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ABSTRACT. The interconnection between the Cayley-Eisenstein-Pélya distribution and the Landau
distribution is studied, and possibly new transform pairs for the Laplace and Mellin transform and
integral expressions for the Lambert W function have been found.
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1. INTRODUCTION

In their seminal paper on queueing theory [1] Abate and Whitt studied a cumulative probability distribution
function (c.d.f.) F(z) with a pertinent probability density function (p.d.f.) f(x), > 0, such that its moment
generating function

G(s) :/ e " dF(x) :/ e~ f(z) dx, (1.1)
0 0
satisfies the functional equation
G(s) = e3¢0, (1.2)

It was shown in [1] that the moments of F'(x) are
m, = (n+1)""1 n>0. (1.3)

The authors of [1] named this probability distribution the Cayley-Eisenstein-Pélya (C.E.P.) distribution. The
solution of the functional equation was not carried out in [1]. The primary effort of the author was to
solve this problem with the aim to obtain an explicit formula for the probability density function f(z). During
the calculation of f(x) by three methods, it was found that the C.E.P. distribution is in relation to the Landau
distribution function [2].

Theorem 1.1. The solution of functional equation (1.2)) is the function G(s) = W(s)/s = e~W() s € C, where
W (s) is the Lambert function [3] and C is the set of all complex numbers.

Proof. Let U(s) = sG(s). Then Eq. (1.2) can be rewritten as U(s)eV(®) = s. But this is the definition of the
Lambert W function as a solution of the functional equation W (s)e"V (*) = s. =

For our case, we select the real branch Wy(s) of W(s), which is a real function for s > —1/e. The series
expansion of Wy(s) at s =0 is

Wols) = S (-n)" 2, (1.4)

with the radius of convergence equal to 1/e [3]. After some algebraic operations, we obtain the moment
generating function G(s) in the form of the series

G(s) = WOS(S) = Z(n + 1)t (—s)n, G(0) =1, (1.5)
n=0 :

in accordance with (1.3]). The radius of convergence is also equal to 1/e. It should be noted that the moment
generating function is often taken as M (s) = G(—s), because in this case the generating function has the form
of an (at least formal) power series.

63


http://ctn.cvut.cz/ap/

Vladimir Vojta AcTA POLYTECHNICA

2. INVERSION OF THE MOMENT GENERATING FUNCTION
To obtain p.d.f. f(z), we had to invert the Laplace transform (1.1)). Three procedures were used: direct, Mellin
and Stieltjes.

2.1. DIRECT PROCEDURE
Theorem 2.1. The explicit form of the Cayley-FEisenstein-Pélya p.d.f. is:

1 4 —1y cot
flx) = 7/ (y2 + (1 —ycot y)2)e_zycscye e dy, x>0, (2.1)
™ Jo

Proof. The proof is based on the relation [4]

Wo(s) 71/” y* + (1 —ycoty)?
o S+ ycscyeycoty

dy, se€C\ (—o0,—1/e), (2.2)

S ™

and on direct application of the Bromwich inversion formula for the Laplace transform and of the Fubini theorem:

_ 1 etieo ZL’SWO(S)

1

T ) ) 1 ct+100 ezs
= — 1-— t — ds dy, >—1/e,z>0. (2.3
7T/0 (y* + (1 —ycoty) )%W /C_ioo ST yescgeveoty W © /e, (2.3)

—ycoty

The Bromwich integral in parentheses gives e~7¥ “s¢¥¢ , because the inverse Laplace transform of a
function 1/(s + a) is e~%*, and we have finally Eq. (2.1]). L]

2.2. MELLIN PROCEDURE

The Mellin procedure is based on the “cannibalistic” feature of the Mellin transform: the Mellin transform of
the Laplace transform (and of many others as well) of some function is given by the Mellin transform of that
function only [5]. Symbolically:

MT [LT [h(t);p];s} =T(s)MT[h(t);1—s], MTI[A(t);s] = MT {LT [h(t);p];1 — s} /(1 - s), (2.4)

where MT and LT represent the Mellin transform and the Laplace transform, and I'(s) is the Gamma function
of argument s.

