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Collective vs. individual behaviour for sums of i.i.d.
random variables: appearance of the one-big-jump
phenomenon )

QUENTIN BERGER (), MATTHIAS BIRKNER (2) AND LINGLONG YUAN (3)

ABSTRACT. — This article studies large and local large deviations for sums of
i.i.d. real-valued random variables in the domain of attraction of an a-stable law,
a € (0, 2], with emphasis on the case o = 2. There are two different scenarios: either
the deviation is realised via a collective behaviour with all summands contributing
to the deviation (a Gaussian scenario), or a single summand is atypically large and
contributes to the deviation (a one-big-jump scenario). Such results are known when
a € (0,2) (large deviations always follow a one big-jump scenario) or when the
random variables admit a moment of order 2 + § for some § > 0. We extend these
results, including in particular the case where the right tail is regularly varying with
index —2 (treating cases with infinite variance in the domain of attraction of the
normal law). We identify the threshold for the transition between the Gaussian and
the one-big-jump regimes; it is slightly larger when considering local large deviations
compared to integral large deviations. Additionally, we complement our results by
describing the behaviour of the sum and of the largest summand conditionally on
a (local) large deviation, for any a € (0,2], both in the Gaussian and in the one-
big-jump regimes. As an application, we show how our results can be used in the
study of condensation phenomenon in the zero-range process at the critical density,
extending the range of parameters previously considered in the literature.
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Quentin Berger, Matthias Birkner and Linglong Yuan

RESUME. — Nous étudions dans cet article les grandes déviations et les grandes
déviations locales pour des sommes de variables aléatoires réelles i.i.d. dans le do-
maine d’attraction d’une loi a-stable, « € (0, 2], en mettant I'accent sur le cas a = 2.
Il y a deux scénarios différents: soit la déviation est réalisée par un comportement
collectif ot toutes les variables sommées contribuent & la déviation (un scénario
gaussien), ou bien une seule des variables est atypiquement grande et contribue a la
déviation (un scénario d’un unique grand saut). De tels résultats sont connus quand
a € (0,2) (les grandes déviations suivent toujours le scénario d’un grand saut) ou
quand les variables admettent un moment d’ordre 24§ pour un 6 > 0. Nous étendons
ces résultats, en incluant en particulier le cas ou la distribution posséde une queue
a droite & variation réguliere d’indice —2 (traitant le cas de variables de variance
infinie dans le domaine d’attraction de la loi normale). Nous identifions le seuil pour
la transition entre le régime gaussien et le régime de grand saut; ce seuil est légere-
ment plus grand lorsque 'on considére les grandes déviations locales comparées aux
grandes déviations intégrées. De plus, nous complétons nos résultats en décrivant le
comportement de la somme et de la plus grande variable sommée conditionnellement
A avoir une grande déviation (ou une grande déviation locale), pour tout a € (0, 2],
a la fois dans le régime gaussien et dans le régime d’un grand saut. Comme appli-
cation, nous montrons comment nos résultats peuvent étre utilisés pour étudier le
phénomene de condensation dans le processus de rang zéro (zero-range process) de
densité critique, étendant le spectre des parameétres précédemment considérés dans
la littérature.

1. Introduction

Let & be a real-valued random variable and let &1, &, ... be independent
and identically distributed (i.i.d.) copies drawn from the distribution of &.

We denote, for = € R,

F(z) =P < ), F(z):=1-F(x).

The general theme of the present paper is to study the interplay between

Spi=Y & and M, :=max{{,&,. .., &}

=1

when one of them is atypically large.

We assume that £ is in the domain of attraction of an a-stable law,
with a € (0,2], i.e. that there exist sequences (@n)n>1,(bn)n>1 such that
(Sn)n>1 satisfies
—— Sa, (1.1)

(07 n—oo

where S, is an a-stable random variable and 4, denotes convergence in
distribution. From Feller [18, Chapter XVIL.5, Theorem 2], a necessary and

sufficient condition is the following;:
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Collective vs. individual behaviour for sums of i.i.d. random variables

o If @ € (0,2): there is a slowly varying function L(-) such that
F(z) ~ pL(x)x™*, F(—x)~qL(z)z™® asx— o0, (1.2)

with p,¢ > 0, p+q = 1; if p = 0, we interpret (1.2) as F(x) =
o(L(z)x~%) and similarly if ¢ = 0. Note that in this case we have
that F(z) + F(—x2) ~ L(x)r™* as x — 0o.

o If a = 2: £ has a finite expectation, that we denote by u = E[¢], and
the truncated variance

o?(z) :=FE [(€ - u)21{|5,ﬂ| <z, =0 (1.3)
is slowly varying as * — oo. Note that this contains the case of a
finite second moment, i.e. lim, o, 02(z) = E[(§ — p)?] =: 2.

In the case v = 2, let us recall the fact that (see [18, Chapter IX.8, Eq. (8.5)])
F(z)+ F(—z) = o (2 %0%*(2)), asz— . (1.4)

The normalising sequence (a,,),>1 verifies, as n — oo
L(ap)a,® ~n~t if a € (0,2); o2(an)a,?~n"t ifa=2, (1.5)

and the centering sequence (b,,), >1 is given by

0, if a € (0,1);
b, = nE[fl{m éan}]’ ifa=1; (16)
nE[¢], if e €(1,2].

Note that we can also replace (1.5) by L(ay)a,® ~ an™t,0%(a,)a,? ~ an™?

in the different cases for any a > 0. The value of a only changes the law of
S, by a dilation factor.

The one-big-jump phenomenon

The “one-big-jump phenomenon” asserts that the large deviation event
of having S,, unusually large may be realised essentially thanks to exactly
one of the variables £1,...,&, being very large. This is captured in the large
deviation behaviour of the probability

P(Sp, —bp = x,) ~P(S, — by =z, My, = ) ~ P(M, > z,)
asn— oo, (1.7)

where z, is a sequence going to infinity. We also refer to Theorem 2.10
and Corollary 3.2 below for a more detailed interpretation of (1.7). Finding
conditions on the distribution of ¢ and on the sequence (x,)n>1 for (1.7)
to hold has a long story, in particular within the class of subexponential
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distributions(V), see e.g. [12, 31, 34] or [13] for a more recent reference.
The one-big-jump phenomenon occurs in a large deviation regime, i.e. when
P(S, — b, > x,) — 0, which is equivalent to lim, zn = 00, so we will
focus on this regime henceforth.

Ezxample 1.1. — As a first example, consider a centered random variable
¢, i.e. p=E[¢] =0, with finite variance 02 = Var(€), that verifies
F(z) =P >xz)~ Lz)z™? asz — oo, (1.8)

for some B € (2,00) and some slowly varying function L(-). In this case,
Nagaev [34, Theorem 1.9] shows that if in addition E[|¢|>*°] < co for some
0 > 0, then for any sequence (z,)n>1 such that z, > /n, we have

P(S, = z,) = (1 +0(1))® <ax\;ﬁ) + (1 +o(1))nF(z,), n-—oo (1.9)

where @ is the tail probability function of the standard normal distribution.
Let us set

2
1
1= _(ﬂ—l)logn—Q(ﬁ—1)log10gn+logL(\/nlogn),

T 202n 2

so that in particular 22 ~ o2(8—2)nlogn if v,, = o(logn) (which is the most
interesting case). Then, using the asymptotics ®(t) ~ ﬁe’tgﬁ as t — oo,
a straightforward (but tedious) calculation gives that if lim, oo ¥ = Voo €
[—00, 00], we obtain

lim ————=

el
V2T

In particular, the one-big-jump phenomenon (1.7) holds if and only if
lim,, 00 vn = 0o. We will discuss how the condition that E[|¢]**°] < oo
for some § > 0 (which in this example, in view of (1.8), is a condition on the
left tail) and also the regular variation condition (1.8) for the right tail can
be weakened, see [35, Theorem 6] or Theorem 2.1 below.

=14cgoe 7™, withcg, = (B —2)B-D/2,

Local versions of (1.7), known as local large deviations in the one-big-
jump regime, have also been studied, see [4, 10, 13, 14, 15]. One usually
needs to make stronger assumptions on the distribution: with reference to
Example 1.1, a local version of (1.8) has been considered: P(§ = z) ~
BL(x)x~ (A with B > 2 as 2 — oo, see e.g. [4, 14, 15] or Example 2.14
below.

(1)Re£all that a distribution is called subezponential if for any y € R we have
limz 00 F(z + y)/F(z) = 1 and P(S2 > z) ~ 2F(z) as ¢ — oo. See for example [19]
for further information and background.
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Observe in Example 1.1 that for distributions in the domain of attraction
of the normal law which have a suitably heavy right tail, depending on the
magnitude x,, > y/n of the deviation that one studies, collective or one-big-
jump behaviour can occur; in fact, it is possible that both effects contribute
on an equal footing. Moreover, the changeover regime can be characterised
precisely. The main new results of this paper, presented in the following Sec-
tion 2, show that this situation (for both integral and local large deviations)
occurs for a wide class of (necessarily subexponential) distributions in the
domain of attraction of the normal law. Specifically, we sharpen the profile
of a result by Rozovskii [35], which shows how the Gaussian term and the
one-big-jump term emerge in the large deviation probability P(S,, —b,, > )
in the case o = 2. We (partly) re-prove this under weaker assumptions in a
concise way and extract sharp conditions for the changeover between collec-
tive and one-big-jump behaviour from it. We also establish the same result in
the local setting, generalising some results of Doney [14, 16]. Furthermore,
we make the behaviour of the individual summands in the different cases
explicit, corroborating the intuition behind the computations.

For completeness, we discuss in Section 3 the case of attraction to a
stable law with index o € (0,2). This is well understood and in some
sense “cleaner”. Large deviations are always realised by the one-big-jump
behaviour, i.e. the latter occurs if and only if x,/a, — oo (for the suffi-
ciency of the criterion see [4, 12, 34] and references therein; we complement
this by proving necessity). We will comment on applications of our results,
especially to the zero-range process, in Section 4.

2. Main results: one-big-jump vs collective behaviour in the
domain of attraction of the normal law

Consider the case where £ is in the domain of attraction of the normal
law, that is @ = 2. Recall from (1.3) that it corresponds to the truncated
variance 02 () = E[(§—1)?L{j¢— ) < »}] defined in (1.3) being a slowly varying
function.

This case is interesting since there is an interplay between the one-big-
jump scenario and the Gaussian scenario, as seen in Example 1.1. We will
need to make some assumption on the right tail of the distribution, which in
particular implies subexponentiality (but is weaker than having a regularly
varying tail), see (2.11) and the comments and examples below it.
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Before we turn to our new results, we recall and discuss a result by
Rozovskii [35], which provides some sharp large deviation estimates in that
case; the assumption required is weaker than E[|¢|?*9] < oo assumed in [34,
Theorem 1.9]. Afterwards, in Section 2.2 (for integral large deviations) and
Section 2.3 (for local large deviations), we provide additional (and extended)
results that help us understand the transition from the Gaussian to the one-
big-jump regime, especially in the case E[¢?] = oo, for which we say the
distribution of £ is in the non-normal domain of attraction to the mormal
law. In Sections 2.2.2, 2.3.2 and 2.4, we then deduce asymptotics of the
conditional law of the summands given these large deviations.

2.1. Rozovskii’s theorem and a few comments

We now state the main part of Theorem 6 in Rozovskii’s [35] which is
to our knowledge one of the sharpest results so far for large deviations of
random walks in the domain of attraction of the normal law; it is particularly
interesting in the non-normal domain of attraction to the normal law. Let

us introduce
2

q(zx) := O_T(x)F(x) (2.1)

As noticed above in (1.4), we necessarily have that lim,_,. ¢(z) = 0. The
idea in [35] is not to put conditions on F'(x), but rather on the function ¢(z).
Rozovskii assumes that there is some ¢ > 0 such that z¢¢(z) is asymptotically
equivalent to a non-decreasing function (in Rozovskii’s notation, x°q(z) 1).
We prove in Section A.1 that it is equivalent to having that

JFe>0 st. 2°F(x) is equivalent to a non-decreasing function
as ¢ — 0o. (2.2)

THEOREM 2.1 (Main part of [35, Theorem 6]). — Let o = 2 and (an)n >1
be a normalising sequence as in (1.5), and assume (2.2). Define w, =

wr(an) = an/+/|logq(ay,)|. Then the following two relations are equivalent:

sup |= ( 7x) - 0, (2.3)
¢>an | P(x/an) + nF(x) n—00
2
2 an

Note that the condition (2.4) gives a condition on the left tail of the
distribution as well.
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Some comments on Rozovkii’s theorem

We now make several comments: we refer to Appendix A for more dis-
cussions (and for some details on the following claims).

(1)

(3)

2

7= 00) =B [(€ = W11 n)] =

The convergences in (2.3) and (2.4) are sensitive to the choice of
the normalising sequence (ay,)n,>1. For instance, to make sure that
®(x,/an) ~ ®(x,/al,) if v,/a, — oo, it is not enough to have
a, ~ a,,. Indeed, using the standard asymptotics ®(t) ~ ﬁe*%ﬁ

as t — 0o, one needs to have (";—Z)Q - (i—”)2 = o(1), or equivalently

al, = an(1+o0(a? /x2)). Hence, there are cases where (2.3) and (2.4)
will hold for some choices of the normalising sequence a,, but not
for other ones, see Examples A.12 and A.13 in the Appendix.

As implied by the above comment, the condition (2.4) is less de-
manding for some choices of a, than others. In view of (1.5), a
natural choice of a,, would be to define it by

2 = ng*(ay,), (2.5)

n
with 7%(z) := E[(|¢ — u| A 2)2]; note that such a definition is al-
ways possible since ¢ is increasing and continuous. Let us mention
that we have replaced here o2(-) by &2(-) because o2(-) is not
necessarily continuous, but a2(y) ~ o2(y) as y — oo (see (A.5)).
With the choice (2.5), one can verify that a,, is a normalising
sequence satisfying (1.5) and we show in Proposition A.3 (see also
the comment below [36, Theorem 3b]) that the condition (2.4) is
then equivalent to

2
o2 (z+/|log q(x —02:5:0(0(@),&5:3—)00. 2.6
(evloga@@)]) = o) =0 ( o (2.6)
As stated in [35, Theorem 6] (or the comment below [36, Theo-

rem 3b]), if Var(¢) = 0% < oo and if one chooses a,, = o/n, the
condition (2.4) is equivalent to

a

1
log q()
We give in Examples A.12 and A.13 instances where Var(§) =
0? < oo and (2.7) is satisfied (i.e. (2.3) holds for a,, = o/n), but
Nagaev’s criterion fails, i.e. E[|¢|?**%] = oo for all § > 0. On the
other hand, if Nagaev’s conditions hold, then (2.7) is true, meaning
that Rozovskii’s theorem implies Nagaev’s result.

Let us stress that, with respect to comment 2 above, in the case
Var(§) < +o0, the condition (2.6) is strictly weaker than (2.7);
hence the choice a,, in (2.5) is better, see Examples A.12 and A.13.

), asx —oo. (2.7)
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We also provide an example where E[¢?] = oo (hence (2.7) fails)
and (2.6) is verified (hence (2.4) holds) for a,, defined by (2.5), see
Example A.10.

(4) Finally, there exist distributions such that, for any normalising se-
quence (an)n >1 satisfying (1.5), the condition (2.4) does not hold
(hence (2.3) fails), see Example A.14.

It is useful to keep the following example in mind, which generalises
Example 1.1 by including the case 8 = 2.

Example 2.2. — Consider a centered random variable £, with a right tail
that verifies
F(z) =P >z)~ Lz)z™? asz— oo, (2.8)
for some § € [2,00) and some slowly varying function L( - ). Note that com-
pared to Example 1.1, the case § = 2 is included. Let us stress that in
general, it might not be easy to verify Rozovskii’s condition (2.4), but here a
simple sufficient condition — with the normalising sequence (a,)n >1 given
by (2.5) — is that the left tail verifies F(—x) ~ ¢F(x) for some ¢ > 0 (by
convention F(—z) = o(F(z)) if ¢ = 0); we refer to Example A.10 in the
Appendix for details.

Now, if Rozovskii’s condition (2.4) holds (note that q(z) ~ 2> ?L(x)/
o2(x) so q(z) is slowly varying if 8 = 2), we can check that setting(?)

2
n

2
2a2

1
Yo = — [log q(an)| — 5(6 — 1) log|log q(ax)|

L(a,)
L (a/Tlog ¢(a,)])

then applying (2.3) we get that if lim, _, o Y0 = Yoo € [—00, 0] we have

>
lim L(sﬁ > Tn)

— log

, (29)

1
=1+cge >, with cg = ——208-1/2
B B om

Hence, the one-big-jump phenomenon (1.7) occurs if and only if lim,, o ¥, =
oo. Note that this example extends and sharpens [32, Theorem 1.2].

Further comments on the right-tail assumption

We stress that (2.2) does not require the full force of regular variation
for the right tail F'. Let us introduce the following generalisations of regular

() Note that @2 ~ 2a2 |log g(an)| if vn = o(|log g(ax)|), which is the most interesting
case.

