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Abstract

Consider an insurer who is allowed to make risk-free and risky investments. The
price process of the investment portfolio is described as a geometric Lévy process. We
study the tail probability of the stochastic present value of future aggregate claims.
When the claim-size distribution is of Pareto type, we obtain a simple asymptotic
formula which holds uniformly for all time horizons. The same asymptotic formula
holds for the finite- and infinite-time ruin probabilities. Restricting our attention to the
so-called constant investment strategy, we show how the insurer adjusts his investment
portfolio to maximize the expected terminal wealth subject to a constraint on the ruin
probability.

Keywords: Asymptotics; Constant investment strategy; Lévy process; Portfolio
optimization; Regular variation; Ruin probability; Uniformity.

Mathematics Subject Classification: Primary 91B30; Secondary 60G51, 60KO05,
91B28

1 Introduction

Consider the renewal risk model in which successive claims, X;, X, ..., form a sequence of
independent, identically distributed (i.i.d.), and nonnegative random variables with generic

*Corresponding author: Guojing Wang.
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random variable X and common distribution F' on [0, 00), and their arrival times, 0 < 73 <
Ty < ---, constitute a renewal counting process

Ny=#{n=1,2,...: 71, <t}, t>0.

For later use, we write 79 = 0 and 7 = 7. To avoid triviality, throughout the paper,
we assume that 7 is a nonnegative random variable non-degenerate at 0. The amount of
aggregate claims up to time t appears to be a compound sum of the form

Si=> Xp  t=0, (1.1)

where the summation over an empty set of indices produces a value of 0.

Suppose that the insurer is allowed to make risk-free and risky investments. The price
process of the investment portfolio is described as a geometric Lévy process {ef*, ¢ > 0}; that
is to say, {R;,t > 0} is a Lévy process which starts with 0, has independent and stationary
increments, and is stochastically continuous. This assumption on price processes is widely
used in mathematical finance. We refer the reader to the monograph of Cont and Tankov
(2004) and a recent survey paper of Paulsen (2008). See also Paulsen (1993, 2002), Paulsen
and Gjessing (1997), Wang and Wu (2001), Kalashnikov and Norberg (2002), Cai (2004),
and Yuen et al. (2004, 2006), among others. For general theory of Lévy processes, see Sato
(1999), Cont and Tankov (2004), and Applebaum (2004).

As usual, we assume that all sources of randomness, {Xi, Xs,...}, {Ny,t > 0}, and
{R;,t > 0}, are mutually independent. The stochastic present value of future aggregate
claims up to time ¢ can be expressed as

¢ o0
D, = / e fmdS, = Xpe il <y, t>0. (1.2)
- k=1
In this paper, we shall focus on the tail probability of D, and aim at a simple asymptotic
formula which holds uniformly for all time horizons. We shall also pursue applications of
our result to ruin theory.

The rest of the paper consists of three sections. Section 2 presents our first main result
after recalling some preliminaries; Section 3 shows applications of this result to the calcula-
tion of the finite- and infinite-time ruin probabilities and to a portfolio optimization problem
with a constraint on the finite-time ruin probability; and Section 4 proves the results after

presenting a series of lemmas.

2 Preliminaries and Main Result

Throughout the paper, we assume that the Lévy process {R;,t > 0} in (1.2) is right con-
tinuous with left limit with Lévy triplet (r,0?,p), where —oo < r < oo, 0 > 0 are two
constants and p is a measure on (—o00, 00), called Lévy measure, satisfying p({0}) = 0 and
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J2o (2 A1)p(dy) < co. Let ER; > 0, so that R, drifts to co almost surely as t — oo. The
Laplace exponent for {R;,t > 0} is defined as

$(2) = log Ee 1 z € (—00,00). (2.1)

If ¢(z) is finite, then

o(z) = %0222 —rz 4+ / (6™ =1+ 2yl11)(y)) p(dy),

o0

and
Ee#ft = o) < 0, t>0;

see, for example, Proposition 3.14 of Cont and Tankov (2004). We refer the reader to Cont
and Tankov (2004) and Kliippelberg and Kostadinova (2008) for explicit expressions for the
Laplace exponent ¢(-) for some commonly-used Lévy processes.

