transient.
According to the criterion due to Port and Stone ([130]), Y is transient if
and only if for some small r > 0, [ _, %(é(x))dx < 00. Since ®(x) = ¢(|z|?)
is real, it follows that Y is transient if and only if

)\d/2 1
/O+ S0y <o (5.46)
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This is always true if d > 3, and, depending on the subordinator, may be
true for d = 1 or d = 2. For z € R? and A Borel subset of R%, the occupation
measure is given by

Gz, A) = I/O liv,en) = /QtlA x)dt = /O/PlA x)ne(ds) dt

/ P,1,U(ds) = // p(s,z,y) U(ds) dy,

where the second line follows from (5.6). If A is bounded, then by the tran-
sience of Y, G(z,A) < oo for every x € R%. Let G(z,y) denote the density
of the occupation measure G(z,-). Clearly, G(x,y) = G(y — x) where

Ga) = [ ptoyvian = [ oo, (5.47)

and the last equality holds in case when U has a potential density .
The Lévy measure 7 of YV is given by (see e.g. [135], pp. 197-198)

:/A/Oocp(t,x)u(dt)dx:/AJ(x)dx, ACRY,

J(z) = / " p(tx) p(d) = / " p(t (e, (5.48)

is called the jumping function of Y. The last equality is valid in the case
when p(dt) has a density p(t). Define the function j : (0,00) — (0,00) by

where

00 7,2
j(r) = /O (4m) =42~/ exp <—4t> p(dt), >0, (5.49)

and note that by (5.48), J(x) = j(|z|), z € R?\ {0}. We state the follow-
ing well-known conditions describing when a Lévy process is a subordinate
Brownian motion (for a proof, see e.g. [97], pp. 190-192).

Proposition 5.30. Let Y = (Y; : t > 0) be a d-dimensional Lévy process
with the characteristic triple (b, A, 7). Then Y is a subordinate Brownian
motion if and only if m has a rotationally invariant density x — j(|x|) such
that v — j(\/7) is a completely monotone function on (0,00), A = cly with
c>0, and b= 0.

Example 5.31. (i) Let ¢(\) = \*/2,0 < o < 2, and let S be the correspond-
ing a/2-stable subordinator. The characteristic exponent of the subordinate
process Y is equal to ®(z) = ¢(|z[?) = |z|*. Hence Y is a rotationally
invariant a-stable process. From now on we will (imprecisely) refer to this
process as a symmetric a-stable process. Y is transient if and only if d > a.
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The jumping function of Y is given by

o207 1T (He)

—a—d
=

, xeRd,

J(z) =

and when d > 3, the Green function of Y is given by the Riesz kernel

1 T(52)

— a—d d
(x)—ﬂd/zp T(2) |[x|“7¢, xeR®.

(ii) For 0 < a < 2 and m > 0, let ¢(\) = (A + m*/?)2/* — m,
and let S be the corresponding relativistic «a/2-stable subordinator.
The characteristic exponent of the subordinate process Y is equal to
®(z) = ¢(|z|?) = (Jz|2+m*/?)>/* —m. The process Y is called the symmetric
relativistic a-stable process. Y is transient if and only if d > 2.

(iii) Let ¢(X) = log(1l + A), and let S be the corresponding gamma subor-
dinator. The characteristic exponent of the subordinate process Y is given
by ®(z) = log(1 + |z|?). The process Y is known in some finance literature
(see [121] and [77]) as a variance gamma process (at least for d = 1). Y is
transient if and only if d > 2.

(iv) For 0 < a < 2, let ¢(\) = log(1 + A*/?), and let S be the corresponding
subordinator. The characteristic exponent of the subordinate process Y is
given by ®(z) = log(1 + |z|*). The process Y is known as a rotationally
invariant geometric a-stable process. From now on we will (imprecisely) refer
to this process as a symmetric geometric a-stable process. Y is transient if
and only if d > «.

(v) For 0 < a < 2, let V() = log(1 + A*/2), and for n > 1, let (M (\) =
dM (¢~ (N). Let S™ be the corresponding iterated geometric stable subor-
dinator. Denote Yt(n) = X(St(")). Y (™ is transient if and only if d > 2(a/2)".
(vi) For 0 < a < 2 let ¢(\) = bA+A*/2 and let S be the corresponding subor-
dinator. The characteristic exponent of the subordinate process Y is ®(z) =
blz|? + |z|*. Hence Y is the sum of a (multiple of) Brownian motion and an
independent a-stable process. Similarly, we can realize the sum of an a-stable
and an independent (-stable processes by subordinating Brownian motion X
with a subordinator having the Laplace exponent ¢(\) = \*/2 4 \%/2,

(vii) The characteristic exponent of the subordinate Brownian motion with
the Bessel subordinator Sy is log((1 + |z|?) + /(1 + |z]?)2 — 1) and so this
process is transient if and only if d > 1. The characteristic exponent of the
subordinate Brownian motion with the Bessel subordinator Sk is §(log((1+
|2|2) 4+ /(1 + |2]2)2 — 1))? and so this process is transient if and only if d > 2.
(viii) For a € (0,2),5 € (0,2 — ), let S be the subordinator with Laplace
exponent ¢(\) = A*/2(log(1 + A))?/2. The characteristic exponent of the
subordinate process Y is ®(z) = |z|*(log(1 + |x|?))?/2. Y is transient if and
only if d > a+ .
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(ix) For a € (0,2),8 € (0,a), let S be the subordinator with Laplace ex-
ponent ¢(A) = X*/2(log(1 + \))~P/2. The characteristic exponent of the
subordinate process Y is ®(x) = |=|*(log(1+|z|?))~%/2. Y is transient if and
only if d > a — .

In order to establish the asymptotic behaviors of the Green function G
and the jumping function J of the subordinate Brownian motion Y, we start
by defining an auxiliary function. For any slowly varying function ¢ at infinity
and any £ > 0, let

£(1/y)

<t
5= Wy Y S e
fee(y,t) { 0, y>1i.

Now we state and prove the key technical lemma.

Lemma 5.32. Suppose that w : (0,00) — (0,00) is a decreasing function
satisfying the following two assumptions:
(i) There exist constants ¢co > 0 and B € [0,2] with 6 > 1 —d/2, and a
continuous functions £ : (0,00) — (0,00) slowly varying at oo such that
Co

w(t)NW’ t—0+ . (5.50)

(ii) If d =1 or d = 2, then there exist a constant co, > 0 and a constant
v < d/2 such that

w(t) ~ coot?’™, t— +o00. (5.51)
Let g : (0,00) — (0,00) be a function such that

o0
/ 127248 o=ty (1) dt < 0.
0

If there is £ > 0 such that foe(y,t) < g(t) for all y,t > 0, then

I(z) := /000(47rt)_d/26_2t2w(t) dt

col'(d/2+ 3 —1) 1
~ 41— Brd/2 |z|d+26-2 ¢( L)’

|]?

|x] — 0.

Proof. Let us first note that the assumptions of the lemma guarantee that
I(x) < oo for every x # 0. By a change of variable we get

/00(4 525 w(e) de = I /Ootd/Q—?e—tw =Y 4
0 T a 47Td/2 0 4t

L ||~ 2 /51'2 +|z|9+2 /Oo
4md/2 0 Elal?

(|2 =921, + |2|~9+21) .

Ard/2



114 R. Song and Z. Vondracek

We first consider I for the case d = 1 or d = 2. It follows from the assump-
tions that there exists a positive constant ¢; such that w(s) < ;5771 for all
s> 1/(4€). Thus

£|LE|2 |$|2 ’Y—l
I < / td/2*2e*tcl — dt
0 4t

¢lzl?
< 02|1’|2“’72/ 42771 dt = egla]?2.
0

It follows that i
Banyi
B e S —-0. (5.52)

lim T
z|—0 ————m———
1= G

In the case d > 3, we proceed similarly, using the bound w(s) < w(1/(4€))
for s > 1/(4¢).
Now we consider Is:

—d+2 1 > d/2—2 —t ]
|| I == t eTtw | —— | dt
‘.’E| -2 £lz|? 4t

4P s A
= W\/ t /2—2+ e 1 n dt.
2202 U z) Sepop o Uap)

||

Using the assumption (5.50), we can see that there is a constant ¢ > 0 such

that o
x|
w ()
+
(152)" e
for all ¢ and z satisfying |z|?/(4t) < 1/(4€). Since £ is slowly varying at
infinity,
)

1M —— =

<c

for all t > 0. Note that

~

(Gr

(L)

~—

= fee(lz?,t).

~

It follows from the assumption that

@) 1
4/2-2+48 ,—t v ( 4 é(\ |2) /228t g (1)

IN
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Therefore, by the dominated convergence theorem we have

00 W\ 6( )
d/2—2+p3 — (4t 2
4/2=2+0 ,—t -

‘ [l

lim Gdt = et/ e gy
|2|—0 Jeig2 —— () /0
£l| (\E\f)%(ﬁ |]?
= coD(d/2+ 5 - 1).

Hence, \$|7d+21'2

lim ————— = [(d/2+ 5 1). (5.53)

1120 )
Finally, combining (5.52) and (5.53) we get

lim I(x) _ col'(d/2+8—1)

I R 1-B.-d/2
=0 |25 =20( o) APl

O

Remark 5.33. Note that if in (5.50) we have that ¢ = 1, then foe = 1,
hence foe(y,t) < g(y) and [;° td/24B8=2e=t (1) dt < oo with g = 1 provided
8>1-d/2.

5.3.2 Asymptotic Behavior of the Green Function

The goal of this subsection is to establish the asymptotic behavior of the
Green function G(z) of the subordinate process Y under certain assumptions
on the Laplace exponent of the subordinator S. We start with the asymptotic
behavior when |z| — 0 for the following cases: (1) ¢(\) has a power law be-
havior at 0o, (2) S is a geometric a/2-stable subordinator, 0 < o < 2, (3) S is
an iterated geometric stable subordinator, (4) S is a Bessel subordinator, and
(v) S is the subordinator corresponding to Example 5.15 or Example 5.16.

Theorem 5.34. Suppose that S = (S; : t > 0) is a subordinator whose
Laplace exponent ¢p(\) = b\ + fooo(l — e ) u(dt) satisfies one of the follow-
g two assumptions:

(i) b>0,

(i) S is a special subordinator and p(N) ~ v~ IAY? as X\ — oo, for0 < a < 2.

If Y is transient, then

L5
G@) ~ ﬁ é(g))

lz|*=9,  |z| — 0, (5.54)

(where in case (i), v"' =b and a = 2).
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Proof. (i) In this case, ¢(\) ~ bA, A — co. By Proposition 5.7, the potential
measure U has a continuous density w satisfying u(0+) = 1/b = + and
u(t) < u(0+) for all ¢ > 0. Note first that by change of variables

oo 2 —d+2 oo 2
—d/2 =l _ =l a2—2 —s (12|
/0 (4mt) exp < i ) u(t)dt = e s e tu| - ds.
(5.55)

By Proposition 5.7, lim,_ou(|z|?/(4s)) = u(0+) = ~ for all s > 0 and
u(|z|?/(4s)) is bounded by u(0+). Hence, by the bounded convergence
theorem,

. 1 RN |2 AT(d/2 — 1)
lim ——— 4ort) ~4/? —— t)ydt = ————+—=. .
li e [ ) e ( I ) ult) gz (550)

(ii) In this case the potential measure U has a decreasing density u which by
(5.28) satisfies

o 1
t ~ — t .

By recalling Remark 5.33, we can now apply Lemma 5.32 with 8 =1 — «/2
to obtain the required asymptotic behavior. a

Theorem 5.35. For any o € (0,2], let ¢(\) = log(1+A*/?) and let S be the
corresponding geometric a/2-stable subordinator. If d > «, then the Green
function of the subordinate process Y satisfies

(d/2)

2amd/2|z|d log? ‘71|

G(z) ~ , x| —0. (5.57)

Proof. We apply Lemma 5.32 with w(t) = u(t), the potential density of
S. By Proposition 5.19, u(t) ~ #ggt as t — 0+, so we take ¢g = 2/q,
B =1and £(t) = log2 t. Moreover, by the second part of Proposition 5.19,
u(t) ~ t*/2=1/(I'(a)/2) as t — 400, so we can take ¥ = a/2 < d/2. Choose
¢ =1/2. Let

log” y
T,y < 2t,
f,t) = for2(y,t) = log® ;
/ 0, y=>2t.
Define )
log= 2t 1
g(t) == log?2 * U< 1)
1, t>1.

In order to show that f(y,t) < g(t), first let t < 1/4. Then y — f(y,t) is an
increasing function for 0 < y < 2¢. Hence,

log? 2t
sup f(y,1) = F(2L,1) =~y
0<y<2t log” 2
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Clearly, f(y,1/4) = 1. For t > 1/4, y — f(y,t) is a decreasing function for
0 <y < 1. Hence

sup  f(y,t) = f(0,t) == lim f(y,¢) = 1.
0<y<(2t)A1 y—0

For ¢t > 1/2, elementary consideration gives that

log? 2t
sup f(y,t) < —5-.
1<y<2t log” 2
Clearly,
/ 12 ety (t) dt < o0,
0
and the required asymptotic behavior follows from Lemma 5.32. a

Forn >1,let S (") be the iterated geometric stable subordinator with the
Laplace exponent ¢(™). Recall that ¢V (\) = log(1 + \*/?), 0 < a < 2, and
o™ = ¢ o p=D TLet V™ = X(S™) be the subordinate process and
assume that d > 2(a/2)". Denote the Green function of Y™ by G("). We
want to study the asymptotic behavior of G using Lemma 5.32. In order

to check the conditions of that lemma, we need some preparations.
For n € N, define f, : (0,1/e,) x (0,00) — [0,00) by

Fuly,t) := 4 Lo (BOLCDZ Y S e
y> 2

b en.

Note that f, is equal to the function fy ¢, defined before Lemma 5.32, with
(y) = Lp_1(y)ln(y)? and & = e, /2. Also, for n € N, let

) (Bt < 1/4,
gn(t) = {1, t>1/4.

Moreover, for n € N, define h,, : (0,1/e,,) x (0,00) — (0,00) by

hn(y,t) := by
Clearly, for 0 < y < f—i A i we have that

fn(y7 t) = hl (ya t) s hnfl(y7 t>hn(y7 t>2 . (558>
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Lemma 5.36. For ally € (0,1/e,) and all t > 0 we have fp(y,t) < gn(t).
Moreover, [[° 427 e~tg, (1) dt < cc.

Proof. A direct calculation of partial derivative gives

oh, La(2)— L(2)
Ty(y’t) vl s %) (%)%(%)2

The denominator is always positive. Clearly, the numerator is positive if
and only if ¢ > 1/4. Therefore, for t < 1/4, y — h,(y,t) is increasing on
(0,2t/ey), while for ¢t > 1/4 it is decreasing on (0, 2t/e,,).

Let ¢t < 1/4. It follows from (5.58) and the fact that y — h,,(y, t) is increas-
ing on (0,2t/e,,) that y — f,(y,t) is increasing for 0 < y < 2t/e,,. Therefore,

sup  fu(y,1) < fu(2t/en,t) = gn(t) .
0<y<2t/e,

Clearly, fn(y,1/4) = 1. For y > 1/4, it follows from (5.58) and the fact that
y +— hy(y,t) is decreasing on (0,2t/e,) that y — f,(y,t) is decreasing for
0 <y<1/ey,. Hence

sup In(y,t) = f(0,t) == l}ii%fn(%t):l'

0<y<ZEA
For ¢t > 1/2, elementary consideration gives that

sup Fa(y,t) < gn(t).

