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In a variety of problems in pure and applied probability, it is rele-
vant to study the large exceedance probabilities of the perpetuity sequence
Yo =B +A1By+---+(A1---A,_1)Bn, where (A;, B;) C (0,00) x R.
Estimates for the stationary tail distribution of {Y;,} have been developed in
the seminal papers of Kesten [Acta Math. 131 (1973) 207-248] and Goldie
[Ann. Appl. Probab. 1 (1991) 126-166]. Specifically, it is well known that
if M :=sup, Yy, then P{M > u} ~ CMu_S as u — o0o. While much atten-
tion has been focused on extending such estimates to more general settings,
little work has been devoted to understanding the path behavior of these pro-
cesses. In this paper, we derive sharp asymptotic estimates for the normalized
first passage time 7}, := (log w) " Linf{n : ¥, > u}. We begin by showing that,
conditional on {7}, < oo}, T;,, — p as u — oo for a certain positive constant
p. We then provide a conditional central limit theorem for {7}, and study
P{T, € G} as u — oo for sets G C [0,00). If G C [0, p), then we show
that P{T,, € G }ul G - ¢ (G) as u — oo for a certain large deviation rate
function / and constant C(G). On the other hand, if G C (p, 00), then we
show that the tail behavior is actually quite complex and different asymptotic
regimes are possible. We conclude by extending our results to the correspond-
ing forward process, understood in the sense of Letac [In Random Matri-
ces and Their Applications (Brunswick, Maine, 1984) (1986) 263-273 Amer.
Math. Soc.], namely to the reflected process M, := max{A, M;:_l + By, 0},
n € Z4. Using Siegmund duality, we relate the first passage times of {Y,} to
the finite-time exceedance probabilities of {M,F}, yielding a new result con-
cerning the convergence of {M,"} to its stationary distribution.

CONTENTS
1. Introduction . . . . . . . . . . e e 3689
2. Statement of results . . . . . . ... e e 3692
2.1. Aclass of stochastic recurSions . . . . . . . . . . .ttt 3692
2.2, Mainresults . . . . ... e 3694
2.3. A comparison with previous estimates for classical random walks . . . . ... . ... 3698

Received November 2014; revised August 2015.
I'Supported by the NCN Grant UMO-2011/01/M/ST1/04604.
MSC2010 subject classifications. Primary 60H25; secondary 60KO05, 60F10, 60J10, 60G70,
60K25, 60K35.
Key words and phrases. Random recurrence equations, stochastic fixed point equations, first pas-
sage times, Siegmund duality, asymptotic behavior, ruin probabilities.

3688


http://www.imstat.org/aop/
http://dx.doi.org/10.1214/15-AOP1059
http://www.imstat.org
http://www.ams.org/mathscinet/msc/msc2010.html

LARGE DEVIATION ESTIMATES FOR EXCEEDANCE TIMES 3689

2.4. Exceedance probabilities for forward recursive sequences . . . . . .. ... ... ... 3701
3. Proof of Theorem 2.1 . . . . . . . . . . . . . . 3702
4. Proof of Theorem 2.2 . . . . . . . . . . . . . e 3711
4.1. Preliminary considerations . . . . . . . . . . .. ..o e 3711
4.2. The conditional central limit theorem for the criticalcase . . .. ... ... ... ... 3714
5. Proof of Theorems 2.3 and 2.4 . . . . . . . . . . . . . . . e 3722
5.1. Proof of Theorem 2.3 . . . . . . . . . . . .. ... 3722
5.2. Proof of Theorem 2.4 . . . . . . . . . . . . . ... e 3731
References . . . . . . . . . . e 3737

1. Introduction. Since the pioneering work of Kesten (1973) and Vervaat
(1979), there has been a continued interest in the probabilistic study of perpetuity
sequences. Much of this interest has been driven by a wide variety of applications.
Perpetuity sequences arise naturally in connection with the ARCH and GARCH
financial time series models, the Asian option in discrete and continuous time
and in insurance mathematics. [For a detailed description of these diverse applica-
tions, see, for example, Engle (1982), Bollerslev (1986), Mikosch (2003), Geman
and Yor (1993), Carmona, Petit and Yor (2001), Paulsen (2002), Kliippelberg and
Kostadinova (2008), and Collamore (2009).] From a theoretical perspective, per-
petuity sequences also appear in connection with the weighted branching process
and branching random walk. Indeed, utilizing an argument in Guivarc’h (1990) and
Liu (2000), it is possible to relate the tail behavior of a perpetuity sequence to that
of an associated nonhomogeneous recursion, leading to further applications, for
example, to the Quicksort algorithm in computer science and to Mandelbrot cas-
cades. [See Alsmeyer and Iksanov (2009), Buraczewski (2009), Guivarc’h (1990),
Liu (2000), Buraczewski et al. (2014), and references therein. |

A central issue arising in all of these problems is the characterization of the tail
behavior of the perpetuity sequence. Namely, letting {(A;, B;) :i € Z4} be ani.i.d.
sequence of random variables taking values in (0, co) x R, and letting

(1.1 Y, =B +A1By+---+(A1---Ay—1) By, n=12,...,
then it is of interest to consider

(1.2) P{V > u} as u — 00,

where, typically,

Vi=1mY, or V:=supt,.
n—o0 n

In either case, it is well known that under mild regularity conditions,
(1.3) P{V>u}~%u"% asu— oo

for certain positive constants % and & [cf. Kesten (1973), Goldie (1991)].
Much recent work has been devoted to showing that the estimate in (1.3) ex-
tends well beyond the setting of perpetuity sequences. Following Letac (1986), it
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is helpful to first observe that {Y, } can be identified as the backward process gener-

ated by the affine map ®(x) = Ax + B, where (A, B) Zz (A1, By) (and Zz denotes
equality in distribution). More precisely, letting ®; (x) = A;x + B; fori € Z, then

(1.4) YV,=®10---09,(0), n=12,....

The limiting behavior of this sequence is, of course, the same as that of the corre-
sponding forward process, namely

(1.5) Yy :=®,0---0®(0), n=1,2,....

Then it is natural to consider more general random functions, including Markov-
dependent sequences and random matrices. Extensions of this type can be also
found, for example, in recent work of Alsmeyer (2003), Alsmeyer and Mentemeier
(2012), Brofferio and Buraczewski (2015), Buraczewski et al. (2009), Collamore
(2009), Collamore and Vidyashankar (2013a, 2013b), Guivarc’h and Le Page
(2013a), Kliippelberg and Pergamenchtchikov (2004), Enriquez, Sabot and Zindy
(2009), Mirek (2011) and Roitershtein (2007). We note that, for the process (1.5),
recursions generated by random matrices were also considered in Kesten’s (1973)
original work. Moreover, some refined large deviation asymptotics for related re-
cursive structures can be found in Buraczewski et al. (2013) and Buraczewski,
Damek and Zienkiewicz (2015).

In contrast, very little is known concerning the path properties of perpetuity se-
quences. Two natural questions, well motivated by the theory of random walks, are
the characterization of the distribution of the first passage time of the sequence in
(1.4) and the convergence of the sequence in (1.5) to its stationary distribution. In-
deed, these two questions are very much the same, since it is known by extensions
of classical duality for random walks that

(1.6) P{Yx > u, some k <n}=P{M,; > u},

where {M,'} is defined as in (1.5), but with ®(x) replaced with 5(x) = (Ax +
B)t,and Yo =0 = Mg. [Cf. Siegmund (1976), Asmussen and Sigman (1996),
and the discussion in Section 2 below.] Thus, the finite-time exceedances of {M,'}
can be analyzed through the first passage times of {Y,}, and vice versa.

The primary objective of this article is to study the asymptotic distribution of
the scaled first passage time

1
T, = inf{n:Y, > u} as u — oo.
logu

Motivated by the large deviation theory for random walks, developed in the classic
papers of Donsker and Varadhan [cf. Varadhan (1984)], we study the asymptotic
behavior of

P{T, € G} as u — oo, where G C [0, 00).
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We begin by showing that, conditional on {7, < o0},
T,— p in probability

for some positive constant p, thus describing the “most likely” first passage time
into the set (u, 00). We then characterize the asymptotic distribution of {7,} on
the respective time intervals [0, t], where either T < p, T = p, or T > p, and the
analysis on these various regions turns out to be quite different. On the first of these
regions, we show that there exists a certain “rate function” [ : [0, o0) — [0, 00)
such that as u — o0,

COCEN=Y
Jlogu

where C(7) is a positive constant which we explicitly identify and E(u) :=
tlogu — [tlogu] € {0, 1}. [For logarithmic large deviation asymptotics describ-
ing the decay parameter [ (t) for this case, see also Nyrhinen (2001).]

Next, we examine the behavior of {7,} around its central tendency, that is,
around the constant p which describes the most likely exceedance time. To this
end, we establish a conditional central limit theorem; namely, we show that condi-
tional on {7, < o0},

(1.7) P{T, <71}~ forall T < p,

(1.8) a/logu(T, — p) = %,

where % has the standard Normal distribution function (denoted ®) and a is a
certain constant. Thus, in particular, P{T,, € [0, p]} ~ ®(0)P{T,, < oo}, and hence
as a direct analog of (1.7), we obtain that

(1.9) P{T, [0, p]} ~ %u_é as u — 00,

where (%, &) is given as in (1.3). Both (1.7) and (1.8) are comparable to classical
estimates for random walks, as we explain in Section 2.3 below.

Finally, we turn to a description of {7},} for large times, when 7 > p. Here we
find that the behavior is quite complex, requiring new mathematical techniques. As
we demonstrate, these asymptotics can be quite distinct from those expected from
the large deviation theory of random walks, which, based on Arfwedson (1955),
Asmussen [(2000), Chapter 4], and Collamore (1998), would suggest that

€@ -1
Jlogu
As we show, under certain conditions, the previous formula fails to hold and we
obtain very different asymptotic behavior, not only for P{t < T, < oo}, but also
for loglP{tr < T,, < oo}; thus, even the polynomial decay rate predicted by (1.10)
need not hold, in general. Indeed, in Theorems 2.3 and 2.4 below, we provide
asymptotic estimates showing that, under certain conditions,

(1.10) P{t <T, <oo}~ as u — o0.

(1.11) limsuplogP{r < T, < oo} <—I(1),

u— 00
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while under other conditions,
(1.12) lan_l)gréflogIP{t <T, <o} >—I(1).

In this way, we exhibit an interesting asymmetry between the large-time behavior
and the small-time behavior of {7}, }. The latter results are quite technical and show
that for T > p, the story is very interesting, challenging and not fully understood.

We now turn to a more precise statement of our results. In the process, we also
connect the convergence in (1.7) to that of the dual process of {Y},}. The proofs are
deferred to Sections 3-5, where we establish our main results for the three regimes
(t < p, T=p, T > p)which we have just described.

2. Statement of results.

2.1. A class of stochastic recursions. Before stating our main results, we first
introduce some notation related to our stochastic recursions and formulate a few of
their basic properties. Let {(A;, B;) :i = 1,2, ...} be a sequence of i.i.d. random
variables taking values in (0, co) x R. Throughout the paper, we assume:

e E[log A] € (—00,0) and E[log™ |B|] < cc.
e For every x e R, P{Ax + B = x} < 1, which implies, in particular, that P{B =
0} < 1.

We will be interested in the following two processes: the perpetuity sequence

n
2.1) Yo:=Bi+Y A+ AwBr, n=12,..., Y=0,
k=2

and, particularly, the process of partial maximums of this sequence, namely,

2.2) M, = max Y, n=0,1,....

0<k<n
These sequences represent the backward processes generated by the random map-
pings ®;(x) = A;x + B; and ®;(x) = (A;x + B;,0)", respectively. The corre-
sponding forward processes [defined in (1.5)] are Markov chains satisfying the
respective equations

Yy =AY, |+ By,
(2.3) . N

My = (AnMy_y + Bn) "
If E[log A] < 0 and E[log™ |B|] < oo, then it is well known that {Y,} converges
pointwise to

[e.e]
Y =B +ZA1"‘Aklek’
k=2
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while {M,} converges a.s. to

M =supY,,
n>0
where Y and M are finite a.s. Then ¥ and M are called stationary solutions, since
they satisfy the stochastic fixed point equations

2.4) vy Z Ay + B, Y independent of (A, B);
2.5) MZ(AM+B)*, M independent of (A, B).