— 1420 -



Collective vs. individual behaviour for sums of i.i.d. random variables

variation, called extended and intermediate regular variation® introduced
respectively by Matuszewska [29] and Cline [11]:

(i) A function f is called extended regularly varying if for some real
numbers ¢, d (called upper and lower Matuszewska indices)

24 < hmrg gf f;();cx)) < 1111)11 sgp ff(()\;))

In fact, it is known, see [6, Theorem 2.0.7], that the bounds hold
locally uniformly in the sense that for any A > 1, (1 + o(1))A¢ <
fOx)/f(z) < (1+0(1))A° as © — oo uniformly in 1 < A < A

(ii) A function f is called intermediate regularly varying if

f(Az) f(Az)

lim lim inf = lim lim su =1. 2.11
ey TP M i R T @11

< X¢ forall A > 1. (2.10)

In Appendix A, see Claim A.1, we prove that the condition (2.2) is equiv-
alent to the fact that F is extended regularly varying. In the following we will
mostly work assuming the slightly weaker condition that F is intermediate
regularly varying. We stress that both conditions imply that the law of ¢ is
subexponential, i.e. for any y € R we have lim, o F(z +y)/F(z) = 1. We
refer to Section A.1 for further comments.

After a careful review of [35], we believe that Rozovskii’s Theorem 2.1 still
holds assuming intermediate regular variation, in place of extended regular
variation. In fact, in a subsequent work [36], Rozovskii considers a slightly
different assumption that allows lighter tails, going somewhat beyond inter-
mediate regular variation, see Theorem 3b there. However [35, 36] are very
intricate so we are not confident enough to make a definite claim.

Example 2.3. — A classical example where F is intermediate regularly
varying but not regularly varying at oo is the following:

F(iﬂ) ~ xf'ersin(loglogw) ,
where 7 has to be larger than /2 in order for the r.h.s. to be non-increasing
in z (computing the derivative, a factor sin(loglogx) + cos(loglogz) — ~y
appears). Note that the upper and lower Matuszewska indices are then —y+1

and —vy — 1 respectively. Let us stress that for F to be in the domain of
attraction of a normal law, one also needs to have v > 3.

(3) For the sake of completeness, let us mention that there are other generalisations of
regular variation: we refer to [6] for an overview.
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2.2. First set of results: large deviations and conditional laws

We now collect a few results on large deviation probabilities for S,,. Our
main assumption, aside from the fact that £ is in the domain of attraction
of a normal law, will be that F is intermediate regularly varying, i.e. unless
otherwise specified we assume that F satisfies (2.11). We will point out
explicitly when we need the stronger condition (2.10) of extended regular
variation. In all the following, we assume that o = 2 and we let (a,)n>1 be
a normalising sequence as in (1.5).

2.2.1. Large deviations

Let us consider a function 7 : (0,00) — R, that satisfies the asymptotic
relation % ~ tast — o0o. Such a function exists because o2(z) is slowly

varying at infinity and thus we have lim; _, o, 7(t) = oo.

Then for any positive sequence (z,)n>1 we define

e (i) . (2.12)

In fact, we will mostly focus on the case where lim,, , ** = 0, in which

case r,, verifies
I n “ (2.13)
im r, =00} —_—~ —. .
n—oo o?(ry) Ty
In order to better explain the estimates of P(S,, — b, > z,), we make the

following decomposition:

P(Sn — by 2> xn)
=P(Sp —bn = xp, M, <7p) +P(Sp, — by =z, My, > 1) (2.14)

Analysis of the first term on the r.h.s. of (2.14)

Let us introduce, for u > 0, the tilted (and truncated) distribution P, =
P defined by

dP, 1

¢ @)= Weu('x_u)l(*oo,rn](x)

with M (u) = M,, (u) ::E[eu(f_“)l{ggrn} . (2.15)
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Define also, for u > 0,

m(u) = Aﬂﬁ((j)) —E,[¢ 4] (2.16)

and its inverse (u — m(u) is increasing since m'(u) = Var,(§) > 0 for any
u > 0)

At) :==m™(t) (2.17)
for t > Eg[§ — p] (note that Eg[§ —pu] < 0), so that Ex)[{] = u+t. Finally, let
H(t) = Hy, (t) :== —log M(A(t)) + tA(t), (2.18)

which is the relative entropy of Py w.r.t. to P. Note that we allow a small
abuse of notation here since P,, will later refer both to the law of a single
variable and to the law of n i.i.d. copies of that variable. With this notation
we can state the following result.

PROPOSITION 2.4. — Let a =2 and (an)n>1 be a normalising sequence
as in (1.5). Let (n)n>1 be a sequence such that x, > an and lim, o 7> =
0, and let r, be as in (2.12). Then

1 an [0%(rn) _pgizs
P(Snbn>zn,Mn<rn)~m$,/02((a))e H(z2)

asn —oo. (2.19)

Remark 2.5. — Let us stress that if a, < z, < Can+/|logg(a,)| for
some constant C' > 0, then assuming that F is intermediate regularly varying
(see (2.11)) we get that o%(r,,) ~ 0%(ay,), see Remark A.9 in the Appendix A.
Note also that (2.19) falls into the scope of the central limit theorem when
xn = O(ay,).

We also provide the following lemma that estimates the relative entropy
nH(z).

LEMMA 2.6. — Under the assumptions of Proposition 2.4 we have
x 1 22 122 o%(ay)
H(—"):l 1)z —an = (14 o(1))2 2n T 2n),
" n (1+0(1)) 2no?(ry) (L+of ))2 a2 o%(ry)

Remark 2.7. — Note that if £= = O(1), then
. 22 a2
nH (;) = (1+o(1)5 5 = 55 +o()
(also using that o%(r,) ~ o%(a,), see Remark 2.5). Rozovskii’s theorem
actually tells that, if F' is extended regularly varying, see (2.10), then con-

dition (2.4) is a criterion to ensure that nH(%2) = 5% + o(1) uniformly
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for a, < z, < Can/|logq(ay)|; the r.h.s. of (2.19) is then asymptoti-
cally equivalent to @(i—n) Note that the threshold a,+/|logq(a,)| appears

when comparing 5(%) with nF(x,): if 2, > Ca,+/|logq(a,)] with C > /2

then (2.19) becomes negligible compared to nF(z,), see Remark A.6 in the
Appendix.

Analysis of the second term on the r.h.s. of (2.14). For the remain-
ing term in (2.14), we have the following result.

PROPOSITION 2.8. — Let a =2 and (an)n>1 be a normalising sequence
as in (1.5). Assume that F is intermediate reqularly varying, see (2.11). If
limy, 00 2—2 = o0 and lim, o %= = 0, then letting r, be as in (2.12), we
have

]P)(Sn - bn 2 x'ruMn > Tn) ~ ]P)(Sn - bn 2 xnaMn 2 xn) )
or equivalently
P(Sy, —bp = ) =P(Sy, — by = 2y My, < 1) + (14 0(1))nF(z,) . (2.20)

If liminf, . == >0, then

P(S, —bn = x,) ~P(Sy, — by =z, My, = ) ~ nF(xy,).

The statement with liminf, ,., %= > 0 is standard, see e.g. [13]. We
include it in the proposition for the sake of completeness.

Remark 2.9. — Denisov, Dieker and Shneer [13] give conditions for the
appearance of the one-big-jump phenomenon in the general context of subex-
ponential distributions. Since we work here under much more restricted as-
sumptions, we are able to give sharper conditions for the minimal size of
x, to be in the one-big-jump regime for specific examples: [13] consider in
Section 8.2 centered ¢’s with E[¢2] = 1 and certain assumptions on F. If
we assume, as in [13, Theorem 8.1], that F is in fact intermediate regularly
varying and also that (2.7) holds (which is in this case equivalent to (2.4)),
we can combine Proposition 2.8, Proposition 2.4 and Remark 2.7 (see also
Remark A.6 in the Appendix) to see that

P(Sn>y)_1’ =0, ifec>+2,
nF(y) >0, if0<e< V2

Using the nomenclature from [13], we see that in this case if we set x,, =
can/log q(a,)| with ¢ > v/2 and define r,, via (2.13), then (r,) is a “trun-
cation sequence” and (z,) is a “(r,)-small-steps sequence” (we can use /n
as the “natural-scale sequence” and any sequence (I,,) with \/n/I,, — 0 as
“insensitivity sequence”).

lim sup sup ’

"0y > cany/llog glan)l
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If in this situation we impose that F is in fact regularly varying, we can
read off the precise behaviour from Example 2.2: A given sequence (z,,) is
a small-steps sequence in the sense of [13] if and only if the sequence (v;)
defined in (2.9) diverges. An analogous situation occurs in the local case, see
Example 2.17.

2.2.2. Conditional laws on large deviation events

Using Propositions 2.4 and 2.8 (and their proofs), we can make the one-
big-jump phenomenon more precise. The intuition behind (1.7) is of course
that only one random variable absorbs the large deviation, without effectively
changing the distribution of the n —1 others. The following results make the
fact that the remaining random variables are “left untouched” explicit by
showing that their distribution is close to that of n—1 i.i.d. random variables
with the same law as &.

For y = (y1,...,yn) € R", we define R(y) € R"!, the vector obtained
by removing the i*" coordinate from y, where 4 is the index for which the
maximum max; ¢ j<n |y;| is attained ie. |y;| = maxi<j<nly;| = Mn(y).
In case of a tie for the maximum, we take away the variable with the index
min{i : y; = M, (y)}. In fact, other choices are possible and will lead to the
same limit behaviour as in Theorem 2.10 and in Proposition 4.1 below. In
the following, we write .Z(X) to denote the law of a random variable (or a
vector of random variables) X.

THEOREM 2.10 (One-big-jump phenomenon). — Let o = 2 and (an)n>1
be a normalising sequence as in (1.5). Assume that F is intermediate regu-

Tn

larly varying, see (2.11). Iflim, o 2= = 00 holds, and then letting r,, be as
in (2.12), we have

Jim dr (L (R, 6] Su—bo > a0, My > ), (£(6)°77)
=0, (221)

Jim ey (R &) [ Su = bn > 0, My <), (£06) ")
=1, (2.22)

where drv denotes the total variation distance.
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As a consequence, if in addition (z,) satisfies lim, o % =sc
n = n

[0,1], then we have

Jim v (L (RE s 60) [ Sn—ba > ), (20©)7")
=1-s. (2.23)

If we assume further that F is extended regularly varying (see (2.10)) and

that (2.4) holds, then s = lim, o %

For the value of s in the context of Example 2.2, recalling the defini-
tion (2.9) of ~,, we have s = m € 10,1], with yoo = limy 00 vn €
[—00,00] and c¢g as in Example 2.2.

Remark 2.11. — If lim,, o 2= € [~00,00), then it is natural to expect
that /

Jim dre (L (Rl6- &) [S0 = b > ), (2(0)7") >0,

since conditioning on a typical fluctuation will affect all the summands. This
is analogous to the situation of Corollary 3.2 below in the case o € (0,2),
but we do not go into further detail here.

In the course of the proofs of Propositions 2.4 and 2.8, we also obtain
information on the overshoot S,, —b,, —x,,, conditioned on the large deviation
event {S,, — b, > z,}.

COROLLARY 2.12. — Let a =2 and (an)n>1 be a normalising sequence
as in (1.5), and assume that lim, ., > = co. Then we have

(1) Iflim, ;o == = 0, then conditionally on having no big-jump (M,, <
Tn)7

g<5n_bn_$n

V& /Tn

where = denotes weak convergence;

(2) If F is intermediate regularly varying, see (2.11), then conditionally
on having a big-jump (M, > r,), for any sequence x), > x, we
have, as n — oo,

n—oo

Sp —bp = a0, M, < rn> — 5 Exp(1) (2.24)

P(Sn — by = al, | Sn — by = @y, My > 1) ~

(2.25)
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In particular, if I varies regularly with index — 4 for some 8 > 2, the last
part gives that, for y € [1, o)

S, —b
lim P (H >yl S, — by =z, M, > rn> =y P, (2.26)
n— o0 Ty
i.e. conditioned on {S,, — b, > x,, M,, > r,}, the overshoot behaves asymp-
totically like x,, times a Pareto random variable. In particular, in the regime

"ifw”;) =7 € (0, 1), the conditional law of the overshoot

will be a non-trivial mixture of a scaled exponential and of a (differently)
scaled Pareto distribution.

where s = lim,, o (S

2.3. Second set of results: local large deviations and conditional
laws

In this section, we study local versions of the large deviations, namely we
obtain estimates on the probabilities of the type P(S,, — by, € [, Zn + A))
in the regime lim,_, z—: = o0o. To simplify the statements, we will assume
that € is integer valued and that (S,),>1 is aperiodic (the latter is true if
F is intermediate regularly varying). The case that ¢ has support in a + hZ
for some h > 0 and a € R is completely analogous, just notationally a little
more cumbersome.

To obtain sharp results, we need some local condition on the distribution
of £. Our main assumption is that P(£ = x) is intermediate regularly varying
at infinity (which implies that F(z) is also intermediate regularly varying),
see (2.11), and that P(§ = z) is “almost monotone”, in the sense that

lim_)sup (supyg(g Iii): y)) < +00. (2.27)

Note that (2.27) is not implied by the intermediate regular variation of
P(¢ = z) (but would be guaranteed if P(§ = x) were regularly varying).

Ezxample 2.13. — An important class of examples that we consider is
when P(§ = z) is regularly varying at infinity: there exists a slowly varying
function L(-) and some /5 > 2 such that

P(¢ = z) ~ BL(z)z~1+F) as & — 0. (2.28)

In particular, we have that F(z) ~ L(x)z~?. Doney [16] proves that if in
addition to (2.28) we have E[|£|?*9] < oo for some § > 0 (implying 3 > 2),
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then analogously to Nagaev’s result (1.9) for the integral case, we have
P(S, — [bn] = zp)
1 T
aﬁg ovn
1

where g(t) = \/—276_% is the standard normal density and 02 = Var(§). Let

= (140(1)) ) + (1 +0(1))nP(E =2,), (2.29)

us mention that [32, Theorem 2.2] gives the same result, assuming § > 2
in (2.28) and with the moment condition E[¢?1{¢> 3] = o(1/logz) as
x — 00, analogously to (2.7).

Example 2.14. — Continuing the discussion in Example 2.13, assume
that (2.28) holds with 8 > 2 and that E[¢?1¢>.1] = o(1/logz) as 2 — oc.
Then since (2.29) holds, it is a standard calculation to obtain that letting

2
~ 1
Y = Tn <§ — 1) logn — 5(6 + 1) loglogn + logL(\/nlogn)

202n

with 02 = Var(§), then if lim,, oo ¥n = Yoo € [—00, 00, We obtain

lim P(Sp — [bn] = xp)

=1 ¢, o 7’§w7
n—00 ’I’LP(f = xn) + €B,0€

V2r

Hence the one-big-jump phenomenon occurs if and only if lim,_.. ¥, = 0.
Let us stress that, compared with Example 1.1, the definition of 7,, differs
from that of ~,, in the constant in front of loglogn. In particular, we might
have 7, — oo while 7,, — —oo. In other words, there is a regime where the
one-big-jump phenomenon occurs for the large deviations but not for the
local large deviations.

with 3., BB —2)B+H0/2,

Our goal is to extend the asymptotics (2.29) of [16, 32] to include the
non-normal domain of attraction to the normal law: in particular, in (2.28)
we include the case = 2.

2.3.1. Local large deviations

As for the (integral) large deviation case, we split the local large deviation
probability according to the threshold r,, defined in (2.12):

P(S, — [bn] = zn)
=P(S, — |bn] = @n, My, < 7)) + P(Sn — |bn] = Tpy My, > 1) .

We analyse the two terms through two separate results respectively.
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PROPOSITION 2.15. — Let v = 2 and let (ap)n>1 be a normalising se-
quence as in (1.5); assume also that (Sp)n>o s aperiodic. If (xn)n>1 is
a sequence such that x, = a, and lim, . ””; = 0, then letting r, be as

in (2.12), we have as n — oo

1 @
P(S, — [bn) = @, My, < 1) ~ ——e e H(52) (2.30)
2mno?(ry,)
PROPOSITION 2.16. — Let o = 2, let (an)n>1 be a normalising se-

quence as in (1.5). Assume that P(§ = x) is intermediate regularly varying
(see (2.11)) and that (2.27) holds. If lim,_,o 2= = 00 and lim, 00 2* = 0,
then letting r,, be as in (2.12), we have for any e > 0

P(Sn - |_an = xnaMn > Tn)
~ P (S, — |bn] = n, | My, — x| <exp), (2.31)

and also

P(Sy — [bn] = 2n) = P(Sn — [bn] = n, My <70) + (1 + 0(1))nP(€ = z,) .

If liminf, o %= > 0, then we have

]P)(Sn - I_bnj = xn) ~ P(Sn - I_an = Tn, |Mn - xn‘ < 6.13»”) ~ nP(f = xn) .

The statement with lim inf,, , Z* > 0 is standard, see e.g. [2, Proposi-
tion 1]. We include it in our proposition for the sake of completeness.

