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Abstract

In this article, we study a branching random walk in an environment which depends on the
time. This time-inhomogeneous environment consists of a sequence of macroscopic time intervals, in
each of which the law of reproduction remains constant. We prove that the asymptotic behaviour
of the maximal displacement in this process consists of a first ballistic order, given by the solution
of an optimization problem under constraints, a negative logarithmic correction, plus stochastically
bounded fluctuations.

1 Introduction

The theory of branching processes grew from the seminal work of Galton and Watson to model the
dynamic of family names. The Galton-Watson branching process corresponds to a population in which
each individual in the generation n independently produces a random number of children, with the same
distribution. This process is constructed by recurrence as follows: given (&, x,n € N,k € N) an i.i.d.
array of integer-valued random variables, we write

Zn_1
Zy=1 and VneN,Z,= Y &
j=1

For (n,j) € N2, &n.; is the number of children of the 4t individual alive at generation n — 1.

A natural development of this model consists of mapping every individual in this Galton-Watson
process with a position on the real line. The initial ancestor —i.e. the one individual alive at time 0- is
positioned at the origin, and the relative position of one individual with respect to its parent is sampled
according to an i.i.d. random variable on R. This process is called branching random walk. In greater
generality, the displacement of a child does not have to be independent of the displacement of its siblings,
or of the number of siblings it has. In this case, the relative position of the children of an individual with
respect to their parent forms a point process on R, which characterizes the reproduction of the individual.

In this article, we take interest in time-inhomogeneous branching random walks, in which the repro-
duction law of individuals depends on the time. Such a time-inhomogeneous branching random walk on
R is a process which starts with one individual located at the origin at time 0, and evolves as follows:
at each time k € N, every individual currently in the process dies, giving birth to a certain number of
children, which are positioned around their parent according to independent versions of a point process,
whose law may depend on the generation of the parent.
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When the law of the point process does not depend on the generation of the individual, and satisfies
some integrability conditions, the asymptotic of the maximal displacement is fully known. In the ’70s,
Hammersley [14], Kingman [18] and Biggins [6] proved this maximal value grows at linear speed almost
surely. Hu and Shi [16] exhibited a logarithmic correction in probability, with almost sure fluctuations;
while Addario-Berry and Reed [2] showed the tightness of the maximal displacement, shifted around its
median. More recently, Aidékon [3] proved the fluctuations converge in law to a random shift of a Gumbel
variable.

Fang and Zeitouni [12] introduced a time-inhomogeneous branching random walks of length n € N,
defined as follows. At each step, individuals split independently into two children, which move around
their parent according to independent Gaussian random variables. During the first 4 units of time, the
Gaussian random variables have variance o7, while they have variance o3 after time 5. The behaviour
of this process depends on the sign of 03 — 0. The asymptotic of the maximal displacement is once
again composed by a first ballistic order, a second logarithmic term and fluctuations of order 1; but the
logarithmic correction term exhibits a phase transition as o3 grows bigger than 2.

This result can be extended to more general time-inhomogeneous environments. In this article, we
do not assume the displacement of the children to be Gaussian, or independent of the displacement of
its siblings. Moreover, we can assume the reproduction law to change more than once in the process.
Let P > 0 be an integer, 0 = a9 < a1 < --- < ap = 1 be a partition of [0,1] and (£,,1 < p < P) be
a family of laws of point processes. We study a time-inhomogeneous branching random walk in which
the reproduction law of individuals is equal to £, between time no,_; and no,. More precisely, given
n € N to be the length of the process, we consider a process starting from one individual alive at time 0
at position 0; such that at each individual alive at generation k € [na,_1,na,) reproduces according to
an independent point process with law £,. We call this process branching random walk through a series
of interfaces, as the way individuals reproduce sharply changes at some given times. We prove that in
this process, the asymptotic of the maximal displacement is again a first ballistic order plus logarithmic
corrections and fluctuations of order 1, under suitable integrability conditions. The value of logarithmic
correction is influenced by the path followed by the individual that reaches the maximal position at time
n.

In this article, ¢,C are two positive constants, respectively small enough and large enough, which
may change from line to line, and depend only on the law of the random variables we consider. For
a given sequence of random variables (X,,,n > 1), we write X,, = Op(1) if the sequence is tensed, i.e.
limp 400 SUp,>1 P(|Xn| > K) = 0. Moreover, we always assume the convention max @ = —oo and
min () = 400, and for u € R, we write u; = max(u,0), and log, (u) = (logu)y. Finally, Cy is the set of
continuous bounded functions on R.

In the rest of the introduction, we introduce in Section 1.1 some additional notation on trees, point
processes and branching random walks, to give a formal definition of our model in Section 1.1.4. In
Section 1.2, we detail the heuristic that can be used to conjecture the value of the first two orders of
the asymptotic of M,,, before stating our main result in Section 1.2.5. The rest of the article is devoted
to the proof of this result, using the spinal decomposition of the branching random walk, bounds on
the probability for a —time-inhomogeneous— random walk to make an excursion, and some Lagrange
multipliers analysis.

1.1 Definition of the model and notation
1.1.1 Plane rooted marked trees
Following the Ulam-Harris notations for trees, we write

u = JN" and U=u"U{0}

neN



the set of finite sequences of integers, with the convention N° = {@)}, where {) is the sequence of length 0,
which encodes the root of the trees we consider.

Let u = (u(1),...u(n)) € U*, then u represents the u(n)™ child of the u(n — 1) child of ... of
the u(1)*™® child of the initial individual (). We write |u| = n the generation to which u belongs, with
convention || = 0. For any 1 < k < n, we set ur = (u(1),...u(k)), and uyp = ). We define the application

u — U
(u(1),...u(n)) — wp—1 = (u(l),...u(n - 1))

which associates to a vertex u its parent wu. Note that @) is the only vertex with no parent. For u,v € U,
we write u < v if there exists k < |v| such that u = v, or in other words, if u is an ancestor of v.
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(a) Tree T of height 4. (b) Graph of V.

Figure 1: A plane rooted marked tree (T, V)

A plane rooted tree T is a subset of & which satisfies the three following properties:
(T1) theroot § € T ;
(T2) if ue T and u # 0 then 7u € T ;
(T3) if (u(1),...u(n)) € T and v < u(n), then (u(1),...u(n —1),v) € T.

For example, a Galton-Watson tree can be constructed as follows: given a family (§,,u € U) of i.i.d.
random variables, we define

T={ucl:Vk< |u|,u(k) < E(up_1)},

which is indeed a tree. Observe that in this settings, if uw € T then £(u) is the number of children of w.
We call height of T the quantity max,cT |u|. All the trees we consider in this article are of finite
height. The set {u € T : |u| = n} is referred to as the n'" generation of T, often abbreviated as {|u| = n}.
For a given u € T, we write Q(u) = {v € T : mv = u} the set of children of w.
A plane rooted marked tree is a pair (T, V'), where T is a plane rooted marked tree and V : T — R.
In the context of branching random walks, we refer to V() as to the position of individual u. The set of
plane rooted marked trees is written 7.



1.1.2 Point processes

A point process L is a random variable taking values in the set of finite or infinite sequences of real
numbers. Once again, the empty sequence is written . The point processes we consider in this article
admit a maximum and have no accumulation point. Therefore, we write L = (¢1,...,¢x), where ¢; >
ly > -+ is the set of points in L, with the convention ¢, ., = —oco and N is a random variable taking
values in Zy U {400}, which represents the total number of points in L. We write £ the law of L.
Using the same vocabulary as in Galton-Watson processes, we say that £ never gets extinct and has
supercritical offspring if

P(L=0)=P(N=0)=0 and E (Z 1) =E(N) > 1. (1.1)

Lel

For any 6 > 0, we write x(0) = logE [theL e“] the log-Laplace transform of £, and for all a € R,
k*(a) = supgsg [fa — £(0)] its Fenchel-Legendre transform. Let f : R; — RU{+4o00} be a convex function,
and f* its transform. If f* is differentiable at point = then

fr@) = () (@) = £ (1) (@) (1.2)

1.1.3 Branching random walk in time-inhomogeneous environment

A branching random walk is a random variable taking values in 7 the set of rooted marked trees. Let
n € N and (£Ly,...,£,) be a family of point processes laws, which we call the environment of the
branching random walk. The law of the time-inhomogeneous branching random walk (T, V) of length n
with environment (L4, ...L,) is characterized by the three following properties

(BRWtiel) V(0) =0
(BRWtie2) {(V(v) — V(u),v € Qu))u € T} is a family of independent point processes;
(BRWtie3) (V(v) — V(u),v € Q(u)) has law Ly,|4+1, where L, 11 = dj.

This branching random walk can be constructed as follows. We consider a family of independent point
processes {L",u € U, |u| <n — 1}, where L* has law Lj,41. For any u € U with |u| < n, we write
L = (¢y,.. .E}‘V(u)). The plane rooted tree which represents the genealogy of the population is

T={uveld:|u <nVk<lul —1ulk+1) < N(ug)}.

We observe that T is a —time-inhomogeneous— Galton-Watson tree, with reproduction law at generation
k given by the number of points in a point process of law L;. We set V(@) = 0 and, for v € T with
|u| =k,

For uw € T, we often call path or trajectory of u the sequence (V(ug),V(u1),...V(u)) of positions of
the ancestors of u. Finally, we write M,, = max|,|—, V' (u) the maximal displacement in the branching
random walk at generation n.



1.1.4 Branching random walk through a series of interfaces

In this article, we take interest in branching random walks through interfaces. In this model, the time-
inhomogeneous environment consists of a series of macroscopic stages. We set P € N the number of such
stages, 0 = o9 < a1 < --- < ap = 1 the times at which the interfaces occur, and (£,,p < P) a P-uple of
laws of point processes.

Forn € Nand p < P, we write ozé”) = |noy,|. The branching random walk through a series of interfaces
—-BRWis for short— of length n is a branching random walk in time-inhomogeneous environment, in which

individuals alive at generation k£ reproduce according to the law £, for all az(fi)l <k< aén). We write

(T, V(™) such a branching random walk. When the value of n is clear in the context, we often omit
the superscripts to make the notations lighter.
The law of (T(”), V(")) is characterized by the three following properties

(BRWisl) V() =0 ;
(BRWis2) {(V(™(v) = V™ (u),v € Qu)) u € T} is a family of independent point processes ;
(BRWis3) (V™ (v) — V(™ (u),v € Q(u)) has law £, if na,_1 < |u| < nay, and is empty otherwise.

Remark 1.1. By splitting the first time-interval of the BRWis into three pieces, we always assume that
the number P of stages we consider is greater than or equal to 3 in the rest of the article. In particular,
the results we obtain here hold for time-homogeneous branching random walks.

1.2 Assumptions and main result

We fix an integer P, a sequence 0 = o9 < a1 < --- < ap = 1 and a family (£,,p < P) of points
processes laws. We write r;, the log-Laplace transform of £, and r;, its Fenchel-Legendre transform. We
introduce some well-known branching random walk estimates, and use them to build heuristics for the
comportment of the BRWis, before stating the main result of this article.

1.2.1 Some well-known estimates for a time-homogeneous branching random walk

We list some classical branching random walk results, that can be found in [8]. Let p < P, we consider
a time-homogeneous branching random walk (T, V},), in which individuals reproduce according to law
L,. We write M), , = max|,|—p Vp(u) its maximal displacement at time n. If there exists § > 0 such that
Kp(f) < 400, we set

s KP<9) *
= —_— = : < 0f. .
Up ér;% 7 sup{a € R: k*(a) < 0} (1.3)
As limy,— 400 M% = vp, a.8, vy, is called the speed of the branching random walk. Under the assumption
Vp< P,30, € R, : gpm’p(gp) — Kp(0,) =0, (1.4)

we have v, = K, (6,). Moreover, the function Ky, is linked to the density of individuals present in the nth
generation. As proved in [7], we have
Va < vp, limy, 400 %log E|u\:n L4y, (w)>na} = —Hp(a) as. (1.5)
Va > vp, limy oo = log P [3|u] = n : V,(u) > na] = —#y(a). ’

With high probability, there is no individual above v,, and there is an exponentially large number of
individuals above n(v, — €). More precisely, by equation (1.5), e~ (4) ig ejther an approximation of the
number of individuals alive at time n in a neighbourhood of na, or of the probability to observe at least
one individual around na at time n, depending on the sign of x*(a).



