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Abstract

We study stochastic equations X; = xg + fot b(u, X,,_)dZ,, where Z is an one-dimensional
symmetric stable process of index a with 0 < o < 2, b : [0,00) x IR — IR is a measurable
diffusion coefficient, and zy € IR is the initial value. We give sufficient conditions for the
existence of weak solutions. Our main results generalize results of P. A. Zanzotto [18] who
dealt with homogeneous diffusion coefficients b. In the nonhomogeneous case we present
new sufficient conditons for the existence of (nonexploding) solutions even if Z is a Brownian
motion. Using the property that appropriate time changes of stochastic integrals with respect
to stable processes are again stable processes with the same index, we present a new proof
of the main result which simplifies the approach given by P. A. Zanzotto [18].
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1 Introduction

We consider the stochastic equation
t
Xy =z +/ b(u, Xy—)dZ,, t>0, (1.1)
0

where 29 € R, b:[0,00) x R — IR is a measurable function, and (Z,IF) is an one-dimensional
symmetric stable process with Zy = 0. This is a process with homogeneous and Fgs-independent
increments Z; — Zs for 0 < s < ¢ and right continuous left hand limited (cadlag) trajectories
such that the characteristic function of Z; has the form

[Eexp(iAZ:) = exp(—t|A|*), AeIR, t>0.



Here the parameter « satisfies 0 < a < 2 and is called the index of the symmetric stable
process. For a = 2, Z is a Brownian motion, the only symmetric stable process with continuous
trajectories. For o = 1 we obtain the Cauchy process, a cadlag process Z with homogeneous
and independent increments such that Z; is Cauchy-distributed with parameter .

It will be useful to have in mind the following equivalent description of symmetric a-stable
processes (Z,1F): This is a cadlag process such that, for every A € IR, exp(iAZ; + |A|“t), t > 0,
is a (complex-valued) IF-martingale. This can be seen as a substitute for P. Lévy’s martingale
characterization of Brownian motion.

There are several approaches to the definition of stochastic integrals for symmetric stable pro-
cesses Z with 0 < a < 2. Since every symmetric stable process is a semimartingale, the stochastic
integral with respect to Z can be understood as a stochastic integral with respect to a semi-
martingale ([11], Section 4.7). The difficulty is that these processes are purely discontinuous
with unbounded jumps and, for a < 1, even the first moment does not exist. Therefore, in this
approach stochastic measures defined by the jumps of the process and their compensators are
strongly involved.

Another approach to stochastic integrals with respect to symmetric stable processes is due to
J. Rosiniski and W. Woyczyniski [13] which generalizes the classical concept of K. It6 for Brownian
motion to symmetric stable processes.

Of course, both integrals coincide if they exist and we shall make use of the semimartingale
integral and the integral introduced by J. Rosinski and W. Woyczyniski [13] as well. Whereas
the first concept yields general results, in particular, on the time change of such integrals, the
advantage of the second concept consists in giving better conditions on the integrands for the
existence of the integral.

In this paper we are mainly interested in the existence of weak solutions of Eq. (1.1). The
homogeneous Eq. (1.1), i.e., if b(¢,z) = b(z), (t,x) € [0,00) x IR, driven by Brownian motion
was investigated by the first author and W. Schmidt [5], [6], [7]. There were given necessary and
sufficient conditions for existence as well as for uniqueness in law of solutions of Eq. (1.1) for all
initial values zo € IR. In particular, it was shown that the local integrability of b=2 is necessary
and sufficient for the existence of nontrivial solutions for all initial values zp € R. Eq. (1.1) with
time-dependent coefficients b and a = 2 was investigated in several papers ([10], [15], [16], [14]),
in which various generalizations of the results mentioned above were obtained. For symmetric
stable processes of index 0 < a < 2 Eq. (1.1) with homogeneous coefficients was considered by
P. A. Zanzotto [18]. In particular, for the case 1 < o < 2 he proved that there exists a nontrivial
solution of Eq. (1.1) for all initial values xp € IR if and only if the function |b|™¢ is locally
integrable. This result is surprising in view of its complete analogy to that obtained in [5] for
«a = 2. For a <1 the problem is a little more delicate: For o < 1 P.A. Zanzotto gave sufficient
conditions, and it seems that necessary conditions can hardly be established. The case a = 1
was left open in [18].

The main objective of the present paper is to investigate Eq. (1.1) for symmetric stable processes
Z with arbitrary index « € (0,2] and for general, nonhomogeneous diffusion coefficients b and
to give sufficient conditions for the existence of (weak) solutions. We generalize results obtained
by P. A. Zanzotto [18] for homogeneous diffusion coefficients b and for indexes o with 0 < @ < 2
and o # 1. We also include the case if Z is a Cauchy process which corresponds to the case
a = 1. In particular, we improve the conditions found in [18] in the homogeneous case for
indexes a with 0 < a < 1. Furthermore, even if Z is a Brownian motion, which corresponds to
the case a = 2, we present new sufficient conditons for the existence of nonexploding solutions



for nonhomogeneous diffusion coefficients that are different from those obtained by A. Rozkosz
and L. Stominski [14] and by T. Senf [15], [16]. The basic tool of the paper is time change of
symmetric stable processes. Contrary to P. A. Zanzotto [18] we need not examine the jump
measures and their compensators associated with symmetric stable processes, their stochastic
integrals and time changes. Using the property that appropriate time changes of stochastic
integrals with respect to symmetric stable processes are again symmetric stable processes with
the same index, we present a new proof of the main result which simplifies the approach given
in [18] and unifies the treatment of the continuous case (o = 2) on the one side and the purely
discontinuous case (0 < a < 2) on the other side resulting in a complete analogy between these
quite different cases.

In Section 2, we collect some properties on the behaviour of integral functionals of symmetric
stable processes which are the key for the construction of the time change processes given in
Section 3. These results seem to be of interst in its own right. In Section 4, we briefly review the
results of J. Rosinski and W. Woyczynski [13] on stochastic integrals with respect to symmetric
stable processes and their time changes giving them a slightly more general form, and we then
state sufficient conditions for the existence of (weak) solutions of Eq. (1.1). Finally, in Section 5
we deal with the homogeneous case and, in particular, with the uniqueness in law of solutions.

After submitting the paper, the authors became aquainted with the papers of P.A. Zanzotto [19]
and [20], the first being a technical report of the University of Pisa and the second being part of
mini-proceedings of the Conference on Lévy processes in Aarhus 1999 appeared in April 1999.
It turns out that there is a certain overlap with the present paper concerning the homogeneous
case (cf. Section 5). In particular, there is also considered the case of a Cauchy process (o = 1).
Detailed comments are postponed to Section 5.

2 Integral Functionals of Stable Processes

Let (S,IF) be a symmetric stable process with index « € (0, 2] defined on some probability space
(Q, F, P) such that Sy = 0 . For any nonegative Borel (or only Lebesgue) measurable function
f, we consider the integral functional

t+
T,= [ f(Su)du, t>0. (2.1)
0

By definition, the process T' = (T})¢>0 is increasing and right-continuous taking values in [0, +-00].
First we investigate the case 1 < o < 2. For this we introduce the set

*+
E::E(f):{xGIR:/_ f(y) dy = +oo} (2.2)

and note that F is a closed subset of IR. We also define the first entry time Dg of S into E by
Dp =inf{t > 0: S; € E}. In the sequel, the Lebesgue measure on IR will always be denoted
by A. The following proposition generalizes Lemma 1 of [6] to symmetric stable processes with
index 1 < a < 2.

Proposition 2.1 Suppose that 1 < a <2 and A\({f > 0}) > 0. We then have:
(i) T} < 40 for allt < D P-a.s.

(ii) Tpp = o0 P-a.s.



