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Abstract

We study risk processes with level dependent premium rate. Assuming
that the premium rate converges, as the risk reserve increases, to the critical
value in the net-profit condition, we obtain upper and lower bounds for the
ruin probability; our proving technique is purely probabilistic and based on the
analysis of Markov chains with asymptotically zero drift.

We show that such risk processes give rise to heavy-tailed ruin probabili-
ties whatever the distribution of the claim size, even if it is a bounded ran-
dom variable. So, the risk processes with near critical premium rate provide
an important example of a stochastic model where light-tailed input produces
heavy-tailed output.
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1 Introduction

In context of the collective theory of risk, the classical Cramér—Lundberg (Sparre
Andersen) model is defined as follows. An insurance company receives the constant
inflow of premium at rate v, that is, the premium income is assumed to be linear
in time with rate v. It is also assumed that the claims incurred by the insurance
company arrive according to a homogeneous renewal process N (t) with intensity A
and the sizes (amounts) ¢, > 0 of the claims are independent copies of a random
variable ¢ with finite mean. The (,’s are assumed independent of the process N (t).
The company has an initial risk reserve x = R(0) > 0. Then the risk reserve R(t)
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at time t is equal to
N(t)
R(t) = z+uvt— ZQ.
i=1

The probability

Y(z) = P{R(t) <0 for some t > 0}
_ P{Igg R(t) < 0}

is the probability of ruin. We have

N(t)
P(x) = IP’{Z ¢i — vt > x for some t > 0}.
i=1

Since v > 0, the ruin can only occur at a claim epoch. Therefore,

P(x) = P{znzg—an>xf0r somenZl},

i=1

where T, is the nth claim epoch, so that T, = 7 + ... + 75, where the 73’s are
independent copies of a random variable 7 with finite mean 1/, so that N(t) :=
max{n >1:T, <t}. Denote X; := (; —vr; and S,, :== X; + ...+ X,,, then

Y(x) = P{sup Sy > :):}
n>1
This relation represents the ruin probability problem as the tail probability problem
for the maximum of the associated random walk {S,}. Let the net-profit condition

v > v, := E(/Er = MEC (1)

hold, thus {S,} has a negative drift: ES; = E¢; — vE7 < 0. Hence by the strong
law of large numbers S, = —o0 a.s., so ¥(z) L 0 as z — oo.

If v <, then ¥(z) =1 for all z.

The most classical case is when the distribution of X; satisfies the following

well-known Cramér condition: there exists a 8 > 0 such that
EefX1 = 1. (2)

Under this condition, the sequence e is a martingale and, by the Doob maximal
inequality, the following Lundberg’s inequality holds true

Y(x) =P {supeﬁs" > eﬁx} <e P x>o. (3)

n>1



If we additionally assume that EX;e’*1 < oo and the distribution of X is non-
lattice, then the Cramér-Lundberg approximation holds, that is, there exists a con-
stant ¢ € (0,1) such that

Y(x) ~ coe P as z — oo, (4)

see e.g. Theorem VI.3.2 in Asmussen and Albrecher [1]; in the lattice case x must
be taken as a multiple of the lattice step. The most important feature of these
results is the fact that the upper bound (3) depends on the distribution of X; only
via the parameter 3. If the moment condition (2) on the distribution of X; does
not hold then the tail asymptotics for ¢ (z) are typically determined by the tail of
the claim size (. The most prominent situation is when the distribution of ( is of
subexponential type, see e.g. Embrechts and Veraverbeke [9]. We discuss this case
in more detail later.

The risk models with non-constant premium rates have also become rather popu-
lar in the collective risk literature. There are two main approaches, one of them leads
to a Markovian model when the premium rate is a function of the current level of
the risk reserve R(t), see e.g. Asmussen and Albrecher [1, Chapter VIII], Albrecher
et al. [2], Boxma and Mandjes [5], Czarna et al. [6], Marciniak and Palmowski [16];
in the context of queueing theory when both the service and arrival rates depend on
the current workload see e.g. Bekker et al. [3]. The second approach considers the
premium rate that depends on the whole claims history, see e.g. Li et al. [15].

In this paper we follow the first approach and consider a risk process where the
premium rate v(y) only depends on the current level of risk reserve R(t) = y, so
R(t) satisfies the equality

N(t

¢ )
R(t) = :c+/0 v(R(s))ds — Z s (5)
j=1

hereinafter v(y) is assumed to be a bounded cadlag function bounded away from zero
on each interval; as v is a cadlad function, there are countably many at the most
discontinuity points of v, which together with boundedness of 1/v on any interval
implies by the Lebesgue—Vitali theorem that the function 1/v is Riemann integrable.
The probability of ruin given initial risk reserve z is again denoted by v (x), it is a
decreasing function of x as it is in the classical case.

The ruin probability for such processes with level dependent premium rate is
much less studied in the literature than with constant premium rate, and all known
results are exact expressions for some particular distributions of 7, ¢ and/or for
particular choices of the rate function v(y). The first example of the risk process
where 9 (x) is explicitly calculable is the case of exponentially distributed 7 and ¢,
say with parameters A and pu respectively, so hence v. = \/u. In this case, for some

co € (0,1),
P(z) = CO/acoov(y)eXp{—uerA/oy;(l;}dy
= ¢ /xoo 1)(13/)eXp{>\/0y<1)(1z) - i)dz}dy, (6)

3



provided the outer integral is convergent from 0 to infinity, see, e.g. Corollary 1.9 in
Albrecher and Asmussen [1, Ch. VIII]. Some further examples of solutions in closed
form can be found in Albrecher et al. [2]. The authors of that paper use a purely
analytical approach, which works however only in the situations where the Laplace
transforms of ¢ and 7 are rational functions.

The main goal of our paper is to develop a probabilistic method of the asymptotic
analysis of risk processes with level-dependent premium rate, which is not based
on exact calculations and uses only moment and tail conditions on ¢ and 7. The
following two qualitatively different cases can be identified:

v(Yy) — Voo > Ve as Y — o0 (7)
v(y) — v, asy— oo. (8)

In the first case (7) one could expect that the ruin probability ¢(x) decays similarly
to the classical collective risk model with constant premium rate vo,. In this paper
we concentrate on a more difficult critical case (8) where the ruin is more likely due
to the approaching the critical premium rate. Notice that it is quite different from
the heavy traffic modelling where we consider dependence of a small parameter
and study phenomena arising when we send it to zero. This approach goes back
to Kingman [11] where the convergence to exponential limit was studied; see also
Borovkov et al. [4] where in the framework of Markov chains the convergence to
other laws has been discussed, say to a I'-distribution.

We start by discretising the time; this procedure is standard for risk processes
with constant rate. Since the ruin can only occur at a claim epoch, the ruin proba-
bility may be reduced to that for the embedded Markov chain R,, := R(T},), n > 1,
Ry := z, that is,

Y(z) = P{R, <0 for some n > 0}.

So, our main goal is to analyse the down-crossing probabilities for the chain {R,}.
In contrast to the constant premium case, we deal with a Markov chain instead of a
random walk with independent increments.

As mentioned above, we shall restrict our attention to the case (8) where v(y)
approaches the critical value v, at infinity. Then the Markov chain {R,,} has asymp-
totically zero drift, that is,

E{Ri —Ry|Ro=z} — 0 asz— oo, 9)

see Theorem 1 below. The study of Markov chains with vanishing drift was initiated
by Lamperti in a series of papers [12, 13, 14]. For further development in Lamperti’s
problem, see Menshikov et al. [17, 18]. We also show in Theorem 1 that under (8)
the ruin probability decays slower than any exponential function, that is, for any
A >0,

Mip(z) — oo asx — 0. (10)

Our motivation to consider the critical case (8) is twofold. Firstly, this setting
can model the following situations.



(i) Decreasing the premium rate makes an insurance company more attractive
to new customers. Thus one has to analyse the impact of decreasing the premium
rate on ruin probabilities.

(ii) One can also imagine the following strategy of an insurance company. The
premium rate stays constant, but the company redirects (or invests) a portion of
the risk reserve to other activities of the company. In that case v(y) describes the
portion of the remaining risk reserve.

