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ON THE TIME VALUE OF ABSOLUTE
RUIN WITH DEBIT INTEREST
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Abstract

Assume that the surplus of an insurer follows a compound Poisson surplus process. When
the surplus is below zero or the insurer is on deficit, the insurer could borrow money at
a debit interest rate to pay claims. Meanwhile, the insurer will repay the debts from her
premium income. The negative surplus may return to a positive level. However, when the
negative surplus is below a certain critical level, the surplus is no longer able to be positive.
Absolute ruin occurs at this moment. In this paper, we study absolute ruin questions by
defining an expected discounted penalty function at absolute ruin. The function includes
the absolute ruin probability, the Laplace transform of the time to absolute ruin, the deficit
at absolute ruin, the surplus just before absolute ruin, and many other quantities related
to absolute ruin. First, we derive a system of integro-differential equations satisfied by
the function and obtain a defective renewal equation that links the integro-differential
equations in the system. Second, we show that when the initial surplus goes to infinity,
the absolute ruin probability and the classical ruin probability are asymptotically equal
for heavy-tailed claims while the ratio of the absolute ruin probability to the classical
ruin probability goes to a positive constant that is less than one for light-tailed claims.
Finally, we give explicit expressions for the function for exponential claims.
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1. Introduction

Let U(t) = u + ct — Z::lz(l]) X, t > 0, be the compound Poisson surplus process for an
insurer, where u > 0 is the initial surplus, ¢ > 0 is the premium rate, { N (¢), t > 0} is a Poisson
process (with Poisson rate A > 0) denoting the number of claims up to time ¢, and {X,,, n > 1}
(representing the sizes of claims and independent of { N (¢), t > 0}) is a sequence of independent
and identically distributed nonnegative random variables with a common distribution function
F(x) that satisfies F(0) = 0 and has a positive mean yu = fooo F(x)dx > 0. Here, F(x) =
1 — F(x) is the survival function of the distribution function F (x).

We assume that when the surplus is negative or the insurer is on deficit, the insurer could
borrow an amount of money equal to the deficit at a debit interest force § > 0, or, equivalently,
ata debit interest rate e’ — 1 > 0. Meanwhile, the insurer will repay the debts continuously from
her premium income. Thus, the surplus of the insurer is driven under the debit interest force
& when the surplus is negative. The negative surplus may return to a positive level. However,
when the negative surplus attains the level —c/§ or is below —c/§, the surplus is no longer
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able to be positive, because the debts of the insurer at this time are greater than or equal to
c/8, which is the present value at that time for all premium income available after that point.
Absolute ruin occurs at this moment.

Absolute ruin has attracted attention in the literature. The absolute ruin probability with
exponential claims has been studied by Dassios and Embrechts (1989) using the martingale
approach. Embrechts and Schmidli (1994) discussed the absolute ruin probability in a general
insurance risk model using the theory of piecewise deterministic Markov processes. Further-
more, Dickson and Egidio dos Reis (1997) considered the effect of interest on the negative
surplus. In addition, the effect of interest on the positive surplus has been studied extensively
in the literature. See, for example, Asmussen (2000), Cai (2004), Cai and Dickson (2002),
Sundt and Teugels (1995), and many others. However, many questions related to absolute ruin
have not yet been solved, such as the behavior of the absolute ruin probability with heavy-tailed
claims, the relationship between the absolute ruin probability and the classical ruin probability,
the Laplace transform of the time to absolute ruin, the deficit at absolute ruin, the surplus just
before absolute ruin, and so on. In this paper, we study absolute ruin questions by defining an
expected discounted penalty function at absolute ruin. The function includes the absolute ruin
probability, the Laplace transform of the time to absolute ruin, the deficit at absolute ruin, the
surplus just before absolute ruin, and many other quantities related to absolute ruin. It allows
us to study the effect of debit interest on the negative surplus in a unified approach.

We denote the surplus of the insurer at time ¢ with the debit interest force by Us(¢). This
is the solution to

dUs(t) = (c + 8Us(1) L{ysry<o0y) dt — dY (2), Us(0) = u,

where Y; = ZlNz(;) X; and 1ycy means the indicator function of an event C. Furthermore,
we denote the absolute ruin time of the surplus process {Us(¢),t > 0} by T5. Now, Ts =
inf{t > 0: Us(t) < —c/d8} and Ts = oo if Us(t) > —c/§ for all ¢t > 0. Thus, |Us(T;s)| is the
deficit at absolute ruin. Furthermore, let Us (T ) denote the surplus just before absolute ruin.
Notice that the deficit at absolute ruin is at least ¢/§ and the surplus just before absolute ruin
could be in the range of (—c/§, 0o). Thus, we define the expected discounted penalty function
at absolute ruin by

@) = B w(Us(Ty), Us(Ts)]) Lzy<c0) | Us(0) = w), (1.1

where w(xy, x3), x| > —c/8, x2 > ¢/8, is a nonnegative function which denotes the penalty
due at absolute ruin, # > —c/4 is the initial surplus, and @ > 0 can be viewed as the argument
for the Laplace transform of T or an interest force for the calculation of the present value of
the penalty. In particular, the absolute ruin probability, denoted by

V() =P(Ts < oo | Us(0) = u),

satisfies ¥ (1) = ® (1) when @ = 0 and w(xy, x2) = 1 in ®(u).

