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Abstract

Let X be a Lévy process and V the reflection at boundaries 0 and b > 0.
A number of properties of V' are studied, with particular emphasis on the
behaviour at the upper boundary b. The process V can be represented as
solution of a Skorokhod problem V(t) = V(0) + X(¢) + L(t) — U(t) where
L,U are the local times (regulators) at the lower and upper barrier. Explicit
forms of V' in terms of X are surveyed as well more pragmatic approaches to
the construction of V', and the stationary distribution 7 is characterised in
terms of a two-barrier first passage problem. A key quantity in applications
is the loss rate £° at b, defined as E,U(1). Various forms of £ and various
derivations are presented, and the asymptotics as b — oo is exhibited in both
the light-tailed and the heavy-tailed regime. The drift zero case EX(1) =
0 plays a particular role, with Brownian or stable functional limits being a
key tool. Further topics include studies of the first hitting time of b, central
limit theorems and large deviations results for U, and a number of explicit
calculations for Lévy processes where the jump part is compound Poisson
with phase-type jumps.

Keywords: Applied probability, Central limit theorem, Finite buffer prob-
lem, First passage problem, Functional limit theorem, Heavy tails, Integro-
differential equation, It6’s formula, Linear equations, Local time, Loss rate,
Martingale, Overflow, Phase-type distribution, Poisson’s equation, Queueing
theory, Siegmund duality, Skorokhod problem, Storage process
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1 Introduction

This article is concerned with a one-dimensional Lévy process X = {X (t)} >0 €
flected at two barriers 0, b and is a mixture of a literature survey and new results or
proofs.

We denote the two-sided reflected process by V = {V (¢)} 150 (or VP, when the
dependence on b needs to be stressed). The discrete time counterpart of V is a
two-sided reflected random walk (Vn :n=20,1,2,.. ) defined by

V,, = min(b, max(0, V1 +Y,)) (1.1)

where Y},Ys, ... are i.i.d. (with common distribution say F') and initial condition
Vo = v for some v € [0,b]; the role of the Lévy process X is then taken by the
random walk X, =Y, +---+Y,,.

The study of such processes in discrete or continuous time has a long history and
numerous applications. For a simple example, consider the case X(t) = Zjlv(t) Z; —
ct of a compound Poisson process with drift, where N is Poisson(A) and the Z;
independent of NNV, i.i.d. and non-negative. Here one can think of V' as the amount
of work in a system with a server working at rate ¢, jobs arriving at Poisson rate A
and having sizes 71, Zs, ..., and finite capacity b of storage. If a job of size y > b—=x
arrives when the content is z, only b — x of the job is processed and x + y — b is
lost. One among many examples is a data buffer, where the unit is number of bits
(discrete in nature, but since both b and a typical job size z are huge, a continuous
approximation is motivated).

Studies of systems with such finite capacity are numerous, and we mention here
waiting time processes in queues with finite capacity ([44], [45], [25], [47]), and a
finite dam or fluid model ([11], [103], [122]). They are used in models of network
traffic or telecommunications systems involving a finite buffer (|74], [130], [86]), and
they also occur in finance, e.g. [59], [56]. In the queueing context, it should be noted
that even if in the body of literature, there is no upper bound b on the state space, the
reason is mainly mathematical convenience: the analysis of infinite-buffer systems
is in many respects substantially simpler than that of finite-buffer systems. In real
life, infinite waiting rooms or infinite buffers do not occur, so that the infinite-buffer
assumption is really just an approximation.

In continuous time, there is no obvious analogue of the defining equation (1.1).
We follow here the tradition of representation as solution of a Skorokhod problem

V(t) = V(0) + X(t) + L(t) — U(t) (1.2)

where L, U are non-decreasing right-continuous processes such that

/OOV(t)dL(t):O, /oo(b—V(t)) dU(t) = 0. (1.3)

In other words, L can only increase when V' is at the lower boundary 0, and L only
when V is at the upper boundary b. Thus, L represents the ‘pushing up from 0’
that is needed to keep V'(t) > 0 for all ¢, and U represents the ‘pushing down from
b’ that is needed to keep V() < b for all ¢. An illustration is given in Fig. 1, with
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the unreflected Lévy process in the upper panel, whereas the lower panel has the
two-sided reflected process V' (blue) in the middle subpanel, L (red) in the lower
and U (green) in the upper. Questions of existence and uniqueness are discussed in
Sections 3, 4.

H/—/

Figure 1: The processes X,V, L, U

As usual in applied probability, a first key question in the study of V' is the long-
run behavior. A trivial case is monotone sample paths. For example if in continuous
time the underlying Lévy process X has non-decreasing and non-constant sample
paths, then V(t) = b for all large t. Excluding such degenerate cases, V' regenerates
at suitable visits to 0 (see Section 5.1 for more detail), and a geometric trial argument
easily gives that the mean regeneration time is finite. Thus by general theory ([11]),

a stationary distribution 7 = 7’ exists and
1 <« 17
e D IOES N WAL TR (1.4
n=0

a.s. in discrete, resp. continuous time whenever f is (say) bounded or non-negative.
A further fundamental quantity is the overflow or loss at b which is highly relevant
for applications; in the dam context, it represents the amount of lost water and in
the data buffer context the number of lost bits. The long-run behavior in discrete
time is given by

o0

LWtV =0)" > [ran) [ fre-nr@.  05)

b—x

as follows by conditioning on Y,, = y and using (1.4). We denote by ¢ = ¢ the limit
on the r.h.s. of (1.5) and refer to it as the loss rate. For example, in data transmission
models the loss rate can be interpreted as the bit loss rate in a finite data buffer.
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The form of 7 in the general continuous-time Lévy case is discussed in Section 5.
In general, 7 is not explicitly available (sometimes the Laplace transform is). The
key result for us is a representation as a two-sided exit probability,

Tz, 00) = 7z, b] = P(V (r[z — b, 2)) > ) (1.6)

where [y, z) = inf{t > 0: X(t) & [y,2)}, y <0< a.

In continuous time, the obvious definition of the loss rate is ¢ = E, U(1) =
E.U(t)/t. However, representations like (1.5) are not apriori obvious, except for
special cases as X being compound Poisson where

é:/Obw(dx)/boo(x+y—b)>\G(dy),

—T

where X is the Poisson rate and G the jump size distribution. To state the main
result, we need to introduce the basic Lévy setup:

X(t)=ct+oB(t)+ J(t),

where B is standard Brownian motion and J an independent jump process with
Lévy measure v and jumps of absolute size < 1 compensated. That is, the Lévy
exponent

1
k(a) = logEe®X (M) = i log EeX®)

is given by

o0

k() = ca+ d%a? /2 + / (e® —1—yl(ly| <1)v(dy), (1.7)
and one often refers to (¢, 02, v) as the characteristic triplet of X (see the end of the

section for further detail and references). We further write

m=EX(1) =EX(¢t)/t = '(0) :c+/ yv(dy)

ly|>1

for the mean drift of X.

Theorem 1.1. Assume that m is well-defined and finite. Then

1 ’ >
(= 5 {2mEV +o° +/ w(dx)/ p(z,y)v(dy)},
0 — 00
where
_(12 + 2xy) ny < —zx,
p(,y) = < o2 fmw<y<b-w

2yb—z)— (b—2)? ify>b—ux.



Figure 2: The function p(z,y) plotted for b=5,0<z<b, -5 <y <5H

Theorem 1.1 first appears in Asmussen & Pihlsgard [19], with a rather intricate
and lengthy proof. Section 6 contains a more direct and shorter proof originating
from Pihlsgard & Glynn [108]. In Section 8, we summarize the original approach
of [19], and in Section 15, some new representations of ¢ are presented using yet
another approach. Whereas the method in Section 8 uses asymptotic expansions of
identities obtained by martingale optional stopping, the ones in Sections 6 and 15
contain stochastic calculus as a main ingredient.

Starting from Theorem 1.1, it is fairly straightforward to derive an alternative
formula for ¢, which can be convenient (note that the form (1.6) for the tail proba-
bility 7[z, b] has a nicer form than the one for 7(dz) that follows by differentiation).

Corollary 1.2. The loss rate (° can be written

1 b o0
= %{ZmEV +0®+ / y?v(dy) + / (2yb — b*)v(dy)
0 b

—géq/hﬂx+mm@o+Ai@wy—wwmw}ﬂxmn}

oo

Similar discussion applies to the underflow of 0, but for obvious symmetry rea-
sons, it suffices to consider the situation at the upper barrier. One should note,
however, that with ¢° = E,L(1) one has

0=m+0— ¢ (1.8)

Thus, (° is explicit in terms of ¢°. Relation (1.8) follows by a rate conservation
principle, since in order for X + L — U to preserve stationarity, the drift must be
zero. One may note that no moment conditions on X are needed for the existence of
a stationary version of V. However, if E|X (1)| = oo, then one of £* or ° is infinite
(or both are).



In many applications, the upper buffer size b is large. This motivates that instead
of going into the intricacies of exact computation of quantities like the loss rate
¢°, one may look for approximate expression for b — oo. Early references in this
direction iare Jelenkovi¢ [74] who treated the random walk case with heavy tails, and
Kim & Shroff [86], who considered the light-tailed case but only gave logarithmic
asymptotics. Exact asymptotics for the light-tailed case is given in Asmussen &
Pihlsgard [19] and surveyed in Section 10, whereas asymptotics for the heavy-tailed
Lévy case first appears in Andersen [5] and is surveyed in Section 11. We assume
negative drift, i.e. m = EX (1) < 0, but by (1.8), the results can immediately be
translated to positive drift. Note, however, that with negative drift one has ¢ — 0
as b — oo (the results of Sections 10, 11 give the precise rates of decay), whereas
with positive drift ¢ — m (thus, (1.8) combined with Sections 10, 11 gives the
convergence rate). The case of zero drift m = 0 has specific features as studied in
Andersen & Asmussen [4], see Section 12; the key tool is here a functional limit
theorem with either a Brownian or a stable process limit.

Going one step further in the study of the loss rate, one may ask for transient
properties. One question is properties of the overflow time inf{t > 0 : Vb(t) = b}
where one possible approach is regenerative process theory, Section 13 and another
integro-differential equations, Section 14.2. Another question is properties of U ()
for ¢ < oo. From the above, U obeys the LLN EU(t)/t — ¢ as t — oo. Obvious
questions are an associated CLT,

VEU (@) =€) = N(0,0%)
for some suitable 02, and large deviations properties like the asymptotics of
P(U(t) > t(1+€e)f) and P(U(t) < (1 —e)l).

These topics are treated (for the first time) in Sections 14.3 and 14.4.

Finally, the paper contains a number of explicit calculations for the special case
where the jump part is compound Poisson with phase-type jumps. There is a consid-
erable literature on this or closely related models. and we refer to Asmussen [12] for
a survey and references. We have also included some material on one-sided reflection
(Section 2) and two-sided reflection in discrete time (Section 3), which should serve
both as a background and to give an understanding of the special problems that
arise for the core topic of the paper, two-sided reflection in continuous time.

We conclude this introduction with some supplementary comments on the set-up on
the Lévy model. Classical general references are Bertoin [28] and Sato [119], but see
also Kyprianou [94| and Applebaum [7].

A simple case is jumps of bounded variation, which occurs if and only if

/Z 2| v(dz) < oo.

Then the expression (1.7) can be rewritten

o0

k() = o+ 0% /2 + / (e —1)v(dy), (1.9)

—00
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where . .
5:0—/ yv(dy), m:5+/ yr(dy). (1.10)
1 —00

With infinite variation, the integrals in (1.9) diverge, so that one needs the form (1.7).
To avoid trivialities, we assume throughout that the sample paths of X are non-
monotone; in terms of the parameters of X, this means that either

(a) 0% >0,
(b) 0% =0 and X is of unbounded variation (i.e. [ |y|v(dy) = c0),

(c) 02 =0, X is of bounded variation, and the Lévy measure v has support both
in (—o0,0) and (0, 00),

(d) 0? =0, X is of bounded variation, and either the Lévy measure v has support
in (—00,0) and ¢ > 0 in (1.9), or v has support in (0,00) and ¢ < 0 in (1.9).

2 One-sided reflection

Consider first the discrete time case and let X,, =Y, +---+Y,, where Y7,Y5,... are
i.i.d. (with common distribution say F') so that X is a random walk. The random
walk one-sided reflected at 0 (i.e., corresponding to b = o) is then defined by the
recursion

Vnoo = (Vnofl + Yn)+ = maX(O, Vnojl + Yn) (21)

starting from V{7° > 0. The process V> also goes under the name a Lindley process
(see [11, IIL.6] for a survey and many facts used in the following) and is a Markov
chain with state space [0, 00).

For the following, it is important to note that the recursion (2.1) is explicitly

solvable:
V> =max(V5® + X, X, — X1,..., X, — X1, 0) (2.2)

(for a proof, one may just note that the r.h.s. of (2.2) satisfies the recursion (2.1)).
Reversing the order of Y7,...,Y,, yields

Ve =2 maX(VE)OO + X, Xoo1, .- 7X1) : (2.3)

This shows in particular that V> is increasing in stochastic order so that a limit in
distribution V° exists. By a standard random walk trichotomy (|11, VIIIL.2]), one
of the following possibilities arises:

(a) X, — oo so that V° = oo a.s.;

(b) limsup,,_,., X, = oo, liminf, ,,, X,, = —o0 so that
maX(VO -+ Xn,anl, R ,Xl) — OO

and V¥ = 0o a.s.;

(¢) X,, — —o0 so that V, < 0o a.s.



For our purposes, it is sufficient to assume E|Y| < oo, and letting m = EY’, the
three cases then correspond to m > 0, m = 0, resp. m < 0, or, in Markov chain
terms, roughly to the transient, null recurrent, resp. positive recurrent (ergodic)
cases.

Consider from now on the ergodic case m < 0 (and, to avoid trivialities, assume
that P(Y > 0) > 0). Define M = max,>¢ X,,. Since X,, — —o0, V5° + X,, in (2.3)
vanishes eventually, and letting n — oo yields

VL M. (2.4)
It is often convenient to rewrite this is the form
T°(x) =P(Vy > ) =P(r(z) < o), (2.5)

where 7(z) = inf{n : X,, > 2} and 7> is the distribution of V°.

Explicit or algorithmically tractable forms of 7°° can only be found assuming
some special structure, mainly skip-free properties or phase-type (or, more generally,
matrix-exponential) forms, see [11, VIIL5]. Therefore asymptotics is a main part of
the theory. The two main results are:

Theorem 2.1 (light-tailed case). Assume m < 0, that F is non-lattice and that
there exists v > 0 with Ee?¥ = 1, E[Ye”y} < 00. Then there exists 0 < C' < oo
such that

T°(x) =PV >x)~Ce "™, z— . (2.6)

Theorem 2.2 (heavy-tailed case). Assume m < 0, that
Filo)= [ Ty

is a subexponential tail' and that F is long-tailed in the sense that F(x+x0)/F(x) —
1 for any xo. Then

7(2) = PV > 1) ~ ﬁ?;(x) s oo, (2.7)

Sketch of proof of Theorem 2.1. We use a standard exponential change of measure
technique (|11, Ch. XIII]). Let P, E refer to the case where X has c.d.f.

F(z) =E[e"; X < 1]
rather than F'(z). Using (2.5) and standard likelihood ratio identities gives
7°(z) = P(7(2) < 00) = E[e’VXT<I); T(z) < o00] = e Ee @) (2.8)

where {(x) = X, ;) — « is the overshoot. Thus, the result follows with C' = Ee7¢()
once it is shown that {(z) has a proper limit £(co) in distribution. This is turn
follows by renewal theory by noting that £(x) has the same distribution as the time
until the first renewal after z in a renewal process with interarrivals distributed as
€(0) (the first ladder height). That £(0) is non-lattice follows from F' being so, and

E&(0) < oo follows from E[Xe'X] < co. We omit the easy details. O

1By this we mean that there exists a subexponential distribution G such that F;(z) = G(z)
for all large . For background on heavy-tailed distributions, see e.g.[13, X.1] , [57] and the start
of Section 3.



The computation of C' = Ee~74(>) is basically of the same level of difficulty as
the computation of 7 itself and feasible in essentially the same situations. Result
of type Theorem 2.1 commonly go under the name Cramér-Lundberg asymptotics,
and the equation Ee"" = 1 is the Lundberg equation.

Discussion of proofs of Theorem 2.2. The form of the result can be understood from
the ‘one big jump’ heuristics, stating that large values of sums and random walks
arise as consequence of one big Y;, while the remaining Y; are ‘typical’; in particular,
X = Zl ! Y; ~ im for large ¢. Splitting up after the value of 7 and noting that
the contr1but1on from a finite segment 1,.. .,y is insignificant, we therefore get

P(M > ) ZIP =i)~ Y E[X; ~im,Y; >z —im)

=1

NZPY>x—zm Z x —im)

z/o‘”m_tm |m|/ —|—7711|F1(>

The rigorous verification of (2.7) traditionally follows a somewhat different line
where the essential tool is ladder height representations. The first step is to show
that the first ladder height X, ) has a tail asymptotically proportional to F;, and
next one uses the representation of M as a geometric sum of ladder heights to get
the desired result. The details are not really difficult but too lengthy to be given
here. See, e.g., [11, X.9] or [13, X.3]. A more recent proof by Zachary [129] (see
also Foss, Korshunov & Zachary [57]) is, however, much more in line with the above
heuristics. O

We next turn to continuous time where X is a Lévy process. There is no recursion
of equal simplicity as (2.1) here, so question on existence and uniqueness have to be
treated by other means.

One approach simply adapts the representation (2.2) by rewriting the r.h.s. as

(Vo°+X,) V  max (Xn — Xi) = X, + max(V5°, — rgun X;).
yeees Tl yeeey TV
One then in complete analogue (which can be motivated for example by a discrete
skeleton approximation) defines the continuous-time one-sided reflected process V

by

Ve(t) = X(t) + L(t) (2.9)
where
L(t) = max(V>(0), — orélsith(S)) . (2.10)

Here L is often denoted the local time at 0, though this terminology is somewhat
unfortunate because ‘local time’ in used in many different meaning in the probability
literature. Often also the term regulator is used.

The second approach uses the Skorokhod problem: in (2.10), take L as a non-
decreasing right-continuous processes such that

/OO V() dL(t) = 0. (2.11)
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In other words, L can only increase when VV*° is at the boundary 0. Thus, L represents
the ‘pushing up from 0’ that is needed to keep V>°(¢) > 0 for all ¢.

It is readily checked that the r.h.s. of (2.10) represents one possible choice of L.
Thus, existence is clear. Uniqueness also holds:

Proposition 2.3. Let {L*(t)} be any nondecreasing right-continuous process such
that

(a) the process {V*(t)} given by V*(0) = V(0), V*(t) = X, + L*(t) satisfies
V*(t) > 0 for all t,
(b) L* can increase only when V* =0, i.e. fOT V*(t)dL*(t) =0 for all T.
Then L*(t) = L(t), V*(t) = V>=(t).
Proof. Let D(t) = L(t) — L*(t), AD(s) = D(s) — D(s—). The integration-by-parts

formula for a right-continuous process of bounded variation gives

D?(t) = 2/0 D(s)dD(s) — Y _(AD(s))"

s<t

— 2/0 (L(s) — L*(s))dL(s) — 2/0 (L(s) — L*(s))dL*(s) — Z(AD(S))2

= 2/ (V>(s) = V*(s))dL(s) — 2/ (V>=(s) = V*(s))dL*(s) — Z(AD(S))2

0 0 <t
¢ ¢
_ / V*(s) dL(s) — 2 / Ve(s)dL*(s) — 3 (AD(s)).
0 0 <t
Here the two first integrals are nonnegative since V*(s), V*°(s) are so, and also the

sum is clearly so. Thus D(t)? < 0, which is only possible if L(t) = L*(t). O

Define M = maxp<i<oo X () and assume m = EX (1) < 0. The argument for
(2.4) then immediately goes through to get the existence of a proper limit V*°(o0)
of V°°(t) and the representation

V>=(00) = M. (2.12)
Equivalently,
7°(z) = P(V™(c0) > z) = P(7(z) < 00), (2.13)

where 7(z) = inf{n : X(¢) > z} and 7 is the distribution of V' (c0).
The loss rate £ = ° is undefined in this setting since b = co. A closely related
quantity is £° = E, L(1) and one has

O =—m. (2.14)

This follows by a conservation law argument: in (2.9), take ¢ = 1, consider the
stationary situation and take expectations to get?

ErcV(1) = Erec V(0) + Eroo X (1) + Eroo L(1) = Epoc V(1) +m + £°.

2Strictly speaking, the argument requires E -V (0) < co which amounts to a second moment
assumption. For the general case, just use a truncation argument.
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For an example of the relevance of £, consider the M/G/1 workload process. Here
(° can be interpreted as the average unused capacity of the server or as the average
idle time.

We next consider analogues of the asymptotic results in Theorems 2.1, 2.2. The
main results are the following two theorems (for a more complete treatment, see [13,

XI.2|):

Theorem 2.4 (light-tailed case). Assumem < 0, that X is not a compound Poisson
process with lattice support of the jumps, and that there exists v > 0 with k() = 0,
K'(y) < 0o. Then there exists 0 < C' < 0o such that

7°(z) =P(V>®(00) > z) ~ Ce 7,z — oo, (2.15)

Theorem 2.5 (heavy-tailed case). Assume m < 0, that

o) = [ vt)

is a subexponential tail and that v is long-tailed in the sense that U(x +xg)/v(x) — 1
for any xy. Then
1

7°(z) = P(V>o(00) > x) ~ ‘m—|51(x), r — 00, (2.16)

where Ur(x) = /:O 7(y) dy.

Sketch of proof of Theorem 2.4. The most substantial (but small) difference from
the proof of Theorem 2.1 is the treatment of the overshoot process & which has no
longer the simple renewal process interpretation. However, the process £ is regener-
ative with regeneration points w(1),w(2),... where one can take

w(k) =1inf{t > w(k — 1)+ Uy : £(t) =0},

where Uy, Us, . .. are independent uniform(0,1) r.v.’s. One can then check that the
non-compound Poisson property suffices for & (w(l)) to be non-lattice and that
K'(z) < oo suffices for E¢(w(1)) < oo. These two facts entail the convergence in
distribution of £(t) to a proper limit. O

As in discrete time, C' can only be evaluated is special cases (general expressions
are in Bertoin & Doney [29] but require the full Wiener-Hopf factorization, a problem
of equal difficulty). However, if X is upward skipfree (i.e., v is concentrated on
(—00,0)), then C' =1 as is clear from {(x) = 0. See also [13, XI.2] for the downward
skipfree case as well as for related calculations, and [12] for the compound Poisson
phase-type case.

For the proof of Theorem 2.5, we need a lemma:

Lemma 2.6. P(X (1) > z) ~ 7(x).

12



Proof. Write X = X'+ X" + X" where the characteristic triplets of X', X", X" are
(c,0?, V'), (0,0,2”) and (0,0, "), resp., with v/, " 1" being the restrictions of v to
[—1,1], (=00, —1) and (1, c0), respectively.

With 5" = 7(1), the r.v. X(1)” is a compound Poisson sum of r.v.’s, with Poisson
parameter 3” and distribution v /3" . Standard heavy-tailed estimates (e.g. [13,
X.2|) then give

v/// (x)

/8///
The independence of X”(1) and X"'(1) > 0 therefore implies

P(X"(1) > z) ~ " =7(z), x> 1.

P(X"(1) + X" (1) > z) ~ v(z),

cf. the proof of [13, X.3.2|. It is further immediate that x'(r) < oo for all r. In
particular, X’(1) is light-tailed, and the desired estimate for X (1) = X'(1)+X"(1)+
X" (1) then follows by [13, X.1.11]. O

Proof of Theorem 2.5. Define

M*= sup X(n).

n=0,1,2,...
Then . -
P(M? > u) ~ —/ 7(y) dy (2.17)
Ex@) ), "W

by Theorem 2.4 and Lemma 2.6. Also clearly P(M?¢ > u) < P(M > u) = (u).
Given € > 0, choose a > 0 with P(infogtgl X(t) > —a) >1—¢€. Then

P(M*>u—a)>(1—e)P(M >u).

But by subexponentiality, P(M? > u — a) ~ P(M? > u). Putting these estimates
together completes the proof. O]

The proof of Theorem 2.5 is basically a special case of what is called reduced load
equivalence. This principle states that if X has negative drift and X = X; + X,
where X; has heavy-tailed increments and X, has increments with lighter tails,
then M = sup, X(t) has the same tail behavior as sup, (X1 (¢) + EXs(t)). For precise
versions of the principle, see e.g. Jelenkovié¢, Momcilovi¢ & Zwart |75].

