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Abstract

We consider the bifurcating Markov chain model introduced by Guyon to detect cellular aging from
cell lineage. To take into account the possibility for a cell to die, we use an underlying super-critical binary
Galton—Watson process to describe the evolution of the cell lineage. We give in this more general framework
a weak law of large number, an invariance principle and thus fluctuation results for the average over all
individuals in a given generation, or up to a given generation. We also prove that the fluctuations over
each generation are independent. Then we present the natural modifications of the tests given by Guyon in
cellular aging detection within the particular case of the auto-regressive model.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

This work is motivated by experiments done by biologists on Escherichia coli, see Stewart
et al. [20]. E. coli is a rod-shaped single celled organism which reproduces by dividing in the
middle. It produces a new end per progeny cell. We shall call this new end the new pole whereas
the other end will be called the old pole. The age of a cell is given by the age of its old pole (i.e.
the number of generations in the past of the cell before the old pole was produced). Notice that
at each generation a cell gives birth to 2 cells which have a new pole and one of the two cells
has an old pole of age one (which corresponds to the new pole of its mother), while the other
has an old pole with age larger than one (which corresponds to the old pole of its mother). The
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former is called the new pole daughter and the latter the old pole daughter. Experimental data,
see [20], suggest strongly that the growth rate of the new pole daughter is significantly larger
than the growth rate of the old pole daughter. For asymmetric aging see also [2] for an other case
of asymmetric division, and Lindner et al. [15] or Ackermann et al. [1] on asymmetric damage
repartition.

Guyon [11] studied a mathematical model, called bifurcating Markov chain (BMC), of an
asymmetric Markov chain on a regular binary tree. This model allows to represent an asymmetric
repartition for example of the growth rate of a cell between new pole and old pole daughters.
Using this model, Guyon provides tests to detect a difference of the growth rate between new pole
and old pole on a single experimental data set, whereas in [20] averages over many experimental
data sets have to be done to detect this difference. In the BMC model, cells are assumed to never
die (a death corresponds to no more division). Indeed few deaths appear in normal nutriment
saturated conditions. However, under stress conditions, dead cells can represent a significant
part of the population. It is therefore natural to take this random effect into account by using a
Galton—Watson (GW) process. Our purpose is to study asymptotic results for bifurcating Markov
chains on a Galton—Watson tree instead of a regular tree; see our main results in Section 1.4
(and also Theorems 3.7 and 5.2 for a more general model). Notice that inferences on symmetric
bifurcating processes on regular trees have been studied, see the survey of Hwang, et al. [14]
and the seminal work of Cowan and Staudte [9]. We also learned of a recent independent work
on inferences for asymmetric auto-regressive models by Bercu, et al. [8]. Other models on cell
lineage with differentiation have been investigated, see for example Bansaye [5,6] on parasite
infection and Evans and Steinsaltz [10] on asymptotic models relying on super-Brownian motion.
Besides, Markov chains on tree (random or not) have been widely studied. We mention the
results of Yang [21] and Huang and Yang [13] on strong law of large numbers for at most
countable Markov chains on non-random tree (homogeneous or not). See also [18] for a survey
(in particular Section 3) on tree indexed processes. Athreya and Kang [3] have studied law
of large numbers and its convergence rate for Markov chains on Galton—Watson tree, but the
reproduction law does not charge 0 (each parent has at least one child). In those latter models,
conditionally on the parent, the children behave independently: that is the division is symmetric.
However, the correlation and the asymmetry between children, given the parent, is of main
interest here. See [2,15,1] for biological experiments. The present paper is concerned with law
of large numbers and invariance principle for Markov chains indexed by a super-critical binary
GW tree. We give in a paper with Bansaye and Tran [7] a partial extension of the present results
to a continuous time setting.

One could ask if similar results hold for other random binary trees, for example critical or
sub-critical GW trees conditioned to non-extinction (notice that in these two cases, the shape of
the random tree is different from the super-critical one; in particular the asymptotic behavior of
the number of individuals in one generation does not increase geometrically).

1.1. The statistical model

In order to study the behavior of the growth rate of cells in [20], we set some notations: we
index the genealogical tree by the regular binary tree T = {#} U [, c+{0, 1}%; @ is the label of
the founder of the population and if i denotes a cell, let {0 denote the new pole progeny cell, and
i1 the old pole progeny cell. The growth rate of cell i is X;. When the mother gives birth to two
cells among which a unique one divides, we consider that the cell which does not divide, does
not grow. We study the growth rate of each cell generation by generation, using a discrete time
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Markov chain described by the following model, which is a very simple case of the more general
model of BMC on GW tree developed in Section 1.2:

e With probability pj o, i gives birth to two cells i0 and i1 which will both divide. The growth
rates of the daughters X;o and X;; are then linked to the mother’s one X; through the following
auto-regressive equations

{XiO =apX; + Bo + gio )

X1 =a1X; + B + i1,
where «g, @1 € (—1,1), Bo, B1 € R and ((gj0, &i1),i € T) is a sequence of independent
centered bi-variate Gaussian random variables, with covariance matrix

2(1 p 2 B
G(p Nk c“>0, pe(—1,1).

e With probability pg, only the new pole {0 divides. Its growth rate X;q is linked to its mother’s
one X; through the relation

Xio = aoXi + By + €y 2
where ) € (=1, 1), B € Rand (¢}, i € T) is a sequence of independent centered Gaussian
random variables with variance 002 > 0.

e With probability pp, only the old pole i1 divides. Its growth rate X;; is linked to its mother’s
one through the relation

Xi1 = o\ X; + By + €}y, (3)
where o} € (—1,1), 8] € Rand (¢}, i € T) is a sequence of independent centered Gaussian
random variables with variance 012 > 0.

e With probability 1 — p10 — p1 — po, which is non-negative, i gives birth to two cells which

do not divide.
e The sequences ((g;0, €i1),1 € T), (sl/.o, i €T)and (sl/.l, i € T) are independent.

In Section 6, we first compute the maximum likelihood estimator (MLE) of the parameter

6 = (a0, Po. a1, B, g, By, 1. BY, P1,0s PO, P1) 4)

and of k = (o, p, 09, 01). Then, we prove that they are consistent (strong consistency can be
achieved, see Remark 6.2), and that the MLE of 0 is asymptotically normal, see Proposition 6.3
and Remark 6.5. Notice that the MLE of (pi,0, po, p1), which is computed only on the
underlying GW tree, was already known, see for example [16]. Eventually, we build a test for
aging detection, for instance the null hypothesis {(xo, Bo) = (1, B1)} against its alternative
{(x0, Bo) # (a1, B1)}, see Proposition 6.8. It appears that, for those hypothesis, using the test
statistic from [11] with incomplete data due to death cells instead of the test statistic from
Proposition 6.8 is not conservative, see Remark 6.9.

To prove those results, we shall consider a more general framework of BMC which is
described in Section 1.2. An important tool is the auxiliary Markov chain which is defined in
Section 1.3. Finally, easy to read version of our main general results are given in Section 1.4.

1.2. The mathematical model of bifurcating Markov chain (BMC)

We first introduce some notations related to the regular binary tree. Recall that N* = N\ {0},
and let Gy = {#}, G = {0, 1}* fork € N*, T, = U0§k§r Gg. The new (resp. old) pole daughter
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of acell i € T is denoted by iO (resp. i1), and O (resp. 1) if i = @ is the initial cell or root of
the tree. The set Gy corresponds to all possible cells in the k-th generation. We denote by [i| the
generation of i (|| = k if and only if i € Gy).

Foracelli € T, let X; denote a quantity of interest (for example its growth rate). We assume
that the quantity of interest of the daughters of a cell i, conditionally on the generations previous
to i, depends only on X;. This property is stated using the formalism of BMC. More precisely,
let (E, £) be a measurable space, P a probability kernel on E x £2: P(-, A) is measurable for
all A € £2, and P(x, -) is a probability measure on (£ 2, 52) for all x € E. For any measurable
real-valued bounded function g defined on E> we set

(Pg)(x) = /2 g(x,y,2) P(x,dy,dz).
E
When there is no possible confusion, we shall write Pg(x) for (Pg)(x) to simplify notations.