The function (1.1) is the counterpart of the expected discounted penalty function at ruin or
the Gerber—Shiu function at ruin in the compound Poisson surplus process {U (), ¢ > 0}, which
was introduced by Gerber and Shiu (1997), (1998). The Gerber—Shiu function has become a
standard method used to study ruin theory in different risk models.

We point out that @ (u) has different sample paths for # > 0 and —c/§ < u < 0. Hence,
we distinguish the two situations by writing ® () = & (u) foru > 0 and ®(u) = d_(u)
for —c¢/6 < u < 0. Similarly, we write ¥ (u) = ¥4 (u) foru > 0 and Yy () = v_(u)
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for —¢/8 < u < 0. In addition, we denote the ruin time of the compound Poisson surplus
process {U(¢), t > 0} by T and the classical ruin probability in the compound Poisson surplus
process {U(t), t > 0} by ¢ (). Now, T = inf{t > 0: U(¢t) < 0}and T = oo if U(¢) > 0O for
all # > 0. Furthermore, ¢ (u) = P(T < oo | U(0) = u).

In this paper, we assume that the safety loading factor defined by 6 = ¢/(Au) — 1 is positive.
Obviously, T < Ts and ¥4 (1) < ¢(u) for u > 0. Under the assumption of the positive safety
loading factor, we have limy,_, oo ¥4+ (#) =0and 0 < ¥4 (u) < ¢p(u) < 1 for u > 0. Also, we
assume that lim,,_, oo ®4 (#) = 0. This holds naturally when w(x1, x2) is a bounded function.

The rest of the paper is organized as follows. In Section 2, we derive a system of integro-
differential equations for @, (#) and ®_ (1) and determine boundary conditions for ®_ (1) and
®_ (u). In Section 3, we obtain a defective renewal equation for @ (1) when o = 0. This case
includes the absolute ruin probability, the deficit at absolute ruin, the surplus just before absolute
ruin, the claim amount causing absolute ruin, and many others. The defective renewal equation
links the integro-differential equations in the system. Based on the defective renewal equation,
in Section 4 we show that when the initial surplus goes to infinity, the absolute ruin probability
Y4 (1) and the classical ruin probability ¢ (1) are asymptotically equal for heavy-tailed claims
while the ratio of the absolute ruin probability ¥ (1) to the classical ruin probability ¢ (1) goes
to a positive constant that is less than one for light-tailed claims. Finally, in Section 5 we give
explicit expressions for @ (#) and ®_(u) for exponential claims.

2. Integral and integro-differential equations for ® (z) and ®_(u)

First, we derive the integral equations for @ (1) and ®_(«) in the following theorem.

Theorem 2.1. When u > 0, we have

)\ o0
O (u) = —e(”"‘)”/"/ e~ (Mtax/e
c u
X x+c/8
x [/ 4 (x — Y AF(y) +/ & (x— »)dF(y) + A(x)} dr. @)
0 X
and, when —c/§ < u < 0, we have
0 x+c/8
d_(u) = A(Su + c)<l+“>/5{ / (8x + ¢) "1 F0/8 [/ O_(x — y)dF(y) + A(x):| dx
0
“ o0
+C—l—(A+a)/8[ e—()»+ot)z/c
0
V4
X [fo Di(z—y)dF(y)
z+c/8
+ / O_(z — »)dF() + A(z)} dz}, 2.2)
Zz

where the function A(x) is given by

A(x) = / w(x,y —x)dF(y). 2.3)
x+c/é
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Proof. By conditioning on the time and amount of the first claim and discounting the
expected values to time O at the interest force o, when u > 0 we obtain

[e's] u+ct u+ct+c/8
D (u) = / Ae—(““)'[/ O (u+ct —y)dF(y) +/ O_(u+ct —y)dF(y)
0 0 u-+tct
o
+ f w4+ ct,y — (u + ct)) dF(y)] dz. 2.4
u+ct+c/s

Equation (2.4) for @ (u) involves ®_(u) for —c/8 < u < 0. When the initial surplus
is negative, the surplus is driven under the debit interest force § before the surplus returns
to the level zero. Thus, for —c/§ < u < 0, let t9p = fo(u) be the solution to hs(t, u) =
ued + ¢ —1)/8 =0, namely 19 = 1o(u) = log(c/(c + 8u))'/?, which is the time when the
surplus returns to the level zero if no claim occurs prior to time #y. Furthermore, hs(t, u) < 0
fort < 19 and hg(ty, u) = 0. Moreover, hs(t, u) is the surplus at time ¢ < #( if no claim occurs
prior to time #y. Thus, by conditioning on the time and amount of the first claim and discounting
the expected values to time 0 at the interest force o, when —c/8 < u < 0 we obtain

to hs(t,u)+c/$
O_(u) = / Ae_(’\“‘)’[ / O_(hy(t.u) — y) dF ()
0 0

o0
+/ w(ha(t,u),y—hs(t,u))dF(y)] dr
hs(t,u)+c/8

) c(t—tp)
+ / he O [ /0 D (c(t —19) — y) dF (y)
10

c(t—tg)+c/s
+/ Q_(c(t —19) — y)dF(y)

(t—10)

+ / w(c(t —ty),y —c(t —ty)) dF(y):| dr. (2.5)
c(t—tg)+c/s

Now, changing variables x = u + ct in (2.4), we obtain (2.1). Moreover, first changing
variables x = hs(z, u) in the integrals with respect to ¢ from O to g in (2.5), and then changing
variables z = c(t — fg) in the integrals with respect to ¢ from fg to oo in (2.5), we obtain (2.2).

