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LARGE DEVIATIONS AND RUIN PROBABILITIES
FOR SOLUTIONS TO STOCHASTIC
RECURRENCE EQUATIONS WITH

HEAVY-TAILED INNOVATIONS

BY DIMITRIOS G. KONSTANTINIDES AND THOMAS 1\/HKOSCH1
University of the Aegean and University of Copenhagen

In this paper we consider the stochastic recurrence equation Y; =
AtY;_1 + B; for an i.i.d. sequence of pairs (A;, B;) of nonnegative random
variables, where we assume that B; is regularly varying with index x > 0
and EAf < 1. We show that the stationary solution (¥;) to this equation has
regularly varying finite-dimensional distributions with index «. This implies
that the partial sums S, = Y1 + - - - + Y}, of this process are regularly varying.
In particular, the relation P(S, > x) ~ cinP (Y] > x) as x — oo holds
for some constant ¢; > 0. For « > 1, we also study the large deviation
probabilities P(S, — ES, > x), x > x,, for some sequence x,, — 0o whose
growth depends on the heaviness of the tail of the distribution of Y;. We
show that the relation P (S, — ES; > x) ~ cpn P(Y] > x) holds uniformly for
X > x, and some constant ¢y > 0. Then we apply the large deviation results
to derive bounds for the ruin probability v (u) = P(sup,,~;((Sn — ESy) —
un) > u) for any > 0. We show that ¥ (u) ~ c3u P(Y] > wu (k = D)~!
for some constant c3 > 0. In contrast to the case of i.i.d. regularly varying
Y:’s, when the above results hold with ¢ = ¢p = ¢3 = 1, the constants ¢y, ¢p
and c3 are different from 1.

1. Introduction. The stochastic recurrence equation
(11) Yt:Ath_l-i‘Bz, IEZ,

and its stationary solution have attracted much attention over the last years. Here
((A¢, By)) is ani.i.d. sequence of pairs of nonnegative random variables A; and B;.
[In what follows, we write A, B, Y, ..., for generic elements of the stationary
sequences (A;), (B;), (Y;), etc. We also write ¢ for any positive constant whose
value is not of interest.]

Major applications of stochastic recurrence equations are in financial time series
analysis. For example, the squares of the GARCH process can be embedded in
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a stochastic recurrence equation of type (1.1); we refer to Section 8.4 in [15]
for an introduction to stochastic recurrence equations and [1] and [23] for
recent surveys on the mathematics of GARCH models, their properties and
relation with stochastic recurrence equations. The stochastic recurrence equation
approach has also proved useful for the estimation of GARCH and related models;
see [27,37,38]. In a financial or insurance context, the stochastic recurrence
equation (1.1) has natural interpretations. For example, B; can be considered as
annual payment and A; as a discount factor. The value Y; is then the aggregated
value of past discounted payments. In a life insurance context, (Y¥;) is referred to
as a perpetuity; see, for example, [14]. Stochastic recurrence equations have also
been used to describe evolutions in biology; see [2] and the references therein.

It will be convenient to use the notation
ASa"'9Al‘a Sit,
I, = I, =11y ;.
1, s >1,

It is well known [5] that, under the assumptions E log™ A < oo and E log™ B < oo,
(1.1) has a unique strictly stationary ergodic causal solution (Y;) [i.e., ¥; is a
function only of (Ay, Bs), s <t] if and only if

(1.2) —oco < ElogA <0.
In what follows, we always assume these conditions to be satisfied. The stationary
solution has representation

t t—1
(1.3) Y, = Z H,'_HJB,'ZBt-i— Z H,'_HJB,', te’.

i=—00 i=—00

We say that any nonnegative random variable Z and its distribution are regularly
varying with index « if its right tail is of the form

L(x)

xl{

P(Z>x)= , x>0,

for some « > 0 and a slowly varying function L. A result of Kesten [21] shows that
the stationary solution to the stochastic recurrence equation (1.1) has regularly
varying distribution, under quite general conditions on A and B. We cite this
benchmark result for comparison with the results we obtain in this paper.

THEOREM 1.1 (Kesten [21]). Assume that the following conditions hold.:

o Forsomee >0, EA¢ < 1.
o The set

{log(ap---a1): n>1,a,---a; >0and a,, ...,a1 € the support of Ps}

generates a dense group in R with respect to summation and the Euclidean
topology. Here Py denotes the distribution of A.
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o There exists ko > 0 such that

(1.4) EA* > 1,
and E(A*log™ A) < c0.

Then the following statements hold.

1. There exists a unique solution k € (0, ko] to the equation
EA* =1.

2. If EB* < 00, there exists a unique strictly stationary ergodic causal solution
(Yz) to the stochastic recurrence equation (1.1) with representation (1.3).

3. If EB* < o0, then Y is regularly varying with index k > 0. In particular, there
exists ¢ > 0 such that

P >x)~cx ", X — 00.

Condition (1.4) is crucial. Goldie and Griibel [17] show that P(Y > x) can
decay exponentially fast to zero if (1.4) is not satisfied. Notice that (1.4) ensures
that the support of A is spread out sufficiently far.

The set-up of this paper is different from the one in Kesten’s Theorem 1.1. The
latter result is surprising insofar that a light-tailed distribution of A (such as the
exponential or the truncated normal distribution) can cause the stationary solution
(Y;) to (1.1) to have a marginal distribution with Pareto-like tails. In this paper we
consider the case when B is regularly varying with index « and A has a lighter
right tail than B. In this case the conditions of Kesten’s theorem are not met.
In particular, we always assume that £EA“ < 1. The marginal distribution of the
stationary solution (Y;) turns out to be regularly varying with the same index « as
the innovations B;.

It is the objective of this paper to study the interplay of the regular variation
of Y and the particular dependence structure of the Y;’s with respect to the partial
sums

Sp=Y1+---4+7Y,, n>1.

Due to (multivariate) regular variation of the finite-dimensional distributions
of (¥;), S, is regularly varying with index «, and we establish the precise tail
asymptotics for P (S, > x) for fixed n and as x — o0o. We will see that, in contrast
to i.i.d. regularly varying random variables Y; (cf. Lemma 1.3.1 in [15]), the
relation

P(Su>x) _,

im = n>2,
x—=oopP(Y > x)
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does not hold for the stationary solution (Y;) to (1.1), neither under the
conditions of Kesten’s theorem nor under the conditions imposed in this paper;
see Section 3.3. We will show in Proposition 3.3 that

P(S, >x)
im ——
x—00 P(Y > x)

n K n—1 t K
:E(an) +(1—EAK)ZE(ZH,~>, n=>2.
i=l1

t=0 i=0

(1.5)

A question which is closely related to (1.5) concerns the large deviations of the
partial sum process (S,). In this case, one is interested in the asymptotic behavior
of the tail P(S, > x,) for real sequences (x,) increasing to infinity sufficiently
fast. Classical results (see, e.g., [8, 29, 30]; cf. the surveys in Section 8.6 in [15]
and [24]) say that, for i.i.d. (¥;) and thresholds x,, — oo, the relation

P(S, > x,) ~nP(Y > x,)
(1.6)
~ P(max(Yy,...,Y,) > x,)

holds. For reasons of comparison, we quote a general large deviation result for
i.i.d. random variables.

THEOREM 1.2. Assume that B > 0 is regularly varying with index « > 0.
1. ([29, 30]) Assume that k > 2. Then

P(Z(B, — EB) > x) =®(x/v/n)(1+o0(1)) +nP(B > x)(1 +o(1)),
t=1

as n — oo and uniformly for x > /n, where ® = 1 — ® is the right tail of the
standard normal distribution function ®. In particular,

P(Z(B, —EB) > x) = ®(x//n)(1+0(1))
t=1
uniformly for \/n < x < . /anlogn and a < x — 2, and
P(Z(B, — EB) > x) =nP(B > x)(1+0(1))
t=1

uniformly for x > y/anlogn and a > x — 2.
2. ([8]) Assume that k € (1,2). Then

(1.7) P(Z(Bt — EB) >x) =nP(B > x)(1+0(1)),

=1
as n — oo and uniformly for x > a,c,, where (a,) satisfies nP(B > a;) ~ 1
and (cy) is any sequence satisfying c, — 0.
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The uniformity of these large deviation results refers to the fact that the error
bounds hold uniformly for the indicated x-regions. For example, in the case
kK € (1,2), (1.7) means that
P(}/_;(Bi—EB)>x) B

nP(B > x)

(1.8) lim sup

n—)OOxZXn

1|=0,

where x,, = a;,c;.
We will show in Theorem 4.2 that the following analog to Theorem 1.2 holds,
under the more restrictive condition that (A;) and (B;) are independent:

P(S, — ES, > x) el =\
nP(Y > x) —(1—EA )E(an>

i=0

=0.

(1.9) lim sup
n— oo

X=>Xp

The question about large deviations is closely related to the ruin probability of
the random walk (S,,). Given that EY < oo, this is the probability

W(u):P(sup[(Sn—ESn)—p,n]>u>, u, u>0.
n>1

It is one of the very well studied objects of applied probability theory, starting
with classical work by Cramér in the 1930s. For i.i.d. regularly varying and, more
generally, subexponential Y;’s, the asymptotic behavior of ¥ (1) as u — oo was
studied by various authors; see Chapter 1 in [15]. The following benchmark result
is classical in the context of ruin for heavy-tailed distributions. We cite it here for
comparison with the results of this paper.

