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1 Introduction

Measure-valued branching processes or superprocesses constitute a rich class of infinite
dimensional processes currently under rapid development. Such processes arose in appli-
cations as high density limits of branching particle systems; see e.g. Dawson (1992, 1993),
Dynkin (1993, 1994), Watanabe (1968). The development of this subject has been stimu-
lated from different subjects including branching processes, interacting particle systems,
stochastic partial differential equations and non-linear partial differential equations. The
study of superprocesses has also led to a better understanding of some results in those
subjects. In the literature, several different types of superprocess have been introduced
and studied. In particular, Dawson and Hochberg (1991), Dawson et al (1990) and Wu
(1994) studied multilevel branching superprocesses, Gorostiza and Lopez-Mimbela (1990),
Gorostiza and Roelly (1991), Gorostiza et al (1992) and Li (1992b) studied multitype
superprocesses, Dynkin (1993, 1994) and Li (1992a, 1993) studied non-local branching
superprocesses, Gorostiza (1994) studied mass-structured superprocesses, Hong and Li
(1999) and Li (2002) studied superprocess-controlled immigration processes, and Bose
and Kaj (2000) studied age-reproduction-structured superprocesses. Those models arise
in different circumstances of application and are of their own theoretical interests.

In this paper, we provide a unified treatment of the above models. We first give a
new formulation of the non-local branching superprocess as the high density limit of some
specific branching particle systems. Then we derive from this superprocess the multitype,
the mass-structured, the multilevel and the age-reproduction-structured superprocesses
and superprocess-controlled immigration processes. Another related model, the so-called
rebirth superprocesses, is also introduced to explain the non-local branching mechanism.
This unified treatment simplifies considerably the proof of existence of the old classes of
superprocesses and also gives rise to some new ones. We think that this treatment may
give some useful perspectives for those models. The unification is done by considering
an enriched underlying state space E x I instead of E. In this way, the mutation in
types of the offspring can be modeled by jumps in the /-coordinates so that the multitype
superprocess can be derived. The superprocess-controlled immigration process is actually
a special form of the multitype superprocess. To get the mass-structured superprocess
we let I = (0,00), which represents the mass or size of the infinitesimal particles. For
the age-reproduction-structured superprocess, we take I = [0,00) x IN, where IV is the
set of non-negative integers, to keep the information on ages and numbers of offspring
of the particles. In this model we have of course that any particle has non-decreasing
[0,00) x IN-coordinates starting from (0,0) at its birth time. To get a two level super-
process, we simply assume that I = M (S)° is the space of nontrivial finite measures on
another space S, and the M (S)°-coordinate of the underlying process is a superprocess
itself. For two-level branching systems, what has been done so far for the second level
branching is local, that is, when a superparticle branches, superoffspring are produced
as exact copies of their parent. Since the superparticles have an internal dynamics and
evolve as branching systems themselves, it is desirable to have the possibility that the
superoffspring have internal structures different from those of their parents, which re-



quires a non-local branching mechanism. Models of this type have potential applications
in genetics, population dynamics and other complex multilevel systems; see e.g. Dawson
(2000) and Jagers (1995).

Notation and basic setting: Suppose that E is a Lusin topological space, i.e., a home-
omorph of a Borel subset of some compact metric space, with Borel o-algebra B(FE). Let
M (FE) denote the space of finite Borel measures on E topologized by the weak conver-
gence topology, so it is also a Lusin topological space. Let N(E) be the subspace of M (E)
consisting of integer-valued measures on E and let M (E)° = M(E)\ {0}, where 0 denotes
the null measure on E. The unit mass concentrated at a point € E is denoted by §,.
Let

B(E) = { bounded B(E)-measurable functions on E },
C(E) = { f: fe€ B(FE) is continuous },
Bu(E) = {f: feB(E)and|f| <a},

where @ > 0 and “|| - [|[”denotes the supremum norm. The subsets of positive members
of the function spaces are denoted by the superscript “+”; e.g., BY(F), CT(FE). For
f € B(F)and p € M(FE), we write u(f) for [ fdu.

2 Non-local branching particle systems

Non-local branching particle systems have been considered by many authors. We here
adapt the model of Dynkin (1993). Let £ = (£2,&;, F, F;, P,) be a right continuous strong
Markov process with state space E and transition semigroup (F;):>o. Let v € B (E) and
let F'(x,dr) be a Markov kernel from E to N(FE) such that

ilelg ) v(1)F(z,dr) < oo. (2.1)
A branching particle system with parameters (§,~, F') is described by the following prop-
erties:

(2.A) The particles in £ move randomly according to the law given by the transition
probabilities of €.

(2.B) For a particle which is alive at time 7 and follows the path (&;)¢>,, the conditional
probability of survival during the time interval [r,t] is p(r,t) := exp{— [’ ~v(&,)ds}.

