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Aline Marguet*
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Abstract

We are interested in the dynamic of a structured branching population where the trait of
each individual moves according to a Markov process. The rate of division of each individual is
a function of its trait and when a branching event occurs, the trait of the descendants at birth
depends on the trait of the mother and on the number of descendants. In this article, we explicitly
describe the penalized Markov process, named auxiliary process, corresponding to the dynamic
of the trait along the spine by giving its associated infinitesimal generator. We prove a Many-
to-One formula and a Many-to-One formula for forks. Furthermore, we prove that this auxiliary
process characterizes exactly the process of the trait of a uniformly sampled individual in the
large population approximation. We detail three examples of growth-fragmentation models: the
linear growth model, the exponential growth model and the parasite infection model.

Keywords: Branching Markov processes, Many-to-One formulas, Size-biased reproduction law.

A.M.S classification: 60J80, 60J85, 60J75, 92D25.

1 Introduction

The characterization of the sampling of individuals in a population is a key issue for branching pro-
cesses with several motivations in statistics and biology. The question of finding the coalescing time of
individuals in a Galton-Watson tree has been studied in [36]. We refer to [2] and [30] for more results
on this question and to [25] for results concerning the Bellman-Harris branching process. The pedigree
of a typical individual in a supercritical branching process has also been investigated asymptotically
for multi-type branching processes with a finite number of types in [I8], with i.i.d life-times in [3] and
with an age-structure in [34]. The characterization of the sampling is the key to obtain asymptotic
results on the branching process ([29], [5], [13]) and to infer the parameters of the model ([19], [15],
i2]).

In this article, we consider a continuous-time structured branching Markov process where the trait
of each individual moves according to a Markov process and influences the branching events. The
purpose of this article is to characterize the trait of a typical individual uniformly sampled from the
population at time ¢ and its associated ancestral lineage. In particular, we exhibit the bias due to the
structure of the population and to the sampling. We also describe the traits of a uniformly sampled
couple in the current population. Therefore, we provide new applications in a non-neutral framework
for cell division (Section , even for models in a varying environment.

We now describe informally the process, while its rigorous construction and characterization as a
cadlag measure-valued process under Assumptions [A] and [B] are detailed in Section[2] We assume that
individuals behave independently and that for each individual u:

e its trait (X}");>¢ evolves as an X-valued Markov process with infinitesimal generator (G, D(G)),
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e it dies at time ¢ at rate B(X}"),

e at its death, an individual with trait « is replaced by k € N individuals with probability pg(x)
and m(z) = Zk21 kpr(z),

e the trait of the jth child among k is distributed as Pj(k) (z,-) forall 1 <j <k

We use the spine representation and Many-to-One formulas, which have been developed from the
notion of size-biased tree, considered by Kallenberg [26], Chauvin and Rouault [11], Chauvin, Rouault
and Wakolbinger [I2] with a Palm measure approach and Lyons, Peres and Pemantle [32]. For general
results on branching processes using these techniques, including the spinal decomposition, we refer to
[29] and [I] for discrete-time models and to [I8], [20] and [13] for continuous-time branching processes.
These previous works ensure in particular that if we denote by V; the set of individuals alive at time
t and by Ny its cardinal, we have:

> r

ueVy

E ) {f (Y;) efs BO)(m(Yo)—1)ds| (1.1)

where f is a non-negative measurable function and (Y;)¢>o follows the dynamic of a tagged-particle
i.e. the same dynamic of all the particles between jumps and at a jump, the unique daughter particle
is chosen uniformly at random among all the daughter particles. This formula can be seen as a
Feynman-Kac formula [I4] with a weight on the right-hand side relying on the whole ancestral lineage
of current individuals which corresponds to the growth of the population. In this case, under spectral
assumptions, the asymptotic behavior of the number of individuals has been well studied in [32],
[29], 1], [I8] and [9]. We also refer to the work of Bansaye and al. [] for law of large numbers
theorems using Many-to-One formulas. On the right-hand side of appears a Markov process
with penalized trajectories which describes the dynamic of the trait of a typical individual. This
corresponds to a time-inhomogeneous Markov process Y®) | indexed by t > 0, for which we provide
the following formula for any non-negative measurable function F' on the space of cadlag processes:

E

us =m(x,0, S(t),s_ , .
3 roxte <] <m0 e [F (10,0 21) 02

where for z € X and 0 < s <*¢,
m(z,s,t) =B [N¢|Zs = 6,] , (1.3)

and

Zt = Z (;Xt“a

ueVy

is the empirical measure of the process. We explicit the generator (Agt)) of this auxiliary process:
s<t

for all well-chosen functions f, x € X and s < ¢, we have:
AL @) = G0 @) + BOG) [ ()= @) PO,
where

G (m(,s,t)f) (x) = f(x) G (m(,s,1)) (x)

m(x,s,t)

GO f(x) =

)

BW(z) = B(z) /X Mm(x,dy),



P (x,dy) = m(y, s, t)m(x, dy) (/X m(y, s, t)m(z, dy)) h ;

where:

k
m(x, A) := Zpk(x) ij(k)(x, A),

k>0

denotes the expected number of children with trait in the Borel set A of an individual of trait z.

Moreover, we give some very simple and interesting examples where we can find the expression of
the generator of the auxiliary process: we detail three models for the dynamic of a cell population
(see Section [2.2)).

The Many-to-One formula splits the behavior of the entire population into a term character-
izing the growth of the population and a term characterizing the dynamic of the trait. This separation
in two terms is the key to the study of the ancestral trait of a uniformly sampled individual. Indeed,
we prove in Theorem [£.1] that the auxiliary process describes the ancestral lineage of a sampled indi-
vidual in a branching population at a fixed time when the initial population is large. More precisely,
if we denote by XU(1):¥ the trait of a uniformly sampled individual from a population at time ¢t with
initial distribution v and if v,, = Z?:l 0x, where X; are i.i.d. random variables with law v, under
some assumptions, we prove the following convergence in law:

Ex (Nt)y(dx)

U(t),vn (t),m _ Ex(Nv(de)
X[o,t] n_>—+>00 Y[o,t] , where m(dz) = TE, (N)w(dz)” (1.4)

This result proves that the auxiliary process is the appropriate tool for the study of the trait along
the ancestral lineage of a sampling. We notice in particular that the dependence on the trait of the
average number of individuals in the population plays a crucial part in the creation of a bias.

Finally, we are currently working on the asymptotic behavior of the process of a sampling which,
under some assumptions ensuring the ergodicity of the auxiliary process, is also described by the
asymptotic behavior of the auxiliary process.

Outline. Section[2]is devoted to the rigorous construction of our process. In Section [2.1] we first de-
scribe in detail the model and in Theorem [2.3] we prove the existence and uniqueness of the branching
process. Then, in Section we introduce our three examples of cell division models: the size-
structured model with linear or exponential growth and the parasite infection model. In Section
we detail the properties of the Markov process along the spine. In particular, in Theorem we
prove the Many-to-One formula which describes the dynamic of a typical individual in the population.
Finally, we give two other Many-to-One formulas, one for the dynamic of the whole tree in Proposi-
tion [3-4] and an other one for the dynamic of a couple of traits in Proposition [3.5] Section [] concerns
the ancestral lineage of a uniform sampling at a fixed time in a large population. More precisely, in
Theorem we prove the convergence . In Section we give explicitly the dynamic of the
auxiliary process for our three examples of cell population models. Finally, in Section [f] we give some
useful comments on the model and some other examples.

Notation. We use the classical Ulam-Harris-Neveu notation to identify each individual. Let
u=Jmn.
neN

The first individual is labeled by ). When an individual u € U dies, his K descendants are labeled
ul,...,uK. If u is an ancestor of v, we write u < v.



2 Definition and existence of the structured branching process

First, we introduce some useful notations and objects to characterize the branching process. Hence-
forth, we work on a probability space denoted by (Q2, F,P).

Dynamic of the trait. Let X C (R+)d be a measurable space for some d > 1. It is the state space
of the Markov process describing the trait of the individuals. Let (A, ¢t > 0) be a Feller semi-group
with associated infinitesimal generator G : D(G) C Co(X) — Co(X), where Co(X) denotes the space of
continuous function from X to R vanishing at infinity.

Let (X;)t>0 be the unique X-valued cadlag strong Markov process solution of the martingale
problem associated with (G, D(G)).

Remark 2.1. According to the Hille-Yoshida theorem (see [I6] Theorem 1.2.6), D(G) is dense in
Co(X) for the topology of uniform convergence.

Definition 2.2. For all 0 < s < t, x € X, let ®(x,s,t) be the stochastic flow associated with the
generator (G, D(G)). It is a cadlag X -valued random variable such that:

o forall f €D(G),0<s<t andx € X we have:

f (@, 5,1) — () - / Gf (B, 5,7)) dr, (2.1)

is a o(X¢,t > 0)-martingale.
o for each 0 < s <t, ®(-,s,t) is a measurable map from X to X,

o foreach0<r<s<tandalxecX, &(P(x,rs),s,t)=P(x,rt), almost surely.

