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Abstract. Conditioning a multitype Galton-Watson process to stay alive into the
indefinite future leads to what is known as its associated @-process. We show that
the same holds true if the process is conditioned to reach a positive threshold or
a non-absorbing state. We also demonstrate that the stationary measure of the
Q-process, obtained by construction as two successive limits (first by delaying the
extinction in the original process and next by considering the long-time behavior of
the obtained Q-process), is as a matter of fact a double limit. Finally, we prove that
conditioning a multitype branching process on having an infinite total progeny leads
to a process presenting the features of a Q-process. It does not however coincide
with the original associated @-process, except in the critical regime.

1. Introduction

The benchmark of our study is the Q-process associated with a multitype Galton-
Watson (GW) process, obtained by conditioning the branching process Xy on not
being extinct in the distant future ({Xg4n # 0}, with n — 400) and on the event
that extinction takes place ({lim; X; = 0}) (see Nakagawa, 1978). Our goal is to
investigate some seemingly comparable conditioning results and to relate them to
the @-process.

After a description of the basic assumptions on the multitype GW process, we
start in Subsection 1.4 by describing the “associated” branching process, which will
be a key tool when conditioning on the event that extinction takes place, or when
conditioning on an infinite total progeny.

We shall first prove in Section 3 that by replacing in what precedes the condi-
tioning event {Xi4n # 0} by {Xy4n € S}, where S is a subset which does not
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contain 0, the obtained limit process remains the QQ-process. This means in particu-
lar that conditioning in the distant future on reaching a non-zero state or a positive
threshold, instead of conditioning on non-extinction, does not alter the result.

In a second instance, we focus in the noncritical case on the stationary measure
of the positive recurrent @-process. Formulated in a loose manner, this measure
is obtained by considering {Xy | Xx4n # 0}, by delaying the extinction time
(n = o), and by studying the long-time behavior of the limit process (k — o).
It is already known (Nakagawa, 1978) that inverting the limits leads to the same
result. We prove in Section 4 that the convergence to the stationary measure still
holds even if n and k simultaneously grow to infinity. This requires an additional
second-order moment assumption if the process is subcritical.

Finally, we investigate in Section 5 the distribution of the multitype GW process
conditioned on having an infinite total progeny. This is motivated by Kennedy’s
result, who studies in Kennedy (1975) the behavior of a monotype GW process X
conditioned on the event {N = n} as n — +oo, where N = 3,5 X}, denotes the
total progeny. Note that the latter conditioning seems comparable to the device
of conditioning on the event that extinction occurs but has not done so by gener-
ation n. It is indeed proven in the aforementioned paper that in the critical case,
conditioning on the total progeny or on non-extinction indifferently results in the
Q-process. This result has since then been extended for instance to monotype GW
trees and to other conditionings: in the critical case, conditioning a GW tree by its
height, by its total progeny or by its number of leaves leads to the same limiting
tree (see e.g. Abraham and Delmas, 2014; Janson, 2012). However, in the noncrit-
ical case, the two methods provide different limiting results: the limit process is
always the Q-process of some critical process, no matter the class of criticality of the
original process. Under a moment assumption (depending on the number of types
of the process), we generalize this result to the multitype case. For this purpose
we assume that the total progeny increases to infinity according to the “typical”
limiting type proportions of the associated critical GW process, by conditioning
on the event {N = |nw|} as n — oo, where w is a left eigenvector related to the
maximal eigenvalue 1 of the mean matrix of the critical process.

1.1. Notation. Let d > 1. In this paper, a generic point in R? is denoted by
x = (x1,...,74), and its transpose is written x?. By e; = (8; j)1<j<a we denote
the i-th unit vector in RY, where d; ; stands for the Kronecker delta. We write
0=(0,...,0) and 1 = (1,...,1). The notation xy (resp. |x]) stands for the
vector with coordinates x;y; (resp. |;|, the integer part of ;). We denote by x¥
the product H?Zl z¥". The obvious partial order on R? is x < y, when z; < y; for
each i, and x < y when z; < y; for each i. Finally, x -y denotes the scalar product
in R?, ||x||; the L'-norm and ||x||2 the L2-norm.