3 Loss rate asymptotics for two-sided reflected
random walks

We recall from Section 1 that a two-sided reflected random walk {V},},—012 . is
defined by the recursion

V, = min(b7 max (0, V,,_1 + Yn)) (3.1)
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where Y},Ys, ... are i.i.d. (with common distribution say F') and initial condition
Vo = v for some v € [0,b]. Let X,, = Y] +---+Y,, so that X is a random walk.

Existence of V' is not an issue in discrete time because of the recursive nature
of (3.1). Recall from (1.6) that the stationary distribution 7° can be represented in
terms of two-sided exit probabilities as

P(V > z) = n’[z,00) = 7°[2,b] = P(X,(p_ps) > ) (3.2)

where V' is a r.v. having the stationary distribution and 7ly, z) = inf{k > 0: X, ¢
ly,2)}, y <0 <z (we defer the proof of this to Section 5).
The loss rate in discrete time as defined as the limit in (1.5) may be written as

CP=EV+Y —b)" =Emax(V+Y —b,0). (3.3)

where V' is the stationary r.v. For later use we note the alternative form
b
P =EY -b"+ / P(Y >b—vy)7(y) dy, (3.4)
0

which follows by partial integration in (3.3).
From now on we assume that —oo < m = EY < 0. The following two results on
the asymptotics of ¢* are close analogues of Theorems 2.1, 2.2:

Theorem 3.1. Under the assumptions on Y,y in Theorem 2.1,
° ~ De™ " b— oo,
where D is a constant given in (3.7) below.

Theorem 3.2. Let Y;,Ys, -+ be an i.i.d. sequence with mean m < 0 and let ¢° be
the loss rate at b of the associated random walk X, = Y1 +--- +Y,, reflected in 0
and b. Assume F(x) ~ B(z) for some distribution B € §*. Then

Wwfﬂ%b%m,u%mjmw—/ F(y)dy = E(Y — b)"*.
b

We used here the standard notation for the classes £,S and S* of heavy-tailed
distributions (see e.g. [89] or [13]): If B is a distribution on [0, 00) we have B € L
(B is long-tailed) iff B

lim M =1, for all y,
where B(z) = 1 — B(z). The class S of subexponential distributions is defined by
the requirement L
B*n
lim_—(x):n n=23,...
where B*" denotes the nth convolution power of B. A subclass of § is &*, where we
require that the mean up of B is finite and
"Bz —y)

B T (y) dy = 2up
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The classes are related by S* C S C L. More generally, we will say a measure v
belongs to, say, S if it is tail equivalent to a distribution in S, that is v([z, 00)) ~
B(x) for some B in S.

Theorem 3.1 is from Pihlsgard [107|. Theorem 3.2 was originally proved in Je-
lenkovié¢ [74], but we provide a shorter proof by taking advantage of the representa-
tion of the stationary distribution provided by (1.6).

Proof of Theorem 3.1 (light tails)

We introduce the following notation (standard in random walk theory):

o M = sup;>q Xk

Ty(u) =inf{k >1: Xp >u}, 7¥%(u) =inf{k >1: X} > u}, u>0.
Gi(z) =P(Xr, ) < 7), GL(2) = P(Xauy ) (v) < ).

75 (—u) =inf{k > 1: X} < —u}, u>0.

The overshoot of level u, B(u) = X+, (u))—u, u > 0.

The weak overshoot of level u, B*(u) = X;v() —u, u > 0.

e B(00), a r.v. having the limiting distribution (if it exists) of B(u) as u — co.

e BY(oc0), ar.v. having the limiting distribution (if it exists) of B*(u) as u — 0.

Recall that x(a) = logEe® and that v > 0 is the root of the Lundberg equation
k(o) = 0 with /'(y) < co. We let P, and Ep correspond to a measure which is
exponentially tilted by 7, i.e.,

P(G) = Egle ¥ G] (3.5)

when 7 is a stopping time w.r.t. {#(n) = o(¥1,Ys,...,Y,)} and G € Z(7), G C
{T < 00} where Z(7) is the stopping time o-field. Note that E; Y = k’(y) > 0 by
convexity.

Lemma 3.3. Assume that'Y is non-lattice. Then, for each v > 0,

]P)(Ts (—v) > Tf(“)) ~ e MELe BIP, (Tf(—v) = OO)), U — 00.

Proof. We first note that 7{(u) is a stopping time w.r.t. #(n) and that {7°(—v) >
¥(u)} € F(1¢(u)). Then (3.5) gives

P > 72(0) = Eule” O, 72 (~0) > 72(0)]
:e"V“IEL[eﬂB(“);Tf ) > 74 (u ]PL( f( u) =74 (u ))

"‘eiw]P)L[Ti(_ )>T+ |T+ (u) # 74 (u )] ( Y(u )7&74(“))

Since Y is non-lattice, it follows that G is so (see [11], Lemma 1.3, p. 222) and
then the renewal theorem (see [11], Theorem 4.6, p. 155) applied to the renewal
process governed by GY, in which the forward recurrence time process coincides
with the overshoot process BY = B(u), yields B*(u) — B“(c0) w.r.t. P, where
B"(00) has a density. Thus 0 is a point of continuity of B*(c0) and we then get that
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Pr(7¥(u) # 74 (u)) = Pr(B¥(u) = 0) = 0 and Py (7% (u) = 74 (u)) = 1, u = co. We
now use that B(u) — B(o0), {7°(—v) > 7¢(u)} T {7 (—v) = oo} in Pr-distribution
and apply the argument used in the proof of Corollary 5.9, p. 368 in [11] saying that
B(u) and {7°(—v) > 7%(u)} are asymptotically independent. O

In the representation of ¢* in (3.4), It follows from the assumption x/(y) < oo
that E(Y — b)™ = o(e™”). In the second term we make the change of variables
v=>b—y and get

b oo
/ P(Y >b—y)7(y)dy = / 1(v <b)P(Y > v)P(r°(—v) > 7(b—v))dv
0 0

—e /00 1(v < b)P(Y > v)e“’(b_”)IP’(Tf(—v) > 7Y(b—v))dv. (3.6)

Further, we have that P(75(—v) > 7°(b — v)) < P(M > b —v) < 77~ (the last
inequality is just a variant of Lundberg’s inequality), so

e1(v < bH)PY > v)eV(b_”)P(TS (—=v) > 7¥(b—v)) <e™P(Y >v)
and since fooo e"P(Y > v)dv < oo the assertion follows with
D = Epe—B() / PV > )Py (r* (—v) = o0) du (3.7)
0

by (3.6), Lemma 3.3 and dominated convergence. O

Remark 3.4. The constants occurring in D and above are standard in Wiener-Hopf
theory for random walks. Note that alternative expressions for D are in [107].

Proof of Theorem 3.2 (heavy tails)
By (3.4), we need to prove that

b P(Y _ —=b
limsup I(b) =0 where I(b)= / ( >_b ) dy . (3.8)
b—o0 0 Fl<b>
For any A > 0
A —b A
P(Y >0b— PY >b— A
lim sup/ ( e YT () dy < lim sup g/ 7 (y)dy =0
b—o0 0 F[(b) b—00 F[(b) 0

so therefore

"PY > b—y)7(y)
/A s dy. (3.9)

Define m* = [FP(Y > t)dt and F.(y) = (1/m") [[P(Y > t)dt. According to
(2.7) we have 7°(y)|m| ~ F(y) so that for large A and y > A

b
lim sup/ I(b) = limsup
0

b—o0 b—o0

7(y) < 2F;(y)/Im| = 2m" Fe(y)/|m|
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From Proposition 11.5 in Section 11 (proved there for Lévy processes but valid also
for random walks as it only relies on the representation (3.2) of 7 as a two-barrier
passage time probability),

0 <7°(z) —7(x) <7T(b). (3.10)

Using this, we have:

b—A —=b b—A 4+ -
P(Y — P(Y —y)F.
lim Sup/ ( >_b YT y) dy < 2lim sup/ m P >_b y)Fe(y) dy
bsoo JA Fr(b) b—oo JA |m|Fr(b)
b—A _NT
= 2lim sup/ P > b_ YFey) dy
bsoo Ja [m|Fe(b)
—x2 b—A —
F P(Y —y)F.
= 2lim sup = (%) / ¥ > b_*zy) ) dy
oot o) Ja PR 0)
b—A -
P(Y F.(b—
= 41lim sup/ ¥ > yl*g (b=y) dy
e Ja mlF(b)
: m* 2mt —
=4limsup —PA<U<b—-—A|U+V >b) = ——F.(A)
bsoo || m|

where U and V are independent with U = V Z F, and we have used that for i.i.d.
random variables in S

PA<Yi<b—A|Y1+Ys>0b) = 5F(4), b— o

1
2
(cf. [13], pp. 294, 296, slightly adapted). By combining the result above with (3.9)
we have

oImt b P(Y o \=b
limsup /(b) < lFe(A) —I—limsup/ ( >_b YT W) dy . (3.11)
b—soco |m| b—oo Jb—a Fr(b)

Here the integral equals
7 (b— A)

A 7h(p — A
/ PY >_y)7r (b=y) dy < limsup _—/ P(X >y)dy.
0 FI(b) b—oo FI(b) 0

lim sup
b—o0

If we define 04 = inf{n > 0| X,, < —A}, M,, = maxy<, X; and use the representa-
tion (3.2) of the stationary distribution we have:

7(b—A) =P(M,, >b—A).

By Theorem 1 of [58] we have P(M,, > b— A) ~ Eo,F(b) and therefore 7°(b — A)/
F1(b) — 0 since the tail of F is lighter than that of the integrated tail. Using (3.11)
it thus follows that we can bound limsup I(b) by 2m*F.(A)/|m|. Letting A — oo
completes the proof.
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4 Construction and the Skorokhod problem

We consider here the problem of how to rigorously define V = V? in the continuous
time Lévy set-up.

First, we note that there is a simple pragmatic solution: Let y € [0, b] be the initial
value. For y < b, take the segment up to the first hitting time 7(b) of b as the initial
segment of V'*° (the one-sided reflected process started from y) until (b, 0o) is hit; we
then let V(T(b)) = b. For y = b, we similarly take the segment up to the first hitting
time 7%(0) of 0 by using the one-sided reflection operator (with the sign reversed
and change of origin) as constructed in Section 2; at time 7%(0) where this one-
sided reflected (at b) process hits (—oo, 0], we let V(7*(0)) = 0. The whole process
V' is then constructed by glueing segments together in an obvious way. Glueing
also local times together, we obtain the desired solution of the Skorokhod problem.
Uniqueness of this solution may be established using a proof nearly identical to that
of Proposition 2.3.

Before we proceed to a more formal definition of V' we restate the Skorokhod
problem: Given a cadlag process {X ()} we say a triplet ({V(¢)},{L(¢)},{U(t)}) of
processes is the solution to the Skorokhod problem on [0,b] if V(t) = X (t) + L(t) —
U(t) € [0, b] for all ¢ and

/oo V(t)dL(t) =0 and /Oo(b _ V@) dU() = 0.

Note that the Skorokhod problem as introduced above is a purely deterministic
problem. We refer to the mapping which associates a triplet ({V'(¢)},{L(¢)},{U(%)})
to a cadlag process X (t) as the Skorokhod map.

Remark 4.1. The Skorokhod problem on [0, ] is a particular case of reflection of
processes in convex regions of R", which is treated in Tanaka [126] where a proof of
existence and uniqueness is provided given that the involved processes are continuous
or step functions. This is extended in [6] to include cadlag processes, which covers
what is needed in this article. Apart from the generalizations to larger classes of
functions, other papers have focused on more general domains than convex subsets
of R™, e.g. Lions & Snitzman [100] and Saisho [116]. The case of Brownian motion
in suitable regions has received much attention in recent decades, see e.g. Harrison
& Reiman [70] and Chen & Yao [40]. In [69] Ch. 2 § 4, the Skorokhod problem on
[0,b] is introduced as the two-sided regulator and is used to treat Brownian motion
with two-sided reflection; another early references on two-sided reflection problems
is Chen & Mandelbaum [39]. A comprehensive treatment of the Skorokhod map and
its continuity properties, as well as other reflection mappings and their properties,
is given in Whitt [127].

Various formulas for the Skorokhod map have appeared in the literature, among
them Cooper et al. [45]. See [91] for a survey of these formulas and the relation
between them. An alternative approach to estimation of stationary quantities is
to take advantage of the integral representation of the one-dimensional Skorokhod
reflection, see Konstantopoulos & |ast [88], Anantharam & Konstantopoulos [2],
and Buckingham et al. [36]. This is applicable when considering processes of finite
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variation, so that we can write S(t) = A(t)+B(t) for non-decreasing cadlag processes
A and B. It is then possible to write V' (¢) as an integral with respect to A(d¢). This
representation can for example be used to derive the Laplace transform of V in
terms of the Palm measure. O

As described in Section 2, specifically (2.9) and (2.10), an explicit expression for
V(t) is available when one is concerned with one-sided reflection. This is also the
case when dealing with Skorokhod problem on [0, b]. Indeed, from Kruk et al. [91]
we have:

VP(t) = X(t) — (V(0) —b)" A inf X(u))V sup (V(0) —b) A inf X(u)).

u€l0,t] s€[0,1] u€ls,t]

(4.1)

We shall assume V(0) = 0 a.s and in this case we have following simplification,
which was originally proved in [5].

Theorem 4.2. If V(0) =0, then
V() = sup ((X() = X()) A inf (b+ X (1) = X(w) ). (4.2)

s€[0,t] u€ls,1]
Remark 4.3. Before we provide a rigorous proof, we note the following intuitive
explanation for the expression (4.2): For v > 0 consider the process {V,(t)},.,
obtained by reflecting X, (t) = X (¢t) — X (v) at b from below (in terms of recursions
like (2.1) thisis V,, = bV (V-1 + Y,,)). Similarly to (2.9) and (2.10) we obtain
Vio(t) = Xo(t) Anfycpyer (b — Xy (t) — Xy(w)). Then obviously V,(¢) < V/(t) but since
Vo(t*) = V(t*) for t* = supy.,«; V(y) = 0, we have V(t) = supg,«; Vo(t). O

The proof of (4.2) proceeds as follows: First we prove Proposition 4.4 and 4.5
which are the discrete time equivalents of (4.1) and (4.2). Then we prove Lemma 4.6,
which states that the implied mapping of X (¢) in (4.2) is Lipschitz-continuous in
the J; topology which is combined with an piecewise constant approximation to
obtain the equivalence of (4.2) and (4.1). To emphasize the deterministic nature
of the Skorokhod problem and for explicit treatment of the involved mappings, we
switch notation and let y = {y,}>2, be a sequence in R> and consider the sequences
x and v obtained by respectively taking cumulative sums of y and applying two-
sided reflection, that is =, = y; + - -+ + y, and v, = min(b, max(0, v,,_1 + y,) with
zo = vy = 0. We let I'y, denote the two-sided reflection mapping, that is I'g ,(z) = v.

Proposition 4.4. The solution of the two-sided reflection is given by

Lop(x)(n) = ke?&?‘%n} (jE{IE’leI.lm}(ZEn — T, b+ z, — 1)) . (4.3)

Proof. We prove the claim by induction. The case n = 1 is trivial, so we assume
(4.3) holds for some n, and consider the cases ¥y, 11 < 0 and y,,+1 > 0 separately. For
the former case we have

FO,b(w)(n + 1) = Un+1 = 0V (Un + yn-i—l) ANb=0V (Un + yn+1)

= 0 \/ ( a. 3 n— ’b n— . n )
kef0on ) (jegelffl,n}(x T bt T — 75)) + Ynia

:0\/( N (Tn41 — Tk, b+ Tnpr — 5 ) 44
ker{%??(,n}(je{rﬁ.lgn}(aj 1= T, b+ Ty — 1) (4.4)
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Since y,.+1 < 0, we have

min = Tpy —T; = MmN Tpi — T,

so that (4.4) equals

0\/( max min =~ (Tpe1 — Tps b+ Togr — T4 )
ke{ov"',n}(je{k,---,n+1}( +1 Lk )

— i il — T b Tt — 25)), 45
ke{(g}}%ﬂ}(jqk{l}}gﬂ}(:p 1= T b T — 1)) (4.5)

as desired. The case y,+1 > 0 is similar:

Upnt1 =0V (U + Ynt1) ANb= (U + Yns1) A D
= (s (fpin o0 =200 20 =) g 10
= B ity (vt — b K =) D)
which equals (4.5) as well. This completes the proof. O

Proposition 4.4 provides the discrete-time analogue of (4.2). Next, we provide
the discrete-time analogue for (4.1), in the case vy = 0.

Proposition 4.5. The solution of the two-sided reflection is given by

Lop(x)(n) = ke?(},i..r.l,n} [((z — 2+ b) A ieg]lf%??n}(mn — ;) V ie?lg’z.aicn}(xn — ;)] .
(4.6)

Proof. The proof is again by induction and again the case n = 1 is straightforward,
so we assume the stated holds for some n. Then we have

FOJ,(m)(n + 1) =0V (Un + yn+1) Ab

:0\/< . i .
e (G R

V. max (z, — xz)] + ynH) Ab

ic{k,.m}
=0V ke?&,i..r.l,n} [((mnH — 1z, +b) A ie?&%?’cn}(xnﬂ — xl))
Vv iegﬁfn}(znﬂ — x,)} Ab
= ke?(},i..l.l,n} [(zn41 — 2+ ) A iEI{I&?ji(n}((l’n+1 — ;) V0))
v ie?kl?icn}((xnﬂ —z;) VO)| AD
= ke%,i..l-l,n} [(zns1 — z + ) A ie{(?.l.%7§+l}(xn+1 — ;) (4.7)

\Vi —x:)| A D.
e, (@ — )]
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We notice that

((an —x+0) A max (41 — xl)) V. omax  (Tp41 — )

1€{0,...,n+1}
_ {maxie{o 77777 n—l—l}(xn—i-l — .IZ) lf ]{3 = 0

so that (4.7) equals

min Tpny1 —Tp+b) A ma
keo,... n+1}[(< +1 = 2+ ) (01

(Tpy1 — a:z)) V. max (Tp41 — 931)} .
This proves the claim. O]

We now proceed to the proof of (4.2). Let ¢ € D[0, 00). From [91] we have:

Tos($)(t) = ¥(0) = sup | () =) vV inf w(w)) A inf p(w)],  (48)

s€[0,t] u€(0,t] u€ls,t]

when the process is started at 0. In view of the two previous propositions it seems
reasonable to conjecture that I'g, = =, where

=[)(t) = sup [((5) — 0(s)) A inf (b4 (1) — ()] (4.9)

SE[O,t] u€ls,t]
We prove this by first showing that = is Lipschitz-continuous in the .J; topology.

Lemma 4.6. The mapping = is Lipschitz-continuous in the uniform and J, metrics
as a mapping from D[0,T] for T € [0, 0], with constant 2.

Proof. We follow the proof of Corollary 1.5 in [90] closely. Fix T' < oo. We start by
proving Lipschitz-continuity in the uniform metric. Define

Re[p)(s) = [(=v(s)) A inf (b—(u))];  S[](t) = sup Re[¢p](s).  (4.10)

u€ls,t] s€[0,4]

For v, € D[0,T] we have

Slipal(t) — Slp2](t) < sup (Re[tha](s) — Re[ip2](s))

s€[0,t]

< sup [|=¢u(s) = (=v2(s)| V| inf](b— Yi(u)) = inf (b—1(u))|]

s€[0,t] u€(s,t u€ls,t]
< [lth1 — el

The same inequality applies to S[ts](t) — S[tp2](t), so that taking the supremum
leads to

1513h1] = Slaba]ll < llt1 — 2l
and this proves Lipschitz-continuity, with constant 2:

1E[Wa] = Elb]ll < [lthr = thall + [1S[91] = Slbu]ll < 2[|th1 — thallp-

We now turn to the Ji-metric, and we let M denote the class of strictly increasing
continuous functions from [0, 7] onto itself with continuous inverse. An elementary
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verification yields that for ¥ € D[0,T] and A € M we have Z[¢) o A] = Z[¢p] o A.
With e being the identity, this leads to
dy, (Etp1], Elepe]) = inf {||Z[th1] o A = Efaha][l7 V | A —ell7}

AEM
= inf {IE[1 0N - Z[Walllr v A ellr}

< inf {210 X~ wallp V IA = ellr} < 2, (w1, 52),

where we used the Lipschitz-continuity in the uniform metric. This proves Lipschitz-
continuity in the J; metric, again with constant 2; it is valid for every T' < oo and
hence also for T' = oo. m

We are now ready to prove that 'y, = =.
Theorem 4.7. For i € D[0,00) we have I'[](t) = Z[1|(t).

Proof. Let 1 € D[0, 00) be given, and define =, and 1, by 7, (t) = |nt]/n, ¥,(t) =
Y(yn(t)). Since v, — e in the uniform topology, we have 7, —q4, e and hence
(¥, v,) — (¥, e) in the strong version of the J; topology (see p. 83 in [127]). Since e
is strictly increasing we may apply Theorem 13.2.2 in [127] to obtain 1, —4 5 ¥ Fix
t < T, and consider 1 as element of D0, 7. Since the image ¢, ([0,77]) is finite, we
may apply Props. 4.4 and 4.5, in conjunction with (4.8), to obtain Iy y[t,] = E[,].
Finally, we let n — oo and use the J;-continuity of the I'g, mapping proved in [90],
and the Ji-continuity of = proved in Lemma 4.6 to finish the proof. O

Remark 4.8. Letting b — oo yields supyep 4 [(¥() — ¥(s))], which is indeed the
standard one-sided reflection from (2.9) and (2.10). O

5 The stationary distribution

5.1 Ergodic properties
The following observation is easy but basic:

Proposition 5.1. The two-sided reflected Lévy process V. = V® admits a unique
stationary distribution m = w°. Furthermore, for any initial distribution V converges
in distribution and total variation to .

Proof. We appeal to the theory of regenerative processes (|11, Ch. VI]). The classical
definition of a stochastic process to be regenerative means in intuitive terms that
the process can be split into i.i.d. cycles (with the first cycle having a possibly
different distribution). There is usually a multitude of ways to define a cycle. The
naive approach in the case of V? is to take the instants of visits to state 0 (say) as
regeneration points, but these will typically have accumulation points (cf. the theory
of Brownian zeros!) and so a bit more of sophistication is needed. Instead we may,
e.g., define the generic cycle length T as starting at level 0 at time 0, waiting until
level b is hit and taking the cycle termination time 7" as the next hitting time of 0
(‘up to b from 0 and down again’). That is,

T =inf{t > inf{s > 0: V'(s) =b}: V*(t) =0|V"(0) =0}.
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The regenerative structure together with the easily verified fact ET" < oo then
immediately gives the existence of 7°. R

Tv. convergence just follows from coupling V° with the stationary version %
(cf. [11, VIL.1]). Indeed, we may assume that V* and V? both have the same driving
process X. Then Vb(t) > V(t) for all t, and so 7 = inf{t > 0 : Vb(t) = V*(t)} is
bounded by 77, hence a.s. finite. ]

Remark 5.2. T.v. convergence in distribution is often alternatively established by
verifying that the distribution of T is spread-out ([11, VI.1]). In the present context,
this is slightly more tedious but goes like this. T" decomposes as the independent
sum 717 4+ T5 where T} is passage time from 0 to b and T5 the passage from b to 0
so that it suffices to verify that one of 77,7, is spread-out. This is obvious for
Brownian motion since there T},T, are both absolutely continuous. In the case
v # 0 of a non-vanishing jump component, suppose, e.g., that v does not vanish
on (0,00). Then b may be hit by a jump, ie. Po(AX(T7) > 0) > 0. Then also
Py (AX (Ty) > e) > (0 for some ¢ > 0 and the absolutely continuous part of 77 may
be taken as Po(Ty € -, (AX(T1) > €) > 0.

Another approach is to take advantage of the fact that V* is a Markov process on
a compact state space with a semi-group with easily verified smoothness properties,
cf. [87] for some general theory, and yet another to invoke Harris recurrence in
continuous time, cf. [23], [24]. We omit the details. O

Remark 5.3. The process V? is in fact geometrically ergodic, i.e.

sup IP.(V(t) € A) — 7(A)| = O(e) (5.1)

for some ¢ > 0 where the O term is uniform in x. This follows again from the
coupling argument by bounding the Lh.s. of (5.1) by P(7 > ¢) and checking that 7
has exponential moments (geometric trials argument!).

