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Abstract

In this work, we consider a modification of the usual branching random walk (BRW),
where we give certain independent and identically distributed (i.i.d.) displacements
to all the particles at the n-th generation, which may be different from the driving
increment distribution. We call this process last progeny modified branching random
walk (LPM-BRW). Depending on the value of a parameter, 6, we classify the model
into three distinct cases, namely, the boundary case, below the boundary case, and
above the boundary case. Under very minimal assumptions on the underlying point
process of the increments, we show that at the boundary case, 6 = 6y, where 6y
is a parameter value associated with the displacement point process, the maximum
displacement converges to a limit after only an appropriate centering, which is of the
form cin — ¢ log n. We give an explicit formula for the constants ¢ and ¢, and show
that ¢ is exactly the same, while c¢; is 1/3 of the corresponding constants of the usual
BRW [2]. We also characterize the limiting distribution. We further show that below the
boundary, 8 < 6y, the logarithmic correction term is absent. For above the boundary,
0 > 6o, the logarithmic correction term is exactly the same as that of the classical
BRW. For 6 < 6y, we further derive Brunet-Derrida-type results of point process
convergence of our LPM-BRW to a Poisson point process. Our proofs are based on a
novel method of coupling the maximum displacement with a linear statistic associated
with a more well-studied process in statistics, known as the smoothing transformation.
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1 Introduction
1.1 Introduction and Background

Branching random walk (BRW) was introduced by Hammersley [22] in the early 1970s.
Over the last five decades, it has received a lot of attention from various researchers
in probability theory and statistical physics. The model, as such, is very simple to
describe. It starts with one particle at the origin. After a unit amount of time, the
particle dies and gives birth to a number of similar particles, which are placed at
possibly different locations on the real line R. These particles at possibly different
places on R form the so-called first generation of the process and can be described
through a point process, say Z on R. After another unit time, each of the particles in
the first generation behaves independently and identically as that of the parent, that is
it dies, but before that, it produces a bunch of offspring particles which are displaced
by independent copies of Z. The particles in generation one behave independently but
identically of one another. The process then continues in the next unit of time and so
on. The dynamics so produced is called a branching random walk (BRW).

Let N := Z(R) be the offspring distribution of the underlying branching process.
As will be clear in the sequel (see Sect. 1.3), without loss of any generality throughout
this article we will assume that P(N > 1) = 1. As otherwise, all of our results will
hold when the process is supercritical and we conditioned on its survival.

Let R, denote the position of the right-most particle in the generation n. In the
seminal works, Hammersley [22], Kingman [24], and Biggins [10] proved that under
very minimal condition of the displacement point process Z,

R
— — y as., (1.1)
n

where y > 0 is a constant associated with the displacement point process Z. It
is worth mentioning here that if we forget about the position of the particles and
only keep count of the number of particles, then it forms a Galton—Watson branch-
ing process with progeny distribution given by Z (R). As noted in Aldous and
Bandyopadhyay [4], the arguments of Hammersley [22] can be used to claim that
if median (R,+1) — median (R,) remains bounded above, then the sequence of ran-
dom variables (R, — median (R;)),>( remains tight. Similar arguments also appear
in Dekking and Host [20].

From historical point of view, it is interesting to note here that Biggins [10] wrote:
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“Of course pride of place in the open problems goes to establishing more detailed
results than (1.1) of the kinds that are already available for branching Brownian
motion.”

Indeed, McKean [31] showed that for similar continuous time version with Branch-
ing Brownian Motion (BBM), the maximum position, when centered by its median,
converges weakly to a traveling wave solution. Later Bramson [14, 16] gave detailed
order of the centering and showed that an “extra” logarithmic term appears, which later
was termed as the Bramson correction. Later Lalley and Sellke [26] gave a different
probabilistic interpretation of the traveling wave limit through certain conditional limit
theorem and using a new concept called the derivative martingales.

In a series of papers, Bramson and Zeitouni [15, 17] showed that under fairly
general conditions, (R, — median (R,)),>o remains tight. And in 2009, two groups
of researchers, Hu and Shi [23] and Addario-Berry and Reed [1], independently proved
that % has a second-order fluctuation which was identified as —% log n in probability.
Finally, in 2013, Aidékon [2] proved that R, — yn + %logn converges in law to
a randomly shifted Gumbel distribution, essentially settling the long-standing open
problem of Biggins [10]. We refer to [33] for an excellent review of the classical and
recent results on BRW.

In recent days more generally, it is expected that this behavior for the maximum is
shared by the universality class of what is known as the “log-correlated fields." We
refer to [6] for a detailed review of such generalization and results there in.

In this work, we consider a modified version of the classical BRW. The modification
is done at the last generation where we add i.i.d. displacements of a specific form. Since
the modifications have been done only at the last generation, so we call this model last
progeny modified branching random walk or abbreviate it as LPM-BRW. The model
is described in more detail in the following subsection. We establish several results
similar to Aidékon [2] for our model and show that the limit has the desired universality.
Further work on large deviation for the same model and centered limits for a similar
but inhomogeneous displacements can be found in [21] and [7], respectively.

While we were preparing this manuscript Maillard and Mallein [29] considered
a general framework for characterizing the limiting distribution of what they called
“branching-type structure" via a fixed point of an operator referred to as the branching
convolution introduced by Bertoin and Mallein [9] on the set of all point processes
endowed with an appropriate topology. They mentions in their paper that our model is
an example of their general framework (see fifth bullet point on page 2 of [29]). It is
worth nothing here that [29] does not provide any general proof of convergence after
appropriate centering but gives characterization of the limit given convergence. Our
detailed analysis in this work provides a set of non-trivial and concrete cases where
the result of [29] may be applied for characterization of the limit.

1.2 Model

Let Z = } ;. &, be a point process on R and N := Z(R) < 0o as. At the 0-th
generation, we start with an initial particle at the origin. At time n > 1, each of the
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Fig.1 Last progeny modified branching random walk (LPM-BRW)

particles at generation (n — 1) gives birth to a random number of offspring distributed
according to N. The offsprings are then given random displacements independently
and according to a copy of the point process Z.

For a particle v we shall denote its generation by |v|, i.e., [v| = n if v belongs to
the n-th generation. Let S(v) denote the position of the particle v, which is the sum
of all the displacements the particle v and its ancestors have received. The stochastic

process {S (v) ‘ vl =n ] o is typically referred to as the classical branching random
n>

walk (BRW). The quantity of interest is the maximum position, typically denoted by
R, := max|y|=, S(v), is also the right-most position as discussed above.