Definition 1.1. We say a stochastic process indexed by T, X = (X;,i € T), is a bifurcating
Markov chain on a measurable space (E, £) with initial distribution v and probability kernel P,
a P-BMC in short, if:

e Xy is distributed as v.
e For any measurable real-valued bounded functions (g;, i € T) defined on E 3 we have for all
k>0,

E| [T & Xio, Xi0) 1 o(Xj5 j € To) | = [ Pai(X0).
icGy ieGy

We consider a metric measurable space (S,.%) and add a cemetery point to S, 9. Let
S = S U {3}, and .¥ be the o-field generated by . and {d}. (In the biological framework of
the previous Section, S corresponds to the state space of the quantity of interest, and 0 is the
default value for dead cells.) Let P* be a probability kernel defined on § x .%2 such that

P*@,{(@,»}h = 1. )

Notice that this condition means that 9 is an absorbing state. (In the biological framework of the
previous Section, condition (5) states that no dead cell can give birth to a living cell.)

Definition 1.2. Let X = (X;,i € T) be a P*-BMC on (S, .), with P* satisfying (5). We call
(Xi,i € T*), with T* = {i € T : X; # 9}, a bifurcating Markov chain on a Galton—Watson
tree. The P*-BMC is said spatially homogeneous if p; o = P*(x, S x S), po = P*(x, S x {9})
and p; = P*(x, {9} x §) do not depend on x € S. A spatially homogeneous P*-BMC is said
super-critical if m > 1, where m = 2p1,0 4+ p1 + po.

Notice that condition (5) and the spatial homogeneity property imply that T* is a GW tree.
This justifies the name of BMC on a Galton—Watson tree. The GW tree is super-critical if and
only if m > 1. From now on, we shall only consider super-critical spatially homogeneous
P*-BMC on a Galton—Watson tree. (In the biological framework of the previous Section, T*
denotes the sub-tree of living cells and the notations pj,, po and p; are consistent since, for
instance, P*(x, S x S) represents the probability that a living cell with growing rate x gives birth
to two living cells.)
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We now consider the Galton—Watson sub-tree T*. For any subset J C T, let
J*:JﬂT*:{jeJ:Xj;éa} (6)

be the subset of living cells among J, and |J| be the cardinal of J. The process Z = (Zx, k € N),
where Z; = |Gj|, is a GW process with reproduction generating function

Y(2) = (1= po— p1— p1o) + (po + p1)z + p1oz*.
Notice the average number of daughters alive is m. We have, for k > 0,

r r mr+1 _ 1
E[IG{1=m" and E[T;|l=) E(Gj1=) m!==—". ™
q=0 q=0 m—=
Let us recall some well-known facts on super-critical GW, see e.g. [12] or [4]. The extinction
probability of the GW process Z is n = P(|T*| < c0) =1 — ";1;01. There exists a non-negative
random variable W s.t. .

W = lim m_q|GZ| a.s. and in L?, (8)
q~>oo
P(W = 0) = n and whose Laplace transform, ¢(1) = E[e "], satisfies ¢(1) = ¥ (¢(L/m))
for & > 0. Notice the distribution of W is completely characterized by this functional equation
and E[W] = 1.
Fori € T, we set A; = (X;, Xjo0, Xi1), the mother—daughters quantities of interest. For a
finite subset J C T, we set

D f(Xi) for f e B(S),
ieJ

> f(Ai) for f e B(S?),

ieJ

M;(f) = 9

with the convention that My (f) = 0. We also define the following two averages of f over J
_ 1 . ~ 1 .
MJ(f):mMJ(f) if[J| >0 and MJ(f):mMJ(f) if E[|J]] > 0. (10)

We shall study the limit of the averages of a function f* of the BMC over the n-th generation,
Mg (f) and Mg (f), or over all the generations up to the n-th, M (f)and M- (f),asn goes
to infinity. Notice the no death case studied in [11] corresponds to p1 o = 1, thatis m = 2.

1.3. The auxiliary Markov chain

We define the sub-probability kernel on S X L2 P(-,) = P*(., -ﬂS2), and two sub-
probability kernels on S x .

Py =P* (~, (ﬂS) X S‘) and P = P* (-,S‘ X (mS))
Notice that P(;k (resp. Pl*) is the restriction of the first (resp. second) marginal of P* to S. From

spatial homogeneity, we have for all x € S, P*(x, S2) = p1.0 and, for § € {0, 1},

Pf(x,{3})) =0 and P§(x,S)=ps—+ piLo
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We introduce an auxiliary Markov chain (see [11] for the case m = 2). Let Y = (¥,;,n € N) be
a Markov chain on § with Y distributed as Xy and transition kernel

1
Q= — (P} + P).
m

The distribution of Y, corresponds to the distribution of X; conditionally on {I/ € T*}, where
I is chosen at random in G,,, see Lemma 2.1 for a precise statement. We shall write £, when
Xy = x (i.e. initial distribution v is the Dirac mass at x € §).

Last, we need some more notation: if (E, ) is a metric measurable space, then By (E)
(resp. B+ (E)) denotes the set of bounded (resp. non-negative) real-valued measurable functions
defined on E. The set Cp(E) (resp. C+(E)) denotes the set of bounded (resp. non-negative)
real-valued continuous functions defined on E. For a finite measure A on (E, &) and f €
By(E) U B, (E) we shall write (A, f) for f f(x)dr(x).

We consider the following hypothesis (H):

The Markov chain Y is ergodic, that is there exists a probability measure  on (S, %) s.t., for
all f € Cp(S) and all x € S, limg_ 0 Ex[ f(Y1)] = (1, f).

Notice that under (H), the probability measure u is the unique stationary distribution of Y and

(Y, n € N) converges in distribution to .

Remark 1.3. If we assume that ((X;p, X;1),i € T) is ergodic, in the sense that there exists a
probability measure v on (S2, .#?) s.t., for all g € Cp(S?) and all (y, z) € S2,

lim Eq, »lg(Xi0, XiD)] = (v, g),
|i]—00

then Y is also ergodic.

1.4. The main results

We can now state our principal results on the weak law of large numbers and fluctuations for
the averages over a generation or up to a generation. Those results are a particular case of the
more general statements given in Theorems 3.7 and 5.2, using Remark 2.2.

Theorem 1.4. Let (X;,i € T*) be a super-critical spatially homogeneous P*-BMC on a GW
tree and_W be defined b)i (8). We assume that (H) holds and that x — P*g(x) € Cp(S) for all
g €Cp(S3). Let f € Cp(Sd).

e Weak law of large numbers. We have the following convergence in probability:

1yGr >0y 7= |G*| Z f(A) =Yg =0 Mg (f) —> (1, P* f)Liwo), (1D)
ieGy

LG (=0) |1r*| D7 F(A) =gz =0 MT: (f) —> (e, P* )L w0 (12)
ieTF

e Fluctuations. We have the following convergence in distribution:

1 (d)
1+ —_— A)) — P*F(X; 1 oG,
{|G,|>0}miezm< S(4) S( )) —= lwzoo

where 02 = (i, P*(f2) — (P*f)?), and G is a Gaussian random variable with mean zero,
variance 1, and independent of W.
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Remark 1.5. The weak laws of large numbers given by (11) and (12) can be turned into strong
laws of large numbers under stronger hypothesis, see Theorem 3.8.

We also can prove that the fluctuations over each generation are asymptotically independent.

Theorem 1.6. Let (X;,i € T*) be a super-critical spatially homogeneous P*-BMC on a GW
tree. We assume that (H) holds and that x — P*g(x) € Cyp(S) for all g € Cp(S3). Let d > 1,
and for £ € {1,....d}, fo € Cp(S*) and o} = (1, P*(f2) — (P* fo)?). We set for f € Cp(5°)
1
Na(f) = Lgg=0—== 2 (£(4D) = P*F(XD).
n > \/@ l;(};’; 1 1

Then we have the following convergence in distribution:

(d)
(Na(f1)s ooy Na—a1 (fa) —= Liwx0(01G1, ..., 04Ga),
where G1, ..., G4 are independent Gaussian random variables with mean zero and variance 1,

and are independent of W given by (8).

