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Abstract

In this paper we consider a multidimensional renewal risk model with regularly varying
claims. This model may be used to describe the surplus of an insurance company possessing
several lines of business where a large claim possibly puts multiple lines in a risky condition.
Conditional on the occurrence of ruin, we develop asymptotic approximations for the average
accumulated number of claims leading the process to a rare set, and the expected total amount
of shortfalls to this set in finite and infinite horizons. Furthermore, for the continuous time
case, asymptotic results regarding the total occupation time of the process in a rare set and
time-integrated amount of shortfalls to a rare set are obtained.

Keywords: multivariate regularly variation, heavy-tailed increments, hitting rare set, Lya-
punov inequality.

1 Introduction

Multidimensional risk model is a useful tool to portray the overall solvency of insurance companies
with multiple lines of business that may be affected by common shocks. A catastrophic event
usually causes severe losses and results in several types of casualty insurance claims. For instance,
flood causes claims of both automobiles and houses. In this case, multidimensional risk model
attempts to capture the financial position of companies that can be significantly affected by risk
events of such a grand scale.

To describe the tail dependence phenomena of large claims among different lines of business,
we assume that the claim size follows a multivariate regularly varying distribution. This class of
distributions is a popular choice to characterize dependence of extremal events. For instance, due
to the tail dependence, if the claim size of one business line is huge, then there is a substantial
probability that the claims of other lines are of comparable sizes. This phenomenon is often observed

when the claims in different directions are caused by some common catastrophic events.
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Let us start with a d-dimensional continuous time risk reserve vector process {U; }+>( represent-
ing the available reserve level of multiple business lines of an insurance company at time ¢. The
claim arrivals follow a renewal process {NV;}+>¢ with the interclaim times being a sequence of inde-
pendent and identically distributed (i.i.d.) random variables {V;}°; with a general not necessarily
exponential distribution, the generic random variable of which is denoted by V. The claim sizes,
{Y;}9°,, independent of the interclaim times are a sequence of i.i.d. R?-valued regularly varying
random vectors with index a denoted as RV («, pt), where p is the limiting measure of the distribu-
tion. A detail description of multivariate regularly varying distributions is provided in Section 2.1.
The insurer’s reserve process at time ¢ with initial reserve Ry € R? is given by

Ny
Uy=Ro+ct—» Y, t>0 (1)
=1

d

where ¢ € (0,00)% is a deterministic vector representing the premium rates. We further define the

associated claim surplus process
Ny
Wy=> Yi—ct, t>0. (2)
i=1

In this paper, we concern events associated with ruin that occurs only at claim arrival times. It
is sufficient to consider the reserve process at claim instances. Let us now consider a discrete time
d-dimensional risk reserve vector process { R, }5° ; and a claim surplus process at the arrival of the
n-th claim {S,}22, defined as

Rn = UV1+...+Vn7 STL = WV1+...+VTL7 n= 17 27 v (3)

Furthermore, the discrete processes adopt a random walk structure

n n
So=Y_Xi, Ry,=Roy—S,=Ro—>» Xi, n=12...,
=1 =1

where {X; =Y; — Vic:i=1,2,...} is a sequence of i.i.d. increments. Let X be the generic random
vector equal in distribution to X;. We further assume E(V") < oo for some r > «. Then, the
regular variation of Y, that is, Y € RV(a, u), implies that X € RV(«, p) (e.g. [28]). Therefore, S,
is a discrete-time d-dimensional random walk with multivariate regularly varying increments.

We are primarily interested in the conditional distribution of the claim surplus process S, given
the ruin event that S, falls into certain ruin set. This ruin set denoted by A can be written as the

union of finitely many half spaces of R?. Also, define the first passage time of S,, to the ruin set
T4 =inf{n >0:5, € A}. (4)
Similarly, for the continuous-time claim surplus process, we define stopping time as

Ea=1inf{t>0:W; € A}. (5)



We will later choose the ruin set A such that £4 coincides the claim arrivals, that is,
TA
A=) Vi (6)
i=1

implying that the visit of set A is caused by claims and thus {74 < oo} and {{4 < oo} are
equivalent.

Our interest focuses on the asymptotic regime for which A deviates from the origin in some
opposite direction where the random walk drifts. This corresponds to the situation that the initial
reserve of each line of business is large. More precisely, we multiply the set A by a rarity parameter
b. In practice, the parameter b should be determined by the initial reserve vector Ry. Then, the
ruin set is bA = {b-x : © € A} and ruin occurs if 7,4 < co. Our study focuses primarily on the
condition measure P(-|m,4 < 00) as b — oco. Regularity conditions will be imposed to ensure that
bA is a rare set. Indeed, in Section 2.2 conditions on the set A are presented excluding the cases
in which the probability of hitting a ruin set equals 1 (i.e. safety loading condition, see e.g. [1, p.3]
and also [20] for the high dimensional setting). These notions will be given precisely in Section 2.1
and Section 2.2.

