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PENALIZATION OF GALTON-WATSON PROCESSES

ROMAIN ABRAHAM AND PIERRE DEBS

ABSTRACT. We apply the penalization technique introduced by Roynette, Vallois, Yor for
Brownian motion to Galton-Watson processes with a penalizing function of the form P(x)s®
where P is a polynomial of degree p and s € [0,1]. We prove that the limiting martingales
obtained by this method are most of the time classical ones, except in the super-critical
case for s = 1 (or s — 1) where we obtain new martingales. If we make a change of
probability measure with this martingale, we obtain a multi-type Galton-Watson tree with
p distinguished infinite spines.

1. INTRODUCTION

Let (Zy)n>0 be a Galton-Watson process (GW) associated with an offspring distribution
q = (gn,n € N). We denote by u the first moment of g and recall that the process is said to be
sub-critical (resp. critical, resp. super-critical) if © < 1 (resp. u = 1, resp. p > 1) and that
the process suffers a.s. extinction in the sub-critical and critial cases (unless the degenerate
case g1 = 1) whereas it has a positive probability 1 — k of survival in the super-critical case.
Moreover, the constant k is the smallest positive fix point of the generating function f of q.
We refer to [4] for general results on GW processes.

It is easy to check that the two processes (Z,/u")n>0 and (k%" ~1),,>¢ are martingales with
respect to the natural filtration (.%#,),>¢ associated with (Z,),>0, with mean 1. Moreover,
given a martingale (My,),>0 with mean 1, we can define a new process (Zvn)nzo by a change
of probability: for every nonnegative measurable functional ¢, we have

E [@(ka,O <k< n)] = E[My(Z,,0 < k < n)].

The distribution of the process Z and of its genealogical tree is well-known for the two
previous martingales. In the sub-critical or critical case, the process associated with the
martingale (Z,/u")n>0 is the so-called sized-biased GW and is a two-type GW. It can also
be viewed as a version of the process conditioned on non-extinction, see [11]. The associated
genealogical tree is composed of an infinite spine on which are grafted trees distributed
as the original one. In the super-critical case, if kK # 0, the process associated with the
martingale (k%" ~1),>¢ is the original GW conditioned on extinction. It is a sub-critical GW
with generating function f(-) = f(k-)/k and mean i = f'(k). By combining these two
results, we get a third martingale namely
) M = Znn”

fr(w)m
and the associated process 7 is distributed, if 0 < x < 1, as the size-biased process of the
GW conditioned on extinction.
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2 ROMAIN ABRAHAM AND PIERRE DEBS

A general method called penalization has been introduced by Roynette, Vallois and Yor
[15, 14, 16] in the case of the one-dimensional Brownian motion to generate new martingales
and to define, by a change of measure, Brownian-like processes conditioned on some specific
zero-probability events. This method has also been used for similar problems applied to
random walks, [5, 6]. It consists in our case in considering a function ¢(n,z) and studying
the limit

E|[1 Zman
m—+oo  E[p(m + n, Zmin)]

with A, € %,. If this limit exists, it takes the form E[1,, M,] where the process (M )nen is
a positive martingale with My = 1 (see [17] for more details).

The study of conditioned GW goes back to the seminal work of Kesten [11] and has recently
received a renewed interest, see [9, 2, 1], mainly because of the possibility of getting other
types of limiting trees than Kesten’s. This work can also be viewed as part of this problem.
For instance, penalizing by the martingale Z,,/u™ prevents the process from extinction (this
is the case considered in [11]) whereas considering the weight £?7~! penalizes the paths where
the size of the population gets large.

In order to generalize the martingale (1), we first consider the function p(z) = Hp(z)s”
(that does not depend on n) for 0 < s < 1 where H, denotes the p-th Hilbert’s polynomial
defined by

p—1
(3) Ho(x) =1 and Hy(x) = % H(:c — k) for p > 1.
k=0

We prove that the limit (2) exists for every s € [0, 1) but we always get already known limiting
martingales. More precisely, see Theorems 3.3, 3.5 and 3.8, we have for every p € N, every
s €[0,1), every n € N and every A,, € %,

e (Critical and sub-critical case.

fy Bl Hp(Znin)s? 0] [E[1y,] ifp=0,
m—+too  E[H,(Zpyn)s%m+n] E[Z,/p"1y,] ifp>1.

This result also holds in the critical case for s = 1.
e Super-critical case. We set a = min{k > 0, gq; > 0}. We have for every p > 0,

E -fon*I]lAn] if p=0and a=0,
E | Zus’n1q £ _
li E []lAan(Zern)SZ’”*”] B | ) AR if p>1anda=0,
miﬁloo E[Hp(Zm+n)SZm+n] - ]E _%]lznzl]]-/\n lf a= 1’
[ a™—1
E |gq . 1z,=an1y, if a> 2.

Let us mention that the choice of the Hilbert’s polynomials is only here to ease the compu-
tations but does not have any influence on the limit. Considering any polynomial of degree
p that vanishes at 0 leads to the same limit as for H,,.

A more interesting feature is to consider, in the super-critical case, s = 1 or a sequence s,
that tends to 1. It appears that the correct speed of convergence, in order to get non-trivial
limits, leads to consider functions of the form

wp(n,z) = Hy(z)e /"
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where a € R, see Theorem 4.2. We also describe the genealogical tree of Z , see Theorem 4.9,
which is the genealogical tree of a non-homogeneous multi-type GW (the offspring distribution
of a node depends on its type and its generation). For the tree associated with the function
©p, the types of the nodes run from 0 to p, the root being of type p. Moreover, the sum of
the types of the offspring of one node is equal to the type of this node. Hence, nodes of type
0 give birth to nodes of type 0, nodes of type 1 give birth to one node of type 1 and nodes
of type 0, nodes of type 2 give birth to either one node of type 2 or two nodes of type 1, and
nodes of type 0, etc. For instance, the figure below gives some possible trees with a root of
type 2 or 3. The type of the node is written in it, black nodes are of type 0.