It is easy to derive rough bounds on the tail of 7 and thereby lower bounds on e.
To get the exact rate of decay in (5.1) seems more difficult, as is typically the case
in Markov process theory (but see Linetsky [99] for the Brownian case).

5.2 First passage probability representation

The main result on the stationary distribution 7° is as follows and states that 7°

can be computed via two-sided exit probabilities for the Lévy process.

Theorem 5.4. The stationary distribution of the two-sided reflected Lévy process
V = VP is given by

7z, b] = P(V(00) > z) = P(X(7[z — b, z)) > z) (5.2)
where T[u,v) = inf{t > 0: X(t) & [u,v)}, u <0 <.

Note that in the definition of 7[u,v) we write t > 0, not ¢ > 0.
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We remark that the calculation of P(X (t[z — K,z)) > z) is a special case of
scale function calculations for spectrally negative Lévy processes. For such a process,
the scale function W1 is usually defined as the function with Laplace transform

/0 T e () da — ﬁ .

However, it has a probabilistic interpretation related to (5.2) by means of

—qr[a,b) _ Wq(|a‘)
Elemm (X (70 0) 2 )] = gy
The present state of the area of scale functions is surveyed in Kuznetsov et al. [92].
Classically, there has been very few explicit examples, but a handful more, most for
quite special structures, have recently emerged (see, e.g., Hubalek & Kyprianou [71]
and Kyprianou & Rivero [96]).

We shall present two approaches to the proof of Theorem 5.4. One is direct
and specific for the model, the other uses general machinery for certain classes of
stochastic processes with certain monotonicity properties.

(5.3)

Direct verification

Write Vy(t) for V started from V5(0) = 0, let T' be fixed and for 0 < t < T, let
{R.(t)} be defined as R,(t) = x — X(T) + X (T — t) until (—o0,0] or (b, 00) is hit;
the value is then frozen at 0, resp. co. We shall show that
W(T) >z < R.(T)=0; (5.4)
this yields
P(Vo(T) > z) =P(r[z — b,2) < T, X(7[x — b,z)) > z)
and the proposition then follows by letting 7" — oo.

Let o = sup{t € [0,T] : Vy(t) = 0} (well-defined since V;(0) = 0). Then Vo(T) =
X(T)—X(0)+U(o)=U(T), so if Vo(T) > x then X(T) — X (o) > z, and similarly,
fort>o

7 < W(T) = Vo(t) + X(T) = X () + U(t) = L(T) < b+ X(T) = X(1),
implying R, (T — t) < b. Thus absorbtion of {R,(¢)} at oo is not possible before
T —o,and X(T) — X (o) > x then yields R, (T — o) = 0 and R,(T) = 0.

Assume conversely R, (7') = 0 and write the time of absorbtion in 0 as T'—o. Then
r—X(T)+X(0) <0,and R,(t) <bforallt <T — o implies x — X(T) + X (t) < b
for all t > o. If Vi(t) < b for all t € [0,T], then U(T) — U(t) = 0 for all such ¢ and
hence

Vo(T) = Vo(o) + X(T) — X (o) + L(T) — L(o)
> Vo(o)+ X(T) — X(0) >0+ z.
If Vo(t) = b for some t € [0, T], denote by w the last such ¢. Then U(T) = U(w) and
hence
Vo(T) = Vo(w) + X(T) = X(w) + L(T) = L(w)
>b+ X(T)— X(w)+ 0> . O
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Siegmund duality

Now consider the general approach. Let T = N or T = [0, 00), let {V(¢)},.1 be a
general Markov process with state space £ = [0,00) or E = N, and let V,(t) be
the version starting from V,(0) = z. We write interchangeably P(V,(t) € A) and
P.(V(t) € A). Then {V,(t)} is stochastically monotone if x < y implies V,(t) <
V. (t) (stochastical ordering) for all ¢t € T, i.e. if P,(V () > 2) <P, (V(t) > z) for all

t and z.

Proposition 5.5. The existence of a Markov process {R(t)},.q on E U {oco} such
that
P, (V(t) > y) =P, (R(t) < z) (5.5)

is equivalent to (i) {V(t)} is stochastically monotone and (ii) P,(V(t) > y) is a
right-continuous function of x for all t and y.

Proof. If {R(t)} exists, the Lh.s. of (5.5) is nondecreasing and right—continuous in x
and so necessity of (i), (ii) is clear. If conversely (i), (ii) hold, then the r.h.s. of (5.5)
defines a probability measure for each y that we can think of as the element P*(y, )
of a transition kernel P' (thus P'(y, {oo}) = 1—1lim,_oc P, (V(¢) > y)), and we shall
show that the Chapman-Kolmogorov equations P'** = P! P$ hold. This follows since

P [0.0]) =Ba(V(t+9) 2 ) = [ PuV(D) € IP(V(5) 2 1)

— [pr(v(t) € dz)/ P(y,du) = / P*(y, du)P, (V(t) > u)

0
=/ P*(y, du) P*(u, [0, 2]) = (P'P*)(y, [0, 21). O
0
Theorem 5.6. The state 0 is absorbing for {R(t)}. Furthermore, letting
T=1inf{t > 0: R,(t) <0} =inf{t > 0: R,(t) =0},

one has

Po(V(T) > 7) = Bu(r < T), (56)
and if V(t) converges in total variation, say to V =V (o), then

Po(V > z) = By(7 < 00), (5.7)

Proof. Proof. Taking z =y = 0 in (5.5) yields Po(R(t) < 0) = Py(V(¢) > 0) =1
so that indeed 0 is absorbing for { R(¢)}. We then get

P,(r <T) =P, (R(T) < 0) =By (V(T) > ).

Let T — . O
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Dual recursions

We turn to a second extension of (5.5), (5.7) which does not require the Markov
property but, however, works more easily when T = N than when T = [0, 00). We
there assume that {V},}, .\ is generated by a recursion of the form

Vs = f(Vi, Up), (5.8)

where {U,} (the driving sequence) is a stationary sequence of random elements
taking values in some arbitrary space F' and f : E x F' — E is a function. The
(time-homogeneous) Markov case arises when the U, are i.i.d. (w.l.o.g., uniform on
F =(0,1)), but also much more general examples are incorporated. We shall need
the following lemma, which is essentially just summarizes the standard properties
of generalized inverses as occuring in, e.g., quantile functions.

Lemma 5.7. Assume that f(x,u) is continuous and nondecreasing in x for each
fized u € F and define g(x,u) = inf{y : f(y,u) > x}. Then for fivzed u g(x,u)
1s left—continuous in x, nondecreasing in x and strictly increasing on the interval
{z: 0<g(x,u) < oo}. Further, f(y,u) = sup{z: g(z,u) <y} and

g(z,u) <y = f(y,u) > . (5.9)

W.lo.g., we can take {U,} with doubly infinite time, n € Z, and define the dual

process { Ry}, oy by
R.i1=9(R,,U_,), n e N; (5.10)

when the initial value x = Ry is important, we write R,,(z).
Theorem 5.8. Equations (5.5) and (5.7) also hold in the set—up of (5.8) and (5.10).
Proof. Proof. For T' € N, define VO(T)(y) =y,
) = F(%" W), U)o Vi) = £V (), Uo).-
We shall show by induction that
Vi (y) > 2 <= Re(z) <y (5.11)

(from this (5.5) follows by taking expectations and using the stationarity; since
g(0,u) =0, (5.6) then follows as above). The case T'= 0 of (5.11) is the tautology
y>x <= x < y. Assume (5.11) shown for T'. Replacing y by f(y,U_r) then
yields

Vi (fy.U-)) 2 @ <= Rr(x) < f(y,U-1).

But Vi (f(y,U_r)) = V411" (y) and by (5.9),
Rr(z) < f(y,U-r) <= Rru(z) =g(Rr(z),U-r) <y.

Hence (5.11) holds for 7+ 1. O
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Example 5.9. Consider the a discrete time random walk reflected at 0, V,,.; =
(Vi + &)1 with increments &, &1, . .. which are i.i.d. or, more generally, stationary.

In the set-up of Proposition 5.5 and Theorem 5.6, we need (for the Markov
property) to assume that &y, &, ... are i.i.d. We take £ = [0, 00) and for y > 0, we
then get

Py(Ry<z)=P,(Vi>y)=Pla+& >y) =Py —& < z2).

For y = 0, we have Py(R; = 0) = 1. These two formulas show that {R,} evolves
as a random walk X,, = —&— &4 — -+ — & 4y with increments —&y, —&1, ... as
long as R, > 0, i.e. R,(z) =z — X, n<T, R.(x) =0, n > 7; when (—o0,0] is
hit, the value is instantaneously reset to 0 and {R,,} then stays in 0 forever. We see
further that we can identify 7 and 7(z), and thus (5.7) is the same as the maximum
representation (2.5) of the stationary distribution of V.

Consider instead the approach via Theorem 5.8 (which allows for increments that
are just stationary). We let again E = [0, 00), take Uy = & and f(z,u) = (x +u)™".
It is easily seen that g(y,u) = (y—u)" and so {R,} evolves as X as long as R,, > 0,
while 0 is absorbing. With , X* = —X,, it follows that 7 = inf{n : z + X,, < 0}
= inf{n : X} > z}. This last expression shows that (5.6) is the same as a classical
result in queueing theory known as Loynes’ lemma, [11, IX.2c]|. O

Example 5.10. Consider two-sided reflection in discrete time,
Vi1 = min|b, (V,, + &)F]. (5.12)

For Theorem 5.6, we take &, &, ... i.i.d. and E = [0,00) (not [0,b]!). For y > B,
we then get

for all z, i.e. Py(R; =o00) =1. For 0 <y <b, Py(Ry <z) =P,(Vi > y) becomes

I 1 y:()’
P(($+§0)+2y)—{P(y_X0§x) 0<y<b

Combining these facts show that {R,} evolves as X as long as R,, € (0,b]. States 0
and oo are absorbing, and from y > b {R,,} is in the next step absorbed at co. Thus
for Ry = x € (0,b], absorbtion at 0 before N, i.e. 7 < N, cannot occur if (b, 00) is
entered and with X, = &+ +&,-1, T[u,v) =inf{n >0: X, & [u,v)},u <0 < v,
we get

Po(Vy > x) =P, (7 < N)

=P(r[z — b,2) <N, X;ppz) > ), (5.13)
]P)(V 2 .1') = IED(XT[QJ,Z,@) Z x) (5.14)
(note that 7[z — b, x) is always finite). O

The Markov process approach of Theorem 5.6 is from Siegmund (1976a), and the
theory is often referred to as Siegmund duality, whereas the recursive approach of
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Theorem 5.8 is from Asmussen & Sigman (1996). None of the approaches generalizes
readily to higher dimension, as illustrated by Blaszczyszyn & Sigman (1999) in their
study of many—server queues. For stochastic recursions in general, see Brandt et al.
(1990) and Borovkov & Foss (1992).

The two—barrier formula (5.14) is implicit in Lindley (1959) and explicit in Sieg-
mund (1976a), but has often been overlooked so that there are a number of alterna-
tive treatments of stationarity in two-barrier models around.

When applying Siegmund duality when T = [0,00), it is often more difficult
to rigorously identify {R;} than when T = N. Asmussen (1995) gives a Markov-
modulated generalization for T = [0, 00), and there is some general theory for the
recursive setting in Ryan & Sigman (2000).

Example 5.11. An early closely related and historically important example is
Moran’s model for the dam ([103]), which is discrete-time with the analogue of
Y) having the form Y, = Ay — ¢.The inflow sequence {4,} is assumed i.i.d. and
the release is constant, say ¢ per time unit (if the content just before the release is
x < ¢, only the amount z is released), and we let b denote the capacity of the dam.
We will consider a slightly more general model where also the release at time n is
random, say B, rather than ¢ (the sequence {B,} is assumed i.i.d. and independent
of {A4,}).
We let Q7 denote the content just before the nth input (just after the (n — 1)th
release) and QF the content just after that (just before the (n + 1)th release). Then
+
Qn = [Qr } :
Q) = (QA +A4 )
Q;? [ n1+An 1)/\K Bn 1] )
Q= (o2 T A A

The recursions (5.17), (5.18) are obviously closely related to (3.1), but not a special
case.

The stationary distributions of the recursions (5.17), (5.18) can be studied by
much the same methods as used for (3.1). Consider e.g. (5.18) which can be written
as Q8 = f(QB |, U,_,) where u = (a,b), f(z,u) = ([t —b]" +a) AN K and U,_; =
(A, Bn—1). The inverse function g of f in the sense of Proposition 5.7 is then given

by

0 r=0orze€ (0,0, a>Db,
g(z,a,b) = x—(a—b) € (0,b],a<b,
00 x > b.

It follows that the dual process {R,} started from = evolves as the unrestricted
random walk {(z — Ag)*t — S,.}, starting from (z — Ap)™ and having random walk
increments Z,, = A, — B,,_1, and that P.(QP? > z) is the probability that this process
will exit (0, K] to the right. O
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5.3 Further properties of 7°

We first ask when 7° has an atom at b, i.e., when 7°{b} > 0 so that there is positive
probability of finding the buffer full. The dual question is whether 7°{0} > 0. For
the answers, we need the fact that in the finite variation case, the underlying Lévy

process X has the form
X(t) =0t + S1(t) — Sa(t) (5.19)

where S7, Sy are independent subordinators.

Theorem 5.12. (i) In the infinite variation case, 7°{b} = 7°{0} = 0. In the
finite variation case (5.19):

(ii) 7*{b} > 0 and 7°{0} = 0 when 6 > 0;
(iii) 7*{b} = 0 and 7°{0} > 0 when § < 0;

Proof. We have 7°{b} = IP(X(T[O, b)) > b). In the unbounded variation case,
(—00,0) is regular for X, meaning that (—oo,0) is immediately entered when start-
ing from X (0) = 0 (|94, p.x]), so that in this case X (7[0,b)) = 0 and 7°{b} = 0.
Thus 7°{b} > 0 can only occur in the bounded variation case which is precisely
(5.19). Similarly for 7°{0}.
One has
Sit)/t 2250, Sy(t)/t 250, t—0 (5.20)

(cf. [11, p.254]). Thus if 6 < 0, X takes on negative values close to arbitrarily close
to t = 0 so that 7[0,b) = 0, X(7[0,b)) = 0 and x*{b} = 0.

If 0 >0, we get X(t) > 0 for 0 < ¢t < ¢ for some e. This implies that X has a
chance to escape to [b, 0o) before hitting (—oco, 0) which entails P(X (7[0,)) > b) > 0
and 7°{b} > 0.

Combining these facts with a sign reversion argument yields (ii), (iii). H

Corollary 5.13. In the spectrally positive (downward skipfree) case, w°{b} = 0.

Proof. The conclusion follows immediately from Theorem 5.12(i) in the infinite vari-
ation case. In the finite variation case where Sy = 0, our basic assumption that
the paths of X are non-monotonic implies # < 0, and we can appeal to Theo-
rem 5.12(iii). O

The next result relates one- and two-sided reflection.

Theorem 5.14. Assume m = EX (1) < 0 so that 7 exists, and that X is spec-
trally positive with v{b} = 0. Then 7° is ©° conditioned to [0,b], i.e. w(A) =
7 (A)/7%°[0,b] for A C [0,b]. Equivalently, ©° is the distribution of M = sup,sq X (t)
conditioned on M <b. -

Proof. For z € (0,b), define pi(z) = P(X(7[z — b,2)) > z), pa(z) = P(X(7[z —
b, x)) > b). Then spectral positivity implies that X is downward skipfree so that

po(x) = pr(@) + (1= pi(2)pa(b), pi() = % |
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In terms of stationary distributions, this means

b _ m°[z,00)  7F[x,00)
™l b = °[0,0)  7[0,b] ’

where the last equality follows from Corollary 5.13. m

Corollary 5.15. Assume m = EX (1) > 0 and that X is spectrally negative with
v{—=b} = 0. Then ©° is the distribution of b — M conditioned on M > —b where
M = inftzo X(t)

6 The loss rate via It6’s formula

The identification of the loss rate ¢° of a Lévy process X first appeared in Asmussen
& Pihlsgard [19]. The derivation is based on optional stopping of the Kella-Whitt
martingale followed by lots of tedious algebra, see Section 8. In this section we will
follow an alternative more natural approach presented in Pihlsgard & Glynn [108].
One important point of that paper is that the dynamics of the two-sided reflection
are governed by stochastic integrals involving the feeding process. Thus, all that is
required is that stochastic integration makes sense. Hence, the natural framework is
to take the input X to be a semimartingale. What we will do in the current section
is to solve the more general problem of explicitly identifying the local times L and
U (in terms of X and V') when the feeding process X is a semimartingale. The main
result in [19] follows easily from what will be presented below.

We start with a brief discussion about semimartingales. A stochastic process X
is a semimartingale if it is adapted, cadlag and admits a decomposition

X(t) = X(0)+ N(t) + B(t)

where N is a local martingale, B a process of a.s. finite variation on compacts with
N(0) = B(0) = 0. Alternatively, a semimartingale is a stochastic process for which
the stochastic integral

/H(s)dX(s) (6.1)

is well defined for H belonging to a satisfactory rich class of processes (more precisely,
the predictable processes). In (6.1), we will in this exposition take H to be an adapted
process with left continuous paths with right limits. The class of semimartingales
forms a vector space and contains e.g. all adapted processes with cadlag paths of
finite variation on compacts and Lévy processes. For a thorough introduction to
semimartingales we refer to Protter [113].

Let X and Y be semimartingales. [ X, X| denotes the quadratic variation process
of X and [X, X]¢ is the continuous part of [ X, X|. [X, Y] is the quadratic covariation
process (by some authors referred to as the bracket process) of X and Y.

Section 4 contains a discussion concerning the existence and uniqueness of the
solution (V, L,U) to the underlying Skorokhod problem in which no assumptions
about the structure of X are made, so it applies to the case where X is a general
semimartingale. We will start by presenting two preliminary results.
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Lemma 6.1. V, L and U are semimartingales.

Proof. Since L and U are cadlag, increasing and finite (thus of bounded variation)
it follows that they are semimartingales. Semimartingales form a vector space, so
we are done. O

Lemma 6.2. [t holds that [V,V]° = [X, X]°.
Proof. L — U is cadlag of bounded variation and it follows by Theorem 26, p. 71, in
[113] that [L — U, L — U]® = 0 which is well known to imply [X, L — U]¢ = 0, see,
e.g., Theorem 28 p. 75 in [113]. The claim now follows from
V,VIe=[X+L-UX+L-U|
=[X,X]°+[L-U,L-U]°+2[X,L-U]°=[X, X]. O
We now establish the link between (L, U) and X. We choose to mainly focus on

the local time U, by partly eliminating L, but it should be obvious how to obtain
the corresponding results for L.

Theorem 6.3. Let X be a semimartingale which is reflected at 0 and b. Then the
following relationship holds.

t
WU (E) = V(0)? — V(1) 42 / Vis—)dX(s) + [X, XI'() + Jn(t)  (6.2)
0+
where Jg 1s pure jump, increasing and finite with
JR(t) = Z @(V(S—),AX(S)), (63>
0<s<t
where
—(2? + 2zy) ify < —u,
go(x,y)z ?J2 Zf—$<y<b—l’,

29(b—x)— (b—2)* ify>b—u.

Proof. By the definition of the quadratic variation process [V, V] and Lemma 6.2,
t

V() —=V(0)?2 -2 [ V(s—)dV(s) = [V,V](t) = [X, X](t) + Z (AV(s))?. (6.4)

U 0<s<t

Furthermore,
dV(t) =dX(t) + dL(t) —dU(t) and V(s—)=V(s)— AV (s),
so it follows by the formulation of the Skorokhod problem that

[ vemaves

= /o+ V(s—)dX(s) + /0+ (V(s) — AV(s))dL(s) — /o+<V(S) — AV(s))dU(s)

- /t V(s—)dX(s) — tAV(s)dL(S)—bU(t)Jr AV (s)dU(s)

+ o+ o+

= /0 V(s=)dX(s) = Y AV(s)AL(s) = bU(t) + >  AV(s)AU(s). (6.5)

* 0<s<t O<s<t
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(6.2) and (6.3) follow by combining (6.4) and (6.5) with the fact that

AV (s) = max(min(AX(s),b—V(s—)),0) + min(max(AX(s),—V(s—)),0),
AV (s)AL(s) = =V (s—)(—min(AX(s) + V(s—),0)),
AV (s)AU(s) = (b—V(s—)) max(AX(s) + V(s—) — b,0).
Since 0 < ¢(z,y) < y? it follows that Jr(¢) is increasing and that
Tr(t) < ) (AX(5))* < [X, X](t) < o. O

We will need the next result in order to go from the path-by-path representation
in Theorem 6.3 to the loss rate .

Lemma 6.4. Suppose that X is a Lévy process with characteristic triplet (u,o,v)
and E| X (1)] < co. Let

t
1) = / V(s—)dX(s).

0
If V(0) = & it holds that EI(t) = tmEV(0).
Proof. Let X (t) = X(t) — > 0es<t AX(s)L(JAX(s)| > 1), so that

4
I(t) —/ V(s + Y V(s L(JAX (s)| > 1).
0+ 0<s<t

We let Y (£) = X (¢) —tEX(1). Then Y is a martingale (and thus a local martingale)
and it follows by Theorem 29, p. 128, in [113] that

J(t) = /0 V(s—)dY (s)

+

is also a local martingale. Theorem 29, p. 75, in [113] tells us that

7, J)(t) = / V(=P T = / VPR X)) < BIK K
_h (0275 + Y (AX(9)*L(|AX (5)] < 1))

0<s<t

and it follows that E[J, J](t) < oo for all ¢ > 0, which implies that J is a martingale,
see Corollary 3, p. 73 in [113]. Then EJ(t) = EJ(0) = 0, and thus

E/Oi V(s—)dX(s) :H«:/Ot+ V(s—)EX (1)ds = tEV (0)EX(1).

Furthermore, since » ., AX(s)1(JAX(s)| > 1) is a compound Poisson process
and V' (s—) is independent of AX(s), we get that

E Y V(s— s)L(JAX (s )|21):tIEV(O)(/1OOg;y(dx)+/_

0<s<t

-1

o0

x l/(dx))
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and it follows that
-1

EI(t) = tEV(0)EX (1) + tEV (0) (/00 zrv(dz) + / xu(dx)) =tmEV(0). O

[e.e]

The next corollary is an easy consequence of Theorem 6.3 and Lemma 6.4 and
is precisely the main result in the paper [19]. Note that as we keep b fixed it is no
restriction to assume that the support of v is [—a, 00)\ {0} for some a > b. Otherwise
we just truncate v at —a (we then get a point mass of size v((—oo, —al) at —a). The
truncation does not affect ¥V and hence not £°.

Corollary 6.5. Let X be a Lévy process with characteristic triplet (p,o,v). If
floo yv(dy) = oo, then (* = oo and otherwise

e}

= %{2mEV + o? +/0 W(dx)/ o(z,y)v(dy)}. (6.6)

o0

Proof. The first part is obvious. The second part follows immediately from (6.2) and
(6.3) and Lemma 6.4 if we note that for a Lévy process [X, X]¢(¢) = ot O

7 'Two martingales

We will need nothing more sophisticated here than taking the property of { M (t)}:>0
to be a martingale as

E[M(t+s)| Z(t)] =M(1t), t>0,s>0, (7.1)

where {ﬁ(t)} 1> 18 the natural filtration generated by the Lévy process, i.e. F(t) =
o(X(v): 0<v <t).

The applications of martingales in the present context are typically optional
stopping, i.e. the identity EM(7) = M(0) for a stopping time 7 when M(0) is
deterministic or EM (7) = EM(0) in the general case. This is not universally true,
but conditions need to be verified, for example

Esup|M(t)| < o0. (7.2)
t<t

The Wald martingale

A classical example in the area of Lévy processes is the Wald martingale given by
M(t) = eaX®)=trl(a) . (7.3)

The proof that this is a martingale is elementary using the property of independent
stationary increments and the definition of the Lévy exponent k.

Remark 7.1. For the Wald martingale /X"~ there is an usually easier ap-
proach to justify stopping than (7.2): consider the exponentially tilted Lévy process
with kg(a) = k(a + 0) — k(0). Then optional stopping is permissible if and only if
Py(T < 00) = 1. See [11, p. 362]. O
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Example 7.2. Consider Brownian motion with drift x4 and variance constant o2,
and the problem of computing the two-sided exit probability

P(X(r[z —b,2)) > z) = n’[z, 0]

occurring in the calculation of the stationary distribution 7.

