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We extend classical results by A. V. Nagaev [Izv. Akad. Nauk UzSSR
Ser. Fiz.—Mat. Nauk 6 (1969) 17-22, Theory Probab. Appl. 14 (1969) 51-64,
193-208] on large deviations for sums of i.i.d. regularly varying random vari-
ables to partial sum processes of i.i.d. regularly varying vectors. The results
are stated in terms of a heavy-tailed large deviation principle on the space of
cadlag functions. We illustrate how these results can be applied to functionals
of the partial sum process, including ruin probabilities for multivariate ran-
dom walks and long strange segments. These results make precise the idea
of heavy-tailed large deviation heuristics: in an asymptotic sense, only the
largest step contributes to the extremal behavior of a multivariate random
walk.

1. Introduction and background. The notion of regular variation is funda-
mental in various fields of applied probability. It serves as domain of attraction
condition for partial sums of i.i.d. random vectors [26] or for component-wise
maxima of vectors of i.i.d. random vectors [25], and it occurs in a natural way for
the finite-dimensional distributions of the stationary solution to stochastic recur-
rence equations (see [11, 15]), including ARCH and GARCH processes; see [2]
and Section 8.4 in [8]. To start with, we consider an R¢-valued vector X. We call
it regularly varying if there exists a sequence (a;) of positive numbers such that

an 1 oo and a nonnull Radon measure © on the o-field 3(@‘1\{0}) of the Borel
sets of Ed\{ﬂ} such that M(ﬁd\Rd ) =0 and

(1.1) nPla;'X e ) 5 n(),
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where - denotes vague convergence on JB(Ed\{O}). We refer to [14] and [24, 25]
for the concept of vague convergence. It can be shown that the above conditions
on the distribution of X necessarily imply that u(rA) =t~*u(A) for some o > 0,
all r > 0 and any Borel set A. Therefore, we also refer to regular variation with
index « in this context.

Definition (1.1) of regular variation has the advantage that it can be extended to
random elements X with values in a separable Banach space (e.g., [1]) or certain
linear metric spaces. Recently, de Haan and Lin [12] have used regular variation
of stochastic processes with values in the space of continuous functions on [0, 1]
to prove weak convergence results for the extremes of regularly varying processes
with continuous sample paths. They also considered regular variation for stochas-
tic processes with values in the Skorokhod space D = ID([0, 1], RY) of R¥-valued
cadlag functions on [0, 1], equipped with the J;-topology (see [3]) very much in
the same way as (1.1). This idea was taken up by Hult and Lindskog [13]. They
characterized regular variation of cadlag processes by regular variation of their
finite-dimensional distributions in the sense of (1.1) and a relative compactness
condition in the spirit of weak convergence of stochastic processes; see [3]. Then,
not surprisingly, one can derive a continuous mapping theorem for regularly vary-
ing stochastic processes and apply it to various interesting functionals, including
suprema of Lévy and Markov processes with weakly dependent increments.

In this paper we continue the investigations started by Hult and Lindskog [13] in
a different direction. As a matter of fact, the notion of regular variation as defined
in (1.1) is closely related to large deviation results for processes with heavy-tailed
margins. Such results have been proved since the end of the 1960s by, among
others, A. V. Nagaev [19, 20], S. V. Nagaev [21] and Cline and Hsing [5] for
various one-dimensional settings; see Section 8.6 in [8] and [18] for surveys on the
topic. In the mentioned papers it was shown for arandom walk S, = Z;+---+ Z,
of i.i.d. random variables Z; that relations of the type

P(S, > x)

(1.2) sup |———— —
x>, INP(Z1 > X)

1|—0

hold for suitable sequences A, — oo and heavy-tailed distributions of Z;. For ex-
ample, S. V. Nagaev [21] showed that (1.2) holds for i.i.d. centered random vari-
ables Z; which are regularly varying with index o > 2, where the sequence (A;)
can be chosen as A, = a+/nlogn for any a > /o — 2. As a matter of fact, re-
sults of type (1.2) also hold for Z;’s with a subexponential distribution. The latter
class of distributions is wider than the class of regularly varying distributions. For
our purposes, we will focus on regularly varying Z;’s with index o > 0. Then it
follows from (1.2), using the uniform convergence theorem for regularly varying
functions (see [4]), that

P(A,; 'S, € (x, 00))
sup -
x>1 nP(Zy > Ayp)

% 0.
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Motivated by this, we say that the partial sum process S, =Z1 + - -- + Z, of i.i.d.
R¢-valued regularly varying random vectors Z; satisfies a large deviation principle

if there exist sequences y;,, A, 1 0o and a nonnull Radon measure 1 on B (@d\{ﬂ})
such that

(1.3) WP 1S, € ) 5 1.

Similarly to the notion of regular variation, the latter definition allows one to ex-
tend large deviation principles from R¢-valued sequences (S,) to sequences of
stochastic processes (X") with values in ID. This extension can be handled in the
same way as for regular variation: one can give a criterion for a large deviation
principle in terms of large deviation principles for the finite-dimensional distribu-
tions of the sequence (X") in combination with a relative compactness condition.
As a consequence, one can derive a continuous mapping theorem.

The hard part of the proofs is to show the large deviation principle for the se-
quence (X"). However, for the partial sums S,, of i.i.d. regularly varying R?-valued
Z;’s, this is a relatively straightforward task. We show in Theorem 2.1 that a func-
tional analogue to (1.3) with limiting measure m holds for the D-valued suitably
centered processes (Spus1)refo,1] With y, = [nP(|Z]| > An)]7 L. If the index of reg-
ular variation @ > 1, we may choose A, = n. The limiting measure m is concen-
trated on step functions with one step. The interpretation is that, for large n, the
process A, 1S[n.] behaves like a step function with one step. As a consequence, we
determine, in Theorem 3.1, the asymptotic behavior of the probability

Yy, (A) =P(S,, —cn e uA for somen > 1)

as u — o0o. Here the steps Z; are regularly varying with index o > 1 and
E(Z;) = 0. Moreover, ¢ £ 0 is a vector and A is a set bounded away from some
narrow cone in the direction —c. The probability 1, (A) may be interpreted as a
multivariate ruin probability; ruin occurs when the random walk with drift —c hits
the set A. If u denotes the limiting measure in (1.3) of the random walk, then

. o .. Yu(A)
WA =it 7=
< limsup b < u*(A),

Uu—> 00 MP(|Z| > u) -

where A° and A are the interior and closure of A, respectively, and for any set B,
o
wB) = [ uleo+Bodv,  Be=(x+etxe B0}
0

For more details, see Section 3.

The functional large deviation result also applies to the asymptotic behavior
of long strange segments of a random walk (see Section 4). Suppose o > 1 and
E(Z;) = 0. For a set A € B(R?) bounded away from 0, let

R, (A) =sup{k:S;4x —Si € kA for some i € {0,...,n — k}}.
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A segment of length R, (A) is called a long strange segment. The name is moti-
vated by observing that R, (A) is the length of an interval over which the sample
mean is “far away” from the true mean. We show, in Theorem 4.1, that, for every
t€(0,1) and A € B(R?) bounded away from 0,

('R, (A) > 1)
nP(|Z]| > n)
P(n 'R, (A) > 1)

<lims < u(A*@)),
slmsup— S Zi=ny = A ®)

o ... P
p(A®(1)) < liminf

where
A*() = | sA4A, A= | sA°.
r<s<l r<s<l1
In particular, if A is an increasing set (i.e., tx € A for x € A, t > 1) with
w(dA) =0, this simplifies to

P(n 'R, (A)>1)  _,
I s

From this result we derive, in Theorem 4.2, the weak limit of (a,; IR, (A)), where
(ay) is the sequence associated with the regularly varying Z;’s in (1.1).

