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Proof: Directly by Lemma 1.1 and Lemma 1.2. O

Corollary L1: Let f : [0,1] — R be a continuous function,
£(0) < 0, the third derivative f exists in (0,1),  (x) < 0 and
£ (x) < 0forany x € (0,1). Then f is additivity-concave.

Proof: If f/” < 0, then f” is a decreasing function. Combining
f” < 0, the inequality (10) is easily verified. By Lemma 1.2, f is
additivity-concave. O
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Application of Tauberian Theorem to the Exponential
Decay of the Tail Probability of a Random Variable

Kenji Nakagawa, Member, IEEE

Abstract—In this correspondence, we give a sufficient condition for the
exponential decay of the tail probability of a nonnegative random variable.
We consider the Laplace—Stieltjes transform of the probability distribution
function of the random variable. We present a theorem, according to which
if the abscissa of convergence of the LS transform is negative finite and the
real point on the axis of convergence is a pole of the LS transform, then
the tail probability decays exponentially. For the proof of the theorem, we
extend and apply so-called a finite form of Ikehara’s complex Tauberian
theorem by Graham-Vaaler.

Index Terms—Complex Tauberian theorem, exponential decay,
Graham-Vaaler’s finite form, Laplace transform, tail probability of
random variable.

I. INTRODUCTION

The purpose of this correspondence is to give a sufficient condi-
tion for the exponential decay of the tail probability of a nonnegative
random variable. For a nonnegative random variable X, P(X < x) is
called the tail probability of X . The tail probability decays exponen-
tially if the limit

lim 1 log P(X > x) €))
r—oo I

exists and is a negative finite value.

For the random variable X, the probability distribution function of
X is denoted by F'(z) = P(X < x) and the Laplace-Stieltjes trans-
form of F(x) is denoted by (s) = [~ e *“dF(x). We will give
a sufficient condition for the exponential decay of the tail probability
P(X > z) based on analytic properties of ©(s).

In [11], we obtained a result that the exponential decay of the tail
probability P(X > =) is determined by the singularities of ¢(s) on
its axis of convergence. In this correspondence, we investigate the case
where ¢(s) has a pole at the real point of the axis of convergence, and
reveal the relation between analytic properties of ¢(s) and the expo-
nential decay of P(X > z).

The results obtained in this correspondence will be applied to
queueing analysis. In general, there are two main performance mea-
sures of queueing analysis, one is the number of customers () in the
system and the other is the sojourn time W in the system. () is a
discrete random variable and W is a continuous one. It is important to
evaluate the tail probabilities P(Q) > ¢) and P(W > w) for designing
the buffer size or link capacity in communication networks. Even
in the case that the probability distribution functions P(Q < ¢) or
P(W < w) cannot be calculated explicitly, their generating functions
Qz) = 37 P(Q = q)z? or W(s) = JoT e dP(W < w) can
be obtained explicitly in many queues. Particularly, in M/G/1 queue,
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Q(z) and W (s) are given explicitly by Pollaczek-Khinchin formula
[7]. So, in this correspondence, we assume that we have the explicit
form of a generating function and then investigate the exponential
decay of the tail probability based on the analytic properties of the
generating function.

Such kind of researches have been studied motivated by a require-
ment for evaluating a packet loss probability of a light tailed traffic in
the packet switched network.

An approach by the complex analysis is seen in [3]. A sufficient con-
dition is given in [3] for the decay of the stationary probability of an
M/G/1 type Markov chain with boundary modification and the result is
applied to MAP/G/1 queue. Let m# = (7, ) denote the stationary prob-
ability of an M/G/1 type Markov chain with boundary modification,
and m(z) = ), m,z" the probability generating function of = with
the radius of convergence » > 0. In [3], they proved a theorem that
if z = r is a pole of order 1 and is the only singularity on the circle
of convergence |z| = r, then there exists K > 0,7 > r such that
T = Kr™" 4+ O(F~"). Our Theorem 1 below is an extension of this
theorem in [3].

In [2], for the stationary queue length ) of a queueing system which
satisfies some large deviations conditions, it is shown that the P(Q >
n) decays as P(Q) > n) ~ 1) exp(—68n) with positive constants v/ and
6. In [4], it is shown that the stationary waiting time W and queue
length () decay exponentially for a broad class of queues with sta-
tionary input and service. In [13], [14], the stationary distribution of
M/G/1 or G/M/1 type Markov chains are deeply studied. In [16], the
tail of the waiting time in PH/PH/c queue is investigated. In [9], a suffi-
cient condition is given for the stationary probability of a Markov chain
of GI/G/1 type to be light tailed.

This correspondence is organized as follows. In Section II, an appli-
cation of our results to queueing analysis is presented. In Section III, an
example of a random variable is given whose tail probability does not
decay exponentially. In Section IV, some Tauberian theorems are in-
troduced and the relation to our problems is stated. In Section V, some
lemmas are given and our main theorem is proved in the case of a pole
of order 2. In Section VI, the statement of lemmas and theorems are
presented for a pole of arbitrary order. Finally, we summarize out re-
sults in Section VIL

Throughout this correspondence, we use the following symbols.
C, R, Z, R denote the set of complex numbers, real numbers, integers,
and the real part of a complex number, respectively.

II. APPLICATION TO QUEUEING ANALYSIS

The author already had results on the exponential decay of the tail
probability for a discrete random variable [10], and those for a general
random variable [11]. The main theorem in [10] is as follows.

Theorem 1: [10]: Let X be a random variable taking nonnegative
integral values, and f(z) be the probability generating function of X .
The radius of convergence of f(z) is denoted by r and 1 < r < oo
is assumed. If the singularities of f(z) on the circle of convergence
|z| = r are only a finite number of poles, then

lim

n— oo

1
—log P(X >n) = —logr. 2)
n

We can apply Theorem 1 to queueing analysis as follows.