THEOREM 1.3. Assume that B is regularly varying with index « > 1. Then
forany u >0,

~ 1 1
P| sup (Bi—EB)—un|>ul|~— uP(B > u), u — 00.
n>1 =1 nK—= 1
In Theorem 4.9 we prove an analogous result for (¥;):

11 > \"
(1.10) 1//(u)~——(1—EAK)E<ZH,-> uPY > u).

pwe—1 i=0

The results of this paper are derived by applications of the heavy-tailed large

deviations heuristics. In the case of i.i.d. Y;’s, this means that a large deviation
of the random walk S,, from its mean E S, must be due to exactly one unusually
large value Y;, whereas the Y;’s for s # ¢ are small compared to Y;. We refer
to [35] for a review on these heuristics which can be exploited in the context
of various applied probability models. For dependent Y;’s, as considered in this
paper, the large deviations heuristics has to be combined with the understanding
of the dependence structure of the random walk S, exceeding high thresholds. In
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the proof of the ruin probability result, it turns out that the ruin probability of the
random walk (S,,) behaves very much like the ruin probability of the random walk
Y1 B/C;, where C; = Z;’it [Is41, t € Z. This is another stationary sequence,
but, under the conditions of this paper, its marginal distributions have tails less
heavy than (B;). Since we assume independence of (A;) and (B;), hence, of (C;)
and (B;), in Section 4.2, it is likely that a large value of S, is now caused by a large
value B;C;, which in turn is caused by a large value of B;. We make this intuition
precise by showing (1.10).

The results (1.5) on the tail of S, for fixed n, (1.9) on the large deviations of (S,)
and (1.10) on the ruin probability of (S,) and their analogs for i.i.d. ¥;’s illustrate
some crucial differences between the behavior of a random walk with dependent
and independent heavy-tailed step sizes far away from the origin. The constants
on the right-hand sides of (1.5), (1.9) and (1.10), which differ from those in the
case of i.i.d. regularly varying Y;’s, can be considered as alternative measures of
the extremal clustering behavior of the Y;’s. Similar results were obtained only
for a few classes of stationary processes (Y;). Those include results by Mikosch
and Samorodnitsky [25, 26] on large deviations and ruin for random walks with
step sizes which constitute a linear process with regularly varying innovations or a
stationary ergodic stable process, and by Davis and Hsing [9] on large deviations
for random walks with infinite variance regularly varying step sizes. So far the
known results do not allow one to draw a general picture which would allow
one to classify stationary sequences of regularly varying random variables Y;
with respect to their extremal behavior of the random walk with negative drift
((Sp, — ES;,) — un). The cited results and also those of the present paper are
steps in the search for appropriate measures of extremal dependence in a stationary
sequence by studying the behavior of suitable functionals acting on the sequence.

The paper is organized as follows. In Section 2 we give conditions under which
the stationary solution (Y;) to the stochastic recurrence equation (1.1) has regularly
varying finite-dimensional distributions. In Section 3 we consider applications of
this property to the weak convergence of related point processes, the central limit
theorem of (S,,) and the partial maxima of (Y;). In Section 4.1 we study the large
deviations of (S,) and in Section 4.2 we give our main result on the asymptotic
behavior of the ruin probability ¥ (u). Since the proofs of the main results are
quite technical, we postpone them to particular sections at the end of the paper.
The proof of Theorem 4.2 will be given in Section 5 and the one of Theorem 4.9
in Section 6.

2. Regular variation of the solution to the stochastic recurrence equation.
2.1. Preliminaries. We start with some auxiliary results in order to establish

regular variation of Y. In what follows, we write F(x)=1— F(x) for the right tail
of any distribution function F'.
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LEMMA 2.1 (Davis and Resnick [12]). Let F be a distribution function
concentrated on (0, 00). Assume Z1, ..., Z, are independent nonnegative random
variables satisfying

2.1) fim L&i>%) _
X—>00 F(x)

Ci

for some nonnegative finite values c;, where F(x) = P(Z1 < x), and

P(Z,‘>X,Zj>x) _

2.2 lim — 0, i #J.
(2.2) im Foo 7
Then

P(Z 4 7

X—>00 f(x)

We will frequently make use of the following elementary property which was
proved by Breiman [7] in a special case. We refer to it as Breiman’s result and
prove a uniform version of it for further use.

LEMMA 2.2 (Breiman [7]). Let &, n be independent nonnegative nondegen-
erate random variables such that & is regularly varying with index k > 0 and
En*T¢ < oo for some & > 0. Then for any sequence x, — 0o,

5 P(&n>x)
im sup |——— —
n=>00 x>y, | P(§ > x)

En*|=0.
This means that the product €7 inherits regular variation from &.

PrOOF. Fix M > 0. Then

Auy—P@">”—- p
- P(E>x)
Py > x) K]

= SRS P

mm[P@>X) Yy |ldP(n=<y)

P&y > x)
— En®Iiy oo ——dP(n <
n<M,ﬂm+(Mm)P@>x) n=y)
=A1(x) — As + A3(x).
Obviously,

lim Az =0.

M— o0
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Moreover, the uniform convergence theorem for regularly varying functions
(see [4]) implies that, for every fixed M > 0,

P(Ey>x)
sup |A1(x)| < sup ‘4—y" dP(n<y)
X=Xy x2x, J[0.M]] P(§ > x)
P
< sup sup ‘m— “l'— 0.
X=xXn y<M P(§ > x)

An application of the Potter bounds for regularly varying functions (see [4],
page 25) yields, for x, x/y > x¢, for sufficiently large xo > 0 and all y > M > 1,
that

PE>X/Y) _ te
P >x) '

Hence,

P
Sup |A3(x)| = sup yk+8dP(7’] < y) + sup w
X>Xn x>x, JM<y<x/xg x>x, P& >x)

-0

by first letting n — oo and then M — oo, since En**¢ < oo. This proves the
lemma. O

We now turn to the stochastic recurrence equation (1.1). After n iterations, we
obtain

n
(2.3) Y, =T,Yo+ Y Miy1.aB:.
=1

As in Section 1, we assume that ((A;, B)) is an i.i.d. sequence of pairs of
nonnegative random variables A; and B;. In addition, suppose that B is regularly
varying with index ¥ > 0 and EA“*? < oo for some § > 0. Then Breiman’s result
(Lemma 2.2) applies:
2.4) PAL1Bi> ) pacyi=l asx - oc.

P(B > x)

The following result will be crucial for the property of regular variation of
the finite-dimensional distributions of the stationary solution (Y}) to (1.1). For
its formulation, we assume that Yy = ¢ in (2.3) for some constant c. We use the
same notation (Y;) in this case, slightly abusing notation since (Y,) is then not the
stationary solution to (1.1).

PROPOSITION 2.3. Assume B is regularly varying with index x > 0 and
EA“T < oo for some 8 > 0. Then the following relation holds for fixed n > 1



2000 D. G. KONSTANTINIDES AND T. MIKOSCH

and Y, defined in (2.3) with Yo = c:

n—1
P(Y,>x)~P(B>x)) (EA")  asx— oo.
i=0

PROOF. We write
Zoznnc, Z;=Ht_1Bt, t=1,...,n.

Observe that

=1 t=1

n n n
d
Y, =I,c+ ZHH-LHBI =1TIl,c+ ZH,_IB, = ZZ[.
t=0

We have, for 1 <i < j <n,
P(Z; > x, Zj >x) < P(l'[i_lmin(B,-, Hi,j—lBj) > x).

Since EA“T? < 0o and B is regularly varying with index «, we can find a function
g(x) — oo such that g(x)/x — 0, and P(max(A;, I1;) > g(x)) = o(P(B > x)).
Hence, fori < j,
P(Zi >x,Zj >x)

P(B > x)

- P(IT; -y min(B;, I1; ;1 Bj) > x, max(A;, IT;) > g(x))

= P(B > x)
P(I1;_ymin(B;, I1; j_1B;) > x, max(A;, IT;) < g(x))

P(B > x)

_ P(max(A;, IT) > g(x)) n P(II;—1B; > x, Ij41,j—1B; > x/g(x))
- P(B > x) P(B > x)

=o(1) + (EA))72P(B > x/g(x))(1 + o(1)) — 0.

+

In the last step we made multiple use of Breiman’s result and the independence of
IT1;_1B; and I1; 1 j_1 B;. By Markov’s inequality, we also have, for 1 <i <n,

P(Zo>x.Zi>x) _P(Zo>x) _ L (EAxHSny—k=5

= <c — 0.
P(B > x) P(B > x) P(B > x)

Hence, we are in the framework of Lemma 2.1 with ¢o = 0 and ¢; = (EA¥)' ™1,
i=1,...,n;see (2.4). This proves the proposition. []

2.2. Univariate regular variation of Y. In this section we indicate regular
variation of the marginal distribution of the stationary solution to the stochastic
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recurrence equation (1.1). From Proposition 2.3 and the representation (1.3) of the
stationary solution (Y;), we conclude that

P(Y P T1;_1B; n-l .
25  liminfe X > S iz iz ’>x):Z(EA")’.
x—00 P(B>x) x> P(B > x) =

Letting n — oo yields a lower bound for P(Y > x). This relation suggests that

e.¢]
(2.6) P(Y >x)~P(B>x)Y (EA"), x — 00,

i=0
holds under the conditions that B is regularly varying with index « > 0 and
E A* < 1. Obviously, only if the latter condition holds, relation (2.6) is meaningful.
This also means that the conditions of Kesten’s Theorem 1.1 cannot be satisfied. In
that case, the index of regular variation « of Y satisfies EA“ =1 and EB* < oo.
Since in our case B is assumed to be regularly varying with index «, the moment
condition on B is not necessarily met either.

