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LIMIT THEOREMS FOR SOME BRANCHING
MEASURE-VALUED PROCESSES
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Abstract

We consider a particle system in continuous time, a discrete population, with spatial
motion, and nonlocal branching. The offspring’s positions and their number may depend
on the mother’s position. Our setting captures, for instance, the processes indexed by
a Galton—Watson tree. Using a size-biased auxiliary process for the empirical measure,
we determine the asymptotic behaviour of the particle system. We also obtain a large
population approximation as a weak solution of a growth-fragmentation equation. Several
examples illustrate our results. The main one describes the behaviour of a mitosis model;
the population is size structured. In this example, the sizes of the cells grow linearly and
if a cell dies then it divides into two descendants.
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1. Introduction

In this paper we study the evolution of a Markov process indexed by a tree in continuous
time. The tree can represent a population of cells, polymers, or particles. On this population,
we consider the evolution of an individual characteristic. This characteristic can represent
the size, the age, or the rate of a nutrient. During the life of an individual, its characteristic
evolves according to an underlying Markov process. At nonhomogeneous time, the individuals
die and divide. The offspring’s characteristics depend on the mother’s and on the number of
children. This model was studied in [1], [4]-[6], [17], and [23]. Here, we study the asymptotic
behaviour of the empirical measure which describes the population. Following [5], we begin
to prove a many-to-one formula (also known as, for example, spinal decomposition or tagged
fragment) and then deduce its long-time behaviour. This formula looks like the Wald formula
and reduces the problem to the study of a ‘typical’ individual. Closely related, we can find a
limit theorem in discrete time as in [11], in continuous time with a continuous population as in
[16] and for a space-structured population model as in [17]. Our approach is closer to [5] and
extends their law of large number to a variable rate of division. This extension is essential in
application [4]. In our model, the population is discrete. It is the microscopic version of some
deterministic equations studied in [31], [39], and [40]. Following [20] and [44], we scale our
empirical measure and prove that these partial differential equations are macroscopic versions
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of our model. Before expressing our main results, we begin with some notation. If we startwith
one individual then we will use the Ulam—Harris—Neveu notation [5]:

e the first individual is labelled by &; when the individual u divides then it has a random
number of descendants, denoted by K%, who are labelled by u1, ..., uK";

e set U = UmZO(N*)’", where N = {0, 1,...}, N* = {1,2, ...}, and (N*)° = {&}; we
denote by V; C U the set of individuals which are alive at time ¢; we denote by N; the
number of individuals alive at time ¢;

e we denote by 7 C U the random set of individuals which are dead, alive, or will be
alive; for each u € 7, a(u), B(u), and (X{)re[a), g(u)) denote respectively the birth
date and the death date of the individual u.

The dynamics of our model are then as follows.

e The characteristic of the first individual, (X);¢[o, B(@)) 1s distributed according to an
underlying cadlag strong Markov process (X;);>o starting from X{)a . For the sake of
simplicity, we will assume that X = (X;);>0 is a Feller process, takes values in a subset
E of R?, and is generated by

Gf(x) =¢(x)-Vfx)+oAf(x) (1.1)

for every f in the domain D(G) of G, where d € N*, ¢: RY — RY isa C® and
Lipschitz function, and o € R,. It is well known that O (G) contains the set CLZ,(E )
of C? functions with compact support. Note that our approach is available for another
underlying dynamic.

e The death time B(@) of the first individual satisfies

t
PB@)>1t| X2, s<1) :exp(—/ r(X?)ds),
0

where r is a nonnegative, measurable, and locally bounded function. Note that o (&) = 0.
We assume that for any starting distribution, we have

oo
/ r(XsQ)ds=+oo almost surely. (1.2)
0

This ensures that whatever the initial condition, the death time is almost surely finite.

e At time B(9), the first individual splits into a random number of children given by an
independent random variable K 9 of law (pr(X ?(g)f))keN*. For every k € N, the
mapping x — p(x) is continuous and, for every x € E, (pi(x))r>0 is a vector whose
coordinates are nonnegative and sum to 1. We have a(1) = - - - = a(K?) = 8(2).

e We assume that the mean offspring number, which is defined by m: x = > ;.o kpi(x),
is locally bounded on E.

z
e The characteristics of the new individuals are given by (F }K )(X ﬁg(g)f, 0))< j<K?>
where © is a uniform variable on [0, 1]. The sequence (F j ) j<k,keN+ is supposed to be
a family of continuous functions.

e Finally, the children evolve independently from each other as the first individual.
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The last point is the branching property. In [5], the cell’s death rate x +— r(x) and the law of
the number of descendants x — (px(x))k>1 are constant (that is, do not depend on x) and a
many-to-one formula is proved: for every continuous and bounded function f, we have

1 u _
WE[; fX} )] =E[f(Y)], (1.3)

where Y is generated, for every function f € H(G) and x € E, by

kpe (11 &
Aof(x) = Gf ) +rm Y /0 Y GED ) - fande. (14
j=1

k>1

This process evolves as X, until it jumps, at an exponential time with mean 1/rm. We observe
that r is not the jump rate of the auxiliary process. There is a biased phenomenon; note that the
children distribution is size biased; see [5], [23], and the references therein. We can interpret it
by the fact that the faster the cells divide, the more descendants they have; also, the more prolific
the cells are, the more representative they are. That is why a uniformly chosen individual has
an accelerated rate of division and a size-biased reproduction law. A possible generalisation of
(1.3) is a Feynman—Kac formula as in [23]: for every continuous and bounded function f, we

have .
E[Z f(X?)] = E[ﬂmexp(/o r(Ys)(m(Ys) — 1>ds)},

uev;

where Y is an auxiliary process generated by (1.4). In [4], another representation of the
empirical measure was used to prove the extinction of a parasite population. However, it is
difficult to exploit these formulae. Inspired by [16], [31], [39], [40], we follow an alternative
approach. In (1.3), Y can be understood as a uniformly chosen individual. The problem is: if r
is not constant then a uniformly chosen individual does not follow a homogeneous Markovian
dynamic. Our solution is to choose this individual with an appropriate weight. This weight is
a positive eigenvector V of the operator § defined, for every f € H(G) and x € E, by

k 1
Gf () = Gfx) + r(x)[(Z > /0 FFP @, 0))do m(x)) - f(X)].

k>0 j=1

It is not the generator of a (conservative) Markov process on E but it is related to the branching
mechanism; see Lemma 2.2. Under some assumptions, we are able to prove that the following
weighted many-to-one formula holds:

1
S NET7 YL XHV(XY | = ELf (Y], 15
E[Y ey, V(XD [va XV n} LF (o] (15)

where Y is an auxiliary Markov process generated by
A=M+J, (1.6)

where M describes the motion between the jumps and is defined by

G Vv — GV VV(x)-V
Mr < GU X )(xv>(x)f<x) @ _ Groy + 20 (xv>(x)f<x>

)
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and J describes the jump dynamics and is given by

Yren Lot Jo VS .0 f(F]P (. 0) db prx) ; x)]

If(x) = A(x)[
Yken Yoy Jo VIFD (x,0)) d6 pr(x)

where

kel
Ax) = [ZZ[G V(F]f")(x,e))depk(x)] x ‘r/();))

keN j=1

forevery f € C Cz(E ) and x € E. These formulae seem to be complicated but they are very
simple when applied. Contrary to the previous bias, this one is present in the motion and the
branching mechanism. It has already been observed in another context; see [16]. Also note
that we do not assume that V is associated to the first eigenvalue. It is then possible to have
different many-to-one formulae as can be seen in Remark 3.4. Some criteria for the existence
of eigenelements can be found in [3], [12], [37], [41], and the references therein.

If Y is ergodic with invariant measure 7 then from (1.5), we have

lim ——— B[ > v | = [ rd
t—>1$ooE[Z V(X)) L;,f t z}—/f T

uev;

for all continuous and bounded function f. We improve this result.

Theorem 1.1. (Long-time behaviour of the empirical measure.) If the following assumptions
hold:

@) XOg = x € E is deterministic;
(ii) the system is nonexplosive; namely, N; < 4-00 almost surely for all t > 0;
(iii) there exists (V, Ag) such that §V = 1oV, V >0, and V is Cc?;
(iv) Y is a Feller process and is ergodic with invariant measure 7,
(V) there exists o < Ay and Cy, such that EX[VZ(YI)] < Cre* and

Ex[r(yt)

1
V(Yt)/o 2 pk(Yt)V(Fa(k)(Yz»9))V(Fz§k)(Yz,6’))d9:|ECxe‘”;

a,beN*, a#b k>max(a,b)
then for any continuous function g such that g/ V is bounded, we have
: —Xot uy __ £
Sy o
uev,

where W = lim;_, 4 e 201V (x) ! Zuev, V(X}) and the convergences hold in probability.
If, furthermore, V is lower bounded by a positive constant then

. Lwazo iy g 1 ) .
t_l)lrlloo Tz Z g(Xy) = Liwzo / v dm /V dz in probability,

uev;

where 1 is the indicator function.
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Assumption (1.1) seems difficult to apply but if r, V, and (pi)r>0 are polynomials then it
is enough to prove the finiteness of the moments of (Y;);>0. Unfortunately, in general, it is
difficult to derive such properties on V from assumptions on the branching mechanism.