Proof. Since 1 < o < 2, as for Brownian motion, S has a local time L° (t,a) jointly continuous
in (¢,a) and such that L°(¢,0) > 0 P-a.s. for every ¢t > 0 (cf., e.g., H. Kesten [9], E. S. Boylan
[3], Ch. Stone [17]). Moreover, for every = € IR, the first hitting time 7, = inf{t > 0: S; = z}
is P-a.s. finite (cf. S. C. Port [12]). The proof now follows the same lines as in [6], Lemma 1,
and [4], Theorem 1. O

The following 0-1 law is an immediate consequence of Proposition 2.1 and was already stated in
[4] for a = 2 and by P. A. Zanzotto [18] for 1 < o < 2.

Corollary 2.2 Suppose that 1 < a < 2. The following conditions are equivalent:
(i) PH{Ti < +oc0  for every t>0})>0.

(ii) P{T: < +o00 for every t>0})=1.
(i) E =0, i.e., f is locally integrable.

Corollary 2.3 Let 1 < o <2 and A\({f > 0}) > 0. Then T = +00 P-a.s.

Before we investigate the case a = 1, let us introduce the following definition.

Definition 2.4 A measurable set B C IR is called z¢-polar if P({T'(B — zg) = +oo}) = 1. The
set B is called polar if B is xg-polar for every zo € IR.

Here T'(B — x9) is just the first hitting time of B —z, by S or, equivalently, of B by zo+ S. (In
the definition of the first entry time, > should be replaced by >.) For 0 < o < 1 it is well-known
that the singletons B = {z}, € IR, and hence all denumerable sets B consisting of isolated
points, are polar (cf. [2], Chapter II, (3.15)). In the following, if 0 < o < 1, we frequently
use the hypothesis that the set E = E(f) is 0-polar. We emphasize that, in particular, this is
satisfied if f is integrable over a sufficiently small neighbourhood of every x € IR, except for,
possibly, a denumerable set of isolated points.

Proposition 2.5 Suppose that o = 1 and that the following condition is satisfied:
0+
E is 0-polar and / |1In|y||f(y) dy < 4o0. (2.3)
0—

Then we have Ty < 4oco for every t>0 P-a.s.

Proof. Let G be an increasing sequence of open sets with compact closure Gy C E€ such
that E¢ = |Jxy_; Gy and oy defined by

ON = inf{t >0:85; € G?V} (24)

We note that f is integrable over G. Using the quasi-left continuity of S it can easily be seen
that o increases to D and, since E is 0-polar, to infinity as N — oo. Hence it is sufficient to
verify that, for all ¢ > 0 and N > 1, [ET}x,, < 4+00. Using the theorem of Fubini and that .S,
is Cauchy-distributed with parameter v we obtain

E /0 (S du < /0 Bl (S2)£(54)) du

4



t
2 2
e / @) 0/ u dudy=<2w>lgj fly)n® 2y

u? + y2
Gn
£2 1402
Now In 5 — is continuous at every y # 0 and behaves like |In|y|| as y — 0. Hence the right
Y
hand side is finite proving the assertion. O

Proposition 2.6 Suppose that S is a Cauchy process and that A\({f > 0}) > 0. Then
T = +00 P-a.s.

Proof. For the purpose of this proof, we regard the Cauchy process S as a Markov process
defined on a family (Q, F,IF, P,, z € IR) of filtered probability spaces such that P,({Sy = z}) =1
for every z € IR. For € > 0 we define

pe(z) = PZ({/OOO f(S)du>el), zeR.

Since A({f > 0}) > 0, it can easily be seen that IE, fooo f(Sy)du > 0 and consequently
P.({J;° f(Su) du > 0}) > 0. For some fixed z € IR and sufficiently small & > 0, it now follows
that p:(z) > 0. On the other side, the function . is excessive and the recurrence properties
of S imply that ¢. = a is constant (cf. R. M. Blumenthal and R. K. Getoor [2], Chapter II,
(4.19)). From the Markov property we get

o = Jim e(Sy) = Jim Psy({ [ £(S)du> <)

= ]\}E)noo PZ({[V f(Su) du > E} | ]:N) = ]_n;)\,o:l{fjc\;o £(Su) du>e} Pz—a.s., S ]R,,

where the last equality follows from the theorem of Lebesgue-Lévy on the convergence of condi-
tional expectations. But a > 0 and, consequently,

& 00
Pz(ﬂ {/ f(Sy)du>e})=1, zeR.
N=1 /N
In view of the theorem of Lebesque on majorized convergence
(0.9]
/ f(Sy)du=+o00 Psas., zeRR,
0

must hold. Setting z = 0 this yields the assertion. a

We notice that the proof also works for indexes a € (1, 2] giving a second proof of Corollary 2.3.
We now consider the case of indexes a with 0 < o < 1.

Proposition 2.7 Suppose that 0 < a < 1 and that the following condition is satisfied:

0+
E is 0-polar and / ly|*~! fy) dy < +o0. (2.5)
0—

We then have Ty < 4oco forall t>0 P-a.s.



Proof. Let Gy and oy be defined by (2.4). As in the proof of Proposition 2.5 it is sufficient
to verify that IE Tirs, < +o00. Using (1.7) in Chapter II of [2] we estimate

tAoN 0
E / f(S,) du < T / Lo (Su) £(S0) du = ca /G i )y

The right member is finite in view of the definition of G and assumption (2.5). 0

The next lemma is of interest only for 0 < o < 1: For 1 < a < 2 it already follows from
Proposition 2.1.

Lemma 2.8 Suppose that 0 < o < 2. Let I be a subset of [0,400) containing [0,t) or [t,+00)
for some t > 0. Then

/]Su]_a du =400 P-a.s.
I

Proof. Let N > 1 be fixed and set Ay = {[;]Su|"®du < N}. Using that w8, has the same
distribution as S; we now estimate

IE(lAN/\Su\_adu> :/IE(1AN(u—iysuy)—a) utdu
_ // (Av 0 (s 18~ = o)) dvu" du
> [ [T (Ptay) ~ P IS < op) dvuta

_ (/Iu_ldu> - (/OOO (P(Ax) — PUIS1/™ < o)) dv) .

The first integral on the right hand side is 400, hence the second integral has to be zero which
in view of P({|S1|7* > 0}) = 1 is only possible if P(Ay) = 0. O

N

Y

Example 2.9 We have the following properties:
(i) If B> a A1 then fg \Su\*ﬂ du=+oo forall t>0 P-as.

(ii) If 8 < a A1l then f(f 1Syl Bdu < +o0 forall t>0 P-as.

Indeed, for 1 < a < 2 and 5 > 1, (i) follows from Proposition 2.1 and for 0 < a < 1 and
B > « from Lemma 2.8 for I = [0,¢]. Similarly, if 1 <« <2 and 8 < 1, (ii) is a consequence of
Proposition 2.1 and, if 0 < @ <1 and 8 < a, of Propositions 2.5 and 2.7. This example shows
that a A 1 is the critical exponent for convergence or divergence and that, at least for power
functions, the conditions (2.3) and (2.5) of Propositions 2.5 and 2.7 cannot be improved.

Finally, we deal with sufficient conditions for To, = 400 P-a.s. for 0 < o < 1. Then S is
transient in the sense that lim;_ |S;| = +00 P-a.s. Hence the behaviour of f near —oco and
400 will be substantial. We introduce the measures p, by

o (A) = / yl*tdy, AeB(R), 0<a<l. (2.6)
A

Lemma 2.10 Suppose that 0 < a < 1. We then have:
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(i) For every measurable subset A of R such that p(A) < 400
/ 14(Sy)du < +o00  P-a.s.
0

In particular, this is true if A(A) < 400.