Lemma 2.2. The following Mellin transform pair holds:

oo 1 oo
s% = / 25 fo(x)dz, s> 0, where  fo(x) = f/ 2y Ysinmydy, x>0. (2.5)
0 ™ Jo

Proof. In accordance with the Bromwich inversion formula for the Mellin transform, the function fo(z) can be
recovered by contour integrals

1 c+ico 1 (oM
T) = — %% ds = — x 5% ds, 2.6
fol) =5 /H-OO 2ir | (2:6)
where the first integral is along the Bromwich contour and the second integral is along the left anticlockwise
Hankel contour. The equivalence of these two integrals is based on the Cauchy integral theorem, and on the fact
that the integrand has two branch points s = 0, s = —oo and a branch cut in the s-plane along the interval

(—00,0), and no other singularity. Then

1 (o) 1 S a ) 1 o (Ingptin) 1
- —5 .8 - Yy ,—y(Iny—im o Yy ,—y(Iny+im R —5 .8
fo(z) 50 /_OO x °s%ds 5im /. zYe dy 5em /0 zVe dy + i }1_1% 5 x%s% ds
1 e . ) 1 [
— % xye*ylny(emy _ efmy) dy+0= ; / myyfy sintydy, x>0, (2.7)
0 0
where ¢, is a small circle with radius r around the origin. L]

Theorem 2.3. The Cayley-Eisenstein-Pélya p.d.f. f(x) is represented by the integral

f(x):/oolngmdz, x>0, (2.8)

z

where function fo(z) is given by Eq. (2.7).
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Proof. We start the proof from the known relationship [3]

/000 u* T W (u) du = (—s)_s—s, Rs € (—1,0), (2.9)

S

from which immediately follows [5, Entry 1.3, p. 11]

/DO us—l WO(U) du = (1 _ S)l—sF(S _11)’ Rs € (0’ 1)’ (2.10)
0 u 5=

and according to Eq. (2.4) we obtain the Mellin transform of the Cayley-Eisenstein-Pélya p.d.f.:
/ o5 f(x) do = j—2, Rs > 0. (2.11)
0

Inversion of the Mellin transform (2.11)) can be divided into two steps. The first step is the inversion of s°,
giving auxiliary function fo(z) according to Lemma 2.1, Eq. (2.7). The second step, according to [5, Entry 1.17,
p. 12] combined with [5, Entry 1.3, p. 11}, gives the inversion f1(z) of s*/s as

filz) = /00 %Z) dz, x>0, (2.12)
and, repeating this procedure once more, we obtain p.d.f. f(z) as

f(z) = /00 fliz) dz, = >0. (2.13)
Two consecutive integrations Eq. and Eq. can be replaced by one integration Eq. . u

2.3. STIELTJES PROCEDURE

This procedure is based on the fact that the function Wy(s)/s is a Stieltjes function, and can be represented as
the Stieltjes transform [4]:

Wo(s) _ 1 /OO %WO(—u) 1
1/e u s+u

du, s€C)\ (—o0,—1/e), (2.14)
s T
where Wy(—u) = limg_,g+ Wo(—u + i) for u > —1/e and () means the imaginary part of the argument.

Theorem 2.4. Cayley-Eisenstein-Pélya p.d.f. f(x) is represented by the integral

f(z) = 1 /00 e‘”"w du, x>0. (2.15)

m 1/e u

Proof. The proof is straightforward, because the Stieltjes transform is equivalent to the iterated Laplace
transform. u

Conversely, by applying the Euler differential operator —zd/dzx to p.d.f. f(z) from Eq. (2.1) or Eq. (2.15]),
respectively, we obtain the function fi(x):

Theorem 2.5. Function fi(z) is represented by the integrals

d 1 i —y cot
fl(x) = —xd—f(x) — / (y2 + (1 — ycot y)Z)xy cse yefrycscye Y_ycoty dy
£ 0

77
1 d o SWo(— o
:f(—x—>/ e_”\yoi(u)duzf/ e TIWo(—u)du, = >0. (2.16)
T dz/ Ji/e U T Ji/e