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 53, NO. 9, SEPTEMBER 2007

100

80
o

60 —{%

40 A J

20 .

-5 -4 -3 -2 -1 0 1

Fig. 1. The poles of W(s) in (5) withp = 0.5,s = ¢ + iT.

Consider, for example, the number of customers () in the steady
state of M/D/1 queue with traffic intensity p. The probability gener-
ating function Q(z) = 3°72 P(Q = )27 of @ is given by Pol-
laczek—Khinchin formula [7]

(1= p)(z = Dexp(p(z = 1))

Q(z) = z—exp(p(z — 1))

3

The radius of convergence of (=) is equal to the unique solution
z = r > 1 of the equation z — exp(p(z — 1)) = 0. Since Q(z) is
meromorphic in the whole finite complex plane |z| < oo, in particular,
the singularities of Q(z) on the circle of convergence |z| = r are only
a finite number of poles. Therefore, by Theorem 1, we know that the
tail probability P(Q > ¢) decays exponentially as ¢ — co.

Next, in [11], the exponential decay of the tail probability P(X > z)
is investigated for a general nonnegative real valued random variable
X. The main theorem in [11] is as follows.

Theorem 2: [11]: Let X be a nonnegative random variable, and
©(s) be the Laplace-Stieltjes transform of the probability distribution
function of X. The abscissa of convergence of ¢(s) is denoted by ¢
and —oo < g < 0 is assumed. If the singularities of (s) on the axis
of convergence its = oo are only a finite number of poles, then we
have

.1 .
lim - log P(X > z) = 0¢. 4)

r—oo I

Let us apply Theorem 2 to queueing analysis. In this case, however,
the situation is somewhat different from that in the case of discrete
random variable.

Consider the sojourn time W in M/D/1 queue with traffic intensity
p. Writing W (s) as the Laplace-Stieltjes transform of the probability
distribution function P(W < w) of W, we have [7]

(]‘ _p)‘sexp(_‘s) (5)

Wi == p+pexp(—s)

The abscissa of convergence of W (s) is the unique negative solution
s = oo of the equation s — p + pexp(—s) = 0. We can see that
the singularity of W (s) on the axis of convergence Rs = g is only
a simple pole s = ¢ [12]. In fact, the location of the poles of W (s)
are shown in Fig. 1. The abscissa of convergence is 0o = —1.26 for
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p = 0.5. Though, it is not easy to prove that s = oy is the only
singularity of W (s) on the axis of convergence. In order to prove it,
we need some theorems such as Rouché’s theorem.

The statement of Theorems 1 and 2 are formally quite the same, but
to verify that the assumption in Theorem 2 holds is more difficult than
Theorem 1. This is because of the difference of the convergence re-
gions. In Theorem 1, the boundary of the convergence region of a power
series is a circle, which is a compact set, so if the probability generating
function is meromorphic, then the singularities on the circle of conver-
gence are necessarily a finite number of poles. On the other hand, in
Theorem 2, the axis of convergence is not a compact set, so we need
some verification to see that the singularities on the axis of convergence
are a finite number of poles. We want some simple sufficient condition
to guarantee the exponential decay of the tail probability. We see, in
fact, that the conclusion of Theorem 2 is really stronger than desired,
so it may be possible to relax the assumption that the number of poles
on the axis of convergence is finite.

We have the following theorem. This is the main theorem in this
correspondence.

Theorem 3: Let X be a nonnegative random variable, and F'(x) =
P(X < ) be the probability distribution function of X . Let

w(s) = / e *dF(z), s=o+iTt€C 6)
0

be the Laplace-Stieltjes transform of F'(x) and oo be the abscissa of
convergence of ¢(s). We assume —oc < g < 0. If s = 0y is a pole
of ¢(s), then we have

lim 1 log P(X > x) = oo. @)
x

Remark 1: Since F(x) is nondecreasing, s = ¢y is a singularity of
©(s) by Widder [17, p. 58, Theorem 5b]. We assume in Theorem 3 that
this singularity is a pole.

III. EXAMPLE OF RANDOM VARIABLE WHOSE TAIL PROBABILITY
DOES NOT DECAY EXPONENTIALLY

We show an example of a nonnegative random variable whose tail
probability does not decay exponentially, i.e., 2~ log P(X > z) does
not have a limit [11].

For any positive integer /, define a sequence {c, }52( by

{n o v ®

Cp = Cp—y + =1,

We define a function v(x) by

~(z)=h"", forc, <x < cpy1, n=0,1,.... 9)
For arbitrary oo < 0, put F*(z) = 1 — e7°%~(z),x > 0. We
see that F'"(«) is right continuous and non-decreasing with F*(0) =
0, F*(oc0) = 1, hence F*(x) is a distribution function. Let us define
X™ as arandom variable with probability distribution function F* ().
We write " (s) as the Laplace-Stieltjes transform of F* (). The fol-
lowing theorem shows that X™ is an example of a random variable
whose tail probability does not decay exponentially.
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Theorem 4: (See [11]): Let X*, F*(z), and ©*(s) be defined as
above. Then, the abscissa of convergence of ¢ (s) is 79, and we have

lim inf llog P(X* >z2)<oqg—logh
v

r—o0 I

< 0
= lim sup 1 log P(X™ > 2).
x

r—o0
All the points on the axis of convergence s = o are singularities of
o(s).

Remark 2: From Widder [17, p. 44, Theorem 2.4¢]

limsupz~"'log P(X > 2) = o¢
holds under the condition ¢ < 0 and no other condition is necessary.
Meanwhile, Theorem 4 implies that some additional condition is re-
quired for liminf, . 2~ ' log P(X > ) = 00. In our Theorem 3,
the additional condition is the analytic property of ¢ (s). The example
X™ in Theorem 4 is in a sense pathological, so we can expect that the
exponential decay is guaranteed by some weak condition.