PROPOSITION 2.4 (Grey [18]). Assume that B is regularly varying with index
k>0, EA“T < oo for some § > 0 and E A* < 1. Then a unique strictly stationary
solution (Y;) to the stochastic recurrence equation (1.1) exists and satisfies

2.7 P(Y >x)~P(B>x)(1—EA)™L

PROOF. The function g(h) = EA" satisfies g0) =1, g(k) <1 and it is
continuous and convex in [0, k]. Therefore, g’(0+) = Elog A < 0 and (1.2) and
Elog™ A < oo hold. Moreover, since EBY < oo for y < k, Elog™ B < o is
satisfied and, hence, a unique stationary solution (Y;) to (1.1) exists.

Relation (2.7) follows from Theorem 1 in [18]. [

2.3. Regular variation of the finite-dimensional distributions of (Y;). In what
follows, we assume that the conditions of Proposition 2.4 are satisfied. The latter
result states that the marginal distribution of the stationary sequence (Y,) is
regularly varying with the same index « as the innovations B;. It is the aim
of this section to extend this result to the finite-dimensional distributions of the
process (Y;).

For this reason, we introduce the notion of regular variation for an m-dimensio-
nal random vector: the vector Y € R is regularly varying with index « > 0 if there
exists a nonnull Radon measure p on the Borel o-field 8B of [0, co]™ \ {0} such
that

nP(a;'Ye )5 pu.
Here the sequence (a,) satisfies P(|Y| > a;,) ~ n!, = denotes vague conver-
gence in B, and u is a measure with the property w(t-) =t “u(-) for all t > 0;
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see [32] for an introduction to regular variation, related point process convergence
and vague convergence. An equivalent way to characterize the limiting measure @
is via a presentation in spherical coordinates. This means that, for every fixed ¢ > 0
and (a,) as above,

nP(Y| > ta,, Y/|Y|€-) >t “P@®O€>),

where | - | is any fixed norm, = refers to vague convergence on the Borel o-field
of the unit sphere SY~! corresponding to this norm and @ is a vector with values
in S?~1. Its distribution is referred to as the spectral distribution of Y.

For fixed m > 1, we have

Ym:(Y],...,Ym)/

m—1 /
= (g, My, ..., I,) Yo + (Bl, By+ A3Bi,....Bu+ )Y Hi—H,mBi)
i=1

Iy 1 0 0
I, Iy > 1 0
I3 Iy 3 133 0
= : YO+ . Bl+ . BZ+"'+ . Bm
|| P o m—1 I3, —1 0
l_Im HZ,m H3,m 1

=:AogYo+AB+---+A,B,.

Notice that Ay and Yy are independent, and so are A; and B; for every i. Since
E|A;|*t% < oo for some 8 > 0 and Yy, By, ..., B,, are independent and regularly
varying with index «, a multivariate version of Breiman’s result (cf. [1, 33]) applies
to conclude that each of the vectors AgYy, A1 By, ..., Ay By, is regularly varying
with index « with corresponding limiting measures (o, ..., ;. We mention that
the normalizing sequences for these vectors are of the same size since, by the one-
dimensional Breiman result and Proposition 2.4, as x — oo,

P(|AgYo| > x) ~ E|Ao|* P(Yo > x) ~ E[Ao|*(1 — EA*)"'P(B > x),
P(|A;Bi| > x) ~ E|A;|“P(B > x), i=1,...,m.
We choose one normalizing sequence (a,) for all vectors such that n P (]Ag|Yp >
an) ~ 1. We can characterize ; via its spectral distribution. Indeed, by Breiman’s

result, we have, for any Borel set S C S?~! whose boundary has mean zero with
respect to the spectral distribution,

nP(|A;|B; > ta,,A;/|A;]| € S) ~t “nP(B > a,) E[|A;|"Is(A; /|1A;]],
and, therefore, the spectral distribution of A;Y; for these sets S is given by
ETIA;|“Is(A;/IA;D]
E|A;|* '
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Adapting the proof of Lemma 2.1 in [12] to the multivariate case, it follows that
Y, is regularly varying with index « and limiting measure

(2.8) pu(dx) = po(dx) + cipui(dx) + -+ + cmpm (dX),
where
¢ = ElAi”" (1 — EAY)
E|Aol* ’

provided that the following relations holds for any Borel sets C, C; C [0, co]™ \
{0} which are bounded away from zero:

nP(an_lAiB,-eCl,an_lAijeCQ)—>0, O<i<j<m,

where we write By = Yy for the sake of simplicity. Since C; and C, are bounded
away from zero, there exists M > 0 such that |x| > M forall x € Cy, C>. Therefore,
fori < j and any y > 0,

{a,'A;Bi € C1,a,'A;B; € C3)
C{lAi|B; >a,M,|A;|B; > a,M}
cl{yB; > Ma,,yB; > May,}
U{yBi > May, |Aj|Iy o) (|Aj)Bj > May,}
U{yBj > May, |Ailly,00)(|Ai) Bi > May,}
U {IAill(y,00)(IAi)Bi > May, |Ajll(y.00)(|IAj)B; > May,}
=D U-.-U Dy.

By definition of (a,) and the independence of B; and Bj, it follows immediately
that nP(D1) — 0. A similar approach applies to D, since B; is independent of
BjA and, by Breiman’s result,

nP(Dy) ~nP(yB; > Ma,)E|A;|*1, o)(|A;)P(B; > Ma,) — 0.
Similarly,
nP(D3) <nP(|Ailly.c0)(|Ai)Bi > May,)
~nE|A;[*1(y,00) (|Ai]) P(B; > May),
and by, the Lebesgue dominated convergence,
lim limsupnP(D3) =0.
V=X nooo
The relation n P(D4) — 0 can be proved in the same way.
We summarize our findings.

PROPOSITION 2.5. If the conditions of Proposition 2.4 hold, then the
finite-dimensional distributions of the stationary solution (Y;) to the stochastic
recurrence equation (1.1) are regularly varying with index k and limiting measure
given in (2.8).
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3. Some applications of the regular variation property. In this section we
consider some applications of the property of regular variation of the solution
(Y;) to the stochastic recurrence equation (1.1). In particular, we are interested
in functionals of the Y;’s and their limit behavior. The results include the central
limit theorem for the partial sums of the sequence (Y¥;) and limit theory for its
partial maxima.

3.1. A remark about the strong mixing property of (Y;). Recall that a

stationary ergodic sequence (Y;) is said to be strongly mixing if
oy = sup |[P(ANB) — P(A)P(B)| — 0,
Aeo (Yy,5<0), Beo (Yy,s>k)

and it is said to be strongly mixing with geometric rate if there are constants
r € (0, 1) and ¢ > 0 such that o < cr¥ forall k > 1; see [34], compare [13]. Under
general conditions, the latter property is satisfied for the stationary solution (Y;) of
the stochastic recurrence equation (1.3).

PROPOSITION 3.1. Assume EA® < 1, EB® < oo for some ¢ > 0. Then the
stochastic recurrence equation (1.1) has a stationary ergodic solution (Y;) which
is also strongly mixing with geometric rate if one of the following conditions holds:

1. The Markov chain (Y;) is p-irreducible, that is, there exists a measure [L such
that, for any Borel set R in the support supp(Y) of Y with u(R) > 0, the relation
Yoo P(Yy € R|Yo = x) > 0 holds.

2. A, = A(E,) and B, = B(E,), where A(x) and B(x) are polynomial functions
of x and (E,) are i.i.d. random variables. Moreover, A(0) < 1 and E| has an
a.e. positive Lebesgue density on [0, xg] for some 0 < xg < oc.

PROOF. Strong mixing of (Y;) with geometric rate under p-irreducibility
follows from Theorem 2.8 in [1], using standard results on mixing Markov
chains; see [22]. For polynomial A, and B,, the mixing property follows from
Theorem 4.5 in [27] or from Theorem 4.3 in [28].

REMARK 3.2. Squared GARCH processes satisfy a (in general multivariate)
version of (1.1). They were found to be strongly mixing with geometric rate;
see [6] who proved p-irreducibility with pu Lebesgue measure. A sufficient
condition for p-irreducibility is that w(R) > 0 for any R C supp(Y) implies
P(Aix+Bi€R)=P(A 1Yo+ By € R|Yy=x) > 0. This is satisfied if Ajx + B;
has an a.e. positive density on supp(Y) with respect to Lebesgue measure p for
every x € supp(Y). Alternatively, it suffices to show that P(Y, € R|Yp =x) >0
for sufficiently large n (possibly depending on x and R). The latter condition is
often more difficult to verify.

The relation P(A1x + By € R|Yyp = x) > 0 also holds if u(R) > 0 for u
Lebesgue measure and A; and B; have a joint independent multiplicative factor
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which has an a.e. positive density on (0, co), that is, A; = FIK, and B; = F,E,,
where (F;) is an i.i.d. sequence and for every ¢, F; and (Z,, E,) are independent.
The squared ARCH(1) process satisfies this condition if its innovations have a
positive Lebesgue density on the real line; see [10] where the innovations of the
ARCH(1) process were assumed to be i.i.d. Gaussian, but the same methodology
can be used in the general case.

3.2. The central limit theorem. 1f the assumptions of Propositions 2.4 and 3.1
hold, we may conclude from Propositions 2.4, 2.5 and 3.1 that there exists a
unique stationary solution (Y;) to the stochastic recurrence equation (1.1) which
is strongly mixing with geometric rate and which has regularly varying finite-
dimensional distributions with index « > 0.