Remark 2.1. We point out that the integral equations (2.1) and (2.2) allow us to consider
the differentiability of the functions @, (1) and ®_(u). For instance, it is easy to see from
(2.1) and (2.2) that @ (1) and ®_ (1) are differentiable on (0, co) and (—c/4§, 0) respectively.
Furthermore, they satisfy the following condition:

P, (0) =P_(0-). (2.6)

Based on (2.2), we can determine boundary conditions for ®_ (u).

Proposition 2.1. If

0
lim f (8x 4 ¢) " 1mOFO/8 g (x) dx = o0, 2.7
ul—c/s J,
then N
C
lim ®_(u)= ——A(—-). 2.8
u¢1—ncl/a @) Ao ( 8) 28)

https://doi.org/10.1239/aap/1183667614 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1183667614

On the time value of absolute ruin with debit interest 347

If
0
lim / (8x + ¢) "1 TOFO A () dx < o0, (2.9)
ul—c/s J,
then
lim ®_(u) =0. (2.10)
ul—c/é
Proof. From (2.2), we notice that if
0 x+c/8
lim |:(8x + c)*‘*“*“)/a/ D_(x — y)dF(y)] dx < oo,
ul—c/s J, 0
then

0 x+c/8
lim A(Su + ¢)*to/8 / |:(8x + )" 17O F/8 /
ul—c/é u 0

Furthermore, if

Dd_(x—y) dF(y)] dx =0. (2.11)

0 x+c/8
lim [(ax + c)—l—“”‘)/‘sf D_(x — y)dF(y)] dx = oo,
ul—c/s J, 0

then 1’Hopital’s rule yields

0
lim 2(8u + c)Fe/s / [(5x 4 ¢)TIm /o /
u 0

ul—c/

x+c/8
O_(x —y) dF(y)i| dx =0.

Hence, (2.11) always holds. Thus, letting 4 — —c/§ in (2.2) yields

0
lim ®_(u) = lim A(Su + c)*+9/8 / (6x + )T 1TOFO/B A () dx. (2.12)
ul—c/8 ul—c/8 u

Therefore, if (2.7) holds, by I’Hdpital’s rule and (2.12) we obtain (2.8). Furthermore, if (2.9)
holds, then (2.12) yields (2.10).

As we will see in Section 5, the boundary conditions given in Proposition 2.1 are necessary
when we solve the integro-differential equations or differential equations satisfied by ®_ (u) to
obtain explicit expressions for ®_ (u).

Now, by differentiating the integral equations (2.1) and (2.2), we obtain the integro-differen-
tial equations for @, (1) and ®_ (u) in the following theorem.

Theorem 2.2. When u > 0, we have

Ao

', (u) = .

)\‘ u
Dy (u) — Z[/o O (u—y)dF(y) + B(u)], (2.13)

and, when —c/8 < u < 0, we have

o = T%g * B dF A 2.14
“(u) = Sutc —(u) — m[/o —(u—y)dF(y) + (M)], (2.14)
where
u+c/é
B(u) =/ S — y)dF(y) + A(w). 2.15)

In addition, the boundary conditions for @ (u) and ®_ (u) are given by (2.6), Proposition 2.1,
and limy 00 ©4(u) = 0.

https://doi.org/10.1239/aap/1183667614 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1183667614

348 J. CAI

We remark that the equation (2.14) for ®_ (u) is independent of & (). However, ®_ (u) is
subject to the boundary condition (2.6) which is involved with ®_ (u). Furthermore, it is easy
to see from (2.6), (2.13), and (2.14) that & («) and ®_(u) satisfy

d>/+(0) =@’ (0-). (2.16)

3. The link between @, (z) and ®_(u) via a defective renewal equation
When o = 0, we derive a defective renewal equation for @ (#) in the following theorem.

Theorem 3.1. When o = 0, @ (u) satisfies the defective renewal equation
A [ 1 u
Q4 (u) = —/ B(t)dr + —/ Q. (u—y)dFe(y), u=0, (3.1
c Ju 1+6 J

where Fe(y) = foy F(x)dx/u, y = 0, is the equilibrium distribution function of F(x) and
0 = c/(Au) — 1 > 0 is the safety loading factor. In particular, for any u > 0 we have

D L(u) = 10;9 A z(u — x)dG(x), (3.2)
where L oo
z(x) = Z/ B(t)dt 3.3)
and
2. 0 1Y
_ (n)
Ge) _n;) 1 +9<1 +9> Fe™(x)

is a compound geometric distribution function. Here, Fe(n) is the n-fold convolution of F, with
itself.

