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Abstract

Recently in Barczy et al. (2015), the notion of a multi-type continuous-state branching process (with
immigration) having d-types was introduced as a solution to an d-dimensional vector-valued SDE.
Preceding that, work on affine processes, originally motivated by mathematical finance, in Duffie et al.
(2003) also showed the existence of such processes. See also more recent contributions in this direction due
to Gabrielli and Teichmann (2014) and Caballero and Pérez Garmendia (2017). Older work on multi-type
continuous-state branching processes is more sparse but includes Watanabe (1969) and Ma (2013), where
only two types are considered. In this paper we take a completely different approach and consider multi-type
continuous-state branching process, now allowing for up to a countable infinity of types, defined instead as
a super Markov chain with both local and non-local branching mechanisms. In the spirit of Englénder and
Kypriano (2004) we explore their extinction properties and pose a number of open problems.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Continuous-state branching processes (CSBP) can be seen as high density limits of Bien-
aymé—Galton—Watson (BGW) processes. Thanks to their importance as prototypical continuum
(both in space and time) asexual population models, they have been the subject of intensive study
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since their introduction by Jifina [21]. For a general background on CSBPs see Chapter 12 of [23]
or Chapter 3 of [25], see also the review article of Caballero et al. [4].

By analogy with multi-type BGW processes, a natural extension of the class of CSBPs would
be to consider a multi-type Markov population model in continuous time which exhibits a
branching property. Indeed, in whatever sense they can be defined, multi-type CSBPs (MCSBP)
should have the property that the continuum mass of each type reproduces within its own
population type in a way that is familiar to a CSBP, but also allows for the migration and/or
seeding of mass into other population types.

Recently in [2], the notion of a multi-type continuous-state branching process (with immigra-
tion) having d-types was introduced as a solution to an d-dimensional vector-valued stochastic
differential equation (SDE) with both Gaussian and Poisson driving noise. Preceding that,
work on affine processes, originally motivated by mathematical finance, in [9] also showed the
existence of such processes. See also more recent contributions in this direction due to [17]
and [5]. Older work on multi-type continuous-state branching processes is more sparse but
includes [32] and [26], where only two types are considered.

In this article, we introduce MCSBPs through the medium of super Markov chains. That is
to say we defined MCSBPs as superprocesses whose associated underlying Markov movement
generator is that of a Markov chain. This allows us the possibility of working with a countably
infinite number of types. We are interested in particular in the event of extinction and growth
rates. Lessons learnt from the setting of super diffusions tells us that, in the case that the number
of types is infinite, we should expect to see the possibility that the total mass may grow arbitrarily
large whilst the population of each type dies out; see for example the summary in Chapter 2
of [14]. This type of behaviour can be attributed to the notion of transient ‘mass transfer’ through
the different types and is only possible with an infinite number of types. In the case that the
number of types is finite, we know from the setting of multi-type Bienaymé—Galton—Watson
processes (MBGW) that all types grow at the same rate and we expect the same to be true of
MCSBPs.

2. Main results

Our first main result is to identify the existence of MCSBPs, allowing for up to a countable
infinity of types. Denote by N = {1, 2, ...} the natural numbers. Let B(N) be the space of
bounded measurable functions on N. Thinking of a member of B(N), say f, as a vector we will
write its entries by f (i), i € N. Write M(N) the space of finite Borel measures on N, let B7(N)
the subset of bounded positive functions.

Theorem 1. Suppose that
o0
Wi, 2) = bli)z + ez + / @ — 1+, d),  ieN, z=0, (1)
0

where b € B(N), ¢ € BT (N) and, for eachi € N, (u A u?)e(i, du) is a bounded kernel from N to
(0, 00). Suppose further that

oG, f) = —B() [d(ixf, )+ / oo(l — e " mihn(, du)} ,  ieN, feBtN), (2
0

where d, B € BT(N), m; is a probability distribution on N\ {i} (specifically w;(i) = 0, i € N)
and, fori € N, un(i, du) is a bounded kernel from N to (0, co) with

d(i)~l—/oO un(i, du) < 1.
0
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Then there exists an [0, oo)N-valued strong Markov process X = (X;,t > 0), where X; =
(X/(1), X;(2), ...), t = 0, with probabilities {P,,, u € M(N)} such that

E le Y ] =exp{—(V.f, )}, weMN), feB N, A3)

where, fori € N,

Vit = 1= [ [ viror+ o, voples.  e=o. *
In the above theorem, for f € B*(N) and u € M(N), we use the notation

(fi ) =) FORG).

i>1
Eq. (3) tells us that X satisfies the branching property: for w1, u, € M(N),
EMH‘M [e*(f,XN] — E/tl [e*(f,Xn]EM2 [e*<f,Xz>]’ t>0.

That is to say, (X, P, 4+,.,) is equal in law to the sum of independent copies of (X, P,,) and
(X, P,,). We can also understand the process X to be the natural multi-type generalisation of
a CSBP as, for each type i € N, X(i) evolves, in part from a local contribution which is that
of a CSBP with mechanism ¥ (i, z), but also from a non-local contribution from other types.
The mechanism ¢(i, -) dictates how this occurs. Roughly speaking, each type i € N seeds an
infinitesimally small mass continuously at rate 8(i)d(i)m;(j) on to sites j # i (recall ;(i) = O,
i € N). Moreover, it seeds an amount of mass u > 0 at rate 8(i)n(i, du) to sites j # i in
proportion given by ;(j). We refer to the processes described in the above theorem as (v, ¢)
multi-type continuous-state branching processes, or (1, ¢)-MCSBPs for short.

Our main results concern how the different types of extinction occur for a MCSBP X as
defined above. As alluded to in the introduction, we must distinguish local extinction at a finite
number of sites A C N, that is,

Ly :={lim (14, X;) = 0},
t—>00
from global extinction of the process X, i.e. the event
& ={lim (1, X;) = 0}.
t—>00
The distinction between these two has been dealt with in the setting of super diffusions by [15].
In this article, we use techniques adapted from that paper to understand local extinction in the

setting here. The case of global extinction can be dealt with in a familiar way. To this end, denote
by §; the atomic measure consisting of a unit mass concentrated at point i € N.