If « > 2, a standard central limit theorem for stationary ergodic martingale
difference sequences applies to (Y;) and no further mixing condition is needed.
Indeed, we have

n~Y2(S, — ESy)

n n
=n""23 (A — EAYY,_1 + (B, — EB)| +n" 2 EAY (Y,_; — EY).
=1 r=1

Hence,

n
n~V2(S, —ES) =n" 21— EA)T Y (A — EA)Y 1 + (B — EB)|+op(L).
=1
The sequence [(A; — EA)Y,—1 + (B; — EB)] is a stationary ergodic martingale
difference sequence with respect to the filtration F; = o ((Ay, By),x < t).
Therefore, the central limit theorem from [3], Chapter 23, applies:

nV2(S, — ESy) S N0, o),

where U% = var(Y). Notice that EA < 1 since EA* <1,k > 2 and g(h) = EAh
is a convex function.

If k < 2, infinite variance limits may occur for (S,); see [9, 10]. The proof relies
on a point process argument for the lagged vectors Y;(m) = (Y1, ..., Yi4m)' which
is identical to the proof of Theorem 2.10 in [1] and requires regular variation of
the finite-dimensional distributions and the strong mixing condition for (Y;) with
geometric rate. It implies weak convergence of the point processes

n
d
(31) Ny = ZEY,(m)/un — N.

t=1

The limiting Poisson point process N is described in [1] and (a,) is a sequence
satisfying n P(Y > a,) ~ 1.
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The convergence result (3.1) and the arguments in [1, 9, 10] imply the weak
convergence of the partial sums, sample autocovariances, sample autocorrelations
and the partial maxima of the sequence (Y;). For details, we refer to the mentioned
literature. For example, if « € (0, 2) \ {1},

_ d
a, 1(Sn —by) = Zy,

where Z, is totally skewed to the right infinite variance k-stable random
variable, b, = ES,, for k > 1 and b,, = 0 for « < 1. (We refer to [36] for an
encyclopedic treatment of stable distributions and processes.) The proof of the
weak convergence of the sample autocovariances and sample autocorrelations
is identical to the one treated in [1] for solutions to the stochastic recurrence
equation (1.1).

Moreover,

a- ' max(Y1, ..., V) > Re(0),

where P(R, <x)=e¢* ", x > 0, is the Fréchet distribution function with shape
parameter «, P(R,(0) <x) =[P(R, < x)]? and 6 € (0, 1) is the extremal index
of the sequence (Y;). See [15] for an introduction to extreme value theory and,
in particular, Section 8.1, where the notion of extremal index is treated. Extreme
value theory for the solution (Y;) to (1.1), under the conditions of Kesten’s
Theorem 1.1, was studied in [19]. In their Theorem 2.1, they calculate

00 J
0= P(maXHAi §y_1>/cy"_1dy.
1

We mention that the same proof as in [19] [with nl/x replaced by (a,) as above]
applies under the conditions of Proposition 2.4, when Kesten’s result does not
apply. Indeed, an inspection of their proof shows that it only requires the structure
of the stochastic recurrence equation (1.1), the definition of (a,), the regular
variation of (Y;) and the existence of some /& > O such that £ Al < 1.

The definition of the extremal index 6 implies that, for x, > a,,

P(max(Yy,...,Y,) > x,) ~0nP(Y > xp).

This is in contrast to i.i.d. Y;’s, where this relation holds with 6 = 1. In the
i.i.d. case we also know that P(S, — ES,, > x,) ~ P(max(Yy,...,Y,) > x,)
for suitable sequences (x,) with x, — oco. The various results proved in this
paper, including Proposition 3.3 and Theorem 4.2, show that the exceedances of
the random walk (S,) and of the partial maxima (max(Yq,...,Y,)) above high
thresholds have different asymptotic behavior which is also different from the case
ofiid. Y;’s.
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3.3. Regular variation of sums. In what follows we study the tail behavior of
the sums

Sh=Y1+---+Y,

for fixed n > 1 under the assumptions of Proposition 2.5. It follows from
Proposition 2.5 that all linear combinations of the lagged vector Y,, are regularly
varying with index «. In particular, S, is regularly varying with index «. In this
section we give a precise description of the tail asymptotics of P (S, > x) for fixed
nasx — oo.

We have

n i n n n
3.2) &ziimm+2mﬂw)=m2m+2ﬁjﬁmm
i=l t=1 i=t

i=1 t=1
Write

n n
Zo=YoY T; and Z;=B Y My, t=1,...,n
i=1 '
Notice that Yy is independent of >, IT; and B, is independent of > 7 TT;41 ;.
Now an argument similar to the one in the proof of Proposition 2.3 shows that, for
O<s<t<n,
P(Z;>x,Z; > x)
P(Zy > x)

Also notice that the same result holds if Yy = ¢ is a constant initial value. An
application of Lemma 2.1 yields the following result.

, X — 00.

PROPOSITION 3.3. Assume that the conditions of Proposition 2.4 hold. If (Y,,)
is the stationary solution to the stochastic recurrence equation (1.1), then

P(S, > x)

n K p—1 t K
33) Jlim — = (1—-EA)TE( } I, &)
63 Jim Ty = (- EA9 (Z)+Z <Z)

If (Y,) satisfies the stochastic recurrence equation (1.1) with Yo = ¢ for some
constant c, then

O P(S,>x) ! “
lm ey 2 F (ZH‘)'

t=0 i=0

For comparison, assume for the moment that (Y,) is an i.i.d. sequence Y, Ly
and Y has the stationary distribution given by (1.3). Then for every fixed n > 1,
PH 4+ +7,>x)

3.4 lim =1.
X—00 nP(Y > x)
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This is the subexponential property of a regularly varying distribution; see [15],
Section 1.3.2 and Appendix A3 for an extensive discussion of subexponential
distributions. Property (3.4) does not remain valid for dependent stationary
sequences with regularly varying finite-dimensional distributions. This was shown
in [25] for the case of linear processes. In that case the limiting constant in (3.4) is,
in general, different from 1 and depends on the coefficients of the linear process.
Proposition 3.3 shows that a similar behavior can be expected for other nonlinear
stationary processes. In particular, by Proposition 3.3, relation (3.3) can be re-
written in the form

. P(Sn>x)_ n | K . n—1 t . ke
(3.5) xll)nolom—E(;Hl> +(1—EA )ZE(ZH,) :

t=0 i=0

It is interesting to observe that a similar relationship holds if the (A;, B;)’s
satisfy the conditions of Kesten’s Theorem 1.1. In that case, the condition
EA“ =1 is needed for regular variation of the stationary solution (Y;) to the
stochastic recurrence equation (1.1) with index x > 0. Assume, in addition, that
EB“* and EA“T? are finite for some 8 > 0. Then we may conclude from the
representation (3.2), regular variation of Y and Breiman’s result that

P(S n\©
lim L8 >x) o S
x—o00 P(Y > x) =
In a sense, this is the limiting result in (3.5) for EA* = 1.

4. Large deviations and ruin probabilities.

4.1. Results on large deviations. In this subsection we couple the increase of
x with n to obtain probabilities of large deviations of the type

P(S,—ES,>x)~nEC‘P(B > x) uniformly for x > x,,,

and appropriate sequences x, — oo. Here C is a generic element of the stationary
sequence

o)
4.1) Cr=) My €L
i=t

We start with an auxiliary result, where we collect some useful properties of this
sequence.

LEMMA 4.1. Assume that (A;) is an i.i.d. sequence and EA* < 1 for some
k> 0.

1. The sequence (C;) defined in (4.1) is well defined and strictly stationary.
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2. The random variable C has finite pth moment if and only if EAP < oo for
p > 0.

3. The sequences (C;) and (Dy) given by (4.2) have the same finite-dimensional
distributions. If A has an a.e. positive Lebesgue density on [0, xo] for some
X0 < 00, then (Dy) is strongly mixing with geometric rate.

PROOF. 1. The sequence (C;) has the same distribution as the sequence

t
4.2) D= ) M1y, 1€

i=—00
The latter satisfies the stochastic recurrence equation
t—1
4.3) Dy =1+ A; Z Miy1,-1=1+ At Ds—1, t €.

i=—00

It constitutes a unique strictly stationary sequence if Elog A <0 and Elogt A <
00, see (1.2), which is satisfied if EA“ < 1 for some « > 0.
2. From (4.3), the independence of D;_; and A; and the stationarity of (D;),

we conclude that D; has finite pth moment if and only if A; has. Since D 4c , the
statement follows.

3. Follows from the second part of Proposition 3.1 with A(x) = x, B(x) =1,
E;, =A;. O

In the following result we assume, in addition, that the sequences (A;) and (B;),
hence, (C;) and (B;), are independent. Although we conjecture that this assump-
tion can be avoided, we need the independence at various technical steps in the
proof.

THEOREM 4.2. Assume that (A;) and (B;) are independent i.i.d. sequences of
nonnegative random variables, B is regularly varying with index k > 1, EA* < 1
and EA* < oco. Consider a sequence of positive numbers such that nP(B >
Xn) — 0 and, for every ¢ > 0,

nll)ngo sup (P(Var(BI[oyx](B)) ZC,Z > cxz/logx)
X>Xp =1
4.4) +P< Z(C,—EC) >cx)> X (nP(B>x))_1
t=1
=0.

Then the large deviation relations

4.5) lim sup

n—)OOxzxn
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and

P(Sy— ESy < —
(4.6) lim sup Lo = ESn=70)

n—>00 >y, nP(B > x)

are satisfied.

