LIMIT THEOREMS FOR SOME BRANCHING MEASURE-VALUED PROCESSES

BERTRAND CLOEZ

ABSTRACT. We consider a particles system, where, the particles move independently according to a Markov process and
branching event occurs at an inhomogeneous time. The offspring locations and their number may depend on the position of
the mother. Our setting capture, for instance, the processes indexed by Galton-Watson tree. We first determine the asymptotic
behaviour of the empirical measure. The proof is based on an expression of the empirical measure using an auxiliary process.
This latter is not distributed as a one cell lineage, there is a biased phenomenon. Our model is a microscopic description of a
random (discrete) population of individuals. We then obtain a large population approximation as weak solution of a growth-
fragmentation equation. We illustrate our result with two examples. The first one is a size-structured population model which
describes the mitosis and the second one can model a parasite infection.
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1. INTRODUCTION AND STATEMENT OF RESULT

This work is devoted to a continuous time model for dividing cells already studied in [2, 4,5, 7, 29]. This model comes
from biology and physic, we can interpret it as the size of cells or polymers. In [5], it is proved that X can represent the
growth of some biological content of the cell (nutriments, parasites...). With biological reference, it is also explained
why the division time must depend of the motion. A long time behaviour for a similar discrete model is developed in
[18]. The proof is based on a many-to-one formula and an auxiliary process. In [24], we get a law of large number for
long time for a model with a continuum population. The proof is based on a spectral analysis and an auxiliary process.

Let us begin by describe our model. Let E be a Polish space. We start with one cell that have a weight x( € E. For
each cell u, its weight X" evolves as a cadlag strong Markov process (X¢);>0, until it dies , an event such that

B(u)
/ r(Xy) ds ~ Exp(1)
a(u)

where a(u), B(u) are respectively the birth date and the death date of the cell u. r is a non-negative, measurable
and locally bounded function. The cell w is then replaced by a random number K of offsprings, that follows a law
Pk (X5 Dreqr,. k- on {1, k}, which depends of the mother’s weight. The states of the offspring are given
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by (F].(K)(Xg(uF7 ©))1<j<Kk ., where © is a uniform variable on [0, 1], and, (F]-(k))jgk,kel\] a family of measurable
functions. The new born branches evolve then independently from each other. Let m = >, kp) be the mean of
news offspring, we always assume m > 1 (supercrical case). B

Before giving the main and general result, let us give an example. This models a size-structured population which
represents the cell mitosis. It is described as follows: X is a deterministic and linear function and, when a cell dies, it
divides in two equal parts. Formally,

1) E =[0,+00), Vf e C', Af = f and py = 1.

@) Vo € B, V0 € [0,1], F*(2,0) = Fy? (x,0) = g

In this case, one cell lineage is generated by:

Vel Ve >0, Gf = f'(z) + r(z) [f (g) - f(x)} :

This process have some application in computer science, it is sometimes called the TCP (Transmission Control Proto-
col) process. The emergence of TCP has spurred an enormous amount of research, we refer to [11, 23, 28, 37, 44] for
some result about approximation, long time behaviour or moments estimates. Our main result about this model is :

Theorem 1.1 (Convergence of the empirical measure for a mitosis model ). Assume (1-2). If there exists 1, T, such that
0 <r <r <f7andr(x)is constant equal to T for a large enough x, then there exists a probability measure 7 such that

. 1 “
Jim = > g(Xt)—/gd7T
ueVy
where the convergence holds in probability and for any continuous and bounded function g. In particular for a constant
rate r, m has Lebesgue density:

—+oo n
27“ 2 _on+l,
©) ZH—JrOO(l_Q_n)Z(Hl_Qk)e .

n=1 n=0 \k=1

The explicit formula (3) is not new [45, 46], but here, we have a convergence, in probability, of the empirical measure
instead a convergence for the mean measure . We give an analogue result for r affine (see proposition 4.4).

When the rate r is constant, the process is simpler to study. For instance, we can calculate the moment (see proposition
4.6). We also obtain a speed of convergence for 7, = >, v, Oxp , the measure which describes the population. Let us
explain how we estimate the distance between two random measure M 1, My. We embed the space of random measure
with the Wasserstein distance [49, 54], defined by

WP (L(My), £L(My)) = (inf E[d(My, My)?])Y?
where the infimum runs over all couples (M1, Mz) such that My ~ L£(M;) and M ~ L(Ms). d is a distance on the

measure and £(-) stands for the law of the random variable. We take d = Wl(~|1)

(E,|-|). And we have:

= W|.| is the Wasserstein distance on

Theorem 1.2 (Quantitative bounds). Under the same assumptions of theorem 1.1 and if  is constant, we get, for every

>0,
W (o (% ZEVY <o — gl
Wi (ﬁ(Nt)7£(Nt))_|x e

Wi, (E (E[Zjit]) £ (Eﬁ@]» <lz—yle ™™

where Z* (resp. ZV) is the empirical measure starting with one cell that have the weight x (resp. y) in [0, +00) .

The proof is based on coupling and matching arguments. This result does not give a bound of W ISI}‘)_‘ (L(ZFJE[NY]), L (7))

(1) . g
t), 5 . ).
or Wy, (L(Z7F/Ny), L(m)), where 7 is the limit measure of the theorem 1.1 (see remark 4.7)

To obtain a limit theorem, we follow the approach of [4]. In this paper, the cell’s death rate r is constant and the law of
offspring (pg)x>1 do not depend to the mother. A many-to-one formula, which looks like the Wald formula, is proved:

@) i [Z Fex)

u€Vy

= E[f(V2)].
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Where V; denote the set of the cell alive at time ¢, N; = card(V;) and Y is an auxiliary process with infinitesimal
generator

) Vf e D(A), Vz € E, Gf(z) = A }:M%/" }:fF“%zm) f(x) | a0

k>1

where (A, D(A)) is the generator of X . This process evolves as X, until it jumps, at an exponential time with mean
1/rm. We observe that 7 is not the jump rate of the auxiliary process. There is a biased phenomenon, already described
in [4, 29] and their references. We can interpret it by the fact that the faster the cells divide, the more descendants they
have. That is why a uniformly chosen individual has an accelerated rate of division. It is like the bus paradox already
observed for the Poisson process. A possible generalisation of (4) is a Feynman-Kac interpretation as in [17, 29]:

> FXD

ueVy

—F [f(yt)efot T(YS)(m(Ys)fl)dS}

where Y is an auxiliary process starting at x¢ and generated by (5). An other formula with Poisson measure is given
in [5] to prove criterion for extinction. However, it is difficult to exploit these formulas. In this paper, we follow an
alternative approach, which is inspired by [36, 45, 46]. In the expression (4), Y can be understood as a uniformly
chosen individual. The problem is, if 7 is not constant, a uniformly chosen individual is not a Markov process. Our
solution is to choose this individual, with an appropriate weight which gives a Markov process. This weight is the
eigenvector of the following operator which is not a Markovian generator,

Af(x) = Af(z) +r(x) ZZ fF<k>xo>>dopk<> — f(x)

k>0 j=1

Under some assumptions, which are given thereafter, we have the following many-to-one formula:

E | FX;

ueVy

(©6) )| =E[f(Yy)]

HmeV(t

where Y is an auxiliary Markov process, starting at x(, generated by

Shen Lot Jo VIE @ 9))f( M (@.6)) db pi(a)
> ke Z] 1 fo j (2,0)) db pr ()

A(f xV)(z) = f(@)AV(x) _ 2Ta(f,V

B = =
J) V@) Vi)
and I" 4 is the “carré du champs”operator associated to A (see (12)) and

ZZ/ a0 d0 pu(o) | x 710

keN j=1

@) Gf(x) = Bf(z) + A(x) —f(=)

where

Kﬂ+Aﬂ@

Let us further agree to call £ a determining class if two probability measures P, () are identical whenever they agree on

E.

Theorem 1.3 (Weighted many-to-one formula). If
e forallt >0, Ny < +ocoa.s.
o A have eigenelements (V, Xo) with a positive V
e G generate a non explosive strong Markov process
e Dy(G)={f eD(A)|Vx e E, | Gf(x)| < 1} is a determining class.

then (6) holds for any non negative and measurable function f .