Lemma 1. Foreachi €N, let w be the vector with entries w(i) := —1ogPs,(£), i € N. Then w
is a non-negative solution to
v, w@) + ¢, w) =0, ieN. (%)

For the case of local extinction, a more sophisticated notation is needed. First we must
introduce the notion of the linear semigroup. For each f € B(f), define the linear semigroup
(M;,t > 0) by

M, f(0) = Eg [(f, X0)], t>0.
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Define the matrix M(¢) by
M@);; = Es, [ X:(j)], >0,

and observe that M, [ f](i) = [M(t) f1(i), for t > 0 and f € B(N). The linear semigroup and
its spectral properties play a crucial role in determining the limit behaviour of the MCSBP. In
what follows, we need to assume that M(¢) is irreducible in the sense that, for any i, j € N,
there exists ¢ > 0 such that M(¢);; > 0. To this end, we make the following global assumption
throughout the paper, which ensures irreducibility of M(¢), t > 0.

(A): The matrix w;(j), i, j € N, is the transition matrix of an irreducible Markov chain.
Foreach i, j € N, and 1 € R we define the matrix H (1) by

o0
H;;(\) == / et M(t);;dt.
0

The following result is the analogue of a result proved for linear semigroups of MBGW
processes; see e.g. Niemi and Nummelin ([28], Proposition 2.1) or Lemma 1 of [27]. In light
of this, its proof is straightforward omitted for the sake of brevity.

Lemma 2. [f, for some A, H;j(A) < oo for a pair i, j, then H;j(A) < oo foralli,j € N. In
particular, the parameter

Ajj = sup{: > —oco : H;j(1) < oo},

does not depend on i and j. The common value, A = A;;, is called the spectral radius of M.

ijr

In contrast to Lemma 1, which shows that global extinction depends on the initial configu-
ration of the MCSBP through the non-linear functional fixed point equation (5), case of local
extinction on any finite number of states depends only on the spectral radius A. In particular local

extinction for finite sets is not a phenomenon that is set-dependent.

Theorem 2 (Local Extinction Dichotomy). Fix u € M) such that sup{n : u(n) > 0} < oo.
Moreover suppose that

/ (x logx)Z(i,dx)—i—/ (x log x)n(i, dx) < oo, foralli e N (6)
1 1

holds.

(i) For any finite number of states A C N, P,(L4) = 1 if and only if A > 0.
(i) For any finite number of states A C N, let va be the vector with entries vs(i) =
—logPs,(L4), i €N, Then vy is a solution to (5), and v4(i) < w(i) for all i € N.

Remark 1. As we will see in the proof, if 4 > 0, then the process has local extinction a.s. even
if (6) is not satisfied.

The results in this paper open up a number of questions for the MCSBP which are motivated
by similar issues that emerge in the setting of CSBPs and super diffusions. For example, by
analogy with the setting for super diffusions, under the assumption (6), we would expect that
when A < 0, the quantity — A characterises the growth rate of individual types. Specifically we
conjecture that, when local extinction fails, exp{ Az} X, (i) converges almost surely to a non-trivial
limit as + — oo, for each i € N. Moreover, if the number of types is finite, then — A is also the
growth rate of the total mass. That is to say exp{A¢}(1, X,) converges almost surely to a non-
trivial limit as ¢+ — oo. If the total number of types is infinite then one may look for a discrepancy
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between the global growth rate and local growth rate. In the setting of super diffusions, [16] has
made some progress in this direction. Referring back to classical theory for CSBPs, it is unclear
how the event of extinction occurs, both locally and globally. Does extinction occur as a result of
mass limiting to zero but remaining positive for all time, or does mass finally disappear after an
almost surely finite amount of time? Moreover, how does the way that extinction occur for one
type relate to that of another type? An irreducibility property of the type space, e.g. assumption
(A), is likely to ensure that mass in all states will experience extinction in a similar way with
regard to the two types of extinction described before, but this will not necessarily guarantee that
global extinction behaves in the same way as local extinction. We hope to address some of these
questions in future work.

We complete this section by giving an overview of the remainder of the paper. In the next
section we give the construction of MCSBPs as a scaling limit of MBGW processes; that is
to say, in terms of branching Markov chains. We define the linear semigroup associated to the
MCSBP. The so-called spectral radius of this linear semigroup will have an important role in
the asymptotic behaviour of our process, in particular, it will determine the phenomenon of
local extinction. The properties of the linear semigroup are studied in Section 4. In Sections 5
and 6 we develop some standard tools based around a spine decomposition. In this setting, the
spine is a Markov chain and we note in particular that the non-local nature of the branching
mechanism induces a new additional phenomenon in which a positive, random amount of mass
immigrates off the spine each time it jumps from one state to another. Moreover, the distribution
of the immigrating mass depends on where the spine jumped from and where it jumped to.
Concurrently to our work we learnt that this phenomenon was also observed recently by Chen,
Ren and Song [6]. In Section 7, we give the proof of the main results. We note that the main
agenda for the proof was heavily influenced by the proof of local extinction in [15] for super
diffusions. Finally in Section 8, we provide examples to illustrate the local phenomenon property.

3. MCSBPs as a superprocess

Our objective in this section is to prove Theorem 1. The proof is not novel as we do this by
showing that MCSBPs can be seen in, in the spirit of the theory of superprocesses, as the scaling
limits of MBGW processes with type space N (or just {1, ..., n} for some n € N in the case of
finite types).

To this end, let y € BT(N) and let F(i, dv) be a Markov kernel from N to Z(N), the space of
finite integer-valued measures, such that

sup[ v(D)F(i, dv) < oo.
ieN JZ(N)

A branching particle system is described by the following properties:

1. For a particle of type i € N, which is alive at time r > 0, the conditional probability of
survival during the time interval [r, 7) is p;(r, t) = exp{—y (@)t — 1)}, t > r.

2. When a particle of type i dies, it gives birth to a random number of offspring in N according
to the probability kernel F (i, dv).

We also assume that the lifetime and the branching of different particles are independent. Let
X:(B) denote the number of particles in B € B(N) that are alive at time ¢ > 0 and assume
Xo(N) < oo. With a slight abuse of notation, we take Xy := w, where u € Z(N). Then
{X; : t > 0} is a Markov process with state space Z(N), which will be referred as a branching
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Markov chain or multi-type BGW with parameters (y, F'). For u € Z(N), let P,, denote the law
of {X, : t > 0} given Xy = u. In the special case that X is issued with a single particle of type i,
we write its law by Ps,. For f € B¥(N),t > 0,i € N, put

u (i) = u, (i, f) = —log Es, [exp {—(f, X:)}].
The independence hypothesis implies that

E, [exp {—(f, X;)}] = exp{—(u,, n)}, peIM), feB"(N),>0. @)

Moreover, by conditioning on the first branching event, u, is determined by the renewal equation

t
e "D = p;0,)e” /D + f 0i(0, $)y (@) e = (i, dv)ds.
0 Z(N)

By a standard argument (see for example Lemma 1.2 in Chapter 4 of in [12]) one sees that the
last equation is equivalent to

t t
e D = e~/ _ / y()e i =Ods + / 20 e =M F (i, dv)ds. ®)
0 0 N

See, for example, Asmussen and Hering [1] or Ikeda et al. [18—20] for similar constructions.