Let us mention that Remark 2.7 also applies here in the local case. If ad-
ditionally to the assumptions in Proposition 2.16 condition (2.4) holds, then

x

thanks to Lemma 2.6 we have nH(w;) = 25‘2 +o0(1) uniformly for a,, < x,, <

Can/|logq(ay)|. Therefore, if lim, o ﬁ—” = o0 and z, < Ca,+/|logq(ay)l,

thanks to Propositions 2.15 and 2.16 we obtain

P(Sy — [b] = ) = (1+ 0(1))—g () + (14 0(1)nP(E = 2), (2.32)

2% QAp

where we recall g( - ) is the standard normal density (and we have used that
\V/no2(ry) ~ \/no%(a,) ~ a, in (2.30), see Remark 2.5).
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Example 2.17. — Let € be an integer-valued random variable that satis-
fies (2.28). We also assume that Rozovskii’s condition (2.4) holds, see Ex-
ample A.10 for a simple sufficient condition. Note that compared to Exam-
ple 2.14, we include the case 5 = 2. If we set

_ a2 1
T = 55 — lloga(an)| = (8 + 1) logllog g(an)|

L(ay)

L (a,/og (a,)])

then if lim, 00 Yn = Yoo € [—00, 0], thanks to (2.32) we obtain that

lim P(Sp — [bn] = )
n—00 nlP(& = x,,)

—log , (2.33)

4T withd, — L g-19(8+1)/2
1+cge ,  with cg T 572 .
Hence the one-big-jump phenomenon occurs if and only if lim,, . 7, = oc.
We stress again that, compared with Example 2.2, the definition (2.33) of 7,
differs from that (2.9) of ~, in the prefactor of log|log¢(ay)|; in particular

we might have 7,, — oo while 7,, - —o0.

Remark 2.18. — Let us mention that even without the local assumption
that P(§ = z) is (intermediate) regularly varying, one can still obtain useful
estimates on the local large deviation probabilities. For instance, assuming
that @ = 2 and letting (a,), >1 be a normalising sequence as in (1.5), [30,
Theorem 1.1] gives the following bound (with optimal decay rate), in the case

where the left and right tails F'(—z), F'(x) are regularly varying: uniformly

for z,, > a,
2
P(S — [bn] = 2) < & x M @n)

2.34
= (2.34)
If one has that F(z) < L(z)z~# for some 3 > 2 and some slowly varying
function L( ), then [5, Theorem 2.1] gives that there are positive constants
c1,Cq such that uniformly in z,, > a,,

C

P(Sn = [ba) = ) < 2 (70 4 nL ()2, ).

an
This is obviously not as sharp as (2.29) (in particular the constant ¢; in the
exponential is not optimal) but it is sharper than (2.34) when z,, > a,. The
above display requires very little assumption and can be useful in several
situations.

2.3.2. Conditional laws on local large deviation events

Recall the definition of the map y — R(y) for y = (y1,...,¥yn) € R™ from
Section 2.2.2.
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THEOREM 2.19 (Local one-big-jump phenomenon). — Let o« = 2, let
(an)n>1 be a normalising sequence as in (1.5), and assume that P(§ = x) is
intermediate regularly varying (see (2.11)). Let (xn)n>1 be a sequence such
that lim,, oo 2—: = oo and let r, be as defined in (2.12). Then we have

Tim dry (L (R(E, - &) | Sn = ba] = 20, My > 1), (£(€)°77Y)

Tim dry (LR 60) [ Sn = [ba) = 20, My < 7)), (£€)°"7Y)

=1.

As a consequence, if in addition (2.27) holds and (z,,) satisfies

) nP(& = z,)

1 = 1
then we have

. n—1
im dry (LR, €0) | Sn = Lba) = ), (£(€)" )
=1-s (2.35)

For the value of s in the context of Example 2.17, recalling the defini-
tion (2.33) of 7,,, we have s = m € [0,1], with Yoo = limy 00 ¥ €
[—00,00] and ¢ as in Example 2.17.

Remark 2.20. — Similarly to Remark 2.11, when we have lim,, o, 7= €
[—00, 00), it is natural to expect the following (the proof is omitted)

nlggodTv(g(R(gl,...,gn) | Sy — [bn]) = @), (f(g))@(n—l)) > 0.

2.4. Conditional law of the maximum on a large deviation event

To complement the previous results, we study the law of the maximum
summand conditioned on the sum being large. We will prove only the first
corollary as the second one can be proved following similar arguments.

COROLLARY 2.21. — Let o =2, let (an)n>1 be a normalising sequence
as in (1.5) and assume that F is intermediate regularly varying (see (2.11)).
Iflim, 00 7% = 00 and if lim,, o % = s € [0,1], then we have
o (Mg > — (1 —8)dg + 56
n — On 2 Tn - S S01 .
Sp — by n—o0 0 !
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COROLLARY 2.22. — Let o =2 and (a,)n>1 be a normalising sequence
as in (1.5) and assume that P(§ = x) is intermediate reqularly varying
(see (2.11)) and that (2.27) holds. Assume lim, o 7= = co. Then, if

. nP(§ = x,) B
A b =z S €0
we have
M, w
£ < Sp — |bn] = xn> —— (1 —5)dg + 807 .
Tn n— oo

From the above two corollaries, a natural question is to understand the
distribution of (rescaled versions of) M,, or M,, — (S, —b,) conditionally on a
large deviation event (either local or integral). We discuss this in Section 4.3
later.

2.5. Organisation of the rest of the paper

Let us give a brief overview on how the rest of the paper is organised:

e In Section 3, we study the summands in the domain of attraction
of a stable law with index a < 2.

e In Section 4, we discuss some applications and possible extensions
of our results.

e In Section 5, we prove the main large deviation results of Section 2.2
above. After some preliminary estimates, we prove Proposition 2.4
and then Proposition 2.8. Finally, we give proofs for Theorem 2.10,
Corollary 2.12 and Corollary 2.21.

e In Section 6, we prove the local large deviation results of Section 2.3.
We start with the proof of Proposition 2.15, then we prove Propo-
sition 2.16 and finally Theorem 2.19.

e Section 7 is dedicated to the proof of Proposition 4.1, which is car-
ried out after having constructed the regular conditional distribution
of R(&1,...,&,) given M,,.

e Finally, the appendix is dedicated to some technical results and com-
ments. Appendix A contains several comments, examples and proofs
of claims regarding Rozovkii’s Theorem 2.1. Appendix B deals with
the case of random variables in the domain of attraction of an
a-stable law with « € (0,2), proving in particular Corollaries 3.2
and 3.5.
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3. The case of the domain of attraction of an a-stable law with
a€(0,2)

The one-big-jump phenomenon is well understood in the case where £ is
in the domain of attraction of an a-stable law with « € (0,2): in a nutshell,
one has a “big-jump” whenever lim,,_, Z—Z = o0, see [12, 34] for the case
a € (0,1) U (1,2) and [4] for the case oo = 1. In order to put our results in
perspective we recall here some results for large and local large deviations
and give their consequences in terms of conditional laws.

3.1. Large deviations and conditional laws

Assume that « € (0,2) and recall the definitions (1.5)—(1.6) of the nor-
malising and centering sequences (an)n>1, (bn)n>1. Then [4, Theorem 2.1]
collects large deviation results in that setting.

THEOREM 3.1 ([4, Theorem 2.1]). — Assume that o € (0,2), let
(@n)n>1, (bn)n>1 be the sequences in (1.1), and recall (1.2). Iflim,,— « 2—: =
oo, then we have, as n — oo,

P(S, — byn = xp) ~npL(zy)z, <,
P(S, — by < —zp) ~ ngL(zy)x,*.

If p = 0 or ¢ = 0, one interprets the corresponding term on the r.h.s as
o(nL(x)x~%).

As a corollary, we obtain a result on the law of &;,...,&, conditionally
on the large deviation event {S,, — b, > z,}.

COROLLARY 3.2 (One-big-jump phenomenon). — Assume « € (0,2), let
(@n)n>1, (bpn)n>1 be the sequences in (1.1) and suppose that p > 0 in (1.2).
If limy, o 5 = 00, then as n — oo

]P)(Sn —bn 2 xn) ~ P(Sn by 22, My 2> l‘n) ~ P(Mn P l’n) (31)

Moreover the condition lim,,_, ., & = co is necessary and sufficient for
)

HILH;O dTV (g(R(glv ce agn) | Sn - bn P l‘n), ("S’ﬂ(f))(g(n_l)) =0. (32)

In particular, if lim, o, = = oo, we have

an

— by — M,

an

Sp — by = xn) 2 2(S.), (3.3)

where = denotes weak convergence and S, is the a-stable random variable
appearing in (1.1).
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Remark 8.3. — When p = 0, Theorem 3.1 only gives that P(S,, — b, >
xn) = o(nL(xy)x, “). We mention [13, Theorems 9.2 and 9.3] and also [9] for
sufficient conditions to have a one-big-jump phenomenon in this case, but
we are not aware of a general necessary and sufficient condition.

3.2. Local large deviations and conditional laws

To simplify the statements, we assume that £ is integer valued. We are
interested in estimating the local large deviation probabilities P(S,, — by, | =
Tn) as n — 00, if (z,)n>1 is a sequence of integers such that lim,,_, z—: =
oo. For this type of results, we need an extra condition on the local tail
behaviour of the distribution of £: in addition to (1.2), we assume that there
is some « € (0,2) and some slowly varying function L(-) such that

P(¢ = z) ~ paL(z)z~ 1+ asz — oo, (3.4)

with p > 0; note that this implies the first half of (1.2). If p = 0, one
interprets it as o(nL(z)z~(**1)). We now recall the result obtained in [4]
(see also [15] for the case « € (0,1)).

THEOREM 3.4 ([4, Theorem 2.4]). — Assume that (1.2) holds for some
a € (0,2) and that additionally one has (3.4); let (an)n>1, (bn)n>1 be the
sequences in (1.1). Then, if lim, 2—: = 00, we have

P(S, — |bn) = @) ~ npalL(z,)z,; 1T (3.5)

CoroOLLARY 3.5 (Local one-big-jump phenomenon). — Assume « €
(0,2), let (an)n>1, (bn)n>1 be the sequences in (1.1) and assume that (3.4)
holds for some p > 0. Then the condition lim,, . T* = oo is necessary and
sufficient for !

. —1

Tlim. dTV(,Z(R(gl, &) [ S = [bal = 2), (2()°" )) 0. (3.6)
In particular, under lim, i—: = o0,

o <xn — M,

an

Remark 3.6. — Without assuming the local tail condition (3.4), one is

still able to find an estimate on the local large deviation probability, see [10,

Theorem 1.1] and [30, Theorem 1.1] (or [4, Theorem 2.3] which includes the

case o = 1), using only (1.2). More precisely, if a € (0,2) and (ap)n>1,

(bn)n>1 are the sequences in (1.1), then there is a constant Cy such that
uniformly for sequences x,, > a, we have

n— 00

Sp — |bn] = xn> — 5 2(S,). (3.7)

B(S — [ba] = ) < "L nB(le] > 2,).

n
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4. Further comments, applications and open questions

The behaviour of summands in a sum of i.i.d. random variables is of
course a ubiquitous and classical theme in probability theory: the phenome-
non of one big-jump being responsible for atypically large values of the sum
features in many applications. Let us mention here random walks and re-
newal processes (see, e.g. [4, 5] and the references there), population models
in regimes with asymptotically infinite offspring variance (where reproduc-
tion proceeds in two steps, with each of N individuals first generating a
random number &; of juveniles, from which then N are sampled to form
the next generation, as e.g. in [7, 8, 37]), the zero-range process on finite
graphs subject to certain homogeneity conditions (since then the stationary
law of the occupation numbers is i.i.d. conditioned on the sum, one big-jump
corresponds to condensation, see Section 4.2 below), critical Galton—Watson
trees with heavy-tailed offspring distribution (see e.g. [26] and [27], where
conditioned on being large, a node with macroscopic degree may emerge)
and their applications in the study of random planar maps (e.g. [28]), ruin
problems in insurance mathematics (e.g. [3]). Note also that for i.i.d. sums
with exponential tails, if in the so-called borderline case the appropriately
tilted laws are sufficiently heavy-tailed, even richer behaviour than one big
jump may appear when conditioning on reaching an atypically large value,
see [20] for instance.

4.1. Conditional laws when M, is large

In Section 2.2.2, we considered the conditional joint law of the n — 1
smallest variables conditioned on a large deviation of the sum. Let us briefly
revisit this for the case when one instead conditions on an atypically large
value of the maximum. Recall the definition of the map y — R(y) for y =
(y1,---,Yn) € R™ from Section 2.2.2.

In the following, we write £ (X) to denote the law of a random vari-
able (or a vector of random variables) X. Let us mention that a regular
conditional distribution of R(&1,...,&,) given M,, exists, that is

ZL(R(&, ..., &) | My, = ) (4.1)

is well defined for any x in the support of £. In fact, we give a concrete
construction for the regular conditional distribution, see Section 7.

The following result is very natural when considering a large deviation
event that involves only the maximum M,,. We were unable to find a reference
for it, so we will prove it in Section 7.2.
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PROPOSITION 4.1. — Let (z,)n>1 be a sequence satisfying
lim nF(z,) =0,
n—oo

with F(z,) > 0 for all n. Then
nlggo drv (-’%(R(flv cee 7£n) | M, > .Tn), (g(é))(@(”—l)) =0, (42)

and
Tlim drv (L (R 6) | Mo =20), (2€)°" ) =0 (43)

Note that Proposition 4.1 requires no structural conditions on the distri-
bution of the £’s.

4.2. Application to the zero-range process

As an example of application, we discuss in detail how Corollary 2.22 can
be applied to the zero-range process. We provide a short introduction to the
zero-range process, using the terminology in [1] (up to minor differences)
and rephrasing certain results in our notation. Our goal is to state (part of)
[1, Theorem 2.1] and explain how our Corollary 2.22 extends it.

Consider a finite set Ay, of L sites. Each site can host any number of (in-
distinguishable) particles. Informally, the zero-range process is a continuous-
time Markov chain with the following dynamics: a site x € Ay, loses a particle
at rate g(n, ), where 1, is the number of particles at site 2 and g : N — [0, 00)
is a function such that g(k) = 0 if and only if £ = 0. That particle jumps to
site y € Ar with probability p(x,y), where p(-,-) is a transition kernel on
Ap x Ap (which is assumed to induce an irreducible Markov chain on Ap,
with a spatially homogeneous invariant measure). To proceed, we need some
more notation as follows:

e A particle configuration is denoted n = (1, : v € Ar);

e for a configuration n with n, > 0, define the configuration n*¥ =
(M2Y)zen, by ng¥ =mne — 1, ¥ = ny + 1 and 2 = n, for all
z # x,y.

Then, the zero-range process is described by the following generator on the
space of configurations:

Lfm = > glm)p(x,y) (fFOr™Y) = f(m),
T,y €AL

which corresponds to the description given above. Note that the total number
of particles is preserved, and we denote it by N.
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Setting w(n) := []}_, ﬁ, it is known that there is a family of invariant

measures, that are product measures indexed by a parameter ¢ > 0 (called
fugaczty), that are defined by

vo) = — [[ win)e™,  with 2(0) = 3 win)e”,
() zeAr n=0

as soon as ¢ is such that the normalising constant verifies z(¢) < co. Then,
one can easily observe that since the number of particles Sp.(7) := Y., c s, 7
is invariant under the microscopic dynamics, the invariant measure on the
set of configurations {n : Sr(n) = N} is given by

pn(+) =ve(-|SL(n) =N). (4.4)
The measure py,r, is in fact independent of the choice of ¢. Then, a natural
question is whether the convergence of the measures py,7, holds in the so-

called thermodynamic limit, i.e. taking L, N — oo with % — p for some
p > 0.

Since [17], a lot of interest has been put on the case where the jump
rate g(n) decays with the number of particles. A natural assumption is that
glk) =1+ % + % for some b > 1 and some vanishing sequence (ex)x > o-
Note that this implies that(®)

n

H % n)n~" asn — oo, (4.5)

for some slowly varying function L(n) ~ ¢ exp(3>_;_, k). In fact, in a large
part of the literature the choice g(k) = 1+ 2 or g(k) = (k/(k—1))® is made,
so that w(n) is explicit with w(n) ~ en™?, see [2, 17, 41]. Let us stress that
when ¢ = 1 we have
w(n)
(e =n) = =———
Zn >1 w(n)

which therefore corresponds to the assumption (2.28) with b = 8+ 1 (note
also that 7, is a non-negative random variable). We can then define the
critical density p. := E,, [n] € (0,00]. Then, if L, N — oo with & — p for
some p > 0, we have that (see [24]):

~ cL(n)n?,

e if p < p., the particle distribution px ; converges to the limit sta-
tionary product measure v, with ¢ < 1 determined by E,,[n.] = p,
in the sense of finite-dimensional marginals;

(4) Let us mention that there is a notational inaccuracy in [1]: the authors in fact
assume that w(n) ~ cn~? for some constant ¢ > 0, but for this, one would need the
additional condition Zk - % < oo.
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e if p > p., then we obtain the same result as above except with ¢ = 1.

Additionally, a condensation phase transition occurs: if p > p., then there
exists a site containing a positive fraction of the particles, whereas if p < p.
no site contains a non-zero fraction of particles, see [23]. The appearance
of a condensation phenomenon can be understood when considering (4.4):
taking ¢ = 1 so that

w(n)

. (nf n) Zn >1 U/(TL) ’

we obtain that the law 1, corresponds to the law of i.i.d. random variables
(with a heavy-tail distribution) conditioned by their sum being equal to
N ~ pL > p.L = E,, [m]L. In particular, a quantity of interest is My, (n) =
max{n, : * € Ar}, which is the largest number of particles that a site
contains; we refer to [2] for some asymptotic results on My in the case
where N/L — p > p..

In [1], the authors focus on the critical case where 1 < N — p.L = o(L)
(we have N/L — p.), with a parameter b > 3 in (4.5), so that in particular
v1[(72)*1°] < oo for some & > 0. Let us state a result that is contained in [1,
Theorem 2.1].

