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ABSTRACT. We study the scale function of the spectrally negative phase-type Lévy process. Its scale
function admits an analytical expression and so do a number of its fluctuation identities. Motivated by the
fact that the class of phase-type distributions is dense in the class of all positive-valued distributions, we
propose a new approach to approximating the scale function and the associated fluctuation identities for a
general spectrally negative Lévy process. Numerical examples are provided to illustrate the effectiveness
of the approximation method. The extension to the case with jumps of infinite activity is also discussed.
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1. INTRODUCTION

In the last decade, significant progress has been made regarding spectrally negative Lévy processes, and this
is mainly due to the scale function. As can be seen in the work of, for example, [7, 25], a number of fluctuation
identities concerning spectrally negative Lévy processes can be expressed in terms of scale functions. There are
numerous applications in applied probability including optimal stopping, queuing, branching processes, insurance
and credit risk. Despite these advances, a major obstacle still remains in putting these in practice because scale
functions are in general known only up to their Laplace transforms, and only a few cases admit explicit expressions.
Typically, one needs to rely on numerical Laplace inversion in order to approximate the scale function; see [24, 38].

In this paper, we propose a phase-type (PH)-fitting approach by using the scale function for the class of spectrally
negative PH Lévy processes, or Lévy processes with negative PH-distributed jumps. Consider a continuous-time
Markov chain with some initial distribution and state space consisting of a single absorbing state and a finite number
of transient states. The PH distribution is the distribution of the time to absorption. The class of PH distributions
includes, for example, the exponential, hyperexponential, Erlang, hyper-Erlang and Coxian distributions; see,
e.g. Section 3 of [2]. It is known that the class of PH distributions is dense in the class of all positive-valued
distributions, and consequently the scale function of any spectrally negative Lévy process can be approximated by
those of PH Lévy processes.
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Our objective is to obtain the scale function of the spectrally negative PH Lévy process, and use it to approximate
for a general case. We achieve its closed-form expression by taking advantage of the structure of its Wiener-Hopf
factor as obtained in [3]. In order to verify that this is indeed a useful alternative to the Laplace inversion approach,
we show convergence results via the continuity theorem and then conduct a series of numerical experiments.

One major advantage of this approach is that the approximated scale function is given as a function in a closed
form, which enables one to analytically differentiate/integrate to obtain other fluctuation identities explicitly. The
derivative of the scale function is used to identify, for example, the fluctuation of its reflected process and is
commonly applied in insurance risk literature [5, 27, 30]. The integration of the scale function with respect to the
Lévy measure is required when overshoots/undershoots are involved. On the other hand, these calculations must
be conducted numerically when the scale function is approximated via numerical Laplace inversion; because the
scale function increases exponentially and its derivative tends to explode near zero, minimizing numerical errors
tends to be a difficult task.

Another advantage of the PH-fitting approach is that the Laplace transform of the PH distribution has an explicit
expression. The Laplace inversion approach inverts the equality written in terms of the Laplace exponents which
admit analytical expressions only in special cases (see (2.1)-(2.2) below). In other words, it contains two types
of errors: 1) the approximation error caused while computing the Laplace exponent and 2) the error caused while
inverting the Laplace transform. On the other hand, the PH-fitting approach only contains the PH-fitting error
thanks to the closed-form Laplace transform of the PH distribution.

The PH-fitting approach is particularly efficient when the Lévy density is completely monotone because the
fitting can be conducted by hyperexponential distributions (i.e. hyperexponential-fitting) and there exist algorithms
that are guaranteed to converge (see, e.g., [15]). The class of Lévy processes with completely monotone Lévy den-
sity is rich. It includes compound-Poisson processes with long-tailed distributed jumps such as the Pareto, Weibull
and Gamma distributions and other processes such as variance gamma [35, 36], CGMY [11], generalized hyper-
bolic [14] and normal inverse Gaussian [6] processes. The completely monotone assumption of the Lévy density
is sometimes required, for example, in the optimal dividend problem [33, 34]. In order to give examples of how
hyperexponential-fitting can be applied to compute fluctuation identities, we obtain the closed-form expressions of
the overshoot/undershoot distributions at the first down-crossing time for the hyperexponential case, and use it to
approximate those for the processes with Weibull/Pareto-type jumps.

The Lévy measure of the PH Lévy process is only limited to a finite measure. To complement this, we also
consider the meromorphic Lévy process [22], whose Lévy measure may be infinite and is given as a countable
sum of exponential functions. This generalizes the hyperexponential Lévy process as well as a number of Lévy
processes such as Lamperti-stable processes [10, 13], hypergeometric processes [23, 26] and those in the - and ©-
families [20, 21]. The corresponding scale function can be expressed explicitly as a countable sum of exponential
functions, which can be effectively approximated by a finite sum with some analytical error bounds. We show
numerically the effectiveness of the approximation procedure using examples with S-processes [20].

The rest of the paper is organized as follows. Section 2 studies the spectrally negative PH Lévy process and
its scale function. We show via the continuity theorem that the PH-fitting approach can approximate the scale
function for a general spectrally negative Lévy process. We further obtain, for the hyperexponential case, the joint
distribution of the overshoot and undershoot at the first down-crossing time. Section 3 obtains the scale function
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for the meromorphic Lévy process and its upper and lower bounds. Section 4 verifies the effectiveness of the
PH-fitting approach through a series of numerical results. All proofs are given in the appendix.

2. SPECTRALLY NEGATIVE PHASE-TYPE LEVY PROCESSES

2.1. Scale functions. Let (2, F,P) be a probability space hosting a spectrally negative Lévy process X =
{X¢;t > 0}, P* be the conditional probability under which Xg = z, and F := {F; : ¢t > 0} be the filtration
generated by X. The process X is uniquely characterized by its Laplace exponent

1 0
(2.1) Y(s) = log E° [eSXl] = 15 + 50252 +/ (¥ —1—s2l,5 y)II(dz), seC

where IT is a Lévy measure with the support (—oc, 0) and satisfies the integrability condition |, (—00,0) (1A22)T(dz) <
oo. It has paths of bounded variation if and only if

s=0 and / (1A |2)TI(d2) < oo
(_0070)

see, for example, [25], Lemma 2.12. In this case, we can rewrite the Laplace exponent (2.1) by
0

P(s) = ps +/ (e®* — 1)II(dz), se€C,

with
0
W= ji — / zII(dz).
-1

Fix ¢ > 0 and any spectrally negative Lévy process with its Laplace exponent 1. The scale function w@ .
R +— R is a function whose Laplace transform is given by

> —ST 1
(22) /0 e W(q) (w)dl' = m, s > Cq
where
(2.3) Cq=sup{s >0:4¢(s) =q}, ¢=>0.