Locy<Za L

The integrability statement of the lemma is obvious. a

Theorem 5.37. If d > 2(a/2)"™, we have

r(d/2)
2092 [2| 7L,y (1/[2]2)ln (1/]2]2)2

lels) () ~

|z| — 0.

Proof. We apply Lemma 5.32 with w(t) = u("(t), the potential density of
S By Proposition 5.21,

2
() () m
v~ e 0

so we take cg = 2/a, f = 1 and £(t) = L,,_1(t)l,(t)%. By the second part
of Proposition 5.21, u(™(t) is of order +(*/?)"~1 as t — oo, so we may take
v = (a/2)" < d/2. Choose £ = e,/2. The result follows from Lemma 5.32
and Lemma 5.36 a
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Using arguments similar to that used in the proof of Theorem 5.35,
together with Proposition 5.22, (5.32) and (5.34), we can easily get the
following two results.

Theorem 5.38. (i) Suppose d > 1. Let G be the Green function of the
subordinate Brownian motion via the Bessel subordinator S;. Then

r(d/2)
G gt T

(ii) Suppose d > 2. Let G be the Green function of the subordinate Brownian
motion via the Bessel subordinator Si. Then

(d/2)

Amd/2|z|d 1og? \%I

GK(JJ) ~

, el =0

Theorem 5.39. Suppose a € (0,2),3 € (0,2 — «) and that S is the subor-
dinator corresponding Example 5.15. If d > o+ 3, the Green function of the
subordinate Brownian motion via S satisfies

al'((d — «)/2 1
20+17d/20(1 + a/2) |x|==(log(1/|2|?))8/2’

G(z) ~

|z| — 0.

Theorem 5.40. Suppose a € (0,2), 8 € (0,«) and that S is the subordi-
nator corresponding Example 5.16. If d > a — 3, the Green function of the
subordinate Brownian motion via S satisfies

al((d—a)/2  (log(1/|z[*))"
2a+17.rd/2r(1 —|—Oz/2) ‘xld—a ’

G(z) ~ |z| — 0.
Proof. The proof of this theorem is similar to that of Theorem 5.35, the

only difference is that in this case when applying Lemma 5.32 we take the
slowly varying function ¢ to be

_ [ (og?t)=P/4 1 > 2,
) = { (log?2)~P/4 t < 2.

Then using argument similar to that in the proof of Theorem 5.35 we can
show that with the functions defined by

log(1/y)

log~(4t/y)
102 (1/5)) Jt=>1/4, y <1/2,

1 (4t
Loyt ;w) E<1/4, 1/2 <y <2t

) y = 2t,

(M)W“ t<1/4, y <2,

¢(1/y)
fy,t) = { Tty Y < 2t, (
0, y =2t (
0
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and

log?(st) | 7/
o = (53) t> 14
1, t<1/4.

we have f(y,t) < g(t) for all y > 0 and ¢ > 0. The rest of the proof is exactly
the same as that of Theorem 5.35. ad

By using results and methods developed so far, we can obtain the following
table of the asymptotic behavior of the Green function of the subordinate
Brownian motion depending on the Laplace exponent of the subordinator.
The left column contains Laplace exponents, while the right column describes
the asymptotic behavior of G(z) as |x| — 0, up to a constant.

Laplace exponent ¢ Green function G ~ ¢-
A |z~ |2]?

11— _
[ENPgds (> -1) 2]~ [of? log(Lz) 1
)\a/2(10g(1+)\))/8/270<Oé<270<ﬁ<2_06, |.’L'|_d |x|aW
20 <a<?2 |z| =4 |z|®
X2(log(14+ M) P2 0<a<2,0<f<a, lz| = || (log(1/|z|?))?/?

a/2 —d

1()(g§1+)\/),0<0[§2 |l’|d%
o) ™ o

Notice that the singularity of the Green function increases from top to
bottom. This is, of course, a consequence of the fact that the corresponding
subordinator becomes slower and slower, hence the subordinate process Y
moves also more slowly for small times.

We look now at the asymptotic behavior of the Green function G(z) for

Theorem 5.41. Suppose that S = (S; : t > 0) is a subordinator whose
Laplace exponent

o) =0+ [ (1= e et

is a special Bernstein function such that imy_o ¢(N) = oo. If ¢p(N) ~
Y INY2 as X — 0+ for o € (0,2] with a < d and a positive constant v, then

v T(52)

xi/220 ()

G(x) |
as |x| — oo.
Proof. By Theorem 5.1 the potential measure of the subordinator has a

decreasing density. By use of Theorem 5.17, the assumption ¢(\) ~ vy~ \*/2
as A — 04 implies that
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u(t) ~ 2 27 .

[(a/2)

Since u is decreasing and integrable near 0, it is easy to show that there
exists tg > 0 such that u(t) < ¢t~ for all ¢ € (0,¢y). Hence, we can find a
positive constant C' such that

u(t) < Ot v /271y, (5.59)

By change of variables we have

/0 oo(zm)—dl/2 exp (-'Zf) u(t) dt

1 —d+2 > d/2—2 _—s |33|2
:47rd/2|$‘ /0 5 e~ 5u Is ds
o Y |m|—d+o¢ /OQ Sd/Z—Qe—s (

0

 47d/2T(a/2)

D ()
u ()

F(J/z) (‘ﬁf)a/%l

F(a/2) (
_ gl —dta [T d/2—a/2-1,~s
25772 (o)) /0 N

Let |z| > 2. Then by (5.59),

|| —a
(“()‘;21 <C (('if) /2v1> < C(s*?Vv1).

4s

It follows that the integrand in the last formula above is bounded by an inte-
grable function, so we may use the dominated convergence theorem to obtain

: [ P j/? v (93
1 —_— 4rt) =2 —_—— t)dt = ————=—+
|:1:\1gloo |£L’|_d+°‘ A ( 7 ) exp it U( ) Sand/2 F(%) )

which proves the result. a

vof |

Examples of subordinators that satisfy the assumptions of the last theorem
are relativistic 3/2-stable subordinators (with « in the theorem equal to 2),
gamma subordinator (o = 2), geometric (/2-stable subordinators (a = (),
iterated geometric stable subordinators, Bessel subordinators Sy, o = 1, and
Sk, a =2, and also subordinators corresponding to Examples 5.15 and 5.16.

Remark 5.42. Suppose that Sy = bt+ Sy where b is positive and S; is a pure
Jump special subordinator with finite expectation. Then ¢(\) ~ bA, A — oo,
and ¢p(A) ~ &' (0+)\, X — 0. This implies that, when d > 3, the Green
function of the subordinate process Y satisfies G(z) < G®)(z) for all x € R,
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5.3.3 Asymptotic Behavior of the Jumping Function

The goal of this subsection is to establish results on the asymptotic behavior
of the jumping function near zero, and results about the rate of decay of
the jumping function near zero and near infinity. We start by stating two
theorems on the asymptotic behavior of the jumping functions at zero for
subordinate Brownian motions via subordinators corresponding to Examples
5.15 and 5.16. We omit the proofs which rely on Lemma 5.32 and are similar
to proofs of Theorems 5.39 and 5.40.

Theorem 5.43. Suppose a € (0,2),8 € (0,2 — «) and that S is the sub-
ordinator corresponding to FExample 5.15. Then the jumping function of the
subordinate Brownian motion Y wvia S satisfies

al((d+a)/2)  (log(1/|z[?))?/?

J(x)N21*a7rd/2I‘(1—a/2) ] ,  |z| —0.

Theorem 5.44. Suppose a € (0,2), 5 € (0,«) and that S is the subordinator
corresponding to Example 5.16. Then the jumping function of the subordinate
Brownian motion Y wia S satisfies

__ al((d+a)/2) 1
21-and/2D (1 — a/2) |x|¢te(log(1/|z]2))P/2

J(x) |x] — 0.

We continue by establishing the asymptotic behavior of the jumping func-
tion for the geometric stable processes. More precisely, for 0 < a < 2, let
H(N) = log(1 4+ X\*/2), S the corresponding geometric o/2-stable subordina-
tor, Y; = X (S;) the subordinate process and J the jumping function of Y.

Theorem 5.45. For every o € (0,2], it holds that

al'(d/2)
2|z|d

J(x) ~

|x| — 0.

Proof. We again apply Lemma 5.32, this time with w(t) = u(t), the density
of the Lévy measure of S. By Proposition 5.24 (i), u(t) ~ 5; as t — 0+, so
we take ¢ = /2, f =1 and £(t) = 1. By Proposition 5.24 (ii), p(t) is of the
order t—*/2~1 as t — 400, so we may take vy = —a/2. Choose £ = 1/2 and

let g =1. a

Theorem 5.46. For every o € (0,2) we have

~—

o T4

J(x) ~ 20+17d/2T(1 — )

x4 | — oo.
)
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Proof. By Proposition 5.24 (ii),

«
e — T L .
W)~ SE A —a2) T

Now combine this with Proposition 5.24 (i) to get that
p(t) <C@E v/ > 0. (5.60)

By change of variables we have

/O " (4t) =2 exp (-'Zf) u(t) dt

1 —d+42 > d/2—2 _—s |x\2
:47Td/2|x\ | s S e ds

oo ﬂ) —a/2—1
L R |x|7d7a/ 512725 M( i 1 ds
8rd/2I'(1—a/2) 0 |2 4s

—_ a —d—a > d/2+a/2—-1_—s
oA (1—ay2) | /0 8 ¢

2|2 —a/2—1
i)

S

ar(ﬁa/z) (

Let |z| > 2. Then by (5.60),

(::()22/)21 <C ((Ef)a/z \/1> < C(s~2 v 1).

4s

It follows that the integrand in the last display above is bounded by an inte-
grable function, so we may use the dominated convergence theorem to obtain

: 1 iy — |z a  I(He)
lim ———— 4rt) /2 — ) u(t) dt = 2
P |x|,d,a/0 (mt) = exp ( =75 J i) dt = S r1-29)’
(5.61)
which proves the result. a

In the case a = 2, the behavior of J at oo is different and is given in the
following result.

Theorem 5.47. When a = 2, we have

d—1 e*‘x‘
T2

d+1
2

J(z) ~ 2727
||
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Proof. By change of variables we get that

() = 1/00 1 Let (dmt) =2 exp(— )
2 P
0
|2

o0
—d—1_— _ d_1 _s_|=
= 2741 d/2 g d/ sz lem 17 o ds
0

=27 a2 (Ja),

where
g s _r2
I(r) = / sz lem 175 ds.
0
Using the change of variable u = 79 — ﬁ we get

I(r) = e*r/ s8 1 CF g
0

. /°° 2(u+VuZ +2r)d 2
=e e
oo Vu? + 2r

o) /2,2 2
=2 T vt vu e 27a(i +4/ . 2)d_16_“2du.
oo VU2 +2r VT r

Therefore by the dominated convergence theorem we obtain

du

—1

I(r) ~ 2%+1\/Ee_rrd7, 7 — 00.
Now the assertion of the theorem follows immediately. O

Let Y;(n) =X (Sffn)) be Brownian motion subordinated by the iterated
geometric subordinator S and let J(™ be the corresponding jumping func-
tion. Because of Remark 5.26, we were unable to determine the asymptotic
behavior of J().

Assume now that ¢()\) is a complete Bernstein function which asymptot-
ically behaves as A\*/2 as A\ — 0+ (resp. as A — 00). Similar arguments as
in Theorems 5.45 and 5.46 would yield that the jumping function J of the
corresponding subordinate Brownian motion behaves (up to a constant) as
|z| =9 as |x| — oo (resp. as |z|~*"? as |x| — 0). We are not going to pursue
this here, because, firstly, such behavior of the jumping kernel is known from
the case of a-stable processes, and secondly, in the sequel we will not be in-
terested in precise asymptotics of J, but rather in the rate of decay near zero
and near infinity. Recall that () denotes the decreasing density of the Lévy
measure of the subordinator S (which exists since ¢ is assumed to be complete
Bernstein), and recall that the function j : (0,00) — (0, 00) was defined by

o) 2
jlr):= / (A7)~ ¥2=/2 exp (—Zt) w(t)ydt, r>0, (5.62)
0

and that J(z) = j(|z|), = € R?\ {0}.
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Proposition 5.48. Suppose that there exists a positive constant ¢ > 0 such
that

wu(t) <cpp(2t) for allt € (0,8), (5.63)
p(t) <ecip(t+1) forallt>1. (5.64)

Then there exists a positive constant co such that

2J(2r)  for allr € (0,2), (5.65)
2j(r+1) forallr>1. (5.66)

Also, r — j(r) is decreasing on (0, 00).
Proof. For simplicity we redefine in this proof the function j by dropping

the factor (47)~%/2 from its definition. This does not effect (5.65) and (5.66).
Let 0 < r < 2. We have

jen) = [ e (o) d

1/2 oo
% ( / t= Y2 exp(—r? /t)u(t) dt + / t= 42 exp(—r? /t)u(t) dt
0 1/2

—|—/0 t= Y2 exp(—r? /t)u(t) dt + /200 t=42 exp(—r? /t)u(t) dt)

1 oo 2
> ( / t= Y2 exp(—r? /t)u(t) dt + / t=42 exp(—r? /t)u(t) dt)
1/2 0
= 1(I + 1)
- 2 1 2):
Now,
[e%s} [ee] 7,.2 37A2
= [ e ep-Tumde= [ ep(- ) expl- St di
1/2 1/2 4t 4t
e3¢} 2 37“2 ]
>/ t d/QeXp(—*)eXp(—f)u(t)dt>e‘6/ Y2 exp(——)u(t) dt,
1/2 2 1/2 t

Combining the three displays above we get that j(2r) > c3j(r) for all
r € (0,2).
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To prove (5.66) we first note that for all ¢ > 2 and all » > 1 it holds that

(r+1)? r?

t t—1

<1.

This implies that

(r+ 1)2 —1/4 r?

py )>e exp(—4(t — 1)), forallr >1,t>2. (5.67)

exp(—

Now we have

%) r 2
j(r+1):/0 t’d/QeXp(f%)u(t)dt

8 2 0 r 2
> % (/0 —d/2 exp(—%)/ﬁ(t) dt +/3 ¢4/ GXP(—%)“(” dt)

For I3 note that (r + 1)% < 47?2 for all r > 1. Thus

b= [ e s [ e u a

2 2
= 4~ 4/2+1 / s~ exp(—i—),u(éls) ds
O S

2 2
> a0 [ e (s ds,
0 S

[e'e) 2
L= =172 exp(= TEDT) 4y e

> / 2 exp{—1 /4 expl— g ) )t

[eS) 2
= 671/4/ (571)*d/2exp(72—),u(5+1)d5
2 S

e} 2
> cl_le_l/4/ s~/ exp(—%)u(s) ds.
2

Combining the three displays above we get that j(r + 1) > ¢4 j(r) for all
r> 1. a

Suppose that S = (S; : t > 0) is an a/2-stable subordinator, or a relativis-
tic a/2-stable subordinator, or a gamma subordinator. By the explicit forms
of the Lévy densities given in Examples 5.8, 5.9 and 5.10 it is straightforward
to verify that in all three cases u(t) satisfies (5.63) and (5.64). For the Bessel
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subordinators, by use of asymptotic behavior of modified Bessel functions
Iy and Ky, one obtains that uy(t) ~ e™t/t, t — 04, pr(t) ~ (1/3/2m)t=3/2,
t — 00, ux (t) ~ log(1/t)/t, t — 0+, and pg(t) ~ /m/2e 2t t73/2 t — occ.
From Propositions 5.27 and 5.28, it is easy to see that corresponding Lévy
densities satisfy (5.63) and (5.64). In the case when S is a geometric a/2-
stable subordinator or when S is the subordinator corresponding to Example
5.15, respectively Example 5.16, these two properties follow from Proposition
5.24, and Proposition 5.27, respectively Proposition 5.28. In the case of an
iterated geometric stable subordinator with 0 < a < 2, (5.64) is a conse-
quence of Proposition 5.25, but we do not know whether (5.63) holds true.
By using a different approach, we will show that if ) : (0, 00) — (0,00) is
such that J™ (z) = j)(|z]), then (5.65) and (5.66) are still true.