In preparation for our scaling limit, it is convenient to treat the offspring that start their motion
from the death sites of their parents separately from others. To this end, we introduce some
additional parameters. Let @ and 8 € BT(N) such that y = a + B. For each i € N, let 7;
be a probability distribution in N \ {i} and let g, i be two positive measurable functions from
N x [—1, 1] to R such that, foreachi € N,

gli.2) =Y pa)". A=Y gD |zl =1,
n=0 n=0

are probability generating functions with sup,;g.(i, 1—) < oo and sup;h.(i, 1-) < oo. Next,
define the probability kernels Fy(i, dv) and F|(i, dv) from N to Z(N) by

[ et R an = gii.e 1)
Z(N)
and
[ RG ) = h, e )
m)
We replace the role of F (i, dv) by

Y~ @) @) Foli, dv) + BG)Fi(, dv)], i € N,veI(N).

Intuitively, when a particle of type i € N splits, the branching is of local type with probability
a(i)/y (i) and is of non-local type with probability 8(i)/y (i). If branching is of a local type, the
distribution of the offspring number is {p,(i)}. If branching is of a non-local type, the particle
gives birth to a random number of offspring according to the distribution {g,(i)}, and those
offspring choose their locations in N\ {i } independently of each other according to the distribution
7;(-). Therefore, u, is determined by the renewal equation

t
o) :e—f<i>+/ a(l-)[g(l-’e—um(w)_e—uH(w]ds
0

+ / ﬁ(i)[h(i, (e_“’*i',ni))—e_”’ﬂ‘(i)]ds. )
0
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For the forthcoming analysis, it is more convenient to work with
v, (i) = v,(Q, ) =1 —exp{—u,(i, f)}, t>0,i eN.
In that case,
(i) =E: [1 —e/P] - /0 t [W(i, vi—s (@) + ¢, vi—y)] ds,
where
Vi, 2) = a@)[gl, 1 —2)— 10 =21+ B>)z
and

o, f)= B [hG, 1 —(f 7)) —1].

Next, we take a scaling limit of the MBGW process. We treat the limit as a superprocess with
local and non-local branching mechanism. For each k € N, let {Y®(¢), t > 0} be a sequence of
branching particle system determined by (o (), Bi(+), g«(-), hi (), 7.). Then, for each k,

(XO0)=k'YP@), >0

defines a Markov process in Ni(N) := {k~'o, 0 € Z(N)}. For 0 < z < k and f € B(N), let
V(i 2) = kag(D[ge, 1 — 2/k) — (1 — 2/ k)] + Bi(i)z

and
Oelis f) = Br(Oklhe(, 1=k~ (f, 7)) — 1.

Let us denote by uf(i, f) = —logE;s [exp {—(f, Xf‘)}] and vf(i, H=1-— exp{—uf(i, HI-

Under certain conditions, Dawson et al. [8] obtained the convergence of {X ®(@),t > 0} to
some process {X(¢),t > 0}. Let B(N) be the subset B(N) with entries uniformly bounded from
above and below. We re-word their result for our particular setting here.

Theorem 3. Suppose that

[o.¢]
> ngi) <1,
n=0

that By — B € BT(N) uniformly, ¢(i, f) — ¢, f) uniformly on N x B(N), and ¥(i, z) —
Y (i, z) locally uniformly. Then

(i) The function (i, z) has representation
[o¢]
Vi, z) = b(i)z + c(i)z® +/ (e ™ — 1+ zu)l(i, du), ieN, z>0, (0
0

where b € B(N), ¢ € BY(N) and (u A u*)(i, du) is a bounded kernel from N to (0, 00).
(1) The function ¢(i, f) can be represented as

o, f) = —BG) [d(i)(f, ) + f (1 — e n(, du)] , (11)
0
where d € BT(N), and un(i, du) is a bounded kernel from N to (0, 0o) with

d(i)—i—/ un(i,du) < 1.
0
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(iii) To each function v and ¢ satisfying (10) and (11) there correspond a sequence of By, Vi
and ¢.

(iv) For each a > O, the functions vf(i , f)and kuﬁk)(i , f) converge boundedly and uniformly
on [0,a] x N x E(N), to the unique bounded positive solution V; f (i) to the evolution
equation

Vi@ = 1)~ /O (4G Vies @) + 8. Vi ]ds, 120, (12)

Moreover, there exists a Markov process {X, : t > 0} with probabilities {P,,, n € M(N)}
such that

E e ) =exp(—(Vifiw)}. p1eM®N), feB M),
and the cumulant semigroup V; f is given by (12).

Theorem 1 now follows directly as a corollary of the above result. Intuitively, ¥ (7, -) describes
the rate at which a branching event amongst current mass of type i € N, produces further mass
of type i. Moreover, ¢(i, -) describes the rate at which a branching event amongst current mass
of type i € N, produces further mass of other types N \ {i}.

Remark 2. The non-local branching mechanism is not the most general form that can be
assumed in the limit. Indeed, taking account of the class of non-local branching mechanisms
that can be developed in [8,11,25], we may do the same here. Nonetheless, we keep to this
less-general class for the sake of mathematical convenience.

4. Spectral properties of the moment semigroup
Let (X;, P,) be a MCSBP and define its linear semigroup (M,, t > 0) by
M Lf1G) = Es [{f, X))], i eN, feB (N),t=>0. (13)

By replacing f in (3) and (4) by Af and differentiating with respect to A and then setting A = 0,
we can verify that

M [ f1G) = f(i)Jr/0 IC[/\/ls[f]](i)ds—/0 bHM[f1G)ds,
ieN, feB (N),t>0,

where
Klgl() = BG) (d(i)+fo un(i, du)) (g, mi).

(For similar computations see Propositions 2.24 and 2.29 in [25].) Denote by L the infinitesimal
generator of M;,

MLf1G) = f@)
—
Then, the operator L[ f](7) is the matrix product with L given by

LIf)@) = lim i eN, f e B(N).