Under the one-dimensional setting, the first passage time of random walk is a classic problem
in applied probability and it has been studied intensively in many areas such as queueing theory,
branching processes, and dam/storage processes. However, there are much fewer works on exact
results under the multidimensional setting in the context of risk theory. With a relatively simple
risk model (i.e. compound Poisson risk model), for example, [19] considers a common shock model
for a multidimensional risk process. Also, [3] studies a two-dimensional risk model where two lines
of business are connected in terms of a quota share reinsurance treaty and additionally one of them
has its own aggregate claim process, which is a generalization of [2]. Within the risk theory context,
other studies concerning multidimensional problems are also given by [10, 8, 9, 29, 22, 2, 15, 27, 14].
Whereas most of these studies deal with the problems in two-dimensional compound Poisson model,
the current work makes a generalization to the model with higher dimensions and more general
claim arrival processes for heavy-tailed claim size distributions.

Furthermore, as discussed in Chapter XIIL.9 of [1], asymptotic results related to multidimen-
sional ruin problem are to be found in other research areas. For example, [11, 12] investigate the
asymptotic properties of the hitting probability of a rare set in a multidimensional random walk
with light-tailed increments that involves an extension to the ruin problem studied in [13]. A re-
lated work in a multidimensional Lévy process is given by [16]. Also, [21] provides the asymptotic
behavior of multivariate regularly varying random walks. We refer to [6] for the efficient com-
putation, and to [7] for the asymptotic description of the conditional measure. Also, [20] deals
with the heavy-tailed insurance portfolios of several lines of business with possible benefits from

diversification effects between businesses.



In this paper, we seek to derive asymptotic results about conditional expectations given 1,4 < 0o
of two risk quantities for both finite and infinite intervals. The first one is the expected accumulated
number of claims leading the random walk S, to a rare set that could be different from the ruin
set bA. The other quantity is the expectation of the total amount of shortfall of S,, to a rare set.
Note that when quantities of our interest are defined in the discrete time case, the number of claim
arrivals asymptotically plays the same role as time in the continuous case as the events {IN; > n}
and {Vj +---+V,, <t} coincide. In view of this discussion, for the continuous-time claim surplus
process (2), we retrieve the asymptotic results for the expectations of the total occupation time of
W, staying in the rare set and the time-integrated amount of shortfalls to the rare set by utilizing
the results in the discrete time case. The precise definitions of these quantities will be provided in
the subsequent section. In the literature, similar quantities are considered in the one-dimensional
risk model. For example [23, 5] study the expected time-integrated negative part of the process
under the conditional measure given ruin in continuous time one-dimensional random walks; see
also [18] considering the risk reserve process after the surplus is negative until bankruptcy occurs.
For discrete-time compound Poisson processes, moments of the time to recovery up to non-ruin
level zero was exploited in [17].

The contribution of this paper is two-fold. First, we generalize the one-dimensional results to the
multivariate regularly varying random walks. The current setup provides a natural mechanism for
incorporating the extremal dependence among the claims under the heavy-tailed setting. Second,
the risk quantities are of more general forms and thus it requires different techniques than those in
the literature to analyze them. Concerning the rare set that is used to define the risk quantities, it
is assumed to be possibly different from the ruin set bA. This setting provides more flexibility of
implementing the risk quantities under different frameworks of regulatory jurisdiction or internal
rules. For example, some changes on the definition of the rare set may be necessary corresponding
to the imposition of strong regulatory constraints. This is discussed further in Section 2.1. Under
such a setting, the usual exercise of Fubini’s theorem is not applicable. Hence we apply a total
variation approximation result for the conditional measure P(-|m,4 < 00) (c.f. [7]) together with
a uniform integrability analysis. For the latter analysis, we employ the technique of Lyapunov
inequality to control the tail of the risk quantities under the conditional measure and to ensure the
uniform integrability.

The paper is structured as follows. In Section 2.1, we provide the problem setting and in
Section 2.2 we give the asymptotic results of risk quantities aforementioned in both discrete time
and continuous time cases. The main results given in Theorem 1 and Theorem 2 are proved in

Section 3 and Section 4 respectively.



2 Main results
2.1 Problem setting

We consider the processes Uy, Wy, Ry, and S, defined as in Section 1. Most of the analysis concerns
the discrete time process S,,. To facilitate the discussion, we introduce additional notation s = 0

that is the starting value of S,
n
Sn=s+ Xi,
i=1

where X7, ..., X,, are i.i.d. increments. Let X =Y — V¢ be the generic random vector identically
distributed with X; and it follows a multivariate regularly varying distribution denoted as X €
RV(a, p). That is, there exists a sequence {a, : n > 1}, 0 < a, 1T oo, and a non-null Radon
measure p on the compactified and punctured space ﬁd\{()} with p(@d\Rd) = 0 such that, as
n — o0

nP(a,' X € ) = (), (7)

where “5” refers to vague convergence. It can be shown that as b — oo,

P(Xeb) v

x>0 Ap(:) (8)

for some ¢ > 0 ([21], Remark 1.1). To simplify notation, a, is chosen such that nP(|X| > a,) — 1
and with this choice of a,, we have A = 1. The random vector X has a very small probability
of jumping into a set B if u(B) = 0. If B includes an appropriate neighborhood containing the
origin, then we can obtain that x (B) = co. Under such a setting, | X| is a regularly varying random
variable satisfying P (|.X| > b) = b~“L (b) for some o > 0, where L(x) is a slowly varying function,
that is, L(tb)/L (b) — 1 as b — oo for each ¢t > 0. Then, we say that u () has a (regularly varying)
index a. See [28] for further descriptions of multivariate regular variation. We remark that if
Y € RV(a, 1) and E(Vote) < oo for some € > 0 then X € RV(a, u). Let

ne EX (9)

be the mean vector. Throughout this paper we shall use the notation P; () for the probability
measure on the path space of the process S = (S, : n > 0) given that Sy = s.