1.2.2 Heuristics for the maximal displacement

We now consider the BRWis (T, V). Given a = (a,,p < P) € R —in the rest of the article, we write in
bold letters real P-uples— we take interest in the number of individuals alive at time n such that for any
p < P, their ancestor at time 041(,”) were close to n > F_; ak(a,(cn) — a,(i)l). For every such individual, we
say that it “follows the path driven by a”.

Using (1.5), we know there are e—1"%i(a1) individuals alive at time a&”) around agn)al if k7 (a1) < 0,

and none otherwise. Each individual starts an independent branching random walk from agn)al. Applying

) _a{myes( (n)

(n) = . oe
the law of large numbers, we expect e~ #1(a1)—( @2) descendants at time as ' at position

agn)al + (aén) - agn))ag. More generally, we write
RP — RP

K" §
a = ( S:I(O‘q_o‘q—l)’ﬁ(aq)apﬁp).

For any p < P, we expect e~ K “(@)p individuals who followed the path driven by a until time aj(gn).

Let a € R”, if for all p < P, K*(a), < 0, we expect at time n about e~ "% @7 individuals who
followed the path driven by a. In particular, this means that there is at least one individual above
Z§=1(ap — ap_1)ap. On the other hand, if there exists pg < P such that K*(a)p, > 0, then with high

probability, no individual alive at time 04,(,75) followed this path.

position

— Frontier of the BRWis

— Interfaces

— Path driven by (v,,p < P)
-- A non-followed path

— The optimal path

generation

D

Figure 2: Different path of interest in the BRWis.

We write R = {a eRP:Vp< P, K*(a), < O}. Following the heuristic, we expect to find individuals
alive in the process at time n around position nu if and only if u = 3 (e, — ap—1)a, for some a € R. We
set

P
Ujs = Sup Z(ap —ap-1)ap (1.6)
acR p—1
which we prove to be the speed of the BRWis.
1.2.3 The optimization problem
According to this heuristic, if the BRWis verifies
P
Ja€R:vie =Y (o — ap_1)ay, (1.7)
p=1



then the path followed by the rightmost individual until time n is driven by the optimal solution a. Under
the additional assumption
Vp < P,Va € R, k,, is differentiable at point a or x,(a) = +oo, (1.8)

this optimal solution satisfies some interesting properties. To guarantee existence and/or uniqueness of
the solutions of (1.7), we need to introduce additional integrability assumptions, such as

Vp < P,kp(0) € (0,+00) and k,(0) exists. (1.9)

Proposition 1.2. If point processes Ly, ... Lp verify (1.1), under assumption (1.8), a € R is a solution
of (1.7) if and only if, writing 0, = (H;)l (ap), we have

1. 0 is non-decreasing and positive ;
2. if K*(a), <0, then 0,41 =0, ;
3. K*(a)p =0.

Under the conditions (1.4) and (1.8), there exists at most one solution to (1.7).
Under the conditions (1.8) and (1.9), there exists at least one solution to (1.7).

The proof of this result, which is a direct application of the theory of Lagrange multipliers, is postponed
to Appendix B. Despite the fact that this would be a natural candidate, the path driven by v :=
(v1,...,vp) is not always the optimal solution. For example, if there exists p < P—1 such that 6, > 0,1,
Proposition 1.2 proves that v is not the solution. Loosely speaking, in this case, the path of the rightmost
individual at time n does not stay close to the boundary of the branching random walk at all time.

Remark 1.3. On the other hand, under assumptions (1.4) and (1.8), if # is positive and non-decreasing,
then v is indeed the optimal solution. In this case, v satisfies the first assumption of Proposition 1.2,
and the two others are an easy consequence of K*(v), = 0 for any p < P. This situation corresponds, in
Gaussian settings, to branching random walks with decreasing variance. In this situation, the rightmost
individual at time n stays at any time k < n within range O(n'/?) from the frontier of the BRWis.

1.2.4 On the logarithmic correction

We discuss the heuristic for the logarithmic correction of the BRWis. For a time-homogeneous branch-
ing random walk with reproduction law £,, under assumption (1.4) and some additional integrability
estimates, we have
3
MP) =nv, — —logn + Op(1),
20,

and the second order can be directly related, as it is underlined in [5], to the following estimate for a
random walk with finite variance,

logP[S,, <E(S,) +1,5; > E(S;),5 <n| ~psi0o —g logn.

In effect, the path followed by the rightmost individual at time n made an excursion below the frontier
of the branching random walk.

A similar condition holds for BRWis, the path leading to the rightmost individual at time n stays
below the frontier of the branching random walk at any time k < n. Note that if K*(a), = 0, then the
optimal path is at distance o(n) from the frontier of the branching random walk. Moreover, for any p

such that 6,1 > 6,, we prove the ancestor at time a§,”) of the rightmost individual at time n was within



distance O(1) of the frontier. The logarithmic correction is a sum of terms related to the difficulty for a
random walk to stay below the boundary of the branching random walk, and hit at time n this boundary.

From now on, a stands for the optimal solution of (1.6), and 6, = (x5)'(a,). We denote the number
of different values taken by 6 by T' = #{0,,p < P} and set ¢1 < ¢2 < --- < ¢r the distinct values
taken by 0, listed in the increasing order. For any ¢ < T, we set f; = min{p < P : 6, = ¢;} and
Iy = max{p < P:0, = ¢ }. Observe that for any p € [f,l], we have 8, = ¢,. We write

1
A= Z 2, [I{K*(a)ft:()} + 1+ 1ik+(a), =0} (1.10)
t=1

with the convention K*(a)o = 0. Condition K*(a)s, = 0 means that between times agff)_l and a;?), the

optimal path stays close to the frontier of the BRWis, which has a cost of order %logn by the ballot
theorem (see Section 3). Moreover, each time the value of € changes, the optimal path is localized in a
window of width O(1), which has cost % log n by the local limit theorem. We prove that under some good
integrability conditions M,, = nv — Alogn. We observe that A\ > ﬁ >0. f P=T =1, then A = %,
which is consistent with the results of Hu—Shi and Addario-Berry—Reed.

1.2.5 The asymptotic of the maximal displacement in the BRWis
We recall that a is the solution of (1.7). We write
B={p<P:K"(a),-1 = K*(a), = 0}, (1.11)

such that for any k € Upep [aén_)l, a,(,")], the path leading to the the rightmost individual is within distance

o(n) from the frontier of the branching random walk. For any p < P, we introduce the random variable

Xp=Y e and X, =) te”’ (1.12)
LeL, LeLy,

and we assume the following integrability conditions for the point processes:

sup E Z et | < foo, (1.13)
<P ez,
~ \2
sup E {Xp (10, %) } + sup E [X,log, X,] < +o0 (1.14)
peB peB¢

The following theorem is the main result of the article.

Theorem 1.4. If Lq,--- L, satisfy (1.1), under assumptions (1.7), (1.8), (1.13) and (1.14), we have
M,, = nuis — Alogn + Op(1).

The rest of the article is organized as follows. In Section 2, we introduce the spinal decomposition,
that links the additive moments of the branching random walk with random walk estimates. In Section
3, we compute upper and lower bounds for the probability for a time-inhomogeneous random walk to
make an excursion above a given curve. In Section 4, we give a tight estimate of the tail of M,,, which is
enough to prove Theorem 1.4, using a standard cutting argument. We discuss in Section 5 consequences
of this result for a branching random walk with one interface.



2 Spinal decomposition of the time-inhomogeneous branching
random walk

This section is devoted to the proof of a time-inhomogeneous version of the well-known spinal decomposi-
tion of the branching random walk. This result consists of two ways of describing a size-biased version of
the law of the branching random walk. The spinal decomposition has been introduced to study Galton-
Watson processes in [22]. This result is adapted for the first time in [21] to the branching random walk
settings.

2.1 The size-biased law of the branching random walk

Let n > 1 and (L, k < n) be a sequence of point processes laws which forms the environment of a
time-inhomogeneous branching random walk (T, V). For all 2 € R we set P, the law on T of the marked
tree (T,V + z), and E, the corresponding expectation.

We write x5(6) for the log-Laplace transform of £ and we assume there exists # > 0 such that
for any k < n we have ry () < +oo. Let Wy, = >, _, exp (GV(u) - 2?11 ﬁj(ﬁ)). We observe that
W, > 0,P, —a.s. and E,(WW,,) = e”. We define the law

P, = e "W, - P,. (2.1)

The spinal decomposition consists of an alternative construction of the law P,, as the projection of a law
on the set of planar rooted marked trees with spine, which we define below.

2.2 A law on plane rooted marked trees with spine

Let (T,V) € T be a tree of height n, and w € {u € T : |u| = n} an individual alive at the n'" generation.
The triplet (T,V,w) is a plane rooted marked tree with spine of length n. The spine of a tree is a
distinguished path of length n linking the root and the n'h generation. The set of marked trees with
spine of height n is written 7,,. On this set, we define the three following filtrations,

Yk <n,Fr=o0(u,V(u),ueT|u <k)Vo(w;,j<k) and F=2F,

ViE<n,Fr=0(w,Vu:vueT|lu<k) and F=F,

Vk <n,Gr =0 (w;,V(w;): 5 <k)Vo(u,V(u,ueQuw;),j<k) and G=G,.
The filtration F is the information of the marked tree, obtained by forgetting the spine, G is the sigma-
field of the knowledge of the spine and its children only, and F = F V G is the natural filtration of the
branching random walk with spine. R

We now introduce a law P, on 7,. For any k < n, we write L = (ZéeL e%’”’c(e)) - Ly, a law of

a point process with Radon-Nikodym derivative with respect to L, and we write Ly = (Zk (4),7 < Ni)
an independent point processes of law L. Conditionally on (Lk,k < n), we choose, for every k < n,
w(k) < Nj independently at random, such that

T (0t (h)
B (w(8) = A [Ea b < 1) = Tumy
{h= k}szNk 206 (i)
We denote by w,, € U the sequence (w(l),...w(n)).
Let {L*, u € U, |u|] <n} be a family of independent point processes such that L** = Ljy.q, and if
u # wyy|, then L" has law Ly, 41. For any u € U such that [u] < n, we write L" = (¢}, ... 5 ,)). We
construct the random tree

T={uel:|ul <n V1 <k<|u,uk) < N(ug-1)},
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(a) Information in z. (b) Information in F. (c) Information in G.

Figure 3: The graph of a plane rooted marked tree with spine; and the filtrations of T.

and function V :u € T — Elkuzll EZ’(C,;;. For any = € R, the law of (T, z + V,w,) € 7, is written @w, and

the corresponding expectation is E,.

The marked tree with spine (T, z + V,w,,) is called branching random walk with spine, and can be
constructed as a process in the following manner. It starts with a unique individual positioned at x at
time 0, which is the ancestral spine wg. At each time k < n, every individual alive at generation k dies.
Each of these individuals gives birth to children, which are positioned around their parent according to
an independent point process. If the parent is wy, then the law of this point process is L, otherwise it is
L. Individual w1 is then chosen at random among the children u of wy, with probability proportional
to eV At time n, individuals die without children.