As a direct application, if the maps x +— r(x) and x > py(x) are constant, then V = 1 is an
eigenvector, and so this theorem generalises [5, Theorem 1.1]. Some inhomogeneous examples
are developed in Sections 5 and 6.

On the other hand, our model can be seen as a microscopic version of some deterministic
models. More precisely, let (Z;);>0 be the empirical measure. It is defined, for all t > 0, by

Z = ZM-

ueV;
Now let Z™ evolve as Z, but with Z(()") dependent on 7 and set X" = Z" /n.

Theorem 1.2. (Law of large number for the large population.) If the following assumptions
hold:

() T > 0, r is upper bounded, and there exist k > 0 such that py = 0 for all k > k;

(i1) either E is compact or E C R, F;k)(x,e) <xforall j < kand 8 € [0,1], and
Sup,cg @ (x) < +00;

(iii) then (1.7) below admits a unique solution;

(iv) the starting distribution X (n) converges in distribution to Xo € M(E), embedded with
0
the weak topology;

(V) we have sup, > E[X(()n)(E)] < +4o00; then X™ converges in distribution in D([0, T,
M(E)) to X, which satisfies

1
/f(X)Xz(dx)Z/ f(X)Xo(dx)+/ /%f(X)Xs(dX)ds. 1.7
E E 0 JE

Here, D([0, T'], M(E)) is the space of cadlag functions, with values in the set M (E) of finite
measures on E, embedded with the Skorokhod topology [7], [27]. We observe that if X is
deterministic then X, is deterministic for any time ¢ > 0. In a weak sense, (1.7) can be written
as

on(t,x) + V(g (x)n(t, x)) +r(x)n(t, x)

k
=00, (t,x) + Y _ Y K5 x pr x n(t, ), (1.8)

k>0 j=1

where X; = n(r,x)dx and K¥ is the adjoint operator of f > I f(F;k) (x,0))dd. Note
that, in contrast with a classical parabolic partial differential equation, in general, the previous
equation has no regularisation properties. In particular, if o = 0 and X has no density, then
nor does X;. This equation was studied in [31], [39], [40] and Theorem 1.1 is relatively close to
their (long-time) limit theorems. We will see in the next section that it is also the Kolmogorov
equation associated to Z. So, we observe that X evolves as the mean measure of Z; that is,
fE[f g f (x)Z;(dx)]. This average phenomenon comes from the branching property. After
a branching event, each cell evolves independently from the others, there is no interaction.
Another interpretation is the linearity of the operator §. From the many-to-one formula, we
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also deduce that, in a large population, the empirical measure behaves as the auxiliary process.
The proof is based on the Aldous—Rebolledo criterion [27], [43], and is inspired by [20], [35],
and [44].

At the end of the paper, these two theorems are applied to some structured population
models. Our main example is a size-structured population; the size of cells grows linearly
and if they divide into two descendants. Thus, there is a motion between the branching events
and discontinuity at division times. This model is a branching version of the well-known TCP
(transmission control protocol) windows size process [8], [22], [32], [38]. We are able to give
some explicit formulae of the invariant distribution, the moments, and the rate of convergence.
Also, we prove a central limit theorem for the limit in a large population.

Outline. In the next section we introduce some properties of the empirical measure. In
Section 3 we focus our interest on the long-time behaviour. We prove some many-to-one
formula and deduce a general limit theorem which implies Theorem 1.1. Section 4 is devoted
to the study of large populations. In this section, we prove Theorem 1.2. Note that Section 3
and Section 4 are independent. In Section 5 we give our main example, which describes the cell
mitosis. Moreover, we give two theorems for the long-time behaviour of our empirical measure
in addition to some explicit formula. We also give a central limit theorem for asymmetric cell
division for the large population limit. In Section 6 we conclude with two classical examples
which are branching diffusions and self-similar fragmentation.

2. Preliminaries

In this section we describe a little more the empirical measure (Z;);>o. We recall that, for
allt >0, Z; =}y, dxv. Let us add the following notation:

Z(f)= /E f(x)Z(dx) = Z F X, Z:(1+ |x)1”) = /E(l + 1x17) Z (dx),
ueVv,

for every continuous and bounded function f and for every p > 0. We can describe the
dynamics of the population with a stochastic differential equation [25]. Let Cg o1 (E,R;) be
the set of functions f: (x,1) — f(x,t) = f;(x) that are C' in time, with bounded derivative,
such that f; € Ccz(E). For any function f belonging to CCI’Z(E x Ry), we have

t
Z:(f1) = Zo(fo)+f0 /E%fs(x)+3sfc(X)Zs(dX)dS
t
+/ > V200, f(X¥)dBY
0

ueVs

t
+// [1{uevs,z<r(xz>}
0 JUxXRLxNx[0,1]

k
x <Zfs(F}k)(X§‘_, 9))) - fs(X?_)}p(ds, du, dI, dk, d6),
j=1
where (B*), ey is afamily of independent standard Brownian motions and p (ds, du, d/, dk, d6)
is Poisson point process on R4 x U x Ry x N x [0, 1] of intensity

p(ds, du, dl, dk, d9) = ds n(du)dldpido.
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It is also independent from the Brownian motions. We have denoted by n(du) the counting
measure on U and ds, d/, and df are Lebesgue measures. The fist hypothesis ensures the
nonexplosion (and is a little bit stronger) of our model.

Assumption 2.1. (Nonexplosion.) For all t > 0, sup,, E[N;] < +o0.

Lemma 2.1. (Sufficient condition to nonexplosion.) Ifthere exists 7, k > 0 such that, for every
x € E, we have B
r(x) <r and pr(x)=0 forallk >k,

then Assumption 2.1 holds. Moreover, for any T > 0, we have, forallt < T,
E[N;] < E[Nole® 7.

Proof. We can easily couple the number of particles (N;);>o with a branching process
(W:)¢=0, which does not depend on the underlying dynamics, to obtain

N; < W, forallt > 0.
With rate 7, the process (W;);>o produces k — 1 individuals, hence, its mean is
E[W,] = e®=Df forallr > 0.
See [2] for more details. O

If there is no explosion then we have a semimartingale decomposition.

Lemma 2.2. (Semimartingale decomposition.) If Assumption 2.1 holds then, for all f €
D(G), we have

Zi(f) = Zo(f) + M:(f) + Vi(f),

where (M;(f)):>0 is a semimartingale and

t
Vi(f) = /0 Z,(6.) ds,

and if, furthermore, f € CCZ(E) then the bracket of M;(f) is given by

1
(M(f)): = /0 (G (x) = 2£:(x)Gf () Zg (dx)

1, k 2
+ /E re Yy /O (Z fs(ka)(x,G))—fs(X)> Pi(x) 6 Zy(dx) ds
j=1

keN

Proof. This follows by an application of the Dynkin and It6 formulae; see, for instance, [26,
Lemma 3.68, p. 487] and [25, Theorem 5.1, p. 67]. If f € CCZ(E) then, by assumption 2.1,
(M;(f))i>0 is a square-integrable martingale. Indeed, if f € Ccz(E) and 7, = inf{s >
0| M;(f)? > n}, then there exists C > 0 (only depending on f) such that (M (f))irr, <

C fOtM” Ngds < fot N, ds. Using the Fatou lemma, Fubini-Tonelli theorem, and the optional
stopping theorem, we have

t

E[M; (f)*] < lim inf E[M; r, (/)*] = lim inf E{M (f))1ar,] < C/ E[N;]ds. u
n—oo n—oo 0
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Letus fix u = Z;”zl 8x;, wherem € N* and x; € E foralli € {1,...,m}. We define the
mean measure (z;);>0, for any continuous and bounded function f on E, by, forall ¢+ > 0,

2 (fy ) =E(Zi(f) | Zo = ) :E[Z FX) 1 Zy = M]-

ueVv;

The measure z;(dx, i) is defined by f r f(0)z:(dx, u) = z:(f, w). Moreover, the branch-
ing property ensures that z;(f, u) = Y -, z:(f,8y,). In application, we have z,(f, u) =
fE z:(f, 8x)p(dx). If w is a probability measure then z,(f, u) = E[Z,(f)], where Zy = §y o
and X, Og is a random variable distributed by . 0

Corollary 2.1. (Evolution equation for the mean measure.) Under Assumption 2.1, if f € C 62
w e M(E), andt > 0, then we have

t k 1
a(f ) = n(f) + /0 (zs(Gf, W + /E r(x)(ZZ fo f(F;"’(x,endepk(x))

k>0 j=1

— f(x)zs(dx, u)) ds. 2.1

The previous equation can be written as (1.8) in a weak sense; namely, n is defined by
n(tv x) d-x = Z[(d.x, l‘l’)v t 2 0

Remark 2.1. (Uniqueness of (2.1).) As illustrated in [15] for instance, the question of unique-
ness for evolution equations is generally nontrivial. Think, for instance, of the reflected and
absorbed Brownian motions on (0, 1) whose semigroups have the same generator A when
applied on smooth functions. Nevertheless, if (2.1) holds for f = 1 then using the following
norm (on the space of signed measure):

Izllo = sup{lz(H | | flloo + 1Gflloc = 1}

and the Gronwall lemma in (2.1) ensures the uniqueness.