(2.C) When a particle dies at a point z € E, it gives birth to a random number of
offspring in E according to the probability kernel F'(z,dv). The offspring then start to
move from their locations. (Thus the name “non-local branching” is used.)

In the model, it is assumed that the migrations, the lifetimes and the branchings of
the particles are independent of each other. Let X;(B) denote the number of particles in
B € B(F) that are alive at time ¢ > 0 and assume Xo(F) < co. Then {X; : ¢ > 0} is a
Markov process with state space N(E). For 0 € N(E), let Q. denote the conditional law
of {X;:t >0} given Xy =0. For f € BY(E), put

uy(r) = ug(w, f) = —log Qs, exp{—X,(f)}. (2.2)
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The independence hypotheses imply that
Q, exp{—X;(f)} = exp{—o(u)}. (2.3)

Moreover, we have the following fundamental equation

e = Po{p(0,0e )+ P [ [o0,511(6) [ e p (e, das). (24)

(E)

This equation is obtained by thinking that if a particle starts moving from point x at
time 0, it follows a path of ¢ and does not branch before time ¢, or it first splits at time
s € (0,t]. By a standard argument one sees that equation (2.4) is equivalent to

t
eu@ —  p afE) _pw{/ y(gs)e“t—s(és)ds} (2.5)
0

+d [ [ ¢ F ()| ds

see e.g. Dawson (1992, 1993) and Dynkin (1993, 1994). It is sometimes more convenient
to denote

vi(@) = v, f) = 1 — exp{—uy(a)}, (2.6)

and rewrite (2.5) into the form

v(z) = P, {1 — e’f(&)} — Pm{ /0t7(53)0t5<€s)d5} (2.7)
+<P${%jPﬂ@)AQEﬁl—e‘”m—”ﬂwfﬁdyﬂds}

3 Non-local branching superprocesses

In this section, we prove a limit theorem for a sequence of non-local branching particle
systems. Although the particle systems considered here are very specific, they lead to
the same class of non-local branching superprocesses constructed in Dynkin (1993, 1994)
and Li (1992a) with a slightly different formulation. We shall give some details of the
derivation to clarify the meaning of the parameters, which is needed in understanding the
connections of non-local branching with other related models.

Let {Xy(k) : t > 0}, k = 1,2,... be a sequence of branching particle systems with
parameters (&, vg, Fx). Then for each k,

(X® = kX, (k) : t > 0} (3.1)

defines a Markov process in My(E) := {k7'0 : ¢ € N(E)}. For 0 € M(E), let QW
denote the conditional law of {Xt(k) :t >0} given x¥ = 5. By (2.3) we have

QW exp (X" ()} = exp {—olhui)}, (3.2)

4



where ugk)(x) is determined by

v (@) = k[1 — exp{—u{’ (2)}]. (3.3)

and
o) = Pk -] - Px{ [ weetie)as) (3.4
P [ [Fnte) [ 0= )R a)]as)

For i € M(E), let oy, be a Poisson random measure on E with intensity kp, and let QEZ))
denote the conditional law of {Xt(k) :t >0} given Xék) = k™ 'oy,. From (3.2) we get

Q) exp (=X ()} = exp {—n(v)}. (3.5)

It is natural to treat separately the offspring that start their motion from the death
sites of their parents. Suppose that g, € BY(FE x [0,1]) and, for each z € F,

=S pP @), zeo1],
1=0

is a probability generating function with sup,.p(d/dz)gr(z,17) < co. Let oy and i €
B*(E) and assume 7, () := o (x) + B () is strictly positive. Let F®)(x,dv) be another
probability kernel from E to N(FE) satisfying (2.1). We may replace F(x,dv) by

( [ sz (z,dv) + Bi(2) FP (2, dv)|, (3.6)

where Fo(i)(:c,dy) denotes the unit mass concentrated at id,. Intuitively, as a particle
splits at « € FE, the branching is of local type with probability ay(x)/vk(z) and is of
non-local type with probability B (z)/~k(x). If it chooses the local branching type, the

distribution of the offspring number is {pgk) (z)}. The non-local branching at x € F is
described by the kernel F*®)(z,dv). Now (3.4) turns into

W) = Pofr—e @ - P e )as)

{/Ot k(€)1 — gi(Es, (&) )]ds} (3.7)
P [

kaue [ [ L= IFOE av)fas).

or equivalently

@)+ [ Palon(€ vl (€0) + nln ol0lds = Pok{1 —e TN, (35)
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where

or(x, 2) = kag()[gr(x, 1 — 2/k) — (1 — 2/k)] (3.9)
and
Ve(@, f) = Be(@)[f(2) — (=, [)], (3.10)
where
Gl f) = [, (1= expvos(1 — F/R)HFO () (3.11)

Let My(E) denote the set of all Borel probability measures on E. Suppose that
hi, € BY(E x My(E) x [0,1]) and, for each (z,7) € E x My(E),

