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Abstract

Branching-stable processes have recently appeared as counterparts of stable subordi-
nators, when addition of real variables is replaced by branching mechanisms for point
processes. Here we are interested in their domains of attraction and describe explicit
conditions for a branching random walk to converge after a proper magnification to
a branching-stable process. This contrasts with deep results obtained during the past
decade on the asymptotic behavior of branching random walks and which involve either
shifting without rescaling, or demagnification.
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1. Introduction

We start by recalling the classical stable limit theorem in the special case of non-negative
random variables, referring to the treatises [16] and [18] for the complete story. Consider a
random variable Y > 0 whose tail distribution F(y) =P(Y > y) is regularly varying at infinity
with index — g for some 8 € (0, 1), that is, limy_ F(ay)/F(y) =a~" for all a > 0. Further,
let Y1, Y, ... denote a sequence of independent and identically distributed (i.i.d.) copies
of Y. Then, for any sequence (a,),en of positive real numbers such that lim,,_, o, nF(a,) = 1
(as a consequence, (a,) varies regularly with index 1/8), the sequence (Y1 + - - -+ Y,)/a, of
rescaled partial sums converges in distribution as n — oo to a stable law on R4 with exponent
B. The purpose of this paper is to present an analog of this stable limit theorem in the setting
of branching random walks. A rather surprising feature is that the counterpart of the index g,
denoted here by —a, can then be any negative real number.

The study of the asymptotic behavior of branching processes has attracted a lot of atten-
tion and effort during many years. First, for light-tailed displacements, let us merely single
out the work of Biggins [10, 11] and Bramson [12, 13] amongst the most important earlier
contributions. More recently, Aidékon [1] established a remarkable limit theorem in distribu-
tion for the minimum of a super-critical branching random walk. Then Aidékon et al. [2] and
Arguin et al. [3, 4] showed that the point process formed by a branching Brownian motion
seen from its leftmost atom converges in distribution to a random counting measure that can be
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constructed from some marked Poisson point process, and is often called a decorated Poisson
point process. Finally, Madaule [23] obtained the counterpart of the Brownian results in the
framework of branching random walks. For heavy-tailed displacements, weak limit theorems
were established in [14] for the location of the rightmost particle, and in [8, 9] for the whole
point process. Below we shall recall some of these results, somewhat informally for the sake
of simplicity.

First let us introduce some notation that we shall use throughout this text. For every b > 0
and every counting measure m = Zj 8y; on a vector space, we write bm for the pushforward of
m by the dilation with factor b, x — bx, that is,

bm = Z bej.
j

In other words, we shall think of a counting measure as a multiset of atoms repeated according
to their multiplicities, and in this setting, multiplication by a scalar acts on the location of
atoms rather than on the measure itself. We also write (m, f) for the integral of a function f
with respect to a counting measure m, that is,

(m, f) =2 f0),
J

whenever this makes sense. In particular, the mass m(B) of a set B is written as (m, 1g), with
1p denoting the indicator function of B.

Assume that (Z(n)),>0 is a branching random walk on R, where Z(n) is the point pro-
cess induced by the locations of the particles at generation n; suppose also for simplicity that
Z(0) = 6o is the Dirac point mass at 0. We refer to the lecture notes [25] for the necessary
background, terminology, and of course much more. The fundamental assumption in [23] is
that for the functions 1(x) = 1, f(x) =e ¥, g(x) =xe™*, and h(x) = x>e ™,

E(Z), 1)) > 1, E(Z(1), h)) < oo,
E(ZMD), MH=1, E(ZD), g))=0.

This may look stringent, but in practice a simple linear map transforms many branching ran-
dom walks into another branching random walk that satisfies (1.1). Also taking for granted
some further technical requirements, the point process obtained by shifting the atoms of Z(n)
by —% logn —log Do, Where Dy, denotes the terminal value of the so-called derivative mar-
tingale, then converges in distribution as n — oo. It is remarkable that this weak limit theorem
involves shifting but not rescaling. Moreover, the limiting point process can be described as a
decorated Poisson point process.

More recently, Bhattacharya et al. [8] considered branching random walks obtained
by superposing i.i.d. heavy-tailed displacements onto a supercritical Galton—Watson tree.
Specifically, one supposes there that the first generation has the form

N
Z()=7) by,
j=1

where Y1, . . . is a sequence of i.i.d. real random variables and N an independent integer-valued
random variable with E(N) = p > 1 and E(N log N) < oo. Assuming further that the tail dis-
tribution P(|Y7| > x) is regularly varying at infinity with index —f < 0 and a tail balanced

(1.1)
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condition, there is a sequence (b,) of positive real numbers that grows roughly like "/ such
that, conditionally on non-extinction, bn_1 Z(n) converges weakly to a so-called Cox cluster pro-
cess. See Theorem 2.1 of [8] for a precise statement. The same authors extended their result
and replaced the assumption that the sequence Y7, ... is i.i.d. by a weaker condition involving
regular variation in the sense of [17] and [22]; see Theorem 2.6 of [9].