We first observe that symmetric geometric a-stable process Y can be
obtained by subordinating a symmetric a-stable process X via a gamma
subordinator S. Indeed, the characteristic exponent of X“ being equal to
|z|%, and the Laplace exponent of S being equal to log(1+ ), the composition
of these two gives the characteristic exponent log(1 + |z|*) of a symmetric
geometric a-stable process. Let p, (t, 2, y) = pa(t, 2 —y) denote the transition
densities of the symmetric a-stable process, and let ¢, (¢, z,v) = qu(t, 2 — y)
denote the transition densities of the symmetric geometric a-stable process,
z,y € R ¢t > 0. Then

qo(t, ) = /OOO pa(s,x)%st_le_sds. (5.68)

Also, similarly as in (5.48), the jumping function of Y can be written as
J(z) = / polt,x)t e tdt, x e R\ {0}. (5.69)
0
Define functions 5™ : (0,00) — (0, 00) by

i) = / t=2 exp (—th) pM@ydt, >0, (5.70)
0
where 1(™) denotes the Lévy density of the iterated geometric subordinator,
and note that by (5.48), J(z) = (47)~¥2;(")(|z|), 2 € R?\ {0}.

Proposition 5.49. For any a € (0,2) and n > 1, there exists a positive
constant ¢ such that

i@y <ej™ (@),  forallr >0 (5.71)

and
j(n) (r) < cj(")(r +1), forallr>1. (5.72)
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Proof. The inequality (5.72) follows from Proposition 5.48. Now we prove
(5.71). It is known (see Theorem 2.1 of [26]) that there exist positive constants
C; and Cy such that for all £ > 0 and all z € R?,

Cymin(t=¥ ¢ x| 7)) < po(t,z) < Comin(t~¥ t|z|~4%).  (5.73)
Using these estimates one can easily see that there exists C3 > 0 such that

pa(t,z) < Cspa(t,2x), forallt >0 and x € RY. (5.74)

Let JM(z) = J(x) and q&l)(t,x) = ¢qo(t,z). By use of (5.74), it follows
from (5.68) and (5.69) that J((z) < C3J1)(22) , for all x € R?\ {0}, and

(1)(7,‘ x) < Csq 1)(ﬁ, 2z), for all t > 0 and = € R?. Further, Y is obtained
by subordinating Y'() by a geometric a/2-stable subordinator S. Therefore,

1 o0
79w = 5 [l s 0agp(s) s, a0~ [T 5.0 fasalts) .
0 0
(5.75)
where p(s) is the Lévy density of S and f,/2(t,s) the density of P(S; € ds).
By use of q&l)(sm) < C3q((11)(s,2x), it follows J®)(z) < C3J®(22) and

q((f)(t7 x) < ng((f)(t7 2z) for all t > 0 and = € R?. The proof is completed by
induction. O

We conclude this section with a result that is essential in proving the
Harnack inequality for jump processes, and was the motivation behind
Propositions 5.48 and 5.49.

Proposition 5.50. Let Y be a subordinate Brownian motion such that the
function j defined in (5.62) satisfies conditions (5.65) and (5.66). There
exist positive constants Cy and Cs such that if » € (0,1), x € B(0,r), and
H is a nonnegative function with support in B(0,2r)¢, then

EH(Y (r0.)) < Ca(E*T50.) / H(2)J(2) d

and
E*H(Y (t50.)) = Cs(E*i0.) / H(2)J(2) dz.

Proof. Let y € B(0,r) and z € B(0,2r)¢. If z € B(0,2) we use the estimates
27112] < |z — y| < 22, (5.76)
while if z ¢ B(0,2) we use

|zl =1 < |z =yl < 2[4+ 1. (5.77)
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Let B C B(0,2r)¢. Then by using the Lévy system we get
TB(0,r)
EI].B(Y(TB(O,) / / JZ— dZdS

TB(0,r)
:]E””/ /j(|sz5|)dzds.
0 B

By use of (5.65), (5.66), (5.76), and (5.77), the inner integral is estimated as
follows:

/ (1 — Vi) d / \z—Y|>dz+/ iz = Yi)) d

B 02) BNB(0,2)°

/ j(2~ 1|z\)dz—&-/ j(lz] = 1) dz
02) BNB(0,2)¢

2 (1)) dz + / e2(|2]) d

BNB(0,2)°

IN

BNB(0,2)

= CQ/BJ(,Z)dz

Therefore
TB(0,r)
E“15(Y(TB(0,r)) < EI/ 02/ J(z)dz
0 B
= c2 E*(7(0,r)) / 1p(2)J(%)dz.

Using linearity we get the above inequality when 15 is replaced by a simple
function. Approximating H by simple functions and taking limits we have
the first inequality in the statement of the lemma.

The second inequality is proved in the same way. a

5.3.4 Transition Densities of Symmetric Geometric
Stable Processes

Recall that for 0 < a < 2, g, (¢t,z) denotes the transition density of the
symmetric geometric a-stable process. The asymptotic behavior of g, (1, )
as || — oo is given in the following result.

Proposition 5.51. For a € (0,2) we have

a2%Lgin erp(dtep(e
aa(1,2) ~ T TS ONE)
7T§+1|(E|d+a

sl = o0
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For ao =2 we have

—|=|

d d 1 €

g2(1,2) ~ 272 — x| = 0.
Tl 2

Proof. The proof of the case o < 2 is similar to the proof of Proposition
5.29 and uses (5.73), while the proof of the case o = 2 is similar to the proof
of Theorem 5.47. We omit the details. O

The following theorem from [59] provides the sharp estimate for g (, x)
for small time ¢ in case 0 < o < 2.

Theorem 5.52. Let a € (0,2). There are positive constants C; < Cy such
that for all z € R and 0 <t < 1 A &

2a7
C’ltmin(|x|7d7°‘, |x|7d+t°‘) < gu(t,x) < Cot min(|m|7d7”’, |a:|7d+to‘).

Proof. The following sharp estimates for the stable densities (5.73) is well
known (see, for instance, [26])

d+a
«@

e
Pa(s, ) = a(l/\| |d+a>, Vs >0 and z € R?.

Hence, by (5.68) it follows that g, (t,z) < m I(t, |x|) where

0o dta
I(t,r) :z/0 Ta (1/\ d+a> stlem%ds
— 1 Tﬂ ste=% ds + > stflfd/aefs ds
- Td+a 0 o '
T

From now on assume that 0 <t < 1A %. Then for 0 < r <1,

1 re 1 0o
I(t,r) =< W/ st ds+/ stflfd/o‘efsds—F/ gtmimd/ag=s g
0 re 1

1 at—d 1 at—d /OC t—1—d/a, — t—d
_ : : 1 Q=8 g = & )
Tl +d/a7t(r )+ : s e Pds=r

Q‘

(

We also have,

T[>, . r(t+1) 1
I(t,r)Sm/O se dS—WSm, 7">07

/1 fe ds > ! ! > L > 1
ste % ds r )
o T opdta (14 t)e T 2erdta’

I(t,r) > s
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Note that
1 1 { T, 0<r <1
— r

T AN — =
= 1
pdta " pd—ta e, T > L

Therefore I(t,r) < —= A —. This implies that

_ 1 1 1 IR 1 1
) = g T 1 g " o) =\ e )

since for 0 <t <1, T(¢) <t L. 0

—

Note that by taking = 0, one obtains that g, (¢,0) = co for 0 < ¢t < 1/\%.
This somewhat unusual feature of the transition density is easier to show
when o« = 2, i.e., in the case of a gamma subordinator. Indeed, then

o0 2 1
q2(t, x) ::/ (47s) =Y 217/ () _—_gt=1o=s g
0 I(t)

and therefore

(Am)=2 [ e +00, t<dj2,
@2(t,0) = = s e "ds=1q r@-d/2)
0 @) t>d/2.

Assume now that S is an iterated geometric stable subordinator with
the Laplace exponent ¢(A) = log(1l + log(1l + A)), and let qéz)(ux) be the
transition density of the process Yt(z) = X(Sf)). Then by (5.75),

) [T o e
Qs (75,0)—/O qg(s,O)F(t)s e ®ds =00

for all ¢ > 0.

5.4 Harnack Inequality for Subordinate
Brownian Motion

5.4.1 Capacity and Exit Time Estimates for Some
Symmetric Lévy Processes

The purpose of this subsection is to establish lower and upper estimates for
the capacity of balls and the exit time from balls, with respect to a class of
radially symmetric Lévy processes.

Suppose that Y = (Y;,P*) is a transient radially symmetric Lévy process
on R?. We will assume that the potential kernel of Y is absolutely continuous
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with a density G(z,y) = G(Jy — z|) with respect to the Lebesgue measure.
Let us assume the following condition: G : [0,00) — (0, 00] 4s a positive and
decreasing function satisfying G(0) = oo. We will have need of the following
elementary lemma.

Lemma 5.53. There exists a positive constant Cy = Ci(d) such that for
every r > 0 and all x € B(0,r),

Cy / Gyl dy < / Gla,y)dy < / G(lyl) dy
B(0,r) B(0,r)

B(0,r)

Moreover, the supremum of fB(O " G(z,y) dy is attained at x = 0, while the
infimum is attained at any point on the boundary of B(0,r).

Proof. The proof is elementary. We only present the proof of the left-hand
side inequality for d > 2. Consider the intersection of B(0,r) and B(x,r).
This intersection contains the intersection of B(xz,r) and the cone with vertex
x of aperture equal to /3 pointing towards the origin. Let C'(x) be the latter
intersection. Then

/ G(\y—x\)dyz/ Gly — o) dy
B(0,r) C(z)

m/ G(|y—x|>dy:cl/ G(lyl) dy
B(z,r) B(0,r)

where the constant ¢; depends only on the dimension d. It is easy to see that
the infimum of fB(O,T) G(z,y)dy is attained at any point on the boundary of

B(0,r). O

Let Cap denote the (0-order) capacity with respect to X (for the definition
of capacity see e.g. [23] or [135]). For a measure p we define

Gulw) i= [ Gla,y) uldy).

For any compact subset K of R%, let Pk be the set of probability measures
supported by K. Define

e(K):= inf /Gu(:c) p(dx).

HEPK

Since the kernel G satisfies the maximum principle (see, for example, The-
orem 5.2.2 in [60]), it follows from ([76], page 159) that for any compact
subset K of R?

1 1
Cap(K) = - = . 5.78
(K) inf,cp, SUP g e Supp() Gu(z)  e(K) ( )
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Furthermore, the infimum is attained at the capacitary measure px. The
following lemma is essentially proved in [114].

Lemma 5.54. Let K be a compact subset of R:. For any probability measure
w on K, it holds that

inf Gu(z)<e(K)< sup Gu(z). (5.79)

zESupp(p) xeSupp(p)

Proof. The right-hand side inequality follows immediately from (5.78). In
order to prove the left-hand side inequality, suppose that for some prob-
ability measure p on K it holds that e(K) < inf,csupp(u) Gu(z). Then
e(K) + e < inf egupp(u) Gu(z) for some € > 0. We first have

/ Gu(z) pr(dz) > / (e(K) +¢€) pr(dr) =e(K) +e.
K K
On the other hand,

/K Gule) e (de) = /K G (x) ulde) = /K e(K) pu(dr) = e(K).

where we have used the fact that Guxg = e(K) quasi everywhere in K,
and the measure of finite energy does not charge sets of capacity zero. This
contradiction proves the lemma. a

Proposition 5.55. There exist positive constants Co < C3 depending only
on d, such that for all v >0

CQT‘d
fB(o 7) G(lyl) dy

C3 T

< Cap(B(0,7)) € —
fB 0.y Gllyl)d

(5.80)

Proof. Let m,(dy) be the normalized Lebesgue measure on B(0,r). Thus,
m,(dy) = dy/(cir?), where ¢; is the volume of the unit ball. Consider
Gm, = Sup,ep(o,r) GMr(7). By Lemma 5.53, the supremum is attained at
r =0, and so

1
Gm, = — G(lyl)dy
1™ JB(o,r)
Therefore from Lemma 5.54
d
c1r
Cap(B(0,r) 1— (5.81)
fB(o n Glyl)dy

For the right-hand side of (5.79), it follows from Lemma 5.53 and Lemma
5.54 that

Cap(B(0,7)) <

1 clrd clrd

= d <
GmT(Z) fB(O,r) G(Z7y) Cl fB (0,r) |y|)
where z € 9B(0, 7). O
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In the remaining part of this section we assume in addition that G satisfies
the following assumption: There exist 9 > 0 and ¢y € (0, 1) such that

coG(r)>G2r), 0<2r<rg. (5.82)

Note that if G is regularly varying at 0 with index § < 0, i.e., if

G(2r)

=20
re0 Glr) T

then (5.82) is satisfied with ¢y = (29 +1)/2 for some positive rq. Let TB(O,r) =
inf{t >0:Y; ¢ B(0,7)} be the first exit time of ¥ from the ball B(0,r).