(ii) lim |S¢| =400 P-a.s.
t—00
oo
(iii) / |Su| "% du = +o00  for every t>0 P-a.s.
t
(iv) For every measurable subset A of IR such that po(A) < 400

/ 1a(Su) |Sul @ du < 400 P-a.s.
0

In particular, this is true if A CIR\ (—=1,1) and A(A) < +oo.

(v) For every 8 > «
/ Ljsu>1)) [Sul 7 du < +00 P-aus.
0

Proof. First we notice that in view of [2] (Chapter II, (1.7))

[e'e) —+o00
E /0 9(Su) du = co / 1y g(y) dy (2.7)

—00

for all nonnegative measurable g. Setting g = 14, from (2.7) we obtain
o0
IE/ 14(Sy) du = pp(A) < +o0
0

and hence the occupation time of S in A is finite P-a.s. This verifies (i). For proving (ii),
we set A = (=N, N). Part (i) yields limsup, ., |S¢| > N P-a.s. for all N > 1 and hence
limsup,_,, |S¢| = +0co  P-a.s. On the other side, the function ¢, defined by ¢, (y) = |z —y|* !,
y € IR, is excessive for the symmetric stable semigroup with parameter 0 < a < 1 (cf. [2],
Chapter 11, (3.15)). Thus the process |x — S|*~! is a supermartingale if = # 0 and lim;_, |z —
Sy|*~1 exists P-a.s. Consequently, lim; . |S¢| = +00 P-a.s.. This proves (ii). Part (iii) follows
from Lemma 2.8 for I = [t,+00). For establishing (iv) we use formula (2.7):

E /O 14(Su) Sul ™ du = ¢ /A 1 g% dy = o /A I~ dy = capin(A) < +o0

which, obviously, yields (iv). Analogously, for proving (v) we observe

oo oo o0
B[ o) 1S du =200 [l ol dy =26 [ " dy < oo
0 1 1
which completes the proof of the lemma. a

Proposition 2.11 Suppose that 0 < a < 1. Let f be a nonnegative measurable function such
that the following condition is satisfied:

Je>0: po{reR:|z|>1, f(z)|z]* <c}) < 4o0. (2.8)
We then have Ty =400 P-a.s.



Proof. Weset A= {z e R:|z| >1, f(z)|z|* < ¢} and assume po(A) < 400 where pg is
defined by (2.6). Using Lemma 2.10 (ii) we choose v = v(w) so large that Sy(w) > 1 for all
u > v P-a.s. For any t > v we now get

T, > /f du>c/ Liten(o1ye(Su) [Sul = du
t
_ /1{5 o1y 18ul uc/ 14(S0) |l du

- /|5| O‘duc/ 14(Sw) [Sul~® du,

the right hand side converging to +00 as t — oo P-a.s. by Lemma 2.10 (iii), (iv). O

Remark 2.12 Let 0 < o < 1. Each of the following conditions implies (2.8) and is therefore
sufficient for the property T, = 400 P-a.s.:

Je>0: A{zeR: f(z)|z]* < c}) < +o0. (2.9)
Jc>0: A{zeR: f(z) <c}) < +o0. (2.10)
|7 = O(f(x)), |z|—o00, AIae. (2.11)

The second condition was employed by P. A. Zanzotto (cf. [18], Lemma 2.7).

The following proposition shows, in particular, that the condition (2.8) of Proposition 2.11
(also see (2.9), (2.10), (2.11)) on the asymptotic behaviour of f, in a certain sense, cannot be
improved.

Proposition 2.13 Suppose that T; < 400 P-a.s. for allt > 0 (cf. Proposition 2.7 for sufficient
conditions). If there exists 3 > « such that the condition

f@)=0(z|™%), |z] =00, A-ae. (2.12)
holds then Ty <400 P-a.s.

Proof. 1If (2.12) is satisfied then there exist N > 1 and ¢ > 0 such that
f(z) <clz|™® forall |z|>N Mae.

In view of Lemma 2.10 (ii) we can choose t = t(w) such that |Sy,(w)| > N for all w > t. The
occupation time in a set of Lebesgue measure zero being zero we obtain

/ f(Sy) du < Tt—l—c/ 1{\su|ZN}|5u|_ﬂ du
0 t

The right hand side is finite P-a.s. because of the assumption and Lemma 2.10 (v). O

Remarks 2.14 (i) Suppose that 0 < o < 1. The symmetry of S and Lemma 2.10 (ii) then
imply P({lim; o St = +00}) = P({limy—o St = —o0}) = 7

(ii) Again let 0 < o < 1. Then a 0-1 law for the probability P({Tx = oo}) is certainly not
satisfied because of (i) above: We can choose f = 0 on one half line and bounded below by a
strictly positive constant on the remaining half line.

(iii) There are left open several problems concerning the behaviour of integral functionals of
symmetric stable processes:



(a) Let S be the Cauchy process. Is then the condition (2.3) of Proposition 2.5 also necessary
for T} < 400, t > 0, P-a.s.? Is there valid a 0-1 law as for 1 < o < 27

(b) In the case 0 < «a < 1, is the condition (2.5) of Proposition 2.7 also necessary for the
convergence of the integral functionals T} for every ¢ > 07 Because of the transience of S
(cf. Lemma 2.10 (iii)) a 0-1 law seems to be not true.

(c) Suppose again 0 < a < 1. For simplicity we assume that the condition (2.5) is in force
ensuring the P-a.s. finiteness of T} for every ¢ > 0. A necessary condition for P({Tx =
o0}) =1 is then

(o) 0
/0 y* f(y)dy = +oo and / 1y f(y) dy = +oo.

— o0

Indeed, this easily follows from remark (i) and formula (2.7). Is this condition also sufficient
for P({To = 00}) =17

3 Construction of Time Change Processes

Let (S,G) be a symmetric « stable process defined on (2, F, P) such that Sy = 0. In this section,
we consider the following integral equation:

t+
7 _/ W(T, Su) du, 30, (3.1)
0

where h : [0,400) x IR — [0,400] is a nonnegative measurable function of (¢,z). A solution
T; is allowed to take the value +oo for some ¢ > 0. For this reason we make the convention
h(+00,z) = 400 for every x € IR. We will look for conditions on h guaranteeing that there exist
solutions 7" of Eq. (3.1) which are, moreover, adapted to the filtration G° generated by S and
completed by all P-null sets. The right inverse A of the increasing process T', defined by

Ay =inf{s >0:T5 > t}, t>0, (3.2)

can then serve as a time change for S. This will be carried out in the next section for constructing
solutions (X, IF) of Eq. (1.1).
For every N > 1, let the functions hpy and hn be defined by

h = inf h(t h = h(t )
hy(x) ot (t,x), hy(z) O;EPN (t,z), zeR

We suppose that the function h satisfies the following two assumptions:
(A) The function t — h(t,z) is finite and continuous for M-a.a. x € R.
(B) For every N > 1,

(a) if 1 < a <2, hy is locally integrable,
(b) if « = 1, f = hy satisfies (2.3),
(c) if 0 < a <1, f = hy satisfies (2.5).



Theorem 3.1 Suppose that h satisfies the conditions (A) and (B). Then there exists a G°-
adapted solution T of FEq. (3.1) such that Ay < Ass on {As < +00} for allt > 0 P-a.s. where
A is defined by (3.2) and Ao = sup;>; Ay

Proof. First we notice that, instead of (A), we may assume that A is finite and continuous in
t for all x € R. Otherwise we find a measurable set A C IR such that A(A) =0 and ¢ — h(t,x)
is finite continuous for all z € A°. The function & defined by h(t,z) = h(t, ) if z € A® and 0
otherwise for all t > 0 satisfies the new hypothesis and if we know that there is a solution T" of
Eq. (3.1) for h then T is also a solution of Eq. (3.1) for h:

t t t
|/ h(Tu,Su)du—/ h(Tu,Su)du\:/ W(Ty,Su) 14(Sy)du=0 P-as.
0 0 0

since the occupation time of S in A is zero P-a.s.