We shall now present, again informally, the main result of the present work. Henceforth we
consider a branching random walk (Z(n)),>0 on the non-negative half-line R = [0, 00), and
assume as before that Z(0) = 5. We suppose that Z(1) has a single atom at the origin a.s., and
we write

0<X1<Xp<--- <@

for the sequence of atoms of Z(1) on (0, co), ranked in non-decreasing order and repeated
according to their multiplicities, with the convention that X; = oo if and only if Z(1) has less
than j atoms in (0, 00). In other words,

Z() =80+ ) bx;

Jj=1

where we implicitly agree to discard atoms at oo in the series on the right-hand side. Strictly
speaking, after each unit of time, every individual dies and simultaneously gives birth to chil-
dren among which a single one occupies the same location as its parent. If instead we view
this child as the same individual as its parent (which thus survives after reaching age 1),
we may think of this branching random walk as describing a spatial population model with
static immortal individuals, such that at each generation, each individual gives birth to children
located at its right and at distances given by independent copies of X1, X», .. ..
Under these assumptions, the log-Laplace transform of the intensity measure of Z(1),

¥ (1) =log E(Z(1), e 7"*)) = log(l +3 E(e'xf)) € (0, <],

j=1

fulfills v (r) > 0 and ¥'(¢) <O for all r > 0 in the domain of 1. As a consequence, no linear
transform of Z(1) can satisfy (1.1).

We next introduce the three assumptions on the point process Z(1) under which we
shall establish a scaling limit theorem for the branching random walk. The first is that if
F1(t) =P(X1 <t) denotes the cumulative distribution function of the first positive atom X,
then for some o > 0,

F is regularly varying at 04 with index «. (1.2)

The second is the existence of a scaling limit for the conditional distribution of
Z*(1)=Z(1) — 8y = Z 8,
jz1

given that X is small. Specifically, recall the notation bm for the pushforward of a measure m
by the dilation with factor b, and view Z*(1) as a random variable on the space M of locally
finite counting measures on R4 endowed with the vague topology (see e.g. Appendix A.2 of
[21]). Our second assumption is as follows:

The conditional law of r—1Z*(1) given X| <t has a weak limit as t - 0+. (1.3)

https://doi.org/10.1017/jpr.2021.101 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2021.101

1012 J. BERTOIN AND H. YANG

Our final assumption is that the log-Laplace transform i of the intensity measure of Z(1)

fulfills
supn ¥(1/a,) < oo, (1.4)

n>1

where (a,),>1 is a sequence of positive real numbers such that
lim nFi(a,)=1.
n—0oo

Note that (a,) is then regularly varying with index —1/c.

Our first two assumptions are given explicitly in terms of the point process Z(1); however,
the interpretation of the third assumption may be less clear. One has to recall that the function
ny is the log-Laplace transform of the intensity measure of the branching random walk at the
nth generation, in particular

E((a; ' Z(n), %)) =E((Z(n), &% *)) = exp(nyr(1 /ay)).

Thus (1.4) should be viewed as a natural condition to ensure that on average, the rescaled
branching random walk a;lZ(n) remains locally bounded. We also refer to the forthcoming
Remark 3.1 for further comments on these assumptions.

Under these assumptions, the sequence of rescaled processes in continuous time

(a, ' Z(Lnt]) o

converges in distribution as n — 00, on a space of rcll (right continuous with left limits) func-
tions with values on a certain space of counting measures. The limit is a branching-stable
process S = (S(#));>0 introduced in [7]. In words, S is a branching process in continuous time
which is self-similar with scaling exponent —« < 0, in the sense that for every ¢ > 0, there is
identity in distribution, that is,

(Seiz0 2 (¢ V8(1)) -
The law of S is characterized by the exponent « and the limiting distribution appearing in (1.3).

Although our result bears somewhat the same flavor as those of [8, 9] mentioned above
(notably, our assumptions (1.2) and (1.3) resemble the hypothesis of regular variation for the
distribution of Z(1) in [9]), there are major differences. The most obvious one is that [8, 9]
work with a demagnification b, 1Z(n) with b, =~ ¢" > 1, whereas here, in contrast, we con-
sider a magnification a;lZ(n) with a, ~n~1/% <« 1. Roughly speaking, extreme value theory
and the so-called principle of a single big jump (see [14]) lie at the heart of the approach in
[8, 9], whereas our result depends on Markov chain approximations of Feller processes.
Another significant difference is that we obtain a weak limit theorem for processes depend-
ing on time, whereas [8, 9] consider the branching random walk Z at one given generation n
only. Last but not least, branching-stable processes with negative indices only exist in the one-
sided framework (i.e. on a half-line; see Lemma 2.2 of [7]), and hence one should not expect a
two-sided version as in [8, 9].

The rest of this article is organized as follows. Section 2 is devoted to preliminaries. We
shall first provide some background on a family of branching processes in continuous time
which were introduced by Uchiyama [26], and point out that under appropriate assumptions
these arise as the weak limits of certain families of branching random walks in discrete time.
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Then we shall recall some features on branching-stable processes and their trimmed versions,
and show that the latter belong to the family considered by Uchiyama. Our main result will
then be properly stated and proved in Section 3. We will need to work with various spaces of
counting measures, and for the reader’s convenience, we gather their definition and notation in
an appendix.

