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Summary

This thesis concerns on new developments of continuous-state branching processes. In particular,
we focus on two different topics on this subject. The first topic concerns continuous-state branch-
ing processes in a Lévy random environment. In order to define this class of processes, we study
the existence and uniqueness of strong solutions of a particular class of non-negative stochas-
tic differential equations driven by Brownian motions and Poisson random measures which are
mutually independent. The long-term behaviours of absorption and explosion are also studied.

The second topic is related to multi-type continuous-state branching processes with a count-
able infinite number of types. We define this kind of processes as super Markov chains with both
local and non-local branching mechanisms. Special attention is given to extinction events; in
particular local and global extinction are studied.
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Introduction

In many biological systems, when the population size is large enough, many birth and death
events occur. Therefore, the dynamics of the population become difficult to describe. Under this
scenario, continuous-state models are good approximations of these systems and sometimes they
can be simpler and computationally more tractable. Moreover, the qualitative behaviour of the
approximate models may be easier to understand.

The simplest branching model in continuous time and space is perhaps the so called continuous-
state branching process (or CB-process for short). They have been the subject of intensive study
since their introduction by Jifina [58]. This model arises as the limit of Galton-Watson processes;
where individuals behave independently one from each other and each individual gives birth to
a random number of offspring, with the same offspring distribution (see for instance Grimvall
[49], for a general background see Chapter 12 of [64] or Chapter 3 of [70]). More precisely, a
[0, oo]-valued strong Markov process Y = (Y;,¢ > 0) with probabilities (P,, x > 0) is called a
continuous-state branching process if it has paths that are right-continuous with left limits and
its law observes the branching property: for all 6 > 0 and z,y > 0,

Eity [e_eyf} =E, [G—BY,} E, [e_eyt} , t>0.
Moreover, its law is completely characterized by the latter identity, i.e.
E, {e_)‘yt} = e_mt()‘), t,A>0, (1)
where v is a differentiable function in ¢ satisfying
Oug (A
M) ), wol) = A )

and v satisfies the celebrated Lévy-Khintchine formula, i.e.

P(N) = —q —aX +°\% + / (6_)“'” -1+ )\xl{rd}),u(da:), A>0,
(0,00)
where a € R, ¢,v > 0 and u is a measure concentrated on (0,00) such that f(O,oo) (1A 2?)p(de)
is finite. The function v is convex and is known as the branching mechanism of Y.
Let
To =inf{t > 0:Y; =0} and Too =inf{t >0:Y; = o0}

denote the absorption and explosion times, respectively. Then Y; = 0 for every t > Ty and
Y; = oo for every t > Ty,. Plainly, equation (2) can be solved in terms of v, and this readily
yields the law of the absorption and extinction times ( see Grey [48]). More precisely, let n be the
largest root of the branching mechanism ¢, i.e. 7 =sup{f > 0:¢(0) = 0}, (with co = sup{0}).
Then for every x > 0:
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i) if n=0orif [, d8/[(0)] = oo, we have P (To < 00) = 0,
i) if n >0 and [, d6/]4(0)] < oo, we define

o) =- [ ﬁ;) te (0.n).

The mapping g : (0,17) — (0,00) is bijective, and we write v : (0,00) — (0,n) for its right-
continuous inverse. Thus

P, (Too > t) = exp{—av(t)}, x,t > 0.
iii) if ¥(c0) < 0 or if [°df/¢(0) = oo, we have Py (T < 00) = 0,
iv) if 1(0c0) = oo and [ df/v(0) < oo, we define
© de

¢(t) = \ M? te (777 OO)

The mapping ¢ : (n,00) — (0,00) is bijective, we write ¢ : (0,00) — (n,00) for its right-
continuous inverse. Thus

P, (Tp < t) = exp{—mzp(t)},  x,t>0.

From (ii), we get that P, (Ts < o0) = 1 — exp{—2n}. Hence from the latter and (i), we
deduce that a CB-process has a finite explosion time with positive probability if and only if

du
< 0 and n >0,
/0+ |th(u)

When 7 < oo, the condition 1 > 0 is equivalent to ¢'(0+) < 0.
Similarly from (iv), we deduce that P, (Ty < co) = exp{—2xn}. Hence, the latter identity and
(iii) imply that a CB-process has a finite absorption time a.s. if and only if
> du

P(00) = 00, @) < 00 and ' (04) > 0.

We define the extinction event as {lim;_,~ ¥Y; = 0}. When ¢ (c0) = oo, we have that for all x > 0,

P, (lim ¥; = 0) = exp{~an}.

The value of ¢/(0+) also determines whether its associated CB-process will, on average,
decrease, remain constant or increase. More precisely, under the assumption that ¢ = 0, we
observe that the first moment of a CB-process can be obtained by differentiating (1) with respect
to A. In particular, we may deduce

E,[Y;] = ze ¥ (0Dt for x,t > 0.

Hence using the same terminology as for Bienaymé-Galton-Watson processes, in respective order,
a CB-process is called supercritical, critical or subcritical depending on the behaviour of its mean,
in other words on whether ¢'(0+) < 0, ¢/(0+) = 0 or ¢'(0+) > 0.
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A process in this class can also be defined as the unique non-negative strong solution of the
following stochastic differential equation (SDE for short)

t t
Y, =Y + a/ Y,ds + / v/ 272Y,d By
0 0

t Ys— t Y-
—i—/ / / zN(ds,dz,du)—i—/ / / zN(ds,dz,du),
o Jo,1)Jo 0 J1,00) Jo

where B = (By,t > 0) is a standard Brownian motion, N (ds, dz, du) is a Poisson random measure
independent of B, with intensity dsA(dz)du where A is a measure on (0, cc] defined as A(dz) =
1(0,00)(2)1(dz) + qdoo(dz), and N is the compensated measure of N, see for instance [45].

There has been some interest in extending CB-processes to other population models. By

analogy with multi-type Galton-Watson processes, a natural extension would be to consider a
multi-type Markov population model in continuous time which exhibits a branching property.
Multi-type CB-processes (MCBPs) 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 CB-process, but
also allows for the migration and/or seeding of mass into other population types.
Recently in [12], 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 with both
Gaussian and Poisson driving noises. Simultaneously, in [23], the pathwise construction of these
d-dimensional processes was given in terms of a multiparameter time change of Lévy processes
(see also [46]). Preceding that, work on affine processes, originally motivated by mathematical
finance, in [33] also showed the existence of such processes. Older work on multi-type continuous-
state branching processes is more sparse but includes [73] and [88] , where only two types are
considered.

In this thesis, we introduce multi-type continuous-state branching processes (MCBPs) as
super Markov chains with both local and non-local branching mechanisms. That is to say we
defined MCBPs 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 [39].
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. Moreover, this rate is determined by a special
eigenvalue associated to the linear semigroup of the process. In our case, the so-called spectral
radius of the linear semigroup will have an important roll in the asymptotic behaviour of our
process, in particular, it will determine the phenomenon of local extinction. In order to study
this phenomenon, we develop some standard tools based around a spine decomposition.

Another natural extension of CB-processes is to include immigration, competition or depen-

dence on the environment. The interest in these new models comes from the fact that they arise
as limits of discrete population models where there are interactions between individuals or where
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the offspring distribution depends on the environment (see for instance Lambert [68], Kawasu
and Watanabe [60], Bansaye and Simatos [10]).

Recall that a CB-process with immigration (or CBI-process) is a strong Markov process taking
values in [0, 00], where 0 is no longer an absorbing state. It is characterized by a branching
mechanism 1) and an immigration mechanism,

o(u) :=du + /000(1 — e "Hy(dt), u>0

where d > 0 and
/ (1A z)v(de) < oc.
0

It is well-known that if (Y;,¢ > 0) is a process in this class, then its semi-group is characterized
by

t
E. [e*AYt} = exp {—xut(/\) - / qﬁ(us)ds} , for M\ x,t>0,
0

where u; solves (2).
According to Fu and Li [45], under the condition that f(o Oo)(:13 A 2?)pu(de) is finite, a CBI-
process can be defined as the unique non-negative strong solution of the SDE

t t
Yi = Yo+ / (d+ aYs)ds + / V/272Y,dB,
0 0

t Yoo _ t A
+/ / / zN(ds,dz,du)+/ / =M™ (ds, dz),
0 J(0,00) J0 0 /(0,00)

where M (™) (ds,dz) is a Poisson random measure with intensity dsv(dz), independent of B and
N.

CB-processes with competition were first studied by Lambert [68], under the name of logistic
branching processes, and more recently studied by Ma [74] and Beresticky et al. [13]. Under
the assumptions that ¢ = 0 and f(o 00) (:): A :L'Q)u(dx) < oo, the CB-process with competition is
defined as the unique strong solution of the following SDE

t t t t Yoo
Y, =Yy + a/ Y,ds — / B(Ys)ds + / V272Y,dBs + / / / zN(ds,dz,du),
0 0 0 0 J(0,00) Jo

where £ is a continuous non-decreasing function on [0, co) with $(0) = 0, which is called the com-
petition mechanism. The interpretation of the function 3 is the following: in a given population
of size z, an additional individual would be killed a rate 5(z).

Smith and Wilkinson introduced and studied branching processes in random environment
(BPREs). Roughly speaking, BPREs are a generalization of Galton-Watson processes, where
at each generation the offspring distribution is picked randomly in an i.i.d manner. This type
of process has attracted considerable interest in the last decade, see for instance [2, 3, 8] and
the references therein. One of the reason is that BPREs are more realistic models than classical
branching processes. And, from the mathematical point of view, they have more interesting
features such as a phase transition in the subcritical regime. Scaling limits for BPREs have been



studied by Kurtz [62] in the continuous case and more recently by Bansaye and Simatos [10] in
a more general setting.

CB-processes in random environment, the continuous analogue in time and state space of
BPREs, can be defined as a strong solution of a particular stochastic differential equation. They
have been studied recently by several authors in different settings. More precisely, Béinghoff and
Hutzenthaler [20] studied the case when the process possesses continuous paths. This process is
the strong solution of the following SDE

t t t
Zy = Zo+ a/ Zyds +/ V272 ZsdBs —I—/ ZsdSs, (3)
0 0 0

where the process S = (S, ¢t > 0) is a Brownian motion with drift which is independent of B.
Bansaye and Tran [11] studied a cell division model, where the cells are infected by parasites.
Informally, the quantity of parasites in a cell evolves as a Feller diffusion. The cells divide in
continuous time at rate r(z), which may depend on the quantity of parasites = that they contain.
When a cell divides, a random fraction 6 of parasites goes in the first daughter cell and the rest
in the second one. In each division, they only keep one cell and consider the quantity of parasites
inside. Assuming that the rate r is constant and 6 is a r.v. in (0,1) with distribution F', the
model follows a Feller diffusion with multiplicative jumps of independent sizes distributed as F'
and which occurs at rate r. In particular, the model can be described as in (3) with S satisfying

¢
Sy = —7“/ / (1 —-6)M(ds,do)
0o J(o,1)

where M is a Poisson random measure with intensity dsF'(df). Inspired in this model, Bansaye
et al. [9] studied more general CB-processes in random environment which are driven by Lévy
processes whose paths are of bounded variation and their associated Lévy measure satisfies
f(l’oo) zp(dz) < oo. They are know as CB-processes with catastrophes motivated by the fact
that the presence of a negative jump in the random environment represents that a proportion of
a population, following the dynamics of the CB-process, is killed. The process is defined as the
unique non negative strong solution of the SDE

t t t Zo t
Zy =Zg + a/ Zsds + / V272 Z,dBs + / / / zN(ds,dz,du) + / Zs_dSs,
0 0 0 J(0,00) J0 0

where

t
st:/ / (m — 1)M(ds, dm),
0 J(0,00)

M is a Poisson random measure independent of N and B, with intensity dsv(dm) such that

V{0}) =0 and  0< / (1A m — 1])w(dm) < oo.
(0,00)

In all those works, the existence of such processes is given via a stochastic differential equation.
Boinghoff and Hutzenthaler computed the exact asymptotic behaviour of the survival probability
using a time change method and in consequence, they described the so called Q-process. This is
the process conditioned to be never absorbed. Similarly to the discrete case, the authors in [20]
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found a phase transition in the subcritical regime that depends on the parameters of the random
environment. Bansaye et al. also studied the survival probability but unlike the case studied in
[20], they used a martingale technique since the time change technique does not hold in general.
In the particular case where the branching mechanism is stable, the authors in [9] computed
the exact asymptotic behaviour of the survival probability and obtained similar results to those
found in [20].

In this thesis, one of our aims is to construct a continuous state branching processes with im-
migration in a Lévy random environment as a strong solution of a stochastic differential equation.
In order to do so, we study a particular class of non-negative stochastic differential equations
driven by Brownian motions and Poisson random measures which are mutually independent. The
existence and uniqueness of strong solutions are established under some general conditions that
allows us to consider the case when the strong solution explodes at a finite time. It is important
to note that this result is of particular interest on its own. We also study the long-term be-
haviour of these processes. And, in the particular case where the branching mechanism is stable,
ie. ¥(A) = MH1 with 8 € (—=1,0) U (0, 1], we study the asymptotic behaviour of the absorption
and explosion probability. Up to our knowledge, the explosion case has never been studied before
even in the discrete setting.

A key tool is a fine development in the asymptotic behaviour of exponential functionals of
general Lévy processes. Recall that a one-dimensional Lévy process, £ = (& : t > 0), is a
stochastic process issued from the origin with stationary and independent increments and a.s.
cadlag paths. Its exponential functional is defined by

I(§) = /Ot e S ds, t>0. (4)

In recent years there has been a general recognition that exponential functionals of Lévy pro-
cesses play an important role in various domains of probability theory such as self-similar Markov
processes, generalized Ornstein-Uhlenbeck processes, random processes in random environment,
fragmentation processes, branching processes, mathematical finance, Brownian motion on hyper-
bolic spaces, insurance risk, queueing theory, to name but a few (see [19, 24, 67] and references
therein). There is a vast literature about exponential functionals of Lévy processes drifting to
+o0 or killed at an independent exponential time e, with parameter ¢ > 0, see for instance [5, 19].
Most of the known results on I (§) and Ie,(§) are related to the knowledge of their densities or
the behaviour of their tail distributions. In particular, it is know from Theorem 1 in Bertoin and
Yor [19] that

a Lévy process £ drifts to oo if and only if [ (§) < oo a.s. (5)

According to Theorem 3.9 in Bertoin et al. [16], there exists a density for I, (§), here denoted
by h. In the case when ¢ > 0, the existence of the density of o (§) appears in Pardo et al. [82].
Moreover, according to Theorem 2.2. in Kuznetsov et al. [63], under the assumption that
E[|&1]] < oo, the density h is completely determined by the following integral equation: for v > 0,

u/oo h(z)dz + ’;th(v) + /OO T <ln %) h(z)dz o
v v 6
+ /OU ﬁ(ﬂ <ln %) h(z)dz + /OO hf)dx =0,
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where

H(+)(x):/:o /yool'[(dz)dy and H(_)(gc):/:o /_:H(dz)dy.

We refer to [16, 63, 82], and the references therein, for more details about these facts. The case
when the exponential functional of a Lévy process does not converge has only been studied in a
few papers and not in its most general form, see for instance [9, 20].

One of our aims in this thesis is to study the asymptotic behaviour of

E[F(It(g))} as t — o0,

where F' is a non-increasing function with polynomial decay at infinity and under some exponen-
tial moment conditions on &, and I;(§) does not converge a.s. to a finite random variable, as ¢
goes to co. In particular, we find five different regimes that depend on the shape of the Laplace
exponent of £. These results will be applied for the particular functions such that

F(x)=a"", F(x)zl—efp, F(x)=¢"  or F(w):bi for a,b,p,x > 0.
x

Exponential functionals also appear in the study of diffusions in random potential, which
we now describe informally. Associated with a stochastic process V = (V(z),x € R) such that
V(0) = 0, a diffusion Xy = (Xy(t),t > 0) in the random potential V is, loosely speaking, a
solution of the stochastic differential equation

AXy () = dfy— JV/(Xv(H)dt, Xy (0) =0,

where (5;,t > 0) is a standard Brownian motion independent of V. More rigorously, the process
Xy should be considered as a diffusion whose conditional generator, given V| is:

1 d (v d
5 eXp(V(gv))da7 (e dx) .

Observe that from Feller’s construction of such diffusions, the potential V' does not need to
be differentiable. Kawazu and Tanaka [59] studied the asymptotic behaviour of the tail of the
distribution of the maximum of a diffusion in a drifted Brownian potential. Carmona et al. [24]
considered the case when the potential is a Lévy process whose jump structure is of bounded
variation. More precisely, they studied the following question: How fast does P(max¢>o Xy (t) >
x) decay as © — oo? From these works, we know that

A
P(Igig{XV(t)>x>:E{A+BJ, x>0

where

0 T
A= / "Odt  and B, = / ev(t)dt, x>0
—00 0

are independent. As a consequence, exponential functionals play an essential role in this domain.
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Outline

We now give a detailed summary of the main body of this thesis.
Chapters 1-4 are dedicated to study Continuous-state branching processes in a Lévy random
environment with immigration and competition. They are based on the papers:

[79] S. PALAU and J.C. PARDO. Branching processes in a Lévy random environment. Preprint
arXiv:1512.07691, submitted (2015).

[80] S. PALAU and J.C. PARDO. Continuous state branching processes in random environment:
The Brownian case. Stochastic Processes and their Applications. (2016) 10.1016/j.spa.2016.07.006
[81] S. PALAU, J.C. PARDO and C.SMADI. Asymptotic behaviour of exponential function-
als of Lévy processes with applications to random processes in random environment. Preprint
arXiv:1601.03463, submitted (2016).

We want to remark that whilst writing [79] and [81], Hui He, Zenghu Li and Wei Xu inde-
pendently developed similar results in the following papers.

[51] H. HE, Z. LI and W. XU. Continuous-state branching processes in Lévy random environ-
ments. Preprint arXiv:1601.04808, (2016).

[72] Z. LI and W. XU. Asymptotic results for exponential functionals of Lévy processes. Preprint
arXiv:1601.02363, (2016).

One of our aims is to construct a continuous state branching processes with immigration in
a Lévy random environment as a strong solution of a stochastic differential equation (SDE for
short). In order to do so, in Section 1.1, we study a particular class of non-negative stochastic
differential equations driven by Brownian motions and Poisson random measures which are mu-
tually independent. The existence and uniqueness of strong solutions are established under some
general conditions that allows us to consider the case when the strong solution explodes at a finite
time. This result is of particular interest on its own. Section 1.2 is devoted to the construction of
CBI-processes with competition in a Lévy random environment. We end the section with some
examples.

The long-term behaviour of CB-processes in Lévy random environment is studied in Chapter
2. In particular, we discuss when the process is conservative and the explosion and extinction
events. We provide some examples where we can found explicitly the probability of such events.
In the second section, we study a competition model in a Lévy random environment. This process
can be seen as a population model that extends the competition model given in Evans et al. [44].
We provide the long term behavior of the process. When the random environment has no negative
jumps, we compute the Laplace transform of the first passage time from below a level.

In Chapter 3, we study the exponential functional of a Lévy process. In Section 3.1 we expose
the asymptotic behaviour of

E[F(L©)] as oo,
where I;(€) is given by (4) and F' is a non-increasing function with polynomial decay at infinity

and under some exponential moment conditions on £. In particular, we find five different regimes
that depend on the shape of the Laplace exponent of £. If the exponential moment conditions
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are not satisfied, we still can find the asymptotic behaviour of E [(It(ﬁ’ ))7p } , for p € (0, 1], under
the so-called Spitzer’s condition. i.e. if there exists ¢ € (0, 1] such that

t—o00

t
lim tl/ P (& > 0)ds = 6.
0

In Section 3.2 we apply the results to the following classes of processes in random environ-
ment: the competition model given en Section 2.2 and diffusion processes whose dynamics are
perturbed by a Lévy random environment. For the competition model, we describe the asymp-
totic behaviour of its mean. For the diffusion processes, we provide the asymptotic behaviour of
the tail probability of its global maximum. Finally, Section 3.3 is devoted to the proofs of the
main results of the Chapter. The proof under the exponential moment conditions on &, relies on a
discretisation of the exponential functional I;(£) and on the asymptotic behaviour of functionals
of semi-direct products of random variables which was described by Guivarc’h and Liu [50]. Li
and Xu in [72] obtained similar results by using fluctuation theory for Lévy processes and the
knowledge of Lévy processes conditioned to stay positive. The proof under Spitzer’s condition
relies in a factorisation of I;(§) given by Arista and Rivero [5].

These results allow us to find the asymptotic behaviour of absorption and explosion pro-
babilities for stable continuous state branching processes in a Lévy random environment. The
speed of explosion is studied in Section 4.2. We find 3 different regimes: subcritical-explosion,
critical-explosion and supercritical explosion. The speed of explosion is studied in Section 4.2.
We find 3 different regimes: subcritical-explosion, critical-explosion and supercritical explosion.
The speed of absorption is studied in Section 4.3. As in the discrete case (time and space), we
find five different regimes: supercritical, critical, weakly subcritical, intermediately subcritical
and strongly subcritical. When the random environment is driven by a Brownian motion with
drift, the limiting coefficients of the asymptotic behaviour of the absorption probability are
explicit and written in terms of the initial population. In a general Lévy environment, the latter
coefficients are also explicit in 3 out of the 5 regimes (supercritical, intermediate subcritical and
strongly subcritical cases). This allows us to study two conditioned versions of the process: the
process conditioned to be never absorbed (or Q-process) and the process conditioned on eventual
absorption. Both processes are studied in Section 4.4.

Finally, Section 5 is devoted to Multi-type continuous-state branching processes (MCBPs).
It is based on the paper

[66] A. KYPRIANOU and S. PALAU. Extinction properties of multi-type continuous-state
branching processes. Preprint arXiv:1604.04129, submitted, (2016).

The main results and some open questions are presented in Section 5.1. We defined a multi-
type continuous-state branching process as a super Markov chain with both a local and a non-local
branching mechanism. This allows us the possibility of working with a countably infinite number
of types. In Section 5.2 we give the construction of MCBPs as a scaling limit of MBGW processes;
that is to say, in terms of branching Markov chains. The spectral radius of the associated linear
semigroup will have an important roll in the asymptotic behaviour of our process, in particular, it
will determine the phenomenon of local extinction. The properties of this semigroup are studied
in Section 5.3. In Sections 5.4 and 5.5 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

XV



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. In Section 5.6, we give the proof of the main results. Finally in
Section 5.7, we provide examples to illustrate the local phenomenon property.
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Chapter 1

Branching processes in a Lévy
random environment

This chapter is based in paper [79] elaborated in collaboration with Juan Carlos Pardo. Here,
we introduce branching processes in a Lévy random environment. In order to define this class of
processes, we study a particular class of non-negative stochastic differential equations driven by
Brownian motions and Poisson random measures which are mutually independent. The existence
and uniqueness of strong solutions are established under some general conditions that allows us
to consider the case when the strong solution explodes at a finite time. Section 1 is devoted to
prove the existence and uniqueness of a non-negative strong solution of a particular class of SDE.
In Section 2, we construct a branching model in continuous time and space that is affected by
a random environment as the unique strong solution of a SDE that satisfies the conditions of
Section 1. This model has a branching part, an immigration part, a competition part, and the
random environment is driven by a general Lévy process. We provide the Laplace exponent of
the process given the environment. The chapter finishes with some examples where the Laplace
exponent can be computed explicitly.

1.1 Stochastic differential equations

Stochastic differential equations with jumps have been playing an ever more important role in
various domains of applied probability theory such as financial mathematics or mathematical
biology. Under Lipschitz conditions, the existence and uniqueness of strong solutions of SDEs
with jumps can be established by arguments based on Gronwall’s inequality and the results on
continuous-type equation, see for instance the monograph of Tkeda and Watanabe [57]. In view
of the results of Fu and Li [45], Dawson and Li [28] and Li and Pu [71] weaker conditions would
be sufficient for the existence and uniqueness of strong solutions for one-dimensional equations.

Fu and Li [45], motivated by describing CBI processes via SDEs, studied general SDEs that de-
scribes non-negative processes with jumps under general conditions. The authors in [45] (see also
[28, 71]) provided criteria for the existence and uniqueness of strong solutions of those equations.
The main idea of their criteria is to assume a monotonicity condition on the kernel associated
with the compensated noise so that the continuity conditions can be weaken. Nonetheless, their
criteria do not include the case where the branching mechanism of a CBI process has infinite
mean and also the possibility of including a general random environment. This excludes some



interesting models that can be of particular interest for applications.

Our goal in this section is to describe a general one-dimensional SDE that may relax the
moment condition of Fu and Li [45] (see also [28] and [71]) and also include some extra randomness
that can help us to define branching processes in more general random environment that those
considered by Boinghoff and Hutzenthaler [20] and Bansaye et al. [9].

For m,d,l > 1, we define the index sets I = {1,...,m}, J ={1,...,l} and K = {1,...,d},
and take (U;)icr and (V}) jes separable topological spaces whose topologies can be defined by com-
plete metrics. Suppose that (1;);cr and (v});cs are o-finite Borel measures such that each p; and
vj are defined on U; and Vj, respectively. We say that the parameters (b, (o0k)ker, (hi)ier, (95)jer)
are admissible if

i) b: Ry — R is a continuous function such that b(0) > 0,
ii) for k € K, o : Ry — Ry is a continuous function such that oy (0) = 0,

iii) for ¢ € I, let g; : Ry x U; — R be Borel functions such that g;(x,u;) +x > 0 for = > 0,
u; € U; and 1 € 1,

iv) for j € J, let hj : Ry xV; — R be Borel functions such that h;(0,v;) = 0 and hj;(z,v;)+x >
0forx>0,v;€V;and j e J.

For each k € K, let B®) = (Blgk),t > 0) be a standard Brownian motion. We also let (M;);c; and
(Nj)jes be two sequences of Poisson random measures such that each M;(ds,du) and N;(ds, du)
are defined on Ry x U; and Ry x Vj, respectively, and with intensities given by dspu;(du) and
dsvj(dv). We also suppose that (B®).cx, (M;)icr and (N;);es are independent of each other.
The compensated measure of N; is denoted by Kfj.

For each i € I, let W; be a subset in U; such that u;(U; \ W;) < oo. For our purposes, we

consider the following conditions on the parameters (b, (o )ker, (hi)icr, (95)je7):

a) For each n, there is a positive constant A, such that

Z/W |gi(z,u;) A 1|p(duy) < Ap(1+ ), for every x € [0,n].
iel g

b) Let b(z) = by(x) — ba(x), where bs is a non-decreasing continuous function. For each n > 0,
there is a non-decreasing concave function z — r,(z) on Ry satisfying [, rn(2) "tz = o0
and

bute) = bulo) + 3 | o) A= gy s) Al < vl — o)
el i

for every 0 < z,y < n.

c) For each n > 0 and (v1,---,v;) € V, the function  — x + h;(z,v;) is non-decreasing and
there is a positive constant B,, such that for every 0 < z,y < n,

> low(z) —onm)P+ > /V 13, y,v;)vj(dv;) < Bylz -y

keK jeJ

where [(z,y,v;) = hj(z,vj) An — hj(y,v;) An.



