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Abstract

The first chapter concerns monotype population models. We first study general
birth and death processes and we give non-explosion and extinction criteria, moment
computations and a pathwise representation. We then show how different scales may
lead to different qualitative approximations, either ODEs or SDEs. The prototypes
of these equations are the logistic (deterministic) equation and the logistic Feller
diffusion process. The convergence in law of the sequence of processes is proved
by tightness-uniqueness argument. In these large population approximations, the
competition between individuals leads to nonlinear drift terms.

We then focus on models without interaction but including exceptional events
due either to demographic stochasticity or to environmental stochasticity. In the
first case, an individual may have a large number of offspring and we introduce the
class of continuous state branching processes. In the second case, catastrophes may
occur and kill a random fraction of the population and the process enjoys a quenched
branching property. We emphasize on the study of the Laplace transform, which
allows us to classify the long time behavior of these processes.

In the second chapter, we model structured populations by measure-valued
stochastic differential equations. Our approach is based on the individual dynam-
ics. The individuals are characterized by parameters which have an influence on
their survival or reproduction ability. Some of these parameters can be genetic and
are inheritable except when mutations occur, but they can also be a space location or
a quantity of parasites. The individuals compete for resources or other environmental
constraints. We describe the population by a point measure-valued Markov process.
We study macroscopic approximations of this process depending on the interplay be-
tween different scalings and obtain in the limit either integro-differential equations or
reaction-diffusion equations or nonlinear super-processes. In each case, we insist on
the specific techniques for the proof of convergence and for the study of the limiting
model. The limiting processes offer different models of mutation-selection dynamics.

Then, we study two-level models motivated by cell division dynamics, where the
cell population is discrete and characterized by a trait, which may be continuous. In
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particular, we finely study a process for parasite infection and the trait is the parasite
load. The latter grows following a Feller diffusion and is randomly shared in the two
daughter cells when the cell divides. Finally, we focus on the neutral case when the
rate of division of cells is constant but the trait evolves following a general Markov
process and may split in a random number of cells. The long time behavior of the
structured population is then linked and derived from the behavior a well chosen
SDE (monotype population).

Key words. Population models - Birth and death processes - large population approx-
imations - Continuous state branching processes - Branching processes in random envi-
ronment - Measure-valued Markov processes - Martingale properties - Two-level models
- Cell division dynamics.
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1 Introduction

This course concerns the stochastic modeling of population dynamics. In the first part,
we focus on monotypic populations described by one dimensional stochastic differential
equations with jumps. We consider their scaling limits for large populations and study
the long time behavior of the limiting processes. It is achieved thanks to martingale
properties, Poisson measure representations and stochastic calculus. These tools and
results will be used and extended to measure-valued processes in the second part. The
latter is dedicated to structured populations, where individuals are characterized by a
trait belonging to a continuum.

In the first section, we define birth and death processes with rates depending on the
state of the population and recall some long time properties based on recursion equations.
A pathwise representation of the processes using Poisson point measures is introduced,
from which we deduce some martingale properties. We represent the carrying capacity of
the underlying environment through a scaling parameter K € N and state our results in
the limit of large K. Depending on the demographic rates, the population size renormal-
ized by K is approximated either by the solution of an ordinary differential equation or
by the solution of a stochastic differential equation. The proofs are based on martingale
properties and tightness-uniqueness arguments. When the per individual death rate is
an affine function of the population size, in the limit we obtain either a so called logistic



equation or a logistic Feller diffusion process. The long time behavior of these limiting
dynamics is studied. Assuming a constant per capita death rate leads to a Feller diffusion
which satisfies the branching property: two disjoint subpopulations evolve independently.
In that case, specific tools using Laplace transforms can be used. We extend this class
of processes by adding jumps, which may be due either to demographic stochasticity or
to environmental stochasticity. We consider them separately and we characterize their
finite dimensional laws and long time behavior using the branching property, the genera-
tor and martingale properties. First, we focus on Continuous State Branching Processes
which arise as scaling limits of branching processes when the individuals may have a
very large number of offspring. This gives rise to a jump term whose rate is propor-
tional to the size of the population. Using the Lamperti transform, we can then both
describe their scaling limits and classify the long time behavior : extinction, absorption
at 0 or exponential growth to infinity. The second class of jump processes models random
environmental catastrophes, which kill a random fraction of the population. The con-
tinuous state process can be obtained as a limit of discrete particle systems, where the
demographic dynamics of the population and the environmental catastrophes occur on
different timescales. Now, only the quenched branching property holds and the long time
behavior of the Laplace exponent is more subtle. We recover the three usual regimes,
subcritical, critical and supercritical but the subcritical case is split in three sub-cases
leading to different asymptotics for the survival probability.

The second part concerns structured populations whose individuals are characterized
by a type taking values in a continuum. Two main examples are developed. The first one
models Darwinian evolution where the type is an heritable trait subject to to selection
and mutation. The second case describes cell division with parasite infection and the type
of a cell is the amount of parasites it carries. In both cases, the mathematical model is a
measure-valued Markov process with jumps. Therefore, we develop some stochastic tools
for such processes and use a pathwise representation driven by Poisson point measures
to obtain martingale properties. We consider different approximations of the process,
depending on the parameter K, which as before scales the population size but now also
the demographic rates. The limiting theorems are proved using compactness-uniqueness
arguments and the semimartingale decomposition of the measure-valued processes.

In the first two subsections, the population model includes mutations which may occur
during each birth event with some positive probability. The mutant inherits a random per-
turbation of the ancestor’s trait. The individuals compete for resources and the individual
death rate depends on the whole population trait distribution, leading to nonlinearities
in the limit. In the large population case, the limiting equation is a nonlinear integro-
differential equation. In the allometric case, when the demographic rates are much larger
but the mutation amplitude very small in an appropriate scale, the limiting object can be
either a nonlinear reaction-diffusion equation or a nonlinear super-process. The latter is a
continuous measure-valued process whose law is characterized by martingale properties.
Simulations show the qualitative differences between the trait supports for these different
asymptotics. It means that a change of scales in the parameters leads to quite different
evolutive scenarios. Let us point out that the classical models for population dynamics
in an ecological or mutational framework can thus be explained from the birth and death
processes describing the evolution of the population at the level of the individuals.

In the last two subsections, we describe two-level models motivated by cell division dy-
namics. First, we consider a finite population of dividing cells. The cells are infected by
parasites which may influence their division rates. The parasites are more abundant and



reproduce and die faster than the cells and their growth is modeled by a Feller diffusion.
When the cells divide, the parasite load is randomly shared in the two daughter cells.
Following a random cell lineage (by keeping one daughter cell at random at each division)
makes appear a Feller diffusion with catastrophes. When studying the number of infected
cells for large times, we obtain different regimes depending on the positivity or not of a
parameter based on the division rate, the parasite splitting law and the parasite growth
rate. Finally, we consider the long time behavior of a structured population when the
genealogical tree is a branching process. It allows multiple offspring and deaths. Between
the branching events, the individual traits evolve independently following a Markov pro-
cess. The ergodicity of a well chosen one dimensional auxiliary Markov process allows to
prove the convergence of the trait distribution within the population when time goes to
infinity.

Notation
For a Polish space E, P(FE) denotes the space of probability measures on F.

The spaces CZ(R), CZ(R+), CZ(R?) are the spaces of bounded continuous functions whose
first and second derivatives are bounded and continuous, resp. on R, R, R%.

In all what follows, C' denotes a constant real number whose value can change from one
line to the other.
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Part 1

Discrete Monotype Population Models
and One-dimensional Stochastic
Differential Equations

In the first chapter, we concentrate on one-dimensional models for population dy-
namics. After recalling the main properties of the birth and death processes, we study
different scaling limits using a martingale approach. Then we investigate the long time
behavior of some classes of limiting processes, in the case of large reproduction events or
random environment using the branching property.

2 Birth and Death Processes

2.1 Definition and non-explosion criterion

Definition 2.1. A birth and death process is a pure jump Markov process whose
jumps steps are equal to £1. The transition rates are as follows:

i —1+1 at rate N\
1 —=>1—1 at rate

(Ni)ien+ and (u;)ien+ being two sequences of positive real numbers and Ao = po = 0.



In this case, the infinitesimal generator is the matrix (Q; ;) defined on N x N by

Qiit1 =N, Qiic1=pi , Qii=—(Ni+pi), Qi; =0 otherwise.

The global jump rate for a population with size ¢ > 1 is \; + p;. After a random time
distributed according an exponential law with parameter \; 4+ u;, the process increases
by 1 with probability /\i/}:m and decreases by —1 with probability /\il‘ﬁﬂi' If A+ p =0,
the process is absorbed at 1.

Recall that if (P ;(t) : t € Ry) denotes the transition semigroup of the process, then
Pm#l(h) =M\Nh+ O(h) ; Pm'fl(h) = p; h+ O(h) ; Pw(h) =1- ()\1 + ,ui) h+ O(h)

Examples: The constant numbers A, u, p, ¢ are positive.
1) The Yule process corresponds to the case A; = i\, p; = 0.
2) The branching process or linear birth and death process : A\; = i\, p; = ip.
3) The birth and death process with immigration : \; =i\ + p, p; = ipu.
4) The logistic birth and death process : \; =i\, p; =ip+ci(i —1).

The following theorem characterizes the non-explosion in finite time of the process. In

this case, the process will be defined and will have a.s. finite value at any time t € R,.

Theorem 2.2. Suppose that A\; > 0 for all i > 1. Then the birth and death process has
almost surely an infinite life time if and only if the following series diverges:

1 Wi i - 2
il R e S [ . 2.1
; (Ai * Aidi—1 o A --)\2)\1> oo (2.1)

Corollary 2.3. If for any i, A\ < Ai, with A > 0, the process is well defined on R.

Remark 2.4. One can check that the birth and death processes mentioned in the examples
above satisfy this property and are well defined on R;.

Proof of Theorem 2.2. Let (T,,), be the sequence of jump times of the process and (S, )
the sequence of the inter-jump times,

Sn:Tn—Tnfl, \V/TZZl, TOZO, S():O

We define T, = lim,, T},. The process doesn’t explode almost surely and is well defined
on R, if and only if for any i > 1, P;(Ts < +00) = 0.

The proof consists in showing that the process doesn’t explode almost surely if and only if
the unique non-negative and bounded solution x = (z;);en of Q x = z is the null solution.
This proof is actually achieved for any integer valued pure jump Markov process. We will
then see that it is equivalent to (2.1) for birth and death processes.

For any i > 1, we set hl(-o) =1 and for n > 1,

h" = Ei(exp(~Tp)) = E; (eXp(— > Sk)) :
k=1

We have

n+1 n
Ez‘ <exp <—ZSk> |Sl> = exp(—Sl) Ei <EX31 (exp(—ZS;Q)) N
k=1 k=1

6



by the Markov property, the independence of S; and Xg, and since the jump times of
the shifted process are T;, — S1. Moreover,

E; <EX51 (exp(—ié@)) Z]P’ (Xs, =7) E; <exp ZSk ) Z Qi h
k=1

i 7 &
where ¢; = Zj# Qi j- Therefore, for all n > 0,

n+1 Q
h£n+1) =F; (Ez (exp(— Zsk)‘S1>> Z 0] h eXp( Sl))

k=1 Jj#t %
Since E;(exp(—51)) = [~ qie” #e %ds = 11—,
n+1 Qz,j (n) 929
Z +Qz J ( . )
J#i

Let (z;); be a non-negative solution of Qz = x bounded by 1. We get hl(-o) =12>ux
and thanks to the previous formula, we deduce by induction that for all i > 1 and for all
n €N, hl(n) > x; > 0. Indeed if hg-n) > xj, we get hEnH) > Z]# IQJL; . As z is solution
of Qr = x, it satisfies z; = Zj Qij v = Qiizi JrZ#i Qijxr; = —qiz; +Z#i Qi jxj, thus
ZH&Z 1%—11 xj = x; and hgnﬂ) > z;.

If the process doesn’t explode almost surely, we have T, = 400 a.s. and lim,, hl(n) =0.
Making n tend to infinity in the previous inequality, we deduce that x; = 0. Thus, in this
case, the unique non-negative and bounded solution of Qz = x is the null solution.

Let us now assume that the process explodes with a positive probability. Let z; =
E;(e~T>=). There exists i such that P;(Ts < +00) > 0 and for this integer i, 2; > 0.
Going to the limit with T, = lim,, T}, and T}, = Zzzl Sj, yields z; = lim,, hgn). Making
n tend to infinity proves that z is a non-negative and bounded solution of Qz = z, with
z; > 0. It ensures that the process doesn’t explode almost surely if and only if the unique
non-negative and bounded solution = = (z;);ey of Qx =z is x = 0.

We apply this result to the birth and death process. We assume that A\; > 0 for i > 1
and Ao = po = 0. Let (z;);eny be a non-negative solution of the equation Qz = z. For
n > 1, introduce A, = x, — xn_1. Equation Qx = x can be written zg =0 and

AnTpg1 — ()\n + ,U/n)SUn + pnTp-1 =Tn , Vn > 1.

1
Setting f,, = — and g, = @, we get
An An

Ar=z1; Do =A1 g1+ fizrs ... 5 D1 = D gn + frnTn.

Remark that for all n, A,, > 0 and the sequence (), is non-decreasing. If 1 = 0, the
solution is zero. Otherwise we deduce that

Api1 = fnxn+kagk+1 "InTkr + g1 gn 21.



Ry . e
Since (x)r is non-decreasing and defining r, = — + e + at ,un, it
)\n 1 )\k)\k:-i-l tee )\n A1 T )\n

follows that 7, x1 < Apt+1 < rp, n, and by iteration

n
zi(L+ri+-+ ) <zppr <1 H(1+rk).
k=1

Therefore we have proved that the boundedness of the sequence (zy), is equivalent to
the convergence of ), ry and Theorem 2.2 is proved. ]

2.2 Kolmogorov equations and invariant measure

Let us recall the Kolmogorov equations, (see for example Karlin-Taylor[51]).
Forward Kolmogorov equation: for all ¢,j € N,

dt

() = D Pip(t)Qrj=Piin1(HQjs1+ Pij1()Qj-15 + P j(t)Qj
P

= w1 Pijra(t) + X1 Pij1(t) — (A + ) Pij(t). (2.3)
Backward Kolmogorov equation: for all 4,5 € N,

dP; ;
dtJ t) = Z Qik Prj(t) = Qii—1Pi—1,;(t) + Qiiy1Piy1,5(t) + QiiPi5(t)
k

= JiPiog () + AP (t) — (s + 1) Py (8): (2.4)

Let us define for all j € N the probability measure
p;(t) =P(X(t) = j) = ZP(X(t) = j| X(0) = )P(X(0) = i) = Z]P’(X(O) = 1)P;;(t).

A straightforward computation shows that the forward Kolmogorov equation (2.3) reads

%(t) = Xj-1Pj-1() + w1 Py (t) — (A + p5) (1), (2:5)

This equation is useful to find an invariant measure, that is a sequence (g;); of nonnegative
real numbers with > ;4 < +oo and satisfying for all 7,

Aj—1@j—1+ pj+1 g1 — (A + ) g5 = 0.
2.3 Extinction criterion - Extinction time

Some of the following computation can be found in [51] or in [2], but they are finely
developed in [9].

Let Ty denote the extinction time and u; = P;(Ty < oo) the probability to see extinction
in finite time starting from state 1.

Conditioning by the first jump X7, € {—1,+1}, we get the following recurrence property:
for all ¢ > 1,

Aitip1 — (N + pi)w; + piui—1 =0 (2.6)



This equation can also be easily obtained from the backward Kolmogorov equation (2.4).
Indeed
U; = PZ(Ht >0,X; = O) = Pi(Ut{Xt = O}) = tli>m .Pi7o(t),
oo

d
an 4Py
20 (1) = piPso,0(8) + AiPis1o(t) — (i + i) Pro(t).

Let us solve (2.6). We know that ug = 1. Let us first assume that for a state N, Ay =0
and \; > 0 for ¢ < N. Define uEN) = P;(Ty < Tn), where Ty is the hitting time of N.
Thus u(])V =1let u% = 0. Setting

straightforward computations using (2.6) yield that for i € {1,--- ,N — 1}

N-—1
(1+Un) -1
k=i

e , . (N) Un
and in particular u = .
A1 - p 1 1+ Un

(N)

For the general case, let N tend to infinity. We observe that extinction will happen (or
T Bk

not) almost surely in finite time depending on the convergence of the series Z IR VE
1° k

o0
. Ha - g
Theorem 2.5. 1 _
rem (Z)f;)\l"')\k
to 1. Hence we have almost-sure extinction of the birth and death process for any finite

nitial condition.

= +00, then the extinction probabilities u; are equal

(i) If Z’ul k—U < o0, then fori > 1,

:(1+U ) 1 ,ul C ok
= M )‘k

There is a positive probability for the process to survive for any positive inital condition.

Application of Theorem 2.5 to the binary branching process (linear birth and
death process): any individual gives birth at rate A and dies at rate p. The population
process is a binary branching process and individual life times are exponential variables
With parameter A + p. An individual either gives birth to 2 individuals with probability

S + or dies with probability £ _w

Applying the previous results, one gets that when A\ < u, i.e. when the process is sub-
critical or critical, the sequence (Un)n tends to infinity with /N and there is extinction
with probability 1. Conversely, if A\ > pu, the sequence (Uyn)y converges to ﬁ and
straightforward computations yield u; = (u/\)".



Application of Theorem 2.5 to the logistic birth and death process. Let us
assume that the birth and death rates are given by

ANi=Ai; pi=pi+ci(i—1). (2.7)

The parameter ¢ models the competition pressure between two individuals. It’s easy
7'/“6

Ak
extinction of the process. Hence the competltlon between individuals makes the extinction
inevitable.

to show that in this case, the series Z diverges, leading to the almost sure

M1 B
— A )\k

diverges. The extinction time Tj is well defined and we wish to compute its moments.

Let us now come back to the general case and assume that the series

We use the standard notation

1 Ao A
T = —; 7Tn:M Vn > 2.
M1 M1 tn

Proposition 2.6. Let us assume that

[ee]
M1 g Z 1
P AL A — AnTn
Then
(i) For any a >0 andn > 1,

pn + 0  pip 1
A An Gn_1(a)’

Gn(a) = Ept1(exp(—aTy)) =1+

(ii) E1(To) = Y g>1 Tk and for every n > 2,

Mt - i
Z”HZ o 2 1—2 ZLJ

>1 iSht1 =1 \iSkr1 HE+1

Proof. (i) Let 7, be a random variable distributed as T,, under P, and consider the
Laplace transform of 7,,. Following [3, p. 264] and by the Markov property, we have

d
T Ly &+ Liyamn) (B )

where Y, &, 7,,_; and 7, are independent random variables, &, is an exponential random
variable with parameter A, + p, and 7,,_; is distributed as 7,,—; and P(Y,, = 1) =
1 =P, =-1)=A,/(An + in). Hence, we get

Gn-ala) = 23— (G"W)Gn-l(% T W )

and (2.9) follows.

10



(ii) Differentiating (2.9) at a = 0, we get

An 1
En(Tn—l) - En—i—l( ) + — n > 1.
n /~Ln
Following the proof of Theorem 2.5, we first deal with the particular case when Ay = 0
for some N >n, Exy(Tn-1) = }%N and a simple induction gives
N
1 P . Vi
Ep(Th 1) = — An---Aiml
Pn o D5y P i

We get Eq(Tp) = S0, m and writing E,(Tp) = S7_; Ex(Tk_1), we deduce that

YTy

i=k+1
In the general case, let N > n. Thanks to (2.8), Tp is finite and the process a.s. does
not explode in finite time for any initial condition. Then Ty — oo P,-a.s., where we
use the convention {Ty = +oo} on the event where the process does not attain N. The
monotone convergence theorem yields

En(T();TO < TN) N—> En(To).

—+00

Let us consider a birth and death process XV with birth and death rates (AY, u : k > 0)
such that (AY, ) = (Ag, px) for k # N and AN = 0, u¥ = un.
Since (Xt :t < Ty) and (XY : ¢t < T¥) have the same distribution under P,, we get

E, (To; To < Tn) = En (T9 Tg" < TR)
which yields
E.(Tp) = lim E, (T3 T8 <T{) < lim E, (T3"),
N—o0 N—o0

where the convergence of the last term is due to the stochastic monotonicity of Tdv with
respect to N under P,. Using now that Tév is stochastically smaller than Ty under Py,
we have also

E,(Ty) > En(T).
We deduce that

E.(Tp) = hm En( To = hm Zwk+z Z

=k+1
which ends up the proof. O
Exercise. Assume (2.8). Show that for every n > 0,
En+1(T3) = Z i 7Tz z+1 ;
n7Tn >n
E,1(T2) = - Z it Bip1 (T5) Vari i (T5).
n n >n

11



2.4 Trajectorial representation of birth and death processes

We consider as previously a birth and death process with birth rates (\,), and death
rates (pn)n. We write A, = A(n) and i, = p(n), where A(.) and pu(.) are two functions
defined on R,.. We assume further that there exist A > 0 and g > 0 such that for any
x>0,

Aa) <Az ple) < p(l+a?), (2.10)

This assumption is satisfied for the logistic case where A\(x) = Az and p(x) = cx(x—1) +
pn.

Assumption (2.10) is a sufficient condition ensuring the existence of the process on Ry,
as observed in Corollary 2.3.

Proposition 2.7. On the same probability space, we consider a Poisson point mea-
sure N(ds,du) with intensity dsdu on Ry x Ry (see Appendix). We also consider
a random variable Zy independent of N and introduce the filtration (Fi); given by
Fi=0(Zo, N((0,s] x A),s <t,A e BR;)).