FIGURE 1. Trees with a root of respective type 2, 3 and 3.

We see that, if the root is of type p, the tree exhibits a skeleton with p infinite spines on
which are grafted trees of type 0. The distribution of such a tree is given in Definition 4.4.
Let us mention that the trees of type 0 already appear in [3] and may be infinite, the p-spines
of the skeleton are not the only infinite spines of the tree. Multi-spine trees have already
been considered, [13, 8], but they differ from those introduced here.

In the sub-critical case, if we suppose that there exists a second fix point  for the generating
function f, the associated GW can be viewed as a super-critical GW conditioned on extinction
and can be obtained from this super-critical GW by a standard change of measure. Then by
combining the two changes of measure, the previous results can be used to get similar results
in such a sub-critical case, see Theorem 5.1.

The paper is organized as follows. In the second section, we introduce the formalism of
discrete trees that we use in all the paper and define the distribution of Galton-Watson trees.
In Section 3, we compute all the limits in the case s € [0,1). We then compute in Section 4
the limit in the super-critical case when s,, — 1 and describe the distribution of the modified
genealogical tree. We deduce the same kind of results in the sub-critical case in Section 4
and finish with an appendix that contains a technical lemma on Hilbert polynomials that we
use in the proofs.
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2. NOTATIONS

2.1. The set of discrete trees. Let % = [J/°3(N*)" be the set of finite sequences of
positive integers with the convention (N*)Y = {9}. For every u € %, we set |u| the length of
u i.e. the unique integer n € N such that v € (N*)". If w and v are two sequences of %, we
set uv the concatenation of the two sequences with the convention Ou = ud = u. For every
u € % \ {0}, we define u the unique element of % such that u = i for some i € N*.
A tree t rooted at u € % is a subset of % that satisfies
e uct.
o VoeU, vl <|ul = v¢&t.
o Voet\{u}, vet.
o Voet,Jk,(t) e N, Vie N, vi et <= i <k,(t).
We denote by T, the set of trees rooted at v and by T = Uue% T, the set of all trees.
For a tree t € T, we set H(t) its height:

H(t) = max{|ul|, u € t},

and we denote, for every h € N*, by T(® (resp. ']I‘gh)) the subset of trees of T (resp. T,,) with
height less that h.
For every n € N*, we denote by 1,, = (1,...,1) € (N*)", and we write for simplicity T,
(resp. ’]T%h)) instead of Ty, (resp ’]1‘(111)).
For every t € T and every u € t, we set t, the subtree of t rooted at u i.e.
ty,={vet, we, v=uw}.
For every t € T and every n € N, we denote by z,(t) the number nodes of t at height n:
zp(t) = Card({u € t, |u] =n}).
For every n € N*, we define on T the restriction operator r, by
VteT, rp(t) ={uet, [u <n}

Classical results give that the distribution of a random tree 7 on T is characterized by the
family of probabilities (P(r,(7) =t), n € N*, t € T(").

2.2. Galton-Watson trees. Let ¢ = (¢,, n € N) be a probability distribution on the
nonnegative integers. We set p = Z:ﬁ% ngy, its mean and always suppose that p < 4o00.

A Ty-valued random tree 7 is said to be Galton-Watson tree with offspring distribution ¢
under P if, for every h € N* and every t € ']I‘(ah),
Pira(r)=t) = [[ drw-

u€rp_1(t)

The generation-size process defined by (Z,, = z,(7), n € N) is the classical Galton-Watson
process with offspring distribution ¢ starting with a single individual at time 0.

As we will later consider inhomogeneous Galton-Watson trees (whose offspring distribution
depends on the height of the node), we define for every k € N the distribution P, under which
the generation-size process is a Galton-Watson process starting with a single individual at
time k:

vh>k, vt e Ty, Pin(r)=t) = [ o
u€ry_1(t)
In other word, the random tree 7 under P, is distributed as 157 under P, and P is equal to
Ps.
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Let f denote the generating function of ¢ and for every n > 1, we set f,, the n-fold iterate
of f:
flzfa Vn > 1, fn—l—l:fnof-
Then f,, is the generating function of the random variable Z, under P.
We recall now the classical result on the extinction probability of the Galton-Watson tree
and introduce some notations. We denote by {H (1) < 400} = |J,,cxy{Zn = 0} the extinction
event and denote by x the extinction probability:

(4) k=P(H(T) < +00).
Then, & is the smallest non-negative root of f(s) = s. Moreover, we can prove that
(5) Vs € [0,1), nll}I-lI—loo fn(s) = k.

We recall the three following cases:

e The sub-critical case (u < 1): k= 1.

e The critical case (= 1): kK =1 (unless ¢ = 1 and then x = 0).

e The super-critical case (u > 1): k € [0,1), the process has a positive probability of
non-extinction.

In the super-critical case, we recall that
(6) a =min{k > 0, g > 0}

and we say that we are in the Schroeder case if a < 1 (which implies f/(k) > 0) and in the
Botcher case if a > 1 (in that case, we have k = f/(k) = 0).

It is easy to check that the process (Z,/u",n € N) is a nonegative martingale under P
and hence converges a.s. toward a random variable denoted by W. Moreover, following
[18], we know that, in the super-critical case, if ¢ satisfies the so-called Llog L condition i.e.
E[Z:11og Z1] < 400, then W is non-degenerate and P(W = 0) = k.