We want to mention that some of the technical issues encountered in the proofs
in this paper arise when switching from the discrete time random walk to the con-
tinuous time limit. Many of these technical difficulties can be avoided when study-
ing Lévy processes instead of random walks. The results for Lévy processes are
completely analogous.

All random elements considered are assumed to be defined on a common proba-
bility space (€2, #, P). Denote by D = ([0, 1], R¢) the space of cadlag functions
x:[0,1] —> R4 equipped with the Jj-metric, referred to as dp as in [3], which
makes D a complete separable linear metric space. In the proofs we will also use
the equivalent to dp incomplete Ji-metric, d. We denote by Sp the “unit sphere”
{x € D:[x[oo = 1} with [X|oo = sup,¢[o, 171X, equipped with the relativized topol-
ogy of . Define Dy = (0, 00] x Sp, where (0, co] is equipped with the met-
ric p(x,y) =|1/x — 1/y|, making it complete and separable. For any element
x € Dy, we write X = (x*,X), where x* = |X|o, and X = x/x*. Then Dy, equipped
with the metric max{p(x*, ¥*), do(X,¥)}, is a complete separable metric space.
The topological spaces D\{0}, equipped with the relativized topology of D, and
(0, 00) x Sp, equipped with the relativized topology of Dy, are homeomorphic;
the function T given by 7' (x) = (|X|co, X/|X|x0) 1S @ homeomorphism. Hence,

B (Do) N ((0, 00) x Sp) = B(T (D\{0})),

that is, the Borel sets of B (D) that are of interest to us can be identified with the
usual Borel sets on D (viewed in spherical coordinates) that do not contain the zero
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function. For notational convenience, we will throughout the paper identify D with
the product space [0, 00) x Sp so that expressions like Dp\ID (= {oo} x Sp) make
sense. We denote by B (Do) N D the Borel sets B € 8(Dy) such that B N ({oco} x
Sp) = @.

Regular variation on R? (for random vectors) is typically formulated in terms
of vague convergence on °T)’(ﬁd\{O}), where R = R U {—00, 00}. The topology on
ﬁd\{ﬂ} is chosen so that °73(@01\{0}) and B(R?) coincide on R4\ {0}. Moreover,
B e °T)’(Rd\{O}) is relatively compact (or bounded) in Ed\{O} if and only if BNR?
is bounded away from 0 (i.e., 0 ¢ B NR4) in R¥.

We will see that regular variation on D) is naturally expressed in terms of so-
called w-convergence of boundedly finite measures on Dy. A boundedly finite
measure assigns finite measure to bounded sets. A sequence of boundedly finite
measures (m,),eN On a complete separable metric space [E converges to m in the

w-topology, m,, = m, if m,(B) — m(B) for every bounded Borel set B with
m(dB) = 0. If the state space E is locally compact, which D is not but Rd\{ﬂ}
is, then a boundedly finite measure is called a Radon measure, and w-convergence
coincides with vague convergence and we write m, = m. Finally, we notice that

if m, 5 m and my,(E) - m(E) < oo, then m,, 2 m. For details on w-, vague and
weak convergence, we refer to [6], Appendix 2. See also [14] for details on vague
convergence and [24, 25] for relations between vague convergence, point process
convergence and regular variation.

We start by defining regular variation of random vectors (see [24-26]).

DEFINITION 1.1.  An R%-valued random vector X is said to be regularly vary-
ing if there exist a sequence (a,), 0 < a, 1 00, and a nonnull Radon measure p on

BR\(0}) with (R \RY) = 0 such that, as n — oo,
nPa ' Xe) S u)  on BER\{0)).
We write X € RV ((ay), 12, RO\ {0}).

REMARK 1.1. (i) The limiting measure p necessarily obeys a homogeneity
property, that is, there exists an o > 0 such that u(uB) = u=*u(B) for every

u>0and B € :B(Rd\{()}). This follows by standard regular variation arguments;
see Theorem 1.14 on page 19 in [16]. We then also refer to regular variation of X
with index «. iy

(i) X e RV((ay,), u, R"\{0}) implies that, as u — oo,

PXeu) o —d
m — cu(-) on B(R"\{0}),

for some ¢ > 0. The sequence (a,) will always be chosen so that nP(|X]| > a,,) — 1
and, with this choice of (a,), it follows that ¢ = 1 above.
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Next we define a heavy-tailed version of large deviation principle.

DEFINITION 1.2. A sequence (X") of R?-valued random vectors is said
to satisfy a heavy-tailed large deviation principle if there exist a sequence

(WnsAn))s O < ¥Yu, Ay 1 00, and a nonnull Radon measure @ on :B(Kd\{(}}) with
,u(@d\Rd) = 0 such that, as n — oo,

PO X €y S () on BR\(O)).
We write (X") € LD(((Vn, An)), 12, RO\{OD).

In this paper we work with functional large deviations for stochastic processes
with cadlag sample paths. The appropriate version of large deviation principle for
such processes is as follows.

DEFINITION 1.3. A sequence (X") of stochastic processes with sample paths
in D is said to satisfy a heavy-tailed large deviation principle if there exist a se-
quence ((Vn, An)), 0 < vu, Ap 1 00, and a nonnull boundedly finite measure m on
B(Dyg) with m(D\D) = 0 such that, as n — oo,

yaPOT X" € ) B m()  on B(Dy).
We write (X") € LD(((Vy, An)), m, Do).

REMARK 1.2. In [7] a sequence (u,) of measures on a space [E is said to
satisfy a large deviation principle if, for all Borel sets A,

- ;g,fo I(x) <liminfc, log u, (A)

(1.4) < limsupcy log u, (A)

n—oo

< —inf I(x),
xeA

where [ :[E — [0, co] is called a rate function and ¢, — 0. The cases of inter-
est are those where A becomes for a large n a rare event with respect to ;.
Then (1.4) describes the logarithmic behavior of exponentially fast decaying prob-
abilities (as ¢, usually goes to zero hyperbolically fast). Nontrivial results require
that the underlying distributions have light tails in the sense of a finite moment
generating function on a “sizable” part of the parameter space. In this paper we
are primarily interested in regularly varying distributions (for which the moment
generating function does not exist). If one denotes w1, (A) =P(A,, IX" € A), then
Definition 1.3 can be viewed as describing the nonlogarithmic counterpart of (1.4)
for probabilities that decay, typically, hyperbolically fast. However, the precise re-
lation between Definition 1.3 and regular variation is not completely clear at the
moment.
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The key result we will need is Theorem 1.1 that establishes functional large
deviations for certain Markov processes with increments that are not too strongly
dependent in the sense that an extreme jump does not trigger further jumps or
oscillations of the same magnitude with a nonnegligible probability. We consider
strong Markov processes in the sense of Definition 2 in [10], page 56. Let X =
(X¢)re[0,00) be a Markov process on R? with transition function P, »(x, B). For
r>0,t>0and By, ={yeR?: |y — x| <r}, define

o (t) = sup{ Py (X, By ,):X € RYand 0 <u <v <t).
Our weak dependence (in the tails) condition is
(1.5) lim gy, (n) =0 forall e >0
n—o0

for an appropriate choice of (A,) with A, 1 co.
For an R9-valued stochastic process X = (X;)se[0,00), We adopt the notation
X" = (Xy1)te[0,1] throughout the rest of the paper.

