N-Branching random walk with a-stable spine

Bastien Mallein*

September 15, 2015

Abstract

We consider a branching-selection particle system on the real line, introduced by Brunet
and Derrida in [7]. In this model the size of the population is fixed to a constant N. At each
step individuals in the population reproduce independently, making children around their
current position. Only the N rightmost children survive to reproduce at the next step. Bérard
and Gouéré studied the speed at which the cloud of individuals drifts in [2], assuming the
tails of the displacement decays at exponential rate; Bérard and Maillard [3] took interest in
the case of heavy tail displacements. We take interest in an intermediate model, considering
branching random walks in which the critical spine behaves as an a-stable random walk.

1 Introduction

Let £ be the law of a random point process on R. Brunet, Derrida et al. introduced in [7, 8] a
discrete-time branching-selection particle system on R in which the size of the population is limited
by some integer N. This process evolves as follows: for any n € N, every individual alive at the nt®
generation dies giving birth to children around its current position, according to an independent
version of a point process of law £. Only the N children with the largest position are kept alive
and form the (n + 1)%* generation of the process. We write (z¥(1),...,2Y (N)) for the positions
at time n of individuals in the process, ranked in the decreasing order. This process is called the
N -branching random walk, or N-BRW for short.

In [2], Bérard and Gouéré proved that under some appropriate integrability conditions, the

cloud of particles drifts at some deterministic speed

N N
1 N
vy := lim (1) = lim 2n (V) a.s., (1.1)
n—+oo n n——+o0o n
and obtained the following asymptotic behaviour for vy
C
Voo — UN (1.2)
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in which C is an explicit positive constant that depends only on the law L. Their argument
is based on a coupling (recalled in Section 4.2) between the N-branching random walk and a
branching random walk, that we define now.

A branching random walk with branching law £ is a process defined as follows. It starts with
a unique individual located at position 0 at time 0. At each time k € N, every individual alive in
the process at time k dies giving birth to children. The children are positioned around their parent
according to i.i.d. point processes with law L.

We write T for the genealogical tree of the process. For u € T, we denote by V(u) the position
of u, by |u| the time at which v is alive, by mu the parent of u (provided that w is not the root
of T') and by wuy, the ancestor alive at time k of u. We set {2(u) the set of siblings of u i.e. the set of
individuals v € T such that 7v = mu and v # u. We observe that T is a (random) Galton-Watson
tree with reproduction law #L.
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We list assumptions made on the point process law L. Let L be a point process with law L.
We first assume that the Galton-Watson tree T is supercritical and a.s. infinite, i.e.

E[#L]>1 and P(#L=0)=0. (1.3)

Note that if P(#L = 0) > 0, while T might be infinite with positive probability, the N-BRW dies
out almost surely. We also suppose the point process law £ to be in the stable boundary case in

the following sense:
E [Z ef] =1, (1.4)

leL
and the random variable X defined by

P(X <z)=E

> 1{g<z}eZ] (1.5)

el

is in the domain of attraction of a stable random variable Y verifying P(Y > 0) € (0, 1).

Using [9, Chapter XVII], we provide a necessary and sufficient condition for X to be in the
domain of attraction of Y. Let o € (0,2] be such that Y is an a-stable random variable verifying
P(Y > 0) € (0,1). We introduce the function

L*:z— 2 2E [Y21{|Y\§m}] . (1.6)

This function is slowly varying'. We set

b, = inf {a: >0 Lff;) - n} . (1.7)

The random variable X is in the domain of attraction Y if and only if writing (.5,,) for a random

walk with step distribution with the same law as X, % converges in law to Y.

Note that if E(|]X]|) < 400, by strong law of large numbers % — E(X) a.s. Thus (1.5)
implies that E(X) = 0. In that case, £ is in the boundary case as defined in [6]. Up to an affine
transformation several point process laws verify these properties, adapting the discussion in [12,
Appendix A] to this setting.

AsY is an a-stable random variable, there exists an a-stable Lévy process (Y, t > 0) such that
Y7 has the same law as Y. Using [17, Lemma 1], we define

1 1
= i —— < —-,s< . .
C, t_1}+moo ; log P (|Ys| <58 < t) € (0,400) (1.8)

The next integrability assumption on £ ensure that the spine of the branching random walk
(see Section 2.1) behaves as a typical individual staying close to the boundary of the process:

An ok lZ os(, ., ef’)»%] - 9

LeL
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this condition is not expected to be optimal but is sufficient to bound from below in a crude way
the minimal position in the N-BRW, that we use when the coupling fails.

Finally, we assume that
2

max ¢

< 400, (1.10)
el

Theorem 1.1. Under the previous assumptions, for an N-BRW with reproduction law L, the
sequence (vn, N > 1) defined in (1.1) exists and verifies

L*(log N)
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We observe that if £ satisfies

E | e‘log <Zef—"> +E

LeL ¢ eL

D e < too, (1.12)

LeL

then Theorem 1.1 implies that (1.2) holds with C' = % [>ser £2€'], which is consistent with the
result of Bérard and Gouéré

Examples. We present two point process laws that satisfy the hypotheses of Theorem 1.1. Let
X be the law of a random variable on (0, +c0). We write A(0) for the log-Laplace transform of X.
We assume there exists 6* > 0 such that A(6*) =log2, and a > 1 verifying

P(X >z)~e gL,

In this case, there exists p:=E (Xee*X) /2 such that the point process £ defined as the law of a
pair of independent random variables (Y7, Y3) which have the same law as 6*(X — u) satisfies the
hypotheses of Theorem 1.1. B

Let v, be the law of an a-stable random variable Y such that P(Y > 0) € (0,1). If £ is
the law of a Poisson point process on R with intensity v(dz)e™*, then L satisfies assumptions of
Theorem 1.1, and the spine of such a branching random walk is in the domain of attraction of Y.

The rest of the article is organised as follows. In Section 2, we introduce the spinal decomposi-
tion, that links the computation of additive branching random walk moments with random walks
estimates; and the Mogul’skii small deviations estimate for random walks. In Section 3, these
results are used to compute the asymptotic behaviour of the survival probability of a branching
random walk with a killing line of slope —¢, using the same technique as [11]. This asymptotic is
then used in Section 4 to prove Theorem 1.1, applying the methods introduced in [2].