The left-continuous and right-limited non-negative Markov process (Z;)i>o0 defined by

t
Zy = Zo +/0 /R (L)) = Lnzo ) <usnZe ) bu(zy) Nds,du) — (2.11)
+
is a birth and death process with birth (resp. death) rates (\p)n (resp. (fn)n)-
If forp > 1, E(Zf) < +o0, then for any T > 0,

E(sup Z7) < +o0. (2.12)
t<T

Proof. For n € N, let us introduce the stopping times
T, = inf{t > 0,Z; > n}.

For t > 0, we have

AT
Ziny, = Zg +/0 /R ((Zs— +1)P = Z8_) Ly<r(z,_yy N(ds, du)
+

tAT,
+/0 /R ((Zs— —1)r - Zf—) 1oz, )y<usa(Zo ) ru(Zo-)} N(ds, du).
+

The second part of the r.h.s. is non-positive and the first part is increasing in time,
yielding the upper bound

tATh
sup Zf/\T,L < Zg + / / ((ZS, +1)P — fo) liu<az._n N (ds, du).
s<t 0 R4

Since there exists C' > 0 such that (1+ 2)? — 2P < C(1 + 2P~ 1) for any x > 0 and by
(2.10), we get

tATn - t
E(sup 2%, ) SE(Zg)-f—C’)\E(/ Zs (l—i-Zfl)ds) §C<1+/ E( sup ZP) ds) ,
0 0

s<t u<sATp,
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where C' is a positive number independent of n. Since the process is bounded by n before
T, Gronwall’s Lemma implies the existence (for any T > 0) of a constant number Cr,
independent of n such that

E( sup ZF) < Crp. (2.13)
t<TAT,

In particular, the sequence (7)), tends to infinity almost surely. Indeed, otherwise
there would exist Ty > 0 such that P(sup, T, < Ty) > 0. Hence E(supycqnr, 27) >
n? P(sup,, T,, < Tp), which contradicts (2.13). Making n tend to infinity in (2.13) and
using Fatou’s Lemma yield (2.12). O

Remark that given Zp and N, the process defined by (2.11) is unique. Indeed it can
be inductively constructed. It is thus unique in law. Let us now recall its infinitesimal
generator and give some martingale properties.

Theorem 2.8. Let us assume that E(Z]) < oo, for p > 2.

(i) The infinitesimal generator of the Markov process Z is defined for any bounded mea-
surable function ¢ from Ry into R by

Lo(z) = A(2)(d(z +1) = ¢(2)) + pu(2)(¢(z — 1) — ¢(2)).

(ii) For any measurable function ¢ such that |¢(z)| + |Lo(z)| < C (1 + 2P), the process
M? defined by

M?zwaww@m—ALMAMS (2.14)

is a left-limited and right-continous (cadlag) (Fi)i-martingale.

(iii) The process M defined by

t

m:a—%jéwa%mawS (2.15)

s a square-integrable martingale with quadratic variation
t
(1) = [0+ (2 (2.16)
0

Remark that the drift term of (2.15) involves the difference between the birth and death
rates (i.e. the growth rate), while (2.16) involves the sum of both rates. Indeed the drift
term describes the mean behavior whereas the quadratic variation reports the random
fluctuations.

Proof. (1) is well known.

(i1) Dynkin’s theorem implies that M is a local martingale. By the assumption on ¢ and
(2.12), all the terms of the r.h.s. of (2.14) are integrable. Therefore M? is a martingale.

(iii) We first assume that E(Z3) < +oo. By (2.10), we may apply (ii) to both functions
¢1(x) = = and do(z) = 2% Hence My = Z, — Zo — [y(M(Zs) — u(Zs))ds and Z7 —
zZ8 — fot (MZs)(2Zs + 1) — w(Zs)(1 — 2Z;))ds are martingales. The process Z is a semi-
martingale and It6’s formula applied to Z2 gives that Z2 — Z2 —fg 27Zs(MZs)—p(Zs))ds—
(M) is a martingale. The uniqueness of the Doob-Meyer decomposition leads to (2.16).
The general case E(Zg) < 400 follows by a standard localization argument. O

13



3 Scaling Limits for Birth and Death Processes

If the population is large, so many birth and death events occur that the dynamics
becomes difficult to describe individual per individual. Living systems need resources
in order to survive and reproduce and the biomass per capita depends on the order of
magnitude of these resources. We introduce a parameter K € N* = {1,2,...} scaling
either the size of the population or the total amount of resources. We assume that the
individuals are weighted by %

In this section, we show that depending on the scaling relations between the population
size and the demographic parameters, the population size process will be approximate
either by a deterministic process or by a stochastic process. These approximations will
lead to different long time behaviors.

In the rest of this section, we consider a sequence of birth and death processes Z¥
parametrized by K, where the birth and death rates for the population state n € N are
given by Ax(n) and pg(n). Since the individuals are weighted by %, the population
dynamics is modeled by the process (X/<,t > 0) € D(R,,R) with jump amplitudes j:%
and defined for t > 0 by
_ztf
= 5
This process is a Markov process with generator
1 1
Lig(x) = A (Kw) (¢(w + 52) = 6(2)) + pc (Kz) ((x — 72) — d(x)). (32)

Therefore, adapting Proposition 2.7 and Theorem 2.8, one can easily show that if Ak (n) <
An (uniformly in K) and if

XK (3.1)

sup E((Xg")?) < 400, (3.3)
K
then
sup E(sup(X/)3) < 400, (3.4)
K t<T

and for any K € N*, the process
1 t

ME = XE - XE - = [ O(ZE) = pue(Z))as (35)
0
is a square integrable martingale with quadratic variation
1 t
)= g2z [ O (Z) + (2 (36)

3.1 Deterministic approximation - Malthusian and logistic Equations

Let us now assume that the birth and death rates satisfy the following assumption:
Ak (n) =nA (%) s wr(n) =np (%) , where the functions
A and o are non negative and Lipschitz continuous on R,
M) <A 5 p(e) < AL+ ). (3.7)

We will focus on two particular cases:
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The linear case: Ag(n) =n\ and px(n) = nu, with A\, u > 0.
The logistic case: Ag(n) =nX and pg(n) =n(u+ %n) with A, u, ¢ > 0.

By (3.3), the population size is of the order of magnitude of K and the biomass per capita
is of order % This explains that the competition pressure from one individual to another
one in the logistic case is proportional to %

We are interested in the limiting behavior of the process (X[, ¢ > 0) when K — co.

Theorem 3.1. Let us assume (3.7), (3.3) and that the sequence (X{)k converges in
law (and in probability) to a real number xog. Then for any T > 0, the sequence of
processes (X[, t € [0,T]) converges in law (and hence in probability), in D([0,T],R.), to
the continuous deterministic function (x(t),t € [0,T]) solution of the ordinary differential
equation

'(t) = () (M= (t) — p(z(t))) ;2(0) = zo. (3.8)
In the linear case, the limiting equation is the Malthusian equation

2(t) = 2(t) (A — p).

In the logistic case, one obtains the logistic equation

2(t) =x(t)(\— pu— cx(t)). (3.9)

These two equations have different long time behaviors. In the Malthusian case, depend-
ing on the sign of A — u, the solution of the equation tends to +oo or to 0 as time goes
to infinity, modeling the explosion or extinction of the population. In the logistic case

and if the growth rate A — p is positive, the solution converges to the carrying capacity
A—p

> 0. The competition between individuals yields a regulation of the population
e
size.

Proof. The proof is based on a compactness-uniqueness argument. More precisely, the
scheme of the proof is the following;:

1) Uniqueness of the limit.

2) Uniform estimates on the moments.

3) Tightness of the sequence of laws of (X[, ¢ € [0,T]) in the Skorohod space. We
will use the Aldous and Rebolledo criterion.

4) Identification of the limit.

Thanks to Assumption (3.7), the uniqueness of the solution of equation (3.8) is obvious.
We also have (3.4). Therefore it remains to prove the tightness of the sequence of laws
and to identify the limit. Recall (see for example [33] or [17]) that since the processes
(XE = XE + ME + AEK); are semimartingales, tightness will be proved as soon as we
have

() The sequence of laws of (sup,«p |X/|) is tight,

(43) The finite variation processes (M*) and AKX satisfy the Aldous conditions.
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Let us recall the Aldous condition (see [1]): let (YX)x be a sequence of JF;-adapted
processes and 7 the set of stopping times for the filtration (F;);. The Aldous condition
can be written: Ve > 0, Vn > 0, 36 > 0, K such that

sup sup P(|Yg —Ye'| >e) <n.
K>Ko 8,5'€7;5<8' <(S+8)AT

Let us show this property for the sequence (A%)r. We have

E(AK - AK]) < E( /S Sle|x<xf>—u<xf>|ds>

IN

CE </S/(1+(Xf)2)ds) by (3.7)

S

IN

CoE <sup(1 + (Xf)2)>

s<T

which tends to 0 uniformly in K as § tends to 0. We use a similar argument for ((M %))
to conclude for the tightness of the laws of (X ). Prokhorov’s Theorem implies the rel-
ative compactness of this family of laws in the set of probability measures on D(]0, 7], R),
leading to the existence of a limiting value Q.

Let us now identify the limit. The jumps of X have the amplitude % Since the mapping
x — sup;<p |Az(t)| is continuous from ([0, 7], R) into R, then the probability measure
Q only charges the subset of continuous functions. For any ¢t > 0, we define on ([0, 7], R)
the function

Yy(z) = 24 — 20 — /0 (AMzs) — p(zs)) xsds.

The assumptions yield
[ (2)] < C sup(1 + (w¢)?)
t<T

and we deduce the uniform integrability of the sequence (¢;(X))x from (3.4). The pro-
jection mapping x — x4 isn’t continuous on ([0, 7], R) but since @ only charges the con-
tinuous paths, we deduce that X — ¢4(X) is Q-a.s. continuous, if X denotes the canonical
process. Therefore, since @ is the weak limit of a subsequence of (£(X¥))x (that for
simplicity we still denote £(X*)) and using the uniform integrability of (1:(X%))x, we
get,

Eq(|+(X)]) = limE(|¢(X*)]) = im E(|M/]).

But o
E( M) < (B(ME)Y

tends to 0 by (3.6), (3.7) and (3.4). Hence the limiting process X is the deterministic
solution of the equation

x(t) = o —i—/o zs(Mzs) — p(zs))ds.

That ends the proof. O
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3.2 Stochastic approximation - Feller and logistic Feller diffusions

Let us now assume that

c
Arc(n) = (YK +A)5 pc(n) =n (YK +p+ 2n)., (3.10)
where 7, A, 4, ¢ are nonnegative constants and A > p. The coefficient v > 0 is called the
allometry coefficient. Such population model describes the behavior of small individuals
which are born or die very fast. As we will see in the next theorem, this assumption
changes the qualitative nature of the large population approximation.

Theorem 3.2. Assume (3.10) and (3.3) and that the random variables X< converge in
law to a random variable Xo. Then for any T > 0, the sequence of processes (X[ t €
[0,T]) converges in law, in D([0,T],Ry), to the continuous diffusion process (Xi,t €
[0,T7]) solution of the stochastic differential equation

t t
Xt—Xo—i—/ \/27Xsst+/ Xs(AN—p—cXs)ds. (3.11)
0 0

In this case, the limiting process is stochastic. Indeed there are so many birth and
death jump events that the stochasticity cannot completely disappear. Hence the term
V27vX;dB; models the demographic stochasticity. Its variance is proportional to the
renormalized population size. When ¢ = 0, we get the Feller diffusion equation

dX; = +/ 2’}/XtdBt + Xt()\ — ,u)dt (312)

If ¢ # 0, Equation (3.11) is called by extension the logistic Feller diffusion equation (see
Etheridge [32] and Lambert [55]).

Proof. Here again the proof is based on a uniqueness-compactness argument.

Let us first prove the uniqueness in law of a solution of (3.11). We use a general result
concerning one-dimensional stochastic differential equations (see Ikeda-Watanabe [15]
p.448). The diffusion and drift coefficients are of class C! and non zero on (0,+00)
but can cancel at 0. So Equation (3.11) is uniquely defined until the stopping time
T. = To AN T where Ty is the hitting time of 0 and Tt the explosion time. Furthermore,
0 is an absorbing point for the process. In the particular case where ¢ = 0 (no interaction),
the process stays in (0,00) or goes to extinction almost surely (see Subsection 4.1 and
Proposition 4.7). When ¢ > 0, the process goes to extinction almost surely, as recalled
below.

Lemma 3.3. For any x >0, P, (T =Tp < +00) =1 if ¢ > 0.

Proof of Lemma 3.3. Recall Ikeda-Watanabe’s results in [15] (see also Shreve-Karatzas
[19] Prop. 5.32). Let Y; denote the solution of the one-dimensional stochastic differential
equation dY; = o(Y;)dB; + b(Y;)dt. Let us introduce the two functions:

Az) = /lz exp <— /1 (zg((z) dy> dz; Z » d
st = e (= [ i) ([ oo ([ i) o2 o=

Then there is equivalence between the two following assertions:
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(a) For any y > 0, Py(TY =Ty < +o0) = 1.
(b) A(+0) = +o00 and (0T) < 4o0.

In our case, straightforward computations allow us to show that (b) is satisfied by the
solution of (3.11) as soon as ¢ # 0. O

Let us now prove that there exists a constant C7 7 such that

supsup E((X/)*) < Cur, (3.13)
t<T K

where C} 7 only depends on T'. Following the proof of Theorem 2.8 (iii), we note that

oxt — 0fy? — [ et 0ok o (el - 10— 2
AR (X 4 o) = (P ) ot 4 xS (K = o0 = (x99 s

is a local martingale. Therefore, using that (ac—i—%)?’%—(x— %)3—2:1:3 = %x, a localization
argument and Gronwall’s inequality, we get (3.13).
Hence, we may deduce a pathwise second order moment estimate:

supIE(sup(XtK)Q) <Cor, (3.14)
K t<T

where Co 7 only depends on T'. Indeed, we have
¢
XE=x+ mE +/ XEON = p— eXE)ds,
0
where M¥ is a martingale. Then, there exists Ch. > 0 with
B(sup(Xf)?) < (B + sup B(XEP) + E(sup(012?) ).
s<t s<t s<t

and by Doob’s inequality,

E(sg)(MSK)?) < CE((MX),) =CE </Ot (2vXE + )g(()\ +u+cX§<))ds> :

Finally Gronwall’s Lemma and (3.13) allow to get (3.14). The proof of the tightness
follows as in the proof of Theorem 3.1.

Let us now identify the limit. We consider a limiting value ). Remark once again that
since the mapping = — sup,«p |Az(t)| is continuous from D([0,7],R) into Ry, then Q
charges only the continuous paths. For any ¢t > 0 and ¢ € C%, we define on D([0, 7], R)
the function

B (@) = o) — Blao) — /0 Lé(as) ds,

where Lo(z) = v ¢"(x) + (A — p)z — cz?) ¢/(x). Note that |} (z)| < C fOT(l + x2)ds,
which implies the uniform integrability of the sequence (¥} (X)) by (3.13).
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Let us prove that the process (1} (X),t > 0) is a Q-martingale. That will be right as
soon as Eg(H (X)) = 0 for any function H defined as follows:

H(X) - gl(Xs1) e gk(Xsk>(wtl(X) - @(X)),

for0<sy <---<sp<s<tand gy, -, € Cp(Ry).
Now, ¢(X[) is a semimartingale and

t
(X[) = o(X") + MtK’¢ +/0 Ligp(XE)ds.

Moreover, if ¢ € CP, |Lx¢(z) — Lo(x)| < %(1 +2%) and
T C
E ( | o) - Lo(xs >|ds) < CE(sup(1 + [XX2). (3.15)
0 K “o<r

We denote by 1 (X) the similar function as 1} (X) with L replaced by L.

The function Hgx will denote the function similar to H with 1} replaced by wtK . We
write

Eq(H(X)) = Eq(H(X)) — E(H(X™)) + (Eq(H (X")) — E(Hk (X"))) + E(Hk (X")).

The third term is zero since ¥ (X*) is a martingale. It’s easy to prove the convergence
to 0 of the second term using (3.15). The first term tends to 0 by continuity and uniform
integrability. Hence we have proved that under () the limiting process satisfies the fol-
lowing martingale problem: for any ¢ € C}, the process ¢(X;) — ¢(Xo) — fot Lo(Xs)ds is
a martingale. We know further that for any T > 0, E(sup;«7(X¢)?) < 4+00. It remains to
show that under Q, (X;) is the unique solution of (3.11). Such point is standard and can
be found for example in Karatzas-Shreve [19] but we give a quick proof. Applying the
martingale problem to ¢(z) = x, then ¢(x) = 22, we get that X; is a square integrable
semimartingale and that X; = Xo + M; + fot Xs(A — p — cXs)ds and the martingale
part M; has quadratic variation fot 2vXsds. Then a representation theorem is used to
conclude. Indeed, let us increase the probability space and consider an auxiliary space
(', A',P") and a Brownian motion W defined on the latter. On Q x ', let us define

t

t 1
Bi(w,w :/1 2o d Mg (w +/1 =0 dW(W').
t(w, w') ) VX (X (w)20y dMs(w) | Lixw=0) (w')

It’s obvious that the processes B; and B? — t are continuous martingale on the product
probability space. Then B is a Brownian motion by the Lévy’s characterization. In
addition, we compute

E ((Mt — /Ot Md35>2> —E (/Ot 1{Xs(w)0}d<M>s> =0.

Thus, M; = fot V27X ,dB,, which ends the proof. O
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3.3 Selection strategy in random environments

In (3.11), the stochastic term is demographic in the sense that, as seen in the previous
section, it comes from a very high number of births and deaths. Another stochastic
term can be added to the deterministic equation to model a random environment. In
Evans, Hening and Schreiber [37], the authors consider the population abundance process
(Yz,t > 0) governed by the stochastic differential equation

dY; =Y (r — cYi) + oY dWy | Yo > 0, (3.16)

where (W})¢>0 is a standard Brownian motion.
The growth rate has a stochastic component whose o2 is the infinitesimal variance. The
process is well defined and has an explicit form which can be checked using It&’s formula:

B Yoexp ((r — %Q)tJrO'Wt)
! 1+Yt fgexp ((r—%)s + W) ds

Then Y; > 0 for all ¢ > 0 almost surely.

The authors deduce the long time behavior of the process depending on the sign of r — %2

We refer to [37] for the proof.

Proposition 3.4. 1. Ifr— %2 < 0, then lim;_, o Ys = 0 almost surely.

2. If r — %2 = 0, then liminf; .o ¥; = 0 almost surely, limsup,_,. Y; = oo almost

surely and lim;_ oo % fot Y.ds = 0 almost surely.

o2

3. If r — % > 0, then (Yy); has a unique stationary distribution which is the law
2 . . _ 4
F(% —1,%) =T(k,0), with density x — ka le=%.

Of course, a challenge is to consider a mixed model with demographic stochasticity and
random environment, consisting in adding the term /Y;dB; to the r.h.s. of (3.16). Some
work has been developed in this sense in [13] in the case without interaction ¢ = 0.
Modeling branching processes in random environment will be the aim of Section 5.

4 Continuous State Branching Processes

In this part, we consider a new class of stochastic differential equations for monotype
populations, taking into account exceptional events where an individual has a large
number of offspring. We generalize the Feller equation (3.12) obtained in Subsection 3.2
by adding jumps whose rates rates are proportional to the population size. The jumps
are driven by a Poisson point measure, as already done in Subsection 2.4. This class of
processes satisfies the branching property: the individuals of the underlying population
evolve independently. Combining this property with the tools developed in the first part,
we describe finely the processes, their long time behavior and the scaling limits they
come from.
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4.1 Definition and examples

Definition 4.1. Let r € R, v > 0 and p be a o-finite measure on (0,00) such that
Jo° (b A h2)p(dh) is finite. Let No(ds,dh,du) be a Poisson point measure on R with
intensity dsu(dh)du and Ny its compensated measure. Let B be a standard Brownian
motion independent of Ny and Zy an integrable non-negative random variable independent
of Ng and B.

The Continuous State Branching process (CSBP) Z associated with v, B, Ny and Zy is the
unique non-negative strong solution in D(R4,Ry) of the following stochastic differential
equation

t t t o] o) .
Zt:Zo+/ rsts—i—/ \/QVZSdBSJr/ / / 1<z, yh No(ds,dh,du).  (4.1)
0 0 0 Jo 0

The triplet (r,~y, p) is the characteristic triplet of the CSBP Z and identifies its law.

The difficulties in the proof of the existence and uniqueness come from the term /Z;
(which is non-Lipschitz for Z close to 0). We refer to Fu and Li [39] for a general frame-
work on the existence and uniqueness of such equations. In particular, the definition can
be extended to any initial non-negative random variable Xy. The fact that Zj has a finite
first moment and that [ (h A h*)u(dh) is finite allows to focus here on conservative
CSBP, i.e. for any ¢ > 0, E(Z;) is finite. We refer to the last part of this section for
non-conservative CSBP : these latter may blow up in finite time.

In the forthcoming Proposition 4.5 and Section 4.5, the Lamperti representation and scal-
ing limits of discrete branching processes will be proved to actually provide alternative
ways to construct and identify CSBP.

We recall from the previous section that the term /2vZ,dB; corresponds to continuous
fluctuations of the population size, with variance proportional to the number of individ-
uals. The last term describes the jumps of the population size whose rate at time s is
proportional to the size Z;_ and the distribution proportional to the measure p. The
jump term appears in the scaling limit when the individuals reproduction law charges
very large numbers (the second moment has to be infinite, see Section 4.5). The case
p(dz) = cz=(H¥dz (o € (1,2)) plays a particular role (see below), since the correspond-
ing CSBP is then a stable process. We stress that in the definition given above the jumps
appear only through the compensated Poisson measure, which uses the integrability as-
sumption on g. Thus, the drift term rZs can be seen as the sum of the drift term of a
Feller diffusion and the drift term due to the mean effect of the jumps.