1.2. Multitype GW processes. Let (Xj)r>0 denote a d-type GW process, with n-th
transition probabilities P, (x,y) = P(X1n =y | Xx =x), k, n € N, x, y € N9,
Let £ = (f1,..., fa) be its offspring generating function, where for each i =1...d
and r € [0,1]%, f; (r) = Ee, (r®') = Yy cya i (k) ¥, the subscript e; denoting the
initial condition, and p; the offspring probability distribution of type ¢. For each
i, we denote by m® = (my1,...,m;q) (resp. X¢) the mean vector (resp. covariance
matrix) of the offspring probability distribution p;. The mean matrix is then given
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by M = (mi;)1<i,j<a- If it exists, we denote by p its Perron’s root, and by u and v
the associated right and left eigenvectors (i.e. such that Mu? = pu®, vM = pv),
with the normalization convention u-1 = u-v = 1. The process is then called critical
(resp. subcritical, supercritical) if p = 1 (resp. p < 1, p > 1). In what follows we
shall denote by f,, the n-th iterate of the function f, and by M" = (m{"”)1<; <d
the n-th power of the matrix M, which correspond respectively to the generating
function and mean matrix of the process at time n. By the branching property, for
each x € N?, the function fX then corresponds to the generating function of the
process at time n with initial state x, namely Ey (r¥») = f,, (r)*. Finally, we define
the extinction time 7' = inf{k € N, X}, = 0}, and the extinction probability vector
a=1(q1,---,q4), given by q; =Pe, (T < +00),i=1...d.

1.3. Basic assumptions.

(A1) The mean matrix M is finite. The process is nonsingular (f(r) # Mr), is
positive regular (there exists some n € N* such that each entry of M" is
positive), and is such that q > 0.

The latter statement will always be assumed. It ensures in particular the existence
of the Perron’s root p and that (Karlin, 1966),

nll}r_{loo p_"ml(-?) = u;v;. (1.1)

When necessary, the following additional assumptions will be made.

(Ay) Foreachi,j=1...d, Ee,(X1,;InX; ;) < +oc.
(A3) The covariance matrices X, i = 1...d, are finite.

1.4. The associated process. For any vector a > 0 such that for each i = 1...4,
fi(a) < 400, we define the generating function f = (f, ..., f;) on [0, 1] as follows:

- _ fi(ar)
h =@

the GW process with offspring generating function

1=1...d.

We then denote by (Xk)k>0

f, which will be referred to as the associated process with respect to a. We shall
denote by P,, D, etc. its transition probabilities, offspring probability distributions
etc. We easily compute that for each n > 1,43 = 1...d, k € N? and r € [0, 1],

denoting by * the convolution product,

— _ a* *n, T _ fn,i (ar)

P (&) P00, i) = 25 (12
Remark 1.1. It is known (Jagers and Lageras, 2008) that a supercritical GW process
conditioned on the event {T" < +oo} is subcritical. By construction, its offspring
generating function is given by r — f;(qr)/¢;. Since the extinction probability
vector satisfies f(q) = q (Harris, 1963), this means that the associated process
(Xk)kzo with respect to q is subcritical.
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2. Classical results: conditioning on non-extinction

2.1. The Yaglom distribution (Joffe and Spitzer, 1967, Theorem 3). Let (Xk)k20
be a subcritical multitype GW process satisfying (4;). Then for all xo,z € N9\ {0},
lim Py, (Xi =2z | Xy #0) =v(z), (2.1)

k——+o00
where v is a probability distribution on N\ {0} independent of the initial state x.
This quasi-stationary distribution is often referred to as the Yaglom distribution
associated with (Xy);,. We shall denote by g its generating function g(r) =
>az0 V(z)r%. Under (A2), v admits finite and positive first moments

1
8(’;:) —uy7Y, i=1...d, (2.2)
where v > 0 is a limiting quantity satisfying for each x € N¢\ {0},
lim p "Py (X #0) = yx-u. (2.3)
k—+oo

2.2. The Q-process (Nakagawa, 1978, Theorem 2). Let (Xk)k;>0 be a multitype
GW process satisfying (A;). Then for all xo € N\ {0}, k1 < ... < k; € N, and
X1,...,%; € N9,

lim Py, (Xk1 =X1,.., X, =X | X400 #0, T < —l—oo)

n—-+4oo
1 X -u — _
- P XO—.ﬁPXU (Xk1 =Xy, Xgy = Xj) , (2.4)
where (Xk)zoo is the associated process with respect to q. As told in the introduc-

tion, this limiting process is the Q-process associated with (Xy,) k>o- 1t is Markovian
with transition probabilities

ly a5 1 . sy-u
Ql(xay):_—ﬁpl(xvy)::qy —Pl(xuy)v X,yENd\{O}.