Let us denote by ¢ the Laplace transform of W. Then, ¢ is the unique (up to a linear
change of variable) solution of Schroeder’s equation (see [18], Theorem 4.1):

(7) Va =0, f(¢(a)) = dlap).

3. STANDARD LIMITING MARTINGALES

In this section, we study the penalization function

(8) pp(x) = Hy(x)s"

for some fixed integer p € N* and some fixed s € [0,1) (or s = 1 in the critical case).

3.1. A formula for the conditional expectation. Let n,m be non-negative integers.
According to the branching property, conditionally on .%,,, we have

Zn
7j=1

where the sequence (Z @, 5> 1) are i.i.d. copies of Z. Therefore we deduce that, for every
s €]0,1), we have

Zn Zn
(4) (4)
) Bl | Z) =B | [ | 7| = [ B[5] = i)™
j=1 j=1
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Let us denote by

(10) Sip= {(nl, ;) € (N*) an :p} .

k=1
We have the following result:

Lemma 3.1. Let p € N* and let q¢ be an offspring distribution with a finite p-th moment.
For every n,m € N and every s € [0,1), we have

(11) E[Hp(zn+m)szn+m—p ‘ ﬁn} ZH gy Hf(nj

(n17 . Ni)ES; P j=1

Proof. First recall Faa di Bruno’s formula:

(”J
(12) @J —wzﬂw 3 Hg

(nl, oni)€Ssp =1
Using (9), we get
1 dr
H@

—ZH Y I

(TL1, 7"1)657,;7.7 1

1 d?P

£ [Hp(Zn+M)szn+m_p’97L] = pl dsP

(Efs™ | Fn]) = (fm(s)” )

3.2. The limiting martingale for s € [0,1) in the non-critical case.

Lemma 3.2. Let p € N* and q be a non-critical offspring distribution that satisfies the
L log L condition. We suppose that we are in the Schroeder case if q is super-critical. Then,
there ezists a positive function Cy, such that for all s € [0,1):

(13) 1P~ Gyl

where v = f'(k) € (0,1).
Note that the Llog L condition in the sub-critical case is needed to avoid C7 = 0 (see [4]
pp. 38).

Proof. The case p = 1 is classical (with C}(s) = 1) and can be found be found in [4] (pp. 38).
The rest of the proof is a generalisation of the case p = 2 found in [10].
Assume that (13) is true for all j < p — 1. Using again Faa di Bruno’s formula, we get:

2, (s) 1 f%
fon®) T 237 2 II
nt1 n+1 i—1 (nl, N3)ES p J=1

p 1 f(nj
Z; 2 H
n+1 i=2 (m, sni)E€Sip J=1

F'(Fal) ()
F1(8) 1" (fn(s))

_l’_
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Therefore, we get

L) ) 1 M (s)
(14) 3 - =Y SO (fals) >
7Il+1(8) frll(s) i=2 ! YIL'H(S) (nh---,M)ESi,p]EIl nj!
For every 2 < i < p and every (ni,...,n;) € S;,, as nj < p for every j < i, we can use the

induction hypothesis and deduce that there exists a positive constant K such that
1 i ﬁnj) (S)

K,yn(ifl).
f1,1+1(8) i nj! n—-+o00

(15)

The continuity of fU) and (5) imply that lim, . f9(fn(s)) = fU)(k) for all j > 1, thus
formulas (14) and (15) implies that
() fPGs) o
/ Y ~ Ky
n+1(s) n(s) n—r+00

for some constant K’ > 0.
As v € (0,1), uniformly on any compact of (0,1):

(») (») (p) (»)
= lim & (5) _ fr (s) faga(s)  fa(s)
0< Cp(s) T nl>+oo fy’z(s) f{(s) + 1; ;L+1(8) fyll(s)

< 400

which is equivalent to fy(Lp )(s) ~  Cy(s)fl(s). Applying again the lemma for p = 1 gives

n—-+4o0o

the result. O

We can now state the main results concerning the limit of (2) with the penalization function
(8). We must separate two cases for super-critical offspring distributions depending on ¢o > 0
(which is equivalent to k > 0) or go = 0 (which is equivalent to k = 0).

Theorem 3.3. Let p € N and let g be a non-critical offspring distribution that admits a
moment of order p (and satisfies the L log L condition if p = 1). We assume furthermore
that qo > 0 (which is true if q is sub-critical). Then, for every s € [0,1), every n € N and
every Ay, € %, we have

im E [HP(Zm+n)SZm+n]lAn]
m—~+o0 E[Hp(Zern)SZm‘”L]
kPl ifp=0,

with M,sp) = Zn—1 .
{Z’}'”(»e)n p=1

(16)

=E []/\Z,(Lp)]l/\n}

Proof. Let us first consider the case p = 0. Using Equation (9), we get
E[s?mn | Zu] _ fm(s)?n
EfsZmtn] " fongn(s)
As, for every s € [0,1), limy, 100 frm(s) = k > 0, we get
. [ [sZm+n ‘ Fn
lim ————

m——+o0 E[szm+n]

= gén—1,

Moreover, using the increasing property of (fn(s))n>1 in s and n, we have
Zn
fm-i—n(s) q0
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so the dominated convergence theorem gives the result.

Let us now suppose that p > 1. Applying (13), as 0 < v < 1, we get that, for every i > 1,

ipng) e , ,
Z H fm ( ) :C’le—i—O(’le)

|
P
(nlv---ynz)e ipJ

for some constant C. Therefore, in (11), we get that the term for ¢ = 1 is dominant when

m — +oo and therefore
— 1 - m 1 —1_m m
E Hp(Zner)SZner P ‘ ﬁn} = 2?anrrb(s)zn lfr(rIL))(S)“'o(’V )= Hcp(s)znﬁzn 17 +o(y™).

