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A LARGE DEVIATIONS APPROACH TO LIMIT THEORY FOR
HEAVY-TAILED TIME SERIES

T. MIKOSCH AND O. WINTENBERGER

ABSTRACT. In this paper we propagate a large deviations approach for proving limit theory for
(generally) multivariate time series with heavy tails. We make this notion precise by introducing
regularly varying time series. We provide general large deviation results for functionals acting
on a sample path and vanishing in some neighborhood of the origin. We study a variety of such
functionals, including large deviations of random walks, their suprema, the ruin functional, and
further derive weak limit theory for maxima, point processes, cluster functionals and the tail
empirical process. One of the main results of this paper concerns bounds for the ruin probability
in various heavy-tailed models including GARCH, stochastic volatility models and solutions to
stochastic recurrence equations.

1. PRELIMINARIES AND BASIC MOTIVATION

In the last decades, a lot of efforts has been put into the understanding of limit theory for de-
pendent sequences, including Markov chains (Meyn and Tweedie [42]), weakly dependent sequences
(Dedecker et al. [21]), long-range dependent sequences (Doukhan et al. [23], Samorodnitsky [54]),
empirical processes (Dehling et al. [22]) and more general structures (Eberlein and Taqqu [25]), to
name a few references. A smaller part of the theory was devoted to limit theory under extremal
dependence for point processes, maxima, partial sums, tail empirical processes. Resnick [49, 50]
started a systematic study of the relations between the convergence of point processes, sums and
maxima; see also Resnick [51] for a recent account. He advocated the use of multivariate regular
variation as a flexible tool to describe heavy-tail phenomena combined with advanced continuous
mapping techniques. For example, maxima and sums are understood as functionals acting on an
underlying point process; if the point process converges these functionals converge as well and their
limits are described in terms of the points of the limiting point process.

Davis and Hsing [13] recognized the power of this approach for limit theory of point processes,
maxima, sums, and large deviations for dependent regularly varying processes, i.e., stationary se-
quences whose finite-dimensional distributions are regularly varying with the same index. Before
[13], limit theory for particular regularly varying stationary sequences was studied for the sample
mean, maxima, sample autocovariance and autocorrelation functions of linear and bilinear pro-
cesses with iid regularly varying noise and extreme value theory was considered for regularly vary-
ing ARCH processes and solutions to stochastic recurrence equation; see Rootzén [53], Davis and
Resnick [16, 17, 18, 19], de Haan et al. [30]. Davis and Hsing [13] introduced regular variation of a
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random sequence as a general flexible tool for proving limit theory for heavy-tail phenomena. The
theory in [13] is a benchmark for the results of the present paper. We quote the main result of [13] on
convergence of point processes for reasons of comparison (see Theorem 2.3 below); we will also give
a short alternative proof in this paper. The main result of [13] has been used to derive the central
limit theorem with infinite variance stable limit via the mapping theorem. When studying other
functionals of the sample path than sums and maximas, this approach is limited by the continuity
condition in the mapping theorem. For example, the asymptotics for the supremum of the partial
sums follows only under additional restrictions from the point process approach; see Basrak et al.
8]

We introduce a new approach to bypass this restriction. We essentially follow an argument of
Jakubowski [32, 33] and Jakubowski and Kobus [34], using a telescoping sum approach. Under suit-
able anti-clustering conditions, this argument can be applied to Laplace functionals, characteristic
functions of sums, distribution functions of maxima, etc. This approach turned out to be fruitful in
our previous work; see Bartkiewicz et al. [5], Mikosch and Wintenberger [44, 45]. A careful study of
related work such as Davis and Hsing [13], Basrak and Segers [9], Segers [55], Balan and Louhichi
[3, 4] and Yun [57], shows that the telescoping approach has been used in these papers as well. The
aim of this paper is to understand the common structural properties of these results and their close
relationship with large deviation theory.

The framework of this paper is the one of regularly varying stationary processes that we introduce
now. We commence with a random vector X with values in R¢ for some d > 1. We say that this
vector (and its distribution) are regularly varying with index o > 0 if the following relation holds as
T — 00:

(1.1) P(|X| > ux, X/|X| € )

5w P : :
PX| > 2) —u O €:), u>0

Here = denotes weak convergence of finite measures and © is a vector with values in the unit sphere
St = {x € R?: |z| = 1} of R%. Its distribution is the spectral measure of regular variation and
depends on the choice of the norm. However, the definition of regular variation does not depend
on any concrete norm; for convenience we always refer to the Euclidean norm. An equivalent way
to define regular variation of X is to require that there exists a non-null Radon measure px on the

Borel o-field of @g =R’ \ {0} such that
(1.2) nPla,'X €)% px,

where the sequence (a,) can be chosen such that nP(|X| > a,) ~ 1 and - refers to vague con-
vergence. The limit measure px necessarily has the property px(u) = v *ux(-),u > 0, which
explains the relation with the index . We refer to Bingham et al. [10] for an encyclopedic treatment
of one-dimensional regular variation and Resnick [50, 51] for the multivariate case.

Next consider a strictly stationary sequence (X;);cz of R%-valued random vectors with a generic
element X. It is reqularly varying with index o > 0 if every lagged vector (X1,...,Xx), k > 1,
is regularly varying in the sense of (1.1); see Davis and Hsing [13]. An equivalent description of
a regularly varying sequence (X;) is achieved by exploiting (1.2): for every k > 1, there exists a

non-null Radon measure j;; on the Borel o-field of R, such that
(13) nP(a';l(Xla'nuXk)e.)g:u’kv

where (a,) is chosen such that nP(|Xo| > a,) ~ 1.
A convenient characterization of a regularly varying sequence (X;) was given in Theorem 2.1
of Basrak and Segers [9]: there exists a sequence of R%valued random vectors (Y;);cz such that
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P(|Yo| > y) =y @ for y > 1 and for k > 0,

Pla (X _g,..., Xp) €| | Xo| >2) ZP(Yop,...,YR) €Y, x—o00.
The process (Y;) is the tail process of (X;). Writing ©; = Y;/|Yy| for ¢ € Z, one also has for k > 0,
(1.4) P(| Xo| " (X _ky- - Xi) €| [ Xo| > 2) 2 P(O_,...,0k) €-), = — 0.

We identify |Yo| (Y:/|Yol)tj<k = [Yol (©¢)¢<k» k& = 0. Then |Yp| is independent of ()<, for every
k > 0. We refer to (O4)iez as the spectral tail process of (X). In what follows, we will make heavy
use of the tail and spectral tail processes: most of our results will be expressed in terms of them.
We will refer to either condition (1.3) and the equivalent tail and spectral tail conditions as (RV ).

The condition (RV,,) is equivalent to the fact that for any ¢ > 0, any continuous bounded
function f(xg,z1,...) on (RY)Y which vanishes for |xo| < ¢ the following relation holds:

E[f(z~1(Xo, ..., X%,0,0,...))]
P(|Xo| > )

When considering the extremal properties of a sample path (X, ..., X,,) for large n, it is not natural

to assume that X is large. To overcome this restriction a telescoping argument helps. It shows

that for any & > 0, any continuous bounded functions f on (R%)N which vanishes if |z;| < ¢ for all
t > 0, the following relation holds:

—1 n o]
Elf(z*(Xo,...,Xn,0,0,...))] _’Z/ E[f(0,-+ 0,500, ...,yOn_;,0,0,...)
7=0 0 £
J

—>/ E[f(y©o,.-.,yO%,0,0,.. )] d(—y~ ), k>0.
0

B([Xol > 2) 2 e

(1.5) — f@0,---,0,y01,...,y0,_;,0,0,.. )] d(—y~), n > 0.
——
j+1
The right-hand side is no longer stable when n — oo. To study the asymptotic extremal properties
of the sample path a Ceésaro argument is required; under suitable assumptions the right-hand side
will converge after renormalization with n + 1. In addition, the ergodic theorem can be used if we
assume conditions such as
f(07 7O7y®07'"7y®n—ja0507"') = f(y®07 7y®n—j70aoa"')'

~

J
Such a relation is satisfied under our condition (C.), see Section 3. If the spectral tail process is
also ergodic we obtain

. . E[f(z" (X0, .., Xn,0,0,...))] [ o
Jim tim S o DD [ B 0(O050) — F(1) )] ).
(1.6)

Our large deviation approach can be seen as an equicontinuity argument applied to the intermediate
result (1.5). Under suitable assumptions it is possible that (1.6) holds uniformly on a region A,, of
z-values when n — oco. We will use an anti-clustering condition to enforce the equicontinuity and
ergodicity of the spectral tail process. Thanks to this new approach we can characterize the large
deviations for various functionals of the sample path. For example, we obtain the large deviations
of the supremum of the partial sums and we derive the asymptotic behavior of the ruin probability.