Secondly, as well-known, in the classical Cramér—Lundberg model under the
net-profit condition (1), the ruin probability decays slower than any exponential
function if and only if the claim size tail distribution is so, see e.g. Embrechts and
Veraverbeke [9]. As just mentioned, the risk processes under the critical premium
rate (8) give rise to heavy-tailed ruin probabilities whatever the distribution of the
claim size, even if it is a bounded random variable. So, the risk processes with near
critical premium rate provide an important example of a stochastic model where
light-tailed input produces heavy-tailed output. To the best of our knowledge, this
effect was not observed before.

We want to investigate how the rate of convergence in (8) is reflected in how
slowly the ruin probability 1 (z) decreases. In Section 2 we get some intuition on
what kind of phenomena we could expect here by considering the case of exponen-
tially distributed ¢ and 7. In Section 3 we show that the convergence v(y) — v,
implies that the ruin probability ¥ (z) decays slower than any exponential function,
see (10). Section 4 is devoted to sufficient conditions on the rate function v(y) which
ensure that the embedded Markov chain R,, is transient and hence the ruin proba-
bility is strictly less than one. Notice that the ruin probability as a function of the
initial risk reserve is a harmonic function for the chain R,. Our approach to the
study of asymptotic behaviour of the ruin probability 1 (x) is based on constructing
nearly harmonic functions for R,,. This approach allows us to investigate the whole
spectrum of the rate of convergence of v(y) to v.. Specifically, in Section 5 we study
the case where the premium rate approaches the critical value at rate of /x as
x — oo and show polynomial decay of the ruin probability,

20ET B
Var ( + v2Varr

1
P(x) = s where p =

Then in Section 5 we discuss the case of slower approach to the critical value, namely
0/x* as x — oo, for some § > 0 and 0 < a < 1, and show Weibullian decay of the
ruin probability which particularly implies the following logarithmic asymptotics

20E
" l-a where 71 = T

S Blur— O

Finally, in Section 7 we study the case where the distribution of the claim size is so
heavy that the moment conditions in the theorems proved in Section 5 are not met.



2 Intuition based on exponential case

Let us get some intuition on what kind of phenomena we could expect if v(y) — v,
by considering the case of exponentially distributed ¢ and 7. As we have mentioned
above, the ruin probability ¢(x) is given in this case by (6). Combining (6) and (8),

we obtain
&) & 4 1 1
P(x) ~ Uc/z exp{)\/o <@—U—C>d2}dy as T — 0o.

If the premium rate v(z) > v. approaches v. at the rate of 6/z, # > 0, more
precisely, if

‘v(z) — Ve — g‘ < p(z) forall z>1, (11)
z

where p(z) > 0 is an integrable at infinity decreasing function, then we get

1 1 0
- = = 0] 1/2*
v(2) ve  viz TO0() +1/27)
and consequently
U 1 Op?
)\/ (———)dz = —Llogy—i-q—i-o(l) as y — o0,
0o \u(z) v A

where c; is a finite real. Let > \/u?. Then, for C := coe® /(O — A/p) > 0,

C

A similar asymptotic equivalence can be obtained also in the case where the Laplace
transforms of variables (; and 7 are rational functions, see Albrecher et al. [2].

If the premium rate v(z) approaches v, at a slower rate of /2%, 6 > 0 and
a € (0,1), more precisely, if
<
ZOL

v(z) — ve — < p(z) forall z>1, (13)

where p(z) > 0 is an integrable at infinity decreasing function, then we get



where pi(z) = p(z) + 277¢ is integrable at infinity. Consequently, if 1/« is not
integer, then

y—1
it - 2 H B

= 72(_7) +63+0(1) as y — 00,
- Ve —aj

where c3 is a finite real because pj(z) is integrable. In the case of integer 1/« one
has

=2 i
O RS Ll Dl G ey

A 6 \7-1
+7(_7> logy 4+ c4+0o(1l) asy — oo.

Let, for example, o € (1/2,1). Then

vl 1 O
AN (= 2de = - e 1 .
/0 (U(z) Uc) z A(l—a)y +c3+o0(l) asy— oo

Therefore, for C; := cge® /O > 0 and Co := Ou? /(1 — a) > 0,
P(z) ~ Cra®e "% as 1 — oco. (14)

We are going to extend these results to not necessarily exponential distributions
where there are no closed form expressions like (6) available for ¢ (z). In that case
we can only derive lower and upper bounds for ¢(z) which have the same decay rate
at infinity.

3 Heavy-tailedness of the ruin probability in the critical
case

Denote the jumps of the chain {R,, = R(T},,)} by &(z), that is,
]P’{f(:v) S B} Z]P’{Rl —RyeB ‘ Ry ::1:}

for all Borel sets B. The dynamics of the risk reserve between two consequent claims
is governed by the differential equation R'(t) = v(R(t)) where by R’ we mean the
right derivative of V. This equation is solvable in R because the function 1/v is
Riemann integrable, due to the boundedness of 1/v and its right continuity. Let
Vz(t) denote its solution with initial value x, so then

Ve(t) = x—l—/o v(Vi(s))ds.

7



Therefore,

E@) = Valr)—z—( = /(fmw»ma

where =¢ stands for the equality in distribution.
To avoid trivial case where 1(z) = 0 for all sufficiently large z, we assume that

P(x) > 0 forall z. (15)

A sufficient condition for that is that, for all zy > 0 there exists an ¢ = e(xg) > 0
such that

P{¢(z) < —e} > e forall x € [0, 0]

In its turn, for that it suffices to assume that the random variable ( is unbounded,
due to the inequality £{(y) < o1 — ¢ valid for all y, where U := sup,-v(2).

Theorem 1. Let v. = E(/ET and let v(x) — v. as x — oo. Then the chain {R,}
has asymptotically zero drift, that is, (9) holds true.
If, in addition, (15) holds true, then, for all A > 0, e’(x) — 0o as x — co.

Proof. Since v(y) — v, for all ¢ > 0,

t
/U(Vz(s))ds — vt as x — oo.
0

This implies the following convergence in distribution:
&(x) = wver—(¢ asz — oo,

which implies the first statement by the dominated convergence theorem, due to the
upper bound [£(z)| <g ¢ + T7. It also implies that, for all A > 0,

(e M@ _DI{e(x) > —z} = %) _1 as 2z — oo
Hence, as follows from Fatou’s Lemma,
liminf E(e @ — DI{¢(x) > —z} > EeM6vem) 1

T—00

> AB(Cven)

Recalling that v. = E(/Et, we get E(( — v.7) = 0. Therefore, for all A > 0 there
exists an € = £(\) > 0 such that

E(e @ — DI{¢(z) > —2} > e for all sufficiently large z. (16)

Let A > 0. Consider a bounded decreasing function Uy (x) := min(e=**,1). For
all x > 0,

E(Ux(x +&(x) = Un(z)) = E{e ) ™A% 54 ¢(2) > 0}
e ME{e M@ 1, ¢(z) > —z}.



Due to (16), there exists a sufficiently large ) > 0 such that
E(Ux(z+&(z)) —Ux(z)) > 0 forall x > xy.

Therefore, the process {Ux(Rparg, )} is a bounded submartingale, where By :=
(—o0,z)] and 75 := min{n : R,, € B}. Hence by the optional stopping theorem, for
z>x) and x € (zy, 2),

EIEU)\(RTB/\/\T(ZQO)) Z EIEU)\(XO) - U)\("L')
Letting z — oo we conclude that
Ex{UA(RTB)\)v TB)\ < OO} = Zli{lgoE${U>\(RTB)\)a TB)\ < T(z,oo)}

= ZILIIC}O ExU)\(RTBA/\T(z,oo)) - ZILIEO El‘{UA(RT(ZYOO)); 7B, > T(z,oo)}
> Ux(xz) =0 = Uy(z).

On the other hand, since U) is bounded by 1,
Eo{Ux(Rrp, ); 7By, <00} < Po{rp, < oo}
This allows us to deduce the lower bound
P. {75, < oo} > Ux(z) = e forall z > z,.

Hence the conclusion (ii) follows, because by the strong Markov property, for all
A>0and z >0,

Y(@) = Po{r(—aop) <00} > Pu{r, <oo} inf Py{7_s0) < oo}

y€[0,2,5]
> Pu{rp, <oot(zy), (17)
since 9 (x) is decreasing; here ¥ (x)) > 0 owing to the condition (15). O

4 Transience of the embedded Markov chain

In this section we find conditions on the rate function v(z) which ensure that the
ruin probability is strictly less than one.