This formula seems to be complicated, but for the mitosis model it reduces to:

vf € v >0, 6f = ')+ D 1 (5) - 1]

We also observe a biased phenomenon. But contrary to [4, 29], in general, the bias is present in the motion and the
branching mechanism. it is, to our knowledge, a novelty. We can interpret the bias in the division part as follow: When
a cell dies, we have more chance to choose the daughter that is more appropriate for  (the bigger or the smaller for
example). For the bias in the motion, we can observe that if A is a vector field, Af(z) = a(z).Vf(x), (ie. X is
deterministic) then B = A. But if A is the generator of a diffusion, B is also the generator of a diffusion but with
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biased drift. One interpretation is that we have more chance to choose the cell with smaller or bigger noise. Notice also
that we do not assume that \g is the first eigenvalue. So, it is possible to have some auxiliary processes. We can find
some result about existence of eigenelements in [19, 43] and theirs references. A first application of this formula is that
if Y is ergodic, with invariant measure 7, we obtain

= / fdr

lim FXHV(XY)
t—+o0 E[Zuev V( t |JLEZVt
Theorem 1.4 (Convergence of the empirical measure for the long time). Assume the hypothesis of theorem 1.3 and Y’
is ergodic with invariant measure 7. Consider a real function g and assume that:

o There exists C > 0, such that for all x € E, g(x) < CV (z).
e There exists a < Ao, such that E[V?(Y;)] < Ce™ and

for all bounded function f. We improve this result:

r(Ys !
Elias [ X Y @V @ovE | < ce
s/ J0 a,beN*,a#b k>max(a,b)

Then we get,
. ot g
i e S o) =W [ i
ueVy

where W = limy_, oo e *'E[Y" o\ V(X}')] and the convergence holds in probability. If furthermore, E[V (Y+)] <
Ce“ and there exists ¢ > 0 such thatVz € E,V (x) > c, then,

. 1 w_ [ 9 1 . .
thrmoo N Z g( X)) = / v dw//v dm in probability

ueVy

For r constant, we have V' = 1 is an eigenvector and this theorem generalises [4, theorem 1.1].

In the other hand, our model is a microscopic interpretation, the population is discrete. And, we are also interested
by the behaviour of our process in a large population. More precisely, we take a sequence Z (™) distributed as Z, the

empirical measure, such that the starting distribution 2 (()") grows to infinity with n. Consider the following renormalised
process X (™ = Z(") /n_and we get:

Theorem 1.5 (Law of large number for the large population). Let T" > 0, assume r is bounded and one of the following
hypothesis:

(i) E is compact

(i) ECR, |[F{"(z,0)| <

Vr € E, l[k;-‘roo( )<wk( )< lk 1+c>o[( )andEiC’, A, < Cpgn

, and for all k € N*, there exists ¥y, : E — R such that:

So, If X (n) converges in distribution to a deterministic measure X o in M(E) (embedded with the weak topology), then
X ™) converges in distribution in D([0, T], M(E)) to a deterministic measure X , such that, for all f € D(A),

8) /f ) Xi(dx) /f ) Xo(dx) A/Af dx)ds

where D([0, T|, M(E)) is the space of cad-lag functions embedded with the Skorohod topology [8, 33]

The second assumption is verified by any operator upper bounded by a differential operator [34, 40]. We can observe
that the equation (8) is the Fokker-Planck (or Kolmogorov) equation. Thus X is equal to the mean measure of Z
(eg. f—E[[,f » f(x) Zi(dx)]). This average phenomenon is predicable for two same reasons. The first is that after a
branching event, each cell evolves independently from each other, there is not interaction or mutation. The second is
the linearity of the operator A. From theorem 1.3, one can see that, in large population, the empiral measure (not the
mean measure!) behaves as the auxiliary process. The proof is based on the Aldous-Rebolledo criterion [33,51] and it
is inspired by [25, 40, 52]. In these papers, there are other models of structured populations.

In the mitosis case, the equation, (8) can be written by:

) on(t, x) + Opn(t, x) + r(x)n(t, ) = 4r(2x)n(t, 2z)
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This equation was studied in [36, 45, 46]. In these papers, the constant case and the non constant case are separated.
For a constant r, the authors prove the following exponential decay

In(t, )e ™ — N|p <e "C,

where N is the density of the stationary distribution. There implies a convergence in total variation. In contrast, we
also obtain the convergence to an equilibrium state for the size-structured population, and we have an exponential decay
in Wasserstein distance (see theorem 1.2). It is showed that this rate of convergence is optimal in [36]. For the non
constant case, we can also find an exponential decay,

[(n(t,.)e 2t — N)V||11 < e C,

proved by a perturbation method (« is explicit). This expression can be understood as a total variation decay for one
cell lineage. It is not easy to find a total variation bound by coupling method. When r is affine, we can find Wasserstein
bound in [11], for one cell lineage. In contrast, without speed of convergence, we find a convergence in the case where
r is affine (which means non bounded). Furthermore, for this model, we estimate the fluctuation between the empirical
measure and its approximation. It is defined by,

v >0, " = Vu(x™ - Xy

Theorem 1.6 (Central limit Theorem for size-structured population). Let T' > 0. Assume (1-2), r is bounded and n (()")

converges and
+oo
E [sup/ 1+ Xo(n)(dx)} < 400.
n>1.J0

Then the sequence (1(™),,>1 converges in D([0, T], C~%°) to the unique solution of the following evolution equation:
Forall f € C%9,

w0 [ r@w = [ e+ [ [ 7w (2 (5) - 1) i) ds-+08(5)

0 0

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

- t o pFoo T 2
(M(f) =/ / 2r(x) (f (=) — f(x)) Xs(dx) ds.
=) ), r@(3)-1w) X
And C?0 is the set of function C?, such that f, f', f" vanish to zero when x vanishes to infinity. C' ~2C is its dual space.

Strucure of the paper: In the next section, we introduce some notations and give the generator of the measure-valued
process. In section 3, we focus our interest in the long time. We prove the theorem 1.3, others many-to-one formulas
and we deduce a general limit theorem. Theorem 1.4 is a consequence of Theorem 3.7 which gives similar result. Then
we give two instructive examples in section 4. The first one describes the cell mitosis, the proofs of theorem 1.1 and
theorem 1.2 are in this section. The second example can describe cell division with parasite infection. In this example,
we give different eigenelements. Finally the section 5 is devoted to the study of the large population. We prove the
theorem 1.5, and a central limit theorem for asymmetric cell division which implies the theorem 1.6. The last section
is devoted to several open problem around our model.

2. NOTATION AND PRELIMINARIES RESULTS

When we start with one individual with a weight x¢ € E, we use the Ulam-Harris-Neveu notation [4, 16] to describe
the population. We denote by 0 the first cell. X ? is its weight. Then every cell is indexed by a label u = (Ury eeey U,
in the set:
o0
U= U (NH)™
m=0

with the convention (N*)? = (). The cell indexed by wu is the daughter of the cell indexed by (w1, ..., %y, —1) and the
mother of the cell indexed by wv = (w1, ..., Um, v). v is between 1 and the number of offspring. We introduce the
following measure to represent the population at time ¢:

o __
Z50 =3 Gxyp.
u€Vy

We get that the process Z*° = (Z/°);>¢ is a cad-lag measure-valued Markov process of D(R 4, M(E)), the space of
cad-lag functions with values in M (E), the set of finite measures on E. And, if there will be no ambiguity we shall
note Z.
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Example 2.1 (Branching diffusion). If X is a real diffusion, its generator is defined, for all smooth enough function f,
by

1 Af(@) = (o) ) + T ()

where we assume that b and o are such that there exists a unique process with this generator (see for instance the [30,
theorem 3.2 p.168]) and & = R or R7.. In this case, we can describe the population with a Poisson point measure

(25, 501. This S.D.E. is defined, for all f : (t,z) — fi(z) in Cy%, by

Zt(ft) :ZO(fO)""A /E(Afs(m) +asfs( dx d5+/ Z \/_U a fs(Xu)dBu

u€Vy

t
[ Luev, ier(re ) Zfs F(X2,0)) = £o(X2) | plds, du,di, dk, d6)
0 JUXR4LxN*x[0,1]

where (B") ey is a family of independent standard Brownian motions and p(ds, du, dl, dk, df) a Poisson point mea-
sure on Ry x U x Ry x N* x [0, 1] of intensity p(ds,du,dl,dk,df) = ds n(du) dl dpy dO independent from the
Brownian Motion. We have denoted by n(du) the counting measure on U and ds dl df are Lebesgue measures.

