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PARASITE INFECTION IN A CELL POPULATION WITH DEATHS

ALINE MARGUET AND CHARLINE SMADI

ABSTRACT. We introduce a general class of branching Markov processes for the modelling
of a parasite infection in a cell population. Each cell contains a quantity of parasites which
evolves as a diffusion with positive jumps. The growth rate, diffusive function and positive
jump rate of this quantity of parasites depend on its current value. The division rate of
the cells also depends on the quantity of parasites they contain. At division, a cell gives
birth to two daughter cells and shares its parasites between them. Cells may also die, at
a rate which may depend on the quantity of parasites they contain. We study the long
time behaviour of the parasite infection. In particular, we are interested in the quantity of
parasites in a ‘typical’ cell and on the survival of the cell population. We specifically focus on
the influence of two parameters on the probability for the cell population to survive and/or
contain the parasite infection: the law of the sharing of the parasites between the daughter
cells at division and the form of the division and death rates of the cells as functions of the
quantity of parasites they contain.

KEY WORDS AND PHRASES: Continuous-time and space branching Markov processes, Structured
population, Long time behaviour, Birth and Death Processes

MSC 2000 subject classifications: 60J80, 60J85, 60H10.

INTRODUCTION

We introduce a general class of continuous-time and space branching Markov processes for
the study of a parasite infection in a cell population. This framework is general enough to be
applied for the modelling of other structured populations, with individual trait evolving on
the set of positive real numbers. For instance, another application we can think of, similar
in spirit, is the modelling of the protein aggregates in a cell population. These latter, usually
eliminated by the cells, can undergo sudden increases due to cellular stress (positive jumps),
and are known to be distributed unequally between daughter cells (see [25] for instance).

The dynamics of the quantity of parasites in a cell is given by a Stochastic Differential
Equation (SDE) with a diffusive term and positive jumps. Then, at a random time whose law
may depend on the quantity of parasites in the cell, this latter dies or divides. At division,
it shares its parasites between its two daughter cells. We are interested in the long time
behaviour of the parasite infection in the cell population. More precisely, we will focus on
two aspects of the dynamics: the size of the cell population, and the amount of parasites in
the cells, including the possibility of explosion or extinction of the quantity of parasites in
a positive fraction of the cells, or even in every cell. We will see that those quantities are
very sensitive to the way cell division and death rates depend on the quantity of parasites
in the cell, and to the law of the sharing of the parasites between the two daughter cells at
division.

In discrete time, from the pioneer model of Kimmel [I3], many studies have been conducted
on branching within branching processes to study the host-parasite dynamics: on the associated
quasistationary distributions [4], considering random environment and immigration events
[5], on multitype branching processes [I, 2]. In continuous time, host-parasites dynamics
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have also been studied using two-level branching processes, in which the dynamics of the
parasites is modelled by a birth-death process with interactions [2I], 22] or a Feller process
[8L [7].

Some experiments, conducted in the TAMARA laboratory, have shown that cells distribute
unequally their parasites between their two daughter cells [26]. This could be a mechanism
ailming at concentrating the parasites in some cell lines in order to ‘save’ the remaining
lines. It is thus important to understand the effect of this unequal sharing on the long
time behaviour of the infection in the cell population. This question has been addressed by
Bansaye and Tran in [§]. They introduced and studied branching Feller diffusions with a cell
division rate depending on the quantity of parasites in the cell and a sharing of parasites at
division between the two daughter cells according to a random variable with any symmetric
distribution on [0, 1]. They provided some extinction criteria for the infection in a cell line,
in the case where the cell division rate is constant or a monotone function of the quantity
of parasites in the cell, as well as recovery criteria at the population level, in the constant
division rate case. In [7], Bansaye and coauthors extended this study by providing the long
time asymptotic of the recovery rate in the latter case. Our work further extends these results
in several directions. First, we allow the parasites’ growth rate and diffusion coefficient in
a cell to depend on the quantity of parasites it contains. Second, we add the possibility
to have positive jumps in the parasites dynamics, with a rate which may depend on the
current quantity of parasites in the cell. Third, we allow the cell division rate to depend non
monotonically on the quantity of parasites. This situation is more difficult to study than the
previous ones, as the genealogical tree of the cell population depends on the whole history
of the quantity of parasites in the different cell lines. Finally, we add the possibility for the
cells to die at a rate which may depend on the quantity of parasites they contain. To our
knowledge, this is the first work that takes into account possible deaths in the population
for the study of the proliferation of parasites in a cellular population.

For the study of structured branching populations, a classical method to obtain information
on the distribution of a trait in the population is to introduce a spinal decomposition. It
consists in distinguishing a particular line of descent in the population, constructed from a
size-biased tree [I7], and to prove that the dynamics of the trait along this particular lineage
is representative of the dynamics of the trait of a typical individual in the population, i.e.
an individual picked uniformly at random. The link between the spine and the population
process is given by Many-to-One formulas (see [0} (18] and references therein). Moreover, we
refer to [10] 12, [6] @, [I8], 19] for general results on these topics in the continuous-time case.

Our proof strategy consists in introducing such a spinal process, also known as auxiliary
process. Then, we investigate the long time behaviour of this auxiliary process that corresponds
to the trait of a uniformly sampled individual in the population, and deduce properties on the
long time behaviour of the process at the population level, extending previous results derived
for a smaller class of structured Markov branching processes (see [8, 16, [9] for instance). In the
case of a constant growth rate for the cellular population, the auxiliary process belongs to
the class of continuous-state non-linear branching processes that has been studied in [15] 20].
In the general case, it is time-inhomogeneous and some adaptations of existing results on
this class of processes are required. Note that the idea of studying a specific line of descent
has also been used in discrete time studies of host-parasites dynamics [4, 2].

The paper is structured as follows. In Section (1, we define the population process and
give assumptions ensuring its existence and uniqueness as the strong solution to a SDE. In
Section [2, we consider the case of constant division and death rates. Section [2.1]is dedicated
to the study of the asymptotic behaviour of the mean number of cells alive in the population
for various dynamics for the parasites. We also compare different strategies for the sharing
of the parasites at division and give explicit conditions ensuring extinction or survival of
the cell population. In Section we focus on the case of a parasites dynamics without
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stable positive jumps and study the asymptotic behaviour of the proportion of infected cells.
Similar questions are investigated in Section [3| in the case of a linear division rate and a
constant death rate. In Section [4] we provide necessary conditions for the cell population to
contain the infection or for the quantity of parasites to explode in all the cells. Sections
and [0] are dedicated to the proofs.

In the sequel N := {0, 1,2, ...} will denote the set of nonnegative integers, Ry := [0, 00)
the real line, Ry := Ry U {400}, and RY := (0,00). We will denote by CZ(A) the set of
twice continuously differentiable bounded functions on a set A. Finally, for any stochastic
process X on Ry or Z on the set of point measures on R, we will denote by E, [f(X;)] =
E [f(X¢)|Xo = z] and Es, [f(Z0)] = E [f(Z:)| Zo = 64 ].

1. DEFINITION OF THE POPULATION PROCESS

1.1. Parasites dynamics in a cell. Each cell contains parasites whose quantity evolves as
a diffusion with positive jumps. More precisely, we consider the SDE

t ¢ t rp(X,) ~
Xi=x+ / g(Xs)ds + / V202%(%5)dBs + / / / 2Q(ds, dx,dz)
0 0 0 Jo Ry

t X
—I—/ / / zR(ds,dz,dz), (1.1)
0 Jo Ry

where z is nonnegative, g, ¢ > 0 and p > 0 are real functions on Ry, B is a standard
Brownian motion, @ is a compensated Poisson point measure with intensity ds ® dz ® m(dz),
7 is a nonnegative measure on R, R is a Poisson point measure with intensity ds®@dz®p(dz),
and p is a measure on R} with density:

_cb(b+1) 1

Pld2) = T =gy 2™

where b € (—1,0) and ¢ < 0 (see [14], Section 1.2.6] for details on stable processes). Finally,
B, @ and R are independent.

We will provide later on conditions under which the SDE has a unique nonnegative
strong solution. In this case, it is a Markov process with infinitesimal generator G, satisfying
for all f € CZ(Ry),

Gf(x) = g()f'(x) + o*(x) f" (x) + p(x) / (fl@+2) = f@) —2f(@)) n(dz)  (1.2)

Ry
+wA+U@+@—f@DM®%

and 0 and +oo are two absorbing states. Following [18], we denote by (®(x,s,t),s < t) the
corresponding stochastic flow i.e. the unique strong solution to (1.1]) satisfying X5 = x and
the dynamics of the trait between division events is well-defined.

1.2. Cell division. A cell with a quantity of parasites x divides at rate r(z) and is replaced
by two individuals with quantity of parasites at birth given by Oz and (1 — ©)xz. Here
© is a nonnegative random variable on (0, 1) with associated symmetric distribution (df)

satisfying fol |In 0|k (dh) < oco.

1.3. Cell death. Cells can die because of two mechanisms. First they have a death rate
¢(z) which depends on the quantity of parasites = they carry. We will call it ‘natural death’.
The function ¢ may be nondecreasing, because the presence of parasites may kill the cell, or
nonincreasing, if parasites slow down the cellular machinery (production of proteins, division,
etc.). Second, they can die when the quantity of parasites they carry explodes (i.e. reaches
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infinity in finite time), as in this case a proper functioning of the cell is not possible anymore.
Notice that to model this case, we do not ‘kill the cell’ strictly speaking. As infinity is an
absorbing state for the quantity of parasites in a cell, and as a cell with an infinite quantity
of parasites transmits an infinite quantity of parasites to both its daughter cells, we let the
process evolve and decide that a cell is dead if it contains an infinite quantity of parasites.

1.4. Existence and uniqueness. We use the classical Ulam-Harris-Neveu notation to
identify each individual. Let us denote by

u:=|J{o,13"
neN
the set of possible labels, Mp(R;.) the set of point measures on Ry, and D(Ry, Mp(R,)),
the set of cadlag measure-valued processes. For any Z € D(Ry, Mp(Ry)), t > 0, we write

Zy= bxyp, (1.3)
ueVy

where V; C U denotes the set of individuals alive at time ¢ and X;* the trait at time ¢ of the
individual u. Let E =U x (0,1) x Ry and M (ds,du,df,dz) be a Poisson point measure on
Ry x E with intensity dsxn(du)x k(df) x dz, where n(du) denotes the counting measure on Y.
Let (@“(ac, s,t),uc€lU,z €Ry, s< t) be a family of independent stochastic flows satisfying
describing the individual-based dynamics. We assume that M and (®“,u € U) are
independent. We denote by F; the filtration generated by the Poisson point measure M and

the family of stochastic processes (®%(z,s,t),u € U,x € Ry, s < t) up to time t.

We now introduce assumptions to ensure the strong existence and uniqueness of the
process. They are weaker than those of previously considered models, and as a consequence,
we obtain a large class of branching Markov processes for the modelling of parasite infection
in a cell population. Points i) to iii) of Assumption EU (for Existence and Uniqueness)
ensure that the dynamics in a cell line is well defined (as the unique nonnegative strong
solution to the SDE (|1.1)) up to explosion, and infinite value of the quantity of parasites after
explosion); points iv) and v) ensure the non-explosion of the cell population size in finite
time.

Assumption EU. i) The functions r and p are locally Lipschitz on Ry, p is non-
decreasing and p(0) = 0. The function g is continuous on Ry, g(0) = 0 and for any

n € N there exists a finite constant By, such that for any 0 <z <y <n

_J x(1l—-Inz) ifz <1,

900) = 9(0)] < By~ a). where o() = { | st

ii) The function o is Hélder continuous with index 1/2 on compact sets and o(0) = 0.
ii1) The measure T satisfies

/00 (2 A 2%) m(d2) < 0.

0
iv) There exist 1,79 > 0 and vy > 0 such that for all x > 0

r(z) —q(z) < raz? +ro.
v) There exist c1,co > 0 such that, for all v € Ry,

lim Gh,~(x) <ciz? +c¢
Jim  Ghny(z) < c12” + e,

where y has been defined in iv) and hy, € CZ(Ry) is a sequence of functions such
that limy, 4 o0 hp () = 27 for all x € Ry.
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Recall the definition of G in ([1.2]). Then the structured population process may be defined
as the strong solution to a SDE.