(x,m,2) qu z € [0,1],

is a probability generating function with sup, . (d/dz)hy(z,7,17) < oo. Suppose that
G(z,dr) is a probability kernel from E to My(F). We may consider a special form of the
second term in (3.6) by letting

F® (z,dv) / Zq )(Im)*(dv) |G (z, drr), (3.12)

where [m(dr) denotes the image of m under the map y — d, from E to M(E) and (I7)*
denotes the i-fold convolution of lw. Now we have

Gl f) = /M0<E) kL — hy(z,m, 1 — 7(f)/ k)]G, dr). (3.13)

Intuitively, if a parent particle at * € E chooses non-local branching, it first selects
an offspring-location-distribution w(z,-) € My(FE) according to the probability kernel
G(z,dm), then gives birth to a random number of offspring according to the distribution
{qz-(k) (x,m(x,-))}, and those offspring choose their locations in E independently of each
other according to 7(x,-). A similar non-local branching mechanism was considered in Li
(19922, 1993).

In view of (3.5) and (3.8), it is natural to assume the sequences {¢x}, {5} and {(x} to
converge if one hopes to obtain convergence of {Xt(k) .t > 0} to some process {X; : t > 0}
as k — 00.

Lemma 3.1 (i) Suppose that

S igM (e, m) <1 (3.14)
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and that (x(z, f) — ((z, f) uniformly on E x B} (E) for each a > 0, then ((z, f) has
representation

o f) = A )+ (= e ), d), (3.15)

where \(z,dy) is a bounded kernel on E, and v(1)I'(xz,dv) is a bounded kernel from E
to M(E)° with

Az, 1) +/M(E)O v(1) I (z,dv) < 1. (3.16)

(ii) A functional ((x, ) can be given by (3.15) and (3.16) if and only if it has repre-
sentation

()= |

Mo(E)

d(z, m)m(f) + /0 (1= e DY (e, du) | Gla, dn),  (3.17)

where d € BT (E x My(E)), un(x,m,du) is a bounded kernel from E x My(FE) to (0, 00)
and G(z,dr) is a probability kernel from E to My(FE) with

d(z,m) + /OOO un(z, m,du) < 1. (3.18)

(iii) To each function ((-,-) given by (3.17) and (3.18) there corresponds a sequence
of the form (3.13) satisfying the requirement of (i).

Proof. (i) Note that k(1 — e~#/*) converges to f uniformly in B; (E). Then

Gl k(1= 1)) = [ K1 = exp{v (1) kD) F O, )
converges to ((x, f) uniformly on Ex B (E). It is known that a metric r can be introduced
into E so that (E,r) becomes a compact metric space while the Borel o-algebra induced
by r coincides with B(E); see e.g. Parthasarathy (1967, p.14). Now M (E) endowed with
weak convergence topology is a locally compact metrizable space. Let M (E) = M(E) U
{0} be the one-point-compactification of M(E). By (3.14), {kv(1)F®) (z, d(k~'v)) : z €
E,k > 1} viewed as a family of finite measures on M(FE) is tight. Fix z € E and take
{n;} C {n} such that k;v(1)Fy,(x,d(k; 'v)) converges to some finite measure G(x, dr) on
M(E) as i — oo. It follows that

)= [, (0= ()G, dv),

first for f € CT(E,r) and then for all f € BT(E). Now (3.15) follows by a simple change
of the measure and (3.16) follows from (3.14). (ii) is immediate. To get (iii) we may set

hi(z,7,2) =1 +d(x,7)(z — 1) + k! /Oo(ek“(z_l) — Dn(z, 7, du).
0
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Observe that
di
dzt
and (3.14) assures that hi(x,7,0) > 0. Thus for fixed (z,a) € E x My(E), h(z, 7, ) is

a probability generating function. Then we define (i.(x, f) by (3.13) so that (x(x, f) =
((z, f) for (z, f) € Ex Bf,(E). O

hk(ﬁ,ﬂ',O)ZO, i:1,2,...,

Lemma 3.2 (Li, 1992c) (i) Suppose that, for each | > 0, the sequence ¢y(x,z) is uni-
formly Lipschitz in z on the set E x [0,1] and that ¢y (z,z) converges to some ¢(x, z)
uniformly as k — oo, then ¢(z, z) has the representation

Pz, 2) = b(x)z + c(x) 2 + /Ooo(e_zu — 1+ zuym(z,du), x€ E,z>0, (3.19)

where b € B(E), ¢ € BY(E) and (u A u*)m(x,du) is a bounded kernel from E to (0, 00).
(ii) To each function ¢(-,-) given by (3.19) there corresponds a sequence of the form
(3.9) satistying the requirement of (i).

Based on Lemmas 3.1 and 3.2, the following result can be proved similarly as in
Dawson (1992, 1993), Dynkin (1993, 1994) and Li (1992a, c).