In our model, we introduce two parameters. One is a positive real number, which
we denote by & > 0. The other one is a positively supported distribution, which
we will denote by 1 € P(R,). The parameter 6 should be thought of as a scal-
ing parameter for the extra displacement we give to each individual at the n-th
generation. This extra displacement is as follows. At a generation n > 1, we give
additional displacements to each of the particles at the generation n, which are of the
form éXU = (% (log Y, — log E,), where {Y,}y|=, are i.id. u, while {Ey}y=, are
i.i.d. Exponential (1), and they are independent of each other and also of the process
(S())y|<n- We denote by R} (6, i) the maximum position of this last progeny mod-
ified branching random walk (LPM-BRW). If the parameters 0 and p are clear from
the context, then we will simply write this as R'. A schematic of the process is given
below.
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1.3 Assumptions

Before we state our assumptions, we introduce the following important quantities. For

N
a point process Z = Y 8¢;, we will write
Jj=1

N
m©®) :=E [/ ez (dx)i| =E|) e
R o

where 6 € R, whenever the expectation exists. Naturally, m is the moment generating
function of the point process Z. Further, we define v (t) := logm (¢) for t € R,
whenever m (t) is defined.

We now state our main assumptions. Throughout this paper, we will assume the
following three conditions hold:

(A1) m (0) < oo forall 6 € (=19, co) for some & > 0.

(A2) The point process Z is non-trivial, and the extinction probability of the underly-
ing branching process is 0. In other words, P(N = 1) < I,P(Z({t}) = N) < 1
foranyr e R,and P(N > 1) = 1.

(A3) N has finite (1 + p)-th moment for some p > 0.

Remark 1.1 (A1) implies that m is infinitely differentiable on (—, 00). Together with
(A3), it also implies that there exists ¢ > 0, such that, for all 6 € [0, c0),

14+¢
E [(/ e Z(dx)) } < oo. (1.2)
R

Proof of this is given in the appendix (see Proposition A.1).

Notice also that under Assumptions (A1) and (A2), v(¢) is strictly convex in
(—1, 00). Though this is a well-known fact, we are unable to find an exact reference
for this. So a proof of this has been given in the Appendix as Proposition A.2.

1.4 Motivation

Our main motivation to study this new LPM-BRW model is what we will see in the
sequel that there is a nice coupling of R} with a linear statistic, which is an additive
martingale associated with BRW (see Corollary 3.6 for details). For such statistics,
asymptotics can be computed using various martingale techniques, some of which
are known. This novel connection is indeed the reason the model intrigued us. As
illustrated in this article, our model is one example where this coupling technique
works. This connection is novel and we believe that it has potential of many more
applications.

The other motivation, and perhaps more straightforward one, is to be able to com-
pare our results with the existing ones in the context of the classical BRW (such as,
asymptotics derived in [2]). We see a difference appears in the constant factor in front
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of the Bramson correction (see Theorem 2.2), but the final weak limit remains the
same. This in turn shows that the centered asymptotic results are heavily dependent
on the displacements given at the end nodes, but not the limit. While doing this com-
parison, we also have been able to get the exact constant for the centered limit which
was earlier not known (see Remark 2.6 for the details).

1.5 Outline

In Sect.2, we state the main results. Section3 provides our main tool: the coupling
between the maximum statistic and a linear statistic. In Sect.4, we state and prove a
few asymptotic results about the associated linear statistic, which we later use in the
proofs of the main results. We end with Sect.5, where we give all the details of the
proofs. For the sake of completeness, proofs of a few elementary results are provided
in the Appendix.

2 Main Results

We start by defining a constant related to the underlying driving point process Z, which
we denote by 6. Let

6o ::inf{0>0:%9)=v/(9)}.

The fact that v(6) is strictly convex ensures that the above set is at most singleton. If
it is a singleton, then as illustrated in Fig. 2, 6 is the unique point in (0, co) such that
a tangent line from the origin to the graph of v(6) touches the graph at 0 = 6y. And if
it is empty, then by definition 6y takes value oo, and there does not exist any tangent
line from the origin to the graph of v(0) on the right half-plane.

Remark 2.1 1t is worth noting that v(6)/6 is strictly decreasing for 6 € (0, 6p) and
strictly increasing for 6 € (6p, 00). Therefore, as shown in Fig. 3, when 6 is finite, it
is the unique point of minimum for v(6)/6.

Remark 2.2 Note that

V() . 1
—— = lim — lOgE [Wn (9)] )
0 n—o00 nf

where W, (0) = W, (0, 0) is as defined in (4.2). The quantity v(6)/6 is often referred
to as the “annealed free energy.” The so-called quenched free energy, denoted by
F(0), can be defined as

1
F(®):= lim —E [log W,()].
n—o00 nh
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Using Jensen’s inequality, it is easy to see that they satisfy the inequality

v(0)

Whether 6 is finite or infinite can be characterized by the fact that 6y < oo, if and
only if,
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s (1010 s, i) <0

In the sequel we will see that 6y will be a point of phase transition for our pro-
cess. Indeed, it may be viewed as the critical inverse temperature of the model, as it
minimizes the limiting “free energy" (see Remark 2.2). We thus classify our model
into three different classes depending on the parameter 6 is below, equal, or above the
quantity 6y. We term these as below the boundary case (BBC), the boundary case (BC),
and above the boundary case (ABC), respectively, rather than sub-critical, critical, and
super-critical. We adopt to this terminology following Biggins and Kyprianou [13]
because our 6 = 6 corresponds to what they call the boundary case.

2.1 Almost Sure Asymptotic Limit

Our first result is a strong law of large number-type result, which is similar to (1.1).

Theorem 2.1 For every non-negatively supported probability i # 8¢ that admits a
finite mean, almost surely

RE©, 1) YO e < 6 < oo o
n H0) iy < 6 < oo '

Remark 2.3 Note that the almost sure limit remains the same as %ﬁ“) for both the BC
and the ABC.

2.2 Centered Asymptotic Limits
The centered asymptotic limits vary in the three different cases depending on the value

of the parameter 6 as described above. We thus state the results separately for the three
cases.