In the rest of the article, we write P, ;, for the law of the time-inhomogeneous branching random walk
of length n — k starting from x with environment (Lgy1,...L,). We observe that conditionally on Gy,
the branching random walks of the descendants of the children of wy are independent, and the branching
random walk of the children of u € Q(wy) has law Py () p41-

Figure 4: Construction of P
wo
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2.3 The spinal decomposition

The following result links the laws I/P\)m and P, and is the time-inhomogeneous version of the spinal
decomposition.

Proposition 2.1 (Spinal decomposition). For any z € R, we have

P, =P, . 2.2
- (2.2)

Moreover, for any |u| = n, we have

exp (OV (u) = 3y Fa(0)) (2.3)

@w(wn =u|F) = W

~

Proof. Let n € N and « € R, we introduce the (non-probability) measure P% on 7,, in which every
possible choice of spine has mass 1. More precisely, for any measurable function f : 7, — R4, we have
[ fdP: = E, [le‘:n f(T, V,w)} We compute by recurrence on k£ < n the Radon-Nikodym derivative

of I@x with respect to P, to prove
dP,
dpP*

-~

Fk

k
=exp | O(V(wp) —z) — > _k;(0) | - (2.4)
j=1

Observe that for k = 1, (2.4) follows from the definition of L; and w(1). Writing L; a point process of
law £, and f a non-negative F; measurable function,

%f@ k) o ] E[%f@ )eftr ()= (6)
L) SN | T 1, ke " .
=1 Z]:kl eezl(])

k=1

E[#(L1,w(1)] =E

We now assume (2.4) true for some k < n, and we observe that

_ dP,
~  dP:

Frt+1

dP,
dPx

X Z eQ(V(u)—V(wk))_HkJrl(@) e_V(wk+1)—V(wk)
7 eQ(wg) Eueﬂ(wk) OV (u) =V (wi)) —rk41(0)
k u Wk

k
=exp | 0V (wp) —2) — Z #;(0) ea(v(wk+l)_v(wk))_”k+l(9)’
i=1

which proves (2.4).
As a consequence, for any f:7 — Ry measurable, we have

E, [f(T,v)}:/A SOV =2)=300 55 O0) £(op V) apr (T, Va0)

n

— Ex f(T, V) Z ee(v(w)_m)_zj;l “_7(9) — 679:6 Ea, [an(T, V)]

lw|=n

11



dP,
therefore dP’f = Zgl = e~ 9%W,, which proves (2.2). Consequently, for any f:7 — R, and u € U with

lu| = n, we have

Ez [f(Tv V)]-{w:u}] = /\ 69(V(w)7$)*2::1 Nj(e)f(Ta V)l{w:u}dP::(T» V, w)

n

= ]ECE f(T’ V) Z ee(V(U)_m)_ijl i (0)1{1):11,}

lv|=n

=E, f(T V)T Oy
~ :eG(V(u)—m—Z;;l ;5 (0)

=E, T J(T,V)uery
R :eevw)—Z" 5 (0)

=[E,; f(T, V)I{UET}

Wn

O

A direct consequence of this result, is the well-known many-to-one lemma. This equation, known at
least from the early work of Peyriére [25] has been used in many forms over the last decades, and we
introduce here its time-inhomogeneous version.

Lemma 2.2 (Many-to-one). We define an independent sequence of random variables (Xi, k < n) that

verifies
3 10

leLy

We write S, = Sog + 25:1 X, for k <mn, where P,(So = x) = 1. For all z € R,k < n and measurable
non-negative function f, we have

Vk <nVereRP[X,<z]=E

Z f(v ( k)) — E, |:e—05k+2f_1 f'@j(e)f(S17 B Sk):| . (2.5)

[u|=k

Proof. Let f be a measurable non-negative function and « € R, we have, by Proposition 2.1

2| D0 fV Viur)| =E; | — Z Fv V(ur))
lul=k \u| k

T Z fv V(uk))

* ul=k

Il
&=
8

- k
¢TI (V). LV ()

I
=
8

We conclude noting that (V(wy),...,V(w,)) under P, and (S1,...S,) under P, have the same law. O

The many-to-one lemma and the spinal decomposition enable to compute additive moments of branch-
ing random walks, by using random walk estimates. These estimates are introduced in the next section,
and extended to include time-inhomogeneous versions.

12



3 Some random walk estimates

3.1 Classical random walk estimates

We collect here well-known random walk estimates. We use these to compute the probability for a
random walk with an interface to make an excursion above a given curve. The proofs, rather technical,
are postponed to the Appendix A.

(a) Theorem 3.1 (b) Theorem 3.2 (¢) Theorem 3.3

* i

(d) Theorem 3.4 and Lemma 3.6 (e) Hsu—Robbins Theorem 3.5 (f) Lemmas 3.7, 3.8 and 3.9

Figure 5: Illustrations of the events controlled in Section 3.1

We denote by (T,,,n > 0) a one-dimensional centred random walk, with finite variance o2. The events
we bound are illustrated in Figure 3.1. We begin with a consequence of Stone’s local limit theorem, which
bounds the probability for a random walk to end up in an interval of finite size.

Theorem 3.1 (Stone [26]). There exists C > 0 such that for all a > 0 and h > 0

a2
limsupn'/?  sup P(T, € [y,y+h]) < C( + h)e 202.

n—-4o0o |y|2an1/2
Moreover, there exists H > 0 such that for alla < b € R
lim inf n'/2 inf P(T, € [y,y + H]) > 0.

n—+oco y€[anl/2,bn1/2]
Similar result is obtained by Caravenna and Chaumont, for a random walk conditioned to stay positive.

Theorem 3.2 (Caravenna-Chaumont [10]). Let (r,,) be a positive sequence such that r, = O(n'/?).
There exists C' > 0 such that for all a >0 and h > 0,
limsupn'/? sup  sup P(T, € [z,x + h||Tj > —y,j <n) < C(1+ h)ae 27,

n—-+400 y€[0,rp] z>anl/2

13



Moreover, there exists H > 0 such that for all a < b € R4,

liminfn'/?  inf inf P(T, € [z,c+ H||T; > —y,j <n)>0.

n—+00 y€[0,rn] z€lant/2,bnl/2)
Up to a transformation T' +— T'/(2H), which correspond to shrink the space by a factor ﬁ, we assume
in the rest of this article that random walks we consider are such that the lower bounds of Theorems 3.1
and 3.2 both hold with H = 1.
The next result, often called in the literature the “ballot theorem”, give upper and lower bounds for
the probability for a random walk to stay above zero. This result is stated in [19], see also [1] for a review
article on ballot theorems.

Theorem 3.3 (Kozlov [19]). There exists C > 0 such that for alln > 1 and y > 0,
P(T; > —y,j <n) < C(1+yn~ />

Moreover, there exists ¢ > 0 such that for all y € [0,n'/?]
P(T; > —y,j < n) > c(1+y)n~ V2

A modification of this theorem, Theorem 3.2 of Pemantle and Peres in [24], expresses the probability
for a random walk to stay above some a boundary which moves “strictly slower than n'/2”,

Theorem 3.4 (Pemantle-Peres [24]). Let f : N — N be an increasing positive function. The condition
Y om0 % < 400 is necessary and sufficient for the existence of an integer ny such that

sup n'/2P(T; > —fj,n; < j < n) < +o0.
neN

To bound the probability for a random walk to stay above a linear boundary, we introduce the Hsu—
Robbins theorem, bounding the expected number of times a random walk is above a linear boundary.

Theorem 3.5 (Hsu-Robbins [15]). For any € > 0, we have >, - P(T, < —ne) < +o0.

We extend Theorems 3.3 and 3.4, to obtain a quantitative upper bound for the probability of a random
walk to stay above a slowly moving boundary

Lemma 3.6. Let (f,) € R". If there exists o € [0,1/2) and A > 0 such that for any n € N, |f,| < An®
then there exists C' > 0 such that for all y > 0 and n > 1, we have

P(T; > —y — fj,5 <n) < C(1+yn /2

In an earlier version of this article, we gave a wrong proof for this fact, as pointed out to us by Ming
Fang. We present a corrected version, in the appendix. The proof uses results from [11].

The next lemma is also proved in Appendix A.1. The following upper bound of the probability for a
random walk to make an excursion holds.

Lemma 3.7. There exists C > 0 such that for all p,q € N, x,h > 0 and y € R, we have
P(Tprq € ly+hy+h+1],T; = —2l(<p) + ylip<j<piqpd <P+ )

14z 1 1+h
p'/? max(p,q)t/% ¢/
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We sum up Theorems 3.3 and 3.4 and Lemmas 3.6 and 3.7 to obtain a general upper bound for
the probability for a time-inhomogeneous random walk to make an excursion. Let p,q,r € N, we write
n=p+q+r, (Xg)ren and (Xg)ren two independent families of i.i.d. random variables, with mean 0 and
finite variance, and (Y;,)n>0 a family of independent random variables. We define the time-inhomogeneous
random walk (Si, k < n) as follows:

min{k,p} min{k—p,q} min{k—p—q,r} _
TR S T ST S
j=1 j=1 j=1

Let A€ R, and z,y € Ry, h € R, we denote by
T4z, y,h) = {s € R" : Vk < p,sp > —x}
the set of trajectories staying above —z during the initial steps, and by
43z, y, h) = {seR":Vke€n—rmn],sy>y+ Alog n—Lk-&-l}

Lemma 3.8. For any A € R and F C {1,3}, there exists C > 0 such that for all p,q,r € N, z,y € Ry
and h € R, we have

P|S,+ Alogn € y+ h,y+h+1],(Sk, k <n) e ﬂ 47 (2,y, h)
feF

<Cl+ylp(1) 1 1+ hi1p(3)
=Y T2 max(p, )2 rir()/2

This lemma is proved in Appendix A.2.

We finish this list of results with a lower bound of an event similar to the one studied in the previous
lemma. We consider p™), ... u(F) centred probability measures on R with finite variance. The process S
is defined as the sum of independent random variables such that for all k € [a](;i)l, a,(,n)), Sk+1 — Sk has

law pu®). For F C {1,3} and z,y,d € R, we write

» Vk < O[gn), Sk > *’I’l{lep} — 5k1{1€F}
T (z,y,0) =¢s€R": vk e (agn),oﬂléfl},sk >0
vk € (O/f;._l, n], Sk = y1{3ep} — 5(71 — k)l{g,gp}
The next lemma bounds from below the probability for a random walk through a series of interfaces to
be in Y. This lemma is proved in Appendix A.3.

