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PENALIZATION OF GALTON WATSON TREES WITH
MARKED VERTICES

ROMAIN ABRAHAM, SONIA BOULAL, AND PIERRE DEBS

ABSTRACT. We consider a Galton-Watson tree where each node is mar-
ked independently of each others with a probability depending on its
out-degree. Using a penalization method, we exhibit new martingales
where the number of marks up to level n — 1 appears. Then, we use
these martingales to define new probability measures via a Girsanov
transformation and describe the distribution of the random trees under
these new probabilities.

1. INTRODUCTION

We consider in this work a Galton-Watson process (Z,)nen (and more
precisely its genealogical tree) with offspring distribution p := (p(n))nen-
We suppose throughout this work that p admits at least a first moment and
that it is non-degenerate:

(1.1) p(0) + p(1) < 1 and p(p) < +oo,

where u(p) := > ,~onp(n) is the mean of p. If u(p) < 1 (resp. u(p) =1,
p(p) > 1), we say that the offspring distribution is sub-critical (resp. critical,
super-critical). In the sub-critical and critical cases, we have almost surely
population extinction.

Over the years, conditioning a critical Galton-Watson tree to be large
has been considered: large total progeny (see Kennedy [8] and Geiger and
Kaufman [7]), large number of leaves (see Curien and Kortchemski [5]) and
more generally, large number of nodes whose out-degree belongs to some
specific subset of integers (see Abraham and Delmas [3]). In all these works,
we can compute the quantity of interest (that we condition to be large)
by marking the nodes that satisfy the studied property and then count the
number of nodes. In [1], Abraham, Bouaziz and Delmas generalized this
approach by marking the nodes randomly where, conditionnally on the tree,
the nodes are marked independently of each others with a probability that
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may depend on their out-degree. More precisely, independently of each
other, each individual gives birth to & children and is

e marked with probability po(k, 1) := p(k)a(k),

e unmarked with probability po(k,0) := p(k)(1 — q(k)),
where q := (q(k))k>0 is a sequence of numbers in [0, 1] and is called the mark
function. The probability distribution py on N x {0,1} is called here the
marking-reproduction law of the associated marked Galton-Watson (MGW)
tree. We always suppose that the condition

(1.2) Ik € N, p(k)q(k) >0

holds so that every individual of a MGW tree is marked with positive prob-
ability. They then condition the tree on having a large number of marked
nodes and prove a local convergence of this conditioned marked tree toward
Kesten’s tree (as for the other conditionnings) as the number of marked
nodes tends to infinity.

Another way of getting a tree with an ”abnormal” number of marked
vertices is to make a change of measure via a Girsanov transformation with
a martingale which gives more weight to trees with a large number of marks.
In order to find such a martingale, a general method called penalization
has been introduced by Roynette, Vallois and Yor [12, 13, 14] in the case
of the one-dimensional Brownian motion to generate new martingales and
to define, by change of measure, Brownian-like processes conditioned on
some specific zero-probability events. This idea has been applied to Galton-
Watson trees in [2] and this paper is a natural extension of this work.

Let us denote by M,, the number of marks until generation n — 1, for
n € N* and My =0, and let (.%,)n>0 be the natural filtration generated by
the tree up to generation n and marks up to generation n — 1. Notice that
we need to know the number of offspring of a node to decide whether it is
marked or not. That is why, if we look at the tree up to generation n, we
only have information for the marks up to generation n — 1, which justifies
the definition of the filtration (.%,)n>0. The aim of this article is the study,
for some measurable positive functions ¢(z,y), of the limit

. E []1An¢(Zn+paMn+p)]
‘ 1
(1.3) p_lIfoo E ¢ (Zn+p, Mntp)]

where A, € .7,. If this limit exists, it has the form E[15, B,] where (By,),,cy
is a positive .#,-martingale such that By = 1 (see Section 1.2 of [15]). This
enables to define a probability measure Q by:

VA, € F,, Q(Ay) = Epo[]lAnB"]7

where Ep, denotes the expectation with respect to the probability distribu-
tion Pp, of a marked Galton-Watson tree with marking reproduction law pg
and we study the distribution of the tree under Q. In what follows, we omit
the reference to pg and write simply P and E.
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We begin with the function ¢ (Z,, M) = Mﬁ, for £ > 1, which indeed
gives weight to trees with a large number of marked nodes. Remark that
Assumption (1.2) implies that E[M +pl >0 for n+p > 0. We then obtain
the following limits:

Theorem 1.1. Let p be an offspring distribution satisfying (1.1) and that
admits a moment of order £ € N*, and let q be a mark function satisfying
(1.2). Then, for every n € N and every A,, € %,, we have

E[La, fe(My, Z,)] if p <1,

4
p—>+00 E[Mn+p] E |:]lA w] ifu <1
n ptn ’

where Py is an explicit polynomial function of degree £ and f; is defined for
all s,z € N by:

l

1 L —i ' -
(14) fé(svz) = 52 <Z> Se Z ) (tl th> Hgtj’
t1to At =i g=1

1=0

where (tl“?‘tz) is the multinomial coefficient and & := limy, 4 o E[MI],] for all
Jj=0.

The two martingales obtained for u > 1 are already known and the study
under Q is, as a result, unnecessary (for u = 1, we obtain Kesten’s tree and
see [2] for p > 1).

Here, the more interesting case is the sub-critical one where the martingale
depends of M,,. For instance, let us point out that, for £ = 1, we get the
martingale

1My 2) = o+ =My
To describe the genealogical tree of (Z, M) under the new probability, we
need to introduce the mass of a node u denoted by m,,: this quantity is zero
for the root and is transmitted throughout the tree according to certain
rules (see Subsection 2.2) and permits us to exhibit the new reproduction
law and marking procedure under Q.

More precisely, let us define a random multi-type tree as follows. The
types of the nodes run from 0 to £ and, at each generation, the sum of the
types must be equal to £. As a result the type of the root is £. If there
is z individuals at generation n, they have the respective types (t1,...,t,)
such that t; + --- +t, = £ with a probability depending on z, M, and the
mass of each individual of generation n (see (3.7) for the explicit formula).
Moreover, if u is an individual of type i € [1,¢] with mass m,,, he has k € N
children and has mark n € {0, 1} with probability:

_ po(k,n)fi(mu + n, k)

pi(k,n) :
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where pg is the reproduction-marking law of the initial tree but also the
reproduction-mark law of a 0-type node. We call a weighted tree of type ¢
a tree with these probabilities of reproduction and marking.

Theorem 1.2. Let p be a sub-critical offspring distribution satisfying (1.1)
and that admits a moment of order { € N*, and let q be a mark function
satisfying (1.2). Let Qg be the probability measure defined by

dQy
dP | Zn,

Then Qy is the distribution of a weighted tree of type L.

Vn € N, = fo(M,, Zy).

In a second step, we study the function ¢ (Z,, M) = H(Z,)s»t%, with
s,t € (0,1) where Hy is the ¢-th Hilbert polynomial defined by:

(1.5) Hy(z) =1 and Hy(z H:E—j for £ > 1.

Nl,ﬂ

Contrary to the previous study, this function gives weight to trees with a
small number of marks. We obtain the following limits:

Theorem 1.3. Let p be an offspring distribution satisfying (1.1) and that
admits a moment of order £ € N*, and let q be a mark function satisfying
(1.2). We define

r = min{k € N, p(k) > 0}.