This new approach describes the limiting behavior of extremes of regularly varying sequences
in term of their spectral tail processes. We refer to calculations of the spectral tail processes for
concrete examples such that certain Markov, stochastic volatility, GARCH(1, 1) processes, solutions
to stochastic recurrence equations, max-stable processes, and other examples in Basrak et al. [9, §],
Mikosch and Wintenberger [45], Davis et al. [15]; see also Examples 4.12-4.14 below.
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The paper is organized as follows. In Section 2 we provide some probabilistic tools used in
the article and formulate the main result of Davis and Hsing [13]. In Section 3 we formulate our
main result about the large deviations for functionals acting on the sample paths of a regularly
varying sequence; see Theorem 3.1. In Section 4.2 we show two other main results of this paper. In
Theorem 4.5 we give a uniform large deviation bound for the suprema of a random walk constructed
from a regularly varying sequence. A modification of the proof of Theorem 4.5 is then used to give
bounds for the tails of the ruin functional; see Theorem 4.9. We apply the latter result to solutions
to stochastic recurrence equations, GARCH(1, 1) and stochastic volatility processes. In Section 4.3
we show how the large deviation approach helps to prove results for cluster functionals and in
Section 4.4 we apply large deviations to get results for the tail empirical process of a regularly
varying sequence. Finally, the proofs of the results are provided in Section 5.

2. PRELIMINARIES

2.1. Anti-clustering conditions. Davis and Hsing [13] introduced a condition that avoids “long-
range dependence” of high level exceedances of the process (X;):

Anti-clustering condition (AC): Let m = m,, — oo be an integer sequence such that m,, = o(n) as
n — oo and (a,) the normalizing sequence from (RV,,). They assume that

(2.7) lim limsup P(Mp, , > 8ay, | |Xo| > da,) =0, §>0,
k—oo nooo
where
(2.8) M, = max |X;|, s<t, and M&t = max |X;|, s<t.
s<i<t s<]i|<t

This condition assures that extremal clusters of (X;) get separated from each other when time goes
by, i.e., the influence of an extremal shock at some time does not last forever. Conditions of this
type are common in the extreme value literature, e.g. the popular condition D’(a,,); see Leadbetter
et al. [39], cf. Section 4.4 in Embrechts et al. [26]. It is often easy to verify (AC) by checking

lim limsup > P(|X¢| > bay | |Xo| > ba,) =0, §>0.

k—oo nooo K<t <mn
The following result can be found in Segers [55] and Basrak and Segers [9]; see also O'Brien [47].

Proposition 2.1. Let (X;) be a non-negative strictly stationary sequence which is reqularly varying
with index o > 0 and satisfies (AC). Then the limit

lim P(Mi,,, < da, | Xo > da,) =~ =P(supY; <1) =P(supY_, <1),

n—oo t>1 t>1
exists for every 6 > 0, it is positive and 7 is the extremal index of (X3).

The extremal index of a real-valued stationary sequence is often interpreted as reciprocal of the
expected cluster size of high level exceedances. This intuition can be made precise; see for example
the monographs Leadbetter et al. [39] and Embrechts et al. [26], Section 8.1.

2.2. Mixing conditions. Davis and Hsing [13] assumed a mixing condition in terms of Laplace
functionals of the point processes

J
(2.9) Noj=> €1x,s j=1...,n, Nyp=N,, n>1,
t=1

with state space Eg =R’ \ {0}, where R = R U {—00,00}. This condition reads as follows:
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Condition A(a,): For the same sequence (m,,) as in (AC) and with k,, = [n/m] — oo,
kn
Ee ~J fdNn _ (Ee*fde"’m"> —0, feCk,

where (C} is the set of non-negative continuous functions with compact support.
—d . . .
Boundedness of a subset of R, means that it is bounded away from zero, in particular, compact
. —=d . . . .
sets in R,y are bounded away from zero. Davis and Hsing [13] assumed a slightly more general version

. . . . —d .
of A(ay): their functions f are any non-negative step functions on R, with bounded support. For
both classes of functions, the convergence of the Laplace functionals Ee ~J fd@n _, Fe~JfdQ for

point processes (@), @ is equivalent to @ LA Q; see Kallenberg [35]. The restriction to f € (C;; is
common in the literature, e.g. Resnick [49, 50, 51]. Various papers which build on Davis and Hsing
[13] also assume A(a,,) for f € Cj; see Basrak and Segers [9], Balan and Louhichi [3]. Condition
A(ay,) for suitable sequences (my,) follows from both strong mixing and weak dependence in the
sense of Dedecker and Doukhan [20].

Remark 2.2. Let B = {z € @ﬁ :|z| > 6}, 0 > 0. Under regular variation of (X;), P(Nym (B§) >
0) < mpP(|X1| > da,) — 0 and therefore an iid sequence ( n%) of copies of N, is a null-array
in the sense of Kallenberg [35]. Then, according to Theorem 6.1 in [35], the sequence of point

processes ]Vn = Zf;l N,(L’% is relatively compact and the subsequential limits are infinitely divisible,

possibly null. By virtue of A(ay,), N, 2 N for some infinitely divisible point process N if and only
if N, % N.

2.3. Weak convergence of point processes. Now we are in the position to formulate one of the
main results in Davis and Hsing [13]. The result was proved in the case d = 1 but immediately
translates to the case d > 1; see Davis and Mikosch [14].

Theorem 2.3. Assume that the strictly stationary R¥-valued sequence (X;) satisfies

1. the regular variation condition (RV,) for some o > 0,
2. the anti-clustering condition (AC),
3. the mizing condition A(ay).

—d
Then N, = Z?zl €,-1x, 2 N in the space of point measures on Ry equipped with the vague topology
and the infinitely divisible limiting point process N has representation

(o] o0
N = ZZEF:U”QM ’
i=1 j=1
(T';) is an increasing enumeration of a homogeneous Poisson process on (0,00) with intensity -,
(Qij)jz1, 1 =1,2,..., are iid sequences of points Q;; such that max;j>1 |Qi;| =1 a.s. and vy is the
extremal index of the sequence (|Xy|). The distribution of 3772, eq,, is given in Theorem 2.7 of
Davis and Hsing [13] in terms of the limit measures py, k > 1; see (1.3).

Remark 2.4. Basrak and Segers [9] gave an alternative proof of this result. They also showed that
N has Laplace functional in terms of the spectral tail chain (©;) given by

o0
Ee~/fN — oxp { _ / E(e — Y2 FWO:) _ o~ X f(y@i)>d(,yfa)} , fecCk.
0
Moreover, they showed that the extremal index ~ is positive and has representation

(2.10) 7:E<sup|@t|a—sup|@t|a) .
20 t>1
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3. A LARGE DEVIATIONS APPROACH TO LIMIT THEORY FOR HEAVY-TAILED TIME SERIES

We provide a general large deviation result for functionals acting on a regularly varying sequence
and vanishing in some neighborhood of the origin. The latter property means that only large values
of the sequence make a contribution to the limiting quantities.

We consider a sequence of complex-valued a.e. continuous functions f; on R! such that |f;| is
bounded uniformly for [ > 1, fy = 0 and the following consistency property holds for some € > 0:

(Ce): for i > 1, any 1< j1 < j2 <1,

filers g, g @y Tty ) = fia— i (T @)
provided |z;| <e,i=1,...,51 — 1,52+ 1,...,1L
We suppress the dependence on ¢ in the notation and we often write f instead of f; it will be clear
from the number of arguments which f; we are dealing with.

For a stationary sequence (X;) we follow an approach which was advocated by Jakubowski and
Kobus [34] and Jakubowski [32, 33] in the context of a-stable limit theory for sums of infinite
variance random variables and was exploited in Bartkiewicz et al. [5], Balan and Louhichi [3],
Mikosch and Wintenberger [44, 45] for proving limit theory for point processes, sums of regularly
varying sequences with infinite variance stable limit laws, large deviation probabilities and other

results. The main idea of this approach is to use suitable telescoping sums involving the differences
]E[f(x_lXo, v X)) = faT X, T X)) R > L

Theorem 3.1. Consider a strictly stationary R%-valued sequence (X;) satisfying
1. (RVy,) for some o > 0,

2. the uniform anti-clustering condition

(3.11) lim limsup sup P(My , > 20 | | Xo| > xd) =0, §>0,

k—oo n—oo z€A,
for some sequence of Borel subsets A,, C (0,00) such that x, = inf A,, — oo and nP(|Xo| >
Zn) — 0.