The proof of the theorem is rather technical and therefore postponed until
Section 5.

REMARK 4.3. The validation of (4.4) is, in general, difficult. Sufficient
conditions for (4.4) can be verified by assuming certain mixing conditions on (C;);
see Lemma 4.6 below and Lemma 4.1 part 3.

REMARK 4.4. Theorem 4.2 is applicable for finite or infinite variance
sequences (B;). The infinite variance comes into the picture in condition (4.4).
For k > 2, var(BlIj x1(B)) — ¢ for some finite ¢ > 0. Hence, condition (4.4)
can be formulated without var(BIjp x(B)). If Kk <2 or k =2 and var(B) = oo,
var(BIp x](B)) — oo. In particular, for k =2, var(B1jp x| (B)) is a slowly varying
function which increases to infinity. If ¥ € (1,2), an application of Karamata’s
theorem yields, for some ¢ > 0, var(BIjp x| (B)) ~ cx?P(B > x) = oo.

REMARK 4.5. The literature on large deviations for sums of stationary heavy-
tailed random variables is rather sparse. The case of linear processes Y; =

?i_oo @;jZ;—; for ii.d. regularly varying sequences (Z;) was treated in [25].
In this case, the limit of (P(S, — ES, > x)/(nP(Y > x)) is approximated
uniformly for x > cn, any positive c. The limit depends in a complicated way on
the coefficients ¢; and on the coefficient of regular variation. Davis and Hsing
[9] seems to be the only reference, where large deviation results were proved
for general regularly varying stationary sequences, assuming certain mixing
conditions and « < 2. They exploit point process convergence results and express
the limit of the sequence (P (S, > x,)/(n P(Y > x,)) in terms of the limiting point
process, which is difficult to interpret. Unfortunately, their approach seems to work
only in the case of infinite variance random variables.

We continue by giving some sufficient conditions for the validity of the
relation (4.4).

LEMMA 4.6. Assume A has an a.e. positive Lebesgue density on its support
[0, xo] for some xo < 0o, B is regularly varying with index k and EA* < 1 for
some k > 1.

1. Assume
4.7)  sup n®FV2-1(x /\/var(Bl[o,x](B)) logx )" "™ /P(B>x)—>0
xX>xp,

and EA*TY < oo for some y such that k +y > 2. Then relation (4.4) holds.
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2. Assume that C < c a.s. for some constant ¢ > 0 and for some d, € > 0,

e—dx//n)?/(logx var(Bljo,x(B))) o~ //mn=*

4.8 _
(4.8) xsgfn nP(B > x) +XS§£ nP(B > x) -

Then relation (4.4) holds.

REMARK 4.7. In particular, (4.4) holds for (x,,) with (4.8) if A < ¢g for some
constant co < 1 and B is regularly varying with index « > 1. Indeed, then E Al <1
foralld > 0and C < Y52, ch= (1 —co) 7.

REMARK 4.8. We discuss the conditions on the x-regions where (4.4) holds.
If « > 2, var(B) < oo. Writing P(B > x) = x *“L(x) for some slowly varying
function L, (4.7) is satisfied if

4.9) [ F/271 7] sup [(log ) “ 772/ L(x)] — 0.

X=>Xn

Since (logx)*“*¥)/2/L(x) < x¢, for every ¢ > 0 and sufficiently large x,
(4.9) holds if x, = n%31 with § > y_l (k/2 — 1). This § can be chosen the closer
to zero the more moments of A exist, that is, the larger y can be chosen. These
growth rates are comparable to the case of i.i.d. Y;’s for ¥ > 2, see Theorem 1.2,
where one could choose x,, = ci/nlogn for some constant ¢ > 0. Such precise
results are hard to derive in the case of dependent Y;’s.

If k € (1,2), a similar remark applies. Then x, can be chosen of the order
n(1/9)+3 for some 8 > 0 which is in agreement with the order of magnitude of
(x,) for i.i.d. sequences, see again Theorem 1.2.

Notice that, under the above conditions, x,, = ¢n can be chosen in most cases of
interest for k > 1.

PROOF. By Lemma 4.1 part 3, the sequence (D;) 4 (Cy) is strongly mixing
with geometric rate and so is (N;D;), where the i.i.d. standard normal sequence
(Ny) is assumed to be independent of (D;). This follows by standard results on
strong mixing; see, for example, [13].

By Markov’s inequality, for every y > 0 and y > 0 such that EA“1Y < oo,

n n (k+y)/2
p(Sci=v) = er(sc)

=1 t=1

n
> DN,

t=1

< C(n/y)(y-l-lc)/z_

K+y

(4.10) =y—()/+K)/2E /E|N|(K+V)/2
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In the last step we applied a moment estimate for sums of strongly mixing random
variables with geometric rate and used the fact that y + « > 2; see [13], page 31.
Applying (4.10) for x > 1, d > 0, we obtain

P(var(BIjo.x(B)) X', C? > dx?/logx)
nP(B > x)

- (x//Togx var(Bljo . (B)) )~V +)pk+r)/2
c
B nP(B > x)

’

and the right-hand side converges to zero uniformly for x > x,, by virtue of
assumption (4.7).
Similarly, if C < ¢ a.s., applying an exponential Markov inequality for 4 > 0,

n
P(ZC,2 > Y) < e WO/ gt Dn L

=1

— oW /D/n) g hn™ P DiNy

The central limit theorem for strongly mixing random variables with geometric
rate (see [20]) yields

n
n 23" DN, S N0, 02,

t=1

2

where o~ = var(D). Moreover,

E P G2 o _ o

Applying a domination argument, the central limit theorem and assumption (4.8)
prove that

P(var(BlIjo x(B)) Y7, C? > dx?*/log x)
nP(B > x)

o—(1/2)d(x//n)?/(log x var(Bljo,x)(B)))
<c — 0.
nP(B > x)

The estimates for P(3_;_,(C; — EC) > x) can be derived in a similar fashion. If
EA*YY < 00, we have

d

n K+y

Y (C/—EC)

t=1

n

Y (C/—EC)

=1

> x) <x &tV g

< cx~WHY) ke tY)/2
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Now assume C < c¢ a.s. Since (C;) is strongly mixing with geometric rate, the
following exponential bound holds (see [13], page 34). For any ¢ < 0.5, there
exists a constant 2 > 0 such that

n
P(Z(C, —EC) > x) < e hGx/mm™¢
t=1

This concludes the proof. [J

4.2. Results on ruin probabilities. In this subsection we study the ruin
probability

Y(u) = P(sup((Sn — ES,) — un) > u),
n>0

when the initial capital u — oo and u > 0. Here (Y;) is the unique stationary
ergodic solution to (1.3), (A;) and (B;) are independent and satisfy the conditions
of Theorem 4.2. In particular, we assume that x > 1. Then EB <ocoand EA < 1
since EA“ < 1. In particular, EY = EB(1 — EA)~! = EBEC is well defined.
This choice and the strong law of large numbers ensure that the random walk
((Sy — ESp) — un),>o0 has a negative drift.

THEOREM 4.9. Assume that the conditions of Theorem 4.2 hold, that k > 1
and x, = cn is a possible threshold sequence for every ¢ > 0. Moreover, assume
there exists y > k such that EC*YY < oco. Assume that (C;) is strongly mixing
with geometric rate. Then we have, for any > 0,

v (u) 11

“4.11) lim ————— =EC"— .
u—oo y P(B > u) uwrk—1

We postpone the proof of Theorem 4.9 to Section 6.

REMARK 4.10. The assumption that Theorem 4.2 holds for x, = cn is not
really a strong restriction. Indeed, we discussed in Remark 4.8 that this condition
is satisfied under very mild conditions.

REMARK 4.11. This result is similar to the case of i.i.d. Y;’s; see Theorem 1.3
above. To compare with the latter one, we mention that (4.11) can be reformulated
by using Proposition 2.4:

vw) 1 1

— =1 —-EAEC"— .
u—oo y P(Y > u) wk—1
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5. Proof of Theorem 4.2. We will make use of the decomposition

n n o0 n (0,0]
Sp=Yo) Ti+Y By Myri—Y B Y Mgy
(51) i=1 t=1 i=t t=1 i=n+1

=Sn,1 + Sn,2 — Sn3-
PROOF OF (4.5). We start with an upper bound. Observe that, for small ¢ > 0,
P(S,—ES, > x)
<P(Sp1—ESy1>x¢e/2)
+ P(Sp2—ESy2>x(1—¢))+ P(=Sp3+ ESp3 > x¢/2)
=0 (x) + L(x) + I3(x).

We bound the /;’s in a series of lemmas.

LEMMA 5.1. We have

lim sup supLx)zo j=13
n—00 x>Xx, YZP(B>)C) ’ T

PROOF. We start with /1. The random variable Yy is regularly varying with
index «, by virtue of Proposition 2.4, and independent of (I1;). Moreover,

n e.¢]
SmryYmLc-1.
i=l i=1

We also see that

EYEA _
1—EA ¢

/

n
ES, ) =EY Y (EA) 1
i=1
The expectation E A is smaller than one since EA“ < 1 for some k > 1 and g(h) =
E A" is a convex function; see the discussion in the proof of Proposition 2.4. An
application of Breiman’s result (Lemma 2.2) and Proposition 2.4 yield that, for
independent C, Y,

L) P(|Sp,1 — ESp,1] > €x/2)

sup ———— < sup
X>Xp nP(B > x) X>Xxp nP(B > x)
PY(C -1 2—¢
52) < sup (Y( ) >ex/2—c)
X>Xn nP(B > x)
P(Y >ex/2)E(C — 1)
<c sup — 0.