2.2.1 The Boundary Case (0 = 6¢ < o)

Theorem 2.2 Assume that u admits a finite mean, then there exists a random variable
Heooo, which may depend on 6y, such that

v (6o) 1 1
R} — % n+ 2—9010gn = Hg' + %log(u), (2.2)

where () is the mean of .

Remark 2.4 Notice that the coefficient for the linear term, which is v(6p) /0y, is exactly
the same as that of the centering of R,, as proved by Aidékon [2]. However, the
coefficient for the logarithmic term is 1/3-rd of that of the centering of R,,, as shown
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by Aidékon [2]. The limiting distribution is also similar to that obtained by Aidékon [2],
which is a randomly shifted Gumbel distribution.

In fact, as we will see from the proof of the above theorem, we also have the
following result (see Sect.5):

Theorem 2.3 Assume that @ admits a finite mean. Let

o 1 1 2
where
1
oo &.8. . _ 00 S(v)
D Jim —— o IZ (BoS(v) — nv (By)) 0S® 2.4)
v|=n
1
2 ._ 2 6pS(v)
oc-=E| —— (BoS(v) — v (6p))” e™ . 2.5)
m (6) |vz::1
Then
R*—v(e())rH—Llogn—lfl"o = i[log(pL)—logE] (2.6)
" 260 % 0o ’ '

where E ~ Exponential (1) and (i) is the mean of (.

Remark 2.5 We note here that the Hgooo in Theorem 2.2 has the same distribution as
I-AIQ%O — 91—0 log E, where E ~ Exponential (1) and is independent of ﬁeooo

Remark 2.6 One advantage of the above result is that we have been able to identify
2 ) for the result in Eq. (2.6). As far as

29,
o
we know, this was not discovered in any of the earlier works.

the exact additive constant, which is % log (

Remark 2.7 1t is worth mentioning here that Dgoo is indeed the almost sure limit of a
derivative martingale defined by

Dy ==Y (B0S(v) — v(fp)n)eloSV v

lv|=n

The idea of the derivative martingale originates from Lalley and Sellke [26], and later
it also appears in Biggins and Kyprianou [12] as well as in Aidékon [2].Dgg> > 0 a.s.
under our assumptions and is a solution to a linear recursive distributional equation
(RDE) given by

AL Z (H0S@—vE0) A 2.7)

lv|=1

where the A,’s are independent copies of A.
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2.2.2 Below the Boundary Case (6 < 8y < 00)

Theorem 2.4 Assume that i admits a finite mean, then for 0 < 6y < 0o, there exists
a random variable Hg°, which may depend on 0, such that

R0

n

1
= H®+ 0 log{u), (2.8)

where () is the mean of .
Remark 2.8 We note that in this case the logarithmic correction disappears.

Once again, just like in the boundary case, here too we have the following result
also:

Theorem 2.5 Assume that u admits a finite mean. Let
Y00 1 00

where

1
oo A.S. . 9S(v)
Do = . ey |UZ|_ne ’ =2

which is also the mean 1 solution of the following linear RDE

A=L Y S5O0y, (2.10)

[v]=1
where the A,’s are independent copies of A. Then

PO
0

. 1
n—H = 7 [log(n) —log E], (2.11)

where E ~ Exponential (1) and (i) is the mean of (.

Remark 2.9 1t is to be noted that the random variable Hy° in Theorem 2.4 has the
same distribution as I_};o — (% log E, where E ~ Exponential (1) and is independent
of ﬁeoo

Remark 2.10 Biggins and Kyprianou [13] showed that under our assumptions, the
solutions to the linear RDE given in (2.10) are unique up to a scale factor whenever
they exist. Therefore Dg° is indeed the unique solution to the linear RDE (2.10) with
mean 1.
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2.2.3 Above the Boundary Case (8g < 0 < 00)

Theorem 2.6 Suppose = 81 and Z is non-lattice, that is, P(Z(aZ + b) = N) < 1
foralla > 0 and b € R, then for 0y < 6 < 00, there exists a constant cyp € R, which
may depend on 6, such that

v (6p) 3

where HQ%O is as in Theorem 2.2.

Remark2.11 We would like to point out here that for the ABC, we have been able to
prove the centered limit only for u = §;. For technical reasons which will be clear
from the proof, the general case may give a different result. See Remark 4.2 for more
detail.

2.3 Brunet-Derrida-Type Results

In this section, we present results of the type Brunet and Derrida [18] for convergence
of the extremal point processes. Their conjecture for the classical BRW was proven by
Madaule [28]. Here we present similar results for our LPM-BRW. It is to be noted that
the convergence of the point processes mentioned here is under the vague convergence
topology on the set of all counting measures on R.

Following Madaule [28], we now introduce point processes formed by the particles
of appropriately re-centered branching random walks. For any 6 < 6y < oo, we
consider

Za(®) = ) 895(0)—log Ey—nv()—log D} (2.13)

[v|=n

where Dgo is defined in Theorem 2.5. And for § = 6y < oo, we consider

@)= ) {60501 -t0g Eu-ni0)+ 4 ogn-tog D~ 10 25) | @19

lv|=n

where Dg° and o2 are as in Theorem 2.3.
Our first result is the weak convergence of the point processes (Z, (6)),,>-

Theorem 2.7 For 6 < 6y < o0 or = 6y < o0,
d
Z,(0) =V,

where Y is a Poisson point process on R with intensity measure e~ dx.

Following is a slightly weaker version of the above theorem, which is essentially a
point process convergence of the appropriately centered LPM-BRW model.
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Theorem 2.8 For 6 < 0y < oo,

d
> 8105w —tog E—nmv(@)) = Y 8¢,+1og DEe-

[v|=n izl

and for 6 = 6y < oo,

d
1) — E ) s
Z {GOS(U)—logEU—nv(é‘o)—&—%logn} — §j+longg+%log(#)
J=

[v|=n

where ) =) =1 8¢; is a Poisson point process on R with intensity measure e dx,
which is independent of the BRW.

Now, we denote Vmax as the right-most position of the point process ), and we
write ) as the point process ) seen from its right-most position, that is,

y = Zafj_ymax'

j=1

The following result is an immediate corollary of the above theorem, which confirms
that the Brunet—Derrida Conjecture holds for our model when 6 < 6y < oo or
6 =6y < 0.