Proposition 5.56. There exists a positive constant Cy such that for all
re (07 TO/Q);

C/ G(lyl)dy < inf E®7rgp, < sup E°r
* I (oD dy < Jof o 800 < s BB

< /B o Gy (553

Proof. Let G, (,y) denote the Green function of the process Y killed
upon exiting B(0,r). Clearly, Gpo.n(z,y) < G(x,y), for z,y € B(0,r).
Therefore,

IEQCTB(O,T) :/ GB(O,T)(‘Q;‘?y) dy
B(0,r)
<[ Gews[  Gluy.
B(0,r) B(0,r)

For the left-hand side inequality, let r € (0,7r/2), and let x,y € B(0,7/6).
Then,

GB(O,T) (I7y) = G(l’,y) - EIG(Y(TB(O,T))a y)
> Gly —a)) - GQ2ly — =) .
The last inequality follows because |y — Y (75(0,)| = 2r > 2|y — z|. Let
c¢1=1—¢p € (0,1). By (5.82) we have that for all u € (0,79), G(u) —G(2u) >
¢1G(u). Hence, G(|ly — z|) — G(2|ly — z|) > ¢1G(|ly — =|), which implies that
Gpo,r)(z,y) > c1G(z,y) for all z,y € B(0,7/6). Now, for 2 € B(0,r/6),

E*TB(0,r) :/ G, (z,y)dy Z/ G, (z,y)dy
B(0,r) B(0,r/6)

> o / Gla,y)dy > erCy / G(yl) dy
B(0,r/6) B(0,r/6)

where the last inequality follows from Lemma 5.53. ad
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Example 5.57. We illustrate the last two propositions by applying them to
the iterated geometric stable process Y (") introduced in Example 5.31 (iv)
and (v). Hence, we assume that d > 2(«/2)". By a slight abuse of notation
we define a function G : [0,00) — (0,00] by G (|z|) = G™(z). Note
that by Theorem 5.37, GG is regularly varying at zero with index 3 = —d. Let
ro be the constant from (5.82). Let us first look at the asymptotic behavior
of [0 G (|y|) dy for small 7. We have

/ G(”)(|y|) dy = cd/ wi=tgm (u) du
B(0,r) 0

cal(d/2) / w1 du edl(d/2) / dv
and/?2 Jo udL, 1 (1/u)2(1/u?)  2am?/2 [ wvL,_1(1/v)I2(1/v)
_eld/2) 1 -

1
2amd? 1,(1/r2) 4 1))

It follows from Proposition 5.55 that there exist positive constants C5 < Cg
such that for all r € (0,1/e,),

Csr'L,(1/r) < Cap(B(0,7) < Corla(1/r).
Similarly, it follows from Proposition 5.56 that there exist positive constants
C7 < Cy such that for all r € (0, (1/e,) A (10/2)),

Cy . Cs
inf  E*rgon < sup E'rgp,) < —.
z€B(0,r/6) Blor) J;EB(I())J') BO) ln(l/r)

(5.84)

Here we also used the fact that [,, is slowly varying.
By use of Theorem 5.41 and Proposition 5.55, we can estimate capacity
of large balls. It easily follows that as r — oo, Cap(B(0,r) is of the order
ala/2)m !
r .

5.4.2 Krylov-Safonov-type Estimate

In this subsection we retain the assumptions from the beginning of the pre-
vious one. Thus, Y = (Y;,P?) is a transient radially symmetric Lévy process
on R? with the potential kernel having the density G(z,y) = G(ly — z|)
which is positive, decreasing and G(0) = oo. Let ;1 € (0,1) and let
£:(1/r1,00) — (0,00) be a slowly varying function at co. Let § € [0,1] be
such that d + 28 — 2 > 0. We introduce the following additional assumption
about the density G: There exists a positive constant ¢; such that

C1

G(x) ~ |z|d+26-2¢(1/]z|?)’

|z — 0. (5.85)
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If we abuse notation and let G(|z|) = G(z), then G is regularly varying
at 0 with index —d — 28 + 2 < 0, hence satisfies the assumption (5.82)
with some 79 > 0. In order to simplify notations, we define the function
g (0,71) — (0,00) by

1
Q(T)ng(l/ﬂ)-

Clearly, g is regularly varying at 0 with index —d — 23 + 2 < 0. Let g be a
monotone equivalent of g at 0. More precisely, we define g : (0,71/2) — oo by

g(r) :=sup{g(p) : r < p<r}.
By the 0-version of Theorem 1.5.3. in [21], §(r) ~ g(r) as  — 0. Moreover,

g(r) > ¢g(r), and g is decreasing. Let ro = min(rg,r1). There exist positive
constants Cg < C1g such that

Cog(r) < G(r) < Ciog(r), r<rs. (5.86)

1/4 T2
c:max{3< g;0> ,1} . (5.87)

Since g is regularly varying at 0 with index —d — 2 + 2, there exists 73 > 0
such that

We define

d+28-2 — d+28-2
1/1 g(6¢r) 1
— | = < <2(— . 5.88
2 <3c) =g (30) LT (5.88)
Finally, let
R = min(rg,r3,1) = min(rg,r1,73,1). (5.89)

Lemma 5.58. There exists C11 > 0 such that for any r € (0,(7¢)"*R), any
closed subset A of B(0,7), and any y € B(0,r),

B Cap(4)
IP).U T < cr 2 C Can(B(0.1)
(Ta < TB(0,7cr)) () Cap(B(0,7))

where

oo )
"= Jo P 1g(p)dp” (5.90)

Proof. Without loss of generality we may assume that Cap(A4) > 0. Let
G'B(0,7cr) be the Green function of the process obtained by killing ¥ upon
exiting from B(0,7cr). If v is the capacitary measure of A with respect to
Y, then we have for all y € B(0,r),

=l
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GB(O,'?CT’)I/(y) =EY [GB(O,7cr)V(YTA) Th < TB(O,7CT‘)}
< sup GB(O,7CT‘)V(Z)]Py(TA < TB(O,7CT'))
z€ER4

< PU(TA < TB(O,7CT))'

On the other hand we have for all y € B(0,r),

GB(0,7cr)V(y) = /GB(0,7cr) (y, 2)v(dz) > v(A) Zegl(g " GB(0,7cr)(Z/72)

=Cap(4) inf G e (Y, 2) .
ap( )26}311(0” B(0,7 )(y 2)

In order to estimate the infimum in the last display, note that Gg(o,7¢r) (¥, 2) =
G(y,2) = EY[G(Yrg (g renys 2)]. Since |y — 2| < 2r < R, it follows by (5.86) and

the monotonicity of g that
G(y,2) = Cog(lz —yl) = Cog(2r). (5.91)

Now we consider G (Y-, ,.,,, 2)- First note that [Y-
Ter—cr > 6er. I Y,

B(0,7cr) Z| >Ter —r >
) —z| < R, then by (5.86) and the monotonicity of g,

B(0,7cr
G(YTB(0,7CT) ) Z) < Clog(‘z - YTB(O,7C7‘) |) < CIO§(6CT) .

If, on the other hand, [Yz, , ..., —2| > R, then G(Y, ...,,2) < G(w), where
w € R? is any point such that |w| = R. Here we have used the monotonicity
of G. For |w| = R we have that G(w) < C1pg(Jw|) = C10g(R) < Ciog(6er).
Therefore

EY[G(Yrp(0.70ry 2)] < Cr07(6cr) . (5.92)

By use of (5.91) and (5.92) we obtain

G B(0,7¢r) (Y, 2) > Cog(2r) — Crog(6er)

C C
> 5t2r) (€ - 20030 ) = Faten).

where the next to last line follows from (5.88) and the last from definition

(5.87). By using one more time that g is regularly varying at 0, we conclude
that there exists a constant C12 > 0 such that for all y, z € B(0,7),

GB(0,7C’I‘) (y7 Z) 2 Ong(r) :
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Further, it follows from Proposition 5.55 that there exists a constant Cy3 > 0,
such that

Cis r <1. (5.93)
Cap(B(0,7)) Jy p*~'g(p)dp ~

Hence

1 rig(r)
Cap(B(0,7)) Jo P4 1g(p) dp
R(r).

GB(o,7er) (Y, 2) > C12C13

> Chy

Cap(B(0,7))
To finish the proof, note that

Cap(4)

PY(T <T cr ZG er\V 20 R(T)———.
( A B(0,7 )) B(0,7cr) (y) 14 ( )Cap(B(O,r))

a

Remark 5.59. Note that in the estimate (5.93) we could use g instead of
g. Together with the fact that g(r) > g(r) this would lead to the hitting time
esttmate

Cap(A)

PY(Ty <7 cr ZC R\T) ——,
o < mmzen) = O G B, m)

where

= ()
") Jo P 1g(p)dp” (5.94)

We will apply the above lemma to subordinate Brownian motions. Assume,
first, that Y; = X(S;) where S = (S; : ¢ > 0) is the special subordinator
with the Laplace exponent ¢ satisfying ¢(A\) ~ A*/20(\), A — oo, where
0 < a < 2Ad, and /¢ is slowly varying at oo. Then the Green function
of Y satisfies all assumptions of this subsection, in particular (5.85) with
B =1—a/2,see (5.28) and Lemma (5.32). Define ¢ as in (5.87) for appropriate
Cy and Cyp and =1 — a/2, and let R be as in (5.89).

Proposition 5.60. Assume that Y; = X(S;) where S = (S; : ¢t > 0) is
the special subordinator with the Laplace exponent ¢ satisfying one of the
following two conditions: (i) ¢(\) ~ X*/20(N\), X — oo, where 0 < a < 2, and
¢ is slowly varying at oo, or (i) ¢(A) ~ A\, X — oco. If Y is transient, the
following statements are true:

(a) There exists a constant Ch5 > 0 such that for any r € (0, (7¢)"'R), any
closed subset A of B(0,r), and any y € B(0,r),

Cap(4)

PY(T <T cr 2 Clg —————.
s o) = O G B0
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(b) There ezists a constant Cig > 0 such that for any r € (0, R) we have

BY 7h00 < Chs inf  EY The0. -
yeBlom PO =6 pe PO

Proof. We give the proof for case (i), case (ii) being simpler.
(a) It suffices to show that %(r), r < (7¢)~!R, is bounded from below by a
positive constant. Note that g is regularly varying at 0 with index —d + a.
Hence there is a slowly varying function ¢ such that g(r) = r=9t*¢(r). By
Karamata’s monotone density theorem one can conclude that

1 d—

o r S 1 -
| o aordo= [ ) dp ~ o) = L rig(r), r o,
0 0 [0 (07

Therefore,

_ g0 1
fo = tg(p)dp o

(b) By Proposition 5.56 it suffices to show that fB(O Gyl dy <

ch(O +/6) G(Jy|) dy for some positive constant c¢. But, by the proof of part

(@) [0,y GUIyl) dy =< r5(0), while [0 . o) GllyD) dy = (/6)1g(r/6). Since

g is regularly varying, the claim follows. ad

()

Proposition 5.61. Let S be the iterated geometric stable subordinator
and let Yt(n) = X(St(n)) be the corresponding subordinate process. Assume
that d > 2(a/2)™.

(a) Let v > 0. There exists a constant Ci7 > 0 such thal for any
r € (0,(7¢)"LR), any closed subset A of B(0,7), and any y € B(0,r)

Cap(A)

Py T <T cr Z O T’yi .
s o) = O G B
(b) There exists a constant Cyg > 0 such that for any r € (0, R) we have

sup EY71g. < C inf  EY7g0., -
yEB(g,r) B(0.) e yEB(0,r/6) B.r)
Proof. (a) By Proposition 5.21 we take

_ 1
9(r) = L 1 (/) (1/r2)2

Recall that the functions l,,, respectively L,,, were defined in (5.36), respec-
tively (5.37). Integration gives that

v o 1 _ 2
/0 p g(ﬂ)dﬂf/O pLn_1(1/p2)ln(1/p%)2 dp = Lu(1/r%)
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Therefore,
1
- > Y
k() Lo = e,
and the claim follows from Remark 5.59.
(b) This was shown in Example 5.57. O

Remark 5.62. We note that part (b) of both Propositions 5.60 and 5.61 are
true for every pure jump process. This was proved in [131], and later also in
[157].

In the remainder of this subsection we discuss briefly the Krylov-Safonov
type estimate involving the Lebesgue measure instead of the capacity. This
type of estimate turns out to be very useful in case of a pure jump Lévy pro-
cess. The method of proof comes from [13], while our exposition follows [145].

Assume that Y = (Y; : t > 0) is a subordinate Brownian motion via a
subordinator with no drift. We retain the notation j(|z|) = J(z), introduce
functions

mr)=r—2 /07- p ™ ilp)dp,  ma(r) =/OO p*i(p)dp,

and let n(r) = n1(r) 4+ n2(r). The proof of the following result can be found
in [145].

Lemma 5.63. There exists a constant C1g9 > 0 such that for everyr € (0, 1),
every A C B(0,r) and any y € B(0,2r),
d .
rej(4r A
PY(TaA < T(0,3r)) = ClQLA

n(r) B,
where | - | denotes the Lebesgue measure.

Proposition 5.64. Assume that Y; = X(S;) where S = (S; : t > 0) is
a pure jump subordinator, and the jumping function J(z) = j(|z|) of ¥
is such that j satisfies j(r) ~ r=3=%4(r), r — O+, with 0 < a < 2 and ¢
slowly varying at 0. Then there exists a constant Coo > 0 such that for every
r € (0,1), every A C B(0,r) and any y € B(0,2r),

A

PY(Ta < Tp(0,3r)) = Czom .

Proof. It suffices to prove that 79j(4r)/n(r) is bounded from below by a
positive constant. This is accomplished along the lines of the proof of Propo-
sition 5.60. a

Note that the assumptions of Proposition 5.64 are satisfied for subordi-
nate Brownian motions via a/2-stable subordinators, relativistic a-stable
subordinators and the subordinators corresponding to Examples 5.15 and
5.16 (see Theorems 5.43 and 5.44).
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In the case of, say, a geometric stable process Y, one obtains from Lemma
5.63 a weak form of the hitting time estimate: There exists Cy; > 0 such
that for every r € (0,1/2), every A C B(0,r) and any y € B(0, 2r),

1 Al
log(1/r) |B(0,7)|~

PY(Ta < TB(0,3r)) = Ca1 (5.95)

5.4.3 Proof of Harnack Inequality

Let Y = (Y; : t > 0) be a subordinate Brownian motion in R? and let D be
an open subset of R%. A function h : R? — [0, +00] is said to be harmonic in
D with respect to the process Y if for every bounded open set B C B C D,

h(z) =E*[h(Yz,)], Va € B,

where 75 = inf{t > 0 : Y; ¢ B} is the exit time of ¥V from B. Harnack
inequality is a statement about the growth rate of nonnegative harmonic
functions in compact subsets of D. We will first discuss two proofs of a scale
invariant Harnack inequality for small balls. Next, we will give a proof of a
weak form of Harnack inequality for small balls for the iterated geometric
stable process. All discussed forms of the inequality lead to the following Har-
nack inequality: For any compact set K C D, there exists a constant C' > 0,
depending only on D and K, such that for every nonnegative harmonic
function h with respect to Y in D, it holds that

3 < C inf .
;1612 h(zx) < C’m}gKh(x)

The general methodology of proving Harnack inequality for jump processes
is explained in [145] following the pioneering work [13] (for an alternative
approach see [39]). The same method was also used in [14] and [49] to prove
a parabolic Harnack inequality. There are two essential ingredients: The first
one is a Krylov-Safonov-type estimate for the hitting probability discussed
in the previous subsection. The form given in Lemma 5.63 and Proposition
5.64 can be used in the case of pure jump processes for which one has good
control of the behavior of the jumping function J at zero. More precisely, one
needs that j(r) is a regularly varying function of index —d — « for 0 < o < 2
when r — 0+. This, as shown in Proposition 5.64, implies that the function
of r on the right-hand side of the estimate can be replaced by a constant,
which is desirable to obtaining the scale invariant form of Harnack inequality
for small balls. In the case of a geometric stable process the behavior of J
near zero is known (see Theorem 5.45), but leads to the inequality (5.95)
having the factor 1/log(1/r) on the right-hand side. This yields a weak type
of Harnack inequality for balls. In the case of the iterated geometric stable
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processes, no information about the behavior of J near zero is available, and
hence one does not have any control on the factor r%j(r)/n(r) in Lemma 5.63.
In the case where Y has a continuous component (i.e, the subordinator S
has a drift), or the case when information on the behavior of J near zero
is missing, one can use the form of Krylov-Safonov inequality described in
Propositions 5.60 and 5.61.

The second ingredient in the proof is the following result which can be
considered as a very weak form of Harnack inequality (more precisely, Har-
nack inequality for harmonic measures of sets away from the ball). Recall
that R > 0 was defined in (5.89).