IV. TAUBERIAN THEOREMS OF LAPLACE TRANSFORM

Theorem 3 deals with an issue of how the analytic properties of the
Laplace-Stieltjes transform (s) determines the asymptotic behavior
of the tail probability P(X > x). ¢(s) converges in the region s >
oo and defines an analytic function in this region. Thus, according to
Widder [17, p. 40, Theorem 2.2b], we see that P(X > x) = o(e”")
as ¢ — oo for g < ¢ < 0. The main problem is whether P(X > x)
decays as P(X > x) = O(e°%) as * — o0. So, it is appropriate to
apply Tauberian theorems of Laplace transform to this problem.

In general, the relation between a function f and its transform
T'f (such as power series, Laplace transform, etc.) is investigated by
Abelian theorems or Tauberian theorems. In Abelian theorems, the
asymptotic behavior of T'f is studied from the asymptotic behavior
of f. Conversely, in Tauberian theorems, the asymptotic behavior of
f is studied from that of 7'f. In Tauberian theorems, generally, some
additional condition is required for f. Such an additional condition is
called a Tauberian condition. See [8] for the survey of the history and
recent developments of Tauberian theory.

The following is a well-known Tauberian theorem.

Tauberian Theorem: (Widder [17, p. 187, Theorem 3b]): For a nor-
malized function p(x) of bounded variation in [0, L] for every L > 0,
let the integral

c,c(s):/ e Tdu(x)
0

exist for s > 0 and let lims—o+ ¢(s) = A. Then

lim p(r)=A
holds if and only if

/f tdu(t) = o(x), = — oo. (10)
Jo

In the above theorem, Tauberian condition is (10). So, in this the-
orem, to study the asymptotic property of a function ¢, other asymp-
totic property is assumed. I think that this type of Tauberian theorem is
not easy to apply to some practical problems.
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Ikehara first succeeded [6] in removing such asymptotic conditions
from Tauberian theorem, instead, he posed some analytic properties of
©(s) on the boundary of convergence region.

A. lkehara’s Tauberian Theorem

The following is Ikehara’s Tauberian theorem, in which an analytic
property of Laplace-Stieltjes transform is assumed. The Tauberian con-
dition is the non-decreasing property of the function S(¢).

Theorem: (lkehara [6], See Also [8]): Let S(t) vanish for ¢ < 0, be
non-decreasing, right continuous, and the integral

o(s) = / edS(t), s=o+ir (11)
J0

exist for ¢ > 1. There exists a constant A such that the analytic func-

tion

converges as ¢ | 1 to the boundary function ¢ (1 + ¢7) uniformly (or

in L') for —\ < 7 < A with any A > 0. Then we have

lim ¢7'S(t) = A.

t—oc

(13)

B. Finite Form of Ikehara’s Theorem by Graham—Vaaler

In Ikehara’s theorem, since A > 0 is arbitrary, (s) is assumed to
be analytic on the whole axis of convergence s = o except the pole
s = o0g. As mentioned previously, because the axis of convergence
is not compact, it is difficult to check whether ¢(s) satisfies the the-
orem assumption or not. The following extension by Graham—Vaaler
[5] solves this difficulty by relaxing the limit (13) of ¢~*S(#). This
theorem is called a finite form of Ikehara’s theorem because A is re-
stricted to some range of values.

We make preliminary definitions in order to state Graham-Vaaler’s
theorem.

For w > 0, define a function E..(t) by

—wt

E,J(t):{e , t>0

14
0, t<0. 14

For A > 0, areal function f(z) is of type A if f(x) is the restriction to
R of an entire function f(z) of exponential type A. An entire function
f(2) is of exponential type X [15] if it satisfies

|f(2)] < Cexp(Nz]), z€C, C>0, A>0. (15
A function f(x) is a majorant for a function g(x) if f(x) > g(x)
for any » € R, and f(x) is a minorant for g(x) if f(x) < g(x) for

any ¢ € R.
Theorem: (Graham—Vaaler [5], See Also [8]): Let S(t) vanish for

t < 0, be nondecreasing, right continuous, and the integral

o(s) = /‘X’ eTAS(), s= o +ir (16)
0

exist for ¢ > 1. There exists a constant A such that the analytic
function

= (17)

wols) = @(s) — T Rs > 1

s
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converges as ¢ | 1 to the boundary function ¢ (1 + ¢7) uniformly (or
in L") for =\ < 7 < X with some A > 0. Then, for any majorant
M (t) for E1(t) of type A and any minorant m(t) for E; (t) of type A,
we have

A / m(t)dt < litminfcftS(t) (18)
< limsupe” 'S(#)
t—o0
< A/ M(t)dt. (19)

V. MAIN THEOREM

We write below our main theorem again. By this theorem, we do not
need to check the location of singularities of the LS transform ¢ (s) and
if ©(s) is meromorphic then the assumption of the theorem is neces-
sarily satisfied.

Theorem 3: Let X be a nonnegative random variable, and F'(z) =
P(X < x) be the probability distribution function of X . Let

e(s) = / e "dF(x) (20)
Jo
be the Laplace—Stieltjes transform of F'(x) and o be the abscissa of
convergence of go(s). We assume —oo < oo < 0.If s = ¢ is a pole
of ¢(s), then we have
lim l log P(X > x) = 9.

21

It is possible to give a proof for arbitrary order of poles, but the de-
scription becomes very complicated, so we will prove only for the pole
of order 2. A proof for higher order poles is easily obtained from the
proof for the pole of order 2.

