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SKEW CONVOLUTION SEMIGROUPS AND
AFFINE MARKOV PROCESSES
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Carleton University and Beijing Normal University

A general affine Markov semigroup is formulated as the convolution of
a homogeneous one with a skew convolution semigroup. We provide some
sufficient conditions for the regularities of the homogeneous affine semi-
group and the skew convolution semigroup. The corresponding affine Markov
process is constructed as the strong solution of a system of stochastic equa-
tions with non-Lipschitz coefficients and Poisson-type integrals over some
random sets. Based on this characterization, it is proved that the affine process
arises naturally in a limit theorem for the difference of a pair of reactant
processes in a catalytic branching system with immigration.

1. Introduction. The concept of affine processes unifies a wide class of
Markov processes including Ornstein—Uhlenbeck processes (OU-processes) and
continuous state branching processes with immigration (CBI-processes). Those
processes involve rich common mathematical structures and the unified treatment
of them develops interesting connections between several areas in the theory of
probability. The “affine property” is roughly that the logarithm of the character-
istic function of the transition semigroup is given by an affine transformation of
the initial state x — (x, ¥ (¢, u)) + ¢ (¢, u); see Section 3. An important special
case is where the affine transformation is homogeneous, that is, it only contains
a nontrivial linear part (x, ¥ (¢, u)). In this case, we refer to the affine semigroup
as homogeneous. A general affine semigroup can be constructed as the convolu-
tion of a homogeneous one with an associated skew convolution semigroup, which
corresponds to the constant term ¢ (¢, u) and gives the one-dimensional distribu-
tions of the affine process started with the trivial initial state. A complete char-
acterization of general finite-dimensional affine processes was recently given by
Duffie, Filipovi¢ and Schachermayer [10] under a regularity assumption, which
requires that the coefficients (¢, u) and ¢ (¢, u) are both differentiable at t = 0.
Based on this characterization, they discussed a wide range of applications of affine
processes in mathematical finance.
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The problems of characterizing different particular classes of affine processes
have also been studied by some other authors. In particular, Watanabe [28] gave
a complete description of regular two-dimensional continuous state branching
processes. He also proved that the regularity property of such processes is im-
plied by the stochastic continuity. A similar characterization of finite-dimensional
continuous state branching processes was given in [23]. The same problem for
measure-valued branching processes was investigated in [11]. In those cases,
the processes are defined by homogeneous affine semigroups. On the other
hand, a complete characterization for stochastically continuous one-dimensional
CBI-processes was given in [16]; see also [27]. In the setting of measure-valued
processes, Li [18] gave a formulation of immigration structures in terms of skew
convolution semigroups. It was proved in [18] that the skew convolution semi-
groups associated with a measure-valued branching process are in 1-1 corre-
spondence with a class of infinitely divisible probability entrance laws; see also
[19, 20]. A construction of trajectories of the corresponding immigration processes
was given in [21] by summing up measure-valued paths in some Kuznetsov
processes. Skew convolution semigroups and OU-processes on real separable
Hilbert spaces were studied in [3, 7, 8, 14, 22, 26]. Roughly speaking, a skew con-
volution semigroup is regular if and only if it is determined by a closable entrance
law. For both the Hilbert spaces and the spaces of measures, a stochastically con-
tinuous skew convolution semigroup can be irregular. A number of such examples
arising in applications were discussed in [7, 8, 19, 20].

The main purpose of this paper is to investigate the basic characterizations and
regularities of affine Markov semigroups and processes. For simplicity of the pre-
sentation we shall confine ourselves to the nondegenerate two-dimensional case,
but most of the arguments can be generalized to higher dimensions. From the
results of [10] we know that the constant part in the affine structure is usually
smoother than the linear part. Therefore, we discuss separately the regularities
of homogeneous affine semigroups and those of skew convolution semigroups. It
turns out that a skew convolution semigroup always consists of infinitely divisible
probability measures. We prove that such a semigroup is regular if and only if the
linear part of the logarithm of its characteristic function is absolutely continuous.
Some sufficient conditions for the regularities of homogeneous affine semigroups
and skew convolution semigroups are given in terms of their first moments. Those
results give a partial solution of the problem of characterizing all affine semigroups
without regularity assumption; see [10], Remark 2.11. We then give a construc-
tion of the affine process as the strong solution of a system of stochastic integral
equations with random and non-Lipschitz coefficients and jumps of Poisson type
selected from some random sets. A similar equation system is used to construct
a class of catalytic CBI-processes. The concept of catalytic branching processes
was first introduced by Dawson and Fleischmann [5] in the setting of measure-
valued diffusions; see, for example, [4] and [6] for some related developments.
As an application of the characterization by stochastic equations, we show that an
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affine process arises naturally in a limit theorem for the difference of a pair of re-
actant processes in a catalytic CBI-process. This result is of interest since it seems
that the connection between affine processes and catalytic branching processes has
not been noticed before. The studies of those two classes of processes have been
undergoing rapid developments in recent years with different motivations. The in-
terplay between them provides new motivations for both sides and might stimulate
some further studies on related topics.

NOTATION. Let Ry =[0, oo) and R_ = (—o0, 0]. Let A denote the Lebesgue
measure on R. For a Borel measure v and a Borel function f on £ C R or R2, we
write v(f) for [, f dv if the integral exists. Write Ag f(x) = f(x + &) — f(x) if
the right-hand side is well defined. Let D denote the characteristic function of v
defined by

b(u) = fE expl(u. )v(dE),  uel,

where U C C or C? is to be specified. For x € R set /;(x) = |x| and l12(x) =
lx| A |x]2. Let

X, if xe[—1,1],
xx)=11, if x € (1, 00),
-1, if x € (—o0,1).

For x = (x1, x2) € R? define x (x) = (x(x1), x (x2)). We make the convention that

t r o0
[~f =L, = [
r t (r,t] r (r,00)

2. Homogeneous affine semigroups. In this section we give the definition
and prove some simple properties of homogeneous affine semigroups. Let D =
Ry xRand U =C_ x (iR), where C_ ={a +ib:a € R_,b € R} and iR =
{ib:b € R}. Note that the word “homogeneous” in the following definition has a
meaning different from the one of “time-homogeneous.”

forr <t eR.

DEFINITION 2.1. A transition semigroup (Q(#));>0 with state space D
is called a homogeneous affine semigroup (HA-semigroup) if for each t > 0
there exists a continuous two-dimensional complex-valued function (¢, ) :=
(Yr1(2,+), Ya(t,-)) on U such that

2.1 /;)exp{(u, EVYO(t, x,d&) =exp{(x, ¥ (t,u))}, xeD,uel.

The HA-semigroup (Q(#));>0 given by (2.1) is called regular if it is stochastically
continuous and the derivative v,(0, u) exists for all ¥ € U and is continuous at
u=20.



1106 D. A. DAWSON AND Z. LI

PROPOSITION 2.1. Let (Q(t));>0 be a HA-semigroup defined by (2.1). Then
Y(t,u) e U and

(2.2) Y(r+t,u)=9(r ¥, u), r,t>0,uel.
Moreover, > (t, u) has the form

(2.3) V2 (t, u) = fra(Huz, t>=0,uel,
where B> (+) is a function on [0, 00) satisfying

2.4) B (r +1) = P2 (r) f22(2), r,t=0.

PROOF. From (2.1) we see that (x, ¥ (¢t,u)) € C_ for all x € D. This implies
that ¥ (¢, u) € U for all u € U. For any x; € R we have
0(1,(0,x2),-) % Q(z, (0, —x2), ) = 8(0,0)-

Then Q(z, (0, x2), -) must be degenerate. Let Q(z, (0, x2), -) = dg(,x,) for B(z,
x2) € D. It follows that

(2.5) eXp{XQ%(t,u)}=fDeXp{(u,é)}Q(t,(O,XQ),dé‘)=6Xp{(u,ﬂ(t,X2))}-

Then xpvyrp(t, u) = (u, B(t, x2)) and so B(t,x2) = B(t, 1)x. Since B(t,x2) € D
for all x, € R, we must have B;(¢,1) = 0 and hence Y (¢,u) = Bo(t, Dus
for all u € U. That is, (2.3) holds with By(t) = B2(¢,1). The relation (2.2)
follows from (2.1) and the Chapman—Kolmogorov equation for (Q(¢));>0. By
(2.2) and (2.3) we obtain

Ba2(r + Duz = Ya(r, ¥ (t, u)) = Poa(r)a(t, u) = Po2(r)foa(t)uz,
which implies (2.4). [

COROLLARY 2.1. If (2.1) defines a stochastically continuous HA-semigroup
(Q@®))i>0, then there is a constant B2 € R such that B (t) = exp{Bant} for all
t>0.

PROPOSITION 2.2. Let (Q(t))i=0 be a HA-semigroup defined by (2.1). Then
Yr1(t, u) has the representation

Vit u) = Br1(®)ur + Bra(t)usz
(2.6)

+aud + fD (5 — 1 — urx (E2))a(r. d),

where a(t) € Ry, (B11(2), B12(t)) € D and u(t,d§) is a o-finite measure on D
supported by D \ {0} such that

/D X ED + x2EDIu, dE) < oo,
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Moreover, for any r,t > 0 we have
(2.7) Bui(r +1) = B11(r)Bri(),
Bra(r +1) = B11(r)B12(t) + B12(r) B2z ()

(2.8)
+ /D [0 x2(8) — Bra () x EDIN(r, dE),

(2.9) a(r +1) = Br1(ra(r) +ar) 1),

2.10)  p@r+r)= fD pu(r, d€)Q(, £, ) + B () (. ),
where

Q.11) Q) x2(8) = /D X() Q(t. &, dn)

and By (t) is given by Proposition 2.1.