A necessary and sufficient condition for the existence of our process is there is no explosion, indeed N; < +00 a.s..
This hypothesis is always assumed. For instance, we can assume that 7 is bounded by 7. In this case, a coupling
argument implies E[N;] < E[No] k=D 7T,

In the next sections, the notation C',, means a constant which only depend to x, and the notation p(1 4+ =) means for
[ 1+ 2Ppu(dz).

2.1. Infinitesimal generator and martingale properties. Denoted by (A, D(A)) the generator of X and L the gen-
erator of Z. For ¢, 1) be two bounded functions belong to the domain of a generator A such that ¢ x 1 belong it too,
we recall that the associated "carré du champ" operator is defined by:

(12 Da(0) = 3 (A(6 X ) ~ S — GA)

Lemma 2.2 (Semi-martingale Decomposition). Let ¢ be a bounded function belong to the domain of L. Then there is
a square-integrable and cddldg martingale M such that:

t
V>0, My = 6(Z) — 6(Z0) _/ Lé(Z,) ds a.s.
0

and if furthermore ¢2 be belong to the domain of L too, we get:

(M), = / 2T (6, 6)(Zs)ds

0
So, for all p € D(A) andt > 0,
Zi(p) = Zo(p) + Mi(p) + Vi(p)

where

Vi(p) = /0 Ap(z —l—/Er /01 Zg@ (F(k) x,0) ) — () pr(xz) df Zs(dx) ds

keN* \ j=1

= /Ot Zs(Ap) ds

and if o € D(A), the bracket of My(p) equal to
2

t k
(k) (z, x x o(dx)ds
/O 27, (2T a(¢, ) / /0 S (Y (2,0) — o(x) | pile) db Z,(dz)d

keN* \ j=1

Proof. For the first part, it is an application of Dynkin and Itd formulas, see [32, lemma 3.68] for instance. For the
second part a computation gives the generator of Z that is applied in i, and ii where:

it (o) = [ duand 5 (ul))
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So

i) = [ Apta) + 1(a /ZZ@ F®) (2,0)) — p(2)pi(x) 6 pu(da)

keEN* j=1
LiZ (1) = p(Ap®) + 2u(p)p(Ap) — 2u(p x Ap)
2
k k
b [ 3 anerx [ et - o) | + [ om0 o) | i) uia)
keN* Jj=1 Jj=1

We define the mean measure 2, for all smooth enough function ¢, by z(¢) = E(Z(p)) = E[_,, v, »(X3')].

Corollary 2.3 (Evolution equation for the mean measure). If Dy(A) = {f € D(A) |Vz € E, | Af(z)| < 1}isa
determining class, for ¢ € D(A), we get

o) =0() + [ w40+ [ kzz/ 9(2.6)) 40 pula) — pla) 2.(ds) ds

and it is the unique solution of this integro-differential equation for a fixed initial condition.

Proof. We have just to prove the uniqueness. Consider two probability measures (p+); and (14); solution of this P.D.E.
with same starting distribution o = 9. We consider the following norm defined by

[m1—ma| = sup [mi(p) —ma(p)|
»EDL(A)

Then we consider one function ¢ in D(A) such that | Ap| < 1, we have,

t k
) =n@ = || [ Aet@)+1(@) |B | o) Y olF 0.0))| = (o) | (s = vleo)

t
<Coi / s — velds
0

Taking the supremum and using the Gronwall lemma we fill deduce that :
VE >0, [|ue — vl =0
and, as Db(fl) is a determining class, uniqueness holds. O

Example 2.4 (Branching diffusion). We return at the example 2.1, in this case the generator is more explicit. We give it
for the function defined by F, : n — F([ ¢ dp) = F(u(p)), with F € CZ(R,R) and ¢ € CZ(E,R) (which is known
to be convergence determining [16]).

LFy () =p(Ap)F' (1)) + (o) F" (1(0))

1 k
[ @) [0 F (a0 + 30 (F0w.0) - ola) | - Flu(o) pule) a8 (o)
E 0 keN j=1
3. LONG TIME’S BEHAVIOUR
We recall that
Ap(z) = Ap(a ZZ/ S(E® (2,0)) 40 pi(z) — o(a) |
k>0 j=1

and in all this section, we assume A have as eigenelements (V; \g) such that AV = AoV and V positive.
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3.1. Eigenelements and auxiliary process (Proof of theorem 1.3). Before the proof of theorem 1.3, we show that
Zi(V) = > uev, V(X}) have the same part that Ny = 3 . 1 for constant 7.

Proposition 3.1 (Martingale properties). Under the assumptions of theorem 1.3, the process (Z¢(V)e %) is a
martingale thus it converges to a random variable W almost surely.

Proof. First, by corollary 2.3 we have:

(V) = 20(V) + /0 2o (AV)ds

= Z()(V) + )\() /t ZS(V)dS

0

and then z;(V) = zo(V)e !, Then, denote F; = 0{Z, | s < t}. The Markov properties, applies on Z, gives
E[Ziys(V)|Fs] = E[Z:(V)| Zo = Z]

where Z is distributed as Z. Then E[Z;, (V)| F.] = Z,(V)e*! and thus
E[Z1s(V)e 200 | F] = Zy(V)elos

proof of theorem 1.3. Let vy : f +— z(f x V)e 20tV (x9) 1. We get, forall t > 0,

Orve(f) = 2e(A(f V))e XV (wo) ™ = z(f V)Aoe 'V (o) ™! = eV (@)1 |24(A(f V) — zi(f x AV)}

and thus,

oty [ V@ g V@) Sk S Jo VI @,0) 1 (5 (2.0) df pi()
o) = [ FERBIE) + g A@) S Ve 8) 0 o)

- f(:c)} ze(dx).

Finally, 0:v:(f) = 1:(Gf). Now, by Dynkin formula, the law of the auxiliary process (f — E[f(Y})]) verifies the
same equation. The uniqueness, proved at corollary 2.3, gives the result. 0

Remark 3.2 (Schrédinger operator and h-transform). In introduction, we said that A is not a Markov generator. We
can rewrite, for all p smooth enough,

Ap =Go+r(m—1)p
where G is the Markov generator defined at (5) and r(m — 1) is a potential. Ais called a Schrodinger operator, and its
study is connected to the Feynman-Kac formula [17]. Thus, the key point of our weighted many-to-one formula is a h-

transform (Girsanov type transformation) of the Feynman-Kac semigroup as in [26, 48] ( here, Ve ~*°! is a space-time
harmonic function).

Remark 3.3 (Malthus parameter). Since, Thomas Malthus (1766-1834) were introduced the simpler model to describe
the population:

O¢Ny = birth — death = bN; — dN; = \gN; == N; = ™"
in biology and genetic population study, )\ o is sometimes called the Malthus parameter.
Example 3.4 (Galton-Watson tree). If r and p are constant, V. = 1 is an eigenvector for the eigenvalue \ o = r(m —1).

So, Zi(V') = Ny, and the population grows exponentially. This result is already know for N. It is a continuous
branching process [3,4].