Then, for every s € (0,1), if k(s) denotes the only root in [0,1] of the
function

fs(t) := E[sM4],
we have for everyn € N and A,, € F,,,
o ifr=0, for every t € [0,1],

My, Zn—1 Y

E[La, Ho(Znp)s™mivtnir] E[14,s M/{és) ( )Z] § if 0 =0,

—+ E H Z Mn+pth+p - E ]]. S nk\S . g S O
p S8 [ é( n+10)8 ] An fé(l‘i(s))n Zf s

o ifr=1, for every t € (0,1],

. E[la, Hy(Zp)sMntrtZnir]
lim
p—+00 E[Hg(Zn+p)SMn+Pth+p]

=E [1a,s™ai(s) "1 z,-1],

o if r >2, for everyt € (0,1],

hm E[]]‘AnHZ(Zn+p)SM7L+ptZ7L+p]
p=+oo  E[Hy(Zyqp)sMntrtZnts]

where a,(s) = p(r)(sa(r) + 1 —q(r)).

(")
r—1

=F |15, sMa,(s) 1z,—m|,
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Let us add that, for sake of completeness, we also study the case s =0 in
Theorem 4.6.

We also describe the probability distribution obtained by a change of mea-
sure using the martingales obtained in the previous theorem, see Theorems
4.1, 4.3, 4.4 and 4.6.

The paper is organized as follows: in Section 2 we introduce the set of
discrete marked trees and define the MGW trees. We study in Section 3 the
penalization by le , finding the martingale obtained at the limit and then
describing the distribution obtained by a Girsanov transformation using this
martingale. We make the same study in Section 4 when the penalization is
of the form Hy(Z,)sMrt%.

2. TECHNICAL BACKGROUND

2.1. The set of marked trees. Let N be the set of nonnegative integers
and N* the set of positive integers. We recall Neveu'’s formalism [11] for
ordered rooted trees. We set Z = UnZO(N*)n the set of finite sequences

of positive integers with the convention (N*)° = {()}. For n > 0 and u =
(U1, ...,un) € %, let |u| =n be the length of u with the convention || = 0.
If v and v are two sequences of %, we denote by uv their concatenation,
with the convention that uv = w if v = () and uv = v if u = 0.

A tree t is a subset of % that satisfies:

o ) et;
e Vue U, VjeN" uj €t = u € t;
e Vuct, Jk,(t) e N, Vi e N* wi € t < i < ky(t).

The integer k, (t) represents the number of offspring of the vertex u € t. We
denote by T the set of trees.

A marked tree t* is defined by a tree t € T and a mark 7, € {0,1} for
every node u € t, that is

t* = (t, (nu)uet)'

A node u € t is said to be marked if 7, = 1 and unmarked if n, = 0. We
denote by T* the set of marked trees.

For every h € N, we define the restriction functions
rp: T — T, and ry T — T
by, for t € T, t* = (t, (ny,u € t)) € T*,
() = {uet, [ul B} () = () (1 uer o)
with

=0 i ul = b
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Remark 2.1. Let us stress that the nodes at level h of v} (t*) are unmarked
s0 that the tree r}(t*) is completely characterized by ((ku(t),nu),u € t,|u| <
h—1).

We can endow the set T* with the o-field % generated by the family
of sets ({t* € T*, u € t})yex and hence define probability measures on
(T*, 7).

We also endow T* with the filtration (.%#,),>0 where .%, is the o-field
generated by the restiction function 7. Notice that F# =\/, -, %, as, for
every u € U,

{t"e T, uet} € 7.
Let t* = (t, (ny)uet) € T* be a marked tree. For every n € N, we define
e 2,(t*) the nodes of t at generation n:
z(tY) ={uet, Jul =n},
o Z,(t*) the size of generation n:
Zn(t*) = Card(z,(t)),
o M, (t*) the total number of marked nodes up to generation n — 1:
My(t*) =0 and M,(t*)= Z Ny for n > 1.
uet,|u|<n—1
Let us point out that the functions z,, Z,, M, are all .%,-measurable.
2.2. Masses. Let t* = (t, (ny)uet) € T* be a marked tree. We then define
for every node u € t a new quantity called the mass of the node u and
denoted by m,. We set my = 0 and the masses are then defined recursively
as follows. Let n € N and let us suppose that the masses (my, |u] < n)

are constructed. Let v € z,41(t*) that we write v = uj with v € t and
1 < j < ky(t). Then, we set
My, + Ny ZwEZn(t*),kw(t):O (M + 1)
ku(t) Zn41(t)

This formula can be interpreted as follows:

e The first term means that w transmits its mass, plus one if it is
marked, uniformly to all its children;

e The second term means that each childless node at generation n
transmits its mass, plus one if it is marked, uniformly to all nodes
of generation n + 1.

Notice that the map t* — (my,u € 2z,(t*)) is .#,-measurable.
Moreover, by construction, we have the following link between the masses
and the number of marked nodes up to some level:

(2.2) ¥n e N, > mu = My (tY).
uEZn(t*)
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FIGURE 1. A marked tree and the associated masses.

2.3. Marked Galton-Watson trees. Let pg = (po(k,n),k € N;n € {0,1})
be a probability distribution on Nx {0, 1}. There exists a unique probability
measure Py, on (T*,.%) such that, for all h € N* and all t* = (t, (1y)uct) €
T*, if 7* denotes the canonical random variable on T* (i.e. the identity map
of T%),

(2.3) Poo(ri () =rit") =[] polku(t),nu).
u€rp_1(t)

We say that the r.w. 7% under Pp, is a marked Galton-Watson (MGW) tree
with reproduction-marking law py.

Equivalently, the distribution of a marked Galton-Watson tree with re-
production-marking law pyg is also characterized by an offspring distribution
p and a mark function q : N — [0, 1] with

p(k) = po(k.0) + palk, 1) (k) = P it p() £ 0
(the value of q(k) has no importance if p(k) = 0), or equivalently
(2.4) po(k,1) = p(k)a(k),  po(k,0) = p(k)(1 — q(k)).

This approach (giving p and q) consists in first picking a Galton-Watson
tree with offspring distribution p then conditionnaly given the tree, adding
marks on every node, independently of each others, with probabily q(k)
where k is the out-degree of the node.

We will then write P, or Py, g depending on the adopted point of view,
or simply P when the context is clear.

Under Py, o, the random tree 7* satisfies the so-called branching property
that is
e The random variable kgy(7*) is distributed according to the proba-
bility distribution p,
e Conditionally given {kg(7*) = j}, the root is marked with probabil-
ity q(j),
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e Conditionally on {ky(7*) = j}, the j sub-trees attached to the root
are i.i.d. random marked trees distributed according to the proba-
bility Pp 4.
As a consequence, if we set Z,, ;== Z,(7*) and M,, := M, (7*), we have for
every n,p € N*, the following equality in distribution under Pp, 4,

Zn
d ~
(2.5) My @ M, + > My,
i=1

where (M; ,)i>1 is a sequence of i.i.d copies of M), and independent of .%,.

3. POLYNOMIAL PENALIZATION

In this section, we consider an offspring distribution p satisfying (1.1) and
that admits a moment of order ¢ € N*, and a mark function g satisfying
(1.2). We denote by u the mean of p. We study the penalization by Mf;ﬂ,
i.e. we look for the limit for all n € N and A,, € %,

p=r400 E[Mréz—i-p] p=r400 E[Mréz—i-p]

To begin with, let us prove that this expression makes sense. Remark
first that (1.2) implies that E[M}, ] # 0 for p > 1.

Lemma 3.1. Let p be an offspring distribution that admits an moment of
order £ € N* and let q be a mark function. Then, under P, for every p € N,
Zy and M, have a moment of order {.

Proof. We begin to prove that Z, has a moment of order ¢ by induction on
p. The result is clear for p =0, as Zy = 1.