Division events. An individual with trait z dies at an instantaneous rate B(z), where B is a
continuous function from X to R,;. It is replaced by A,(x) children, where A,(x) is a N-valued
random variable with distribution (py (x),%k > 0). For convenience, we assume that p;(z) = 0 for all

x € X. The trait at birth of the jth descendant among k is given by the random variable F’ j(k)(x, 0),

where (Fj(k)(-7 )i <kke N) is a family of measurable functions from X x [0,1] to X and @ is a

uniform random variable on [0,1]. For all k& € N, let P®*)(z,-) be the probability measure on A’*
corresponding to the trait distribution at birth of the k£ descendants of an individual with trait . We
denote by Pj(k) (z,-) the jth marginal distribution of P(*) for all K € N and j < k i.e. for all Borel
sets A C X, we have Pj(k) (z,4) = P®) (2, X771 x A x xX+9).

We denote by Mp(X) the set of point measures on X. Following Fournier and Méléard [I7],
we work in D (R, Mp (X)), the state of cadlag measure-valued Markov processes. For any Z €
D (R4, Mp (X)), we write:

Zy= dxp, t >0,
ueVy
where V; represents the set of individuals alive at time . We set N; = #V;. Moreover, for any process
Z € D(Ry, Mp (X)), we define recursively the associated sequence of jump times by

To(Z) = 0 and Ty41(Z) = inf {t > Tp(Z), Ny # Nry(2)}

with the standard convention that inf {(}} = +oco. In order to ensure the non-explosion in finite time
of such a process, we need to consider two sets of hypotheses. The first one controls what happens
regarding divisions (in term of rate of division and of mass creation).

Assumption A. We consider the following assumptions:
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1. There exist by,by > 0 and v > 0 such that for all x € X,

B(a:) <b |l‘|’y + bs.

2. For allt > 0, there exists x(t) € X, increasing in t, such that for allz € X, k € N and 6 € [0,1]:

k
Z Fi(k)(x, 0) <z Vz(t), componentwise.
i=1

3. There exists T > 0 such that for all x € X,

m(x) = Z kpr(z) < m.

k

4. For allx € X and s > 0, we have:

t
lim B (® (z,s,7))dr = 400, almost surely.

t——+oo s

The first point controls the life-times of individuals via the division rate to ensure the non-explosion
of the number of individuals in finite time. In particular, if v = 0, B is bounded and the non-explosion
in finite time of the number of individuals in the previously defined process is obvious. The second
point of Assumption [A] means that we consider a fragmentation process with a possibility of mass
creation at division when the mass is small enough. In particular, clones are allowed in the case of
bounded traits and bounded number of descendants and any finite type branching structured process
can be considered. The dependence in t of the threshold z allows us to consider models in a varying
environment. The last point of Assumption [A] ensures that each individual divides after a certain
time.

We make a second assumption to control the behavior of traits between divisions.

Assumption B. There exist c1,co > 0 such that for all z € X':

Gh () < crhy(2) + s,
¥
where 7y is defined in Assumption and for z € (Ry)?, hy(z) = lz|7 = (Zle xz) .

Assumptions [A(1) and [B| are linked via the parameter v which controls the balance between the
growth of the population and the dynamic of the trait.

2.1 Existence and uniqueness of the structured branching process

We now prove the strong existence and uniqueness of the structured branching process. Let E =
U xRy x[0,1] x [0,1] and M (ds, du, dz,dl,df) be a Poisson point measure on R, x E with intensity
ds @ n(du) ® dz ® dl ® df, where n(du) denotes the counting measure on U. Let (®*),,, be a family
of independent stochastic flows satisfying describing the individual-based dynamics. We assume
that M and (®“), ., are independent. We denote by F; the filtration generated by the Poisson point
measure M and the family of stochastic flows (®%(z, s,t),u € U,z € X,s < t) up to time .

For all x € X, there exists a function G(z,-) : [0,1] — N such that:

G(z,1) £ (pi(x), k €N),

where [ is a uniform random variable on [0, 1]. For convenience, for all z € X and 6, uniform random
variables on [0, 1], we write:

Fy(z,1,0) = F°D) (2. 6).



Forall 0 < s <t, f € DG), z € X and u € U, we consider the F;-martingale (Msf,’t“(x),t > s)
defined by:

Mgf’tu(x) = f(t,®%(x,s,t)) — f(s,x) — / (Gf(r,@"(z,s,7r)) + O f(r,®“(x, s,7))) dr. (2.2)

Theorem 2.3. There exists a strongly unique Fi-adapted cadlag process from Ry with values in
Mp(X) such that for all f € D(G) and t > 0:

t
2§y =1 Oa0) + [ [ (@f(s.0)+ 0.1 (5,)) 2o (de) ds + M)
0 X
¢ G(X20)
+/O L 1u€V57,z§B(X;‘7) ; f(stl (X:alve)) - f(87X;L*) M(ds7du7dz7dlad0)7 (23)

where for all s >0 and t > s:

f _ fiu
MSJf(m) - Z Li<n 1(2)<t Z Mkal(Z)ka(Z)/\t (X%c—l(z)) ?

k>1 UGVT]C,I(Z)
is a Fi-martingale.
The proof of this theorem is split into four lemmas. First, in Lemma we prove the existence
of a Fi-adapted cadlag measure-valued process Z solution of (2.3)) for all ¢ € [0,T%(Z)) and all k € N.
Then, in Lemma we prove that (Msf’t, t> O) is a Fy-martingale. Next, in Lemma we prove

the uniqueness of the increasing sequence (T (Z), k > 0) corresponding to the jump times of a solution
Z to and the uniqueness of a F;-adapted cadlag solution to for t € [0,T%(2)) for all k € N.
Finally, in Lemma we prove that the sequence of jump times tends to infinity resulting in the
existence and uniqueness of the process on Ry .

Lemma 2.4. There exist a Fi-adapted cadlag measure-valued process (Zy)i>o which is solution of

(2.3) for all f € D(G) and for all t € [0,T1(Z)), k € N.
Proof. See Section [A]in the appendix. O

Lemma 2.5. Let Z be the measure-valued process solution of (2.3|) whose construction is given in the
previous lemma. Let k € N. For all0 < s <t < Ty(Z), z € X and f € D(G),

f _ fiu
M;,(z) = Z Lo<n,_y(2)<t Z My () Te(z)nt (Xiu“kfl) ;
k>1 weVr, _,

is an Fy-martingale.

Proof. Let k e Nand 0 < s <t <Ty(Z). Let f € D(G) and = € X. Then, for all s <r <t, we have:

E M, (2)|F,| - ML, ()

=E ergT,H(Z)a Z Mﬁil(z),n(z)m (X%c_l) |F

_kZl “GVTk,l(Z)

_ fs u _
=E Z L<ny(z)<t Z E [MT;il(Z),Tk(Z)/\t (XTk—l) |]:Tk—1(2)} ‘]:T =0,

k>1 wEVr, (2

S!

because (Mf’t“(x), t> s) is a Fy-martingale. O



Next, we prove the uniqueness of the sequence of jump times (7T;(Z), k > 0) associated with a
solution Z to (2.3]) and the uniqueness of the solution on [0,7%(Z)), for all k € N.

Lemma 2.6. The increasing sequence (Tx(Z), k > 0) corresponding to the jump times of a solution
Z to (2.3)) is strongly unique. Moreover, the strong uniqueness of a Fi-adapted cadlag measure-valued
solution to (2.3)) holds, fort € [0,T(Z)) and for all k € N.

Proof. See Section [B]in the appendix. O

Lemma 2.7. Under Assumptions (1—3) and@ the strongly unique sequence of jump times of a
solution Z to (2.3)) tends to infinity as k tends to infinity, almost surely.

Proof. Let T > 0. To shorten notation, we write T} instead of Tj(Z). We prove that almost surely
there is no accumulation of jumps on [0, 7] of the solution of (2.3) previously constructed on [0, T,
for all k € N. Let k € N and (Z;,t < Ty) be the solution of p to the kth division time. Using
equation applied to the constant function equal to 1, we have for all t < T AT

Es, (Nt)=1+/0tEaz (Z B (X{) (m(Xﬁ)—1)> ds

ueVy

t t
< 1+mb1/ Es, <Z |X§|7> ds+mb2/ Es, (N,)ds, (2.4)
0 0

u€eVy
~
where the inequality comes from Assumption 1) and (3) Recalling that h,(z) = (Z?zl scl> , for
z € (Ry)%, we have using (2.3):
> |X“|”1 —\évl“r/ o [Z ghw(Xé‘)] ds

ueVy u€Vy

// Es, | Y B(X)> pr(X2) \F"“ )‘7—|XS“|” d6ds.
0,1] 1

€V, k>0 j=

Next, using Assumption [A|(2) and [B] we get that:

t
g [ ] < [0 [T e
0

LueV; | ueV

+ Es,

> BXY) [z(s)] 1|X:|<|m(s>|] ds.

ueVy

Finally, using Assumption [A(1) and the fact that ¢ — z(t) is increasing, we get:

> lx

u€eVy

t
B, | SO IXEP| < o] + 4 / E
0

LueV; i
Adding this inequality to (2.4) we obtain for all t < Tp AT

DX

ueVy

ds + (c2 + (by [z(t)]” + b2) Ig(t)lv)/o Es, [Ns] ds.