Even if the results on fluctuations in Theorem 1.4 are not as complete as one might hope
(see Remark 1.7), they are still sufficient to study the statistical model we gave in Section 1.1 for
the detection of cellular aging from cell lineage when death of cells can occur.

Remark 1.7. Let V = (V,,r > 0) be a Markov chain on a finite state space. We assume V is
irreducible, with transition matrix R and unique invariant distribution w. Then it is well known,
see [17], that % Y iy h(V;) converges a.s. to (i, h) and that, to prove the fluctuations result, one
solves the Poisson equation H — RH = h — (u, h), writes

% g(h(vi) - <M,h>> = % ;(H(vi) - RH(Vi_l))

1 1

+ —RH(Vp) — —=RH(V,), 13
NG (Vo) 7 V) (13)
and then uses martingale theory to obtain the asymptotic normality of \/L; YU HWV) —
RH(V;_1) (we use similar techniques to prove the fluctuations in Theorem 1.4). It then only

remains to say that \/L;R H(Vp) and \/L;R H (V}.) converge to 0 to conclude.
Assume that hypothesis of Theorem 1.4 hold and that x +— P*(x, A) is continuous for all
A € B(S?). Let h € Cpy(S). Theorem 1.4 implies that 1{|G:|>0}ﬁ Ziem h(X;) converges in

probability to (u, /’l>1{w¢()}. To get the fluctuations, that is the limit of

LG0T |T* Z(h(x) >)

zeT*

as r goes to infinity, using martingale theory, one can think of using the same kind of approach in
order to use the result on fluctuations of Theorem 1.4. But then notice that what will correspond
to the boundary term in (13) at time r, %RH (V;), will now be a boundary term over the last
generation G}, whose cardinal is of the same order as |T}|. Thus the order of the boundary term

is not negligible, and we cannot conclude using this approach.
The fluctuations for ), .1« h(X;) are still an open question.
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1.5. Organization of the paper

We quickly study the auxiliary chain in Section 2. We state the results on the weak law of large
number in Section 3. Section 4 is devoted to some preparatory results in order to apply results on
fluctuations for martingale. Our main result, Theorem 5.2, is stated and proved in Section 5. The
biological model of Section 1.1 is analysed in Section 6.

2. Preliminary result and notations

Recall the Markov chain Y defined in Section 1.3.

Lemma 2.1. We have, for f € Bp(S) U B4+(S),
> Elf(Xi)ljern]

—n N ] — ieG,
ELf (Y)] = m 2@; ELf (X)1{ieT+] i 6% PG < T9
=EIf (X)) | I €T, (14)

where I is a uniform random variable on G,, independent of X.

Proof. We consider the first equality. Recall that Yy has distribution v. Fori = iy...i, € Gy,
we have, thanks to (5) and the definition of P*,

ELf (XD)1ie+)] = ELf (X)) Lx,200] = (v, (P ... P) f),
so that

Z ELf(Xi)ljieT+] = Z w, (P...P) )

icGy, i1senine{0,1) o
= (v, (Pg + P)" f) =m" (v, Q" f) = m"ELf (Yn)].

This gives the first equality. Then take f = 1 in the previous equality to get m" = ) ; <G,
P(i € T*) and the second equality of (14). The last equality of (14) is obvious. [

We recall that v denotes the distribution of X5. Any function f defined on S is extended to §
by setting f(d) = 0. Let F be a vector subspace of B(S) s.t.

(i) F contains the constants;

(i) F2:={f* f € F} C F;

(iii) (@) F® F c L'(P(x,-)) forallx € Sand P(fo ® f1) € F forall fy, f| € F;
(b) Foré € {0, 1}, F C Ll(PS*(x, -)) forallx € Sand P§(f) € Fforall f € F;

(iv) There exists a probability measure p on (S, %) s.t. F C LY (@) and limy,— o0 B[ £ (Yn)] =
(u, f)forallx € Sand f € F;

(v) Forall f € F,thereexists g € F s.t. forallr e N, |Q" f| < g;

(vi) F C L'(v).

By convention a function defined on § is said to belong to F if its restriction to S belongs
to F.

Remark 2.2. Notice that if (H) is satisfied and if x P*g(x) is continuous on S for all
g € Cp(S?) then the set Cp,(S) fulfills (i)—(vi).



J.-F. Delmas, L. Marsalle / Stochastic Processes and their Applications 120 (2010) 2495-2519 2503

3. Weak law of large numbers
We give the first result of this section. Recall notations (6), (9) and (10).

Theorem 3.1. Let (X;,i € T*) be a super-critical spatially homogeneous P*-BMC on a GW
tree. Let F satisfy (1)—(vi) and f € F. The sequence (MGZ (f),q € N) converges to (i, f)W

in L? as q — oo, where W is defined by (8). We also have that the sequence (MG; (f)l{\GZ\>0}’
q € N) converges to (., f)1iw=o) in probability when q — oc.

Remark 3.2. Intuitively, one can understand the result as follows. For one individual i picked
at random in (GZ, we get that X; is distributed as Y, and thus, when ¢ is large, as its stationary
distribution . Furthermore, two individuals i and j picked at random in G; have, with high
probability, their most recent common ancestor in one of the first generations. This implies that
X; and X; are almost independent, thanks to ergodic property. In conclusion, the average of
f(X;) over (GZ behaves like (i, f).

One can also get an a.s. convergence in Theorem 3.1 under stronger hypothesis on Y (such as
geometric ergodicity) using similar arguments as in [11], see Theorem 3.8.

Proof. We first assume that (u, f) = 0. We have,
2 2
Y| =B Y] f&Dliery | | = D BLFA(XD ier+] + By
ieG} ieGy ieGy
= mIE[f*(Y)]+ By,
with B, = Z(i,j)eGg, oy E[f(Xi)f(Xj)l{(i,j)e’IF*z}]’ where we used (14) for the last equality.

Since the sum in B, concerns all pairs of distinct elements of G, we have that i A j, the most
recent common ancestor of i and j, does not belong to G,. We shall compute B, by decomposing

L2

this sum according to the generation of k =i A j: B, = Z:’;& > ke, Cr with
Co= Y BSOS jeryy)
(i.))€G2.inj=k
If |k| = g — 1, using the Markov property of X and of the GW process at generation g — 1,
we get
Ce= Y. EEx[fX)fX); jer2ylikers)]
(i.)eGRinj=p
= 2E[P(f ® f)(Xi)ljkeTs]-
If k| < g — 1, we have, with r = |k|,

Ce=2 Y ElEx,[f(X)ljer ) Ex,, [f (X )1jer Mot k1eT)]

(.)eG;_,

=2E| > Ex,[fXdlgersy]l Y. Exy, [f(X)1jer koeTs k1eT?)

iEGq—r—l jEGq,r,1
= 2m*" " VE[Ex,, [ f (Yg—r—D1Ex,, [f Yg—r—1) N roer k1214
= 2m* @ DEP(QIT T F @ 017 ) (X e,
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where we used the Markov property of X and of the GW process at generation r + 1 for the first
equality, (14) for the third equality, and the Markov property at generation r for the last equality.

In particular, we get that Cx = 2m>@~""DE[P(QI7""! f ® Q97" f)(Xi)1jkeT+] for all k
s.t. |k| < g — 1. Using (14), we deduce that

q—1
By =2 m* @7V Y EIPQITf @ Q1T ) (X jer]
r=0

keG,

qg—1
=2 w0, QP @ Q1T ).
r=0

Therefore, we get

2
1Mz ()17, =m0 | > f(Xi)

ieGy 12
q—1
= m B2V +2m 2y m ™ (v, Q" P(QIT T F @ Q17T ). (15)
r=0

As f e F, properties (ii), (iv), (v) and (vi) imply that limg_, oo m~9E[ f 2(Yq)] = 0. Proper-
ties (iii), (iv) and (v) with (i, f) = 0 imply that P(Q9"~' f ® Q47"~1 f) converges to 0 as
q goes to infinity (with r fixed) and is bounded uniformly in ¢ > r by a function of F. Thus,
properties (v) and (vi) imply that (v, Q" P(Q9~"~1 f ® Q97"~! f)) converges to 0 as g goes to
infinity (with r fixed) and is bounded uniformly in ¢ > r by a finite constant, say K. For any
g > 0, we can choose ry s.t. Zr>r0 m~"K < e¢eandqg > rg s.t. for g > gg and r < rg, we have

(v, " P(Q?""1 f @ Q77""1 f))| < &/ro. We then get that for all g > go

g—1 ro gq—1
Dom T, @ PQITTT @I M <Y rpte+ D omTTK < 2e.
r=0 r=0 r=ro+1

This gives that lim,_, o0 Z‘r’;é m~" (v, Q"P(QI" 1 f ® Q47771 f)) = 0. Finally, we get
from (15) that if (u, f) = 0, then limy_, ||M@2 (N2 =0.
For any function f € F, we have, with g = f — (i, f),

Mg (f) = Mgy (2) + (1, fim™IG}.