In this paper, our objective will be to describe the path behavior of {Y,} and
{M,}, and, in this connection, it will be of interest to compare the limiting quanti-
ties we obtain to the tail behavior of Y and M. To this end, define the generating
functions

r(a) =E[A%], Aa) =log A(a), a €R;
rp(@) =E[|B|*], Ap(a) =logip(a), a €R.

Note by the convexity of A and A p that, if A(x) < oo and Apg(a) < oo for some
a > 0, then A(B) and Ap(B) are finite for every B € (0, o). Moreover, these func-
tions are infinitely differentiable on the interiors of their respective domains.

We will use some fundamental properties of the solutions to the stochastic equa-
tions (2.4). First, if A(a) < 0 and Ap(a) < oo for some « > 0, then their ath
moments must be finite, namely,

(2.6) E[|Y|] <oco and E[M%] < oc;

see Vervaat (1979). Next, to describe the tail behavior of Y and M, we focus on
the nonzero solution, &, to the equation A (§) = 0. More precisely, assume that for
some & > 0,

A(E)=0, AN@E) <oo and Ap(€) < oo.

Then, if the random variable log A is nonarithmetic, it is well known that the tails
of Y and M are regularly varying with index &; that is,

]P’{Y>u}~<€yu_§ as u —> oo;
2.7)
P{M > u} ~ Cyu”* as u — 00;

see Goldie (1991). Various explicit expressions for the constants 4y and %), are
also available; see Remark 2.2 below.
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2.2. Main results. Let {Y,} denote the perpetuity sequence defined in (2.1),
and let

(2.8) Ty :

= inf{n:Y, > u}

logu
denote the scaled first passage time of {Y},} into the set (u, 00). Then our primary
objective is to study the asymptotic decay, as u — oo, of P{T,, € G}, where G C
[0, c0). We will show that this probability decays at a polynomial rate, and provide
sharp asymptotic estimates describing this rate of decay.

Set

(2.9) w()=A (@) and o(a)=+vA(a).

To characterize the behavior of {7} as u — o0, it is helpful to first observe that,
conditional on the event of ruin, the random variable 7}, converges in probability to
o= (uE )1, where & is given as in (2.7). This constant p will play an important
role in the sequel.

LEMMA 2.1. Assume there exists a value & > 0 such that A(§) =0, and sup-
pose that A and Ap are finite in a neighborhood of & and the law of log A is
non-lattice. Set p = (u(&))~'. Then for any & > 0,

(2.10) P{T, ¢ (p—¢,p+&)|T, <oo}—0 as u — 0o.

Lemma 2.1 will follow as a direct consequence of a stronger result, Lemma 4.3,
which will be proved in Section 4.

Turning now to our main results, we first introduce the rate function which we
will use to describe the polynomial rates of decay. Recall that the convex conjugate
(or Fenchel-Legendre transform) of the function A is defined by

A*(x) = sup{ax — A(w)}, x eR.
aeR

Next, define
1

(2.11) 1(7,')=TA*(—>, >0, 1(0)=o00.
T

This rate function appears in the large deviation study for random walks, and it
is closely related to the “support function” in convex analysis, whose properties
are well known [see Rockafellar (1970), Chapter 13]. Various convexity proper-
ties of the function /(-) itself (developed primarily for random walk in higher
dimensions) can be found in Collamore (1998), Section 3. Note that if we set
7 = (u(e)) ™! for some o € dom(w) (the domain of ), then it follows that

(2.12) It)=a— —;
n
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cf. Dembo and Zeitouni (1993), page 28.

We turn now to the characterization of P{T,, € [0, 7]} when 7 < p. Recall that
the function A is differentiable on the interior of its domain. Moreover, if A is
also essentially smooth (namely, if we further assume that |A’(c;)| 1 oo for any
{aj} C int(dom A) whose limit lies on the boundary of dom A), then it is well
known that A" maps R onto the entire real line. Thus, in this case, there always
exists a point «(7) satisfying the equation

1
(2.13) w(a(r)) = -

More generally, if 77! lies in the interior of the domain of A*, then a solution
a (1) exists in (2.13); cf. Ellis (1984), Theorem VI.5.7; Rockafellar (1970), Theo-
rem 23.5.

Thus, the assumption of a solution to (2.13) is a very weak condition, which
also appears to be necessary. In particular, when there fails to be a solution, one
usually expects to obtain only logarithmic large deviation asymptotics rather than
the sharp asymptotics which are the focus of this paper.

The most important solution to (2.13) appears, for our purposes, when we take
T = p, where p is given as in the previous lemma. Then by definition of p, we
have a(p) = &. Then 7 € (0, p) if and only if w(7) > &, which is the setting of our
first main result.

THEOREM 2.1. Let t € (0, p) and suppose that there exists a point o =
a(7) € R such that (2.13) holds. Assume that A and Ap are finite in a neigh-
borhood of o and the law of log A is non-lattice. Then

COM@)™®®
u
Jl1ogu
where E(u) ;= tlogu — |tlogu]. Moreover,
—1(7)
JN1ogu

where L (u) = {clog(logu)}/logu and ¢ > {2(a + 1)}/ A(«). The constant C(7)
is given by

2.14) P(T,<t}=

(14 o0(D)) as u — 0o,

2.15) ]P){TMS‘E—LI(M)}=0< ) as u — 0o,

(2.16) C(r)= [M%] €10, 00).

1 1
——— lim ——E
oo ()27 " (o)
Moreover, if P{A > 1, B > 0} > 0 then C(t) > 0.

Note that (2.15) shows, heuristically, that the critical event {Y,, > u} occurs near
the end of the time interval [0, T log u].

Next, we turn to the behavior around the critical case, where we would take
T = p in the previous theorem. In the following result, we establish a more precise
estimate, which yields a conditional central limit theorem for the normalized first
passage time.
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THEOREM 2.2. Suppose that there exists a value & > 0 such that A(§) =0
Also, assume that A and A g are finite in a neighborhood of & and the law of log A
is non-lattice. Then for any y € R,

2.17) P{T, < p+alogu) %y} =Eyu @ (y)(1+0(1))  asu— oo,

where @ is the standard Normal distribution function, a = p3/?c (£), and where
Gum € [0, 00) is given as in (2.7). Moreover, if P{A > 1, B > 0} > 0, then €y > 0.

REMARK 2.1. It follows from (2.17) and (2.7) that
(2.18) P{T, < p +a(logu)~?y|T, < 0o} = ®(y)(1 +o(1));

consequently, conditional on {7, < oo}, we have that a/logu(T, — p) = %,
where % ~ Normal(0, 1).

REMARK 2.2. Using Goldie’s (1991) original characterization, the constant
%um in Theorem 2.2 can be expressed as

1
2.1 =—E[((AM + B)" AM)].
(2.19) Cm TS [((AM + ) —( )]
Recently, certain more explicit representation formulas have been derived for
%yu and %y in (2.7); see Enriquez, Sabot and Zindy (2009) and Collamore
and Vidyashankar (2013b). The main representation formula in Collamore and
Vidyashankar (2013b) states that, under a weak continuity assumption on log A,

2200 Gy=— [<V+ LB --)51 }
' v = tnoEm L\ AlAs fr=oot

where [E¢[-] denotes expectation in the &-shifted measure (defined formally in Sec-
tion 3 below), T — 1 is the first regeneration time of the forward process {M,’} in

(2.3), and M} is chosen such that M Z M. Specifically, if P{B < 0} > 0, then
7 — 1 can be taken to be the return time of {} to the origin. In particular, the pos-
itivity of %)y follows readily under these conditions from (2.20). Moreover, under
the weaker requirements of Collamore and Vidyashankar (2013b), Theorem 2.2,
together with the additional assumption that {M} is y-irreducible (which is im-
plicitly assumed in Section 9 of that article), one obtains (2.20) for the k-chain
{M},:n=1,2,...}, as well as the alternative representation
1

2.21 € EIM
22D v sm@nmn[ il

which is readily seen to have a closely related form to (2.16).

Finally, we turn to the case where T > p. Interestingly, in this case, we do not
obtain a complete analog of Theorem 2.1. Indeed, counterexamples can be con-
structed where the asymptotics differ from those one might expect from the large
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deviation theory for random walks, as described in (1.10). For t > p, the condition
that appears to lead to these counterexamples is that E[log A] > A(«(7)). In this
case, the true probability may decay at a slower polynomial rate than /(t). More
precisely, within a rather flexible class of processes with E[log A] > A(x(t)), we
have that

(2.22) Pt <T, <00} > Gou~ 1O+ for sufficiently large u.

On the other hand, under different hypotheses which, in particular, imply
E[log A] < A(x (7)), we have that

7
(2.23) Pt <T, <00} < lilu_l(r) for sufficiently large u.

ogu
Thus, one cannot expect a direct analog of Theorems 2.1 and 2.2 here, and our next
theorem provides, in effect, a source of counterexamples to the natural conjecture
suggested by (1.10).

THEOREM 2.3. Let T € (p, 00), and suppose that there exists a point o =
a(t) €int(dom A) such that (2.13) holds and

(2.24) 1(0) =E[log A] > A(a).

Moreover, assume that B =1 a.s. and the law of A has a strictly positive con-
tinuous density on R. Then there exist positive constants Yy and § such that, for
sufficiently large u,

(2.25)  P{Y,,_1 <wuandY,, >u}> Jou~OF°, n, = |tlogu].

REMARK 2.3. Since the construction in the theorem is quite involved, we
have restricted our attention to the case B = 1; however, the theorem can also be
established under the weaker assumption that B > 0 a.s. For more details, see the
discussion in Section 5.1 following the proof of the theorem.

While the previous theorem leads essentially to a negative conclusion, we also
have the following complementary result.

THEOREM 2.4. Let T € (p,00), and suppose that there exists a point o =
() € int(dom A) such that (2.13) holds and

(2.26) A(B) < Alw) for some B < min{l, «}.

Assume that B > 0 a.s. and Ap(—a) < 00, and assume that the law of (A, B) has
compact support and A has a bounded density. Then there exist finite constants 9
and U such that, for all u > U,
k
20" 1) _
227) P{Yy,4k—1 <uand Y, 1 > u} < u , n, = |tlogu],

Jlogu
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where o := A(a) € (0, 1) and k is any nonnegative integer. Thus, for sufficiently
large u,

9
L ()

(2.28) P{r <T, <o} <
logu

for some positive constant 9.

REMARK 2.4. In these theorems, conditions (2.24) and (2.26) determine the
relevant asymptotic regime. At first sight, it in not immediately clear that there are
processes which satisfy these assumptions. In fact, such processes exist in abun-
dance; see the discussion in Section 5 and, in particular, Lemma 5.1.

2.3. A comparison with previous estimates for classical random walks. Our
motivation for considering P{7,, < t} as u — oo comes from classical estimates
for random walks, to which we now compare the results of this paper.

For this purpose, let {X;} C R be an i.i.d. sequence of random variables such
that E[X;] < 0. With a slight abuse of notation, specifically for the discussion in
this section set

Si=X1+--+ X, ne’ly; So =0;
A(a):E[e“Xl]; and A(a) =logi(x) all ¢ € R.

(If X; =logA; for all i, then this notation agrees with that of the previous sec-
tions.) Also, let (-), o (-), and I (-) be defined as in (2.9) and (2.11), and let «(7)
be defined as in (2.13). Finally, set

1
Ty =—inf{n: S, > u}, u=>0.
u

Then, motivated by large deviation theory, it is of interest to consider P{T, € G}
as u — oo for various intervals G C R.