We have r(a) = ap + a?0?/2, and take « = v = —2u/0? as the root of the
Lundberg equation x(a) = 0. Then the martingale is ¢X®). Condition (7.2) holds
for 7 = 7[x — b,x) since z — b < X(t) <z for t < 7]z — b, x). Letting

pH(z) =P(X(r[z — b,2)) > 2) =P(X(r[z — b,2)) = 2),
p (z) =P(X(r[z —b,2)) <z—b) =P(X(r[r — b,z)) =2 —b)

(note the path properties of Brownian motion for the second expression!), optional
stopping thus gives

1=M(0) =EM(r[z — b,z)) = p*(z)e” + p~ ()’ ).
Together with 1 = p*(x) + p~(x) this gives

1 — eV(ﬂﬁ—b) e_’yx — e_’yb

x) = (7.4)

erT — ev(z—b) o 1 —e

The last expression identifies 7° as the distribution of an exponential r.v. W condi-
tioned to [0,b] when v > 0, (i.e. u < 0) and of —W when v < 0 (i.e. u > 0). O

Example 7.3. Consider again the Brownian setting, but now with the problem of
computing quantities like

rt=E[e™™; X(1)=v], r =E[e?; X(1)=u], r=rt+r =Ee "

where 7 = inf{t : X(¢) & [u,v]} with u < 0 < b and ¢ > 0, as occurring in the
calculation of the scale function.
We take « as root of
q=r(a) = ap+a’®c?/2
(rather than the Lundberg equation x(a) = 0). Since ¢ > 0, there are two roots, one
positive and one negative,

—p— i+ 20%

_ /12 X 252
9+:0+(q): M+ ,;L + qu 0—:0—<q): 2
We therefore have two Wald martingales at disposal, e/ X()=¢¢ and ef” X()—at,

Instead of verifying condition (7.2) (trivial for 6 but not 67!), it is easier to note
that in the present context, we have 7 < co for all y, and this implies the conditions
of Remark 7.1. Optional stopping thus gives

otov

+ _ — _ —
L=rTe? 0 prtr=e?™, 1=rte? V4 ptref v,

These two linear equations can immediately be solved for r+,r~, and then also
r=rt 4+ r" is available. O
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Example 7.4. Consider again the two-sided exit problem, but now with exponential
(0) jumps at rate A in the positive directions added to the Brownian motion.
Inspired by Examples 7.2, 7.3 we look for solutions of the Lundberg equation

J
0= r(a) = ap+ ac?/2 + )\Ta.

This is a cubic, which looks promising since we have three unknowns, the probability
of exit below at u, the probability of continuous exit above at v, and the probability
of exit above by a jump. However, only two of the three roots # leads to a permissible
Wald martingale; since log Ee®X() is convex, there is at most two roots in the interval
where this function is finite. O

The Kella-Whitt martingale

Consider a modification Z(t) = X (t) + B(t) of the Lévy process, where {B(t)}+>0
is adapted with D-paths, locally bounded variation, continuous part {B¢(t)}, and
jumps AB(s) = B(s) — B(s—). The Kella-Whitt martingale

t
/{(a)/ eaZ(s) ds + eaZ(O) . eaZ(t)
0

t
+ oz/ ) dB(s) + Z () (1 — e @ABE) - (7.5)
0

0<s<t

Since the Kella-Whitt martingale (ii) is less standard than the Wald martin-
gale (i), we add some discussion and references. The first occurence is in Kella &
Whitt [84] where it was identified as a rewriting of the stochastic integral

/0 exp{a(X(s—) + B(s—)) + sx(a) } dW(s)

where W is the Wald martingale. The stochastic integral representation immediately
gives the local martingale property. To proceed from this, much subsequent work
next shows the global martingale property by direct calculations specific for the
particular application. However, recently Kella & Boxma [80] showed that this is
automatic under minor conditions.

A simple but still useful case is the Kella-Whitt martingale with B(t) = 0,

¢
/i(oz)/ e®X() ds 4 o7 — oX(0) (7.6)
0

A survey of applications of the Kella-Whitt martingale is in Asmussen [11, IX.3];
see also Kyprianou [94], [95].

8 The loss rate via the Kella-Whitt martingale

In this section we summarize the original derivation of the loss rate ¢ = ¢° which is
presented in Asmussen & Pihlsgard [19]. It is essentially based on optional stopping
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of the Kella-Whitt martingale for V. As stated in the Introduction and in Section 6,
this is less straightforward than the direct It integration method used in Section 6.
It is not difficult to see why the latter approach leads more directly to the result:
the Kella-Whitt martingale, see Kella & Whitt [84], is itself obtained as a stochastic
integral with respect to the Wald martingale (indexed by, say, «) for V', so this
method implicitly relies on It6’s formula and, more importantly, there is introduced
an arbitrariness via a which is removed by letting o« — 0. This requires a delicate
analysis, which is to a large extent based on Taylor expansions and tedious algebra,
and hence of limited probabilistic interest. This is perhaps the most serious drawback
of the original approach. However, the martingale technique also has advantages.
E.g., if the process X is such that the equation x(«) = 0 has a non-zero root 7, we
obtain an alternative formula for ¢, see Theorem 8.6 below, which turns out to be
very useful when we derive asymptotics for £* as b — oo when X is light tailed. We
see no immediate way of deriving this result directly via It6’s formula.

To follow the exposition in [19], we need to introduce some further notation.
First, we split L and U into their continuous and jump parts, i.e.,

L(t) = L(t) + L;y(t) and U(t) = Ud(t) + Uy(t) (8.1)

where L.(t) is the continuous part of L, L;(t) the jump part etc., ie., L;(t) =
Y o<s<t AL(s) and L.(t) = L(t) — L;(t). Further, we treat the contributions to L
and U coming from small and large jumps of X separately: let

AL(s) = AL(s)1(—k < AX(s) <0), AL(s) = AL(s)1(AX(s) < —k) ,
AU(s) = AU(s)L(0 < AX(s) < k), AU(s) = AU(s)L(AX(s) > k)

where k is a constant such that k£ > max(1,b). Further, we let

¢ =EU(1), £=EU(), £=EY AU(s), 6=E S AUs),

0<s<1 0<s<1

and similarly at 0. Clearly 62 = E? + ZI; and E? = ﬁ? + Z?. The Lévy exponent x(«)
can be rewritten as

cra+ oa® /2 + / [e*" =1 — azl(|z| < k)] v(dz), (8.2)
where ¢, = ¢+ f‘y|>k yv(dy).

The paper [19] relies on the original reference on the Kella-Whitt local martin-
gale associated with Lévy processes, [84], and on Asmussen & Kella [18] for the
generalisation to a multidimensional local martingale associated with Markov addi-
tive processes with finite state space Markov modulation. However, it was recently
discovered in Kella & Boxma [80] that without any further assumptions, these local
martingales are in fact martingales. This very useful result makes it possible to keep
the treatment below slightly shorter than what was presented in [19].

The first step in the analysis is to show that ° and ¢* are well defined if the
process X is sufficiently well behaved.

Lemma 8.1. IfE|X(1)| < oo then EL(t) < co and EU(t) < oo (for all t).
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Proof. Assume (without loss of generality) that V(0) = 0. Let 7(0) = 0 and, for
jg>1v(y) =inf{t > 7 —1): V() = b}, 7(j) = inf{t > v(j) : V(¢) = 0}. We
view V' as regenerative with ith cycle equal to [7(i — 1),7(7)). Let n(t) denote the
number of cycles completed in [0, ¢]. Then

n(t)
=> Ci+R(t)
=1

where C; is the contribution to L(t) from the ith cycle and R(t) is what comes
from [7(n(t)),t]. Let m(t) be the local time corresponding to X reflected at 0. Then

C; = m(v(1)) + J; where J; comes from a jump of X ending the cycle. It is known,
see Lemma 3.3 in [11], that Em(¢) < oo and this together with E|X (1)| < oo yields
EC; < oo and ER(t) < oo. Furthermore, E(7(i) —7(i — 1)) > 0 and this implies that
En(t) < oo, see Proposition 1.4 in [11]. It now follows from Wald’s identity that

EL(t) = En(t)EC, + ER(t) < o0
EU(t) < oo is now immediate from the formulation of the Skorokhod problem. [

The next step is the construction of the Kella-Whitt martingale for the reflected
process V.

Proposition 8.2. Assume that E|X(1)| < co. For each t, let M(t) be the random
variable

t
/Q(Oé)/ eaV(s)dS + eaV(O) . eaV(t)
0

t
+O(/ aV s)dL e® . —aAL(s))
0 2.

0<s<t

t
—Oé/ aV s)dU Z e s) _ aAU( ))
0

0<s<t

t
M(t) _ fi(oz)/ eaV(s)dS + eaV(O) _ eaV(t) + OéLc(t) + Z (1 _ e—aAL(s))
0

0<s<t

O‘/eozb[] e Z _ oAU s) (83)

0<s<t
and M s a zero mean martingale.

Proof. L and U solve the Skorokhod problem stated in the Introduction, so the first
claim is clearly true. L —U is of bounded variation and it follows by what was proven
in [80] that M is a martingale. O

We proceeed by stating two lemmas.

37



Lemma 8.3. * satisfies the following equation:

ab\ pb __ aV (0 ab b -0
a(l —e)b = — k(a)Ee®V O + aRX(1) — ae l; + al;

2 2
@ 2, & 2
+5E D (AUs) + S E D (ALs)) (8.4)
0<s<1 0<s<1
— YR Z 1 _eaAU o) Z —aAL (s) +o(a2),
0<s<1 0<s<1

where o(a?)/a? — 0 if a — 0.

Proof. Tf we take t = 1 in Proposition 8.2 and use the stationarity of V', we get
0= k(a)Ee®V O Lo’ +E Z (1—e ALY _net b 4R Z (1—eAVE) (8.5)

0<s<1 0<s<1
We write
Z (1 . eaAU(s)) _ Z (1 . eaAU(s)) + Z (1 . eaZU(s))) (8.6)
0<s<1 0<s<1 0<s<1
Z (1 - efaAL(s)) _ Z (1 . efozéL(s)) + Z (1 - efaZL(s)) (87)
0<s<1 0<s<1 0<s<1

and apply the expansion

2 3
¢ =1+ ax + (O‘? + (O‘g) v e (0,1) (8.8)

to the first parts of the r.h.s. of (8.6) and (8.7) and get for the part in (8.6):

B Y (1—e"V0) = eE(—a Y AU(s Z (AU(5))?) + o(a?)

0<s<1 0<s<1 0<s<1
2
o ab pb ab® 2 2
= —ae®lj — ™K > (AU(5))* + o(e?)
0<s<1
= —ae® (b — Zb) - a—2E Z (AU(5))? + o(a?) (8.9)
- Y 2 i 7 .

because EY -, o®(AU(s))?e?2U) /6 = o(a?), €4 = ( +Z§ and e*a?/2 = a?/2+
o(a?). We proceed similarly for the part in (8.7) and get
2

E S (1—e 2K = o() ~ 7)) —%E 3" (AL(s))? + o(a?). (8.10)

0<s<1 0<s<1

If we combine (8.5), (8.6), (8.7), (8.9) and (8.10) we get

2
0= r(a)Ee®© 4+ af® — aetr® — oz?? + aeabzl; - %]E Z (AU(s))?

0<s<1 0<s<1 0<s<1

The claim now follows if we make the substitution /° = ¢* — EX (1) and rearrange
terms. [
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Lemma 8.4. Let, for v > 0, v(x) = v(z,00) and, for x <0, v(x) = v(—o0,x). In
stationarity it then holds that as oo — 0,

k() Ee®V®
= o)+ [ @) [ ol > wpvia)
- [tz vt v [Cantan) [z ovtan) oy

+a2(ck/0bx7r(dx)+02/2+/192/2V(dy) :

_ /Obx2/27r(dx) /Oo Lyl = k:)V(dy))

—00

o b [e'S)
B Y (1= eSO et [ [ (1 ey
k

0<s<1 0

(14 ab+ a22/2)5(k) — /0 R /k T eu(dy) +o(0?),  (8.12)

—k

. b
E ) (1—e )= /O 7(dz) / (1 — e*@)p(dy)

0<s<1 o0

=v(—k) —/0 e r(dx) /_ ey (dy) + o(a?), (8.13)

oo

b 00
aeo‘bzg» = aeab/ m(dz) / (y — b+ z)v(dy)
0 k

b oo
— (0 + ) / n(dx) / (v — b+ o)u(dy) +o(a?),  (8.14)

a?? = —a/o 7(dx) /_ (x +y)v(dy), (8.15)
am = acy, + a/_oo y1(ly| > k)v(dy), (8.16)
052 062 b k
3BT @Uer=G [ wtan) [ w=vratan. (8.17)
CYQ CY2 b —x
TE Y @rr= [ wtan) [ @ wva) (8.15)

Proof. Clearly Ee®V(®) = fob e*r(dx). (8.11) follows if we use the representation for
k() in (8.2) and expand the integrands corresponding to the compact sets [k, k]
and [0, b] according to (8.8). The remaining statements all follow by conditioning on
V(s—) and applying (8.8) where appropriate. ]
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We are now ready to identify ¢° in terms of 7 and (c,0?,v). We remind of the
remark just before Corollary 6.5.

Theorem 8.5. If floo yv(dy) = oo, then (* = oo and otherwise

1 b oo
oW — 2_b{QmIEV + o4 / W(dl‘)/ oz, y)v(dy)}, (8.19)
0 -0
where
— (2% + 2zy) ify < —u,
p(z,y) = 1 y° if—x<y<b—u,

2y(b—x)— (b—2)* ify>b—u.

Proof. The first claim is obvious. We use (8.4) and identify the terms in the right
hand side via Lemma 8.4 and get,

b—x

b
a(l — )P = —cra / xr(dx) — 7(dx)

-5 et /_xywdy) (k) + <—k>>% / rir(da)
2 / () / (o= 07+ 200 = )widy) b [ el

“v(dy)

v / (dz) / 22 4 20y)(dy) + /0 (b— 2)7(k) + o(a?).  (8.20)

We divide both sides of (8.20) by a(1 — e*) and let first o — 0 and then k — oo
and get the limit (8.19) (note that ¢, — EX (1) as k — 00). O

The next result, which follows almost directly from the proof of Lemma 8.3, gives
an alternative expression for £° whenever we can find a non-zero root 7 of x(a) = 0
(a genuine root in the sense that the real part as well as the imaginary part of
EeX(M) are finite, cf. Lemma 10.7 where the meaning of x(a) = 0 is different). Note
that in the original version (Theorem 3.2 in [19]) it is required that v is real but this
is not necessary.

Theorem 8.6. Assume that there exists a non-zero root v of the equation k(a) = 0.
Then

1
("= —— 1{e7b11 + I, —EX(1)} (8.21)

et

where
h= [ nan) [T - e ay)
|

m(dx) /__x((x +y)+77 (1= ))u(dy)
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Proof. Let € > 0. We truncate the Lévy measure at ¢ and —e. By arguing precisely
as when we derived (8.4) and taking o = v, we get

(e = 1) = —yEX (1) + e I{ + I5 + O(e), (8.22)

where

b 0
=[xt [ Gl (=),

b —(zVe)
= [ [ G+ 0=y,

[e.9]

and the claim follows if we divide both sides of (8.22) by v(e?® — 1), let € | 0 and
apply monotone convergence. O

The identification of ¢* is almost trivial in the discrete time case, see Section 3.
However, the continuous time case is much more involved and less intuitive, no
matter the choice of method for deriving the expression(s) for ¢* (the direct Ito
approach presented in Section 6 or the methods used in the current section). In
order to provide the presentation with some intuition, we present an alternative
heuristic derivation of the formula for ° as given in (8.21). Recall the definitions
of €2, (% etc. given above. We will derive four equations involving 2, ¢4, ¢ and (9
and solve for the unknowns. The first equation follows directly from the Skorokhod
problem formulation and the stationarity of V:

040 — 00— 15 = —m. (8.23)

The second equation is

= /0 (dz) /b "y = b+ 2)v(dy) (8.24)

and the third is , B
0 = —/0 W(dl’)/_ (z +y)v(dy). (8.25)

In order to obtain the fourth equation, we take av = =y in (8.3), which yields

(o)

b
0 — e = —e”’b/ W(dx)/b (1-— eV(y_b”))V(dy)
0

—x

b —x
- / r(dz) / (1= @EH))y(dy). (8.26)

0 —00
(8.24), (8.25) and (8.26) apply at least if the jump part of X is of bounded variation,
ie., if f_ll |z|v(dz) < oo. In this case they follow by straightforward conditioning
on the value of V' immediately prior to a jump of X. By combining (8.23), (8.24),
(8.26) and (8.26), we may identify the unknowns and the expression for ¢° given in
(8.21) follows from (° = €% + £5.
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Example 8.7. Assume that X is Brownian motion with drift ; and variance o2,
ie., k(o) = pa + 0%a?/2. Then v = —2u/0? and Theorem 8.6 gives us * =
—p/ (e — 1),

Example 8.8. Suppose that X is a strictly stable Lévy process with index o €
(0,2) \ {1} (note that if @ = 1, then £’ = co and if a = 2, then (* = ¢%/2b), i.e.,

(dz) cor@tDdy  if 2 >0,
v(de) =
c_|z|~letDdr if x <0,

where ¢, c_ > 0 are such that ¢, +c_ > 0; see, e.g., Bertoin [28], pp. 216-218. Let
B=(cy —c_)/(cy +c_)and p=1/2+ (ma) ' arctan(3 tan(ra/2)).

If « € (0,1) then ¢° is 0 if 3 = —1 (then X is the negative of a subordinator)
and oo otherwise. We now consider the case o € (1,2), which implies that EX (1) =
o = 0. It follows from Theorem 1 in Kyprianou [93| and some rescaling manipulations
that if X is not spectrally one-sided, i.e., if p € (1 — 1/, 1/c), then

m(dz) = (bB(ap,a(l — p))) 11 — x/b)* (/b)) "1,

where B(-,-) is the beta function. Further, it turns out that in this example,

/oo p(z,y)v(dy) = 2(ala — 1)(2 = a)) " (c-a™" + ey (b—2)*7%),

o0

and it follows from Theorem 8.5 (Theorem 3.1 in [19]) that

B2 —ap,ap) + ;B2 = a(l - p),a(l - p))

¢ =
Blap,a(l — p))afa —1)(2 - a)pe!

9 Phase-type jumps

A key step in the analysis of two-sided reflection is the computation of the stationary
distribution or equivalently two-sided exit probabilities. This is not possible in gen-
eral, but requires additional structure. One example is the spectrally negative case
with the scale function available. Another one, that we concentrate on here, is phase-
type jumps in both directions and an added Brownian component. This class of Lévy
models has the major advantage of being dense (in the sense of D-convergence) in
the class of all Lévy processes. Further, not only are explicit computations available
for two-sided exit probabilities but also in a number of other problems standard
in fluctuation theory for Lévy processes, see the survey in Asmussen [12| and the
extensive list of references there.

9.1 Phase-type distributions

Phase-type distributions are absorption time distributions in finite continuous-time
Markov processes (equivalently, lifelength distributions in terminating finite Markov
processes). Let {J(t)}>0 be Markov with a finite state space E U {A} such that
A is absorbing and the rest transient. l.e., the process ends eventually up in A so
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that the absorption time (lifetime) ¢ = inf{t : J(¢) = A} is finite a.s. For i,j € E,
i # j, write t;; for the transition rate ¢ — j and ¢; for the transition rate ¢ — A.
Define t;; = t; + ZjeE and let T' be the E' x E matrix with ijth element ¢;;. If o is
an E-row vector with elements a; summing to 1, we then define a phase-type (PH)
distribution F’ with representation (F,a,T') (or just (e, T')) as the distribution of
¢ corresponding to the initial distribution Py of {J(¢)} given by P, (J (0) = Z) =1.

The situation is illustrated in the following figure, where we have represented
the states by colored bullets, such that A corresponds to black. The process can
be illustrated by a traditional graph, as above the horizontal line, or, as below, as
a line of length ¢ with segments colored according to the sample path. This last
representation is the one to be used in subsequent figures.

Figure 3

Analytic expressions for PH distributions, say for the p.d.f., c.d.f., etc., typically
have matrix form. All that will matter to us is the form of the m.g.f. of PH(ex, T'),

Ee’ = a(—sI — T)'t, (9.1)

where t is the column vector with elements ¢; (the exit rate vector).

The exponential distribution corresponds to E having only one state, a mixture
of exponentials to ¢;; = 0 for i # j, and an Erlang(p, d) distribution (a gamma(p, J)
distribution) to E' = {1,...,p}, tis41) = ¢ for i < p, all other off-diagonal elements
0,a=(10...0).

9.2 The PH Lévy model

Any one-point distribution, say at z > 0, is the limit as p — oo of the Erlang(p, p/z)
distribution. The PH class is closed under mixtures, and so its closure contains all
distributions on (0, c0) with finite support. Hence the PH class is dense.

The class of compound Poisson processes is dense in D in the class of Lévy
processes. Hence the denseness properties of PH imply that the class of differences
of two compound Poisson processes with PH jumps are dense. In our key examples,
we will work in this class with an added Brownian component,

N7t (%) N=(t)
X(t)=pt+oBt)+ Y Y=Y V- (9.2)
i=1 j=1
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where N+ is Poisson(A*) and the Y* PH(E®, a®, T#), with n* states. Then by (9.1),
we have (in obvious notation) that

K(s) = pus + o*s*/2
+ AT [at (=sIT =T "t — 1]+ X [a (sI =T ) 't —1]

where ¢, ¢~ are the exit vectors (minus the row sums of the phase generators).
Expanding the inverses as ratios between minors and the determinant, it follows
that k(s) = r1(s)/ra(s) where rq,ry are polynomials, with degree n™ + n~ of

ro(s) = det(—sIt —T)det(sI~ —T")

and degree n™ +n~ +2of ry if 62 >0, n" +n" +1if6? =0, up #0, and n* +n" if
02 =0, = 0. Obviously, x(s) therefore has an analytic continuation to the whole of
the complex plane with the zeros of r, removed.This representation is fundamental
for the paper. We further let

O ={seC: E¥M < 0}

then © is a strip of the form © = {s € C: § < R(s) < 0} for suitable § < 0 < @
(—0 is the eigenvalue of largest real part of T and @ the eigenvalue of largest real
part of T7).

The situation is illustrated in Fig. 4. The green-shaded area is the strip © C C
where the m.g.f. converges. The red squares are the singularities, i.e. the roots of o
or, equivalently, the union of the sets of roots of det (—sI + —T*) and det (sI - —T*).
The blue circles are the roots of r; or, equivalently, of x which will show up in
numerous computational schemes of the paper.

8 0 ¢

1 2

Figure 4: Features of x

To avoid tedious distinctions between the various cases arising according to
whether o2, u are non-zero or not, we will assume that 02 > (. This assumption has
a further motivation from a common procedure (e.g. Asmussen and Rosinski [20])
of replacing small jumps by a Brownian motion with the same mean and variance.
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9.3 Two-sided exit

Recall that 7[a,b) = inf{t > 0: X(¢) & [a,b)} with a <0 < b; we want to compute
P(X (r[a,b)) > b).
Write

b= B(X(rlah) =b). 5 = B(X(rlab)) = a).
D, = P(X(T[a, b)) > b, upcrossing occurs in phase 2) ,i=1,2,...,n",

p; = (X(T[a, b)) < a, downcrossing occurs in phase j) ,7=12,...,n" .

In more detail, we can imagine each upward jump of the process to be governed by
a terminating Markov process J with generator T, and if the first exit time from
[a,b) is ¢, ‘upcrossing in phase i’ then means J (b — X (7[a,b)—)) = i (similarly for
the downward jumps). See Fig. 5 where F'™ has two phases, red and green, and F~
just one, blue (we denote by F'* the distributions of Y'*); thus on the figure, there
is upcrossing in the green phase.

gt

Figure 5: The two-sided exit problem

We have P(X (7[a,b)) > b) = pf+p{ +---+p}, and need n™ +n~ +2 equations
to be able to solve for the unknowns. The first equation is the obvious

nt n-
pEAY i+ ) by =1
i=1 j=1

T e denote the ith unit row vec-

The following notation will be used. Let e, e;
tors and let F[s] = ef(—sI* — T*)~'t* denote the m.g.f. of the phase-type
distributions F* with initial vector ef and phase generator T*. Let further 0 =

P1s P2, - - s Putintio denote the roots of k(p) = 0, i.e., of the polynomial equation
ri(p) = 0.