To describe the ruin set, consider vy, ..., vy € R% and ay, ..., am € RT. Then define the set A as
m
A=Utiy oy > g} = {y: mlax(y ' v; — aj) > 0}, (10)
which is the union of m half spaces whose boundaries are hyperplanes. We further introduce

bA ={y: mrgf(yij — a;b) > 0},
]:



and the accumulated number of claims to enter this set for the first time is denoted as T4 =
inf{n >0:S, € bA} and its continuous analogue is &4 = inf{t > 0: W, € bA}.

In the context of risk theory, the set A can be interpreted as the ruin set for an insurance
company holding multiple lines that may be subject to common shocks. We now illustrate two
situations for d = 2.

Situation 1. Consider a company with two business or product lines. A prefixed portion of the
reserve of each line can be used to cover the claim surplus of the other line in case one is insolvent
(e.g. in a situation that the reserve falls below certain level such as zero). Hence, ruin event for such
a company is declared when support from the solvent line is not sufficient to cover the deficit of
the insolvent line. Let y; for i = 1,2 refer as the claim surplus level of the i-th business or product
line. Their initial reserves are denoted by R and Rp2. For the i-th business line, let p; € [0, 1]
be the proportion of reserve that can be used to cover the severity of the other line. The resulting

claim surpluses are monitored at each claim instance whether they are in the ruin set such as

{(wi,92) : Rop — y1 + p2(Ro2 — y2) <0} U{(y1,42) : p1(Ro1 — y1) + Ro2 — y2 < 0}.

This ruin set is in the form of A in (10). Certainly both business lines become insolvent if y; > Rg ;
and y2 > Ry 2.

Situation 2. Let us assume that m subsidiaries share two products partially. Each subsidiary
has an initial reserve Rg; for j = 1,...,m. Let y; be the claim surplus of the i-th product line
for i = 1,2 that is proportionally retained by the j-th subsidiary as p;;y; where p;; € [0,1] and

Z;ﬂ:l pi; = 1. In this case, ruin occurs if one of the m subsidiaries is insolvent, that is

{(y1,92) : pjy1 + p2jy2 > Roj, for some j},

which is also in the form of A in (10). Further discussions of the modeling of the ruin set A and
related topics may be found in [20].

Throughout this paper we consider the conditional expectations given ruin. The following risk
quantities are studied. The first one is the accumulated number of claims leading the random walk
Sy, to a set bC' from the ruin until 7'(b) claims as prescribed, that is,

T(b)

y(b) = > I(Sk €bC). (11)

k=Tpa

We write T'(b) to emphasize that it possibly depends on b. It is also possible that T'(b) = co. We

are interested in studying asymptotic approximations for its conditional expectation

A(b) = Ely(b)|mpa <T(b)]. (12)



The second risk quantity is the amount of shortfall of the random walk S, in bC' during the interval
[To.4, T(b)],

T(b)
B(b) = Z inf{||z|[1 : Sk + = ¢ bC'}, (13)
k:TbA
where || - ||1 denotes the Li-distance. Its conditional expectation given ruin is denoted by
T(b) = E[B(b)ma < T(0)]. (14)

The expectation Y (b) can be viewed as the expected amount of reserve one needs to add to the
current business in order to be recovered from the financial distress situation defined by set bC.

The continuous analogues of (11) and (13) are respectively given by

uT'(b) vT'(b)
¢(b) = /g I(W; € bC)dt, 0(b) = / inf{||z||; : Wy + = ¢ bC'}dt (15)

bA Eba

where v = E(V). They are interpreted as the total occupation time of W; staying in a rare set,
and time-integrated amount of shortfalls to a rare set during the interval [£,4,vT'(b)]. The analysis
of these quantities are motivated by [23, 5] who have studied the expected value of the total time
below 0, and the expected value of the time-integrated negative part of the risk process for a fixed
time T under one-dimensional risk model in continuous time. They are defined respectively as
fOT I(U; < 0)dt and fOT |U|I(Uy < 0)dt which are of interest in connection with the risk measures
with a finite time horizon in a insurance regulation.

