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Abstract

We study the stochastic recursion X, = ¥, (X,,_1), where (¥,),>1 is a sequence of i.i.d. random
Lipschitz mappings close to the random affine transformation x — Ax 4+ B. We describe the tail
behaviour of the stationary solution X under the assumption that there exists & > 0 such that E|A|* =1
and the tail of B is regularly varying with index —a < 0. We also find the second order asymptotics
of the tail of X when ¥(x) = Ax + B.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Results and motivation
Let (¥,),>1 be a sequence of i.i.d. (independent identically distributed) random Lipschitz
real mappings. Given X, independent of (¥,),>1 we study stochastic recursions
Xn = yv/n(anl)v n= 1 (1)

known also as iterated function systems (IFS). Beginning from the early nineties IFS mod-
elled on Lipschitz functions attracted a lot of attention [2,3,7,15,16,18,23,32]. Under mild
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contractivity hypotheses, X, converges in law to a random variable X satisfying (in distribution)

x < U(X), X and V¥ are independent, 2)

where ¥ is a generic element of the sequence (¥,),>; [15,18]. However, to describe the tail
of X some further assumptions are needed. Usually one assumes that ¥ is close to an affine
mapping or, more precisely, that for every x € R

Ax+ By < ¥(x) < Ax + B, a.s. 3)

with A, B and B; nice enough. The reason is that if ¥(x) = Ax + B, then the tail of stationary
distribution is thoroughly described under various assumptions on A and B, see Section 1.3.

In the present paper we consider two kinds of approximations: (3) and the case when
¥: R — R is a random Lipschitz mapping satisfying for all x > 0

max{Ax, B1} < ¥(x) < Ax + B, a.s. 4)

Under suitable conditions on A, B and B; we obtain asymptotics of P(X > x) as x — 00 in
both cases, see Theorems 1.3 and 1.4.

There are a number of the papers on the subject [2,8,13,17,32], where the IFS are modelled
on the assumptions needed to handle the tail in the affine recursion. Typical conditions exhibit
existence of certain moments of A and B or regular behaviour of their tails and in all the
settings considered up to now either A or B has basically the ultimate influence on the tail,
not both. A short overview is given in Section 1.3.

We study an opposite situation. For the time being, we assume A > 0 a.s., EA* = 1 and
B, B; have right tails regularly varying with index —« for some o > 0 such that E|B|%, E|B{|*
are infinite.! Our starting point is the tail behaviour of X, being the stationary solution to
“so called” extremal recursion, corresponding to ¥(x) = max{Ax, B}. Then

N 1 [* L)
X P(Xpax > x) ~ — Tdr as x — 00, %)
r Jo

see [14], where L(x) = x*P(B > x) is assumed to be slowly varying function, ~ is defined in
(7) and p is as in (A-2).> More precisely, if conditions (A-1), (A-2), (B-1), (AB-1) defined in
Theorem 1.1 hold then (5) follows and the right hand side of (5) is due to both the behaviour
of B and of an appropriate renewal measure determined by A. Moreover, fox L(t)t~'dt/L(x)
tends to infinity as x — oo and x +—> f(f L(t)t~'dt is again slowly varying.

The next step is to prove a result in the spirit of (5) for ¥(x) = Ax + B, see Theorem 1.1.
While the behaviour of the right tails of stationary distribution of the extremal and the affine
recursion turn out to be the same, the asymptotics

1 [* L@
xXP(X > x) ~ —/ er
pJo 1
of X corresponding to (4) is a straightforward conclusion, Theorem 1.3 in Section 1.4. Neither

the affine recursion nor iterated function systems have been considered under these assumptions
and the appearance of the function

L(x)= / L@, (6)
0 t

is probably the most interesting phenomenon here. For the IFS satisfying (3) we prove that
both P(X > x) and P(X < —x) have similar behaviour for large x, Theorem 1.4.

U If P(B > x) ~ x~“L(x) then E|B|* may be finite or infinite depending on the slowly varying function L.
2 Note that there is no issue with integrability of L(z)/t near 0+ because L(t) < t* for t > 0.
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1.2. Perpetuities

Before we formulate precisely the results for Lipschitz iterations let us discuss solutions to
the affine recursion with ¥(x) = Ax + B. Such solutions, if exist, are called perpetuities and
throughout the paper they will be denoted by R. It exists and it is unique if Elog|A| < 0 and
Elog* |B| < oo which is guaranteed by assumptions of Theorem 1.1. For two functions f, g
we write

fe)~glo i lim f(0/gn) = 1. @

Recall that L is slowly varying if L(x) ~ L(ix) for any A > 0. Let B, = max{B, 0} and
B_ = max{—B, 0}. We have the following theorem

Theorem 1.1. Suppose that

(A-1) A > 0 a.s. and the law of log A given A > 0 is non-arithmetic,

(A-2) there exists o > 0 such that EA* =1, p :=EA%log A < o0,

(B-1) L(x) := x*P(B > x) is slowly varying, EB = oo and EB*™* < oo for all ¢ € (0, ),
(AB-1) EA"BY™" < oo for some n € (0, «) N (0, 1].

Then
Y L(t
er
1

x*P(R > x) ~ l/ ®)
0

P

We see that the behaviour of P(R > x) as x — o0 is described in terms of the behaviour
of the tail of B. Accordingly, the behaviour of P(R < —x) depends on the tail of B_. To see
this, let us denote B; = —B. Then, Ry = —R satisfies

R, < AR, + By, Ry and (A, B;) are independent.

and the right tail of R; is the same as the left tail of R. We thus obtain the following result.

Corollary 1.2. Assume (A-1) and (A-2) and

(B-2) Li(x) == x*P(B < —x) is slowly varying, EB* = oo and EB}™* < oo for all
e €(0,),
(AB-2) EA"B*™" < oo for some n € (0, @) N (0, 1],

then

YP(R < —x) ~ & / Li) g, )
pJo I

Finally, if all the above assumptions and additionally (B-1), (AB-1) are satisfied, then we have
both (8) and (9) with possibly different slowly varying functions L and L.

To obtain tail asymptotics one usually applies an appropriate renewal theorem and so do we.
However, what we need goes beyond existing results and we prove a new one, Theorem 3.1.
Note that under (A-1) and (A-2)

p=EA%log A

is strictly positive. Indeed, consider f(8) := EAP. Since f(0) = 1 = f(«), f is convex,
we have f'(¢) = p > 0. Secondly, observe that, under E|B|*~7 < oo, (8) depends only on
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the regular behaviour of the right tail of B, and so we may obtain different asymptotics for
P(R > x) and P(R < —x) if it is so for B. It follows from (36) that

*L(t 1
f L0y - Lppey,_..
0 t o -

and so the right hand sides of (8) and (9) tend to oo when x — oo. Finally, conditions
(AB-1) and (AB-2) require a comment. If EA*™® < oo for some & > 0 then they both are
satisfied by Holder inequality. But much less is needed. Namely, if EA*W(A) < oo, where
W(x) = max{L(x), logx} then (AB-1) and (AB-2) hold, see Appendix.

Next we study the second order asymptotics of the right tail of R. Assuming more regularity
of log A, we prove that

1 (YL@
x*P(R > x) — ;/0 Tdt —C|=0(L(x))+o0(1), asx — oo, (10)

for some constant C; see Theorem 4.4. Notice that either L(x) or 1 may dominate the right
hand side of (10). (10) holds when the renewal measure determined by log A satisfies

H((x, x + h]) < cmax{h®, h)

for some B € (0, 1) and for all x,h > 0 — see Lemma 2.1. In view of [19] and [11] it is not
much of a surprise that stronger assumptions on H are needed to describe the second order
asymptotics of the tail of a perpetuity.