Proof. Replacing u by ¢ in (2.13), integrating both sides of the equation from 0 to u with
respect to ¢, and performing integration by parts, for # > 0 we obtain

A u Al u o u
O, (u) = P4(0) — —/ B(t)dr + —/ Oy (u—y)dFe(y) + —/ D, (r)dr. (34
c Jo c Jo ¢ Jo
When o = 0, (3.4) is reduced to
AfH a [
i) = @4 (0) — > /0 B(t)di + =~ fo O (u — y)dFe(y). (3.5)

By the boundary condition lim,,_, oo 4 (#) = 0, the dominated convergence theorem, and
letting 4 — oo in (3.5), we obtain

)\’ o
@, (0) = —/ B(t)dz. 3.6)
¢ Jo
Thus, substituting (3.6) into (3.5) yields

A [ A [ A u
<I>+<u>=;[0 B(r)dr—;fo B(t)dt+7“f0 O (u — y) dFe(y),

which implies (3.1). Equation (3.1) is a defective renewal equation. Hence, by Theorem 2.1 of
Resnick (1992), we immediately obtain (3.2).

https://doi.org/10.1239/aap/1183667614 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1183667614

On the time value of absolute ruin with debit interest 349

Note that the expression (3.2) of @ (#) depends on B(u) which is a function of ®_ (u).
Once ®_(u) is obtained, the expression for @ (u) is given by (3.2). Furthermore, (3.1) allows
us to discuss the properties of @ (u#) based on those for defective renewal equations. As
applications of Theorem 3.1, in Section 4 we derive asymptotical formulae for the absolute ruin
probability when claims are heavy-tailed and light-tailed. To do so, we recall that the classical
ruin probability ¢ (1) is given by

o) = é/ Fo.(u —x)dG(x), u>0. (3.7)
0

4. Asymptotic results for heavy-tailed and light-tailed claims

A claim size distribution is said to be heavy-tailed if the moment generating function of the
distribution does not exist. We first recall some classes of heavy-tailed distributions that will
be used in this section. A distribution F is said to be subexponential, written F € 4§, if, for any
n > 2 1im,_ o F™(x)/F(x) = n, where F™ (x) = 1 — F"™(x). A distribution F is said to
be long-tailed, written F' € L, if, forany y > 0, lim,_, o F x—=y)/ F (x) = 1, or, equivalently,
for any y > 0, lim,_, 00 F(x 4+ y)/F(x) = 1. It is well known that 4 C £. Throughout this
paper, a(u) ~ b(u) means a(u)/b(u) — 1 asu — oo.

Lemma 4.1. Consider a defective renewal equation

Z(X)=U(X)+ﬂ/ Z(x —y)dF(y), x=0,
0

where 0 < B < 1, F(x) is a distribution function supported on [0, 00), and v(x) is a locally
bounded function defined on [0, 00). Assume that v(x) > 0 is right-continuous and decreasing
withlimy_ o v(x) =0. If F € 8, W € &, and sup,o{F (x)/W(x)} < 00, then

v(x)

1-8’

where W(x) = (v(0) —v(x))/v(0) =1— W(x)isa distribution function supported on [0, 00).

Z(x) ~

Proof. The proof is given in Theorem 3.1(i) of Yin and Zhao (2006), which is based on
Proposition 1.1 (c) of Cai and Tang (2004) and other results about heavy-tailed distributions in
the class 4.

Theorem 4.1. Let f(x) be the density function of the distribution function F(x) and r(x) =
f(x)/F(x) be the failure rate function. If r(x) — 0 as x — oo and F. € 4, then

1 -
V() ~ 2 Fe(w). 4.1

Proof. For w(x1,x2) = 1 and o = 0, we have ®_ (1) = ¥_(u) and A(u) = F(u + ¢/$).
Thus, by (2.15) we obtain

Bw _ [°
F(u)_ —c/8

w—r)  , Flutc/s)

F
V- Or@ == 5 = o

4.2)

Note that 0 < ¥_(r) < 1 and 0 < F(u —t)/F(u) < 1 for any —c/8 < t < 0. Obviously,
r(x) — 0 as x — oo implies that r(x) is bounded on [x¢, o0) for some constant xg > 0.
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Furthermore, as pointed out in the paragraph after Proposition 2 of Embrechts and Villasenor
(1988), r(x) — 0 as x — oo implies that F' € L. Also see Bingham er al. (1987, p. 12).
Thus, by the dominated convergence theorem and F € £, we know that the first
term in (4.2) goes to zero and the second term in (4.2) goes to one as u — oo. Hence,
lim,— o0 B(u)/F(u) = 1, which, together with 1’Hopital’s rule and (3.3), implies that
zw) Ap . Bw) Ap 1

lim — = lim — = = —. “4.3)
u—o0 Fo(u) ¢ u—> F(y) c 146

Therefore, the survival function H (x) defined by H(x) = z(x) /2(0) = 1 — H(x) satisfies

. H@) 1
lim — = ,
u—oo Fo(u) (1+4+6)z(0)

