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Abstract.
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itive random variables in terms of the Mellin transform of the summands; (2) show the equivalence
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1 Introduction

Sections 2 to 5 derive and then apply formulas for Laplace and Mellin transforms of probability
distributions on R, . The specific applications given relate to properties of the beta and gamma
distributions, the so-called “beta-gamma algebra”. The best-known of those properties are probably

Gga) I ng) d Gga—i-b)’ B(a,b)Gia+b) 4 Gg“). (1.1)
(Here and in the sequel, «d7 means “has the same distribution as”, the symbol “Gga)” denotes a

Gamma(a, 1) distributed variable, while B(®#) denotes a variable with a Beta(c, 3) distribution;
the variables on the left-hand sides of the identities in (1.1) are independent.) Other properties
of beta and gamma distributions are recalled or obtained in Sections 4 and 5 of this paper. It
will be shown that Barnes’ first lemma (Barnes, 1908) and second lemma (Barnes, 1910) are each
equivalent to a property of beta and gamma variables. This connects the properties of beta and
gamma distributions with classical analysis.

Section 2 gives formulas expressing the Laplace transform of a probability distribution in terms of
its Mellin transform. Section 3 gives formulas for the Mellin transform of a sum of positive variables
in terms of the joint Mellin transform of the variables. These formulas have obvious counterparts
for Mellin transforms of ordinary functions. For instance, Theorem 3.1 may be rephrased as follows
for K = 2. Let f1, f2 be functions on R, with Mellin transforms

Mfi(s) = /Oo dz ! f; (), j=12. (1.2)

0

Let g = f1 % fo be the additive convolution

s@) = | Cdy L) oo — ).

0

Theorem 3.1 says that if ®(p) > ¢ > 0 and

/ dzz°|fi(z)] < oo, / dz 2P| fy ()] < o,
0

0

then

c+ioco , .
Mg(l—p) = % y dZ(Mfl)(l—Z)(MfZ)(1+Z—p)I%.

This author has not found the last formula in the literature, though it is not far from formula
(2.4.7), p.88, in Andrews et al. (2000), and is also close to the formula in Exercise 36 on page 121
of the same book. Whether or not it is already in the literature, Theorem 3.1 does not appear to
have been used in probability theory before. For instance, Chamayou & Letac (1999, p.1053) are
precisely asking for the Mellin transform of the additive convolution of two probability densities, as
we briefly explain. Denote G(ay,...,ax;b1,...,byx) the probability distribution, if it exists, that
has Mellin transform

e o oy _ Tlas+p) Tl +p)  T(by) - T(bw)
/0 T G( IEREEE) K,bl,...,bN,d ) F(al)-'-r(a[{) F(b1+p)F(bN+p) (13)
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In their Proposition 7, Chamayou and Letac let X ~ G(ay,...,ax41;b1,...,0x) and YV ~
Gamma(c, 1) be independent, and then give an expression for E(X +Y)", n =1,2,..., in terms
of hypergeometric functions. They then comment (p.1053): “There is a little challenge behind
the previous proposition. Can we extend the result to the computation of the Mellin transform
E(X + Y)®*?” Theorem 3.1 gives an answer to that question: for 0 < ¢o < min(ay,...,ax+1),
co < R(p) < co +c,

L(by)---T(bk)
C(ay) - T(ags1)
1 co+ioco I'(ag —z)---T(agy1 — 2)T(c+2z—p) T ()T (p— z)_

— d
2 Jopioo (b —2) - Tbx — 2) T(p)

E(X+Y)? =

Integrals of ratios of products of gamma functions, such as the one above, are called “Barnes in-
tegrals” (or “Mellin-Barnes integrals”). Barnes (1908, 1910) found simplified expressions for two
such integrals, and those identities have come to be known as Barnes’ first and second lemmas.
Section 4 shows that some special cases (involving beta and gamma distributions) where the ex-
plicit distribution of X + Y is known are in fact equivalent to Barnes’ first and second lemmas.
Barnes’ lemmas thus have probabilistic interpretations, or, taking the opposite point of view, those
lemmas are given probabilistic proofs, in terms of relatively simple properties of beta and gamma
distributions. Theorem 3.2 is an extension of the binomial formula for E(X 4+ Y')", for r ¢ N.

A probabilistic interpretation of (1.3) is that if X has the Mellin transform on the right for positive
(ak,by), then, introducing independent gamma variables, X satisfies the identity

a a d b b
G\ gl £ xet e,

This is an extension of the second identity in (1.1).

The Mellin transform of X + Y has relevance in solving the stochastic equation
X L AX+Y),

and this is noted in Section 5; solving these equations is directly related to finding the distribution
of

ZAl s ARY,

a topic that has been studied for several decades; Vervaat (1979) is a classical reference, another one
is Dufresne (1998). In the same section, formulas for the distribution of the sum of two independent
reciprocal gamma variables are given, as well as other related results; these are consequences of
Barnes’ first lemma. One problem is to find versions of the identities in (1.1) with the gamma
variables replaced by their reciprocals; specifically: (1) what can be said about the distribution of
1/G@ 4+ 1/G®?; (2) is it possible to find the distribution for a random variable A, independent
of the others, with the property that

1 4 (1 1
aw = 4 a+b>?
G@ G Gl

A related identity (from Chaumont & Yor, 2003) is briefly studied. Connections with the Bessel
functions K, (z) (called Macdonald’s functions) are also noted.

2165



The beta product distribution was defined in a recent paper (Dufresne, 2010) and also occurs in
Section 5. It is a G distribution of type (1.3) with K = N = 2, and has support (0,1). In Section
6, the beta product distribution is extended to include cases where the support is (0,1] (there is
a point mass at u = 1). This naturally leads to a more general study of the G distributions “of
order (N, N)”, that is, of those that satisfy (1.3) with K = N. It is shown that if (1.3) holds
for all p > 0, then the distribution’s support is necessarily a subset of (0,1], with a point mass
at u =1 if Zszl ap = ij:l by,. The G distributions of order (NN, N) strictly include all product
convolutions of ordinary beta distributions, and it is then interesting to ask whether they have the
same infinite divisibility property, as it is known that log B(*?) is infinitely divisible. (A reference
on infinite divisibility is Bondesson (1992).) It is shown in Section 6 that for G distributions of
order (N, N) the log transformed law is always infinitely divisible if N =1 or 2, but that it may or
may not be if N > 3; examples of both possibilities are given. It is also shown that this family of
log transformed G distributions includes all rational distributions on Ry (Cox, 1955), and that for
a subclass there is an explicit decomposition in terms of rational distributions. A corollary is that
the law of log(ﬁ + ﬁ) is infinitely divisible. The distributions GUN) with K > N are also
considered. In particular, it is shown that the law of the product G(®1) ... G(@x) of K > 3 gamma
variables makes sense when some of the parameters ai,...,ax are complex.

Note that, contrary to Chamayou, Letac and possibly all previous authors, we allow the parameters
ag, by of G distributions to be complex numbers.

Here is some of the notation used. A random variable with a Gamma(a, 1) distribution is denoted
G®): similarly, B(®#) has a Beta(a, §) distribution. Subscripts are added when required. We
define (a), = I'(a + q)/T'(a) for any a,q € C,—a — ¢ ¢ N (this is called the “shifted factorial”
or “Pochhammer symbol” when n € N). The duplication and reflection formulas for the gamma
function are used:

T(22)T( T

1) = 22710 (2)0(2 + 3); LI -2) = sinmz’

It is often more convenient to use the following equivalent form of the duplication formula:
(22)2p = 4P(2)p(2 + %)p'

(Just let z = % to obtain the usual form of the duplication formula.) The Appendix shows that the
duplication formula can be obtained from properties of beta and gamma distributions, to which it is
in fact equivalent. The same line of attack gives a partial justification for the Gauss multiplication
formula.

The Mellin transform of a probability distribution p on R (or of a random variable X with that
distribution) will be defined as the mapping

p — 2P du(x) = EXP,
Ry

as in (1.3). This is different from the definition used in analysis (see the exponent “s—1" in (1.2)).
A convenient summary of results on Mellin transforms is found in Appendix 2 of Patterson (1995).

2 Laplace transform of sums of positive variables

The identity

e’ = = dzx7*T(z) (2.1)

211 le
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is valid for ®(z) > 0, ¢ > 0, if the path of integration is:
le = {c+iw| —oo <w < o0}

Formula (2.1) may be obtained by summing residues, or it can be seen as an inverse Mellin transform
(a proof is given in Andrews et al., 2000, p.85).

Theorem 2.1. Suppose ¢; > 0,R(s;) >0,X; >0 forj=1,...,K, and

E(X{ - X;°%) < oo. Then

K
1
Eexp (-Z Sij> = (/e dzy - /E dzx S;ZI ,..S;{ZKE(X;n .. .X;{ZK)P(Zl) - I(zk).
j=1

2mi)% Jy,, o

Proof. We will use the following result (for a proof, see Andrews et al. (2000), p.21).
Lemma 2.2. If z = v+ iw, a; <v < ag, v,w € R and |w| — oo, then

N+ iw)| = V2rhwl*~}e=1/2[1 + O(1/[u])],
where the constant implied by “O” depends only on a1 and as.

Insert x = s;X; in (2.1) for j = 1,..., K, and multiply the resulting identities together. Take
expectations on both sides; the multiple integral so obtained will be shown to converge absolutely.

First, [E(X; "' --- X;°%)| is uniformly bounded by E(X; " --- X “¢) on £, X - -+ X £¢,. Second, if

zj = ¢j +iwj, args; = 0;, —5 < 0; < 7,
|5, 7T (z5)| = V2m|s;| 7 fw| T2 %2 [ 4 O(1/ wy ).