Lemma 3.9. There exists ¢ > 0 such that for all n > 1 large enough, F C {1,3}, = € [0,n'/?],
y € [-n'/2,n'?] and § > 0

1+z1p(1) 1 1
nlr(D/2 p1/2 ple(3)/2

P(S, <y+1,8 € YF(x,y,6)) >c

3.2 Extension to enriched random walks

We extend here some of the results of the previous section to a random walk enriched with other random
variables, which only depend on the last step of the random walk. We denote by ((X,,&,),n > 0) an
i.i.d. sequence of random variables taking values in R2, such that E(X;) = 0 and E(X?) < 4+o00. We set
T,=To+ X1+ -+ X, where P,(Ty = ) = 1. The process (T},,&,,n > 0) is an useful toy-model for
the study of the spinal decomposition of the branching random walk, defined in Section 2.2. We begin
with a lemma similar to Theorem 3.3.
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Lemma 3.10. We suppose that E(X1) = 0, E(X?) < +o0 and E((£1)3) < +oo. There exists C' > 0 that
does not depend on the law of & such that for any n € N and x > 0, we have

P, [T; > 0,5 <n,3k<n:Tp <& < Clnj_—/f [P(& > 0)+E((&)3)]

Proof. Let n € N and z > 0. We observe that

P, [T; >0, <n, 3k <n:Tp <& <) P [T} <&, T; >0,5 <n.
k=1

Tk

Applying the Markov property at time k, we obtain

T < By [Ln<e) Liny20,<my P (T 2 0,5 < — k)] .
By use of Theorem 3.3, for all z € R, we have

P.[T;>0,j<n—Fk <Cl+z2)(n—k+ 1)_1/21{220}.
Thus, writing (X, £) for a copy of (X1,£&;) independent of (T},,&,,n > 0), we have

me < C(n—k+ 1) Ey 1ge, 500 (1 + &) 1<y 1{T; 20,5k} ]
<Cn—k+1)"?Es [Lgesop (1 + 6001 n, <es+x_y 11y 20,5<(k-1)} )

We bound this quantity by conditioning on the value { = £, + X_ > 0, we obtain

(4+2)(1+¢*) .
Po(Tp < ¢T3 20,5 <k)< {C(k+1)3/2 if ¢* <k, by Lemma 3.7

(k}r% otherwise, byTheorem3.3

Summing all these estimates, we obtain

n—1 . min(¢?,n—1)
<C(1
,;J m-kirnmiz S0+ ];) (n—k+ 1)i2(k + 1)1/

n—1 1
+O(L+a)(1+¢%) kgz (k+1)%2(n—k+1)1/2

<C(142)(1+n~ Y2

As a consequence,

n

1+x
Zﬂk < CWE [1{520}(1 +X_+&)(1+ §+)]
k=1

S L+ E(X?)] [BE > 0) +E(&)]

by Cauchy-Schwarz estimate, which ends the proof. O

We continue by reprising Lemma 3.7.
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Lemma 3.11. We assume that E(X;) =0, E(X?) < +o0 and E((£1)%) < +oo. For any t € (0,1), there
exists C' > 0 that does not depend of the law of &1, such that for alln € N, x,h > 0 and y € R, we have

P, [Tn Y- h € [07 1}7Tj > yl{j>tn}7j < n73k <n:Ty < Ek + yl{k>tn}]

. C% [B(& > 0) + E((&1)2)] -

Proof. Let n € N, 2,h > 0 and y € R. We denote by p = [¢tn]| and by
T=inf{k > 0: T} <& +yLlipsp) )
We observe that
P, [Tn —y—he0,1,T; > ylgisiny,J <n,7< n]

<P, (Tn —y—he[0,1,T; > ylgispy, T Sp)
+ P (T —y—he0,1],T; >ylyjsp,p<7<n). (3.1)

We first take interest in the event {7 < p}. Applying the Markov property at time p, we obtain
Py [T —y —h €[0,1],T; > ylijspy, 7 < p] =By [1(z,50,j<p) Lir<py 0(T5)] 5 (3.2)
writing ¢(z) = P, [Th—p —y—h €[0,1],T; > y,j <n—pl, for = € R. Applying Lemma 3.8, we have
sup,eg ¢(2) < C(1+ h)n~!. Therefore
1+h .
Py (T —y—he[0,1,T; > ylyjspy, 7 <p) < C— =P [T; 20,5 <p, 3k <p:Tj <&]

(1+2)(1+h)

< g [PE > 0) +E((€)})]

by use of Lemma 3.10.
We now take care of {7 > p}. We have
Pfc [Tn - Y- h € [Ov 1}7Tj Z yl{j>p}aj S n,p S T S ’I'L]

=7 EIk‘Sn—plTn—kﬁfn—k‘i‘y

Tn—TQ—y—h+$€ [071]7Tn_Tn7j§h+1+y1{j2n—p}
Hkgn_pTn_Tnkay‘f'h_(gnfk‘i‘y) '

n.|
We denote by fj =T, —T,—; and EJ = {n—j, we have
Pm [Tn 7y7h€ [071]7Tj Zyl{j>p}aj SnvaT STL]
<P, [fn—y—h—l—xe [O,l],ﬁ gh—i—l—yl{jZn,p},ﬂkSn—p:fk zy—&—h—(gk—&—y)].

We observe that (CZA“J7 Ej,j < n) has the same law as (1},;,j < n) under Py, as a consequence

P, [Tn 7y7h € [Ov 1]7Tj > y]-{j>p}>j <n,p<7< n]
<Py [T, —h—y+z€[0,1],T; <h+1—ylysypy, 3k <n—p:Tp >h—&]
P_pa [Tn—y+ae[-1,0,T; < —ylyjcppy Ik <n—p:Tp > =& —1].
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This quantity is bounded in (3.2), replacing (T, &) by (=T, &), and exchanging the roles of z and h, thus
similar computations lead to

P, [Tn—y—he 0,1],T5 > yLlispy,J Sn,p<7’§n]

(I+2)(1+h)

e BE=0FEE)] (33)

which ends the proof. O

We end with an analogue of the Hsu—Robbins theorem.

Lemma 3.12. We suppose that E(X1) = 0, E(X?) < 400 and E((&1)+) < +o0o. Let € > 0, there exists
C > 0 that does not depend on the law of & such that for all x,z > 0 andn € N

E
P, [TJ > —€j,j < ’I’L,Ek <n:Tp < —ek+ 51@] <C |: [(5 s Z)+]:| +E,; l{Tn<7ne/2}
c § : <
n>0
Proof. By union bound, we have

P, [T; > —€j,j <n, 3k <n:Tp < —ek+&] < P, (T < —€k + &).
k=1

Moreover P, (T < —ek + &) < P (T < 2z — €k/2) + P(& > €k/2 + 2), thus

T, > —¢j,j <n S P - _
N A < YRS /2 4 DB 2 k2= 2)
+oo
E((&+ 2z
<Eyys lz lor <oy | + QM-
k=1

Remark 3.13. By dominated convergence theorem and Theorem 3.5,

lim Ez[z l{Tngfne/Q}] =0,

z—r400
n>0

thus to obtain a good bound in Lemma 3.12, it is useful to choose z very large.

4 Bounds on the tail of the maximal displacement

Let (T,V) be a BRWis of length n. We recall that (£,,p < P) is a family of point processes, and
0 =a) < ag < -+ < ap = 1 a sequence of real numbers. Up to replacing these sequences with
(L1,L1,L1,Loy...Lp)and 0 = ap < @1/3 <201/3 < a1 < ag < ... < ap =1, we assume that P > 3.
For p < P and 6 > 0, we write r,() = logE {ZZELP e”} the log-Laplace transform of £,. We write M,

the maximal displacement at time n of the BRWis. The main goal of this section is to prove the following
estimate.
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Theorem 4.1. Under the assumptions (1.7), (1.8) and (1.13), there exists C' > 0 such that for alln € N
andy >0,
P(M,, > nvis — Aogn +y) < C(1 + le(l))eioly'

where vis and A are defined respectively by (1.6) and (1.10). Moreover, under the additional assumption
(1.14), there exists ¢ > 0 such that for any n € N large enough and y € [O,nl/g], we have

P(M,, > nvis — Mogn +y) > ¢(1 +y1p(1))e Y,

To prove this result, we use the decomposition of the BRWis obtained thanks to Proposition 1.2.
According to this result, if a is the solution of (1.7), and 6, = (x5)’(a,), the sequence 6 is non-decreasing,
and takes a finite number T of values. We prove Theorem 4.1 by induction on 7. In the next section,
we prove Theorem 4.1 for a BRWis such that T'= 1. In Section 4.2, we prove the induction hypothesis.
Section 4.3 derives Theorem 1.4 from Theorem 4.1.

4.1 The case of a mono-parameter branching random walk

We consider in a first time a BRWis (T, V) satisfying additional assumptions that guarantee the sequence
0 to be constant. We write,

Vo € Ry, Vp < P, Ep(qs) = Z(aq - O‘qfl)(@i:;((b) - Kq((b))-

g=1
We assume there exists 6 > 0 such that
Vp < P E,0) <0 and Ep(d) =0. (4.1)

We write a, = #,(0) and B = {p < P : E,(0) = E,_1(0) = 0}. By (1.2) and (4.1), a € R, and by
Proposition 1.2, a is the solution of (1.7). With these notations, we have

L 1

Vs = p;(ap —op1)a, and A= (1+15(1) +15(P)). (4.2)

Theorem 4.2. Under assumptions (1.13) and (4.1), there exists C > 0 such that for any n € N and
y > 0, we have
P(M,, > nvis — Mogn +y) < C(1+ylp(1))e .

Moreover, under the additional assumption (1.14), there exists ¢ > 0 such that for any n € N large enough

and y € [0,+/n],
P(M,, > nvis — Aogn +y) > ¢(1+ le(l))e_Gy.

We write m,, = nvis — Alogn the expected position of M,,. To obtain the upper bound, we prove in
a first time that with high probability, if the optimal path stays close to the boundary of the branching
random walk during the first or the last time interval, then there is no individual above this boundary at
any time. In a second time, we bound from above and from below the number of individuals who stayed
below the boundary, and end at time n close to m,,.

We introduce

Pk Pk
(n) _ —(n) _
Kk = ZZKp(g)l{je[a?)l,a;,"))} and a; = = Z Zapl{je[a;’i)l,aﬁ,”))}‘

p=1j=1 p=1j=1
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Using Equation (1.2), we observe that

P
a — KM = ki) 1 et @t} (4.3)
p=1 j=1
thus, writing ¢; = fg 25:1 Ky (ap)L{sela,_1,a,)}d5, Wwe have
sup sup 96,(;1) — K,in) —nor| < 4o0. (4.4)

n>0k<n

4.1.1 A frontier for the branching random walk

We prove in a first time that if 1 € B, then with high probability, there is no individual to the right of

a1k at any time k < a&").

Lemma 4.3. Under assumption (4.1), if 1 € B, then for ally > 0 and n € N,
P(Fue T, |ul <al™ : V(u) > arful +y) < e .

Proof. Let y > 0and n > 1. For k < aﬁ"), we write

(n) _
Zy, = Z Lvwy>aik+y} 1V (uy) <arjty. <k}
|u|=k

the number of individuals for the first time at time k above the curve a; - +y. By use of (2.5), we have
E(Z{") = E [ O, oy (s <jor tui<it]

where S is a random walk with mean E [ZZGLI 46“’“1(9)] = k}(0) = a1 and finite variance. Moreover,
as 1 € B, we have E; = fa; — k1(0) = 0 and

E(Z™) < e %P(Sy, > kay +y,S; < jar +y,j < k).
As a consequence, by Markov inequality, we have

(n)
. 1n

PEue T, ul <ol : V() > arful +y) < S EZ)
k=1

<e O ZP(Sk > kar +y,5; <jar+y,j<k)< efGyIP’(EIk <n:Sg>ka+y).
k=1
O

We compute, if P € B, the probability that there exists at some time k& > agbll an individual above

some well-chosen curve. To do so, we denote by r,gn) =ap(k—n)+ 2 log(n —k+1). We add a piece of
notation to describe the frontier of the branching random walk. We write

FO = ) [aiai], M =F®a,k
pEBN{1,P}

and f;”) = aljl{j§a§"‘)} + (mn + r§"))1{j2a§jﬂll} for any j € F("). The following estimate holds.
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Lemma 4.4. Under assumptions (1.13) and (4.1), if P € B, there exists C > 0 such that for all y > 0
andn € N,

P [3|u| > aglll :V(u) >my, + r,(cn) + y} < C(1+4ylp(1))e .
Proof. We assume in a first time that 1 € B. We have A = % and

P {El|u| > agfll :V(u) >m, + T,(Cn) + y}

SE| D Lutmmetr oy MV ) €m0l <k
u[>al)
i (n)
—0Sx+K "
S Z = {e " 1{Sk2mn+r,(c")+y,5jSmn+r§")+y,ag21§j<k}
k:ag‘ll
~_ nPe (n) (m) (n)
k:aﬁ,’il

by (2.5) and (4.4). By conditioning with respect to Sy — Si_1, we have
P (Sk > my, + r,(gn) +y,5; <my +T§") + y,aglll <ji< k) =E[¢r(Sk — Sk—1 — a1)],
writing for x € R,
() = P(Spe1 > mp + 1" +y — 2,85 <m0\ +yal)) <5<k 1)