3. Long-time behaviour

Let us recall that

k —n1
Gf(x) = Gf(x) + r(x)[(z > /0 FFP (x.0)) depk(»o) - f(x)]

k>0 j=1

for every f € D(G) and x € E. In the following, we will prove some formula which
characterise the mean behaviour of our model. Then we will use them to prove our limit
theorems.

3.1. Eigenelements and auxiliary process

As said in introduction, the existence of eigenelements is fundamental in our approach.
Nevertheless the eigenvector does not still belong to the domain of the generator. Henceforth,
we assume the following.
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Assumption 3.1. (Existence of eigenelements.) Assumption 2.1 holds, and there exist Ly > 0
and a continuous and positive function V such that there exists a sequence (V)0 of functions
belonging to CZ(E) satisfying, for all x € E,

Iim V,(x) = V(x), lim gV,(x) =XV (x)

n—oo n—oo
and the mappings x > sup, > V,(x) and x — sup, > 4V, (x) are integrable with respect to
Z;(dx, 8x,) for everyt > 0 and xo € E.

Remark 3.1. (Smooth eigenvector.) If there exists a smooth eigenvector V € CE(E ) then we
can choose V,, = V for every n. Also if V is C? then a trivial truncation argument ensures the
previous assumption. This assumption enables us to consider less regular eigenvectors. The
integrability condition is essentially a consequence of V being an eigenfunction. Indeed, it can
be proved using Lemma 2.2 and the suitable sequence of stopping times (7,),>0 defined by
1, = inf{t > 0, Z,(V) > n}. See, for instance, Lemma 5.1, where a similar computation is
done.

Under Assumption 3.1, we introduce the martingale (Z,(V)e~%"),~o which plays an impor-
tant role in the proof of Theorem 1.1.

Lemma 3.1. (Martingale properties.) If Assumption 3.1 holds and
E[Zo(V)] < +o0,

then the process (Z,(V)e_k‘)’)[zo is a martingale. Moreover; it converges almost surely to a
random variable W.

Proof. By corollary 2.1 and the dominated convergence theorem, we have

t

t
2(V, Zy) = HE)H;OZO(Vn, Zy) +/ 25(§Vn, Zo) ds = zo(V, Zo) +/\of zs(V, Zp) ds.
0 0

Hence, for all + > 0, we have z,(V, Zo) = zo(V, Zg)e*' = Zy(V)er!. Then if F =
o{Z; | s <t} then the Markov property, applied on Z, yields

E[Zi4s(V)e 00F) | F] = e 2007 (V| Z) = Zo(V)e ™",

and so the process (Z,(V)e—Hot )r>0 1s a martingale. Since it is a positive, it converges almost
surely. ]

To have our many-to-one formula, we add the following natural assumption.

Assumption 3.2. (Auxiliary process.) The operator A defined in (1.6) is the generator of a
Feller process.

Lemma 3.2. (Weighted many-to-one formula.) Under Assumptions 3.1 and 3.2, if u is a
probability measure satisfying (V) < +oo then we have

——u(fixV,p) = f E[f(Y:,1) | Yo = x]u(dx) (3.1
2 (V, ) E

for any nonnegative function f: (x,t) — f(x,t) = fi(x) on E x Ry andt > 0, where Y is
a Markov process generated by A starting from x.

https://doi.org/10.1017/apr.2017.12 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2017.12

558 B. CLOEZ

Proof. As the time variable ¢ is deterministic, it is enough to prove that (3.1) holds for any
function that are not time dependent. Let (y;);>0 be the family of operators defined by

V() =z (f x V, we " u(v)™!

for every f € O and ¢ > 0. Using Lemma 2.2, we have, for all t > 0 and f € D(G),

Wvi(f) =2 GV I — fGV. e ™ u(V)~" =y (Af).

Now, by the It6—Dynkin formula, the right-hand side of (3.1) satisfies the same equation.
Uniqueness comes from classical arguments. Indeed, by Assumption 3.2, operator A is
the generator of a Feller semigroup and satisfies the positive maximum principle; see [29,
Theorem 3.6.6]. As a consequence, if (P);>0 is the semigroup of the auxiliary process then
P, = y; by [18, Proposition 9.19, Chapter 10]; see also [29, Theorem 4.1.2]. O

Remark 3.2. (Schrodinger operator and h-transform.) The operator § is not a (conservative)
Markov generator. Indeed, for all f € C E(E ), &f = Bf —r(m — 1) f, where B is a Markov
generator. Operator § is sometimes called a Schrodinger operator. Its study is connected to
the Feynman—Kac formula. Our weighted many-to-one formula can be seen as an h-transform
(Girsanov type transformation) of the Feynman—Kac semigroup as in [41]. This transformation
is usual in the superprocesses study [16].

Remark 3.3. (Galton-Watson tree and Malthus parameter.) If the maps x — r(x) and x —
pi(x) are constant then V = 1 is an eigenvector with respect to the eigenvalue Ag = r(m — 1),
where m = ) ., kpx denotes the mean offspring number. So, Z;(V) = N, and the size of
the population grows exponentially when it survives. This result is already know for N;; see
[2], [5]. Furthermore, since Malthus introduced the following simple model to describe the
population evolution: 9; N; = (by — do) Ny, namely N; = ebo—do)t where bg and dp represent,
respectively, the individual birth rate and death rate, in biology and genetic population study,
Ao = by — dp is sometimes called the Malthus parameter.

Remark 3.4. (Many eigenelements are possible.) In the previous lemmas, Lo was not required
to be the first eigenvalue. So, it is possible to have different eigenelements and auxiliary
processes. Consider the example of [4], where some eigenelements are explicit; that is,

Gf(x) = aixf'(x) + bixf"(x)

for every f € CE(E ) and x € E = Ry, where ay, by are two nonnegative numbers. We also
consider that of pp = 1 and, for all j € {1, 2}, E[f(F;z)(x, ®))] = E[f(Hx)], where H
is a symmetric random variable on [0, 1], that is, H 21-H , wWhere 2 denotes equality in
distribution. This example models cell division with parasite infection. In this case,

§f(x) = arxf'(x) + bixf"(x) +r(x)QE[f(HxX)] — f(x))

for every continuous and bounded function f. Here a; is an eigenvalue of § and Vj(x) = x is
its eigenvector. So, we should have

E[Z X/ fX | Xg = x0:| = Ex [ £ (YD1 x0

uev,
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for every continuous and bounded function f and xo € E, where Y is a Markov process
generated by Gy defined by

Gy f(x) = (a1x +2b1) f'(x) + bixf" (x) + r () QE[H f (Hx)] — f(x))

for every f € CCZ(E ) and x € E. We can see a bias in the drift terms and jumps mechanism
which is not observed in [4], [5]. When r is affine, we obtain a second formula. Indeed, if ¥ (x) =
c1x +dy withc; > 0andd; > a; (ord; > Oand ¢y = 0), then V(x) = x(c1/(d] —ay))+11is
an eigenvector with respect to the eigenvalue Ay = dj (which implies A > A; = aj). A rapid
calculation then gives a different many-to-one formula with another auxiliary process.

3.2. Many-to-one formulae

To compute our limit theorem, we need to control the second moment. As in [5], we describe
the population over the whole tree and then give a many-to-one formula for forks. Recall that
T ={u € U | thereexists t > 0, u € V;}. Lemmas 3.3 and 3.4 that follow are, respectively,
the generalisation of [5, Proposition 3.5] and [5, Proposition 3.9].

