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Background and Motivation

Many physical and economic systems should be and in fact have
been successfully modeled by discontinuous Markov processes.
Discontinuous Markov processes are also very important from a
theoretical point of view.

Due to their importance both in theory and in applications,
discontinuous Markov processes, particularly Lévy processes, have
been receiving intensive study in recent years.




Introduction

The recent study on discontinuous Markov processes started in the
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Introduction

The recent study on discontinuous Markov processes started in the
1990’s with the study of symmetric a-stable processes, a € (0, 2).
Recall that a symmetric a-stable process is a Lévy process with Lévy
exponnet ®(0) = |0|*, that is,

Elexp{if - X;}] = exp{—t[]°}, 6 R%.

One of the first result in this respect is the following sharp Green
function estimates of symmetric a-stable processes in bounded C11
domains, obtained in dependently by Chen-Song and Kulczycki.
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Theorem

Suppose thatd > 2 and a € (0,2). Let D be a bounded C*! domain
in RY and let Gp be the Green function of the symmetric a-stable
process in D. Then

_ (9o (x)dn(y))*/? 1
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Theorem

Suppose thatd > 2 and a € (0,2). Let D be a bounded C*! domain
in RY and let Gp be the Green function of the symmetric a-stable
process in D. Then

X,y € D.

(5D(X)5D(y))a/2) 1

Gp(X,y) =< (1A )
o(X.) ( Xyl ) x_yFe

The same form of the estimates in the case o« = 2 (and d > 3) were
obtained much earlier by Widman and Zhao. J
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In 2002, the above Green function estimates were generalized to
relativistic stable processes by Ryznar. Recall that a relativistic
a-stable process (with relativistic mass m > 0) is a Lévy process with
Lévy exponent ®(6) = (|62 + m?/«)®/2 —m. Then in 2003,
Chen-Song developed a general perturbation result which includes
Ryznar’s result as special cases.



Introduction

In 2002, the above Green function estimates were generalized to
relativistic stable processes by Ryznar. Recall that a relativistic
a-stable process (with relativistic mass m > 0) is a Lévy process with
Lévy exponent ®(6) = (|62 + m?/«)®/2 —m. Then in 2003,
Chen-Song developed a general perturbation result which includes
Ryznar’s result as special cases.

Theorem

Suppose thatd > 2, a € (0,2) and m > 0. Let D be a bounded C**
domain in RY and let Gp be the Green function of the relativistic
«-stable process with mass m in D. Then

(5D(X)5D(Y))“/2) 1

, X,y €D.
Xyl ) x—yp@a Y

Gp(x,y) =< (1/\
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In a recent paper Chen-Kim-Song, sharp estimates on the heat
kernel of the Lévy process with Lévy exponent () = |9|* + |0]°,

0 < B < a < 2, were obtained. As a consequence of the heat kernel
estimates, one can easily get the following Green function estimates
which can not be obtained by perturbation methods.
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In a recent paper Chen-Kim-Song, sharp estimates on the heat
kernel of the Lévy process with Lévy exponent () = |9|* + |0]°,

0 < B < a < 2, were obtained. As a consequence of the heat kernel
estimates, one can easily get the following Green function estimates
which can not be obtained by perturbation methods.

Theorem

Suppose thatd > 2,0 < 3 < a < 2. Let D be a bounded C*! domain
in RY and let Gp be the Green function in D of the Lévy process with
Lévy exponent ®() = |0|* +[0|?,0 < B < a < 2. Then

(5D(X)5D(y))a/2) 1

X —yle X —yld=a’

X,y € D.

Gp(X,y) < (1/\
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the distance between the points, |x — y|, and distances to D€,
dp(x),0p(y), appear as arguments of the power functions.
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The common feature of those Green function estimates is that both
the distance between the points, |x — y|, and distances to D€,
dp(x),0p(y), appear as arguments of the power functions.

However, it follows from Chapter 5 of LNM Vol 1980 that the
asymptotic behavior the Green function G(x,y) of many transient
symmetric Lévy processes are of the form

1
X = ylemae(]x|=2)

G(x,Y) as [x| — 0

where « € (0,2) and ¢ is a nontrivial slowly varying function at infinity.
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true for these general symmetric Lévy processes. J
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Therefore, Green function estimates of the above form can not be
true for these general symmetric Lévy processes. J

In this talk, | will present some recent results on sharp estimates of
the Green functions of subordinate Brownian motions. J
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Setting and Main Result

A C° function ¢ : (0,00) — [0, o0) is called a Bernstein function if
(=1)"D"¢ < 0O for every positive integer n > 1. J

Every Bernstein function has a representation

#(\) =a+b+ / (1 — e ) p(dt)

(0,00)

where a,b > 0 and p is a measure on (0, co) satisfying
f(O,oo)(l At) p(dt) < oco.

a is called the killing coefficient, b the drift and n the Lévy measure of
the Bernstein function. J
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Lévy measure i has a completely monotone density p(t), i.e.,
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the Lévy density by u(t).



