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Abstract The distributional properties of a multi-dimensional continuous-state branching process
are determined by its cumulant semigroup, which is defined by the backward differential equation.
We provide a proof of the assertion of Rhyzhov and Skorokhod (Theory Probab. Appl., 1970) on the
uniqueness of the solutions to the equation, which is based on a characterization of the process as the
pathwise unique solution to a system of stochastic equations.

Keywords Continuous-state branching process, multi-dimensional, backward differential equation,

stochastic equation, generator

MR(2010) Subject Classification 60J80, 60H20

1 Introduction

Let Ry = [0,00) and let D = R be its mth power for an integer m > 1. Suppose that
& = {&(t) : t > 0} is a stochastically continuous Markov process in D with homogeneous
transition semigroup {P(t) : ¢ > 0}. We call £ a continuous-state branching process (CB-

process) if its transition semigroup satisfies the branching property:
P(t>x+y7):P(t7x7)*P(t7y>)7 377y€D7 (11)

where “x” denotes the convolution operation. Here £ may not be conservative, so it is in general
a Markov process in the one-point compactification D := D U {oc} with oo being the cemetery.
The CB-process is a special form of the measure-valued branching processes studied in
Dawson [7], Dynkin [12], Le Gall [20] and Li [22]. A more general class of finite-dimensional
Markov processes, the affine processes, were investigated in Duffie et al. [10]. The process
has played important roles in the study of different areas including biological populations,
statistical physics, mathematical finance and so on. The problem of characterizing the most
general branching Markov processes in finite- or infinite-dimensional state spaces has been
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studied by Duffie et al. [10], Dynkin et al. [13], Rhyzhov and Skorokhod [25], Silverstein [28]
and Watanabe [29].

The basic structures of the multi-dimensional CB-process were investigated by Rhyzhov and
Skorokhod [25] and Watanabe [29]. Let C_ = {z +iy : 2 < 0,y € R}, where i = /-1, be the
closed left half complex plane and let C__ = {z + iy : © < 0,y € R} be its interior. The mth
powers of them are denoted by C™ and C™_, respectively. From the branching property (1.1),
it follows that P(¢,x,-) is an infinitely divisible distribution on D. A more careful analysis
shows that the Laplace transform of P(t,x,-) is characterized by, for A € C™,

/De<)"Z>P(t,x,dz) = exp{(x, K(t,\)}, (1.2)

where (-, -) denotes the inner product and K (¢, \) = (K1(t,A), ..., Kn(t,A)) € C™. From (1.2)
we have, fori=1,...,m,

Kyt \) = log / N P(t, 5, dz), (1.3)
D

where 0; = (1fi=1},- .-, l{i=m}) € D. The Chapman-Kolmogorov equation of {P(t) : t > 0}
implies

K(s+1t, ) =K(s,K(t,\), st>0, AeC™. (1.4)
We call {K(t) : t > 0} the cumulant semigroup of € or {P(t) : t > 0}. In view of (1.2), we have
P(t,z,D) = exp{(z, K(t,0))}, t>0, z€D. (1.5)

From the stochastic continuity of {£(t) : ¢ > 0} it follows that ¢ — K (¢, \) is continuous in
t > 0 for each A € C™ and the restriction of A\ — K(t,\) to C™

is a holomorphic self-map.
In fact, the infinite divisibility of the transition probabilities yields a Lévy—Khintchine type
representation of the function A — K (¢, A). For m = 1 this is known as a Bernstein function;
see, e.g., Schilling et al. [27]. It was shown by Rhyzhov and Skorokhod [25] that for any A € C™_
the following derivative exists:

H(\) = ;itK(t, A) X (1.6)

Rhyzhov and Skorokhod [25] also derived from (1.4) and (1.6) the differential equation, for
AreCm_,
d
dtK(t,)\) = H(K(t,\), K(@0,X =M\ (1.7)
This is referred to as the backward differential equation of the cumulant semigroup since it
corresponds to Kolmogorov’s backward differential equation of the transition semigroup {P(t) :
t > 0}. A similar differential equation for the generating functions of integer-valued branching
processes was given by Athreya and Ney [1, p. 106].