4.2 Characterization and properties

Let Z be a CSBP with characteristic triplet (r,~, ). It’s a Markov process.

Proposition 4.2. The infinitesimal generator of Z is given by: for every f € Cg(]RJr),

ARG = ref @)@+ [ (10 = 1) = 1)) sutan).
We refer to the Appendix for complements on the semimartingale decomposition. We

note from the expression of A that the function z — 2% doesn’t belong (in general) to the
domain of the generator. But one can prove that C? functions with two first derivative
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bounded belong to the domain. It can be achieved by monotone convergence using non-
decreasing sequences of functions g, € C7 such that || ¢}, | + || g /oo is bounded and
there exists C' > 0 such that

AF) < C (L oo + 11 £ ll0) 2

for every z > 0.

Exercise. Prove that E,(Z;) = zexp(rt) for any t,z > 0 and that (exp(—rt)Z; : t > 0)
is a martingale. What can you say about the long time behavior of Z;? What is the
interpretation of r ¢

One can use the two-dimensional It6 formula.

We give now the key property satisfied by our class of processes. If necessary, we denote
by Z(*) a CSBP starting at z.

Proposition 4.3. The process Z satisfies the branching property, i.e.
7D L 7 L 7B (2 7eR,),

where Z et Z are independent CSBP’s with the same distribution.
Then the Laplace transform of Z; is of the form

E, [exp(—)\Zt)] = exp{—zut(\)}, with A > 0,

for some non-negative function uz and any z > 0.

Proof. To simplify the notation, we write X; = Z; + Z}, where Zy = z, Z, = Z and Z and
Z' are two independent CSBP’s. The process X satisfies a.s. :

t t
X: = Xp +/ rXsds+/ V2vZsdBs + \/2vZ'dB. (4.2)
0 0

t poo pZs— t poo pZl_
+ / / / hNo(ds, dh, du) + / / / WY (ds, dh, du)
0 JO 0 0 JO 0

where B and B’ are two independent Brownian motions and Ny and N/ are two inde-
pendent Poisson point measures on Ri with intensity dsp(dh)du. We introduce the real
valued process B” defined by

t V2vZsdBs + /27 Z'dB’ t

B;/ — / ]lZs>0 fy S S P)/ S S +/ ]lzs:()st
0 V27X 0

and note that B” is a Brownian motion by Lévy Theorem since it is a continuous local

martingale with quadratic variation equal to t. We also define the random point measure
N[ on R} by

N{(ds, dh, du) = No(ds,dh, du) 1<z, y + Nj(ds, dh, du),

where Né is the random point measure on R?} given by Né(ds, dh, [ui,ug]) =
Ny(ds,dh, [uy — Zs—,ug — Zs_]). The random measure N is also a Poisson point measure

22



with intensity dsu(dh)du since Ny and N/ are independent. Adding that (4.2) can be
rewritten as

t t t s) Xso
X; = Xo+ / rXds + / V27X, dB" + / / / hNY (ds, dh, du),
0 0 0 JO 0

the process X is a CSBP with initial condition z + Z.
Furthermore, the branching property ensures that for A > 0,

E, . {exp(—AZt)} =E, [exp(—)\Zt)}EZ/ {exp(—)\Zt)]

which yields the linearity of the Laplace exponent (taking the logarithm). O

Combining Propositions 4.2 and 4.3, we characterize the finite dimensional distributions
of a CSBP.

Corollary 4.4 (Silverstein [68]). Let A > 0. The Laplace exponent us(\) is the unique
solution of

0

ru (V) = —(w(V),  uo(h) =\, (43)

where 1 is called the branching mechanism associated with Z and is defined by
(A = —rA + A2 + / (e_)‘h 1+ Ah) u(dh). (4.4)
0

Proof. Applying Propositions 4.2 and 4.3 and defining z — f)(2) := exp(—Az) € CZ(R4),
we get P, fx(z) = exp(—zuy(N)) and

ou
aatPtf/\(l) = AP, fr(1) = — 59)

exp(—u¢(AN)).
Thus computing the generator for the function z — exp(—zus(\)) yields the result. [

An alternative proof of this result can be given by using It&’s formula to prove that
(exp(—vp—¢(N)Z) = t € [0,T1]) is a martingale if and only if v is the solution of (4.3). This
idea will be extended to the random environment in the next section.

Exercise. 1) Check that for any X > 0 and t > 0, ui(\) is the unique solution of the

av = 1.

2) Compute uy(\) for a Feller diffusion and deduce from it the extinction probability.

4.3 The Lamperti transform

The following result is fundamental for the trajectorial and long time study of CSBP,
since it allows to see these processes (whose dynamics are multiplicative) as the time
change of some Lévy processes (which are well known additive random processes). We
recall that a Lévy process is a cadlag process with stationary independent increments.
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Proposition 4.5 (Lamperti [57, 58]). Let Y be a Lévy process defined by
t oo
Yy i =yo+rt+vB; —|—/ / hN(ds,dh),
0 Jo

where r € R, v > 0, N s a Poisson point measure on Ri with intensity dsp(dh), N its
compensated measure and fooo (h A hz),u(dh) < oco. Writing Y+ for the process Y killed
when it reaches 0, the equation

Zy =Y

f—ngds (4.5)

has a unique solution Z fort > 0. This process Z is cadlag and distributed as the CSBP
with characteristic (r,7y, u) started at yo.

In particular, when p(dz) = cz=(1+¥dz (r = 0,4 = 0), we recover the stable Lévy
processes. A converse statement is given in the last part of this section. It relies on the
expression V; = Z,, with v, = inf{u : [ 8(Zs)ds > t}.

To prove Proposition 4.5, we use the followmg lemma, which we derive from Chapter 6
(random time changes) of Ethier & Kurtz [33].

Lemma 4.6. Let X be a cadlag process from Ry to Ry and B be a nonnegative continuous
function on Ry.. We define Ay := fg 1/8(Xy)du and assume that

1tli}m Ay = 400, T :=inf{t >0: Ay = 4+oo} =inf{t > 0: f(X;) =0} a.s.

(i) There exists a unique function T from Ry to [0,T) which is solution of the equation
A, =t
(ii) The process Z defined by Z; := X,, for t > 0 is the unique solution of Z; =
ng B(Zs)ds fort >0.
(m Martmgale problem) If (f fo s)ds it >0) is an (FiX); martingale, then
fo s)ds it > 0) is an (]:Z)t martmgale

Proof. (i) simply comes from the fact that ¢ — A; is an increasing bijection from [0,7")
to ]R+.
(79) is deduced from (i) by noticing that

A, =t t>0) <= 711=8(Z)ae < 1= fo s)ds (t>0). (4.6)

(Take care of the regularity of the processes).
To prove (#ii), we first check that {TS < t} = {A; > s} € F{X. The optional sampling

theorem ensures that if f Xt fo s)ds is an (F7X); martingale, then f(X,,) —
0 9(Xs)ds = fo )Tids is an (}—T(t))t martingale. Recalling from (4.6) that
Tl = B(X:,) = B(Zs) a.e, we get the result. O

Proof of Proposition /.5. The existence and uniqueness of the problem (4.5) come from
Lemma 4.6 (i) and (i7) with X = Y+ and B(z) = x. Indeed, we first note that
E(Y1) € (—00,00) and the following law of large numbers holds: Y;/t — E(Y7) a.s. Then
JoS1/Y ds = 0o a.s. Let us now check that the first time at which A; is infinite is the first
time at which Y'* reaches 0. The fact that inf{t > 0:Y," = 0} <inf{t > 0: 4; = oo} is
obvious. To get the converse inequality, we denote by 7" the non-decreasing limit of the
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stopping times T, = inf{t > 0 : Y; < €} for ¢ — 0 and prove that Y7 = 0 on the event
{T < oo} (quasi-left continuity). For that purpose, we use

TNt

(Vo) = F00) = [ QIOIds| P ) =

TeNt

for f € CZ(R.), where we have denoted by @Q the generator of Y:

QF () =1"(y) +7f"(y) + /D " (Fw+ b — £0) — BF ) )uldh).
Then a.s. on the event {T" < t}, we have
lim E(f (Yra) | Fr.ae) = £(0),

and using some non-negative function f € CZ(Ry) which coincides with z? in a neigh-
borhood of 0, we obtain Y7 =0 on {T' < oo}.

To check that the process given by (4.5) is indeed a CSBP, we use again the generator @) of
Y. Let us first note that the generator of Y ¥ is given by x — Qf(z) 1,50 for f € CZ(Ry).
Then Lemma 4.6 (iii) ensures that for f € CZ(R.),

120 - /O 2.Qf (Z2)ds

is a martingale. It identifies the distribution of the cadlag Markov process Z via its
generator Af(z) = 2Q f(z). More precisely, the uniqueness of the martingale problem is
required here to ensure the uniqueness of the distribution of the process and we refer to
Ethier & Kurtz [33], Theorem 4.1 in Section 4 for a general statement. In our particular
case, the proof can be made directly using the set of functions f)(z) = exp(—Az). Indeed,
the independence and stationarity of the increments of Y ensure the branching property
of Z. One can then follow the proof of Corollary 4.4 to derive E,(exp(—AZ;)) from A
and identify the finite dimensional distributions of Z. O

4.4 Long time behavior

In this section, the characteristic triplet (r,~, i) is assumed to be non identical to 0, to
avoid the degenerate case where Z is a.s. constant.

Proposition 4.7. (i-unstability) With probability one, Z; tends to 0 or to co as t — oo.
(ii-extinction probability) Denoting by n the largest root of 1, we have

Pz(tliglo Zy = 0) = exp(—2zn) (z>0).

In particular, extinction occurs a.s. if and only if r = —¢'(0) < 0.
(iii-absorption probability) P(3t > 0: Z, = 0) > 0 if and only if [ 1/¢(z)dx < cc.

As an illustration, which is left as an exercise, check that the CSBPs with characteristics
(r,0,0) and (0,0, x_21[0’1] (z)dz) have positive extinction probability but null absorption
probability. For stable CSBPs (including the Feller diffusion), extinction and absorption
coincide.
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Proof. (i) is a consequence of the Lamperti representation given in Proposition 4.5. In-
deed a non-degenerate Lévy process Y either goes to 400, —oo or oscillates and we stress
that Y is killed at 0 in the Lamperti transform. So

{/OOOstS—oo}C{Zttﬁf()}u{Ztt—ofoo}.

Adding that

o0 00
{/ Zsds < OO} C {Zt = Y‘F_OOZ 4s and / Zsds < oo} C {Zt Iz 0}
0 0 = 0
ends up the proof.

Concerning the extinction (ii), we first use (i) to write exp(—Z:) — 1{iim,_, ., z,—0} a8
t — oo. By the bounded convergence theorem, E,(exp(—2;)) — P,(limy_o Z; = 0).
Moreover, E.(exp(—Z;)) = exp(—zu(1)) by Proposition 4.3. Noting that the branching
mechanism v is convex (and non trivial), it is positive for z > 1 and negative for 0 < z < 7.
Thus, ut(1) = n as t — oo and P, (limy_0o Z¢ = 0) = exp(—27).

Let us finally deal with the absorption (iii). We note that P,(Z, = 0) =
limy ;00 exp(—zug(N)) = exp(—zuy(c0)) and recall from Proposition 4.4 that

A
——du =t.
/ut()\) w(w) ™

If u¢(\) is bounded for A > 0 (with some fixed ¢), then [ 1/t < oo (by letting A — c0).
Conversely the fact that u;(c0) < oo is bounded for ¢ > 0 forces [*°1/v(z)dz = +o0 (by
letting A and then t go to co). O

4.5 Scaling limits

In this section, we obtain the CSBP as a scaling limit of Galton-Watson processes. We
recall that a Galton-Watson process X with reproduction law v is defined by

Xn
Xn+1 = E Li,n;
=1

where (Li,n :1>1,n > 0) are i.i.d random variables with common distribution v.
Let us associate a random walk to this process, denoted by S. It is obtained by summing
the number of offspring of each individual of the Galton-Watson tree as follows :

S(] = Z(]a Sk-i-l = Sk + Lk_An"‘lvn -1

for each k € [Ay, Any1) and n > 0, where 4, = Z?:_& X;. Thus the increments of
the random walk S are distributed as v shifted by —1. This random walk S satisfies
Sty —Sa, =S (Lin — 1) = Xnp1 — X, s0 that

Xy = Sa, = Sy . (4.7)

which yields the discrete version of the Lamperti time change. It both enlightens the
Lamperti transform in the continuous setting (Proposition 4.5) and allows us to prove
the following scaling limit.
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Theorem 4.8. Let XX be a sequence of Galton- Watson processes with reproduction law
vk and [Kx] initial individuals. We consider the scaled process

1
K K
Z;t = ?X[vm] (t >0),
where (vi ) is a sequence tending to infinity. Denoting by S™ the random walk associated
with ZX, we assume that

1

K
where Y is a Lévy process. Then ZX = Z, where Z is the CSBP characterized by (4.5).

S{[{(UK.] =Y,

The Feller diffusion case (x = 0) is the only possible limit of Galton-Watson processes
with bounded variance (see [11]). It comes from the convergence of (Sx2q/K :t > 0) to
a Brownian motion under second moment assumption. More generally, the stable case
with drift 1(\) = —rA 4+ A" (o in (0, 1]) corresponds to the class of CSBPs which can
be obtained by scaling limits of Galton-Watson processes with a fixed reproduction law
(i.e. vg =v).

Several proofs of this theorem can be found. Omne can use a tightness argument and
identify the limit thanks to the Laplace exponent. Such a proof is in the same vein as
the previous section and we refer to [11] for details. As mentioned above, the proof can
also be achieved using discrete Lamperti transform (4.7) with an argument of continuity.
This argument can be adapted from Theorem 1.5 chapter 6 in Ethier-Kurtz [33] :

Lemma 4.9. Let Y be a Lévy process killed at 0 and 8 a continuous function. Assume
that Y& =Y, where YX is a cadlag process from Ry to Ry and define the process Z%
: K _vK K
as the solution of Z;* = ont B2 Vs Then Z" = Z.
4.6 On the general case.

What is the whole class of branching processes in the continuous setting? What is the
whole class of scaling limits of Galton-Watson processes? These two classes actually
coincide and extend the class of CSBPs with finite first moment (called conservative
CSBPs) we have considered above.

Theorem 4.10. [58, 20] The cadlag Markov processes Z which take values in [0, 0o] and
satisfy the branching property are in one to one correspondence with Lévy processes Y
with no negative jumps, through the equation

S Ve
Zy = ont 2,

Such a process Z is still characterized by a triplet (r,v, u), with » € R,y € Ry but the
measure p on R only satisfies that

/OOO (LA 2%)p(dz) < .

More specifically, the Laplace exponent u; of Z, which uniquely determines the finite
dimensional distributions, is the unique solution of
Out(N)
ot

= —th(u(N)), up(A) = A,
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where o
Y(A) == —rA+ X2 + / (e — 14 Ahlp<y)u(dh).
0

More generally, the results given above can be extended. Thus, the expression of the
generator A4 remains valid and Z is given by the following SDE (see Proposition 4 in [20])

t t t ol Ze
Zy = Z0+/ rZSds—l—/ \/2WZSdBS+/ / / hNy(ds, dh, du)
0 0 0o Jo Jo

t [e’s) Lo
T / / / hNo(ds, dh, du),
0 J1 0

where B is a standard Brownian motion, Ny(ds, dz, Elu) is a Poisson random measure on
R3 with intensity dsu(dz)du independent of B, and Ny is the compensated measure of Ny.

We stress that the class of CSBPs obtained now yields the (only possible) scaling limits
of Galton-Watson processes (or more generally discrete space continuous time branching
processes) [57, 58, 20].

A new phenomenon appears in the non-conservative case : the process may explode in
finite time.

Proposition 4.11. The CSBP Z blows up with positive probability, which means that
Py (Z; = 00) > 0 for some t > 0, if and only if

ds
(s)

> —0o0.

¢'(0+) = —co and /
0

In this section, we have focused on the size of the population Z;. The scaling limits
actually provide a natural notion of genealogy for the limiting object, see [30]. An other
point of view, using the flow of subordinators which comes by letting the initial size vary,
has been exhibited recently by Bertoin and Le Gall [12]. Finally, several extensions of
CBSPs have been considered. In particular, for CSBP with immigration, we refer to [39]
for the SDE characterization and to [19] for the Lamperti transform.

5 Feller Diffusion with Random Catastrophes

We deal now with a new family of branching processes taking into account the effects of
the environment on the population dynamics. It may cause random fluctuations of the
growth rate [13, 36] or catastrophes which kill a random fraction of the population [7].
Here, we are focusing on a Feller diffusion with catastrophes, in order to simplify the study
and fit with the motivations given in Section 8. We aim at enlightening new behaviors due
to the random environment and we refer to Subsection 5.4 for extensions and comments
on (more general) CSBP’s in random environment.

5.1 Definition and scaling limit

We consider the Feller diffusion (3.12) and add some random catastrophes, whose rates
are given by a function 7 and whose effect on the population size are multiplicative and
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given by some random variable F' taking values in [0, 1]. This process Y is defined as the
solution of the following SDE :

t t t [e’s) 1
Y; :yo—i—/ rYSds—i—/ \/2er5st—/ / / Ly< (v, )(1—0)Ys_Ni(ds,du,do)
0 0 0 JO 0

where B and N; are respectively a Brownian motion and a Poisson point measure on
R4+ x Ry x (0,1] with intensity dsduP(F € df), which are independent.
Thus, the random variable F is the intensity of the catastrophe. We assume that P(F >
0) =1 and P(F € (0,1)) > 0 to avoid absorption by a single catastrophe. Similarly, we
also assume that

E(log(F)) > —oo.

The rate 7 at which the catastrophes occur may depend on the population size. We refer
to Section 8 for motivations for cell division. More generally, the fact that 7 is increasing
is relevant when the catastrophe is actually a regulation of the population dynamics. We
may think about the effect of a treatment for an infected population or invasive species
or protocols for web treatment of tasks such as TCP...

Following Section 3.2, the process can be constructed as a scaling limit, which enlightens
the two time scales involved in the dynamics, namely the time scale of the demography of
the population and that of the catastrophes. It is achieved by considering a linear birth
and death process Y, starting from [Ky] individuals. Its individual birth and death rates
are given by A + K~ and pu + Kv. Moreover the process YX jumps with rate 7(n/K)
from n to [#n] where 6 is chosen randomly following the distribution F'. More precisely

t o]
Y = [Kyl+ /0 /0 (ﬂuSY;i(AJrKv) = Uy K (g k) <usyE (A+K7+M+Ky)> No(ds, du)
t oo
—/ / L <r(vi /iy (Yoo — [0 ])Ni(ds, du, df).
0 Jo

Then (Y, /K : t > 0) converges weakly to (Y; : t > 0) as K — 0o, see [5] for more details.
Taking the integer part of the population size after a catastrophe is convenient when
proving the convergence of the scaling limit via tightness and limiting martingale problem.
Other models in discrete space would yield the same limiting object. For example, each
individual could be killed independently with probability /' when a catastrophe occurs.
We also recall from the previous sections that scaling limits of other processes, such as
Galton Watson processes, lead to the Feller diffusion.

5.2 Long time behavior when catastrophes occur at a constant rate

In this section, we assume that 7(.) = 7 is constant and the successive catastrophes can
be represented by a Poisson point process { (T, Fx) : k > 0} on Ry x [0, 1] with intensity
TdtP(F € 0). The long time behavior of Y can be guessed thanks to the following
heuristic:

Y ~ Zt-HTkgtFk

where Z is a Feller diffusion with parameters (r,7) and all the catastrophes during the
time interval [0, ¢] have been postponed at the final time. We recall from Section 4.2
that Z; is equal to e"*M; where M is a martingale. We prove in this section (see the
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two forthcoming theorems) that Y; behaves as exp(rt)Ily < Fj = exp(K;) as t goes to
infinity, where

Ki:=rt+ Zlong—rt—i—/ / log(0)N1(ds, [0, 7], dB),
Ty <t

with Ny (ds, [0, 7], df) a Poisson point measure with intensity 7dsP(F € df) and K a Lévy
process. It turns out that the asymptotic behavior of Feller diffusions with catastrophes
will be inherited from the classification of long time behavior of Lévy processes. First,
we check that

Y; = exp(—K)Ys

is a continuous local martingale, which extends the result of Section 4.2 to random envi-
ronment.

Lemma 5.1. The process (Y; : t > 0) satisfies the SDE
— t —
Y, = o +/ e K2, [24Y,dB,. (5.1)
0
Proof. Since for every t € Ry, 0 < Y; < X;, where X; is a Feller diffusion, all the

stochastic integrals that we write are well defined. Applying the two dimensional [t0’s
formula with jumps to F(K¢,Y;) =Y;, with F(z,y) = exp(—z)y, we get

t
Y; =yo +/ —Ks [TY ds + WdB} / rY.e Ksds
0

t 0 1
+// / Yse*Ks—Ys,e*Ks—)nugTNl(ds,du,de)

Zyo+/ Ks\/27Y.dB, +/ / / Heflog )—1) 1,<,N(ds,du,df)
=yo+/ e K\ /2vY,dB;.
0

Then (Y; : t > 0) satisfies the SDE (5.1). O

We now state the absorption criterion.

Theorem 5.2. (i) If r < E(log(1/F))7, then P(3t >0:Y; =0) = 1.
(it) Otherwise, P(Vt > 0: Y; > 0) > 0.

For the proof, we first consider the quenched process, conditioned by the environment
FNi . Indeed the transformation Y;_ — zY;_ = Y; preserves the branching property of
the Feller diffusion. The Feller diffusion then undergoes deterministic catastrophes given
by the conditional Poisson point measure Nj.