A [0, oo]-valued process Z = (Z;,t > 0) with cadlag paths is called a solution of

Zt:Z(]-i—/ dS—i—Z/ Jk B(k

keK
+Z/ / gz s— 7ul dS duz +Z// Zs— 7UJ j(ds?dvj)>

if it satisfies the stochastic differential equation (1.1) up to the time 7, := inf{t > 0: Z; > n}
forall n > 1, and Z; = oo for all ¢t > 7 := lim,,_, 7,. We say that Z is a strong solution if, in
addition, it is adapted to the augmented natural filtration generated by (B%*).cr, (M;)ics and
(Nj)jer-

Theorem 1. Suppose that (b, (ok)kek, (hi)ier, (95)jes) are admissible parameters satisfying con-
ditions a), b) and c). Then, the stochastic differential equation (1.1) has a unique non-negative

strong solution. The process Z = (Z,t > 0) is a Markov process and its infinitesimal generator
L satisfies, for every f € CZ(Ry),!

(1.1)

£(@) = b))+ '@ S obw) + 3 [ (et o)) = 100 )

keK el (12)

+Z/ P+ e, vy) = () — F @y (e, v) s (ay).

jedJ

Proof. The proof of this theorem uses several Lemmas that can be found in the Appendix.

We can extend the functions b, o, g, h; to R in the way that b is continuous with b(z) > 0 for
all z <0, and o (x) = gi(x,u;) = hj(z,vj) =0 for all z < 0 and u; € U;, v; € Vj. As in the proof
of Proposition 2.1 in [45], if there exists € > 0 such that P (7 :=inf{t > 0: Z; < —e} < 00) > 0.
Then, by the assumptions iii) and iv), the process doesn’t jump to (—oo, —¢]. Therefore on the
event {71 < o0}, Z, =Z_;=—cand 7 >c¢:=sup{s >7:Z; >0foralls <t <7}. Let r >0
such that P (7 > r > ¢) > 0, the contradiction occurs by observing that Z;,, is non-decreasing
in (r,00) and Z, > —e. Then any solution of (1.1) is non-negative.

For each i € I and j € J, let {W;" : m € N} and {V" : m € N} be non-increasing sequences
of Borel subsets of W; and Vj, such that J W/" = W; and p;(W") < o0; U V" = V; and

meN meN
v;(V]") < oo, respectively.

By the results for continuous-type stochastic equation (see for example Ikeda and Watanabe

[57] Theorem IV.2.3), for each n,m € N, there is a non-negative weak solution to

Zy = Zo+/ (Zs An) ds—Z// i(Zs An,vj) An)p;(do;)ds
+Z/akz<n An)dBE.

keK

(1.3)

By Hoélder inequality and hypothesis ¢), the functions z +— fvm (hj(z A mn,v;) An)vj(dv;) are
continuous for each j € J and m € N. Moreover b(x An) — . ; Jvm (hj(z An,v) An)vi(duy)
J

'Ry = [0,00] and CZ(R) = {twice differentiable functions such that f(co) = 0}



is the difference between the continuous function bi(z A n) + >, ;(z A n)r(V]") and the non-
decreasing continuous function ba(z An)+3_,c; fvjm [(z An)+ (hj(z An,v;) An)]v;(dv;). Then,
by Lemma 10 (see the Appendix) the pathwise uniqueness holds for (1.3), so the equation has a
unique non-negative strong solution. (see Situ [87], p. 104).

Now, by applying lemma 11 (see the Appendix), we deduce that for each n,m € N, there is
a unique non-negative strong solution to

Zmm) = Zo+/bZ(’”")/\n ds—l—Z/ak Zm) A p)d BK)
keK

+Z/ /m 9i(Z ) An ul)/\n) M;(ds, du;) (1.4)
+Z/ / hi(Z8™ A, vg) A n) Nj(ds, duy).

jeJ

By Lemma 12 (in the Appendix), for each n € N, the sequence {Zt(n’m) :m € N} is tight in
D([0,00),Ry). Moreover, by Lemma 14 (see the Appendix) the weak limit point of the sequence
is a non-negative weak solution to

Zt(n):Zo+/ b(Z! /\nds+Z/ or(Z™ An)dBE)

keK

+;/ / 9:(Z Ay ug) An) Mi(ds, duy) (1.5)
+Z/ / ™) A, v;) An)N;(ds, dv;).

jeJ

By lemma 10 (in the Appendix) the pathwise uniqueness holds for (1.5). This guaranties that
there is a unique non-negative strong solution of (1.5). Next, we apply Lemma 11 (see the
Appendix) that allows us to replace the space W; by U; in the SDE (1.5). In other words we
deduce that for n > 0 there is a unique non-negative strong solution of

Z§">—ZO+/b( /\nds—l—Z/ak " A n)dBH)

keK

+Z// gi(Z ™) An ,u;) An)M;(ds, duy) (1.6)
+Z/ / (2™ An,v;) An)Nj(ds, dvy).

Finally, we proceed to show that there is a unique non-negative strong solution to the SDE

(1.1). In order to do so, we first define 7,,, = inf{t > 0: Zt(m) > m}, for m > 0, and then we prove
(m) _ (n)
=4y

that the sequence (7,,, m > 0) is non-decreasing and that Z, form <nand t < 7.
Since the Poisson random measures are independent, they do not jump simultaneously. Therefore,

(m

by using the fact that the trajectory t — Z; ) has no jumps larger than m on the interval [0, 7, ),



we obtain that for each ¢ € I, j € J, and 0 <t < 7,
gi(Zt(m),u) <m and hj(me),v) <m, weU,veV

This implies that Zt(m) satisfies (1.1) on the interval [0, 7,,). For 0 < m < n, let (Yt(n),t > 0) be
the strong solution to

t t
v =2 4 [ amds + 3 [ o nmasl.,
0 kek 70

t
+ Z/ (gi(Ys(f) An,u) A TL)Ml(Tm +ds, du)
0 )
t ~
- Z/ / (hj(Ys(f) An,v) An)N;j(Tp, + ds, dv).
0

We define }th(n) = Zt(m) for0 <t <, and fft(n) = Yt(_n) for ¢ > 7,,. Note that (i(n),t >0) is

Tm
solution to (1.6). From the uniqueness, we deduce that Zt(n) = Yt(n) for all ¢ > 0. In particular,

we have that Zt(n) = Zt(m) < m for 0 <t < 7,. Consequently, the sequence (7,,,m > 0) is
non-decreasing.
Next, we define the process Z = (Z;,t > 0) as

Zt:{ Zt(m) if t<my,

oo if t> lim 7,,.
m—0o0

It is not difficult to see that Z is a weak solution to (1.1). In order to prove our result, we
consider two solutions to (1.1), Z’ and Z”, and consider 7, = inf{t > 0 : Z] > m}, 7, =
inf{t > 0: Z/ > m} and 7,, = 7, A 7). Therefore Z’' and Z" satisfy (1.6) on [0, 7y,), implying
that they are indistinguishable on [0,7,,). If 70 = n%iianm < o0, we have two possibilities
either Z, = Z! = oo or one of them has a jump of infinity size at 7. In the latter case,
this jump comes from an atom of one of the Poisson random measures (M;);cr or (N;)jes, SO
both processes have it. Since after this time both processes are equal to oo, we obtain that 2’
and Z" are indistinguishable. In other words, there is a unique strong solution to (1.1). The
strong Markov property is due to the fact that we have a strong solution, the integrators are
Lévy processes and the integrand functions doesn’t depend on the time. (See Theorem V.32 in
Protter [83], where the Lipschitz continuity is just to guarantee the existence and uniqueness of
the solution) and by It6’s formula it is easy to show that the infinitesimal generator of (Z;, ¢ > 0)
is given by (1.2). O

1.2 CBl-processes with competition in a Lévy random environ-
ment

In this section, we construct a branching model in continuous time and space that is affected
by a random environment as the unique strong solution of a SDE that satisfies the conditions
of Theorem 1. In this model, the random environment is driven by a general Lévy process.
In order to define CBI-processes in a Lévy random environment (CBILRE for short), we first



introduce the objects that are involved in the branching, immigration and environmental parts.
For the branching part, we introduce B(®) = (ng),t > 0) a standard Brownian motion and
N®)(ds, dz,du) a Poisson random measure independent of B, with intensity dsA(dz)du where
A(dz) = p(dz) + ¢dso(d2), for ¢ > 0. We denote by N® for the compensated measure of N©®)
and recall that the measure p is concentrated on (0,00) and satisfies

/ (1A 2%)p(dz) < oo
(0,00)

The immigration term is given by a Poisson random measure M (ds,dz) with intensity dsv(dz)
where the measure v is supported in (0,00) and satisfies

/ (1A z)v(dz) < oo
(0,00)

Finally, for the environmental term, we introduce B @ = (Bt(e), t > 0) a standard Brownian
motion and N (€) (ds,dz) a Poisson random measure in R} x R independent of B (¢) with intensity
dsm(dy), N(© its compensated version and 7 is a measure concentrated on R\ {0} such that

/(1 A 2% m(dz) < oo
R

We will assume that all the objects involve in the branching, immigration and environmental
terms are mutually independent.

A CB-processes in a Lévy random environment with immigration and competition is defined
as the solution of the stochastic differential equation

t t
Zy =Zy + / (d+aZ)ds+ / V2v2Z,dBY)
0 0

t t t
—/ B(Zs)der/ / zM(im>(ds,dz)+/ Z,_dS, (1.7)
0,00)
Zs— Zs
/ / / )(ds, dz, du) + / / / zNO(ds, dz, du),
0,1) [1,00)

where a € R, d,y > 0, § is a continuous non-decreasing function on [0, c0) with 5(0) = 0,

St —odf—l—oB(e // (e —1)N(©)(ds, dz) // (e* —1)N(©)(ds,dz), (1.8)
1,1) R\(—1,1)

with o € R and ¢ > 0.

Corollary 1. The stochastic differential equation (1.7) has a unique non-negative strong solution.
The CBLRE Z = (Z;,t > 0) is a Markov process and its infinitesimal generator A satisfies, for
every f € CZ(Ry),

Af(z) = (aa: + oz — Bz) + d) F(x) + /

(0,00)

+<fw+§}ﬁfﬂﬂ+wl;m(ﬂm+@—f@%ﬁW@ﬂgaﬁAM6 (1.9)

(Fla+2) = fl@))w(dz)

+/R (f(l”ez) — f(z) — (e — 1)f’(§[j)1{‘z|<1}>7r(dz)‘



Proof. The proof of this result is a straightforward application of Theorem 1. Take the set of
index K = J = {1,2} and I = {1, 2, 3}; the spaces

Uy=W; = [1,00) XR+, Us :R\(—l,l), Wy = (—OO,—l],

U3 = W3 = R+, V1 :(0, 1) X R+, ‘/2 = (—1, 1),
with associated Poisson random measures M; = N(b), My = N(e), M3 = M(im), Ny = N® and

Ny = N©) | respectively; and standard Brownian motions B() = B® and B® = B(®). We also
take the functions

b(z) = ax — B(z) +d, o1(x) = V29, o3() = ox,
gl(x,z,u) = Zl{uSa)}a gg(.’E,Z) = x(ez - 1)7 gg(l’, Z) =z
hl((L‘,Z,’U,) = zl{ugx}v hQ(JI,Z) = x(ez - 1)7

which are admissible and verify conditions a), b) and c). O

Similarly to the results of Bansaye et al. [9], we can compute the Laplace transform of a
reweighted version of Z given the environment and under the assumption that ¢ = 0 and 8 = 0.
In order to do so, we define the following hypothesis

/ zp(dr) < co. (H1)
[1,00)

It is important to note that conditionally on the environment K, the process Z satisfies the
branching property. This property is inherited from the branching property of the original CBI
process and the fact that the additional jumps are multiplicative.

Recall that the associated branching mechanism v satisfies the celebrated Lévy-Khintchine
formula, i.e.

P(A) = —aX + 2\ + / (e*)‘x -1+ /\:cl{z<1})u(dx), A>0
(0,00)

and observe that from our assumption, |¢'(0+)] < oo and

H(04) = —a— / rp(dz).

[1,00)

We also recall that the immigration mechanism is given by
oo
¢(u) = du+ / (1 — e "Dy (dt), u > 0.
0

When (H1) holds, we define the auxiliary process

t _ t
Kt(o) =mt+ aBt(e) + / / vN(© (ds, dv) +/ / vN(© (ds,dv), (1.10)
0 0 JR\(=1,1)
(_171)
where
o2
m=a— ' (0+) — 5 / (e’ — 1 —v)m(dv).



Proposition 1. Suppose that (H1) holds. Then for every z, A\t > 0,
N

t (1.11)
= exp {—zvt(O, A KOy - / gf)(vt(r, A K(O))Q_KT('()))CIT} a.s.,
0

where for every t,A > 0, the function (vi(s,\, K),s < t) is the a.s. unique solution of the
backward differential equation

aavt(s A KO) = 570 (w5, A, KOV KEY (A, K©) = A, (1.12)

and

Yo(\) = P(\) — A (0) = 42\ +/ (e — 1+ Az)p(dx) A>0.
(0,00)

Proof. The first part of the proof follows similar arguments as those used in Bansaye et al. [9].
The main problem in proving our result is finding the a.s. unique solution of the backward
differential equation (1.12) in the general case. In order to do so, we need an approximation
technique based on the Lévy-Ité decomposition of the Lévy process K(©). The proof of the latter
can be found in the appendix in Lemma 15.

For sake of completeness, we provide the main steps of the proof which are similar as those

used in [9]. We first define Z; = Zye~ K’ ,fortZO, and choose
F(s,x):exp{ —azvy(s, A, KO /gbvtrAK )e K<O))d}, s<t, 0<x

where v;(s, A\, K (0)) is differentiable with respect to the variable s, non-negative and such that
ve(t, A, K(©) = X for all A > 0. We observe that conditionally on K, that (F(s, Z,),s € [0,1])
is a martingale (using It6’s formula) if and only if

aa ve(s, A, K0) =y20,(s, X, K(9)%e™
S

) (0) (0)
+ K5 / (e TS o MKz gy K vt (s, A, K(O))Z) pldz)
0

KO

That is v¢(s, A, K(9)) solves (1.12). Provided that vs(s, A, K(?)) exist a.s., we get that the process
(exp {—stt(s, AN K (0))} ,0<s< t) conditionally on K is a martingale, and hence

— t
E, [exp {—)\Zt} |K(O)} = exp {—zvt(O, )\,K(O)) — / qﬁ(vt(r,)\,K(O))e_KﬁO))dr} .
0

Remark 1. When |¢/'(0+4)| = oo, the auziliary process can be taken as follows

=nt+ 0B, () —|—/ / vN(® )(ds, dv) + / / )(ds, dv), (1.13)
R\(=1,1)

(-1,1)



where
n=a-— - (e’ — 1 —v)m(dv).
(-11)
Suppose that there is a unique a.s. solution vi(s, A\, K) to the backward differential equation

gvt(s, A K) = efSsqp(vy(s, A, K)e 5¢), v(t, N\, K) = A\, (1.14)
s

In this case, by following the same arguments as in the last part of the proof of the previous
proposition, the process Z conditioned on K satisfies that for every z, A\, t > 0,

E, [exp {—)\Zte_Kt} ‘K]

= exp {—zvt(O, NK)— /t qb(vt(r, A, K)e_KT)dr} a.s.
0

Before we continue with the exposition of this manuscript, we would like to provide some
examples where we can compute explicitly the Laplace exponent of the CB-process in a Lévy
random environment without immigration (¢ = 0).

(1.15)

Example 1 (Neveu case). The Neveu branching process in a Lévy random environment has
branching mechanism given by

w(u) = ulog(u) =cu+ / (671”6 -1+ uxl{x<1})x72da?, u > 0,
(0,00)

where ¢ € R is a suitable constant. In this particular case the backward differential equation
(1.14) satisfies
0
877%(37 )‘7 K) - Ut(‘sa )‘7 5) log(eistt(& )\7 K))a Ut(ta )‘7 K) =\
s

One can solve the above equation and deduce

t
ve(s, N, K) = exp {es (/ e “"Kydu + log()\)e_t> } , for s <'t.

Hence, from identity (1.15) for all z, A\,¢ > 0

E, [exp { — )\Zte*KtHK} = exp {—z)\et exp {/t esKSds}} a.s. (1.16)
0

Observe that . .
/ e Kds = —e 'K, + / e *dK,.
0 0

According to Sato ( [84], Chapter 17), fot e *dKj is an infinitely divisible random variable with
characteristic exponent

t
D) = /0 vr(e=)ds,  A>0,

where ¥ is the characteristic exponent of K.

In particular, when K has continuous paths, the r.v. fot e %Kyds, is normal distributed with
mean (a — %2)(1 — et —te7!) and variance %2(1 + 4e7t — 3e72), for t > 0. In other words,
the Laplace transform of Z,e ¢ can be determined by the Laplace transform of a log-normal
distribution which we know exists but there is not an explicit form of it.



Example 2 (Feller case). Assume that a = p(0,00) = 0, and the environment is a Brownian
motion with drift. Thus the CB-process in a Brownian random environment (1.7) is reduced to
the following SDE

t
Zt:Zo+a/ sts—l—o*/ZdB /\/272ZdBS,
0

)

where the random environment is given by Sy = at—l—UB,ge .
solution of the SDE

This SDE is equivalent to the strong

2
dz, :%tht + Z: dK; + mst,
dK, =aodt + cd B,

where ag = a—0?/2, which is the branching diffusion in random environment studied by Béinghoff
and Hutzenthaler [20].

Observe that in this case ¢/(0+) = 0. Hence K = K(©) and the backward differential equation
(1.14) satisfies

gvt(s, A K) =202 (s, A\, K)e K5, ve(t, A, K) = A.
s

The above equation can be solved and after some computations one can deduce

t -1
ve(s, N\, K) = ()\_1 + 72/ e_K“du> for s < t.

Hence, from identity (1.15) we get

E, [exp{ - )\Zte*KtHK} = exp {—z (/\1 + 72 /Ot eK“du>_1} a.s. (1.17)

Example 3 (Stable case). Now, we assume that the branching mechanism is of the form
b(A) =X A >0,
for some 5 € (—1,0) U (0,1] and ¢ is such that

c<0 ifpe(-1,0),
c>0 if ge€(0,1].

Under this assumption, the process Z satisfies the following stochastic differential equation

¢ t poo pZs— ¢
Zy =2y + 1{5:1}/0 \/2cZ,dBs + 1{5751}/0 /0 /0 zN (ds,dz,du) —f—/() Zs_dSs, (1.18)

where the process S is defined as in (1.8), B = (B;,t > 0) is a standard Brownian motion, N is
a Poisson random measure with intensity

cBB+1)

F(l—ﬁ) 2+gd sdzdu,
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N is its compensated version, and

R N(ds,dz,du) if g € (—1,0),
N(ds,dz,du) = ~
(ds, dz, du) { N(ds,dz,du) if B € (0,1),

Note that 8 € (—1,0)
’ . —00 1 c(—1,0),
‘”(0*)_{ 0 iffe (o).

Hence, when g € (0,1], we have Kt(o) = K, for t > 0. In both cases, we use the backward
differential equation (1.14),

gvt(s,)\,K) = fcvfﬂ(s,)\, K)e PHKs ve(t, N, K) = A.

s
Similarly to the Feller case, we can solve the above equation and get
t -1/8
(s, A\ K) = <)\ﬁ + Bc/ eﬁK“du> for s <'t.
S

Hence, from (1.15) we get the following a.s. identity

E, [exp{ - /\Zte_KfHK} = exp {—z ()\_5 + Beg /t e—ﬁKudu> _1/5} , (1.19)
0

Our last example is a stable CBI in a Lévy random environment. In this case, the branching
and immigration mechanisms are S-stable.

Example 4 (Stable case with immigration). Here we assume that the branching and im-
migration mechanisms are of the form ¢(A\) = cA?T! and ¢()\) = d)\?, where B € (0,1], ¢,d > 0.
Hence, the stable CBILRE-process is given as the unique non-negative strong solution of the
stochastic differential equation

t t
Zy =20 + 1{5:1} (/ \/2c3ZsdB; + dt) + / Zs_dS;
0 0

t 00 Zs— t 00
a0 (/ [ Fasasan+ [ ] zM(ds,dz>),
0 JO 0 0 JO

where the process S is defined as in (1.8), B = (By,t > 0) is a standard Brownian motion, and
N and M are two independent Poisson random measures with intensities

cB(B+1) 1 ap 1
) poR: dsdzdu and WWdez'

Observe that ¢/ (0+) = 0 and K = K©. From (1.12) we get the following a.s. identity

t -1/8
E. [exp {-AZ;e 5} | K] =exp {—z (ﬂc/ e Plsds + >\f3> }
0

t
X exp {—dln <Bc)\5/ e PRsds + 1) } .
Be 0

If we take limits as z | 0, we deduce that the entrance law at 0 of the process (Zte_Kt,t > 0)

satisfies .
Eq [exp {—/\Zte_Kt} !K] = exp {_ﬂdc In (60)«3/ e Plsds + 1) } .
0

(1.20)
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Chapter 2

Long term behavior

This chapter is based in paper [79] elaborated in collaboration with Juan Carlos Pardo. We
study the long-term behavior of the two classes of processes; CB-processes in a Lévy random
environment and a competition model in a Lévy random environment. In the first section we
study general CB-processes in a Lévy random environment. In particular, we discuss when the
process is conservative and explosion and extinction events. We provide some examples where we
can find explicitly the probability of such events. In the second section, we study the competition
model in a Lévy random environment. This process can be seen as a population model that
extends the competition model given in Evans et al. [44]. We provide the long term behavior of
the process and in the case when the random environment has no negative jumps, we compute
the Laplace transform of the first passage time below a level.

2.1 CB-processes in a Lévy random environment

In the sequel, we exclude from the model defined by (1.7), the competition mechanism /3 and the
immigration term M (™). Let ¢ be a branching mechanism, i.e.

P(N) = —q — a\ + *\? +/ (6_)\1 — 1+ Azlyyaqy) p(da), A >0,
(0,00)

where a € R, ¢, > 0 and p is a measure concentrated on (0, 00) such that f(o o0) (1A z?)p(de)

is finite. Recall that a CB-processes in a Lévy random environment (CBLRE) with branching
mechanism 1, is defined as the solution of the stochastic differential equation

t
Zy Z0+/aZd3—|—/ V272 Z,dB® /Z _dS,

Zo_ Zs—
/ / / 2N®(ds,dz, du) + / / / )(ds, dz, du),
(0,1) 1,00)

where B®) = (Bt(b),t > 0) is a standard Brownian motion, N®)(ds,dz,du) is a Poisson random
measure with intensity dsA(dz)du where A(dz) = p(dz) + ¢dso(dz), and S; is the environment
given by (1.8), i.e

t
Sy = at + O'B / / (e* —1)N©)(ds, dz) +/ / (e* — 1)N()(ds, dz),
1,1) 0 JR\(-1,1)

13
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with « € R, 0 > 0, B(®) = (Bt(e), t > 0) a standard Brownian motion and N()(ds,dz) a Poisson
random measure in R, X R with intensity dsm(dy). Additionally, all the process are independent
of each other.

In this section, we are interested in determining the long term behaviour of CB-processes in
a Lévy random environment. Similarly to the CB-processes case, there are three events which
are of immediate concern for the process Z, explosion, absorption and extinction. Recall that the
event of explosion at fixed time ¢, is given by {Z; = co}. When P,(Z; < o0) =1, for all ¢ > 0 and
z > 0, we say the process is conservative. In the second event, we observe from the definition of
Z that if Z; = 0 for some ¢ > 0, then Z;,; = 0 for all s > 0, which makes 0 an absorbing state.
As Z; is to be thought of as the size of a given population at time ¢, the event {lim; o, Z; = 0}
is referred as extinction.

To the best knowledge of the author, explosion has never been studied before for branching
processes in random environment even in the discrete setting. Most of the results that appear
in the literature are related to extinction. In this section, we first provide a sufficient condition
under which the process Z is conservative and an example where we can determine explicitly
the probability of explosion. Under the condition that the process is conservative, we study the
probability of extinction under the influence of the random environment.

Without presence of environment, it is completely characterized when a CB-process presents
explosion or extinction a.s. Moreover, the explosion and extinction probabilities are known. If
the environment is affecting the process, it is not easy to deduce these probabilities. In the next
chapter, we provide an example under which both events can be computed explicitly, as well as
their asymptotic behaviour when time increases. In order to find this behaviour, first, we study
the exponential functional of a Lévy processes.

Recall that ¢'(04) € [—00, 00), and that whenever |¢/(0+)] < co, we write

m=a—¢0+) - = — / (e’ =1 —v)r(dv),
(-1,1)

and
Yo(A) = (X)) = M (0+), A >0.

The following proposition provides necessary conditions under which the process Z is conservative.

Proposition 2. Assume that ¢ = 0 and [¢'(0+)| < oo, then a CBLRE with branching mechanism
1 18 conservative.

Proof. Under our assumption, the auxiliary process (1.10) takes the form

t _ t
KO =mts o+ [ [ oNO@san+ [ [ en@dsav),
0 L) 0 JR\(-1,1)

and v (s, A, K (0)) is the unique solution to the backward differential equation (1.12). From identity
(1.11), we know that for z, \,t > 0

E, [exp{ — )\Zte*Kt(O) H = E[exp{ — zv(0, A, K(O))H .

14



Thus if we take limits as A | 0, we deduce
T _ -k _ T (0)
P, (Zt < oo) = 1/\1%11[32 [exp{ NZe "t H =K [exp{ Zl/\lﬁ)l ve(0, A\, K )}} , z,t >0,

where the limits are justified by monotonicity and dominated convergence. This implies that a
CBLRE is conservative if and only if

lim v, (0, A, K@) = 0.
L0

Let us introduce the function ®(\) = A~ *y(\), A > 0 and observe that ®(0) = 14(0+) = 0.
Since 1)y is convex, we deduce that ® is increasing. Finally, solving the equation (1.12) with

Po(A) = AD(N), we get
t
vy(s, A, K@) = Xexp {—/ d(e Kio}vt(r, )\,K(O)))dr} .
Therefore, since ® is increasing and ®(0) = 0, we have

t
0 < limwy (0, A, K@) = lim X exp {—/ & (e Kroy(r, A, KO))dr } < lim\ = 0,
A—=0 A—0 0 A—0

implying that Z is conservative.
O

Recall that in the case when there is no random environment, i.e. S = 0, we know that a
CB-process with branching mechanism 1 is conservative if and only if

du
/o+ ] > 22)

The key part of the proof was observing that for all A > 0, the solution to (1.14) can be uniquely
identified by the relation

t a A
t= Lt(‘SA)d_ de
o Y(ve(s, A, 0)) i /»ut(o,,\,o) Y (e)

And therefore, it is easy to see that limy o v(0, A, K(?)) = 0 if and only if (2.2) holds. In the case
when the random environment is present, it is not so clear how to get a necessary and sufficient
condition in terms of the branching mechanism. The reason is that it is not enough to do a
change of variable in the integral

Ut s\, K)
t= ds.
1/1 stt (s,\, K))
To expose the diverse behaviours that may arise, we now provide two interesting examples in
the case when ¢/(04) = —oo0.