“4.4)

which means that the distribution H € & because F. € 4 and the class 4 is preserved under tail-
equivalence. Note that both H (x) and F,(x) are continuous on (0, oo) with H(0) = F.(0) = 1.
Thus, (4.4) implies that supx>0{F_I x)/ Fe(x)} < o0o. Finally, note that ¥4 (u) satisfies the
defective renewal equation (3._1). Thus, by Lemma 4.1 and (4.3), we obtain

1+6

Yy (u) ~ 5

z(u) ~ %Fm,

which yields (4.1).
Remark 4.1. For the classical ruin probability ¢ (u), if Fi € 4§ then

1 -
¢ u) ~ gFe(u). 4.5

Hence, Theorem 4.1 shows that for heavy-tailed claims, the absolute ruin probability and the
classical ruin probability are asymptomatically equal, namely

Vi (u) ~ @ (u). (4.6)

This result confirms that large or heavy-tailed claims are very dangerous in the sense that large
claims will cause ruin and absolute ruin with the same probability when the initial surplus is
sufficiently large. Furthermore, the result implies that if a heavy-tailed claim is large enough
to cause classical ruin then it is large enough to cause absolute ruin as well.

We note that there is one additional condition for (4.1) as compared with (4.5). The
additional condition of »(x) — 0 as x — 00 is not very restrictive. Many interesting heavy-
tailed distributions satisfy the conditions of Theorem 4.1 such as Pareto, Burr, and log-normal
distributions. More such distributions can be found in Embrechts et al. (1999). However, we
point out that the main restriction of the condition is that the distribution has to be continuous.

In addition, many sufficient conditions for F. € 4 are given in terms of r(x). For ex-
ample, Theorem 3 of Embrechts and Villasenor (1988) means that if lim,_, o 7(x) = 0 and
lim, 00 X2/ (x) = —o0, then Fe(x) € $. Hence, one corollary of Theorem 4.1 is that if
lim, oo 7(x) = 0 and lim,_, o x%7'(x) = —oo, then (4.6) holds. Many other sufficient
conditions for F, € 4 can be found in Embrechts et al. (1999).

Next, we consider the asymptotical behavior of the absolute ruin probability for light-tailed
claims. A claim size distribution is said to be light tailed if the moment generating function of
the distribution exists.
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Theorem 4.2. Assume that there exists a positive constant k such that fooo e“dF.(x) =146
and fooo e* F.(x) dx < 0o. Then we have

Yi(u) ~ Cop(u), .7)
for a constant C with0 < C < 1.

Proof. Under the conditions of Theorem 4.2, using the Lundberg—Cramér asymptotical
formula for the classical ruin probability, we obtain

Jo© e Fe(x) dx

e ¥, 4.8
Jo° xex* dFe(x) 48)

@) ~

Furthermore, we know that 1 (1) satisfies the defective renewal equation (3.1) and the function
z(x) in (3.3) for ¥4 (u) is reduced to

A 00 t+c/é _ c
z(x):;/ <f w(t—y)dF(y)+F(r+5))dz.
X t

It is easy to see from 0 < ¥_(u) < 1 that

0 M (e S Foy s+ B ) ar= () E 49
<Z(x)<;‘/); ( (t—i—g)— (t) + (t—l—g)) t—<m> o(x), 4.9

which implies that [;° e“*z(x)dx < oo since [~ e“*F.(x)dx < oco. Then, by Proposi-
tion 3.11.1 of Resnick (1992), we obtain

(140) [y e z(x)dx

e ¥, 4.10
Jo© xe* dFe(x) (4.10)

Yy (u) ~

Hence, (4.8) and (4.10) imply

(1+0) [y~ e z(x) dx
Jo e Fe(x) dx

Yy (u) ~ ¢ u),

which, together with (4.9), implies that there exists a constant

c_ (140) [y~ ez (x) dx
N fooo e<* Fo(x) dx

such that 0 < C < 1 and (4.7) holds.

It is well known that the positive constant « is unique provided it exists. However, there exist
distributions that satisfy fooo e“*dF.(x) < 1+ 0 for any « > 0. See, for example, Embrechts
et al. (1999, p. 33) for details. Theorems 4.1 and 4.2 show that the relationship between the
absolute ruin probability and the classical ruin probability for small claims are different from
that for large claims.
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5. Explicit results for exponential claims

In this section, we assume that F(y) = 1 — e Y/ y > 0, is an exponential distribution
function with mean . In this case, (2.14) is reduced to
A‘ u
A+ a)P_(u) — (Su+ )P () — AA(u) = = e 4/H / e/ d_(x)dx. (5.1
w —c/8

Differentiating (5.1) with respect to u and then rearranging, we obtain

1
(agu + b2)®” (u) + (aru + b)) P (u) + bo®_(u) = —?»<A’(M) + ;A(u)>, (5.2)

where

1) c o
a=68 br=c¢, aa=—, bj=—+8—A—a, byg=-——.
m n n

For « = 0, we can obtain the explicit expression for ®_(u) by solving the differential
equation (5.2) and then obtain the explicit expression for @ (1) using (3.2).