Theorem 2. Let, for some 6 > 0,
v(z) > wve+0/z for all sufficiently large z. (18)
Let both Er? and E¢? be finite. If

Var ¢ +v2Var 1

0
2ET ’

(19)

then the underlying Markov chain {R, = R(T,)} is transient in the sense that
Y(x) < 1 for all sufficiently large x.



If, in addition, the chain {R,} is transient in the common sense that ¥ (x) < 1
for all x > 0 and

v(z) —ve ~ 0/z asz— oo, (20)

then R2/n weakly converges to a T'-distribution with mean 2u + b and variance
(214 + b)2b where p := 0BT and b := Var ( + v*VarT.

As we see from the convergence to a I'-distribution, in the case (19) the chain
R,, escapes to infinity in probability at rate \/n in quite specific way as there is no
law of large numbers. In the case where v(z) — v, ~ ¢/2% with a € (0, 1), the chain
R, is transient too, however as follows from Lamperti [13, Theorem 7.1], it follows
a law of large numbers, RL™/n — ¢(1 + ) as n — oo.

Below we prove Theorem 2 via Lyapunov (test) functions approach, so we start
with moment computations for the jumps of { R,,}. Denote by my(x) the kth moment
of the jump &(z) of the chain {R,} from state z, that is, my(z) = E¢*(z).

Lemma 3. If both ET2 and EC? are finite, then, under the rate of convergence (11),
as x — 0o,

m() = T 0l +1/2%) (1)

mo(z) = Var(+v:Vart 4+ O(1/x). (22)
If B2 < 0o for some yo > 0 then, for all § > 0,
P{é(x) < —dx} = o(pi(z)/z7h)  asa — oo, (23)

for some decreasing integrable at infinity function py(z).
If Er2log(1 + 7) < oo and E¢?log(1 + ¢) < oo, then, as x — oo,

E{[¢(2)%; [€(2)| < ox} = o(a?pi(2)), (24)
E{&*(2); [¢(x)| > 0} = o(api(x)). (25)
Proof. By (11),
v(y) ve +0/y+p(y)

<
; Ve +0/x 4+ p(x) forall y > x,
therefore
Vo(t) —x = /tv(Vx(s))ds
< vft +0t)z +p(x)t, t>0. (26)
On the other hand, again by (11),

v(y) = ve+0/y—py)
ve+6/y —p(x) forall y > .

Y
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Vat) —x > vt 16 /0 ijs)—p@)t

> vt+9/t ds
- ¢ 0 T+ (ve+0/x+p(x))s

log (1 + (ve + 0 /x + p(x))t/z) — p(a)t,

—p(x)t

= v+
v Ve + 0/x + p(x)

where the second inequality follows from the upper bound (26). Therefore,

oot 0)z + pla) 8 (1 +vet/x) = p(a)t. (27)

Since &(x) = V(1) — 2 — ¢, it follows from (26) and (27) that

0 VT
UCT_€+UC+09/$+])(CL‘) log(1+ . )—p(x)v'
< €@) < wr— ¢+t plr (29)

Recalling that v, = E¢/E7, we get

0
Ve + (9/.’E +p(f)§')

6
Elog(l + ) —p@)Er < my(x) < EET—I-]?(ZL‘)ET.

VeT
x
By the inequality log(1 + z) > z — 22/2 for z > 0,

vEr  v2Er?

x 202

Elog(l + UCT) >

x
Therefore, the relation (21) follows. From that expression we have
ma(x) = Varé(z)+m3(x)

Var (Vo(7) — 2 — () + O(p(2) + 1/2%)
= Var (Vi(r) —2) + Var¢ + O(p*(z) + 1/2%) as z — oo.

Recalling that

we get
(ve —p(x)Er < E(Vy(r)—2) < (ve+0/z+ p(x))ET
and

(ve = p(x))Er? < E(Vi(r) —2)® < (ve+0/z +p())*Er?.



Hence,
Var (Vi(1) —2) = v?Vart +0(1/z) as x — oo,

which in its turn implies (22).
Next, since V(1) —2 > 0 and ¢ > 0, we have

E(@){e(x) > bx} = (Valr) — 2 = O)’I{Va(r) — x — ¢ >z}
V(1) — x)z]I{Vz(T) —x >z}

<
< Tr{r > 6x/v}, (29)

where T = sup, v(z), owing to the inequality V,,(t) — 2z < ©t, which follows from (26).
Similarly,
E@He(r) < —ow} = (Va(r) =2 = OPHVe(r) =2 = ( < —dz}

< ¢ > ox). (30)
Then it follows from the finiteness of E¢?log(1+ () and Er?log(1+ 7) that both tail
expectations E{7%; 7 > dz/v} and E{¢?; ¢ > dz} are of order o(xp;(z)) for some
decreasing integrable at infinity function p;(z), see Lemma 23. Hence the upper
bound (25).

Further, the upper bound (24) follows from Lemma 18 with v =2 and o = 1.
Finally,

P{¢(z) < =0z} < P{(>dz} = o(pi(x)/z7"),

for some decreasing integrable at infinity function p;(z), due to Lemma 22 with
v =20+2, =0, and o = 1. Hence the upper bound (23). O

Proof of Theorem 2. Let us consider the function vy(z) := min(v(z),v. +60/z). The
dynamics of the risk reserve between two consequent claims with premium rate
vg(z) is governed by the differential equation R'(t) = vg(R(t)). Let Vp,(t) denote
its solution with the initial value x, so then

Vou(t) = I+/OtU9(V9,m(s))ds.

Since vg(z) < v(%),
Va(t) > Vyu(t) forallt>0. (31)

For &p(z) := Vy (1) — 2 — ¢, denote mg k() := E&5(z). Since vp(z) = ve + 6/
for all sufficiently large z, Lemma 3 applies. As a result we have

&
mp1(x) = 77— +0(1/2%) as x — oo,

and

mea(z) = Var(+v2Vart+O0(1/z) asz — .

12



Therefore,

2me 1 (2) 20ET 1 )
: - L=+ 0(1 _
mg () Var( +v2Vart =« +0(1/2%) asx — o0

By the condition on 6, there exists an € > 0 such that

2mg 1 (x) S 1+e
mo2(r) T

for all sufficiently large x. (32)

Further, again by Lemma 3 with vy = 0, for any fixed § > 0,
P{(x) < =6z} = O(p(x)/x) asz — oo, (33)

for some decreasing integrable at infinity function p(zx), due to E¢? < oo.

The bounds (32) and (33) show that the conditions (11) and (13) from Theorem 3
in [8] hold true. In addition, there exists a sufficiently large ¢ such that the Markov
chain {Rjp,}—the embedded Markov chain for the ruin process with premium rate
vg(z)—dominates above the level zy a similar Markov chain generated by a risk
process with constant premium rate v.. The latter represents a zero-drift random
walk which is null-recurrent and hence satisfying the condition (12) from Theorem
3 in [8], thus

Px{limsupRgm = oo} — 1 asz— .

n—oo

Therefore, Theorem 3 from [8] applies and we conclude that
P.{Rgn =00 asn—oo} — 1 asz — oo,
which in its turn yields that
P.{Rpn > xo for alln} — 1 asx — oo.

Then the same property holds true for the original chain {R,, }, due to the domination

property (31).
The convergence to a I'-distribution follows from Theorem 4 in [§]. O

Remark 4. It is worth mentioning that the condition (19) is close to be minimal
one for ¥(x) < 1. More precisely, one can show that if

v(z) <wve+0/z  for all sufficiently large z
with some
< Var ¢ + v2Var 7
2ET
then the chain {Ry} is recurrent or, equivalently, y(x) =1 for all x > 0.

This statement follows by similar arguments applied to a dominating Markov chain
with premium rate vg(z) := max(v(z),ve + 0/2) that satisfies, for some € > 0,

6

2zmg1(2) < (1 —e)mpa(z) for all sufficiently large z,

and hence the classical Lamperti criterion (see, e.g. Lamperti [12]) for recurrence
of Markov chains applies.

13



5 Approaching critical premium rate at rate of 6/x

In this section we generalise the polynomial asymptotics (12) shown in Section 2
under exponential assumptions, to 7 and ¢ having general distributions. Then the
result only depends on the first two moments of their distributions.