Finally, we develop a new approach to deal with signed A. We show how to reduce “signed
A” to “non-negative A” (see Theorem 5.4(i)) and we apply our result to the case when
E|A|* = 1. The method is quite general and it is applicable beyond our particular assumptions.

1.3. Previous results on perpetuities

P(R > x) converges to zero when x tends to infinity and a natural problem consists of
describing the rate at which this happens. Depending on the assumptions on (A, B) we may
obtain light-tailed R (all the moments exist) or a heavy tailed R (certain moments of |R| are
infinite). The first case occurs when P(|A| < 1) = 1 and B has the moment generating function
in some neighbourhood of the origin, see [12,20,24,30,31,33].

The second case is when P(|A| > 1) > 0 with Elog |A| < 0 and |A[, | B| have some positive
moments. Then the tail behaviour of R may be determined by A or B alone, or by both of them.
The first case happens when the tail of B is regularly varying with index —a < 0, E|A|* < 1
and E|A|*™® < oo for some ¢ > 0. Then

P(R > x) ~ cP(B > x), (11
see [21,22]. Also it may happen that
P(R > x) ~cP(A > x)

when E|A|* < 1 but P(|B| > x) = O(P(A > x)), see [13]. When E|A|* = 1, E|B|* < oo,
E|A|*logt |A| < oo and the law of log |A| given {A # 0} is non-arithmetic, then [19,22,26]

P(R>x)~cx“ (12)

and it is A that plays the main role. When E|A|“ log™ |A| = oo an extra slowly varying function
[ appears in (12), i.e.

P(R > x) ~ cl(x)x™*. (13)

Please cite this article as: E. Damek and B. Kotodziejek, Stochastic recursions: Between Kesten’s and Grincevi¢ius—Grey’s assumptions, Stochastic
Processes and their Applications (2019), https://doi.org/10.1016/j.spa.2019.05.016.




E. Damek and B. Kotodziejek / Stochastic Processes and their Applications xxx (xxxx) xxx 5

(13) was proved by [28] for A > 0 but applying our approach to signed A (see Section 5) we
may conclude (13) also there.’

In view of all that it is natural to go a step further and to ask what happens when at the
same time A and B contribute significantly to the tail in the sense of (A-2) and (B-1).

1.4. Lipschitz iterations

In this section we state the results for IFS and we show how do they follow from (5)
and Theorem 1.1. We assume that ¥ satisfies conditions sufficient for existence of stationary
solution. Let L(¥), L(¥, ) be the Lipschitz constants of ¥, ¥, | = ¥, o---o0 ¥, respectively.
If Elog™ L(¥) < oo, Elog® | ¥(0)| < oo and

1
lim —log L(¥,) <0 a.s. (14)
n—oo n

then X, converges in distribution to a random variable X, which does not depend on X, and
satisfies (2).
For slowly varying functions L, and L, , let us denote

~ YLt ~ YLy (1
L,(x):/ @4 and Ll,,(x)=f L0 g,
o I 0 t

Theorem 1.3. Suppose that (A-1), (A-2), (B-1) and (AB-1) are satisfied both for B and B
with L = L, and L = L, , respectively. Let ¥ be such that

max{Ax, B1} < ¥(x) < Ax+ B, as., x=>0. (15)
Then for every € > 0 and x sufficiently large
1—¢e~ o 1+e~
— L, (%) =x"P(X > x) < ——L,(x). (16)
p P

Particularly, ifzr(x) ~ Zl,,(x) then

P(X > x) ~ %Z,(x). (17)

Theorem 1.4. If a function ¥ satisfies
Ax+ B < ¥U(x)<Ax+ B, as., xeR, (18)

then under the assumptions of Theorem 1.3, assertions (16) and (17) hold true.
If (A-1), (A-2), (B-2) and (AB-2) hold both for B and B, then we have analogous
conclusions for P(X < —x).

Theorems 1.3 and 1.4 follow quickly from Theorem 1.1 and (5) (i.e. Theorem 4.2 of [14]).
To see this let us consider Theorem 1.4. Let

Rn = Aanfl + an Rn,l = Aanfl,l + Bn,l
with Ry = Ro.1 = Xo. Then for every n,

R,1 <X, <R, as.

3 For the results in the case when max{|A[, |B|} does not have positive moments we refer to [17].
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and so
Ri <X <R, as

where R < AR + B with (A, B) independent of R and similarly for (A;, By, R;). Hence
x*P(X > x)/L,(x) < x*P(R > x)/L,(x).

Letting x — 00, we obtain

limsup x*P(X > x)/L,(x) < lim x*P(R > x)/L,(x) = l,
X—>00 X—>00 P
which implies the right hand side of (16). The left hand side is obtained analogously. Clearly
Zr(x) ~ Zl,,(x) implies (17). In the same way we proceed for the proof of Theorem 1.3.

Let us comment on stochastic iterations that fall under the assumption of Theorem 1.3.
Subtracting Ax from (15) we arrive at

(B — Ax); < O(x) < B, a.s., x>0,

where we have defined O(x) := ¥(x) — Ax. Analysing this condition geometrically, we see
that ¥(x) = Ax + O(x) satisfies (15) if for each x > 0, the value of ©(x) belongs (a.s.) to
patterned part of the figure below. If ©(x) € [B;, B] a.s. for each x, then ¥ satisfies (18).
Moreover, @ may be chosen in the way that Elog L(©) < 0 which implies (14).

B

0 —B/A

1.5. Structure of the paper

Theorem 1.1 is proved in Section 4.1. Section 4.2. is devoted to the second order asymp-
totics. Before, we need some preliminaries on the renewal theory. A renewal theorem which
is the basic tool is formulated in Section 3 and proved in the last section. Section 2.3 contains
material needed only for the second order asymptotics. We deal with general A in Section 5.
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2. Preliminaries

2.1. Regular variation

A measurable function L: (0, o0) — (0, 00) is called slowly varying, (denoted L € R(0)),
if for all A > O,

L(Ax)
im =
x—oo L(x)
For p € R we write R(p) for the class of regularly varying functions with index p, which
consists of functions f of the form f(x) = x”L(x) for some L € R(0).

If L € R(0) is bounded away from O and oo on every compact subset of [0, 00), then for
any 6 > 0 there exists A = A(8) > 1 such that (Potter’s Theorem, see e.g [10], Appendix B)

L(y) yyo(xY’
miAmax{(;) ,<;> }, x,y>0. (20)

Assume that L € R(0) is locally bounded on (xo, oo0) for some xog > 0. Then, for « > 0
one has

(19)

* O L(t
/ t"‘%)dt ~a 'x*L(x) (21)
X0
and this result remains true also fore = Oin the sense that
[ e
L N ) as x — 00, (22)
L(x)

[5, Proposition 1.5.9a]. Define Zxo(x) = f;; t~'L(¢)dt. Function Zxo is sometimes called de
Haan function. It is again slowly varying and has the property that for any A > 0,
Ly (hx) — Ly (x) /A L(xr) dr
_— = _— >
L(x) 1 Lx) ¢
To prove it, use the fact that convergence in (19) is locally uniform [5, Theorem 1.5.2].

log A, (23)

2.2. Renewal theory

Let (Zi)i>1 be the sequence of independent copies of random variable Z with EZ > 0. We
write S, = Z, +---+ Z, for n € N and Sy = 0. The measure H defined on Borel sets B(R)
by

o0
H(B) = ZIP(S,, € B), B € B(R)

n=0
is called the renewal measure of (S;)n>1, H(x) := H((—o0, x]) is called the renewal function.
If EZ > 0, then H(x) is finite for all x € R if and only if EZ> < oo [27].