Theorem 5.1. Let o« = 0 and let F be an exponential distribution with mean . If the function
A(x) defined in (2.3) satisfies (2.7) then, for any —c/§ < u < 0, we obtain

0 x
d_(u) =Cy — / e—x/“<5x+c)—l+“f‘[cz+ / ey/”<8y+c)1—“5g(y>dy} dx, (5.3)
u 0

where the function g(u) is defined as

_ MpA ) + Aw)

) = 1(Su + o) oY
Also, the constants Cy and Cy are given by
C, = TMEPCC/D) 3Bl 0(—c/) + A=e/B)] (5.5)
MB2 + (¢ — AB1) P(—c/d)
¢, = M= (= ABDIQ(=c/8) + Al=c/8)] (5.6)

AB2 + (¢ — AB1) P(—c/8)
where
B = p(l — e /OW),

CA/S
B = M[_P(_C/g)ed(éu) + T]’
0 00
B3 =/ ex/“Q(X)dx—/ A(r)dr,
—c/8 0

0
P(u):/ e X (Sx + )0 qx,
u

0 X
o) =/ e /1 (5x +c)—1“/5(/ e (Sy + ) Mg (y) dy) dx. (5.7)
u 0
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Proof. When o =0, (5.2) is reduced to
7 (u) + f ()@ (u) = g(u), (5.8
where f(u) = (bu +c + u(@6 — A))/(u(Su + ¢)). The general solution to (5.8) is

o_(u) = Cy +/exp<—/f(u)du> <C2+/exp</ f(u)du)g(u)du) du

=C—CPu) — Qu), (5.9)
where C1 and C; are arbitrary constants. See, for example, Polyanin and Zaitsev (1995, p. 212).

Thus, by (2.15) and (5.9), we obtain

/0 B(t)dt = C1p1 — C252 — Bs. (5.10)

Furthermore, by (2.6) and (3.6), we obtain

)\’ o
d_(0-) = —/ B(1) dt, (5.11)
¢ Jo
which, together with (5.9), (5.10), P(0) = 0, and Q(0) = 0, implies that

A
Cr=—(Cih1 = C2f2 = B3). (5.12)

Moreover, if (2.7) holds, then (2.8) and (5.9) yield

i —-GP(-S)-o-5)=a(-¢ (5.13)
P s) ="\ 7s) '
Therefore, solving (5.12) and (5.13), we obtain (5.5) and (5.6).

We point out that if A(x) satisfies (2.9), then we can also obtain the explicit expression for
®_ (u) by replacing (5.13) by C; — Co P(—c/8) — Q(—c/§) = 0. We omit the expression for
®_ (u) in this case since most intersecting penalty functions satisfy (2.7).

Next, we illustrate the applications of Theorem 5.1 by giving explicit expressions for the
absolute ruin probability and the (defective) distribution function of the deficit at absolute ruin
when absolute ruin occurs in the following examples.

Example 5.1. (Absolute ruin probability.) When o« = 0 and w(x, x2) = 1, we obtain A(u) =
e U e=c/CW A(—c/8) =1, D_(u) = Y_(u), and &4 (u) = ¥4 (u). It is easy to verify that
the function defined in (5.4) satisfies g(u) = 0. Hence, the function defined in (5.7) satisfies
Q) = 0and B3 = —pue~</GM Thus, (5.5) and (5.6) give

b
C = , 5.14
L= OB X A0P(—c/5) (5.14)

-0
C = , 5.15
27T O A0 P(—c/8) (5.15)

which, together with (5.3), imply that the absolute ruin probability satisfies
0 —
1+ (0 e /(148 1+4/8 ¢

Y_(u) = 0G6/0) J, ( */e) a (5.16)

L+ (8/0) [ )5 eI+ bx fe)T1HA dx

for —c/§ < u <O.
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Equation (5.16) yields Equatior_l (3.12) 9f Dassios and Embrechts (1989). Furthermore, by
(2.15) and (5.11) and noting that F'(x) = Fe(x) = e /I for x > 0, we have

oo oo pt+c/é 1 oo
/ B(t)dt:/ f w_(r—y)—e*y/“dydm/ A(r) dt
X X t I’L X
— (/OO B(t)dt> e N /m
0
= 2y (0-)Fe(x)
)\' — &

for x > 0, which implies that the function defined in (3.3) satisfies z(x) = ¥_ (0—)Fe(x). Tt
follows from (5.16) that

20 [0 sx\ 1M N
Y_(0—) = (1 + _/ ex//t(l 4 _x) dx) .
C —c/8 C
Hence, for u > 0, (3.2) and (3.7) yield

1+6 (% -
Vi ) =w_(0—)% fo Folt — ) dG(x) = (1 + )Y (0—) (w). (5.17)

It is well known that when F is the exponential distribution, the classical ruin probability
¢ (u) is given by

1
P =117
Then, by (5.16) and (5.17), we obtain that the absolute ruin probability satisfies
_ exp(—(A8/c)u)

I+ (38/c) fi)c/(s exp(—x/mw)(1 + 8x/c)~1+4/8 dx

Yy (u)

for u > 0, which recovers Theorem 12 of Dassios and Embrechts (1989).

