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Abstract

The behavior of the maximal displacement of a supercritical branching random
walk has been a subject of intense studies for a long time. But only recently the
case of time-inhomogeneous branching has gained focus. The contribution of this
paper is to analyze a time-inhomogeneous model with two levels of randomness. In
the first step a sequence of branching laws is sampled independently according to a
distribution on the set of point measures’ laws. Conditionally on the realization of
this sequence (called environment) we define a branching random walk and find the
asymptotic behavior of its maximal particle. It is of the form V,, — ¢ logn + op (logn),
where V,, is a function of the environment that behaves as a random walk and ¢ > 0
is a deterministic constant, which turns out to be bigger than the usual logarithmic
correction of the homogeneous branching random walk.

1 Introduction

We introduce a model of time-inhomogeneous branching random walk on R. Given a
sequence £ = (L,,n € N) of point processes laws', the time-inhomogeneous branching
random walk in the environment £ is a process constructed as follows. It starts with
one individual located at the origin at time 0. This individual dies at time 1 giving
birth to children, that are positioned according to a realization of a point process of law
L1. Similarly, at each time n every individual alive at generation n — 1 dies giving birth
to children. The position of the children with respect to their parent are given by an
independent realization of a point process with law £,,. We denote by T the (random)
genealogical tree of the process. For a given individual u € T we write V(u) € R for the
position of u and |u| for the generation at which w is alive. The pair (T, V') is called the
branching random walk in the time-inhomogeneous environment L.

The tree T can be encoded using the well-known Ulam-Harris-Neveu notation, and V'
is then a random map T — R. A precise construction of a time-inhomogeneous branching
random walk is presented in [23, Section 1.1].

We assume the time-inhomogeneous Galton-Watson tree T to be supercritical (the
number of individuals alive at generation n grows exponentially fast). In order to simplify
the presentation we assume that the number of children of each individual is always at
least 1. We take interest in the maximal displacement at time n of (T, V'), defined by

M, = max V(u).
ueT:|ul=n
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When the reproduction law does not depend on the time, the asymptotic behavior of
M,, has been thoroughly investigated. Hammersley [14], Kingman [20] and Biggins [7]
proved that M, grows at a ballistic speed v. Addario-Berry and Reed [2] and Hu and
Shi [16] proved the second order of this asymptotic is a negative logarithmic correction
in probability. Aidékon [3] obtained the convergence in law for M, — vn + clogn, for the
correctly chosen constant c.

Some recent articles study the effects of a time-inhomogeneous environment on the
asymptotic behavior of M,,. Fang and Zeitouni [12] introduced a branching random walk of
length n in which individuals have two children moving independently from their parent’s
position, with law A(0,0%) before time n/2 and law N(0,03) between times n/2 and n.
They proved that for this model, the maximal displacement is again given by a first ballistic
order, logarithmic correction plus stochastically bounded fluctuations. More generally, for
a branching random walk in which the reproduction law scales with n, the correction is
expected to be of the larger order n'/3 [24]. Maillard and Zeitouni [21] proved that for a
branching Brownian motion in time-inhomogeneous environment, the asymptotic behavior
is given by a ballistic speed, first correction of order n'/3, second correction of order logn
plus stochastically bounded fluctuations.

The main contribution of this article is to study the case of the environment sampled
randomly. More precisely, we set L = (L,,n € N) to be an i.i.d sequence of random
variables with the values in the space of laws of point processes. A branching random walk
in random environment (BRWre) is a branching random walk with the time-inhomogeneous
environment £. Conditionally on this sequence, we write Pz for the law of this BRWre
(T, V) and E. for the corresponding expectation. The joint probability of the environment
and the branching random walk is written P, with the corresponding expectation E.

This model of BRWre has been introduced by Biggins and Kyprianou in [8]. Huang
and Liu [18] proved that the maximal displacement in the process grows at ballistic speed
almost surely, and obtained central limit theorems and large deviations principles for the
counting measure of the process. Additional results on the behavior of the so-called bulk
of the BRWre may be found in [13, 17], where the growth rate in the bulk of the process
is studied, and a central limit theorem and a large deviation principle are derived. Prior
to these results, other kind of random environments have been studied for the branching
random walk. For example, Baillon, Clément, Greven and den Hollander [5] considered
a branching random walk in which the reproduction of individuals depending on their
position, instead of the time at which they were alive. Hu and Yoshida [15], as well as
other authors, took interest in branching random walks in space-time random environment.

Notation and assumptions. Given a sequence (z,) € RY, we write Op(z,) for a
sequence of random variables (X,,,n € N) such that (X, /xy) is tight. Similarly, op(zy,)
denotes a sequence of random variables (X,,n € N) such that if—: — 0 in P-probability.
Moreover C and ¢ stand for two positive constants respectively large enough and small
enough, that may change from line to line.

To ensure the non-extinction and non-triviality of the BRWre (T, V'), we assume that

Pr({ueT:|u=1}=0)=0, P-as. (1.1)

and P(Pg(#{ueT:|u=1}>1)>0)>0. (1.2)

By [26] one checks that (1.1) and (1.2) are sufficient conditions for the random tree T to
be supercritical, and its growth rate is at least exponential. The forthcoming assumption
(1.7) also implies the growth rate of the population is exponential.



For n € N, we introduce the log-Laplace transform of the point process law £,, denoted
by Ky, : (0,00) — (—00, 00| and given by

kn(0) =logE, (Z e%) , (1.3)

{eLy

where L,, is a point process on R distributed according to the law £,,. As the point process
L, is a.s. non-empty we have k,(f) > —oo P-a.s. For a fixed § > 0, (k,(0),n € N) is
an i.i.d. sequence of random variables under P. We assume that E (k1(6)_) < oo for all
0 > 0, thus we may define k : Ry — RU {oo} by k(0) = E (k,(0)).