2 Spinal decomposition and small deviations estimate

2.1 The spinal decomposition

The spinal decomposition is a tool introduced by Lyons, Pemantle and Peres in [15] to study
branching processes. It has been extended to branching random walks by Lyons in [14]. It provides
two descriptions of a law absolutely continuous with respect to the law P, , of the branching random
walk (T,V +a). Weset Wy, =3, eV and F,, = o(u, V(u),|u| < n) the natural filtration on
the set of marked trees. By (1.4), (W,,) is a non-negative martingale. We define the probability
measure P, on F such that for any n € N,

dP,
dP,

= e W, (2.1)

Fn

We write E, for the corresponding expectation.
We construct a second probability measure P, on the set of marked trees with spine. For (T, V)
a marked tree, we say that w = (w,,n > 0) is a spine of T if for any n € N, |w,| = n, w, € T and

(Wp)n—1 = Wp—1. We introduce
dc
©L v (2.2
teL

another point process law. The probability measure @a is the law of the process (T, V,w) con-
structed as follows. It starts at time 0 with a unique individual wy located at position a. It makes
children according to a point process of law £. Individual w; is chosen at random among children
u of wg with probability eV (%) /Wi. Similarly, at each generation n € N, every individual « in the

n'™ generation dies, giving birth to children according to independent point processes, with law
£ if u = w, or law L otherwise. Finally w11 is chosen among chlldren v of w,, with probability

proportional to e¥(*). To shorten notations, we write P = Py, P= IP’O



Proposition 2.1 (Spinal decomposition). Under assumption (1.4), for any n € N, we have

, =F,.

Moreover, for any z € T such that |z| = n,

V()

W, ’

Py (wy, = 2| Fp) =

and (V(wy,),n > 0) is a random walk starting from a, with step distribution defined in (1.5).

A straightforward consequence of this proposition is the many-to-one lemma. Introduced by
Peyriére in [19], this lemma links additive moments of the branching random walks with random
walk estimates. Given (X,,) an i.i.d. sequence of random variables with law defined by (1.5), we
set S, = So + Z;lzl X such that P,(Sy = a) = 1.

Lemma 2.2 (Many-to-one lemma). Under assumption (1.4), for any n > 1 and measurable non-
negative function g, we have

E, Z g(V(U1),"' aV(un)) =E, [ea—Sﬂ,g(Sl,.__ 7S’I’L)} . (23)

[ul=n

Proof. We use Proposition 2.1 to compute
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We now observe that (S,,n > 0) under P, has the same law as (V(wy),n > 0) under P,, which
ends the proof. O

The many-to-one lemma can be used to bound the maximal displacement in a branching random
walk. For example, for all y > 0, we have

400
E|Y 1{V(u>>y}1{ij><y’j<|u}1 =Y E | Lvwsn v <yi<iul
ueT k=1 lu|=k

+oo
=Y E[e % 15,50y 15, <<k}
k=1

—+o0
<e VY P(Sk2y. S <yj<k)<e.
k=1
Obviously, this computation leads to
supP(max V(u) > y) <P (max Vu) > y) <e V. (2.4)
neN |ul=n u€T

Using the spinal decomposition, to compute the number of individuals in a branching random
walk who stay in a well-chosen path, it is enough to know the probability for a random walk
decorated by additional random variables to follow that path.



2.2 Small deviations estimate and variations

Let S be a random walk in the domain of attraction of an a-stable random variable Y. We recall
that pe

L*(u) = u®? E(Y21{|Y|Su}) and L* (7;)”) =n.
For any z € R, we define P, such that S under law P, has the same law as S + z under law P. The
Mogul’skii small deviation estimate enables to compute the probability for S to present fluctuations

of order o(by,).
Theorem 2.3 (Mogul'skif [17]). Let (a,) € RY be such that

. . a
lim a, =400, lim — =0.
n——+0oo n—-+o00 bn

Let f < g be two continuous functions such that f(0) <0 < g(0). If P(Y <0) € (0,1) then
as S, ! ds
lim "log]P’]efjn,gjn,0<j<n]:—C*/ —_—
B nL (a,) 8 [, €U0 o )~ T
where C, is defined in (1.8).

This result can be seen as a consequence of an a-stable version of the Donsker theorem, obtained
by Prokhorov. This result yields the convergence of the normalized trajectory of the random walk
S to the trajectory of an a-stable Lévy process (Yi,t € [0,1]) such that Y7 has the same law as Y.

Theorem 2.4 (Prokhorov [20]). If f—: converges in law to a stable random wvariable Y, then
(S%”,t € [0,1]) converges in law to (Yz, t € [0,1]) in D([0, 1]) equipped with the Skorokhod topology.
We observe that the Mogul’skii estimate holds uniformly with respect to the starting point.

Corollary 2.5. With the same notation as Theorem 2.8, we have

[e%

. ao S5t ol N N
nkrfwm“)gi‘éﬁpy {an €[f(i/n),9(i/n)],0 < j < } C*/O (9(s) — f(s))e

Proof. Observe in a first time that if y & [a, f(0), a,g(0)], then

P, [2 e st o< <) o,

n

We now choose 0 > 0, and write K = {M—‘, we have

S; ) . )
sup P, {] €[f(G/n),g(i/n)],0 <5 < n} < max I ¢ 0)+ks,£(0)4(k+1)5 (f5 9),
yeR n k<K

where

o(fg) = sw By |2 e [f/n.atim]0 < <l

yEl[zan,z'an]

<P [5 € [f(i/n) — o g(i/n) — 2,0 < j < n] .

Qp
Therefore, for all £k < K, we have

(03

o ds

1
lim sup ———— log I ,9) < —C, ,
i S T (ay) (B O 4k @ ks 9) < / 00— F(s) 1 o)

which leads to

«
an

ds
f(s)+0)>

Letting 6 — 0 concludes the proof, as the lower bound is a direct consequence of Theorem 2.3. [

S.
lim sup log sup P 2ty
n—-+o0o nL* (an) y€eR an

€ [f(i/n),g(i/m)],0 <j < ”] = _C*/o (9(s) =



Using an adjustment of the original proof of Mogul’skii, one can prove a similar estimate for
enriched random walks. We set (X,,,&,) a sequence of i.i.d. random variables on R x Ry, with
X, in the domain of attraction of the stable random variable Y, such that P(Y > 0) € (0,1). We
denote by S, = Sg+ X1+ -+ X,,, which is a random walk in the domain of attraction of Y. The
following estimate then holds.