A. Preliminary Lemmas for the Proof of Main Theorem

For w > 0, wgdefine functions

R(v) = T vER (22)
- R”(’,{,’
R.(v) = R(v+w)— R(w) = R'(w)v — 5 U v €R.
(23)
By calculation, we;have 3 v
R'(v) = &h e _ 24)
1 —e¢v (1 _ G—L)z
2o 3 _—2v
RN('U) — 6v _ 6v-e : 2v°%e .
l—ev (1—e®)?2 (1l—ev)>
o=
+ A=y (25)
6 18ve™" 18p2e2v
RIII ) — _
W =1—= (IT—e)2 " (1=ev)s
9u2e™? _ Gude 3 _ Gude™ Y
(1 _ 6_")2 (1 _ e—u)4 (1 _ 6—%‘)3
v3e ™
- (1 — pfv)2 (26)
—24e™" T2ve~2Y 36ve™"
R () =
(v) (1—ev)2 + (1—e )3 (1—ev)?
_ 7202 _ 7202672 _ 120%™
(1—e—v)t (1—e—v)3 (1—ev)2
2403 36v3e 3 14032
(1 _ 6—17)3 (1 _ e—u)-”l (1 _ 6—%‘)3
03, v
ee 7

+ (1 _ 671.7)2 )
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We have the following lemmas.

Lemma 1: There exists wg > 0 such that for any w > wo

{Rw(v) >0, v>0 28)

R.(v) <0, v<0.

Proof: From (26), we have R (v) ~ 6 for sufficiently large
v > 0, or more precisely, for any € > 0 there exists v9 > 0 such
that |R""(v) — 6] < ¢ holds for v > vo. Hence, by taking e sufficiently
small, we have R"'(v) > 5 > 0 for v > wg, especially, R"(v) is
monotonic increasing for v > vg. Further, from (25) we have

lim R"(v) = oo (29)
lim R"(v) =0. (30)

Write C' = max, <, R (v), which is finite by (30). From (29), there
exists wo with R (wp) = C' + 1 and wo > vo. Then, we have

max R"(v) = max <£l%c})§ R"(v), o pax R”(’U)) (31)
= max(C,C + 1) (32)
=C+1 (33)
= R'(wo). (34)

Since R (v) is monotonic increasing for v > wo (> vo), we have

max R"(v) = R"(w), Yw > wo. (35)
Next, for w > wg, we have
max R"(v) = R"(w), Yw > wo (36)

v>w

because R (v) is monotonic increasing for v > w(> wo > vo). From
(23), we have R (v) = R"(v + w) — R"(w), thus for w > wo, we
have from (35), (36)

! 2 07
R(0) { o

From R’,(0) = 0, we have IEZL,(?*) > 0,v € R. So, R.,(v) is mono-
tonic increasing in v. Then, R,,(0) = 0 implies (28). O

v>0

v < 0. G7)

Lemma 2: For sufficiently large v > 0

2
R(v) < —V (38)
1—e?
6
s
R"(v) < 1= 39)

Proof: (38) is easily obtained from (24). We have from (26)

R"(v) = 1 — P14+ 00™TY), v—oo  (40)
— e v
thus, (39) holds. O
Lemma 3: There exists wg > 0 such that for any w > wo
1 3
R.(v) < —v", v>0 41)
1l—ev
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Proof: By the mean value theorem and Lemma 2, there exists vo
with w < vp < v + w such that

R.,(v) _ R"(vo)
w3 3
_1 6
31 1 —evo
1
< — d
“l—ew

Lemma 4: There exists wo > 0 such that for any w > wo

B/// (W)

G >0

-0
- / R.(v)e'dv < (42)

Proof: By calculation, for w > 0

R(w) n R'(w) R"(w)
t 2 3
43)

0 Q
/ R.(v)e™dv = / R(v4w)e'dv—
and from integration by parts

0 v R(L«J) R’(UJ) R” (w‘) R/H (Ld)
, tu )
/ \ R(D + ')e dv = : _ o + e _ pry

0
+ ti“ / R(4)(’L‘ +w)edv  (44)

where R™ (v) denotes the fourth derivative of R(v). Hence from (43),

(44), we have
e 0 ~
R thJJ) + [x Rw(v)cf»vdw

1 0

=4 R“)(tﬂ + w)edv
e—wt_(X) w

= / R™W (v)e! du.

Then, we will prove that there exists wo > 0 such that for any w > wo

/ R®()edo >0, > 0. (45)
We divide into two cases ¢t > 1and 0 < ¢ < 1.
First, let us consider the case t > 1. From (27), we have
BeT(14+0(™"), v— oo
ROy = U ) 46
@) O(v%e"), v — —o0 (“46)

especially, R (v) is bounded in R. From (46) we see that there exist
constants C' > 0, vy > 0 with

1 3 —v .
R(4)(1)) > 511 e v > v 47
-C, v < vg.
Thus, fort > 1
/ R (v)edv
vo tu 1 ¢ 3 (t—1)wv
> -C edv+ 5 ve dv (48)
—o0 v
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3 w(t—1) _ lUO(tfl)
> —cem g B m el (49)
6w(t71) _ evo(tfl) ,U(?; Cﬁtvo
=y e ) 0

For any ¢ > 0, putting wy = vg + ¢”° /¢, we have for any w > wy

ew(tflj > 6(v0+e“0/5)(171) (51)
vo
26"0“*1>{1+%(t—1)}, t>1 (52
or _ vot
(t=1)e <e t>1. (53)

ew(t—1) _ pvo(t—1)

Therefore, we have from (50), (53), by taking e sufficiently small, for
w > wo

/ RM(v)e'dv >0, > 1. (54)

Next, we consider 0 < ¢ < 1. We first restrict 0 < ¢ < 1. The cases
t = 0 and t = 1 will be considered later. We calculate

/ RY(v)etdv, 0<t< 1. (55)
Here, we putt = —s and
#(s) = / RM(v)e™vdv, —-1<s<0. (56)

#(s) is the bilateral Laplace transform [17] of R™ (v). The region of
convergence is —1 < s < 1.
We apply the following theorem.