Sop( Sismatr vyap) <j<k-1
Sk_l—mn—r,in)—y—he[h,h—&—l)

h=0
[z] 2
P n1/2(k—agl21)1/2 n1/2(k—a§§ll)1/2

by Lemma 3.8. We have
c

)< :
n1/2(k._agl)l)l/2

]P’(S;c Zmn—i—r,g")—ky,Sj §mn+r§")+y,a§gl <j<k

as a consequence (4.5) becomes
(n) . (n)
P(3ul >ap’, : V(u) >m,+r,." +y

_ n Ceiey n1/2
et (k= af? ) +1)1/2(n — k4 1)3/2
=t

1

In a second time, if 1 € B, then A = %. We have

P [3\u| > agbll :V(u) > my + r,(:) + y}

<P |3 < aﬁ”) :V(u) > a1|u| + y}

+P [Blul = ol V) 2 A 4y Vi) < AV 4y € B
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Lemma 4.3 bounds the first part of this inequality. By (2.5), for k > aglll we have

E |Z 1{V<u)sz">+y}1{V<uj>Sf;">+y,jeF,ii’l}
ul=k
(n)
< E [em0SkHES . . ™
<E [e F s >+y}1{sj§f; ' tyger{™}

né)\

ket Pz LT w8 S T Ay € B4

n3/2

< C(14y)e ) )
(k—ap’, +1)32(n— k+1)3/2

using again Lemma 3.8, and conditioning with respect to the last step of the random walk. By Markov
inequality, we have

P3Nl = ol V() = (7 4y, Vi) < 17 y.5 e BY

n n3/2
<Cl+ye™ > _ <C(l+y)e?,
2 ool TRk 1
ending the proof. O

These two lemmas imply that with high probability, there is no individual above f(™ + y at any
time in F(™. To complete the proof of the upper bound for the tail distribution of M,,, we compute the
number of individuals who, travelling below that boundary, are at time n in a neighbourhood of m,,. We
write

X(n) (yu h‘) = Z 1{V(u)—mn—y€[—h,—h+1]}1{V(uj)Sf]("L)+y7j€F(rrL)}'

|u|=n

Lemma 4.5. Under assumptions (1.13) and (4.1), there exists C > 0 such that for alln > 1, y € Ry
and h € R, we have
E(X™(y,h)) < C(1+y1p(1))(1+ hylp(P))e WM.

Proof. Note that if P € B and h < —1, then X (y, h) = 0. Otherwise, using Equation (2.5), we have

_ —0S,+K™
E(X™(y,h)) = E [6 LSu—mn—yel-h—h+1}L (g < p0) 1y jepon)

< CnPe—0—np <5n — My —y € [~h,~h+1,8; < £\ +y,je F<n>)

by Equation 4.4. Applying Lemma 3.8, we obtain

(1+y15(1)(1 + hy15(P))
(n+ 1)+ eM+1sP)/2

These lemmas can be used to obtain a tight upper bound for P(M,, > nvis — Alogn + y).

Corollary 4.6. Under assumptions (1.13) and (4.1), there exists C > 0 such that for all y > 0 and
n € N, we have
P(M,, > nvis — Aogn +y) < C(1+ylp(1))e .
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Proof. Let y > 0 and n € N, we have

+o0o
P(M,, > nvis — Aogn+y) <P (El|u| e F™ . V(u) > fl(ﬂf\) + y) + ZE (X(”)(zh —h)) i
h=0

Using Lemmas 4.3 and 4.4, we have P(Jju| € F(" : V(u) > f|(17\) +y) < C(1 +ylp(l))e . Applying
Lemma 4.5, we obtain

+00 s
> EXM(y,—h) <C(1L+ylp(1)e Y e < C(1+ylp(1))e ™.
h=0 h=0

4.1.2 Lower bound through a second order computation

To bound from below P(M,, > m,, + y), we bound from below the probability there exists an individual
alive at time n, which stayed an any time k < n below some curve ¢(™ defined below and is at time n
above m,,. We write B(™) = Upeg(a;@l, a,(,”)] the set of times such that the optimal path is close to the
frontier of the BRWis. We choose 6 > 0 small enough such that 366 < minpecpe —E,(6). For all n > 1,

p< Pandke€ (aé"_)l, oz;(,n)] we define

2 1 Ao i E6) = Epa(9) =0
2 Ear(0) =0, Ey(0) <0

E,(Cn) + on otherwise.

o =1+

With this definition, using (4.4), we have,

—1{1,:13}0)\ logn Ep(e) = Ep_l(e) =0
0™ — K™ <oy —o(k — ) if Ep1(0) =0,E,(0) <0 (4.6)
K ko= —8(al") — k) = 1pepyOAlogn if B, 1(6) < 0,E,(6) =0
—on if E,_1(0)>0,E,(0) > 0.

We prove in the rest of the section that the set
Any) = {u €T V(w) > my +y,V(w;) < g +y,j < n}

is non-empty. To do so, we restrict this set to individuals with a constraint on their reproduction. For
u € T, we denote by

§(u) = Z (1+ (V') = V(u)4+1{uenmt1y) V)=V )
u’ €Q(u)

a quantity closely related to the spread of the offspring of u. We write, for z >0 and p < P

D)
B, (z) = {u €T :|ul =n,&(u;) < zefg[v(u”) 95 ]7j < n},
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and we consider the set G,,(y, z) = A, (y) N B, (z). We compute the first two moments of

Yn(yaz) = Z 1{u€Gn(y7z)}’

|u|l=n

to bound from below P(Y,,(y,z) > 1), using the Cauchy-Schwarz inequality. We begin with an upper
bound of the second moment of Y,,.

Lemma 4.7. Under assumptions (1.13) and (4.1), there exists C > 0 such that for ally >0, z > 0 and
n € N, we have
E(Ya(y,2)?) < Cz(1+ylp(1))e” .

Proof. Applying Lemma 2.1, we have

|1
Yn(y,z)Q] =E |5 Y w2 Yaly, 2)

n

1

BT, (19 = |5

|u|=n

~T _oViw (n)
:]E{e OV (wn)+ K 1{w,,LeGn(y,Z)}Y"(y’Z)}'

Using the fact that w, € A, (y) C G,(y, z), we have
E(Yn(ya 2)2) < CnOAe—GyE [Yn(y7z)1{wn€Gn(y,z)}} .

We decompose Y, (y, z) along the spine, to obtain

n—1
Y’ﬂ(yv Z) < 1{wn€G"(y,z)} + Z Z Yn(ua y)7
k=0 ueQ(wy)

where, for u € T and y > 0, we write Y;,(u,y) = Z|u’|:n,u’>u Liwea, )y Let k < n. We recall that
conditionally on G, the branching random walks of the descendants of distinct children u,v € Q(wy)
are independent. Moreover, the branching random walk starting from an individual u € Q(wyg) has law
Py (u),k+1- As a consequence, for y > 0, k < n and u € Q(wy),

E Yo (u,9)|Gn] = Ev (u) k41 > Ly ) zma 9} Ly () <6 J<n—k)

| o1 ki1 Y
u'|=n—k—

We use (2.5) and (4.4) to obtain

(n) :

~ (n) ) s L

B (Yo (u,9)|0a] < OnMe0ve?V O Kipy )y (5= G F U TS nm ko)
’ L

We now apply Lemma 3.8. For all p < P and k € [041(;:)1, a,(,n)), we have

HJ)\/'(7J),lc+1(‘S’nfkfl > My + Y, Sj < gj('i)kJrl + yvj <n-— k— 1)

1+(gy" +y—V ()1 15(p) .
(@0 ket 1)PB@)/2, (15 () /2 if p<P-1 (4.7)
1+(g"Y, +y—V (u) 1 15(P) O '
(n—k11)1/2F15(P)  p=r.

C

24



Let p< Pand k € [a;n_)l, aén)), we compute the quantity

i n w—g(™
b= B | Lueamoy D (L (0 +y = V) Lpp)e™ 705
ueQ(wy)

Using (4.3), the definition of {(wy) and the fact x — x4 is Lipschitz, we have
hie < OB [?V =90 (14 (g 4y = V(i) )€ (wi) L, 63,3
< O[89 (14 (g 4y = V(wi) )€ et )]
as wy, € B, (z). Decomposing this expectation with respect tot the value taken by V(wy), we obtain

S; < g +y,jeBm™

+oo
hie < Cze? 1+i)e?/2p .
y Z( ) Sann‘i‘y,Sk—g;(cn)—ye[_i_l»—i]

=0

We apply the Markov property at time k£ and Lemma 3.8 to obtain, if p € B

a+ )eF)y n'/? . .
CZWW o if p=1
(14y1lp(1))e? .
e =0 “‘“Lﬂ)”iaﬁ””—k+1)1/2n1/2 ax i 1<p<P (4.8)
C (+ylp(1))e’” 1 it p=Pr.

. 1
(k—al) +1)1/2(n—k+1)3/2 n®

In the same way, if p € B, we have

C’ze‘gykllﬁn% if k< agn)
hy < C’zeey%ﬁ,(l)% if aﬁ”) <k< ag;@l (4.9)

1+y1g(1 .
Cze % —x  otherwise,

applying again Lemma 3.8.
For p < P we denote by

al™_—1 al™ 1

3 -~ X (n) _pe(m)
Hp = Z E 1{wn€Gn(y,Z)} Z Yn(u7y) <C Z hk€99k+1_ k41,
k:a;"i)l ’U.EQ(’LUk) k:a(p”—)l

Using (4.3), and summing the estimates (4.7), (4.8) and (4.9), we have H, < Cz(1+ylp(1))e~% for any
p < P. To conclude this proof, we observe that

P
E(Y,(y,2)?) <> Hy+ Cn”e ™ P(w, € Gy(y,2)) < C2(1+ylp(1))e ",
p=1

as Lemma 3.8 implies P(w,, € G,,(y,2)) < C(1 4+ y1p(1))n=. O
We now prove the following result, a lower bound on the first moment of Y, (y, B).

Lemma 4.8. Under assumptions (1.13), (1.14) and (4.1), there exists ¢ > 0 and z > 0 such that for any

n >0 and y € [0,/n], we have E(Y,(y,2)) > c(1 +15(1)y)e .
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Proof. Using Lemma 2.1, we have

(n)
E<Yn(yvz)> E —OV(wn)+ K, 1{wn€G (y,2)} >Cn € Gyp(w GG (y, ))

We observe that P(w, € Gn(y,2)) = P(w, € An(y)) — P(w, € An(y) N Bn(2)°). By Lemma 3.9, for any
n>1andy € [0,/n]

P(wy € Au(y)) = P(Sn > mn +4,8; < g8 +y.5 <n) > c(1+ylp(1))n
Therefore, we only need to bound from above I@(wn € A, (y) N B, (2)°) for z > 0 large enough.
We denote by 7(™(z) = inf {k <n:&wg) > zexp (—% [V(wk) - g,(v")D}, and for any p < P, we set
7, =P (wn €A, (y), 7™ (2) € (a (")1 ozé")]) We introduce the random variables
(4 n n
(6. 89) = (V(wisr = V(wp). §(wy)) - for k € [y, af).

Let (€2, AP) be i.i.d random variables with the same law as (£,,A,), we write 7? = A} + ... + AP. For
p € B, we introduce

- 2
Xp:z—E [(1 + (log (&) — Ay —log Z)-s—) 1{Ep22}] ,

and for p € B¢,

(10g+ (gp) —log 2/2)+]

Xp : 2— K 6

E 205 1{T:z(5k+1ogz)/z}] ift E,(¢)<0

+ o0 .
E|>Xi% 1{Tf§—(6k+logz)/2}} if Ep(0)=0,E,-1(0) <0.