The function s ™' -+ s E(X; ™' -+ X;77%)T(21) - - - (2K ) is then absolutely integrable over (¢, x

s X A O
A simple application of Theorem 2.1 is the case where X ~ Gamma(a, 1), which reads

(I1+s)7* = 1 dzsfzf(a—z)f‘(z)

B O0<e< Rty > 0.
omi J,, T(a) ¢ <a, R(s)

This is also an inverse Mellin transform, or else it can be seen as a particular case of Theorem 3.1
below.

Several questions are raised by Theorem 2.1: (1) What if P(X; = 0) > 07 (2) Can the constraint
R(sj) > 0 be weakened? (3) What if EXj_Cj = oo for all ¢; > 07 (4) Can the path of integration
{.; be moved to the left of the origin? The rest of this section answers these questions in turn. For
ease of presentation, we study these questions in the case of one variable only.

Regarding the first question, all formulas may be adapted to the case X > 0 by writing
Ee ™ = P(X =0)+P(X >0)Ee*",

where Y has the conditional distribution of X, given X > 0. As to the second question, in many
cases the Laplace transform has an analytic continuation beyond the region where it exists, so not
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surprisingly the formula in Theorem 2.1 holds, under some conditions, for the analytic continuation
of the Laplace transform. To fix ideas, the Laplace transform of the Gamma(a, 1) distribution is
(1+s)~@ for R(s) > —1, but the function (1+ s)~* has an analytic continuation in C — (—o0, —1].
In order to distinguish between the two functions in the corollary below we write Lx (s) for the
transform together with its analytic continuation.

The next result answers the third question.

Corollary 2.3. Suppose X >0, c>0, EX"¢ < o0, -7 < 0 <7, and that
/ dw wc_%]EX_c_i“’]ew('a'_%) < o0.
0
Then, for any s =re’, r > 0,

Lx(s) = = dzs PEX?T(z).

27 le

Proof. The right-hand side of the last equation is analytic for s in an open set as soon as the
integral converges absolutely on the closure of that set. If we write z = ¢ + fw, then (Lemma 2.2):

IsTPEXTD(2)| = |s| % |E X |y 2mw 2”117/ 2[1 4+ O(1/|w])]. O

Corollary 2.4. Suppose X >0, s > 0. (a) Then

1 o0 ) ) ) )
+ — lim dw [sT"EX "I (iw) + s"E X" (—iw)] .

Ee ¥ = L
2 27 €l0 €

(b) If E|log X| < oo, then the integral above converges absolutely (so the limit may be removed).

Proof. Recall formula (2.1) with ¢, R(z) > 0 and let 0 < ¢ < R < co. Let z = v + iw and consider
the contour consisting of the segments

Sier = {v=0,e<w<R}, Sop = {fw=R,0<v<¢}, S3p = {v=c¢, —-R<w< R}
Sir = {fw=-R,0<v<c}, Ss5.r = {v=0,—-R<w< —¢},

and the semi-circle Cc = {z = ec’®, —% < 6 < Z}. The function 27 *T'(2) is analytic inside the
contour, and extends continuously to the contour; thus its integral over the contour is zero. The
integral over Sy r and Sy g tends to zero as R tends to infinity, from Lemma 2.2. Hence,

1
e’ = dzx*T(z).

27TZ Sl,e,oousf),e,oouce

The integral over C. equals

1 [z i .
o Aoz~ ¢I‘(1 + ee?) —

N |

[NE]
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as € tends to 0. Thus,

1 1 o0 ) )
S 3 + o /. dw [z7"T(iw) + T (—iw)] .

Next, replace  with sX, with R(s) > 0. Then

1

EG_SX = 5"‘ EI1+EIQ)7

1
7
where -

I, = /1 dw [(sX) 7" T (iw) + (sX)"™T(—iw)]

I, = / dw [(sX) 7" T (iw) + (sX)"™T(—iw)] .
0

In the case of E I;, the order of integration and expectation may be reversed by dominated con-
vergence. As to I, write

(sX) 7™ (iw) + (s X)™T'(—iw) = i[(sX)—iwr(lJriw) — (sX)™T(1 — iw)]

Tw

2 [ t
= — dte 'si log —
w/o e "sin <w Ong)
1 o)
d t
I, = 2/ w/ dt e " sin (wlog).
o w Jo sX

Since |sin(x)/z| is uniformly bounded for real z, the above double integral converges absolutely
for any fixed X > 0, and the order of integration may be reversed. Thus,

1 . Y .
Y
El, — 2E/ g S2WY) 2E/ dv 322
0 w 0 v

and then

where Y = log[GV/(sX)], GO independent of X. This expectation is finite, since
| J§ dv sinv/v| is uniformly bounded for y € R. For the same reason,

1 .

Y

El, — 2limE/ dw S2WY)
€l0 € w

which is in turn equal to
1

21lim dw Esin(wY)
el0 Jo w

by dominated convergence. This yields part (a). For part (b), if E|log X| < oo, then E|Y| < co and

E < ElY], wEeR,

which implies that fol 9w Esin(wY’) converges absolutely. O

2169



Observe that the condition that E|log X| be finite is not necessary for absolute convergence of the
integral in Corollary 2.4. For instance, if log X has a symmetric stable distribution with character-
istic function exp(—a|w|®), 0 < a < 1, then E|log X| is infinite, but

EX™ ~ 14+ 0O(|w|®), w — 0,
and thus Esin(wY)/w = O(Jw|*~!) is integrable over (0, 1).

The fourth question was about moving the path of integration to the left in Theorem 2.1.

Corollary 2.5. If X > 0, EXY < oo for some ¢ >0, q ¢ N, then for R(s) > 0:

ld]

—s)FEXF 1
Ee X — E L_Fi. dzs_zEX_ZF(Z).
k! 271
k=0 ’ t=q

Proof. The result follows from a modification of (2.1):

—x & (_"B)] 1 —z
e’ = Z i +2m’ é_qdza; I'(2), (2.2)

=0

where R(z) > 0 and n < ¢ < n + 1. That formula may be proved by summing residues, or else by
deforming the path of integration while forming a circle around each singularity z = 0,—1,.... O

Note that Eq.(2.2) gives an alternative expression for the remainder term of the Taylor expansion
fore7: forn=0,1,...and 0 < e < 1,

(_1)n+1
n!

r 1
/ dy(x —y)"e ¥ = — dzx *T'(2).
0

21

£_p—c

3 Mellin transforms of sums of positive variables

Theorem 3.1. Suppose ¢; >0, j=1,..., K—1, X; >0,j=1,...,K, R(p) >c1+... +cx_1
and E(X{ - --X;c_ﬁle;—Fm—kCK*l_%(p)) < 0o. Then

1
E(Xi+- 4+ Xg) P = / le"'/ dzg—1
2mi) =1, Cope_y
E(X7 ™ X X T B, sk p— 2 — e — 21)

(which is finite), where

[(a1)---Tlax)

B =
(a17 ,CLK) F(Gl‘i‘---‘i‘a[(),

R(a;) >0, j=1,...,K,

is the Dirichlet function.
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Proof. The finiteness of the expectation is proved as follows: if ¢ = R(p), then

L XX
T Xy 4+ X))ok ’

(X1+ -+ Xg) ™

From Theorem 2.1, if R(z;) >0, j=1,...,K —1, s >0, then

K—1
exp< s xj>

Jj=1

= 2772 oK1 / d,21 / dZK—l S_Zl_“'_ZK_ll‘l—zl "'éU;(Z,Kle(Zl)--T(zK_l).
Loy

-1
Suppose R(xx) > 0, R(p) > ¢1 + ...+ cx_1, multiply both sides by s?~te™**% /T'(p) and integrate

with respect to s € (0,00). By Fubini’s theorem, the order of integration on the right-hand side
may be changed at will, and

1 —z z1+-+z
_ - —-p
(l'1+“'+xK)p: W dzy--- dZK—lxl l'KKl 1;1;& K—1
Ley cK_1

XB(21,. .., 2K—1,p— 21— — ZK 1)

Replace z; with X;, 7 = 1,..., K, and then take expectations on both sides. Expectation and
integration commute by Lemma 2.2 and Fubini’s theorem. O

This theorem has immediate applications to gamma distributions, see Sections 4 and 5.
Theorem 3.2. Suppose X, Y >0,q>0, ¢¢ N, R(p) > —q and
EY %) <00,  E(X7YVTIRP)) < o

Then

q
X]Y p=j 1
E(X+Y) ) + / dzE(XT?Y*"P)B(z,p — 2).
qu

211
j=0

Proof. From (2.2), for s,z > 0,

ld]

e—Sl‘ — E

Jj=0

27”/ dz (sx)*T'(2).

Multiply by s¢~te=*Y/T'(¢) for R(¢),y > 0, and integrate with respect to s € (0,00) to get:

[ i) giy—C—i
(z+y) ¢ = Z( 1) (OJ Y 2m/ dz 2 "y CB(z,¢ — 2). (3.1)

|
7=0 I
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Both sides of this equation are seen to be analytic for ®({) > —¢, and the identity then holds in
that larger region. Replace ¢, z,y with p, X, Y, and then take expectations to finish the proof. This
is possible because, under the stated assumptions,

r q
EX"y Rw)-r — gy %K) (if) < Ey %R® [1 + (if) } < oo, 0<r<aq.