We say that the distribution of Z is arithmetic if its support is contained in dZ for some

d > 0; otherwise it is non-arithmetic. Equivalently, the distribution of Z is arithmetic if and
only if there exists 0 # ¢ € R such that fz(¢) = 1, where f7 is the characteristic function of
the distribution of Z. The law of Z is strongly non-lattice if the Cramer’s condition is satisfied,
that is, limsupy,_, o | fz(H)| < 1.
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A fundamental result of renewal theory is the Blackwell theorem (see [6]): if the distribution
of Z is non-arithmetic, then for any 4 > 0,

h
lim H((x, h]) —» —.
Jim H(Cx, x + A1) 57
Note that in the non-arithmetic case, since H((x, x 4+ h]) is convergent as x — 0o we have
C = sup, H((x, x + 1]) < 0o and so

H((x,x+h]) <[h]C <ah+p, forxeR. 24)

for some positive «, B and any i > 0.

Under additional assumptions we know more about the asymptotic behaviour of H and H
(see [34]). If for some r > 0 one has P(Z < x) = o(e'*) as x — —o0, then there is some
r1 > 0 such that

H(x) = o(e"™) as x — —oo. (25)

More accurate asymptotics of H(x) as x — —oo is given in [29]. If Z has finite second
moment, for some r > 0, P(Z > x) = o(e™"*) as x — oo and the distribution of Z is strongly
non-lattice, then there is ; > 0 such that (see [34])

2

Heo = == + 22 4 e 26)
= — s as —> OQ.
YTz Tomze TN *

2.3. Renewal measure with extra regularity

For the second order asymptotics we need a better control of H ((x, x + &]) in terms of &
than (24); something in the spirit of

H ((x,x + h]) < ch®, x>0,h>0 27)

for some B > 0. Observe that with C,, = sup, H((x, x 4+ 1/n]) < oo we have
[nh]

H((x,x +h]) =C,

thus (27) holds for all x and 7 > 1/n with B = 1. Hence, we have to investigate the case of
small & only. We have the following statement.

Lemma 2.1. Assume that P(Z > x) = o(e”"*) as x — oo for some r > 0, EZ> < 0o and
that the law of Z is strongly non-lattice. If there exists B > 0 such that

limsupsuphPP(a < Z <a+ h) < oo, (28)

h—0t a=0
then there exists B > 0 and ¢ > 0 such that for x = 0 and h > 0,
H ((x, x + h]) < c max{h®?, h). (29)
Remark 2.2. Notice that (28) is satisfied when the law of Z has density in L? for some
1 <p<oo.

Before we write the proof let us describe a certain factorization of H that will be used in
it. In renewal theory it is usually easier to consider first a non-negative Z, and then to extend
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some argument to arbitrary Z using the following approach (see e.g. proof of Lemma 2.1). Let
N =inf{n € N: §, > 0} be the first ladder epoch of (S,),>1. We define a measure by

N—1

V(B) =E (Z 15n63) , B € B(R).
n=0

The support of V is contained in (—oo, 0] and V(R) = EN. Since (S,),>; has a positive drift,

EN is finite. Let Z7 < Sy be the first ladder height of (S,),>; and consider an i.i.d. sequence

(Z; )n>1. Then

H=V«H",

where H” is the renewal measure of (S, ),>1 and S, = ZZ:l Z; ([6, Theorem 2], see also
[1, Lemma 2.63] for more general formulation).

Proof of Lemma 2.1. We will first consider the case when Z > 0 a.s. Let F be the cumulative
distribution function of Z. From condition (28) we infer that there exist 3, ¢, &€ > 0 such that
for any @ > 0 and any & € (0,¢] one has F(a +h) — F(a) = P(a < Z < a + h) < ch’.
Decreasing ¢, if needed, we can and do assume that F(¢) < 1. Since H(x) = 1,50+ H * F(x)
we have for any x > 0 and % € (0, ¢],

H((x,x+h])=f

[0,x]
< chPH([0, x]) + F(WH ((x, x + h])

(F(x — 24 h) — F(x — 2)) H(dz) + / Flx + h — 2)H(dz)
(x,x+h]

and thus
H ((x,x +h]) < (1 — F(e)~'c hPH([O, x]).

Let now Z be arbitrary and let Sy be the first ladder height of (S,),>:. Since EN < oo and,
for a > 0 and small enough £,

o0
Pla<Sy<a+h)y=Y Pla<$,<a+h 85 =<0,....8<05,>0)

n=I

=) Pa—Sii<Zy<a—Si+hNzn<ch ) BN =n),
n=1 n=1

by (28) and it follows that

limsupsuph PP(a < Sy < a+ h) < co.
h—0t a>0

Thus, using factorization H = V « H> we obtain for x > 0 and 4 € (0, €],

H((x,x+h]) = f H” ((x —t,x —t + h])V(dr)
(=00,0]

< ch? / H> ([0, x — t])V(dt) = chP H(x).
(—00,0]

For 0 < x < h™% with § < B this implies that
H((x,x +h]) < ChP(1 4+ x) < ChP~2.
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On the other hand, for x > 2% and r > 0 we have

_ —rh—9 —_
erx<erh Srlhé’

where we have used the fact that x exp(—x) < 1 for x > 0. The conclusion follows by (26),
since then

H((x,x+h]) = é +o(e™). O

3. Renewal theorem

A function f: R — Ry is called directly Riemann integrable on R (dRi) if for any i > 0,
> sup f(»)<oo (30)

nel (n—1)h<y<nh

and

lim h- > sup  fO)-> inf f@)) =0.
h—0t (nEZ (n—Dh<y<nh o (n—1)h<y<nh

If f is locally bounded and a.e. continuous on R, then an elementary calculation shows that
(30) with & = 1 implies direct Riemann integrability of f. For directly Riemann integrable
function f, we have the following Key Renewal Theorem [4]:

/R fx —2)H(dz) — é /R f(t)dr.

There are many variants of this theorem, when f is not necessarily L; — see [25, Section
6.2.3]. Such results are usually obtained under the additional requirement that f is (ultimately)
monotone or f is asymptotically equivalent to a monotone function.

Neither of them is sufficient for us. To prove Theorem 1.1 we need to integrate the function
e**Eg(e™ B) with respect to H, where g is C' function “approximating” 11 . Therefore, we
prove the following result.