Es, [N¢] + Es,

t
g1+|xw+A(T)/ (Ea )]+ Es,
0

e

u€eV,

where A(T) = ¢1+ca+by |2(T) > +ba |2(T)|” + (by +ba)m. According to Gronwall Lemma, we obtain
forall t <Tp AT:

Es, (V] + Es,

Z|X“|”] (14 [2]") A" < oo,

ueVy

Finally, the average number of individuals in the population at time ¢ is bounded for ¢ in compact
sets and there is no explosion of the population in finite time. O
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Before moving to the next section , we introduce the first-moment semi-group (Rs ¢, ¢ > s) asso-
ciated with the branching process: for all s > 0,¢ > s and x € X, let

Rsﬂgf(l’) = E

S rExm|ze= 595] : (2.5)

ueVy

where f is a measurable function. Applying equation (2.3) to f = 1, we obtain by taking the
expectation :

t
R 1(x) = m(z,s,t) =1 —l—/ E

> B(XY)(m(XY) - 1)|Z, = 511 ds. (2.6)

ueVy

In particular, if B = b and m(z) = m for all z € X, we obtain m(z, s, t) = e?(m=D(t=s),

2.2 Some growth-fragmentation models for cell population dynamics

In this section, we consider growth-fragmentation processes: at division, the trait of the mother is
distributed among the children and the number of individual in the population increases. Moreover,
we focus on models where the trait moves according to a diffusion given by its associated generator
of following form:

Gf(x) = r(@)f'(x) + o (@) f"(x),

where r and ¢ are measurable functions. This class covers several dynamics for the trait. Here, we
present three of them. In particular, we give an explicit formula for the average number of individuals
in the population at time ¢t. We first give a useful equation concerning models with such a dynamic.
For all s > 0,t > s and z € X, applying to f(z) =  and taking the expectation, we obtain:

t
R, Id(z) ==z —|—/ R, ur(x)du, (2.7)

where (R 1)¢>s is defined in (2.5)).

2.2.1 Linear growth model

We consider here a size-structured model. More precisely, the size of each cell grows linearly at a rate
a > 0 supposed to be identical for each cell and divisions occur at rate B(x) = ax, a > 0. At fission,
the cell splits into two daughter cells of size 3, when z denotes the size of the mother at splitting.
Using the previous notation, the process (X;,t > 0) describing the size of a cell starting from zg is
given by:

X =x9 + at,

and the associated generator is given for any function f € C'(R,) by:

Gf(z) = af'(z).

Then, the branching process (Z;,¢ > 0) is solution of the following equation, for any function f €
C}(Ry) and any = € A

(7o, ) = Zo, ) + /0 /R of (2) Z(de)ds

‘ X
+/ / 1u€V57,z§aX“_ (2f( 5 ) _f(Xg)> M(ds,dmdz),
0 JUXR4 s




where M is a Poisson point measure on Ry x U x R} with intensity ds ® n(du) ® dz. The validity
of Assumptions [A] and [B]is trivial for this model with v = 1. Let us compute the average number of
individuals in the population at time ¢. For all s < ¢ and x € R, we have using ({2.6):

m(x,s7t)=1+a/tE<Z X;‘}ZszégE) dr. (2.8)

ueV,

Combining (2.7) and (2.8]), we obtain:

t s
m(z,s,t) =1+ a/ (x + a/ m(m,s,7)d7> dr,

and for all x € X and s > 0, m(z, s, -) is the solution of the following Cauchy problem with unknown
f:
f7(t) = aaf(t),
{f(s) — 1, f'(s) = aa.

with explicit solution given by:

m(z, s,t) = % (eE(t—s) n e—E(t—s)) +g « (eE(t—s) _ e—E(t—s)) ’
V a

where @ = y/aa. The population size is exponential in time as in the neutral case.

2.2.2 Exponential growth model in a varying environment

We assume here that the growth of the cells is exponential at rate a. This exponential growth model
has been studied in [I5] in the case of a specific growth rate for each individual in order to infer
the division rate of the population. Here, we assume that the division rate is a function of time,
mimicking a varying environment. More precisely, we set B(x,t) = a(t)z, with « a positive function.
The generator for the dynamic of the size is given for any function f € C*(R,) by:

Gf(z) = axf'(x).

Then, the branching process (Z;,¢ > 0) is solution of the following equation, for any function f €
CY(R;) and any z € X

(Ze ) = Zo, f) + / / az ' (z) Zo(dz)ds

¢ X
+/ / 1u€Vs,,z§a(s)X“_ <2f <2S> _f(X:)> M(ds7du7d'z)a
0 Z/{XR+ s

where M is a Poisson point measure on Ry X U x R, with intensity ds ® n(du) ® dz. Moreover, we
have using (2.7) with r(z) = az:

E <Z Xtu|Z9 = 5%) = geo(t=s),

ueVy
Combining this with equation (2.6)), we obtain:

t
m(x,s,t) =1+ x/ a(r)er "= dr.
S
In particular, if a(r) = « with a a positive constant, we obtain:
m(z,s,t) =1+ i (ea(t_s) - 1) .
a

The growth is again exponentially fast in time.



2.2.3 Parasite infection model

This model is a continuous version of Kimmel’s multilevel model for plasmids [27] which has already
been studied in the case of a constant or monotone division rate by Bansaye and Tran in [6]. It models
the proliferation of a parasite infection in a cell population. More precisely, we assume here that the
trait (X, ¢ > 0) is a Markov process describing the quantity of parasites in each cell which evolves as

a Feller diffusion process:
t t
X, = Xo +/ ngds+/ V202X ,dB,,
0 0

where (Bjs)s>0 is standard Brownian motion and g,o > 0 are some fixed parameters. The generator
for the dynamic of the quantity of parasites is given for any function f € C2(R,) by:

Gf(x) = gaf'(z) + o*xf" ().

We assume here that a cell with a quantity = of parasites will potentially divide at a rate B(z) = axz+8,
a, B > 0 into two daughter cells with a quantity dz and (1 — d)x of parasites respectively, where 0 is
a random variable with uniform distribution on [0,1]. We need S to be strictly positive so that even
cells without any parasites divide after some time. The branching process (Z;,¢ > 0) is then solution
of the following equation, for any function f € C?(R,) and any x € X:

(Zi, [) = (Zo, [) + /O/R (g2 f'(2) + o> f"(x)) Zs(dx)ds—&—/ol > V202X f(XY)dBY

ueVs
t
[ Luev, - wcaxs +5 (f (BX1) + F (1= 6)X™) = F (X2 )) M(ds, du, dz, db),
0 JUxR4 x[0,1] °

where M is a Poisson point measure on Ry x U x Ry x [0, 1] with intensity ds ® n(du) ® dz ® d§ and
(B¥, s > 0)yey is a family of standard Brownian motions. In particular, the generator corresponding
to first moment semi-group is given for any function f € C?(R) and x € X by:

Fuutf () = g2 f'(t > s2) + 0% f"(x) + (az + B) ( [ 186+ 1 1= o) as - f(x)) .

Therefore, we notice that if (V,\) are eigenelements of Fins, we have FinV'(0) = SV(0) so that
V(0) =0 if A # 8 and we cannot apply usual techniques using eigenelements.
Let us compute the average number of individuals in the population after time ¢t. We have using

(2.6):
> X4z =6,

ueV,

t t
m(x,s,t)zl—l—a/ E dr—l—ﬁ/ m(zx,s,r)dr.

S

Again, using (2.7)), we obtain:

E

Z X;‘|ZS = 51;1 = 2e9(—9),
UEVT‘

Then, combining the two previous equations, we get after differentiation:
oym(z, s,t) = axed™°) + Bm(zx, s, t),

and finally:

ax ax
m(x,s,t) = T o9(t=s) + (1 _ ) e[ﬁ(t—s)7
(z,5,1) P

if g # B and:
m(z,s,t) = (1+ a(t — s)) zeft=9)
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if ¢ = . In our three examples above, the mean number of individuals in the population is an
affine function of the trait of the initial individual. However, this is not the rule. For example, Cloez
developed in [I3](Corollary 6.1.) the case of a dynamic of the trait following an Ornstein-Uhlenbeck
process where the dependence in z is not affine.

For other examples and comments, including a link with the integro-differential model, we refer to
Section [B

3 The trait of sampled individuals at a fixed time : Many-to-
One formulas

In order to characterize the trait of a uniformly sampled individual, the spinal approach ([11],[32]),
consists in following a "typical" individual in the population whose behavior summarizes the behavior
of the entire population. Biggins [8] used this approach for the study of branching random walks
extending Kingman results [28]. The spinal approach has then been extended to various frameworks
([22],129],20]). In particular, Georgii and Baake [18] used spine techniques in a spectral framework to
describe the asymptotic distribution of the trait of a uniformly sampled individual in the population
and its ancestral lineage in the case of a finite set of possible trait.

In this section, we specify the generator of the process describing the trait along the spine. The
existence of our auxiliary process does not rely on the existence of spectral elements for the mean
operator of the branching process.

With a slight abuse of notation, for all w € V; and s < t, we denote by X the trait of the unique
ancestor living at time s of u.