Moreover, as for every 1 < ¢ < p, we have
Hi(Zn)fm(S)Znii = Hi(Zn)fm(S)Znii]lani < Hi(Zy),
we have by dominated convergence

lim B [Hi(Zn) fm(s) '] = E [Hi(Zn)s™ ],

m——+00
and by the same arguments as above, we get
1

—Cp(8)E [ZnkZ 1y, [ Y™ + o(7™).

Using (11) with n = 0 and (13), we have for m — +oo0,
_ 1
B [Hy(Znpm)s™ 7 7P) = 1 fi8(s) = S Cp(a)y™ ™ 404" ™).
Combining these two asymptotics yields

. E[Hp(Zm+n)Szm+n]]-An] g ZnKZn_l _ an,{Zn—l]l
moto0 B[Hy(Zyyn)s?men] A A

fr(w)r

O

Remark 3.4. Let P be a polynomial of degree p > 0 that vanishes at 0. Therefore, there
exists constants (ay)1<k<p such that

p
P = Z Oéka.
k=1

Then, the previous asymptotics give, for every n,m € N and every A,, € .%,,

P k
E [P(Zm+n)8Zm+”]lAn] = <Z ak%Ck(s)> E [ZnﬁZ"flllAn] Y+ o(y™)
k=1 '

and
P ok
B [P(Zusn)s%+7] = (Z akg%)) 7 ol
k=1

which implies that we obtain the same limit with P or with H), in the penalizing function.

Recall Definition (6) of a.
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Theorem 3.5. Let q be a super-critical offspring distribution that admits a moment of order
p € N, and let us suppose that a > 0 (or equivalently gy = 0). Then, for every s € (0,1),
every n € N and every A, € %,, we have

—n e
v ElBGnetre] | [Blmata] dest
m—too E[Hp(Zmin)s?mn] Elga " 1z,=anla,| ifa>2.

Proof. The reasoning is similar to the previous one.
Let us first consider the case p =0, a = 1. In that case, we have (see [4] pp. 40 Corollary
1),

(18) Vs € (0,1), fin(s) ~ Ci(s)f'(0)™ = Ci(s)qt"
for a positive function Cy(s). Therefore
Els% | o _ P i)
EsZr] ()

which converges to 0 if Z, > 1 and to ¢;" if Z, = 1. We conclude then by dominated
convergence as fm ()" /f., . (s) < f2(0)~! for all m > 2.

Let us now suppose that p > 1 and a = 1. Using (11), Lemma 3.2 and (18), we have
n
E [Hy(Znsm)s™ 07 | ] = 37 CHI(Z0)a P (1 + (1)
i=1

for some constants C; (note that v = f’(0) = ¢1 here) and

— 1 1 n-+m m
E [Hy(Zpsm)s?mtmP) = = £ (s) = “Cp(s)a ™+ ofa?)

|/ n+m

which yields for some constant K > 0
£ [Hp(anLm)SZHm ﬁ"}
E[Hy(Zptm)s%mtm]

n
~ qu_nq;n(Zn—l) Z CZHZ(Zn)
=1

This ratio tends to 0 if Z,, > 1 and to K'q; " otherwise, with K’ > 0. Dominated convergence
Theorem ensures the existence of the limit (17) and we can easily find that K’ = 1 recalling
that necessarily (K’'q; "1z,=1)n>0 is a martingale with mean equals to 1.

For the case a > 2, we use the asymptotics given in the following lemma whose proof is
postponed after the current proof.

Lemma 3.6. For every p € N and every s € (0,1), there ezists a positive constant Kp(s)
such that
FP(s) = Kp(s)a™ e ") (1 + o(1))
where
NS i1 g J1(8)
b(s) =log s + Z a I 1og L0
= fi(s)®

In that case, we have for p =0 as m — +o0

Els”mn | Fn] _ ful(s)?" Zn—1,a™b n n
nl_ Jm -~ n— (8)(Zn—a™) a”—1 .
E[Szm+n] fm-i—n(s) KO(S) ‘ m—+o00 KO(S) 12,=a
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since b(s) < 0. We conclude either by saying that Ky(s) = g4 J1/el by [7] Lemma 10, or by
using the fact that the limit is a martingale with mean 1.

For p > 1, we use Lemma 3.6 to get that, for every 1 <i < p and every (n1,...,n;) € S;p,
we have as m — +o0,

”J)
H f H Knj mnjeamb(s)/nj! _ K(S)ampeamb(s)i
for some constant K (s). Hence, we have for 1 < i < p,

f("] . m .
Z H Z(S)ampea b(s)i

(nh 7”2)687,;7.] 1

for another constant Kz(s) since all the terms in the sum are nonnegative and of the same
order.
Finally, using (11), we get

P . "J)
E [Hp(Zner)Szn-Fmip ‘ ﬁn] = ZHi(Zn)fm(S)Zniz Z H f
i=1 (n1,...14)ES; p 5=1
P
~ Y Ko(s)Pn K (5) Hi(Zy)e™" Fn M) grmp e bls)

for some function K, again since all the terms of the sum are nonnegative and of the same
order.

This gives
Zn+m—p Z 2
B [Hy(Znim)s™ 7 | Fn] K. 20) copgamaiszaeny—, cop,
E[Hp(Zptm)sZn+m=P] Kp(s) m—+00
where C,, is a constant depending on n that is computed again by saying that the limit is a
martingale with mean 1. O

Remark 3.7. The same arguments as in Remark 3.4 can be used to show that the limit does
not depend of the choice of the polynomial

We now finish this section with the proof of Lemma 3.6.

