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ONE-DIMENSIONAL DISTRIBUTIONS OF
SUBORDINATORS WITH UPPER TRUNCATED
LEVY MEASURE, AND APPLICATIONS

SHAI COVO,* Bar Ilan University

Abstract

Given a pure-jump subordinator (i.e. nondecreasing Lévy process with no drift) with
continuous Lévy measure v, we derive a formula for the distribution function Fy(x; )
at time ¢ of the associated subordinator whose Lévy measure is the restriction of v to
(0, s]. It will be expressed in terms of v and the marginal distribution function F(-; t)
of the original process. A generalization concerning an arbitrary truncation of v will
follow. Under certain conditions, an analogous formula will be obtained for the nth
derivative, 3" Fy(x; t)/dx". The requirement that v is continuous is shown to have no
intrinsic meaning. A number of interesting results involving the size ordered jumps of
subordinators will be derived. An appropriate approximation for the small jumps of a
gamma process will be considered, leading to a revisiting of the generalized Dickman
distribution.
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1. Introduction

In this section we provide some basic notation and elementary facts to be used in this paper.
For a complete account on the theory of Lévy processes, we refer the reader to the comprehensive
monograph of Sato [17].

Let X = {X(¢): t > 0} be a pure-jump subordinator with continuous Lévy measure v. The
trivial case X = 0 will be implicitly excluded in the sequel. Furthermore, let X, = {X(¢):
t > 0} be the pure-jump subordinator whose Lévy measure is the restriction of v to (0, 5],
where s is an arbitrary positive constant (the case X; = 0 is not excluded), and let F(x;¢)
and F;(x; t) denote the distribution functions (DFs) at time ¢ > 0 of X and Xj, respectively.
Throughout this paper, the two processes may or may not be independent, depending on the
context.

We recall [17] that a Lévy process with infinite Lévy measure has a continuous distribution
for any + > 0 and that a compound Poisson process (CPP) has a continuous distribution on
R\ {0}, for # > 0, if and only if its Lévy measure is continuous.

It is a key property of Lévy processes in general that their jumps form a Poisson random
measure on (0, 0o) x (R\ {0}) with intensity dz x m (dx), 7 being the (arbitrary) Lévy measure

Received 21 November 2007; revision received 18 December 2008.

* Postal address: Department of Mathematics, Bar Ilan University, 52900 Ramat-Gan, Israel.

Email address: green355 @netvision.net.il

This paper is part of the author’s PhD thesis, prepared at Bar Ilan University under the supervision of Professor
E. Merzbach. This work was supported by the Doctoral Fellowship of Excellence, Bar Ilan University.

367

https://doi.org/10.1239/aap/1246886616 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1246886616

368 S. COVO

(see, e.g. [17, Chapter 4]). Thus, in particular, the number of jumps before time ¢ which take
values in some Borel set B is Poisson distributed with mean ¢t (B), where, by convention,
Poisson(0) = 0 and Poisson(oco) = oo. In the subordinator case, 7 is concentrated on (0, 00)
and f (x A D) (dx) < oo; by the well-known Lévy—Khintchine formula for subordinators, the
Laplace transform at time ¢ of the corresponding pure-jump subordinator, say Y, is given by

Ele™" "] = exp[t/ O l)n(dX)], ® = 0. (.1
(0,00)

The size ordered jumps of subordinators will play an important role in this paper.

Let V; (¢) denote the ith largest jump of X before time 7. If v is infinite then X has a countably
infinite number of jumps in finite intervals and, hence, V;(¢) > 0 for all i. If v is finite then X
is a CPP and, hence, V;(¢t) = O for all i > m, where m is the number of jumps before time ¢
(possibly 0). In any case, by virtue of v being continuous, V;(¢) will (almost surely) be strictly
greater than V; (), provided that the first is not 0.

From now on, it will be convenient to denote by A the tail of v:

Aw) = v((u, 00)), u > 0.
The distribution of V,,(¢), n > 1, is given by (cf. [3, Equation (20)])

t"A(u)n_l
(n—1)!

with the following positive mass at 0 for the CPP case:

Py, (1) (du) = e AWy (du), u>0, (1.2)

n—1

P(V,(t) =0) = Z P;(tA(0)), (1.3)
i=0
where
)»k
Pe(}) = Fe_)‘, k=0,1,2,...,

are the Poisson probabilities. Intuitively, (1.2) comes from P,_1 (¢t A(u)) P1(tv(du)).

Whether v is finite or infinite, standard properties of Poisson random measures, combined
with the continuity of v, imply that, conditioned on V,,(¢) = u, u > 0, the random variable
(RV) Z?in 41 Vi(#) is distributed according to the law at time ¢ of a pure-jump subordinator
whose Lévy measure is v restricted to (0, u].

The rest of the paper is organized as follows. In Section 2 we formulate and prove (in two
different ways) the fundamental result of this paper, Theorem 2.1, which expresses Fs(x; t)
in terms of F(-;¢) and v. A generalization concerning an arbitrary truncation of v is given in
Theorem 2.2. Next, in Corollary 2.1, we give the analog of Theorem 2.1 for the density function
dF(x;t)/0x, provided that F(; t) is absolutely continuous (on R). We further develop this
analog in Proposition 2.1, stating a continuous variant for the derivatives 3 Fo(x; 1) / dx/ under
suitable regularity conditions on F(-; ¢) and v. A sketch of the proof is given in Appendix A.
A generalization of Theorem 2.1 and Corollary 2.1 to the case where the Lévy measure is not
assumed to be continuous, noticed by the author after the paper was ready for acceptance, is
provided in Appendix B. In Section 3 we derive a series of distributional results involving
the ordered jumps of subordinators, a basic one being a formula for the tail DF of the ratio
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Va(t)/ (Z;’in Vi(t) + bt), b > 0 (Proposition 3.1), which, together with its Corollary 3.1,
significantly extends a previous result by Perman [14]. In Section 4 we consider an appropriate
approximation for the small jumps of a gamma process X, based on weak convergence of the
scaled subordinator X./e as ¢ — 0 to a subordinator whose one-dimensional marginals are
generalized Dickman distributions (see Section 4.1 for the definition and Proposition 4.1 for
the proof). Using Theorem 2.1, we derive the DF of X.(¢)/¢ (see (4.6)). We then obtain the
DF of the generalized Dickman law, denoted by GD(6), as well as its first [0] derivatives
(Proposition 4.2), and compare with several existing results in the literature.

2. Main results

2.1. The distribution function

With the above notation, define, fork = 1,2, ... and x > ks (or x € R in general),

k
Agi(x; 1) = / F(x D NE r)v(dm) - v(dug), @.1)
Cx;k<x) i=1

where
Csk(x) ={u eRF: s <up <o <ug, U+ t+up < xj. 2.2)

The multiple integral can be calculated as an iterated integral, with the integration variables
ranging as follows:

k—1
s<u1<%, u1<u2<xk_ull, e, uk,1<uk<x—;u,-. 2.3)
i=
It will prove useful later on to define fC L) = if k = 0 (say for x > 0). Thus,

e.g. Aso(x; 1) = F(x;t).
Theorem 2.1. The distribution function of X(t) is given by

[x/s1—1
Fy(x; 1) =e’A<S><F(x;t)+ Z (—t)kAs;k(x;t)), x eR. (2.4)

k=1

Itis sometimes preferable, as, e.g. in the proofs of Theorem 2.1, below, to put the exponential
factor on the left-hand side.

Proof of Theorem 2.1. Clearly, we may assume that x > 0. The proof is then by induction
on [x/s]. The cases [x/s] =0, 1 (i.,e. 0 < x < s) follow easily. Indeed, conditionally on the
event » that X has no jump of size larger than s before time ¢ (whose probability is Py(t A(s))),
the RV X () is distributed as X (¢), and, thus, P(X;(#) <x) =P(X (@) <x | A) =P(X () <
x)/e—tA(s).