We call H = (Hy, ..., Hy,,) the branching mechanism of £. In complex analysis, one usually
refers to (1.7) as the Loewner—-Kufarev equation; see, e.g., Bracci et al. [6], Duren [11] and
Gumenyuk et al. [16, 17]. It is also called the generalized Riccati equation; see Duffie et al. [10]

and the references therein. For ¢ = (z1,...,2m) € D let |z| = |x1| + -+ + |2m]|. In Rhyzhov
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and Skorokhod [25], the following Lévy—Khintchine type representation of H = (Hy, ..., H,,)
was identified: for i =1,...,m,

) = (a3 + 53+ [ (eM 1 )mwz), (1.8)

where 8, > 0, a; = (@i1,...,0im) € R™ satisfies a;; > 0 for j # ¢ and m,;(dz) is a o-finite
measure on D° := D \ {0} satisfying

/DO K zm: zj+z$> Al}wi(dz) < 0. (1.9)

=1
The property a;; > 0 for j # i follows essentially from (1.6) and the fact that A — K (¢, \)
is the cumulant of an infinitely divisible distribution on R’?. It was derived rigorously in Duffie

iz
14 |22

et al. [10, Theorem 2.7]. Note that the property was stated incorrectly as a;; > 0 for j # ¢ in
[25, p. 706]. The integrability condition (1.9) also corrects the condition given in [25, p. 706],
where it was only claimed that

/{z|<1} ( Zm: zj + Z?)Wi(dZ) < o0. (1.10)

j=1,j#i

It is easy to see that (1.9) is satisfied if and only if (1.10) holds and
m({z € D°: |z| > 1}) < o0, (1.11)

which is a standard assumption for the Lévy measure; see, e.g., Sato [26, Theorem 8.1]. For
instance, if A = —(1,...,1), then the integrand in (1.8) becomes
—e 1 %
f(z)=e + 1+ |22’

which satisfies

<<ty Pl (Vo) sy

- - 14122 = \2 e/}’ -

Then the integral on the right-hand side of (1.8) diverges when (1.11) is not satisfied. This
shows that (1.9) is the correct assumption.

For the convenience of our exploration, we need another representation of the branching

mechanism H = (Hi,...,Hy). Let o = (a1, ..., Q4m ), where ay; = a;; for j # ¢ and
1
Qg = ag; + /D° Zi(1{|z§1} L z|2)77i(d2)-
Then, for i =1,...,m,
1
HZ()\) = <ai,)\> + 252‘)\? +/ (G(A’Z) —1- )\izil{|z|§1})7ﬁ(d2). (1.12)

It is known that the one-dimensional CB-process is conservative if and only if the following

condition is satisfied:

dA
foovimeay = 19

see, e.g., [15, 18, 19]. There seems no necessary and sufficient condition in such a simple form

for the conservativeness of multi-dimensional CB-processes.
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Example 1.1 Let us consider the one-dimensional case, i.e., m = 1. Foro > 0and 0 < a < 1,
an a-stable branching mechanism is defined by H(A) = —o(—=A)®. In this case, for A € C__
the unique solution to (1.7) is given by

—[o(1 —a)t + (=N)'2/0=) for 0 < a < 1,

et for o = 1.

K(t,\) = {

This is a holomorphic function in C__ and has a unique continuous extension on C_ with

—lo(1 —a)t]/0=%)  for 0 < o < 1,
Ko - { 0N
0 foraa =1,
which solves (1.7) for A = 0. The solution to (1.7) is unique for A = 0 if and only if &« = 1, as

K (t,0) := 0 also solves the equation for A = 0.
Example 1.2 Let m = 1 and consider the }-stable branching mechanism H(\) = —2v/—A.

In this case, for A € C__ we have
K(t,\) = —(t+vV-)\)?,

which maps C__ to the domain {x +iy : < —./t2 +2|y|}. The uniqueness of solution to
(1.7) breaks down for A = 0. In fact, for any r € [0, 00] the map t — K" (£,0) := —(t—7)* Ly
is a solution to (1.7) for A = 0.