As Ky, is the log-Laplace transform of a measure on R, & is a convex function, C*° on
the interior of the interval {# > 0: k(#) < co}. Assuming that this interval is non-empty,
we define

()
v = Inf = (14)

and we assume there exists 8* > 0 such that « is differentiable at point #* (thus « is finite
in a neighborhood of 6*) that satisfies

0%k (0%) — k(0%) = (1.5)

Under this assumption, we have v = «/(6*) = E (k](6*)). We introduce two variance
terms, that we assume to be finite

oh = 02 E (s](6%)) € (0,00) and o4 = Var (8*£,(6) — k1(8%)) € [0,00).  (1.6)

Heuristically, the trajectory yielding to the rightmost position at time n can be seen as
a random walk path, in the time-inhomogeneous random environment. Then the quan-
tity Ué represents the average quenched variance of this random walk, while 0124 represents
the annealed variance of the quenched expectation.

Finally, we add two integrability conditions:

2
E|E, (Z (1+e"*‘)) < o0, (1.7)

lely

as well as that there exists C' > 0 and p > 0 such that

E. ( Z (e(e*ﬂ‘)é + 6(9*_@()) < e Poas. (1.8)
Lely
The main result of this article is to extend the scope of the result of Hu and Shi [16] and
Addario-Berry and Reed [2], which prove that for a time-homogeneous branching random
walk 3
M, =nv — 5% logn + Op(1). (1.9)

For n € N, we write K,, = Y ;_; £x(6*). This quantity is a random walk depending only on
the environment, such that K,, = #*nv+ Op(n'/?). We introduce a function v : R, — R
given by the following limit

1
thm l—logP (Bs+1>pWs,s <t|W)=—v(p), P-as. (1.10)
—00
where B, W are independent standard Brownian motions. This function and similar prob-
lems are studied in detail in the companion paper [22]. In particular, according to [22,
Theorem 1.1], the function + is well-defined, convex and strictly increasing on (0, c0).



Theorem 1.1. Under the assumptions (1.1), (1.2), (1.5), (1.6), (1.7) and (1.8), writing

90:%7<6%)+2;*’

we have

1 if B>

in P-probability.
0 if B<op P Y

When the reproduction law does not depend on the time we have 04 = 0. As v(0) =
1/2, this theorem is consistent with the results of Hu and Shi, and Addario-Berry and
Reed. Moreover, as v is increasing, as soon as 04 > 0 the logarithmic correction is larger
than the time-homogeneous one.

Remark 1.2. In a homogeneous branching random walk with (fixed) reproduction law
L1 by standard results we have lim,, .o % = infpsq ”10(9) =: v1. By Theorem 1.1,
lim, oo % = v in probability for a BRWre. We observe that

v = inf E(ﬁ;(g)) >E (inf I€19(9)> =E(v).

0>0 0>0

This inequality is strict as soon as 0% > 0. Therefore, for a typical non-degenerate random
environment, the speed of the branching random walk in random environment is larger
than the expected speed of a branching random walk with law L£;. This behavior is
similar to the one observed in the branching random walk with increasing variance in [12],
the optimal path can take advantage of the inhomogeneities of the environment to reach
further points.

A direct consequence of this theorem is the asymptotic behavior of M,, under law P.
Corollary 1.3. Under the assumptions of Theorem 1.1, we have

lim ——%—— = —¢p in P ® P,-probability.
n—00 logn
Most likely, the convergence cannot be strengthened to an almost sure result of the
form M, = 5K, — plogn+op,(logn) P-a.s. In fact, introducing the (quenched) median
of M,,:
m% =sup{a € R:Ps(M, >a)>1/2}, (1.11)

we believe that m& exhibits non-trivial log n-scale fluctuations in P-probability. Moreover,
using the results of Fang [11], it is established that under some additional assumptions
(M,, — m%) is tight. We discuss this tightness issue for BRWre in Section A.

The proof strategy for Theorem 1.1 is very similar to method used to study the max-
imal displacement in an homogeneous branching random walk, which can for example be
found in [1]. We first introduce a result that links the the moments of additive function-
als of the branching random walk with random walk estimates: the many-to-one lemma
(Lemma 2.1). However, the randomness of the environment implies that the random walk
obtained here is a random walk in (time-inhomogeneous) random environment.

Using the many-to-one lemma, we then compute the first and second moment of the
number of particles making a suitable excursion below a well-chosen barrier. This barrier
is chosen such that the first and second moment are of the same order, therefore Markov
and Paley-Zygmund inequalities allow to bound from above and from below the probability



for M,, to be larger than Q%Kn — ¢logn. Finally, using a standard truncation argument
we are able to bound with high probability the position of M, at time n.

The main impact of the random environment is that the random walk obtained in the
many-to-one lemma is a random walk in random environment. Hence, one has to study
the probability for a random walk to realize an excursion of length n above a suitable
barrier, which is done in Theorem 3.3. This probability behaves as n=*t°P(1) with \ a
constant that depends only of g—g. This constant is directly related to the logarithmic

correction of the BRWre, through the equation ¢ = 9%. This is similar to what happen in
the time-homogeneous case: the probability for a random walk to make an excursion of

length n is of order n=3/2, and the logarithmic correction of the branching random walk
is %.

The rest of the article is organized as follows. We introduce in the next Section A the
many-to-one lemma, and in particular the time-inhomogeneous random walk associated
to the BRWre. In Section 3, we compute the probability for this random walk in random
environment to make an excursion of length n. We use this result to prove Theorem 1.1

in Section 4, using the method described above.

2 The many-to-one lemma

We introduce the celebrated many-to-one lemma. It has been essential in studies of ex-
tremal behavior of branching random walks. It can be traced down to the early works of
Peyriere [25] and Kahane and Peyriére [19]. Many variations of this result have been in-
troduced, see e.g. [8]. In this article, we use a time-inhomogeneous version of this lemma,
that can be found in [23, Lemma 2.2]. For all n > 1, we write L,, for a realization of the
point process with law £,, and we define the probability measure u, on R by

Vz € R, un((—oo,x]) =E, (Z 1{Z§x}€9*£_nn(9*)) ) (21)
leLly,

where we recall that k,, is the log-Laplace transform of L, given by (1.3) and 6* by (1.5).
Up to a possible enlargement of the probability space, we define a sequence (X,,n € N)
of independent random variables, where X, has law pu,. We set S, = ?:1 Xj. From
now on, P, stands for the joint law of the BRWre (T, V') and the random walk in random
environment S, conditionally on the environment L.