Lemma 3.3. (Many-to-one formula over the whole tree.) Under Assumption 3.1, if Zy = 8,
where xg € E, then for any nonnegative measurable function f: E x Ry — R, we have

u oo r(¥s) P
E[Z f(Xm)vﬂ(u))} =/D [f(n, )V(Y)}V(xo)eAO ds.

ueg
Proof. First we have, for all u € U,

Bu)

Ell{uer) f (Xgy—, Bw)] = E[l{uef}/ JXy, S)r(X?)dS}

()

since, by (1.2) and the Fubini theorem,

Bu)
E[l{uen / f(X;‘,s)r(Xi‘)ds}
a(u)

T

+oo T
=F I{MEJ}/ f(X?,s)r(X?)dsr(X?)exp(—/ r(Xl”)dt)d‘L':|
o(u) a(u)

+00 T
=E l{uej}/( : / r(X”)exp( /( )r(Xf’)dt) dtf(X?,s)r(Xﬁ,’)ds]

S
=E|lyer / exp(—/ r(X}) dt>f(Xs“, r(xy) ds]
o(u) a(u)

= Elluer) £ (X5 B

Thus, N
Elljuery f (Xgy—, Bw)] = E[/o Luev,) f(X{, $)r(X{) dS}
and finally,
+o0
[Z X (u))} = / [Z fxY s)r(X;’)] ds
ueJ 0 ueVs
_ +oo r(Ys) A0S
_/(.) |: (YY,S)V(Y )1|V(xo)e 0% ds. O
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If we set g(x,s) = f(x,s)/V(x) then we have

+00
E[Z g(X?}(u)—’ ﬂ(u))V(XZ(u)_)] = /0 E[g(Ys, s)r(Ys)] x E[Z;(V)]ds.

ueg

This equality means that adding the contributions over all the individuals corresponds to
integrating the contribution of the auxiliary process over the average number of living individuals
attime s. Let (P;);>0 be the semigroup of the auxiliary process; it is defined for any continuous
and bounded f by P, f(x) = E[f(Y;) | Yo = x].

Lemma 3.4. (Many-to-one formula for forks.) Under Assumption 3.1, if Zy = 8x,, where
xo € E, then for all nonnegative and measurable functions f, g on E, we have

E[ > f(Xi‘)V<x;'>g<X;’>V<X;’>}

U, VeV, u#v

r(¥y) i|ds

! 1
_ 2
= E[Z,(V)] /0 ]E[ZS(V)]EI:J2(VPt—sf»VPt—sg)(Ys)V(YS)

where J, is defined by
! (k)
D(f, 9)(x) = / Yo Y @ fFEP . 0)8(F," (x,0))do.
0 4tb k>max(a,b)
The operator J, describes the starting positions of two siblings picked at random.

Proof. Letu,v € V;, be such that u # v, then there exists (w, i, V) € U3 and a, b € N*,
a # b, such that © = wau and v = wbv. The cell w is sometimes called the most recent
common ancestor. We have

E[ > f(X?)V(Xf’)g(Xf)V(X}))]

U, VeV, u#v

=Y 3 ) Elluevy FXOVE) pev)@ (XD V (X)),

wel a#b i, veU

Let #; = o{Zs | s < t}. By the conditional independence between descendants, we have

IE[ > f(Xt“W(X;‘)g(X;’)wx;’)}

u,veVs, u#v
=y ZE[E[Z e f(XHV (X)) | ?mw)}
wel a#b ueUu
x E[Z lpev) g XV (X)) | fﬁ(w)ﬂ.
veU
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Therefore, as B(w) is a stopping time, then using the strong Markov property, (3.1), and the
previous lemma, we have

E[ > f(Xi‘)V(Xi‘)g(X}’)V(X}’)]

u, VeV, uFv

= D Bl jwa, wher. =) Pr—pawn) f X i) )V (X5E,)
weU a#b

X Pr_pung(X iy )V (Xpe, )e2 0t =F)]

= ]E[Z Lit=pw)n 2V Pi—gw) f VPt—ﬁ(w)g)(Xg(w)_)GZAO(I_ﬂ(w))iI

weT

Y
= >V (xp) f xo[fz(va sf, VP Yg>(Y>"",((Y))} —hos ds. O

3.3. Proof of Theorem 1.1
In this section we give the main limit theorem which implies Theorem 1.1.

Theorem 3.1. (General condition for the convergence of the empirical measure.) Under
Assumption 3.1, if f is a measurable function defined on E and p a probability measure
such that there exists a probability measure 7w, two constants « < ,y and C > 0, and a
measurable function h such that, for allt > 0,

HD) n(|f]) < +ooand forall x € E,lims_, 1« Ps f(x) = (f),
(H2) w(V) < +o0oand P, (f2 x V) < Ce,
(H3) P|f| < hand uP,(J2(Vh, Vh)(r/V)) < Ce,

and Zo = 8X0z, where Xéa ~ W, then we have

A Bz ()] (V)] Zf(X"W(X”) =W xx(f),

where the convergence holds in probability. If, furthermore, (Z,(V)e Pt )i>0 is bounded in L?
then the convergence holds in L?.

Note that the constants may depend on f and p. Also note that Aq is not assumed to be
the largest eigenvalue. The condition o < X is not restrictive at all, even if A is unknown.
Indeed, in all our examples, o = 0.

Proof. As in [5, Theorem 4.2], we first prove the convergence for f such that 7(f) = 0.
From Lemma 3.1, we have E[Z, (V)] = u(V)e* and so

2
E[( E[Z,(V)] Zf(xu)v(xu)> } E[Z:(f x V)’e 0 u(V) 7] = A, + By,
t

where, by Lemma 3.2,

A= e—wu(vrzE[Z fz(Xi‘)vz(Xb} = e M u(V)T'ELFA(Y)V (Y0,

ueyv,
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and, by Lemma 3.4,

B = e”"’u(VﬂE[ > f(X?)V(X?)f(Xf)V(XZ’)]
U, VeV, u#v
[ r ] -
=n / E[Jz(vpfsf’ VP f)(Ys) —S]e 05 dg
0 V(¥s)
From (H2), we obtain lim;_, 4 o A; =0. Since 7 (f) =0, from (HI), we obtain lim;_, o, P; f =0.
Then, by (H3) and Lebesgue’s theorem, we obtain, for all s > O and x € E,

lim JLo(VP_sf, VP_sf)(x) =0.
t——+00

And again by (H3) and Lebesgue’s theorem, we obtain lim;—, oo B; = 0. Now, if 7 (f) # 0
then we have

Z,(fV)e M uv)y~ = wa(f)
= Z((f =2 (VI u(V) ™+ 7 (NZ(V)e ™ (V)™ = W),

Then, thanks to the first part of the proof, the first term of the sum, in the right-hand side,
converges to 0 in L2. Moreover, the second term converges to 0 in probability thanks to
Lemma 3.1. U

Proof of Theorem 1.1. If f = g/V then itis a continuous and bounded function. If 7 = 1
then all assumptions of the previous theorem hold. In particular, assumption (H3) of the previous
theorem is exactly assumption (v) of Theorem 1.1. We then have the first convergence. Now
if V is lower bounded, we can use the same argument with g = 1 and f = 1/V which is also
a continuous and bounded function. |

4. Macroscopic approximation

Let (M(E), dy) (respectively (M(E), dy,)) be the set of finite measures embedded with the
vague (respectively weak) topology. These topologies are defined as follow:

lim dy(Xp, Xoo) =0 < forall f € Cp, lim X, (f) = Xoo(f),
n—+o0 n—+o0

lim dy(X,,Xs) =0 <<= forall f e Cp, lim X,(f) = Xco(f),
n—-+o00 n—-+00

where (X,)>1 is a sequence on M(E) and X, € M(E). Here, Cy is the set of continuous

functions which vanish at oo, and C}, is the set of continuous and bounded functions.

Note that vague convergence can also be defined as the weak* convergence with C2° test
functions; see [28, Chapter 4] but we use the latter definition (used in [19, Section 7.3] for
instance). These two definitions are generally not equivalent but, under the additional condition
limy,— 00 X5 (1) = Xoo(1) or if the family (X,,),>1 is tight, they are.

Let D([0, T'], E) and C([0, T'], E) be, respectively, the sets of cadlag functions embedded
with the Skorokhod topology and continuous functions embedded with the uniform topology [7].