Proposition 1.1. Under Assumption |E£| there exists a strongly unique Fi-adapted cadlag
process (Zy,t > 0) taking values in Mp(Ry) such that for all f € CE(Ry) and xo,t > 0,

(2o, f) =F (z0) + /0 Gf(x)Zs (dx) ds + M (xo)

Ry
[ ey (1 e FOXE) 5 70 = 0)x2) — (X2

_1{0<Z—T(X:7)§q(X:;)}f (Xs—)> M (dS, du, db, dZ) s

where for all x > 0, Mtf(x) is a Fy-martingale.

The proof is a combination of [23, Proposition 1] and [I8, Theorem 2.1] (see Appen-
dix [A| for details). Note that we replaced Condition (1) and (3) of Assumption A in [18]
by Condition ) in Assumption A careful look at the proof of [I8, Theorem 2.1] (in
particular (2.5) in [I8, Lemma 2.5]) shows that in our case, the growth of the population is
governed by the function z — r(z) — g(x) so that our condition is sufficient. Note also that
in [18] the exponent v of Condition év) in Assumption is required to be greater than
1 but this condition is not necessary for conservative fragmentation processes as considered
here. For the sake of readability we will assume that all the processes under consideration
in the sequel satisfy Assumption [EU] but we will not indicate it.

We will now investigate the long time behaviour of the infection in the cell population. As
we have explained in the introduction, the strategy to obtain information at the population
level is to introduce an auxiliary process providing information on the behaviour of a ‘typical
individual’. We will provide a general expression for this auxiliary process in Section
It involves the mean number of cells in the population, which is not always accessible.
The computation is however doable in some particular cases, which allows us to study the
influence of the different parameters on the long time behaviour of the parasite infection
(quantity of parasites in the cells, mean number of cells in the population and survival of
the cell population), in particular the influence of the division strategy (division rate and
law for the sharing of the parasites).

2. CONSTANT BIRTH AND DEATH RATES

In this section we assume that r(-) and ¢(-) are constant functions: the cell division rate
and the natural death rate do not depend on the quantity of parasites. However, the quantity
of parasites in a cell can reach infinity and kill the cell.

2.1. Mean number of cells alive. Let us first consider that the quantity of parasites in a
cell follows the SDE:

t t t X -
Xi=x+ g/ Xsds +/ V/202%2dBs +/ / / zR(ds,dz, dz), (2.1)
0 0 0 Jo Ry

where g > 0,0 > 0, x > 0, B is a standard Brownian motion and the Poisson measure R has
been defined in . In this simple case, we are able to obtain an equivalent of the number
of cells alive at a large time ¢. In particular, we will see how it depends on the way cells
divide and share their parasites between their daughter cells. In order to state the result, let
us introduce the function

BN == Mg — 02) + \202 + 2r <E[@A] - 1) ,
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for any A € (A7, 00), where
A7 :=inf{A < 0: &(\) < oo}

The function # is the Laplace exponent of a Lévy process (see the proof of Proposition [2.1)),
and is thus convex on (A7, 00). Let

m := &' (0+) = g — 0> + 2rE [In O]

and denote by 7 = argmin(,- oy #(A) which is well-defined if A\~ < 0 < m because #’ is an
increasing function. Finally, we denote by €; the number of cells alive at time t.

Proposition 2.1. Assume that the dynamics of the quantity of parasites in a cell follows
(2.1) and that r(z) =r >0 and q(z) = q > 0.
i) If m < 0, then for every x > 0 there exists 0 < ¢i(z) < 1 such that
lim e(q*’")tIEgl (€] = c1(2).

t—o0

ii) If m =0 and A\~ < 0, then for every x > 0 there exists ca(x) > 0 such that
tlim Vel RS (€] = eo(x).
—00

iii) If m > 0, then for every x > 0 there exists cs(x) > 0 such that

g&t%e_kmt@(q_ﬂ%éx (€] = c3().

Let us focus on the most interesting case when r > ¢. In this case, in absence of
parasites, the cell population evolves as a supercritical Galton-Watson process and survives
with probability 1 — ¢/r (see [3]). In the presence of parasites, in cases i) and i) the mean
number of cells alive at time ¢ goes to infinity with ¢. In case iii) it depends on the value of
R(T). If

1
NN —g=4 o 0_2 7220_2 r 7A'K/ _ _ .
R(T)+71—¢q (g )+ + [2/0 0" k(dP) 1} q<o0, (2.2)

then the mean number of cells alive at time ¢ goes to 0 when ¢ goes to infinity and thus the
cell population is killed by the infection. Otherwise we have the same conclusion that for
cases 1) and 1i1).

Corollary 2.2. Under the assumptions of Proposition for any x > 0,
i) If ¢ > r orif (m >0 and &(7) +r —q <0), limy_,oo Es, [€] = 0.
i) If (m <0 and r > q) or if (m >0 and &(7) +r —q > 0), then lim;_, E;, [€;] = c0.

Let us now consider a more general dynamics for the quantity of parasites in a cell, namely,
the dynamics given by with the assumption that g(x) < gx with g > 0 for any x € R,
and a particular form of the diffusive part. Notice that in this result, the natural death rate
of the cells may depend on the quantity of parasites they contain but has to be bounded. The
diffusive term however may take a rather general form. Then we may obtain the following
sufficient condition for the mean number of cells to go to infinity.

Proposition 2.3. Assume that the dynamics of the quantity of parasites in a cell follows
(1), with r(z) =r > q > q(z), p(z) = z, g(z) < gz and o(z)? = §*(z)z + o%2? for any
r € Ry with g,0 € Ry. Assume that the function s is Hélder continuous with index 1/2 on
compact sets and that there exists a finite constant ¢ such that for x > 0, s(x)y/z < ¢V af.
Ifm <0 orm>0 and

1
B 4+r—q=17(g—0?)+ 726+ r {2/ 07k (df) — 1} —q>0, (2.3)
0

then for any x > 0
lim E;, [¢;] = oc.
t—o0
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Let us try to understand the effects of g, r, ¢ and the probability distribution s on cell
population survival by studying under which conditions on these parameters the inequality
(2.2) is satisfied. The effects of g, ¢ and r are easy to study. As for any A <0,

1 1
2/ 0%(d0)—122/ k(d9) —1=1,
0 0

the higher r is and the more difficult is to satisfy. If cells divide more often, they are
more numerous and they get rid of some of their parasites more often. Hence their quantity
is less likely to reach infinity. Similarly, for negative values of A, #(\) is decreasing in g, so
that if g is bigger, condition is more likely to hold. This is consistent with the fact that
the quantity of parasites explodes sooner if it grows faster. Finally, condition is less
likely to hold for large values of ¢, which is consistent with the fact that the number of cells
alive decreases when the natural death rate g increases. The effect of x, which describes the
sharing of the parasites at division, is less intuitive and explicit computations are not always
feasible. We nevertheless are able to study some particular cases.

For the sake of simplicity, we assume in Sections [2.1.1] and [2.1.2] that the quantity of
parasites in a cell follows the SDE (2.1)) with o = 0. We make this simplification to obtain
simple expressions as the focus is here on the role of x on the mean number of cells alive but
general conditions including o could be derived in a similar way.

2.1.1. Uniform law or equal sharing. If k(df) = df or k(df) = 6, 2(df), we can explicit the
bounds of Corollary

Corollary 2.4. Assume that the quantity of parasites in a cell follows the SDE (2.1)) with
o =0, that r(x) =r > q(x) = q >0, and take x > 0.
- If k(dO) = db,
i) if g>3r—q+2y2r(r—q) then limy o0 Es, [€] = 0,
i) if g<3r—q+2y/2r(r—gq) then lim¢ o0 Es, [€4] = 0.
- 1 5(d8) = 15 (d6),

i) if  g>xo(r,q)In2 then limy o0 Es, [€4]
i) if g <xo(r,q)In2 then limy o0 Es, [€4]

0,
00,

where xo(r, q) > 2r is the unique value such that
zo(r,q) = (r + q)(1 +In2r —In(zo(r, q))) .

Remark 2.5. We can prove that the ‘uniform sharing’ strategy is always better than the
‘equal sharing’ strategy for the cell population. Indeed by Proposition [2.1] recalling that
m = g — 2r in the first case, and m = g — 2rIn 2 in the second one, we obtain

g Asymptotic order of magnitude of Es, [&;]
k(df) = db k(dO) = 01 /2(db)
(0,27 1n 2) elr=a)t elr—a)t
{2rIn2} elr—at t=1/2er=a)t
(2rIn2,2r) e(r—a)t t=3/2e(Ra2(T2)+r—q)t
(2} —1720r=a)t 132 (Ra(R2)+r—q)t
(2r, +00) 132 (Ri(F1)Fr—q)t 1372 p(Ra(F2)+r—q)t

where for all g > 2r,

F1(71) = 24/2rg — g — 21 > fa(Fa) = % (1 +In2r —1In (%)) —2r.
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m>0, K(T)+r-q>0
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6o

FIGURE 1. Classification of the couples of parameters (g/r,0p) in the case of
unequal sharing with ¢ = /2. For a set of parameters in the green area, the
mean number of cells goes to infinity when time goes to infinity. It is also the
case for a set of parameters in the orange area but at a smaller rate. For a
set of parameters in the red area, the mean number of cells goes to 0. The
hatched area corresponds to the values of g/r for which the mean number of
cells goes to 0 in the case of a uniform repartition of the parasites at division.

More generally, we expect that a more unequal strategy is always beneficial for the cell
population: ‘sacrificing’ some lineages in order to save the other ones’. We were not able to
prove such a general statement, but we will try to understand better the effect of unequal
sharing in the next section.

2.1.2. Unequal sharing. We assume that there exists 6y € (0,1/2) such that
1 1
k(df) = 5(590(d6) + 551,90(d6).
In this case, we have A~ = —oo and for A € R,
RN = Ag+ 7 [93 F(1—00) —2], A =g+ [In0)6) + In(1 — 6o)(1 — 6p)*
and
m = g+ r1ln(fy(1 — 0p)).
Let us focus on the case where m > 0, that is to say g/r > —In(6p(1 —6p)). Then the unique
minimum of & on R is reached at a point 7 characterized by
g + [In(80)67 + (1 — 60)(1 — 6)7] = 0.
We notice that 7 depends only on g/r and 6p. Thus the mean number of cells goes to 0 if
the two following conditions are satisfied:
g/r>—In(6y(1 —6y)) and &(F,g,7)+7r—q<0,
or equivalently

g/r > —In(6p(1 —0y)) and ?§+98‘+(1—90))‘—1—q/r§0.

On Figure [I} we show the correspondence between the long time behaviour of the mean
cell population size and the values of (g/r,6p) in the case ¢ = r/2. Interestingly, there are
values of g/r for which the fate of the cell population depends on the strategy of the parasites
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sharing at division: very asymmetrical divisions (small fy) can save the cell population. The
shapes of the different areas are essentially the same for different values of ¢/r.

2.2. Quantity of parasites in the cells. We now consider that the dynamics of the
parasites in a cell follows the SDE (1.1]) without the stable positive jumps, that is to say

t t t rp(X,-) _
_ 2
X, a:—i—/o g(%s)ds—l—/o 20%(X,)dBs +/0 /0 /R+ 2Q(ds, dz, dz). (2.4)

In this case we can observe moderate infections, extinctions of the parasites in the cell
population, but also cases where the quantity of parasites goes to infinity with an exponential
growth in a positive fraction of the cells.

In order to state the next result, we need to introduce three assumptions. The first one
allows to make couplings and we believe that it can be weakened.

Assumption A. The measure T satisfies fR+ zm(dz) < oo.

Note that the weaker condition [ In(l 4+ z)w(dz) < oo, which is required in [20], is
therefore satisfied under Assumption [Al The second assumption provides a condition under

which the quantity of parasites may reach the state 0. It is almost a necessary and sufficient
condition (see [20, Remark 3.2 and Theorem 3.3]).

(LNO) There exist 0 < a < 1, 7> 0 and ug > 0 such that for all u < ug

g(uu) - aaz(Qu) < —In(u™!) (lnln(u_l))Hn.

The third assumption ensures that the process does not explode in finite time almost surely
(see [20, Theorem 4.1}).
(SNoo) There exist 0 < a < 1, and a nonnegative function f on Ry such that

g(u) _ o*(u) 1-E[6]

—a—5— —1r(u) T

U U —pu)ly(u) = —f(u) + o(lnw), (u— +00).

