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Abstract

Representations of branching Markov processes and their measure-valued limits
in terms of countable systems of particles are constructed for models with spatially
varying birth and death rates. Each particle has a location and a “level,” but unlike
earlier constructions, the levels change with time. In fact, death of a particle occurs
only when the level of the particle crosses a specified level r, or for the limiting models,
hits infinity. For branching Markov processes, at each time ¢, conditioned on the state
of the process, the levels are independent and uniformly distributed on [0,7]. For
the limiting measure-valued process, at each time ¢, the joint distribution of locations
and levels is conditionally Poisson distributed with mean measure K (t) x A, where A
denotes Lebesgue measure and K is the desired measure-valued process.

The representation simplifies or gives alternative proofs for a variety of calculations
and results including conditioning on extinction or nonextinction, Harris’s convergence
theorem for supercritical branching processes, and diffusion approximations for pro-
cesses in random environments.
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1 Introduction

Measure-valued processes arise naturally as infinite system limits of empirical measures of
finite particle systems. A number of approaches have been developed which preserve distinct

*Research supported in part by NSF grants DMS 05-03983 and DMS 08-05793.
TResearch supported in part by DGAPA-UNAM, Mexico, grant number 968SFA.



particles in the limit and which give a representation of the measure-valued process as a
transformation of the limiting infinite particle system. Most of these representations [0,

, 8, 35] have exploited properties of exchangeable sequences, identifying the state of the
measure-valued process as a multiple of the de Finetti measure of the sequence, or as in [35],
as a transformation of the de Finetti measure of a sequence that gives both a location and
a mass for the distinct particles.

The primary limitation of the representations given for measure-valued branching pro-
cesses in [8] is that the branching rates must be independent of particle location. This
restriction was relaxed in [31] for critical and subcritical branching, but that representation
does not seem to provide much useful insight and would be difficult to extend to supercrit-
ical processes. A second limitation of the approach in [8] is that, at least without major
additional effort, it applies only to models in which the states are finite measures.

In the present paper, we give another construction which, although similar to that of [31],
applies immediately to both subcritical and supercritical processes (as well as processes that
are subcritical in some locations and supercritical in others). The construction also applies
immediately to models with infinite mass. In addition, the new construction seems to be a
much more effective tool for analyzing the measure-valued processes obtained.

We introduce the basic ideas of the construction in Section 2, giving results for pop-
ulation models without location or type. As in the earlier work, the justification for the
representation is a consequence of a Markov mapping theorem, Theorem A.15. The Feller
diffusion approximation for nearly critical branching processes is obtained as a consequence
of the construction. Section 3 gives the construction for the general branching Markov pro-
cess and the Dawson-Watanabe superprocess limit. Section 4 gives a variety of applications
and extensions, including conditioning on nonextinction, models with heavy-tailed offspring
distributions, and processes in random environments. The Appendix contains background
material and a number of technical lemmas.

2 Simple examples

In this section, we give particle representations for pure death and continuous time Markov
branching processes and illustrate how the infinite system limit can be derived immediately.
The main point is to introduce the notion of the level of a particle in the simplest possible
settings.

2.1 Pure death processes

For r > 0, let £(0),...,&,,(0) be independent random variables, uniformly distributed on
[0,7r]. For b > 0, let _
&i(t) = b&(1),

s0 &(t) = &(0)e”, and define N(t) = #{i : &(t) < r} and U(t) = (Uy(t),...,Un), where
the U;(t) are the values of the &;(t) that are less than r. The U;(¢) will be referred to as
the levels of the particles. The level of a particle being below r means that the particle is
“alive” and as soon as its level reaches r the particle “dies”. Note that N(¢) is the number
of particles “alive” in the system at time ¢.



Let f(u,n) =[]/, g(u;), where 0 < g <1, g is continuously differentiable, and g(u;) =1
for u; > r. (The “n” in f(u,n) is, of course, redundant, but it will help clarify some of the
later calculations.) Then

%f(U(t), N(t) = Af(U(t), N(1)),
where

Af(u,n) = f(u,n Zbulg i)/ g(u;).

Note that Af(u,n) may also be written as

Zbuzg U, Hg u;).

J#i

Hence, even if g(u;) = 0 for some i, the expression for Af(u,n) still makes sense.
Let o, (n, du) be the joint distribution of n i.i.d. uniform [0, 7] random variables. Setting
et =17t [T g(2)dz, f( = [ f(u,n)a,(n,du) = e " and

/Af(u,n)ozr(n,du) = ne_’\g(”_l)br_l/ 2q'(2)dz
0

= bne’\g(”l)rl/ (g(r) —g(2))dz
0
bne 2a(n1(1 — )
= Cf(n),
where R R R
Cf(n) =bn[f(n—1) = f(n)],
that is, the generator of a linear death process. Of course, the conditional distribution of

U(t) given N(t) is just a,.(N(2),-).
Let Fy = o(U(s) : s <t) and F¥ = o(N(s):s <t). Then trivially,

f(U(0),N(0)) = f(U(), N(t)) —/0 Af(U(s), N(s))ds

is an {F;}-martingale, and Lemma A.13 implies

t

E[f(U(t)vN(t)”FtN]_/ E[Af(U(s), N(s))|F.]ds

— fv /Cf

is a {FN}-martingale. Consequently, N is a solution of the martingale problem for C' and
hence is a linear death process. Of course, this observation follows immediately from the
fact that 77 defined by U;(0)e’™ = r is exponentially distributed with parameter b, but the
martingale argument illustrates a procedure that works much more generally.
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2.2 A simple branching process

For f and g as above, a > 0, r > 0, and —oo < b < ra, define the generator

n

At () = S Y20 [ (6(0) = Do+ Jlam) Do by 2 2)

i=1 g(ui)

We refer to u; as the level of the ith particle, and as in the pure death example, a particle
“dies” when its level reaches r. The process with generator (2.1) has the following properties.
The particle levels satisfy

Ui(t) = aU (t) — bUi(t),

and a particle with level z gives birth at rate 2a(r — z) to a particle whose initial level
is uniformly distributed between z and r. Uniqueness for the martingale problems for A,
follows by first checking uniqueness for the operator D given by the second term alone, and
then showing that uniqueness holds up to the first time that the process includes n particles
by observing that A, truncated at n is a bounded perturbation of D. Finally, the first hitting
time of n goes to infinity as n — oo (cf. Problem 28 in Section 4.11 of [10]).

As before, f(n) = [ f(u,n)a,(n,du) = e". To calculate [ A, fu,n)ay,(n, du), observe
that

r12q /0 " 0(2) / "(g(v) — 1)dvdz = are=2 — 2g7~! /0 "9 — 2)dz

and

1 /0 (0% — b2)g (2)dz = —r! /0 "(2az — b)(g(2) — 1)dz

= —2ar? /r 2g(2)dz + ar + b(e™ — 1).
Then
/Af(u, n)oay(n,du) = ne o1 (are’Q’\g —2are™ 4 ar + b(e™ — 1))
= Cf(n),

where R N R R N

Cf(n) =ran(f(n+1) = f(n)) + (ra—b)n(f(n—1) — f(n)) (2.2)

is the generator of a branching process.

Unlike the linear death example, it is not immediately obvious that a,(N(t),-) is the
conditional distribution of U(t) given F¥ = o(N(s) : s < t); however, Theorem A.15 and
the fact that a solution of the martingale problem for C' starting from N(0) exists gives the
existence of a solution (U(t), N(t)) of the martingale problem for A, such that for all ¢ > 0,
a,(N(t),) is the conditional distribution of U(t) given F}¥. To apply Theorem A.15, take
¥(u,n) = n in (A.15) and assume E[N(0)] < co. Any solution of the martingale problem
for C' with E[N(0)] < oo will satisfy E[N(t)] = E[N(0)]e®, for all ¢ > 0. The moment
assumption can be eliminated by conditioning.



We conclude that for any distribution for N (0), there is a solution (U, N) of the martingale
problem for A such that N is a solution of the martingale problem for C', that is, NV is a
linear birth and death process with birth rate ar and death rate ar —b. Uniqueness holds for
the martingale problem for A, so for any solution of the martingale problem for A satisfying
P{U(0) € T|N(0)} = «-(N(0),I'), we have that N is a solution of the martingale problem
for C.

This representation can be used to do simple calculations. For example, let U,(0) be the
minimum of Uy (0), ..., Un(). Then for all ¢, all levels are above

U,(0)e~?

U0 =12 a1, (0)(1 — e0)"

Let 7 = inf{t : N(¢) = 0}. Then if 7 is finite, U.(7) = r. In particular, if N(0) = n, then

ra

P{r >t} = P{Uy(t) <r} = P{U(0) < —— — V=1 (et — et 1)),
ebt—f(e ot —1) b

Note that the assumption that b < ra ensures that e — Z¢(e~" — 1) > 1.

In the branching process, the average lifetime of an individual is (ar — b)~! which will
be small if r is large. Consequently, it is important to note that the levels do not represent
single individuals in the branching process but whole lines of descent. For example, at least
in the critical or subcritical case, the individual with level U*(0) at time zero is the individual
whose line of descent lasts longer than that of any other individual alive at time zero.