Proof. By applying the differential operator —xd/dx to p.d.f. f(z) from Eq. (2.1) and Eq. (2.15) we obtain the
function fi(x). In both cases, the conditions for the interchange of the derivation and integration are fulfilled. =

By two successive applications of the differential operator —xd/dx, i.e. by applying the Euler differential
operator xd/dx + x2d?/dx? to p.d.f. f(z) from Eq. (2.1) we obtain the function fo(x):
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Theorem 2.6. Function fy(x) is represented by the integrals

d d? 1 [7
fo(z) = (17% +$2E>f($) = ;/0 (v° + (1 —ycoty)?) M (z,y)dy, x>0, (2.17)
where .
M (z,y) = xy cscye” *Yoseve ! y_zycow(xy cscy — eyCOty), (2.18)
and

1 d 2 d2 > —zu %WO(iu) x > —xu
folz) = = (l‘% +x E) /1/e e — — du = = /1/6 e " SWo(—u) (zu — 1) du, x> 0. (2.19)

Proof. By two successive applications of the differential operator —zd/dx, i.e. by applying the Euler differential
operator xd/dr + x%d?/dx? to p.d.f. f(z) from Eq. (2.1) and Eq. (2.15)), we obtain function fy(z). "

After the substitution = e~*, the resulting integral on the right hand side of Eq. (2.7) gives the well-known
Landau p.d.f. [2] (more precisely its universal part), which describes the energy loss of a fast charged particle by
ionization as it passes through a thin layer of matter:

1 o0
p(N) = f/ e My Ysinmydy, \> —oo. (2.20)
T Jo
From Eq. (2.17)) and Eq. (2.20)), it follows that the Landau p.d.f. has an alternative integral representation
1 [ _
P(\) = ;/ (y* + (1 — ycoty)®) M(e Ay dy. (2.21)
0
Theorem 2.7. The interconnection between the Cayley-Eisenstein-Polya p.d.f. and the Landau p.d.f. is given
by
—Inzx
f(z) = —/ (u+Inz)p(u)du, x> 0. (2.22)
— 00

Proof. The differential equation in (2.17)) is the Euler nonhomogeneous differential equation for the unknown
function f(z) and given fy(x) with a particular integral (2.8). After substituting z = e™* to this equation we
obtain the following simple differential equation:
d? d?
w%()\) = e

where ¢2()\) = f(e™*). The particular solution of Eq. (2.23) is

(6_)\> = fO(e_A) = ¢()\), A > —oo, (2'23)

A
)= [ o -u)du, (2.24)
conformable to Eq. (2.8]). After substituting A = —Inx into Eq. (2.24)), we obtain Eq. (2.22)). L]

3. INTEGRALS AND INTEGRAL TRANSFORMS
The integral operator T' defined by Eq. (2.12): T(fo)(z) = [° fOT(Z) dz, x > 0, is an example of a Mellin

-
multiplier operator with multiplier 1/s [6]. This means that the fractional powers of the operator T are [6]:

Ta(fo)(z)zr(la)/oolnaliﬁiz)dz, >0, a>0 T°=1, (3.1)

where [ is the identity operator, and that it holds for the Mellin transform of Eq. :
MT [T (fo) (@);s] = s~ MT[fo (x):s]. (3:2)
We thus have a one-parameter family of the functions f,(z), 0 < a < 2, fo(z) = f(z), given by
fa(x) =T (fo)(x), =>0. (3.3)

Moreover, the integral operator T (fy)(z) in Eq. is the Hadamard right-sided fractional integral of
the order a of the function fy(x) [7]. By analogy, there exists a one-parameter family of the functions @, (),
0<a<2 ¢o(x) = ¢(x), given by

Pa(x) =U(do)(z), = > —00, (3.4)
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where

U (¢o)(x) = ﬁ /_x (x —2)*tpo(2)dz, x> —00, a>0, U'=1, (3.5)

is the Liouville left-sided fractional integral [7] of the order « of the Landau p.d.f. Equation (2.24)) is a special
case for o = 2.