Proposition 5.65. Let Y be a subordinate Brownian motion such that the
function j defined in (5.62) satisfies conditions (5.65) and (5.66). There exists
a positive constant Caa > 0 such that for any r € (0, R), any y,z € B(0,r/2)
and any nonnegative function H supported on B(0,2r)¢ it holds that

E*H(Y(TB(0,r))) < Co2EYH(Y (T(0,r))) - (5.96)

Proof. This is an immediate consequence of Proposition 5.50 and the com-
parison results for the mean exit times explained in Remark 5.62 (see also
Propositions 5.60 and 5.61). O

We are now ready to state Harnack inequality under two different set of
conditions.

Theorem 5.66. Let Y be a subordinate Brownian motion such that the
function j defined in (5.62) satisfies conditions (5.65) and (5.66) and is fur-
ther regularly varying at zero with index —d — a where 0 < o < 2. Then there
exists a constant C > 0 such that, for any r € (0,1/4), and any function

h which is nonnegative, bounded on R?, and harmonic with respect to Y in
B(0,16r), we have

h(z) < Ch(y), Vaz,y € B(0,r).

Proof of this Harnack inequality follows from [145] and uses Proposition
5.64. The second set of conditions for Harnack inequality uses Proposition
5.60. Recall the constant ¢ defined in (5.87).

Theorem 5.67. Let Y be a transient subordinate Brownian motion such
that the function j defined in (5.62) satisfies conditions (5.65) and (5.66),
and assume further that the subordinator S is special and its Laplace expo-
nent ¢ satisfies p(N) ~ DA%, X — oo, with a € (0,2] and b > 0. Then
there exists a constant C' > 0 such that, for any r € (0, (14c)"'R), and any
function h which is nonnegative, bounded on R?, and harmonic with respect
toY in B(0,14cr), we have

h(z) < Ch(y), Vz,y <€ B(0,r/2).
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Under these conditions, Harnack inequality was proved in [132]. Unfortu-
nately, despite the fact that Proposition 5.60 holds under weaker conditions
for ¢ than the ones stated in the theorem above, we were unable to carry
out a proof in this more general case.

Now we are going to present a proof of a weak form of Harnack inequality
for iterated geometric stable processes. Let S(™ be the iterated geometric
stable subordinator and let Yt(n) =X (St(n)) be the corresponding subordi-
nate process. We assume that d > 2(«/2)"™. For simplicity we write Y instead
of Y. We state again Propositions 5.61 (a) and 5.65:

Let v > 0. There exists a constant Cy7 > 0 such that for any r € (0, (7¢) "' R),
any closed subset A of B(0,7), and any y € B(0,r)

Cap(A)

PY(T <T cr 2 Cirr) ————
< rmoaen) = O G BO)

, (5.97)

There exists a positive constant Cas > 0 such that for any r € (0, R), any
y,z € B(0,r/2) and any nonnegative function H supported on B(0,r)¢ it
holds that

]EZH(Y(TB(O,T.))) S CQQEyH(Y(TB(OJ-))) . (598)

We will also need the following lemma.

Lemma 5.68. There exists a positive constant Cas such that for all
0<p<r<l/e,ts,

Cap(B(0,p)) Cos (g)d .
Cap(B(0,7)) — r

Proof. By Example 5.57,
Csm,(1/r) < Cap(B(0,7)) < Cerl,, (1/r)

for every r < 1/e,41. Therefore,

Cap(B(0,p)) _ Csp®ln(1/p) _ C5 (p\?
Cap(B(0,7)) = Cerdl, (1/7) z Cs (7) ’

r

where the last inequality follows from the fact that [,, is increasing at infinity.
O

Theorem 5.69. Let R and ¢ be defined by (5.89) and (5.87) respectively.
Let v € (0,(14c)™'R). There exists a constant C > 0 such that for every
nonnegative bounded function h in R% which is harmonic with respect to Y
in B(0,14cr) it holds

>

() < Ch(y), =,y € B(0,r/2).
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Remark 5.70. Note that the constant C' in the theorem may depend on the
radius v. This is why the above Harnack inequality is weak. A version of a
weak Harnack inequality appeared in [12], and our proof follows the arguments
there. A similar proof, in a somewhat different context, was given in [147].

Proof. We fix v € (0,1). Suppose that h is nonnegative and bounded in
R? and harmonic with respect to Y in B(0,14cr). By looking at h + €
and letting ¢ | 0, we may suppose that h is bounded from below by a
positive constant. By looking at ah for a suitable a > 0, we may suppose
that infp(g, /20 h = 1/2. We want to bound % from above in B(0,7/2) by
a constant depending only on r, d and 5. Choose z; € B(0,7/2) such that
h(z1) < 1. Choose p € (1,771). Fori > 1 let

cr

ri=—
K3 Zp

3

where c¢; is a constant to be determined later. We require first of all that ¢y
is small enough so that

Y r< (5.99)
: 8
i=1

Recall that there exists ¢y := C17 > 0 such that for any s € (0, (7¢) " R),
any closed subset A C B(0,s) and any y € B(0, s),

Cap(A)

PY(T <T cs 2 98—t
(T4 < Ts01e0) 2 576 BT

(5.100)

Let ¢3 be a constant such that
c3 < 022747'y+p'y .

Denote the constant Cg from Lemma 5.68 by ¢4. Once ¢; and c3 have been
chosen, choose K7 sufficiently large so that

%(70)**70204}(1 exp((14¢) 77V epegit =) AT > 2440 ted(5.101)
for all ¢ > 1. Such a choice is possible since py < 1. Note that K; will depend
on r,d and ~ as well as constants ¢, ¢1, ¢, cs and ¢q. Suppose now that there
exists x1 € B(0,r/2) with h(x1) > K;. We will show that in this case there
exists a sequence {(z;,K;) : j > 1} with xz;41 € B(z;,2r;) C B(0,3r/4),
Kj = h(l‘j), and

K; > Kyexp((14e) "1 eresft 7). (5.102)
Since 1 — py > 0, we have K; — oo, a contradiction to the assumption that

h is bounded. We can then conclude that h must be bounded by Kj on
B(0,7/2), and hence h(x) < 2K h(y) if z,y € B(0,r/2).
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Suppose that 1, xs,...,2; have been selected and that (5.102) holds for
Jj =1,...,i. We will show that there exists x;11 € B(x;,2r;) such that if
Ki+1 = h(x;41), then (5.102) holds for j = i + 1; we then use induction to
conclude that (5.102) holds for all j.
Let
A; = {y € B(xy, (14¢) ) : h(y) > Kﬂ"f”}.

First we prove that
Cap(A4; 1
_Cap(d)) 1 (5.103)
Cap(Blas, (140 1rp)) 4
To prove this claim, we suppose to the contrary that Cap(A4;)/Cap
(B(zy, (14¢)~1r;)) > 1/4. Let F be a compact subset of A; with Cap(F)/
Cap(B(x;, (14¢)~1r;)) > 1/4. Recall that r > 8r;. Now we have

1> h(z1) 2 E* [R(YTpArpo.mem ) TF < TB(0,70r)]
> Kiri?’y]PZl (TF < 7—B(0,7cr))

ZCQKﬂ’.Zﬂyrvcapi()
" Cap(B(0,r)) -
= o Kir]r? _Cap(F) _ Cap(B(zs, (7e)"'r))
' Cap(B(zi, (Tc)~1ry)) Cap(B(0,7))
lc '7“42A/T'7 Capm)
Z 4 QKZ i p(B( ))

%

1 1
ZCQKZ'T?’Y’I"‘YC4 <( o >

1 dg 2 i\ 4
= 10204(70) Kir;'r?Y (?)

) rond
> L 7 —d—'yKi 4y (i)
> 7c2ca(7c) rio 5

h \d
> 10204(7c)*d7'*K1 exp((14e) 7 eregit M)y (ﬂ)

T

1 ey
> 16204(76)%7”(1 exp((14¢) 17 ercsit 1) (%) (%)

1
> Jezea(Te) 1T K exp((14¢) Tr T eeg T )l im0

> 9i4vptpd;—dyp—pd _ o

We used the definition of harmonicity in the first line, (5.100) in the third,
Lemma 5.68 in the sixth, (5.102) in the ninth, and (5.101) in the last line.
This is a contradiction, and therefore (5.103) is valid.

By subadditivity of the capacity and by (5.103) it follows that there exists
E; C B(xi, (14c)"te) \ A; such that

Cap(E;) < 1
Cap(B(z;, (14c)~1r;)) — 2
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Write 7; for Tp(4, 7, /2) and let p; := P (Tg, < ;). It follows from (5.100) that

i \7 Cap(E;)
p2 (i) Gl 0T
>3 (1) (5.104)

Set M; = supp(y, r,) h- Then

K; = h(z;) =E% [h’(YTEiATi);TEi < i
+ E* [h(YTEi/\Ti); TEI > T, YTi € B(x“ TZ”
+ E* [h(YTEi/\Ti); Tg, > 7, Yn ¢ B(x“ Tl)} (5105)

We are going to estimate each term separately. Since F; is compact, we have
E (WY1, ar,); T, < 7i) < Kir ' P™ (T, < 73) < K.
Further,
E* [0(Yrp, nri )i T, > 70, Y, € B(wi, )] < Mi(1 = pi).

Inequality (5.103) implies in particular that there exists y; € B(x;, (14¢)~1r;)
with h(y;) < Kir?'y. We then have, by (5.98) and with c5 = Cas

Kio? > h(y;) > BV [h(Yy,) : Yr, & B(ai,7;)]
Z C5Exi [h(le) : Y—,—i ¢ B(Z'Z,Tl)} . (5106)

Therefore
E* [h(Yrg, ar,); T, > 75, Yr, & Blag, )] < cgKirl?

for the positive constant cg = 1/c5. Consequently we have

Rearranging, we get
1-— (1 + CG)’/‘-QV
M; > K; ﬁ . (5.108)

Now choose

11/1 e Y
< min{— = [ = 1}.
er < minf s (41+c6> 1)



5 Potential Theory of Subordinate Brownian Motion 147

This choice of ¢; implies that

C i \7
21+ o) < 52 (14c) S pi

where the second inequality follows from (5.104). Therefore, 1 —(1 -I-Cg)?“? 7>
1 — p;/2, and hence by use of (5.108)

1—1p. .
M; > K; < 12ppl> >(1+&)Ki.

Using the definition of M; and (5.98), there exists a point x;11 € B(x;,r;) C
B(x;,2r;) such that

Koo = > (145 (1))

Taking logarithms and writing
log K;11 = log K; + Zi:[log K11 —log Kj],
j=1
we have
log K11 > log K1 + ilog (1 + %2 <T—])7>

= 14c

i Y
c2 Ty
> log K1+, 7 (14c)7
j=1
co 1 : cer\”
=log K1 + — ( . )
4 (14e) =\’

v ; 1=pv
(140)77“ cre3(i+1) .

In the fifth line we used the fact that ¢; < 1. For the last line recall that

1—p~y . 1—py
— 4yt G 1 Co 7
st m23+W<Z> = g7 <i+1 ’
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implying that
2l 2 21 ey (140)!

Therefore we have obtained that
Kii1 > Ky exp((14e) 7717 ecres(i + 1))

which is (5.102) for i 4+ 1. The proof is now finished. O

Remark 5.71. The proof given above can be easily modified to provide a
proof of Theorem 5.67. Indeed, one can modify slightly Lemma 5.68, take
v = 0 and choose any p > 1 in the proof. The choice of K in (5.101) and
K in (5.102) will not depend on r > 0, thus giving a strong form of Harnack
inequality.

5.5 Subordinate Killed Brownian Motion

5.5.1 Definitions

Let X = (X¢,P*) be a d-dimensional Brownian motion. Let D be a bounded
connected open set in RY, and let 7p = inf{t > 0: X; ¢ D} be the exit time
of X from D. Define
Xy, t<71p
XD — ty )
k { 87 t>171p,

where 0 is the cemetery. We call X a Brownian motion killed upon exit-
ing D, or simply, a killed Brownian motion. The semigroup of X will be
denoted by (PP : t > 0), and its transition density by p” (¢, z,y), t > 0,
x,y € D. The transition density p” (t,z,y) is strictly positive, and hence
the eigenfunction ¢q of the operator —Al|p corresponding to the smallest
eigenvalue \g can be chosen to be strictly positive, see, for instance, [66].
The potential operator of X P is given by

Driyy — ~ oD "
GP f(x) /OPtﬂ)dt

and has a density GP(z,y), x,y € D. Here, and further below, f denotes a
nonnegative Borel function on D. We recall the following well-known facts:
If h is a nonnegative harmonic function for X (i.e., harmonic for A in D),
then both h and PP h are continuous functions in D.

In this section we always assume that (PP : t > 0) is intrinsically
ultracontractive, that is, for each ¢ > 0 there exists a constant ¢; such that

pD(t,.’,E,y) < Ct(po(x)@o(y)a T,y € D7 (5109)
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where g is the positive eigenfunction corresponding to the smallest eigen-
value Ao of the Dirichlet Laplacian —A|p. It is well known that (see, for
instance, [67]) when (PP;t > 0) is intrinsically ultracontractive there is
¢; > 0 such that

pD(t,.’E,y) > 5t<P0(x)<P0(y)a T,y € D.

Intrinsic ultracontractivity was introduced by Davies and Simon in [67].
It is well known that (see, for instance, [6]) (PP : ¢ > 0) is intrinsically
ultracontractive when D is a bounded Lipschitz domain, or a Hélder domain
of order 0, or a uniformly Hélder domain of order g € (0, 2).

Let S =(S¢:t>0)and T = (T; : t > 0) be two special subordinators.
Suppose that X, S and T are independent. We assume that the Laplace
exponents of S and T, denoted by ¢ and 1 respectively, are conjugate, i.e.,
A = ¢(N)(N). We also assume that ¢ has the representation (5.2) with b > 0
or 11(0,00) = 0o. We define two subordinate processes Y and ZP by

VP =XP(8;), t>0
zP = xP(1)), t>o.

Then YP = (VP : t > 0) and ZP = (ZP : t > 0) are strong Markov pro-
cesses on D. We call Y (resp. ZP) a subordinate killed Brownian motion. If
we use 7¢(ds) and 6;(ds) to denote the distributions of Sy and T respectively,
the semigroups of Y and ZP are given by

QPiw) = [ PPrwnas)

0
Drix) = T pp 2)0;(ds),
RP f(x) /()Psf()(?(d)

respectively. The semigroup QF has a density given by

Dt x :OOsz ¢ (ds) .
q”(t,>,y) /Opb ,y)ne(ds)

The semigroup RP will have a density

rP(t,z,y) = OoDsa: +(ds
(t,2.1) /Op<,7y>e<d>

in the case b = 0, while for b > 0, RP is not absolutely continuous with
respect to the Lebesgue measure. Let U and V' denote the potential measures
of S and T, respectively. Then there are decreasing functions v and v defined
on (0,00) such that U(dt) = wu(t)dt and V(dt) = beo(dt) + v(t)dt. The



150 R. Song and Z. Vondracek

potential kernels of Y and ZP are given by

Ui = [ RPiw U@ = [ PPt dr

0 0

D$ZOOD$ = X OOD"E’U
Vﬂ)LARfUWM wmﬁ/an@w,

0

respectively. The potential kernel U” has a density given by
UP(z,y) =/ PP (t 2, y) ult)dt
0

while VP needs not be absolutely continuous with respect to the Lebesgue
measure. Note that UP (x,y) is the Green function of the process Y. For
the process Y'P we define the potential of a Borel measure m on D by

D = D$ m = - Dmxu .
UM@~AU(M m>AAa<>uw

Let (UP, A > 0) be the resolvent of the semigroup (QF, t > 0). Then U? is
given by a kernel which is absolutely continuous with respect to the Lebesgue
measure. Moreover, one can easily show that for a bounded Borel function
f vanishing outside a compact subset of D, the functions = +— UP f(x),
A >0, and x — UP f(x) are continuous. This implies (e.g., [23], p.266) that
excessive functions of Y7 are lower semicontinuous.