Recall the renewal function of the renewal counting process { Ny, ¢ > 0}, defined as

M=EN, =) Pr(n<t), t>0 (2.2)
k=1

In particular, if {N;,t > 0} is a Poisson process with intensity A > 0, then A\, = At; and if
7 follows a I'(2, A) distribution, then A\, = A\t/2 — (1 — e_2’\t) /4. More general examples of
the renewal counting process {N;,t > 0} allowing explicit forms of the renewal function A\
can be found in Asmussen (2003, pages 88 and 148).
Denote by A the set of all ¢ for which 0 < Ay < co. With ¢ = inf{¢ : Pr(7 <t) > 0}, it
is clear that
A:{ [t,o00], if Pr(r=1t)>0,
(t,00], if Pr(r=1t)=0.
For notational convenience, we write Ay = [0, 7] N A for every fixed T' € A.
We shall assume that the claim-size distribution F' is regularly-varying tailed, hence
heavy tailed; that is, F'(z) = 1 — F(z) > 0 holds for all z > 0 and there is some constant a,
0 < a < 00, such that the relation

holds for all y > 0. We use F' € R_,, to signify the regularity property in (2.3) and use R
to denote the union of all R_, over the range 0 < o < oo. The class R contains a lot of
popular distributions such as Pareto, Burr, Loggamma, and ¢ distributions.

Hereafter, all limit relationships are for x — oo unless stated otherwise. For two pos-
itive functions a(-) and b(-), we write a(z) < b(z) if imsupa(z)/b(z) < 1, a(z) 2 b(z) if
liminf a(z)/b(z) > 1, and a(x) ~ b(z) if both. Furthermore, for two positive bivariate func-
tions a(-,-) and b(+,-), we say that the asymptotic relation a(z,t) ~ b(z,t) holds uniformly

for ¢ in a nonempty set A if
a(z, t)
b(x,t)

lim sup

—1‘:().
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Clearly, the asymptotic relation a(x,t) ~ b(z,t) holds uniformly for ¢ € A if and only if

t t
lim sup sup (z,1) <1 and lim inf inf a(z,1)
oo ten D(x, 1) z—oo teA b(x,t)

)

> 1,

which mean that the relations a(z,t) < b(z,t) and a(z,t) 2 b(x,t), respectively, hold uni-
formly for t € A.
We are now ready to state the main result of this paper:

Theorem 2.1. Consider the insurance risk model introduced in Section 1 in which the claim-
size distribution F belongs to the class R_, for some 0 < o < oo and the Laplace exponent
of the Lévy process { Ry, t > 0} satisfies ¢(a*) < 0 for some o > «. Then, it holds uniformly
for all t € A that

t
Pr (D, > z) ~ F(x) / e* Y@\, (2.4)

Taking t = oo in relation (2.4) yields a more transparent asymptotic formula that

Ee®(@)T

Roughly speaking, the condition ¢(a*) < 0 in Theorem 2.1 means that the impact of
the insurance claims dominates that of the financial uncertainty. This is also confirmed by
relation (2.4), which shows that the tail probability of the claim-size distribution determines
the exact decay rate while the financial uncertainty and the claim frequency only contribute
to the coefficient of the asymptotic formula.

From (2.1) it is easy to verify that ¢(z) is convex in z for which ¢(z) is finite. Since
#(0) = 0, we see that the condition ¢(a*) < 0 implies that ¢(z) < 0 for all z € (0,a*]. In
addition, by Jensen’s inequality, the condition ¢(a*) < 0 implies ER; > 0. Hence, R; drifts
to oo almost surely as t — oo.

As shown in Lemma 4.2 below, relation (2.4) with fixed ¢t € A is an easy consequence of
the one-dimensional version of Theorem 2.1 given in Resnick and Willekens (1991). However,
it is much harder to prove the claimed uniformity of relation (2.4), which is in essence the
scientific value of the present work.

Note that the result of Resnick and Willekens (1991) has recently been extended in many
ways by Goovaerts et al. (2005), Wang and Tang (2006), Zhang et al. (2009), and Chen
and Yuen (2009). Therefore, starting with these extended results, it should be possible and
routine, but rather laborious, to further extend Theorem 2.1 to a somewhat broader class of
heavy-tailed distributions (for example, the class of distributions with extended-regularly-
varying tails), and to the case that claim sizes possess a certain dependence structure (for
example, pairwise asymptotic independence). We shall not pursue such extensions in this
paper. However, it would be interesting to establish results similar to Theorem 2.1 in the

presence of certain dependence structures among the sources of randomness, { X3, Xo,...},
{Nt,t Z 0}, and {Rt,t Z O}



3 Applications to Ruin Theory

3.1 Finite- and Infinite-time Ruin Probabilities

Consider an insurance business commencing at time 0 with initial wealth z > 0. The cash
flow of premiums less claims is modeled as a compound renewal process with the form

Co=ct—5,, t>0, (3.1)

where ¢ > 0 is a fixed rate of premium payment and {S;,¢ > 0} is a compound renewal pro-
cess given in (1.1). Recall that the price process of the investment portfolio is the geometric
Lévy process {ef ¢t > 0}. Thus, the wealth process of the insurer is described as

U, = et (x + /t e_RSdC’$> , t > 0. (3.2)
0
As usual, define the ruin time of this risk model as
T(x)=inf{t >0:U, <0|Uy =2z},
with the convention that inf @ = co. Then, the probability of ruin by a finite time ¢t > 0 is
bla,t) = Pr(T() < 1),
and the probability of ultimate ruin is
Y(z,00) = Pr(T(x) < 00).