XX, nP(B > x)
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For Breiman’s result, one needs that EC*1% < oo for some § > 0. This condition
is satisfied since E A% < oo, by virtue of Lemma 4.1 part 2.
Now we turn to /3. We have

n (e ¢) n
d
(5.3) Sn3 =Y Billiyinp1 Y, Mug2i=A0Cus1) BTl
=1 i=n+1 =1

oo
(5.4) L ACY BTN, = ACY,
t=1
where Y’, A, C are independent and Y 2 y’. Similar arguments as for /; show that

(5.5) sup _BO L PUSs— ESusl>xe/)
xzay NP (B> X) ™ xzx, nP(B > x)

This proves the lemma. [

LEMMA 5.2. We have

I
limlim sup sup (Lx} — EC") <0.
el0 n—ooo x>x, \NP(B > Xx)

PROOF. Write, for any § > 0,

0n1®) = |J {Bi>éx,Bs>bx},

1<t<s<n

0129) = |max B, < 8x].
t<n

n

0n3(8) = (J{B > 6x, By <dx, 1 <s #1<n).

t=1

Then
L(x)  P(USn2—ESy2>x(1—¢)}N0n1(3))
nP(B>x) nP(B > x)
n P({Sh2—ESy2>x(1—8)}NQp2(8))
nP(B > x)
n P({Sh2—ES;2>x(1—8)}NQ,3(8))
nP(B > x)

=D1(x) + I22(x) + I 3(x).
Obviously, for any 6 > 0,

nlgrg()xs;g I 1(x)=0.
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Writing for any ¢ € Z, x > 0,
Bt,x = le[o,x](Bz),

we obtain

P(3 1 1(Bi,sxCi — EB1 s EC) > (1 —&)x)
sup I (x) < sup .
x>xn *>Xn nP(B > x)
Notice that

P(E)) P(E2)
sup 1 2(x) < sup sup — 2
X=>Xp ' X>Xp l’lP(B >x) X>Xp nP(B >x)

where

Ey = {Z(Bt,8x — EB15x)C > 0.5(1 — S)X},

t=1

n
Ey= {EBI,(;X Y (C/—EC)>0.5(1 — s)x}.
=1
Conditioning on (C;) and using the Fuk—Nagaev inequality (inequality (2.79) on

page 78 in [31] with p = 2«), we have, with EC? < oo,

E[P(E1|(Ci))]

<cE ((0.5(1 —e)x) Y X

t=1

" -1
+ exp{—C(O.S(l - g)x)2[var(31,5x) Z C12:| })

t=1

<cx *pEC?*

(5.6)

n -1
+CE (exp{ —c(0.5(1 — &)x)? [var(Bl,gx) 3 c}} }

t=1

X 1{var(31,5x)z;'=1 c,zgdxz/logx})

n
+ P (Var(BLgx) Z Ct2 > dxz/logx>

t=1
= J1(x) + L2 (x) + J3(x),
where d > 0 is chosen small enough such that d’ = d’'(d) = c[0.5(1 — &)]%/d is
large enough, implying
Jo(x) e—¢(0.5(1—¢))* logx/d '

——— < sup =sup ———— —>
x>x, PP(B > Xx) ™ x>x, nP(B > x) x>x, P(B > Xx)
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We also have
J1(x)
sup ———
x>x, nP(B > Xx)
The relations
J3(x) P(E»)
sup ———— — and sup ——————
x>x, NP (B > x) x>x, PP (B > x)
follow by assumption (4.4). Collecting the above estimates, we proved, for every §,

lim sup I22(x) =0.
n—>00 x>y

Thus, it remains to show that

(5.7) limlim limsup sup (123(x) — EC*) <0.

el06l0 n—oo X>Xp

‘We have

h3(x) < Z(P(B,Ct + Y. (ByCs;—EBEC)>x(1—¢),

=1 s=1,s#t

B; > 6x, max Bsféx)>

1<s<n,s#t
x (nP(B >x))""

- i P(B; min(Cy, 8~ 1(1 = 2¢)) > (1 — 2¢)x)
- nP(B > x)

t=1

+Z(P< Y (B,C; — EBEC) > xe,

t=1 s=1,s#t

B, >8x, max B, < 8x>> x (nP(B >x))_1

1<s<n,s#t

- P(Bymin(Cy, 8~ (1 =2¢)) > (1 —2¢)x)

P(B > x)
n n
+ Z(P( Y (BsC; — EBEC) > x,
t=1 s=1,s#t

max B < 8x)P(B > 8x))

1<s<n,s#t

x(nP(B > x))_1
=Li(x)+ La(x).



2018 D. G. KONSTANTINIDES AND T. MIKOSCH

By Breiman’s result,

lim lim lim sup
el046l0 n—>oo
E[(min(C, 8§~ 1(1 — 2¢)))¥]
XSBE[(L 1) = (12 )
. —1 _ K
N (E[(mln(C,8 (I-2e))"] ECK>] _o.
(1 —2¢)¢

Similar calculations as for /> »(x) yield that, for every 4, ¢,

nlirrOles;JEl Lo(x)=0.

We conclude that (5.7) holds. This completes the proof of the lemma. [

Lemmas 5.1 and 5.2 prove that

P(S,—ES, >x)
nP(B > x)

(5.8) limsup sup ( — EC") <0.

n—00 x>x,
We conclude the proof of (4.5) with the bound

P(S,—ES, >x)> <0
nP(B > x) -

(5.9) lim sup sup (EC" —

n—00 x>x,
Arguing as for (5.8), we see that, for any § > 0, uniformly for x > x,,,

P(S, —ES, >x)

nP(B > x)
N P({Sn,Z - ESn,Z >x}N Qn,2(8))
nP(B > x)
P({{Sn2— ESn2>x}N 0y 3(5))
nP(B > x)

=Ki(x) + Ka(x).
It follows by analogous arguments as for /> 2(x) that

Ki(x)
sup ————
x>x, NP (B > x)

Werite, for ¢ > 0,

L,={Bmin(C,, "1 +¢)> (1 +e)x}, teZ
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As regards K7(x), we have

n n
Kz(x):Z<P<BtC,+ > BCy>x+nEBEC,B; > éx,
t=1 s=1,s#t

max B, < 8x>)
s<n,s#t

x(nP(B > )c))f1
. P(Ly)

n—1
> [P(By <6x)] ,zzlinP(B )

— Z(P(! > (BsC;— EBEC) < —éex + EBEC}
t=1

s=1,s#t

NL;N { max By 58x})>
s<n,s#t

x(nP(B > x))~"
=Kz 1(x) — K2 2(x).
Since n P (B > §x,) — 0, we have

sup [[P(B<éx)|" ' —1]—0.

X>Xp

Therefore and by regular variation of B,

(5.10) sup (14 &)™ E[min(C, 87 (1 +¢))] — K2.1(x)) — 0.
X>Xxp
Write
n
Toi=1{ Y. (BssxCs—EBEC)<—¢x+EBECy.
s=1,s#t

As regards K> 2(x), we have, for 0 <m < M < oo,
nP(B >x)Ky2(x)

<Y P(ThNLN{Cr <m})+ Y P(T,,NL N{C; > M})

t=1 t=1

+ 3" P(Toy N L N{C; € (m, M1})

=1
=K221(x)+ Ko22(x)+ Kz23(x).
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Then for small § > 0, by the uniform convergence theorem for regularly varying
functions,
K2 2,1(x) P(mB > (1+¢&)x)

lim lim sup ————— < lim lim sup
m—>0”—>00x2xn l’lP(B > x) m—>0”_>0°x2xn P(B > .x)

= lim m“(14+¢)™* =0.
m—0
Moreover, by Breiman’s result and Lebesgue dominated convergence,

. : K32,2(x)
lim lim sup ———
M—o00n—>00 >y nP(B > x)

. ) P(Clic=myB > (1+¢)x)
= lim lim sup
M—)OOn—>oonxn P(B >x)

= lim E(C*I(3y.00)(C))(1 + )¢
M— o0

=0.
Finally, using the same method of proof as for 17 »(x),

K2 23(x)
sup —————
X>Xp nP(B > x)

n
< sup n_lcz P(Ty.1)

XZXn =1

n
< sup P(Z(Bs,gxcs — EBEC) < —sx/2) + sup P(Bj,5:C > x&/2)

X=>Xp s=1 X=>Xp

— 0.

Taking the above bounds and, in particular, (5.10) into account, we conclude that

nli)nolo sup ((14 &)™ E[min(C, 871 (1 +¢))]“ — Ka2(x)) =0,

and letting § | 0, ¢ | 0, (5.9) follows.
The proof of relation (4.5) is now complete. [J

PROOF OF (4.6). The proof is similar to the one for (4.5). It follows from
relations (5.2) and (5.5) that it suffices to show
P(Sn,Z - ESn,Z < —xr)

sup —0
xX>Xxp, I’lP(B > x)

for any r > 0. We proceed similarly as for />(x) and use the same notation. Then
for any § > 0,
P({Sn2— ESp2 = —xr}N Qn1(9)) P(Qn,1(8))
sup = sup ——>——
XX, nP(B > x) x>x, P(B > x)
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Moreover, by the uniform convergence theorem for regularly varying functions,

o P({Sp2— ESp2 < —xr}N 0, 3(5))
lim lim sup
§—>00Nn—>00 x>y, nP(B > x)

< lim lim sup ———
5—)00n_)00x2xn P(B >.x)

= lim § “=0.
§— 00

Finally, uniformly for x > x,, sufficiently large n,
P({Sn2 — ESp2 = —xr} N 0y 2(8))

> =
nP(B > x)
_ P BroxCi — EB15x EC) < —xr + nECE(Blix,0)(B)))
- nP(B > x)
< P(Y7 (B1,5xCi — EB15xEC) < —xr/2)
- nP(B > x) '

Here we used the fact that, by Karamata’s theorem, since x > x,, and nP(B >
Xxn) — 0,

nECE(BI(sx,00)(B)) <cnxP(B > x) <cnxP(B > x,) = 0(x).