Recall that a measurable function s : D — [0, 00] is excessive for Y (or
QP),if QPs < sforallt >0 and s = lim;_o QP s. We will denote the family
of all excessive function for Y2 by S(Y'?). The notations S(X?) and S(ZP)
are now self-explanatory.

A measurable function h : D — [0, 00] is harmonic for Y2 if h is not identi-
cally infinite in D and if for every relatively compact open subset U ¢ U C D,

h(z) = E*[h(YP(r}))], Vzel,

where 77 = inf{t : V;P ¢ U} is the first exit time of Y2 from U. We will
denote the family of all nonnegative harmonic function for Y2 by H*+(Y?).
Similarly, H* (X ) will denote the family of all nonnegative harmonic func-
tions for X 7. Tt is well known that H*(-) C S(-).

5.5.2 Representation of Excessive
and Harmonic Functions of Subordinate Process

The factorization in the next proposition is similar in spirit to Theorem 4.1
(5) in [136].
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Proposition 5.72. (a) For any nonnegative Borel function f on D we have
UPVP f(z) = VPUP f(z) = GP f(z), =€ D.
(b) For any Borel measure m on D we have

VPUPm(z) = GPm(x).

Proof. (a) We are only going to show that UPVP f(z) = GP f(z) for all
x € D. For the proof of VPUP f(z) = GP f(z) see part (b). For any nonneg-
ative Borel function f on D, by using the Markov property and Theorem 5.6
we get that

UPVD f(z) = /O " PPV f(z)u(t)dt

| ee (v [ p2rwsis) o

0

— bUP f(2) + / T pp ( / T pp f(a:)v(s)ds) u(t)dt

0 0
=bUP f(z) + /0 h /O h PR f(x)v(s)dsu(t)dt
=bUP f(x) + Aoo /too PP f(x)v(r — t)dru(t)dt
=bUP f(z) + /OOO (/Oru(t)v(r - t)dt) PP f(x)dr
= /O h <bu(r) + /0 Tu(t)v(r t)dt> PP f(x)dr
= | PPt =62 s,

(b) Similarly as above,

VPUPm(z) = bUPm(z) + / " PPUPm(a)o(t) dt
0

= bUPm(x) + /OO PP (/OO PPm(z)u(s) ds) u(t) dt

0 0

= bUPm(x) +/0 /0 PR m(z)u(s)dsv(t) dt

= bUPm(x) + /OOO /too PPm(z)u(r —t)dro(t) dt
= bUPm(z) + /OO (/0 u(r —t)v(t) dt) PPm(z)dr

0
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s

_ /0 h (b + [ utr =10t dt) PP(z) dr
PPm(z)dr = GPm(x).

O

Proposition 5.73. Let g be an excessive function for Y. Then VPg is
excessive for XP.

Proof. We first observe that if g is excessive with respect to Y'?, then g is
the increasing limit of U f,, for some f,. Hence it follows from Proposition
5.72 that

VPg= lim VPUPf, = lim GPf,,

n—oo n—oo

which implies that Vg is either identically infinite or excessive with respect
to XP. We prove now that Vg is not identically infinite. In fact, since g is
excessive with respect to Y| there exists xo € D such that for every ¢ > 0,

0> g(20) 2 QPglan) = [ PPyla)p(ds)
0
Thus there is s > 0 such that PPg(z¢) is finite. Hence

00 > PPg(xo) = / p" (s, 20,y)9(y) dy > éswo(wo)/ vo(y)g(y) dy,
D D

so we have fD vo(y)g(y) dy < oco. Consequently

[ VPa@a@ dn = [ g@VPinta) da

:/D () (b% / PPz )dt)d
:/Dg( )(b%( )+ /O ’\f’tcpg(x)v(t)dt>dx
= /Dcpo(z)g(x) dx <b+/000 ety (t) dt) < oo

Therefore s = Vg is not identically infinite in D. ad

Remark 5.74. Note that the proposition above is valid with Y and ZP
interchanged: If g is excessive for ZP, then UPg is excessive for XP. Using
this we can easily get the following simple fact: If f and g are two nonnegative
Borel functions on D such that VP f and VPg are not identically infinite,
and such that VP f = VPg a.e., then f = g a.e. In fact, since VP f and VPg
are excessive for ZP, we know that GPf = UPVPf and GPg = UPVPyg
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are excessive for XP. Moreover, by the absolute continuity of UP, we have
that GPf = GPg. The a.e. equality of f and g follows from the uniqueness
principle for GP.

The second part of Proposition 5.72 shows that if s = GPm is the poten-
tial of a measure, then s = VPg where g = U”m is excessive for Y. The
function g can be written in the following way:

g(z) = /000 PPm(x)u(s)ds

_ /O  PPon(a) (u(oo) + / h —du(t)) ds

- /OO PPm(z)u(o0) ds+/°° PPm(x) (/Oo —du(t)) ds

0 0
—uopsta)+ [ ([ ' PPm(a) ds) (dut)
— u(o0)s() +/OOO(P,PS(1;) ~ s(2)) du(t). (5.110)

In the next proposition we will show that every excessive function s for
XP can be represented as a potential VPg, where g, given by (5.110), is
excessive for Y. We need the following important lemma.

Lemma 5.75. Let h be a nonnegative harmonic function for X7, and let

9(z) = u(oo)h(z) + /0 " (PPh(z) — h(z)) du(t) (5.111)

Then g is continuous.

Proof. For any ¢ > 0 it holds that | [~ du(t)| < u(e). Hence from the
continuity of h and PPh it follows by the dominated convergence theorem
that the function

. / (PPh(z) — h(z)) du(t), =€ D,
is continuous. Therefore we only need to prove that the function
x / (PPh(z) — h(z))du(t), =€ D,
0

is continuous. For any z¢ € D choose r > 0 such that B(zo,2r) C D, and let
B = B(zg,). It is enough to show that

€

16%1 ; (PPh(z) — h(z))du(t) =0
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uniformly on B, the closure of B. For any z € B, h(X;a,,) is a P*-martingale.
Therefore,

= E$[h(XTB)7TB < t] - ]Ew[h(Xt ,TB
< E*[MX5p), 78 <t] < MP*(15 < 1), (5.112)

where M is a constant such that h(y) < M for all y € B. It is a standard
fact that there exists a constant ¢ > 0 such that for every = € B it holds
that P*(rp < t) < ct, for all t > 0. Therefore, 0 < h(x) — PPh(z) < Mct,

for all 2 € B and all t > 0. It follows that for every = € B,

/Oetdu(t)’.

/0 C(Pch —h)(z) du(t)‘ < Mc

By use of (5.14) we get that

€

16%1 ; (PPh(z) — h(z))du(t) =0

uniformly on B. The proof is now complete. O

Proposition 5.76. If s is an excessive function with respect to X7, then
s(x) =VPg(x), zeD,

where g is the excessive function for YO given by the formula

9(x) = u(oo)s(z) + /OOO(PtDS(:v) — s(z)) du(t) (5.113)
= (0)s(z) + /Ooo(s(x) — PPs(x))dv(t). (5.114)

Proof. We know that the result is true when s is the potential of a measure.
Let s be an arbitrary excessive function of X?. By the Riesz decomposition
theorem (see, for instance, Chapter 6 of [23]), s = GPm + h, where m is
a measure on D, and h is a nonnegative harmonic function for X?. By
linearity, it suffices to prove the result for nonnegative harmonic functions.

In the rest of the proof we assume therefore that s is a nonnegative har-
monic function for X 7. Define the function g by formula (5.113). We have
to prove that g is excessive for Y2 and s = VPg. By Lemma 5.75, we know
that ¢ is continuous.
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Further, since s is excessive, there exists a sequence of nonnegative func-

tions f, such that s, := GPf, increases to s. Then also PPs, | PPs,
implying s, — PPs, — s — PPs. If

gn = u(00)s, + /Ooo(sn — PtDsn)(—du(t)) ,

then we know that s, = VPg, and ¢, is excessive for Y?. By use of Fatou’s
lemma we get that

g = u(oo)s + / (s — PPs)(—du(t))
= liTan u(00) sy, + /OOO liTILn(S" — PPs,)(—du(t))

< lim inf (u(oo)sn + /OOO(Sn - PtDSn)(dU(t))>

n
= liminf g, .
n
This implies (again by Fatou’s lemma) that
VPg < VP(liminf g,) (5.115)
n
< liminf VDgn = liminf s, = s.
n n
For any nonnegative function f, put G¥ f(z) = [ e *PP f(x)dt, and
define s' := s — GPs. Using an argument sumlar to that of the proof of
Proposition 5.73 we can show that GPs is not identically infinite. Thus by
the resolvent equation we get GPs!' = GPs—GPGPs = GPs, or equivalently,

s(z) = s'(z) + GPs(x) = s'(z) + GPs'(z), =€ D,

By use of formula (5.110) for the potential GPs', Fubini’s theorem and the
easy fact that VP and GP commute, we have

GPs=aGgPst =vP (u(oo)GDs1 +/ (PPGPs' — GPst) du(t)>
0
=vP (u(oo)G{Ds + / (PPGPs —GPs) du(t)>
0

=GPvP (u(oo)s + /OOO(PtDs —5) du(t)) .

By the uniqueness principle it follows that

s=VP (u(oo)s + /OOO(P,PS —5) du(t)) =VPg ae inD.
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Together with (5.115), this implies that V”g = VP (liminf, g,) a.e. From
Remark 5.74 it follows that

g =liminfg, a.e. (5.116)
n
By Fatou’s lemma and the Y P-excessiveness of g, we get that,

NP g = \UP (liminf g,) < liminf AU g, < liminfg, =g ae.

We want to show that, in fact, )\U/\Dg < g everywhere, i.e., that g is su-
permedian. In order to do this we define § := sup,,cy nUPg. Then § < g
a.e., hence, by the absolute continuity of UP”, nUPg < nUPg < § every-
where. This implies that \ — )\UAD g is increasing (see, e.g., Lemma 3.6 in
[22]), hence g is supermedian. The same argument gives that n — nUPg is
increasing a.e. Define

g = sup)\UADg = suanan.
A>0 n

Then g is excessive, and therefore lower semicontinuous. Moreover,

g=supnUPlj<g<g aec
n

_ Combining this with the continuity of g and the lower semicontinuity of
g, we can get that g < g everywhere. Further, for € D such that g(z) < oo,
we have by the monotone convergence theorem and the resolvent equation

AURG(x) = lim AUY (nU,”)g(x)
T nA_ oD D
= lim ——(Uyg(z) - Uy g(2)

= \UYg().

Since g < oo a.e., we have
NUPG=MNUPg ae.

Together with the definition of § this implies that

Qn

=g ae. (5.117)

By the continuity of g and the fact that the measures nUP (x,-) converge
weakly to the point mass at x, we have that for every x € D

g(z) < liminf nU,?g(z) < g(x).

n—oo
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Hence, by using (5.117), it follows that g < g a.e. Since we already proved
that ¢ < g, it holds that ¢ = ¢ a.e. By the absolute continuity of U/(D,
g>q> )\UADé = A\UPg everywhere, i.e., g is supermedian.

Since it is well known (see e.g. [60]) that a supermedian function which is
lower semicontinuous is in fact excessive, this proves that g is excessive for
YP. By Proposition 5.73 we then have that V”g < s is excessive for XP.
Moreover, VPg = s a.e., and both functions being excessive for X7, they
are equal everywhere.

It remains to notice that the formula (5.114) follows immediately from
(5.113) by noting that u(co) = ¢(0) and du(t) = —dv(t). O

Propositions 5.72 and 5.76 can be combined in the following theorem
containing additional information on harmonic functions.

Theorem 5.77. If s is excessive with respect to X7, then there is a function
g excessive with respect to Y such that s = VPg. The function g is given
by the formula (5.110). Furthermore, if s is harmonic with respect to XP,
then ¢ is harmonic with respect to Y.

Conwversely, if g is excessive with respect to Y2, then the function s defined
by s = VPg is excessive with respect to XP. If, moreover, g is harmonic
with respect to YP, then s is harmonic with respect to XP.

Every nonnegative harmonic function for Y is continuous.

Proof. It remains to show the statements about harmonic functions. First
note that every excessive functions g for Y admits the Riesz decomposition
g = UPm + h where m is a Borel measure on D and h is harmonic function
of YP (see Chapter 6 of [23] and note that the assumptions on pp. 265, 266
are satisfied). We have already mentioned that excessive functions of X%
admit such decomposition. Since excessive functions of X? and Y? are in
1-1 correspondence, and since potentials of measures of X and Y? are in
1-1 correspondence, the same must hold for nonnegative harmonic functions
of XP and YP.

The continuity of nonnegative harmonic functions for Y2 follows from
Lemma 5.75 and Proposition 5.76. a

It follows from the theorem above that V' is a bijection from S(Y?) to
S(XP), and is also a bijection from HT(YP) to H(XP). We are going to
use (VP)~1 to denote the inverse map and so we have for any s € S(YP),

(V) sfa) = u(oo)sa) + [ (PPsta) = sta)) dult)  (5.118)
— p(0)s(x) + / " (s(a) — PPs(a)) dult).

Although the map VP is order preserving, we do not know if the inverse map
(VP)~1is order preserving on S(XP?). However from the formula above we
can see that (VP)~! is order preserving on H+(XP).
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By combining Proposition 5.72 and Theorem 5.77 we get the following
relation which we are going to use later.

Proposition 5.78. For any z,y € D, we have

UP(z,y) = (VP)"HGP (- y)(x).

5.5.3 Harnack Inequality for Subordinate Process

In this subsection we are going to prove the Harnack inequality for positive
harmonic functions for the process Y under the assumption that D is a
bounded domain such that (PP) is intrinsic ultracontractive. The proof we
offer uses the intrinsic ultracontractivity in an essential way, and differs from
the existing proofs of Harnack inequalities in other settings.

We first recall that since (PtD : ¢t > 0) is intrinsic ultracontractive, by
Theorem 4.2.5 of [66] there exists T' > 0 such that

1 3 _
3¢ eo(@oy) <p7(ta,y) < Ge T po(@)po(y), 12T @y € D.
(5.119)

Lemma 5.79. Suppose that D is a bounded domain such that (PP) is
trinsic ultracontractive. There exists a constant C > 0 such that

VPg<Cg, VYgeSYP). (5.120)

Proof. Let T be the constant from (5.119). For any nonnegative function f,

D = ! D T U b D T u
Uf@—(/f%ﬂ)®ﬁ+éliﬂ)@ﬁ>

0

We obviously have

T T
/ PP f(z)u(t)dt > u(T) / PP f(x)dt.
0 0

By using (5.119) we see that

/T°° PP f(w)u(t) dt > (; /oo e Moty (t) dt) /Dwo(x)wo(y)f(y) dy

T

:q/wMMMﬁ@@
D
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/:o PP f(e) dt < (Z /;O “Otdt) Jyeem o

o /D o(2)20(y) f(y)dy .

and

The last two displays imply that

/ PP f(a)u(t)dt > OoPth(x)dt
C2

T

Therefore,

0Pt 2 ut) [P s@ s [T s
0 C2 Jr
> C/ PP f(z)dt = CGP f(z).
0

From GP f(z) = VPUP f(x), we obtain VPUP f(x) < CUP f(z). Since every
g € S(Y'P) is an increasing limit of potentials U? f(x), the claim follows. O

Lemma 5.80. Suppose D is a bounded domain such that (PP) is intrinsic
ultracontractive. If g € S(Y'P), then for any x € D,

o) > 55 amnle) [ sl dy

where T is the constant in (5.119) and C is the constant in (5.120).