THEOREM 4.2 ([1]). — Assume that b > 3 and L(-) = ¢; in (4.5), and
denote p. = E,,[n.], 0% = Var,, (n,). Assume that N > p.L and define ~},
via

b loglog L VI,
N =p.L b—3)LlogL (1 . (46
pel+ o/ (b=3)Llog (+2(b—3) logL = logL (4.6)

Then, if v' :=limy_,00 v} € [—00, 0], we have

M w
< (SL—LPL S1 = N) — (1 =p)do + pd1 , (4.7)
c
with pP=py = (1 + k;(bi\/%i)m@_(b_g)ﬂ/)_ll

This result corresponds exactly to our Corollary 2.22 in the case where
(2.28) holds with L(-) constant, see Example 2.14 (one can check that our
definition of 7,, corresponds to the definition (4.6) of v} ). In fact, our Corol-
lary 2.22 extends Theorem 4.2 to the case b =3 (5 = 2 in (2.28)) and allows
a slowly varying function in (4.5). We refer to Example 2.17 for a definition
of the threshold for the appearance of a condensate in that case; note that
Rozovskii’s condition (2.4) holds since 7, is non-negative, see Example A.10
in the Appendix.

Ezample 4.3. — Assume that w(n) ~ c¢in™3 in (4.5), or equivalently
v1(n, = n) ~ en~3, which is a natural example with b = 3. One then has
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vi(ne > n) ~ £n~2, 0%(n) ~ clogn, q(n) ~ (2logn)~* and a, ~ \/Snlogn.
Assuming a slightly stronger condition on w(-), namely w(n) = ecn=3(1 +
o(m)) (which holds if g(k) = 1+ 2 or g(k) = (k/(k—1))3), we easily get
that one can take exactly a, = \/§nlogn and Rozovskii’s condition (2.4)
holds, using Proposition A.3. Now we can use Example 2.17 to obtain that,
setting z;, = N — p.L and

2

2

v = loglogaL—flogloglogaL

2

:x—LQ —loglog L + log2 — §logloglogL—i—o(l)7
2a7, 2

if in addition limy 400 ¥ = Yoo € [—00,0¢], then (4.7) holds with p =
1+ \Fe ~Ye)~1 We can reframe this in the same way as in (4.6): setting
v}, to be such that

logloglog L !
N =p.L+ cLlongoglogL(1+;’Ogogog + 7L >7

loglog L loglog L

then if limy_, o, 77 =/, we obtain that (4.7) holds with

1 AN
=11 - .
P (*wf >

Additionally, our Corollary 3.5 answers the question in the case where
b€ [2,3) (with E,, [ns] < oo in the case b = 2). It shows that a condensate
that contains all the excess mass appears as soon as N — p.L > ar, with
ar, the normalising sequence analogous to (1.5); this question was raised in
[1, p. 3477] (actually, the authors noticed that it mostly relied on Theorem 3.4
which was missing at the time).

To conclude, let us mention that the case b € [1,2] with E,,[.] = o
is also considered in the recent paper [41]: in that case, one needs to define
a finite volume version of the critical density, p. r, and the condensation
phenomenon is shown to occur in some regime N > p. L. We refer to [41]
for details.

4.3. Going further: scaling of the (recentered) maximum

Similarly to what is done for the overshoot in Corollary 2.12, we could try
to obtain the correct scale of the maximum. We have in mind the following re-
sults, analogous to those in [1, Theorem 2.1] (in the setting of Theorem 4.2),
which identify the scaling limit of the condensate in the zero-range process
(we present them here with a integral and a local conditioning and to a wider
range of distributions).
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CONJECTURE 4.4. — Let o =2, let (an)n>1 be a normalising sequence
as in (1.5), and assume that F is intermediate regularly varying (see (2.11)).
Let (zn)n>1 be a sequence such that lim,, Z—“ = oo and let r, be defined
as in (2.12).

o If lim,_, % < 1, we have

lim P(M,, <tn|Sn—by = xn, M, <7,,) =€ ", (4.8)
n—oo

for any sequence (tp)n >0 such that lim,, . nF(t,) =t € [0, 00].

e If lim, . % > 0, we have

n n_Mn
$<S b

Qn

STL - bn 2 xTL? Mn > TTL) %} N(07 1) (49)

Similar results hold if we replace {S, — b, > z,} in the conditioning by

{8y, — |bn] = xn}, assuming P(§ = x) is intermediate regularly varying
and (2.27), and replacing the condition on % by a condition on

nP(é=x,)
P(Sn_ Lan :$n) :

We stress that the conjecture is actually only about the statement in (4.8),
since (4.9) is a direct consequence of Theorem 2.10; we have kept the state-
ment inside the conjecture since it gives a complete picture of the phenome-
non. We have stated (4.8) as a conjecture since it is not a simple consequence
of results proved in this paper, but the main idea of the proof would be to
use the conditional probability formula and a similar approach as for Propo-
sition 2.4.

The statements in Conjecture 4.4 can roughly be understood as follows:

e Conditioning on having a large deviation but no big-jump (M, <
1), the maximum behaves exactly as the maximum of i.i.d. random
variables with law P i.e. without conditioning. Note that (4.8) is a
unified way of considering convergence to extreme value distribu-
tions: if F(x) ~ e™® (resp. F(z) ~ 2~7), then t,, = logn—logt+o(1)
(resp. t, ~ t=1/Pn1/P) so one recovers the Gumbel (resp. Fréchet)
distribution by a simple change of variable v = —logt (resp. u =
t—1/8 ).

e Conditioning on having a big jump (M,, > r,), the fluctuations of
the maximum around its typical value S,, — b, (> z,,) is Gaussian,
on a scale a,,.

In particular, Conjecture 4.4 sheds light on the law of the maximum (the

condensate) in a regime where lim,, M =
n—bp > T,

€ (0,1): by using
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Proposition 2.8, we have the decomposition

+ (1 + 0(1))(1 - S)P(Mn Stp ‘ Sy — by 2 T, M, < rn)a

so that the conditional law of the maximum will be a non-trivial mixture of
a scaled exponential and a (differently) scaled and translated Gaussian.

4.4. Multiple big-jumps

An interesting direction of research would be to generalise the results ob-
tained in the present paper to a setting where the large deviation is obtained
not by a single big jump but by multiple ones. This occurs for instance if
the random variables are subject to a cutoff (or a dampening) which may
depend on the number of variables in the sum, as considered in [25]. The
idea is to consider large deviation probabilities of the type

P(Sn — by = xp, M, < Cn) s

where ¢, is a given cutoff. Alternatively, one may consider a triangular ar-
ray of variables (fi("))l <i<n, With a heavy-tailed law which is truncated (or
dampened) at a threshold ¢,. Then, if £ has a heavy tail and x,, grows suffi-
ciently fast, one expects a “fewest-big-jumps” principle to replace the “one-
big-jump” principle: the large deviation should be realised mostly thanks to
kn = [xn/c,] random variables being close to the cutoff ¢,. This is what
is investigated in [25]; let us also mention [10, Theorem 1.1] where a gen-
eral upper bound for the local large deviation is given, with this underlying
philosophy.

Several questions have been answered in [25], making the fewest-big-
jumps principle precise, but many problems remain open. For instance, can
we obtain a result analogous to Propositions 2.8 and 2.16 if one adds a
dampening to the law of £? More precisely, if one assumes that P(§ = x) ~
Bz~ 48 for some B > 2, one could conjecture that, for some reasonable
choices of the cutoff (¢;,)n>1 (e.g. ¢, = yn for some v € (0,1)), one has
roughly

]P(Sn —bp = xp, M, < Cn)
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where k, = [z,/c,]. A natural question would then be to understand the
transition between a collective (Gaussian) and a few-individuals (multiple
big-jumps) behaviour, analogously to Examples 1.1 and 2.14. The same ques-
tion can be considered in the local large deviation setting.

Let us conclude by mentioning that in the context of the zero-range pro-
cesses, one could consider a model with a saturation threshold ¢y, meaning
that a site cannot host (much) more than ¢ particles. This corresponds
to taking the function g in Section 4.2 as being L-dependent and damp-
ening the effective weight w(n) at the threshold cr; for instance taking
g(n) = oo for n > ¢p, one gets that w(n) = 0 for all n > ¢. Proving
the “fewest big-jumps” principle, i.e. obtaining sharp asymptotics of the
type P(Sp = N, My, < cp) ~ (2 )P(§ = cp)** with kz = [L/cL], could then
possibly be translated into a statement that the zero-range process possesses
kr, condensates of size close to cy,.

5. Proofs of the large deviations and conditional laws results

Before we start the proof of our results, let us introduce some notation.
We use the same letter c, cg, c1, c2 etc, to denote constants at various places,
but they may refer to different values. For positive functions f,g we write
fly) < g(y) if there exist ¢ > 0,C > 0 such that cg(y) < f(y) < Cg(y) for
y =1

Also, to simplify the statements, we will assume that p = E[¢] = 0. Recall
the definition (1.3) of 02(z) = E[£%1)¢| < ,]; as we assume in this section that
¢ is in the domain of attraction of the normal law, o2(z) is slowly varying
at oco.

5.1. Some preliminary estimates

Let us now collect some estimates that will be useful in the rest of the
paper: bounds on P(|¢] > x) and truncated moments that involve o2(z); a
Fuk-Nagaev type inequality for P(S,, > x, M,, < y) in the case a = 2.

5.1.1. Estimating the tail with the truncated second moment

For x > 0, let us set

.172

1(e) = —3Ble] > ),
and ¢*(x) := sup, 5, 4(y) and g(z) := %fox q(t)dt.
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CraM 5.1. — If x — o2(x) is slowly varying, then we have
S 7(@) =0
a direct consequence is that
N ey
J235,¢°(@) = Jim, 4l=) =0,

Also, there is a constant ¢ > 0 such that
E [[€11q¢> 2y] < cq"(2)0®(2)2™", (5.1)
E [l€P1ge<ap] < c (w)UQ(x)x- (5.2)

Proof. — For the first part of the statement, the fact that lim, o, g(z) =
0 is recalled in (1.4), see e.g. [18, Chapter IX.8, Eq. (8.5)].

To prove (5.1), we write

E [[€]1(¢/> 2]
= 2P(|¢| > x) + /Oo P(|¢| > t)dt < az)o*(z) +q* () /Oo o?(t)t—2dt,

where we have used that P(|¢| > t) = q(t)o?(¢)t~2 and the definition of ¢*.
Then, using the properties of regularly varying functions, the integral is
asymptotically equivalent to o?(x)z~1, which gives the desired bound.

To prove (5.2), write

x

o0
E [|§‘3l{|§| gm}] = 3/ tQP(‘ﬂl{m <z} > t) dt < 3/ t2P(‘f| > t) de¢
0 0
<30(o) [ ato)ar.
0

where we used the fact that ¢ — o2(t) is non-decreasing. With the definition
of g(z), this gives the desired conclusion. O

5.1.2. A Fuk—Nagaev inequality

LEMMA 5.2. — Assume that i = 0 and that x — o(z) is slowly varying.
Then there is some ro > 0 such that for any x,y > 1o

Ty —z/y
P(Sn>x,Mn§y)§ex/y 1+ —=— .
no?(y)
Proof. — We use [34, Theorem 1.2] with ¢t = 2, to get the following:

np(y) _ no?(y)
2

z Ty Ty Ty Ty
P Sn > 7Mn < <ev |1 57~ s
(52 <) < (14 50 )

— 1443 —



Quentin Berger, Matthias Birkner and Linglong Yuan

with u(y) = E[ﬁlmgy]. Since E[¢] = 0, we have u(y) = —E[§l|g|>y] <
E[|€]1}¢| > 4]. Therefore, thanks to Claim 5.1, we have that E[|{|1)¢>,] =

o(a?(y)/y): if y is large enough we have yu(y) < o2(y), so "”(y) % < 0,

which concludes the proof. (|

5.2. Proof of Proposition 2.4

We present here a proof in a slightly more general setup: we will replace
the constraint M, < r, by M, < ar,, for some fixed a > 0. We stated
Proposition 2.4 only for @ = 1 but we also need the result in the proof of
Proposition 2.8 with a = 4, see (5.20) below. Let us start with estimates in
the case of a generic 7, which will later on be replaced by r = ar,.

5.2.1. Estimates on the tilted measure

Let us redefine P, from (2.15) with a general r instead of r = r,, (we keep
the same notation for simplicity). For any v > 0 and r > 0

dP, ap{) 1
9= @ = 37w
with M (u) = M, (u) :=E [e“gl{ggr}] . (5.3)

euml(—oo,r} (LU) s

CLAM 5.3. — Let 0 < ¢ < C be fized constants. Assume p = 0. If
x — o%(x) is slowly varying at infinity, then as r — oo, uniformly for
¢ <u< €, we have

M(u)—1=o0(r"'o(r)); (i)
M'(u) = (1 +o(1))uo?(r); (i)
M"() = (1 + 0(1)) 0%(r). (i)

We also have that M"(u) > (1 + o(1))o?(r) for any 0 < u < % Finally,
setting ¢*(x) := q*(z) + q(x), we have

E [I€P€" L(—c0,r1(€)] < cof" (r)ro®(r). (iv)

Proof. — Define, for k > 0, my(r) = E[fkl[_ma] (&)]; in particular we
have o2(r) = ma(r).

Item (i). — We have
M(u) =E [e“ 1y <ry] +E [ Le< 0] (54)
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We can estimate the first term as follows: using that |u&| < C for any |£] <
expanding the exponential, we get

E [eugl{m gr}] = mo(T) + uml(r) + O (u2m2(r)) .

Using that v < C/r, we get that the last term is bounded by a constant
times r~202%(r) = o(r~'o?(r)). Now, thanks to Claim 5.1, we obtain the
following estimates (using that p = 0 to get that my(r) = —E[{1{¢)>r]):

mo(r) =1—=P(|¢| >r)=1—0(r?c*(r)),
ma ()] < E[[€|1gg> 3] =0 (o).
Therefore, we obtain E[e"* 1 <] = o(r~'o?(r)).
For the second term in (5.4), recalling Claim 5.1, we have

0<E[e"1ie<n]

o0

< T TR (ce 2 2h)
k=0
oo o0 (267) o2 (2Fr
<Y e TP (gl > 2 = Y (2”)
k=0 k=0
<) 32 (24 < O 00,
k=0

where we used Potter’s bound (see [6, Section 1.5.4]) for the last inequality,
to get that o2(2%r) < 28¢2(r). All together, we obtain (i).
Item (ii). — Let us now turn to M'(u). Again, we write M'(u) as
M'(u) = E [e"€1 (¢ <] + E ["€1ge < ny] -
For the first term, expanding the exponential, we get
E [6“5§l{|§| < Tﬂ =my(r) + ums(r) + O (u2m3(7“)) .

As above, we get that my(r) = o(r~*o?(r)) and thanks to Claim 5.1(5.2)
we also have u?m3(r) = O(rg(r)o?(r)) = o(r~1o?(r)). For the second term,
recalling Claim 5.1, we get similarly as above that

fcrflq*(r)arQ(r) <E [e“gfl{§< _Tﬂ <0,
which concludes the proof for (ii).

Item (iii). — As above, we write

M"(u) = B [¢"€*1 (g <rp] +E ["€11e < ]
Expanding the exponential, we get that the first term is o2(r)+O(r~1mgz(r)),

with |m3(r)| < 7¢(r)o?(r) thanks to Claim 5.1. Since the second term is non-
negative, this gives the general lower bound M” (u) > (1 + o(1))o?(r).
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When u > ¢/r, the second term is treated as above: using Claim 5.1 and
Potter’s bound, we get

0<E [6“5521{5< _T}] < Z22k+2r26_62k]}” (§ € [—2’““7”, —ri))
k=1

< Cq*(r) Z 9ok —e2" 02(7') .
k=1

The last term is bounded by a constant times ¢*(r)o?(r) = o(c?(r)). Then
we can conclude the proof for (iii).

Item (iv). — We have
E [|£‘36u£l(—oo,r] (g)] < E [eu£|§|3l{£<r}] +E [eu€|£‘3l{£ <—r}] .

The first term is bounded by a constant times E[|¢[3Ly¢) < 3] < crg(r)o?(r)
thanks to Claim 5.1. The second term is treated as above and is bounded by
a constant times rq*(r)o?(r). O

We now present a corollary, in the case where r = ar, for some fixed
constant a > 0. Let us set a few notations first. From now on, we set, P, :=
P and M(u) :== Mg, (u) for any uw > 0, with the notation from (5.3).
Then, recall the definition of \(t) := m™1(t), where m(u) = E,[¢] = J\A{I,((:))
(recall that u ~— m(u) is increasing). Hence, A(t) is such that Ey)[¢] = .
Note that for A(¢) to be well-defined and non-negative, we must take t >
m(0) := E[¢ | € < ar).

COROLLARY 5.4. — Assume p = 0. If lim, ;o == = 0, then m(0) =
o(f2). Let 0 < ¢ < d < oo be fized, then uniformly for s € [c,d] we have
A(s 22) = (14 0(1)) ;. As a consequence, we have A(t) € [(1+0(1));=, (1 +

0(1))%} uniformly for t € [c =~ d Z=].

Proof. — Note that since E[¢] = 0, we have

1

m(0) =E[¢ | § < am] =~

E[{1es or,] < 0. (5.5)
Now, recalling the definition (2.13) for r,, we get that lim, oo 7, = 0
since lim,, o %= = 0. Thanks to Claim 5.1, we therefore get that |m(0)| =
o(ry,to?(ry)). In particular, in view of (2.13), we get that m(0) = o(%2).