Recall that the total number of cells is given by a continuous time birth and death process
with individual birth rate r and individual death rate q. From classical results on branching
processes (see for instance [3]) we know that the cell population survives with probability
0V (1 —gq/r). The long time behaviour for the quantity of parasites in the cells is described
in the next proposition.

Proposition 2.6. Assume that the quantity of parasites in a cell follows the SDE (2.4)), that
Assumption |A| holds, and that r(x) =r > q = q(x) > 0.

i) If there exists n > 0 such that for x > 0,
g;a:) + 2rE[ln©] > n,
if the function x — (0%(x) + p(x))/z is bounded and if there exists €1 > 0 such that
/ 2In' (1 4 2)7(dz) < oo,
R4

then for e > 0,

#{u eV, : Xt > en/2r—e)ty -

0.
Ny

t—o00
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ii) If Assumption |(LNO)| holds and if there exists n > 0 such that for all x > 0,

g(xx) +2rE[ln©] < —n,

then fore >0

#{ueV: X > e}
N, -
i) If Assumptions [(LINO)| and [[SNoo)| hold and if there exist n > 0 and xg > 0 such
that for x > xg,
9(@) _ o*(z)
T x?
then

lim 1/n,>1) 0 in probability.

t—o0

T

+ 2rE[ln ©] — p(z) /000 (E —1In <1 + g)) m(dz) < —n,

) #lue Vi X >0}
tlgrolo lin>ny N, =0 a.s.

Proposition extends Theorem 4.2 in [8] allowing for non constant parasite’s growth
rates, a general class of diffusive functions, positive jumps, as well as the possibility for the
cells to die at a constant rate.

3. LINEAR DIVISION RATE, CONSTANT DEATH RATE

In this section, we consider the case of a linear division rate and a constant natural death
rate for the cells, and a constant growth for the parasites.

Assumption LDCG. There are no stable jumps (c, = 0), there exist o, 3 >0, g, ¢ >0
such that g(x) = gz, q(x) = q, r(x) = ax + , max(g, 3) > q and

/Ooo(z V 22)m(dz) < oo. (3.1)

Such a division rate corresponds for the cells to a strategy of linear increase of their
division rate in order to get rid of the parasites. From Lemma we see that the quantity
max(g, 3) — q is the Malthusian growth rate of the population. Therefore, we only consider
the case of a growing population. In this case, we can show that the infection stays moderate,
and the population may even recover under some assumptions, under a condition on p and
a condition on the behaviour of o and p at infinity.

Assumption B. For every z > 0, xp/(x) > p(z).
Assumption C.

) o?(x) ) x
limsup —5—= <00 and limsup —5= < oo.
T—00 x T—00 a

Assumption [C] ensures that the quantity of parasites in a typical cell is brought back to
small values thanks to division events (see Lemmal6.3]). We state in the following proposition
the possible long time behaviours for the infection.

Proposition 3.1. Under Condition [LDCG], suppose that Assumptions[B and[C] hold.
i) For alle >0 and x > 0,

lim lim Ps,
K—ocot—o0

#{ueV,: X > K} B
< Es, [V >“‘> -0

If moreover fR+ 257(dz) < oo, then

#{u eV, : X{ >K}>€>:O‘

N

K—oot—00
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i) If fR+ 297(dz) < 0o and|(LNO)| holds then

ueVi: X*>0 .
1{Nt21}#{ zvt ¢ }—)O m ILQ((SJ;O), (t—>oo)

Notice that point 4) covers the classical diffusive function (¢2(x) = oz, ¢ > 0). Proposition
extends the results of [§] to a class of division rates increasing with the quantity of
parasites. It is similar in spirit to [8, Conjecture 5.2] in the case of birth rates increasing
with the quantity of parasites, but Bansaye and Tran considered a case where the division
rate is bounded, which is not our case. Moreover, we consider positive jumps and various
diffusive functions for the growth of the parasites, and add the possibility for the cells to die.

From this result, we see that the proportion of very infected cells goes to 0 as t tends to
infinity so that a linear division rate is sufficient to contain the infection, and even recover
if the dynamics of the parasites in a cell is such that the probability of absorption of the
infection process is positive (condition |(LNO))). Note that the division mechanism allows to
contain the spread of the infection, either by a linear division rate (with @ > 0 according
to Proposition and no restriction on the sharing of the parasites at division, or by a
constant division rate (3, large enough compared to the growth of the parasites weighted by
the division events g/(2E[In(1/0)]) (see ) and 4ii) of Proposition [2.6)).

4. CONTAINMENT OR EXPLOSION OF THE INFECTION IN MORE GENERAL CASES

In this section, we consider more general cell division and death rates, and we look for
sufficient conditions for the quantity of parasites to become large (resp. small) in every alive
cell. The idea is to find a function characterizing the parasite growth rate in a typical cell
and to compare it to the growth rate of the population size.

Let us be more precise on the assumptions entailing these long time behaviours. For
a € Ry \ {1}, we introduce when it is well-defined the function G,, for > 0 via

x o?(x
Go(x) :==(a — 1)956) —ala—1) .CE(2 ) _ 2r(z)E[O'* — 1]

—x_ﬁ/R+ ((z+1)1—a—1) p(d,z)—p(gc)/]R+ <(;+1)1_“—1—(1—a);> w(dz).

As we explained in the introduction, we will consider a spinal process giving information
on the trait dynamics of a typical individual (see the Section for details). As we will
see in the proof of Proposition if we denote by Y this spinal process, then the process

(Ytl*aefot Ga(Yo)ds ¢ > 0) is a local martingale, which entails that, Y;}~® roughly behaves as

e~ Jo Ga(Ya)ds g thus, G, contains informations on the dynamics of the quantity of parasites
in a typical cell. Moreover, the growth rate of a cell population with a constant quantity
x of parasites is r(x) — ¢(z). The next assumptions combine conditions on those two key
quantities, leading to results on the asymptotic behaviour of the infection in the entire
population.

Assumption EXPL. There exist a > 1 such that E[@'7%] < 0o and 0 < v <~ such that
r(z) —q(z) <y <y < Gu(x), Vr>0.

Assumption EXT. There is no stable jumps (that is to say cy = 0) and there exist a < 1
and 0 < v <~ such that

r(z) —q(x) <y <y < Go(x), Va>0.
Proposition 4.1. Let K > 0. Then for every z > 0,
i) Under Assumption [ EXPL],
lim Ps, (3u € Vi, X' < K) = 0.
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ii) Under Assumption  EXT
lim Ps, (Jue Vi, Xi* > 1/K) =0.
t—o0

Thus in case i), the quantity of parasites goes to infinity in all the cells, and in case i),
the quantity of parasites goes to zero in all the cell lines with a probability close to one.

The rest of the paper is dedicated to the proofs of the results presented in previous sections.
As mentioned before, the proofs rely on the construction of an auxiliary process, which gives
information on the dynamics of the quantity of parasites in a ‘typical’ cell, that is to say a
cell chosen uniformly at random among the cells alive. But to have information on the long
time behaviour of the infection at the population level, we need to derive additional results
on the number of cells alive, which is not an easy task due to both the death rate and the
dependence of the cell division rate in the quantity of parasites.

5. MANY-TO-ONE FORMULA

5.1. Construction of the auxiliary process. Recall from that the population state
at time t, Zy, can be represented by a sum of Dirac masses. We denote by (M;,t > 0) the
first-moment semi-group associated with the population process Z given for all measurable
functions f and z,t > 0 by

M f(x) = Es, [Z f(Xt“)] :

ueVy

The trait of a typical individual in the population is characterized by the so-called auxiliary
process Y (see [I8, Theorem 3.1] for detailed computations and proofs). Its associated time-
inhomogeneous semi-group is given for r < s <t, x > 0 by

Ms—r(fMt—s]-) (l‘)
Mt_rl(ﬂf) ’

PO f(z) =

where 1 is the constant function on R; equal to 1. More precisely, if we denote by
m(x,s,t) = M;_s1(x) the mean number of cells in the population at time ¢ starting from
one individual with trait x at time s with s <t, then, for all measurable bounded functions
F :D([0,t],Ry) — R, we have:

Es,

Y F(XYs < t)] = m(z,0,t)E, [F (Y;t),s < t)] . (5.1)

ueVy

Here (Ys(t), s < t) is a time-inhomogeneous Markov process whose law is characterized by its
associated infinitesimal generator (.Agt), s < t) given for f € D(A) and = > 0 by:

m(0x, s,t)
m(z,s,t)

N 1
AD f(2) =610 f(2) + 2r(2) /0 (f (62) - f (2)) (d6),

where

D(A) = {f € C}(Ry) s.t. m(-,s,t)f € CZ(Ry), Vt >0, Vs < t}
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G0 1(2) = (o) + 202(0) 205 sy [ E (merss D =) nas)) i)

m(z,s,t) m(z,s,t)

@) @)+ pla) [ (o 2) = o) 2 (@) PR

Ry m(x,s,t)

m(dz)

m(x + z,s,1)
v [ ) = ) e ),

Those formulas come from [18, Theorem 3.1], with B(z) = r(z) + ¢(z) and m(z, A) =
r(z)(r(z) + q(z)) ™! fol (062 (dy) + 6(1-6)x(dy)) £(df). Note that explicit expressions for the
mean population size m(z,s,t) are usually out of range. However, the computations are
doable in two particular cases. In the first one, the difference between the cell division and
death rates is constant and in the second one the parasites Malthusian growth is constant,

the cell division rate is a linear function of the quantity of parasites and the cell death rate
is constant, as stated in Assumption [LDCG/ (Linear Division Constant Growth).

5.2. Role of the death rate in the auxiliary process. In this section, we compare the
auxiliary process associated to a population with or without death. Let (Z;, ¢ > 0) be the
previously defined population process to which we add a trait D}' to each individual u in
the population: if Dy = 0, the individual is still alive, if D}’ = 1, the individual is dead.
To compare the population dynamics with or without death, we consider that the trait of
the dead individuals still evolves and that they can still divide but their descendants will be
born with the status Dy = 1. More precisely,

Zy = Z O(xu,pry = Z O(xm0) + Z O(x 1)

ueVy ueVy? ueV}

where V.0 (respectively V;!) denotes the alive (respectively dead) individuals in the population

at time t. We denote by N? (respectively N}) its cardinal and introduce X = (X®, DY) for
all w € Y and ¢t > 0. Next, we consider the following dynamics:

- a death event for u leads to set D' = 1. Therefore, it does not affect dead cells.

- a division event does not change the status D}* of an individual and its descendants
inherit the status of their ancestor.

- we extend the generator G to the functions f : Ry x {0,1} — R, such that

f(70)a f(v 1) € Clg(R"r)
Then, (Z;,t > 0) is defined as the unique strong solution in Mp(R, x {0,1}) to

(Zif) = [ (20,0) + /0 [ (@) 2. (@) ds + M (a0.0)

[ty (L) FOX2 D2 4 (= 0)X2 D2 — £ (X2, D)

L g ) U (X1 = £ (X D)) M (ds. . ).

for all f: Ry x {0,1} — Ry such that f(-,0), f(-,1) € CZ(R.), where M/ is an F; martingale
(F; denotes the canonical extension of ;). Let Ny = N + N}. Introduce

mo(@,5,1) = E [N} Z, = 600

and consider the auxiliary process }N/S(t) = (Ys(t),Ds) for all 0 < s < t and its associated
generator Agt) given for all ¢ : Ry x {0,1} — R, such that (-,0),%(-,1) € D(A), and for
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all (z,d) € Ry x{0,1}, by

A G ! m((0x,d), s
ADp(x,d) = GOv(-,d)(x) +2r(m)/0 ((6z,d) — (2, d)) W

Using the Many-to-One formula ([5.1)), we get

D Lpp=o)

ueVy

k(d0)

mo(x,s,t) =E

Zs = 5(%0)] = m((z,0), 5, )P (Dt — 0|7 = (gc,o)) .

As we can see on the expression of the generator of the auxiliary process in , D, switches
from 0 to 1 at rate ¢(x) and 1 is an absorbing state. Therefore,

P (Dt — 0]V = (a, 0)) —E [exp (— /Stq(Yu(t))du> v = x} .