Lemma 5.3 (Quenched characterization). (i) Conditionally on FN' and setting for
to,\>0 andt € [O,to},

(ty) =e A
u(t,y) =exp | — ,
Y P YA ffo e Ksds +1
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The process (u(t,Y;) : 0 <t < tg) is a bounded martingale.
(ii) For all t,\,yo > 0,

S AYo
E, (exp(=\Y;) | FM) =exp | — . 5.2
wo (xp(=A¥) | F2) p( wgexsdsﬂ) 52

Exercise. Prove that conditionally on ]:Nl, Y satisfies the branching property.
One may write a direct proof following Proposition 4.3 or use Lemma 5.3 (ii).

We stress that the non conditional (annealed) branching property does not hold. For-
mally, the quenched process can be defined on the probability space (2, F,P) := (Q¢ x
Qq, Fe ® Fyq,Pe @ Py) by using a Poisson Point process Ni(w) = Ny (we, wq) := Ni(w,) for
catastrophes and a Brownian motion B(w) = Bi(we, wq) := Bi(wg) for the demographic
stochasticity. Thus, the process Y conditioned on the environment FM = o(Kj) = o(F)
(quenched process) is given by Y (we,.) P, a.s.

Proof. Let us work conditionally on F~ " Using I1t6’s formula for a function u(t, y) which
is differentiable by parts with respect to ¢ and infinitely differentiable with respect to y,
we get

¢ 2
e, Y) = a0+ [ | FH6 T + S T ™ as
0

0s oy?
¢
+ @(SaYS)S_Ks/2 27?9st-
0 9y

The function u has been chosen to cancel the finite variation part, i.e. it satisfies

ou 9%u _
75 Y+ 87@/2(5,3/)7,@6 K=0  (s,y>0).

Then the process (u(t,Y;) : 0 < ¢t < tg) is a local martingale bounded by 1 and thus a
real martingale and (7) holds. We deduce that

By, (u(to, Yiy) | F™) = u(0, Yo),
which gives (i7). O
Before proving Theorem 5.2, we deal with the functional of the Lévy process involved in
the extinction.

Lemma 5.4. If r < 7E(log(1/F)), then liminf; o Ky = —oc0 and [;° exp(—K)ds =
+oo a.s.
Otherwise, limy_,oo Ky = +00 and fooo exp(—Ks)ds < 400 a.s.

Proof. If r < 7E(log(1/F)), then E(K;) < 0 and the Lévy process K; either goes to —oo
or oscillates. In any case, the sequence of stopping times

Ty =0, Ty :=inf{t > T +1: K; <0} < 400
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is finite for £ > 0. Then,

[e'e) Tk+1
/ exp(—Ks)ds > Z/ exp(—Ks)ds
0 =17 T
1
> Z/ exp(—(Kr,+s — Kr1,))ds =: ZXk,
k>170 k>1

where X} are non-negative (non identically zero) i.i.d. random variables. Then
Jo  exp(Ky)ds = +oo as. Conversely if 7 > 7E(log(1/F)), there exists ¢ > 0 such
that E(K7) — e > 0 and K; — et goes to +o0o a.s. Then

L:=inf{K;—es:s>0} >—oc0 a.s.
and [ exp(es)ds = 400 yields the result. O

Proof of Theorem 5.2. Integrating (5.2), we get by bounded convergence that

: o AYo
lim E -\Y;)) =E — .
100 Yo (exp(—AYY)) v (exp < YA fy° exp(—K)ds + 1>>

The process (Y; : t > 0) converges in distribution as ¢t — 400 to Y, whose distribution is
specified by the right hand side of the above limit. Letting A\ — 400, we get by bounded
convergence:

Py, (Voo = 0) = Ey, <exp (—7 = exi(()—Ks)ds>> . (5.3)

Recalling from Lemma 5.1 that (Y; : ¢t > 0) is a non-negative local martingale, we obtain
by Jensen’s inequality that (exp(—Y;) : t > 0) is a positive sub-martingale bounded by 1.
We deduce that the convergence towards Y, which is possibly infinite, also holds a.s.
Using Lemma 5.4, we obtain that the probability of the event

{liminf¥; = 0} = {lim inf By, = 0}

is either one or less than one depending on r < 7E(log(1/F)) or r > 7E(log(1/F)).
Moreover, the absorption probability of the Feller diffusion is positive (see Section 4.2) and
the Markov property ensures that Y is a.s. absorbed on the event {liminf; ,» Y; =0}. O

Let us note that the a.s. convergence relies here on the fact that (exp(—Y;) : t > 0) is a
bounded sub-martingale. This method can be adapted to study the long time behavior
of a conservative CSBP instead of using the Lamperti transform (see Section 4). We
describe now the speed at which the absorption occurs. The random environment makes
three asymptotic regimes appear in the subcritical case.

Theorem 5.5 (Growth and speed of extinction, [7]). We assume that E((log F)?) < co.
a/ If r < TE(log(1/F)) (subcritical case), then

(i) If TE(Flog F) + r < 0 (strongly subcritical regime), then there exists ¢c; > 0
such that for every yy > 0,

Pyo (Y: > 0) ~ clyoet(TJrT[E(F)*l]), as t— o0.
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(ii) If TE(F'log F) + r = 0 (intermediate subcritical regime), then there exists
ca2 > 0 such that for every yo > 0,

By, (Vi > 0) ~ coyot /2 UHTEE 1) as t— oo.

(iii) If TE(F log F')+r > 0 (weakly subcritical regime), then for every yo > 0, there
exists c3 > 0 such that

Py, (Y; > 0) ~ 3t ™3/ 2t TR 1)) as t— oo,
where x is the root of E(FXlog F') +r on (0,1).

b/ If r = TE(log(1/F)) (critical case), then for every yo > 0, there exists c4 > 0 such
that
Py, (Y > 0) ~ cqt ™2, as t— oo.

¢/ If r > TE(log(1/F)) (supercritical case), then there exists a finite r.v. W such that

e KY, — W as., {W =0} = { lim Y; = 0}.

t—o0 t—o00

The asymptotic results a/ — b/ rely on the study of P(Y; > 0) = E (f (fg 6_6K3d8>),
for t — oo, where f has a polynomial decay when x — oo and here § = 1. It is linked to
the asymptotic distribution of I; = inf{K, : s <t} and the different asymptotics appear
for P(I; > x) when ¢t — oo. The proof in [7] uses a discretization of fg exp(—BKs)ds of
the form >7 Hé’:o A; and the different regimes are inherited from local limit theorems
for semi-direct products [60].

5.3 Monotone rate of catastrophes

We first deal with increasing rates, which are relevent for the applications on cell infection
developped in the second part.

Proposition 5.6. We assume that 7 is a non-decreasing function.
(i) If there exists y1 > 0 such that r < E(log(1/F))7(y1), then

P(3t>0,¥i=0) =1
(i) If r > E(log(1/F)) sup,>o 7(x), then P(Vt>0: Y; >0) > 0.

Heuristically, if » < E(log(1/F))7(y1), as soon as Y > y;, the division rate is larger than
r(y1) and Theorem 5.2 (i) ensures that the process is pushed back to x;. Eventually, it
reaches zero by the strong Markov property, since each time it goes below 1, it has a
positive probability to reach 0 before time 1.

The proof can be made rigorous by using a coupling with a Feller diffusion with catas-
trophes occurring at constant rate 7(y;). Finally, we note that the case

r > E(log(1/F))r(x) for every x > 0; r = E(log(1/F)) SL;IST($)

remains open.

Let us now consider the case when 7 is non-increasing. The asymptotic behavior now

depends on

Te = ;Igf(;T(LL’) (5.4)
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Proposition 5.7. We assume that v is a non-increasing function.
(i) If r < E(log(1/F))r, then P(at >0, Y, = 0) ~ 1
(i1) Else, P(Vt >0, Y; > 0) > 0.

The proof is easier in that case and we refer to [5] for details.

5.4 Further comments : CSBPs in random environment

We have studied a particular case of continuous state branching processes in random en-
vironment. It can be extended in several ways. A general construction of Feller diffusions
in random environment has been provided by Kurtz [54]. It relies on the scaling and time
change

¢
Y, = exp(My) Z-,, where T = / exp(—M;)Asds,
0

M is a cadlag process and Z is a Feller diffusion and A is non-decreasing and absolutely
continuous w.r.t. Lebesgue measure.

In the case where M; = K; and A; = ~t, this construction leads to the Feller diffusion
with catastrophes. When M; is a Brownian motion and A; = ~t, we obtain a Feller
diffusion in a Brownian environment. Its asymptotic behavior is close to the one of Feller
diffusion with catastrophes and can be found in [13]. It uses the explicit expression of
the density of some functional of Brownian motion involved in the Laplace exponent of
the process.

The construction of Kurtz has been extended by Borovkov [16] to the case where A is
no more absolutely continuous. The time change can also be generalized to the stable
case but does not hold for general CSBP in random environment. We refer to [¢] for
the quenched construction without second moment assumptions, as a scaling limit, when
M has finite variations. Let us mention [7] for the asymptotic study of CSBP with
catastrophes, which extends the asymptotic results given in Section 5.2. New asymptotic
behaviors appear for the process, which may oscillate in (0, c0) in the critical regime.

A possible generalization of our results is the combination of Brownian fluctuations of
the drift and catastrophes

t t t
Y= Yo + / Y dMs + / V QP)/sYtsst - / ]1u<7'(Ys )(1 - 9)%7 N (d$7 du, d0)7
0 0 o JrRyx[oy 7

where dMg = rsds + 0.dBS and Nj is a Poisson Point Process with intensity ds dulP(F €
df) and both are independent of B. Such stochastic differential equations both integrate
small fluctuations and dramatic random events due to the environment. Finding a general

approach to deal with the long time behavior of CSBP in random environment is an open
and delicate question.
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Part 11

Structured Populations and
Measure-valued Stochastic Differential
Equations

In this chapter the individuals are characterized by some quantitative traits. Therefore
the population is described by a random point measure with support on the trait space.
We first study the measure-valued process modeling the population dynamics including
competition and mutation events. We give its martingale properties and determine some
scaling limits. Then we consider the particular case of cell division with parasite infection
and the Markov processes indexed by continuous time Galton-Watson trees.

6 Population Point Measure Processes

6.1 Multitype models

In the previous sections, the models that we considered described a homogeneous popula-
tion and could be considered as toy models. A first generalization consists in considering
multitype population dynamics. The demographic rates of a subpopulation depend on its
own type. The ecological parameters are functions of the different types of the individuals
competiting with each other. Indeed, we assume that the type has an influence on the re-
production or survival abilities, but also on the access to resources. Some subpopulations
can be more adapted than others to the environment.

For simplicity, the examples that we consider now deal with only two types of individuals.
Let us consider two sub-populations characterized by two different types 1 and 2. For
1 = 1,2, the growth rates of these populations are r; and r9. Individuals compete for
resources either inside the same species (intra-specific competition) or with individuals of
the other species (inter-specific competition). As before, let K be the scaling parameter
describing the capacity of the environment. The competition pressure exerted by an
individual of type 1 on an individual of type 1 (resp. type 2) is given by c;1/K (resp.
c21/K). The competition pressure exerted by an individual of type 2 is respectively given
by c12/K and c22/K. The parameters c;; are assumed to be positive.

By similar arguments as in Subsection 3.1, the large K-approximation of the population
dynamics is described by the well known competitive Lotka-Volterra dynamical system.
Let z1(t) (resp. x2(t)) be the limiting renormalized type 1 population size (resp. type 2
population size). We get

2y (t) = 21(t) (r1 — cin 21(t) — cr2 22(1));
:L'/2 (t) = .Z'Q(t) (7’2 — C21 a:l(t) — C22 T2 (t))

This system has been extensively studied and its long time behavior is well known. There

are 4 possible equilibria: the unstable equilibrium (0,0) and three stable ones: (Z1-,0),
(0, 22) and a non-trivial equilibrium (27, 23) given by

(6.1)

gF o M€ T TaC12 . 201~ TiCa
1 — 2 -
C11C22 — C12€21 C11€22 — C12€21
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Of course, the latter is possible if the two coordinates are positive. The (unique) solution
of (6.1) converges to one of the stable equilibria, describing either the fixation of one
species or the co-existence of both species. The choice of the limit depends on the signs
of the quantities roc11 — r1c91 and r1c220 — rocio which respectively quantify the invasion
ability of the subpopulation 2 (resp. 1) in a type 1 (resp. type 2) monomorphic resident
population.

One could extend (6.1) to negative coefficients ¢;;, describing a cooperation effect of
species j on the growth of species i. The long time behavior can be totally different.
For example, the prey-predator models have been extensively studied in ecology (see [13],
Part 1). The simplest prey-predator system

e

with 71,79, c12, 21 > 0, has periodic solutions.

(t) = 21(t) (r1 — cr2 2(t));

(6.2)
(t) = x2(t) (co1 x1(t) — 12),

NS =S

Stochastic models have also been developed, based on this two type-population model.
Following the previous sections, a first point of view consists in generalizing the logistic
Feller stochastic differential equation to this two-dimensional framework. The stochastic
logistic Lotka-Volterra process is then defined by

Xm(t) = Xl(t) (7“1 —C11 Xl(t) — C12 Xg(t)) dt + w/’lel(t)dBtl;
dXo(t) = Xao(t) (r2 — ca1 X1(t) — c22 Xo(t)) dt + /12 Xa(t)dBE,

where the Brownian motions B! and B? are independent and give rise to the demographic
stochasticity (see Cattiaux-Méléard [22]). Another point of view consists in taking ac-
count of environmental stochasticity (see Evans, Hening, Schreiber [37]).

Of course, we could also study multi-dimensional systems corresponding to multi-type
population models. In what follows we are more interested in modeling the case where
the types of the individuals belong to a continuum. That will allow us to add mutation
events where the offspring of an individual may randomly mutate and create a new type.

6.2 Continuum of types and measure-valued processes

Even if the evolution appears as a global change in the state of a population, its basic
mechanisms, mutation and selection, operate at the level of individuals. Consequently,
we model the evolving population as a stochastic system of interacting individuals, where
each individual is characterized by a vector of phenotypic trait values. The trait space X
is assumed to be a closed subset of R?, for some d > 1.

We will denote by Mp(X) the set of all finite non-negative measures on X. Let M be
the subset of Mp(X) consisting of all finite point measures:

M = {259”“ n>0,%1,...,T, € X}.
=1

Here and below, §, denotes the Dirac mass at x. For any p € Mp(X) and any measurable
function f on X, we set (i, f) = [ fdu.
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We wish to study the stochastic process (Y, t > 0), taking its values in M, and describing
the distribution of individuals and traits at time ¢. We define

Y; = 25){1?', (6.3)

N; = (Y;,1) € N standing for the number of individuals alive at time ¢, and X/, ..., XtNt
describing the individuals’ traits (in X).

We assume that the birth rate of an individual with trait x is b(z) and that for a popula-
tion v = le\il 04i, its death rate is given by d(z,C * v(x)) = d(=, Zfil C(z — x%)). This
death rate takes into account the intrinsic death rate of the individual, depending on its
phenotypic trait  but also on the competition pressure exerted by the other individuals
alive, modeled by the competition kernel C. Let p(z) and m(x, z)dz be respectively the
probability that an offspring produced by an individual with trait z carries a mutated
trait and the law of this mutant trait.

Thus, the population dynamics can be roughly summarized as follows. The initial pop-
ulation is characterized by a (possibly random) counting measure vy € M at time 0,
and any individual with trait z at time ¢ has two independent random exponentially dis-
tributed “clocks”: a birth clock with parameter b(z), and a death clock with parameter
d(z,C * Yi(x)). If the death clock of an individual rings, this individual dies and disap-
pears. If the birth clock of an individual with trait « rings, this individual produces an
offspring. With probability 1—p(x) the offspring carries the same trait x; with probability
p(z) the trait is mutated. If a mutation occurs, the mutated offspring instantly acquires
a new trait z, picked randomly according to the mutation step measure m(z, z)dz. When
one of these events occurs, all individual’s clocks are reset to 0.

We are looking for a M-valued Markov process (Y;):>0 with infinitesimal generator L,
defined for all real bounded functions ¢ and v € M by

N

Lo(v) = Z b(a")(1 = p(z")(d(v + 6,1) — $(v))

X

X |

£ 30w plat) [ 60+, — o0)mla )iz
=1
N

+ 3 (@, C 5 (@) (v - 8,) — 6(v)). (6.4)

=1

The first term in (6.4) captures the effect of births without mutation, the second term
the effect of births with mutation and the last term the effect of deaths. The density-
dependence makes the third term nonlinear.

6.3 Pathwise construction of the process

Let us justify the existence of a Markov process admitting L as infinitesimal generator.
The explicit construction of (Y;):>0 also yields two side benefits: providing a rigorous and
efficient algorithm for numerical simulations (given hereafter) and establishing a general
method that will be used to derive some large population limits (Section 7).
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We make the biologically natural assumption that the trait dependency of birth param-
eters is “bounded”, and at most linear for the death rate. Specifically, we assume

Assumption 6.1. There exist constants b, d, C, and o and a probability density function
m on R? such that for each x,z € X, ( € RT,

el

b(z) <b, d(z,¢) <d(1+0),
Clz )SC
n(z -

m(z,z) < x).

These assumptions ensure that there exists a constant 6, such that for a population
measure v = Zf\i 1941, the total event rate, obtained as the sum of all event rates, is

bounded by CN(1+ N).

Let us now give a pathwise description of the population process (Y;):>9. We introduce
the following notation.

Notation 1. Let N* = N\{0}. Let H = (H',..., H*,...) : M (RY)N" be defined by
H( M 0g,) = (To(1)s s Ta(n), 05 -+, 0, ...), where o is a permutation such that z,(;) =<
.. R Ty(p), for some arbitrary order < on RY (for example the lexicographic order).

This function H allows us to overcome the following (purely notational) problem. Choos-
ing a trait uniformly among all traits in a population v € M consists in choosing i
uniformly in {1,..., (v, 1)}, and then in choosing the individual number i (from the arbi-
trary order point of view). The trait value of such an individual is thus H'(v).

We now introduce the probabilistic objects we will need.

Definition 6.1. Let (0, F, P) be a (sufficiently large) probability space. On this space,
we consider the following four independent random elements:

(i) an M-valued random variable Yy (the initial distribution),

(ii) independent Poisson point measures Ni(ds,di,df), and N3(ds,di,df) on Ry x N* x
R™, with the same intensity measure ds (Zkzl (5k(di)) df (the “clonal” birth and

the death Poisson measures),

(i) a Poisson point measure No(ds,di,dz,df) on Ry x N* x X x R, with intensity

measure ds <Zk21 5k(di)) dzdf (the mutation Poisson point measure).

Let us denote by (Fi)i>0 the canonical filtration generated by these processes.

We finally define the population process in terms of these stochastic objects.

Definition 6.2. A (F;);>0-adapted stochastic process Y = (Yi)i>0 is called a population
process if a.s., for allt >0,

Y=Yy + / Opri(v, ) La<(veo 1} Yooy, ) (1—p(i (v, )y V1(ds, di, df)
[0,£] xN* x R+
—|—/ 0,14 " 1 (Y. (Yo ) m(H (Ys ),z No(ds,di,dz,df
ottt s TS0} OV Ve (Ve (v 2y Ve )

_/[Ot] N* xR+ Oi(v. ) Li<(v._, W go<d(Hi (Y, ),CxY,_ (Hi(Y, )))}Ng(ds,di,de) (6.5)
X N* x
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Let us now show that if Y solves (6.5), then Y follows the Markovian dynamics we are
interested in.

Proposition 6.3. Assume Assumption 6.1 holds and consider a solution (Yi)i>o of
(6.5) such that E(sup;«p(Yz,1)2) < +oo, YT > 0. Then (Y;)i>0 is a Markov process. Its
infinitesimal generator L is defined by (6.4). In particular, the law of (Y3)¢>0 does not
depend on the chosen order <

Proof. The fact that (Y;);>0 is a Markov process is classical. Let us now consider a

measurable bounded function ¢. With our notation, Yy = Zgofﬂ Omi(yvy)- A simple

computation, using the fact that a.s., ¢(Yz) = ¢(Yo) + <4 (¢(Ys— + (Y5 —Ys-)) —0(Ys-)),
shows that

o(Yz) = ¢(Yo) +/ (O(Yee + 0y, y) — d(Ysr)) Li<iva 10}

[0,t] xN* xR+

Lig<v(mi(vs ) (1—p(Hi (v, )} V1(ds, di, dO)
+f ((¥ee +82) — S(Yar)) Lserve 1y
[0,£] X N* x X x R+

L{o<b(Hi (Yoo )p(Hi (Yoo ) m(Hi (Y- ),2)} V2 (ds, di, dz, df)

)
+/ (0(Yse — Oy, y) — d(Ys-)) Ly 10}
[0,t] xN* xR+
1{0§d(Hi(YS_),C’*YS_(Hi(YS_)))}N3<d57 dz,d&)

Taking expectations, we obtain

E(¢(Y1)) = E(¢(Y0))

Y57

n { O(Yat Spv) — S(Y2)) DU (V2))(1 — p(H(Y2))

+ [ (D(Ys +62) — 6(Ye)) b(H' (Yo))p(H' (Ys)) m(H' (Yy), 2)dz

bﬁ
i

(00 ) = (V) AU (V). V(1) ) s
Differentiating this expression at ¢ = 0 leads to (6.4). O

Let us show the existence and some moment properties for the population process.

Theorem 6.4. (i) Assume Assumption 6.1 holds and that E ((Yp,1)) < oco. Then the
process (Yi)i>o defined in Definition 6.2 is well defined on Ry.