Heuristics via the Wald martingale

If the drift £/(0) is non-zero, a v # 0 with Ee’X) < oo, k() = 0 exists and we can
take p; = 0, po = . Thus e”2X® is an (integrable) martingale. Optional stopping
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at 7[a,b) then yields 1 = Eer2X(7[2%) which, taking over- and undershoots into
account, means

nt n-
L=t (pf > p Bl e (o + Y0 B lpd)  (93)
i=1 j=1
for k = 2. This is one equation more, but only one. If py, £ > 2, is one of the
remaining nt + n~ roots and E|e”*(M| < oo, we can then proceed as for p; to
conclude that (9.3) holds also for this k, and get in this way potentially the needed
nT +n~ remaining equations. But the problem is that typically E|e?*¥(D| < oo fails.
Now both sides of (9.3) are analytic functions. But the validity for two £ is not
enough to apply analytic continuation.

Computation via the Kella-Whitt martingale

We will use the simple form (7.6) of the Kella-Whitt martingale. This gives that K
defined according to

tAT[a,b)
K(t) = n(a)/ X () dg 4 1 — X (tATIab) a € 0,
0

is a local martingale. In fact, K is a martingale as follows from Kella & Boxma [80].
Further, we have the bound

|K(t)| < |/{(O{)|te|a|max(‘a|’b) +14 e\aI(z-ﬁ-V*) + elal(b—z+V7)
where V™ and V'~ (the overshoot and undershoot of b and a, respectively, at 7[a, b))
are phase-type distributed. From E7[a,b) < oo we then get Esup,.,(, ;| K ()| < oo,
so optional stopping at 7[a,b) is permissible. Letting ¢(a) = E fOT[a’b) e*X()ds, this

gives

0= r(a)p(a)+1
St o B ) — e s S Fal). 0

It is easily seen that the function ¢(«) is well defined for all @ € C, not just for o € O,
and analytic when the common singularities of x and the ﬁf,ﬁ’[ are removed.
Therefore by analytic continuation (9.4) is valid for all « in this domain. In particular
we may take « as any of the py to obtain (9.3) for k=1,...,nT +n~ + 2.

Example 9.1. Take as a simple example all jumps to be exponentially distributed
(with parameters p*, p~) and p = —1. Then
Mo A o2a?

/-i(a):u+_a—u_+a+ 5

The method described above allows us to explicitly compute the c.d.f. 7[0, 2] (in
terms of the parameters of the model and b). Even for this simple case, the re-
sulting expressions are quite complicated and rather than presenting them, we
display numerical results in Fig. 6 in the form of plots of the c.d.f. of 7, taking
AN =X"=pu"=p" =1, b= 2, and letting o vary. O
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Figure 6

9.4 The scale function

Though the scale function does not appear in the rest of the paper, we give for the
sake of completeness a sketch of its computation in the PH model. In view of (5.3),
we need to evaluate

E[e )1 (X (1[a, b)) > b)] . (9.5)
To this end, we use the Kella-Whitt martingale with B(t) = —qt/a which takes the

form
t t
/Q(Oé)/ eaX(s)qu ds+1— eaX(t)fqt . q/ eaX(s)qu ds
0 0

Optional stopping at 7]a,b) gives

7|a,b)
1= — (k(a) — q)E/ e X(s)=as g
0

nt n-
+ e (piyi - Zp?Ff[Oz]y?) + e (p.?yc‘ + Zp}Fj‘[—a]y;)
i=1 =1

where yF is the expectation of e~97[%% given continuous exit above, y; the expec-
tation of e~971%%) given exit above in phase 4, and similarly for the Yo ,y; - As in
Section 9.3, we may now choose pf, ... ,p2++n,+2 as the roots of k(s) = ¢ to con-
clude that

q

for k =1,...,n"+n~+2. These linear equations may be solved for the pfy, py;",

Pe¥e D; y] : and (9.5) can then be computed as pfyF + > pfy.

9.5 The loss rate

As before, we take N* to be Poisson(A\*) and Y* to be PH(E*, a*, TF) with
n* phases, respectively. If we let # — b and x — b — a in (9.3), we obtain, for
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k=1,...,n" +n" +2,

e PKT =p! _|_Zp+F+ Pk +e” Pkb(pc +sz Pk]) (9.6)

(where, as above, we let p; = 0). We let a; be the vector

= (LEf(pr) . Efi(pr) e e (—py) ... e ™PE (=)
and construct the matrix A according to

a;
as
A=

Ap+n—12

If we let .
p=(pfpl - phopo v -op)
and take e, to be a row vector with the first n™ + 1 elements equal to one and zero

otherwise, we may compute 7(z) = pf + Z?; p; as e,p where p solves the set of
linear equations Ap = h(z), where

B(x) = (% ... oPurensa)T,
i.e., formally

T(z) = gh(z) = gexp{Huz}e, (9.7)
where g = e, A™! and H = diag(—p1, —p2, ..., —Pn+4n-+2) (the rightmost part in

(9.7) will prove itself useful below).

With this formula for 7(z) at hand we may proceed to the computation of ¢°.
We will take as a starting point the alternative formula for ¢* which is presented in
the Introduction, i.e.,

1
= z—b(szv + 0%+ + Jy— 205 — 2Jy) (9.8)

where
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It thus remains to identify m, EV and Ji, Js, J3, Jy. If we note that

(dz) AMatexp{TTz}ttde if x>0,
v(de) =
Ao exp{—T z}t - dz ifzx <O,

we see that the computation of ¢ is more or less a matter of routine (though te-
dious!). However, for the sake of completeness and clarity we will perform the cal-
culations in some detail anyway. Clearly,

m=u—\at(TH e+ \a (T e,
b b
EV :/ T(z)dx :/ gh(z)dx = gk,
0 0

where

b
Py (1—e )
Py—f}+n—+2(1 - e_p"ﬂ”*“b)
Let ® and @ denote Kronecker matrix multiplication and addition, respectively,

where @ is defined for square matrices by A1 ® Ay = A1 @I + 1T ® A,. It is not
difficult to show that

Aa™(TT)Lexp{THy}t+ if y > 0,
R S el 99
A a (T7) 'exp{-T y}t~ ify<0,
Aa™(TH) Yyl — (TH) ™) exp{THy}t*" if y > 0,
[tay =g 0D et (9.10)
—A"a™(T7) " (yI — (T7) ) exp{-T yjt~ ify <0,
/yQV(dy) = A\Ta ™ (TH) T — 2y(TH) ™ + 2(TH) ) exp{THy}t", if y > 0.
(9.11)
[Note that when we write [ f(y)dy (without integration limits) for some function f
we mean the primitive (indefinite integral), i.e. [ f(y)dy is a function such that its
derivative with respect to y equals f(y).] It follows from (9.7), (9.9), (9.10) and the

fact that all eigenvalues of T and T~ have negative real part, see e.g. [11], p. 83,
that

b
J3 = /0 AN a (T) 2exp{T 2}t 7(z)dx

[(
[(

/0 AN a (T ) ?exp{T 2}t gexp{Hz}edx
A (@ (T7)?) @g] [/0 exp{(T~ & H)x}dx] t” ®e]
A (@ (T) ) @g|[(T-® H)  (exp{(T- ® H)b} — I)|[t” ® €]
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where we used the standard identities

(A1BC)(A3ByC5) = (A1 ® Ay)(By ® By)(C ® Cy)
exp{Rz} ® exp{Sz} = exp{(R @ S)z}.

Similarly, J; becomes
—A\* [(cLJ“(TJ“)_2 exp{T*b}) @ g|[(-T" @ H) ' (exp{(-T" ® H)b} — I[t" ®el.
Finally, it follows easily from (9.9), (9.10) and (9.11), that

Ji=Nrat(TH) (0T — 26(TH) "+ 2(T") ) exp{T b} — 2(T")*]t*

Jo = =Xtat(TT)7 [0’ T — 2b(T*) | exp{T*b}7,

and thereby all terms in (9.8) have been evaluated.

10 Loss rate asymptotics: light tails

In this section we derive asymptotics of /* as b — oo when X is assumed to be
light-tailed with —oco < EX (1) < 0. By light-tailed, we simply mean that the set
O = {a € R: Ee**M < 0o} has a non-empty intersection with (0, c0).

We start by introducing the following notation.

o M(t) = supgc,<; X (), M(00) = SuPg<scos X (1)

o 7 (u) =inf{t >0:X(t) >u}, 7(u) = inf{t > 0: X(t) > u}, u>0.

o 7_(—v)=inf{t >0:X(t) < —v},v>0.

e The overshoot of level u, B(u) = X (74 (u)) — u, u > 0.

e The weak overshoot of level u, BY(u) = X(7¢(u)) — u, u > 0.

e B(00), a r.v. having the limiting distribution (if it exists) of B(u) as u — co.
Furthermore, we will assume that the Lundberg equation x(a) = 0 has a solution

v > 0 with £'(y) < co. We let P, and E, correspond to a measure which is expo-
nentially tilted by v, i.e.,

~—

P(G) = E (e ¥M. @) (10.1
1)

when 7 is a stopping time and G € #(71), G C {7 < oo}. Note that E; X (
k() > 0 by convexity of k.

We need the following two lemmas. The first is just a reformulation of Theo-
rem 8.6 and the second describes the asymptotic probability, as u — oo, of the
event that X's first exit of the set [—v,u) occurs at the upper barrier.

Lemma 10.1. For the integrals Iy and Iy in Theorem 8.6 we have the following
alternative formulas.

oo

L= /boo((y —b) 4+ (1 = ))u(dy) + /0 (x)dz /b_ (1= W= y(dy),

0 b
I— / (g + 71— )u(dy) + / m(2)da / (1 - @) (dy).

—00 00
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Proof. Just change order of integration and perform partial integration. Then switch
back to the original order of integration. O]

Lemma 10.2. Assume that X is not compound Poisson with lattice jump distribu-
tion. Then, for each v > 0,

P(r_(—v) > 7¥(u)) ~ e R e " BP, (T_(—v) = 0), u — 0.

Proof. 1t is easily seen that 7 (u) is a stopping time and that {7_(—v) > 7%(u)} €
F(1%(u)). By the Blumenthal zero-one law (e.g. [28, p. 19]), it follows that P(7..(0) = 0)
is either 0 or 1. In the first case the sample paths of M are step functions a.s. and
it follows in the same way as in the proof of Lemma 3.3 (Lemma 2.3 in [107]) that
P(7{(u) # 74 (u)) = 0, u — oo. In the second case it follows by the strong Markov
property applied at 7¢’(u) that P(7{(u) # 74 (u)) = 0. From (10.1) we then get,

P(r_(—v) > 72(w) = By e X0 1 (—0) > 2 (u)]
= B e 1 (—0) > 7 (W () = 74 (W)
e B (=) > 7(w) | 72(0) # 7 () Ba (7 () # 7 (u)
~ e ME e BPIP, (7 (—v) = 00).
In the last step we used B(u) — B(c0), see [29] and [107], {7_(—v) > 7o (u)} 1

{r_(—v) = oo} (both in P,-distribution) and asymptotic independence between
B(u) and {7_(—v) > 71(u)}, see the proof of Corollary 5.9, p. 368, in [11]. O

Remark 10.3. In the proof of Lemma 10.2 above we had to treat the cases P(7,(0) = 0) =
1 and P(7(0) = 0) = 0 (corresponding to completely different short time behaviors

of X) in slightly different ways. In traditional terminology, these cases correspond

to whether the point 0 is regular, or irregular, for the set (0,00), see [28], p. 104 or
[119], p. 313 and p. 353. As a small digression, we shall briefly discuss this issue. It
turns out that 0 is regular for (0, 00) if and only if

/1 t7'P(X(t) > 0)dt = oo,

see Theorem 47.2 and the remark at the bottom of p. 353 in [119]. Perhaps more
interestingly, we can characterize the short time behavior of X via its Lévy triplet.
We will not give a complete account for all types of Lévy processes (this is done
in Theorem 47.5 on p. 355 in [119]), but note that whenever the paths of X are of
infinite variation then 0 is regular for (0,00) and if X is the sum of a compound
Poisson process and a non-positive drift then 0 is irregular for (0, c0). O

Next, we state the main result about the asymptotics for ¢°.

Theorem 10.4. Suppose that X fulfills the conditions in Lemma 10.2. Then, as
b — 00, £ ~ Ce™* where

C=-m +IELe_'YB(°°)/ Py (7 (—z) = o) / (1 — W9 p(dy) da
0 T

—Z

—|—/ [y + 7_1(1 - ew)} v(dy) + /OOOIP(Tf(x) < oo) / (1-— eV(Hy)) v(dy) dz.
(10.2)
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Proof. Tt follows from Lemma 10.1 and '(7y) < oo that

[e.e]

b
eI = o(1) + e“’b/O P(r_(z —b) > 7(z)) dx/b (1 — W=+ y(dy)

=o(1) + /0 AP (1_(—z) > (b — 2)) dz /00<1 — W)Y p(dy)
— Epe 7B /000 Py (7 (—z) = o0) /00(1 — ) y(dy) dx, b — oo.

The convergence follows from the pointwise convergence in Lemma 10.2 and domi-
nated convergence, which is applicable because

e’7(b— 2)L(z < b) < ’P(M(c0) > b —2)L(x < b) < e*

and

/ e’ dx/ (1-— eV(y_m)) v(dy) = / (v_lew —ye™ — 7_1) v(dy) > —oo.
0 T 0

In Iy we bound 7(z)1(x < b) by 1, note that

/ do [ =iy - /l(—y—v—1+v—1ew>u<dy><oo

and apply dominated convergence which together with 7(z) — P(Tj_v (x) < oo) gives

—XT

I — /_ ly+~7"(1—e")] v(dy) + AWP(T$($) < 00) / [1— @] p(dy) da.

The assertion now follows from Theorem 8.6. m
If X is spectrally one-sided the constant in Theorem 10.4 simplifies significantly.
Corollary 10.5. Let X satisfy the conditions in Lemma 10.2. If v(—o00,0) = 0,

then - -
C’:—m{1+EL}1((1>/O (ew—n/x (1= =) (dy)da ).

If v(0,00) = 0, then

0
C’:—m+/ [y -+ (1 —e™)] v(dy) + /e”/ V@] y(dy) da.

Proof. In the spectrally positive case we have that E;e™75(®) = —m /E; X (1), see,
e.g., Bertoin & Doney [29], and that

Pr(r_(—z)=00) =1 =Py (7-(—2) < o0) =1 — EeX(=(0) — 1 — 717,
In the spectrally negative case,
P(Tf(x) < oo) = Ep e X(X@) = 77,

The claim now follows from Theorem 10.4. O
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We next turn our attention towards asymptotics for ¢ as b — oo in the PH
example. In principle, we should be able to describe the asymptotics by carefully
analyzing what comes out of (9.8), but we prefer to apply Theorem 10.4. Recall that
we assume negative drift of the feeding process X, i.e. EX(1) < 0. This means that
X(t) 2 —00, t — o0, and that there exists a real positive root v of the equation
() = 0 such that Ee?*(") = 1, i.e. v is a genuine root of the Lundberg equation
corresponding to X.

Theorem 10.6. In the PH Lévy model,
C=e"Blefy\"
t{ —at( I +T") e
+ (B M@ (@ I+TH) ™)) {Jo(I+T)} e}
A a {(T) " = (AT +T) et (—p—ATa"(TH) e
+ X a (TH)'e)+y 2 ("B Yo (a (—AI+T )" NJeT ) !
(10.3)

For the proof, we need two lemmas. The first is classical and relates to the
locations in the complex plane of the roots of k(o) = ¢, ¢ > 0 (see [12], [46] and
references there).

Lemma 10.7. Let X be defined according to (9.2).

(i) Consider the equation k() = 0. If m < 0 then 0 is the only root with zero real
part. There are n~ roots with negative real part and n™ + 1 roots with positive
real part.

(ii) Consider the equation k(a) = q with ¢ > 0. Then (regardless of the value of m)
there are no roots with zero real part, n~ + 1 with negative real part and n* +1
with positive real part.

Lemma 10.8. Assume m < 0. Then v > 0 is a simple root, i.e. of algebraic
multiplicity 1, and if p is any other root with R(p) > 0, then R(p) >

Proof. Part (i) in Lemma 10.7 tells us that there are n* + 1 roots of k(«) = 0 with
positive real part. Clearly, v is one of these. Let p = R(p) 4+ iS(p) be one of the
remaining roots (with positive real part) and suppose that 0 < R(p) < ~. Now,

1 = EePX® = ReRPXD) (cos(I(p) X (1)) + isin(I(p) X (1))
= Ee®OXW cos(3(p) X (1)) + iEeRPX W sin(J(p) X (1)). (10.4)

From (10.4), the elementary inequality | cos(S(p) X (1))| < 1 and the convexity of x(+)
in (0, 7], it follows that R(p) < ~ is impossible (no matter the distribution of X (1)).
Note that in the case under consideration, k() is a rational function (i.e. k(o) =
p(a)/q(a) where p and ¢ are polynomials) and from the fact that 0 < £'(y) < oo, see
Section 10, we may conclude that the algebraic multiplicity of the root v equals one,
i.e. p(a) = (a — v)r(a) where r(a) does not contain the factor (o — ). If R(p) =

and 3(p) # 0 then it is easily seen that 1 = Ee®P)XM cos(J(p) X (1)) is possible
provided that X (1) is lattice with span 27/|(p)|, a case which is clearly ruled out
by the structure of X. m
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Proof of Theorem 10.6. We have to compute Epe™75() P, (7_(-z) = oo) and
P(7{(x) < oo0) for > 0, see Theorem 10.4. Because of (thanks to!) the Brownian
component in X we need not distinguish between 7¢’(x) and 7, (z), cf. Remark 10.3.
Define

pé(t) =P(X(74(2)) = 2,74 (2) < 1),
pi (t) =P(X(7(z)) > x, 7, (x) < t, upcrossing occurs in state i),

i=1,2,...,nT. If we let ¢p(a,t) = E f0T+($)M e®X()ds it follows by optional stopping
of the Kella-Whitt martingale at 7, (x) that

nt
0 = r(@)o(a, 1) + 1 — e (5t () + > pf (OF! ()
i=1
—E[e*X®):t < 7 (2)], a € 0. (10.5)
Let po, p3, - . ., pp+ 1o denote the roots with positive real part (we tacitly assume that

these are distinct and ordered so that ps = 7). If we mimic the derivation of (9.3),
and take a = pg, we get

0=1- efw( (1) + sz HE (o ) B[Ot < 1y (2)]. (10.6)

If we let t — oo in (10.6), it follows by X (¢) 3 —o0o and dominated convergence
that

epkx_p++zp+p+ k=23,...n"+2. (10.7)

Let B be the matrix with kth row equal to (1 Fi™(py) ... ]3;; (pr))- Then it is easily
seen that
P(r,(z) < 00) = e" B 'exp{Jz}e, (10.8)

where J = diag(—p2, ..., —pn+i2). Since P(1,(z) < 00) = P(M(c0) > z) and we
know that P(M(c0) > ) ~ Ere™7B(®)e™® 1 — 00, we can use (10.8) and what
we know about the elements of J to identify E e 72(>) as the sum of the elements
in the first column of B~!. Now, it is well known, see e.g. [14], that w.r.t. P, X is
still the sum of a Brownian motion with drift and a compound Poisson process with
phase-type distributed jumps, with Lévy exponent k(o) = k(a + 7). Furthermore,
if we define d = (yI — T~)"'t~ and let D be the diagonal matrix with the d; on
the diagonal then (w.r.t. P;) the intensity matrix corresponding to negative jumps
is T, = D7'T~D — 1. It is clear that the equation £z (a) = 0 has n~ + 1 roots
with negative real part g, k =_1,2,...,n~ + 1 (all of the form p, = p — v where
k(p) =0 and R(p) < 0). Define F\Z in the same way as ﬁ'i_ with T~ replaced by T’
In a fashion similar to the derivation of (9.3), we obtain (in the obvious notation)

0=1—e P (pc + Z ﬁi )) —EL [0t < 7_(—2)]. (10.9)
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From (10.9) it follows that

=+ > B F (—p). k=120 +1, (10.10)
i=1

and if we define B as the matrix with kth row equal to (1 ]/7\1 (—pk) - F\n, (=),
it is clear that

Pr(7_(—x) = 00) =1 — e' B 'exp{Jz}e, (10.11)
where J = diag(py, . .., pn-1)- All that now remains in order to describe the asymp-
totics of £° is to evaluate the integrals in (10.2); we omit the details. [

An important lesson to learn from this example is that the case where X is
spectrally one-sided is much easier than the general case. In fact, if we e.g. take
X to be spectrally positive then according to Corollary 10.5, /* ~ Ce ™, b — oo,
where

C=-m{l =\ a (W +TH) " {( I +T)™ = (TH) L e/w ()},

i.e. we need only know v to compute C' (the same thing holds when X is spectrally
negative, but C' comes out in a slightly different way, again see Corollary 10.5),
whereas in the general case all roots of (a) = 0 are required in order to completely
describe the asymptotic behavior of .

11 Loss rate asymptotics: heavy tails

The main result of this section states that under some heavy-tailed conditions,
t* ~ [ 7(y)dy which in view of Lemma 2.6, can be interpreted as stating that
Theorem 3.2 still holds when the random walk is replaced by a Lévy process. More
precisely:

Theorem 11.1. Let X be a Lévy process with Lévy measure v € S and finite negative
mean m = EX(1) < 0. Consider the conditions

A: EX(1)? < oo and [,° v (y)dy/v(b) = O(b) .

B: 7(b) ~ L(b)b=* where L is a locally bounded slowly varying function and 1 <
a < 2.

If either A or B holds, then

0~ /boo 7(y)dy. (11.1)

It is worth noting, that the requirement on the tail of v in A is very weak. Indeed,
suppose 7;(z) ~ B(x) where B is either lognormal, Benktander or heavy-tailed
Weibull. Then we recognize a(z) = [ B(y)dy/B(z) as the mean-excess function
and it is known (see [65]), that a(x) = o(x). Furthermore, it is easily checked that
the condition is satisfied when B is a Pareto or Burr distribution, provided that the
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second moment is finite. Another remark is that we may use the results of [52] to
express sufficient conditions for Theorem 11.1 in terms of the distribution of X (1).

We will also derive Theorem 11.3 below, which gives an expression for the m.g.f.
of the stationary distribution in the case of one-sided reflection. This result is in-
teresting in its own right as well as useful in the proof of Theorem 11.1. Recall the
decomposition of the one-sided reflected process, V°(t) = V°(0) + X (¢t) + L(¢), let
L¢(t) and L’(t) denote the continuous and jump parts of the local time, respectively,
and recall that © = {a € C : Ee®@X(1) < o0},

Lemma 11.2. Consider a Lévy process X, let V™ be the process one-sided reflected
at 0 and let L¢ and L’ be the continuous and jump part of the corresponding local
time L, respectively. Then, for o € © and V*°(0) =z > 0,

t
M(t) = k(a) / VT ds 4 e — VT L aLf(t) + Y (1—e ) (11.2)
0

0<s<t
1s a martingale.

Proof. The proof is similar to (but slightly easier than) the proof of Proposition 8.2,
once we note that L can increase only when V' is zero. O

Theorem 11.3. Suppose —oo < m =EX (1) <0, so that V>=(o0) = limy_,o, V(1)
exists in distribution. For o« € © we have

. 1
Be™ ™09 = - (0B L(1) + Bp Y (1— € ®30))). (11.3)

KZ(O{) 0<s<1

Proof. Replacing = by a r.v. distributed as V*°(c0) in (11.2) and taking expectations
at t =1 gives

1
0= k() Epe / e ) ds 4 AF e L(1) + B Y (1 — e @K
0

0<s<1

Now just note that the expectation of the integral equals Ee®V ™ (> O]

If X has no negative jumps, the term Eqo > . ., (1 — e *AL®) disappears, and
EreLf(1) = ErL(1) = —m, and we see that Theorem 11.3 indeed is a gener-
alization of Corollary 3.4 in Chap. IX [11] which is itself a generalization of the
Pollaczeck-Khinchine formula.

Next, we use the results above to obtain an expression for the mean of the
stationary distribution in the case of one-sided reflection.

Corollary 11.4. If X s square integrable then V> is integrable and we have

EV> = %(Eﬂw Y AL(s) - Var(X(l))) (11.4)

0<s<1

o ([ o= [T @rpinean). o)
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Proof. Since X (1) is non-degenerate, we have by Lemma 4 chapter XV.1 in [55] that
there exists € > 0 such that x(it) # 0 for t € (—¢,€) \ {0}, and we may use (11.3) to
obtain the characteristic function ¢ of V. We wish to show that v is differentiable
at 0. Define

g(t) =B Y (1—e"25)) 4 = B L9(1).