Let (f¢) be a sequence of complez-valued functions satisfying (C.) for somee > 0. Then the following
relation holds:

E[f(x71X17 s ,Iian)]
sup
veh, nP(|Xo| > x)
(3.12)

- /ooo E[f(y(©t)i=0) — f(y(Or)=1)]d(—y~ )| — 0.

The proof is given in Section 5.1.

Remark 3.2. If we consider one-point sets A,, the anti-clustering condition (3.11) can be compared
with the anti-clustering condition (AC) of Davis and Hsing [13]; see (2.7). Indeed, if we choose
Zn = da, for 6 > 0 and replace My, by Mk,mn for some sequence m,, — oo, m, = o(n), then
(3.11) is related to (AC). However, there is one major difference: (3.11) does not involve maxima
over sets of negative integers. If the stronger condition (AC) holds, Basrak and Segers [9] showed
that the extremal index 7 x| of the sequence (|X¢|) is positive. It is also the case under the less

restrictive condition (3.11) because Y; L0 when ¢t — oo a.s. from the proof of Proposition 4.2 of
[9] and x| = P(|Y3 <1, ¢ > 0).

Recall the notion of a k-dependent stationary sequence (X;) for some integer k > 0, i.e., the
o-fields (X, t < 0) and o(X;,t > k+ 1) are independent. In this case, Theorem 3.1 simplifies.
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Theorem 3.3. Consider a stationary R%-valued k-dependent sequence (X;) satisfying (RV ) for
some o > 0 and a sequence of complex-valued functions (f;) satisfying (C:) for some € > 0. Let
(zn) be a real-valued sequence such that nP(|Xo| > z,) — 0. Then, as n — oo,

E[fn(zilea"'vxian)] /OO Q Q —
— i E —y Y| = 0.
18;131 WP(Xo[ > 7) Ak | [fe+1(yO0, - ., yOk)]d(=y~*)| — 0
(3.13)
with \y =P(O_; =0,7=1,...,k) >0 and
(3.14) P((8,)j=0,.k € ) =P((©;)j=0,. 1 €-|O_1=0,1=1,....k).

The proof is given in Section 5.2.

Remark 3.4. The limiting expression in (3.12) does in general not coincide with the “naive” limit
by letting k — oo in (3.13), i.e.,

BO_;=0,j>1) / T EF (O so)d(—y)

because P(O_; = 0,j > 1) = 0 is possible. However, if P(|©_;| < 6,1 > 1) > 0 for some ¢ > 0 then
we can define (©9) through the relation

P((é?)t>0 € ) = P((®t)t>0 S | |@,l| < (5,[ > 1), e=6>0.

In view of condition (C.) and the proof of Theorem 3.3, we also have

/ T EL0(01)i0) — F(u(O)1)d(—y~)

:/;

Elf(5(©¢)i=0) — f(W(Or)i=1)]d(—=y~ )
- TES(9(00)s0)d(—y) - / TES (900 s0)d(—y )

= Blol <z [ T EFW(O)is0)d(—y),

€

and both quantities on the right-hand side in the third line are finite and involve only a finite number

of ©; a.s. because O, L 0.

4. APPLICATIONS

In this section we will provide various applications of Theorems 3.1 and 3.3 to limit theorems of
large deviation-type and weak convergence results of various kinds.

4.1. Limit theory for point processes and partial sums.

4.1.1. Weak convergence of point processes. We re-prove the point process result of Davis and Hsing
[13] on point process convergence given as Theorem 2.3 above, formulated in the language of Basrak
and Segers [9]; see Remark 2.4. A careful analysis of [9] shows that their proofs use ideas which are
close to those in the proof of Theorem 3.1; see also Balan and Louhichi [3] who apply Jakubowski’s
ideas to point process convergence of more general triangular arrays. Recall the definition of the
point processes N,, from (2.9).

Theorem 4.1. Assume that the strictly stationary R?-valued sequence (X;) satisfies

1. (RV,) for some a > 0,
2. the mizing condition A(ay),
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3. the anti-clustering condition (3.11) for A, = {a,}.
Then N, % N, where (N,,) is defined in (2.9), and N has Laplace functional

0

Proof. We prove the convergence of the logarithms of the Laplace functionals log Ee — J 94N
logEe ~J 99N for g € Cj.. We assume that g(x) = 0 for |z| < ¢ for some ¢ > 0. In view of the

mixing condition we have for some m = m,, — oo and k,, = [n/m| — oo,

—

logEe = 99N — Jog Ee =~ Xi=1 9(an'X0) o kg, log Ee ~ X1 9lan' X0)
By a Taylor expansion, since EY_/"" g(a,; ' X;) < Cm,P(|X| > ea,) — 0,

™mn

*kn lOgEeXp(* Z g(a;IXt)) ~ knE(fmn (a:Llev s ’a’:Llen))?

t=1
where

1
fl(acl,...,xl):1fexp(72g(xt)), 1<1.
t=1

Notice that (f;) satisfies (C.). Now an application of Theorem 3.1 with A = {a,} and n replaced
by m,, yields

kn B(f(ay' X1, .0, X)) — /OOo [E[f (4(©1)iz0) — f(y(Os)iz1)] d(—y~).

The limit is the desired logarithm of the Laplace functional N. Combining the arguments, we proved
the corollary. O

Remark 4.2. For a k-dependent regularly varying sequence (X3), the mixing and anti-clustering
conditions of Theorem 4.1 are trivialy satisfied. Moreover, we conclude from Theorem 3.3 that N
has Laplace functional

(o9} ~
Ee 99N = exp ( — A / E(1— e~ Xi-o 9(y64)) d(—y_a)> , geCL.
0

Calculation shows that the infinitely divisible limiting point process IV has representation

oo k
N = ZZEF;UQ@U,

i=1 j=0

where (T';) is an increasing enumeration of a homogeneous Poisson process on (0, 00) with intensity

Ak, independent of an iid sequence (0;;)o<j<k, @ = 1,2, ..., with generic element (©;)o<;<k-
4.1.2. The a-stable central limit theorem. In this section we consider the truncated random variables
Yt :Xt11|Xt|<san; Xt:Xt_Yt7 t€Z7

and the corresponding partial sums S,, and S,,, where we suppress the dependence on ¢ > 0 and n
in the notation.

Theorem 4.3. Consider a stationary R*-valued sequence (X;) satisfying

1. (RVy) for some « € (0,2)\{1},
2. the mizing condition

.y - kn
(41) Ee*® §”/a" — (]Ee vs §m/a") — 0 y CES Rd 5 n— oo,
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3. the anti-clustering condition (3.11) for A,, = {a,},
4. for a € (1,2), in addition, EX = 0, the vanishing-small-values condition

(4.2) hﬁ)lhmsupﬂp( 1S, —ES,|>8) =0, >0,

n—oo

and 377 B[] < oc.
Then a,; 'S, 4, &, where the limit is an a-stable random variable with log-characteristic function
0
where A =0 for a € (0,1) and A = 0q for a € (1,2).
The proof is given in Section 5.3.

Remark 4.4. Condition (4.2) for a € (1,2) is standard in central limit theory; see the discussions
in Davis and Hsing [13], Bartkiewicz et al. [5], Basrak et al. [8]. Sufficient conditions are k-
dependence of (X;) and conditional independence. For concrete models such as stochastic volatility
models, GARCH and certain Markov chains, see the references above and [44, 45]. For similar
characterizations of the a-stable limiting laws as in (4.3), see Mirek [46]. It coincides with the limit
law given in [5] as shown by the computations of Louhichi and Rio [40].

In the k-dependent case, Jakubowski and Kobus [34] and Kobus [36] got related a-stable limit
theory under the assumption that (X, ..., Xj) is regularly varying with index . In view of Propo-
sition 5.1, the latter condition is equivalent to condition (RV,). Extensions of the a-stable central
limit theorem to the stationary case were considered in Jakubowski [32, 33].

4.2. Large deviations for suprema of a random walk and ruin bounds.

4.2.1. Large deviations for the supremum of a random walk. In this section we derive a result for
the suprema of a univariate random walk (S,,). We write for any =, > 0,
Yt:Xt]l|Xt|<€z7 Xt:Xt_Yta teZ,

and
t
Sp =0, Etzz S, =8-S, tek.