Moreover, by Lemma 2.2 and dominated convergence, the integral in the formula converges abso-
lutely. Finally,

E(X +Y) R < ¢ (EX RP L Ey R0 < oo,
where C, =27%®) if —g < R(p) <0, C, = 3 if R(p) > 0. O

When —p = n € N, the formula in Theorem 3.2 boils down to the familiar binomial sum. Formula
(3.1) is a rewriting of the Taylor expansion of (x + y) P about x = 0. Turning the formula around
and setting © = y = 1 yields

lq] ;
1 _ (=1)7(p);
—_— dz B — = 27P E —
5 . 2 B(z,p— 2) 2 7

4 Barnes’ lemmas and the beta-gamma algebra

The two Barnes’ lemmas will be shown to be consequences of part (a) of Theorem 4.2, which is
itself equivalent to the well-known property (4.1) below (more on this equivalence at the end of this
section). We first state the two Barnes’ lemmas. The original references are given, but see Andrews
et al. (2000, pp. 89-91) for more details; here A, B, C, D are any complex constants such that the
path of integration described can be drawn.

(1) (Barnes, 1908) For a suitably curved line of integration, so that the decreasing sequences of
poles lie to the left and the increasing sequences lie to the right of the contour,

; _1,00 d=T(A+ )D(B+2)T(C - )0(D —2) = “AT C)?((iil;)i(giggrw + D)

2mi

(2) (Barnes, 1910) For a suitably curved line of integration, so that the decreasing sequences of poles
lie to the left and the increasing sequences lie to the right of the contour, if E=A+ B+ C+ D,

1 [iee 2, DA+ 2)T(B + 2)0(C + 2)0(D — 2)T(~2)
—100 F(E + Z)

27

T'(A)L(B)I(C)T(A + D)I'(B + D)I(C + D)
I'(E— A)T(E - B)T(E - C) '

Theorem 4.1. Barnes’ first lemma is equivalent to the additivity property of gamma distributions:
ifa,b >0 and Gga), ng) are independent, then Gga) + ng) 4 G:(;Hb).
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Proof. From Theorem 3.1, the additivity property of gamma variables may be written as:

o _ 1 a)\—z o
B+ 647 = oo [ aEIGE) (G 1B~ 2),

that is, for a,b >0, 0 < c<a, c<R(p) < b+,
Ia+b—p) 1/ & Ila—2)T'(b+2z—p)T(z)T'(p—2)
tJe

I'(a+10) 2mi ['(a)T(b)T(p)
L[ g Tleme= QT+ et (= pI(et OMp—c =)
= 3w )y, NONORM |
Let A=b+c—p, B=¢,C=a—c¢, D=p—c. Then the above identity reads
A+ C) b TA+ OB+ OT'(C - OT(D —-¢)
I'(A+B+C+D)  2m J, I'(B+C)I'(A+D)J(B+D)

This is the formula that has to be proved, except that here there are restrictions:
R(A,D) > 0,B,C > 0. The poles of I'(A + () and I'(B + () are to the left of ¢y, and the poles
of I'(C — ¢) and I'(D — () are to the right of ¢y. All that is needed to get Barnes’ first lemma is
to extend the result to any A, B,C, D € C such that the contour can be drawn, by curving the
path of integration if necessary. This is obvious, by Cauchy’s theorem and analytic continuation.
This proves that the additivity property of gamma distributions implies Barnes’ first lemma; the
converse is obvious. O

Remark. A colleague (Felisa Vazquez-Abad) observed that, at first glance, the three original
parameters a, b, p appear to generate the four new parameters A, B, C, D. This is not actually the
case, because ¢ may also be varied. The transformation (a, b, ¢, p) — (A, B, C, D) is non-singular.[]

We now recall other properties of gamma variables, derived in Dufresne (1998). Proofs are sum-
marized.

Proposition 4.2. Let Gg-a) ~ Gamma(a, 1), B,(ga’ﬁ) ~ Beta(a, 3), and suppose that all variables
on the same side of an identity are independent.

(a) For any variable U and any a,b > 0,
va® + G £ Y+ (U - 1B,
(b) For any a,b,c,d > 0,
B§a7b)G§C) + ng) g Géc+d)(1 _ B§b7a)B§C’d)).
(¢) For any a,b,c > 0,
Blab G | gl 4 Géb—i—c)Béa—i—c,b) d B:(ib—f—c,a)Gl(la—i—c)‘

(d) For any a,b,c,d > 0,

@ o [ Bl ) ) G
Lo a) & g*“( 2__41-B"P) L gl (14 BT

B Bled GO




(e) For any a,b,c > 0,

a a-+c
G 0 a G
B§b,a+c) 2 Béb,a) :

Proof. Recall the following property of gamma distributions: if G§“) and G(Qb) are independent,
then "
Gh

W iS independent Of Gga) + G(Qb) (41)

1 2
a+b) d a b

To prove (a), use (4.1) and Gé ) 4 Gé ) + Gg );

Gy ., UG
a b a b
&+ ol gl

G§a+b)[1+(U— 1)B§a,b)] g G:(;l-‘rb) ( > i Géb) +UG§G)

Part (b) results from (a), after noting that 1 — B(®:%) 4 B2 T obtain (c),letc=b,d=¢c,b=
b' 4+ ¢ in (b). Then, using (4.1) (or Mellin transforms),
b, ,d bl+ /’ /’ ’ d b/7 + /
Bé a)Béc) :Bé ca)B?E c") Bi ac),

which yields the first identity in (c). The second one is proved using Mellin transforms. Parts (d)
and (e) are proved similarly. O

Theorem 4.3. Barnes’ second lemma is equivalent to either property (c) or property (e) of Propo-
sition 4.2.

Proof. Write identity (c) using Theorem 3.1: if a,b,¢ > 0,0 < ¢g < a A b, cg < R(p) < ¢+ co,
1 / & I(a—2)I'(b—2)T(p—2)T(c—p+2)['(2)
Zc

27i F'a+b+c—z)
L(@)'(0)L(c)(p) T(b+c—plla+c—plla+b+c)
I'(a+b+c) F'b+c)l'(a+c)'(a+b+c—p)

The left-hand side is
1 [ g Da=a+OTb e+ Ol = co+ OPle—p+eo = Ol = )

271 J, Fa+b+c—co+Q)

The poles are to the right or left of the path of integration as required for Barnes’ second lemma.
It is possible to let ¢g | 0, if at the same time the path of integration is moved to the left of
the origin (which is a pole of I'(—()). Letting A = a,B = b,C = p,D = ¢ — p yields Barnes’
second lemma with the stated restrictions on a,b,c and p. The general formula is obtained by
analytic continuation, which is possible if the path of integration is moved so as to keep the poles
of (A4 (), T'(B+ (), I'(C + () to the left of the path, and those of T'(D — (), T'(—() to the right
of the path. This proves the equivalence of Barnes’ second lemma and Theorem 4.2 (c).

Similarly, property (e) says that, for a > ¢y > 0, b,c > 0, cg < R(p) < ¢+ co,
1 dc IF(a—co=Ql(b+co+ Ol (c—p+co+ OT'(p — co — OT(co +¢)

27 Jy, F'la+b+c+co+C)
_ I(@)(c)I'(p)T'(a+c—p)I'(b+p)(a+b)

- T(a+b+c)l(a+c)(a+b+p)
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It is possible to let cg — p in the integral, while suitably curving the path of integration. Relabelling
the parameters (A = b+ p, B = p,C = ¢,D = a — p) yields Barnes’ second lemma, by analytic
continuation. |

Parts (b) and (d) of Proposition 4.2 may also be rewritten in terms of Barnes integrals. In the
first case, raise both sides to power —p and take expectations; then Theorem 3.1 and an obvious
expansion on the right yield:

1 i I'a—2)l'(c—2)I'(d—p+2)'(2)'(p—2)
Fla+b-2)

=
= F(G)F(;)(z(j_);(ﬁ():fc_g d—p) 3Fy(b,e,p;a+b,c+d;1).

A similar formula appears in the proof of Barnes’ second lemma in Andrews et al. (2000, p.91).
Part (d) of Proposition 4.2 becomes an identity between integrals:

/ ds Ia—2)(c+2)T'(b—p+2)I'(z)I(p—2)
leg I(c+d+2)
_ I'®)I'(a+b—p) / s I'(a—s)I'(d—s)I'(c+s)I'(s)I'(p — s)
C(e+d)T(d) J, F(la+b—s) ’

=]
Both formulas above extend to complex a, b, ¢ by analytic continuation.

At the beginning of this section it is claimed that property (a) in Proposition 4.2 is equivalent
o (4.1). How (4.1) may be obtained from Proposion 4.2 (a) will now be shown. It is sufficient to
prove that

G(‘l) s " G(a) 8 "

E ( @ ’ (b)> (G +G6y) = E ( @ . 0) (G + Gy (4.2)
Gy’ + Gy Gy + G,

for all s,t € N. Raise the identity in Proposition 4.2 (a) to power t, take expectations on both sides,

differentiate s times with respect to U, and finally let U = 1. The result is t(t —1)---(t — s+ 1)
times

a)y\s a b)\t—s a+b a,b)\s
E(GI) (G + G = BGET) (B

which is (4.2), since B%a’b) and Géa) are independent in the proposition.

5 Properties of reciprocal gamma variables

We begin by looking at the distribution of

-1 a b
Hb) <1+1> _ &6y
a Gl G + G

where a,b > 0 and the the two gamma variables are independent. Next, we turn to an identity for
reciprocal gamma variables in Chaumont & Yor (2003) and its consequences.
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The distribution of H(*? will turn out to be related to the beta product distribution, defined
in Dufresne (2010); that paper contains the proof of the following result (Theorems 2.1 and 2.2
therein). Recall that (a)s = T'(a + s)/I'(«).

Proposition 5.1. The Mellin transform

(@)p(c)p
(a+0)p(c+d),

p =

(in simplified form) corresponds to a probability distribution on (0, 1) if, and only if, the parameters
satisfy: a,c,b+ d,R(a+ b),R(c+ d) >0, and either

(i) (real case) b,d are real and min(a,c) < min(a + b,c+ d), or
(i) (complex case) Im(b) = —Im(d) # 0 and a +b = c+d.