Lemma 2.1 (Many-to-one lemma). For any n € N and any measurable non-negative
function f: R™ = R, we have

E. ( S fV(w),..., V(un))) =E, (679*5n+27§:1 50 (S, .Sn)) , P-as. (2.2)
lul=n
To simplify notation, we introduce the process (7),,n > 0) given by
T, = 0*S, — K. (2.3)
Now (2.2) has a more compact form

Ec ( SOV ()~ K. < n)) =B (¢ T (15,5 < m)). (2.4)

lu|=n



The process T' is a random walk in random environment: conditionally on the environ-
ment £, T}, is the sum of n independent random variables, and the law of T; — T;_1 only
depends on £;. Note that under law P, T" is simply a random walk.

Remark 2.2. Note that the process we call “random walk in random environment” is not a
typical random walk in random environment. Indeed, this process is “trivial”, in the sense
that each random environment is used exactly once. In typical random walks in random
environment, the random environment is either purely spatial or space-time. However,
despite looking trivial, the probability for T" to make an excursion of length n above 0,
conditionally on the random environment yields a non-trivial exponent inherited from the
randomness of the environment.

By (1.5), we have E(T},) = 0. Moreover by (2.1), we have
Er(X;) = #5(0%) and Varg(X;) = &7(6%).
Thus (1.6) can be rewritten
0'22 = E (Varg(T1)) and o3 = Var (E¢(T1)).

This confirms the heuristic description of aé as the mean of a quenched variance, ans ai
as the variance of a quenched mean.

Using the many-to-one lemma, we can prove that with high probability, every individ-
ual in the BRWre stays at all time below the environment-dependent path n — G%Kn + v,
for y large enough. This explains why a key tool in the study of the asymptotic behavior
of M, is the random ballot theorem, discussed in the next section.

Lemma 2.3. Under the assumption (1.5), for any y > 0 we have
P, (Elu eT:V(u) > O%K‘QA + y) <e %V P-gs.

Proof. Using (2.4), the following classical upper bound holds for any branching random
walk in time-inhomogeneous environment:

P, (Hu eT: V(u) > QL*KM +y)

ueT

< Z Ec (Z 1{9*V(u)—Kn>9*y}1{0*V(u]-)—Kj§9*y,j<n})
n=1

|ul=n

o
< Z Er (e_T"1{Tn>9*y}1{Tjge*y,j<n}>
n=1
<e VP, (AneN:T, >0 <e Y, P-as. O

Due to the time-inhomogeneity, it will be useful to consider time-shifts of the environ-
ment, and a shifted version of (2.2). For k € N, write P for the law of the branching
random walk with the random environment (£;4x,j € N). By convention we assume that
under IP”f:, the random walk S is S, = Xj11 + -+ + Xgiyn. In this scenario (2.2) writes as

EL (Z f(V(m),...,V(un))) = Ek <69*5n+sz§+1 ”ﬂ"*)f(sl,...sn)) , Poas.
|u|l=n
(2.5)

Similarly, we assume that under P& the process T is given by T, = 6*S,, — Z?;’Lﬂ ;i (0%).



3 Ballot theorem for a random walk in random environment

It is well-known, see for example [1], that the constant % in (1.9) is directly related to
the exponent of the ballot theorem problem i.e., for any centered random walk (S,,) with
finite variance

> — P < ) < ~ —.
P(S, > —logn,S; <0,j <n) e

For review of ballot-like theorems, one can look at [1]. To prove Theorem 1.1, we compute
similar quantities for random walks in random environment. More precisely, we compute
the probability for T to make a negative excursion of length n, conditionally on the
environment £. We devoted a companion paper [22] to study the asymptotic behavior of
the probability for a random walk in random environment to stay positive during n units
of time and to study the function v, defined in (1.10). We start with a translation of [22,
Theorem 1.11] to our notation.

We recall again that in this article, when we consider random walks in random environ-
ment that are not the typical case of “space-not-time” random environments, in which a
given reproduction law is used multiple times (cf Remark 2.2). For typical random walks
in random environment, the process considered is a time-homogeneous Markov process
whose semigroup is random, while the random walks in random environment we study are
sums of independent random variables.

Theorem 3.1. Let T be as in (2.3), (z,) € RY and (f,) € RY such that

lim x, = oo, lim =0 and limsup |fol
n—00 n—oo logn noo mi/2—e

log x,,

=0,

for some e > 0. For any 0 < a < b < oo we have

logIP, (xn + T, € [an'/?,bn'/?], 2, +T; > fj,j < n)
lim

— _~f(oa _
e logn = —v (UQ> , P-a.s.
The proof of this theorem is rather long, but we give here a quick description of the
main steps of proof. First, using KMT-type coupling between random walks and Brownian

motions, we prove that
Pe (T3>0, <n)=P(ogBs > 04aWs—1,5s <n|iW),

where B and W are two independent Brownian motions, the Brownian motion o4 W
approaching the random walk (with respect to the environment) (E.(7,),n € N) and
0QB replacing the sum of independent centered random variables (75, — E£(T5,),n € N).
The convergence in (1.10) then proves Theorem 3.1.

This convergence is a consequence of the fact that

(1ogP (Bs < BWo1<s< et‘W) > 0)
is a subadditive sequence, hence Kingman’s subadditive ergodic theorem guarantees the
existence and finiteness of (). Moreover, one can observe that

(@

P (BS < BW,, et < 5 < eltu W) “p (Bs < BW,,1<s< et‘W) :

therefore the behavior of log P (BS <BW,,1<s< et|W) should be similar to the sum of
t i.i.d. random variables. Hence, we conjecture the existence a central limit type theorem
can be expected, of the form
logP (Bs < fW,,1 < s < e'|W) —~(B)logt
m _

Jim log1)1/? =N(0,0(B)) in law. (3.1)




Observe that the statement of Theorem 3.1 also holds for —7". More precisely, under
the same assumptions, P-a.s. we have

IOg]P)ﬁ <_xn + Tn € [_bnl/Qa _an1/27]> —Zn + T] < fjaj < n)
lim =—(2), (2

n—00 logn

Remark 3.2. The results obtained in Theorem 3.1 and (3.2) can be rephrased as

—~(ZA)(1+0(1
P (T;>0,j<n)=n (g el )), as n — oo, P-a.s.
If the result (3.1) holds, then this result cannot be strengthened to a ballot-type theorem
similar to the homogeneous case, i.e. the existence of a (random) constant C' > 0 such
that the probability for T to stay positive is bounded by C'n~" for n large enough.