2. Preliminaries

2.1. Weak convergence to Uchiyama’s branching process

Even though this work is mainly concerned with branching processes living on the positive
half-line, in this section we shall consider the d-dimensional setting more generally.

Uchiyama [26] introduced a family of branching processes that can be thought of as analogs
of branching random walks in continuous time; they can be described informally as follows.
Fix r > 0 and let IT denote a probability measure on the space of finite counting measures
on RY. We write 7 - IT for the ordinary scalar multiplication of the measure IT by r (to avoid
possible confusion with the notation bm defined in the Introduction); in particular, the total
mass of - IT equals r. Imagine a particle system with no interactions on R?, where each
particle, say located at x, dies at rate r and does not move during its lifetime. At the time of
its death, it gives birth to children whose locations relative to x are given by a point process
distributed according to IT, independently of the other particles. The process U = (U(?))s>0,
which records the locations of particles alive as a function of time, is a branching process
considered by Uchiyama. The finite measure r - IT on the space of finite counting measures
characterizes the evolution of U; it will be referred to as the reproduction rate. The purpose of
this section is to point out that U arises as the weak limit of certain sequences of branching
random walks, in much the same way that compound Poisson processes appear as weak limits
of certain sequences of discrete-time random walks with rare non-zero steps. In this direction,
we shall first describe U as a Feller process and determine its infinitesimal generator.

We write My for the set of finite counting measures on R4, endowed with the Lévy—
Prokhorov distance. A sequence (X;,)nen converges to x in My if and only if lim,,, « (X4, f) =
(x, f) for every f € Cp(R?) (ie. f:R?— R is continuous and bounded). It is seen from
Prokhorov’s theorem that a subset S C My is relatively compact if and only if both the total
mass remains bounded, namely

sup(x, 1) < oo,

xeS
and there are no atoms out of some compact subset of RY, that is, there exists some b > 0 such
that

<x, 132>=0 forallxe S,

where Bj denotes the complement of the closed ball B, = {x € RY : |x| < b}. Hence My is a
locally compact metric space with one-point compactification Wf = My U {0}, and a sequence
(Xn)nen in My converges to 0 as n — oo if and only if either

lim (x,, 1) =00
n—oQ

or

lim inf(xn, IB’c) >1 forall b>0.
n—0oo

We also write Co(My) for the space of continuous maps ¢ : My — R with limy_, 5 ¢(x) =0.
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A random variable with values in My is called a finite point process. Recall that IT is a
probability measure on M; which determines the statistics of the point processes induced by
the children in U. We assume throughout this section that no particles die without offspring
and the number of children has a finite expectation, that is,

Mix,1)=0)=0 and f (x, HYIT(dx) < oo. 2.1)
M

The process (U(#), 1) that counts the number of particles alive at time 7> 0 is a one-
dimensional continuous-time Markov branching process in the sense of Chapter III of [5],
and (2.1) ensures that (U(-), 1) remains finite (no explosion). In particular, this enables us to
view U as a Markov process with values in My. In order to analyze its semigroup, we need to
introduce some notation.

First, for every x e My andye R4, we write y + x for the finite counting measure obtained
by translating each and every atom of x by y. Equivalently, y + x is the pushforward mea-
sure of x by the translation x — y +x; in particular, y + 8y = 8x4,. The map (y, X) > y +x
is continuous from R x My to My. Next, for any finite sequence x!, ..., x"in My, we
write X' L - - UxF for the sum of those counting measures, so that the family of atoms of
x! U- .- uxF is the multiset which results from the superposition of the families of atoms of
x!, ..., x*. This enables us to express the branching property of U as follows. Consider a finite
counting measure X = Z]]le ij with atoms x1, ..., x; € RY. Let Ul, e UX be independent
copies of U, all started from the Dirac point mass at the origin. Then the process

(i +U' O U U (e + UR@), 20

is a version of U started from x. Recall that > 0 is the rate of death of particles; we can now
state the following.

Lemma 2.1. An Uchiyama branching process U with reproduction rate r - I1 satisfying (2.1)
is a Feller process on My. Its infinitesimal generator A has full domain Co(My) and is given

for every x = Zjl;l 8y, € My and ¢ € Co(My) by

k
Ag(x) :rZ f (X U (xj + y)) TI(dy) — rkp(x),
j=1 M

where XI* =y £ dy; denotes the counting measure obtained by removing the atom x; from X.

Remark 2.1. The first assumption in (2.1) that each particle has a non-empty child is crucial,
and the Feller property always fails otherwise. To see why, let ¢ denote the indicator function
of the zero measure & (no atom), which is a continuous function on My with compact support.
Consider also a sequence (x,) in R4 which tends to 0o, s0 8y, tends to 9 in M. Clearly, if the
probability that a particle dies without progeny is strictly positive, then

E(eU(1) | U(0) = 8y,) =P(U1) = @ | U(0) = x,)
does not converge to 0 as n — o0.