Lemma 2.6. Let (a,) € ]RI_\J_ be such that lim,,_, 1 ‘Z—Z =0. Weset E, ={& <n,j <n} and we

assume that
«

. ag B
ngrfoo L*(an)]P)(gl >n) =0. (2.5)

There exists Cy > 0, given by (1.8), such that for any pair (f,g) of continuous functions verifying
f<g, for any f(0) <z <y < g(0) we have

a S ! s
lim —2—1lo inf P, e i/n),g(3/n ,'<n,En) :—C’*/ —_— .
oo nL* (@) 2 selvan.yan] (an FG/m9/ml g o (g(s) — f(s))™

Proof. We assume in a first time that f,g are two constant functions. Let n > 1, f <z <y <g
and f <z’ <y < g, we denote by

Sn S;
Pz,y = f ]Pza - g a-S aEn . 2.
vy (f,9) zéﬁ,y] (%G[ ]an (f.9],j<n ) (2.6)
LetA>Oandrn:{A

k < K, we set my, = kr,, and mg 41 = n. Applying the Markov property at time mg, ..., m1, and
restricting to trajectories which are, at any time my, in [2'a,,y'a,], we have

%Z)J We divide [0,n] into K = {%J intervals of length r,. For any

i I/ ’ K
I (£.9) = 72 (£.9) (%/jzl(f,g)) , (2.7)

where we set 7rz y (f,9) = inf ez Pua, (% [,y }, o €(f,q,7 < rn,E,n)
Let 6 > 0 be chosen small enough such that M = { ] > 3. We observe easily that

o’"

/

’y (f, ) O< <]\/[ m+m5 m+(m+1 (f, g)

> (18 —(mA S (o 7
O<r7nn12M7rx/ (f = (m—1)0,g — (m + 1)J). (2.8)

Moreover, we have

n

A ST.,L S .
R (1.0 = Pan, (22 el 2 e gl <)

> Pua (22 € ,y]f € 11,90 <10 = ruP(Er 2 ).

n n

By (2.5), lim, o0 rnP(&1 > n) = 0. Moreover, 7, ~ Aaiﬁ) and X7 is in the domain of
attraction of Y. Thus aT" converges in law toward A%Y as n — +oo. We apply Theorem 2.4,
the process (5“272/’”715 e [0, A]) converges as n — +o0o under law P, to a stable Lévy process
(z +Y;,t € [0, A]) such that Y4 has the same law as A/®Y. In particular

liminf 723Y (f,9) > Po(Ya € (¢/,y'), Yy € (f,9),u < A).

n——+oo

Using (2.8), we have

lim inf 7% ’y (fyg) > mm Pw+m5(YA€(Jc +0,y —0), Yy €(f+0,9—10),u<A).

n—-+o0o 0o<m



As a consequence, recalling that K ~ %, (2.7) leads to

n

[}

liminf —_log PT¥ (£, g)

n—-+o00 nL*(an) Yy
1
Z mln 10g]P>:L”+m5(YA € (LL'/ + 5a y/ - 5)7 Y, € (f + 679 - 5)7” < A) (29)

By [17, Lemma 1], we have

1 . C,
- < = -
Jim S logPy (Ve € (2,9),Ys € (f,9),s < 1) T

where C, is defined by (1.8). Letting A — 400 then § — 0, (2.9) yields

a® o C,

lim inf ———1log Py ;¥ (f,g) > NCENG

2.1
n—+oo nL* (an) (2.10)

which is the expected result when f, g are two constants.

In a second time, we consider two continuous functions f < g. Let f(0) < z < y < ¢(0).
We set h a continuous function such that f < h < g and h(0) = L‘gy Let ¢ > 0 such that
6e < infycjo,1ymin(g(t) — h(t), h(t) — f(t)). We choose A > 0 such that

sup [f(t) = f(s)[ + 1g9(t) — g(s)| + [h(t) — h(s)| < e.

2
[t—s|<Z%

and for a < A, we write m, = |an/A| and I, 4 = [f(a/A)+¢€,g9(a/A) —e]. We define Jo 4 = [z, y],
and for 1 < a < A, J, a4 = [h(a/A) — €,h(a/A) + €]. Applying the Markov property at times
ma_1,..., My, we have

T (S € [FG/m).g(/m)] j < nE)

zZE€[Tan,Yyan Qn

SnLa S
> H inf ]P)za (aH S Ja+1 A, — € Ia A,J Mgy — maaEmaJrl—ma .

z€Ja, A n (07

Therefore, using equation (2.10), we have

lminf —%_log inf P, <5E[f(J/n),g(j/n)],an,En)

n—+oo nlL* (an) zE€[zan,yan) n

A =7 (g(a/A) — fa/A) = 26)

As the upper bound is a direct consequence of Theorem 2.3, we let A — +00 and € — 0 to conclude
the proof. 0O

3 Branching random walk with a barrier

Let (T,V) be a branching random walk with reproduction law £ satisfying the hypotheses of
Theorem 1.1. We study in this section the asymptotic behaviour, as n — +o0o and € — 0 of the
quantity

o(n,e) =P (3lul =n:Vj <n,V(y) > —¢j). (3.1)

The asymptotic behaviour of g(co,e) has been studied by Gantert, Hu and Shi in [11] for a
branching random walk with a spine in the domain of attraction of a Gaussian random variable.
They studied the asymptotic behaviour of g(n,e) for e ~ On—2/3. Using the same arguments, we
obtain sharp estimates on the asymptotic behaviour of o(n,¢) for € ~ A(n)n~=+1, where A is a
well-chosen slowly varying function.



We apply the spinal decomposition and the Mogul’skii estimate to compute the number of

individuals that stay at any time k& < n between curves a,, f(k/n) and a,g(k/n), for an appropriate
choice of (a,), f and g. We note that

—S,
E | Y Lv)elanf(/m).angG/mli<n} | = E[€75" s, clan £(/m).ang(i/m) i<n}]
|ul=n

~ —ang(l)p(gj € lanf(j/n),ang(j/n)],j < n)
~exp | —a _ nL*(an) ! ds
~ exp < ng(1) al C*./o (9(s) ) .