Theorem 2.9 For6 < 0y < ococorf =0y < 00,

d J—
Z 8{6S(w)—log E,—0R: (0.5} — V-

|lv|=n

Remark 2.12 Madaule [28] showed the convergence of the centered point process,
obtained in the classical setup, to a decorated Poisson point process. As defined in [28],
a decorated Poisson point process can be described as follows: Let 3 = )", &,
be a Poisson point process with intensity Ae~** dx, and let {X;};>; be independent
copies of a point process X, where X; = ), 8y, ;. Then, the point process Q =
> i>1 Z =10+, 1s called a decorated Poisson point process with decoration X.In
Madaule’s work [28] the distribution of the decoration was left undescribed, which
was later described in Mallein [30]. It is worth noting that, in our case, the decoration
disappears. This is due to the fact that for both BC and BBC,

e@S(v)

Wn(0)

0. (2.15)

max
lv|=n

as mentioned in (4.7) and (4.9). However, as noted in Remark 4.2, (2.15) does not
hold for the ABC. This added complication is the main reason that the results for the
ABC remain open.
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Remark 2.13 The point process ) can be described explicitly in the following way:
Let NV =) IS 83, be a homogeneous Poisson point process on Ry with intensity 1
and E ~ Exponential (1) be independent of A/. Then

— d
VS 80+ )8 tog(14,/E)):
j=1

3 Coupling Between a Maximum and a Linear Statistic

We start by defining a few operators on the space of probabilities which will help us to
state and prove the coupling. In the sequel, P(A) will mean the set of all probabilities
on a measurable space (A, A), R = [—o0, 2], R+ = [0, oo] and dist(X) represents
the distribution of a random variable X. Let us also recall that Z = } | 8¢, denotes
a point process on R and N := Z(R) < oo a.s.

j=1
Definition 3.1 (Maximum Operator) The operator Mz : P(R) — P(R) defined by
Mz (n) = dist (maX{Ej + Xj}) ,
j

where {X;};>1 are i.i.d. n € P(R) and are independent of Z, will be called the
Maximum Operator.

Remark 3.1 Observe that M) (n) is the distribution of the maximum of the positions of
the particles after adding i.i.d. displacements from 7 to the particles at n-th generation:

M’ (n) = dist <|malx {S(w) + Xv}) )

In particular, R, ~ MY} (8o) and R; ~ M/ (n), where n is the distribution of
é log(Y,/E,) for a particle v at generation 7.

Definition 3.2 (Linear Operator) The operator Lz : P(R,) — P(R,) defined by
Lz(u) =dist [ Y €5y, |,
j=1

where {Y;};> are iid. u € P(R+) and are independent of Z, will be called the
Linear or Smoothing Operator.

Remark 3.2 Observe that L, (1) is the distribution of Z\v|=n Sy,

Definition 3.3 (Link Operator) The operator & : P(Rg — P(R) defined by
Y
£ = dist { log — |,
) 18 <0g E)
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where E ~ Exponential (1) and Y ~ u € P(R+) and they are independent, will be
called the Link Operator.

Definition 3.4 Fora > 0 and b € R, the operator E, ; on the set of all point processes
is defined by

Bab(2) =Y Sag; b,

j=1
where Z = ) =1 8¢;- Sometimes we may denote E, o by E, for notational simplicity.
The following result is one of the most important observations, and it links the
operators defined above. As an immediate corollary, we get a very useful coupling

between the LPM-BRW and the linear statistic associated with the linear operator.

Theorem 3.5 (Transforming Relationship) Foralln > 1,

MjyoE=EoL. 3.1
Proof We first note that it is enough to show that Eq. (3.1) holds for n = 1, as
the general case then follows by a trivial induction. To this end, let Z =}, &;,

{E;}j>1 are iid. Exponential (1), {Y;};>; are i.i.d. u, and they are independent of
each other. Now,

Y:
Mz o E(u) = dist (max <§j + log E_j>>
] .

J

. ebi Y;
= dist | max { log
j E;

) . Ej . E,
= dist [ —log | min —~ =dist{—log ———— | =€oL .
1 ( g( j eéij)) l ( ngzleng/) Phr
(3.2)

Note that the second-to-last equality in (3.2) comes from the fact that, conditionally on

Z and {Y;} j>1, the random variables f L } are independent and the conditional
e j .
Hj=1

Ej
¢y
nential distribution, we conclude that conditionally on Z and {Y} j>1, the distribution

distribution of

is Exponential (eg-f Y j). Thus, using standard properties of expo-

of min; ﬁ is Exponential (ijl &b Yj>_ O

Corollary 3.6 Let 6 > 0 and u € P(Ry). Then for anyn > 1,

OR* (0. 1) L log Y/(0) — log E, (3.3)
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where Y, (0) := Y|, =, e?SW Yy, Yy} yj=n arei.id. u, and E ~ Exponential (1) and
is independent of Y. In other words,

P(R*(0, 1) <x) = [e—eg" Clojen eeswm] _ (3.4)
Proof Observe that

dist (OR;; (0, ) = Mg, () 0 E(1)
=Eo LY, 5 (n) =dist (log V) —logE).

=

4 A Few Auxiliary Results on the Linear Statistic
In this section, we provide a few convergence results related to the linear operator,
L'}, as defined in the previous section and associated linear statistic, which is defined

in the sequel (see Eq. (4.2)).
We start by observing that if we consider the point process Eg .,(4)(Z), then

VEj,, 02 (@) = logE [ / eotxmevz(®) Z(dx)] = vz(aB) — avz(6).
R

Differentiating this with respect to o, we get

lee,uZ(za)(Z)(a) = GV/Z(WQ) —vz(0).

Now, taking « = 1, we have VEs,uZw)(Z)(l) =0, and

>0 iffy <6 < o0;
VZEHYVZ(Q)(Z)(I) =0V, (0) —vz(0) {=0 if =6y < oo;
<0 iff <6y < oo.

Therefore, using [27, Theorem 1.6], we have

s if0 =6y < oo;

n w 4.1
Eop00(2) (W) {Mgo if0 < 6y < oo, b

where for all 0 < 6y, up° # d is a fixed point of LEe,uz 0(2) and has the same mean
as . Since pug° # 8o is a fixed point of Lz,,,02) We also have g°({0}) = 0 for
all 6 < 6.
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We now define the linear statistic associated with the linear operator L.