Theorem 3.1. Assume that 0 < EZ < oo, the law of Z is non-arithmetic and P(Z < x) =
o(e™) as x — —oo. Assume further that there is a random variable B and a slowly varying
function L such that P(B > x) = x~“L(x). Let g be a bounded function, supp g C [1, 00) and
there exists a constant ¢ such that

d —at t —at
’5(6 gle ))‘ <ce ™, t>0. 31D
Then
lim L(e")™! / Y IEg(e** B)H(dz) = a(EZ)~! / g(ryr—'ar. (32)
xX—00 R [1,00)

Assume additionally that Eexp(eZ) < oo for some ¢ > 0 and that the law of Z is strongly
non-lattice. Then as x — 00,

< CL(e"), (33)

f " IEg(e** BYH(dz) — aL(e") g(ryr—dr
R [1,00)

where C depends on |gllsup SUp,er 18(x)| and the constant ¢ in (31). C — oo if either
||g||mp — 00 or ¢ = OQ.
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To obtain asymptotics of P(R > e*) one may integrate e**P(B > ¢*) with respect to H and
control other components as it is explained in the proof of Theorem 4.1. However, using C'
functions g instead of 1(; o)(x) allows us to avoid many technical obstacles, without requiring
stronger regularity of H. Basically we need g as defined in (38) i.e. approximating 1(j oc)(x).
Observe that when g(x) is replaced by 1(j,o)(x) We obtain e**IE1( o) (e?*B) = L(e*7%)
and so Theorem 3.1 is in analogy to Theorems 3.1 and 3.3 in [14] which say that

1 ~
L (e *)H(dz) ~ ==L (¢
[ L ma ~ T
or with more regularity on Z,
1 ~, .
f L(e"#)Hdz) = —=L (¢") + O (L(e")) .
R Ez
The proof of Theorem 3.1 is postponed to the last section.

4. Perpetuities

4.1. First order asymptotics

In this section we prove Theorem 1.1. The assumptions are the same as in [14, Theorem
4.2 (1)], where the extremal recursion was considered. The proof, however, is not that simple.
Therefore, we use a different approach, introduced in [9]. Instead of proving directly the
asymptotics of P(R > x) we look for the asymptotics of Eg(R/x), where g is a C' function
and supp g C [1, 0o). The advantage of such approach is that certain function is easily shown
to be dRi (see Proposition 4.3). Moreover, the asymptotics of P(R > x) follows straightforward
from the asymptotics of Eg(R/x) and the whole proof is quite simple.

Theorem 1.1 is an immediate consequence of (34).

Theorem 4.1. Suppose that conditions (A-1), (A-2), (B-1), (AB-1) are satisfied. Let g be a
bounded function supported in [1, 00). Suppose that (31) holds. Then

“Eg(x~'R
lim S8 R« / g(ryr—eldr. (34)
x—>00 L(x) 0 Ji1,00)

Moreover, as x — 00

x*Eg(x~'R) — %Z(x)/ g(rr~*~'dr| < C max{l1, L(x)}, (35)
[1,00)

where C depends on ||g||sup and c in (31).

Using Hoélder continuous or C' functions approximating indicators instead of indicators
themselves is a standard procedure which usually allows to reduce regularity requirement for
the probability distribution in question. By regularity we mean here assumptions similar to (42)
or even existence of density. They seem to be needed, if indicators are used, but with Holder
continuous functions one can handle calculations differently. In various problems this approach
is very successful.

Although we use regularity of functions in intermediate steps, what we obtain at the end
allows us to take the limit and to eliminate the dependence on Holder constants or derivatives,
see e.g Sections 3.1, 3.2 or Appendix D in [10]. This can be done in (34) because the right hand
side depends only on the integral of g. However this is not the case in (35) because C — oo if
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llg'llsup — oo which takes place when indicators are approximated by C ! functions. Therefore,
for the second order asymptotics we have to proceed differently. The problem is treated in the
next section.

Finally, aZ(x) in (34) and (35) may be replaced by EB{15<,. As an easy consequence of
(21) we obtain

Proposition 4.2. Assume that the first condition in (B-1) holds. Then, we have
EB*13<, = aL(x) — L(x) ~ aL(x) (36)

and forr > 0,
EBY " 1p<, = (a + r)/ T IP(B > pdr — x*TP(B > x) ~ gx’L(x).
0 r
Assuming additionally that the second condition in (B-1) holds we have Z(x) 1 00 as x — oo.

Proof of Theorem 1.1. It is enough to prove that fora & > 1
lim x*L(x) 'P(R > x&) = p '£7. (37)
X—>00

Let £ > 1 and n > O be such that £ —n > 1. Let g; be a C! function such that 0 < g1 <1
and
Oif x <&—n

g1(x) = Lifx > &, (38)

Let g2(x) = gi1(x —n).
Then gy, g» satisfy the assumptions of Theorem 4.1, because gj(x) = gj(x) = 0 for
x <&—nand x > &+ n. We have
L = lim x*L(x) 'Ego(x"'R)

X—>00

< liminfx®L(x)"'P(R > x£) < limsupx®L(x)"'P(R > x&)
X—>00

X—>00

< lim x*L(x) 'Eg,(x"'R) =: I,.

X—>00

Moreover,

o o0
= b < ;/ 1() — ga(P)lrdr
0

o [ETN
< —/ r %~ ldr < 2an/p.
P Je—y
Letting n — O we infer that
lim xL(x) 'P(R > x&) exists.
X—>00

Finally,

lim x*Z(x)"'P(R > x&) — p~ 7| < an/p.

X—>00

Hence the conclusion follows. [
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Proof of Theorem 4.1. The proof presented here follows very closely the proof of Theorem
4.2 in [14]. Let us denote

f(x) :=e*"Eg(e™R)
and
Y(x) = e*Egle™R) — e Eg(e™AR),
where A and R are independent, supp g C [1, 00). Let us define the distribution of Z by
P(Z € ) = EA"Ljgg pc.. (39)
Then, we have for any x > 0,
F) = Y(x) + e Egle “AR) = ¥(x) + EA® f(x — log A) = ¥ (x) + Ef (x — 2Z),

Iterating the above equation (see page 8 in [14]), one arrives at
[e.¢]
fx)= Z]Elﬁ(x —Sn) = / ¥ (x — 2)H(dz),
n=0 R

where H is the renewal measure of (S,),>; and S, = Z,+- - -+ Z,, where (Z;); are independent
copies of Z and Sy = 0. Let us define

Vp(x) =€ Eg(e™*B)  and  o(x) = ¥ (x) — ¥p(x).

Let us note that (31) is equivalent to condition |xg’(x) — ag(x)| < ¢ for x > 1. Thus, (31)
along with boundedness of g imply that g’ is also bounded and so g is Lipschitz continuous.
By Proposition 4.3, ¥ is directly Riemann integrable and so

1
lim | ¥o(x —z)H(dz) = —/ Yo(t)dt < oo.
x—00 Jp EZ R
The main contribution to the asymptotics of f comes from fR Yp(x — z)H(dz). Observe that
EZ =EA%logA =p

and that since the law of Z has the same supports as logA given A > 0, it is also
non-arithmetic. Moreover

P(Z <x) =EA"Ljpga<x < e P(A <€) = 0(e™)

as x — 0o. By Theorem 3.1 we obtain the assertion. [

In the next proposition we neither need to assume that A > 0 with probability 1 nor that the
law of R is the solution of the equation R L AR + B. We require only that the moments
of |R| of order strictly smaller then « are finite, which is satisfied in our framework; see
[10, Lemma 2.3.1]. For 0 < ¢ < 1, we define H® to be the set of bounded functions g
satisfying

lg(x) — gyl
liglle = sup ——————
x,yeR |x -y |

Clearly, due to boundedness of g, H°t C H® if &) < ¢.
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Proposition 4.3.  Suppose that A, B, R are real valued random variables and (A, B) is
independent of R. Fix 0 < ¢ < a, ¢ < 1 and assume further that E|A|* < oo, E [|A|8|B|°’_8] <
00, E|R|? < oo for every B < . Then for every g € H® such that O ¢ supp g the function

Yo(x) = e E[g(e (AR + B)) — g(e *AR) — g(¢™*B)]

is directly Riemann integrable.