Let p € N be such that Z; has a moment of order £ for all j < p. Let X,

(Xi)i>1 be iid. random variables with distribution p, independent of .%,.
We have:

7 L
E|Zp| =E |E iXi A
1=1
- , 7,
—E < ) E[X"
_t1+..§%:z ooty LB
14 ¢ ¢
<e| Y ) <t1~-~tZP>E[X€] —E |2} E [ X']
|ttt z, =t

where in the last inequality, we use that there are at most ¢ non-zero t;’s.
As Zf; and X! are in L' by assumption, we have our first result.

The previous result implies that Zf:_ol Z; € L' and, as M), < Zf:_ol Z;, we
get the second result. O
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We now give an expression of E [Mﬁ +p| ﬁn] that will be used trough-
out this section. Recall the equality in distribution (2.5). Using the same
notations, we get for all p,n € N:

¢ Zn J
INEARSY <j>IE ML (Z Mm) T
=0 i=1
Y4 . Zn
(3.1) =3 <€> MY ( J > [[EDM].
— \J A\t1--tz,) -
J=0 titttz, =] i=1

3.1. The sub-critical case u < 1.

3.1.1. A new martingale. Before stating the main result of this section, let
us state some integrability lemmas and introduce some notations.

Lemma 3.2. Let p be a sub-critical offspring distribution that admits a
moment of order £ € N*. Let Z, be the total population size of the associated
Galton-Watson tree i.e.

+0o0o
Zso = Card(r) = Z Zn,.
n=0

Then Zso has a moment of order £.

Eroof. Let us denote by ¢ (}"esp. Goo) the generating function of p (resp.
Zo). Then we have, with (Z; o );>1 i.i.d. copies of Z, for every s € [0, 1],

G(s) =E [lerZiZ:ll Z“X’} = 59(Goo($))-

Differentiating this relation, we obtain, for every s € [0, 1),

(32) o = 2y

Then, letting s — 1, we have

1
lim GL (s) = —— < +oc.

s—1 - 1-— 1%
Therefore, Z, admits a moment of order 1, E[Z,.] = ﬁ and G is of class
¢ on [0,1].
An obvious induction argument gives that, for every i < £, there exists a
polynomial function P; such that for every s € [0, 1),

Pi(5,9(Goo (5)), 9D (Goc (5)), oo (8), G (5), . G (9))

(1 =59 (Gool(s))*
and again by induction we get that Gg@ (s) admits a limit as s — 1 which
implies that Z,, admits moments up to order ¢ O

GY(s) =

o0
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 Let us denote by M., the total number of marks on the tree. As My, <
Zso a.8., My also admits a moment of order £. We set for every i < £

(3.3) & = E[ML).

The constants &; can be explicitely computed using the following recursion
equation:

Proposition 3.1. Let p be an offspring distribution such that p < 1, with
a moment of order { € N* and let q be a mark function. Then we have

t1 ++tZ1 :.7

0 2
+E Z <t1”’tZ1>Z-];II§ti

t1 +...+tZ1 =/
t; <t,Yi

Proof. First notice that, as My is equal to 0 or 1, we have M = M, for
every j > 1. Using (3.1), we can write:

E[M}, ] — uE[M}] = Zi( > 3 <t1..j.tzl> i]Zle[Méi]

7=0 t1+...—|—tZ1:j
i\
E E[Mi
" Z (tl -tz ) H My
t1+...—|—tZ1:£ =1
t; <tl,Yi

M

y () Ay +E[By).

As (A p)p>0 and (Bp)pzo are non-negative and non-decreasing sequences,
we obtain &, taking the limit when p goes to infinity and using Beppo Levi’s
theorem. 0

We can now state the main result of this section. Let us recall, for £ € N,
the definition of the function fy defined for all s,z € N by:

V4 . z
(4)  fils2) ==Y <€> > <t " ) II¢
Se g\ P =

with the convention fy(s,0) = g—j Notice that this definition is also valid for
¢ =0 and we get fo(s,z) = 1.
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Theorem 3.1. Let p be an offspring distribution satisfying (1.1), that ad-
mits a moment of order £ € N* and such that p < 1, and let q be a mark
function satisfying (1.2). For every n € N and every A,, € %, we have

E [1) M¢
(3.5) lim B (I, M)

— B[ fo(M,, Z,)].
oo E[Mﬁ_HD] [ Anf@( )]

Proof. Let p,n € N. Using (3.1), we get:

E [1n, M, |

S O ) =

=0 ti+..+Hz, =] i=1

Using again Beppo Levi’s theorem, we obtain

lim E [nAnMﬁﬂ,] = &E[lA, fo(My, Zy)]

p——+o00

and we conclude using
lim E[M]),,]=&.

p——+o00

Remark 3.1. For £ =1, the obtained martingale is
1
&

3.1.2. Change of probability and the new random tree. We still consider a
subcritical offspring distribution p satisfying (1.1) and that admits a mo-
ment of order ¢ € N* and a mark function q satisfying (1.2). We define a
new probability measure Qy on (T*,.%) by

(3'6) Vn € N, VAn € g;m QZ(An) = E[ﬂAnfé(ZmMn)]'

Hy,1 =2, + —M,.

To describe this probability measure Qy, let us define a T*-valued random
tree 74(p, q) defined on some probability space (9, <7, P).

Definition 3.1. The tree 74(p,q) is a multitype random marked tree that is
defined recursively as follows:

e The types of the nodes run from 0 to £;

o The type of the root is £;

e Let us suppose that the tree v} (1¢(p,q)) is constructed and that the
types of the nodes at generation n are known for some n > 0. Then
all individuals at generation m reproduce and are marked indepen-
dently of each other conditionally given ) (1¢(p,q)) according to its
type and its mass (recall the definition of the mass of a node intro-
duced in Section 2.2):
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— an individual v of type 0, has k € N children and a mark n €
{0,1} with probability:

_ Jp(k)(1—qa(k) ifn=0,
o) = {p<k>q<k> n=1

— an indwidual u of type i € [1,4] and with mass my,, has k € N
children and a mark n € {0,1} with probability:

pi(km) = Po ?})J(“ﬂizll;rn ).

e We then choose the types of the nodes at generation n + 1. At
each generation, the sum of the types must be equal to £. More-
over, conditionally given z,+1(7¢(P,Q)) = zn+1, the probability that
the nodes at generation n + 1 have respective types (t,,u € zpi1)
with 3 ey tu =4, s

/ > [uesy o fru(mu, )&,

(3.7) Teltuuesn = ( Eofo(Mps1, Zngr)

with the notation

tu,u € Zn+1

< l > o 0!
tu, U € Zni1) Hu€zn+1 tu!
for the usual multinomial coefficient.

Remark 3.2. The mass m,, of a node u (and hence its offspring distribu-
tion) depends on all extinct nodes in the past and not only on the ancestors
of the node. Moreover, the choice of the types of the nodes at some gener-
ation depends on the size of this generation. Consequently, the tree Ty does
not satisfy the branching property.

Remark 3.3. If all the nodes below generation n are not marked, all the
masses my, for u € z, are null and hence, for every node u € z, with type
i > 1, we have

pi(0,0) = 0.

Therefore, the tree T(p,q) cannot die out without any marked node.

Lemma 3.3. Formula (3.7) indeed defines a probability distribution on
[0, £]%n+1.

Proof. This result is equivalent to show that for all n € N, we have
1 L

(3.8) foMn, Zy)=— > ( > I fu.(mu, D&,
éé Z tu= UEzn

To obtain (3.8), we need to obtain an alternate expression for the a.s. limit
of E[M}, |7y], as we already know that this limit is & f¢(My, Z,) a.s. For
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this purpose, according to (2.2) and the branching property, conditionally
on %#,, we have:

d
Mn+p (:) Z My + Mu,pa

UEzZn

where the processes (M, ,u € %) are i.i.d. copies of M, independent of
F,,. As a result:

E[M;, | Fn] = ZI< g )HEWHMMW%

> <tu7u€€%>Hij:(?)mi“_jE[Mg].