Assume that the distribution of X is non-lattice, and suppose that there exists
a value £ > 0 such that A(€) =0. Set p = (u(&))~!. Let T < p, and assume that
«(7) € int(dom A). Set @ = a(7). Then it is shown in Lalley [(1984), Theorem 5]
that

—E1(u)
(229) P{7,<t1}= Ci@*@) e IO (1 +0(1)) asu— oo,

o ao () 2mTu

where E1(u) =: tu — |tu] € {0, 1}. Similarly, if T > p, then

Eo(u)
(230) P{Z, € (r,00)} = Q@G @) 7 e (1 4+ 0(1)) as u — 0o,

ao(a)v/2mtu
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where Eo(u) =: |[tu + 1] — tu € {0, 1}. In Lalley’s theorem, the constants C1(7)
and C;(t) are given (after an integration by parts in the numerator and an applica-
tion of Wald’s identity in the denominator) by the following expressions:

Ma) 1 —Ey[e %]

CI(T)=A(Q)_1 B[] and

o 1 1 =Ey[e **)
T)= )
oM@ ES
where 9 :=inf{n € Z, : S, > 0}.
Alternatively, the proof of our Theorem 2.1 could be repeated in this simplified
setting to obtain (2.29), but with C;(7) replaced with

2.31)

(2.32) Ci(x):= nli)ngo v (Q)E[M,‘j‘] where M,, := o?/?é‘n Sk,

To see that these two expressions for the constant are consistent, observe by a
change of measure argument that

(2.33) E[M%] = Ea[ max efa<sn—sk>] — Eq[e™],

n 0<k<n

A (a)

where {W,} is the random walk reflected upon entering the positive half-line; that
is, W, = (W,_1 + X,,) AO for n > 1 and Wy = 0. Note that in the «-shifted mea-
sure, the Markov chain {W,,} converges to a proper random variable, W, and by an
application of the Athreya—Ney—Nummelin regeneration lemma [cf. Athreya and
Ney (1978), Nummelin (1978)], we have that

T
(234) Ci(r) =Eale™"] = ;%]E“ [ZW}
o i=1

where %) + 1 is here identified as the first regeneration time of the process {W,,}.
Moreover, since W, = S, for all n < % and W g = 0 = Wy, we have that

) Jo—1 00
Ea |:Z€_awii| :E(x|: Z e_OlSii| :E(x [Ze_asil{%>i}]
i=1 i=0

i=0

= Z{Ea[e‘“s"] —Eole™* 1 5<i)])
(2.35)
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where the last step was obtained by a further change of measure argument, applied
to the first and third expectations of the next-to-last expression in (2.35). Substitut-
ing (2.35) into (2.34) yields that C{(r) = C(t), showing that our approach leads
to the same constant as in Lalley (1984), Theorem 5. Conversely, if T > p, then
our Theorem 2.3 shows that (2.30) does not hold for perpetuity sequences.

For the conditional central limit theorem developed in Theorem 2.2, a compar-
ison can be made with a result of von Bahr (1974). Specifically, if the random
walk {S,} is defined as above and if the parameter £ € int(dom A) exists and X is
nonlattice, then it is known that for any y € R,

(2.36) P{T, < p +a(logu)~ 2y} = Ee ™" (1 + 0(1)) D(y),

where a = p3/?0 (&) and p = 1/ (&), ® is the standard Normal distribution func-
tion, and €, is the Cramér-Lundberg constant, namely

o a-El]
M7ene ELIT1

cf. von Bahr (1974), Section 8; Siegmund (1975), Theorem 2 [and Iglehart (1972)
for this representation for €;]. Also, the proof of our Theorem 2.2 could be re-
peated in this setting to obtain (2.36).

As with many results in large deviation theory, the estimates described above ac-
tually have a longer history from an applied perspective. Indeed, (2.29) and (2.30)
are extensions of the classical Arfwedson approximations from collective risk the-
ory, originally derived with the random walk {S,} replaced with a compound Pois-
son process; see Asmussen (2000), Chapter IV, Section 4c. Similarly, (2.36) is
an extension of Segerdahl’s conditional central limit theorem, known in collective
risk theory for compound Poisson processes; see Asmussen (2000), Chapter 1V,
Section 4a.

Finally, we note that there are also higher-dimensional versions of (2.29) and
(2.30) for random walks. In this context, it is natural to replace the region [u, 00)
with a general open subset of R? and to replace the one-dimensional random walk
with a d-dimensional process (either i.i.d. random walk or a more general Girtner—
Ellis sequence), and to consider .7, := u~'inf{n : S, € uA} for any set A C R?.
At this level of generality, one does not expect to obtain sharp asymptotics, but
under natural conditions one can show weaker results; namely, for a certain large
deviation rate function 14,

Jy =inf{n:S, <0}

1
2.37) limsup — loglP{T, € F} < — inlf: 14(7),
TE

u—oo U

for all closed sets F C [0, 0c0), and

] :
(2.38) l{lrglgéf; loglP{T, € G} > — tlgg I4(7),
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for all open sets G C [0, co). Consequently, the probability law of {7}, } satisfies the
large deviation principle with a rate function /4, and this function /4 reduces to
our rate function / in the one-dimensional case. For further details, see Collamore
(1998).

2.4. Exceedance probabilities for forward recursive sequences. We conclude
this section by relating our previous results for perpetuities, obtained in Theo-
rems 2.1 and 2.2, to the convergence of the corresponding forward sequence {M,r},
where My := (A, M)_| + B)t ,n=1,2,..., and Mg = 0. Borrowing terminol-
ogy from queuing theory, {M'} is called the “content process” corresponding to
the “risk process”

Un—1 Bn)+
, n
Ay Ay

Then {U,} and {M,} are dual processes in the sense of Siegmund (1976);
see Asmussen and Sigman (1996), Example 6 (slightly modified). Following
Asmussen and Sigman (1996), the finite-time ruin probability of {U,} may be
equated to the finite-time exceedance probability of {Mf}; that is,

(2.39) U, := (

(2.40) W(u) :=P{Ux <0,some k <n|Up=u}=P{M,; >u},

and a simple argument yields that W(«) also describes the finite-time ruin prob-
ability of {Y,}, namely W(u) = P{Y; > u, some k < n} [see Collamore (2009),
Section 2.1]. Thus, it is natural to relate the ruin probabilities described in our
previous theorems to the exceedance probabilities of {M}.

In fact, the equivalence in (2.40) can be obtained more directly in our problem.
Indeed, since the finite-time distributions of the forward and backward sequences
are the same, we immediately obtain that

(2.41) P{M) > u} =P{M, > u} =P{Y; > u, some k <n}.
Thus, in particular,
(2.42) P{T, <t} =P{M, > ul, ny = |tlogu].

These last two equations lead to the following theorem on the convergence of {M,’}
to its stationary distribution, obtained now as a direct consequence of Theorems 2.1
and 2.2.

THEOREM 2.5. Let 1 € (0, p), and suppose that there exists a point (1) € R
such that (2.13) holds. Assume that A and A p are finite in a neighborhood of a (1)
and that the law of log A is nonlattice. Then for n, = |t logu], we have

_ C(T)()\(a))ia(u) u—1®
B Jlogu

(2.43) P{M, > u} (14 o(1)) as u — 0o,
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where E(u) ;= tlogu — [tlogu] and C(t) < oo is given as in (2.16). The con-
stant C (1) is strictly positive if P{A > 1, B > 0} > 0.

Next, let & and Gy be the constants appearing in (2.7), and suppose that A and
A are finite in a neighborhood of & and that the law of log A is non-lattice. Let
vy eR, and set n, = | plogu +a(logu)1/2yj, where a = ,03/26(5). Then

(2.44) P{M; >ul=Cyu(1+o(D))P(y)  asu—> oc.
Moreover, 6y is strictly positive if P{A > 1, B > 0} > 0.

3. Proof of Theorem 2.1. First, we introduce some further notation, as fol-
lows. Let

My=Ay Ay, neZy;

n
Sn=ZlogAk=loan, nely;
k=1

n
Yo=Y Ii_1|Bil, ne’ly.
i=1

Also, let v denote the probability law of (log A, B), and if A(«) < 0o, define

3.1) ua(E):/E ef;) dv(x,y), EecB(R),

A
where Z(R?) denotes the Borel sets on RZ. Let Ey[-] denote expectation with re-
spect to the probability measure v,. Note that () := A’(«) and 02 () := A" ()
[defined previously in (2.9)] denote the mean and the variance, respectively, of the
random variable log A with respect to the measure v,.

We start by establishing a variant of the exponential Chebyshev inequality from
large deviation theory, commonly used in conjunction with Minkowski’s inequality
for perpetuity sequences (yielding estimates which are typically not very sharp).
The next lemma will provide a sharper version of these estimates for our problem.
Before stating this result, we recall that A (&) = 0, that is, £ denotes the critical
value that determines the decay rate of P{M > u} as u — oo. Thus, A(«) > 1 for
a>E.

LEMMA 3.1. Let a > &, and assume that o« and ¢ > 0 have been chosen such
that Ala +¢) < oo and Ag(a +¢) < o0. Then

(3.2) P{Y, > u} < CyA' ()u~@F® forallu>0,n€Z,,
where
(3.3) C,=bn(n — 12 expl(n — 1) (spu(@) + 2% (@)))

for b= (72/6)* (kg (a + &) /A(a)}.
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PROOF. From the elementary equality > 7o k=2 =26, we obtain

_ " 6u
BT, > =Y P{risd > o]
k=1 mk
(3.4) . by
< oz+8|B |a+e](n k >a+s
E[TT — .
= ]; [ k—11Pk 6u
Now by independence,

E[T1¢+2| B |* 8] = (E[A* ) 'E[B*+] := (M + ) "An(a +&).

Moreover, since the generating function A is infinitely differentiable on the interior
of its domain,

2
erm
Mo +e) =2 < exp{A(a) +eu(a) + T},
where m := sup{o?(8) : « < B < « + &}. Moreover, using the continuity of the
function o%(-), we have that m/2 < o?(a) when ¢ is sufficiently small. Hence,
substituting the previous two equations into (3.4), we obtain that for sufficiently
small &,

(3.5) PY,>u} <u” 3" Gk,
k=1

where

7T2k2 o+e
G (k) = M)k exp{(k — 1) (ep(er) + 8202(01))})\.3(0[ + e)(T) .

Since A(a) > 1 and p(a) := A’(a) > 0, it follows that G(k) is increasing
in k. Hence, > "}_,; G(k) < nG(n), and substituting this last estimate into (3.5)
yields (3.2), as required. [

Next, define

T, inf{n:Y, > u},

- logu

and note by definition that T, < T, on {T,, < co}. Then as a simple consequence
of the lemma, we obtain the following.

LEMMA 3.2. Under the assumptions of Theorem 2.1,

u—l®

Jlogu
forany L, (u) > {clog(logu)}/logu, where c = {2(e + 1)}/ A().

(3.6) P{T, gr—L,(u)}:o( ) as u — 0o,
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PROOF. Set ¢, = [logu(t — L, (u))]. Then it follows directly from the defi-
nitions that

(3.7) P{T, <t —L;(u)}=P{Y, > u}.

Now set o = (1), where «(7) is defined as in (2.13). To apply the lemma, it is
helpful to first observe [using (2.12)] that

(3.8) ()\(a))floguu_a — e—logu(a—rA(a)) — u_l(r),
Hence
(3.9 (k(a))fuu—“ < u—l(r)(k(a))—L,(u)logu'
Next, choose & = & (u) such that u =™ = (logu)~!/2, which is achieved by setting
1 1
(3.10) ey = VR oo,
ogu

Then by (3.9), it is sufficient to show that
(3.11) Cp, (M) H0 — 51y asu— oo,

for f;u defined as in (3.3). Observe that with the choice of ¢(u) given in (3.10)
and the upper bound (¢, — 1) < tlogu, we obtain that

exp{ (¢, — D () (@) + &> w)o* (@)} = O(,/logu) as u — 00;
hence
(3.12) Cr, = O((logu)*@To+3/2)  asu — oo,

Then (3.11) follows from (3.12), provided that we choose L. (u)logu >
clog(logu), where c =2(x¢ + 1)/A(x). U

From the lemma, we see that the probability of ruin in the scaled time inter-
val [0, 7 — L. (u)] is negligible, so we may concentrate on the critical interval
(t — L, (u), t]. In this region, we will argue that the process {log ¥;, vV 0} behaves
similarly to a perturbed random walk when this process is large, that is, log Y;,, can
be approximated by S, + &, for some perturbation term &, and S, := )", log A;.
To analyze the behavior of the random walk {S,}, the following uniform large de-
viation theorem, due to Petrov [(1965), Theorem 2], will play a key role.

THEOREM 3.1 (Petrov). Let ag = SUPy edom(A’) A (). Suppose that ¢ satis-
fies Ellog A] < ¢ < ag, and suppose that 5(n) is an arbitrary function satisfying
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lim,,— o 8(n) = 0. Also, assume that the law of log A is non-lattice. Then with o
chosen such that A’ («) = ¢, we have that

IP){Sn >n(c+ Vn)}
2

alc+ym) — Al) + =2 (14 0(|yn|))}

(3.13) = o7

1
m exp{—n(
x (14 o0(1))
as n — 00, uniformly with respect to ¢ and vy, in the range
(3.14) EllogAl+e<c<ag—e¢e and |y, <é(n),
where ¢ > 0.
REMARK 3.1. In (3.14), we may have that sup{a : @ € dom(A)} = oo or

E[log A] = —o0. In these cases, the quantities co — & or —oo — ¢ should be in-
terpreted as arbitrary positive, respectively negative, constants.

