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1 Introduction

This will be a course about stochastic differential equations with jumps.

Let me give just one example where this is important. In financial math-
ematics it is common to model the price of a stock by a geometric Brownian
motion. However, this model suffers from some significant defects. One of
the most important is that although the graph of a stock price looks a lot
like the graph of a Brownian motion, the stock price will at times decrease
or increase faster than a Brownian motion can. For example, if you look at
the graph of a stock price on September 11, there is a sudden decrease, more
than can be followed by a Brownian motion. Since one of the major goals of
financial math is to determine option prices for stocks, it is crucial to have
a good model for the stock price. Experimentally the model that best fits
the data is a geometric Brownian motion with jumps at random times. The
jumps can be caused by disasters, wars, discoveries, etc.

Processes with jumps are also important for some physical models, but I
don’t know too much about these.

Despite the importance of allowing jumps in the model, a lot of the basic
theory of SDEs with jumps is still not very well understood. The purpose of
this course is to give some ideas for the parts that are understood.



There are lots of possibilities for research here. Take your favorite result
for diffusions or Brownian motion, and try to extend them to jump processes.
Some of the results will be interesting and some will not, but there will be
more interesting results than uninteresting ones.

As we go along, I will present lots of open problems.

My goal is to give the main ideas of the proofs and not burden you too
much with €’s and d’s or integrability considerations. To get the details,
you’ll have to look at the references. A lot of the references can be found on
my web page,

www.math.uconn.edu/~bass

and then click on “Lecture notes” or “Bibliography,” depending on what you
are looking for.

1.1 Outline

I will select from the following.

1. Stochastic calculus. I will try to keep this relatively brief, as this is old
stuff.

2. Pathwise uniqueness for SDEs and the lack thereof.

3. Potential theory for symmetric stable processes.

4. Weak uniqueness for SDEs with jumps.

5. Harmonic functions. The goal is to prove Harnack inequalities.

6. Symmetric jump processes. Here we obtain transition density esti-
mates.

The last two are currently hot areas.



2 Stochastic calculus

The references here include the course by Meyer (in French) [25] in 1976, a
book by Elliott [20] and my web page: Stochastic calculus for discontinuous
processes in the Lecture notes section.

We’ll talk about predictability, decomposition of martingales, the square
brackets process, stochastic integrals, Ito’s formula, Poisson point processes,
and Lévy processes. As I said, this is old stuff, and I just want to give the
main differences from the continuous case.

2.1 Notation

We let {F:} >0 be a right continuous filtration that is complete with respect
to some probability measure. Most of our processes will have paths that are
right continuous with left limits (rcll), and in that case we let

th :h?lXS, AXt:Xt—Xt,.
sTt

2.2 Predictability

A stochastic process X; = X;(w) = X (t,w) is a map from [0, 00) x € into
(usually) R. We define a o-field, called the predictable o-field or previsible
o-field on [0,00) x Q as the o-field P generated by all processes of the form

H(s,w) = K(w)lgy(s),
where K is bounded and F,_ measurable and F,_ =/, <aFs- A process
adapted to P is called predictable.

It is easy to see that if H is left continuous, then it is predictable. In
particular, if X is rcll, then X;_ is predictable.

Why do we care?” When defining the stochastic integral with respect to a
martingale with jumps, we need the integrand to be predictable in order to
get a martingale out. It is also natural from the stock price point of view. If
S; is the stock price at time ¢ and H; is the number of shares held at time t,

then .
/ H. dS.
0
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is the net profit. If S has jumps and we don’t require H to be predictable,
one can fix H; to depend on AS;, and get a guaranteed profit, without risk.
That’s not supposed to happen, and the number of shares held at time ¢
should only depend on what we know up to time ¢, but not necessarily what
happens at jump times.

2.3 Decomposition of martingales

Suppose M, is a rcll square integrable martingale. Since it is rcll, there can
only be finitely many jumps of size larger than 1/k in absolute value for each
positive integer k. Thus there are only countably many jumps for M;. Let’s
list them as occurring at times 77, T5,.... We certainly cannot assume that
T, < Ty < ---; we are just listing them. Let us also arrange it so that for
each i, AMy, takes values in some [a;, b;] where the interval does not include
0.

If we let
Al(t) = AMTil(t2T¢)7

then A; is an increasing (or decreasing) process, hence a submartingale (or
supermartingale). By the Doob-Meyer decomposition there exists A; pre-
dictable and increasing (or decreasing) such that

M;(t) = Ai(t) — Ai(t)
is a martingale. Then
Theorem 2.1 We can write
My = 3 Mift) + Me(t),
i=1

where M¢ is a continuous martingale. The convergence is in L?.

To give the idea, let us just show the orthogonality of M; and M;: We



have
E M;(c0)M;(c0) =E / M;(o0) dM;(s) (Lebesgue-Stieltjes integral)
0
=E / M;(s)dM;(s) (condition on Fy)
0

_E /Oo AMi(s) dMj(s) + E /OO Mi(s—) dM;(s).

The first term on the last line is 0 because M; and M; do not jump at the same
times. The second term is 0 because M;(s—) is predictable: even though we
are doing Lebesgue-Stieltjes integrals here, the expectation of fot HgdM;(s)
with Hy = K(w)1(a(s) is 0, and then we build up from this to get it is 0 for
every predictable process (subject to some integrability conditions).

2.4 Square brackets

We define
(M) = [M, ] = (M, M) + 3 (AM,)2

We define [M, N| by polarization.

Even for discontinuous martingales, one can define (M, M) as the pre-
dictable increasing part of the submartingale M?. So why do we introduce
[M]? Tt turns out it shows up in many places, e.g., the integration by parts
formula, the Burkholder-Davis-Gundy inequalities, to mention just two.

Lemma 2.2 M? — [M]; is a martingale.

Proof. By orthogonality, it is enough to show M;(t)? — (AM;(T; At))? is a
martingale. We can rewrite this expression as

z/ot Mi(s—) dMi(s),

where we view this as a Lebesgue-Stieltjes integral. But

t
/ H, dMj(s)
0
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is a martingale for every predictable process H, modulo some integrability:
first prove it for the simplest predictable processes K1), and then use a
monotone class argument. O

2.5 Stochastic integrals

This is almost identical to the construction for continuous martingales. If
Hy = K14y (s) with K bounded and F,_ measurable, define

t
/ HydM, = K(Mipy — Ming).
0

This is a martingale whose square bracket is given by

/Ot HZ?d[M],.

If we have a linear combination of such integrands, we define the stochas-
tic integral by linearity. And if H is predictable with E [} H? d[M];, we
approximate H by such linear combinations in L? (with norm ||H|?> =
E f(f H?d[M],) and take limits.

We extend this definition to semimartingales X; = M; + A; where M is
square integrable and A; has bounded variation in the usual way.

By a stopping times argument, one can extend the definition to semi-
martingales where M is a local martingale and A has locally finite bounded
variation. Because we may have jumps of X of arbitrarily large size, the
arguments are much more complicated than in the continuous case. Some
of the phraseology used is that certain stopping times “reduce” the semi-
martingale. But the arguments are fairly technical and not that interesting
(to me).



2.6 Ito’s formula

For semimartingales with jumps, Ito’s formula goes as follows. If f € C?,

then
f(Xy) = f(Xo) + /f _)dXs+ 5 /f” X)

+ YUK — F(Xo) — f(XAX)

s<t

Let’s make a few comments. First of all, the integrand in front of the d.X
is f(Xs_). Since X,_ is left continuous, it is predictable, so the integrand is
predictable. This might not be the case if we had f(X;) as the integrand.
Secondly, (X°) is defined to be (M°). Finally, if f and its first two derivatives
are bounded, the sum on the last line is bounded by

1" lloe Y (AX)2.

s<t

So, at least for reasonable semimartingales, the sum converges.

By applying this to (X + Y)?, X2 and Y?, we get the product formula,
also known as the integration by parts by formula.

t t
XY= XoYo+ [ X, dvi+ / Y, dX, + [X,Y],.
0 0

or
d(XY)=XdY +Y dX + d[X,Y].

For a semimartingale X, we let [X, X| = [M, M]. (There’s always a nuisance
here — one might be able to write X = M + A in two different ways — but
there is a canonical way if one requires A to be predictable.

The idea of the proof of Ito’s formula is this. By taking limits, it suffices to
assume there are only finitely many jumps. By looking at them sequentially,
it suffices to assume there is only one jump, say, at time 7. Apply the Ito
formula for continuous processes to X; — AXr1>7), and then notice that
the jump at time 7' contributes the same amount to both sides.



2.7 Poisson point processes

Let S be some state space, S a o-field on S, and A an infinite measure on

(S,S). Let B be the Borel o-field on [0, 00) and
p:2xBxS—R.

i is a Poisson point process if for each A € S, u([0,¢] x A) is a Poisson process
with parameter A\(A) and if A, ..., A, are disjoint with A(4;) < oo for each
i, then pu([0,t] x A;) are independent processes. (We drop the w from the
notation as usual.)

Let v([0,t] x A) = tA(A), which is nonrandom. Then for each A with
A(A) < oo, we have that (u — v)([0,¢] x A) is a martingale.

An example of a Poisson point process is this: if X; is a Lévy process, that
is, a rcll process with stationary, independent increments, then u([0,] x A) =
> s<t 1a(AX,) is a Poisson point process.