Hence,
T < P(Y}_(Bisx — EB1,5x)C; < —xr/4)
- nP(B > x)
n P(EB15x Y} 1(C; — EC) < —xr/4)
nP(B > x)

=21(x) + Z2(x).

The relation sup,., ¥s(x) — O follows from assumption (4.4). The relation
sup,~, 21(x) — 0 follows by another application of the Fuk—-Nagaev inequality
in the same way as for P(E) in combination with assumption (4.4). [

6. Proof of Theorem 4.9. We will use the notation
Ip=0, T,=X,—EY)+- -+, —EY), n>1.
Proof of the upper bound. First, we show the relation

1 1
(6.1) limsupﬂfEC"— ,
U— 00 uP(B>u) ,bLK—l

by a series of auxiliary results. Before we proceed with them, we give some
intuition on the steps of the proof:
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e In Lemmas 6.1 and 6.2 we show that the event {suanM/M(Tn — un) > u} does
not contribute to the order of ¥ (1) for sufficiently large u and M.

e In Lemma 6.3 we show that the order of ¥ (u) is essentially determined by the
event D(u) = {suanu/M(Z’;:[u/M](Bt — EB)C; — un) > u}.

e In Lemma 6.4 we show that it is unlikely that D(u) is caused by more than one
large value B; > 6t for any 6 > 0.

e In Lemma 6.5 we show that it is unlikely that D(u) occurs if all B;’s in the sum
Z?:[M/M](B, — EB)C, are bounded by 0 (¢ + u).

e In Lemma 6.6 we finally show that D(u) is essentially caused by exactly one
unusually large value B; > §(ut + u), whereas all other values By, s # t, are of
smaller order. This lemma also gives the desired upper bound (6.1) of 1 (u).

LEMMA 6.1. Forany u > 0,

P(sup, <y (Tn — un) > u)

lim limsup 0.
PROOF. We have
(6.2) P( sup (Tn—,bLn)>Lt>EP(T[M/M]>M—EY[M/M]).
n<u/M

For sufficiently large M, (1 — EY/M) > 0. Then an application of the large
deviation result of Theorem 4.2 yields that the right-hand side in (6.2) is of the
order

~clu/MI(1 — EY/M) ™ P(B >u), u— oo.

The latter estimate implies the statement of the lemma by letting M — oco. [

LEMMA 6.2.  We have, for any u > 0,

L P(sup, >y pr (Tiuymy — pn) > u)
lim limsup =0
M—o0 y—oo uP(B > u)

PROOF. We have, by virtue of the large deviation results,
P (supy >/ Tiu/my — n) > u)
uP(B >u)
- P (T > u + pulu/M])
- uP(B >u)
C[u/M]P(B >u(l+u/M))
uP(B >u)
~ceMTY A 4 /MY =0, M — oc. O

, u— oQ,
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In the light of the two lemmas, it suffices to bound the probability
J(u) = P< sup [(Tn — Tyu/sry) — (1 —&)un] > (1 — s)u>
n>u/M

for fixed M > 0 and any small ¢ > 0. By (5.1) and by virtue of Breiman’s result,
for large u,

J(u) < P<Yo >,

i=1

+ sup < > (B,C,—EBEC)—(I—&)/M)>(1—2s)u>

nzu/ M\ t=[u/M1+1

(9]
P(YOZ I; > 8u>

i=1
n
—|—P( sup < > (B,Ct—EBEC)—(l—e);m) >(1—38)u>
nzu/M Ny M1+1

~e *P(Y >u)E(C — 1)

+P( sup (B,C,—EBEC)—(l—e);Ln) > (1 —38)u)

">M/M<r [u/M1+1
<cP(Y >u)

+ P| sup ( (B, —EB)C,— (1 — s/2);m> > (1— 48)M)
[u/M]+

(2,
(

4+ P| sup (EB Z (CI—EC)—sun/2)>su>

nzu/M t=[u/M]+1
=Ji(m) + Jr(u) + J3(u).

We show that
J3(u) =o(uP(Y > u)).
LEMMA 6.3. Assume (C;) is strongly mixing with geometric rate and

EC*TY < oo for some y > k. Then for any M, j1 > 0,

m P(SuPnzu/M(ZL[u/M]H(Ct — EC) — pun) > u) _
U—00 uP(B > u) -
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PROOF. We have, by Markov’s inequality,

n
P( sup < Z (Cy —EC)—,un) >u>
nzu/ M\ ={u/M]+1

< > P< > (C,—EC)>,un+u)

n=[u/M] \t=[u/M]+1
(6.3) o
00 n Y
< Y untw CE Y (- EC)
n=[u/M] t=[u/M]+1
o
<c Z (n+ u)—(K'H/)n(K-H/)/Z_
n=[u/M]
In the last step we applied the moment estimate
n k+y
E\n~'23(C; — EC) <c,

t=1

which is valid for strongly mixing sequences with geometric rate if ¥ > « and
ECYT® < oo, see, e.g., [13], page 31. An application of Karamata’s theorem
shows that (6.3) is of the order

~ e 2 = o (uP(B > u)),

fory >«. O
Thus, it remains to estimate J2(u). We proceed by a series of lemmas.
LEMMA 6.4. Forevery 6 > 0,
P(B; > 0t for at least two t > u) = o(uP (B > u)).
PROOF. We have, by Karamata’s theorem,

P(B; > 0t for at least two 1 > u)

o0
< Z P(B, > 0t, Bj > 0] for some j # 1)

t=[u]
o0 o0
<> PB=>61) Y P(B>0))
t=[u] Jj=lul,j#t
~c[uP(B > u)?,

from which the statement of the lemma follows. [
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LEMMA 6.5. Assume (C;) is strongly mixing with geometric rate,
EC*TY < oo for some y > k. Then for every M, j1, 0 > 0,

Jw) = P(A,) =0(uP(B > u)),
where

A= : Y. (Bi—EB)C, > (1 —4e)(un+u),

n>[u/M] t=[u/M]+1

B; <0(j +u) forallj:[u/M]+1,...,n}.

PROOF. We have

T < sz( > (B —EBC > (1 —4e)(un +u),

n=lu/M] \t=[u/M]+1

max B; <0(n+u)
j=lu/M1+1,..., n

o0 n
< > P( Y (Biomrw — EB1Lom4w)Cr > (1 —4e)(un + u)),
n=[u/M] t=[u/M]+1

where
By x = BiI0,x1(By), x> 0.

Analogously to (5.6), an application of the Fuk—Nagaev inequality, conditionally
on (C;), yields, ford > 0 and d’ =d’'(d) > 0,

o o0

Ju) <c Z nin4u)">* +c¢ Z (n+u)_d,

n=[u/M] n=[u/M]

00
+c Z P(Val‘(Bl,g(n_i_u))
n=l[u/M]

x 3 CE>d[(1 —4e)(un +u))*/log((1 — 4e)(un + u)))
t=1
= J1(u) + Jo() + J3(u).

Choosing d > 0 sufficiently small such that d’ becomes sufficiently large, an
application of Karamata’s theorem yields

J(u) < cu?™ = o(uP(B > u))
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and
Jw) <cu'™ = o(uP(B > u)).

An application of (4.10) yields, for y > «,

64) J3(w)<c i n<x+y>/2< (un + u)?

—(k+y)/2
n=[u/M] log(un +u) Var(Bl,e(n+u))>

If « > 2, var(By x) is slowly varying and if ¥ € (1, 2), var(Bj x) ~ csz(§ > X).
This follows by Karamata’s theorem. These facts and (6.4) ensure that J3(u) =
o(uP (B > u)). This proves the lemma. []

Finally, we bound J>(u) and obtain the desired upper bound (6.1) in the
theorem.