Using Beppo Levi’s theorem:

0 Ny :
: ]‘[Z a1 — E | | E v tv—J¢ .
pETmE[ p+n|c/n] - <tu,u S Zn> - <] >mv 5]7

and we easily conclude as, thanks to (3.4),
by ‘
ﬁxmmmﬁvz§j<;>m3ﬂ@-
5=0

O

In order to describe the new probability Qy, we need an alternative ex-
pression of fo(My11, Zn41):

Lemma 3.4. For alln € N, we have

l
(3-9) fé(Mn+17 Zn+1) — é Z ( > H ftu (mu + N, ku)étuv
Ezn

ty,U € 2
Zueznt“:é v " u

with ky the number of children of the individual w and n,, its mark.

Proof. The proof is similar to the proof of Lemma 3.3: we write

K,
Mppn =Y (mu ot Y Mz’p—l)

UEzZn =1
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where the processes (M; ,i > 0) are i.i.d. copies of M independent of .7, .
Thus, E[Mz+p|§5n+1] is equal to:

n

0 by ' ku J
Z <t u € z > H Z <Z;>(mv+77v)tv_]E ZMLP—l) rgsn—i-l
w " i=1

S ues, tu=t vEzn j=0

B (e IE e

Zuez” tu="~ v€Ezn j=0

. Ky
Z <r1 . ] Tku> I:IIE[MZT;)—I]

r1t T, =]

Taking the limit when p goes to infinity, thanks to Beppo Levi’s theorem,
we obtain (3.9). O

Theorem 3.2. The probability Q, defined by (3.6) is the distribution of the
tree 7¢(p,q) of Definition 3.1.

Proof. To prove the theorem, it suffices to prove that for all n € N, and all
t* e T

(3.10) Qe(ry, (77) = o (t7)) = Plry(me) = (7))

where 7* is the canonical random variable on T* and where we set 7, instead
of 7(p,q). First, note that:

(3.11) = Jo(Mp (%), Zn(87))P(ry, (77) = 7, (7))

We prove (3.10) by induction on n.

For n = 0, (3.10) is true as, for every tree t* (and hence also for any
random tree), G (t*) is the tree reduced to the root with mark 0.

Assume that (3.10) is true for n € N. Using the recursive definition of 7,
we have:

P(ryq(1e) = 1544 (7))

= P(T;(Tg) = T:(t*)) H pO(ku(t)777u(t*))

UEZn (t)

fra (ma(t7) + nu(t7), ku(t)) )
2 e LSRG

X

Zuezn(t*) tu=L uez”l(t*)
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Then, the induction assumption as well as the definition of the probabilities
v give
P(ry () = 7’2+1(t*))
= Qu(ry(7* ) T po(kult), nu(t*))

uEZn(t*)

L HuEZn t*) ftu(mu( ) )étu
XZ%}%mﬂ<%m€%ﬁﬂ> Eufe (VL (6. Zn (1)

Fa (1 (6%) (60, Ra(69)
< 11 Foma(6,1)

UEzn (t*)
Using Formula (3.11) yields
P(ry i (1e) = g (t9))
1 \
=g B = ) T po(kult), nu(t"))
¢ uEZn(t*)

¢ * *
: 2 <tu,u € Zn(t*)> 1T fulmalt?) + 0, ku(6)e,

2 ouean tr) tu=t u€zn (t*)
Finally, Equation (2.3) and Lemma 3.4 and then Equation (3.11) give

P(roga(me) = 11 (87) = Plry 1 (77) =m0 (89)) fe(Mi 41 (87), Zn g (£7))
= QZ(T:LJ,-I( ) - rn-l—l(t*))’
which gives the result for n + 1. O

Remark 3.4. Note that under Qp, the extinction probability of the pop-
ulation is equal to 1. Indeed, using the definition of Qq, the Lebesgue’s
dominated convergence theorem and the fact that Z., = 0 P-a.s.:
lim Q¢(Z, =0) = lim E[lz,—ofi(My,0)]
n—-+o0o

n——+00

1 E[MY
=— lim E[ly _oM!] = M)

=1.
§¢ n—r+oo &

Moreover under Qq, one can notice that for alln € N*, Z,, does not necessary
admit a first moment. Just assume that Zy (and so Z,) does not admit a
moment of order £ + 1 under P, as:

&EQZ [Zn] = géE[an(Mm Zn)]

>E|Z, Y ( )Hftz = (IGE [ <Z —éﬂ'

t1 +~~~+tZ7L =/
t;<1,Vi
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3.2. The super-critical case u > 1. Let us begin with giving an equivalent
of E[le] as p — +oo.

Proposition 3.2. Let ¢ € N*. Let p be an offspring distribution which
admits a moment of order £ € N* and such that p > 1, and let q be a mark
function satisfying (1.2). Then, there exists a strictly positive constant wy
such that:
a o lp

(3.12) E[M,)] S e
Proof. We prove this proposition by induction on 4.

We have for all p,n € N*, using (2.5):

(3.13) E[Mpip|Fn] = My + ZnE[Mp)],
and an induction reasoning gives

E[M)ZE, ifp#1
3.14 E[M,| = 1=p ’
(3:14) (M) { pE[M], otherwise.

We deduce that (3.12) is true for £ = 1, with w; := % when p > 1.

Now, assume that (3.12) is true for all 1 < i < ¢ for some ¢ > 1, in other
words:

(3.15) = w;(1+0(1)).

P

In order to obtain the result at rank ¢, we write:

p—1 ¢ ¢ p—1
0 _ m+1 m _. m
N R W
m=0 m=0

and we study the telescopic series with general term %. To begin with,
taking the expectation in (3.1) with n =1 and p = m (and using again that
M{ = M for every j > 1), we obtain by isolating the case j = ¢:

(-1 . 7z .
A 14 M E[M
H i=o M K btttz =) S =

A )
i E[M]
E m
el oy (0, )T
1tttz =C i=1
t;<0,Vi

-1
(3.16) = <n.l>E[Aj7m] + E[B)]
— \J

7=0
with B,, = 0if Z; < 1.
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Note that in B,,, each term of the sum has at most ¢ strictly positive t;.
Thus, setting wp = 1 and @, := maxp<j<¢w; and using (3.15) for m large
enough:

3\* , 0 3 £
1 <B,< (2 <(Z2wz L.
(310 B = <2> P> (tl"'%) - <2wé 1) -

t1—|—~~~—|—tZ1 =/
t;<L,Vi

Using (3.15) and (3.17), Lebesgue’s dominated convergence theorem ensures
that:

VA
. : ¢ .
i B =8 | ol =<2 | S5 (L e | =

t1+---—|—tZ1:£
t;<0,Vi
A similar reasoning gives that:
{—1 /
ol 3 ()
-1 i 1 j Z1
= m > <j> e | M > <t1~~-tzl> [[e] =0,
=0 ti+.. 4tz =y i=1

implying that A,, ~ u™& when m goes to infinity. As a result:

p—1 A p—1
4 — /—1) ~
BN = Y S e
m=0 m=0

~ e (pt — )Tt = P,
pP—00

O

We deduce the limit of Theorem 1.1 in the super-critical case.