We can define stochastic integrals with respect to Poisson point processes
more or less in the way stochastic integrals are defined with respect to mar-
tingales. If H(w,s,2) = K(w)l(ap(s)1a(2), where K is bounded and F,_
measurable and A\(A) < oo, we define

[;Lﬂwwﬂu—mwwa=Ammu—m«MMnMJnxm.

We then use linearity and L? limits to define stochastic integrals for more
general integrands. It is not hard to see that if

t
N [ [ (- vias ),
0
then

t t
= [ [ epvtass W= [ [ G2 s ).

0 0

A very general SDE would be one like

dX; = o(Xy) dWi+b(X3) dt+/8 F(Xi—, z) (u—v)(dsdz), Xo = xo. (2.1)



We need such a general SDE to capture the behavior of some financial models,
for instance. The idea is if p assigns a point mass to (Xs_, z), then X; jumps
an amount F(X_,z). We can get even more general by having a term
which is an integral against du to take care of large jumps, provided some
integrability conditions are satisfied.

2.8 Lévy processes

We already defined a Lévy process and how it is related to Poisson point pro-
cesses. A Lévy process has Lévy measure n if A =n and [(1A|z]*) n(dz) <
00.

Let us give a few examples of Lévy processes that have no continuous
parts. (We can always add a constant multiple of Brownian motion or a
constant times t.)

1. Let P} be Poisson processes with intensities A;, ¢ = 1,2,...; in particular
P} is Poisson with parameter \;it. If Y 00 a;\; < oo, then > ° a; P/ is a
Lévy process. These are compound point processes. The Lévy measure is
n(dz) = Y Ndg,(dz), where 0, is point mass at a. One can show that if
> A = oo, then the set of jump times, although countable, is dense in
0, 00).

oo

2. Let P/ and \; be as in the first example, but now suppose -, aZ\; < 0.

7

Then Y, a;(P/—\t) is a Lévy process. This allows the a;, which are small,
to be larger than in the first example. The Lévy measure is the same as in
the first example.

3. X, is a symmetric stable process of order « if

n(dzr) = g

- ‘xlera :

The symmetric stable process of order « in d dimensions is the same, except
with 1+ « replaced by d + a.

It will be useful for later on to apply Ito’s formula to a Lévy process. If
X, has no continuous part and is itself a martingale, we can write

Xt:X0+/0t/z(u—l/)(dsdz):Xo—l—/ot/z(,u(dsdz)—n(dz)ds).

9



If f € C? we have

FOG) = F(0X0) = [ £ X, UK = F(X) = F(X AKX

where

s<t

martingale + / JUte +2) = 5(X0) - PO utdsdz)
martingale —i—/o /[f(Xs_ +2) — f(Xso) = f(Xs)z]n(dz) ds
martingale +/t Lf(Xs-)ds

0

t
martingale —I—/ Lf(Xs)ds,
0

Cf(x) = / [z +2) — f(2) — ()] n(d2).

The way to read the last expression is that f(z + z) — f(x) represents a
jump of size z with intensity n(dz), while the f’(x)z represents a drift that
compensates for the jumps.

3 Pathwise uniqueness

3.1 SDEs with Poisson point processes

Look at (2.

1) with the Brownian motion and drift terms removed. (There is

no harm doing something similar with them included, but for simplicity let’s
suppose they are not there.) A result due to Skorokhod is the following.

Theorem 3.1 Suppose F' is bounded and

[ 1F(.2) = Py, 2P Ad2) < elo— gl

Then the solution to (2.1) exists and pathwise uniqueness holds.

10



Proof. To do uniqueness, if X and Y are two solutions with the same
starting points,

E(X, - Y, =E [/Ot/[F(XS_,z)—F(YS_,z)] (,u—z/)(dsdz)r

t
B [ [IFCt2) = PO o) P uldsds)
0
t
:IE/ /\F(XS,z)—F(YS,z)\Q)\(dz)ds
0
t
ch/ | X,_ —Y,_|*ds
Ot
:cE/ | X, — Y| ds.
0

The second equality is the expression for E[X — Y], the last since X and
Y have only countably many jumps. Using Gronwall’s inequality proves
uniqueness.

Existence is the standard Picard iteration argument: let X, = xg, let
t
X = + / F(XD,2) (- v)(ds d2),
0

and prove that the sequence X" converges.

3.2 SDEs with stable processes

For one-dimensional Brownian motion, one can do much better than Lipschitz
continuity. The Yamada-Watanabe condition says pathwise uniqueness holds
to dX; = o(Xy) dW, if |o(z)—o(y)| < p(|z—1y|) for some function p satisfying

1
/ — dr = 0.
0+ p(x)

There exists an analogue for stable processes of index between 1 and 2.
(References: [6, Section 2] and [23].)

11



Theorem 3.2 Suppose Z; is a stable symmetric process of order o with 1 <
a < 2. Suppose p is a nondecreasing continuous function on [0, 00) with

1
/ dr = oo.
0+ p(x)*

Suppose F' is bounded and satisfies |F(x) — F(y)| < p(lx — y|) for all x,y.
Then the solution to

dXt - F(Xt_) dZt

1S pathwise unique.

Before proving this, a few remarks. First, pathwise uniqueness auto-
matically implies strong existence and weak uniqueness; the argument for
Brownian motion goes through. Second, the proofs I know for Brown-
ian motion do not go through for the stable case with o < 2. Third, if
|F(z) — F(y)| < c|lz —y|?, ie., F is Holder of order 3, then we need

1
dx = 00,
/0+ (lz|7)

oraff > 1,or § > 1/a. This agrees with the Brownian motion case: 5 > 1/2.
For stable o processes, we see we need more regularity (smoother F') asa | 1.
When a = 1, our condition says we almost need Lipschitz continuous F'.

Proof. Let X' and X? be two solutions, ¥ = X! — X? H, = F(X} ) —
F(X?%). So

t
Y, :/ H,dZ,.
0

an 1
/ —dr =n.
(ln+1 p<w>

Let h, be nonnegative, C? with support in [a,41,a,], with [h, = 1 and
hn(xz) < 2/np(x)*. So far, the proof is exactly similar to the Brownian
motion case.

Let a, | 0 such that

Let p;(z,0) be the transition densities for a symmetric stable process in
one dimension,

ga() = / T, 0)dt, Grf(x) = / F(w)or(e — y) dy.

12



The Fourier transform of p(z,0) is e %", hence the Fourier transform of

gx is 1/(A + |ul*), and it follows that g, is bounded and continuous, and
gr(z) < gx(0) if z # 0.

Let f, = Gyhy,, which is in C?, and let A, = fot |H|*ds. TIf one goes
through a calculation very similar to the one where we calculated the gener-
ator for symmetric stable processes, one sees that

F00) = 70%) + martingale + [ LI S(0,) ds.
0

By the product formula, using the fact that A is continuous and of bounded
variation,

B L(Z) 0 =B [ a0 - [ AR
0 0

t t
:E/ e‘MS|HS|‘“,Cfn(YS_)ds—E/ N H | f(Ys_) ds.
0

0

fn = Gahy, so Lf, = NG h,, — h,, = Af,, — h,,. Substituting, we obtain

Ee M f,(Y;) — fu0) = — / A H [ (Y, ) ds
0

The last term is bounded in absolute value by

E/t L v )ds <2
NS A !n S— S— )
o p(Yso)® n

which tends to 0 as n — oco. h,(z)dz tends weakly to point mass at 0, so
fn = Grh, — gx. Therefore

9:(0) — Ee Mig\(Y;) = 0.

Since gy (z) < gA(0) if x # 0, this implies Y; = 0 a.s. (and A; = 0, a.s.) This
is true for each rational ¢, and since Y is rcll, that does it. O

When o < 1, then g, is no longer bounded, and the proof breaks down.

The analogue of the Yamada-Watanabe condition is sharp: if the integral
is finite, one lets F'(z) = p(|x|), and one gets two solutions, the identically

13



zero one, and a time change of a symmetric stable process as the other. The
proofs are very similar to the Brownian motion case.

It is now known (despite what I wrote in one of my papers; ignore Section
3 of [6]), that when av < 1 and (§ < 1, there are functions F' that are bounded
above and below by positive constants that are Holder continuous of order
and for which pathwise uniqueness for the SDE

dXt - F(Xt_) dZt

fails. More about that soon.

The above theorem does raise some questions. If o is bounded above and
below by positive constants, then the SDE

dXt == O'(Xt) th

has a pathwise unique solution if o is (locally) of bounded variation (this
is due to Nakao), and even if ¢ has locally finite quadratic variation (due
to LeGall). Is there any analogue of this for stable processes with o > 17
Komatsu [23] states a theorem analogous to that of Nakao, but there is an
error in his proof.

Another question: What about pathwise uniqueness for solutions to (2.1)
when F'is not Lipschitz?

One can establish pathwise uniqueness for the SDE

when f is in L', or even more singular (e.g., a constant times the ¢ function
provided the constant is strictly less than 1). What about if W} is replaced
by a stable process?

If Z; (not necessarily stable here) has only finitely jumps in each finite
interval, pathwise uniqueness is almost trivial. What if Z has countably
many jumps in each finite interval, but Z; is increasing?