Remark 1.3 Let H be a branching mechanism defined by (1.8) or (1.12). From the result
of Duffie et al. [10, Theorem 2.7 and Proposition 6.1] it follows that for any A € C™_ there
is a unique solution to (1.7) and one can define the transition semigroup of a CB-process by
(1.2); see also Watanabe [29, Theorems 2 and 2']. By (1.3) we can extend A — K(t,\) to a

continuous self-map of C™. For A € C™_ we can rewrite (1.7) into its integral form

K(t,\) = A+ /t H(EK(s,\))ds, > 0. (1.14)
0

In view of (1.8) or (1.12), it is clear that the function A — H(A) admits a unique continuous
extension on C™ with H(0) = 0. By approximation from the interior and application of domi-
nated convergence we see that (1.14) remains true for A € C™ := C™\ C™_. By differentiating
both sides of the integral equation we see that (1.7) also holds for all A € C™. That proves the
existence of the solution to (1.7) for all A € C™; see also Duffie et al. [10, Proposition 6.4 and
its proof].

Rhyzhov and Skorokhod [25, p. 706] wrote: It can be shown that if (1.7) has a unique
solution belonging to C™ for all A € C™, then exp{(z, K (¢, \))} will be a transform of type (1.1)
of the transition probability of a branching process. The following assertion is very plausible: in
order that the equation (1.7) has a unique solution for all A € C™, it is necessary and sufficient
that it has a unique solution for A = 0. In view of Remark 1.3, we can restate their assertion
equivalently as: in order that the equation (1.7) has a unique solution for all A € C™, it is
necessary and sufficient that ¢ — K (¢,0) = 0 is the unique solution to (1.7) for A = 0.

In this paper, we provide a proof of the assertion of Rhyzhov and Skorokhod [25, p. 706].
The proof is based on a characterization of the m-dimensional CB-process as the pathwise

unique solution to a system of stochastic equations.
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2 The System of Stochastic Equations

Recall that the vector-valued function H = (Hq,..., Hy,,) is defined by (1.12) with parameters
(as, Bi,mi), t = 1,...,m. Suppose that (£2,.%,.%;,P) is a filtered probability space satisfying
the usual hypotheses. For each k =1,...,m let {By(t)} be an (:#;)-Brownian motion and let
{Ny(ds,dz,du)} be a time-space (%#;)-Poisson random measure on (0,00) x D° x (0, 00) with
intensity dsmy(dz)du. Let Ni(ds,dz,du) := Ny (ds,dz, du) — dsmy(dz)du denote the compen-
sated measure. Let D1 = {x € D° : || < 1} and D§ = {z € D° : |z| > 1}. We consider the

system of stochastic integral equations, for k =1,...,m,

&(t) = £6(0) + /0 VOEr(8)dB(s) + 3 /0 aixa(s)ds
=1

¢ enls=) - t €r(s-)
+/ / / szk(ds,dz,du)—f—/ / / 2N (ds, dz, du)
o JD; Jo o Jp¢Jo

m t £i(s—)
+ Z / / / 2, Ni(ds, dz, du). (2.1)
o JpeJo

i=1,i%k

We say an (%#;)-adapted cadlag process {£(¢) : ¢t > 0} = {(&(¢),...,&n(t)) : t > 0} in D
with possibly finite lifetime is a solution to (2.1) if the equation holds almost surely when ¢ is
replaced by t A ¢, for every t > 0 and n > 1, where (,, = inf{t > 0: |£(¢)| > n} with inf ) = co
by convention. We make the convention that £(¢) = oo for ¢t > ¢ := lim, o (.. By saying
{&(t)} is conservative we mean ¢ = oo almost surely.