This distribution will be denoted BetaProduct(a, b, ¢, d), and «Bla:b,e,d)» wil] represent a variable
with that distribution.

It can be shown (Dufresne, 2010) that the density of B(@t:¢d) is

I'(a+b)I'(c+d)

a—1 1— b+d—1 F b— db dl . 1 . 1
FaTEere g G- Al e dbdil — )l G1)

From the Mellin transform it is obvious that when a, b, ¢,d > 0 the BetaProduct(a, b, ¢, d) is the

distribution of the product of two independent variables B§a’b) and Béc’d). (N.B. The beta product
distribution is studied further in Section 6.)

Theorem 5.2. (a) If R(p) > —min(a,b), then

E (H(a,b))p _ (a)p((ab)j(;:; b)p '

(b) For any 0 < a,b < oo,

lab) 4 lB(a,bg“,b,%Hl)G(a—&—b),

ba b+

where the variables on the right are independent. The density of Bla:*3% ) is:

capL(a+b) ,_ o Y .
2ty (WO VT (= VT ) L ()

If0 < a < b<a+1l, then the “B” above has the same distribution as the product of two independent
ordinary beta variables:

a— b+1)

pla, 5t be=gt) 4 (a, J)B(b
(Here B0 =1 for o > 0.) In particular, if a > 0 then
Hlaa) 4 iB(“’%)G@“), Hlaatl) 4 iB(“’%)G@“H),
(¢) For a,b> 0 and R(s) > —4, Ee—sH™" = sFo(a,b,a + by afb atbl, sy
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(d) For any a,b > 0, (G@+0)2(a.b) 4

independent.

Gga)ng)Géaer), where the variables on either side are

Proof. (a) Apply Theorem 3.1 and Barnes’ first lemma: for £(p) > ¢ > 0,

<1+1>_p _ b s Fla+2)I'(b+p—2)L(2)I(p—2)
Gga) Gg’) 27 Jy, I'(a)T'(b) L'(p)
_ T(a+p)I(b+p)T(a+b+p)
F(a)T(®)C(a+b+2p)

For part (b), note that by the duplication formula for the gamma function,

p(0)pla+0)p
EHOD)Y = 4£<)+&;p5“42+3>p'

The result follows from the Mellin transform of the variable 1B("’ 70,5 Ge+d) Tt can be
checked that the parameters A = a,B = 5%,C = b, D = o b+1 yield a valid BetaProduct
(A, B, C, D) distribution:

A C,A+B,C+D,B+D > 0, min(A,C) = min(a,b) < 2% = min(A+ B,C + D)

(when a is equal to either b — 1,b or b + 1 the beta product reduces to an ordinary beta). The
density of the beta product variable is, from (5.1):

HEreg)
D@ CIN()

The duplication formula expresses the leading constant as 21 7¢7°T'(a + b) /T (a)T'(b). The hyperge-
ometric function is of the form o F (o, o+ 1 which is simplified as follows. First, use formula
(9.5.10), p.250, in Lebedev (1972) to get

_1 _ _
"1 —u)72 o Fy (950, =it

%; 1- U)1{0<u<1}-

2a27 %

2Fi(a, a4 55 552) = 2
oFi (3 —a,1—a;1—2a51— 1),

Next, using the duplication formula and identities (9.8.3), p.259 in Lebedev (1972), this is equal to

—2a 20

1 1
= S+ V2) 7+ S (1= Vz) 7,
and thus the density of B(®"2*:6:“=) is

2—a—b£((;‘; (‘2) a1 =) (4 VT (1 VT 0.
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Now turn to part (c). For |s| < 4 we have the convergent series

_gH(a:b) o0 n n a+b)n (_S)n B b aibin )
Ee—* Z + a+b+1) ! 3F2(a,b,a+b7?,T,_z)‘

The formula is also true for s > 4 by analytic continuation; another way to see this is to note that

1
Ee—sH™" = /0 du fp(u)(1+ )7,

—b+1
a2+)

where fp(-) is the density of Bla,%3% b, . Part (d) is obvious using Mellin transforms.

O
Parts of Theorem 5.2 are extended in Theorem 6.6.

Corollary 5.3. (a) The identity in law

1 d 1 1
éo (agw ' agb>> | o

with independent variables on the right, has a solution A if, and only if, one of the three cases
below occurs:

(i) 0<a<b<oo,b> 3. Then

a4l !
- 4B(a+b’bTa’a+b+1 a+b 1)
When a +1 < b, e (et s
(a~2&»b’b2a,a+b+l7a+b 1) g B( )B( T);
when a+b>1,
(a+b7bTa?a+b+l7a+b 1) g B%aT-I—b’b;a)B(%b-{-l’%b—l)

In both cases By and Bs are independent.
(i) a="b> 3. Then
d 1
4platda—3)"

(iti) a =b= 1. Then A=} and

4 d 1 1

1 - 1 =+ 1y
Ggi) Géi) G§2)

a+b b—a a a+b+1 a+b 1
) )

(b) In any one of the three cases above, let G,(Cb),A (4B( ))*1, kkn=1,2,...,

be independent. Then
- 1 1
ZAl"'A”W 4 —
n=1 Gn GO
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Proof. (a) If (5.2) holds, then necessarily A > 0 and

EAfp — E(G(a))p — 4p(a?—|—b)p(a+l27+l)p
E(H(a’b))p (b)p(a + b)p

Ifa<bandb> %, then this is 47 times the Mellin transform of B(4-5:C:P)  with

A:

a—i—b’ B b—a, o o— a—i—b—i—l, D — a—i—b—l.
2 2 2 2

These are valid parameters for a beta product distribution:

AC,A+B,C+D > 0, B+D =b—-3 >0
A = min(A,C) < min(A+B,C+D) = A+ B.

This gives case (i). If a = b > 3, then EA™P reduces to 47 times

(a+ %)p
(2a),

which corresponds to a beta distribution (case (ii)) or to the constant 1 (case (iii)).

(5.3)

The assumption a > b > 0 implies that ‘%“b > b, and this leads to EA~® = 0, which is impossible.
If it is supposed that a < b < %, then the Mellin transform of U = 1/4A is

(A)p(C)p
(A+ B),(C+D),’

with A,C,A+ B,C+ D >0 but B+ D < 0. The asymptotic formula

['(a+2) o 0B (a=B)(a+pB-1) -2
NCE 1+ 2 +O(12)

(5.4)

as z— oo, |argz| < m—4, (5.5)

(Lebedev, 1972, p.15) implies that
EUP ~ Kp B-P

as p — oo, K a constant. Then (5.4) tends to infinity, and so the law of U cannot be restricted to
[0, 1]. Moreover, applying Markov’s inequality with ug > 1 gives

P(U>wup) = PUP >ub) < 2KuyPp PP

for p large enough. This tends to 0 as p increases, and is therefore a contradiction. It is thus not
possible that A satisfies (5.2) and that a < b < 3. The case a = b < 3 leads to (5.3) as in cases
(ii) and (iii) above, but this time E(1/4A)? equals 0 at p = —2a, which is not possible.

Part (b) follows from well-known results (e.g. Vervaat, 1979) once it is checked that
Elog®(1/G®) < oo (which is obvious) and that Elog A < 0. The latter follows from (5.2), since

that identity is of the form X 4 A(X +Y) with all variables positive,
ElogA = ElogX —Elog(X +Y) = EllogX —log(X +Y)].
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The variable in square brackets is negative, and its expectation is finite.

Another property of reciprocal gamma distributions

We prove identities (5.6) and (5.7), which are from Chaumont & Yor (2003, p.96), and also give
a consequence for infinite sums of products. In the following, all variables on the same side of an

equation are independent.

The independence of
Gl
G+ G

implies the two-dimensional identity in law

and G +GY)

a o e} a d o
(G B, G (1= B (G, 6).

This identity in turn implies another (a« = a+ b, 8 =b):

( Lo, <#><#>>_< 1 G?)
G§a+2b) Gga—&-Qb) G:())a—i-b) ) Géa—i—b) Gia—i—b)’ Gia—f—b) ’

whence, for any X independent of the other variables,

1 1 G(b) d 1 (b)
S (x n ) 2 4 (1 L xG )
Gga—|—2b) Gga—&-Qb) G:(ga—f—b) Gé(la—&-b) 5

When X < 1/G@, (5.6) becomes

1 +<1+ 1 )ng>_ 1
Gga+2b) Gga) G§“+2b) Géaer) Gga)’

which is then also
Lo, G e .
G§a+2b) G(1a+2b) Gz())a+b) Ggaer) ’

or AX +C £ X, where X is independent of (A, C') and

b b b
(AC)i(Gé) 1 <1+ Gé)»g(Gé) 1)
G:(;H_b) Gga+2b) G:(;H_b) Géa—i—b) Géa—&-b)

since G(Qb) / Gg‘wb) is independent of Géb) + Gé‘”b). We then have the identity

(b)
x 4 n x4 .
G:()’a+b) Ggaer) G(a)

The last identity yields the following result.
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Theorem 5.4. Let a,b > 0 and suppose (A,,Cp),n = 1,2,..., are i.i.d. with distribution (5.8).
Then

> 1
Cy + E Ay ApChp 4 a@-
n=0

Two formulas for modified Bessel functions K

The modified Bessel function of the third kind K, () (or Macdonald’s function, see Lebedev, 1972,
pp.108-119) is defined as:

I_,(z)—1,
K,(z) = EM, |arg z| < m, v # 0,£1,4+2,...
2 sinvm (5.9)

K,(z) = lim K,(z), n = 0,+1,4+2,...,
v—n

where I, (+) is the modified Bessel function of the first kind. Commonly used formulas are K_,(z) =
K,(z) and

— 1 E v [ v—1 ,t,% 2
K,(z) = 5 <2) /0 dtt" e T, R(2%) > 0.