PROOF. In view of (2.1) it is easy to see that each Q(¢, (x1,0),-) is an in-
finitely divisible probability measure on D. Then (2.6) follows by the special
structure of D and the Lévy—Khintchine representation for the characteristic func-
tion of an infinitely divisible distribution; see, for example, [17], pages 499-500.
From (2.6) and the results of Proposition 2.1 we get

YL (r 41, u) = Br1 (V1 (t, 1) + Bra(r)Baa(Duz + a(r) By (1)u3
+ / [V 08 _ 1 — B (Nuax (€2)]u(r, dE)
D

= B11(r)Br1(Duy + B11(r)Br2(H)uz
+ B (ra(®us + Pra(r) B (t)uz

+a(r)pht)u3 + i1 (r) /D [ — 1 —urx (&2)]1e(t, dE)
+ / [V @08 1 1y 0(1) o (8)] e (r, dE)
D

+uz fD[Q(t)Xz(S) — P () x (§2)1u(r, d§).
Then (2.7)—(2.10) follow by a comparison of the above expression with (2.6). [J

LEMMA 2.1. If (2.1) defines a stochastically continuous HA-semigroup and
Y1 (t, u) is given by (2.6), then t — B12(t) is continuous.

PROOF. The proof of [10], Lemma 3.1, shows that (¢, u) is jointly continu-
ous in (¢, u). Let ua(¢, d§>) denote the projection of (¢, d§) to R. Then

U1(t,(0,iz)) = iB12(t)z — a(t)z* + /R(eiZgz —1—izx(&))ua(t, d&)
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is a continuous function of (¢, z) € [0, 00) x R. It is not hard to find universal
constants 0 < ¢] < ¢ < 00 so that

2.12) o < (1 - Sigfz)x@z)—z <

for all &, € R\ {0}. Then for each ¢ > 0 we can define the Borel measure G (¢, d&))
on R by setting G (¢, {0}) = «(¢)/3 and

sin :‘;:2

)Mz(t,déz), & R\ (0).
2

G(t, &) = (1 -
It follows that

Vi(t, (0,iz)) = ifr2(t)z
(2.13)

e 4 _sinéz -1
+/R(e 21 zzx(éz))(l P ) G(r, d&)

where the integrand is defined at & = 0 by continuity as —3z. By dominated
convergence,

A+l

tv(t, A) =29 (1, (O,ik))—/A 1 V1(,(0,iz))dz

is continuous for each A € R. One may check easily that v(z, 1) is the characteristic
function of G (¢, d&>). Then Lévy’s continuity theorem implies that t — G (¢, d&>)
is continuous by weak convergence. For any fixed z € R, the integrand in (2.13) is
bounded and continuous in &>, so the integral term is continuous in ¢ > 0. By the
continuity of i1 (¢, (0,iz)) we find that t — S12(¢) is continuous. [

PROPOSITION 2.3. Suppose that (2.1) defines a stochastically continuous
HA-semigroup and (¢, u) is given by (2.6). Then

(2.14)  B(t) :=Bii(t) + B (t) + a(t) + /D [x (&) + x*(ED I (t, d&)

is a locally bounded function of t > 0.
PROOF. Let (¢, d&;) denote the projection of w(t, d§) to R. Then

(2.15) ¥, (—z,0) = —pu )z +/0°°(e—zsl — D (r,d&y)

is continuous in (¢, z) € [0, 00) x R. In particular, (2.15) is locally bounded in
t > 0 for any fixed z € R;. Taking A =1 one finds that

pu + [ X EDw(t. dE
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is locally bounded in ¢ > 0. By the proof of Lemma 2.1,

v(t,0) = —oc(t)+/( 52>M2(t,d$2)

is continuous and hence locally bounded in ¢ > 0. In view of (2.12) we find that

(2.16) (1) +fRX2(§2)M2(t, dé)

is also locally bounded in ¢ > 0. By Lemma 2.1, 812(¢) is locally bounded in ¢ > 0.
Then we have the desired result. [

PROPOSITION 2.4. Let (Q(t))i=0 be a stochastically continuous HA-semi-
group defined by (2.1). Then there is a locally bounded nonnegative function cy(-)
on [0, 00) such that

2.17) /X@DQMXJQSCMﬂMm)
D
and
(2.18) ﬁyﬂ@ﬁQawwﬁ)Smﬁﬂxuo+X%nﬂ.

PROOF. In view of (2.15), we have v (¢, (—z,0)) < 0. From (2.1) it follows
that

/D(l — e )01, x,d&) =1 —exp{—x1 |y (1, (=2, D) [} Sc1(r, (1 —e™™),

where ci(t,2) := 1V |¢¥1(t, (—z,0))| is locally bounded in ¢ > 0. Then we get
the first inequality by letting A = 1. The second inequality is obvious if x; > 1 or
|x2] > 1. On the other hand, we have

/D(l a Si22€2>Q(t’x’ds) - %/_11 dZ/D(l — ) Q(t, x, d8)

1 1
"2 /_1(1 —exp{x1¥1(t, 0.i2)) + ixapn(t)z}) dz

1/l
< Ef_l[xl}lﬁl(t,(O,iz)ﬂ + h(t, x1,x2,2)]dz,

where
o0

1
ht,x1,x2,2) =Y k|(x1!101(l 0,i2))] + [x2B20(0)z])"

k=2
<Z—uwwm|mm@mm+wwmf

<2(x} +x3)q(t, x1,x2,2)
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with
o0

1
40 x1,02.2) = 3 O D (i (1 0.02) |+ 1Ba(0)z))

k=2""
It follows that

sin&; 1 ! .
/D(l— . )Q(mdé)s§x1/_1|w1(t,<0,zz>>|dz

1
+ (x12+x§)/ | q(t,x1,x2,2)dz,
which implies (2.18) for 0 < x; <1and |x2| <1. O
As an immediate consequence of the above proposition we have the following.

COROLLARY 2.2. Suppose that (Q(t));>0 is a stochastically continuous
HA-semigroup defined by (2.1). Let U, = [0, €) X (—¢, ¢) for ¢ > 0. Then for each
T > 0 we have
(2.19) lim sup Q(t,x,D\U;)=0.

|x|—>00§t§T

3. Skew convolution semigroups. In this section we give a formulation of
the general affine Markov semigroup in terms of a homogeneous one and a skew
convolution semigroup. It turns out that a skew convolution semigroup always con-
sists of infinitely divisible probability measures. We prove that such a semigroup
is regular if and only if the linear part of the logarithm of its characteristic function
is absolutely continuous. We shall fix a regular HA-semigroup (Q(#));>0 on D de-
fined by (2.1), where (¢, u) = (Y1 (¢, u), Br2(t)uz) is given by Corollary 2.1 and
Proposition 2.2.

DEFINITION 3.1. A family of probability measures (y (¢));>0 on D is called
a skew convolution semigroup (SC-semigroup) associated with (Q(¢));>o if

(3.1 y(r+0=r0@)*yQ), r,t =0,

where “x”” denotes the convolution operation and y (r) Q(¢) is the probability mea-
sure on D defined by

(3.2) )/(F)Q(t)(B)=/D Q(.§, B)y (r,d§), B e #A(D).

The concept of SC-semigroup generalizes that of the usual convolution semi-
group; see also [7, 18-21]. We refer the reader to [2, 24] for the general theory of
convolution semigroups and Lévy processes.
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PROPOSITION 3.1. Let (y(t));>0 be a stochastically continuous SC-semi-
group associated with (Q(t));>0. Then each y(t) is an infinitely divisible prob-
ability measure, so we have the representation

(3.3) fD expl{u, £))y (1. d&) =explp(t.u)),  ueU,
with

¢(t,u) = by ()uy + by(1)uz + a(t)u3
3.4

+ /D(e“"é> — 1 —uax(&))m(t, d§),

where a(t) e Ry, (b1(t), by(t)) € D and m(t, d&) is a o -finite measure on D sup-
ported by D \ {0} such that

| 1x @)+ X Em.de) < oo,
Moreover, for any r,t > 0 we have

(3.5 bi(r +1) =bi(r)B11(t) + b1 (1),

36 by(r +1) = b1 (r)B12(t) + ba(r)Baa(t) + ba(1)

+ /D [0 x2(6) — Pa(D)x (E)m(r. dE),
(3.7) a(r 4+1) = b (Na(t) + a(r) B 1) + a(r),

(3.8) m(r+1t,-)= /Dm(n d§)Q(t, &, ) +bi(Nu(t, ) +m(t, ).

PROOF. Based on Corollary 2.2, the proof is a simplification of the arguments
of Schmuland and Sun [26]. Let ¢ > 0 be fixed. For each integer n > 1 we may
use (3.1) inductively to obtain

y@) =[] *r@/nQ(( — Dt/n).

j=1

From the stochastic continuity of the SC-semigroup, we have lim,,_,o y (t/n) = §¢.
By virtue of Corollary 2.2, it is easy to show that {y(¢/n)Q((j — Dt/n):j =
1,...,n;n=1,2,...} form an infinitesimal triangular array. It follows that y (¢) is
infinitely divisible. Then we have representation (3.3) with ¢ (¢, u) given by (3.4);
see, for example, [17], pages 499-500, 515-519. From (3.1) we have

(3.9) dr+t,u)=¢(r, ¥t u)+ ¢, u), rt>0,uel.
Then relations (3.5)—(3.8) follow as in the proof of Proposition 2.2. [J
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DEFINITION 3.2. A SC-semigroup (y(¢));>0 associated with (Q(¥));>0 is
called regular if ¢ (¢, u) =logy (¢, u) has representation
t

(3.10) qb(t,u):/o F(y(s,u))ds, t>0,uecU,

where F = log v for an infinitely divisible probability measure v on D.