4.1. Proof of Theorem 1.2

Let (Z™), > be a sequence of random measure-valued evolving as Z with starting distribu-
tions depending on n. In this section we consider the following scaling: X = (1/n)Z®, and
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we describe the behaviour of this scaled process for n tending to oo. To understand the behaviour
of our model in a large population, we can consider that it starts from a deterministic probability
measure X, and approach it by the interesting sequence defined by X (()") = (1/n) > }_o8v,s
where (Yi)r>1 is a sequence of independent and identically distributed (i.i.d.) random variable,
distributed according to Xo. In other words, we set Z(()") = 7_0dy,. The sequence X"

converges. Indeed, by the branching property, we have Z 2 ZZ=OZY k where Z,Y Fareiid.,
distributed as Z, and starting from Z Vi dy,. Henceforth, if f is a continuous and bounded
function then from the classical law of large number, for all t > 0,

lim X" (f) =E[Z]'(f)] almost surely.
n— o0

So, by corollary 2.1, and under a uniqueness assumption, it implies that X (point-wisely)
converges to the solution (u;);>o of the following integro-differential equation:

t
we(f) = po(f) +/O us(Gf)

1 k
+ /E r(x)((me) /0 Zf(ka)(x,G))M)—f(X))us(dX)dS- @1
j=1

k>0

Theorem 1.2 gives a stronger convergence.

Lemma 4.1. (Semimartingale decomposition.) If Assumption 2.1 holds then forall f € CE(E )
andt > 0,
X" () = X" (O + M () + V" (),

where V,(")( f) is equal to

t 1 k
/0 /E (Gf(x)+r<x>(( ZZf(F}“(x,e))pk(x)de)—f(x)))Xi"’(dx)ds,

0 keN j=1

and Ml(") (f) is a square-integrable and cadlag martingale. Its bracket is defined by

t
(MO (f)), = % / 2X(GF) — 2XP(f x Gf)
0

1 k 2
+/ r(x)f Z(Z f(Fj’”(x,@))—f(x)) pr(x) A9 X (dx) ds.
E 0

keN “j=1

Proof. This is a direct consequence of Lemma 2.2. Indeed, if L% is the generator of X"
then it satisfies

L™ Fy(u) =] 3 EFr(X") | X§" = plt

=0
=1 HE[Fn(Z™) | 23" = nult
=0
=LFgm(np),
where Fg(u) = F(u(f)), F, f are two test functions, and L is the generator of Z. [l
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Remark 4.1. (Nonexplosion.) Let us recall that, by Lemma 2.1, if the assumptions of Theo-
rem 1.2 hold then Assumption 2.1 holds. In particular, there is no explosion.

Let us denote by £ (U) the law of any random variable U'.

Lemma 4.2. Under the assumptions of Theorem 1.2, the sequence (L(X (”))),,21 is uniformly
tight in the space of probability measures on D([0, T], (M(E), dy)).

Proof. We follow the approach of [20]. According to [43], it is enough to show that, for
any continuous bounded function f, the sequence of laws of X"V ( f) is tight in D([0, 7], R).
To prove it, we will use the Aldous—Rebolledo criterion. Let C2° be the set of functions of
class C* with finite support, we set § = C2° U {1}, where 1 is the mapping x — 1. We have
to prove that, for any function f € S, we have

(i) forall 1 >0, (X" ()= is tight;

(ii) for all » € N, and ¢, n > 0, there exists § > 0 such that, for each stopping time S,
bounded by T,

limsup sup PV, (f) = V§" ()l =m) <e

n—+00 0<u<§

limsup sup P(U(M ™ (f))s,+u — (M (f))s,| = 1) <e.

n—+00 0<u<§

The first point is the tightness of the family of time marginals (X ,(") (f))n>1 and the second
point, called the Aldous condition, gives a ‘stochastic continuity’. It looks like the Arzela—
Ascoli theorem. Using Lemma 2.1, there exists C > O such that

_ I I<EX" ] _ 11/ I CELXG” (D]

PUX™ ()] > k) < p < :

’

which tends to 0 as k tends to co. This proves the first point. Note that here and in all the proofs,
constants may dependon 7. Let$ > 0, we have, for all stopping times S,, < T, < (S,+6) < T,
that there exist C’, C s > 0 such that

B[V, (f) = VEP(H]

T
=EH/ X"(Gf)
Sn
1 k
+ /E (r(x)( /O Y rrW 9)pk<x>de>) - f(x)>X§")(dx)ds }
keN j=1
< C'lIG llow + 1 flloe]  EIITy — Sull
< Cyé.
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On the other hand, there exists C } > ( such that
E[(M ™ ()7, — (M™()s, 1]

Tn
= lE[/ XM (G —2XW(fGf)
n S)‘l

1 k
+ f r(x) / YN FFEP L 0)) = f () pi(x) dOX P (dx) ds
E 0

keN j=1

)

c.s
< L
- n.
Then, for a sufficiently small §, the second point is verified and we conclude that (X (”)) n>118
uniformly tight in D([0, T'], (M(E), dy)). O

Proof of Theorem 1.2. Letus denote by X a limit process of (X (”))nz 1; namely, there exists
an increasing sequence (i, ),>1, on N*, such that (X (""))nz 1 converges to X. Itis almost surely
continuous in (M(E), v) since

k
sup sup X" (f) = X" (f)l < . 42)
120 [| flloo=1 n
In the case where E is compact, the vague and weak topologies coincide. By the Cauchy—
Schwarz equation and Doob’s inequality, there exists C > 0 such that
C
supE[sup [M" (/)] | = 2sup ELM™ ()71 < —,
£ b=t ! Vn

where the supremum is taken over all the function f € CZ(E ) such that || |l < 1. Hence,

lim sup]E[sup M f)|] —0.

n—+o0 f +<T
Howeyver, since

M7 =X - X8

t 1 k
} /o /E<Gf(x) " ““((fo SN FED @ 0)pio) de)

keN j=1
- f(x)))X§"><dx> ds,

we have

t
0= X,(f) - Xo(f) — /0 X,(Gf)

k
+ / r(x)((Z FESx, 9))pk(x)d9) - f(x))XS(dx)ds.
E =

Since this equation has a unique solution, it ends the proof when E is compact. This approach
fails in the noncompact case. Nevertheless, we can use the Méléard—Roelly criterion [34]. We
have to prove that X is in C ([0, T'], (M(E), w)) and X™ ) converges to X(1). By (4.2), X
is continuous. To prove that X ™) (1) converges to X (1), we use the following lemmas. O
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Lemma 4.3. (Approximation of indicator functions.) Under the assumptions of Theorem 1.2,
for each k € Z, there exists Yy € C2(E) such that, forall x € E,

Lk 400) (X) < Yi(x) < 1jk—1:400)(x) and there exists C >0, Gy < Cir—y.

Lemma 4.4. (Commutation of limits.) Under the assumptions of Theorem 1.2,

lim lim sup E[sup X ,(")(I/fk)] =0,

k——+o00 n— 400 t<T
where (i )k>0 are defined as in the previous lemma.

Proof. The proofs are very similar to [35] and we omit the details here. As a consequence,
the same computation as [35] gives us the convergence in D([0, T'], (M(E), w)). Thus, each
subsequence converges to (4.1). The end of the proof follows with the same argument of the
compact case. (|

We can give another argument, which does not use the Méléard—Roelly criterion [34].
By (4.2), X is continuous from [0, T] to (M(E), dy), let G be a Lipschitz function on
C([0, T], (M(E), dy)) with a Lipschitz constant equal to 1. We obtain

EIGX )] = GO <E[ sup dy(X[". X))
1€[0,7]

< B[ sup (X", X[ x (1= y))]
1€[0,T]

+E[ sup du (X" x (1= 90), X x (1= Y|
t€[0,T]

+ sup dy(X; (- x (1 —yx), Xo).
1€[0,T}

According to Lemma 4.4, we have

lim lim supE[ sup dy (X4 X (% (1 — wk)))] =0

k—=>+00 n>+oo  Lie[0,T]
and
lim  sup dy(X;(- x (1 —¥)), X;) =0.
k—~+00 4¢[0,T]
Then, we have
dy (X (x (1= 91)), X x (1= 1)) = dy (X x (1= 91)), X (- x (1= 9)).

Thus,

lim TimsupE[ sup doy (X(") (- x (1 = ¥), X (- x (1= 10)] =0,

k—+00 p—s4o00  Lieo,7]

by the continuity of v — v(1 — ¥y) in D(M(E), d,). Finally, lim,_ 1o E[G(X“))] =
E[G(X)] = G(X), which completes the proof. U

Note that in the previous proof, we used Lipschitz functions instead of bounded continuous
functions in order to prove weak convergence. This can be justified from (a slight modification
of) the classical Portmanteau theorem. Indeed, see [7, Theorem 2.1] and its proof.
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5. Main example: a size-structured population model

Let us introduce a model which represents the cell mitosis. It is described as follows: the
underlying process X is deterministic and linear and when a cell dies, it divides in two parts.
Formally and with our notation, we have

E=(0,+00), pr=1, and Gf=f (5.1)
for every f € Cl(E), and, forall x € E, forall 6 € [0, 1],
FP@,0)=F'6)x and F?x,0)=(1-F@)x, (5.2)

where F is the cumulative distribution function of a random variable on [0, 1]. It satisfies
F(x) =1— F(1 —x). In this case, when r is smooth enough, one cell lineage is generated by,
forall x > 0,

Lf = f'(x) + r)[ELf (Hx)] = f(x)]
for every f € C!(E), where H is distributed according to F. This (one cell lineage) process
is sometimes called the TCP process in computer science [8], [22], [32], [38]. First, we prove
the nonexplosion even if r is not bounded.