As g € F and (i, g) = 0, the previous computations yield that lim,_, oo ||]\7IG§ @ll2 =0. As
(m~1|Gyl, g = 1) converges in L? (and a.s.) to W, we get that MG;‘ (f) converges to {(u, f)W
in L2.

Then use that m~9 |G;| converges a.s. to W to get the second part of the Theorem. [J

We now prove a similar result for the average over the r first generations. We set ¢, = E[| T[]

and recall the explicit formulas given at (7). We first state an elementary Lemma, whose proof is
left to the reader, and a second one which gives the asymptotic behavior of |T}|.
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Lemma 3.3. Let (v, r € N) be a sequence of real numbers converging to a € Ry, and m a real
such that m > 1. Let

r

—r—1
wrzg mi~" "y,

q=0
Then the sequence (w,, r € N) converges to a/(m — 1).

The following Lemma is a direct consequence of Lemma 3.3 and of the definition of W given
by (8).

Lemma 3.4. We have lim—, o0 —~ IC ‘ = lim, oo IT =W a.s.

We now state the weak law of large numbers When averaging over all individuals up to a given
generation.

Theorem 3.5. Let (X;,i € T*) be a super-critical spatially homogeneous P*-BMC on a
GW tree. Let F satisfy (i)-(vi) and f € F. The sequence (M1:(f),r € N) converges to

(w, /YW in L? as r — oo, where W is defined by (8). We also have that the sequence
(MT:(f)1Gz >0y 7 € N) converges to (i, f)1{wsoy in probability when r — oo.
Proof. We have

r

> (it (1) = . 1))

q=0

1
=Y FXD) = { )IW

" ieTs

L2 L?

IA

4 ~
gy () = . YW

m—1

,
P —— qu_r_l HMGi(f) -
q=0

The first part of the Theorem follows from Theorem 3.1 and Lemma 3.3. The second part of the
Theorem is thus obtained using Lemma 3.4. [

Remark 3.6. Applying Theorem 3.5 with f = 1 (F contains the constants) immediately yields
that (t7!|T*|, r € N) converges to W in L? as r goes to infinity.

The following Theorem extends those results to functions defined on the mother—daughters

quantities of interest A; = (X;, Xjo, Xi1) € $3. Recall notations (6) and (9).

Theorem 3.7. Let (X;,i € T*) be a super-critical spatially homogeneous P*-BMC on a
GW tree. Let F satisfy (i)—(vi) and | € B(S3). We assume that P*f and P* (f?) exist
and belong to F. Then the sequences (Mq;,* (f),q € N) and (MT*(f) r € N) converge to

(i, P* YW in L?, where W is defined by (8); and the sequences (M((;,; (f)l{‘GZ‘>O}’ q € N) and
(MT;f (NLyGr=0y, r € N) converge 1o (., P* f)liw=oy in probability.

Proof. Recall that MGS f) = Zie@* f(A;). Let us compute ||MG§ f) ||izz
q

IMey (NI = Y BIFAAD e+ Y ELF(ADFANL jyerary]:
i€G, (,)€GE, i#]
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Remark that {i € T*} = {X; # 0}, so that {i € T*} and {(i, j) € T*2} both belong to
o (Xk, k € Ty) forany i, j in G,. We thus apply the Markov property for BMC to obtain

1My (NI = Y BIP*(fH (X jiere)]

ieGy
+ Z E[P*f(Xi)P*f(Xj)l{(i,j)eT*z}]
(i.)€G2, i#j
2
—E| [ X Pran| |-E| e
ieGy ieGy

+E| > PO

ieG}
= | Mg; (P* P)lI7> + ElMg; (P*(f*) — (P* )P)].

Since (m*qMGZ(P*(fZ) — (P*f)?),q € N) converges to (i, P*(f%) — (P*f)?) in L? and
thus in L', we have that m_zq]E[MGZ (P*(fz) — (P*f)z)] converges to 0 as g goes to infinity.

Then, we deduce the convergence of (MG; (f),q € N) and (MG; (NLyGr =05, g € N) from
Theorem 3.1. -

The proof for the convergence of (Mr+(f),r € N) and (M’E;g(f)l{‘([};k‘>()}, r € N) mimics
then the proof of Theorem 3.5. O

To end this section, we state strong laws of large numbers, under stronger assumptions on the
auxiliary Markov chain Y.

Theorem 3.8. Let (X;,i € T*) be a super-critical spatially homogeneous P*-BMC on a GW
tree. Let F satisfy (i)—(vi) and f € B(S3). We assume that P* f and P*(f?) exist and belong
to F. We also suppose that there exist ¢ € F and a non-negative sequence (ar,r € N) s.t.
Y o eN ar2 < oo, andforallx € Sandr € N, |Q"(P*f)(x) — (1, P*f)| < arc(x). Then the
sequences (MGZ (f),q € N) and (M1+(f),r € N) converge to (u, P* YW a.s., where W is

defined by (8), and the sequences (MGZ (f)1{|Gj;|>0}7 qg € N) and (MT:(f)l{‘tho}, r € N)
converge a.s. to {jt, P* f)1{wo).
Proof. Thanks to Lemma 3.4 and the equality
Mg; (f) = (i, P* YW = Mg, (f = (&, P* ) + (m™9|G}| = W)(u, P*f),
proving the a.s. convergence of (1171@:; (f),q € N) amounts to prove the a.s. convergence

of (MG;(g),q € N) to 0, where g = f — (u, P*f). It is enough to show that Zqzo
]E[(]VIG? (g))z] < 00o. But we established in the proof of Theorem 3.7 that

E[(Mg; ()" = Mgy (P*2)II}, +m > E[Mg; (P*(g%) — (P*2)?)],

and since P*f and P*(f?) both belong to F, we get the same for P*g and P*(g%). We
thus know that m 4 E[Mg; (P*(g%) — (P*g)*)] converges, so that 3~ - m’qu[MG:; (P*(g%) —
(P*g)%)] < oo. Finally, to obtain that ZqZO III\F;IGZ(P*g)||%2 < 00, we follow the proofs of
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Corollary 15 and Theorem 14 of [11], and the result is straightforward. Notice that the condition
> ena@r < 00 of [11] can be weakened into ), . a? < oco.

Next, the a.s. convergence of (MT*( f),r € N) is obtained from the previous one and
Lemma 3.3. Finally, Lemma 3.4 allows to deduce the two last a.s. convergence from the previous
ones. [

4. Technical results about the weak law of large numbers

The technical Propositions of this Section deal with the average of a function f when going
through T* via timescales (7, (¢), t € [0, 1]) preserving the genealogical order. In order to define
(tu(2),t € [0, 1]) we need to define I}, set of the n “first” cells of T*. Let (X;,i € T*) be a
super-critical spatially homogeneous P*-BMC on a GW tree and G be the o-field generated by
(X;,i €T).

e We consider random variables (17, g € N¥) s.t. I takes values in the set of permutations
of G; for each ¢. Besides, conditionally on G, these r.v. are independent and for all ¢,

117 is distributed as a uniform random permutation on G7. In particular, given |G}| = k,
(Hq*(l), e Hq* (k)) can be viewed as a random drawing of all the elements of G*, without
replacement.

e For each integer n € N*, we define the random variable p, = inf{k : n < [T}|}, with the
convention inf # = oco. Loosely speaking, p, is the number of the generation to which belongs
the n-th element of T*. Notice that p; = 0.

e Let [T be the function from N* to T* U {dr}, where a7 is a cemetery point added to T*, given
by II(1) = @ and for k > 2:

e = [Tt =T 1D if pi < oo
o1 if pr = +o0.

