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Abstract

We investigate a branching random walk where the displacements are indepen-
dent from the branching mechanism and have a stretched exponential distribution.
We describe the positions of the particles in the vicinity of the rightmost particle in
terms of point process convergence. As a consequence we give a new limit theorem
for the position of the rightmost particle. Our methods rely on providing precise
large deviations for sums of i.i.d. random variables with stretched exponential dis-
tributions outside the so-called one big jump regime.
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1 Introduction

Branching random walk (BRW) has been studied for more than forty years and during this
time, due to its relation with the KPP equation, a lot of effort was made to understand
the behaviour of its extremes. In the existing literature one can distinguish two different
regimes depending on the laws of the displacements, however not many results address
BRW outside of this two classical cases. The first one treats displacements with thin
tails, i.e. possessing some exponential moments. In this case the asymptotic behaviour
of the extremes of BRW is determined by the contribution coming from many, typical
particles, see [11, 12, 4, 1, 14]. In the second regime one investigates regularly varying
steps, in this case the asymptotic behaviour of the extremes of BRW is determined by a
few, atypical big displacements, see [8, 3]. The contrast between these two cases raises the
question about a regime in which both big jumps and typical displacements contribute
to the asymptotics of the extremes of BRW. It turned out that in the case of stretched
exponential displacements one can see a clear transition between the two aforementioned
regimes [9]. We aim to give a complete picture of the extremes of BRW in this case.

*The research of PD was partially supported by the National Science Centre, Poland (Sonata, grant
number 2020,/39/D/ST1/00258)



In what follows we study BRW which is a branching process with a spatial component that
can be described as follows. The process will evolve at time epochs n € N = {0,1,2,...}.
Suppose that at time n = 0 one particle is placed at the origin of the real line R. At time
n = 1 the initial particle splits into a random number of new particles which are randomly
displaced from their place of birth. We will always assume that all displacements are in-
dependent copies of a given random variable X. From now on, all particles independently
evolve in the same way as the initial particle. Denote by A,, C R the collection of all the
positions (with possible repetitions) of particles present in the system at time n. The
sequence {A,},en is called a branching random walk. We refer to Section 2 for a more
detailed set-up and to the recent monograph [19] for an introduction to the topic.

For ACR and z,y € R, y > 0 denote the translation of A and scaling of A via
T A={a+z : ac A} and S,A={ya : a € A}

respectively. The aim of the present article is a description of the asymptotic behaviour
of the extremes of {A, },en by finding sequences {a, },en and {b, },en for which

G 1Ty, Ny = {a;l(x —b,) 1 x€ An}

has a non-trivial limit in distribution in the sense of point process convergence, which
we will make precise in Section 2, see Definition 2.1. Such a choice is not unique by
any means. We will pick the pair a,, and b, which allows to describe the position of the
rightmost particles. In other words, we will work with sequences a,, and b,, for which the
limiting configuration of &,-1% 4 A, does not contain a sequence diverging to infinity.
Under some mild moment conditions on the number of offspring of the initial particle, the
asymptotic behaviour of {A, },en is determined mainly by the law of the displacements,
i.e. the law of X. In the classical case one works assuming Cramér’s condition

E [ele\} < oo for some s > 0. (1)

Under condition (1) the contribution of a single displacement is negligible and the position
of the rightmost particle is concentrated around its mean which moves at a linear speed.
One can show that there are constants Cy,Cy such that

(Z—Cl n—Cs log nAn

converges to a non-trivial limit, see [14]. If the condition (1) is not satisfied, some
additional scaling is necessary. For example, consider the case of regularly varying tails,
i.e. a random variable X such that as ¢ tends to infinity

PIX >t]~C-t7, 2)

for some constants v, C > 0. Here and throughout the article the above relation means
that the quotient of the two quantities tends to one (see the end of this Section for
a precise statement). The regularly varying distributions follow the so called "one big
jump principle" (see (7)). Using this fact one can observe a different limiting behaviour
of A,,. Namely, if one denotes by m > 1 the expected number of children of the initial
particle, one can show that

6ﬂ»fn/*vAn
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converges in law to a non-trivial limit, see [3|. The scaling present above is necessary
to compensate the contribution of atypical, huge displacements which, in contrast to the
previous case, is not negligible.

We will investigate an intermediate case between (1) and (2), namely the stretched ex-
ponential, or Weibull, displacements with tails of the form

P[X > t] ~e "0,

for r € (0,1) and a slowly varying function ¢. Recall that a function ¢ : R — (0,00) is
slowly varying (at infinity) if for any constant C > 0, ¢(Ct) ~ £(t) as t — oco. We will
show in our main result that

6,,1171/7‘82(”)1—711/7'(1 (n)A”

converges for an appropriate choice of slowly varying functions ¢, and ¢5. Moreover we
will provide a detailed asymptotic expansion of n'/"¢;(n). As a consequence we will obtain
a new limit theorem for the position of the rightmost particle, i.e. for

M,, = max A,,.
Namely, we will infer that
nl_l/rfg(n) (Mn — nl/rﬁl(n))

converges in distribution to a random shift of the Gumbel law. Such results were ob-
tained recently for constant ¢ in the case r < 2/3, see [9]. Our proof relies on precise
large deviation estimates for sums of i.i.d. random variables with stretched exponential
tails. Since the corresponding results established in the sixties [15, 16] were too implicit
for our needs, we revisit the problem and provide a more explicit description of the large
deviation probabilities on the polynomial scale.

The paper is organized as follows. In Section 2 we give a precise description of the model
and our assumptions. Our main results, Theorem 3.1 and Corollary 3.2, are presented in
Section 3. We will look at the BRW as a tree-indexed random walk. In Sections 4 and 5
we present the main steps of our arguments, namely trimming and decoupling of the
random weighted tree. Lastly, in Section 6 we give the final arguments of our proof and
in Section 7 we prove precise large deviations for sums of stretched exponential random
variables, which may be of independent interest.

Throughout the article we write g(¢) ~ f(t) for two functions f,g: R — R whenever
lim £()/g(t) = 1
and we write f(t) > g(t) if g(t) = o(f(¢)), that if f(¢)/g(t) — 0. We will denote by C

large, positive constants whose value is not important for us. Note that the value of ”C”
may change from line to line.



2 Preliminaries

Let us now give a precise definition of our model. Since we will assume that the displace-
ments and the reproduction mechanism are independent, we will introduce both of these
components separately. If we denote by Z,, = #A,, the number of particles present in
the system at time n, then the sequence Z = {Z,},en forms a Galton-Watson process
starting from Z,; = 1, i.e. with one particle, and a reproduction law with mean

m=E[Z].

It is well known from the classical literature, see [2, Theorem 1.A.5.1], that if P[Z; = 1]
is strictly less than one, Z survives with positive probability, that is

PVn>0,2%,>0>0

if and only if m > 1. Since our objects become trivial on the set of extinction of the
underlying Galton-Watson process, we will work under the conditional probability

P[-]=P[-|Vn>0, Z,>0].

Under a mild integrability assumption, known as the Kesten-Stigum condition given
below, the exponential growth rate of Z is strictly positive (see (3) below).

Assumption 1. We have P[Z; = 1] < 1 and E[Z,1log’ Z,] < oo and the Galton-Watson
process Z is supercritical, that s m > 1.

Note that by the martingale convergence theorem there is a random variable W such that
P*- almost surely,
lim m™"Z, =W. (3)

n—oo

If Assumption 1 is satisfied then the convergence holds also in L' and moreover P*[W >
0] = 1, see for example [19, Chapter 2|. The random variable W will play a crucial role
in our results: it will be a shift parameter in the limit of A,,.