Lemma 3.3 If the conditions of Lemma 3.1 (i) and Lemma 3.2 (i) are fulfilled and if
By — [ € BT(FE) uniformly as k — oo, then for each a > 0 both v,gk)(x, f) and keu® (z, f)
converge boundedly and uniformly on the set [0,a] x E x Bf (E) of (t,z, f) to the unique
bounded positive solution V; f(x) to the evolution equation

Vit) + [ 160 Viead ) + 00 Ve P,y s = BfG@), 120, (320)
where

Uz, f) = B@)f(x) = ((x,f)], x€E, feB(E). (3.21)

By Lemma 3.3 and Dawson (1993, p.42),
Loy © Q) = expl-p(Vif)), S € BY(E) (3.22)

defines a transition semigroup (Q;)i>o on M(E). A Markov process {X; : t > 0} with
state space M (FE) is called a non-local branching superprocess with parameters (&, ¢, )
if it has transition semigroup (Q:);>o. Condition (3.14) means that the corresponding
branching particle system has subcritical non-local branching. In terms of the limiting
superprocess, this condition is expressed as (3.16), which is of course a restriction of the
class of (-, -) given by (3.15). However, since ¢(z, z) + 5(z)z belongs to the class defined



by (3.19), and since 8 € BT (E) is arbitrary, (3.16) does not put any restriction on the
generality of

Therefore, the class of non-local branching superprocesses given by (3.20) and (3.22)
coincides with those constructed Dynkin (1993, 1994) and Li (1992a), where the first
term of ¢ (x,-) was written into ¢(z,-). In principle, (3.20) and (3.22) give the most
general non-local branching superprocesses constructed in the literature up to now. A
more general class of non-local branching superprocesses were discussed in Dynkin et al
(1994), but their existence has not been established. The next theorem follows similarly
as in Li (1992a, c).

Theorem 3.1 Let {Xt(k) : t > 0} be the sequence of renormalized branching particle
systems determined by (3.5) and (3.8), and let {X; : t > 0} be the non-local branching
superprocess with transition semigroup (Q;):>o given by (3.20) and (3.22). Assume that
the conditions of Lemma 3.1 (i) and Lemma 3.2 are fulfilled. Then for every u € M(E),
0<t1<...<thp,anda >0, as k — oo,

Q) eXP{ - ZXt(ik)<fi)} - Q, eXp{ - ZXti(fi)}
i=1 i=1
uniformly on fi,..., f, € Bf (E).

Naturally, we may regard {Xt(k) :t > 0} as a process in the space M(E). Then the
above theorem shows that the finite dimensional distributions of {Xt(k) : t > 0} under

QEB converge as k — 0o to those of {X; : ¢ > 0} under @,. Therefore, the non-local
branching superprocess is a small particle approximation for the non-local branching
particle system. Heuristically, ¢ gives the law of the migration of the “particles”, ¢(z, )
describes the amount of offspring born at x € F by a parent that dies at this point,
and v (z,-) describes the amount of the offspring born by this parent that are displaced
randomly into the space according to distributions 7 randomly chosen by G(x, dw). Thus
the locations of non-locally displaced offspring involve two sources of randomness.

Replacing f in (3.21) and (3.22) by 6f and differentiating at # = 0 we see that the
first moments of the superprocess are given by

L, YDl ) = (L), 12 0.f € BHE) (3.23)
where (7}):>0 is a locally bounded semigroup of kernels on E determined by
t
7, (@) + [ { [ o)L ) + BT () = mly. TP dy) fds = Pf(213.24)
and m(z, dy) is the bounded kernel on £ defined by

m(z, f) = Mz, f) + /M(E)O v(f)I(z, dv). (3.25)
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In particular, we may define another locally bounded semigroup of kernels (U;);>o on E
by

V@) + [ { [ Bt ) = mls, U aDIPw dy) bs = PS@), (3.20)
which has weak generator G such that

Gf(x) = Af(x) + B(x)[m(z, f) = f(x)],  feD(A), (3.27)

where A denotes the weak generator of (P):>o. Now the generator B of (1;);>o can be
expressed as

Bf(z) = Gf(z) —b()f(x),  feD(A). (3.28)

By a comparison theorem we have T} f < eltlt{, f for all t > 0 and f € B(E)". From this
and (3.23) we have

/M(E) (F)Qi(udv) < MU, f), >0, f € BY(E). (3.29)

Note that (3.29) implies that v +— v(1) is a ||b]|-excessive function for (Q¢):>o-

To conclude this section, let us consider briefly the special, and possibly more desir-
able, case where G(x,dm) = unit mass at some 7(z,-) € My(E), that is, the non-locally
displaced offspring born at z € E choose their locations independently according to the
(non-random) distribution 7(x,-). In this case, the non-local branching mechanism is
given by

U(z, f) = B(@)[f(z) = ((z.7(z, ),  z€E, feB(E), (3.30)
where
C(z,2) = d(z)z + /000(1 — (e, du), € B,z >0, (3.31)
where d € B+(E) and un(z, du) is a bounded kernel from E to (0, 00) with
m(z) = d(x) + /0°° un(,du) <1, =z €E. (3.32)