15



Example 5 (Neveu case). In this case, recall that ¢)(u) = ulogu. In particular

du
—_— =0
+ |ulogul

Y'(0+) = —00  and /
0

By taking limits as A | 0 in (1.16), one can see that the process is conservative conditionally on
the environment, i.e.

P. (Z < |K) =1,
for all ¢t € (0,00) and z € [0, c0).

Example 6 (Stable case with € (—1,0)). Here ¢(u) = cu’*!, where a € R and ¢ is a
negative constant. From straightforward computations, we get

du
+ [Y(u)]

Moreover, by taking limits as A | 0 in (1.19), deduce that for z,¢ > 0

t —-1/8
P, <Zt < oo’K) = exp {—z (Bc/o eﬁK“du> } a.s.,
t —-1/p
IP)Z(Zt:oo‘K) zl—exp{—z (BC/O e_BK“du> } > 0.

In other words the stable CBLRE with g € (—1,0) explodes with positive probability for any
t > 0. Moreover, if the process (K, u > 0) does not drift to —oo, from (5) we deduce that

< 00,

Y (04) = —oo, and /
0

implying

lim Z; = oo, a.s.
t—o0

On the other hand, if the process (K,,u > 0) drifts to —oco, we have an interesting long-term
behaviour of the process Z. In fact, we deduce from the Dominated Convergence Theorem

00 —-1/p
exp {—z <ﬁc/0 e_ﬁK“du> }] , z > 0.

By (5), the above probability is positive. In this particular case, we will discuss the asymptotic
behaviour of the probability of explosion in Chapter 3.

IPZ<ZOO:oo) —1-FE

As before we denote by ® the function ®(\) = A\~ ¢g(\), for A > 0, and we introduce
A(x) =m+ 7((1,00)) +/ 7((y, 00))dy, for x>0.
1

Proposition 3. Assume that f[l 00) zp(dr) < oo. Let (Zi,t > 0) be a CBLRE with branching
mechanism given by ¥ and z > 0.

i) If the process K© drifts to —oo, then P, (tlim Zy = O)K(0)> =1, a.s.
—00
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it) If the process KO oscillates, then P, <lig(i)£1th = O’K(O)> =1, a.s. Moreover if v > 0
then
Pz(lim 7 = O‘K(O)) —1,as
t—o00

i11) If the process KO drifts to +o0, so that A(zx) > 0 for all x large enough. Then if

/(a,oo) AZU) {dq)(e_x)’ < 0 for some a > 0, (2.3)
we have P, (litn_l)iant > O‘K(O)) > 0 a.s., for all z > 0, and there exists a non-negative
finite r.v. W such that

Ze " — W, as and W =0}={lm 7z =0}.

t—00 t—o00

In particular, if 0 < E[K }0)] < 00 then the above integral condition is equivalent to
/ zlog(x) p(dz) < oo.

iv) Assume that KO has continuous paths and drifts to infinite, i.e. Kt(o) =mt + aBt(e) with
m=a+ ' (0+) —0?/2 >0, and that

v >0 and K= / r2p(de) < oco.
1

Then, for z > 0,

2 _27%1 1 2 _2%
z0 o z0 o
<1+272> =P <tlggloZt O)_ <1+272—|—/<J>

Proof. Recall that under our assumption, the function v;(s, A, K (0)) satisfies the backward differ-

ential equation (1.12). Similarly to the last part of the proof of Proposition 2, one can prove that

0) . . . _ (0, . .
Z;e %7 is a non-negative local martingale. Therefore Z,e=%: " is a non-negative supermartin-

gale and it converges a.s. to a non-negative finite random variable, here denoted by W. This
implies the statement of part (i) and the first statement of part (ii).

In order to prove the second statement of part (ii), we observe that if v > 0, then the solution
to (1.12) also satisfies

ivt(s, )\,K(O)) > ’)/21),5(8, )\,K(O))zengO).

Therefore
1 ¢ o \
vt(s,)\,K(O)) < (/\4—72/ e K ds) ,

which implies the following inequality,

t —1
P.(Z; = O‘K(O)) > exp {—z <’y2/0 e_Kg())ds) } . (2.4)
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By (5), we have
P. (Jim 7 = 0‘1{(0)) =1 as.
t—o00
Now, we prove part (iii). From the non-negative property of 1y, it follows that v (-, A\, K (0)),

the a.s. solution to (1.12), is non-decreasing on [0,¢]. Thus for all s € [0,#], vi(s, A, K©) < \.
Since 1)y is convex and ®(0) = ¢((0+) = 0, we dedude that ® is increasing. Hence

%vt(s, A KO) = 4,5, 0, KO)d(vy(s, A, KOV 5) < v,(5, 0, KO)d (A K",
Therefore, for every s < t, we have
(0) ' -k
ve(s, A\, KW) > XAexpqa— [ ®(Ae™ ¢ )dsp.

In particular,
imi (0) > ~k{
htrglnf v (0, A, K'W) > Aexp s — D(Ae )ds p .
> 0

If the integral on the right-hand side is a.s. finite, then
0 * K©
lim inf v, (0, A, K(©) > Xexp —/ d(Ae B )ds p >0, a.s.,
t—o0 0
implying that for z > 0

E. [e_)‘W‘K(O)} < exp {—z A exp {—/ <I>()\6_K£‘O>)ds}} <1, a.s.
0

and in particular [P, (litm infZ; > 0’K (0)> > 0 a.s. Next, we use Lemma 20 in [9] and the branching
—00
property of Z, to deduce

=0 = {mz =0}

In order to finish our proof, we show that the integral condition (2.3) implies

> (0)
/ @()\e_KSO )ds < oo a.s.
0

We first introduce ¢ = sup{t > 0: Kt(o) < 0} and observe

o < (o)
/ b5 )ds = / (e )ds + / (e 5" )ds (2.5)
0 0 S

Since ¢ < oo a.s., the first integral of the right-hand side is a.s. finite. For the second integral,
we use Theorem 1 in Erickson and Maller [42] which ensures us that

o0 _g©®
/ d(Xe™ ™ )ds < oo, a.s.,
S

if the integral condition (2.3) holds.
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Now, we assume that 0 < E[K §0)] < oo and observe that lim,_,., A(z) is finite. In particular,
this implies that the integral condition (2.3) is equivalent to

/ O(Ae ¥)dy < 0.
0

Moreover, we have

/OOO d(re Y)dy = /A 20) 4

o 0
A
dé
:’yz)\—l-/o 92/(0 )(6_996—1+9$),u(d$)

A do
=~ + / u(daz)/ (e7%% -1+ 0x) >
(0,00) 0 0

) Az B dy
=7 A+ x (e —1+y)— | p(d).
(0,00) 0 Yy

Az
o(2) =/0 (V149

is equivalent to Az/2 as x — 0 and equivalent to Inz as x — oco. Using the integrability condition
f(o 00) (T A 2?)p(dx) < oo, we deduce that

Since the function

/ S (Ae Y)dy < o0 if and only if / xlog(z)pu(dz) < oo.
0

Finally, we prove part (iv). From inequality (2.4) and the Dominate Convergence Theorem,

oo -1
P, (tlim Zy = O‘K(O)> > exp {—z (72/ e_Ké(O)ds) } a.s.
— 00 0

According to Dufresne [34], when Kt(o) =mt + aBlge) and m > 0,

we deduce

R ) -1
e” " ds has the same law as (2112%1) , (2.6)
0 [eg

where I';, is Gamma variable with shape parameter v, i.e. of density:

v—1

X _
P(I'y € dz) = XOK “1iz>0}-
After straightforward computations, we deduce that for z > 0

2m

2\ o2
P. (Jim Z =0) > <1+202> .

t—o00 y

In a similar way, the upper bound follows from the a.s. inequality

gvt(sa AEO) < (42 + m)v(s, A, K(O))Ze*Kém.
s
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Now, we derive a central limit theorem in the supercritical regime which follows from Theorem
3.5 in Doney and Maller [31] and similar arguments as those used in Corollary 3 in [9], so we skip
its proof.

For z > 0 let

T(z) = m((z,00)) + 7((—00, —x)) and Ux) =o® + /096 yT'(y)dy

Corollary 2. Assume that K drifts to +00, T(x) > 0 for all = > 0, and (2.3) is satisfied.
There are two measurable functions a(t),b(t) > 0 such that , conditionally on {W > 0},

log(Zt) —a(t) a
b(t) t—00 N(07 1)7
if and only if
w — 00 as T — 00,
2T (z)

d . . . . .
where — means convergence in distribution and N'(0,1) denotes a centred Gaussian random
variable with variance equals 1.

It is important to note that if f{‘x|>1} 2?m(dr) < oo, then for t > 0,

a(t) == (m + /{leI} mr(dx)) t and b2 (t) := <02 + /Rx27r(daj)> t,

which is similar to the result obtained in Corollary 3 in [9].

We finish this section with 3 examples where we find explicitly the probabilities that we
studied before. In the Neveu example, we show that the process survives a.s. and it has positive
extinction probability.

Example 7 (Stable case with 5 € (0,1]). When the branching mechanism is of the form
Y(u) = cuP* for B € (0,1], $ = 0 and m > 0, one can deduce directly from (1.19) by taking A
and t to oo, and (5) that for z >0

00 -1/8
P, (lim Zy = O‘K) =exp{ —z (505/ e_BK“du> , a.s.,
t—o00 0

and in particular
00 -1/B
exp{ —z (ﬁ%/ eﬁK“du> .
0

Example 8 (Stable case with immigration). Now, we assume that the branching and im-
migration mechanisms are of the form (\) = eA®*! and ¢()\) = dN?, where 8 € (0,1], ¢,d > 0
and a € R. If we take limits as A 1 oo in (1.20), we obtain

#(1 =0) =».(im 7=0) ==

IP’Z<Z,5>0’K> =1, for z>0.
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Similarly if we take limits as A | 0 in (1.20), we deduce

PZ<Zt<oo‘K) =1, for z>0.

In other words, the stable CBLRE with immigration is conservative and positive at finite time
a.s.

An interesting question is to study the long-term behaviour of the stable CBILRE. Now, if
we take limits as ¢ T oo in (1.20), we deduce that when m > 0,

S -1/8
E., [exp {—)\tlgn Zte_KtH =E|exp{ —2 (Bc/ e PRsds + /\_5>
o0 0
d 6 [ -8k
X exp —E In | BeA ; e Pheds+1 ,

where we recall that by (5), fooo e PEsds < oo a.s. In other words, Zie Xt converges in distribu-
tion to a r.v. whose Laplace transform is given by the previous identity.
If m <0, we deduce

lim Zte*Kt = o0, P, — a.s. z>0
t—o00
We observe that when m = 0, the process K oscillates implying that
lim Z; = oo, P, — a.s., z>0
t—o00

Example 9 (Neveu case). According to (1.16), for z, A\, ¢ > 0

E. [exp { — )\Zte_KtHK} = exp {—z)\et exp {/t e_Ssts}} a.s. (2.7)
0

If we take limits as A 1 oo, in (2.7), we obtain that the Neveu CBLRE survives conditionally on
the environment, in other words

P. (Z, > 0|K) =1,

for all ¢t € (0,00) and z € (0,00). Moreover since the process has cadlag paths, we deduce the
Neveu CBLRE survives a.s., i.e.

]P’Z(Zt>07 forallt20>:1, z > 0.
On the one hand, using integration by parts we obtain
t t
/ e Kyds = —e 'K, +/ e *dK,.
0 0

Let 1k be the characteristic exponent of K and p its Lévy measure. According to Theorem 17.5
in Sato [84], if p satisfies

[ oglalp(n) < .
|z|>2
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the law of fg e %d K, converges to a self-decomposable law, denoted by fooo e %dKs, as t goes to
00. Moreover, the characteristic exponent of fooo e %dKj is given by

‘IJK()\) = /OOO Q,Z)K()\e_s)ds A>0.

In particular, if E[|K;|] < oo, then f|m|>2 log |z|p(dz) < oo and by the Strong Law of Large
Numbers, e ' K; — 0 as t goes to oo. Hence, if we take limits as ¢ 1 oo in (2.7), we observe

Ez[exp{ —)\tli>m Zte_Kt}‘K] £ exp{—zexp{/ e_Ssz}}, z, A > 0.
o0 0

Since the right-hand side of the above identity does not depend on A, this implies that

}P’z<tlim Zye Kt = 0‘K> £ exp {—Zexp {/ e_des}}, z>0
— 00 0

and taking expectations in the above identity, we deduce

oo
]P’Z< lim Ze Kt = O) =E [exp {—zexp {/ e_des}}] , z > 0.
t—o00 0

In conclusion, the Neveu process in Lévy random environment is conservative and survives a.s.
But when E [K;] < 0, the extinction probability is given by the previous expression. In addition,
when the random environment is continuous and a < ¢2/2, the extinction probability is given
by the Laplace transform of a log-normal distribution with mean o — ¢2/2 and variance o2 /2.

2.2 Competition model in a Lévy random environment

We now study an extension of the competition model given in Evans et al. [44]. In this model,
we exclude the immigration term and take the branching and competition mechanisms as follows

B(x) =ka®  and P(A) = a, for z,A >0

where k is a positive constant. Hence, we define a competition model in a Lévy random environ-
ment process (Z;,t > 0) as the solution of the SDE

t t
Zy = Zy + / Zs(a— kZs)ds + / Zs_dS, (2.8)
0 0

where the environment is given by the Lévy process described in (1.8).

From Corollary 1, there is a unique non negative strong solution of (2.8) satisfying the Markov
property. Moreover, we have the following result, which that in particular tells us that the process
Z is the inverse of a generalised Ornstein-Uhlenbeck process.

Proposition 4. Suposse that (Z;,t > 0) is the unique strong solution of (2.8). Then, it satisfies

Zpelt
Z = 0 t>0, (2.9)

t )
1—|—kZo/ eKeds
0

where K is the Lévy process defined in (1.10). Moreover, if Zy = z > 0 then, Z; > 0 for allt > 0
a.s. and it has the following asymptotic behaviour:
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i) If the process K drifts to —oo, then lim;_, Z; = 0 a.s.
i1) If the process K oscillates, then liminfy o Z; = 0 a.s.

i11) If the process K drifts to oo, then (Zy,t > 0) has a stationary distribution whose density

satisfies for z > 0,
1

P.(Zo € dz) = h () dz

?7 CL'>0,

kx

where
/t h(z)dx = /Rh(tey)U(dy), a.e. t on (0,00),

and U denotes the potential measure associated to K, i.e.
oo
U(dx) = / P(K, € dx)ds z € R.
0
Moreover, if 0 < E[K1] < oo, then

1t 1
lim - [ Zids= %E [K1], a.s.

t—oo t 0

and for every measure function f: Ry — Ry we have

1t 1
tli}l'élo t/o f(ZS)dS =E |:f (M)} s a.s.
where Ing(—K) = [~ eX=ds.

Proof. By It6’s formula, we see that the process Z satisfies (2.9). Moreover, since the Lévy
process K has infinite lifetime, then we necessarily have Z; > 0 a.s. Part (i) follows directly from
(5) and (2.9). Next, we prove part (ii). Assume that the process K oscillates. On the one hand,
we have

Zo - 1

Z = . < S
e Kt —i—kZoe_Kt/ efods ke_Kt/ efsds
0 0

On the other hand, the Duality Lemma (see for instance Lemma 3.4 in [64]) tells us that
{K(t_s)_ — Ky : 0 < s <t}and {—K; :0 < s <t} have the same law under P. Then, we

deduce . .
(Kt, e K / 6K5d8> is equal in law to (Kt,/ eKSds> .
0 0

From (5) and our assumption, we have that the exponential functional of K goes to oo as t — oc.
This implies that lim;_, o, Z; = 0 in distribution and therefore,

liminf Z; = 0, a.s.
t—o0

Finally, we assume that the process K drifts to co. Then, from the previous observation, we have

the following identity in law
Zo

; )
e Kt 4 k‘Zo/ e Ksds
0

I~

Z
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Using (5), we have that Z; converges in distribution to

o0 -1
<k/ €_K5d8> .
0

The form of the density follows from Theorem 1 of Arista and Rivero [5].

Now, observe that
t 1 t
/ Zsds = —In (1 + kZo/ ests> . (2.10)
0 k 0

Therefore if 0 < E[K;] < oo, a simple application of the Law of Large Numbers allow us to
deduce (see also Proposition 4.1 in Carmona et al. [24])

1/t 1 t 1
lim = [ Z,ds= lim —In / efeds | = —E[Ky], as. (2.11)
t—oo t 0 t—oo kt 0 k

In order to prove the last assertion of our proposition, let us introduce X®) = (Xt(x),t > 0)
the positive self-similar Markov process associated to K via the Lamperti transform with scaling
index 1. That is to say, for all x > 0

X = g >0,

where the time change 7 is defined as follows

T(t):inf{sZO:/ eK’“dT>t}.
0

This process satisfies the scaling property, i.e. for a > 0, the following identity in law follows
(aXt(m),t > 0) £ (Xé‘j”“"),t > 0) .
Next, we define the process Y as follows

(@) ki x (@)
Y ime M, =0,

By the scaling property, it turns out to have the same law as

(X((fii)t) ot 0) .

Since 0 < E[K;] < oo, Theorem 1 of Bertoin and Yor in [18] tells us that for all x > 0,

Yt(z) - X 1(% as t — oo, and for any measurable function f: Ry — Ry

EU@%@:AWJ@MMFWQQEPQ%LKQQ;KJ, (2.12)

where I(—K) = fooo e ®sds. Then, Y is a Markov process with invariant distribution .
Moreover, by the Ergodic Theorem

1
lim —
t—oo t

[ rwas= [ pauao. (2.13)
0 (0,00)
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In one hand, observe that by the definition of Y and T,

Zoey
Y20 = ziektefriert -1/ (ka0 = 0

t T T4 k2 7 eReds = Zr((ekt-1)/ (kZ0):

v=7((e¥*—1)/(kZo))

On the other hand, by identity (2.10), we deduce for all ¢ > 0

€kt—1 s
7'( Zo ):inf{s>0:/0 Zrdr>t}.

This implies

o [05) o (), e
/ f(Zs)ds = / Cf (ZT(eks_1)> S———ds= / °Jy (YS(ZO)) rds. (2.14)
0 0 kZo T(eks—l) 0 Y
kZo
By taking f(x) = z in the previous equality, we get
ekt—1
T < ) 1 t
lim A\ ) = lim - Zgds.
t—o00 t t—oo ¢ Jo

Putting all the pieces together, i.e. by (2.11), (2.12), (2.13) and (2.14), we have

[l () o

This completes the proof. ]

We finish this section with two important observations in two particular cases. We first
assume that the process K drifts to +oo and that satisfies

/ el m(dz) < oo for every ¢ >0,
[1,00)

i.e. that has exponential moments of all positive orders. Let us denote by W the characteristic
exponent of the Lévy process K, i.e.

Ui (0) = —log E[ePK1] for 6 eR.

In this situation, the characteristic exponent Wy (6) has an analytic extension to the half-plane
with negative imaginary part, and one has

]E[qut] — WK (9) ~ 0, t,q >0,

where ¥ (q) = =¥ g (—iq) for ¢ > 0. Hence, according to Theorem 3 in Bertoin and Yor [19] the
stationary distribution has positive moments and satisfies, for z > 0 and n > 1,

Y1) - Yr(n—1)
(n—1)! ’

E. | 2%] = vic(04)
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Finally, we assume that the process K drifts to —oo and has no negative jumps. Observe that
the process Z inherited the latter property and we let Zp = z > 0. Under this assumption, we
can compute the Laplace transform of the first passage time from below a level z > b > 0 of the
process Z, i.e.

op =inf{s > 0: Z; < b}.

In this case, ¥; has an analytic extension to the half-plane with positive imaginary part, and
E[e~ 9] = eVrl@) < o, t,q >0,

where ¢ (q) = —Ux(iq) for ¢ > 0. Define, for all t > 0, F; = o(K, : s < t) and consider the
exponential change of measure

dpe Ny Y

& | =e for A > 0, (2.15)

where () is the largest solution to ¥x (u) = A. Under P*) the process K is still a spectrally
positive and its Laplace exponent, 1y satisfies the relation

@ZJH(A) (w) = P (K(\) +u) — A, for wu > 0.

See for example Chapter 8 of [64] for further details on the above remarks. Note in particular
that it is easy to verify that 1/);@) (0+) > 0 and hence the process K under P*V drifts to —oo.

According to earlier discussion, this guarantees that also under PO, the process Z goes to 0 as
t — oo.

Lemma 1. Suppose that A > 0 and that k(\) > 1, then for all 0 < b < z,

B [(1 + k:zIOO(K))"‘(’\)]

E, [e—w} B0 [(zb—l 4 kzIOO(K))”()‘)} ;

where -
Io(K) = / efsds.
0

Proof. From the absence of negative jumps we have Z,, = b on the event {0, < oo} and in

particular

ZeKUb

b= 5 .
1+ kz/ efsds
0

On the other hand, from the Markov property and the above identity, we have

op o]
1+ kzloo(K) =1+ kz/ efeds + kzefor / eKopts= Koy ds = Koy (% + zkléo) )
0 0

where I’ is an independent copy of I (K).
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The latter identity and the Escheer transform imply that for A > 0
) (14 k2l (K))"|

ERO) [(2 + zkIOO(K))“(A)}

)

E, [e—)\ab} _ gr) |:e/-i()\)Kgb:| _

provided the quantity E*M[(a + k2l (K))*™M] is finite, for a > 0.
Observe that for s > 1,

B (a—f—IOO(K))S} < 951 (as—f—ER(A)[Ioo(K)s]),

hence it suffices to investigate the finiteness of E*(M[I3.]. According to Lemma 2.1 in Maulik
and Zwart [76] the expectation E*MN (I (K)?] is finite for all s > 0 such that —Prn(—=s) > 0.

Since &n( »)(—s) is well defined for x(A) —s > 0, then a straightforward computation gives us that
EFV[Io(K)®] < oo for s € [0, k(N)]. O
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Chapter 3

Asymptotic behaviour of exponential
functionals of Lévy processes

This chapter is based in paper [81] elaborated in collaboration with Juan Carlos Pardo and
Charline Smadi. Here, we study The exponential functional of a Lévy process is the main topic
of this chapter. We study the asymptotic behaviour of

E[F(L©)] as tooo,

where I;(€) is given by (4) and F' is a non-increasing function with polynomial decay at infinity
and under some exponential moment conditions on £. If the exponential moment conditions are

not satisfied, we still can find the asymptotic behaviour of E[(It(f))_p }, for p € (0,1], under

Spitzer’s condition. We describe the main results of the chapter in Section 3.1. In the next
section we apply the results to the following classes of processes in random environment: the
competition model given in Section 2.2 and diffusion processes whose dynamics are perturbed by
a Lévy random environment. For the competition model, we describe the asymptotic behaviour of
its mean. For the diffusion processes, we provide the asymptotic behaviour of the tail probability
of its global maximum. Finally, Section 3.3 is devoted to the proofs of the main results of the
Chapter. The proof under the exponential moment conditions on & relies on a discretisation of
the exponential functional ;(£) and is closely related to the behaviour of functionals of semi-
direct products of random variables. The proof under Spitzer’s condition relies in a factorisation
of I;(&€) given by Arista and Rivero [5].

3.1 Introduction and main results

Let £ = (& : t > 0) be a Lévy process with characteristic triplet (a, o, II) where a € R, 0 € R
and II is a measure on R\{0} satisfying the integrability condition [p(1 A z?)II(dz) < co. Recall
that for all z € R

E[eiz&] — etw(iz)

)

where the Laplace exponent 1(z) is given by the Lévy-Khintchine formula

P(z) =az+ 10222 +/ (e** — 1 — zzh(z))II(dz), z e R.
2 R
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Here, h(x) is the cutoff function which is usually taken to be h(z) = 1fj3j<1}3- Whenever the
process & has finite mean, we will take h(z) = 1.
In this chapter, we are interested in studying the exponential functional of £, defined by

t
I(¢) ::/ e S ds, t>0.
0
More precisely, one of our aims is to study the asymptotic behaviour of
E[F(L©)] as  t—ooo,

where F' is a non-increasing function with polynomial decay at infinity and under some expo-
nential moment conditions on £. In particular, we find five different regimes that depend on the
shape of ¥ (z), whenever it is well-defined. Let us now state our main results. Assume that

6" =sup {\ > 0:9()\) < oo} (3.1)

exists and is positive. In other words, the Laplace exponent of the Lévy process £ can be defined
on [0,01), see for instance Lemma 26.4 in Sato [84]. Besides, 1) satisfies

B(\) = logE [ekﬁl] . Xelo,oh).

From Theorem 25.3 in [84], () < oo is equivalent to

/ M II(dz) < oo. (3.2)
{l=[>1}

Moreover v belongs to C*°((0,07)) with ¥(0) = 0, ¢¥/(0+) € [~00,00) and ¥"(\) > 0, for
A € (0,0%) (see Lemma 26.4 in [84]). Hence, the Laplace exponent ¢ is a convex function on
[0,07) implying that either it is positive or it may have another root in (0,67). In the latter
scenario, 1) has at most one global minimum on (0,0"). Whenever such a global minimum exists,
we denote by 7 the position where it is reached. As we will see below, this parameter is relevant
to determine the asymptotic behaviour of E[I;(£)~P], for 0 < p < 6%.