PROOF OF THEOREM 2.1. Step 1. Equation (2.15) was established in
Lemma 3.2; thus, it is sufficient to show that
€@ 1w
logu
for L;(u) = {clog(logu)}/logu, where ¢ = {2(« + 1)}/ A (). Indeed, by Lem-
ma 3.2,

BA5) P{lr—L(w)<T, <t}= (14 0(1)) as u — 0o,

—1(7)
(3.16) P{TMST—LT(M)}ZO(iA/m> as u — oo.
Set

Cu=|logu(t — L:(w))| and 7, =|tlogu],
and define

My = max {B41+Ag41Be2+ -+ (Ag41---An1)By} VO.

Su<n=ty
Then on {w € Q2 : max¢, <p<q, Yn(w) > Y, (w)}, we have

(3.17) max Y, =Y, + 1, A,,

Su<n=ty

and our objective is to show that P{max;, <n<z, ¥, > u} decays at the rate specified
on the right-hand side of (3.15).

Step 1a. We begin by analyzing the second term of the right-hand side of (3.17).
Observe that

(3.18) P{I;, A, > u} =/ P{log Iy, > logu — s}dF,(s),
R
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where F, denotes the probability distribution function of log .#,. To evaluate this
integral, note that log I, := 22”21 log A; :=S;,, and thus
Sg,  logu—s 1

(3.19) logIl, >logu —s <+— —>——='—+YV,.
Cu Cu T

Letting y, be defined as in this last equation and utilizing the definition of ¢,, we
then obtain

L 1
(3.20) CuVu = ) logu — s + 8, where [§,] < —.
T T
Consequently,
1 /L
)/uzg—( T(u)logu—s+6u) and
T
(3.21) ! )
1 (L (u
;,mf:—( T()logu—s—i—&,) .
u\ T
From these equations, it is apparent that y, — 0 and g'uyuz — 0 as u - o0

and, moreover, this convergence is uniform in s provided that s € [—(logu)'/3,
(log u)l/ 3.

Now set o = «(t) for the remainder of the proof. Then by applying Theo-
rem 3.1, we obtain that

1
aa(oz)«/27rrloguu

P(log I, > logu — s} = e (@)™ (1 + o(1))

(3.22)
as u — 00,

uniformly in s such that logs € [—(logu)'/3, (logu)'/3]. Letting 4, = {w € Q :
log #,(w) € [—(log u)l/3, (log u)1/3]} and returning to (3.18), we then obtain

P{, Ay > u,9,) =
(3.23)

(M) u™E[.#£14,](1 + o(1))

1
ao (a)s/2ntlogu
as u — o0.

Now recall [cf. (3.8)] that

(A(a))tloguu_“ =u 1@,

[
Moreover, since .#,, Z max{Y; :0<i <7, — {u} = M|r,—¢,|, We have

1
lim ——
Uu— 00 ()\‘(a))fu_gu

E[#14,]

lim

= E[M* 1],
n_)oo)\‘n(a) [ n jﬁz]

where 74, := {w € Q : log(M,(w)) € [—e/3¢, ¢"/3¢]}. [In the definition of .77,
we have used that 7, — ¢, ~ L:(u)logu = clog(logu).] Substituting these last
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two equations into (3.23) yields

COGE Y e

.24 P{I1 W .9, =

(14 0(1)),

where 2 (u) :=tlogu — 1, and
L him L BmMo1,].
ao (@) 2mT "0 A" (a) e
To complete the proof, we now show that the restriction to the sets ¥, and J%;,
can be removed on the left- and right-hand sides of (3.24), (3.25), and that the limit

in n on the right-hand side of (3.25) exists and is both positive and finite. To this
end, first observe by Chebyshev’s inequality that

P{M;, #, > u,log 4, < —(logu)l/3}
(3.26)  <PS;, > logu + (logu)'/?}

(3.25) C(r) =

B 1/3 G _ 1 G —a
<exp{—a(logu + (logu)'/?)} (A ()™ = 0<@(A(a)) u )
since limy_, o0 /Togu exp{—a(logu)'/3} = 0. This shows that the restriction to
values {w € Q :log.#,(w) > —(log u)/ 3} can now be removed on the left-hand
side of (3.23), hence the left-hand side of (3.24).

Moreover, repeating the argument leading to (3.24), we find that
P{I1;,.#, > u,log.#, > (logu)!/?} is equal to the right-hand side of (3.24), but
with E[M1 | replaced with

E[M,?I%;l/] where ,%”n/:: {a)e Q:log M, (w) > en/3c}'
We claim that

(3.27)

nli>rrolo)m(ot) ML) =0.

Set A, = {w € Q:logMy,(w) — " € (k — 1,kl}, k =1,2,...; thus
Ukez, Znk = . Then apply Lemma 3.1 to obtain that

1 o0 o0 o
> E[M “ljfr Z e“* exp(ae"*)P[Y, > e exp(e"/3))
M@)o k=1
o 0.¢]
= Cpexp(—ee"?) Y e

k=1

fore >0 sufﬁciently small. Now choose & = ¢(n) = n~2. With this choice of &(n),
note that C,, = O(n***1) and Y32, e~ = O(n?). Then C, exp(—n~2e"/3¢) x
n? — 0 as n — oo. Thus, we obtain (3.27).
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From (3.27), we conclude that the restrictions on large values can be removed
in (3.24) and (3.25) [i.e., the restriction that log.#, < (log )3 in (3.24), and
the restriction that M, < €"/3¢ in (3.25)]. Moreover, by a trivial calculation, the
restriction to values M, > —e"/3¢ can also be removed in (3.25). Consequently,
we conclude that (3.24) and (3.25) hold without including the term ¥, in (3.24), or
the term 1, in (3.25).

Step 1b. Finally, to establish (2.14), recall that max;, <p<, Yy = Y, + I, My;
cf. (3.17). Now we have just shown that

_COO0@) =W

(3.28) P{I;, A, > u} = NET (1 +0(1)),
where

1 1
3.29 C(t)= li E[M*].
(329 = @ e M)

Moreover, by another application of Lemma 3.2, we obtain that

—1(7)
(3.30) P{|Ygu|>u}=o(f/@> as 1 — 00.

Note that (3.30) implies the existence of a function A(u) | O such that

—I(7)
(3.31) P{|Y, | >A(u)u}=0(i‘/m) as u — 0o.

Moreover, on the one hand,
P{Y,, + ¢, A, > u)
=P{Y,, + ¢, My > u, |Ye,| < Aw)u}
+P{Y;, + Mg, My > u, |Ye, | > Alw)u}
<P{M¢, Ay > (1 — Aw))u} +P{|Ye,| > Aw)u};
while on the other hand,
P{Tly, My > (1+ AG))u)
=P{M, Ay > (1+ A@W)u, |Ye,| < A(w)u}
+ P{g, Ay > (1+ Aw))u, |Yy,| > Au)u}
<P{Y;, + ¢, M, > u}+P{|Y;, | > Aw)u}.
Thus, in view of (3.31),

BT, 4y > (1+ Aw)u) ("_lm)

Gy > (1 +A(u))uy—o
V1

(3.32) o8

—1(7)
<PV, + g, My > u) < P{Tg, My > (1— Au))u) +0(“ logu).
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Now apply (3.28) to the left- and right-hand sides of this equation. This yields that
P{Yy, + g, Ay > u} ~P{g, Ay > u} as u — oo.

Hence, the required result follows from (3.28) and (3.16).

Step 2. It remains to show that this constant C(t) is positive and finite, and that
the limit in this equation actually exists.

Step 2a. First, we prove existence of the limit. For this purpose, we utilize the o-
shifted measure defined previously in (3.1). Namely, observe that by (2.1) and (2.2)

1
A (a)

E[M;] = Ea[( max Yk)al'l_“]

0<k=<n n

:E“|:(1r<n/?§nZB (A]+1 ”)VO) ]

where ;fj :=1/A; and Ej :=Bj/Aj for all j. By exchanging indices in this last
expression, where we let j — n 4+ 1 — j in the expectation on the right-hand side,
we then obtain

1 . ~ A\
(3.33) /\n(a)E[Mn] [(f?ai‘n Y (A A )Bj v 0) ]

Note that in this expression, the pair (A, B) satisfies the following moment condi-
tions:

~ 1
Eqllog Al = —Ey[log Al = _WE[AO[ logA] <0;

1 ~ 1
Ea[Aa] = m <1 and Ea[|B|a] = mE[lBrx] <0

To further analyze the limit in (3.33) as n — oo, we first show the following.

(3.34)

ASSERTION. Let s, = Z?:l dj be an absolutely convergent series. Then the
sequence

my, =max{dy,dn—1+dy,....,d1 + - +dy)}
converges.

PROOF. ltis sufficient to prove that m,, is a Cauchy sequence. Fix ¢ > 0. Since
the series is absolutely convergent, there exists N such that 3 ;. y |d;| < . Note
my =max{dy,dn—-1 +dn,...,d1+---+dn},

and for any p > N,
my =max{d,,dp_1+dp,...,dyy1 +---+dp,
di+--+dy +dyg + -+ dp)
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Note that m,, contains all of the factors that appear in my, but they are modified
by adding dy 1 + - - +d), (Which is at most ¢ in absolute value). Moreover, m ,
contains N — p additional terms, but all of them are bounded, in absolute value,
by &. Therefore |my —mp| < & and m, is convergent. [l

Now, in view of (3.34), the perpetuity

n—ZAl j 1B

converges Py -a.s. Hence, by the last assertion,

X, = max Z(Al ~j_1)Ej v 0

1<k<n

also converges P, -a.8. Set X =lim,_,» X,. Now X,, can be dominated by R =
1 A] Aj_ 1|B |; and in view of (3.34) and (2.6), we have that E[R¥] < oo.
Therefore by the dominated convergence theorem,

. al . 1: ol o
,,llirolo AN (a)E[Mn ] - nll{go Ea [Xn] - Ea [X ]’
and this last expectation is finite. This proves the existence of the limit.
Step 2b. Finally, we prove that this limit is strictly positive. To this end, consider
n V0 as n — oo [which we recognize as a single term in the maximum on the
rlght -hand side of (3.33)]. Clearly, ¥,, < X,,. Furthermore, ¥, converges to Y with

E[|Y|*] < 0o, and

E[(max{0, ¥,,})¥] = nli)ngo Eq [(max{0, 17n})a]

1m
n—00 A" ()
(3.35) ~
= Ey[(max{0, Y})*].

Also, observe that
E, [ (max{0, ?})a] <Eq[X*].

We claim that if P{A > 1, B > 0} > 0, then this last expectation is strictly pos-
itive. Let 7 denote the probability law of Y, and assume the assertion to be false.
Then Y < 0 Py-a.s.; that is, supp(n) - ( 00, 0]. Notice that supp(77) must be
Vg -invariant a.s. under the action of (A B) Also note that P{A > 1,B >0} >0
implies that P, {A <1,B>0}> 0. Let xg = sup{x : x € supp()}. Then xo <0,
but taking a pair (A, B) such that A < 1, B > 0, we obtain that Axo+ B > xo, and
we are led to a contradiction.

This shows that the constant C(7) in (3.29) must be positive, thereby completing
the proof of the theorem. [J
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4. Proof of Theorem 2.2.

4.1. Preliminary considerations. As in the previous section, define T, =
(logu)~Vinf{n : Y,, > u}, where Y,, = > M;—1|B;|. First we establish an ana-
log of Lemma 3.2 for the case 7 = p.

LEMMA 4.1.  Assume that A(§ +n) < oo and Ap(§+n) < oo for some n > 0.
Then there exists a finite constant D and positive constant § = §(n) such that for
all u >0,

4.1) P{T, < p—Ly(u)} < Du"*(logu)~,
where L,(u) = by/{log(logu)}/logu for any constant b > p{2(§ +1) + po2(E)}).

PROOF. Let ¢, = [logu(p — L,(u))], then by definition
4.2) ]P{Tu <p—-L,w}= P{Ygu > u}.

Now apply Lemma 3.1 with o« = &. Since A(£) = 0, it suffices to show that for
some ¢ = &(u),

(4.3) Cr,u™*™ < D(logu)~.

Let

(4.4) e(u) = (Lg(log u) ) v
' logu '

To analyze fgu, first note by (2.13) and the definition of p that A’(§) = p~ L
Hence, for some finite constant D,

Cy, < D(logu)>¢ e+l exp{logu(,o L p(u))(¥ + sz(u)crz(é))}.