In particular, if {(x, z) = z, we may rewrite (3.20) formally as

Ly @) = AVif(2) — ole, Vif (@) + B@)[r(x, Vif) — Vif (@), ¢ >0,z € E,

dt
with initial condition V;, f = f. This equation corresponds to a superprocess with underly-
ing generator A and non-trivial local and non-local branching mechanisms. Alternatively,
we may also think that the superprocess has underlying generator Af(x)+ §(x)[w(z, f) —
f(z)] and only non-trivial local branching mechanism. Since the generator B of a general
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Markov process in FE is the limit of a sequence of operators of the type (z)[r(x, f)— f(z)],
in principle a superprocess with more general underlying generator A + B and only local
branching mechanism can be approximated by a sequence of superprocesses with underly-
ing generator A and non-trivial local and non-local branching mechanisms. Under suitable
conditions it is also possible to establish convergence of branching particle systems with
underlying generator A and non-trivial local and non-local branching mechanisms to the
superprocess with underlying generator A + B and with only non-trivial local branching
mechanism, which has been done in a particular setting in Gorostiza (1994); see also
section 6.

4 Rebirth superprocesses

We may consider a modification of the branching particle system described in the last
two sections. Let (&,v, F') be given as in section 2. A rebirth branching particle system
with parameters (£, F') is described by (2.A), (2.B) and the following

(4.C) When a particle dies at a point = € FE, it gives birth to a random number
of offspring in E according to the probability kernel F'(x,dr). In addition, the parent
particle itself is replaced by an extra offspring at site x € E, that is, the parent particle
is reborn. All the offspring then start to move from their locations.

Let {X; : t > 0} be the process defined in the same way as in section 2. Then
{X; : t > 0} is still a Markov process with state space N(F). We also have (2.2) and
(2.3), but (2.4) is now replaced by

e7u@ = P {p(0,t)e )} (4.1)
—i—Pz{/Ot [p(O,s)fy(gs)/N(E) e“1"‘3(53)6”(“t‘S)F(fs,dy)]ds}.

This is equivalent to

t
emu@) — p o—fE) px{ / fy(gs)e“t—s@s)ds}
0

P [ e [, e @ pg, anas)

or

l—eul@® — p_ {1 _ e*f(ft)} _ Pm{ /Ot’}’(fs)(l _ eut—s(ﬁs)>d5}
<P [ e [, (= emrene oo p(e, av)asf
P [ e [ 0= pan)]as)

Let vy (z) = vy(x, f) be defined by (2.6). Then we have
w(xr) = P, {1 — e—f(&)} — PI{ /Ot'y(gs)vt_s(ﬁs)ds}

11



P [[[e) [, o PG d]as) @2
P [ [, (0= FLan)]ash

We now consider a sequence of rebirth branching particle systems {X,;(k) : t > 0} with

parameters (&, vk, Fy). Define {Xt(k) :t > 0} and choose Fy, as in section 3 with ag(z) =0
and v,(x) = Bk(z). Then (3.5) remains valid if we replace (3.7) by

o (z) = Px{m ey {/ s . ds}
{ Ot{ vt_s(gs)ew ul®, Fk(fs,dV)]dS} (4.3)
P

E)
t

O {kﬁk &) [ 1= e B, dy)}ds},

(E)

or equivalently

o (2) + / P [Bu(6) 0k (€, 010) + a6 viB)]ds = Pok[L — e 1 (4.4)

where 1)y, is given by (3.10) and (3.13), and
oula f) = ~f(@) [ hwlarm, 1= w(f)K)Ca, d). (45)

Lemma 4.1 If the conditions of Lemma 3.1 (i) are fulfilled and if 5, — 3 € BY(E)
uniformly as k — oo, then, for each a > 0, we have ¢p(x, f) — f(z) uniformly on
E x Bf(E) and the solution ok (x f) to (4.4) converges boundedly and uniformly on the
set [0,a] x E x BI(FE) of (t,z, f) to the unique bounded positive solution V;f(x) to the
evolution equation

=[] [ 8wt Vs ) Puta, )] s = Pista), (1.6
where ((-,-) is defined by (3.15) and (3.21).