Let us introduce the exponential change of measure known as the Esscher transform. Accord-
ing to Theorem 3.9 in Kyprianou [64], for any A such that (3.2) is satisfied, we can perform the
following change of measure

by
dp®) _ Mt
dP |5

t>0 (3.3)

where (F)i>0 is the natural filtration generated by ¢ which is naturally completed. Moreover,
under PM) the process € is still a Lévy process with Laplace exponent given by

Ua(2) =v(A+2) —9(A), z€eR
Theorem 2. Assume that 0 <p < 0T.

i) If ¢¥'(04) > 0, then
Tim E [1,(6) 7] = E [Te(&) 7] > 0.
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ii) If ' (04) = 0 and ¥"(0+) < oo, then there exists a positive constant ¢y such that

tlgglo VIE [I(6)7P] = a1

iii) Assume that ¢'(0+) < 0
a) if ¥'(p) <0, then

lim e [1,(6) 7] = EP[L(—£) 7]> 0.

t—o00

b) if Y'(p) = 0, then there exists a positive constant ca such that

] —ti(p) -] —
tlggo Vite E [I(§) 7] = co.

c) ¢¥'(p) >0, then
E[L(§) 7] = o(t™1/2e(7)), as t— oo,

where T is the position where the global minimum is reached. Moreover if we also
assume that & is non-arithmetic (or non-lattice) then

E[L(€) %] = 0@t 3/%™™),  as t— oo

It is important to note that for any ¢ > 0 satisfying (3.2), we necessarily have that E [I;(£) 9]
is finite for all ¢ > 0. Indeed, since (eqft—w(‘”,t > 0) is a positive martingale, we deduce from
L1-Doob’s inequality (see for instance [1]) and the Esscher transform (3.3), that the following
series of inequalities hold: for ¢t <1,

E[[,(€)™] <t E [ sup eqﬁu] <t 9e(@VOR [ sup eqfu—uw(q)}
0<u<1 0<u<1

el +¥(a)Vo elt+i(g)Vvo

<t (1 +E@ [q& — w(q)]) =t ——

(3.4)
[1+q¥'(q) — ¥(q)],

which is finite. The finiteness for ¢ > 1 follows from the fact that ;(¢) is non-decreasing.

We are now interested in extending the above result for a class of functions which have
polynomial decay and are non-increasing at oco. As we will see below such extension is not
straightforward and need more conditions on the exponential moments of the Lévy process &.

For simplicity, we write

Er(t) == E[F(L(9))],

where F' belongs to a particular class of continuous functions on R that we will introduce below.
We assume that the Laplace exponent 1 of ¢ is well defined on the interval (§~,607), where

0~ :=inf{\ < 0:¢(\) < o0},

and 07 is defined as in (3.1). Recall that v is a convex function that belongs to C>®((0~,6%))
with (0) = 0, ¢'(04) € [—o0,00) and ¢”(A) > 0, for A € (6~,61). Also recall that 7 € [0,07)
is the position where the minimum of ¢ is reached.

Let k be a positive constant. We will consider functions F' satisfying one of the following
conditions: There exists xg > 0 such that F'(z) is non-increasing for x > z, and
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(A1) F satisfies
F(z) = k(z + 1)*?[1 +(1+2)h(z)], forallz >0,
where 0 < p <7, ¢ >1 and h is a Lipschitz function which is bounded.
(A2) F is an Holder function with index a > 0 satisfying
F(z)<k(z+1)P, for all x > 0,
with p > 7.

Theorem 3. Assume that 0 < p < 0. We have the following five regimes for the asymptotic
behaviour of Ep(t) for large t.

i) If ¥'(0+) > 0 and F is a positive and continuous function which is bounded, then

tli>nol<> Ep(t) = Ep(0).

ii) If ¥'(04+) = 0, F satisfies (A2) and 6~ < 0, then there exists a positive constant cz such
that

Jim VEER(t) = cs.
iii) Suppose that 1)’ (0+) < 0:
a) If F satisfies (A1) and ¢'(p) < 0, then,

lim e WP Ep(t) = lim e WWKE [I,(€)P] =kE® [Io(—€)77].
—00

t—o00
b) If F satisfies (A1) and ¢'(p) =0, then,
lim Vte P Ep(t) = lim Vie " WPKE [1,(¢)P] =kes,
t—00 t—o0

where co has been defined in point iii) b) of Theorem 2.

¢) If F satisfies (A2), ¢/'(p) > 0 and 7 +p < 6T, then there exists a positive constant c,
such that
lim t3/2€7tw(7—)5p(t) = ¢4.
t—r00
If 6% does not exits, we can still provide the asymptotic behaviour of Ep(t), for F(z) = x 7P
with p € (0,1], under the so-called Spitzer’s condition; i.e. if there exists 0 € (0, 1] such that

t
lim ¢! / P(¢, > 0)ds = 4. (3.5)
0

t—o00

Theorem 4. Let p € (0,1] and suppose that & satisfies Spitzer’s condition (3.5) with 6 € (0,1].
Then, there exists a constant c(p) that depends on p such that

( /0 t 6_55d3> _p] = ¢(p).

In particular if £ satisfies Spitzer’s condition with § € (0,1) and 0 < 6%, we necessary have
' (04) =E[&4] = 0 and 6 = 1/2. Therefore, £ is under the regimen of Theorem 2 part (ii).

lim t1 °E
t—o00
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3.2 Applications

Now, we provide two examples where we can apply the main results of this chapter. Both are
processes perturbed by Lévy random environments.

3.2.1 Competition model in a Lévy random environment

We now study the asymptotic behaviour of the population model given in Section 2.2. Recall
that the competition model in a Lévy random environment, (Z;,¢ > 0), is the unique strong
solution of the SDE

t t
Zy = Zy +/ Zs(a — kZs)ds +/ Zs—dS;
0 0
where a > 0 is the drift, £ > 0 is the competition, and the environment is given by the Lévy

process defined in (1.8). Moreover, the process Z satisfies the Markov property and we have

Zpel
7, = 0¢ t>0,

t b
1+kZ0/ efsds
0

where K is the Lévy process defined in (1.10).
The following result studies the asymptotic behaviour of E.[Z;], where P, denotes the law of
Z starting from z. Before stating our result, let us introduce the Laplace transform of the Lévy
process K by
"0 = E[e?K1], 6 € R,

when it exists (see discussion on page 30). We assume that the Laplace exponent x of K is well
defined on the interval (6,6} ), where

0 = 1inf{A < 0:K(A\) < oo} and 6F :=sup{A>0:r(\) < oc}.
Let 7 be the position of the global minimum in (0, 6}), and denote by m = £’(0) and m; = «/(1).

Proposition 5. Assume that 1 < 9;2. For z > 0, we have the following five regimes for the
asymptotic behaviour of E,[Z].

i) If m > 0, then for every z > 0

. 1 1
dm EelZ] = 7E [IOO(K)] >0

it) If m =0, then
E.[Z] = O(t/?).

i11) Suppose that m < 0:

a) If my <0, then,

im e—te() _EW |
e E.[Z] =E L—sz[oo(—KJ >0,

where EY) denotes the Esscher transform (3.3) of K with X\ = 1.
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b) If my = 0, then there exists a positive constant c(z,k) that depends on z and k such
that
lim Ve " E,[Z] = c(z, k).
t—o0

c) If m; >0 and 7 + 1 < 0% then there exists a positive constant c1(z,k) that depends

on z and k such that
lim t3/2¢7"(E,[Z,] = ¢1(2, k).
t—00
Proof. We first recall that the time reversal process (K¢ — K(;_s)-,0 < s < t) has the same law
as (K;,0 < s <t), (see Lemma II.2 in [14]). Then, for all t > 0

t t t
e Kt (—K)=e K / eft-sds = / e~ Eri—Ki—a)qg £ / e Kods = I,(K), (3.6)
0 0 0

implying
(e Kt e e[ (—K)) £ (75, I(K)).

t
(e_Kt —i—k:ze_Kt/ ests)
0

Let us now prove part i). Assume that m > 0, then K drifts to co and e %* converges to 0 as
t goes to co. By Theorem 1 in [19], I;(K) converges a.s. to I (K), a non-negative and finite
limit as ¢ goes to co. We observe that the result follows from identity (2.8) and the Monotone
Convergence Theorem.

Part ii) follows from the inequality

The above implies that
—1

E.[Z] = -E —:E [(e_Kt + kz[t(K))_l} . (3.7)

E.[2] = 2E (7% + k2L, (K)) | <E [(RI(K) '],

and Theorem 2 part (ii).
Finally, we prove part iii). Observe by applying the Esscher transform (3.3) with A = 1 that

t —1
<1+k:z/ eKSds>
0

Part iii)-a) follows by observing that under the probability measure P, the process K is a Lévy
process with mean EM[K;] = /(1) € (—00,0). We then conclude as in the proof of part i) by
showing that EM[(1 + kzI;(—K))~'], converges to EMW[(1 4 kzIo(—K))~'], as t increases.
Finally parts iii)-b) and c) follows from a direct application of Theorem (3) parts iii)-b) and
¢), respectively, with the function F': 2 € Ry + 2(1 + kzx) L. O

E.[Z] = ze"WED

3.2.2 Diffusion processes in a Lévy random environment

Let (V(z),x € R) be a stochastic process defined on R such that V' (0) = 0. As presented in
the introduction of this thesis (on page xiii), a diffusion process X = (X (¢),¢ > 0) in a random
potential V is a diffusion whose conditional generator given V is

lvwd (v d
dz ) -
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It is well known that X may be constructed from a Brownian motion through suitable changes
of scale and time, see Brox [22].

Kawazu and Tanaka [59] studied the asymptotic behaviour of the tail of the distribution of
the maximum of a diffusion in a drifted Brownian potential. Carmona et al. [24] considered
the case when the potential is a Lévy process whose discontinuous part is of bounded variation.
The problem is the following: How fast does P(max;>o X (t) > x) decay as x — co0? From these

works, we know that
A
P (Igach(t) > x> =E |:A+Bz:|

where

0 T
A :/ ’Wdt  and B, :/ eVt
—0o0 0

are independent. In order to make our analysis more tractable, we consider (§,t > 0) and
(nt,t > 0) two independent Lévy processes, and we define

| =& i x>0
Viz) = { —n_p if x<0.
We want to determine the asymptotic behaviour of

P (o) > ) =B ||

We assume that n drifts to co, and recall the notations in the introduction of this chapter for the
Laplace exponent 1) of £, and for §—, 6T and 7.

Proposition 6. Assume that 1 < 7.
i) If ¥'(0+) > 0, then

Ioo(n)

lim P <maxX(S) > t) —E {foo(n)JrIoo%f)

t—ro0 520

|>0

i) If ¢'(0+) = 0, then there exists a positive constant Cy that depends on the law of In(n)
such that

lim V/tP <m>a())<X(s) > t> = (.

t—00
iii) Suppose that ' (0+) < 0:
a) If ¢'(1) < 0, then there exists a positive constant Co that depends on the law of I (n)
such that,
tlim eWp (maXX(S) > t> = Cs.
—00

s>0
b) If /(1) = 0, then there exists a positive constant Cs that depends on the law of Ino(n)
such that
lim Vte WP <m>a§<X(s) > t> = Cs.

t—o00
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¢) If /(1) >0, and 7 +1 < 07, then
lim P <maXX(s) > t> - O(t_1/2e—w(7)).
t—o0 s>0

Moreover, if the process £ is non-arithmetic (or non-lattice) then there exists a positive
constant Cy that depends on the law of I (n) such that

lim ¢3/2e~ ()P <maxX(s) > t> =Cy.

t—00 s>0
Furthermore, if there exists a positive € such that
E[Io(n)'*¢] < o0,

then
Ci = ciE[Ix(n)], i€ {2,3},

where (¢;,i € {2,3}) do not depend on the law of Ino(n).

Proof. Since n and £ are independent, we have

P (maX(9) > ) = Bl 150
where
fla,t) =E [(a + It(§))_1] , a,t > 0.

The result follows from an application of Theorems 2 and 3 with the function
F:zeRy 2(a+x)"h

We only prove case ii), as the others are analogous. By Theorem 3 there exists ¢1(a) > 0 such
that
41/2 _
Jim 12 (a,1) = e1(a).

Moreover, by Theorem 2, there exists ¢; such that

lim t1/2£(0,1) = ¢1.

t—00
Let us define Gy(a) = at'/%f(a,t), and GY(a) = at'/?£(0,t). Observe that
Gila) < GY(a), for all t,a >0

and
tlgroloE [G?(IOO(U))] = a1 [Io ()] -

Then, by the Dominated Convergence Theorem (see for instance [32] problem 12 p. 145),

iy VAP (mcX(5) > ¢) = Jim B Gu(To ()] = B [T (e (e (1)

t—o00
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We complete the proof for the existence of the limits by observing that
0 < C1=E[I(n)er(Ioo(n))] < a1 [Ioo(n)] < o0

The last part of the proof consists in justifying the form of the constants Cs and C3 under the
additional condition E[I(n)!¢] < oo for a positive €. For every 0 < ¢ < 1, we have

Io(n) _ Teo(n)  _ Tsc(n)  Too(m)  _ IToo(n) ( Iso(n) (£)>E < (Ioo(n)>l+€

L&) Too(m) +1(§)  L(§) Ioo(m) + 1(§) = L(§) \Loo(n) + 1t Ii(€)
Hence
Io(n) Iso(n) . 1
0=k [ () Twln) + It(ﬁ)] < ElToo(n) IE [(It(ﬁ))“s] |

But from point iii)-c) of Theorem 2 and Equation (3.17) in the proof of Theorem 3, we know
that in the cases iii)-a) and iii)-b),

E [It(g)‘(1+€)] — o (E[L(6)]).

This ends the proof. O

3.3 Proofs of Theorems 2, 3 and 4.

This section is dedicated to the proofs of the main results of this chapter. We first prove Theorem
2. The proof of part ii) is based on the following approximation technique.

Let (Nt(q),t > 0) be a Poisson process with intensity ¢ > 0, which is independent of the Lévy
process &, and denote by (771),>0 its sequence of jump times with the convention that ’7'6] = 0.
For simplicity, we also introduce for n > 0,

gt(n) = 573—&—75 - 67’,’{? t=>0.

For n > 0, we define the following random variables

SWi=¢q, M?P:= sup & and I¥:= inf &.
/ T<t<Tl Ta<t<rd

Observe that (S,(ﬂ),n > 0) is a random walk with step distribution given by ET{z and that 7 is an
exponential r.v. with parameter ¢ which is independent of &.
Similarly for the process £, we also introduce

m{9 .= sup £§”) and 9 .= inf flgn)

n

q q
t<7'§+1—’rg t<‘rn+1—'rn

Lemma 2. Using the above notation we have,
M"KLQ) — S’r(;"vq) + méq)’ I?Sq) — S’r(l_vq) + Z(()q)

where each of the processes S+9) = (S,(f’q),n > 0) and S(—9) = (S,(f’q),n > 0) are random walks
(9)

with the same distribution as S9. Moreover StH9 and my" are independent, as are S(=9 and

i,
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The proof of this lemma is based on the Wiener-Hopf factorisation (see Equations (4.3.3) and
(4.3.4) in [30]). It follows from similar arguments as those used in the proof of Theorem IV.13
in [30], which considers the case when the exponential random variables are jump times of the
process & restricted to R\ [-n,n], for n > 0. So, we omit it for the sake of brevity.

Recall that 7{ goes to 0, in probability, as ¢ increases and that ¢ has cadlag paths. Hence,
there exists an increasing sequence (gn)n>0 such that ¢, — oo and

:(an)
Mo 1, a.s. (3.8)

n—oo

We also recall the following form of the Wiener-Hopf factorisation, for g > 1(\)
7:E[60}E[e o}. 3.9
q—y(N) (89)

From the Dominated Convergence Theorem and identity (3.9), it follows that for e € (0, 1), there
exists N € N such that for all n > N

-(qn) (an)
1-e<E [emoq } <E [emoq } <l+e. (3.10)
Next, we introduce the compound Poisson process

(@) ._ g0
Y, = S]\i(q), t>0,

whose Laplace exponent satisfies

which is well defined for A such that ¢ > (). Similarly, we define

7@ _ (@)
Itq _I]\([J(q)’

t

'V +, +, - -
Mt(q) — ]\4](\[‘1()‘1)7 Y;( q) — Sj\[ﬁ(q‘%)) and Y;( q) — S](Vt(q%)

We observe from the definitions of M (9 and I (@) and Lemma 2, that for all ¢ > 0, the following
inequalities are satisfied

t t t
(9) (+:9) (q) (—9)
e Mo / e ¥s Tds < / e Sds < eo / e™Ys Tds. (3.11)
0 0 0

We have now all the tools needed to prove Theorem 2.

Proof of Theorem 2. i) Assume that ¢)'(04) > 0. According to Theorem 1 in [19], I;(£) converges
a.s. to Io(§), a non-negative and finite limit as ¢ goes to co. Then, we observe that the result
follows from the Monotone Convergence Theorem.

We now prove part ii). In order to do so, we use the approximation and notation that we
introduced at the beginning of this section. Let (gn)n>1 be a sequence defined as in (3.8) and
observe that for n > 1, we have () (0) = 0, 1'(%)(04) = 0 and 9"(%)(0+) < co. We also
observe that the processes Y (+:4») and Y (%) have bounded variation paths.
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We take £ > N and 0 < ¢ < 1. Hence from Lemmas 13 and 14 in Bansaye et al. [9], we
observe that there exists a positive constant ¢ (¢) such that

t tay \ P
(1—e)e(O)t ™2 <E </ e e ds> ] <(A+e)e(O)t™?  ast— oco.
0

Therefore using (3.10) and (3.11) in the previous inequality, we obtain
(1—e)2e (Ot V2 <E[L(E)P) < (1 +e) e (O)t™?,  ast — oo. (3.12)

Next, we take n,m > N and observe that the previous inequalities imply

c1\n c1lm ci\n f()r all m,m .
1 1 >~ €1 = 1 1 ’ ’ il

Thus, we deduce that (¢1(n))n>1 is a Cauchy sequence. Let us denote ¢; its limit which, by the
previous inequalities is positive. Let £ > N such that

(1—¢)ag <ci(k) < (1+¢€)c.
Using this inequality and (3.12), we observe
(1—eBert™ 2 <E[L(6)P) < 1 +e)’erit™?  ast— .

This completes the proof of part ii).
Now, we prove part iii)-a). Recalling (3.6) yields that

L(§) £ e S I(—€),  t>0. (3.13)

Hence using the Esscher transform (3.3), with A = p, we have
E[L(¢)7] =E [ L(-¢) 7| = VPEW [[,(-6) 7], t>0. (3.14)

The inequality (3.4) with ¢ = p and the previous identity imply that the decreasing function
t + EP)[I;,(=£)7P] is finite for all + > 0. Recall that under the probability measure P®), the
process ¢ is a Lévy process with mean E®)[¢;] = ¢//(p) € (—oc0,0). Then, as in the proof of part
i), E®)[I,(—€)~P] converges to EP)[I,(—£)~P], as t increases.

Part iii)-b) follows from part ii) and the Esscher transform (3.3). More precisely, we apply
the Esscher transform with A\ = p and observe that the Laplace transform of the process £ under
the probability measure P(®), satisfies Y,(0+) = ¢'(p) = 0 and ¢;/(04) = ¢"(p) < co. Therefore
by applying part ii) and identity (3.14), we get the existence of a constant c¢a > 0 such that

E [1,(¢)7F] = P POVEP[[, (=€) P ~ ot~ /2eteP),
Finally we prove part iii)-c). Again from the Esscher transform with A = 7, we see

E[L,(¢)7?] = P MEM [P I, (—£)7P), t>0.
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On the one hand, for ¢t > 0,

EM [P~ [, (—¢)7P] = B |P~7)(&E/2)

(e_ﬁt/QIt/Q(—é_) —+ ftt/Q efu_ft/gdu)—(p_T)]
(Iy2(—€) + b2 f;/Q EuEr2du)

< (M) | e(p=7)(E~E/2) (fg/Q efs+t/276t/2d5) = (P—T)

- L Lo (=8)7

—ED [, /2(_5)—@—7)} E™ [1,5(=6)"]

where we have used in the last identity the fact that (£, 12— &y u > 0) is independent of
(€u,0 < u < t/2) and with the same law as (&,,u > 0).
On the other hand, from (3.13) we deduce
BT [er-nE2) ], /2(_9_(1,_7)} — g™ [ I, /2(5)—@—7)} . t>0.

Putting all the pieces together, we get

E™ [e(p—f)&[t(_f)—p] <E™ [[t/Q(g)—(p—T)} E® [It/g(—ﬁ)_T] ’ t>0
implying
E[L(6)77] < eOED [10(6) "D ED [10(-6)7], >0,
Since 9'(1) = 0, we have E(7)[¢;] = 0 and the process ¢ oscillates under P("). Moreover since

" (1) < 0o, we deduce that ¥”(0+) < oo. The latter condition implies from part ii) that there
exists a constant ¢ (7) > 0 such that

ED[L(&)" =] ~ ¢y (r)t 712 as t— 00.

Since the process ¢ oscillates under P(7), the dual —¢ also oscillates. This implies that I(=¢)
goes to oo and therefore E(7[I;(—£)~(P=7)] goes to 0, as t increases. In other words, we have

E [1,(¢)7?] = o(t1/2e¥(7), as t— oo,

as expected.
We now assume that § is non-arithmetic, our arguments are similar to those used in [9]. We
will prove
lim sup ¢>/2¢ (DR [1:(£)7P] < oo

t—o00

In order to prove it, we take t > 0 and observe

[t]-1 1
ILtJ (&) = Ze—fk/o e~ Ertu—8k) Qqu.

k=0

1 —-p
min P&k / e~ Erru=Ek) qqu )
k<[t]-1 0
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Conditioning on the value when the minimum is attained, let say &', and observing that eP&
-p -p
is independent of ( fol e_(gk’ﬂ_gk’)du) and the latter has the same law as ( fol e‘gudu> , We

deduce
1 —p
( / e_fudu> .
0

Finally, by Lemma 7 in [52], there exists a C' > 0 such that

-] < i y23°
IE[IM({‘) }_E[ksnftljn_le ]E

E [ min epg’“] ~ C|t] 732t for ¢ large.
k<[t]-1

The claim follows from the monotonicity of E [I|;/(£)"?] and the fact that ¢ € (|t], [¢t] +1). O

The idea of the proof of Theorem 3 is to study the asymptotic behaviour of Ep(n/q) for g
fixed and large n, and then to use the monotonicity of F' to deduce the asymptotic behaviour of
Er(t) when t goes to infinity. In order to do so, we use a key result due to Guivarc’h and Liu
(see Theorem 2.1 in [50]) that we state here for the sake of completeness.

Theorem 5 (Giuvarc’h, Liu 01). Let (an,bn)n>0 be a R2 -valued sequence of i.i.d. random
variables such that E[lnag] = 0. Assume that by/(1 — ap) is not constant a.s. and define

n—1 n—1
Ay:=1, A, := H ar and B, := ZAkbk, for n>1.
k=0 k=0

Let n, Kk, be three positive numbers such that k < ¥, and (;NS and 1; be two positive continuous
functions on Ry such that they do not vanish and for a constant C > 0 and for every a > 0,
b>0, b >0, we have

3a) < Car, D) < ~C

and  [(b) — ()| < Clo —¥'|".

Moreover, assume that

E[ag] < 00, E[aaﬂ < 00, E[bg] < oo and E[aa"baﬂ] < 00.

Then, there exist two positive constants ¢(¢,v) and () such that

lim 73/2E [&(An)u?(Bn)} —c(6,9)  and  limn'/’E [&(Bn)] = ().

n—oo n—oo

Let ¢ > 0 and define the sequence ¢, = n/q, for n > 0. For k > 0, we also define

gqgk) = qu+u - quv for U Z 07
and
_7(k) 9k+1—4k (k)
a =e “Uh+1"% and by, = / e > du. (3.15)
0
Hence, (ag,bg) is a Ri—valued sequence of i.i.d. random variables. Also observe that
—£1 bo I% (5)
ap=¢€ 1 and = e
1—aqag P
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which are not constant a.s. as required by Theorem 5. Moreover, we have

qi

git1 i—1
/ e_gudu = B_Eqi b; = H arb; = A;b;,
k=0

where Ay is defined as in Theorem 5. The latter identity implies

n—1 Git1 n—1
1, (&) = Z/ e Suduy = ZAibi = By.
i=0 v i i=0

In other words, we have all the objects required to apply Theorem 5.

Proof of Theorem 3. i) The proof uses similar arguments as those used in the proof of Theorem
2-1).

ii) We now assume that ¢’(0+) = 0. We define the sequence (ay,br)r>0 as in (3.15) and
follow the same notation as in Theorem 5. We take 0 < n < « and dp, > 1 such that -0~ /d, < p
and 0~ < —n <n+p <6t and let

—0—
(777/17 19) - <777 dpap) .

Next, we verify the moment conditions of Theorem 5 for the couple (ag, by). From the definition
of (ag,by), it is clear

/
E[lnag] = vio+) =0, E[af] = e*""/9 and E {aan} = ¥ M/a,
q

which are well defined. Similarly as in (3.4), by Li-Doob’s inequality (see [1]) and the Esscher
transform (3.3)

E[b]] < ¢"E

B e Y(=n)
sup e M| < ¢"e T (1 —ny'(=n) —¢(-=n)) < oo,
0<u<1/q e—1

and

E[“E"’?Eﬂ <@E |t sup % | < ¢’E
0<u<l1/q

sup e | « 0.
0<u<l/q

Therefore the asymptotic behaviour of Ep(q,) for large n, follows from a direct application of
Theorem 5. In other words, there exists a positive constant ¢(q) such that

VNnEr(qn) ~ c(q), as  n — 00.

In order to get our result, we take ¢ to be a positive real number. Since the mapping s — Ep(s)
is non-increasing, we get

VIER(t) < ViEr(lat) Ja) = ‘/thtJ\/ [at]€r(Lat]/g)-
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Similarly

VEER(t) > VEEF((Lat] +1)/a) = 4 | mtJtJr [V lat] +18r((Lat] +1)/a).

Therefore
VIER(t)~e(q)q V2, as t — 00.

Moreover, we deduce that c(q)qil/ 2 is positive and does not depend on ¢q. Hence we denote this
constant by ¢;. This concludes the proof of point ii).

iii) For the rest of the proof, we assume that ¢’(0) < 0. We first prove part a). Since
Y'(p) <0, from Theorem 2 part iii)-a) we know that

E [I(6)77] ~ PIEP1 (—€)77), as t— oo.
Hence the asymptotic behaviour is proven if we show that
Er(t) ~KE [L,(§)7P], as t— oo

Since ¢’ (p) < 0, there is € > 0 such that p(1+¢) < 0, ¥(p(1+¢)) < ¥(p) and ¢'((1+¢)p) < 0.
Hence, from Lemma 2 (see the Appendix), we deduce that there is a constant M such that

|[F (1(8)) — KL(€) 77| < MI(§) . (3.16)
In other words, it is enough to prove
E [It(g)—@%)ﬂ —o(e®®)), as  t— oo, (3.17)
From the Esscher transform (3.3) with A = (1 + €)p, we deduce

E [It(g)—a%)p} —F {emus)ss It(_g)—amp} — )t R(+e) [, gy~ (o]

This and Equation (3.4) with A\ = (1 4 ¢)p imply that E((1+eP)[1,(—¢£)=(14€)P] is finite for all
t > 0. Similarly as in the proof of Theorem 2 iii)-a), we can deduce that E((1+2)P)[[,(—¢)~(+e)p]
has a finite limit, as t goes to co. We conclude by observing that 1, (ep) is negative implying that
(3.17) holds. We complete the proof of point iii)-a) by observing that (3.16) and (3.17) yield

E[F (1:(§))] ~ KE[[,(§)7"],  t — oo.