We would like to provide some comments on the rare set bC. If C' = A, then (12) and (14)
are of interest as generalizations of [23, 5] in discrete model, and by means of Fubini’s theorem the
asymptotic results for (12) and (14) can be derived. If C' # A, then the situation is more complicated
and alternative techniques are necessary. Due to managerial or regulatory purpose, (12) and (14)
may be analyzed with a judicious choice of the rare set bC' which is possibly different from the ruin
set bA. Very often, we make A be a strict subset of C' to make sure that the business is prudently
managed after its operation faced financial difficulty (i.e. the surplus level hit certain ruin set A).
For instance, in Situation 1, we may choose C' = {(y1,y2) : yi > Ro,; for i = 1,2}, that is, the reserve
of each business line recovers to the positive level without the aid from the other one. Furthermore,
we may consider more strict regulations such as C = {(y1,y2) : yi > (1 — 6)Ry,; for i = 1,2}, that
is, d fraction of the initial reserve must hold as reserve which is set by rule. Our asymptotic results
for (12) and (14) as well as expectations of (15) derived in the following sections are applicable to

these more generalized settings.

2.2 The main theorems

To obtain the asymptotic approximations, we need to impose the following technical assumptions.



Assumption 1 The increment X follows a continuous multivariate regularly varying distribution

with tail index o and the drift n = —1, where 1 = (1, ..., 1)T € R4,
Assumption 2 For each j, nTv; = —1 and p({y : y v;}) > 0 for all j.

Assumption 3 The time 7'(b) admits the asymptotic behavior that

lim T®) =T" € (0,00].

b—oo b

Assumption 4 The set bC' grows linearly with b, where C' is a union of half spaces
C={y: Iﬁxfc(yTv; —aj;) >0} such that a} > 0, v} € RY, and nTv; <0,
and p({y : yTvg-}) > 0 for all j.

In Assumptions 1 and 2, we constrain that n = —1 and 77ij = —1. These two constraints
are imposed simply for technical and notational convenience. Indeed, for any nonzero drift n’, we
can always find a non-degenerate matrix M such that M7’ = —1. This implies that an affine
transformation of the space does not alter the problem and thus Assumption 1 does not impose
any essential restriction on the drift function. Furthermore, suppose that nTﬁj = ¢; < 0 and the
corresponding boundary of A is y'9; > @;. Then we can always rescale the vector v; = 9;/|c;]
and a; = @;/|cj| so that n'v; = —1. Nonetheless, it is important that n'v; < 0, otherwise, the
random walk hits the ruin set bA with probability one no matter how large b is. In addition,
p({y : y"v;}) > 0 is a condition to rule out the degenerated cases.

The statements of the theorems need the following construction. For each z > 0, let Y (z) be a

random vector with distribution
,u,(B N{y: max}”zl[yij —aj] > z})

lt({yrrnaXZLﬂyij‘*aﬂ > z})

P(Y(2) € B) = ) (16)
where y is the limiting measure defined as in (7). The random vector Y (z) asymptotically follows
the conditional distribution P(b~1X € - | max] [X Twj —a;b] > zb). According to the “one-big-
jump” principle, the random walk reaches the target set bA due to one big jump, while the rest
of the increment largely follow their original behavior. Suppose that S, reaches set bA at step
Tp4 = zb+ 1. Then, on the scale described by the Law of Large Numbers, random walk S, follows

approximately the fluid path before hitting the set bA, that is,
Sp=nn for n<ma.
Thus, X, , follows approximately the conditional distribution

P(X € | max[X v — a;b] > 7y4).
j:



Therefore, if z = 7,4/b then Y (z) approximates the increment at the instance of ruin (scaled down
by a factor b). In addition, asymptotic distribution of 7,4 is given as follows. By the result of the

regularly variation, we can define for any aq, ..., am > 0

i P(max, [X To; — a;b] > 0)
b0 P (| X|>0)

= Kk(a1, ..., Q). (17)

Recall the definition of the limit measure p, it is straightforward to verify that
K(at, ..., am) = u({y : lglzﬁf(yij —aj) > 0})-
To simplify the notation we write
Ka(t) = k(ay +t,...,am + 1), (18)

where a = (ay, ..., a;m). Let Z be a positive random variable following the distribution

P(Z>t):exp{— 0 %ds}, t>0, (19)

where 4 (+) is as defined in (18). The random variable Z approximates 7,4 in the sense that

ThA
— =7
b

as b — oo where “=" denotes weak convergence. Based on these constructions, we present two
theorems containing the asymptotic results for the risk quantities defined in (12) and (14). In turn,
we obtain asymptotic results for the expectations of (15) as well. Our main results are presented

as follows.

Theorem 1 Under the Assumptions 1-4, for z < T*, we define function
T*—z
sy(z,2) = / I(x +tn € C)dt. (20)
0

If the tail index oo > 2, then (12) is asymptotically approximated as

lim 20) _ Els,(Y(Z) +nZ,2)|Z < T*,

b—oo b

where the the conditional distribution of Y (Z) given Z = z is provided in (16), and the distribution
of Z is given in (19).

Continuing the previous discussion, under the conditional measure P(:|7,4 < o0), the first

passage time and the overshoot follow the asymptotic distribution that

<TbbA ngA) = (2,Y(2)). (21)

9



Furthermore, for each x ¢ C, the ray {x + nt : ¢ > 0}, which is the path of the random walk on
the fluid scale described by the Law of Large Numbers, does not intersect the rare set C'. Thus,
sy(x,2) =0 for all z ¢ C. We scale the space and time by b~!. For z € C corresponding to the first
landing position of the random walk in the rare set at time z, the function s,(z, z) measures the
amount of time during which the ray {z + nt : ¢ > 0} stays in the rare set prior to T*. Therefore,
the random variable s,(Y (Z) + nZ, Z) is the asymptotic total number of claim arrivals while the

random walk is in the set bC'.
Theorem 2 Under the Assumptions 1-4, we define function
T*—2z
s, 2) = / inf{lyl : 2 +tn+y & Cdt.
0

If the tail index o > 3, then (14) is asymptotically obtained as

T
blgrolo b2

— Elss(Y(2) + 12, 2)|Z < T").