Setting and Main Result

A Bernstein function ¢ is called a complete Bernstein function if the
Lévy measure i has a completely monotone density p(t), i.e.,
(=2)"D"p > 0O for every non-negative integer n > 0. We will denote
the Lévy density by u(t).

By Bernstein’s theorem, function on (0, c0) is a completely monotone
function iff it is the Laplace transform of a measure on [0, co). J
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Setting and Main Result

A subordinator is a just a nonnegative Lévy process. A subordinator
S = (S; : t > 0) is usually characterized by its Laplace exponent ¢,
that is

E [e—*ﬂ —e N vt >0

The Laplace exponent of a subordinator is always a Bernstein
function. A subordinator is called a complete subordinator if its
Laplace exponent is a complete Bernstein function.
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Setting and Main Result

Let U be the renewal function of the subordinator S, that is, for any
t >0,

U(t) = E/ 1{Xs§t}ds~
0

S is a complete subordinator iff U is absolutely continuous with
respect to the Lebesgue measure and the density (also called the
potential density of S) is completely monotone.
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LetW = (W, = (WZ,...,WZ) : t > 0) be a d-dimensional Brownian
motion, and let S = (S; : t > 0) be an independent subordinator. The
process X = (X; : t > 0) defined by X; := WSs,,t > 0 is called a
subordinate Brownian motion.
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LetW = (W, = (WZ,...,WZ) : t > 0) be a d-dimensional Brownian
motion, and let S = (S; : t > 0) be an independent subordinator. The
process X = (X; : t > 0) defined by X; := WSs,,t > 0 is called a
subordinate Brownian motion.

If the Laplace exponent of S is ¢, then the Lévy exponent of the
subordinate Brownian motion X is given by ®(6) = ¢(|6|?). By
choosing the Laplace exponent ¢()\) as A\*/2, (A +m?/*)®/2 —m and
M\3/2 4 \2/2 respectively, the resulting subordinate Brownian motion
turns out to be a symmetric a-stable process, a relativistic stable
process and an independent sum of 5 and «a-stable processes
respectively.
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processes, yet it is much more tractable than general symmetric Lévy
processes.



Setting and Main Result

Subordinate Brownian motions form a large class of symmetric Lévy
processes, yet it is much more tractable than general symmetric Lévy
processes.

Subordinate Brownian motions are used in mathematical finance, as
the subordintaor can be thought of as the “operational time” or
“intrinsic time”.
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In this talk, | will always assume that S is a complete subordinator
with Laplace exponent ¢. Our standing assumption is that

6(N) = A*/24(3),

where / is a slowly varying function at infinity, 0 < o < 2. This is just
an assumption on the asymptotic behavior of ¢ at infinity.




Setting and Main Result

In this talk, | will always assume that S is a complete subordinator
with Laplace exponent ¢. Our standing assumption is that

6(N) = A*/24(3),

where / is a slowly varying function at infinity, 0 < o < 2. This is just
an assumption on the asymptotic behavior of ¢ at infinity.

It is easy to check that, when d > 3, the subordinate Brownian motion
is transient. And we will use G(x,y) to denote the Green function of
X. When d < 2, X may not be transient. However, under the following
assumption, X will be also transient ford < 1.

H: The potential density u of S satisfied the following: There exist
constants ¢ > 0 and v < d/2 such that

ut) <et?l  vt>1.
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besides our standing assumption. For d < 2, we need to assume the
additional H.
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Here is our main result. For d > 3, we do not assume anything else
besides our standing assumption. For d < 2, we need to assume the
additional H.

Theorem

Letd > 1 and D a bounded C** domain in RY. Let Gp be the Green
function of the subordinate Brownian motion X in D. Then

_ (9o (x)9p(y))*/24(1x —y|7?)
Go(x,y) = ( Vo () DU Goy)) 2 )|xyla>
1
U —y[ D)X~y
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Examples

When ¢(X\) = A\*/2, ¢()\) = 1; J

When ¢(\) = (A +1)*/2 — 1, £(\) = (A + 1)2/2 — 1)A/?; |
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When ¢(\)
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Examples

When ¢()\) = A/, ¢()\) = 1; J

When 6(3) = (A +1)/2 — 1, £(A) = (A + 1)*/2 — 1)xo/2; J

When ¢()\) = A*/2 + \%/2 where 0 < 3 < a, £(\) = 1 + \B=2)/2, J

A*/2(log(1 4+ \))?/2, where a € (0,2),v € (0,2 — qa],

When ¢(A\) =
= (lo (1+A))/

then /()

When ¢()\) = A*/2(log(1 + A\))~#/2, where where
a € (0,2), 6 € (0,a], then £()\) = (log(1 + X)) ~#/2.
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Estimates on bounded non-smooth sets

By spatial homogeneity we may write G(x,y) = G(x — y) where the
function G is given by the following formula

G(x) = / (4rt)~9/2e~XP/G0y(t)dt,  x € RY,
0
where u is the potential density of S Since u is decreasing, using this

formula we see that G is radially decreasing and continuous in

RY \ {0}.