3.1 The auxiliary process
Let us define
D(A) ={f € D(G) s.t. m(-,s,t)f € D(G) Vt >0, Vs < t}.

From now on, we assume that for all z € X', ¢t > 0 and s < ¢, m(x, s,t) # 0.
We now recall the operator and functions needed for the definition of the auxiliary process, and
introduce additional notations. For all f € D(A), x € X and s < ¢, we write:

g (m(, S,t)f) (33) - f (1‘) g (m(v S,t)) (ZL‘)

G(t) _
G f(x) = (s 1) , (3.1)
BW(z) = B(z)A(z, s,t) (3.2)

D b 7t
PO(z,dy) = A~ (s, t)mm(az dy), (3.3)

where:
(x,s,t) mly,5,t) t x,dy).
» m(z, s, t

In order to prove a Many-to-One formula, we need to consider the following assumption:
Assumption C. There ezists a function C such that for all j <k, j,k € N and 0 < s <t, we have:

t)
sup sup y, % Pj(k)(:c,dy) < C(t), vVt >0.
TEX s€[0,¢] x m(x,s,t)

11



This assumption tells us that we control uniformly in x the benefit or the penalty of a division.
Assumption D. For allt > 0 we have:

- forallx € X, s — m(x,s,t) is differentiable on [0,t] and its derivative is continuous on [0,t],

- forallx € X, f € D(A), s = G(m(-,s,t)f)(x) is continuous,

- forall s <t, m(,s,t) € D(G),

- D(A) is dense in Co(X) for the topology of uniform convergence.

These are technical assumptions which are in particular satisfied in our examples (see Section .

The last item allows us to extend our formulas to all measurable functions with respect to the Sko-
rokod topology using a monotone class argument. Moreover, combining the third point of Assumption
D] and Remark the last item is in particular satisfied if D(G) is stable by product.

Theorem 3.1. Under assumptions (1-3), @ @ and @ for allt > 0, for all xy € X and for all
non-negative measurable functions F : D ([0,t], X) — Ry we have:

Es,,

us = m(x0,0,t)E,, S(t)“sf , .
%F(XS, <t)] (z0,0,t)E [F(Y <t)] (3.4)

where (Y.S(t)7 s < t) is a time-inhomogeneous Markov process whose law is characterized by its associ-

ated infinitesimal generators (Agt)) given for f € D(A) and z € X by:
t

AL f(z) =GV f (@) + B () /X (f () = f (@) PV (,dy) . (3.5)

Formula (3.4) has a natural interpretation in terms of semi-groups. If f is a non-negative measur-
able function, we set for any 0 < r < s <t and any = € X"

PO () = L s t)’ | _g [ (YO) 0 =] (3.6)
In other words, (Pr(,ts) ) e is a conservative (non-homogeneous) semi-group and the auxiliary process
r<s<t

Y ®) is its time-inhomogeneous associated Markov process corresponding to the right-hand side of .
We can exhibit this process using a change of probability measure.

Before proving Theorem we give some links between our approach and previous works on this
subject. In the neutral case, i.e. B and (pg)ren constants, the auxiliary process coincides with the
one in [5] i.e. for all f € D(G) and = € X, the infinitesimal generator of the auxiliary process is given
by:

k
Af@) = 05@) + B Y | 13 [ 00 = 1) PP ) |

k>0

where Py, = kppm ™! denote the biased reproduction law. The dynamic of this auxiliary process heavily
depends on the comparison between m(zx, s,t) and m(y, s,t), for x,y € X. It emphasizes several bias
due to growth of the population. First, the auxiliary process jumps more than the original process,
if jumping is beneficial in terms of number of descendants. This phenomenon of time-acceleration
also appears for examples in [I], [32] or [20]. Moreover, the reproduction law favors the creation of
a large number of descendant as in [5] and the non-neutrality favors individuals with an "efficient”
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trait at birth in terms of number of descendants. Finally, a new bias appears on the dynamic of the
trait because of the combination of the random evolution of the trait and non-neutrality. Indeed, if
the dynamic of the trait is deterministic, we have G\gf)f(x) =Gf(x).

The auxiliary process has been guessed through a discretization of the model using the expression
of the auxiliary process in [4]. However, the proof of Theorem does not rely on a discretization
argument but on the uniqueness of the solution to the integro-differential equation . The proof
is decomposed in four parts: first, in Lemma we prove that the integro-differential equation
admits a unique solution which corresponds to the semi-group of the auxiliary process defined in
. Afterwards, in Lemma we prove that the infinitesimal generator of this auxiliary process
verifies (3.5). Then, we prove Theorem for any function such that F(x) = fi(as,) ... fr(zs),
x € D([0,¢],X), by induction on k € N. Finally, we extend the set of functions for which is
satisfied using a monotone class argument.

Let t > 0. We define the following family of semi-groups for f € D(A):

Ar—s(m(" T t)f)(il?)

m(x,s,t)

, s<r<t.

Q) f(z) =

We also define:
g(m(v S, t)f)(x) =+ f(x)@sm(x, S, t) )

m(x,s,t)

G f(z) = (3.7)

Lemma 3.2. Let t > 0. Under Assumptions (1—5’), @ @ and@, for all xg € X, the family of

probability measures (Péts) (0,+),s < t) is the unique solution of the following equation with unknown
(ks(zo,-),s < 1)

ps (o, f) =f(0,20) + /OS /X (@(ﬂt)f(r, x)+ o f(r, x)) o (20, dzx) dr
+ /05 /X [ﬁﬁt) (x) /X f(ry) ﬁ,gt)(x,dy) — B(x)f (r,x)} wy (zo, dx) dr, (3.8)

for all function f such that, f(s,-) € D(A) for all s > 0 and s — f(s,x) is continuously differentiable
forallx € X.

Proof. Let t > 0 and let f be as in the statement of the lemma. The proof falls naturally into two
parts. We first prove that (Péts) (z0,),s < t) is a solution of (3.8]). We show that for all s < ¢, 2o € X,
m(,0,6) P32 (0, 20) = Es,, ((Zs, f(5,)ml-,s,1))).

Indeed, from (3.6)), the left-hand side of the above equation is equal to:

m(zo,0,t) P F(0,20) = s,y | D D F(5,X0)| =Es,, [ Y. (5, X)) Es,, | D 1\&

veV; ueVy vEV, ueVy
u>v u>v
=Es,, | Y [ (s, X!)Es,, (Z 112, = mﬂ
LveVy ueVy

:Eémo Z f(st:)m(X;)vs’t)‘| :

LveV,
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Then, applying (2.3) to the function f(s,-)m(:,s,t) and taking the expectation, we obtain:

Es,,

3 f(s,X:>m<X:757t>] — m(wo,0,4) f (0, o)

vEV;

+// (G (F(r Yo, 8)) (&) + F(r, )0y 1) + Dy f(rs 2)ml(, 7, £)) Rop (0, da)dr
0 X

s k
+/O /X B(x) Zpk(x) ;/X f(ryy)m(y,rt) Pj(k) (x,dy) — f (ryz)m (z,7,t)| Ror(zo,dzx)dr.

k>0
(3.9)

Finally, dividing by m(z¢,0,t), we obtain that (Péts) (z0,-),8 < t) is a solution of (3.8§]).
We now prove the uniqueness of a solution to (3.8]). This part of the proof is adapted from [6]. Let

('ysl’t, s < t) and (’yg,t, s < t) be two solutions of equation (3.8). Let us recall that the total variation
norm is given for all measures v',7? on X with finite mass by:

1 2 1 2
Y= = sup v (9) =7 (¢
| Iz ¢ecb<x,R>,H¢uoos1| () =710)

b

where Cp, (X, R) denotes the set of continuous bounded functions from & to R. The idea is to find
a function which cancels the first integral in (3.8). Let z € X, t > 0 and r < ¢t. We begin by
computing the differential of (Qgt)rf(x), s < r <t) with respect to s. First, s — A,_s(m(-,r,t)f)(z)
is differentiable because = — m(z,r,t)f(x) € D(G) and according to the backward equation, its
derivative is s = G(A,—s(m(-,r,t) ) (z) = Ar—s(G(m(-, 7, t) f))(z) which is continuous. Furthermore,
s+ m(x,s,t)"! is differentiable according to Assumption@ and because m(z, s, t) # 0 for all x € X,
t >0 and s < t and its derivative is s — dsm(x,s,t)m(x,s,t)~1 is continuous on [0,] according to
Assumption [D} Then, we have for all s,h > 0 and 7 > s + h:

(t) f(ﬂf) — Ar—s—h (m(-,n t)f) (SC)
sth,r m(z, s+ h,t)
(- S P AN, Oimes ) s (LODE,
G (m(.r Q) (@) gm(a, st
— 0 f(g) — s 2 QW fx o(h).
QO () o 00 (@) | o)

Therefore, for all s < ¢, f € D(A), we have:

3,Q") f(x) = —GDQY) f(a). (3.10)

Let f € D(A) be such that | f||,, < 1. Let 7,(x) = inf {t > 0, X; ¢ B(x,n)} where B(zx,n) is the
X-ball of radius n and centered in z. Let us define for all x € X, s <r <tandn € N:

Em I:m(XT/\Tn(Qf)—S7 7N\ Tp (x)a t)f(Xr/\Tn(nc)—s)]
m(z, s,t) '

QU™ f(z) =

We still have angfB:" () = —@E”Q@" (z). Moreover, for all s <r <t and all z € X, we have:

‘ng%’nf(ﬂf)’ < E, [m(Xr/\Tn(x)—satT A Tn(l‘), t)} < E, I:m(XT/\Tn((L‘)—S7 A Tn(x)a t)} :
m(z, s, 1) E [197W(w>m(xﬁﬁm (o7 ATal@), )] Z, = 54
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where Q, = {T1(Z) > r}. Conditioning with respect to o (Xs,s < r A 7,(z)) on the denominator we
obtain:

E [m(XT/\Tn(x)—S? rA Tn(l')v t)]

QU (@) <
‘ E [exp (7 for/\Tn(fF) B(Xu)du> m(XgM A Tn(x),t)’Xg = x}
< ﬁ [m(Xr/\Tn (z),T N\ (@ ’X — x] < erﬁn(x), (3.11)
exp (f'an(x)) E [ (XgAT @y TN Tn(x |X = :c]

where B, () = SUPyeB(z,n) B (y).