L=A_,+K, (14)
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where the matrices A_;, and K are given by

(A_p)ij = —b(i)1;—;, and Kij = B(i) (d(i) + /000 un(i, du)) i (j).
Define the matrix M(¢) by
M(t)i; = Es, [ X:(j)],
and observe that
MLf1G) = [M@) f1G). 15)

The linear semigroup will play an important role in the proof of Theorem 2, in particular, its
spectral properties are of concern to us. Thanks to (15), it suffices to study the spectral properties
of the matrix M(t). In the forthcoming theory, we will need to assume that M := {M(¢) : t > 0},
is irreducible in the sense that for any i, j € N there exists + > 0 such that M(¢);; > 0. The
following lemma ensures this is the case.

Lemma 3. Suppose that 7;(j), i, j € N is the transition matrix of an irreducible Markov chain,
then M is irreducible.

Proof. Leta(i) = B(i) (d(i) + f0°° un(i, du)), for ie N. Define the matrices Q and A,_,,
Qij = a(@)(m:(j) — 1=y and (Aa—p)ij = (ali) — bA)1—j.

By hypothesis, Q is the Q-matrix of an irreducible Markov chain (&, P;). In particular, for each
i,j €Nandr > 0,P;(§ = j) > 0. Observe in (14) that L = Q + A,_, which is the formal
generator of the semigroup given by

TLf1G) = E;i [f(&)eXP {/ (a - b)(%}-)dS” ieN, feB(N), =0 (16)
0

By uniqueness of semigroups, M, f(i) = T;[f1(),t > 0, i € N. In particular M(t);; =

T;[8;1G) > 0, where § is the Dirac function, and therefore M is irreducible. [J

Recall that, for each i, j € N and A € R, we defined the matrix H(X) by
H;(A) = [000 eM M(t);;de.
and that the spectral radius
A= sup{r > —oo : H;j(A) < 00},
does not depend on i and ;.

Definition 1. A non-negative vector x with entries x(i), i € N, is called right (resp. left)
subinvariant A-vector, if for all ¢t > 0,

M@)x <e Mx, (resp. xT M(t) < e

X).
If the equality holds, the vector is called a right (resp. left) invariant A-vector.

In the next proposition, we appeal to standard techniques (cf. [27] or [31]) and provide sufficient
conditions for the existence of subinvariant A-vectors.
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Proposition 1. If H(A) < oo, then there exists a positive' right subinvariant )-vector, x, and
a positive left subinvariant \-vector, y. There exists no left or right subinvariant B-vector for
B> A
Proof. Fix j € N and define x and y as follows

x(i) = H;;(0) and y(i) = Hji(A).

Since the function ¢ +— M(¢) is continuous and M is irreducible, x(i)y(k) > O forall i, k € N.
Let s > 0, by Fubini’s Theorem,

Y M1 =Y /O e M (1) judt M(s); = / My M(1) i M(s)idt.

keN 0 keN

The semigroup property implies that

Iy M()1G) = [00 eMM(s +1);dt =e /oo eMM(t);dt < e My(i).
0 s

Therefore, y is a left subinvariant A-vector. A similar computation shows that x is a right
subinvariant A-vector.
Suppose x is a right subinvariant B-vector. Let & € (A, B), then, for eachi € N,

/ ~ e [M(H)x]()dt < / ” e Plx(i)dt = x(i)(B — ).
0 0

Let j € N such that x(j) > 0, then

/OO e M(1);;dr < ii.)(ﬁ —a)' < oo,
0 x(Jj)

which is a contradiction with the definition of A. In an analogous way, there is no left subinvariant
B-vector. [

When H;;(A) = oo, Niemi and Nummelin ([28], Theorem 4) proved that there exist unique
left and right invariant A-vectors as follows.
Proposition 2. Assume that H;;(A) = oo for some i, j € N. Then,

(1) There exists a unique (up to scalar multiplication) positive left invariant A-vector.
(ii) There exists a unique (up to scalar multiplication) positive right invariant A-vector.
Moreover, any right subinvariant A-vector is a right invariant vector.

From the previous propositions, there exists at least a positive left (right) subinvariant A-
vector. One of the reasons we are interested in right (sub)invariant vector, is that we can associate
to it a (super)martingale, which will be of use later on in our analysis.

Proposition 3. Let x be a right subinvariant A-vector. Then
W, = GMQC,Xz)y t>0,

is a supermartingale. If x is also an invariant vector, then (W,, t > 0) is a martingale.

1 Recall that a vector x is positive if its entries, x(i), are strictly positive for all i.
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Proof. Let ¢, s > 0. By the Markov property and the branching property
E[ ) (x, X,1,)| Fi] = Ex, [(x, X)) = Y " X (DB, [(x, X))

ieN
Since x is a right subinvariant A-vector,
Es; [(x. X;)] = [M(1)x](i) < e *'x(i),
therefore, we have that
E[ Wy | F] =3 " X OIM@)x]G) < e x()X,(0) = W,.
ieN ieN

In the invariant case, inequalities become equalities. [J

Let [n] = {1,...,n} and let X! := {X!”] : t > 0} be a branching process with the same
mechanism as X, but we kill mass that is created outside of [n]. To be more precise, X ("] has the
same local branching mechanisms ¥ (i, -) and ¢(i, -), for i = 1, ..., n, albeit that, now, m;(j),

J € N\ {i} is replaced by 7;(j)1(j<n), j € N\ {i}. Finally ¥ (i, -) and ¢(i, -) are set to be zero for
I >n.

Let M"(¢) be the matrix associated to the linear semigroup of X", Then the infinitesimal
generator of M"(¢) is given by

L"=[A_, +K]| .
[n]

In order to apply Perron-Frobenius theory to the matrix M!"(z), we need irreducibility. By
Lemma 3, it is enough that 77;(j), i, j < n is irreducible. There exist simple examples of infinite
irreducible matrices such that their upper left square n-corner truncations are not irreducible for
all n > 1. However, according to Seneta ([30], Theorem 3), the irreducibility of 7 implies that
there exists a simultaneous rearrangement of the rows and columns of 7, denoted by 7, and a
sequence of integers k, tending to infinity, such that the truncation of 7 to [k,] is irreducible
for all n. Observe that the type space, N, is used as a labelled set and not as an ordered set. It
therefore follows that we can assume without loss of generality, that we start with 77 (The vectors
b, c,d, B, ¢ and n will require the same rearrangement.) In the rest of the paper, when requiring
finite truncations to the state space, whilst preserving irreducibility, it is enough to work with the
truncations on [k, ]. In order to simplify the notation, we will assume without loss of generality
that k,, = n for all n.