Here we suppress the dependence of these quantities on x, ¢ in the notation.

Theorem 4.5. Consider a stationary R-valued sequence (X) satisfying the following conditions

1. (RVy) for some a > 0,
2. the anti-clustering condition (3.11).

If a > 1 we also assume

3. the vanishing-small-values condition

P~ sup,c, St > 6)

44 im 1i —0., ¢
(44) i limsup sup —— B> 2) 00
a—1
1 B(XX,l0i)" <o
Then

P( sup;<,, Si x)
(4.5) sup <n]II:(|X| >Z) ) K@o—l—supZ@) —(supZ@) H—>O7 n — 00.

€A, t>1 t>1
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The proof is given in Section 5.4.

Remark 4.6. We observe that the limit in (4.5) can be 0, for example for the large deviations of
the telescoping sum S, with X; = Y; —Y;_1 with Y; > 0 iid regularly varying. Then ©p = —©; =1,
O; =0 for t > 2 and the limiting constant is zero.

Condition (4.4) can often be verified by using maximal inequalities for sums, for example in the
case of regenerative Markov chains or conditionally independent random variables; see for example
[45]. For a k-dependent sequence one can verify this condition as well (see Lemma 5.2), resulting in
the following corollary.

Corollary 4.7. Assume that (X;) is a k-dependent univariate strictly stationary sequence which is
also reqularly varying with index o > 0. In addition, we assume the following conditions:

1. EX =0 f E|X]| < o0.

2. Ifa=1 and E|X| = oo, we have
(4.6) limsup sup nz ' |EX|=0.

n—oo I>I,

Let (ay,) be any sequence such that nP(|X| > a,) — 1 as n — oco. Then

sup P(Z;ijjg]i;x) AﬂE(supZ@)

T>Ty t<k

— 0,

where x, — 00 is any sequence such that x,/a, — oo if a < 2, xn/nO'E‘M — 00 for some § > 0 if

a =2 and EX? = oo, and x,, > Cy/nlogn for sufficiently large C > 0 if EX? < oo.
The proof is given in Section 5.5.

Remark 4.8. The proof of Corollary 4.7 immediately extends to certain subadditive functionals
acting on the random walk (S,,) which are more general than suprema. Indeed, let g; be a sequence
of real-valued functions on R!, I > 1. Assume that, for any [ > 1,
e g is continuous and positively homogeneous, i.e., gi(cx) = cg;(x) for any x € R! and ¢ > 0,
o subadditive, i.e., gi(x +y) < gi(x) + gi(y), x,y €R!,
e a domination property holds: for s; = x1 + -+ -+ x4, 8y = (51, ..., 81), there exists a constant
C > 0 not depending on I such that|g;(s;)| < C'sup; ;¢ [si -

Finally, write s, = Zl 1 Zillz, > and assume that 1, . s)>1 satisfies (C:). Then, under the
conditions and with the notation of Corollary 4.7, the following result holds:

P( n((St)t=1,...n >$> to o
o [t el (80, ) ]| o

For example, with g;(s1,...,51) = sup,¢; |s¢], [ = 1, we obtain

P(suptgn |Se| > a:) o

s [ mrs ey | X8 o
With g;(s1,...,8) = s; we get a large deviation result for sums:
(S > :17)

2P |RP(X]> = A’“E(Z@> -0

Other functionals of this kind are given by gl(sl, ..., 81) = maxi=1, (s; —s1)+ and g;(s1,...,8) =

max;—y,..; S — minj—1, . ;5;, gi(51,...,5) = max; j—1,. (s — ;).
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For regularly varying moving averages with index o < 2, Basrak and Krizmani¢ [7] studied
the M-functional convergence of the partial sums when Zf:o O, coincides with SUPo< i<k ZE:O ;.
They derived the limiting law of the supremum of the partial sums; it is the supremum of the
a-stable Lévy process (£;)e[0,1) where &1 has the same distribution as the limiting law of the partial
sums. In view of the results above, a similar phenomenon can be observed under the condition

t

an (38); =#(, o, 50’
=0

0<t<k g
for the large deviations of sums and their suprema:
P(S, > ) ]P(supl<t<n Sy > x)

— 0.
= ‘n]P’(|X\ > 1) nP(|X| > z) ’ -

However, in the cases where (4.7) does not hold, the functional central limit theorem cannot hold
for any topology for which the supremum is a continuous function.

4.2.2. Ruin probabilities. In this section we assume that (X;) is a univariate strictly stationary
sequence which is also regularly varying with index o > 1. The latter condition ensures that
E|X| < co. We will also assume that EX = 0. In what follows, we will study the asymptotic
behavior of the tail probability P(sup,»q(S: — pt) > z) for p > 0 as x — oo. We will refer to this
probability as ruin probability since similar expressions appear in the context of non-life insurance
mathematics; see Asmussen and Albrecher [1] and Embrechts et al. [26], Chapter 1. We use the
notation of Section 4.2.1.

Theorem 4.9. Assume that (X;) is a univariate strictly stationary sequence which is also regularly
varying with index o > 1, has mean zero and satisfies the conditions of Theorem 4.5 with A, =
[Cyn, Can] for any possible choice of positive constants C1 < Co. Then we have for any p > 0,

t & t «
P(sup;~o(S; — pt) > ) N ]E[(supt>0 2izo 9i>+ B (supt>1 2zt 9i>J
2 B(X]> 2) GRS ’

(4.8)
The proof is given in Section 5.6.
Remark 4.10. Notice that the right-hand side of (4.8) is of the form

E[(1+ 3721 0% — iz ©:)°]
(a—1)p
provided that the ©¢, t > 0, are non-negative.

Corollary 4.11. Assume that (X;) is a univariate strictly stationary k-dependent sequence which
is also reqularly varying with index o > 1 and has mean zero. Then we have for any p > 0,

P(sup;o (St — pt) > x) Mk Ly
= ~ E( su 0, , r—o .
2P(IX| > 2) (a—1)p (KEZZ_; )+

X

The proof is given in Section 5.7.

Example 4.12. Consider the stochastic recurrence equation X; = A;X;_1 + By, t € Z, where
(A¢, By), t € Z, constitute an R%-valued iid sequence. We assume that (X;) constitutes a strictly
stationary Markov chain.
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The Goldie case: We assume the conditions of Goldie [28] are satisfied, ensuring that X, is
regularly varying with index « > 0. In particular, we have A > 0 a.s., E[A%] = 1 for some positive «
and we also need some further conditions on the distribution of the sequence (A4;, B;) to ensure that
one has a Nummelin regeneration scheme. Then (X;) is regularly varying of order o, ©9 = 1 and
O; =11, = Ay -+ Ay, t > 1; see Basrak and Segers [9]. Proceeding as in the proof of Theorem 7.2
in [45] and using the drift condition (DC,) with p < «, one can show the anti-clustering condition
(3.11). In the proof of Theorem 4.6 in [44] we showed that the vanishing-small-values condition
(4.10) without the supremum is satisfied under (DC,) for p < . An inspection of the proof also
shows that one may restrict oneself to the absolute values | X;|, implying the vanishing-small-values
condition for the supremum as well. From Theorem 4.9 and Remark 4.10 we conclude that

P(sup;>o(S: — (p + EX)t) > x) N E[(l + 2 Hi)a - (Zfil Hi)a}
P(|X] > z) (a=1)p 7

r — 0.

(4.9)

This result recovers Theorem 4.1 in Buraczewski et al. [12] in the case of a Nummelin regeneration
scheme. The method of proof in [12] is completely different from ours.