In the second step, we set h(x) = sup;sqh(t,z), 2 € R, and assume that, instead of hy, h
satisfies the properties stated in assumption (B). For arbitrary n € IN we define approximating
functions h, : [0,00) X IR — [0, 00) by

hn(t,x) = inf h(s,z), if te[m2™, (m+1)27"), zelR.
sE[M2=m (m+1)2—")

Clearly, h,, is increasing and converges to h pointwise as n — oo, and h, < h. In view of the
continuity of h in t for every x, we now obtain that h,(-,x) converges to h(-,x) as n — oo
uniformly on every compact set of [0, 4+00). Because of h,, < h, Corollary 2.2, Proposition 2.5
and Proposition 2.7 we have

t t
/ hyp(m27",S,,) du g/ h(Sy)du < +oo, t>0, P-as. (3.3)
0 0

Inductively over m, we now define a sequence (7,,)m>0 of G°-stopping times:
t
=0, 7h,=inf{t > / b (m27",8,) du > 27"}
T
Also we set

t
pr, =1inf{t > 0: / h(Sy)du >m2™"}, m > 0.
0

From (3.3), by induction we observe that plt, < 7. But lim,, .. p}}, = +00 P-a.s. which implies
limy, o0 7, = +00  P-a.s. for all n > 1. We now define

t
Ty =m2™" —i—/ hp(m27",8,)du if 1, <t<7y., m>0.

n
Tm

Obviously, T™ is G°-adapted. It is now elementary to verify that T satisfies
t
" :/ B (T, Su) du, ¢ 0,
0
and, moreover, 1" < Tt”Jrl for all ¢ > 0. Consequently, there exists the limit 7',

t
T, = fim 77 </ R(Sy)du, t>0,
n—oo O
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and T is G°-adapted. We show that T is a solution to Eq. (3.1) for the original function h. Since
hy (-, z) uniformly converges to h(-,x) on every compact interval and 7' is bounded uniformly
in u <t and n P-a.s., we observe

lim h, (T, Sy) = h(Ty,Sy), u<t, P-as.

n—0oo

Moreover, h,(T7?,S,) is majorized by h(S,) which is integrable over [0,¢] P-a.s. Using the
theorem of Lebesgue on majorized convergence we obtain

t ¢
Ti; = lim T{* = lim hn (T}, Sy) du = / hTy, Sy)du, t>0, P-as.
0

n—oo n—oo 0

In the third step, we get rid from the additional assumption of the second step by a localization
procedure. For this we define

hy(t,z) = h(t AN,z), (t,x)€[0,+00) X IR,

for every N > 1. The function hy then satisfies the assumptions of the second step and
we consider the G-adapted and P-a.s. finite solution TV of Eq. (3.1) for hy constructed
there. Now we set Ay = inf{t > 0 : T/Y > N}. By the construction of T it is clear that
TN = TtN+1 for every ¢t < Ay P-a.s. From this also follows Ay < Any1 on {Ay < +o0}
P-a.s. Hence the limit As = limy_o Ay exists and Ay < As on {Ax < 400} P-a.s. Finally,
for every t > 0, we put T3 = TtN if t < Ay for some N > 1 and +oo if t > A,,. Then T is the
required solution of Eq. (3.1). O
In general, the solution T' of Eq. (3.1) constructed in the proof of Theorem 3.1 can be bounded
or even equal to zero. Roughly speaking, the associated time change A then ”explodes” in finite
time with positive probability. The following theorem gives conditions that explosions does not
occur.

Theorem 3.2 Let h be a nonnegative measurable function defined on [0,+00) x IR. Suppose
that h satisfies the following condition:

(C) For every N > 1,

(a) if 1 <a <2, then A({hy > 0}) > 0.
(b) if 0 < a <1, then f = hy satisfies (2.8).

Let T be any supersolution of Eq. (3.1) for h, i.e., T; > fot h(Ty, Sy) du, t > 0. Then To, = +00
P-a.s.

Proof. For every N > 1, we define Cy = {T < N}. On Cy we obtain

t t
N>T, 2/ Wy, S,) du z/ Ry (Sy) du.
0 0

But in view of Corollary 2.3, Proposition 2.6 and Proposition 2.11 the right hand side converges
to +00 P-a.s. This yields P(Cy) = 0. O
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4 Existence of Solutions of SDEs

For the proof of the main theorem of this section, we first adapt to our needs some basic
properties of stochastic integrals with respect to symmetric stable processes due to J. Rosinski
and W. Woyczynski [13]. To begin with, we introduce the notion of a symmetric a-stable process
stopped at a random time 7.

Definition 4.1 Let (Z,IF) be a cadlag process and T" an IF-stopping time. Then (Z,IF) is said
to be a symmetric a-stable process stopped at T if for every A € IR the process exp(iAZ; +
IA|“(t AT)), t >0, is a (complex-valued) IF-martingale.

Lemma 4.2 Every symmetric a-stable process (Z,G) stopped at T can be extended to a sym-
metric a-stable process (Z,G) on (Q, F,P) such that Zy = Zipr, t > 0.

Proof. Let (

)_be a symmetric a-stable process defined on (Q,F,P) and set (Q,f,f’) =
(Q,F,P) x (2,F,P),

IF =TF x IF and
Zy(w,®) = Zyinr() (W) + (Ze(@) = Ziprw)(@), ©=(w,@)€Q, t>0.
One easily checks that then (Z,1F) is a symmetric a-stable process. 0

Proposition 4.3 Let (S,G) be a symmetric a-stable process. Suppose that H is a G-previsible
process with values in [—oo, +00]| and set

t+
T, :/ \Ho|*du, ¢3>0.
0

Let A = (At)i>0 be the right inverse of T = (Ty)i>0 (see (3.2)). We then have:
Ay
(i) The stochastic integral H, dS, is well-defined for all t > 0.
0

Ay
(ii) The process (Z,IF) defined by Z; = H,dS,, Fi =Ga,, t >0, is a symmetric a-stable
0
process stopped at Usg :=T4 —.

t
(iii) The stochastic integral / H, dS, is well-defined on {t < As} for allt > 0.
0

t t
(iv) IfE/ |Hy|* du =0 then/ H,dS, =0 P-a.s.
0 0

Proof. We only give a brief sketch referring to [13] for more information on stochastic integrals
for symmetric a-stable processes. For the previsible process 1 4,) H we have

[o.¢] At
/0 1100, (0) H|® du = /O (Hy|®du=Ta,_ —tATar_ —tAUs <1

In the same way as in [13] it can be seen that
At

H, dS, == / 10,4, (u) H,, dS,
0 0
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exists which is realized by using the estimate

t o)
sup A*P({ sup \/ F,dSy| > A}) < caE/ |Ful® du =: co| | F||o (4.1)
0 0

A>0 0<t<oo

for every previsible step process F'. The inequality (4.1) then extends to every previsible F' such
that the right hand side is finite. From this, assertion (iv) follows immediately. For proving (ii),
we notice that

t t
exp(i/\/ F, dS, + \)\\a/ |Fou|® du), t>0,
0 0
is a bounded G-martingale if F is previsible and such that [ |F|* du is bounded. For previsible
step processes F' this is an easy consequence of the defining property of symmetric a-stable

processes, for general F' the result follows approximating F' by previsible step processes in the
norm || - |o. From this follows that

tAAN tAAN
exp(i)\/ H,dS, + \)\\a/ |Hy | du), t>0,
0 0
is a bounded G-martingale and, by Doob’s optional sampling theorem,
ANAN ANAN
exp(i)\/ H,dS, + ])\|O‘/ |Hy|* du)
0 0
AinN
_ exp(i)\/ HydSu + At AN AU)), t>0,
0

is a bounded F-martingale and hence (ii) is proven. Finally, for showing (iii), we set

t tANAN
/HudS —/ H,dS, if t<Apn
0 0

for all t < Ao = limy_.oo An which correctly defines the desired integral. O

We now come back to Eq. (1.1) and ask for sufficient conditions for the existence of solutions
(X,TF). Let b be a measurable function defined on [0,+00) x IR. If (X,IF) is an, in general,
exploding solution of Eq. (1.1) we set