Theorem A: (Widder [17, p. 239, Theorem 3d]): Let a(v) be of
bounded variation on any finite interval. If the integral

fo)= [ dato) 57)
exists for s = s0, Rso < 0, and a(oc) = 0, then
F(s0) = s0 /OOK e a(v)dv. (58)
(end of theorem citation).
Let us define a step function A(v) as
N

and define oy (v) = R (v) — 6A(v). Then

/ ¢ dan (v) = / TRV ()dr -6 <o (60)

—oC

and o (oc) = 0, so a1 (v) satisfies the assumptions of the above The-
orem A. Hence, we have from Theorem A and (60)

/ efsz(‘l)(U)dU —6==s /

Next, define a2 (v) = R"(v) — 6vA(v), then from (60) and (61)

/ e dag(v) = / e ai(v)dv < oo

J—oo —oC

e Yoy (v)dv.

(61)

(62)
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and az(oc) = 0, so az(v) satisfies the assumptions of Theorem A.
Hence, we have from Theorem A and (62)

/ e ay(v)dv=s / e oz (v)du.

J—o0 J—oo

(63)

In a similar way, by defining a3 (v) = R'(v) — 302 A(v), au(v) =
R(v) — v®*A(v), we have from Theorem A

/ e s (v)dv = 5/ e ag(v)dv (64)
/ e ag(v)dv = s/ e ay(v)dv. (65)
Therefore, from (61), (63), (64), (65) we have
/ TR (v)dv — 6
= 54/ e *Yau(v)dv
0 3 —sv oo 3 —sv
4 vle vie
=5 Tv dv
’ {/,x T—e=r " +./o e -1 }
-1 <s<0.
By the change of variables t = —s
/ R (v)e dv
0 23 S tv oo, 3t
:6+t4{/ ve dv—i—/ ve (lv} (66)
oo L=V g ev—1
oo 3 —tu [} ’3 tv
:6+t4{/ ve dw—l—/ ve dv} (67)
o ev—1 o e'—1
>6, 0<t<l. (68)
Next consider ¢ = 0. Define a function g(v) as
’R(4)(1)) 2 v >0
o) =41 (69)
’R( ()], v <0

Then from (46), g(v) is integrable and |R™ (v)]e'” < g(v),v € R,
for 0 < t < 1/2. By the dominating convergence theorem

/ R(4)(v)dv

—o0

= lim/ R®(v)e'dv
—o+ J_

= ) 0 ,”'Jctv [eS]
lim / —dv + /
t—0+ \J_ o 1—e7" Jo
0 3 < .3
:6—|—limt4-</ der/ c
t—0 J o 1 — e~V Jo ev —

=6+ lim £* -
t1—0

'UJCtU
dv
e’ —1

dw)
1

=6. (70)
Last, for ¢ = 1, we have from (46)
/ R™ (v)e’dv = oc. (71)
Summarizing (68), (70), and (71), we obtain
/ RY(w)ye™dv>6, 0<t<1. (72)
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Now we show that there exists wg > 0 such that for any w > wo

/ RY(0)etdv >5, 0<t<1. (73)

Define

bu(t) = / R®(v)edv, 0<t<1, w>0. (74)
For a fixed w > 0, the integral in (74) converges for ¢ > —1. In fact,
from (27), for any 6 > 0

RO )] < et (75)

holds for any v < 0 with sufficiently large absolute value. By the
change of variables v = w — u in the integral in (74), we have

bu(t) = e“’/ R (w — w)e " du. (76)
9]

Hence from (75), the integral in (76) converges for ¢ > —1. Then

from Widder [17, p. 57, Theorem 5a], we see that ¢.,(t) is analytic

for Rt > —1, especially ¢.,(t) is continuous for 0 < ¢ < 1.

For a fixed ¢ with 0 < ¢ < 1, from (46) there exists w™ > 0 (which
does not depend on t) such that for w > w*, @..(t) is monotonic in-
creasing in w.

From (72) for any ¢ with 0 < ¢ < 1, there exists w(t) > w" such
that

w(t)
Pu(n(t) = / R (v)e'dv > 5. )

By the continuity property of ¢,y (1) inu, thereis € = e(t,w(t)) > 0
such that

Sury(u) >3, w€ (t—et+e)N[0,1]. (78)
Define Uy = (t — €,t + €) N [0, 1], then U, is an open set in [0, 1]
and t € Uy, 50 Jyesey Ur = [0,1]. Since [0,1] is compact, there
exist t1,...,t, € [0, with U;, U--- U U,, = [0,1]. Let wg =
max<r<n w(tx), then for any w > wo

> 5

tel, (79)

(80)

holds for ¢ € [0, 1]. From (54), (80) we have completed the proof of
Lemma 4. O

Now, for w > 0, define two functions M., (t), m..(¢) as follows:

1 ;'. wt 4

M., (t) = G <§u: ) Qu(t), —oco<t< oo 81)

— —ne 6 6w 3@2 w3

w(t) = T — _ —
@1) ngoe {(t—n)4 (t—7l)3+(t—7l)2 t—n}
R(w R(w R'(w
+(t)— t(2)+ tg) (82)
1 sinwt\*

m,(t) = M, (t) — pp— g , —oo <t < oo.
(83)

