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Beta-hypergeometric distributions and random continued
fractions

Claudio Asci ¥ Gérard Letac | Mauro Piccioni *

26th April 2007

Abstract. In this paper an enlargement of the beta family of distributions on (0,1) is
presented. Distributions in this class are characterized as being the laws of certain random
continued fractions associated to products of independent random matrices of order 2 whose
entries are either constant or beta distributed. The result can be proved by a famous 1879
Thomae formula on generalized hypergeometric functions 3 Fs.

Keywords: beta distributions of second kind, hypergeometric functions, Thomae identities.

I Introduction

The aim of this paper is to generalize the following well known facts about gamma and beta
distributions. If the independent random variables X and G; are distributed as beta [, o
and gamma 7,441 respectively, then XG1 ~ 741. Furthermore, if the random variable G2 is
distributed as 7,1 and if it is independent of (X, G1), then

Go B 1
Gy + XGy 1+X%

Go + XG1 ~ Ya+a’,1, N/Ba’,a (1'1)

and these two random variables are independent. Next, recall that for any a,b > 0 the beta law

of the second kind ﬁﬁ) given by

T(a+0b) wb?
= T(@T () (L £ w)ert L0 (W)dw

is the law of the ratio of two independent gamma variables with shape parameters b for the
numerator and a for the denominator, and the same scale parameter (equivalently, it is the law
of (1 -U)/U with U ~ f,). Thus we have that the random variable appearing in (1.1)

G
= G—; ~82, . (1.2)

and we can reexpress (1.1) by saying that if W' has the law (1.2) and is independent of X
~ Ba,a’, then
1
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Moreover, if W ~ ,Bc(li)a, , is independent of (X, W’), then
1

w
1+ 1+W'X

This relation (1.3) characterizes the law (3, , (Chamayou and Letac (1991), Example 11). In
this paper we generalize the result (1.3) to the general case W ~ @52(3 LW~ 5(2) with b > 0 not

2]
necessarily equal to a +a’. We prove that there is again a unique law paramel‘égrized by (a,ad’,b)
for X, supported by the positive real line, which ensures the equality in law (1.3). In Section
2 we will explicitly present its density function and prove this characterization. In Section 3
some of the properties of this family of laws will be investigated. In Section 4 we will prove
the identifiability of the parameters (a,d’,b) and in Section 5 we discuss symmetry properties.
Finally, in Section 6 we will give some particularly interesting cases. The appendix links our

results with the Thomae (1879) formula.

~ X. (1.3)

II The beta-hypergeometric distribution

First recall that for any real number a the sequence of Pochhammer’s symbols {(a),},— is
defined by (a)o = 1 and (a)n4+1 = (a + n)(a),. For positive numbers aq,...,ap,b1,...,b, we
consider the sum of the power series

[e.e]

. ) = (@)n - - (ap)n n
pFa(ar, ... ap;by, ... by 2) ;n!(bl)nm(bq)n : (2.4)

For p = ¢ + 1, which is the case of our interest, the power series (2.4) is always convergent for
|z| < 1 by means of the ratio criterion. If z > 0 then

'(x+4+n)=(z)I (z), (2.5)
so that by the Stirling approximation to the gamma function (z), ~ ";;)"' Hence the series
(2.4) converges for z = 1 if and only if

c:b1+---+bq—a1—---—aq+1>0 (2.6)

since the coefficient of the general term of the series (2.4) is equivalent (up to a multiplicative
constant) to n~17¢. We will also need to consider (2.4) when some of the a; is negative, in which
case the series (2.4) terminates if at least one of them is a non positive integer. Otherwise, since
—k < a < —k-+1 implies (a), = (a)x(a+k),—i for n > k, the general term of (2.4) has constant
sign eventually in n, and again we have that the series (2.4) converges for z = 1 if and only if
¢ > 0. Next for any positive a, a’ and b, define the following probability measure

faa p(dx) = Cl(a, a, b):cafl(l — a:)bil oFy(a,b;a+d'; 7)1(0)(z)dz, (2.7)
where

I'(a+10)
['(a)T(b) 3F2(a,a,b;a+bya+a’;1)’
By our previous remarks 3Fs(a, a,b;a+b,a+ a’;1) is finite and Theorem 38 in Rainville (1960),

page 104, can be applied to prove that (2.7) integrates to 1. As suggested by a referee we get a
mixture representation for pi, o/ p: if N is an integer valued random variable with

C(a,d’,b) =

(2.8)

sFy(a,bya;a+d'a+b; 2)
sFy(a,b,a;a+a’,a+ b; 1)

E(zN) =

2



and if X|N ~ B,y np, then X ~ p, 5. A noticeable subclass of this family is met for b = a+a,
since

oFi(a,a+d5a+ad'5x) = 1Fo(a; —2) = (1—2)7".
Therefore piq.q/ qta (dx) = Baaor(dx).