To prove the existence and uniqueness of the solution to (2.1), we introduce an approxi-
mating sequence of the stochastic equation. For each n > 1 let us consider the equations, for
k=1,...,m,

rlt) = €(0) + /0 Vi (s)AB(s) + Y /0 asnrni(3)ds

t T (s—) B B t Tnik(s—)
—|—/ / / 21Ny (ds, dz, du) —|—/ / / (2 An)Ng(ds, dz, du)
0o JpiJo 0 JpgJo

+ Em: /Ot/o/OQW(S_)(Z;C/\n)Ni(ds,dz,du)7 (2.2)

i=1,i%#k

The truncation z; A n := min{zg,n} in (2.2) changes the jump sizes larger than n into jump
size n. With this modification of the equation, we can apply Barczy et al. [2, Theorem 4.6] to
see that there is a pathwise unique solution {x,(t) : t > 0} = {(zn1(¢), ..., Znm(t)) : t > 0} to
(2.2).

Theorem 2.1 For any Fy-measurable random variable £(0) € D, there is a pathwise unique
solution {&(t) : t > 0} to (2.1).

Proof TFor n > 1 define the stopping time (, = inf{t > 0 : |z,(t)] > n}. Then |z, (t)] < n
for 0 < ¢t < (,. Since the processes {z,i(t) : t > 0}, k = 1,...,m are nonnegative and can
only have positive jumps, they do not have jumps with jump sizes larger than n in the time
interval (0, (,), so the truncation (z; An) in (2.2) makes no difference in this time interval. It

follows that z,41(t) = x,(t) for 0 < ¢ < {, and (, is nondecreasing in n > 1. Then we can
define a process {£(t) : t > 0} = {(&1(t),...,&n(t)) : t > 0} in D such that £(t) = x,(t) for
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0 <t<(and £(t) = oo for t > ¢ := limy, o0 (- It is easy to see that {£(¢) : ¢ > 0} is a
solution to (2.1) and ¢, = inf{t > 0: |£(¢)| > n}. This proves the existence of solution to (2.1).
Now suppose that {y(¢) : t > 0} = {(y1(t),...,ym(t)) : t > 0} is also a solution to (2.1). Let
Tn = inf{t > 0: |y(¢)| > n} and n, = 7, A, for n > 1. Then |y(t)| < n and |£(¢)] < n for
0 <t < nyp, and so the processes {y(¢) : t > 0} and {{(¢) : ¢ > 0} coincide in the time interval
(0,my). In view of (2.1) and (2.2) we have £(n,,) = y(n,), which implies n, = ¢, = 7. It follows
that ¢ = lim,— 00 ¢ = limy, 00 7, and so the processes {y(t) : t > 0} and {{(¢) : ¢ > 0} are
indistinguishable. Then the pathwise uniqueness of solutions holds for (2.1). O

The system of stochastic equations (2.1) gives a construction of the sample path of the
m-dimensional CB-process. The existence and pathwise uniqueness of solutions to (2.1) were
established in Dawson and Li [8] for m = 1 under a stronger moment condition. A flow of
discontinuous CB-processes was constructed in Bertoin and Le Gall [5] by weak solutions to a
special form of the one-dimensional stochastic equation; see also [4]. Their construction was
extended to general flows in Dawson and Li [9] using strong solutions. See, e.g., Bernis et al. [3],
Fang and Li [14], Li [21, 22] and Pardoux [24] for a number of applications of those stochastic
equations. Theorem 2.1 weakens the moment conditions in Barczy et al. [2] and Ma [23], where
multi-dimensional continuous state branching processes with immigration were constructed in

terms of stochastic equations.

3 A Time-space Martingale Problem
Let C2(D) be the set of twice continuously differentiable functions f = f(z) on D that together

with their derivatives up to the second order are rapidly decreasing as || — oo. We extend the
functions f = f(z) in CZ(D) and those derivatives trivially to co so that they become bounded
continuous functions on D. For z € D and f € C3(D) set

Af(@) = Y alon VI@) + ) O fraffale)
k=1

k=

+3oan [ [8:50) = afil@)Lo, () (dz), (31)
k=1

where A, f(z) = f(z+2z)— f(z). Then we can understand Af as a bounded continuous function
on D with Af(co) = 0.