We will now describe the branching structure in more detail and introduce the displace-
ments. Denote by T C U = {0} U J, -, N the Galton-Watson tree corresponding to Z
with Ulam-Harris labelling. That is, label the initial particle with () and its children with
{1,2,..., 71} C N and for each particle with a label x € T, label its children with labels
of the form (z,1),(x,2),...,(z, N(x)), where N(z) is the random variable denoting the
number of children of the individual labelled with z. Write |x| = n if x is a label of a par-
ticle from generation n, in other words if x € N™. Denote by ((, 2] the unique vertex path
from () to = (excluding () and including =) and write z Ay to denote the smallest common
ancestor of x and y, i.e. the unique element of T for which [0, 2] N [0, y] = [0,z A y].
Finally, write + < y whenever z is an ancestor of y, that is € [(},y] and T,, for the
particles from the nth generation present in the system, i.e. T, ={x € T : |z| =n}.

To model the displacements consider a family {X, : = € U} of independent copies of X
which are independent of Z. The random variable X, represents the displacement of the



particle with label = from its place of birth. The position of the particle with label z is
therefore represented via
V(z) = Z X,

y€(D,2]

To study the collection {V(x)},er, define a sequence of point processes by

An = Z EV(x)-

|z|=n

Here, for any ¢t € R, &, denotes the Dirac measure concentrated at t, that is (-) =
Lc.y. We call the sequence {A,},en a branching random walk. We will regard A, as a
point process, that is a random element of Mp(ﬁ), the space of point measures on R =
(—o00, +00] equipped with the topology of vague convergence. Here (—oo,400] denotes
the homomorphic image of (0, 1] where closed neighbourhoods of +o0o are compact. Recall
that 7 is a point measure, i.e. an element of M,(R), if it can be written in the form
n =13, for some z; € R without an accumulation point. We refer to [17, Chapter 3.1]

for a more in-depth description of M,(R). For z,y € R, y > 0 and a point measure 7 we
will denote T,n, S,n € M,(R) given by

T = stﬂ and &,n = Zeym,

where n =), e,,. We equip M,(R) with the topology of vague convergence, and say that
N, — 1 in M,(R) (or vaguely) if for any function f from the set C};(R) of nonnegative,
continuous functions with compact support on R, [ f(z)n,(dz) — [ f(z)n(dx). In our
results we use weak convergence of random elements of M,(R) (denoted by =), which is
equivalent to the following condition, see [17, Proposition 3.19].

Proposition 2.1. For point processes ©,,, © we have

©, =0 in M,(R),

that is ©,, converges to © weakly in M,(R), if and only if for any f € C(R),
[ ) 0uan) 4 [ 1) elaa)

d ‘ .
where — denotes the convergence in law of random variables.

Our goal is to study weak convergence of

St Toban = Dt (v(e)—ba)

|z|=n

in M,(R). Aiming to find a correct choice of b,’s and a,,’s we first note that the conver-

gence of §,1% 4, A, in M, (R) describes the behaviour of A,, near its right frontier, that
is the maximal displacement, which we can now write as

M,, = max A,, = max V' (z).

|z|=n



The first order of magnitude of M, can be predicted using the first moment method.
Take X1, Xo, ... to be i.i.d. copies of X and let S, = >";_; X}, denote the corresponding
random walk. For a sequence of real numbers {z, } ey write

P* [M,, > x,| =P* [Fz € T,, V(z) > x,] <E*[Z,]P[S, > x,] < C-m"P[S, > z,]. (4)

For the estimate (4) to give any non-trivial information about the asymptotics of M,
one needs to choose the sequence {x,},en such that the probabilities P[S, > z,] decay
as m~", that is exponentially fast. Here large deviation estimates for the random walk
S, come into play.

In the classical case, under Cramér’s condition (1), it is well known that if one takes the
sequence of the form xz,, = pn for p > E[X], by the Bahadur-Ranga-Rao theorem, see |6,
Theorem 3.7.4],

P[S,, > pn] ~ C,n =27V (o (5)

where ¢*(p) = sup, [sp — ¥(s)], with ¢(t) = logE [¢'*] and a constant C, depending on
p. Provided that p < sup{¢/(s) : ¥(s) < oo}, under some mild regularity assumptions,
there exists s, such that ¢/(s,) = p and then ¢*(p) = ps, —¢(s,). Now, our estimate for
P*[M,, > x,] suggests that one should find a constant p such that ¢*(p) = ps, — ¥(s,) =
logm. Then one could expect that, after establishing the lower bound corresponding
to (4),

lim M,/n=C; =p P*- a.s.

n—oo

This is indeed true and dates back to [11, 4, 12]. Since the seventies a lot of effort was
devoted to a precise description of the asymptotics of M,, with the ultimate result stating
that, with C, = 3/(2s,),

M, — Cin —Cylogn

converges in distribution to a random shift of the Gumbel law, see [1]. One can in fact
argue that in this case there is a relatively small portion of the particles from generation
n in the neighbourhood of M,, whose children are most likely to be the rightmost one in
generation n + 1 (see Figure 1). This is the scale to study the extremes of BRW. Indeed
the point process

(I_Cln—CQ log nAn (6)

has a weak limit in M,(R), see [14] for details. It turns out that the limiting measure
of (6) is a randomly shifted decorated Poisson process [21].

Definition 2.2. © is a randomly shifted decorated Poisson point process of intensity v,
decoration D and shift S if © is distributed as )., T¢,15D; where Y, ¢, is a Poisson
point process with intensity v and D; are i.i.d. copies of some point process D. One then

writes © ~ SDPPP(v, D, S).

The weak limit of (6) is SDPPP(Cse~*dx, N, —log(D4,)) for some positive C3, some point
process N and D, denoting the a.s. limit of the so-called derivative martingale associ-
ated with the BRW [19, Chapter 5].
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Figure 1: BRW with steps distributed uniformly on the interval (-1/2, 1/2) (left) and
regularly varying steps with index v = 2 (right). The red lines indicate the displacements
of the rightmost particles from its place of birth.

The behaviour of M,, under (2) is very different. In this case the law of X obeys the "one
big jump principle", that is

P[S, > x,] ~ nP[X > x,] (7)

provided that z,, is large enough (for example x,, > y/nlogn if v > 2). Going back to
the estimate (4) one can expect, taking into account (7) and considering z,, = m™", that

m_”/VMn

converges in law. Indeed, this sequence converges in law to a random shift of the Fréchet
distribution, see [8]. In this case the rightmost particles are most likely to originate from
the bulk of the population, i.e. the exponential number of typically placed particles (see
Figure 1). Similarly as before, one has convergence of the associated point process and
one can show that after an appropriate scaling A, converges to so-called Cox cluster
process, see [3|. Due to the similarity with our main result we now describe the limiting
point process in detail. Assume for simplicity that the displacements are positive and let
{T}}1en be a collection of i.i.d. random variables with common distribution given by

P[T1=k]=%2m‘iP[Zi=k], k=1,2..., (8)
=0

where v = Y 2 m~P[Z; > 0]. Next let {g;}ien denote the points of a Poisson point

process with intensity vz~ '1 g o)(2)dz. Then

o0
Gm—n/wAn = Z Eg(vw)l/ng7
=0

in M,(R), where W is given by (3). The coefficients {7 };en represent the number of
descendants of particles that made a big jump. As we will see, the limiting point process
in the case of stretched exponential displacements has a very similar representation.
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3 Main result

We turn our attention to a case between (1) and (2), namely the case where the displace-
ments have a stretched exponential tail. From now on we will assume that the law of the
displacements is given as follows.