A first formula is obtained by applying Theorem 2.1: if R(w?) > 0,

a 1 o w? 2 a
Ee—w’/(4G™) _ / dezt~le % = <E> Kq(w)
I'(a) Jo

_ F(la);m,/éc dz (112>_ZF((1—|—7:)F(2).

This was found for a > ¢ > 0, but analytic continuation gives:

Proposition 5.5. If R(w?) > 0 and v € C, then

K, (w) = %(%)7” ! /m dz(uf>_zf(z+y)F(z), (5.10)

Tm —100
where the path of integration lies to the right of the poles of T'(v + 2)['(2).

This Barnes integral for the function K, (w) may also be seen as the inverse of the Mellin transform
(Erdélyi et al., 1953, p.51)

/ K, () = 2T+ DG - %), Rz+0)>0.
0

It can be checked directly that the right hand side of (5.10) is unchanged if v is replaced with —v.
Moreover, the integral representation (5.10) may be reconciled with the definition of Macdonald’s
function (5.9) by summing the residues. Form a closed semi-circle to the left to the origin, together
with a vertical segment to the right of the origin. As the semi-circle gets larger, the integral over
the circular part tends to 0 (use Corollary 1.4.3 and the same ideas as in the proof of Theorem
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2.4.1 in Askey et al. (2000, p.21)). If v ¢ N, then the residue theorem says that the right hand side
of the formula in Theorem 5.3 equals 31 4 35, with:

T w\ ¥ w?\" 1 m
— = - = I
2sin7y (2) T;)( 4 ) n!I'(1 — v +n) 2sin7v v(w)

- () S () e

n=0

T w\Y o= [w?\" 1 T
_ w _ I, (w).
2sin 7y (2) T§J< 4 ) n!I'(1+v +n) 2sin7v (w)

Here the reflection formula for the gamma function was used. We have thus reobtained the usual
definition (5.9). The case v € N is handled in the same way, except that the integrand has double
poles at —v —k, k=0,1,...

Another formula may be found from Theorem 5.2, part (b): for any 0 < a,b < oo,

1 1 4 4

—|— =
a b g.bza p azbtl a+b)’
Gg) Gg) Bla, 5% b,2=2 )G§+)

where the variables on either sides are independent. Taking Laplace transforms on both sides yields:

w? (1 1 ! w? 1
Eexp[—(—i—)] = / dufB(u)Eexp(—>.
4\g" Gy 0 u GetY

Here R(w?) > 0 and fg(-) is the density of B. The left hand side is:

4 w athb
T(a)T(b) (5) Hew)Kow)

while the right hand side is:

2wa+b

m /0 du fp(u)u”

We then have the identity (R(w?) > 0)

a+b

* Kan(28)

2Ka(w)Kp(w) = /0 dun’s ML= u) (L +VI= )"+ (1= VT =) Ko (2).

This extends to a,b € C by analytic continuation (use the asymptotic formula in Lebedev, 1972,
p.123). This formula is the same as (Lebedev, 1972, p.140):

K (w)K,(w) = 2 /000 dt K, 4. (2w cosh t) cosh((p — v)t).

The equivalence of the two identities is checked by letting cosht = 1/1/u in the last integral.
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6 Properties of G distributions

A class of probability distributions consists of those distributions on R, that have a Mellin trans-
form equal to

Plai +p)---Tlay, +p) T(bi)---T(bw,)
[(a1)---Tan,) I(by +p)---T(bn, +p)
Lla—p)---Tleny—p) T(di)---T(dn,)

I'(c1)---Tlens) I'(dy —p)---T(dn, —p)
for (real or complex) constants a;, by, ¢/, dyy,. This class of distributions has been studied before, see
Chamayou & Letac (1999), Dufresne (1998) and references therein. This class is itself contained
in the “H distributions” considered by Mathai & Saxena (1973), Springer (1973), Kaluszka &
Krysicki (1997) and others. It appears that previous authors disregarded the cases where some of
the parameters may be complex. The class of distributions with Mellin transforms given by (6.1)
will be called the “G distributions”. The name comes from Meijer’s G functions, which are defined

as
-, T(1—a;+s
Gmn<alv~-~aap Z)Z / )H] 1 ( J ) 25 ds.
Biy--s By 27 H] i T 5J+5)HJ it L(aj —s)

A continuous probability distribution with Mellin transform (6.1) has a density which is a constant
times a G function.

(6.1)

It is obvious that beta and gamma distributions, as well as the product convolution of any number
of beta an gamma distributions, are all G distributions. The beta product distribution, defined in
Section 5, is also a G distribution. In Theorems 4.2 and 5.2, it was seen that the following identities
in distribution imply that the left hand sides are G distributions, though that would otherwise not

have been obvious:
Bga,b—&-c)ng) "‘GéC) g ng—&-c)Béa-‘rc,b)

a a+tc
ng,aJrc) Béb,a)
a a)
G| )Gg 4 1 p(a,b5%.6, =5 (atb)

In this section we focus on the cases where, in (6.1), N3 = Ny = 0 and the Mellin transform is
finite for all p > 0. In other words, we restrict our attention to G distributions g on (0, 00) that
satisfy

(a1)p -~ (ak)p
2P pu(de) = —F——F 25, p>0. 6.2
/]R+ () (01)p -+ (bn)p 02
The distribution p will be denoted “G(aq,...,ax;b1,...,bn)”. The distribution of minus one times

the logarithm of a variable that has a G distribution will be called “log G”:
X ~ log G(a;b) <= e~ ~ G(a;b)

(where a, b are vectors of complex constants). All rational distributions on Ry (Cox, 1955) are log
G distributions. This is because the defining property of rational distributions is that their Laplace
transform is a ratio of polynomials:

v gy — PO _ AL Gatp) o7y POut14p) 71 Dlan +p)
Jervan = G = ‘T ~ G L iy
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where C' is a constant.

Proposition 5.1 will be extended to cases where b + d = 0 (Theorem 6.2), and a product repre-
sentation is given for distributions satisfying (6.2) with K = N (Theorem 6.3). This will lead to
conditions for log G distributions to be infinitely divisible (Theorem 6.4). Next, the distributions
H(@b) of Section 5 are extended to the ratios of the product to the sum of gamma variables,
and some properties of those ratios are derived (Theorem 6.5). Finally, some facts are established
regarding G(aq,...,ax;b1,...,bn) distributions with K > N; in particular, it will be seen that
gamma, products with complex parameters do exist.

The first result restricts the possible values of K and N in (6.2). Parts (a) and (b) extend claims
(1) and (2) in Chamayou & Letac (1999, p.1047) to cases where the parameters may be complex,
with different proofs.

Theorem 6.1. Suppose ay, b, are complex numbers, X > 0 and

EXP (al)p:"(aK)p

in simplified form (i.e. there is no (k,n) such that ax = by,).

(a) The {ax} are either real or come in conjugate pairs; the same holds for the {b,}. For all k,
R(ar) > 0; the aj, with the smallest real part, call it a*, is real. If some by, is real then a* < b,,.

(b) No probability distribution on [0,00) has Mellin transform (6.2) with K < N.

(¢c) If K = N, then X € (0,1] and ) ,(ar — bi) € (—00,0]. In those cases, the law of X has a
point mass at x = 1 if, and only if, >, ax = > by, in which case Y., aZ > > b2, and the point
mass s

Proof. (a) If g(p) = EXP, then ¢g(p) = g(p) for any p to the right of the imaginary axis. This
property also holds for any analytic continuation that ¢ may have in the rest of C, and thus the
zeros and poles of g must be symmetrical with respect to the real axis. If there were an a, with
a non-positive real part then the function EX? would have a pole at a p with (p) > 0, but this
contradicts

EX?| < EX®P) < 0.

To prove that the a; with the smallest real part must be real, first observe that EX? is the Laplace
transform of the distribution of Y = —log X . If a Laplace transform exists for (p) > po but does
not exist for R(p) < po (i.e. if py is an “abscissa of convergence” of the transform) then py must
be a singularity of the transform and it also must be real (Widder, 1941, p. 59). The analytic
continuation of the Laplace transform of Y has poles at —ax — j, 7 = 0,1,2,...,k = 1,... K,

which means that the singularity with the largest real part (which must then be real) is py = —a*.
The analytic continuation of the Laplace transform of Y has zeros at —b, — 5, 1 =0,1,2,...,n =
1,...,N,. It is not possible that there be a real zero of that transform to the right of pg, in other
words if b, is real then necessarily —b,, < po = —a*.
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(b) Suppose K < N. The asymptotic relation (5.5) for ratios or gamma functions gives

K
H F(ak +p) Y piForax—bit+bi
T p ‘

as p — oo. By Markov’s inequality,

EXP K,pk>
P(X >z < ~ — O, — 00
(X 220) = g 2oL (brc1 +p) - T(bn + p) P

(where K7, K5 are constants), for any xo > 0.

(¢) The same arguments yield

L'(by)
[(an)’

N
EXP ~ pPlen=t I p — 0. (6.3)
n=1

We already know that the aj, (resp. b,,) are either real or conjugate pairs, so ¢ = ) (a, —b,) € R.
If ¢ > 0, then EXP tends to infinity at the same rate as p?, implying that (1) the law of X is not
restricted to [0, 1], and (2) for any xg > 1,

EXP Kiap1
P(X >z9) < — < 35
Lo Lo

for p large enough and a constant K3 > 0. This is a contradiction, since pz,” — 0 as p — 0.
Thus ¢ < 0 and X < 1. If ¢ = 0, then (6.3) says that there is a probablility mass at x = 1, equal
to m. Moreover, (5.5) shows that, as p — oo,

EXP = m+EXp1{X<1}

N m<1+z(an—bn)(§n+bn—1)> _ m+2ﬁz(ag_bi).