Let T, = inf {s < t,7}, (w0, B(zo,n)%) + 72, (x0, B(x0,n)¢) > 0} where B(zo,n)° is the comple-
mentary of the X-ball of radius n and centered in xy with the convention that inf () = +o0o. Then,
using that (’y;t7 s < t), for i = 1,2, are solutions of (3.8]), we have for all s <r <#:

<’Ys/\Tn7t Zo, ')7 Q‘E,t/z&“n,y f> (t) f(xo)
sATy, )
[0 @ [ P e - B i) o oo du
Using (3.11)), we get: we have:

t), t),
’Ysl/\Tn,t (3307 Qiﬁﬂrf) - VEATn,t (xo, Qg/zﬂrf)‘

SAT, N N
- / / [B&“ () / QU f (y) PO <x,dy>—B<x>czsf,>ff<x>] (7hy = ~2.) (w0, de) du
0 X X

SATy,

T (t)n (y’u’t)mx (t)n 1 .2 z ) du
)| [ Qs ) 2 Do) - Q01 @)] (0~ 20 (v d

- L sAT,,
< (C) + 1) Brne) @) B, (z0) / Ve = Vst ll gy
0

S (C(t)m T 1)67‘37“(71,10))(10)?”(330)/ H’-Y'llt/\Tn,t - 712/4/\Tn7t |TV du

where 7(n, zg) = 2n+2|zo|+2z(s) and C(t) is defined in Assumption[C] Then Gronwall’s lemma implies

that H%ATMt 'ySQATmt |TV = 0. Taklng the limit as n tends to +o0, we obtain H’ys p =0

and the uniqueness of the solution to

%tHTV

Lemma 3.3. Let t > 0. Under Assumption @ the generator of the semi-group (Pr(ts), r<s< t)
defined in (3.6) is (Agt), s < t) defined on D(A).

Proof. Let t > 0 and f € D(A). If we take the expectation of (2.3 and differentiate with respect to
t, we get that:

O Rs 1 f(x,8) =Gf(x,s) + 0sf(x,s) + Bz Zpk Z/ fly,)P;" (z,dy) — f(x,s) | :=Rf(x,s),

k>0

for all x € X and s < t, because t — E [(Z;, f)] is continuous whenever f is continuous. Then due to
Assumption [D} we have the following first order Taylor expansion: for all z € X, r < t and h > 0,

Rypin(m(-, 74 h,t)f)(x)

rr+hf( )_ m(x,r,t)
- f(x R(m(~,7‘, t)f)(l?) 87«771(56,7’, t)f(x) 0
= f(z)+ R h+ . g h+o(h).
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Then

li =
hs0 h m(z,r,t) m(z,r,t)

P, f(z) — f(x) R(m(.7,0)f)(@) | Omiz.r,0)f(x)

However, taking f =1 in (3.9) and differentiating with respect to s yields:
dsm(x,s,t) — B (z) m(x, s,t)
=—G (m(-,s,t)) Zpk Z/my,s,tp()(:zr dy) . (3.12)
k>0

Combining the two previous equations, we obtain formula (3.5) for the generator of the auxiliary
process. O

Proof of Theorem[3.1, We prove the result by induction on k € N for any separable function F' =
fi-- fr with f; € D(A) for all i =1...k. We consider the following proposition denoted by Hy: for
all0 <51 <s9<...<sp <t forall zyp € X and f1,..., fr € D(A):

S (X (Xu)] = (0, 0,6) Bay [ 1 (YI0) - 1 (VI0)]

ueVy

I0

First, H; holds by (3.6). Assuming that Hj_; is true for some k& > 1, we now prove Hy. Let
0<s1<s3<...<sp<tand fi,..., fr be measurable non-negative functions such that f; € D(A)
for all 1 <14 < k. We have using the Markov property:

o[ o)

—Es, | D A(XE) e Sen (X5 )E DD S (X2) P
ueVs, 1{)€>‘Zt

—Es, | 3 fl(Xgl)...fk_l(X;‘k1>E_ka(X§k)‘Zsk1=5X;k1]

| UEVsy_y LveV;

We can now use the result proved in the case kK = 1 and the last term on the right hand side is equal
to:

Eémo Z fl o fre 1( ;‘k 1>m(X;‘k71,sk_17 ) [fk< ) y&(kt)1 _X;Lk 1}
u€Vs, 4
=Es,, [Z fr(Xe) o fae 1( . 1) [fk( ) v =Xxn IH
ueVy

:m(xo,o,t)Exo[fl( ) . 1( ) [fk( )K(ZLH»

where the last equality is obtained using the induction hypothesis.
Finally, using the last point of Assumption [D]and a monotone-class argument, we extend the result
to all measurable function with respect to the Skorokod topology. O

We now develop two other Many-to-One formulas: one to characterize the trait of the individuals
over the whole tree and the other to characterize the trait of a couple of individuals.
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3.2 A Many-to-One formula for the whole tree

We denote by:
T=Uvcu,

s>0
the set of all individuals in the population. Let us recall that for v € T, a(u) and B(u) are random
variables representing respectively the time of birth and death of u.

Proposition 3.4. Under Assumptions [AB, [Q and [D, for all xy € X and for any non-negative
measurable function F: D (R4, X) x Ry — Ry, we have:

SF (ngw(u)),ﬁ(u))] = /0+Oo m(zo,0, 5)Eq, [F (Y[ffg),s) B (Yﬁﬂ ds. (3.13)

u€T

Es,,

Proof. We follow [13] (Lemma 3.8) and provide a proof for the whole trajectories. First, we recall
that for any v € 7 and any Borel set A C R;:

t
P (8(w) € A|(X}) g rat)) = [ B exn (- [ X ds ).
- A a(u)
Then, for all non-negative measurable functions f : D(R;, X') — R, we have:

B(w)
Es,, ll{ueT}/ : F<XffJ,s),8)B(X:)dS]

(u

+oo T T
~Es,, ll{um/( ) (/( )F (X[%)S),s) B(Xg)ds> B (X")exp (-/( )B(X}f)dr) dT] .

Next, using Fubini’s Theorem, we obtain that the right-hand side of the above equation is:

[ +oo “+oo T
Es,, |1uer / ) ( / B(X")exp (- )B(X;f)dr> dr)F(XfaS),s>B(X;L)ds]

(u a(u

[ +oo s
=Es,, |1{ueT} /( : exp (— ( )B (X9 dr> F (X[%)S), s) B(X?Y) ds}
=Es,, _1{ueT}F (X[%,B(u))yﬁ(u)ﬂ ) (3.14)

where the first equality is comes from of Assumption[Al(4). But {a(u) < s < B(u),u € T} = {u € V},
then:

B(u) +o0
Es,, |1uer) / . F(X[’gys),s)B(X;‘)ds —Es,, [ /0 1{u6VS}F(Xﬁs),s)B(Xg)ds}. (3.15)

Finally combining (3.14) and (3.15) we get:

By Z F (X[%,B(u)wﬁ(u))] = ZE5wo [l{ueT}F (X[%ﬁ(u))’B(u)ﬂ
ueT ued
SE, VM Luev P (X15) B(X;”L)ds}
ueld 0

“+oo
_ / Es,, | S F(X[%’s),s) B(XY)| ds
0 u€eVy

-/ " (0,0, 9)Es, [F (Y, 8) B (v6)] s,
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where the last equality comes from the Many-to-One formula (3.4)). O

3.3 Many-to-One formulas for forks

In this section, we characterize the law of a couple of lineage coming from two individuals alive at
time ¢. For former results on the subject, we refer to [5] for such formulas in the neutral case and
to [2I] for many-to-few-formulas on weighted k-fold sums over particles. We aim at characterizing
the dynamic of the trait of a couple of individual along the spine using our auxiliary process. Those
formulas has already proved useful to control the variance of estimators [24].

For any two functions f, g, defined respectively on two intervals Iy, I, for any [a,b) C I, [c,d) C
I,, we define the concatenation [f, 5), gjc,a)] by:

B F(#) ,if t € [a,b),
[fla.b): 91e,)] (2) —{ glt+c—b) ,iftebb+(d—c)).

Proposition 3.5. Under assumptions[4] [B,[C and[D, for anyt > 0, zo € X and for any non-negative
measurable function F : D([0,t], X)* — Ry:

Esy | >0 F (X Xio) / m(w0,0,8)Ey, [B (V) TP (vi) )] ds, (3.16)

u,veVy
uFv

where for (z,,r < s) € D([0, s], X):

Js i F(x Z Z D (xs)/olm(F(Ek) (I379)757t)m(Flfk) (;133,9),5,15)

a#beN k>max(a,b)

H, . F (x F® (2,,0), F* (z,, 9)) do,
and for all s <t , (xs,s <t) € D([0,t],X) and y1,y2 € X:
Hs,tF(xay17y2) =E |:F ([ [0 ‘s)ayv[i tj ] [‘T[O 5)71/iiti]2]) | (sz(t)’lvys(t)’z) = (ylayQ):| )

and (Ys(t)’l, s <t), (Ys(t)’2, s < t) are two independent copies of (Ys(t), s <t).