3.2. Many-to-one formulas. In order to compute our limit theorem, we need to control the second moment. As in [4],
we begin by describe the population over whole the tree. Then we give a many-to-one formula for forks. Let 7 be the
random set according to represent cells having lived at a certain moment. It is defined by

T={uecl|3t>0XeV}

In the following, the propositions 3.5 and 3.6 are respectively the generalisation of [4, proposition 3.5] and [4, proposi-
tion 3.9].
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Proposition 3.5 (Many-to-one formula over the whole tree). Under the assumptions of theorem 1.3, for any non-
negative measurable function f:E x[0,400) = Rwe get,

; ;f (Xﬁ(u Bl )> (IO)/OJFOOE |:f(YS,S) ‘Z((i))] eMdds

Proof. First we have, forall u € U,

E | 1fuery /(j:;) JXY, S)T(Xg)dS] =E [1{ue7’}f (Xfa‘(u),, 5(“))}

because
Alw) Hoo X*)dt
E 1{ueT}/ FXY s)r(XH)ds| =E 1{ueT}/ / FXY, $)r(XM)ds r(X5)e™ Jae "X gp
a(u) 0 a(u)
oo oo XP)dt
=& [ten Lo ke e ar g rocnas
:E l{UET}/ (x(u) T(Xtu)dtf(ngs)r(X:)dS]
=E _1{u€7'}f (XB(u)—vﬁ(u))}
thus,
+oo
E [1guertf (X5 - Bw))| =E [ / 1{uevs}f<xs>r<xz>ds}
and then,

> (X&wﬁ(@)] -/ E

ueT

) f(X;ﬂs)r(X;‘)] ds
u€Vs

_ oo T s T(YS) e)\os s
= [ vt |10 | s

<

If f has the form f(z, s) = g(z, s)V (x), then we have:

E lZTg (Xt B) v (X;;m_)] -/ B (V)] X EIZ(V)] ds,

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 at time s. Let (P;);>0 be the semigroup of the
auxiliary process,

Pif(x) = E[f(Ye) | Yo = ]

Proposition 3.6 (Many-to-one formula for forks). Under the assumptions of theorem 1.3, for all non-negative and
measurable function f, g we get

270t ' r(Ys —Xos
: uve;u#f(Xg)V(Xg JIXDVXE)| = 1V (o) /0 E[J%VPt_sf,VPt_sg)(Ys) v((Ys))}e s
= E[Zt(V)]Q/O mﬂz [JQ(VPt—sf7 VPi—s9)(Ys) ‘7;((}}2))] ds

where J is defined by

/Z > @ e (FO@0) v (£ (,0) a0

a#b k>max(a,b)

Jo represent the starting distributions of the offspring picked at random.
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Proof. Letu,v € V; such that u # v, there exist (w, @, 9) € U> and a,b € N*, a # b such that u = wat and v = wh?.
w is the most recent common ancestor. Thus,

E| > FHVX)gXNVX)

u,vE Vi, u#v
=33 3 E L uaaevip GV (X)L fwasers (X0 V (X207)]

wel a#b a,5eU

We recall that ; = 0{Z; | s < t} and, by the conditional independence between descendants, we get,

E| Y FOVEXgXNDVX)

u,vE Vi, u#v
=D D E|E | Lwasevi F(XOV(X) | Faqw) | E [Z l{waﬂEVt}g(Xtv)V(ij)|f5(w)]]
wEU a#b aeU veU

Therefore, as (w) is a stopping time, using the strong Markov property and theorem 1.3, we get,

E| > SEOVE)IXNDVXY)

u, eV, u#v

= Z ZE [l{wa,wbET, t>8(w)} Pi—B(w) (X5 V (X)) Pt—ﬂ(w)g(XéU(llu))V(Xéu(llu))ewo(t*ﬁ(w))
wel a#b

=E | Y 1o 2(VPi—s) f V Prepw)9) (X g ) €2A°(t5(w))]
LweT

t
:62’\°tV(x())/ E [JQ(VPtSf, VP_s9)(Ys) ;((};j))] e 0% ds.
0 s

3.3. Limit theorem (proof of theorem 1.4). Here we give the main limit theorem which implies the theorem 1.4.

Theorem 3.7 (General Condition for the convergence of the empirical measure). We assume that the hypothesis of
theorem 1.3 are verified. Let [ be a real measurable function defined on E and . a probability measure such that there
exists a probability measure 7, and two constants o < g and C > 0 such that

(13) 7(|f]) < +oo and VIEEtETOOPtf(x):W(f)
(14) W(V) < +o0, uPi(f2 x V) < Ce® and P, (JQ(VPt,Sf, VP f) %) < Cet.

If xo = Xg) ~ [, then we have

. 1 u uy _
lim WZf(Xt)V(Xt)—WXW(f)

t——+oo
ueVy
where the convergence holds in probability. If furthermore Z (V) is bounded into L? then the convergence holds in L?.
Notice that the constants and 7 may be depend on f and p! Notice also that ) ¢ is not supposed to be the first eigenvalue.

Proof. As in [4,theorem 4.2], we first prove the convergence for f such that 7(f) = 0. We have E[Z (V)] = u(V)e,
then,

2
g (m > f<Xf>V<Xf>) B [Z(F x VP P(V) ) = A+ By

ueVy
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where

Ay = e (V) 2B [Z f%X:)W(X:)] = e (V)R [0V (Y)]
ueVy
and

Bi=e (V)RR | Y FXIOVIX)FXDV(XY)

u,vEVy, uFv

= M(V)_I/O E [JQ(VPt—sf7 VP—sf)(Ys)

From (14), we have lim;_, { o, A+ = 0 and, since

Rl )@ = [ Y e (FOw0) v (RO w0) .

a#b k>max(a,b)

} e % ds

from (13) and as 7(f) = 0, we get,forall s > Oand x € E,
tilinoo J2(thfsfv thfsf)(x) = 0.

And thus, by (14) and dominated convergence, we obtain lim ;o By = 0. Now for a general f, we have
Zi(fV)e ! = Wa(f) = Zo((f =7 (F)V) e ™ +7(f) (Zi(V)e ™ = 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 L 2. The
second term converges to O in probability thanks proposition 3.1. U

It is enough to consider g = f x V to deduce theorem 1.4.

4. EXAMPLES

Here, we give two examples. The first one describes the cell mitosis for a very smooth 7 and an affine 7. In the second
one, we illustrate the fact that we can use different eigenelement. This example can model a parasite infection.

4.1. Size-structured population (equal mitosis) : Inhomogeneous rate of division (proof of theorem 1.1). As say

in introduction, the cell size grows linearly and divides into two parts. Formally, with the notation of the example 2.1,
E=R,0=0,b=1, po=1 and F{?(z,0) = F\?(x,0) = x/2.

First prove that our process is well defined:

Lemma 4.1 (Non explosion). Let p > 1. If for all x € R*, r(x) < Co(1 4 2P), and zo(1 + 2P) < +o0, then our
process is well defined for all t > 0. Moreover

E| sup Z,(1+42P)| < zo(1 + zP)eCT

s€[0,T]

Proof. As in the example 2.1, we can write
t
200)=20(5)+ [ [ £ Zuldo) ds
0 JE

t
+ / / Liuev. aeo(xe 3 fOXI) + f(1— 0)X2 ) — F(X) plds, du, dl, o)
0 JUxR4Lx[0,1]

Using the same argument to [25, theorem 3.1], we introduce 7, = inf{ ¢t > 0| Z;(1 + 2) > n } and,

tATh
sup  Zy(142P) < Zp(1 + aP) —|—/ Z(pxP~)ds
w€[0,tATy] 0

tATh
sl uen s (1 67+ (1 6 = VX)) p(ds,du, L db)
0 UxRyx[0,1] :

tATh
< Zo(l—l—acp)—i—/ px sup Zyu(l4 2P)ds.
0 uE|

0,5ATr]

t
+// livev, i<r(xu )} p(ds, du,dl, db)
0 JUxRyx[0,1]
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Then,

E| sup Z,(1+zP) ds.

wE[0,tATy]

t
< zo(1 + 2P) +/ Cprco E [ sup  Z,(1 + aP)

0 u€[0,5AT,]

So, by the Gronwall lemma,

E| sup Z(1+aP)| < zo(1 +aP)e" < z(1 + aP)e T,

SE[0,tAT,]

We deduce that 7,, tends a.s. to infinity, and our process is well defined. ]

In order to have the many-to-one formula, we give a condition for the existence of eigenelement extracted to [46] (see
[45], for an asymmetric division cell, and [19], for a non linear motion between the division).