= f(s)*
This informal computation hints that to obtain tight estimates, it is appropriate to choose a
sequence (ay,,) satisfying a, nL(an)

~ 400 , and functions f and g verifying

t ds
e 0.1)glt)+ C [ s = ), (3:2)
o (9(s) = f(s))*
However, instead of solving explicitly ¢'(t) = —C.(g(t) + 6t)
approximate solutions for (3.2).
For n € N, we define

~® as a function of (¢,6), we use

anrl
a, = inf {:17 >0: ) n} . (3.3)

and we introduce the function

o (0,400) — R
' A o— &

o (3.4)
X T af1

Note that ® is a C* strictly decreasing function on (0, +00), that admits a well-defined inverse

®~!. The main result of the section is the following

Theorem 3.1. Under the assumptions of Theorem 1.1, for any 6 > 0 we have

1

o 1
C < hmlnfflogg(” 0= ) < hmsup—logg(n 0— ) < —d71(9).
aa n—+00 G,

n——+oo dn

Remark 3.2. For any p > 0 we have a|,n| ~n—too ,ua%rlan, by inversion of regularly varying
functions. Consequently, Theorem 3.1 implies that for any 6 > 0

1< lnlgu{gfnlogg ({(9/0*)%1”}0*%)

< lrlzrgigg ai log o ({(Q/C*)QTHnJ,C*%> < —M.

n

As limg_, 4 oo 0= O-1(9) = C*é, this leads to

i it - loge (1), €.52) =

lim limsup — log 0

hn,C. ) -1 (36
Jim_limsup —log o (|/m). (3.6)
To prove Theorem 3.1, we prove separately an upper bound in Lemma 3.3 and the lower bound
in Lemma 3.4. The upper bound is obtained by computing the number of individuals that stay
above the line of slope —0%= during n units of time.

Lemma 3.3. Under the assumptions of Theorem 1.1, for all 6 > 0 we have

lim sup — logg (n 9*) < —070).

n—4oo an



Proof. Let > 0and A > 0, weset g : t — —0t+ A(1 —t)%ﬂ. For j < n, we introduce the intervals

IV = [~0a,j/n, ang(j/n)].

As IV = {9(1)a,}, an individual that stays above the curve of slope —fa,, /n crosses at some time
k < n the line g(./n)a,, therefore

an . J
— ) = = . < ) > — et
Q(n,ﬂn) IP’(EI|u| n:Vj <n,V(y;) Qann>
<P (3\u| <n:V(u) > ang(Jul/n),V(y;) € I;n),j < |u\) .

Thus, setting
Yo= ) 1{V(u>zang<\u|/n>}1{V(uj>€1;n>,j<|u‘}’

|lu|<n

by the Markov inequality we have Q n, 9“" Y,.). Applying Lemma 2.2, we have

n

= Z Z {V(u yer(™ ]<k}1{V(u >ang(k/n)}
k_

= lul=k

M: i Ms

{ {S er™ ]<k}1{sk>anq(k/n)}]

IA

k/")“"IP’(S € I(" J< k:)

>
Il
—

Let A € N, we set mg = [na/A] and g, 4 = infse[ale,aff] g(s), we have

A—1 mq A-1
E(Y,) <> i e=9(k/m)anp (Sj el j< k:) <n ) e AP (Sj el j< ma) .
a=0 k=mqg+1 a=0

Therefore, by Corollary 2.5, we have

1
i - <
l}fﬁiﬂf an logE(Yn) < a1 < ga.a = O / ) + 05 )
C. (Ol + 1) 1
< - - Nl —(1- = )
- aglgx1< Jo A« [1 (1—a/4) +1D

Letting A — +00, as ¢ is uniformly continuous, we have

. 1 an 1 Cyla+1) 1
1 —1 0— ) < Ot — A1 —t)otT — ——= |1 — (1 —1¢t)=
o o (n052) 2 g {20~ - SR -0 -0

< =X+ tZE)I,)l] {Gt —(a+1)®(N) [1 -(1- t)%ﬂ} } .

Note that t — 1 — (1 — t)=+1 =7 is a convex function with slope — at £ = 0. Therefore, if we

choose A = ®~1(0), the function t — 0t — (a + 1)®(N) [ —(1-1%) aﬂ} is concave and decreasing.
As a consequence
lim sup — log 0 <n 0— ) =\,

n——+oo an
which concludes the proof. O
To obtain a lower bound, we bound from below the probability for an individual to stay between

two given curves, while having not too many children. To do so, we compute the first two moments
of the number of such individuals, and apply the Cauchy-Schwarz inequality to conclude.



Lemma 3.4. Under the assumptions of Theorem 3.1, for all 8 > 0 we have

1
o
lim inf - 1 (no%2) = -
fminf o logo (m.078) = 3
Proof. For u € T, we recall that Q(u) = {v € T : mv = 7w and v # u} is the set of siblings of w.
We introduce §(u) =10g >, cq ) V=V Note that (1.9) implies

le%

P(&(wy) > 2) = 0. (3.7)

lim —
1m

Let 6 >0, A > 0and 6 > 0. For j < n, we set IJ(-") = [—an0j/n,a,(A —05/n)] and

n - Z {V(u )EI(n) ]<n}1{5(“3)<6‘1m]<”}

lul=

We observe that
Qn . .
0 (nﬂ;) =P3ul =n:V(uj) > —anbj/n,j <n)

> P (Jul =n: Vi) € [V, <n) > P(X, > 1),

thus by the Cauchy-Schwarz inequality, o (n, 9%) > (]?E(fxz))) .

In a first time, we bound from below E(X,,). Using Proposition 2.1, we have

E(X,) =E Wn lz {V(u )EI("> ]<n}1{£ u;)<ban,j<n}

o —V(u
=E Z eV )]P(u = wy|Fp)1 {V( Her™ J<n}1{5(u;)<5am]<n}
Llul=n

e*V(wn)l

Il
&

{V<wj>ef_§-">,j<n}1{s<wj>§6an,m}] :

Let € € (0, ), as = = [-ba,, (A — 0)a,] we have

T —viw,
E(Xn) = E {6 v )1{V<wn><<ee)an}l{v<wj)g;n>,jgn}1{£<wj><aan,j<n}}
> 0B [V(w,) < (e = O)an, V(w;) € 1", &(wy) < 8an,j < n].
We introduce 0 < z < y and A > 0 such that P(V(w;) € [z,y],&(wy) < A) > 0. Applying the
Markov property at time p = |eay, |, for any n > 1 large enough we have
P [V(wj) € Ij(n),f(wj) <éan,j < n}