Now suppose that the statement holds for [x/s] = 0,1,...,m, m € N, and set [x/s] =
m + 1. Note that in particular x > s. By the law of total probability, conditioning on V()
(the largest jump of X before ¢), and using (1.2), (1.3), and the argument that followed (all of
them for n = 1), we obtain

P(X () <x) =exp[—tA0)] + /x P(Xy, (t) < x —uy)exp[—tA(up)]tv(duy), (2.5)
0
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where X,,, is a pure-jump subordinator whose Lévy measure is v restricted to (0, #1], and,
interpreting e ~*° as 0 in the infinite measure case, A(0) = oco. Similarly, conditioning on the
largest jump of X before ¢, and letting Ay denote the truncated tail of v defined by As(u) =
v((u, s]), we obtain

S
P(Xs(r) < x) = exp[—1A;(0)] +/ P(Xy, (1) < x —uy)exp[—tAg(ui)]rv(duy). (2.6)
0
From (2.5) and (2.6), it follows straightforwardly that
X
Fy(x; 0)e™™ = Fx; 1) — t/ Fyy (x — s 1) exp[—1 Aup)v(duy),
N

with F,, (-; t) being the DF of X,,, (t). Now consider the partition of [s, x) into the intervals

X x
— =), k=1,...,m—1,
k+1 k

I, =

X
[s, —), k=m.
m

It is easy to check that u; € I implies that [(x — u1)/u1] = k, so we apply the induction
hypothesis to F,, (x —uy; t) exp[—¢A(u1)] for each interval I} separately, where u; and x — u
play the role of s (which is arbitrary) and x, respectively. Each I then accounts for k integrand
terms. Recalling (2.3), the proof is completed by collecting the identical terms and joining the
corresponding intervals.

Remark 2.1. We observe that the integral defining A (x; #) is invariant with respect to the
ordering of the u;s in (2.2). Thus, A;.x(x; t) can be equivalently written as

1 k
Ak (1) = 7 /D . F(X - Z;“i: I)V(dul) - v(dug), 2.7

where
Ds;k(x):{ueRk:ul > 8, ..., U >S, U+ -+ up < x}.

The multiple integral can be calculated as an iterated integral, with the integration variables
ranging as follows:

k—1
s <uy <x—((k—1s, s<ur<x—(k—2)s—uy, R s<uk<x—2ui.
i=1

From this follows the recursive convolution relation (cf. (2.9), below)

1 x—ks
At (i) = g / Aspx —uwsv(w), x> (k+Ds,  (28)
s

which is, recalling the convention Ag.o(x; t) = F(x;t), valid for k = 0 as well. We note that
upper bounds for Ay (x; t) may be derived based on (2.7), a naive one being

Agi(x;t) < %F(x —ks; H[v((s, x — (k — l)s))]k, x > ks.
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In retrospect, it would have been more appropriate to define Ay (x; t) as in (2.7), but without
the leading factor of 1/k!. We are now going to see why.

The referee pointed out the following fundamental observation. It follows readily from (2.7)
that the As.x(x; ) integrals are obtained by convolution of the DF F(-; ¢) with convolution
powers of the finite Lévy measure

As(dy) = 1,00 (Y)v(dy).

Namely, we have, fork =0,1,2,...and x > 0,
1
Asik(x 1) = - (F Ay 0. (2.9)

(Whenk =0, k;“k is understood to be the Dirac measure at 0.)
More generally, we note for later use that it holds that

k

/ Fx —wnk(du) = / f<x - Zui>n(du1) corduy), k=1, (2.10)
(ks,x] D.?:k(x>

i=1

for any nonnegative measurable function f and subordinator measure 7 (As = 7|(5,00))-

We stress that the convolution version, though not so elegant in explicit form, is more
convenient for analysis. For concrete examples, see the proof of Corollary 2.1, below, and the
first paragraph of Appendix A. A computational advantage is that the k*k (dy) are serviceable
for calculating the integrals of (2.10) for different functions f (con51der the A (x t) defined
in (2.16), below). A nice application of (2.9) to a CPP with exponential j ]umps is provided in
Example 2.1, below.

As indicated in the introduction, Theorem 2.1 and Corollary 2.1 are generalized in
Appendix B to the case where the Lévy measure is not assumed to be continuous. The author
would not have discovered this extension without the referee’s observation (2.9).

The referee also pointed out the following illuminating remark.

Remark 2.2. There is an (easy) dual formula to (2.4):

[x/s1—1
HMO=€“®<RWD+ Xj%&jmn> x €R,

k=1
with :
&MMO=E@*WWm0

or, alternatively,

k
1
By (x5 1) = k'/ B )Fs<x - E ui;t)V(dul)“-v(duk)-
Dyt (x i=1

This corresponds to the decomposition X (1) = X, (t) + X*(¢), where X* is a CPP with Lévy
measure Ag, independent of Xj.

Remark 2.3. In fact, a simple generalization of the relation
F(x; e ™ = F(x;1),  x<s (2.11)

(given in (3.10), below), will provide the basis for a whole subsection (Section 3.2).
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We will now give an alternative proof of Theorem 2.1 that offers an intuitive explanation
of (2.4), which is not apparent from the inductive approach. Moreover, and much more
importantly, it implies a generalization of this theorem, as given in Theorem 2.2, below. (See
also Remark 2.4 within this context.)

An alternative proof of Theorem 2.1. We begin our alternative proof by writing
P(X(1) <x) =P(X(t) < x, A) + P(X (1) < x, A°),

where, as before, + is the event that X has no jump of size larger than s before r. The
case 0 < x < s is straightforward, so we assume that x > s. Since P(X(¥) < x, A) =
e A P(X, (1) < x), it suffices to show that

[x/s]1—1
PX() <x.B)= Y (D' A(:0), (2.12)
k=1
where B is the event that X has at least one jump of size in (s, x] before 7.
Let us now partition (s, x] into the N subintervals (N is a large integer)

+2=3 €T T i % o0 N—1
u,u .U : =15 —:j=0,1,...,N =14,
N I=N

and let G, denote the event that X has a jump of size in (u, u + (x — s)/N] before t. Then
B = J,er Cu» and, hence,

P(X(1) <x,B) = P<U [X(t) < x, eu]>.

ueT

We next apply the inclusion—exclusion principle to the right-hand side probability, noting that
the total number of jumps before ¢ with values in (s, x] is at most [x/s] — 1 and their sum does
not exceed x. This leads to

[x/s]—1
PX()<x.B)= Y (D" 3" PX@E) <x.Cyp.....C. (2.13)
k=1 Ul,..ns ureT
up<---<ug
ul+HFup<x

Letting N — oo and using standard properties of Poisson random measures, the inner sum in
(2.13) is replaced by the integral

k

/ P(X(t) §x—Zui>tkv(du1)---v(duk).
Cs;k(x)

i=1
Thus, we arrive at (2.12), and so we are done.

From this proof we can easily deduce a generalization of Theorem 2.1 concerning an arbitrary
truncation of v. Suppose that B is a Borel set with infimum s > 0, and consider the pure-jump
subordinator X\ g whose law is that of the process obtained from X by removing all jumps of
size in B from X (that is, its Lévy measure is the restriction of v to (0, oo) \ B). Furthermore,
let [\ g(+; t) denote the DF at time ¢ > O of this process. Then, considering the event A’ that
X has no jump of size in B before ¢ in the proof above (instead of 4), the following result can
be established.
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Theorem 2.2. The distribution function of X\p(t) is given by

F\p(x;1)
[x/s1—1
= e’”(B)<F(x; n+ > =t
k=1
k
x/ F<x—Zui;t)v(dul)n-v(duk)), x € R.
Cy.k (\)NBK P

(2.14)

However, all of the applications presented in this paper (Sections 3 and 4) correspond to the
special case B = (s, 00).

Remark 2.4. Here we would like to draw attention to the following result, which is immediate
from the analog of (2.12) for the case of arbitrary truncation:

P(X(t) <x | B)
_ 1
- 1 — e—tv(B)

[x/s1-1 k
x > (—1)"“%/ F<x —Zui;t>v(du1)-~-v(duk), x €R,
=l Cy.r (X)NBF .

where B is the event that X has at least one jump of size in B before ¢, assuming that v(B) > 0.
This result, which is not pertinent to our present topic, deserves a good deal of consideration.

We conclude this subsection with the following elegant result.

Example 2.1. Let X be a CPP with arrival rate A > 0 and exponential(9) jumps. Thatis, X isa
pure-jump subordinator with Lévy measure given by v(dx) = Afe™%* dx, x> O Furthermore

let y (a, b) denote the lower incomplete gamma function, i.e. y(a, b) = f 7% 'e~*dz. From
the well-known identity
y (s x) g
= (1—e ,—), j=12,... (2.15)
(G —n! ( ; i!