LEMMA 6.6. The following result holds:

o Jo(u) 1 1
limlimsup ———— < EC" — .
el0 u—soo UP(B > u) wr—1

PROOF. By virtue of Lemmas 6.4 and 6.5,

5 J2(u)
msup ————
Uu—> 00 MP(B > u)

<limsu PUnzuy {2 i1 (Bt — EB)Cy > (1 — 4e)(un +u)} N As)
- uﬁoop MP(B > u)

’

where, for any § > 0,

o0

As= |J (B:>8(ut+u), By <8(us+u)forall s > [u/M], s #1}.
t=[u/M]
Hence,
5 Jo(u)
1m sup

u—oo UP(B>u)

Y%, P(Bimin(Cy, 87 (1 — 5¢)) > (1 — 5¢)(ut + u))

<limsup
U—>00 MP(B > u)
. X P(B>&(ut+u))
+ lim sup Z WP(B > )
u— 00 t=[u/M]

><P< U [ > (By— EB)Cy > (1 —4e)(un +u)

t>n>[u/M] Us=[u/M]+1
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U U! Y. (Bi—EB)C> s(/m+u>}

n>t Us=[u/M]+1,s+#t

N{B; <é(us +u),alls # t})
=limsup K1 (u) + limsup Ko (u).
u—>0o0 u—0oo

Similar arguments as for J (1) above show that

> P(B>S
K =o(l) ¥ (u;(;‘f;”))zom.

t=[u/M]

An application of Breiman’s result and Karamata’s theorem yields

1
~ _ —K : -1, _ K~
Ki(u)~ (1 —5¢)7“E[min(Cy, 8~ (1 — 5¢))] T

Noticing that
limlim(1 — 5¢) ™ E[min(Cy, 871 (1 — 5¢))]“ = EC*,
slﬁ)l 81&)1( €) [min(C; ( e))]

the lemma is proved. [

Proof of the lower bound. Now we want to prove that

1 1
(6.5) liminfﬂ >EC“— .
u—=0 yP(B>u) ik —1

Again, we proceed by a series of auxiliary results. We start with a short outline of
the steps in the proof:

e In Lemmas 6.7 and 6.8 we show that the order of ¥ (1) is essentially determined
by the event

5(u)={ sup( Z (B,C;—EBEC)—,un)>u}.

nzu/M \ t=[u/M]+1

e In Lemma 6.9 we complete the lower bound (6.5) of 1 (u) by first showing that
D(u) is essentially determined by the event

D(u):{ sup< > (B,—EB)C,—,un)>u}.

nzu/M \ t=[u/M]+1

The probability of D(u) is bounded from below by intersecting D (u) with the
union of the events {B; > §(ut +u), By <5(ut +u), for all s £ ¢}, that is, B; is
unusually large, whereas all the other By’s are smaller.



2028 D. G. KONSTANTINIDES AND T. MIKOSCH

LEMMA 6.7. Foreverye, M, >0,
Y (u)>Li(u) +o(uP(B > u)),

where

Li(uw) = P( sup (T — Tqu/my — pun) > u(l +e)>.
n>[u/M]

PROOF. We have

v(u) > P( sup (Tn — Tu/my — /U’l) + Tiu/my > u)
n>[u/M]

> P( sup (Tn — T[u/M] — ,un) > (1+¢&)u, T[u/M] > —8M)
n>[u/M]

> P( sup (Tn — Ttu/my — ,an) > (1 +s)u> — P(T[u/M] < —gu)’
n>[u/M]
but, by (4.6),
P (T < —eu) = o(uP(B > u)).

This concludes the proof. [

LEMMA 6.8. We have, for any e, u, M > 0, k > 1 and some ¢ > 0,

n—k
Ll(u)zP( sup ( > (BtCt—EBEC)—(l—i-e),un)>(1+3s)u>
nzu/MI\ =[u/M]+1

—c(EAYuP(B > u).

PROOF. Using the decomposition (5.1) and writing

n—k
Ri(k,u) = sup ( > (B,Ct—EBEC)—(1+£),un>,
nzu/MI\ ¢ =[u/M]+1

Ry(k,u) = sup (rlilf B, i g1, — 8,Wl>,
nz[u/MI\ =1 i=p+1
we have, for large u,
Li(u) > P(Ri(k,u) — Ry(k,u) > (14 2¢)n)
> P(Ri(k,u) > (14 3e)u, —Ra(k, u) > —cu)
> P(Ri(k,u) > (14 3¢e)u) — P(Ra(k,u) > cu)
= Ly(u) — L3(u).
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We show that
Li(u) < c(EAY*uP(B > u).
We have, for k > 1,

[u/M]
L3(u) < P( sup ( > Billiy1n41Cng1 — 8#”/2> > 8”/2)
n>[u/M] =1

n—k
+P< sup ( Z anz+1,n+1Cn+1—8Mn/2)ZSM/2>

n2[u/MIN t=[u/M1+1
= L3 1(u)+ L32(u).

Then, by (5.3) and Markov’s inequality, for 0 < < 1,

00 [u/M]
L3 (u) < Z P( Z BI04 /s 1,041 Crp1 > (8/2) (un + M))
n=[u/M] t=1

o
< Y PYolu/mis1.at1Cat1 > (€/2)(un +u))
n=[u/M]

oo
<c Z (EAK—(S)}’I—[M/M](” +M)—K+5
n=[u/M]

<cu™ M =o(uP(B > u)).

Moreover, by (5.3) and Breiman’s result,

o0 n—k
Lipw)< ). P( Y Bt Tukt1as1Cayr > (€/2)(un + u))
n=lu/M]  \t1=[u/M]+1

o
< Y P(Yoluki1ns1Cay1 > (€/2)(un + u))
n=[u/M]

<c(EAYuP(B > u). O
Next we bound L.

LEMMA 6.9. We have, for every k > 1,
Lo(u) 1 1

limliminf ————— > EC*—

el0 u=>o0 yP(B>u) — wk —1°
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PROOF. Writing

n—k
Ri(k,u) = sup ( > (Bt—EB)Ct—(1+28);m>,
n=[u/MIN\ ¢ =[u/M]+1

Ry(k,u) = inf (EB nilf (C; — EC) +8/m),
w=[u/M) T
we have
Lo(u) > P(Ry(k,u) + Ra(k,u) > (14 3e)u)
> P(Ri(k,u) > (14 4e)u, Ra(k,u) > —eu)
> P(Ri(k,u) > (14+4e)u) — P(Ra(k, u) < —eu)
= L4(u) — Ls5(u).
Lemma 6.3 and its proof show that
Ls(u) =o(uP(B > u)).
Now we turn to L4. Writing
Dy (8,u) = { By <8(us +u) forall s € [[u/M], 00) \ {r}},
E;(8,u) = {B,min(C;, 8 (1 +5¢)) > (1 + 5&)(ut +u)},
we have, for small § > 0,

INOEEDY P({Bt > 8(ut +u)} N Dy (5, u)
t=[u/M]

n—k
N {sup( > (B —EBC,—( +48)un>
20N p=[u/M]+1
> (1+ 48)u}>

> Y P(E/(8,u) N D3, u))
t=[u/M]

- > P(E,(8, u) N Dy(8, u)

t=[u/M]

n—k
n {sup( > (Br—EBC,—(I +48);u1)

RZEN p=lu/M]+1
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<1 +48)M}>

> Z P(E1(8,u))P(Bs <8(uus +u) forall s > [u/M])
t=[u/M]

o0

_ Z P(E,;(S,M) N Dy (u, d)

t=[u/M]

n—k
N {sup( > (B, —EB)C, — (1 +48);m)

RN p=[u/M1+1,rt
< (1 +4e)u — (1+58)(ut +u) + EBC,})

= L4 1(u) — Lap(u).

By Breiman’s result and Karamata’s theorem, as u — 00,

Lyt~ Y [(145¢)E[min(Cy, 87" (1 4 5¢))]“P(B > put +u)]
=[u/M]

x P(Bs < &(us +u) forall s > [u/M])

> (1 +68)“ E[min(Cy, 87 (1 + 5¢))]" Z P(B > pt +u)
t=[u/M]

~ (1 +6g) ™ E[min(Cy, 871 (1 + 58))]’(1%})(3 > u).
Wi —

‘We conclude that

I 11
Jim lim lim inf — 2109 > ECF— .
eJ08)0 u=o0 yP(B > u) wrk—1

As regards L4 (1), we have

o0

Lsa(u) <c Z P(B>t+u)
t=[u/M]

n—k
X P<sup( > (B, —EB)C, — (1 +48);u1>

NN p=[u/M1+1,r#t

< —eu—(14+5)ut + EBCt>
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o0
<c Z P(B>t+u)
1=[u/M]

n—k
X P(sup( Z (Br—EB)Cr—(1+48),un>

RNy lu/M+1,r £t

< —eu—(14+5)ut+ EBM)

o0
+c¢ Y. PB>t+u)P(C>M)
t=[u/M]

=1I42.1(u) + I422(u).

We have

I
lim limsup —222% _ o lim p(C = M) =0.
M—00 y—o00 MP(B>M) M— o0

Observe that, for large u,

n—k
P<sup< > (B, — EB)C, — (1 +4s);m>

RN pou/ M+1,r £t

< —eu—(14+5)ut+ EBM)

[/ M]+u—k
5P<( ) (Br—EB)Cr—(1+48)M([u/M]+u)> S—su).

r=[u/M]+1,r#t
Now an argument similar to the one for Theorem 4.2 shows that
Ii21(w) =0uP(B > u)).
This proves the lemma. [
Now a combination of the above lemmas shows that the lower bound (6.5)

holds. Indeed, we have, for any k > 1,

L L
iminf—2% S fiminf—Z S pminf— 22 (gaf)k,
u—=o0 yP(B>u)  u—> yP(B>u) u—> yuP(B >u)

Now, observing that EA* < 1, let k — oo, € | 0. This proves the theorem. [J
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Extensions. A careful study of the proofs in the previous sections shows
that the particular structure of the sequence (Y;) was inessential for the proofs.
Indeed, we made extensive use of the fact that the random walk (S,) can be
approximated by the random walk S, = Y71 B:C;. It is not difficult to see that
the results of Theorems 4.2 and 4.9 remain valid if S, is replaced by S, and the
following conditions on any stationary sequence (C;) hold: (B;) is independent
of (Cy), (Cy) is strongly mixing with geometric rate, EC¥TY < oo for some
y > k and (4.4) holds. Moreover, the assertion of Lemma 4.6 remains valid.
A stationary sequence X; = B;C; for (B;) and (C;) independent is called a
stochastic volatility model in the econometrics literature; see [11] for some theory
and further references.
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