Theorem 3.3. Let p be an offspring distribution which admits a moment
of order £ € N* such that © > 1 and let q be a mark function satisfying
(1.2). For every n € N and every A, € %, we have:

E [1a, M
(3.18) lim M - [ﬂAnw} ’
potoo [Mn-i-p] B

where Py is a polynomial function of degree .
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Proof. Let p,n € N and note that (3.1) is equivalent to:

E [Mpy,| Fa] < (0 My i\ TrEDy]
Mf(n—l—p) - Z ( > Iu(f—j)l?+nf Z (tl - > H i

=0 M t1+.. At g, =]

¢
14
= ( > Djﬁl)‘
i=o

With the same notation and reasoning as those in the proof of Proposition
3.2, for all j € [0, ]:

— n

/3 J _
(3.19) Dj, < ML <§LTJZZ”> <Czt,
where C is a positive constant and Z,, := > i oZi, the total population up
to generation n, belongs to L’ according to Lemma 3.1. Remark that we

use that M,, < Z,.
Thanks to Proposition 3.2, almost surely:

Lo o\ M J &
lim Z()Dj,,: lim Z()% > < >H“t-
. , . —)p+nl . ¢
p—~00 = i p—+00 —o \J M( Dptn tit...+tz,=J h tz, =1
(3.20) - > : ﬁ“
. - Mnf tl"'th ] b
t1tttz, =t =1

Using (3.19), (3.20) and Proposition 3.2, Lebesgue’s dominated convergence
theorem gives:

T VL N P I 3 < ¢ )ﬁwt.
p=too B [Mf,)] ",u"ewgtﬁmﬂzn:z ty-ootz,)

To prove that the sum in the right hand side of the above equation is
indeed a polynomial function in Z,, let us introduce, for 1 < i < £ the set

(3.21) Sye= {n = (n1,...,ng) € (N " nyy = e}
m=1

and for n € S, 4, z € N*,

An,z = {(tl,. .. ,tz) € Nz, {tl, o ,tz} = {nl,. .. ,nq,O}}.
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Then, we have

e Z7L
> (.0, ) e
t1+...+tzn:£ n —
=2 >
nes,

q=1

e Zn
<t1 . th> thi
& (t1,estzy, )EAR, 2, i=1
Z < : ) ( | >
> [« | Card(4nz,)
€5 N1

g=1ln i=1

and Card(Ay,z, ) is clearly a polynomial of degree ¢ in Z,, as it can be written
(Zq")bn where by, is a constant depending only of n. O

Remark 3.5. The martingale Py(Z,)/u‘" already appears in [2]. By unique-
ness property of Proposition 4.3 of [2], this is indeed the same martingale.

Remark 3.6. The (unmarked) random tree whose distribution is given by
the change of probability using the martingale Py(Zy,)/u'™ is already de-
scribed in Definition 4.4 of [2]. As this martingale does not depends on
the marks, it is not difficult to see that the random marked tree associated
(via the Girsanov transformation) with this martingale has the same mark
function q that is:
e The unmarked tree is those of Definition 4.4 of [2],
o Conditionally on this tree, all the nodes are marked independently
of each others and a node u with k, offspring has mark one with
probability q(ky).

3.3. The critical case p = 1. As for the super-critical case, we need an
equivalent of E[le] as p — +o0.

Proposition 3.3. Let p be an offspring distribution satisfying (1.1), that
admits a moment of order £ € N* and satisfies u = 1. Let q be a mark
function satisfying (1.2). Then, there exists a positive constant &y such
that:

(3.22) E[M]] ~ p* '

p—0o0

Proof. The proof is similar to the proof of Proposition 3.2. According to
(3.14), (3.22) is true for ¢ = 1 with @; := E[M;]. Now, assume that there
exists ¢ such that (3.22) is true for all 1 <14 < ¢, in other words:

(3.23) E [M}] = p*'@i(1+ o(1)).
In order to obtain the equivalent, we write:

p—1 p—1

E M| =3 (B -EDM) = 3 A

=0 i=0
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and we study the telescopic series with general term A;. According to
Proposition 3.2, more precisely (3.16), we obtain:

Z_: L E [Bm]

- mz(z 1 mz(e—l)’
with A, Aj ., and By, deﬁned in the proof of Proposition 3.2 with 4 =1
in our case.

Let z > 1. We set wg = 1 and @y := maxo<;<¢w; and, for t = (t1,...,t.)
such that Vi, 0 < ¢; < £ and > .  t; = ¢, we set N(t) := >.7 ; L4,50 the
number of positive ¢;. Thus, noting that N(t) > 2 for every term of the sum
in B,,, and using (3.23) for m large enough:

B,, /¢ m2-N(1) A
<M -
0< m2(—1) Z <t1 .. t21> m2-1) Hwtz(l +0(1))
tit g, =t -1
t;<L,Vi
¢ ¢
s20 <(3E) T (,.0,)<(5Ema) et
2 ty -ty 9
t1+---+tzl =/

Note that the only terms in By, that do not tend to 0 a.s. is when N (¢) =
Then using (3.23) and (3.24), Lebesgue’s dominated convergence theorem
ensures that:

E[B,] B,
(3.25)  lim oy =E [mlinﬂoo - 1)]

:E[@] Z <t1€t2>ajt1wt2 =: d,.

t1+to=¢
t1,t9>0

.. . . . E[A;m
A similar reasoning gives that lim,, 1~ % = 0 and we can conclude

with (3.25) that A, ~ m*‘~Yd, when m goes to infinity. As a result:

p—1 p—1
0 g 2(0-1)
E |My] _ZgAl o dg;z .
We then use the following property
m—+1

m
Z = (_1)i m+1 Bi(p — 1)m+1—i L P
m+1 i ! potoo m—+ 1’

where %j are Bernoulh numbers, see [10], and we get

y) pHt 201
E [M} ~ dy = p2-1g,.
Pl pstoo 20— 1 ¢ p We

We deduce Theorem 1.1 for the case p = 1:
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Theorem 3.4. Let p be an offspring distribution satisfying (1.1) that admits
a moment of order £ € N* and such that p =1 and let q be a mark function
satisfying (1.2). For every n € N and for every A,, € %#,, we have:

E [Ty, M.
(3.26) lim [An—é"ﬂ)] = E[14, Zy).
p—+oo K [Mn+p]
Proof. Let p,n € N, here we write:
E[M;, | 7]
p2l-1
14 . Zn,
_ Z <f> b Z ( J > 1 i E [M]
B i n 2(6—7)—1+N(t 2j—N(t
= J bt Al =] t1 tz,)p (€=4) (t) p2J (t)
ayy j
. £—j
- Z <]> M, Z <t coty )ijN(t)m’
j=0 tiottzy,=j N ¢ "

and (3.19) remains true replacing p({=9P+7 by p2(l=1)=1+N()

upper bound independent of p.
Note that W; n()p tends to 0 a.s. except for j = £ and N(t) = 1 implying
that, using (3.22):

giving us an

E[M:, |7 Z,E [M!
T T E] ’;‘f’l‘ o) gy ZEDG) 25[ lp} = Znly.
p—>+00 Pt p—+oo  ptT
To conclude, as in Theorem 3.3, we use (3.22) again and Lebesgue’s domi-
nated convergence theorem to obtain (3.26). g

Remark 3.7. As for the super-critical case, the martingale is a known one
and the associated random marked tree is a size-biased tree (i.e. Kesten’s
tree, see [9]) associated with the offspring distribution p and with the mark
function q being unchanged.

4. EXPONENTIAL PENALIZATION

We now consider a penalization of the form sM»t%» with s € (0,1), t €
[0,1]. The case s = 1 has already beed studied in [2].

To begin with, let us set for p > 1, s,t € [0,1], p,(s,t) = E[sMrtZr]. For
s € (0,1) fixed, we consider the function fs defined for t € [0, 1] by

“+oo
() = 1(s,0) = Y p(k)t*(sa(k) + 1 — a(k)).
k=0

As fsis €% on [0,1), increasing, convex and satisfies 0 < f, < 1, fs(1) < 1,
the function fs admits a unique fixed point denoted (s) on [0,1]. Further-
more, using the notation f? = fo...o f for the p-th composition of f, we
have ¢, (s,t) = f£(t) and
(4.1) vt e [0,1], lim E[s™t%]) = lim fP(t) = k(s).