B t+ t+
A= / 6% (u, Xy,) du (z / |b|"‘(u,Xu)du) , t>0, (4.2)
0 0

and define the right inverse T of the increasing process A:
Ty =inf{s >0: A, >t}, t>0. (4.3)

We notice that Two is the explosion time of the increasing process A or, equivalently, of X. This
implies Ay _ = +o0 on {Tos < +o00} P-a.s. or, equivalently,

Ty < Too on {Ts < +oo0} P-as. (4.4)

Otherwise we would have no real explosion but something like a local solution breaking down
with a finite left hand limit at T,,. We also introduce

Uso =inf{s>0: A, = Ao} (4.5)
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Of course, Uoo =T A < Too and Uoo is the smallest stopping time such that zzlt = At/\[}w or,

equivalently, X; = X, . Using Proposition 4.3 (i), (ii) (by changing the roles of A and T') we

observe that the time changed process (S,G) with
T
St = XTt — Xy = / b(u,Xu_) dZu, gt = th, t Z O, (4.6)
0

is a symmetric a-stable process stopped at ATOO— = A. Enlarging the probability space,
without loss of generality we can, and we always do, assume that (S,G) is extended to a full

symmetric a-stable process. Because X is constant P-a.s. on (t7TAt] which is an interval of

constancy for A (cf. (4.1) we obtain the important representation

Xy =29+ Sﬁt’ t<Ts, P-as. (47)
Definition 4.4 (i) A solution (X, IF) is called basic if
Uso
/ 1p—oy(u, Xy)du =0 P-as.
0

(i) (X,TF) is said to be nonabsorbing if Us, = Ts, P-a.s.

We notice that (X,IF) is nonabsorbing if and only if A; < Ay, on {As < 400} P-a.s. for every
t>0.

Lemma 4.5 Let (X,IF) be a solution of Eq. (1.1). We then have:
(i) For everyt >0,

~ t ~
Ty > / 0]~ (T, xo + Su) du. (4.8)
0
(ii) If (X,IF) is a basic solution of Eq. (1.1) then
L tAAoo ~
Ty ANUs = / |b]"(Ty,xo + Sy) du  for every t>0 P-a.s. (4.9)
0
and if, additionally, (X,IF) is nonabsorbing then

t
T, = / 1b|"(Ty, xo + Su) du  for every t>0 P-a.s. (4.10)
0

Proof. The continuity of A on [0,Ts) and (4.4) yield fth =t A Ay and, by time change in
the integral (see, e.g., [5], Lemma 1.6), we obtain

tA Ao ~ Az, ) 7, i
/ 6" (T, mo + Su) du = / 0]~ (T, wo + Su) du = / 167 (u, Xu) dAy
0 0 0
Ty )
= [ X b (0, X0 du < T
0
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Because T; = 400 for t > A, this proves (4.8). If (X, IF) is a basic solution then the inequality
becomes an equality P-a.s. on {T; < Uso} = {t < A} which yields (4.9) on this set. Passing
to the limit ¢ T A we obtain

Aso 3
Uso =T, - —/0 0]~ (Tw, w0 + Su) du (4.11)

which is (4.9) on {T; > [7001 ={t > floo}; If, additionally, (X,IF) is nonabsorbing then
Uso = T'xo and, in particular, Us, = +00 on {As < +00}. From this and from (4.9) and (4.11)
easily follows that (4.10) is satisfied. O

For every N > 1, we introduce the functions by and by by

b = inf |b(¢ b = b(t :
by (z) o%?gzv“’”””’ ~(z) OigNl(,:v)l, relR

Let xp € IR. We shall need the following condition (E(zo)):

(E1) For Aa.e. z € R, b(t,x) is continuous in .

(E2) For every N > 1,
(E(0)) (a) if1<a <2, then by™ is locally integrable,
(b) ifa =1, then f =by"(xo + -) satisfies (2.3),
(c) if0<a<1,then f=>by*(xo+ ) satisfies (2.5).

Theorem 4.6 Suppose that the condition (E(x)) is satisfied. Then there exists a (possibly,
exploding) nonabsorbing basic solution (X,1IF) of Eq. (1.1) with Xo = xp.

Proof. Let (S,G) be a symmetric a-stable process defined on a probability space (2, F,P).
The condition (E(zg)) ensures that the conditions of Theorem 3.1 for h = |b|~%(-,xg + -) are
satisfied. (Of course, [b|™%(¢t,z) = 400 if b(t,z) = 0 for (¢t,z) € [0, +00) X IR.) For this we notice
that (E(zg)) implies A(Np) = 0 where N, = {z € IR : 3t > 0 such that b(t,z) = 0}. (Note
that an xg-polar set is of Lebesque-measure zero.) By Theorem 3.1, there exists an F-adapted
solution T' of

t+ t+
T, = / |b]” (T, xo + Su) du (: / |b|” (T, x0 + Su—) du) , t>0,
0 0

such that
A <A on {Ax <400} P-as. forall ¢>0. (4.12)

Here A denotes the right inverse of the increasing process T' defined by (3.2). Obviously, T is
strictly increasing and continuous on [0, Ay, ) P-a.s. From this follows that A is strictly increasing
and continuous on [0, T, ) P-a.s., too. In particular, from this we get the identities T4, = t AT
and A7, =t AN As, t > 0. Furthermore, A; is an ]F‘S—stopping time for every ¢ > 0. We define
the time changed process (X, IF) by

X, — xo + S4, if t < T,
t71 A otherwise

where A denotes some fictive point not belonging to IR, and F; = G4, for every t > 0. Then
(X,TF) is a cadlag process. We will show that (X, IF) is a solution to Eq. (1.1). Let N = {z €
IR:3t >0 suchthat b(¢t,z) = 0}. The condition (E(zg)) ensures A(N;) = 0. Consequently,
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xo + S; has occupation time zero in N, P-a.s. By time change in the integral (see, e.g., [5],
Lemma 1.6), we now obtain

At At
A = / e (20 + Su) du = / 61T 20 + S) b2 (T 20 + Su) da
0 0
Ay TAt tAT
= / |b|*(Ty, xo + Su) dT, :/ |b|°‘(u,xo+SAu)du:/ 6% (u, Xy,) du
0 0 0
and, consequently,
tAToo
A = / |b|*(u, Xy)du forall ¢t>0 P-as. (4.13)
0
Furthermore, Proposition 4.3 (i), (ii) implies that the stochastic integral
Ay
Zy = / b Ty, 20 + Su_)dS,, t>0,
0

is well-defined and (Z,IF) is a symmetric a-stable process stopped at Us, = Two. (For this it
does not matter that b=! can take the values 00 on some exceptional set.) On the other side,
changing the time in the stochastic integral with respect to a semimartingale (see, e.g., [8],
Theorem 10.19) yields

Ay t
Zy = / b_l(Tu,xo—i—Su_)dSu:/b_l(TAu,xo—i—SAu_)dSAu
0 0
t
= / b (u, X ) dXo, t <Ay, P-as. (4.14)
0