We assume W (@ (z) = 0 on (—00, 0).
Let us define the first down- and up-crossing times, respectively, by

(2.4) 7, =inf{t>0:X;<a} and 7, :=inf{t>0:X,>0b}, abeR.

a

Then we have for any = < b

(2.5)
(@) _ (@
o [ —ar _ Wi(z) R _ 7@z _ g@p V2 @)
B e ”{T:<ramb+<oo}]_w(q>(b) and B [0y = 20@) - 7 O @)
where
(2.6) ZD(z) :=1+¢ / W@ (y)dy, zeR.
0

Here, we disregard the case when X is a negative subordinator (or decreasing a.s.).
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We also consider a version of the scale function ch : R — R that satisfies
(2.7) W (z) = ecquCq (), zeR

with its Laplace transform

> —S8T _ 1
(2.8) /0 e We, (z)dr = —w(s e — s> 0.

Suppose P, for any given ¢ > 0, is the probability measure defined by the Esscher transform

dP. cXi—(e)t
_ > ()
P c 120

2.9

Fi

see page 78 of [25]. Then W, under P¢, is equivalent to WO under P. Furthermore, it is known that We, is
monotonically increasing and

(2.10) We, (@) 2 ('(¢)™" asz — oo,

which also implies that the scale function W (%) increases exponentially in ;

(2.11) W@ (z) ~ as x — o0,

except for the case ¢ = 0 and ¢’ ({y) = 0.

Regarding the smoothness of the scale function, if its jump distribution has no atoms, then W@ e C* (0,00);
if it has a Gaussian component (¢ > 0), then W@ € C2(0, 00); see [12]. In particular, a stronger result holds
for the completely monotone jump case. Recall that a density function f is called completely monotone if all the
derivatives exist and, for every n > 1,

where f(") denotes the n'”* derivative of f.

Lemma 2.1 (Loeffen [33]). If the Lévy measure has a completely monotone density, Wéq is also completely mono-

tone.
Finally, the behavior in the neighborhood of zero is given as follows; see Lemmas 4.3-4.4 of [29].

Lemma 2.2. For every q > 0, we have

2

= o>0
0, bounded variati , a?”
W(q) (0) = { 1 Zn Oane V‘arl'a ton } and W(q) (0+) = o0, o = 0 and H(—O0,0) = X
i boundedvariation HI(=000) o Jd Poi
— poun olsson

1 )
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2.2. Spectrally negative PH Lévy processes. Consider a continuous-time Markov chain Y = {Y};¢ > 0} with

finite state space {1,...,m} U {A} where 1,...,m are transient and A is absorbing. Its initial distribution is
given by a simplex o« = [y, ..., a;] such that oy = P{Y; =i} forevery i = 1, ..., m. The intensity matrix Q
is partitioned into the m transient states and the absorbing state A, and is given by
T t
Q= .
0 0
Here T is an m x m-matrix called the PH-generator, and t = —T'1 where 1 = [1,...,1])". A distribution is called

phase-type (PH) with representation (m, ¢, T') if it is the distribution of the absorption time to A in the Markov
chain described above. It is known that T' is non-singular and thus invertible; see [1]. Its distribution and density

functions are given, respectively, by
F(z)=1-caet™1 and f(z2) = aeT?t, z>0.

Let X = {Xy;t > 0} be a spectrally negative Lévy process of the form

Ny
(2.12) Xt—XO:/uH—JBt—ZZn, 0<t< oo,

n=1
for some ;4 € R and o > 0. Here B = {By;t > 0} is a standard Brownian motion, N = {N;¢ > 0} is a Poisson
process with arrival rate A\, and Z = {Z,;;n = 1,2,...} is an i.i.d. sequence of PH-distributed random variables
with representation (m, a, T'). These processes are assumed mutually independent. Its Laplace exponent is then

1
(2.13) Y(s) = ps + 50232 + A (a(sI =T)" 't 1),
which is analytic for every s € C except for the eigenvalues of T'.

Disregarding the negative subordinator case, we consider the following two cases:

Case 1: when o > 0 (i.e. X is of unbounded variation),
Case 2: when 0 = 0 and p» > 0 (i.e. X is a compound Poisson process).
Here, in Case 2, down-crossing of a threshold can occur only by jumps; see, for example, Chapter III of [7]. On the
other hand, in Case 1, down-crossing can occur also by creeping downward (by the diffusion components). Due to
this difference, the form of the scale function differs as we shall see.
Fix ¢ > 0. Consider the Cramér-Lundberg equation

(2.14) ¥(s) =g,
and define the set of (the absolute values of) negative roots and the set of poles:
Zg:={i:¥(=&,q) = qand R(&q) > 0},
. q
Tq = {] : ————— = 0and R(n;) >O}.
! q — (=) ’
The elements in Z, and 7, may not be distinct, and, in this case, we take each as many times as its multiplicity. By

Lemma 1 of [3], we have

7| = |\ T4l + 1, for Case 1,
S EVA) for Case 2.
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In particular, if the representation is minimal (see [3]), we have | 7| = m.
Let e, be an independent exponential random variable with parameter ¢ and denote the running maximum and
minimum, respectively, by

X;= sup X, and X,= inf X5, t>0.
0<s<t 0<s<t

The Wiener-Hopf factorization states that q/(q — v(s)) = @ (s)g, (s) for every s € C such that R(s) = 0, with
the Wiener-Hopf factors
(2.15) ¢, (s):=E [exp(s&q)} and @] (s) :=E [exp(sXe,)]
that are analytic for s with R(s) > 0 and R(s) < 0, respectively. By Lemma 1 of [3], we have, for every s such
that R(s) > 0,
[Lieg,(s+m)  1liez, Sia

Hjejq j Hiqu(s +&iq)

from which we can obtain the distribution of X, by the Laplace inverse via partial fraction expansion.

(2.16) 0 (5) =

As in Remark 4 of [3], let n denote the number of different roots in Z, and m; denote the multiplicity of a root

&iqfori=1,...,n. Then we have
e k), Gig) T
2.17) P {—Lq c dm} - ZZA;J&@ﬁe Siatdy, 2> 0
i=1 k=1
where
A® 1 omik o (s)(s + &ig)™
BT (my — k) sk &k
Z7q

s=—iq

Notice that this can be simplified significantly when all the roots in Z, are distinct.