Lemma 5.1. (Nonexplosion.) Let p > 1. If (5.1) and (5.2) hold, r is continuous and, for all
X € Rj_, r(x) < Co(l1 + xP), and E[Zy(1 + xP)] < +00, then our process is nonexplosive.
Moreover,

E[ sup Z(1+x7)] < BIZo(1 +x7)Je7,
s€[0,7T]

where C, is constant and T > 0.

Proof. Recall that, for every f € Ccz(E ), we have
t
Zt(f):ZO(f)+[ /f/(X)Zs(dX)dS
o JE

t
+/ / Lwev,_i<rxi ) (FOX) + f((1—0)X{)
0 JUxR4x[0,1]

— f(X{ ) p(ds, du, dl, d6).

Using the same argument as in [20, Theorem 3.1], we introduce 7,, = inf{r > 0 | Z,(1+x?) >
n}; and we have

sup  Z,(1 +xP)
uel0,tAty,]
tAT,

< ZO(1+xP)+/ Zs(pxP~Yds
0

ATy
+/ / Luev,_ 1=rx )
0 UxR4 x[0,1]

X (1407 + (1 =0)? — 1)(X{_)P)p(ds, du, dl, dF)
tAT,

SZO(I—i—x”)—}—/ px sup Z,(1+xP)ds

0 uel0,sAt,]

t
+/ / l{ueyv_’lfr(xg_)}p(ds,du,dl,d@),
0 JUxR4x[0,1]
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since (07 + (1 — 6)? — 1) < 0. Thus, there exist C > 0 such that

t
CE[ sup Zu(l—l—x”)]ds.

uel0,sA1,]

E[ sup Zy(14x7)] < ElZo(1 +x7)) + /

uel0,1A1,] 0
Finally, the Gronwall lemma implies the existence of C,, such that
IE[ sup  Zy(1 +xp)] < E[Zo(1 4 xP)]eCr".
s€[0,tAT,]
We deduce that 7, tends almost surely to co and that there is nonexplosion. (]

5.1. Equal mitosis: long-time behaviour

In this subsection we establish the long-time behaviour of Z. We assume that, for all x > 0,
for all 6 € [0, 1],
FPx,0) = 7 (x,0) = 1x. (5.3)

That is, the cells divide in two equal parts. In short, we have, for all x > 0,
Gf(x) = f'(x) +r(x)Q2f(3x) — f(x)) forevery f € C'(E).

In order to give a many-to-one formula, we recall a theorem of [40].

Theorem 5.1. (Sufficient condition for the existence of eigenelements.) If (5.1) and (5.3)
hold, there exist r,r > O such that, forallx € E, r <r(x) <7, r is continuous and r(x) is a
constant equal to some r for x large enough, then there exist V. C'(Ry) and hg > 0 such
that V = LoV and, for all x > 0,

c(1+ x5 < v <ca+x5,

where C, ¢ are two constants and 2¥ = 2ro0 /(Mo + Foo)-

So, we obtain a many-to-one formula with an auxiliary process generated by A, defined for
every f € C/(E)and x € E, by

g 2V(x/2) X\
Af(x)=f(x)+ r(X)—V(x) <f(2) f(X)>'
Our main result gives the two following limit theorems.

Corollary 5.1. (Convergence of the empirical measure for a mitosis model.) Under the ass-
umptions of Theorem 5.1, there exists a probability measure 7w such that, for any continuous
and bounded function g, we have

li ! X = d } babili
tJTooﬁ,ng( ;) = [ gdm inprobability.
ue'v,

In particular, for a constant rate r, w1 has Lebesgue density

+o0 , n

2r 2 _2n+lrx
~ e S e o

n=0 “k=1
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The explicit formula in (5.4) is not new (see [39], [40]), but here, the empirical measure
converges in probability, while, in the mentioned papers, the mean measure or the macroscopic
process converges (see Theorem 1.2).

Proof of Corollary 5.1. By Theorem 5.1, the mapping x — V(x/2)/V(x) is upper and
lower bounded. Thus, the auxiliary process is ergodic and admits a unique invariant law 7,
as can be checked using a suitable Foster—Lyapunov function [36, Theorem 6.1]. Indeed, if
Yp: x = 1+ xP then, for p > 1,

AP, (x) < pxP~! —xp;—c <K, —a,¥(x) forsomeK,,a, > 0.

See also [21, Theorem 1] which gives several details. As a second consequence, all the moments
of Y are finite. Assumption (1.1) of Theorem 1.1 then holds because the left-hand side is
bounded. Indeed r is bounded, V is bounded by polynomials, and Y has finite moments.
Now, applying Theorem 1.1, we have the convergence on the set {W = 0}, where W =
lim;_ o0 Z;(V)e ™0 almost surely. It remains to prove that W > 0 almost surely. We begin
by proving that the martingale (Z;(V)e=*0'),~( converges to W in L'. Let p > 1, by the
Burkholder-Davis—Gundy inequality [10, Theorem 92, p. 304], there exists C > 0 such that

E[IZ,(V)e ™" = Zo(V)|"] < CE[Z |Zes (V)e 00 — z,<v>e—*0f|”]

t>0
X P
< CE[Z e MoPpW 2V(%) — V(XY_) }
ued

Now by Lemma 3.3, we have
E[Z,(V)e ™" — Zo(V)|?]

ds.

<c / > E[ZO(V)]G@UAOXE[NYS) 12V (¥;/2) - V(YS)V’]
0

V(¥y)

Finally, using the fact that r is bounded, the conclusion of Theorem 5.1, and that all moments
of Y are bounded, it holds that the right-hand side of the previous equation is bounded. As a
consequence, the martingale (Z,(V)e ! )s>0 has a bounded second moment and converges
to Win L'. We deduce that E[W] > 0 and ¢ = P(W = 0) < 1. But, conditioning to the
time of the first division and taking the limit 1 — +o0 shows that o> = o. Finally, 0 = 0
and this completes the proof. The measure 71 is then 1/(V (x) f 1/V dm)m(dx). In particular,
when r is constant, V is constant, and m corresponds to the invariant distribution of a TCP
process with rate 2r; the explicit formula is then an application of [38, Theorem 1] and [22,
Proposition 5]. ]

We can see that the assumptions of Theorem 5.1 are strong and not necessary.

Corollary 5.2. (Convergence of the empirical measure when r is affine.) If(5.1) and (5.3) hold
and for all x > 0, r(x) = u1x + vy, where uy > 0 and v > 0, then there exists a measure

such that
E M

ueV,

The convergence holds in probability and for any continuous function g on E such that, for all
xeE, |gx)] =C+x).
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Proof. If r(x) = ujx 4+ vy then V(x) = x(,/v% +4u; —v1)/2 + 1 is an eigenvector and
2u1/(y/ v% + 4u; — vp) is its corresponding eigenvalue. Henceforth, the proof is very similar
to the previous corollary. (|

Remark 5.1. (Malthus parameter.) Under the assumptions of the previous corollary, we also
deduce that

1
lim Ne ' =w / — dr,
gV

t—+400
where Ag = 2u1/(/ vf + 4u; — vp) is the Malthus parameter (see Remark 3.3).

Remark 5.2. (Estimation of r.) We can find some estimates of the division rate in the literature.
An inverse problem was developed and applied with experimental data in [13] (see also [30]).
More recently, in [14] the author gave a nonparametric estimation of the division rate.

5.2. Homogeneous case: moment and rate of convergence

When r is constant, the process is easier to study since the auxiliary process has already
been studied [8], [32], [38]. Here, we give the moments and a first approach to estimate the
rate of convergence.

Lemma 5.2. (Moments of the empirical measure.) If (5.1) and (5.2) hold and r is constant,
then, forallm € N, and t > 0, we have

E[Z:(x")] = E[Z (X:‘)'"}
uev;

i

[Tl (B T )™
= € —_— ~|—m' < - )e_ i ]Zo(dx),
0 T, 6: A\ = k! 0; — 6;

k= J=k, j#i

where 6; = 2r(1 —279).