Although the remark above shows that the analogue of the Yamada-
Watanabe condition is sharp, can one get a better theorem on pathwise
uniqueness if we assume F' is bounded above and below by positive con-
stants? The answer is, essentially no; [8].

14



Theorem 3.3 If 7 < é A1, then there exists I that is bounded above and
below by positive constants such that F is Holder continuous of order 3, but
pathwise uniqueness does not hold for the SDE

dXt - F(Xt,) dZt

Notice that if a < 1, we can take # up to but not including the value 1.
Let us give the idea of the proof. First, let Z and Z’ be independent stable
processes of order «, and let

dXt - F(Xt_) th

dX,(e) = F(X[_(e))dZ; + e dZ],
and
Y(e)=X'(e) - X.

As ¢ — 0, one can show that (X'(¢),Y(¢), Z) converges (weakly), and the
limit Y solves

dY, = [F(X;- +Y) — F(X,_)|dZ,
and then X + Y is another solution to our SDE. If T} = inf{t : |Y;(e)| > b}
and we show that E7} is bounded uniformly in ¢, say, by ¢, then

E (73)
2c

P(TE > 20) < <3

or with probability at least 3, Ty < 2¢, or |Y(g),| > b for some ¢ < 2¢ with
probability at least % This is preserved in the limit, so Y; is not identically
0. Therefore it suffices to get a bound on E7}. Let us now drop the €’s from
the notation.

Let I = [27%,27 %] and I} = [27%71,27%+2]. We get an estimate of the
amount of time spent in I by Y; up to time 7}, and then sum over k. We do
the same for —1Ij, show the amount of time spent at 0 is 0, and we get our
bound. By the strong Markov property, the expected amount of time in Iy
up to time 7y is bounded by

[expected number of times Y; goes from I to I} before Tp] (3.1)

X [maximum of the expected time for Y; to exit I} starting in Ij].

15



Y, is a time change of a stable process W;, so it is enough to estimate the
number of crossings of a stable process. If R;, S; are the successive times the
process enters I;, and leaves I} and N is the number of crossings,

Ty
E / (W) ds > > E(Si AT, — Ri AT))
0 i
EZE[EWRI'Sl;Ri<Tb

> [E N, — 1] [inf E*Sy].

zel}

The first term on the left can be estimated by the Green function for W
(which is bounded if o > 1, is of order —log |z — y| if @ = 1, and is of order
|z —y|*7!if @ < 1), and similarly the last factor on the right in the last line.
We end up with

2"a—1), a>1,
E N, < < ck, a=1, (3.2)
c, a < 1.

The different behavior for different « is what gives the constraints on f3.

Next we construct F'. Let Fy be a sawtooth function with the width of
the teeth equal to 1 and the height 1. Let F} be a sawtooth function with
the width of the teeth equal to 27% and the height 2%, and then let

F=>Y 277"R,
k

where 3’ is some number slightly larger than (. It is not hard to show F' is
Holder continuous of order (3.

Let’s now look at the second factor on the last line of (3.1). If |F(z+vy) —
F(z)| was bounded below for all z and y, life would be easier, but this isn’t
possible to do. We can show, though, that if

Ap0) = {z: |F(z+vy) — F(z)| > 627% for all y € I}'},

then the Lebesgue measure of Ag(f) is at least a fixed proportion of the
length of I. So since F' is bounded below, a time change argument shows
that the solution to dY; = [F(X,_ — Y;_) — F(X;_)| dZ; spends at least a

certain amount of time in Ag(#). But if the process spends enough time in
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Ag(0), then there is a reasonable chance of having a jump larger than 27%+2
in size, which means the process exits I}, before too long. This leads to an
upper bound on the exit time.

Beyond the above results, there are some results on weak existence, but
not too much else. It would be nice to also have some results where the
driving process is not necessarily of fixed order.

4 Potential theory

We look next at some potential theory for functions that are a-harmonic.
Let u be defined on all of R? with some integrability conditions. We say u
is a-harmonic in a domain D if u(x) = E*u(X,,) for every z € B and every
ball B C B C D, where X, is a d-dimensional symmetric stable process and
7p is the time of the first exit from B.

We say u is regular a-harmonic in D if u(z) = E*u(X,,) for all z € D.
We will give an example of an a-harmonic function that is not regular in a
moment.

One can explicitly calculate the “Poisson kernel” for a ball B: that is, find
k(x,y) such that

PY(X,, € A) = /Ak:(:n,y) dy

for every A C B¢ This is done in the same way as for Brownian motion,
by using a Kelvin transformation, i.e., inversion in a sphere. Then if we fix
y € B¢ and let u(x) = k(z,y), we have a function that is a-harmonic in B
but not regular a-harmonic.

Using the explicit formula for k(x,y), we can prove the Harnack inequality
just as in the Brownian motion case.

Symmetric stable processes of order o have a scaling property. To see this,
look at the generator. A time change multiplies the generator by a scalar,
while a dilation does a change of variables. There is the issue of

1
/[ o+ < V() - h]’h’m dh

17



compared with the same thing with r replaced by 1, but by symmetry,

1
/h Losinl<n) s @ = 0:

4.1 Boundary Harnack principle

Let’s first talk about what the boundary Harnack principle (BHP) says for
Brownian motion. If we have a non-negative harmonic function v in a domain
D, then the Harnack inequality says that the values of u are comparable in
a ball away from the boundary. In general, we cannot say much when we
are in balls very close to the boundary, that is, the constant of comparability
gets worse. If, however, the boundary values of u are zero on a part of the
boundary and the domain is reasonably regular, then not only does u(xz) — 0
as x tends to that part of the boundary, but all such non-negative harmonic
functions decay at the same rate. More specifically,

Theorem 4.1 Let D be a reasonable domain, zg € 0D, u,v continuous on
D, u,v non-negative and harmonic in D, and for some r, u and v are 0 on
0D N B(zy,2r). Let xy € DN B(zp,7). Then there exists a constant ¢ such
that

: x € DN B(z,7).

This is true for some domains but not all. An example of a reasonable
domain for which this is true is a Lipschitz domain, one that agrees locally
with the region above the graph of a Lipschitz function.

Let us give an example of how the BHP can be used. If we have a thin
strip of length R and width about r with R > r, then starting at x in the
middle, the probability of exiting the sides before hitting the lower boundary
starting at « can be shown to be of order e=°#/". If z is near the middle in
the long direction, but ¢ above the lower boundary, the probability of hitting
the upper boundary before hitting the lower boundary is of order §. Using
the BHP, we can get a more precise estimate.

Let u(z) be the probability of hitting the sides before the top or bottom,
and v(z) the probability of hitting the top before the bottom. Let xy be in
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the middle. Then v(zo) ~ 3, while u(zo) &~ e=®/". So if  is near the middle
in the long direction and ¢ above the bottom, then

efcR/r

) v(x) 1/2 7

or
u(x) ~ de R/,

The key to the proof of the BHP is to show that when exiting B(zo,7)ND
the probability of the exit position being in D but not too close to 9D is not
too much smaller than the probability of the exit position being in D and
close to dD. Of course, the largest probability is when the exit position is in
0D. This is also the key to the proof for a-harmonic functions and we will
show how it goes.

First we need the following fact. Let D be a domain and A C D¢ Let
F(z,z)belif z € D,z € A and 0 otherwise. We know

/OTDM/F(XS—7Z)(M— v)(dsdz)

is a martingale. Let gp(x,y) be the Green function for D:
™D
E [ 1e(x)ds= [ gnlen)dy
0 c
Then
P*(X,, € A) = / /1D )14(Xs— + 2) p(ds dz)

_Ew/ /1D Na(Xo + 2)n(dz) ds

1
Z//QD(iﬁay)lA(erz)WdZdy

9D$y
// |y—2|d+“d 2y

Using Fubini, we then see that

XL g x?y
P*(X,, € dz) = ( #@) dz. (4.1)
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Now let us look at the key fact for the BHP for a-harmonic functions that
are 0 in B(zp, )N D¢, due to [27]. Suppose D is the intersection of the region
above the graph of a Lipschitz function with a large ball. Let zy € 9D be
not too close to the circumference of the large ball.

Lemma 4.2 Letr > 0 and xy such that xy € B(zo,7)ND and dist (xo, 0D) =
r/2. There exists ¢ such that if x € D N B(zg,7/4), then

P*(X,, € B(z0,7)°) < cP*(X; hits B(xo,r/4) before exiting D).

To prove this, write B for B(zp, ). Then from the formula (4.1)

P*(X., € B) /c/|y—z|d+ad dz
//C’y_z|d+addy

< c/DgD(x,y) dy (4.2)

For z fixed, gp(x,y) is a-harmonic as a function of y, except when y = z,
and so by Harnack

9p(z,20) > ¢ / gp(z,y) dy. (4.3)

B(zo,r/4)
Let C' = B(xg,7/4). Since gp(z,y) =0if y ¢ D,

gD(I',l'o) = ExogD(anTc)
g9c(20,9)
= gp(x, 2 ———dy| dz
/CcmD ol >[/C |y — 2[4t ]

Z C/ gD(iL',Z) dz
cenD

= c/ gp(z,y) dy. (4.4)
pnee
Combining (4.2), (4.3), and (4.4)
gp(z,z0) > C/gp(m,y) dy > P*(X,, € BY).
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Finally, by Harnack,

gp(z, o) = c/ gp(z,2)dz
B(zo,r/4)

TD
< [E* [/ 1o(X;) ds; X hits C before exiting D
0

< cP*(X; hits C before exiting D).