Based on this lemma, one can show as in section 3 that the finite dimensional distribu-
tions of {Xt(k) :t > 0} under Qgﬁ)) converge as k — oo to those of the process {X; : t > 0}
with semigroup (Q;):>o defined by (3.22) and (4.6). Since ax(z) = 0 in the approximating
sequence, we call {X; : t > 0} a rebirth superprocess. Note that (4.6) is the special form of
(3.20) with local branching mechanism ¢(z, z) = —f(x)z, which exactly compensates the
death factor in the non-local branching mechanism. This observation might be helpful in
understanding the non-local branching mechanism given by (3.21).
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5 Multitype superprocesses

In this section, we deduce the existence of a class of multitype superprocesses from
that of the non-local branching superprocess constructed in section 3 following the ar-
guments in Li (1992b). Let F and I be two Lusin topological spaces and let & =
{92, (e, 04), F, Fi, Pz o)} be a right continuous strong Markov process with state space
E x I. Let ¢(-,-,-) and ((-,,-) be given by (3.19) and (3.31), respectively, with = € E
replaced by (z,a) € Ex I. Let 3(-,-) € E x I and let m(x, a,db) be a probability kernel
from F x I to I. As a special form of the model given in section 3, we have a non-local
branching superprocess {X;(dz,da) : t > 0} in M(E x I) with transition probabilities
determined by

Qexp{—X,(f)} =exp{—p(Vif)}, t>0,fe B (ExI), (5.1)

where V; f is the unique bounded positive solution to

Vif(z,a) + /Ot P o) [0(ns; s, Vies f(ns, ais)) + B(ns, o) Vies f (s, )| ds

- /Ot P (2 0)[B(ns, as)C(ns, s, m(ns, s, Vies £ (15, )] ds (5.2)
= P(ac,a)[f(ntaoét)]-

We may call {X; : t > 0} a multitype superprocess with type space I. Heuristically,
{n: : t > 0} gives the law of migration of the “particles”, {a; : t > 0} represents the
mutation of their types, ¢(z, a,-) describes the amount of the a-type offspring born when
an a-type parent dies at © € E, ((x,a,-) describes the amount of the offspring born by
this parent that change into new types randomly according to the kernel 7 (z, a,db), and
B(x,a) represents the birth rate of the changing-type offspring at = € E. It is assumed
that all of the offspring start migrating from the death site of their parent. Note that the
migration process {n; : t > 0} and the mutation process {oy : ¢ > 0} are not necessarily
independent.

Now let us consider a special case which has been studied in the literature. Suppose
that I = {1,...,k} and for each i € I, n® is a right continuous strong Markov process
in E with semigroup (P{”)i=0, ¢ belongs to the class given by (3.19) and ¢ belongs
to the class given by (3.31). Let £ be a right continuous strong Markov process in the
product space E x I with transition semigroup (F;):>o defined by

Pif(ei) = [ f@ PO, dy),  f e BRE D).

Let ¢((x,i),2) = ¢ (z,2). Suppose that 8) € B¥(E) and 7(x,i,-) is a Markov kernel
from E x I to I having the decomposition

7T<:L‘,i, ) = Z_:lpgz)(iﬂ)@(),
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where p( )( ) >0, Zk Op] ( ) =1 and 0, denotes the unit mass at j € I. Then we have
a multltype superprocess {X; :t > 0} in M(E x I) by (5.1) and (5.2). Fori € I and p €
M(E x I) we define ¥ € M(E) by u®(B) = u(B x {i}). The map g+ (u®, ..., u®)is
clearly a homeomorphism between M (E x I) and the k-dimensional product space M (E)*.
Therefore, {(X; xM, ,Xt(k)) 1t > 0} is a Markov process in the space M (E)*, which may
be called a k- type superprocess. Clearly, this class of k-type superprocesses coincides with
the one defined in Li (1992b). Heuristically, (" gives the law of the migration of the ith
type “particles”, ¢ (x,-) describes the amount of the ith type offspring born when an
ith type parent dies at point x € £, () (x,-) describes the amount of the offspring born
by thls parent that change into new types randomly according to the discrete distribution
{pl (x),..., pk ( )}, and 3% (z) represents the birth rate of the changing-type offspring
at x € E. The study of multitype superprocesses was initiated by Gorostiza and Lopez-
Mimbela (1990); see also Gorostiza and Roelly (1991) and Gorostiza et al (1992).

6 Superprocess-controlled immigration

By the discussions in the last section, we have a special 2-type superprocess {(Xt(l) , Xt(2)) ,
t >0} in M(F)? with transition probabilities determined by

Qv oy exp { =X (V) = XP (1)} = exp {=pM (") = P ()}, (6.1)

where Ut(l)(-) and v§2)(-) are defined uniquely by

)+ / [ / D (y, vis(y) — v,@s(y)) Ps(l)(:c,dy)}ds — PO FO (), (6.2)
and
v () + /0 t { /E ¢(2)(y,vg)s(y))Ps(l)(x,dy)}ds — P2 @) (1), (6.3)

In particular, if @ =0, we have v\2 =0 and

Qv o exp { XV (FO)} = exp {—pP (")}, (6.4)

where US)(-) is given by

@)+ [ [ el ) PO, dy)|ds = PO SO @), (6.5)

Thus {X{" : t > 0} is a superprocess in M (E) with parameters (n), (V). On the other
hand, by an expression of weighted occupation times, the value in (6.1) is equal to

Q(u(n,m?)) exp {—Xt(l)(f(l))} exp{ / X % Ut s } ;
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see e.g. Dawson (1993) and Dynkin (1993, 1994). Then we see that
Q(Hu),‘u(z)) {exp {—Xt(z)(f(g))} ‘Xs(l) 15> 0} = exp{ (2) / X (1) Ut@)s } .