(expressing the DF of the Erlang distribution with shape parameter j and rate/scale parameter 1),
it follows, upon conditioning on the number of jumps, that the DF of X (#) can be written as

F(x;t)=1—¢ x>0

ox i *“(M)f . <ex>’ ’

j=0 i=0

(F(0; 1) = e™). In our case, the measure k;kk, k > 1, in (2.9) admits a particularly simple
expression:
(16)"

G D (y — ks) e dy, y > ks,

Ak dy) =
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which follows immediately by induction. By calculating the (cumbersome but elementary)
integral kay F(x —u; t))»jk (du), i.e. k! Ag.x(x; t), we have found that

k =it j _
sMXQ—;(€%—€%§:i—QE'X:QLjE&) ¥ > ks

]
= i=0
(Note that it holds for k = 0 as well.)
2.2. The derivatives

In this subsection we shall give the analog of Theorem 2.1 for the derivatives 8/F; (x;t)/dx/
in the infinite measure case. We first mtroduce the following notation.

Henceforth, we let F)(-; r) and Fy W (+; 1) respectively stand as abbreviations for the func-
tions 8/ F(-; 1)/dx/ and 8/ F;(-; t)/dx/ (possibly in an almost everywhere sense if j = 1). The
analog of Ak (x; t) in (2.1) is denoted by A(] ]1 (x; t) and defined by

k

AV (x;1) = / F<f><x > i t)v(dul) - v(duy). (2.16)
’ Cs:k(x)

i=1

In what follows, the right-hand side of (2.16) will be a well-defined Lebesgue integral—and,
hence, Remark 2.1 and in turn (2.10) can be applied—except in one case where a different
interpretation is required (see the sentence after (2.20), below).

Before we give the following corollary of Theorem 2.1, we note the simple fact that X (¢) is
absolutely continuous if and only if X (¢) is (v is then, of course, infinite). For a proof, consider
the decomposition of X (¢) given at the end of Remark 2.2. We also observe that (2.18), below,
implies the almost everywhere finiteness of Al k(x 1).

Corollary 2.1. Suppose that F(-;t), and, hence, F(-;t), is absolutely continuous (on R).
Then the density function F ( t) is given by

fx/s1-1
FO ;1) =e’A<~‘><F<1>(x;t)+ Y (=nkal) z)) x> 0. (2.17)
k=1

Proof. The corollary follows if we show that

x [z/s1—1
Fy(x; 1) = '*® / <F<‘>(z; D+ Y AL r))
0

k=1

From (2.4), it is enough to prove that

Agik(x; 1) =f A @dz, x> ks, (2.18)
ks

By virtue of (2.9) and its extension (2.10), the last equation reads

X X X Z
// F<”(z—u;z)dz)\j’<(du)=/ / FO(z —u; 1% (du) dz,
ks Ju ks Jks

where on the left-hand side we have used F = f FD and F (0;1) = 0, and follows from
Tonelli’s theorem. (Less elegantly, (2.18) can be proved by induction based on (2.8).)
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Remark 2.5. Itis well known (cf., e.g. [17, Theorem 27.7]) that any Lévy process with infinite
absolutely continuous Lévy measure possesses a density at each time ¢ > 0. Thus, Corollary 2.1
can be applied to a wide class of subordinators.

Remark 2.6. By simply considering (2.14) with domain of integration Cj.x(x) and measure
vig(du) = 1p(u)v(du), we can now immediately deduce the analog of Corollary 2.1 for
the density function of X\ p(#), denoted by F\(g)(ﬁ t). Specifically, under the assumption of
Corollary 2.1, we have

1
Fg(x: 1)

[x/s1-1 k
_ etv(B)<F(l)(x; 1) + Z (—l‘)k/ F(l) <x — Z’M; t)
i=1

k=1 Cs;k(x)ﬂBk

x v(duy)--- v(duk)), x > 0.
(2.19)

InProposition 2.1, below, we give a continuous variant of (2.17) for the derivatives F. s(" ) (x;1),
under suitable regularity conditions on F(-;¢) and v. An elementary proof is sketched in
Appendix A. We first recall the following standard notation and notion.

Let C"(I) for n € N U {oo} and C°(1) denote the sets of real-valued functions that are n
times continuously differentiable and, respectively, continuous on /.

A function f is piecewise smooth on an interval [a, b] if there exista = x1 < --- < x;, = b
such that, foralli =1, ..., m —1,both f and f’ are continuous on (x;, x;11) with finite limits
at the endpoints.

Proposition 2.1. Suppose that F(-;t) € C" '(R) and F™(-;t) € C°((0, 00)) for some
n > 1. Furthermore, suppose that one of the following conditions is satisfied.

(i) F™(-; 1) is bounded near 0.

(i) F®™(-; 1) is unbounded and absolutely integrable (with respect to the Lebesgue measure)
near 0%; v is absolutely continuous with density p, which is bounded on [s, b) for all
b >s.

(iii) F™ (-; 1) is not absolutely integrable near 0 (hence unbounded there); v is absolutely
continuous with density p, which is piecewise smooth on [s, b] for all b > s.

Then, Fy(-; 1) € C"~L(R), F™ (- 1) € C°((0, 00)), and, for every j = 1,...,n,

) - [x/s1—1 )
FPx: 1) :elA(S)(F(])(x;t)+ > (—t)kAE{,z(x;t)>, x> 0. (2.20)
k=1

The integrals corresponding to case (iii) with j = n are interpreted as iterated (generally
improper) Riemann integrals according to (2.3), setting v(du;) = p(u;) du;.

For simplicity of terminology, we did not consider weaker assumptions on v. The ones given
above are quite satisfactory, and improvements can be made based on the sketched proof of this
proposition. We also note that a function F(-; ) as in Proposition 2.1(iii) is necessarily the
difference of two nonnegative nonintegrable functions.
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Here it is worth mentioning the important class of pure-jump self-decomposable subordina-
tors (see, e.g. [17]), which are characterized by an absolutely continuous Lévy measure of the
form v(dx) = k(x)/xdx, x > 0, where k(x) > 0 is monotone decreasing on (0, co) (a priori
satisfying the integrability condition [;° (x A 1)(k(x)/x)dx < 00). If k(0*") = oo then
F(-;1) € C®°(R) [17, Theorem 28.4(ii)], the standard example being the stable subordinator
(see Example 3.2, below). If k(0T) = ¢,0 < ¢ < oo, then F(:;t) € C" Y(R) and
F™ (1) e C°(0, 00)), where n = [ct] (cf. [17, Remark 28.7]). The last fact is apparent
for the gamma process, as defined in Section 4.1, below; a nonelementary example is provided
by the subordinator with generalized Dickman (one-dimensional) marginals defined at the
beginning of that subsection.

Remark 2.7. Reasoning as in Remark 2.6, we can easily deduce the analog of Proposition 2.1
for the derivatives F\(IJ;(-; t), j = 1,...,n. The result is analogous to (2.19). To be more
precise, if F(-; ) is as in Proposition 2.1(iii) then we assume that the function 1z (u)p (1)
is piecewise smooth on [s, b] for all b > s and that the integrals associated with F\(Z.) (x;1)
are iterated (possibly improper) Riemann integrals according to (2.3), incorporating the factor

T, 15@u).

3. Applications involving the ordered jumps

In this section we shall use (2.4) and a simple generalization of its particular case (2.11)
to derive various formulae which complete/generalize certain existing results on the ordered
jumps of subordinators that can be found in [5], [14], or [15].

3.1. General formulae

As in Section 1, let V;(¢) fori = 1,2, ... be the ordered jumps in (0, #] of a pure-jump
subordinator X (CPP or not) with continuous Lévy measure v and marginal DF F(-; ¢), and
define X? = {X () + bt: t = 0}, the associated subordinator with drift » > 0. Furthermore,
define the ratio Rﬁ (t) foralln € N as

Vi () B Vi (1)
Xb() - YT iy s, Vi) + bt

interpreting 0/0 as O in the case where V, () = 0 and b = 0. Now, if we let M € (0, oo]
denote the supremum of the support of v, we easily see that M /(M + bt) is the supremum of
the support of the RV R,’f (t). Here and later, we define M/ (kM + bt) = 1/k if M = oc.