Classical Perron-Frobenius theory tells us there exist two positive vectors xI") = {x"(i) :
i=1,...,n}and y" = {y"1(G) : i = 1,...,n}, and a real number A" = sup{L > —o0 :
Hiljfz](k) < 00}, such that

—Alnl —Alnl
MMM = e~ and (YT M) = ey

By construction of X"

, we have the inequalities
M@y < MEFN @) < M),
which naturally leads to the hierarchy of eigenvalues

A < AT < g1, (17)
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Lemma 4.

(i) A%® = lim ,_ oA = A.

(i) Let x'™ be a right invariant A" -vector for M'™, such that x"(1) = 1. Then, the vector
{x*(j) : j € N} given by x*(j) = liminf,_,ox"1(j) is a positive right A-subinvariant
vector. Moreover, it H;j(A) = oo, then {x*(j) : j € N} is the unique positive right invariant
A-vector of M with x*(1) = 1.

Proof. By inequality (17),
A< A® = lim A",

n—oo
For any n € N, let x"! be a M right invariant vector, such that x"/(1) = 1 for all n € N, this
implies
Ll ylnl — _ plnlyln]
Let x*(j) = liminf,_, ,,x""(j), by Fatou’s Lemma
Lx* < —A%®x*.

Using the fact that M(¢) is a non negative matrix and
d
E[M(t)x*](i) = [M@)Lx"1(), i €N,
we find that
[M(0)x*1G) < e "™'x*G),  ieN.

Since x*(1) = 1, x* is a right A, -subinvariant vector. By applying Proposition 1 we have that
A% < A and therefore x* is a right A-subinvariant vector. The last part of the claim is true due
to Proposition 2. [

Any vector x € R" can be extended to a vector u € RN by the natural inclusion map
u(i) = x(i)1jj<ny. Since it will be clear in which space we intend to use the vector, we make
an abuse of notation, and in the future we will denote both with x.

5. Spine decomposition

According to Dynkin’s theory of exit measures [10] it is possible to describe the mass of X
as it first exits the growing family of domains [0, #) x [n] as a sequence of random measures,
known as branching Markov exit measures, which we denote by {X"" : ¢ > 0}. Informally,
the measure X1 is the distribution of the mass obtained by ‘freezing’ the mass of the MCSBP
when it is outside [0, ) x [n] for the first time. See [12, Chapter 3] for details of branching
Markov exit measures. We recover here some of its basic properties. First, X!"}' has support on
({t} x [n]) U ([0, t] x [n]°). Moreover, under {t} x [n],

X"({t) x B) = X;"\(B),

for each B C [n]. We use the obvious notation that for all f € B¥([0, ] x N),

(LX) =37 fa DX D+ ) / s DXIHs. ),
0

i€[n] i€[nl¢
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We have that for all u € M([0, t] x N), and f € BT([0, t] x N)
E,[e” X0 = expl— (Vg™ £, )} (18)

where, fort > r > 0, Vr'”]” f :[n] — [0, co) is the unique non-negative solution to

. F i) — f [V, VI () + oG, VI )]ds if @ <n
VI £y = ' (19)
£ i) it i >n

An important observation for later is that if the value of f does not depend on time ¢ (temporal
homogeneity), then

Vr[n],zf — Vo[n],z—r f, (20)
for all £ € B*([0, t] x N). Moreover, as a process in time, X" = {X["} : t > 0} is a MCSBP
with local mechanism y["! = ¥/(i, z)1;;<, and non-local mechanism ¢ = ¢(i, f)1ji<p)-

Let us denote by N; the excursion measure of the ("), $!"1)-MCSBP corresponding to P;,.

To be more precise, Dynkin and Kuznetsov [13] showed that associated to the laws {Ps; : i € N}
are measures {N; : i € N}, defined on the same measurable space, which satisfy

N;:(1 - e—(f,X["]»’>) = —log E(gA(e_(f’X["]’t)),

for all non-negative bounded function f on N and # > 0. Intuitively speaking, the branching
property implies that Py, is an infinitely divisible measure on the path space of X" and the
previous equation is a “Lévy—Khintchine” formula in which N; plays the role of its “Lévy
measure”. A particular feature of N; that we shall use later is that

Ni((f, X)) = Eg [ f, X" @D

Given two functions x, y : N — [0, o) we denote by x o y the element wise multiplication,
[x o y](i) = x(i)y(@). Any function g : N — [0, 0c0) can be extended to a function g :
[0, 00) x N — [0, oo) such that g(s, i) = g(i).

Let x be a A" right invariant vector of M!"!. (Note, in order to keep notation to a minimum,
we prefer x in place of the more appropriate notation x!"1.) By splitting the integral between
{t} x [n] and [0, t] x [r]¢, it is easy to show that

(%, XU = (o, X)),
Using the Markov property of exit measures, the last equality, and Proposition 3, standard
computations tell us that
eAWt (x, X[n],t) _ eAWt (x, Xt[n]>
(x, w) (x,m)
is a mean one P,-martingale. For © € M(N) such that u(N \ [n]) = 0, define IN)I[f] by the
martingale change of measure
plnl
dp;
dP,

Y .= t>0,

=y

Fi

Theorem 4. Let j a finite measure with support in [n] and g € BT(N). Introduce the Markov
chain (n, P¥) on [n] with infinitesimal matrix, L' € M,.,,, given by

~ 1
[n] _ [n] i
Lij = m (Afb + Ktj + l{l:j}A )X(])
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If X is a MCSBP, then

[n],t

(x, X["]’)
Eju[exp{—/ (26(71s)V0[n]’t_sf(77x)+/OO u(l — 7“‘/[ f(’“))ﬁ(n du)) }
0 0
x g<m>l_[9£?]_:’;f]s (22)

s<t
where the matrices { O : s > 0, are given by

ol _ i ()BG)
S [AL + K+ AT

o n]
f ue™ Vo ) _ 1yn(i, du) + 1
0
and

PLo=Y %Pﬁ(o,

i€[n]

with an obviously associated expectation operator Ex  (-).

This theorem suggest that under IN’Z'] our process can decompose into 2 parts. The first one is a
copy of the original process and the second one can be related to some independent processes
of immigration. As we will see after the proof, the process of immigration is governed by
an immortal particle or spine along which two independent Poisson point processes of mass
immigration occur. The non-local nature of the branching mechanism induces a new additional
immigration at each time the spine jumps. Moreover the distribution of this new immigration
mass depends on where the spine jumped from and where it jumps to.