Proof. From the lemma above we know that, for every x € D, VPg(x) <
Cg(x), where C is the constant in (5.120). Since Vg is in S(XP), we have

VPg(x)

Y

/DpD(Tww)VDg(y)dy
e T po(x) /D o)V g(y) dy.

vV
DN =

Hence

Cg(x) > VPg(x) >

e~ 2T gy () / eo(y)VPg(y) dy
D

N | =

- %e*AOTwo(x)/Dg(y)VD@o(y) dy

— Lo w(io)soou) /D o) o(y) dy,
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where the last line follows from

VPgo(y) = / " PPo(y) V(dt) = / " et (y) V(dt)

~—

= po(y) LV (Ao) = :Z(()E\Z .

~

O

In particular, it follows from the lemma that if g € S(Y'?) is not identically
infinite, then [}, ¢o(y)g(y)dy < oc.

Theorem 5.81. Suppose D is a bounded domain such that (PP) is intrinsic
ultracontractive. For any compact subset K of D, there exists a constant C
depending on K and D such that for any h € HT(YP),

h(z) < C inf h(z).
Sup, (z) < C inf h(z)

Proof. If the conclusion of the theorem were not true, for any n > 1, there
would exist h, € HT(YP) such that

sup hy,(z) > n2" inf h,(z). (5.121)
zeK zeK

By the lemma above, we may assume without loss of generality that

/ hn(y)po(y)dy =1, n>1.
D

Define -
h(z) =Y 2"hn(x), x € D.
n=1

Then
/ h(y)po(y)dy =1,
D

and so h € HT(Y'P). By (5.121) and the lemma above, for every n > 1, there
exists x,, € K such that h,(z,) > n2"c; where

1 1
c1 = —e T in (z)

£
2C (No) ack O

with 7" as in (5.119) and C in (5.120). Therefore we have h(x,) > nc;. Since
K is compact, there is a convergent subsequence of x,. Let zy be the limit
of this convergent subsequence. Theorem 5.77 implies that h is continuous,
and so we have h(xg) = oo. This is a contradiction. So the conclusion of the
theorem is valid. O
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5.5.4 Martin Boundary of Subordinate Process

In this subsection we assume that d > 3 and that D is a bounded Lipschitz
domain in R?. Fix a point 2o € D and set

GP(z,y)

MD Z, — 3
(=) = &0, y)

x,y €D.

It is well known that the limit limps,—., M (x,y) exists for every z € D and
z € OD. The function M (x, 2) := limps,—.. MP(2,y) on D x dD defined
above is called the Martin kernel of X based at xy. The Martin boundary
and minimal Martin boundary of X both coincide with the Euclidean
boundary dD. For these and other results about the Martin boundary of X
one can see [10]. One of the goals of this section is to determine the Martin
boundary of Y.

By using the Harnack inequality, one can easily show that (see, for in-
stance, pages 17-18 of [71]), if (h;) is a sequence of functions in H*(XP)
converging pointwise to a function h € H*(XP), then (h;) is locally uni-
formly bounded in D and equicontinuous at every point in D. Using this,
one can get that, if (h;) is a sequence of functions in H*(X?) converging
pointwise to a function h € H*(XP), then (h;) converges to h uniformly on
compact subsets of D. We are going to use this fact below.

Lemma 5.82. Suppose that xo € D is a fized point.

(a) Let (z;: j > 1) be a sequence of points in D converging to x € D and
let (h;) be a sequence of functions in HT(XP) with hj(xzo) = 1 for all
j. If the sequence (hj) converges to a function h € H*(XP), then for
each t >0
jlinolo PPh;(x;) = PPh(x).

(b) If (yj: j>1) is a sequence of points in D such that lim;y; = z € 0D,
then for each t > 0 and for each x € D

tim 2 (S EBLY ) = PP () ).
Jj—oo GD (x07 yj)
Proof. (a) For each j € N, since h;(zg) = 1, there exists a probability
measure f; on 9D such that
hj(z) = MP(z,2)pi(dz), =€ D.
aD
Similarly, there exists a probability measure p on 0D such that

h(z) = - MP (x,2)u(dz), =z € D.
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Let Dy be a relatively compact open subset of D such that x¢ € Dy, and
also x,x; € Dy. Then

|PPhj(x;) — PPh(z)|

[ sy [ pD<t,x,y>h<y>dy‘

<

/DO PP (t x5, y)h;(y)dy — /D0 pD(t,x,y)h(y)dy'

+/ PPtz y)h;(y) dy + / PP (8,2, y)h(y) dy .
D\Do D\Dq
Recall that (see Section 6.2 of [62], for instance) there exists a constant ¢ > 0

such that

GP(z,y)GP (y, w) 1 1
GP(rw) - <

. a,y,weD. (5122
x—y|d—2+y—w|d—2> myweD. (5122)

From this and the definition of the Martin kernel we immediately get

1 1
GP MP < D,z € dD.
(w0 MP(02) S ¢ b e ) wEDise
(5.123)
Recall (see [66], p.131, Theorem 4.6.11) that there is a constant ¢ > 0 such
that

wo(wo)po(y) < cGP(xo,y), yeED.

By the boundedness of ¢y we have that ¢g(u) < c1¢o(xg) for every u € D.
Hence it follows from the last display that

SOO(U)()OO(y) S CGD(x(va)a u,y € D, (5124)

with a possibly different constant ¢ > 0. Now using (5.109), (5.123) and
(5.124) we get that for any u € D,

/ PP (¢, )h(y) dy < crpo(u) / cow)h(y) dy
D\ Dy D\ Do

— cipo(u) /D 0 /8 MP(y2)n(de)

= cipo(u) /aD u(dz) /D\DO woly)MP (y, 2) dy

gcct/ u(dz)/ GP (w0, y) M (y,2) dy
oD D\ Dg
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1 1
< cct/ u(dz)/ ( — + - ) dy
oD D\D, ly — 2|92 |z — y|d—2
|t | (=t s )
ccy puldz sup — — Y
oD D\Dy zeaD \ |y — 2|72 |zg — y|?=2

Joo 2, (== * ) ¢
= cct sup — — Y-
D\Dg 2€0D |y—Z|d 2 \ﬂco—y|d 2

The same estimate holds with h; instead of h. For a given € > 0 choose Dg
large enough so that the last line in the display above is less than e. Put
A =supp, h. Take jo € N large enough so that for all j > jo we have

IN

Ip" (t,x5,y) — p”(t,x,y)] <€ and |h;(y) — h(y)| <€

for all y € Dy. Then

/DO pD(t»xjay)hj(y)dy—/DOPD(t,m,y)h(y)dy'

< / PP (t,z5,y)|h;i(y) — h(y)ldy + / PP (t,25,y) = p (¢, 2,9)|h(y)dy
Do DO
< e+ A|Dgle,
where |Dg| stands for the Lebesgue measure of Dg. This proves the first part.

(b) We proceed similarly as in the proof of the first part. The only difference
is that we use (5.122) to get the following estimate:

GP(y,5)
D ) J]
p(t,x,y) =——=——"""<d
/D\DO ( y)GD(xoayj) Y
GP(y,y;)
<c x Y) =" dy
tQDO( )/D\DO 900( )GD(xO,yj)
D D )
Scct/ G (xoéy)G (y7yj)dy
D\ Do GP(x0,Y5)

< e / (20 — >~ + Jy — ;%) dy
D\Dy

< cey SUp/ (lzo —yl>~* + ly — y; %) dy.
j JD\Dg

The corresponding estimate for MP (-, 2) is given in part (a) of the lemma.
For a given ¢ > 0 find Dy large enough so that the last line in the display
above is less than e. Then find jy € N such that for all j > jo,

- MD(y7z)

’ GD(yvyJ) < € yEDo.

GD(‘T(]v yj)
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Then
G" (y, yn)
D s In D . .
t,x,y) | =——=—""5—M"(y,z)| dy < e forall j>jg.
/Dop (t,z,y) ‘GD(xo,yj) (y,2)| dy J = Jo
This proves the second part. a

Theorem 5.83. Suppose that D C R?, d > 3, is a bounded Lipschitz domain

and let xg € D be a fixed point.

(a) If (x;) is a sequence of points in D converging to x € D and (h;) is a se-
quence of functions in HT(XP) converging to a function h € H(XP),
then

Lim(VP) ™ hy(a;) = (V)" h(z).
J

(b) If (y;) is a sequence of points in D converging to z € 0D, then for every

rzeD,

(VP)"HGP (- 5)) ()
GP(z0,y5)
= (VP)TIMP (-, 2)(2).

)(z) = li§n

Proof. (a) Normalizing by h,;(x¢) if necessary, we may assume without loss
of generality that h;(xz¢) =1 for all j > 1. Let € > 0. By (5.118) we have

(V) hy(5) — (VP) " h(a)]
/(H%mw—wuﬂmm—/<w%m—mmmww
0 0
Tu(o0)(hy ;) — h(z))|
gAuzmun—wmnmmw+%uzmw—mwmmw

+

/mG?wmﬂ—mu»mmw—/m@?mm—hm»wu>
T u(o0) By () — b))

The last term clearly converges to zero as j — oo.

For any « € D choose r > 0 such that B(x,2r) C D and put B = B(x,r).
Without loss of generality we may and do assume that x; € B for all j > 1.
Since h and h; are continuous in D and (h;) is locally uniformly bounded in
D, there is a constant M > 0 such that h and h;, j =1,2,..., are all bounded
from above by M on B. Now from the proof of Lemma 5.75, more precisely
from display (5.112), it follows that there is a constant ¢; > 0 such that

0<h(y)— P h(y) <cait, yeB,
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and -
0<hj(y) — PPhj(y) <eit, yeB,j>1.

/0 tdu()

/ tdu(t)‘, yeEB,j>1.
0

Therefore we have,

, YEB

[ wen-nw du<t>\ <o

" '/OE(Pchj —h;)(y) dU(t)’ <

Using (5.14) we get that

€

lim [ (PPh(z) — h(z))du(t) =0,

€l0 Jo
and .
lim (PPhj () = hy(x;)) du(t) = 0.
€10 Jo
Further,

/ (PP hy () — hy()) du(t) — / " (PPh(x) - h(x) du<t>\
< ﬂhj(:cj)fh(xjnﬂh(xj) ~ ha) dute)+ " \PPhy ()~ PP ()| du(t).

Since |h;(2;) = h(z;)| + [h(z;) — h(z)| < 2M and |PPhj(x;) — PPh(z)| < M
for all j > 1 and all « € B, we can apply Lemma 5.82(a) and the dominated
convergence theorem to get

o0

lim [ (Jh;(x;) = hz;)| + |h(z;) = h(z)]) du(t) = 0

j—oo J.
and -
lim |PPhj(x;) — PPh(x)|du(t) = 0.
j—oo Je
The proof of (a) is now complete.

(b) The proof of (b) is similar to (a). The only difference is that we use
5.82(b) in this case. We omit the details. O

Let us define the function K{(x,z) := (VP)"*MP(-,2)(z) on D x dD.
For each fixed z € 9D, K2 (-,z) € HT(YP). By the first part of Theorem
5.83, we know that K{(x, z) is continuous on D x dD. Let (y;) be a sequence
of points in D converging to z € 9D, then from Theorem 5.83(b) we get that

Dy, .
Ky(@,2) = lim (V7)™ (M ) )
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D\—-1(/~D(. , .
(VPGP () @)
j—o0 GP(xzo,vy;)

D .
= lim U(@,y5) (2, 55)
Jj—00 GD(xo,yj)

: (5.125)

where the last line follows from Proposition 5.78. In particular, there exists

the limit IS

=K2(x0,2). 5.126
j—o0 GD(CL'(),yj) Z( 0 ) ( )

Now we define a function M{ on D x 9D by

K& (x,2)
MP(x,2) = 2222 zeD,zedD. 5.127
Y( ) K)Q({EO,Z) ( )

For each z € D, MP(-,z) € H4(YP). Moreover, M{ is jointly continuous
on D x dD. From the definition above and (5.125) we can easily see that

. UD (iE, y) D

Theorem 5.84. Let D C R?, d > 3, be a bounded Lipschitz domain. The
Martin boundary and the minimal Martin boundary of Y2 both coincide with
the Euclidean boundary 0D, and the Martin kernel based at xg is given by
the function MP.

Proof. The fact that M{? is the Martin kernel of Y© based at z has been
proven in the paragraph above. It follows from Theorem 5.77 that when z;
and 29 are two distinct points on 9D, the functions M2 (-, 21) and M{ (-, z2)
are not identical. Therefore the Martin boundary of Y coincides with the
Euclidean boundary dD. Since MP (-, z) € HT(XP) is minimal, by the order
preserving property of (VP)~! we know that M{P(-,2) € HT(YP) is also
minimal. Therefore the minimal Martin boundary of Yp also coincides with
the Euclidean boundary dD. O

It follows from Theorem 5.84 and the general theory of Martin boundary
that for any g € H*(YP) there exists a finite measure n on 9D such that

g(x) = MP (z,2)n(dz), z € D.
oD

The measure n is sometimes called the Martin measure of g. The following
result gives the relation between the Martin measure of h € HT(XP?) and
the Martin measure of (VP)~th € HT(YP).

Proposition 5.85. If h € HT(XP) has the representation
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h(z) = MP(z,z)m(dz), =€ D,
aD
then
(VP) (@) = [ MP(z,2)n(dz), z€D
aD
with n(dz) = K2 (zg, 2) m(dz).

Proof. By assumption we have

h(z) = MP(z,2)m(dz), =z € D.
oD

Using (5.113) and Fubini’s theorem we get

(VP)h(z) = / (VE)"HMP (-, 2)) () m(dz)
oD

= M%?(x, z)K;l/)(xo, z)m(dz) = M{?(m, z)n(dz),
oD aD

with n(dz) = K2 (z9, 2)m(dz). The proof is now complete. O

From Theorem 5.83 we know that (VP)~! : HH(XP) — HY(YP) is
continuous with respect to topologies of locally uniform convergence. In the
next result we show that VP : H*(YP) — HT(XP) is also continuous.

Proposition 5.86. Let (g;, j > 0) be a sequence of functions in H*( Dy
converging pointwise to the function g € HT(Y'P). Then lim;_ VPg;(z) =
VPg(z) for every x € D.