Using the notation above and the notation introduced in the preceding sections, we can
state and prove the following proposition which follows easily from Theorem 2.1 and provides,
together with the corollary that follows it, a substantial extension of Equation (8) of [ 14] (restated
below as (3.4)).

RY(t) =

3.1

Proposition 3.1. For every u € (0, M/(M + bt)), the tail distribution function of Rs (t) atu
is given by

P(RY(t) > u)

th M 1—u
=m/o (F( ” S‘b’”)

[1/u—bt/s]—2

+ > (—t)kAs;k<1;Ms—bt;t>)A(s)"_lv(ds). (3.2)

k=1
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Its distribution has mass Z?;(} P;(tA(0)) at 0 if X is a CPP and mass P,(tA(0)) at 1 if;, in
addition, b = 0. In any other case the mass is 0.

Proof. Fix u € (0, M/(M + bt)). Recall from Section 1 that Zfﬁn 41 Vi(#) conditioned
on V,(t) = s, s > 0, is distributed like X;(¢). Thus, using the law of total probability and
recalling the notation in (1.2), we can write

M
1—
P(R,I:(t) >u)=0-P(V,(t) =0) +/ P(Xs(t) < us — bt)PVn(,)(ds).
0+
Equation (3.2) now follows straightforwardly by substitution of (1.2) and (2.4) (noting that
[€ — 17 = [£] — 1). The last part of the proposition is very easy to check.

We note that if M = oo but A(s) decreases to O rapidly as s — oo, v may be truncated
considerably from above, depending on the accuracy we wish to achieve, thus making (3.2)
more practical for numerical computations. If v is absolutely continuous then (3.3), below,
may be a good alternative to (3.2).

We also note the following observation:

P(Vn(t) > y< 3 V,~(t)+bt)) =P<Rf;(t) > yi 1), y > 0.

i=n-+1

In view of the next subsection we note that a relation like this also holds if the infinite series
are truncated at some integer m > n.

Corollary 3.1. Suppose that v is absolutely continuous with density p. Then, for every b > 0
and y € (bt/M, 00),

) 1 P Pl .
P( R t i|s —bt;
( n0) > 1+y) - D! Z( : /;‘1k(y) << iz ]u)s tt)

x (Hp(uis)) KA p(s)ds duy -+ - dug. (3.3)

i=1

Proof. We first set u = 1/(1 + y) in Proposition 3.1. Recalling that fC1 o) = We then
have to handle the expression
[y=bt/s]—1 k
Z (—z)k[ F<ys—bt—Zui;t>v(du1)~-~v(duk).
k=1 Cy.x (ys—bt) i=1

Since F(ys — bt — ZLI u;; t) is 0 when ZLI u; > ys — bt, it follows that we can set the
term bt to O in both [y — bt/s] — 1 and C.x(ys — bt) above. We then make an iterative
change of variable u; /s +— u;, i = 1, ..., k, corresponding to (2.3). The proof is completed
by applying Tonelli’s theorem.

Perman [14], whose work has considerably influenced the present paper, derived in a different
way a similar result to our Corollary 3.1 in the case n = 1 and b = 0. Specifically, it is given,
for every u € (0, 1), by the following formula:

0 —1 k+1
P(RY(1) > u, X(1) € ds) = ]; % f (]‘! h(yzs)>fx(1)(s}’k)1_[ dyids, (3.4)
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where, incorporating Perman’s notation: By = {(u1,...,ux): u <u; <1, > ui < 1} (thus
the sum is finite); the Lévy measure is assumed infinite and absolutely continuous with density /;
fx () is the density of the RV X (-) (recall Remark 2.5 for its existence); and y; = 1 — Zle Vi.
The tail DF of R?(l) is computed by integration over s.

Whether to use (3.3) or (3.4) to obtain the tail DF of R(l)(-) depends on the specific problem.
The primary advantage of (3.3) is, of course, its generality. Equation (3.2) adds the ability to
handle the case where v is only assumed to be continuous. In the next subsection we shall
examine a special case in which our kind of representation is particularly fruitful.

Perman [14, Theorem 2] also found a formula for the (n + 1)-dimensional joint density
Pn(s, ¥1, ..., yp) of the random vector (X (1), Vi(1)/ X (1), ..., V,(1)/ X (1)), again restricted
to a drift-free subordinator with infinite Lévy measure which is absolutely continuous with den-
sity h. The formula uses the integral equation p; (s, y) = sh(sy)f()/(1 N, (s(1 = y), v)dw.
This integral equation was later used in [15, Proposition 45] to obtain the formula pi(s,y) =
Z,fil (—DF*1 £.(s, y), where the fis are functions defined recursively in some manner and
all but at most the first k terms of the sum are O if y > 1/(k + 1). Furthermore, on
integrating the last equation with respect to y from u to 1 we obtain a series expansion for
P(X(1) e ds, Vi(1)/X(1) > u), which, according to [15, Remark 46], can be shown to be
identical to that obtained by Perman in (3.4).

Example 3.1. Let y(a, b) denote the lower incomplete gamma function (as defined in
Example 2.1). Thanks to a particular case of Equations (6) and (8) in [10], involving the
hypergeometric function , F;, we have

o
1
s ds=T . .
[) e s ly(g, 5)ds (q)E q+](1+a))‘1+1 0w>0,¢4g>0 3.5)

Alternatively, we can obtain (3.5) in a more elementary way through differentiating both sides
with respect to w. Now let X be a I, process as defined in Section 4.1, below. It follows
from (3.3) and (3.5), after elementary substitutions, that, for every y € (0, 00),

P(Ro(t) > L)
! 1+y

fyl—1 00 k ct+j
1 y—=>i_ u) Tduy - - - dug
k i=1"1
=ct E —ct E _ 3.6
Z ( )/ ct+j( v+ 1 ik (3.6)

Crk () =0

(The scaling property of gamma processes, ['¢, 2R IT..1, accounts for the independence
on A.) We note that the infinite serles in (3.6) can be replaced by integrals according to the
identity Z/: £t (ct + j)7! / (1 —2)"1z"ldz, & € (0, 1), which follows straight-
forwardly from term-by-term integration. Actually, a slightly different version of (3.6) was
obtained by Perman, in a simpler manner, via (3.4). The use of infinite series in (3.6) may
give a little advantage to our equation. We also note that using the Laplace transform (3.5), the
following formula is easily verified:

o]

G| 1/0F1) -1
EEEN=Y () —= dz,
L] ;<A+1> i+ /0 -z

where E (x) f y~le=Y dy is the exponential integral function and Y is a gamma(z, A) RV
(that is, y & X(t) X being a I'y , process).
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The distribution of R? () in the case where X is a gamma process is well studied in probability
theory. We recall from [9] that the Poisson—Dirichlet distribution with parameter 6, abbreviated
as PD(#), is the distribution of the infinite vector (V1(0)/ X (0), V2(0)/ X (), ...), where X is
a I'y1 process. It follows that if X is a I'c ) process then R?(t) is distributed as the largest
component of the PD(cr) distribution (recall the above example for the independence on ).
The Poisson—Dirichlet distribution will be briefly encountered in the next section.

The next example provides a generalization of a result given by Perman for the tail DF of
Vi(1)/ X (1) in the case where X is a stable subordinator.

Example 3.2. Let X be a strictly a-stable subordinator, 0 < « < 1. Then (see, e.g. [15])
A(x) = cx™%, x > 0, for some constant ¢ > 0. The corresponding Lévy density is p(x) =
cozx_"‘_ll(o,oo) (x). Since the distribution of RS (#) in this case is independent of time ¢ (see
Example 3.4, below), we shall assume for the moment that + = 1. The following formula for
certain negative moments of X (1) will play a key role in the derivation of our result:

m! 1

BIX() ™" =7 O worTme sy ME N. (3.7)

This formula is obtained by substitution of mo into Equation (160) of [15] or Equation (19)
of [14] for the negative moments of X (1), where the constant ¢, appearing in the latter equation
should be regarded as ca. The negative moments in (3.7) form =n +k, k =0,1,2,...,
appear when applying (3.3), using integration by parts with respect to s, to the computation of
the tail DF of R,(,) (1). Recalling the independence on ¢, we then find that, for every y € (0, 00),

)_ ”il(_a)k(wrk— N 1
= (n=D! L1 =)™ + ko + 1)

P( ROt
("()>1~I—y

i k N (n+k)a
X/ (O —2i—y ui) duy - dug. (3.8)
Crk ()

(up - up)et!