That is, given {Xt(l) :t > 0}, the second coordinate {Xt@) :t > 0} is a superprocess with
parameters (7?), ) and with immigration controlled by {Xt(l) :t > 0}. A special class
of superprocess-controlled immigration processes have been studied in Hong and Li (1999)
and their relation with multitype superprocesses has been pointed out in Li (2002).

7 Mass-structured superprocesses

A multitype superprocess {X;(dz,da) : t > 0} with type space I = (0,00) can be called
a mass-structured superprocess if we interpret x € E and a > 0 as the coordinates of
position and mass, respectively. For the mass-structured superprocess, we may consider
its aggregated process {Y; : t > 0} defined by

Yi(de) = /Ooo aX,(dz,da), x€E. (7.1)

Since the integrand on the right hand side is unbounded, {Y; : ¢ > 0} is only well-defined
under some restrictions. In general, {Y; : t > 0} is not Markovian. Let A be the weak
generator of {(n;, ay) : t > 0} and (T});>o the locally bounded semigroup of finite kernels
on E x I with generator

Bf(xz,a) = Af(z,a) + B(z,a)[m(z, a)n(a, f(z,-)) = f(z,a)] = b(z,a) f(z,a), (7.2)

where b(x,a) is the coefficient of the linear term of ¢(x,a,z) and m(z,a) is defined by
(3.32) with = € E replaced by (z,a) € E x I. Indeed, (7.2) is of the same form as
(3.28) with (z,a) instead of z. By the discussions in section 3, the first moments of the
superprocess are given by

QX =uTif),  feBT(ExI). (7.3)

In practice, we may have that a newborn offspring is no larger than its parent, which
corresponds to the assumption that 7(a,-) is supported by (0,a). Let H(z,a) = a and
suppose that H € D(A) is a ¢-excessive function of {(n:, a;) : t > 0} for some constant
¢; > 0. In this case, we have BH(x,a) < (c; + ||b||)H(z,a) and hence H € D(B) is a
(¢ + ||b]])-excessive function of (7};);>0. It follows from (7.3) that

Q{Xu(H)} < elrtltlry(r). (7.4)

Then we may change the state space slightly and take any o-finite measure p on £x (0, 00)
satisfying u(H) < oo as the initial state of {X; : t > 0}; see e.g. El Karoui and Roelly
(1991) or Li (1992c). In this case, (7.4) implies that X;(H) < oo a.s. for all ¢ > 0 so that
(7.1) defines an aggregated process {Y; : ¢ > 0} with finite measure values.
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A special type of mass-structured superprocess with Markovian aggregated process
has been studied by Gorostiza (1994). Assume that §(-,-) = 0 and o = g(t, ) for a
deterministic mapping ¢(-, -) from [0, 00) X (0, 00) to (0, 00). Let P, denote the conditional
law of {n; : t > 0} given 1y = x. For f € BT(FE), (5.2) becomes

Vid(@,0) + [ Pulo(e o(5,0), Voo f s gls, )]s = P f (). (7.5

Since the motion of oy = ¢(t, ap) is deterministic, if X, is supported by E x {a}, then
X, is supported by E x {g(t,a)} and Y; = ¢(¢t,a)X;. In this case, {Y; : t > 0} is a
Markov process since the transformation X; — Y; loses no information. For B € B(E),
let X(B) = Xi(B x {g(t,a)}). Then {X; : ¢t > 0} is an inhomogeneous superprocess
with cumulant semigroup (V,%)i>r>0 defined by V&, f(x) == Vi, f(z,g(r,a)), which has
underlying process {7, : ¢ > 0} and time-dependent branching mechanism ¢(x, g(t, a), ).
This gives a representation of the aggregated process in terms of an inhomogeneous su-
perprocess. A representation of this type was first given by Gorostiza (1994) in the case
where «; = ape® for a constant ¢ € IR. Gorostiza (1994) obtained the process as high
density limit of a sequence of branching particle systems where the mass of each offspring
is equal to that of its parent multiplied by a fixed positive constant factor, and the mass of
any particle does not change during its lifetime, realizing in a particular case the program
mentioned at the end of section 3.

8 Multilevel superprocesses

Multilevel superprocesses arise as limits of multilevel branching particle systems. In a two
level system, objects at the higher level consist of non-trivial sub-populations of objects
at the lower level and both lower level and higher level objects can branch. A lower level
object consisting of a population can be described by a measure on some space S. We
can then view a two level system as a multitype system with I = M (S)°, the space of
non-trivial finite Borel measures on S. Non-local branching is natural in this context. For
example, at the particle level the offspring of a second order object consisting of a set of
particles could consist of a subset of the particles or include more than one copy of the
original particles.