THEOREM 1.1.  Let X = (X}):¢[0,00) be a strong Markov process with sample
paths in D[0, co) satisfying (1.5). Suppose there exist a set T C [0, 1] containing
0 and 1 and all but at most countably many points of [0, 1], a sequence ((vy, An)),
0 < ¥, Ap 1 00, and a collection {m; :t € T} of Radon measures on O‘B(Kd\{()}),
with m,(@d\Rd) = 0 and with m| nonnull, such that, as n — o0,

ynP(k,Z]X;’ €-) Y m(+) on éB(@d\{O})for everyteT,
and, for any € > 0 and n > 0, there existsa § > 0,8, 1 — 6 € T such that
(1.6)  ms(BS,) —mo(Bs,)<n and mi(B§,)—mi_s(BS,) <n.

Then (X™) € LD(((yn,)»n)),m,ﬁo), where m is uniquely determined by {m;:
t € T}. Furthermore, m(V) =0, where

(1.7 Vo= {xeD:x=ylp 15, v €[0, 1),y € R)\{0}}.

This is a modification of Theorems 13 and 15 in [13] with (n, a,) replaced by
(¥n» An). The proof of Theorem 1.1 is essentially identical. Notice that the limiting
measure is concentrated on Vg, the set of nonzero right-continuous step functions
with exactly one step.

In the next section we specialize to sums of heavy-tailed i.i.d. random vectors
and prove a large deviation principle. That result is used in Section 3 to study
multivariate ruin probabilities in the heavy-tailed context, and in Section 4 to study
long strange segments in the heavy-tailed multivariate context.
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2. Large deviations for a heavy-tailed random walk process. In this section
we show a large deviation principle for a random walk with i.i.d. R?-valued step
sizes Z;. For a generic element of this sequence, Z, we assume that it is regularly

varying: Z € RV((a,), u, Rd\{()}). Recall from Remark 1.1 that Z is then regularly
varying for some o > 0. We will also write Z € RV («, w).
Consider the random walk process (S,) given by

S0=07 S}’l=Z1++Z}’l’ ”lZI,

and write 8" = (Sp,11)¢¢0,1] for the cadlag embedding of (S,). It is our aim to de-
rive a functional version of the large deviation results of A. V. Nagaev [19, 20],
S. V. Nagaev [21] and Cline and Hsing [5], which were mentioned in the Introduc-
tion, for the sequence (S,).

THEOREM 2.1. Assume that Z. € RV («, ) and consider a sequence (A,) such
that ,, 1 0o and the conditions

k;lsn—P>0, a<?2
)\;lSn—F;O, A V01TV — 00 for some y > 0, a=2

218, 50, an//nlogn — oo, a2,

hold. Then (S") € LD(((Vn, M), m, Dg), where v, = [nP(|Z] > x,)]~'. More-
over, the measure m satisfies m('V§) = 0 and its one-dimensional restrictions sat-

isfymy =tp fort €0, 1].

REMARK 2.1. It follows from the proof of Lemma 12 in [13] that the finite-
dimensional restrictions of m satisfy

J
2.1 My (AL X X AR =) (6 — i) (A N -+ N Ay),
i=1

O=tg<t;<---<tr <1 with A x --- x A; € BR™\{0}) and j = inf(i =
1,...,k:0¢ A;}. Notice that the relation (2.1) is equivalent to the statement
(2.2) m=(Lebx u)oT !,

where 7 : [0, 1] x (Rd\{O}) — D is given by T (t, x) =x1;,1)(s),0 <s < 1. From
here we immediately conclude that the following property of m in spherical coor-
dinates holds. Let

o(:)= P({@]l[v’l](t), t €0, 1]} € -),
where ® and V are independent, V is uniformly distributed on (0, 1) and © is
distributed like the spectral measure of Z, that is,
_ r(x:[x[ > 1L x/Ix[ € -})
a pdx:x|>1h)

P@®e")
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Then for x > 0,
m({xeD:|X|eo > x,X/|X|0c € }) —a
=x "o().
m({xeD:|X|o > 1})

REMARK 2.2. A light-tailed version of functional large deviations for multi-
variate random walks is Mogulskii’s theorem; see [7], page 152.

REMARK 2.3. Under the conditions of the theorem, one can always choose
A = cn for any positive ¢ if « > 1 and E(Z) = 0. If @ € (0, 2), an appeal to [22]
yields that the conditions (i) nP(|Z| > A,;) — 0 and (ii) nk;l E(Z10,3,1(Z])) — 0

are necessary and sufficient for A, 1S, £ 0. Condition (ii) is satisfied if (i) holds
and one of the following conditions holds: « € (0, 1), or « = 1 and Z is symmet-
ric, or @ € (1,2) and E(Z) = 0. These conditions are comparable to those in [5]
for o € (0, 2). For « > 2, the growth condition on (1) is slightly more restrictive
than in [21], where one can choose A, = a/nlogn for any a > /o — 2, provided
E(Z) = 0. The reason for the more restrictive assumption is that, for our applica-
tions, we need convergence on the whole space D, and this is not guaranteed by
the less restrictive assumption.

REMARK 2.4. We mention in passing that the large deviation relation
P, 1S, €

PO 5
nP(|Z| > X,)

has a nice interpretation in terms of point process convergence. To see this,
rewrite (2.3) as follows:

(2.3)

n —
(2.4) —P(a, 1S, €) > u),

n
where, as usual, the sequence (a,) satisfies nP(|Z| > a,) — 1 and (r,) is an in-
teger sequence such that r, — oo, r,/n — 0 and nP(|Z| > A, ) — 1. Then (2.4)
is equivalent to the following point process convergence result (see [25], Proposi-
tion 3.21):

[n/ran] d
(2.5 Nyp = Z Sa,Il(Sirn =Si-1yry) - N,

i=1

. d . .. .
where 8¢ denotes Dirac measure at X, — stands for convergence in distribution

in the space M, (Ed\{O}) of point measures on Rd\{O} equipped with the vague
topology and N is a Poisson random measure with mean measure . Hence, for
any p-continuity set A bounded away from zero, P(N,(A) = 0) — P(N(A) =
0) = exp{—u(A)}. In particular, for the componentwise maxima,

MO = max (8% —s0 ) i=1,..d,

j=lodn/rgl AT TG =D
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and A = ([0, x1] % --- x [0, x4, x; > 0,i =1, ...,d, we have
Pla,' MV <xi,...,a;'MP < x,)
—)P(Yl le,...,Yd 5xd)=eXp{—u(A)},

where Y is the vector of the component-wise maxima of the points of the limit-
ing Poisson random measure N. If u(A) > 0 for some set A of this type, then a
nondegenerate component Y; of the limiting vector Y exists and has a Fréchet dis-
tribution P (¥; < x) = exp{—cx ™%}, x > 0, for some ¢ > 0. The distribution of Y
is one of the multivariate extreme value distributions, see [25], Chapter 5.
Another relation equivalent to (2.4) is given by
- P
" : z;(sanil(sirnfs(i—l)rn) K
1=

where 2> stands for convergence in probability in the space M (@d\{ﬂ}) of non-

negative Radon measures on @d\{ﬂ}, see [25], Exercise 3.5.7 and [24]. This result
can be interpreted as a “law of large numbers analogue” to the weak convergence
result (2.5).

