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Surviving particles for subcritical branching processes in
random environment

Vincent Bansaye *

December 9, 2008

Abstract

The asymptotic behavior of a subcritical Branching Process in Random Envi-
ronment (BPRE) starting with several particles depends on whether the BPRE is
strongly subcritical (SS), intermediate subcritical (IS) or weakly subcritical (WS).
In the (SS+IS) case, the asymptotic probability of survival is proportional to the
initial number of particles, and conditionally on the survival of the population, only
one initial particle survives a.s. These two properties do not hold in the (WS) case
and different asymptotics are established, which require new results on random walks
with negative drift. We provide an interpretation of these results by characterizing
the sequence of environments selected when we condition on the survival of parti-
cles. This also raises the problem of the dependence of the Yaglom quasistationary
distributions on the initial number of particles and the asymptotic behavior of the
Q-process associated with a subcritical BPRE.

Key words. Branching process in random environment (BPRE). Yaglom distribution.
Q-process. Random walk with negative drift.

A.M.S. Classification. 60J80, 60J85, 60K37.

1 Introduction

Let f be the generating function of a random probability measure on N and (fy,)nen &
sequence of iid copies of f which serve as random environment. We consider a Branching
Process in Random Environment (BPRE) (Z,,)nen induced by (f.)nen [B, B, B, 13, 19
This means that conditionally on the environment (f,)nen, particles at generation n
reproduce independently of each other and their offsprings have generating function f,.
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7599. 175, rue du Chevaleret, 75 013 Paris, France.
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We can think of a population of plants which have a one year life-cycle. Each year
the weather conditions (the environment) vary, which impacts the reproductive success of
the plant. Given the climate, all the plants reproduce according to the same mechanism.

Then Z,, is the number of particles at generation n and Z,, 11 is the sum of Z,, inde-
pendent random variables with generating function f,,. That is, for every n € N,

E(s% 1 Zo, .. Zni for--o fn) = fa()P" (0< s < 1),

In the whole paper, we denote by P; the probability associated with k initial particles
and F,, := fopo---0 f,_1. Then, we have for every k € N,

Ex(s7 | foy e fu) = Fapa(s)¥ (0<s<1).

When the environment is deterministic (i.e. f is a deterministic generating function),
this process is the Galton Watson process (GW) and f is the generating function of the
reproduction law.

In this paper, we consider the subcritical case :
E(log(f'(1))) <O0.
Then extinction occurs a.s., that is
P(3neN:Z,=0) =1

For a subcritical GW process, if further E(Z; log*(Z;)) < oo, then there exists ¢ > 0
such that P(Z, > 0) ~ ¢f’(1)" when n tends to infinity [f]. In random environments,
the asymptotic depends on whether the BPRE is strongly subcritical (SS), intermediate
subcritical (IS) or weakly subcritical (WS) (see [[J] or the Preliminaries Section for
details). A subcritical GW process is always strongly subcritical (SS).

In this paper, we study the role of the initial number of particles in such limit theo-
rems. For a GW process, particles are independent. As a consequence, limit theorems
starting with several initial particles derive from those for a single initial particle. In
random environment, particles do not reproduce independently. Independence holds
only conditionally on the environment and asymptotics may differ from the GW case.

First, we determine the dependence of the asymptotic survival probability in terms
of the initial number of particles. In that view, we define

ay = lim Py(Z, > 0)/P1(Z, > 0).

For a GW process, ar = k and the asymptotic survival probability is proportional to
the initial number of particles. This equality still holds in the (SS+1IS) case for BPRE,
but not in the (WS) case where a different asymptotic as k& — oo is established. For
the proof, we need an asymptotic result on random walks with negative drift, which
gives the sum of the logarithms of the mean number of offsprings for the of successive
environments. We refer to [IJ] for asymptotics of the extinction probability when the
number of initial particles tends to infinity in the supercritical case.



Moreover, when the BPRE is (SS) or (IS), if we condition on the survival of the
population at generation n, then only one initial particle survives at generation n when
n — 00, just as for a GW process. But this does not hold in the (WS) case, as stated in
Section 2.2. Thus, (WS) BPRE conditioned to survive has a supercritical behavior, as
previously observed in [J.

In Section 3.3, we give an interpretation of these results in terms of environments.
Conditioning on non-extinction induces a selection of environments with high reproduc-
tion law. In the (SS+IS) case, we prove that the survival probability of the branching
process in the selected environments is still zero. This is obvious if environments are
a.s. subcritical, i.e. f'(1) < 1 a.s. But in the (WS) case, conditioning on the survival of
the population selects only supercritical environments, which means that the sequence
of selected environments has a.s. a positive survival probability. Finally letting the
initial number of particles tend to infinity, the sequence of environments selected by
conditioning on the survival of the population becomes subcritical again.

Finally, in Section 3.4, we consider the size of the population conditioned to survive
and we are interested in the characterization of the Yaglom quasistationary distributions
starting from k particles :

lim Py(Z, =i | Z, >0) (i >1).
n—oo

In Section 3.5, we focus on the Q-process associated to the subcritical BPRE, which is
defined for all Iy, 1o, ...,l, € N, by

Pk(Yl =l,..,.Y, = ln) = lim ]P’k(Zl =, 2y =1, ‘ Zn+p > O)

pP—00

See [lf] for details on the Q-process associated to GW. Again, these results depend on the
subcritical regime.

2 Preliminaries

We start by recalling some known results for subcritical BPRE. Note that s € RT —
E(f'(1)*%) is a convex function and define v and « in [0, 1] such that

ye=inf {E(f'(1)°)} =E(f'(1)). (1)

0€[0,1]

From now on, we assume E(f'(1)|log(f’(1))|) < co. Note that 0 < v < 1, v < E(f'(1)),
and

v=E(f'(1)) < E(f'(1)log(f'(1))) <0.
There are three subcritical regimes (see [LJ]).

* The strongly subcritical case (SS), where E(f'(1)log(f/(1))) < 0. In this case,
assuming further
E(Z1log™ (Z1)) < oo,

then there exist ¢, a; > 0 such that, as n — oo :

Pp(Zp > 0) ~ car E(f/(1)",  ay =1. (2)



* The intermediate subcritical case (IS), where E(f’(1)log(f/(1))) = 0. In this case,
assuming further

E(f'()log*(f'(1))) < oo,  E([1+1log™(f/(1)]f"(1)) < o0,
then there exist ¢, ap > 0 such that as n — oo :

Pu(Zn > 0) ~ capn™ V2E(f/(1))", o =1. (3)

* The weakly subcritical case (WS), where 0 < E(f/(1)log(f’(1))) < co. In this case,
assuming further

E(f"(1)/f' (1)) <00, E(f"(1)/f (1)) < o0,
then there exist ¢, ap > 0 such that as n — 0o :

Pi(Zy > 0) ~ copn /24, ap =1 (4)

In the rest of the paper, we take the integrability assumptions above for granted for each
case. See [R(] for asymptotics with a weaker hypothesis in the (IS) case.

It is also known that the process Z,, starting from k particles and conditioned to be non
zero converges to a finite positive random variable Ty, called the Yaglom quasistationary
distribution (see [[2]) :

Ei(s"| Zy > 0) = E(sT).

See Section 3.3 for discussions about (Yj)ken.
Actually, in [1Z], the result and the proof of the convergence is given for k = 1. It can be
generalized to k > 1 with the following modifications. We borrow Notations from [[L2J]

frofryro---0 fiir, k<l
feg =19 fi—10frk—20---0fi, k>1
id, k=1

Then 1 — Ex(s?|Z, > 0) = E(1 — f§,,(s))/Px(Z, > 0). Lemma 2.1 of [[J still holds
replacing fo,, by féfn and P(Z, > 0) by Pr(Z, > 0). Lemma 2.2 also still holds and
results of Lemma 2.3 can now be stated as follows. By convexity of z € [0,1] — z* and
(fn)nen, for every n > 0, we have a.s. exp(—S;)(1 — fio(s)¥) <1 (0 < s < 1), where
S; = log(k) +log(f5(1)) + ... + log(f_,(1)). Moreover exp(—Sy)(1 — fn.0(s)¥) converges
a.s. as n — 00, which is a direct consequence of the convergence for &k = 1 given in Lemma
2.3 in [[3] (noting also that this implies f,, 0(s) — 0 a.s. as n — 00).