Proof. We start by noting that
[nl.t Alnly
EL"] [ (fxtny (X o g, X r )} ¢ E, [(; 032, X[n],t)e—<f.X[”]*’):|.
(x, Xlrr) (x, w)
Replacing f by f + Ax o g in (18) and (19) and differentiating with respect to A and then setting

A = 0, we obtain

E[n] —(f, xlnlty ()E o gs X[n]’t) —E —(fxlnlry <9(t)a X O /1'>
= vt =Eu (e -
(x, X1 (x, w)

=E, [e*<fvxl"1")] Zf(l)f;; Bo(i). (23)

3

i<n

where for r > r > 0, 0/ is the vector with entries

n a
0!(i) = —e " vl F 4% 0 31G)

() o , i€ln].

A=0

So that, in particular, 6/ (i) = g(i), i € [n], and additionally, /(i) = 0 fori > n and r < t. Note
that the temporal homogeneity property (20) implies that 6/(i) = 6, (i), i € [n],t = r > 0.
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Moreover, 6/(i), i € [n], is also the unique solution to

0'(i) = g(i) — / 0!(i) |:2c(i)V0["]”_s £ + / S —euVJ"]"‘Sf@)z(i,du)} ds
r 0

+ x()7! f [(A_, + K + A" D)x 0 0!](i)ds

t 00 o
+/ (6!, 7)BG0) / u(e™ 0™ A ni, duyds,
r 0

where

x(j)

i (j) = ()m(J) i,j€lnl

An integration by parts now ensures that

[e""60:1) =[e"" g1
- f el [9; o [2c(.)vo[”1’f“‘ fe)
+/°ou(1 e %o T Oy du)ﬂ(i)ds
0

o 00 nl,t—s
+ / et [(95, ) BC) / u(e %" f~”->—1>n(~,du>ds]
- 0

x (i)ds.

Then appealing to temporal homogeneity, and the fact that {ezm' : t > 0} is the semigroup of
(n, P9,

04(i) =E; [gn)] — By [ /O t 6" (ns) [ZC(m)VJ”"”f(m)
+ /000 (1 — e e du):| ds:|
+E; [ / 0, B /0 " e M ) g, du)ds]
=E;[g(n)] - E; [ fo t 0, (1) [20(77S)V0[”]”_“f(m)

+ / u(1 —e_”VO f('“))ﬁ(r]s du)i| ds:|
0

2 (DB (5)
+ ]Ex / Zl(Ll"J #0)96 Y( )( s\ B

[n]
’h J

* [nl.i—s ~
x / u(e Vo fomng) Dn(ny, du)) L!Zbdsi| .
0
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(Note, in the last equality, we have used that L["]
from Lemma 6 in the Appendix that

0(i) = B} [exp {— /O <2C(ns)V0["]”_Sf(m)

+/oou(1—e‘“vo REDUCR du)) ds}l_[O[”]’ }
0

s<t

j= = 0if and only if 7, (j) = 0.) We now see

as required. [

Fix p as a finite measure with support in [n]. As we said before, Theorem 4 suggests that the
process (X, P,) is equal in law to a process {I : ¢ > 0}, whose law is henceforth denoted by
P,, where

F XA Y XS A XL =0, (24)

C
seDy seD,d seD}]

such that X" is an independent copy of (X (.- 'P,,), the countable sets D€, D9, D' and processes
X, X% and X** are defined through a process of immigration as follows: Given the path of
the Markov chain (, P} u)’

[continuous immigration] in a Poissonian way an (", ¢[*1)-MCSBP X°* is immigrated at
(s, ny) withrate ds x 2¢(n,)dN,; . The almost surely countable set of immigration times is denoted
by D¢ and D; := DN (0, t],

[discontinuous immigration] in a Poissonian way an (y/"!, ¢["1)-MCSBP X%* is immigrated at
(s, ny) with rate ds x fooo ul(ny, du)P,s, . The almost surely countable set of immigration times
is denoted by D! and DY := DY N (0, 1],

[jump immigration] at each jump time s of n, an (¥!", $/"))-MCSBP X** is immigrated at
(s, ny) with law fooo Vs s (du)Pu,,nsi, where, for 7, j in the range of 7,

[A_p + 1AM ; + @A) (j) i (j)BG)

:(du) = Sp(d
Vi (du) [A_p + K + 1AM, oldu) + [A_p + K + 1AM, ;

un(i, du).

D’ denotes the set of jump times of 1 and we denote by D! the jump times before .
Given 7, all the processes are independent. We remark that we suppressed the dependence on n
of the processes X', X%*, X4*, X" and I in order to have a nicer notation.

Observe that the processes X¢, X4 and XJ are initially zero valued, therefore, if Iy = p then
X{, = n. Moreover (n, P,) is equal in distribution to (5, P} ,)- The following result corresponds
to a classical spine decomposition, albeit now for the setting of an (y["!, $!"1)-MCSBP. Note, we
henceforth refer to the process 5 as the spine.

Remark 3. The inclusion of the immigration process indexed by j appears to be a new feature
not seen before in previous spine decompositions and is a consequence of non-local branching.
Simultaneously to our work, we learnt that a similar phenomenon has been observed by Chen,
Ren and Song [6].

Theorem 5 (Spine Decomposmon) Suppose that | as a finite measure with support in [n]. Then
(I',P,) is equal in law to (Xt M)
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Proof. The proof is designed in two steps. First we show that I" is a Markov process. Secondly
we show that A has the same semigroup as X", In fact the latter follows immediately from
Theorem 4 and hence we focus our attention on the first part of the proof. Observe that
((I%, ), P,) is a Markov process. By the same argument that appeared in Theorem 5.2 in [24],
if we prove

Bun =i 11= 2200, i<, (5)
then, (I, P,) is a Markov process. By conditioning on 7, using the definition of I', Eq. (22) and
the fact that (I}, P,,) is equal in law to (X, f’ﬂ), for each ¢, we obtain

oty Eo8 Ii)
('xa Fl)

The definition of conditional expectation implies (25). [

E,[e""gm)] =E, |: i| , for all f, g measurables.

6. Martingale convergence

An important consequence of the spine decomposition in Theorem 5 is that we can establish
an absolute continuity between the measures P, and Pl[f].

Theorem 6. Fixn € N and u € M(N) such that sup{k : u(k) > 0} < n. The martingale Y™
converges almost surely and in L'(P,,) if and only if A" < 0 and that

Z /Oo(x log x)£(i, dx) + Z /oo(x log x)n(i, dx) < 0. (26)
1 1

ieln] i€[n]

Moreover, when these conditions fail, PM(limHooY,[”I =0)=1.

Proof. We follow a well established line of reasoning. Firstly we establish sufficient conditions.
We know that 1/ Y™ is a positive ﬂf]-supermartingale and hence lim,_, oo Y™ exists f’}f]-almost
surely. The statement of the theorem follows as soon as we can prove that ﬁ'jl(lim,_moY,[”] <
00) = 1.