Proof. Let x = Zj/-‘:l 8y; be a finite counting measure. In the notation introduced before the

lemma, the probability that Ul(t) =...= Uk(t) = ¢ tends to 1 as t — 0+. Therefore
1i%a+ (x1 +U'(®)u-- U (% + UA@) =x  in probability,
t—
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and for any function ¢ € Co(My) we have
Jim E(p((x + U'(0) U U (3 + UAD))) = 0(x).

Next consider any sequence (X,)zeN in My that converges to x. Recall that for n suf-
ficiently large, the number of atoms (x,, 1) of x, coincides with k, and then we can

enumerate those atoms, that is, we can write X, = Zjlle 3y, . in such a way that the sequence

Rdxk

Xn.j
((Xn,1, - - - » Xn.k))neN converges to (xi, ..., xg) in as n — 00. Since ¢ is continuous and

bounded, we easily conclude that the map
x— E(g((x1 +U' @) u- - U (v +U'0)))

is continuous on M. To check that this map also has limit 0 as x — 9, since ¢ is bounded and
has limit O at 9, we simply need to verify that

lim (x1 +U'®O)u- U (xx +U*») =3 in probability.
X—

So let (X;)neN be a sequence in My that tends to 0. In the case where the total mass of x,
goes to infinity, the assumption that no particles die without offspring makes the above claim
obvious. In the opposite case, there exists k > 1 and a subsequence (X',,),en extracted from
(Xp)nen With (x',;, 1) = k for all n. Since lim,,_, o, X';, = 9, the largest atom of X’,, tends to 0o as
n — oo, and the claim above follows again from the fact that U(¢) # @ a.s.

This completes the proof of the Feller property. The formula for the infinitesimal generator
A should then be plain from the dynamics of Uchiyama branching processes and the alarm
clock lemma. 0

We write D(Mjy) for the space of rcll functions @ : Ry — M, which we endow with the
Skorokhod Ji-topology (we refer e.g. to Appendix A2 of [21] for quick background). The
Feller property ensures the existence of a version of U with sample paths in D(My) a.s., and
henceforth we shall always work with such a version.

We now arrive at the main purpose of this section, namely the observation that U arises as
the weak limit of certain sequences of branching random walks on R,

Lemma 2.2. Let r > 0 and let I1 be a probability measure on My satisfying (2.1). For each
neN, let Z" = (Z"(k))xen be a branching random walk on RY started from 8y. Assume that:

1) (Z'(1), 1) > 1 as. and BE((Z"(1), 1)) < oo for eachn € N,
(1) P(Z™(1) #8g) ~r/nas n— oo,

(iii) lim,— oo P(Z"(1) € - | Z"(1) # 89) = T1(-) in the sense of weak convergence for distribu-
tions on M.

Then we have
nlinéo (Z" (Lt ]))i=0 = (U®)i=0

in the sense of weak convergence on D(My), where in the right-hand side, U denotes an
Uchiyama branching process with reproduction rate r - Il started from §y.

Proof. We shall establish the claim by verifying that the conditions of a well-known conver-
gence theorem for Markov chains are satisfied for a killed version of the processes, where the
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killing occurs at the time when the total mass exceeds some fixed threshold. Then letting this
threshold tend to infinity will complete the proof.

To start with, the first assumption ensures that every particle in Z" has at least one child
at the next generation and that (Z"(k), 1) < oo a.s. for all k € N. In particular, the branching
random walks Z" can be thought of as Markov chains with values in M. Fix some £ > 1 and
write

Pe={xeMr:(x,1) < ¢}
for the open subset of counting measures with at most £ atoms. The map

_ x if(x,1)<¢,
Ko My —Pe=P, U0}, Ke(x)=
0 otherwise,

is continuous.

Since the total mass (Z"(k), 1) is non-decreasing in the variable k>0 a.s., K¢ (Z"(-))
describes the branching random walk Z"(-) killed when its total mass exceeds £, and is also a
Markov chain. Similarly, K,(U(-)) is still a Feller process (recall that K, is continuous) on the
compact metric space P;. We deduce from Lemma 2.1 that its infinitesimal generator .4, has
full domain C(P,) and is given by

Arp(x) = A(p o Kp)(x) forx € Py and Agp(d) = 0.

Letx € Py withx = Zj]le 8y; for some k < ¢, and let z|, ..., z; beii.d. copies of Z"(1). By
the branching property, the point process

¢"(x)= (1 +ZPDU- U+ 25)

has the distribution of Z"(1) started from x. The events {z]’-’ #3680} for j=1,...,k are
independent, and by the second assumption of the statement, each has probability ~ r/n.

Consider any ¢ € C(P) and recall that ¢ is uniformly continuous since P, is a compact
metric space. We deduce from the above that if we let Y” denote a point process with the law
of Z"*(1) conditioned on Z"(1) # §¢, then we have the bound

k

E(p o Ke(6" (%) — p(x) — ™" Y B 0 Ke (xF L (3 + Y")) — 0(x))
j=1

<cen?,

where ¢ > 0 is some constant depending on £ and ¢ but not on x.