2.3. Scale functions for spectrally negative PH Lévy processes. We obtain the scale function focusing on
the case ¢ > 0. The scale function when ¢ = 0 and X drifts to +o0 can be derived by using W (z) =
P* {X ., > 0} /¢'(0) and the ruin probability (19) of [3] by taking ¢ — 0; Kyprianou and Palmowski [27] briefly
stated the scale function when ¢ = 0, X drifts to +oc0 and all the roots in Z, are distinct. The case ¢ = 0 and
X drifts to —oo can be obtained indirectly by change of measure (2.9); in this case, W) (z) = e0® W, (x) with
Co > 0 and X drifts to +oo under P, .

Before obtaining the scale function, we shall first represent the positive root (, (2.3) in terms of the negative
roots {&; 4; © € Z,}. Let us define

2.18) 0= Ale,, a>0,
=1

and by Lemma 2.2

, for Case 1
2.1 = (W D(0+) =4 7 |
(2.19) 0 CW(0) + W (04) _Sa oy ‘1:7;‘7 for Case 2
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Lemma 2.3. For every q > 0, we have

We now obtain the version of the scale function W¢,_(-). In the lemma below, W¢, (0) = W(9(0) is either 0 or
% depending on if it is Case 1 or 2; see Lemma 2.2.

Lemma 2.4. For every q > 0, we have

We (x) — W, Cq Z Z &77‘1 * 1 — o (Catéig) kzl Cq + gz,q >0
Cq Cq ’Lq Cq +§Zq (& 5 X = U.
) ]:0

=1 k=1

Lemmas 2.2 and 2.4 and (2.7) show the following. By Lemma 2.3, these expressions can also be rewritten in a
different way.

Proposition 2.1. Fixq > 0 and x > 0.
(1) For Case 1,

n m; k k— 1
(I) g < El q > & qT Cq + fz,q
q; Z:: Cq +&ig ]Z_:O !

(2) For Case 2,

n k k—1 i
(Q) Cq <£Z7q> ela® _ o=&iq® Z M 4 lqux.
‘ ,q 4! !

=1 k= 7=0

The scale functions obtained above are infinitely differentiable. In particular, the first derivative becomes

n.m; . k ) k—1 k—2 ) J
PCEIN-D o) oy o] (-0 o PR (CR PSR SRt
( ) q ;kZI 1,9 Cq""&i,q C‘1 §,q (k—l)! Cq ]z:% ]!

for Case 1 and
@ () — Eq \"
9 () = 4 iq
24 (o)
. B (P ) AP ( (P S ) L I S
X | Cetr® + & qe S0 q(k _ql)! — (e Sy " i 1 +Equ<q
=0

for Case 2.
When all the roots in Z, are distinct, the scale functions above can be simplified and have nice properties as
discussed in the following corollary.

Corollary 2.1. Suppose all the roots in L, are distinct.
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(1) The scale function can be simplified to
W(z) =3 Cy [qum _ 6—&,@;} ’
i€T,

W(‘I) (l‘) — Z Cl',q |:qu$ _ e—fi,ql’:| + le<qa:’
1€1, H

(2.20)

for Case 1 and 2, respectively where

AW
R Cq §Z7in7q

g = —————, 1 €1,
T g Gty !
) W@’ is convex.
3) WC/q is completely monotone.
In the lemma above, by (2.10)-(2.11), we must have
(2.21) 1 =Y Ci, and L =) G 41
' W(Cq) i€Z, e W(Cq) ieT, v w

respectively for Case 1 and 2.

Example 2.1 (Hyperexponential Case). As an important example where all the roots in L, are distinct, we consider
the case where Z has a hyperexponential distribution with density function

m
fz) = pme ™, z>0,
j=1

for some ) <y < -+ <y < 00. Its Laplace exponent (2.1) is then

s
77j+8.

1 m
(2.22) Y(s) = s + 50232 2>
j=1

Notice in this case that —, ..., —ny, are the poles of the Laplace exponent. Furthermore, all the roots in 1, are

distinct and satisfy the following interlacing condition for every q > 0:

(1) when o > 0, there are m + 1 roots —&1.,q, . . ., —{m+1,q Such that
0<&g<m<&q<- - <Nm<Enilqg <00
(2) when o = 0and . > 0, there are m roots —§1,q, . . ., —&m,q Such that
0<&g<m<&q<-<&ng<nm<oo.

The class of hyperexponential distributions is important as it is dense in the class of all positive-valued distributions

with completely monotone densities.
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2.4. Approximation of the scale function of a general spectrally negative Lévy process. The scale function
obtained in Proposition 2.1 can be used to approximate the scale function of a general spectrally negative Lévy
process.

By Proposition 1 of [3], there exists, for any spectrally negative Lévy process X, a sequence of spectrally
negative PH Lévy processes X (™) converging to X in DJ0, 0c0). This is equivalent to saying that X 1(n) — X1 in
distribution by [18], Corollary VII 3.6; see also [37]. Suppose v, (resp. ), Cq,n (¢g) and W(q)/WCq n (W(q /WQ )
are the Laplace exponent, the positive root (2.3) and the scale function of x(n (X ), respectively. Because w (@)
is an increasing function, the measure W (9 (dz) associated with the distribution of W () (0, x] is well-defined and

we obtain as in page 218 of [25],

By (@) - B
(2.23) /[OOO)e W9 (dz) = B —q
Because these processes are spectrally negative and 1 is continuous on [0, c0), we have, by the continuity theo-
rem, ¥, (8) — () for every § > 0. Now in view of (2.23), the convergence of the scale function holds by
the continuity of the scale function and the continuity theorem; see [16], Theorem 2a, XIII.1. In other words,
AL (z) = W@ (z) and We,n(x) = We, (x) as n 1 oo for every z > 0.

The smoothness and monotonicity properties of the scale function can be additionally used to obtain stronger
results. The scale functions in Proposition 2.1 are in C°°(0, co). In addition, when all the roots of Z, are different,
its first derivative Wc’q is completely monotone as discussed in Corollary 2.1.

Suppose that it is in C?(0, 0o) (which holds, for example, when o > 0 by [12]), Wéq (0+) < oo (i.e., 0 > 0or

I1(—00,0) < 00) and W( (x) < 0 for every > 0. Because W/ (z) 1%, 0, we see that
Pla) = (W, 00) ™ [ W wldy

is a probability distribution and

62
Y(B+ Cq) —4q

Therefore, noting that W (@' (z) = ¢, W@ () + eC‘I””Wéq (7) and assuming that the convergent sequence W, ()

/O ” e PTF(dx) = (W, (04)) " [ + BW¢, (0) + W( (0+) |, B>0.

has the same property, we can obtain by the continuity theorem
W) 255 W (@) and W' (@) 225 W0 (@), 2> 0.