Notice that I defines a random order on T* which preserves the genealogical order: if k < n
then |II (k)| < |II(n)|, with the convention |dT| = oo. We thus define the set of the n “first”
elements of T* (when |T*| > n):

={II(k),1 <k <nA|T}. (16)

We can now introduce the timescales: for n > 1, we consider the subdivision of [0, 1] given by
{0, Sn, - ... 50}, with s;, = m—*. We define the continuous random time change (7, (1), t € [0, 1])
by

mnt, re [O’m_n]v

T+ (bt — Dm — DGyl telm ™  m 1<k <n 07

T, (1) = {

Notice that 7, (r) < |T*|. The set Il_r o)’ with ¢ € [0, 1], corresponds to the elements of T;‘L—k’

withk = |— ll(;)gg((,;))J + 1, and the “first” fraction (m*z — 1) /(m — 1) of the elements of generation
G*

n—k+1°
For the sake of simplicity, for any real x > 0, we will write M} (f) instead of M I, f)

(recall (9)), with the convention that Ma‘( f) = 0. We thus have, for f € B(S?) e.g.,

L JAIT|

Mi(f)= ) fla)= Z FD - (18)

telU
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Proposition 4.1. Let F satisfy ()—-(vi), f € F and t € [0, 1]. The sequence (m™" M (t)(f)
n € N*) converges to (i, fym(m — 1)"'Wt in L* as n goes to infinity.
Proof. We first consider the case (i, f) = 0. If t = 0, then 7,(f) = 0 and M(’)‘(f) = 0 by

convention. Let ¢t € (0, 1] be fixed. Ther~e exists a unique k > 1 such that m* <t < m—k+L
For n > k, we have, using (17) and that IT preserves the order on T*,

Lz ()]
M:o(H= > fX)= Z FX ) = Mz () + My, (),

€l

where J, = {I1(i), T, x| < i < Lta(2)]}. Notice that J, = ¢ if |G;,_, | = 0 and that, by
convention, we then have M, (f) = 0. Both k and J,, depend on ¢, but since ¢ € (0, 1] is fixed,
we shall not indicate this dependence. Theorem 3.5 implies that m ™" M (f) converges to 0

in L? as n goes to co. Recall G is the o-field generated by (X;, i € T). Since J, C G*

n—k+1° we
have
EL(My, (D291 = Y fX)f(X)E je,y T,
i ]E(Gn k+1
Thanks to the definition of I, we have for i, Jj € Gupy1
Lijec: . VBN jes | T =1y jec: 1 (Mizjyx2 + Li=jyx0),
where, with a = |(m*t — D(m — 1)"1G%_ 1],
a and ala—1)
X1 = X2 = .
[ Gk lUG, eyl =D
Thus, we get
El(M;, ()G =x2 >, FXDFXD+Ga—x) Y. fX)
i,j€Gy 4y i€Gy i
= Mg, (/) +0u - xMg:_,, (f)
< (Mg, () + Mg, (f),
as 0 < x2 < x1 < 1. We thus have
lm™" My, (H)72 < Im ™" Mgz, (Ol72+m " Im ™" Mgz (f)lp- (19)

The first term of the right-hand side of (19) converges to (i, f)W = 0 as n goes to infinity,

thanks to Theorem 3.1. The same Theorem entails that ||m_"M((;,*7k+l( I 11 converges to

E[(1, f2)W], and consequently the second term of the right-hand side of (19) also converges
to Ozas n goes to infinity. We deduce that the sequence (m~"Mj (f), m € N*) converges to 0
in L.

Since m_"M;‘nm(f) = m_nMT:,k (f)+m~"M;, (f), the sequence (m_"M;‘n(t)(f), n € N*)
converges to 0 in L2

Next, we consider the case (i, f) # 0. Weset g = f — (u, f). Since m’”M;k (t)(f) =

m~"M? (l)(g) + (u, fym™" |1, (t)], the Proposition will be proved as soon as we check that

(m™"|1,(t)], n € N*) converges to m(m — 1)~'tW in L.
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The case t+ = 0 is obvious. For ¢ € (0, 1], there exists a unique £ > 1 such that m* <

t < m~*+1 We deduce from (17) that, for 1 < k < n,
[Ty ;| 1 |G} |
—n _ - —k —k+1 k+1 k1
m"t,(t) = (m —1) ( " (m —ﬁ)+m(mt—m ))

Since both m~"|G}| and ¢, 1 |T| converges to W in L? (see Remark 3.6), we finally obtain that
m~"t,(t) converges to m(m — D YwinL2 O

We deduce from (7) and (17), that forz € (0, 1], n > k, where k = L—I]:gg((fn))J + 1, we have

Elt,(1)] = thi + (m*t = DH(m = D'm"* ! = " — Hm — 7L

Thus, Proposition 4.1 implies that ([, (¢)]~ ]M* (t)(f) n € N*) converges to (i, f)W in L?
for all ¢ € [0, 1], which generalizes Theorem 3.5.
In fact the convergence in Proposition 4.1 is uniform in 7.

Corollary 4.2. Let F satisfy ()—(vi), f € F s.t. |f| € F. We set R,(t) = m_”M:n(t)(f) —
(u, fym@m — ='Wt The sequence (Sup;¢(o, 1 |R, (1), n € N*) converges to 0 in L2

Proof. Let f € F s.t. |f| € F. We set f+ = max(0, f) and f~ = max(0, —f). As F is
a vector space, we get that f+ = (f + |f])/2 and f~ = fT — f belong to F. Notice that
|R.(1)| < IRF(®)| + IR, (1)|, where R} (t) = m™" M} (l)(f‘3 (w, fOym@m — 1)"'Wwr for
8 € {+, —}. So it is enough to prove the Corollary for f non-negative. As ¢t m’”M:‘n(t)(f)
and 1 — (, fym(m — 1)"1tW are non-decreasing and R, (0) = 0, we get that for N > 1,

1 _
sup |Ry(1)] < (1, flm(m —1) W+Z|R (k/N).
tel0,1] k=1

Now, use that W € L? and that R, (¢) goes to 0 in L% forallt € [0, 1]to get the result. [

We have a version of Proposition 4.1 and Corollary 4.2 for functions defined on S>.

Proposition 4.3. Let F satisfy ()-(vi) , g € B(S?) s.t. P*g and P*(g?) exist and belong to F.
Let t € [0, 1]. The sequence (m_"M;“n(t)(g), n € N*) converges to (u, P*g)m(m — 1)~ 1tW
in L2

Furthermore, if P*|g| and P*(g|g|) also belong to F then (sup,co 17|Ra(t)l,n € N¥)

converges to 0 in L?, where R,(t) = m™" M* )(g) — (i, P*gym(m — 1)"'Wt, fort € [0, 1].

T (t

Proof. The proof of the first part is similar to the proof of Theorem 3.7. The proof of the second
part is similar to the proof of Corollary 4.2. I

5. Fluctuations

Recalling (18), we shall prove a central limit theorem for the sequence (M (f),n > 1), based
on martingale theorems.

We set H,, = U((An(k),l <k <nA|T),JIk),l <k <n+1)forn > 1,
Ho = 0(Xyg) and H = (H,,n € N) for the corresponding filtration. With the convention

that X, = 0, we notice that X Tt is ‘H,-measurable. Indeed, given (f] k),1<k<n+1),



2510 J.-F. Delmas, L. Marsalle / Stochastic Processes and their Applications 120 (2010) 2495-2519

if 1(n + 1) # oy, we have II(n + 1) = II(j)i for some j € {1,...,n} and i € {0, 1},
and as .Aﬁ(j) = (ij), Xﬁ(j)O’ Xf](j)l) e. H,"’ w.e deduce that XfY(n-H) is ‘H,,-measurable.
In particular, as {|T*| > n + 1} € H,, this implies that 1{|T*|Zn+1}]E[f(Aﬁ(n+1))IHn] =
L 20411 P* f (X 41 for any f € B(S?) such that P*f is well defined. If in addition
P* f =0, then (M;;(f), n € N) is an H-martingale.