Assumption 2. The random variable X is centred (E[X] = 0), has variance 1 (E[X?] =
1) and has a stretched exponential upper tail with indexr € (0,1), that is for some positive
Zo,

P[X > 2] = a(z)e B, x> X,

where a, R: (xg, +00) — [0,00), a(x) = a > 0 asx — oo and R is a C*(xg, +00) function
such that R' is reqularly varying with index r — 1 and R"(z) = O(z"~2%¢) for any e > 0.
Moreover we assume that R(z)z~% is eventually decreasing for some d € (0,1) and if
r > 2/3 we assume additionally that R(z)x~'/2~¢ is eventually increasing and R(x)z~'*e
is eventually decreasing for some € > 0. Further, suppose that

E[|X]*] < o0
forallk <[(2—r)/(1—1)].

Recall that R’ is regularly varying at infinity with index r — 1, if it can be written in the
form
R (z)=2""Yr(z), x>0

for some slowly varying function ¢r. By Karamata’s Theorem [17, Theorem 0.6] this
implies that R is also regularly varying with index r, i.e. it is of the form

R(z) = 2" lg(x), x> 1

for some slowly varying function ¢g. There is a natural relation between ¢r and g/, but
it will be of little importance for us and thus we refrain from stating it explicitly. Note
that under Assumption 2, R”(x)/R'(x)?> — 0 as * — oo and thus e @) is a Von Mises
function with an auxiliary function 1/R'(x) [17, Proposition 1.1]. This further implies
that under Assumption 2 the distribution of X lies in the max-domain of attraction of
the Gumbel law [17, Proposition 1.4]. We will use this fact on a exponential scale. Let
for sufficiently large n,

d, = inf{z € (x9,00) : R(z) > nlogm}. 9)

Note that by the merit of continuity of R, for sufficiently large n, d,, is the smallest
solution to R(d,) = nlogm. The sequence {d,}nen is regularly varying with index 1/r
that is

dp, = n"ly(n)

for some slowly varying function ¢, [17, Proposition 0.8|. Let also
a, = 1/R'(d,). (10)

Since a composition of two regularly varying function is regularly varying, a,, admits the
representation
an = 1", (n) (11)
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for some slowly varying function ¢,. Extreme value theory asserts that, under Assump-
tion 2, that the maximum of m™ independent copies of X shifted by d,, and scaled by a,
converges in distribution to the Gumbel law, that is for any = € R, as n — oo,

P[X; < d, + apr, k <m"] — e %"
Note that here one uses the fact that R"(z)/(R'(z))? — 0 as z — oo. As we will soon
see, the sequences {d,, },en and {a, }neny will drive the centring and scaling for A,,. In fact
the latter is the scaling for A,,.

Large deviations for random walks under Assumption 2 date back to the late sixties,
see [15, 16, 18, 13| or [7] for a general set-up. As it turns out (7) is satisfied also in this
case provided that z,, > n'/2=27+¢ for some ¢ > 0. Such deviations are said to lie in the
one big jump domain. Once again the estimate (4) suggests that in this case M, should
be of order d,, = n'/"l4(n). This causes some technical problems since d,, > n!/(2=2")+¢
if and only if r < 2/3. Indeed for r > 2/3 and x,, of the order d,, the asymptotic of
P[S, > x,] differs from the one of nPP[X > x,]. However the latter still provides the
leading term in the asymptotic of the former. More precisely, for any r € (0, 1),

logP[S,, > d,| = —(logm)n(1+ o(1)), (12)

see [10, Theorem 3|. In the sequel we will revisit this problem to provide a new description
of the classical results [15] on the precise asymptotic of P[S, > x,] with z, ~ d,.
The logarithmic asymptotics (12) suffices to predict the law of large numbers for M,,.
Indeed, as shown in [10] we have

lim M,/d, =1 P* — as.

n—0o0

The behaviour of M, — d, was recently studied in [9] for the special case R(z) = \z"
for some A > 0. In this case d,, = ((logm)/A\)Y™n'/" and a, = r((logm)/\)Y/ " Int/r=1,
It transpires that for » < 2/3 the rightmost particle is most likely to originate from the
bulk (see Figure 2) and for r > 2/3 it typically originates from a subexponential number
of particles that deviate from the bulk (located around O(n?~'/")), see Figure 2. This in
turn leads to a more balanced behaviour of M, for big values of r € (0,1). More precisely,
for this choice of R we have, for r > 2/3,

M, — ((logm)/ NVl AV (logm)t /"
lim 21/ =
n—00 n r 2
and for r < 2/3,

P* — a.s.

M, — ((logm)/\)Y n/
nl/r—l
converges in distribution to a random shift of the Gumbel law |9, Theorem 3.1|. Here, we
extend these results to distributions satisfying Assumption 2. and we prove point process
convergence. The limit object of A, will be described with the help of an auxiliary
polynomial. However it comes into play only in the case r > 2/3. Let the sequence of
cumulants of X, {k;};<. be defined recursively via k; = 0 and for 1 < j < &,

k; = E [X7] - f (j B 1) kB [X7]. (13)

- 7
=1
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Figure 2: BRW with stretched exponential steps with r = 3/4 (left) and r = 1/3 (right).
The red lines indicate the displacements of the rightmost particles from its place of birth.

Define the truncated cumulant generating function via

K(z) :Z%x’ = H:ZJ (14)

=2

The name truncated cumulant generating function will become clear after we state
Lemma 4.1 below. For n € N consider a function ¥,, given via

U, (2) = sé%f”l]{R(dn +z—nK'(s)) + n(sK'(s) — K(s))}.

One can then check that W, is a nondecreasing and continuous function such that ¥,,(z) —
oo. Finally, since ¥,,(0) < R(d,), for sufficiently large n € N we can define 7, to be the
smallest real number solving

U(r,) = R(d,). (15)
By a direct calculation using the regular variation of R and R’, for some slowly varying
sequence {{, }nen,

7o = nR(d,) /2 + O(n3>2"1,).

It follows that 7, is regularly varying with index 2—1/r and thus, recalling (11), 7,, = o(ay,)
if r < 2/3. We will now describe the limiting measure. Let {7T}}ren be ii.d. with
distribution given in (8) and take {4 }ren to be the points of a Poisson point process with

intensity ae”*dz. Define a random element of M,(R) by

A= Z Tk‘sbk—log(’UW)) (16)

k=0

recalling v = Y m~'P[Z; > 0]. Then A is a Cox cluster process with the Laplace
functional given via

E* [exp{— / () A(daz)}] _E

for f € CE(R).

{Wzm /

=0 R

E [1 - e_ij(””)] e"”dx}]

10



Theorem 3.1. Suppose that Assumptions 1 and 2 are in force. Let d,, and a, be given
by (9) and (10) respectively and take b, = d,, + 7, where 7, is given in (15). Then

S, 1T p Ay = A in My(R),
with A given via (16).

As a by-product of Theorem 3.1 we obtain a new result for M, which complements the
results of |9, Theorem 3.1].

Corollary 3.2. Let Assumptions 1 and 2 hold. Then for M, = maxj—, V(x) and b,
and a, as in the statement of Theorem 3.1,
M, —b,
Srn o dy

Qp

where the random variable V' is distributed according to
PV <] =E* [exp {—avWe "}] .