From (4.13)
t t
/ 1B (u, X ) du = / B, X)) du = Ay < 400, t < Ta,
0 0

and by Proposition 4.3 (iii) (changing the roles of A and T') there exists the stochastic integral
fot b(u, Xy—)dZ,. Because of (4.14) we conclude

t t
/ b(u, Xy_)dZ, = / b, Xy )b H(u, Xy ) dX,
0 0
t
= / 1N,f (Xu_) dX, =X; —x9, t<Ty, P-as. (4.15)
0

where we have used that fot 1n,(Xy—)dX, =0, t < Tw, P-as. Indeed, again using Theorem
10.19 of [8] we have

t Ay
/ 1Nb (Xu,) dX, = / 1Nb (fL‘o + Su,) dSy,
0 0

and it is sufficient to verify that
t
/ le (l‘o -+ Su_) dS, =0, t>0, P-as.
0

But this follows from Proposition 4.3 (iv) and Efot 1n,(zo + Su—) du = 0: We have A(IV) =0
and hence xyp + S,— has no occupation time in Np. This proves the claim. Enlarging the
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probability space, we can assume that Z is extended to a full symmetric a-stable process (not
only stopped at Tw,) and, by (4.15), (X, IF) is a solution of Eq. (1.1), possibly, exploding in 7.
The construction of (X,IF) and Lemma 4.5 ensure that the solution is basic. Finally, (4.12)
yields that (X, IF') is nonabsorbing. O

Theorem 4.7 Suppose that b satisfies the following condition:
(D) For every N > 1,
(a) if 1 <a <2, then A\({by < 0}) >0,
(b) if 0 < a <1, then ey > 0: po({z € R : |z| > 1, by(z) > en|x|}) < +oo where g
is defined by (2.6).
Then every solution (X,IF) to Eq. (1.1) does not explode.

Proof. Let (X,IF) be a solution of Eq. (1.1). We define A by (4.2) and T, the right inverse of
the increasing process A, by (4.3). By (4.6) we know that (S,G) with

T
St = XTt — Xy = / b(u,Xu_) dZu, gt = th, t Z O,
0

is a symmetric a-stable process stopped at Af’w—‘ By enlarging the probability space, we can
assume that (5,G) is extended to a full symmetric a-stable process. The assumptions on b imply
that h = |b|~®(-, zo + -) satisfies the condition (C) of Theorem 3.2. In view of Lemma 4.3 (i), T
is a supersolution of Eq. (3.1) for A = |b|7*(-, 29 + -) and S and Theorem 3.2 now ensures that
Tno = +00 P-a.s., hence A; < 400 P-a.s. for all t > 0 which means that (X, IF) is nonexploding.
O

We note that the condition (E(z¢)) implies the condition (D)(a). Combining Theorem 4.6 and
Theorem 4.7 we therefore get the following

Theorem 4.8 Suppose that b satisfies the condition (E(xzg)). If 0 < a < 1, additionally we
assume that, for every N > 1,

ey >0 po({z € R:|z| > 1, by(x) > enlz|}) < +o0. (4.16)

Then there exists a nonezploding and nonabsorbing basic solution (X,IF) of Eq. (1.1) with
XQ = XZ9-.

We recall that, in case of 0 < a < 1, for the nonexplosion condition (4.16) each of the following
conditions is sufficient:

dey >0 A{z € R: by(x) > en|z|}) < +o0. (4.17)
bn(z) = O(z]), |z]— o0, Ma.e. (4.18)

The following result shows that, in a certain sense, these conditions cannot be improved: Roughly
speaking, if |b| is growing faster than |z| explosion does occur P-a.s.

Theorem 4.9 Let0 < a < 1 and (X,IF) be a nonabsorbing basic solution of Eq. (1.1). Suppose
that b :=infn>o by is such that b~ “(zo + -) satisfies condition (2.5) and there exists § > 0 with

20 = O(b(z)), || — o

Then X 1is exploding P-a.s.
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Proof. The solution (X,IF) is nonabsorbing, hence 000 =T o Where Uoo and Too are defined
in (4.5) and (4.3). In view of Lemma 4.5) (ii) we have

Ty = / 16| =(Tyy, o + Su) du < / b %z + Sy)du P-a.s.
0 0

Now b™“(z¢ + -) satisfies the conditions of Proposition 2.13 and thus the right member is finite
P-a.s. Since T is the explosion time of X the proof is completed. a

Remark 4.10 In the case @ = 2, A. Rozkosz and L. Stominski [14] and T. Senf [15], [16] proved
existence of solutions for only measurable diffusion coefficients b. Having this in mind, one should
think that condition (FE1) stating the continuity of b in ¢ for a.a. x is too stringent. However, the
proofs in [14]-[16] are essentially based on Krylov estimates (as also existence results of Krylov
himself), a tool which is not available (at least until now) for 0 < a < 2. Nevertheless, the
existence condition (E(zg)) is of interest for o = 2, too. (Of course, in this case (E(x)) does
not depend on zp.) In comparison with the condition of T. Senf [16] who only assumed that
b?2 and b2 are locally integrable functions the condition (E(zg)) has two advantages: Firstly,
it guarantess the existence of a nonexploding solution. Secondly, (E(xo)) does not include the
local integrability of b? at all. We notice that a slightly weaker version of Theorem 4.8 for a = 2
is already due to the dissertation of T. Senf [15].

5 The Homogeneous Case

In this section we assume that the diffusion coefficient does not depend on the time and hence is
a Borel (or only Lebesgue) measurable function b : IR — IR. This case was extensively studied
by P.A. Zanzotto [18]-[20] not only for symmetric but also for skew strictly stable processes
where in the latter case b is assumed to be nonnegative. It should be noted that the approach of
the present paper also works for skew strictly stable driving processes and nonnegative b. This
is based on the fact that Proposition 4.3 remains valid for nonnegative H in this case. For the
sake of simplicity, however, we concentrated on the symmetric case.

In comparison with P.A. Zanzotto [18]-[20] we only consider global solutions (and not local
solutions). A local solution is only defined until leaving some (small) interval around the starting
point. A global solution (which is defined for all ¢ > 0) is allowed to explode. An exploding
solution is in this sense not local: It is a maximal solution exhausting the whole state space. The
phenomenon of explosions for homogeneous coefficients b only occurs for parameters 0 < a < 1
and it was not studied previously.

First we give a reformulation of the results of the last section.

Theorem 5.1 Let 0 < a < 2. If 1 < o < 2, suppose that the function f = |b|~% is locally
integrable. If 0 < o < 1, we assume that E(f) is xo-polar and, additionally:

(a) If a =1, then fooj | Tn |y|] |b] (20 + y) dy < +o0.

(b) If0<a <1, then [ y|*=" [b]=*(z0 +y) < +oo.
We then have:

(i) There exists a nonabsorbing basic solution (X,IF) with Xy = xg.

(ii) If 1 < a < 2, the solution is nonexploding.
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(i) f0<a<land3Ie>0: pp({z € R: |z| > 1, |bl(x) > clz|}) < +oo where ug is defined
by (2.6) then the solution is nonexploding.

(iv) If 0 < o < 1 and there exists § > 0 such that |z|'*° = O(|b|(z)), |x| — oo, then the
solution is exploding P-a.s.

The notion of a nonabsorbing basic solution (cf. (4.4)) is new. Clearly, every nonabsorbing
basic solution is nontrivial but not conversely. (A trivial solution X starting at xo satisfies
X; = xg for all t > 0 P-a.s.) Under the condition of Theorem 5.1, the existence of a nontrivial
(nonexploding) solution was proven by H.J. Engelbert and W. Schmidt [5] for « = 2 and by
P.A. Zanzotto [18] for 1 < a < 2. In the case a = 1, P.A. Zanzotto [19] proved the existence of
a nontrivial (nonexploding) solution under the stronger condition H(zg) (cf. [18]-[20]). In the
case 0 < a < 1, in [19] he proved the existence of a nontrivial and nonexploding solution under
the more stringent conditions H(zp) and (2.10) for f = |b|™®. The latter means that, outside
of some set of finite Lebesgue measure, b is bounded. The nonexplosion condition (iii) and the
explosion condition (iv) in Theorem 5.1 are new. They seem to be sharp as the results of Section
2 suggest (also see Example 5.6 below). For example, a sufficient condition for nonexplosion is
that, outside of some set of finite Lebesgue measure, b(z) = O(|z|) as |z| — oo and a sufficient
condition for explosion is that b is growing faster than |z|'* as || — oo for some § > 0.