2.2.1 Conditioning on nonextinction

If b <0, then conditioning on nonextinction, that is, conditioning on 7 > t and letting t —
00, is equivalent to conditioning on U, (0) = 0. Conditioned on U, (0) = 0, U1(0), ..., Un(0)(0)
include N(0) — 1 independent, uniform [0, 7] random variables and one that equals zero. If
one of the initial levels is zero, then the solution of the martingale problems for A, gives a
solution for

n—1 r n—1 /
A1) = gl 32 [ Gote) = D+ 10m) St b 0

+f(u,n)2a /Or(g(v) — 1)dv,

and taking aS(n, du) to be the distribution of n independent random variables, one of which
is zero and the others uniform [0, ], we see that NN is a solution of the martingale problem
for

~ ~ ~ ~ ~

Cf(n) =raln +1)(f(n+1) = f(n)) + (ra = b)(n = 1)(f(n = 1) = f(n)).

2.2.2 Conditioning on extinction

If 0 < b < ra, then conditioning on extinction is equivalent to conditioning on U,(0) > 2.
Conditioned on U,(0) > 2, U;(0),...,Un(0) are independent uniform [2,r]. Defining



Vi(t) = Us(t) — 2, V is a solution of the martingale problem for

r— b/a n o
At = S 32 [ ate) = )+ g0y Yot + ) 2

i1 g(vi)’

so N is a solution of the martingale problem for

-~ ~

Cf(n) = (ra=bn(f(n+1) = f(n) +ran(f(n = 1) = f(n))

which is the generator of a subcritical branching process.

2.2.3 Convergence as t — o0

Again, in the supercritical case, 0 < b < ra, if 0 < U,(0) < g, then N(t) — oco. Observe that

. U.(0)
V. — bty —
+(00) = thjrlwe () = 1 —3U.(0)
exists, and a similar limit will hold for any level whose initial value is below g Setting

§(t) = > devry, (), the counting measure £(t) converges almost surely in the sense that

: bt
tlirgo/ fw)é(t, du) = hm Zf Ui(t / fw)é(oo,du) a.s.

for each bounded, continuous, nonnegative f with compact support in [0, 00). Let {F"} be
the filtration generated by N. Then as in (A.6),

E[e_ forebt f(u)f(t,du)|ftN] _ G—F}'r_le_th(t)’ (23)
where
rebt 0
F} = —re’log(1 — r_le_bt/o (1—ef™)du) — /0 (1 —ef®)du
The left side of (2.3) converges almost surely by Lemma A.14. Consequently,
W = lim e " N(t)
t—o0

exists almost surely. Note that W > 0 if and only if lim;_,., N(t) = occ.

Conditioned on W, £(00) is a Poisson point process with intensity r~'W and V,(o0) is

exponentially distributed with parameter r—'W, with the understanding that V,(c0) = oo if
W = 0. It follows that for A > 0,

P{r 'V,(o0) > MVi(x) < 0} = Ele*W|W > (]

b
= P{rU0)(1 - ZU.0)7 > AUL(0) < -},
If N(0) = 1, then U,(0) is uniformly distributed on [0, 7], and hence P{W > 0} = £ and
1
E AW —
I > 0=

that is, W is exponentially distributed with parameter E Of course, we have simply red-
erived a classical result of Harris [1].



2.3 Feller diffusion approximation

Asr — oo, A,.f in (2.1) converges for every continuously differentiable g such that 0 < g <1
and g(z) =1 for z > ry, that is, for f(u) =[], g(w;), in the limit

Z 2a/ — Ddv+ f(u )Z(auf — bui)g/(u‘i). (2.4)

7

If n/r — y as r — oo, then a,.(n,-) converges to a(y, ), where a(y, -) is the distribution of
a Poisson process &, on [0, 00) with intensity y, in the sense that

f(u)@T (n’ du) . E[efooo 1ogg(z)d§y(z)] — eV fooo(l—g(z))dz
[0,r]™

Note that
f =af(y /f aly,du) =e -y Jo~ (1=g(2))d= e

and using Lemma A.3

aAf(y) = P (2ay /O " 0(2) / " (g(0) = 1)dudz + y /0 " (a2 —bz)g’(z)dz)

_ e (Zay/ooog(z) /:O( (v) = 1)dvdz — /OO(Qaz—b)( (2 )—1)dz>
_ eyﬂg@ay/ooog(z)/z (g(v) = 1) dvdz—Qay/ / ) = 1)dudz

+by/0 (9(2) — 1)dz2)
= e Y (ayBl — byB,)
= Cfl(y),

where R R R
Cfy) = ayf"(y) + by f(y).
Again, we can apply Theorem A.15 taking

~v(u) = limsup — ZI[OZ] (u;)

Z— 00

and Y(u) =), e ™, so
[Af(u)] < [2ary + ||g'[l(arg + [blrg)]e"™ ¢ (u)

and [ ¢ (u)a(y, du) = y. If Y is a solution of the martingale problem for C with E[Y (0)] < oo,

then F [Y( )] = " E[Y (0)] and the conditions of Theorem A.15 are satisfied. Consequently,
there is a solution U of the martingale problem for A such that

Y (1) = lim sup - 21[0 A1) (2.5)

zZ— 00



is a solution of the martingale problem for C' with the same distribution as Y. (Note that,
with probability one, the limsup in (2.5) is actually a limit.)

If U is a solution of the martingale problem for A, then U"(t) = {U;(t) : Ui(t) < r}
defines a solution of the martingale problem for A,. Uniqueness for A, follows by the
argument outlined in Section A.6, and uniqueness for A, implies uniqueness for A. Since
uniqueness holds for the martingale problem for A, by Theorem A.15(c), uniqueness holds
for C also. In general, if U is a solution of the martingale problem for A and ), dy,() is a
Poisson random measure with mean measure y/A, where /A denotes Lebesgue measure, then
(2.5) is a solution of the martingale problem for C.

2.4 The genealogy and the number of ancestors

For each T' > 0, there is a solution of
ur(t) = aup(t)? — bup(t) (2.6)

satisfying up(t) < oo for t < T and lim;_7_ up(t) = co. Every particle alive at time 7' is a
descendent of some particle U;(t) alive at time ¢t < T satisfying U;(t) < ur(t). Note that the
converse is also true. If U;(t) < up(t), then U;(t) has descendants alive at time 7. In fact, a
positive fraction of the particles alive at time 7" will be descendants of U;(t).

If Y(T) > 0, then there are infinitely many particles alive at time T, but since

§(t, [0, ur(t))) < oo,

they are all descendants of finitely many ancestors alive at time ¢. Note that t — £(¢, [0, ur(¢)))
is nondecreasing and increases by jumps of +1. It is not possible to recover the full geneal-
ogy just from the levels since a new individual appearing at time ¢ with level v could be
the offspring of any existing individual with level U;(t) < v. In Section 3, particles will be
assigned a location (or type), and if these locations evolve in such a way that two particles
have the same location only if one is the offspring of the other and then only at the instant
of birth, it will be possible to reconstruct the full genealogy from the levels and locations.

2.5 Branching processes in random environments

Assume that a and b are functions of another stochastic process &, say an irreducible, finite
Markov chain with generator (). Then, for functions of the form f(l,u,n) = fo(l)fi(u) =
Jo(l) TT:—, g(u;), consider a scaled generator

Al m) = PQAD + 0, u.m) D 2a(1) [ (oe) = Vi

) 3 (al0n? — Vi) L

i=1 g(uz) ’

which, as in (2.2), corresponds to a process with generator

Cofln) = rQF(n) +a@rn(Fln+1) = f(n)
+(ra(l) = Vro@)n(F(ln = 1) = f(lm)),
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where ]?(l,n) = fo(l)e=*™. The process corresponding to C, is a branching process in a
random environment determined by £. Writing the process corresponding to A, as

(&(rt), Ui(t),...,Un,u)

the process corresponding to C, is (£(rt), N,.(t)).
Note that in this example, the levels satisfy

Ui(t) = a(§(rt)UF () — Vrb(E(rt))Ui(t).

Let m be the stationary distribution for @ and assume that ), w(l)b(l) = 0. Then, by

Theorem 2.1 or [4], for example,
¢
=V [ betrs)s
0

converges to a Brownian motion Z with variance parameter

Z Z Y (ho(1) = ho(k))* = =2 ) w(1)ho(1)b(1) = 2,

where ho(l) is a solution of Qho(l) = b(l). In the limit, by Theorem 5.10 of [33] (applying a
truncation argument to extend the boundedness assumption), the levels will satisfy

dU;(t) = (@U;(t)* + Uy (t))dt + V/2eU; (£)dW (t), (2.7)

where @ = > w(l)a(l).
Applying ideas from [28], we can obtain convergence for the full system by considering
the asymptotic behavior of the generator. Setting

(L, m) = ho(l) () Zu%

we have

Afi+ %m)(z,u, n)

n

unZQa / —1dv—|—flun2a
=1

+Who(l)f1(u, n) (; ) Z?a / — 1)dv
+% ; ho(1) f1(u,n) /JZ vg'(v)dv

+%h0(l)f1(u,n) Z( ( )u _ \/_b (Zuz ) + g/(Uj> +u'jg//(uj)> ’

i=1 oy 9(u;)




and passing to the limit as r — oo, A, (f1 + %hl) converges to

Afi(u,1)

= U a h v)— (% u a 'Ulzg/(Ul)

= 5w 32 m/w (o10) = i+ 100 S a0
] g ) | /() + g ()
o z(; o) o) )

Finally, we can find an additional perturbation hy so that A, (f; + \/L;hl + %hg) converges to

Afi(u )

ZQa/ g(v) — 1)dv + fi(u Z_ 29 w)

g(u;)

Vi oy 9(“])

This convergence assures convergence of the finite models to an infinite particle model. The
particle birth process is the same as in Section 2.3, but the levels satisfy (2.7) where the
Brownian motion W is the same for all levels.