Proof of Lemma 3.6. In the proof, the letter K will denote a constant that depends on s and
may change from line to line.

Lemma 10 in [7] states that, for every § > 0 and every s € (0,1 — J), we have
fm(s) — q;l/(a—l)eamb(s) (1 + O(e—éam))

which implies the result for p = 0.
To prove the result for p = 1, we follow the same ideas as in the proof of [7], Lemma 10.
We still consider s € (0,1 —6) for some § > 0. First, we have

+oo

Fro1(8) = Fr(8)F' (fm(9)) = Fra(8) D (0 + k) qasi fom ()71,

k=0
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which gives

/ +o00
k)qatk
< m1(%) N (0t R)dasn .
RO L Ak D LY
< Ke"b(s)

by Lemma 13 of [7]. Therefore, as In(1 4+ u) < u for every nonnegative u, we have

mt1(8) amb(s)
O=tn (f;xs)aqafm(s)al) = fe

which implies that the series

Zl( )

converges. Using the asymptotics for f,,(s) of Lemma 10 of [7] we get that

(mairaro) = (Fosmor)

and hence that the series

Lt 1 a(5)
Ho)i= 2 tn (f’ o)

converges.
Moreover, as

fm(s) R fr1(8) s
In o ey e b(s) — Z In <f,’€(s)aet’1(a—1)b(s)> = b(s) + o(1),

we obtain

!
m(s) b(s
) = o)

which is the looked after formula for p = 1.

We finish the proof by induction on p as for the proof of Lemma 3.2. Let p > 2 and let us
suppose that the asymptotics of Lemma 3.6 are true for every j < p. Recall Equation (14)

féf) (8) (P) p 1 ("J
I R R YA DV |

m+1 i—o m+1( )(nh 7”2)651;7] 1

By the induction assumption, we have for every 1 < ¢ < p, using the same computations as
in the proof of Theorem 3.5,

Z H f Kampeamb(s)i.

(TL1, 7"1)65217.7 1
We also have

Shoi(s) ~ Kamed™ 10

m
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and for every i > 2,

ﬂ%n@»:{Km®%m+dD>ﬁwm,

0(1) if i > a,
K@) (1 4 0(1)) ifi<a,
o) if i > a.

Hence, in the sum of (19), the terms for ¢ < a (which exist since a > 2) are dominant and
of order Ka™P=1),
We get

)

755—}—1(3) T(YIL))(S) K m(p—1)

/ Y] ~hAa

me1(s)  fh(s)
and, as the series diverge (a?~! > 1), the partial sums are also equivalent, which gives

FP(s) ~ K™ fl, () ~ KaPes™ 00

using the result for p = 1. O
3.3. The limiting martingale for s € [0,1] in the critical case. We finish with the

result for a critical offspring distribution. As the arguments are the same as for the proof of
Theorem 3.3, we only give the main lines in the proof of the following theorem.

Theorem 3.8. Let g be a critical offspring distribution that admits a moment of order p € N.
Then, for every s € [0,1], every n € N and every A,, € %#,, we have

lim E[Hp(Zmin)s?m14,] _ E[1a,] ifp=0,
m—too  B[Hp(Zpn)s?min] ElZn1y,] ifp=1.

Proof. We first study the case s € [0,1).
For p = 0, the proof of Theorem 3.3 still applies with x = 1.
For p = 1, note that according to the dominated convergence theorem

E[Zn+mszn+m_1|yn] o E[Zn+m52n+m_1|ﬁn] o anm(s)zn_lf;n(s) o anm(s)zn_l
mtn () — E[ZnimsZnT ] B2 fm(s)P Tl (5)] Bl Znfm(s) %0
Zn,

=7
m%—Jr)oo E[Zn] "

giving our result. Moreover we can deduce from this limit’s ratio that for all n > 0, when m
goes to infinity

(20) Frn(8) ~ fin(s).

We then replace Lemma 3.2 by the following asymptotics for fy(Lp )(S) whose proof is post-
poned at the end of the section.

Lemma 3.9. In the critical case, for every p > 1, there ewists a positive function C,, such
that for all s € [0,1):

(21) FP(s) o~ Cpls)fnls)

n—-+o0o
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The result then follows using the same arguments as in the proof of Theorem 3.3.

Let us now consider the case s = 1. The case p = 0 is trivial, so let us suppose that p > 1.
Equation (11) applied to s =1 and m = 1 gives

P

E[Hp(zn—f—l)‘ﬁn] = ZHZ(Zn) Z H n] (Z1)]

i=1 (n1,..m3)ESs p I= 1
and an easy induction on n and p gives the following lemma.

Lemma 3.10. Let g be a critical offspring distribution that admits a moment of order p.
Then there exists a polynomial P of degree p — 1 such that, for everyn >0,

E[Hy(Zn)] = P(n).