> B(V(wn) € [o,9) €(wr) < A7 inf B [V(wy) € I, &(wy) < dan,j <n—p) .

zE[rEAn Y]

As (3.7) holds, we apply Lemma 2.6,

hmmf—logE( Xp)>0—e— % +elog P(V(wy) € [z,y],E(wr) < A).

n—+00 A,

Letting € — 0, we have

hmlnf—logE( n) > 60— %

n—+00 Ay, A«
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To bound from above the second moment of X,,, we apply once again the spinal decomposition,

E(X7)

_ Xn
£ W, 2. 1{V<u]->ez§">,jgn}1{£<uj>s5an,m}
|ul=n

_ s
E(X, Y eV “P(w, :u|fn)1{v(uj)g;,”7j§n}1{5(%,)9%]9}

|u|=n
_ —V(wn,
=E (e ( )an{wwj)ez;w,jgn}1{£<wj><aan,j<n}>
a, T
ek [an{v(wj)elj(."’),jgn}l{é(wj)ﬁamjﬁn}} :

We decompose the set of individuals counted in X,, under law P according to their most recent
common ancestor with the spine w, we have

X, = 1{V(wj)elj(.n)7j§n}1{§(wj)§5an,j§n} + Z Z A(u),

7=1 ueQ(w;)

where v’ > u means v’ is a descendant of u and

Au) = Z 1{V(u3)el§"),jgn}1{£(u})§6amjén}'

|[w|=n,u'>u
We write
G = o ((wr, Uwg), V(u),u € Ywy)), k = 0)

for the sigma-field of the information of the spine. Let k < n and u € Q(wy). Conditionally on G,
the subtree rooted at v with marks V' is a branching random walk with law Py (., therefore

E(AW)|G) <Eve | ) Yy wper, j<n—r}

|[u'|=n—k

V(u) —Sn—
<e Ev (u) (e kl{sjeﬂ"’ jgn—k}:|

k+3’

< ¢V(wban sugIPz (Sj S I,gi)j,j <n-— k) .
ze

Let A € N, we set m, = |na/A| and ¥, 4 = sup,cpP. (Sj € Iﬁ?zﬂ,j < n—ma). For any

k < may1 and u € Q(wy), we have E (A(u)|G) < eV Wefan, ) 4, thus

Mat1

B 100 wyer jen} Hews) <san j<n) Yo > Aw
k=mq+1ueQ(wy)

Ma+1
= Z E 1{V(wj)elj(,"),j§n} Z l{g(wk)ﬁt;an}A(u)
k=mg+1 ueQ(wy)
Ma+1
Oa,, ™ w V(w
<Way1,4e Z E |:1{V(wj)EI](."),j<n}6£( AN k)l{ﬁ(wk)ééan}:|
k=mg,+1

anjaJ’,l A\I/O Ae()‘+(1_a/A)9+§)an )

Cy
G

Consequently, applying Corollary 2.5, as soon as 6 > we have

1 * *
limsup — log E(X?) < max <)\—|— (2—a/A)(0 - %) —|—5) <A+20-— 2% + 9.

n—+oo On
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Using the first and second moment estimates of X,,, we have

1 n
liminf — log o (n,@a—> > —A—0.
n

n—-+oo (7%
Letting & — 0 and A — (C, /6)= concludes the proof. O

Remark 3.5. If we assume (7, g?) to be a pair of functions solution of the differential equation

{f(t) =0t
_ 1 ds
9(t) = =0+ Cu |, Gmrope

using similar estimates as the ones developed in Lemmas 3.3 and 3.4, we prove that for all § € R

1

lim — logop (m@a—n) = —4%(0).
n—+0o00 Ay, n

Theorem 3.1 is used to obtain bounds for ¢?(0) admitting a closed expression, that are precise

for large 6. Using similar methods, applied to different functions, we also obtain estimates on the

behaviour of ¢g?(0) for small values of §, namely

lim °(0) = ((a+1)C.) 77 .

4 Speed of the N-branching random walk

In [2], to prove that lim,,, . (log N)?vy = C for a branching random walk in the usual boundary
case, the essential tool was a version of Theorem 3.1, found in [11]. The same methods are applied to
compute the asymptotic behaviour of vy under the assumptions of Theorem 1.1. Loosely speaking,
we compare the N-BRW with /V independent branching random walks in which individuals crossing
a linear boundary with slope —vy defined by

L*(log N)
=0, ——=. 4.1
N g )
By (3.6), for any h > 0 and N > 1 large enough, o (h%,w> ~ +. Thus % is

expected to be the correct time scale for the study of the process.

We start this section with a more precise definition of the branching-selection particle system
we consider. We introduce additional notation that enables to describe it as a measure-valued
Markov process. In Section 4.2, we introduce an increasing coupling between branching-selection
particles systems, and use it to prove the existence of vy. Finally, we obtain in Section 4.3 an
upper bound for vy and in Section 4.4 a lower bound, that are enough to conclude the proof of
Theorem 1.1.

4.1 Definition of the N-branching random walk and notation

The branching-selection models we consider are particle systems on R. It is often convenient to
represent the state of a particle system by a counting measure on R with finite integer-valued mass
on every interval of the form [z,+00). The set of such measures is written M. A Dirac mass at
position z € R indicates the presence of an individual alive at position . With this interpretation, a
measure in M represents a population with a rightmost individual, and no accumulation point. For
N € N, we write My for the set of measures in M with total mass N, that represent populations
of N individuals. If 4 € My, then there exists (z1,...,2x5) € RY such that u = Z;vzl O, -

We introduce a partial order on M: given u,v € M, we write p < v if for all x € R,
p([z, +0)) < v([xz,4+00)). Note that if 4 < v then u(R) < v(R). A similar partial order can be

defined on the set of laws point processes. We say that £ < L if there exists a coupling (L, E) of
these two laws, such that L has law £, L has law £ and

Z(Sg < Z(S’Z a.s.

leL ZEE
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Let N € N. We introduce a Markov chain (XY, n > 0) on My called the N-BRW. For any

n > 0, we denote by (z(1),...,2)(N)) € RV the random vector that verifies
= Z‘S“"ff(” and 2N (1) > zN(2) > .- > 2V(N).
Conditionally on XV Xn+1 is constructed as follows. Let (L.,...,LY) be N ii.d. point processes
with law L, we set
EE 5B SE S
i=1 L

which is the population after the branching step. We set y = sup{z € R: Y, | ([, +00)) > N} and
P=YN,((y,+0)). We write X}¥ ;, = YV} b1y too) T (N — P)d,. The natural filtration associated
to the N-BRW is defined, for n € N, by F,, = O'(le ...,L;V,j < n). Whereas this is not done
here, genealogical informations can freely be added to this process; breaking ties in any F-adapted
manner to choose which of the individuals at the leftmost position are killed.