On the other hand, we readily deduce from the third assumption, Skorokhod’s represen-
tation theorem, and again the uniform continuity of ¢, that there exists a sequence (£(n)),eN
converging to 0 and depending only on £ and ¢, such that forallx € My andallj=1, ..., k=
(x, 1),

E(p o Ke(xf U (x5 +Y")) — / @ o K¢ (% U (x4 y)) TI(dy)| < e(n).

My

Putting the pieces together, we now see that

nll)n;o nE(p o K¢ (2" (%)) — ¢(x)) = A¢p(x) uniformly on Pe.
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We conclude from Theorem 19.%% of [21] (see also Theorem 6.5 in Chapter 1 of [15]) that
there is weak convergence on D(Py):

lim (K¢(Z"(Lm])))i=0 = (Ke(U(®)))r=0. 2.2)
n—o0
The proof will be complete if, for every T > 0, we can show that

nll)fgo (Z"(Im))o<i<t = (U®))o<i<T (2.3)

in the sense of weak convergence on the space D([0, T7, Vf) of rcll paths from [0, 7] to M
For this purpose, we fix a continuous functional ® : D([0, T], Wf) — [0, 1]. Again by the fact
that the total mass of Z"(|#n]) is non-decreasing in ¢, we have the inequality

SUZ"(Lm]))o<i<1) = PUK(Z"(Ltn)))o<i<1) ik, 2" (|Tn])ePy)-

By the continuity of mapping (X/)o<:<7 = lix,xp)ep,) on D([0, T1, /Wf) and weak conver-
gence (2.2), we have

1;52 gf E(@(Z"(Ltn]))o<i<1)) = E(@(Ke(U(®))o<i<1) ik, 0(r)eP,))-
Sending ¢ to infinity gives
1}1;2 ggf E(@(Z"([tn]))o<i<1)) = E(@((U()o<<T))-

For the upper bound, replace ® by 1 — @ in the above reasoning. This shows (2.3) and
completes the proof. (]

2.2. Branching-stable processes and their trimmed versions

In this section we provide some background on the construction of branching-stable pro-
cesses in Section 2 of [7] and some of their properties. Our presentation is tailored to our
purposes; beware also that the present notation sometimes differs from that of [7].

As a quick summary, we start from a self-similar measure A* on a space of counting mea-
sures x on R} = (0, 0o), where self-similarity means that the pushforward image of A* by the
map X ¢x is ¢ *A* for every ¢ > 0. The atoms of a Poisson point process N with inten-
sity dr ® A*(dx) yield a point process W(1) on the upper quadrant (0, oo)? that describes
the progeny of an immortal and motionless ancestor located at 0. More precisely, an atom at
(t, x) of W(1) is interpreted as a birth event occurring at the time when the ancestor has age
t with the newborn child located at distance x to the right of the ancestor. We iterate for the
next generation, just as for general branching processes [20], by considering W(1) as the first
generation of a branching random walk (W(n)),>0 on R} x R started from W(0) = d(9,0).
A branching-stable process S(7) at time ¢ > 0 then arises by restricting |_|n>0 W(n) (i.e. the
family of all the atoms appearing in the branching random walk (W(n)),>0, possibly repeated
according to their multiplicities) to the strip [0, 7] x R.

We denote the space of locally finite counting measures on R by M, endowed with the
topology of vague convergence and its Borel o -algebra. Possible atoms at O play a special role,
and it is convenient also to introduce the notation M* for the subspace of non-zero counting
measures X € M with no atom at 0. Just as in the Introduction, we write (x;);> for the ordered
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sequence of the atoms of x € M*,i.e.x = Zj>1 (Sx/., where x; € (0, oo] forallj > 1 and x| < oo.
We also write

M =(xe M*:x =1},

so that any x € M* has a ‘polar’ representation in the form x=ry with r =x; e R} and
ye ML

Let o > 0; we first consider some finite measure A on M such that

/Ml (y, o *)A(dy) <00, where (y, e %)= ;yj_“. 2.4)

We then define a self-similar measure A* on M* as the image of 7*~! dr ® A(dy) by the map
(r, y) — ry. In other words, for every measurable functional ¢ : M* — R,

f PX)A™(dx) = / ! f @(ry)A(dy)dr. (2.5)
M+ 0 M

We next introduce a Poisson point process N on (0, co) x M™ with intensity df x A*(dx)
and represent each atom (z, X) of N as a sequence of atoms ((z, x;));>1 on the fiber {t} x (0, oc].
Discarding as usual any atoms (#, 0o), this induces a point process W(1) on the quadrant
(0, oo)2 such that

(W), f) = / (x, f(z, 0))N(dr, dx),

(0,00)x M.

where f: (0, 00)> — R, is a generic measurable function. In turn W(1) inherits the scal-
ing property, namely, for every ¢ > 0, its image by the map (¢, x) — (c“t, cx) has the same
distribution as W(1).