Lemma 5: There exists wo > 0 such that for any w > wo, M., (¢) is
a majorant for E.,(t) of type 4w and [~ M, (t)dt < oo, moreover,
m.(t) is a minorant for E., () of type 4 and [ m.,(t)dt > 0.
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Proof: First, consider ¢ < 0. We have
/ R(v + w)e'dv
0
- / R(u)e ™" ) qu (84)
= vt / udet® Z e "“du. (85)
o w n—=0

From the monotone convergence theorem and integration by parts

/ R(v+ w)e'dv
0

_ie_w 6 6w
o (t—n)t (t—mn)3

n=0

Then, we have from (23)

/ R.(w)e™dv = Qu(t), t<O. (86)
0
From Lemmas 1, 3, for any w > wq
0< PL“,(U) < %7)3, v>0 87)
hence from (86)
6 1
<QRQu(t) K —m = —, ¢t
0SQu)S 7750 1<0 (88)
and by (81) we have
1 sinwt\?
0<M,(t) < ——— | —— ] , t<O. (89)
1—e v wt

Next, consider ¢ > 0,¢ ¢ Z. Let us calculate — fﬁx de (v)(zt“dv.
We have

0 0 w
/ R(v+ w)ewcl’u =e vt {/ + / }R(u)etudu. (90)
J e J_s Jo

From the monotone convergence theorem and integration by parts

U o0
6
R(uw)e™du = —_— 91
. (w)e' " du n;(f—l—n)4 N
and
/W R(u)edu = i _6
o O — (t—n)*
o0 3 2
wt —nw w 3‘*‘
te ;)e {t—n (t—n)?
" 6w _ 6
(t—n)> (t—n)*[’
We obtain a formula
= 1 s 4
= 2
n;@ (t—mn)* (sin Trt) ©2)
by the same argument as in Ahlfors [1, p. 188]. From (92)
" Rto)edo = Q) — 6! (Ly 93)
oo wivle oo sinwt/
Hence, from Lemmas 1, 4, for w > wq
_ 7 1 R"(w)
a0 () :
05 Qult)—Ge sinwt/ —  t* 4
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and from Lemma 2

e ML) <e ¥+

1 sinmt)*
1—e—v wt

By continuity, (95) holds for all £ > 0.

Fort = 0, E..(0) = M. (0) = 1. Therefore from (89), (95) we see
that M., (¢) is a majorant for E.,(¢) for w > wo.

M., (t) is of type 47 by the following reason. Consider a rectangle
T',, in the complex plane with vertices (n + 1/2) +i,(—n—1/2)+
iL(-n—1/2)—i,(n+1/2) — i, n=1,2,. Fr0m|sin7r7|'
sin® wt + sinh? wy, z = t 4 iy, we see that | sin wz|? is bounded by
a constant on [',,, and |Q..(z)] is also bounded by a constant on T,
Both constants are independent on n. Thus, by letting n — oo, from
the maximum principle, we have for some constant C'

t>0,t¢ 7.
95)

ML()| < C, forly] < L. (96)
Next, since |Q.(2)| is bounded in |y| > 1, we have
|M,(2)] < C|sinmz|',  for|y| > 1. 97)
By the formula sin 7z = (¢'™* — ¢7'*)/2i, we have
|sinmz|" < e'7Fl s ec. (98)
From (96), (97), (98), we have
|M.(z)] < Cce*™ il 2 ec (99)

which implies M., (t) is of type 4.
jf; M., (t)dt < oo is trivial from (89), (95), but we calculate the
integral. Note that

| R(w) N e W sinwt\*
/_x{T‘Z‘f ()

n=0

= e 1 sin 7t
/ Zne t(t_n)( — )dt. (100)

> n=0

It is easy to check the following inequalities:

- 2 r
-l > G T2
-, t<0
and
1 sinwt)’ _ sin? «t |sin 7t | |sinw(t — n)
[t(t — n)| T T o2 wt m(t—n)
1
<—, teR
72

Hence, we have

> 1 sin7t\?
_— dt
oo |t —n) ™
0 3 4 n
1 (sinnt 1
< — dt —dt
<[_w(%) a [ 2
n o0 1 sinwt\? It
—_ dt
Jo (t—n)? T
* 1 (sinat\” n
= — dt + —
[ (5) e
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From the dominating convergence theorem, we can calculate (100) as
follows (by considering Cauchy’s principal value):

w? sinwt\!
/ { e }( ) "
_ t—n T
n=0
3 — © 1 fsinmt\*
= g en”{/OO;( . > dt

n=0
oo . 4
_/ 1 (51117rt> dt} (101)
o t—m ™
=0. (102)
Therefore, we have
/ M, (t)dt
_1 Z _,M/ <51117rf> 6 4df
n=0 (t - n)
1 — sin i 3w?
*% 6 Z ¢ / < ) (t— n)
n=0
1 [~ (sin7t\" R'(w)
- = dt 103
6 [x< T ) 2 (103)
_ 1 /°° <sin7rt)4dt
l—e J_ it
1 3w? , o gint 7t
—— = ¢ ——dt 104
R Eer ()Y LY
< 0. (105)
Next, we prove for m.,(¢). From (83), (95), for w > wq
e ¥~ L (siunt ' <mu(t)y<e t>0 (106)
1—ev wt = e = -
and from (83), (89),
1 sinwt\*
_ <mu(t) <0, t<0 (107)
1l—e« wt
s0, m,,(t) is a minorant for E..(¢) and is of type 4x. Since
/ m (t)dt
o oo . 4
= / M., (t)dt — #/ <Smm) dt
e l—ew J__ wt
1 3w? * gin* 7t
= ¢  —R'(w 1t
(o ) [ T
from Lemma 2 for w > wq
/\ mo(£)dt > 0. (108)
d



IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 53, NO. 9, SEPTEMBER 2007

B. Extension of Graham—Vaaler’s Theorem

Substituting t — — 22t into E,(¢) defined by (14), we have

ago _
E., (—;t) = B, () (109)
Define A = 27 /w and
y 0
My .0y (t) = M., ( —t), teR, w>0  (110)
Moy (t) = mey (—ft) , teR, w>0 (111)

then both M, (t) and mx .+, (t) are of type —20 A. From Lemma 5,
for sufficiently small A > 0, M »,(¢) and m 2+, (¢) are majorant and
minorant for E,, (), respectively.