We recall that the assumption in Theorem 5.1 that E(f) is xo-polar for f = |b|™¢ is satisfied if,
except for a, possibly, denumerable set of isolated points, |b|~% is integrable over a sufficiently
small neighbourhood of x € IR. Thus, if 0 < a < 1, |b|~% is allowed to have a denumerable
set of singularities of arbitrary order consisting of isolated points distinct from xy. However,
the condition H(zg) employed by P.A. Zanzottto [18]-[20] excludes such singularities. Also, for
0 < a < 1 the condition that |b|~? is locally integrabble for some § > 1 (cf. [18] for 0 < o < 1,
[19], Proposition (4.13), for 0 < a < 1) is much more stringent than the conditions used in
Theorem 5.1 for every xg € R.

Now we will investigate the uniqueness in law of the solution (X,IF) of Eq. (1.1). The next
theorem states the uniqueness in law of the nonabsorbing basic solution and is new. The proof
is essentially the same as the uniqueness proof of [6], Theorem 2.

Theorem 5.2 Suppose that b : IR — IR is measurable and xo € IR. The nonabsorbing basic
solution (X,IF) of Eq. (1.1) satisfying Xo = xo is unique in law.

Proof. Let A, T and Uy, be defined by (4.2), (4.3) and (4.5). By Lemma 4.5 (ii)
B t
T, = / [b]"%(xo + Sy)du for every t>0 P-as. (5.1)
0

where (5,G) is the symmetric a-stable process defined by (4.6). From (5.1) we now see that
T and hence A is a well-defined gfo—measurable functional. Hence the distribution of the pair
(zo + S, A) is uniquely determined. Recalling the representation (4.7) for X, we conclude that
the distribution of X is unique. a

Next we will describe the situation in the case 1 < o < 2 and present necessary and sufficient
conditions for existence and uniqueness. Since in this case explosions do not occur, from now on
(X,IF) always signifies a nonexploding solution of Eq. (1.1). We use the notation N := N, =
{r e R: b(z) =0} and E := E(|b|™) (cf. (2.2)).
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Definition 5.3 A solution (X, IF) is called a fundamental solution if
o0
/ 1nape(Xy)du=0 P-as.
0

We notice that (X,IF) is a fundamental solution if and only if (X,IF) is a basic solution and

Uso = Dg(X) P-a.s. (see (4.5) and Definition 4.4).

In the following theorem, the equivalence of (i) and (iii) was also shown by P.A. Zanzotto in [19],
Theorem (3.5). For our statement, we exploit the notion of a fundamental solution. The proof
of the implication (i)—(ii) is almost the same as for Theorem 4.6, with only slight modifications.
Our proof completely unifies the case 1 < a < 1 on one side and the case a = 2 on the other
side and is very close to that given by the first author and W. Schmidt in [6].

Theorem 5.4 Suppose that 1 < a < 2 and let b : IR — IR a measurable function. Then the
following conditions are equivalent:

(i) ECN.
(ii) For every zo € IR, there exists a fundamental solution (X,IF) of Eq. (1.1) with Xo = xo.
(iii) For every xog € IR, there exists a solution (X,IF) of Fq.(1.1) with Xo = xo.
Proof. For proving (i)=-(ii), as in the proof of Theorem 4.6, let (S,G) be a symmetric a-stable
process and we put
t+
T, = / |b|”*(zo + Su)du, t>0.
0
Let A be the right inverse of 7. Then T is strictly increasing and continuous on [0, Ay ). The G-
time change A is finite, strictly increasing on [0,74__ ) and continuous P-a.s. By Proposition
2.1, Aw = Dg_;, P-as. In particular, we have Ty, = +o00 P-a.s. Precisely as in the proof
of Theorem 4.6, we now define (X,IF) and the symmetric a-stable process (Z,IF) stopped at

Uso : =Ty, by
Xt:x0+SAt7 tZOa

and .
Z; = / bl (zo+ S, )dS,, t>0.
0

(For this it does not matter that b~! can take the values +00 on some exceptional set.) Since
As = Dp_,, and A is finite and continuous we can conclude

U = inf{t>0: A=A} =inf{t >0: 4, =Dg_,,}
= inf{t >0:20+ 54, € E} =inf{t >0: X; € E} = Dg(X).

Using this equality, now we get

t
At:/ B(X,) du, t >0,
0

The proof is similar to that of (4.13) (and exactly the same as in[6], Theorem 1) and therefore
omitted. By Proposition 4.3 (iii) (changing the roles of A and T'), the stochastic integrals

t
/ b(Xy)dZy, t<Ts =400,
0
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exist, and we may conclude

t t
/ b(Xy_ ) dZs = / Ine(Xo ) dXu, 30,
0 0

or, equivalently,
tAUso tAUoo
/ b(Xy—)dZ, = / 1ne(Xy—)dXy, t>0.
0 0

Enlarging the probability space, without loss of generality we extend (Z,IF) to a full symmetric
a-stable process again denoted by (Z,IF). Since b(z) =0 for z € E, we can write

t tAUco
/ b(Xo_)dZ, = / Lnvenge(Xu ) dXo, £ 0.
0 0
From the definition of E, A(N N E€) = 0 and, as in the proof of Theorem 4.6,
t
/ ].NmEc (Xu_) qu = 07 t> O, P-a.s.
0

This yields

t tAUso tAUso
/ b(Xu_) dZu = / 1EC(Xu—) qu = / qu = Xt/\Uoo - X() = Xt — X0
0 0 0
for all ¢ > 0. It remains to show that (X, IF) is fundamental:

/ 1nnEe (Xu) du = / 1NyAEe (l‘() + Su) dTu
0 0
= / || “(x0 + Su)Innge(xo + Su)du =0 P-as.
0

since A(N N E°) = 0 and hence xo + S has occupation time zero in N N E¢. The implication
(il)=-(iii) is trivial. To verify (iii)=-(i), let 29 € E. We consider a solution (X,IF) of Eq. (1.1)
such that X = x¢. Using Lemma 4.5 (i) we get

5 t+
th/ b]~(z0 + Su) du, >0,
0

where T and S are defined by (4.3) and (4.6). From Proposition 2.1, the right hand side is equal
to +0o P-a.s., hence T; = 400 P-a.s. for all ¢ > 0 which implies that for the right inverse A,

_ t+
i :/ B(X.) du, £ >0,
0

(see (4.2)) we have A; = 0 P-a.s. for all t > 0. This is only possible if X; = 2y P-a.s. for every
t > 0 and hence b(zg) = 0. This proves E C N. O

Finally, we come to the uniqueness in law for 1 < a < 2. In the next theorem, part (ii) is due to
H.J. Engelbert and W. Schmidt [4] (Theorem 2) for a = 2 and to P.A. Zanzotto [19] (Theorem
(3.21)) for 1 < o < 2. The proof is exactly the same as in the Brownian case (cf. [6]) and will
only be given for the sake of self-containedness. For a = 2, part (i) can be found in [5] (Theorem
(5.4)) in the case E' =) or in [7] (Theorem (4.22)) in a slightly different context.
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Theorem 5.5 Suppose that 1 < a < 2 and let b : IR — IR be a measurable function. We then
have:

(i) The fundamental solution (X,IF) of Eq. (1.1) with Xo = xo, if it exists, is unique in law.

(ii) Suppose that E C N. Then, for every xo € IR, the solution (X,IF) with Xo = z¢ is unique
i law if and only if E = N.