0<s<1

By Doob’s inequality, we have that EX (1)? < co implies EL?(1) < oo and therefore
E, L*(1) < 0o, which in turn implies that g is twice differentiable at 0. We see that

g(0) =iEme Y AL(s) =iEm~Li(1), g¢"(0) =Ep~ Y  AL(s)?,

0<s<1 0<s<1

il; + ¢'(0) = iE e« L(1) = —im. Since X is square integrable, we may use formula
(2.4.1) p. 27 in [101] to get w(it) = «'(0)it + o(t). By combining this with equation
(11.3), we conclude that

E itV __ 1 43 _ _ 3 _Hi _ _ 1
iy € — lim tily g(t) k(it) i tily g(t? k(it) 7
t—0 t t—0 tr(it) =0 k'(0)it?

provided that the limit exists. We may confirm that this is true, by applying I’'Hospital’s
rule twice to the real and imaginary part separately

—tily — g(t) — k(it) —ily — ¢'(t) — i/ (it)

oy K (0)it2 = 2/ (0)1
g R) _ —g'(0) + /()
Cis0 2iK(0) B 2ix/(0)

We see that 1 is differentiable. In itself, this does not entail integrability of V', but a
short argument using the Law of Large Numbers and the fact that V' is non-negative,
yields that V' is integrable. The first moment is

—9"(0) + £"(0)

ST @y )

which is (11.4). We obtain (11.5) by conditioning on the value of the process prior
to a jump. O

We proceed to the proof of Theorem 11.1. In order to establish (11.1), we
need to prove that 1 is a lower bound for liminf, ¢°/7;(b) and an upper bound
for limsup, ¢°/7;(b). The former is established in Proposition 11.6 and is seen to
hold without the conditions assumed in Theorem 11.1. In the proof of the latter, we
use Proposition 11.5 to establish the inequality

%K#@ws%ﬂkﬂwmﬂﬁﬂw (11.6)

and the proof then follows two distinct routes depending on which of the conditions
A or B is assumed. Under assumption A, we are allowed to rewrite the integral
on the right-hand side of (11.6) as [;~ 7 (z)dz — [, 7°(x) dz. The first of these
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integrals is the mean of the stationary distribution in the case of one-sided reflection.
This observation and Corollary 11.4 are important keys to the proof in this case.
Under assumption B the proof essentially consists of combining the inequality (11.6)
with repeated applications of Karamata’s theorem.

Proposition 11.5. Let X be a Lévy process, and let 7 (y), 7 (y) be the tails of the
reflected (one/two-sided) distributions. Then we have the following inequalities for
x>0,b>0

0 <7°(z) — 7 (x) <7T°(b). (11.7)

Proof. The inequalities in (11.7) are trivial for z > b. Let 0 < 2 < b. The inequality
7(x) < 7°(x) follows from the representations (1.6) and (2.13). The inequality
7°(x) =7 (z) < 7°(b), follows by dividing the sample paths of X which cross above
x into those which do so by first passing below x—b, and those which stay above z—b.
To be precise, define 7(y) = inf{t > 0: X(¢) > y} and o(y) = inf{t > 0: X(¢) < y}
to be the first passage times above and below y respectively. Then we can consider
the event that a path crosses below xz — b before eventually passing above x, and
since such a path must pass an interval of length at least b, we find that

P(o(z —b) < 7(z) < 00) < P(supX(a(x —b)+1t) — X(o(z—b)) > b)

t>0

=P(7(b) < 00) .

where we used the strong Markov property in the last equality. Next, we apply (2.13)
to find

7°(z) = P(7(2) < 00) =P(7(z) <oz — b)) + P(o(z — b) < 7(z) < o0)
<7 (z) + P(7(b) < 00) =7(2) +7T°(b),

where we have used the equality P(7(z) < o(z —b) < oo) = 7(z), which is a
restatement of (1.6). O

b

Proposition 11.6. For any Lévy process we have 1 < liminf —— .
b—o00 V](b)

Proof. We have

/Ob 7 (dx) /boo(y —b+2)v(dy) <O

since the left-hand side is the contribution to ¢* by the jumps larger than b. Now
just note that

mi) < [ - vwtan + | e d)o() = / () | w=bramian.

[]

We are now ready for the proof of Theorem 11.1.
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Proof. Thanks to Proposition 11.6, we only need to prove
limsup £°/7;(b) < 1. (11.8)
b

Define
m [? o? 1 [° >
I, = ?/0 rrt(dz), I, = 5 13 = % J, Wb(dx)/_ ou(@,y)v(dy) .

where the function (-, -) is that of Theorem 1.1, with the dependence on b made ex-
plicit. From Proposition 11.5 we have 7 (z) —7>°(b) < 7°(x) and since m is assumed
to be negative, we have m7(z) < m(7>°(z) — 7°(b)). Applying this inequality to
expression for the loss rate in Theorem 1.1 we obtain the following inequality:

"< —/ x)de —m7w>e(b) + Iy + I3 . (11.9)
First, we assume A holds. By (2.16) we have
—m7>°(b)
lim —mO) 11.1
A R (11.10)
so we will be done if we can show
1 m [
lim sup — —/ﬁoo dy + Z +I}:0. 11.11
) pl/}(b)|:b ; (y) dy 2 3 ( )
We start by rewriting the term in the brackets above Using Corollary 11.4 and the
assumption that EX(1)? < co we have that [~ 7 (y)dy < oo and using (11.4)
b
5[t [ roact [ o
b Jo
_ Eroe [ 0<sc AL(s)? — Var(X \m[ / 7
2b
Furthermore,
Iy + 13
0.2 1 b —x b—zx
~Grm ) A ([ @i+ [ )

+ /boo [2y(b— ) = (b — x)?] V(dy)>

—x

2 o0 b o
B ;_b + le y V(dy) 21b/ b(dx)/ [_ (5152 + 2xy) — yﬂu(dy)

* % | ™) /OO [2y(b — ) = (b—2)* — y*]v(dy)

_ % + % ) _vvldy) - % /0 m*(dz) /_ (a4 ) ()

o0

b 00
~5 | 7o) [ = o)

—x

Var(X —Ero ) ocics AL(s ? ’ b = 2
— (X)) sz Ss< (s) —2%/0 T (d:c)/b (y — (b—2))*v(dy).
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The last equation follows from Example 25.12 p. 163 in [119], as does the following:

Ew Y AL =En Y (V(s—)+AX(5)*L(V(s—) + AX(s) < 0)

0<s<1 0<s<1

— /Ob (E D (x4 AX(s)’1(z + AX(s) < O))ﬂb(dx)

0<s<1

— /0 bﬁb(dx) /_ :(x+y)2v(dy),

where we use Theorem 2.7 p. 41 in [94] in the last equation. Next, we note the fact

that
Ere > AL(s)* <Eqn > AL(s)”

0<s<1 0<s<1

which can be verified using partial integration and (11.7). Using this in the last
equation above, we may continue our calculation and obtain

Var(X(1)) = Exe Y ey AL(s)?
2b

-5 | 7o) [ =)y,

—X

Io+1I3 <

Comparing the expressions above we see that fractions cancel, and the expression
in the brackets in (11.11) is less than

g [ w0 aaneian.

Applying partial integration

Wﬂ/ < d.“_/ Axy—b—x y(dy)r®(dz)

b
‘EX |/ T (y) dy — 2b ( —b)Qy(dy)—%/O T (2)7r(b— z)d

s—j' Wy 5 [ - v)

b
ml [*_ 1 °O_
5 | T Wdy— | 7ily)dy.
b b

Returning to (11.11) and applying the results above we get

lim sup V:(b) {% / e < (y )dy+12+13]
<hmsup ) { b, dy—%/booﬁf(y)dy}
e S
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where the last equality follows since the term in the brackets tends to 0, and the
fraction outside it is bounded by assumption. This proves that (11.1) holds under
condition A.

We now assume condition B and start by noticing the following consequences of
the assumptions

& ~ bt L
/ U(y)dyw/ @dyw —1(), b— o0, (11.12)
b b Y @ —

where the last equivalence follows by Proposition 1.5.10 of [31] and the fact that
a > 1. Since by Proposition 1.3.6 of [31], we have b~*"2L(b) — oo, (11.12) implies

The inequality (11.9) still holds, as does the limit in (11.10), so we proceed to
analyze m fob 7°(y)dy/(7;(b)b). Since br;(b) — oo as b — oo we see that for any A

b—o00 bv[

lim W/o 7™°(y)dy = 0. (11.13)

Because of the result above we have for any A

b b
m m
li =00 du = 1 =00 d

and using |m|7>°(b) ~ v;(b) ~ b~ L(b)/(av — 1) we have

m b 1 b
I 7(y) dy = lim — 71(y) d
b5 b7 (D) /A ) dy = lim =2 /A 71(y) dy

1 b fa+1L
= — lim / Y W) dy
4 (a—=1)

in the sense that if either limit exits so does the other and they are equal. Further-
more, since —a+ 1 > —1 and L is locally bounded, we may apply Proposition 1.5.8
in [31] to obtain

. 1 b y—a+1L(y> . 1 bfa+2L(b) 1
— lim — dy = — lim — = — )
b—oo bUr(b) J4 (a—1) b—oo b7 (b) (—a + 2) (v — 1) —a+2
That is, we obtain
m b 1
li T°(y)dy = — ) 11.14
b0 b7 (D) /0 T dy = —— (11.14)

Returning to (11.9) we have

b mr(0) | T Iy
/07’ W=7 *m(bﬁw)}

Ig + Ig :|
vr(b)  ©r(b)

b
lim su = limsu
b pﬁz(b) b p{

1
:_—a+2 —|—1—|—limbsup{

b7 (b)

(11.15)
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Since br;(b) — oo we have

2

o
lim sup Z,/7; (b) = | -
1mbSUp 2/U1(b) 1mbsup 2w (b) ,

and we may continue our calculation from (11.15)

IQ i Ig :|_ 1
vr(b)  vr(b)l  —a+2

13
v;(b)

So we turn our attention to Z3. First we divide the integral into two:

+1+limsup[ +1+limsup[ } (11.16)
b b

—a+2

0

2075 = /Ob Wb(dl‘)(/_: —(2* + 2zy)v(dy) + /_x yzy(dy)> (11.17)
Ab) ’
+/Ob7rb(dx)</0bwgfl/(dy)—i—/biZ(b—x)y— (b 2Pv(dy)) . (1018)

J

~

B(b)

We may assume v is bounded from below; otherwise truncate v at —L for some
L > 0 chosen large enough to ensure that the mean of X (1) remains negative. This
truncation may increase the loss rate, which is not a problem, since we are proving
an upper bound. Thus, we may assume that A(b) is bounded:

b 0 0
Av < [ ) [ v < [ viay < oo
0 —o0 —o0
And therefore, since bv;(b) — oo, we have

A(b)
2077 (b)

0. (11.19)
Turning to B(b), we first perform partial integration
b e b
B(b) = / y?v(dy) +/ 2by — b*v(dy) — / 71(b — 2)7(x) da
0 b 0
b 00
< [wvtan)+ [ 2y vuiay)
0 b
b oo
= / 2yv(y) dy — b°D(b) + / 2by — b*v(dy)
0 b
b o)
:/ 2y (y) dy+2b/ 7(y)dy.
0 b

Since yv(y) ~ y~*" L(y) way may apply Proposition 1.5.8 from [31] to get

L(b)bo+?

2—a

b
/ 2yv(y) dy ~ 2
0
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and therefore

1

l /b2_()d _o-l
B2 (b) J, YWY T o T

Combining this with our inequality for B(b) above, we have

I B(b) < O 1 1 1
11m su = .
i 25 (0) — 2 — a 2 a

Finally, by combining this with (11.15), (11.19) and (11.16), we obtain (11.8). [

12

Loss rate symptotics: no drift

In both sections 10 and 11 it was assumed that the underlying stochastic process had
negative mean, and as discussed in Section 1 this also gives the asymptotic behavior
in the case of positive drift. Thus, it remains to give an asymptotic expression as
b — oo for the loss rate in the zero-mean case. The result is as follows:

Theorem 12.1. (a) Let {X(t)} be a Lévy process with m = EX (1) =0 and

(b)

V? =Var(X(1)) =£"(0) =0 + /00 y?v(dy) < co.
Then
0~ %bVar(X(l)), b— 00. (12.1)

Let {X(t)} be a Lévy process with Lévy measure v. Assume EX (1) = 0 and
that for some 1 < a < 2, there exist slowly varying functions Li(z) and Ly(x)
such that for L(x) = Li(x) + La(x), we have

H2) = 2 Ly(2)  v(—t) = 2" Lo(a) i (@) _ B+l

lim 775 o (122)

where v(z) = v(—o0,x]) and U(x) = v[x,00). Then, setting

p=1/2+ (ra) ' arctan(Btan(ra/2)),
= (B+1D/2, e =(1-9)2,

we have £° ~ yL(b)/b>~1 where

- c-B(2—ap,ap) + ¢, B2 — ol —p), a(l — p))
Blap,a(l = p))(a—-1)2 - a)

and B(x,y) =T'(2)['(y)/T'(x 4+ y) is the Beta function.
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By comparing to Example 8.8, we see that the loss rate behaves asymptotically
like that of a stable Lévy process.

To prove Theorem 12.1, we will use the fact that by properly scaling our Lévy
process we may construct a sequence of Lévy processes which converges weakly
to either a Brownian Motion or a stable process. Since ¢° has been calculated for
both Brownian Motion and stable processes in Examples 8.7 and 8.8, we may use
this convergence to obtain loss rate asymptotics in the case of zero drift, provided
that the loss rate is continuous in the sense, that weak convergence (in the sense of
Proposition 12.4 below) of the involved processes implies convergence of the associ-
ated loss rates. The required continuity results are established in Theorem 12.2 and
Theorem 12.3.

Theorem 12.2. Let {Xn}n:0,1,... be a sequence of Lévy processes with associated
loss rates (%™, Suppose X" < X° in D[0,00) and that the family (X (1)*)°°, is
uniformly integrable. Then (*™ — (9 as n — oco.

We shall also need:

Theorem 12.3. Let {X”}nzl,lm be a sequence of weakly convergent infinitely divis-
ible random variables, with characteristic triplets (cp, o, vyn). Then for a > 0:

lim sup/ ly|“vn(dy) =0 <— ((‘Xn|°‘)‘n>1 is uniformly integrable.
[_ava}c N

a— 00 n

The result is certainly not unexpected, but does not appear to be in the literature;
the closest we could find is Theorem 25.3 in [119].

Weak convergence of Lévy processes

We prove here Theorems 12.2 and 12.3. We will need the following weak convergence
properties, where D[0, c0) is the metric space of cadlag functions on [0, o0) endowed
with the Skorokhod topology (see Chap. 3, Sec. 16 in [32] or Chap. 3 in [127]).

Proposition 12.4. Let X° X' X2 ... be Lévy processes with characteristic triplet
(Cny Ony V) for X™. Then the following properties are equivalent:

(i) Xt = X (t)° for some t > 0;

(i) X(t)" = X (t)° for all t;

(iii) {X(t)"} = {X(t)°} in D[0,00);

(v) U, — Vo weakly, where v, is the bounded measure

2
Un(dy) = 0260(dy) +

Yy
vy (12.3)

and ¢, — ¢y where
14 y?
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See e.g. [76] pp. 244-248, in particular Lemma 13.15 and 13.17. If one of (i)—(iv)
hold, we write simply X" - X©.
The following proposition is standard:

Proposition 12.5. Let p > 0 and let X,, € LP, n=0,1,..., such that X, = X,.
Then E| X, [P — E|Xo|P if and only if the family (]X,|P) is uniformly integrable.

n>1

First, we prove Theorem 12.3. This is achieved through several preliminary re-
sults, of which the first is Lemma 12.6 which essentially states we may disregard the
behavior of the Lévy measures on the interval [—1, 1] in questions regarding uniform
integrability. It is therefore sufficient to prove Theorem 12.3 for compound Poisson
distributions, which is done in Proposition 12.8.

We start by examining the case where the Lévy measures have uniformly bounded
support, i.e., there exists A > 0 such that v,([—A, A]°) = 0 for all n. We know
from Lemma 25.6 and Lemma 25.7 in [119] that this implies the existence of finite
exponential moments of X,, and therefore the mth moment of X, exists and is finite
for all n,m € N.

Lemma 12.6. Suppose X,, — X, and the Lévy measures have uniformly bounded
support. Then E[(X,)™] — E[(Xo)™] for m = 1,2,---. In particular (cf. Proposi-
tion 12.5) the family (an|a) is uniformly integrable for all o > 0.

n>1

Proof. Since the Lévy measures are uniformly bounded, the characteristic exponent

from (1.7) is

A
Kkn(t) = cpt + o2t? )2 + / (e — 1 —tylly| < 1)vu(dy). (12.4)
—A
With the aim of applying Proposition 12.4 we rewrite (12.4) as
A 2
. ty IT+y”
n(t) = Cpt W—1-— o (dy) . 12.5
) =t + [ (o1 ) ) (125)

(the integrand is defined to be 0 at y = 0) where 7, is given by (12.3) and

Ay
i o=c, —yllyl < 1) v, (dy).
é c+/_ (Hyg y1ly| )V(y)

Accordlng to Proposition 12.4 the weak convergence of {X, }n>1 implies ¢, — ¢
and 7, - 7. Since the integrand in (12.5) is bounded and continuous, this implies
that x,(t) — Ko(t), which in turn implies that all exponential moments converge. In
particular, the family (eX" + e‘X")n>1 is uniformly integrable, which implies that

(\Xn]a)nzl is so. O

Next, we express the condition of uniform integrability using the tail of the in-
volved distributions. We will need the following lemma on weakly convergent com-
pound Poisson distributions.

Lemma 12.7. Let Uy, Uy, ... be a sequence of positive independent random variables
such that U, > 1, and let Ny, N1, ... be independent Poisson random variables with
rates Ao, \,... Set X,, = Ziv" Uin (empty sum = 0) with the U,,, being i.i.d for
fixzed n with U, ,, Z U,. Then X,, - Xo if and only if U, Zs Uy and A\, — Ng.
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Proof. The ‘if” part follows from the continuity theorem for characteristic functions.
For the converse, we observe that e — e % = P(X, < 1/2) since 1/2 is a
continuity point of Xy (note that P(X, < :c) P(Xy = 0) for all z < 1). Taking logs
yields A\, — Ao and the necessity of U, — U, then is obvious from the continuity
theorem for characteristic functions. O

Using the previous result, we are ready to prove part of Theorem 12.3 for a class
of compound Poisson distributions:

Proposition 12.8. Let Uy, Uy, ..., Ng, Ny,..., and Xy, X1,... be as in Lemma 12.7.
Assume X,, = Xo. Then for a > 0.

lim supE[X21X,, > a] =0 < lim supE[US1U, >a] =0.

a—00 a—=00 p
Proof. To prove that the Lh.s. implies the r.h.s., we let G,,(z) = P(X,, < x), F,,(z) =
P(U, < 1), Fo(r) =1— F,(7), G,(7) = 1—G (x), and let F'™(z), GE™(x) denote
the m-fold convolutions. Then

X \m

Ga(z) =) %e—AnF*m( ), x>0
m=1

which implies @n(:p)_z /\ne*A"En(x). Letting 8 = sup,, €™ /\,, which is finite by
Lemma 12.7, we get F',(x) < BG,(z). Therefore:

E[U21U, > a] = / at* 'P(U, > aVt)dt = a®F,(a) + a/ t*UF, (t)dt
0 a
< Ba*G(a) + B / £1G, (H)dt = BE[XOLX, > a] .

Taking supremum and limits completes the first part of the proof.

For the converse we note that by Lemma 12.7 we have F*' = Fi! and it
follows from the continuity theorem for characteristic functions that F*™ 25 Fi™.
Fix m € N. Since (31", U;n)” < m® 31, U, and the family (m® > 7" U2 )n>1
is uniformly integrable, we have that also the famlly (> Uin)psy is umformly
integrable. As noted above we have > " i1 Uin — ZZ 1 Uio, so Proposition 12.5
implies E(>"1" Ui n)® = B>, Uio)™.

We next show EX — EX{ and thereby the assertion of the proposition. We
have:

ImEXS = hTan i)E(zi? U; n>a%e_>‘" = i)llg]E(Z; U; n>a)\2:e_)‘”
_ iE(i U; ) g:e—AO — EX?,

where we used dominated convergence with the bound
E(i U, )a)\—”me’\“ < m"‘“ﬂm/m'
— ,n m' — /7 M)
where v = sup,, EUS and 8 = sup,, \,,. O
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Proof of Theorem 12.3. Using the Lévy-Khinchine representation, we may write

X, =XV 4+ x® 4 x© (12.6)

where the (X,(f))nzl are sequences of infinitely divisible distributions having charac-
teristic triplets (0,0, [Vn]{y<—1}) » (Cns On, [Vnl{yi<13) and (0,0, 1] y>13), respectively,
which are independent for each n. Assume the family (|X,|*),>1 is uniformly inte-
grable. We wish to apply Proposition 12.8 to the family ((Xff’))“)nzl, and therefore
we need to show that this family is uniformly integrable. First, we rewrite (12.6)
as X, — XP = x + X and use Lemma 12.6 together with the inequality
|z —y|® <2%(|2]" + |y|*) to conclude that the family (| X, — X9 )\ Jn>1 is uniformly
integrable, which in turn implies that the family (|X,(11) + Xfl3)|a)n21 is uniformly
integrable.

Assuming w.l.o.g. that 1 is a continuity point of 1, we have that X, M g weakly
conver%ent and therefore tight. This implies that there exists » > 0 such that

P(| X5 (t | < r) > 1/2 for all n, which implies that for all n and for all ¢ so large
that (t'/* — r)® > ¢/2, we have:

(1/2)P((X7(l3))a > t) < P(|X7(ll)| < T)P(Xq(f’) > tl/a)
= P(|X7gl)| < T, X(3) > tl/oé) < ]P)(X,,(ll) +X7s3) > tl/a . ’I")
< P(XD + X > (7 —r)?) < PXD + XP > 4/2).

This implies that ((X\”)?) is uniformly integrable, since (|X{” + X¥|2) is so. Ap-
plying Proposition 12.8 yields

limsup/ y*v,(dy) = 0. (12.7)

a n

Together with a similar relation for f this gives

lim sup/ ly|“vn(dy) = 0.
[_ava]c

a—00

For the converse, we assume lim, sup,, f[_a aJe “vp(dy) = 0, and return to our

decomposition (12.6). As before, we apply Lemma 12.6 to obtain that the family
(X,(lz)) is uniformly integrable. Furthermore, applying Proposition 12.8, we obtain
that the families (|Xq(11)|°‘) and (|X,<f’)|a) are uniformly integrable, and since | X,,|* <
31XV + X2 + | X)), the proof is complete. O

Next, we prove Theorem 12.2.
We consider a sequence of Lévy processes { X™} such that X" Z5 X° and use obvious
notation like ¢*", %" etc. Furthermore, we let 7"(A) denote the first exit time of
X" from A. Here A will always be an interval.

We first show that weak convergence of X" implies weak convergence of the
stationary distributions.

Proposition 12.9. X" 2 X0 = gbn Z, 7b0
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Proof. According to Theorem 13.17 in [76] we may assume A, ; = sup,«, [ X" (v) —
X°(v)| =5 0. Then

P(X‘l(')o[y+efb,y+e) >y+e To[y +e— b7 Y+ 6) < t)

S ]P)(X:—Ln[y_b,y) Z Y, Tn[y - ba y) S t) + ]P)(An,t > E)
SP(XJupy by 2 Y) +P(Any > 6).

Letting first n — oo gives

lim inf T (Y) 2 P(X oy sepyra U+ 6 T [y+e—by+e) <t),

and letting next ¢ — oo, we obtain

lim inf 7 (y) > 70y +€) . (12.8)
Similarly,
IP’(an[yfb’y) >y, "y — by) < t) < P(XBO[y—e—b,y—e) >y — 6) +P(A,: > €),
lim sup ]P(an[y_bw >y, 'y —b,y) <t) <7y —e). (12.9)
n—o0
However,

P(r"[ly —by) > t) <P(r'ly —e—by+e) > 1) +P(Ay, > €),

so that
limsupP(t"[y — b,y) > t) <P(r'ly—e—by+e) >t).

n—o0

Since the r.h.s. can be chosen arbitrarily small, it follows by combining with (12.9)
that
lim sup 7" () = lim sup P(an[ by 2 y) <70y —e).

n—oo n—oo

Combining with (12.8) shows that 7" (y) — 7°(y) at each continuity point y of
79 which implies convergence in distribution. O

The following elementary lemma gives two properties of the function ¢ =
from Theorem 1.1. The proof is omitted.