Proof. Since v is continuous it is enough to prove that

D> sup [yo(x)] < oo (40)

nel n<x<n+l1
For x, y € R we have
lg(x +¥) — g(x) — g < Ig(x +y) — g0)| + [g(y) — g(O)] < 2liglllyl®
Interchanging the roles of x and y, we arrive at
lg(x +y) — g(x) — g < 2llglle min{lx], [y 1} Lmax{jxl,Iy1y=n/25
where supp g C {x : [x| > n}. Thus, for any x € R
[Yo(0)] < 2lglle® E [min{| BJ, |AR) Lmax( 51, |R) >en/2] -
Since o — ¢ > 0, we have

sup  [o(x)| < 2ligll-e* " VE [min{| Bl, [AR|} Lmax(iB|,| ARl}>em ]

n<x<n+l1
and
ng
> sup (Yol < 20glE| Y e " min{|B|, |AR]Y |,
neZn§x<n+1 n—=—00
where

no = [log (2max{|B|, [AR[}/n)] .
Hence, there is a constant C = C(n, «, ¢, ||g]l¢) such that

> sup [%o(x)| < CE[max{|BI, |AR|}* " min{|B|, |AR[}"]. (41)

neZn§x<n+1
Let us first consider the case when o — 2¢ > 0. We have
E [max{|B|, |AR[}*"* min{| B|, [AR|}*] < E[|B|* *|AR|*] + E[|AR|*"*|B|].

Since R and (A, B) are independent, the first term above is finite by assumption. For the second
term, we have

E|R|*“E[|AI“"*|BI"] = EIRI*“E [|AF|AI*"*|BI° (Lipj<ja) + 131>1a])]
< E[R|*™* (E|A|* + E|A]*|B|*™),

where we have used |A|"‘_2£1‘B‘>‘A| < |B|"‘_28. On the other hand, if « —2¢ < 0, then we have
0 < o — ¢ < ¢ and the right hand side of (41) up to a multiplicative constant C is equal to

E[|AR|*|B|**1p)=ar] + E[JAR|* | B|* | B|* “1p)<|ar]]-

It is clear that both terms are finite; for the second use |B|*~*1p<jag| < |AR[*7®. O
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4.2. Perpetuity — second order asymptotics

In this section we study the second order asymptotics i.e. the size of
XP(R > x) = L(x0)/p

when x — oo. For that we need more stringent assumptions on the distribution of A. Recall
that L(x)/L(x) — oo as x — 00.

Theorem 4.4. Assume (A-1), (A-2), (B-1). Suppose further that there exists B > 0 such that
lim sup sup h PP < logA <a+h)<oo 42)

h—0t aeR

and EAY < oo for some y > a + o?/B. If the distribution of Z defined by (39) is strongly
non-lattice, then as x — 00,

L(x) R ((AR + B)?. — (AR)%. — B%)
ap

x*P(R > x) = + O(L(x)) + o(D), (43)

where a, = max{a, 0}.

Remark 4.5. Depending on L either the constant or O(L(x)) may dominate in (43). If L(x)
is asymptotically bounded away from zero, then (43) says that

x*P(R > x) = p 'L(x) + O(L(x))
when x — oo.
If L(x) — 0O then (43) is more precise and it implies
E ((AR + B)Y — (AR)% — BY)

lim (x*P(R > x) — p~'L(x)) = .
X—00 op

Remark 4.6. In Theorem 4.4 it is required that the law of Z is strongly non-lattice, but it
is somehow desirable to have a sufficient condition in terms of the distribution of log A. It is
enough to assume that the law of log A is spread-out, i.e. for some n its nth convolution has
a non-zero absolutely continuous part for some n € N. If the law of log A is spread-out then
the law of Z is spread-out as well. This in turn implies that the distribution of Z is strongly
non-lattice.

We begin with the following technical lemma.

Lemma 4.7. Under assumptions of Theorem 4.4, both functions
Ii(x) = e**P(max{AR, B} <e¢* < AR+ B)

and
L(x) = e*P(AR + B < ¢ < max{AR, B})

are O(L(e")) as x — o0.

Proof. By assumption we have y > a + /8. Take § such that

2
Yos<1-L (44)
4 yB
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and y’ € (o« + «?/B, y) such that
2
2 ci-s. (45)
v'B

Then, we have
Ii(x) < e (P(B > ¢"/2) + (™ < B <¢/2, AR+ B > ¢") + P(A > ¢™/7)
YP(B <, A < e/ AR < ¢ < AR + B))
=K+ K>+ K3+ Kj.
It is clear that K; = O(L(e*)). Furthermore, taking n such that

2
8
¥ p< 2 (46)
Yy +o 144
we obtain

E(ARB); "
ela—m(1+38)x
for some s > 0. Indeed, E|ARB|*™" = (E|AB|*"")(E|R|*™") and applying Hélder inequality
with p =y /(e —n) and ¢ = y/(y — o + 1) we obtain

E|AB|*™" < (]EAV)I/V(E|B|(a—n)q)1/q

K> < e**P(ARB > 1797 )2) < ¢®¥ %0 =o(e™)

and (¢ — n)g < « in view of (46). Moreover, since 1 — y/y’ < 0 we have
EAY
ax _ —sx
K3 S e eCtVX/)// - 0(€ )
for some s > 0 and so K, and K3 are O(L(e")) as well. For K, define A(x) = 1 —e~(0=9% — |
and recall that «/y’ < 1. Then, by (42),
K4 < e P(M(x)e" < AR < e, R > A(x)e!~/7)v)
=" P(x —log R+ logi(x) <logA <x —1logR,R > A(x)el—e/rxy
< Ce™ (—log A(x))P P(R > A(x)e'=¢/v)r)
L(A(x)ett=e/r )
)h(x)aea(lfa/y’)x
which is O(e™") for some s > 0 in view of (45).
We proceed similarly for I, writing

~ Ceaxe—ﬂ(l—é)x

’

Lx) < e (]P(B > ¢)+P(AR > &', —B > &) + P(A > ¢*/7")
FP(—B <&, A< e/" AR+ B < ¢ < AR)) .

Then one can show that there exists § > 0 small enough to ensure that I,(x) = O(L(e*)). O

Proof of Theorem 4.4. We begin the proof in the same way as in the proof of
xreffunction (see also proof of [14, Theorem 4.2]) but with f(x) = e**'P(R > ¢€*), ¥(x) =
e (P(AR+ B > ¢*) —P(AR > ¢&Y)), ¥p(x) = e**P(B > ¢*). Then

Flo) = /R Walx — DH(dD) + /R Wolx — 2H(dz), 47)
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where
Yo(x) = e** (IP’(AR + B > ¢*)—P(AR > ¢*) —P(B > ex)) .
In view of Theorem 3.3 in [14] we know that
fR ¥s(x — DH(d2) = p~'L(e") + O(L(e")).
Hence it remains to show that
/R%(x — 2)H(dz) = p /R Yo(t)dt + o(1) + O(L(e"))
as x — oo. Let us denote

Ii(x) = e**P(max{AR, B} < e < AR+ B)
L(x) = e P(AR + B < ¢ < max{AR, B})
L(x) = e**P(min{AR, B} > &%)

so that

Yo(x) = Li(x) — L(x) — I3(x).
In the proof of Theorem 4.2 in [14] we have already shown (under weaker assumptions) that