This gives asympotics of E[H,(Z,)] of the form cnP~1 as n — +oo. Plugging these asymp-
totics in (11) and arguing as in the proof of Theorem 3.3 gives the result.
O

Proof of Lemma 3.9. We first need to prove that >_, - f;(s) < +00. Let G be the function
defined on [0,1) by

(22)  G(s)=) "D P(Zu=k) =D s"P(Zy=k) =D (fuls) = ful0)).
E>1 n>0 n>0k>1 n>0

According to [12] pp.584, there exists a function U, such that for s € [0,1):
lim n2(f(s) — fu(0)) = U(s) < 00

n—-+0o0o
implying that G is a power series that converges on [0,1) and we have on this interval
- e <+
n>0

The rest of the proof is very similar to the one of Lemma 3.2: using (20) and the induction
hypothesis, the equivalent of formula (15) is

(23) 1 H i - K(fh(s)

n+1 n%Jroo

implying that
Ioh(s)  £P(s)

7o1(5)  fi(s) notoo

for some constant K’ > 0. Consequently

Ds)  1P06) ) 1P()

K'fp(s)

C = lim =
0<GO =T T e *Z () s T
which is equivalent to f,sp )(5) ~  Cp(s)fr(s). O

n—-+o0o
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4. A NEW MARTINGALE IN THE SUPER-CRITICAL CASE WHEN s — 1

We are now considering the same penalization function (8) but with s = 1 or with s
replaced by a sequence (s,) that tends to 1. More precisely, we consider functions of the
form

(24) pp(n,x) = Hy(x)e */"
for some non-negative constant a.

4.1. The limiting martingale. Recall that H,, denotes the p-th Hilbert polynomial defined
by (3) and ¢ the Laplace transform of W the limit of the martingale (Zn/u"),>0.
For every a > 0, every p € N* and every n € N, we set, for every x € R,

p — p! 3 p n\r—i
(25) @) = oy 2 IO/ Hife)

with
(nr)
(26) agp) (n) _ Z H o a/lu'
(n1,...,n3)€S;,p r=1

Let us first state the following relation between the coefficients az(p ) (n) that will be used
further.

Lemma 4.1. For every i € N* and every (sy,...s;) € (N*), let us set w = 3"

j=155- Then,
we have for every n,p > 0,

> a0 =P o)

(£1,...,4;)€S; p =1

Proof. Let us consider the polynomial

P& (q/um
X):Z¢ (kl//l )Xk
k=1 ’

Then, by (26), agé) (n) is the coefficient of order ¢ of the polynomial P? for every s < ¢ < p.
The lemma is then just a consequence of the formula

I[P (x) =P X).
j=1

O

Theorem 4.2. Let p € N*. Let q be a super-critical offspring distribution that admits a
moment of order p. Then, for every a > 0, every n € N, and every A, € F,,

E {Hp(ZM-i—n)eiaZm_M/#ern]1/\"] =FE [ 1

. el ()
lim MpnGn (Zn)]lAn} .

m—+oo [ [Hp(Zern)e*aZm-Fn/ﬂm_F"]

Proof. Let us first remark that for all k € {O ...,m}

(27) ﬁf},’ﬁ(ew%):[ mH noihl

kg (&
o 0 ()
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And, by the same argument, we have
1 —oZpn] _ 1o —aZmm  Zmin — i+ 1 »9®(a)
Mp(m+n)IE [Hp(Zern)e w ] = HE [e n ;l_[l = m_>—+>oo (—1) o .
Using Lemma 3.1 and (27), we get

Z

m+n
i [H (Zimn)e "ot

prm

—e um+" ZH fm 6 HM-HL )Zn 7 Z H f 6 #n+m)

(n1,..m:) €S p J=1 n;lpmam
SRpY s /)
m*>+oo ZH a//j/ ) H( 1) ;

. nj!
(n1,...,n3)€S; p J=1
p

PZHZ dla/u" )Zn—i Z H(b a/lu'

(n17 7”1)6511)] 1
Again, for every 1 < i < p, we have H;(Z,) fm(e~/*""")%n~ < H;(Z,) so, by dominated
convergence, we get
7aZm+n
E [Hp(Zm+n)e o nAn}

lim

n——+o00 Zm+"
E [Hp(ZnH_n) @ mtn }

1 p & n\Zn—i ¢(n’) a/,u
g 2 HiZnolal 3 [T &)
M a =1 (nh 7"1)65217.7 1
|

We end this subsection with the following uniqueness result concerning the limiting mar-
tingale in the homogeneous case i.e. a =0

Proposition 4.3. Let p > 1. There exists a unique polynomial P, of degree p that vanishes
at 0 such that the process (XT(Lp))nZO defined by

1
XP) = pr(zn)
s a martingale with mean 1.

Proof. Existence is given by Theorem 4.2.
For uniqueness, let us write

k

i=1
and let us suppose that X,(Lk) i

is a martingale with mean 1 for every 1 < k < p. This implies
by taking the expectation that, for every n > 0 and every k < p,
(28) s S 10 ) = W,

=1
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If we set for 1 <4,5 <p
Y IO A IRV
and if we consider the square matrices of order p
F=(fijh<ij<p, C=(cijh<ij<p M = (miji<ij<p,
Equations (28) for 0 <n < p — 1 write
(29) FC =M

where C' contains the unknown variables.

We know that, if cgk) = az(k) where the az(k) are defined by (26) with a = 0 (and hence do
not depend on n), C is indeed a solution of Equation (29) and is triangular with positive
coefficients and hence det C # 0. M is a Vandermond matrix and hence also satisfies det M #
0. Equation (29) hence implies det F' = det M/ det C' # 0 which proves that F' is invertible
and that (29) has a unique solution.

O

This proposition implies in particular that the choice of H, in Theorem 4.2 (if a = 0) in the
penalizing function is not relevant and any other polynomial of degree p > 1 that vanishes
at 0 gives the same limit.

4.2. Distribution of the penalized tree. In this section, we fix an integer p > 0 and
consider an offspring distribution ¢ that admits a p-th moment (and that satisfies the L log L
condtion if p < 2).