We shall first recall a slightly weaker version of Theorem 4.3 from [19] on martingale
convergence. (Theorem 4.3 from [19] is stated for filtrations which may vary with n.)

For u € R4, we denote by u’ its transpose. Let H = (H;, i € N) be a filtration. If (D;, i € N)
is a sequence of vector-valued random variables H-adapted and such that E[D;;|H;] = O for

alli € N, then (D;, i € N) is called an H-martingale difference.

Theorem 5.1 (Theorem 4.3 from [19]). Let H = (H;,i € N) be a filtration. For all n € N¥,
let (Dy,; = (D,(l%g, e, Dr(:li))’,i € N) be a sequence of R9-valued random vectors and an
‘H-martingale difference. For each n € N, let (1,(t),t € [0, 1]) be a non-decreasing cadlag
function s.t. T, (t) is a H-stopping time for all t € [0, 1]. Let (7 (¢),t € [0, 1]) be a R¥*4 _yalued

continuous, possibly random, function. We assume the following two conditions hold:

(1) Convergence of the timescales. For all t € [0, 1], we have the following convergence in
probability:

T (1)

> E[Dyi(Dn) Hi1] —— T,
i=1

(2) Lindeberg condition. For all ¢ > 0, 1 < £ < d, we have the following convergence in
probability:

T (1)

02 P
2 E[wn,i) 1{|D;f3|>e}'”i1} e
i=1 ’

Then (Z,'L:l('” D, i, n € N¥) converges in distribution to B in the Skorohod space D([0, 1])d
of RY -valued cadlag functions defined on [0, 1], where, conditionally on T, (B7(t),t > 0) isa
Gaussian process with independent increments and B (t) has zero mean and variance T (t).

Furthermore the convergence is stable: if (Y,,n € N) converges in probability to Y, then
((Z}Z’l(') ! D, i, Y,), n € N) converges in distribution to (B, Y), where BT is conditionally on
(7, Y) distributed as By conditionally on T, and the distribution of (T, Y) is determined by the
following convergence

Tn(')
<Z E [Dn,i(Dn,i)/|Hi—l] s Yn) % (T, Y)

i=1

We are now able to state the key result about fluctuations. For the sake of simplicity, we will
write P*hk for P*(h*), and if h = (hy, ..., hq) is an R?-valued function, we will write P*h
for (P*hy, ..., P*hg) and (u, h) for ({u, A1), ..., (i, ha))'.

Theorem 5.2. Let (X;,i € T*) be a super-critical spatially homogeneous P*-BMC on a GW
tree and T, be defined by (17). Let F satisfy (i))—-(vi) . Letd > 1,d" > 1, f = (f1,..., fa) €



J.-F. Delmas, L. Marsalle / Stochastic Processes and their Applications 120 (2010) 2495-2519 2511

BSH, g =(g1,...,84) € B(S* such that P*fek exist and belong to F forall1 <€ <d
and1 <k <4, P*gy, P*|g¢l, P*g% and P*gy|gy| exist and belong to F foralll <€ < d'. Let ¥
be a square root of the symmetric non-negative matrix m(m —1)" (i, P*(ff) = (P* f)(P* f)')
andy =m@m — 1), P*g).

Then, the sequence (m’"/zM;‘n(‘)(f —P*f),m™" M;“n(‘)(g)) converges in distribution in the
Skorohod space D([0, 1], Rd+d’) of R yalued cadlag functions defined on [0, 1], to the
process (2~/W B, yWhg), where B is a d-dimensional Brownian motion independent of W,
defined by (8), and hy is the identity function t +— t.

Proof. Notice that 7, defined by (17) is a non-decreasing continuous function s.t. 7,,(¢) is a
‘H-stopping time for all ¢ € [0, 1]. We set for all n, i € N*,

D =m™ (f(Apa) = P X ) L=y

so that (D, ;, i € N) is an H-martingale difference. The matrix (i, P*(ff') — (P* f)(P*f)') is
indeed symmetric and non-negative, so that X' is well defined.
Notice that

E[Dyi (D0, 1Hi-1] = m™ (P*(FF)(X jy))
= (P DX )P K ) T=reey.
The convergence of the timescales (condition (1) of Theorem 5.1) to 7 (t) = X 2Wt, is then a

direct application of Proposition 4.1
For1 < < d, we have

IA

E[<D,5f3>21{w@|>g}mi1} B[00 ]

= 872m72nP*(fe - P*fl)4(Xf](l))1{lS\T*|}

The Lindeberg condition of Theorem 5.1 is then a direct application of Proposition 4.1.

Notice the second part of Proposition 4.3. implies the convergence of ¥,, = m™" M:,.(» (g) to
y Why in probability in the Skorohod space. We then deduce the result from Theorem 5.1. [J

The following result is an immediate consequence of Theorem 5.2.

Corollary 5.3. Let (X;,i € T*) be a super-critical spatially homogeneous P*-BMC on a GW
tree. Let F satisfy (i)-(vi) . Let f € B(S?) such that P* f* exist and belong to F for all
1 <k <4 Let 6> = (u, P*f? — (P*f)?).
Then we have the following convergence in distribution:
_ d)
Les=0) T3 72 Y (£(4) = P*F(XD) = Lwz0 G,

—
ieTs "
n

where G is a Gaussian random variable with mean zero and variance 1 independent of W, which
is defined by (8).
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Proof. Notice that Ziew (f(A) — P*f(X) = Mjn(l)(f) — Mjn(l)(P*f), T = Mjn(l)(l)
and that 1{|G;;|>0} converges a.s. to 1yw;. Then, to conclude, use the stable convergence of
Theorem 5.2, and the fact that the marginals at time 1 converge since the limit is continuous.  [J

The next result gives that fluctuations over different generations are asymptotically indepen-
dent.

Corollary 5.4. Let (X;,i € T*) be a super-critical spatially homogeneous P*-BMC on a GW
tree. Let F satisfy (i)-(vi) . Letd > 1, f1, ..., fa € B(S?) such that P*fzk exist and belong to
Fforalll <¢ <dand1 <k <4. Leto} = (u, P*f} — (P*f)*) for 1 <€ < d.

We set for f € B(S?)

Na(f) = LGz =0 G ™2 (Mg (f — P*f)).

Then we have the following convergence in distribution:

(d)
(Nu(f1)s s Nu—a1(fa)) — Liwx0)(01G1, ..., 04Ga),
where G1, ..., G4 are independent Gaussian random variables with mean zero and variance 1,

and are independent of W, which is defined by (8).
Proof. Notice that forn > k > 0,
Ny = My 7 ED M i~ P
\/Mr -ty D = M ity (D

and 1{|G5\>0} converges a.s. to 1{w+o). To conclude, use the stable convergence of Theorem 5.2
and that the increments of the Brownian motion are independent. [

Lyczi>0)

The extension of the two previous Corollaries to vector-valued functions can be proved in
a very similar way. Notice also that the main results announced in Section 1.4 are by now
established, in the light of Remark 2.2.

6. Estimation and tests for the asymmetric auto-regressive model

We consider the asymmetric auto-regressive model given in Section 1.1. Notice that the
process (X;,i € T) defined in Section 1.1, with the convention that X; = 9 if the cell i is
dead or non existing, is a spatially homogeneous BMC on a GW tree. We shall assume it is
super-critical, that is 2p1 0 + p1 + po > 1.