Yuen et al. (2004, 2006) studied the infinite-time ruin probability and related quantities
of this renewal risk model. For the special case that { Ny, ¢t > 0} is a Poisson process, following
their approach, it is not hard to establish an integro-differential equation and an integral
equation for the infinite-time ruin probability. We shall not extend such a discussion here
as we are mainly interested in the asymptotic behavior of the finite- and infinite-time ruin
probabilities.

Theorem 3.1. Consider the insurance risk model introduced above. Under the conditions
of Theorem 2.1, it holds uniformly for allt € A that

t
Wz, t) ~ Flz) / ), (3.3)
In particular, putting ¢ = oo gives
. Eef(@)T
P(z,00) ~ F(ﬁ)m~ (3.4)

Paulsen (2002) obtained relation (3.4) for the special case that {N;,t > 0} is a Poisson
process and {R;,t > 0} is a Brownian motion with positive drift; see Proposition 4.1 of
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Paulsen (2002). The reader is also referred to Heyde and Wang (2009) for a result for the
finite-time ruin probability similar to (3.3) but with a fixed-time horizon and {N;, ¢t > 0}
being a Poisson process.

Due to the uniformity of relation (3.3), we can easily derive an explicit asymptotic ex-
pression for the Laplace transform of the ruin time 7'(z).

Corollary 3.1. Under the conditions of Theorem 2.1, it holds for every r > 0 that

(@) -r)r

Ee 7T ~ F(x)

) @ T (3.5)

Proof. When r = 0, relation (3.5) coincides with relation (3.4). Thus, we only need to
consider r > 0. By the uniformity of relation (3.3), we have

00 00 t
Ee " T@ — r/ P(x,t)e "tdt ~ r?(a:)/ [/ e‘b(o‘)sd)\s] e "dt.
0 0

Using Fubini’s theorem to interchange the order of integrals,

) t o0 [e's) 1 [e's)
/ { / e¢<a>SdAs] e "tdt = / { / e—”dt} eP@sq), = = / eP(@)=m)sq ).
0 - - LJs T Jo-

Therefore, (3.5) holds. O

3.2 Portfolio Optimization with a Constraint on Ruin

It is commonly acknowledged that risky investments may impair the insurer’s solvency just as
severely as large claims do; see Kalashnikov and Norberg (2002) and Tang and Tsitsiashvili
(2003). Frolova et al. (2002) also pointed out that disasters may arrive at the period when
the market value of assets is low and the company will not be able to cover losses by selling
these assets.

In this section, we consider a so-called constant investment portfolio and determine the
optimal investment strategy that maximizes the insurer’s expected terminal wealth and
maintains the insurer’s solvency. Such optimization problems have been considered by several
authors; see, for example, Schmidli (2002), Paulsen (2003), and Kostadinova (2007).

For simplicity, we assume that a financial market consists of two assets, which can be

traded continuously. One of them is a risk-free asset with price process satisfying
AP =roPOdt,  t>0,

with Péo) = 1 and rg > 0, while the other is a risky asset with price process satisfying
P = PYdQ,,  t>0, (3.6)

with Pél) = 1 and {Q,t > 0} being a Lévy process with Lévy triplet (rQ,Jé,pQ), as
described in Section 2. Suppose that the insurer continuously invests a constant fraction
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7 € [0, 1] of his wealth in the risky asset and keeps the remaining wealth in the risk-free asset.
This constant investment strategy is commonly used in mathematical finance and actuarial
science; see, for example, Emmer et al. (2001), Bjork (1998), Emmer and Kliippelberg
(2004), Kostadinova (2007), and Kliippelberg and Kostadinova (2008).

The price process of this investment portfolio satisfies the stochastic differential equation

dP™ = pMaQ™,  t>o, (3.7)

with Po(ﬂ) =1 and Qgﬂ) = (1 —m)rot +7Q; for t > 0. From Theorem 4.1 of Cont and Tankov
(2004) (see also Proposition 11.10 of Sato (1999)), the Lévy triplet of the Lévy process
{Q'™ t > 0} is given by

re=1—mro+mro+ [~y (1) — le(y)) px(dy),

2 _ 2 2
Op =T 00,

pr(A) = po({z : mz € A}) for every Borel set A,

where © = {mz : |z| < 1}. Hence, by Proposition 8.22 of Cont and Tankov (2004) or
Theorem 37 in Chapter 2 of Protter (2005), we solve (3.7) to get

x (™)
pPM =T >,

where

- 1
R = (L= myrot + 7Qi — gogn’t + 3 (n(1+7AQu) — 7AQ.) .