pX- p X-u
If p > 1, the Q-process is positive recurrent. If p = 1, it is transient. If p < 1,
the @Q-process is positive recurrent if and only if (As) is satisfied. In the positive
recurrent case, the stationary measure for the Q)-process is given by the size-biased
Yaglom distribution

#(Z):Z

z-uv(z)

——, ze N\ {0}, (25)
yeNd\{o} ¥ "WV (¥)

where 7 is the Yaglom distribution associated with the subcritical process (Xk) £>0°

2.3. A Yaglom-type distribution (Nakagawa, 1978, Theorem 3). Let (Xk)k>0 be a
noncritical multitype GW process satisfying (A1). Then for all X,z € N4\ {0} and
n € N, limy, Py, (Xj, = 2 | Xpin # 0, T < +00) = 7™ (z), where 7™ is a proba-
bility distribution on N7\ {0} independent of the initial state xo. In particular,
70 = 7 is the Yaglom distribution associated with (Xk) k>0 the associated sub-
critical process with respect to q. Moreover, assuming in addition (A2) if p < 1,
then for each z € N¢\ {0}, lim,, 7" (z) = 7i (z) .
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3. Conditioning on reaching a certain state or threshold

In this section we shall generalize (2.4) by proving that by replacing the condi-
tioning event {Xg,+» # 0} by {Xi,+n € S}, where S is a subset of N®\ {0}, the
obtained limit process remains the @-process. In particular, conditioning the pro-
cess on reaching a certain non-zero state or positive threshold in a distant future,
i.e. with

S={y}, S={xeN’, x|i =m}or §={xe N, |x] >m},

(y # 0,m > 0), leads to the same result as conditioning the process on non-
extinction.

In what follows we call a subset S accessible if for any x € N9\ {0}, there
exists some n € N such that Py (X,, € S) > 0. For any subset S we shall denote
Se =N\ ({0}uUS).

Theorem 3.1. Let (Xy),, be a multitype GW process satisfying (A1), and let

S be a subset of N4\ {0}. If p < 1 we assume in addition one of the following
assumptions:

(a1) S is finite and accessible,
(az) S¢ is finite,
(a3) (Xi)pso is subcritical and satisfies (Az).

Then for all xo € N4\ {0}, k1 < ... < k; € N* and x4,...,x; € N¢,
lim Py, (Xk1 =xX1,.., X, =X | Xp;4n €8, T < —l—oo)

n—-+oo
1 x;-u _—
= pkj XO—UPXO (:)(]C1 _X17...,X.kj :XJ) N (31)
where (X’C)po 1s the associated process with respect to q.

Proof: Note that if p > 1, then q < 1 (Athreya and Ney, 1972) which implies
that Ee, (X1,;In X1 ;) < +00, meaning that (Xk)k>0 automatically satisfies (Az).
Thanks to Remark 1.1, we can thus assume without loss of generality that p <1
and simply consider the limit

lim Py, (Xk1 =X1,..., X, =X | Xp;4n € S)

n—-+4oo

Py, (X, € 5)
= B (K =1, Xy =) gy

Let us recall here some of the technical results established for p < 1 in Nakagawa
(1978), essential to our proof. First, for each 0 < b<c <1l and x € N¢,

v (foi2 (O) —Int1 (O)) -

(3.2)

lim =, 3.3
N i 0 -, 0) 7 33
. £, (c)* — £, (b)"
1 =x- 4
nteo v (Fr(€) — £, (b)) (34)
Moreover, for each x,y € N9\ {0},
lim f"“ (Ox =), (3.5)

0)
P, (x,y) = (7 (y) + e (x,¥)) (fur1 (0)* — £, (0)%) (3.6)
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where lim, &, (x,y) = 0 and 7 is the unique measure (up to multiplicative con-
stants) on N?\ {0} not identically zero satisfying > y20T(Y)P(y,2z) = pr(z) for
each z # 0. In particular, if p < 1, 7 = (1 — p)_1 v, where v is the probability
distribution defined by (2.1).
Let us first assume (a1). By (3.6)
Pr, (X, €9) _ S,eqPul2)
PXO (ij-l-n € S) Zzes Pﬂ-i-kj (X0a Z)
. m (S) +én (Xj) £ (O)Xj —f, (O)Xj
(S) + enstry (%0) fae; 1 (0) — fugk, (0)™
where lim, £, (x) = lim,, ) 0, g €, (x,2) = 0 since S is finite. On the one hand, we
can deduce from (3.3) and (3.4) that
fnJrl (O)Xj — fn (O)xj - 1 Xj -
n=too £ 4p 41 (0 — fopk, (00 pMoxp-u