4.2 Fatou theorem

References here are [16] and [17].

Let D be the upper half space (or more generally, a Lipschitz domain,
although we’ll restrict attention to upper half spaces). If f is bounded (or
non-negative or in L? for some p) and u(x) = E* f(X,,), where X is Brow-
nian motion, then it is known that the nontangential limits of u exist and
equal f a.e. More precisely, if D is the upper half space in R? and for each
z € 0D we let

Oz = {(w)y) -w eRd_l)y207 |w—z| <y}a

then for almost every z € 9D (with respect to (d — 1)-dimensional Lebesgue
measure,

lim u(x) = f(2).

zeCy,x—z

What about when X is a symmetric stable process? Of course here we

need f defined on D°.

But even when f is bounded, the limit theorem is not necessarily true.
For example, let d = 2 and define f on D¢ to be 0 or 1. Set it equal to 1 on
the strip from y = —e to y = —e~!. If € is small enough, and w = (z,1),
then with high probability X, will lie in this strip and so u(w) will be close
to 1. Define f to be 0 when y < —1. On the strip —¢® < y < —e define f to

be 0.
So starting at (x,e?), with high probability the exit position will be in
this second strip, and so u(z, ?) is close to 0. Continuing to define f on the

strips —e?**! < y < —£?*~1 with alternating 1’s and 0’s, we see we do not
have convergence for any z € 0D.
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Therefore we need some regularity for f. Let us define Lg to be the set of
functions f such that

1FC+8) = FC)l
17

This is a well known space, known as the LP-Holder continuous functions.
Here p > 1 and § € (0,1). Such f need not be continuous unless Gp > d.
Note that L7 are the usual Holder continuous functions of order 3.

111z, = £ llp + sup < oo,
t>0

Our theorem is

Theorem 4.3 If f is bounded and in Lg and Bp > 1, then nontangential
limits of w exist for a.e. z € OD.

When (p € (1,d), then f need not be continuous, but one can still define
a notion of the trace of f on 0D. Define T'f(z) = f(z) if z € 0D and f is
continuous. It is possible to show that the operator 7" can be extended in
one and only one way to a continuous operator on Lg. In this case, it turns
out that the nontangential limit of u is T'f a.e.

The example above shows that fp > 1 is sharp. First take f as above,
except 0 outside some large ball of radius R and multiply it by a mollifier
that is supported in the ball of radius R and is 1 on the ball of radius R/2.
This large ball modification doesn’t really affect things, so we might as well
assume we are in dimension 1.

Next modify f slightly. Let f be as before, but make it linear between
—(1 = 6)e* 1 and —(1 + 6)e** . If we take § much smaller than e, this
doesn’t mess up the oscillation of u.

Let us look at |f(z 4+ t) — f(x)|. This is bounded by 2, and we use that
bound when 2 < t/4. When ¢2* > t/4, then the difference is either 0 or
is bounded by ¢ times the derivative: cte=2*. The measure of such z’s is at
most ct. If kg is such that e2*0 ~ ¢ and p > 1, then we have

1740 = 1Ol < o (et +21)

k<kg

< cttle (e onyr) w

= ct!/?,
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If 3 =1/p, then we have that our f is in Lg.

To prove Theorem 4.3, there are two main steps, bounding a maximal
function, and then using the maximal function. Unlike the Brownian motion
case, we construct the maximal function in D¢. Let L be a large integer,
and for z € 9D, let A;;(2) be a box of side length 2% and whose center has
horizontal component z + j27 and vertical component —2* 2. Let F};(x)
be the average of [f| over A;;(z). Let Gi(x) = sup; <, Fij(z) and M(z) =
sup;> Gi().

Let 5 < 8 but with @p > 1. Suppose we can show that the L' norm
of M (with respect to (d — 1)-dimensional Lebesgue measure) is bounded
be a constant times the L}, norm of f. Given ¢ and f € L}, we can find
g continuous with compact support and h € Lg, with h having Lg, norm
less than € and L* norm less than a constant multiple of the L> norm of f
such that f = g+ h. Since g is continuous, its harmonic extension converges
nontangentially, so we need to look at the nontangential convergence of the
harmonic extension of A. The L! norm of the maximal function for A is
bounded by a constant times €. Choose ¢ small and R large such that

P@Y (X, —z| > Ry) <e
and
P@Y)(X,, > —by) <e.
By taking L large enough, we have
{(v,w) :|(v,w) = (z,0)| < Ry,w < =dy} ¢ | Ay(x).
lj|<L,i>0

Since h is bounded, we see that up to some multiple of &, the oscillation of
h is bounded by the maximal function, which is small except possibly on a
small set.

So the proof comes down to getting an estimate on the maximal function.
The main estimate is to get a bound on the L' norm of

|Fiv1j, (7) — Fijy ()]

with |1, |j2] < L. Since the sup over 2L + 1 elements is comparable to the
sum over 2L+ 1 elements, this will give us essentially the same bound on the
L' norm of

|Giyi(x) — Gi()].
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It will turn out that this bound is of the form ¢277¢ for some v > 0. Since
|G1||1 is easily seen to be finite, then from

1My < 1Gally+ D 1Giy = Gilly,

i>0
we get our bound on [|[M]|;.

So let’s look at |Fji1, (2) — F;j,(2)| Let us suppose j; = j = 0, though
this is just for simplification. By dividing A,y into 2¢ equal subcube, we see
that we need to look at the difference between two cubes of side length 27
that are about 2% apart. Let t be the vector that goes from the center of
one cube to the center of the other. the length of ¢ is of order 27, If we
integrate over the x variable, f(w + t) — f(w) for a given w occurs in the
integrand for many s, in fact for a set of measure 27441 We also get a
factor 2/ because we are looking at averages, not integrals. So if B(z) and
B'(x) are our two cubes, then

2 [ = [ infar<e [ - sl

where E is the product of some big ball with a strip of width ¢27%. So using
Holder’s inequality, the above is bounded by

[ F(-+1) = F()p 271 < 2D = 22,

This is summable in ¢ if 5 > 1/p, or if Gp > 1.

Besides the BHP (which has been shown to hold much more generally than
in Lipschitz domains), results are known on the Martin boundary, intrinsic
ultracontractivity, and on the conditional gauge.

Take almost any potential result for Brownian motion, and the analogue
for symmetric stable processes would be interesting.

Here are a few open problems. First of all, it is known that the Fatou
theorem holds in Lipschitz domains. Can it be shown to hold in more general
domains? A class of domains to consider is the following: a Lipschitz domain
is locally the region above the graph of a Lipschitz function ®, and ® Lipschitz
means V& is in L. What if L* is replaced by LP? These are known as L}
domains. Results are known for harmonic functions in these domains with
respect to the Laplacian, but not with respect to a-harmonic functions.
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An irritating feature of the Fatou theorem above is that we required f to
be bounded. It would be nice to eliminate this restriction.

The hitting distribution of Brownian motion in a Lipschitz domain is
known to be equivalent to surface measure, and the Radon-Nikodym deriva-
tive is in L?*¢ with respect to surface measure for some ¢ > 0. What is
the analogue for symmetric stable processes? Here one would replace sur-
face measure by Lebesgue measure on the complement of the domain. What
about extensions to L} domains?

5 Weak uniqueness

5.1 The perturbation method

The most common way of proving weak uniqueness is the perturbation ap-
proach. Let Ry be a resolvent, that is,

Rafa) =E7 [ x

for some known process. Formally, Ry = (A—.A)~!, where A is the generator
of the process. Now consider the generator A+ B, and let S be the resolvent
of the corresponding process. We expect

Sxf = Baf + RaBRyf 4+ RA(BRy)* f + -+ .
This is plausible, since
(A= A= B) [~y D(BRY)')|
=0
= (A= A)R\> (BRy\)' — BR\ Y (BR,)’

i=0 i=0
= the identity.

This is more or less fine if ||BR,|| < 1 for some norm. An additional
complication is if the norm is not L or C'* or something like that, the the
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formula for Sy f only holds a.e., and an additional argument is needed to go
from almost everywhere to everywhere.

Let’s look at a simple example. Suppose we are in one dimension, a > 1,
A is the generator of a symmetric stable process of index « and Bf(z) =
b(x)f'(xz). Then Ry\f(z) = [ f(y)ra(z,y)dy, where ry(z,y) dies off rapidly
as |xr — y| tends to mﬁmty and is asymptotically

c
|z =yt
when |z — y| is small. Not worrying about the behavior at infinity,
c

BR,f(x) ~ —b(l’)/ |<1f(y)m dy.

This is bounded in absolute value by

bl 17 [ = < 3l
lz—y|<1 | |

if @ > 1 and [|b]|» is sufficiently small.
How can we make this all more precise? Let £ be a generator of the form

£5e) = [1e+0) = )~ ey V) - 0 an

The processes corresponding to this class of generators are sometimes called
stable-like processes; [19].