Here we note that, by applying (3.4) and using [14, Equation (19)], Perman derived a slightly
different version of (3.8) for the case in which n = 1. (Actually, the powers of I'(1 — «)
appearing in his result should be increased by 1.) It should also be noted (cf. [15, Propositions 10
and 11] or [5, Proposition 2]) that the ratio X,,(¢) := Z[’in 11 Vi(®)/ Vu(2), whose DF satisfies
P(Z,@) < y) = P(Rg(t) > 1/(1 +y),y € (0,00), is distributed as the sum of n
independent copies of X1 (¢), which in turn admits the Laplace transform E[exp[—wX(¢)]] =
Vo(w)~ !, > 0, where Yy (@) = 1 +« /O‘ (1 —e™®*)x~*~!dx. A partial result for the DF
of Y7, +1 Vi(®)/ Vy(¢) for all m > n will be given in Example 3.4, below.

Remark 3.1. From (3.8) we can easily obtain the density function, say g, of Rg(t). Indeed,
noting that the function ¢(y) = y(”k)“l[o,oo)(y) belongs to CO(R) with ¢(0) = 0, we deduce
from the sketched proof of Proposition 2.1 that we can differentiate the right-hand side of (3.8)
under the integral sign and, thus, show that, for every y € (0, c0),

[yl—-1
1 1 (n +k)! 1
(— ) = kg kt
! (1+y>(1+y)2 kzzo( S T DI T — P (o B + D)

f (y— Zf:l up)HRe—1
X
Crk(y)

W a)a dug - - - dug. 3.9)
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Note that the density function of ¥,,(¢), and, hence, the inverse Laplace transform of ¥, (w) ™",
is given by the right-hand side of (3.9).

3.2. A special tractable case

Restricting u in Proposition 3.1 to the domain in which the sum appearing on the right-hand
side of (3.2) vanishes, we obtain a particularly convenient and useful case of this proposition,
which can even be easily generalized in some manner. Before we begin our investigation, we
need the following notation and observation. For n € N U {oo}, we define the value of the
operator K,.; acting on an arbitrary subordinator Z to be the sum of the n largest jumps of Z
in the time interval (0, ¢]. Thus, in particular, K./ (Z) = Z(t). Following the first step in the
proof of Theorem 2.1 with K,,., operating on X and X, we see that

P(K. (Xs) < x)e” "2 = P(K,.,(X) <x) forallx <s. (3.10)

Now, in a similar manner to Proposition 3.1, and using the same notation and conventions,
the following result can be established.

Proposition 3.2. Foranyn <m < oo, b >0, andu € [M/(2M + bt), M/(M + bt)),

AR
(Z’»” V‘(t)+bt>u>
tn
(n—1>'/ (ZV@<

Proof. First note that, conditioned on V,(¢) = s, s > 0, the RV Z:’;n Vi (1) is distributed
as Ky, —n.1(X5). Then follow the proof of Proposition 3.1, noting that u > M /(2M + bt) implies
that (1 — u)u~'s — bt < s forall s € (0, M], and apply (3.10).

X — bt)A(s)"_lv(ds). (3.11)

Let us now mention two particularly interesting cases of Proposition 3.2. Setting m = oo,
b=0,andu = % in (3.11), we obtain
tn
(n—1)!

(more generally, note the formula for P(V,,(t) > /L, +1 Vi), m < 00), and setting m = 00,
n=1,andu = %, we obtain

P(Vn(t) > Vi1 (1) + Va2 () +---) =

M
/ F(s; )A(s)" ' v(ds) (3.12)
0

xb()
2

M
P(Vl(t) > ) = t/ P(X2(t) < s)v(ds), b=>0 (3.13)
0

(note that (3.11) remains valid also if u = % > M /(M + bt)). Moreover, if X is a CPP with
rate A and i.i.d. jumps Y;, i = 1,2, ..., then the right-hand side of (3.13) is none other than
A P(XP(t) < Y) or, equivalently, At E[F?(Y; 1)], where Y is independent of X and distributed
as Y7 and Fb(~; t) denotes the DF of Xb(t).

We continue with the following elegant result analogous to Proposition 3.2.

Corollary 3.2. Foranyn <m <00, b >0, andu € [M/(2M + bt), M/(M + bt)),

Va (1) " U (=, "
P(Z?;n Vi b “) o EKA{ —u <§ i “”)}) } G
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Proof. Define Z = (u/(1 — u))(}_i," Vi(t) + br), and let Pz denote its distribution. Then,
M
E[A(Z2)"] = / A(s)"Pz(ds) + lim / A(s)" Pz(ds)
(0} e—0t Je

M
= 10 (AOGAOE O + tim [ AG) P <5,
£—> .

By integration by parts for Stieltjes integrals we have

M M M
lim A@)"dP(Z <) = lirng <A(S)n P(Z < S)‘ —/ P(Z <) dA(S)n).

e—>01 Jo

We now note that if A(0) = oo then lim,_,g+ A(¢)" P(Z < &) = 0. Indeed, assuming the
nontrivial case b = 0, Z < ¢ implies that V() < ¢, and in turn P(Vi(f) < &) = e "2 It
follows that

M
E[A(Z)"] =n 1ir(r)1+/ P(Z < s)A(s)" 'v(ds).

Multiplying both sides of this equation by #”* /n! and applying Proposition 3.2, we arrive at (3.14).

The analog of (3.12) is given by the interesting formula

n

PV, (1) > Vo1 () + Vg2 (1) + -+ ) = I%E[A(X(Z))"]

m

(as before, note also the general case of P(V,,(t) > > 7., |

of (3.13) is

Vi(t)), m < 00), while the analog

X" () b
P(V1 (1) > > ) =tE[A(X"(2))], b>0.

This time we note that, for X independent of X and having the same law, t E[A (X b (t))] is none
other than the expected number of jumps in (0, ¢] of the process X whose size exceeds X? (1).
Examples 3.3 and 3.4, below, provide simple applications of Corollary 3.2.

Example 3.3. Let X” be a CPP with exponential jumps as in Example 2.1 and drift b > 0. It
follows from (1.1) that E[exp[—a)Xb(t)]] = exp[—At(w/(w + 6)) — btw], @ > 0. From this,
together with A (x) = e~ and (3.14), it follows straightforwardly that

PRE(E) = 1) = O exp| —ar " T e[
>u) = Xp| — - , u
n I P T I —u

1.

We note that since the exponential(9) law is the same as that of a standard exponential RV
divided by 6, Rg(t) is independent of 6.

ol —

Example 3.4. Let X"? be an a-stable subordinator, 0 < « < 1, with drift » > 0. Since
A(x) = cx™%, we have, by (3.14), foranyn < m < occand u € [%, 1),

Vn(t) (Ct)” m—n —na 1—u no
P<m>“>‘ ! [(Z"l(’”“) }( . ) SENERE)

i=1

We recall from [17, Chapter 3] that the process X (i.e. the jump part of X?) in this case is
self-similar, and specifically, {X (at): t = 0} = — {a'’®X (t): t > 0} for any a > 0. It follows
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that, in particular, the ratio V,,(¢)/ Zl"':n Vi (¢) is independent of time ¢, and, hence, of ¢ as well.
In turn, this together with (3.15) implies that the DF of Y /L | V;(t)/V, (1), say Hy n m., is
given on [0, 1] by

1 m—n —no
Henm (y) = ;E[(Z v,-(1>> ]y"“ = P(Vn(l) >
’ i=1

The coefficients of y"** can be easily simulated based on the iterative procedure in [5] mentioned
in the next section.