We remark that if v is an infinitely divisible probability measure on D, the
function F is well defined and (3.10) really determines a SC-semigroup. A simple
but irregular SC-semigroup can be constructed by letting Q(#) be the identity and
letting ¥ (t) = 8(0,5,(1))> Where by(t) is a discontinuous solution of by(r + ) =
ba(r) + bo(t); see, for example, [24], page 37. This example shows that some
condition on the function ¢ — b5 (¢) has to be imposed to get the regularity of the
SC-semigroup (y (t));>0 given by (3.3) and (3.4).

DEFINITION 3.3. A transition semigroup (P (¢));>0 on D is called a (general)
affine semigroup associated with the HA-semigroup (Q(¢));>o if its characteristic
function has representation

3.11) fDexp{w,s)}P(r,x,ds)=exp{<x,w<r,u>>+¢<t,u>},

where ¢ (t, -) is a continuous function on U satisfying ¢ (¢, 0) = 0. The affine semi-
group (P (t));>0 defined by (3.11) is called regular if it is stochastically continu-
ous and the derivatives ¥/, (0, u) and ¢, (0, u) exist for all u € U and are continuous
atu =0.

PROPOSITION 3.2. Let (y(t))i=0 be a stochastically continuous SC-semi-
group associated with the HA-semigroup (Q(t))s>0. Then P(t,x,-) = Q(t,x, ) *
v (t,-) defines a Feller affine semigroup (P(t))>0.

PROOF. It is easy to show that the kernels P(t, x,-) satisfy the Chapman—
Kolmogorov equation. From [10], Proposition 8.2 we know that (Q(f));>0 is a
Feller semigroup. For any f € Co(D) we have

PO f(x) = fD y(ndy)fD FE+ O, x,dE).

Then we can use dominated convergence to find that P(¢) f € Co(D). Since both
(Q(1))s>0 and (y (t))r>0 are stochastically continuous, so is (P (t));>o. It follows
that (P (¢));>o is a Feller semigroup. [J

Clearly, if (y(t)):>0 is a regular SC-semigroup, then the general affine semi-
group (P (t));>0 defined in Proposition 3.2 is also regular. To study the regularity
of SC-semigroups, we need some preliminary results. The proofs in the sequel rely
heavily on estimates derived from the relations (3.5)—(3.8).
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PROPOSITION 3.3. Suppose that (3.3) and (3.4) define a stochastically con-
tinuous SC-semigroup (y (t));>0. Then

(3.12)  A@ :=bi(t) +b3(t) +a(t) + /D [x (&) + x*(E)Im(t, dE)

is a locally bounded function of t > 0. Moreover, we have A(t) — Q0 as t — 0.

PROOF. The stochastic continuity of the SC-semigroup implies that ¢ (¢, u)
is jointly continuous in (¢, u#). Since ¢ (¢, u) — 0 as t — 0, the results follow by
slight modifications of the arguments in the proof of Proposition 2.3. [

Let B(-) and co(-) be given respectively by Propositions 2.3 and 2.4. In the next
two lemmas, we fix a constant 7 > 0 and let C(7") > 0 be a constant such that
(3.13) max{B(1), co(t), B (N} < C(T),  0<t<T.

ForO<ri <ti<rm <t <---wesetoy, =Z'}:1(tj —rj).

LEMMA 3.1. Suppose that (3.3) and (3.4) define a stochastically continuous
SC-semigroup (y(t))i>0. Thenfor0 <ry <t) <rp <ty <--- <T we have

n

(3.14) Z[bl (tj) —b1(rj)] = C(T)by (o)
j=1
and
(3.15) Z[a(fj) —a(rj)] = C(T)[b1(on) + a(on)].
j=1

Consequently, b1(t) and a(t) are absolutely continuous in t > 0.

PROOF. We shall only give the proof of (3.15) since the proof of (3.14) is
similar. By (3.7) we find that ¢ — a(¢) is nondecreasing and

a(ty) —a(r)) = bi(t; — ra(r) +a(ty — r1)Ba(r1)
<CM)[b1(ty —r1) +a(ty —rl,

that is, (3.15) holds for n = 1. Now suppose that (3.15) is true for n — 1. By (3.13)
and Propositions 2.2 and 3.1,

Y la@t)) —a(rp)] < [a(ty) — a(ra)] + C(T)[b1(0p—1) + a(on-1)]
j=I1
= b1 (tn — ra)ec(rn) + alty — 1) B3y (r)
+ C(T)[b1(on-1) + a(ou-1)]
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=b1(tn — rn)[Br1(on—1)a(ry — on—1)
+a(0n-1)B2(rn = on-1)]
+alty — ra) B3 (ra) + C(D)[b1(04-1) + a(on—1)]
< C(T)bi(ty — rp)r1(on—1) + C(T)b1(tn — rn)et(op—1)
+ C(D)lalty — ra) B3 (on-1) + a(0u—1)1+ C(T)bi(0n—1)
= C(T)b1(on) + C(T)a(on).
That proves (3.15) by induction. The absolute continuity of b1(¢) and a(¢) follows
by Proposition 3.3. [

LEMMA 3.2. Suppose that (3.3) and (3.4) define a stochastically continuous
SC-semigroup (y (t)):>0. Set

(3.16)  f()= /D xE)m(t.ds) and g(r) = fDXZ(&)M(t,dE)-

Then forany 0 <r; <t; <---<rp <t, <T we have

(3.17) YL@ — fFrPI < C(T)[bi(on) + f(on)]
j=1
and
(3.18) Z[g(tj) —g(rj)]1 = C(T)[bi(on) + f(on) + glon)].
j=1

Consequently, f(t) and g(t) are absolutely continuous in t > 0.

PROOF. The proofs of (3.17) and (3.18) are based on ideas similar to those in
the proof of the last lemma. We here give the proof of (3.18) since it involves more
careful calculations. By (3.8) we find that ¢ — g(¢) is nondecreasing and

g(t) — g(r1) =/Dm(z1 —rl,dé)/DXZ(nz)Q(rl,E,dn)
bt — ) f K2 ED (. dE)
D

<C(T) /D X ED + x2EDIm (@t — i, dE) + C(Tby (11 — 1)

=C(D)[bi(ty —r) + f(t1 —r1) + gt —rpl,

where we used Proposition 2.4 for the inequality. Then (3.18) holds for n = 1.
Suppose the inequality is true for n — 1. By (3.13) and the results of Propositions
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2.4 and 3.1 we have

Z[g(tj) —grp] =g(tn) — gru)] + C(T)[b1(0n-1) + f(on-1) + g(on-1)]
j=1

=/ m(zn—rn,d@/ K201 Q. £, d1)
D D

b1ty — ) /D K2 E) . dE)
+ C(T)[b1(op—1) + f(on-1) + g(0n-1)]

< c<T>/Dm<tn —rn,ds)/D[x(no+x2<nz)]Q<an_1,s,dn)
b1t — 1) /D (o1, dE)
x/ K202) Q(r — 01, £, d1)
D

b1ty — )11 (@n1) fD K (rn — Ont, dip)
+ C(T)[b1(on—1) + f(on—1) + g(on—-1)]
scm/ m(tn—rn,ds>/ LX) + X210 (6n1. &. d1)
D D

+ C(T)bi(ty — 1) /D L €D + x2ED (01, dE)

+ C(D)[b1(on) + f(on-1) + &(On-1)]
= C(D)[b1(on) + f(on) + g(on)].
Then (3.18) follows by induction. The second assertion follows by Proposition 3.3.
O

LEMMA 3.3. Suppose that (3.3) and (3.4) determine a stochastically continu-
ous SC-semigroup (y (t))¢>0. Then there is a o -finite kernel m'(s, d§) from (0, 00)
to D supported by D \ {0} so that

(3.19) m(t,d§) = /Otm’(s, d&)ds, t>0.

PROOF. From (3.8) we see that m(¢, d§) is increasing in ¢t > 0. By Lemma 3.2,
the function

fs /D L&D + x2EDIm . d)

is absolutely continuous. Then the assertion follows as in the proof of [8], Theo-
rem2.2. [
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THEOREM 3.1. Let (y(t));>0 be a stochastically continuous SC-semigroup
given by (3.3) and (3.4). Then (y (t))s>0 is regular if and only if the function t —
by (t) is absolutely continuous on [0, 00).

PROOF. Suppose that ¢ — by (¢) is absolutely continuous. In view of Lem-
ma 3.1, we can find Borel measurable functions a’(-) > 0 and b/j(-) such that

a(t):/ota/(s)ds and bj(t)zfotb/j(s)ds, j=1,2.
Let m/(s, d&) be given by Lemma 3.3 and let
(s, u) = by (s)uy + by(s)uz +a'(s)u3 + /D(e“‘vf) — 1 — x(&)u2)m'(s, d§).
Then we have
(3.20) o(t,u) = /Ol @' (s, u)ds.

By (3.9) and (3.20) it is easy to show that

(3.21) /Or O (s+t,u)ds = /(;r @' (s, (t,u))ds.

Let vg be the infinitely divisible probability measure on D such that dy(u) =
exp{¢’ (s, u)}. Based on (3.21), it is easy to modify the definitions of ¢’(s, -) and
vy accordingly so that v; = vy Q;_ for all > s > 0 while (3.20) remains true;
see [18]. In other words, (vs)s=0 is an entrance law for (Q(#));>0. But (Q(#)):>0
is a Feller semigroup by [10], Proposition 8.2. Then the Ray—Knight compactifica-
tion of D with respect to (Q(¢)),>0 coincides with its one-point compactification
D := D U{d} and the Ray—Knight extension of (Q(¢));>0 satisfies Q(t, d, -) = 8y
and Q(t,x,{d}) =0 for every x € D. It follows that the entrance space for
(Q(1))r>01s just D. By [25], page 196, there is a probability measure vg on D such
that vy = voQ; for all s > 0. Then ¢’ (s, u) = log bo(¥ (s, u)) and hence (y(1));>0
is regular. Conversely, if (y (¢));>0 is regular, the function ¢ — ¢ (¢, u) is absolutely
continuous on [0, co) for every u € U. Then (3.4) and Lemmas 3.1 and 3.3 imply
that t — b, (t) is absolutely continuous. [

COROLLARY 3.1. Let (y(t)):>0 be a stochastically continuous SC-semigroup
defined by (3.1). Then (y (t));>0 is regular if and only if t — y (t,u) is absolutely
continuous for allu € U .