(3.7)

On the other hand, m being not identically zero, there exists some yo € N\ {0}
such that 7 (yo) > 0. Since S is accessible, there exists some zg € S and k € N*
such that Py (yo,Zo) > 0, and thus

too>m(S)2m(zo)=p " Y. w(y)Pily,z0) = p "7 (y0) Pk (yo,20) > 0.
yeN?\{o}
From (3.7) we thus deduce that (3.2) leads to (3.1).
Let us now assume (az). We can similarly deduce from (3.6) that
Py, (X, € 5)
ng (ij+n € S)
L6 (0)% — (1(89) + 2 () (Fun (00 — £, (0))
T Fron, (07 — (7 (5%) + 2nety (50 (e 1 (00 — Forr, (017)

with 0 < 7 (S¢) < +o0 and lim,, &, (x) = limy, ), gc €n (X,2) = 0 since S° is finite.
Note that (2.4) implies that

(3.8)

, 1—f£,(0)™ 1 xj-u
lim X0 = Tk
n—+oo 1 — £, (0) pFixp-u

)

which together with (3.5) enables to show that (3.8) tends to p~*i ;ﬂ)‘; as n tends
to infinity, leading again to (3.1).

Let us finally assume (a3). Then we know from Nakagawa (1978, Remark 2) that
7(z) > 0 for each z # 0, hence automatically 0 < 7(S) = (1—p) "' v (S) < +oc.
Moreover, v admits finite first-order moments (see (2.2)). Hence for any a > 0, by
Markov’s inequality,

P, (x,2)
En (X,Z) < |5n (X,Z)| + X X —7T(Z)
% 2 2 050
llzll1<a lz]l1>a

L E(Xal) 1 15R0g)

< n ) - X X -
z;g len (x,2)] + af,+1(0)" —1£,(0) l—pa= 0r
Izl <a
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We recall that by (2.3), lim, p=" (£,41 (0)* — £, (0)*) = (1 — p)vx - u, while by
(1.1), lim, p~"Ex (|| Xn]l1) = E;‘i,jzl x;u;v;. Hence the previous inequality ensures
that lim,, ), g en (x,2) = 0. We can thus write (3.7) even without the finiteness
assumption of S, and prove (3.1) as previously. O

4. The size-biased Yaglom distribution as a double limit

From Subsection 2.2 and Subsection 2.3 we know that in the noncritical case,
assuming (Asp) if p < 1,

lim  lim Py, (X =2 | Xpgn #0, T < +00) = kgrfoo Q. (x0,2) =71 (2),

k—+00 n—+00

lim lim Py, (Xp =2 | Xpyn #0, T < +00) = lim 7™ (z) =7i(z).

n—+00 k—+o00 n—-+oo
We prove here that, under the stronger assumption (A4s) if p < 1, this limiting
result also holds when k and n simultaneously tend to infinity.

Theorem 4.1. Let (Xy),, be a noncritical multitype GW process satisfying (A1).
If p < 1, we assume in addition (Az). Then for all xo € N%\ {0} and z € N?,
ngrfoonO Xp =2 | Xiyn #0, T < +0) =7 (2),
k—+o00
where T is the size-biased Yaglom distribution of (Xk)
with respect to q.

k>0 Uhe associated process
=

Remark 4.2. This implies in particular that for any 0 < ¢t < 1,
lim Py, (X =2 | X #0, T < +00) =T (2).

k— o0

Remark 4.3. In the critical case, the Q)-process is transient and the obtained limit
is degenerate. A suitable normalization in order to obtain a non-degenerate prob-
ability distribution is of the form Xy /k. However, even with this normalization,
the previous result does not hold in the critical case. Indeed, we know for instance
that in the monotype case, a critical process with finite variance o2 > 0 satisfies
for each z > 0 (Lamperti and Ney, 1968),

lim lim Py (% < 2| Xign # 0) =1 —e_%,

k—+o00 n—+o0
. . Xk _ 2z 2z _ 2z
— = — o2 — — o2,
e (B s ) 1B
Proof: Thanks to Remark 1.1 and to the fact that if p > 1, E, (Yl,jyl,l) < 400,
we can assume without loss of generality that p < 1. For each n, £ € N and
r € [0,1)%,
Exy (% 1x,1020) = 3 Pay (X = 3) 1Py (X, = 0) = £y (vf, (0)),
y€ENd
which leads to
Exo (I‘Xk) — Exo (I‘X" 1xk+n:0)
1= Pxy (X4n =0)
fi (0)™ — £ (rf, (0))™