Let a and 3, be as in Section 2.3, and note that

By = /000(1 —g(2))dz = /OOO 2g' (2)dz = —% /OOO 22g"(2)dz.

We have from Lemma A.3
aAf(y) = e ¥ (26?// g(z)/ (9(v) — 1)dvdz + y/ (az* +¢2)g'(2)dz
0 z 0
+Ey2(/ 2g'(2)dz)* + Ey/ 22¢" (2 )dz)
0 0

— e’yﬁg((ay + EyZ)ﬁg —cypBy)

= Cfly),
where R R R

Cfly) = (@y +2y*) f"(y) +eyf (),
which identifies the diffusion limit for »~!N,.
Theorem A.15 can be extended to cover models with non-Markovian environments, that

is, the process £ is specified directly rather than through a generator. The diffusion limit is
then obtained by verifying convergence of the level processes and applying Theorem A.12.

For early work on diffusion approximations for branching processes in random environ-
ments, see [18, 20, 29] and also [10], Section 9.3.
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3 Representations of measure-valued branching pro-
cesses

3.1 Branching Markov processes

We now consider particles with both a level u; and a location x; in a complete, separable
metric space E. Since the indexing of the particles is not important, we identify a state
(z,u,n) of our process with the counting measure fi(; ) = > o O(z;u;). Let

n

flz,u,n) = Hg(gji’ u;) = efloggdu(m,u)7

i=1

where g : E'x [0,00) — (0, 1]. We assume that as a function of z, g is in the domain D(B) of
the generator of a Markov process in E, g is continuously differentiable in u, and g(z,u) =1
for u > r. We set

A f(z,u,n) = f(x,u,n) Z Bg(x“ul flz,u,n ZQa x; / (xi,v) — 1)dv  (3.1)

i=1 g<m’t7 UZ) Ug

n

+f@%%”>§:0dmﬁﬁ-—w¢0u09229222.

Each particle has a location X;(t) in E and a level U;(t) in [0,7]. The locations evolve
independently as Markov processes with generator B; the levels satisfy

Uit) = a(X;()UF (t) — b(Xa(t) Ui (1); (3.2)

particles give birth at rates 2a(X;(t))(r — U;(t)); the initial location of a new particle is the
location of the parent at the time of birth; and the initial level is uniformly distributed on
[U;(t),7]. Particles that reach level r die. Setting e %) = g(z;) = r=! [ g(z;,2)dz and

flz,n) = [T, 9(x;) = e Xi=1%(@) | calculating as in Section 2.2, we have
ZBIZf (x,n) + Zm () (f(b(z]z;), n+ 1) — f(z,n))
+Z ra(w:) — () (f(d(xlr:),n — 1) = f(z,n)),

where B, is the generator B applied to f(x, n) as a function of x;, b(x|z;) is the collection
of n + 1 particles in E obtained from x by adding a copy of the ith particle x; and d(z|x;)
is the collection of n — 1 particles obtained from x by deleting the ith particle, that is, if u,
denotes >, 0,, then for z € E,

Hb(x 5 +Z(5331a Hd(z|z;) = Zéxz_ x;-

11



If ra(z) — b(z) > 0 for all z € E, then C is the generator of a branching Markov process
with particle motion determined by B, the birth rate for a particle at z € E given by ra(z),
and the death rate given by ra(z) — b(2).

With Theorem A.15 in mind, we make the following assumptions on B, a, b, and r. C'(E)
is the space of continuous functions on E, C(E) the space of bounded continuous functions
on E, and M(F) the space of Borel measurable functions on E.

Condition 3.1 i) B C C(E) x C(E), D(B) is closed under multiplication and is sepa-
rating.

ii) f € D(A) satisfies f(x,u,n) = [T, g(zi, w;), where g(z,v) = T[[2, (1 - gi(2)g(v)) for

- 91(2)
gt € D(B), g, differentiable with support in [0,7], and 0 < gt (2)gs(v) < p, < 1 for all
[, z and v.

iii) There exists g € C(E), ¥p > 0, and constants ¢, > 0, for each g in (i), such that
sup |Bg(z,u)| < cypp(x), =€ E.
iii) Defining By = {(g, (¥ V 1)7'Bg) : g € D(B)}, By is graph separable. (See Section
A.5.)
i) a,be M(E),a>0,r>0, andra—>b>0.
We have the following generalization of the results of Section 2.2.

Theorem 3.2 Assume Condition 3.1. For x € E" and u € [0,00)", let

U(z,u —HZ% ) + a(w:) + [b(w;) e

and

V(@) =1+ (plr:) + ale;) + b)) (1 - ).

i=1

If X is a solution of the martingale problem for C' satisfying
/ (X (s))ds] < oo forall t >0, (3.3)

then there is a solution ()Z', ﬁ) of the martingale problem for A, such that X and X have
the same distribution.

Remark 3.3 For many models, Vg, a, and b will be uniformly bounded, and the moment
conditions (3.3) will hold as long as E[X(0)] < oc.
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Proof. Note that
A f(z,u,n) < (2r+(1+7‘ +r)dy)e"(z, u),

where d, depends on the g}, gb, d,gb, and BT g% for all choices of {Iy,...1;} C {1,...,m}.
The result then follows by application of Theorem A.15.

Theorem 3.2 applies to finite branching Markov processes. Similar results also hold for
locally finite processes.

Theorem 3.4 In addition to Condition 3.1, assume that

/ gl ) — 1fdu + sup(u + v2)dg(e,u) < cyp (o).
0 u

For x € E* and u € [0,00)>, let

W(x,u —HZ% (1 + a(z;) + |b(w;) e

and

U(w) =1+ ZiﬂB(ﬂfi)U +az) + b)) (1 —e™).

If X is a solution of the martingale problem for C' satisfying

/ w ))ds] < oo, forallt >0, (3.4)

then there is a solution ()N(, ﬁ) of the martingale problem for A, such that X and X have
the same distribution.

Proof. Note that
A f(x,u,n) < 2e"(x,u).

The result then follows by application of Theorem A.15. O

Example 3.5 Suppose that a and b are bounded and B is a diffusion operator with bounded
drift and diffusion coefficients. Then we can take D(B) to be the collection of nonnegative C?-
functions with compact support and Yp(z) = W, for > 0. If E[>", v5(X;(0))] < oo,
then there exists a solution of the martingale problems for C satisfying sup,<, E[Y ", ¥p(Xi(s))] <
oo and hence E[fg (X (s))ds] < oo.
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3.2 Basic limit theorem

As in Section 2.3, if r — oo, Af given by (3.1) becomes

Af(xz,u) = f(z,u) Z Bg(xl,ul (x,u ZQCL T / g(z;,v) — 1)dv (3.5)

g(xi, u;) s

Vo2 — () Pusd (i i)
e 3 elmud e ~5e

where g : E' x [0,00) — (0, 1] has the property that there exists r, such that g(z,v) =1
for v > ry, and f(z,u) =[], g(z;,u;). We can identify the state space of the corresponding
process with a subset of (E x [0,00))* or, since order is not important, with a subset of
N(E x [0,00)), the counting measures on E X [0,00). Define

N;(E x [0,00)) ={p € N(E x [0,00)) : u(E x [0,u]) < ooV 0 < u< oo},

where the topology for NV;(E X o) is given by the requirement that u, — u if and only if
[ fdu, — [ fdu for all f € C(E x [0, 00) for which there exists u; > 0 such that f(x,u) =0
for u > wuy. (See Section A.3 for a discussion of the appropriate topology to use in the infinite
measure setting.)

Asr — 00, the particle process converges to a process in which particle locations evolve as
independent Markov processes with generator B, levels satisfy (3.2), a particle with level U;(t)
gives birth to new particles at its location X;(¢) and level in the interval [U;(t) + ¢, U;(t) + d]
at rate 2a(X;(t))(d — ¢). A particle dies when its level hits co. The level of a particle born
at time to (or in the initial population, if ¢, = 0) with initial level U;(ty) satisfies

Ui(t ) —ftto b(X;(s))ds
— Uilto) [} e Jo "0 (X, (0))dv”

until it hits infinity. If 6 < 0 and a is bounded away from zero, then U; will hit infinity in
finite time.
If we extend the path X; back along its ancestral path to time zero, we would have

wpe— Jo b(Xi(9)ds

Uzt Z v )
) 1 — ug [ e Jo MXiDds g (X (v))dv

where wy is the level of the particle’s ancestor at time zero and X;(s) is the position of the
ancestor at time s < t. Since we are assuming that the initial position of an offspring is that
of the parent, X; is a solution of the martingale problem for B.

Proposition 3.6 Let (X,U) be a solution of the martingale problem for A given by (5.5).
Let (X",U") consist of the subset of particles for which U; < r, that is

> ey = D O o (Us(1)).

If a(z)r — b(z) > 0 for all z € E, then (X",U") is a solution of the martingale problem for
A, given by (3.1).

14



Remark 3.7 The condition a(z)r — b(z) > 0 for all z € E ensures that any particle that is
above level r at time t will stay above level r at all future times.