From Claim 5.3, if u = > then m(u) = AA{;((,:)) = (1+o0(1));z0%(rn) =

(1+0(1))s%= (using that o2 is slowly varying), with the o(1) uniform for all
s € [c,d]. Hence, if t = s we get that A(t) = (14 o(1));> with the o(1)

uniform for s € [, d]. O
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5.2.2. Estimate of the relative entropy: proof of Lemma 2.6

Before we prove Proposition 2.4, as a warm up computation, we analyse
the entropy H(-) defined in (2.18), that is we prove Lemma 2.6 above(® .
We present the proof with ar, instead of 7, in the definition (2.18) of H,
that is we take H(t) = Hgp, (1).

Proof of Lemma 2.6. — First of all, notice that
M'(A?))
M(A(t))

since Ajfj/((;‘((;)))) = m(A(t)) = t, by definition of A(t), see (2.17). Recalling that

mo = m(0), we get that H(mgy) = —log M(0) = —logP(¢ < ary,) so

H'(t) = =)N(t) + A1) + N (t) = A(t),

H(mo) ~ F(ary) ~ q(arn)UQ(rn) =0 <“"%) . (5.6)

a’r2 n2o2(ry)
Here we have used the fact that lim,_, . ¢(z) = 0 and the definition (2.13)
of r,. Moreover, we have H'(mg) = A(mg) = 0. By Taylor’s theorem, we

have
H () — H(my) = /I"/n (22 —¢) mpyar.

n

Using that H'(t) = A(t), we get that
o M(A(t))? B 1

m/(A(t)) — M7(A0)MA®) = M'(A(1)?  Exl€?] — 12

Now, we have that 0 < A(¢) < (1 + o(1 )% for all t € [mo, =], thanks to

Corollary 5.4, which gives

H// (t) —

o _ M"(A®)) 2
Bl = Yo > (L o)o%(r),
thanks to Claim 5.3 (see the lower bound below (iii)). Note that
0?(rn)/(%)* — oo, due to (2.13). Therefore, using (5.6) and that mo =
o(*%=) from Corollary 5.4, we have

2
Tn

2n202(ry,)

H(™)<a +o(1>)20%(rn) (%2 - mo)2 + H(mg) = (1+0(1))

(5) The corresponding result is proved in [14, p. 107], where it is claimed that

x 12
nH(TT’) = 2(:%

to control the error term in the variance of the tilted law). In our Lemma 2.6, we have
2
o(1) as a factor: to obtain nH (%2 ) = ZIT% +o0(1), at least for an < zn < Can+/|logq(an)|,

one needs to assume that F is extended regularly varying (2.10), and Rozovskii’s condi-
tion (2.4), see Remark 2.7.

+0(1); we actually realised that an argument is missing in [14] (one needs

— 1447 —



Quentin Berger, Matthias Birkner and Linglong Yuan

To get a lower bound, we use the fact that for ¢ € [¢%=, Z2] we have
= < A(f) < TQ for some positive constants ¢, C', see Corollary 5.4. Hence,
thanks to Claim 5.3, we get that H”(t) = (1 + o(1))o?(r,) ™! uniformly for

t € [eZr, 2] using also that t? = o(o?(r,)). We end up with

n’mn
H(‘i") > (1+o(1))1/m (ﬁut) dt+H (mg) > (er)i
n/ = 02(r) Jew, jn\ 10 0= 2n202(ry,)
This concludes the proof. O

5.2.3. Completion of the proof of Proposition 2.4

Recall that we assume p = 0 in this section. We fix A = A, := A(%2) so
that Ex[Sn] = nm(\) = z,. Recalling the definition (5.3) of Py, that also
denotes with an abuse of notation the law of n i.i.d. random variables with
law Py, we can write

—AX;

n
_ _ € '
Ex [e )‘S"l{S,L}:I:"}] =E|e AS"l{S,LZJEH} X HiM()\) l{XiéaTn}]
=1

1
MO ( T ary)

We therefore get that
P(S, > zn, M, < ary)
= M(/\)nE)\ [6_/\5"']_{5” > ﬂﬂn}]

— nllog M) =Am(]R [e‘*(s"‘“)l{s,ﬁzn 20}} (5.7)

_ e—nH(wT")E)\ |:€_)\(Sn_wn)l{5n7mn 20}:| .

In this step of the proof of Proposition 2.4, we simply need to control the
expectation on the r.h.s in the third equality. The behaviour of nH (%) has

been studied in Lemma 2.6. We can write the last term as Ey[e~*5» 15 >0l

where S, = Dy f: with 5 = & — 7. In particular, using Claim 5.3, we
have

EAlG] =0,  E\&]~0%(m),  EAlGP] < cad (r)rao®(ra) . (5.8)
Indeed, using Corollary 5.4 we have A\ = \(%2) ~ %, which yields M (\) — 1,
see (i) in Claim 5.3. Then applying (i) and (iii) in Claim 5.3, we have
Vany €] = Vana[&] = 270 ~ 62(r,) and Ex[I€ ] < 4Ea[l&[*] +4 (22)° <
cq*(rn)rno?(ry). The fact that Ey[¢] = £= is by the definition of A. This
gives (5.8).
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Thanks to the Berry-Esseen bound, this gives that uniformly for y € R,

13
1 _ c Ea [\fz| }
Py | ———5, <y | - 3@ < .
no2(r,) no2(ra) 02(ra) (5.9)
< (1) ——=
which goes to 0. Indeed, note that since
ro o~ —0?(r) and Vi~ an/v/o (an),
Ty
we have
r an |02(ry)

—_—~ = : 5.10
Vnol(r,)  xa\ 0?(an) (5.10)
Ty
no?(ry)

(since we are considering x,, > a,) and goes to 0 if lim,, o 7= = oco. Since
n

In particular, we get that < cg=: this is bounded by a constant

q*(rn) — 0, (5.9) therefore shows that %)gn converges under Py to a

no?(ry
standard Gaussian.

Additionally, we can use the Berry—Esseen bound (5.9) to get that

-0 (mm”) —o(1). (5.11)

no?(ry)

Indeed, we can write

—\5,
E, [6 lg >0}

n =

B 1 1 ~ log(1/1)

_/O IPA<O<\/7WS”<A\/W2—W> dt

B 1 M a(r rin
[ (o7 s o (e i)

where we have used (5.9) for the last equality. Now, with the same manipu-
lation, the last integral is equal to E[e™*V "UQ(T”)Zl{Z >0}l
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Now, if lim,, o0 i—z = 00, then ﬁ goes to 0, recall (5.10), so

A /7710_2 \/77/0' Tn

r7l
goes to oo: using that Ele 4155 o] = ¢”*/28(u), we obtain

S 1 T 1 an |02(ry)
E[e—)\ naz(rn)Zl :|N n N Qn n ’
(z220) V21 \/no(r,) V2T Zn o%(an)

so that thanks to (5.11) we end up with

S 1 an [02(ry)
E [*AS"L }N n n) 5.12
A€ Sn =20 /727_(_ Tn o_g(an) ( )

If on the other hand x,, = O(ay), then recalling (5.10) and the fact that
o?(rn) ~ 02(an) if a, < @, < Can, we get that

ni=Avno2(r,) = (1+o(1 1/x—":(l—i—o(l))x—"7
T'n an
where in the last equality we used z,7, ~ noz(rn) ~ no?(a,) ~ a2. Fur-

thermore, we have E[e*:\"Zl{Z?O}] = /2 B(X,). We therefore end up

with
P(Sp = xp, M, < ary) =(140(1))e _”H(M)e’\i/zé(xn)
— 1+ o) (22,

Qn

where for the last identity we used Lemma 2.6 to get nH (%) = %3‘2 +o(1) =
%)\% o(1) (since z,, = O(an)). O

5.3. Proof of Proposition 2.8

5.3.1. Preliminary: a tail estimate using intermediate regular vari-
ation of F

LEMMA 5.5. — Let o = 2, let (an)n>1 be a normalising sequence as
in (1.5) and assume that p = 0 and that F is intermediate reqularly varying
(recall (2.11)). Let (Cp)n>1 be such that lim, . nF(C,) = 0. Then, we
have lim,, o C,, = co and

lim lim sup P(Sh > 2, Mn > (1 = €)2)
e—0 n—=0o0 x>, ]P(Sn 2 Z, Mn 2 I)

—1/=0. (5.13)
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In particular, if limy, o0 7> = 00 holds, then we can use (xn)n>1 in place
of (Cp)n>1 and
P(S, = @, My, > x,) ~P(M,, > x,) ~nF(x,). (5.14)
Proof. — The intermediate regular variation of F and the definition of
(Cn)n>1 imply that lim, ., C, = oo and F(C,) > 0 for all n. Next, we
note that
P(M, > z) ~nF(x), asn— o0 (5.15)

uniformly for > C,,. Note also that given nF(C,) = o(1) and = > C,,, we
have

|P(Sn = @, My, > (1 —€)z) —P(Sy > 2, M, 2 x)| <P((1—e)a < M, <),
with
P(1—¢e)z < M, <x)
=P(M, > (1—¢e)x) —P(M, > z)
=1 +o)n (F((1-e)x) = F(z)) + o(L)nF((1 - e)z)

where the second equality is due to (5.15). Moreover,

where the last two inequalities hold for n large enough, uniformly for
x 2 C,. Indeed, we have that lim, o P(S,—1 = 0) = 1 by the Central
Limit Theorem and (nF(z))? = o(nF(z)) for x > C,. Comblnlng the above
three displays,

‘]P’(Sn >x,M, > (1-¢)z) .
P(S, = x, M, > x)
F((1-¢e)x) F((1-¢)x)
<8 (zs>ug W - 1) +o(1) ms>ug W , (5.16)

for n large enough and x > C,,. Using Potter’s bound for intermediate regu-
larly varying functions [11, Theorem 2.3], see the bound (A.2) in Claim A.2,
we get that

F((1—e¢)x) < ) ( 1 )
1< RS LAp g S(1—c)a :
>0, F(@) s, 9 T

) converges
€

Note that sup, > ¢, d(1-¢). converges to 0 as n — oo, and K( -
to 1 as € — 0. Therefore, (5.16) entails (5.13).
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For the second part of the lemma, the fact that (z,),>1 is a candidate

for (Cp)n>1 is due to (1.4) and (1.5). Then, applying (5.15), we get
P(S, = an, My, > z,) < P(M, > x,,) ~ nF(z,).

Hence it only remains to prove a matching lower bound. For any £ > 0, we
have that

]P)(S’IL 2 xnan 2 xn) 2 HD(S =2 Tn, Mn > (1 + 8)1‘n)
P TLHD(f > (1 + E)JTn)P(Sn—l P _S-Tn)

n
_ (2)]P’(§1 > (1+e)zn, &> (1+e)z,).

Since limy, 00 P(Sp—1 > —ex,) = 1 for any € > 0, because lim,, o 72 =
oo, we get that the lower bound is asymptotically equivalent to nF((1+
€)xy,). Then, thanks to the intermediate regular variation of F', we get

F((1+e)z)

ey 1, which concludes the proof of Lemma 5.5. O

lim. o liminf,_,

5.3.2. Completion of the proof of Proposition 2.8

Recall that we assume that F is intermediate regularly varying and
also that y = 0. We will focus on the case where lim,, s 2—: = oo and
lim,, ;o %= = 0; recall also that (2.13) holds. (We briefly discuss at the end
of the proof for the case where liminf,, ,. » > 0, which can also be found
e.g. in [13].) Using Lemma 5.5, we simply need to show that

P(Sp = xp, My, > 1y,) ~P(Sy =z, My, > (1 — €)ay), (5.17)
for any € € (0,1).
We fix € € (0,1) and write the probability as Q1 + Q2 + Q3 + Qq4, with
Q1 =P(S, = xp, My, > (1 —2)z,),
Q2 =P(S5, > <
Q3 =P(S, >z, 4r, < M, < ex,),
Qs =P(S5, >

By Lemma 5.5, )1 Ninf (25,). We show next that all other terms are
negligible compared to nF(z,). The term Q2 can be estimated as follows:
we have that

Q2 < nIP’(sxn <&<(1- s)xn)IP’(Sn_l > s:cn) .

Using Potter’s bound (A.2) (see [11, Theorem 2.3]), we get that P(ex,, < £ <
(1—¢e)z,) < Flexy,) < c’m(l/s)ﬁ( n). Also, since lim, o 7* = oo holds,
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by the convergence in ditribution of (1.1) (recall b, = 0 since p = 0) we
get that lim,, oo P(S,—1 > ex,) = 0 for any fixed ¢ > 0. All together, this

shows that lim,,_, nfffi ;= 0.

Note that we have

2
Tn 0" (an) 9 and lim 2 =0 if lim 2 = 0. (5.18)

~Y
a, 02(7*“) Tn n—00 Ay, n—00 Ay,

The first result is due to (2.13) and the definition of a,,, see (1.5). The second
result relies on the first one and uses that o2( - ) is slowly varying. Then, since
lim;, 00 2% = 00 we have lim,, o 7> = 00. We can now bound Q3 as follows
(omitting the floor function | - | to lighten notation):

g (22) 1

Qs= Y P(SyzanMye (27 w275 a,])
k=10g2(é)
< Z nF (2ik71$n) P (Sn—l P %xruMn—l < 27k$n) .

k:logz(%)

Then, using Potter’s bound (A.2), we have that
nk (2_k_1xn) < ok (2’““) nF(z,)

uniformly in k& > 1 for some ¢y > 0, for n large enough. Using the Fuk-
Nagaev inequality of Lemma 5.2, we get that

logz(‘:—z)—l

_9ok
Q3 E+1Y 2F < 2 ka2 >
- < ¢ K (2 e 1+ —F"1—
nF(zn) k—lozg:( t) o nen @)
= 2\ e

logQ(f—Z)fl

11\ %
< ¢ Z K (2k+1) 2 <4) )

k=log, ( %)

where we have used that —23Z< > 7/4 uniformly for y > 2r, (provided that n

no?(y) =

is large enough). Indeed, we have that —3%< > (14 0(1))2-237=~ uniformly

no?(y) no2(ry)
for y > ry,, and the lower bound goes to 2 as n — oo. We therefore have

shown that

@ <a Y, k(26T (11/4e) 72" =0, ase | 0. (5.19)

k=log, ( é)

The convergence is due to the definition of «(-) and the fact that 11 > 4e.
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It remains to treat Q4. We apply again Potter’s bound (A.2) to obtain
that
— 1
Q4 g nF(Tn)IP Sn—l 2 §x7zaMn—1 g 4rn
— Ty 1
< enF(xn)k () P (Snl > §xn,Mn,1 < 47°n> .
Tn

For the last probability, the Fuk—Nagaev inequality of Lemma 5.2 is not
enough, because of the first factor e*~/"». However, thanks to Proposition 2.4
(one can replace n by n — 1, =, by %xn and r, by 4r,, that changes only
some constants, see in particular (5.7)), we have

2
x
—cin

P(Sn_1 > 20/2, My_1 < 4r,) < e ™H(E) <7 < e | (5.20)

see (5.7) and Lemma 2.6; we also have used that no?(r,,) ~ r,z,. Hence, we

get that
94 < ck (xn> e ctn/Tn ,
nk(x,) Tn

which goes to 0 since z,,/r, — 0o as noticed above.

All together, this concludes the proof of Proposition 2.8 in the case where
limy, ;o0 22 = 0 and lim,, 0 iﬂ = oo. In the case where lim inf,, ,, %= > 0,
we get that r,, = O(1). Then, by exactly the same proof we can control the
terms @1, Q2, Q3. It then simply remains to show that for any fixed R > 0,
@4 = P(S, > z,, M, < R) is negligible compared to Q; ~ nF(x,). But
this is simply a large deviation estimate for bounded random variables (with
negative mean): we get that ©4 < e “n (note that @4 =0 if 2, > Rn),
which is indeed negligible compared to nF(z,) since F decays slower than
any exponential function. O

5.4. Proofs of Theorems 2.10, of Corollary 2.12 and of Corol-
lary 2.21

Proof of Theorem 2.10. — By Proposition 2.8 and equation (5.14), we
have that

Then we apply (4.2) to obtain (2.21). The fact lim, oo P(M,—1 < 1) =
0 entails (2.22). The convergence (2.23) is a direct consequence of (2.21)
and (2.22). The last result is obtained simply by applying Theorem 2.1.
This completes the proof. (|

— 1454 —



Collective vs. individual behaviour for sums of i.i.d. random variables

Proof of Corollary 2.12. — Assume p = 0 for simplicity so that in par-
ticular b,, = 0. Recall we assume lim,, 2—" = 00.

Item (1). — Recall in this case we assume lim,, o, “> = 0. For 4,, €
B(R™) we have, using a change of measure as in (5.7),

P((&1,.--. &) € An | Sn = @n, My, < ary,)
_ P((&1,..-,6n) € An, Sn = @, My, < ary,)
P(S, = xn, M, < ary)
Ey, [e M=o s 031a, (&1, )]
Ex, [e7AnEnmo)1gs, 0> 0] .

Note that (5.9) together with the argument for (5.11) actually gives the
quantitative bound

~An(Sn—n
sup ‘Exn [6 (Sn—a )lb1<sn—zn<b2}
0< by <by < oo

2 ~s Tn
SB[V Zy, [0 <q (rn)> . (5:21)

no2(ry,)

Using
1 an [02(rn)
V2r zy \ 0%(ay)
(see (5.12)) and (5.10), together with the fact that ¢*(r,) — 0, then yields

E,. {edmsnﬂn)l{sn_zn}o}} ~

P((fla v 7£n) S An | Sn 2 xnaMn < CLTn)

= A/ 2mno2(r,) By, [e_)‘”(s"_“)l{sn,zn >o011a, (61, .. ,§n)}
(1+0(1)). (5.22)

In fact, more quantitatively, the o(1) term above is O(g*(ry)).