For a fixed constant u > 0 let C%2([0,u] x D) be the set of functions f = f(t,x) on
[0,u] x D that are continuously differentiable in ¢ € [0, u] and twice continuously differentiable
inz=(x1,...,2,3) €D. For f € C"?([0,u] x D) and 4,5 = 1,...,m write

Oty it = 0 fita).

% Catv)

0
fottw) =

Let Ca%([0,u] x D) be the set of functions f = f(t,z) in C*2([0,u] x D) that together with
the above derivatives are rapidly decreasing as |x| — oo. We extend all the functions in
Cy?([0,u] x D) and those derivatives trivially to [0,u] x {o0} so that they become bounded
continuous functions on [0, u] x D. The theorem below gives the characterization of the solution
{&(t) : t > 0} to (2.1) by a time-space martingale problem, which identifies the operator A

defined by (3.1) as (a restriction of) its generator.
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Theorem 3.1 Let {£(t) : t > 0} be the pathwise unique solution to (2.1). Then for any
0<t<wuand feCy*(0,u] x D) we have

f(t,€(1)) :f(O,E(O)H/O [fo(s,8(s) + Af(s,6(s))]ds + M(2), (3-2)

where A acts on the function x — f(s,z) and {M(t) : 0 < t < u} is a bounded martingale
defined by

0=3 / wkgk(s)f;;(s,f(s))dm(s)
& (s
+Z/ / / —))Ny(ds, dz, du). (3.3)

Proof For n > 1 let {x,(t) : t > 0} = {(xn1(t),. .., Tnm(t)) : t > 0} be the pathwise unique
solution to (2.2). By Itd’s formula, for 0 < ¢ < u we have

F(ta(0) = FO.E0)+ [ ol (s- Das+ 303 / i (5=) FL (5, 2 (5—))ds

k=11i=1

+k§:_1/ot vV Brnr (s=) fi.(s, 2 (s—))dBi(s Z/ BT (5= ) 1 (8, T (s—))ds
+Zm:/t /D1 /“’nkﬁq) 21 fr(s, 2 (s—)) Ni(ds, dz, du)

+Z/ / / Zk A FL(s, @n(5—)) Nio(ds, dz, du)

+i Z // /ﬂf o (2 An) fr(s, zn(s—))N;(ds, dz, du)

k=11i=1,i#k

+Z/// s:xn(s=) + (2 An)) = f(s,2n(5-))

— (2 An,Vf(s,2,(5—)))|Ni(ds, dz, du)

/fos;vn ds—i—Z/ Zni(s=) (i, V(5,20 (s—)))ds
+;/0 VBt (s=) fi(s, @ (s=))dBy (s Z/ Be®ni(5=) fin (s, Tn(s—))ds
n i / t / / T AL, o)) Ni(ds, d, )
+Z/ [ e + G Am) s matso

= 2k fi (5, 2n(5=)) 1, (2)] Nk (ds, dz, du)

+/Otf6(8,xn ds+Z/ i (5= ) (s, V (5, (5—)))ds
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+§m:/t V Brni(s=) f1 (s, 2n(s—))dBy(s Z/ Brnk(s—) frp (s, 2n(s—))ds
+Z / /| / T A S5, (s Ni(ds, de, )

+ kz_:l/o xnk(s_)ds /L)O[Az/\nf(svxn(s_)) - Zkfllc(svxn(s_))1D1(z)]7Tk(dz)v
where z An = (21 An,...,zn An). Then

[t xn(t) = £(0,£(0)) + /O [fo(s,2n(s=)) + Anf(s,on(s—))]ds + Mn(t),

where
mo ot
- Z/ Vﬁkxnk(s_)fllc(&xn(s_))dBk(S)
o 0 ¢ (s—)
+k§/0 /D/O Aspn f (5, T (5—))Ni(ds, dz, du)
and

Anf(s,z) I;Ik o, V (s, ) ;Zﬁwkfgk(&x)

k=1

+ ;l'k /DO[Az/\nf(S,fE) - Zkfl/f(svx)lDl (2)]mi(dz).