Theorem 2.1. The probability measure ji, 4 ; has the following property. If X ~ pq 45
and W' ~ Béza), are independent then

1
N g ap. 2.9
1+ xy ~ Halab (2.9)
Proof. Suppose now that X’ ~ g 4. The relation (2.9) is equivalent to ;(, ~ XW'. The
density of V = X L s
/ vb—1 /7. /.
fv(v)=C AT o)™ 2 F1(a’,bsa + a's m)l(O,oo)(U)u
where C" = C(d’, a,b). On the other hand the density of U = XW’ is given by
(a' +0b)1 [1 b 1
= — 1-— Fi(a,b; ———d
fu(u) CF(a’) b)u/o 21— 2)t 9 Fi(a, b0+ d; :U)(x) 1+ 27 x
F(a’ + b) b L 1 :UaJra 71 x)bfl ,
— F . .
CI‘(a’ b) /0 x+ua+b oFi(a,b;a+ o' x)dx
F(CLI 4 b) b L t at+a’'—1
=C———=% Fi(a,b; 1 —t)dt
T(a)T(b)" /0 1+u oo 2filabiatdil—t)
I +b) ub? / tb= 1(1 — t)ata’-l
=C 7 - oF (a,b;a+a';1 —t)dt,
I'(a)T'(b) (1 + u)*+ (1= )t
where C' = C(a,d’,b). We conclude the proof of the theorem by means of the following
Lemma 2.2. For a,a’,b > 0 and for 0 < z < 1 we have
tb 1(1 _ t)a-i—a -1 F(a’)F(b)
Fy(a,b; "1 —t)dt = —F—= 5F(d,b; ' 2). 2.1
/(; (1—Zt)a,+b 2 1(&, ;0 +a ) F(a,+b)2 l(a7 ,CL+CL,Z) ( 0)



Proof of Lemma 2.2. Observe that

1 4b0—-1 a+a'—1
t 1—1
/ ( ) oFi(a,b;a+a’;1 —t)dt
0

(l—zt)a,"'b
0 1 4b—171 _ p\ata'+n—1
) SO AT G
= nl(a+a)n Jo (1 —zt)a'+

~—

(@)n(b)n, TO)T(a+d +n
nl(a+a), T'la+a +b+n

(@)n(b)n TO)T(a+d +n
nl(a+a)y F(a+a’+b+n

oF1(a +b,bja+a +b+n;2)

MS

3
Il
o

(@' +0)k(b)g e
El(a+a + b+ n)

[M]8
[M]8

n=0 k=0
@ i (a’+b )i (b) kz P(O)L(a+ d +n)
n‘a+a I'a+d +b+n+k)

B
Il
o

(@ + b))k 1 F(b)F(a—l—a)

. , .
K Ta+d+btk) 2fifabiata +b+ k1)

Mg

k=0
(6) i (" +0)k(O)k s T()L(a+a) T(a+d +b+kI(a' +Fk)
N P k! F(a+a +b+k)I(a +b+ k) (a+a + k)
R

(@)T(b) 5~ (@) (b)i I'(a’)L'(b) )
Ta + )Zok'(a—i—a) 2F = T Th) oF1(a',bya+da's 2).
In this sequence of equalities (1) and (4) come from the summation of series with positive terms
under the integral (or sum) sign, (2) comes from the Gauss formula (see Rainville (1960), page 47,
Theorem 16), (3) and (5) come from the definition of 3 F}, (6) come from the classical evaluation
of 9F1 in 1 (see Rainville (1960), page 49, Theorem 18) and (7) comes from (2.5) with z = d/,
z=a+d andz=d +0. O

End of the proof of Theorem 2.1. By substituting z = 1/(1 4+ u) with « > 0 in (2.10)
we get that the densities of U and V are equal, as their normalizing constants C' and C’. [J

Remark 2.3. We actually proved that C(a,a’;b) is a symmetric function of (a, a’), equival-

ently

sFy(a,a,bia+b,a+a';1)  3Fy(d,d b;a +ba+d;1) (2.11)
I'(a/)T(a +b) B ['(a)T'(a’ + b) ' '

The following theorem is the main result of our paper. It gives a characterization of distributions

of the family 1, q/ », which generalizes that discussed in the introduction for the beta distribution,
to which it reduces for a + o’ = b. Theorem 2.4.