P

Since EXP1{x .1} has to be positive when p is real, it follows that (a2 — b2
The G(ay,az; b1, b2) distribution with a; + az = by + b

Theorem 6.1(c) extends Proposition 5.1. The latter says that the only probability distribution
G(ay,az;b1,b2) on (0,1) that satisfies (6.2) is the beta product distribution, defined in Section
5. Theorem 6.1(c) shows that the beta product is the only distribution on (0,00) that satisfies
(6.2) with K = N =2 and a; + as < by + by. We now show that there are other G(aq, as; by, b2)
distributions but with support (0, 1]. The only possibility remaining, assuming (6.2) holds with
K = N =2, is that a; + a2 = by + ba. An example is given by Chamayou & Letac (1999):

Bp)p _ 1 1 1

is the Mellin transform of a mixed distribution with mass 1 at u = 1 and density 31(9,1)(u).
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Theorem 6.2. Suppose a,,b,,n = 1,2, satisfy a1,as > 0, a1 + az = by + by and either (i) (real
case) a1 N az < by Aba, or (ii) (complex case) Im(by,) # 0,b1 = by; let ay < ay for simplicity. Then
a variable X having the probability distribution with a point mass

_ D) (b2)

F(al)F(ag)
at u =1 and a continuous part with density
I'(b)I'(b _
go(u) = I‘(((ISFEGZ))UQI Y(by — a2)(ba — az) o Fi (b1 —as + 1,by —as + 13251 — u)1g 1 (u)

has Mellin transform
(a1)p(az)p
(01)p(b2)p
There are no other ay,as, by, by € C with a1 + ag = by + by such that (6.4) holds in simplified form
(i.e. ap, # b, ¥ (k,n)) for some X > 0.
In the complex case, if ai,as are fived but [Im(by)| — oo then G(ay,az;b1,b2) converges to the
Dirac mass at 0.
Proof. From Theorem 6.1, we know that X € (0,1], P(X = 1) = m, that both a1, a2 are positive,
and that by, by are either both real or complex and conjugate. If by, by are real then Theorem 6.1
also says that a1 A as < by A bs.

EX? = p>0. (6.4)

Suppose aq, az, by, by satisfy all the conditions stated, in case (i) or (ii). To find the distribution of X
we use a limit argument. Let f. be the density function of the distribution B(a1:b1=01,02,c;ba—az2.c) —
G(ai,az2.6;b1,b2) , where 0 < as e = az — € < as. The density of X is (from (5.1))

fe(u) = F(all()l;‘l();(f;%(e) u N1 —u) R (b — age, by —ag ;61 — u) Lo,y (). (6.5)

Expand the 3 F; as an infinite series; the first term, integrated over (0,v), 0 < v < 1, becomes

L'(b1)I(ba) /U “1 —1
duu (1 - )
Tan)(az ol Jo ™ oW =0
as € | 0. For v = 1, however, the same limit is
L'(b1)I'(b2) L'(b1)I'(b2)
duu™ (1 - = =
1ﬂ( [(ag,) / . T T(ar +(aze)  T(a)T(az)

as € 0. Hence, in the limit the first term of the series contributes a point mass m at v = 1. The
remainder of (6.5) is a function g.(u) which is non-negative for 0 < u < 1, since

(bl - a2,e)n(b2 - aQ,e)n > 0,
(€)n

whether by, bo are real or complex (cases (i) or (ii) of the theorem). Then:

['(b1)T(b2) o 12 (b1 — ag,e)n(by — ag,e)n (1 —u)tm !

ge(u) = m (e +mn) !
(bl)r(bQ) w1 (b1 — az)n(bs —az)n (1 —u)™ -1
F(al)F(a ) Z T(n) -
mual—l(bl - a2)(b2 - az)gFl(bl —as + 17[)2 —ag + 1; 2; 1— ’LL)
= go(u)
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It is easy to see that
v v
/ du ge(v) — / du go(v), 0<v<l
0 0

We have thus proved that G(aq,ase; b1, bs) converges weakly to the probability distribution with
a point mass at 1 and density go on (0,1).

Finally, if |[Im(b1)| tends to infinity while a;, as are unchanged then

tends to 0, which implies that X <o. Ul
Infinite product representation of G™NN) distributions

To shorten sentences, let us call “GUN)” the class of all G(ay,...,ax;b,...,by) distributions.
Theorem 6.3. Suppose

p (al)p"'(aN)p
A YRR )

(the ay,b, may be real or complex) and that

ay---ay (by+p) - (by +p)
p by---by (a1 +p)--- (an +p) (6.7)

is the Laplace transform of a probability distribution on R (the latter is always true if N =1 or
2). Then

d o0
—logX = Y,
§=0

where {Y;} are independent and

Ee-pY — (@atj)-(an+]) (bit+j+p)-—-bn+it+p) _ Ee—(P+i)Yo ©3)
(by+7)---(by+7) (ar+j+p)--(axn +J5+Dp) Eoivo :

The distribution of Y; has a point mass

S Dl GO\ )
’ (b1 +j)--- (bn +)

at the origin and also a density which is a linear combination of functions of the type
y e @tV o (y),  me{l,2,....,N}

Conversely, if (6.8) holds for independent variables Y; > 0, then X = exp(—Yy — Yy —---) has
Mellin transform (6.6).

Proof. Recall the infinite product formula for the gamma function:




where ~ is Euler’s constant. Then

I'(a) a;rp)
(a)p  a b+pn (a+j)(b+j+p - 7)(b+j+p)
(b)y  a+p b H(b+y)(a+j+p H j)(a+j+p)

For p € R,
ﬁ (b +j+p) _ EXPH
(ak +] —|—p) B EXpti+1

is real, and so is

ﬁ (ar +5)(bk +3+p) _ mk<1+P(p)>’

b +j)(ar +j +p) Q(p)

where P and @ are polynomials; Q(p) = (a1 +j +p)---(ay + j + p) has degree N, and P has
degree at most N — 1. If all the {a;} are distinct, then partial fractions give

and this is the Laplace transform of a unit point mass at the origin plus a combination of exponential

functions
N

D ere” G ) (y).
k=1

(Some of the ar may be complex.) If two or more of the aj are identical, then terms of the form
cry" e~ (@ +9)Y make their appearance.

If N =1, then 0 < a; < by and (6.7) is the Laplace transform of a distribution on R (the log
beta distribution). The same is true for N = 2, see Theorem 6.4 below. O

An example is given at the end of this section where (6.6) holds, but (6.7) is not the Laplace
transform of a probability distribution.

Infinite divisibility of log GN'N) and log H(@1:-2~x:K) djstributions

The log beta and log gamma distributions are known to be infinitely divisible, and so it is natural
to ask whether this is also true of all log G distributions. We first consider the case of the GV
distributions; the general case GUN) with K > N will be considered later. When K = N, we
are led to ask whether the distribution of Y3 in Theorem 6.3 is infinitely divisible; if it is then
the law of log X necessarily is as well. Conditions under which rational distributions are infinitely
divisible have been found by several authors, including Steutel (1967), Sumita & Masuda (1987),
Sharshanova (1987), Zemanian (1959, 1961), and we are not adding much to the topic. The following
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result shows that log X in Theorem 6.3 is infinitely divisible if, and only if, the distribution of Y}
is.

Theorem 6.4. (a) If min,, R(b,,) < ming R(ay) then log G(ai,...,ax;b1,...,bn) is not infinitely
dwvisible.
(b) Suppose Y; > 0 has Laplace transform (6.8) for all p > 0, and let X satisfy (6.6) (hence

X ~ G(ai,...,an;b1,...,bn)). Then the distributions of Y; (in (6.8)) and of log X are each
infinitely divisible if, and only if,

N N
Vo >0, e T > E e~ 0T, (6.9)
k=1 n=1

In the cases where N =1 or 2, any probability distribution on Ry with Laplace transform (6.6) or
(6.8) (for all p > 0) is infinitely divisible.

(¢c) FEither one of the following sets of conditions are sufficient for the distribution
G(ay,...,an;b1,...,by) to exist and for log G(ay,...,an;b1,...,bn) to be infinitely divisible:

(i) R(ar), R(by) > 0 for all k,n, and (6.9) holds;

(it) for all k: a, > 0 and R(bg) > + E;\Ll aj; for each by, € C—R (if any), by, is also one of the
bi,...,bn.

Proof. (a) This is an application of Theorem 4 in Lukacs (1952): if ¢(z) = Ee~*Y is analytic in the
strip S = {z|a < R(z) < B}, and the distribution of Y is infinitely divisible, then ¢(-) does not
have any zero in S. Here Y ~ log G(ay,...,ak;b1,...,bn), ¢(-) has poles at —ap —j,j =0,1,...,
and zeros at —b,, — j,7 =0,1,..., hence a = — miny R(ay) and § = oco.

(b) The Laplace transform in (6.8) is a ratio of products of gamma functions, since

b+p  T(a+pI'(b+1+p)
a-+p TFa+1+pT(b+p)

Hence, by Theorem 6.1(a), the {ay, b, } are either real or conjugate pairs, and (ax) > 0. By part (a)
of this theorem, if min,, R(b,,) < miny R(ay) then the distribution of Y; (or —log X) is not infinitely
divisible. Note that min,, R(b,) < ming R(ay) violates (6.9). Suppose min,, ®(b,,) > miny R(ay) for
the rest of this proof.