Let ¢, = inf{t > 0 : |z,(¢)] > n} for n > 1. By the proof of Theorem 2.1, the sequence
{¢.} is nondecreasing. Moreover, we have £(t) = z,(t) for 0 < ¢t < (, and £(t) = oo for
t > ( :=lim, o0 (p- It follows that

tACn
f@tzn(t A Gn)) = f(0,£(0)) +/O [fo(s,6(s=)) + Anf(s,6(s=))]ds + Mn(t A Gn),  (34)

where

m tACn
Valt G = 3 / V/BiE(s=)fi(s,€(s—))dBi(s)

/MC / /fk Ao f(s,6(s—))Ni(ds, dz, du). (3.5)

The definition of (, imphes that limy, o 2, ((,) = 0o. By considering the cases ( <t and ¢ >t
separately, we see that lim, oo n(t A () = £(t A ). Then letting n — oo in (3.4) and (3.5)

we obtain

tAC
f(t,E(ENCQ)) —f(07§(0))+/0 [fo(s,&(s=)) + Af(s,&(s=))]ds + Mc(t),

where

mo NG
= Z/ V/Brér(s=) fi(s,£(s—))dBx(s)
k=170

T 17Y8 £r(s—) i
+;/0 /D /0 A, f(s,&(s—))Ni(ds, dz, du).
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Recall that we understand f, f; and Af as bounded continuous functions on [0,u] x D with
f(s,00) = fi.(s,00) = Af(s,00) = 0 for all s € [0,u]. Then we have (3.2) and (3.3). From (3.2)
it is clear that

(M) <201+ (Lfoll + [1AfDu, 0 <t <u,

where || - || denotes the supremum norm of functions on [0,u] x D. Then {M(t) : 0 <t < u} is
a bounded martingale by (3.3). O

Corollary 3.2 The pathwise unique solution {£(t) : t > 0} to (2.1) is a cadlag process in D.

Proof By applying Theorem 3.1 to the function f(¢t,z) = e ® and u = 1,2,... we see that
{e=¢) . ¢ >0} is a cadlag process in [0,1]. Then {£(t) : t > 0} is a cadlag process in D. O

Corollary 3.3 The pathwise unique solution {£(t) : t > 0} to (2.1) is an m-dimensional
CB-process with transition semigroup {P(t) : t > 0} defined by (1.2) and (1.7).

Proof For A € C™_ let t — K(t,A\) € C™_ be the unique solution to (1.7). Fix v > 0 and
define

ft,z) = K=t N)2) <t <w, zeD.
Then f € Cy*([0,u] x D). Tt is easy to show that for k =1,...,m,
fh(t,z) = Kp(u — t, N)elK@=tN@) =gl (4 2) = K (u — ¢, X)2elK(u=tA))
and
A, f(x) = (eBW=t2:2) _ 1)K u=tA)o)
By (1.7) and (3.1) we have
fot, @) = —e K@=t (K (u—t,\)), 2) = —Af(t, z).

Note that the equalities above extend trivially to 2 € D. An application of Theorem 3.1 shows
that

(KW=t A)L(0) — o(K@NEO) L Af(), 0<t<u,
where {M(t) : 0 <t < u} is a bounded martingale. It follows that

E[eM¢W)| 2] = EleK@NE0) 1 N(y)]|2,)
— (K (wA)£(0) | M(t)
— (K (u—t,X),E(t)

Then {&(t) : ¢ > 0} is an m-dimensional CB-process with transition semigroup {P(t) : ¢t > 0}
defined by (1.2) and (1.7). O

Remark 3.4 In general, the process {£(t) : t > 0} lives in the extended state space D. For
this reason, we need the functions f and Af to have continuous extensions on [0,u] x D in
Theorem 3.1 and in the proof of Corollary 3.3. This is the reason that we assume A € C™_ in

the proof.
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4 The Backward Differential Equation

By Remark 1.3, there exists the solution ¢ — K(¢,A) to (1.7) for every A € C™. The next
theorem confirms the assertion of Rhyzhov and Skorokhod [25, p. 706]:

Theorem 4.1 The following statements are equivalent:

(i) For every A\ € C™ there is a unique solution t — K (t,\) € C™ to (1.7).