Finally,

t
mo(z,s,t) =E [exp (—/ q(Yu(t))du) ‘Ys(t) = x] m((x,0),s,t),
S
and in the case g(z) = ¢ > 0 for all x > 0, we get
mo(z, s,t) = e 1 m((2,0), s, 1).
In particular, for all x,y > 0

mo(y,s,t)  m((y,0),s,t)
mo(z,s,t)  m((x,0),s,t) (5.3)

The expressions appearing in the generator of the auxiliary process given page[l3|are identical
with or without death, but the difference might be hidden in the ratios of m(y, s,t)/m(z, s,t).
In , the left-hand (respectively right-hand) side corresponds to the ratio appearing in
the case of a population process with (respectively without) death. From the previous
computations, we obtain that in the case of a constant death rate, the auxiliary process

(Ys(t), s < t) is the same as the auxiliary process of a population process without death and

E| > (XY

uevyp

Zy =8, | =molw,r,OE [ f (V) [V =] = e 1R !Z F(X¥)

ueVy

Zrzax].

5.3. The case r(z) — ¢(z) = r — q. In the case where the cell population growth rate is
constant, we have

t
m(:v,s,t)zl—l—/ E
S

Z (r(Xy) — ¢(Xy)) ‘Zs = 596] dv=1+ (r — q)/ m(x,s,v)dv.

ueVy
Therefore,
m(z,s,t) = eT0E=9),

In this case, the auxiliary process Y is time-homogeneous and its infinitesimal generator is
given for all z > 0 by

1
Af(x) = Gf(x) + 2r(2) /0 (f(0x) — f(2))(db).
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In particular, it can be realised as the unique strong solution to the following SDE. For
all t > 0,

t t t prp(Y—) ~
Yi=z+ / g(Yy)ds —|—/ V202(Y5)dBs +/ / / 2Q(ds, dz,dz)
0 0 0 Jo Ry

t oy top2r(Y) fl
+ / / / R(ds, do, dz) + / / / (60— 1)Y._ N(ds,dz,df).  (5.4)
0 Jo Ry 0 Jo 0

In other words, the auxiliary process has the same law as the process along a lineage with a
cell division rate multiplied by two (see [0, §]).

5.4. The case r(z) = ax + (3, q(x) = q. Assume that ¢, = 0 (no stable positive jumps).
Then under Assumption[LDCG] a direct computation shows that if g # 3, the mean number
of individuals can be written

axr ax
m(e,s.t) = 2% la-0-9) | (1 _ ) (B=0)(t—s). 55
(x,5,t) o pa— (5.5)

For the sake of readability, we introduce the following functions for ¥ > 0, s,z > 0, and
6 €0,1]:

o (6(9_5)5 — 1)

Als) =y (20200 +at0) [ i) —EC T 6
_ B+ afy (elo=B)s _
oy 5.0) = 2lay + ) L OO T ) 5.1

g—B+ay(eld=Fs —1)~

' az (elw=A)s — 1)
f3(y:5,2) == p(y) (1 TG B ray (1))

We obtain that A® is the infinitesimal generator of the solution to the following SDE, when
existence and uniqueness in law of the solution hold. For 0 < s < ¢,

s s [oo ® 4z
) —_y® o , fs(Y, 2 t—uz)
0 o Jo Jo

s s rl fg(Yu(t_),tfu,G)
+/ (/202 (Yu(t)>dBu+/ / / 0 — )Y IN(du,db,dz),  (5.8)
0 0 0 0

where Q, B and N are the same as in (L.1)).

and

The auxiliary process Y ® can be realised as the unique strong solution to the SDE
under some moment conditions on the measure associated with the positive jumps. We need
to consider an additional assumption on p that ensures that the rate of positive jumps f3 of
the process Y is increasing with the quantity of parasites, namely Assumption [B]

Proposition 5.1. Suppose that Assumptions LDCG and@ hold. Then, Equation (5.8) has
a pathwise unique nonnegative strong solution.

The proof of this proposition is given in Appendix[B] The case g = 3 will not be considered
in this work, as it entails additional computations and does not bring new insights.

Now that we have built auxiliary processes in all cases of interest, and have shown that
they can be realised as strong solutions to SDEs, we have all tools in hands to prove the
results stated in Sections 2] to [d] Notice however that we will need to study precisely the
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convergence properties of the inhomogeneous auxiliary process in the linear division rate
case, to be able to deduce informations on the quantity of parasites in a typical individual.
6. PROOFS

6.1. Proofs of Section [2. In this section, we derive the results on the behaviour of the
population in the case of constant division and death rates.

Proof of Proposition[2.1 According to Section the auxiliary process is homogeneous in
this case, and is the unique strong solution to the following SDE:

t t t Y,
Y, =z + g/ Ysds + / V202Y2dBs + / / / zR(ds,dz,dz)
0 0 0 Jo Ry

t pr2r 1l
+/ / / (0 —1)Y,-N(ds,dz,dd).
0 JO 0

We can thus apply (5.1)) to the function
F((Xgas < t)) = 1{Xf<oo}a

and obtain

Es, (€] = e""0'P, (Y, < o0),
where we recall that €; is the number of cells alive at time ¢ (that is to say containing a finite
quantity of parasites). The study of the asymptotic behaviour of E [¢;] is thus reduced to
the study of the asymptotics of the non-explosion probability of Y. Following [24], the long
time behaviour of P, (Y; < 0o) depends on the properties of the Lévy process L given by:

t p2r 1
L= (9_02)t+¢2023t+// /lnHN(ds,d:c,dG). (6.1)
0 Jo 0

Its Laplace exponent & is
1
() :=InE[e*1] = Mg — 6%) + \20? +2r U 0k (df) — 1} ,
0

for any A € (A7, 00). Recall that A\~ and m have been defined on page@ Then an application
of |24, Proposition 2.1] gives the three following asymptotics:

i) If m < 0, then for every x > 0 there exists 0 < ¢;(x) < 1 such that
tli)rgon(Yt < o0) = cp(x).
ii) If m =0 and A\~ < 0, then for every x > 0 there exists co(z) > 0 such that
lim VP, (Y; < 00) = ca().
t—o0
iii) If m > 0, then for every x > 0 there exists c3(z) > 0 such that
lim t%e*’%(%)]?x(Y} < 00) = c3(x).
—00

It ends the proof. O

Proof of Proposition[2.3 First, we consider the case g(x) = gx and ¢(z) = ¢. The process
X solution to (|1.1)) has the same law as the unique solution to the SDE

~ t t — t —
X, —a:—i—g/ %Sds—i-/ \/202%§dBS+/ \/ 252 (X)X sdW
0 0 0
t X - _ t X -
—|—/ / / zQ(ds,dac,dz)—i—/ / / zR(ds,dx,dz),
0 Jo R, o Jo R,
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where W is a Brownian motion independent of B, @) and R. Notice that under the assumptions
of Proposition y — 5(y)./y satisfies point i) of Assumption As in the previous case,

explicit computations are possible, and if we keep the notation Y for the auxiliary process

associated to X for the sake of readability, we obtain that Y is solution to:

t t ¢ t Y- B
Y, =x + g/ Y.ds +/ V202Y2dBs —|—/ v 252(Y5)YydWs +/ / ‘ / 2Q(ds,dz, dz)
0 0 0 0o Jo R,

t Y — t pr2r pl
+ / / / zR(ds,dz,dz) + / / / (0 —1)Y,- N(ds,dx,df), (6.2)
0o Jo R+ oJo Jo

where Yy = = > 0. Recall the definition of the Lévy process L in (6.1). Then by an
application of It6’s formula with jumps we can show that for any xz, A\,0 < s <'t,

exp (—Yse_stt(s, AL)) = / exp (—Yue_L“vt(u, A\ L)) e~ 2uv?(u, N, L)s*(Yy,)Yudu + M,
0
(6.3)

where (M, 0 < s <) is a local martingale conditionally on (Ls,0 < s <t) and v(., A, L) is
the unique solution to

Osvr(s, A, L) = e" g (e P vp(s, A\ L)), w(t, A\, L) = A,
where

Yo(A) = A0 + /00 (ef’\z -1+ Az) m(dz).

0
With our assumptions on the function s, the process

(exp (—=Yue " vp(u, A, L)) e v} (u, A, L)s* (Yo,) Ve, 0 < u < t)

T

is bounded by a finite quantity depending only on (L,,0 < u < t) (using that = +— e¢~% and
x — e "z° are bounded on R, ). Hence (M, 0 < s < ¢) is a true martingale conditionally
on (Ls,0 < s <t), and from (6.3)) we get

E, [67,\3@6—%} —E, |:67Yte—LtUt(t,/\,L)} >E [efzvt(O,A,L)] . (6.4)
Using that ¥o(\) > cpA1T?, we obtain
dsvi(s,\, L) > cpels (e*LSvt(s, )\,L))1+b ;o v, N\ L) = )\,

which entails

t —1/b
v (0, \, L) < <A" + beg / e"Lsds> .
0

Combining this latter with (6.4]), we obtain

B[] o oo ]
x -

I

and letting A tend to 0, we finally get:
P, (Y; <o0) > E [e—x(bcb N ebLsds)l/h:| .

As stated in [24], the right-hand side of the last inequality is equal to the probability of
non-explosion before time ¢ for a self-similar continuous state branching process in a Lévy
random environment. Therefore, by [24, Proposition 2.1], we get

lim infv(m, t)P, (Y; < 00) =: a(z) > 0, (6.5)

t—+o0
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where
v(m,t) =1, for m < 0,
v(0,t) =V,
v(m, t) = t3/2eR () for m > 0.

Next, we consider the auxiliary process Y in the case where the quantity of parasites is

described by (1.1)), with p(z) = z, 0?(z) = s%(z)x + 0?2? and g(x) < gx. In this case Y
has the same law as a process satisfying (6.2) replacing g fg Y,ds by fotg(Ys)ds <g fot Y.ds.
Hence if we choose this version of YV, ¥; <Y; for all £ > 0 using that both SDEs have a
unique strong solution and that Yy = Yy. Therefore,

P, (Y; < 00) > P,(V; < 00).

Hence from the Many-to-One formula (5.1)) and the assumption that ¢(-) = ¢, we obtain for
any x > 0 and ¢ large enough:

Es, [€/] = e D'P,(V; < 00) > TP, (V; < o)
= =Dt (m, t) (v(m, )P, (V; < 0))
> =Dt~ (m, t)a(x)/2,

where we recall that a(z) has been defined in (6.5). Adding that either (m > 0 and (2.3)))
or m < 0 holds under the assumptions of Proposition we obtain that

tlggo Es,[€:] = oo.

Now let us come back to the general case where for any = > 0, ¢(z) < ¢ for some g > 0.
Then for any = > 0 we can couple the process X with a process X (@ with death rate ¢ and
number of cells alive at time ¢ given by ng), and such that

Es, [¢/] > Es, [€\)].

Such a coupling may be obtained for instance by first realizing X and then obtaining X (9
by killing additional cells at rate ¢ — g(x) for a cell containing a quantity x of parasites. It
ends the proof. O

We now explore how the long time behaviour of the infection depends on the law of the
sharing of parasites between the two daughter cells at division. We focus in particular on
the uniform and the equal sharings, two cases where explicit computations are doable.

Proof of Corollary|[2.4) We first focus on the case x(df) = df. We get A~ = —1 and for
A>—1,

1
/%()\):Ag+2r[/ 0’\d0—1]:)\g+2r{ —1], R\ =g—2r
0

A+ 1 A+ 1)%

and

1
m:g+27’/ Infdf = g — 2r.
0

The minimum of & on (—1,00) is reached at

)
TR G
g

and equals
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Let us look at the sign of #(7) + r — g = 2y/2rg — g — r — ¢. This quantity is nonpositive if
and only if

8rg < g> + (r+q)* +29(r +q).
Therefore, setting X = g, we have to solve the second degree polynomial equation

X2 42X(q—3r)+(r+q)?*=0.

Recall that r > ¢. In this case, the two solutions are given by

X1=3r—q—22r(r—q), Xo=3r—q+22r(r—q),
so that #(7) + r — ¢ is negative for ¢ < X; or ¢ > X5. Notice that X1 — 2r = r — g —

2/2r(r—q) = /1 —q(y/T—q—2V2r) < 0 and Xy > 2r. Then, the condition (m >

0 and R(7) +r — ¢ < 0) is equivalent to

g>3r—q+2y2r(r—q),
and the first point is proved using Corollary i).
For the proof of ii), we have g < 3r — ¢ + 21/2r(r — ¢q) and we distinguish two cases: if
g < 2r then m < 0 and if 2r < g < 3r —q+2+/2r(r — q), then (m > 0 and &(7) +r —q > 0)
so that the second point is proved using Corollary i)
Let us now consider the case where the cells share equally their parasites between their
two daughters (© = 1/2). In this case we have A\~ = —oo and for A € R,

B(N) = Ag + 2r [2*A - 1} . RO =g -2 2
and

m=g—2rin2.