Proof. Since r is constant, we have 41 = r1, where 1 is the constant mapping, which is
equal to 1. From Lemma 3.2, we have

1

WE[; f(X,“)] =E[f(Y))]

for every continuous and bounded function f, where Y is generated by A, defined, for every
f e CY(E)andx € E, by

Af @) = f'x) +2r(f(3%) = f ().
Finally, we complete the proof using [32, Theorem 4]. ]

Now, let us talk about the rate of convergence. To estimate the distance between two random
measures, we will use the Wasserstein distance [9], [45].

Definition 5.1. (Wasserstein distance.) Let i1 and p, two finite measures on a Polish space
(F, dF), the Wasserstein distance between w1 and p» is defined by

Wap (1, p2) = inf / dr (e, x)TI(dx1, dv),
FxF
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where the infimum runs over all the measures IT on F x F with marginals w; and w,. In
particular, if ;1 and pu; are two probability measures, we have

Wap (1, p2) = inf E[dr (X1, X2)1,

where the infimum runs over all two random variables X, X;, which are distributed according
to w1, ua.

So, if M|, M> are two random measures then
Wa(L(My), L(M3)) = inf E[d(M;, M>)],

where the infimum is taken over all the couples of random variables (M1, M3) such that My ~
L(My) and My ~ L(M3), and d is a distance on the measures space. Here, we consider
d = W),. It is the Wasserstein distance on (E, | - |).

Theorem 5.2. (Quantitative bounds.) If (5.1) and (5.2) hold and r is constant, then we have,

forallt> 0,
W oC Z;C aC Zly < | |efrl‘
pm——— ) = X — 3
RN E[N,] Y

W L Zi L Zly <| | rie”
— ), — <|x—y|l——,
Wi N; N; Y 1 —e "t

where Z* and Z” are distributed as Z and start from 8y and 8.

This result does not give a bound for WW|,|(£(Z,/IE[N,]), L(Wm)), or WW|,|(£(Z,/NI),
L (1)), where 7 is the limit measure of 5.1.

Proof of Theorem 5.2. By homogeneity, we can see our branching measure Z as a process
indexed by a Galton—Watson tree [5]. For our coupling, we take two processes indexed by the
same tree. More precisely, as the branching time does not depend on the position, we can set
the same times to our two processes. Let 7 = |, {1, 2}" represent cells that have lived at a
certain moment. Let (t,),cqy be a family of i.i.d. exponential variables with mean 1/r, which
model the lifetimes. We build Z* and Z” by induction. First, forallz € [0, 1), X ,g = x—+tand
Ytg =y+t. Weseta () =0. Then, forallu € 7 and k € {1, 2}, we set «(uk) = a(u) + 7y,
for all € [a(uk), a(uk) + 1),

X* = IX -+t —ak) and YN =LYYo 41— a(uk).

Finally, we have V; = {u € 7 |a() <t < a()+ 1}, Zf =Y .y, Oxu, and Z] =

Y, 1
ueV, °Y;

We observe that, for any cell u, the trajectories of X* and Y are parallel (because they are
linear). When a branching occurs, 3, .y, [X}' — Y| is constant. Hence, we easily deduce that

DXty =1x -yl

uev,;

Finally, we have, for all ¢ > 0,

W25 Z) < D0 IX) =Y < |x =yl

uev,
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Dividing by E[N;] = e'?, we obtain the first bound. For the second bound, a similar computation

yields
Ww, | L Z , L Z—ty <E L lx — yl.
ANV N ) =L

The process (N;);>0 is know to be the Yule process. It is geometrically distributed with
parameter e "’ (see Lemma 5.3 below). The following equality completes the proofs:

g L] e O
N; 1] —e 't

Recall the following well-known result whose the proof is given for sake of completeness.

Lemma 5.3. (Properties of the Yule process.) Let (M;);>0 be the process which gives the
number of individuals alive at time t in a branching process in which each individual lives for
an exponential time of constant parameter r and gives birth at its death to two children. For
everyt > 0, M, follows a geometric law with parameter e~ '".

Proof. We have M; = inf{n > 0 | S, < ¢}, where S, = ZZZI Fy and Fj denotes the time
of the kth birth; Fj is an exponential variable with parameter rk. A straightforward recurrence
shows that

Sy = max(Eq, ..., Ey),

where (E;);>0 is a sequence of i.i.d. exponential random variable with parameter r and then
P(N; — 1 > n) =P(max(Eq,...,Ey) <t) =1 —e "), O

Remark 5.3. (Generalisation of Theorem 5.2.) In the proof of Theorem 5.2, we only need
that, foralln e N*, 0 € [0,1],¢t > 0,and x,y € E,

n
k k
Y IR, 0) - FR v, 00 < 1x
j=l1
where X and Y are generated by G and start respectively from x, y. For instance, we can

consider that X is a continuous Lévy process and the division is a subcritical fragmentation;
namely, F;k) (x,®) = @];.x, where (@I;) j.k is a family of random variables satisfying

k
Z@’; <1 and, forall je{l,..., k} ®% [0, 1],
j=1
5.3. Asymmetric mitosis: macroscopic approximation

Now, we do not assume that size is divided by 2 ateach division. We assume that F’ 1(2) (x,0) =
F~'(6)x and F{* (x, 6) = (1 — F~(6))x. We recall that F(x) = 1 — F(1 — x). In this case,
(1.7) becomes

on(t,x) + dyn(t,x) +rx)n(t, x) = 2E|:ér<%)n(t, %>i|,

where n(t, -) is the density of X;. In particular, we deduce that the following partial differential
equation has a weak solution:

+00
on(t, x) 4+ oyn(t, x) +r(x)n(t, x) = / b(x, y)n(t,y)dy, (5.5)
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where b satisfies the following properties:

b(x,y) >0, b(x,y)=0 fory <x, (5.6)
+00
/ b(x, y)dx =2r(y), 5.7
0
+o00
/0 xb(x, y)dx = yr(y), (5.8)
b(x,y) =b(y —x, ). (5.9)

Equation (5.5) was studied in [39]. Here,

2
b(x.y) = —r(y)g(’—‘), (5.10)
y y

where g is the weak density of F'. We easily prove the equivalence satisfying (5.10) and (5.6)—
(5.9). Our aim in this section is to describe the limit of the fluctuation process. It is defined by,
forall t € [0, T], for all n € N*,

n" = /n(x" - X,).

Theorem 5.3. (Central limit theorem for asymmetric size-structured population.) Let T > 0.
Assume that r)(()n) converges in distribution and that

E[sup/ a +x2)X(§”)(dx)] < +o00. (5.11)
E

n>1

Then the sequence (1), converges in D([0, T], C~29) 1o the unique solution of the evolu-
tion equation: for all f € C*9,

n:(f) =no(f)
t +0o0 1
+/0 /O (f/(X)+r(x)/o (f(gx) + f((1 = g)x) — f(x))F(dg))ns(dx) ds

+ M,(f), (5.12)

where M (f) is a martingale and a Gaussian process with bracket

~ RS !
(M () =/O /0 <2f/(x)f(x)+2r(x)/0 (f(QX)—f(X))zF(dq)>Xs(dX)dS-

And C*9 is the set of C* functions, such that f, f', f” vanish to 0 when x tends to co. Also
C~29 is its dual space.

From Lemma 4.1 we have, for all + > 0, n,(") = n(()") + V,(") + ﬂf"), where, for any

f e CXE),

- t —+00 1
7O (f) = /0 fo (f’(x)+r(x) /0 (f(qx>+f((1—q)x)—f(x))F(dq))n§"><dx>ds,

and M™ is a martingale with bracket

- t “+00 1
GO (fy), = /0 fo r(x) fo (F(@0) + (1 =)0 — FC)PFAOX™ (dx) ds. (5.13)

https://doi.org/10.1017/apr.2017.12 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2017.12

574 B. CLOEZ

As the set of signed measure is not metrisable, we cannot adapt the proof of Theorem 1.2.
Inspired by [33, Section 3.2] and [5, Section 6], we consider n(") as an operator in a Sobolev
space, and use the Hilbertian properties of this space to prove tightness. Let us explain the
Sobolev space that we will use. Let p > 0 and j € N. The set W/-? is the closure of Ccx,
which is the set of functions of class C* from R into R with compact support, embedded
with the norm, for all f € W/,

J 00 (k) 2
2 3 AE))
170 k=0/0 ( I +xP ) *
The set W/-? is a Hilbert space and we denote by W /-7 its dual space. Let C/-? be the space

of function f of class C/ such that, for all k < J,

(k)
im L g
x—>+o00 1 4+ xP

We embed it with the norm, for all f € C jp,

J (k)
1l =3 sup L%
k

—_o*=0 14xP’

The set C/:? is also a Banach space and we denote by C /7 its dual space. These spaces
satisfy the following continuous injection [33, Section 3.2]:

c/P c wirtl and w'tir c cir, (5.14)
Or, equivalently, if for every function f, we have

I fllwirtt = Cllfllcir  and N fllcir = Clf llwittp-

The first embedding/inequality prove that the tightness in W/-P*! implies the tightness in C/>7.
The second is useful for some upper bounds. For instance, we have the following lemma.