PROOF. By (3.4) and Lemmas 3.1 and 3.3, ¢t — b>(¢) is absolutely continuous
if and only if # — ¢ (¢, u) is absolutely continuous on [0, co) for all u € U. Then
the result follows from Theorem 3.1. [
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4. Regularities under moment conditions. In this section we prove the reg-
ularities of HA-semigroups and their associated SC-semigroups under some con-
ditions on the first moments. Suppose that (Q(¢));>0 is a stochastically continuous
HA-semigroup defined by (2.1), where ¥ (¢, u) = (1 (¢, u), Bao(t)uz) is given by
Corollary 2.1 and Proposition 2.2. Let us consider the following hypothesis.

HYPOTHESIS 4.1. Suppose that

4.1 fD[El +112(62)]u(t, d§) < o0

for all # > 0O or, equivalently,

42) LJHQde8<a>

forall t >0 and x € D.

If Hypothesis 4.1 holds, we have a more convenient representation for the func-
tion ¥ (¢, u). Indeed, we may differentiate both sides of (2.6) to see that

0
(4.3) quayzé%am)

=mwn+f5ma¢9
0 D

u=

and

0
(4.4) qn@%=é%0m)

=mxw+/ﬁ&—x@ﬁmaﬂa.
0 D

u=

On the other hand, differentiating both sides of (2.1) we find that

(4.5) u@&meﬂ®=xMMm
and
(4.6) ﬁﬁxﬂhmd9=xmuﬁ%hm&ﬂ&

PROPOSITION 4.1. If Hypothesis 4.1 holds, we have

Yi(t, u) = Bri(Hur + qr2(H)uz
4.7

+aam55L@w®—1—@&moﬂa,

where a(t), B11(t) and n(t,d&) are as in Proposition 3.1 and q12(t) is given
by (4.4) and satisfies

(4.8) qu2(r +1) =q11(r)q12(t) + q12(r) B2 (1), r,t>0.
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PROOF. The representation (4.7) follows immediately from (2.6). By Propo-
sition 2.2,

G20 +1) = Bralr +1) + fD[sz X EDIUlr + 1. dE)
= B11(r)B12(t) + B12(r) Baa(t)
+ fD [Q() x2(E) — Baa (D) x (E) I (1, dE)

4 fD [E1912(1) + E282(1) — Q) x2(E) (1. dE)
+ B () / 6 — x E1u(t. dE)
D
= BLL(NB12(1) + Pra(r)Baa(t) + B (1) /D &2 — x(E)1u(r. dE)
i) / E1u(r, d8) + Bui (1) / 6 — x (Eu(t, dE)
D D
=B (r)qi12(t) + q12(r) B2 (t) + q12(2) /DSW(F, dé§).
Then we get (4.8) from (4.3). [

HYPOTHESIS 4.2. Suppose that (4.2) holds and for every fixed x € D the
mapping

(4.9) 11§10, x,d§)

is continuous by the weak convergence of finite measures.

The following theorem can be regarded as an extension of Watanabe ([28], The-
orem 5) to the state space of the positive half plane.

THEOREM 4.1. If Hypothesis 4.2 holds, the HA-semigroup (Q(t));>0 is reg-
ular.

PROOF. Under the hypothesis, we may differentiate both sides of (2.1) with
respect to 1 and u» to get

Léjexp{<u,§)}Q(I,(X1,0),d5)=X1¢i,uj(t,u)eXP{le(t,u)}

for j =1, 2. On the other hand, since (4.9) depends on ¢ > 0 continuously, we have

lim f &1 exp{(u, £))Q (1, (x1,0), d€) = x; explurx)
t—0JD
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and
tim [ & expl. £)0(r. (x1,0),d€) =0,
t—0JD
Comparing the above equalities we obtain
. / . /
(4.10) }L%Wl,ul(fv”)=1 and [11_1)1(1)1:”1,@@’”)=0-
Fort > 0 let
1 t
pawy = [y
0

Then (4.10) implies that lim;_,¢ p/lvul(t, u) =1 and lim,_,g p’l’uz(t, u) = 0. By
Proposition 2.1 and Corollary 2.1 we have péﬁul(t, u) =0 and lim,_, Pé,uz(t»
u) = 1. Let U be any fixed bounded subset of U. It is easy to see that the above
limits hold with uniform convergence on U;. Then we can choose sufficiently
small » > 0 so that the matrix

! /
(4.11) dp(r u) = (P,l,m(r,u) p%ul(r,u))
Pru,ruw)  py,, (rou)

is invertible for all u € U;. Observe that

1 r r
p(r,y(t,u)) — p(r,u) = ;|:f0 Vs, ¥(t,u))ds —/(; Y (s, u)ds}

1 r+t r
:;[/t W(s,u)ds—/o Ip(s,u)ds]

1 t
= ;fo [ (r +5, 1) — ¥ (s, )] ds.
It follows immediately that
.1 1
(4.12) tlg%;[p(r, V(t,u)) — p(r,u)] = ;(W(r, u) —u).
Fort >0and u € U; let
q(r,t,u) = [p(r, ¥ (t,w) — p(r,w)]Bp(r,u))~".
Then we have
1 1 .
(4.13) 1111(1) ;q(r, tou)=—(Y(r,u) —u)(@p(r,u)) .
— r
By Taylor’s expansion,

p(ry @t w) — plr,u)= (Y, u) —u)(@p(r,w) +o(|y (t,u) — ul)

and consequently

(4.14) q(rit,u) = (Yt u) —u) +o(ly(t,u) —ul)
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as t — 0. It follows that

lq(r t,u)| = |y (t, u) —ul + (¥ (¢, u) — ul)

and hence
liHOl |q(r’ts u)l |W(ts u) - M|_1 = 1,
—

which together with (4.13) implies that
li 1| (t,u) —ul =1l 1| (r,t )|_1|(W ) —u)(@p(r,w) |
tl_I)I(l)[l/f N7 u_tgr(l)tqr,,u = ru u)(op(r,u .

Then we get from (4.14) that

(4.15) q(r,t,u) = (Y (t,u) —u) +o(t).
From (4.13) and (4.15) it follows that
! 1 _1
lim ?(w(t, u) —u) = ;(W(r, u) —u)(@p(r, u))
for all u € U;. Clearly, the entries of dp(r, u) and hence those of (dp(r, u))~!

are continuous in u € Uj. Then the derivative ¥/ (0, u) exists and is continuous in
u € Uj. Since Uj can be arbitrary, we get the desired regularity. [

Now let (¥ (t)):>0 be a stochastically continuous SC-semigroup associated with
(Q(1))s>0 with characteristic function determined by (3.3) and (3.4). We consider
the following.

HYPOTHESIS 4.3.  Suppose that

(4.16) fD (61 + [2(E)Im (1. dE) < 00
or, equivalently,
4.17) / £y (¢, dE) < oo
D
for all ¢t > 0.

Under the above hypothesis, there is a more convenient representation for the
function ¢ (¢, u). Indeed, from (3.4) it follows that

9 (t,u)
u

(4.18) h(t) =~

—b1(1) +/Dslm(r,ds>

u=0

and

(4.19) hy(t) := a—d)(t, u)
oun

— by(1) + /D[sz — X (E)Im(t, dE).

u=0
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By differentiating both sides of (3.3) we get
@20) [ ayedn=mo md | &ye.de=ho.

The proof of the next proposition is similar to that of Proposition 4.1.

PROPOSITION 4.2. If Hypotheses 4.1 and 4.3 hold, the function ¢(t, u) has
representation

d(t,u) =b1(tuy + ha(Huy
4.21)

+a(t)u3 +/D(e<”vf> — 1 —up&2)m(t, d§),

where a(t), bi(t) and m(t,d&) are as in Proposition 3.1 and hy(t) is defined
by (4.19) and satisfies

(4.22)  ha(r +1) =h1(r)qi2(t) + ha(r) B2 (t) + ha(2), r,t>0.

PROPOSITION 4.3. If Hypotheses 4.2 and 4.3 hold, the function t — h(t) is
continuously differentiable on [0, 00).

PrROOF. By (3.11), for any u; € C_ we have

[ explurgi)Pa.x.ds)
(4.23)
=exp{x1y1 (2, (u1,0)) + ¢(t, (u1,0))}, u eC_.

Then the projection of P(t, x,-) to Ry is independent of x, € R. Let Py (¢, x1, -)
denote this projection. In view of (4.23), we see that (P (¢));>o is the transition
semigroup of a CBI-process in the sense of Kawazu and Watanabe [16]. By [16],
Theorem 1.1, we have the representation

t
b1, 0,0 = [ [bum(s, (w1, 0)
(4.24) 0

+ [ explvnls, .0} = 1) | s

where b; > 0 is a constant and m(d&;) is a o-finite measure on (0, co) such that

/Ooox(sl)ml(da)mo.

By differentiating both sides of (4.24) with respect to u at zero and appealing to
(4.3) and (4.18) it is easy to show that

t
4.25) h1<z>:(b1+ A slml(da)) fo g11(s) ds.
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Then we must have

fo £1my () < oo.

In view of (4.5), Hypothesis 4.2 implies that g1 (s) is continuous in s > 0 with
q11(0) = 1. By (4.25) we find that % (¢) is differentiable in r > 0. [

THEOREM 4.2. Suppose that Hypotheses 4.1 and 4.3 hold. Then (y (t));>0 is
regular if and only if t — ho(t) is absolutely continuous on [0, 00).