1. IEW ~ BbQ) W' ~ Béza), and X > 0 are three independent random variables, then

1
Xmo— (2.12)
i
L+ iwrx

if and only if X ~ pg 4 p.



2. W ~ Béza) and X > 0 are two independent random variables, then

1

X~ —
1+ WX

(2.13)

if and only if X ~ pg 4p-

3. Let (Wy)n>1 and (W),)n>1 be two independent i.i.d sequences of random variables with

respective distributions ﬁé?

tinued fraction

and 522&),. Then fi,,qp is the distribution of the random con-

1
1+

(2.14)

Proof. By Theorem 14, page 506 of Chrystal (1964) (2.14) converges almost surely, since
>, (Wit + W/, =1) = oo almost surely. We are in position to apply a general principle (Propos-
ition 1 in Chamayou and Letac (1991)) to the sequence (F},)>2; of random mappings of (0, 1)

into itself defined by
1

- W,
1+ 1+W) 2

Fo(2)

Since Fjo---0F,(z) has almost surely a random constant limit X then the distribution of X is a
stationary distribution of the Markov chain w,, = F, 0- - -0 F1(z) and this stationary distribution
is unique. Since Theorem 2.1 implies that p, 4 4 is a stationary distribution of the Markov chain
(wn)s, this proves that X ~ p, 4, which implies the first and the third statements of the
theorem. The second statement is obtained by repeating the argument with the simpler random

mappings
1

T 1+ W,z
Remark 2.5. The results of the above theorem can be reformulated in alternative ways by

Gn(z2)

recalling from the introduction that random variables with the 55202 law can be expressed either
as a ratio Z/Y of independent Z ~ T, 1 and Y ~ T’y 1 or as (1 —U)/U with U ~ B,.

Remark 2.6. In Pham-Gia (2004) a particular type of densities called hyperbeta densities
are discussed. An hyperbeta density starts with the data of an integer m > 2 and of two
sequences a = (ag,...,apy+1) and b = (by,...,by) of positive numbers such that b; < a; and
Zj>1 bj — > i1 @i > 0. Denote p = by and ¢ = a; — by for simplicity and write a’ and b’ for the
sequences a and b where a; and b; have been taken away. We have therefore

1
/ m1Fm(a;b;2)Bp g (dz) = mi2Fn(a,p;b,p+¢;1) = mFpn_1(a’;b's1).
0

The corresponding hyperbeta distribution is % Bp,q(dx). It is designed for having a

hypergeometric normalizing constant ,, Fy,—1(a’;b’; 1) less complex than the density itself. The
simplest version is obtained for m = 2 and the five positive parameters a, b, ¢, p, q

L(c+ a)l'(c+b)
F'e)'(a+b+c)
We know of no probabilistic interpretation of these hyperbeta distributions. It is easily checked
that none of them is beta-hypergeometric in the sense of the present paper: they do not overlap

at all with ours, except in the trivial case of beta distributions (for p = a and ¢ = b+ ¢ in (2.15)
Ba,c is obtained).