Emin{AR, B}
o

/ I(x — 2)H(dz) = +o(l)
R

and that Emin{AR, B}} < oo. By the preceding lemma we know that [;(x) = O(L(e")) for
i = 1,2 and this implies that as x — oo,

/ I;(x — 2)H(dz) = O(L(e")), i=1,2.
(—00,0]

Indeed, consider (—00.0] Lf(:;) JH(dz). For any § > 0, the integrand is bounded by ce ™% for
some ¢ > 1 by Potter’s bound (20). Combining this with (25) and Lebesgue’s Dominated

Convergence Theorem we conclude that

/ L(e*)H(dz) ~ L(e*)H(0). (48)
(=00,0]
Observe that there exists 8* > 0 such that
lim sup suph’ﬂ*IP’(a <Z<a+h) <o 49)
h—0t a>0

Indeed, let p = 22, g = "‘T“ with & + & < y. Then

o
Pla < Z <a+h)=EA g a<arn < (EA*)P(Pa < Tog A < a+ h))"7.
Hence

h PP < Z < a+h) < (EA*T)(hPP(a < log A < a + h))'"?
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and (49) follows by (42). In view of (28) we have the following easy result for x > u and
d>u,

/‘ Y IH(dz) < *H((x — d)4, x — ul)
(x—d)+,x—ul

<cemax{x —u—(—d)Pox—u—(x—d)y) OV

< c e max{(d — u)‘é, d—u}
for some B > 0, where, the first inequality follows from monotonicity of the integrand and the
second one by Lemma 2.1.
Moreover, notice that for 0 < A < 1 and all x > 0 one has log(1 +x) < A~ 1x*. Let us note
that on the event {AR + B > max{AR, B}}, both AR and B are positive and, on the space

restricted to this event, random variables U = logmax{AR, B} and D = log(AR + B) are well
defined. Then, by (50)

/ I(r — DH(dz) = E / I ar o oans s H(D)
(0,00) (0,00)

= ]E/ €a(x_Z)H(dZ)lD>U
(x—D,x=U]N(0,00)

< ¢E(AR + BY*(D — U)P + (D — U)1p-y.
For the first term above we have

¢E(AR + B)*(D — U)P1p.y

——CE(AR+B) lo 1 -I——i { ’ } _1
> X
g { \R. B} AR+B>max{AR,B}

c min{AR, B}*#
< —E(AR+B————1
AP max{AR, B}*#

AR+B>max{AR,B}

<2 Emax{AR, B}* " min{AR, B’ 14z 5-max(ar.5)

q>’l|v~

< 2“ﬁ(E(AR)“—AﬁB*ﬂlmm{AR,B}zbo +EB* (AR 1iyinar Bj=ar=0) < 00

provided ﬁk < . An analogous calculation shows that E(AR+ B)*(D —U)1p.y < oo and so
f(x_ D5 U1N(0,00) e**~9H(dz)1p-y is dominated by an integrable random variable which does
not depend on x. Thus, by Lebesgue’s Dominated Convergence Theorem we have

lim / I, (x — 2)H(dz) = E lim 1, _._pH(d2)p-v
X—> 00 (0’00) X—> 00 (0,)(7(]]

and for d > u as x — o0,
o0
eocu/ ea(x_u_1)1x7u71<d7uH(dZ) s p—leau/ eat1;<d,udl,
(0,x—u] 0

where we have used the Key Renewal Theorem since x — e**1jp 4—y) is dRi (it has compact
support, is bounded and a.e. continuous). Thus
E((AR + B)* — max{AR, B}*)1 .
lim I — H(dz) = (« ) { 1) AR+B>max|AR.B)
X—> 00 (0,0Q) ap
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We proceed similarly with I,. With D = logmax{AR, B} and U = log(AR + B)
(analogously as before, D and U are well defined on the events {max{AR, B} > 0} and
{AR + B > 0}, respectively), we have

|- om@ =B [ g i@

(0,00) (0,00)

= ]E/ ea(X7Z)H(dZ)1max{AR,B}>AR+B22*1 max{AR,B}>0
(x—D,x=U]N(0,00)

+ E/ ea(x_Z)H(dZ)lAR-&—BSZ*Imax{AR,B},max{AR,B}>O'
(x=D,00)N(0,00)
and by (50)
E/ ol Z)H(dz)lmax{AR,B}>AR+322*1 max{AR,B}>0
(x—D,x—=U]N(0,00)
< Emax{AR, B}* ((log max{AR, B} — log(AR + B))#
+ (logmax{AR, B} — log(AR + B») max{AR, B}>AR+B>2-! max{AR, B}>0-

Again, as before we do calculations for the term with B. It is bounded by

o —min{AR, B}
cEmax{AR, B} <log(l + W)) Liax(AR, B)> AR+ B>2-1 max(AR, B}>0

—min{AR, B}

c
—Emax{AR, B}" (W) Liax(AR, B)> AR+B>2-1 max(AR, B}>0

)ﬁ
| min{AR, B}|
m max{AR,B}>AR+B>2"! max{AR,B}>0

<2M3 ]Emax{AR B)* | min{AR, B} < 0o

< i]}«: max{AR, B} <

as before. The second term equals

00
(24 ]Emax{AR, B}a /0 €7MH(()C - D, x—D+ t])dt 1AR-‘,—B§2*l max{AR,B},max{AR,B}>0

< cEmax{AR, B} 1,r4p<2-1 max{AR, B} max{AR, B}=0-
Now, since min{AR, B} < 0 and

AR + B = max{AR, B} + min{AR, B} < %max{AR, B}
we have

| min{AR, B}| > %max{AR, B}
and

Emax{AR, B}*1| ninar.5)j>2-1 maxiar.8)>0 < EB*1

B>0,AR<0,1<21481
o
+ E(AR) 1AR>0,B<0,152%

AR|\"
=2 (E'B'a <||B||>
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WALIRY
+ EIAR (W) )
<2"(E|R|"E|B[*""A"
+ E|R|*TTEA“"|B|") < o0.
Similarly as before, Lebesgue’s Dominated Convergence Theorem implies that as x — oo,
E(max{AR, B}* — (AR + B){)+
ap
and so as x — oo, after straightforward simplification,

/ L(x — z)H(dz) —
(0,00)

/Rlﬁo(x —2)H(dz) = %E ((AR+ B)Y — (AR} — BY) + O(L(e")) +o(1). O

5. Perpetuities with general A

Now we are going to consider perpetuities with A attaining negative values as well. More
precisely, we assume that P(A < 0) > 0, possibly with P(A < 0) = 1. Our aim is to reduce
the general case to the one already solved: non-negative A. We propose a unified approach to
perpetuities, which applies beyond our particular assumptions.

Assume that Elog |A| < 0 and Elog* |B| < co. Then the stochastic equation R L AR + B
with (A, B) and R independent has a unique solution, or equivalently, that R, = A, R,_; + B,,
n > 1, converges in distribution to R for any R, independent of (A, B,),>1, where (A, B,)n>1
is a sequence of independent copies of the pair (A, B).