Proof. Let t > 0 and z¢ € X. First we prove (3.16) for F(z,y) = fi(x)f2(y), where f; : D([0,¢], X) —
R are non-negative measurable functions for i = 1,2. Let us denote by A the left-hand side of (3.16]).
We explicit the most recent common ancestor w of two individuals u, v living at time ¢ and we obtain:

A=Ey, Z > Y MeswnLumuevitusrev 1] f (X650 X505 ))
_weual;ﬁazENu veT i=1,2

=Es, | 2 LB | TT X £ ([X8 500 Xfiwa]) [Fow

waiFwags €T =12 u, eV
a1,a2E€N Ui ZWa;

18



Then, applying successively the branching property and the Markov property, we have:

A=Es, | >, Lusswy [TE| DO fi({ngaﬁ(w));X[uﬁi(w),t]}>‘X[l(l)mfﬁ(w)]

way Awaz €T i=1,2 u; €V
ay,a2€N Lui>wa;

B, | 2 Lpzewn [LE| X £ ([B X)) X500
waiZwas €T i=1,2 u; €V
ai,a2€N Luizwa;

L m:X[zg,/s(m)_

Next, we use the Many-to-One formula (3.4]) and we explicit the distribution of the trait at birth of
wa and wb:

A=Es, | > lusswy [[m (Xwa’yﬁ w), ) [f ([w Y[Sﬁwnﬂ)\Yé? _XEU&)}

warFwaz €T i=1,2 [0 B(w))
a1,a2€N
k
| Yt X (i) [ Tm (R (5000) 000
warFwaz €T kZmax(al,aQ) i=1,2
ai,az€N

<E £ (|7 Y5 a]) ‘Y”) = F® (Xt 9)]; X8 oo de]'

Applying the Many-to-One formula over the whole tree (3.13)) yields:

A :/Otm(xo,O,S)]E B (Ys(s)) Z Z Pk (YS(S))

ay1F#a2€EN k>max(aq,a2)

[ T (e (s0.6) s (] = 0 (0] ol

[0,5)
= ) mwen [5 () o 10 ()]

where f1 ® fa(z) = fi(z)f2(z). Finally, we obtain (3.16]) using a monotone class argument. O
Let us explicit a particular case of formula (3.16)). We define:

W= 3 m@ /0 7 (E® @.0)) g (2 (2.0)) do. (3.17)

a#b k>max(a,b)

Jo represents the trait at birth of two uniformly chosen children from an individual of type x. For
simplicity of notation, we write Jy f(z) instead of Ja(f, f)(x). Let us recall that:

Pf() =E [ (Y2) |70 = a].

s

19



Corollary 3.6. Under assumptions[A|B, [(] and [D} for any non-negative measurable functions fi, g
from X x RT to R and any xo € X we have for s < t:

Es,, | S f(X%)g (X0)| = /t m(zo,0,7)Eq, [ft ® g (YS(’“)) B® Jym (-1, 1) (Y;T))} dr
u,veVy S
uFv

/0S m(zo,0,7)E,, {B ® Jo (m(-,r, t)P,SfS)ft,m(-,r, t)PT(fS)gt) (YT(T))] dr. (3.18)

4 Ancestral lineage of a uniform sampling at a fixed time in a
large population

The Many-to-One formula gives us the law of the trait of a uniformly sampled individual in
an "average" population. But the characterization of the law of the trait of a uniformly sampled
individual in the effective population is more complex because the number of individuals alive at time
t is stochastic and depends on the dynamic of the trait of individuals. As the auxiliary process takes
into account the bias in the population due to the number of individuals, it characterizes the law of
a uniformly sampled individual only when the bias are in place i.e. when there is a certain amount
of individuals. That is why we now look at the ancestral lineage of a uniform sampling in a large
population.

4.1 Convergence of the sampling process on a fixed time interval

It only makes sense to speak of a uniformly sampled individual at time ¢ if the population does not
become extinct before time ¢. For all ¢ > 0, let Q; = {N; > 0} denote the event of survival of the
population. Let v € Mp(X) be such that:

P, () > 0. (4.1)

We set
VUp = Z(SX“ (42)
i=1

where X; are i.i.d. random variables with distribution v. For ¢ > 0, we denote by U(t) the random
variable with uniform distribution on V; conditionally on €2; and by XSU (t), s < t) the process de-

scribing the trait of a sampling along its ancestral lineage. If X is a stochastic process, we denote by
X" the process with initial distribution v € Mp(X) and for all 0 < s < ¢,

m(v, s, t) =E(Ny|Zs =v),

denote the average number of individuals in the population after time ¢ starting from a population
distributed as v at time s.

Theorem 4.1. Under Assumptions (1—3)@ @ and@ for any t > 0, the sequence (X[lé(tt])’"”) -

converges in law in D ([0,t], X) to Y[(()tijm where:

m(x, 0, t)l/(d:v)'

mi(dz) = m(v,0,t)
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Proof. Let t > 0. Let (X;)1<i<, be i.i.d random variables with distribution v and v, = Y I, 0x,.
Let F: D ([0,t], X) — R4 be a bounded measurable function. First, we notice that:

n

1o, 1 @)
—N{m ==Y "N, 4.3
n t nz‘:l t ( )

where Nt(z) are independent copies of N, with initial distribution dx,. According to the law of large
numbers, converges almost surely as n tends to infinity to m(v,0,t) = [, m(x,0,t)v(dz). Next,
let Qi(vn) = {N{/™ >0}. (Q(vn)),>o is a increasing sequence. According to ({.1)), there exists
0 < e(t) < 1 such that:

P(Ou()%) < (1 — ()" — 0

so that:
1g,(,)c njm 0, almost surely.
We have:
Ut)wn )] _ 1 .
E |:F (X[O)t] ):| - E ]'Qt(un)ﬁ ; F (Xf:)’t]) P(Qt(yn)) .
u i n

Let Vt(i),i = 1...n be independent identically distributed populations at time ¢ coming from an
individual with trait X; ~ v at 0. Then:

1 N 1 < N
E lm(u”)iNtun > F(X[M) =E 1Qt(un)Ntun > F<X[O,t]) : (4.4)
i=1 ey

uev,’n
According to the law of large numbers,

zn: SO F (X[’{m) o E

=1 uth(i)

Z F (X [I(L),t])] , almost surely.

ueVy

Taking the limit in (4.4]) as n tends to infinity, we have by dominated convergence:

E [F (X[Té(tt])”’n)} T m(%()J)/){]EI u%:vtF (X[%,t])] v(dz),

because P (;(v,,)) — 1 as n tends to infinity. Finally, applying the Many-to-one formula (3.4), we
obtain:

S m(z,0,0E, |F (Y| v(dz)
B[F (x00")] —. x m(io,g)[Ot])]y 2

Remark 4.2. If we start with n individuals with the same trait x, we obtain:

U(t),vn (t)
B [r (X )] o e F ()]
Therefore, the auxiliary process describes exactly the dynamic of the trait of a uniformly sampled
individual in the large population limit, if all the starting individuals have the same trait. If the
initial individuals have different traits at the beginning, the large population approximation of a
uniformly sampled individual is a linear combination of the auxiliary process.
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Remark 4.3. One can easily generalizes this results to a k-tuple of individuals uniformly picked at
time t. But if you start with a population of size n and you pick k& individuals uniformly at random at
time ¢, when n tends to infinity, the probability that those k£ individuals comes from the same initial
individual is zero. Then, the trajectories of their traits are independent and we get for example in the
case k = 2, for any f,g:D([0,¢], X) — Ry bounded measurable functions:

B[ () ()] e 06 0 )

n——+00

where Uy (t), Us(t) are independent random variables with uniform distribution on V; and the processes
(Ys(t)’l, s < t) , (Ys(t)’Q, s < t) are i.i.d. distributed as (Ys(t), s < t) .

Remark 4.4. An other way of characterizing the trait of a uniformly sampled individual via the
auxiliary process is to look at the long time behavior of the process instead of looking at the large
population behavior. We are currently working on this characterization which uses the ergodicity of
the auxiliary process.

4.2 The trait of a uniformly sampled individual for growth-fragmentation
models

The auxiliary process is a good way of getting simulated random variables corresponding to the trait
of a uniformly sampled individual. Indeed, it is much more quicker to simulate one trajectory of
the auxiliary process rather than the dynamic of an entire population. In this section, we detail the
auxiliary process for our three examples introduced in Section [2.2]

4.2.1 Linear growth model

For the linear growth model with binary division (Section [2.2.1]), Assumption [C|is satisfied for C' = 1
and the large population limit of the ancestral process of a sampling grows linearly between two jumps
and jumps at time s at rate

5® 1 L+ e2val)
PO e M e (1rayE) )

At a jump, there is a unique descendant with trait 3 if z is the trait of its parent at the splitting
time. In particular, the rate of division of the limiting process is bigger than the rate of division in a
cell line for the original process. It means that in the large population limit, a typical individual has
overcome more division than any individual.