Estimates on bounded non-smooth sets

The Lévy measure of the process X has a density J, called the Lévy
density, given by

J(x):/ (4rt)=9/2e =/ y()ydt,  x € RY.
0
Thus J(x) = j(|x|) with
j(r)z/ (47t)=9/2e="*/(40) y(t)dt, r>o0.
0

Note that the function r — j(r) is continuous and decreasing on
(0, c0). We will sometimes use notation J(x,y) for J(x —y).
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By using our standing assumption, we can apply the Tauberian
theorem and the monotone density theorem to get asymptotic
behaviors of u and . at 0. Using these, one can get the following
asymptotic behaviors of G and J at the origin.



Estimates on bounded non-smooth sets

By using our standing assumption, we can apply the Tauberian
theorem and the monotone density theorem to get asymptotic
behaviors of u and . at 0. Using these, one can get the following
asymptotic behaviors of G and J at the origin.

Theorem

1

G(x) CL—————5+, x| =0
Ix[d=£(]x|2)
: {(r=2)
j(r) ~ CzrdT, r—20

for some explicit constants ¢; and c,.
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Estimates on bounded non-smooth sets

Using these and some other facts, we have the following J

Harnack inequality

There exist R; = Ry(a, ¢) € (0,1) and ¢ = ¢(a, ¢) > 0 such that for
every r € (0,R;), every xo € RY, and every nonnegative function u on
RY which is harmonic in B(Xo, r) with respect to X we have

su u <c inf u(y).
yeB(xfr/z) ) =< y€B(Xo,r /2) ¥)



Estimates on bounded non-smooth sets

An open set D in RY is x-fat with the the characteristics (Ro, ) if each
Qeodbandr € (0,Rg), DNB(Q,r) contains a ball B(A:(Q), xr). Any
Cl! open set is x-fat.



Estimates on bounded non-smooth sets

An open set D in RY is x-fat with the the characteristics (Ro, ) if each
Qeodbandr € (0,Rg), DNB(Q,r) contains a ball B(A:(Q), xr). Any
Cl! open set is x-fat.

The following boundary Harnack principle is proved in
Kim-Song-Vondracek (09): J
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Boundary Harnack Principle

Suppose that D is a x-fat open set with the characteristics (Rg, ).
There exist constants R, = Ra(Ro, &, o, ¢) < Ry and

¢ = ¢(Ro, %, @, £) > 1 such that, if r € (0,R;] and Q € 9D, then for
any nonnegative functions u,v in RY which are regular harmonic in
D N B(Q, 2r) with respect to X and vanish in D¢ N B(Q, 2r), we have

~1 U(A(Q)) < u(x)
V(A(Q)) — v(x)

C

r
<c xeDﬁB(Q,E).
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Fix zg € D with kR4 < 5D(ZO) <Rz andlete; := HR2/24 For
X,y € D, we definer(x,y) := dp(x) Vdp(y) vV |x —y| and B(x,y) to be

{A €D : ip(A) > gr(x,y), X —AlVI]y —Al < 5r(x,y)}

when r(x,y) < e1, and to be {zo} when r(x,y) > ;.



Estimates on bounded non-smooth sets

Fix zg € D with kR4 < 5D(ZO) <Rz andlete; := HR2/24 For
X,y € D, we definer(x,y) := dp(x) Vdp(y) vV |x —y| and B(x,y) to be

{A €D : ip(A) > gr(x,y), X —AlVI]y —Al < 5r(x,y)}

when r(x,y) < e1, and to be {zo} when r(x,y) > ;.

Define
g(x) =Gp(x,z0) AC

for some appropriate constant C.
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Harnack principle, and some routine (by now) arguments we get the
following



Estimates on bounded non-smooth sets

Using the Green function estimates, Harnack inequality, boundary
Harnack principle, and some routine (by now) arguments we get the
following

Suppose that D is a bounded «-fat open set with the characteristics
(Ro,%). Thenon D x D

g(x)aly)
g(A)?x —y[d=l(]x —y|~2)

Gp(x,y) < A € B(x,y).
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Explicit estimates on bounded smooth open sets

Recall that W = (W1,... WY)is a d-dimensional Brownian motion
and S = (S; : t > 0) an independent subordinator with the Laplace
exponent ¢ satisfying our standing assumption. X = (X; : t > 0) is
the d-dimensional subordinate Brownian motion defined by X; = Ws,.