We now prove part b). Since ¢'(p) = 0 and ¢"(p) < oo, from Theorem 2 part iii)-b) we know
that there exists a positive constant cy such that

E [L(&)77] ~ ot 712t (P), as t— oo.
Similarly as in the proof of part a), the asymptotic behaviour is proven if we show that

Er(t) ~KE [L()7P], as t— oo,
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which amounts to showing that
E [It(f)_(lﬁ)p} = O(t_l/zew(p)), as t— oo

for € small enough. The latter follows from of Theorem 2 iii)-c).

Finally, we prove part ¢). Similarly as in the proof of part ii), we define the sequence (ax, bx) k>0
as in (3.15) and follow the same notation as in Theorem 5. Let us choose 0 < 1 < « such that
0<T-—n<T+p+n<6 and take

(n,5,9) = (n,7,p) -
Next, we apply the Esscher transform (3.3) with A = 7 and observe
E[F(I(gn))le” ™) = BT e~ o F(I(gy))] = BT [AT F(B,)]. (3.18)

Hence in order to apply Theorem 5, we need the moment conditions on (ag,bg) to be satisfied
under the probability measure P(7). We first observe,

/
Similarly, we get
E(T) [ag] f— E(T) [e_ﬁgl/‘I] e e_"p(T)/q and E(’T’) |:a6771| — E(T) [enfl/q] _ e¢7(n)/q7

where ¥ (\) = (7 + A) — ¢(7). From our assumptions both expectations are finite.
Again, we use similar arguments as those used in (3.4) to deduce

EO) ] < ¢BED | sup e | < g1 ¥/ { sup e(T—n)ﬁu] <o
0<u<l/q 0<u<l1
and
né
e

< gPe ¥(N/ag [ sup e(T+n+p)§u] < c0.
0<u<1

1
7 sup ePEu

ET [aa”bap} < E7 0<u<1/
<u<l/q

Therefore the asymptotic behaviour of E(T) [A},F(By)] follows from a direct application of The-
orem 5 with the functions ¢ (z) = F(z) and ¢(z) = =”. In other words, we conclude that there
exists a positive constant ¢(q) such that

nPEMATF(B)] ~ e(q), n— oo.
In particular from (3.18), we deduce
Er(qn) ~ c(q)ef’w(ﬂ/qnf?’ﬂ, n — oo.
Then using the monotonicity of F' as in the proof of part ii), we get that for n large enough,
c(q)q eV < 3P Dgp(n) < c(q)g /. (3.19)

A direct application of Lemma 17 then yields the existence of a nonnegative constant ¢4 such
that

lim ¢(q)q %% = 4.
q—00
Moreover, (3.19) yields that ¢4 is positive. This ends the proof. O
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Now, we proceed with the proof of Theorem 4.

Proof of Theorem 4. We first define the functions
¢ -p
f(t):=E (/ efsds> ., t>0,
0

9(q) = /Oo e~ f(t)dt, g >0.

0

and

According to the Tauberian Theorem and the monotone density Theorem (see for instance [14]),
f is regularly varying at oo with index § — 1 if and only if g is regularly varying at 0+ with index
—0. Therefore, a natural way to analyse the asymptotic behaviour of f is via the asymptotic
behaviour of its Laplace transform. In order to do so, we observe from Fubini’s Theorem

9(q) = /0 T [( /O t e—ﬁsds> _p] dt = ;]E < /0 - e—fsds> _p] = ;IE [(qu(i))_p} :

where e, is an independent exponential random variable of parameter g. Note that we can
identified I, () as the exponential functional at oo of a Lévy process ¢ killed at an independent
exponential time with parameter g > 0.

Let denote by {(L;*, Hy),t > 0} and {(E;l,ﬁt),t > 0}, for the ascending and descending
ladder processes associated to & (see [64], Chapter 6 for a proper definition of these processes).
The Laplace exponent of both of them will be denoted by k(«, ) and E(a, B), respectively. In
other words,

kE(a, ) = —logE [e*D‘L;L’BHl} , and E(a,ﬁ) = —logE [e*aiflfﬁﬁl} )

If H9 is the ascending ladder height process associated with the Lévy process ¢ killed at an
independent exponential time of parameter ¢, then, its Laplace exponent is k(g,-). This follow
from the following identity,

E [ei)‘gsl{s@q}} =FE [eqse“‘és} )
and by evaluating in s = L1_1 and A = —if3, i.e.

E {B—BH{")} _E [eqL;le—ﬁHl] — o k(aB).

A similar identity holds for the descending ladder height process H (@) which is associated
with the killed Lévy process. From Proposition 1 in [17], there exists a random variable R,
independent of Ioo(—ff (@), whose law is determined by its entire moments and satisfies the
recurrent relation

E [R;] — %(g, VE [Rg—l] . A0

Moreover, we have

Rylo(—HD) £ ¢, (3.20)
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where e is an exponential random variable with parameter 1. According to Arista and Rivero
([5], Theorem 2), there exist a random variable J, whose law is defined by

~ 1
P(Jq € dy) = k(q, 0)yP (R € dy) .y >0,
q
and such that ;
Ioy (&) = JoIoo(—H). (3.21)
Therefore, by identities (3.20) and (3.21), we deduce
k(q,0 - - 4
9(q) = (qq )E [Ioo(_H(q)) ”} E [eﬁ’ 1}[}3 [IOO(—H((J))P 1} . (3.22)

On the other hand, we observe
E [IOO(—H(’I))_Z’} CFE[lo(-H)™]  and E {Ioo(—ﬁ@)p—l} CFR [Im(—ff)p—l} .
By Lemma 2.1 in [76], we also observe
0 < E [Ino(~H) 7] E [Lo(~H)" ] < o0,
Now, we use Theorem VI.3.14 in [14], that assure that Spitzer’s condition (3.5) is equivalent

to E(, 0) being a regularly varying function at 0+ with index 1 — 4. Therefore, by identity (3.22),
g is regularly varying at 0+ with index —¢ implying that f is regularly varying at co with index

6 — 1 as expected, in other words
t -p
(/ e—Sst> = c(p),
0

where ¢(p) is a constant that depends on p.

lim t1 R

t—o00
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Chapter 4

Stable CBLRE

This chapter is based in papers [80] and [81] elaborated in collaboration with Juan Carlos Pardo
and Charline Smadi. We study the asymptotic behaviour of the absorption and explosion proba-
bilities for stable continuous state branching processes in a Lévy random environment. The speed
of explosion is studied in Section 4.2. We find 3 different regimes: subcritical-explosion, critical-
explosion and supercritical explosion. The speed of absorption is studied in Section 4.3. As in
the discrete case (time and space), we find five different regimes: supercritical, critical, weakly
subcritical, intermediately subcritical and strongly subcritical. When the random environment is
driven by a Brownian motion with drift, the limiting coefficients of the asymptotic behaviour of
the absorption probability are explicit and written in terms of the initial population. In a general
Lévy environment, the latter coefficients are also explicit in 3 out of the 5 regimes (supercritical,
intermediate subcritical and strongly subcritical cases). This allows us to study two conditioned
versions of the process: the process conditioned to be never absorbed (or @-process) and the
process conditioned on eventual absorption. Both processes are studied in Section 4.4.

4.1 Introduction

The stable case is perhaps one of the most interesting examples of CB-processes. One of the
advantages of this class of CB-processes is that we can perform explicit computations of many
functionals, see for instance [15, 67, 69], and that they appear in many other areas of probability
such as coalescent theory, fragmentation theory, Lévy trees, self-similar Markov process to name
but a few. As we will see below, we can also perform many explicit computations when the
stable CB-process is affected by a Lévy random environment. For example, by using Theorem 3,
we can find the precise asymptotic behaviour of the explosion and survival probabilities. When
the environment is driven by a Brownian motion, by another technique, we can even obtain the
constants in a closed form. When the limiting coeflicients are explicit and in terms of the initial
position, we find two conditioned version of the process: the process conditioned to be never
absorbed (or Q-process) and the process conditioned on eventual absorption. We deduce them
by using Doob h-transformation.
Let
P(A) = e, A >0,

for some § € (—1,0)U (0, 1] and ¢ such that ¢ > 0. As we said in example 3, a stable continuous
state branching processes in a Lévy random environment (SCBLRE) with branching mechanism
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1) is the process Z that satisfies the following stochastic differential equation

t
Zy =Zy + 15— 1}/ V/2¢Zsd By +1{5¢1}/ / / N(ds, dz, du) + / Zs dSs, (4.1)
0

where B = (By,t > 0) is a standard Brownian motion, N is a Poisson random measure with
intensity

cBB+1) 1)

N is its compensated version,

N(ds,dz,du) if g € (—1,0),

N(ds, dz, du) = { N(ds,dz,du) if 8 € (0,1),

and the process S is defined as in (1.8), i.e

t _ t
Sy =at+ 0B + / / (7 — 1)N©)(ds, dz) + / / (e —1)N©)(ds,dz).  (4.2)
0 J(-1,1) 0 JR\(-1,1)

Recall that the random environment was defined as

K, =nt+ 0B, ) 4 / / vN©) (ds, dv) + / / )(ds, dv),
R\(~1,1)

where

According to example 3,

t -1/B
E, [exp{ — )\Zte*Kt}‘K] = exp {—z ()\6 + B%»/O eBK“du> } ,  a.s.

If we take limits as A 1 oo, in the above identity we obtain that for all z,¢ > 0 , the non-explosion
probability is given by

t -1/8
P, <Zt < oo‘K) = 13>0} + 1{g<0} €XP {—z (Bc/o e_’BK“du> } , a.s. z>0 (4.3)

On the other hand, if we take limits as A | 0, we deduce that the survival probability satisfies

t -1/p
P, <Zt > O’K) =1—1g-0)€xp {—z (ﬂc/o e’BK“du> } , a.s. z>0 (4.4)

It is then clear that if 5 € (—1,0), then the survival probability is equal to 1, for all ¢ > 0.
If 5 € (0,1], then the process is conservative. In this chapter, we determine the asymptotic
behaviour of the missing cases. First, we work with a Brownian environment. We use a time
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change method similar to the work of Boinghoff and Hutzenthaler [20]. And in consequence,
we obtain explicitly the limiting coefficients of the asymptotic behaviour of the absorption and
explosion probabilities. These coefficients are written in terms of the initial population. The
main results in Chapter 3 allows us to find the latter coefficients when the environment is driven
by a Lévy process. Unfortunately, with this technique we know that the constants are in terms
of the initial population but we don’t know the explicit relation. In their recent work, Li and Xu
[72] obtained the same behaviour for the absorption probability. The key of their results was the
observation that the asymptotics only depends on the sample paths of the Lévy process with local
infimum decreasing slowly. Their coefficients are represented in terms of some transformations
based on the renewal functions associated with the ladder process of K and its dual. However,
despite the fact that the constants given in [72] are written in terms of the initial population,
their explicit form still is hard to compute.

4.2 Speed of explosion of SCBLRE

Let us first study the event of explosion for stable branching processes in a Lévy random envi-
ronment. Let us focus on § € (—1,0). We recall that when the environment is constant, a stable
CB-process explodes at time ¢ with probability 1 — exp {—zfct}. When a random environment
affects the stable CB-process, it also explodes with positive probability, since

t —-1/p
P, (Zt = oo‘K) =1—exp {—z (505/ e—ﬁ(KUJrau)du) } >0,
0

but three different regimes appear for the asymptotic behaviour of the non-explosion probability
that depend on the parameters of the random environment. Up to our knowledge, this behaviour
was never observed or studied before, even in the discrete case. We call these regimes subcritical-
explosion, critical-explosion or supercritical-explosion depending on whether this probability stays
positive, converges to zero polynomially fast or converges to zero exponentially fast.

Before stating this result, let us introduce the Laplace transform of the Lévy process K by

eVr0) — glefK1), (4.5)

when it exists (see discussion in page 30). We assume that the Laplace exponent 1y, of K is well
defined on an interval (6}, 9}), where

0 = inf{\ < 0:9xg(\) <oc} and 6OF :=sup{\>0:¢r()\) < oo}

As we will see in Propositions 7 and 8, the asymptotic behaviour of the probability of explosion
depends on the sign of

m = ¢ (0+).
First, we work in the Brownian environment case; i.e. when S; = at + oBfe). Then, the
auxiliary process is K; = (o — %z)t + aBt(e) and m = a — "2—2 In order to simplify notation, we

will denote by It(n) for the exponential functional of a Brownian motion with drift n € R, in other
words

t
It(n) = / exp {2(173 + Bs)}ds, t € [0,00).
0
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Let

2 ,80'2 1/B
= k=2
n ﬁan and < 50 > ,

and define
g(x) :==exp {—kxl/ﬂ} , for x> 0.

From identity (4.3) and the scaling property, we deduce for 5 € (—1,0),

Zﬁ

(n)
2Iﬁzo'2t/4

P.(Z < o0) =E |g - /0 9(P0)pro2 4 (V) 0, (4.6)

where p,, denotes the density function of 1/ 2],(,77) which according to Matsumoto and Yor [75],
satisfies

—n?v/2 w2 /2v oo o0
pyn(:li) :e nv/2em/ T <7I+2> ezx(nJrl)/Q/ / 652/21/8(7171)/267933 (47)
0 0

NEEN 2
" sinh(§) cosh(§) sin(j;{/y)

(s + cosh(£)?) 2

déds.
We also denote
—or'/?
L,5(0) = E{e - }, for 6>0.
Note, that in the Brownian environment case, we can find explicitly the limiting coefficients.

Proposition 7. Let (Z;,t > 0) be a SCBBRE with index § € (—1,0) defined by the SDE (4.1)
with Zg = z > 0 and environment S; = at + JBt(e).
i) Subcritical-explosion. If m < 0, then

tligloIF’z (Zy < 0) = Ly 5 (2k). (4.8)
i1) Critical-explosion. If m = 0, then

. \/§ > 7zkx1/ﬁ7$d$

ii1) Supercritical-explosion. If m > 0, then

.3 m%t 8 o
Jim the3 P (2, < o0) =~ /0 9(=0)éy (v)do, (4.10)
where
Pn(v) = / / L r (77 _g 2) e Py T2y =D/ 2 u sinh(¢) COSh(g)fﬁ dédu.
o Jo Vor (u + vcosh(£)?2) 2
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Proof. Our arguments follow similar reasoning as in the proof of Theorem 1.1 in Boinghoff and
Hutzenthaler [20]. For this reason, following the same notation as in [20], we just provide the
fundamental ideas of the proof.

The subcritical-explosion case (i) follows from the identity in law by Dufresne (2.6). More
precisely, from (2.6), (4.6) and the Dominated Convergence Theorem, we deduce

tlggoIP’Z (Zy <o0)=E [exp {—zkfi/f}] =L, 5(zk).

In order to prove the critical-explosion case (ii), we use Lemma 4.4 in [20]. From identity (4.6)
and applying Lemma 4.4 in [20] to

1 xil/ﬁ
g(z%x) = exp {—zka: /ﬁ} < o for x>0, (4.11)
z
we get
9 to232 B
lim vVt P, (Z; < o) = ——— lim to”p” I

t—o0 ﬂo’ t—o00 4 g 2](77)

B202t/4
. \/5 /oo e—zkml/ﬂ—zdia3
\/771',30' 0 X

which is finite since the inequality (4.11) holds.
We now consider the supercritical-explosion case (iii). Observe that for all n > 0,

)

-n/pB
g(2Pz) = exp {—zkml/ﬁ} < m, for = >0.

Therefore using the above inequality for a fixed n, Lemma 4.5 in [20] and identity (4.6), we obtain
that for 0 < m < no?/2, the following limit holds

B
lim ¢3/2 em*t/20°p, (Z; > 0) = lim ¢3/2 TP | g S
t—oo t—o0 2](77)
B202t/4

8 [% s
:_5303/0 e~ kv ¢n(v)dw,

where ¢, is defined as in the statement of the proposition. Since this limit holds for any n > 1,
we deduce that it must hold for m > 0. This completes the proof.
O

Now, we study the asymptotic behaviour for a general Lévy environment. The proof of the
following proposition is based in the work developed in Chapter 3. We know that the limiting
coefficient are in terms of the initial position but in contrast with the continuous environment,
in the critical and supercritical explosion cases we don’t know the explicit relation. Here, 7 is
the position where ¢ (7) = 0, and it satisfies 7 € (6, 0].

Proposition 8. Let (Z;,t > 0) be the SCBLRE with index € (—1,0) defined by the SDE (4.1)
with Zo = z > 0, and recall the definition of the random environment K in (4.2).
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i) Subcritical-explosion. If m < 0, then, for every z > 0

o0 -1/B
exp{—z <605/0 eﬁK“du> }] > 0.

ii) Critical-explosion. If m = 0, then for every z > 0 there exists c1(z) > 0 such that

(<o) =

lim VP, (Zt < oo) =c1(2).
t—00
iii) Supercritical-explosion. If m > 0. Then for every z > 0 there exists ca(z) > 0 such that

lim t%e_wK(T)IP’Z (Zt < oo) = cz(2).

t—o0
Proof. Observe that for a fixed z > 0, the function
F:z e Ry — exp(—z(Bex)™V/9)

is non-increasing, continuous, bounded, and satisfies the hypothesis from Theorem 3. Hence
Proposition 8 is a direct application of Theorem 3 with (&,t > 0) = (8K, t > 0). (recall that
B <0). O

4.3 Speed of absorption of SCBLRE

Throughout this section, we assume that 5 € (0, 1]. One of the aims of this section is to compute
the asymptotic behaviour of the survival probability and we will see that it depends on the value
of m. We find five different regimes as in the discrete case (time and space) [see e.g. [3, 47, 50]];
in the Feller case (see for instance Theorem 1.1 in [20]); and CB processes with catastrophes
(see for instance Proposition 5 in [9]). Recall that in the classical theory of branching processes,
the survival probability stays positive, converges to zero polynomially fast or converges to zero
exponentially fast, depending of whether the process is supercritical (m > 0), critical (m = 0) or
subcritical (m < 0), respectively. When a random environment is acting in the process, there is
another phase transition in the subcritical regime. This phase transition depends on the second
parameter my := 9}-(1). Since ¢k is a convex function, we recall that m < m;. We say that
the SCBLRE is strongly subcritical if m; < 0, intermediately subcritical if m; = 0 and weakly
subcritical if mq > 0.

We start this section with the case where the environment is driven by a Brownian motion.
Here,

o? o?
m:a—? and mlza—i—?.
Recall that
2 2\ 1/8
N:=———=m and k= po” )
Bo? 2c

and define
f(x) :=1—exp {—kxl/ﬂ} , for x> 0.
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From identity (4.4) and the scaling property, we deduce for 5 > 0,

P.(Z>0)=E|f / FPO)Dg2020 4 (), (4.12)

n)
2162cr2t/4
where p,, denotes the density function of 1/ 21" and is given in (4.7). As in the proof of
Proposition 7, and following the same notation as in [20], we just provide the fundamental ideas
of the proof.

Proposition 9. Let (Z;,t > 0) be the SCBBRE with index § € (0,1], Brownian environment
and Zg = z > 0.

i) Supercritical. If m > 0, then

. > (—zk)" I'(5 —n)
IimP, (Z; >0)=1-— . 4.13
00 (Z:>0) nz;) n! T'(-n) (*13)
it) Critical. If m = 0, then
V2 K (—zk)"_ (n
li t P, (Z =— r{-|. 4.14
e . Yl () .
i11) Weakly subcritical. If m € (—02, 0), then
tlggoﬁ IP’ (Z > 0) = Fg 3/ f(zPv) gy (v)do, (4.15)
where
/ / <77 + 2) efvvfn/Zu(nfl)/Qefu Slnh(é) COSh(§)€ dé¢du.
(u + v cosh(§)?) =R
i) Intermediately subcritical. If m = —o?, then
1
Jlim Vie” PP, (Z, > 0) = z\}/;a N} < ) (4.16)
v) Strongly subcritical. If m < —o?, then
- —lomioe?)t _ I'(n—1/8)
tllgloe 2 P, (Z, > 0) = zk T —2/5)" (4.17)

Proof. The supercritical case (i) follows from the identity in law by Dufresne (2.6). More precisely,
from (2.6), (4.12) and the Dominated Convergence Theorem, we deduce

o (n —
tllrglon (Z>0)=E [1 — exp {—zkfl_/f}} =1- Z:%(—zk)”n(!?(_g)),
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In order to prove the critical case (ii), we use Lemma 4.4 in [20]. From identity (4.12) and
applying Lemma 4.4 in [20] to

f(x)=1—exp {—zk$1/ﬁ} < zkz'/P, x>0, (4.18)

we get

. 2 . [to?B? m YA
tliglo\/?E P (2> 0) = Bo b 4 £ {1 TP {_Zk (211320%/4)

= \/\;20 /000 (1 — exp {—zkml/ﬂ} )?dx.

By Fubini’s theorem, it is easy to show that, for all ¢ > 0

/000 (1 - e_qzl/ﬂ> ?dx = —i (—nl!)"r (;) q",

n=1

which implies (4.14).
We now consider the weakly subcritical case (iii). Recall that inequality (4.18) still holds,
then using Lemma 4.5 in [20] and identity (4.12), we obtain

8

lim ¢3/2 e™*/20°p_ (7, 5 0) = lim $3/2 e B2%8E | f | 2

t—o0 t—oo ()
21520215/4

- [33803 /Ooo (1 — exp {—zkvl/5}> ¢n(v)dv,

where ¢, is defined as in the statement of the Theorem.

In the remaining two cases we will use Lemma 4.1 in [20] and Lemma 18 in the Appendix.
For the intermediately subcritical case (iv), we observe that n = 2/5. Hence, applying Lemma
18 in the Appendix with p = 1/3, we get

()™ = e [()™] i w[(a) ] < e [1) ™

Now, applying Lemma 4.4 in [20], we deduce

: VP _ [T L e g, 1 (1
tliglO\/EE[@It ) ]—/0 5 a’Pda = TWF 5)
—2/8
") / } — 0.

-1/
Therefore, we can apply Lemma 4.1 in [20] with ¢; = v/t €2 and V; = <2]t(77)) , and obtain

and

lim V% E {(2 (
t—o00

. o2t/2 s o2t/2 . . (m) —1/8
Jim Vi V2P, (7, > 0) = Jim Vi VR {1 exp { ok (210,
— \/’ a?t/2 kE 2[(77) —1/8
=l ek | (21,

:z\/}{gakf <;>
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Finally for the strongly subcritical case, we use again Lemma 18 in the Appendix with p = 1/4.
First observe that n — 2/5 > 0. Thus, the Monotone Convergence Theorem and the identity of
Dufresne (2.6) yield

, 2y ~1/8 N -1/8 T(n—1
limE [(215/2@; w))) ] _E [(2150 (n 2//3))) ] _E [(Fn_z/ﬁ)l/ﬁ} _ M '

Since It(77—2/ A 1 00 as t increases, from the Monotone Convergence Theorem, we get

~ n—2/8)\ P _
s (o) o

: : : —(2/82-2n/B)t () /P :
Hence by applying Lemma 4.1 in [20] with ¢; = e m and Y; = (2It ) we obtain
that

1

-1/B
lim 6—2(2m+a2)tlp>z (Zt > O) — ,}i,m CBZUQtME |:1 — exp {—k (2[;2)0%/4) }]
00

t—o0
_ L Lm-1/8)

I'(n—2/8)
This completes the proof. ]

We finish this section with the asymptotic behaviour in the general case. We recall that as
in the previous section, some of the limiting constants depends on the initial population but we
don’t provide the explicitly relation. (See [72] for the "explicit” relation). Here, 7 € (0,60}) is
the position where 9% (7) = 0.

Proposition 10. Let (Z;,t > 0) be a SCBLRE with index 5 € (0,1] defined by the SDE (4.1)
with Zy = z > 0, and recall the definition of the random environment K in (4.2). Assume that
1< 0.

i) Supercritical. If m > 0, then for every z > 0

S -1/B
1—expl —z <505/ e_BK“du>
0

i1) Critical. If m = 0, then for every z > 0, there exists c3(z) > 0 such that

lim PZ(Zt > o) _E > 0.
t—o0

lim VP, (Z; > 0) = ¢3(2).

t—o00

i11) Subcritical. Assume that m < 0 , then

a) Weakly subcritical. If my < 0, then there exists ¢; > 0 such that for every z > 0,

lim e_wK(l)IP’z(Zt >0)=cz,

t—o00

b) Intermediate subcritical. If my = 0, then there exists co > 0 such that for every z > 0,

tlim Vie KPP (Z, > 0) = eoz,
—00
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c) Strongly subcritical. If m; > 0, then for every z > 0, there exists c4(z) > 0 such that

lim ¢3/2e WK (P (Z, > 0) = cy(2).

t—o0

Proof. This is a direct application of Theorem 3, with (&,t > 0) = (8K, t > 0) and F(z) =
1 — exp(—z(Becx) /7). O

In the intermediate and strongly subcritical cases b) and c¢), E[Z;] provides the exponential
decay factor of the survival probability which is given by 1k (1), and the probability of survival
is proportional to the initial state z of the population. In the weakly subcritical case a), the
survival probability decays exponentially with rate 1 g (7), which is strictly smaller than g (1),
and ¢z may not be proportional to z (it is also the case for ¢;). We refer to [7] for a result in this
vein for discrete branching processes in random environment.

4.4 Conditioned processes

Here, we are interested in studying two conditioned versions of the processes: the process condi-
tioned to be never absorbed (or @-process) and the process conditioned on eventual absorption.
Our methodology follows similar arguments as those used in Lambert [69] and extend the results
obtained by Béinghoff and Hutzenthaler [20] and Hutzenthaler [53]. In order to apply it, we need
to know the explicit relation between the limiting constants and the initial value. This means
that we can obtain both processes when the environment is driven by a Brownian motion with
drift. But, when the environment is a Lévy process, we just know the conditional processes in
the supercritical, intermediate subcritical and strongly subcritical cases.

4.4.1 The process conditioned to be never absorbed

In order to study the SCBLRE conditioned to be never absorbed, we need the following lemma.
Lemma 3. For every t > 0, Z; is integrable.

Proof. Differentiating the Laplace transform (1.19) of Z; in A and taking limits as A | 0, on both
sides, we deduce

E. [Z)|K] = ze,

which is an integrable random variable since by hypothesis 1 < 9;2. O

Now, we will focus in the Brownian environment case. Recall that

2 2 1//3
—m and k = <5J> .
2c
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We now define the function U : [0, 00) — (0, 00) as follows

V3 > (—zk)" n . B
_\/EBUZ m P<B> if m=0,

n=1

> —zk/ :
53803/0 (1 — k! ﬁ) ¢y(v)dv  if m € (—02,0),

U(z) =
z v2 1 if m = —o?
Vrbo (5) fm=—o,
I'(n—1/B) fm< —o
K —2/8) fm <o,

\

where the function ¢, is given as in Proposition 9. We also introduce

0 if m =0,
2
m
if m € (—02,0),
6:=0(m,o) = 202 ( )
2
_2m;—a if m< —o2.