We say a probability measure P is a solution to the martingale problem
for £ started at a point xq if P(Xy = z¢) and f(X;) — f(Xo) — fot Lf(X
is a P-martingale whenever f € C?. Here Q = D0, 00), X;(w) = w(t), and
F; is the filtration generated by X.

It is known ([24]) that existence and uniqueness of the a solution to the
martingale problem is equivalent to weak existence and weak uniqueness for
the solution of an affiliated SDE.

Let us give a special case of a more general theorem ([15]).

Theorem 5.1 Suppose for some € > 0 we have |A(xz,h) — 1| < ch® for all
|h| < 1. Suppose also that A(x, —h) = A(z, h) for all x and h. Then for each
x there is a unique solution to the martingale problem for L started at x.
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One consequence of this is that there is a strong Markov process associated
with L.

Proof. First of all, jumps of size larger than § come at discrete times,
and if we have uniqueness up to the first such jump time, this completely
determines the distribution of the jump, and we can then run until the second
jump larger than h, and so on. So without loss of generality we may assume

A(xz,h) =1 for all |h| > § for some J.

Let P be a solution to the martingale problem started at xy. Let

S\f=E /OO e MF(X,) dt.
0

We don’t know anything about the solution being a Markov process, so we
cannot consider Sy a resolvent, and so don’t write Sy f(xg). If f € CZ, then

t
ES(X) - f(a) =B | LF(X.)ds.
0
Multiply by e~* and integrate over t:
1 00 t
Syf — Xf(:z;o) = / e ME / Lf(X,)dsdt
0

0
= / e MELF(X,)dtds
0 s

00 e—)\s
_ / ELf(X,)ds
. A
1

= 1S:(L))

Let A be the generator of symmetric stable process of index « and let Ry be
the corresponding resolvent. Then if f = Ry,g, we have

Letting B = £ — A, then
ASARy\g = Rxg(x0) + SaBRAg + Sx(ARx\g — 9),

or

Sxg = Rag(xo) + SABR)g.
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This is the analogue of the series expansion for S) that we wrote earlier.
If S%, i = 1,2, correspond to two solutions, then
(Sx = S3)g = (Si — S3)BRxg.
If ||BR,|| < 1 for some norm and
© = sup |(S; — S})gl,

llgll<1
we get
© < O|BR,|l,

which implies that © equals either 0 or infinity.

If © = 0, then we have Sig = S%g, and by the uniqueness of the Laplace
transform, we get E'g(X,) = E2g(X,) for almost every t. If g is contin-
uous, using the right continuity of X; shows this holds for all ¢, and we
thus get the uniqueness of the one-dimensional distributions. An argument
of Stroock-Varadhan shows that this is enough to imply uniqueness of the
finite dimensional distributions, which is what we want.

So one of the things we need to do is rule out ® = oo. Stroock and
Varadhan have an argument to do this, but to make it go through, one needs

[Rag(x)] < gl

for every x. We are going to use the L? norm, and this won’t be true in
general. The way to get around it is to take the initial distribution to be
random with a nice density. Since one has uniqueness for all such starting
distributions, one can conclude uniqueness for almost every starting point.
Finally, we can use the Harnack inequality and regularity of resolvents (see
the next section!) to go to uniqueness for every starting point.

So we need an L? bound on BR),. For simplicity, let us take o < 1 and
d, the dimension, equal to 1. Using the fact that A(z,h) = 11if |h| > 1 and
symmetry, we have that for all x

) _
Braf@)] =] [ [asto )~ Bap) 2 G an
5 . h) —
< [ Imastasm+ Ragta—n)- 2Rxf<x>\"“|,;|% ah

1) hE
< /0 Bf(o )+ Baf (o = 1) = 2R f (o)l e dh
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Therefore

€

1)
h
BN < ¢ [ IR + 1)+ Raf(- = h) = 2Raf (i b
By Parseval,
[BAf(- 4 ) + Baf(- =) 2Ry ()

— C/ |6iuh _I_e—iuh o 2|2|§,\\f(u)|2 du

~

<o [ L uie by du

(A + [ul*)?
< c[nl**|I 5.
Therefore

0 hehe i
I1BRAfll2 < ¢ | fll255mg dh < cll fl[26°
0 hi*

This will be less than 1]|f|» if we take § small enough.

5.2 Variable order

The perturbation approach is a powerful one, but it does not handle jump
operators like

£1@) = [ [+ = 1) = e V@) Wi dh

The corresponding processes are also sometimes called stable-like; [4]. There
are variable order operators, and are a special case of

£1@) = [ )= F(@) = Ly VS (@) - A, ) b

or even

£1w) = [ [fa )= f(a) = Lgney V1 (@) - B o, dh).

Let’s consider a special case: d =1,0 < n < a(x) <1—n <1 for all z
(so we don’t have to to consider the Vf term), and then

£1(@) = [ [Fe+ 1) = 0] iy dh
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The following is from [4].

Theorem 5.2 Suppose a(x) is Holder continuous of order~y. Then the mar-
tingale problem for L started at xo has a unique solution for each x.

Proof. The idea is a sort of perturbation argument, but we don’t perturb
off a Markov process. Let rf be the resolvent density for a stable symmetric
process of oder 3. We don’t need to worry about behavior at infinity, and

near 0, we have
c
Tf(%y) ~ m-

Let
c

H(.%,y) = Ti(y)(x7y) =~ m

If g is smooth with compact support, let

f(a) = / H(z, y)gy) dy.

Now f might not be in C?, but let’s pretend it is. What one does is do an
additional smoothing by an approximation to the identity.

With this proviso, we have as before

Sx(A = L) f = f(xo),
where S\f =E [;7 e f(X,) dt. If we have two solutions, then

(Sy =SV =L)f =0.

Suppose we show
(A= L)f(z) = g(x) + Kg(x) (5.1)

with Kg(z) = [ K(z,y)g(y) dy and

/IK(w,y)ldy <13
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for all . Then defining

0= sup |(S}—SHF

[Flloo<1

we have

(Sy — SDgl < |(Sy — SHEKg| < O K|l < 20 9]lco,

and hence © < %@. Unlike the previous theorem, here we know [Syg| <
llg|loo/A, and hence © = 0. We then proceed as before.

So we need to show (5.1). Let

M) = [ ) = @) s

and we then have

(A= L)f(@) = (A = M*D) f(x)

. 1
= /()\ - M (y))—|x — yll_a(y)g(y) dy
(07 o\r 1
+ /[M W) — pet )]—Iw — yll_a(y)g(y) dy

- [1 —|—12

Look at I;. The operator M# operates on the z variable, so the a(y)
doesn’t play an important role, and

I = /50(96 —y)9(y)dy = g(x).

Using the approximate identity helps make this rigorous.

We let
1

|z —y[tmow)

K(z,) = MO = Ao

So we need to consider

/]R [|$ —y+ bWz — y|1—a(y)] [|h|1+a(y) |p|te@ dh.  (5.2)
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Let R = |r — y|. We break the integral into a number of pieces: h €
[—3R/2,—R/2|, h € (=00, —3R/2), etc. The first piece is the hardest and
most important. So h ~ —R, and the second factor in the integrand in (5.2)

is equal to
1
- _ |p|a)—al(z)
[\h\lm(y)} 1= 1 J
This in turn is approximately
Rl [1 _ 6(a(y>—a<x>>log|h|}

< cR™'7Wla(y) — a(x)| [ log |h| |
< cR'WRYog R
< cR1meW+/2

So we are now looking at
e 1 1—a(y)+7/2 14/2
—  Rle)t/2 o plt/2
/3R/2 |R + h|t-eW)

Hence

K (2,9)] = o —y* 7,

which integrates (locally) to something bounded in z.

To get the integral less than %, this can be done by taking A large enough
and including its influence in the calculations.

From the proof we see that it is enough that for some ¢ > 0

1
oalr) —alz)| < .
)= DN g =y e

By using Fourier analysis, one can do even a bit better and have the 2 in the
above replaced by 1.

Theorem 5.2 has been greatly generalized in [28]. On the other hand, it
is known that uniqueness for the martingale problem does not always hold;
see [1, Section 6]. When exactly does uniqueness hold?

Consider the system of SDEs

d
dX] =" Ay(X,_)dZ],
j=1
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where the Z7 are independent 1-dimensional symmetric stable processes of
order «, A;;(z) is continuous in z, and for each = the matrix A(z) is bounded
and nondegenerate. This is the analogue of the SDEs used to define diffu-
sions on R?  Under the above conditions it was proved in [9] that weak
existence and uniqueness of the solution to the above system of SDEs holds.
The case where the Z7 are independent but stable symmetric processes of
ordeer oj, where o; depends on j, would be of interest to people in financial
mathematics.

What about martingale problems where the operator is derived from an
SDE defined in terms of Poisson point processes?

If the A(z,h) are not continuous, but only measurable, can one show
existence of a solution of the martingale problem? One needs an analogue
of Krylov’s inequality (essentially equivalent to the Alexandrov-Bakel’'man-
Pucci estimate from PDE). Some progress on Krylov’s inequality in this
context has been made by Foondun.

6 Harnack inequalities

We now turn to Harnack inequalities. These have a long history in PDE,
notable being the one of Moser for divergence form operators and the one of
Krylov-Safonov for nondivergence form operators. Harnack inequalities have
a number of important uses, one being the proof of regularity of solutions to
a PDE.