P

—+00 p—+00
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Note that k(s) = 0 if and only if p(0) = 0. Therefore, we must study
separately the two cases p(0) > 0 and p(0) = 0.

4.1. Case p(0) > 0.

Theorem 4.1. (1) Let p be an offspring distribution satisfying (1.1)
and such that p( ) > 0, and let q be a mark function satisfying
(1.2). For every t € [0,1] and s € (0,1), for every n € N, A,, € F,,,
we have:

My, Zn,
E[]lAnS +pt +p] . E[ﬂAnSM”;{(S)Zn_I],

(4-2) E [SMnﬂ,thﬂ;] p—r+o00

(2) The probability measure Qg1 defined on (T*, F) by

¥n e N, A, € Fn,  Qs1(Ay) =E[1a,sMk(s)% 7],

is the distribution of a MGW tree with reproduction-marking law ps o
defined by :

(43) Vk € N7 VU € {07 1}7 ps,O(k777) = pO(kan)SnH(s)k_l

where po(k,n) is defined by (2.4).

Proof. (1) Thanks to the branching property and (2.5), for p,n € N, we
have:

(4.4) E [sMrivtinin| 7, ] = sME [sMPtZP]Zn = sMn fP(¢)7n,

As sMn f2($)%n < 1, by dominated convergence theorem and accord-
ing to (4.1), we obtain:

. E []lAnsM"“’tZ”“’] _ oy E []lAnsM”féD(t)Z"]
p—y—il-loo E [sMn+pth+p] o p—1>I—iI-loo s""'p(t)

=E [14,5k(s)%].

(2) Let 751 be a MGW tree with the reproduction-marking law p; g
defined on some probability space (2,7, P). To obtain our result,
it suffices to prove that:

V€T Wn €N, Qui(ri(r*) = ri(t*)) = P(ri(rs1) = ri(t%)).

)
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Let t* = (tv (UU)UGt) € T*. As Zuernfl(t)(k‘)u(t) - 1) = Zn(t*) - 17
we obtain our result since:
P(ry(7s,1) = o (t7))
= H ps,O(k‘U(t)’nu)

u€ry 4 (t*)

- H Po(ku (t), 7)ol s) ()L gm

uerk _(t*)

n—1

= M) g(g)Zouern s P II Ppolku(t),nu)
uer) _,(t*)
= M () B (1) = 13 (6))
= Qs (r (77) = 7 (t7)).
O
As in [2], the previous penalization can be generalized by looking at the

penalization Hy(Z,)sM#t%» where H, is the ¢-th Hilbert polynomial defined
for £ > 1 by

1 -1
Hy(z) = [ -
j=0

Recall the definition of the set S, , of (3.21). Using Faa di Bruno’s for-
mula, we have for any functions f, h of class C’:

¢ C R (s
(4.5) (foh)9 (s Z 3 thj!().

(n17---7ni)65i,2 j=1

We first need asymptotics for the derivatives of the p-th composition of
fs as p — +oo.

Lemma 4.1. Let p be an offspring distribution satisfying (1.1), p(0) > 0
and that admits a moment or order { € N*, and let q be a mark function
satisfying (1.2). Then, for all s € (0,1), there exists a positive function Cy
such that for all t € [0,1]:

(4.6) (DO~ Fls()PCo(t).
p——+o00
Proof. Note that fl(x(s)) € (0,1) since fs is convex, increasing on [0, 1],
fs(0) > 0 and f5(1) <1 by (1.2).
To prove (4.6) for £ = 1, we use a proof similar to that in [4] p.38. We
study the function

(4.7) Qp(t) = fi(r(s)) P (f2(t) — 1(s)).
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This function can be derived and we have:

o Y0 T G (AW
%0 = 3oy - ey - (”( [((5)) 1))

7=0
We fix t € [0,1] and show first that @,(t) admits a positive limit Q'(t) when

p goes to infinity. The positivity is clear as f1() € [0,1] implying that
f(f2(t) >0

The existence of this limit is equivalent to the convergence of the series with

general term a; := [ f{(s(s)) = F(F (1)
Let ¢ > 0 be such that 0 < r(s) +¢& < 1 and let v := fi(x ()+€)<1

k(s
According to (4.1), there exists jo such that for all j > 0, fZ17°(t) < k(s)+
Let j € N. Since f/ is increasing and max(r(s), f277°()) < k(s) +e¢, thanks
to the mean value inequality, we have:

ajvjo = [ fo(k(8)) = F(FIH0@0))] < fl(8(s) + €)|r(s) — fIH()].
With the same arguments applied to f. and using the fact that fs(k(s)) =
K(s):
[t5(s) — FIT0 ()] < AT (m(s)) — 7).
By iteration we obtain: ajij, < f/(r(s) + €)y/, since 0 < v < 1, we have
25205 < Foo.
Dy . . .

Therefore, % p_)—+>oo Q'(t), implying (4.6) for ¢ = 1 with Cy(t) =

Q'(t).

The proof is similar of the induction step of Lemma 3.2 in [2]. We assume
that (4.6) is true for all j < £ —1. We use Faa di Bruno’s Formula (4.5),
and we obtain:

YOw (O
W8 ) (fé’)’(t)

fil’ (”J
T Zz,fs mey Y U0
(nly 7”1)6*91[.7 1
Since for every 2 < i < ¢ and every (ni,...,n;) € Sig, nj < £ for all j <1,
we can use the induction hypothesis:
sl o
(4.9) > H
(nh 7”1)6515.7 1
Cn, (1) ;
~ > H =: fo(r(s))" Kq(t),

p——+00
(n1,..,15)ESy ¢ 1= 1

with K a positive function.
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Equation (4.1) and the continuity of fs ) imply that
lim fO(F2() = f9(r(s))

P00

for all j > 1.
Moreover, since f1(x(s)) < 1, Equations (4.8) and (4.9

)

e uhPe e, fa(k(5))*

(fg“)’(t) o (fg)’(t) p—stoo 2 S(K(S))( p+1)’(t) K(t)
~  folk(s)PE (1),

p——+o00

imply that:

with K (t) a positive function.
Since 0 < fl(x(s)) < 1, we have on [0, 1]:

o<atn =, ]

CAGIGIN (%“Wijﬁww0<+m

5(0) Yy G
The previous result is equivalent to (ff)(é) (t) o~ Co(t) (/) (t), and we
p oo
conclude with the induction hypothesis and Cy(t) := C}(t)Cy(t). O

We can now show the results of the limit with the penalization function
Hg(Zp)sMPtZP_Z.

Theorem 4.2. Let p be an offspring distribution satisfying (1.1) with p(0) >
0 and that admits a moment of order £ € N*, and let q be a mark function
satisfying (1.2). Let n € N, A,, € %, t € [0,1] and s € (0,1) fized, we have
E []].AnHZ(Zn+p)SMn+Pth+p] . E ]lAn SM"ZnI{(S)Z”_l
E [Hg(Zn+p)SM"+ptZ"+p] p—r+00 fL(k(s))™

Proof. The proof is inspired by those of Theorem 3.3 in [2].
Let s € (0,1) be fixed. Let p,n € N, according to (4.4) and Faa di Bruno’s
formula (4.5), we have for every t € [0,1]:
(4.10)  E[Hy(Z,)sMm+rtZne=t 2,]
sMn 9t

= aon 07

§Mn ZH oK Z H fp

(nlv 7"1)65z23 1

(4.11) sMn ZH O AG)
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Applying (4.6), as 0 < f1(k(s)) < 1, we obtain for all i« > 1 and ¢ € [0, 1], as
p goes to 400,