Finally, we consider the case where the generating functions of the reproduction laws
are a.s. linear fractional. Indeed in this case the survival probability in a given environ-
ment can be computed explicitly since linear fractional generating functions are stable
by composition. Specifically, we suppose that

f(s):l—lle—i—ljlsBs a.s. (0<s<1), (5)




where A, B are two r.v. such that A € [0,1], B € [0,1) and A+ B < 1. In this case,
setting for every ¢ € N,

b= fo(Defra ), (Ro=1),
we have (see [, [[4] or [[[7])

" —1
Py(Zn >0 | fo,orn fo1) =1—F, (1+Z "“( ) Py (6)
nzl

Let us label by ¢ € N the initial particles and denote by Zy ™ the number of descendants
of particle i at generation n. As conditionally on (fo,..., fn—1), (Z n), i >1)is an iid
sequence, we get

—k
P20 > 0,0 200 > 0| for o fa) = (1+Z slhp) e
n i— 1

We can get now lower bounds for survival probabilities of a general BPRE by a
coupling argument. We use that for every probability generating function f;, we can
find a linear fractional probability generating function f; such that for every s € [0, 1]

fils) = fi(s), f1(1) = fi(1), J7'(1) = 2f{(1) (see [E] or [IF). Then, F,(0) > F,(0) a

ensures that

Pl(Zn >0 | an "'>fn71) > IP)I(Zn >0 | fO,---afnfl) a.s. (8)

More generally, for every k > 1,

Pe(ZM >0, 2P >0, ..., Z® >0 fo,..., fa_1)

= (1—Fn(0))’“
> (1-F,(0)"
= Pz >0, ZP >0, ..., ZE >0 fo,. fuc1)  as. (9)

3 Subcriticality starting from several particles

We specify here the asymptotics of survival probabilities starting with k& particles.
Then we determine how many initial particles survive conditionally on non extinction of
particles and we characterize the sequence of environments which are selected by this
conditioning. Finally we consider the Yaglom quasistationary distributions of (Z,)nen
and the associated Q-process. In the (SS) case, results are those expected, i.e. they are
analogous to those of a GW process. In the (IS) case, results are different for the Yaglom
quasistationary distribution and the Q-process. In the (WS) case, all results are different.

Recall that we label by ¢ € N each particle of the initial population and denote by Zr(f)
the number of descendants of particle ¢ at generation n. Thus (Zr(f))neN are identically



distributed BPRE (i € N), with common distribution (Z,),en starting with one particle.
Conditionally on the environments, these processes are independent : for all n, k,[; € N,

Pe(Z9 =1, 1< i < k| fo,eons fro1) = 5 PU(Z0 = Ui | foy ooy fro1)-

Moreover, under Py, (Z,)nen is a.s. equal to (Zle Z,(f))neN.

3.1 Survival probabilities starting with several particles
Note that @ — E(f/(1)*log(f'(1))) increases with .

Proposition 1. For every k € N*,
(i) IFE(f'(1)*log(f'(1))) < 0, then there exists cy > 0 such that
Pe(Z) >0, Z2) >0, .., ZW) > 0) " E(f/(1)F)"
and E(f'(1)%) < E(f'(1)* 1) < ... < E(f'(1)).
(it) If E(f'(1)*1og(f'(1))) = 0, then there exists c, > 0 such that
Pe(Z) >0, 22 >0, ..., 2% > 0) " g V2R (1)F)"
(iti) If E(f'(1)Flog(f'(1))) > 0, then there exists ¢, > 0 such that
Pr(ZY >0, ZP >0, .., ZP) > 0) "X nT325m,
with 4 = inf ,cp+ {E(f(1)*)} € (0,1) and c=c1 >3 > ... > ¢y

Moreover, in the (IS+WS) case, % = ~. In the (SS) case, ¥ < v =E(f'(1)).

The proof is given in Section 4.1 and uses the case where the probability generating
function f is a.s. linear fractional.

In the (SS+IS) case, the asymptotic probability of survival of particles is proportional
to the number of initial particles, as stated below. This is not surprising and well know
for subcritical GW process. But this does not hold in the (WS) case. Recall that oy is
defined as lim,,_. Px(Z, > 0)/P1(Z,, > 0).

Theorem 2. In the (SS+IS) case, for every k € N, o = k.
In the (WS) case, a, — 00 as k — oo and there exists My > 0 such that
a < M k%log(k), (k> 2),

where « € (0,1) is given by ().
Assuming further E(f(1)Y/?1og(f'(1))) > 0 (i.e. a < 1/2) and that f"(1)/f'(1) is bounded
by a constant, there exists M_ > 0 such that

ar > M k%log(k), (keN).



One can naturally conjecture that the last result still holds for 1/2 < o < 1. The
proof also uses the linear fractional case where, conditionally on the environments,
the survival probability is related to a random walk whose jumps are the log of the
means of the reproduction law of the environments. This is why we need to prove a
result about random walk with negative drift conditioned to be larger than —x < 0
(see Appendix). One way to generalize the last result of the theorem above to the case
E(f'(1)Y/?1og(f'(1))) > 0 (i.e. a < 1/2) would be to improve Lemma [T}

3.2 Survival of initial particles conditionally on non-extinction

We turn our attention to the number of particles that survive when we condition
on the survival of the whole population of particles. More precisely, denote by N, the
number of particles in generation 0 whose descendance is alive at generation n. That is,
starting with k particles :

Np:=#{1<i<k : 2O > 0}.
We have the following elementary consequence of Proposition fl.

Proposition 3. In the (SS+I1S) case, for every k > 1,
lim Py(N, > 1| Z, > 0) = 0.
n—oo
In the (WS) case, for every k > 1,
lim Py(N, = k| Z, > 0) > 0.
n—oo

Thus, for (SS+IS) BPRE, conditionally on the survival of the population, only one
initial particle survives, as for GW. But for (WS) BPRE, several initial particles survive
with positive probability. Forthcoming Theorem [ gives an interpretation of this property
in terms of selection of favorable environments by conditioning on non-extinction. This
result has an application to the branching model for cell division with parasite infection
considered in [ff]. In particular it ensures that the separation of descendances of parasites
(see Section 6.3 in [{]) holds only in the (SS+IS) case. In the same vein, we refer to
[d] for results on the reduced process associated with subcritical BPRE in the linear
fractional case : In the (WS) case, the number of particles of the reduced process is not
a.s. equal to 1 in the first generations.

We next consider the situation when the number of initial particles tends to infin-
ity in the (WS) case. We shall see that the number of initial particles which survive
conditionally on non-extinction is finite a.s. but not bounded.

Theorem 4. In the (WS) case, assuming E(f'(1)Y/?1log(f'(1))) > 0 (i.e. a < 1/2) and
171/ f(1) is bounded by a constant, there exist A; ||—00 0 such that for all k > 1> 0,

limsup Px(N, > 1 | Z, > 0) < A

n—oo

Moreover, for every | € N*,

lim inf lim inf P, (N,, =1 | Z,, > 0) > 0.

k—oo Nn—o0



Thus, under the conditions of the theorem,

limsup limsupPx(N,, > 1| Z, > 0) < 4;, with 4; |, 0.

k—oo n—oo

3.3 Selection of environments conditionally on non-extinction

We characterize here the sequence of environments which are selected by conditioning
on the survival of particles.

We denote by F the set of generating functions and for every g, = (go,-.-,9n—1) €
F™, by Zg, the value at generation n of the branching process in varying environment
whose reproduction law at generation [ < n — 1 has generating function g;. Thus, for
every k > 1,

Ex(s%) = [gogio--ogni(s)f  (0<s<1). (10)

Then we denote by p(g,,) the survival probability of a particle in environment g,:

p(gn) = P1(Zg, > 0). (11)

Denote by f,, the sequence of environments until time n, i.e.