Proof. The proposition follows by the observation that A, can be obtained from A by
restricting the domain to f(z,u) =[], g(2;,u;) for which g(z,v) =1 for v > r. O

3.3 The genealogy

Assume for the moment that a and b do not depend on z. If the location process has the
property that at the time of a birth only the offspring has the same location as the parent
(for example, if the location process is Brownian motion), then the full genealogy can be
recovered from knowledge of the levels and locations. The collection of ancestors at time
t < T of the particles alive at time T" is {(X;(t),U;(t)) : U;(t) < up(t)}, where up(t) is given
by (2.6). The number of particles in this collection is nondecreasing in ¢ and increases only
by jumps of +1. The parent of the new particle is identifiable by the fact that only the
parent and the offspring will be at the same location.

If a and b depend on x, the full genealogy is still determined by the locations and levels of
the particles, but recovering the genealogy is more complicated since it may not be possible
to tell whether or not a particle (X;(t),U;(t)) has descendants alive at time 7" > ¢ just
from information available at time t. However, some easy observations can be made. For
example, if inf, a(z) > 0 and sup, b(z) < oo, then for ¢ < T, all particles alive at time 7" are
descendants of finitely many particles alive at time t.

3.4 The measure-valued limit

The generator for a Dawson-Watanabe superprocess is typically of the form
CF(w) = exp{~ ()} [ (~Bh(y) = F(b(y).w)tdy)
E

for ]?(,u) = exp{—(h, )}, where (h,u) = [, h(y)u(dy) and h is an appropriate function in
D(B). (See, for example, Theorem 9.4.3 of [ ]) For superprocesses arising from branch-
ing models with offspring distributions having finite variances, F' should be of the form

F(h(y),y) = —a(y)h(y)* + by)h(y).
For p € My(E), let a(u, dz x du) be the distribution of a Poisson random measure on
E x [0, 00) with mean measure 1 x A. Then setting h(y) = [;7(1 v))dv,

fw=afw) = [ fualuds xdw
= el [ [ (on0) = Ddun(an)} = expl={h ).
Using Lemma A.3, we have,
aAf) = [ [ Batyoydeutas) exo{~( )
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+

/OOO 2a(y /00(9(% v) — 1)dvdzp(dy) exp{—(h, u) }

. /0” Y)0? — b(y)0)dug(y. v)dvp(dy) exp{—(h, )}

e}

—c

9(y, v)dvp(dy) exp{—(h, 1)}

| 2atwiaton2) [ (ato0) = ezl expl— (b}
~ [ [ (2atvye - b)) ato.0) ~ Dot expi~h, i}
9(y, v)dvp(dy) exp{—(h, )}

/OOO 2a(y /:O(g(y, v) = 1)dvdzp(dy) exp{—(h, 1) }
- [ ] 2t / 9(y.v) — Ddopa(dy) exp{— (b, 1)}
") (9, 0) — Ddupdy) exp{—(h, )}

0

By(y,v)dvu(dy) exp{—(h, 1) }

I
—
S~

oy

_|_

m\m\

o0

I
.
S—

oy

_|_

g

_|_

m\m\m\

-,

S—
3

2

v [t ( / (aly) ~ Vo) sty exp{~i, )

f / v) — D)dvp(dy) exp{—{h, i)}

_ / (=Bh(y) + a(y)h(y)* — by)h(y)) s(dy) exp{—(h, 1)}
= Cf(p).

But C' is the generator for a superprocess, so for each y € M (FE), there exists a solution Z
of the martingale problem for C' with Z(0) = p and hence a solution (X, U) of the martingale
problem for A with initial distribution «(u, ).

The mapping v : Ny (E x [0,00)) — M;(E) used in the application of Theorem A.15 is
given by

(Z 5 ) limy e % Zul < O, if the measures converge in the weak topology
T Lo otherwise

where p is a fixed element of M(E). The solution ) d(x,),u;«)) of the martingale problem
for A is a conditionally Poisson random measure (see Section A.2) with Cox measure Z(t).
Consequently, the particles determine Z by

_TILI?O - Z dx(t) (3.6)

() <r
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Since by Proposition 3.6 and Theorem 3.2, Z"(t) = %ZUi(t) < 0x;(¢) is the normalized
empirical measure for a branching Markov process, (3.6) gives the convergence of the nor-
malized branching Markov process to the corresponding Dawson-Watanabe superprocess (cf.

49, 2]).

4 Examples and extensions

4.1 A model with immigration

The simplest immigration process assumes that the space-time point process giving the
arrival times and locations of the immigrants is a Poisson process. Assuming temporal
homogeneity, immigration is introduced by adding the generator of a space-time-level Poisson
random measure. Let v be the intensity of immigration, that is, v(A)At is approximately
the probability that an individual immigrates into A C F in a time interval of length At.
The generator becomes

g e ot [t - 0

mu/ / (2,0) — 1)(d2)dv

+f(x,u)2(a(:cl) 2 b(x)w) g(xi,u,») .

Af(a:,u) - f(x,u)z

i

Noting that the generator for finite r is obtained from A by restricting the domain to the
collection of ¢ with r, <r, if ra(xz) — b(z) > 0, for all z, the generator of the corresponding
branching Markov process with immigration is

ZBmzf x,n +Zra ) (f(b(z|x;),n+1) — A(%n))
+Z ra(w:) — b(z:)) (f(d(@]z:),n — 1) — f(z,n))
" /E (Flb(al)m + 1) — Tl m)w(dz).

For r = oo, setting h(x fo g(x,v))dv as before, the generator for the measure-
valued process is

Cf(u) = aAf(n) = ((—Bh + ah® — bh, p) — (h, ) exp{—(h, 1)},
for f() = exp{—(h, u)}.

Early results on branching Markov processes with immigration include [19, 27]. Work on
limiting measure-valued processes with immigration includes [9, 37, 38, 39, 18].
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4.2 Conditioning on non-extinction

In the limiting model considered in Section 3.2, let @ and b be constant and b < 0. Let 7
be the time of extinction, and let U,(0) be the minimum of the initial levels. Then 7 is the

solution of 1 — U,(0)%(1 —e™"7) =0, so

1 « —b
T=—-log YnlO)a = b (0)a .

b 8 U(0)a
If Z(0) = o, then U,(0) is exponentially distributed with parameter po(E) and

b buo(E)

P{r > T} = P{U.(0) < m} =1—exp{— W}

The case b = 0 is obtained by passing to the limit so that P{7 > T'} = 1—exp{—puo(F)/(aT)}.

As in Section 2.2.1, conditioning on {r > T} and letting 7" — oo is equivalent to
conditioning on the initial Poisson process having a level at zero. The resulting generator
becomes

Af(x,u) = f(x,u)z Bg(xz,uz flz,u Z Qa/ g(xi,v) — 1)dv (4.2)

g(xl’ul u; >0
Hfwa2a [ gl v) = o
0

+f(a,u) Y (au] — buz‘)W,

u; >0

where the u; are the nonzero levels, and the generator for the conditioned measure-valued
process is given by setting

ap f (1 /f x,u)ap(p, de X du) |,u\/ z,0)u(dz) exp{—{(h, 1)},

and
oA (1) = (~Bh(y) + ah(y)* — b(y)h(y), u>|—i| /E 9z, 0)u(d=) exp{— (h, 1)}

1
), (Bg(z,0) — 2ag(z,0)h(2))u(dz) exp{—(h, )}
Note that «y is the distribution of £ = &gz, + > oo; d(w,,z,), where {U;,7 > 1} is a Poisson
process with intensity p(E), and Zy, Z1, . .. are iid with distribution u()/u(E).
For earlier work, see [11, 13, 20, 36, 40]. In particular, the particle at level zero in the
construction above is the “immortal particle” of Evans [11].
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4.3 Conditioning on extinction

As in Section 2.2.2, if b > 0, then conditioning on extinction is equivalent to conditioning on
U.(0) > &. Defining V;(t) = U;(t) — 2, the generator for the conditioned process is

Af(xz,v) = f(z,v) Z Bg(xl,vz flz,v Z2a/ g(x;,v) — 1)dv (4.3)

g(zi, v;)

and the generator of the measure-valued process is
CFlw = [ (~Bhly) + ab(y)? + h(v)) u(dy) exp{~ (b, ).
E

for f(u) = exp{—(h, 1) }. In other words, conditioning a supercritical process on extinction
replaces the supercritical process by a subcritical one. This result is originally due to Evans
and O’Connell [12].

4.4 Models with multiple simultaneous births

We now consider continuous-time, branching Markov processes with general offspring dis-
tributions. The general theory of branching Markov processes was developed by Ikeda,
Nagasawa, and Watanabe in a long series of papers [21, 23, 22, 24] following earlier work by
several authors. The particle representation is substantially more complicated and passage
to the infinite population limit more delicate.