PROOF. Based on representation (4.21), this follows as in the proof of Theo-
rem 3.1. [

COROLLARY 4.1. Suppose that Hypotheses 4.2 and 4.3 hold. Then (y (t)):>0
is regular if and only if the function h(-) is differentiable at some and hence all
t>0.

PROOF. By Proposition 4.3, the function ¢ — h(¢) is continuously differen-
tiable. From (4.22) we know that the differentiability of 4;(-) at any #y > 0 implies
its differentiability at 0. Using relation (4.22) once again we see that /;(-) has right
derivative at every ¢t > 0 with

Ry (t+) =k} (04)q12 () + hy (0+H) B2 (1),

This function is continuous in ¢ > 0, so h>(-) is absolutely continuous. Then the
desired result follows from Theorem 4.2. [

5. One-dimensional stochastic equations. In this section we prove the exis-
tence and pathwise uniqueness of solution of a one-dimensional stochastic equa-
tion with non-Lipschitz coefficients and jumps of Poisson type. To simplify the
calculations, we only consider a special case for the coefficients which is sufficient
for the applications in the next section. The result may be regarded as an exten-
sion of the well-known result of Yamada and Watanabe [29]; see also [13] and the
references therein for various generalizations of their result in the setting of dif-
fusion processes. For the general background and notation of stochastic equations
we refer to [15].

Let 6p > 0 and 6; > 0 be constants and let m(d&) and w(d&) be o-finite mea-
sures on (0, co) satisfying m(l1) + w(l12) < co. Suppose that (2, %, .%,,P) is a
filtered probability space satisfying the usual hypotheses on which the following
are defined:

(a) an r-dimensional Brownian motion B(:) = (Bi(:), ..., B,());

(b) aPoisson random measure No(ds, d&) on (0, 00)?2 with intensity ds m(d§);

(c) a Poisson random measure Ni(ds,du,d&) on (0, 00)? with intensity
dsdu p(d§);
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(d) an r-dimensional progressive process o (-) = (o1(-), ..., 0.(-)) such that
lo(t)] < a(t) for all + > 0 and a nonnegative deterministic increasing function
o () on [0, 00);

(e) a nonnegative progressive process b(-) such that b(r) < b(t) for all t >0
and a nonnegative deterministic increasing function b(-) on [0, 00);

(f) a progressive process B(-) such that |8(1)]| < B(t) for all # > 0 and a non-
negative deterministic increasing function B(-) on [0, 00);

(g) anonnegative progressive process [(-) such that /() < I(r) forall > 0 and
a nonnegative deterministic increasing function 1(-) on [0, 00).

We assume that B(-), Ny and N; are independent of each other and (.%;);>0 is
the augmented natural filtration generated by them. Consider the stochastic integral
equation

t
x(t) = x(0) —I—/O (b(s) + B(s)x(s))ds

r t t poo
5.1 —i—;/()aj(s)\/Zx(s)dBj(s)—l—/(;/o 6oE No(ds, d&)

t pl(s)x(s—) poo -
[ | s, du, as).
0 Jo 0

where Nl (ds,du,d&)= Ni(ds,du,d&) — ds du u(d§). Clearly, the diffusion co-
efficients of (5.1) do not meet the requirements of [15], page 265. Observe also
that integration in the last term on the right-hand side is taken over a random set.
By a solution of (5.1) we mean a nonnegative cadlag progressive process x (-) sat-
isfying the equation a.s. for each t > 0. We say pathwise uniqueness of solution
holds for (5.1) if any two solutions of the equation with the same initial state are
indistinguishable.

PROPOSITION 5.1. Let x(-) be a solution of (5.1) satisfying E[x(0)] < oo.
Then we have

(5.2) E[x(1)] < (E[x(0)] + 1b(1) + 6om (I )1} exp{r B (1))

forallt > 0.

PROOF. Let 1, = inf{t > 0:x(t) > n} and x,(t) = x(t A 7,). By [12],
page 1§1, we haye E[x,(s)]=E[x,(s—)] <E[n VvV x(0)] < oo for almost all s > 0.
Since b(t) and S(¢) are both increasing in ¢ > 0, it follows from (5.1) that

ELx, ()] < BLO)] + 160) +6om (11 + ) [ "Elx,(5)]ds.
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By Gronwall’s inequality we get
E[x, (1] < (E[x(0)] + 1b(2) + om (1)t} exp{B(1)1).

Then (5.2) follows by Fatou’s lemma. [J

PROPOSITION 5.2. Let x(-) be a solution of (5.1) satisfying E[x(0)] < oo.
Then we have

E[ sup x(s)] < E[x(O)] + [5(1) + bom ()]s

0<s<t

_ _ t
(5.3) +[B(1) + 011 (t)u(l12)] /O Elx(s)]ds
+4[2rG () + 6, l_(t);L(llz)]<1 + /(;ZE[x(s)]ds)
forallt > 0.

PROOF. Applying Doob’s inequality to the martingale terms in (5.1),

t _ _ 0
E[ sup x(s)} §E[x(0)]+/0 E[b(s)+,3(s)x(s)]ds+90t/0 Em(dE)

O<s<t

+42r:E1/2[</0t oj(s)\/mcwj(s)ﬂ

j=1

I(s)x(s—) p1 - 2
+4E1/2[</0t/0 /0 ngNl(ds,du,d$)> }

[ g e [~ esnias.au.ae)|

t_ o
§E[x(0)]+/ b(s)ds—i—/ B(S)E[x(s)]ds + Optm(ly)
0 0
r ¢ 1/2
+8) ( / E[o7(5)x(s)] ds)
=170

; 1/2
+491u<112)( fo E[l(s)x(s)]ds)

t
o) /O Ell(s)x(s)]ds.

Then we obtain (5.3) by combining the terms. [J
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THEOREM 5.1. Suppose that x1(-) and x>(-) are two solutions of (5.1) satis-
fyving E[x2(0) + x1(0)] < oo. Then we have

(5.4) E[|x2(t) — x1(1)[] < E[]x2(0) — x1(0)|] exp{z B (1)}

Consequently, the pathwise uniqueness of solution holds for (5.1).

PROOF. By Proposition 5.1 it is easy to find that E[x2(¢) 4+ x1(¢)] is locally
bounded in ¢ > 0. Let z(¢) = x2(¢) — x1(¢). Then we have

t
z(1) zz(O)—i-/O B(s)z(s)ds

r t
+ 3 [ 060(/200) - V2 dB; )
j=1
(5.5

t pl(s)xa(s—) poo ~
+/ / / 611 _ _WwNi(ds,du,d
0 iy Jo IS {x1(s—)<x2(s—)} 1( 5)

t pl(s)x1(s—=) poo ~
— 611 _ _WwNi(ds,du,d§).
fofl(wz(s_) /0 181 (x, (s—)>xa(s—)) V1 ( &)

Let {a;} be the sequence defined inductively by ag = 1 and ax = ag_1e~* for
k > 1. It is easy to check that fa‘j("*'(ku)_ldu = 1. For k > 1 let g; be a non-
negative continuous function on [0, co) which has support contained in [ag, ax—]
and satisfies 0 < gz (1) < 2(ku)~! and Jo¥" gr(u)du = 1. Then
x| y
me=["ay [Cawde ek

defines a twice continuously differentiable function A such that i (x) — |x| in-
creasingly as k — 00. Set Hy(x,&) = Aghy(x) — h;((x)é. By (5.5) and It6’s for-
mula,

t
hi(z(1)) = hi(z(0)) +/0 h}{(z(s))ﬁ(s)z(s) ds + mart.

r t
+ 3 [ H o0 a6 - Va) ds
(5.6) / :: N
+ /O ds /O Hi(2(5), 016)1(5)2(5) L5120y 1 (dE)

t o0
- /0 ds /0 Hi(2(5). —016)1(5)2(5) L =(s) <0y (dE)

see, for example, [9], pages 334-335. Note that |k (x)| <1 and 0 < h}/(x) =
gr(x]) < 2|kx|~1. It follows that

R} (2(5)) (V2 () — Vx1(5) ) < ) (2(5)) |xa(s) — x1 ()] < 2/k.
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By the mean-value theorem and Taylor’s expansion it is easy to show that
|Hi(x, E)x| < |2x| A |k~1&2| whenever x& > 0. Then we may take the expec-
tations in (5.6) to find

_ t
E[h(z(1))] SE[hk(Z(O))]‘i‘,B(t)/O E[|z(s)|1ds
25 ["gra2
(5.7) +kj§/0 Elo;(s)]ds

B t 00 5
+ 0,0 fo ds /O E[2¢12(5)|] A (k~10162)u(dE).

Letting k — oo in (5.7) we obtain

_ t
E[lz(t)I] < E[lz(0)[] + ﬂ(t)/o E[|z(s)|1ds.

Then (5.4) follows by Gronwall’s inequality. [

Now we turn to the existence of the solution of (5.1). The Picard iteration
method fails for this equation because the diffusion coefficients are not Lipschitz.
Since the coefficients are random, we cannot follow the standard argument of mar-
tingale problem. In the approach given below, we first approximate the random co-
efficients by some simple processes and consider a sequence of equations without
small and large jumps. The original coefficients and the small jumps are retrieved
by a limit argument based on the second moment analysis. Finally, we obtain the
solution of (5.1) by adding the large jumps.

A stochastic process ¢ (-) defined on (2, .%, .%;, P) is called a simple process if
there is a sequence 0 =rg < ] < rp < --- increasing to infinity and a sequence of
random variables {n;} such that 1y is .%,, -measurable and

o
(5.8) q(®) =noLioy() + D L@,  1=0.
k=0

We approximate the coefficients of (5.1) in the following way:

(a) Let {o,} be a sequence of r-dimensional simple processes such that
lon(t)| <& () for all + > 0 and 0,(-) = o (-) a.s. in L2([0, J], ) for all integers
J>1.