The minimum of & on R is reached at
. 1 2r1n2
7=—In
In2 g

A/ a N 9
== T < T 2 .
R(T) =97 + 2 T

Thus to have almost sure extinction of the cell population, the two following conditions must
be satisfied:

and equals

2rln2 < g and 9 <1+ln2r—ln(i)) —r—q<0.
In2 In2

Let
ox)=z(1+mn2r—In(z)) —r—q.
We are looking for the sign of ¢ on [2r, +00), interval on which the first condition m > 0
is satisfied. On this interval, ¢ is decreasing from r — ¢ > 0 to —oo. Thus, there exists
xo(r, q) > 2r such that p(zo(r,q)) = 0 and
if 2rin(2) < g < zo(r,¢) In(2), then (m > 0 and &(7) +r — ¢ > 0),
if g > xo(r,q)In(2), then (m >0 and &(7) +r —¢ <0).

Finally, applying Corollary we get

if g > xo(r,q) In(2), then limg oo E[&]
if 2rin(2) < g <ao(r,q)In(2) or g <2rln2, then lim; oo E[¢]

0,

o,

which yields the result.
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We now turn to the proof of the results on the asymptotic behaviour of the quantity of
parasites in the cells. Recall that for those results, we consider that the dynamics of the
parasites in a cell follows ([2.4)).

Proof of Proposition[2.6. From Section [5.1] we know that the auxiliary process Y is the
unique strong solution to the SDE

¢ t t rp(Yy—) -
YVi=x+ / g(Ys)ds + / V202(Y5)dBs + / / / 2Q(ds, dx, dz)
0 0 0 Jo Ry

t pr2r pl
+ / / / (0 —1)Y,-N(ds,dz,df).
o Jo Jo

Let us begin with the proof of point 7). Note that as g(x)/z 4+ 2rE[ln©] < —n for all
x > 0,|(SNoo)|is satisfied. From (6.3) of |20, Theorem 6.2], we have

lim Y; =0 almost surely,
t——+o00

and combining (5.1)) with the fact that Es, [N;] = "9, we obtain that
E Zuth 1{X;‘>s} 0
z e(’”_Q)t t—00 ’
Moreover, the fact that (NV;, ¢t > 0) is a birth and death process with individual death
rate ¢ and individual birth rate r also entails that Nye~("=9! converges in probability to

an exponential random variable with parameter 1 on the event of survival, when ¢ goes to
infinity. Hence, we have

Zuevt 1{X;L>e} Zuevt 1{Xg>e} 1{Nt21}
1{N >1} = X
t> N, elr—a)t Nte—(T—Q)t t—o0

0 in probability.
It ends the proof of point ).

We now prove point iii). Applying again (6.3) of [20, Theorem 6.2] to Y, we obtain that
P(Y; #0) =0, (t— o0).
From this, similarly as for the proof of point i) we obtain that

1{Nt21}W — 0 in probability, (¢t — 00).

To end the proof of point 4ii), we need to prove that the aforementioned convergence
holds almost surely. We cannot follow directly the proof of [§, Theorem 4.2(i)] because their
Lemma 4.3 concerns Yule processes and does not hold when we take into account the death
of cells. However, we can prove a result similar to this lemma (see Lemma in the Ap-
pendix) which is sufficient to get our result. Except from this lemma the proof is exactly the
same and we thus refer to [§] for details of the proof.

We end with the proof of point 7). Applying [20, Corollary 6.4.7i)] to Y, we obtain that

lim inf Y;e @ = W,
t—o0

with P(W > 0) > 0 and where A is a Lévy process with drift 7 := n/2r and p(t) > 2rt.
Writing, for € > 0,
Ytef(ﬁff)t — Ytepr(t) el\p(t)*(ﬁ*E)t7
and noticing that A,;) — (7 — ¢)t goes to oo when t goes to oo (see [14, Theorem 7.2]), we
get
P, <lim inf e~ (1)t o) >0,
t—o0
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and thus by Fatou’s Lemma

liminf P, (Yte_(ﬁ_a)t > 0) > 0.

t—o00

Hence, using (5.1)) we obtain

liminf E;,
t—r00

e(T_Q)t

2uev; 1{X#e<"f>*>°}] > 0.

Now notice that the Cauchy-Schwarz inequality yields

2
E2 Zue\/} 1{xgef(ﬁ76)t>o} <K 1 Zuevt 1{Xt“e*(’7*5)t>0} E Ny 2
b T < B, | Liveny N, o |\ g
[ > uevi 1 xue-m-ot50 Neo\?
<Es, |1{n>1y ]\tft Es, <e(7’—‘1)t) ;

where the last inequality comes from the fact that the term in the first expectation in the
right-hand side is smaller than one. The last expectation converges to C' := 1+ (r+¢q)/(r—q)
as t goes to infinity (see forthcoming Lemma in the case a = 0). Hence we get

0<C! lim inf E3 < liminf s,
—00

e(T_Q)t t—o0

ZUEVt l{X;‘e*(ﬁ*E)t>0} ]

ZuEVt l{XZ‘e*(ﬁ’E)t>0}
Lin>1y N, )

and it ends the proof of point 7). O

6.2. Proof of Section [3l To prove Proposition we first need to derive some properties

of the auxiliary process (Ys(t), s < t). Recall that under the assumptions of Proposition
it is the unique strong solution to ([5.8]).

Preliminary results on the auxiliary process. In what follows, we set Y;(t) = Yt(t) for all s > t.

The next proposition is an analogue of [20, Theorem 3.3] on the absorption of the auxiliary
process in finite time and its proof is very similar, except that we have to deal with time
dependencies. Let

7, (0):=inf{l0<s<t: Y;(t) =0},
with the convention inf () := co. Introduce the following assumption:

(SNO) There exist a > 1 such that E[©!17%] < co and a nonnegative function f on R, such
that
g(uw) _ o(w)’

— = 1 — 0.
” a5 (u) +o(lnwu), wu

This condition ensures that the process is not absorbed at 0 in finite time.

Proposition 6.1. Suppose that Assumptions LDCG]| and B hold.
i) If Condition |(SNO)| holds, then P, (7, (0) < oo) =0 for all > 0.
it) If Condition |(LNO)| holds, then for any x > 0 and s > 0, P, (7, (0) < s) > 0.

Proof of Proposition [6.1l This proof is very similar to the proof of [20, Theorem 3.3]. The
only modifications are due to the time-inhomogeneity of the auxiliary process, and to the
fact that the time interval is restricted to [0,¢]. We proceed by coupling to overcome these
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two difficulties. First, we prove that [20, Theorem 3.3] still holds if the rate of positive jumps
depends on time and jump sizes. Let ¢ > 0 and consider the process X solution to

X, = X0+/ ds+/ V202(X,)dB, +// /pt Jzszsdzdx) (6.6)

+/0/0 ) /O(G—I)XSN(ds,dx,dQ),

pe(x,8,2) < p(x)(1 4+ ¢2), (6.7)

with ¢; a finite and positive constant depending on t. Let us define for a > 1

where for z,z > 0 and s <,

G (z) :==(a — 1)9(5) —ala—1) —r(2)E[©'% — 1]

- /R pe(z,5,2) (27 + 1) — 1 — (1 — a)za™ ) m(d).

Using we can show as in the proof of [20, Remark 3.2] that under (3.1

lin s (;ﬂ /0 " pu(s,2) ( /0 1(1 + 2z lu) i1 - v)dv> w(dz))

<G (lim Supp(a:)x1> (/Ooo(z + ZQ)W(dz)> <00 (6.8)

z—0t

where C} is a finite constant. Then, applying It6’s Formula with jumps we can check that

[20, Lemma 7.1 and Equation (7.1)] still hold with Gy (Xs) instead of G4(X5). The proof
of [20, Theorem 3.3] is thus unchanged and the results hold also for processes whose rate of

positive jumps satisfy (6.7)).

Let us now prove point 7). Introduce Y the unique strong solution to

L t t — t f3(Y,—t—s2) _
Y, =Yy + g/ Y.ds +/ \/202(Ys)dBs —I—/ / / 2Q(ds, dz, dx)
0 0 0o Jry Jo
t r2(aY,—+p8) o1 _
+/ / / (0 —1)Y,-N(ds,dz,df),
0 JO 0

where the Brownian motion and the Poisson random measures are the same as in (5.8]), and
by convention we decide that f3(z,u,z) = 0 if u < 0. Notice that for all y > 0, 0 < s < ¢,
0<6<1,and z > 0,

fiy,s) > gy, fay,s,0) <2(ay + B),

and f3 (3: t—s,z) is non- decreasmg inx (thanks to Assumptlon . In particular this implies

that if Y is a solution with Yy = Y( ) , then Y, < Y( ) for any s smaller than ¢. But Y satisfies
assumptions of point 3) of [20] Theorem 3.3], and thus does not reach 0 in finite time. We
deduce that Y® does not reach 0 before time .

We now prove point 7). First notice that for any z > 0 and s < ¢, the function f; defined

in (5.6]) satisfies
filz,s) < gz + (20’2(56) +p(:1:)/
R

A
9 t
z W(dz)) ok = gi(x),

+



PARASITE INFECTION IN A CELL POPULATION 23

where A; = a(e¥9=P)t —1)/(g — B). Let (Ys, s > 0) be the unique strong solution to

s s s rl pF(0)
Y, =Y, +/ Y., du+/ \/202 YudBu—i—/ / / 0 —1)Y,-N(du,db,dz
0 0 gt( ) 0 ( ) 0o JOo JO ( ) ( )

s poo rfs(Y,_t—sz) _
+ / / / 2Q(du, dz, dz), (6.9)
0 JO 0

where for all z > 0, s > 0 and 6 € [0, 1],
7(0) :== 208 < fo(z,s,0),
with fo defined in , B, N and Q are the same as in and f3(z,u,z) = 0if u < 0.
Then, for all 0 < s < t, Y, > Ys(t). As a consequence, if we introduce
77(0) :=inf{s > 0: Y, = 0},

and prove that for any 0 < v < ¢,

P(77(0) <v) >0, (6.10)
it will imply that

P(r; (0) <v) >P(77(0) <v) >0

and end the proof. To prove , we apply [20, Theorem 3.3iii)] to the process Y. Notice
that here, unlike in [20, Theorem 3.3|, the division rate 7 depends on 6. However, the
dependence in # in the division rate can be removed by considering a new Poisson point
measure N’ with a modified fragmentation kernel so that all the results derived above still
hold. We refer the reader to Appendix [D] for more details. O

In the case where the absorption of the auxiliary process occurs with positive probability,
we are able to prove the convergence of the last part of the auxiliary process trajectory on
a time window of any size.

Proposition 6.2. Let T' > 0. Suppose that Assumptions LDCG], [B, [( hold. Then, there
exist C,¢ > 0 and a probability measure II on the Borel o-field of D ([0,T], X) endowed with
the Skorokhod distance such that for all bounded measurable functions F: D ([0,T],X) = R
and for all x > 0,

’E [F (Ytﬁ”, s < T) ‘Y(}”T) - x} - H(F)‘ < Ce™® | F||. =

We prove the convergence of the auxiliary process by verifying a Foster-Lyapunov inequality
and a minoration condition, both stated in Lemma below. Those standard conditions
were exhibited in [I9] as an extension of [I1] to time-inhomogeneous processes. The Foster-
Lyapunov inequality (Condition ¢) in Lemma ensures that

E, [v (ys(t)ﬂ <V (@) + g (1o,

where a and d are positive constants, so that the process is brought back to the sublevel
sets of V. The minoration condition (i.e. Condition 4i) in Lemma [6.3]) ensures some type of
irreducibility of the process on those sublevel sets. Let

V() =2 forxeRy.