Remark 3.3. The limiting point process (16) falls into the class of randomly shifted
decorated Poisson point processes. Comparing the Definition 2.2 with (16) one readily
sees that

A ~ SDPPP (ae’xda:, T\ 60, — log(UW)) )

Remark 3.4. The limiting point process A enjoys the so-called superposability /5]: the
distances from the rightmost position of a union of realizations of A have the same distri-
bution as those of a sm(qle realization. More precisely, assuming for simplicity that Z; > 1
a.s., let AW = Y reo Tkz) denote i.i.d. copies of A. Since the martingale limit

W s known to satisfy

& G
Zl(c )flog(vWZ')

Z1
Z Wi LW
=1

where Wi, W1, ... are i.i.d. copies of W independent of Z1, one sees from studying the
corresponding Laplace functionals that

Z1
d
D A= Togm A

i=1

Now consider a mapping B on Mp(ﬁ) given by VY .o, = Y €i—max, 2, Note that U is
well-defined on M,(R) since the support of the measures from M,(R) is bounded from the
right. Then 8n is the point process n seen from the rightmost particle. Since Vo T, =0

for any x € R, one readily sees that

Z1
T A £ DA,

i=1

11



4 Trimming lemmas

In our first steps towards the proof of Theorem 3.1 we will show which particles in T,
contribute to the extremes of A,,. To facilitate this we will use several deviation estimates
for sums of i.i.d. random variables with stretched exponential tails. We will often use
the following expansion for R,

R(d, + ) = R(d,) + R'(d,)x + 2*R" (&4, 0, +2)/2

for x+ € R and &4, 4,4, that lies between d, and d,, + x. We will also make use of
the following integration by parts formula: for A < B and continuously differentiable
functions v,

B[00 xeqam] = [ 9/G)BIX > slds + (ALY > Al —(BELX > B, (17

The first few steps of our arguments concentrate on pinpointing the particles that con-
tribute to the point process which is the limit of & 1%, A,. As we will see the positions
of those particles will be asymptotically independent. We will partition T, into five classes
of particles and show which class contributes to the asymptotics of &,-1%_;, A,,. The first
one consists of those particles with no big jumps along their ancestral line, i.e.

An:{wETn: maXngén},

veE(D,w]

where 9,, = dd,, for some fixed § € (27", 1). The positions of particles from 4,, consist of
individual displacements of typical particles and are therefore well controlled. The point
process given by the positions of the particles from A,, will be denoted by

A
Ay = Z Cant(V(z)—bn)*

xEAn

As we will see in Lemma 4.2 below, the contribution of particles from A, is negligible.
To control the contribution of A we will need a deviation results for typical particles.
For L > 0 take Py, to be a probability measure such that the X;’s are i.i.d. under Py,
with distribution given by

P X, <t]=P[X,<t|X,<L].

It turns out that one can use classical large deviation techniques to control the sum of
X’s under P;,. More precisely one can exploit the exponential change of measure and
use the cumulant generating function of the truncated variables

Kp(s) =logEp [exp{sXi}], s>0,

where E;, denotes the expectation corresponding to P;,. In order to be able to control the
particles from A, we need to take L = ¢,, in the above construction. We will first check
the asymptotic expansion of K; = K near 0. For functions f, we write f(®, f() and
f@ for f, f" and f” respectively. Recall the truncated cumulant generating function K
given via (14).
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Lemma 4.1. Let Assumption 2 be in force and let 6, = dd,, for some § € (277,1). Let
d € (0,1) be such that R(x)x~¢ is decreasing. Then x € (0,1/d) and i € {0, 1,2},

sup Kéi)(s) —K9(s)| =0 (n71).
0<s<xR!(dn)

The proof of Lemma 4.1 is quite standard and utilizes the fact that the k,,’s obey a similar
recursive formula (13) as the cumulants of X; under Ps,. The details are given in the
appendix. For future reference denote

N,, = max Xj. (18)
With Lemma 4.1 at hand we can state and prove the aforementioned lemma regarding

the contribution of particles from A,,.

Lemma 4.2. Under Assumptions 1 and 2 for any r € (0,1), if b, ~ d, and a, =
1/R/(dn);
At =0

in M,(R), where o denotes the null measure.

Proof. Since the convergence is tested by integrating functions of compact support, it is
enough to show that

AL, 00l 5 0

for any constant L € R. Since A7 is integer valued it is sufficient to estimate
P* [A[L, 00] > 1] < E* [AL[L, oc]] = E*[Z,|P[S, > b, + Lan, N, <4,].

For the first term on the right hand side we have the simple bound E*[Z,] < C-m" . To
tackle the second term on the right hand side note that

P[S, > b, + La,, N, <6,] <Ps, [S, > b, + La,].
Now use the exponential Markov inequality to get for s > 0,
Ps, [Sn > b, + La,] < exp{—s(b, + La,) + nKs,(s)} .

Choose s = (logm)n + n%)/(b, + La,) with £ € (3 —2/r,1) N (0,1). By Lemma 4.1,
nKs, (s) = o(nf) and thus

exp {—s(b, + La,) + nK;,(s)} < m "exp {—n*/C} (19)
which yields our claim. O

The next class of particles consist of those that had at least two big jumps along the
ancestral line, that is

B,={weT, : vuec D w),v#u mn{X,, X,} >0,}.

13



By the choice of § € (27", 1), B,, = () almost surely for sufficiently large n. Indeed, by a
direct first moment bound

P[|B,| > 1] < Cn?m"P[X > 6,]* = o(1), (20)

since 2R(6,,) ~ 20" R(d,) and 20" > 1. Thus

B
Ay = Z Can' (V(@)—by) = ©

CEGBn

in M,(R). Particles that are not in A, U B, have exactly one big jump along their
ancestral line. We will need to distinguish whether this jump is greater or smaller than

d2+nR(dn)?
d, —nR'(d,) re(3,1).

For w € T define v*(w) to be the element of (0, w] closest to the root such that X« =
maX,e(p,w] Xv- Lhe next class of particles we will consider is given by

C, = {w €T, : Xorw) € (0n,yn] and max X, < 5n} )
u€ (0, w\{v*(w)}

Define the corresponding point process via
c
AL =D Cart (v by
IECn

The second truncation sequence {y,}nen is chosen such that the contribution of the
particles in C, is also negligible.

Lemma 4.3. Suppose that Assumptions 1 and 2 are satisfied. Then for sequences {a, }nen
and {b, }nen chosen as in Theorem 3.1 we have

A =0

in M,(R).

Proof. We will proceed similarly as in the proof of Lemma 4.2. In order to carry out this
program we will first estimate

Py =P[Sh 1+ Xy > by + Lan, Nyt < 0n, Xon € (65, 4]

for L € R and N, given in (18). We will first treat the case r < 2/3. Note that with
h, = R(d,)/d,, using the exponential Markov inequality,

P, < Ce Ot ban)nlsn G [efn X e 5, ] - (22)

By Lemma 4.1, nKjs, (h,) = O(nR(d,)?/d?) and the expectation on the r.h.s. of (22), by
Lemma A.3 from the appendix, has an upper bound of the form

E [e" 1 ixe@,pn] < exp{—(1+nR(dn)?/d;)(logn)?/C} .

14



Finally for sufficiently large n, h,(b, + La,) > R(d,) — |L/d| as R(z)z~% is assumed to
be increasing for some d € (0,1). Gathering all the estimates together shows that for
r < 2/3, and sufficiently large n,

Pn < m—ne—(logn)Q/C.

For the case r > 2/3 we proceed in the same way and get (22) with nKj, (h,) = (1/2 +
o(1))nR(d,)?/d? and by Lemma A.4 from the appendix

] <o ) (T ) )

Recall that b, = d,, + 7, with 7, = (1 + o(1))nR/(d,,) /2 and write

hy(by + Lay,) = —R(d,) — (1 + o(1))nR(d,) R (d,)/(2d,,).
Combining all the estimates yields

nR(d)R(d) (R(d)d, 3 R(dy)
d ( R(d,) _§+2R’(dn)dn)(1+o<1))}'

—1+e€

P, <m"exp {

Since we assume that for some € > 0 the functions R(x)z~Y/?¢ and R(z)z are
eventually increasing and decreasing respectively, y = zR'(x)/R(x) € [1/2 4+ €,1 — €] for
sufficiently large = and thus the expression y—3/2+1/(2y) remains negative and bounded
away from 0. We can therefore conclude that for r > 2/3,

P, <m"exp{—nR(d,)R(d,)/(Cd,)}.