(b) Let {b,} be a sequence of nonnegative simple processes such that b, (¢) <
b(t) for all t > 0 and b, (-) — b(-) a.s. in L2([0, J], 1) for all integers J > 1.

(c) Let {B,} be a sequence of simple processes such that |8, (t)| < B(t) for all
t >0and B,(-) = B(-) a.s.in L?([0, J1, ) for all integers J > 1.

(d) Let {I,} be a sequence of simple processes such that 1, (r) < I(¢) for all
t>0andl,(-) = I(-) a.s. in L2([0, J], 1) for all integers J > 1.
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Let L > 1 be an integer and let {¢,} be a decreasing sequence such that
ufenn=>=1)=0,0<e¢, <1 and g, — 0 as n — oco. Suppose that x(0) is a
nonnegative .%p-measurable random variable satisfying E[x(0)] < oo. Let x,(-)
denote the nonnegative solution of the stochastic equation

x, (1) = x(0) + t(bn () + Bn(s)x,(s)) ds
0

(59 + 3 [Consewn@an;o + [ [ toeNotds. )
—=Jo "/ ! 0 Je, ’

t U ($)xp(s—) L ~
+/ / f 016Ny (ds, du, d&).
0 JO &n

Based on Proposition 5.2 and the results in [15], pages 235-237, the existence of
the strong solution of the above equation follows by arguments similar to those
of [15], pages 245-246. Let

t
(5.10) Y1) = /O 0. (5)V/2xn(5) d B; (s)
and
t ply(s)x,(s—) pL  _
(5.11) zn(t)::/o/(; /g EN\(ds, du, dE).

LEMMA 5.1. For 1< j <r the sequence y, ;(-) is tight in C([0, 00), R), and
the sequences x, () and z, () are tight in D([0, c0), R).

PROOF. By Proposition 5.1 it is easy to show that C () := sup,>| E[x,(1)] is
a locally bounded function of # > 0. By (5.10) we have

t t
(5.12)  Elly.,;(0]*]1=2 /O El02 ()%, (s)]ds <2 /0 &2(s)C(s) ds

and

' L
Bl = [ Bl (), 0)1ds [ €uae)
&n
(5.13) . ;
< [[iwcwads [ e
0 0
Then y,, ;(t) and z,(¢) are tight sequences of random variables for every fixed
t > 0. Now let {7,,} be a sequence of stopping times bounded above by T > 0. By

the properties of independent increments of the Brownian motion and the Poisson
process we obtain as in the calculations in (5.12) and (5.13) that

t
Elyn. (T + 1) — yu.j () 2] < 2/0 52T +5)C(T + 5) ds
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and

t_ L
El|zn (tn + 1) — 20 (m) 2] < /0 I(T +5)C(T +5)ds fo £2u(d).

Then y, ;(-) and z,(-) are tight in D([0, 00), R) by the criterion of Aldous [1].
Since C([0, 00), R) is a closed subset of D([0, 00), R), we infer that y, ;(-) is also
tight in C([0, co), R). By similar calculations for other terms on the right-hand
side of (5.9) we find that x,,(-) is tight in D([0, 00), R}). U

By Lemma 5.1 we may construct a new filtered probability space (2, .%, %, P)
satisfying the usual hypotheses on which the following stochastic equations are
realized:

t
3 (1) = %0 (0) + fo (bu(s) + Bu()xa(s)) ds

(5.14) +2’:/t0 i(8)vV2x,(s)dB -(s)+/t/L9 EN, o(ds, dE)
. = 0 n,j n n,j 0 Je, 0 n,0 s

t pl($)xn(s—=) L ~
+/0 /o / 016Ny, 1(ds, du, d§),
&n

where the processes {x,, By, o, by, B, [} and the random measures {N, o, Nj.1}
are distributed as {x,, B, oy, b,, Bn,ln} and {Np, N1} in (5.9). Moreover, as
n — oo we have:

(a) x,(-) — aprocess x(-) a.s. by the topology of D([0, o0), R);

(b) B,(-) — an r-dimensional Brownian motion B(-) a.s. by the topology of
C([0, 00), R");

(¢) EN,o0(ds,d&) — ENo(ds, d&) a.s. by the weak convergence of finite mea-
sures on (0, J] x (0, L] for all integers J > 1, where Ny(ds,dy) is a Poisson
random measure on (0, 00)? with intensity ds m(dy);

(d) $2Nn,1(ds, du,d&) — §2N1 (ds,du, d§) a.s. by the week convergence of
finite measures on (0, JI? x (0, L] for all integers J > 1, where Ni(ds, du, dy) is
a Poisson random measure on (0, 00)> with intensity ds du pu(dy);

(e) 0,(), by(-), B,(-) and [, (-) converge a.s. to processes o (-), b(-), B(-) and
1(-), respectively, by the topology of L?([0, J], 1) for each integer J > I;

(f) foreach 1 < j <r it holds that

(5.15) yu,j(2) == ftan,j(s)\/an(s)dBn,j(s) — aprocess y;(t) a.s.
0

by the topology of C ([0, c0), R);
(g) it holds that

t pla(s)xn(s—) pL
wnt) = f / / EN,.1 (ds, du, d€)
0 0 &n

— a process z(?) a.s.

(5.16)
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by the topology of D([0, c0), R).

The existence of such a probability space follows by the Skorokhod representation;
see, for example, [12], page 102. Indeed, we can and do assume that the probabil-
ity space is constructed so that the above assertions hold simultaneously for all
integers L > 1. Of course, the processes {x,(-), yn,j(-), 2n(-), x(-), y;(-),z(-)} all
depend on L > 1. We suppress this dependence for simplicity of the notation.
Note also that the processes {B(-), o (-), b(-), B(-), ()} and the random measures
{No(ds,d&), N\ (ds,du,d&)} are distributed as those in (5.1).

LEMMA 5.2. Foreacht >0 we have a.s.

t
(5.17) yj(t)z/o 0j(s)vV2x(s)dB;(s)
and
t pl(s)x(s—) pL _
(5.18) z(z)z/ofo /Ole,n(ds,du,dg).

PROOF. Form >1lett, =inf{t > 0:x(t) > mor x,(¢t) > m for somen > 1}.
Let {gx.m(-)} be a sequence of nonnegative simple processes bounded above by m
such that g, (s) — x(s)1{5<q,) a.s. by the topology of L2([0,T], ») for each
T > 0. By (5.15) we have

t
(5.19)  yu it Atw) = /0 01 () 20m (8) d B (5) + M o, 1),

where

t
M. () = /0 0.1 (5) (V220 (5) — v2(8) )L js<5,) d B, (5)
t
+ /0 on. 1 () (V22 () — \/2qkm () ) Lis<r,) d Bnj (5)
t
+ /0 (0. (5) = 0% () 2km (5) d By (5).

It is simple to see that
t
El2 . (0] <65 (1) /0 E[(Var () — V3 () ) Ls<ayy] ds
t
(5.20) + 66 (1)° /0 E[(vVX(5) = \/qkm () 1 (s<r,)] ds

t
+6m/0 E[(0n,(5) — 0% (5))*] ds.
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In view of (5.19), the limit 1y, j () = limy, s 00 N k,m, j (f) exists and

t
521)  yilt Atw) = fo 01 ()Y 20m (8) B () + Mo (1)-

By (5.20) and Fatou’s lemma,

t
E[n},, ; (D] <65 (1) /0 E[(Vx(5) = /@t (5) ) Lis<r,)] ds
t
+ 6m/(; E[(c;(s) — o1 (5))*] ds,
which goes to zero as k — co. Now we can take the limit in (5.21) to obtain

t
vt Atm) =/0 0 (s)v2x(s)l{s5<q,} dBj(s).

Then we have (5.17) since t,, — 00 as m — o0o. Equality (5.18) can be proved
using similar ideas. [

LEMMA 5.3. Foreacht >0 we have a.s.

X0 =)+ [ (b6)+Bo)x)ds

(5.22) —I—Xr:'/tcr-(s)\/Zx(s)dB-(s)+/Z/L0 £ No(ds., d&)
. = 0 Jj J o Jo 0 0 s

t plis)x(s—) pL ~
+/ / / 616 N1 (ds, du, d§).
0 Jo 0

PROOF. By dominated convergence we have a.s.

t
0

t
Jim [ (0, + B 0)0,0) ds = [ (b + B)x(5)) ds.

On the other hand, it is easy to show that a.s.

r pL r pL
tim [ [ eNotds.ds)= [ [ eNows. a).
n—=00Jo Jeg, 0 JO
Then (5.22) follows from (5.14) and Lemma 5.2. [J

THEOREM 5.2. There is a solution x(-) of (5.1).

PROOF. By Lemma 5.3 there is a sequence of processes {xi(-)} satisfying the
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equations

t r t
1) =20+ [ (66 +Bx@)ds + Y [ 06)VIl dB; )
=1

t rk t pl(s)xp(s—) p1 "
+/f905No<ds,ds)+f/ /GléNl(ds,du,dS)
0 JO 0 JO 0

t pl$)xe(s—) rk 00 ,
+/0/0 /191§N1(ds,du,d§)—'/l‘ elgu(dg)/o 1(s)xx(s) ds.

The pathwise uniqueness of solutions holds for those equations by Theorem 5.1.
Based on this fact, it is easy to show that x(-) is increasing in k£ > 1. Let x(-) :=
limg_, oo X% (-). By Propositions 5.1 and 5.2 and Fatou’s lemma we conclude that
E[supg,~7 x(s)] < oo for each T > 0. Then we infer that x(-) satisfies (5.1).