The exponent v := =y (g—g) is used to compute the probability for 7' to make a negative
excursion of length n. To do so, we observe that an excursion of length n can be divided into
three parts. Between times 0 and n/3, the random walk stays negative, which happens with
probability n~7. Similarly, the end part between times 2n/3 and n, seen from backward is
a random walk in random environment staying positive, happening with probability n=7.
Finally, the part between times n/3 and 2n/3 is a random walk joining these two paths,

which has probability n='/2 by local CLT. Consequently, writing
1
.— gA _
Ai=2y (UQ) + 5 (3.3)

we expect Pz (T, < 1,T; > 0,4 < n) ~ n~*. However, working with random environments
yields additional difficulties.

Theorem 3.3. Let T be as in (2.3). We set (z,,), (an) € RY such that

1
an < Tp, liminf >0 and lim 08 Tn _ 0
n—00 logn n—oo logn

Let o € [0,1/2), we write 1, j = min(j,n — j)* for 0 < j <n. For any ¢ > 0 we have

hmP( sup sup PL( ekt > —y, Ty <z,j<n—k—Fk)< >\+s>:17

n—oo z,y€(0,zn] kK <zp
(3.4)
. . ) N o —A—e | _
nh_{réoP <m7y€1[1a1£’xn} Pe(Th>ax—yTj<x—1rpj,j<n)>n > =1. (3.5)

We stress that the mode of convergence in Theorem 3.3 cannot be strengthen to a
P-a.s. result. We will see that the convergence in the forthcoming (3.15) holds only in
probability. For the moment, as an illustration, we present a simple lemma concerning an
analogous phenomenon for the Brownian motion over a Brownian motion path.

Lemma 3.4. For all B € R, we have

1
lim — logP (Bs+ 1> (W, — Wi_g),s <t|W) = —~(B) in P—probability

t—00 log
1
hmsup@bgP (Bs+1>pB(Wy —Wi_g),s <t|W)>-1/2, P-a.s. (3.6)
t—r00
lim inf @ logP (Bs +1> B(Wy — Wi_y),s <t|W) < —p%/2, P-a.s. (3.7)
oo lo



Note the constants we obtain in (3.6) and (3.7) are non-optimal. In particular, (3.7)
gives no information for 8 € (—1,1). The reason of fluctuations on logn scale is that the
environment “seen from backward” every awhile is particularly favorable or unfavorable
for the random walk to stay non-negative. More precisely, one can make the following
observation: almost surely, infinitely often the Brownian motion seen from backward stays
negative, or grows faster than ¢ during logt units of time. As this result plays no role in
the rest of the article, we skip the detailed proof.

To prove this theorem, we first observe that Theorem 3.1 can be easily extended to
obtain uniform upper and lower bounds.

Lemma 3.5. Let (7,,), (t,) € RY be such that

. . . logz, . logty,
lim z, = lim ¢, = o0, lim = lim =0
n—»00 n—»00 n—oo logn n—oo logn

For any a € [0,1/2), we have

log P (1) > —a, —jJ <) ___ (UA) . Peas,

lim sup
n—oo oy logn

9Q

Proof. The lower bound of this lemma is a direct consequence of Theorem 3.1, we only
consider the upper bound in the rest of the proof. For any k < t,, applying the Markov
property at time k£ we obtain

P (T > —xy — logt, — 7%, < n)
> Pp (T; > —logty,j < k) x Pi(T; > —z, — j*j <n—k).

As a consequence for any k < t,, we have

P’[CJ(TJ 2 —Tn _ja7j S n_k) S]P)]Z(,'T] Z —$n—ja7j Sn_tn)
P (Tj > —logt,,j < tn)
By Theorem 3.1 we get
lim log P (T; 2 —xp — logtn — j%,j <) = —v (JA> , P-as.
n—00 logn oQ
Similarly, as lim,, 11?) gg n — () we have
logP, (T; > —logt,, ] <t
iy [08Pc (T = —logtn, j < ta) _ 0. Poas.
n—00 logn
Applying these two estimates to (3.8) concludes the proof. O
We now derive from the Berry-Esseen theorem [6, 10] a local limit theorem for random

walks in random environment. There exists a universal constant C7 such that, given
X1,...X, independent centered random variables with finite third moment and N is a
standard Gaussian random variable

noX. maxi<nw
sup |P ZL0L S| PN > )| < O e VA (3.9)
teR ?:1 Var(XZ-) v/ ?:1 Var(XZ-)

We obtain the following bounds.



Lemma 3.6. Let (z,,) € RY such that

1
lim z, = oo and 98 In _ 0.
n—00 logn
For any € > 0, we have
log P, (T, 1
lim P (sup 28FeTn €y o)) L )y (3.10)
n—00 yeR logn 2
Moreover, for any e >0 and a > 0,
log P, (T, 1
im P e 8Pen€lyytao)) o L)y (3.11)
n—00 ly|<an'/? logn 2

Proof. For any n € N, we set 3,, = Var,(T,,). By (3.9) and (1.8), we have

t— EL’(Tn)>' Cy
sup |P, (T, >t)—P <N > < , P-a.s. 3.12
g [Pe (T = 0) = B Noray EVon (342

where N is a Gaussian random variable independent of £ and Cy > 0.
Using (3.12), for any y € R we have

T, T, +x
]P’L(Tne[y,y—i-mn]):}P’g( nos Y )—P/;( no Y n)

VORI NoORESNY
Er(Ty) Yy ytza 2C%
<Pe (N+ Nonlh (A \/TD HVoN
<c-tn
— /En'

Observing that by the law of large numbers we have lim,, o En—" = aé P-a.s. we conclude

that
li log IP)E (Tn € [y7 Y+ xn])
im sup sup

n—oo yeR logn
which yields (3.10).
Similarly, for any y € R with |y| < an'/2, (3.12) yields