To make this precise, we may let S be a topological Lusin space and {«; : t > 0} be the
Markov process with state space M (S)° obtained by killing a superprocess at its extinction
time. Then {X; : t > 0} is a Markov process with state space M(E x M(S)°), which
can be called a multilevel superprocess generalizing the model of Dawson and Hochberg
(1991), Dawson et al (1990) and Wu (1994). For the multilevel process, it is also natural
to study the aggregated process {Y; : t > 0} defined by

Yi(A x B) / / B)X,(dz,da), A€ B(E),B e B(S). (8.1)

To illustrate the possibilities of non-local branching, consider the case in which F is
a singleton. In this case, we may view {X; : ¢ > 0} as a superprocess with state space
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M(M(S)°). A possible non-local branching mechanisms is obtained by taking (1, dv) to
be the law of

“‘EVS) ; 87 (8.2)

where N > 1 is an integer-valued random variable, and {Z;, Z,,---} are i.i.d. random
variables in S with distribution x(S)™'u(-). That is, the offspring of a level two object
w € M(S) is a single point measure with the same total mass as p and its location is
selected randomly according to the empirical measure of a sample from the normalized
parent distribution.

Another possibility is given by

m(p,dv) = Oup (dv), (8.3)

where B € B(S) and pup € M(S) is defined by ug(A) = p(A N B). In this case the
offspring is a level two object in which only level one individuals falling in the set B C S
are present.

In the case in which FE is a countable set, we may interpret the M (E x M (S)°)-valued
process {X; : t > 0} as a population in a sequence of islands. The E-coordinate tells in
which island the M (S)°-valued objects {a; : t > 0} in the first level are located. The
non-local branching is given by 7 (z, p, dv) = 7(p,dv), which only acts on the M(S)°-
coordinate at the higher level. Jumps in E described by {n; : ¢ > 0} correspond to
the independent migration of “clans” (families of the lower level) between the islands.
Suggestively, we may call {X; : t > 0} a stepping stone type superprocess.

Properties and applications of multilevel superprocesses involving local branching have
been studied extensively in the literature; see e.g. Dawson and Hochberg (1991), Dawson
et al (1990, 1994, 1995), Etheridge (1993), Gorostiza (1996), Gorostiza et al (1995),
Hochberg (1995), Wu(1994) and the references therein.

9 Age-reproduction-structured superprocesses

Let £ be a Lusin topological space and let & = {02, (n, o, 6;), F, Fi, Pyaz), v} be a
Borel Markov process with state space E x IRT™ x INT, where 7 is a terminal time; see
Sharpe (1988, p.65). We assume that both «; and 6; are non-decreasing processes. Let
B(-,+,-) € B(E x IR x INT) and let (-, -,-,) be given by (3.31) with z € F replaced by
(x,a,2z) € Ex R™ x INt. As a special form of the models given in sections 4 and 5, we
have a rebirth multitype superprocess {X; : t > 0} in M(E x IRT x INT) with transition
probabilities determined by

Q, exp{-Xu()} = exp{—p(Vif)},  t>0,f € BYEx R x N*),  (9.1)
where V, f is the unique bounded positive solution to
t
V}f(y, a, Z) - /0 P(y,a,Z) [5(7757 A, 03)((”8) ag, Oy, V;tfsf(nsa 0, 0)>1{as<7}]d3 (9'2>
= P(y,a,z)[f(ntaataet)l{as<’y}]'
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It is not hard to check that the first moments of the superprocess are given by
QAX:(N)} =ulif), feB(ExR" xN7), (9.3)

where (7});>0 is a semigroup of bounded linear operators on B (E x IRt x IN*") defined
by

t
T;ff(y7 a, Z) - /0 P(y,a,z) [5(7757 A, es)m(nsa A, es)ﬂ—sf(nsa Oa 0)1{a5<7}]d8 (94)
- P(y,a,Z) [f(m, Qi ‘9t>1{a3<7}]7

where m(-, -, ) is given by (3.32) with « € E replaced by (z,a,z) € E x IRt x IN*. Using
(T1)1>0 we may rewrite (9.2) into

V%f(:% a, Z) + /Ot Ts[ﬁm‘/t—sf - C(v R ‘/t—sf('a 07 0))](:9, a, Z)dS = th(yv a, Z) (95)

In the case ay = ag + t, we may call {X; : t > 0} an age-reproduction-structured
superprocess. Heuristically, 7; represents the location of a “particle”, «; its age and 6,
the number of its offspring born in the time interval (¢ — «y,t]. At each branching time,
the particle gives birth to a random number of offspring whose motions start from the
branching site and whose ages and reproduction numbers start from zero. The particle
does not disappear at its branching times, it is removed from the population only when its
age exceeds the lifetime . An interesting limit theorem for age-reproduction-structured
branching particle systems was proved in Bose and Kaj (2000) which leads to the super-
process in the special case where E is a singleton and 7, = 1y. (Compare (9.5) and their
equation (2.8).)
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