O

In particular, if {o, b, B, [} are all deterministic constants, Theorems 5.1 and 5.2
imply that (5.1) has a unique strong solution x(-) and the solution is a strong
Markov process; see, for example, [15], pages 163—-166 and page 215. By Itd’s
formula, we find that x(-) has generator L determined by

Lf(x)=axf"(x)+ B+ Bx)f'(x)+ /oo Agoe f(x)m(d§)
(5.23) 0

v fo (Ao £ () — f(0)01E)x i (dE),

where o = Z;-Zl o*jz. Then x(-) is a CBI-process; see [16] and [27]. The stochas-
tic equation (5.1) gives explicit representations of the two types of jumps of the
process in terms of the Poisson random measures No(ds, d€) and N1(ds, du, d§).
As far as we know, this characterization of the CBI-process has not appeared in the
literature. In the general case, the solution of (5.1) can be regarded as a generalized
CBI-process with random parameters.

6. Constructions of the two-dimensional processes. Based on the results
in the last section, we here construct two classes of Markov processes as strong
solutions of stochastic integral equations. The first class is the regular affine
process and the second is the catalytic CBI-process. The characterizations of those
processes in terms of stochastic equations play the key role in the study of the
limit theorems in the next section. To simplify the discussions, we impose some
conditions on the jumps so that the processes possess finite first moments.

DEFINITION 6.1. A set of parameters (a, («;;), (b1, b2), (Bij), m, u) is called
admissible if:

(i) a € R4 is a constant;
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(i1) (o4;) is a symmetric nonnegative definite (2 x 2)-matrix;

(ii1) (b1, by) € D is a vector;

(iv) (Bij) is a (2 x 2)-matrix with B12 = 0;

(v) m(d§) is a o -finite measure on D supported by D \ {0} such that

[ @) + 1262 m@s) < oo
(vi) u(dé&) is a o-finite measure on D supported by D \ {0} such that

/D[lu@l) + 1(E)11(dE) < .

THEOREM 6.1 ([10]). Suppose that (a, («;j), (b1, b2), (Bij), m, u) is a set of
admissible parameters. For u = (u1, uz) € U set

(6.1) F(u) = byuy + byup + au3 + /;)(e<”’$> — 1 — &ua)m(dE)

and

62) R(u) = Briut + Boruz + aju? + 2apuius + asus

+ /D(ew"g) — 1 — &y — uo)u(dg).

Then there is a unique regular affine semigroup (P(t));>0 determined by (3.11)
where Yo (t, u) = ePnty,, Yr1(t, u) solves the generalized Riccati equation

d
(6.3) SV =R w), P2lun), Y 0,u) = u
and
t
6.4) ¢(t,u):/ F(1(s, u), 5 u3) ds.
0

Let (a, (a;j), (Bij), (bj),m, ) be a set of admissible parameters and let A be
the generator of the regular affine semigroup (P(?));>0 characterized by Theo-
rem 6.1. It is not hard to show that

Af (x) = aqix1 fi1(x) + 2010x71 f15(xX) + a2x1 f25(x) + afzs(x)
+ (b1 4 Brix1) f1(x) + (b2 + Baix1 + Baox2) f5(x)

(6.5)
+ /D (Ae f () — f(x)E)m(dE)

+ [ Ber = (Vs o)

for f € C>(D), where V f(x) = (fi(x), f5(x)).

Let 09 = 4/a and let (0ij) be a (2 x 2)-matrix satisfying (o;;) = (0;;)(0i;)°".
Let (2, .7, %, P) be a filtered probability space satisfying the usual hypotheses.
Suppose that on this probability space the following objects are defined:
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(a) a three-dimensional Brownian motion B(-) = (Bo(-), B1(-), B2("));

(b) a Poisson random measure No(ds,d&) on (0,00) x D with intensity
dsm(d§);

(c) a Poisson random measure Nj(ds, du,d&) on (0, 00)? x D with intensity
dsdu u(d§).

We assume that Bo(-), No and N; are independent of each other and (.%;);>0
is the augmented natural filtration generated by them. Let x(0) be a nonneg-
ative .#p-measurable random variable defined on (2, .%, .%;, P). By Theorems
5.1 and 5.2 there is a unique strong solution x(-) of

t t
x(t) = x(0) + /O (b1 + Brix(s)) ds + /0 011y 2x(5) d By (5)

t t
6.6) + / o12v2x(5) dBa(s) + f / £\ No(ds, &)
0 0 JD

+f0’ /()X(s_)/L)slﬁl(ds,du,dé).

As explained at the end of the last section, x(-) is a CBI-process. In addition, let
z(0) be an .%p-measurable random variable defined on (2,.7, .%;, P). We con-
sider the equation

t t
2(t) = 2(0) + /0 (by + Bo1x(s) + Baaz(s)) ds + /0 V200d Bo(s)

t t
(6.7) +/0 021\/2x(s)d81(s)+/0 022/ 2x(s)d B (s)

+/0th§21\70(ds,d§)+f0t /Ox(s_)/Dsle(ds,du,ds)-

THEOREM 6.2. The equation system (6.6) and (6.7) has a unique strong solu-
tion (x(+), z(-)). Moreover, (x(-), z(-)) is an affine Markov process with generator
A given by (6.5).

PROOF. By It6’s formula it is not hard to show that

t
2(t) = eP212(0) + P! / P25 (by + Py x(s)) ds
0
t t
+eﬂ22’/ \/ane_ﬂzzsdBo(s)+e’322t/ o21e P25 /2% (s)d By (s)
(6.8) Ot 0 ,
+ Pt / o2e P25 /2% (s)dBa(s) + P2 / / e P58, No(ds, dg)
0 0 JD

Lot [ o e P58, Ny (ds, du, dE)
o Jo b 2N1\4ds, au,
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defines a solution of (6.7) and conversely any solution of (6.7) must be given
by (6.8). The uniqueness implies the strong Markov property of (x(-), z(-)). By
1t6’s formula, we find that the Markov process (x(-), z(-)) has generator A. [J

Now suppose that b > 0 and m,(I1) < oo, were m, denotes the projection of m
to R. Let D4 = R%r C D. Given a nonnegative .#p-measurable random variable
v(0) defined on (2, .%, %, P), we consider the equation

t t
y(1) = y(0) + /0 (b2 + Bo1x(5)y(s) + Bray(s)) ds + /0 60v/2y () d Bo(s)
t t
69  + /0 021y/2x(5)y(s) dB1(s) + /0 022/2x(5)y(5) d Ba(s)

+/Oz /D+ SzNo(ds,d§)+f0t folx(s_)y(s_) /D+ &) (ds. du, dt).

A solution y(-) of (6.9) can be regarded as a generalized CBI-process with random
parameters governed by the process x (-). Following Dawson and Fleischmann [5],
we shall call the pair (x(-), y(-)) a catalytic CBI-process, where x (-) is the catalyst
process and y(-) is the reactant process.

THEOREM 6.3. The equation system (6.6) and (6.9) has a unique strong so-
lution (x (), y(+)).

PROOF. It suffices to consider the case where the initial states x(0) and y(0)
are deterministic. For n > x(0) let 7, = inf{s > 0:x(s) > n} and x,,(t) = x(t A T,,).

By Theorems 5.1 and 5.2, there is a unique strong solution (x(-), y,(-)) of the
equation system formed by (6.6) and

t
Wn(6) = y(0) + /0 (b2 + Ba1 () Y (5) + Baayn(s)) ds
t t
+ /O 00/ 2y (5) d Bo(s) + /O 0213/ 220 ()Y (5) d By (5)
t t
+ /0 0323/ 20 (5) v (5) d Ba(s) + /0 /D EaNotds, d8)

t plxp(s=)yn(s—) -
+/ / / &2 (ds, du, dg).
0 Jo Dy

By the uniqueness, for any n > m > x(0) the two processes y, (f A T,,) and yy, (t A
T,,) are indistinguishable. Since 1, — 00 as n — o0, it is easy to see that y(¢) :=
lim,, 50 ¥, (¢) is the unique solution of (6.9). O

(6.10)

By Theorem 6.3, the catalytic CBI-process (x(-), y(-)) is a strong Markov
process with state space D;. Let D_ =R, x R_. By Itd’s formula we find that
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(x(-), y(-)) has generator L determined by
Lf (x) = a11xy f1(x) 4+ 21221 /X2 f15(x) + @22x1x2 f25 (x) + axa f35(x)
+ (b1 + Br1x1) f1(x) + (b2 + Barx1x2 + Boax2) fr(x)

+ [ Aef(ms) + [ Aorcoma)

(6.11) + /D [Ag f(x) — (Vf(x), E)(x1 ALxix) u(dE)
+fD (A0 f () — fIOE][x1 — (x1 Alx1x2) ] (d§)
+ /D [A©.6)f(x) — f0)&][Lx1xa — (x1 Alx1x2) 110 (dE)

+ [ [0 rm - fiwalnuds.

7. Fluctuation limit theorems. In this section we show that an affine process
arises naturally from a limit theorem based on catalytic CBI-processes. By virtue
of the characterizations given in the last section, we can establish the limit theorem
in the sense of convergence in probability. Let (2, .%, .%;, P) be a filtered prob-
ability space satisfying the usual hypotheses and let B(-), No and N be given as
in the last section. Let (a, («;;), (Bij), (b;), m, u) be admissible parameters with
B22 < 0and ma(l1) < 0o. Let og = y/a and let (0;;) be a (2 x 2)-matrix satisfying
(aij) = (07j)(0ij)".