Let (F)t>0 be the natural filtration generated by Z and Ty = inf{t > 0 : Z; = 0} be the
absorption time of the process Z. The next proposition states, in the critical and subcritical
cases, the existence of the @Q-process.

Proposition 11. Let (Z;,t > 0) be the SCBBRE (Brownian environment) with index 3 € (0,1]
and Zg =z > 0. Then for m < 0:

i) The conditional laws P, (- | Ty >t + s) converge as s — oo to a limit denoted by P, in the
sense that for anyt >0 and A € Fy,

E@sz¢1b>t+s%:PyAy

it) The probability measure P! can be expressed as an h-transform of P based on the martingale
Dy = "U(Zy),

in the sense that
Dy

b _
dIP)Z‘]—'t —W

dP.| ..

Proof. We first prove part (i). Let z,s,¢t > 0, and A € F;. From the Markov property, we observe

P(NTo >t 45) [pzt (Z, > 0)

P.(A|To>t = e
(A To>1+s) P, (Tyo >t + s) P, (Zi1s > 0)

TN Ty >t . (4.19)
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Since the mapping t — It(n) is increasing and the function f(x) = 1—exp {—kxl/ B } is decreasing,
we deduce from (4.12) and the Markov property that for any z,y > 0,

_ _ m VP
P, (Zs > 0) - E [1 exp{ yk <2I0'2,325/4> H
P, (Zi4+s > 0) B n) ~1/8
E|l1—exps—2zk (210262(t+8)/4>
-1/B
ykE [(21((,%25 ) ]

<
- -1/811"°
E [1 — exp {—zk (2102)525/4> }]

Moreover, since It(n) diverge as t 17 oo, we have

1 m VP m VP m VP
SKE [(2102 e, /4) <E|1-exp{—zk (2102 e /4) < 2KE (2102 s /4) :

for s sufficiently large. Then for any s greater than some bound chosen independently of Z;, we
necessarily have

0<

0 < ]P)Zt (Zs > 0)
P, (Zi1s > 0)

Now, from the asymptotic behaviour (4.14), (4.15), (4.16) and (4.17), we get

<

2
—Zs.
z

iy B2 (Zs>0) _ U (Zy)
sooolP, (Zpps >0) U(z)

Hence, Dominated Convergence and identity (4.19) imply

, U (Zy)

Next, we prove part (ii). In order to do so, we use (4.20) with A = Q to deduce
E, {e“U(Zt)} —U(2).
Therefore from the Markov property, we obtain

Ez e@(t-i—s) U(Zt—l-s)

F| = "By, ["U(2)] = U (2,),
implying that D is a martingale. O

Example 10 (SCBBRE Q-process). Here, we assume m < —o?. Recall that

2 502 1/B
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Let £ be the infinitesimal generator of the SCBBRE process. From Proposition 11, we deduce
that the form of the infinitesimal generator of the SCBBRE Q-process, here denoted by L%,
satisfies for f € Dom(L)

U'(x)
U(x)

Lof(x) = Lf(2) + (Lp=ryex +2°0%) f'(2)

Pl T [ (5 ) - @) (U ) - U@) 2,

with

v Z\/\T{Z(ko (;) if m = —o?,
z) =
zkM if m< —o2.

I'(n—2/8)

Replacing the form of U in the infinitesimal generator £f in both cases, we get

£4(x) = 5o*a (@) + (a+ @+ 02)rf () + Lgnye (27 () + (@)

S ([T - @) e [0 - 5@ - r'@) 58

From the form of the infinitesimal generator of the stable CBIBRE (4), we deduce that the stable
CBBRE Q-process is a stable CBIBRE with branching and immigration mechanisms given by

P =X and AN = (B + 1N,
(e)

and the random environment S; = (a + 02)t + 0B,

Now, we will focus in a general Lévy environment. Recall that in the intermediate and
strongly subcritical regimes, the limiting coefficients are written in terms of the initial position.
In this case, by following the previous steps, we can obtain the CBLRE conditioned to be never
extinct. Let introduce § = —x(1). According to Proposition 10, there exist two constants
c3,cq4 > 0 such that c3z and cqz are the limiting coefficients in the intermediate and strongly
subcritical regimes. We define the function U : [0, 00) — (0, 00) as follows

Cc3%2 if m <0 and m; = 0,

Ulz) = caz if m < 0 and m; < 0.

Proposition 12. Let (Z;,t > 0) be the SCBLRE with index 8 € (0,1] and Zy = z > 0. Then
form <0 and m; <0:

i) The conditional laws P, (- | To >t + s) converge as s — oo to a limit denoted by P4, in the
sense that for any t > 0 and A € F;,

lim P, (A | Tp >t +s) = P (A).

5§—00
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i1) The probability measure P can be expressed as an h-transform of P based on the martingale
Dt = €6tU(Zt>,

in the sense that

dPi|, = —dP.| ..

U(z)

iii) Its infinitesimal generator satisfies, for every f € Dom(A).

0.2
Lof(x) = ?ﬂﬂf”(w) +(a+ o)z f'(x) + Loy (2f () +af"(x))

1 T ([T - s e [0 - 10 - @) 25)

+ /R (f(xez) — fx) —z(e® — 1)f’(x)1{|z‘<1}>ez7r(dz) +zf'(z) /(_1 1)(62 —1)27(dz).

iv) Moreover, the stable CBLRE Q-process is a stable CBILRE with branching and immigration
mechanisms given by

PEN) = eAlt? and " (\) = c(B+ 1N

and random environment

Sh= <a+02+/ (62—1)2w(dz)>t+aB§€>
(—1.1)

/ / YN (ds, dz) + / / (e* — 1)N©)b(ds, dz),
1 1) R\(~1,1)

where N(©)#(ds,dz) is a Poisson random measure in Ry x R with intensity e*dsm(dz). (By
hypothesis 1 < 0}, then [o(1 A 2%)e*m(dz) < co and therefore, the random environment is
well defined.)

Proof. The proof of i) and ii) is analogous to the proof in Proposition 11, so we omitted. By ii)

L(fU)(=)

U0 +0f(x). (4.21)

Lif(x) =
Since D, is a martingale,
LU(z) 4+ 0U(z) =
By replacing the value of U, the form of £ and the previous observation in (4.21), we get iii). iv)

follows from iii). O

4.4.2 The process conditioned on eventual absorption

In the supercritical case we are interested in the process conditioned on eventual absorption.
Assume that m > 0 and define for z > 0
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Udz) =E [exp {—z <5c /OOO eﬁKudu> 1/5}] .

Observe that if the random environment is a Brownian motion, U, (z) has the form

[e.e]

(=2k)" I'(n/B —n)
T;) n! I'(—n)

Proposition 13. Let (Z;,t > 0) be the SCBLRE with index 8 € (0,1] and Zy = z > 0. Then
for m > 0, the conditional law

Ui(z) =

PI() =P, (- | To < 00),

satisfies for any t > 0,
5 = e
T Udz) P

dP?
Moreover, (U.(Z:),t > 0) is a martingale.

Proof. Let z,t > 0 and A € F;, then

Pz (A,T() < OO) — lim Pz (A, Zt+5 = 0)

P (A‘TO < OO) TP, (To < 0) 5—00 Ui (2)

On the other hand, the Markov property implies
P (A, Ziys = 0) =B [Pa(Zuss = 0|, A] =E. [P, (2, =0),A] .

Therefore using the Dominated Convergence Theorem, we deduce

E. |Pz(Zs=0),A E.|U«(Zi), A
P, (A‘To<oo) :sli)rgo [ Z(<]*(z) ) } = [U*(z) ]

The proof that (U.(Z;),t > 0) is a martingale follows from the same argument as in the proof of
part (ii) of Proposition 11. O

Observe that P%(Z; > 0) goes to 0 as t — co. Hence a natural problem to study is the rates
of convergence of the survival probability of the SCBLRE conditioned on eventual extinction.
We were able to study them only in the Brownian environment case, so in the last part of the
chapter we will assume that K has continuous paths. Here, we obtain a phase transition which
is similar to the subcritical regime.

It is important to note that the arguments that we will use below also provides the rate of
convergence of the inverse of exponential functionals of a Brownian motion with drift towards
its limit, the Gamma random variable. The latter comes from the following observation. Since
U.(Z;) is a martingale, we deduce

1
Ui(2)

:U:(z) <E [exp {—zkI’l_/nBH ~E [exp {—Zk (212227%/4) WH ) '

P52, > 0) =P, (Z > 0 | Ty < o0) = (U.(2) = P, (Z; = 0))
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Another important identity that we will use in our arguments is the following identity in law

1 1
—ot >0 £ 2t >0,
Jig 1

where I'_,, and It(_n) are independent (see for instance identity (1.1) in Matsumoto and Yor [75]).
We also introduce

h(:c,y):exp{—kxl/ﬁ}—exp{—k(w—i—y)l/ﬁ}, xz,y > 0.

Then
Z/B

(=)
21—52:%/4

]P’z,(Zt > 0) =

1
0.0 : (4.22)

where I'_,;, and It(_n) are independent.

Proposition 14. Let (Z;,t > 0) be a supercritical stable CBBRE (Brownian environment) with
index 5 € (0,1) and Zy = z > 0.

i) Weakly supercritical. If m € (0, 30?), then
* 1 —X
tlgloaotzezﬂp (Zy > 0) = T ”'7’ / / h(ZPx, 2P Yo (y) ™" dzdy,

where

_ [ ’7+2> —y. /2. (n-1)/2.—u_SinN(E) cosh(§)E
= r Yy dédu.
v) /0 /0 V2m ( 2 © ¢ ’ (u 4 y cosh(£)? )Hz i

ii) Intermediately supercritical. If m = Bo?, then

iii) Strongly supercritical. If m > Bo?, then

1 2 (2m—po?)t —2k(n+2) <= (—zk)" (n+1_ - )
e P:(Z > 0) = UL ()T (= 77)7;) o T 5 " 1

Proof. Similarly as in the proof of Propositions 7 and 9, and following the same notation as in
[20], we just provide the fundamental ideas of the proof.
We first consider the weakly supercritical case (i). Note that for each x,y > 0

h(z,y) < l;xl/ﬁ_l(y v yl/h).
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Since I'_,, and It(_n) are independent, we deduce

B B
E |h zﬁF,n,(fin) =E|g :

B202%t/4 21( )

B202t/4
where g(u) := E [k (2T'_,,u)]. From the inequality of above, we get g(u) < C(uV u'/#) for
C > 0 that depends on k, 8 and 7.

Following step by step the proof of Lemma 4.5 in [20], we can deduce that the statement also
holds for our function g with b = 1. Actually in the proof of Lemma 4.5 in [20], the authors use
the inequality on their statement in order to apply the Dominated Convergence Theorem and
they split the integral in (4.24) in [20] into two integrals, one over [0, 1] and another over (1, c0).
In our case, we can take on the integral over [0, 1] the function C'u and on the integral over (1, c0)
the function Cu'/? and the result will not change. Therefore

13/2 gn*B20?t/8 B
lim ¢3/2 ™ *t/20 P (Z; > 0) = lim e—E g _c
t—00 t—00 U*(z) [( )
B202t/4
= S / / o (e dudy,

where ¢, is defined as in the statement of the Proposition.
In the remaining two cases we use the following inequalities, which hold by the Mean Value
Theorem. Let € > 0 then, for each z,y >0

1/8-1
;e‘kxwxl/ﬁ‘ly < h(z,y) < l; 'l <(x+e)1/5‘1y+ (£+1) / yl/ﬁ) S (423)
€

For the intermediately supercritical case (ii), we note that —y = 2. From Lemma 18 (with p = 1)
and Lemma 4.4 in [20] we deduce

lim Vte*'E
t—o0

| 1
2It(2) V21

On the other hand, from Lemma 4.5 in [20] with g(u) = u/#, we have

1 t
o 13/2 2t _
Jim %™ [(2It(2))1/5] /Og(u)¢2(u)du

where ¢9 is defined as in the statement of the Theorem. Therefore by the previous limits, the

independence between I's and It(Q), identity (4.22) and inequalities (4.23), we have that for e > 0
the following inequalities hold

kv/2 1/8 -
e e e A BN
2Pkv/2

kerl/® _
SRl T
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Thus our claim holds true by taking limits as € goes to 0.
Finally, we use similar arguments for the strongly supercritical case (iii). Observe from Lemma
18 and the identity in law by Dufresne (2.6) that

1
: —2(1
lim e~ 2R [21,:(_")] =E[T_(49), (4.24)

where I'_(;, 9 is a Gamma r.v. with parameter —(n +2). If —n < 2/, Lemma 4.5 in [20] imply

lim 3/2e"°/2R
t—o00

1 o0
(21(—77))1/5] :/0 Y2y (y)dy, (4.25)
t

where ¢, is defined as in the statement of the Proposition. If —p = 2/3, from Lemma 18 and
Lemma 4.4 in [20], we get

1 I'(1
lim Vte2/F°E & _ /s (4.26)
t—oo (QIt n )l/ﬁ V2T
Next, if —n > 2/, from Lemma 18 and the identity in law by Dufresne (77) we get
1
im e 2t(1/B+1)/8 | = [DV?
tllglo6 E [(2115(—77)>1/5 E [F*(Wr?/ﬂ)} ’ (4.27)

where I'_(;,42/) is @ Gamma 1.v. with parameter —(n+2/3). Therefore, from the independence

between T, and I\ inequalities (4.23) and the limits in (4.24), (4.25),(4.26) and (4.27), we
deduce that for € > 0, we have

k /8 -
=B [T T B D40 < Jimem 300 pL (7, > 0)

BU(2)
Zﬂk k Fl/ﬁ
< 2 g ek (8T W’*l} E[T_(.0].
The proof is completed once we take limits as € goes to 0. O
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Chapter 5

Multi-type continuous-state
branching processes

This chapter is based in paper [66] elaborated in collaboration with Andreas Kyprianou. We
define a multi-type continuous-state branching process (MCBP) as a super Markov chain with
both local and non-local branching mechanism. This allows us the possibility of working with a
countably infinite number of types. The main results and some open questions are presented in
Section 5.1. In Section 5.2 we give the construction of MCBPs as a scaling limit of multi-type
Bienayme-Galton Watson processes. The spectral radius of the associated linear semigroup will
have an important roll in the asymptotic behaviour of our process, in particular, it will determine
the phenomenon of local extinction. The properties of this semigroup are studied in Section 5.3.
In Sections 5.4 and 5.5 we develop some standard tools based around a spine decomposition. In
Section 5.6, we give the proof of the main results. Finally in Section 5.7, we provide examples to
illustrate the local phenomenon property.

5.1 Introduction and main results

Continuous state branching processes (CB-processes) can be seen as high density limits of Bien-
aymé-Galton-Watson (BGW) processes. By analogy with multi-type BGW processes, a natural
extension 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 CB-
processes (MCBPs) 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 CB-process, but also allows for the
migration and/or seeding of mass into other population types.

Recently in [12], 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 SDE with
both Gaussian and Poisson driving noises. Simultaneously, in [23], the pathwise construction
of these d-dimensional processes was given in terms of a multiparameter time change of Lévy
processes (see also [33, 46, 73, 88], all with a finite number of types).

Our first main result is to identify the existence of multi-type continuous-state branching
processes, 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
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Borel measures on N, let BT (N) the subset of bounded positive functions. The next theorem
shows the existence of our process, a [O,OO)N—Valued strong Markov process that satisfies the
branching property with local mechanism given by % and non-local mechanism ¢.

Theorem 6. Suppose that
(i, z) = b(i)z + c(i) 2% + / (e — 1+ zu)l(i,du), ieN, z>0, (5.1)
0

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

o(i, f) = —B(i) [d(z’)@‘, ™) + /000(1 — e_“<f””>)n(i,du)] , ieN,feBHN), (5.2)

where d, 8 € BY(N), m; is a probability distribution on N\{i} (specifically m;(i) =0, i € N) and,
fori e N, un(i,du) is a bounded kernel from N to (0,00) with

d(i) + /000 un(i,du) < 1.

Then there exists an [0,00)N-valued strong Markov process X := (X;,t > 0), where X; =
(Xe(1), X¢(2),--+), t > 0, with probabilities {P,,, p € M(N)} such that

Eule Y] = exp {—(Vif, 1)}, ne M), feBHN), (5.3)

where, fori € N,

t
Vi) = £6) = [ [0 Vap@) + ol Vep]ds e=o0, (5.4
In the above theorem, for f € BT (N) and u € M(N), we us the notation

(fop) = Fi)uli).

i>1
Equation (5.3) tells us that X satisfies the branching property: for p1, po € M(N),

| D [e™ (P X0] = Eu [e_(f’Xt>]Eu2 [ (X, t=0.

That is to say, (X,P,,4u,) 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 CB-process as, for each type ¢ € N, X (i) evolves, in part from a local contribution which is
that of a CB-process 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 5(i)d(i)m;(j) on to sites j # ¢ (recall m; (i) = 0,
i € N). Moreover, it seeds an amount of mass u > 0 at rate B(i)n(i,du) to sites j # ¢ in
proportion given by m;(j). We refer to the processes described in the above theorem as (1, ¢)
multi-type continuous-state branching processes, or (1, ¢)-MCBPs for short.
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Our main results concern how the different types of extinction occur for a MCBP 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,

Lg:= {tgrgo<1A, X;) =0},
from global extinction of the process X, i.e. the event

€ := { Jim (1, X;) = 0}.

The distinction between these two has been dealt with in the setting of super diffusions by [40].
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 4. For each i € N, let w be the vector with entries w(i) :== —logP;,(E), i € N. Then w
is a non-negative solution to

(i, w(i)) + ¢(i,w) =0, ieN. (5.5)

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

Mtf(l) = E5i[<fv Xt)]v t>0.
Define the matrix M (t) by
M(t)ij = Es,[Xe(j)], =0,

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

(A): The matriz m;(j), i,j € N, is the transition matriz of an irreducible Markov chain.

For each i,j € N, and A € R we define the matrix H(\) by
Hz](/\) = / e’\tM(t)ijdt.
0

The following result is the analogue of a result proved for linear semigroups of MBGW processes;
see e.g. Niemi and Nummelin ([78], Proposition 2.1) or Lemma 1 of [77]. We provide a proof in
the appendix.

Lemma 5. If, for some X\, H;j(\) < oo for a pair i,j, then H;;(\) < oo for all i,5 € N. In
particular, the parameter
Ajj = sup{\ > —oo : H;j(\) < oo},

does not depend on i and j. The common value, A = A;j, is called the spectral radius of M.
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In contrast to Lemma 4, which shows that global extinction depends on the initial configu-
ration of the MCBP through the non-linear functional fixed point equation (5.5), 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 7 (Local extinction dichotomy). Fiz p € M(N) such that sup{n : p(n) > 0} < co.
Moreover suppose that

/ (zlogx)l(i,dx) +/ (zlogx)n(i,dz) < oo, forallieN, (5.6)
1 1

holds.
(i) For any finite set of states A C N, P,(L4) =1 if and only if A > 0.

(ii) For any finite set of states A C N, let va be the vector with entries va(i) = —log Ps,(L4),
i € N, Then va is a solution to (5.5), and va(i) < w(i) for all i € N.

As we will see in the proof, if A > 0, then the process has local extinction a.s. even if (5.6) is not
satisfied.

This results open up a number of questions for the MCBPs which are motivated by similar
issues that emerge in the setting of CB-processes and super diffusions. For example, by analogy
with the setting for super diffusions, under the assumption (5.6), 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{At}X;(t) converges almost surely to a non-trivial limit as
t — oo, for each ¢ € 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{At}(1, X;) converges almost surely to a non-trivial
limit as t — oo. If the total number of types is infinite then one may look for a discrepancy
between the global growth rate and local growth rate. In the setting of super diffusions, [41]
have made some progress in this direction. Further still, referring back to classical theory for
CB-processes. 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 chapter. In the next
section we give the construction of MCBPs 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 MCBP.
The so-called spectral radius of this linear semigroup will have an important roll in the asymptotic
behaviour of our process, in particular, it will determine the phenomenon of local extinction. The
properties of this semigroup are studied in Section 5.3. In Sections 5.4 and 5.5 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
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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 [25].
In Section 5.6, we give the proof of the main results. We note that the main agenda for the
proof has heavily influenced by the proof of local extinction in [40] for super diffusions. Finally
in Section 5.7, we provide examples to illustrate the local phenomenon property.

5.2 MCBPs as a superprocess

Our objective in this section is to prove Theorem 6. The proof is not novel as we do this by
showing that MCBPs 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 v € BT (N) and let F(i,dr) be a Markov kernel from N to Z(N), the space of
finite integer-valued measures, such that

sup/ v(1)F(i,dv) < oo.
ieN Jz()

A branching particle system is described by the following properties:

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

2. When a particle of type ¢ 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) < oco. With a slight abuse of notation, we take Xy := p, where p € Z(N). Then
{X: : t > 0} is a Markov process with state space Z(N), which will be referred as a branching
Markov chain or multi-type BGW with parameters (v, F'). For p € Z(N), let P, denote the law
of {X; :t >0} given Xy = p. In the special case that X is issued with a single particle of type
i, we write its law by Ps,. For f € BY(N), ¢ >0, i € N, put

ut(l) = ut(ia f) = —log E(Si [exp{—(f, Xt>}]

The independence hypothesis implies that

Eylexp{—(f, Xo)}] = exp{—(ur, )},  peI(N), feB(N), t>0. (5.7)

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

e ) = p;(0, )~ +/ Pz‘(O,S)W(i)/ e VI (i, dv)ds.
0 m)

By a standard argument (see for example Lemma 1.2 in Chapter 4 of in [37]) one sees that the
last equation is equivalent to

t t
amutli) _o—f00) _ / (i) ds 4 / (i) / o~ V) B (i, dv)ds. (5.8)
0 0 Z(N)
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See, for example, Asmussen and Hering [6] or Ikeda et al. [54, 55, 56] 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 a and 3 € BT (N) such that v = a+ 8. For each i € N, let 7;
be a probability distribution in N\ {i} and let g, h be two positive measurable functions from
N x [-1,1] to R such that, for each i € N,

z) = an(i)z”, h(i,z) = an(z’)z” |z] <1,
n=0 n=0

are probability generating functions with sup; ¢.(i,1—) < oo and sup; A (i,1—) < co. Next,
define the probability kernels Fy(i,dr) and Fi(i,dv) from N to Z(N) by

/ e I Ry (i, dv) = g(i,e D)
(V)

and

/ PG, dv) = h(i, (e m)).
IN)

We replace the role of F'(i,dv) by
i) [a(i) Fo(i,dv) + B(i) Fy (i, dv)], ieN,veZ(N).

Intuitively, when a particle of type ¢ € N splits, the branching is of local type with probability
a(i)/~(7) and is of non-local type with probability 5(i)/v(¢). 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,(7)}, 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) — o~ 10) / a(i) {g(ivefut_su)) _efut_sa)]ds
0

# [0 [ ) — e O as

For the forthcoming analysis, it is more convenient to work with

(5.9)

ve(i) :== 1 — exp{—us (i)}, t>0,ieN.
In that case,
(1) = E; —ef®| t 1, V¢—g 1, Vs
() =B [1= 0] = | 0n-s(0) + 000, 0-0] ds.

where
¥(i,z) = a(i)[g(i, 1 — 2) — (1 — 2)] + B(i)z
and

¢(i, f) = B(i) [h(i, 1 = (f,mi)) = 1].
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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*)(¢),¢ > 0} be a sequence
of branching particle system determined by (ax(-), Bk(-), gr(+), hx(:), 7.). Then, for each k,

{(x®) =K'y ®(1), t>0}
defines a Markov process in Nix(N) := {k~lo,0 € N(N)}. For 0 < 2 < k and f € B(N), let
Vi, 2) = ko (i) gk (i, 1 — 2/k) — (1 = 2/k)] + Br(i)2

and
Or(i, f) = Br(i)k[hw(i, 1 — k= (f, ) — 1].

Under certain conditions, Dawson et. al [27] obtained the convergence of {X k) (t),t > 0} to some
process {X(t),t > 0}. Let B(N) the subset B(N) with entries uniformly bounded from above and
below. We re-word their result for our particular setting here.

Theorem 8. Suppose that

o
D ngp(i) <1,
n=0

that By, — B € BT (N) uniformly, ¢x(i, f) — ¢(i, f) uniformly on N x B(N), and (i, 2) — (i, 2)
locally uniformly. Then

i) The function (i, z) has representation
(i, z) = b(i)z + (i) 2% + / (e — 14 zu)l(i,du), ieN, z>0, (5.10)
0

where b € B(N), ¢ € BY(N) and (u A u?)€(i,du) is a bounded kernel from N to (0, 00).

it) The function ¢(i, f) can be represented as
6i.£) = =800 [ (r. ) + [ (1= e G ). .11
0
where d € BY(N), and un(i,du) is a bounded kernel from N to (0, 00) with

d(i) + /000 un(i,du) < 1.

i11) To each function 1 and ¢ satisfying (5.10) and (5.11) there correspond a sequence of Py,
Y and ¢y.

v) For each a > 0, the functions vF (i, f) and kugk) (i, f) converge boundedly and uniformly on
[0,a] x N x B(N), to the unique bounded positive solution V,f(i) to the evolution equation

t
Vif(i) = £(i) /0 [0 Vieaf ) + 000 VieaD)|ds, 120, (5.12)
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Moreover, there exists a Markov process {X; : t > 0} with probabilities {P,,, n € M(N)} such
that

Bl = exp {~(Vif, 1)}, ne M), feBHN),
and the cumulant semigroup Vif is given by (5.12).

Theorem 6 now follows directly as a corollary of the above result. Intuitively, 1 (i, -) describes
the rate at which a branching event amongst current mass of type ¢ € 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 1. The non-local branching mechanism is not the most general form that can be as-
sumed in the limit. Indeed, taking account of the class of non-local branching mechanisms that
can be developed in [27], [36] and [70], we may do the same here. Nonetheless, we keep to this
less-general class for the sake of mathematical convenience.

5.3 Spectral properties of the moment semigroup
Let (X;,P,) be a MCBP and define its linear semigroup (My,t > 0) by
M[f1(0) == Es [{f, X4)],  i€N,feBT(N),t>0. (5.13)

Replacing f in (5.3) and (5.4), it is easily verified that

M) = F0) + /0 KIM[f)) (i) ds — /0 b Mfl()ds, €N, feB(N).t >0,

where Klol(i) = B() (d@ * /ooo unli d“>> e

In addition, M; has formal matrix generator L given by
L=A,+K, (5.14)

where the matrices A_p and K are given by

(A_y)ij = —b(i)lij,  and Ky = B(i) <d(i) + /0 " un, du)> mi(j).