Theorem 5. Assume (15) and the rate of convergence (11) with some 0 satisfying
(19), that is,

Var ¢ + v2Varr
2ET '

Set

20ET _
Var ( + vZVar

p =

If both Et2log(1 + 1) and ECP*2 are finite then there exist positive constants ¢ and
co such that

Cc1
(1+x)r

C2

m fO?” all x> 0.

P(z) <

These bounds are quite similar to the classical estimates (3) and (4). Indeed, they
are universal and only depend on a single parameter p of the distribution of ({, 7).
In contrast to the classical Cramer case, the crucial parameter p only depends on 7
and ¢ via the first two moments. A further advantage of the bounds in Theorem 5
is the fact that they are applicable to a wide class of claim size distributions: the
only restriction is that the moment of order p 4+ 2 should be finite; otherwise, the
probability of ruin is higher, see Section 7.

By the condition on 6, p > 0. Define

q(z) := (p+1)min(1,1/x)

and
Q(x) ::/ q(y)dy — oo asxz — oo; (34)
0

hereinafter we define Q(z) = 0 for < 0. The increasing function Q(z) is concave
on the positive half line because g(x) is decreasing. We have, for ¢ = p + 1,

Q(z) = / qiy)dy = (p+1)logx+c forallz>1,
0

so the function e~ @) is integrable at infinity, due to p > 0. It allows us to define
the following bounded decreasing function which plays the most important role in
our analysis of the ruin probabilities:

Ux) = / e @CWdy  for z > 0; (35)
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and U(z) = U(0) for x < 0. For all x > 1 we have
e Q@) —e=¢/pPtl and U(z) = e™¢/pa”. (36)

Let us also define the following auxiliary decreasing functions needed for our
analysis. Without loss of generality we assume that p;(z) < p(z) < g(x) for all z,
where py(z) is given by Lemma 3; otherwise we can always consider the function
max(p;(x),p(x)) instead of p(z). Consider the functions ¢4 (x) := ¢(x) + p(z) and
q—(x) := q(z) — p(x) and let

Qi(z) = /Oqi(y)dy,
Us(z) = /ooe_Qi(y)dy, x>0, (37)

and Uy (x) = UL(0) for x < 0. We have 0 < ¢_(z) < q(z) < ¢+ (2), 0 < Q_(x) <
Q(z) < Q4(zx) and U_(z) > U(z) > Us(x) > 0. Since

C, = / p(y)dy is finite,
0
we have
Q+(z) = Q)£ Cp+o0(1) asx— oo. (38)
Therefore,
FC,
Us(z) ~ eTOU(z) ~ ¢ 5 T2e @ as g s 0. (39)

Since p(x) is decreasing and integrable, p(x)x — 0 as z — oo. We also assume
that

P(z) = O(1/2%). (40)

It follows from Lemma 24 that the condition on p/(x) is always satisfied for a properly
chosen function p.

Lemma 6. As x — oo,
EU4 (z +&(2)) = Us(w) = p(x)(1+o(1))e ) (41)

and
EU_(z 4 &(x)) —U_(z) = —p(z)(1+o(1))e 9@, (42)

Proof. We start with the following decomposition:

EUt(z +&(x) —Us(z) = E{Us(z+¢(x)) —Us(z); §(z) < —z/2}
FE{U+(z 4 £(2)) — Ux(2); [§(2)] < 2/2}
FE{UL(z + §(2)) — Ux(z); &(x) > x/2}.  (43)

15



The third term on the right hand side is negative because UL decreases and it may
be bounded below as follows:

E{U+(z +&(x)) = Us(2); &(x) > x/2} = —Us(x)P{{(x) > z/2}
= o(pl (x)eiQi(x)), (44)

due to the upper bound (25) which implies P{{(x) > x/2} = o(pi(x)/x), and due
to the relations (38) and (39). Further, the first term on the right hand side of (43)
is positive and possesses the following upper bound:

E{Us(z +&(2)) — Ux(z); &(x) < —x/2} < E{Us(z +¢&(2)); &(z) < —x/2}
= o(pi(z)e @), (45)

due to the upper bound (23) with 79 = p and due to the relations (36) and (38).
To estimate the second term on the right hand side of (43), we make use of
Taylor’s expansion:

E{Us (@ + §(2)) — Us(a): ()] < 2/2)
= UL@E(E(): (@) < 2/2) + JUL@E(E ()16 < /2)
SE{UL (@ + 06(@)E (@), |e(a)| < 2/2)
= UL(@)m(x) + HUL(x)ma(a)
UL (@) ELE@); 16()| > /2) — SUL@RLE @) |e(@)] > 2/2)
FeE{UL @ + 06@)E @) (@) < 272}, (16)
where 0 < 0 = 0(z,&(z)) < 1. By the construction of Us,
Ui(e) =~ 0, UL () = gale)e 40 = (gla) £ pla))e @@, (47)
Then it follows that
UL (ayma (o) + SULma(a) = e @0 (—ma(e) + (gler) & p(e) "2 )

_ ma(®) i@ <_2m1(x) +glx) £ p(x))

2 ma(z)

= ™2 Q)14 (1), (48)

by Lemma 3 which yields
2my(x)
my(z)

It follows from (25) and (47) that

= q(z) +o(p(z) +1/2°)) as z — oco.

Ul (2)E{E(2); [€(x)| > z/2} + %Ul(w)E{g(x); (@) > /2} = o(p(x)e ).
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Finally, let us estimate the last term in (46). Notice that by the condition (40) on
the derivative of p(x),

Uf(@) = (¢(2)£p (@)~ (ale) £ pla))?)e )
= 0(1/a")e %),

hence,
Ul(@+y) = O(1/a%)e %)

as ¢ — oo uniformly for |y| < z/2 which implies

E{UY(x+66@)e @) @) <2/2}| < SE{I€@)]: [€)] < x/2}e )
Then, in view of (24),
E{UL (2 +06@)E* @) (€@ <2/2)] = ofpa(@e ). (50)

Substituting (48)—(50) into (46), we obtain that

E{U+(z + £(2)) — Ux(2); [¢(2)] <2/2} = im2(w)p(w)(1+0(1))6_Qi(x)-( )
51

Substituting (44)—or (45)—and (51) into (43) and recalling that p;(z) < p(z), we
finally come to the desired conclusions. O

Lemma 6 implies the following result.

Corollary 7. There exists an T such that, for all x > T,

EU_(x + &(x))
EU- (z + &(x))

Proof of Theorem 5. The process U_(R;,) is bounded above by U_(0). Let = be any
level guaranteed by the last corollary, B = (—oc0,Z] and 75 = min{n > 1: X,, € B}.

By Corollary 7, U_(Rynr) is a bounded supermartingale. Hence by the optional
stopping theorem, for z > 7 and z € (7, 2),

E,U_(Rrprr. o)) < EU-(Ro) = U-(z).
Letting z — oo we conclude that
EoAU_(Reg); 75 <00} = lim Eo{U-(Rey); 75 < To)}
= Jim BoU-(Rrpar. o)) = im Eo{U- (R, )i 7B > T(z00)}
< U(zx)—0 = U_(x).
On the other hand, since U_ is decreasing,

EAAU_(R:y); 7B <00} > U_(Z)Py{rB < o0}.

17



Therefore,

Px{TB < OO} < U_(f),

(52)
which implies, by (39), that, for some constant ¢y < oo,

P.{R, < for some n} < cU(z) forall x> Z.
Thus,

P,{R, <0 for some n} P.{R, <7 for some n}

coU(x) for all x > 7.

This gives the desired upper bound.

On the other hand, the process {Ui(Rnrrp)} is a bounded submartingale due
to the lower bound provided by Corollary 7. Hence again by the optional stopping
theorem, for x > xg,

E UL (Rry); 7B < oo} > EUip(Ro) = Up(w).
On the other hand, since U is bounded by U4 (0),
E AU+ (R:y); 7B <00} < Up(0)Py{rB < o0}.