Lemma 6.3. Under the assumptions of Proposition[6.3, we have the following:
i) There exist a,d > 0 such that for all0 < s <t and x € RY ,

ADV (2) < —aV (z) +d.
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ii) There exists R > 2da™' such that for all r < s < t, there exist as_, > 0 and a
probability measure v on Ry such that for all Borel sets A of Ry,

inf P (V") € 4]V, =) > oy p0(A)
<R
Proof. 1) We have

1
AOV (z) :fl(x,t—s)—/o fol@,t — s,0)z(1 — 0)K(dB)
2

< gxr+ 2M + p(m)/ 221(dz) — 2a2’E [O(1 — ©)].
X X Ry
According to Assumption [C| there exist A > 0 and a > 0 such that for all x > A
2
20(? + p(:;)/ 221(dz) — 2axE[O(1 — 0)] < —(a + g).
X xT R+

Then,

0(5)2 L @) /R 227T(dz)—204=’132E[@(1_@)]>’

Agt)V(:c) < —ar+ 1< (2 o
and according to Assumption [EU] there exists d > 0 such that for every = > 0,
ADV(2) < —az + d.

it) Let R > 2da~", where a,d are given in i). We will prove the minoration condition with
v = &y, where §y is the Dirac measure at 0. Consider again Y, defined as the unique strong

solution to the SDE . We recall that Y > Ys(t), for all s <t. Therefore for all r < s <t
and all Borel sets A of R,

P (Y;t) e Aly® = x) > P (Y;ﬂ =0y, = g;) So(A) > P (Y, = 0|, = z) 69(A).
Next, notice that if Y1, Y? are two solutions to with respective initial conditions at
time r satisfying }7} < Yf, then Ysl < }782 for all » < s <t. Hence, for all x < R,

P(Y,=0Y,=2)=P (Yo, =0[Yo=2) > P (Y;—, =0y = R).
Finally, using [20, Theorem 3.3iii)] on Y, there exists as_, > 0 such that
P (Yier = 0[%o = R) > auor,
which ends the proof. O

Proof of Proposition [6.9 This result is a direct application of [19, Proposition 3.3], whose
assumptions are satisfied thanks to Lemma [6.3 Il

This convergence result allows us to establish a law of large numbers, linking asymptotically
the behaviour of a typical individual, given by the auxiliary process Y ® with the behaviour
of the whole population.

Theorem 6.4. Suppose that Assumptions LDCG @ @ hold, that fﬂh 2O7(dz) < oo and

that max(g, 8) > q. Then for all bounded measurable functions F : D([0,T],X) — R, for all
xo, X1 2 0;

F(Xt,,s<T x
LNy w1} (ZHGVHT Ktror o ) —-E [F (Yt(jjT),S < T) ’YO(HT) — $1}> L2 () 0

)

Nt+T t——+o0

where we recall that Ny := Card(V;).
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This result from [19] ensures that asymptotically, the trajectory of the traits of a sampling
along its ancestral lineage corresponds to the trajectory of the auxiliary process. Hence,
the study of the asymptotic behaviour of the proportion of individuals satisfying some
properties, such as the proportion of infected individuals, is reduced to the study of the
time-inhomogenous process Y.

The proof of Theorem is a direct application of [19, Corollary 3.7]. Assumptions 2.1,
2.3 and 2.4 in [19] are satisfied thanks to Assumption [EU] using and , and the fact
that 5 > 0. We proved that Assumption 3.1 in [19] is verified in Lemma It remains to
check that Assumptions 3.4 and 3.6 in [19] are satisfied. Note that in our case, the function
¢(x) defined in [19, Equation 3.3] is equal to max(g, 3) — ¢ and the first point of Assumption
3.4 in [19] is satisfied.

Next, we set some notations, introduced in [19]. For all z,y > 0 and s > 0, we define

m(x7 07 S)m(y7 S’ t)

) = S b
@S(x y) tlzlg m(:v,(),t)

(which does not depend on ¢) and for all measurable functions f : Ry — R and = > 0,

1
Jf() =2 /0 £ (62) £ (1 — 0)) 5(d6).

The next lemma amounts to check the second point of Assumption 3.4 in [19].

Lemma 6.5. Under Condition LDCG], suppose that Assumptions [B, [( hold, and that
fR+ 2S7(dz) < oo . Then, for all x >0,

supE, [r (V) (1 VOer (@) ()] < oo

t>0

Proof. Note that if z = 0, Yt(t) = 0 almost surely for all ¢ > 0. Therefore, we only need to
consider > 0. First assume that o > 0. Notice that for all t > 0 2 > 0, and y > 0,

ax oy
(1+52%) (1+ %)
3 ax
min (—lg_ﬁl, 1)
where we simplified by e™@(@A)! in the fraction in the definition of ¢,. Next, for all z > 0,

B [r (%) 70y VO ) (7))

< < 9= Bl +az )>2Ex (aYt‘t>+5)2/01 (1ver?) (1v (- oy?) <1+ ¥ )2,4 )

min (OZCC, ‘g - ﬁ|

@t(l"ay) S

)

For all k£ > 0, we define

1, 5) = E, [(Yé“)k}

and we end the proof of the lemma by showing that,

sup sup fét) (x,8) < 0.
t>0 s<t
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According to It6’s formula, we have for k > 2,

(@, 5) =k /OSEx [(Yu“))k_1 fi (v - u)} du + k(k — 1) /O E, [02 (v0) (Yu(t))k_j du
+f@&%wwu®«»wlwwm
/ /R [fS )t =) ((Yu‘” + z)k - (Y;”)k — k= (Y;”)k_l)] w(dz)du.

Differentiating with respect to s and using that for all z > 0 and s > 0,
2z, s) < gmk+20(x)2mk_2—|—p(:v)xk_2/ 2n(dz),  fo(z,s,0) >20ax forall 6 e |0,1]
R4
and
fa(x,s,2) < (x+2)p(x)/xz forall z>0,

and applying Taylor’s formula with integral remainder, we obtain

ouen ok [ (110)' | 4k [ (010 () 40 (20) |
_ /R E, [2(1 (v) o - e’ﬂ (d6)

/Hh/ = Ty (y+u)" 2 (y + 2) dun(dz)
S/R 2Py) (4 + 2 n(dz) = p(y)/R 2y (kf)ylz’fllﬂ(d@

Y

LY
PR (e B2 (] )

Combining the last two inequalities, we get

z27r(dz)> (Y;t))k_?}

+

+
Il
=)

051 (2, 5) <k(AP + B — M + D),

AP = gf0(w,s5), BY =B, [H YO VOM], o) = 200 - 0h] £, (.5,

where
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To end the proof we consider the case k = 5. According to Assumption [C| and using that o
and p are continuous (Assumption [EU]J), there exist C1,Cy > 0 and A > 0 such that for all
y =0,

H(5,9)y° = H5,y)y gy ay + H5, 1)y 1iy<ay < Cry°lsay + Colyycay < Cry° + Co.

Moreover, lim supy+ p(x)/x < oo as p(0) = 0 and p is locally Lipschitz, lim sup,, p(x)/2? < oo
thanks to Assumption |C| and f]& 2%7(dz) < oo, which yields

5 ¢
D < C5(f (,5) + 1),
for some C3 > 0. Combining the last two inequalities, there exists D1 > 0 such that
oS3 (2,5) < Di(f(2,9) + 1) = Daf(w, 5),

where Dy = 22 [©(1 — ©°)]. Applying Jensen inequality, we have fét) (x,s) > fét) (z,5)5/5.
Finally, we obtain

0uf(w,5) < F (#0(.5))
with F(y) = Di(y + 1) — Doy't1/5. Any solution to the equation i/ = F(y) is bounded by
y(0) V g, where xg = (5D1/6D5)° and so is f5(t) (x,-). It ends the proof for this case. O

Finally, we need to control the value of the second moment of the population size relatively
to the square of its mean. It corresponds to Assumption 3.6 in [19].

Lemma 6.6. Suppose that Assumption LDCG] holds. Then for all x > 0,
(i) if B> max(g,q),

2
- ax B
Es, [NE] i~ C%(x)@(ﬁ ot Egz [V¢] e (1 + 5o g) 2=t

where

C2(x) =1+ ax a’x? < oz > < 201 B—i—q) Lo (B+q)

W—g-q (B-92 \'Th-g)\B-s 6-¢)T9-BB-9-0¢
(i) if g > max(8,q) and a > 0,

2
Es, [N ~ E3 [N ~ (;‘_Z) (2a—a)t.

Proof. According to 1td’s formula, we have for all t > 0 and = > 0,

W — Es, | (a0t + BN;) (1+2N0)| + Es, [aV (1 - 2)
= aze Dt 4+ 2029 DtE; [Ny + (B + q)Es, [Ne] + 2(8 — ¢)Es, [NZ].
Using and variation of constants we obtain
(e(gfq)t — eZ(ﬂfq)t) 20272 (62(gfq)t - 62(ﬁfq)t)
9—2B8+q g—p 2(g—B)
or ) (e(g+572q)t - 62(qu)t) or (e(gw)t - 62(57(1)15)
g—p g—>p g—6 9-26+q

ax (e(ﬁfq)t _ eZ(,qu)t)
_<1_g_ﬁ>(5+Q) . ,

Es, [N7] =2t | oy

+2aw<1— +(B+9q)




28 ALINE MARGUET AND CHARLINE SMADI

Therefore,
if ¢ > max(5,q), Es, [NE] ede (;ifg; e2(9—a)t
if 8> max(g,q), By, [N7] ~ CPz)e? 9"
o0
Moreover,
E [N}Q a’z? 209-a)t . (1 ax )2 2(B—q)t ax (1 ax ) g+B8—2q
5. [NVt]” = ———5€ - e - -—— e ;
(9 — B)? 9> B-g 9-p
so that

if g >max(8,q), Es, [N]? e (;igp e2(9—a)t

2
if 8> max(g,q), Es, [N~ (1+25) 2o,
O

We checked that all required assumptions to apply [19, Corollary 3.4] are satisfied. This
ends the proof of Theorem

6.2.1. Proof of Proposition . We first prove point ii). The first step consists in proving
that for every x > 0,

P, (3t < 00, V) = 0) = 1. (6.11)
A direct application of (6.3) in [20, Theorem 6.2] is not possible because of the time-

inhomogeneity of the process Y®). Therefore, we couple Y with a process (Vi,s > 0)
defined as the unique strong solution to

. s s " s rl #(Yu,0) N
¥, =y 4 / 3(V)du + / J202(V)dB, + / / 0-1) / Y, N (du, 6, dz)
0 0 0o Jo 0
s 00 fg(f/u,t—s,z) _
_|_// / 2Q(du, dz,dx),
o Jo Jo

where f3(y,t —s,z) =0 for s > ¢, B, N and Q are the same as in (5.8) and for z,s > 0,
0<0<1,

z2ﬂ(d2)>

+

Then, for allt > 0 and 0 < s <'t, Ys(t) < ffs In particular, for all ¢ > 0,
v\ <V (6.12)

According to Lemma there exists a Poisson point measure N’ on Ry x [0,1] x Ry with
intensity du ® &(df) ® dx where (df) = 20k(df), such that Y is also a strong pathwise
solution to

R s R s - s pr(Yy) pl R
Y;=K94l/g(x0du+/‘M2ﬂ(yﬂd3w+/i/) /(9—1ﬂuww%d%d®
0 0 0o Jo 0
s 00 fg(f/u,t—s,z) _
+ / / / 2Q(du, dz,dz),
0o JO 0

where we used that fol 20k(df) = 1 because k is symmetrical with respect to 1/2.
Let us check that despite the fac:c that the jump rate f3 depends on jump size and time,
(6.3) in [20, Theorem 6.2] holds for Y. First, we need to prove that [20, Lemma 7.2] still holds
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under these modifications. Let us choose zg > 0 and introduce 7 (z¢) := inf{t > 0,Y; < x¢}.
Following the same steps as in the proof of [20, Lemma 7.2] we have,

. . AT (z0) 7 Y/ AT (z0) 2 YA'
In Yip,—(zg) =In Yo +/0 g(A S)ds —/0 7 A(zs)

Ys
tAT (z0) oo N P >
+/0 /0 f3(Ys,t — s, 2) [ln (1 + Y5> — f{j m(dz)ds + Mypr—(zy) (6.13)

where © is a random variable with law # and (Mgpr— (z0)1 8 = 0) is a martingale. Let us
check that the condition (LSG) of [20] is satisfied, i.e. that

(LSG) There exist 7 > 0 and x¢ > 0 such that for all x > xo,

H(z):= ) () +7r(z)E [ln @] +p(x)/R (ln (1 + E) — E) w(dz) < —n.

x 2 x x

~ AT (x0)
ds—l—E[ln@]/ r(Ys)ds
0

s

‘We have

N 1 2
H(z) < g+ <m + 1{92@) <2"x(9”) + pif) /IR+ z%(dz)) +2(az + B)E[O O]

1 ax
{8>g}

where C' is a finite constant, according to Assumptions and As E[©@InO] < 0, we
deduce that the condition is satisfied.