Based on Lemma 5, we can calculate

/ My oy (1)dt
_ w /°° sint\* "
T omoo(l—ew) )\t o

w 3w? , > gintt
- {—1  -R (w)}/_m Sdt (112)

< o0 (113)
/ My, o (t)dt
. w 3w? —R(w) "0 gint fdf (114)
T Goomd |1 —e—¥ ’ Ce 1P )
> 0. (115)

We have the following theorem. The proof is an extension of the
proof of Graham—Vaaler’s Tauberian theorem to the case that the pole
is of order 2.

Theorem 5: Let X be a nonnegative random variable and ¢(s) be
the Laplace-Stieltjes transform of the probability distribution function
F(x) of X. The abscissa of convergence of () is denoted by oy and
—oo < 09 < 0is assumed. Let s = o be a pole of ¢(s) of order
2 and ¢(s) be analytic on the interval {s = oo + i7 | 200\ < 7 <
—200)} for some A > 0 except s = op. Write A as the coefficient of
(s —00) ™2 in the Laurent expansion of ¢(s) at s = 0. Then, we have

As / My, o (t)dt

—oo

.. —1
< liminf z

T—00

e 7"P(X > x)

< lim sup @

< Ay / My, (t)dt.

—o0

71670'03:P(X > .lf)

Proof: For the evaluation of P(X > z) = [ dF(t)
evaluate the following integral. For ¢ > g, we have

e 0% / 7(0'70'0)t iF(t)

, we first

o'o(t x) 7o'tdF( )

oo

/oo By (t—a)e "'dF(t)

My 5o (t = 2)e 7' dF(1) (116)
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if F(t) is continuous at x. If « is a point of discontinuity of F'(¢), then
the integral in (116) does not exist. Since F'(t) is right continuous,
the set of points of discontinuity is at most countable. We see that
the integral [~ M 5, (t — 2)e”7"dF(t) is continuous with respect
€ R because M) ,,(t) is bounded. f e (o Tt JF(t)
is monotonic decreasing in x. That is, a decreasing function
f e~lomoltyp (t) is bounded above by a continuous function

€70 [ My o0 (t— x)e -~ d F(t) outside a countable set of =, hence,
sois for all z € R. Therefore

to x

efaox/ ef(aﬂrode(f)S/ My .o (t—2)e 7'dF(t) (117)

Jax JO

holds for all z € R.

Since M)+, is of type —2a¢ A, Paley-Wiener’s theorem [15] shows
that the support of its Fourier transform NIA,,O is contained in the in-
terval 200, —200\]. Writing A = —20¢ )\, we have by the inverse
Fourier transform

1 A . ‘
Moy (t) = — / Moy (T)e T dr (118)
27 J_A
and by substitutingt — t —x, 7 — —1,
, RO B A —i(t—2)T
My oo(t—z) = — My oo(—=T)e dr. (119)
' 27 J_a

Then we have by Fubini’s theorem

l/ My 5o (t = 2)e ' dF(1)
J0

x
LA = o (otinyt
= = [ N (=7 ”’dr/ e THIIEE) (120
2 [_, 70 o
1 A N
=5 /. My oo(—T)p(o +iT)e™" T dr (121)

Since s = oy is supposed to be a pole of order 2, the principal part
@o(s) of p(s) at s = oy is given as

2

Aj
s) = —— Ay #0. 122
#o(s) ;(S_UO)J, 2 # (122)
The inverse Laplace transform of ¢o(s) is
2
S AT, 120 (123)
j=1
then, in a similar way as (121), we have
1 [ N
" /(J My 5 (t = 2)e” 7" Z A e at
1=1
1 A R 2 A .
B My 5o (— —_e"Tdr. 124
T ,l/\’o( T);(U-i-h'—ao)]e . (124
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We write £(s) = ¢(s)—@o(s), then &(s) is analytic in a neighborhood
of s = g9. By subtractmg (124) from (121)

l/ My oo (t — 2)e” 7' dF (1)
0

T,

j=1

/ My oo (t — Jf)fjfle,f(aia(’)tdf
0

i (125)

A .
/ My o (=7)E(o 4 iT)e'™ dr.
—A

T,

Then from (117), (125) we have

16_501/ e~ IR (1)
&£ T
2
DI

j=1

/ My oo (t — )t e (770 gy
J0

A

+ 1 My oo (—7)E(a 4+ iT)e' " dr.
—A

126
27w (126)
By taking w > 0 sufficiently large, or equivalently, taking A > 0
sufficiently small, £(o + i7) — &(oo + i7) as o | oo uniformly in
7 € [-A, A] with A = =200 A. Hence by the dominating convergence
theorem, we have

1 4, [
ZeTo0Tp Aj PRy
e (X >2)< E r/ Moo (t —2)t! dt
j=t
1
+—

2mx J_a

B oo (—T)E(00 + iT)(i'v'T’T(IT.