The key assumption of the negativity of Wé; holds, for example, for the completely monotone jump case because
WC/q is completely monotone by [33]. We can also choose the sequence ngq,n completely monotone in view of
Corollary 2.1 because approximation can be done via hyperexponential distributions. In fact, it also means that
We, is C>°(0, 00) and the convergence of higher derivatives can be pursued. Even for a general jump distribution,
the negativity of WCHq is a reasonable assumption in view of the numerical plots given by [38].

2.5. Obtaining overshoot and undershoot distributions. We conclude this section by giving an example how
we can apply the explicit expression of the scale function obtained above. We consider the joint distribution of
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overshoot and undershoot (with discounting):
(2.24) he(; A, B) ==E" [e™70 1y cp v cpcoy|s BEB0,00), A€ B(~00,0),
9 — ’ T(; ’

focusing on the hyperexponential case addressed in Example 2.1. Our objective is to show an example where the
PH (hyperexponential)-fitting can be applied; we focus on this rather simple example because we later evaluate it
as an approximation tool by comparing the result with the simulated expectation. The results obtained here can be
easily extended to more general fluctuation identities; see e.g. [24].

We assume that X is a hyperexponential Lévy process and ¢ > 0. The joint distribution (2.24) can be easily
obtained via the resolvent measure and the compensation formula.

Lemma 2.5. For all B € B(0,00) and A € B(—0,0),

he(a; A, B) = / H(du){WWw) / e CaVdy — / dyw<q>(xy>},

where TI(du) = A > iy pymje” M du for all u € (0,00).
After integrating with respect to II and assume A and B are open intervals, we obtain the following.

Proposition 2.2. Suppose B = (b,b) and A = (—a, —a) for some 0 < a < @and 0 < b < b. Then

he(x; A,B) = A ij(e_"jg — e MMk 4(z; B)
j=1

where, for each 1 < j <m,

G =
e
kio(z; B) = (e—(wcq)(@vx) _ e—(nj+cq)<bw>>
19 ) = ey G
1 - 1 _
+ 57 0o bt [ (e—(m—&,qxw) _ e—(nj—gi,qxbm) _ (e—(m+<q>@ _ 6—(m+Cq)b>] '
iezz:q M (nj — &ig) (nj +Cq)
By differentiating the above, we obtain the density:
B m
© {6_% L x cdax eB,Tg<oo}] - )‘ijnje_nja’fj,q(fm B)
70 7o~ j=1
— m —
E* {6_% Lix © canx _ea, T0_<OO}:| =AY pj(eTt— e
7o 70 j=1
ZieI C; qe_fi,qx (e_(nj_gi,q)b — e_(nj+Cq)b) , b<zx
q ’
% ey T S G e Gt > g [
q )
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As a special case, the overshoot (resp. undershoot) density becomes, by setting B = (0, 00) (A = (—00,0)),
(2.25)

m
© [6_% 1{—XT(; Eda,m‘<oo}] - )‘ijﬂje_nja“j,q(x; (0,00)),
j=1

- |:e_q7_0_ . :| B by 27]”:1 12 Zielq Ci’qe*fi,qét (ef(njféz’,q)b _ e*(ﬁj+<q)b) , b <z,
{XTg,edvao <oo} A Z;”Zl D) [mqu$_(nj+Cq)b — Ziqu C’iyqe_(fi,qx+(77j+<q)b):| , b> x,

where

1 _
e 0590 = Gy +§C”’[

—&iqT —njz\ _ =& qT 1
S () g |

Remark 2.1. Based on our numerical experiments it can be conjectured that
1
C; j=1,...
P'(¢q) ("73 + q) Z 7q 52,(1)

1€1Ly

7m?

and consequently

1 1
C; - ~Sia®,
=2 Cig ( —Gq) <q>> ‘

1€T,

3. SCALE FUNCTIONS FOR MEROMORPHIC LEVY PROCESSES

In this section, we consider another class of spectrally negative Lévy processes called meromorphic Lévy pro-
cesses. We obtain their scale functions and use these as approximation tools for a general spectrally negative Lévy
process with a completely monotone Lévy measure. Similarly to the approach applied in the last section, we obtain
the scale function using its Wiener-Hopf factorization. It has a form expressed as an countable sum of exponential
functions which can be bounded efficiently by finite sums.

3.1. Meromorphic Lévy processes. The following is due to [22], Definition 1.
Definition 3.1 (spectrally negative meromorphic Lévy process). A spectrally negative Lévy process X is said to

be meromorphic if the following conditions hold.

(1) The Laplace exponent 1)(s) (2.1) has a countable set of real negative poles.

(2) Forevery q > 0, the Cramér-Lundberg equation (2.14) has a countable set of real negative roots.

(3) Let {ni; k > 1} and {43k > 1}, respectively, be the sets of the absolute values of the poles and the
negative roots of (2.14) for fixed q > 0. Then it satisfies the following interlacing conditions:

e < g < <M < =6y < - < €14 < 0.

(4) There exists o > % such that ny, ~ ck™ as k — oo.
(5) The Wiener-Hopf factor (2.15) is expressed as convergent infinite products

o = (s + ) Ekq
3.1) #q (5) ‘kHl M (54 &)
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The class of Meromorphic Lévy processes complements the class of PH Lévy processes described in the pre-
vious section because it also contains those with jumps of infinite activity. As noted by Corollary 3 of [22], the
property (3) in Definition 4.1 is equivalent to the condition that the Lévy density has the form

oo
m(z) = Zajnje*ﬁj|z\1{z<0}7 z € R.
J=1

This can be seen as an extension to the hyperexponential case as described in Example 2.1. For more details, see
[22].

The Wiener-Hopf factor (3.1) for this process is again a rational function as in (2.16) for the PH case. Therefore,
this can be inverted again by partial fraction decomposition, and we have as in Corollary 1 of [22]

o0
(3.2) P{-X,, €dr} =" Aifige S dr, 2> 0
i=1
where
S+ & & 1-— Sig
Ai#] = ] 7‘7q90q_(8) = (1 - Z’q> H 677] ) ? 2 1.
G e, TN T

Notice by the interlacing condition that A; , > 0 for every i > 1.

3.2. Scale functions for meromorphic Lévy processes. We now obtain the scale function for the meromorphic
Lévy process. We omit the proof because it is similar to the PH case; see Appendix A.1.

Lemma 3.1. For every q > 0, we have

We, () = We, (0) = 3 Ciy [1 = e Gteale] |z >0
i=1
where
Cq fz qu' q
3.3) Ciq = —""——, >
1 q Cq + Ei,q

By (2.10) and Lemma 3.1, we have, by taking the limit,
(34) Yo=Y Cig = /()" = W, (0) < oo
i=1

The scale function can be therefore obtained by Lemma 3.1 and (3.4).