As above, the particles move independently in E according to a generator B. A particle
at position z € E with level u gives birth to k offspring at rate (k + 1)a\” (z)(r — u)kr~ =1,
New particles have the location of the parent, but their levels are uniformly distributed on

[u,r). Then for f(z,u,n) =11, 9z u),

A, f(x,u,n) (4.4)
- - Bg(z,u;)
= f(x,u,n) ZZI—Q(ZE@,UZ)
n 9] (r) ' k
+f(33, u, TL) Z (k + 12{?{6 (xz) / [(H g(,’jj“ UZ)> — 1] d?}l c. d’Uk
i=1 k=1 r [wir)* | \i=1
~ - , i\ L i O, 9(3, u;
+f(z,u,n) ; ;7’2@,& )(xz) {(1 — %) T 1+ (k+ 1>u?} — b(m,)uz> %

) = S rald (X,(0) [(1 -29) T ke 1>U"(“] XU, (45)

r r
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Defining g(z) = 1 [, g(x,v) dv and integrating (4.4) with respect to a(n, du), the uniform
measure on |0, r] we have that

/Arf(x, u,n) a(n, du) (4.6)

- Crf<$’n>
= Y ig(if;) S 303 vl @ [oe 1

+f Z(Zkak ;) — m)[r;)ﬂ],
(r)

which is the generator of a branching process with multiple births with birth rates ra; ’(-),

death rate ) >, ka,(:)(-) — b(+) (provided this expression is nonnegative), and particles
moving according to the generator B. The analog of Theorem 3.2 holds with a(z;) replaced

by > . (k+ 1)a, (") (2,) in the definition of ¥ and .

We define -

") _ (r) (1w

A (2, ) —;r(k—i—l)ak () {1 (1 T) ]

and assume that
lim AT (x, u) (4.7)
> () k /{5 u !

T r L
_Tlirgo;r(kJrl)ak () Lzl <z)( 1) (T)]
= Az, u)

exists uniformly for x € E and u in bounded intervals. This condition is essentially (9.4.36)
of [10].
Observe that

u o k+1 U
AD (2. 0)dv = 24 -9 1k
[ A =32l [ (1= 1) 1w

so that (4.5) becomes

. Ui(t)
Ui(t) = /0 A (X,(s),v)dv — b(X;(t))Ui(t) (4.8)

and

/ A (z,v)dv = Z r2ka\” (),

0 k=1

so that the death rate for the branching process can be written as r=! [ A (2, v)dv — b(z).
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As in [31],

8mA(r)(a:,u) = ai_mm/\(f) (z,u) (19)
— (_1>m+1 i a,(:)(x) (k? -+ 1)k - (k —m + 1) (1 B E)k‘—m |

k=m

Each of the derivatives is a monotone function of u, and since
b
O™ IAD (2,0) — 0 IAN (2,0) = / OmAM) (z,u)du,

it follows by the convergence of A" and induction on m that each 0™A")(z,u) converges
uniformly in v on bounded intervals that are bounded away from zero. Consequently, A is
infinitely differentiable in v and for 0 < u; < us < 00,

lim  sup |0™A" (z,u) — O A(x, u)| = 0.

r—=0 1 <u<ug

The fact that the derivatives alternate in sign implies that 9'A(z, -) is completely monotone
and hence can be represented as

O\ (x,u) = / e “v(x,dz)
0
for some o-finite measure v(z, ). Writing v(x, -) = 2a¢(x)dy + v(z, -) with v(z, {0}) = 0,
Az, u) = 2ap(x)u + / 21— e " (w, d2).
0

Let g satisfy g(z,v) = 1, for v > ug,, and define

h(x,u) = / (1—g(z,v))dv.
If r > u, and there are n particles below level r, then (4.4) may be written as
ATf(x7 u, TL)

= f(x7u7n>

3

Bg(xiv ul)
g(xiaui>

zf;;H (e { (1 o) (o ']
) 0u,9(iy Us)

g(xi7 ul)

+

=

2

o

3

M 5
VR

/ A (1, v)dv — (i)

0
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Then, by (4.7) and the definition of h, we have

Af(z,u) = lim A, f(x,u)

= Sl Y B0

9(xi, u;)
+Hf () Y (Aws ) — A, u; + b, 0;)))

i

+f(z,u) Z (/Ou Ax;,v)dv — b(gpi)ui) %

)

+ /Ooo 2Ny — 21— e ) (e, dz)> Dy, i),

g('xi) UZ)

Note that the second term on the right has the same interpretation as the second term on
the right of (3.5). To understand the third term, recall that if £ =, é,, is a Poisson process
on [0, 00) with parameter A, then

E[H 9(7’@)] = ekfooo(g(ﬂ)—l)dv

Consequently, the third term determines bursts of simultaneous offspring at the location x;
of the parent and with levels forming a Poisson process with intensity z on [u;, 00).

Setting h(x) = h(z,0) = [7°(1 — g(x,v))dv and f( ) = exp{—(h, 1) },
Cflp) = aAf(p)
h(y)
= /E<—Bh(y)+/0 Ay, Z)dz—b(y)h(y)> p(dy) exp{—(h, i) }.

Based on the above calculations, we have the following theorem.

Theorem 4.1 Let B C C(E) x C(E) satisfy Condition 3.1 and let the martingale problem
for B be well posed. Assume that for r > rq,

igf< Zk‘ak ) — b( ))zo
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and that the convergence in (4.7) is uniform in x. Let K(0) be a finite random measure on
E, and let & be a solution of the martingale problem for A, such that £"(0) is conditionally
Poisson on E x [0,r] with mean measure K(0) x A. Then & = £ where £ is a solution of
the martingale problem for A.

Proof. For r > ¢, let £ denote the restriction of £” to E x [0, ¢] and similarly for £

is enough to prove that £ = ¢ for each ¢ > ry. The generator for £ is the restriction
of A, to functions f € D(A,) such that the corresponding ¢ satisfies g(z,u) = 1 for u > q.
For f of this form, by (4.9), A, ,f = A, f satisfies

Ar,qf(xa u, n)

+f(z,u,n) Z Zm(—nmﬂam(ﬂ(% /[ [(H g(zi, v ) - 1] dvy . .. dvy,

+f(z,u,n) Z (/0 i AM (x,v)dv — b(%‘)ui) M,

g<xi7 uz)

and the corresponding branching Markov process has generator

Crof(z,m)
— flam) 3O ) 303 1y om A ) g™ — 1)
—~ g(x;) — = (m+1)!
+f(z,n) z": (1 /q A (23, 0)dv — b(a:,)) { L 1} :
i—1 \4Jo 9(@;)
The convergence of £(@7 follows by the convergence assumptions on A, OJ

The measure v(x,-) is nonzero only if the offspring distribution has a “heavy tail.” If

a\"” (z) = ax(z), and

Zk+1 Yk ap(z) < o0,
k=1

then

A(z,u) = 7qli_}rroloir(k: + 1)ag(z) [1 - <1 - —) 1 i k+ 1)kag(x
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and

Af(e) = flea) 30 P
@) 30D (k+ Dkag(a) / lg(zs,0) — 1] dv
—|—f(x,u) ZZ (; 2 uz’ b( Z) l> g(xz,uz) )

which is essentially (3.5).
For scalar branching processes with general offspring distributions, convergence to pos-

sibly discontinuous continuous state branching processes was proved by Grimvall [17] (see
[10], Section 9.1). Convergence in the measure-valued setting is given in [19] and [5] for
offspring distributions with finite second moment and more generally in [10], Theorem 9.4.3.
Fitzsimmons [11] gives a very general construction of these processes.

If v is not zero, then the genealogy of the process is much more complicated than that
described in Sections 2.4 and 3.3. Assume that A and b do not depend on x and define

Au) = / A(v)dv — bu = 2a9u® — bu + / 272 (zu — 1+ e v (dz).
0 0

If up satisfies N
up(t) = Aur(t)),

up(t) < oo for t < T, and lim;_,r— up(t) = oo, then it is still the case that the collection of
ancestors at time ¢ < T of the population alive at time T is {(X;(t), U;(t)) : U;(t) < uz(t)},
but uz may not exist. In fact, since if @ = A(u)

ut)  q
/ = dv = tQ - tl,
u(tl) A('U)

>~ 1
/ ——dv < 0
u A(U)

for u sufficiently large, which always holds if ag > 0. In the critical and subcritical cases,
this condition is equivalent to extinction with probability one as was noted by Bertoin and
Le Gall [3], page 167.

This finite ancestry property or coming down from infinity of the genealogy has been
studied for a variety of population models. See [17] and [2] for results in the Fleming-Viot
setting. The equivalence of the conditions for Fleming-Viot and Dawson-Watanabe processes
is given in [3], page 171.

The argument in Section 2.2.3 can undoubtedly be extended to the present setting. This
development will be carried out elsewhere.

ur exists if and only if
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4.5 Model with exponentially distributed levels

The discrete models that we have considered have been formulated with levels that are
uniformly distributed on an interval. That is not necessary, and other distributions may
be convenient in other contexts. We illustrate this flexibility by formulating a model for a
simple branching process with levels that are exponentially distributed. The dynamics of the
levels change, and the correct dynamics are determined by essentially working backwards
from the answer.

As before, let f(u,n) =[], g(u;) where 0 < g <1 and g(w;) = 1 for u; > u,. Let

Anf(an) = f(un) Y 2a / " () = Do+ flwm) Y GAu»ifﬁjf,

where G, will be determined below. Note that a particle at level u; is giving birth at rate
2are"/" and the levels satisfy

Ui(t) = G, (Ui(t))-

Let «,(n, du) be the distribution of n independent exponential random variables with mean
r, and define e = r=! [ g(v)e™"/"dv so

f(n) = /f(u, n)oy(n, du) = e .

To calculate [ A, f(u,n)a,(n,du), observe that

7"_12(1/ e_z/rg(z)/ e (g(v) — 1)dvdz
0 z

= are M — 2a/ e 2" g(2)dz,
0
and assuming G,.(0) = 0,

[ eraeee = ot [T G e - e

_ / e~ "(GL(2) — 171G (2))g(2)dz
4l /0 b e M (GL(2) — 1 G (2))dz.