4.2 Increasing coupling of branching-selection models

We construct here a coupling between N-BRWs, that preserves the order <. This coupling has
been introduced in [2], in a special case and is a key tool in the study of the branching-selection
processes we consider. It is used to bound from above and from below the behaviour of the N-BRW
by a branching random walk in which individuals that cross a line of slope —vy are killed. In a
first time, we couple a single step of the N-BRW.

Lemma 4.1. Let 1 <m <n and i € My, 1 € My, be such that p < . Let L <% L be two laws of
point processes. For any 1 < M < N, there exists a coupling of XM the first step of an M-BRW
with reproduction law L starting from p with )?{V the first step of an N-BRW with reproduction
law £ starting from i, in a way that XM < )?{V

Proof. Let (L, L) be a pair of point processes such that > over0¢ < 30,7 0c as., L has law £ and

L has law £. We set ((Lj, L;),j > 0) i.i.d. random variables with the same law as (L, L). We
write y = > 1" 65, and 1=, &y, in a way that (z;,7 <m) and (y;,j < n) are ranked in the
decreasing order. We set

m n
= Z Z 6:1:i+€i and ﬁl = Z Z 6yi+€z"
i=14£;€L; =14 T,
We observe that that u! < it a.s. N
We set XM for the M individuals with highest positions in ! and X{¥ the N individuals with
highest positions in i'. Once again, we have XM < XV a.s. O

A direct consequence of this lemma is the existence of an increasing coupling between N-BRWs.

Corollary 4.2. Let L < L be two laws of point processes. For all 1 < M < N < Ho0, if
XM 5 XY, then there exists a coupling between the M-BRW (XM) with law £ and the N-BRW

(XN with law L verifying
vn e N, XM < XN as.

Using this increasing coupling, we prove that with high probability, the cloud of particles in
the N-BRW does not spread.

Lemma 4.3. Under the assumptions (1.3), (1.4) and (1.10) there exists C > 0 such that for all
N>2 y>1andn>C(logN +logy),

]P’(x,]y(l) —zN(N) > y) <C (N(log]\;—i-logy))

13



Proof. Let n € N and k < n, we bound 2/ (1) — 2, (1) from above and z} (N) — 2, (1) from
below to estimate the size of the cloud of particles at time n. An appropriate choice of k concludes
the proof of Lemma 4.3.

We first observe that the N-BRW starting from position X2, can be coupled with N i.i.d.
branching random walks ((T7,V7), j < N) with (T7, V7) starting from position z_, (j), in a way

that v
XN v

=1 ueTi |ul=k

As a consequence, by (2.4), for any y € R and k < n

Pz (1) —a) (1) >y) <P (ﬁa&(ue%ﬁi{:k VI (u) > y) < Ne™Y. (4.2)

We now bound from below the displacements in the N-BRW. Let L be a point process with
law £. By (1.3), there exists R > 0 such that E (EfeL 1{@2712}) > 1. We denote by Lg the point
process that consists in the maximal point in L as well as any other point that is greater than —R.
Using Corollary 4.2, we couple (X57k+m, m > 0) with the N-BRW (XN:E m > 0) of reproduction
law Lg, starting from a unique individual located at acﬁL (1) at time 0 in an increasing fashion.

As XNR g XN if XéV’R(R) = N, then xfcv’R(N) < 2V (N). Moreover by definition of Lg,
the minimal displacement made by one child with respect to its parent is given by min(—R, max L).
For n € N, we write Q,, a random variable defined as the sum of n i.i.d. copies of min(—R, max L).
Observe that Q. is stochastically dominated by z, " (N) — 2, (1). Consequently

P (N (N) =23 (1) € —y) <P (XY (R) < N) +P(Qun < —1).

n

By (1.10), we have P(Qrny < —y) < C’kzygz. Moreover the process (X:#(R),n > 0) is a Galton-

Watson process with reproduction law given by #L g, that saturates at N. We set mr = E(#LRg)
and o = —28F#LE=D e have P(X, " (R) < N) < CNmz", by [10]. We conclude that

logmpg
N N K2N? Ne
P(wn (N)—xnfk(l)gy) <C—5—+C—= (4.3)
Yy mp
Combining (4.2) and (4.3), for all y > 1 and k£ € N we have
k2N? N«
P(zN(1) —2) (N)>2y) < Ne ¥ +C 7 +CW'

R

Thus, setting k = {MJ, there exists C' > 0 such that for any y > 1 and N > 1 large

alogmp
enough, for any n > k,

N(log]\f—i—logy))2

P (e (1) — 2 () 2 29) < 0 (FE

Applying Lemma 4.3 and the Borel-Cantelli lemma, for any N > 2 we have
zy (1) — 2 (N)

I =0 as. and in L.

lim
n—-+o0o n

Lemma 4.4. Under the assumptions (1.3), (1.4) and (1.10), for any N > 1, there exists vy € R
such that for all j < N

N .
lim 2n ) =uy a.s. and in L' (4.4)
n—-+oo n
Moreover, if X{¥ = Ndy, we have
E(zN (1 E(zN(N
vy = inf (z (1)) = sup (@ ( )) (4.5)
n>1 n n>1 n
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Proof. This proof is based on the Kingman’s subadditive ergodic theorem. We first prove that if
X = Néo, then (2 (1)) is a subadditive sequence, and (zY(N)) is an overadditive one. Thus

% and % converge, and lim,,_, o 22— (1) = l1mn_>+oo I’JLVT(LN) a.s. by Lemma 4.3. We treat
in a second time the case of a generic startmg value XV € My, using Corollary 4.2.