Proposition 3.1. For every q > 0, we have

(35) W(‘I) (I‘) — Zci,q [6<q$ _ e_fi,ql‘:| + ch (0)6<q$ _ (w/(cq))—le@w _ Zci7q€—fi,q$’ x> 0.
i=1 =1
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By the dominated convergence theorem thanks to the non-negativity of C; , and convexity of the exponential

function, we have, for every ¢ > 0 and x > 0,
oo
W () = (8 (C)) 1 Gge ™ + D Cighige ",
i=1
By adjusting slightly the proof of Lemma 2.3 (given in Appendix A.1), we have the following.

Lemma 3.2. (1) The following two statements are equivalent:
(a) 0 =0andII(—00,0) = oo,

(b) 32721 AigSig = 00
(2) Suppose o > 0 or II(—00,0) < co. Then, for every q > 0, we have

o —1
(3.6) qu =0 (Z Ai,q&',q>
=1

where

! ) h >0
S 6= —¢WD(0) + WW'(04) = { Tl a0 }

when o =
m N2 ) O

3.3. Approximation of the scale functions via finite sum. The scale function obtained in Proposition 3.1 is an
countable sum of exponential functions and in reality its exact value cannot be computed. Here, we obtain bounds
for W (@ (-), W@’ () and Z9(.) in terms of finite sums.

For every m > 1, let

_ &, (m)

) 1 4 AN

AEZ) = 1{i§m} 1-— &—"q H TZJ and CZA(ZL) = @M’ 1> 1.
g ot €

M) <izmzi 1 T & 7507 St

By the interlacing condition, AEZL) and Ci(y are all positive and, for every ¢ > 1,
AEZ) 1t A;, and Ci(zl) 1t Ciqasm — oo.

Now we define candidates for the upper and lower bounds of W, respectively by
m
wr(m) - - i
W () = (W(¢) " = Dl (Gt
i=1

E(CZZ) (z) == Wg:) (2) = O [e—qu‘ + 6—(Cq+€m+1,q)w] ,

for every m > 1 and x > 0, where
m
Om =Yg — Z C'i(’;n) > 0,
i=1

which vanishes in the limit as m — oo by (3.4). As candidates for the upper and lower bounds of W@, we also
define
wem (x) = quwWé’q") (z) and W@™(z) .= ecqxﬂgn)(x), x> 0.

The following proposition shows that the scale functions are bounded and approximated by these functions.
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Proposition 3.2. For every m > 1 and x > 0, we have
(3.8) wéf:)(x) <We, () < qun) (z) and W@™(z) < WD (z) < W(q’m)(sc).
Furthermore, we have

W (@) 5 W, (@) and W (@) 2 W0 (@),

W (@) ™% W, (2) and WO (2) "% w0 (z),
uniformly on x € [0, c0).

By straightforward calculation, we can bound Z (@ in (2.6). Let, for every m > 1,

79" (2) =144 / W (y)dy and  Z@™(2) =144 / W (y)dy, x> 0.
0 0
Then by Proposition 3.2, we have Z(9™) (z) < Z(@™)(z) < VA () and

07" ) - 20w = [ (W7 ) - W) ay
0
1

(1 _ e—£m+1,qfl?)
ferl,q

xT
= qém/ [1 + e_gm“’qy} dy = ¢om [33 +
0
We therefore have the following.

Corollary 3.1 (Bounds on Z(9)). We have Z(q’m)(x) — Z9D () and 29" (z) — Z(D(x) as m — oo pointwise
for every x > 0.

We now obtain bounds for the derivative. Define, for every z > 0,

w™ () = (1 (Gg)) 7 e + Z Cmg o6,

™ () = (™ kg —E,q
w\™(z) :=w'"™ (z) + L<mka<x (Ex g6 k1 )+kgla§1(€k e Sa®) | oy

Here notice that

Skﬂlw =
kgnﬁl(ﬁk € )

1 1
{ ex’ fm—i—l,q < )

Em1,g€ oMt £iq g > %
Proposition 3.3. For every m > 1, we have
w™ (z) < W' (z) <w™(x), z>0.
Furthermore, we have w(™ (z) — W @' (z) and W™ (x) — W D' (z) uniformly on x > xo for any z¢ > 0.

A stronger result holds when o > 0 or II(—o00,0) < oco. Recall in this case that § < co by Lemma 3.2-(2) and
hence we can define

m
€m = 0 — %Z,EWAZ-Z) >0, m>1,
i=1

which vanishes in the limit as m — oo by Lemma 3.2-(2).
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Corollary 3.2. When o > 0 or II(—00,0) < oo, we have
w™ (z) < W' (z) <w™(z) A ™ (z), x>0
where

o™ (z) := Q(m) (x) + 1r£r}€ag)§n(£k7qe—€kﬁqx)5m + €—§m+1,qx€m_

Dj Ty
0.029931 676.178
0.093283 38.7090
0.332195 4.27400
0.476233 0.76100
0.068340 0.24800
0.000018 0.09700

pj 1 J Dj N
8.37E-11 8.3E-09 | 8 0.000147 0.0020
7.18E-10 6.8E-08 | 9 0.001122 0.0100
5.56E-09 3.9E-07 | 10 0.008462 0.0570
427E-08 22E-06| 11 0.059768 0.3060
3.27E-07 1.2E-05 | 12 0.307218 1.5460
2.50E-06 6.5E-05 | 13 0.533823 6.5160
1.92E-05 3.5E-04 | 14 0.089437 23.304

(i) Weibull(0.6,0.665) (ii) Pareto(1.2,5)
TABLE 1. Parameters of the hyperexponential distributions fitted to (i) Weibull(0.6, 0.665) and
(ii) Pareto(1.2, 5) (taken from Tables 3 and 9, respectively, of [15]).

AN N AW = .
~N O R W =S

4. NUMERICAL EXAMPLES

In this section, we illustrate numerically the effectiveness of the PH-fitting approximation for a general spectrally
negative Lévy process. First, we use the classical hyperexponential-fitting algorithm for a completely monotone
density function by [15] to approximate the scale function for the case with a (Brownian motion plus) compound
Poisson process with Weibull/Pareto-distributed jumps. We approximate (2.5) and (2.24) and compare them with
simulated results. Second, we consider, as an example of the meromorphic Lévy process, the 3-family introduced
by [20] and extend the results to the spectrally negative version of the CGMY process.

4.1. Numerical results on hyperexponential-fitting. As noted earlier, any spectrally negative Lévy process with
a completely monotone Lévy density can be approximated arbitrarily closely by hyperexponential-fitting. Here,
we use the fitted data computed by [15] to approximate the scale function for a compound Poisson process with
i.i.d. Weibull/Pareto-distributed jumps (with or without a Brownian motion component). Recall that the Weibull
distribution with parameters ¢ and a (denoted Weibull(c, a)) is give by

Fit)y=1—e W9 >0
and the Pareto distribution with positive parameters a and b (denoted Pareto(a, b)) is given by
Ft)=1—(1+0bt)"% t>0.