Theorem 4.2 (Sufficient condition for the existence of eigenelements). Assume 3r, T such that:
Ve>0,0<r<r(z)<T
Then there is a unique eigenelement (Ao, V') and we have:
r<X<r

¢ k
< <
T <V(z) <C(1+z")

where C, ¢ are two positive constants and 25 Xpin > Aax

So, we get a many-to-one formula with an auxiliary process generated by

(15) 61(a) = 1'(a) 4 r() 2 (1(0/2) - fia).

But , even if this theorem gives us a many-to-one formula, we need a smoother r to have a convergence:

Theorem 4.3 (Sufficient condition for the existence of smooth eigenelements). Under the same assumption and if
furthermore r(x) is constant equal at 1 for a x large enough then

c(1+2%) <V(z) < C(1+2F)

27
Ao+Too

Proof of theorem 1.1. Under the assumptions of theorem 1.1 and theorem 4.3, V' (x/2)/V (z) is bounded. Thus, the
auxiliary process is ergodic and admits a unique invariant law, as can be checked using a suitable Foster-Lyapunov
function [13, 42] (for instance, V() = 1 + ). Finally, we use theorem 1.4 to conclude. The explicit formula is an
application of the theorem of [44]. O

where C, ¢ are two constant and 2% =

We can see that the assumptions of theorem 4.3 are strong, and not necessary. Because if r(z) = ax + b (with a,b > 0

L _ . V/0PTda—b | q: : 24 :
and a or b positive) then V' (z) = 2 ¥>=5%=> 4 1 is an eigenvector and N Ewrs the eigenvalue. Thus we deduce,

Proposition 4.4 (Convergence of the empirical measure when r(x) = ax + b). For r(x) = x there exists a measure 7

such that .
Jim < ;/g(Xt)/gdw
u t

where the convergence holds in probability and for any continuous function g on E such that Vo € E, |g(z)| <
C(l+ux).

It is a pity not to manage to obtain A(z) = z, because in this case the invariant measure of the auxiliary process
possesses an explicit form [28]. So, we also obtain

1
lim N; e Mot = W/ —dr
t——+o0 E VvV
and \g = ﬁ is the Malthus parameter (see remark 3.3).

Remark 4.5 (Value of r for the Escherichia coli cell). We can find some estimate of the division rate in the literature (for
the macroscopic model). An inverse problem is developed in [22,47]. In [21], this method is applied with experimental
data extracted to [35]. It is also explain why our model is realistic for the Escherichia coli cell. More recently, [20]
gives a nonparametric estimation of the division rate.
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4.2. Size-structured population (equal mitosis) : Homogeneous rate of division (proof of theorem 1.2). When r
is constant, the process is easier to be studied and we can find some result about the auxiliary process in [11, 37, 44].
It is the most homogeneous possible case. r and p constant and X is linear. Furthermore, the generator conserves
the polynomial function. So, we can calculate the moments (proposition 4.6). This knowledge gives us the Laplace
transformation of the equilibrium, and by inversion, the formula (3). Now, we give the moments, the proof of theorem
1.2 and some remarks about this result. Let 1 = Z?Zl x; be a deterministic measure, we denote by Z* the process,
distributed as 7 starting at y, indeed:
n
zr LN g

where Z7# are i.i.d. and distributed as Z starting with one point with size ;.

Proposition 4.6 (Moments of the empirical measure). For all m € N, and for allt > 0, we have,

+oo
E[ZM( m)] - Z (Xiu)m :/0 ert H +m|z Z H 9 6_97’t ,LL(dl‘)

ueV} i=1 \ k=0 ! j=k,j#t

where 0; = 2r (1 — 2‘"). In particular,

+oo 1 1
E[Z;t _ rtE Z XU :A ; — (; — 1‘) eirt /L(dlﬂ)

ueV}

Il
-
i
8

and

E(Z{(®)]=e"E | > (X))

UEVtM

ooy -2 2 L 4 2z 22
:ert/o 3—2+2|: <T—2+7>+€ drt/2 <ﬁ 3T+?):|N(dlﬂ)

n n
= ;7”2 (e’“t —3+ 2e—"t/2) + (Z :c) (% — %e—”ﬂ) +e T2y a2,
=1

i=1

Proof. Itis an application of the moment estimate of the homogeneous TCP windows size process [37, Theorem 8] and
theorem 1.3. ]

proof of theorem 1.2. We have to prove
>0, Wiy (£(27), £(Z})) < |2 —y].

We recall again, the Wasserstein distance between two laws, m 1 and mo, with finite mean on a metric space (F,d ), is
defined by
Wi (my,ms) = (inf Eldr (X, Y)")"/”

where the infimum runs over all coupling of X ~ m and Y ~ ms (see for instance [49, 54]). Let us explain how
we build our coupling. Since this process is homogeneous, we can see it as a process indexed by a tree [4]. For our
coupling, we take two process indexed by the same tree. In other word, like the time of branching do not depend of the
position, we can take the same for our two processes. Let 7 = |J,,cx{1,2}" be the set according to represent cells
having lived at a certain moment. Let (d,,)yezs @ family of i.i.d. exponential with mean 1/7, which will model the
lifetimes. We build Z* and Z¥ by recurrence. V¢ € [0,dy), X? =z +t (resp. Y, = y + ¢ ), a(u) = 0. Then for all
we T, forall k € {1,2}, a(uk) = a(u) + d,, and

Vu e T,Vk € {1,...,v.}, Vt € [a(uk), a(uk) + dur), X1* = an(uk) +t — a(uk)

(resp. V¥ =Y 1 /2 +1t —a(uk)). Finally, V; = {u € T | a(u) <t < a(u) +d,} and

Z 5xu and Zy Z 5yu

ueVy ueVy
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Then, we see that the trajectories are parallels between the branching events. At this time, ), oy, | X}’ —Y;"| is constant.
Hence, we easily prove

o IXE =Y = -yl

u€eVy

But,If my = 23" 6, andmy = L 371" 6, are two discrete measures, where n € N* and z;, y; € F, we have
the following matching representation [54]:

W(p) ) pi f — d iy Y1
(my,ma) rlensnnz F(zi,y ()

where S, denote the symmetric group. Thus,
(e
Wi (zg,28) < |w -y
and the others inequalities follow. O

Remark 4.7 (Convergence to equilibrium). Usually, for the real Markov processes, if we have a bound of
WI(L(X¢|Xo ~ p), L(X¢| Xo ~ v)),

it is enough to take the invariant probability measure for p to obtain a speed of convergence toward the equilibrium.
But here, it is not possible because the equilibrium is not a Dirac mass. But, we can try to estimate the distance between

Z% and Z™, such that
1 n
= - Z 0p, — T.
ni=

By the branching properties, we get, ,

n

Z; £y 7y

i=1
where Z'* are independent and distributed as 7 starting at 8 . Thus,

zr oz e 1 R
< r(m—1)t VA AL
it (g ) < X @ 2

Now, we want to take the infimum and obtain a result such that,

(1) th ern < —r(m—l)tl - (1) VA i

n
< efr(mfl)tl E |l‘ . xz|
n
1=1

e—r(m—l)tWH ((L; Wn)

But, these inequalities are false. It seems to be impossible to use the inequalities, of theorem 1.2, to obtain a bound to
the equilibrium. One explication is that this problem is similar to the following: Let X,Y, Z three random variables
such that X andY are independent. Is there a constant C' such that,

X+Y WI(L(X),L(Z))+W(LY),L(Z))
w (e(35Y) o) <o : |

But it is enough to consider X,Y, Z are three Bernoulli variables with same parameter to see that it is not possible. We
can only find

Wﬁ?Q(Egﬁ)m(Eﬁ;J)Ser<”ié;n%ma 0. £(Z)]

where Z* and Z; are independent for all i # j. This inequalities suggests that we must consider the independent
coupling, but it is not satisfactory too (see proposition 4.9 latter).