1
< ——, P-as.
S5 a.s

EE(TTL) Y Y+Tn
PL(TnG[y,y—I—:Cn])>P£(N—|— \/Ein e[mym})

o, (an1/2 + ]Eg(Tn)|>2 20,
>c exp | — — .
v NN o

[E . (Tn)]
Vo

n

2
Under P the random variable converges in law toward |N(0, Z—‘g“)\, thus for any
Q

e > 0 we have

t—00 ly|<anl/2 logn 2

lim P < inf
O

Equation (3.11) can be made more precise, to compute the probability for a random
walk in random environment to end up in a given interval, while staying below a wall at
level O(n'/?).
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Lemma 3.7. Let (z,) € RT_ such that limy, 00 T = 00. Foranya >0, >0 andn > 0,
there exists b > 0 such that

log P/ (T, T; < bnl/2j < 1
lim inf P inf 0gPe(Ty € [, 2+ 2, T; < b1 ’j_n)>—f—£ >1-n.
n—00 z€[—anl/2,anl/2] 10g n 2

Proof. To compute this probability, we observe that for any |z| < an'/?,

Pr(Ty € [2,2 + 2], Tj < bn'/?, j < n)
=P, (Tn c [x7x—|—xn]) — P, (Tn S [$,$+xn]a7n < n),

where 7, = inf{k € N : T}, > bn'/2}. Moreover, recall that

2
Pr (Ty, € [z, 2 + x]) > Cl'in exp (_ <CLTL1/2 + ‘Eﬁ(TnH) ) '

VEn VEn

We now bound P, (T}, € [z, 2 + x,), 7 < n) from above.

Let 7 > 0 we set b > 2a such that for any n € N
P, (max E.(T;)| < bn1/2/2) >1—7.
j<n
Thus, on the event {mangn [E-(T;)] < bn1/2/2}, we have

Pp (T, € [z,2 +ap], 7 <n) < max  sup Pg (T — Ep(Tk) € [y, y + zn))
an/Q yan1/2/2

+ max  sup Pﬁ (Tnfk - Ez_k(Tnfk) € [y, Y+ wn]) :
k<n/2 y>bnl/2/2

By the Berry-Esseen inequality, for n large enough, we obtain

Pr (T, € [z, 2 + xp)], 70 <) < C-In_ o7V plas.

VEn

we conclude that

liminf P < inf
€]

n—00 z€[—anl/2,anl/2] logn

log P (Ty, € (2,2 + 2], Tj < bn'/? 5 < n) - _% B 8) S1-0

O
Using the above results, we prove Theorem 3.3, starting from the upper bound.

Proof of (3.4). We decompose the path of T into three pieces. We set p = |n/3], applying
the Markov property at time p, we have

Py (Tppey 22—y, T <aj<n—k—k)
SPE(TJ an)jSp_k)SEEP%(Tn—k’—p"FZZaj_yvz“ly_’_zSxajgn—p—k/)
z

(3.13)
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We introduce 7" P~ % — n—p—k! — Ln—p—i—; the time reversed random walk. Using the
fact that T,,_p_p + 2z € [t — y,x] and y < x,, we have
P%(Tnfpfk’_"z Z«’B—y,Tj—i—Z <z,j Sn_p_k/)

<P} (f;:f:]f/, €Elr—y—=zzx —z],f’]’?_p_k/ > —rp,j<n—p-— k’) :

Applying the Markov property to T at time p — k' yields

Pl (Thprw+z>w—yTi+z<zj<n—p—Fk)

<P @m’*k > —an,j<p-— k") sup P!, (T,’Z:,f:,f, — T e fhh+ xn]) .
heR

A direct calculation shows that i?:g:,f,l — fg:lgfkl = T —2p, therefore (3.13) yields

X ]P”Z. (f;l_p_k/ > —x,,] <p— k') sup IP”Z (Th—2p € [hyh+ xy]). (3.14)
heR

We conclude that
sup  sup Pp (Tpopiw < 2,75 2y, j <n—k—FK)
0<z,y<zn k,k'<zn

< sup ]P)k (,T] > —Tp, ] <p— xn) sup PP (j;;l_p_kl S Tp,) <p-— mn)
kSa:n klgxn

x sup P} (T,—9p € [h, h + z5]).
heR

Applying (3.2) we have

lim sup
n—oo g log n

log PE(T) > ~an,j S p—n) _ (), Pas
za), s.

Moreover, under the measure P ® P, the process T * has the same law as T, thus using
Lemma 3.5 for the second term, we have

log IP)IZ (j;jn—p—k’ <Tp,j <p-— .an)
lim sup

n—00 g1y logn

_ a4\ i D s
= —v (UQ> in P-probability. (3.15)

Finally, by (3.10), for any ¢ > 0 we have

sup logP% (Tn72p € [h,h+1’n]) < 71 +el =1
hel logn -2 '

Combining these three estimates concludes the proof. O

lim P

n—o0

We then prove the lower bound of Theorem 3.3.

Proof of (3.5). We implement a decomposition similar to (3.14). However in this case we
aim to obtain a bound from below. We set p = |n/3] and fix 0 < a < b. Applying the
Markov property at time p we get

Pe(Th 22—y, Tj<x—rnj,j<n)
Z ]P)L (Tp € {—bnl/Q, —CLTLI/2:| aj—‘j S Gp — jaaj S p)
x inf  PU(T, p—z>a—yTj—z<z+ry;j<n—p). (3.16)

z€[anl/2 bnl1/2)

12



As in the proof of (3.4) we use notation T 7, defined by fjnfp =Ty—p — Ty—p—j for the
time-reversed random walk. Observe that the condition T,,_, — z € [z — y,x] is weaker
than T}, — 2z € [ — ap, =], and

Pl (Thp—2z€[x—ana),Tj—z<z+4+1r;7] <n—p)

>Ph(Tid el —antzz+2 07> —an+5%j<n—p).