For every n > ng, we consider the function

pla/p")”

ifp=0
() ¢(a/pmo)
Ghina ) = p! ®) o

o) (a/pno) a; (n)Hi(z)¢(a/p")* ™" ifp=>1

with az(p) (n) defined by (26) and we consider the martingale

1
) — -
Mrino = LP(n—0) Giing (Zn)

We then define a new probability measure Qb, on T by

d@g?)) e
APy,

o |z,

(30) Vn > ng,

We now define another probability measure Q,(f;) on T as follows

Definition 4.4. Under QS{?}), the random tree T is distributed as an inhomogeneous multi-type
Galton-Watson tree as follows

o The types of the nodes run from 0 to p.
e The root of T is of type p and starts at height ng.
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o A node of type £ at height n gives, independently of the other nodes, k offspring with
respective types ({1,...,0) such that 1 + -+ + £, = £ with probability

10 B/t
/’[/z qb(g) (a/lu’n) jil 6 '

Remark 4.5. A node of type 0 at height n gives k offspring with probability

0(p) — (G/M"+1)
a5 ( )—Qki(a/'u "

dk

all of them being of type 0.
Remark also that ¢?(n) = g if a = 0.

Remark 4.6. If a node is of type £ > 0, the condition ¢1 + - - - 4+ £ = £ implies that this node
has at least one offspring with non-zero type.

Remark 4.7. The last property also writes: A node of type £ at height n gives, independently
of the other nodes, k offspring, k—i being of type 0, and i of respective types ({1, ..., ;) € S; e,
with probability

0 $(a/ R (K i ¢(€j)(a/un+1)
(31) A e b T

The ¢ nodes with non-zero types are uniformly chosen among the k offspring.
This equivalent formulation will be used in all the next proofs.

j=1

Lemma 4.8. Equation (31) indeed defines a probability distribution.
Proof. We must prove that
Y Z £ gla/pr (k) e
k=1 =1 (1,0 qk"é oO(a/pm) \i/ 52 b o
First remark that formula (26) gives:

Z H(b G/M

(Zlv ) )ESZZ] 1

") az(g)(n—l— 1).

Now, as M,S ll ., 15 @ martingale with mean one, we have by taking the expectation

l
T Do o (1 D [HilZ )/ )7 =1
=1

©) n+1 _
= %@a/u Zaz (n+1) quH dla/p" =1,

which ends the proof by inverting the sums and noting that H;(k) = (k) O

7

Theorem 4.9. For every ng > 0 the probability measures ngf)) end Q,(f;) coincide.
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Proof. To prove the theorem, it suffices to prove that,
(32) Vn > no, V6 € Tp, Q) (ra(r) = t) = Q) (ra(r) = t)
We prove this formula by induction on p.

For p = 0, we have, for every n > ng (the case n = ng is trivial as the tree r,(7) is reduced
to the root),

(b(a/ T‘+1)ku(t)

n—1 nl
QRean =)= I d.we =11 1I q’““(t)W

r=no {uct,|u|=r} r=ng {uct,|u|=r}
(b a MrJrl zr41(t)
- (H | Baora() =
r=ng )
a/pm)®

_ A e (7) = £) = QO () =

since zp,(t) = 1.

Let us now suppose that (32) is true for every p’ < p. We prove that the property is true
at rank p by induction on n.

We have already mentioned that the formula is trivially true for n = ny.

Let us now fix n > ng and let us suppose that the formula is true at rank p for every n’ < n
and let us prove it for n. Let t € ']I‘(O) and let us denote by kg the number of offspring of the
root of t. We denote by ti,...,tg, the (ordered) sub-trees of t above the first generation.
By decomposing according to the offspring of the root, we have

koAp no-+1\ko—i Ea(l) no+1
p! ko ¢(a/p"ott)ko ¢ (a/p"0 ")
Q) =0 = > () e X (I
0 1P P 7 ¢(p)(a/u 0) T e gj'

oy ML =t | x| T Q) = )

( % ) 1<ri<--<r;<ko \J=1 1<k<ko
kg{ri,..ri}

Therefore, as

ko

Pno(rn(T) = t) = Gk H PnoJrl(Tn(T) = tj)’
j=1
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we have

pP Qe () = ,’“”Z“’M/w“ S i¢<fj><a/w+1>
P"O(T"(T_t (afp) (€1,14:)ESi 5

QU () = 60) e
% Z (H = +1 )Mej( 1)

1<ri<-<r;<ko \j=1 n0+1(rn(7):tgj

\]
~—
I
[
=
~—

I]: (2n0+1( (
kg{Tl,...,T‘i}

koAp

(b /MnoJrl ko—1 i (b(éj)(a/un(ﬂrl)
PR ()

(€1,.,£i)€Si p

i &)
n t,, )
% E | | QnOJrl(r (T) — J)Mﬁj(n—no—l)

1<r1 <---<r;<ko

H Qno+1( n(T) = t)
kg{Tl,...,T‘i}

by the induction assumption on p for ¢; < p (i.e. i # 1) and the induction assumption on n

for ; =p (i.e. i =1). By the definition of the measure Qg?, we have

k i ) n
pr=mo) Q) (1 ( _ OZA:p ¢(a/prmottyko—i 3 1 ¢\ (a/pm ")
P, ( ( ) = — ¢(P) a/um)) (e, tesi, \jmi @j!

xz(n

1<ri<-<r;<ko \j=1

CL/,U’n0+1 Zas ¢la/p" )Zn ()= g, (zn(t 7’3)))