Remark 4.8 (Generalisation of theorem 1.2). In the proof of theorem 1.2, we only need that, for all n, 0,z and vy,

Zw.m FF (Yr,0)| < |a — y]
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where X, Y are generated by A and start respectively at x,y and T' is exponentially distributed. For instance we can
consider X is a continuous lévy process and a sub-critical fragmentation:

k
Vo€ B, Vk e N*Vj <k, F{"(2,0) = 0%z, Y 0 <1 and Vj e {1,....k}, ©F €0,1].

j=1
Proposition 4.9 (Independent coupling). Let 1= > 1" x; v =Y .~ y; be two discrete measures and Z" and Z" be
two independent processes starting at (v and v. We get,

z! zv\1? 2t2
16 t>0,E (WP (2L 2L )| < —— 102 ™).
(16) vt > 0, [WH NP N SA=ey +O(t%e™)
Proof. By matching and Cauchy-Schwarz formulas, we get,
3 v 2 r v 3 v 2
glw® (Ze ZEN| _glwe (Nex 28 NExZ
AN NY L NENE T NENE
- 2

1 u 'U2
(17) <E WZ ZlXt_Yt|

ueVy vGVt“

[ 1 u )12
=k W]XE DD Xy
L t t uevtuvevtu

zZy = Z dx» and Zy = Z dyp.

ueV} veVyY

2
1 1 1 1 1
El—— | =E|— |E|—| = E|—
[NtyNtM} [Ntu] {Nty] nxm [NJ

where NV, is the classical Yule process starting at Ny = 1. Then, since NN; is is geometric with parameter ¢ =" [4], we
get

where,

Then,

1 2t2 —2rt
Vt >0, E [ } - ¢

NYNE| nm (1 —e )2

In the other hand, we have, by proposition 4.6,

El> Y Ixp -y

ueVy veVvy)

=E[NM/IE | > (X{)?| +E[NJIE | D (V)| —2E | Y Y| E| > X}

ueVy veVy veVy ueVy”
:837”7271 <€2rt _3ert 4 267"15/2) + (mp(z) + n(z)) (%ert _ %ertﬂ) 1 (mﬂ (xQ) Ty (12)) oTt/2
2 (M 0P = )t + ) + (o)) )
2mn ,, dmn ,  16mn ., 2%
Tz ¢ r2 32 © r2
+%(m,u($) +nv(x)) (2@” — ge_”/Q + 2) + (mp (2?) +nw (2%)) e "2 = 2p(z)v().
Thus, we deduce (16). O

The coupling choice does not seem to be responsible of the non-optimality (the limit is deterministic). The error results
maybe from the matching choice (17). But it is the only one such that we can estimate the distance. In spite of
everything, we have

Proposition 4.10 (Wasserstein convergence). Under the assumptions of theorem 1.2, we have

Z
lim W (Ft,ﬂ') = 0 in probability.

t—too Il f
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Proof. As x — 1+ x is a Lyapounov function for the auxiliary process, we have
lim —(f) = =(f) in probability

for all function f such that f(x) < C(1 + ). The convergence also holds in distribution. By the Prokhorov theorem,
in an other probability space, we have,
N
Jim () = (/) as.
for all bounded function and for f(2) = z. This convergence is equivalently to a Wasserstein convergence. Thus, by a
classical argument of discreteness (Varadarajan theorem type), we get,

- m(Ze \ _
tilglmM'\ (Nt,ﬂ> =0a.s..

Hence, in our probability space we get lim¢_, 4 o W|(~|1) (Zi/N¢,7) = 0 in distribution. And like the convergence is
deterministic, we get the result. O

4.3. Explicit eigenelements for a parasite infection model. In theorem 1.3, we did not required that \ o was the first
eigenvalue. So, it is possible to have different eigenelements and auxiliary processes. Consider the following example,
where some eigenelements are explicit. :

(18) Vo >0, Af(z) = axf'(z) + b(z) f"(z)
with b smooth enough. We also consider that for j < k and for all measurable and non-negative f,
(19) E[f(F}" (z,0))] = E[f(}x)
where
k
(20) Z ©F =1 and ©} €[0,1] as..
j=1

This process can model physical or biological polymers. It can also models cell division with parasite infection [5]. We
easily find a is an eigenvalue and V' (x) = x is its eigenvector. So, for all measurable and non-negative function f,

E [Z XX | = E[f(Y)]ewg

ueVy

where Y is a Markov process, generated by,

b(x)

k
Gy f(z) = (aac + 27) F@) +b(a) f () +r(z) [ | pe(x) ZE[@ff(@ffc)] — [(2)

keN

When r is affine, we obtain a second formula. Assume m is constant and r(x) = cx +d, withec > 0andd(m —1) > a
(ord > 0and ¢ = 0). So, Vi(z) = %:ﬂ + 1 is an eigenvector associated to the eigenvalue A\ = d(m — 1)
(= A1 > Ao = a). Thus, for all measurable and positive function,

E [Z f<Xt“>] et = 5| L0 (ran 1)

ueV
where 7 = % and U is generated, for all f € D(A) and for all > 0, by
2b(x)T r(@)(rz +m) (B[ s pr(x) (705 + 1) f(O%z)]
Guf(z) = (a:c+ m(—+)1> F(@) + b(2) f" () + ( )T(erl ) < k>1 = +jm N )

So, if we start with one cell infected by x( parasite then d(m — 1) is the Malthus parameter (see remark 3.3):

Proposition 4.11 (Properties of the number of individual alive). Under (18-20) and if r(x) = cx + d, with ¢ > 0 and
d(m —1) > a(ord > 0and c = 0). N verifies,

E[Nt] — ed(m—l)t + 10 (ed(m—l)t _ eat).

And (Nte_d("”_l)t)tzo and (N¢/E[Ny])i>0 converge a.s..
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Proof. First, a same computation of lemma 4.1 gives that the process is well defined and that the weighted many-to-one

formula holds. So, as we get:
N, = (Z 1+TX§L> -7 (Z Xg)
ueVy ueVy

the proposition follows. 0

Consider the same parameter of [5], that is b(z) = 0%z and py = 1. X; = Z;(V) is the total number of parasite. It is a
martingale, so we easily obtain E[X;] = e*'E[X] and X;e~%' converge a.s.. But since his bracket is 20%(1 — e~ %),
we have a convergence a.s and in L?2. This result is already know, because in this case, (X +)t>0 is a Feller diffusion.

5. MACROSCOPIC INTERPRETATION

To prove theorem 1.5, we need to use different topology on M(E). We note (M (E), d ) (resp. (M(E),d,,)) when it
is embedded with the vague (resp. weak) topology. These topologies will be understood in the following sense:

lim _dy(Xo, Xo) =0 <= Vf € Co, lim E[f(Xa)] = E[f(Xa0)]

n—-+oo
Jdim dy (X, Xeo) =0 = Vf € Gy, lim E[f(X0)] = E[f (X))

where (Y is the set of continuous function that vanishes to zero at the infinity and C', the set of bounded continuous
function. We also will use D([0, T, E') and C([0, T, E) be respectively the set of cad-lag function embedded with the
Skorohod topology and the set of continuous function embedded with the uniform topology [8].

5.1. Law of large number (proof of theorem 1.5 ). In this section, we consider a sequence Z () distributed as Z,

starting at some measure of probability Z (()n) , and the following scaling: X (") = %Z (") We describe the behavior of
this renormalized process when n go to infinity.

Heuristically, to understand the behaviour of our process when we start with a large population distributed by a de-

terministic measure X, we can approximate X by the interesting sequence defined by X (§”> = % > i Oy, where
(Y )k>1 is a sequence i.i.d. distributed by X . Thus, we get,

1 a1 n
xn) — —zn) & — VAG
; -
k=0
where ZtY * are i.i.d. distributed as Z, with Zy = dy, . So, let ¢ a bounded function, the law of large number gives:
1l x Y:
> — k _ 1
V20, lim 03020 e) =E 2V ()]

So by corollary 2.3 , it implies that X () converges to the solution of the following integro-differential equation:

@21 pe(p) = po(e) + /us(Aso / ) pr(x /Zsﬁ (F{) (2, 0)d0 — p(x) pa(de) ds

k>0

In fact, this convergence is better. It is a processes convergence. There is that the theorem 1.5 said.
Lemma 5.1 (Semi-martingale decomposition). for all ¢ € D(A?) andt > 0,
X{() = X () + M () + V()
with
k
k n
VO = [ [ et 1@ [ 35 o @)~ pleme as X0 ) s
0 0 jeN j=1

and Mt(n) () is a square-integrable and cadlag martingale with bracket

t k
. AZXWAW 2X ;M (p x Ap) + / / S eBY (@,0) — o(@) | pa(a) do X (dx) ds

0 pene \j=1
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Proof. It is an application of the lemma 2.2 because the generator of X (™), denoted by L (™), verifies:

LW F,(n) = OE[Fp(X™)|X§ = pl,_y = BE[F (20 28 = npl|,_y = LE,ju(npr)

t=0

where Fi, (1) = F(u(p)). O
Lemma 5.2. Under the assumptions of theorem 1.5, X ™) is tight for the vague topology.