Applying the Markov property to T™ P at time p, we have
P (Th—p—z€[x—an,x,Tj —2<2x—1y;,j <n-—p)
> P (T;77 € [an'/2,60! ), T} 7 2 j* — ay,j < p)

p<f:_§)p—f£p—l—z’e[:):—i-z—an,:r—l—z] )

X inf P o ~ :
L T;ZP—T;;Lp+2/27'n7p+j_an7.7§n_2p

efan'/? pn1 /2]
Thus (3.16) yields
Pe(Th>2—y,Tj<z—rnj,j<n)
> P, (Tp € [—bn1/2, —anl/ﬂ Tj<a, —j3% 7 < p)
x P, (QA}? € [anl/Q,bnl/Q} ,fj" > —ap +j% 7 < p) X Dn,
where

Dn = ‘ |<(;nf) 1/QIP”Z (Tn_gp Elr—an—22—2],T; > —an1/2/2,j <n-— 2p) )
z|<(b—a)n

Using (3.2) we have

loglP, (Tp € [—bnl/z, —anl/ﬂ T < ap —3% 7 < p)

. — _~(ca -
nh—>Hc}o logn =7 (UQ) , P-as.
Further using Theorem 3.1 we handle the second term
log P (fz’f € {anlﬂ,bnl/ﬂ ,fj” > —ap+ 3545 < p)
Am 1 =7 <%)
ogn Q

in P-probability.

Note that due to time-reversal, Theorem 3.1 only provides convergence in probability, and
Lemma 3.4 hints that this convergence cannot be strengthened into almost sure conver-
gence.

Finally, using Lemma 3.7 for any ¢,n > 0, choosing a > 0 large enough, we have

1 1
lim P<ngn > ——5) >1—n.
logn 2

Combining the last three estimates and letting n — 0 concludes the proof. O
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4 Maximal displacement for the branching random walk in
random environment

We analyze the asymptotic behavior of P, (M,, > y) as n,y — oo. Roughly speaking this is
done by controlling the number of individuals that are at time n greater than K,, —plogn
and stayed below the environment-dependent border &k — K + y. It is fairly easy to
obtain a bound from above by calculating the mean number of particles crossing at some
time this boundary. As can be seen in Figure 1, with high probability no particle will
cross the line. The bound from below requires bounding the second moment and a more
subtle analysis.

environment 0 space

Figure 1: A branching random walk in random environment and its border

4.1 Proof of the upper bound of Theorem 1.1
Lemma 4.1. We assume that (1.5), (1.6) and (1.8) hold. For any B < ¢, we have

P, (Mn > G%Kn — Blog n) — 0 in P — probability.
Proof. For any n € N and § > 0, we set

Ya(B) = D Loy (u)—Kn>—56* log n} 1{67V (u;)— K <log n,j<n} - (4.1)

|lul=n
We observe that

K Ky +1
P, (Mn > on - Blogn) <P, <3u ET:V(u) > |90gn> 4 PL(Ya(B) > 1).

Applying Lemma 2.3 and the Markov inequality, we have

Pr <Mn > % — mogn> <n 4+ Er (Yn(B)) (4.2)

14



To bound from above E (Y,,(8)) we use (2.4), obtaining

Ez (Ya(8)) =Ec (6_9*5n+K7LI{G*Sn—KnZ—ﬂG* 10gn}1{9*Sj—Kj§10gn,j§n})
< PP, (T, > —f0* log n, Ty < logn, j < n).

By (3.4), for any € > 0 we have

lim P

(]P)g (T, > —p0*logn,T; <logn,j < n)

< —)\—1—5) =1.
logn

As p = 9%, we conclude

lim P ({M (T, > —B6*logn, Tj < logn, j < n) < n—@*w}) — 1.

n—o0

Setting ¢ = £ (¢ — B) > 0, we have lim, o P ({Ez (Y5(8)) <n¢}) = 1. Therefore,
Ez (Yn(B)) converges to 0 in P-probability. By (4.2) we conclude the proof. O

4.2 Proof of the lower bound of Theorem 1.1

To prove the lower bound of Theorem 1.1, we first prove that the probability to observe

individuals above Ig" plogn does not decrease too fast. Secondly, we use the fact that

the population grows at exponential rate to conclude the proof.

Lemma 4.2. We assume that (1.5), (1.7), (1.6) and (1.8) hold. For any e > 0, we have

K, _
(oo 5 o) ) 1.

Proof. In the proof we use the second moment method. We introduce an environment-
dependent path which individuals are disallowed to cross. This enforces the first and
second moment to have the same behavior. Let § > 0, for k¥ < n we set

k'3 —5logn if ke{l,...,|n/2]}
Tnk =
* (n—k)Y3 4+ (p—d)logn if ke{|n/2]+1,...,n}

In X, (8) we count particles near K, /0* — plogn who stayed below? K,;/0* —r, ; at all
time j < n viz.

Xn((s) = Z 1{V(u)7Kn/9*+<plogn€[0,5logn},V(Uj)SKj/G*frn’j}‘

[ul=n
We use the Cauchy-Schwarz inequality to get

(ELX (8))°
Er (Xn(0)%)
We first bound from below E.(X,,(9)). Applying (2.2) and recalling (2.3), we have

P, (M > En (4.3)

T ﬁlogn) >Pr(X,(0)>1) >

Ec (Xn(6)) = Ec (¢ "1z, /6+ + plognefo.stognly LTy 0°< o j<n) )
> n®" "V (T, /6% + plogn € [0,5logn] , Tj /6" < —rpj,5 <),

2Note that the choice of the exponent 1/3 in the definition of r, j, is arbitrary, any exponent v € (0,1/2)
would yield a similar result, using the result in Theorem 3.3.
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space Kn +y

time
Figure 2: Some trajectories counted in X, (9)
Using (3.4), for any € > 0 we have
Jim P (B (Xa(6) > n707¢) = 1. (4.4)

Further, we bound from above E (X,,(6)?). We note that X, (§)? is the number of
pairs of individuals that are at time 7 in a neighborhood of K, /0" — ¢logn and stayed
at any time k < n at distance at least 7, from Kj/0*. We partition this set of pairs
(u',u?) € T according to the most recent common ancestor, denoted by u!' A u?. More
precisely, X,,(6)? = Y}_ Ag, where