To this end, consider the spine decomposition in Theorem 5. Suppose, given the trajectory
of the spine 7, that we write (s, AS, AL), s = 0, for the process of immigrated mass along the
spine, so that (s, AS) has intensity ds x u£(»y, du) and, at s such that n;_ # s, A is distributed
according to v, ,.. Let S = o (1, (s, AS, AL), s > 0) be the sigma algebra which informs the
location of the spine and the volume of mass issued at each immigration time along the time and
write

Zt["] _ eA[n], ()f, Ft) ]
{x, w)
Our objective now is to use Fatou’s Lemma and show that

E,[lim Z!"|S] < liminfE,[Z"|S] < occ.
11— 00 1—00

Given that (I', P,) is equal in law to (X"} f’u)’ this ensures that IN’Ef](limHooY,[”] <o0) =1,
thereby completing the proof.

It therefore remains to show that lim infleooE,L[Z,[”] |S] < oo. Taking advantage of the spine
decomposition, we have, with the help of (21) and the fact that EM[Y,["]] = 1,fort > 0and
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such u € M(N) such that sup{k : u(k) > 0} <n,

o0
hmme (z"8] = (x, u)—i—/ ZC(ns)eA[n]S g
(x, w)

A["JsAd xm A[”Js )C Tys— )
x________'

s>0 s>0 )C M)

Recalling that A" < 0 and that 7 lives on [n], the first integral on the right-hand side above can

be bounded above by a constant. The two sums on the right-hand side above can be dealt with
almost identically.
It suffices to check that

A["]_ d H
Do e AL Y e AenAs

s>0 s>0
Al d Altlgg j
+ Y e g AT+ Y e A < oo, 27)
s>0 s>0

‘We first note that

[Ze e AL+ Y !;<1)Ajs}

s>0 >0

o0
=E, [ / eA"ls / uzﬁ(nx,du)dsi|
0 ©,1)
o0
+E, U eA“”Sf 2L S,,,s(du)ds]
0 0,1)

5/ "5 ds sup/ u?€(i, du)ds + sup nx(])/ w’n(, du)ds } < oo.
0 ielnJ 0.1 i,jeln ©.1)

Next, note that the condition (26) ensures that, P, almost surely,

lim sup s~ 1 pdsyylog AY +limsup s~ 1 pdsyylog Al =0,
§—>00 §—>00
so that both sequences Ag and A} in the last two sums of (27) grow subexponentially. (Note that
both of the aforesaid sequences are indexed by a discrete set of times when we insist {A‘si > 1})
Hence the second term in (27) converges.
To establish necessary conditions, let us suppose that 7 is the set of times at which the mass
(s, A9, AJ) s > 0, immigrates along the spine. We note that for ¢ € 1,

z" > eA["]’Af—x"’ +e [n]’A,—<x T >. (28)
(x, ) (x, w)
If A™ > 0 and (26) holds then
P, (limsup ¥/"! = 00) = P, (limsup Z" = 00) = 1 (29)
t— 00 1—o00

on account of the term eA" , the remaining terms on the right-hand side of (28) grow

subexponentially. If A" = 0 and (26) holds then, although there is subexponential growth of
(Al A%, 1 > 0,

llmsupl(Ad>])A +11msup1(Ad>l)A =00

—>00
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nonetheless. This again informs us that (29) holds. Finally if A" < 0 but (26) fails, then there
exists an i € [n] such that floo(x log x)£(i, dx) = oo or floo(x log x)n(i, dx) = oo. Suppose it is
the latter. Recalling that 7 is ergodic, another straightforward Borel-Cantelli Lemma tells us that

limsups~'1

§—>00

j
(=i, ad=ny log Ay > ¢,

for all ¢ > 0, which implies superexponential growth. In turn, (29) holds. The proof of the
theorem is now complete as soon as we recall that (29) implies that P, and P, are singular and
hence P, (lim, oY =0)=1. O

7. Local and global extinction
Lemma 5. For any finite A C N and any p,

P, (limsup(lA, X;) € {0, oo}) =1.
—>00

Proof. It is enough to prove the lemma for A = {i}. The branching property implies that X (i) is

an infinitely divisible random variable and consequently, its distribution has unbounded support

on R, (see Chapter 2 in Sato [29]). Therefore, for all € > 0,

Pes, (X1(i) > K) > 0. (30)

Let us denote by (2 the event limsup,_, ., X,;(#) > 0 and, for each € > 0, denote by (2 the
event limsup,_, .. X,(i) > €. Define the sequence of stopping times as follows. On (2, let
To = inf{t > 0 : X,(i) > €} and 7,4, = inf{t > T, + 1 : X;(i) > €} and for (2 let T, = n.
Then, the 7,’s are finite stopping times on (2. Fix K > O and let A, = 2. N {X7,+1() > K}
and 2! = {0 : w € A, i.0.}. Thus by (30) and the strong Markov property,

o0
ZPM(AV, | X1y .oy X1,) = 00 P,-a.s. on (2.

n=I

By the extended Borel-Cantelli lemma [see Corollary 5.29 in [3]], P,-a.s. £ C '. Observe
that 2. 1 (% as € | 0. Therefore, for K arbitrary large, limsup,_, . X,(i) > K, P,-a.s. on {2,
and the claim is true. [

Recall that we say that X under P, exhibits local extinction for the finite set A C N if

P, (};g<1A,xt> =0) = 1.

Now, we have all the preliminary results needed for the Proof of Theorem 2.

Proof of Theorem 2. (i) Let 0 < A. By Propositions 1 and 2, there exists x a positive
right subinvariant A-vector. Proposition 3 yields that W, = e/ (x, X,) is a non-negative
supermartingale. By Doob’s convergence theorem, there is a non-negative finite random variable
W such that a.s.

W, — W as t — oQ.

When A > 0, since e!' — oo as t — oo, and x(i) > O for any i € N, we have that P,-a.s.
lim,_, o X,(i) = 0, and hence, P,-a.s., lim,_, (14, X;) = 0. When A = 0, Lemma 5 yields the
claim.
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(ii) Now suppose that A < 0, using Lemma 4 there exists n > i such that A" < 0. Next,
consider the conclusion of Theorem 5. Let 1 be n-dimensional vector whose entries are all 1
and let 0 be similarly defined. Note that L1 = 0 and hence, together with irreducibility of
70 |n)» it follows that (5, PY) is ergodic. As a consequence, of the spine decomposition (24), we
now see that, P["]—almost surely, mass is depos1ted by 7 infinitely often in state i. Thanks to the
assumption (6) and Theorem 6, we have that P[”] <« P, and hence there is no local extinction.