First, if p = 1, we apply the Markov property at time a§”) and Lemma 3.8 to obtain

n _ (W)

As a consequence, if 1 € B, we apply Lemma 3.10 to obtain m; < Cnm x1(2) ; and if 1 € B, then E; < 0

so, applying Lemma 3.12 we have 7 < C'—xx1(2).

(n) (n)

We now suppose that 1 < p < P. Applying the Markov property at times o~ and a,;, we have
i -1
<% & 4.10
T = 0+1s(P)/2 1{V<w3><g<">+y j<al™, } P ( (“’afjﬁl))] ’ (4.10)

where we write, for s € R

M@RPKﬁLﬁWSWWmW)(ﬁwﬂ.

If p € B, applying Lemma 3.10, we have ¢,(s) < 1+}f/t5 Xp (%), and, by Theorem 3.2,

S <g(n)+y]<a(n)] < 4o00.

1 H
sup S ) —a (,L)
neN n1/2
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By Lemma 3.8, as y < \/n, we have 7, < %Xp(z).
In the same way, if p ¢ B, we use Lemma 3.12 —as well as time-reversal when E,(f) = 0 and
E,_1(0) < 0-to have ¢p(s) < Xp(2), which, thanks to (4.10) leads to m, < %f(l)f(p(z).
If P € B, we apply the Markov property and Lemma 3.11 to obtain
(n)
L+ (S — o +y)+1 _oltuls()
n3/2 {(5;<g+yg<al } | = ) xp(2).

FPSCE

If P ¢ B, we use the time-reversal, then Lemma 3.12 to obtain

1 +y13(1)~

mp < CXp(2)supP |S ) €[h,h+1],5; < gj") +y,j < ag’ll} <C O Xp(2).

heR p—1
We conclude there exists C' > 0 such that

Pl € AW n B ()) < o B2 S 00+ 3 5,00

pEB peEB°

If p € B, by (1.14) and (1.13), E((log&, — Ap)?) < +oc. In the same way, if p € B, using (1.14) and
(1.13) again, we have E((log&, — A,)+) < +oo. Applying the dominated convergence theorem, we have
im0 e Xp(2) + 2o epe Xp(2) = 0. Consequently, there exists z > 0 large enough such that

P(w, € A™ (y) N B™ (2)°) < ¢/2(1 + y1(1))n"%*. Therefore
Buwn € A™(y) N BM(2)) > Blwn € AT (y)) — Plwn € A (y) N B™(2)7)
> c(1+ylp(1))n= /2,
which ends the proof. O
Using these two lemmas, we obtain a lower bound on M,,.

Lower bound in Theorem 4.2. By Lemma 4.8, there exist ¢ > 0 and z > 0 such that for any n > 1 and
y € [0,+/n], we have E(Y,,(y,2)) > ¢(1 + y1p(1))e~ . Thus, using Lemma 4.7 and the Cauchy-Schwarz
inequality, we have

E(Yn(y,2))? _ (c(1 +ylp(1)e )
PO(:2) 2 1) 2 5370 22 = o 4 plp (L)oo

> (1 +ylp(1))e .

4.2 Extension to the multi-parameter branching random walk

In this section, we extend Theorem 4.2 to BRWis such that € is non-constant, reasoning by induction on
the number T of different values taken by the sequence.

Proof of Theorem 4.1. We observe first that if T' = 1, then the branching random walk satisfies all the
hypotheses of Theorem 4.2, with optimal path a, and parameter 6§ = ¢, by Proposition 1.2. The
initiation of the recurrence is then given by Theorem 4.2. Therefore, we only need to prove the induction
hypothesis.
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Let T € N, we assume that for all BRWis such that #{6,,p < P} < T, Theorem 4.1 holds. For n € N,
we now consider a BRWis (T("), V(")) of length n. We write a the optimal solution of Proposition 1.2,
and 0, = x,(ap). We assume that T' = #{0,,p < P}, and write ¢1 < ¢ < --- < ¢r these values, listed
in the increasing order. For any t < T, let f; = min{p < P :6, = ¢} and I, = max{p < P : 6, = ¢4 }.
Finally, we write v;s and X the speed and correction as defined in (1.6) and (1.10), and m,, = nvis — Alogn
the expected position of the maximal displacement M,,. We now divide this BRWis into two parts, before
and after the first time «;, such that 6;, 41 > 0;,.

We write | = [;, v; = Z;Zl(ap — ap_1)ap and A\ = ﬁ(lJrlB(l) +15(l)). We denote by

Tgn) = {u € T : |u| < ayn} the tree cut at generation ny = |n|. By Proposition 1.2, we observe
that (Tg"), VI’(;()")) is a BRWis which satisfies the hypotheses of Theorem 4.2, with parameter 6 := ¢;.
1

Therefore, if we write ml = vyn — A\;logn and M} = max|y|—pn, V (u), there exist ¢, C' > 0 such that for
all n € N large enough and y € [0,n'/?], we have

(14 Y1 (s @)=op)e” Y S P(Mpy > my +y) < C(1+ Yyl (a)=op)e Y.

We now consider a branching random walk (Tt(:if, Vt(gl)) of law P, o, which has the law of the branching
random walk of the descendants of any individual alive at time n,. We write naj; = n — nq the length
of this BRWIis, vian = v — v1, Atail = A — A1 and mﬁf‘ﬂ = Vtail? — Atail logn. We observe easily, by
Proposition 1.2 again, that this marked tree is a BRWis, and its optimal path is the path driven by
(@141, --.,ap). Moreover, #{6,,l < p < P} = T —1 < T. Therefore, by the induction hypothesis,
writing Ml = MAaX|y|=n,,; Vtail(y), there exist ¢,C > 0 such that for all n € N large enough and
y € [0,n'/?], we have

ce” %2V <P(MP > mtal gy < O(1 + y)e Y.

To obtain the lower bound of Theorem 4.1, we observe that if M! > ml + y, and if one of the
descendants of the rightmost individual at time n; makes a displacement greater than m'!, then M, >
my + 3. Therefore

P(M,, > nvis — AMogn +y) > (1 +ylp(1))e !

for n € N large enough and y € [0, n1/2]. To obtain an upper bound for P(M,, > m,, +y), we decompose
the n'h generation of the branching random walk with respect to the position of their ancestors alive at
time ny. We write

X(")(y,h): Z 1{V(uj)§f;"l>+y,jec§"1>}1{V(u)—M3L—y€[—h—1,—h]}v

lul=n1
and, by union bound and the Markov property, we have

+oo
<PEu| € O™ V(@) = [+ +y) + D EX ™y, m)POL > mip 4+ h).
h=0

As a consequence, applying Lemma 4.5 and the upper bound of Theorem 4.2,

+oo
P(My, > mn +y) < C(1+ ylier@a=op)e ¥ |14+ (14 h)el®1- 2200
h=0
< C(1+ ylinz(ay)=o0p)e Y,
which gives the correct upper bound. O
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4.3 Proof of Theorem 1.4

Using Theorem 4.1, we are able to obtain Theorem 1.4. To do so, we need to strengthen the estimate
P(M,, > nvis — Alogn) > ¢ > 0 in something like

lim liminf P(M,, > nvi, — Alogn) = 1.

Y—r—00 Nn—++00

To do so, we will use a standard cutting argument. We use the fact that with high probability, there will
be a large number of individuals alive at a fixed generation &, each of which having positive probability to
make a descendant at generation n with a displacement greater than m,,. Using the law of large numbers,
this will be enough to conclude.

Proof of Theorem 1.4. Let (T, V) be a BRWis of length n, satisfying all hypotheses of Theorem 1.4. To
prove that the sequence (M,, — m,,) is tight, we need to prove that

li P(|My, —my| > K) =0.
e e S P = 1] 2 K)

By Theorem 4.1, there exists C' > 0 such that

supP(M,, > m, + K) < C(1 + K)e 9K,
neN

therefore the upper bound is easy to obtain.
We now turn to the lower bound. Applying Theorem 4.1, there exists ¢; > 0 such that

i > > cq.
71lre1fl\]IE”(Mn >my) >

Let Ly be a point process of law £;. By (1.1), there exists A > 0 and N € N such that

max <N, Z 1{g>h}>‘| > 1.

el

m=E

We write u the law of max (N, ZéeLl l{gz,h}), and (Z,,n > 0) a Galton-Watson process with repro-
duction law p. We can easily couple (Z,,) and a branching random walk (Tq, V;) with reproduction law
L1 in such a way that for all n € N, Z\u|:n 1(vi(u)>—nh} = Zn. By standard Galton-Watson processes
theory, there exists ¢co > 0 and 6 > 0 such that infxeny P(Z; > 6mk) > Co.

Let € > 0 and R > 0 be such that (1 —¢;)® < e. We now choose k € N such that ém* > R. For
any n € N, we write u, = (1,...1) € 4. By (1.1), for all n € N we have u,, € T. We write 7 the first
time n such that u, has a sibling at distance smaller than h, and this child has at least R descendants
alive at time n + k whose relative position is less that —kh. According to the previous computations,
T is stochastically dominated by a Geometric random variable. Therefore, it exists 7p € N such that
P(r > 79) < e.

Therefore, with probability at least 1 — 2¢, there are at least R individuals alive at some time before
7o + k, all of which are above inf;<,, V(u;) — kh. Each of these individuals u starts an independent
BRWis with law Py (., thus, using Theorem 4.1, there exists y > 0 such that, for all n > 1 large enough

P(M, , kirg >mp —y) > 1—4e

a1

which ends the proof of the lower bound. O
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5 Phase-transition in the branching random walk with one in-
terface

We counsider in this section a BRWis with a single interface (T, V), or in other words, such that P = 2.
The process studied by Fang and Zeitouni in [12] can be described this way.Let £; and L2 be two point
processes, verifying (1.1), and a; € (0,1). We assume (1.4), i.e. there exist 01,60, such that for all
ie€{1,2},

We also suppose there exists # > 0 such that xk; and ko are differentiable at point 6 and
0(a1k1(0) + (1 — a1)k5(0)) — (a1k1(0) + (1 — a1)ka()) = 0. (5.1)

For all i € {1, 2}, &, is a convex function on {# > 0: k;(0) < o0}, which is twice differentiable on the
interior of this set. As a consequence, 0x;(0) — #;(6) is a decreasing function. Thus, 6 is always between
01 and 05. We write

Vgast = @167 (0) + (1 — a1)k5(0) and veow = a1y (01) + (1 — ap)rsy(0). (5.2)

Note that vgow is the sum of the speeds of a branching random walk with reproduction £; of length naq,
with one with reproduction L5 of length nas.

~N N

(a) Regime 01 > 02 (b) Regime 1 =02 (c) Regime 01 < 02
Figure 6: Regimes in the branching random walk with interface.

Applying Theorem 1.4 and using Proposition 1.2, we observe that, under (1.13) and (1.14), one of the
following alternative is true.

o If 51 > 52, then 0 € (E2ygl)a Vslow < Vpast and

1
M, = nUgast — @ lOgTL + OP(1)7
in which case the optimal path is at time ayn at distance O(n) from the frontier of the branching
random walk. The rightmost individual at time n is at distance O(n) from the rightmost child of
the rightmost individual alive at time ain (case 6(a)).

o If §; = 05, then 8 = 61 = 0a, Vsiow = Vragt and

M, = nvgs — — logn + Op(1),

3
20
and the process behaves similarly to time-homogeneous branching random walk, the path leading
to the rightmost individual at time n stays at any time within distance O(y/n) from the frontier of
the branching random walk (case 6(b)).
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o If ; < 6, then vgow < Vpast and

3 3
M'n, = NVslow — |:291 -+ %:| logn + O[P(l),
in other words, the logarithmic corrections add up, and the rightmost individual at time n descend
from one of the rightmost individuals alive at time ain (case 6(c)).