£, .= (fo, f1,-- -5 fa1)-

In the subcritical case, p(f,) — 0 a.s. as n — oo since (Z,)nen becomes extinct a.s.
Roughly speaking, the sequences of environments have a.s. zero survival probability. In
the (SS+IS) case, conditioning on the survival of particles does not change this fact, but
it does in the (WS) case, as we can guess using Proposition f|. Coming back to the model
of plants in random weather, the survival of flowers in the (SS+IS) case is due to the
exceptional reproduction of plants (despite the weather), whereas in the (WS) case it is
due to nice weather (and regular reproduction of plants).

More precisely, we prove that in the (WS) case, the sequence of environments which are
selected by conditioning on Z,, > 0 have a.s. a positive survival probability. Thus, they
are ’supercritical’. In [J], the authors had already remarked this supercritical behavior of
the BPRE (Z,)nen in the (WS) case by giving an analog of the Kesten-Stigum theorem,
i.e. the convergence of Z,,/m™.

Theorem 5. In the (SS+1S) case, for allk > 1, ¢ > 0,

lim Py(p(f,) > €| Z, >0)=0.

n—oo
In the (WS) case, for every k > 1,

liminf Py (p(f,) > € | Z, > 0) =0,
n—oo



This supercritical behavior in the (WS) case disappears as k tends to infinity. That is,
the survival probability of selected sequences of environments tends to 0 as the number
of particles grows to infinity.

Proposition 6. In the (WS) case, for every e > 0,

lim sup Py (p(f,) > € | Z, > 0) oo,
n—oo
In other words, conditionally on the survival of Z,, the more initial particles there
are, the less environments need to be favorable to allow the survival of the population,
and the less likely it is for a given particle to survive. This explains why letting the
number of initial particles tend to infinity does not make the number of surviving initial
particles tend to infinity, as stated in Theorem J.

3.4 Yaglom quasistationary distributions

We focus now on the Yaglom quasistationary distribution of (Z,),en (see Preliminar-
ies for existence and references). For the GW process, this distribution does not depend
on the initial number of particles and is characterized by a functional equation. This
result still holds for (SS) BPRE. Indeed, starting with several particles, conditionally on
the survival of one given particle, the others become extinct (see Proposition ). Recall-
ing that in the (SS+IS) case, v = E(f’(1)), and writing p.g.f. for probability generating
function, we have the following statement.

Theorem 7. For every k > 1, the BPRE Z,, starting from k and conditioned to be positve
converges in distribution as n — oo to a r.v. T, whose p.g.f. G verifies

E(Gr(f(s)) = 1Gr(s) +1 -7 (0<s<1).

In the (SS+IS) case, the distribution of Tj does not depend on k .
Moreover, in the (SS) case, the common p.g.f. of (Y : k > 1) is the unique p.g.f. G
which satisfies the functional equation above and G'(1) < co.

In the (WS) case, we leave open the question of determining whether the quasis-
tationary distribution YT depends on the initial number k£ of particles. We know that
for every k > 1, Gy verifies the same functional equation given above but we do not
know if the solution is unique. Moreover, other observations also lead us to believe that
quasistationary distributions Y, might not depend on k. For example, we can prove

that if Z; € {0,1, N} for some N € N*, then T 4 Ty

3.5 Q-process associated with a BPRE

The Q-process (Y )nen is the BPRE (Z,,)nen conditioned to survive in the distant
future. See [f] for details in the case of GW processes. In the (SS) case, the Q-process
converges in distribution to the size biased Yaglom distribution, as for GW process and



finer results have been obtained in [[l]. In the (IS+WS) case, the Q-process is transient.
That is, the population needs to grow largely in the first generations so that it can survive.

Recall that for all I1,1s,...,l, € N, by

Pp(Yy =11, .., Yy = 1,) = lim Py(Zy =1, ..., Zp = In| Znsp > 0).

p—00
Proposition 8. x In the (SS) case, for every k € N*, for all l1,ls,...,1, € N,

Pu(Yi =11, .., Yy = 1) = [E(f’(m)]—"%m(zl =1, Zn = 1).

Moreover (Y, )nen converges in distribution to the size biased Yaglom distribution.

> = —_—.
VI>0, PV, =1)"=3 T

* In the (IS) case, for every k € N*, for all l1,ls,...,1, €N,

oln
Pu(Yy = U1y Yo = L) = E(f/(1) " 2Bu(Z1 = 1, Zo = La).

Moreover Y,, — oo in probability as n — oo.
* In the (WS) case, for every k € N*, for all l1,ls,...,l, € N,

.,
Pe(Yi=l,...Y, =1,) =7 "a—l;m(zl =11y Zp = ).

Moreover 'Y, tends to infinity a.s.

We focus now on the environments of the Q-process. We endow F with distance d
given by the infinity norm

d(f,9) =l f = g llo
and we denote by B(F) the Borel o-field.

We introduce the probability v, on (FN, B(F)®YN) which gives the distribution of the
environments when the BPRE (Z),),en starting from & particles is conditioned to survive.
Using Kolomogorov Theorem, it can be specified by its projection on (F?, B(F)®P) for
every p € N, denoted by vy |7»,

vi po(dgp) = lim Py (f, € dgp|Znsp > 0) (12)

= 77PP(f, € dgp) Z]P)k?(zgp = l)ﬂa

(0%
=1 k

with £, = (fo,..., fp—1) and v = E(f/(1)) in the (SS+IS) case. The limit is the weak
limit of probabilities on (FP, B(F)®P) (see [} for definition and Section 4.5 for the proof),
which we endow with the distance d,, given by

dp((907 e 7gp—1)7 (ho, ey hp—l)) = sup{H g; — hz Hoo 0 S 7 S p— 1} (13)

For every g € F, we denote by g|n the first n coordinates of g € F and we introduce
the survival probability in environment g € FN :

10



p(g) = lim P(Zg, > 0).

n—oo

One can naturally conjecture an analog of Theorem [ and Proposition [§. That is, for
every k € N*|

In the (SS+IS) case, vi({g € FN :p(g) =0}) =1
In the (WS) case, vy({ge F :p(g)>0}) =1 and v(p(f) € dz) hog dp(dz).

A perspective is to characterize the tree of particles when we condition by the survival
of particles, i.e. the tree of particles of the Q-process. Informally, for GW process, this
gives a spine with finite iid subtrees (see [[L1], [[§]). This fact still holds in the (SS+IS)
case but we will observe a 'multispine tree’ in the (WS) case.

4 Proofs

Recall that f,, = (fo,...fn—1) and set for every n € N,

Xy 1= log(fr/z(l)), Sp = ZXZ (So =0),

L, :=min{S; : 1 <i<n}.

To get limit theorems starting from k particles, we will work conditionally on the en-
vironments so that particles reproduce independently. Thus, we need to control the
asymptotic distribution of p(f,,) = P1(Z,, > 0 | f,). Roughly speaking, we prove now that
p(f,) ~ exp(Ly,) a.s. as n — 0o. The proof relies on the fact that in the fractional linear
case, we can compute the survival probability at time n as a function of the random
walk (S;,1 < ¢ < n) (see Preliminaries). We use then a result on random walk with
negative drift conditioned to be above x < 0 given in Appendix to get the lower bound
in the linear fractional case. The lower bound in the general case follows by a coupling
argument, whereas the upper bound is easy.

Lemma 9. For every n € N, we have
p(f,) <exp(L,) a.s.

Moreover if B(f'(1)"/?1og(f'(1))) > 0 (i.e. 0 < o < 1/2) and f"(1)/f'(1) is bounded,
then there exists > 1 such that for alln € N and z € (0, 1],

P(p(fn) = x) = P(Ln > log(ux))/4.
Proof. For the upper bound, note that all n € N and g, € F", we have,
p(gn) = P1(Zg, > 0) < E1(Zg,) = I gi(1).
Thus p(f,) < 5 a.s. Adding that p(f,,) decreases a.s. ensures that

p(f,) <elm a.s.