Put

Up = Ap/n02(ry) ~ %\/naz(rn) ~ Ty [T

Notice that combining A, = A(zy,/n) ~ 1/r, from Corollary 5.4 with (5.10)
shows that lim,, ., u, diverges.

For 0 < 21 < 29 < o0 let
An:{(y1a7yn)€Rnxn+unzl <y1++yn<xn+un22}7 (523)
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so that {(&1,...,&n) € An} = {21 < (Sn, — 2n)/un < z2}. Then from (5.22)
and (5.21), using the definition of w,,, we get

P21 < (Sn — @n)/un < 22| Sn 2 @0, My, < ary)

= E [\/ 27 une_un2121un <Z< 22un}i| (1 + 0(1))

Z2Un
= / efunzsz/Q U, dz (1 + 0(1)) —— el —e s
211, n—00

which concludes the proof of item (1).

Item (2). — Recall in this case we assume that F' is intermediate regu-
larly varying. The arguments for Proposition 2.8 show that P(S,, > z,, M, >
rn) ~ nF(zy,), recall (5.17). Applying this again with x,, replaced by z!, > x,,
yields (2.25). O

Proof of Corollary 2.21. — By Proposition 2.8, we have that

lim P(M,, > @y | Sp — bp 2 2) = 5

n— 00
and
lim P(M,, <7 |Sp—bp >x,)=1—5.
n— o0

Conditionally on {S,, — b, > x,, My, > x,}, if we write S,, = M,, +5],, then
S/ — by is of order a, thanks to (2.23) and (1.1): since z,/a, — oo, we
obtain that

f(SMnb Snbn>xn,Mn>xn> 5.

On the other hand, since we have that r,, /2, — 0 (using that z,/a, — 0),
we get

Sn - bn
This concludes the proof. O

3( My Sn—bn>xn,Mn<rn>i>5O.

6. Proofs of the local versions of the theorems
6.1. Proof of Proposition 2.15

Proof. — Recall x,, > a, with lim,,,,, #* = 0. For simplicity, we also
assume £ = 0. Analogous to (5.7), we have that

P(S, = xp, M, < ary) = e_”H(%)}P’,\ (S’n = mn)
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with A = A(%2). Then, we can apply a local limit theorem to estimate
Py (Sn = xn); in particular, since the distribution P, depends on n and
Zn, we need explicit estimates on the rate of convergence. Several results
exist in this direction, such as [33, Theorem 5] or [21, 38|, but none of these
appear to give a sufficient bound for our purpose. Instead, we start from [15,
Lemma 3]: setting o3 := Vary(£) and vy := E\[|€ — 22 %], it gives that

\/ﬁa/\PA(Snzfn)_\/l— f 3+2\/77q/ n(=lea® gt | (6.1)

with £ := 72 and ¢ )\( ) = Ea(e%¢) the characteristic function of £ under Py.

Since we have that 0% ~ 02(r,,), see the first two results in (5.8), we only
have to show that both terms on the r.h.s. of (6.1) go to zero.

For the first term, we have from (5.8) that

VX a* (Tn)rn

Vnok T\ /no?(ry,)

which goes to 0 as proved for the last term in (5.9).

For the remaining term, notice that thanks to (5.8) we have that ¢ =
02 C
ﬁ 2 ﬂn = 7 ()T
the last inequality in (6.3) below holds uniformly on [0, ]) and we need to
show that both of the following terms go to 0:

_ Fcz(%)/agn<1f|mt>|)dt’ o) / n(-lex(®)) g
L

and o3 ~ 02(r,). We fix € > 0 (small enough so that

Let us now estimate 1 — |y (¢)|. Since £ has maximum span 1 (equivalent
to (Sp) being aperiodic; see the definition of maximum span in [22]), we can
choose some K > 0 such that the law of & restricted to {—K,..., K} has
maximum span 1. Then, it is standard to get that for any 0 < € < 1, there
is a constant ¢y > 0 (that depends on K, ¢) such that for any ¢ € [, 7]

[E[e"|lel < K] < 1=co,

see e.g. [22, Section 14, Corollary 2 to Theorem 5]. Now, turning back to ¢y,
we have that, for n large enough so that K < r,,

loa(®)] = |Ex [e™ 1y < 3] | + [Ba [€%1q1g1 > i3] |
< |Ea [ 1e < 3] | + Pa(lE] > K).
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Now, recalling that A — 0, we can apply Taylor expansion to e*¢ on the
event {|¢| < K}: for n large enough, we obtain

M) [Ex [ 1qe) < iy ]| = [E ["F 1 g1¢ < 1y ]|
<P < K) (|Ex [ | €] < K] |+ 2)K)

< (1- )il < K).

Now, since A — 0, we also easily get that M(AN)P(J¢| < K) = (1 + o(1))
Py (J¢] € K), so we obtain that for n large enough

oA ()] < (1= )PA(E] S K) +PA(J¢] > K) = 1 — $P(§| < K) <1-¢,

where we also have used for the last inequality that Py (|¢{| < K) = (1+0(1))
P(|¢| € K), since A — 0, M(A) — 1. All together, we get that there is a
constant ¢ = /() > 0 such that 1—|¢px(¢)| = ¢ for any t € [e, 7]. Therefore,
we obtain that

—Ccn

I, < \/no?(ry)me — 0.

To deal with I, we use the idea of [22, Section 50, Lemma]: we prove
that, for all ¢t € [7_%,5],

1—|oa(t)] = ct?a?(1/t). (6.2)

One could have used in [33, Lemma 4], together with in [33, Lemmas 1-2] to
get that 1 — |¢x(¢)| = ct? uniformly for ¢ € [0, ¢]; this is however not enough
for our purpose.

Let us introduce P, the distribution of the symmetrised version of Py,
i.e. the law of £&* = & — &', where £,£' are two independent copies with
law Py. Then, |px(t)]? = ¢3(t) = E5[e¢"], so we only need to show that
1 — 3 (t) = ct?0?(1/t). We have that

1/t

1—@@=Auwmmmmm>/ (1 — cos(ta)) AP} (x)

1/t

using that 1 — cos(tx) is always non-negative. Now, expanding the cosine
(using |tz| < 1), we get

1/t
1—@*(t) = ct? / x? AP} (z) .
1/t
Now, let C' > 0 be fixed such that ¢ = P(|{§|] < C) > 0; we also have
Pr(¢] < C) > % for n large enough, since A — 0. Then, for ¢ small enough
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so that 1/t > 4C,

1/t
2
Fhe ¢ Liso<ie < %70}} -
Then, since 1/t < r, and A < ¢/r,, (recall Corollary 5.4), we get that

Ex [€1 (a0 <jg < 1-c}] 2 MO e E (€20 << 30}
> do?(1/t),
using also that M(\) — 1 as A — 0. This concludes the proof of (6.2).
With (6.2) at hand, we get that

€
I < \/naz(rn)/ et (/1) gy
L

Now, for t € (0,1], let g(t) = t&%(1/t), with 7%(y) = 2ny ulP(]€] > u)du
which verifies 7(y) ~ 02(y) as y — oo (see (A.5)). Then, g is differentiable
and one can easily check that ¢’(¢) > 0, at least for ¢ small enough (e.g. using
that P(|¢| > 1/t) = o(t?%(1/t?)), see (1.4)). We also let h(t) = fot g(u) du,
which verifies h(t) ~ t202(1/t) as t — 0. Then, by an integration by parts,
we get that

/6 efcnh(t) dt < 1 efcnh(ln) _ /6 g/(t) efcnh(t) dt
e cng(€n) ¢, cng(t)?

1 (6.3)
< —cnh(£y,)
eng(tn)©
where the last inequality holds if ¢ has been fixed small enough so that
g'(t) = 0 on [0,¢]. Now, using that g(£,) = £,52(r,) and h(£,) = (14 o(1))
Gro?(rn),

i

£
L < \/na2(rn)/ e~ enh(® qt
129
1
< e—cnh(ln)
Lp/no?(ry)

1~ ¢ no(rp)
cq(rp)rn — n
q ( TL) n e @ (rn)2r2

no?(ry) ’

where we have used that ¢, = W > % for the last inequality.
Since 1, /y/no?(r,) remains bounded (recall (5.10) and the sentence be-

low), we get that I < cqu*(rn)e*”/(f(T")Q, which proves that I; goes to 0
as n — 0o.
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Going back to (6.1), we have obtained that Py(S, = x,) ~ ——1—

27no2(ry,)’

which finally gives that

1 n
P(S, = zn, M, < ary) ~ . —— DN O
2mno?(ry,)
Remark 6.1. — Similarly to what is done for the integral version of the

theorem, the case where z,, = O(a,,) in the proof of Proposition 2.15 brings
some simplifications: using the first sentence of Remark 2.7, we recover the
local limit theorem:

1 o3

e 2an |,
V2may,

P(S, = xn, M,, < ary) ~

6.2. Proof of Proposition 2.16

Proof. — Recall that we assume that P(§ = z) is intermediate regularly
varying and (2.27) holds, and lim,, _, « = 00, limy, 0 2% = 0. For simplic-
ity, we also assume p = 0. As in the proof of Proposition 2.8, we focus on
the case where lim,, ,o, %= = 0. (We briefly discuss at the end of the proof
the case liminf,, o, #* > 0, which can be found e.g. in [2]). We decompose
the probability as before, in the following terms:

Qo =P(S, =xp, My, > (14 2e)z,),

Q1= P(Sn = Tn, (1 - 5)xn <M, < (1 + 5)xn) )
Q2 =P(S, =z, ez, < M, < (1 —¢€)xy,)

QS = ]P)(Sn = xn74rn < Mn < 5xn)a

Qs =P(S,, = xp,rn < M, < 4ry,).

For the term @2, we have, for some constant ¢ = ¢(¢) € (0, 00),

Q2 < > P =y)P(Sn1 =20 —y, My 1 <)

y € (exn,(1—€)zy)

< enP(é =zy) Z P(Sp—1=2n —y)

y € (exn,(1—€)zp]
< enP(€ = 2,)P(Sp—1 > exy)

where we have used Potter’s bound (A.2) for the second line. Then, since
lim,, 00 2= = 00, we have lim, ;oo P(Sp—1 > €x,) = 0, so
. Q2
im

TP =)
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For the term @3, we have (omitting integer parts to lighten notation)

log2(f—z)—l

QS = Z P (Sn = Tn, M, € (Q_k_lx’ru Q_kxn])
k,:logQ(é)
logz(%)fl
< Y > nP(€ = y)P (Sp1 =2, — y, Moy < 2%2,,)

k:logz(%) y€(2=F1g, 27 Fg,]
logZ(‘:f)—l 1
< CTL]P)(€ = xn) Z 2CkP (Snl = ix'ru Mnfl < 2_kxn> )
k:logQ(é)
where we have used (A.3) and summed over y € (2% "1z, 27%z,]. We
conclude as in the proof of Proposition 2.8 that % < de3(11/4e) Ve,
see (5.19).

For the term @4, we also get thanks again to (A.3)

Q4 < Z nP(f = y)P(Snfl =Tn Y, Mnfl < 4rn)
Y € (rn,4r,)

< enP(€ = a,) <

n) 1
x) P (Snl 2 ixnaMnfl < 4Tn> )

Tn

and the conclusion follows exactly as in the proof for the term )4 of Propo-
sition 2.8.

For the term @y, by sub-additivity and using the “almost monotonic-
ity” (2.27), we obtain

Qo<n Y PE=yP(Su1=2n—y) < PE=2,)P(S1 < —c2,),
y>(14€)z,
which is negligible compared to P(§ = x,,), since lim, oo z—: = o0.

It remains only to deal with @Q; we follow Doney’s approach [16]. We
prove a lower and an upper bound separately. We have

Ql = nP(Sn = Tn, dis.t. gz € ((1 - 5)(En, (]- + E)‘rn)u

Viji#4,& < (1—e)ay)
(14e)xn
>n Z P =y)P(Sh—1=2n—y,Mp_1 < (1—¢)zy)
y=(1-¢e)zn
>n min P =y) [P’(\Sn,l\ <exp, My < (1-— s)xn)

ly—an| <exn
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Since lim,, o z—: = 00, the last probability in the last line goes to 1. Using
also that P(§ = z) is intermediate regularly varying, recall (2.11), we have

that
lim lim inf min PE=y)

— =1.
el0 n—=oo |y—z,|Lean P(g = In)

> 1.

We therefore end up with lim. ¢ liminf,, ﬁ >

In the other direction, we have

(14e)zn
—Tn| K ETn
y=(1—-e)z,, Y
Using again the intermediate regular variation of P(§¢ = x), we therefore end
up with lim, o lim sup,,_, ﬁ < 1.

In the case liminf,, o == > 0, we can deal with all the terms Qo, Q1, Q2,
Q3 exactly as above. Recalling that in this case we have r, = O(1), its then
only remains to show that for any R > 0 the term @4 = P(S, = Zn,
M, < R) is negligible compared to nP(§ = x,). But one simply bounds
@4 = P(S, =z, M, < R) < P(S, 2 z,,M, < R) < e by a stan-
dard large deviation bound (already mentioned in the integral case); this is
negligible compared to nP(§ = ). a

6.3. Proof of Theorem 2.19

Proof. — Recall that we assume lim,,_,, £= = co and that P(¢ = z) is

Qn

intermediate regularly varying. For simplicity of notation, we also assume
that 4 =0, so b, = 0.

We start with the proof of the first convergence, following the approach
in [2]. Let 0 < & < 1. Using (2.31), we know that

lim P(Sy = @, My — @n| < €2 | Sp = @, My > 1) = 1.

n—oo

For simplicity of notation, let
My = (2(9)7" 7,
My =Z(R(&, ..., &) } Sp = T, My, — x| < )
so we only need to show that lim,_,o dryv (M, M) = 0.
Let A be any measurable set in Z"~!. Let 0 < £ < 1. We define the event
B,={Sh —bp =2, N{M,_1 < (1 —&)xn} N{|Sn-1—bn| < exn},
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which is a subset of the event {M,,_1 < (1 —&)x, < & =M, < (1+¢)x,}.
Then
P(Sn = Tn, |Mn - xn| < 51‘n)M2(A)
=P(R(&,...,&n) €A, S, =xy, | M, —x,| <exy,)
> mp((gl, 1) €A, By, |60 — 1| < ea:n>
>n  min P =t)

[t—zy| <exy

My (&1, 601) € A Mooy < (1= 2z, 81 < 22 ).
Using the Potter’s bound (A.2) for P(¢ = x), we obtain that

min = P =1t) = c(e)P(€ = zp)

[t—zn| < ey
for n large enough, with lim. o c(¢) = 1. We also have

lim Mq(Mp—1 < (1 —¢)z,) =1, li_)m Mi(|Sh—1| <exn) =1,

n—oo
using that lim,,_, z—z = oo for the last limit. Thus we get that

nP(§ = x,)

A) >
My (A) P(S, — b, = xp, | My, — 2| < e)

My (A)(1+0(1)),

where the error term o(1) is uniformly small in all sets A C Z"~1. Using Prop-
osition 2.16, we obtain that Ma(A)> (14 o(1))M;1(A) as n— oo. Since this
holds uniformly for any set A, we conclude that lim,,—,cc drv (M7, Ma) = 0.

For the second convergence, letting My = LR, &0)|Sn = zn,

M, < r,), we also need to prove that dry(Mi, M) = 1. But this is
clear: if one writes R(&1,...,&,) = (N1,-.-,Mn—1) and consider the event
A, = {Z;:ll M = XTn — T'n}, then we naturally have that My(4,) = 1, but

lim,, 00 M(A,) = 0, since !, := x,, — r,, verifies lim,, _, Z—Z = oo0.

For the last result, (2.35) follows directly from Proposition 2.16. O

7. Law of &,...,&, conditioned on large M,

In this section, we prove Proposition 4.1, but first, we give a construction
of the regular conditional distribution of R(1,...,&,) given M,,, which is
used in the statement (4.2).
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7.1. A regular conditional distribution

We give here a concrete construction of
L(R(&,.. ) | My =2), z€R (7.1)
as follows:
e If Pl —0 <& < z+0) =0 for some § > 0, i.e. x is not in the

support, we can basically assume any conditional distribution. But
for simplicity, let

®(n—1
o If P(€ = x) > 0, then we use the usual conditional probability
formula to define (7.1).
e IfP((=2)=0and P(x—d << z+9) >0 for any 6 > 0, it turns
out that
. ®(n—1)
lim drv (L (R, &) [0 =0 < My <z +0), Z(¢] € <2)*"7")
=0. (7.3)
This is proved in Proposition 7.1 below. Then we can define

LRG|y = ) = (e € <)

Using standard measure-theoretic approaches, the construction indeed gives
a version of regular conditional distribution. It remains to prove the following
proposition.

(7.4)

PROPOSITION 7.1. — Let & be any real-valued random variable. Assume
that x € R is such that P(§ = 2) =0 and P(x —d < £ <z +d) > 0 for any
0 >0, then (7.3) holds.