This allows us to deduce a lower bound

Ui (zx)
P.{tp < oo} > Ui(O)’

which completes the proof of the lower bound, for some constant ¢; > 0,

P.{R, < for some n} > c;U(z) forall x > 7,
due to (39). To complete the proof of the lower bound it remains to refer to the
arguments in (17). O
6 Approaching critical premium rate at rate of 6/x

In this section we consider the case (13) with some a € (0,1). The asymptotic
behaviour of the ruin probability under this rate of approaching the critical value v,
is described in the next theorem. Define

v:=min{k > 1:ak > 1}.
Theorem 8. Assume (15) and the rate of convergence (13). Let ET7! < oo and

l—«
Ee¢ ™" < oo for some
1

1—a’
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where

R 20ET B 20ET (53)
T E(uer =02 Var(+v2Vart

Then there ewist constants 12, 13, ..., ry—1 € R, defined recursively in the proof
below, and 0 < Cy < Cy < 0o such that

(i) if o =1/(y — 1) for an integer v > 2, then, for all x > 1,

—2 y—2

Crz® 1 Tj l—ovi Coyz® T .
72 : - . J l1—ay

-t eXp{ 1—aj" < W) < e 2 1—aj" ’

j=1 j=1
(54)
(ii) if o < 1/(y — 1) then
y—1 . v—1 .
a o J l1—aj < < o _ J 1—aj .
Cix exp{ Jz::l . ajx } < YP(z) < Cox exp{ Jzz:l . ajx }
(55)

As seen from these bounds, the ruin probability is decaying, roughly speaking,
as a Weibullian distribution with shape parameter 1 — . However further terms in
the exponent are needed to make lower and upper bounds precise up to a constant
multiplier.

In order to prove the last theorem, we firstly derive asymptotic estimates for the
moments of V(1) — x.

Lemma 9. Let ET7 < oo and there exists an xog > 0 such that
v_(z) < w(x) < vi(x) for all x > xo, (56)
where both v_(x) and vy (x) are decreasing functions on [xg, 00). Then, for allk < -,
Er* (v_(z + v (2))f < B(Vi(r) —2)* < of(@)Er*, 2>z (57)

If, in addition, ET7T1=% < oo and (13) holds true, then there exists an integrable
decreasing function p1(z) such that, for all k <,

E(Vy(r) — a;)k = (ve+ H/xo‘)kIETk + O(pi(x)) asx — 0. (58)

Proof. Fix some x > xy. Due to (56), v(z) < vy(x) for all z > x. Hence,
t
Va(t) = = +/ Vz(s))ds
0
()

v
t
x—f—/v
0

(
+(x)ds = x+tvy(x), (59)

IN
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and the inequality on the right hand side of (57) follows. It follows from the left
hand side inequality in (56) and from the last upper bound for V(¢) that

t
Ve(t) —x > /Ov(Vx(t))ds > tu_(z + tvg(z)), (60)

and the left hand side bound in (57) is proven.

Owing to (13), v(z) is sandwiched between the two eventually decreasing func-
tions vy (z) := ve + 0/2% £ p(z). Therefore, applying the right hand side bound in
(57) we get

E(Va(r) —2)* < (ve +68/2* +p(x))*Er*
= (Ve +0/z)Er* + O(p(z)) as z — oo. (61)

From the lower bound in (57) we deduce that, for all k£ < ~,

0 k
aTrer@yr ~P@)

k
m) + O(p(z)), Ezsgpv(z).

Emvy@kzﬁﬁ@+

Y

Er* (vc +

By the inequality 1/(1 4+ y)* > 1 — ay A 1, we infer that, for ¢y = a,

1 1
- > —(1 _ b, 1).
(x +vt)™ e x
Therefore, for all k < ~,
0 20T 0 k
k k 2
E(Vy(7)—2)" > Er (UC + pr WH{T <zxz/co} — x—aH{T > a:/CQ}) + O(p(x))

0 \eo K C3 k
> (UC+:E7> Er —x—aE{T ;T > /et

k
1 .
e Z xj(a+1)E{Tk+J? T < z/ca} — esp(w), (62)
j=1

for some c3 < co. Then, due to the integrability of p(z), in order to prove that
E(Va(r) —2)* > (ve+0/2%)"Er* - pi() (63)
for some decreasing integrable function p;(x), it suffices to show that
x“E{r"; T >z}
and
g CHDR{H, 7 < g}

are bounded by decreasing integrable at infinity functions. Indeed, the integral of the
first function—which decreases itself—is finite due to the finiteness of the (y+1—a)
moment of 7. Concerning the second function, first notice that

E{r*+; 7 <ax}

—jla+D) 7+,
x E{r77; r <z} < “TFa , g

> 1.
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The right hand side is bounded by a decreasing integrable at infinity function due
to the moment condition on 7 and Lemma 18. So, (63) is proven which together
with (61) completes the proof. O

Proposition 10. Assume the rate of convergence (13). If both ET'T7 and E¢' Y
are finite, then, for all k < =,

k

an
mi(z) = Z ﬁ + 0z * Vpy(z)) asz — oo,
=0

where po(x) is a decreasing integrable at infinity function and
J

In addition,
E{|¢"(@)]; |£(2) > 2"} = o(a**Vpy(z)) asz — oo, (64)
Proof. Tt follows from the definition of &(x) that

ks . .
E¢*(x) = E(Va(r)—z—Q)F = ) ()E(Vzm — 2)'E(=¢)* .
Applying Lemma 9, we then obtain

mi(r) = BeH(r) = i(k) (ve + ) BFE(-)F + 01 ()

i=0
LA i (A iy O\
= 3 (()ermco g()(x) + 0 (@)
k
Q.5
=: jz;)maj—FO(pl(a:)) as r — 00,
where
k .
o CE e
—j .
_ <f> Qj]EZ <k;])7_i+j(_ok—j—ivi
i=0
= <§>0jETj(ch—C)k]

It is immediate from (59) that V,(7) — 2 < vr where ¥ = sup, v(z). Then

E{|¢"(@)]; |¢(x)] > 2} E{(Va(7) — @)% Va(r) — 2 > 2®} + E{¢*; ¢ > 2}
Ek]E{Tk; T>z%/v} + E{Ck, ¢>a}.
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Since ET7H < oo, for all k < 7,
1
—a(k—1) k. — _
P E{r"; 7> 2%/} = o <$a(k1)ma(’y+lk)>

1
= o( as r — o0.
T

By the definition of the 7, ay > 1. The function 1/x2®7 is integrable at infinity.
The same arguments work for ¢, so the value of z=*F=DE{|*(z)[; |€(z)| > 2} is
bounded by a decreasing integrable at infinity function, and the proof is complete.

O
Proof of Theorem 8. We first show that there exist constants ri,7r9,...,7y-1 such
that
y—1 .
— i
q(x) . Z (b + .T)O‘]
J=1
satisfies
- jmj(UC) j—1
—mi(z) + Y (-1) o () = o(ps(x)), (65)
=2 ‘

where p3 is a decreasing integrable function and b is a positive number.
We can determine all these numbers recursively. Indeed, as proven in Proposi-
tion 10,

0E
my(z) = TaT +o(pa(z)) asz — o0

and
ma(z) = Var(+v2Vart +O(x~® +2%pa(z)) asz — oo.

For ry defined defined in (53),
7qj_1(x) = O(:E_Za +p2(x)) asz — oo,

for any choice of ro, r3, ..., 7y_1. Then we can choose ry such that the coefficient
of 72 is also zero,

E(ver — ()31"%/3 — 20E7 (v — Q)11

ry = )
2 Var ¢ 4+ v2Var

and so on. It is clear that the numbers r1, r9, ..., 7,_1 do not depend on the

parameter b. Therefore, we can take b so large that the function g(x) is decreasing

on [0,00).
As in the previous section, we define

Qx) = /Ox q(y)dy and U(x) = /Oo e*Q(y)dy, z > 0.
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For x < 0 we set U(x) = U(0). It is immediate from the definition of ¢(z) that

zY—1 r
— § J

j=1
and
o0 v 7t
Ulx) = /x exp{—/o j;(b—i—]z)ajdz}dy’ z > 0.

We define also, for p(x) > max(p1(z), p2(x)),

0(0) = a(@) £p(0). Quo) = [ aslo)dy and Uale) = [ ey,
0 T
We further assume that, for all 1 < k <~y —1,
P (@) =o(q"(z)), pP(z)=0(¢"(x)) asz— o0 (66)
and
"(x) = o(p(x)) asz— oco. (67)

If g(x) ~ ¢/xz“ where ya < 2, then it follows from Lemma 24 that the condition on
the derivatives of p(x) is always satisfied for a properly chosen function p, so the
condition (66) on the derivatives of p does not restrict generality under this specific
choice of r(x).
It is clear that
Us(z) ~eTPU(z) as z — oc.