11



For the lower bound, use (§) and (f) to get
b, b,
n—1 fp_i—1(1)

N I 5 ,
1+355 le(l)Pz DY UL

p(f.) > p(fn)

a.s.,

where P; := f! _.(1)...f] _1(1) (Py = 1). Define

e Jn—1

Sii=log(f, _;(1)) +...+log(fl_1(1)) (1<i<n), Sp = 0.

Then P; = exp(S}) and assuming that C' := (1 + ess Sup(fl,l(l)))_1 > 0, we have

()
S! S! —max{5:0<j<n}
e”n C e j
p(fn) > 02 Z;L:_(]l esz{ - 5 Z?:O esé—maX{Sg-:Ogjgn} a.s.
Thus,
C eln
p(fn) > EW (14)
1=

As o < 1/2, the forthcoming Corollary [ in Appendix (Section [J) ensures that there
exists # > 0 such that for all n € N and =z € (0, 1],

P(p(f,) > x) > P(Ly >log(28z/C)P( ) e" =% < 8| L, > log(282/C))
=0

> P(L, > log(px))/4,

writing ¢ = min(1,25/C). O

4.1 Proofs of Section 3.1

First we give the proof of Proposition [[, which is split into three parts. It follows the
proof of Theorem 1.2 in [14]. Using also the Lemma above, we are then able to prove
Theorem [

Proof of Proposition [{ (i). We follow the proof of Theorem 1.2 (a) in [[4] and introduce
the probability P such that under P, the environments still are iid and their law is given
by
P(f € dg) = E(f'()*)"'g'()*P(f € dg).
Then, writing P, = fj(1)...f} _1(1) (Py = 1), we have
P(Z) > 0,., 21 > 0) = E((1 = Fo(0))*) = E(f'()*)"E((1 = Fu(0))/Pa)¥).
As E(f'(1)*log(f'(1))) < 0, then E(log(f’(1))) < 0 and Theorem 5 in [f] ensures that

C = lim 71 — I (0)

n—0o0 Pn

12



exists P a.s. and belongs to 10,1]. Thus, as n — oo,
Pe(Z > 0,..., Z%) > 0) ~ E(f'(1)*)"E(C*).

Add that s — E(f’(1)®) decreases for s € [0,a] and k < « to complete the proof, where
a is given by (). O

Proof of Proposition [] (iii). We follow the proof of Theorem 1.2 (c) in [[4].

STEP 1. First we consider the linear fractional case. In that case, by (),
—k
P > 0, 2805 0] oo fomr) = (14 Z salhp) T a
n— 11
Define 4 by i
7= inf {E(S(1)°)} =E(/' (1)),

sERT

where 0 < & < k since E(f(1)¥log(f’(1))) > 0. Let P4 be the probability given by

Pa(f € dg) =7 "¢ (1)*P(f € dyg).
Then

f// 1) —k B
Py(Z > 0,..., 2% > 0) = [(1 + Z 2770 ) ffo‘]-

As Ea(log(f(1))) = 0, we apply Theorem 2.1 in [14] with
plz) =2""% Yx)=Q0+z)F O0<k-a<k,
so there exists ¢ > 0 such that, as n — oo,
Pe(Z\M >0,..., 2% > 0) ~ ¢z 7"n 32,

STEP 2. For the general case, we can use STEP 1. Indeed, by (), there exists a
BPRE (Z,,)nen such that f is a.s. linear fractional, f/(1) = f’(1) and

Pe(Zz0 >0, z2 >0, ..., Z¥) > 0)>P,(ZM >0, Z2 >0, .., ZF > 0).
By STEP 1, this yields the existence of ¢x(1) > 0 such that
Pp(Z) >0, 2P >0, ..., Z8) > 0) > ¢, (1)y"n 32, (15)

Note that by inclusion-exclusion principle, we have

k

Pp(Zn > 0) =) (-1)""" <’;> P(zV > 0,.., 2% > 0). (16)

i=1

Moreover, (f]) ensures the convergence of 3/ 2P1(Z, > 0) to cai. By induction, it
gives the convergence of

3PPz >0, 22 >0, .., ZF) > 0).

13



to a constant cg, which is positive by ([L3).

To complete the proof note that v = 4 iff [E(f'(1)%)]'(1) > 0, i.e. in the (IS+WS)
case. O

Proof of Proposition [4 (ii). The proof is close to the previous one. First, we consider the
linear fractional case and the probability P defined by

P(f € dg) =E(f'(1)*)"'g'(1)*P(f € dg).

Using again ([i)), we get then

P(ZWM > 0,..., 2% > 0) = E(f/(1)* "EKlJrZ_: niz1(1) >_k}

211(1

As E(log(f'(1)) = 0, we can use again Theorem 2.1 in [[4] and conclude in the linear
fractional case.

The general case can be proved following STEP 2 in the previous proof. U

Proof of Theorem . Computation of oy, in the (SS+IS) case. In the (SS+IS) case,
Proposition [] and ([If]) ensure that for every k € N,

Then, ag = k, which gives the first result.

Limit of ay, in the (WS) case. Note that Py(Zy1n, > 0) = > 22, P1(Z, = k)Pi(Z, >
0). Then,

\_/

M Z]plz_k (

Py(Z, > 0) Py (Z, > 0) o (7

\_/

First, Pr(Us_ {Z) > 0}) < S8 PL(ZY) > 0), which gives
Py(Z, > 0)/P1(Z, > 0) < k.

Moreover > 22 P1(Z, = k)k = E(Z,) < oo and Py(Z, > 0)/P1(Z, > 0) == ay, so by
bounded convergence, we get

ZPI p—k‘ (Z >0 nﬂoozpl k‘)Oék

PiZ>0)

\_/\_/

14



Then, using again (H), letting n — oo in ([L7) yields
[o.¢]
P = ZPl(Zp = k)ay.
k=1
Assuming that (o )ken is bounded by A leads to

VP < APy(Z, > 0).

Letting p — oo leads to a contradiction with (f]). Adding that oy, increases ensures that
ap — 00 as k — oo.

Upper bound of «y, in the (WS) case. Using the independence of the particles condi-
tionally on the environments, we have

Pu(Zn >0 £,)=1-P1(Z,=0] )" =1—(1—p(£,))".

This yields the following expressions for the survival probability starting from & particles,

1
Pp(Z, >0) = E(1—(1—p(f,))*) = k/o 1 - 2" 'P(p(f,) > z)dz.  (18)

So we can write

1 x
ar = lim k:/o (1—x)kl%dx. (19)

n—oo

Using the first inequality of Lemma [, we have then

1
| L P(exp(Ly) > o)
ap < limsu k/ 1— )kt dz
e A N AN
n=3/24m ! P(exp(Ly) > )
< k.limsup ————.limsu 1— )kt =",

By (B), we can use Fatou’s Lemma and (RH) ensures that exists a linearly growing
function w such that

) n—3/2,yn 1 el
ag < klimsup m/ (1 —2)" 27 %(log(1/x))dx.
n—oo n 0

Thus, using (f]) and the fact that u is linearly growing, there exists a constant C' > 0
such that

1
a < C’k/ (1 —2)F 1z [1 + log(1/z)]d. (20)
0
Finally, splitting the integral at 1/k and using integration by parts,
1

1 1/k
/ (1—z)* e %log(1/z)dz < / x~ %log(1/x)dz + k“log(k) (1— )"tz
0 0 1/k

< [—a+17 (k> Mog(k) + [—a + 1) kYY) + £ log(k).
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Similarly fol(l — ) lzmedr < [1 — o] 'k® ! + k1. Then (RQ) ensures that there
exists My > 0 such that for every k > 0, ay, < M1 k*log(k).