Thus, for sufficiently large u,

Ceu*W < Dexp{z(g + 1) log(logu) — ! logu(L ,(u)e(u))
P
(4.5)
+ plogu(ez(u)az(f))}.

Substituting the definitions of L, () and &(u) into this last equation yields

fguu_g(”) < Dexp{Z(é + 1) log(logu) — é log(logu) + paz(é)log(log u)}
(4.6) y g
= D(logu)™°,

where § > 0 whenever b > p{2(§ + 1) + po2(£)}. Thus, we obtain (4.1) for suf-
ficiently large u (with D = D), and hence, with another choice D > D, we obtain
this equation for all u > 0. [
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In the proofs below, it will be useful to observe that an analog of Lemma 4.1
also holds for the right tail of the hitting time of {Y,} to the level u. To this end,
set

N > .
Yi= ) MalBl, i=12...,

k=n+1
@7 *

T" = (logu)~! sup{n € Z4 Y > u}.

LEMMA 4.2. Assume that A(§ +n) < oo and Ap(§ +n) < oo for some n > 0.
Then there are constants C, 8, b > 0 such that for every u > e,

(4.8) P{T" > p+ L,(u)} < Cu=* (logu)~?,

where L,(u) = b\/{log(logu)}/logu.

PROOE.  Since ) ;2 k=2 = 72 /6, it follows that for some & > 0 (possibly de-
pendent on k and u),

—n i 6u
PiY < PiIlx_1|B —_
{ >M}_k:§;rl { k-1l k|>n2(k_n)2}
(49) o0 578 nZ(k _n)z %‘—s
- 5 nicpm (T
k=n+1 6u

Note by independence that
E[TT,Z71Be ] = B[AT ] E[IBF )= (1 — ) 2p(& — o).

Moreover, since A(£) =0, u(£) = p~!, and A is infinitely differentiable on the
interior of its domain,

2
[
AE —e) =678 < exp{—f + 8—},
Jol 2
where [ := sup{orz(oz) : & — e <o < &}. Then using the continuity of o2(-), we
have that for sufficiently small ¢, [/2 < 02(5 ). Hence, substituting the last two
equations into (4.9) yields

]P’{?n > u}
(4.10)

< (%Z)Su—f 2 Futexpl o+ - 1)(—% +6%02©)) [rate - o)
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Now specialize to the case where n > logu(p + L,(u)). Then with e = ¢(j) =
&(j,u), we obtain
—n 2 & j L 1 j
P{Y >u}s%u‘52ﬂ‘?exp{——8(” pllogt ;1)
P 1Y

@.11) =l

bt - 1)82@-)02@)}@@ — ().

Now choose
Ly(m)logu+(j—1)

po?E)m+j—1)
where y is a positive constant. Since this expression remains bounded as u — oo
(uniformly in j > 1), the constant y can be chosen such that ¢(j) is arbitrarily
small. Then for n(u) = [logu(p+ L,(u))],b > p,and y1 =y — yz, we obtain by
(4.11) that

—n(w) e o _m(Lp(u)loguﬂ—l)Z}
BT = <t X ¥ el -

e(j) =

j=1
<Cu”f ((n(a))2€+1 exp{—y1blog(logu)/160%02(£))
(4.12)
+Y HewlonG- /se©))

jzn+1
<Cu$ (logu)2§+1—yub/160262(5)’
since for j < n(u) we have
(Lp(u)logu + j — 1)? - bzlog(logu) - blog(logu)
4p%20(nu)+j—1) ~ 8p2(p+byo — 16p%c

Thus, (4.8) follows from (4.12) upon choosing b > max{p, 1602(£)p?(2& +
D/} O

From the previous lemma, we draw two conclusions. First, we observe that
this lemma combined with Lemma 4.1 may be used to prove a strengthening of
Lemma 2.1, thus establishing a conditional law of large numbers for the scaled
first passage time of {Y,} to level u.

LEMMA 4.3. Let L,(u) be given as in Lemma 4.1, and assume that A and
A p are finite in a neighborhood of & and the law of log A is nonlattice. Then

(4.13) Tim P{|T, — p| > L, @)|T, < o0} =0.
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PROOF. Note Y, > Yy, for all n, implying that {T,, < p — L,(u)} D {T, <
p — L,(u)}. Consequently, it follows by Lemma 4.1 that

(4.14) P{T, <p—L,u)|T, <oo}=o(l)  asu— oo.

Next, set n, = [logu(p + L,(u))] and define R, = M — M,. Observe that
R, <Y", forall n. Hence, by Lemma 4.1,
(4.15) PRy, >u}=0(u™*)  asu— oo.

Thus, by repeating the argument following (3.28) above, we obtain that the tail
decay of M = M,,, + R,, is dominated by the larger of the tails of M,, and R,
respectively, which must necessarily be the tail of M, ; thatis,

(4.16) lim ufP{M > u} = lim uéP{M,, > u)}.
u— 00 u— 00

Since {M,,, > u} C {M > u}, it follows that

P{M,, > u}

P =y W

P{T,>p+ L,(u)|T, <oo}=1-—

4.17)
as u — oQ,

as required. [
From the perspective of our main theorems, a more important consequence to
be drawn from Lemma 4.1 is the convergence of a certain measure H to Lebesgue

measure. We will establish this convergence in the assertion given in the proof of
Theorem 2.2.

4.2. The conditional central limit theorem for the critical case.

PROOF OF THEOREM 2.2. Step 1. Let L,(u) = b/{log(logu)}/logu, where
b > p{2(£§ + 1) + po?(£)/2}. Then by Lemma 4.1,

(4.18) P{T,<p—L,w)}=o0u"®) asu— .

Now let y € R be given, and set

Cu=[logu(p — L,(w))], pu = | plogu + (p* %0 (£),/logu)y], y €R,
and

(419) M, = max {B;u—i—l + A§M+1B§u+2 + -+ (ACu‘H s An—l)Bn} v 0.

Su<n=py

Then arguing as in the proof of Theorem 2.1 [specifically, by repeating the argu-
ment following (3.28)], we obtain by (4.18) that

(4.20) P{T, < p} =P{I;, Ay > u}(1 + o(1)) as u — 0o.
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To analyze the right-hand side of this equation, we begin by observing, as in the
proof of Theorem 2.1, that

4.21) P{Il;, . #, > u} =/ P{logIl;, > logu — s}d F,(s),
R

where F, denotes the probability distribution function of log.#,. Then apply
Petrov’s theorem to handle the probability on the right-hand side.
First, observe [cf. (3.19), (3.21)] that

&>logu—s 1

logIlg, >logu —s <= 3 . ,_;_H,u,
where, for a deterministic function §,, with |§,| < 1/p, we have
Yu = i(L’O(u) logu — s +8u) and
(4.22) Sul p ,
Gyl = i<Lp—(u)logu —s +5u> .
Cu P

Now let A > 0 and consider P{I1;, %, > u,%,}, where

Gy ={w e Q:log My (w) € [0, D(u) + (y + A)V o (§)]},

Dy Lo

logu +6,.

Note that when s € 77, := [0, D(u) + (y + A)/¢,0 (§)] [corresponding to the
event ¢, occurring in (4.21)], we have by elementary calculations that y, — 0
and ¢, y,f — 0 as u — oo, uniformly for s € J7,. However, we do not have that
Cu yuz — 0 as u — oo. Thus, focusing on the exponential term in Petrov’s theorem,
we see that the first- and second-order terms must be retained in the expansion (in
contrast to the proof of Theorem 2.1, where it was sufficient to analyze the first-
order term), while the third-order term may again be neglected. Consequently, by
Petrov’s Theorem 3.1, we obtain that

P{I¢, Ay > u,%,}

(4.23)
I D(u)+(y+A) o (€) (14 o)
_Scr@)mfo g, $)dFy(s)(1 + o(1)),
where

Next, introduce the transformation

(4.25) T, (s) (s — D)),

1
RGN
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and let G, (E) = F, (T, L(E)), for all E € Z(R). Then after a change of variables
[Billingsley (1986), page 219], we obtain that
P{M¢, Ay > u,%,}
y+A

L
 E0(£)V2mL, /—D<u)/a<s>¢;7

A 2m J=Dw)/o )V

as u — 0o, where for any set £ € Z(R),

(4.26) £ 224G, (2)(1 + 0(1))

e dH,(2)(1 4 o(1))

H,(E) = '@ dG,(2)

1 -
_— eETH
427) SU(S)x/C_u/E

1 / ,
— &s
= — e’ dF,(s).

£0 (&G Jri' ) !

Step 2. Our strategy now is to characterize the measure H, on (—oo,y + A],
and then to handle the remaining part (namely, P{I1;,.#, > u, %, }) by a separate
argument. This remaining part will turn out to be asymptotically negligible. To
characterize the measure H, on (—o0o, y + A], we establish the following.

ASSERTION. (i) Let Gy denote the constant appearing in (2.7), let | denote
Lebesgue measure on R, and let Cx denote the collection of continuous functions
on (—oo, 0) with compact support. Then for any f € Cg,

) y y
(428) Jim [ r@dn =% [ f6)di.

(ii) There is a constant € such that for every —o0o < v < w < 00 and every
u>0,

(4.29) H,(v,w) <% (w—v)+ %

PROOF. We begin with the proof of (ii). Let —0o0 < v < w < 00, and set
v*(u) = T; ' (v), w*(w) = T; ' (w), and let F,,(z) = 1 — F,(—00,z), z € R. Then
from (4.27) and an integration by parts,

for some K < 0.

H, (v, w) = & OF, (w* ) — & F, (v* )]

1
TN
430) £ (E)/Cu

o® /w*(u) “Fus)d
_ e’ F,(s)ds.
o (E)v/Cu Jorw)

To analyze the first term on the right-hand side of this equation, observe that
the distribution of .#, is stochastically dominated by M. Moreover, as we have
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observed in Section 2,

(4.31) lim W P{M > u} =Cy.
u—oo

Consequently, there exists a finite positive constant € such that
(4.32) P{M>u}<%u~t  forallu>0.

From (4.32), we obtain that e5*F,(s) < % for all s € R. Hence we conclude that
the first term on the right-hand side of (4.30) is dominated by O(1/4/¢,) as u —
oo, where ¢, — 00, independent of the choice of v and w.

For the second term on the right-hand side of this equation, first note that by
inverting the function T, defined in (4.25), we obtain

(4.33) T 1(¢) = D(u) + to (§)V/zu, teR.
Hence,
w* () —v* @) =T, (w) = T, v) = 0 (€)v/u(w —v),
and consequently,
1 w*u) | &
MGND Jog € Fut0ds < a(f@
=% (w —v).

(w*(u) — v*(w))
(4.34)

Thus, we have established (ii).
Turning to the proof of (i), now suppose that —co <a<v<w <b < y. We
begin by observing that

(4.35) Mll)n;o S Fu(s)=Cu uniformly for s € T ! ([a, b]).

To establish this claim, first recall that F), is the distribution function of log .#,,,
where .#,, was defined in (4.19). Set

my = pu — = | plogu + (p*?0 (£)/logu)y| — [logu(p — L,w))]
(4.36)

= L,(u)logu + (0°%0 (£),/logu)y + 8%, |8%] < 1.

Now to prove (4.35), we use Lemma 4.1. Namely, we show that for some finite
constant D and some positive constant 4§,

(4.37) eESIF’{Ym” >e') < Ds79, s e ’]I‘u_l([a, b]),

where Y was defined in 4.7).
Before establishing (4.37), we first observe that (4.37) implies (4.35). For this
purpose, let {M,} and {R,} be defined as in the proof of Lemma 4.3, and observe



3718 BURACZEWSKI, COLLAMORE, DAMEK AND ZIENKIEWICZ
that these definitions imply that R,, <Y "
assuming that (4.37) holds, we have that

(4.38) PRy, > €'} < Ds .

and M = M,,, + Ry,. Therefore,

Arguing as in the proof of Lemma 4.3, we then conclude that
(4.39) lim e P{M,,, > '} = lim &' P{M > &'} =Gy
§—> 00 §—>00

Moreover, as a straightforward consequence of the definitions, we see that log M,,,,
is equal in distribution to log.#,, which has the distribution F,. Since T (s)
converges uniformly to infinity on [a, b], (4.35) follows.

To establish (4.37), in view of Lemma 4.1 it is enough to observe that

my > (p+ Ly(e’))s foralls € T;l ([a, b]).