Lemma 12.10. The function @y(x,y) is continuous in the region (z,y) € [0,b] x R
and satisfies 0 < @p(x,y) < 2y* A 2b|y|.

We are now ready to prove Theorem 12.2.

Proof. Recall the definition (12.3) of the bounded measure 7 and let @y(z,y) =
o(z,y)(1 + y?)/y* for y # 0, @p(x,0) = 1. Note that @y(z,y) is continuous on
(0,b) x R, but discontinuous at y = 0 if x = 0 or z = b. We also get

| et = ot + [ o).

—00 —00
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so that

=02t [woa) [ ot = [ [ e,

oo —0o0

Let o}, 72 denote the restrictions of 7, to the sets |y| < a, resp. |y| > a. Using

0 < pp(x,y) < 2b|y|, and uniform integrability (Theorem 12.3) we can choose a such
that

0< /[ Al )Rld) <«

for all  and n (note that 7, < v, on R\{0}). We may also further assume that a
and —a are continuity points of vy which implies 7! — 7} weakly. In particular,

sup 7} ([~a,a]) < oo. (12.10)

Define

a

fulz) = / o(, y)va(dy) + op = / Po(, y) 7, dy
we wish to prove that [ f, dn®" — [ fo d7®® which, by using the generalized continuous-
mapping theorem (e.g. [127]), will follow if

m(F) =0 (12.11)
where

F={z|3@)ns1: 20 =z, fulza) » fo(2)}. (12.12)

The proof of this follows different routes depending on whether or not o2 is zero.
First, we assume o2 = 0 and consider the functions

n@=d+/

(—O0,0}

o, y)v, (dy) = / @(x,y) 7, (dy)

(_0070]

fH@) = /(Om) on(z, )V (dy) = / Bo(, )7 (dy) .

(0,00)

It follows from the definition of 77!, that the assumption o3 = 0 implies that 7} has
no mass at 0, and since this is the only possible discontinuity point of the integrands,
we have f. (z) — fy (z) and fF(z) — f(x) for z € [0,b]. Furthermore, it can be
checked that z — f, (x) is increasing, x — f,F(z) is decreasing, and, using the bound
op(r,y) < 2y?, that both functions are uniformly bounded. That is, the functions f,
and f form two uniformly bounded sequences of continuous, monotone functions
which converge to a continuous limit and as such, they converge uniformly. From
this we get

sup | fu(y) — fo(y)| = sup 1o ) = fo )+ X (y) — fo ()]

0<y<b 0<y<
< swp [£7(0) ~ fo ()l + swp [£50) = £ ()] > 0.
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Using the calculation above, we see that if we consider any x € [0,b] and sequence
(n)n>1 converging to x, we have

|fa(@n) — fo(@)] < [ful@n) = folzn)] + [fo(zn) — fo()] (12.13)
< Sup, |fa(y) = o)l + [fo(zn) — fo(z)| — 0,

where we use continuity of fy in the last part of the statement. This gives us that
F in (12.12) is the empty set, and hence we obtain (12.11) in the case o2 = 0.

Next, we consider the case where o3 > 0. We note that ¢ > 0 implies that {X°}
is a process of unbounded variation and using Theorem 6.5 in [94], this implies
that 0 is regular for (0,00). By comparing this to the representation (1.6) of the
stationary distribution, we see that this implies 7°({0,b}) = 0. Consider z € (0, )
and a sequence (x,,),>1 converging to x. Assume w.l.o.g. that x,, € [¢,b— €] for some
e > 0. Since @y(x,y) is continuous on the compact set [e, b — €] X [—a, a], we can use
(12.11) to see that given €, there exists €5 such that |f,(z") — f.(z")] < €; for all n
whenever |z' — 2”| < € and 2’2" € [¢,b — €. Since z,, — x this means, that given
any €; > 0, we may use an inequality similar to (12.13) to conclude that for n large
enough

[fn(@n) = fol2)] < e + [fu(x) = fo()]

and by taking limsup, we see that the convergence f,(z,) — fo(x) holds when
z € (0,b), and can only fail z = 0 or = b. Using that {0, b} has 7®%-measure 0, we
have [ f,dr"™ — [ fod7"? in this case as well. By combining this with the uniform
integrability estimate above, we get that for any € > 0: |a, — ao| < |fn — fo| + 2.
(note that f; depends on €) and hence lim sup,, |a,, — ag| < 2¢, which implies a,, — ay.

By uniform integrability EX"(1) — EXO9(1), and further #®" < 70 implies
bﬁb’"(y)dy — fob 70(y)dy. Remembering a,, — ag and inspecting the expression

0
(6.6) for the loss rate shows that indeed (4" — (%0, O

Proof of Theorem 12.1

First we note the effect that scaling and time-changing a Lévy process has on the
loss rate:

Proposition 12.11. Let 3,5 > 0 and define X?°(t) = X (6t)/3. Then the loss rate
(P18 X B9 for XP9 equals 6/ times the loss rate £°(X) = (° for X.

Proof. 1t is clear that scaling by [ results in the same scaling of the loss rate. For the
effect of 9, note that the loss rate is the expected local time in stationarity per unit
time and that one unit of time for X?° corresponds to ¢ units of time for X. n

Proof of Theorem 12.1 a). Define Xb(t) = X (tb?)/b. Then by Proposition 12.11 we
have

bh(X) = 01X
By the central limit theorem we have X®(1) < N(0,%?) as b — oco. By Proposi-
tion 12.4, this is equivalent to X* - B where B is standard Brownian motion.
We may apply Theorem 12.2; since

E[(X*(1))*] = Var(X*(1)),
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that is, {X°®(1)},2, is bounded in L? and therefore uniformly integrable. Thus
lim b (X) = lim N(X") =" (yB) =¢*/2,

where the last equality follows directly from the expression for the loss rate in
Theorem 1.1. O

Proof of Theorem 12.1 b). First we note that the stated conditions implies that the
tails of v are regularly varying, and therefore they are subexponential. Then by [52]
we have that the tails of P(X (1) < x) are equivalent to those of v and hence we may
write

P(X(1)>x)=a"%Li(z)g1(x), P(X(1) < —x)=2a %Ly(x)g2(x)

where lim, . g;(z) = 1, i = 1,2. The next step is to show that the fact that the
tails of the distribution function are regularly varying allows us to apply the stable
central limit theorem. Specifically, we show that the assumptions of Theorem 1.8.1
in [118] are fulfilled.

We notice that if we define M (x) = Ly(x)g1(z) 4+ La(x)ga(x) then M (x) is slowly
varying and

2 [P(X(1) < —2) + P(X(1) > 2)] = M(x). (12.14)
Furthermore:
P(X(1) > x) B B+1
T e = = 100 )/ M) ~ L)/ L) ER

as & — oo since L(x) ~ M(z). Define Lo(x) = L(z)"/* and let L¥ () denote the
de Bruin conjugate of Ly (cf. [31] p. 29) and set f(n) = n/®L¥ (n(1/®)). Let f* be
the generalized inverse of f. By asymptotic inversion of regularly varying functions
([31], p- 28-29) we have f< (n) ~ (nLo(n))* which implies

fo(n)L(n)  (nLo(n))*L(n) _

ne n«

and since f<(f(n)) ~ n we have
nM(f(n) nL(f(n) f=(f(n)L{f(n))
fn)e fn) fn)e
and therefore, if we define o = (I'(1 — a) cos(ar/2))"/* we have
M(o~'f(n)) — nM(f(n)
(0= f(n))" ( “1f(n))
using slow variation of M. By combining (12.14), (12.15) and (12.17) we may apply
the stable CLT Theorem 1.8.1 [118] 3 to obtain X/ f(b) = Z where Z is a r.v. with
characteristic function v, where
(u) = exp(—|ou|*(1 — 15 sgn(u) tan(am/2)) . ueR

3Note that the constants there should be replaced by their inverses.

—1 (12.16)

)a —0® (12.17)
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Recalling that k is the characteristic exponent of X, this is equivalent to
/T s ap(w)
and therefore
Q(BLOG) R/ T(FB)) , o IR/ TN _y )
that is, for X°(t) = X(t(bLo(b))*)/f(f< (b)) we have X’(1) = Z, and using
f(f<(b)) ~ b as well as the definition of Ly(b), we see that the same applies to

XP(1) = X(t(b*/L(b)))/b. Setting d = (B + 1)/2 and ¢ = (1 — 3)/2 we calculate
(cf. [118])

— |ot|*(1 —if sgn(t) tan(ar/2) = —|ot|*(1 + i(d — ¢) sgn(t) tan(an/2)

0 00
da/ (e — 1 —dvt)(—t)" " dt + ca/ (et — 1 —dut)t—>"tdt.
—0o0 0

That is, the characteristic triplet of Z is (7,0, ), where

ac

——— —du u<0
_ o+l
v(du) = <a§) ' (12.18)
du u >0
ua+1

and 7 is a centering constant. We wish to use Theorem 12.2 and have to prove
uniform integrability. Note that by combining Proposition 11.10 and Corollary 8.3
in [119], we have that the Lévy measure of X? is v, where

v(B) = b*L(b) 'v({z : b 'z € BY}).
Using the assumptions in (12.2), this implies
7y(a) = b*L(b)'w(ab) = L(b) 'a *Li(ab), wvy(—a) = L(b)ra “Ly(ab).

Using partial integration and the remarks above, we find:

—a

/[aya]c lylwe(dy) = avi(a) + /ao" vp(t)dt + avy(—a) +/ vy (t)dt

—0o0

=a ML) taL(ab) + / N t=L(b) ' L(tb)dt .

Furthermore, using Potter’s Theorem (Theorem 1.5.6 in [31]) we have that for 6 > 0
such that 1 4+ 0 < « there exists £ > 0 such that

L(ab
L((i))) < 2max(a’, a”?), ab> & b> €.
Using this, we get that
L(ab
limsupa ! (ab) < 2lima ™ max(a’,a°) =0 (12.19)
o b L(b) @
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and similarly for the integral:

< L(th >
sup lim t—aﬁdt < 2lim / t~max(t’,t)dt = 0. (12.20)
b>¢ @ a L(b) a a

By combining (12.19) and (12.20) we get
lim sup/ ly|lvp(dy) = 0.
a—00 p¢ [—a,a]®

By Proposition 12.11 we have 6! L(b) 7' ¢*(X) = ¢*(X"), and since we have proved
uniform integrability, we may apply Theorem 12.2. Letting b — oo and using Exam-
ple 8.8 which states that the loss rate for our stable distribution is 7 (see also [93]),
yields the desired result. ]

13 The overflow time

We define the overflow time as
w(b,z) =inf{t > 0: V°(t) =b|V*(0) =2}, 0<z<hb.
It can also be interpreted in terms of the one-sided reflected process as
wb,z) =inf{t >0: V() >b|V>0) =2}, 0<z<b.

It has received considerable attention in the applied literature. We consider here
evaulation of characteristics of w(b, x), in particular expected values and distribu-
tions, both exact and asymptotically as b — co. When no ambiguity exists, we write
w instead of w(b, ).

As may be guessed, the Brownian case is by far the easiest:

Example 13.1. Let X be BM(u, 0?) with u # 0 [the case u = 0 requires a separate
treatment which we omit|. Consider the Kella-Whitt martingale with B(t) = = +
L(t) — gt/a where L is the local time at 0 for the one-sided reflected process,

t t t
K(a) / VT gg 4 0T — VT g / e ®dL(s) — g / SR CE
0 0 0

where we used that L can only increase when V*° is at 0 and so

t t
/ eVEE=as gL (5) = / e ¥ dL(s).
0 0

Take first v = —2u/0 as the root of 0 = k(s) = su+ s?0?/2 and ¢ = 0. Optional
stopping at w then gives 0 = e* — e + yEL(w). Using V™ = z + B + L and
EB(w) = pEw then gives
b—a— (7 — ) /y

L

Ew(b, z) = (13.1)
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Take next ¢ > 0 and 6 as the two roots of k(a) = ¢, cf. Example 7.3. We then
get

0=c'"" _ IR qE/ VT )—as g
0

Together with the similar equation with 6~ this can then be solved to obtain Ee™%
(the other unknown is | [* e®V™ ()7 ds).

Early calculations of these and some related quantities are in Glynn & Igle-
hart [62] who also discuss the probabilistically obvious fact that w(b,0) is exponen-
tially distributed in the Brownian case (as in the spectrally positive Lévy case), cf.
Athreya & Werasinghee [22]. O

13.1 Exact results in the PH model

Recall from Section 3 that the process V> with one-sided reflection at 0 can be
constructed as V (t) = V(0) + X (t) + L(t), where

L(t) = — min (V(0) + X(s))
is the local time. For our phase-type model with a Brownian component, L(t) de-
composes as L¢(t) + L4(t), where L, is the continuous part (the contribution to L
from the segments between jumps where V' behaves as a reflected Brownian motion)
and L%(t) the compensation of jumps of X that would have taken V' below 0.

b

MMMMW )

L

Figure 7: One-sided reflected process V = V> and local time L

The situation is illustrated on Fig. 7. We have again phases red, green for F'"
and blue for F'~. The cyan Brownian segments are how Brownian motion would have
evolved without reflection. In the lower panel, the cyan segments of L correspond
to compensation when the Brownian motion would otherwise have taken V> below
0, and the blue jumps are the compensation from jumps of X that would otherwise
have taken V> below 0.

To compute the Laplace transform of w, we use the Kella-Whitt martingale with
B(t) =V(0)+ L(t) — qt/a. Thus aZ(t) = aV(t) — gt, and the martingale takes the
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form

t
/43(04)/ eaV(s)—qs ds + eaV(O) . eaV(t)—qt
0

t
+a / V70 (AL (s) — qds/a) + Y eV (I793(] — emoA)
0

0<s<t

t
— (/{(a) _ q)/ eaV(S)_qs ds + eaV(O) _ eav(t)_qt
0

t
+ Oé/ —qs ch Z e—qs . e—ozALd(s)) 7
0

0<s<t

where in the last step we used that L can only increase when V is at 0. Now
introduce the following unknowns: z}, the expectation of e”% evaluated on the
event of continuous upcrossing of level b only; z;", the expectation of e evaluated

on the event of upcrossing in phase ¢ = 1,...,n" only; /. = Efowe*qs dL¢(s); and
m;, the expected value of the sum of the e™% with s < w such that at time s there
is a downcrossing of level 0 in phase 7 = 1,...,n~. Optional stopping then gives

0= (m(a) — q)E/ eV (5)=as 45 4 2V (0)
0

nt n=
— eo‘b(zzr + Zf}*[a]zf) +al, + ij(l — Z?j’[—a]) :
i=1 =1

Taking « as one of the same roots as in Section 9.4, we get
nt
0 =V O — o (2 3 Bl ) + ot + Z m; (1= F} =),
i=1

a set of linear equations from which the unknowns and hence Ee % = zF + 2 +
4 z:+ can be computed.

13.2 Asymptotics via regeneration

The asymptotic study of w(b, z) is basically a problem in extreme value theory since

Plw(b,z) <t)=P, (grslgéctv (s) >b). (13.2)
This is fairly easy if m = EX (1) > 0 since then the max in (13.2) is of the same
order as X (¢) which is in turn of order m¢. Hence we assume m < 0 in the following.
For processes with dependent increments such as 1°°, the asymptotic study of the
quantitites in (13.2) is most often (with Gaussian processes as one of the exceptions)
done via regeneration, cf. [11, VI.4]
For V> we define (inspired by the discussion in Section 5.1) a cycle by starting
at level 0, waiting until level 1 (say) has been passed and taking the cycle termination
time 7" as the next hitting time of 0 (‘up to 1 from 0 and down again’). That is,

=inf{t > inf{s > 0: V>(s) > 1} : V>(t) =0|V>(0) =0} .
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The key feature of the regenerative setting is that the asymptotic discussion can
be reduced to the study of the behavior within a regenerative cycle. The quantities

needed are
mr =EoT', a(z) =Po(max V>(s) > z).

0<s<T -

Indeed one has by [11, VI.4| that:

Theorem 13.2. As b — oo, it holds for any fized x that a(b)Ew(b,z) — my and
that a(b)w(b, z)/mr has a limiting standard exponential distribution.

For the more detailed implementation, we note:

Proposition 13.3. (a) Assume that the Lévy measure v is heavy-tailed, more pre-
cisely that 7(z) = [ v(dy) is a subexponential tail. Then a(z) ~ mrv(x) as
z — 005

(b) Assume that the Lévy measure v is light-tailed, more precisely that the Lundberg
equation k() = 0 has a solution v > 0 with k'(y) < co. Then a(z) ~ Cre™7*
for some constant Cr as z — o0

Sketch of proof. For (a), involve ‘the principle of one big jump’ saying that ex-
ceedance of z occurs as a single jump of order z (which occur at rate 7(z). The
rigorous proof, using the regenerative representation 7°(z) = a(z)/my of the sta-
tionary distribution of V> and known results on 7°°, can be found in [10], [17].

For (b), let P,, E, refer to the exponentially tilted case k(o) = k(a+7) — k()
with V°°(0) = 0. By standard likelihood ratio identities,

a(z) = Po(w(z,0) < T) = E, [exp{—7X (w(z,0)) }; w(z,0) < T] (13.3)

Now m., = &’(y) > 0 so that P, (V>°(t) — co0) = 1. Hence {w(z,0) < T} t {T = oo}
where P (7' = o0) > 0, and

X (w(2,0)) + L(w(2,0)) = V®(w(2,0)) =z + £(2)

where £(z), the overshoot, converges in P,-distribution to a limit {(c0) (in fact, the
same as when overshoot distribution are taken w.r.t. X, not V°°), and L(w(z, 0))
converges in P, -distribution to the finite r.v. L(co). Combining with (13.3) and
suitable independence estimates along the lines of Stam’s lemma (|11, pp. 368-369]),
the result follows with

Cp = Ewefvi(w) -E, [evL(OO); T — oo] )
That Cr < oo is seen by a comparison with Theorem 2.1 since clearly

a(z) <Py (oglsag)% Ve(s) > 2) =77(z).
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In the heavy-tailed case, Theorem 13.2 and Proposition 13.3 determine the order
of w(b,x) as 7(b). In the light-tailed case, we are left with the computation of the
constant C'r. In general, one can hardly hope for an explicit expression beyond
special cases. Note, however, that for the spectrally negative case one can find the
Laplace transform E,e~%(®?) as Z(9(z)/Z(@(b), where

29@) = 14q [ WOy
0

is the ‘second scale function’. See Pistorius [109] and Kyprianou |94, p.228|, with
extensions in Ivanovs & Palmowski [73]. We return to Ew in Section 14.2.

14 Studying V as a Markov process

14.1 Preliminaries

An alternative approach to computing probabilities and expectations associated with
V' and its loss process U is to take advantage of the fact that V' is a Markov jump-
diffusion process. As a consequence, a great number of probabilities / expectations
can be computed by solving linear integro-differential equations, subject to suit-
able boundary conditions related to the boundary behaviour of V' and the specific
functional under consideration.

Our exposition is somewhat simpler if we require that the jump component of
X be of bounded variation (BV). So, we will henceforth assume that

/||<1 ly| v(dy) < oo. (14.1)

In this setting,
X(t) = X(0)=pt+0B(t)+ Y AX(s),
0<s<t

where AX(s) = X(s) — X(s—) and the sum converges absolutely for each ¢t < oo
because of (14.1). Cf. the discussion at the end of Section 1. Without (14.1), the
jump part would a.s. have unbounded variation. In order to deal with Lévy processes
having non-BV jumps, one needs to modify the equations and arguments of this
section slightly. We discuss this non-BV extension briefly at the end in Section 14.6.

The key to establishing suitable integro-differential equations in this context is
the systematic use of 1t6’s formula in the form

F(V(s) = F(V(s) = D [F(V(s) = F(V(s—))]

0<s<t

- /Ot [/Lf’(V(s)) + %Qf”(V(s))] ds + /Ot f(V(s)) dB(s)
+ [ e - [ rve) ae) (14:2)

[Note that in our context, V'(s) could be replaced by b in the last integral and by 0
i the next-to-last.] This follows for compound Poisson jumps by using Itd’s formula
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in a form involving boundary modifications (see [43]) on intervals between jumps
of X (where V' is continuous), and in the general case by approximation by such a
process. Equation (14.1) is the basic form of 1t6’s formula that we will systematically
apply in what follows.

With the aid of [t6’s formula, we will illustrate the use of Markov process argu-
ments in deriving various integro-differential equations associated with V' and its loss
process U. In fact, we will generalize from consideration of U to additive functionals
([33]) of the form

At) = /O FVE) s+ 3 F(Vs—), AX()) + riLe(t) +rU(t). (143)

0<s<t

Note that we recover U if we set f = 0, f(x,y) =[r+y—b", ri=0and r, = 1.

We assume throughout that f is bounded, that f(z,0) = 0, and that

sup / Pz, y)| v(dy) < oo

0<z<b

An additional notational simplification will be useful: we set

0 r+y<0
rxy)=qz+y 0<z+y<b
b r+y>b

and observe that V(s) = r(V(s—), AX(s)) whenever AX(s) # 0.
The integro-differential equations to follow are typically expressed in terms of
the operator £ defined on twice differentiable functions ¢ : [0,b] — R and given by

2
(£o)(@) = @) + T @)+ [ [olrie,) = o(o)] vid).

The expression on the r.h.s. is familiar from the theory of generators of Markov
processes, but given the multitude of formulations of this theory, we will not pursue
this aspect. The generator view, though, may sometimes be helpful to heuristically
understand the form of the results. For example, we will study the expectation
s(x) = E, T, where T, = inf{t > 0: V(t) > 2} is a level crossing time of V' (and as
usual P, E, refer to the case V(0) = x). Intuitively, one should have

s(x) ® h+Eys(x+ V(h)) = h+ s(x) + h(Ls)(x)

for small h, so that the equation to solve for computing s should be (Ls)(z) = —1
(subject to suitable boundary conditions). Our detailed analysis aims at making this
rigorous.

We will encounter functions h(6#, x) depending on two arguments and write then
as usual hy(0,x), h,(0,x) for the partial derivatives. When working with h as a
function of x for a fixed 0, we write h(6) rather than h(0, ).
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14.2 Level crossing times
Consider the level crossing time
T.=mf{t>0: V() >z}
defined for V' (with 0 < z < b) and
T(w) =inf{t > 0: A(t) > w}

defined (with w > 0) for the additive functional A in (14.3). In this section, we for-
mulate the integro-differential equations appropriate for computing characteristics
of these quantities.

Theorem 14.1. Fiz 6 < 0. Suppose that there exists a function h(0) = h(d,-) :
[0,0] — R that is twice continuously differentiable in [0, z] satisfying the integro-
differential equation

(Lh(6)) () + 6h(0,z) =0 (14.4)
for 0 < x < z, subject to the boundary conditions
h(0,x) =1 forxz >z hy(0,0)=0.
Then h(6,x) = EefT=.
Proof. Observe that U.(T,) = 0. Hence, It6’s formula yields

Ee” ™" (9, V(T, At)) — h(6,V(0)) = 24: T;,
where h
T = /OTZM e [(Lh(0)) (V(s)) + 0h(6, V(s))] ds |
T, = /OM " ha(0,V(5)) ds,

TNt
T3:/ e”h,(6,V(s)) 0 dB(s)ds,
0

T, = Z b [h(@,V(s)) — h(Q,V(S—))} ;

—/0 ) ebs/R[h(Q,r(V(s),y)) — h(6,V(s))] v(dy)ds

Here T1+T5 = 0 because of the integro-differential equation (14.4) and the boundary
condition at x = 0, whereas T3 + T form a martingale. Hence

Ee "R (0, V(T, At)) = h(0, z)
for t > 0. By monotone convergence and the boundary condition for x > z,

E[e?T=h(0,V(T,)); T. < t] T E[e"*; T, < ]
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as t — 00. On the other hand, the boundedness of h(f) and the fact that 6 < 0
ensure that
E[e”h(6,V(t)); T. > t] — 0.
The conclusion follows by noting that T, < oo a.s. because of the reflection at 0. [
We can now formally obtain our integro-differential equation for E, T, by differen-

tiating (14.4) and the boundary conditions. In particular note that E,T, = hy(0, x).
Formally differentiating (14.4) w.r.t. 6 yields

(Lhg)(z) + h(0,z) + Ohg(0,2) =0
for 0 < z < z, subject to
he(0,x) =0 for x>z, h.(6,0)=0.