Lower bound of ay, in the (WS) case assuming further E(fV/2(1)1og(f'(1))) > 0 (i.e.
a < 1/2) and f”(1)/f'(1) is bounded.

By () and the second part of Lemma [l, there exists > 1 such that for every
(

0,1],

> =3/ > >
lim inf Pp(tn) > 2) = lim inf rn Pp(fn) > z) > ¢ HMiminf P(Ln 2 log(,um))‘

n—oo IP1(Z, > 0) n—oo Py1(Z, >0) ~nn=3/2 — n—oo ynn—3/2

Using () and the fact that u grows linearly, there exists D > 0 such that

>
lim inf LPn) 22) o

minf U= > Da~ log(1/ ).

By ([9) and Fatou’s Lemma,
1
aw = D [ (1) e og(1/o) + log(1 /)l
0

For all k > p? and z € (0,1/k], log(1/z) > 2log(u). So for every k > u?,

v

1/k
Qg 2_1Dk/ (1—z)* 1z %log(1/z)dx
0
1/k
> 27Dk log(k)/ x~ “dex,
0
which ensures that there exists M_ such that for every k > 1, o > M_k“log(k). O

4.2 Proofs of Section 3.2
Proof of Proposition [J. The first part (i.e. the (SS+IS) case) follows from

k) Py(ZY > 0, 22 > 0)

Pu(Titi 1<ii<k ZOs0 20072 >0) <
k(z#% SLI SR, Lyt >0, 4y > ‘ n>0)< 2 Pk(Zn>0) 7

the asymptotics given by Proposition [] (i-ii-iii) and equations (f) and (J). The second
part (i.e. the (WS) case) is directly derived from Proposition [l (iii) and (H). O

Proof of Theorem []. Denote by N(g,) the number of initial particles which survive until
generation n where the successive reproduction laws are given by g, (i.e. conditionally
on f, = g,). Then, for all 1 <[ <k,

P(f, € dgn)Pr(N(gn) =1)

P(p(f,) € dz) (’;) 2 (1 — z)k L

1

/ﬂ
J, Fo

16



Note that 2 € [0, 1] — z!(1—2)*! is positive, increases on [0,1/k] and decreases on [I/k, 1].

First, we prove the upper bound. By Lemma [, p(f,) < exp(L,) a.s., so that

/1 P(p(f,) € dx)xl(l — x)k*l
0
1

— / 1 P(p(f,) € dz, exp(Ly) <I/k)z'(1 —z) 4+ [ P(p(f,) € dz, exp(Ly,) > 1/k)z' (1 — )"
0 0

< /1 P(exp(Ly) € dz)z! (1 — 2)* ! + P(exp(Ly) € (1/k, 1)) (1/k)! (1 — 1/k)*!
0

B ,
v @  B(exp(La) € (k1))
i =S

< u(log(k/1))(k/1)".
Second, using again the variations of = € [0,1] — 2!(1 — 2)¥~! and (), we get

1
lim P(exp(éq;) € dz)
n—oo Jq n— / 'y"

1k
< /0 v ()l (1 — 2)F 1+ vy (U, 1) U/R) (L = 1/k)H

xl(l _ x)kfl

1

1
< c+/0 log(1/z)z~* tal(1 — z)*lde 4+ e, (1 + /l/k log(1/z)z= % Yda)(1/k) (1 — 1/k)F!

(k/) — 1

< ey /01 log(1/z)z~ a1 — )tz + et (1 4 log(k/1) )(l/k)l(l —1/k)k

Putting the three last inequalities together and using u(log(k/l)) < C(1 + log(k/l))
for some C' > 0 ensures that there exists D > 0 such that

/1 P(p(f,) € dﬂ?)xz(l e
0

lim su
p n—3/24n

< ey /01 log(1/z)z~ el (1 — z)*~lda 4+ D(1 + log(k/1) (/D)) (1/k) (1 — 1 /k)F!

Moreover, denoting by B the Beta function, we have

/llog( Y= gl (1 — z)lda

1/k 1
= / log(1/z)z! =1 (1 —x)k_ldx—l—/ log(1/z)z =" (1 — z)Flda
0 1/k
1/k 1
< log(1/z)al =~ 1dx+log(k‘)/ DT € P L I
0 1/k

< (I—a) M log(k)k* " + (1 — a) 'k +log(k)B(l — o,k — 1 + 1),

by integration by parts. By Stirling’s formula, there exists C' > 0, and then C',C” > 0
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such that for all 1 <1 <k,
Lk—a+1/2 (l _ a)l7a71/2(k I+ 1)k*l+1/2
Cll+1/2(k _ l)kfl+1/2 (k‘ —a+ 1)kfa+1/2

(l _ Ck)l70471/2(k: By 1)k7l+1/2
ll+1/2(k _ l)kfl+1/2

(?)k‘O‘B(l —ok—1+1) <

<

1
[1+a”’ (21)
where the last inequality comes from the fact that (1/z + 1/2)log(1 + x) is bounded for
x € [0,1], so that (k—1+1/2)log(1+1/(k —1)) is bounded for 1 <1 < k.

Then, combining the three last inequalities gives
Pr(N, =1) (l;) /1 P(exp(Ly) € dz)
0

l' o 1
TP e tog(k)yn—32n = AP kalog (k) n872m

(1—a)™t [(?) kb (1= ) e log(k) + c”ll%]

< C//

CCl(l _ x)kfl

IN

+D (’;) (k= Tog (k) + 1-)(I/R) (1 — 1/k)EL.

k 1
(Z)klg 3 (22)
there exists D’ > 0 such that

: P(Np = 1) 1 1 [(k\._ z o
! <D = (/N — 1),
11r1r1801ép ko log(k)n=3/2yn — [llJra + 1 + I (1/k)( /k) ]

Adding that

Then,

lims
e o log(k)n=—3/24m n—00

Pi(N, < I , Py(N, =1’
: - timsup > 2 lcfg((k)n?’/lV"

= Zlimsu Py(No = 1)
g i K log(R)n 9

k
DY [lﬂ% + % + (;f) =k =1 k)R

=l

G
< D[Z [a + 71 +z’—a}

U=l

IN

Recalling that Py(Z, > 0) ~ capn=3/24", (n — 00) and oy, > M_log(k)k®, (k € N) (see
Theorem [), we have

k

B 11,
S(CM_) 1D|:Z[m+ﬁ]+l .
U=l

Pr(N, > 1
limsup Pi(N,, > 1 | Z,, > 0) = limsup M_Q)
n—00 n—oo  CQpn~3/2ym

This gives the first inequality of the proposition with 4; = (cM_)~™'D [ Yo [11% + l—l,] +
1=].
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We can prove similarly the lower bound. By Lemma [, for every = > 0,
P(p(fn) = z) = P(Lyn = log(zp))/4.
Then, using also (), for all 0 <1 < k and N > 0,

P(p(fn) € [I/k, NI/K[)

P(p(fn) = U/k) — P(p(fn) = Ni/k)
> P(Ln > log(pl/k))/4 — P(exp(Ln) > Ni/k).