Clearly, the support of Hy 5, is [0, m —n] (R if m = 00). Letting m = n 41, we thus see
that V1 (¢)/ V,,(t) has abeta(ne, 1) distribution, which we already know from [5] or [15]. Both
references also indicate that the ratios V;,4+1(¢)/ V;, (¢) are mutually independent. We refer to [5]
for the generalization to the vector (Vy,, (1)/Vy,, (8);k=1,...,K), ny <--- <ng < ng41.

m

> v,-(1)>y”“.

i=n+1

4. Gamma’s small jumps and the generalized Dickman distribution revisited

4.1. Some preliminaries and a limit theorem

Henceforth, let X¢ (for ¢ > 0 fixed) denote the pure-jump subordinator whose Lévy density
is cx 1 1(0,17(x). The Laplace transform of X (¢) is thus given by

e—wx—l

X

1
Elexp[—wX{(®)]] = exp|:ctf dxi|, w > 0. “4.1)
0

Clearly, X<(¢) = X!(ct). Following [13], we say that a RV Z has a generalized Dickman
distribution with shape parameter 0 > 0 (Z ~ GD(6) for short) if it satisfies the fixed-point
equation

z"= Uyl + 2, 4.2)

where U is a uniform(0, 1) RV, independent of the Z on the right. The unique solution in law
of (4.2) is commonly given by

Z = U11/9 + (UL UV (U £

where Uy, Us, ... is a sequence of independent uniform(0, 1) RVs. The Laplace transform
E[e~®Z] is identical to the right-hand side of (4.1) provided that ct = 6 (see, e.g. [13,
Proposition 3]). Thus, in particular, X! (6) ~ GD(9).

The generalized Dickman distribution has been extensively studied in the literature. Itoccurs,
among others, in number-theoretical [8], [20] and combinatorial [1] contexts. Many of the basic
properties of the GD(-) distribution can be found, e.g. in [1], [7], [8], [13], [18], [19, pp. 90-95],
and [20]. Of special importance is the case in which & = 1. The probability density function
of Z is then identical to e p, where y is Euler’s constant and p is the celebrated Dickman
Sunction (for the definition and proof, see [13, Section 3]). For general 6 > 0, the density of
Z also appears in connection with the Poisson—Dirichlet distribution with parameter 6. In fact,
the joint density of the first ¥ components of the PD(6) distribution, that is, the joint density of
the vector (V1(0)/X (@), ..., V,.(0)/X(0)), where X is a I'1 1 process, is nicely expressible in
terms of Z’s density (see, e.g. [7], and cf. [9]). See also Remark 4.2, below, with regard to the
DF of the largest component.

The GD(0) distribution function will be studied in detail in the next subsection. In what
follows we are going to reveal an important feature of the process X¢ with regard to a certain
class of subordinators, the gamma process being the most prominent representative.
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Suppose that we wish to approximate, e.g. for simulation purposes, some pure-jump sub-
ordinator X with infinite (not necessarily continuous) Lévy measure rr. The easiest way may
be to simply ignore the small jumps not exceeding some tiny threshold ¢ > 0 or replace
them by their expected value p(¢)t, where () := E[X,(1)] = f(o,s] xm(dx). The remaining
jumps are then those of a CPP, denoted by X*, with Lévy measure 7|(x~), and, thus, consid-
ered straightforward to handle. It is well known [2] that in case m is continuous, a normal
approximation of the small jumps can be applied if and only if lim,_,o(c(g)/e) = oo, where
o2(e) = var[X.(1)] = Jo.el x27(dx). We then have X (1) = u(e)t + o(e)W(r) + X2 (2),
where W is a standard Brownian motion independent of X*. (See [2] for a thorough account
of the normal approximation of small jumps of arbitrary Lévy processes.)

For the rest of this subsection, let X be a I'¢ ) process, meaning that X is a pure-jump
subordinator with Lévy density p(x) = cx_le_)‘xl(oyoo) (x). Accordingly, the probability
density function of X (¢), say f(-; t), is given by

¢t ct—le—Ax

flxst) = WI(O,oo)(X)
To put it another way, X () ~ gamma(ct, A). The parameter ¢ controls the rate of jump
arrivals (just as in X¢) and X inversely controls the jump size. As is well known, the normal
approximation of small jumps does not hold in the gamma case (indeed, o (¢) ~ &4/c/2
as ¢ — 0). Ignoring the small jumps or replacing them by their expected value (which
is asymptotically cte) may be adequate here. However, we have the following simple yet
illuminating result.

Proposition 4.1. Suppose that X is a pure-jump subordinator with Lévy density p satisfying
c
p(x)~= asx — 0. 4.3)
X

Then X, /¢ converges weakly to XCase — 0.

The weak convergence stated above is understood to mean the weak convergence of X en/En
to X¢ for any sequence ¢, \, 0, which in turn is understood in the space D[0, co) of cadlag
functions equipped with the Skorohod J1 topology (for details, we refer the reader to [11] and
reference 198 therein). The practical implication is that such a process X can be approximated
as

X = eX¢ 4 X°, (4.4)

with the process X¢ being independent of the CPP X® with Lévy density pliy~.. Since
p(x) =cxle™™ 1(0,00) (x) satisfies (4.3), approximation (4.4) is in particular valid with respect
to the I'¢ ) process.

Proof of Proposition 4.1. Let {€,} be an arbitrary sequence of positive numbers converging
to 0. By the assumption on the Lévy density, ¢,xp(g,x) — ¢ as n — oo uniformly for x
in (0, 1). Thus, by changing variable and taking the limit, we find that

[ én 1) L c
exp / (exp[——x] — l>p(x) dx] — exp[/ (e ™ — 1)—dx], w > 0.
0 En 0 X

Noting that the left-hand side is actually the Laplace transform of X ¢, (1)/€,, while the right-
hand side is that of X¢(1), we conclude by the well-known continuity theorem for Laplace
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transforms  that X e, (1)/€, converges in distribution to X¢(1), which in turn implies that
X, /en converges weakly to X¢ (since weak convergence of Lévy processes reduces to weak
convergence of the marginal distributions at r = 1; see, e.g. [11, Corollary VIIL.3.6]).

Remark 4.1. A thorough characterization of the class of pure-jump subordinators X such that
X, /e converges weakly to X as ¢ — 0is provided by the author in [4]. It turns out [4] that the
Dickman limit plays a central role in the context of approximating small jumps of subordinators.

The approximation (4.4) is quite simple and efficient in general. Indeed, X¢ admits the
following series representation in the time interval [0, T']:

o0
X0y =) (Ui UpY D1, 4.5)

j=1

where {U} and {0 j} are independent sequences of i.i.d. uniform(0, 1) and i.i.d. uniform(0, T')
RVs, respectively. This fact can be easily verified using the simple iterative procedure for
constructing the entire sequence of jumps in decreasing order, described very simply in [5].
Moreover, since ¢ is assumed to be small and since the above series converges rapidly (depend-
ing, of course, on ¢T), it is clear that we may truncate the series at some moderate number of
terms. As for the CPP X*, it has rate / goo p(x) dx, which is asymptotically clog(1/¢) ase — 0
(this is a particular case of a proposition in [4]), and is, hence, relatively small in general. This
is very advantageous from a computational pomt of view.

The high quality of the approximations X = eXS$ + X¢ and X, = = ¢X¢ has been analyzed
by the author in [4] for some special class of self-decomposable subordinators and the I'; ;
process in particular (see, e.g. the next subsection with respect to the second approximation).
We also note that an analogous approximation to (4.4) with respect to the well-known variance
gamma process is now straightforward, as this process can be expressed as the difference of
two independent gamma processes (see, e.g. [12]).

It should, however, be remarked that there are simple and efficient alternatives to (4.4)
with respect to the particularly tractable gamma case. The most natural one is to use a
random walk approximation as follows: X (z) = ZW h Y, t €[0,T), where the Y;s are
ii.d. gamma(ch, 1) RVs and h = T /N, where N is a large integer. (A drawback is that we
cannot precisely identify the location and magnitude of the significant jumps.) Rosinski [16]
presented four series representations of a gamma process. A very useful one is given by
X(@) = Ziil At exp[—Fj/(cT)]le{UjSt}, t € [0, T], where {I';} are the arrival times in
a Poisson process with rate 1, {V;} are i.i.d. standard exponential RVs, and {U;} are i.i.d.
uniform(0, T') RVs, with the three sequences being independent of each other.

To close this subsection, we remark that an approximation of small jumps of a gamma (or
variance gamma) process, similar to the one presented above, has already been identified in
the literature; see [6] or reference 7 therein. However, as described by the author in [4], the
advantages of our approach are evident.