Define the matrix M (t) by
M(t)ij := Es, [ X (5)],

and observe that
Mu[f](@) = [M () f](0). (5.15)
The linear semigroup will play an important role in the proof of Theorem 7, in particular,
its spectral properties are of concern to us. Thanks to (5.15), it suffices to study the spectral
properties of the matrix M(¢). In the forthcoming theory, we will need to assume that M :=
{M(t) : t > 0}, is irreducible in the sense that for any i,j € N there exists ¢ > 0 such that
M(t);; > 0. The following lemma ensures this is the case.
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Lemma 6. Suppose that m;(j), i,j € N is the transition matriz of an irreducible Markov chain,
then M s irreducible.

Proof. Let a(i) = B(i) (d(i) + [;° un(i,du)), for i€ N. Define the matrices Q and A,y
Qij = a(i)(mi(j) — Lpi—jy)  and  (Ag—p)iy = (a(i) — b(i))L{i=j)-

By hypothesis, @ is the @-matrix of an irreducible Markov chain (&, P;). In particular, for each
i,j € Nand t > 0, P;(& = j) > 0. Observe in (5.14) that L = @ + A,_p which is the formal
generator of the semigroup given by

t
T =5 feen ] [@-oeasf| ien sesmezo G
0
By uniqueness of the semigroups, M, f(i) = T;[f](i), t > 0, i € N. In particular, for ¢ the Dirac

function, we have M(t);; = T¢[0;](¢) > 0. And therefore M is irreducible. O

Recall that, for each ¢,7 € N and A € R, we defined the matrix H(\) by

Hz](/\) = /0 e’\tM(t)ijdt.

and that the spectral radius
A :=sup{\ > —oo : H;j(\) < oo},
does not depend on ¢ and j.

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)z < e Mz, (resp. T M(t) < e ).
If the equality holds, the vector is call a right (resp. left) invariant A-vector.

In the next proposition, we appeal to standard techniques (cf. [77] or [86]) and provide sufficient
conditions for the existence of subinvariant A-vectors.

Proposition 15. If H(\) < 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

6> A.
Proof. Fix j € N and define x and y as follows

o(i) = Hy(\)  and  y(i) = Hy(N).

Since the function ¢ — M (t) is continuous and M is irreducible, z(:)y(k) > 0 for all 4,k € N. Let
s > 0, by Fubini’s Theorem,

MO0 =3 [T M) = [ ASMEOM (.

keNv0 0 kEN

'Recall that a vector z is positive if its entries, =(3), are strictly positive for all i.
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The semigroup property implies that

oo o0
[y M(s)](i) = / MM (s +t);dt = e)‘s/ MM (t)jidt < e y(i).
0 s
Therefore, y is a left subinvariant A-vector. A similar computation shows that z is a right
subinvariant A-vector.
Suppose z is a right subinvariant S-vector. Let o € (A, 3), then, for each i € N,

o o
/ UM (£)2] ()t < / eTe=Ply(i)dt = 2(i)(8 — o)L,
0 0
Let j € N such that z(j) > 0, then
o .
/ e M(t);;dt < &(6 — ) < oo,
0 z(j)

which is a contradiction with the definition of A. In a
[B-vector.

n analogous way, there is no left subinvariant

O]

When H;j(A) = oo, Niemi and Nummelin ([78],Theorem 4) proved that there exists unique
left and right invariant A-vectors as follows.

Proposition 16. Assume that H;;j(A) = oo for some i,j € N. Then,
i) There exists a unique (up to scalar multiplication) positive left invariant A-vector.

i1) There exists a unique (up to scalar multiplication) positive right invariant A-vector. More-
over, 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 17. Let x be a right subinvariant \-vector. Then
Wi = eM(z, Xy), t>0,
is a supermartingale. If x is also an invariant vector, then (Wi, t > 0) is a martingale.

Proof. Let t,s > 0. By the Markov property and the branching property

E [e)\(t+s) <ant+s>

fs} = MHIE, [(2, X1)] = XS X (1) By, [(, X)) -
1€EN
Since x is a right subinvariant A-vector,
Ej, [, X¢)] = [M()](i) < e a(i),
therefore, we have that
B [Wips| o] = X937 X (0)[M(£)2](0) < 2 2(0) Xa(i) = Wi
1€EN €N

In the invariant case, inequalities become equalities. ]
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Let [n] = {1,---,n} and let X[ = {Xt["] : t > 0} be a branching process with the same
mechanism as X; but we kill mass that is 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 m;(j)1(j<n), j € N\{i}. Finally (i,-) and ¢(3,) are set to be zero for
7> n.

Let M[l(t) be the matrix associated to the linear semigroup of X", Then the infinitesimal
generator of M (t) is given by
L = [A_, + K]
[n]

In order to apply Perron-Froebenius theory to the matrix M ™ (t), we need irreducibility. By
Lemma 6, it is enough that 7;(j),7,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 ([85], 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 7 (The vectors
b,c,d, 3,0 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.

Perron-Froebenius theory tells us there exist two positive vectors 2™ = {z["(i) :i =1,--- | n}
and yl" = {yl" (@) ;i =1,--- ,n}, and a real number A" = sup{\ > —oc0 : HZ[;I (M) < o0}, such
that

MW (gl = o=Altynl and  (yI")T M (1) = e~ A"ty lnl,

By construction of Xt["], we have the inequalities
M) < M) < My (),
which naturally leads to the hierarchy of eigenvalues
A < AP < Al (5.17)
Lemma 7.
i) A% :=1lim ;00 Al = A,

i) Let zI™ be a right invariant A™-vector for M), such that z!M (1) = 1. Then, the vector
{z*(j) : j € N} given by 2*(j) = liminf, .o 2™ () is a positive right A-subinvariant vector.
Moreover, it H;;j(A) = oo, then {z*(j) : j € N} is the unique positive right invariant A-
vector of M with z*(1) = 1.

Proof. By inequality (5.17),
A<A® = lim Al

n—o0

For any n € N, let 2™ be a M right invariant vector, such that m[”](l) =1 for all n € N, this
implies
Ll — ARl
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Let 2*(j) = liminf, o 2™ (), by Fatou’s Lemma,
La* < —A>®z*.
Using the fact that M (t) is a non negative matrix and
S [M()2"](i) = [M(@t)Lz"](1),  i€N,
we find that
[M(t)x*] (i) < e A7 ta* (i), ieN.

Since z*(1) = 1, z* is a right A-subinvariant vector. By applying Proposition 15 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 16. O

Any vector x € R™ can be extended to a vector v € RY by the natural inclusion map u(i) =
2(i)1fi<pny. 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.

5.4 Spine decomposition

According to Dynkin’s theory of exit measures [35] 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[t : t > 0}. We recover here some
of its basic properties. First, X["* has support on ({t} x [n]) U ([0,#] x [n]°). Moreover, under
{t} x [n],

Xty < B) = X(B),

for each B C [n]. We use the obvious notation that for all f € B*(]0,t] x N),
(f, Xty = thzX[”]t{t} Z/fszX[”]tds i).
i€[n] i€[n]¢

We have that for all u € M([0,¢] x N), and f € B*([O,t] x N)
Eyle X" = exp{— (V™ £, 1)), (5.18)
where, for t > r > 0, y; f :[n] — [0,00) is the unique non-negative solution to

£ 0) = [E {6 VI F(0) + o6, VI f)]ds i i <n
vtk p(i) = (5.19)
f(r, 1) if i>n.
An important observation for later is that temporal homogeneity implies that

vty = ylnbt=r g (5.20)

for all f € B1([0,t] x N). Moreover, as a process in time, X[ = {X[}* . ¢ > 0} is a MCBP
with local mechanism ™ = (i, 2)1{i<pn) and non-local mechanism oM = ¢(i, Nlfi<ny-
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Any function g : N — [0, 00) can be extended to a function g : [0,00) x N — [0, 00) such that
G(s,i) = g(i). Let  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[”].) By splitting the integral
between {t} x [n] and [0,¢] x [n]¢, it is easy to show that

(@, Xty = (2, x [y,

Using the Markov property of exit measures, the last equality, and Proposition 17, standard
computations tell us that

Y;[n] — eA[”]t<j7X[n]’t> . eA[n]t<ant[n}>

wm - w70

is a mean one P,-martingale. For 1 € Z(N) such that ;(N\[n]) = 0, define f’,[f} by the martingale
change of measure

aply!

P,

— Y[”]

Fi

Theorem 9. Let p1 a finite measure with support in [n] and g € Bt(N). Introduce the Markov
chain (n,P*) on [n] with infinitesimal matriz, L™ € M, y,,, given by
1

plnl _
)

(A_b + K + 1{Z:]}A[n]> x(7).
If X is a MCBP, then

—(f,X[n]’t> <i‘ o g’ X[n]7t>
e N AR
(z, Xnt)

t [e%e) nlt—s
exp{ = [ (2emW )+ [t — e )Y asf
0 0

Bl = B, [e 0]

T
EZ,

g(m)H@%Z}’t,;f] ; (5.21)

s<t

where the matrices {O5 : s > 0}, are given by

ot — mi(5)B(i) /OO (VP gy Dn(i.d 1
5 = ALK+ AR ) u(e (i, du) +

and

P () = Z[:] xgi),i(;)m')’

with an obviously associated expectation operator EZ, (-).
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Proof. We start by noting that

E[

= = n [n]¢
_(p xtney (T o g, Xt et ity —(FxIl,
U (T, X[ | = TG [<x°g’X[ Hem ]

Replacing f by f + AZ o g in (5.18) and (5.19) and differentiating with respect to A and then
setting A = 0, we obtain

Blnl |- (rxini (@og X 1 o o] oo p)
' (@, X1rt) g (., 1)
0 (5.22)
= —(fXx Y )i ot .
EM [e i| Z <$’M> QO(Z),
i<n

where o denotes element wise multiplication of vectors and, for t > r > 0, 6L is the vector with
entries

1 AP (=) ﬁv[nlvt[f + AZ o g(1)

, i€ [n].
A=0

So that, in particular, 6%(i) = ¢(i), i € [n], and additionally, 6%(i) = 0 for i > n and r < t. Note
that the temporal homogeneity property (5.20) implies that 6(i) = 65" (i), i € [n], t > 7 > 0.
Moreover, 6%(i), i € [n], is also the unique solution to

oo
V[n],t—s

01 =)~ [ 64 [2ed™ )+ [T u = o0 )

0

+z(i)! /t [(A_p+ K + Az 0 0!](3)ds

t [ee) s
*/ (6, 7)) / u(e ™YL 10, du)ds,
r 0

where

T (J) = ;:((QWZ(J)v iJ € [n].

A straightforward integration by parts now ensures that
Ly . Ll .
[e""767](1) =[e" ") (i)
o © n|,t—s
- / eL"ls {93 ° [2c(-)v(}”]*t‘8f(-) + / u(1 — %" f<->)5(-,du)” (i)ds
r 0

+ / Il [<ez, )8() / (e ) 1>n<',du>ds] (i)ds.
r 0

Then appealing to temporal homogeneity, and the fact that {eZ[th :t > 0} is the semigroup
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of (n,P?),

04(i) = Exlg(n)] — B2 | [y 05 (n) [2em) V0™ ™ Fn) + [ u(1 — ™ 1003y, du)| ]

+E? [fo (05, ) B(1ns ) Jo T u e_u<Vo MR f ) 1)n(ns,du)ds}
s n s [ Jit—s ]
= E¥[g(n)] — E¥ [fo Gt (ns) {20(7)5)‘/0[ bt= f(ns) +f0 u(l — % f(%))[(ns,du)} ds]

€T t —S/ g( s) [n],t—s - n
o [fo Yila) s U )< Tl o (e ) Dn(ns’du)) Ly jds ]

”ISJ

(Note, in the last equality, we have used that EEZ]J = 0 if and only if 7, (j) = 0). We now see
from Lemma 19 in the appendix that

t 0 n|,t—s

05 i) =E [exp{— | (2emom = s+ [t e g0 ) }H@%Z]’én:],
0 0 s<t

as required. O

Fix p as a finite measure with support in [n]. Proposition 9 suggests that the process
(X [”]",PH) is equal in law to a process {I'; : t > 0}, whose law is henceforth denoted by P,

where
=X[+ X7+ DX+ X, >0, (5.23)
s<t:c s<t:d s<t:j

such that X’ is an independent copy of (X["]",P”) and the processes X%, X% and X7* are
defined through a process of immigration as follows: Given the path of the Markov chain (7, ]P’fw),
[continuous immigration] in a Poissonian way an (w[n],ﬂ"})—MCBP X is immigrated at
(s,ms) with rate ds x 2¢(ns)dIN,,,

[discontinuous immigration] in a Poissonian way an (¢!, $!"1)-MCBP D Gt immigrated at
(s,ms) with rate ds x [~ ul(ns, du)Pys

[jump immigration] at each jump time s of 1, an (¥, ¢[")-MCBP X is immigrated at
(s,ms) with law [ vy, . (du)Pyr, , where, for i, in the range of 7,

mi(J)B(4)
[A_y + K + IAl]),;

[A_y + TAM); 4+B(i)d(i)m
[A_p + K + IA[); ;

Given 7, all the processes are independent.

vij(du) = iJ .)(50(du) un(i, du).

We remark that we suppressed the dependence on n of the processes X/, X%°, X% X7* and
I' in order to have a nicer notation. Moreover, in the above description, the quantity N; is the
excursion measure of the (1/1["], o )-MCBP corresponding to Ps,. To be more precise, Dynkin and
Kuznetsov ([38]) showed that associated to the laws {Pg, : i € N} are the measures {IN; : i € N},
defined on the same measurable space, which satisfy

N;(1—- e_<f’X[n]’t>) = —log E(;,(e_<f’X[n]’t>),
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for all non-negative bounded function f on N and ¢ > 0. A particular feature of N; that we shall
use later is that

Ni((f, XI"M)) = B, [(f, X)) (5.24)

Observe that the processes X¢, X9 and XJ are initially zero valued, therefore, if Ty =  then
X = p. Moreover (n, P,) is equal in distribution to (n,P7,). The following result corresponds
to a classical spine decomposition, albeit now for the setting of an (1/1["}, ¢[”])—MCBP. Note, we
henceforth refer to the process 7 as the spine.

Remark 2. 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 [25].

Theorem 10 (Spine decomposition). Suppose that p as a finite measure with support in [n].
Then (T, P,) is equal in law to (X", P,,).

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
Proposition 9 and hence we focus our attention on the first part of the proof. Observe that
((T'¢,m¢),PL) is a Markov process. By the same argument that appeared on Theorem 5.2 in [65],
if we prove

@O0,

Eﬂ[nt =1 ‘ Ft] = <Qf‘ Ft> ) >~ It

(5.25)

then, (I'y,P,,) is a Markov process. By conditioning over 7, using the definition of I', the equation

5.21 and the fact that (I';,P,) is equal in law to (X, P,), for each ¢, we obtain

505, Ty)
E, [e=(T0 _ g, |-0rofZogly for all bles.
" {e g(nt)} ule Ty | or all f, g measubles

The definition of conditional expectation implies (5.25). O

5.5 Martingale convergence

An important consequence of the spine decomposition in Theorem 10 is that we can establish an
absolute continuity between the measures P, and P,[f].

Theorem 11. Fiz n € N and u € M(N) such that sup{k : u(k) > 0} < n. The martingale Y
converges almost surely and in Ll(P#) if and only if A < 0 and that

Z /100(.%' log 2)¢(i,dx) + Z Am(xlogx)n(i,dx) < 00, (5.26)

i€[n] i€[n]

Moreover, when these conditions fail, P, (lim;— Y;[n] =0)=1.
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Proof. We follow a well established line of reasoning. Firstly we establish sufficient conditions.
We know that 1/ Yt[n] is a positive lgw—supermartingale and hence limy_, o Yt[n] exists f’,[f]—almost
surely. The statement of the theorem follows as soon as we prove that f’ﬂl ] (limy— 00 Yt[n] <o) =1.

To this end, consider the spine decomposition in Theorem 10. Suppose, given the trajectory
of the spine 7, that we write (s, Ag, Ak), s > 0, for the process of immigrated mass along the
spine, so that (s, AY) has intensity ds x uf(ns, du) and, at s such that n,_ # n,, A is distributed
according to v, _ ..

Let S = o(n, (s, A, 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

Al (T, Tr)
(z, 1)

Our objective now is to use Fatou’s Lemma and show that

Zi" =

B, [ lim Z"s) < lim inf B,[2"]S] < .

Given that (T, P,) is equal in law to (X" 15“), this ensures that 1321} (im0 Yt[n] < o00) =1,
thereby completing the proof.

It therefore remains to show that liminf, . E,[Z [n]|5] < oo. Taking advantage of the spine
decomposition, we have, with the help of (5.24) and the fact that E,[Y} [n]] =1,fort>0and p
such p € M(N) such that sup{k : u(k) > 0} <n,

litrninfEM[Zt["HS] =<$,,u>+/ 20(n5)eA[n]S s s
— 00 0

(2, 1)
Alnls A d 1:775 j x 7r775 >
AS 7.
+2 e DI e
s>0 s>0

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

Z Al SlAd<1A —f—Ze AJ<1

s>0 s>0 5.27
+ 5 e 1 pas AL+ ZeA[”]ﬁ A < oo (5:27)
(Ad>1)5s (Al>1)"s .
s>0 s>0

We first note that

Alnl Alnl i
Ey [Ze 81(A§<1)A§ +Ze 81(A1<1)Ns

s>0 s>0

/ eA[n]S/ u?l(ns, du)ds HS/ ZL[”] Vi mé(du)d]
0 (0,1) (0,1)

S/ eA[n]Sds{sup/ u?0(i,du)ds + sup Wf(j)/ u2n(i,du)ds} < 0.
0 i€[n] J(0,1) i,j€[n] (0,1)

—E, +E,
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Next, note that the condition (5.26) ensures that, P, almost surely,

lim sup sill(Agzl) log AY + lim sup Sill(A;iZl) log A, = 0,

§—00 §—00

so that both sequences A‘Si and Al in the last two sums of (5.27) grow subexponentially. (Note that
both of the aforesaid sequences are indexed by a discrete set of times when we insist {A% > 1}.)
Hence the second term in (5.27) converges.

To establish necessary conditions, let us suppose that 7 is the set of times at which the mass
(s, Ad, AL), s > 0, immigrates along the spine. We note that for t € 7,

[n] Al ad Ty INQIN (SE, 7r77t—>
Z; ' >e A +e A ——" L 5.28
t o) o) (5.28)

If Al > 0 and (5.26) holds then

f’u(lim sup Yt[n} = o00) = P, (limsup Zt[n] =00) =1 (5.29)

t—o00 t—o0

on account of the term eA[n]t, the remaining terms on the righ-hand side of (5.28) grow subexpo-

nentially. If A" = 0 and (5.26) holds then, although there is subexponential growth of (A}, A¢),
£>0,
lim sup 1(Ad>1)A§ + lim sup 1(A4>1)Ajs =00
t—ro0 = 5—00 =

nonetheless. This again informs us that (5.29) holds. Finally if A"l < 0 but (5.26) fails, then
there exists an ¢ € [n] such that [ (zlogz){(i,dz) = oo or [ (xlogz)n(i,dz) = co. Suppose it
is the latter. Recalling that 7 is ergodic, another straightforward Borel-Cantelli Lemma tells us
that

lim sup 8711(%_:17&21) log A > ¢,
S§—00

for all ¢ > 0, which implies superexponential growth. In turn, (5.29) holds. The proof of the
theorem is now complete as soon as we recall that (5.29) implies that P, and P, are singular

and hence lgu(limt_)oo Yt[n] =0)=1. O
5.6 Local and global extinction

Lemma 8. For any finite A C N and any pu,

P, (limsup(lA,Xt> € {0, oo}) =1
t—o00

Proof. Tt is enough to prove the lemma for A = {i}. The branching property implies that X (7) is
an infinitely divisible random variable and consequently, its distribution has unbounded support
on R, (see Chapter 2 in Sato [84]). Therefore, for all € > 0,

Pes, (X1(i) > K) > 0. (5.30)

Let us denote by Qg the event limsup,> ., X¢(i) > 0 and, for each ¢ > 0, denote by Q. the event
lim sup;> ., X¢(i) > €. Define the sequence of stopping times as follows. On Q, let Ty = inf{t >
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0: X:(i) > €} and Tpq1 = inf{t > T}, + 1 : X;(i) > €} and for Q¢ extend T}, in a way such
that the T,’s are bounded stopping times. Fix K > 0 and let A, = Q. N {X7,+1(7) < K} and
Q! = {w:we€ A, io.}. Thus by (5.30) and the strong Markov property,

e¢]
ZPM(AH | X7y, X1,) =00 P,-a.s. on €.

n=1

By the extended Borel-Cantelli lemma [see Corollary 5.29 in [21]], Py-a.s. Q. C Q!. Observe that
Qc 1T Qo as € | 0. Therefore, for K arbitrary large, limsup;_,, X;(7) > K, P,-a.s. on g, and the
claim is true. O

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

P, (lim<1A,Xt) = 0> = 1.
tToo
Now, we have all the preliminary results needed for the Proof of Theorem 7

Proof of Theorem 7. (i) Let 0 < A. By Propositions 15 and 16, there exists = a positive right
subinvariant A-vector. Proposition 17 yields that W; = e (z, X) is a non-negative supermartin-
gale. By Doob’s convergence theorem, there is a non-negative finite random variable W such
that a.s.
Wy — W as t — oo.

When A > 0, since e — oo as t — oo, and z(i) > 0 for any i € N, we have that P,-as.
lim; o0 X¢(7) = 0, and hence, P -a.s., limy_,0(14, X;) = 0. When A = 0, Lemma 8 yields the
claim.

(ii) Now suppose that A < 0, using Lemma 7 there exits n > i such that A" < 0. Next,
consider the conclusion of Theorem 10. 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
w][n], it follows that (n,P?) is ergodic. As a consequence, of the spine decomposition (5.23), we
now see that, IS,BZ]—almost surely, mass is deposited by 7 infinitely often in state . Thanks to the

assumption (5.6) and Theorem 11, we have that 15,[7 I« P,, and hence there is no local extinction.
Next, recall that for a finite set of types A C N

va(i) = —log Ps, (L a).

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),

Pu(La) =exp{—(va, )}, t=0.
By conditioning the event £4 on F;, we obtain that for all ¢ > 0,
E,(e” XY = exp{—(va, )} (5.31)
Now recalling (5.4), v4 must satisfy the semigroup evolution, see

U(i,v4(i)) + ¢(i,va) = 0.
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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 Ava(i), i € N, and
observe by monotonicity and continuity that VivX (i) 1+ va(i), i € N,t > 0, as K 1 co. When
seen in the context of (5.4) (also using continuity and monotonicity), the desired reasoning can
be applied. ]

Proof of Lemma 4. The proof that w solves (5.5) is the same as the proof of (5.31). O

5.7 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 [61]).

Proposition 18. Let P;;(t) be the transition probabilities of an irreducible continuous-time
Markov chain on the countable state space . Then there exists k > 0 such that for each i,j € E,

t~ log(Pij(t)) — —k.

Moreover, for each i € E andt > 0
Pi(t) <e ™

and there exist finite constants K;; such that
Pij(t) < K;je ", foralli,j € E, t>0.
If Q = (gij) is the associated Q-matriz, then
k < —sup{gi; : i € E}.

Observe that if the Markov chain is recurrent then x = 0. When it is transient, £ could
be greater than 0. In this case, we will say that the chain is geometrically transient with x its
decay parameter. Kingman provided a random walk example where x > 0. The example is the
following. Let & a random walk with @-matrix given by

Qii=1 = P, gii = —1, Gii-1=q=1-—p,

where p € (0,1). Then, £ is an irreducible process with decay parameter k = 1 — 2,/pq. In
particular, the process is geometrically transient except when p = 1/2.

Now, we can provide some examples.

Example 11. When ¢ and ¢ don’t depend on the underlying type, it is easy to show that
((1, Xy),t > 0) is a CBP with branching mechanism given by

U(z) = <b — pd — ﬁ/ un(du)> z+c2? +/ (e — 14 zu)(£ + pn)(du), z>0.
0 0
In this case, the global extinction probability is given by

P5. (5) = 8_5(0) X

7
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where ®(0) = sup{z < 0: 9(z) = 0}.
Define a = 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 @-matrix given by

Qij = a(m(j) — di=j)-

Then, by equation (5.16), the linear semigroup of X is

s =& [f@ e { [(@-viesash].

In particular,
Hij(\) = /0 W+t Do (¢)dt.

If (¢,1P;) is geometrically transient, then x € (0,a) and A < b — a + s implies H;;(\) < oco. In
particular if a — k < b, the spectral radius of M satisfies A > 0 and, by Theorem 7, X presents
local extinction a.s.

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

Example 12. Define a(i) = 8(i)d B(i) [;° un(i,du). Suppose that there exists a constant
¢ > 0 such that b(i) — a(i) > ¢ > 0. Let (&,P;) the assomated irreducible chain in Lemma 6. Let
0 < X\ <. By equation (5.16) we have

Hij(\) = /0 - ME; [@(&) exp { /O t(a - b)({s)ds}] dt < /0 09ty < oo,

Then, A > 0 and the process presents local extinction a.s.

Example 13. 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 —¢ < A <0,

Hij(\) = /OOO ME; [5j(§t) exp {/Ot(a - b)(gs)ds}] dt > /DOO P;j(t)dt = oo

It follows that A < 0. If

sup/ (xlogx)l(i,dx) —i—sup/ (xlogz)n(i,dx) < oo
1 1

1€EN 1€N

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

A.1 Lemmas of Chapter 1

The following theory and lemmas will be useful in the proof of Theorem 1.
Given a differentiable function f, we write

Agf(a)=f(z+a)—f(a) and  Dif(a)=Asf(a) — f'(a)z.

Let (am,n > 1) a sequence of positive real numbers such that ag = 1, a,, | 0 and

Am—1
/ zdz=m
am

for each m € N. Let x +— r,(2) be a non-negative continuous function supported on (am,, Gm—1)
such that x,,(z) < 2(mz)~! for every x > 0, and f;:_l Km(x)dx = 1. For m > 0, let us define

tmuwzéMdgfkm@m% LeR

Observe that f, is a non-decreasing sequence of functions that converges to the function x — |z|
as m T oo. For all a,z € R, we have |f] (a)| <1 and |fm(a + z) — fm(a)| < |z|. Moreover, by
Taylor’s expansion, we get

(1 —u)

1 2 1
Datula] < [ nla+ua - waw s 22 [ U= a0

The proof of the following lemma can be found in [71] (Lemma 3.1)

Lemma 9. Suppose that x — = + h(z,v) is non-decreasing for v € V. Then, for any x #y € R,

2 1 l(m,y,u)Z(l —U) 2l(x,y,v)2
D m(z—y) < = e
Uay0) fm(T —y) < mJo |v—y=tl(z,y,v) “

mlz —y|
where l(z,y,v) = h(z,v) — h(y,v).