By (B3) , we get
Pl € [k NI/K)

N—00 n73/2ryn

> (k/D)% [~ “u(log(k)—log(ul))/4—N""u(log(k)—log(NT))].
Then, as w is linearly growing, we can fix N > 1 so that there exists C' > 0 such that

lim inf lim inf L&) € Lk NURD o, (23)
k—oo n—oo  klog(k)n=3/24m

Using that
! k
Pu(N, =1) = / P(p(f,) € dz) <l>xl(1 —z)k
0
and  — 2!(1 — z)*~! decreases on [I/k, 1], we have, for every k > NI,

PN, = 1) Plo(t,) € [/ VD ) (Vi (- 1

Then (R3) and limy_. (?)(Nl/k:)l(l — N1/k)*=t > 0 ensures that

lim inf lim inf Pr(Nn = 1)

> 0.
k—oo n—oo k®log(k)n=3/2n

Use Py(Z, > 0) ~ cakn*3/2’y" and the upper bound on «y given in Theorem E to
conclude. O

4.3 Proofs of Section 3.3

Proof of Theorem [J. Let us first consider the (WS+IS) case. Using that conditionally on

f,, Zr(Ll) and Zr(f) are independent,

Pr(Z >0, Z{? > 0) = E(p(£,)?).
Thus, for every € > 0, by Markov inequality,
Pe(Z\M >0, 2% >0 Z, > 0) > 2Prp(p(£,) > € | Zy > 0).
By Proposition B, we get

n—oo

Pu(p(f,) > €| Z, >0) — 0.
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In the (WS) case, by ([Ld), for every e € (0,1] :
Pi(Z, >0) > /ep(p(fn) edz)(1—(1—=x)k).
0
Moreover
|| Pt e dni— -0 - [ Poie,) € doka
_ —r k €
<k sup {{1(;% - 1|}/0 P(p(f,) € dz)z

z€[0,¢]

1—(1—x)* }
Sksup{i—l Pi(Z, > 0).
z€[0,¢] { kx | 1( )

Putting these two inequalities together yields

¢ 1—(1—x)F
Pe(Zn >0) >k | P(p(f,) € dz)z — k sup { |————— — 1| pP1(Z, > 0).
0 z€[0,€] kx
Then
Py(p(E,) € [0,6)), Zo >0) = / P(p(f,) € d)z
0
1—(1—2x)k
< Pi(Z,>0)/k+ sup {|M - 1|}]P’1(Zn > 0).
z€[0,¢] kx
Dividing by P1(Z,, > 0) and letting n — oo ensure that
, , Py (Z, > 0) 1—(1—ax)*
< Sup —————— _ 1
llﬁsogppl(p(fn) €0,6) [ Z, >0) < lim sup iP1(Z, > 0) xi?gfe[{! e |
1—(1—2x)k
< %%- sup {‘M—H}
k z€0,¢) kx
Finally recall Theorem P and use
—oo 1—(1—a)F e
ozk/k:k—> 0, Vk € N*,  sup {‘(7@—1‘}—90,
z€[0,€] kx
to get lim¢_o4 limsup,,_, . Px(p(f,) < €| Z, >0) =0. O

Proof of Proposition [@. Recall that for every g, € F", Pr(Zg, > 0) =1— (1 — p(ga)*.
Thus,

P(p(f,) € dz)(1 — (1 - 2)*)

Py(p(f,) €edz | Z, >0) = B (Zy 5 0)

Py (Z, > 0) (1 — (1 —2)k)

= Pi(p(f,) edz | Z, >0)
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Then, for every € > 0,

. L ' 1-(1-2)"
limsupPy(p(f,) > €| Z, >0) = —limsup [ Pi(p(f,) €dx | Z, > 0)——m——
n—00 Ok n—oo Je x
1
< DUNEE)
€Q,

and the left hand part tends to zero as k tends to infinity by Theorem . This ends up
the proof. O

4.4 Proofs of section 3.4

We know from Preliminaries that the BPRE (Z,,),>¢ starting from & particles and
conditioned to be positive converges in distribution to Y, and we call Gy, its p.g.f :

Gr(s) = lim Ep(s?" | Z, >0) (0<s<1).
n—oo
Adding that by [[], G} (1) < oo we can split the proof of Theorem [] into three parts
(i) For every k > 1,

E(Gr(f(s))) =1Gil(s) +1—7 (0<s<1).

(i1) In the (SS+IS) case, for every k > 1, Ty L.
(iii) There is a unique p.g.f G which satisfies

E(G(f(s) =E(f (1)G(s) + 1 -E(f'(1) (0<s<1), (1) <o0 (&)
One can note that (iii) proves (ii) in the (SS) case, adding that G}, (1) < oo (whose proof
for k=1 in [19] can be generalized).
Proof of (i). Let fy be distributed as f and independent of (Z,),en. For every n € N,

Ek(l — SZ”'H)
Pk(Zn+1 > 0)

1 o0
= — NP Z, = )EL(1 — Pt | Z, =i
M(Zn+1>0>; el = L =T ] 2 =)

1 —Ep(sZ+1 | Zpy1 >0) =

_ PZ>0) ¥ - o
= Pp(Znpr > 0) ;Pk(zn — i | Zy > O)E(1 — fo(s))
_ BlZn>0) g g

= Pz s o) S0 () [ Za > 0).

Then letting n tend to infinity and usingthe asymptotics given in the Preliminaries section
gives

1= Gi(s) =7 "E(1 - Gi(fo(s)),
where v = E(f/(1)) in the (SS+IS) case. O
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Proof of (ii). For every i > 1,
Py(Z, = i) = Po(Z) =i, Z2) = 0)+Py(Z) = 0, ZP) = i)+Py(Z, =i, 2z >0, Z2) > 0).
Moreover |Po(Z5) =i, Z3) = 0) = Py(Z = i) < Po(2Y > 0, 22 > 0), then

Py (Z, = i) — 2P1(Z, = i)| < 3P2(Z{) > 0, Z?) > 0).

Thus, using Proposition [,

. Py(Z, =1) . 2P (Z, =)
lim ——% = lim —————=.
n—oo Po(Z, >0) n—oo Py(Z, > 0)

As ag = limy, .o Po(Z, > 0)/P1(Z,, > 0) = 2, we have

P(Yy=14) = lim Py(Z, =1 Z, >0)
n—oo
oo Py (Z, > 0)
= P(Ty =19).
Then T4 4 T, and the same argument ensures that for every & > 1, T = Y. O

The proof of (iii) requires the following lemma

Lemma 10. If H : [0,1] — R is a power series continuous on [0,1], H(1) =0 and

E(H(F()f(5))
H) = =gmay

0<s<1), (24)

then H = 0.
Proof. FIRST CASE : There exists s € [0,1) such that E(f(sg)) = E(f/(1)).

The monotonicity of f’ implies
f'(s0)=f (1) as.,

and f’ is a.s. constant on [sg,1]. As it is a power series, f’ is a.s. constant.
Thus

F)=Fs+1-FA) 0<s<1),  FO<T as
Moreover, let |H (c)| = sup{|H(s)|, s € [0,1]} with o € [0,1), and note that
E(f'(1)(H(a) — H(f(a)))) = 0.

Thus H(f(a)) = H(«) a.s. and by induction, recalling that F,, = foo f1--- 0 fn_1, we
have



As Z, is subcritical, then E(F,(a)) = E(a?") — 1 as n — oo. So Fy(a) — 1 in
probability as n — oo. Adding that F,(a) < 1 a.s. for every n € N and that H is a
power series, then H is constant and equals zero since H(1) = 0.

SECOND CASE : For every sg € [0,1], E(f'(s0)) < E(f'(1)).
If H # 0 then there exists a € [0, 1] such that
sup{| H(s)) |: s € [0,a]} >0

Let v, € [, 1] such that o, — 1. Then, for every n € N, there exists 3, € [0, o] such
that :

sup{| H(s) |: s € [0,0n]} = [H(Bn) |
E(f'(Bn))
< B sup{|H(s)[, 0 < s <1}
< sup{| H(s) |, 0 < s <1},

since sup{| H(s) |, 0 < s <1} > 0 and E(f'(5,)) < E(f'(1)). AsINJ = o, supl <
sup(/ U J) = sup < supJ, we get

sup{| H(s) |: 5 € [0, an]} < sup{| H(s) |: 5 €, 1]}.
And H(s) 21 0 leads to a contradiction letting n — oco. So H = 0. O

proof of (iii). Assume that G; and G are two probability generating functions which
verify (£). By differentiation, G| and GY, satisfy

E(G'(£()f'(s)) = E(f'(1))G'(s).
Then H := G4(1)Gy — G'(1)GY, verifies the conditions of Lemma [IJ. As a consequence,
Gy(1)Gy = G1(1)Gy.