All those Harnack inequalities were for operators that were local, i.e.,
were differential in form. Here we are going to look at Harnack for non-local
operators.

The class of operators we are going to consider are ones with generator of
the form

Az, h
£ = (17 + 1) = ) = \wen V) AG D dh )
We assume
0<c <Az, h) < e, z,h € RY,
and

A(z,—h) = A(z, h), z,h € R
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The second condition can be relaxed, but the first is crucial — Harnack need
not hold without it.

We will also assume that there is a solution to the martingale problem for
L started at each z, and that these solutions form a strong Markov process.

The reference for this section is [13].

6.1 Preliminaries

We need a few preliminary facts.

1. Scaling: if Y; = aX;,-«, then Y is also stable-like with
Ay (z,h) = a= DAy (a7 z, a7 h).

2. Lévy system formula: Suppose AN B = (). Then

¢ A(X,,u— X,
Zl(XseA,XseB)—/O 1A<Xs)/B ( X [ )duds

u—
s<t

is a P*-martingale for each x.

Proof. For simplicity let us take a < 1, so we can drop the Vf term. Let
feC?*with f =00n Aand f =1 on B. The process M; = f(X;)— f(Xo) —
fo Lf(X,)ds is a martingale, so fo 14(X,_) dM, is also a martingale.

If € A, then f(x) =0, so

Az, u —x)
/f —I—h |h|d+ dh /f $|d+a du.
On the other hand

F(X2) = f(Xo) = D [F(Xo) = f(X)),

S LAY, )(F(X0) = F(X, )] — / La(X,)LF(X,) ds

is a martingale. In the last integral we can change X,_ to X, since the two
integrands differ on a countable set.
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Taking limits completes the proof.
3. Estimates on exit times:
Let 74 be the times of the first exit from A.

a. There exists ¢ such that

P*(sup | Xs — Xo| > 1) < ct.

s<t

Proof. We may assume x = 0. Take f € C? taking values in [0, 1] such that
f(z) =0and f(y) =1if |y| > 1. Then

Az, h
cr@l<e [ mpslan

|R[<1

cof Anl,
|h

[>1 |h|d+a

<ec.

Hence
P (0,1 < t) < ]Eof(XTB@,l)/\t) — f(0)

TB(O,l)/\t
:EO/ Lf(Xs)ds < ct.
0

b. Let € > 0. There exists ¢ such that
E*Tp(zm > cr®
if |z—2| < (1—¢e)r.
Proof. We may take x = 0 and by scaling, » = 1. Then

P*(7p0,1) < %) < P*(sup | X, — Xo| > ¢) <ct <

1
2
s<et

if ¢ is small enough. Hence

E*Tp@1) > e*tP*(Tp(a) > €7t) > €%t/2.
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c. There exists ¢ such that
E 7B < cr®
for all z.

Proof. By scaling we take r = 1. Let S be the time of the first jump larger
than 2 in size. Then

(S< 1 Z 1 (IXs—Xs_|>2)

s<SAL

SA1
A(X
/ / djh dh ds
|h|>2 ’hl

F(SAL) > cP?(S >1).

This implies P*(S < 1) > ¢, and a standard argument finishes the proof.
4. Hitting sets: Suppose F' C B(z,1). There exists ¢ such that

PY(X hits F' before exiting B(z,3)) > c|F]|, y € B(x,2).

Proof. Write 7 for the first exit time from B(x, 3) and 7" for the first hitting
time of F. If X, € B(z,3) and u € B(z,1), then | X — u] is bounded above.
Hence

PYT <7)>EY Z L(x.#x._ . X.€F)

s<TATAEL

TATAL
(Xs,u — Xs)
_Ey/ / = X, & duds

> c|FIEY(T AT At).

Now
Ey(T ANT N to) Z toPy(T 2 T Z to)
> to[l — ]P)ZJ(T < ’7') — Py(T < to)]

Choose tg such that PY(r < tg) < 1/4. If PY(T < 1)
assume PY(T' < 1) < 1/4. But then EY(T'A T A ty) >

5. Hitting distributions:

> 1/4, we are done, so
to.
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If H is bounded, nonnegative, and supported in B(z,2r)¢ and z,2’ €
B(z, (1 —¢)r), then

E*H(X

TB(z,r)

)< BVH(X,,,, ).

Proof. Let 7 be the exit time from B(x,r). It suffices to prove the result
for H = 1p with F' C B(x,2r)°. Since 1x(X,) is non-zero only if there is a
jump from B(z,r) to B(z,2r)¢, we have

(Xs,u
E*1p(Xipnr) = / / X |d+a)d ds

< cE* —  dud
= / /Fru—xw hee

using the fact that |u — X,| is comparable to |u — z| if X, € B(z,r) and
lu — x| > 2r. If we let t — oo, we get

du du
E*1p(X,) < c(E*r) [ — 2 <o
P00 < @) [ s <ot |

. |u _ x|d+o¢'

We get the same lower bound (with a different ¢) for E* 1;(X,) in the same
way.

6.2 Harnack inequality

We want to show

Theorem 6.1 There exists ¢ such that if h is nonnegative and bounded in
R? and L-harmonic in B(zg, 16), then

h(x) < ch(y), z,y € B(xg,1).

We make a few remarks.

1. We require h bounded on R only to make sure the notion of £-harmonic
is well defined. ¢ does not depend on the bound on h.

2. Saying h is L-harmonic means
h(Xt/\TB<z0,16))
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is a martingale with respect to each starting point.

3. If h is not nonnegative on all of R? examples show that the Harnack
inequality might not hold.

4. Scaling and usual arguments show that if D is a connected domain,
E is a compact subset of D, and h is nonnegative and bounded on R? and
L-harmonic on D, then there exists ¢ such that

hz) <chly), x,yekL.

Proof. Multiplying by a constant, we may assume inf g, 1) h = 1/2. Choose
29 € B(xo, 1) such that h(zp) < 1. (We don’t yet know that h is continuous.)

Suppose there exists a point x; € B(z, 1) such that h(z;) = K, where
K will be chosen later. We will then show that we can find R = R(K) < 1,
q <1, 3> 0 and a point x5 such that |xy — 21| < Rq and h(zy) > (1+ 0K,
and then a point z3 such that |x3 — 29| < Rg¢* with h(z3) > (1 + 3)*K, and
so on. If we take K large enough so that R is small enough, this will imply
that A is unbounded in B(xg,4), a contradiction.

We will also choose (,n later. Write B, for B(z1,r) and 7, for the corre-
sponding exit time. Choose r such that |B, /3| = ¢/(nK). If A is compact
and contained in A" = {w € B, /3 : h(w) > (K} and T4 is the hitting time of
A, then

1> h(z0) > E*[M(Xryarg); Ta < Tig)
> CK]P)ZO(TA < T16)
> c(K|A|.

This is true for any compact set contained in A’, so is true for A" as well. So
we want to choose ¢, K such that |A'|/|B, /3| < 1/2.

With H = hlpg; , if z € B, and
E*[h(X:); Xr. ¢ By] = 1K,
then for all y € B,
h(y) = B [W(X7,); Xy, & Boy] 2 enK > (K,

which can’t happen since A’ is not all of B, s.
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Let M = supp, h. Let C' be compact and contained in B(xy,7/3) \ A’
with |C| at least a third of the volume of B, /5. Then

K =h(z) =E"[MX1.);Tc < 1)
+E7 X)) 7 < Tey Xi, < T, X, € Boyl
+E7WX,); 7 < Ty Xo, < T, Xo, & Boyl
< CKP*Y(Te < 1) + MP* (1. < Te) + 0K,

and hence

M S 1—n—CP(Tec < 1)
K= 1-P(Tc<nm)
Thus there must exist zy € B(x1,2r) such that h(ze) > K(1 + ). We have

n, ¢ small, and K ~ r~9. So if K is large, then r is small, and we stay within
Bs.

> 1+ 26.

6.3 Regularity

We will prove that harmonic functions are Holder continuous. Once we have
that, we can prove

Theorem 6.2 If [ is bounded and Sy [ is bounded, then

Sif(x) = Ex/oo e Mf(X,)dt

0
1s Holder continuous for A > 0.
Proof. Let’s first do the case A = 0. We write
Sof(x) — Sof(x') = IE’”/ f(Xs)ds +E*Syf(X,.)
0
—Ef/ f(X,)ds —E¥Syf(X,.).
0

The first and third terms are bounded by ¢|| f||c® and the second and fourth
terms together are less than c|x — 2'|°|| f||o since Spf is harmonic in B.. We
take ¢ = 4|z — 2/|"6/%) which gives the Hélder continuity of Sj.
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If g has compact support, let f =g — AS\g. Then Syf = S,g, which has
L*> norm bounded by |[|g|lc/A, and ||flleoc < 2||g|lcc- By taking limits, we
can eliminate the assumption of g having compact support.

We now look at harmonic functions.

Theorem 6.3 If h is bounded on R and L harmonic in B(x,2), then h is
Hélder continuous in B(xg,1):

h(z) = h(y)| < cllhlloclz —yl®, 2,y € B(xo,1).