We start with an auxiliary result about the convergence of the one-dimensional
distributions. The proof is similar to the proof of the results in [5, 19, 21].

LEMMA 2.1. Under the conditions of Theorem 2.1, for every t > 0,
_ —d
yaP(A, 'S €) > tu() on BRN\{0}).

PROOF. We prove the result for + = 1, the general case is completely
analogous by switching from S, to Sp,;;. We start with an upper bound for
vnP (A, IS, € A), where A is bounded away from zero and satisfies u(dA) = 0.

In what follows we write, for any Borel set B C @d\{O} and ¢ > 0,
Bez{xe@d\{O}:ly—xl <e,y € B).
Then
P(1, 'S, € A)

<nP(\,'Z e A®) + P\, 'S, € A, 01 Z; ¢ A foralli=1,...,n)
<nP\'Z e A5+ PO NS, —Zi| > eforalli=1,...,n)
=1+ 5.

By regular variation of Z, Remark 1.1(i) and since ©(dA) = 0, we have

lim lim y,/; =limu(A®) = w(A).
el0

el0n—>00
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Next we show that, for every ¢ > 0, lim,_, 5 ¥, I2 = 0. We consider the following
disjoint partition of €2 for § > 0:

Bi= |J {1Zil> 8hn. 1Zj| > 8},

I<i<j<n

n
By = J1Zi| > 82n, |Zj] <SMn, j#i,j=1,....n},

i=1

B3 = { max |Z;| §8kn}.
i=1,...,n

Clearly, y,P(B1) = o(1) and
P{IS;, —Z;| > er, foralli =1,...,n} N By)

n
=Y P({ISy —Zi| > er, foralli=1,...,n}
k=1

NIZk| > 0hn, |Zj| < Shn, j #k, ] =n})

n
= ZPUSn —Zi| > ehp, | Li| > 6)y)
k=1

= P(|Sn71| > Ekn)[nPﬂZl > 8)"71)]

=o(y, ),
where the last equality holds since Z is regularly varying. As regards B3, we have

P{IS, —Z;| > eir, foralli =1,...,n} N B3)

<P(18,11> ehy _max_ (2] <5,
l

=1,..., n—1

el

,  max \Zi(k)|§8)»n).
=1,...,n—1

d
(k)
= Z P(}Sn—l ’ >
k=1
Therefore, it suffices to show that, forevery k =1,...,d and ¢ > 0,

P<\S,§k)\ > €y, MaX 1z®) < 5)»,,) =o(nP(|Z®| > 1,)).
1= n

.....

We may assume without loss of generality that d = 1 and we adapt the notation

correspondingly. Since A;lSn —P> 0, nk;l E(Z10,s1,1(1Z])) — O for every fixed
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8 > 0. Hence, for large n,

Sp(
§P< >8An).
2

An application of the Fuk—Nagaev inequality (e.g., [22], page 78) yields that the
right-hand side is bounded by

.....

n
> Zitp.sr,0(Zi)
i=1

> akn)
n

Y (Zito.5,1(1Zi ) — E(Z110,61,1(1ZD))

i=1

_ -1
I3 =cini, pE(|Z|pIL[()75)Ln](|Z|)) +€Xp{—C2)u%[n Var(ZIL[(),Mn](|Z|))] }
=051+ B,
for any p > 2, some cy, ¢ > 0. By Karamata’s theorem (e.g., [4]), for any p > «,
E(1ZIP110.53,1(1Z])) ~ c(8An) PP Z| > 2n),

as n — oo. Hence, for p > max(2, ),

o E(Z|P10,52,,1(1Z])) o (82)PP(Z| > 61n)
lim lim sup 5 = clim lim sup 7
810 n—soo A P(|Z| > Ap) 810 n—soo  ApP(Z] > Xy)
=clim§?™% =0.
810

We consider 3 distinct cases to bound /3 »:

(1) If var(Z) < oo, then since A, /+/nlogn — oo,

. I3
(2.6) limsuyp ——— =
n—o00 nP(|Z| > Xn)

(1) If @ € (0, 2), by Karamata’s theorem,
na, 2 var(Z10.s1,1(1Z)) ~ cnP(|Z| > Ay).

Hence, (2.6) holds.

(ii1) If « =2 and var(Z) = oo, then P(|Z| > )»,,))»,% and var(Z1gsx,](|Z])) are
slowly varying functions of A,. Taking into account that A,n~(1*¥)/2 — oo for
some y > 0, we conclude that (2.6) holds. We conclude that

.7 lim sup y,,P()\,ZISn €A) < u(A®) — u(A) ase |0
n—oo

for any p-continuity set A bounded away from zero.
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To prove the corresponding lower bound, it suffices to consider rectangles A =
[a, b) C R? bounded away from zero. These are u-continuity sets and they deter-

mine vague convergence on the Borel o -field :8(@‘1\{0}) by virtue of the fact that
,u(@d\Rd) =0.Witha™ =(a; +¢,...,as+¢) and b~ = (b; —s¢,...,bg—¢)/,
introduce the set A=¢ = (a™®, b~¢], which is a nonempty p-continuity set for suf-
ficiently small & > 0. Then

P(A, 'S, € A) =P 'S, € A, 1, 'Z; € A™F for some i < n)
>P(A,'Z; € A6, )1S, — Z;| < & for some i < n)
>nP(h,'Z e ATPOS, 1] <€)

- @[P(A;ll e A

Notice that S,—1 /A, —P> 0. Hence,
liminfy,P(A, 'S, € A)
n—oo
(2.8) PO Ze A"
n—>o0  P(|Z] > Ap)

since A is a p-continuity set. We conclude from (2.7) and (2.8) that, for every
rectangle A = (a, b],

=u(A™%) = u(A) aselO,

Aim v, PO S, € A) = u(A).

The latter relations determine the vague convergence y,,P(A;; IS, € 5 (). This
concludes the proof. [J

PROOF OF THEOREM 2.1. It follows immediately from Lemma 2.1 that, for
every t >0, )/nP()L;lS;1 €-) 5 tu(-). The process (Sy/1)re[0,00) 15 a strong Markov
process satisfying the conditions of Theorem 1.1, which immediately yields that
(8™) € LD(((Yn, An)), m, D) for some boundedly finite measure m on B(Dy) sat-
isfying (2.1) and that m(V§) =0. [

3. Ruin probabilities for a multivariate random walk with drift. In this
section we are interested in extensions of the notion of ruin probability to an
R?-valued random walk with regularly varying step sizes. We use the same no-
tation as in Section 2, that is, (Z;) is an 1.i.d. R4 -valued sequence such that
Z € RV(a, ). Moreover, we assume that « > 1. Then E(Z) is well defined
and we assume that E(Z) = 0. Then we know from Theorem 2.1 that (S") €
LD((([nP(|Z| > n)]~', n)), m, Do). We will use this result to derive the asymp-
totic behavior of the probabilities, as u — oo,

Yy, (A) =P(S,, — cn € uA for some n > 1),
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¢ is a vector and A is a measurable set.
Given ¢ # 0, let § > 0 be such that the set

Kl ={xeR?:|x/|x| +¢/[c|| <5}

satisfies 1 ((dK2)\{0}) = 0. We will take A € B(RY\K}) to avoid sets A that can
be hit by simply drifting in the direction —c. Recall from Theorem 2.1 that

yuPS" € n) B m(),

where m concentrates on step functions with one step. Using this, we can describe
the intuition behind the main result of this section, Theorem 3.1, as follows. Essen-
tially, for large n, the random walk process S” reaches a set n A for some ¢ by taking
one large jump to the set. For the random walk with drift, S,,,] — ¢[nt], the process
first drifts in direction —c. Then, at some time [nv], it takes a large jump to a point
—c[nv] +y and then continues to drift in direction —c. Hence, for Sp,;;) — ¢[nt], to
hit a set nA for some ¢, the jump y must be of the form y = ¢[nv] 4+ z 4 cu, some
zenAand u > 0. Thatis, y € c[nv] 4+ {z:z € cu +nA, u > 0}. This explains the
appearance of the sets B¢ in Theorem 3.1.
Our main result is the following.