Wa(a,b) = Y SO0, 4.2)

lv|=n

To simplify the notations, sometimes we may write W, (a, 0) as W,(a). From the
definition of the operator L, we get that

LY 7 (61) = dist(Wy(a, b))

Since {W,, (6, vz(0))}n>1 is anon-negative martingale, it converges a.s. Therefore (4.1)
implies that almost surely,

0 if @ =6y < o0;
W,(0,vz(0)) — 4.3
w(0,v7(0)) D if6 < o < oo, 4.3)

for some positive random variable Dg° with E[Dg°] = 1, and the distribution of Dg°
is a solution to the linear RDE (2.10).

The following proposition provides convergence results of W), (a, b) for various
values of @ and b.

Proposition 4.1 Forany a > 0 and b € R, almost surely

0 ifa <6y, b>va); (i)
DX ifa < 6y, b =v(a); (ii)
Wy(a,b) — § oo ifa <6y, b <v(a); (iiQ)

0 if6y <00, a=>6y b>av(by)/b; (iv)
oo ifby < oo, a >0y, b<av(by)/0y. (v)

To prove this proposition, we use the following elementary result. We provide the
proof for sake of completeness.

Lemma4.2 Let f : [0, 0c0) — R be a continuously differentiable convex function and
S be a convex subset of [0, 00) x R satisfying

e (x,y)eSforall0 <x <xpandy > f(x)and
e (x,y) ¢ Sforall0 <x <xgandy < f(x),

for some xo > 0. Then
Sc{,y) iy =Ty},

where Ty, (-) denotes the tangent line to f at xo.

Proof We define a function g : [0, co) — R as
gx)=inf{y: (x,y) € S}.
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We first show that g is convex. Take any xi, x, such that g(x1), g(x2) < oco. By
definition of g, forevery € > 0, there exist y; < g(x1)+¢€ and y» < g(x2)-+€ such that
(x1, ¥1), (x2, ) € S.Soforany o € (0, 1), (ex; + (1 —a)x2, xy; + (1 —a)y2) €S.
Therefore

glax; + (1 —a)xp) <ayr+ (1 —a)yr < aglx)) + (I —a)glx2) +e.
As € > 0 is arbitrary, we have

glaxy + (1 —a)x2) < aglxy) + (1 —a)g(x2),

and this is true for all ¢ € (0, 1). Therefore g is convex.

Let 7, (.) be the tangent line to f at x. Since f is continuously differentiable, 7
converges pointwise to Ty, as x — xo. Note that g = f in (0, x¢). Therefore, for all
x € (0, xp), Ty is also the tangent line to g at x. Since g is convex, we have g > T
for all x € (0, x9). Hence, g > Ty,. This completes the proof. O

Proof of Proposition 4.1 Proof of (i),(ii), and (iii). Noting that
Wn (a, b) = Wn (a’ v(a)) . e”(”(“)*b)

(i), (ii), and (iii) follows from (4.3).
Proof of (iv). For a > 6y, we have

a/fo
Wh(a,b) = Z £4S@)—nb Z (@S —nb)o/a

[v|=n |v|=n

W, (60, b6 /a)™/%

= (Wn (6o, v(6o)) - e"(”(e(’)’be(’/“))a/eo

IA

Since W, (a, b) is non-negative, using (4.3), we get thatfora > 6y and b6y/a > v(6p),
W,(a,b) — 0 as.

Proof of (v). Using (i) and (iii), we know that there exists N' C € with P(N) =0
such that for all @ ¢ N and (a, b) € [(0, 6p) x R] N Q?,

0 ifb>v(a);
W(a, b)(w) — {oo if b < v(a).

For any w ¢ N and any subsequence {n;}, we define

S ({ni}, ) = {(c, d) : limsup Wy, (c, d)(w) < oo} .

k—o00

@ Springer



34  Page 18 0f 33 Journal of Theoretical Probability (2025) 38:34

Now, suppose (c1, dy), (c2, d2) € S ({nt}, w). Then for any @ € (0, 1),

limsup Wy, (aec1 + (1 — a)cp, adi + (1 — a)da) (w)

k— 00

=limsup Y exp (@ [c1S@) (@) — mpdi] + (1 — @) [25(0) (@) — nxda])

k— o0 [o]=nk

< « | limsup Z exp (c1S()(w) — nrdy)

k—o00
[v|=nk

+(I—a) [limsup Y exp(c2S(v)(@) — nidy)

k—o00
[v|=nk

=« [lim sup W, (c1, dl)(a))i| + (1 —«a) [lim sup Wy, (c2, dg)(w)] < 00.

k—o00 k—o00

Therefore S ({ng}, ) is convex. As Q7 is dense in R?, the conditions in Lemma 4.2
hold for the convex function v, the convex set S ({n}, ®), and the point 6y. Thus for
any a > 6 and any b < av(6y)/6p, we have (a, b) ¢ S ({ny}, ), which implies

lim sup W, (a, b)(w) = oo.

k—o00

This holds for all subsequence {n;} and all @ ¢ N. Hence for all a > 6y and all
b < av(0y)/6y, we have

Wy(a, b) - o0 a.s. O

We recall that W, (6) = W,,(8, 0). The following corollary is a simple consequence
of Proposition 4.1.

Corollary 4.3 Almost surely

log W(8) _ [*5> if6 <fo < oo
né 2 gy <0 < oo

Remark 4.1 To understand why the limit in Corollary 4.3 becomes constant for 6 > 6,
let us consider

! (0
F(©®) = lim ﬂ().
n—00 néb

Notice that [W,, (9)]1/9 is indeed the £y-norm of the sequence {esv}m:n. Thus, it is
non-increasing in 8. Therefore, {§(#) is also non-increasing in 8. Now by the Cauchy-
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Schwarz inequality, we get that for any 61, 6, > 0,
(Wa (61 +62))” < W, (261) - W, (262).

Since dyadic rational numbers are dense in the real numbers, this gives us that for any
ae(0,1),

W () + (1 — a)br) < W, (61)* - Wy(62)' %,

which means that log W,,(0) is convex in 0, and therefore so is 05 (6). Now, for 6 < 6y,
F(@) = v(0)/0. So by Remark 2.1, the left derivative of § is O at 6. Hence the right
derivative is greater than or equal to O at 6y, by convexity of the function 6 — 65(6).
Using again this convexity, it is now easy to show that §'(6) > 0 forall & > 6p; hence,
$(0) = F() for all & > 6. But since § is non-increasing, it has to be constant for
6 > 6.

Proposition4.4 For0 < 6y < oo orf = 6y < oo,

Y (6)
Wn(0)

L

)

where (i) is the mean of ju and Y} (0) is as defined in Corollary 3.6.