0<s<t

with AQs = Qs — Q,_. The solution Pt(w) given above is recognized as the stochastic
exponential of the Lévy process {ng),t > 0}. By Proposition 8.22 of Cont and Tankov
(2004), the Lévy triplet of {REW), t > 0} is given by

N 302+ 20 (I +y)1y(In(l +y)) =yl (y)) px(dy),

p(A)

Using the Lévy triplet of {Q;,t > 0}, one obtains the Laplace exponent of {Rg”),t >0} as

S
S)
(V)

™

p=({y : In(1 +y) € A}) for every Borel set A.

1

Or(2) = %7‘(‘20'2222 - ((1 — g+ Trg — %71’20'22 — 7T/_1 pr(dy)) z
= [ ) = Do) 38)

provided that the second integral in (3.8) is finite. Note that pg ((—oo, —1]) = 0 since the
price process {Pt(l),t > 0} in (3.6) is positive. It follows from (3.8) that

¢r(—1) = 1o + 7¢, (3.9)

where £ =rg — 1o + floo ypo(dy).



Consider a fixed-time horizon ty > 0, say tg = 5. Our goal is to determine a value
T, € [0,1] that maximizes the expected value of the terminal wealth

) _ R™ o pm
Uy, =¢e" [z+ e s-dC |, (3.10)

subject to the following constraint on the ruin probability:

U, ty) = Pr ( inf U™ < 0’ Uy = x) <p, (3.11)

0<s<to

where {Cy,t > 0} is given in (3.1) and p is some small positive number, say p = 5%.
Let the conditions of Theorem 3.1 hold, and let o > 1 so that the i.i.d. claims have a
finite mean p = EX. Simple calculation gives

to
EUt(:) _ xe@r(fl)to _'_/ e¢>7r(*1)(tofs)d (CS _ ,U>\s) . (312)

Since there is usually no closed-form expression for ¢, (x,ty) available, we use its approxi-
mation given in (2.4); that is to say, we replace (3.11) by

to
ez, tg) ~ F(I)/ e?=(@sd), < p. (3.13)
0—

For given x > 0, a > 1, tg > 0, and 0 < p < 1, define

to
II= {7T :m € [0,1] and F(x)/ e?m(@3q), < p} .

Suppose @ # 11 C {7 : ¢,(a) < 0}. Every 7 € II is called an admissible investment strategy.
With o > 1 given, we see from (3.8) that ¢,(«a), as a function of 7, is convex in 7 € [0, 1]
with ¢g(a) = —rpar < 0. Hence, I is a closed interval in [0,1]. Let II = [a,,b,] C [0, 1].

To simplify the optimization problem, we assume that A4 is absolutely continuous with
respect to the Lebesgue measure; that is to say, there exists a nonnegative and measurable
function X, such that A, — Xg = [, A, du for s € [0,00). We further assume that the relation

c—pN, >0 (3.14)

holds almost everywhere for s € [0,00). Relation (3.14) can be interpreted as the safety
loading condition of the insurance portfolio. It is verifiable for many interesting cases, for
example, when 7 follows an exponential distribution or a I'(2, \) distribution.

Under (3.14), the expectation EUt(OW), as expressed in (3.12), is increasing in ¢.(—1).
Hence, the optimization problem becomes

maximizing ¢, (—1) subject to 7 € 1. (3.15)

From (3.9), we see that ¢,(—1) is increasing in m € [0,1] when & > 0 and decreasing in
7 € [0,1] when & < 0. Hence, if £ > 0, the solution to (3.15) is

s = by, (3.16)
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while if £ < 0, the solution to (3.15) is
Ty = Q. (3.17)

When £ = 0, however, ¢,(—1) = ry does not depend on 7. Thus, every admissible strategy
7 € II could be used as a solution to (3.15). Nevertheless, in order to reduce uncertainty
from the risky asset, we may choose (3.17) as the solution.

The optimization solutions (3.16) and (3.17) are intuitively clear. The condition £ > 0
means that the expected return rate of the risky asset is higher than that of the risk-free
asset. Hence, as (3.16) shows, the insurer will invest as much as he is allowed in the risky
asset. The optimization solution (3.17) can be explained in a similar way. Moreover, we
have the following observation. In modern portfolio theory, the quantity O’é, which is the
volatility when {Qy,t > 0} is a Brownian motion with drift, is often used to measure the risk
of the risky asset. Recall relation (3.8) and the definition of II. Clearly, ¢,(«) is increasing
in 022. Hence, both a, and b, are decreasing in 022, meaning that the riskier the risky asset
is, the less the insurer will invest in it.