[We will apply Lemma 4.1 with ¢* in place of u.] Now the largest possible value
obtained by ps for s € ']I‘;l([a, b]) is given by

P, (0) = L,y (1) logu + pbo (6)y/u + pdu:
(4.40)

and recall my = L,(u)logu + (0*%0 (£),/log u)y + 8,
where |pd,|, |8)| < 1. Hence, we need to show that for sufficiently large u,

Lp(e')s + pbo ()T + (0 + 1) < (00 (§),/logu)y,

or

wan Lpy(€)s + b0 (€)p”*(Veu/p — Jlogu) + (o + 1)

< (p3/20(§) logu)(y — b) where y > b.

But for sufficiently large u, we see from the first equation in (4.40) that [as L, (u) =
b/{log(logu)}/Togu and s < T~!(b)], we have that

s < const. - \/log(log u)\/logu while L,(e*) = b,/logs/s.

Hence,

L,y(e’)s =by/slogs =0(/¢,)  asu— oo,
and (4.41) follows. Thus, we have established (4.37), and consequently (4.35).
Now returning to (4.30) and focusing on the second term on the right-hand side
of this equation, observe by the uniform convergence in (4.35) that
ETF, (s)ds = lim oM@ W —vTW)
u=o0 o (&)VTu
=%Cu(w —v),

i 1 fw*w
m ————-
442 o (E)Cu o)
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where the last step follows as in (4.34). Since the first term on the right of (4.30)
is O(1/4/¢,), as we have shown in the proof of (i), we conclude that

(4.43) lim Hu,v)=%y(w —v), —o<a<v<w=<b<O.
u— oo
Then taking Riemann sums, we obtain that for any f € Cg,

_ y y
(444) Jim [ p@dme =y [ de),

as required. [

Step 3. Now returning to the proof of the main theorem, we split our interval
into three parts,

[_ﬂ __]] [—J,y—A] [y—A, y+A] where 0 < J < 00
Vo ®' ) S |

and observe by part (i) of the previous assertion that for any J,

-A 2 -A 2
lim e 2 dH,(s) :%Mf eI dl(s),
—J

u—oo |_;

while by part (ii) of the assertion,

—J Y .
/ e P12 dH, (s) < %/ P12 di(s) < G2,
—DW)/ (o VG —o0

A , A ) L
/ e T2 dH,(s) < Cg/ e T2 di(s) <2FA.
—A —A

Letting J — oo yields

Eu y+A 2
; & — —27/2
Mh_;rolou P{e, Ay > u,%,} = N AN e dl(z)

(4.45)
=®(y)+o(1) as A — 0.

Step 4. Tt remains to show that the restriction to %, can be removed on the left-
hand side of this last equation.

Step 4a. We begin by removing the restriction that log.#, < D(u) + (y +
A) /T o (§). To this end, letting T, be defined as in (4.25), note that it is suffi-
cient to show that for any A > 0,

(4.46) P, #, > u,log.#, > T;l(y +A)}= o(Hu=¢ as u — 00.

Let A > 0 be given, and set ¥,y = {®w € Q : log 4, () — T;l(y + A) e
(k—1,k1},k=1,2,.... Then

(Mg, My > u,log My > T, v+ M)} = | (Tg, My > u, G i}
kEZ+
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Moreover,

P(Iy, > u, G, ) < P{Tg, > ue™ T 0HOH0pig, 4
(4.47)
< u 5T OF0) Ekpreg 1y

by Chebyshev’s inequality. In addition, by applying Lemma 3.1 with ¢ = e(u) =
(log u)~1/3, we obtain that

P{gu,k} = P{//u > eT;l(y‘f‘A)ek—l}

(4.48)
< C(u)eCHeT +4) p—Ete@)k=1)

where C(u) corresponds to the quantity C, appearing in the statement of
Lemma 3.1. To identify the growth rate of this function as u — oo, note that
My, Z {Y; : 0 <i < p, — &}, where [from the definitions following (4.18)] we
have that

my = py — &y = Ly(u)logu + (,03/20(‘5) logu)y + & for |85 < 1;

cf. (4.36). Now in Lemma 3.1, we must replace the parameter n with m,. Since
(& Y=p~!, we then obtain that for some positive constant K,

C(u) < K(L,(u)logu)*E*h exp{s(u)(LpT(u)logu + (0 &)/ plog u)y>}.

To obtain this expression, note that the term “(n — Dée202(a)” of Lemma 3.1 is
negligible, since m, grows at rate y/log(logu)./logu, while £(u) is chosen such
that

173 as u — oQ.

e(u) ~ (logu)™
Moreover from (4.33),

T (y4A) = #kw + (5 + D)o E)T + b

Combining these last two equations yields
6(”)6_8(M)T':1 (y+A4) < K/(Lp (M) log M)Z(%'-‘rl)e_g(u)g(u)’
where

gu) = A (E)V e+ yo (§)(Veu —/plogu).

Now

\/plogu —\/;'_va‘/Lp(u)logu ~ const. - \/log(logu),/logu as u — 0o,
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1/3

and, as e(u) ~ (logu)™"/° as u — oo, it follows that

—s(u)(\/?u —/plogu) < const.
Since
(L,(u)log M)Z(Hl)e_g(uma(é)‘/a < c2(log(logu) log u)sﬂ/ze_"'A"(‘é)(l"g”)l/6

< cye A0 ® ogw)®

we have
(449) Ty @I 0T = O (exp{—Ac (&) (logu)'/®))  asu — oo,
Then by (4.48),

P(%ui) = O (exp{—Ac (&) (logu)/3})e 5T &)= E e =D
(4.50)
as u — oQ.

Substituting this equation into (4.47), we conclude that

P{[1, .4, > u,log M, > T, (y + A))}

oo
= ZP{H;M//ZM >u, Yk}
k=1

4.51) = 0(exp{—Ag(g)(logu)l/S})u—%‘ Ze—ks(u)
k=0

= O(exp{—Ao (&) (logu) 3} )u~ (logu)'/? = o(1)u™*
as u — o0,

which establishes (4.46).
Step 4b. Finally, observe by Chebyshev’s inequality followed by a Taylor ex-
pansion that

P{I;, 4, > u,log.#, < 0}
4.52
(42 —E—s(u) e(u) 2 2
<P{Il, >u} <u exp{§u<7+8 (w)o (é))}.

Next, recall that ¢, := [logu(p — L,(u))]; thus,
L
u—EWefWu/p < exp{—e(u)(—p(u)> logu + 1}.
0

Now choose &(u) = (logu)~'/2. Then on the right-hand side of the previous equa-
tion, the exponential term tends to —oo as u — co. Moreover, with this choice of
e(u), we also have that ;‘usz(u) is bounded as u — o0. Thus, we conclude that

(4.53) P(Tl;, My > u,log My, <0y =o()u™*  asu— oo,
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as required.

Step 5. It remains to prove that the constant 4y is strictly positive. To this end,
let Y be defined as in Section 2.1, let = denote the probability law of Y, and let
%y be given as in (2.7). Clearly 6y < €. Thus, it is sufficient to analyze the case
where 6y = 0. Then, by a result of Guivarc’h and Le Page (2013b), the support of
7 is unbounded from below.

We claim that Collamore and Vidyashankar [(2013b), Remark 2.3 and Sec-
tion 9] can be applied to obtain the representation formula (2.20); hence %) is
strictly positive. For this purpose, we need to show that Lemma 5.1(iii) of that pa-
per holds without the continuity assumption given there [namely, condition (Hp) of
that paper]. Let the forward process {M,'} be defined as in (2.3), and let P denote
its transition kernel. Then P satisfies a minorization condition, namely,

(4.54) P(x, E)>1c(x)n(E), xeR,E e BR),

where C = {0} and 1 denotes the probability law of B™. Note that this minorization
condition is nontrivial, since supp(7) N (—o0, 0] # & implies that ¥,y = A, Y | +
By, hits (—oo, 0] with positive probability; and hence, {M} hits {0} with positive
probability, as these two processes agree up until the first time that ¥,* < 0. Thus,
in particular, {M} is Y-irreducible [Nummelin (1984), Remark 2.1].

Moreover, if BT has a density on some subinterval of (0, 00), then the set
[0, K] is petite. Indeed, letting 7+ denote the stationary measure of {My}, then
supp(m ™) D supp(n) (the support of BT), implying that supp(z™) is of second
category. Hence, since [0, K] is a compact set and {M,'} is a weak Feller chain,
we may apply Remark 2.7(i) of Nummelin and Tuominen (1982) to conclude that
[0, K] is petite.

But if BT does not have a density on some subinterval of (0, 00), then we can
dominate {M,’} from below by the process { M:}, where

M: = (AnM;lk_l + En)+, En = Bn + é‘n,
where {¢,} is an i.i.d. sequence, independent of {(A,, B,)}, such that ¢ has a
smooth density supported on the interval (—4§,0) for some § > 0. The process
{ M;f} is regularly varying at infinity with parameter &; that is, it satisfies (2.7) and
the above argument can be applied to conclude that the corresponding constant €7
is positive. Since {M,’} dominates the process {M:}, we conclude that %)y is also
strictly positive. [

5. Proof of Theorems 2.3 and 2.4.
5.1. Proof of Theorem 2.3. Before we proceed with the proof of Theorem 2.3,

it is worthwhile to observe that there exists a measure satisfying the hypotheses of
this theorem and, in particular, (2.24).
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LEMMA 5.1. There exists a measure satisfying the assumptions of Theo-
rem 2.3.

PROOF. Take an arbitrary measure v with continuous non-vanishing density &
and such that, if A has law v, then E[log A] < 0 and E[A*™¢] < 1 for some o > 1
[e.g., one could choose h(a) = C n_l (1 + Ca)~@26~1 with C sufficiently large
and n= [5°(1 + u)~*~2¢=1 gy]. Define the family of probability measures

vi(da) =th(ta)da, t > 0.
Let A;(B) =logk,, [A#] denote the cumulant generating function. Then

As(a) = log(/]R ao‘h(ta)tda) =—alogr+ A(x)
and
e (0) ;= AJ(0) = /Rlogah(ta)tda = —logt + wu(0).
Hence,

wi(0) — Ag(a) = (o — Dlogt + (0) — A(w),

and choosing ¢ appropriately large, we have that u;(0) > A;(«). Thus, the measure
v; satisfies the hypotheses of Theorem 2.3. [

The proof of Theorem 2.3 will now be based on the following two lemmas.
In these lemmas, we study the joint distribution of I1, := A;---A, and Y, :=
1+A1+---+(A1---A,—1) asn — 0.

LEMMA 5.2. Let B € int(dom A) be chosen such that A(B) < oo, and
set g = (w(B)~" and k, = |logu/w(B)|. Then there are positive constants
Do, y,a,b with yb < 1, such that for sufficiently large u,

Do 1@y
(5.1 Plyu <Ty,—1 <vyau,Yy, <ybu} > ——=u""""7.
logu

LEMMA 5.3. Assume E[|logA]}] < oo, and set e(m) = ™~ DrO)  Thep
there are positive constants D1, ¢, d such that for sufficiently large m,

5.2 P <1 < Y, <d >D1
(5.2) {e(m)_ m—1 =< ce(m), Yy < }_ﬁ

Heuristically, Lemmas 5.2 and 5.3 can be understood as follows. Since u(8) =
Egllog A], it follows that in the B-shifted measure, the random walk

n
Snzloan:=ZIOgA,~, n=1,2,...
i=1
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will reach the boundary at level logu at approximately the time tglogu, i.e.,
roughly at time k,. Hence, it follows from standard large deviation arguments
[based on the Bahadur—Rao approximation, cf. Dembo and Zeitouni (1993)] that

Dy(7) L))

Viogu

as u — oo. [In particular, (5.3) can be concluded from Petrov’s Theorem 3.1, stated
above.] Hence, (5.1) states that on {logu 4 logy < Sk, <logu + log(ya)}, we
have with high probability that log Y;, <logu 4+ log(yb) for some positive con-
stant b. The latter event can be expected, since ¥, :=14+ A1 +---+(A1--- Ap—1),
and, in the g-shifted measure, this process will grow as u — oo since u(8) > 0.
Roughly speaking, {Y,} will then be dominated by its last term, namely IT,_1,
where log 1,1 = S;,_1.

In a similar way, Lemma 5.3 can be viewed, roughly speaking, as a conse-
quence of the Berry—Esséen theorem, which studies the asymptotic behavior of
{S,} around its central tendency, namely around nu(0) = nE[log A]. Then the
Berry—Esséen theorem yields the estimate (5.2), but without the “Y,, < d” term
on the left-hand side. Note that when {S,} follows a trajectory which is close it its
mean trajectory, one expects I1, | 0 and n — oo, and hence {Y},} to be convergent.