Proof. We may suppose 0 < h < M on R%. We will find p < 1 small and
v < 1 close to 1 such that

sup h— inf h < M~A* (6.2)
B(z,p%) B(z,pk)

for each k, which will prove the theorem. Let B, = B(z,p'), » = 7s,,
a; = infp, h, b; = supp, h.

We use induction. Suppose we have (6.2) for all @ < k and let’s prove it
fori =k +1.

ar < h < b, on Byyy. Let A/ ={z € B4y : h(z) < @} and suppose
|A’|/|Br+1| > 1/2; if not, look at M — h. Pick y, z € By, such that h(y) >
ber1—¢, h(2) < agy1+e. Take A compact contained in A" with |A'|/|Bgs1| >
1/3. Then

h(y) — h(z) = EY[M(X7,) — h(2); Ta < 74
+ Ey[h<XTk) — h(Z);Tk < 714,)(7—]C S kal]

+ Y EY[h(X,,) — h(2);7 < Ta, Xp, € Bioioy \ Bicil.
=1

The first term is bounded by

<ak + bk

9 —ak>Py(TA <Tk).

The second term is bounded by

(bk — ak)]Py(Tk < TA).
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The sum is bounded by

e}

Z(bkﬂel - akfifl)]P)y (ergB;H)

i=1

<> M ) ()

= cMA* Y (p%/7)
i=1
<cM 7'“
with ¢ small if we take ~ close to 1 and p small. Then

h(y) — h(2) < $(bs — ar)PY(Ta < 1) + (b — ag) (1 = PY(Tu < 7%) + cM~*
< MAF(EP+ (1 - P)+c) < My

if v and p are chosen appropriately; here P = PY(Ty < 7). Therefore
bis1 — g1 < M~FFTL 4 2e. Since € is arbitrary, that does it.

Foondun has considered operators that consist of a diffusion coefficient
and a jump part and proved the Harnack inequality for such operators.

In [10] and [11] the Harnack inequality and regularity of harmonic func-
tions with respect to operators of variable order was considered. In the first,
the class of operators considered was of the form

£i(e) = [1#G+ 1) = @) = ey V() - . ) b
where n(x, h) satisfies

e <n(a,h) < h < 1. (6.3)

with an additional assumption when |h| > 1. It was shown that the Harnack
inequality holds if 0 < a < f < 2 and f — a < 1. Is the last assumption
necessary? Some condition on the large jumps (where |h| > 1) was shown

to be necessary, but the form seems unduly restrictive. It would be nice to
have a better condition.
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Here is a problem I particularly like. For operators in nondivergence form:

d 52
z_: 83518373 amdz, )

with a first order term, it is known that £-harmonic functions are at least
Holder continuous in the interior of the domain. The same is true for solutions
to Lu = f. But if the a;; are Holder continuous of order 3, then much more
is true: harmonic functions are C**# in the interior, and similarly for the
solution to Lu = f is f is also Holder continuous. The smoother the a;; and
f, the smoother the solution. What is the analogue if the nondivergence form
operator is replaced by (6.1)7 I think this problem is doable and interesting.
Harder but even more interesting is if we let £ be of variable order.

7 Symmetric jump processes

Both when studying the heat equation in nonhomogeneous regions and when
studying nonlinear PDEs, operators in divergence form (variational form)
come up:

d
0 0
Lf(z)= —(ai; () =—f())(2).
o) = 3 st -1 O))
Here a;;(x) are the entries in a d x d matrix for each . We assume that for
each z, the matrix is bounded and positive definite, and the constant that
comes up in the definition of positive definite can be taken independently
of z. We also assume a;; = a;;. However we do not want to assume any

smoothness on the a;; in .

How are we to interpret the PDE
Lu=f

when the a;; are not smooth? If we multiply both sides by g and integrate
by parts, we get

/Za” 7.9 )] dx_/f (7.1)

3,j=1
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So a weak solution is a function u such that (7.1) holds for every smooth g.
The left hand side of (7.1) (without the minus sign) is called the Dirichlet
form associated with £, and is written £(g,u). The Bible on Dirichlet forms
is [21].

One of the properties of a process associated with a Dirichlet form is sym-
metry of the transition densities (with respect to the appropriate measure):
p(t,x,y) =p(t y, @)

There is another class of processes that are associated with Dirichlet forms
that is easier to visualize. Let the state space be the lattice Z?, and between
any two neighboring states z, y let a conductance C,, be given. A symmetric

Markov chain is one where the process waits an exponential time at the
current state and then jumps to a neighboring state chosen with probability

Cay
Zz sz
As you can imagine, one could allow conductances and jumps between non-

neighboring states as well.

Once one has E(f, f) defined for all f in the domain, we can define £(f, g)
by polarization.

P*(next state is y) =

A symmetric stable process of index a is a symmetric Markov process and

its Dirichlet form is
_ 2
g(f,f)—//g‘(j) S ey,

_ y‘d—l-a

If fis C, then the numerator is bounded by c|z — y|?, which insures con-
vergence of the integral.

In this section we will consider processes whose Dirichlet form is given by

e = [ [HELDE Ny deay

where N (z,y) is symmetric, bounded above, and bounded below by a positive
constant. We sometimes write

N(z,y)
J(x,y) = o=yt
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We will show (sketch!) the main result concerning the processes associated
with this class of Dirichlet forms. The proofs are adapted from those in [1].

Theorem 7.1 There exist constants ci, co such that the transition densities
of the process satisfy

t t
(e ) Sptem e )

|z |z — yldte

Once one has a good handle on the transition densities, one is usually able
to say almost everything about the process that one would like.

We will sometimes look at

Js(x,y) = J(2,9)1(jo—y|<s);

which is the truncated jump kernel. This corresponds to the process with all
jumps larger than 0 removed.

We point out that the corresponding processes need not be semimartin-
gales.

7.1 Upper bound

We first make an observation. If we have an upper bound for p(t, z, z) for all
x, then we automatically have a bound for p(¢, x, y), although it is unlikely to
be a good one when x and y are far apart. This follows from the Chapman-
Kolmogorov equations.

p(2t,z,y) = /p(t,x,Z)p(t,z,y) dz

< (/p(t,x,z)2 dz)1/2</p(t,y,z)2 dz>1/2.

/p(t, r,2) dz = /p(t, x, z)p(t, z,x) dz = p(2t, z, x).

In proving the upper bound, there are two tools we need. The first is a
result of [18], which is an extension of a method of Davies, which in turn is
based on ideas of Nash.
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Let

() = [(F@) = ) (w9) do dy,
A() = [le™T(e”,e”) ]l V le*T(e™, ™)) [l
E(t,z,y) = sup{[t(z) — ¥ (y)| — tA(¥)* : ¥ € Cp, A(¥)) < oo}
Then we have [18, Theorem 3.25]:

Theorem 7.2 Suppose
IFIE7" < e(€Cf. )+ BIFIDIAR.
Then for all t,z,y,

p(t7 xZ, y) S Ct_y/2€Bt@_E(2t7$7y)'

The basic idea of the proof is the following, due to Nash. Fix xy and let
F(t) = [ p(t,zo,z)* dz. Suppose B = 0. Then

F(t) = / 2pit, 20, 2) 2L 0)

—2 [ plt,au,0) L 70, ) do

= _25<p(t’ Xo, )ap(ta Xo, ))
S _CHp(t; Zo, ')||;+4/V7

dx

since the L' norm of p(t, g, ) is 1. Therefore
FI(t) < —cF (1),

and solving this differential inequality (just the way you solve a differential
equation of this sort), we get

F(t) < et/

But F(t) = p(2t, g, zo) by the semigroup property.

Davies’ idea was to extend this by applying the above argument to

Ptz y) = e?Op(t, z,y)e W)
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and using L? instead of L?. This gives the off-diagonal bounds, after some
complicated calculations and writing the L? bound in terms of the L? bound.
(See [5, Section VIL.5] for the proof in the diffusion case.)

We will apply this to Js(z,y), a truncated version of J. So we also need
a way to go from the transition densities for the process corresponding to Js
to the ones for J. There are two ways of doing this. One, more analytic, is
to notice that if one takes the infinitesimal generator for the process corre-
sponding to J, it is a perturbation of the one for Js by a bounded operator,
and just as we can write the resolvent for a perturbed operator in terms of
the resolvent for the unperturbed operator, there are formulas (more compli-
cated) for writing the semigroup for the perturbed operator in terms of the
unperturbed one.

A more probabilistic approach is one of Meyer [26]. Let X? be the process
corresponding to Js. Let W(z) = [(J(z,y) — Jo(z,y))dy. Let S; be an
exponential random variable with parameter 1 independent of X°. Run X?
until the first time 7; that fot W (X?)ds exceeds S;. At this time introduce
a jump from X%r to y, where the distribution of y is given according to

(J = Jo) (X7, _,y)
W(Xg,)

Then start the process at v, let it run according to the law of X?, and repeat
the process. The new process, X;, will have Dirichlet form defined in terms of
J. (Meyer’s construction is more general, and applies to any strong Markov
process, not just symmetric ones.)