4 Proofs

4.1 Lemmas

Let us first recall some properties of distributions with regularly-varying tails. By Theorem
1.5.2 of Bingham et al. (1987), the convergence in relation (2.3) is uniform over [g, 00) for
every fixed € > 0; that is to say,

~0. (4.1)

lim sup
T yele,00)

By Theorem 1.5.6 of Bingham et al. (1987), the well-known Potter’s bounds for distributions

in the class R are stated as follows. If F' € R_, for some 0 < o < o0, then for arbitrarily
fixed b > 1 and ¢ > 0, there exists some xg > 0 such that, for all z,y > z,

5 (/)™ A a7 < 2B < () ). 42)

For arbitrarily fixed 0 < a, < a < o' < oo, by fixing the variable y to xp and ¢ <
(v — ) A (@ — @) in (4.2), we see that

F(z)=o0(z7"), 2™ =0 (F(z)). (4.3)

el

T

Let X and Y be two independent random variables with X following a distribution F' € R_,
for some 0 < o < oo and Y being a nonnegative random variable satisfying EY® < oo for
some o > «. Then, for every fixed M > 0, with zq > 0 given in (4.2), we have
lim Pr (XYi xz,Y > M) lim Pr(XY >uz,Y € (_M,a:/xo] U (z/xg, 00))
o F(x) 700 F(x)
= EY 1Ly, (4.4)

9



where we used the dominated convergence theorem guaranteed by (4.2) in dealing with the
first part corresponding to Y € (M, x/xq], and used Markov’s inequality and the second
relation of (4.3) in dealing with the second part. Relation (4.4) with M = 0 is well known,
usually referred to as Breiman’s theorem; see Breiman (1965).

The following result is the one-dimensional version of Theorem 2.1 of Resnick and
Willekens (1991):

Lemma 4.1. Consider the randomly weighted sum

= WiX,
k=1

where { X1, Xo,...} is a sequence of i.i.d. nonnegative random variables with common distri-
bution F € R_,, for some 0 < a < 00, and {W1,Ws, ...} is another sequence of nonnegative
random variables independent of { X1, Xa,...}. We have

Pr (S(W) >z) ~ F(z) ZEW,?,

if one of the following assumptions holds:
1. 0 <a <1 and for some 0 <e<aA(l—a),

Z E (Wi VW) < oo;

k=1

2.1 < a< oo and for some 0 < e < a,
S (E (W v W) T < oo
k=1

Lemma 4.2. Under the conditions of Theorem 2.1, relation (2.4) holds for every fized t € A.

Proof. We apply Lemma 4.1 to the series D, given in (1.2). For 0 < a < 1, we choose some
0<5<ozA(l—oc)/\(oz*—oz) so that

S Z/ —(Ot+€ R + (Oé—&)Rs) Pr (Tk G dS)
B d(a+te)T Ee¢(a—s)r

1 — Eefletor - 1 — Betee)r

< 0.

Similarly, for 1 < o < 00, we choose some 0 < € < a A (a* — @) to justify that

00
Z —(a+e)Rr, Vi e_(a E)R'rk))%ﬂ 1(Tk§t) < 0.
k=1

10



Therefore, by Lemma 4.1,

o0 t
Pr(D, > )~ F(x)Y Be 1, ) = F(x) / e d)\,.
k=1 -
This proves that relation (2.4) holds for every fixed ¢t € A. O

Lemma 4.3. Under the conditions of Theorem 2.1, for every fized T' € A, it holds uniformly
for allt € Ar that

Pr(Xe ™1,y > ) ~ F() /t @ Pr(r e ds). (4.5)
0
Proof. Conditioning on 7, we have
Pr(Xe " licpy > ) = / pr (Xe ™ > 2)Pr(r € ds).
For an arbitrarily fixed large number M > 0, according to (|Rs| < M), (Rs > M), and

(Rs < —M), we split the right-hand side of the above into three parts as I (z,t) + I(z,t) +
I3(x,t). By relation (4.1), it holds uniformly for all ¢ € A that

t
L(z,t) = / Pr(Xe ™ >z, |R,| < M) Pr(r € ds)
0—

t
~ F(l’)/ EeiaRsl(‘Rs‘SM) Pr (T - ds)
0—

t

t
= F(m)/ @ Pr (1 € ds) — F(x)/ Ee "1 (g, Pr (7 € ds) .
0— 0—

Thus, it suffices to show that the terms Iy(x,t), I3(x,t), and the last term above, denoted
as Iy(z,t), are negligible for large M > 0, uniformly for all ¢ € Ap, in comparison to
F(x) foi e*?(®) Pr (1 € ds). More precisely, we are going to prove that, for j = 2,3, 4,

Ii(x,t
lim sup lim sup sup — ()

t —0. (4.6)
M—oo  w—oo tedr F(z) [j €@ Pr (7 € ds)

For I(z,t), we have

t
Ly(z,t) = / Pr(Xe ™ >z, R, > M) Pr(r € ds)

< Pr (Xe_M > a:) Pr(r <t)
~ e ME(z)Pr(r <t).