(ii) For A = 0 the unique solution to (1.7) is given by t — K(t,0) = 0.

(iii) The CB-process with transition semigroup given by (1.2) and (1.7) is conservative.
Proof (i)=-(ii) This is trivial.

(ii)=>(iii) Suppose that t — K(t,0) = 0 is the unique solution to (1.7) for A = 0. Then (1.5)
implies P(t,z,D) =1 for all t > 0 and = € D, which means the CB-process is conservative.

(iii)=-(i) Suppose that the CB-process with transition semigroup given by (1.2) and (1.7)
is conservative. Let {£(¢) : t > 0} be the realization of the process defined by (2.1) with
€(0) =z € D. Then {£(¢) : t > 0} is a cadlag process living in D. Suppose that t — J(t,\) is
also a solution to (1.7) for A € C™. Fix u > 0 and define

g(t,x) =@t g <t <y, zeD. (4.1)

It is easy to see that g € C12([0,u] x D). By (2.1) and Itd’s formula, as in the proof of
Theorem 3.1 we get

o(160) = 90.60) + gt d8+Z / 65— )05, Vg (s, €(5—)))ds
+; Z/ Brér(5—)ghr(s,E(s—))ds + Z(t)
k=170

—|—kz_:l/Ot{k(s—)ds/Do[Azg(S,f(s—))—Zkg;c(s,f(s—))lDl(z)]ﬂ'k(dz), (4.2)

where

= 3 [ VB sk, E(s-)dBu(s)
k=170
m t Er(s—) _

Since t — J(t, ) solves (1.7), one can use (4.1) to see

go(s,x) = sz (g, Vg(s, 1) Zﬂkxkgkk (s, )
i=1

- Zxk/ [A.g(s, ) — 2rgk (s, 2)1p, (2)]7k(d2),
k=1 °
From (4.2) it follows that
e(‘](u*t:)‘)vg(t» — e(‘](uv)‘):I) + Z(t) (43)

Then {Z(t) : 0 <t < u} is a bounded martingale. (Here we cannot apply Theorem 3.1 directly
since g ¢ Co?([0,u] x D).) By taking the expectations in both sides of (4.3) for ¢ = u we obtain
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E[eM )] = /(W)@ - Then J(u,\) = K(u,\) by (1.2) and Corollary 3.3. This shows the
implication “(iii)=-(1)”. O

It would be interesting to have an analytic proof of the assertion of Rhyzhov and Skorokhod
(25, p. T06].

Conflict of Interest Zeng Hu LI is an editorial board member for Acta Mathematica Sinica
English Series and was not involved in the editorial review or the decision to publish this article.

All authors declare that there are no competing interests.

Acknowledgements We would like to thank the two anonymous referees for their valuable
comments and suggestions, which have led to a number of improvements in the presentation of
the work.

References

[1] Athreya, K. B., Ney, P. E.: Branching Processes, Springer, Berlin (1972)

(2] Barczy, M., Li, Z., Pap, G.: Stochastic differential equation with jumps for multi-type continuous state
and continuous time branching processes with immigration. ALEA Lat. Am. J. Probab. Math. Stat., 12(1),
129-169 (2015)

(3] Bernis, G., Brignone, R., Scotti, S. et al.. A Gamma Ornstein—Uhlenbeck model driven by a Hawkes
process. Math. Financ. Econ., 15, 7T47-773 (2021)

[4] Bertoin, J., Le Gall, J.-F.: The Bolthausen—Sznitman coalescent and the genealogy of continuous-state
branching processes. Probab. Theory Related Fields, 117, 249-266 (2000)

[5] Bertoin, J., Le Gall, J.-F.: Stochastic flows associated to coalescent processes III: Limit theorems. Illinois
J. Math., 50, 147-181 (2006)

[6] Bracci, F., Contreras, M. D., Diaz-Madrigal, S.: Continuous Semigroups of Holomorphic Functions in the
Unit Disc, Springer, Switzerland, 2020