Proof. For proving (i), let (X,IF) be a fundamental solution and 7" and (S,&) be defined by
(4.3) and (4.6). First we show

- t+
T, = / || *(zo + Su)du for every t>0 P-as. (5.2)
0

In view of Lemma 4.5 (i) and Proposition 2.1 this relation holds on {t > Dg_4,}. Furthermore,
we have Dg(X) < Uy P-a.s. Indeed, from A; = Aj it follows b(X,) = 0 on [Use, +00)

Tso At S
A x P-a.e. and, since (X, IF) is a fundamental solution, X5 € E on {Ux < +oo} P-a.s. This
proves the assertion. Using this and Lemma 4.5 (i) and (ii), P-a.s. on {Dg(X) = 400} we
observe

~ tA Ao t _
Ti= [+ Sy du< [ o+ S du < T
0 0
which proves (5.2) on this set. Finally, since A is continuous, on {Dg(X) < oo}
ADE(X) = inf{A;: X; € B} = inf{A; : 29 + S; € B}
= inf{Ogugfloo cxo+ Sy € E}=inf{lu>0:290+ 5, € E} = Dg_g,
and hence Dg_,, < floo on this set. This implies
{Dp(X) < 400,t < Dg_4} C {t < A}

Once again using Lemma 4.5 (i) and the identity {t < Ay} = {T} < Us} we conclude that
(5.2) is also true on the set {Dg(X) < +00,t < Dg_z,}. This completes the proof of (5.2).
Now (5.2) shows that T is a gfo-measurable functional. Exactly as in the proof of Theorem 5.2,
from this the uniqueness in law of (X, IF) with given initial value z¢ is established. Finally, we
prove (ii). If E = N then every solution is a fundamental solution. Using part (i) we see that,
for every xg € IR, the solution with initial value zq is unique in law. Conversely, suppose £ C N
and xg € EN N. Then there is a trivial solution X with X; = x( for all ¢ > 0 and there is, by
Theorem 5.4, a fundamental solution X with Xy = zg. These solutions have different laws and
hence the uniqueness fails. a

In conclusion, we give the following instructive example extending Examples (4.23) and (4.24)
of [19].

Example 5.6 We consider the power function b with
b(z)=l|z|”, xz€lR, z#0, yel.
Case 1 < a <2, b(0) = 0: From Theorem 5.4 we get:

1) For any xo € R there exists a fundamental solution X starting at xo. Stopping X at
Doy (X) yields also a solution. In particular, there is a trivial solution starting at 0. For
every solution, explosion does not occur.
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The uniqueness statement of Theorem 5.5 can be sharpened.

2) Let xg € R be fized. The solution starting at xo is unique if and only zfé < ~. In this
case, the trivial solution is the (pathwise) unique solution starting at 0.

For proving this, first we assume é <~. Then £ = N = {0} and the uniqueness of the solution
starting at xg follows from Theorem 5.5. Conversely, let v < é Now let X be the fundamental
solution starting at xg. As the next property 3) shows, X reaches 0 P-a.s. Stopping X at
Dypy(X) we obtain a second solution with a different law. Hence uniqueness in law fails.

3) Ify< é, then every solution X reaches 0 P-a.s.
Indeed, in view of (4.7) we have the representation
Xy=mzo+ Sy, forall t< The = +00, (5.3)
where S is a symmetric a-stable process and A is defined by (4.2). Now, as in the proof of
Lemma 4.5, on { Dy (X) = +oo}

t
Ty = / || *(zo + Su)du for every t>0 P-as.
0

and, using Corollary 2.2, we observe that 7T} is finite for every ¢ > 0, hence Ao, = +00 P-a.s.
on this set. Consequently, since xg + S reaches 0 in finite time P-a.s. (cf. proof of Proposition
2.1) and A is finite and continuous, (5.3) yields that this is also true for X on {D0y(X) = +oo}
which is, however, only possible if P({ Do (X) = +o0}) = 0.

This result can be made more precise in the following way:

4) For any solution starting at xo # 0, the point 0 will be reached with probability 1 (resp.,
0) if and only if v < 1 (resp., 1 < ).

Actually, 0 will be reached with probability 1 (resp., 0) if and only if (say, z¢ > 0)
o
/ 2|7 b(x)| " dz < +o00  (resp., = +00)
0

from which 4) derives. For a = 2, see S. Assing and T. Senf [1]. For the general case 1 < a < 2,
a proof will be published in a forthcoming paper elsewhere.

Case 1 < a < 2, b(0) # 0: There is an essential difference to the case b(0) = 0 treated above:
The trivial solution starting at 0 is now excluded. Therefore the following properties are true:

5) There exists a solution starting at 0 if and only if v < é
6) There exists a solution starting at o # 0 if and only if v ¢ [é, 1).

Indeed, if v € [i, 1), then every solution X starting at xg # 0 would reach 0 P-a.s. but it
cannot be continued after Dypy(X). Thus there is no solution. On the other side, let X be a
fundamental solution for the coefficient b with b(0) = 0. If v > 1, then X does not reach 0 (cf.
4)) and hence X is also a solution for the present situation. If, however, v < i then X reaches 0
P-a.s. but has no occupation time in 0 P-a.s. Again, X is a solution for the coefficient modified
in 0.
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7) Every solution is fundamental and hence unique in law.
Case 0 <a <1, b(0)=0:
8) For any starting point xo € IR, there exists a solution.
For xg # 0 this follows from Theorem 5.1, for zg = 0 there is at least the trivial solution.

9) The trivial solution starting at 0 is the (even pathwise) unique solution if and only if 1 < ~.

10) There is a second, nonabsorbing and basic solution starting at 0 if and only if v < 1. This
solution is unique i law.

Indeed, Lemma 4.5 (i) and Example 2.9 show that the trivial solution is the unique solution
starting at 0 if 1 < . On the other side, from Theorem 5.1 we observe that there is a nonab-
sorbing and basic solution starting at 0 if v < 1. The uniqueness statement in 10) follows from
Theorem 5.2.

Now we consider the behaviour of a solution X starting at xg # 0. Since 0 is xg-polar for the
symmetric a-stable process S (0 < a < 1), from (5.3) we see that X does not reach 0 P-a.s.
But b(z) # 0 for all x # 0 and, consequently, X is nonabsorbing and basic. Property 8) and
Theorem 5.2 now show:

11) There is a unique solution starting at xo # 0. This solution is nonabsorbing and basic and
it does not reach 0 P-a.s.

This completely clarifies existence and uniqueness of solutions. What about explosion or non-
explosion?

12) If a =1, explosion does not occur P-a.s.

This follows from Theorem 5.1 together with the above uniqueness conclusions 10) and 11).
Now we assume 0 < a < 1. If v < 1 then b(z) = O(|z|), |z| — oo, and by Theorem 5.1 (iii)
(together with the above uniqueness conclusions 10) and 11)) every solution is nonexploding.
Furthermore, if 1 < 7, then |z|'™0 = O(|b(z)|, || — oo, for 0 < § < 1 —~ and by Theorem 5.1
(iv) the solution starting at x¢ # 0 is exploding P-a.s. Also, if 1 < =, the solution starting at 0
is trivial (cf. 9)). This gives:

13) If 0 < o < 1, the solution is exploding P-a.s. if and only if o # 0 and 1 < . Otherwise
the solution is nonexploding P-a.s.

Case 0 < o <1, b(0) # 0: The results are similar, with only one essential difference: The
trivial solution starting at 0 is now excluded. Consequently, we can state:

14) There is a solution starting at 0 if and only if v < 1. In this case, every solution is
nonexploding and fundamental. Hence the solution is unique.

15) There is a unique solution starting at o # 0. This solution does not reach 0 P-a.s.
Moreover, the solution is exploding P-a.s. if 0 < a < 1 and 1 < ~y. Otherwise the solution
1s nonexploding P-a.s.
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