Trivially,

t
Pr(r <t) <e T¢) / @ Pr (1 € ds) . (4.7)
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This proves relation (4.6) with j = 2. For I3(z,t), we have

t
I3(z,t) = / Pr(Xe™™ >z, R, < —=M) Pr(r € ds)

< Pr (Xe—info<s<T B> 2, inf R, < —M) Pr(r <t). (4.8)
0<s<T
Note that, for all T"> 0 and x > 2y > 0,

Pr (— infTRs > x) Pr (— sup Ry > —mo) < Pr(=Rr >z —x);

0<s< 0<s<T
see the lemma of Willekens (1987). This, together with Ee™® #7 = ¢79(@") < 1 imply that

Ee~@ focscr s

Hence, applying (4.4) to (4.8), it holds uniformly for all ¢ € A that

[3 (ma t) S Ee_ainfOSSST R 1(

)F(iL’) Pr(r <t).

infOSsST Rs<—M

This, together with (4.7), prove relation (4.6) with j = 3. Finally, for I,(z,t), by Holder’s
inequality,

t
/ EeiaR51(|Rs|>M) Pr (T c dS)

t . .
g/ (Ee’a*RS)a/a Pr(|Rs| > M)/ Pr(r € ds)
0—

l1—a/a*
SPr(sup |R5|>M) Pr(r <t).

0<s<T

Hence, by (4.7), relation (4.6) with j = 4 holds and we conclude the proof. O

Lemma 4.4. Under the conditions of Theorem 2.1, for every fited T € A andn =1,2,...,
it holds uniformly for all t € Ar that

n t n
Pr (Z Xpe el > 3:) ~ F(w)/ s Z Pr (7 € ds).
k=1 - k=1

Proof. By Lemma 4.3, it suffices to prove that, uniformly for all ¢t € A,

Pr (Z Xe B Lirp<t) > a:) ~ Z Pr (Xke’RTk Lir<ty > :c) . (4.9)
k=1 k=1

We first prove the lower-bound version of relation (4.9). Clearly,

o (Z Xpe L <py > $>
k=1

> Pr (U Xke_RTk 1(Tk§t) > JZ)
k=1

> ZPI‘ (Xke_RTk 1(Tk§t) > CL’) - Z Pr (Xke_RTk 1(Tk§t) >, Xje_RTj 1(Tj§t) > CL’) .
k=1

1<k<j<n

12



Thus, it remains to verify that the second term above is negligible, uniformly for all ¢ € A,
in comparison to the first term. Actually, for arbitrarily fixed 1 < k < 7 <n and M > 0,

Pr (Xke_R”C i<ty > , XjeiRTj Ly<) > x)

t
< / Pr (Xke’RS > :c,e’RSXje_RTJ'JrRTk Lir<ty > :z:,e s < M
0_

t
—Rs o T
—i—/_Pr(e >M>Pr(7k€ds)
= Il(m7t) +]2($7t)

3) Pr (7, € ds)

Note that e~ and e ™% in I (x,t) conditional on (7, = s) are independent. It holds
for arbitrarily fixed ¢ > 0 and all large M > 0 that

t
Li(xz,t) < Pr (XJ- sup e > M) / Pr (Xke’RS > x) Pr (7, € ds)
0—

0<s<T
< ePr (Xke_RTk Lir<t) > x) .

For I(z,t), by Markov’s inequality, the second relation of (4.3), relation (4.7), and Lemma

4.3, we have

Iy(z,t) < /t_ (%)a Ee ™ Pr (1, € ds)
< (%) P < 1)

t
— o(1)F(x) / ¢*9(©) Py (7, € ds)
=o(1)Pr (Xke_RTkl(TkSt) > a:) .

Therefore, it holds uniformly for all ¢t € Ay that

Pr (Xpe 1 cn > 2, Xje 012 > 2) = 0(1) Pr (Xpe M1, <) > 7). (4.10)

We next prove the upper-bound version of relation (4.9). For arbitrarily fixed 0 < ¢ < 1, we

derive
' (Z Xpe Ml (g <py > x)
(Xke_RTk Lim<ty > 2 — 5$)>

+Pr Xkei Tk<t U (Xke 1 Tk<t) > %) ) m (XkeiRTkl(TkSt) <zr-— (51’))

k=1 k=1 k=1

13



By Lemma 4.3, it holds uniformly for all ¢ € Ay that
Lx,t) <Y Pr(Xpe ™l > 2 —0x) ~ (1-0)"* Y Pr(Xpe ™1, > ).
k=1

Thus, it remains to verify that I4(x,t) is negligible, uniformly for all ¢ € Ar, in comparison
to I3(x,t). Actually, it holds uniformly for all t € Ar that