We compute the maximum likelihood estimator (MLE)

= (5. By. &1 B &g By &' BT B o0 PG )
of 6 given by (4), and k" = (6", 0", 64, 61') of k = (0, p, 00, 01), based on the observation of

asub-tree Ty . Let Tx be the set of cells in T* with two living daughters, T (resp. T) be the
set of cells of T}; with only the new (resp. old) pole daughter alive:

T =(ieT :Aes®), T ={ieT: A e5x{d)} and
T! ={i eT: A €S x {0} xS).
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It is elementary to get that for § € {0, 1},

T Y XX — (1107 2 X | [T X X

n 1ET,1,O ZET,I,O 1ET,1,O
ar = - : (20)
Tt Y X2 - (im0t Y ox,
teTl IGT,I,O
By =TI > Xis — a3 ITYO ™" > X, @1)
ie'JI‘,l,’O ie'JI‘,l,’O
TS~ > XiXis — <|Té,|1 > X,~> <|1r,i|1 > Xi5>
. ieT? ieT? ieT?
Ol5 = ) ,
T3-S X7 — (T8I Y X;
ieT? ieT)
Byt =1ToI7" D Xis — &' ITh 17" D Xi,
ieT) ieT?)
1,0 S
R 1T "1 R T, |
n n n
p ) Ps = T (22)
BT T 5Ty
and
Any2 1 A AN 1
(0")" = 10 Z( +&71), Lo S0 Z gioéi1, and
2T, 2o COR i W
~Any2 ~r2
_ o
=) Z &
ieTy

The residues are
g‘,‘(s = X,‘g — &ngi — ﬁgl fori € T:l’o, and g‘z/é = X,‘g — &énXi — ,33” fori € Tfl.

Notice that those MLE are based on polynomial functions of the observations. In order to use
the results of Sections 3 and 5, we first show that the set of continuous and polynomially growing
functions satisfies properties (i) to (v) of Section 2. The set of continuous and polynomially
growing functions Cpo(R) is the set of continuous real functions defined on R, satisfying that
there exist m > 0 and ¢ > O s.t. forall x € R, | f(x)] < ¢(1 + |x|™). It is easy to check that
Cpol (R) satisfies conditions (i)—(iii). To check properties (iv) and (v), we notice that the auxiliary
Markov chain Y = (¥,, n € N) can be written in the following way:

Y1 = anp1 Yy + by,

with b, = b;l + sye,, where ((a,, b,’q, sp),n > 1) is a sequence of independent identically
distributed random variables, whose common distribution is given by

P(a1=aa,b1=ﬁa,s1=a)=% and P(a; = aj, 3=ﬂg,s1=oa)=%, (23)
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for § € {0, 1}. The sequence (e,,n > 1) is a sequence of independent N'(0, 1) random
variables, and is independent of ((ay, b}, s,),n > 1), and both sequences are independent of
Yo. Notice that Y;, is distributed as Z,, = ajap---a,_1a,Yy + 2221 ayay - - - ax—1by. Since
lax| < max(|aol, la1l, legl, laj]) < 1 for all k € N*, we get that the sequence (Z,,n € N)
converges a.s. to a limit Z. This implies that ¥ converges in distribution to Z. Following the proof
of Lemma 26 in [11], we get that Cpo1(R) fulfills properties (iv) and (v), with u the distribution
of Z.

Proposition 6.1. Assume that the distribution of the ancestor Xy has finite moments of all orders.
Then (1yGz-00",n > 1) and (1{|Gm>0}/€",n > 1) converge in probability respectively to
Liw+0y0 and 1yw+oyk, where W is defined by (8).

Proof. The hypothesis on the distribution of Xy implies that Cyo1(R) fulfills (vi). The result is
then a direct consequence of Theorem 3.7. [

Remark 6.2. Using similar arguments as in Propositions 30 and 34 of [11], it is easy to deduce
from Theorem 3.8 and from the proof of Proposition 28 of [11], that the convergences in
Proposition 6.1 hold a.s., that is the MLEs 6" and k" are strongly consistent.

From the definition of Z,, we deduce that in distribution Z (i)alz’ + by, where Z’ is
distributed as Z, and is independent of (aj, b1) (see (23) for the distribution of (ay, b1)). This
equality in distribution entails that

2aBB/(1 — @)+ B2+ o2

w1 =E[Z] = and pp =E[Z%] = ; 24)

1—

Qi

l—«

where & = E[a1], o = E[a?], B = E[b1], B2 = E[b}], @B = Elaibi] and 02 = E[s?].
We can now state one of the main results of this section.

Proposition 6.3. Assume that the distribution of the ancestor Xy has finite moments of all
orders. Then (1{|GZ|>0}|T;|1/2(9" —0),n > 1) converges in law to 1iw-+0yG11, where G, is a
11-dimensional vector, independent of W defined by (8), of law N (0, X), with

o’K/pro  po’K/pio 0 0 0
po’K/pro  o*K/pio 0 0 0
XY= 0 0 o2 K /po 0 0], where
0 0 0 ofK/p1 0
0 0 0 0 I
- L =
K= (u—udH)™! d
(n2 = py) <—M1 Mz) an
p1,0d —pro)  —pop1o —P1P1,0
I= —Pop1,0 po(l —po)  —pop1
—P1P1,0 —pop1 p1(1 — p1)

Remark 6.4. Notice that the eight first terms of 6 are the parameters of the bifurcative auto-
regression model given by (1)—(3). In that framework, the matrix (M (y);, i Pell,...8)2 where
M (y) is defined in the proof below, is the inverse of X'X (up to a factor |T}|), where X would
be the design matrix of the bifurcative auto-regression, extending the notion defined in linear
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regression. In the same way, the vector U" also defined in the proof below, coincides with
T |~1/2X"e, where ¢ is the vector of error terms in the auto-regression. The formulas of standard
linear regression giving the parameter’s estimator and the difference between this estimator
and the parameter, still hold in our framework of bifurcating auto-regression. Our proof thus
consists in showing the convergence in probability of |T5[(X'X y~1, and that of |TZ|_1/ 2X'e in
distribution, with the stability of that last convergence.

Proof. This proof follows the idea of the proof of Proposition 33 of [11]. Let us introduce
& = 1{|G;\>0}|T;|l/z(9" — 0). We can rewrite &, as &, = ¢(U", Y,), where p(u, y) = M(y)u
(u € R,y € R%), with M(y) a matrix depending on y, defined by

Ny, y2, y3) 0 0 0 0
0 N1, y2, ¥3) 0 0 0
M(y) = 0 0 N(y4, y5, ¥6) 0 01,
0 0 0 N(y7,y8,y9) O
0 0 0 0 I

where I3 stands for the unit matrix of size 3, and

[ ¢/b —a/b
N(a,b,c) = (—a/b b+ az)/(cb>> ’

As for the vectors Y, and U", the first one, Y,, is a random vector of R, defined by
Yl‘l = 1{|G?,;|>0}(Al‘lv B}’la Cﬂ9 Ag’ B;?a C;?’ A;!p By%a Cyll)7 Wherev fOI‘ 8 € {0’ 1}’

Av=1T57" >0 X4,

ieT,l,’O

By=Cy (1T D0 xF | = 1T~ >0 xi ]
ie']l‘,'{o ie?l‘,ll’o
Cn =TT,
A =T > X
ieT?
2
Bi=c)[1ms ™' Y x7 |- (im ' Yo xi | .
i€ ieT?
Ch =TI~ 1Tl
The second one, U", is a random vector of R!!, defined by:

Mry(fi) = Myio(Pf)  fori € {1,2,3,4),
M (fi)) — Mpo(Pfi)  fori € {5, 6},
Mr; (f;) — My (Pf;)  fori € {7.8),
Mr:(f;) — My (P* f;) fori € {9,10,11},

Ul' = 1ygz50) | T51~1/% x

1

where fi = xylg, fo = ylg, f3 = xzlg, fa = 2lg, f5 = Xylg, 5 fo = Yls24(a)s
J1=xX2L5x(3)xs, f3 = Zlsx(a)xs, fo = 1g3, flo = 1g2, (5 and f11 = Lgxqayxs-
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The proof is thus organized as follows: in step 1, we prove the convergence in distribution of
(U™, n > 1), and the stability of this convergence. In step 2, we establish the convergence in
probability of (Y,, n > 1). Finally, in step 3, we deduce the result.