We also mention that Y; < 1 + > oo I, where (Y;) is the strictly stationary causal solution to
the sequence Y; = A;Y;_1 + 1, t € Z, which is regularly varying with index . Then the constant
on the right-hand side of (4.9) can be written as

E[Ye - (Yo - 1)

(a—=1)p
The Grey case: We assume now that the conditions of Grey [29] are satisfied. This means that
A may assume real values, E|A|* < 1 and B regularly varying with index « for some a > 0.
Then the unique strictly stationary solution to the stochastic recurrence equation exists and is
regularly varying with index o and ©;/0, = II; as above. Following Segers [56], we have in this
case P(O_; =0, > 1) =P(O_; =0) =1—-E|0;|* > 0 because |01]| = |O¢||A1| = |A1|. Thus, one
can turn to the simpler alternative expression of the right-hand side of (4.8)

E[SUP@o (Zz:o (:)Z) }
(1—-E[A]*) =,
(a—=1)p
where ©;/0¢ = II;, P(Oy = 1) = limy_ooP(B > z)/P(IB| > z) = p and P(©y = —1) =

lim, o P(B < —2)/P(|B| > ) = q. Then, we obtain

E[p SUP¢>0 (1 + 25:1 Hi)+ + qsup;3 (1 + 22:1 Hi) _]

(a—=1)p '

We recover the result of Konstantinides and Mikosch [37] for A > 0 a.s., p = 1 and the one of
Mikosch and Samorodnitsky [43] in the AR(1) case when A = ¢ for some |¢| < 1. If A > 0 then the

constant turns into

(1-E[A]%)

pE|(1+ X1 |
(a—=1)p '
Ruin bounds in the case of general linear processes X; = > j Y;Zs—; for iid regularly varying (Z;)

can be derived in a similar fashion using the computations of the spectral tail process given in
Meinguet and Segers [41] recovering the results in [43].

(1 - EA®)
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Example 4.13. Consider the GARCH(1,1) model X; = 0¢Z;, t € Z; see Bollerslev [11]. Here
(Z;) is an iid mean zero and unit variance sequence of random variables and (o?) satisfies the
stochastic recurrence equation o7 = ag+ (an ZZ_1 + 1)o7, t € Z, where ag, oy and 31 are positive
constants chosen such that (0?) is strictly stationary. Moreover, we assume that the above stochastic
recurrence equation for (0?) with B; = ap and A; = a1 Z2 | + (31 satisfies the Goldie conditions
of Example 4.12, ensuring that (0?) is regularly varying with index o/2. Then an application of
Breiman’s multivariate results (see Basrak et al. [6]) implies that (X;) is regularly varying with
index «. As before, we write II; = A; - -+ A;. Following [45], Section 5.4, we observe that as  — oo,

P(|(Xo, ..., X¢) —00(Zo, 0852y, ... , 192 Z,)| > x) — (1),
P(o > x)
An application of the multivariate Breiman result yields
P(z~too(Zo, 211092, . .., Z,1199) € ) o, 1
P(X| > =) E|Zo|~

/ By(Zo, ZuT19, ... ZTI0F) € ) d(—y~).
0

Then

]P’(:v—l(XO,...,Xt) €| Xo| > 2)
1 [oe)
E|Zo| / Ply(Zo, Z2117°, ..., ZI1)°) € -yl Zo] > 1) d(—y ™)

1 (0%
= 7E|ZO|Q]E[|ZO| 11\Y0|(zo,zlng-S,...,ztng-S)e|ZO\.]7

w
—

where |Yy| is Pareto distributed with index « and independent of (Z;). By direct calculation, we
obtain

E [( SuP;>o Zf:o Q)i - (SUpt>1 25:1 91>ﬂ
(a—=1)p
E [SUPt>0(ZO + 22:1 ZiH?'S)i - SuPt)l(ZE:l ZiH?b)i]
E|Zo|*(a = 1)p .

Thus we derived the scaling constant for the ruin probability in (4.8) in the case of a GARCH(1,1)
process. We also mention that the other conditions of Theorem 4.9 are satisfied. Indeed, the drift
(DC,) for p < « is satisfied, implying the anti-clustering and vanishing-small-values conditions as
in the case of Example 4.12; see [45] for details.

Example 4.14. Consider a stochastic volatility model X; = 047, t € Z, where (oy) is a strictly
stationary sequence with lognormal marginals independent of an iid regularly varying sequence (Z;).
Then (X;) is regularly varying with the same index and it is not difficult to see that ©; = 0 for
t # 0. Now an application of Theorem 4.9 yields the same ruin bound as in the iid case. This
result supports the general theory of such models whose extremal behaviour mimics the one of an
iid regularly varying sequence.

4.2.3. Large deviations for multivariate sums on half-spaces. The same techniques as in the previous
section can be used to prove the following large deviation result for multivariate sums.

Theorem 4.15. Consider a stationary R%-valued sequence (X;) satisfying the following conditions

1. (RVy,) for some o > 0,
2. the anti-clustering condition (3.11).

If a > 1 we also assume
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3. the vanishing-small-values condition

.. HD(‘T71|§n| > 5)
4.10 lim lim s S el 29 g 50
(4.10) BN R (X e 07

oo a—1
4. E(Zizl |@i\) < .
Then for every 6 € S,

P(¢'S, > z) 0o N o .
z€A, TL<P(|.X|>LE))_E[(Q/;@i>+—(G/Z@i>+”—>0, n — 00.

sup

In addition, if a € N or X is symmetric, then there exists a unique Radon measure o on @g such
that pe(t) =t “ua (), t > 0, and for any sequence (x,,) such that x, € A,,, n > 1,

P (2,15, €) (), n— oo
— " — (), — .
nP(X[>zn)

Moreover, i, is determined by its values on the subsets {y € R?: 0'y > 1} for any 6 € S 1.

The proof of the last part follows by the same arguments as for Theorem 4.3 in Mikosch and
Wintenberger [45].

4.3. Large deviations for cluster functionals. Following Yun [57] and Segers [55], we call a
sequence of non-negative functions (¢;) on R! a cluster functional if the ¢;’s are uniformly bounded
for I > 1 and satisfy (Cp). As for the functions f; in (C.), we will often suppress their dependence
on the index [; it will be clear from the context.

Simple examples of cluster functionals are

Cl(xl,-..7$l) = Z¢(ml); l>1>

with ¢ : R? — R* satisfying ¢(0) = 0 and, for d = 1,

l

a(@i,...,m) = Z(T/i —2)+, 121,
i=1
a(@i,...,z) = fg?gl(xi —2)+, 121,
for some z > 0; see [24, 57, 55| for further examples.

Corollary 4.16. Assume that the strictly stationary R-valued sequence (X) satisfies (RV,,), the
uniform anti-clustering condition (3.11) and that

Jilxe, o) = Moy —1) 4y (1—1) 1) >1
satisfies (C1). Then

w0 Ple((x™'X; — 1)1 )1<icn) > 1)
veA, nP(|X| > z)

(4.11) —[Pe((([Y0l®:r = 1)1 )i0) > 1) = P(e((([Y0|Or = 1)1 )iz1) > 1)| = 0, n—o0.
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Proof. We apply Theorem 3.3 to (f;) satisfying (C1) and we obtain the uniform limit for x € A,
as n — 0o:

/O00 [P(e((yOi — 1)1 )iz0) > 1) = P(c(((¥Oi — 1)1 )i1) > D] d(—y~*).

By assumption, |©g| = 1 and therefore we can restrict the area of integration to [1,00), recovering
the desired limit. (]

Remark 4.17. In the k-dependent case, the anti-clustering condition is trivially satisfied. In view
of Theorem 3.3 relation (4.11) then turns into

P(en((lo71X: ~ Uiicicn) > 1)
oy nP(X| > z)

— Ak P(Ck+1<([ |Y0|él — 1]+)O<i<k) > 1)‘ — 0.

Remark 4.18. Corollary 4.16 is formulated for univariate sequences (X;). However, one can
generalize this result in various ways; see for example Drees and Rootzén [24]. For example, let

(X;) be an R%valued sequence satisfying the conditions of Theorem 3.3 and A C Rﬁ be a Borel set
whose distance to the origin is > ¢ > 0. Moreover, let g : R? — R be a measurable function. If g is
a.e. continuous and A is a continuity set with respect to Lebesgue measure then the same argument
as for Corollary 4.16 now yields

’P(Cn(g(lei)]lx—lxieA)1<i<n) >1)
nP(|X| > x)

—[P(e((9(|Y0]®:) 1}y, 13, e.4)iz0) > 1) = Plc((9(|Y0]®i) L}y, 15, a)iz1) > 1)]‘ —0.

sup
TEA,

4.4. Beyond condition (C.): Convergence of the tail empirical point process. In this
section we consider an example, where the condition (C.) in Theorem 3.1 is not satisfied but
Jakubowski’s telescoping sum approach is also applicable, yielding a limit result. Related theory
was developed in Balan and Louhichi [3] beyond the framework of regularly varying sequences, in
the context of triangular arrays of strictly stationary sequences and infinitely divisible limit laws;
see also Jakubowski and Kobus [34].