[ e
\hek,  Pla/uneth)
k‘g{?"l, 77"'}
koAp

¢(p) a/,u"o Z Z Z a/u")®

=1 (£1,...,4;)€S;p 1< << <ko

X HZ“S dla/p™)” SHS(zn(trj))

j=1s=1
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ko

using that Z zn(tr) = 2zn(t)
k=1

> gla/pmy®

(p(l?)(a/luno) = . ,m S, p 1<r1<-<r;<ko

SIS T

(;S(P) CL/,U,nO Z Z Z (ﬁ(a/un)zn(t)*w

w=1 i=1 1<r1<--<r;<ko (81,...,8:)€Si, w
i @) i

X Z HasJ-J (n) HHSj(Zn(tTj))
(£1500100) €S p 5=1 j=1

Using successively Lemma 4.1 and Lemma 6.1 gives

I QU (r(7) = )
Prg (rn (T =1))

p
- j 2 a oo/t

koAw 7

X Z Z Z HHSj(Zn(tTj))

i=1 1<r1<--<r;<ko (Sl,---,Si)€S+ j=1

i, w
p

~ S O e ot/ O H e 0)
w=1

which ends the induction. O

5. THE SUB-CRITICAL CASE

In this section, we consider a sub-critical offspring distribution ¢ and we assume that there
exists £ > 1 such that f(k) = x and f’(k) < 400 (this implies in particular that g admits
moments of any order).

We define f(t) = f(xt)/r for t € [0,1] and note that f is the generating function of a super-
critical offspring distribution ¢ with ¢, = " '¢,. The mean fi of g is f'(k), the smallest
positive fixed point of f is & = 1/k and f'(K) = pu. Let 7 be the corresping genealogical tree.
It is elementary to check that, for every n € N and nonnegative measurable function ¢, we

have

(33) Elp(ra(7))] = E [x7 " o(ra(7))] -
We deduce from Theorem 3.3, Theorem 4.2 and 4.9 the following result:
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Theorem 5.1. Let p € N. Let q be a sub-critical offspring distribution with generating
function f and suppose that there exists a unique > 1 such that f(k) = x and f®VD (k) <
+00. Then for every every n € N and every A,, € %, we have

e For every s € [0,K),

. E [Hy(Zmin)s?m+71n, | E[1,,] ifp=0,
1m -
m—too B [Hy(Zymin)sZmtn] E [%hn] ifp>1.

e For everya > 0,

—a Zm+n
E | Hy(Zpin)cZmtne " T

lim = =E [ -
mTTe g [Hp(Zern)KZWrneaf,(ﬁ);ﬁn] e

nzn—léﬁf’)(Zn)] — | { ‘ép)]lAn]

where GS{’) is the function defined by (25) associated with the offspring distribution §.
Moreover, the probability measure Qgﬁ) defined by (30) with M®) replaced by M®),
1s the probability measure ngf)) defined in Definition 4.4 with q replaced by q.
Proof. We only prove one case, the other ones can be handled in the same way.

Let us consider p > 1 and s € [0, k). Using Equation (33) then Theorem 3.3 (remark that,
as ¢ is sub-critical, ¢o > 0), and then Equation (33) again, we have

E [Hp(Zmyn)s”m 1, ] _E [Hp(Zern)(S/m)Zm*"]lAn]
= lm _ _
m—too B [Hp(Zmin)s?m] m=too B [Hy(Zmin)(s/K)Zm+n]
Z 7271*1 Z Z
—E |2 o, | =E | =221, | =E | 2214 |
f/(/-;)n ’%Zn_l,uln L

O

6. APPENDIX: A TECHNICAL LEMMA ON THE HILBERT POLYNOMIALS

Lemma 6.1. For every w > 1, for every k > 2 and every integers (t1,...,t;), we have

wAk

k 7
H, th = Z Z Z HHSj(trj)
j=1

=1 1<r1 < <r; <k (s1,...,84)€Si,w J=1

Proof. We prove this formula by induction on k.
First, for &k = 2, the right-hand side of the equation is, for every w > 2 (the formula is
obvious for w = 1),

2 7 w—1
Z Z Z H Hsj (trj) = Hy(t1) + Hu(t2) + Z Hg, (t1)Huw—s, (t2)
1=1 1<r1 << <2 (s1,...,8 ) €Si,w J=1 s1=1
1
_(t 2\ = (t te
_ <w> + <w> +8121 <31> (w N sl>

B ()= () e
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Assume now that the formula of the lemma is true for every 2 < k and let us prove it for
k + 1. We have, using first the formula for k = 2,

k+1 k
Zt = Hy th+tk+1
j=1
k w—1 k
= Hy Zt] + Hw tk—i—l + Z Hy th was(tk-l—l)
s=1 j=1

wAk

5 D I SR | A

=1 1<r <--<r; <k (sl,...,si)GSi’w j=1

w—1 sAk

Hw(tk:Jrl) + Z Z Z Z HHSJ 7"] w s(thrl)

s=1i=1 1<r1<---<r;<k (317---732')657,’,5 7=1
by the induction assumption. Inverting the sums in the last term and setting s;11 = w — s
than i = ¢ + 1 yields
k+1 wAk

;tj => > > ]i[Hsj(trj)Jr

=1 1<r1 <--<r;<k (51,...,54 ) €S0 J=1

(w—1)Ak i

H tk+1 Z Z Z Z H HSJ (trj) Hw—s(thrl)

=1 1<r1<--<r;<k s=i (s1,..,5;)€Si,s \J=1

wAk

Y Y e

=1 1<r1 <---<r;<k (s1,...,5;) €S w r=1
wA(k+1) i'—1

Hw (tk-l-l) + Z Z Z H HS] (tr]) Hsi/ (tk+1)

i'=2 1ST1<---<T1-/_1§]€ (517"'752")657/,11) jil

wA(k+1)

-y 3 > H Hy; (tr;)

i=1  1<r1<-<r;<k+1 (s1,...,8;) €S} J=1

which is the looked after formula.
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