4.2. Distributional results

We now give an explicit formula for the DF of the RV X, (¢)/e where X is a I'| ; process,
leading to a revisiting of the generalized Dickman distribution. The choice ¢ = 1 does not
restrict generality as X, (f) 2 X, (ct), X being a I'; , process. Throughout this subsection, y
stands for Euler’s constant.

https://doi.org/10.1239/aap/1246886616 Published online by Cambridge University Press


https://doi.org/10.1239/aap/1246886616

Subordinators with upper truncated Lévy measure 385

A straightforward application of Theorem 2.1, combined with the classical identity

ey E1—e™
/ —dy:—y—lné—l—/ dy, £E>0,
g ) 0 y

(Xg(t) ) [/*Sl—e—y ] e~ V!
P <Xx | =exp|t dy
[x]1—-1 00 i k t+j
X t(—ks)-/
* Z( g / !<t+j><x_Z”">

Crx() ; i—1

yields

k duy ---duy
X exp —ASZM,- _ 4.6)

: up---ug
i=1

The infinite series in (4.6) arises from a series expansion of the lower incomplete gamma
function, and is very advantageous from a computational point of view. In fact, since ¢ is
assumed small (say < 1073), the first three terms of the series can already yield very high
accuracy. Moreover, if ¢ is integer valued then we can replace the infinite sum by a finite sum,
according to the identity

]

HRe) (e (Ag@/) B
jz:(:)ﬂ(“rj)E (xe)l< ]z(:) , E£>0,t=1,2,...,

where we have used (2.15). (Here, the order of magnitude of ¢ has no significant role.)

Now let Hg(-) denote the GD(9) DF and, moreover, let H, ) (-) denote its jth deriva-
tive, where the ] = 0 case corresponds to Hy(-). From the previous subsection we have
X:(0)/¢ —>X (@) as ¢ — 0 and, in turn, P(X:(0)/e < x) — Hp(x) (for all x € R as
Hp is continuous). Letting ¢ — 0 in (4.6) and considering the sketched proof of Proposi-
tion 2.1, noting that the function xel[o)oo) (x) belongs to C 01-1(R), the following result can
be established.

Proposmon 4.2. The GD(0) distribution function Hy(-) is of class C11=1(R), its [0th deriva-
tive H, (o1 ) is of class CY((0, 00)), and, for j=0,1, , 161,

—y0
HO )= 7
0 re+1-—j
o =i du;---d
X (xej + Z (—G)k/ (x — Zu,) u), x > 0.
k=1 Crk(x) i=1 Up--- Uk

4.7

Note that the regularity of Hp(-) in Proposition 4.2 is actually indicated in Section 2, just
before Remark 2.7.

Proposition 4.2 invites comparison with similar results in the literature. Before we consider
some of the relevant references, let us make the following comment.

It follows readily from (4.6) and (4.7) that, for any fixed x > 0 and ¢ > 0,

P X (1) - 1 . 2
. = x ) —PX,@®) <x)=b(x,t)le + O(e") ase — 0, 4.8)
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where b(x, t) is some nonnegative function. The nonnegativity of b(x, ¢) is due to the fact
that the RV X! (¢) is stochastically larger than X.(¢)/e, which follows by comparing the
corresponding Lévy densities x_ll(o,l](x) and e_)‘”x_ll(ogl](x). In fact, as is shown by
the author in [4] using a completely different approach, b(x,t) = tP(x — U < X ,1( 1) < x),
where U is a uniform(0, 1) RV independent of Xl (t), and (4.8) holds uniformly in x > 0.
Moreover, numerical results in [4], based on Monte Carlo simulations, indicate that the function
V(1) := sup, b(x, t) can be approximated rather well by the function /7 /(47w )—which turns
out to be its asymptotic limit as + — oco—starting from a relatively very small value of ¢, say
t = 0.25. An exact expression for the 0(£2) term in (4.8) can be found in [4].

Vervaat [19, p. 90] gave a formula for the GD density function which is essentially identical
to the right-hand side of (4.7) with j = 1, except that the sets Cy.x(x) are replaced by the
sets Dj.x(x) and, accordingly, a multiplying factor of 1/k! is added. Our Proposition 4.2 was
actually inspired by his result. See also [1, Lemma 4.7] (and cf. [9, pp. 6-7]) for a slight
modification of Vervaat’s formula. Without going into any details, we note that our result
originated from a completely different approach.

In view of Remark 2.1 and (2.10), we can conclude the following analog of (4.7):

x1—-1

HO oy = — <x9—j+ 3 (0 / )P f*k(u)du> x>0, (49)
6 r@+1-) = & J ’ o

where f* denotes the k-fold convolution of f(y) = y’ll(l,oo)(y), which can be obtained
recursively by f*(y) = f]y_(k_l) &0y — 2z Vdz (k = 2,3,...). Actually, the cases
Jj =0and j =1 are indicated in [18, pp. 376-377] and [7, pp. 341-342], respectively. It may
be useful to note/recall in relation to (4.10), below, that the functions f *k (y) are serviceable
for calculating He(")(x) forall j =0,1,...,[60].

In his Theorem 1, Griffiths [7] gave a recursive algorithm useful for numerical computation
of the GD(0) density function. By comparison with (4.7) or (4.9), the following generalization
to arbitrary j =0, 1, ..., [8] is evident:

. —y0 60—j [1-1 _
%) e x k x—k ,
H — 1 E —-0)“K ;0 — ; 0,
o () F(9+l—j)< - k=1( ) k(x—k+1 ’)) e

where Ky (v; 6 — 1) = v/+k=1 Z?io agj v/, 0 < v < 1; the coefficients {ak;} (which depend
on 0) are defined recursively in the theorem in a manner convenient for numerical implemen-
tation, yet quite complicated in appearance. We thus see that Griffiths’ efficient (and hard to
derive) algorithm for the GD density function can also be applied with no additional effort to
the computation of the corresponding DF or the higher-order derivatives.

Remark 4.2. Writing the GD(#) density function as e V9x=1py(x)/ T'(0), the function pg (x)
is a generalization of Dickman’s function p(x) = pj(x) already mentioned above (see [13,
Section 3.4]). In fact, the largest component of the PD(60) distribution has DF pg(1/x), x > 0
(see [9] and [13]).

It should be noted, however, that an elegant relation between the functions Hg] ) (x) analogous
to those given above is indicated in [20, p. 498], where the function p(u) = p(u,a,b)
corresponds to HQ(J)(x) (0 < j < [6]) when setting u = x,a = j —6,and b = 6. The
function p(u) is defined as a particular solution of some differential-difference equation that
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FIGURE 1: A fourth-order Taylor approximation to the GD(5) DF and a third-order Taylor approximation
to the GD(5) density around 5.

generalizes the well-known one corresponding to the GD density function (see, e.g. [1], [13],
and [19, p. 90]). Moreover, an expression for p(u) in [20, p. 497] gives, for j =0, 1, ..., [6],

. . . . x . .
HY (x) = x0 (kngg(-’)(k) - efk JdOTHD (2 1) dz), k<x<k+1(keN),

thus generalizing the familiar (numerically useful) representation of the GD(#) density function
given, e.g. in [1, Equation (4.26)] or [13, Equation (16)].
The formulae for Hé’ )(x) suggest a Taylor expansion of order [6] — 1 around a > 0:

M01-1 (/)
H .
H@(X) — Z Qj'(a) (x _ a).] +

Jj=0

Hy'" @)
[o7!

x—a)’, x>0, (4.10)

where & is some point between x and a. A natural choice would be @ = 6 (the mean). An
application to the approximation of the GD(5) distribution and density functions is illustrated
in Figure 1, indicating an area for further investigation.

Appendix A. Sketch of the proof of Proposition 2.1

Before we begin, we stress that an analogous but simpler (one-variable version) proof of
Proposition 2.1 can be made with respect to the alternative representation of the integrals
provided by Remark 2.1. Moreover, cases (i) and (ii) can be handled indirectly but analogously
by means of (2.10), thus avoiding the induction step below.