We then have a result due to [3]:

Lemma 7.3
pt,z,y) < p°(t2,y) + (T — J5)||-

Proof. We first observe that
t
P*(X, € B) =P*(X) € B,T) > 1) + Ex/ / o (X0, 2)W(X?) dz ds,
o JB
where

nl2) = [0 0,0
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The first term on the right is the contribution if the first introduced jump
hasn’t happened yet. The second term comes from jumping at time s for
some s < t (the rate of jumping is where the W (X?) term comes from), then
moving according to X for a time ¢ — s, and then ending up in B. It follows
that

t
p(t,2,y) Sp‘s(t,ﬂf,y)JrE’”/ re—s(X2, y)W(XY) ds.
0

The second term is bounded by t||J — Js|| because
e W) = [ = ) wlplt = s,w.2)

<||J - J5||00/p(t— s,w, z) dw = ||J — Js|co-

We apply our two tools as follows. We have

e N =eis.n+ | /| . Si . )_;ﬂﬁ”QN(x,y) dy d.

To bound the second term, note (f(z) — f(y))? < 2f(x)* + 2f(y)*. We have

2
[ RNy <cie [ gpa =iy

|z

and similarly for the term with f(y))? in the numerator.

If we can prove a Nash inequality for £, we can thus obtain a Nash inequal-
ity for &. To get the Nash inequality for £ we use a fact from the theory of
Besov spaces, or more simply, the facts that for a symmetric stable process
with Dirichlet form Egg: (a) Ess and &€ are comparable; (b) the transition
densities for a symmetric stable process are bounded by ct=%® (this comes
from scaling and the fact that p(1,-,-) is bounded: the Fourier transform
is e7“I"); and (c) another (easier) theorem from [18] which says that if the
transition densities are bounded by t™* for some pu, then the corresponding
Nash inequality holds.

Now let us obtain bounds on p(t, xg, yo). By scaling it is enough to take
t = 1, and by the Nash argument we gave above, we see that p(1, zg, zo) is
bounded. Now let R = |yo — x|,

() = MR = |r — a0])",

47



where A will be chosen later, let M be larger than (d 4+ «)/a, and let us
truncate at § = R/3M. Since |(z) — ¥(y)| < Az — y| and ¢! — 1]? < 2,
we have (here all the A,T", E’s are defined in terms of Js),

6721&(90)11(61&76@0)(:6) — / (ew(x)fw(y) . 1)2 N(%?ﬁ
lz—y|<§ |z — yl|ite
dy
< ce2m)\2/ lz — y| ———
|z—y|<6 |z — y[tte

S 062/\6>\252—o¢ S C€3A65_a.

So
—E(2,20,40) < AR+ 6%,
Take 1
A= v log(6%).

Observing that AR = M log(0®), we obtain
p6(17 Zo, yO) S CR_(d+a)-

Since we could have taken M even larger, the term involving p° is not the
important one. We then calculate ||J — Jo||oo < 7@ and see that

p(1, 0, y0) < c6~(@FO/@ < Rt
which is what we want.

For use in the lower bound, and also because it is useful, we obtain

Theorem 7.4 We have
P*(sup | Xs — Xo| > L) < cL™.

s<t

Proof. Let T be the first time X moves more than L. Then
PY(T <t) <P*(| Xy — Xo| > L/2) + P*(T < t,|X; — Xo| < L/2)

t
< P(1X, — Xo| > L/2) +/ P*(1X, — X,| > L/2,T € ds).
0

The first term is bounded by integrating the transition probabilities. The
second term is bounded by

be(t—s) c
X < —
/0 7a PY(T € ds) < I
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7.2 Lower bounds

The original idea is again due to Nash, although Fabes and Stroock pushed it
much further. We first want to show that p(1, z,y) is not too small if |z — y|
is not too large. With positive probability the exponential random variable
in Meyer’s construction will be sufficiently large that, using independence,
the lower bound on p(1,z,y) will follow if we prove the same fact with p
replaced by p°, where § = 1.

By scaling, this will prove p(t, z,y) > ¢t~ if |z —y|¢t® < t. For the case
when |z — y|9t® > t, we then reason as follows: using scaling it is enough
to take t = 1. Starting at x there is some probability that the process stays
near z until it makes one large jump into B(y, 1/2) before time 1/4, and then
stays in B(y, 1) for a time 1/2. We thus get a lower bound on going from x
to B(y,1) in time 1/2. Then

pﬂww%=/ﬂﬂl%@ﬂﬂlawﬂ

> / p(1/2,2,2)p(1/2, z,y) dz
B(y,1)

> P*(Xy2 € By, 1)) _inf p(1/2,2,y).

z€B(y,1)

Putting in the appropriate estimates gives the right bound.

It clearly suffices to get a lower bound on p(1,z,y) when |z — y| < 1 and
P is the transition density for X? killed on exiting B = B(xg, 4).

Let
Gwz/bmwm@www

where ¢ is an appropriate weight function that is bounded above and has
integral 1. (We'll specify ¢ shortly.) If we show

G(1) > —-R (7.2)

for some positive real R and similarly when z is replaced by a nearby zq,
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then by Jensen’s inequality
log p(2, xo, z1) = log [/ﬁ(l,xo,z)ﬁ(l,xl,z) dz}
> log [c/]?(l,xg,z)ﬁ(l,xl,z)gp(z) dz}
> loge+ [ log(p(L,au, 2)p(L, 21, 2)(2) dz

=10g0+/10g23(1,:co,2)s0(2) dZ+/logﬁ(1,w1,2)90(Z) dz
> logc — 2R,

and taking exponentials gives our result.

So it comes down to proving (7.2). Let ¢(z) = ¢(16 — |z — xo|*) ", where
c is chosen so that the integral over R? of ¢ is 1.

The usual Poincaré inequality says that

/B(f(x) — fB)*dx < c/B IV f ()] da,

where fg is the average of f over B, where B is a ball or a cube. A weighted
Poincaré inequality is one where Lebesgue measure is replaced by some other
measure. Our weighted inequality is the following:

Theorem 7.5 We have

/ (f(2) — FPo(a) do < c / / (F(x) = F)* (o) A () dy d,

where

7= [ fa)ete) ds

There are standard ways to prove this, see, e.g., [22].
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Now we work on (7.2). We have

G/(t) :/alogﬁg;:mmx)@(x) dr

p(t, g, x)

= £ (o(r xo")’p(t,io,.)>

_//{[ﬁ(t,xo,y)—I_J(t,l“oal")]

[mfg), R p(tﬁ?@] }ste. ) da dy

X

Now some algebra and calculus. Let a = p(t, zo,vy)/p(t, xo, ), b = ©(y)/p(x).
The part of the integrand in the last line inside the braces is equal to

o() [\/5(% + \/7(—) - 2> —(1— \/1_7)2}

Setting A = a/+v/b and using the inequality
1
A+ ——2>(logA)?,
A
the expression inside the braces is larger than
p()Vb(log A)* — p(z)(1 - Vb)*.

Now Vb > ¢(x) A p(y), and from the explicit expression for ¢(x) and ¢(y),

we have
[ [ Ve@ - Vet paste dedy < .

Since Js(z,y) is 0 if |z — y| > 1 and is bounded below when |z —y| < 1, and
©(x) and p(y) are comparable when |x — y| < 1, we obtain

// \/’L> o p(\t/ﬂ>)2 )dy dz — c.

K(t)z/Blog (%)s&@) dy.

Let
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Then using the Poincaré inequality,

G'(t) = /B <log% - K(t)>290(y) dy — c.

Using the inequality

2

(A—B)22A7—BQ

with A = logp(t, z0,y) — G(t) and B = —3logp(y) — ¢ and the fact that
[ B*¢(y) dy is a constant not depending on z or ¢, we now have

a(t) > o / (log B(t, 20, ) — G(t) o) dy — c».

This is greater than

& /D (log B(t, 20, y) — G(t)p(y) dy — c»,

where we will choose D; in a moment.

We use Theorem 7.4 to find r such that
/ p(t, zo, x) dx < i, t <1,
B(zo,r)°

and then choose K so that |B(xg,r)le™® < i_ If D, = {y € B(zo,7) :
p(t, xo,y) > e X}, we have

3 </ p(t, xo, z) dx —/ /
B(zo,r) Dt B(zo,r)\Dt¢

< o Dift* + | B(wo, 7)e”

or Dy >cifte[5,1].

Some calculus (cf. the last part of Theorem 30.1 of my lecture notes
PDE from a probabilistic point of view or the proof of Proposition 4.9 in [1])
eventually leads to

G'(t) > | DJ(G()? — S — e > IG(H)? —J,  te[i1].
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Some more calculus then gives us our desired lower bound.

Foondun has considered Dirichlet forms that have a diffusion component
and a jump component. Chen and Kumagai [19] have considered more gen-
eral state spaces. In [1] variable order operators were considered. Some of
these reults were generalized by Kassmann and his co-authors.

In [12] and work in progress, the weak convergence of symmetric Markov
chains to a process corresponding to elliptic operators in divergence form or
to operators with jumps is considered. There is a lot to be done here.

In [1], a condition similar to (6.3) was imposed when the jumps were of
size less than 1 and no jumps larger than 1 were allowed. (Here, though,
the full range of «, f was premitted.) Which of the results generalize when
jumps larger than 1 are included? I believe some interesting things occur.

At the end of the last section I mentioned the problem of showing harmonic
functions and solutions to Lu = f were smoother than Holder continuous if
the function A(x, h) was smoother. There is the analoguous problem for the
case of symmetric jump processes.
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