Moreover, notice that the dependence on jump size and time for the jump rate f3 does
not modify the proof of [20, Lemma 7.2], as the last term in is still negative. Finally,
we check that [20, Theorem 4.14)] holds for Y. First, similarly as in the proof of Proposition
we check that [20, Theorem 4.137)] still holds if the rate of positive jumps depends on
time and jumps sizes and if for x, z > 0 and s < t, it satisfies . Note that this condition
is satisfied by the positive jump rate f3 of Y. Adapting the proof of Proposition to this
case, we get that becomes

1
lim sup x_Q/ pi(z, 5, 2)2> </ (1+ zz to)~172(1 — v)dv> 7(dz)
R, 0

T—00

< C’limsupp(f)/ (22 + 237 (dz) < o0
T—00 T Ry

for some finite and positive C', combining Assumption LDCGland the fact that fR+ 207 (dz) <

00. Concluding as in the beginning of the proof of Proposition we get the desired

generalization of 20, Theorem 4.14)]. To apply this generalized result to Y we need to check
that condition is satisfied for Y. And it is the case according to Assumption l as

g(z) o a*(z) | plx)
7 =g+ <1{6>g}ﬁ—g+ax + 1{g>5}> <2 2 + 7 /]R+ 227r(dz) .

Therefore, [20, Lemma 7.2] holds for Y.

The proof of [20, Eq. (6.3)] (p.23 of [20]) requires [20, Eq.(7.18)]. To prove [20, Eq.(7.18)]
for Y, the only difference is that we have to deal with the dependence on the jump size of the
jump rate f3 to obtain a lower bound on the probability to have no positive jump during a
time interval of the form [0, A7 (y) A7~ (z)] with 0 < 2 < y. Hence the idea is to bound the
expectation of the sum of positive jumps on [0, A7 (y) A7~ (z)] and use Markov inequality.
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Let T =77 (y) A7 (z). Then, for any y € (z,y),

. INT AT -
Py, (YMT > y) <Py, (/ g(Yy)ds + It ANT) + / \/202%(Ys)dBs > y — yo) ,
0 0

where

tAT f3(YVart—s,2)
IotAT) = / / / 2Q(ds, dz, dx)
0 Ry JO
AT pYs 2p(Ys) AT poo  p2z2p(Ys)/Ys
§/ / / zQ(ds,dz,dx)—i—/ / / 2Q(ds,dz, dz)
AT 2p(Y9 tAT 22p(Ys) /YS
/ / / Q(ds,dz,dx) + / / / Q(ds,dz,dz). (6.14)
Ry Ry

Then, as in [20] p. 17 1f we denote by J(¢,z,y) the event of having no positive jumps due to
the first integral in (6.14)), we have for all yo € (z,y),

Py, (J(t,2,y)) = e W),

because p is non-decreasing according to Assumption [EU] Next,

]P)yo (Yt/\T Z Y, J(t7 Z, y))

AT tAT  2p(Ys)/Ys . tAT -
< Py, </0 9(Yy)ds +/0 /0 /R 2Q(ds, dx,dz) —i—/o \/202(Ys)dBs >y — y0> ,
+

where @ is a Poisson Point measure with intensity ds ® dr ® zm(dz) (see Appendix @)
Considering as before the event that there is no positive jumps associated to @), we get

. AT tAT
P,, <Y}/\T > y) <2 e2pW) _ o20(W)/y 4 Py, </ 9(Yy)ds —|—/ \/202(Y5)dBs >y — y())
0

We conclude as in [20], using that sup,<,<, §(v) < oo according to Assumption [EU| - and

inf,<y<y 7(v) > 0 holds under Assumptlon LDCG

Hence [20, Eq. (6.3)] holds for Y, and ( gives . Applying Theorem . 4] to the
function F'(X{, ,,s <T) = Lixp >0} concludes the proof of point ).

Let us now prove the first part of point 7). Let K > 0. First, as the assumptions of

Proposition M are satisfied, Yt(t) converges to a nondegenerate random variable, which
implies that for all x > 0

lim lim P(Y," > K[! = 1)

K—ocot—o0

0. (6.15)

Let € > 0. By Markov inequality,
1iyu
P, > uev, Hxusky >e) <K 2uev, Lxp>K) —1p, (Yt(t) > K) (6.16)
° m(x,(),t) ‘ ("an,t)
where the last inequality comes from (/5.1]) applied to the function
F((X{,s <1) = Lixpsky-
Thus, taking the limit in (6.16)) in ¢ and K yields the result.

We end with the second part of point 7). Conditions of Theorem are satisfied. Hence,
taking again the same function F' we obtain for any zg,z1, K > 0,
2
] - 0

> uev; H{xp>K}
Ny

lim Ej,, — P, (VY > K)

A By | vy
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Let € > 0. From (6.15)) we know that there exists ¢y, Ky > 0 such that for any K > Ky and
t Z th

P, (V) > K) <e/2.

We thus obtain the following series of inequalities:

Zuth 1{X2J>K} > €>

P, <1{Nt21} N,

>uev; Lixpsk
_p, (1{@1}( evtNi P>K}

P, (10 > K)) > e Lo P (0 > K))

1/
Py, (1{Nt>1} (Zue% ke ~ P, (VY > K)) > 8/2>
P, (V" >K))

<
< N,
1iyu 2
< Pxo (1{Nt21} (ZUEWNiXt >K} - > 52/4>
4 > uev, Lixusk} t) 2
< ?Ewo l{NtZI} - tNt : — Py (Y;t > K) tjx) 0.

As the first term is increasing with K we obtain the desired result.

6.3. Proof of Proposition Proposition {4.1] is a consequence of the following two
lemmas.

Lemma 6.7. Assume that there exists a real number v such that r(z) — q(xz) < 7 for any
x € Ry, and let f be a nonnegative measurable function on Ry. Then for x,t > 0,

Es,

S (Xt“)] < B, [f ()],

ueVy
where we recall that Y is the unique strong solution to the SDE (j5.4)).

Lemma 6.8. Let ( > 0.

i) Assume that Assumption[EXPL|holds for some a > 1 such that E[©'~%] < co. Then
for any x > 0,

lim Es,
t—o0

> (xpv c)l—“] =0.

ueVy

ii) Assume that Assumption holds for some a < 1. Then for any x > 0,

> (XA C)l_“] =0.

u€eVy

lim Es,
t—00

Proof of Lemma[6.7. We will use a normalisation of the population process similar to the
one leading to the auxiliary process and relying on this assumption. Let

Roytf(l‘) =K

S F)Zo = @]

ueVy
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be the first moment semigroup of Z, for x,¢ > 0. Then we have
¢
e "Rof(x) = f(x) + / / (Gf(x)e™ " —~vf(x)e ") Ro,(x, dr)dr
o Jr,
¢ 1
[ e (v [0+ 50 = 000~ FI(a9) - a(6)@) ) R
o Jr, 0
¢
@)+ [ [ (@@ =110 ™) Roy (oo deyds
o Jr,

1
+ /Ot /R+ o= <2r(1r) /0 (f(6r) — f(©)k(dO) + (r(x) — q(r)) f(;)) Ro, (v, dy)dr,

and using that r(z) — ¢(x) <~ for all x > 0, we obtain
1

Rouf(a) <f(x) + /O [ G7(6)Ro o, + /O S /R 2 (x) /0 ((61) — £(x))r(d6) Ro (. dr)dr,

where Ro’tf(:r;) = e "Ry f(x). Finally,

Rouf(x) =E | Y f(X{)|Z0 = 535] eV <E, [f (V)] (6.17)
ueVy
where Y is the unique strong solution to the SDE ([5.4)). 0

Proof of Lemma (6.8 To begin with, let us prove using a coupling argument that under the
assumptions of point ¢), for ally > 0, P, (77(0) < 0o) = 0, where 77(0) = inf {t > 0,Y; = 0}.
Let K > 0. We consider the process Y defined as the unique strong solution to

~ t t — t rp(Y,—) _
YVi=uz +/ g(Yy)ds —1—/ \/202(Ys)dBs —I—/ / / 2Q(ds, dz,dz)
0 0 0o Jo R
t Y. t P2k pl _
—{—/ / / zR(ds, dx,dz) —I—/ / / (0 —1)Y,- N(ds,dx,db),
0o Jo R, 0o Jo 0

where B,Q and N are the same as in (5.4) and 7x = SUpgejo,k) (7). Then, as p is a
non-decreasing function,

V;<Y; forall t<77(K):=inf{t>0,Y;>K}. (6.18)
Let a > 1 be as in Assumption We thus have
Gao(u) = Go(u) — 2(7g — r(u))E[O™® = 1] >~ + o(Inu), (u — 0).
Moreover, we can check that in the presence of stable positive jumps, the proof of [20]
Theorem 3.34)] is not modified. We thus obtain that for all y > 0, P, (77(0) < o00) = 0,
where 77(0) = inf {t >0,Y; = 0}. Then, from we get Py (77(0) < 71(K)) = 0 and
letting K tend to infinity yields
Py (77(0) < 00) = 0. (6.19)
Now, let ( > 0 and € > 0. Then we have from , for every t > 0, z > 0,
Es

x

> (Xiv ol‘“] < 'E, (% V)]
ueVy

1—a

< By [Lppcrart /Yy ] +€VEs [1{t>r—(a)/\7+(1/5)} (Yi V()
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The first term can be bounded as follows:

1—a —' 1—a T(tnT™ (1
'z [Lp<r@nrr/enYe ] = TTE, [Y;/\T*(s)m”r(l/a)e’y (hrem (/5))1{@*(5%#(1/5)}}

¢ 1— tar— (e)ATH(1/e) Ga(Ya)d
< R, [Y;/\ra(e)mﬂl/a)efo (Ys) s]

A
= 2e0=7

using that G,(x) > ' for all x > 0 and the martingale property. The second term may be
divided into two parts as follows:

Es |1esr—(o)arta/ey (Ve V C)l_a} [1{7—(s)<t} (Y2 v C)l_a} +E; [1{T+(1/€)<t§‘r_(€)} (Yi v C)l_a’} :

~E,
<E; [1{T’(€)<t} (Y v C)l_a} +E,; [1{T+(1/5)<t} (Y Vv C)l_a} :
For any fixed t > 0, as a > 1,
L (< (Ve VO T < (70
where ¢!7% is finite and does not depend on ¢, and we know thanks to (6.19) that

iig(l) 1i7-(e)<y =0 almost surely.
Hence by the dominated convergence theorem, we obtain that
lim By |17 o)<ty (Y2 V ¢)'7| =0 almost surely.
e—0

Let us finally consider the last term. First, notice that for every € > 0
L (1/<ny (Y V QT < ¢ (6.20)

where (17 is finite and does not depend on €. Now, let us consider the sequence of stopping
times (77 (1/e),e > 0). This sequence increases when e decreases, and there exists 71 (c0),
which may be infinite, defined by

lim 77 (1/e) =: 71 (00). (6.21)

e—0
There are two cases:
e Either 77 (00) < ¢. In this case, ¥; = oo and

Li+/0<n VO =0.

e Or 77 (00) > t. In this case, there exists g9 > 0 such that for any e < gg, 77 (1/¢g) > ¢,
and for such an ¢,

Li+/0<n (VO =0.
We deduce that for any fixed ¢t > 0

lig(l) L+ (1/e)<ty (Y2 V O =0 almost surely.
From (6.20) we may apply the dominated convergence theorem and obtain

BB, 140/ (%Y O] =0.
To sum up, we proved that for any ¢t > 0, x > 0, and € > 0,
Es

T

> (Xiv Ql_a] < 2l £ OBy | L onrt /ey (VO] — 077,
ueVy e—
Letting ¢ tend to infinity ends the proof of point i), as v < 7.