We first need some more notation. Let ¢ be a C O(R) function with ¢(0) = 0 and derivative
¢ eC O((O, 00)), and assume that ¢’ and v (a continuous, infinite, Lévy measure) are related
according to one of the conditions (i)—(iii) in Proposition 2.1, where ¢’ plays the role of F M (5 1).
Accordingly, if ¢’ is unbounded near 0", we shall set v(du;) = p(u;) du; (recall especially the
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sentence after (2.20)). Fork =1, 2, ..., we define a two-variable function W (-, -) on the set

=

Ekz{(x,u):sfufg}

recursively by

Wi(x, u) =/ @(x —up)v(duy), (x,u) € Eq, (A.1)

and

x/(k+1)
Wig1(x, u) = / Wi(x —u1, up)v(duy), (x,u) € Ery1. (A2)
u

Analogously, we define a two-variable function wg(-, -) on Ej by replacing the function ¢
with ¢’. By definition/convention, Wi (x, x/k) = wi(x,x/k) = 0. With n as in Proposi-
tion 2.1, if we set ¢ = F(j)(~; t) for some j = 0,...,n — 1 then it holds that Wy (x, s) =
AEJ/Z (x;t) and wi(x,s) = Ai{:l)(x; t), x > ks. We then have the following lemma, from
which Proposition 2.1 readily follows.

Lemma A.1. The partial derivative Wy /0x exists and is equal to wy on Ej, where dWy /dx
is interpreted as the right partial derivative when u = x / k. Moreover, wy is continuous on Ej.

For clarity and brevity, we omit details that can be worked out easily by the reader.

Sketch of the proof of Lemma A.1. First of all, we note that the case ‘¢’ is unbounded and
absolutely integrable near 0" can and will be reduced to the case ‘¢’ is unbounded and
nonnegative near 07, This follows by considering the standard decomposition ¢’ = (¢/)* —
(¢")~, which in turn leads to ¢ = ¢; — @7, where @j 2(x) = f(;c (go’)i(z) dz.

Now, the proof is by induction on k. We first consider the case in which k = 1, and let (x, u)
be an arbitrary pointin E such thatu < x. We further assume that ¢’ is unbounded near 0. The
bounded case is much easier to verify. By (A.1) we write W (x, u)/dx = limy,_o w1 (x, u; h),
where

1 x+h x
wy(x, u; h) = Z(/ @(x +h—up)p(ur)du; —f o(x —ul)p(ul)dm).

In what follows we shall consider only the right partial derivative,

AT Wi(x, u)

= lim wi(x,u;h).
aIx h—0t

The left partial derivative is handled the same way. Using the triangle inequality and the mean
value theorem applied to ¢, we then have

/ (@G —uy 4 0h) — ¢ (x — un)pur) duy

|1 (x, u; h) —wi(x,u)| <

1 X
+ ];/ (x +h —up) —x —up))p(uy) du;

+/ @' (x —up)puy) du;
X—&

A , h >0, (A.3)

1 x+h
+ —/ o +h—up)p(ur)duy
X
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where 0 = 0(x —uy; h) € (0, 1) and ¢ € (0, x — u). It can be easily shown that the last three
terms on the right-hand side of the inequality in (A.3) can be made arbitrary small by choosing
first ¢, and then £, sufficiently small. (For the case corresponding to condition (ii), it is advisable
touse theequality [y (p(ui + h) — @(u)) duy = f:”’ o) duy — foh @(u1) duy; whereas for
the case corresponding to (iii), the key idea is to use integration by parts.) Furthermore, for a
fixed ¢, the first term in this inequality tends to 0 as # — O™ by uniform continuity of ¢’ away
from 0. Thus, 3T W;(x, u)/dx = w(x, u). As for the case u = x, we just have to consider
the last term in (A.3).

The next step is to show that w; is continuous on Ej. Again we split into the two cases
u < x and u = x, and proceed according to the definition of continuity. The first case is easily
handled using the ‘e-strategy’ as above. The second case is straightforward.

So far we have only treated the base case, k = 1. Now suppose that the lemma holds for
some k > 1 and consider the function Wy, defined on E4;. Without loss of generality, as
will turn out below, we can assume the case where ¢’ is bounded near 0. We first consider
the case in which u < x/(k + 1). Then, by (A.2), dWi+1(x, u)/dx = limp_o Wiy (x, u; h),
where

1 (x4h)/(k+1)
®k+1(x,u;h)=—</ Wi(x +h —uy, up)v(duy)
u

h
x/(k+1)
—/ Wk(x—ul,ul)v(dul))
u

Here, as before, we shall consider only the right partial derivative. The left partial derivative
is handled similarly. Writing down w1 (x, u) according to relation (A.2), and then using
the triangle inequality and the mean value theorem when applied to Wy in the first coordinate
(recalling the induction hypothesis), we obtain

x/(k+1)
[Wi1 (e, us h) — w1 (e, w)| < / (wr(x —ur +60h,u1) — wr(x —uy, ur))v(duy)
u

1[G+ D)
+ —/ Wi(x +h —uy,up)v(duy)|, h >0,
x

h Jxj+1)

(A4)

where 6 = 6(uy; x; h) € (0,1). Applying the second part of the induction hypothesis, wi
is uniformly continuous on bounded subsets of E;. Hence, the first term on the right-hand
side of the inequality in (A.4) tends to O as # — 0. Noting that Wy (kuy, u;) = 0 and
applying the mean value theorem, the same also holds for the second term. We conclude that
0T Wia1(x, u)/0x = wyy1(x, u). As for the case u = x/(k + 1), we just have to consider the
second term.

As the final step of the sketched proof, we need to show that wy is continuous on Ej41.
Again we split into the two cases u < x/(k + 1) and u = x/(k + 1), and proceed accord-
ing to the definition of continuity after applying relation (A.2) to wi41. Both cases follow
straightforwardly under the uniform continuity of w; mentioned above.

Appendix B. A generalization of Theorem 2.1 and Corollary 2.1

Although Theorem B.1 and Corollary B.1, below, are much stronger than their counterparts,
Theorem 2.1 and Corollary 2.1, we preferred to put them in an appendix, primarily since the
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generalization was discovered after the paper was ready for acceptance. Moreover, the original
approach has its own merits and the extension to the arbitrary subordinator measure 7 has no
added value in the context of the present paper.

Theorem B.1. Let ' and [f, denote the distributions at timet > 0 of a pure-jump subordinator
with Lévy measure w and 5] respectively, and set A(s) = m((s,00)) and rs(dy) =
1(5.00) ()7 (dy). Then u’ is given by

o~ (=0f
k=0 ’

( A;‘O is the Dirac measure at 0). In particular, the distribution function (1% ([0, x]) is given, for
x >0, by

[x/s1—1
([0, x]) = "4 (ufqo, D+ Y

k=1

(-t
k!

f 1! ([0, x — uai <du>). (B.2)
(ks,x]
Alternatively, with D;.i(x) defined as before,

w5 ([0, x]) = A (u’qo, x)

[x/s1—1
+

(—l)k / M’<|:O,x—Zm])”(dul)'“”(d”k))‘
k! Dy (x) i

k=1 i=1
(B.3)
Proof. Let us denote by L, the Laplace transform of a measure o on [0, 00), i.e. Ly (®) =
f[o ) e Yo (dx), w > 0. Substituting the Laplace transforms of the distributions p% and p’
according to (1.1), we have

Ly (@) = Ly () exp|:—tf (e — l)n(dx)]
(

5,00)

= L (w)e"™® exp[—1L;, (0)]

k k
:em(s)< 3 %me)[%(w)]"— > %Lw(wnms(w)]k)

k=0,2,... k=13,.. "
= Lo, (@) — Lo, (w),

where o1 and o, are finite measures on [0, co) defined by

k k
t t
A k A k
or =t Y A, =Y Y T T,
k=0,2,... k=1,3,...
Thus, L i 14,(w) = Lo, (®) and in turn, by uniqueness of Laplace transforms, ul + o2 = op;
that is, u! = o1 — o2 and (B.1) is proved. Equation (B.2) follows immediately, and in turn we
obtain its alternative form, (B.3), by virtue of (2.10).
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Corollary B.1. Suppose that ', and, hence, |\, is absolutely continuous. Let p" and p!. denote
the corresponding densities. Then p! is given, for x > 0, by

D/sT=1
PLx) = /A (p’(x> vy &Y /(k Pl u)xjk<du))
k=1 ’ 5.
_eIA(S) pt(x)—i—[x%—l (_t)k[ pt x_iu, n(du )n(du )
= X! Do) ' i 1 k) |-
k=1 sk i=1

Proof. As in the proof of Corollary 2.1, the proof follows from

X X
f / o' (z —u) dzk:k (du) = / / pl(z — u))»fk(du) dz
(ks,x] Ju ks J(ks,z]

(verified by Tonelli’s theorem).
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