Ay = Z Z 1{V(ui)—Kn/9*+¢logne[o,(s1ogn},V(u;‘.)ng/9*—rn,j,ie{1,2},j§n}'
lul=F [u' |=|u?|=n
ulAu?=u
We notice that A, = X,,(9). For k& < n we study Ay applying the Markov property at
time k + 1, namely we denote Fi, = o(u, V(u), |u| < k) and calculate

Eo (Akl Fe1) < D0 Yvp<k, /-yt 2o Sern (V@) frra(V(u?), (4.5)

lu|l=Fk |ul|=|u?|=k+1
uw'AuZ=u

where

Ek+l 1
Trr(z) = Eg |u|—nz—k—l V (1)~ Kn /0% +2-+plog ne[0,6 log n]
V(uj)=Kpqji1/0*+x<—rn kijt1,§<n—k—1
Note that if © > Kj41/0* — rp k41 then frii(z) = 0.
We recall that under law PX, for any n € N we write T}, = 6*S,, — f'ﬂ?ﬂ k;(0*) and

Zfﬁ?—u k;(0%) = Kyt — Ki. Applying (2.5) we have

Tj<Kp41—0"z—=0"rp jipy1,j<n—k—1

k+1 Tk
) <E e ‘nk-11
fk+1( )_ L { Tp—k—1+0*x—Kj1+0*plogne[0,0%0 log n] }
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Observe that for any j < n, r, ; > —dlogn. We have

_ * * *
fk—i—l(x) < n9*s060*x7Kk+1IP)lZ ( Thg—1— Kpy1 + 0%+ 6 plogn € [070 510gn] ) ] (46)

T; < K1 — 0"z +20%01logn,j <n—k—1

We set b, = [(logn)®], and bound from above Ez (Ag) in three different manners depend-
ing whether k < b, k > n — by, or k € [by,n — b,]. We write

2 2
tart _ 0% 0—ry,(6) a_ 0% 01y (0
At = ir%}:Eg (Z e” FTrk ) , PO = L nax E. (Z eIt ))

le Ly, [TL*bn,TL] Le Ly

and ®,, = maXIEl; (Z e =1k (9) )

0e Ly
By (4.6), fuar1(V(u)+£) < nf" el t=rmier(07) 0V =Kk for | € [b,, n—b,] thus (4.5) yields

£ (Ak)

<n¥PE, ( > 69*(€H/)2”k+1(9*)) Ee (Z 62(9*V(uk)Kk)l{v(uj)SKj/G*Tn,jngk})
|

G €Ly ul=k

S’I’LQQ*(pq)n]Eﬁ (eTkl{TjS—G*Tn,j,jgk}> . (47)
by (2.2). For k € [by,n — b,] we have r,, ; > (logn)? — §logn thus we obtain
Ez (Ag) < @t (2970) =0 (logn)?, (4.8)

Secondly, we consider k € [n—by,,n—1]. We have ,, ;, > (¢ —0) logn and analogously
o (4.7) we get
Ec (Ar) < &5Mn* E, (eTkl{TjS—e*m,j,jSk}) ’

we decompose this expectation depending on the endpoint 7}, we obtain

Ec (M) < @50 YE, (BT'“1{Tjs—e*rn,j,j§k}(1{Tkg—bn} + 1{Tkz—bn}))
< gend (ne*(w& pend 4 e—G*(lognF) , (4.9)

for n > 1 large enough, where

. .
Pfin - ke{n—%?fl,...,n} Pe (Tk > _banj < —Q*Tn,j,] < k)

Finally, we deal with k& < b,,. We use (4.6) to obtain

0*p 0*x—K start
Jrr1(z) <n” Fe rH (Pn 1{9*5E*Kk+12*bn} + 1{9*x*Kk+1§*bn}) )

where

Pttt — sup sup Pk

Ty—k—1 + 0" (plogn —y) € [0,dlogn],
k<bp y<bn ‘

T; <0*(20logn+vy),j <n—k—1
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Applying (2.2) similarly to (4.7) and recalling that 7, > —dlogn we get

Er (Ag) < OS2 R, (6Tk ((Pstart)21{Tk§9*6logn} + 1{Tk§—bn})> :
Thus for all n large enough,
Er (A) < (I)f;cart [n29*(¢+5) (PTsLtart)2 + 6—9*(logn)2/2} . (4.10)
As Ez (X,(6)?) = 371 Ez (Ag), gathering (4.8), (4.9) and (4.10), we obtain

E, (Xn(5)2) < bnq)i;cart <n20*(4p+6) (P’rsltart)Q + 6—9*(logn)2/2) + n1+0*(2@—6)(I)n6—0*(10gn)2/2

4 bnq)znd (ne*(wé)Pﬁnd | et (og n)2/2> T Eg (Xn(0)).
Using (1.7), we observe that for any n > 0 there exists z > 0 such that for any n € N
P (q)fltart > :cbn) +P (<I>$Lnd > xbn) +P (P, >2an) <n.
Further, by (3.4) and (3.3), for any € > 0,

lim P (Pstaft <p? W) —1, lim P (Pend <p? S(’+€) —1.

n—oo n—00

We recall (4.1), we have E(X,(6)) < E(Y,(9)). Applying Lemma 4.1, we conclude that
for any € > 0 and 7 > 0, liminf,, ., P (]EL (X,(6)?) < n29*5+28) >1—n. Letting n — 0
we obtain

Jim P (B (X,(6)7) < n?700%) = 1. (4.11)

Finally using (4.3), (4.4) and (4.11) for any 6 > 0 we have

K .
lim P (]P’C (Mn > 2" _ olog n) > 16 5_45) 1

n—o00 0
Choosing ¢,d > 0 small enough we conclude the proof. O

Proof of Theorem 1.1. Lemma 4.1 covers the case of < ¢. We are now left to prove that
for 5 > ¢ we have

lim P, <Mn > Kn — Blog n> =1 in P-probability.
n—00 0*

To do so, we use the fact that the population grows at exponential rate, and that each
individual in the branching random walk alive at a given time starts an independent
branching random walk.