These have long-tails, namely, e%(1 — F(t)) — oo as t 1 oo for any § > 0. See [19] for more details about these
distributions. Feldman and Whitt [15] constructed a recursive algorithm to approximate completely monotone
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oc=1 c=0
x | scale function simulation scale function simulation
1 30312 .30256 (.30013, .30498) 30977 .31053 (.30797, .31309)
2 46728 46793 (.46517, .47068) 47102 47113 (.46792, .47435)
3 .63707 .63642 (.63370, .63914) .63862 .63662 (.63372, .63952)
4 .81409 81231 (.81023, .81439) .81433 81546 (.81310, .81782)

Exp(1)

oc=1 c=20
x | scale function simulation scale function simulation
1 40683 40420 (.40116, .40724) 41734 41517 (41225, .41809)
2 55851 .55473 (.55176, .55769) .56526 .56394 (.56080, .56707)
3 .70570 70013 (.69767, .70259) 70968 70491 (.70229, .70753)
4 .85210 .84925 (.84740, .85111) .85385 .85240 (.85017, .85462)

Weibull(0,6,0.665)

oc=1 oc=20
x | scale function simulation scale function simulation
1 .69953 70291 (.70042, .70540) 72042 72287 (72041, .72533)
2 .80667 .80782 (.80569, .80994) 81614 81729 (.81513, .81945)
3 .88181 .88176 (.88003, .88348) .88631 .88663 (.88491, .88835)
4 94412 94364 (.94248, .94480) 94590 94747 (94635, .94859)

Pareto(1.2,5)
. _ 7_+
TABLE 2. Computation of E*[e 1{Tg>7b+,rb+<oo}]
The simulation column shows the mean and the 95% confidence interval.

via scale function and simulation.

densities in terms of hyperexponential densities. We use their results and approximate the scale functions of
spectrally negative Lévy processes with Weibull/Pareto-distributed jumps.

We consider the Lévy processes X (weibull) apq X (pareto) i the form (2.12) where Z is (i) Weibull(0.6,0.665)
and (ii) Pareto(1.2,5), respectively. Table 1 shows the parameters of the hyperexponential distributions obtained
by [15] fitted to (i) with m = 6 and to (ii) with m = 14. We use these parameters to construct hyperexponential
Lévy processes X (weibull) g X (pareto) (see Example 2.1) that will be used to approximate X ("eibull) apd X (pareto)
respectively.

First, we study how accurately the scale function of X (Ve (regp. X (Pareto)y cap be approximated by those of
X (weibull) ()N( (pareto)y “Toward this end, we use the identity as in (2.5)

P
(41) B |e™9m 1{TO_>T;—,T;_<OO} = W(q) (-T)/W(q) (b)

We compute the right-hand side for X (weibull) (5(1 (pareto)y explicitly via (2.20) and approximate the left-hand side
for X (weibull) (x (pareto)y via Monte Carlo simulation based on 100,000 sample paths. For the simulated results,

Brownian motions are approximated by random walks with time step At = 7'/100 for each interarrival time 7'



ON SCALE FUNCTIONS OF SPECTRALLY NEGATIVE LEVY PROCESSES WITH PHASE-TYPE JUMPS 17

between jumps. In order to confirm the accuracy of the simulated results, we also calculate both sides for the

weibull) and

process X (¢*P) with i.i.d. exponential jumps with parameter 1. For the scale functions of X (¢XP), X(
X (paret0) the roots €. ,’s and (, are obtained via the bisection method with error bound 1.0E — 10.

We consider the case 0 = 0 and 0 = 1 and various values of starting point = with common parameters
qg = 0.05, A = 5,b = 5and u = 5. Table 2 gives the results. From these, we see that (4.1) for X (weibull) 454
X (pareto) are approximated very precisely. Based on the accuracy for each z = 1,...,4, we can also infer that
their scale functions are approximated efficiently. Their scale functions and first derivatives for X (&%), X (weibull)
and X (Paret©) gre plotted in Figure 1. It can be easily confirmed that the results are consistent with Lemma 2.2; in
particular, W@ (0) = 1/p = 0.2 and W@ (0+) = (¢ 4+ A)/(4?) = 0.202 for ¢ = 0 whereas W (9 (0) = 0 and
W@ (0+) =2/(02) = 2foro = 1.

Second, we evaluate the approximation of (2.24) for X (Weibull) ( x (pareto)) yging those for X (Weibull) (X (pareto))
Here we compute the overshoot/undershoot density

E* {e—%‘ 1 ] and E” {e—%‘ 1

{_XTJ €da, 1y <oo} {XTOGdb,TO_<oo}:| :

These values are computed explicitly by (2.25) for X (weibull) ()~( (pare“’)). For X (weibull) (X (pare“’)), we simulate

E* [6%_ 1{XTO_G(aAa/2,a+Aa/2),TO<oo}:| /Aa and  E |:6qTO_l{XTO__E(bAb/?,b+Ab/2),7—0<oo}:| /Ab

with Aa = Ab = 0.1 by Monte Carlo simulation with 500,000 samples. These values are also computed for
X (exp)

Figures 2-3 show the results for the cases ¢ = 1 and 0 = 0 with common parameters x = 5, 4 = 1, A = 10 and
q = 0.05. In Figure 3, the density has a jump at the initial position x = 5 for the case o = 0 (while it is continuous
for the case 0 = 1) due to the fact that x = 5 is irregular for (0,5). As can be seen from these figures, the
approximation accurately captures the overshoot/undershoot density for X (Weibull) gnq X (pareto) - The gpike at the
initial position in Figure 3 is precisely realized thanks to the closed-form expression (2.25); this would be difficult
to realize if the scale function is approximated via numerical Laplace inversion.

4.2. Numerical results on the S-class and CGMY process. We now consider, as an example of meromorphic
Lévy processes, the 3-class introduced by [20]. The following definition is due to [20], Definition 4.

Definition 4.1. A spectrally negative Lévy process is said to be in the B-class if its Lévy density is in the form
eaﬁx

(4.2) m(x) = cml{x@},

r €R,
for some o >0, B >0, c>0and X € (0,3). It is equivalent to saying that its Laplace exponent is

W(z) =z + %(7’222 + % {B(a—l— %,1 —A)— B(a,1— )\)}

where B is the beta function, i.e., B(x,y) := T'(x)T'(y)/T(z + y).