Proof Recall that as in (4.3), for 6 < 6y < oo,
W, (0, v(0)) — Dg° as. 4.4)

For 8y < oo, Aidékon and Shi [3] have shown that under the assumptions in Sect. 1.3,

2
1 W, v(60)) 2> (m) D, 4.5)

where o2 and Dgoo are as mentioned in Sect. 2.2.1. Also, Hu and Shi [23] have proved
that under the assumptions in Sect. 1.3, for 6y < 6 < oo,

v(6p) P 360
On | — ——.
6o 26y

L <log Wo(6) — (4.6)

logn

Now, observe that

Yr/lj’ 0 0S(v)
@ =3 <8—><Yv—<u>).
lv|=n

Wn(g) Zlul:n eGS(u)

We define
) ) oORn
:= max = .
! oI=n Yy €5 T Wa(0)
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We recall that W),(a) = W,(a, 0). For 6 € (0, 6p), we choose any 8; € (6, 6y). Then
we get

_ \1(9)_@
[Wa @1 [Wa (@1, v@ )] - e (-5

M, (0) < =
Wa(0) Wa (0, v(0))

Since v is strictly convex, v(6)/6 is strictly decreasing for 6 € (0, 6y). Therefore
using (4.4), we get
M, () — 0as. 4.7

For 6 = 6y < oo, we choose any 6, € (6p, 00). Observe that
[Wa @1 [0 /%W, (0. 62v(00) /60)] ™"

M, (0o) = =
Wi (60) nW, (6o, v(6o))

4.8)

Now, using (4.5), the denominator on the right-hand side of (4.8) goes to oo in prob-
ability, and by (4.6), the numerator goes to 0 in probability. Therefore, we obtain

P
Mn(90) — 0. (49)
Let F be the o-field generated by the branching random walk, and ¥ ~ p. Then,

using [11, Lemma 2.1], which is a particular case of [25, Lemma 2.2], we get that for
every 0 < e < 1/2,

7

1 00
SS_ZZ(/O 00 B~ ol =0 drt [ IP’(IY—<M>I>t)dt>,

Mn (0)

i)
Wi (6)

(M)‘ >8‘f>

which, by (4.7), (4.9), and dominated convergence theorem, converges to 0 in prob-
ability as n — o0. Then by taking expectation and using dominated convergence

theorem again, we get
lim ]P’(
n—od

This completes the proof. O

Yie
W, (6)

(/,L)' > 6) =0.

Remark 4.2 We note here that Proposition 4.4 holds only when 6§ < 8y < oo or
6 = 6y < oo. Itis not clear that the conclusion of this proposition holds for the ABC,
that is, when 6y < 6 < oo. In fact, in that case, ¢/ = Op (W, (0)) (follows from [2,
Theorem 1.1] and the proof of Theorem 2.6 given below). Thus, (4.9) does not hold
for the ABC.
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5 Proofs of The Main Results

In this section we prove the main theorems. We start by proving the centered asymptotic
limits: proving first Theorems 2.2 and 2.4 and then Theorems 2.3 and 2.5. Proof of
Theorem 2.6 is given there after. We then prove the almost sure asymptotic limit,

Theorem 2.1. Finally we end by proving the Brunet—Derrida-type results, Theorem 2.7
and Theorem 2.8.

5.1 Proof of Theorems 2.2 and 2.4
Proof Proposition 4.4, together with (4.4), gives us that for 6 < 6y < oo,
YE@) e @ Lo peo ). (5.1)
This implies
log Y(0) — log E — nv(8) > log D — log E + log (1), (5.2)

where E ~ Exponential (1) and is independent of {Y, : [v| = n},>0 and also inde-
pendent of the BRW. Similarly, combining Proposition 4.4 and (4.5), we obtain that

2

12
_ P
Y#(QO) : \/E e ) =, <m> : Dé’f (), (5.3)

which implies

1 1 2
log Y}*(6p) —log E —nv(6p) + 3 logn LN 3 log (—) +log Dg; —log E +log(pu).
bid

o2
(5.4)
Now, combining (5.2) and (5.4) together with Corollary 3.6 gives us the required
result. O

5.2 Proof of Theorems 2.3 and 2.5

Proof By using a similar argument as in (3.2), we observe that

OR* (0, i) — log Y!*(0) = max OS() +logY, —log E,) —log | > 5™y,
v|l=n

lul=n

—1
| o eGS(U)Yv
= —10 min o
g lv|=n v Z|M|=n eQS(M)Yu

4 —log E,
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where E ~ Exponential (1). Now, using Proposition 4.4, we obtain that for 6 < 6y <
ocoorf =6y < oo,

OR; (O, n) —log W,(0) = log(u) —logE.
This, together with (4.4) and (4.5), completes the proof. O

5.3 Proof of Theorem 2.6

Proof From [28, Theorem 2.3], it follows that under our assumptions, for 6y < 6 < oo,
there exists a positive random variable Dy, which may depend on 6, such that

log W, (6) — %

30
on + 7logn = log®y + —log Dg;, (5.5)

where ®y is independent of Dgg’. Since W, () = Y,‘,s (), using Corollary 3.6, we get
that for 6y < 6 < oo,

R (0) —

v (6o) 3 1 1 1
— 1 —log D + —log®g — —log E, 5.6
6o n+26’o ogn = 6o o8 Ze +0 OBF0 T 08 (5.6

where E ~ Exponential (1). We write the limiting random variable as Hg*. Now, for
u such that |u| = 1, we define

R 6) := ( max  S(v) — élog Ev> — S(u).

v>u,|v|=n

Note that {R*<”)(0)}|u\ 1 are 1.i.d. and have the same distribution as R* _1(0). Now,

1
R} () = max ( max S(v) — ) log Ev)

|lul=1 \v>u,|v|=n

— max (S(u) + R*(”)(H)) .

lul=1

This implies
v(90) 3
R*(0) — ]
n () = =5t g, logn
f o 3
— max S()—”(O) R (9) — 1’(0)( n—D+—1logn). (5.7
Ju|=1 o 26p
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For 6p < 6 < oo, let Gy, be the distribution function of R} (6) — ”(9");1 + 20 logn,
and it converges pointwise to Gy. Now, (5.7) tells us that