Let us now turn to the proof of point 7). It is similar in spirit to the proof of point 7).
Let a < 1 and 4" > 0 be such that Assumption holds. First of all, as G4(z) > +' for
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all z > 0, [(SNoo)| holds for Y (defined as before as the unique strong solution to ([5.4])) and
thus according to [20, Theorem 4.14)], for all y > 0,

Py (77 (00) < o0) =0, (6.22)
where 77 (00) has been defined in (6.21). Let ¢ > 0. Similar computations as for point %)
lead to

Es

x

> o“] < 20T 4 M (By L gay (G A Q0]+ Pa(r(1/2) < )¢,

ueVy

From , the last term converges to 0 when € goes to 0. Moreover, distinguishing
between the cases {77(0) < t} and {77 (0) > ¢} and applying the dominated convergence
theorem, we obtain that the second term also converges to 0 when ¢ goes to 0. This concludes
the proof of point 4i). O

Proof of Proposition[{.1. Let K > 0. Let us first prove that under Assumption[EXPL] (resp.
EXT),

lim Ps, (Jue Vi, XX < K) =0 (resp. lim Ps, (3u € Vi, X! > 1/K) = 0) . (6.23)
t—00 t—o00

Let t > 0. The first limit is due to the following sequence of inequalities, as a > 1 under the
assumptions of point 7):

Ps, (3u e Vi, X! < K) = P;, (Hu €V, (XEV K) T = KH)

< Ps, (Z (XpvEK)' > Kl_“> < Es,

ueVy

> VK)I_“] KoY

ueVy

where we used Markov’s inequality. The other case is similar. Then, (6.23) follows from
Lemma [6.8] O

APPENDIX A. PROOF OF PROPOSITION [I.1]

To prove that the SDE admits a unique nonnegative strong solution with generator
given by G defined in , we apply [23, Proposition 1]. The proof is the same as the proof
of [20, Proposition 2.1], except that we have to take into account the extra stable term. To
prove that we still have a unique nonnegative strong solution with the addition of this term,
it is enough to check that for any n € N, there exists a finite constant A, such that for any
0<zy<n,

/ ‘1{z<u}z/\n—1{y<u}z/\n‘ 2+5du<A|gc yl,

where we recall that 8 € (—1,0). This is a consequence of the following series of equalities:

dz
/ }1{x§u}z/\n 1{y<u}z/\n‘ 2+,3 —/ |x—y|z/\nz2—+5du
Ry Ry

B " odz * dz
==l ) ) )

To prove that it gives the existence and uniqueness of the process at the cell population level,
we apply [18, Theorem 2.1].
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APPENDIX B. PROOF OF PROPOSITION [B.1]

We provide the proof of the proposition in the case g # 3. The proof is very similar in the
case g = ( and does not bring new insight. We thus skip it. The proof is a direct application
of [23, Proposition 1]. Notice that in the statement of [23, Proposition 1], the functions b, g
and h do not depend on time, unlike the present case of our process. However this additional
dependence does not bring any modification to the proofs (which are mostly derived in the
earlier paper [16]). First according to their conditions (i) to (iv) on page 60, our parameters
are admissible. Second, we need to check that conditions (a), (b) and (c) are fulfilled.

In our case, condition (a) writes as follows: for any n € N, there exists A,, < oo such that
for any 0 < z < n,

/ / —11’1{z<f2(zsg}‘d2/€ df) < A,(1+ x).

We have for any 0 <z <n

/ / 9 = Drl< (a0 }l dzk(d) / 2(1 = )z(ax + B)k(dO) < n(an + ),

and thus (a) holds. Now, to satisfy condition (b), it is enough to check that for any n € N,
thereex1stsB ()<oosuchthatfor0§sgtandogxgygn

|z fi(x,s) —yfi(y,s)| + /000 /01(1 —0) ‘xl{ugfz(x,s)} - yl{ugfg(y,s)}‘ k(df)du < By (t)|y — x|.
First, we have
o (e(g—ﬂ)s — 1)
g—pB+ax (6(9*5)5 — 1) ’
where F(z) := 20%(z) + E [2?] p(z). For 0 < 2,y < n,

zfi(x,s) = gr + F(z)

F(x) F(y)
g— B+ az(eld— 1) g— B+ay (6(9 As —1)
_ | F @) = F))(g = B) + a (97 —1) (F(x)y — F(y)z)

(9— B+ ay(els=Fs — 1)) (g — B+ az(els=Fs — 1))
o (e(gfﬁ)s -1)

<ole@ oWl p 22 @) — )] |F(2)y — F(y)al

lg — B lg — B (9—B)?
lo(@) oW | 51 zo @) —p@)] | (P +1) B e
<2 g HE[Z) ST =g F@ly —al + [F(@) - F)l ).

Therefore, using Assumption [EUJ m there exists By, 1(t) > 0 such that

[0 (6(975)3 — 1) 0% (6(975)3 — 1)
qg— 5 + ax (6(9—5)5 — 1) g — ﬁ + oy (6(9—5)5 — 1)

To prove that (b) holds, it remains to prove that for any n € N, there exists By, 2(t) < o0
such that forall 0 <z <y <n,and 0 < s <t,

1
/ / 1 - }xl{u<f2(x s,0)}F — y]-{u<f2 (y,s 49)}} dUIi d9 5 n,Q(t)kU - 75|

But for any |z|,|y| < n,

F(x)

— F(y)

B ()] =yl

2Lu< fo(w,5.0) = Yl fa(msd)| < 7| Lu<po(est) = Lu<po(msn)] + 17 = ¥ lu<poy.so)-
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Hence

/ |2Lu< fy(2,5,0) — YLu< foly,s.0)| du < nlfa(z,5,0) = foly, s, 0)| + |z — ylfa(y, s, 0).
0

Next,
|f2($, S, 9) - f?(ya S, 6)‘
g— [+ abx (6(9*5)3 -1) g— B+ aby (6(9*6)5 -1
=2 -
ot ) s e (e 1) V) T oy (P )
< 2alz — y| + 208 (771 — 1) [ ~ y,
and

00
A ‘xlugfg(x,s,e) - ylugfg(y,s,9)| < Bn,2(t>‘x - y‘7

where By, 2(t) = 2na + 2naf (6‘9*6“ — 1) +2(an + ) and condition (b) holds with By (t) =
g+ Bni(t) + Bra(t)/2.

It remains to check that (c) is satisfied i.e. for all 0 < s < ¢, z > 0 and u > 0 that
r — x + h(z,s,2,u) is nondecreasing, where h(z,s,z,u) = 21{,<f(z,,2)} and that there
exists Cy,(t) such that for all 0 < z,y,<n and 0 < s <t,

o0 o 9 B
lo(z) — o(y)|? +/O /0 (|l(x,y,s,z,u)] AUz, y,s,2,u)) ) dur(dz) < Cp(t)|x — y|,

where l(x,y,s,z,u) = h(x,s,z,u) — h(y, s, z,u). First, notice that for all 0 < s < t and
z >0, x — f3(x,s,z) is nondecreasing thanks to Assumption Bfso that x — x + h(x, s, 2, u)
is nondecreasing. Next,

/O (“(.CC, Y, 8,2, u)‘ A (l($,y, S, Zau))Z) du = /O (Z A ZQ) |1{u§f3(x,s,z)} - 1{u§f3(y,s,z)}‘ du

= (2 A2 | fs(@,5,2) — fay, s,2)|.

Moreover,
‘f3(xa S, Z) - f3(y7 S, Z)’
p(z) p(y)

g—p+ax (6(9—5)5 — 1) g—B+ay (e(g_ﬂ)s — 1)
- (elg—ﬂlt + 1) (e|g—ﬁ\t + 1)
< |p(z) —p(y)| + a2 9—5 e

We get the desired inequality using that p is locally Lipschitz, fooo 22m(dz) < oo and that o
is 1/2-Hoélderian.

< |p(z) — p(y)| + az \e@fﬁ)s _ 1‘

(\p(w) —p(y)| +« lyp(z) — ﬂ:p(y)|> :

ApPPENDIX C. LEMMA

This appendix is dedicated to the statement and proof of a lemma, which is a slightly
weaker version of Lemma 4.3 in [§]. The only difference is that they considered a Yule
process instead of a birth and death process, and that the finite sets I and J could be
arbitrary, whereas we impose the condition J C I. The statement and proof are deliberately
very close to that of Lemma 4.3 in [8]. We give the proof in integrality for the sake of
readability.
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Lemma C.1. Let V be a denumerable subset and (N(i) : t > 0) be i.i.d. birth and death
processes with birth and death rates r and q < r for i € V. Then there exist 6 > 0 and

a nonnegative nonincreasing function G on Ry such that G(y) — 0 as y — oo and for all
J C I finite subsets of V and x > 0:

N (3 I
P(x, #J,#I) —P(supl{z N >0}%6j]\7:(()) 230) <G<jﬁ] )_’_6—25#1.
1€

Proof. From classical results on birth and death processes (see [3] for instance), we know
that for ¢ € V the process (Nt(i)e*(“q)t) is a non negative martingale which converges to
a random variable W which is positive on the survival event (occurring with probability
(r —q)/r). Let us introduce the random variables,

M(Z) I= sup Nt(i)e*(TftI)t and m( ) inf Nt( ) (rfq)t_
t>0 t>0

(M(i) : 1 € V) and (m(i) : i € V) are both sequences of finite nonnegative i.i.d. random
variables with finite expectation. Moreover, if we introduce, for i € V', the events:

Voo(7) :== {N (i) > 1,Vt > 0} and My (i) := {3t < 0o, N(i) = 0},
and the set
Voo := {1 € I, V(i) holds},

we have that 0 = m(i) < M(i) on the event My (i), and 0 < m(i) < M (i) on the event
V(). As a consequence, for any ¢ € (0,1) and ¢ > 0, using also that J C I, we have

ZzeJNt()<1 ZEJM(.)—i—l
{2161 Ne(i )>0}Z (i) = {#Voo>e#1} Ze m (i) {# Voo <e#I}

#J< T MO # #I)
#I T F D e m(e) Y=g
Hence, we can bound P as follows:

Dies M) #I _ #I fv)

x,#J,#I) <P (1 -
f’p( ) {#V >€#I} #J Z,LE[ m( ) #J 2
#1 _#lx
+P (1{#Vw<5#1}#J > #J2 (C.1)
To handle the first term on the right-hand side of , we define for y > 0
Dicg M(i)  #I S
#J o 2ierml(i) —
By the law of large numbers, the sequence
b Taes M) #1
st T e mli)
is uniformly tight. So G(y) — 0 as y — oo.
For the second term on the right-hand side of (C.]] m Markov’s inequality yields

I I
(1{#Vw<e#1} ZZJ > ZZJ;) P(#Ve < 8#1)

To bound the last term, we recall that #V,, is a sum of #/ 1ndependent Bernoulli random
variables with parameter 1 — g/r. Hence, for ¢ < 1 — ¢/r, using Hoeffding’s inequality, we
obtain

zel

G(y) = sup {]P’(l{#voo>€#1} y) S I CV#I < oo}.

P (#Vao < e#1) < exp <—2#1 (1 4 5)2)

r
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and it concludes the proof. O

APPENDIX D. GENERALIZATION TO A DIVISION RATE DEPENDING ON THE
FRAGMENTATION PARAMETER 6

In some proofs, we need to consider a slight generalization of the SDE (6.6) where an
individual with trait x dies and transmits a proportion 6 € [0, 1] of its trait to its left
offspring at a rate r(z)l(#), that depends on 6, where [ : [0,1] — Ry is a nonnegative
function. However, using the properties of Poisson random measures we can prove that a
solution to such an SDE can be rewritten as the solution to by modifying the death
rate r and the fragmentation kernel k.

Lemma D.1. Assume that fol 1(0)k(dF) < co. Let
-1

1 1
i(d9) = 1(6) ( /0 l(@)n(d@)) K(d9), #(z)=r(z) /0 1(0)r(d6),

and @, B and N be defined as in . Then, there exists a Poisson random measure N’
with intensity ds ® dz ® £(df) such that X is the pathwise unique solution to

t t t rp(X-) ~
X =Xo+ / g9(Xs)ds + / V202(Xs)dBs + / / / 2Q(ds, dx, dz)
0 0 0 Jo Ry

t (X)) pl
+ / / / (0 —1)X,- N'(ds, d, df),
0o JO 0

if and only if X is the pathwise unique nonnegative strong solution to

t t t rp(X,-) _
X =Xo+ / 9(Xs)ds + / V202%(Xs)dBs + / / / 2Q(ds, dx, dz)
0 0 0 Jo Ry

t o1l (X, )U0)
+ / / / (0 —1)X,-N(ds,dz,db).
0o Jo Jo
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