Recycling notation, we define the random measures

J
(412) N”j:kglzeafnlxt7 j:17"'7n3 Nnn:NTL7
t=1

where m = m,, — oo and k, = [n/m] — oo. The tail empirical point process N,, plays an important
role in extreme value statistics; see Resnick and Stéricd [52], Resnick [51], Drees and Rootzén [24]
and the references therein.

Theorem 4.19. Consider a strictly stationary R%-valued sequence (X;), satisfying the following
conditions:

1. (RVy,) for some a >0,
2. the mizing condition A(ay) modified for the random measures (4.12),
3. the anti-clustering condition (3.11) with A, = {a,}.

. . —d . .
Then the relation N, Lt w1 holds in the space of random measures on Ry equipped with the vague
topology, where nP(a;'X € -) % 1 as n — oo.

The proof is given in Section 5.8.
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Remark 4.20. Closely related results can be found in Resnick and Starica [52] in the 1-dimensional
case. Their mixing and anti-clustering conditions are slightly different and they prove results for
triangular arrays under a vague tightness condition (which is satisfied for (RV,)), similar to Balan
and Louhichi [3]. Tt follows from the results in Resnick and Stéricd [52] that Theorem 4.19 implies
the consistency of the Hill estimator of « in the case of positive random variables (X;), i.e., if
my, — oo and m,, /n — 0 then

- -1
P
( Z log (X(n 7,+1)/X(n mn+1)>> — o, N —00,

where X (1) < X( ) a.s. is the ordered sample of X, ..., X,,.

5. PROOFS

5.1. Proof of Theorem 3.1. For a given integer n > 1 and § > 0, we define

iy = {f T 1< p
h(a7 X, 0 X)) = { %‘;jfim Z ; (1) , j<n.
By a telescoping sum argument, we decompose
=(1,n) Z c(j,n (7 +1,n)].
We denote A, (n) = c;(1,n) — 37 1[(:;(_ +k) —c.(j+ 1,7 + k)] for some k > 1. By stationarity,

we have
EA,(n) =Ef(z7'Xq,...,27' X)) —n [Ef(z ' Xo,..., 27 ' Xy) —Ef(z ' X1,..., 271 Xy)] .

Moreover, as f satisfies (C.), we obtain for any § < ¢ the identities

n

Aa:(n) = Z ([QE(]?”) - Cz(] + Ln)] - [Cw(.77] + k) - Cx(] + 17j + k)])
= Z[cw(j,n)(l—ho( X,z X)) (L= hy(2' X5, 27 X)L

By definition of h; and assuming without loss of generality that |f| < 1, we have
E‘Cw(j, n)(l - ho(x_lXj, cee 71'_1Xn))(1 - hk(x_lXj, cee ,$_1X )‘ < []]-\Xj|>965]le+k,n>I5] .

Using stationarity, we obtain

ElA.(n)] < D P(X;| > 26, Mjipn > x0)
Jj=1
< nP(|Xo| > xd, My, > 20).

Using the uniform anti-clustering condition (3.11), we conclude that

lim lim sup M— ,
k—oomn—00 pcp TLP(|X0| > 1‘)

0>0.
It remains to prove the existence of the limit, uniformly for x € A,,,
1 1 B 1 =
lim lim Blf(z™ Xo, .., a™ Xp) = f@™ Xy, 27" Xy
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and to identify it. By regular variation and (C.), we have

sup E[f(z7'Xo,..., 27 X) — f(a71X1,..., 271 X})]
€A, P(|Xo| > x)

- /OOO E[f(y®07 e 7y®k) - f(oayela s ay@k)] d(fyia)

E{UXx*EXm.”,xkaw——f@lei,.wx*EXQ)mXM>4
T en P(|Xo| > =)

- ‘/OOO E[f(y@()v oo ,y@k) - f(oaygla s aygk)] d(_yia)

— 0, n—o00.

Finally, for every k > 1, in view of (C.),

/OOO E[f(ye(h cee 7y®k) - f(oa y@h ‘e ay@k)] d(fyia)
(5.13) -/ TE (400, .. yOx) — (0,40, .. yOL)] d(—y)

The absolute value of the integrand is bounded by 2, hence integrable on [e, 00). Moreover, under

the anti-clustering condition (3.11) we have ©y £ 0 as k — oo as follows from the Remark 3.2
above. Therefore and by (C.) the limits limg_ o f(y©q,...,yOk) exist and are finite for y > 0.
Dominated convergence implies that one may let & — oo in (5.13) and interchange the limit and
the integral.

Combining the partial limit results above, we conclude that the theorem is proved.

5.2. Proof of Theorem 3.3. We start by collecting some properties of the sequence (©;) which
are specific for a k-dependent regularly varying sequence. In particular, we will show that the
conditional probability laws (3.14) are well defined.

Proposition 5.1. Assume the stationary R?-valued k-dependent sequence (X;) is such that (Xo, ..., Xg)
is reqularly varying with index « then (X;) satisfies (RV,). The following properties also hold:

e P(©,=0)=1 for|t| = k+1,
o For 1 <|t| <k, P(©; #0,0.4,; #0) =0 for|j| > k+1,
¢ P(O_,=0,t=1,...,k) > 0.

Proof of Proposition 5.1. Assume that (X, ..., X) is regularly varying and that (X;) is k-dependent.
Then, for any |t| > k, we have by independence of X; and X, that P(©; = 0) = 1. As the limit law
is degenerate, the convergence in the definition of ©; holds also in probability; P(|X:|/|Xo| < € |

| Xo| > ) — 1 for € > 0. By an application of a Slutsky argument, as (Xo, ..., Xx)/|Xo| converges
in distribution, conditionally on | X| > x, then it is also true that (X, ..., X:)/|Xo| given | Xo| >
converges to (0g,...,0;) = (Og,...,0,0,...,0).

The second property of the spectral tail process follows from the fact that

P(Yil > e, [Visl > ) =0, £>0, [j|>k+1.
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Indeed, by independence of X; and X,_; for |j| > k,
P(| X A | Xi—j] > ean)
P(|Xo| > an)
[P(|Xo| > ca,)]®
P(| Xo| > an)

P(IXe| A Xe—j] > ean [ | Xo] > an) <

~ e 2 P(|X| > a,) — 0.

The second property implies that

P(7&%§O |© > 0,0, #0) =0.

Then

and the third property follows if P(© # 0) > 0. Now assume that P(©; # 0) = 0. By the
time change formula in Basrak and Segers [9], P(Of # 0) = E|©_;|* and P(©_; = 0) = 1. Thus
max_g<i<o |O¢] = max_p<i<o |©y] a.s. A recursive argument yields the third property in the general
case. (]

Proof of Theorem 3.3. We apply Theorem 3.1 for A,, = [z,,00). By virtue of k-dependence the
anti-clustering condition is trivially satisfied. In view of Proposition 5.1 it remains to show that

w [ T E (e 580 .. yB)d(—y )

(5.14) = / E[ft+1(¥O0, -, yOk) — fr+1(0,yO1,...,yO)]d(~y ™).
0
‘We observe that

Tek+1(yOo, -, yOK) Lo =0,j=1,...k
k
(5.15) = frs1(¥Oo,...,yOk) — Z Jre1(¥O0, -, yOk) e, ., £0,0_4i1i1=0,....0_1=0-
t=1
From k-dependence we conclude that ©; # 0 implies ©44; = 0, 7 > k + 1. Therefore
Jrs1(¥O0, -, ¥Ok) Lo, 1, £0,0_44111=0,....0_1=0
= fe+1(¥O0,...,¥0:,0,...,0)le_, ,£0,0_4i1s1=0,....0_1=0-
By the time change formula in Theorem 3.1 (iii) in Basrak and Segers [9] and the property (C.),
E[fk?-l‘l (y@07 s 7y@t7 Oa v 7O)]le—k:+t3é07®—k:+t+1:0,~<-7@71:0]
= E[fes1(yOr—t|Ok—t| 7 .., yOkIOk—¢| 71, 0,...,0)|Ok_¢|* Ny £0.0,0.... 04, 1=0]
= E[fk+1(y@k7t|®k*t‘_1a cee 7y®k‘G)k*t|_1)‘G)k*t|a]1@1:0,~~,@k471:0] .