Because Wy(s)/s is a Laplace transform of the p.d.f. f(x), it is natural to ask what the Laplace transform of
the functions fo(x) and fi(z) is

Theorem 3.1. We have

oo i B d B ”70(8) - Q*Wo(s) s “1/e
/0 € fl(x) de - dS [[0(5) - 8(1 + VVO(S)) - 1 + 1170(8)7 §R > 1/ ) (36)
e} i . d . d2 . HYO( ) ) /e
/0 € f(](ﬁ)d.r - dS”O( ) ds 2( [[0( )) (1—|—W0( )) ’ Rs > 1/ . (37)

Proof. With the aid of the standard rules for the Laplace transform, e.g. [8, Entry 1.24, p.6], applied to Eq. -
and Eq. ( -, respectively, we obtain the results.

Corollary 3.2. The following Mellin transform pairs hold:

> s—1 WO(U’) w=T(s _ ) s
* s—1 0(u) = s — s 1—s s
/0 u —u(H”WO(u))gd =T(s)(1—s)%, Rse(0,1). (3.9)

Proof. Because Eq. (3.6) holds and MT [fl(x),s} = s°/s, we apply the relation (2.4) and obtain Eq. (3.8).
An analogous procedure with Eq. (3.7)), and the fact that MT [fo (z); s] = s° gives Eq. (3.9). L]

Corollary 3.3. The following Laplace transform pairs hold:

fi(z) = ;/1/0: e‘”“%(%) du, x>0, (3.10)
folz) = i/;o e“%(m> du, x> 0. (3.11)

Proof. Function s(lYOiﬂsjzs)) is a Stieltjes function [4]. From the definition of the Stieltjes transform and from

Eq. (3.6)), it follows that

o 1 [ Wo(— 1
/ e~ fi(z)dx = —/ S( o(=) ) du, Rs>—1/e, (3.12)
o T Jise \u(l+Wo(-u))/s+u
and after inversion of the Laplace transform we obtain Eq. (3.10). Equation (3.11)) is a consequence of the
relation fo(x) = —xd/dzx fi(x).. The integral in Eq. (3.10) also converges for x = 0. L]
Theorem 3.4. We have - foo)
_szJolT 1
5% dx = R —1/e. 3.13
/0 e s =17 TABE s>—1/e (3.13)
Proof. Because
d [ o Wi
—/ e‘st dx = —/ e fo(z) dx = —0—(8>3, Rs > —1/e (3.14)
ds Jo z 0 s(1+ Wo(s))
and p
1 Wi
4 _ W) (3.15)
ds].+W()(S) S(1+Wo(8)>
we obtain Eq. (3.13]. [

67



Vladimir Vojta AcTA POLYTECHNICA

Corollary 3.5. We have

1 Wo(s)

- sy VsinmyI'(1+y)dy= —————, s€C\ Dy, (3.16)
77/0 (1+ Wo(s))® e
1 o0
2 sy YsinayT(y)dy = ———— D 1
= [y dy = s, s€C\ D (317)

where Dy . is an open disc of complex numbers with absolute value r < 1/e.

Proof. Substitution of fyo(z) from Eq. (2.7) to Eq. (3.7) and Eq. (3.13) gives Eq. (3.16) and Eq. (3.17),
n

respectively.

After substituting s = e? into Eq. (3.16]) and Eq. (3.17) we obtain the Laplace transform pairs

> Wo(e?
/ e Py VsinmyT(1+y)dy = %7 Rp > -1, —m < Sp <, (3.18)
0 (14 Wo(er))
e T
—PY,,—Y - = _ _ o~
/0 e Py VsinmyT(y)dy = T Woer)’ Rp > -1, -7 < Sp < 7. (3.19)

The fact that the abscissa of convergence of the two previous Laplace integrals is equal to —1 can be verified by
the Stirling formula. It should be emphasized, however, that the right hand sides of Eq. and Eq.
are not holomorphic functions in the half-plane $p > a > —1, a otherwise arbitrary. This means that there exist
functions holomorphic in the half-plane Rp > —1, defined by the integrals on the left hand sides of Equations
and ([3.19), and equivalent to the functions on the right hand sides in the region defined in Eq.
and Eq. @?D Regarding Eq. or Eq. as inverse problem needs to apply the real methods for the
Laplace transform inversion.