We consider W(1) as the first generation of a branching random walk (W(n)),>¢ on Ri
started as usual from a single atom at the origin. Finally, for every ¢ > 0, we write S(¢) for the
point process on R defined by

o]

(S@), 8) =) (W(n), &),

n=0

where g:R;, — R stands for a generic measurable function and g:(s, x) = 1j,(s)g(x).
According to Theorem 2.1 of [7], (S()):>0 is a branching-stable process, that is, a branch-
ing process in continuous time which is self-similar with exponent —«, in the sense that for
every ¢ > 0, the processes (S(c™%1))r>0 and (¢S(#));>0 have the same law.

By construction, the law of the branching-stable process S = (S(#));>0 is determined by
the self-similar measure A* on the space M™. It is convenient to introduce a closely related
measure A, now on the space M, which is given by the pushforward of A* by the map M™* —
M, x> x=3p LUx that adds an atom at O to x. Plainly A is also self-similar and obviously
determines A*. One calls A the Lévy measure of S as it bears the same relation to S viewed as
a branching Lévy process as the classical Lévy measure does to a stable subordinator; see [6].

We shall now recall a trimming transformation, which was introduced more generally in
[6] for so-called branching Lévy processes under the name censoring, and which allows us
to represent (S(#));>0 as the increasing limit of a sequence of Uchiyama branching processes.
Trimming is better understood when one recalls the interpretation of the construction of S(f)
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as a general branching process that we sketched at the beginning of this section. Fix some
threshold b > 0 and write W?1(1) for the point process obtained from W(1) by restriction to
the strip Ry x [0, b]; in other words, we delete all the atoms (z, x) with x > b. Just as above,
we see W[b](l) as the first generation of a branching random walk (W[b](n))nzo on R? , and
define

e ¢]

(8@, g) =Y (W), &).

n=0

In words, the trimmed process (S[b ](t))zz() is obtained from S by killing at every birth event
every child born at distance greater than b from its parent, of course together with its
descendants.

We write x — x[? = 1j0,,1x for the cut-off map from M to the space of finite counting
measures My on [0, co) (beware that the trimmed process S™! is not the image of S by the
cut-off map; the latter would instead be denoted by (S(t)[b])tzo), and A for the image of the
Lévy measure A restricted to point processes x € M having two or more atoms on [0, b] (recall
that by construction x has exactly one atom at 0, A-almost everywhere) by this map. Note that
for x € M*, x!%] = & is the zero point mass if and only if x| > b, and therefore

AP M) = A*(xe M*:x; <b)=a 'B*AM) < 00.

Hence AlY! is a finite measure on /\/lf; it can be viewed as the reproduction rate of some
Uchiyama branching process. We also stress that A?) gives no mass to the zero point process
& and is carried by the subspace of finite counting measures having a single atom at 0.

Lemma 2.3. The branching-stable process trimmed at threshold b, St — (S[b](t))tzo, of a
branching-stable process S with Lévy measure A, is an Uchiyama branching process on R
with reproduction rate AP, Moreover, the latter fulfills (2.1).

Proof. The statement is closely related to Section 5.2 of [6]; we shall nonetheless present
an independent proof. The trimmed process S!”! is a general branching process with progeny
described by the cut-off version NI?! of the Poisson point process N. By the image property of
Poisson point processes, the latter is a Poisson point process on R x My with intensity df ®
A*Pl(dx), where A*1) denotes the pushforward measure of A* restricted to {x € M* : x| < b}
by the cut-off map x — xI?1.

As a consequence, the first instant at which the ancestor gives birth,

o) = inf{r > 0: N[0, 1] x My) > 0},

has the exponential distribution with parameter o ~'b*A(M!) and its offspring at that time has
the normalized law b~ *A(M')~! A*%]_ independently of [’ Moreover, the point process of
the progeny shifted at time is again a Poisson point process with intensity df ® A*[?1(dx), and
is independent of the preceding quantities.

Imagine now that we decide to kill the ancestor at time 7!?! and simultaneously add a child
located at O to its progeny. Since the new child is born at the same location as the ancestor and
precisely at the time when the ancestor is killed, this has no effect on the process itself. This
should clarify the claim that S1 evolves like an Uchiyama branching process with reproduc-
tion rate given the image of A*!® by the map x — 8o Li x which adds an atom at 0 to the finite
counting measure x. The latter is precisely A1,

Finally, the cut-off x — x[01 preserves atoms at 0, so AlP] verifies the first assertion of (2.1).
The second assertion is plain from the Markov inequality (x[?!, 1) < % (x, e~%) and (2.4). [
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3. A branching-stable limit theorem

The purpose of this section is to establish our main result, which was presented only infor-
mally in the Introduction; let us briefly recall the setting. We consider a branching random
walk Z = (Z(n)),>0 on R started from Z(0) = 69. We suppose that Z(1) has a single atom at
the origin a.s. and write

0<X;|<Xp<-- <00

for the ordered sequence of positive locations of atoms of Z(1) repeated according to their
multiplicities, and then set

Z*()=Z(1) — 89 = Z 8x;.

jz1

We shall also need the following basic fact.

Lemma 3.1. Assume (1.2), (1.3), and (1.4). Then the limit distribution in (1.3) is the law of a
point process that can be expressed in the form VY/*Y, with Y a point process in M and V
a uniform random variable on (0, 1) independent of Y. Furthermore, the distribution p of Y
satisfies (2.4).