T —
Iy(z,t) < ZPr Xpe el <) > o ‘6{12}\%} Xje il (<) > O
je{1,..., n

Y 0
Z Pr (X e Tkl (T <t) —x, Xje i 1(7— <t) > —x)
n n

1<k#j<n

= o(1) Z Pr (Xke_RTk Liro<t) > x) ,

IN

where in the last step we used relation (4.10) and Lemma 4.3. This ends the proof. O

Lemma 4.5. Under the conditions of Theorem 2.1, for every fized T € A, it holds for every
e > 0, for all large n, and uniformly for all t € Ar that

t
< Z Xpe il (re<t) > x) 557(1’)/ > @ )\,.

k=n+1

Proof. Choose some § > 0 such that (1 — d)a* > «. Then,

(Z Xpe w1y < a:)

k=n+1

t oo
= / " (eRS Y Xpe it g > w et <t

k=n+1

Tp = s> Pr (7, € ds)
¢
+/ Pr(e”® > 2'7%) Pr (7, € ds)
= Ii(z,t) + Ly(z,1).

For I;(x,t), note that, by Lemma 4.2, it holds uniformly for all 0 < s <t € Ay that

" < Z XkeiRTkJrle(TkSt) >

k=n+1

Ty = s) =Pr(Dy_s > )
< Pr(Dr > x)

B T
~ F($)/ U@\,
0

14



Thus, by further conditioning on e~ it can be shown that, uniformly for all t € Ap,

¢ T
Li(z,t) S / (Pr (Xe M >z e <2!79) / e“‘z’(o‘)dku) Pr (7, € ds)
_ 0
t
< )\T/ Pr (Xe ™™ > z) Pr (7, € ds)

¢
~ (x))\T/ e*@ Pr (7, € ds)
< F(z)A\rPr(r, <1t),

where in the third step we used Lemma 4.3. Following the proof of Lemma 5.3 of Tang
(2004), we have
’ ENi1(n,>n)
im sup ————

n—00 tc A g At

= 0. (4.11)

Therefore, it holds for all large n and uniformly for all ¢ € Ay that
- t
Li(x,t) < EF(x)/ e* @)\,

By Markov’s inequality and the second relation of (4.3), it holds uniformly for all t € Ap
that

t
Lz, t) < x~ 179 / Ee ' Pr (7, € ds)

t
< (0" / @) )

= o(1)F(x) /t ¥ @\,

0—
This ends the proof. O

Lemma 4.6. Let Z be an exponential functional of a Lévy process {R;,t > 0} defined as

Z:/ e fdt. (4.12)
0

Then, we have the following two results: (1) Z < oo almost surely if and only if Ry — oo
almost surely as t — oo,

(2) If a« > 0 and ¢p(a) < 0, then EZ* < 0.

Proof. See Subsection 2.1 of Maulik and Zwart (2006). ]

15



4.2 Proof of Theorem 2.1

By Lemma 4.2, relation (2.4) holds for every fixed ¢ € A. We formulate the proof of the
uniformity into two steps.

First, we establish the local uniformity of relation (2.4); that is, for arbitrarily fixed
T € A, relation (2.4) holds uniformly for all ¢t € Ap. For arbitrarily fixed 0 < 6 < 1 and

n=1,2,..., we have

Pr([% >‘$)

(Z Xe F Tl <) > T — 6x> + Pr ( Z X frw Lir<t) > (53:)

k=n+1
= I(z,t) + Lx(z,1).

By Lemma 4.4, it holds uniformly for all ¢ € Ay that
t
L(2.t) < (1= 0)°F(x) / ),
0—

By Lemma 4.5, for arbitrarily fixed € > 0, it holds for all large n and uniformly for all t € Ap
that

Lz,t) < ed F(x) /t e @d),. (4.13)
It follows that, uniformly for all ¢t € Ar, _
Pr(D;>2) S ((1—0)"+e6 ) F(x) /t e ¥,
By the arbitrariness of € and 9, we prove that, uniformly for all ¢t € A,
Pr(D; > x) < F(x) /t e @d),.
0—

The corresponding lower bound can be constructed in a similar way. Actually, by Lemma
4.4, it holds uniformly for all ¢ € Ay that

Pr(D; > z) > Pr (Z Xpe L () > x)

k=1

~ F(7) /t_ e*9(@) (d)\s - i Pr(m € ds))

k=n+1
t
> Fi(a) (1 B / N,
0—
Since Ee™?@ tends to 0 as n — oo, it follows that, uniformly for all ¢ € Ap,

t
Pr (D, > x) > F(x) / e @d),.
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Next, we extend the uniformity of relation (2.4) to A. For arbitrarily fixed 0 < ¢ < 1,
choose some large T' € A such that

00 T
/ e@d), < ¢ / e*@qd)\,. (4.14)

T 0
Let t € [T, 00| and apply (4.14) and Lemma 4.2. On one hand,

t

Pr(D; > z) <Pr(De > x) ~ F(:c)/ e*@d), < (1+ 5)7(35)/ e* @)\,

and on the other hand,

v

By these two estimates and the arbitrariness of e, we see that relation (2.4) holds also
uniformly for all ¢ € [T, o0].