Then for p
GL(z) —r7'G.(2) = eZ/TE(e’Z/TGT(z)) = 2ar(1 — e /") — b,

we have —z/r —z/r r —2z/r —z/r
e "G (z) = 2ar(r(1 —e )—5(1—6 )) —br(l —e*T)
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and

/ A f(um)ay (n, du)

= pe (=Y (are_”g - r_l/ e (G (2) — r 1 GL(2) + 2are™ ) g(2)dz
0

7t /OOO e MG (2) — r’lGr(z))dz>

- C’/‘f(n)v

where

Cf(n) = ran(f(n+1) = f(n) + (ra = b)n(f(n — 1) = f(n)) (4.10)
is the generator of a branching process.
Note that as r — oo, G,.(z) converges to az? — bz, and hence, A, converges to A given
by (2.4).

4.6 Multitype branching processes

We now consider a branching particle system with m possible types, S = {1,2,...,m}.
We assume that a particle of type (; € S gives birth to a particle of type (; € S at rate
ra™((1, () and dies at rate ra™ (¢;) — b ((y), where a™(¢;) = > jes a (¢, 7).

The fact that the ordered representations constructed for the previous examples give the
correct measure-valued processes depends on the fact that observing a birth event in the
measure-valued process gives no information about the levels of the particles after the birth
event. That in turn, depends on the offspring being indistinguishable from the parent. Since
in the current model, the type of an offspring may differ from the type of the parent, we
need to find a way to “preserve ignorance” about the levels when the type of the offspring is
different. We accomplish this goal by randomizing the assignment of the parent and offspring
to the original level of the parent and a new level. Let f({,u,n) be of the form

n

f(C,U,TL) = Hg(CHUZ)

=1

Then the generator of the ordered representation of the branching process described above
is given by,

A f(Cu,n)
— - ry(r. - ' 1(g(@,uz)g(j,v)—i—g(Q,U)g(j,uz)) . :|
G 323 240605 | E o 1|

- auz'g(civ ul)

M (N2 — b gy Zad S0 )

+f(<a U, n) ; [a (CZ> uz b (CZ) U7,:| Q(Q, uz) )

where as before, each level satisfies
d

U () = D (X0 UF (1) — 0O (X(0)UL(1).
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Let QMA(() = Z;esa )(¢,7) [h(j) — h(C)]. Because of the randomization of the level as-
signments at each birth event, it follows that

BEX(0) — [ (= Ui)QUA(X,(3))ds

is a martingale.
Taking «,.(n, du) as before, we have that

/ Af(Cun)a(ndu) = CF(Cn)

n

= T Y Y ra(Gud) [a6) — 1
i=1 jes

) S [ra?(6) — b <<z>}[(1g) 1],

=1

where f(¢,n) = [[\L,9(¢) and g(¢;) =+ L[ 9(¢,v) dv. Hence, C, f(¢,n) is the generator of
a multitype branching process.
Assume that

a(¢,j) = lim a”(C,j)

T—00

a(¢) = lim a"(¢Q) = a(¢,5)

r—00 -
jeSs

b(¢) = lim b"(()

T—00

=D a(¢.5) [h(j) = h(O)]

JjeSs

and that

is the generator of an irreducible, finite state Markov chain. Let 7 denote the unique sta-
tionary distribution for ). It is clear from the ergodicity of the Markov chain that in the
limit, the levels must satisfy
d
dt
where @ = _, ﬂ(j)a'(j) andbfzjﬁ(j)b(j). . ‘ '
We can make this observation precise by analyzing the asymptotic behavior of the gen-

erator. Taking g(¢,u) = exp (—ho(u) + £h(¢,u)), where h(¢,u) and ho(u) are equal to zero
if u > uy, and letting r — 0o, we have that

rlij?o f(¢,u) = rlirgo exp (— Z ho(u;) + % Z h(G, Uz)> = exp (‘ Z ho(%‘)) = f(u)
and since

9(Gi i) 90, v) + 96, 0) 90 i) _ o) <er*1h<j,v)+er*(h(g,v)+h<j,ui>—h<<i,ui>>),

Ui(t) = aUZ(t) — bU;i(1),
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lim A,f(Cw) = F) Y {2a(6) / " [0t _ 1] dy (4.11)
+Z CZ) ]7ul _h<C7,aul)]

jES

— [a(G)u? = b{G)u)] Buho(u) }-

If > 7(7)G(j,u) = 0 for all u, then there exists h such that

jes
Consequently, there exists h such that the right side of (4.11) becomes

AT = T S {za [ [ 1] do — [aud — 5u)] Ouholu)

s Uq

which is just a rewriting of (2.4), and hence we have convergence of the normalized total
population to the Feller diffusion.
For earlier work, see [15, 25, 29] and Section 9.2 of [10]

4.7 Models with catastrophic death

Now consider

A f(x,u,n) = f(x,u,n)z Bg(xz,uz fz,u,n ZQCL / g(z;,v) — 1)dv

i1 g9(zi, uz)
+f(z,u,n) Z(a(:cl-)u? - b(mui)% (4.12)

+ [ (factuz, o)) = fon (o),
v
where 7y is a o-finite measure on a measurable space (V,V),

c(u,z,v) = (urp(x1,v), ugp(x2,v),. . .)

and p(z;,v) > 1. Then as in Section 3.1
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For simplicity, assume that (V) < oo. Then at rate v(V') an event occurs in which an
element v is selected from V', and given v, particles are independently killed, with the
probability that a particle at x; survives being p~!(z;, v).

Letting » — oo to obtain A and integrating,

aAf = /E (—Bh(y) + aly)h(y)* — by)h(y)) sldy) exp{—(h o)}

T / (exp{— (o~ (- 0)h, ) — exp{—(h, )}y ()
= Cf(p).

Branching processes with catastrophes have been considered in a series of papers by Pakes
[41, 42,43, 44, 45, 16] and by Grey [10].

A Appendix

A.1 Poisson random measures

Let (S,S) be a measurable space, and let v be a o-finite measure on S. ¢ is a Poisson
random measure with mean measure v if

a) ¢ is a random counting measure on S.
b) For each A € § with v(A) < oo, £(A) is Poisson distributed with parameter v(A).

c) For Ay, Ag, ... € S disjoint, £(A1),&(As), ... are independent.

Lemma A.1 IfH : S — S, is Borel measurable and E(A) = ¢{(H1(A)), then ¢ is a Poisson
random measure on Sy with mean measure U given by U(A) = v(H1(A)).

Remark A.2 U need not be o-finite even if v is, but the meaning of the lemma should still
be clear. o-finite or not, V(A) = oo if and only if (A) = oo a.s.

Proof. The lemma follows from the fact that Ay, A,, ... disjoint implies H*(A;), H ' (As), ...
are disjoint. O

Lemma A.3 If ¢ is a Poisson random measure with mean measure v and f € L*(v), then

[ef F@E(=)] = f(e/=1)d (A1)

/f (dz)] /fdu Var( /f (dz)) /dey (A.2)
allowing oo = oo.

Letting £ = .0z, for g > 0 with log g € L'(v),
Hg J(g—1)dv )
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Similarly, if hg,g — 1 € L'(v), then
BIY1(2) [[0(Z0) = [ hoavelts-,
j i

and

EIY m(Zon(2,) [T (2)) = ([ hodvpelo-vee

i#]

Proof. The independence properties of £ imply (A.1) for simple functions. The general case
follows by approximation. The other identities follow in a similar manner. Note that the
integrability of the random variables in the expectations above can be verified by replacing
g by (lJg| Na)la+14c and h by (Jh|Aa)la for 0 < a < oo and v(A) < oo and passing to the
limit as a — oo and A 7~ F. 0

Lemma A.4 If& =), dy, is a Poisson random measure on [0, 00) with mean measure AA,
A Lebesque measure, and {X;} are i.i.d. positive random variables, independent of &y, then

£ = Z 6(Xi7Ui)

is a Poisson random measure on [0,00)? with mean measure A\ux X A, were pux is the law of
X1

If k = E[x;] < 0o, then

g: Z 5XiUi

is a Poisson random measure on [0,00) with mean measure AkA.

Proof. By Lemma A.1, £ is a Poisson random measure with mean measure given by

v[0,¢c] = Aux x AH(z,u) :2u < c} = )\/ P{X' > uc'}du = \cE[X .
0

A.2 Conditionally Poisson systems.

We begin by considering general conditionally Poisson systems or Cox processes. Consider
(S,d) a metric space, and let £ be a random counting measure on S and = be a locally finite
random measure on S. (A measure v on S is locally finite if for each x € S, there exists an
e > 0 such that v(B.(z)) < 00.) We say that ¢ is conditionally Poisson with Cox measure =
if, conditioned on =, £ is a Poisson random measure with mean measure =. This requirement

is equivalent to
Ele” s f€) — Ble~ fs(lfe*f)dE]’

for all nonnegative f € M(S), where M (S) is the set of all Borel measurable functions on
S. Since the collection of functions Fy(u) = e~ Js/4 is closed under multiplication and
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separates points in the space of locally finite measures, the distribution of = determines the
distribution of &.

We are actually interested in the conditionally Poisson system on S X [0,00) with Cox
measure = X /A, where A is Lebesgue measure. Then for nonnegative f € M(S), we have

E[e— Jsxp0.x1 fdf] — E[efoS(lfe—f)d;]

and the distribution of ¢ determines the distribution of =, where we consider f € M(S) to
be a function on S x [0, K] satisfying f(x,u) = f(x). In particular,

(f) = lim 1 fd¢ a.s.