Proof. — Fix n € N and = € R satisfying the assumptions of Proposi-
tion 7.1. First of all, by assumption, it is straightforward to see that since F
is continuous at z,

P(M, € [z — 6,2+ 0]) ~nP({ € [z — 8,2+ 8])F(2)" " = 0o(1),

For A C #(R"1), let us bound
PR(Es ... 60) € A| M, € [0 6.0 +8]) — 2(€] € <))

P(R(Elaagn) € AaMn € [xféax‘i’(ﬂ)
P(M, € [z — 0,z +9))

—2(e|le<a)® V()
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by the sum of three terms P, P>, P3 that we now define and treat separately.
The first term is

_PEi#£j<n: &¢ elr—dat0)

P
! P(M, € [z — 0,2 + 4])

n’P(¢ € [x — &,z + 4])?
P(M, €[z —6,z+6]) s-0
where we have used (7.5) and the assumption that P(§ = 0) to obtain the
last limit. The second term P» is

P(R(¢1,...,&n) € AN (=00, z — 8)" "1 M, € [x — b,z +6])

‘ P(M, € [x — 6,z + §])

~X

—2(E|¢<a— 6)®("_1)(A)‘

nPE €[z — 6,2+ )F(xz—6)" 1
P(M,, € [x —§,x + d])

- 1’3(“5 <a—08)"" V(4
— 0,
§—0

where we have used (7.5) to obtain the last limit. The last term is

Pyi= |2 (g ¢ <a)*" V() - Z(g|g <o -0)" V()]
SnP(fe[x—é,foéx) QO,

where the last limit is due to the fact that P(§¢ = 2) = 0. This concludes the
proof of (7.3). O

7.2. Proof of Proposition 4.1

Proof. — Let us first prove (4.2). For A ¢ Z(R"~!), we bound

hw@MHfMeAm@>aJ—M@MHfHneAﬁ

P(R(fla e 7§n) € Aa Mn > xn)
P(M,, > x,)

—P((€1,- - €n1) € A)

by the sum of three terms P, P>, P; that we now define and treat separately.
The first term is

P = <
! P(M, > z,) P(M, > z,) n—o

0,
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since we have
P(M,, > x,) ~nP(§ > x,) =0(1) asn— o0 (7.6)

by assumption. The second term P is

P(R(Ela .. agn) S A N (_Oo7xn)n_17 Mn 2 xn)
P(M,, > z,)

— P((gl, o €no1) EAN (—oo,acn)"_l)

nP(¢ > x,)F(x,—)" 1
P(Mn = mn)

-1|P ((517 cee 7fn71) S AN (_Ooaxn)n_l)

— 0,
n—oQ

where the last limit comes from (7.6). The last term is Py := P(M,_1 > z,),
which also goes to 0 as n — oo, thanks to (7.6).

Now we turn to the proof of (4.3). By assumption, for the sequence

(@n)n>1, we know that P(M,,_1 > z,) ~ (n — 1)F(z,) = o(1) as n — cc.
Then

drv (.,?(f |§ < xn)®(n_1), f(f)@)(n_l)) — 0, asn— oo. (7.7)

There are two cases we need to treat: (i) (z,)n>1 is a sequence such that
P(¢ = z,,) = 0 for any n; (ii) (@, )n >0 is a sequence such that P(§ = z,) > 0
for any n. For case (i), by (7.2), (7.4) and (7.7), we conclude that (4.3)
holds. Let us now consider case (ii). Note that nF(x,) = o(1) implies that
nP(¢ = x,) = o(1) as n — co. Then

P(M,, = z,) ~nP( =x,) =0(1) asn — co. (7.8)
For A C Z(R"1), we again bound

IP(R(&1, ..+ 6n) € A| My = @) —P((61,.. ., €n1) € A)|

|P(R(&y, .-, &) € A My, = ay)
n P(M,, = x,)

— P((ﬁl, .. aﬁn—l) S A)

by the sum of three terms ]31, ﬁg,ﬁg, that we now define and treat sepa-
rately. The first term is

p _PEIAISn: & & =20) _ n2P(€ = x,,)?

0,
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using (7.8). The second term Py is

P(R(&1,...,&n) € AN (=00, @)1, My, = )
P(M,, = z,)

—P ((51, o €no1) EAN (—oo,xn)"_l)

m —1|P (£, En1) € AN (—00,2,)" ) ——0,

using again (7.8). The last term is P = P(M,,—1 > x,), which goes to 0,
thanks to (7.6). This concludes the proof of (4.3). O

Appendix A. Discussions on Rozovskii’s theorem

In this section, we make some comments on Rozovskii’s result, in several
directions:

e We discuss the condition under which Theorem 2.1 is true: Ro-
zovskii states its result in terms of the function ¢( - ), recall the def-
inition (2.1); we show in Section A.1 that it is equivalent to (2.2),
which is in turn equivalent to F' being extended regularly varying.

e We discuss how one may find equivalent (or sufficient) conditions to
have (2.4): our goal is to obtain a more tractable condition in order
to get the large deviation asymptotics (2.3); this is the purpose of
Proposition A.2 below.

e We provide some examples of distributions for which Rozovskii’s
result can be applied, some for which it cannot be applied.

Again, for simplicity of notation, we assume that p = E[¢] = 0 in this
appendix.

A.1. About the condition (2.2) and extended/intermediate regular
variation

In [35, Theorem 6], Rozovskii assumes that the function ¢ defined in (2.1)
by q(x) = 22 F(x)/o?(z) verifies that there exists some ¢ > 0 such that z¢q(x)
is asymptotically equivalent to a non-decreasing function. We now state some
equivalent statements and in particular we show that it is equivalent to F
being extended regularly varying, see (2.10).
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CramM A.1. — Assume that z — o%(x) is slowly varying at oo. The
following statements are equivalent:

(i) 3 ¢ > 0 such that x“g(a:) is equivalent to a non-decreasing function;
(if) 3 ¢ > 0 such that z°F(x) is equivalent to a non-decreasing function,
i.e. (2.2);
(iii) there is a constant ¢ > 0 and a function y +— 6, such that
limy o0 0y = 0, for which one has

Fa)<Fy<(+0) () Fo)  Yaozu ()
(iv) The function F is extended regularly varying at infinity (see (2.10)).
Proof.

(i) = (ii). — If 2°¢q(x) is asymptotically equivalent to a non-decreasing
function v(x), then

2T F(x) = 2°0%(2)q(z) = (1 + o(1))0*(2)v(2),
with both ¢?(x) and v(x) non-decreasing. Thus condition (2.2) follows.
(i) = (i). — If 2°F(z) is asymptotically equivalent to a non-decreasing
function v(z) (i.e. assuming (2.2)), then z¢q(z) = (1 + o(1))v(x)x?/0?(z).

Note that x?/0%(z) is asymptotically equivalent to z%/5%(z) (recall that
7(x) := E[(|¢| A x)?]) which is differentiable with derivative

29:) (1_ 2?P(l€| >x)> -

72 (x 7% (x)

for x large. Hence z¢q(z) is asymptotic to a non-decreasing function.

(ii) = (iii). — If 2°F(z) is asymptotically equivalent to an increasing
function v(x), we can write z°F(x) = (1 + &, )v(x), with lim, e, = 0.
Hence, for y < x, using that v is increasing, we have

VF) _1+e,0) _ 1+
zeF(z) l4epv(z) ~ 1—infys, e,

— 1, asy — oo,

which proves the upper bound in (A.1) (the lower bound is trivial).

(iii) = (ii). — Let v(y) = y°F(y) and 9(y) = inf, >, v(z). Then, clearly,
v is non-decreasing and by (A.1) we have that (1+d,) 'v(y) < 0(y) < v(y),
so v(y) and v(y) are asymptotically equivalent. Hence (i7) is verified.

(iii) = (iv). — It is obvious from the definition of extended regular
variation; note that (A.1) gives the upper and lower Matuszewska indices
are c and 1 respectively.
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(iv) = (iii). — It follows by Potter’s bound for extended regularly vary-
ing functions, see [11, Theorem 2.3]: for any & > 0, there is some xg > 0
such that for any A < 1 and z > zg 1 < %((/\5)) < (1+6)A 7L, where c is
the upper Matuszewska index; the lower bound simply follows from the fact
that F' is non-increasing. O

CLAIM A.2. — The fact that function F is intermediate reqularly varying
(see (2.11)) is equivalent to the following: there exists some non-decreasing
function k : [1,00) — [1,00) such that

F(z) < Fly) < (146, (i) Fz) VYa>y, (A.2)

with k satisfying lims_,14 k(s) = 1 and limg_, oo % log k(s) = 0. Additionally,
there is a constant ¢ > 0 such that

k(s) < es®, foralls > 1. (A.3)

Proof. — Note that (A.2) readily implies intermediate regular variation
by verifying the definition. For the reverse implication, we proceed exactly
as for Claim A.1l: using Potter’s bound [11, Theorem 2.3] for intermediate
regularly varying functions, we obtain that for all § > 0 there is some z¢ > 0
such that for any A > 1 and = > zp, 1 < % < (1 +6)k(\)~! for some
k(A) with limy_,; k(X)) = 1.

The fact that x grows at most polynomially follows directly from the

representation theorem for intermediate regularly varying functions, see [11,
Corollary 3.21]. O

A.2. About the condition (2.4) in Theorem 2.1
We now find equivalent conditions to the condition (2.4) in Theorem 2.1.
Recall that we defined
7@) = E[(el na)?] =2 [ (el > e,
0

and let (a,)n>1 be a sequence defined by the relation (2.5). Then, noticing
that

72(x) = o?(z) + 2*P(|¢] > 2), (A.4)
2
we have limy,_, oo %&;y) = 0 thanks to (1.4), so
7*(y) ~ o*(y)- (A5)

This shows that (a,)n>1 defined by (2.5), i.e. a2 = ng(ay,), is a valid nor-

malising sequence since it verifies (1.5) (with a = 2).
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PROPOSITION A.3. — Let a = 2, let (an)n>1 be defined by (2.5), and
assume that F is intermediate regularly varying. Then the relation (2.4) is
equivalent to (2.6), that is to

o*(z/|logq(z)|) — o*(z) =0 <cr(33)) as r — 00. (A.6)

log q(z)]

The rest of Section A.2 will be devoted to the proof of this proposition.

A.2.1. Preliminary observations

Let us first give some consequences of the intermediate regular variation
of F', which we recall is equivalent to (A.2).

CLAamM A.4. — Assume that x + o%(x) is slowly varying at infinity and
that F is intermediate regularly varying. Let x > y > 0. Then for y large
enough

y)2< ¥ _ <w> y
Zz < < + 0, )k — ) =, A7
(3) < <a+as(s )] (A7)

where 0, and k(-) are the same as in (A.2).

Proof. — Note that by (A.2), we have 1 < ?EZ) < (1 +0y)w() for all

x >y > 0. Then we can use the definition (2.1) of ¢ to obtain

2 2 2 2

02($) (g) < q(y) <146,k (:c) az(x) (g) .
o?(y) \x q(x) y/) o*(y) \z

0'2(1) <z

Note that o2?(z) > o%(y) for z > y > 0 using monotonicity, and 2o Sy

for y large enough using Potter’s bound for slowly varying function. Then
we obtain (A.7). O

~

LEMMA A.5. — Assume that  — o%(z) is slowly varying at infinity and
that F' is intermediate reqularly varying. Then uniformly for m <y <
x, we have

log q(x)| ~ [logq(y)] ~ asx — oo. (A.8)

An

——dn____ we have
[log q(an)|’

In particular, recalling that w,, :=

|log g(wn)| ~ [log g(an)]
as n — Q.

Similarly, the above display also holds uniformly for x < y < Cz|logg(x)|.
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Proof. — We will prove only the first part as the second part follows
similar lines of reasoning. Recall that lim, ,o q(x) = 0, see (1.4). Let us
assume that z is large enough so that log¢(z) < 0 and let us set h := z/y,
which verifies 1 < h < Cllog ¢(x)|. Using the second inequality in (A.7), we
have

h h
ng) < (14 5@% < 2%, for x large enough.
Then log ¢(x) > log q(y) — log 2k(h) + log h, so that

llog g(z)| < [log q(y)| + log 2k (h) < [log q(y)| + log 2k(Clog g(x)]) ,

using that x is non-decreasing. On the other hand, the first inequality in (A.7)

shows that % > h~2, which implies

llog g(x)| = |log q(y)| — 2log h > [log q(y)| — 21og (Clog g(z)]).
(z

Since lim,_,+ g(z) = 0 and recalling that lims_, o élog k(s) =0, see (A.2),
this concludes the proof of Lemma A.5. O

Remark A.6. — Thanks to Lemma A.5, if x,, ~ ca,+/|logq(ay)| for some
c > 0, we get that z, ~ ca,+/|logq(z,)|. Hence, using also that 7= ~

C

—_— = o(1) .
Tom 2] q(x,,)°"), we obtain

—/x a _Zn
q)(l) ~ O TR
an Z‘n\/27T e

On the other hand, recalling the definition (1.5) of a,,

(xn)02/2+0(1) )

2 2 2

— no?(Ty) azo*(xy)

nF(r,) = ———q(zn) ~ —0——

(@n) zy aln) z70%(an)

where we used Potter’s bound since o(-) is slowly varying. In conclusion, a
sufficient condition to have that ®(£2) = o(nF(z,)) is ¢ > V2.

A.2.2. Proof of Proposition A.3

Recall that (a,)n>1 is defined by (2.5) and that we assumed that F is
intermediate regularly varying. Let us recall the definition

an 22

with ¢(z) =

Vlog q(an)| o?(z)

Wn = F(x)

defined in (2.1).
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LEMMA A.7. — The condition (2.4) is equivalent to

0, P (~ion)

and
2 (an) — o*(w )_0(02(an)> (A.10)
! ! llog g(an)| )~ '
The above conditions (A.9)—(A.10) are further equivalent to
2
a?(ay) — o*(w,) =0 (U(wn)) . A1l
() = 70 =0 flog glen) R
Proof. — Note that (2.4) is equivalent to (A.9) and

n 2
lim |2 _n) o,
nl)ngo ’ w% 7 (wn) (JJ?L
=2
Using the definition (2.5) of a,,, we can write % =n"1w?2, so we obtain

that (2.4) is equivalent to (A.9) and (A.10). Next, we show that (A.11) is
equivalent to (A.9)—(A.10).

Step 1. — We first show that (A.11) implies (A.9); we actually prove
that (A.11) implies
le nP(|¢] > wy) = 0. (A.12)

Note that we have
nP(w, < |£] < an)

= DwP(n <16 < an) < 2 (02(an) — 0*(wn) - (A13)

n

If (A.11) holds, then we have
7% (an) ~ 0%(an) ~ 0%(wy). (A.14)

Using Lemma A.5, we therefore get that

1o Tlen) o otwn) (A.15)
[log g(an)|  [log g(wn)|

Hence (A.11) implies that 02(a,) — 02(wy,) = o(n~*w?2). Then using (A.13),

we obtain lim, e nP(w, < [§| < ay) = 0.

n

It remains to show that lim,,_, . nP(|¢] > a,) = 0. But this is simply due
2
to the fact that n = # (see definition (2.5)) and (1.4). Thus we have
shown that (A.11) implies (A.9).
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Step 2. — We now show that (A.11) implies (A.10). Thanks to (A.4)
and (A.15), we only have to show that

52(an) — 02(an) = anP(€] > an) = 0 ( 7*(an) ) :

[log g(an)]

Recall that (A.11) implies (A.12). Using that a2 = n&>(a,), we get that
=2

(A.12) is equivalent to w2P(|¢] = wy) = o(+2-%2) ) as n — oo, which is

[log g(an)]
further equivalent to the following, using (A.15),

2 (e
wP([¢] =2 wn) =0 <|log q(wn)|

This concludes the proof since w,, can be replaced by any sequence growing
to infinity (one can use the argument that wj ., ~ \/cw, for any fixed ¢ > 0,
which can be proved using Lemma A.5 and the fact that a,, also satisfies
this property).

Step 3. — Finally we show that (A.10) implies (A.11). Note that (A.10)
implies (A.14). Applying Lemma A.5, we find that (A.15) holds. We also
observe that

>, asn — 00.

0 < 0%(an) — 0 (wp) < 7% (an) — 0% (wy) =0 (

52(an)
llog q(ay,)| )

where the last step is due to (A.10) and (A.14). This completes the proof,
thanks to (A.15). O

Proof of Proposition A.3. — By Lemma A.7, setting y := z/+/|log q(z)|,
the condition (2.4) is equivalent to

2z)—o%(y) =0 702@) ST — 00
o (x) (y) <logq(y)|> , as T — 00. (A.16)

This is because (A.11) still holds if we replace (a,),>1 by an arbitrary
increasing sequence. We only need to show that (A.16) is equivalent to (A.6).
To this purpose, it suffices to show that

o) - ) = (20,

under either the assumption of (A.16) or (A.6). This is implied by the fol-
lowing claim, using that y+/|logq(y)| ~ = thanks to Lemma A.5 (and the
fact that o2 is non-decreasing). ]

Cramm A.8. — If (A.16) or if (2.6) holds, then
2 2 (1 _ o?(z) .
oc’(x) —0o (2I>_O(|logq(ac)|>7
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similarly we have

2
2 2 o*(z) )
0°(2z) —o°(x) =0 | ———— | -
)=o) =0 (et
Proof. — Assume that (A.16) holds; the proof is identical if we assume
that (2.6) holds instead. First, since y = x/4/|log q()|, we have that y < 52

for x large. Hence,

2
0<o?(z) —c?(tz) <o?(x) — o2 Y —0((7@)),
by (A.16) and “Og q(I)I |10g;( . Indeed the later holds due to (A.14) and
Lemma A.5. Moreover, we can replace x by 2z in the above display: indeed,
we have 02(2z) ~ 02(30) (since o2(-) is slowly varying) and |log q(2x)| ~
[log g(x)|, see Lemma A.5.