Suppose any common factors have been cancelled in (6.8). The Frullani identity

o0 1_ —pu
o (142) = [T au = e
(0% 0 u

applies whenever R(p), R(«) > 0, and

N
al:---an (b1+p)(bN+p) /OO B 1 _ -
lo = du (e P* —1)— e Y — g7t

Sty (a1 +p)---(an +p) 0 ( )u;< )
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Then, as in the proof of Theorem 6.3,

locEX? = lo -
& gHH bk+] ak+j+p)

7=0k=1
0 00 1 N
T S
j=0"0 Rt
N
oo (e—pu _ 1) 1 B _b
= d _ apu nU
/0 YTl ew u ;( ¢ )

This is true for R(p) > 0, but extends to R(p) = 0 by analytic continuation. For p = —iq, ¢ € R,
the last expression says that the characteristic function of —log X is of the form e¥(?), with

W(q) = /(0 )(eiqu—nu(du). (6.10)

Here the signed measure v satisfies the conditions [(u? A 1)|v|(du) < co. Such representations of
the log of the characteristic function of a distribution are unique (e.g. Sato, 1999, Theorem 8.1 and
Exercise 12.3). Hence, the distributions of Yj and log X are infinitely divisible if, and only if, v is
a true measure, which is the same as (6.9).

If N =1, then we are dealing with the ordinary log beta distribution, which is well known to be
infinitely divisible. The case N = 2 is completely described in Proposition 5.1 and Theorem 6.2.
Putting those together, we see that there are two cases, either by and by are real, or they are both
complex and conjugate. In the first case, the parameters must satisfy the following conditions:
a,as >0, a1 +as < by + ba, a1 Aas < by A by. It then follows that as < by + by — aq and thus

e~ Mz + 2T _ e—blz _ e—bga: > gz + 6—(b1+b2—a1)a: o e—blw . e—bgm

— (e—alz . e—ng)(l o e—(bl—al)r)‘

Reordering the ag, b,, if necessary, we may assume that a; = a1 A as < by = by A bg, which implies
that the last expression is positive for all z > 0. In the case where the b,’s are not real, the
conditions are: aj,as > 0, by = by, a1 + ag < by + by = 2R(b1). Then

e~ M | pa2zT _ e—b1:v o e—bzx — ¢ MT | 2T _ 26—%(1’1)1 cos(Im(bl)x)

e~ 1T + a2t _ 267%(1)1)1

AV

1
L + e~ 2% _ 267§(a1+a2)x'

Y

This is non-negative by Jensen’s inequality.

Part (c)(i) is obvious, since any expression of the form e¥(?) with 1 (q) given in (6.10), is the
characteristic function of an infinitely divisible distribution, if v is a measure satisfying [(u? A
1)|v|(du) < oo. Finally, for (c)(ii) apply Jensen’s inequality: under the stated conditions,

N

N N
Ze_“"‘x > Nexp— (;;akx) > ;e_%(b’“)m > Ze‘bkx. O

k=1
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Parts (a) and (b) of the next result generalize Theorem 5.2 and the identities

Gt

d
= B(a7b).
b
¢\ +ay

Blabglatt) 4 o),

Part (c) includes as a particular case the infinite divisibility of the log beta distribution.

It is easy to see that for f(-) > 0,7 > —q,
E(G ) F(GY) = () BF(GH);

this implies that if pry > —ak, p < >_(ax + prg), then

(@ Gy ] P(—p + (o + pre))

E = (a R (¢ r
¢l 4y gley) (@)ers (o) (> _(ak + pre))

(6.11)

Theorem 6.5. For N > 2, letap > 0,1 < K <N, Y ar =a1+--+an, @ = 3=y ay, and
define, for independent Gﬁ“l), ... ,GE\C;N),

Gl .. glax)

H(al,...,aN;K) L ‘
G 4 G

at,...,aN; Ya i
(a) HawiE) (@R K 4

other variables.
indent(b) H(@1»aniK) 4 K*KB(G(E“’“))K*I, where B ~ G(ay,...,ax;a,a+ %, Lo,a+ %)
is independent of G

G§a1)~--G§?K)(G§\§$T))K—1, where G%ﬁ’{) is independent of the

(¢) The distribution of log H(10n3K) s qnfinitely divisible. This includes in particular the dis-

tribution of log(ﬁ + ﬁ)

Proof. (a) Setting 7 = 1{x<xy} in (6.11) yields:

D(S i+ (K —1)p)
D(S o+ Kp)
E[GY" - G GRE)

Ya
E(GY)Er

E(H(a1,...,aN;K))P — (al)p R (QK)p

(b) From the multiplication formula for the gamma function (Eq.(¢’) in the Appendix),

E(H(al,...,aN;K))p — M(Z ar)(K—1)p

(E a‘k)Kp
— K-Kp (@1)p---(ar)p .
= K (d)p(a+ %)p"'(a"i‘ %)p (Z k)(K—l)p
= E[K KB(@Ew" ),
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The variable B has a G(ay,...,ax;a,a+ %, ce,a+ %) distribution, which exists by Theorem
6.4 (c)(ii). The latter says moreover that the log G(ay,...,ax;@ a+ %,...,a+ %) distribution
is infinitely divisible, which implies part (c) of Theorem 6.5, since the log Gamma(} ay) is also
infinitely divisible. O

There is a superficial similarity between property (a) above and the independence of
G(la) + ng) and

The latter implies that, if variables with different subscripts are independent,

Gy

G(a) d b
Glath) 2 d (G(a) + Gl )) — g
e gy L al v el ’

A quick way to connect the first expression on the left to the last one on the right is to imagine
that “G(la+b) and Géa) + ng) cancel out”. Similarly, property (a) may be rewritten as

G(al) . G(GK) d
K 1 K d ~(a1)  ~ler) ~(Bar)\K—1
) Ggal) —|—~--—|—G§3K> - Gl GK (G )

(Za
(GN—‘,-li) N+1

(all variables independent), which may be remembered by imagining that on the left one of the
GS&:'{) cancels with Gg‘“) 4ot GS\‘;N).

From the expression of the Mellin transform it is possible to extend the distribution of H(@1:aniK)

to complex ay; see the end of this section for an example.
GE.N) distributions with K > N; gamma products with complex parameters

The results above concern almost exclusively the GUSN) distributions with K = N. Regarding
those with K > N, we already know that they include all products of independent GV and
Ggal) e Gg?fjv’v ), where the G; are independent. It is a natural question to ask whether these
are the only possibilities. The answer is no. First, products of M independent gamma variables
have a G(ay,...,ap;—) distribution, and this class includes cases where some of the parameters
are complex; we will call distributions in this wider class “generalized gamma products”. Second,
the class of all products of independent GV-N) and a generalized gamma product still does not
exhaust all GUN) distributions with K > N. These two claims will be justified after the proof of
Theorem 6.6.

Parts (b) and (d) of Theorem 6.6 extend the following property of beta distributions:

— Gga) as b— 00 (6.12)

(because %G(la) tends to 0, and %Gg’) tends to 1). Part (b) says in particular that if it is known that
G(ai,...,ax;b1,...,by) exists, then G(aq,...,ak;b],...,b),) also exists, where {b},...,0),} is
obtained by removing some of the parameters in {b1,...,bx}; this is proved in general when the
b,’s that are removed are real, but in the case where they are complex more assumptions are
imposed.
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Theorem 6.6. (a) All GYN) distributions with K > N > 0 have support (0,00), and their
probability density function is infinitely differentiable at each point in that set.

(b) Suppose X ~ G(aq,...,ax;b1,...,bn) with K > N > J, by,...,by € R. Then

b]_"’bJX g G(CL]_,...,CLN;bJ+]_,...,bN)

as b, = oo for1 <n <J.

(c) If K > N > 0 and R(b,) > 0 for all n, the characteristic function of
Y ~logG(ay,...,ax;by,...,by) is

Eeiay _ (a)—ig--(aK)—iq Q)
(b1)—iq -+ (ON)—iq

with

o) = ig (Z Wom) - Zwak)) o[ 1) (Z oy b) (613)

k=1

where ¥(z) = TV(2)/T(2). In all cases the log G(ay,...,ax;b1,...,by) distribution is infinitely
divisible if, and only if,

K N
Yz >0, e kT > Z e T
k=1 n=1
If all ay, are real, then log G(ay,...,ax;b1,...,bN) is infinitely divisible as soon as all R(b,) are

large enough.

(d) The result in (b) remains true when some of the by, are complex for 1 < n < J, under the
following conditions: (i) log G(a,...,ax;b1,...,bn) is infinitely divisible; (i) if by, is complex
for some 1 < n < J, then b, is also one of by,...,by; for any conjugate pair by, ,by,, the limit is
taken as R(by,) = R(bn,) — oo while Im(b,,,) = —Im(b,,) remains fized.

Proof. (a) Suppose X ~ G(ay,...,ax;b1,...,bn) with K > N. The characteristic function of
Y =log X is EX?, and this is an integrable function of u over R, by Lemma 2.2. Hence, Y has a
density function

1 [ ‘ .
fly) = / due "WEX",
2 J_

which is an analytic function of the complex variable y in the strip [Im(y)| < (K — N)7) (this is
once again because, by Lemma 2.2,

‘EXW‘ -0 (’u’é(NK)JrZakan exp |:—(K _ N)7T|2u’:|>

as |u| — 00). Hence, f(y) cannot be zero over any interval [y;,ys] C (0,00), because this would
imply that f(y) is 0 for all y.