Step 1. In order to use Theorem 5.2, we write U" as U" = LV", where L is the matrix

R(p1.0) 0 0 0 0
0 R(p1,0) 0 0 0
L = 0 0 R(po) 0 0],
0 0 0 R(p1) O
0 0 0 0 Iz

. 1 -1
WlthR(p):(O 0/1’ (1) —{)/p>’

and where V" is the random vector of R!?, defined by
V" = 1G0T 2 (M2 (g — P*g)),

with o1 = fi fori € {1,..., 8}, g = (P* f)lgs fori € {1,..., 4}, goi = (P* )l g2, (g, for
i €{5,6}, 820 = (P* fi)Lgxiayxs fori € {7,8}, g17 = 13, g18 = L2, (5, and g19 = Lgx(o}xs-

Now, Theorem 5.2 entails that (m "/ 2M;‘n(,)(g — P*g),n > 1) converges in distribution in the

Skorohod space D([0, 1], R'®), to \/m(m — 1)~!W T'B, where 7 is a square root of the symmet-
ric non-negative matrix (u, P*(gg") — (P*g)(P*g)’), and B a 19-dimensional Brownian motion
independent of W. Besides, this convergence is stable. This immediately leads to the conver-
gence of (V",n > 1) to 1yw0) T H, where H is a gaussian vector of law N0, I19). Indeed, the
projection f +— f(1) is continuous on the Skorohod space, which gives the convergence in dis-
tribution of m_”/zMT; (g—P*g) = m_”/zM:‘n(l)(g — P*g). Next, since this convergence is still
stable, and since (1{|G;|>0}m"/2|’]I‘Z|’1/2, n > 1) converges a.s. to I{W;,go}(\/m(m — 1! W)71
(see Lemma 3.4), we get the convergence in distribution of (V”*, n > 1). Notice that this conver-
gence is still stable.

To close step 1, recall that U" = LV", so that the sequence (U”",n > 1) converges in law to
1{w0)G, where G is a centered gaussian vector of R1Y, independent of W, and with covariance
matrix

o’prok™"  po’pioK”! 0 0 0
pa’piok™t o?pioK! 0 0 0

Q0= 0 0 odpok ! 0 0
0 0 0 olmK' 0

0 0 0 0 r

This last convergence is once again stable.

Step 2. The convergence in probability of the sequence (Y,, n > 1) follows from Theorem 3.7,
since each component of Y, is a continuous function of quantities MTﬁ (h), with & functions of
B(8?), such that P*h and P*(h?) exist and belong to F, since F is the set Cpol(R). Computations
give that the limit of (¥, n > 1) is 1{w+0y 4, where A is given by

A= (p1oum1, P12,0(M2 — 1), Pros Poitt, Pg(ia — 1), pos piit, pi(ea — 1), pr).
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Step 3. Previous steps give that the sequence ((U",Y,),n > 1) converges in distribution to
w0} (G, A). Remind that §, = ¢@(U",Y,), and since ¢ is continuous, (§,,n > 1) con-
verges in law to 1{w0)¢(G, A), so to speak to 1{w-oyM (A)G. Since A is non-random, G :=
M (A)G is a centered gaussian vector, independent of W, whose covariance matrix is given by
M(A) QM (A)'. Notice that

K/p1o 0 0 0 0
0 K/pio 0 0 0
MH=| o 0 K/po 0 0],
0 0 0 K/p1 O
0 0 0 0 I3

which immediately gives that the covariance matrix of Gy is Y. [

Remark 6.5. Proposition 6.3 deals with the asymptotic normality of the MLE of 6 based on the

observation of the sub-tree T} - IFL(Xi i € T +1- ) denotes the corresponding log-likelihood

function for 6, the Fisher information, say 7,11, is given by

PL(X;,i € Tj‘l+1,0)]

0006’

In+1 =-E |:

Using Theorem 3.7, one can check that lim,_, » I,,+1/E[|']I‘Z+1 1 = >~ This is the analogue
of the well-known asymptotic efficiency of the MLE for parametric sample of i.i.d. random
variables.

Let 6} ¢ (resp. é]’l,o) stand for (o, Bo, @1, B1) (resp. (&0, AR, &7, BM)).

Remark 6.6. Proposition 6.3 is quite similar to Proposition 33 in [11]. One of the main
differences comes from the factor pl_(l) in front of the matrix K in the asymptotic covariance

matrix for the estimation of 6 with éfo. As a matter of fact, this factor comes from the

1/2

normalization by |T}|'/~, number of living cells up to generation n, whereas this estimation is

related to the cells with two living daughters, which would induce a normalization by |']I‘,11’0| 172,
Since 1{|T§‘>0}|T,11’0| /IT%| converges in probability to pi ol{w=o}, such a normalization would

suppress the factor pig), see the following Corollary.

Corollary 6.7. Assume that the distribution of the ancestor Xy has finite moments of all orders.
Then (1{|G;‘>0}|T},’0|1/2(éf’0 — 61,0),n = 1) converges in law to 1iw+0yG4, where G4 is a
4-dimensional vector, independent of W defined by (8), with law N (0, X'), with

r_ 2o K pK P N B e B |
Y=o (pK K)’ where K = (2 — j17) <—M1 Mz)'

This way, this result is formally the same as Proposition 33 of [11], but one should notice that
w1 and up are not defined the same way as in [11], since here they also depend on the parameters
concerning cells with dead sisters. See Egs. (2), (3), (23) and (24).

In order to detect cellular aging, see [11] in the case of no death (m = 2), we consider the
null hypothesis Hy = {(xg, fo) = (a1, B1)}, which corresponds to no aging, and its alternative
Hy = {(«o, Po) # (a1, B1)}. Notice that 0 — w©1(0) and (0, k) — u2(0, k) given by (24) are
continuous functions defined respectively on & = ((—1, 1) x R)4 x ([0, 11 \ {0,0,0}) and
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O x 10, +00[>. We set iy = w1 (") and sy = wa (0", k™). Proposition 6.8 allows to build a
test for Hy against Hj. Its proof, which is left to the reader, follows the proof of Proposition 35
of [11] and uses Corollary 6.7, the value of the extinction probability n = P(W =0) =1 — ";rol R
where W is defined by (8), and Remark 6.2. ,

Proposition 6.8. Let U and V be two independent random variables, with U distributed as a x>
with two degrees of freedom, and V a Bernoulli random variable with parameter 1 — 1.

Assume that the distribution of the ancestor Xy has finite moments of all orders and define the
test statistic

1,0
|Tl’l’ I A A 2, A ~ 2 ~ ~ ~ A Ans2
= m {(a’é —a)= (s — ()7 + (6 — aP iy + By — BY) }

Then, the statistics (1{|G;|>0}§n, n > 1) converges under Hy in distribution to UV, and under
Hias. to0on{V =0} and +oco on {V = 1}.

Sn

Remark 6.9. Let us assume that:

e Death occurs, thatis m € (1, 2).
e There is no difference for the marginal distribution of a daughter according to her sister is
dead or alive; that is oy = a5 and S5 = Bs for § € {0, 1}.
e For simplicity, the death probability is symmetric, that is pgp = p;.
If one uses the statistics given by Proposition 33 in [11] with all the available data, that is if
one uses

e Formula (20) and (21) with ']I‘,ll’o replaced by T,ll’o U Ti;
e The variance estimator:

1
ANnN2 a2 a2 a2 a2 .
6" =T =1 Yo G +ED+ Y B+ Y &
n+1

ieTh? ieT? ieT)}

(Notice that we divide by |T* 1 as this is equal to the total number of data: 2|TL°] +
ITO| + |TL.)

I s LoAn 1 ALALL
e Keep the same estimation of the correlation: p" = GO Zi Tl 0 Ei08i13

il =

then one checks that, as n goes to infinity, 1(Gx|>0) |T| 1/2 (é" — 6) converges in distribution
to 1w +0yG, where G is a centered Gaussian vector with covariance matrix

K pp1,0(p1,0 + Pl)_1K>

2 —1
o“(p1,0 + p1) ( _
P P or1o(pro+ p) K K

where K is as in Proposition 6.3; and G is independent of W, which is defined by (8). Then, it is
not difficult to check that the statistics proposed by Guyon in Proposition 35 of [11], converges
under Hy towards cUV, with U and V as in Proposition 6.8 and

. (pro+ p) "' — ppio(pro+ Pl)_l).
(1—p)
As p € [—1,1], p1o+ p1 > 1/2 (because m > 1 and pp = p1), and 2p; + p1,o < 1, one can
check that ¢ > 1. In particular, using the test statistic designed for cells with no death to data of
cells with death leads to a non-conservative test.
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