Note that the function sz has a similar interpretation corresponding to 3(b) as that of s,

corresponding to y(b).

Remark 1 For the case T* = oo, the asymptotic results for the conditional expectations of ~y(b)
and (b) for 4 < oo are also obtained as special cases of the above theorems. We basically
replace T™ in the definitions of s, and sg by infinity, that is, s, = fooo I(x + tn € C)dt and
sg = Jo inf{|lyll1: x +tn+y ¢ Cdt. Then one finds

lim Bly(b)/Hma < o] = Blsy(Y(2) + 17, 2)]

and

Tim E[8(0)/t 74 < o] = Elss(Y(2) + 17, 7))

As a corollary of the above two theorems, the corresponding results for the continuous-time risk
quantities given in (15) are presented in the following.
Corollary 1 Let v = E(V). Under the Assumptions 1-4, if a > 2, then

E[C(b)I&pa/v < T(b)]

b—o0 vb

= E[s,(Y(Z) +1Z,72)],

and if a > 3, then
E[0(b)|€a/v < T(b)]

b—oo vb2

— Elss(Y(2) + 12, 2)).

10



The proof of the above corollary is completely analogous to those of Theorems 1 and 2. There-
fore, we omit the details and only provide an intuitive argument. According to identity (6), T4
and &, 4 are respectively the total number of claims and the time at which S,, and W; enter set bA
for the first time. By the law of large numbers, it yields that {4 /7,4 — v as b — oo. Then, the
conditional measures admit the approximation P(-|mp,4 < T'(b)) =~ P(:|{pa/v < T'(b)). Furthermore,
note that v(b) is the total number of claims from 7,4 to T'(b), and ((b) is the total amount of
time from &,4 to vT'(b). On average, one claim arrives in very v amount of time. Therefore, we
establish the connection vy(b) ~ ((b) and similarly v/3(b) ~ 6(b). To obtain the corollary based on
the theorems given previously, we basically replace 7,4 by v&,4 and scale up the approximations

by the factor v. All the above heuristic arguments can be made rigorous.

3 Proof of Theorem 1
To begin, define a localization set for a large A (which is specified later)
Ly(b) = ﬁ;-”zll{y : yTv; < Abajj},

where v;’s are the vectors defining set C. Using L) (b), we decompose the conditional expectation

of (11) into a sum of two terms, namely
E[y(b)lmea <T(0)] = E[y(b); Sr,s € La(b)|Toa < T(0)] + E[y(b); Sr, 0 € LE(0) |4 <T(b)].  (22)
The first term on the right-hand side of (22) equals
E[(0); Snu € La()[oa < T(0)] = E[Es,, , [v(b)]; Sns € LA(D) T4 < T(0)],

where E,(-) is the conditional expectation given that Sy = s. The following lemma provides a
bound of E4[y(b)] for s € Ly(b).

Lemma 1 For each X, there exists a ko such that
E[y(b)] < koAb
for all s € Ly(b).

Proof of Lemma 1. For each s € Ly(b), using Fubini’s theorem results in

PS(Sk S bC),

NE

Es[y(b)] < Ei [iI(Sk € bC)] <
k=1

e
Il

1

where

k
{S €ebC} = Ug”zll{s—rvg + ZXZTU; > ba;»}.
=1

11



In addition, for each j, note that Xi—r v} for ¢ = 1,2, ... are i.i.d. univariate random variables with

expectation EX,L»T 1);» < 0, and hence we can obtain two-sided bounds for Py(Sy € bC) as

k
max P, (STU;- + ZXZ-Tv; > ba;) < Ps(Sk € bC)

ji=1,....m/ ‘
J =1

m/ k k

T T
g P (sTv; + E XZ»Tv;» > ba;) < max m x P; (s v;- + g X; v} > ba;-).
j=1 i=1 i=1

j=1,....m/

IN

Let j be the maximizer of the right-hand side of the above display. Since X;’s are multivariate
regularly varying random vectors and ;(C) > 0, according to the classic result of [4], X" vi's are
all regularly varying random vectors. Define
—& = min B(X, v}) <0,
J

which leads to the representation

k k
P <5Tv§» + ZXZTU;‘ > ba;) = PS<Z(XZ-TU§- + o) > ba); + kdo — STU;-),
i=1 =1

and recall that sTv} < Abaj for each s € L(b). Then, for k > 255 ' \bmax; a’;, we have
bal; + ko — s vj > ko /3.