Note that the sequence nR(d,)R'(d,)/d, is regularly varying with index 3 —2/r > 0 and
thus it diverges to +00 as n — oo.
Finally to conclude our claim note that for any r € (0,1), and L € R,

P [AS[L,00) > 1] < B [AS[L,00)] < Cn"P, < e BEWIC s )

5 Decoupling

Our considerations up to this point show that the particles from A,, UB,,UC,, do not affect
the asymptotic behaviour of & -1 4, A, provided that the latter has a non-trivial limit.
Until now we investigated only the contribution of big jumps which as it soon turns out
is not enough for our needs. Now we will be also investigating the contribution coming
from typical particles. This is when the precise large deviations beyond the so called one
big jump domain come into play.

For functions f,, g,: R — R we will say that f,_;, (2,) ~ gn—j, (2,) uniformly with respect
to jp € J, CRand z, € H, CR if

fnfjn (xn)

lim sup sup |———= — 1' =0.
n—ﬂ)o]'neJn ZnGGn gn*]n(','vn)
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Equivalently, f,—;,(2.) ~ gn—j,(2,) for any choice of z,, € H, and j, € J,. Put
H, =l[d, +nR(d,)/2 — 2},d, +nR(d,)/2+ 2], (23)

where 27 is any sequence of real numbers that is regularly varying with index strictly less
than 2 —1/r if r > 2/3 and less than 1/r — 1/2 if » < 2/3. Finally for z,, € H,, we write

I(z,) = Sé%fl] {R(z, — nK'(s)) + n(sK'(s) — K(s))}. (24)
Theorem 5.1 given below states that the probability that S,, exceeds x,, € H, decays
as ne~!(®) . The form of I(z,) can be heuristically derived in the following way. Write
Sp = Np+ S, — N,,. Then S,, — N,, can be seen as the sum of n — 1 of the X s that are
not the maximal among X, ..., X,,. In other words. S,, — IV, is the sum of typical values
Xi,... X, and N, is the one atypical value among X1,..., X,,. Now the event {S, > z,}
is a union of {N,, > a} N{S, — N,, > b} along a + b = x,,. For technical reasons it is
most convenient to write a = x, — nK'(s) and b = nK'(s) for some s > 0. Then the
probability of {N,, = x, — nK'(s)} decays as ne~B@—nK'() and {S, — N,, > nK'(s)}
decays as e"K()=sK'(s)) (see (5)). Finally the infimum present in the definition of I(x,,)

should be interpreted as taking the most probable choice of s and thus of a = x, —nK’(s)
and b = nK'(s).

Note that the infimum in (24) is attained for s = s* which is the unique solution to
s* = R(x, — nK'(s"))

in the interval [0, 1]. One can easily check that, for a sufficiently large n € N, the function
s+ R'(z, —nK'(s)) is a contraction on [0, 1] and thus the existence and uniqueness of
s* follows from the Banach fixed point theorem.

I(z,) = R(x, — nK'(s")) + n(sK'(s*) — K(s%)).

One then checks, using the regular variation of R’ that s* is bounded from above by
(1+0(1))R/(d,). It transpires that if » < 2/3 then I(z,) = R(x,) + o(1) uniformly in
r, € H, and for r > 2/3 we have I(x,) = R(d,) + O(n*~3/"¢(n)) uniformly in z,, € H,
for some slowly varying function ¢.

Theorem 5.1. Let Assumption 2 be satisfied and let J, = [0,j5] NN where j’ is
any sequence of natural numbers which is reqularly varying with index strictly less than
min{1,3/r — 3}. Then uniformly in v € H,, and j € J,,

P[S,_j, > &) ~ ne @) +HOURR @)%)

The case r < 2/3 corresponds to [15, Theorem 3|, the case r = 2/3 to [15, Theorem 5|
and the case r > 2/3 to [15, Theorem 2|. However the statement of the last one was
too implicit for our needs and therefore we provide a new proof with a more explicit
statement. We will present a self-contained proof of Theorem 5.1 in Section 7. Note that
the case r < 2/3 is covered in [7].
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We will use Theorem 5.1 in the proof of our decoupling lemma which we will state below.

For k < j and = € T define
Vk,j(l') = Z Xw.

w<e, k<|w|<j
We will furthermore make use of the following observation. For x € T, \ (A, U B, UC,)
we have Xy« () > yn.

Lemma 5.2 (Decoupling lemma). Suppose that Assumptions 1 and 2 are satisfied. Fix
L € R. Then there exists a sequence of natural numbers k, such that k, = o(n'™") if
r>2/3 and k, = o((logn)*) if r < 2/3 and a sequence l,, = o(b,) such that the subset of
T, given via

D, ={zxeT,\ (A, UB,UC,) : [v*(x)] <n—k, or Vi, n(v"(x)) < b, + La, —l,,}

satisfies
D
AT =D Can v = O

z€Dy,
in M,(L,00|. Furthermore for the subset of T,,

En={zeT,\ (A, UB,UC,) :|v*(z)| >n—k, and Vi, ,(v*(x)) > b, + La, — 1, }
and the sequence of events
Ay ={3r,y € &, min{V (), V(y)} > by + Lan, v*(x) #v*(y), [v*(x) Av*(y)| > K.}

one has

n—oo

P* [lim sup An} = 0.

Proof. For r < 2/3 take k, to be the smallest integer grater than (logn)*R/(d,)(d, —y, +
1), write for sufficiently large n,

P*[Fz e T, \ (A4, UB,UC,) [v'(z)] <n — k)

< P* [ max X, > yn] < Cm" " PX > y,] < exp {—(log n)3/C} :

|w|<n—ky
An appeal to the Borell -Cantelli lemma yields AP (L, +o00) = 0 for sufficiently big n a.s.
which in turn implies our first claim for » < 2/3. To verify the second claim just use a

direct estimate
3
]P;*[An] < szniknP[X > yn]2 < ef(logn) /C

which implies Y >° | P*[A,] < co. Yet another appeal to the Borell -Cantelli lemma yields
our second claim for r < 2/3.

The proof for r > 2/3 is more involved. For j > 1 define the sequence of indexes {g; },>1,
where ¢1 € (3—2/r,1) and ¢;11 = 14+ (¢;—1)/r. Then g1 = 1—2r7(1—¢q;) = —o0. Let
Jo to be the smallest positive integer for which ¢;, < (1 —r). Note that by the recursive
formula for the g;’s, ¢;, > 0. We can always choose the value of ¢; such that the last

inequality is strict, so we have g;, > 0. Next define the approximating sequences {kg )}neN
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and {¢9) ey via kY = no, kY = d, ;- R'(d,)logn and 9 = dkg)R’(dn)(logn)l/Q.

Then for each j, {kff )}neN is regularly varying with index ¢; and {Eﬁf )}neN is regularly
varying with index ¢;/r. In what follows we will make use of two asymptotic relations
between the two sequences which follow from the construction. Namely for each j > 2,
as n — oo,

B > R(d,)057), 49 > d, ), and kD > nR(d,)*. (25)

Consider the subsets of T,, given via

FO =T,\ (A, UB,UC,) = {x €T, @ Xpr) > Yn, max X, < 5n}
we 2]\ {v* ()}

and for j > 1, let

G ={zeFi™ : v ()| <n—-kY},
HD ={z e FV™V : [v*(x)| > n— kP, V(v*(2)) < b, + La, — 9},

n

FD ={ze FIV ¢ [v*(x)| >n— kP, V(v*(x)) > b, + La, — (9} .

n

Then '
5n:~7'—7(zj0)7 D, = O(QT(zj)UIngj))
j=1
We will now show that the Fositions of the particles from D,, do not contribute. For this
purpose let DY = G U and let DY™ = (GI™ UHI™)\ U;.’:ll(géj "UHY) We have

P[3z € Qfll)} < Cm”’kw]P’[X > y,] < exp{—n?/C}
and
P[3z € HY, V(z) > by + Lan] < Cm"PIX > y,]P [Skg) > z,gl)} < exp {—n®/C}.