Nonetheless, the formal proofs of Lemmas 5.2 and 5.3 are quite technical, and
hence postponed to the end of this section. Before turning to these rigorous proofs,
we first show how our main result may be deduced from these two lemmas.

(5.3) P{logu +logy < Sk, <logu +log(ya)} ~

PROOF OF THEOREM 2.3. Let o = «(t) [where «(7) is given as in (2.13)],
and let 0 < o < B8 < & be chosen such that

A/
A/(,B) _ (@) '
p

Later, we will choose 8 close to @ and p close to one, but the precise choices of
these constants will be fixed only at the end of the proof. Note that since wu(-) :=
A,

L1
ple)  pu(B)  p
For g =1 — p, now define
n, = [tlogu], ky = Lpnu], My =ny — ky.
We begin by writing
(5.4 Yo, = Vi, + i, —1A1, Y,
where

Yo, =14+A +--+A A, | forAj=A, 4.

m m
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Note that ¥, is independent of Yy, , [Tg,—1 and Ag, . Let

/ A/ / _ (my,—1u(0)
ma—1=A1 A1 ey =e"

and
Qu={yu <TMg,—1 <yau,Yy, <byu,e, < H;nu—l <cey,, Y,:iu <d},

where the constants a, b, ¢, d are given as in Lemmas 5.2 and 5.3. Applying Lem-
mas 5.2 and 5.3, we then conclude that there exists a constant D such that, for
sufficiently large u,

(5.5) —I(xp)

D
PR, > ——
NN T
Next, observe
P{Y,,—1 <uandY,, > u}

=]P’{qu—|-l—lku_1Ak Y/ <u and Y, +Hku_1AkuYr/nu >u}

utmy—1 =

u—1Y; u-—Y,
zP{<7k‘j <Ap S ) n Qu}
Mg, —1Y,, g, 1Y,

u— Y, u—Y,
—Pl(cic LTy <17k ) na,
Hk“_lYmu_l

(5.6)

for certain constants Cy and C_, since on the set €2, we have

1 u 1—yb u—Yr
Cyi=—>——— and C_:= < —.
vy~ Mg—1Y,, vad — Mg,—1Yy,,
Notice that on the set €2,,, we have that for sufficiently large u,
u—Y, u—Y, w—=Yi ), | 1—yb .
7 - z 5 > 5 Eu =Y €u.
Hku—lymu—l Hku—IY;;gu Mg, —1d4/2 yad+/2

Therefore, for sufficiently large u, Ay, must belong to a random interval of length
at least y*e,,.

Let I, be an arbitrary interval of length y*&,. Since the density of A is bounded
from below on the interval [C, C_] by some constant §, we have

P{Y,,—1 <uand¥,, >u}> Ieuc%gf,CH]P){(Ak" €le,) N}

5.7 > inf  P{A e [, }P{Q
(5.7) >, jnf | PlA L P

d&y, D )
Jmy J/logu

We emphasize that in this computation, €2, has been defined so that Ay, is inde-
pendent of €2,,. We now elaborate on the last term. Our objective is to compare the

=
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decay rate &,u (™) to the “expected” decay rate governed by /(™). To this end,
note by an application of (2.12) [cf. (3.8)] that

(5.8) u!@=1pg, — exp{alogu — A(e)n), — Blogu + A(B)k; +m)1u(0)},

where n’ = tlogu, k) = pn) (= tglogu) and m) = n; — k;;. Now estimate the
exponent in (5.8) from below. Recalling that pu(«) = 771, we obtain

alogu — A(a)n), — Blogu + A(B)k;, +m} u(0)
=np{pn(@) (@ —B) + p(A(B) — Al@) + q(n(0) — A())}

= p(A(B) — Ale) — n(@)(B — @) + gu(@)(@ — B) +q(1(0) — A))
> g (@)@ — B) + 1n(0) — A@)),
since A(B) — Aa) — u(a)(B —a) = A"(9) > 0, for some 6 € [a, B].
Since we are assuming that u(0) > A(w), we see that when 8 is close to «,

the last expression in (5.9) is strictly positive. Thus, &,u~!(") decays at a slower
polynomial rate than «~/(*). Hence, the required result follows from (5.7). [

(5.9)

We now return to the proofs of Lemmas 5.2 and 5.3.

PROOF OF LEMMA 5.2. Step 1. By Theorem 3.1, there exists a constant Cy
such that

Co _
«/loguy

P{yu <Tlj,_1 < yau} = Pu=TC) (1 + o(1))

(5.10)
as u — 00.

The main step is to prove that there exist positive constants € and C1 and a constant
0 < 8 < 1 such that, for sufficiently large u,

bu
IP’{)/M <y, -1, Hg,—ic1 > );7}
(5.11) :
1 —B—eciy,, —I(1p) .
< b=°8 B fori=1,...,k, — 1.
_@(y Ju ori u

The final result follows easily from (5.10) and (5.11), since then we obtain

Plyu <Tly,—1 < yau, Y, < ybu}

b
zP{yu <T,_1 < yau, T, —i—1 < ’;—f foralli e {1,.... ky — 1}}
l

(5.12)
ybu
>Plyu <l < -N'p <M _1 < e o > 2
> P{yu < Ty, < yau} Zl: {VM_ ku—1 <vau, g, i1 > 2i2}

b*Cr\ yF
> (Co(l +o(1)) — T ;)\}/Tﬂu_l(fﬁ) as u — 00.
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The result then follows after choosing the constant b sufficiently large.

Step 2. We now prove (5.11). For this purpose, we consider two cases, namely
the case i < K logk, and then the case i > K logk,, where K is a large positive
constant and k, = |[tglogu].

Case 1: First, assume that i < K logk,, and suppose that a constant L has been
chosen such that

(5.13) —LB— AB)K + 3 <—n <O.
Clearly,
ybu
P{VM <y, -1, Mj,—i—1 > —2}
l
(5.14) <P{My,—i—1 > ybu -k-}
b
+]P’{)/M <TIg,-1, y_zu <Ty,—i—1 <ybu kﬁ}
l

Now the first term on the right-hand side is asymptotically negligible, since it fol-
lows by an application of Chebyshev’s inequality that for some finite constant C3,

P{Hku—i—l = )/bl/l . klf} < (‘)/bu)_ﬁku_Lﬁ ()\(ﬂ))ky*l‘*l
(5.15)

Cr —I(t, — —i
< B) (—LB+1/2,—~i A(B)
— /loguu ( u e )
and by (5.13) and A(B) < 0, we have that for all i < K logk,,

y P,

k;Lﬂ+1/2e_iA(ﬂ) < e Mogk N O as u — 00.
Thus, it is sufficient to focus on the second term on the right-hand side of (5.14).
To this end, first note that
b
]P’{J/M < Mg, -1, y—zu <M,—i—1 <ybu k,f}
i

ybu ybu 14 i?
(5.16) =< Z P{i—z'e Snku_i_1<l_—2-e P H,’ZW
0<i<log(i%kL)

-2

ybu i

=< Z P{Hku—i—lii—z'e }P{Hiiw}
0<Ii<(L+1)logk,

for sufficiently large u. The strategy is then to estimate the first term on the right-
hand side by Petrov’s theorem, and to estimate the second term using Chebyshev’s
inequality. Using that S, := log I1,,, we see that the first term can be written as

ybu
P{Sku—i—l > IOg(i_2> + l},
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where k, ;= [tlogu| — {log(ybu/iz) +1}/(ky—i—1)~ 771 asu — o0o. Note
that since i < K logk,,, the conditions of Theorem 3.1 are easily verified. Then by
an application of Petrov’s Theorem 3.1, we obtain that

yb
i2

1 Vbel>ﬂ —B (k=D A(B)

= - u Pe 1+o(1
,30(,3)«/27rku< i2 ( 1)

as u — oo, uniformly for i < K logu. Recalling that u~# exp{rglogu - A(B)} =

w18 [cf. (3.8)], we then obtain that for some finite constant Cs,

]P){Hku—i—l > )/_bzu . el} < 1C3 w1 . izﬁy_ﬂb_ﬂe—lﬁe—i/\(ﬂ),
l ogu
(5.18) s

(5.17)

u > some Uj.
Moreover, by Chebyshev’s inequality, we have that for ¢ > 0 sufficiently small
2
(5.19) ]p{nl > b’ } ~2B—e) e (U1 (B=e) i A(B—e)

since i2(A=¢) > . Next, observe that AB)—AB —¢) = eA/(,B_) > 0 for some
B € (B — ¢, B), where positivity of A’ follows from the convexity of A. Hence,
we obtain from the previous two equations that, for some positive constant C4 and
sufficiently large u,

ybu i2
Z P{Hku—i—l = 1 e }P{Hi = m}

0<I<(L+1)logky

(5.20)
< Cy ( —Bp— ) —I(tﬁ)iZse—isA’(E)ie—sl
~ Jlogu =0

which yields (5.11).
Case 2: Now suppose that i > K logk,. Then by Chebyshev’s inequality,

ybu
Plyu < Mg, —1, Mg,—i—1 > 5 52
00 2
yb !
N R L S S L L)
1=0
(5.21) N )
<y ybu e _ﬁe(ku—i—l)A(,B) (L _('B_g)eiA(ﬁ—s)
_l < l.z beH-l

00
< 1 (y_ﬂb_) —I(rﬁ) 2e —l8A (,B) Ze
=0
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where B is given as in (5.20). Hence, using that (logu)~ /% ~ /T exp{logk, /2} <
JTe!/X fori > K logu, we then obtain that for some positive constant Cs,

b
P{VM < My, —1, Mg, —i—1 > Z—;}
l
(5.22) c
5 —Bp—ey\,,—1(t8) (:2¢ —icN (B) Ji/K
< b p )
< @(y Ju (i*e e''™)

which establishes (5.11) upon choosing K sufficiently large. [

PROOF OF LEMMA 5.3. Step 1. With a slight abuse of notation, we will write
&m 1n place of e(m) throughout the proof.

First, we prove that there exist finite constants ¢ and 2t such that
loge 1

20«/5%

(5.23) Pley < <cepl > for all m > 9N,
where 02 = Var(log A).

Since w(0) = E[X1], it follows by the Berry—Esséen theorem [Petrov (1995),
Theorem 5.5] that for all m,

S —mu(0 FE[X, —EX]’] 1
]P’{ m m/JL()<x}_<I>(x)‘S [1 X1 1”1 :=L’

o/m o3 Jm o Jm

where S, := ;”:1 log A; and ® denotes the normal distribution function, and
where <7 is a universal constant. Hence, for any ¢ > 1,

(5.24) sup
X

(525)  P{0<Sn—mu(0) <logc} > (q>(:’5;_1> _ q>(0)> _ %_

Now it follows from the definitions that log{I1,,,—1/e,} = Su—1 — (m — 1) (0).
Thus, from the previous equation we obtain that

Plem < -1 < cem}
(5.26)

S doge 1 —amtoge/ovmn? _ 2P
T o2m /m—1 m—1
Then choosing ¢ sufficiently large yields (5.23).
Step 2. Next we show that for sufficiently large m,

(5.27) Pley <Iljy—1 <cep, Yy >d} <

B
4 m’
where % and 6 are finite positive constants. Noting that

Pley < Mp—1 < cem, Ym <d} < ZP{sm <Mpy_1 <cem, I > i}

i2
J 2J
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we then divide the sum on the right-hand side into two parts.
Let p < 1, and suppose that 6 > 0 has been chosen such that A(#) < 0. Then,
on the one hand,

d IR 1
(5.28) > P{nj>ﬁ}§ > — ¢ ()=0<ﬁ)
j>pm j>pm

as m — o0. On the other hand, we also have

d o [26emi? 2cem j?
< .Z Zp{njzﬁ.e }P{dek“ <nm_j§W}.

To estimate the last quantity on the right-hand side, apply once again the Berry—
Esséen theorem, noting that j < pm = m — j > (1 — p)m. This yields (after a
short computation) that

2emj? 2cem j*
|Gt <oy <=2 |
(5.30) L [(Curiontblovm™) ey y 20
= Von C/ (o /m=]) vm
/
-7
< 7=

where Cj ;= ju(0) + log(2j2) —logd — k — 1 and ' is a finite constant. Note
that this integral is taken over an interval of length (logc + 1)/(o+/m — j). Con-
sequently, with 6 chosen as before and %" a positive constant, we obtain that for
sufficiently large m,

2 B
> P{SmSH —1 <cem, I >—} 3 Z( ]eg)k JA(Q)ﬂ

J<pm j<pmk=>0
K74
S -
d?/m

(5.31)

for some positive constant %, as required.