Noting that

U’(x) —e— Q@) e
g 2 50
(Le—cxz))’ (—¢' (@) /¢ (z) — 1)e— Q@)

q(z)

and applying the L’Ho6pital rule, we conclude that, as x — oo,

xT) ~ an €T) ~ e p ~
q(x) * q(x) q(x)
Lemma 11. As x — oo, we have the following estimates:
2
1
BU (o4 §(0) - Usla) = el (g
2

1

EU_ (2 +€(@) ~U_(1) = — et 0elam 2oy ye-rt (7
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Proof. We start with the following decomposition:

EU+(z+ &) — Us(z) = E{Us(z+&@)) - Usl(a); &(z) < —2°}
FE{U (o +£(2)) — Us (@); [¢(@)] < )
FE{U (o + £(2)) — Us(@); €(x) > 2%} (71)

The third term on the right hand side is negative because UL decreases and it may
be bounded below as follows:

E{U+(z +&(x)) — Ux(a); &(2) > 2%} > —Ux(x)P{{(z) > 2}
= o(pa(z)e =), (72)
due to the upper bound (64) which implies P{¢(z) > 2%} = o(p2(z)/z*), and due
to the relation (68).
Further, the first term on the right hand side of (71) is positive. To obtain an

upper bound for that expectation we first notice that, due to the fact that Q(z) is
monotone increasing,

x T

e~ Q=) gy < 20 / e Q) < 2Crye=@l—y),
z—y

Us(e —y) — Us(a) = /

T~y
Since ¢(z) is chosen to be decreasing, Q)(z) is concave and, consequently,
Q(z —y) = Qz) — Qy).
Using this inequality we obtain
Us(z —y) — Us(z) < 2rye )W)
and

E{Ui(z +&(2)) — Usr(x); &(x) < —2°}
< eQCPe*Q(”)E{—g(x)eQ(E(I));g(x) < —2%}
< eQCpe_Q(CL‘)E{CeQ(C); C > xa}.

The moment assumption on ¢ implies that the decreasing function E{( eQ©); ¢ > z}
is integrable at infinity. As a result we have

E{Us(z +&(2)) = Us(2); E(x) < =2} = o(pi(a)e =), (73)

To estimate the second term on the right hand side of (71), we make use of
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Taylor’s expansion with v + 1 terms:

E{Us(x +&(x)) — Ux(x); [€(2)] < 2}

RN Ja o
> B e (o) < =)
(1), .
(Bt ety e <),
v rr(k) 2 (k)
= 2 O - 3 Y O ego) > a2)
k=1 k=1
(+1) .
e e g <o) )

where 0 < 0 = 0(x,&(x)) < 1. By the construction of Uy,
Ul(z) = — 9@, U(2) = ga(2)e %@ = (g(z) + p(a))e- %@, (75)
and, for k=3, ..., v+ 1,
UL () = ~(eFE)ED = ()M @) + olp(@))e ) as x> o0,

where the remainder terms in the parentheses on the right are of order o(p(x)) by
the conditions (66) and (67). By the definition of ¢4 (),

&) = (g(x) £p(2)* 7t = ¢"L(x) + o(p(z)) for all k>3,

which implies the relation
U(k)( ) = (—1)k(qk_1(x) + o(p(:L‘)))e—Qi(”) as ¥ — o0. (76)

From these equalities we get |Uj([k) (z)| < Cz=ok—1)e=Qx(*)  Combining this with
(64), we obtain

v

k=1

E{§k z);é(x)] >z}t =0 (pg(x)e*Qi(mU as r — 00. (77)

It follows from the equalities (75) and (76) that




by the equality (65). Owing to the condition (66) on the derivatives of r(z) and
(67),

U0 (@) = (1) (@) + o(q"(2))e 9= as z — oo,

Then, the last term in (74) possesses the following bound:

\E{Ui“l)(xwg(x))

(v +1)! E(x); 1€(x)] sxa}

= O(¢"(x)e” “NE{jg(@) s |¢(x)] < 2}

= o(p(q:)efQi(z)) as r — 09,

by the condition (67). Therefore, it follows from (74), (77) and (78) that
E{Us(z + &(2)) — Ux(2); [§(2)] < 2}

[\

Together with (72), (73), and (71) this completes the proof. O

The remaining part of the proof repeats literally the final part of the proof of
Theorem 5 and we omit it. O

7 Heavy-tailed claim sizes

In this section we study the case where the distribution of the claim size is so heavy
that the moment conditions in Theorem 5 are not met.

We assume that v(x) converges towards v, at rate §/x and that the distribution
of ¢ is regularly varying at infinity with index —(8 + 2) for some 8 € (0, p). Then
E¢P? is infinite and, consequently, Theorem 5 does not apply.

Theorem 12. Assume the rate of convergence (11) with some 0 satisfying (19).
Assume also that Er?log(1 + 1) < oo and that

P{¢ >z} =2 2 PL(x) (79)

for some slowly varying at infinity function L(x) and B € (0,p). Then there exist
constants C1 and Coy such that

o0

e /WyP{oy}dygw)ch / yP{C > yYdy for all x> 0.

Under the condition (79), by Karamata’s theorem,

/OO yP{¢ > y}dy ~ ;xzﬂ”{( >z} asx — 00.
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Therefore, the claim of Theorem 12 can be reformulated in the following way:
CizPL(z) < ¥(z) < Cox PL(z).

Notice that, for the classical ruin process with constant premium rate and with
claim size of subexponential type, 1(z) is asymptotically equivalent to the integral
[ZP{¢ > yldy (see e.g. [10, Section 5.11]). So, the main difference between our
case and the classical one is that the probability of ruin is higher in our case owing
to the additional weight y in the integral, which is not surprising and reflects the
fact that our system is close to a critical one, v(y) — v, as y — 0.

Notice that the condition (15) follows by (79).

The proof of Theorem 12 is split into two parts, where we derive the upper and
lower bounds. For both, we need the following result on the left tail distribution of
the jumps of the chain {R,}.

Lemma 13. If the distribution of  is long-tailed, that is, if

lim P{{ > x+ u}

A TP ) =1 for any fixed u,

then, uniformly for all x > 0,

P{{(r) < -y} ~ P{(>y} asy— oc.

Proof. Using the equality {(z) = V(1) —  — (, we get the following upper bound

P{{(z) < —y} = P{C— (Vau(r) —2) >y}
< P{{ >y}

For a lower bound, let us notice that, for any fixed u,

P{E(z) < -y} = P{{>y+ulP{Vi(r) —z <u}
~ P{{>yP{Vy(T) —x <u} asy— oo,

due to the long-tailedness of the distribution of {. Also, by the stochastic bounded-
ness of the family of random variables {V;(7) — z, = > 0},

infP{Vy(7) —z<u} — 1 asu— oo,

which implies the following lower bound, uniformly for all x > 0,

P{(z) < -y} = P{C>y}(1+0(1) asy— oo,

hence the desired result. O
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7.1 Proof of the upper bound

As in the previous sections, we analyse the behaviour of the chain R, = R(T),),
n > 0. In order to understand the impact of large claim sizes on ruin probabilities
from the point of view of an upper bound, we introduce an auxiliary chain with

jumps truncated below. For every x > 0 we define jump &(x) as follows:

P{E(x) € B} := P{¢(x) € B | &(a) = —2/2}, B e B(R).

Let {R,} be a Markov chain with jumps £(z). The connection between {R,} and
{R,} is described in the next lemma.