Theorem 3.6. We have

= /OO y oy Vsinmyl(y) dy = /OO Y gy, o<Rs<i (3.20)
T Jo o 1+Wp(ey) ™ . -

Proof. Application of the Mellin transform to both sides of Eq. (3.19)), and taking Eq. (2.4)) into account, gives
the result. u

Note that both integrals in Eq. (3.20) are Mellin transforms.

Theorem 3.7. We have

r o s
ﬂ/ u T SWo (—u) du = 8—2, Rs > 0. (3.21)
™ 1/e S
Proof. From the Mellin transform of Eq. (2.15)), taking Eq. (2.11) and Eq. (2.4) into account, it follows that
s 1 [ SWo(— r < SWo(—
8—2 =MT [/ e_m\soi(u) du;s} = ﬂ/ U_S\Foi(u) du, Rs>0. (3.22)
S T J1/e u ™ 1/e u ]
Theorem 3.8. We have
1 o0
filz)=1- 7/ ¥y Y lsinmydy, x>0. (3.23)
T Jo
Proof. From Eq. (3.13) it follows that
o0
fl (.Z‘) 1
de = —————=1. 3.24
/0 T T+ We(0) (3.24)
Eq. (2.12) thus can be rewritten in the form
xT 1 o0 x
filz) =1 —/ folz) dz=1- f/ Yy~ Ysin ﬂy/ Y~ dz dy, (3.25)
o = T Jo 0
where we substituted fo(z) from Eq. (2.7)). Because fox 2¥~Ydz = 2Y/y, y > 0, we obtain Eq. (3.23). L]
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Corollary 3.9. We have
00 —Inz
Fulz) = 1—/ 6(u) du:/ b(u)du, = >0, (3.26)
—Inx —o0
where ¢(u) is Landau p.d.f. (2.20)).

Proof. Equation (2.12]) can also be rewritten in the form

fl(x)zl—/owfoiz)dz=1—/oo ¢(u) du, (3.27)

—Inzx

where the substitution z = e~ is used. The integral on the right of Eq. (3.26]) is a direct consequence of the

same substitution into Eq. (2.12]). L]
Corollary 3.10. We have
—Inx
f(@)=—Inzfi(z) — / up(u) du, x> 0. (3.28)
Proof. Equation (3.28)) is a consequence of Eq. (2.22)) and of Eq. (3.26]). L]

Theorem 3.11. We have
fo(u)

u

filz) = /033 fl—u) du, x> 0. (3.29)

Proof. Wy(s)/s is a Laplace transform of the p.d.f. f(x). From Equations (3.6) and (3.13), it immediately
follows that function f1(z) is a Laplace convolution of the functions f(x) and fo(z)/x. L]

Theorem 3.12. We have

/m(l + f(z —u)) fol(tu) du=1, z>0. (3.30)
0
Proof. According to Eq. and Eq. , we find that
/w(l + fz — u))Mdu = /w folu) du + /I flz— u)fo(u) du=(1- fi(z)) + fi(z) = 1. (3.31)
0 u 0 0

u u =

4. CONCLUSION

Defining the moment generating function of the probability distributions by means of the Laplace or Laplace-
Stieltjes transform proposed in [1] makes it possible to obtain the interconnection between the Cayley-Eisenstein-
Polya probability distribution, which is native in queueing theory with the Landau distribution originating in
atomic physics. This interrelation is given by an integral relation/equation of the first kind Eq. and
in principle by a Euler differential relation/equation in Eq. , differential relation Eq. and by the

Laplace convolution Eq. (3.30]).
From the formal point of view, the absolute convergence of the Laplace transform integral and moreover its

uniform convergence generally constitute an advantage in the calculations and in the process of inference of
the formulae. As regards the integral transform pairs that are a byproduct of this study, the author cannot
guarantee their novelty. However, but he has not found them elsewhere.
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