= e (4.1)

EXO [er | Xk-i-n 7& 0] =
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By Taylor’s theorem,

d X0 (1
B — B (ef (0 = 3 P 1 £, (0)

riri (1= fni(0)) (1= fn; (0) [ P (r —tr (1 - £, (0)))
_w:zlmd 2 /0 (1-1) or;0r; i,
(4.2)
with
6f8‘; Z To,j flw_ fi, (r)*° %7, (4.3)
) i=1 T

kafk ](

Let us first prove the existence of limy p " for each i ,j and r € [0,1]<.

For each k, p € N and a > 0,
) Ofey(r) - (+9) Ofktpj (r)’

87“1- 8ri
< Z zir* % p " Py(ej,z) — p~ TP Py (e, 2)
zeN?
llzll2<a

+ 0 Be; (Xkilyxyaza) + 0~ P Ee; (Xiipiljx,yplaza) - (44)

By Cauchy-Schwarz and Markov’s inequalities, Ee, (Xi,i 1%, 2/>a) < 2Ee, (| Xk/13)-
For each x € N?, let Cx.i; be the matrix (Ex(Xx,: Xk, j))1<i,j<d- According to Harris
(1963),

k d
Cre = (MT)FCy oM* + > " (MT)F <Z SR, (an,i)> MF™, (4.5)
n=1 i=1

Thanks to (1.1) this implies the existence of some C' > 0 such that for all £ € N,
pFEe, (|| Xk|13) = p~* ZZ 1[Ce, klii < C, and the two last right terms in (4. 4) can
be bounded by 2Ca~!. As for the first right term in (4.4), it is thanks to (2.3) and
(3.6) as small as desired for k large enough. This proves that (p*kajg’—ji(r))k is a
Cauchy sequence.

Its limit is then necessarily, for each r € [0, 1]%,

o xOfk (x) 99 (r)
k ) — .
kgriloo 87”1' Ui 8Ti ’

(4.6)

where ¢ is defined in Subsection 2. Indeed, since assumption (As) ensures that (Asg)
is satisfied, we can deduce from (2.1) and (2.3) that limg p=*(fx;(r) — fx,;(0)) =

~vu;g(r). Hence, using the fact that 0 < p_kafg’—,fi(r) < p_kmg-lf), which thanks to

(1.1) is bounded, we obtain by Lebesgue’s dominated convergence theorem that for
each h € R such that r + he; € [0,1]¢,

Yyu;g(r 4 he;) — yu;g(r)
h _kafk)j (I‘ =+ tei) gt = /h
0

= lim p

lim p—k 8fk,j (I‘ + tel)
k—+oo Jo 8Ti

dt,
k— o0 87“1-

proving (4.6).
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In view of (4.2), let us note that for each r € [0, 1]¢, there exists thanks to (1.1)
and (4.5) some C' > 0 such that for each k € N, 0 < 7’“8:’“ o) < < p PEx[Xp,j (Xpi—
d;7)] < C, hence for each k, n € N,

p—k/ol 1oy LHE-trQ-£0), C

87”1'873 = 5
Together with (2.3) this entails that the last right term in (4.2) satisfies
1
(k) ri7j (1 = fni (0)) (1 = fn; (0)) _
ngr}rloop Z 5 ; ... dt=0.
k—+4o00 i,7=1...d

Moreover, we deduce from (4.3), (4.6) and lim,, f,,(r) = 1 that the first right term
n (4.2) satisfies

d
_ of° (r dg (r)
(k+n) _ A2 . 2.
Zgrfoo p Z % — fni(0)) =7"x0 -1 Z} rii— -
——+o0 =

Recalling (4.1) and (2.3), we have thus proven that for each r € [0, 1],
=, )
nEmOOIExO[ |Xk+n7é0}:72mui or Z z-uv(z)r”.
ot i=1 zeNd\ {0}