Now, by Fubini’s Theorem when ©j_; # 0, first integrating with respect to y and then changing
variables:

/ Efis1(yOh—t|Or—e| ™", yOkIOk—t| o, —0,....00 1 1=0,0,_,20,d(—(y[Ok—¢| ") ™)
0

o0
= / Efrr1(¥Ok—t,...,yOr) Lo, =0,....00 . 1=0,05_,20 A(=y~ ).
0
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Taking into account (5.15) and the previous identities, we obtain

/E(fk+1(y@o7-~-,y@k)ﬂ@,j:o,jﬂ,...,k)d(—y_a)
0

- /OOO E[fi+1(yOo, ..., yOr)]d(—y~*)

k 00
- Z/ Elfk+1-i(¥Os, ..., yOk) Lo, =0,j=1,....i—1,0,20]d(—y ") .
i=170

Since (f;) satisfies the consistency property (C.) the right-hand side turns into

o

k
E[fk+1(0> yO1,...,y0y) Z 11@;0,;‘:1,‘..,1'71,@#0} d(—y™)
i—1

and, as f(0,...,0) =0, the desired result follows. |

/O°° E[ft+1(yOo, - .. 7y®k)]d(_y_a)_/

0

5.3. Proof of Theorem 4.3. We start with the case « € (0,1). In this case, the negligibility
condition

limlimsup P(|a,*S,| >0) =0, §>0,

€el0 nooo
is satisfied. Indeed, an application of Markov’s inequality and Karamata’s theorem yields
— IEl)(| 1 | X|<ea
P(la;'S,| > §) < —
(lan"Snl > 9) < a,eP(|X| > cay)

and the right-hand side vanishes as € | 0. Therefore we may focus on the limit behavior of the
sequence (a,'S,). Fix a small value ¢ € (0,1). The mixing condition (4.1) implies that

enP(|X| > ea,) — ce™®, n— o0,

-, -, -, Eeis'Sm/an _ 1
logEe®® §n/a" ~ kn log Ee ** §7n/a" ~ 7kn (1 — Ee*® ﬁm/a”) ~N——
s & mP(X|> an)

We define the functions
l
fl(xh...,l'l):eXp(in/Z§t>—17 l>07
t=1

where x; = 2¢1|4,|>cq,. The sequence (f;) satisfies (C.) and mP(|X| > a,) — 0 as n — co. An
application of Theorem 4.3 yields

Feis'Sm/an _ 1 /OOE[ iys' 32,6, iys 3272 19'] d( _O‘) c R4
N e j=0=j —e™ I=1=7 - s n—00.
mB(X > a)  Jo o ’

Here ©;, = ©;1/¢|>.- To complete the proof we have to justify that we can let ¢ | 0 in the limiting
expression. We observe that the integrand vanishes on the event {|yO| < e} = {y < e}. Therefore
the right-hand side turns into

/C>O E[(e 'O _ 1)eiys, Zjil@j] d(—y™9).

The integrand is uniformly bounded and therefore integrable at infinity. In order to apply dominated
convergence as € | 0, we observe that for some constant ¢ > 0,

1 1 1
/ E|(e ™% — 1) 59 d(—y™) < / Elys'Oo|d(~y~*) < c / Y~ dy.
€ € 0

Now an application of the dominated convergence theorem as ¢ | 0 yields the desired log-characteristic
function of an a-stable law.
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The proof in the case o € (1,2) is similar. In view of the negligibility condition (4.2) we may
focus on the limit behavior of (a,!(S,, — ES,,)). Since ES, /a, converges, the mixing condition
remains valid for the corresponding centered sums. Then
Feis(S,,~ES,)/an _ 1

mP(|X > ay,)

is'(S,,~ES,)/an .,

log Ee

We also have
((Ee (S B8 0 1) — (e ™En/an — 1 - iSES,, /an )

|(Be'Smfan — 1) (o =#B8nlor — 1) 4 (e ~¥'ESw/an — 1 4 is'ES,, [an)

< (BIS,,|/an)?
< e(mE[X/an|lx)5c0,) = O(mP(IX| > a,)) = o(1), n— oo.
and
a,'s'ES,, B SEX,
mP(|X| > ay) a,P(|X] > an)
~ E(s'Xo/(can) | | Xo| > can)e' ™
— §EYyel~@
= E|Yy|sEQpe!™®
a
(5.16) = s'EQ — 151 .
An application of Theorem 3.1 yields as n — oo,
E [e io'Sp/an 1 _is'ES, /an]
m]P’(|X\ > ap)
oo
— / e %080 1 —iys Z@ ) ( W' 58 1 - iys’Z@j)] d(—y~=)

j=1

= / E[(e iys'®o _ 1) (e iys' 352, 8, _ 1) + (e wys'® _ 1 iys’@o) }d(—y_“) .

)

The integrand is bounded by cy for large values of y and therefore integrable at infinity. We also
have
1
/ IE‘ (e iys'©0 _ 1) (eiys T8 1) + (eiys/@o - iys’@o> ‘d(—y"‘)
g

e 1
c (Z]E\@ﬂ + 1) /0 v d(—y ) < o0
=1

Therefore an application of the dominated convergence theorem yields the desired log-characteristic
function of a stable law in the case o € (1,2).

5.4. Proof of Theorem 4.5. We start with the case « > 1. We have for any § > 0,
]P’(supﬁt > (1+ 5):10) — ]P’(sup |S¢| > 5x)
t<n

t<n

(5.17) < P(supSt > x) < ]P’(supﬁt > (1-— 6)3:) —l—IP’(sup |S;| > 5m>.

t<n t<n t<n
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In view of condition (4.4), the limiting behavior will be determined by the ratios

P(supyc,, S; > (1£0)z)  E(fn(z ' Xy,...,271X,))
nP(|Xo| > z) a nP(|Xo| > z)

with the functions fi(z1,...,%1) = lgup,_, (2, +-+a,)>(1+s) for fixed small §,e > 0. The functions f;
satisfy the condition (C.) and an application of Theorem 3.1 yields for € < 1 as n — oo,

P(supign S, >+ 5)m)
sup
w€A, nP(|X] > z)

(lj:c?)/ooo{ (@o+sup29 >y~ 1) (SUPZ@ >y~ 1)} d(—y™")

t>1 t>1

— 0.

Finally, we can take limits as €,6 | 0, using a domination argument. The domination argument is
justified because we have

/000[ <@O+SHPZ@ >y - (Supz9 >y dl=y)

t>1 t>1
o) t
= a/ { (G)O—I—supZ@ >z>—P(supZ@i>z)}za_ldz
t>1 =155
= a E ]19021’1+5‘1Pt21 Y il19,>2 T ]]'@0:1’5111)»:21 i 1@z>z)

+
(=)

a—1
(1@0:*1 —ldsupyy 30, 9>z T Log——1, sup,>1 25y @i>z>i| o dz

- E[neozl[(wrsupz@) —(S“pz )]

t>1 t>1
% i «
oy [(i;?zl% “(rrwye) ||
- [(@wiggz ), ‘<i‘>llfz@) I

Also observe that

(5.18) ‘<®0+supZ®) —(supZ@) ’

t>1

< c{1+E<;|®il)a_l} <c {1+E(§|®il)a_l}.

Under the assumptions of the theorem, the right-hand side is finite. An application of Lebesgue
dominate convergence yields that

KG)OJrsupZ@) f(supZG)) }HE{(@OJrit;}lo;t;@i)i(supZ@) ], e—0.

t>1 t>1 t>1

This concludes the proof in the case o > 1.
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In the case a € (0,1] one can follow the lines of the proof but instead of (5.18) one can use
concavity to obtain the bound

E‘(@o-l—supZ@) - (supZ@) ‘gc.

t>1 t>1

An application of Lebesgue dominated convergence finishes the proof.

5.5. Proof of Corollary 4.7. We apply Theorem 4.5. For a k-dependent sequence, the anti-
clustering condition (3.11) is trivially satisfied and we also have E|©;|* < oo for all 4. The vanishing-
small-values condition is verified in Lemma 5.2 below. Now one can follow the lines of the proof of
Theorem 4.5 but instead of Theorem 3.1 apply Theorem 3.3 to obtain

P(sup,¢,, S; > (1 £6)x)
su
o | (X[ > 7)

_(1i5)*axk/0 P(supyZ@ Lg e > 1)d(—y)

t<k

— 0.

Finally, we can take limits as ¢,6 | 0, using a domination argument and the fact that E|©;|% < oo
for all i.