Turning our attention to D,({”) with m > 2 we use the uniform estimates in Theorem 5.1

and the first condition in (25) to write

P[3z € DI NGY]
SPEreT n—k"" <|o| <n -k, V(z) > b, —1"V)]

k;m—l)
<5 S > b~ 1Y) < exp /O
j=ki"

In a similar way, using the first two conditions in (25) and Theorem 5.1,

P [3z € DI NH, V(z) > b, + La,) <
P [Elx € ﬁ(f”) lv*(z)| > n — k"™ b, + La, — 1™V < V(v*(x)), Vi (@)n () > lflm)}

k™
<m" Y P [Snj > by + Lay — 1" V] Py, [S; > 1] < exp {~k{™/C}.
=0
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Next consider the events
AP = (3w, y e FI7Y 10 (@) # 0*(y), [0 (@) Aot(y)] > KD}
Then for 7 = 1, and sufficiently large n,

P[AD] < Com 5 P(X > y,* < exp {—n®/C}

and for j > 1,
P [A,gj)} <P [A,(j—l)] +P [Elx, y € ng‘l), kﬁf—l) > |[v*(x) Av*(y)| > kiq(j)] ) (26)

On the event {kY " > |v*(z) A v*(y)|} the random variables Vv, (z) and Vi g-n  (y)
are independent given o <Xv o] < kY _1)>. Now by the definition of £Y~" we use the
aforementioned conditional independence and write

P[3z, y € EUTV kU= > o (z) A vt (y)] > k;flj)}

€) 01?2
< Cm"m" P [S’ WG > by + La, — l,(f_l)}

n—

The large deviation result for stretched exponential random variables in Theorem 5.1
implies that for sufficiently large n,

P[S, - > by + La, —197] <m"exp {CR/(d,)I7 ™V} .

By our choice of sequences, R’ (dn)l,(f D« kY as stated in (25). Going back to (26) gives
P[AD] <P[AYV] +exp {-k)/C}

which by induction implies that for any j < jo, AY) oceurs only finitely many times. The
claim follows since AY®) — A,.

]

Lemma 5.2 will allow for an efficient decoupling. The position of each x € &, can be
written in the following way:

where
Hy(z) = ZXw]l{|w|gkn}, Hy(z) = Z Xl (X, <6, wl>n—kn}>
w<x w<x
T() = Y Xul{ulelnnr)-

|w|<z
As one may expect, the first term on the r.h.s. of (27) is negligible.
Lemma 5.3. For anyr € (0,1), P* - a.s.

o g () o =0
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Proof. One can use the quite generous upper bound

max |Hy(z)| < My,,.

xEln

Since dy, = o (nl/’"*lfe) for some € > 0 as in the claim of Lemma 5.2, we get My, /a, — 0
as ay, is regularly varying with index 1/r — 1. ]

As a consequence of Lemma 5.3 in order to establish convergence of

£
A=) Cuni (et

.’L'egn

it is sufficient to study

@n - Z gar_bl(T(r)+Xv*(a:)+H2(x)_bn)'
Iegn

Lemma 5.4. Suppose that Assumptions 1 and 2 are satisfied. Let a, and b, be chosen
as in the statement of Theorem 3.1. Then as n — 0o,

Ai—@n:>0

in My(R).

We will present the proof of this lemma once we establish the convergence of ©,,.

6 Convergence of the point processes

We now turn to the final arguments in in the proof of Theorem 3.1. We will first show that
the decoupled point process ©,, converges to the desired limit. Then, using the tightness
of ©,, we will show Lemma 5.4 which will yield immediately Theorem 3.1. Note first
that we can rewrite ©,, in the following way

O, = Z ]l{XU>yn} Z 8agl(T(:c)+xv+Hg(:z:)—bn)]lEn(v,:r:)a

n—kn<|v|<n x>, |z|=n

where E, (v,z) = {X, <4, forall we (0,z] \ {v}, |w| > k,}.

Proposition 6.1. Suppose that Assumptions 1 and 2 are satisfied. Then for sequences
{bn}nen and {a, }nen as in the statement of Theorem 3.1, and A given by (16),

6, = A

in M,(R).

Proof. By the choice of the centring sequence {b, },en and the scaling sequence {a, }nen,
by an appeal to Lemma 4.2, Lemma 4.3 and Theorem 5.1 we have for any = € R,

lim m"P[S, o, + X > b, + za,, Nyor, < 0p, X > y,] = ae™™.

n—oo

20



Therefore if we denote
M(-) =P [a, ' (Sn2k, + X —bn) € -, Noop, < 60, X > 4]
the above observation implies that vaguely
m"n,(dz) — n(dz) = ae”*dx.

Fix any f € C£(R) and take L € R sufficiently small such that supp(f) C [L, oc]. Recall
the statement of Lemma 5.2 and the definition of the event A,,. By conditioning on T
and o(X,, |u| > n — k,) and then conditioning on T we can write

tlen{- romsa] = 1 2l frooninl]

with

+o(1)

@n,k =1g, Z gaf,l(Sn,gkn—&—X—i-V(:p)—bn)?

|z|=n—k

where E, = {N,_ok, < 6,, X > y,}. We will argue that for j € [0, k,),

Z, ;K [1 — exp {— / f(x) @n,nj(dx)}] —mIW / E[1—e /@) n(dx)  (28)

a.s. which implies

HE* {exp{ /f O dx)}: S

E* |exp {—Wf:m_j /E [1- e_fo(‘”)} n(dx)}] :

To show (28) define the modulus of continuity of f via

wr(e) = sup [f(x) = f(y)l, €>0 (29)

lz—y|<e

denote

A s = /f Oy (de) — Z,f (" (Snose, + X — b))
and notice that the law |A,_;| is dominated in the sense of the stochastic order via
d
[Anj| < Zjwy (My, /an)

where the second term on the right hand side goes to 0 in probability as n — oo, since

My, /an, 50 (see the proof of Lemma 5.3) . Note that since f is necessarily bounded,
the aforementioned convergence holds also in L'. Now write

Zp B |1~ e— [ f@) @n,n—j(dm)i| =Z, ,E [1 _ Q*ij(aﬁl(snfzknJrX*bn))]

_I_ Zn—jE [G_ij(arjl(sn72kn+X—bn))(1 _ e—An,j)] )
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The first term has the desired asymptotics, i.e. by an appeal to the vague convergence
m"n,(-) = n(-), we can write

Zn—iE [1 - €7ij(a’71(s"*2’“"+xfb”))} = Zn_; /E [1— e %7 @], (dz)
_an‘ —Jj —Zjf(x n —j —_Z:f(x
= g™ j/E [1 = 727 mp(da) — m ]W/E [1— e 5] n(da).

The second term is negligible since

Zn—j]E [e—ij(aﬁl(Sn,2kn+X—bn))(1 — e Bn— )] < Zn—jE [e—ij(aﬁl(Snf%n-i-X—bn))An_j]

< e e ()| et

The convergence (28) follows and so does the claim. O

Proof of Lemma 5.4. Fix f € C(R) and recall wy(6) = supy, <5 |f(x) — f(y)]. As an
element of C;(R) the function f must have a limit at +o0o and thus ws(e) — 0 as € — 0.
For any fixed € > 0, on the event B, (¢) = {max,cs, |Hi(z)| < ¢/R'(d,)},

'/f(fﬂ) A7 (d) —/f(x) On(dz)| < On((e, €) + supp(f))wy(e).