Proof. Without loss of generality we may assume that g;(zo) = 1 for all
7 €N Then there exist probability measures n;, j E N, and n on 8D such
that g;(x) = [,, MP(x,2)n;(dz), j € N, and g(x fBD )n(dz).
It is easy to show that the convergence of the harmomc functlonb h;
implies that n; — n Weakly Let VPg;(z) = [y, MP(x,z)m;(dz) and
VPg( faD m(dz). Then nj(dz) = K{(xo,2)m;(dz) and

(dz) = KY (z0, ) ( ) Since the density K{(z¢,-) is bounded away
from zero and bounded from above, it follows that m; — m weakly. From
this the claim of proposition follows immediately. a

5.5.5 Boundary Harnack Principle for Subordinate
Process

The boundary Harnack principle is a very important result in potential
theory and harmonic analysis. For example, it is usually used to prove that,
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when D is a bounded Lipschitz domain, both the Martin boundary and
the minimal Martin boundary of X? coincide with the Euclidean boundary
0D. We have already proved in Theorem 5.84 that for Y, both the Martin
boundary and the minimal Martin boundary coincide with the Euclidean
boundary 0D. By using this we are going to prove a boundary Harnack
principle for functions in H*+(Y?).

In this subsection we will always assume that D C R%, d > 3, is a bounded
Lipschitz domain and xzg € D is fixed. Recall that ¢ is the eigenfunction
corresponding to the smallest eigenvalue Ao of —A|p. Also recall that the po-
tential operator V2 is not absolutely continuous in case b > 0 and is given by

VEf@) =)+ [ PP i@,

0

Define .
VP(z,y) = / pP(t, 2, y)v(t)dt.
0

Then
VP f(x) = bf(z) + /D VP (2, ) fy) dy.

Proposition 5.87. Suppose that D is a bounded Lipschitz domain. There
exist ¢ > 0 and k > d such that

vo(x)wo(y)
|z —y|*

®o(T)po(y)
|z —y[*

UP(z,y) <c

)

VP(z,y)<ec

)

forallx,y € D.

Proof. We give a proof of the second estimate, the proof of the first being
exactly the same. Note that similarly as in (2.13)

lim to(t) = 0. (5.129)

t—0

It follows from Theorem 4.6.9 of [66] that the density p” of the killed
Brownian motion on D satisfies the following estimate

lo—y|?
pD(LI’y) < Cltik/2gpo($)w0(y)ei 6ty ) t> Oa T,y € D7

for some k > d and co > 0. Recall that v is a decreasing function. From
(5.129) it follows that there exists a to > 0 such that v(t) < 1 for ¢ < to.
Consequently,

1
o) <M +<, >0,
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for some M > 0. Now we have

~ lz—y|?

VP (x,y) = /fpf’(t,x,y)v(t)dtsa /Oootk/2<ﬁo(93)900(y)6 5 () dt

ke _le—yl? < _le—yl?
S<?/‘t F271 00 (z) o (y)e o dt+JWt{/ t* 200 (x)poly)e™ o dt
0 0

<e 900(15)@0531) + Mes 900(55)@2(_?/2)
|z —yl |z —y
Sqm@%?_
lz -yl
The proof is now finished. a

Lemma 5.88. Suppose that D is a bounded Lipschitz domain and W an
open subset of R? such that W N 0D is non-empty. If h € H(Y'P) satisfies

) h(z)
wh_)l’nzm:(L fOT’a”ZGWﬂaD,

then
lim VPh(z) =0, forallz€ WNaD.

T—z

Proof. Fix z € W N 9D. For any ¢ > 0, there exists § > 0 such that
h(z) < e(VP)~!1(x) for x € B(2,6) N D. Thus we have

VPh(z) <VP(h1p\pes) (@) + VP (VD) (z)
=VP(hip\pes)(x) +€ z€D.

For any = € B(z,0/2) N D we have

VP (h 1o (e () = D) Lpy ey (1) + / 7P (e, y)h(y) dy
D\B(z,)

:i/ VP (z,y)h(y) dy
D\B(2,6)

since 1p\ (z,5)(7) = 0 for x € B(z,6/2) N D. By Proposition 5.87 we get that
there exists ¢ > 0 such that for any « € B(z,6/2) N D,

[ P e [ 200
D\ B(z,5) D\B(z,6) |z — y

<oplo) [ SR < enlo) [ o)



170 R. Song and Z. Vondracek

Hence,

V) < cpala) [ eoluhu)dy + .
From Lemma 5.80 we know that [, ¢o(y)h(y)dy < oo. Now the conclusion
of the lemma follows easily from the fact that lim,_., ¢o(x) = 0. O

Now we can prove the main result of this section: the boundary Harnack
principle.

Theorem 5.89. Suppose that D C R%, d > 3, is a bounded Lipschitz do-
main, W an open subset of R® such that W N 0D is non-empty, and K a
compact subset of W. There exists a constant ¢ > 0 such that for any two
functions hy and hy in HT(YP) satisfying

. hz(l“) _ s
igm—o, ZGWOBD,Z—:LZ,

we have
h1 (ZC)

hg(x)

Proof. By use of (5.119) and Proposition 5.87 there exist positive constants
c1 and ¢y such that

<c

z,y € KND.

©o(T)po(y)

c1po(@)po(y) < UP(2,y) < ez g DYED:

where k > d is given in Proposition 5.87. Therefore it follows from (5.128)
that there exist positive constants c3 and ¢4 such that

cspo(x) < M (2,2) < capo(x), z€ KND,z€dD\W. (5.130)
Suppose that h; and ho are two functions in H*(Y?) such that

lim hi(z)

x—»zm:(l ZeWﬁaD,Z:].,Q,

then by Lemma 5.88 we have

lim VPhi(z) =0, ze WnNaD, i=1,2.

T—z

Now by Corollary 8.1.6 of [128] we know that the Martin measures m; and
my of VPhy and VP hy are supported by 9D \ W and so we have

VPh(z) :/ MP(x,2)mi(dz), x€D,i=1,2.
dD\W
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Using Proposition 5.85 we get that
hi(x) = / MP(x,2)ni(dz), ze€D,i=12,
OD\W
where n;(dz) = K2 (z¢,2) mi(dz),i = 1,2. Now using (5.130) it follows that
e300(z)ni (0D \ W) < hi(x) < capo(z)n,(OD\ W), € KND, i=1,2.
The conclusion of the theorem follows immediately. ad

From the proof of Theorem 5.89 we can see that the following result is true.

Proposition 5.90. Suppose that D C R?%, d > 3, is a bounded Lipschitz
domain and W an open subset of R? such that W N 0D is non-empty. If
h € HT (YD) satisfies

@)

then
lim h(z) =0, ze€WnNaoD.

r—z

Proof. From the proof of Theorem 5.89 we see that the Martin measure n
of h is supported by D \ W and so we have

= D"EZ’I’L A X .
h(m)—/aD\WMY( n(dz), zeD

For any zg € WNOD, take § > 0 small enough so that B(z,d) C B(zp,0) C
W. Then it follows from (5.130) that

cspo(x) < MP (x,2) < cepo(z), x € B(29,0)N D,z €D\ W,
for some positive constants cs and cg. Thus

h(z) < cgpo(x)n(0D\ W), =€ B(zp,0)ND,

from which the assertion of the proposition follows immediately. a

5.5.6 Sharp Bounds for the Green Function
and the Jumping Function of Subordinate
Process

In this subsection we are going to derive sharp bounds for the Green function
and the jumping function of the process Y. The method uses the upper and
lower bounds for the transition densities p? (¢, z,y) of the killed Brownian
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motion. The lower bound that we need is available only in case when D
is a bounded C!' domain in R¢. Therefore, throughout this subsection we
assume that D C R? is a bounded C'*! domain. Moreover, recall the standing
assumption that S is a special subordinator such that b > 0 or u(0,00) = co
which guarantees the existence of a decreasing potential density wu.

Recall that a bounded domain D C Rd7 d > 2, is called a bounded Y1 do-
main if there exist positive constants ro and M with the following property:
For every z € dD and every 7 € (0,70, there exist a function ', : R9~! — R
satisfying the condition |VI',(¢) — VI, (n)| < M|¢ — n| for all £, € RI7L,
and an orthonormal coordinate system CS, such that if y = (y1,...,94) in
CS,, coordinates, then

B(z,7)ND = B(z,r) N {y: ya >T.(y1,-- -, ¥a-1} -

When we speak of a bounded C'*! domain in R we mean a finite open interval.

For any = € D, let p(x) denote the distance between x and 0D. We will
use the following two bounds for transition densities p” (¢, x,y): There exists
a positive constant ¢; such that for all £ > 0 and any z,y € D,

—dja- x —yl?
pP(t,z,y) < eit=Y? L p(x)p(y) exp <_|6ty|> . (5.131)

This result (valid also for Lipschitz domains) can be found in [66] (see also
[144]). The lower bound was obtained in [158] and [143] and states that for
any A > 0, there exist positive constants ¢y and ¢ such that for any t € (0, A]
and any z,y € D,

PPtz y) > e (p(x)tp(y) A 1) t=%%exp (—M> . (5.132)

t

Recall that the Green function of Y7 is given by

D.TL' = h D i u
UP (z,y) / PP (¢, y)u(t) dt

where u is the potential density of the subordinator S. Instead of assuming
conditions on the asymptotic behavior of the Laplace exponent ¢()\) as
A — 00, we will directly assume the asymptotic behavior of u(t) as t — 0+.
Assumption A: (i) There exist constants ¢g > 0 and § € [0,1] with
8 >1—d/2, and a continuous function ¢ : (0,00) — (0,00) which is slowly
varying at oo such that

o

u(t) ~ EOR t—0+ . (5.133)
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(ii) In the case when d = 1 or d = 2, there exist constants ¢ > 0,7 > 0 and
v < d/2 such that

ut) <et’™t t>T. (5.134)

Note that under certain assumptions on the asymptotic behavior of ¢()) as
A — 00, one can obtain (5.133) and (5.134) for the density u.

Theorem 5.91. Suppose that D is a bounded C*' domain in R? and that
the potential density u of the special subordinator S = (S; : t > 0) satisfies
the Assumption A. Suppose also that there is a function g : (0,00) — (0, 00)
such that

/ 1224ty () dt < oo
0

and § > 0 such that foe(y,t) < g(t) for all y,t > 0, where fi ¢ is the function

defined before Lemma 5.32 using the £ in (5.133). Then there exist positive
constants C1 < Cy such that for all z,y € D,

p(z)p(y) 1 .
4 ( |z — y|2 A 1) |z — y|dt+26-2 €(|ij‘2) <U"(z,y)
pa)p(y) 1
- < ER 1) @ = Y| U () (5.135)

Proof. We start by proving the upper bound. Using the obvious upper
bound pP(t,z,y) < (47t)~%? exp(—|z — y|?/4t) and Lemma 5.32 one can
easily show that

1
FETIETY) ——"

lz—yl?

UD(xvy) <a

Now note that (5.131) gives
o0 2
UP(a,y) < coplalpy) [ 64 e ey dr,
0
Thus it follows from Lemma 5.32 that

1

UP(z,y) < czp(z)p(y) :
A ()

Now combining the two upper bounds obtained so far we arrive at the upper
bound in (5.135).
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In order to prove the lower bound, we first recall the following result about
slowly varying functions (see [21], p. 22, Theorem 1.5.12):

L(tN)
lim ——— =1
Aoe (N
uniformly in ¢ € [a,b] where [a,b] C (0,00). Together with joint continuity
of (t,A) — £(tA)/€(X), this shows that for a given A\g > 0 and an interval
[a,b] C (0,00), there exists a positive constant ¢(a,b, Ag) such that

i((t;\))gc(a,b,/\o), a<t<bA>)\. (5.136)

Now, by (5.132),

UP(z,y) > c4 /OA (”(m)p@) A 1) t=42 exp (—M> u(t) dt .

t t

Assume z # y. Let R be the diameter of D and assume that A has been
chosen so that A = R2. Then for any z,y € D, p(z)p(y) < R*> = A. The
lower bound is proved by considering two separate cases:

(i) |o — y|* < 2p(z)p(y). In this case we have

@) [ o
UP(a,y) > o / ’ (”(’t”@)Al)t-d/%xp{—cm—y|2/t}u<t>dt

> cslo —y| 792 2 52 25w (clw — y|?/s) ds
4c
> cslr —y| 702 / sY22e=5u(cle — y|?/s) ds . (5.137)
2c

For 2¢ < s < 4¢, we have that 1/4 < c|lz — y|?/s < 1/2. Hence, by (5.133),
there exists cg > 0 such that

" clz —y|? - C6 .
) G

clz—y|?

Further, since 1/|x — y|?> > 1/R? for all z,y € D, we can use (5.136) to
conclude that there exists ¢; > 0 such that

E(\x—ylz)
——2>c7, 2c<s<4dc,xz,yeD.
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It follows from (5.137), that

4c
UP(z,y) > cs|z — y|_d+2/ §3/2-2,—s 0207 s
2e ce=yl2\" #)
S |I7y\2

4c
_ C4 a/2+B8-2 _—s
= s e *ds
o — |22 >/26

lz—y[?

IR G =

[z—y|?

(i) |x — y|*> > 2p(z)p(y). In this case we have

A
UP(ey) = capla)oly) [ el =y u() i
p(@)ply
s
= cwplpwle ol [ e e = o f5)ds
e

2c
> crop(@)p(y)le -y~ / 25 (clz — y[2/s) ds.

c

The integral above is estimated in the same way as in case (i). It follows that
there exists a positive constant c1; such that

P y) > _—d C11
(z,y) = crop(z)p(y)|z — 9| PR p——
_ p(@)p(y)
= C12 d128 1 .
|z =yl é(\zfmz)
Combining the two cases above we arrive at the lower bound (5.135). ad

Suppose that the subordinator S has a strictly positive drift b and d > 3.
Then we can take 3 = 0 and ¢ = 1 in the Assumption A, and Theorem 5.91
implies that the Green function UP of Y'” is comparable to the Green func-
tion of XP. Further, if ¢()\) ~ coA*/2, as A — 00, 0 < o < 2, then by (5.28) it
follows that the Assumption A holds true with 8 = 1—«/2 and ¢ = 1. In this
way we recover a result from [146] saying that under the stated assumption,

c (p(x)p(y) N 1) L Py < G (ﬂ(l‘)p(y) A 1) W

lz —yl? |z —yld=> = |z — y?

The jumping function J? (x,7) of the subordinate process Y'” is given by
the following formula:

Dy ) — < D - ,
J(z,y) /0 P (t,x,y) p(dt)

Suppose that p(dt) has a decreasing density u(t) which satisfies
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Assumption B: There exist constants ¢y > 0, 8 € [1,2] and a continuous
function £ : (0, 00) — (0, 00) which is slowly varying at co such that such that
Co

[u(t) ~ w0t (5.138)

Then we have the following result on sharp bounds of J? (z,y). The proof is
similar to the proof of Theorem 5.91, and therefore omitted.

Theorem 5.92. Suppose that D is a bounded C*' domain in R® and that
the Lévy density u(t) of the subordinator S = (St : t > 0) exists, is decreas-
ing and satisfies the Assumption B. Suppose also that there is a function
g:(0,00) — (0,00) such that

/ 27248t g()dt < oo
0

and £ > 0 such that foe(y,t) < g(t) for all y,t > 0, where fi ¢ is the function
defined before Lemma 5.32 using the £ in (5.138). Then there exist positive
constants Cs < Cy such that for all x,y € D

p(x)p(y) 1 b,
Cy < |z — y|? /\1> |x_y|d+2ﬁ—2g(ﬁ) < J%(z,y)
p(x)py) 1
= ( —yl? M) o — y| 2020 ) (5.139)
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