By the standard large deviations results of regularly varying random variables (e.g. [24, 25, 26]), it
follows that

k
Py <3Tv;- + ZXZTU} > baé-) ~ Kk x P(X "0} + 8y > b + kdp — s ")) < k x P(X "0} + 6o > kdo/3).
i=1
Then, there exists a k1 such that
m/
Py(Sk €bC) < D EP(X} > kdo/3)
j=1

< wkiL(k)k—ot!

for all k > 26, ' A\bmax; a’;. Therefore,

D P(SpebC) < 205 bmaxa)+ > k1 L(k)k— ot
k=1 ! k:260_1>\b max; a;.—l-l

< KoAb,

and the result follows. m
The following proposition, given by Theorem 2 in [7], provides a useful weak convergence result

for our analysis.

12



Proposition 1 Under the conditions of Theorem 1, we have that the following weak convergence

result conditional on T4 < 00,

(TbA XT[,A S’TbA

D b b >:>(Z,Y(Z),Y(Z)—|—77Z) as b — 0o

in R x R x RY. The distributions for Y and Z are given in (16) and (19) respectively.

Note that the conditional expectation Es[y(b)/b] is bounded for all s € Ly (b) from Lemma 1, and the
weak convergence result suggests that there exists 9 > 0 such that P(m,4 < T'(b)|mp4 < 00) > €p.

Thus, an approximation of E[y(b); Sy, € Lx(b)|ma < T'(b)] can be obtained

Ely(b)/b;Sr,, € LA(b)|1o4 < T(D)]
= E[SW(Y(Z) Y02, Z); bY(Z)+nZ € Ly(b)|Z < T*

as b — oo. The above convergence is founded by replacing the random walk S;, , 1 by its fluid limit
Srya+k ~ Sr,4 + kn and using the approximation result S, , /b = Y (Z) + nZ. Then by monotone

convergence theorem, the right-hand side of the above limit tends to
E[SW(Y(Z) Y02, Z) ; bY(Z) +nZ € Ly(b)|Z < T*] — Bls,(Y(Z) +12,2)|Z <T*  (23)

as A — 00.
Now it remains to show that the second term of (22) is ignorable for large A. To do this, let us
first denote
Tre = inf{k > 0: S, € L§(b)},

which represents the number of claims leading the random walk S, to the complement set of L) (b)

for first time. Then, one finds

Ely(b); Sr,, € L5(0); o4 <T()] < E[y(b); 7re < 154 < T(D)]
T(b)
E[ 3" 1(Sk € bC) i1 < T (D). (24)

k‘ZTLc

IN

The following lemma facilitates to establish a bound for (24) and its proof can be found in [6].
Lemma 2 Suppose that there exists a nonnegative function gy(s) such that for s ¢ B,
Elgs(s + X)] < gu(s), (25)
and for s € B, gy(s) > €l(s). Then, for s ¢ B,
Bll(S5)S0 = 5] < ™ i (s),
where Tp = inf{k : Sy, € B}.

13



kamax;(sTv'; — ba'})
bﬂa’z 3 et

F g
ba 2 5

ba’l bﬂa“’l

Figure 1: Illustration of a Lyapunov function for two-dimensional random walk

We refer the inequality in (25) as the Lyapunov inequality and g,(s) as a Lyapunov function
that provide a means to develop an upper bound for (24). The rest of the proof is dedicated to the
establishment of the Lyapunov inequality by constructing an appropriate Lyapunov function with

T
B ~ L5 (b) and U(s) = E[Y1 ") I(S), € bO)[Sr,. = s].

To construct a Lyapunov function, let us define the integrated tail

= / P(X ") > t)dt, (26)

and

/

ho(s) = > (kbA 4 bAa; — sT v})Gj(bAa; — s v])
1

3

<.
Il

for some x > 0 (to be determined later). Lastly, we construct a candidate of Lyapunov function as

( ) . min(thb( ) m Hb)\) if s € L)\(b)
gois) = max (k3 max; (s’ v —baj), m'kbA) if s € L§(b)

For the two-dimensional case, in Figure 1 the above Lyapunov function and the level sets are
illustrated and gy (s) takes the value of m’kb\ along the solid line. In addition, the following lemma

presents the boundary condition of gp(s).

Lemma 3 By choosing k and k3 large, we have that

T(b)
a(s) = By 3 1(Sk € bC) 170 < T(0)

kZTLc

for s such that gy(s) > m'kbA.
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Proof of Lemma 3. The proof is completely analogous to that of Lemma 1 with an application
of the Fubini’s Theorem and therefore is omitted. =

In what follows, we will show that gy(s) satisfies the Lyapunov inequality so that g,(0) is an
upper bound of (24). That is, we need to verify

gp(8) > Elgp(s + X)] for gp(s) < m'kbA. (27)
The right-hand side of (27) may be re-expressed as

Elgy(s + X)]
=FEgp(s+X); X ¢ Co(s)]+ Elgp(s+ X); X € Cq(s)]
=J1+ Jo,

where

Co(s) = Ugnzll{y : yTv;- > a(bAa’; — STU;-)} for some a € (0,1).