THEOREM 3.1. Assume that Z. € RV («, ) for some o > 1 and E(Z) = 0.
Then for any set A € c"B(]Rd\KéS ) bounded away from 0,

o o e Vu(A) . Vu(A) .
(3.1 n(A®) < lifgg%fm = llbfr_l)solépm <u(A),

where, for any set B € JB(Rd\Kf),

o0
W B = [ o+ Bodv
and
(3.2) B ={x+ct,xe B,t > 0}.
REMARK 3.1. Notice that neither v, nor u* are additive set functions and,

hence, they are not measures. Therefore, (3.1) cannot be stated in terms of vague
convergence toward p*.

REMARK 3.2. Call a set A c-increasing if x + ¢t € A whenever x € A and
t > 0. For sucE sets, Ac = A. If u(cv + dA) = 0 for almost all v > 0, then
w*(A°) = u*(A), and Theorem 3.1 gives us

),
bz MY
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An example would be a half space A = ad + {x:(x,d) > 0} for some d with
(d,c¢) > 0 and a > 0. The reason is that, because of the scaling property of the
measure [, it cannot assign a positive mass to any hyperplane unless it contains the
origin. Assuming for the ease of notation that ¢ has positive components, another
example is the set A = ]_[?Zl[x,-, 00) for x = (x1, ..., xq) € [0, 00)? \ {0}.

REMARK 3.3. Notice that the set B, is universally measurable, and so u*(B)
is well defined. Furthermore, it is clear that if B is open, then so is B.. Moreover,
if B is closed, then, again, so is Be. To see this, lety, = c¢t, + X, € Be with ¢, >0
and x, e Bforn=1,2,.... Lety, — y as n — oo. If the sequence (¢,) has an
accumulation point, it follows from the fact that B is closed thaty € B.. Therefore,
to show that B, is closed, it is sufficient to show that the sequence (#,) cannot
converge to infinity. Assume, to the contrary, that 7, — co. Then

Yo —ctnl el

Yrt/tn —C C —C C
|¥n/tn — €| |c|

contradicting the fact that B € B(RY\ K 3).

9

Xl el e[ e

REMARK 3.4. In the case d = 1, relation (3.1) with A =[1, 00), u(A) >0
and ¢ > 0O reads as follows:

Y (A) = P<Sup(5n o) > u> ' bz w.
(. —1c

n>1

This is the classical asymptotic result for the ruin probability in the case of regu-
larly varying Z;’s; see [8] and [9], Chapter 1.

We start the proof with some auxiliary results.

LEMMA 3.1. Forevery A € £(Rd\Kf) bounded away from 0,

P S, € A
lim limsup Uz up (S € ne +ud}) =0.
M—00 u—o0 uP(|Z| > u)

PROOF. There exist finitely many points a;,i =1, ..., k, with (¢, a;) > 0 such
that the sets Ay, = {x € R?: (a;, x) > 1} satisfy A C Uf?zl Ay U (Kd\Rd). Hence,

k
P( U {Snenc-i-uA}) SZ Z P(S, enc+uAy,)

n>uM i=ln>uM

3.3) '
=Z Z P((Sn,a;) > n(c,a;) +u).

i=ln>uM
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It follows from the uniformity of the large deviation results for one-dimensional
centered random walks with regularly varying step sizes (e.g., [5]) that the right-
hand side of (3.3) is bounded above by

cz > nP((Z,a;) > n(e,a;) +u) <c12/ P((Z,a;) > x(c, a;)) dx

i=ln>uM

<c22f P(ZI > x(c, a))/|a;]) dx

~esM' T uP(|Z| > u),

as u — oo (c, c1, ¢z, c3 > 0). In the last step we used Karamata’s theorem. This
proves the lemma. [J

LEMMA 3.2. If (X™) € LD(((n, M), m, Do) and (f,) C D is a sequence of
deterministic functions such that f, — f, then

VaPOTIX 4 fi— Fen B me)  on B[Do).

PROOF. Let A E_:B (D) be closed and bounded and take & > 0 small enough
such that A®* = {x € Dy :dy(x, A) < ¢} is closed and bounded. Since f, — f, we
have do(f,, f) < ¢ for n sufficiently large. Hence,

limsup y, PO IX" + f, — f € A) <limsupy, P(1, 'X" € A?)

n—oo n—oo

<m(A®).

Since A is closed, as ¢ — 0, m(A*¥) — m(A) and the conclusion follows from the
Portmanteau theorem. [

PROOF OF THEOREM 3.1. Take A € JB(Rd\Kg) bounded away from 0. We
start with an upper bound for v, (A). First notice that, for every K > 0,
Vu(A) <P(S, —eneu(AN{y:|y| < K}) for some n > 0)
(3.4) +P(S, —ceneu(ANn{y:|y| > K}) for some n > 0)
=¥ (A) + 9P (A).

Let € > 0 be small enough so that the set A® = {y € R?:xe A, |x — y| < ¢&}is
bounded away from the origin and A° ¢ R\ K 32 For all u >max(2,2/K/¢),

ifxeu(AN{y:lyl<K}))  then |~
u u]

<eg,
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and so x € [u]A®. Therefore, for M =1, 2, ...,
v {D(A) <P(S, — en € [u]A® for some n > 0)

SP( U {Sne(nc+[u]A8)})

(3.5) n=l
+P< L Sne@me+ [u]AE)})
n>[ulM
=y +y P A,
‘We have

¥V (A) < P(MTu) ™" (Simpan — e[M[ult]) € M~ A7
for some rational ¢ € [0, 1]).
Let f(t) =ct and foraset E € B(RY),
(3.6) Bp={xel:x, € M~'E for some rational 7 € [0, 17}.

Notice that B4« is bounded away from 0 in ID since A® is bounded away from 0

in R?. Hence, also B4¢ is bounded away from 0. Since f(f) = ¢t and A® C
Rd\Kés/z, also f + B e is bounded away from 0 (i.e., bounded in Dp). An ap-

plication of Theorem 2.1, Lemma 3.2 and the Portmanteau theorem yields
11
v (A)

1' < E e
mSup Pzl = My =" T Ba)

3.7) 1
2/0 w(y:ylp,1 € f + Bae)dv,

where at the last step we used (2.2). B
Suppose that, for some y € R?\{0} and 0 < v < 1, we have Ylp,1) € f + Bae.