(127)

When « tends to infinity, the first term of the right-hand side of (127)
becomes

My, (£)dt

2

“ A . [eS] . e ol
1i E = My . (t —2)t 1dt =A
Tm(l j=1 r /0 o 0( I) 2/

—o0

(128)

while the second term tends to 0 by the Riemann-Lebesgue theorem.
Hence from (127) we have

1 _ o0
limsup —e” "°"P(X > x) < Az / My 5 (t)dt < oo.

z—oo & J—c

In a similar way, we have for minorant 1., (#)

r—oo

lim inf —e_UOLP(X >z) > A / mx,q,(t)dt >0. O

—oo

Proof of Theorem 3: From Theorem 5, writing C; =
Ao [T my ()t > 0,Co = A [T My ., (t)dt > 0, we
see that for any € > 0 there exists 2y with

Ci—e< wilefaorf’(X >z) < Ca+e, Va > xo. (129)
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By taking logarithm of each side of (129), we have

lim llogP(’(>r)_(ro O

r—o0 I

We immediately obtain the following corollary of Theorem 3.

Corollary 1: Let X be a random variable taking nonnegative inte-
gral values, and f(z) = > >~ P(X = n)z" the probability gener-
ating function of X. The radius of convergence of f(z) is denoted by
rand 1 < 7 < oo is assumed. If z = 7 is a pole of f(z), then the tail
probability P(X > n) decays exponentially.

VI. LEMMAS AND THEOREMS FOR A POLE OF ARBITRARY ORDER

In the last section, we proved lemmas and theorems for a pole of
order 2. We here provide the statement of lemmas and theorems for a
pole of arbitrary order, corresponding to each lemma and theorem in
the last section.

Let D be the order of the pole s = ¢ of the Laplace-Stieltjes trans-
form (). First, define

. [ D, if D is odd
K= {D—I—l, if D is even (130)
so, K is always odd. Then, define
K
v)=——, vER 131
R(v)= ———. ve (131)
r(v) = v, veR (132)
K—-1 (k) w
R,(v)=R(v+w)— R 11"( )vk w>0, veR (133)
k=0 a

where R™") denotes the kth derivative of R.
We show below Lemmas 1*~5" and Theorem 5* corresponding to
Lemmas 1-5 and Theorem 5 in the last section, respectively.

Lemma I*: There exists wo > 0 such that for any w > wo
}?w(v) >0, v>0 (134)
R,(v) <0, v<O.
Lemma 2" : For sufficiently large v > 0
(k)
RP () < . @ . k=13,... K (135)
1—e?
Lemma 3" : There exists wp > 0 such that for any w > wg
1 K
R.(v) < —v", v>0 (136)
1—e v
Lemma 4™ : There exists wy > 0 such that for any w > wo
0 (K)y,
~ < to R w
—/7 R.(v)e'dv < Hifl) t > 0. (137)
Define two functions M, (t) and m.,(¢) as follows:
1 [sinat\ "
M. (t) = — Q.(t), —co<t< (138)
K! T
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o B I\+l k (k 1)( )
Z ‘ Z (t —n)
n=0 k=1
i k—1p(k—1)
1 R (w
+> (=) 7 ) (139)
k=1
1 sin 7t T
777,‘4;()—./W'[m;()—m(k o ) N —o0 < t < oo.
(140)

Lemma 5*: There exists wg > 0 such that for any w > wq, M., (¢)
is a majorant for E.,(¢) of type (K + 1)m and [~ _ M. (t)dt < oo,
moreover, m.,(t) is a minorant for E.(t) of type (K + 1)m and
JZ5 me(t)dt > 0.

Let A = 27/w and define

Moo (t) = M., (_

"—Ot), teR (141)
w

Mg () = M (—@t) tER. (142)

Both M+, (t) and m «, (t) are of type —20p . By Lemma 5, there
exists Ao > 0 such that for any A\ < Ao, My +,(t) is a majorant and

Mo, (t) is @ minorant for Eo(t), respectively.
We can calculate [7° My o, (t)dtand [~ mx o, (t)dt as follows:

/ My oo (t)dt

—o0

_ w < fsint\ T gt
T omoo(l—ew) )\t :

K—1
@ Z 1
Klog rK+2-k

k=2 k:even

(k—=1), oo i K41
o {71 Ew) _ R(kfl)(w)}/ sin Tt (143)
—ew .

tk
< oo (144)
/ Mo, (t)dt
K—1
w 1
- " Klog Z alit2—k
k=2 k:even
(k—1) ¢, oo GnfFly
N {7 Evd) _ R(k_l)(w)}/ sin It (145)
1—ecw e tk
> 0. (146)

Theorem 5 : Let X be a nonnegative random variable and ¢(s) be
the Laplace—Stieltjes transform of the probability distribution function
F(x) of X. The abscissa of convergence of ¢(s) is denoted by oo and
—oo < g9 < 0is assumed. Let s = o be a pole of ¢(s) of order
D and ¢(s) be analytic on the interval {s = go + i7| 200\ < T <
—200A} for some A > 0 except s = oo. Write Ap as the coefficient
of (s — o9) ™% in the Laurent expansion of ¢(s)
have

at s = 0. Then, we

Ap / Moo (t)dt < liminf 2~ P+ e 70" P(X > x)

< lim sup :c_D'He_UOIP(X > )

r—00

< Ap / My o, (t)dt.
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VII. CONCLUSION

We investigated a sufficient condition for the exponential decay of
the tail probability P(X > z) of a nonnegative random variable X .
For the Laplace-Stieltjes transform ¢(s) of the probability distribution
function of X with abscissa of convergence oy, —co < gy < 0, we
showed that if s = oo is a pole of ¢(s) then the tail probability de-
cays exponentially. If ¢(s) is given explicitly, then this sufficient con-
dition is easy to check. For the proof of our main theorem, we extended
Graham—Vaaler’s Tauberian theorem to the case that the order of the
pole of ¢(s) is arbitrary. Now, I have proved the conjecture that was
written in [11].
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