Proof. For this proof, we are inspired by [25]. According to [51], it is enough to show that, for any continuous bounded
function f, the sequence of laws of X (™)(f) is tight in D([0, T],R). To prove this, we use the Aldous-Rebolledo
criterion. Let S be a dense subset of C that contained the function = +— 1. We have the following two points to be
verified: For all function f € S,

(1) forall ¢t > 0, (Xt(")(f)) is tight.
n>0
(2) forall m € N, and e, > 0, there exists ¢ such that for each stopping times .S,, bounded by 7T,

limsup sup P(|Vsn+u(f) Vsn)( HI=n) <e.

n—+o0o 0<u<
limsup sup P((M"™(f))s, +u — (M (f))s,| > n) <e
n—+o00 0<u<s
The first point explain a pointwise tightness and the second point, called the Aldous condition, gives a "stochastic
continuity". It look like the Arzela-Ascoli theorem. For our problem we can take S = D(A ?). The first point gives,

(n)
P(|Xt(n)(f)| > k) < £l oo EE;Xt (1)]
_ I EING™) G
- nk

Since E[No(n)] /m converges , it is bounded, and for a large k, we have the tightness. Let § > O and S,, < T, <
(Sn+9) <T,we get

BV (f) - VEP(f / X (Af) / / 3 Z F(F ~ f(@)p d0 X (dz) ds

keN j=1
< CrrlllAf oo + [1flloc] X (T = Sn)
<Cirmryo
In the other hand,
E[(M™ (f))zr, — (M™(f))s,,

]

k

= / TaXM(AL) —2XI(f x Af) + /Er@)/o SOSTHES (,0)) — £(@))2p 6 X (da) ds

n Sn kEN j=1
1
Sﬁ X Crr.p X (T — Sn)
< Crkr,s0
- n.
Then, for a sufficiently small § the second point is verified and we conclude that (X ("))n>1 is uniformly tight in
D([0, T, M(E)) for the vague topology. - O

Proof of theorem 1.5. First, by the Doob’s inequality, we get,

C:r
P e [S“p W‘"Wﬂ < 2sup E[(M ™ (p))7] < —2E
¥ t<T ¥ n

where the supremum is taken over all the function » € D(A?) such that |||, < 1. Hence,

22) lim supE{sup\Mw@)tH o,
n—-+oo 7 t<T
But,
M () = X (o) - / / Ap() +r(z / ZZ@ ~ p(@)pr 0 X (de) ds.
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So, we have to prove that the limit of (Mt(n) (p)) is also

t k
Xil) = Xole) = [ X(40)+ [ 2@) | S0 eV @) pula) a8 = (o). | X (da) s

Since this equation has a unique solution, it is enough to prove that the convergence of X (“) is in D([0, T, (M(E), d.)),
for each convergent subsequence (u,, )nen+. If E is compact, the vague topology and the weak topology coincide, and
we have the result. For the case (i) of the assumptions, we can use the Méléard-Roelly criterion [39]. Let (u ), a
subsequence such that (X (“~)),, converges in distribution to X in ([0, T, (M(E), d.,)). We have to prove that X is
in C([0,T], (M(E),w)) and X (™) (1) converges to X (1). To prove it, as in [34, 40], we can use the following lemma:

Lemma 5.3 (Analogous of the lemma 3.3 of [40]). Under the same assumptions of theorem 1.5,

lim limsup E [Sup Xt(")(wk)} =0

k—+00 n—s+oco t<T
where (Vi) >0 are defined at theorem 1.5.

This lemma explain that we can commute the limit, The proof is postponed after. Hence, a same computation to [40]
give us the convergence in D([0, 7], (M(E), w)) to our process. Thus, each subsequence converges to the equation
(21). There is a unique solution, and our sequence converges in D([0, 7], (M(E),w)) to z (defined at the corollary
2.3) the unique solution about the equation (21).

But the lemma 5.3 is so strong, we can give another argument, without to use the Méléard-Roelly criterion [39]. As in
[40], we can prove that X is continuous, from [0, 7] to (M(E), d,), because

sup sup  |X{V(f) - X (f)] <
t20 f,|| fllee <1

3|

Then, let G be a Lipschitz function on C'([0, T], (M(E), d.,)), we get,

E[G(X")] - G(X)| <E

sup dy (Xt(u”) , Xt)
te[0,T

<E l sup dy (Xt(u"),Xt(u")(- x (1— ?ﬁk)))]
te[0,T

+E | sup dy (Xt(“")(- x (1 =), X (- x (1 - ww))]
te[0,T
+ sup dw (Xt( X (1 - wk))vXt)'
te[0,T]

According the lemma 5.3, we obtain that
lim limsup E | sup do, (X}””’,X}””’(. % (1— wk))) ~0
k=400 n—+too te[0,T]

and

lim limsup sup d,(X:(. x (1 —1%)), Xy) = 0.

k=400 n—s+too tel0,T]

Then, we have do, (X" (. x (1 — ), Xe (o x (1= 13))) = do (X (0 x (1 = 11)), Xo (. x (1 — z))). Thus,

lim limsup E
k—+00 n—+too

tes[tépT] dw(Xt(u")(. X (L =), Xe (- x (1= 1/%)))] =0

by contuinity of v — v(1 — ¢y) in D(M(E), d,)). O
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proof of lemma 5.3. we denote by u?’k = E(Xt(”)(wk)), and we get:

ILL?’k:E[Xén)(Q/}k)]+/O E /Al/Jk ZZPk / Ui( F(k) (,0)) = ¢r(x) | XV (dx) | ds

k>1 =1

SMO +C/ nk 1 Z’kds

and by Gronwall’s lemma, iteration, monotonicity and the boundedness of %E[suptST N

t
f<Ci(ug” +/ pttds)
0

0
k—1 1 k
n,k—1 (CIT) (ClT)
S 2t G G
1=0
nk/2) o CiT (i) (CiT)*
et oy 3 L TR
>|k/2]
where C, C5 and ('3 are three constants. Thus,
lim limsup ut =0.

k—+00 n—4oo

Then, the following expression concludes the proof,

t
E {sup|Xf<wk>|} <t 0 [ i tas B [sup|M< ’(mﬂ] |
t<T 0 t<T

O
Example 5.4 (Asymmetric mitosis). Let F\? (z,0) = G=1(0)x and F\* (x,0) = (1 — G~1(0))x. Where G is
the cumulative distribution function of the random fraction in [0, 1] associated with the branching event. It verifies
G(z) =1—=G(1 —x). If n(t,.) is the density of z, then it is a weak solution solution of the following P.D.E. :
1
on(t, x) + Opn(t, z) + r(x) n(t,x) = 2E[6r(x/®)n(t, x/0)].
Especially, we deduce that the following P.D .E. gets a weak solution:

+oo
on(t,x) + Opn(t,x) + r(x) n(t,x) = / bz, y)n(t,y)dy

where b verify the following properties:

(23) b(z,y) > 0,b(z,y) =0 fory < x
+oo
24) bz, y)dz = 2r(y)
0+oo
(25) /O ab(z, y)dz = yr(y)

This equation was studied in [45]. b(z,y) = %r(y)g(%) where g is the density of G. b has this form is equivalently at
verify the following points (23 - 26).
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5.2. Central Limit Theorem for size-structured population (proof of theorem 1.6). Our aim in this section is to
describe the limit of the fluctuation process defined by:

vt € [0,T),Vn € N*, n\™ = y/n(x™ - X,).