Define the filtration IF = {F,: n > 1}, where F,, = o ((A, By);_,). Following [35, Lemma
1.2], for any stopping time N (with respect to [F) which is finite with probability one, R satisfies

RiAl...ANR—i—R*, Rand(A,... Ay, R})are independent, (51)

where R = Bi+ABy+---+A...A,_1B,forn > 1. Forn > 1 wewrite I, = A;-...- A,
and Iy = 1. Let N := inf{n € N: I, > 0}. Then, N is a stopping time with respect to [F and
N is finite with probability 1. Indeed, if P(A < 0) = 1 then N = 2. If P(A > 0) > 0 then
N = oo if and only if A; < 0 and for every n > 2, A, > 0 which means that for every n
P(N = 00) <P(A < O)P(A > 0! -0, asn— oo. 52)

Let now P(A < O) > 0 and A+ = AIAZO’ A_= —A1A<0.
Since {N >k} ={A; <0,A, >0,...,A;_1 > 0} for k > 2 we have

Ry = ly=xIl 1By = By — (Ay)- (Z(A2>+ e (Ak_l)wk) .
k=2

k=1
Let us denote the expression in brackets by S. Then, § is independent of ((A;)—, B;) and it is
the unique solution to

S < ALS + B, where S and (A4, B) are independent. (53)
Summing up, we obtain

Lemma 5.1. Assume that P(A < 0) > 0 with Elog|A| < 0 and Elog® |B| < co. Let R be
the solution to

R 4 AR + B, R and (A, B) are independent.
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Then R is also a solution to (51), where
Ry < (—=A_)S + B, S and (A_, B) are independent
and S satisfies (53).

Thanks to the above lemma, we can reduce the case of signed A to the case on non-negative
A. The properties of IIy and R}, will be inherited by the properties of the original (A, B).
The main result of this section is

Theorem 5.2. Suppose that

(sA-1) P(A <0) >0, Elog|A| <O,

(sA-2) there exists o > 0 such that E|A|* =1, p = E|A|*log|A| < oo,
(sA-3) the distribution of log |A| given |A| > 0 is non-arithmetic,
(sA-4) there exists ¢ > 0 such that E|A|*"® < oo,

(sB-1)

P(B > t)~ pt *L(¢), P(B < —t) ~ qt™“L(1), p+qg=1,
(sB-2) E|B|* = oc.
Then

X*P(R > x) ~ L, x*P(R < —x) ~ ﬁ (54)
2p 2p
The proof relies on Lemma 5.1. The tail asymptotics of S follows from [21] as it is explained
below in the proof of Theorem 5.4. In view of (51) to conclude Theorem 5.2 it remains to prove
that /Iy and R}, satisfy assumptions of Theorem 1.1. First we will prove that /Iy inherits its
properties from A. The following result is strongly inspired by [19, (9.11)—(9.13)] (see also
[1, Lemma 4.12]). For completeness, the proof is included below.

Theorem 5.3.

(i) If the law of log |A| given A # 0 is non-arithmetic (spread-out), then the law of log Iy
given Ily > 0 is non-arithmetic (spread-out),
(i) If E|A]* = 1 and E|A|*T® < oo for some & > O then there exists &€ > 0 such that
IEH;;“ < 00,
(iii) If E|A|* =1 then EII§ = 1 and EII{ log IIy = 2E|A|log |A|.

Proof. If P(A <0) =1 then IIy = A A; and the law of log IIy given log Ily > 0is P_xP_,

where P_ is the law of PloglA\ ’A< o P_ « P_ is non-arithmetic or spread out respectively if so

is P_. Also the remaining of the above statements are clear in this case so for the rest of the
proof we assume that P(A > 0) > 0.

(1) Denote by P.. and P_ thelawsof]P’ A|A 0 dPlog|A\|A<0’

0) and ¢ = P(A < 0). By [19, (9. 11)] we have

1 = n n
Prog iy 1y >0 = m (pIP> ~|—q2[P’*<2 Zp Pi) .
n=0

respectively. Set p = P(A >
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If pP. + gP_ is spread out then there are k,/ > 0 such that ]P’ik * ]P’*<I has a non
zero absolutely continuous component. Hence P-. *P*2 is spread out and the mixture of
measures, one of which is spread-out is spread-out as well.

If pP. + g P_ is non-arithmetic then the supports of P and P*? generate a dense sub-
group of R (see the argument below [19, (9.13)]). Thus, we conclude that Piog 7,7y >0
is non-arithmetic.

(i1) Let /L(f) = EA%**1,-,. Since the function & +—> u(f) is continuous and /L(f) < 1, then

there exists &; > 0 such that u(fl) < L

Then, we have

.....

n=2
’ o0
= u{V + (BIAI T az0)” Y (uE) ™ < oo
n=2
(iii) Define a measure QQ, on ({2, F,,) by
Qu(S) =E|I,|*1s, SeF,, n=0.

Let F be the smallest o —field containing all F,,. The sequence of measures Q, is
consistent, thus by Kolmogorov theorem there exists a unique measure Q on F, such
that Q(S) = Q,(S) for S € F,. Note that (A,),>; are i.i.d. also under Q. We have

e = QN =1) = Q(A; = 0) = E[A[*14-9 = p)
and for any k > 1,
QN =k)=Q(A; <0,A2>0,..., A= > 0, Ag < 0) = (1 — puy) >l 2

Hence EgN = 2, where Eq is the expectation with respect to Q.
Since Fy C Foo, for any S € F we have

Q) =Y QS NN =n}) =Y E[L|"Lsnn=n)

n=1 n=1

=Y Eylsny=n = EII§1s.

n=1

Putting S = {2 we obtain that EII§ = 1. Further, since Iy is Fn measurable, we have

N
EI1% log ITy = Eg log IIy = E log |Ax| | = EoN -Eglog|A| = 2E|A| log |Al,
N Q Q QN Eq

n=1

where the Wald’s identity was used. [
Secondly we show that the tails of R} behave like P(|B| > x). Let now P(A > 0) > 0 and
Ay =Alpso, A=Al
Theorem 5.4. Assume additionally that

P(B > 1) ~ pt *L(1), P(B < —1) ~qt “L(1), ptqg=1
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and E|A|*™ < oo for some ¢ > 0. If iy = EA%1,4.9 < 1, then

P(S > t) ~ P(B > 1), P(S < —t) ~

P(B < —1), (55)
=y 1=y

and

P(RY, > 1) ~P(|B| > t) ~ P(R}, < —1). (56)

Proof. Tail asymptotics of S follows from the application of [21, Theorem 3] to (M, O, R) =
(A4, B,S). Wehave E|M|* = EA%14.9 < 1 and E|M|*™® < E|A|*™® < oo by the assumption.

Tail asymptotics of R} then follows from [21, Lemma 4], since R}, 4 B + A S. Here
(M, 0,Y) = (A_,B,S) and E|M|* = EA*1,_y < 1 and E|M|*** is finite as above. One
easily checks that P(Ry, > t) ~ P(|B| > t). To obtain P(Ry, < —t) ~ P(|B| > t) we apply the
above argument to —R < A(—R)—B. [

6. Proof of Theorem 3.1

First we prove that

X—>00

lim L(e*)™! / " IEg(e**B)H(dz) =0 (57)
(—00,0]

Since g is bounded and its support is contained in [1, c0), there exists a constant ¢ such that
g(x) < cl,.,_, for any ¢ > 0. Thus, with ¢, = c(1 — &)~! we have e**IEg(e?*B) <
ce®C"IP(B > (1 — e)e* %) = ¢, L((1 — &)e* %) and therefore

/ e IEg(e** B)H(dz) < ¢, / L((1 — e)e**)H(dz)
(=00.0] (—00,0]

~ ¢, L(e“)H(0) = o(L(e")).
by (48).
For the main part we have

[ e G = [ e R B G
(0,00) (0,00)

- / e IEg(e™" " B) 19~ p<,r)H(dz)
(0,00)

= I1(x) + L(x).