Let N € N, let (L?,j < N,n > 0) be an array of i.i.d. point processes with common law £. We
define on the same probability space random measures (Xm ns 0 <m < n) such that for all m > 0,
(XN n > 0) is an N-BRW starting from the initial distribution Ndy. For any m > 0, we set

m,m—+n?
XN, =Ndo. Let 0 <m < n, we assume that X} = Z 10un gy, with (@), (5)) listed in the

decreasing order, is given. We define (x%,m_l(j),j > 0), again listed in the decreasing order, in a

way that

—+o0

)STTNED Sb SR N
£ m n+1J () +en
Jj=1 j= lejeLJ

N _ N
and set X001 =370 0pn (-

For z € R, we write ¢, for the shift operator on M, such that ¢,(u) = pu(. — ). With this
definition, we observe that for any 0 < m < n we have

¢zo n( ( T]LVYL-‘rm) < X(I)\,[n-i-m < (bzé\{n(l) (X',]L\{n_,_m) .
As a consequence,
Tnam (1) <2 (D) + ) (1) and a0 (N) = 2l (N) + 2, (V). (4.6)

We apply Kingman’s subadditive ergodic theorem. Indeed for any n > 0, (z; n+m(1),m >0) is
independent of (ack,l( ),0 < k <1 < n) and has the same law as (z{',,(1),m > 0). Moreover,
E(|z{, (1)]) < 400 by (1.10). As a consequence, (4.6) implies there exists vy € R verifying

N
T 1
lim o) =oy as. andin L',
n—-4o0o n
N N N
and vy = inf,en M Similarly, lim,,_, 1 %"T(N) = SUP,cy w a.s. and in L', which

proves that (4.5) is verified. Moreover, by Lemma 4.3, these limits are equal.
We now consider the general case. Let (X2V,n > 0) be an N-BRW. We couple this process
with Y~ and ZV two N-BRWs starting from N(Sxé\fu) and N(SzéV(N) respectively, such that for all

neN, ZN < XV VN, We have
Vi <N,z (N) <a (N) < apf(7) < o (1) <y (1)

Therefore, for any j < N, we have

N N N (., N : N 1
vy = lim inf M < lim inf 22—~ T (1) < lim sup —+——= n (J) < lim sup L() =ouN a.s.
n—r+o0 n n—+oo N n—+o00 n n—+o00

which yields lim,, s 1o 7 (j)/n = vy a.s. Similarly, we have

CL‘N . N ZN

20 oy || <E[(=E - on) 1y grzmen | +E (o8 = ZE22) 10x <non)
<] [} 520-u]

We conclude that 22 (j)/n also converges to vy in L!. O

E|

v (1)
n

Remark 4.5. Lemma 4.4 proves the limit in (4.4) does not depend on the starting position of the
N-BRW. To prove Theorem 1.1, we now study the asymptotic behaviour of vy. This can be done
considering only N-BRW starting from the initial condition Ndg.

To study the asymptotic behaviour of vy as N — 400, we couple the N-BRW with a branching
random walk in which individuals are killed below the line of slope —vy. Applying Theorem 3.1,
we derive upper and lower bounds for vy.
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4.3 An upper bound on the maximal displacement

To obtain an upper bound on the maximal displacement in the N-branching random walk, we link
the existence of an individual alive at time n that made a large displacement with the event there
exists an individual staying above a line of slope —vy during mpy units of time in a branching
random walk. The following lemma is an easier and less precise version of [2, Lemma 2|, that is
sufficient for our proofs.

Lemma 4.6. Let v < K. We set (xn,n > 0) a sequence of real numbers with xg = 0 such that
sup;en(Ziv1 — x;) < K. For allm <n, if x, > (n —m)v+ Km, then there exists i < n —m such
that for all j <m, x4 — x; > vj.

Proof. Let (x,,) be a sequence verifying sup;cy(zi+1 —2;) < K. We assume that for any i < n—m,
there exists j; < m such that z;;;, —z; < vj;. We set op =0 and oi41 = ok + jo,,. By definition,
we have

Lot < (Uk+1 - Uk)v + Ty,

thus, for all k > 0, z,, < oxv. Moreover, as (o) is strictly increasing, with steps smaller than m,
there exists kg such that og, € [n —m,n]. We conclude that

Tn = (T —xako) + Ty, < K(n —op,) +vog, = Kn — (K —v)oy,
<Kn—(K—-v)(n—m) < Km+uv(n—m),

which concludes the proof. O

Using Lemma 4.6 and Theorem 3.1, we bound from above the maximal position at time IN€.

Lemma 4.7. Under the assumptions of Theorem 1.1, let X~ be an N-BRW with reproduction
law L starting from N&g. For any € > 0 small enough, for any N > 1 large enough, we have

P(ﬂ}ﬂu)z—u—Qawww)gAré

Proof. Let € € (0,1) and 6 > 0. By (3.5),

a+1 1
1 0 Te an f=d=1(0)
i - A B ) I e S
lrllgitg)an 10gg<\‘<<1_6)c*) nJ,C*(l €)n> < C*é

QTI o a1
We set my = \\((I—Z)C*> %J . As Q(log N)e+1/L*(log N) ~N—+oo log N, we have

0=d1(0)
cr

lim su
N—>+£ log N

log o(mu, (1 - e)vn) < —
1
Observe there exists C' > 0 such that 8= ®~1(8) — O ~y_, 4o —C/8 by definition of ®. Therefore,
for any ¢ > 0 small enough, there exists § > 0 such that o(my, (1 —¢)vy) < N~0+29) for any
N > 1 large enough.
We set n = | N¢]. Observe the N-BRW of length n is built with nN independent point processes
of law L satisfying (1.4). If L is a point process with law £, we have

P(max L > z) <P (Z el > e“‘) <e ",

leL

Setting K = (1 + 2¢) log N, the probability there exists one individual in the N-BRW alive before

time n that made a step larger than K is bounded from above by 1 — (1 — N~(1+2))nNV < y—e,
We now consider the path of length n that links an individual alive at time n at position z2 (1)

with its ancestor alive at time 0. We write y2 (k) for the position of the ancestor at time k of this

individual. With probability 1 — N ¢, this is a path with no step greater than K. For N > 1 large

16



enough, we have —(1 — 2e)vyn > —(n — my)(1 — e)vy + Kmy. Applying Lemma 4.6, for any
N > 1 large enough we have
{(Vk <n,yl(k+1) =y (k) < K}n{z} (1) > —(1 - 2e)vyn}
c{I<n—my:Vk<mn,yY(G+k) -y () > -1 —e)vnk}.
Consequently if 21 (1) > —(1 — 2¢)vyn, there exists an individual in the N-BRW that has a
sequence of descendants of length my staying above the line of slope —(1 — ¢)vy. This happens

with probability at most nNo(my, (1 — €)vy). We conclude from these observations that for any
€ >0and N > 1 large enough

P (2 (1) > —vn (1 —2e)n) < CN°.
O

Proof of the upper bound of Theorem 1.1. Let X~ be an N-BRW starting from Nd;. We note
that the maximal displacement at time n in the N-BRW is bounded from above by the maximum
of N independent branching random walks starting from 0. By (2.4), for any y > 0 and n € N we
have P(z2 (1) > y) < Ne™v.