The claim follows since the events B, (¢) have probability close to 1 and wy(e) — 0 while
the measure of (e, €) + supp(f) with respect to 6, remains bounded in probability as
e — 0. O

Proof of Theorem 3.1. The claim is an immediate consequence of Lemma 5.4 and Propo-
sition 6.1. O

7 Large deviations for stretched exponential tails

In this section we will revisit precise large deviations for sums of i.i.d. random variables
with stretched exponential tails. This problem was addressed previously, see [15, 16].
However the general results in [15] were not sufficiently explicit for our purposes. For
this reason we decided to revisit the problem and study the deviations on the scale d,,,
where d,, is any regularly varying function with index 1/r. We will study deviations
uniformly in the time interval

Ng =N —Jn, Jn€ o = [O,j;:],

where 7 is any sequence of natural number which is regularly varying with index strictly
less than min{1, 3/r — 3}. Recall H,, C R given in (23) and the rate function /(z,) given
in (24).

The first lemma asserts that whenever S,,, > x,, there has to be at least one jump grater
than §,, = dd,, for some fixed § € (27",1). The proof goes along the exact same lines as
the proof of Lemma 4.2 (see (19)) and is therefore omitted.
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Lemma 7.1. Suppose that Assumption 2 is satisfied. Then

sup sup P[S,, > zp, Ny, <0, =0 (ne—l(:cn)) .
Tn€Hy jnGJn

Next we will treat the possibility of having two jumps bigger than 4,. The proof is
straightforward, see (20), and is therefore also omitted.

Lemma 7.2. Suppose that Assumption 2 is satisfied. Then

sup sup P[S,, > @y, 3,5 < ng, min{X;, X;} > d,, i #j]=o0 (ne_l("”")) .
wn€Hy jn€dn

Taking the last two lemmas into account, we see that in order to establish the asymptotics
of P[S,, > x,] it is sufficient to study P [S,, + X > z,, N,, < d,, X > §,]. In our next
step we will show that X has to be sufficiently big. Recall the sequence {y,}nen given
by (30).

Lemma 7.3. Suppose that Assumption 2 is satisfied. Then

sup sup P[S,, + X > z,, Ny, <8, X € (0, n]] =0 (nel(xn)) _
anIn anJn

The proof goes along the same lines as the proof of Lemma 4.3 and is therefore omitted.
In what follows we will investigate

P, =P[S,, + X >z, Npy < 0y X > yy).
Consider w,, > y,, given via

w { d, + (logn)?/R'(d,) r € (0,2/3]
"o d, +nR'(d,)/3 re(2/3,1)

(30)
We will start by writing

P, =PI[Sh, > Tn — Yn, Npy < 0ny X > 4]
+P[S,, < xp — Wn, Npg < 0y Spg + X > 20, X > y4)
+ Plz, — Sng € [Un, Wn], Nug < 0y X > 2, — Spy] = An + B, + C.

Lemma 7.4. Suppose that Assumption 2 is satisfied. We have

sup sup (A, + B,) =0 (ne_l(”””)) :

Tn€ln ]neJn

Proof. We will first treat A,,. Simply write
A, <PIX > y,]Ps, [Sny > Tn — Ynl-

If < 2/3 the above estimate combined with an exponential Markov’s inequality with
s = (14 ¢)R'(d,) constitutes

A, <PX > y,]exp{noKs,(s) — s(zn — yn)}-
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Provided that € > 0 is sufficiently small, we can invoke Lemma 4.1 and conclude that
A, <exp{—R(d,) — e(logn)®} .

For r > 2/3 we apply the same argument (with the same choice of s in the exponential
Markov’s inequality) and get

A, <exp{—R(d,) — enR'(d,)*} .

This proves our first claim. For the second term we have a simple bound B,, < P[X > w,)]
which implies our claim. O

To treat (), firstly condition on X7, ... X, and write
Cn = E[eiR(InisnO)]]‘{Nno S‘sn, En_snoe[ynywn]}] : (31)

Recall the measure IP;, introduced in Section 4 and that we write E;, for its expectation.
We have uniformly in z,, € H,, and j, € J,,

Cn = (1 + 0(1))E6n [e_R(xn_S’nO)]l{xn*Snoe[ynywn]}]'

We will use yet another change of measure. For s > 0 denote by Pys, a probability
measure with respect to which X are i.i.d. distributed according to

Pys, [ Xi < t] = e K OEs, [1x,<iye*] .

Denoting by E s, the expected value corresponding to P, 5, we have E,;, [X1] = K (s)
and Ey 5, [(X; — Ey5,[X1])?] = K§ (s). Consider the distribution of normalized sums

E (y) = P, [0(Sne) < 9], where 6,(y) = (y — noKj, (s))/1/nok, (s)-

Then £ converge point wise to the cumulative distribution function of standard normal
distribution. and observe that for D,, = [0, (z, — w,), 0n (2, — yn)] we have

Es, [e7 M85m0l 1, g elynopy] = €050 OB, 5, [G_SS"O_R(I”_Sno)]1{xn75noe[yn,wn]}]

= exp {noK;, (s)} | e 0 WR@n—0"w) pls)(qy),
Dy,

Now use Taylor expansion for R to write, for y € 6,,([z, — wn, z, — yn]), and z,(s) =
T, — oK (s),

R(zn — 0, (y)) = R(wn(s)) — yR'(2a(5)) /o K" (s) + y*R"(§,)ne K" (s) /2

for some &, that lies between z,,(s) and x,(s) — yy/noK}(s). Thus we arrive at

o = (L 0{1))eRon0 i R [ et et 012 0 )

n

en(s) = (R'(zn(s)) = 5)y/noKF (s).
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We want to take s = s* in the above construction, where s* is characterised by being the
unique solution to (5). Then, by the merit of regular variation of R”, for some slowly
varying function /¢,,,

len(s*)| < | R (2n(s%)) — R (2, — nK'(s%))|y/nEKY (s*) < n 720,

Note that we used here the bound on j*. In the sequel we will write e,, = e, (s*). Finally
by the regular variation of R” for some slowly varying sequence /¢,

sup IR (& onsz) — R ()] < € = 0?74, (32)

zE[wn—wn,an—yn]
It is therefore sufficient to show the claim of our next lemma.

Lemma 7.5. Suppose that Assumption 2 is satisfied. Let f,, = (R"(z,(5))+€n)no Ky (5*)
where {€, }nen is reqularly varying with index 3 — 4/r. Then, as n — oo,

sup sup
CEnEIn ]nEJn

/ even=y*In/2 ES)(dy) — 1| — 0.

Dy,

Proof. Firstly, for r > 2/3, ye, — y*f,,/2 — 0 uniformly in y € D, z, € H,, and j, € J,
and so the claim follows from the central limit theorem. We thus treat only the case
r > 2/3. We will utilize the following estimate, for y € [0, 0,,(z,, — y»)] and h > 0 we have

1= Ff(y) = e MR, [ 50, (5,0)59] <
(14 o(1)) exp {ng s, (5" + 1) = Ko, (s%) = WG (5)) = /noky, (s*)hy }
Take h = ey/ /ng for € > 0 sufficiently small so that we can invoke Lemma 4.1 to get
1— F*)(y) < Cexp {—y*/C.}, (33)
for some constant C, that depends on e. Similarly, for y € [0,,(x, — w,), 0]
F&)(y) < Cexp {—y*/C.}.