Example 5.2. (The deficit at absolute ruin.) Wheno = 0and w(x1, x2) = 1y, <y fory > ¢/8,
we obtain A(u) = e /1 (e /CH) — e/ A(=%) =1 —e/OW 7Y/ and

Q) =P(Us(Ty)| <y, Ts <00 | Us(0) =u) = G(y,u),

which is the (defective) distribution function of the deficit at absolute ruin when absolute ruin oc-
curs. Itiseasy to see that A () satisfies (2.7) and the function defined in (5.4) satisfies g(u) = 0.
Hence, the function defined in (5.7) satisfies Q(u) = O and B3 = —u(e =</ —e=Y/1) Thus,
(5.5) and (5.6) give

M3 — ec/Bm) g=y/1y

C = , (5.18)
MO+ A0 P(—c /)

—20(1 — e/ G g=y/1y

crd + A0 P(—c/8)

(5.19)

Notice that the function g(¥) = 0 in (5.3) and the constants in (5.14) and (5.15) are
proportional to those in (5.18) and (5.19) respectively, by the same factor 1 — e/ e=¥/1t,
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Thus, by (5.3), for —¢/6 < u < 0and y > ¢/§, we obtain
Gy, u) =Y () (1 — e/ /1)
L+ (A0/c) [2e /(1 4 8x /)~ 1+/% dx
1+ (10/c) ff’c/a e=x/i(1 + 8x /c)~ 144/ dx

(1 — e/ e=y/1y, (5.20)

Furthermore, by (2.15) and (5.11) and noting that
oo
/ A(t)dr = /Le—xm(e—c/(au) _ e_y/“)
X

and F(x) = F.(x) = e */* for x > 0, we have

oo oo pt4c/é 1 oo
/ B(t)dt:/ / cp_(r—y)—e*y/“dydwr/ A(r) dr
X X t lu’ X
= (/OO B(z)dt)e‘x/“ = SCIL(O—)I:"e(JC)
0 A

for x > 0, which implies that the function defined in (3.3) satisfies z(x) = O_(0—)Fo(x) =
G(y,0—)Fe(x) for y > ¢/6 and x > 0. It follows from (5.20) that, for y > ¢/$,

1 — et/Bm) g=y/1t

1+ e/ [0 1y €S H(L + 8x /) dx

Hence, foru > 0 and y > ¢/§, (3.2) and (3.7) yield

GO = G(r,0-) 7 / " Fou = 1) dG ()
0
— (14 6)G(y,0-)p(w)
(1 — /0w e=y/1y exp(—%u)

L+ (0/c) [0, )5 e /(1 + 8x /c) 14/ dx

Therefore, the conditional distribution function of the deficit at absolute ruin, given that
absolute ruin occurs, satisfies

G ’
PUUST)| < y | Ty < 00) = S0 _ (1 ee/0m) g3/
Yy (u)
foru > 0 and y > ¢/§. Thus, the expected deficit at absolute ruin, given that absolute ruin
occurs, satisfies

1 [
E(Us(Ts)| | Ts < 00) = —/ ye/OW eV gy = 1 + ¢ (5.21)
" Jess )

for u > 0. Equation (5.21) means that when the claim size distribution F is the exponential
distribution,
c
E(Us(T)I | Ts < 00) =E(UM[ | T < 00) + =, (5.22)

since E(QU(T)| | T < o0) = u in this case. However, we do not know if (5.22) holds for
general claim size distributions.
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Similarly, we can obtain explicit expressions for the distribution functions of the surplus
just before absolute ruin and the amount causing absolute ruin when absolute ruin occurs
by, respectively, setting w(x1, x2) = 1{x,<x}, for x > —c/8, and w(xy, x2) = 1{x,4x,<y}, for
y > 0,in Theorem 5.1. More results related to absolute ruin can also be obtained by considering
suitable penalty functions.

When o > 0, the general solutions to the second-order differential equation (5.2) are
available but more complicated. We illustrate the solutions to (5.2) by deriving explicit
expressions for the Laplace transform of the time to absolute ruin.

Example 5.3. (The Laplace transform of the time to absolute ruin.) When w(xy, x2) = 1, we
obtain A(u) = e “/He ¢/ A(—c/8) = 1, and ®(u) = E(e D 1{7;<o0}) is the Laplace
transform of the time to absolute ruin. Itis easy to see that A () satisfies (2.7). Thus, it follows
from (2.8) that

Iim ®_(u) = .
ul—c/s A+ o
Furthermore, it is easy to verify that A’(u) + (1/u) A(u) = 0. Thus, by the transforms ®_ (1) =
y(x)and x = (u + by/az)/(—az/a1) = —u(u + ¢/$), for —c/8 < u < 0, (5.2) is reduced to
a confluent hypergeometric equation

(5.23)

X+ G =x)y,—ay=0, x<0, (5.24)
where b ) . )
b=0212012=1— ® and a=2=_%
ay 6 ap )

The general solution to (5.24) is a linear combination of two independent solutions. Hence, by
Equations (13.1.15) and (13.1.18) of Abramowitz and Stegun (1972), we obtain

y(x) = c1e*U (b — a, b; —x) + ca(—x) " "Pe*M (1 — a,2 — b; —x), x <0,

where M (a, b; x) and U (a, b; x) are the confluent hypergeometric functions of the first and
second kinds respectively, and ¢ and c¢; are arbitrary constants. Thus,