4.2.2 Exponential growth model in a varying environment

For the exponential growth model in a varying environment with binary division (Section [2.2.2)),
Assumption [C]is satisfied for C' = 1 and the associated auxiliary process grows exponentially between
two jumps and jumps at time s at rate

B® () = !
Bs ({E) (a(S)(E + ﬂ) (1 + 1+ mfst a(r)e(a_ﬂ)(r—s)dr> ’

The rate of division of the limiting process is again bigger than the division rate of any individual. At
a jump, there is a unique descendant with trait 3 if = is the trait of its parent at the splitting time.

This example is a good illustration of the fact that the large population limit of the size of a
uniformly sampled individual does not correspond to the size of a tagged cell, i.e. the size along
a lineage where at each division, you choose randomly one daughter cell. In fact, as the division
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Figure 4.1: Distribution of the number of divisions in the lineage of a uniformly sampled individual
(black bars), of the auxiliary process (red bars) and of a tagged cell (blue bars). For each case,
we used 5000 realizations of each process until time ¢ = 50 with parameters a = 0.1 and zg = 1.
The distribution of the number of divisions almost coincides for the auxiliary process and a sampled
individual. However, the distribution of the number of divisions for a tagged cell is different from the
two previous ones. Indeed, it is more likely to sample an individual whose ancestors divided many
times, that is why, the distributions of the number of divisions for the auxiliary process and for a
uniformly sampled individual are centered on bigger values than the distribution of the number of
divisions for a tagged cell.

rate of the auxiliary process is larger than B, the number of divisions along the lineage of a uniformly
sampled individual is bigger than the number of divisions along the lineage of tagged cell, resulting in a
difference on the size of the individuals. However, the distribution of the number of divisions along the
lineage of a uniformly sampled individual coincides with the one for the auxiliary process. On figure
[422] we can see those distributions: the two first distributions, corresponding to the distribution
of the number of divisions along the lineage of a uniformly sampled individual and of the auxiliary
process, are centered on a bigger number of divisions than the third distribution corresponding to a
tagged cell.

4.2.3 Parasite infection model

For this cell division model with parasite infection, Assumption [C] is satisfied for C' = 1 and the
auxiliary process evolves as a Feller diffusion with infinitesimal generator:

o (e909) — e81=9))

ox (eg(tfs) — eﬁ(tfs)) + (g — B)

FO f(x) = <gx + 207 eﬁw> J(@) + %" (@),

so that the drift of the limit of the process of the ancestral trait of a sampling is bigger than the
original drift in the population. Then, the limiting process jumps at time s at rate

~ 1
(t) —
B (z) = (ax + ) (1 + e (e A = 1)> ;

so that the division rate of the limiting process is also bigger than the rate of division in a cell line for
the original process.
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The trait of the newborn cell is distributed according to the following probability law:

2(g — B) + 2ay( (g=B)(t—s) _ 1) dy
2(g— B) +azx (6(9 B)(t—s) — 1) x

(2, dy) = Lo<y<s

In fact, because cells divide faster when they have more parasites inside them, it is a good strategy,
in order to have a lot of descendants in a long time scale, to choose to give a lot of parasites to your
daughter cell. Moreover, the evolution of the trait is biased: the drift in the Feller diffusion is more
important for the auxiliary process because a cell with more parasites divides faster so that it produces
more descendants.

5 Miscellaneous comments

We can apply the results of this work to various models and we choose to detail in this article only
three of them based on biological and computational considerations. However, we review in this
section some other interesting models.

5.1 The age-structured population model

In this model, the quantity of interest is the age of each individual which grows linearly. The life-time
of each individual is a random variable with cumulative distribution function G. Such models have
been first introduced by Bellman and Harris in [7] and have recently been studied in order to infer
the division rate [24]. Let B : Ry — R be the rate of division of each cell defined via:

G(t) =1 — exp ( /Ot B(s)ds> .

The branching process (Z;):>¢ is solution of the following equation, for any function f € C'(R.) and
any x € X:

(Zi f) = Zo / f(2)Z,(d)ds

Ry
+/0 /MX]R+X 1u€V5779§B(X:7) (kf(0) — f(XL)) M(ds,du,dd, dk),

N

where M is a Poisson point measure on Ry x U x Ry x N with intensity ds @ n(du) ® df ® p(dk),
where p denotes the distribution of the number of descendants.

In order to get information on the average number of individuals in the population at time ¢, we
follow Harris in [23] (Chap. 6) and we obtain:

¢
m(0,0,t) =1—-G(t)+m [ m(0,0,t —u)dG(u),
0

where m is the average number of descendants at division. Using the life-time distribution conditioned

to be greater than x for the first individual we have:

m(0,0,t+ x) —m [y m(0,0,t + 2 — u)dG(u)
1-G(x) '

We cannot find an explicit solution to this renewal equation except in the case of an exponentially

distributed life-time but we know the asymptotic behavior of a solution (see [23]). In particular, if G
is non-lattice and m > 1, let a be the positive root of:

m/ e *dG(t) =
0
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Then,
at
m(0,0,1) et cla,m)nie™,
where
m—1

am? [° te=otdG(t)’

cla,m) =

and n; is explicitly given in [23] Theorem 17.1 and the rate of division of the auxiliary process is given
for large t by:
e (1 —-G(x))

B ~ B :
# (@) 1—m [y e=*dG(u)

5.2 Multi-type branching process and switching

An example of phenomenon that we would like to understand using a model on a finite state space is
the phenotypic switching, i.e. the capacity to achieve multiple internal states in response to a single
set of external inputs. Examples of studies of switching can be found in [35] or [3I]. For an asymptotic
characterization of the ancestral lineage of a typical individual for models with a trait on a finite state
space, we refer to [I8]. We assume here that an individual can be in state 0 or 1 which is constant
during its lifetime. An individual in state z = 0,1 divide at rate B(z) = b, and at division, it is
replaced by 2 individuals. We denote by p the probability of switching at birth. We assume that this
probability does not depend on the trait. Therefore, the trait only affects the lifetime of individuals.
We obtain for the generator of the first moment semi-group for any function f taking values in {0, 1}
and any z € {0,1}:

fswitchf(x) = B(ZL’) (Qf(x)(l - p) + Qf(f)p - f(l')) )

where T = 1 — 2. Moreover we have:

> B

ueVi

Es, + boEs, [Ve].

= (by — bo)Es, lz Xy

ueVy

and after calculations, we obtain:

Es,

> X3

¢
ds + 2pb0/ Es, [N ds.
u€Vs 0

Z Xf] =z + (b1(1 - 2p) —2pbo)/otan

ueVy
Then if we write:

w(t) = Es [Ny, v(t) =Es, [Z Xtul , V>0,
ueVy

op \ _ ( bo b1 — bo o
v )\ 2pbg bi1(1—2p) — 2pby v |’

For example, for p = 0.5, writing v = Z—‘l), we have:

we obtain:

s — 1(t—s 1
m(1,s,t) =m(0,s,t) + {eM(t $) — g Vbobilt )} ﬁ(l - ).
In particular, the transition kernel of the auxiliary process is given by:
m(z, s,t)0(dy) + m(T, s, t)0z(dy)
m(z, s,t) + m(Z, s, t)

PO (z,dy) =

)

so that if v > 1, i.e. by > by, the auxiliary process switches more from 1 to 0 at a jump because
m(0,s,t) > m(1,s,t).
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5.3 Markovian jump processes for the dynamic of the trait

The dynamic of some characteristics of a cell are non-continuous and thus cannot be described by a
diffusion type process. For example, this is the case for the dynamic of populations inside a cell such
as plasmids or extra-chromosomal DNA. Then, an other generalization of Kimmel’s multilevel model
for plasmids [27] is the following: we assume that the trait of each individual evolves as a birth and
death process with birth rate A > 0 and death rate p > 0. We assume here that A — p > 0. The
generator of the process corresponding to the dynamic of the trait is then given for any measurable
function f: N — R, and any « € N by:

Gf(x) = A(f(x+1) = f(z)) + u(f(z = 1) = f(2)).

We assume that a cell with x plasmids divides at a rate B(z) and that at division, the plasmids are
randomly allocated to one of the two daughter cell. The branching process (Z;);>¢ is solution of the
following equation, for any measurable function f: N — R, and any = € X:

(Ze, f) = (Zo, f //R Z lo<nxe (f(XE +1) — f(XY))

+ u€eVy

+laxe<o<pxe (F(XE—1) = f(XP))] Q" (ds, db)
t
oy v ) (FGXE) 4 (= 9)X2) —  (X2)) M(ds, o dz, ),

where (Q"), ¢, is a family of Poisson point measure on Ry x R, with intensity ds ® df and M is a
Poisson point measure on Ry x U x Ry x [0,1] with intensity ds ® n(du) ® dz ® dé.

For example, for the division rate B(z) = x, we obtain for the average number of individuals in
the population after a time ¢:

x
m(x,s,t) =1+ —— (e(/\*”)t — 1) .
(z,s,t) py—
In particular, the motion of the auxiliary process between jumps is given by the following generator:
eA=m)(t=s) _ 1

A — U+ (e()\—ﬂ)(t—s) -1

-~

G f(z) =X |1+

)] (f(z+1) = f(=))

eA—m)(t=s) _ 1

+p|l- )](f(xl)f(x)%

A — w4+ x (e(/\—u)(t—S) -1

The birth rate of the plasmid population for the auxiliary process is bigger than A and the death rate
is smaller than p. This can be explained again by the fact that cells with a lot of plasmids divides
more so that they are more represented at sampling.