Ri(t) / j— i—

4.12 A i (T p(i—1) / p(i—1)
(112) e =GO REEPY + o (fils(5)P)
for some strictly positive function ¢;. Thereby, using (4.1) in (4.10), we get
a.s.:

. E [Hé(Zp+n)5Mp+nth+n_z|ﬁgn] ci(t)

lim =

p—r+oo f(k(s))P 14

Note that (4.12) implies the existence of a positive function C, such that,
for all ¢t € [0, 1]:

M 7, k(s) %L

R;i(?)
WX (5)) < O(t),

and since s < 1, f¥(t) < 1 for all ¢t € [0, 1]:
E [Ho(Zpin)sMentZein | 7]
!/
f/(k(s))P —
As H;(Z,) is integrable, we have by dominated convergence:

E []lAn HE(Zp+n)3MP+n th+,,L—£:|

(4.13) 0<

. _ My, Zn—1
(4.14) pkr_{loo Flr())P =E [1a,5"" Znk(s) ]
We obtain our result taking the previous formula for n = 0 and A,, = Q and
taking the ratio of these two quantities. O

In order to describe the new probability Q2 defined on (T*,.%.;) by:
sMn 7, k(s)%n =1
fils(s)m 17

we need to introduce the following marked random tree:

(4.15) YA € T, Qua(An) =E |14,

Definition 4.1. A special random marked tree is a multi-type random marked
tree Ts 2 described as follows:

e the nodes are normal or special;

e the root is special;

o the reproduction-marking law of a normal node is pso (see (4.3));
e the reproduction-marking law of a special node is

ps,l(kv 77) = ps,O(kv 77)%7

e at each generation, conditionnally given the number of individuals
at that generation, there is a unique special node chosen uniformly
among all the individuals of this generation.

Using the same arguments as in the proof of Theorem 3.2, we have the
following result:
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Theorem 4.3. The probability Qs o defined by (4.15) is the distribution of
a special random marked tree defined in Definition 4.1.

4.2. Case p(0) = 0. Henceforth, we consider the case where p(0) =
implying k(s) = 0 and denote by r := min{j > 0; p(j) > 0} and «,(s) :
p(r)(sq(r) +1 —q(r)).

We begin to give an equivalent of Lemma 4.1 in this case.

0

Lemma 4.2. Assume r > 2. For every { € N, every s € (0,1) and every
t € (0,1], there exists a positive function K, ¢(t), such that, as p — +o0,

(4.16) (INO(t) = Koe(@)r? e O (14 o(1)),

where
]+1(t)>
J-‘rl
o Z ( Ay

Proof. The case £ = 0 is inspired by the proof of Lemma 10 in [6]. First,
note that for all ¢ € (0, 1],

fs(t) = E[$"] <E[sM] = 4(s) € (0,1).

fs being non decreasing, we have:

£20) < fuv(s) = 32 (s) A(s),

j>r

and with an obvious induction reasoning f2(t) < v(s)™" " for all p € N*.
Moreover, as for 0 < t < 1, f¥(t) # 0, we can write:

p+1 «
(4.17) T(t) +Z J:an’ #7(t)
implying:
IO gy 2l
(4.18) 0< BT 1< f1 (t)j%:1 @ (5)
< /7(8)7"1)*1 Z a;+zif) =: ’7(3)74)7107"-
i>1

As In(1 + u) < u for every nonnegative u, we have:

f£+1(t) §)+1(t) - o
= <0zr(s)f§’(t)> = ar(s) 20" 1 <~(s)" Cp,

and therefore, b : (0,1] — R is well defined since:

In(a,(s)) Lo (70 Jy e
—— -1 tlgmh < THeE ) =2t <%<s>ff W) )

p=>0 p=>0

8
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Using the telescopic property of the series:

L[ SRR
b(t) — Z prEs] In ( fg(t;i)> =Int + Z_:O RS In < fﬁ(tg?) = ﬁln( 2(1))-

Jjzp
and
5t (S0) <t 3 e ()
= In(an() "= + 0 <rim(s),p1>
As a result:
In(f2 (1)) = rPb(t) - w Lo (™),
giving:

(4.19) F2(t) = ap(s) 1™ (1 4 o(1)) = Ky o()e™ @ (1 + o(1)).

The result for £ = 1 is very similar to the previous one. As Z; € L', for all
€ (0,1), fs € €*((0,1]), and for t € (0,1], we have:

(2 () = (2 O FUS2@0) = () (8) D + fejeer RO

Jj=20
This implies with (4.19):
YO N D)
O e AT T ) O
< fro Y
j>1 "

where K is a positive function. Using again that, for all u > 0, In(14u) < u,
we have:

i Y @) N
2! <(f§’)’(t)mr(8)f§(t)“1> =

p=>0

Thanks to Equation (4.19), we have:

. Y ) o U
Ty Orar(s) fEE T ) prioo " \ (Y (yrer 0000 |
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thereby, it gives:
~yu( Y ()
,r.erp(r 1)b(t)

p>0
p+1) (t)?" p—1o—rPH1b(t)
= Zl )r—pe—rpb(t) < 00.

p>0

b(t) being telescopic, we have:
(4.20) "y _
n <7‘P(e{ip)—gg(t ) N ;1 ( - re’“)]((f )1)b(t)> - B(t) +oll),
and as a result:
(4:21) (f2) (1) = e DO (1 1 o(1),

which is the claimed result for £ = 1 with K, 1 := () =b)
We conclude the proof by induction on ¢: assume that there exists £ > 2
such that (4.16) is true for j < ¢ and recall (4.8):

¢ . (P ()
SOIETUCUND SR Ty | e

i=2 (n1,...,n)€S; ¢ ( S ) (t) Jj=1

For all 1 < ¢ < /, according to the induction hypothesis, there exists a
positive function C; ¢ such that:

L(FPY () ,
(4.22) Z 1 H (f5)™(t) ~ CLS(t)rp(é—l)erp(z—r)b(t).

+1 .
s, UE @ 1 !

(n1,0.m4)

Note that when ¢ goes to 0:

() = 47 () Fo™), i <
ila;(s) + o(1), otherwise.
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Consequently, as f£(t) goes to 0 when p goes to infinity, using (4.22):
EHHOE (DO
t

OO
r—1

— 14 r—i
~ DS ()

(r—i)! a,(5)Cy s (t)e™ =0

L
+ P Z Uoi(s)C o ()™ 00

~ P D, ()00 <T> Ky o(t) "' Cs(t) =: K (t)rP*Y),
1
=2

where K s 18 a positive function.
Since =1 > 1, the series diverge and the partial sums are equivalent, which
gives:

—1

(9 (#) ~ (—1) 2
M~ Y DR (), ~ PR (),
(fE) (t) potoc o poo

and we conclude using (4.16) for ¢ = 1. O

Now we can state the result concerning the limit with the penalization
function Hy(Z,)sM»t%»=¢ for all £ € N when p(0) = 0.

Theorem 4.4. (1) Let p be an offspring distribution satisfying (1.1),
p(0) = 0 and which admits a moment of order ¢ € N* and let q be
mark function q satisfying (1.2). Let r = min{k € N, p(k) > 0}.
Let t € (0,1] and s € (0,1) be fized. We have for all n € N, and all
An € Ty,

E [1a, H(Zpyp)sMntrtZntr
[ n+PM 7 ] - E[ﬂAleS,n707T]7
E [Hy(Znsp)sMmirtPnir] - portoo

(4.23)
with

Moy ()™ g, -1 ifr=1,
5,m,0,r = ("=
M. (s) 7T lg,—pn ifr > 1.
(2) The probability measure Qs defined on (T*, F) by
Vn c N,An S Lo}\ﬂn QS,O,T(AH) = E []]-AnBSﬂ?,,O,T] ’

is the distribution of a regular r-ary tree whose each node is marked,
independently of each others, with probability
sq(r) '
sq(r) +1—q(r)




PENALIZATION OF MARKED GALTON-WATSON TREES 31

Proof. We only prove part (1). The proof of (2) follows the same lines as in
the proof of Theorem 4.1, (2).