3l(p+q,a,b;p,a+ b+ c;x)Bp 4 (dr). (2.15)



III Some properties of beta-hypergeometric distributions
By using the classical formula (Rainville (1960) Theorem 21)
aFi(e, B;7:2) = (1= 2)* P 9Fi(y — a,v — 8573 2), (3.16)

with («, 8,7) = (a,b,a + @), we can rewrite (2.7) as

_ I'(a+ b)I'(a) / -
Haa'p(dT) = L) (a+ a')3Fs(a,a,b;a+b,a+ a'; 1) 2f1(@), ata'—biata;w)foy(de), (3.17)
where I n
a—+a _ a —
/6(1,0/ (d:L’) = W:ﬁ 1(1 - [1:) 11(0’1) (x)d(L‘

is the beta distribution with parameters a and a’ > 0. Hence if d = a +a’ — b = 0, then Haa b
coincides with (3, ,. From (3.17) we get that

d,ua,a’,b
dﬁa,a’

For d > 0 the function 2 Fy(a’,d;a + a’;x) is increasing in z € (0,1). For d < 0 use the Gauss
representation formula

(l‘) X 2F1(a/aa+a, - b;a—l—a';m), US (Oal)

1
o (d,d;a+ad ;1) = / (1 — tx) B 4 (dt) (3.18)
0

to check that oFy(d’,d;a + o'; ) is decreasing. More generally for any fixed a and a’ > 0 the
family {Ma,a/,a-s-a’—d ; d € (—00,a+ a’)} is seen to be increasing in the likelihood ratio order.
Moreover, from (3.18) we notice that jiq o p is the marginal law of the z-component of a joint
law on (0,1)?

I'(a + b)(d)

dx,dt) =
HAn 8 = 00 + @)aFala, b + by + a3 1)

(1 — tz) =@V, (dt) By o (da),

whereas the t-marginal is clearly fiq 5. The Mellin transform of fi, 4 can be easily computed
from the definition; more generally if X ~ p, 5 we can easily compute E(X*(1 — X)*). But
with the aid of Theorem 2.1 we can also obtain another expression for the Mellin transform of
X. This is the purpose of the following

Proposition 3.1. For real ¢ and s the integral I, 4/ 4(, 5) fo (1—2)°pg,a p(dz) converges
if and only if ¢ > —a and s > —min(a’,b). In this case

Fla+b)T(a+t)T'(b+s) sFa(a+t,a,bja+b+t+s,a+a’;1)

I, .r(t = 3.19
aab{t:5) T(a)T'(b)T(a+b+t+s) sFy(a,a,b;a +b,a+a’;1) (3:19)
Furthermore for t > —a
1 /AN / /
Fy(d',a' —t,bja' +b,a+d;1)
I w(t,0) = g p(dr) = 222220 2 ’ ’ 3.20
aa(t0) /0 T Ha.ap(d) sky(a/,a,b;a’ +b,a+d;1) (3.20)



Proof. Since all terms are positive we can invert sums and integrals, whether they diverge or
not:

/1 o' (1 — 2)pgo p(de) = C’i _(@n()n /1 @t )b lgy (3.21)
0 o n=0 nl(a+a)n Jo '

oL@+ (b +s) S o (a)?(b)n(a +t)n (3.22)

(

Ila+b+t+s) = +a)(a+b+t+s),

I'(a+t)I'(b+ s) ,
=C F t,a,bia+b+t .1

Tatbrits) t2etbabatbridsatal),

where C' = C(a, a’,b). Note that the integrals at the right hand side of (3.21) are all finite if and
only if a4+t > 0 and b+ s > 0. Under this condition the series of (3.22) converges if and only if
a’+s > 0 according to the criterion of (2.6). For the second part, first apply Theorem 2.1: given
two independent random variables X ~ i, 4 and W' ~ ,Blg?a), then X' = (1+ XW')™! ~ pg ap.
Since 1;(),{ ' — XW’' and the Mellin transform of W’ is given by

] s = Wr@%%ﬁ Y ber<d, (3.23)
for —=b<t<d , —
E(XY) = g B <))

Next apply the first part of the proposition by replacing (a,a’,b,t,s) by (a,a,b, —t,t), getting
the result (3.20) for —min(b,a) < t < a’. To extend it to t > —a, we observe that the right hand
side of (3.20) is finite if and only if ¢ > —a and is a positive real analytic function of ¢ on this
interval. The principle of maximal analyticity (see e.g. Letac and Mora (1990), Theorem 3.1)
for Laplace transforms therefore implies that (3.20) holds for ¢t > —a. O

Remark 3.2. Our main result has allowed us to obtain two different expressions for the Mel-
lin transform I(t,0;a,b,a’), obtained from (3.20) and (3.19). Equating these two and recalling
the equality (2.11) already obtained, we obtain

3F2(a—|—t,a,b;a—l—b—l—t,a—i—a/;l) - 3F2(a’,a/—t,b;a’—i—b,a—i—a/;l)
F(@)T(a+b+1t) B I(a+t)T(a' +b) ’

(3.24)

for t > —a. It is readily checked that this equality (3.24) is a particular case of a result due to
Thomae (1879), which is reported as Theorem A.1 in the Appendix, under the form stated by
Maier (2005), page 46. To conclude this section, we prove and extend some observations of a
referee about the limits in distribution of the family fi, 4 .