In the following, let us study .J; and Jo respectively. Consider an s such that g,(s) < m/kbA,
which implies that s reasonably far away from the set L (b). In particular, we can choose ko large

such that there exists a by satisfying
bAa; — STU;- > by (28)

for all gy(s) < m’kbA. First, an upper bound of J; can be obtained in a straightforward manner as
follows. Note that for some x4 and ¢ > 0 (independent of A, and the choices of ¢ depends on the

tail index),

Jo = Elgp(s + X)|X € Cy(s)] P[X € Co(9)]
< K4 [m'l-@b)\ + Z Cr3(bAaj — sTvé-)wj] P[X € Cu(s)], (29)
j=1

where
P(XTU; > a(bAa); — sTvé))
S P(X TV = a(bha) — sTo))|

Regarding Ji, using Rolle’s representation it may be rewritten as

wj

J1=Elgy(s + X); X ¢ Cu(s)]
= g5(s) + E[X " 9gy(s + 0X); X ¢ Ca(s)], (30)

where g is the gradient and 6 € (0,1) may depend on X. We now take a closer look at the gradient
when gp(s) < m’kbA, and then we get

Agp(s) = ka2 Z [—Gj(b)\a;- — sT0}) + (KAb+ bAd; — s TV} P(X T} > bAd); — STU;-)] vl
j=1

15



As a consequence of the regularly variation (« being the regularly varying tail index), it follows

that

li Gj (.7)) 1
im = .
z=oo g P(XTv) >x)  a—1

We choose ry sufficiently large (independent of b) such that min;(bAa; — STU;) is large on the set

gp(s) < m'kAb, so that

m
Agp(s Z [/{)\bP v > baj — sTvé-) + {a—2+0(1)}G(bAa} — sTvg») vl
where the o(1) is with respect to min;(bAaj — stk %) — 0o. According to regularly variation, for

each j and = € Cy(s), there exists a k5 > 0 such that

P(XTv; > bhaj — (s + :c)Tv;) < rsP(XT vi > bAal; — sTv;)

By means of the dominated convergence theorem, for a small positive constant ¢y > 0 and suffi-

ciently large min;(bAaj — st %), the second term on the right-hand side of (30) is bounded by

E[XT0gy(s +0X); X ¢ Ca(s)]

/

< —dp(k2 — €0) Z KbAP (X v > bAa’; — s )+ {a =24 0(1)}Gj(bAa); — sTv;-) ,
j=1
where —&p = min; B(X Tv ) < 0, which can be achieved by choosing ko sufficiently large. Compar-
ing the right-hand side of the above bound and Js in (29), we can always find ko large enough with
sufficiently small gq, so that

m/

K9 — €0 Z [/{b)\P ’U > b)\a — s ) +{a—2+0(1 )}Gj(b)\a;- — STU;-)]

Jj=1

!

> Ky [m'/{b)\ + Z Crz(bAaj — sTv;)wj P[X € Cy(s)]-
j=1

But P[X € Cy(s)] < kg Z;nz/l P(XTU; > bAaj — sTvg-), one finds
E[XT0gy(s+60X); X ¢ Cu(s)] + Jo < 0,
and in turn, from (30)
J1+ J2 < gp(s).

Thus, the Lyapunov inequality is well established. Then applying Lemma 2 when B = {s: gy(s) >

m’kbA} together with the boundary condition in Lemma 3 results in

T(b)
B[ 3 1(Sk € bC)imie < T(b)] < g0(0) < O(1)k2L(A)(AB) .

kZTLc
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According to the asymptotic results in [21], it gives P(my4 < 00) ~ kL(b)b~**L. Furthermore, in
light of Proposition 1, it implies that P(m,4 < T'(b)|mp4 < 00) > €g. Hence, one finds

E| S ) I(Sy € bO); e < T(D)
P(rpa < T (b))

= O(1)ka A2, (31)

Note that the above bound becomes o(b) as A tends to be infinity. Combining with the results in
(23) concludes the proof.

4 Proof of Theorem 2

In a manner which is similar to that in the proof of Theorem 1, with the same set Ly (b) defined in

the previous section, one has the decomposition
E[B(0) 74 < T(D)] = EB(0); Sns € La()ma < T(0)] + E[B0); Snyy € LS B)l7oa < TO))-  (32)
The first term on the right-hand side of (32) can be re-expressed as
E[B(b); Sr,4 € LA(b)|Toa < T(b)] = E[Es,, , (B(0)); S, € La(b)[764 < T(D)].
The following lemma shows that E,[3(b)/b%] is a bounded function for all s € Ly (b).
Lemma 4 For each A, there exists a kg such that
E[B()] < roA%b?,
for all s € Ly(b).

Proof of Lemma 4. According to the Fubini’s theorem, we have that for all s € Ly (b),

T(b)

E8®)] = B Y it{lle]i: Sk +a ¢ bC}|

k=1

IN

iES [inf{uxul Syt d bC}}.
k=1

Once again, we split the above summation

20y 1pA max a;.

S E, [inf{||x|]1 Syt ¢ bC}] < Y & [inf{Hle LSkt ¢ bC}}
k=1 k=1

+ 3 Es[mf{umlll Skt ¢b0}](33)
k:25alb)\ maxaé-—&—l

17



For some 1 > 0, the first term is bounded by

264 1pA max a;-

3 Es[inf{uxnl L Sp+x ¢ bO}Y| < miA2B2
k=1

For k > 255 'bA max a’,
ES[SIIUQ] < STU;- — kdp < —kdp/3.