Pathwise uniqueness.

Suppose that the parameters (b, (ox)rek, (hi)ier, (95)jes) are admissible and satisfies conditions
a), b) and c).
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Lemma 10. The pathwise uniqueness holds for the positive solutions of

Zt(”):ZoJr/ b(Z™ An) ds—i—Z/ ox(Z A n)dBK)
0

keK

_|_l€z[// gi(Z ”)/\n ,ui) An) Mi(ds, duy) (A1)
+Z/ /V Z” An,v;) An) Nj(ds, dv;),

for every n € N.

Proof. We consider Z; and Z, two solutions of (A.1) and let Y; = Z; — Z]. Therefore, Y; satisfies
the SDE

Y, Y()Jr/t(b(Z An) — b(Z’An)ds+Z/ 01(Zs A1) — oy (2. /\n))dB()

keK

+Z// 3™ Z_, Z!_ ui) M;(ds, duy) +Z// NZo_ 7! v ~)/\n>Nj(ds,dvj),

E;n)(:v,y,vj) = hj(x An,vj) An—hj(y An,v;) An.
By applying It6’s formula to the functions defined at the beginning of this section, we deduce

Fin(¥0) = fin(Y0) + My + / Fra0) (020 nm) — b(Z, ) ) s

+ Z / (Y ak (Zs An) — o(Z, /\n))st

kEK

b [ (e 8 2 ) ) s (r2)

el

+]EZJ/0 /VJ (fm(Ys_+E§” (Zoy Z_ ) = fn(Yeo)

— (Y )h(n)(Z A ,u-))uj(dvj)ds,

where M; is a martingale term. Using that b = by — by with by a non-decreasing function and
condition (b), we have for

(@ = y)llb(z An) = by An)| < [br(z An) = bi(y An)| < ma(le —ylAn),  (A3)

Z [ ] St = wmtand < 3 [t < e =l Am),

el i€l
(A.4)
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Since z — = + hj(x An,v) An is non decreasing for all j € J, by Lemma 9 and condition (c), we
have

Z//D gy (T = 9)vi(dvg) <Z// mi;g’m (dvj)§2ﬁ", (A.5)

JjeJ jeJ

and

S £ — ) (on@) — k@) < S (@ — plow(@)? — k@) < 22, (A6)

m
keK keK

Next, we take expectation in equation (A.2), by (A.3, A4, A.5 and A.6) we obtain

E[fm(Yo)] <E[fm(Yo)] + 2 /Ot E [rn(Ys| An)]ds + 4m™' By,.

Since fy,(z) — |z| increasingly as m — oo, we have

BVl <EIYl+2 [ Elra(VilAn)ds

Finally from Gronwall’s inequality, we can deduce that pathwise uniqueness holds for the positive
solutions of (A.1) for every n € N. O

Growth spaces

Suppose that the parameters (b, (ox)ker, (hi)ier, (9;)jes) are admissible and satisfies conditions
a), b) and c¢). Additionally suppose that p;(U; \ W;) < oo, for all i € I. Our next result shows
that if there is a unique strong solution to (A.1), we can replace the spaces (W;)icr by (Ui)ier
on the SDE and the unique strong solution still exists for the extended SDE. Its proof follows
from similar arguments as those used in Proposition 2.2 in [45] but we provide its proof for sake
of completeness.

Lemma 11. If there is a unique strong solution to (A.1) and u;(U; \ W;) < oo for alli € I, then
there is also a strong solution to

t
z™ = 7, +/ b(Z™ An)ds + Z/ ow(Z A n)dB®
0 keK

Y / / (2 A ui) A ) Mi(ds, du;) (A7)

i€l
+Z/ / (2 An,v;) An)N;(ds, doy).

Proof. Tt is enough to prove the result when 0 < Y u;(U; \ W;) < co. Suppose that (A.1) has a
i€l
strong solution (Xo(t),t > 0). Let (Sy),>1 be the set of jump times of the Poisson process

t— Z/ /Z\Wz (ds, du;).

el
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Note that S, — oo as 7 — oo. By induction, we define the following process: for 0 < ¢t < 571, let
Y; = Xo(t). Suppose that Y; has been defined for 0 <t < S, and let

A=Ys_+> / / (9:(Ys,— An,u) An)M;(ds, duy). (A.8)
icl Y 1S} JUNW;

By our assumptions, there is also a strong solution (X,.(¢),t > 0) to

X,(t) = A +/ b(X,(s) An)ds + / (X (s) An)dBY, |
0 keK

+ Z/o i (9:( Xy (s=) Amn,ug) An) M;(S, + ds, du;) (A.9)

+Z/O/ (hj(Xr(s—) An,vj) An)N;(S, +ds, dvj).

For S, <t < Sy41 we set Y; = X,.(t — S,). Then, Y; is a strong solution to (A.7). On the other
hand, if (Y;,¢ > 0) is a solution of (A.7), then it satisfies (A.1) for 0 < ¢ < S; and the process
(Ys,++,t > 0) satisfies (A.9) for 0 <t < S,41 — S, with A given by (A.8). Then, the uniqueness
for (A.7) follows from the uniqueness for (A.1) and (A.9). O

Tight sequence
Recall that for each n,m € N, the process Zt(n’m)
solution to

Zmm) = Z0+/0 b(Z(m /\nds—l—Z/ ox(Z™ A n)d BY)
keK

+Z/ /m Gi(Z8™ Ay ug) A n) My(ds, du;) (A.10)

icl
+Z/ / nm)/\n ,v5) An) j(ds,dvj).

Following the proof of Lemma 4.3 in [45] we will prove that for each n € N, the sequence
{Z"™ .t > 0} is tight in D([0,00),Ry).

was defined as the unique non-negative strong

Lemma 12. For each n € N the sequence {Zt(n’m) (> O} given by (A.10) is tight in the
Skorokhod space D([0,00),R4).

Proof. First observe that since b is a continuous function in [0, n] and by hypothesis b) and c),
there exist a constant K, > 0 such that for each x < n

+Z/ |9i (2, ui) A n|pi(du;) +Z/ |9 (, u;) /\n‘Quz(duz

el i€l

+Zak +Z/ (2, v5) A nlr;(dv;) <

keK jeJ

(A.11)
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Note that if C), is the maximum of b in [0, n|, then K, = C,, +nB, + (n+ 1)r,(n). By applying
Doob’s inequality to the martingale terms in (A.10), we have

up ( /0 t b(Z{m™ A n)ds) 2]
+) E

> (// /\nuz)/\n\,uz(duz)>2]

+4<Z/U’€ /\nds—i—Z// 19:(Z™) A ug) A n? e (dug)
keK

el

+Z// 15 (Z™ Ay vs) A 2 (duy)

JjeJ

E [sup(z§n7m>)2] <242+ |J| + |K])? ((20)2 +E

y (A.11), we obtain that
t > supE {Sup(ZLg"’m)f] < @2+ [T+ KN ((Z0)? + (1 + |I|) K22 + 4K ,t)
m>1 s<t
is a function locally bounded. Then for every fixed ¢ > 0 the sequence of random variables Zt(n’m)
is tight. In a similar way, if {7,, : m > 1} is a sequence of stopping times bounded above by
T > 0, we have

E (120070 - 20m2) < @+ 200+ 1]+ KD (1L+ TDER + 4Kt)
Consequently, as t — 0
supE []Z nm) ZﬁZ’m)\Q] — 0.
m>1
By Aldous’ criterion [4], for alln € N, {Zt(n’m) it > O} is tight in the Skorokhod space D([0, 00), Ry).
O
Martingale problem

For each n,m € N, z > 0 and f € C?(R) we define

£00f(x) =blw Am) () + 5 () 3 o A) +2/ Fa+ g1l A, i) An) = £()) ()

keK el
+Z/ P+ hy(a Anyvy) Am) = F(x) = F'(2) (gl Am, ) Am) v (doy).
eJ
’ (A.12)
and
£ () =f @bl An) + 5 7(2) 3 odw An) + 3 / $lo+ gilo Anu) ) = £ @) pi(dus)
keK el

+§;/ Fl@+ hyj(x An,v) An) — f(x)—f’(x)(hj(x/\n,vj)/\n))l/j(dvj).
’ (A.13)
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In this section we prove the existence of the weak solution of a SDE by considering the
corresponding martingale problem.

Lemma 13. A cddldg process {Zt(n) 1t > 0} is a weak solution of (A.1) if and only if for every
f€C*R),

F(Z™) / i (A.14)

18 a locally bounded martingale. And a cadldg process {Ztn’m :t > 0} is a weak solution of
(A.10) if and only if for every f € C*(R),

F ) - gz - [ e s (A1)

s a locally bounded martingale.

Proof. We will just prove the first statement. The second one is analogous. If {Z; : ¢ > 0}
is a solution of (A.1), by It6’s formula we can see that (A.14) is a locally bounded martingale.
Conversely, suppose that (A.14) is is a locally bounded martingale for every f € C%(R). By a
stopping time argument, we have

Ty = Zy+ / b(Z; An)ds + Z/ / 9i(Zs— Anyu;) An)p;(du;)ds + My (A.16)
el

for a square-integrable martingale {M; : t > 0}. Let N(ds,dz) be the optional random measure
on [0,00) x R defines by

N(ds,dz) = 1{az,2010(s,a2.)(ds, dz),
s>0

with AZ, = Z,— Z,_. Denote by N its predictable compensator and N the compensated random
variable. Then

t t
Zy = Zy+ / b(Z: An)ds + Z/ / (9i(Zs— Amyug) An)pg(dug)ds + M + M (A.17)
0 .

where {M{ : t > 0} is a continuous martingale and

M = / / N(ds,dz)

is a purely discontinuous martingale. (See [29] p. 276). Let denote by C; the quadratic variation
process of M. By Itd’s formula in the previous equation, we have

f(Z) =f(Zo) +/ ' (Zs)b(Zy An)ds + Z/ $)(9i(Zs— A nyug) An)p(dug)ds
el (A.18)

/ f(x)dCs +/ /D f(Zs~)N(ds,dz) + martingale
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The uniqueness of the canonical decomposition of semi-martingales, equations (A.14) and (A.18)
implies dCs = o 2(Zs An)ds and
keEK}

/Ot/RF(S’Z (ds, d2) Z/ / (8,9i(Zs— Nmyui) An),ui)pi(dug)ds

el

+Z/ F(s,hj(Zs— An,vj) An),vj)vi(dv;)ds
jeJ

for any non-negative Borel function F' on Ry x R. Then we obtain A.1 by applying martingale
representation theorems to (A.17). (See [57], Section I1.7) O

Weak solutions

By lemmal2, {Zt(n’m) it > O} is tight in the Skorokhod space D([0,00),Ry). Then, there exists

(n’mk)
t

a subsequence {Z it > 0} that converges to some process {Zt(n) :t >0} in the Skorokhod

sense. By the Skorokhod representation theorem, we may assume those processes defined in
the same probability space and {Zt(n’m"’) it > 0} converges to {Zt(n) : t > 0} almost surely in

D([0,0),R). Let D(Z™) = {t >0:P <Zt(f) - Zt(")> - 1}. Then, [0, 00) \ D(Z(™) is at most

numerable and limg_, Zt(n’m'“) = Zt(n) almost surely for every ¢t € D(Z"). (see [43] p. 131).

Therefore, in order to prove that the weak limit point {Zt(n); t > 0} is a weak solution of (A.1) it
is enough to prove

Lemma 14. If Z,, — Z as m — oo, then L™ f(Z,) — LM F(Z) as m — oo, for every
f € C3(Ry). In particular, if {Zt(n) 2t > 0} is the weak limit point of {Zt(n’mk) it > O}, then

{Zt(n) 1t >0} is a weak solution of (A.1). (or (1.5)).

Proof. Let M > 0 a constant such that |Z],|Z,,| < M, for all m € N. By condition b) and c).
We have that for each k, the function

(gz(m/\n u;) A n)pi(du;) —1—2/ (@ An,vi) An)iui(dej)
jeJ \Vk

is continuous. By Dini’s theorem, we know that, as k — oo,

€k 1= Ssup / (gi(z A nyug) An)?ps(dug) —1—2/ i@ An,v;) An)rj(dv;) — 0.
x| <M W\Wk jeJ

Just in this proof and in order to simplify the notation, for a f € C(R), we will denote
1f1 := max{|f(z)| : |&| < n+ M}

By continuity, || f|| < co. Observe that this norm depends on n and M but it doesn’t affect the
result of the proof.
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For m > k and j € J, by applying the Mean Value Theorem several times we have

/V Dh(Z/\n,vj)/\nf(Z)Vj(dvj) - /Vm Dh(Zm/\n,vj)/\nf(Zm)yj(dvj)
J J

SHf//”Gk + /Vk ‘Dh(Z/\n,vj)/\nf(Z) - Dh(Zm/\n,vj)/\nf(Zm)|Vj(dvj)

J

<o+ [ 102 = F(Zu)lvs(an)

J

+ /V.k |\f(Z 4+ WZ An,vj) An) — f(Zm + WM Zm A n,v;) An)|v;(du))
+ [ AF@OE Nn.vy) M) = 12 (W Zo Aom) )y
<IN+ [ 112) = 1(Zlwy(an)
+ 171 /k |Z + (M(Z An,vj) An) — Zyy — (WM(Zy, A, v5) An)|vj(do;)
V}
[ 02 M) hm) = (0 Zo ) A )
+ [ 172) = FEZINE Ao Al (),

V].

Then, by Holder inequality we have

v Dh(Z/\n,Uj)/\nf(Z)Vj(dvj) - /Vm Dh(Zm/\n,v]-)/\nf(Zm)Vj(de)
J J

<[ llew + 1f(2) = F(Zm) i (V) + 1FNZ = Zunle (Vi)

+2||f'|!/w [(M(Z Ay 05) An) = (M(Zm An,vj) An)lv(du;)

1/2
+1f(Z) = f'(Zm)| (/V |h(Z A, vj) An\sz(de)Vj(ij)> :

By letting m — oo and m — oo, and using hypothesis c), we can prove

m— 00

lim /Vm Dhj(Zm/\n,vj)/\nf(Zm)Vj(dvj) = /V Dh]-(Z/\mvj)/\nf(Z)Vj(dvj)v for j € J. (Alg)
j J

In a similar way, for each m > k and ¢ € J

‘/W Ag,-(Z/\n,ui)/\nf(Z),ui(dui) - o Agi(Zm/\n,ui)/\nf(Zm):U“i(dui)

<P+ 10 | 12 Ao Am) = (au(Zow Ao )l

+ W Zm = Z) + £ (Zm) = F(2)))-
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Now, by hypothesis b), when m — oo and k — oo, we have
lim Agi(Zm/\n,ui)/\nf(Zm)Mi(dui) = /W Agi(Z/\n,ui)/\nf(Z)Ni(dui)a forie I (A20)

Therefore, by (A.19) and (A.20) it follows that £M™™) f(Z,,) — L™ f(Z) as m — oo.

Finally, if {Zt(n’m) : t > 0} is a weak solution of (A.10). We know, by Lemma 13, that (A.15)
is a locally bounded martingale. Since £™™ f(Z,) — L™ f(Z) as m — oo, by Dominate
Convergence Theorem, (A.14) is a locally bounded martingale. By applying again Lemma 13,

we obtain that {Zt(n) :t > 0} is a weak solution of (A.1). O

Backward differential equation

The following result shows the a.s. existence and uniqueness of a solution of (1.12) and it is
needed for the proof of Proposition 1.

Lemma 15. Suppose that f[l %0) zp(dr) < oo and let K = (K; > 0) be a Lévy process. Then for
every A > 0, vy : s € [0,t] — vi(s, A\, K) is the a.s. unique solution of the backward differential
equation,

gvt(s, A K) = efsapg(v(s, A, K)e™%), vi(t, N, K) = )\, (A.21)
S

where

o(0) = (0) — 04/ (0) = ~26> +/ (6’9:” -1+ Har)u(d:c), 0 >0.
(0,00)
Proof. Our proof will use a convergence argument for Lévy processes. Let K be a Lévy process
with characteristic («, o, 7) where a € R is the drift term, o > 0 is the Gaussian part and 7 is
the so-called Lévy measure satisfying

/ (1A 2%)m(dz) < oc.
R\{0}

From the Lévy-1t6 decomposition (see for instance [64]), the process K can be decomposed as the
sum of three independent Lévy processes X (1) a Brownian motion with drift, X(? a compound
Poisson process and X ®) a square-integrable martingale with an a.s. countable number of jumps
on each finite time interval with magnitude less than unity.

Let Be = (—1,—€) U(—¢,1) and M be a Poison random measure with characteristic measure
dtm(dx). Observe that the process

x5 :/ / xM(ds,dx) —t/ xm(dx), t=>0
[07t] Be Be

is a martingale. According to Theorem 2.10 in [64], for any fixed ¢ > 0, there exists a deterministic
subsequence (e,)nen such that (X270 < s < t) converges uniformly to (X3,0 < s < t) with
probability one. We now define

EM=x14+Xx® 4+ xP) s<t.
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In the sequel, we work on the space Q such that K™ converges uniformly to K on [0,¢].
Note that 1 is locally Lipschitz and K (™) is a piecewise continuous function with a finite number
of discontinuities. Hence from the Cauchy-Lipschitz Theorem, we can define a unique solution
v (-, A, K(™) of the backward differential equation:

g;vf(s, A K™Y = B o on (s, A, K™Y KEY 0 un(e, a, K™Y = A

In order to prove our result, we show that the sequence (v"(s) := (s, A\, KM), s < t)pen
converges to a unique solution of (A.21) on Q. With this purpose in mind, we define

(n)  _ g(n) _
S= sup {eKS Je BT el e KS}, (A.22)
s€[0,t], neN

which turns out to be finite from the uniform convergence of K™ to K. Since ¢y > 0, we
necessarily have that v™ is increasing and moreover for every n € N,

v (s) < A for s<t. (A.23)

On the other hand, since g is a convex and increasing, we deduce that for any 0 < ( <n < AS,
the following inequality holds

0 < Yo(n) — 1o(C)
- n—¢

For simplicity, we denote for all v > 0,

< p(n) < Yp(AS) =: C. (A.24)

YP"(s,v) = ngmwo(ve_Kén)) and  ¢™®(s,v) = efsqhg(ve ).

We then observe that for any 0 < s <t and n,m € N, we get

[u"(s) — o™(s)] =

/: " (u, " (u))du — /St " (u, v (u))du

t t
S/ (R"(U)+Rm(u))du+/ |9 (u, 0™ () = > (u, v"™ (u))|du,
where for any u € [0, ],
R (u) :=[¢" (u, v" (u)) = 9% (u, 0" (u))]
(n) (n) (n)
< e o (o™ (w)em M) — o (v (w)e™ )|+ o (v (u)e ) e — efu
Next, using (A.22), (A.23) and (A.24), we deduce
R™(u) < SCAJe K" — e~ Ku| £ ypg(SA)[eKV” — |
< (SCA+ S¢o(SN)) sup {|eK5") — K e K e} = s
]

u€el0,t
From similar arguments, we obtain

9% (u, " (u)) = > (u, 0™ (u))] < Clo™(u) — 0™ (u)].
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Therefore,
t
[0 (s) —v™(s)| < Rpm(s) + C/ [v" (u) — 0™ (u)|du,
where

Ry (s) = / (R™(w) + R™ (u))du.

Gronwall’s lemma yields that for all 0 < s <'t,
t
[v"(s) —v™(s)| < Rpm(s)+ C/ Rn,m(u)ec(uﬁs)du,
S

Now, recalling that R"(u) < s, and Ry, m(u) < (S5, + sm)t, we get that for every N € N,

sup v (s) — v"™(s)| < te' sup (sn + 5m)-
n,m>N,s€(0,t] n,m>N

Moreover since s, — 0, we deduce that (v"(s), s < t)nen is a Cauchy sequence under the uniform
norm on €. In other words, for any w € €2 there exists a continuous function v* on [0,¢] such
that v™ — v* as n goes to co. We define the function v : Q x [0,¢] — [0, o0] as follows

[ vt(s) ifwe,
vls) = { 0 elsewhere.

The following argument proves that v in € is solution to (A.21). More precisely, let s € [0,¢] and
n € N, then

t

+ [ [9%(s,0(s)) — 9" (s, 0(s))[ds

<(1+ Ct) sup {|v(s) —v"(s)|} + tsn.

s€[0,t]

By letting n — oo, we obtain our claim. The uniqueness of the solution of (A.21) follows from
Gronwall’s lemma. The proof is now complete. O

A.2 Lemmas of Chapter 3
Now, we recall two technical Lemmas whose proof can be found in [9]:

Lemma 16. Assume that F satisfies one of the Assumptions (A1) or (A2). Then there exist
two positive finite constants n and M such that for all (x,y) in R%— and € in [0, 7],

M.T_(1+€)p,

IN

‘F(m) - Aw‘p‘

‘F(m) - F(y)‘ < M(:c*f’ - y*P’.



Lemma 17. Assume that the non-negative sequences (an.q)(nq)en?s (An.q)n.genz and (bn)nen
satisfy for every (n,q) € N?:
<b,<a

/!
n,q

and that there exist three sequences (a(q ))qu (c (q )) en and (¢ (q)qen such that

nli_)rgoan,q =c (q)alq), limal, ct(q)a(q), and limc (¢) = limct(q) = 1.

n—00 na q—00 q—o0

Then there exists a non-negative constant a such that

lim a(q) = lim b, = a.
g—00 n—00

A.3 Lemmas of Chapter 4

Lemma 18. Letn € R and p > 0. Then for every t > 0, we have

i) E [(1@)’”} _ r-2m)i [( [t<—<n—2p>>>P] |
i1) E {( It(n))_ﬂ < P =2p0)t [ ( It(ﬂ(nzp)))—zo] E [ ( It(/(;;2p))>"’] '

Proof. Using the time reversal property for Brownian motion, we observe that the process (nt +
By —n(t —s) — Bi—s,0 < s < t) has the same law as (ns + Bs,0 < s < t). Then, we deduce that

t t
/ e2(5tBs)qg  has the same law as 2+ 5) / e 2(ns+Bs) g,
0 0

Recall that the Esscher transform 3.3 for a Brownian motion is given by

dpP®™

e B A? , for XeR,

Fi

And, that under PV, the process B is a Brownian motion with drift A\. Hence, taking A = —2p,
we deduce
t -p
e—?p(’r]t-i-Bt) </ e—2(ns+Bs)dS> ]
0

t —-p
_ e—2pnt€2p2tE(—2p) [(/ 6—2(7]8+Bs)ds> ]
0
9 t —-p
— e 2Pt 2P </ 6—2((77—2p)8+3s)ds> ’
0

which implies the first identity, thanks to the symmetry property of Brownian motion.
In order to get the second identity, we observe

t t/2 t/2 -
/ 62(ns+Bs)dS:/ 62(775+Bs)ds+677t+23t/2/ 215+ Bs) qg.
0 0 0

t '4
</ eQ(ns—l—Bs)dS)
0

E =E
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where B, = Byit/2—Byja, s > 0, is a Brownian motion which is independent of (B,,0 < u < t/2).
Therefore, using part (i), we deduce

t —2p t/2 P t/2 P
</ 62(nS+BS)dS> (ent+23t/2 / 62(n5+Bs)ds> ] E [(/ 62(775+Bs)ds> ]
0 0 0

2 P _
< Pty [(ent-l-QBt/z /t/ 62(7IS+Bs)dS> E [(IE/—Q(W—QP))) p} ‘
0

On the other hand from the Esscher transform with A = —2p, we get

t/2 P ) t/2 P
ent+2Bt/2/ 2(ns+Bs) 44 — Pt P tR(=2p) / e2(s+Bs) 4g
0 0
t/2 P
_ o PPt !(/ 62((W2p)8+3s)ds> ] .
0

E <E

E

Putting all the pieces together, we deduce

t —2p _ _
</O ez(ns+Bs)dS> ] < 2P —n2p)tp [(It(/(;;Zp))> p] E [(It(ﬂ(nmo))) p] _

This completes the proof. ]

E

A.4 Lemmas of Chapter 5

Lemma 5 is the analogue of a result proved for linear semigroups of MGW processes. Now, we
provide a proof.

Lemma 5. If, for some \, H;j(\) < oo for a pair i,j, then H;j(A) < oo for alli,j € N. In
particular, the parameter

Ajj = sup{\ > o0 : H;j(\) < oo},
does not depend on i and j. The common value, A = A;j, is called the spectral radius of M.

Proof. Since M(t) is irreducible, for each i,j € N there exists ¢ty and ¢; such that M(¢y);; and
M((t1);; are positive. By applying the semigroup property, we get that
M(t +to)ij = M(to)iz M (t)5,
Mt +t1)j5 > M(to)ij M (t),;-
The first inequality implies that
Aij < Ajj,

while the second implies
Ajj < Aij

Thus we have that A;; = Aj; for all 7,5 € N. In a similar way we can prove that A;; = A;; for all
1,7 € N. O
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We provide here a technical lemma pertaining to an extended version of the Feynman-Kac
formula that is used in the main body of Chapter 5. Note that similar formulae have previously
appeared in the literature e.g. in the work of Chen and Song [26].

Lemma 19. Let (&,P) be a Markov chain on a finite state space E with Q matriz Q = (¢j)i jeE-
Let v : E xRy — R be a measurable function and F' : E x E x Ry — R be a Borel function
vanishing on the diagonal of E. Fori € E andt >0 and f: E — R, define

(1.0 = T = B | F@E | [ v(et - 9as| B | Pl gt =

s<t

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

Wi 1) =E; [F(6)] + E: [ [ et = sptent - s)ds]

t (A.25)

B | [ ST hG = (e g sas
0

JjEE
Moreover, if v and F' do not depend on t, the semigroup has infinitesimal matriz P given by,
pij = qize” ) (i) 1y, (A.26)
Proof. The Markov property implies the semigroup property. For each 0 < s <t define

t
Ay ::/ v(& t—r)dr Y F(§ &t —1).

s<r<t
Then,
t
Aot _ gAre _ / 0t — s)entds 4 3 et (eFE-Et=s) _ 1)
0 s<t

This implies,

t
h(i,t) = E; [f(&)] + E [/0 f(&)v(&s,t — s)eAs*ids] +E; Z F(&)ets—t (eF (E—bst=s) )

s<t

By the Markov property

h(i,t) =E; [f(&)] + E; [/0 v(&s,t — $)h(&s, t — s)ds] +E; Z h(&s,t — s)(eFE—Eat=s) _ 1)

s<t

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

t
Ei ZG(&S_,&Q,S) :Ez /OZG(§SayaS)QE57de

s<t yerR

Therefore, h satisfies (A.25). Using this expression, we can obtain the infinitesimal matrix. [
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