Proof. The first part of the claim belongs to the folklore on multidimensional regular
variation; see for instance Chapter 5 of [24]. For the reader’s convenience, we recall the
argument.

Denote the point process arising as the weak limit in (1.3) by L, and write L; for the location
of its leftmost atom. We deduce immediately from (1.2) that V = L{ has the uniform distribu-
tionon [0, 1],and Y = Ll_lL is a point process in M. So L = V!/*Y and we shall now argue
that V and Y are independent.

We get from the continuous mapping theorem and (1.3) that as r — 04, the conditional
distribution of the pair

(X1 /t, X724 (D) = (Xa /t, (¢/X0)( Z¥(1)))

conditioned on X| < ¢ converges weakly to that of (V!/%, Y). For any continuous and bounded
function f : M!' — R and u € (0, 1], we have

Jim B 20 D) jrg | Xi < 1) =B OO yzue)-

We can also write

E(f (X} 'Z*(D) L, jr=ay | X1 <1)
=E(f(X;'Z* (D)) 1ix, <uy | X1 < ut)P(Xy < ut | Xy <1).

So letting t — 0, we get
E(f(Y)1y <)) = E(F(Y))u”,

which shows that V and Y are independent.
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Finally, recall that (a,),>1 is a sequence of positive real numbers such that P(X| <a,) ~ 1/n
and 1 is the log-Laplace transform of the intensity measure of Z(1). From (1.4) and the bound

1

o0
-y L wan
E(/_Zl exp(=a, Xj) | X1 5“”) = Bty <ap © 1)

we deduce that

o0
lim sup Z ]E(exp(—a,:lXj) [ X < an) < 0.

n—od .
J=1

We write Y =) =1 (Syj, and recall from the above that for every j > 1, the conditional law of
a, lXj given X| < a, converges weakly to that of ¥; on [1, co]. Fatou’s lemma now entails that

e} 1 e}

o § E(/ e il dt) =]E<§ exp(—v‘/“Yj)) < o0.
. 0
J=1

j=1

Since there is some ¢, > 0 such that
1
ey ¥ < / e P 1dr  for ally>1,
0

our last claim follows. t

Next we introduce for every r > 0 the space M, of counting measures x on R such that
(x,e7"*) < co. We associate to each x € M, r the finite measure m, x on Ry which has density
e~ "® with respect to x. In words, assuming for simplicity that the counting measure X is simple,
myx 1s a purely atomic measure, the locations of its atoms are the same as for x, and the mass
of an atom at x is e~ '*. We then define d,(x, y) for x, y € M, s as the Lévy—Prokhorov distance
between m, x and m, y; this makes M, s a locally compact metric space. We write D(M,. r)
for the space of rcll functions  : Ry — M, ¢, endowed with the Skorokhod J; topology.

We may now state rigorously the main result of this work.

Theorem 3.1. Assume (1.2), (1.3), and (1.4), and let S be a branching-stable process with Lévy
measure A, such that A* is given by (2.5) for A=« - p, and p is the probability measure on
MU that arises in Lemma 3.1.

Then, for every r > 0, we have

: -1
Tim (a, " Z(1m)) . = (S1)i=o
in the sense of weak convergence on D(M,. y).
Remark 3.1. Assume (1.2) holds; then we have by a Tauberian theorem
Ee ™) ~T(+a)F(1/f) ast— oo.

Since E(e %) < E(e™™1) for all > 0 and all j > 1, we see that (1.4) follows from (1.2) when-
ever the total mass of Z(1) is bounded, say X; = 0o a.s. whenever j > k. Indeed, we then have

¥ (1) <log(1 +KE(e™™1)) ~ kT (1 + @)F1(1/1).
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Moreover, if Z(1) actually has at most two atoms a.s., i.e. k = 1 above, then (1.3) also holds,
and more precisely the limiting distribution there is that of the sequence (V'/*, 00, 00, ...)
with V a uniform random variable on [0, 1].

Throughout the rest of this section we assume without further mention that (1.2), (1.3), and
(1.4) hold, and we shall further use the notation in Lemma 3.1 and Theorem 3.1. We first set
some further notation relevant to the proof of Theorem 3.1.

For every n > 1 and b > 0, we introduce the rescaled branching random walk

zn = (Z["’b](k))kzo

that results from Z by first rescaling with a factor a, ! and then trimming at threshold b (i.e.
the children born at distance greater than b from their parents are killed). In words, the first
generation is given by

3 b
ZP(1) = (a5 Z(0)™ =80 + 3 10,515 /a,.
=1

We start by checking that for every fixed b > 0, this sequence of branching random walks
fulfills the assumptions of Lemma 2.2. The first assumption there is straightforward and we
focus on the second and third.