(ii) If furthermore for some p > 1, E ((Yp, 1)P) < oo, then for any T < oo,

E( sup (Y;, 1)P) < +o0. (6.6)
t€[0,T7]

Proof. We first prove (ii). Consider the process (Y;):>0. We introduce for each n the stop-
ping time 7, = inf {¢t > 0, (¥;,1) > n}. Then a simple computation using Assumption
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6.1 shows that, dropping the non-positive death terms,
sup (Y5, 1)P < <Y671>p+/ (Y, D)+ 1)P = (Ysr, DP) i<y, 1)y
s€[0,tATR) [0,tATR] X N* xR+

Lio<o(mi(veo) (—p(Hi(v,o ) NV1(ds, di, dO)
+ (¥ 1) 1P = Ve, D) sz
[0,tATR] XN* X X xR+

Lig<b(Hi (Ve ))p(Hi(Yso ) m(Hi(Ys_), ) N2(ds, di, dz, df).

Using the inequality (1+z)? —2? < Cp(1+2P~1) and taking expectations, we thus obtain,
the value of C}, changing from one line to the other,

B 1)< GE ([ @)+ ) as)

SE[0,tATR)
t
<, <1 +E (/ <y;w,1>pds>) |
0

The Gronwall Lemma allows us to conclude that for any 1" < oo, there exists a constant
Cp1, not depending on n, such that

E( sup (¥, 1)P)<Cpr. (6.7)
t€[0,TATn]
First, we deduce that 7,, tends a.s. to infinity. Indeed, if not, one may find Ty < oo such
that ey, = P (sup,, 7, < Tp) > 0. This would imply that E (SuPte[o,To/\Tn] Yy, 1)1’) >
er,n? for all n, which contradicts (6.7). We may let n go to infinity in (6.7) thanks to
the Fatou Lemma. This leads to (6.6).

Point (i) is a consequence of point (ii). Indeed, one builds the solution (Y;):>0 step by
step. One only has to check that the sequence of jump instants 7, goes a.s. to infinity as
n tends to infinity. But this follows from (6.6) with p = 1. O

6.4 Examples and simulations

Let us remark that Assumption 6.1 is satisfied in the case where

d(z,Cxv(x)) =d(x) + ax) /X C(x — y)v(dy), (6.8)

and b, d and « are bounded functions.

In the case where moreover, p = 1, this individual-based model can also be interpreted as a
model of “spatially structured population”, where the trait is viewed as a spatial location
and the mutation at each birth event is viewed as dispersal. This kind of models has been
introduced by Bolker and Pacala ([14, 15]) and Law et al. ([59]), and mathematically
studied by Fournier and Méléard [38]. The case C = 1 corresponds to a density-
dependence in the total population size.

Later, we will consider the particular set of parameters leading to the logistic interaction

model, taken from Kisdi [53] and corresponding to a model of asymmetric competition:
X = [074]7 d(l‘) =0, O‘(:L') =1, p(l‘) =D
2 1
b(x) =4— —y)=—=(1- .
(z) z, Cl-y) K < 1+ 1.2exp(—4(x — y))> (6.9)
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and m(z,z)dz is a Gaussian law with mean x and variance o2 conditioned to stay in

[0,4]. As we will see in Section 7, the constant K scaling the strength of competition
also scales the population size (when the initial population size is proportional to K). In
this model, the trait x can be interpreted as body size. Equation (6.9) means that body
size influences the birth rate negatively, and creates asymmetrical competition reflected
in the sigmoid shape of C' (being larger is competitively advantageous).

Let us give now an algorithmic construction of the population process (in the general
case), giving the size Ny of the population and the trait vector X; of all individuals alive
at time t.

At time ¢ = 0, the initial population Yy contains Vg individuals and the corresponding
trait vector is Xy = (Xé)lgig N,- We introduce the following sequences of independent
random variables, which will drive the algorithm.

e The type of birth or death events will be selected according to the values of a
sequence of random variables (Wj)ren+ with uniform law on [0, 1].

e The times at which events may be realized will be described using a sequence of
random variables (73 )ren with exponential law with parameter C'.

e The mutation steps will be driven by a sequence of random variables (Zj)ren with
law m(z)dz.

We set Ty = 0 and construct the process inductively for k& > 1 as follows.
At step k — 1, the number of individuals is N;_1, and the trait vector of these individuals
is XTk71 .

Let Tp = Thoy + Tk . Notice that Tk

Ng—1(Ng—1+1) R Nig—1(Np—1+1)
tween jumps for Nj_; individuals, and C'(Ng_1 + 1) gives an upper bound of the total
rate of events affecting each individual.

represents the time be-

At time T}, one chooses an individual iy = ¢ uniformly at random among the Ny_; alive in
the time interval [T_1,T}); its trait is erpkil. (If Ny_1 =0then Y; =0 for all t > Tj_1.)

d(Xt STURMCOXE - X7 ) .
e fO<W, < Thot 23:1 Tt Temr?” Wi (X7, _,), then the chosen in-
C(Ng-1+1)
dividual dies, and Ny = Nj_1 — 1.

o If Wi(Xr, ) < Wy < Wa(Xg,_,), where

, - [1—p(X4, )Ib(XE, )
WZ X — Wl X + _ k—1 k—1 ,
2( kal) 1( Tk71) C(Nk—l I 1)

then the chosen individual gives birth to an offspring with trait X%kq’ and Ni =
N, r—1+ 1.

o If Wi(Xr, ) < Wi < Wi(Xq,_,, Zy), where

p(Xg, OW(Xg, )m(Xg, Xo |+ Zk)
Cm(Zy)(Ng-1+1)

I

Wg(XTk—17Zk) = Wg(XTk—l) +

then the chosen individual gives birth to a mutant offspring with trait X%k—l + Z,
and N, = Np_1 + 1.
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o If Wy, > Wi(Xy,_,, Zk), nothing happens, and Ny = Nj_1.

Then, at any time ¢ > 0, the number of individuals and the population process are defined
by

- Z Ly <t<Tii ) Nk Z Yn<t<tiny Z 5X

k>0 k>0

The simulation of Kisdi’s example (6.9) can be carried out following this algorithm. We
can show a very wide variety of qualitative behaviors depending on the value of the
parameters o, p and K.

In the following figures (cf. Champagnat-Ferriere-Méléard [23]), the upper part gives the
distribution of the traits in the population at any time, using a grey scale code for the
number of individuals holding a given trait. The lower part of the simulation represents
the dynamics of the total population size Ny.

These simulations will serve to illustrate the different mathematical scalings described in
Section 7. In Fig. 1 (a)—( c¢), we see the qualitative and quantitative effects of increasing
scalings K, from a finite trait support process for small K to a wide population density
for large K. The simulations of Fig. 2 involve birth and death processes with large rates
(see Section 7.2) given by

b(x) = K"+ b(z) and d(z,()=K"+d(z)+ a(x)

and small mutation step o . There is a noticeable qualitative difference between Fig.2 (a)
where n = 1/2, and Fig.2 (b) where n = 1. In the latter, we observe strong fluctuations in
the population size and a finely branched structure of the evolutionary pattern, revealing
a new form of stochasticity in the large population approximation.

6.5 Martingale Properties

We give some martingale properties of the process (Y;):>0, which are the key point of our
approach.

Theorem 6.5. Suppose Assumption 6.1 holds and that for some p > 2, E ((Yy, 1)?) < 0.

(i) For all measurable functions ¢ from M into R such that for some constant C, for all
veM,|ow)|+|Lo(v)| < C(1+ (v, 1)P), the process

60) — o) - | ' Lo(Ya)ds (6.10)

is a cadlag (Fi)i>0-martingale starting from 0.

(ii) Point (i) applies to any function ¢(v) = (v, f)?, with 0 < ¢ < p — 1 and with f
bounded and measurable on X.

(iii) For such a function f, the process

Mf = (Vi ) — (Yo, f / A (0= st - de.c o vion) s

/ f(z)m(z, 2 dz}Y;(dw)ds (6.11)
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(a) p=0.03, K =100, o0 = 0.1. (b) p=0.03, K = 3000, c = 0.1.
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(c) p=0.03, K = 100000, o = 0.1.

Figure 1: Numerical simulations of trait distributions (upper panels, darker means higher
frequency) and population size (lower panels). The initial population is monomorphic
with trait value 1.2 and contains K individuals. (a—c) Effect of increasing the system size
(measured by the parameter K).
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(a) p=10.3, K = 10000, ¢ = 0.3/K"% n=05.  (b) p=0.3, K =10000, ¢ = 0.3/K"? n=1.

Figure 2: Numerical simulations of trait distributions (upper panels, darker means higher
frequency) and population size (lower panels) for accelerated birth and death and concur-
rently increased parameter K. The parameter 1 (between 0 and 1) relates the acceleration
of demographic turnover to the increase of system size K. (a) Case n = 0.5. (b) Case
n = 1. The initial population is monomorphic with trait value 1.2 and contains K indi-
viduals.
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s a cadlag square integrable martingale starting from 0 with quadratic variation

My, //{( (@)a) + do € Vifo) ) £2)

) [ 72 i, s faas, (6.12)

Proof. The proof follows the proof of Theorem 2.8. First of all, note that point (i) is
immediate thanks to Proposition 6.3 and (6.6). Point (ii) follows from a straightforward

computation using (6.4). To prove (iii), we first assume that F ((Yg, 1)3) < 00. We

apply (i) with ¢(v) = (v, f). This gives us that M7 is a martingale. To compute its
bracket, we first apply (i) with ¢(v) = (v, f)* and obtain that

i, 1) — (Yo, f / /{( Db(@)(F(x) + 2f(2) (Ya. 1))
T d(2,C  Ya(@) (Px) - 2f () {Ya, f>)>
Fpa) [ () + 26 Ve 1) mia z)dz}mdx)ds (6.13)

is a martingale. On the other hand, we apply the Ité6 formula to compute (Y;, f>2
from (6.11). We deduce that

00 = 7= [ 200y [ {0 pobio) - dlo. 0 vite) ) 10
/f (z,z dz} Yy (dz)ds — (M), (6.14)

is a martingale. Comparing (6.13) and (6.14) leads to (6.12). The extension to the case
where only F ((Yo, 1)2) < oo is straightforward by a localization argument, since also in
this case, E((M7/);) < oo thanks to (6.6) with p = 2. O

7 Scaling limits for the individual-based process

As in Section 2, we consider the case where the system size becomes very large. We scale
this size by the integer K and look for approximations of the conveniently renormalized
measure-valued population process, when K tends to infinity.

For any K, let the set of parameters C'x, bx, di, mg, px satisfy Assumption 6.1. Let
X be the counting measure of the population at time t. We define the measure-valued
Markov process (X/<);>o by

1
K K
XK =_— vk

As the system size K goes to infinity, we need to assume the

Assumption 7.1. The parameters Cg, bx, dx, mg and px are continuous, ( +—»
dg (x,C) is uniformly Lipschitz for v € X and

C(x)




A biological interpretation of this renormalization is that larger systems are made up of
smaller individuals, which may be a consequence of a fixed amount of available resources
to be partitioned among individuals. Indeed, the biomass of each interacting individual
scales like 1/K, which may imply that the interaction effect of the global population on
a focal individual is of order 1. The parameter K may also be interpreted as scaling the
amount of resources available, so that the renormalization of C'x reflects the decrease of
competition for resources.

The generator LX of (Y);>0 is given by (6.4), with parameters C, bk, di, mk, pk.
The generator L of (X/€);>¢ is obtained by writing, for any measurable function ¢ from
Mp(X) into R and any v € Mp(X),

LEG(v) = OB (H( X)) im0 = OB (d(Y /K ) )imo = LE 5 (Kv)

where ¢ (1) = ¢(11/K). Then we get

L¥60) = K [ (@)1 = p@) 0l + 58 = o(0) (o)

K [ b@pa@) 0l + 528 = 60)) mac (. dav(da)
+ K/X dr(xz,Cxv(x))(p(v — %596) —o(v))v(dr). (7.1)

By a similar proof as that carried out in Section 6.5, we may summarize the moment and
martingale properties of X,

Proposition 7.1. Assume that for some p > 2, E((X&,1)P) < +o0.
(1) For any T > 0, E(SUPte[O,T] (X[ 1)P) < 4o0.

(2) For any bounded and measurable function ¢ on Mg such that |p(v)| + |LE¢(v)| <
C(1+4(v, 1)P), the process qS(Xf{)—qS(Xé()—fg LE¢(XE)ds is a cadlag martingale.

(3) For each measurable bounded function f, the process

M = (X[ f) = (X))

/ / (bie () — dic (. C % X5 (2))) f(2) XK (dr)ds

//pK )br (z </f mK£EZ)dZ—f(:E)>XSK(dx)ds

1 a square integrable martingale with quadratic variation

(METy, = {/ /pK Vi (z (/ 2(2) mg (z,2)dz — f?(z ))XK(dx)d
4 / / (bic() + dic (2, C » X5 (2))) 12 () X & (dx)ds}. (7.2)
0 Jx
The search of tractable limits for the semimartingales (X f) yields different choices

of scalings for the parameters. In particular, we obtain a deterministic or stochastic
approximation, depending on the quadratic variation of the martingale term given in (7.2).
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7.1 Large-population limit

We assume here that b = b, dx = d, px = p, mxg = m. We also assume that X is a
compact subset of R? and we endow the measure space Mp(X) with the weak topology.

Theorem 7.2. Assume Assumptions 6.1 and 7.1 hold. Assume moreover that
supg E((XE,1)3) < 400 and that the initial conditions X{ converge in law and for
the weak topology on Mp(X) as K increases, to a finite deterministic measure .

Then for any T > 0, the process (XtK)tz() converges in law, in the Skorohod space
D([0,T], Mp(X)), as K goes to infinity, to the unique deterministic continuous function
€€ C([0,T], Mp(X)) satisfying for any bounded f : X — R

) = (€0, ) / / F@)[(1 = p))b(z) — d(z, C * £4(x))€s(d)ds

_|_/0 /Xp( </ f(z)m(z, 2z dz> &s(dx)ds (7.3)

The proof of Theorem 7.2 is left to the reader. It can be adapted from the proofs of
Theorem 7.4 and 7.6 below, or obtained as a generalization of Theorem 3.1. This result
is illustrated by the simulations of Figs. 1 (a)—(c).

Main Examples:
(1) A density case.

Proposition 7.3. Suppose that &y is absolutely continuous with respect to Lebesque
measure. Then for allt > 0, & is absolutely continuous where respect to Lebesgue
measure and & (dx) = &(x)dx, where &(x) is the solution of the functional equation

9&i(x) = [(1 — p(x))b(x) — d(z,C * &(2))] & (2) + /Rd m(y, )p(y)b(y)&e(y)dy
(7.4)

forallx € X andt > 0.

Some people refer to &(.) as the population number density.

Proof. Consider a Borel set A of R? with Lebesgue measure zero. A simple com-
putation allows us to obtain, for all ¢ > 0,

(&, 14) < (S0, 14) +b//1A )Es d:cds+b///1A m(x, 2)dzEs(dx)ds

By assumption, the first term on the RHS is zero. The third term is also zero, since
for any x € X, [, 1a(z)m(z, z)dz = 0. Using Gronwall’s Lemma, we conclude that
(&,14) = 0 and then, the measure &(dx) is absolutely continuous w.r.t. Lebesgue
measure. One can easily prove from (7.3) that the density function &(.) is solution
of the functional equation (7.4). O

(2) The mean field case. The case of structured populations with d(z,C * {(z)) =

d+ aC x &(x) with constant rates b, d, « is meaningful, and has been developed
in a spatial context where the kernel C' describes the resources available (see for
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example [53]). In this context, (7.3) leads to the following equation on the total
mass 1y = (&, 1):

ogng = (b—d)ny — a/ C(x — y)&(dx)&(dy). (7.5)
XXX

This equation is not closed in (n;); and presents an unresolved hierarchy of nonlin-

earities. In the very particular case of uniform competition where C' = 1 (usually

called "mean-field case”), there is a ”decorrelative” effect and we recover the clas-

sical mean-field logistic equation of population growth:

oy = (b —d)ng — an?.

(3) Monomorphic and dimorphic cases with no mutation. We assume here that
the mutation probability is p = 0. Without mutation, the trait space is fixed at
time O.

(a) Monomorphic case: All the individuals have the same trait 2. Thus, we
can write X = nf(2)d,, and then X/ = nf(2)s, for any time ¢. In this case,

Theorem 7.2 recasts into nf* (x) — ny(z) with & = ny(x)d,, and (7.3) reads

%nt(:ﬂ) = ny(z) (b(z) — d(z, C(0)ny(z))), (7.6)

When d(z,C *£(x)) = d+ aC x £(z), we recognize the logistic equation (3.9).

(b) Dimorphic case: The population consists in two subpopulations of individuals
with traits x and y, i.e. X = nf(z)0, + nf(y)d, and when K tends to infinity,
the limit of XX is given by & = ny(z)8, + ni(y)d, satisfying (7.3), which recasts
into the following system of coupled ordinary differential equations:

@ (@) = e (@) (b(z) — d(z, CO)ne(2) +Cla—y)ne(y)))
Cg (7.7)
Zre(y)=ne(y) (b(y)—d(y, C(0)nu(y)+C (y—z)ne())).

When d(z,C *{(x)) = d+ aC * {(x), we obtain the competitive Lotka-Volterra system
(6.1).

7.2 Large-population limit with accelerated births and deaths

We consider here an alternative limit of large population, combined with accelerated birth
and death. This may be useful to investigate the qualitative differences of evolutionary
dynamics across populations with allometric demographies (larger populations made up
of smaller individuals who reproduce and die faster, see [21], [25]).

Here, we assume that X = R%. Let us denote by Mg the space Mp(R%). It will be
endowed with the weak topology (the test functions are continuous and bounded). We
will also consider the vague topology (the test functions are compactly supported). We
assume that the dominant terms of the birth and death rates are proportional to K"
while preserving the demographic balance. That is, the birth and death rates satisfy
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Assumption 7.2. There exists a bounded continuous function v such that
b (z) = K"y(z) + b(z), dr(z,() = K"y(z) +d(=, ).

The functions b and d are continuous and satisfy the properties stated in Assumptions
6.1 and 7.1.

The allometric effect (smaller individuals reproduce and die faster) is parametrized by a
positive and bounded function v and by a real number 1 € (0,1]. A detailed discussion of
the biological meaning of these parameters in terms of allometry and life-history can be
found in [23]. Observe that 7 is a parameter scaling the speed of acceleration of the birth
and death rates when K — oo (births and deaths occur faster for larger 1) and that the
individual growth rate bx — dx stays bounded from above. In other words, the timescale
of population growth is assumed to be slower than the timescale of individuals’ births
and deaths. As in Section 7.1, the interaction kernel C' is renormalized by K. Using
similar arguments as in Section 7.1, the process X¥ = % Y is now a Markov process
with generator

L¥¢(v) =K | (K"(2)+b(x))(1 — px(2))(o(v + %6x) = ¢(v))v(dz)

Rd
FK [ (K9(0) 4 b@pi(a) [ (6l+ 328.) = 60)) mic (o )dev(da)
R B @) +d(, Cxr(@) (6l = %51) — o(v))v(dz).

As before, for any measurable functions ¢ on My such that |¢(v)| + |[LE¢(v)] < C(1 +
(v, 1)3), the process

H(XE) — p(x ) — / LK (X ) ds (7.8)

0
is a martingale. In particular, for each measurable bounded function f, we obtain

MEST = (X ) = x5
B /0 /Rd(b(“’) —d(z,C * XK (2))) f(2) X E (dz)ds (7.9)
_/ / prc () (Ky(z) + b(m))< F(2)mg (z, 2)dz — f(ﬂ?)>X§<(dx)ds

0 JR4 R

is a square integrable martingale with quadratic variation

<ty = 2 [ ] @R @) +000) + e, 5 XE @) ) X ()

v [ [ e + @) [ Pt - ) ) xEayis) (710

In what follows, the variance of the mutation distribution mpg is of order 1/K". That
will ensure that the deterministic part in (7.9) converges. In the large-population renor-
malization (Section 7.1), the quadratic variation of the martingale part was of order 1/K.
Here, it is of order K" x 1/K. This quadratic variation will thus stay finite provided that
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n € (0,1], in which case tractable limits will result. Moreover, this limit will be zero if
1n < 1 and nonzero if n = 1, which will lead to deterministic or random limit models, as
stated in the two following theorems.

We assume here that the mutation rate is fixed, so that mutation events appear more
often as a consequence of accelerated births. We assume

Assumption 7.3. (1) px = p.

(2) The mutation step density my(x,z) is the density of a random variable with mean
x, variance-covariance matriz X(x)/K" (where ¥(x) = (3;;(2))1<ij<d) and with
third centered moment of order 1/ K" uniformly in x (¢ > 0). (Thus, as K goes
to infinity, mutant traits become more concentrated around their progenitors).

(3) V'Y denotes the symmetric square root matriz of ¥ and the function /S~ p is Lips-
chitz continuous and bounded.

The main example is when the mutation density is the vector density of independent
Gaussian variables with mean z and variance o2(x)/K":

/2
277277(3:)) exp (—K"|z — af* /20% (x)) (7.11)

(e 2) =

where o2(z) is positive and bounded over R?.

Then the convergence results of this section can be stated as follows.