Lemma 14. Set A, := {{(R;) > —Ry/2 for all k < n}. Then, for all Borel sets
Bi,Bo,..., B, we have

n—1

P.{R1 € B1,...,R, € Bp; A,} = Ex{Hg(ék); Ri€By,....,R, € Bn},
k=0

where
g(x) = P{E() > —2/2} € (0,1).
Proof. We use the induction in n. If n = 1, then

P.{R1 € Bi; A1} = Plz+(z) € B1,&(x) > —x/2}

= g(x)P{z +&(x) € B}
= Ex{g(Ro);Rl S Bl}.
For the induction step n — 1 — n it suffices to apply the Markov property:
P,{Ry1 € By,..., R, € By; An}

= /B P.{Ry € B1,...,Rp_1 € dy; An—1}P{y + £(y) € B, &(y) > —y/2}

_ /BM]Ew{

n—1
_ Ex{ng@k); Ry eBl,...,EneBn},
k=0

n—2

[T 9(Re); Ri€Bi,., Ry € dy]g(y)P{y +&(y) € Bu}
k=0

which completes the proof. O
Let ¢(z) denote the ruin probability for the chain {R,}, that is,
() = Po{R, < 0 for some n > 1}.

Let H, be the renewal measure of {R,} with starting point a:

H,(B) = im{ﬁn € B}, BeB(R).
n=0
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Lemma 15. The following inequality holds true

ba) < D)+ /0 (1= g(u) Haldy). (80)

Proof. Let
70 :=inf{n >1: R, < 0}
and

A ={&(Rg) > —Ry/2 for all k < 79}.

Noting that
{10 <00} C ({m0 <o0}NA;,)UAS

T0?

we get
P, {70 < 0o} < Pp{m0 < 00, A7y} +Po{A% }. (81)
Using now Lemma 14 with By = ... = B,_1 = [0,00) and B,, = (—00,0) we obtain
n—1
Po{r0 = n, A} = Em{H g(Ry); 7o = n} <P {70 =n}, n>1,
k=0

where N
7o :=inf{n >1: R, <0}

This implies that
Po{70 < 00, Ay} < Po{Fo < 00} = (). (82)

To bound the second probability term on the right hand side of (81), we firstly apply
the total probability law twice

P.{A5} = P{{(Rx) < —Ry/2 for some k < 19}

= Y Po{An, 70> n,(Ry) < —R,/2}

n=0

= > [T Rt € A > mIPLEW) < -ur2),
n=0
and then we apply again Lemma 14 to the probability on the right hand side:
Ra) < > [T R e dn)i - o)
n=0
= [0 st ).

Plugging now this bound and (82) into (81), we get the desired upper bound. [J
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In order to get an upper bound for () we need upper bounds for both terms on
the right hand side of (80). It turns out that ¢ (x) can be estimated by the method
used in the proof of Theorem 5.

Lemma 16. Assume that ET%log(1 + 7) and E¢?log(1 + () are finite. Then there
exists a constant C' such that

14 y°
xP

Px{ﬁn <y for somen>1} <C forall0 <y < . (83)

In particular,

P(x) <

~ C
—  for all x > 0.
xP

Proof. Let U_(x) be the function defined in the proof of Theorem 5. By the defini-

tion of &(x),

BU-(@ +8(@) - U-(s) = —B{U-(r+() ~ U-(@): £() > —2/2)
_ JgEﬂL@+§@D—U4@;K@NS$Q}
+ﬂ;Eﬂ7@+€@D—U(@;ﬂ@>$ﬂ}

Since the estimates (24) and (25) are valid under the conditions of the present lemma,
we may apply (44) and (51) to get
~ 1+ 0(1)

BU (s -+ E(2)) ~ U-(@) = ~— 2 2p(a)e9- (.

Therefore, there exists Z such that U_(Ry,arp,) is a bounded supermartingale, where
B = (—o00,Z]. Then, applying the optional stopping theorem, we get the desired
upper bound. O

We now turn to the second term in (80). Firstly we state the following upper
bounds for the renewal function.

Lemma 17. The following bounds hold true:

H,(0,y] < COA+y?) forallzy>0 (84)
and
~ 1 24p
7.0,y < c% for all 0 < y < z. (85)

Proof. Firstly note that

P{&(u) < —u/2} = 0.
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Next, by using Lemma 3, we conclude that

E&(u) ~ T

u

and B
E&2(u) — Var ¢ 4+ v?Vart  as u — oc.

Using these estimates one can easily see that all conditions of Lemma 4 in [8] are
met. This implies (84). To prove (85) it suffices to notice that

H,(0,y] < P,{R, <y for some n > 1} sup H, (0, y]
usy

and to apply (83) and (84). O
Now we are ready to bound the second term in (80). Since {(x) >s —(,

[ =i < [7 sy (86)
0 0

Fubini’s theorem implies that

/O P{C > y/2} Ho(dy) = /0 H,(dy) / {2 € du)

y+
oo u—0 _
= [ Prcedy [ iy
= / H,(0,u)P{2¢ € du}.
0

Next, by Lemma 17,

IN

z1q + y2+p 0o
C/O TIP’{% €dy} + C/x (1 +yHP{2¢ € dy}

< O1(1/xf + 2*P{¢ > x/2}),

/O L0, yP{2C € dy}

owing to the regular variation of the distribution of { and Karamata’s theorem.
Since B < p, we conclude that

/OO I;'QC(O,y]P{% edy} < C’gleP’{C > x}.
0

Together with (86) it yields that

/0 T - o) Eudy) < Cor®BIC > x).

This estimate and Lemma 16 imply the desired upper bound.
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7.2 Proof of the lower bound

To start with, we notice that, for all z >0 and N > 1,

P(x) = Z /00 P.{R, € dy, Ry >0 for all k < n}P{{(y) < —y}
n=0"0

N
> inf P < = P.{ Ry € |x/2,2z] for all k <n
> i PlEW y}; {Ry, € [£/2,22] }
[i1/12fZ ]P{f(y) < —y}NP{Ry € [z/2,22] for all K < N}.
ye|x/2,2x

Due to Lemma 13,

inf P < — > inf P < —2x
et o {£y) < -y} = et o {&(y) }

~ P{{>2z} aszx— oo
Consequently, putting N = 6z2, we get the following lower bound
Y(x) > dP{C > 2}02’P{Ry, € [x/2,22] for all k < §z?},

for every § > 0. Thus, it only remains to show that we can choose a 6 > 0 so small
that the probability on the right hand side is bounded away from zero.
We start by stating the following decomposition

P, {Ry & [x/2,2x] for some k < §x?}
< P.{Ryx < z/2 for some k > 1} +Pm{]:r<16a;<2 Ry > 2z, R, > x/2 for all n > 1}.
(87)
It follows from Lemma 3 that for every € < p there exists an xg such that

2
M >1+¢ forall x> xg.
ma ()
Noting that
P{&(x) < —ya} <P{¢ > ya} = o(1/2*H)
for every 5y < (3, we infer that all the conditions of Lemma 1 in [8] hold true and,
consequently, there exists an x¢ such that

P.{R, < z for some n > 1} < (z/x)ﬂo for all z > z > xg.
In particular,
P.{Ryr < x/2 for some k > 1} < 1/250 for all z > 2xo. (88)

To bound the second probability on the right hand side of (87) we introduce a

martingale
k—1

Mk = Rk_RO_Zml(Rj)a k‘ZO.
7=0
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Due to Lemma 3, we may assume that xz( is so large that ymq(y) < 20E7 for all
y > xg. This implies that, for Ry = «,

max R < =+ max My + 400xET
k<822 k<822

on the event { Ry > x/2 for all £ > 1}. Consequently,

Pm{ max Ry > 2z, R > x/2 for all k > 1} < Px{ max My > (1 — cﬁ)x},
k<dx2 k<éx?

where ¢; := 40E7. Applying the Doob inequality to the right hand side and noting
that E,L«M,? < ¢k for all k and x, we obtain

CQ(S

Plugging this estimate and (88) into (87), we conclude that

1 62(5

2
P.{ Ry & [x/2,2x] for some k < dz*} < 280 + m

for all x > 2x.

Choosing § > 0 sufficiently small, we can make the right hand side less than 1, hence

inf P.{Ry € [x/2,2x] for all k < 62} > 0.
r>2x0
This completes the proof of the lower bound.