_ v(6o) 3 1
Gon(x) =E 1}|_=[1 Gon—1 (x — S(u) + o + El g (1 - ;)) . (5.8)

which implies

Go)=E| [] G (x — S(u) + “(9°)> (5.9

lu|=1

If we define gp : (0, 00) — [0, 1] as gg(#) = Gg(—logt), then from (5.9) we have

v(fp)
s =E| [] e (res“‘" g ) : (5.10)

ul=1

Now, if Gg, , is the distribution function of R (6p) — V(ZO) n+ 54 29 log n, and it converges
pointwise to Gg,, then by defining gg, : (0, 00) — [0, 1] as gg,(t) = Gg,(—log?), a
similar argument gives us

S _ v
g =E| [] s (te “ 90) : (5.11)

ul=1
Since both gy and gy, are non-degenerate survival functions, (5.10) and (5.11), in

conjunction with [5, Theorem 1.1], imply that go(t) = gg,(te“), for some ¢y € R.
Consequently, we get Gg(x) = Gg,(x — cg), which means

HZ L HY + co. (5.12)
This completes the proof. O
An alternative proof From [8, Theorem 1], we know

@ e .
Efe~®¢] = |° itr=0; (5.13)
00 ift <0,

for some ay > 0. An alternative way to derive (5.12) from (5.6) is to show that

Do a ay

& = (5.14)

@ Springer



34  Page 24 0f 33 Journal of Theoretical Probability (2025) 38:34

Using an argument similar to that in Example 9.17 of [34], together with (5.13), we
obtain that for any x > 0,

E
P(a6—>x>:E|:P<E>@
Dy agp

This proves (5.14), which implies (5.12). O

_ XDy
©9>i|:IE|:e “ :|=exgo/0=]P’(E9/9° > x).

5.4 Proof of Theorem 2.1

Proof (Upper bound). Take any & > 0 and let 8 = min(8, 6y). Using Markov’s
inequality, we get that for every € > 0,

p (M _vB 6) < et R [P0,
n B -

Now, using Corollary 3.6, we have

i B/(20)
E[eﬂR,’;(e,m/z] —E|| 3 50y, ,]E[E—ﬂ/ae)]

lv|=n

f S0 y Bl _B
: |vZneﬁ(v)YU .F(l 20)

E| Y epsoyf | .1 <1 _ %)

lv|=n
= Jenv(B) . (w)gso - T (1 — %) ,

where (1) g /¢ is the (8/6)-th moment of 1. So for every € > 0, we have

IA

IA

Z]P’ (—RZ(O’ W _rb > e) < 00. (5.15)
n=1 n '3

Therefore using the Borel-Cantelli Lemma, we obtain for all & > 0, almost surely

lim sup
n—00 n

RiO.10) _ { O) it e < 6y < oo; 5.16)

)i gy < 6 < oo
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(Lower bound). For u such that |[u| = m < n, we define

A CANES ( max_ S() + élog(YU/Ew) — S().

Note that {R*(”) (©, )} u|=m are i.i.d. and have the same distribution as R}_, (0, ).
Now,

R} (0, n) = max ( max S©)+ — log(Yv/Ev)>

|lul=m \v>u,|v|=n

— max (S(u) + R (@, u))

ul=m

> SGim) + max (R, 0. 1)),
|ul=m
where
ity = arg max ( R (@, pL))
|ul=m

Now, for any € € (0, 1) and for 6 < 6y < coor 6 = 6y < o0,

p<m_@<_e>
n (%

() v(0)
(S(u[f]) + max (Rn e u)) <n (T _ e>>

*) () €
<P (IMIIE?\)}E] (R,, tv - M)) <n (T _ 5))

P (S(zl[ﬁ]) < —%)

v(@) €)M B s
o[ (39 e e

Now, Corollary 4.3, together with Corollary 3.6 and Proposition (4.4), implies that for
6 < 6y and also for 0 = 6y < o0,

RZ(G,M)_p_)V(@)
n o

Therefore for all large enough n,

0
IE”( [ﬂ(e M)<n<(T)—§>><e.

@ Springer



34  Page 26 of 33 Journal of Theoretical Probability (2025) 38:34

Observe, N; ;) < n implies at least [v/n] — [log, n] many particles have given birth
to only one offspring. Therefore

P (Nyym <) = (PN = D)Wi-Tosn,
For the second term, we have
B I:efﬁS(l;[\/,;J)/z:I <E [W[ﬁ](_ﬁ/z)] — Valv(=v/2)

Therefore we have for all large enough 7,

P(M_@<_G)
n %

<"+ (PN = 1))[ﬁ]—f10g2 n] + e—néﬂ/4+[~/ﬁ]v(—l9/2)'

Since for every € € (0, 1),

ZP(M_@ <_e> <, (5.17)
n 0

n=1

using the Borel-Cantelli Lemma, we obtain that for 0 < 6 < 6y or 0 = 6y < oo,

R*(0 0
liminf R @1 vO)

n—00 n &)

S. (5.18)

To get an appropriate lower bound for 6y < 8 < oo, we need the following result;
the proof of this is given at the end of this proof.

Proposition 5.1 For any positively supported probability | with finite mean, almost
surely

logVi'0) |*2 ifo < < oc;
_
no 2lo) irgy < 6 < oo.

Now observe that

ORI (O, ) = |Inlax @Sw)+logY, —logE,) > |m‘ax @Sw) +logYy) —log Ey,,
v|=n v|=n

where

v, = arg ‘mlax OS(w) +logYy).
vi=n
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Observe

Y#(G +90) — Z e(9+90)S(U)Yv S Wn(eo) . emax‘v‘:n(é‘s(v)+long).

lv|=n
Therefore we have

OR;©0. 1) _ log Y;'(6+60) logWu(6p) logEy,

n n n n

Since E[|log Ey,|] is finite, the Borel-Cantelli Lemma implies that the last terms on
the right-hand side converge to 0 a.s. By Corollary 4.3 and Proposition 5.1, the first
and the second terms a.s. converge to (8 + 6p)v(6p) /60 and v(6p), respectively. Thus
whenever 6y < oo, we obtain that for all 6 > 6,

*
R, (0, 1) . vo) o

lim inf (5.19)
n—00 n 6o
This, together with (5.16) and (5.18), completes the proof. O

5.4.1 Proof of Proposition 5.1
Proof Corollary 3.6 says that
OR* (0, 1) == log Y/ (0) — log E.

Since E[|log E|] < oo, (5.15) and (5.17), together with the Borel-Cantelli Lemma,
imply that for 6 < 8y < co and also for 6 = 6y < oo,

log V@)  v()
—> a.s.
no 0

and for 6y < 6 < oo,

. log ¥;'(6) _ v(6)
lim sup < a.s.
n—00 no 90

So for any a > 0 and b € R, we have almost surely

0 ifa <6y, b>v(a);
YH(a,b) :=Y/(a) e 5 oo ifa < 0y, b < v(a);
0 if6y < oo, a> 6y, b>av(by)/.