Theorem 7.4. (1) Assume that Assumptions 6.1-7.3 hold and that 0 <n < 1. Assume
also that the initial conditions Xé( converge in law and for the weak topology on
Mp as K increases, to a finite deterministic measure & and that

sup E(XE, 1)%) < +o0. (7.12)

Then, for each T > 0, the sequence of processes (XX) belonging to D([0, T], M)
converges (in law) to the unique deterministic function (&)i>0 € C([0,T], MF) sat-
isfying: for each function f € Cg(]Rd),

(&, ) = (%o, f) +/0 /Rd(b(a:) —d(z,C * &(2))) f(2)€s(dw)ds
Lo
*/0 /R gPlon®) N 8(2)83 f(2)€x(dx)ds, (7.13)

<ij<d

where 812]f denotes the second-order partial derivative of f with respect to x; and
zj (x=(z1,...,7q))-

(2) Assume moreover that there exists ¢ > 0 such that v(z)p(z)s*S(x)s > ¢||s||? for any
z and s in RY. Then for each t > 0, the measure & has a density with respect to
Lebesgue measure.
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Observe that the limit (7.13) is independent of € (0,1). As will appear in the proof,
this comes from the fact that the growth rate by — dx is independent of 1 and that the
mutation kernel mg (z, z) compensates exactly the dispersion in the trait space induced
by the acceleration of the births with mutations.

Remark 7.5. In case (2), Eq. (7.13) may be written as

06(r) = (b(w) — d(r, O G@)&() + 5 S BpSu&)e). (114

1<ij<d

Observe that for the example (7.11), this equation writes

2i6(x) = (b(a) — d(a, C = &(2)))& () + 5 A0>ypE)(). (7.15)

Therefore, Eq. (7.15) generalizes the Fisher reaction-diffusion equation known from clas-
sical population genetics (see e.g. [15]).

Theorem 7.6. Assume that Assumptions 6.1-7.3 hold and that n = 1. Assume also
that the initial conditions X{ converge in law and for the weak topology on Mg as K
increases, to a finite (possibly random) measure Xo, and that supyx E((X{,1)3) < +oc.
Then, for each T > 0, the sequence of processes (X)) converges in law in D([0, T], MF) to
the unique (in law) continuous superprocess X € C([0,T], M), defined by the following
equations :

sup E ((X;,1)%) < o0, (7.16)
t€[0,T]

and for any f € CZ(R?),

_ 1 [t
M = (X f) = Xo.0) =5 [ [ plan@) 3 E@se) X (da)ds

1<ij<d

— /0 /Rd f(x) (b(x) —d(z,C *x Xs(x))) Xs(dx)ds (7.17)

is a continuous martingale with quadratic variation

(W7, = 2 /O /R (@) () X (dr)ds. (7.18)

Remark 7.7. (1) The limiting measure-valued process X appears as a generalization of
the one proposed by Etheridge [32] to model spatially structured populations.

(2) The conditions characterizing the above process X can be formally rewritten as

O Xu(x) = (b(x) — dla, O Xu(2)) ) Xulo) + = 3 02 (vp Sy X)) + My
2

1<i,j<d

where M, is a random fluctuation term, which reflects the demographic stochasticity
of this fast birth and death process, that is, faster than the accelerated birth and
death process which led to the deterministic reaction-diffusion approximation (7.15).

(3) Asdeveloped in Step 1 of the proof of Theorem 7.6 below, a Girsanov’s theorem relates
the law of X; and the one of a standard super-Brownian motion, which leads us
to conjecture that a density for X; exists only when d = 1, as for super-Brownian
motion.

These two theorems are illustrated by the simulations of Figs. 2 (a) and (b).
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Proof of Theorem 7.4 (1) We divide the proof in six steps. Let us fix 7' > 0.

Step 1 Let us first show the uniqueness of a solution of the equation (7.13).
To this aim, we define the evolution equation associated with (7.13). It is easy to prove
that if £ is a solution of (7.13) satisfying sup,cp 77(&t, 1) < 00, then for each test function

Yi(z) = Y(t,z) € C;’z(RJr x R%), one has

() = (eortn)+ [ [ 000) —dlo.C = sl e s
// dsb(s, ) + 7 Zzw )05 s(x))Es(da)ds. (7.19)

Now, since the function /X~ p is Lipschitz continuous, we may define the transition
semigroup (P;) with infinitesimal generator f % Z 2ija§j f. Then, for each function

7‘7
f € C2(R?) and fixed t > 0, choosing ¥s(z) = P, f(z) yields

G = @b+ [ [ 00 - e Cre @A (720)

since ds1)s(x) + 1v(z)p(z) > Zij (:U)@%l/}s(x) = 0 for this choice.

We now prove the uniqueness of a solution of (7.20). )
Let us consider two solutions (§)i>0 and (&)¢>0 of (7.20) satisfying sup;¢o 11 (& +&,1) =
A1 < +00. We consider the variation norm defined for p1 and po in Mg by

|1 — paf| = sup | {1 — p2, ) - (7.21)
feL=(RY), |[fllea<1

Then, we consider some bounded and measurable function f defined on X such that
[|fllooc <1 and obtain

t
’<§t_§taf>’§/0

/
0

Since || f|loo < 1, then ||Pi—sf||oo < 1 and for all z € RY,

| Jed) = & (d0)] 0a) = (. C + £(0)) P ()| ds

&s(dz)(d(@, C # &(2)) — d(x, C + &s(2))) Pros f ()

R4

ds. (7.22)

|(b(z) — d(w,C % &(x))) Pr—s f (x)| < b+ d(1+ CAr).

Moreover, d is Lipschitz continuous in its second variable with Lipschitz constant K.
Thus we obtain from (7.22) that

t
(& =& f)1 < [5+J(1+CAT)+KdATC]/O 15 — &sllds. (7.23)

Taking the supremum over all functions f such that |[f[|c < 1, and using Gronwall’s
Lemma, we finally deduce that for all t < T, ||{ — &|| = 0. Uniqueness holds.
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Step 2 Next, we would like to obtain some moment estimates. First, we check that for
any T > 0,

sup sup E((XtK,1>3) < 00. (7.24)
K t€[0,T]

To this end, we use (7.8) with ¢(v) = (v, 1)3. (To be completely rigorous, one should first
use ¢(v) = (v,1)3 A A and let A tend to infinity). Taking expectation, we obtain that for
all £ >0, all K,

E((X/*,1)°) =E ((X7",1)°)
s e [ (@ + ol {1 )+ g - (0
+ {K"y(z) + Kd(z,C * XF(2))} {[(Xf, 1) — %]3 —(xK, 1>3} )Xf(dx)) ds.

Dropping the non-positive death term involving d, we get

E ((X{,1)%) <E (X5, 1)%)
e e[ (9 {eesa + L e e - L e
0 R4 K K

+ Kb(z) {[<X§<, 1)+ 2P - (X 1>3} >X8K(dx)>ds.

But for all z > 0, all € € (0,1], (z+€)3—2® < 6e(1+22) and |(z+€)>+(v—¢)3—223| = 6622
We finally obtain
t
B (0K, 1)) < B (1) +.C [ B (X5, 1) 4 (X5, 1)7 4 (X0,1)%) ds.
0
Assumption (7.12) and Gronwall’s Lemma allow us to conclude that (7.24) holds.

Next, we wish to check that

supE( sup (X7, 1)?) < o0. (7.25)
K te[0,T7]

Applying (7.9) with f = 1, we obtain
t
(X 1) = (X8, 1) + / / (b(z) — d(z,C * XX (2))) XX (dz)ds + M.
0 Jx

Hence

t
sup (XSK,1>2 < C<<X§,1)2 —|—b/ <X5K,1>2ds+ sup MSKJP).
s€[0,4] 0 s€[0,1]

Thanks to (7.12), the Doob inequality and Gronwall’s Lemma, there exists a constant C;
not depending on K such that

E( sup (X, 1)?) < Cy (1 +E ((M51),)).
s€[0,t]

Using now (7.10), we obtain, for some other constant C; not depending on K,

B () <0 [ (3(005,1 + (X1 yas <
0
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thanks to (7.24). This concludes the proof of (7.25).

Step 3 We first endow Mp with the vague topology, the extension to the weak topology
being handled in Step 6 below. To show the tightness of the sequence of laws Q¥ =
L(XE) in P(D([0,T],(Mp,v))), it suffices, following Roelly [66], to show that for any
continuous bounded function f on R? the sequence of laws of the processes (XX, f)
is tight in D(]0, T],R). To this end, we use the Aldous criterion [!] and the Rebolledo
criterion (see [17]). We have to show that

SupE( sup |<XtK,f)|) < 00, (7.26)
K t€(0,T]

and the Aldous condition respectively for the predictable quadratic variation of the mar-
tingale part and for the drift part of the semimartingales (X%, f).

Since f is bounded, (7.26) is a consequence of (7.25): let us thus consider a couple (.5, S")
of stopping times satisfying a.s. 0 < S < 8" < S+ < T. Using (7.10) and (7.25), we get
for constants C, C’

S+6

E ((MK’f>5/ - <MK’f>S> < CE (/S (XK 1) + (XK 1)2) ds> < 'S,

In a similar way, the expectation of the finite variation part of (X 5 Jf) — (XK f) s
bounded by C’6.
Hence, the sequence (QF = £(X X)) is tight in P(D([0,T], (MF,v))).

Step 4 We want to get a convergence result with Mp endowed with the weak topology.
To this aim, as in [18] Lemmas 4.2 and 4.3, we use a sequence of functions which will
help to control the measures outside the compact sets.

Lemma 7.8. There ezists a sequence (f,)n of elements of CZ(R%,[0,1]) such that
fan=0 onB(0,n—1); fn,=1 on B(0,n)¢,
where B(0,r) is the euclidian ball centered in 0 with radius r, which satisfies

lim limsup E (sup(XtK,fn>> =0. (7.27)

n=00 K 00 t<T
We refer to [18] for the proof of Lemma 7.8.

Step 5 Let us now denote by ) the weak limit in P(D([0, T, (MF,v))) of a subsequence
of (@) which we also denote by (Q¥). Let X = (X;);>0 a process with law Q. We remark
that by construction, almost surely,

sup sup (X f) — (X5 DI < UK.
t€[0,T] fEL>(RY)]|f]loo<1

Since, for each f in a countable measure-determining set of continuous and compactly
supported functions on R, the mapping v — sup,<q [(v, f) — (—, f)| is continuous on
D([0, T], (Mp,v)), one deduces that @ only charges the continuous processes from [0, T
into (Mp,v). Let us now endow Mp with the weak convergence topology and check that
@ only charges the continuous processes from [0, 7] into (Mg, w), and that the sequence
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(Q¥) in P(D([0, T], (Mg, w))) converges weakly to Q. For this purpose, we need to control
the behavior of the total mass of the measures. We employ the sequence (f,,) of smooth
functions introduced in Lemma 7.8 which approximate the functions 1;,>,}. For each
n € N, the continuous and compactly supported functions (f,; := fn(1 — f1))ien increase
to fn, as [ — oo. Continuity of the mapping v +— sup;«p (v, frng) on D([0,T], (Mp,v)),
and its uniform integrability deduced from (7.25), imply the bound

E (sup(Xt, fnl>> = hm E (sup(XtI(,fn’Q) < hmme (sup(XtK,fn>> )
t<T K—o0 t<T K—o0 t<T

Taking the limit, | — oo, in the left-hand-side, in view of the monotone convergence
theorem and respectively (7.25) and Lemma 7.8, one concludes that for n = 0,

E <sup(Xt, 1)) =K (sup(Xt,f())) < 400 (7.28)
t<T t<T
and for general n,
lim E <Sup<Xt, fn)> = 0. (7.29)
n—oo tST

As a consequence one may extract a subsequence of the sequence (sup;<7(X¢, fn))n that
converges a.s. to 0 under @, and the set of measures (X;)i<7 is tight Q-a.s. Thus (Xj,)
is relatively compact for any s, — t. Moreover the unique limiting measure is X; since
@ also only charges the continuous processes from [0, 7] into (Mg, v). One deduces that
@ also only charges the continuous processes from [0, 7] into (Mg, w).

According to Méléard and Roelly [1], to prove that the sequence (Q¥) converges weakly
to @ in P(D([0,7T],(Mp,w))), it is sufficient to check that the processes ((X%,1) =
((XE,1))i<r) K converge in law to (X, 1) = e ((Xt,1))e<r in D(]0, T],R). For a Lipschitz
continuous and bounded function F' from D([0, T],R) to R, we have

lim sup E(F((v,1)) = F((X,1))| < lim sup lim sup IE(F((X5, 1) — FUX®, 1= fa))]

+ limsup limsup [E(F((X®,1 = £,)) — F(X,1 = £.)))|

n—oo  K-—oo

+ limsup [E(F((X, 1~ £,)) = F((X, 1)

Since |F((X, 1~ fu)) — F({(X,1))] < Csup,<p(X, fn), Lemma 7.8 and (7.29) respectively
imply that the first and the third terms in the r.h.s. are equal to 0. The second term is
0 in view of the continuity of the mapping v — (v,1 — f,,) in D([0, T], (Mp,v)).

Step 6 The time 7" > 0 is fixed. Let us now check that almost surely, the process X
is the unique solution of (7.13). Thanks to (7.28), it satisfies sup,cpg 7)(X¢t, 1) < +00 ass.,
for each T. We fix now a function f € C3(R?) (the extension of (7.13) to any function f
in C7 is not hard) and some ¢ < T.

For v € C([0,T], MF), denote

) = (. ) — (.S / [ bla) = d,C < vifa)) fahda)ds,
_ /0 /R @) Zzw 2)vs(dz)ds. (7.30)
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Our aim is to show that
E (¥ (X) + ¥7(X)]) =0, (7.31)

implying that X is solution of (7.19).
By (7.9), we know that for each K,

M = W (XF) + P (x5,

where

UEE (XK = //Rd z) + b(x))

X < fE)mg(x, 2)dz — f($)>X§(dx)ds. (7.32)
Rd
Moreover, (7.25) implies that for each K,

n n
E (1M 2) =E ((M51),) < CfK (/ ((XE 1) + (XK, 1) }d) Cf’;(K,

(7.33)

which goes to 0 as K tends to infinity, since 0 < 1 < 1. Therefore,

lim B W} (X5) + 025 (X5)) = 0.

Since X is a.s. strongly continuous (for the weak topology) and since f € C} (R%) and
thanks to the continuity of the parameters, the functions ¥} and ¥? are a.s. continuous
at X. Furthermore, for any v € D([0, T, MF),

T
[Tl (v) + U2 (v)| < Cf/o (14 (vs,1)%) ds. (7.34)

Hence using (7.24), we see that the sequence (U} (XH) 4+ U2(XK))x is uniformly inte-
grable, and thus

lim (|3 (X7) + WX 5)]) = E (|3 (X) + TF(X)]) (7.35)
We have now to deal with \Ilf’K(X Ky —w2(XK). The convergence of this term is due to
the fact that the measure mg (x, z)dz has mean z, variance ¥(x)/K", and third moment

bounded by C'/K"*¢ (¢ > 0) uniformly in x. Indeed, if H f(z) denotes the Hessian matrix
of f at x,

fE)mg(x, 2)dz
Rd
= [ (504 G =) 950 + 5~ 2 HI@e ) + O = o)) ma, s
Rd

1 i 1
= f@)+ 5 Z If((f)afjf(x) + ol
]

). (7.36)
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where K 770(%) tends to 0 uniformly in z (since f is in C}), as K tends to infinity. Then,

w2K (XK) = //Rd 2) + b(z)) X

x @ 2; 2 o2 ) + o(Kl,n))XsK(dx)ds,

and

2,K 1
|, (XK)_\Iff(XK)\ng(§1<11;<X§,1>)<Kn+K (ﬁ)‘

Using (7.25), we conclude the proof of (7.31) and Theorem 7.4 (1).

Let us now prove the point (2). The non-degeneracy property v(z)p(x)s*3(x)s > c||s||?
for each z,s € R% implies that for each time ¢ > 0, the transition semigroup Py(z,dy)
introduced in Step 1 of this proof has for each x a density function p;(z,y) with respect
to Lebesgue measure. Then if we come back to the evolution equation (7.20), we can
write

[ rwetn = [ ([ s ptwy)dy>£o(dx)

/ /Rd d(z,C * &s(x (/ f(W)pe—s(z, y)dy)fs(dx)

Using the fact that the parameters are bounded, that suptST(ft, 1) < +o00 and that f
is bounded, we can apply Fubini’s theorem and deduce that

/ f(@)eudz) = / Hy(y)f(4)dy
Rd ]Rd

with H € L>([0,T], L'(R?)), which implies that & has a density with respect to Lebesgue
measure for each time t < T.
Equation (7.14) is then the dual form of (7.13). O

Proof of Theorem 7.6 We use a similar method as the one of the previous theorem.
Steps 2, 3, 4 and 6 of this proof can be achieved exactly in the same way. Therefore,
we only have to prove the uniqueness (in law) of the solution to the martingale prob-
lem (7.16)—(7.18) (Step 1), and that any accumulation point of the sequence of laws of
XK is solution to (7.16)—(7.18) (Step 6).

Step 1  This uniqueness result is well-known for the super-Brownian process (defined
by a similar martingale problem, but with b =d =0, vy =p =1 and ¥ = Id, cf. [60]).

Following [32], we may use the version of Dawson’s Girsanov transform obtained in Evans
and Perkins [34] (Theorem 2.3), to deduce the uniqueness in our situation, provided the
condition

(/ /Rd d(w,C * Xs(z ))]2Xs(d:z)ds> < 400

is satisfied. This is easily obtained from the assumption that supep 7 E[(Xt,1)?] < oo
since the coefficients are bounded.
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Step 6 Let us now identify the limit. Let us call QX = £(X¥) and denote by Q
a limiting value of the tight sequence QX, and by X = (Xt)t>0 a process with law
Q. Because of Step 5, X belongs a.s. to C([0,T], (MFp,w)). We want to show that X
satisfies the conditions (7.16), (7.17) and (7.18). First note that (7.16) is straightforward
from (7.25). Then, we show that for any function f in C3(R?), the process Mtf defined
by (7.17) is a martingale (the extension to every function in C? is not hard). We consider
0<s <... <5, < s <t some continuous bounded maps ¢1,...¢, on Mg, and our aim
is to prove that, if the function ¥ from D([0, 7], M) into R is defined by

(1) = 61(ver)bn(ve) { (s f) = (W5, )

[ LG ) 2 B0l )+ f(a) ) = do. C (o) Joaldolia}. (137)

then
E (] (X)|) =0. (7.38)

It follows from (7.9) that

= E (01(X)en(X5) { M) - MIT ) =B (0(X") — Ak, (7.39)

where Ag is defined by

= (X)) [ [ ) (o) [ 60 - st 2]

+ ’Y(@K[/H{d(f(z) — f(x) - Z 221({ >8z2]f( ))mg (z, z)dz} }Xf(dx)du).

Z7]

Using (7.36), we see that Ax tends to zero as K grows to infinity and using (7.25), that
the sequence (|¥(X%)|)x is uniformly integrable, so

i E (j9(X5))) = E((X))). (7.40)

Collecting the previous results allows us to conclude that (7.38) holds, and thus M/ is a
martingale.
We finally have to show that the bracket of M7 is given by (7.18). To this end, we first
check that

N = (X, 1)~ (X0, f / [ 2@ %)X, da)as
2/ Xs,f/ £(@) o) — dz, € % X, (2))] X, (de)ds
/0 (Xs, f) / Zz” X,(dx)ds (7.41)

is a martingale. This can be done exactly as for Mtf , using the semimartingale decompo-
sition of (X[, f)2, given by (7.8) with ¢(v) = (v, f)2. On the other hand, Itd’s formula
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implies that

2 2 _npfy, x)ds
(X, )2 — (Xo, )2 — (317}, /0<Xs,f / sz (2) X, (dz)d

—2/ Xs,f/ e — d(z,C x X,(2))| Xs(dz)ds

is a martingale. Comparing this formula with (7.41), we obtain (7.18). O

8 Splitting Feller Diffusion for Cell Division with Parasite
Infection

We now deal with a continuous time model for dividing cells which are infected by para-
sites. We assume that parasites proliferate in the cells and that their life times are much
shorter than the cell life times. The quantity of parasites (X; : ¢ > 0) in a cell is modeled
by a Feller diffusion (See Sections 3 and 4.1). The cells divide in continuous time at
rate 7(z) which may depend on the quantity of parasites x that they contain. When a
cell divides, a random fraction F' of the parasites goes in the first daughter cell and a
fraction (1 — F') in the second one. More generally, splitting Feller diffusion may model
the quantity of some biological content which grows (without ressource limitation) in the
cells and is shared randomly when the cells divide (for example proteins, nutriments,
energy or extrachromosomal rDNA circles in yeast).

Let us give some details about the biological motivations. The modeling of parasites
sharing is inspired by experiments conducted in Tamara’s Laboratory where bacteria
E-Coli have been infected with bacteriophages. These experiments show that a heavily
infected cell often shares in a heavily infected cell and a lightly infected cell. Thus we are
interested in taking into account unequal parasite splitting and we do not make restrictive
(symmetry) assumptions about the sharing of parasites. We aim at quantifying the role
of asymmetry in the infection. Without loss of generality, we assume that F' is distributed
as 1 — F and we say that the sharing is asymmetric when its distribution is not closely
concentrated around 1/2.

This splitting diffusion is a ”branching within branching” process, in the same vein as the
multilevel model for plasmids considered by Kimmel [52]. In the latter model, the cells
divide in continuous time at a constant rate and the number of parasites is a discrete
quantity which is fixed at the birth of the cell: the parasites reproduce ’only when the
cells divide’. Moreover the parasites sharing is symmetric.

Let us first describe briefly our process. We denote by J := U,,>0{1, 2}" the usual labeling
of a binary tree and by n(di) the counting measure on J. We define V; C J as the set of
cells alive at time ¢ and N; the number of cells alive at time ¢: Ny = #V;. For i € V;, we
denote by X} € R the quantity of parasites in the cell i at time ¢.
The population of cells at time ¢ including their parasite loads is modeled by the random
point measure on R :

= > dxi(dx), (8.1)

ieVi

and the dynamics of Z is described as follows.
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1. A cell with load x of parasites divides into two daughters at rate 7(z), where for
some p > 1 and any = > 0, 7(z) < 7(1 + zP).