Proposition 3.3. The following convergences in law hold:
1. lima_,o Ha,a’ b = 50 and lima_>oo Ha,a’ b = 51
2. limgy 0 Ka,a’ b = 01 and limg/ o0 Ka,a’ b = Ba,b

3. limp o Ka,a’ b = o1, limp 0 Ha,a’ b = o if @ < o’ and limy_,o Ha,a’ b = Bafa’,a’ if o’ < a.



Proof. Since all probabilities here are concentrated on the compact interval [0,1], from the
Weierstrass uniform approximation theorem of continuous functions by sequences of polynomials
all the above statements will be proved if we prove convergence of moments, or even if we prove
the simple convergence of the Mellin transforms for ¢ > 0. For statement 1. we use (3.20): since
00 ! /

a' —t)n(b)n (@')n
Fy(d,d -t bjd +ba+d;1) = ( n X ,
32 ) nz;) nl(a’+b),  (a+d),

(‘ll)n

(atary, 18 @ decreasing function of a on (0,00). The monotone convergence
or the dominated convergence theorems therefore enable us to invert sum and limit. For instance
for t > 0 and a — 0 we get

we observe that a —

—y l
lin%) sFy(a',d' —t,b;a' +b,a+d';1) = Z X lim (@ = oF(d —t,b;a +b;1)
a—

n—=

(here we have used the fact that

(a' = t)n(b)n

< 00,
n!(a’ + b), ~

oo
n=0

from the introduction). Similarly for the denominator in (3.20) we have lim, .o 3F>(d’,d’, b;a’ +
b,a + a’;1) = co. This proves that the limit of the Mellin transform (3.20) when a — 0 is zero
for any ¢ > 0, which implies lim,—o ftg,0'p = do. When a — oo all the terms except the first go
to zero in 3Fy(a’,a’ — t,b;a’ + b,a+ a’;1) go to zero except the first, thus the Mellin tranform
(3.20) tends to 1 for any ¢ > 0, which implies limg—o0 ftg,a’p = 01. The proof of the statement 2.
requires either the use of (3.19) in the particular case s = 0 or equivalently it can be obtained
by plugging in the relation of Theorem 2.1 the limit distributions obtained in statement 1. The
proof of statement 3. is analogous to that of statement 1. For the last limit result notice that,
for o’ < a, the Mellin transform of 5,_4 o is
oFi(d,d —t;a+d;1)  T(a)l(a—d +1t)

oF1(d,a/;a+a;1) T(a—a)l(a+t)

IV Identifiability of (a,d’,b)

Proposition 4.1. If (a,d’,b) and (a1,a},b1) in (0,00)% are such that g, p = Hay,a, by then
(a,d’,b) = (a1,a},b1).

Proof. Let C = C(a,d’,b) and C; = C(a1,a},b1). We see easily that a = a; and that
C = C since for © — 0 the densities of pqap and pg, o p, are equivalent to Cz ! and
C1z™ ™1, respectively. Thus writing the equality of densities leads to

(1—2)" oFi(a,bja+a';2) = (1 — 2)™ 2Fi(a,bi;a + al; )

for all x € (0,1). Now use a classical formula (Rainville (1960), Theorem 20, page 60) to obtain
for all z € (0, 3)

2Fl(al7b;a+ CL,; _J"/(l - :U)) = 2F1(a/15bl;a+a/1; —115‘/(1 - $)),



hence for z in a neighborhood of 0 we have
oFy(d byc;2) = oF (), b1;c152),

where ¢ = a + o’ and ¢; = a + df. By equating the coefficients of z, 2% and 2® and taking ratios
we get

ab _dibi (@ D0+ _ (@ DB+ (@ 20+ (ah+2)(b+2)

c c1 (c+1) N (c1+1) ’ (c+2) n (c1+2)