Step 3. Finally, observe that if d is chosen sufficiently large in the previous
equation, then the decay in (5.23) dominates the decay in (5.31). Consequently,
the required result follows from (5.23) and (5.27). U
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Finally, we remark that Theorem 2.3 also holds with B > 0 a.s. (but not neces-
sarily constant, as was assumed in the previous proofs). However, in this case, the
proofs become noticeably more technical. Thus, in order to emphasize the main
ideas in the proofs, we have restricted our attention to the case B = 1.

To prove Theorem 2.3 for B > 0 a.s., we would need Lemma 5.2 at the required
level of generality, and also Lemma 5.3 slightly modified. Namely, in place of
Lemma 5.3 we would need the following result, which can be proved by analogous
arguments.

LEMMA 5.4. Assume E[llogA~|3] < 00, and set e(m) = ™ DrO)  Thep
there exist positive constants D1, ¢, d, a, b such that

N D
(5.32) P{e(m) < T,y_y <3e(m), Yy <d,a< B <b} > —=

N

for sufficiently large m.

We now show by example the typical difficulty that one encounters when B is
allowed to be random. In the proof of Lemma 5.3, we need to estimate
b
you o1 }

ybu
P{V” < Il i—zel < Iy, —i max(1, Byuy—i+1) < 2

u’

This estimate is obtained by considering l'[; := Ik, /M w)—i, and we need to have
bounds on the two independent random variables, ITi)—; and 1'[;. For this pur-
pose, we essentially need to eliminate the Ag(,)—i+1 and By(,)—;41 terms, estimat-
ing the above probability by

;a1 Ybuo oy ybu _. i
ZP{VMSHkM—i i_1€j ’i—ze e Enku—ifi—ze "e
Jr

’

el <max(l, Ag,_i11) < e/t ¢ <max(l, Be,_i+1) < e”“},

and then using that E[A% 4 |B|*] < oo, to sum over all j and r. We omit the
details, which are straightforward but technical.

5.2. Proof of Theorem 2.4. Let b > 1 and B € (0, b). Then Theorem 2.4 is a
consequence of the following.

LEMMA 5.5. Assume that the hypotheses of Theorem 2.4 are satisfied. Then
there exists a constant 0 € (0, 1) and 9’ < oo such that for every ¢ € (0, 1/2) and
u sufficiently large,

& &
P{Ynu—i—k—l € ((1 —&u, (1 - 5)”)’ M, +k—1 > Eu}

/9 k
< 81—9-@)\ (a)u—l(r)’

- Jl1ogu

(5.33)
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where ny, := |t logu | and k is any non-negative integer, and the above result holds
uniformly in k.

Before presenting the proof of the lemma, we first show how it may be applied
to establish the theorem.

PROOF OF THEOREM 2.4. The proof is a simple consequence of the lemma.
Setr, =n, +k — 1. Since

1 1
oY1) (-5
i>0
and since Y, 41 =Y, +I1,, B, 11, it follows that
P{Y,, <uand Y, +1 > u}

1 1 u
< ZP{Yru € ((1 — E)M, (1 — ﬁ)u}, Hr”Bru—H > F}

i>0

1 1 u
< ZP{Y;«M (S ((1 — 5)14, (1 — F)M}, Hru > m}

i>0

i k
Slote)
=0 2 logu

k
- DA (oz)u_,(r)
— Jlogu

as required. [l
PROOF OF LEMMA 5.5. We begin by establishing the following result.

ASSERTION. For any ¢ > 1 and € € (0, 1/2), there exist positive constants
0 €(0,1) and 9’ < 0o such that, for some finite constant U,

D'\ * ()
P{c_lu < Yuyi <cut, My, 1k—1 > eu} < g0 2y~
- e " - J1ogu
(5.34) &
allk >0, u>U.

PROOF. Fix k, and set r, =n, + k — 1. Then define the set of indices

Wi = {i:i <r,and (cu)e™ <TI;Bj41 < (cu)e_j+1}.

Now suppose that clu< Y,, < cu. Then we claim that for some j, the number
of elements in the set Vﬂj” must be greater than e/ /(10c? j?). Indeed, if this were



LARGE DEVIATION ESTIMATES FOR EXCEEDANCE TIMES 3733

not the case, then (setting ITp = 1) we would have

ru—1 o]
Y, = Z IT; Bi+1 < Z Z I1; Biy1
i=0 j=liewpt

a contradiction.
We now focus on the event {c‘lu <Y,, < cu}, which appears on the left-hand
side of (5.34). Let #™* denote the following set of indices:

e’

7100%_2 <mp < ru}.

Ji”’:{(j,ml,mz):jzl,lfml <ry,mj+

Recall that for some j, V/J" contains at least ¢/ /(10c? j2) members. This means

that the first and last occurrences of the event described in 7/1” must be separated
by a distance of at least e/ / (10c2 j 2); that is, there must exist values m and m»
such that
—Jj —j+1 - el
(cu)e™ < Ty, Bm;+1 < (cu)e /™", i=1,2 and my—m;>_—5—.
10c2 ;2

Consequently,
IP’{C_]M <Y, <cu,Il,, > c¢cu}

< Z IP’{(cu)e_j < T, B, 41 < (cu)e I+,
(j,my,mp)ent
i=1,2;11,, > eu}
(5.35) |
< Y IP’{]‘ImI > ﬂe—/}P{nmz_mlB;l > —e_l}
. , b b
(j,my,mp)ex™

X ]P’[l'[,u_szl_1 > biej_l}
C

= >  P!'PyP},
(j.my,my)ex™
where P, P;', P{' denote, respectively, the three probabilities appearing in the
previous expression on the right-hand side.

While we will ultimately need a sharper estimate, we first estimate these
probabilities via Chebyshev’s inequality by choosing parameters 8; € (0, @) and
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B> € (0, A 1) such that

_A(BD) )
YY) AMa)
Note that the parameter §; exists due to the assumption (2.26). Applying Cheby-
shev’s inequality with the parameter « to the probability P, with parameter S

to the probability P, and with parameter 8, to the probability P, we obtain by
(5.35) that

01 <1 and po: <

-1
Plc™ u <Y, <cu,I,, > cu}

(5.36) < C18_’32 Z ej(a_ﬁZ)(km'(oz))\mz_m'(,Bl)kr”_mz(ﬂz))u_“
(J,my,mp)ex™
— (Clgfﬂz))hk(a)ufl(r) Z ej(afﬂz)pinz—mlpgu—mz
(j,my,mp)ent
for some constant C; < oo, where we have used the assumption that A g(—a) < 00.
Next, fix ¢ > 0 and divide the set 2Z™* into four subsets, as follows:
Y ={(,mi,mp) € A" el > ru};

Ky ={(j,mi,mp) € A" el <try,my<ry, —rly4};

A= my,my) e #" el <tr,,m <ry—2r* my>r, —rl/4l
3 J u u

A ={(jom1,my) € K" el <try,my=r,—2rl/4).

We now study (5.36) by calculating the sum on the right-hand side separately over
the respective sets 7", i =1,...,4.

Case 1: First, we estimate the sum over J#}“. Since %" C ", we have
my —my > el /(10c¢?j*) > Le//? for some constant L > 0. Thus, for some pos-
itive constant L1,

>,  PIPYPS
(j,my,mp)er}"

(5.37) <(Ce K u 'O ol @=p2) ,~Liel P
(Jomimy)e )

=0(mu_l(r)> as u — 00
JN1ogu

when ¢ is sufficiently large. The last step follows since pp < 1 and, by defini-
tion, the set " contains at most r, := |1 log u| + k members, while the sub-
set %{} contains only those members where e/ > tr, (so that in (5.35), the sum

over j is finite and dominated by its initial term, that is, Z]//lu el @=P)o—Liel <

Cz[ej(“_ﬂZ)e_L‘ej]{j=10g(w)} $0asu— o0).



LARGE DEVIATION ESTIMATES FOR EXCEEDANCE TIMES 3735

. . 1/4
Case 2: Next, consider the sum over J%}". In this case, r, —my > ru/

in (5.35)

and so

> PIPP

(jomi,ma)eA5"

(538 =(@ePpbeou @ 3 e

(j.my,ma)ery

=0<wu_l(”) as u — 00
Jlogu

for L, a positive constant and p; < 1, where we have again used that .2 contains

at most r,, := |7 logu] + k members, and on the subset .%5", we have el <try,.
Case 3: For the sum over %5, we can follow the same argument as in Case 2.

In (5.35), we now utilize that my — m| > r,i /4 and observe that p, < 1 (rather than

observing that r, —my > r,y * and p1 < 1). Hence, in either case, we have that

my—my _ry—my <e—L2nl/4

01 %)

k]

and (5.35) can be applied to deduce the same estimate as in (5.38).
Case 4: Finally, we estimate the sum over .#,". This estimate requires a more
intricate calculation than (5.35), relying now on Petrov’s Theorem 3.1.

Since my > r, — 2rL} / 4, we may apply Theorem 3.1 to obtain that, uniformly in
my € [ry, — 27";/4, rul,
cu _; C3e% _
(5.39) P/ :=]P’{l'[m1 > ?e J} < —mlka ()u™%, u> Uy,

independent of k, where C3 are Uy are finite positive constants. Thus, repeating
the calculation in (5.36), but using this estimate for P{' in place of the previous
estimate (which was based on Chebyshev’s inequality), we obtain that

u u u
Y. PIPP
(j,my,ma)ery

(5.40) L
gy A (@) e j(— my—my _ry—my
< (C4eP2) WO Y iy ey
(j.m1,mp)ery!
for some finite constant C4 and u sufficiently large. To complete the proof, it is

sufficient to justify that the last sum is bounded. For this purpose, first recall that
since ;' C ", then as argued in Case 1, we have that mp — m; > Lel/? for
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some L > 0. Hence, for some positive constant L3,

J(a—pB2) jma—my Iy—mj
> e P )
(j.my,mp)ery

(541) < Z ej(a_ﬁZ)e_Llé’j/zpgmz—ml)/ngu_mz
(omi.ma)e !

j (— —Lel/? (mz my)/2 L)
g(ZeW B2) p—Lie) )( Y )(Z Pl )<oo,
j mip<mjp mp<ry
since p; < 1 and p» < 1. Combining the estimates in steps 1-4, we obtain (5.34),
as required. [l

Returning now to the proof of the lemma, set

J. = ((1 — e, (1 _ %)u) e>0:

n+1
Yy=By+) (Ao~ Ai-)Bi,  n=12,..
i=3
n+1
Hl:l_[Al’ I’l=1,2,
i=2

Then for all n, (Y, I )_(Y/,l'l/) and Y, = B1 + A1Y,_,.

Suppose that the constant a has been chosen such that w.p.1, the support of the
law of A is contained in the interval [1/a, a]. Setting r, = n, + k — 1, we then
obtain

&
P{Y,u € Je. Ty, > }

&
(5.42) §IP{BI—|—A1Y/ A r_1><%>u}

1 & , 3
<PiAte — (0 —-u—b, {1 —=)u), I, ;> )ug,
Yru_1 2 u 2ab

where A is independent of (Y ! _1s 1'[ _1)- Moreover, since a 1< A <a, we
also have when Y, € J that

Y, e A%((l — o) — <1 - %)u) c <(1_gaﬂ,a<1 - %)u)

(5.43)
u
. <2a au)



LARGE DEVIATION ESTIMATES FOR EXCEEDANCE TIMES 3737

for sufficiently large u, independent of k. Then for fixed Yr’u_1 € (u/2a,au), an
easy calculation shows that the length of the interval

1 €
—Y,/u_l ((1 —&)u—b, (1 — E)u)

is bounded above by de for some positive constant d. Hence, returning to (5.42),
we obtain that

£ au 1 P
P{YmeJ&,Hm—u}g/ P{Ale—((l—e)u—b, (1__>u>}
2b u/2a S 2
X P{H/r,,—l > <22—b>u, Yr/u—l € ds}

o = s Ty (5 )
— _ au, 4> =—|u
2q = Tl = =t =\ 2ab

(5.44)
< ds]P’{

u
< de]P’{— <Y,-1<au,I,,_1 > s*u}
a

for certain positive constants ¢* and u. Applying (5.34) to the last quantity on the
right-hand side yields (5.33), as required. [J
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