Letting h(z) = ET., we conclude from h(0,z) = 1 for 0 < z < z that h should
satisfy _
(Lh)(z) = —1
for 0 <z < z, subject to
h(z)=0 forz >z NH(0)=0.

By working with the martingale

h(V(T. A1) +T. At

this can be rigorously verified by sending ¢ — oo, using the boundedness of %, and
exploiting the fact that h(V/(1%)) = 0.

Bounds on E,7T, can be obtained similarly, in the presence of a non-negative
twice continuousy differentiable function ~ for which

(Ly)(z) < -1
for 0 < x < z. In this case,
Y(V(T.A) +T. At

is a non-negative supermartingale. Because 7 is non-negative, E, T, At < ~(x) for
t > 0, yielding the bound
E.T. <7(2)
for 0 < x < z upon application of the monotone convergence theorem.
We next turn to the computation of E,e’” ™) with A(t) as in (14.3) (note for the
following result the quantities f, f, r1, 79 occurring in the definition).

Theorem 14.2. Fiz 0 < 0. Suppose that there exists a function k(0) : [0,b] xR — R
of x, A that is twice continuously differentiable in x and continuously differentiable
in A on [0,b] x (—oo,w|, and satisfies

2

0= pko (6,2, ) + %k:m(@, 2, ) + (0, 2, \) f () + 0k(0, 2, \) (14.5)
+ /R[k:(@,r(x,y), A+ J?(x,y)) — k0, x, )\)] v(dy) (14.6)
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for 0 <ax <b, A\ <w, subject to the boundary conditions
rika(0,2,\) + ki (0, 2,A) =0 and rokn(0,2,\) — kp(0,2,\) =0
for X <w. IfE A(1) >0, then k(0,z,)\) = E,ef7™),

Proof. An application of 1t6’s formula guarantees that

TN,V (7(w) A1), A(r(w) At)) = k(6,V(0),0) =Y T;

where

_ T(w)/\tebs #[k(0,7(V (), ), As) + F(V(s),))
= /0 /R —k(@ V(s),
A(s

Y),
A(s))] v(dy) ds,
)

. /T<w> sl 0V ke (0.V(5), A(5))
0 + k(6 V(s),A(s)) F(V(s)) + 0k (0, V(s), A(s))} ds,
T(w)AL
T3 = /0 " [k (0, V(s), A(s)) 4+ rikx(6,V(s), A(s))] dLe(s),

(w)At
T, = /0 " [—ky (0,V(s), A(s)) + 12k (0, V (s),A(s))] dU.(s),

Ts = /T(w)At "k, (0,V(s),A(s)) o dB(s),

ol [R(0,7(V (s=), AX(5)), Als—) + [(V(s—), AX(s)))
Te = e
O<Zs§t —k(Q V( ) (3 ))}
_/T(wwebs/[t] k(0,7 (V(s=),9), A(s=) + [(V(s=),))
0 R —k(0,V(s=),A(s—))] ds.

Here T} + T, = 0 because of the integro-differential equation (14.6), T3 = T, = 0
because of the boundary conditions, and T5, Ts are martingales. Consequently,

k(0,V(0),0) = E, [e"@k(0,V (r(w) At)), A(r(w) A1))]

Now 7(w) < oo a.s. because E;A(1) < oo. Because # < 0 and k is bounded, the
r.h.s. converges to

E, [k (0, V(r(w)), Alr(w))) .
The proof is completed upon recognizing that k(6,z,A\) =1 for A > w. n

14.3 Poisson’s equation and the CLT

A natural complement to the computation of the loss rate ¢° is the development of a

central limit theorem (CLT) for the cumulative loss. In particular, we wish to obtain

a CLT of the form
Ul(t) — (bt 2,

7 — nN(0,1) (14.7)
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as t — co. This CLT lends itself to the approximation
U(t) = 6" +nv/EN(0,1) (14.8)

when t is large, where ~ means ‘has approximately the same distribution as’ (and
carries no rigorous meaning, other than through (14.7)). The key new parameter to
be computed in the approximation (14.8) is the time-average variance constant n>*.
Computing 7%, in turn, involves representing U(t) in terms of the solution to Pois-
son’s equation which is well-known to play a fundamental role for Markov process
CLTs (cf. e.g. Bhattacharyya [30], Glynn [61], Glynn & Meyn [63], [11, 1.7,11.4d]).
See also Williams [128] for the CLT for U in the Brownian case.

We develop the theory in terms of a general additive functional V' of the form
(14.3) and its associated boundary processes L and U. Given a function g : [0,0] — R
and a scalar ¢, we say that the pair (g, c) is a solution to Poisson’s equation for the
additive functional A if

g(V(t) +A(t) —ct

is a martingale. When A = U, ¢ must clearly equal ¢°.

Theorem 14.3. Assume that f is bounded and that

sup / (F )] + Fle9)?) v(dy) < oo (14.9)

0<2<b

If there exists a twice continuously differentiable function g : [0,b] — R satisfying

sup /R}g(r(x,y)) | v(dy) < co. (14.10)

0<z<b

and a scalar ¢ such that the pair (g,c) satisfies the integro-differential equation

(o)) = ~(f@)+ [ Fla)vidy) <) (14.11)
R
for 0 < x < b, subject to the boundary conditions

g (0) = —ry, g (b) =1y, (14.12)

then
g(V(t) + A(t) —ct

1s a martingale. Furthermore,

—A(t)\/g o = nN(0,1)

as t — oo, where

7= [+ [T + o) - o)1) aiae)
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Proof. We note that Tto’s formula guarantees that
g(V(t) —g(V(0)) + A(t) — ct
- [woeyas+ [ we)rase
+ > [9(V(s) = 9(V(s))]

0<s<t

// =),y)) = g(V(s—))] v(dy) ds

/ ds+//f ) v(dy) ds

+ 3 (V). AX / / F(V(s=),y) vldy) ds

i Lo(t) + 1aUa(t) — et + ' (0)La(t) — o/ (D)UL(1)
= /0 g’(V(s))adB(s)
+ Z [g(V(s)) — g(V(s—)) + ]?(V(s—),AX(s))]
/ / )~ 0(V() + T(V(s-),9)] v(dy) ds

(say),

where (14.9) and (14.10) were used to obtain the second equality. In the presence of
(14.9), (14.10), and the boundedness of g and ¢', it follows that M (t) is a martingale.
Furthermore, the quadratic variation has the form

(M, M](t) = / g’(V(s))20 ds
+> g N} + f(V(s—), AX(s))]

0<s<t

- [ozg(wws—),y))?

T / 0(V(8) — g(V(s=)) + F(V(s—), AX(5))]] v(dy) ds
+M1(t)

where M (t) is a martingale. It is easily seen that [M, M](t)/t — n* a.s. as t — oo.
Finally, to verify condition a) of the martingale CLT in [54, p. 340], we need to show
that

J7Ee S M16) ~ (5] =0 1419

as t — oo (this needs only to be verified for V(0) distributed as 7 because we
can couple V' to the stationary version from any initial distribution). Of course, a
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sufficient condition for (14.13) is to establish that

1
~Ex sup |M(s) — M(s—)|" —0. (14.14)

0<s<t

It is well known that (14.14) is immediate if

E. sup (M(s) — M(s—))" < oo. (14.15)

0<s<1

But (14.15) is bounded by

=E. Y [9(V(5) —9(V(s)) + F(V(s), AX(5))]"
=B [ (o (V(s).0)) = oV (5)) + FV(5).0)] vl s
= [ [1960) = o) + o) vty st

due to the boundedness of g and condition (14.9). The martingale CLT then yields
the desired conclusion. O

Theorem 14.3 therefore provides the CLT for general additive functionals asso-
ciated with V, provided that one can solve the integro-differential equation (14.11)
subject to the boundary condition (14.12). Finally, we note that the fact that
g(V(t)) + A(t) — ct is, in great generality, a martingale, implies that

E.A(t) = ct + g(z) — E.g(V (1)) ,
where, as usual, E, refers to the case V(0) = x. Since

E.g(V (1)) = Exg(V(t))

as t — oo (since V is regenerative with absolutely continuous cycles), we conclude
that

as t — o0o. Hence, the solution g to Poisson’s equation also provides a ‘correction’ to
the value of E,A(t) that reflects the influence of the initial condition on the expected
value of an additive functional.

14.4 Large deviations for the loss process

We turn next to obtaining a family of integro-differential equations from which the
large deviations behaviour of the additive functional A(-) can be derived (for earlier
work in this direction in the Brownian case, see Zhang & Glynn [131] and Forde et
al. |56]). The key to the analysis is the following result:
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Theorem 14.4. Fiz 0 € R. Suppose that
sup /eef(m’y) v(dy) < oo. (14.16)
0<az<b JR

If there ezists a positive twice differentiable function u(6) : [0,b] — R and a scalar
¥(0) such that the pair (u(6),(0)) satisfies the integro-differential equation

2

0 = o (6,2) + tpa (8, 2) + (6f(2) = (0)) (6, 2)

+ / [eef(x’y)u(e,r(x,y)) —u(f,z)] v(dy) (14.17)
R
for 0 < x < b, subject to the boundary conditions
Uz (0,0) = —r10,  u,(0,b) =10, (14.18)

then M(0,t) = e"*Du(0,V (t)) is a martingale.
Proof. Define A(s) = exp{6A(s) — ¥ (6)s} and

S(t) = Z A(s) [exp{@f(V(s—),AX(s)) bu(6,V(s)) —u(0,V(s—))].

0<s<t

[t6’s formula shows that M (6,t) — M(6,0) equals
15(0)+ [ 107(V(9) = 0(0)] A(s)u (0. V(5-)) ds
+ /t r0A(s)dL.(s) + /t 190 A(s) dU.(s)

2

+ /0 [ (6,V/(5)) + F1taa 6,V (5)) A(s)ds
_ /0 A(s)u, (8, V(5))o dB(s) + S(t)

—/0 A(s)/R[exp{ef(‘/(s),y)}u(&,r(V(s),y)) —u(6,V(s))] v(dy)ds,

where the second equality uses the fact that (u(6),v(6)) satisfy (14.17) and (14.18).
Given the boundedness of u(f) and (14.16), the fact that M(6,t) is integrable and
is a martingale is clear. O

As a consequence of the martingale property and the fact that u(6) is bounded
above and below by finite positive constants, it is straightforward to establish that

1
~log E,ef2® — ()

as t — 0o. Suppose that there exists #* > 0 for which v(+) exists in a neighbourhood
of #* and is continuously differentiable there. If we let a = ¢/'(6*), then

%log P, (A(t) > at) = (") — 0%a;

see, for example, the proof of the Gértner-Ellis theorem in [49, 45-51]. Hence, the
integro-differential equation (14.17) is intimately connected to the study of large
deviations for A.
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14.5 Discounted expectations for additive functionals

As our final illustration of how integro-differential equations naturally arise when
computing expectations of additive functionals of reflected Lévy processes, we con-
sider the calculation of an infinite horizon discounted expectation. Specifically, we
let the discounting factor at ¢ be

I(t) = /0 g(V(s))ds + Z J(V(s—),AX(s)) + uiLe(s) + uaUe(2)

for given functions g, g (where g is such that g(z,0) = 0 for 0 < z < b), and set

D= / P AA (s

As for f, J?, we assume that g is bounded and that

sup /\ﬁ(w,y)\l/(dy) <00
0<z<b JR

Theorem 14.5. Assume that f,fv, g, g, uy,us are non-negative with g strictly pos-
itive. If there exists a twice continuously differentiable function k : [0,0] — [0, 00)
satisfying the integro-differential equation

0 = k() + Sk () = gla)k(2)

+ / [e Tk (1 (2, ) — k(z)] v(dy)

4 / Fle,y) v(dy)

for 0 < x < b, subject to the boundary conditions
k/<0) — Ulk(O) = -7, k’/(b) + ng(b) = —T9,
then E,D = k(x) for 0 <x <b.

Proof. Tto’s formula ensures that
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where

Ty = /te‘”s) [k (V (s ))+—k’(V( )) = 9(@)k(V(s))] |

r= [ / VO k(o (V(5),9)) — KV ()] vl
T3:/0 T ds+/ /f dy) ds,
T4:/0te_F()[r1—u1k(V( )+ K(V())] dLu(s).
Ty = /Ot e T [y —upk(V(s)) — K (V(s))] dU(s),
fi= [ (V) raBls).
frm 3 TRV AX () — [ TOFV(s).0) ) ds,
Ty = 0<§t e T [emdVEDAXED L (r(V(s), AX (5))) — k(V(s—))]

—/0 e 1) R[e_g(v(s_)’y)k(r(‘/(s),y)) —k(V(s—))] v(dy)ds.

Here T7 + Ty + T3 = 0 because of the integro-differential equation, Ty = T5 = 0
because of the boundary conditions satisfied by k, and Tg, T%, Ty are all martingales.
Consequently,

k(z) =, /0 t e T dA(s) + Ee TOR(V (1)) .

Sending ¢ — 0o, the non-negativity assumption ensures that

t
/ e T dA(s) 1+ E.D,
0

while the non-negativity of g, g, u1, ug, positivity of g and boundedness of k ensure
that

/ t e TOE(V(t) =0,

proving the theorem. O]

14.6 Jumps of infinite variation

Lévy processes are permitted to have a jump part of infinite variation as long as the
FV condition (14.1) is weakened to

/| 1y2 v(dy) < co. (14.19)
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In this setting, one must compensate the small jumps, by considering the random
measure

/| 1 y[p(dy,ds) — v(dy) ds] < oo (14.20)

where p is the Poisson random measure having intensity measure v ® m (where m
is Lebesgue measure). The centered random measure is well-defined, and forms a
square-integrable martingale when integrated over s (due to (14.19)). Thus, in the
non-BV jump setting we can write the Lévy process X as

X(t) — X(0) = at + o B(t)

+ ) AX(s)1(|AX(s)| > 1) //|1 pu(dy, ds) — v(dy) ds]

0<s<t

for some suitably defined constant a; observe that when the stronger F'V condition

(14.1) holds,
a=p+ / yv(dy) .
ly|<1

In order to develop an Ito-type formla in this setting, we note than when v[—e, €] =
0 for some € > 0, we can write (for f twice differentiable)

F(V () <0>)

/ / y)—f(V(s—))]u(dy, ds) +%2/Ot F(V(s

/ F(V(s)) [ads—l—adB( Y= | yu(dy)ds + dLo(s) —dUc(s)]

lyl<1

N /t/ [f(V(s=) +y)=f(V(s=))] (n(dy, ds) — v(dy) ds)
L e e
/ /|y|<1 =) +y)=f(V(s=)) —uf' (V(s—))]v(dy)ds  (14.21)
- /0 J'(V()) 7 dB(s) + £(0)(Le(t) = Le(0)) = f'(b) (Uelt) — UL(0)) -

By sending € | 0 and utilising (14.19), we find that this formula extends to the
general case in the general Lévy setting. We note that the smoothness of f guarantees

that
f(V(s=) +y)=f(V(s=)) —yf'(V(s—))

is of order y? when y is small, thereby guaranteeing that the term (14.21) on the
r.h.s. is well-defined. As a consequence of the martingale property of the centered
stochastic integral,

B (VD) - B (V) = [ (ED(V(6) ds.

0
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where for some suitable z

2

(L)) = fig! (2) + ¢ ()

- /y|>1[<ﬂ(r(m,y)) — ()] v(dy) + LM [o(r(z, ) — (@) — yo'(2)] v(dy)

provided that ¢/(0 = ¢/(b) = 0. The integro-differential operator £ replaces the
operator L that appeared earlier in the BV case (it can be easily verified that L=C
in the BV case). For example, to compute E, T, the It6 argument above establishes
that if h satisfies (Ch)(z) = —1 subject to //(0) = 0 and h(z) = 0 for z > z, then
h(z) = E,T.. In a similar fashion all the other integro-differential equations derived
earlier in this section can be generalised to Lévy processes having non-BV jumps.

15 Additional representations for the loss rate

In Sections 6 and 8, two representations for ¢* were provided, in which ¢* was repre-
sented in terms of an integral against the stationary distribution 7 for the ‘interior
process’ V. In this section, we return to the computation of * and provide a simple
argument establishing that there are infinitely many such representations of ¢ in
terms of .

The notation is the same as in Section 14; recall in particular the function r(z, y)
associated with two-sided reflection and the integro-differential operator L.

We first write the local time U(t) at b in terms of the jump component and its
continuous component, so that

Ut)—U0) = Y AU(s) + Udt),

0<s<t
where, as usual, AU(s) = U(s) — U(s—) for s > 0. Clearly,
=10+,
where

1
b q:
K-—hmgg AU(s), (%= lim U()

t—oo t

We now show how 5 and £% can be individually calculated in terms of 7. Dealing
with E? is easy. Note that

= Y AU(s) // s) +y — b w(dy)ds
0<s<t
is a martingale, and hence
IE > AU(s) // s)+y —bTu(dy)ds.
0<s<t
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Consequently,
b
0= /0 /R[x +y — b v(dy) m(dx) .

It remains only to compute (5. For a given twice differentiable function h :
[0,0] — R, Itd’s formula ensures that

h(V(H) —h(V(0) = > [n(V(s)) = h(V(s-))]

0<s<t

+/0 [uh’(V(s)) +%2h”(V(s))] ds (15.1)
to /0 1 (V(s))) dB(s) + K(0)Lo(t) — W' (0)UL(2),

where L.(-) is the continuous component of L(-). Letting

M= 3 V) - (V)] +o [ H(V() aBe)

N /Ot/R[h(r(V(s—),y)) — h(V(s—))} v(dy) ds,

and rewriting (15.1) in terms of £, we get
h(V () = h(V(0)) = M(t) + /0 (Lh)(V(s)) ds + h'(0) Le(t) — 1 (b)Ue(t)

Further, M(+) is a square integrable martingale, and since h and its derivatives are
bounded, it follows by taking stationary expectations at t = 1 that

0= / b(ﬁh) (z) 7(dz) + A (0)£° — B/ (b)¢°, (15.2)

where £ = lim;_,, %Lc(t) a.s.
As a consequence, we can now compute £2 and % by choosing two (twice differ-
entiable) functions hy and hy. According to (15.2),

! - b b(ﬁhl)(x) 7(dx)
8 @ (hoeer) s

Thus, if h; and hy are chosen so that the coefficient matrix on the Lh.s. of (15.3)
is non-singular, this yields formulae for 0 and % in terms of 7. Consequently, there
are infinitely many representations of ¢* in terms of m (two of which have been
introduced in Sections 6 and 8).

Even in situations where 7 is not easily computable, the above approach provides
a mechanism for easily computing bounds on ¢°. For example, by choosing h; so that
R} (0) = 0 and A} (b) = 1 (and hy(-) arbitrarily), we can compute bounds on £ in
terms of the supremum of (Lhy)(z).
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16 Markov-modulation

Models with the parameters varying according to the state of a finite Markov chain
or -process have a long history and are popular in many areas: in statistics, they go
unded the name of hidden Markov models (e.g. Cappé, Moulines & Ryden [38]), in
finance the term Markov regime switching is used (e.g. Elliott, Chan & Siu [51]),
and in queueing the first occurrence was with the Markov-modulated Poisson process.
We consider here Lévy processes with the characteristic triplet (¢;, 02, v;) depending
on the state J(t) = i of an underlying finite ergodic Markov process J, with the
extension that additional jumps may occur at state changes of J. This is important
since then the model class becomes dense in the whole of D[0, 00), cf. [11, Ch. XI]
where also the connection to Markov additive processes is explained.

In this section we generalize the results from Section 6 and Section 8 to hold for a
Markov-modulated Lévy process X. We will use the same technique as in Section 6
(a direct application of Ito’s formula for general semimartingales) to derive a formula
for £°. In [19] an approach based on optional stopping of a multi-dimensional version
of the Kella-Whitt martingale is used to obtain ¢°, but this will not be presented
here, since it is very complicated and does not really shed any probabilistic light
upon the underlying Skorokhod problem. Further, the direct Ito approach leads
directly to an easier expression for £°.

We start by constructing X. We assume that we are given an underlying prob-
ability space with filtration %, which satisfies the usual conditions, i.e., it is aug-
mented and right-continuous. Let J (the modulating process) be a right- Continuous
irreducible Markov process with state space {1,...,p}, intensity matrix Q = (g;;)
and stationary row vector @ = (qy). Let X' ..., X? be Lévy processes (with re-
spect to .#) with characteristic triplets (c;, 0%,14), ¢ = 1,...,p, which are inde-
pendent of J and each other and satisfy E|X*(1)] < oo, i = 1,...,p. Further, let
{U9:1<4,j<pand {UY :n>1, 1<14,j <p}beindependent random variables
which are also independent of X*, ..., X? and J, such that for each 4, j,n, U¥ and
U/J are identically distributed with distribution HY and E|U"| < co. Let Ty, T1, . . .
be the jump epochs of J (with Ty = 0). It is assumed that for every 4, j,n, UY is
measurable with respect to .#(T},) and that U% € .#(0). We then define the process
X according to

=5 S (XUT) = XA (Tued) + UYL (Tr) = i, J(Ty) = 4. T < 1)
n>1 1§;j§p
1#£]

+ ZZ (X'(t) = X(To-1))L(J(T1) = 0, Ty St < Tp), (16.1)

n>1 i=1
or, equivalently, X (0) = 0 and

p

dX(s) =D 1(J(s) =)dX"(s) + Y Y Uil(s =T, J(To—) =i,J(T,) = j).

=1 n>11<2,57<p
i#j
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We denote the stationary measure of (V,J) by «(-,-) ((V,J) is assumed to be
stationary throughout this section). Let HY = H7 and J be time-reversed version of
J (note that J has intensity matrix Q = A~'QT A where A is the diagonal matrix
with a on the diagonal, and that o is also stationary for J ). X is constructed by
using (16.1) with HY replaced by Hi and J replaced by J. In the same way as in
Proposition 2.11 in [11], p. 314, we obtain the following representation of 7 in the
Markov-modulated case.

W([ya b]7 Z) = Oéz]P)z(X(T[y - b7 y)) > y)a (163)

where 7[u,v) = inf{t > 0: X(t) ¢ [u,v)}, u <0 < v, and P;(-) = P(-| J(0) = i).
Now, we turn our attention towards the identification of ¢*. The only differences
between the Markov-modulated case and the standard Lévy process case are that we
now have to treat time segments corresponding to different states of J separately and
that state changes in J generate jumps in X. E.g., we get the following equivalent

to (6.4) (where dX(s) is given by (16.2))

t

V) — V(0): — /0+ 2V (s—)dX (s)

- —2bU(t)+/0+d[X,X]C(5)

+ ) {-2AV(s)AL(s) + 2AV(s)AU(s) + (AV(5))%}.

0<s<t

where (cf. Corollary 2.5 and Corollary 2.9 on p. 313 in [11])

m=E,X(1) = i o, (mi + Z qijEUij> (16.4)

i=1 i
with m; = EX?(1). Thus, we have
1

—9mEV — —2 + E, / d[X, X](s)
0+

+Ex Y {—2AV(s)AL(s) + 2AV (s)AU(s) + (AV(s))*}.

0<s<1
What remains is to identify terms which is fairly straightforward. It is easily seen

that
1 p p b
E/ A[X, X)°(s) = 3 uo? EV:Z/ r(dz, i).
0 i=1 i=1 70

+

For the sum of jumps we get (condition on (V(s—), J(s—))),

E Y AV(s)AL(s)

= ;/0 m(dz, ) /_Oox(x +y)l(y < —x) (Vi(dy) + ;Qin”(dy)>,
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E Y AV(s)AU(s)

= Z/ m(dx, 1) /OO b—z)y—b+2)l(y>b—2x) (yi(dy) + Zqinij(dy)>,
i=1 70 —o0 i
E ) (AV(s)

0<s<1

= Z_p:/ob m(dx, 1) /_C: Vl(—r <y <b—uz) <yi(dy) + ZQZ'jHij(dy))

i

+ i/obw(dx,i) /_Z(b —2)’1(y > b— ) (w(dw + Zqz-jH"j<dy>)

J#i
+ Z/ W(dx,i)/ 221(y < —z) (yi(dy) + Zqij]—]w(dy)>.
i=1 70 —o0 j#i
Putting the pieces together, we get the final expression for ¢° in the Markov-modulated
case,

o — 2%{2&2; /Ob mr(d:v,z’)) (zp: Q; (mz + Z%‘EU”))

i=1 j#i

+ é ;07 + é /Obﬂ(dx, i) /_: o(z,y) (m(dy) +) qinij(dy)> } (16.5)
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