K=o K Joy(0,]

[1]

Lemma A.5 Suppose £ is a conditionally Poisson random measure on S x [0, 00) with Cox
measure = X A, and let f € M(S), 0 < f <1. Then for C,D >0,

Py pae >y < B2 P{/ fd= > D} (A.3)
Sx[0,K] ¢ S

and .
[1 _ 6707 fo[o,K] fd'f]

1 — e—Ke ¢!

P{/SdezC}gE

Let {&,, 0 € A} be a collection of conditionally Poisson random measures on S x [0, 00)
with Cox measures Z, x A, and let f € M(S), 0 < f <1. Then {fo[O K] f Ao, v € A} s

stochastically bounded if and only if { [ fd=a, o € A} is stochastically bounded.

(A.4)

Proof. Since E[[, , x fd¢|E] = K [q fd=,

P fd§ = CIE} <

K [, fd= KD
Sx[0,K] C

N s =+ 1y raz2pp

and taking expectations gives (A.3).
By (A.1)

E[l—e Jsxo.x) fi] — R - e—Kfs(l—e*f)dE]
ED . efeKe_€ fS de]

1—e " "OP{[ fd=>C
(- ){/Sf > C},

v

v

and taking e = C~! gives (A.4).
The final statement follows from the two inequalities. O

Let E = > dx, be a point process on S, and let {U;} be independent random variables,
uniformly distributed on [0, 7] and independent of £. Define

€= Sy, E=rlC (A.5)
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Then for f >0 on S x [0, 7],

E[e” JsxonT®|2,] = H (r‘l/ e_f(X"’“)du) = ¢ Js Fj (@ (dw), (A.6)
0

i
where

[ [
Fi(z) = —rlog —/ e 1@y = —rlog(l — —/ (1 — e /@) du).
" Jo 0

r

We have the following analog of Lemma A.5.

Lemma A.6 Suppose & and =, are given by (A.5), and let f € M(S), 0 < f < 1. Then for
C,D>0and K <r,

KD
P jigzcy<fP v pf £ > D) (A7)
Sx[0,K] C S
and y e
_ E[l — e S$x[0,K] ]
P{/S fd=, > C} < = (A.8)
Proof. Since E[fo[o,K} fdé|E,] = K [ fd=,,
K [, fd=,
P dE>C|IE, < —2- T A1< —+1 = DY,
{ SX[QK]f §>C|E,} < C < & T Ly saz2n)
and taking expectations gives (A.7).
Defining
K
g (@) = —rTog(1 = (1= 1) > eke f(n),
by (A.6)
E[l — ¢ Jsxom<f¥] = B[] — ¢~ Js Cesd=r)
> E[l _ e—eKe*SfS der]
> (1— KOy py / fdz, > Y,
s
and taking e = C~! gives (A.8). O

Lemma A.7 Suppose £ is a conditionally Poisson random measure on S x [0, 00) with Cox
measure = x A. If 2(5) < oo a.s., then we can write & = Y2, §(x, v, with Uy < Uy < -+
a.s. and {X;} exchangeable.
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Proof. Let {X } be exchangeable with de Finetti measure and let Y be a unit Poisson

| K
process with jump times {S;} independent of of {X} and =. Define f > 5()( JZ)-18;)
and note that

Ele /74 = E[[]e/SuFIs)
_ E[H / o—f (2
= Elexp{— / 1—/ =722 (dz) ) ds )]

_ exp{/l—/ FGAZ(dz))du)].

Consequently, E is conditionally Poisson with Cox measure = x /A, and ¢ and 5 have the same
distribution. O

DZI 12 (d2)]

As in Lemma A.4, we have the following.

Lemma A.8 Suppose £ is a conditionally Poisson random measure on S x [0, 00)% with Cox
measure = X A, where = is a random measure on S X [0,00). Suppose

= 1 —
E(4) = / =1a(x)E(dz x dy)
Sx[0,00) Y

defines a locally finite random measure on S. Then writing& =, 6 (X,,Y; U), =>,0 (X;,Y:Uy)
is a conditionally Poisson random measure on S x [0, 00) with Cozx measure Zx A, and hence

- - = o1 -
/ y~ f(2)E(dx x dy) = Z(f) = lim —/ fd¢ a.s.
5% [0,00) Sx[0,K]

K—o0

A.3 Convergence results

Let {hy, k = 1,2,...} € C(S) satisfy 0 < hy < 1 and Up{z : hp(x) > 0} = S, where C(S)
denotes the space of bounded continuous functions on S, and let My, 1(.S) be the collection
of Borel measures on S satisfying |. ¢ hidv < oo, for all k, topologized by the requirement that
v, — v if and only if fs fhrdy, — fs fhirdv for all f € C(S) and k, that is, the measures
dvE = hydv, converge weakly for each k. Similarly, let M, 1(S x [0,00)) be the space of
Borel measures on S x [0,00) satisfying fo[O,K} hpdp < oo for all k =1,2,... and K > 0,
topologized by the requirement that p, — p if and only if

Sx[0,00) Sx[0,00)

for all k and f € C(S x [0, 00)) such that the support of f is contained in S x [0, K] for some
K > 0. Note that in both cases, My, is metrizable. To simplify notation, let

Cingy (S) = {f € C(S) : | f| < chy, for some ¢ > 0 and hy}.
Then convergence in My, 3(S) is equivalent to convergence of [ fdu, for all f € Cqn,3(S).
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Theorem A.9 Let {¢"} be a sequence of conditionally Poisson random measures on S X
0,00) with Cox measures {=" x A}. Then £ = & in My, 3 (S x [0,00)) if and only if
E" = 2 in My (S). If the limit holds, then & is conditionally Poisson with Cox measure
=x A

Proof. Suppose £" = ¢ in M,1(S % [0,00)). Then for each f € C(S), f > 0, each k, and
all but countably many K

E[e_ Jsxio,x] fhkdf] — lim E[e—f5x[o,x] fhkdf"] — lim E[Q—Kfs h;zl(l—@_fhk)hkdE"]'

n—oo n—oo

For g > 0 and K satisfying sup, K 'g(z)hi(z) < 1, let

and we see that
lim E[eifsghkdan] — E[e_fsx[o,;q fhkdE]

n—oo

exists. Since £" = £ in My, 3 (S x [0, 00)), {fo[O,K] hid€™} is stochastically bounded and

by Lemma A.5, {[ hd="} must be stochastically bounded. Tightness follows similarly.
Consequently, {Z"} is relatively compact in My, 3(S) in distribution, and the unique limit
= is determined by the fact that

Ele” Js 9hd=] — Fle” Jsxi0.x1 fhkdf]j

for g and f related as above. The proof of the converse is similar. OJ
Theorem A.10 For eachn = 1,2,..., let , > 0 and £" be a point process on S X [0,7,],
and define
1
E"(dr) = —&"(dx x [0,71,)). (A.9)
T

n

Suppose for f >0, E[e=J f@we (duxdu)] — E[e_fF}L(”C)En(dI)], where

Tn

T [m™ [
Fi(z) = —rylog —/ e 1@y = —r, log(1 — —/ (1 — e /@) du),
T'n Jo 0

that is, the [0, r,] components are independent, uniformly distributed, and independent of =".
Then assuming r, — 00, £" = & in M,y (S x [0,00)) if and only if =" = = in My, 1(S).
If the limit holds, then & is conditionally Poisson with Cox measure = x A.

Proof. For g, fo > 0, go € C.([0,00)), fo € C(S), and f(z,u) = hy(z)fo(z)go(w), FP(x) —
J;7(1 = e /@) du, and the remainder of the proof is similar to that of Theorem A.9. [

These convergence theorems apply only to the one-dimensional distributions of the models
considered in this paper. To address convergence as processes, note that for finite r and
E,(t,dz) = r~1&(t, dz x [0,7]), the models satisfy

Ele™ Jsxion Jam(bdexdu) g8 — o [ 17 @)% () (A.10)

Y
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where

1 [ [
Fi(z) = —rlog —/ e 1@y = —rlog(l — —/ (1 — e /@) du),
" Jo 0

r

and the r = co models satisfy

Ble™ o 10| 78] € Jstie ez, (A1)

for f € Cgn,y(S). The following estimates imply that convergence of the finite-dimensional
distributions for £ imply convergence of the finite-dimensional distributions for Z" (or Z7 |

assuming 1, — 00); however, convergence of the finite-dimensional distributions of Z" may
not imply convergence of the finite-dimensional distributions of of £™.