Let A € N, we set T4 the subtree of T consisting in the set of particles that never
made a jump smaller than —A. We also trim the tree so that the maximal number of
offspring is A (for example by choosing the A largest children). We denote by N;L4 =
#{u cTA: |ul = n} For A large enough, by [26, Theorem 5.5 (iii)] and (1.2), there
exists a constant g4 > 1 such that

1/n
lim inf (N;:‘) =04, P-as. (4.12)

n—oo

on the set Ay = {limn_mo N = oo}. Observe that V(u) > —Alu| for any u € T4.
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For n € N, we set ¢ = ’BTT“O and k = [elogn] and B,, = {|Kj| <e0*logn}. As each
of the individuals alive at generation k starts an independent BRWre with environment
(Lk+j,7 € N), applying the Markov property at time k,

15,Pr (M, < K, /0" — Blogn) < 1, Pk (My_j, < K, /0" — Blogn + Ak)NE

< 15, P} (Mo < (Ku — K1)/9" = plog(n — k))"F

P-a.s. for n large enough. Let 74 € (1, 04) and denote the event
Co = {Ph (M < (Ko — Kp)/0" = plog(n — k) <1—r3*}.
By (4.12), we conclude that
1a,nB.nc,Pr (M, < K, /0" — Blogn) — 0, P-a.s.

By translation invariance and Lemma 4.2 we have lim,, o, P(C,) = 1. As |Ki| < oo
P-a.s. we have lim,_,o P(B,) = 1. This yields

1a,Pr (M, < K,/0" — Slogn) — 0, in P-probability.

Finally, we observe that when A oo we have 14, /1 by the assumption in (1.1). O

A Precise behavior of the median and tightness

In this section we will discuss how the results of Theorem 1.1 can be restated and refined.
We recall that m@, defined in (1.11), is the median of M,, conditionally on the environment.
We would like to describe the asymptotic behavior of mfg as simply as possible. We
recall that (K,,n € N) is a random walk measurable with respect to the environment.
Theorem 1.1 yields that mg ~ K, and more precisely

m® = K,, — ¢logn + op(logn).

However, the sequence hidden in op is not trivial i.e. m& — K,, + ¢ logn does not converge
P-a.s. (see Lemma 3.4). This happens because every now and again the environment can
speed up (or slow down) every individual in the process in a way not captured correctly
by K,. It is not clear for us if there exists a simple function of the environment which
describes m% more precisely. Finding such a function might be an interesting research
task. In this section we discuss another question: the tightness of (M,, — m&,n € N).

A.1 Quenched tightness

We fix the environment £ and ask whether the sequence {A},>1 defined by

An = Mn - mg7
is tight (with respect to P, ). For some cases this question has been answered positively in
[11]. We skip lengthy description of conditions referring the reader to [11, Section 2] and
[11, Section 5]. Instead, we brief in words the ones of [11, Section 2]. We require that the
branching law has uniformly bounded support and the mean offspring number is uniformly
bounded away from 1. The law of displacements need to be such that there exists uniform
xo such that particles moves above zg with high probability. Further, the marginal of
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the displacement decays exponentially (with an uniform exponent). Finally, we assume
that with high and uniform probability all particles born in one event stay in a ball of an
uniform size. The setting of [11] is quite general and thus these conditions are somewhat
restrictive. We suspect uniformization effects in our case of i.i.d. environments. We are
quite convinced that the condition about branching laws can be relaxed and that it is
enough to assume only mild moment conditions. The situation of the displacement law is
less clear. Let us illustrate this on a concrete example. Consider a system with the dyadic
branching and the displacements being N(0,02), where {02} is an i.i.d. environment
sampled from a exponentially integrable distribution with an unbounded support. We
pose as an open question determining whether this {A,,} is tight.

A.2 Annealed tightness

Another way is to study the tightness in the annealed setting. One way to state this
question would be to ask whether the sequence

{Mn - EﬁMn}nzm

is tight with respect to the joint law of the environment and the branching law i.e. P.
This is a weaker notion than the quenched tightness and we suspect this tightness may
hold under quite general conditions. Before discussing further, let us present a vanilla
version of the Host-Dekking argument [9].

Fact A.1. Assume that P(#{¢ € L1} > 2) = 1 and C = Eminjer, | > —oco. Then for
n > 1 we have
E|M, — ExM,| < 2|E M1 — EM, — C|.

Proof. Let L; be a realization of £ and for any [ € L; let ]\ﬂ1 denote the maximum of
the sub-system starting from [ (relatively to [). Obviously we have

! ! .
= > .
M, ]Erel%}f{l +M,} > ]Erel%}f{M”} + %glLrlll
Now we use the first assumption. Let l1,ls denote two atoms of Li. We write
1 l2 :
E M, > Emax { M}, M| + Eminl,
and use the equality max(a,b) = (a + b+ |a — b|)/2 obtaining
1
EM, >EM" + ZE|M! — M2| + Eminl.
2 leLy
Rearranging we obtain

E|Mh — M2 <2 (EMn—EMf; —E{giﬁz).

The crucial point of the argument is using the time homogeneity of the environment with
respect to E. This implies EMY = EM,_;. We notice that conditionally on £ the
random variables M/, M!2 are independent and have the same distribution. Using this,
the Jensen inequality and the time homogeneity again we obtain

E|M — M2 >E|MY ~E MY = E|My1 — Ec M.

This concludes the proof. O
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The assumption P (number of individuals in L; > 2) = 1 is made only to simplify the
argument and the condition C' = Eminjer, | > —oo is non-restrictive. Consequently,
the usefulness of the fact depends on the quality of estimates for EM,,.1 — EM,. A
very simple case is to assume that there exists K such that P(Vjer,|l| < K) = 1. Then
obviously E M, 11 — E M,, < K and the tightness follows. For a general case one can use a
standard sub-additivity argument showing E M,,/n — ¢ € R and, thus, the existence of a
constant C' and a sequence {ny} having positive density such that E M,, .1 —E M,, < Cj.
Consequently, the tightness holds on the subsequence {nj}. The usual way to obtain a
better result is to establish precise estimates for E M,,. Refining our methods we can
deduce that E M,, = cn — plogn + o(log n) implying that

E |M,, — E£M,| = o(logn).
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