The special case 0 = 0 and § = 1 reduces to the class of Lamperti-stable processes, which are obtained by
the Lamperti transformation [31] from the stable processes conditioned to stay positive; see [8, 9] and references
therein. For the scale function of a related process, see [28].
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FIGURE 1. Scale functions and their derivatives.
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FIGURE 2. Computation of the overshoot density E*[e~ %70 1 (-x
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It can be also seen that this is a “discrete-version” of the (spectrally negative) CGMY process, whose Lévy
density is given by

oax

(4.3) m(x) = CWI{JKO}, z eR.

Indeed, if we set ¢ = ¢4* and a = af~! in (4.2), we have

e Blo, €™
ml{x@} — cwl{Ko}, z € R.

afzx

“4.4) &

See [4] for approximation of (double-sided) CGMY processes using hyperexponential distributions.

We use the results in Section 3 to obtain the bounds on the scale functions. We consider the case ¢ = 0.03,
c0=02,0=01,A=15,a=3,8=1and ¢ = 0.11in (4.2). It is easy to verify that these have jumps of infinite
activity (and bounded variation). First, we plot, in Figure 4, the upper and lower bounds on the scale function and
its derivative as obtain in Proposition 3.2 and Corollary 3.2 for m = 10 and m = 100. The difference between the
upper and lower bounds indeed converges to zero, although the convergence of the derivative in the neighborhood
of zero is relatively slow. Second, motivated by (4.4), we take (3 to zero and see how the approximation for the
CGMY process works. Here we set & = 3, ¢ = 0.1 and m = 100 and use the same values as the above for the
other parameters. Figure 5 shows the upper and lower bounds of scale function and its derivative for various values
of 3; we can indeed observe the convergence as 5 — 0.

5. CONCLUDING REMARKS

We have studied the scale function for the spectrally negative PH Lévy process and the PH-fitting approach for
the approximation of the scale function for a general spectrally negative Lévy process. Because the approximated
scale function is given as a function in a closed form, one can analytically differentiate/integrate to obtain other
fluctuation identities explicitly. Our numerical results suggest that the PH-fitting is a powerful alternative to the
numerical Laplace inversion approach, particularly when the Lévy density is completely monotone.

One major challenge for the PH-fitting approach is that, without the completely monotone assumption, there
does not exist a fitting algorithm that is guaranteed to work for arbitrary measure. The performance is certainly
dependent on the shape of the Lévy measure and it may not be a suitable approach for certain cases. However,
there exist a variety of fitting algorithms typically developed in queueing analysis. Well-known examples are the
moment-matching approach (e.g. MEFIT and MEDA) and the maximum-likelihood approach (e.g. MLAPH and
EMPHT), and a thorough study of pros and cons of each fitting techniques has been conducted in, for example,
[17, 32]. Our next step is, therefore, to apply these existing algorithms for the approximation of the scale function,
and analyze its performance for a variety of Lévy measures. Another direction for future research is the PH-fitting
construction of scale functions from empirical data as in, for example, [4]. The closed-form expression of the
approximated scale function can be used flexibly to identify the fluctuation of the process implied by the empirical
data.

APPENDIX A. PROOFS
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FIGURE 4. Approximation of the scale function and its derivative for the [3-class.

A.1. Proof of Lemmas 2.3-2.4. By (2.17), it is easy to verify that

- S > (&qy) !
B [ 1{T;<w}}:ZZA§Z)5”q/ ORI

i=1 k=1

e_gi,qydy7

r—a

0<a<z,
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FIGURE 5. Convergence to the CGMY model.
and hence, because W9 € C(0, c0),
e
B - o (), (&gl —a))k!
(A1) e [e—% 1, } =3 Al o el 0<g <y
' To <00 1,q S44q — s > 5
da {7a <o} e (k—1)!
0 - - 1
Il —qTy - _ (1) .
(A2) —E [e 1 {T[;@O}] Y Ale,
=0+ i=1

On the other hand, different representations of (A.1)-(A.2) can be pursued. By Theorem 8.1 of [25] and (2.7),

F® |:€qu; } = 72Dz —a) - LWw@D(z—a)=1+ q/ W@ (y)dy — geCQ(%a)ch (z — a)
0

q q

1{7{<oo}

23
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for every 0 < a < z. Its derivative with respect to a becomes

8 x —qT, T—a q r—a
%E q7a 1{T;<oo}] = —qW@ (z—a) + gelal )ch (z—a) + ZeCq( )ngq (z —a)
(A.3) ¢ q
= C—eC‘Z(gg_“)WC’q (x —a).
q

In particular, when a = 0, the derivative with respect to = and its limit as z — 0 are

0 o q / )0+ q
Y pE | o—ar —_4|_ (@) () _1
(A4) —E* [ 1{Ta<oo}} = [ QW @)+ W' ()] S5= — T,
By matching (A.2) and (A.4), Lemma 2.3 is immediate.
For the proof of Lemma 2.4, by matching (A.1) and (A.3), we have
_ G Ea) ™ (cren)
W, ) Z Z v, - Y
=1 k=1
Cq Z ZA (G +& §ig g ((Cq + fi,q)y)k_l e~ (Ca+Eia)y y>0
il o) G+ &ig (k—1)! T

Integrating the above and changing variables, we have

Cq gi,q k 1 (Cq+é&iq)T kel —2
We, (x) — W, (0) ZZ <Cq+§zq =) Z""re *dz, x>0.

=1 k=1

Lemma 2.4 is now immediate because the integral part is a lower incomplete gamma function.

A.2. Proof of Lemma 2.5. Let N (-, -) be the Poisson random measure for —X and X, := ming<s<; X, for all
t > 0. By the compensation formula, we have

o0 o0
E e 1tx _ ep,x _ eA}] =E* [/o /0 N(dtadu)e_qtl{Xt—ueA,XteB,Xt>0}}
0 0

= Ex |:/0 €_qtdt/0 ﬁ(du)l{Xt,—uE/L XtEB,Xt>0}:|

= /OO TI(du) /OO dt [e " "P*{X,_ € BN (A+u), X,_ > 0}]
0 0

= /oo TI(du) /OO dt [e""P*{X;— € BN(A+u), 7y >t}].
0 0

By using the g-resolvent kernel (see, e.g., [25])

/OO dt [e""P*{X;— € BN (A+u), 1y, >t} = /

0 BN(A+u)

= W9 (2) / eSa¥dy — / dyw @ (z — y).
BN(A+u) BN(A+u)

dy |:e_<qu(Q) (z) - WO (z — y)}

Substituting this, we obtain the result.
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A.3. Proof of Proposition 2.2. Define for all B € B(0,00), A € B(—00,0) and K € R
p(K; A B) = / H(du)/ eXvdy.
0 BN(A+u)