4.3 Proof of Theorem 3.1

Substituting (3.1) into (3.2) yields that, for every t € A,

(x,t) = Pr ( inf (:c + c/s e Fudy — DS) < O> : (4.15)
0

0<s<t

where 0 < s <t is understood as 0 < s < oo when t = co. Therefore, it follows immediately
from Theorem 2.1 that, uniformly for all t € A,

t
Y(z,t) < Pr(Dy >x) S F(x)/ e*?(@)d),.
0—

It remains to derive the corresponding uniform asymptotic lower bound for ¥ (x,t). Still
start from (4.15) and let T" € A be arbitrarily fixed. It holds for arbitrarily fixed 6 > 0 and
all T' <t < oo that

Y(x,t) > Pr (Dt — c/ e fudy > x)
0
> Pr(D; > (14 0)z) — Pr (c/ e frdy > 5:)5) : (4.16)
0
By Theorem 2.1, it holds uniformly for all ¢t € A that

Pr(D; > (14 68)z) ~ (1 +0) *“F(z) /t e*@d),.

17



By Markov’s inequality,

Pr (c/ e fudy > 5&6) < (5—x) E (/ e_R“du) ,
0 ¢ 0

where the finiteness of E ( fooo e*R“du)a* is guaranteed by Lemma 4.6. Substituting these
two estimates into (4.16) and using the arbitrariness of §, we see that, uniformly for all
T <t < oo that

Y(z,t) > F(x) /t e @d),. (4.17)
0—

We now focus on the uniformity of (4.17) over t € Ap. Clearly,

TN,
Y(x,t) > Pr (Dm — C/ e Frdy > x)
0

e’} T
= Pr (Z (Xke_RTk — c/ e_R“du> 1(7k§t) > ZL‘) .
Tk—1

k=1 -

It follows that, for arbitrarily fixed 6 > 0 and n=1,2,...,

n n Th
Y(x,t) > Pr (Z Xpe el cn > (14 25)m> —Pr (cZ/ et dul <y > 537)

k=1 k=1 Y Tk—1

00 T
—Pr (c Z / e’R“dul(TkSt) > 6:6)

k=n+1" k-1

= [1(1L’,t) —]2<I,t) —]3(Jf,t) (418)
By Lemma 4.4, it holds uniformly for all ¢ € Ay that

Ii(x,t) ~ (14 26)"“F(x) /t %) zn:Pr (1. € ds)

_ o
t

> (1+26)° (1 — Ee“@(a)) F(x) / @ d),.

Introduce a random variable Z independent of {R;,t > 0}, {/V;,t > 0} and equal in distri-
bution to fooo e ftdt. By Lemma 4.6, EZY < oo. Hence, by Markov’s inequality and the
second relation of (4.3), Pr(Z > x) = o(F(x)). It holds uniformly for all ¢ € A that

n Th 5
I(z,t) < ZPr (/ e’R“dul(TkSt) > %)
k=1 Tk—1

t s ) n
< / Pr (/ e Frduy > _x) ZPr (1 € ds)
— 0 cn 1
AR
<P —
< Pr (Z > cn) ZPI"(Tk <t)
k=1
t
— o(1)F(x) / @),
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For arbitrarily fixed 0 < € < 1, further introduce a nonnegative random variable Z. inde-
pendent of {R;,t > 0}, {NV;,t > 0} and with tail given by

Pr(Z. > x) = eF(z) V Pr(Z > x), x > 0.

Hence, Pr (Z. > ) ~ ¢F(x) and the distribution of Z. belongs to the class R_,, too. Clearly,

) Th
Ii(z,t) < Pr (ceRTnl(Tngt) Z / e~ (FBuBe)dy > (5:U>

k=n+1"Tk-1

)
= Pr (ZeRTnl(Tngt) > g)

o
< Pr (ZseRTnl(TnSt) > _‘T> :

c
By Lemma 4.3, it holds uniformly for all ¢ € Ay that

5 t . t
I3(x,t) < Pr (Zg > ?x) / (@) Py (1n € ds) ~ scaé_aF(a:)/ @\,

Substituting these estimates into (4.18), we obtain that, uniformly for all ¢ € A,

b(w,t) > ((1 +28)7 (1 - EeW(a)) - gcacs—a> F(a) / " sty

By the arbitrariness of d, ¢, and n, relation (4.17) holds uniformly for all ¢ € Ap.
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