Finally, (2.2) leads to ”yzl 1 U 8( ) =1, and thus

EzeNd\{O} z-uv(z)r
ZyNd\{O} y-uv(y) ’

z

n—-+oo
k—+o00

which by (2.5) is a probability generating function. (]

5. Conditioning on the total progeny

Let N = (Ni,...,Ng) denote the total progeny of the process (Xy),, Where

foreachi=1...d, N; = E o Xk,i, and N; = +o0 if the sum diverges. Our aim is
to study the behav1or of (Xk)k>0 conditioned on the event {N = [nw|}, as n tends
to infinity, for some specific positive vector w. We recall that in the critical case,
the GW process suitably normalized and conditioned on non-extinction in the same
fashion as in (2.1), converges to a limit law supported by the ray {Av : A > 0} C R%.
In this sense, its left eigenvector v describes “typical limiting type proportions”,
as pointed out in Vatutin and Flyaishmann (2000). As we will see in Lemma 5.3,
conditioning a GW process on a given total progeny size comes down to conditioning
an associated critical process on the same total progeny size. For this reason, the
vector w will be chosen to be the left eigenvector of the associated critical process.
It then appears that, similarly as in the monotype case (Kennedy, 1975), the process
conditioned on an infinite total progeny {N = |nw |}, n — 00, has the structure of
the @Q-process of a critical process, and is consequently transient. This is the main
result, stated in Theorem 5.1.

Theorem 5.1. Let (Xi),>, be a multitype GW process satisfying (A1). We assume
in addition that

(A4) there exists a > 0 such that the associated process with respect to a is
critical,
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(As) for each j =1...d, there existi=1...d and k € N? such that p; (k) > 0
and p; (k+e;) > 0,

(Ag) the associated process with respect to a admits moments of order d+1, and
its covariance matrices are positive-definite.

Then for all xo € N\ {0}, k1 < ... < k;j €N, and x1,...,x; € N¢,

lim Py, (Xi, =x1,..., Xy, =%; | N=[nv])

n—-+oo
Xj U . —
= Xo _ﬁpxo ()(1€1 = X1y ,ij = Xj), (5.1)
where (X;C)]€>0 1s the associated process with respect to a.

The limiting process defined by (5.1) is thus Markovian with transition proba-
bilities

‘U— a¥ -u
Ql(xuy):ifﬁplbgy): Y

fa)*x-u
and corresponds to the Q-process associated with the critical process (Xk)

Remark 5.2.

e If d = 1, the conditional event {IN = |n¥]} reduces to {N = n}, as studied
in Kennedy (1975), in which assumptions (A4,)-(4g) are also required'.

o If (Xj),5 Is critical, assumption (Ay) is satisfied with a = 1. This assump-
tion is also automatically satisfied if (Xy), is supercritical. Indeed, as
mentioned in Remark 1.1, the associated process with respect to0 < q <1
is subcritical and thus satisfies 5 < 1. The fact that p > 1 and the continu-
ity of the Perron’s root as a function of the mean matrix coefficients then
ensures the existence of some q < a < 1 satisfying (44). Note however
that such an a is not unique.

e For any a > 0, p;, and p; share by construction the same support. As a
consequence, (Xj); -, satisfies (4s) if and only if (X&), does. Moreover,

Pl(xay)u vaENd\{O}v

k>0

k>0
a finite covariance matrix X° is positive-definite if and only if there does
not exist any ¢ € R and x # 0 such that x - X = ¢ Pe,-almost-surely, hence
if and only if x - X = ¢ Pe,-almost-surely. Consequently, provided it exists,

7 is positive-definite if and only if T s positive-definite as well.

We shall first show in Lemma 5.3 that for any a, the associated process (Xk) >0

with respect to a, conditioned on {N = n}, has the same probability distribution
as the original process conditioned on {N = n}, for any n € N¢. It is thus enough
to prove Theorem 5.1 in the critical case, which is done at the end of the article.

It follows from Proposition 1 in Good (1975) or directly from Theorem 1.2 in
Chaumont (2016) that the probability distribution of the total progeny in the mul-
titype case is given for each xg, n € N? with n > 0, n > x¢ by

1 nie; — k1 d )
Py (N=n)= —— det e pim (k). (5.2)
0 ny...Nnq kl,..%ENd ngeq _kd 11;[1
k'+..+ké=n—x

ISince the author’s work, it has been proved in Abraham et al. (2015) that in the critical case
and under (A1), Theorem 5.1 holds true under the minimal assumptions of aperiodicity of the
offspring distribution (implied by (As)) and the finiteness of its first order moment.
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Lemma 5.3. Let (Xk)k>0 be a multitype GW process. Then, for any a > 0, the

associated process (Xk) with respect to a satisfies for any xo € N¢, k; < ... <

k>0
kj €N, x1,...,x; € NY and n € N,

Py, (Xklle,...,ijzxj |N:n):PxO(X;€1:xl,...,ikaxj|N=n).