Uslow

Figure 7: Black and grey areas are the set of possible values for the logarithmic correction A, given 0,
and f09; as 61 grows bigger than 65, logarithmic correction exhibit a sharp phase transition.

We observe, using Lagrange theorem —see Appendix B— that
Vtast = sup {ana; + (1 — aq)as : a1ki(a1) + (1 — aq)k3(az) < 0},

Vslow = Sup {ana; + (1 —aq)az : a1k (a1) < 0,aqk7(a1) + (1 — aq)k5(az) < 0}.

Therefore, a branching random walk goes at speed vgiow if the condition xi(a;) < 0 matters to solve
(1.7). If this is the case, the “theoretical optimal path” would cross the frontier of the branching random
walk, thus no individual could follow it. But under these circumstances, the closer the individual is to the
frontier at time ayn, the better the probability that they are the ancestors of the rightmost individual
at time n. Otherwise, at time a1n, there is a large number of individuals around ajajn, each of which
having small probability to be the rightmost individual, thus the logarithmic correction is the same as
the one obtained computing the maximal displacement of a large number of independent random walks.

Although the speed v;s varies continuously as §; grows bigger than 85, the logarithmic correction A
exhibits a phase transition. We represent in Figure 7 the set of possible values taken by A for different
values of ; and 5. The frontier of this set does not depend on the value of aj, the position of the
interface.

A Time-inhomogeneous random walk estimates

In this section, we prove the random walk estimates we defined in Section 3.

A.1 Proof of Lemmas 3.6 and 3.7

We recall that T is a centred random walk with finite variance. We first prove Lemma 3.6: there exists
C > 0 such that P(T; > —y — Aj®,j <n) < C(1+y)n~1/2
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Proof of Lemma 3.6. Let a € [0,1/2), A > 0 and (f,) € RY such that for all n € N, |f,,| < An®. For all
y > 0, we have

thus we now bound this later probability. More precisely, for y > 0, we denote by
Ty =inf{n >0:T, < —y — Aj*},

and we take interest in P(7, > n).
For a € R\{0}, we set

oo inf{n>0:T7, >a} ifa>0
“ \inf{n>0:T, <a} ifa<0.

By Theorem 3.3, there exists K > 0 such that for all a € R, P(H, > n) < K(1+ |a|)n~"/2. As a result,
for all y > n®, we have

B(ry > n) < P(H_(asiyne 2 1) < K(A+ Dn® + Do~ 2 < KA+ D1 +yn % (A1)

hence it is enough to consider the case y < n®.
Let v € (2a, 1), we observe that the following decomposition holds

P(ry > n) < P(Hpe < min(r,,n?), 7y >n)+P(n” < min(Hype, 1)), (A.2)

and we bound these two parts separately.
We first observe that for all y < n®, we have

P(n” < min(Hya,7,)) < P(n” < min(Hye, H_(441)ne)) < P(n&mﬁc T < (A+ 1)n®).
sn

As a result, using Mogul’skil small deviations estimates [23], we have

2 2
lim sup n?* =" log sup P(n” < min(Hpe,7,)) < 19~ 0,
in particular there exists K7 > 0 such that for all y < n®,
P(n? < min(Hpe, 7)) < Ki(1+y)n~ Y2 (A.3)

We now bound the other term of Equation A.2. Applying the Markov property at time H,«, for all
n large enough, we have

P(Hpe < min(ry,n"), 7, > n)

IN

(1{Hna<min<fy,n~>}PTHna (y 2n— n”))
E

(Lttt0 <7 P (Ho (a0 > 1/2))

(1+ A+ 1)n®+ Th,a)
< E (1{H,,La <Ty}K (n/2)1/2

<2K(A+3)n"?E (1 m,0<ry T,

IN

using Theorem 3.3 and the fact that Ty . > n® > 1 a.s. Moreover, as (T},) is a martingale, applying the
optional stopping theorem we have

0= E(TH"a /\‘ry) = E(TH"a l{Hna <Ty}) + E(T‘ry]-{'ry<Hna})7
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therefore
E(Th,olim,acry) =B (=T 1, <may) <E(=T:,) = 0(y).
Using [11, Theorem 7], ¥ (y) < 4oo for all y > 0. We conclude there exists Ky > 0 such that for alln € N
and y € [0,n?],
P(Hpe < min(r,,n?),7, >n) < Kotp(y)n~ /2.
To conclude the proof, it is enough to observe that v increases at most at a linear rate.
Let y,y’ > 0, as j — —Aj® is decreasing, we observe that

1/’@ + y,) = IE(TTery’) = - ]E(TTy + TTery’ - TT'y)

< —E(T,,) —E(T:,) = ¢(y) + ¥ ().

Y

As 1) is sub-additive, there exists L > 0 such that ¥(y) < (L + 1)y for all y > 0. Coming back to (A.2),
we conclude there exists C' > 0 such that for all n € N and y < n®,

P(r, >n) < C(1+y)n~V2,
O
We now prove Lemma 3.7: there exists C' > 0 such that for all p,g € N, z,h > 0 and y € R, we have

p( D= —2l<p) +ylpejsprad <P+ ) L o1 H2 1 1+h
Tpiq € ly+hy+h+1] P72 max(p,q)/2 qi/2 "

Proof of Lemma 3.7. We denote by p’ = |p/2], ¢ = |¢/2] and by p”" =p—1p', ¢" = ¢—¢'. Applying the
Markov property at time p’, we have

P(Tpig —y—h € [0,1],Tj = —2licp) + Ylipej<prarJ <P+ 0)
SP(T} 2 _xaj SPI) sup P(Tp”+q+z_y_h€ [071]7T]+Z 2 y7p// <J§p”+(Z)

z>—x

We set Tj, = Tpryq — Tprryq—k, which , once again, has same law as T'. For all z € R, we have
P(Tyryq—2—hel0,1],T; > 2z,p" <j<p"+9q)
S]P’(f,,wq €lethzth+1],T<h+1,j §q).
Applying again the Markov property at time ¢’, we deduce that

P(Tpig € ly+hy+h+1],T) > —2liicpy + yYlipej<prarJ <P +0)

<SP(Ty > —a,j <p)xP(T; <h+1,j < q') x SIEIEP(prq" € [z,2+1]),
14z 1+h : 1
p1/2 1/

using Theorems 3.1 and 3.3. O

N

max(p,q)1/?

Q

A.2 Proof of Lemma 3.8

We recall here the notations of Lemma 3.8. Let p,q,r € N, set n = p + ¢ + r. The time-inhomogeneous
random walk S consists of p steps of independent centred random walk with finite variance, ¢ steps of
independent random variables, then r steps of another centred random walk with finite variance. Let
AeR,and z,y € Ry, h € R, we write

T4 (2, y,h) = {s € R" : Vk < p, s, > —a}
D43 (2,y,h) = {s €ER":Vk € [n—rn],sp > y+A]Ogn_Lk+l}.
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Proof of Lemma 3.8. Let A >0, p,q,r € N, y > 0 and h € R. Without loss of generality, we can assume
that both p and r are even (by changing ¢ in ¢ + 1 or ¢ + 2).

If F' = (), Lemma 3.8 is an easy consequence of Theorem 3.1.

If F = {1}, applying the Markov property at time p/2, we obtain

P[S, + Alogn € [y+h,y+h+1],(Sk,k<n) e I‘A’l(x,y,h)]
14+ 1
pl/2 max(p,r)l/2’

<P(S; > —x,j <p/2)supP (S, — Spy2 € [z,2+1]) <C
z€R

using Theorems 3.4 and 3.1 respectivelly. If ' = {3}, we apply the time-reversal, let §j =S, — Sn—j.
We have
pry o SR L3

]P’[Sn—i-Alogn—y—he[OJ],SjZy—i—Alog —rgjgn}

<P|S,+Alogn—y—hel0,1],5; <h+1—Alog(j+1),j <r

1+ hy 1

<
¢ r1/2 max(p,r)1/2’

by the same arguments as above.
Finally, if F' = {1, 3}, applying Markov property at time p/2, and time-reversal

P [(Sk,k < n) € T4 (z,y, h) NT43 (2, y, h)]
<P[S; > —x,j <p/2]supP [S\n_p/z €z, 2+ 1],§j <h+1-—Alog(j+1),j < r} )
z€R

As a consequence, using once again the same arguments

142 1 1+h
Al A3 +
P [(Sk,k <n) € DY (z,y,h) NT43(z,y,h)] < C S max(p )R IR

A.3 Proof of Lemma 3.9

We consider a collection of independent random variables (XE,n > 0,p < P), with, for all p < P,
(XP,n > 0) an i.i.d. sequence of real-valued centred random variables with finite variance. Let n > 1,

we write, for k < n, S = 25:1 25:1 le{je(a For F' C {1,3} and z,y,0 € Ry, we write

BEATEA

n)

(n) (n) _(n)
TF(x,y,(S) —{seR": Sk 2 _xl{leF} - 5k1{1€F}7k < Qg 7326 > ka € (al 7O‘P71] )
sk > Ylery —0(n — k)1gry, k € (a7, 7]
There exists ¢ > 0 such that for any F C {1,3}, z € [0,n'/?], y € [-n'/2,n/?] and § > 0

1+21p(1) 1 1
nir()/2 p1/2 plr(3)/2°

P [Sn <y+1,5e TF(x,y,d)] >c
Proof of Lemma 3.9. Let n > 1, z,|y| € [0,n'/?] and § > 0. We denote by

QF(& ZU) =4SE Rn_ag ) . vk — al:(';)l a7, Sk =2 0 .
Vk € (a1, n], 86 > ylizery — 6(n — k)13¢ry

34



Applying the Markov property at time a§”>, we have

P[S, <y+1,5 €T (z,y,0)]
=E [1{51.2%1{@}75;@1{1@}}}13&5@’5&(1@ (Sn,agm <y+1,5€0(, y))} :
On the one hand, if 1 € F, we have
P[S, <y+1,5 €T (z,y,0)]
> P (S; > ~,5,00 € 3012 4n1/%))

X P o, (Sn_a(m <y+1,5€Qf(s, y)) .
B 1

in
u€[3nl/2,4n1/2] %1
Using Theorems 3.2 and 3.3, we have

c(l+z)

P (Sj > —m,Sagn) € [3n1/2,4n1/2]) > 17

On the other hand, if 1 ¢ F', for all h > 3

P[S,<y+1,5€ Y (z,y,0)]
> P ()2 ~ok, |50

€ [3n1/?, hnl/Q])

x i P (S, e Sy+1,5€07(0y)).

u€[3nt/2,hnt/2] Y1 >

By Theorem 3.5, we have P(Vn € N, S,, > —én) > 0. Thus, writing A(") = {agn)ﬂJ, by central limit
theorem, there exists ¢ > 0 and h > 0 such that for all n > 1 large enough

P (Sj > 67,7 <A™ S, € [—h\/ﬁ7h\/ﬁ]> > c.
Moreover, by Donsker theorem

lr%g—il-ggpﬁgl}zf\/ﬁpz (Sj > —2hy/n, S\ € [3v/n, 4\/5]) > 0.