The first term is easily seen to be O(L(e*)). Indeed, observe that the integral f(o,oo) e *H(dz) =
fooo ae **H ((0, x]) dx is finite by (24). Bounding g by an indicator as before, we have

L(x) < ¢, / ECTIP(B > (1 —e)e* %, B > ¢")H(d2)
(0,00)

= c.L(e") e “*H(dz).
(0,00)

Let us decompose I>(x) in the following way
h(n) =E / T g(e OB S 1y
0 EZ =o=e

® ) ) <
a(x—z —(x—z _ .
+ E/O e gle B)d (H(z) ]EZ) lo<p<c (58)
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The first term above is
o0
a(EZ) ' L(e") / g(rr~*7ldr + O(L(e))
0

and it constitutes the main ingredient in (32). To see this, change the variable r = ¢~ B,
to obtain

o0
(EZ) 'EB%1p<. / g(r) r el dr,
0

by the fact that supp g C [1, o0). But (36) gi~ves us that EB{1p,x = aZ(e")—L(e"). It remains
to prove that the second term in (58) is o(L(e*)). Let us denote

z
EZ'
The equality g(1) = 0 is a consequence of supp g C [1, co) and differentiability of g. Since
lim,_, o e **R(z) = 0, after integrating by parts we see that

R(z) = H(2) -

E[ ea(xfz)g(e*(xfz)B)dR(Z)10<B§€X
(x—log B,00)

00

d

— —E/ - (ea(x—z)g(e—(x—Z)B)) R(Z)dZ10<B§eX
x—log B dz

© q
— _EB® / 5(6“’”g(e’)>R(t +x — log B)dr1y_pr,
0

where we have substituted t = z — x + log B. Moreover, notice that

/000 %(efmg(et)>dt =0

and so

©d
EB*1g-p<.x / E(e”’g(é))R(t + x — log B)dt
0

dr
By the assumption (31), there exists a constant C such that for all r > 0,

© d —ot t
— EB“ly_ oy —(e W o(e )) (R(t + x — log B) — R(x — log B)) dt
0

’%(efatg(et))‘ S Cefat’

So it amounts to estimate
EB“1g-p<ex / e |R(t +x —log B) — R(x — log B)| dt (59)
0

Define
EB*1gp<er [, e |R(t + x —log B) — R(x —log B)| dt

J =
x) EB“1y_p-.

We will show that J(x) — 0, and since the denominator equals an(ex) this will be the end of
the proof.

Define the law of C, by
EB$1p<cx e

FCe) =gy
+AB<eX
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Note that P(0 < C, < e*) = 1. Thus, J(x) may be rewritten as
oo
IE/ e |R(t+x —1logC;) — R(x —log Cy)| dt.
0

Since for any positive x and ¢, |R(f + x) — R(x)| = |[H((x, x +¢]) — ﬁl < ct + b for some
¢, b > 0, we have

o0
lim J(x) = / e lim E|R(t +x —logCy) — R(x —log C,)| dt.
0 X—>00

X—>00

Moreover, x — C, converges to infinity in probability, as x — oo. Indeed, for any N > 0 we
have

EBY1, v L)

Px —logCy > N)=P(C, <" N) = = =
( gCy > N) (Cx < ) BB 1, T

— 1,

because L is slowly varying. Since, |R(t + x) — R(x)| — 0 as x — oo, we infer that
|[R(t +x —logCy) — R(x —log C,)| (60)

converges to 0 in probability, as x — oco. But (60) is bounded in x, thus the convergence holds
also in L; and we may finally conclude that

lim J(x) =0,
X—>00
which completes the proof of (32).
If additionally Eexp(eZ) < oo for some ¢ > 0 and the law of Z is strongly non-lattice

then (59) is bounded by C L(exp(x)) which was proved in [14] — see the end of the proof of
Theorem 3.3 there just before the references.
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Appendix

Suppose that E|B|? < oo for any 8 < « and that there is ¢ > 0 such that E|A[**® < oo.
Then by Holder inequality we may conclude that for every n < «, E|B|*7"|A|7 < co. However,
if the tail of B exhibits some more regularity, a weaker condition implies the same conclusion.

Suppose that x*P(]|B| > x) < L(x), where L is a slowly varying function bounded away
from 0 and oo on any compact subset of (0, 0co). Let W be a non-decreasing function such that

W(x) > C max{L(x), log(x)} for x > 0.

For instance W(x) = max{sup,_,, <, L(w), log(x)} or W(x) = max{Z(x), log(x)} will do.
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Lemma 7.1. Assume that W is as above, n < a, D > 27“ — 1 and
E|A|*W(|A])P < oo.

Then
E|BI*"TA|" < oco.

Proof. Since E|A|* < 0o and E|B|*™" < o0, it is enough to prove that for a fixed Cy
E|B|*7"A|"L 1> 14111412, < O©.
We choose 8 > 0 and y such that
-7y <1 61)
o
For m > k consider the sets
Skm = {EW (Y <Al < fTW(EHY, "W < |B| < " W(em )
Let Cy = eoW(e*0)B where k is such that W (ko) > 1. Then
EIBI* A" psialja=c, < C Y Y " PHIW (P WISk ),
k>ko m>k
P(Sim) < P(I1B| > e"W (™)) P(|A] > ekW(e")ﬁ)l‘V
and
P(|B| > e"W (™)) < e " W(e") P L(" W(e™)’).
Let § > 0. By the Potter bounds (20), since W(e™) > 1 for m > ko
L(e"W(e™P) < CL(e™)W(e™) < CW(e™)W(e™)”.
Hence
P(|B| > e"W(e™)F) < Ce ™" W (e™)' P HF,
Further,
P(IA] > ¢ W(P) < (EIAPW(ADP)e "  W(e) P w (& W(eh)?) ™"
< Ce kW (k)P
because W is non-decreasing and W(ek) > 1. Therefore, we have
EIB|* A" 51> a1 a1z

<C Z Z e(m—k)(a—n—ozy)W(em)ﬁ(a—fl)-ﬂ/(l—ot,3+ﬁ5)W(ek)ﬁn—ozﬂ(l—y)—D(l—y).
k>ko m>k

Notice that in view of (61)
a—n—ay <0.
In order to sum up over 8, we choose B such that

Bla—n—ay) < —y.
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Finally, we take § sufficiently small to ensure

Bla—n—ay +yd) <—vy.

Then
Ze(m—k)(a—n—ay)W(em)ﬁ(a—n)+y(1—aﬂ+ﬁ5) < Zem(a—n—w) < 00.
m>k m=>0

Hence

E[B|*7"AI"1 =141 1A=,

<C Z W(ek)ﬁ(n—a-FDtV)—D(l—V)
k>ko

<C Z JB—atay)=D-y) _ 00,
ka()

Finally, we need to guarantee that

Bn—aoa+ay)— D —y)<—1. (62)
Suppose that B(¢ — n — ay) = —y — & for some & > 0. Then (62) becomes
1
p-1Tr+é 63)
-y

and we may minimize D by an appropriate choice of y. Notice thatif § =0 and y = 1 —n/«
the right hand side of (63) becomes 2«/n — 1. Since y may be arbitrarily close to 1 —n/« and
& arbitrarily close to 0, D > 2«/n — 1 will do. O
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