For a better understanding, we only give the convergence on the example of the size-structured population (asymmetric
mitosis). The result of this section are easily generalisable for splitted diffusion, but we do not want to weigh down the
hypotheses and the notations.

Theorem 5.5 (Central limit theorem for asymmetric size-structured population). Let T' > 0. Assume 77(()") converges

and
E {sup/ 1+ X(gn)(dac)] < 400.
B

n>1

Then the sequence (n(”))nzl converges in D([0, T, C~2°) to the unique solution of the evolution equation: for all
f c 02,0’

t “+o0 1
@D m(f) =mlf) + / / f(@) + () ( / f(qx>+f<<1—q>x>c<dq>—f<a:>) na(dz) ds + JI(f)

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

+oo 1
m=[ [ ar@se v 2w [ - se)Pa X as
0
And C?0 is the set of function C?, such that f, f', f" vanish to zero when x vanishes to infinity. C' ~2%° is its dual space.

By lemma 5.1, we have the following representation:
V>0, ntn) _ 77(()") + f/t(n) + Mt(n)

where
() t oo 1
veeanc, Ve = [ [+ < | ota) + ot - pm)Gan) - so(a:)) 0 (dz) ds
0 0 0
and Mt(") is a martingale with bracket:

+oo 1
(28) (N (o / / / (p(gz) — p(2))2G(dg) X (d) ds.

The set of signed measure is not metrizable, so we can not adapt the proof of theorem 1.5. As in [38, 52], we consider
n(™ like an operator in a Sobolev space, and use the Hilbertian properties of this space to have tightness (see for
instance [41] for tightness condition on Hilbert spaces). Let us explain the Sobolev space that we will use. Let p > 0,
j € N,and W7P be the closure of the set of function C'*° to [0, +0c0) into R with compact support with the following

norm:
2
x)
P

Vf € WP, |y = Z/ (I

W3 is an Hilbert space and we consider W ~7P the dual space. Let C7*P, the space of function f, C7, such that:
(k)
vk <j, lim G =0

T 25400 1+ 2P

and we embed it by the following norm:

. f( ) (2
3.p .
Ve CrP |fllciv = g sup 1+:cp

Thus, C’*? is a Banach space and we denote by C'~7" its dual space. These spaces verify the following continuous
injection [38, 1]:
(29) CIP c WiPth and WP c CIP,
Or equivalently, if f is smooth enough,
[fllwizer < Cllfllgiw and [|fllcir < Cllfllwstre.

The first embedding/inequality prove that the tightness in W 7*! implies the tightness in C'7'P. The second is useful
for some upper bound:
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Lemma 5.6. If (ex)k>1 is a basis of W1, we get:

Zek <0+ a).

k>1
Proof. Let DY : f — f(x) and D! : f +— f/(x) be an operator on W2!. We have, for all f € W21,
DY < (L 42| flloos <CA+ )| fllwra < O+ )| fllwz
But, by Parseval identity we get,
ID2 20 =Y en(a)

k>1
It ends the proof. O

We introduce the trace (((M(")>>t> . of ( (”)) . defined such that (HM(" 220 — ((M(”)»t) is a local
t> t>0

t
martingale. Then since

IV 2o = >0 M (e
E>1

where (ey)r>1 is a basis of W21, and by (28), we get,
+o<> 1
M(") Z/ / / (ex(qx) — ex(x))?G(dq) Xg”)(dx) ds.
k>1
Now, we first prove the tightness of (n(") )n>1 then we prove theorem 5.5.
Lemma 5.7. (n™),,>1 is tight in D([0, T], W—21).
Proof. By [33, theorem 2.2.2] and [33, theorem 2.3.2] (see also [38, lemma C]), it is enough to prove

(D) E [supycq |07 1Fy 2] < +oo.
(2) Vn € N, Ve, p > 0, 39 such that for each stopping times S, bounded by 7',

)<

Zn) <e.

limsup sup IP(H anzru S
n—+4oo 0<u<s " "

(1)) g, = (L)),

These two points are the Aldous-Rebolledo criterion. For the first point, we get,

>oor” /27"/ 23 ei(qr) +2) ei() X" (dzx) ds

k>1 k>1 k>1

<Cr X1+ )

limsup sup P <
n—+oo 0<u<s

n

then, by the assumptions of theorem 5.5, we have the boundedness. Thus since,
IV 13 20 = D (M (ex))?
k>1

we have by Doob inequality,

E | sup HMt(")H%,sz,l <C.
te0,t]
Then
51220 < SN2 —2 + IV e + 1L |2 —an < O+ [V |2
And

t
7y ae <€ [ sup e,
0 w<s
So by Gronwall lemma we obtain

E {sup |n§")||%v2,1} <C

s<t
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Then for the second point, we have

Sn+u
BV~ VD lwaa] SE|C [ sup ")y -a

n

< Cu.

So, by Markov-Chebyshev inequality, we get the Aldous condition. A same proof gives (( M) )) also verify the Aldous
condition. Thus, (77(”))”21 is tight. O

Proof of theorem 5.5. Let M a continuous Gaussian process with quadratic variation, given for every f € C'>0 (C

W2y andt € [0, T] by:
t —+00 1
S [ [ ww [ () - f@)6tax. ),

k>1
Since we have,

Vfe 0, sup |M™(f) <
te[0,7]

and (Mt(")> converge in law to (M), we obtain, by [32, theorem 3.11 p.473], the convergence of M (f) to M(f).

S
n

By lemma 5.7 and (29) , the sequence (7 ("))nzl is also tight in C~2C. Let 7 be an accumulation point. Since the
martingale part M, 7 is almost surely continuous. Hence, 1 solves (27). Using Gronwall’s inequality, we obtain
that this equation admits in C/([0, 7], C~2°) a unique solution for a given Gaussian white noise M. We deduce the
announced result. 0

6. OPEN PROBLEMS

In the literature, the auxiliary process is sometimes called an hybrid process [6]. When the motion between the branch-
ing times is deterministic, indeed A is a vector fields, the auxiliary process is a piecewise deterministic Markov process
(PDMP). These processes were introduced in the literature by Davis [14] as a general class of non diffusion stochastic
models. Some properties of the PDMPs are given in [15, 31]. But, there is a lot of question about this process.

Speed of convergence for piecewise deterministic Markov processes:

In [11], we see that it is sometimes easier to have a speed of convergence for the embedded chain than for the contin-
uous process (the embedded chain is the continuous process indexed at the jump times). We have some link about the
invariant measure of the process and its embedded chain in [12, 15], but it would be interesting to find a link between
their long time behaviour. We can also research a criterion, like the Bakry-Emery criterion, to have a quantitative rate of
decay for the entropy. We can find a first approach in [9, 10]. It is also interesting to improve theorem 1.2 or proposition
409.

Regularity of the stationary distribution:

In [13], we can find some criterion for ergodicity. A natural question is the regularity of the invariant distribution
(support, density,...). For instance, is there Hormander’s condition? At the moment, there is some properties of PDMP
semi-group in [27, 53].

Other functional of the empirical measure:
this paper gives some result about the convergence of the empirical measure > cv, Oxp, but it do not capture other
symmetric functional of the population, like the bigger cell or the more infected cell:

Xu
gleagff( i)

or the following functional:
B(u)At

[ 3 sxnas=3 [ o as

ueVs ueT /oAt
Interesting result for the maximum for branching Brownian motion are developed in [2].

Statistic:
A natural application of our limit theorem is the parameter estimation. Working in the Kolmogorov equation and the
macroscopic process, [20] gives a non parametric estimation of r.



LIMIT THEOREMS FOR SOME BRANCHING MEASURE-VALUED PROCESSES 24

Eigenproblem:

The existence of eigenelement is fundamental to have our many-to-one formula. As say in introduction, [19, 43] give
some condition to have it. The problem is that, in these papers, the eigenvector are not lower bounded. Hence, it will
be interesting to find a theorem like the theorem 4.3.
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