Remark A.9. — Assume that Proposition A.3, i.e. (A.6), holds. If z,, ~
cany/|logg(ay)| for some constant ¢ > 0, then recalling the asymptotics
(5.18) of r, and using (A.14), we have

~——I"  and o2 (ry) ~ o*(an)

llog q(an)|

T'n

(using also that o2( ) is slowly varying). Therefore, we have o2 (r,,) ~ 02(ay)
uniformly for a,, < x, < can+/|logq(ay)|, using that o2(-) is an increasing
function (we also clearly have r,, ~ a,/c and so d%(r,) ~ o%(ay), if z,, ~
cay).

A.3. A few examples

First, let us give a generic example where Rozovskii’s condition is verified.

Example A.10. — Assume that F(z) ~ L(z)xz™% as * — oo, for some
slowly varying function L(-) and some 8 > 2. Assume also that the left
tail is “dominated” by the right tail, in the sense that F(—z) ~ cF(z) for
some ¢ > 0; with F(—z) = o(F(x)) if ¢ = 0. This is for instance the case if
¢ = X — E[X] for some non-negative random variable X.

If 3 > 2, then we have E[|£|**°] < oo for some § > 0, so Nagaev’s
condition is verified. We will therefore focus on the case § = 2: Nagaev’s
condition is not verified, but we will see that Rozovskii’s condition (2.4) is
verified for a,, defined by a? = ng2(a,,).
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If B = 2, then we have 52(z) = 2 [ tP(|¢| > t)dt, with P(|¢] > t) ~
(14 ¢)L(t)t=2 as t — co. Denote £(t) = 2t P(|¢| > t), so that

a(z)? = /01 )t de (A.17)

and note that ¢(z) ~ 2(1 + ¢)L(z) as  — oo. Then we have that g(z) ~
dU(x)/o*(z), with £(z)/o?(x) which is known to verify lim,_, ., ¢(z)/0?(x) =
0, see [6, Proposition 1.5.9.a].

Then, thanks to Proposition A.3, we simply need to verify that
2
o%(z+/|log q(z)]) — o2 (x :0<U($)>. A.18
(av/Toa(@)]) = o) = o ( o> (A18)
Since 52 (x) — 0%(z) =2?P(|¢| > x) =£(x) and since £(z) ~2(1+c)o?(z)q(r) =
2
O(U:’TT%)’ it suffices to prove the above display with o2(-) replaced by

7%(-) on the Lh.s. of (A.18), thanks to Lemma A.5. We can use Claim A.11
below to get that

0 < 7 (av/oga@) - o°(x) < A(o) 3 logllog (o) + e/ o)
0'2 X
< 002(x)q(x) [logg(z)| = o (( ) )7

|log ()|
which concludes the proof.

CrLamM A.11. — Let £ be a non-negative slowly varying function. Then
there exists €, that verifies lim, oo €, = 0 such that for any z > =

/Z@dtgg(x)<1og<§)+% (§_1>>’ as r — 00.

t

Proof. — Setting g(y) := £(y)y~ ', we get by a change of variable that
z z/x
/ ()t dt = £(z) / 9(ur) g,
T 1 g(l’)
Now, using that g is regularly varying of index —1, we have that uniformly

for u > 1, g(uz)/g(x) = u=! + &, with lim, .. &, = 0 (this is the uniform
convergence theorem, see [6]). We end up with

0< /Z ()t de < l(x) (1og (%) + e (% - 1)) ;

which concludes the proof. O

We now present an example where the left tail is heavier than the right
tail: we give some conditions for (2.4) to hold; this will also stress the im-
portance of the choice of the normalising sequence (an)n >1-
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Example A.12. — Assume that £ is centered and that 02 = Var(¢) < oo.
We will focus on a case where Nagaev’s condition E[|¢|>T%] < oo for some
0 > 0 is not satisfied. We consider a case where |log g(z)| < logz as x — oo;
this is ensured for instance if the right tail verifies z=7+ < F(x) < 277~ for
some By > f_ > 2 (for = large).

Our goal is to discuss the conditions imposed by (2.4) on the left tail of
the distribution. We assume that F(—x) ~ £(x)x~2 for some slowly varying
function £( - ); think about taking ¢(z) = (logz)~* for some a > 1 (so that
0% < 00). We now compare two possible choices for the normalising sequence
(an)n >1-

If one defines a,, = o/n, then recalling (2.7), (A.5) and (A.17), (2.4) is

equivalent to
L) 2 _ 1
/x U~ E[ELesn] =0l )

(recall also that |logg(z)| < logz). Since £(z) = (logz)~ for some a > 1,
this amounts to having a > 2 for this particular choice of a,,.

If on the other hand one defines a,, by a2 = n&(ay), then Proposition A.3
tells that (2.4) is equivalent to
: wVlees@l ) !
E[ﬁ l{x<|€|<$\/m}}N/x tdtzo( )
By Claim A.11, we have that the integral is o({(z)y/logz) (using that

llog ()| < log ), so it is enough to have £(x) < (logx)~3/2 (or a > 3/2).
If ¢(z) is non-increasing, then the integral is bounded by a constant times

log x

£(z)loglog x, so a sufficient condition becomes £(x) = o(m); this is
verified if £(x) = (logx)~® with any a > 1.
Example A.13. — Let us consider the case where ¢ is centered and where

the left and right tails verify F(z) ~ L(x)x~2 and F(—x) ~ {(z)z~2, with
the left tail being heavier, that is L(z) = o({(x)) as x — oo. In this
case, q(z) is slowly varying and the interplay between the slowly varying
functions L, ?,o? is subtle. For simplicity, let us consider the case where
U(x) ~ (logz)~* for some a € R. We will find conditions on the right tail
for (2.4) to be verified.

If 02 < 0o (i.e. @ > 1), let us set for now a,, = oy/n. We have that
()
E [€1(¢> )] N/ -~

x
so (2.7) is equivalent to |logq(x)| = o((logz)*~1). If a > 2, the fact that
q is slowly varying ensures that |logg(z)| = o(logx), thus (2.7) holds. If

dt ~ (logz)'~*,
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a € (1,2), we have to check the right tail: for instance, if L(z) < ellos®)” for
some b € (0,1), then |log q(x)| < (logz)® and the condition (2.7) is verified
provided that a — 1 > b.

2

If we define a,, by the relation a2 = n&?(a,), we need to consider

zy/lloga(@)l p()
E 521 —=dt
{e<lel <oy/loga@)}

1 —a
~ 5 (log )~ logllog g()!.

Therefore, (2.6) is equivalent to [log ¢(z)|log(|log g(x)|) = o(c?(x)(logz)®).
If @ > 1, this is automatic, since we have [logq(x)| = o(logx) as noticed
above. If a = 1, this is also verified thanks to the same observation, using
also that o2(z) ~ loglogz. If a < 1, then 02 (x) =< (logx)! =%, so the condition
becomes |log g(x)|log|log ¢(x)| = o(log x); this is verified for instance if in the
right tail we have L(z) =< e(°8®" for some b € (0,1), but is not verified if
one takes for instance L(z) =< exp(logz/loglog ).

We now provide an example of a distribution in the domain of attraction
of the normal law where one cannot find any normalising sequence (an)n>1
that verifies Rozovskii’s condition (2.4).

Ezample A.14. — The example is constructed to make the left tail too
heavy compared to the right tail. Take some function ¢(x) and suppose that
o%(z) = exp(log z/ log® q(x)), for z large enough with log® t = log log log %
Let (an)n >1 be any normalising sequence, i.e. verifying (1.5).

Since wy, = a,/+/|log¢(as)|, we have that

log wy, log a, B llog|log q(an)|
og® qwn)  log® q(wa)  log™ glwn)

So if we assume that log® g(w,) —log'® g(a,) = o(log® q(an)/log ay) (take
for instance q(y) = y~! or q(y) = 1/logy), we get that

log Wn log an  1log|log q(an) |

+o(1).
Hence
_ 1 logllogg(an)|
0'2(64.)”) ~ e 2 1og(®) q(an) 0'2(an)
and
2 2 2
n 2 any, _ Ay, | O (wn)
UT%U (Wn)_E _LT% W—l )
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2
with Z—Z — 0o and

notlon) | b no? ()

ap an

— 0.

This shows that |0 (wy,) — z—zg — 00, which tells that (2.4) does not hold.

Appendix B. One-big-jump phenomenon when « € (0, 2)

In this section we prove Corollaries 3.2 and 3.5. We begin with the fol-
lowing lemma.

LEMMA B.1. — For any & that is non-degenerate (i.e. whose law is not
concentrated on a single point), we have that

drv (L (R, 60), (£(6)7" )

does not converge to 0 as n — oo. (B.1)
Proof. — Let us denote
(77177727 DR 771’171) = R(€17£27 e 7£n)

and N, be the second largest variable in &i,...,&,, so N, = max{ni,...,
Mn—1}. Define T := sup{¢ : P(§ > t) > 0} and let us distinguish two cases.

If P(€ =T) > 0 it is easy to see that
Pip =T) =Pl =&=T)=PE=T)*<P(& =T).
Thus (B.1) holds in this case.
If P(¢ =T) =0, let « converge to T from the left and put n = n(z) =

Lmj . Then
nhﬁn;o P(M,1 <z)= nan;o(l —PE>a)" =€t
and
lim P(N, <) = lim P(M, <)+ lim nP(§ > 2)P(My-1 < 7) = 2¢ .
n o0 n— oo n— oo
Therefore
lim P(N,, < x) = et #2 1 = lim P(M,_1 < ).
n—oo n—oo
Hence (B.1) holds in this case as well. O
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B.1. Proof of Corollary 3.2

Proof. — The statement (3.1) is already contained in the proof of [4,
Theorem 2.1], so we focus on the proof of (3.2).

The fact that lim,, o, 2= = oo is sufficient to obtain (3.2) can be seen by
using (3.1) and the statement (4.2) in Proposition 4.1. We will prove here
the necessity.

Let (zp)n>1 be such that
Tn

lim — =1¢€[—00,00). (B.2)

n—00 QA

If I = —oo, then
Tim. dTV(.i”(R(gl, &) [ S = by = w), Z(R (s, ,gn))) ~0, (B.3)

since lim,,_y oo P(Sp, —by, = ) = 1. By Lemma B.1, (3.2) does not hold. Next
we assume [ € (—o0,00) and we prove that (3.2) does not hold. We split the
proof according to several cases: recall our assumption (1.2), which ensures
the convergence of S, (properly centered and normalised) to an a-stable
random variable S,, recall (1.1).

(i) f @ €(0,1),p=1, and | € (—00,0]. The limiting a-stable random
variable S, is then supported on [0, 00) (see [18, XIIL.7, Theorem 2]
and the following remark). Then we have that lim, o, P(S, — b, >
x,) = 1 and we deduce (B.3). By the same argument as in the case
[ = —o0, we conclude that (3.2) does not hold.

(ii) In the rest, we treat all the following cases in the same way (so we
will not distinguish them in the following analysis):

a€(0,1), p=1, 1€ (0,00),
a€(0,1), p€(0,1), I € (=00, 00), (B.4)
a€[1,2), pe(0,1], I € (—oo,00).

Let A be the Lévy measure associated to the a-stable random variable S,

given by A(dz) = 2jT“\:v|’0‘*1(pl{w>0} + q1l{z <0y)dz; the characteristic
function of S, is given by:

=216 oo ]

— 00

(oo}

(e"* —1 — itsin(x)) dA(:L‘)) , teR.
(B.5)

Let Y = (Y4 )u >0 be a Lévy process with Lévy measure A with Yy = 0, and

denote by (1, (s the largest and second largest jump sizes of the Lévy pro-
cess Y in the interval [0, 1]. Let N,, be the second largest value of &1, ..., &,.
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Then by (B.5) and the stable functional central limit theorem [40, Theo-
rem 4.5.3], we have for y € R

lim P (a, Ny <y[Sn—bn >a2n) =P(G <y |1 >1) (B.6)
and
nli_)n;OIP’ (an' M, <y) =P(¢ <y) = exp(—A,), (B.7)

where A, = A([y, 00)). To prove that (3.2) does not hold, it suffices to show
that there exists some y > 0 such that lim, P(a;an <y|Sn —by, =
Ty) # lim, o P(a, 1M, < y), or in other words that there is some y > 0
such that

P(¢z <y|Y1 21) #P(G1 <y) = exp(—Ay). (B.8)

Considering jumps that occur on [0,1], let Yl(l) be the sum of all jump
sizes that are not smaller than y; let also Y1(2) =Y — Yl(l). Then Yl(l) and
Y1(2) are independent, with respective characteristic functions

(1) o0 .
E [e”yl } = exp (/ (elm — 1) dA(.%‘)) , teR
y
and
E {eitYfz)}

= exp </yooit sin(z) dA(z) + /yoo (e"* — 1 —itsin(z)) dA(:z:)) , tER.

Let V' be a random variable with distribution Alp, /A, which is in-

dependent of Yl(z). Note that if (; < y then Yl(l) = 0: using this fact, we
obtain

P (Cl <y v > l) P (Cz <Y<, G+ > l)
PV, 1) PV, > 1)
P (v >1) P(V+y® 1)
P(Yy > 1) PYViz1l)

PG <ylY121)=

=P(K =0) +P(K =1)

where K denotes the number of jumps with size not smaller than y. Note
that K follows the Poisson distribution Poi(A,) with parameter A, and is
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independent of Y1(2). Then we have
P(Gr <y) —P(G <y|Y1 >1)
P (Y1(2) > l)
Py > 1)

P (V +v® > z)
P(y; > 1)

= P(K = 0) — P(K = 0) ~P(K =1)

- (p (19 1 v 1 3 ) -4 (v K 3 1))
’;‘(1;(1 l)) (Pt >0 (v? <1) AP (VP 21-9)),  (BY

where we have used the fact that V' > y. Note that, as y — oo, we have that
Y1(2) converges in distribution to Y; and IP’(YI(Z) > 1 —y) goes to 1. Since
A, — 0, as y — oo, we use the above display to obtain that, as y — oo,

BK > 0)F (Y <1) = AB (2 > 1)
— (1—eM)P (Ylm < l) _ AP (Y1(2) . y)
= —A,P(Y1 > 1) +0(Ay).

Therefore we have that P(K > O)]P’(YI(Q) <l)— AyP(Y1(2) >l—y)<O0fory
large enough. Going back to (B.9), we end up with
P(G1<y) -PlG<ylY12>1)<0

for y large enough, which proves (B.8). This completes the proof for (3.2). O

B.2. Proof of Corollary 3.5

Proof. — In the following, to simplify notation, we assume that b, = 0.
The proof that lim, ., ‘Zn = oo is a sufficient condition to get (3.6) follows
the same line of proof as that of Theorem 2.19, see Section 6.3 (following
ideas of [2]), so we skip it.

We now show that lim, ,. 2 = oo is necessary. Assume that (B.2)
holds, i.e. that lim, ;. 2% =1 € [—00,00). We will distinguish two set of
cases (i) and (ii).

(i). — Consider first the cases
€(0,1), p=1, l€][—00,0],
€(0,1), pe(0,1), I=—o0, (B.10)
ae(l,2), pe(0,1], I=-x
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If (3.6) holds, due to (1.1), we have that

X(Hn—bn S b, :xn> s

Qn

SO

.,s,ﬂ(M" Sn—bn:xn) 18,

Qn

Note that | — S, < 0 for the first case in (B.10) (recall that S, is supported
on [0,00)) and that [ — S, = —oc in the other cases. Notice also that nb;n
and - both go to 0 as n — oo (indeed b, = 0 if & € (0,1) and b, <
(1+o(1))nE[|§|1)¢) < a,] if € [1,2), with E[|{|1¢| < a,] slowly varying): the
above display therefore implies that

by, + Ty,
n

n—oo

lim P (Mn < —

Sn—bn:mn):l.

But we clearly have that P(M,, < %(bn—&—xn), Sp = bp+x,) = 0, which brings
a contradiction. We conclude that (3.6) is not true for the cases in (B.10).

(ii). — Next we consider the cases in (B.4). Let g, be the density func-
tion of S,: by Stone’s local limit theorem [39], we have

1
P(Sp — b = zn) = — (9a (1) + 0o(1)), as n — oo.
Qn
Here g4 (1) > 0 for any [ in the ranges given in (B.4) in different cases. Choose
any € € (0,1) and any ¢ € R such that P({¢ > t) > e. Then P(M,, < 1) <
(1 — €)™. Combining with the above, we get that

P(M, < 1)

( |S v ) P(Sn_bn:xn>

<c(l—¢e)"ay,,

which goes to 0 as n goes to oo, since a,, is regularly varying. We therefore
obtain that lim, . P(M,, > ¢|S, — b, = ) = 1, which in turn implies
that

lim P(Sn*Mnfbn<xn7t|Snibn:z"):1

n— oo

However if (3.6) holds, given that S,, — M,, is the sum of R(&1,...,&,), we
would have

lim P(S, — My, — by < & — 1] Sp — by = 2,) = P(Sa < 1) € (0,1),

n—oo

which is a contradiction. This proves that (3.6) is not true in cases (B.4).
This concludes the proof of Corollary 3.5. O
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