Now, the exact similar argument as in the proof of Proposition 4.1(v) implies that for
0p < 00,a > 6y and b < av(6y)/0o,

Y¥(a,b) — oo as.
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Hence for 6y < 0 < oo,

log Y, (6)  v(6h)
—> a.s.
no 6o

This proves the proposition. O

5.5 Proof of Theorem 2.7

Proof Rényi’srepresentation [32], together with the generalized version of it by Tikhov
(see equation (3) of Tikhov [35]), gives us the following lemma.

Lemma5.2 Let {Ei,,, 1 <i<my,n=> 1} be an array of independent random vari-
ables with E; , ~ Exponential (A; ). Suppose for alln > 1, >, A, = 1, and
lim;, s oo rnax:.n”1 Ain = 0. Then as n — oo, the point process

my

> 8k, SN,
i=1

where N is a homogeneous Poisson point process on R with intensity 1.

Now, let F be the o -algebra generated by the branching random walk. We know that,

conditionally on F, {E, W, (6)e~?S®™} are independent. Furthermore, conditionally
eOS(U)

on F, E, W, (0)e 5™ follows Exponential (W) Note that

eGS(U)

W)

’

\
and by (4.7) and (4.9), we also have that for 6 < 8y < coorf = 6y < oo,

eGS(v)

P
max — 0
lvl=n W, (6)
Therefore by Lemma 5.2, for any positive integer k, Borel sets By, By, ..., By and
non-negative integers f1, f2, . .., tx, we have

]P) Z BEan(g)ef&S‘(v) (B]) =1f1,..., Z 8EUWn(9)€703<U) (Bk) = 1% f

[v|=n [v|=n

L PWB) =1, ....NB) =1).
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Then, using the dominated convergence theorem, we get

P Z SEEWn(B)e—GS(U) (B]) = t] g ey Z SEUWn(e)ef(?S(v) (Bk) = tk

[v|=n [v|=n

—PWNB)=t,....,.N(By) =1t).

or equivalently (see Theorem 11.1.VII of Daley and Vere-Jones [19]),

d
Y e wa@etsw = N (5.20)

[v|=n

Now for N = ijl 8;;» we take Y = ijl 8—10g3;- Clearly, Y is an inhomo-
geneous Poisson point process on R with intensity measure e* dx. Since — log(.) is
continuous and therefore Borel measurable, (5.20) implies that

d
Up =Y 845, log Ey—log W, (0) — V- (5.21)

lv|=n
To simplify the notations, for all § < 8y < oo, we denote
An(6) = nv(9) + log D°,

and for 6 = 6y < oo, we denote

1 o 1 2
A, (00) = nv(6y) — Elogn + log Deo + 3 log 7))

Recall that by (4.4) and (4.5), for 6 < 6y < oo or 8 = 6y < oo,

An(0) — log Wo(6) 5> 0.

Now, take any positive integer k, non-negative integers {#; }f.‘zl , and extended real num-
bers {a;}*_, and {b;}*_, witha; < b; foralli. We choose § € (0, mint_, (b; — a;)/2).
Then, we have

P U, (a1 —38,b1+8)) <t1,..., Uy ((ax — 8, bk +8)) < 1)
— P (|An(0) — log W,(0)| > §)
<P (Zn(0) ((a1,D1)) < 1t1,..., Zu () ((ak, br)) < 1)
<PWU,((a1+38,b1 —8) <t1,....Uy ((ak +8,bx —8)) < %)
+P(A,(0) —logW,(6)| > §).

Now, by (5.21), we have U, — ). Since Y is a Poisson point process, it is continuous.
Therefore, allowing n — oo and then letting § — 0, we obtain
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Tim P (Zy(0) (@1, b)) < 11+, Za(®) (g, bO) = 1)
=P (@ b)) <11, Y (@0 b)) 1),

or equivalently, Z, (0) 4 Y. This completes the proof. O

5.6 Proof of Theorem 2.8

Proof This is a slightly weaker version. It follows from arguments similar to those of
the proof of Theorem 2.7. O

Appendix

Proposition A.1 Under assumptions (A1) and (A3), there exists g > 0 such that (1.2)
holds.

Proof Observe that

N N,
/er Z(dx) < Neﬁ(max-f=1§’), and eﬁ(max-’:l&) = / % Z(dx).
R R

Now, using Holder’s inequality, we have

1
E [(/ o Z(dx)) M} < E[N”q .e(’(”’”(ma"f”l%)}
R

‘Q

2 1+q
- (e[woor]) s ([ () 00)
. : %
_ oL (+q) 1
< (]E N(+a)? )1+q Ar /69( q )x Z(dx)
L . R
_ e g
- (]E N+’ )”" . (m (9(1 +q)2/q)) n
Then, by choosing ¢ such that (1 + q)2 < 1+ p, one gets (1.2). O

Proposition A.2 Under assumptions (A1) and (A2), the function 0 — v(0) is strictly
convex inside the open interval (—1, 00).

Proof From Assumption (A1), we know that
m@@) :=E [/ e* Z(dx)} < 00,
R
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for all & € (—1, 00). Therefore using dominated convergence theorem, we have for
all 0 € (—, 00),

m'() =E U xef* Z(dx)] < o0,
R
and
m”"(©) =E [/ x2e?* Z(dx):| < 0.
R

From Assumption (A2), we have that P(Z({t}) = N) < 1 forall ¢ € R. Therefore for
allt € R,

E [/ (x — 1) Z(dx)} >0
R

= EU x2e‘9xZ(dx)i| —2E U xeexZ(dx)i| +°E U eexZ(dx)i| >0
R R R
2
= E |:/ x2ef* Z(dx)j| -E |:/ e Z(dx)] > <E [/ xe?* Z(dx)i|>
R R R

= m"(O)m®) > (m'©))" .
Hence we have for all 6 € (—1, 00),

m" (©)m (@) — (m'(©))

0.
(m(0))? ”

v// (9) —
This proves the proposition. O
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