And G1(0) = G2(0) = 0, Go(1) = G1(1) = 1 ensure that G; = G2, which gives the
uniqueness for (£). O

4.5 Proof of Section 3.5
Proof of Proposition [§. First, we have

P, (Z >O)
P.(Z1=1,.... 2, =1,|Z = Pu(Zi=11,... 2, =1,)—"L " |
k:( 1 ll7 y Ln ln‘ n+p>0) k( 1 l17 y Ln, ln)Pk(Zn+p>O)
Then, using (), (B), (), we get

. _n 9,
W Pr(Z1 = U1,y Zn = Ip| Znip > 0) = ”a—;Pk(Zl =11y Ty = ).

p—00
and recall oy = [ in the (SS+IS) case to get the distribution of (Y, )nen.
To get the limit distribution of (Y},),en, note that, for every [ € N*,

Py(Y;, = 1) :7_"2—;Pk(2n:l) N P(Zn >o) IP’k(Z =1 Z, > 0).
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Use respectively (B) and (f) to get the limit in distribution in the (SS) case and the (IS).
Finally, in the (WS) case, by ([l), there exists C' > 0 such that

Pp(Y, < 1) < Cn =32 LP(Z, <1 | Zn > 0) < Cn~3/22L.
Qf Qg

Then Borel-Cantelli Lemma ensures that Y,, tends a.s. to infinity as n — oc. U

Proof of ([[3). To prove the convergence and the equality, note that

P(fp S dgp)Ek(Png (Zn > O))
Pr(Znyp > 0)

Py (Z, > 0) — Py(Zn
P ( _57
Pu(Z, n+p>ozk & Py (Zn

Pi(f, € dgp|Zn+p > 0)

\_/\_/

The asymptotics given in the Preliminaries section ensure that

[ S SN ,
Pr(Zn+p > 0) YPay,

and using the bounded convergence Theorem with

— - - 7

) , <1, E(Zy) < oo.
Py (Z, > 0) W P(Zy > 0) (Zg,) < oc

ensures that

Tim_ Py (f, € dgy|Zatp > 0) =7 PB(f, € dgy) ZPk e = l)a

=1 k

This completes the proof. O

5 Appendix : Random walk with negative drift

We study here the random walk (S, )nen with negative drift. Indeed, in the linear
fractional case, the survival probability is a functional of the random walk obtained by
summing the successive means of environments (see (B)). In the general case, the random
walk appears in the lower bound of the survival probability (see ([[4)). More precisely, we
need to control the successive values of the random walk with negative drift conditioned
to stay above —x < 0.

More specifically, let (X;);en be iid random variables distributed as X with

E(X) < 0.

We assume that for every z € [0,1], E(exp(2X)) < oo and E(X exp(aX)) = 0 for some
0 < a<l1. Set v:=E(exp(aX)),

Sni=>_Xi,  (So=0),



and for alln € N, k € N,
L, = min{S;, 0 <i<n}.

Its asymptotic is given in Lemma 4.1 in [[J] or Lemma 7 in [[[§]. There exists a linearly
increasing positive function u such that, as n — oo

P(Lyp > —x) ~ e u(z)n"3/24", (25)

for z > 0 if the distribution X is non-lattice, and for x € A\Z if the distribution of X is
supported by a centered lattice A\Z.
Moreover for each 8 > «, there exists ¢y > 0 such that

P(L, > —x) < cpe?®n=3/24™, (x >0, neN). (26)

Finally, using () and the fact that u grows linearly, there exist c_,c; > 0 such that the
two following positive measures on [0, 1],

v_(dz) = ¢_log(1/z)z~* tdz, vy (dz) = e (61 (dz) + log(1/z)x~* tdx),

verify for every x €]0,1]

v_([z,1]) < lim P(et > x)

n—o0 n*3/2,}/n §V+([$,1]). (27)

We need to control the successive values of the random walk conditioned to stay above
—2 (z > 0). Under integrability conditions, it is known that the process (S},,/ n/?|L, >
0) converges weakly to the Brownian meander as n — oo (see [[[]). Moreover Durrett
has proved that if there exists ¢ > 2 such that P{X; > z} ~ 27 9L(z) as © — oo,
where L is slowly varying, then (S, /n|L, > 0) converges weakly to a non degenerate
limit which has a single jump.
We prove here that the random walk conditioned to stay above —x (z > 0) spends very
short time close to its minimum, by giving an upper bound of the number of visits to a
level of the random walk reflected at its minimum. To be more specific, define

Nyp(k)=card{i e N, i <n, k< S; — L, <k+1}.
Lemma 11. For every 6 > «, there exists d > 0 such that

limsupP(N,, (k) > 1| L, > —z) < de’* VI,  (k,l €N, z>0).

n—oo

Moreover for all 8 > o and x > 0, there exists C' > 0 such that

P(Ny(k) > 1| L, > —z) < Ce’ /1, (k,n,l € N). (28)

Moreover, we will use the following consequence of the preceding lemma.

Corollary 12. If a < 1/2, there exists 3 > 0 such that for all x > 0 and n € N,

P(» exp(Ln—S) <B| L, >—x)>1/4.
=0
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For the sake of simplicity, we assume that X € Z a.s. for the proof of Lemma [[T.

Thus

Vk,n € N*, N,(k)=card{i €N, i <n, S; — L, =k},

and we denote by (7}

visits k. That is

Th=inf{l0<i<n : S;—L,=k}, Tja=inf{Tj<i<n : S —L,=k}

: 1 < j < N,(k)) the successive times before n when (S; — Ly,)ien

First, cutting the path of the random walk between two of these passage times enables
us to prove the following result.

Lemma 13. If X € Z a.s., then for all n,k,l,i and 0 < h <n, we have

P(Ly, > =i, Np(k) >2l, Tj4+n— Ty, ) =h) < (k4 1)P(Ln_pp, > —k)P(Lj, > —i),

and

P(Ly, > —i, Ny(k)>2l, Ty +n—T,=h) < (k+ 1)P(L,_p > —k)P(Ly > —i).

Proof. We introduce the first hiiting time M, of the minimum L, before time n and
R, (1) the last passage time at [ before time n

M, =inf{j € [1,n] : S; = Ly}, R, (1) :=sup{j € [1,n] : §; = 1}.

First, we consider the case where M,, € [0,T;] U [Ty, 1),n] and split the path of the
random walk between times T; and Ty, ). For all j <0, k>0 and 0 < ny <mng <mn,

introduce then

A(janlyn2) = {Ln =7, Nn(k) > 2, Ty = ny, TNn(k) =nz, M, € [Oanl] U [’I’LQ,’I’L]},

B(j,’l’Ll,’l’LQ) = {Vm € [Lnl] : Sm 2> 7, Sm = Snz =j+k,

Vm € [ng+1,n]: Sy > J4, S # 7+ k,Ja € [0,n1] U [ng,n], S,

C(j,n1,n2) ={Vm € [n1,n2] : Sy > J, Spy = Sny, =7 + k}.

Note that conditionally on D(ni,n2) := {Sp,

are independent,

and

P(C(j,nl,ng) | Sm =Jj+ k) < P(LHQ*M > _k)’

A(j,’l’Ll,TLQ) - B(j,’l’Ll,TLQ) N C(j,’l’Ll,TLQ)-

Then, noting also that

=Jjh

= SnQ :]+k}? B(janlanQ) and C(j?”la”?)

P(C(j7n17n2) ’ D(nlvnQ)) = P(C(j7n17n2) ‘ Sn1 =J+ k)P(Sn1 =Jj+ k)/P(D(nlvnQ))v

we have

]P(A(j? ni, nQ))

IN

IN

P(D(n1,m2))P(B(j,n1,n2) | D(n1,n2))P(C(j,n1,n2) | D(n1,n2))

P(Sny = j + F)P(B(j;n1,n2) | D(n1, n2))P(C(j,m1,m2) | Sny = j +F)

P(Lny—ny > —Kk)P(Sp, = j + k)P(B(j,n1,n2) | D(n1,n2)).
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Moreover,
{Ln > —1, Nn(/{?) >20, Ti+n— TNn(k) =h, M, € [O,TI] @] [TNk(n),n]}
= U A(j,n1,n2).