Lemma 5.2. Assume the conditions of Corollary 4.7. Then

o ]P’(suptgn |S¢| > x)
(5.19) 161%1 hrrlnﬁsot;p ms;fn WB(X]> 2)
Proof of Lemma 5.2. We observe that

=0.

k+1

sup |Sy| < Z sup |ZX(k+l)t+]|

t<n 1 s(k+1)<n

Therefore for § > 0,

P(supica [Sil > 62) (b + DP(subisnyen| Sico Xiprel > 02/ +1)
nP(|Xo| > ) s nP(|Xo| > ) 1w
If @ € (0,1), we have by Markov’s inequality,

(k+ 1)1?( /DL X 0| > b2/ (k + 1))
sup I(z) < su
wZIPrL ( ) m}fn n[P’(|X0| > JZ‘)
< ¢ sup ﬂ
T ez, 2P(IXo| > @)
< coup HoMsuied) o E(XolLixoice)
< ez, B(Xoll|x,|<2) o2z, ZP(|Xo| > )

The second supremum is bounded in view of Karamata’s theorem and the first supremum is bounded
by ce'~% uniformly for small € is view of the uniform convergence theorem for regularly varying
functions. Hence the right-hand side converges to zero by first letting n — oo and then € | 0.

If @ > 1, we have

(k + DP( 5Dy s 1yen | oo (K gy — EX)| > 8w — 0~ na = [EX)/(k + 1))
nP([Xo| > ) |

I(z) <
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If E|X| < oo and EX = 0 we have by Karamata’s theorem and uniform convergence
nz EX| < nz'E[X|Ljx|ser < c(e)nP(|X| > 2) =0(1), n— oo.
The last identity follows from the fact that nP(|X| > z,,) = o(1) as n — cc. In the case a = 1 and
E|X| = oo we require the corresponding condition (4.6). Therefore we have
( + DP( 5D 1120 | 5o (K ey — EX)| > 0502/ (k + 1))
nP(| Xo| > z) '

uniformly for z > z,, and large n. To ease notation, we will assume without loss of generality that
EX = 0. Now an application of the Fuk-Nagaev inequality (see Petrov [48], p. 78) for p > a V 2
yields,

I(x) <

c(na PEIX|P + o e’ (XD ) EIX|
nP(|X| > z) h

e 7cw2(nIEY2)_1

“OP(X|>a) | CnB(X|> 2)

I(z) <

The first summand on the right-hand side converges to e~ uniformly for small € and uniformly
for x > x,. The second term is uniformly negligible for = > z, if @ < 2 in view of the relation
xQ(nIEYQ)_l ~ c(nP(]X| > z))7 If @« = 2 and EX? = oo, Karamata’s theorem yields that
E(X/z)?/P(|X| > z) is a slowly varying function converging to infinity as * — oo, and then the
growth condition x,, /n%%*% — oo ensures that the second term is negligible. If E|X|?> < oo, writing
x = y/nlogny for y > 0 sufficiently large, we obtain

e 7cx2(n]]iy2)_1 N 21 a4
< pote—cy 1 ate  p-n
(X[ > ) oS
for some 77 > 0 and thus the right-hand side converges to 0 uniformly for > x,,. O

5.6. Proof of Theorem 4.9. We start by proving that
P(sup,s ¢, (St — pt) > x)

2 lim li .
(520) P TR (X] > ) ’
Assume that [Cx] € Dy, = (2%, 28] for some k > 1. Then

P(sup (S; — pt) >x) < ZJP’( sup Sy >z + p2')
t>Cx I—k teD,
< P( sup Sy >az+p2').
; (,sup p2')

We observe that = + p2! € D; and therefore we are in the range where we may apply the large
deviation results for suprema in Theorem 4.5. Then the right-hand side above can be bounded
uniformly by

oo

CZQZIP’(|X|>m+p2l) < ¢ P(|X| > py + z)dy
=k Cx

< c(C2)P(|X]| > Cx) ~ cC 2 P(|X]| > 2).

In the last step we used Karamata’s theorem. Relation (5.20) follows by observing that o > 1.

In view of (5.20) it suffices to bound the probabilities P(sup, ¢, (St — pt) > z) as x — oo for any
large value of C. Moreover, in view of condition (4.4) we may replace the random walk (S;) in the
ruin probability by the truncated version (S,), letting € | 0 in the final bound. We then adapt the
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proof of Theorem 3.1 to the case where the functional depends on the last index larger than € > 0.
More specifically, denoting

Cx,j2 (jlvj?) = lsupjlétéjg(zﬁzjl X, —pt)>z> 1< jl < j2 < [Ciﬂ}

we follow the reasoning of Section 5.1. Observing that

E([er, 10015, [C2]) = cp 001 (5 + 1, [Ca))] = [ca,j4r (G + k) = cajan(i + 1.5+ K)])
P(|X;| > xe, Mj 4 [1cq) > 7€),
we use the stationarity and the anti-clustering condition (3.11) to estimate the bound by
(5.21) P(My jca) > 2, | Xo| > ex) < CLP(|X] > )

for large x and a real sequence (C}) (depending on C') such that Cy — 0 as k — oo. Therefore
it suffices to study the limiting behavior of the difference of the two terms emerging from the
telescoping argument when z — oo and then k — oo; we indicate how we treat the first one:

[Cx] [Cx] t
S o0 - S5r( o (550 25) - e, (S 009) ).
We have

P( sup (8, +Xy) >z + pk) <P( sup (S, + Xo — p(t+j)) > ) <P( sup (S, + Xg) >z + pj).
o<t<k o<t<k o<t<k

We obtain the following sandwich bound

(Cz]

C
x/ P( sup (8, + X)) > (1 +up)z + pk)du < ZP( sup (S, + Xy —p(t+7j)) > z)
1z 0<t<k o o<tk

C+x
< x/ P( sup (S, +Xy) > (1 +up)x)du.
0 0<t<k

By first letting * — o0, using classical arguments from regular variation theory, in particular the
uniform convergence theorem, we obtain

du.

S B(supoe e (S, + Xo - (Hq»>x)uw/‘E®kaZzozh
IP(|X| >x) 0 (1+UP)

We then determine the limit of the difference of the two terms emerging from the telescoping
argument. For any k& > 1 we have

P(sup; <. (St — pt) > ) /O E[(sup;<, Sio 9,)% — (Supy i<k S 9,)%]

aP(|X| > z) ~Jo (1 +up)®

du+ O(CCy).

The last term vanishes when k& — oo for any C' > 0. Moreover, one can use uniform convergence
and let ¢ — 0. Finally, letting C' — oo and observing that fooo(l +pu) " %du = p~Ha—1)"1, we
obtain the desired ruin bound.

5.7. Proof of Corollary 4.11. The proof follows the lines of the proof of Theorem 4.9. We mention
that condition 3.11 is trivially satisfied and the vanishing-small-values condition holds in view of
Lemma 5.2.
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5.8. Proof of Theorem 4.19. As in the proof of Theorem 4.1, we have for any g € Cj with
g(x) =0 for |z| < 6 for some § > 0, in view of the mixing condition A(ay),
flogIEe*fng" ~ kn(l fIEe*fng"’”) , M —00.
Now we can proceed as in the beginning of the proof of Theorem 3.1. For k > 2,
ko E(1 — e*fng’””) —n[E(1- e*fng"vk—l) -E(1- e*fng"v’“)] ‘
< P(Mgm > 0am | | Xo] > amd).

The right-hand side is negligible by virtue of (3.11). Applying a Taylor expansion, we have for some
random ¢ € (0,1),

nIE(l—e_fng”’“) = n[E/ngnk —0.5E[e_5fng""'(/ngnk)2H =L —-1.

Let o, [ > 1, be the limit measures of regular variation for a,, (X, X;), then we have

I = m,kEg(a'X)—k /gdul ,
k 2
Lo< ok %E( Y gla,' X0))
t=1
k-1
=k [kma B (an X) +2 3 (k= h) ma Elg(ar, Xo)g(ar, X))
h=1
k—1
~ k! [k‘/g2 dpy + QZ(k —h) /g(az)g(y) uo,h(dm,dy)} -0, n—oo.
h=1
Finally, we have
lim k, E(1 - e_fng“m) = klim lim n [E(l — e_fng”v’“*l) -E(1- e_fde"v")}

= /gdul-

This proves the convergence of the Laplace functionals

Ee—J9dNn _)e—fgdm’ gG(C?(,

hence N, Lt -

Remark 5.3. The proof shows that the condition (RV,,) is not really needed in this case. It suffices
that X is regularly varying and nP(a;;*(Xo, X3,) € -) - o, for every h > 1, where g 5, is a Radon

=d .. . .
measure on R, which, possibly, is the null measure.
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