Lemma 3.2. We have
P(Z"P)(1) # 80) ~b*/n asn— oo
and, in the notation introduced above Lemma 2.3,

lim P(Z"P(1) e - | ZI"P)(1) # 8) = TTP)()
n— 00

in the sense of weak convergence for distributions on My, where 111 denotes the law of the
finite point process

Soub(V VM =80+ D" Sy,
jrviey<i

Proof. The events {Z[”'b](l) * 80} and {X| < a,b} coincide, and the first estimate is then
plain from (1.2). Next, write

0.« X0 < X9 < o

for the ordered sequence of atoms of Znb ](1) (discarding as usual the atom at the origin), and
fix some £ > 1 and x; € [0, b] forj=1, ..., £. We then write

[n,b] [n,b] [n,b] __
P(X"7 <x, . X < xe, XY =00)

=PX1 <apxt, ..., Xe < apxe, Xe4+1 > anb)
X X X xr X
( L_x ¢ _Xe Xewr

SLono A M A yy <0 b P < ayh).
anb = b anb ba,,b>|1“”>(1“")
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Recall on the one hand from (1.2) that P(X; <a,b) ~b%/n, and on the other hand, by
Lemma 3.1, that the first term of the product in the last displayed quantity converges as
n— oo to

P(bVI/D‘Yl <X{,..., bVl/aYg <Xy, Vl/aYg_H > 1).
This entails our second claim. O

Lemma 3.2 immediately entails the following version of Theorem 3.1 for the trimmed
processes.

Corollary 3.1. Under the same assumptions and notation as in Theorem 3.1, we have for every
b>0

. b b
Jim (Zh((m))) = SN 0) =0
in the sense of weak convergence on D(Mpy).

Proof. Tt suffices to observe first the easy identity o - TT"?l = A[?! and then to combine
Lemmas 2.2, 2.3, and 3.2. U

We can now complete the proof of Theorem 3.1.

Proof of Theorem 3.1. Recall that if m and m’ are two measures with m > n7/, then the Lévy—
Prokhorov distance between m and m’ is bounded from above by the total mass of the positive
measure m — m’. Recalling also the definition of the distance d, on M, ¢, this yields for every
fixed b > 0 the bound

d,(S(s), S[b](s)) < (S(s) — Sy, e_r') for all s > 0.

Moreover, the map s — (S(s) — S[b](s)) with values in the space of positive measures is non-
decreasing. Working on the time-interval [0, 7] for some fixed ¢ > 0, we get

sup d,(S(s), SPN(s)) < (S(r) — SP)(r), e 7).

0<s<t
On the other hand, we plainly have 1jp 5S(#) < S®l(p), so
S(1) = S(1) < 15,008 (1),
and since (S(¢), e7"*)) < oo a.s. (see e.g. Proposition 3.1(ii) of [7]), we conclude that

lim sup d,(S(s), S”'(9)) =0 as. (3.1)

b—00 0<s<t

From (3.1), Corollary 3.1, and the fact that the Prokhorov distance dominates d, on My, we
can find a sequence (b,) of positive numbers which grows to oo sufficiently slowly, such that

nl_i)rgo(Z[”’b”](I_an ))OSSSZ = (S(5))o<s<t (3.2)

in the sense of weak convergence on the space D([0, t], M, r) of rcll paths from [0, 7] to M, s.
By the same argument as in the first paragraph of the proof, we also have for each n > 1

sup dr(a, ' Z(Lns)), 2N (|ns))) < (a, ' Z(nt]), 1p,.00 €7"°).

0<s<t
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Thanks to the Markov inequality, the right-hand side is bounded from above by
e—bn(r—r (aglz( LntJ )’ e—7o> — e—b,l(r—r <Z( LntJ )’ e—al;l?.)

where 0 <7 < r. Recall that ¢ denotes the log-Laplace transform of the intensity measure of
Z(1), so the expectation of the right-hand side equals

E((Z(|nt]), e 7)) = exp(|nt) ¥ (Fx/an)).

This quantity remains bounded as n — oo by assumption (1.4) and the fact that (ay,) is regularly
varying. Putting the pieces together, we have shown that

lim IE( sup d(a, 'Z(|ns]), Z"""(|ns J))) =0. (3.3)
n—00 0<s<t

Applying the argument of Lemma VI. 3.31 of [19] in the setting of metric spaces rather than
R4, we conclude from (3.2) and (3.3) that

. -1
nlin;o(a” Z(|sn] ))Ossst = (S(s))o<s=<t
in the sense of weak convergence on D([0, ], M, r), and the proof is complete. O

Appendix: Some spaces of counting measures

We list below the notation for several spaces of counting measures which appear in this text.

e M denotes the space of locally finite counting measures on R equipped with the
topology of vague convergence and its Borel o -algebra.

o My denotes the space of finite counting measures (first on R¢ in Section 2.1 and then on
R in the rest of the article), endowed with the Lévy—Prokhorov distance.

e Mjy=M;U{d} is the one-point compactification of M, for the Lévy-Prokhorov
metric.

o My, for some £ > 1, denotes the space of counting measures in My with total mass at
most £ (first on R4 in Section 2.1, and then on R in the rest of the article), endowed
with the Lévy—Prokhorov distance.

e M™* denotes the subspace of non-zero counting measures in M with no atom at 0.
o MU is the subspace of counting measures in M* with leftmost atom located at 1.
o M, s, for some r>0, denotes the subspace of counting measures x € M with
(x,e7 ") < o0.
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