Jjz—1,
1<ni<na<n, ni+n—ns=h

Then, using the last two relations,

P(L, > —i, Np(k) > 21, T} +n— TNn(k) =h, M, €[0,T;]U [TNk(n),’I’L])

< > P(A(j,n1,m2))
j>—i,
1<ni<n2<n, ng—ni=n—~h
< P(Ly—p = —k) > P(Sh, = j + k)P(B(j,n1,n2) | D(n1,n2)).
j>—i,

1<ni<n2<n, ni+n—na2=h

Concatenating the path of the random walk before time n; and after time no gives
P(Ln > —1, Nn(k‘) >2, T +n— TNn(k) =h, M, € [O,TH @) [TNk(n)an])

P(Lp—p > —k) Z P(Lpi4n—ns = J; Rni4n—ny(J + k) =mn1)
>,
1§n1<n2§]n_, 7121+n*n2=h
< P(Lpop > —k) > P(Ly =)
jz—i

= P(Lppn > —k)P(Ly > —i). (30)

IN

Second, we consider the case where M,, € [T}, T, ()] and split the path of the random
walk between times T} and T;. For all 5,5/ <0, k > 0 and 0 < ny < ng < n, introduce
then

Al(j’nlanQ) = {Ln = -7 Nn(k) >2l, Ty = ny, TNn(k) =nz, M, € [nl’n2]}’

Bl(j’jl’n15n2) = {\v/m 6 [1,”1] : Sm Z jl’ Snl = Sn2 :.] + k?

Vm €]ng,n] : S > 5’y S # j+k,Ja € [0,n1]U [n2,n]: S, =3},

Cl(janlanz) = {vm € [n17n2] : Sm > j7 Sn1 = Sn2 =k +j7 Ja € [nlanz] : Sa :j}
Note that conditionally on D(ni,n2) = {Sn, = Sn, = j + k}, B'(j,5,n1,n2) and
C’(j,n1,n2) are independent,

Jj+k
A'(j,m1,m2) € | B'(G,5',m1,m2) 0 C' (4, m1, o)
J'=3
and we get the analogue of (R9),
j+k
P(A'(j,n1,n2)) < ZP(an—m > —k)P(Sn, = j +K)P(B'(j,j',n1,n2) | D(n1,n2)).
J'=J

Moreover
{Ln > —i, Nn(/{)) > 21, ﬂ +n — TNn(k) = h, M € [naTNk(n)]}
= U A'(j,n1,n2).

Jjz—1,
1<ni<na<n, ni+n—ns=h
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Then, following the proof of (Bd), we get

]P’(Ln > —1, Nn(l{)) >2, Ti+n— TNn(k) =h, M, € [T’hTNk(n)])

< PLonz-k) Y S B(Su =+ WP(B'G, ' mm) | Din,na))
§'>—i, jElj'—k,j') 1<ma <na<n,
ni+n—no=h
< ]P)(Ln*h 2 _k) k , max. Z P(Snl =J+ k)P(B/(jajlanlanz) ‘ D(n17n2))
S el k]
j'>—i 1<ni<n2<n,
ni+n—no=h
< P(Lnp > —k) > kP(Ly =j')
Jj'z—i
< kP(Lp—p > —k)P(Lp, > —i). (31)

Combining the inequalities (BJ) and (BI]), we get
P(Lp > —i, Nu(k) > 21, Ti4+n— Ty, ) = h) < (k+ 1)P(Ly—p > —k)P(Ly, > —i),

which proves the first inequality of the lemma. The second can be proved similarly
concatenating the random walk between [0, T1] and [T}, k), 7). O

Proof of Lemma []. Let h € N such that A > n/2. The first inequality of Lemma
below ensures that

P(Ly, > —i, No(k) 220, Ti+n—Ty,x) =h) < (k+1)P(Ly > —i)P(L,—p, > —k).
Using (24),
P(Ly, > —i, Nu(k) > 2, Ty+n— Ty, = h) < co(k+ 1)P(Ly > —i)e’ (n — h) =320,
Moreover, using (R5), for every i € N, there exists ng € N such that for all ng/2 < n/2 < h,
P(Ly, > —i) < 2eu(i)h =32y < 2.23/2 ¢ty (1) n=3/24". (32)
Then, writing ¢ = 2.23/2.c,,

P(Lo > —i, Na(k) 2 21, T+ n— T, = h) < che™uli) (k + 1)e™y™n=*/2(n — n) /2,

(33)

Similarly, for every h such that ng/2 < n/2 < h, the second inequality of Lemma
below ensures that

P(Lyp > —i, Np(k) > 21, Ty4+n—T = h) < cpe®u(i)(k+1)e’ y"n=3/2(n— h)73/2. (34)
Noting that a.s.

n—l

n—I
{Nn(k) > 21} = | J {Na(k) = 2, Trn—Tn, gy =h} | {Na(k) > 20, Ty+n-T, = h},
h=n/2 h=n/2
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we can combine the last two inequalities (BJ) and (B4)), which gives for every n > ng,

P(Ly, > —i, Nu(k) >2l) < Z P(Ly, > —i, Ny(k) > 21, Ty +n— Ty, = h)

n/2<h<n-—I

+ Y P(Ln=—i, No(k) > 20 Ti+n—T = h)

n/2<h<n-l

2cpe®u(i)y"n 2 (k + 1)e* Z (n—h)=3/?2
n/2<h<n-l

20/ e (i),ynn—?)/Z(k + 1)66k Z h—3/2
h>1

2.2¢pe u(i)y"n 32 (k + 1)’ /VI,  (n > ng).

IN

IN

IN

Then, using again (RJ),

limsupP(L,, > —i, N, (k) > 21)/P(L, > —i) < dchey ' (k + 1)e? / V1.

n—oo

Using that (k + 1)ef* = o(eelk) if 0/ > 0, this completes the proof of the first inequality
of the lemma for X € Z. The general case can be proved similarly.

Note that, for every 6 > a, when h > n/2, we can replace (B9) by
P(Lj, > —i) < 252 .cpe""n=324" (i,h,n € N).
Following the proof above ensures that there exists ¢j > 0 such for all 4,n,l € N,
P(Ly, > —i, Nu(k) > 21) < chel'y"n=3/2e% /\/1.
Thus, by (), for every x > 0, there exists C, > 0 such that
P(Ny(k) > 1| L, > —x) < 2¢)Co(k + 1) /V1,  (k,n,l € N),

which gives the second inequality of the lemma. O

Proof of Corollary [13. Let a < 1/2 and d > 0 given by Theorem B Fix a < 0 < p/2 <
1/2. Choose also ko € N such that

dy ek <),

E>ko
By (P§), for every x > 0, there exists D > 0 such that for every n € N,
P(N, (k) > e** | L,, > —x) < Del0=#/2F
which is summable with respect to k. Thus, by Fatou’s lemma,

lim sup Z ) > etk | L, > —x) Z lim sup P(N, (k) > etk | L, > —z).

0 k>kg k>ko T
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By Lemma [L], this gives, for every z > 0,

hmsupz k)>et* | L, >—z)<d Z (O—n/2)k
k>ko

n—0o00 k> ko

Then,
lim sup P( U (N, (k) > e} | L, > —2) < 1/2.

n—oo k>ko

By Lemma [L1| again, fix N € N such that

limsupP( | ) {Nu(k) = N} | L, > —2) < 1/4.
e 0<k<ko

Then
limsupP( | ) {Nu(k) = N} | {Ne(k) > ¥} | Ly > —2) < 3/4.

o 0<k<k k>ko

Noting that

n

Zexp <ZN

=0

this ensures that for every = > 0,

lim inf P( ZeXp —8)<B| Ln > —x) > 1/4,
=0
with 8 =3 gopop, Ne™ k4 D k> —k+1 This gives the result.
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