5.4 Link with the integro-differential model

The study of the average process associated with Z is interesting in the sense that it characterizes the
macroscopic evolution of the population. For a more detailed study of this link see for example [10].

Corollary 5.1. Let f € D(G), s > 0 and zo € X. Under Assumptions[4](1-3) and[B, the measure
(Rs,t(20,"));>q is the unique solution to the following integro-differential equation:

R f(s,x0) = f (s,20) —|—/ / (Gf(r,x) 4+ 0rf (r,x)) Rs r(z0,dx)ds
Zpk Z/ f(r,y) P (x,dy) — f (r,z)| Rsr(z0,dx)ds, (5.2)

t
+f [ B
s JX k>0

where (Rs 1), , is defined in (2.5).
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One can prove this result taking the expectation in (2.3)) and using the same arguments as in the
proof of Corollary 2.4 in [I3].
Let n(t,-) = Ro.+(xo,-). Equation (5.2 can be rewritten as:

Om(t,x) = Gn(t,0) + Y yno Yojoy Ki¥ (Bpan(t, ) = Blain(t, o),
n(0, x)dx = 0, (dz).
where GT is the adjoint operator of G and K](.k) is the adjoint operator of f fX f () Pj(k) (z,dy)
as in [13].

For example, in the case of the cell division model with exponential growth introduced in Section

we obtain in a weak sense:
on(t,x) + 0y (azn(t,x)) = 4B(2x)n(t, 22) — B(z)n(t, x).

This is a classical growth-fragmentation equation as the one studied in [33] or [I0]. The solutions of
the associated eigenvalue problem permit in particular to quantify the asymptotic global growth rate
of the population.
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A Proof of Lemma 2.4

We give a recursive construction of the solution to (2.3)). For all © € U, we denote the birth time and
the death time of u respectively by a(u) and S(u). Let zp € X be given. We construct a structured
population Y* = (Z* (XY, s > Ti(Z"), u € Vp,(z+))), where ZF € D (R4, Mp (X)) is such that

s

Try1 = +oo. We set ) = 0, X = x0, Vo = {0} and Z? = 4, for all t > 0, so that:
YO = (2° (®°(x0,0,t),t > 0)).

Let k > 1. We now construct Y*™'. For all u € Vi, (zx) such that a(u) = Tp(Z"%), we set X;* =
(X () (u), ), for all t > a(u). For all u € Vi (zr), let:

B(u) :inf{t>a(u), /( )/R L M(ds, {u} ,dz,[0,1],0,1) >0}.

Let T = inf {ﬁ(u), u € VTk(Zk)}. Let (T, Ug+1,0k+1, Lk+1, Ag+1) be the unique quintuplet of random
variables such that M ({T}, {Uk+1}, {0k+1},{Lk+1}, {Ak+1}) = 1. Let:

Vi = V- \ {U41} U {Uk1, .., U1 G(Ups1, T, Ligy1) }

and foralli=1,...,G (XTI{"'“,LkH), we set a(Ug417) =T and:

xUt (X¥k+laLk+1,Ak+1> ’

a(Ugy11)
We set
ZEF = ZF, for all t € [0, T(Z")],
ZF = N bxp, forallt € [Th(29), T,
ueka(Zk)

Zk+t = Z bxu, forallt > T.

ueEVr
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Finally, we set Y*+! = (ZF+1 (X% s> T, u € Vr)) so that Ty 1(ZF1) =T.
Let Z be the measure-valued branching process on R satisfying for all £k € N and all ¢ > 0:

Zt/\Tk(Zk) = Ztk-

Therefore, T},(Z) = Ti.(Z*) for all k € N. To shorten notation, we write T}, instead of Tj,(Z) until the
end of the proof.
Let f € D(G). We now prove by induction the following property:

Hy o {Vt € [T, Ti+1), (Zs, f) is a solution to (2.3)).}

First, Ho is obviously true. Assume that Hj_; is true. Let ¢ € [Ty, T+1). We recall that Uy denotes
the individual who dies at time T}. We denote by:

Vii = Vo, \{Us}, Via = {u € Vila(u) = Tp},

the set of all individuals born strictly before T} except Uy and the descendants of Uy, respectively.

We have:
Zf(taXtu): Z f(t7XZL)+ Z f(tvle)v

u€Vy u€Vyi 1 u€ Vi 2
and
f&XE) =f (" (Xn_y, Th-1,t)) -

As none of the individuals in Vp,_, \ {U} divides on [Ty_1,t], we obtain using (2.2)):

t

Fx) =7 (T xt, )+ [

[ @ X0+ 0uf (5 X)) ds + MR (X )

Then, we split both the integral term and the martingale in two terms to separate the behavior of the
population before T} and after 7. We add and subtract the contribution corresponding to Uy to get
a sum over all individuals alive at time T _1:

Ty
Sorwxn = Y | (T XE )+ / (Gf (5, X2) + 0uf (5, X2)) ds + ME" | 1, (X;M)]
u€Vi1 w€Vr, Tr—1
t
r(mex) s S [ o oo ()| (A1)
u€Vry,_ \{Ux} /T
Using the induction hypothesis, we have:
Tk-1
S (B Xy ) = f o) [ [ GF(si) 4 0uf (s.2) Zu (do) ds + My, ()
0 X

HEVTk71
G(XSD)

Ti_1
+ / / Liev nepxe) | Do f(8F(XEL0) ~ f(s.X1) | M(ds,du,dz,dl,df). (A.2)
0 E U= s~ el
Moreover, for all s € [Ty_1,Tx[, Vs = Vp,_,, so that we have:

> / (Gf(s, XY+ 0sf (5, X)) ds—/ > (Gf(s, XE) + 0uf (s, X)) ds. (A.3)
Tk-1

u€Vr, _ -1 ueVy
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Finally, we obtain combining (A.1)), (A.2)) and (A.3):
PP &

u€Vi

Tk
:f(O,x0)+/0 /X(gf(s,:r)+8Sf(s,x))Zs(dx)ds—kM({Tk_l(xo)+ SoMbt (X;)
uEVTk71

Ty 1 G(X0)
+/ / luGV, z<B(X“ ) Z f(S’Fi (Xg7la0)> - f(st:—) M(ds,du,dz,dl,d@)
0 E ST s~ o1

~f(mxl )+ Y [/T (gf<s,X:>+asf<s,X:>>ds+M%,;?t(X%k)]- (A4)
u€Vr,  \{Ui} k

Next, using again ([2.2]), we have:

> s = Y (i)

ueVy o HGVtQ T

t
(GF6XE) +0uf (5 X s + ME (X) . (45)
Moreover, by definition of V; 2:

G(XSLD)

t
> f(Tk,X;k):/ /1Z§B(X;L) > FF(XY1,0)M(ds, du, dz, dl, df). (A.6)
To1 JE i=1

u€Vy 2

Adding the martingale terms of (A.4) and (A.5)), we obtain:

f fs u fs u
Mg, (o) + Y My o (XTk,l) + > Mgy (XTk,1>
weVr, _, u€Vr,  \{Ux}

D My (XE) = Mg (wo). (A7)
u€Vr, ,a(u)=T

Finally, we obtain the result combining (A.5)),(A.6) and (A.7)).

B Proof of Lemma 2.6

Let (ZW) and (Z®) be two solutions of (2.3) associated with the previously defined family of flows
and Poisson point measure. For all k € N, we write T,El) = T(ZD), i = 1,2. We assume that

Z(()l) = Z(()2) = 0, for some z € X. We have To(l) = Téz) = 0. We prove by induction on k € N the
following proposition:

My TY, =72 and vt € [TV, 1), ¥f € D(G), <Z§1>,f> _ <Z§2>,f>.

First, Hy is true because:

t
Tl(l) = T1(2) = inf {t >0, / / 1z§B(<I>V)(z,O,s))M(dS7 {(D} ,dz, [Oa 1}7 [07 1]) > O}
o Jry
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and for all ¢ € [0,T1), Zt(l) = Zt(z) = Ogu(z,0,1)- Let us assume that Hy_1 is true. We first prove the
second point of Hy. By (2.3), we have for ¢ = 1,2:

‘ ‘ W
<Z¥21),f> _ <z§21) ,f> /(1) / (G5 (s.0) +0uf (5.2)) 289 (do)ds+ MY () (Ba1)
k k—1 k: 1
7w G(X¥,1)
/(1) / wev® w<n(x00) Z (s, F; (X", 1,0)) — f(sX ”) M (ds, du, dz, dl, df) .
(B.2)

As the jump integral (B.2)) depends only on the process strictly before T,El)

tion hypothesis, that <Z%)1) , f> = <Z;?U , f>. The evolution of the trait for ¢t € [T,El), T,El) T]g_)l)

, we obtain, using the induc-

only depends on the family of flows given at the beginning and which are the same for both solutions.
Hence, it remains to prove that T,S_)l = T,g_)l And it is the case because this jump time only depend

on the state of the population at T,E ), on the flows and on the Poisson point measure M. Finally, for
all t [T(l) T,gfl) we have: <Z§1>, f> _ <Z§2>7 f>.

Moreover, the measure-valued process is entirely characterized by {(Z:, f), f € D(G)} according
to Remark Therefore, there is a unique cadlag measure-valued strong solution to ([2.3)) up to the
kth jump time for all £ € N.
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