2. During the division, the parasites are shared between the two daughters: F'x para-
sites in one cell (chosen at random) and (1 — F)z.

3. Between two divisions, the quantity of parasites in a cell follows a Feller diffusion
process (see (3.12)), with diffusion coefficient /2vx and drift coefficient rx, r and
7 being two real numbers, v > 0.

Let us give a pathwise representation of the Markov process (Z;,t > 0). Let (B'i €
J) be a family of independent Brownian motions (BMs) and let N(ds, du, di,df) be a
Poisson point measure (PPM) on Ry x Ry x J x [0, 1] with intensity ¢(ds, dv, di,df) =
ds dvn(di) P(F € df) independent of the BMs. We denote by (F; : t > 0) the canonical
filtration associated with the BMs and the PPM. Then, for every (¢,z) — f(t,x) €
C; 2(Ry x R4, R) (the space of bounded functions of class C! in ¢ and C? in z with
bounded derivatives),

(Zi. ) =1(0,20) + /0 /R (0uf (5. 7) + 720, f (5, 7) + 7202, f(5,)) Za(de) ds

t
+Mtf+// Ilz'evs,,usT(ng)(f(Sa9X§,)
0 JRyxJIx]0,1]
Ff(s,(1—0)X1 ) — f(s,X;;))N(ds,du,di,de), (8.2)

where 1z is the load of parasites in the ancestor cell () at t = 0 and

t
Mt =[50 \frXivests X! (83)

1€V

is a continuous square integrable martingale with quadratic variation:

(M7, = /O /R 2y, [ (5, 2))2 ds Zs(da). (8.4)

Remark 8.1. The existence and uniqueness of a solution of (8.2) are obtained from an
adaptation of Subsection 5.3. See also the next subsection for an approximation proof of
the existence and [5] for details.

Notice that between two jumps, (Z, f) = Y.,cy, f(X{) and It6’s formula explains the
second and third terms of (8.2). The fourth term (driven by the PPM) models the
division events with the random sharing of parasites.

Proposition 8.2. The total quantity of parasites Xy = fR+ x Zy(dz) is a Feller diffusion

(defined in (3.12)) with drift rz and diffusion coefficient \/2vyx starting from zo. As a
consequence,

Vt € Ry, Eyp (X)) = moe”™ < +oo , Pp(3t>0: Xy =0)=exp(—r20/7). (8.5)

Proof. We remark that X; can be written X; = x0+fg rXsds+ M; where M is a continu-

ous square integrable martingale with quadratic variation fg 2vXsds. The representation
theorem explained in the proof of Theorem 3.2 allows us to conclude. The properties
(8.5) follow by classical arguments. O
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8.1 Approximation by scaling limit

Inspired by the previous sections, we are looking for discrete approximations of the con-
tinuous model defined in (8.2), where each cell hosts a discrete parasite population. Let
us introduce, as previously, the scaling parameter K. Let us describe the approximating
model. The initial cell contains [Kxz(] parasites. The parasites reproduce asexually with
the individual birth and death rates K~v+ X, K~vy+u, where A\, u > 0 satisfy A—u =r > 0.
The cell population is fully described by the point measure

K (du, dx) Zé du ,dx)
i€V

where XtK " is the number of parasites renormalized by K in the cell ¢ at time ¢. This

representation allows to keep a record of the underlying genealogy, which is useful in

the forthcoming proofs. It also provides a closed equation to characterize the process Z

(and derive Z). Notice that an alternative representation has been given in Section 7 by
. K,i .

ordering the atoms X, " for i € V;.

Let N and N'! be two independent PPMs on Ry x Xy :=R, xJ xR, and Ry x X} :=
Ry x T x Ry x [0,1] with intensity measures dsn(di)du and dsn(di)duP(F € df). We
associate N1 to to the births and deaths of parasites, while N? corresponds to the cell
divisions. The discrete space process is the unique strong solution of

ZI = 60 ikw0)/K) (8.6)
! 0
+ /0 [ N(ds,di du)liey,. (3 am0) = ooy ) D xcic
0
(T 1m0 = Fx)) Tt cusnune x5 -

t
1 . . ) )
+ /0 N (s, did d0) e, 1, crieoy (O orexscoy i

B st i) ~ D )
where we set A\x = K(A + Kv),ux = K(p+ Kv). We recall from Sections 4.5 and
5.1 that other discrete models would lead to the same continuous limiting object. For

example, the parasites could be shared following a binomial distribution whose parameter
is picked according to P(F € df).

Proposition 8.3. Assume that there exists an integer p > 1 and a positive T > 0 such
that for all x € Ry, 0 < 7(x) < 7(1 4 xP). Then, the sequence (Z¥ : n € N*) defined in
(8.6) converges in distribution in D(Ry, Mp(Ry)) as K — 400 to the process Z defined
in (8.2)-(8.4).

The proof can be found in the Appendix of [5]. It follows the scheme of proof developed
in the previous section, namely control of the moments and tightness and identification
of the limit via the martingale problem for < ZX, f >. The additional regularities on
the division rate 7 are required to control the difference between the microscopic process
(8.6) and its approximation (8.2)-(8.4).

Exercise. Write the measure-valued equation which characterizes the limiting process
Zy(du, dx) =3 ey, 00 x7)(du, dz).
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8.2 Recovery criterion when the division rate is constant

We now consider the case where the infection does not influence the division rate and
7(.) = 7. We say that the organism recovers when the proportion of infected cells becomes
negligible compared to the population of cells.

Theorem 8.4. (i) If r < 27E(log(1/F)), then the organism recovers a.s.:

i #{ieVy: X} >0}

=0 a.s.
t—+o0 Nt

(ii) If r > 27E(log(1/F)) then the parasites proliferate in the cells as soon as the parasites
do not become extinct in the sense that

eV X > et
{limsup #{Z €% t=¢ }
t—+o00 Nt

>0} ={Vt>0: X; >0} a.s. (8.7)
for every k < r —27E(log(1/0)). The probability of this event is 1 — exp(—rxzg/7).

The factor 2 in the criterion comes from a bias phenomenon in continuous time. It
appears in the following result shedding light on an auxiliary Markov process, namely
the infection process X with catastrophes occurring at the accelerated rate 27. This
factor 2 ’increases the probability of recovery’ in the sense that the amount of parasites
in a random cell lineage (which can be obtained by keeping one cell at random at each
division) may go to infinity with positive probability whereas the organism recovers a.s.

Since the division rate is constant, the process (/NV¢,t > 0) is a simple linear (branching)
birth process (called Yule process). Then E(N;) = exp(7t) and we define

v(dx) == E(Zs(dx)) /E(N;) = e "' E(Z;(dx)).
The evolution of v is given by the following result.

Lemma 8.5. The family of probability measures (v, t > 0) is the unique solution of the
following equation: for f € Cl 2(R2 R) and t € Ry (and fi(.) = f(t,.)):

(ver f2) = folwo) + /0 (Bufo) + 1200 fo () + 7202, o (2)) vi(dr)ds.

R4
t 1
—|—27’/0 /IR+/O [fs(0x) — fs(x)| P(F € df)vs(dx)ds (8.8)

Proof of Lemma 8.5. Let t € Ry and (f : (s,z) — fs(z)) € C’;’z(]Ri,]R). Using (8.2)
with (s,2) — fs(x)e™ ™ entails:

(e Zy(dx), f1) = (Zi(dz),e” " fy)

= fo(zo) / /R rx(? o fs(x) + 7202, fo(x) — 7 f(z) + 88f5(a?))e*”Zs(dm) ds

+ / / licv, T [£(6X10) + ful(1 = 0)X1) — fu(X1)|e ™ N(ds, du, di, o)
Ry xTx[0,1]

+ M/
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where Mtf is a continuous square integrable martingale started at 0. Taking the expec-
tation and using the symmetry of the distribution of F with respect to 1/2:

(e, f2) =folzo) + /0 / (r 8y fo() + 7 02, fo() + Bu s (2)) s (d)ds

+/0 /R+x[o,1] 27 [fs(0z) — fs(2)] P(F € df)vys(dx)ds. (8.9)

Let us prove that there is a unique solution to (8.8). We follow Step 1 of the proof of
Theorem 7.4 and let (v},t > 0) and (v2,¢t > 0) be two probability measures solution of
(8.8). The total variation distance between v} and v} is

I —vilrv = sup (), ¢) — (W, ). (8.10)
¢€Cb(R+,R)
llolleo<1

Let t € Ry and ¢ € CZ(Ry,R) with [|¢]|sc < 1. We denote by (Ps : s > 0) the semi-group
associated with the Feller diffusion started at x € Ry: Psp(z) = Ex(¢(Xs)). Notice that
| Pi—s@lloo < ||¢lloo < 1. By (8.9) with fs(z) = Pi—sp(z), the first term equals 0 and

(v = v, 0| =

t 1
27/ / / <Pt_sg0(03:) — Pt_sgo(x)>IP(F € d@)(vsl — V?)(dm) ds
o Jry Jo
t
§4T/ vl — V2| rvds.
0

Since C,? (R4, R) is dense in Cy(R4,R) for the bounded pointwise topology, taking the
supremum in the Lh.s. implies that: ||} — v|ry < 47 fot vt — v2||rvds. Gronwall’s
Lemma ensures that ||z} — v?||7v = 0, which ends up the proof. O

We can then interpret 7; as the marginal distribution (at time t) of an auxiliary process
(Yot > 0).

Proposition 8.6. For all f € CZ(R1,R) and t € Ry,

(v, ) = e TE( D F(X))) =E(f(V2)), (8.11)

i€eVy
where (Y, t > 0) is a Feller branching diffusion with parameters (r,7) and catastrophes
with rate 217 and distribution given by F'. Moreover,

E(#{i € V;: X] > 0}) = ""P(Y; > 0). (8.12)

Proof. One can describe the dynamics of t — v4(f;) where v (dx) = P(Y; € dz) thanks to
It6’s formula and check that it satisfies (8.8). Uniqueness of the solution of this equation
yields (8.11). We can then apply (8.11) with f(z) = 1,~¢ by taking a monotone limit of
C? functions to get (8.12). O
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Proof of Theorem 8.4. Let us first prove the convergence in probability in (). We denote
by V;* = {i € V; : X} > 0} the set of infected cells and by N; = #V}* its cardinality.
By Theorem 5.2, under the assumption of (i), (Y;,¢ > 0) dies in finite time a.s. Thus,
Proposition 8.6 ensures that N;/exp(t) converges in L' and hence in probability to 0.
Moreover the nonnegative martingale N;/exp(7t) tends a.s. to a nonnegative random
variable W. In addition, the L?-convergence can be easily obtained and is left to the
reader. Therefore, P(W > 0) > 0 and then W > 0 a.s. using the branching property and
P(Vt > 0: N; > 0) = 1. One could actually even show that W is an exponential random
variable with mean 1. Then
. Ny . Npet
tl}—imoo N, t—li—lgloo et N,

=0 in probability. (8.13)
It remains to show that the convergence holds a.s, which is achieved by checking that

sup Ny o/Nits 2% 0 in probability. (8.14)
s>0

Indeed, let us denote by V; 5(i) the set of cells alive at time ¢ + s and whose ancestor at
time t is the cell @ € V;. Then (#V;4(i),s > 0) are i.i.d. random processes for i € V;
distributed as (N, s > 0). We have

Nis < D #Vis(i) <e™ Y My(i)  as.

ievy ievy

where M,(i) are i.i.d random variables distributed like M := sup{e "*Ng, s > 0}. Simi-
larly,

Nieps 2 Y #Vis(i) > ™Y L(i) as.,

% eV

where I;(i) are i.i.d. random variables distributed like I := inf{e""*Ny, s > 0}. We add
that E(M) < oo since the martingale e~7*Nj is bounded in 2. Moreover E(I) € (0, c0)

so that ol '
Ny Zie\/’t* M (i)
Nt_1 Zie% It(i)
is stochastically bounded (or tight) for ¢ > 0. Using that N;/N; — 0 when ¢t — 400 in

probability yields (8.14). This ensures the a.s. convergence of R, = N;/N; to 0, using
that P(limsup;_,., R > €) < limy o0 P(supssg Reps > €) = 0.

The proof of (i7) is similar. One can first note thanks to Section 5.2 that P(Y; > exp(«t))
has a positive limit and prove that

eV XE > et
{limsup #liE Vi Xi = e} > 0}
t——+o00 Nt

has a positive probability. To check that this latter event coincides with {V¢ > 0 :
X; > 0}, a zero-one law is involved, which is inherited from the branching property by a
standard argument. O
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Figure 3: Asymptotic regimes for the mean number of infected cells when P(F = 0) =
P(F=1—-0)=1/2and 6 € (0,1).

Asymptotic regimes for the speed of infection. Combining Theorem 5.5 and
Proposition 8.11 yield different asymptotic regimes for the mean number of infected cells
E(N;). They are plotted in Figure 3 when the sharing of parasites is deterministic. We
stress that it differs from the discrete analogous model [1]. In the supercritical regime,
the number of infected cells and the number of cells are of the same order. In the strongly
subcritical regime, the number of infected cells and the parasite loads are of the same or-
der. In the weakly subcritical regime, the number of infected cells is negligible compared
to the number of cells and the amount of parasites.

8.3 Some first results for a monotonic rate of division

The asymptotic study of such processes with a non constant rate of division is the object
of recent works (see [26, 28, 10] and works in progress). Let us simply mention some
relevant consequences of the previous results for non-decreasing rate 7.

8.3.1 A sufficient condition for recovery

We assume either that 7 is non-decreasing and there exists x1 > 0 such that 7(x;) < 7(0)
or that 7(0) > 7(z) for any x > 0. The second case means that the non-infected cells
divide faster than the infected ones. Let us recall from Proposition 5.6 in Section 5.3 the
notation

Te = inf{7(z) : 2 > 0}.

Proposition 8.7. If r < r,E(log1/(min(F,1 — F))), the organism recovers a.s.

We only give the idea of the proof and refer to [5] for more details. Let us follow a cell
lineage by starting from the initial cell and choosing the less infected cell at each division.
The infection along this lineage is a Feller diffusion with catastrophes whose distribution
is min(F,1 — F') and the catastrophe rate is 7. We know from Section 5.3 when the
infection in such a cell line becomes extinct a.s. Then one uses that the population of
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non-infected cells is growing faster than the population of cells infected by more than z;
parasites.

8.3.2 An example of moderate infection

We assume here that 7(x) is an increasing function of the parasite load. This means that
the more the cell is infected, the faster it divides. Low infected cells divide slower and may
even stop dividing if 7(0) = 0. That’s why a new regime appears here, between recovery
and proliferation of the parasites, where a positive fraction of cells is infected but the
quantity of parasites inside remains bounded. We then say that the infection is moderate.
Let us provide an example where the infection is indeed moderate: the organism does
not recover but the parasites do not proliferate in the cells.

F=1/2 as.,, 7(x)=0 ifx<2 and 7(r)=o00 if x> 2.

Indeed, as soon as the quantity of parasites in a cell reaches 2, the cell divides and
the quantity of parasites in each daughter cell is equal to one. The parasites do not
proliferate in the cells since the parasite load in each cell is less than 2.

We now fix the growth rate of parasites r such that the probability that the Feller
diffusion (X¢,¢ > 0) reaches 0 before 2 is strictly less than 1/2. Then the number of
infected cells follows a supercritical branching process and grows exponentially with
positive probability. Conditionally on this event, the proportion of infected cells doesn’t
tend to zero since the non-infected cells do not divide. Thus the organism doesn’t recover.

9 Markov Processes along Continuous Time Galton-
Watson Trees

In this section, we consider measure-valued processes associated with a discrete genealogy
given by a branching process. These processes describe a structured population where
individuals are characterized by a trait. We focus on the case where the branching rate
is constant and the number of offspring belongs to N. During the life of an individual, its
trait dynamics is modeled by a general Markov process. More precisely, the individuals
behave independently and

1. Each individual lives during an independent exponential time of parameter 7 and
then gives birth to a random number of offspring whose distribution is given by

(pr, k> 0).

2. Between two branching events, the trait dynamics of an individual follows a cadlag
strong Markov process (X¢);>0 with values in a Polish space X' and infinitesimal
generator L with domain D(L). Here again, we can assume that X C R%.

3. When an individual with trait = dies, the distribution of the traits of its offspring
is given by (P®)(x,dxy,...,dz;) : k> 1), where k is the number of offspring.

Let us note that an individual may die without descendance when py > 0. Moreover, when
X is a Feller diffusion and pa = 1, we recover the splitting Feller diffusion of Section 8. In
the general case, the process X is no longer a branching process and the key property for
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the long time study of the measure-valued process will be the ergodicity of a well chosen
auxiliary Markov process.

A vast literature can be found concerning branching Markov processes and special atten-
tion has been payed to Branching Brownian Motion from the pioneering work of Biggins
[11] about branching random walks, see e.g. [31, (7] and references therein. More re-
cently, non-local branching events (with jumps occurring at the branching times) and
superprocesses limits corresponding to small and rapidly branching particles have been
considered and we refer e.g. to the works of Dawson et al. and Dynkin [29].

9.1 Continuous Time Galton-Watson Genealogy

The genealogy of the population is a branching process with reproduction at rate 7
and offspring distribution given by (pg, k& > 0). We assume that the population arises
from a single ancestor {#}. Roughly speaking, the genealogy is obtained by adding i.i.d.
exponential life lengths (with parameter 7) to a (discrete) Galton-Watson tree. Let us
give some details on this construction, which will be useful in the sequel. We define
I:={2}ul,>;(N*)", which we endow with the order relation < : u < v if there exists
w € I such that v = (u,w). For example, the individual (2,3,4) is the fourth child of
the third child of the second child of the root (). We denote by (A(7),7 € I) i.i.d. random
variables with distribution p. The discrete genealogy 7 is the random subset of I obtained
by keeping the individuals which are indeed born:

7:= quo{(il, ce. ,’iq) VE=1,...,q, i < A((i1, ... ,ik_l))},

where by convention the first set in the right hand side is {}. We consider now a sequence
(I;,i € I) of exponential random variables, so that [; is the life time of the individual ¢ € 7
and

a(i)=Y"1; and B(i) = I =ali)+1, (9.1)
J=i J=i
with the convention «()) = 0, are the birth and death times of i € Z. We assume that
the offspring distribution p has a finite second moment and that
m = Z kpr > 1 (supercriticality).
k>0
Let us denote by V; C Z the set of individuals alive at time ¢ :
Vii={ieT:a()<t<p()}, andasbefore Ny =#V;.

The supercriticality assumption on the reproduction law implies the possible persistence
of the process.

Proposition 9.1. The population size process (Ny,t > 0) survives with positive probabil-
ity. Moreover, for any t > 0,

E(N;) = exp(r(m — 1)t) (9.2)

and

Nt t—o0 . 2
— W a.s. and in L7,
E(N)

where W € R is positive on the survival event.
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The proof uses the generator of N and the martingale N;/E(Ny). It is left to the reader.

The continuous time Galton-Watson genealogy 7 is defined as the (random) subset of
7T x Ry such that (i,t) € T if and only if i € V.

We define now the branching Markov process along this genealogy 7. We use the shift
operator 6 for such trees and 6; ;T is the subtree of T rooted in (i, ?).

Definition 9.2. Let X = (X, t > 0) be a cadlag X-valued strong Markov process and
p € PX). Let (P¥)(z,dxy...dxy), k> 1) be a family of transitions probabilities from
X to XF.

The continuous time branching Markov process X1 = (X}, (i,t) € T) indeved by T, the
underlying trait dynamics X and starting distribution u, is defined conditionally on T
recursively as follows:

(i) X° = (X2t € [0,8(0))) is distributed as (X;,t € [0,5(0))) with Xo distributed
according .

(ii) Conditionally on X°, the initial traits of the first generation of offspring (Xi(l.), 1<
i < A(0)) are distributed as PA®) (x, dx; . .. dz a(p))-

(iii) Conditionally on X°, A(0), By and (Xé(i), 1 <1< A(D)), the tree-indexed Markov
processes (Xg(z‘)-s—t’ (J;t) € OG.auyT) for 1 < i < A(D) are independent and respec-
tively distributed as X with starting distribution 5Xi<v).

There is no spatial structure on the genealogical tree and without loss of generality, we
assume that the marginal measures of P*)(z, dz; ... dz},) are identical. It can be achieved
simply by a uniform permutation of the traits of the offspring.

Following the previous sections, we give a pathwise representation of the point measure-
valued process defined at time t by

Zy="Y oy (9.3)

i€Vy

The dynamics of Z is given by the following stochastic differential equation. Let
N(ds,di,dk,df) be a Poisson point measure on Ry x I x N x [0,1] with intensity
Tdsn(di)p(dk)df where n(di) is the counting measure on I and p(dk) = >, .y pidi(dk)
is the offspring distribution. Let L be the infinitesimal generator of X. Then for test
functions f : (¢,z) — fi(x) in C;’O(RJr x X,R) such that V¢t € Ry, f; € D(L), we have

t
(Zi, ) =fo(XD) + /0 /]R (Lfs(z) + 05 fs(x)) dsZs(dx) + M (9.4)
t k
4 (k) ( yri B i )
+/0/I><N><[0,1]1{ZEVS} ;fs(pj (X! ,0)) — fo(XE ) | N(ds,di,dk,do),

where Mtf is a martingale and (Fj(k) (,©) : j =1...k) is a random vector distributed
like P*)(z,dxy ... dxy) when © is uniform in [0,1].
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9.2 Long time behavior

We are now interested in studying the long time behavior of the branching Markov process
Z. We will show that it is deduced from the knowledge of the long time behavior of a
well-chosen one-dimensional auxiliary Markov process. In particular, the irreducibility of
the auxiliary process will give a sufficient condition in the applications, to obtain a limit
as time goes to infinity.