Then there are x,, € f + B4s and strictly increasing continuous time changes

hy, 210,11 — [0, 1], h,(0) =0, h, (1) = 1 for n > 1 such that

(3.8) lim sup |y]l[h;1(v)’1](t) —x, ()| =0

n—)OOOStSl
and

lim sup |h,(t) —t]=0.

n—)OOOStSl
Let0<t, <1andz, € M~ A? be such that X, (t,) = ¢t +z,,n =1,2,.... It fol-
lows from the fact that A? is both bounded away from the origin and A® ¢ R\ K, 3

that the sequence of the norms |¢t, + Z,|,n > 1 is bounded away from zero.
We conclude from (3.8) that, for all n large enough, we must have t, > h,; L(w).
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If #, is any accumulation point of the sequence (%,), it follows that ¢, > v. If
ty, — ty as k — oo, then,

|y — (et +an)| = {y — (ctn, +an){ + |c||t”lk - t*| — 0.
Therefore, y — ¢z, € M~VYAs = M~1 A%, and so

1 —
/0 w(y: ¥l € f + Bas)dv

1
</ ,u(y:yect—I—M_lASforsomete[v,l])dv
0
1
=M°’/ w(y:y € etM + A for some t € [v, 1]) dv
0

M
:Ma—lf u(y:y € ct + A® for some ¢ € [v, M]) dv.
0
Hence, by (3.7),

v (4) M
lim sup MuP(Z| > M) < M1 /0 w(y:y € ct + A® for some r € [v, M]) dv.
u—0o0

Letting M — oo and using Lemma 3.1 for wLElZ)(A), we conclude that, for all
>0,
v (A)

oo
39 limsup ———— 5/ u(y:y €ct + A® for some t > v) dv.
u—oo UP(|Z| > u) 0

Fix v >0, let g, | 0, and assume

o
Yo € ﬂ{y:yect + A® for some ¢ > v}.
n=1
Then for every n > 1, we can write yo = ct,, + X;, for some #, > v and x,, € A®".
The sequence (¢,) must be bounded since A" C Rd\Kf/ % for all n large enough;
see the discussion in Remark 3.3. Let (ny) be a subsequence such thatt,, — t,, > v
as k — oo. Then x,,, — x4 € A as k — oo and, hence,

Y0 = Cts + X, + €(tn, — 1) € cty + A.
Therefore, letting ¢ | 0 in (3.9), we conclude that

i (4) > -
limsup—</0 u(y:y € ct + A for some t > v)dv

- /O p(ev + (A)e) dv = * (A).
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Furthermore,
U P(A) <P(S, —cen e u((KS N{y: |yl > K}) for some n > 0)
<P(S, —cn e [ul((KH°N{y:|y| > K}) for some n > 0).

The argument leading to (3.9) now gives us

; ¥ (A)
msup —————
Uu—> o0 MP(|Z| > u)

o0
</ u(y:yect+((K3)Cﬂ{z:|z| > K}) for some 7 > v) dv.
0

Let O < 6 < |c|5/2. Suppose that there is a number ¢ > O such that there exists

yect+ (Kg)" with |y| <0¢.Letz=y — ct. Then
zZ c - 2yl - 216

— tle] T tle]

‘y—ct C

z| el Iy —et| e

by the choice of 6, contradicting the fact that z € (KéS )¢. We conclude that

o0
/ n(y:yeet+ (KO N{z:|z| > K}) for some 7 > v) dv
0

o0
3.11) 5/ w(y:lyl > 6v,
0

yecr + (KON {z:|z| > K}) for some t > v) dv
and the integral is finite. Indeed,
ly:yeer+ (K2 N{z:|z| > K}) for some t > v} C {z:]z] > §'K},
with 8" = §/2. Hence,

o0
f w(y:lyl > 60v,y et + (K2 N{z:|z| > K}) for some 7 > v) dv
0

8K /0 00
5/ w(z:|z| >8K)dv —i—/ Ov) “u(z:|z| > 1)dv
0 SK /0
— 5 K) " uy:y > H—a— 0,
O(ax—1)

as K — oo, which establishes the upper bound in (3.1).
To prove the lower bound in the theorem, notice that, for every K > 0 and all
& > 0 small enough, the argument we used to establish (3.5) shows that

Vu(A) > P(S, —cn € [ul(A: N{y:|y| < K}) for some n > 0)

for all u large enough, where A, = {x € A:y € A for all y with |y — x| < ¢}.
Denoting D, ¥ = A N{y:|y| < K} and using the notation in (3.6), we conclude
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by Theorem 2.1, Lemma 3.2 and the Portmanteau theorem that, for every M =
1,2,...,
Yu(A)

liminf > BY
it bzl = b ="t B

(3.12) .
=/0 w(y:ylpi € f+ BE&K)dU.

Again, fix a set E and suppose that, for some y € R?\{0} and 0 < v < 1, we have
y—cty € M~VE° for some 7, € [v, 1]. Let us check that

(3.13) Yl € f+ Bg.
To this end, select § > 0 small enough so that {z: |y — ¢z, —z| < 8} C M~1E°, and

consider any function x such that

3.14) d(]l ) 8(1/\ 1)
14 y ,X) < = —,
[o.1] 3 lc|

where d refers to the incomplete Skorohod Jj-metric. Let & be a strictly increasing

continuous time change, 4 :[0, 1] — [0, 1], £(0) =0, 2(1) = 1 such that

h 2(1a2 d |y1 ht}(Sl]
|(ﬂ—ﬂ<§</wa) an y““W)‘“<)><z(/Wa)

for all 0 < ¢ < 1. In particular,

) 1
w—ﬂmmnsEQA—),
|c]

so that

|[(y — ¢tx) — (x(h(1y)) — ch(t:))| < 6.

If h(t,) = 1, this already tells us by the choice of é that x € f + Bg. If h(t,) < 1,
select a rational 7y € [A(t,), 1] such that

|(y — ¢t,) — (x(t9) — cto)| <8,
implying once again that x € f + Bg. Therefore, any x satisfying (3.14) is in
f -+ BEg, and so (3.13) holds. We conclude that
1
/0 w(y:ylp,1 € f + B;’)S’K)dv

1
2/0 ,u(y:y]l[v,l] € f—i—M_ng,K)dU

M
:Ma—lfo u(y:y €ct + D i for some ¢ € [v, M]) dv.
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Letting M — oo, we conclude by (3.12) that

liminfM > /Oou(y:yect + D; g for some ¢t > v) dv.
u—oo yP(|Z| >u) ~ Jo & -

Letting first K — oo and then ¢ — 0, we conclude that

liminfM > /Oou(y:y € ¢t + A° for some t > v)dv = u*(A°),
u—oo yP(|Z| >u) — Jo -

establishing the lower bound in (3.1). O

4. Long strange segments. In this section we study the notion of long strange
segments of R?-valued random walks with regularly varying steps. Let (Z;) be an
i.i.d. sequence of random vectors in R?, and S0 =0,S, =Z;+---+Z,,n > 1.

For a set A € B(R%) bounded away from 0, let

R, (A) =sup{k:S;1x —S; € kA for some i € {0,...,n —k}}.

Since we are dealing with the intervals over which the sample mean is “far away”
from the true mean, the random variable R, (A) is often called the length of the
long strange segment, or long rare segment. See, for example, [7]. The following
theorem describes the large deviations of R, (A) in the heavy-tailed case. It can
be motivated as follows. Suppose first that the set A is increasing (i.e., tx € A
for all x € A and t > 1). We know from Theorem 2.1 that, for large n, S” may
be approximated by a step function with one step. The long strange segment is
therefore due to the large jump. If R,,(A) > nt, then the large jump must fall in the
set nt A, which is essentially the same as saying S, € ntA. Hence, for large n,

P(R.(A) > nt) _P(S, entA)
nP(Z|>n)  nP(|Z| > n)

— u(tA).