As a consequence, we have

U . 179 c(1+21p(1))
P (Sj > —rlpery — 0klpgry, S, € [3n'/2 4nt/ ]) T

We now apply time-reversal, for & < n, let §k =S, — Sh—k, we observe that

inf P, (8, am Sy+1,5€ Q7 (6y))

z€[3n1/2,4n1/2] “1

§n_a(n> € [u,u+1], §j > —dnlzgpy,j <n— agﬂl
1

> inf P

u€[2nl/2 5n1/2]

~

S;>nt/2j<n—af”
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We write Sj, = §nia(;7>1+k — §n—a§§‘jl’ we apply again the Markov property at time n — agle

z€[3n11/112f,‘4n1/2] ]P)ag )7Z (S"_ag Sy 1’ Sel (5, y)

C . . 1/2 &
> inf P min S'Z—n/ S m Elz,z+1
nlr(3)/2 2€[0,10n1/2] [Jgaggl_agyb) J alt —a) [ ’ ] )

using the same tools as above. Finally

c
ni/2’

P [ min Ej > _n1/27§ (n) m €[z, z4+1]| >
Ap_ 17X

—alm T

j<al )

using Theorem 3.2 and the fact that inf, ey P [minjgagﬂl—ag’” S; > _n1/2} > 0, by Donsker’s theorem.
O

B Lagrange multipliers for the optimization problem

In this section, for any h,k € R”, we write h.k = 25:1 h,k, the usual scalar product in RP. Moreover,
if f:RP — R is differentiable at point h, we write Vf(h) = (01 f(h),...9pf(h)) the gradient of f.
We study in this section the optimization problem consisting of finding a € R such that

P

P
(ozpozp_l)apsup{Z(apap_l)bp :bG'R}. (B.1)

p=1 p=1

Equation (B.1) is a problem of optimization under constraint the a € R. To obtain a solution, we use an
existence of Lagrange multipliers theorem. The version we use here is stated in [20], for Banach spaces.

Theorem B.1 (Existence of Lagrange multipliers). Let P,Q € N. We denote by U an open subset of
R”, J a differentiable function U — R and g = (g1,...9q) a differentiable function U — RP. Let R be
a convex cone in R? i.e. a subset such that Yo,y € R,VA\, u € Ry, \x + uy € R.

If a € RY verifies g(a) € R and

J(a) =sup{J(b),b € R?: g(b) € R},

and if the differential of g at point a is a surjection, then there exist non-negative Lagrange multipliers
A1, ... Ag verifying the following properties.

(L1) Forallh € RY, V.J(a)h =32 A (Vg,(a)h).
(L2) Forallhe R, "3 A\hg < 0;

(L3) Z?:l Aggq(a) = 0.

Using this theorem, we prove Proposition 1.2. We start by proving that if a satisfies some specific
properties, then a is the solution to (B.1).

Lemma B.2. Under assumptions (1.1) and (1.8), a € R is a solution of (B.1) if and only if, writing

0, = (H;)l (ap), we have
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(P1) 0 is non-decreasing and positive ;
(P2) if K*(a), <0, then 6,41 =0, ;
(P3) K*(a)p =0.

Proof. For b € R, we denote by

P
J(b) = (ap —ap_1)bp, R={keR":k, <0,p< P},
p=1
and we write, 0,(b) = (x;,) (bp)-

We assume in a first time that a € R is a solution of (B.1), in which case
J(a) =sup{J(b),b e R" : K*(b) € R}. (B.2)

The function J is linear thus differentiable, and assumption (1.8) implies that K* is differentiable at
point a. For h € R” we have V.J(a).h = ij:l(ap — ap_1)hp, and VK*(a),.h = (o, — ap_1)0,(a)hy.

To prove that K* has a surjective differential, it is enough to prove that for all p < P, 6,(a) # 0. Let
p < P be the smallest value such that 6,(a) = 0. Observe that in this case, 7 (a,) < 0 by (1.1), thus we
can increase a little a, and stay in R as soon as we decrease a little a,_1 —or ap if p = 1, in which case same
proof would work with few modifications. For € > 0 and ¢ < P, we write aj = a;—€lg,—, 1} +62/31{q:p}.
We observe that, for all € > 0 small enough,

K*(a%)p—1 = K*(a)p—2 + (ap—1 — op— 2)“ —1(ap—1—€)
< K*(a)p—2 + (ap-1 — oy 2)kp_1(ap-1) = (ap-1 — ap—2)0p—1(a)e + 0(62)
< K*(a)p—1 — (ap—1 — ap—2)p_1(a)e + O(e )
and
K*(a%), < K*(a)p—1 + (ap — ap-1)p(ap + /%)
< K*(a)p—1 — (ap—1 — ap—2)fp_1(a)e + (ap — ap—1)rp(ap) + O(e'?)
< K*(a)p — (ap-1 — ap-2)8p-1(a)e + O(e"/?),
thus, for € > 0 small enough, a¢ € R and Zle(ap—ap_l)a; > Zf;l(ap—ozp_ﬁap, which is inconsistent

with the fact that a is the optimal solution of (B.1).
Therefore, by Theorem B.1, there exist non-negative Aq,...Ap such that

(L1) Vh e R?, VJ(a)h =3, | \,VK*(a),.h;
(L2) Yhe R, 31 Aphy <05

(L3) 3, AK*(a), =0.
We observe that Condition (L1) can be rewritten Vp < P, A,0,(a) = 1, therefore ,(a) = i More-

over, Condition (L2) applied to the vector h? € R defined by hf = —1yj=p} + 1{j=p+1) implies that A is
non-increasing, thus 6 is non-decreasing; which gives (P1). Finally, we rewrite Condition (L3) as follows,
by discrete integration by part

P-1

.
0=;APK*<a>p=APK*<a>p g pe1 = A K (2),

<0

37



therefore Condition (P3) (K*(a)p = 0) is verified; and if A,11 # A,, then K*(a), = 0, which implies
(P2).
We now suppose that a € R verifies Conditions (P1), (P2) and (P3) and we prove that for all b € R,

Z(ap ap-1) ZZ —ap-1) (B.3)

p=1

To do so, we use the fact that functions x;, are convex and differentiable at point a, therefore, for all

r € R, Ky(x) > Kylap) +0p(z — ap). As a consequence, we have

L L k*(ay) — K
Z — ap-1)( p_bp)ZZM(ap_apfl)

p=1 p=1

by discrete integration by part. By the specific properties of a, we have

P—-1

1 1 1
K@= > (7 - 5 ) K@y =
Op pz:; Opr1 6, b
K*b)p ~=( 1 1Y\ .. . :
thus Z —ap_1)(ap, —by) > B + pz:; Gy 0, K*(b), > 0, as 0 is non-decreasing an

K*(b) non-positive. Optimizing (B.3) over b € R gives us

P
E p— Qp_1)Gp > Vg

p=1
which ends the proof. O
We now prove the uniqueness of the solution of (B.1).

Lemma B.3. If for all p < P, k, is finite on an open subset of [0,+0c0), then there is at most one
solution to (B.1).

Proof. The uniqueness of the solution in an easy consequence of the strict convexity of (H;, p < P). Let
a and b be two different solutions to (B.1), there exists a largest p < P such that a, # b,. Writing
c= %, for any ¢ > p, we have K*(c)q < w < 0. Thus, by continuity of K*, c is in the
interior of R, then we can increase a little c,, and the path driven by (c+ ¢l _,}) goes farther than both
a and b, which is a contradiction. O]

Finally, we prove the existence of such a solution when the mean number of children of an individual
in the BRWis is finite.

Lemma B.4. Under the assumptions (1.8) and (1.9), there exists at least a solution to (B.1).

Proof. If k,(0) < +o00, then infg kj = —#,(0) and the minimum is reached at x,(0). As  are bounded
from below, for all p < P there exists x, > 0 such that

(ap — ap_1)kp(xp) —I—Z aqllnfﬁz > 0.
a7#p
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Therefore, writing X = R N [],<p[x;,(0), zp], we have

sup a, — apy_1)b, = sup Qy — Qp_1)by,.
beRZ(p pl)p bExZ(p pl)p

But, X being compact, this supremum is in fact a maximum. There exists a € X such that Z(ap -

Qp_1)ap = Slelg Z(ap — ap—1)b, which ends the proof. O

C Notation

e Point processes

— Lp: law of a point process;

— L,: point process with law L,;

— Kp: log-Laplace transform of £,;

— f,: Fenchel-Legendre transform of £,;
— Xp: defined in 1.12;

— v, = infgsg ””0(9): speed of branching random walk with reproduction law Lp;

— 0, critical parameter such that 6,v, — x,(0,) = 0;
o (eneric marked tree

— T: genealogical tree of the process;
— u € T: individual in the process;

— V(u): position of the individual v;
— |u|: generation at which u belongs;
— ug: ancestor at generation k of u;
— : initial ancestor of the process;
— if u # (), wu: parent of u;

— Q(u): set of the children of u;

— M,, = max|,|—, V(u) maximal displacement at the n'™ generation in (T, V).
e Branching random walk through a series of interfaces

— P: number of distinct phases in the process;

—0=ap < a; <...<ap=1: position of the interfaces;

- a,(,") = |nay]: position of the p'! interface for the BRWis of length n;

— El(cn) = 25:1 2?21 1{].6(&2”7)170[2@]} path driven by a := (ay,...a,) € RY;
— u “follows path @™” if Vk < |ul, |V (u) — E,En)| <nl/?%

- K*(a), = Z’q’:l(aq — (yg_1)aq: rate function associated to the BRWis;

- R = {a eERY:¥p< P K*(a), < 0}: set of a € RP such that @™ is followed until time n by
at least one individual with positive probability.
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e The optimal path

— Vs = MaXpeR 2521(0417 — ap—1)by,: speed of the BRWis;

a € R such that Zle(ozp — ap_1)a, = Vis: optimal speed profile;
Op = (r3) (ap);

T = #{0,,p < P}: number of different values taken by 0;

— P1 < o < -+ - < ¢p: different values taken by 6;

— fi=min{k < P:0; = ¢} and [; = max{k < P: 0, = ¢ };

— A= Zle 2%% {x+(a), =0y T 1+ 1{K*(a)zt71:0}}: logarithmic correction;

- B={p< P:K*(a),_1 = K*(a), = 0}: phases such that the optimal path is close to the
boundary of the BRWis;

e Spinal decomposition

- W, = Z|u|=n ORDNT. ) the additive martingale with parameter 6;

— Py .0 law of the time-inhomogeneous branching random walk with environment (Ly, Lx11, .. .);
— @k,x = W, - Py 4 size-biased law of Py 4;

— @k,z: law of the branching random walk with spine;

— w: spine of the branching random walk;

— Fn =0(u,V(u),|ul <n): filtration of the branching random walk;

— Gy =o(w, V(wg), k <n)Volu,V(u),u € Qwg), k < n): filtration of the spine;

— ]-A"n = Fn V Gy, filtration of the branching random walk with spine;

— Spinal decomposition: Proposition 2.1;

— Many-to-one lemma: Lemma 2.2.
e Random walks

— (T},): random walk with finite variance;

— (Sp): random walk through a series of interfaces, its law under Py, is the same as the law of
(V(wy),5 <n—k) under Py ;.

— Time-reversal: replace S by the random walk (§n =5, — Sn—k, k <n).
e Branching random walk estimates

— my, = nv; — Alogn;

= Ep(¢) = 2goi (g — ag-1)(9k5,(8) — Kq(0));

— K =k (0) Y, 1™, oy

fr,(c") ap(k —n)+ 2 log(n — k + 1);

- B™ = UpeB( ;n)1 az(Jn)] and F(") = UpeBm{1,p} [a;(;n—)paf(an)};

M _ g e '
— S = adleaemy F (m” T ) Liza
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- X(n) (ya ) E|u\ 1{V(u —my,—yE[—h,—h+1]} {V(uj)gf;7L)+y,j€F(")};
— for § > 0 such that 36 < min,epg- —E,(0),

@ —1g_pyAlogn if  E,(0) = E,_1(0) =

o — 14 a4 (k—alM)s  if Ep1(0)=0,E (9)
a4 (al(,”) k)d if E,0)=0,E, 1(0) <0
a;(gn) +dn otherwise;

- Au(y) = {|U| =n:V(u) > m, +y, V() < g +y,5 < n};
— &{(u) =X equ+ V(W) - V(w)) 4 1y epomy)e?V =V D),

- B,(z) = {|U| =n:¢&(u;) < ze Q[V(uj) o] };
— Gn(y,2) = An(y) N Bu(2) and Y, (y, 2) = #Gn(y, 2)
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