[7] Dawson, D. A.: Measure-valued Markov processes. In: Ecole d’Eté de Probabilités de Saint-Flour, XXI-
1991, Lecture Notes Math., Vol. 1541, Springer, Berlin, 1993, 1-260

[8] Dawson, D. A., Li, Z.: Skew convolution semigroups and affine Markov processes. Ann. Probab., 34,
1103-1142 (2006)

[9] Dawson, D. A., Li, Z.: Stochastic equations, lows and measure-valued processes. Ann. Probab., 40, 813-857
(2012)

[10] Duffie, D., Filipovié¢, D., Schachermayer, W.: Affine processes and applications in finance. Ann. Appl.
Probab., 13, 984-1053 (2003)

[11] Duren, P. L.: Univalent Functions, Springer, New York, 1983

[12] Dynkin, E. B.: An Introduction to Branching Measure-Valued Processes, Amer. Math. Soc., Providence,
RI, 1994

[13] Dynkin, E. B., Kuznetsov, S. E., Skorokhod, A. V.: Branching measure-valued processes. Probab. Theory
Related Fields, 99, 55-96 (1994)

[14] Fang, R., Li, Z.: Construction of continuous-state branching processes in varying environments. Ann. Appl.
Probab., 32, 3645-3673 (2022)

[15] Grey, D. R.: Asymptotic behavior of continuous time, continuous state-space branching processes. J. Appl.
Probab., 11, 669-677 (1974)

[16] Gumenyuk, P., Hasebe, T., Pérez, J.-L.: Loewner theory for Bernstein functions I: evolution families and
differential equations. Constr. Approx. Available online: doi.org/10.1007/s00365-023-09675-9 (2024)

[17] Gumenyuk, P., Hasebe, T., Pérez, J.-L.: Loewner theory for Bernstein functions II: applications to inho-
mogeneous continuous-state branching processes. arXiv:2211.12442 (2022)

[18] Ikeda, N., Watanabe, S.: On uniqueness and non-uniqueness of solutions for a class of non-linear equations
and explosion problem for branching processes. J. Fac. Sci. Univ. Tokyo Sect. I, 167, 187-214 (1970)

[19] Kawazu, K., Watanabe, S.: Branching processes with immigration and related limit theorems. Theory
Probab. Appl., 16, 36-54 (1971)



1836
20]
(21]

(22]
23]

[24]
[25]

(26]
27]

(28]
29]

Li P. S. and Lt Z. H.

Le Gall, J.-F.: Spatial Branching Processes, Random Snakes and Partial Differential Equations, Lectures
in Mathematics ETH Ziirich, Birkhauser, Basel, 1999

Li, Z.: Continuous-state branching processes with immigration. In: From Probability to Finance, Mathe-
matical Lectures from Peking University. Springer, Singapore, 2020, 1-69

Li, Z.: Measure-Valued Branching Markov Processes, 2nd Ed., Springer, Berlin, 2022

Ma, R.: Stochastic equations for two-type continuous-state branching processes with immigration. Acta
Math. Sci. English Ed., 29, 287-294 (2013)

Pardoux, E.: Probabilistic Models of Population Evolution: Scaling Limits, Genealogies and Interactions,
Springer, Switzerland, 2016

Rhyzhov, Y. M., Skorokhod, A. V.: Homogeneous branching processes with a finite number of types and
continuous varying mass. Theory Probab. Appl., 15, 704-707 (1970)

Sato, K.: Lévy Processes and Infinitely Divisible Distributions, Cambridge Univ. Press, Cambridge, 1999

Schilling, R. L., Song, R., Vondracek, Z.: Bernstein Functions: Theory and Applications, 2nd Ed., De
Gruyter, Berlin/Boston, 2012

Silverstein, M. L.: A new approach to local time. J. Math. Mech., 17, 1023-1054 (1968)

Watanabe, S.: On two dimensional Markov processes with branching property. Trans. Amer. Math. Soc.,
136, 447-466 (1969)