Let {6k} be a sequence such that 1 < 6; — 0o as k — oo. For each k > 1 let
v (0) be an .%#y-measurable random variable and let y;(-) be the solution of

t
() = ye(0) + /0 (6B + Barx(9)3(s) + b3 (s) + Brayi(s)) ds
t t
v /O 00y/25(5) d Bo(s) + fo 021y/2x(5) 7 (s) d By (s)
t t ~
4 /O 022323 ()54 (5) d Ba(s) + /O fm £2No(ds, d&)

tpx(s—)yr(s—) -
+/ / f &Ny (ds, du, dE),
0 Jo o

where Vi () = yx(t) /6 and x(-) is defined by (6.6). When 6 is sufficiently large,
(7.1) is essentially a special form of (6.9). Then the pair (x(-), yx(-)) is a catalytic
CBI-process. Set zx () = yi (t) — 6.

(7.1)
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THEOREM 7.1. Suppose that z(0) is an Fo-measurable random variable such
that E[|z(0)|] < o0 and

(7.2) Jim Ef|z¢(0) = 2(O)[1=0.

Then zi(-) converges in probability by the topology of D([0, 00),R) fo the solu-
tion z(-) of

t t
2(t) = 2(0) + /0 (b2 + Bo1x(s) + Braz(s)) ds + /O V200 dBo(s)
t t
(7.3) +'/0 621\/2x(s)dBl(S)+/0 022v/2x(s)d B (s)

+/Oz fD+ gzﬁo(ds,d§)+/ot /Om_) fD+ £ N\ (ds, du, d€).

PROOF. From (7.1) we get

t
(6 = 51.(0) + /0 (B2 + 67 Barx ($)5(s) + 67 baFie(s) + B3 (s)) ds
t t
+ /0 67 0oy 25%(5) d Bo(s) + /0 07 L 021,/2x ()7 (s) d B1 (s)
t t ~
—I—/O 9}(—1022,/2x(s)§k(s)dB2(s)—I—/O /D+ Qk_lgzNo(dS,dé)

t px(s—)yr(s—) 1. =
+/ / / 0, & Ni(ds,du,d§).
0 Jo D,

For n > 1 let 7, = inf{s > 0:x(s) > n}. Then t,, — 00 as n — oco. Under condi-
tion (7.2) we clearly have sup;- E[yx(0)] < co. By Proposition 5.2,

(7.4)

(7.5) supE[ sup Yr(s A rn)] < 00.
k=1 Lo<s<T

Let 1,1 () = yx(t A 1) — 1. By (7.4) and Doob’s martingale inequality we get

t
Elm4 (011 < E[7xO) 1+ |B22] fo El[70.4()]1ds
1 t
Lo /0 (by + 1121 DELGk (s A )] ds
¢ 12
+ 6, (V200 + V2n021 4+ v 2n022) ( /0 E[5i(s A Tn)] ds)
+ 67 ima(li) + 20, 'tma(112)
¢ 12
(7.6) +9k_1\/nuz(llz)< fo El5i(s A rn)]ds)
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t
+ 206 palho) fo E[5(s A )] ds,

where m, and p, denote, respectively, the projections of m and p to R. An appli-
cation of Gronwall’s inequality shows that

(1.7) E[[7: kO =E[|yx( A1p) — 1]] > 0

as k — oo. From (7.1) we see that z;(-) satisfies

t
2(t) = 2£(0) + fo (ba5(5) + Ba1x () (5) + Baozi () ds
t t
+ /O 00/ 25%(5) dBo(s) + /0 o213/ 2x () i (5) d By (5)
t t -
+ /O 022/2x(5) 3 (s) d Ba(s) + /0 /D &2Mods, ag)

t px(s=)yr(s—) -
+/ / / & N1 (ds, du, dE).
0 Jo D,

Let &y x(t) = 2k (t A1) — 2(t A T). Then we have

(7.8)

AT,

Cot (1) = Coi(0) + f (b2 + Ba1x () i (5) ds
AT, AT,
+ oo / Coi(5) ds + fo V200(y/5k () — 1) dBo(s)

INT,
+ / V2x() (y/5k(s) — 1) d By (s)
+/O ! 022V/2x(5) (/K (s) — 1) dBa(s)

ATy pX(s=)Vr(s—) -
[ [ efi@s,duas).
0 x(s—) Dy

By It6’s formula,

tAT,

P00 = G @)+ [ (b 4 B9 () ds
+f T Sao0e P ([5(s) — 1) dBos)
+ [ T oo P2 ) (k) — 1) dBy )
+ /Omrn Gzze_ﬂzzsm&/%— 1)dBa(s)
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AT px(s=)Tr(s—) ]
+/ /( ) / P61 g <y N1 (ds. du, dE)
X(§—

ATy x(s— )yk(é )
+/ /( ) f 2811651 N1 (ds, du, d§)
X(5—

tAT,
- / P2 (5) [ (s) — 1]ds / £l (1) 14 (dE).
0 D,
By Doob’s inequality we get

E[ sup |e—ﬂ22°‘;n,k(s>|}

0<s<t

< Bl 01+ [ "¢ P25 (by 4 o1 DEI o 4(s) 1
+4x/§ao</t e PE[(5i(s A T) — 1)7] ds)1/2
0
+4~/ﬂ(622+021)(/0t 6_2’3225 [(v/Fx(s A ) —1 )1/2
t 1/2
+4\/nuz(112)( [ e—zﬂzz“Ennn,k(s)uds)

t
+ 2np0(112) /0 e P2 E [0, ()] ds

where

E[(y/5k(s A1) — 1)*] Ell5k(s A 1) — 111 = E[na4(s)]].
Then (7.2) and (7.7) imply that
(7.9) E[ sup |e—ﬂ22“gn,k(s)|} =0
0<s<t

as k — oo. Forany ¢ > 0, n > 0 and T > 0 we first choose n so that P{r, < T} <
e/2. In view of (7.9), there is some kg so that

P{ sup |¢n,k(s>|zn}sn‘1E[ sup |;n,k(s)|]ss/2
0<s<T 0<s<T
for every k > ko. It then follows that
Pl sup Jzu(s) ~ 20 =0} <P(m < T) 4P| swp feuko)l =] <o
0<s<T 0<s<T

Then zx(-) converges to z(-) in probability by the topology of D([0, co), R). U
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Clearly, the pair (x(-), z(-)) defined by (6.6) and (7.3) is an affine process with
nonnegative jumps. In other words, Theorem 7.1 gives an interpretation of a par-
ticular class of affine processes in terms of catalytic CBI-processes. To consider
general affine processes, we assume the following decompositions of the parame-
ters:

+ + -
oo =0, —0 , 02j =0y; = 0y;,

(7.10)
by=by —by,  Ba=p— B

Let x(-) be defined by (6.6) and let y,ﬁc(-) be the solutions of the equations
Vi (@0 =y (0)+ /O (=0 + B30T () + B T ) + By (5)) ds
+ /Ot o /254 (s)dBo(s) + /Ol 051y 2x(8) ¥ (s)dBi(s)
+ [yt wane + [ [ afy@s.do

topx(s=)F(s—) .
+/ / / &N\ (ds, du, dE),
o Jo o

Vi () =y, (0) +/0 (=0kB22 + By x ()T () + by Ji () + By (5)) ds

t t
+/0 oy Zyk_(s)dBo(s)—i—/O 0514/ 2x(8) Y, (s)dBi(s)

t t B
+/0 02 2X(s)§k‘(s)de(s)—/0 /D, ENo(ds, d&)

topx(s—)y; (s—) -
- f f f &N\ (ds, du, dE),
0 JO D_

where ji;t(t) = y,f(t)/@k. We may regard (x(-),y,j(-),yk_(-)) as a catalytic
CBlI-process with a pair of reactant processes. Set z,ﬁc(t) = y,ﬁc(t) — 6 and
() =z (1) — 7 (1) = yf (1) =y (1),

(7.11)

(7.12)

THEOREM 7.2. Suppose that z7(0) and z=(0) are Fy-measurable random
variables such that E[|z(0)| + |z (0)|] < oo and

(7.13) kl_ig}OE[IZ,}F(O) —27(0)] + 1z, (0) =z~ (0)[] =0,

Then zj () converges in probability by the topology of D([0, 00), R) to the solution
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z() of

t t
2(1) = 2(0) + /0 (b2 + Bo1x(s) + Braz(s)) ds + /O V260 d Bo(s)

t t
(7.14) +/0 (121\/2x(s)dB](s)—|-‘/0 022v/2x(s) dBa(s)

—I—fot/D&No(ds,dS)—l-/ot fox(s_)/l)szﬁl (ds. du, d8).

where z(0) = z7(0) — z7(0).

PROOF. By Theorem 7.1, the sequence (z,":(-), i (+)) converges in probability
by the topology of D([0, c0), R2) to the solution (zT(-), z7(-)) of

)y =270+ fo t (b3 + B x(s) + Baaz ™ (s)) ds + /0 t V205" dBo(s)

t t
+ /0 051v/2x(s)d By (s) + fo 035v/2x(s) d B2 (s)

+f t [ s, de) + [ t [ o A s, du. ).

t t
(1) =27(0) + fo (b5 + B51x(s) + Braz(s)) ds + /0 V20 dBo(s)

t t
+/0 Gi\/2x(s)dBl(s)+A 05,V 2x(s) d B> (s)

_fot /D_ Szﬁo(ds,d&‘)—fot /Ox(s_) /D_ &N\ (ds, du, d€).

Itis simple to check that z(-) = z7(-) —z~ (-) solves (6.7). That proves the theorem.
O

The pair (x(-), z(-)) defined by (6.6) and (7.14) is an affine process with admis-
sible parameters (ag, (@ij), (Bij), (bj), m, n). Then the above theorem establishes
a connection between catalytic CBI-processes and affine processes. This result is
of interest since the studies of catalytic branching processes and affine processes
have been undergoing rapid developments in recent years with rather different mo-
tivations; see, for example, [6] and [10].

Acknowledgments. We would like to thank Professors T. Shiga and S. Watan-
abe for helpful discussions and Professor Z. Q. Chen for useful comments on the
literature. We are grateful to the two referees for pointing out a number of typos.
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