Moreover, by Lemma 4.4 we have limsup,, , ., 2 (1)/n < E[z](1)/p] a.s. for all p > 1. Let
€ > 0 small enough such that Lemma 4.7 apply and y > 0. Setting p = LNE/QJ we have

zp (1)

Y (1)
oy <E |:pp]‘{acf,\’(1)2ml}:| +E |:p1{:Eév(l)e[—pVN(1—5)»P?J]}:|
Y (1)
+E { o Hey<—p-opn} |

therefore

—+oo
UN §/ P (xf,v(l) > pz) dz + yP (:vév(l) >—p(l—evn) —(1—e)vy
y
§N67NE/29 + nyE/Q —(1—-¢e)vn.
Letting N — +o0 then € — 0, we conclude that

Jim sup 2¥ 108 V)*

< -C*.
Notoo L*(logN) —

4.4 The lower bound

To bound from below the position of the leftmost individual in the N-BRW, we prove that with
high probability, there exists a time k& < my such that z¥ (N) > —kvy. We use these events as
renewal times for a particle process that stays below the N-BRW.

Lemma 4.8. Under the assumptions of Theorem 1.1, let X~ be an N-BRW with reproduction
law L starting from Nég. For any A > 0 and any € > 0 small enough, there exists § > 0 such that
for all N > 1 large enough,

(IOgl') ! N 5
Vn < Z_ < < .
P ( n A (1 ) y Loy (N) n(l + 6)1/N exp( N )

Proof. For N € N and A > 0, we set my = P\%J. Let € > 0, by (3.5), we have

1
lminf = log o (mv, (L)) = (1 +e)7F > 1.
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Consequently for any € > 0, for any § > 0 small enough we have o(my, (1+¢)vy) > for any
N > 1 large enough.

Let L be a point process with law £. There exists R > 0 such that E(#{¢ € L: £ > —R}) > 1.
We consider the branching random walk in which individuals that cross the line of slope —R are
killed. By standard Galton-Watson processes theory?, there exists r > 0 and « > 0 such that
for any N > 1 large enough the probability there exists more than N individuals alive at time
|alog N| in this process is bounded from below by r. Thus for all N > 1 large enough, the
probability there exists at least N 4 1 individuals alive at time my + |alog N| in a branching
random walk in which individuals that cross the line of slope —vn (1 + 2¢) are killed is bounded
from below by ro(muy, (1 + €)vn).

We set By = {Vn < my + |alog N, 2} (N) < —nvy(1 + 2¢)}. By Corollary 4.2, the N-BRW
can be coupled with N independent branching random walks starting from 0, in which individuals
below the line of slope —vx (1 + 2¢) are killed, in a way that on By, X is above the branching
random walks for the order <. The probability that at least one of the branching random walks
has at least N + 1 individuals at time my + |« log N| is bounded from below by

1
N1=¢

1—(1=ro(my,(1+e)vn))N > 1 —exp(—N°/?),

for any N > 1 large enough. On this event, the coupling is impossible as X has no more that N
individuals alive at time N, thus By is not satisfied. We conclude that P(By) < e™V ", O

Proof of the lower bound of Theorem 1.1. The proof is based on a coupling of the N-BRW X%
with another particle system Y/ in a way that for any n € N, Y,V < XN. Let (L7,j < N,n > 0)
be an array of i.i.d. point processes with law £. We construct X~ such that L represents the set

of children of the individual 22 (j), with X" = Ndy. By Lemma 4.8, for any £ > 0 small enough,
(log N)**1

there exists § > 0 such that setting my = {m

J , for any N > 1 large enough we have

P (Vn < my, zN(N) < —n(1+e)vy) <exp (fN(S).

We introduce Ty = 0 and Y = Ny. The process YV behaves as an N-BRW, using the same
point processes (L) as used for XV until time

Ty = min (my,inf {j > 0: y;V(N) > —jun(1+¢)}).

We then write Yj{\} = N5y¥1 (N), 1-e. just after time 77, the process YN starts over at time T}

from its leftmost individual. For any k& € N, the process behaves as an N-BRW between times T,j
and Tj1, defined by

Ti+1 = Tx + min (my,inf {j > 0: y%cﬂ(N) —yp (N) > —jun(1+¢)}).

By construction, for any k € N we have Y} < X}V a.s. and in particular yi' (N) < 2 (N).
As (Ty, — Tk—1,k > 1) is a sequence of i.i.d. random variables, Lemma 4.4 leads to

N
X IN
li Tk( )
k—+4o0

=E(T1)vny  as.

Moreover, as (yp) (N) —yf!_ (N),k > 1) is another sequence of i.i.d. random variables, by law of

large numbers we have

YY)
im

k——+oco

= I[‘l(y]TV1 (N)) as.
E(yY (N
Combining these two estimates, we have vy > %,

We now compute

E (il/T1

(yTl 1{T1<'"LN})+E(yT1( )1{T1 mN})
E (—vn(1+&)Tilir, <myy) +E (97, (V)11 2my))
- = N(l + 8) E(Tl) +E (yTl (N)]-{lemN}) .

V

2See e.g., [10].
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Note that for all 7 < Tj, we have YjN =X JN . Moreover, by Corollary 4.2, we may couple X~

with an N-BRW X in which individuals make only one child, with a displacement of law max L.
Consequently, we have

T
yzj\{(N) > ( rgin (max L]m)) a.s
i<
which leads to
1 =
oy > —vn(l+¢) + ]E(Tl)E ;jnéiﬁ(maijm) Ler—mny | -

Using the Cauchy-Schwarz inequality and (1.10), we have

my
E l( min (max Lj’n)> 1{T1—mN}1 > —C(NmN)l/QIP’ (Ty = mN)l/Q-
J<N

n=1

We apply Lemma 4.8 and let N — 400 then € — 0 to prove that

O
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