Proof: From (1.2) and (5.2) , Px (N=mn) = %Pk (N=mn). For all n € N,

we denote by N,, = Y7 Xy (resp. N, = >}'_,X}) the total progeny up to

generation n of (Xy),5, (resp. (X’C)po)' Then

]P)xo (Xk] :Xj,Nkj :1) = Z ﬁl (X07i1)---ﬁl(ikjflyxj)
il,...,ik].,leNd
i+t 1=l-X0—%;

= Z al Py (xo,i1) @9 Pi(ig;-1,%))
= T i
(a) f(a)"
B4ty 1 =l-%0—%;

alfxOPxO (ij = Xj, Nk]. = 1)
f(a)' ™

and similarly

Pxo(ih :X17"'7Kk?j :Xj,Nkj = 1)
al_XUPxO (Xkl =X1,..., Xk,

i Xj> Nkj - ]‘)
f (a)l—Xj

Consequently, thanks to the Markov property,

ng (Xkl :Xl,...,ij =Xj |N:n)
_ Z Py, (X;Cl :xl,...,ikj zxj,Nkj :l)IP’xj (Nzn—l—i—xj)
Py, (Nzn)

leNd
1I<n

:PXO(Xh:Xla--kaj:Xj|N:n).

O

Thanks to Lemma 5.3, it suffices to prove Theorem 5.1 in the critical case. For
this purpose, we prove the following convergence result for the total progeny of a
critical GW process.

Proposition 5.4. Let (X) -, be a critical multitype GW process satisfying (A1),
(As) and (Ag). Then there exists C > 0 such that for all xo € N¢,

lim n%HIP’xO (N = |nv]) =Cxg - u. (5.3)

n—-+oo



234 Sophie Pénisson

Proof: From (5.2), for each n > max; vi_l, n > max; xoﬂ-vi_l,

P (N = [nv]) e [norf er =8,
xo (N = lvl) = g det o ¢S =[nv]-x
Hi:l anZJ andJ €d — S(\_invdJ b )
1 €1 — Sinvlj/ \_n’UlJ
= ——FE |det 1 gi 7
[1va) €d—1— anvd !/ |nvg—1] 8100 =LVI—x0

X0

where the family (Siani J)izl___d is independent and is such that for each 1, Sihwi |
denotes the sum of |nv; | independent and identically distributed random variables
with probability distribution p;.

Let us consider the event A, = {Zle Sl‘anJ = [nv] —x0}. We define the

. . d ; o . o .
covariance matrix 3 = Y., v;X", which since v > 0 is positive-definite under

(4g). Theorem 1.1 in Bentkus (2004) for nonidentically distributed independent
variables ensures that E'Z:l(SiLMi | = | nv; | mi)n_% converges in distribution as
n — +oo to the multivariate normal distribution Ay (0, X) with density ¢. Under
(As) we have

n
lim sup — < +o0,

nooming—y a3y % Yyena min (p; (k) ,p; (k + ;)

which by Theorem 2.1 in Davis and McDonald (1995) ensures the following local
limit theorem for nonidentically distributed independent variables:

niP (Z St = k) —¢ (k—Zf_lﬁaniJ m)} =0.  (54)

i=1

lim sup
n—oo kENd

In the critical case, the left eigenvector v satisfies for each j, v; = Zle v;m;, hence
0 < || nv;] —Zle [nv; |mj| < max(1, Z?Zl m;;) and (5.4) implies in particular that

lim TL%]P) An = =  71- .
Jim P (40) =0(0) = (5.5)

Nl=

Now, denoting by &, the symmetric group of order d and by €(o) the signature
of a permutation o € &4, we obtain by Leibniz formula that

[nvg] Px, (N = |nv]) = Z ) T0,0( d)E{ H ( anijﬂ(i) )}

ceG,y \‘nviJ
S )
[nvi],o (i)
Z Zﬁ 0) Z0,0(d) {H(_W+mi,a(i))]-An:|H(5i,U(i)_mi,a(i)>'
Ic{1,....d—1} 0€G, i€l ¢ igl