For A nonincreasing, we need to be a bit more careful. To handle this case, we
define, forany A € B(RY) and 0 <1 < 1,

(4.1) A= | sA, A= | sA°

1<s<l1 t<s<l

Notice that A*(¢) is a closed set and A°(¢) is an open set.

THEOREM 4.1. Suppose Z € RV («a, ) for some o > 1 and E(Z) = 0. Then,
foreveryt € (0,1) and A € BRY) bounded away from 0,

. .. P@7IR,(A)>1) P(n"'R,(A) > 1) .
1(A®(1) < liminf TBZI> ) < limsup PUZl = < u(A*(@1)).
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REMARK 4.1. Obviously, if E(Z) =z and A € B(R?) bounded away from z,
then

(" 'Ry(A)>1) P(n~'R,(A) > 1)
<limsup
nP(|Z| > n) nsoo  nP(|Z|>n)

< u((A - (1))

_ REMARK 4.2, If the set A is increasing, then it is easy to check that A*(t) =
tA and A°(¢t) =tA° for all 0 < ¢ < 1, in which case the scaling property of the
measure ;& allows us to state the conclusion of Theorem 4.1 as

P(n~'R,(A) > 1) P(n~'R,(A) > 1) <

7% (A°) <liminf < limsup <
n—>o0  nP(|Z] > n) n—00 nP(|Z| > n)

W((A=2°() < liminf

(A).

For the proof of Theorem 4.1, we need two technical lemmas. For a given set
Ae BRY), lethy:D— [0, 1] be given by

ha(x) =supft € [0, 1]:x(s +¢) —x(s) € tA for some s € [0, | —¢]}
with the convention sup @ = 0. Recall the definition of Vy from (1.7).

LEMMA 4.1. Let A € B(RY) be bounded away from 0. If t € (0, 1), then:
(1) hzl((t,1]) is open,
(2) Vonhy'(@, 1) € VoNhy' ([t 1.

PROOF. We first show (1). If A° = &, then hgc} ((¢t,1]) = @. Therefore, we
can assume that A° £ &. Take y € h;g ((t, 1]). Then there exists t* > ¢ and s € [0,
1 —t*] such that y(+* +s) —y(s) € t*A°. Since A° is open, there exists § > 0 such
that {x: |(y(t*+5) —y(s))/t* —x| < §} C A°. Let, once again, d be the incomplete
Skorohod metric on the space I, and for a small ' > 0, let d(z,y) < §'. Let h be a
strictly increasing continuous time change, 4 : [0, 1] — [0, 1], 4(0) =0, (1) =1
such that

|h(t) —t| <28 and |y(t) —z(h(t))| < 28’ forall0<r <1.
Notice that, in particular, t* — 48" < h(t* +s) — h(s) <t* + 48’. Therefore,
z(h(t* +5)) —z(h(s))  y@*+5) —y(s)
h(@* —+s) — h(s) ¥
1 1
t*  h(@*+s)—h(s)

<yt +5) =yl

1
e £ —h()

< 44’ (Iy(t*+s)—y(s)| +1> —s
(t* —48") t*

|(z(h(t* +5)) — 2(h(s))) — (Y(t* +5) — y(5))]
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if 8’ is small enough. By the choice of 8, this implies that z(h(t* + s5)) — z(h(s)) €
(h(t* +5s) — h(s))A°, and so

hao(z) > h(t* 4+5) —h(s) >t* —48 >t

if 8’ is small enough. Hence, z € h;g ((t, 1]), and the latter set is open.

We now show (2). Let (x,,) be a sequence of elements in h;l ((¢, 1]) such that
X, — X forsome x =y1, 1) € Vo. Forn > 1, let#, >t and s,, € [0, 1 —1,] be such
that

Xy (Sp + 1) — Xp(5n)
In

eA.

Since x,, — X, there exists a sequence (A,) of strictly increasing continuous map-
pings of [0, 1] onto itself satisfying supscg 171An(s) —s| — 0 and

sup |xp(s) —X(A,(s))| — 0
s€[0,1]

as n — oo. In particular, for every § > 0, there exists N (§) such that, forn > N (§),

sup [An(s) —s[ <, sup [X,(s) —X(An(5))]| < 8.
sel0.1] sel0,1]

Take any ¢, ¢’ > 0. Then, uniformly in n > N (8),

X(Ap (tn + 51)) — X(An (51)) _ Xy (Sn + 1) — Xp(S)
An(ty +8p) — An(Sp) In

1
An(ty + Sp) — An(Sn) In

=< |X()¥n(tn + Sn)) - X(An(sn))|

1
| (X (tn +5)) = XCn (52))) = (%n (50 + 2) = X (s0)|
n
28 2
(M,
th \(t, —26)
if § is small enough. Therefore,
X(An (th + 51)) — X(An (51)) A®
An(tn + $n) — An(sn) .
If ¢ is so small that A is bounded away from 0, we conclude that
y €A’
An(tn + $n) — An(Sn)

for all n large enough. Since for n large enough, A, (t, + s,) — Ap(s,) > 1 — €', we
conclude that, for all ¢,&’ > 0, hae(x) >t — &'. Letting ¢’ — 0, we see that, for
any € > 0, he(x) > t. By letting ¢ — 0, we conclude that x € h%l([t, 17). O




2674 HULT, LINDSKOG, MIKOSCH AND SAMORODNITSKY

LEMMA 4.2. Let§ €(0,1). Then
(4.2) (n"'Ry(A) > 8} C {ha(n™'S") > §).
Furthermore, if supyc 4 |X| < 00, then, for every e > 0and 1 > §' > 6,
(4.3) (n"'Ry(A) > 8} D {ha, (n7'S") > &'}
for all n large enough, where A, ={x € A:y € A for all y with |y — X| < ¢}.
PROOF. Suppose that nR,(A) = n~ 'k > 8. Then there exist i € {0, ...,
n —k} such that Sg1; —S; € kA. Take t = n'k and s =n~'i. Then
n S+ — Stas1) € 14,

that is, ha(n~'8") > n~1k > 6.
In the opposite direction, let r € (8’,1] and s € [0,1 — ¢] be such that
n! (Sin(t+s)] — Sins)) € tAg. Then the assumption sup, 4 [X| < oo implies that
Sina+91 = Sins) nt A
[n(t +s)]—[ns]  [n@+s)]— [ns]

for all n large enough, and so

e CA

R,(A)>[n(t+s)]—[ns]>nt—1>n8" —1>né

for all n large enough. [J

PROOF OF THEOREM 4.1. Take ¢ € (0,1), and A € B(R?) bounded away
from 0. By Theorem 2.1, (S8") € LD(((V4, An)), m,Dp) with 1, =n and y, =
[nP(|Z| > n)]~!. Since m(Vg) =0,

mo hil([t, 17) =Leb x u({(v,y) € [0, 1] x R4 hz(yLlp1y) €12, 11})
=Lebx u({(v,y) €[0,1] x R?:y € 5A for some t < s < 1})
= (A1)

Therefore, by Lemma 4.2, the Portmanteau theorem and Lemma 4.1(2), we have

, Pn 'R, (A) >1) P(ha(n~'S") > 1)
lim sup < limsup
n—o00 HP(|Z| > I’l) n— oo l’lP(lZ| > n)

P(n~'S" e ny' (1,1
< limsup (n” 8" eh, ((,1]))
n—o0o nP(|Z|>n)

<m(hy' (1, 1])
<m(h (12, 1])
1L(A* (1)),
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thus, establishing the upper bound in the theorem.