Also an estimate of the second term of (33) can be easily obtained by virtue of the fact that X}’s
are i.i.d. multivariate regularly varying random vectors. In particular, there exists a k1 > 0 such

that

o0
3 E, [mf{uxul LSyt x ¢ bCY| < mpbot
k:260_1b)\maxa;+1

Thus, the conclusion of Lemma 4 holds for a > 3. =

Applying the weak convergence result in Proposition 1 together with the above lemma yields
E[B(b)/b?; Srys € La(b)|Toa < T(b)] — Els5(Y(Z) +1Z,2);Y(Z) +nZ € b= 'Ly(b)|Z < T*],
and in turn, the right-hand side of asymptotic relation converges to
Elsg(Y(Z)+nZ,2)|Z <T*] as X\ — oo.

So, it suffices to show that the second term on the right-hand side of (32) is negligible when
sufficiently large A is chosen. First observe that
E[B(b); Sryy € L(b); TLe < Tpa <T(0)]

P(mpa < T'(1))

where 77 = inf{k : S, € L§(b)}. The numerator on the right-hand side of the above equation is

E[B(b); S, € LX(b)[Toa < T(b)] =

T(b)
E[B(b); Sr,, € L5(b);Tre < mpa < T'(b)] < E[ Z inf{||z||1 : Sk + 2z ¢ bC}; 7L <T(b)].

]{?ZTLC
Similar to the previous proof, we will apply Lemma 2 by constructing an appropriate Lyapunov
function. For notational convenience, we still use gp(s) to denote the Lyapunov function but with

a different definition. Let us redefine

m/

ho(s) = (kDA +bAd; — sT0))?G(bAd]; — sTvf),

j=1
where G is the integrated tail as in (26). With the above h-function, a candidate of the Lyapunov
function is defined as

(s) = min(kohy(s), m'kb2\?) if s € Lx(b)
go\3) = max(K3 man(sT% —ba})?, m'kb*N?) if s € L§(D)

for some K, k2, and k3 (that will be chosen to be large enough). The following lemma presents the

boundary condition of the gp(s).

18



Lemma 5 By choosing k and k3 large, we have that
T(b)
a(s) > E[ 3" inf{[lzll : S + @ ¢ bCYi e < T(B)],

k:TLC

or all s such that gy(s) > m/kb*\2.
[ g

Again the proof of the above lemma is completely analogous to that of Lemma 4 and therefore is
omitted.

For the rest of the proof, we will show that g;(s) solves the Lyapunov inequality so that g,(0)
is an upper bound of (24). That is, we need to verify

go(s) = Elgy(s + X)]  for gy(s) < m'wA?b”.
We rewrite the right-hand side of the above inequality as

Elgp(s + X)]
= Elgp(s + X); X ¢ Cu(s)] + E [gp(s + X); X € Ca(s)]
=J1+ Jo,

where

Col(s )—Um dy:y' v > a(bAa) —sTvg)}

For the J5 term, there exists some k4 > 0 such that

Jy = Elgp(s+X); X € Cyu(s)]
= Elg(s+ X)|X € Cu(s)] P[X € Cyu(s)]

< Ko [m KAZH? + Z k3¢ (bAaj — s v]) wj]P[X € Co(9)].
7j=1
For the J; term, an analogous argument works in the case of Theorem 1. We use Rolle’s represen-

tation and write Jp as

Ji=E[g(s+ X); X ¢ Cy(s)]
< go(s) + E[X Tgy(s + 0X); X ¢ Ca(s)],

where 6 € (0,1) may depends on X. The gradient of g is

m/

Igp(s) = k2 Z v (kDA + bAaj — s 0f)
j=1
X [—2G]-(b)\a;» - sTvé-) + (KA + bAa); — STUQ)P(X vi > blaj — s UJ)
= Ko Z, vi (KA + bAa; — sTv;»)
" X [/{b)\P(XTvé- > bAa; — sTv;) +{a =34 0(1)}G;(bAaj — STUQ)L
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where the o(1) is as min;(bAa; — st ) — o0o. For a small g > 0, by the dominated convergence

theorem, one finds

E [XTagb(S LX) X ¢ ca(s)}

/

3

< —dp(k2 — €0)

(]

(KDX + bAaj — sTv;)

1

> baj — s v)+{04—3+0( )}Gj(bAa; — s ”J)]

M\ .

X [nb)\P(XT

which is sufficiently small for minj(b)\a;- — STU;). We can choose sufficiently large ko (depending
on k4) such that
E[XTagb(s FOX) X ¢ C’a(s)] + oy <0,

for mm(b)\a — s ) large enough. Together with the approximation of P(1,4 < o0), it follows

that
E[ﬂ(b)’ STbA € Lg\(b);TbA < T(b)] < gb(o) < /%l)\—a-i-3b2.
P(mpa < T(D)) ~ goP(mpa < 0)

Thus, for any € > 0, we can choose A sufficiently large such that

E[B(b); Sryy € L5(b)|Toa < T(D)] < eb?.

Substitution this into (32) leads to the desired conclusion.
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