We begin with the case £ = 0 and r = 1. Using (4.4), we obtain:
(4.24)

o< B[ttt 7] SMops Mt
S TR ] e S U0 S G0

since the mean value inequality, applied to fI' on [0, 1], gives:

FEPE) = f2(FE() = f2(0) = (F)(0)F2().

As0 < (f1)(0) =E [sM 15 _13] < 1, we can use (4.24) to apply Lebesgue’s
dominated convergence theorem and we just study the a.s. limit to obtain
our results.

For r = 1, according to Lemma 10 in [4] and taking the notations in the
proof of Lemma 4.1, we can define:

t
Q)= [ Q'(x)dx, t€0,1],
K(s)

such that lim, ,;~ Q,(t) = Q(t) and @ is a positive function.

Since £(s) = 0, and thanks to the expression (4.7) we have

(4.25) )~ fU0PQ),

p—r—+00

with f7(0) = E[s™114,-1]. Thereby:
E [sMnriZnio| Z,]
E [SMn+pth+p] p—;:—oo

— M fL(0) M g, 1,
p—00

sMn fop Q)

since s < 1, f1(0) < 1, giving us our result.

Henceforth, we consider £ = 0 and r > 1. According to (4.4) and Lemma
4.2, we get:

B [sVnntnes | ] sMo fo(1) %
B[] 0

=1 _ _
~ M a;-fl(Zn 1)er”+Pb(t)(an n_1) sMngy
p——+o00 p—0

—(r" 1)
r—1

]lZn:r"

since b(t) < 0. To conclude this case, Lemma 4.2 ensures that for p large
enough:

f2(t)
a,(s) =1 er7b(1)

implying that for p large enough, as Z,, > r™:

1 3
Z < <2
2~ -2

E Mn+pth+p g?n M, g’t Zn ént rn 3 P —(r—1)
g E Y U (0 PN S
E [SMn+pth+p] TP P 2

9
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thus we can apply dominated convergence.

Now, we suppose ¢ > 1 and r = 1. According to Lemma 4.1, (4.10) and
(4.25) we have:

E [Ho(Znp)sMntvtZnr=t| Z, |

fi(0)p
S SUCALTOES D S | CE
t n=i
8 =1 (nlv 7"2)6*9 Z] 1

i L FL0)PC (1)
(0P Q(1) ™ A
; (n1,. %ESME n]'
l
= s fL(0PPn DN " Hi(Z,)Q(t)

i=1 (n1,..,n)€S; 0 J=1

M, Oé(t)]lz -

p—00 1l e

The rest of the proof is the same as the one of Theorem 4.2 as the following
upper bound remains true in our case:

) < E[H(Zuyy)s it | 7,]

< TN <
Finally, we consider the case £ > 1 and r > 1. According to Lemma 4.2,
we have for every 1 <i </ and every (ni,...,n;) € S;¢, when p — 4o00:

Z H fs rpﬁerpib(t) Kz (t),

(n1,..,n)€S; ¢ J=1

with K;(t) a positive function, since all the terms in the sum are positive and
of the same order. According to (4.10) and (4.19), when p goes to infinity:

E [Hi(Zpp)sMmtvtZnr=t| Z, |
rmTPh(t)

7’1”5 e

M"ZH ) (™0 Ko(1)

L
st BT T H (Z) Ko ()P
1=1

o e =T K (1)

— ]].Zn_rnSMn ZH K (t)rn_i =: SMnCLn]lZn 1,

p—00
=1
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where a,, is a positive constant. Note that for p large enough, as Z, > r™:
E [Hy(Zpip)sMmtvtZnir=t| 7,
rPLer™TPh(t)

SM” ¢ " fil’
S TN Y OHA(Za) )" Y H
i=1

(77/1, 7”2)65 Z] 1

< Mo (g)réﬂxznmo(t)"” SO "?

(n17 7“1)65 l.y 1

(”J

as Z, € L. As a result, Lebesgue’s dominated convergence theorem gives:
E [1n, Ho(Zpip)s™mirt?nin =]
7PLer™TPh(t)
The previous formula is true for n = 0 and Ay = T*, consequently:
E [1n, Ho(Zpip)s™mtrt?nr ]
im
ptoo B [Hy(Zpyp)sMrtetZnrr=]

=E []lAnsM”an]lZn:rn} .

-F []lAnsM r ”1Zn_rn}
ag

= E []lAnsM"r_"an]lZn:Tn} .

—(r"—1)

nﬁar(s) P

M”r_”gbn]lzn:rn is a martingale with mean 1, b, = r

Since s .
O
4.3. Case s = 0. For the sake of completeness, we consider the case s = 0,
that is we penalize by the quantity

Hg(Zp)ﬂMp:()th .
As the proofs are very close to that of the previous sections, we only state
the main results and give some ideas for the proofs.
Here, we introduce ¢(t) := E [Ly,—ot?!], 7 := min{j > 0; p(j)(1 —
q(j)) > 0} and & the smallest positive fixed point of .
We begin with the case 7 = 0, where 0 < & < 1 and we obtain:

Theorem 4.5. Let p be an offspring distribution satisfying (1.1) that admits
a moment of order £ € N* and let q be a mark function satisfying (1.2) such
that 7 =0, and let t € (0,1]. We have for alln € N, A,, € F,:

(4.26)

E []lAnHé(Zn+p)]lM7L+p:0tzn+p] — - []lAnBom’l] e
E [He(Zner)]anw:OtZ“p] ot | g []lAnBO n2), otherwise
where By 1 = k2", —o and By o = 1/1’( T ~11,-0-

The proof of this result is based on that of Theorem 4.1 and Theorem
4.2, and the following asymptotic behavior:

(4.27) ve € [0,1], @) O(t) ~ W(RPCU(E).

p——+00
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where Cy is a positive function (the proof is similar to that of Lemma 4.1).
Under the probability Qg ; defined on (T*,.%) by Qo.i(Ayn) = E[1a, Bon.il
for:

e i =1, 7" is a MGW with the reproduction-marking law:

po.1(k,n) = po(k, n)E" 1,0

e ; =2, 7*is a two-typed random marked tree, there are normal and
special nodes. The reproduction-marking law of the normal ones is
po,1 and the special ones’ is:

k/%k—l
po.2(k,n) = po(k,n) IR 90,
and at each generation, there is a unique special node chosen uni-
formly among all the individuals of this generation.

Henceforth, we consider the case 7 > 1. We begin to present a lemma
similar to Lemma 4.2 for the case 7 > 1.

Lemma 4.3. Suppose 7 > 2. For every £ € N, and every t € (0,1], there
exists a positive constant Ky(t), such that

W) () = Ke(t)r” ™™ (1 + o(1)),

where

+o00 i+1
-—In 7,—('+1) n [ (75)
b(t) : 1(t)+j§ i+ <¢j(t)f>'

Thereby we obtain the following theorem:

Theorem 4.6. Let p be an offspring distribution satisfying (1.1) that admits
a moment of order ¢ € N*, and let q be a mark function satisfying (1.2) such
that 7 > 1, and let t € (0,1]. We have for alln € N, A,, € F,:

E []lAnHg(Zn+p)]an+p:0th+p]
E [Hg(Zn+p)]an+p:0th+P]
E[1A,po(1,0) " Lar,=0,2,=1] » if 7 =1,

(771

— i Gl o~
P00 E[]lAnpo(T,O) U Iam,=0,z,= |, T >1

The probabilities obtained with these martingales are Dirac masses at
r-ary regular trees with no marks.
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