O_(u) = y(—,u(u + g)) =c1hi1(u) + cohy(u), —c/§ <u <0, (5.25)
where

hi(u) = e Hlutc/d) U(b —a,b; ,u(u + g)),

1-b
ho(u) = (M(u + §>> g Hutc/d) M(l —a,2 —b; ,u(u + g))

By (2.13) and using arguments similar to those used for (5.2), we can show that ®4 (u)
satisfies the following second-order differential equation:

1
c®' (u) + (5 . a) O (1) — — Dy (u) = —k(B’(u) + —B(u)>, u>0. (526)
5 g g
When F is the exponential distribution, it is easy to verify from (2.15) that

B'(u) + lB(u) = A + lA(u) 0.
u 0
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Hence, (5.26) is reduced to

@'} (u) + p®’, (u) + g4 (u) =0, u>0, (5.27)
where
1 Ao o
p=—— and ¢ =——.
" c e

Because p”> — 4¢ > 0, the general solution to (5.27) is

p>—4q—p

u >0,
2

VP —4q +pu}
2 9

O (u) =d; exp{ u} +d2exp{—

where d; and d; are arbitrary constants. However, lim,_, o, ®4(x) = 0. Hence, d; must be
zero. Thus,

_p+VP? —4qu}
———up,

DL (u) =dy exp{ u>0. (5.28)

To specify the expressions of @ (1) and ®_(u), we need to determine the constants cy, ¢z,
and d». In doing so, by Equations (13.5.10) and (13.5.12) of Abramowitz and Stegun (1972),
we know that if b # 0 then lim, /s h1(u) = I'(1 — b)/'(1 — a), where I'(-) is the gamma
function. Thus, by (2.6), (2.16), (5.23), and lim, | /5 h2(—c/8) = 0, we obtain the following
three equations:

c1h1(0) + c2h2(0) = da,
d

1) (0) + c2hh (0) = _72@ +Vp? —4g),
r—>o &

“Ta-a) r+ta (5-29)
Solving the three equations we determine the required constants as follows:
o =—Td-a (5.30)
A+ )T (1 —b)
—AT'(1 — a)(h}(0) + ((p + v/ p* — 4q)/2)11(0))
= , (5.31)
(e + )T (1 = b)(h5(0) + ((p + v/ p* — 49)/2)h2(0))
& AL — a)(h1(0)h;(0) — hy(0)h2(0)) (5.32)

T Gt (1 — ) I50) + (p +v/P? — 40)/Dha(0))

Using

d d
—M(a,b;x):gM(a+l,b+1;x) and —U(a,b;x)=—-aU(a+1,b+1;x),
dx b dx
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we obtain explicit expressions for 41 (0), h/1 (0), h2(0), and h/2(0) as follows:
By (0) = eHe/? U<b —a.b; %) (5.33)

1(0) = —Me_’“/‘s[U<b —a,b: %) + —a)U(b —a+1,b+1: %)} (5.34)

1-b
1y (0) = (%) e”c/5M<l —a,2—b; %) (5.35)
1-b —1
1 (0) = M<E> e_‘“/6|:<(1 —b)(£> — 1>M<1 —a,2—b; E)
5 5 5
+1_aM<2—a,3—b; E)} (5.36)
2—b 5

Hence, if b # 0 then the explicit expressions for the Laplace transform of the time to
absolute ruin are given by (5.28) and (5.25) for u > 0 and —c/§ < u < 0, respectively, where
the constants c1, ¢, and d» are specified by (5.30)—(5.36).

Finally, we point out that if » = 0, then Equation (13.5.11) of Abramowitz and Stegun (1972)
yields limy | /s hi(u) = 1/I'(1 + a). The explicit expressions for the Laplace transforms
are still given by (5.28) and (5.25) foru > 0 and —c/§ < u < 0, respectively. However, the
constants cy, ¢z, and d» are specified by replacing (5.29) by ¢;/I'(1 +a) = A/(A + «) and
solving the corresponding three equations. We point out that the case of b =0 oré = A + «
is less important in practice since the interest force § is usually less than one while the Poisson
rate X is usually larger than one. Therefore, we omit the expressions for the constants cy, ¢z,
and d» in this case.

6. Conclusions

We assume that an insurer could borrow money at a debit interest rate when the insurer is
on deficit. With debit interest, absolute ruin may occur, namely, the surplus of the insurer is
no longer able to return to a positive level. It is interesting both in theory and in application to
consider absolute ruin questions and the effect of debit interest on the surplus of an insurer. As
shown in this paper, many absolute ruin questions can be studied in a unified approach by the
expected discounted penalty function. We expect that this approach can be employed to study
absolute ruin questions in other risk models. However, there are still some interesting questions
on this topic that cannot be dealt with by the expected discounted penalty function, such as the
joint distribution of the absolute ruin time and the classical ruin time, the distribution of the
total duration of the negative surplus until absolute ruin, and so on. We leave these issues for
further research.
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