(5.6)
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Let € > 0. Since on the event A,, each S’fmi 1 / |nw; | is bounded, there exists some

constant A > 0 such that for each i,j =1...4d,

si A (15 o
[nvi) g o).
El|l—==—m; |1 <eP (4, E = Mg
(‘ | | Mg A") P (An) + gd+1 | | g
AB ; d+1
<eP(4,) + — k& (‘Sl,j _mi-,j| ) ?

edt1 | nv; | 2

for some constant B > 0. The second inequality on the d + 1-th central moment
can be found for instance in Dharmadhikari and Jogdeo (1969), Theorem 2. From
(5.5) it thus appears that for each non-empty subset I C {1,...,d — 1},

St ,

. d [nv; |,o(1)
Ji 83 e @)ook I (<= 4mieo )1 I oty = mic)=0.
oeGy i€l i¢1

Consequently, considering the remaining term in (5.6) corresponding to I = ), we

obtain that

lim n%JrllP’x0 (N = |[nv])

n—-4o0o
) 1 d—1
= lm 2P (4,) — > e @) z00@ [[ oty —mioe)
4 5e6, i=1
e; —m'
1 B, .D
= d 1 det d—1 | = Xg 1
4 1 e 1 —m 4 1
vg (2m)2 (det X0)* d—1 vg (2m)2 (det X)*
X0

where D = (Dy, ..., Dy) is such that D; is the (d, i)-th cofactor of the matrix I—M.
The criticality of (X), >, implies that det (I — M) = (eq — m?)-D = 0. Moreover,
for each j =1...d — 1, (e; — m’) - D corresponds to the determinant of I — M in
which the d-th row has been replaced by the j-th row, and is consequently null. We
have thus proven that for each j = 1...d, (e; — m’) - D = 0, or equivalently that

Z?:l m;;D; = Dj. Hence D is a right eigenvector of M for the Perron’s root 1,
which implies the existence of some nonnull constant ¢ such that D = cu, leading
to the desired result. O

Proof of Theorem 5.1 Let us assume that (Xj), -, is critical and satisfies (A1),
(As) and (Ag). Let xg € N% kg < ... < k; € N, and x1,...,%; € N? and let us
show that

lim Py, (Xp, =x1,..., Xy, =% | N = |nv])

n—-+oo
X;-u

= Pxo(Xkl =X1,...,X;€v ZXj). (5.7)

Xp-u ’




236 Sophie Pénisson

Let % < & < 1. The Markov property entails that

Pxo (Xkl :Xla-'-vxkj = Xj | N = LHVJ)

By, (N = [v] — 14 %)
- Zd Py (X, = %1, Xy = %5, Ny, =1) — Py, (N = |nv])
1eN
1<|[n®v]
Py, (N = [nv] — 1+ ,)
Py (Xp = x1,.... X5 = x;, Np, = 1) -
+ Zd 0( k1 X1 k; X k; ) Pxo N — LnVJ)
1eN
nfv 1< v

Note that (5.4) ensures that

d
d . 1
limn2P Stoil—titws . = nv] =1 = —5——,
" (; o Tl (271')% (det 2)%
uniformly in 1 < |[n®v], and that the proof of Proposition 5.4 can be used to show

that
OXJ' -

lim n%Jrl]P’xj (N=|nv] -1+x%;) = - -
e vq (27)2 (det 3)2

uniformly in 1 < [n®v]|. Together with Proposition 5.4, this shows that the first
sum in (5.8) converges to

Xj'

u
XO.u]%Pxo(Xkl :Xl,...,ij :XjaNkj :1)

xj~u
= Py, (Xk, = X1,..., Xk =X, 5.9
X0 - u 0( k1 X1 kj XJ) ( )

as n — +00. The second sum in (5.8) can be bounded by
P, (N, > [n°v]) _ Py, (INi £ > n D v {)
Py, (N=[nv]) = Pxy (N = [nv])
Ex, (INk, 7%
T VI R@ DR, (N = [nv])
Thanks to (As), the moments of order d + 1 of the finite sum Ny are finite, and

since (d + 1)e > % + 1, the right term of the last inequality converges to 0 as
n — +oo thanks to Proposition 5.4. This together with (5.9) in (5.8) finally proves

(5.7).
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