Explicit estimates on bounded smooth open sets

Recall that W = (W1,... WY)is a d-dimensional Brownian motion
and S = (S; : t > 0) an independent subordinator with the Laplace
exponent ¢ satisfying our standing assumption. X = (X; : t > 0) is
the d-dimensional subordinate Brownian motion defined by X; = Ws,.

Let Z = (Z; : t > 0) be a one-dimensional Brownian motion defined
as Z; = Wg‘. Then Z is a one-dimensional subordinate Brownian

motion with Lévy exponent ®(0) = &(|0]?).
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LetZ, :=sup{OV Zs:0 <s <t} and let L be alocal time of Z — Z at
0. L is also called a local time of the process Z reflected at the
supremum.



Explicit estimates on bounded smooth open sets

LetZ, :=sup{OV Zs:0 <s <t} and let L be alocal time of Z — Z at
0. L is also called a local time of the process Z reflected at the
supremum.

Then the right continuous inverse L, * of L is a possibly killed
subordinator and is called the ladder time process of Z. The process
ZLtfl is also a possibly killed subordinator and is called the ladder

height process of X.
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Proposition

The Laplace exponent x of the ladder height process of the
subordinate Brownian motion Z is also a complete Bernstein function.
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Proposition

The Laplace exponent x of the ladder height process of the
subordinate Brownian motion Z is also a complete Bernstein function.

Z. We will use v to denote its density. By the proposition above, v is

We use V to denote the renewal function of ladder height process of
smooth. J
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Explicit estimates on bounded smooth open sets

Using our standing assumption and the formula

1 [ log(p(X262
X(A) = exp (;/0 Ww) , VA>0,

one can get

X(X) ~ X*2(L(A2))Y2, X — oo

Using this, the Tauberian theorem and the monotone density
theorem, we can easily get J
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Proposition

Ast — 0, we have

V(t) ~ct®? and v(t) ~ ct®/271

The following result follows from a result of Silverstein: J

Letw(x) := V((Xa)T). Then w is harmonic in RY with respect to X
and, for any r > 0, regular harmonic in R4~ x (0, r) with respect to X.
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Recall that harmonic functions are defined probabilistically. We now
derive some analytic properties of w. J

Define the operator (A, D(.A)) as follows:
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and the domain D (.A) consists of all real-valued functions w on R¢
such that the limit above exists and is finite.




Explicit estimates on bounded smooth open sets

Recall that harmonic functions are defined probabilistically. We now
derive some analytic properties of w. J

Define the operator (A, D(.A)) as follows:

Aw) =t [ (wy) —wG0)i(ly —xD)ay

€]l0

and the domain D (.A) consists of all real-valued functions w on R¢
such that the limit above exists and is finite.

It is well known that C3 ¢ D(.A), and A restricted to C3 coincides with
the infinitesimal generator of the process X.
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Theorem

Let w(x) = V((xa)"). Then Aw(x) is well defined for all x € R%, and
Aw(x) =0 forall x € RY.

From now on we fix a C1 open set with C1! characteristics (R, A).
The following result requires more than 5 pages of calculations
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Theorem

Let w(x) = V((xa)"). Then Aw(x) is well defined for all x € R%, and
Aw(x) =0 forall x € RY.

A\

From now on we fix a C1 open set with C1! characteristics (R, A).
The following result requires more than 5 pages of calculations

A\

Lemma
Fix Q € 0D and let

h(y) :=V (do(Y)) Lone(.r)(Y)-

There exist C = C(«, A, R, ¢) > 0 and R; < R/4 independent of the
point Q € 9D such that .Ah is well defined in D N B(Q, R3) and

|[Ah(x)| < C forallx e DNB(Q,R3).

A\
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We define for a,b > 0
Do(a,b) :={y e D:a>pg(y) >0, |y| <b}.

Using the result above we can get the following

Lemma

There are constants Ry = R4(R, A, o, ¢) € (0,R3/(4+/1 + (1 + A)?
and ¢ = ¢i(R,A, ) > 0,i =1,2, such that for everyr <Ry, Q € 8D
and x € DQ(r,r),

P, (x%m e D) > ¢,V (dp(x))

and

Ex [Tpg(r,r)] < €2V (dp(X)).
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Using the estimates above we can get )

Theorem

Suppose that D is a bounded C%* open set in RY. Then there exists
¢ =c(D,a) > 0 such that for all x € D,

¢t (V(B(x)) A1) < g(x) < c (V(0p(x))A1),

or equivalently (with a possibly different constant)

c ! (MA]_) <gx) <c <MA1>.
((9o(x))~2) - - (9o (x))~2)
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Now our main result follows immediately from this and our Green
function estimates for bounded x-fat sets. In fact, our main result can
be written following compact form

V(Ix =yl
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