(b) Suppose b; > by; if G(ay,...,ak;b1,...,by) exists, then its product convolution with a
G(b1; b)) = Beta(by,b] — b1) is G(aq,...,ax;b],ba,...,by). Hence, for all b}, > b,, n=1,...,J,
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we know that G(aq,...,ax;b,...,0;,b541...,bn) also exists. The Mellin transform of by - - - b; X
is
B .. pP (a1)p -~ (ak)p
1 J :
(bl)p T (bN)p

By (5.5), b2 /(bn)p — 1 as b, — 00, and so the limit of the Mellin transform is

(al)p e (aK)p
(byt1)p- - (bN)p

We only need to check that this is the Mellin transform of a probability distribution. Just repeat
the same calculation with p = ig, ¢ € R. The limit of the Mellin transform is a continuous function
of ¢ near the origin, which implies that there is a probability distribution with (complex) Mellin
transform
(a1)iq - - (aK)iq
(bs+1)ig - (bn)ig

(This follows from the continuity theorem for characteristic functions; see for example Feller, 1971,
p.508.)

(c) We know that R(ay) > 0 for all £ (Theorem 6.1). If R(b,,) < 0 then

E o~ akT Z E e—bnw
n

k

cannot hold for all x > 0, and thus (Theorem 6.4(a)) the log G(ai,...,ax;b1,...,bn) is not
infinitely divisible. Suppose R(b,) > 0 in what follows.

It is well known that, if R(z) > 0 (see for instance Carmona et al. (1997)),

MGtia) _ (iqw<z>+ [ <u(1 _16+u§q“)€”>v
i -

where 1(z) = I''(2)/T'(z), and this implies (6.13). The arguments used in the proof of Theorem
6.4(b) yield the result.

(d) The limit of the Mellin transform is found in the the same way as in (b). The extra as-
sumptions are made to ensure that if G(a,...,ax;b1,...,bn) is a valid distribution, then so is
G(ai,...,ax;b), ..., b, bys1,. .., by) when R(b)) > R(b,), n = 1,...,J. For b, complex with
R(b),) > R(by,) and Im(b),) = —Im(by,),

’ -/
efbnu_i_efbnu S efbnu_i_efbnu

—/

for any u such that the right hand side is positive. Hence, replacing (b,,b,) with (b,b,) in (6.13)

n»-n

yields a valid, infinitely divisible log G distribution. O
Comments and examples

1. There are legitimate G(ay,...,ax;b1,...,by) distributions with Im(b,) # 0 and R(b,,) < 0 for
at least one pair of conjugate parameters. One way to construct such an example is to start with the
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Laplace transform of a rational distribution as in (6.7). This possibility is taken into consideration
in Theorems 6.1(a), 6.4(a) and 6.6(c). In those cases the condition that

K N
§ :efaka: Z § :e*bniﬂ
k=1 n=1

for all x > 0 cannot hold, because in all G(ay,...,ax;b1,...,bx) distributions R(ay) > 0 for all k
(Theorem 6.1(a)).

2. This example shows that for G(N>™) distributions the decomposition —log X = Yy +Y; + - -
given by (6.6)-(6.8) (Theorem 6.3) does not always hold; we exhibit a G(3) distribution that has
a different decomposition. For k£ = 0,1,..., define

plde) = Cre ™ {8o() + [e (7 = .1)(e™ — 15)]Lynoyda),

where g is the Dirac mass at 0 and Cj, is such that ui(R) = 1. These are signed measures, since
ux(dx) is negative for x € (—log.15, —log.1), and are thus not probability measures. Also,

© e B 015 25 1 ~1-2-3(by +p)(b2 +p)(bs +p)
/o & olde) = CO(” > = bbb 1102+ 0)B 1)

- +
1+p 24p 3+p
where b; = 1.0120, by = 1.8659, b3 = 3.8871 to four decimal places. Then

6 24
b1babs (bl + 1)(b2 + 1)(()3 + 1)
x{8o(z) + [.01835¢™* — (.282725 + .00375x)e > + (1.67438 — .25z)e " + .12¢~**]1(,~yda}.

pio * pu1(dw) =

This, however, is a probability measure. Hence, from Theorem 6.3, if {Z;} are independent, the
distribution of Zj being a constant times e™** g * uy (dz), then

X = exp— Y Zp ~ G(1,2,3;b1, b, bs).
k=0

This says that the distribution of —log X is the infinite convolution

(fro * pa) * (p2 * piz) * -+

In this expression the signed measures p,, are taken two by two, but this is of no importance because
in tends narrowly to 8. Hence, (o * p1) * - - - % (2p * flont1) * pont2 — log G(1,2,3; b1, ba, b3) as
well. The conclusion is: what corresponds to the decomposition (6.6)-(6.8) in Theorem 6.3 is the
infinite convolution of the signed measures ug, i1, - . ., defined above, none of which is a probability
distribution. The log G(1,2, 3; b1, ba, b3) is by Theorem 6.4 not infinitely divisible. Specifically,

e U 4 €—2u + e—Su . e—blu o 6—b2u o €_b3u
is negative for u € (1.6688,2.3185).

3. From the decomposition of the H(@1:+-e~:K) distribution in Theorem 6.5(b) it is possible to find
cases where the law makes sense when some of the parameters are complex. For instance, take
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ay = 1,a3 = 3+1i,a3 = 3—i. The G(ay,as,a3;a,a+ %,64— %) is then a legitimate distribution, and
H(1:3+5,3-53) makes sense if defined as the distribution of the product of independent variables

1 . .
273(;”% B~G(1,3+i,3—1i;1,53).
4. It was shown in Dufresne (2010) that the product convolution of the two functions

ar—1

[(ag)

gla,x) = e "1izs0}s R(ar) >0, k=1,2,

cannot be a probability density function if one or both of the aj are complex and have a positive
real part. However, complex parameters are possible for product convolutions of three or more
functions g(ay, ). This can be seen from (6.13) above. For K = N = 3, it is possible to find a; > 0
and ay = asg with R(ag) > aq such that e™®% 4 ¢79%2% 4 7% > () for all x > 0. For instance, take
a1 = 1,a0 =3+ 4. Then

Y(p) = (a1)p(az)p(as)p

is the Mellin transform of a “generalized gamma product” with one real parameter and two complex
parameters, and, moreover, the log transformed distribution is infinitely divisible.

5. The question was raised in this section as to whether all GN) distributions with K > N may
be factored into the product convolution of independent GV-N) and G(K—N:0) distributions. Here
is a counterexample: consider a G(ay,as, as; by) distribution with as, az complex and by real. This
is possible from part (c) of Theorem 6.6, for instance choose a1 = 1,a3 = 3 +4,b; = 3; then

e " +2 cosz—e P = e[l +e **(2cosx —1)] > 0

for all z > 0. In this case it is obviously not possible to express the G(aq, az,as;b;) as a product
of a GY and a G20,

Appendix: Probabilistic proof of the duplication and multi-
plication formulas for the gamma function

We give a probabilistic proof of the duplication formula for the gamma function, showing that it
is equivalent to the identity

(GE)2 L 4G0alT,

where the variables on the right are independent. The moments of the variables on either side
are the same, but they cannot be summed to find the Laplace transform; this is why we use a
similar identity for beta variables (see (a) below). This simplifies the moment uniqueness problem,
because the beta distribution has bounded support. Otherwise the proof only uses convergence
in distribution. It should be compared with other probabilistic proofs or interpretations in Wilks
(1932), Gordon (1994) and Chaumont & Yor (2003, p.99).

Define the gamma function as the usual integral f(o 00) drz®te™® for R(a) > 0, and extend it
recursively to C — {0, -1, -2,...}.

Theorem. Suppose all variables below are independent. The following facts hold and are equivalent:
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(a) (B2=2)y2 4 Béx’y)Béer%’y) for any z,y > 0.
(b) (G§2z))2 4 4G§I)Géz+%) for any x > 0.

(c) (22)2p = 4P(2)p(z + 3)p for any z,p € C.
(d) T(22)T(5) = 22*7'T(2)[(z+ 3) for any z € C.

Proof. (a) The integral moments of the variables in the identity are

N ) M G )1
(2$+2y>2n (x+y)n (x+y+%)n’
respectively, for n = 0,1, .... These are seen to be equal, if one writes

(22)2n = 4"2(z+3)(z + 1) (zHn—D(+n=3) = 4"(2)n(z + 3)n-

The distributions of the variables in the identity have bounded support and identical moments,
and are thus the same. This proves (a).

(a) implies (b): by (6.12),
(2x)\2
x, d G
y2(B=22 4 (14)
as y — oo. Similarly,

Raising identity (b) to power p and then taking expectations gives identity (c) for z = x > 0; the
general case follows by analytic continuation. The result in (c) includes (d), just set z = 3. The
result in (d) implies that the variables on either side of identity (a) have the same Mellin transform.
Ul

The same ideas give a partial proof of the multiplication formula for the gamma function. Suppose

X L . . .
BJ(» to ’y), j=0,...,m—1 are independent. Then the moments argument used in the proof above
leads to ) L
(Bremnym & pir) gt gt (a')

for any x,y > 0, and then the same limit argument gives

Gy & mmGg Gt (v

m

where the variables on the right are independent. Then
(Mma)mp = m™P()p- - (z + T, ()
follows, and extends to x and p complex. Setting =z = % yields
I‘(mz)l“(%) DLy = D () (2 + %) Dz 4 mT_l) (d)

We have then proved that (a’), ('), (¢/) and (d') are equivalent. What is missing in order to prove
the Gauss multiplication formula (Askey et al., 2000, pp.23-25),

1

I‘(mz)(27r)m77 = mmz‘%F(Z)F(z + %) Tz + mTil)v
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is that

F(i)--‘r(mn:l) =

For m = 2 there are well-known simple probabilistic arguments to do this; Gordon (1994, Theorem
6) proves the general case m > 2.
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