Because by Corollary 2.1 and (2.21)

| w0 [ ety = WO app(—gi 4, B) = et = 3 Crge e | (G4, ),
0 BN (A+u) ¥ (Cq) i€,

and

o0
| [ W@z — y)dy
0 BN(0,z2)N(A+u)

= 1
= TI(dwu / qu(f’?—y) _ C; e—fi,q(m—y) dy
/o (du) BN(0,2)N(A+w) (W(Cq) 2 Cig

i€,
eta® e
— mp(_CQ7 A, B N (0, :L')) — Z C’i,qe fz,q p(é’@q7 A’ B N (0’ :E)),
! i€T,
we obtain via Lemma 2.5
6Cq$ Lt
hq(z; A, B) = A S Crge St | p(—Cpi A, B)
v ez,
ela® L
— mp(_cfb A7 B ﬂ (07"1;)) + Z Ci7q€ 51,‘1 p(£7/7Q7 A7 B m (07:1;))
! i€T,
qux e
= mp(_c(]7 A7 B N (:L‘a OO)) + Z Ci,qe ,q {p(é’LQ, A7 B N (O’ZE)) — p(_é'q’ A’ B)} .
q

i€,

Lemma A.1. Suppose B = (b,b) and A = (—a, —a). For any K € R, we have

p(K;A,B) = Z )‘ij (e~ — ¢~ 75%) (e*(nj*K)Q _ e*(anﬁ) .

=

Proof. For any u > 0

/ eKvdy = / efvdy
BN(A+u) (b,b)N(—a+u,—a+u)

1

Kydy —_ ?

[em(—w)m _ eK((—m)v@} 1

1{g+g<u<a+5}e {a+b<u<a+b}’

/( (—a+u)Vb,(—a+u)Ab)
For its integral with respect to II,

a+b _ atb at+b - _ra__ B b
/ I(du)eX ((maturd) — / TI(du)ef(—atw) 4 / TI(du)ef® = eKb/ II(du + b) +/ (du + a)e™™,
a+b a+b b

a+b B a+b a+b B a b
/ T (du) e (Zatuve) — / I(du)e’? —|—/ TI(du)eX (ot = eKb/ II(du + b) —i—/ II(du + @)eX™.
a+b a+b a a b



26 M. EGAMI AND K.

Therefore

_ ra b
p(K; A B) = % (eK / II(du + b) —|—/ (du + a)e’* —
a b

Using TI(du) = A _7"; pjnje """ du, for any 3, 8 and o,

B B
/ O(du + a)e —)‘Zpﬂl]e 777“‘/ e~ (nj—K)u
8 B

Thus

. e _PiN  —nia —n;a
p(K,A,B) ?Z (6 e —

YAMAZAKI

AN P g (KO8 —(y—K)B
—)\;nj_Ke i (e M= RIE — e\ .

We are now ready to prove Proposition 2.2. By Lemma A.1,

*(~os A, B (3,00)) —emzwcq

S Cige S p(—Cyi A, B) _,\Zczqe—gzqzz

( —nja _

&) (e _ i)

Dbj (e—njg _ e—njﬁ) (e—(nj-iqu)b _ 6_(77j+<q)6> ,

1€, 1€, nj T Cq

3 Cige S0 p(Es3 A, B (0, )

-\ Z Cige —&i g Z lfz ; (e7me — e—ﬂja) (e—(nj—fi,q)(b/\ﬂﬁ) _ e—(nj—&,q)@/\w)) )

i€,
i€l
Hence
A ul D
ho(z; A, B) = ———e%% Yy  —L (7ML _ 7
I 1/}/(Cq) = nj + Cq
m
+AY Cige ﬁmrz Bi (e
i€Z, j= 1 fz,q
N
-\ C e & qT J (6 ;5
ZezI:q e nj + Cq

@) (e—(nj+Cq)(bev) _ e—(nﬁ@)(M))

e i) (6—(771—§i,q)(ém) _ 6—(77j—£i,q)(5mc)>

@ _ o) (e*(nﬁCq)Q _ e—(nﬁcqﬁ)
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A.4. Proof of Proposition 3.2. Notice, for every m > 1, that

O<Z( ><7‘1 Zc,q = Om,

(A.S5)
0< Z Ci,q ="Yq — Zci,q <Y — ZCZ(ZL) = Om,
i=m+1 i=1 i=1
and hence by (A.5)
0 < W (@) = We,(2) = 3 (Cog = O ) e Crtiend® 4 37 oGt
i=1 i=m+1
<e Gy (Ci,q - Cz(q)> + e~ Cattmiia) Z Cig < 0m { ot 4 o= Catbmrrg)
=1 i=m+1
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Therefore we have the bounds for W¢, in (3.8). The bounds for W@ are immediate by multiplying e%*. Finally,

the convergence results hold because 6, — 0 and e =% - e~ (Cat&mt1,0)7 and 1+ e~$m+1.9% are bounded uniformly

inz > 0.

A.5. Proof of Proposition 3.3. The lower bound is immediate by the fact that 0 < C’i(zb) < Cj 4. Forevery x > 0,

we have by (A.5)

W () = (8(C)) T g™ + 3 Ciglige™ "

i=1
o
)+ 3O N S Gl
i=m+1
m
< ™ kg™ Ek,q®
<w ()+11<1}€ax (& ge~Ska® —i—glax (&g g€~ SFa” ZCg
z:l 1=m-+1

IN

(m) Ek,qT &k,qT — (M)
w ($)+Lg}3<x (6hge ) + mas (6™ q)} 5 = T (),

which shows the first claim. For the second claim, notice that for the given zg > 0,

< 75 () — 4p(™) < —&k,qT0 —&k,qT0
0 <w'™(z) —w'™(z) < ax (Ek g P )+kr>na§1(£k e ka0 )| 5,

uniformly on [z¢, o). Because 8,, vanishes as m — 0 and sup,~, Ae “* < oo, the convergence is immediate.

A.6. Proof of Corollary 3.2. For every z > 0,

W(Q)'( ) _|_Z zq_Cm) &qe équ-i- Z C,qu,qe §iqT

1=m-+1

Sw(m)( )+ max (fk e —&k,qT )Z(Cijq_CZS’;))_i_&e*&mH,qx Z Ai7q§¢7q

1<k<m
i=1 q i=m+1

< qp(™) —&k, —&mt1,q®
<w ()+1r<r}€a<x (kg€ H9")om, + €me
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where the last inequality holds because

& Z gi,in,q =0— qu Zgi,in,q <6-— @ Z&,qAEZL) =€m, m=>1
o —— = =

This together with Proposition 3.3 shows the claim.
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