Let us recall from Proposition 9.1 that the expectation at time ¢ and the long time
behavior of the population size process N are known.

9.2.1 Many-to-one formula

We introduce the auxiliary Markov process Y with infinitesimal generator given by
Af@) = Li(@) +7m | (F(5) = F(@) Q)

for f € D(L) and
Q(z,dy) : Zk:ka (z, dyx*=1).
>0

In words, Y follows the dynamics of X with additional jumps at rate 7m whose distribu-
tion is given by the size biased transition probability measure .

Proposition 9.3. For t > 0 and for any non-negative measurable function f €
B(D([0,t], X)) and t > 0, we have

(Z f(Xg, s <) ) =E(N) Eu(f(Ys, s <8)) =™V EL(f(Ys, <), (9.5)

1€V

where (with a slight abuse) X! is the trait of the ancestor of i € V; living at time s.

To prove such a formula in the particular case f(xs,s < t) = f(x¢), one can use Ito’s
calculus and follow Section 8.2 and conclude with a monotone class argument. Here we
prove the general statement using the following Girsanov type formula. In the rest of
this section, the random jumps T}, and T} of the Poisson point processes on R that we
consider, are ranked in increasing order.

Lemma 9.4. Let {(T}, Ag) : k > 0} be a Poisson point process with intensity Tm ds p(dk)
on Ry x N, where

p({k}) = kpr/m.

Then, for any t > 0 and g > 0 and any non-negative measurable function g on (R4 X
N)at!:

E (g((iﬁk,ﬁk) k<)l SKim) = e TR | g((Th, Ak) + k < Q) qp,<ier, oy [ [ Ak | -
k<q
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where {(Ty, Ak) : k > 0} is a Poisson point process on Ry x N with intensity T ds p(dk).
Thus, for any measurable non-negative function h,

E (h((fk,ﬁk) k>0, Tp < t)) =T VUE | B(Ti A) k20, T < t) [ A
T<t
(9.6)

Proof. Let ¢ > 0 and remark that
g((j:’kn Avk) k S q) :Gq(f()afl - fO) CIEaE 7fq - Tq—la ";IO: Ala o 7"1(1)7

for some non-negative functions (G, ¢ € N). Using that To and (Tjyy — Tj : k > 0) are
i.i.d. exponential random variables with parameter 7m, we deduce that

Elg((Ty, Ar) : k < q)1

Tq§t<’f‘q+1}

_ / LY e ) G,y ny)
Ri nQ,...,Nq
: Pny Mg
N
X IE) m ]l{zizo tk§t<ZZié tk}dto e dthrl
:/ B Z T+l =Tt Gy(to, ..., tg,n0,...,ng) e T(m=1)t
Ri nQ,...,Nq
q
X H Nk Py, ]l{zz=o tkgt}dto cee dtq,
k=0
which yields the first result. O

Proof of Proposition 9.3. We give here the main steps of the proof. We recall that the
random variables (A(7),1(:)) have been defined for ¢ € I. Let us now introduce the point
process describing the birth times and number of offspring of the ancestral lineage of i:

A= {(BG),AG) 5= i} G el).

We stress that for any ¢ > 0, the processes (A%,i € (N*)4) corresponding to individual
labels with length ¢, are identically distributed (but dependent). We introduce now
(X’,A) and A, , where

o A= {(Ty, Ai) : k > 0} is a Poisson point process on Ry x N with intensity 7dsp(dk)
(with T, ranked in increasing order). Ay = {(Ty, Ax) : k < q}.

e Conditionally on A = {(tg,ng) : k > 0} for ny, > 1, X’ is the time non-homogeneous
Markov process such that

— at time ¢;, X’ jumps and the transition probability is given by
PO (g, dyxmi=h).

— during the time intervals [t;,¢;+1), the infinitesimal generator of X' is L;
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We denote by |i| the length of the label i. We can now compute for any t > 0 and i € I
such that |i| = g,

Eu(f(Xg 18 < t)l{ievt}mi) = 1{a(i)§t<ﬁ(i); Vk=1,...,q: A(il,...,ik,l)zik}Ft(Ai)
where F;(\) = E,(f(X.:s <t)|[AN([0,¢] x N) = AN ([0,¢] x N)). Since A’ is distribued

as Ay, we get

Y Eu(F(XL:s <t)lgevy)

i€l

= Z Z L=y Eu (Ft<Ai)1{a(i)§t<,B(i); Vh=1yog: Aisin1)>ik})
i€l geN

= Z Z Lii=qy Eu (Ft(Aq)l{Tq,lngq; Vk=0,...,q—1: AkZik_H})
il geN

where we have used the convention 7_; = 0. Adding that

D 1 Fo(A) N, <ty Vh=0,q— 1 ApSing 1}

q€eN €l
= ZFt(Aq)#{Z el: |,L| =4dq, Vk = 07 A 1: ik-}—l S Ak}]qu_1§t<Tq
qeN
=F(Tr, Ap) : k> 0,Tp < t) [ A

T <t

and using (9.6), we get

Y EL(F(Xiis <Blgevy) = Eu| F((Th Ak) k> 0,7 <) [] A

i€l Tt
_ eT(m—l)tEu (Ft((fk’gk) k> O,fk; < t)) .

Finally, we combine the definitions of X’ and Y to conclude, recalling that {(fk,ﬁk) :
k> 0} is a Poisson point process with intensity mmdsp(dk) and (9.2). O

9.2.2 Law of large numbers

Let us now describe the asymptotic distribution of traits within the population (see [(]
for details).

Theorem 9.5. Assume that for some bounded measurable function f, the auxiliary pro-
cess satisfies

t—o00

B (f(Ye)) — = (f) (9.7)

for every x € X and 7 a probability measure on X.
Then, for every probability distribution p on X,

1 )
lim S22 S £ (X]) = Lysoym(f) (9-8)

t—o0 t Z’th

in P, probability.
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This result implies in particular that for such a function f,

lim E[f(X )| N, > 0] = =(f), (9.9)

t—+o00

where U (t) stands for an individual chosen at random in the set V; of individuals alive
at time ¢.

Condition (9.7) deals with the ergodic behavior of ¥ and will be obtained for regular
classes of functions f, see below for an example.

Main ideas of the proof. Let f be a non negative function bounded by 1 and define
= fX) =7 (f)
and let us prove that ,
A =E (Z G;‘) < E(N;)?
1€V

Indeed we can write A; = By + Cf, where
By :=E (Z(G;'f) and Cy=E| Y GiG]
ieVy 1#jeVy

We easily remark from (9.2) that B; < E(N;) < E(N;)?. Let us now deal with C; and
use the most recent common ancestor of ¢ and j:

i ~J u,k u,k
Ci=E Z 1{ﬁ(u)<t} E Z Z E (GtGi ‘ /B(u)7 Xé(u)l)’ X,C(3(u)2))
u,(u,k’t);(zgkg)EI, 1€Viir(u,k1) jEVi:g = (u,ke)
17k2

The key point is that on the event {S(u) < t, (u,k1) € Z, (u,ks) € I},

> > E(cicd|sw.xfn xGE)
1€Viiz (u,k1) jEVa:j > (u,k2)

- Y e(aos) e T s (el )

i€V (u,ky) JE€VE:g = (u,k2)

by the branching property. Moreover the many-to-one formula (9.5) ensures that

S E(GH A X5 = EOVOE i (Vi) — #()

i€ Viiruky Alw)

on the event {f(u) < t, (u,k1) € Z,(u,k2) € Z}. The convergence (9.7) ensures that
the second term in the right-hand side tends to zero for S(u) fixed. This convergence
depends on the initial condition. Nevertheless this difficulty can be overcome by proving
(see [6]) that the common ancestor of two individuals lives almost-surely at the begin-
ning of the continuous time Galton-Watson tree. This fact also allows to sum over
(u,k1) € T, (u,k2) € T and obtain that C; < E(N;)? by dominated convergence argu-
ments. Recalling that N;/E(N;) converges to W in L2 yields the result. O
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9.3 Application to splitting diffusions

For the sake of simplicity, we assume in this section that the branching events are binary
(p(dk) = 62(dk)), so that the genealogical tree is the Yule tree. We describe a population
of infected cells undergoing a binary division, as in the previous section for constant
division rates. When a division occurs, a random fraction F' is inherited by a daughter
cell and the rest by the other daughter cell. But in contrast with the previous section,
the process X may not be a branching process, which allows for example to take into
account ressources limitation for the parasites living in the cell. Here, X is a diffusion
with infinitesimal generator

o\xr 2
O f(a

and we require the ergodicity of the auxiliary process Y. We refer to [(] for other appli-
cations, such as cellular aging.

Lf(z) =r(z)f'(x) +

The infinitesimal generator of the auxiliary process Y is characterized for f € Cg (R,R)

1
Af(x) =r(z)f'(z) + LJU)QJ‘"”(JL‘) + 27/ (f(@:c) — f(:n))]P’(F € db). (9.10)

0

Proposition 9.6. Assume that Y is a Feller process which is irreducible, i.e. there exists
a probability measure v on R such that for any measurable set B and x € R,

W(B) > 0= / P,(Y; € B)dt > 0.
0

Assume also that there exists K > 0, such that for every |x| > K, r(z) < 7'|z| for some
T < T
Then, Y is ergodic with stationary probability m and we have

1 : o
%#{i €V, X! e Ay =X n(A)
t

for every Borelian set A such that 1(0A) =0 and 0A is the boundary of A.

Proof. Once we check that Y is ergodic, the second part comes from Theorem 9.5. The
ergodicity of Y is based on Theorems 4.1 of [64] and 6.1 of [65]. Since Y is Feller
and irreducible, the process Y admits a unique invariant probability measure 7 and is
exponentially ergodic provided there exists a positive measurable function V' such that
lim, 1o V(2) = 400 and for which:

dc>0,deR, Ve e R, AV(z) < —cV(z) +d. (9.11)
For V(x) = |z| regularized on an e-neighborhood of 0 (0 < € < 1), we have:
Viz| > e, AV (x) =sign(x)r(z) + 27|z|E(F — 1) = sign(x)r(x) — 7|x|, (9.12)

as the distribution of F' is symmetric with respect to 1/2. Then, by assumption, there
exist n > 0 and K > ¢ such that

Ve e R, AV(x) < =V (z) + ( sup |r(z)] +7K) L)<k} (9.13)
lz|<K
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This implies (9.11) and the geometric ergodicity gives us that

38>0,B<+o0, VtER,, Yz €R,  sup  [Eq(g(¥s)) — (m,g)| < B(L+]a])e
g/ 19(w)|<1+|ul

The proof is complete. O

9.4 Some extensions

Following Section 3, we could consider a model for cell division with parasites where the
growth of parasites is limited by the resources for the cells. The Markovian dynamics of
the parasite population size could be described by a logistic Feller diffusion process. Since
this process goes to extinction almost surely (or to a finite positive limit if the process is
deterministic), Proposition 9.6 may be applied to derive the asymptotic distribution of
the infection among the cell population. The construction of the model and the proofs
are left to the reader.

In the other hand, let us note that the many-to-one formula (9.5) holds for f depending
on time. Therefore the large numbers law (Theorem 9.5) can be extended to the case
where Y isn’t ergodic as soon as we can find some renormalization g, such g;(Y;) satisfies
(9.7). We refer to [6] for an application when X is a branching Lévy process and in
particular we recover the classical central limit theorem for branching Brownian motions.

10 Appendix : Poisson point measures

In this appendix, we summarize the main definitions and results concerning the Poisson
point measures. The reader can consult the two main books by Ikeda-Watanabe [15] and
by Jacod-Shiryaev [16] for more details.

Definition 10.1. Let (E,&) be a measurable space and p a o-finite measure on this
space. A (homogeneous) Poisson point measure N with intensity u(dh)dt on Ry x E is
a (Ry x E,B(Ry) ® &)-random measure defined on a probability space (0, F,P) which
satisfies the following properties:

1. N is a counting measure: YA € B(Ry) ® €, Yw € Q, N(w, A) € NU {+00}.
2. YVw € Q, N(w,{0} x E) =0: no jump at time 0.
3. VA € B(R,) ® €, E(N(A)) = v(A), where v(dt,dh) = p(dh)dt .

4. If A and B are disjoint in B(Ry) ® € and if V(A) < +00,v(B) < 400, then the
random variables N (A A) and N(B) are independent.

The existence of such a Poisson point measure with intensity p(dh)dt is proven in [10],
for any o-finite measure p on (E,£).

Let us remark that for any A € £ with u(A) < oo the process defined by
Ni(4) = N((0,4] x A)

is a Poisson process with intensity p(A).
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Definition 10.2. The filtration (F;); generated by N is given by
Fi=0(N((0,s] x A),Vs <t,VA € E).
If A€ (s,t] x € and v(A) < oo, then N(A) is independent of Fi.

Let us first assume that the measure p is finite on (E, £). Then (N¢(E),t > 0) is a Poisson
process with intensity u(E). The point measure is associated with a compound Poisson
process. Indeed, let us write

p(dh)

pu(dh) = p(E) m,

the decomposition of the measure p as the product of the jump rate p(E) and the jump

amplitude law ‘; ((i@))- Let us fix T" > 0 and introduce T1,...,T, the jump times of the
process (Ny(E),t > 0) between 0 and 7. We know that the jump number + is a Poisson
variable with parameter Tu(E). Moreover, conditionally on ~, Ti,...,T,, the jumps

(Un)n=1....~ are independent with the same law ’; ((‘g)). We can write in this case

2l
N(dt,dh) =" &1, v,)-

n=1

Therefore, one can define for any measurable function G(w, s, h) defined on 2 x Ry x FE
the random variable

T 0
/ / G(w, s, h)N(w,ds,dh) = Y G(w, Tn, Uy).
0 E n—1

In the following, we will forget the w. Let us remark that T — f(;‘r [ G(s,h)N(ds,dh)
is a finite variation process which is increasing if G is positive. A main example is the
case where G(w, s, h) = h. Then

Y
XT:/T/hN(ds,dh): > Un=) AX,
0o JE o

=1 s<T

is the sum of the jumps between 0 and T

Our aim now is to generalize the definition of the integral of G with respect to N when
w(E) = 4o00. In this case, one can have an accumulation of jumps during the finite time
interval [0, 7] and the counting measure N is associated with a countable set of points:

N = Za(TmUn).

n>1

We need additional properties on the process G.
Since p is o-finite, there exists an increasing sequence (E),),en of subsets of E such that

w(Ep) < oo for each p and E = U,E,. As before we can define fOT pr G(s,h)N(ds,dh)
for any p.

We introduce the predictable o-field P on QxR (generated by all left-continuous adapted
processes) and define a predictable process (G(s,h),s € Ry, h € E) as a P®E measurable
process.
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Theorem 10.3. Let us consider a predictable process G(s, h) and assume that

E </0T/E \G(s,h)]u(dh)ds) < +o00. (10.1)

1) The sequence of random variables (f(;[ pr G(s,h)N(dsjdh)) is Cauchy in L' and
p

converges to a L'-random variable that we denote by fOT [z G(s,h)N(ds,dh). It’s an
increasing process if G is non-negative. Moreover, we get

(//Gsh dsdh) (//Gsh (dh)d >

2) The process M = (f(;t Jz G(s,h)N(ds,dh) fo Sz G(s,h)u(dh)ds,t < T) is a martin-
gale.

The random measure B
N(ds,dh) = N(ds,dh) — u(dh)ds

is called the compensated martingale-measure of N.

3) If we assume moreover that

E </OT/EG2(s,h)u(dh)ds> < 400, (10.2)

then the martingale M 1is square-integrable with quadratic variation

<M>t:/0t/EG2(s,h)u(dh)ds.

Let us remark that when (10.1) holds, the random integral fot [ G(s,h)N(ds,dh) can be
defined without the predictablhty assumption on H but the martingale property of the
stochastic integral fot [z G(s,h)N(ds,dh) is only true under this assumption.

We can improve the condition under which the martingale (M;) can be defined. The
proof of the next theorem is tricky and consists in studying the L2-limit of the sequence
of martingales f(f I E, G(s, h)]v (ds,dh) as p tends to infinity. Once again, this sequence
is Cauchy in L? and converges to a limit which is a square-integrable martingale. Let
us recall that the quadratic variation of a square-integrable martingale M is the unique
predictable process (M) such that M? — (M) is a martingale.

Theorem 10.4. Let us conszder a predictable process G(s, h) satisfying (10.2). Then
the process M = fo fE N(ds,dh),t < T) is a square-integrable martingale with

quadratic variation
t
an = [ [ s butans
0 JE

If (10.2) is satisfied but not (10.1), the definition of M comes from a L?- limiting argu-
ment, as for the usual stochastic integrals. In this case the quantity fg J5 G(s,h)N(ds,dh)
isn’t always well defined and we are obliged to compensate.
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Example: Let o € (0,2). A symmetric a-stable process S can be written

St / /h1{0<|h|<1}N dS dh / /hl{h|>1}N dS dh) (10.3)

where N (ds,dh) is a Poisson point measure with intensity p(dh)ds = ‘h‘%dhds. There

is an accumulation of small jumps and the first term in the r.h.s. of (10.3) is defined as
a compensated martingale. The second term corresponds to the big jumps, which are in
finite number on any finite time interval.

If a € (1,2), then [ hAh?u(dh) < oo and the process is integrable. If a € (0,1), we only
have that [ 1 A h%u(dh) < oo and the integrability of the process can fail.

Let us now consider a stochastic differential equation driven both by a Brownian term
and a Poisson point measure. We consider a random variable Xy, a Brownian motion
B and a Poisson point measure N (ds,dh) on Ry x R with intensity pu(dh)ds. Let us fix
some measurable functions b and o on R and G(z, h) and K(x,h) on R x R.

We consider a process X € D(Ry,R) such that for any ¢t > 0,

X, = X0+/tb( )ds—i—/t (X,)dB,

//GXS ,h)N (ds, dh) + //K s, h)N(ds,dh). (10.4)

To give a sense to the equation, one expects that for any 7" > 0,

E (/OT/R|G(XS,h)m(dh)ds> <400; E </OT/RK2(XS,h)u(dh)ds> < 400.

We refer to [15] Chapter IV-9 for general existence and uniqueness assumptions (gener-
alizing the Lipschitz continuity assumptions asked in the case without jump).

Let us assume that a solution of (10.4) exists. The process X is a left-limited and right-
continuous semimartingale. A standard question is to ask when the process f(X;) is a
semimartingale and to know its Doob-Meyer decomposition. For a smooth function f,
there is an [t6’s formula generalizing the usual one stated for continuous semimartingales.

Recall (cf. Dellacherie-Meyer VIII-25 [27]) that for a function a(t) with bounded variation,
the change of variable formula gives that for a C'-function f,

fla®) = f(a©)+ [ f'(a(s))dal(s) + D (f(a(s) = fla(s™) = Aa(s)f (a(s7)).

(0.4] 0<s<t

We wish to replace a by a semimartingale. We have to add smoothness to f and we will
get two additional terms in the formula because of the two martingale terms. As in the
continuous case, we assume that the function f is C?.
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Theorem 10.5. (see [/5] Theorem 5.1 in Chapter II). Let f a C*-function. Then f(X)
is a semimartingale and for any t,

FO0) = 50+ [ FEUE s+ [P )e(XaB+ 5 [ (e
i /O /IR (F(Xom + G(Xo_yh)) = F(X,-))N(ds, dh)
i /O /R (F(Xom + K(Xoosh)) = F(Xo-))N (ds, db)

4 / / (F(Xo + K(Xoh)) — F(Xa) — K(Xoh) /(X)) pldh)ds.  (10.5)
0 R

Corollary 10.6. Under suitable integrability and regularity conditions on b, o, G, K
and i, the process X is a Markov process with extended generator: for any C?-function
f, for x € R,

Li@) = Wa)f'(@)+ 50" F @)+ [ (fo+Glash) = ) )

—I-/R (f(:c + K(z,h)) — f(z) — K(z, h)f’(x)) w(dh). (10.6)

Example: let us study the case where
t ¢
Xy =Xo+ / b(Xs)ds —I—/ o(Xs)dBs + St,
0 0

where S is the stable process introduced in (10.3). Let us consider a C2-function f. Then
f(X) is a semimartingale and writes

t 1 t
FO0) = FX0) + M+ [ OGN + 5 [ 7K (X ds
t 1
+/0 /R(f(XS +hlgps1y) — f(Xsf))WdhdS
t , 1
+/0 /]R (f(Xse 4+ hlgp<ny) — f(Xso) = bl <y f/(Xso)) Wdhds
t 1 t
= f(Xo) + M, —i—/o f/(Xs)b(Xs)dS + 2/0 f”(XS)O'2(XS)dS

t / 1
b [ ) = 5060 =~ Wy ) s,

where M is a martingale.
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Let us come back to the general case and apply It6’s formula (10.7) to f(x) = z=:

2

Xt2:Xg+/t2Xsb(Xs)ds—i—/ths_g(Xs_)st+/t02(Xs)d8
0 0 0
+/Ot/R(2XS‘G(XS"h)+(G(Xs—ah))2)N(ds,dh)
+/Ot/R(2Xs—K(Xs_,h)+(K(XS_,h))2)ﬁ(ds7dh)

' 2
—|—/0 /R(K(Xs_,h)) w(dh)ds. (10.7)

In the other hand, since

X = Xo+ M + Ay,

where M is square-integrable and A has finite variation, then

t
X} =X2+ N, +/ 2X, dAg+ (M)y.
0

Doob-Meyer’s decomposition allows us to identify the martingale parts and the finite
variation parts in the two previous decompositions and therefore

= t0'2 S t 2 2 S
an = [ ods+ [ ]G0 + KA m)u(an)as.
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