8 Appendix

Lemma 18. Let o € (0,1] and v > «. Let a family of positive random variables
{&, 0 € O} possess a majorant =, & <g = for all § € O, such that EEYH1~% < co.
Then there exists a decreasing integrable at infinity function p(x) such that

sup E{ﬁgH; fo <z} = o(zp(x)) as x — oco.
0cO
Proof. Integration by parts yields that
X
B <a) = - [ viap(e > )
0
X
= PG > o)+ (4 1) [ Pl > vy
0
xX
< (r+ 1)/0 y'P{E > y}dy,
by the majorisation condition. Therefore, by the Markov inequality,

E{gt <z} < (’y+1)/ yOR{E7"% Z > yldy
0

= (y+ 1)z (),
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where ) -
-— « =Y—a. =
Wa) = o [ R 2> gy

The finiteness of EZYT1~% implies integrability at infinity of p(z). Indeed,

e 0 dr T o —
/ p(z)dz = / 1+a/ Yy E{E77Y E>yldy
0 0o ¥ 0

* dx

o

1 o
= / E{Z77% E>y}dy
@ Jo

EE'H—I—Q
= — < 09,
«

by the moment condition on =. In addition, the function p(x) is decreasing because

d 1 i « =30 A S Py d
%WOyE{H ; = > yldy
l+a [* amp f=EYy—a. = 1 —_-y—a, =
:—W/OyE{: ,:>y}dy+;E{: ; 2> a)
14+ x 1.
< —xﬂaE{z” e :>a:}/ yaaly—i-;IE{:7 4G E>x}
0
= 0.
The proof is complete due to the next Lemma 19. O

Lemma 19. Let p(x) > 0 be a decreasing function which is integrable at infinity.
Then there exists a decreasing integrable at infinity function pi(xz) > 0 such that
p1(x)/p(z) = 00 as © — co.

Proof. Without loss of generality we assume that p is a left-continuous function.
Since p(x) is integrable at infinity, there exists an increasing sequence xp — 00,
k > 0, such that zog = 0 and

/ p(y)dy < 1/k* forall k> 1.

Tk

Since p(z) decreases, a sequence xp may be chosen in such a way that
(k+2)p(xg+1) < (k+1)p(xg) forall k>1,

Due to this condition the following sequence yj, such that z; < yi < xpy1 for all k
is well-defined:

Yo = sup{z =y : (k+ 1p(x) = (k + 2)p(zi41)}-

Define a function p;(z) as follows:

— (k+ 1)p(x) for z € [z, yil,
ne) = { (k +2)p(wg12) for x € (Yr, Yrt1l,
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which is decreasing by construction. Since
pi(x) > (k+1Dp(z) forall x € [xg, xpt1],

the function p;(x) satisfies the condition pi(z)/p(x) — oo as © — oo. Lastly, its
integral may be bounded as follows:

| me > [ s

1 k=1"%k

o

Yk >
= S0 [ pladde + 3ok + Dplai) o - )
k=1 Tk k=1
e Tg+41
< Y+ [ s
k=1 Tk
(e.)
k+2
< EN < 00,
k=1
where the last bound is due to the choice of x;, which completes the proof. ]

Lemma 20 (Denisov [7]). Let p(z) > 0 be a decreasing function which is integrable
at infinity. Then there exists a decreasing integrable at infinity function pi(x) > 0
which dominates p(x) and is regularly varying at infinity with index —1.

Lemma 21. Let £ > 0 be a random variable and let V(x) > 0 be an increasing
function such that BV (§) < oo. Let U(x) > 0 be a function such that the function
f(z) :==V(z)/zU(x) increases and satisfies the condition

f(22)
1 @)

Then there exists an increasing function s(x) — oo of order o(x) such that

< oo (89)

E{U(&); &€ >s(x)} = o(p(x)zU(x)/V(z)) asz — oo,

where p(x) is a decreasing integrable at infinity function which is only determined
by & and V (z).

Proof. Since EV (§) < oo, the decreasing function

pi(x) = E{V(§)/§ &> =}

is integrable at infinity. Then by Lemmas 19 and 20,

E{V(£)/& €> 2} = op(x)) asz — oo,
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where a decreasing function p(x) is integrable and regularly varying at infinity with
index —1. Hence, due to the increase of V(z)/zU(x),
U
BU(E): € >ab = B{ TV ¢ > o)
E{V()/& &> =}
— V(@)/aU(2)
= o(p(z)zU(x)/V(z)) asz — oo.

Therefore, for any n € N,
E{U(S); € > a/n} = o(p(x)aU()/V(z)) asa — oo

because the function p(z) is regularly varying at infinity and owing to (89). Hence,
there exists an increasing sequence x, — oo such that

E{U(&); £ > z/n} < p(x)zU(z)/nV(x) forall z > x,.

Then the level function s(x) = TIl{x € (25, 2ny1]} is of order o(z) and delivers the

stated result. O

Lemma 22. Let £ > 0 be a random wvariable with finite yth moment for some
v € [1,00). Let « € [1/7,1]. Then, for all € [0,v—1/a], there exists an increasing
function s(x) — oo of order o(x®) such that

E{¢%; € > s(2)} = o(p(a)/a®0"D) asz - o,

where p(x) is a decreasing integrable at infinity function which is only determined
by &, v, and «.

Proof. Put n = Y/ and V(z) = 2*7. As follows from Lemma 21 with U(z) = 2%,
since E§7 = EV () < oo, there exists a regularly varying at infinity with index —1
function p(z) which is integrable at infinity and a function s(x) = o(x) such that

E{1*%; 0> s(z)} = o(p(x)aU(z)/V(z))
= o(p(z)/z*0"O) as z — o0,

which can be rewritten as
E{¢%; €>5%()} = o(p(x)/z*0"D7) asx — oo,
and the proof is complete. O

Lemma 23. Let £ > 0 be a random variable and let V() be a non-negative function
such that EV (£)log(1+¢&) < co. Then there exists an increasing function s(x) — 0o
of order o(z) such that,

E{V(§); £ >s(x)} = o(p(x)r) asxz— oo,

where p(x) is a decreasing integrable at infinity function.
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Proof. Tt follows almost immediately because

/100 E{V(E); §>a},  _ /loo ‘:”/:o V(y)P{¢ € dy}
/1 TV ()PLe € dy) /1y %x

- / V(y)(logy)P{E € dy} < oo,

Hence, by Lemmas 19 and 20,
E{V(); €> 2} = olp(x)r) asz— oo,

where a decreasing function p(x) is integrable and regularly varying at infinity with
index —1. Then concluding arguments as in Lemma 21 complete the proof. O

Lemma 24. Let p(z) > 0 be a decreasing function which is integrable at infinity.
Then, for any k > 1, there exists a decreasing integrable at infinity function py(x) >
p(x) such that it is k times differentiable and, for all j <k,

J .
%pk(x) = O(1/z") as x — oo.
x

Proof. Consider a decreasing function pg(z) defined by the equality

ook [ > * > ply1)
pr(z) = 2 dyp, dyp—1 - .. dya - dys .-
x/2 Yi/2 y3/2 y2/2 Y1

Firstly, since the function p(z)/x* decreases,

0 Y2
/ p(ykl) dy > / p(ykl) dy > y2zp(yk2) _
y2/2 Y1 y2/2 Y1 Y2

so repetition of this lower bound eventually leads to the inequalities

1 plyw) z
pr(z) = 2’“/3:/22;@1 " dyr = 2k§F7 = p(z).

Secondly, px(x) is integrable at infinity because

/OO POy < p(ya/2) /OO e = O(p(y:—/lz))’

2/2 Y1 y2/2 Y1 Ya

and hence after k — 1 steps we arrive at upper bound

C/°° plyr/2571)

/2 Yk

IN

() dyk, ¢ < oo,
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where the integral on the right hand side is integrable with respect to x, since

00 o) 2]971 00 2]4:71 2y
/ i / P2 / PW/2") / d
0 z/2 Y 0 Y 0

. /0 ply/2 Ny < .

Thirdly,

dk ok k=1 oo > > p(y1)
——pe(T) = / dyk:—l---/ dy2/ dy
dxk 2 dzk—1 z/4 y3/2 Yy2/2 ylf

2" p(z/2%)
9. 4. ... 2k (z/2k)F

- (-1)’“ = O(p(a:/2k)/:ck) as r — 00.

Since p(z) is decreasing and integrable at infinity, p(z) = O(1/x) as * — o0, so
p,(gk) () = O(1/2'*F). Integrating the kth derivative k — j times we get that the jth

derivative of pg(z) is not greater than (k — j)th integral of ¢/x

1+k which is of order

O(1/z'*7). This completes the proof. O
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