Denote D = [0, 0,(x, — yn)]. We will first show that

sup sup
Zneln jnejn

/ even—y*In/2 E¢)(dy) — L — 0.
D 2

Using the integration by parts formula we arrive at

/ eyen v /2 P (qy) = / (en — yfu)ever V12 (1 — F)(y)) dy
Dy

D}
_ een(xn*yn)en*en(xn*yn)?fn/Z(1 _ Fyg'g*)(en(xn _ yn))) + (1 _ F’rES*)(O))

One can show that the first two terms on the right hand side are negligible using the
estimate (33). Indeed the behaviour of the second term follows directly from (33). The
integral can be treated by considering

25



Our claim follows since F\* (0) — 1/2. In a similar fashion we treat D, = [0,,(z,, — wy), 0],

we write

/ even v /2 P (dy) = / (en — yfu)e? V52 (1 — F)(y)) dy
Dy

Dy
— e e P EED(9, 2, = w,) + L (0),

n

and conclude that the limit of the right hand side is 1/2.
O

Proof of Theorem 5.1. Our considerations up to this point show that it is enough to
justify that C,, given in (31) has the desired asymptotics. Note that with € be given
via (32) one has

/ eyen+y2f#/2 FT(LS*)(dy) < CnenOS*K[;n(S*)—noKsn(S*)+R(xn(S*)) < / 6z,fenerQfl/2 Frgs*)(dy)

n n

where fy = (R"(z,(s%)) + €:)no Ky (s*) and f] = (R"(2,(s*)) — €;)no Ky (s*). The claim
now follows from Lemma 7.5 and the fact that

nos" Ky, (s*) — noKs, (s7) + R(zn(s)) = I(z,) + O (j;R'(mn)2) .

A  Appendix

Here we present the proof of the auxiliary lemmas used in the article. In the proof of
Lemma 4.1 it will be convenient to first analyse the moment generating function of the
truncated random variables

Fs, (s) = Es, [exp{sXi}],

where 0, = dd,,, with 6 € (27", 1). We begin with a result which will allow to control Fj, .
Recall that x is the smallest integer greater than or equal to (2 —7r)/(1 —r). Recall that
under Assumption 2 the function R(z)z~¢ is decreasing for some d € (0,1).

Lemma A.1. Let Assumption 2 be in force and let d € (0,1) be such that R(z)xz~? is
decreasing. Then for any k > r such that E[|X|*] < oo and x € (0,1/d) we have, as

n — oo,
sup skFé(k)(s) =o(n').
0<s<xR'(6n) "

Proof. As X is bounded under P;_,
F®(s) = B, [XEes].

Since P[X; < d,] — 1 it is sufficient to estimate

E [Xfesxl]l{xlggn}] =K [Xfesxl]l{xlgo}} + E [Xfesxl]l{0<X1S5n}}
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The first integral can be bounded from above via E [|X 1 |k} . We will apply the integration
by parts formula (17) for the second expectation with ¢(x) = 2*e%*, A = 0 and B = 4,,.
Before we present the next bound, let us note that

sup 80, — R(0,) < (xd — 1)R(d,). (34)

0<s<xR/(6n)
With this estimate we infer that for sufficiently large n,
$(3,)P[X > §,] < e Rd/C,

For the integral we can write

/6” VOPLX > dt < C - db /Jn exp {st — R()) dt

1

< C-dhtt / exp {s0,t — R(5,t)} dt
d+o(1)

As R is regularly varying with index r € (0,1), R(0,t) ~ t"R(,) almost uniformly in

t € (0,00), i.e. uniformly in ¢ € G for any compact G C (0, +00). Thus for arbitrarily

small € > 0 there is n large enough such that R(0,t) > t"R(0,,)(1 —¢) for all t € [§/2, 1].

Thus the integral can be bounded in the following way

/6n Y (P[X > t]dt < CdF T exp{(xd — 1+ €)R(5,)}.

Provided that ¢ is sufficiently small the right hand side decays exponentially fast in n
which in turn secures our claim. O

We now turn to the proof of Lemma 4.1 which we recall here for convenience.

Lemma A.2. Let Assumption 2 be in force. Let d € (0,1) be such that R(x)x=¢ is
decreasing and let x € (0,1/d). Then for any i € {0, 1,2},

sup (Kgf}(s) - K@)(s)) —0 (1> .

0<s<xR'(dn) n

Proof of Lemma 4.1. Since under Ps , X; is bounded a.s. for any fixed s,

K

J ) (s —1t)"
Ey,(s) =Z%E5n [Xi] + /0 (s = )" p (t)dt,

=7 (k4 1)1 on

where for any fixed j, Es, [X{] = E[X?] + 0 (1/n). Let
K S] ]
F(s) = ZEE [Xi{].
§=0
By Lemma A.1 and the choice of &, for any i € {0, 1,2},

sup  |[FO(s) — Fy)(s)] = o(1/n). (35)

0<s<xR/(dn)
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We continue with

Ks,(s) = log(F5, (s)) = log(F(s)) + Au(s), (36)
with ﬁn( ) such that supy<,<,p (s, | n(s)] = 0(1/n). Define ¢(s) = log(F(s)). Follow-
ing [20] we have ¢(0) = 0 and

d d s) __ / s) /

() = e = ¢/()e") = () Fs).

We see that ¢'(0) = 0 and after differentiating m — 1 times, where m < k, we get

©6(0) = BIX™] - mZ( _1) o) L),

j=1

Comparing the above relation with (13) allows us to conclude that “=-¢(0) = k,, for
m < k. Using the Taylor expansion of ¢ we get finally that

k+1

o8 Fls) = 6l6) = 32 547+ o0 = K(6) + 5y

for some ¥ € [0, 1] with

=)

by the choice of k. This in combination with (36) yields our claim for i = 0. The claims

sup
0<s<xR'(6n)

for i = 1 and i = 2 follow from a direct comparison of K and K éi) and an appeal
o (35). O

Lemma A.3. Let Assumption 2 be in force for some r < 2/3. Then for yn d,
(logn)?(d? + nR(d,)?)/(d.R(d,)), h, = R(d,)/d, and 6, = dd, for § € (27",1) the
following inequality holds true for sufficiently large n,

E [" X1 (xe(s,0) < oxp{—(logn)*(1 +nR(d,)*/d2)/C}

Proof. We will apply the integration by parts formula (17) with 1 (s) = e"* A =§, and
B =y,. We have

D(6,)P[X > 6,] = exp (SR(dy) — R(5d,,)) < exp {—n/C}, (37)

since R(dd,) ~ 6"R(d,) ~ §"n and § € (0,1). Now note that since R(x)x~? is assumed
to be eventually decreasing for some d € (0,1), we have R(x)/(R'(x)x) > 1/d > 1 for
sufficiently large x and thus

han = R(yn) < (1 —1/d)(logn)*(1 + nR(d,)*/d;, + o(1)) (38)
which in turn gives
P(yn)P[X > y,] < Cexp {—(logn)*(1 +nR(d,)*/d})/C} .
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We finally consider the integral on the r.h.s. of (17) for which we have

" Y (s)P[X > s]lds = h, /yn exp {h,s — R(s)} ds
on on

1
SCW/’ exp {hyns — R(yns)} ds
d+o(1)

1
SCW/’ exp {5(hnyn — R(ya))} ds,
d+o(1)

where in the last line we used the fact that R(sy,) ~ s"R(y,) locally uniformly in s €
(0,00). We see that if we plug in (38) into the integral and use the fact that s is bounded
away from 0 we will arrive at

;n Y/ (s)P[X > s]ds < exp {—(logn)*(1 + nR(d,)?/d2)/C}

which in turn yields our claim. O

Lemma A.4. Let Assumption 2 be in force for r > 2/3. Then for y, = d, — nR'(d,)
and h, = R(d,)/d, the following inequality holds true

< n i / i / i dn
E [" 1 {xenp] < exp{ R(dd)f (@) (R}g?dz) - 1) (1 +0(1))}-

Proof. The argument goes along the exact same lines as for Lemma A.3. Once again
apply formula (17) with 1 (s) = e"* A = §, and B = y,. The estimate (37) is still
sufficient for our purposes. To estimate the two other terms note that

R(y.) = R(d,) — nR/(dn)*(1 + o(1))
which implies

nR(d,)R (d,)

R (dn)dn
R(dy)

- 1) (1+ o(1)).

Using the same arguments as in the previous lemma

U (Yn) P[X > y,] + " V' (s)P[X > s]ds

s o)

]
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