For the lower bound, suppose first that supy 4 [X| < C for some C < oo. Then
by Lemma 4.2, the Portmanteau theorem and Lemma 4.1(1), we have, for every
e>0and?t € (t,1],

PRy (A) > 1)
liminf
n—>oo  pnP(|Z| > n)

P(ha,(n718") > t')

> liminf
n—00 nP(|Z| > n)
Pk . —1gqn /
> fiminf L0 (18T > 1)
n—00 nP(|Z| > n)

>m(hiy o (', 1)
=Leb x u({(v,y) € [0, 11 x RY : ha,yo (ylp.17) > 1))
=Leb x u({(v,y) €0, 1] x RY :y € 5(Ap)° forsomer < s < 1})

= u( U s(Ag>°>.
t/

<s<l

Letting first ¢’ | 7 and then ¢ | 0, we conclude that
P(n 'R,(A) >t
liminf L0 BaA >0 u( U sA°>,

n— 00 nP(|Z| > n) B t<s<l

hence, establishing the lower bound in the theorem for sets A bounded in R¥. In
the general case, let, for C > 0, A(c) = {x € A: [x| < C}. Then by what we already
know,

liminf > liminf >
n— 00 nP(|Z] > n) n—0o0 nP(|Z| > n)

P~ 'R,(A)>1) . P 'Ry (Ac) > 1) ( )
> sA ,
thJSl ©)

and by letting C 1 oo, we obtain

.. P@TIR,(A) > 1) o\ o
lim inf Pz =) zu( U sA)—M(A (1)),

t<s<l
as required. [J
In conclusion we derive the distributional limit of the length R, (A) of long

strange segments under a different, nonlarge-deviation, scaling. Let a, be an in-
creasing sequence such that

4.4) nP(Z| > a,) — 1 asn — oo.

Notice that ay, is regularly varying with index 1/c.
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THEOREM 4.2. Suppose Z € RV («, 1) for some a > 1 and BE(Z) = 0. Then
for every A € B(R?) bounded away from 0 and every x > 0,

exp{ —x_“u< U sZ> } < ljlnj)ioréfP(agan(A) <x)

s>1

<limsupP(a, 'R, (A) < x)

n—oo

o)

In particular, if n(Us>1 SA°) = (U1 sA):=v, then

(4.5) a ' Ry(A) S vl ew,
where W is a standard Fréchet random variable with distribution P(W < w) =
e w>0.

REMARK 4.3. For the asymptotic behavior of R,(A) in the light tailed case,
see [7], Theorem 3.2.1. In the heavy-tailed case, one-dimensional versions of (4.5)
are well known, and not only in the i.i.d. case. See [17] and [23].

REMARK 4.4. If the set A is increasing (see Remark 4.2), then the result of
the theorem can be stated in the form

exp{—x"“u(A)} < liminfP(a, 'Ry (A) < x)

<limsupP(a, 'R, (A) < x)

n—oo
<exp{—x"*u(A®)},
and the weak convergence in (4.5) holds whenever A is a p-continuity set, in which

case v = w(A).

PROOF OF THEOREM 4.2. Observe that, for every n > k and ¢ > 0 by inde-
pendence,

(4.6) P(R,(A) <1) < (P(Re(A) <1))"H.
Selecting t = xa, and k = [Ma,] for M > x, we obtain, by (4.6),

P(a; ' Ru(A) < x) < (P(Rppa,)(A) < ayx))l"/ Mo

1 an_x (”/Man)_l
<|1—P|—R A .
—[ ([Man] (a1 (A) > [Man])}



FUNCTIONAL LARGE DEVIATIONS 2677

Next, we use the lower bound in Theorem 4.1, the scaling property of the mea-
sure w, the definition of a, and regular variation to see that, for every 0 < ¢ <
min(1, M/x — 1), we have, for all n large enough,

P(a, 'R, (A) < x)

r 1 X (n/M“n)_l
<|1—-P R A 1 —
<| ([Man] e (A) > ( “)Mﬂ

A

n/(May)—1
1 —(1-¢)[Ma,]P(Z| > [Man])u< U sA°)}

(14e)x/M<s<l1

—o n/(May)
M _
~1—=(1-¢)[Ma,] M*(1+¢) “,u( | ] sA°>:|

n x<s<M/(1+¢)

_l 1 e Man U AO n/(May)
~11— s
T U+ a "

x<s<M/(1+¢)

l1—¢ o
_)exp{—mﬂ( U sA )}

x<s<M/(l+¢)

as n — oo. Letting ¢ | 0 and M 1 oo, we conclude by the scaling property of
that

limsupP(a, 'R, (A) < x) < exp{—u( U sA°>}

n—oo X <§<0O0

orfe(Ye)

thus, obtaining the upper bound of the theorem.
We now switch to proving the lower bound of the theorem. To this end, notice
that, for every n > k and t > 0,

{Rn(A) > 1}

€A

C {forsomej:l [E}H LZirit-+Zi+i
|| ;

47 for some (j — )k <i| < jk,ip>tandi| +ip < jk,
n

orforsomejzl,.-.,[k

] + 1, the point jk belongs to an

Z.: et T
interval (i1 + 1, i1 +ip) with i, > ¢ and it F - + lH_leA}.

2
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We implicitly assume that we have an infinite sequence (Z;) and so having a
subscript k > n does not cause a problem. As before, we select t = xa, and
k = [May], this time for some M > C > x. The role of the extra parameter C
is seen below. We obtain, by (4.7),

P(x <an_1R,,(A) <C)

< P(R[(;an](A) > ayx forsomei =1, ..., |:[Mna ]:| + 1)
n

@) . n )
P{ R A) > forsomei=1,..., 1},
+ ( 2[C(1n]( ) > anx ! [[Man]:| +
where R,(ci)(A), i=1,2,..., areii.d. copies of Rx(A). Repeating the argument in
the first part of the proof, and using this time the upper bound in Theorem 4.1, we
see that

. ) . n
nll>rr(>10P<R[Man](A) >ayx forsomei=1,..., |:[Man]:| + 1)

M_a n/(Man)
:1—n11>r1go|:1—(Man) M‘m( U sA)]

n x<s<M

el )

. j j n
nlggoP(Rg[)Can](A) > ayx forsomei=1,..., [[Man]] + 1)

and

— n/(May)
=1—n1220[1—<20an)(2c) (2C)“u< U SZ)}

n x<s<2C

2C —
:1—exp{——u< U SA)}.
M x<s<M

Letting M — oo, we obtain
limsupP(x <a, 'R, (A) <C)<1— exp{—u( U SZ)}
n—00 S>X

for every C > x. Letting now C — 00, we obtain the required lower bound in the
theorem once we show that

(4.8) lim limsupP(a, 'R, (A) > C) =0.

C—00 n—oo
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Let p = infxec4 |X| > 0, and observe that, for every ¢ > 0,

d
{Ru(A) > 1} C |J{Rnj([=p/Vd, p/Vd] ) > t},

j=1
where R, ;(-) is the long strange segment corresponding to the jth marginal ran-
dom walk (S,(,] )), j =1,...,d. Therefore, by the one-dimensional results (see,
e.g., [17]),

d
limsupP(an_an(A) >C) < ngrgoZP(agan,j([—p/ﬂ, ,0/\/3]6) > ()

n—oo

j=1

d
= > (1 —exp{—K;C™),
j=1

where K1, ..., K4 are finite nonnegative numbers, from which (4.8) follows im-
mediately. [
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