Lemma A.11 Suppose & is a conditionally Poisson random measure on S X [0, c0) with Cox
measure = x A, E with values in M,y (S). Then for each f € Cgp,y(S) and 6, K, K' > 0,

P{‘K‘l/SX[O’K] fdf—/sde

> 5} < K%? + P{/ F= > C) (A.12)

¢ . B[l — e € sxpoumn 14
K2 1— 6_K/e—c‘*l :

<

Suppose & satisfies (A.10). Then for each f € Cipy(S), 0 >0, and 0 < K, K’ <r

], o4 e

r— K)C
> 5} < % n P{/ fAd=, >0} (A13)

(r—K)C E[l- e=C s deg]
rK 62 1— e*Kle_C_l )

Proof. By (A.2) and the Chebychev inequality,

and taking expectations gives the first inequality in (A.12). The second inequality follows
by (A.4).
Similarly, for the second part,

], 4 e

and taking expectations gives the first inequality in (A.13). The second inequality follows
by (A.8) O

=)= (r— K)C

2O} S S M g e

The estimates in Lemma A.11 allow verifying convergence of measure-valued processes
satisfying (A.11) or (A.10) by verifying convergence of the corresponding particle represen-
tations.
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Theorem A.12 Let {{"} be a sequence of cadlag My, (S %[0, 00))-valued processes satisfy-
ing (A.11) for cadlag Myp,y (S)-valued processes {="}. If the finite dimensional distributions
of £ converge to the finite dimensional distributions of &, then the finite dimensional distri-
butions of =" converge to the finite dimensional distributions of = satisfying

Ele” Jsxoa 10| £2) = ¢~ K [s(1-e7N)d=(t),
Formn =1,2,..., let & be a cadlag M3 (S x [0,7,])-valued process satisfying (A.10)
for cadlag M,y (S)-valued processes {Z] }. If r, — oo and the finite dimensional distribu-

tions of £ converge to the finite dimensional distributions of &, then the finite dimensional
distributions of ' converge to the finite dimensional distributions of = satisfying

Ele” Jsxp0,5] fdf(t)|ft5] — oK [s(—emNd=(t)

Proof. Convergence of the finite dimensional distributions follows easily from the estimates
in Lemma A.11. O

A.4 Martingale lemmas

Lemma A.13 Let {F;} and {G:} be filtrations with G, C F;. Suppose that E[|X(t)| +
fg |Y'(s)|ds] < oo for each t and

is a {G;}-martingale.

Proof. Let D € G, C F;. Then

—~ —

t+r
E[(M(@+r)—M@)1p] = E(EX({+7)|Ger] — E[X(1)|G] —/ E[Y (s)|Gslds)1p]
t+r !
= E[(X(t+r)—X(t)— / Y (s)ds)1p]
t

= 0
giving the martingale property. 0
Lemma A.14 Let {F,} be an increasing sequence of o-algebras and {X,} a sequence of
random variables satisfying E[sup,, | X,|] < oo and lim, .., X,, = X a.s. Then

lim E[X,|F,] = E[X|V, F].

Proof. By the martingale convergence theorem, we have

Eljnf Xy| v, ] < liminf BX,| 7] < limsup E[X,|7,] < Elsup Xi| v, 7],

n—oo k>m

and the result follows by letting m — oo. U
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A.5 Markov mapping theorem

The following theorem (extending Corollary 3.5 from [30]) plays an essential role in justifying
the particle representations and can also be used to prove uniqueness for the corresponding
measure-valued processes. Let (S,d) and (Sp,dy) be complete, separable metric spaces,
B(S) € M(S) be the Banach space of bounded measurable functions on S, with [|f| =
sup,es | f(z)], and C(S) C B(S) be the subspace of bounded continuous functions. An
operator A C B(S) x B(S) is dissipative if ||fi — fo — (g1 — g2)|| > ||f1 — fo| for all
(f1,91), (f2,92) € Aand e > 0; A is a pre-generator if A is dissipative and there are sequences
of functions p, : S — P(S) and A\, : S — [0, 00) such that for each (f,g) € A

ola) = Jim Ao(o) [ (F) = @) ) (A14)
for each x € S. A is graph separable if there exists a countable subset {gi} € D(A) N C(S)
such that the graph of A is contained in the bounded, pointwise closure of the linear span of
{(gx, Agr)}. (More precisely, we should say that there exists {(gx, hx)} € AN C(S) x B(S)
such that A is contained in the bounded pointwise closure of {(gx, hx)}, but typically A is
single-valued, so we use the more intuitive notation Agg.) These two conditions are satisfied
by essentially all operators A that might reasonably be thought to be generators of Markov
processes. Note that A is graph separable if A C L x L, where L C B(S) is separable in
the sup norm topology, for example, if S is locally compact and L is the space of continuous
functions vanishing at infinity.

A collection of functions D C C(S) is separating if v, p € P(S) and [g fdv = [, fdu for
all fe D imply p=v. R

For an SO valued measurable process Y, F} will denote the completion of the o-algebra

0), [ h(Y (s))ds,r < t,h € B(Sp)). For almost every ¢, Y (t) will be .ﬁy—measurable, but

in general, ]—"Y does not contain Y = o(Y(s) 1 s <t). Let TV = {t : Y(¢) is ) measurable}.
If Y is cadlag and has no fixed points of discontinuity (that is, for every t, Y (t) = Y (t—) a.s.),
then TV = [0, 00). Dg[0,00) denotes the space of cadlag, S-valued functions with the Skoro-
hod topology, and Mg[0, o0) denotes the space of Borel measurable functions, x : [0,00) — S,
topologized by convergence in Lebesgue measure.

Theorem A.15 Let (S,d) and (So,dy) be complete, separable metric spaces. Let A C
C(S) x O(S) and ¢ € C(S), & > 1. Suppose that for each f € D(A) there exists c; > 0
such that

[Af(z)] < cpp(z), x €A, (A.15)
and define Aof(z) = Af(z)/v(x).

Suppose that Aqy is a graph-separable pre-generator, and suppose that D(A) = D(Ay) is
closed under multiplication and s separating. Let v : S — Sy be Borel measurable, and let
a be a transition function from Sy into S (y € So — al(y,-) € P(S) is Borel measurable)
satz’sfying [ho ’y ) (y,dz) = h(y), y € So, h € B(Sy), that is, a(y,v *(y)) = 1. Assume
that 77/} = [¥(2)aly,dz) < oo for each y € Sy and define

1 1@ata2) /Af )i € DAY}



Let py € P(So), and define vy = [ a(y, -)po(dy).

a) IfY satisfies fot E[p(Y(s))]ds < oo for allt >0 and Y is a solution of the martingale
problem for (C, po), then there exists a solution X of the martingale problem for (A, vy)
such that Y has the same distribution on Mg,[0,00) asY =~yo X. If Y and Y are
cadlag, then' Y and Y have the same distribution on Dg,[0,00).

b) Forte TY,
P{X(t) eT|F '} =a(Y(t),T), T eB(S). (A.16)

c) 1If, in addition, uniqueness holds for the martingale problem for (A, vy), then uniqueness
holds for the Mg,[0, 00)-martingale problem for (C,puo). If Y has sample paths in
Dg,[0,00), then uniqueness holds for the Dg,[0, 00)-martingale problem for (C, o).

d) If uniqueness holds for the martingale problem for (A,vy), then Y restricted to TV is
a Markov process.

Remark A.16 Theorem A.15 can be extended to cover a large class of generators whose
range contains discontinuous functions. (See [30], Corollary 3.5 and Theorem 2.7.) In
particular, suppose Aq, ..., A,, satisfy the conditions of Theorem A.15 for a common domain
D =D(A) =--- =D(A,) and By, ..., Bm are nonnegative functions in B(S). Then the
conclusions of Theorem A.15 hold for

Proof. Theorem 3.2 of [30] can be extended to operators satisfying (A.15) by applying
Corollary 1.12 of [31] (with the operator B in that corollary set equal zero) in place of
Theorem 2.6 of [30]. Alternatively, see Corollary 3.2 of [32] O

A.6 Uniqueness for martingale problems

Assume that B C C(E) x C(E), that D(B) is closed under multiplication and is separating,
and that existence and uniqueness hold for the Dg[0, co) martingale problem for (B, v) for
each initial distribution v € P(E). Without loss of generality, we can assume g € D(B)
satisfies 0 < g < 1.

By Theorem 4.10.1 of [10], existence and uniqueness then follows for the n-particle motion
martingale problem with generator

B = {(f(2). f(2) S B iy = [ ()} (A.17)

= 9l i=1

Actually, the cited theorem implies uniqueness for the ordered n-particle motion with gen-
erator

B = {(f(0). f(0) 3 2

) fx) = Hgi(xi),gi € D(B)},
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but Theorem A.15 can be applied to obtain uniqueness for B" from uniqueness for B". Define
y(x) =31 0z and let a(y, -) average over all permutations of the x; in y = Y"1 | 0,
Now consider a generator for a process with state space

S = U"{Z 5% T x; € E},
=1

where we allow n = 0, that is, no particles exist.
For f(z,n) =[], g(x:), let

k

Afen) = B )+ £ S@) [ ([To) - mloda..da)

i=1

+f(z,n) Z u(x,zl,...,zl)(l;—l),

(214ey20) C{Z1,5ee s } Hi:l g(zl)

where Ay, i > 0 and 7, is a transition function from S to E*¥. The generator has the following
simple interpretation: In between birth and death events the particles move independently
with motion determined by B. At rate Ax(x), k new particles are created with locations in
E determined by 7. At rate pu(z, z1,...,2), the particles at zy, ...,z are removed.

Let
Bx) = Z)\k(x) + Z (e, 21,005 2)-

Then for each initial distribution vy and each m > 0, a localization argument and Theorem
4.10.3 of [10] imply existence and uniqueness of the martingale problem for (A, 1) up to the
first time the solution leaves {z : f(z) < m}. Consequently, existence and uniqueness hold
provided that there is a solution X satisfying sup,, 5(X(s)) < oo a.s. for each ¢ > 0.

Essentially the same argument gives existence and uniqueness for generators of the form
(3.1) provided inf, (a(x)r—>b(z) > 0 and there exists a solution satisfying sup,, Y a(X;(s)) <
oo a.s. for each t > 0. -
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