Lemma 5.4. If (ex)i>1 is a basis of W21 then we have, forallk > 0and x € E,

Y e = C1+x7).

k>1
Proof. We have 8, : f +— f(x) is an operator on W>!. We have, for all f € W>!,
18 f1 = A+ fllcor = CA+ ) fllwrr = CA+ ) fllw2.

But, by Parseval’s identity, we obtain ||3, ||%V,2_ | =D ks Gk (x)2, completing the proof. ]
We introduce the trace (((1\7(”))),),20 of (ANJ,(")),ZQ. It is defined such that

M3, 0 — (M ™)) )0

is a local martingale. Then

1M1, 0 = > M (e,
k>1
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where (ex)r>1 is a basis of W21, Then, by (5.13), we obtain

- t +o00 1
(M), = Z/o /0 r(x) fo (ex(@x) + ex((1 — g)x) — ex () F(dg) X" (dx) ds.

k>1
Now, we first prove the tightness of (Tl("))nzl then Theorem 5.3.
Lemma 5.5. (Tightness.) The sequence (n"),>1 is tight in D([0, T, w1,

Proof. By [27, Theorem 2.2.2] and [27, Theorem 2.3.2] (see also [33, Lemma C]), it is
enough to prove that

(i) Elsupy<, 17} 113,211 < oo,

(i1) foralln € N, for all ¢, p > 0, there exists § > 0 such that for each stopping times S,
bounded by T,

o

St — Vs llw—21=m) <¢,

limsup sup P(]|

n—>+o00 0<u<§

limsup sup P(|(M™))s, 1 — (M™))s,] = 1) <e.

n—>+o00 0<u<§

For the first point, using lemma 5.1, there exists C > 0 such that

N ! 1
> (M (er)) < /0 F /0 3 (eR(gx) + ef((1 — g)x) + e} (x) F(dg) X (dx) ds

k=1 k>1
<Cx§{( +x).

Then, since ||A7,(") ”%)V’ZJ = Zkzl (IVIt(”)(ek))z, from Doob’s inequality and (5.11), we have

B[ sup 1971, 0] = €,
t€[0,¢]

where C’ > 0. Then there exits C” > 0 such that

2 2 7 2 > 2 7 2
12, 0 < P13 20 + V2, o0 + 113, 0 < €7+ 1V,

And as .
s 2
ANy f sup ™12, 5., ds,
0 w<s

from the Gronwall lemma, we obtain
E[sup ||n§”)II%V72.1] <K
s<t

for a certain constant K. Finally, for the second point, we have

- - Sp+u
B[V, — Vi w211 < E[K’ /S sup 0™ 12, 5., ds} < K"u.

" s<T

Here, K’ and K" are two constants. Using the Markov—Chebyshev inequality, we prove the
Aldous condition. We similarly prove that ((M ™)) satisfies the Aldous condition. We deduce
that ()= is tight. O
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Proof of Theorem 5.3. Let M be a continuous Gaussian process with quadratic variation
satisfying, for every f € C20 (c w2l andr €0, T],

- t +0oo 1
() = /O /0 F(x) /0 (F(@0) + £ —q)x) — fx)>*F(dg)X, (dv).

Since there exists Cy such that, for all [ € c29, SUP,¢[0.7] |A7(f)(f)| < Cy//n and iﬂ(")),
converges in law to (M),, then by [26, Theorem 3.11, p. 4731, M ( f) converges to M(f) in
distribution, as n tends to 0o.

By Lemma 5.5 and (5.14) , the sequence &n(”)),,Z] is also tight in C20, Let n be an
accumulation point. Since its martingale part M in its Doob’s decomposition is almost surely
continuous, then 7 is also almost surely continuous. Hence, 7 is a solution of (5.12). Using
the Gronwall inequality, we obtain the uniqueness of this equation, in C([0, T'], C ’2’0), up to
a Gaussian white noise M. We deduce the announced result. ([l

6. Another two examples

6.1. Space-structured population model

Here, we study an example which can model the cell localisation. One cell moves following
a diffusion on E C R?, d > 1, and when it dies, its offspring is localised at the same place.
Hence, in all this section the branching is local; that is, for all k > 0, for all j < k, for all

x € E, forall @ € [0, 1], F;")(x,e) = x.

6.1.1. Branching Ornstein—Uhlenbeck. In this subsection we consider the model of [17, Exam-
ple 10]. Assume that E = R and G is given by

Gf(x) = 30 Af(x) — gx - V(%)

for every f € Cf. (R%) and x € R?, where d € N* and 0, g > 0. Also assume that the division
is dyadic; that is, p» = 1, with rate r(x) = bx% + a, where a, b > 0 and a or b is not null.
Here x? = ||x||?> = x.x. If g > +/2b then we add the notation

— /92 —2po?
r=8-VE& "9 nd a =./g%—2bo?.

202
We also denote by 7 the Gaussian measure whose density is defined by

o a 5
X = m expl| — ﬁx .
From our main theorem, we deduce the following corollary.

Corollary 6.1. (Limit theorem for an branching Ornstein—Uhlenbeck process.) If g > o+/2b
and X Og = x € R? then, for any continuous and bounded f, we have

_ e f (e 7o (dy)
Jra e w0 (dy)

in probability.
In particular,

_ ye—at/o?y2
_ @ —Iy? oy —xe™T)
E[N;] =¢ <m72> /Rde exp( o2 (1 — o277 dy,

where A = %(g — /&% — 2bo?) + a is the Malthus parameter.
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The assumption g > o+/2b is quite natural. Indeed, the quantity g/o represents the rate
of convergence to equilibrium of the Ornstein—Uhlenbeck process. Also the larger it is, the
closer from the origin the trajectories are. In contrast, in a certain sense, parameter b keeps the
particles away from the origin. Indeed, the more distant from the origin the cell is, the more
prolific it is. Condition g > o+/2b is then a pay-off type assumption.

Proof. f V: x — e*” then itis an eigenvector of §, which is defined for every f € CS(E )
by
§f(x) =Gf(x)+rx)fx).

A computation similar to Lemma 5.1 ensures nonexplosion and
z2:(V, 8y) < 4o00.

Hence, Lemma 3.2 gives the second equality. The limit result comes from Theorem 1.1 and
that V2 is integrable with respect to the semigroup of the auxiliary process. ]

. . 2 .. .
Remark 6.1. (Another eigenelement.) Note that if Vo: x +— e*2*” then it is an eigenvector
of §, associated to the eigenvalue

A = 1(g++/82 —2b0?) +a.

But in this case, the auxiliary process is not ergodic and we are not able to deduce any
convergence from our main theorem.

General case. Let us assume that G is the generator of a diffusive Markov process. If the
state space E is bounded then we can find sufficient conditions to the eigenproblem in [41,
Section 3] and [41, Theorem 5.5]. For instance, under some assumptions, we have

— 1 g _
Ao = l_lg_noo ln(sup E[N: | Xy = x]).

xeE

If E is not bounded then we can see the results of [24], [42]. This example was developed
in [17]. The authors proved a strong law of large numbers, closely related to Theorem 1.1.

6.2. Self-similar fragmentation

Self-similar mass fragmentation processes are characterised by:

e the index of self-similarity o € R;

e a so-called dislocation measure v on 8 = {s = (s;)ieN | limj o085 =0, 1 > 5; >
s; > 0, for all j < i}, which satisfies

v(1,0,0,...) =0 and /(1 —s)v(ds) < 4o0.
3

If v(8) < +oo then the dynamics are as follows:

e a block of mass x remains unchanged for exponential periods of time with parameter
x“v(8);

e ablock of mass x dislocates into a mass partition xs, where s € 4, at rate v(ds);

e there are finitely many dislocations over any finite time horizon.
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The last point is not verified when v(48) = +4-o00. In this case, there is a countably infinite number
of dislocations over any finite time horizon. So, when v(4) < +o0, our setting captures this
model with the following parameters:

G=0, r(x) = x*v(4),
and, for every continuous and bounded function f,

1 k
k _ . v(ds)
[0 Zpk(X);f(ij,G)dO—Lgf(szx) 5

k>0

Hence, in this case we have
Gf(x) = x“v(&(( /J ; F(six) ”ff;;) - f(x))

for every continuous and bounded f, and V: x — x? is an eigenvector. See [6] for further
details. Theorem 1.1 does not give a relevant result in this case since the auxiliary process have
a trivial behaviour (convergence to 0).
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