Next, recall that for a finite set of types A C N

UA(i) = — lOg Pgi (EA)

It is a trivial consequence of the fact that £ C L4 that v4(i) < w(i), i € N. By independence, it
follows that, for all finite u € M(N),

P (L) = exp{—(va, )}, t=0.
By conditioning the event £, on JF;, we obtain that for all r > 0,
E, (e %) = exp{—(va, p)}. €1y
Now recalling (4), v4 must satisfy the semigroup evolution, see
Vi, va@i) + @i, va) =0

Formally speaking, to pursue the reasoning, we need v4 to be a bounded vector, but this is not
necessarily the case. To get round this problem, we can define v& (i) = K A va(i), i € N, and
observe by monotonicity and continuity that V,v (z) T va@),i € Nt > 0,as K 1 co. When
seen in the context of (4) (also using continuity and monotonicity), the desired reasoning can be
applied. [

Proof of Lemma 1. The proof that w solves (5) is the same as the proof of (31). O

8. Examples
This section is devoted to some examples, where we find explicitly the global and local
extinction probabilities. First we start with a remark of Kingman (see [22]).
Proposition 4. Let P;j(t) be the transition probabilities of an irreducible continuous-time
Markov chain on the countable state space E. Then there exists k > 0 such that for eachi, j € E,
t ' og(P;; (1)) — —«.
Moreover, for eachi € E andt > 0
Pii(r) <e™
and there exist finite constants K;; such that
P;(t) < K;je™, foralli,je E, t=>0.
If Q = (qij) is the associated Q-matrix, then

Kk < —sup{g;; :i € E}.
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Observe that if the Markov chain is recurrent then k = 0. When it is transient, ¥ could
be greater than 0. In this case, we will say that the chain is geometrically transient with « its
decay parameter. Kingman provided a random walk example where « > 0. The example is the
following. Let & be a random walk with Q-matrix given by

qii=1 = P, qii = —1, gii-1=q=1-p,

where p € (0, 1). Then, £ is an irreducible process with decay parameter k = 1 — 2. /pgq. In
particular, the process is geometrically transient except when p = 1/2.
Now, we can provide some examples.

Example 1. If ¢/, 8, d and n do not depend on the underlying type, it is easy to show that
(1, X;), t = 0) is a CSBP with branching mechanism given by

U(2) = <b —pd—-p /oo Mn(du)> z+ce+ /w(e_” — 1+ zu)(€ + Bn)(du),
z>0. ' '
In this case, the global extinction probability is given by
P, (&) =e O,
where 5(0) =sup{z <0: &(Z) = 0}.

Definea = d + 8 fooo un(du), then, our process X has global extinction a.s. if and only if
b — a > 0. On the other hand, let (&, P;) be an irreducible chain with Q-matrix given by

Qij = a(@;(j) — 8;i=j)-
Then, by Eq. (16), the linear semigroup of X is
t
M, f(@i) =K, [f(ér)eXp {/ (a — b)(és)dSH .
0
In particular,
o0
H;;(A) = / et Ha=bip(r)dr.
0

If (¢, P;) is geometrically transient, then k¥ € (0,a) and A < b — a + k implies H;;(A) < co. In
particular if @ — x < b, the spectral radius of M satisfies A > 0 and, by Theorem 2, X presents
local extinction a.s.

In summary, if a — k < b < a then the process presents local extinction a.s. but global
extinction with probability less than one.

Example 2. Define a(i) = B(i)d(@i) + ﬂ(i)fooo un(i, du). Suppose that there exists a constant
¢ > Osuch that b(i) —a(i) > ¢ > 0. Let (&, IP;) the associated irreducible chain in Lemma 3. Let
0 <A < c.ByEq. (16) we have

Hy00 = | "o, [Sxmexp{ [ @ —b)(&)ds” ar= [ " e < oo,
0 0 0

Then, A > 0 and the process presents local extinction a.s.
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Example 3. Suppose now that there exists a constant ¢ > 0 such that b(i) — a(i) < —c < 0 and
(&, P;) is a recurrent Markov chain. Then, for —c < A < 0,

o= [ e [8,-<sf>exp { [ @- b)(a)ds” az [T pyu=oc.
0 0 0
It follows that A < 0. If

oo oo
sup/ (xlogx)e(i, dx) + sup/ (x logx)n(i, dx) < oo,
ieNJ 1 ieNJ 1

then the process presents local extinction in each bounded subset of N with probability less than
one.
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Appendix

We provide here a technical lemma pertaining to an extended version of the Feynman—Kac
formula that is used in the main body of the text. Note that similar formulae have previously
appeared in the literature e.g. in the work of Chen and Song [7].

Lemma 6. Let (&, P) be a Markov chain on a finite state space E with Q matrix Q = (q;})i, jeE-
Letv : E x Ry — R be a measurable functionand F : E x E x Ry — R be a Borel function
vanishing on the diagonal of E. Fori € Eandt > 0and f : E — R, define

h(i,t) :=Tf1G) =E; f(S,)exp{va(E_v,t—s)ds exp{ZF(ES_,gs,t—s)}].

s<t

Then T; is a semigroup and for each (i, t) € E x Ry, h satisfies

Wi, 1) =E; [fE)] +E; / B, t — Y0, 1 — 5)ds

t
B | [ Y e 0 g s | (32)
JjeE
Moreover, if v and F do not depend on t, the semigroup has infinitesimal generator matrix P

given by,

pij = qije" P + vy (33)
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Proof. The Markov property implies the semigroup property. For each 0 < s < ¢ define

Agi = / v, —r)dr Y FE &, 1 —r).

s<r<t

Then,

t
Ao _ g — / b(E, 1 — s)etrds + 3 et (P9 ),
0

s<t

This implies,

hi, 1) = B 6]+ E; [ [ e - s)eAs,xds}

+E; Z f(g’:t)eAs—,r(eF(Ss—,SsJ—S) -1

s<t

By the Markov property

h(i, 1) = E; [f(E0] + Ei [/ v(&s, 1 — s, 1t — S)dS}
0

B Yt =)l )

s<t

The Lévy formula says that for any nonnegative Borel function G on E x E x R, vanishing on
the diagonal and any i € E,

B | 0660 | =B | [ X 66y

s<t yeE

Therefore, h satisfies (32). Using this expression, we can obtain the infinitesimal matrix. [J
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