From this we get (a’,b,¢) = (a},b1,c1) or (b1, a},c1). Here are the details: from the knowledge

of
a’b (@ +1)(b+1)

"+ 2 2
=" M= = 2 D02)

c+1 c+2
we get by taking suitable linear combination of both members

9

6(2)\1—)\0—)\2)+2+2>\1—2)\2:0, CL,—Fb:(C—Fl))\l—C)\o—l, a,b:C)\o,

from which ¢ can be uniquely obtained from the first equation (since A; > 0 for ¢ = 0, 1,2 such
an equation cannot be undetermined) and the unordered pair {a’,b} from the remaining two.
But since ¢ = a + a’ we derive @’ and thus b as well. Hence @' = a1, b = by and ¢ = ¢; as
promised. [J

V  Symmetry of 1,4

In this section we prove that fi, 4 p is symmetric with respect to 1/2 if and only if a = o
and b = a + d/, i.e. there are no symmetric laws out of the beta family. More generally the
transformation x — 1 — x on a p, 4 p-distributed random variable induces a law which is not a
member of the family, except in the beta case. The main argument for the proof of this result

is contained in the following

Lemma 5.1. Let (o, 3,7v) and (a1, 51,71) be real numbers such that v > 0 and 7 > 0.
Consider the functions y and y; defined on (0,1) by

y(z) = 2F1(a, B;7;1 — ), yi(w) = 2F1(a1, B 2)

and assume that Dy = y; for some real constant D # 0. Then y; = 1, that is a5 = o181 = 0.
Proof. The functions y and y; are solutions of the differential equations (see Rainville
(1960), page 53)

z(1—2)yf (z) + (11 — (a1 + B + D))y (z) — cufr i (z) =
e(1—2)y" (@) + (—y+a++1—(a+ B+ D)y (z) —af y(z) =

(the first being obtained as the second by changing x into 1—=x). Since Dy = y; multiplying both
sides of (5.26) by D we get another differential equation for y; which subtracted from (5.25)
yields (A — Bz)y)(z) = Cyi(z) where A, B, C' are suitable constants. By definition y; (0+) = 1;
now suppose that y; is not constantly equal to 1. Then C' # 0 and (A, B) # (0,0). If B = 0 then
y1(x) = e“*/4 which is not a hypergeometric function as seen by its power series expansion. If
A = 0 then y;(0+) = 1 is impossible. Thus without loss of generality we assume A = 1 and
we get y1(z) = (1 — Bx)™® with a = C/B # 0. Expanding = — (1 — Bxz)~® in power series



> (L;)!" (B)" x™ shows that it is a hypergeometric function only if B = 1. To conclude the

2Fi(e, Biviz) =y(1 —2) = DYy (1 —2) = D1z,

which is impossible since the function on the r.h.s. is unbounded in any interval (0,¢) for a > 0
and is zero at 0 if a < 0. [J

We can now prove the promised result.

Theorem 5.2. Let X ~ p,qp. Then there exists (ag,a},b1) in (0,00)% such that X; =
1= X ~ fig, o, p, f and only if a1 = @', @) =aand by =b=a+d =a1 +a;.

Proof. The if part is obvious since fiq ¢/ g+a' = Ba,a’- Conversely, suppose that X1 =1 — X
with X ~ pg,q0p and X1 ~ fig, o p,- Then, for all z € (0,1) we have:

Cx M1 —z)" ' 9Fi(a1,bis01 + dhsm) = (L—2)* 2" 9 Fi(a, b0+ a3 1 — 2)
or equivalently
C(1 — )" 3Fi(a1,bi; a1 + al;2) = 2"~ 9 Fy(a, b0+ d';1 — ), (5.27)

C being a constant. Introduce d = a +a’ — b and d; = a3 + a} — by. Applying (3.16) to both
sides of (5.27) (specifically («, 8,1, 2) = (a1,b1;a1 + af;2) and (a,b;a + a;1 — z)) we get

C(1 —2) % 3 Fy(dy, dyyaq + as2) = 2%~ 9 Fy (d, d;a+ d;1 — ). (5.28)

Note for all t € R we have

a8 1) = B 50 = B = Lo sl

Now application of Proposition 3.1 shows that the left hand side is finite if and only if —a; <
t < min(a},b1) and that the right hand side is finite if and only if —min(a’,b) < t < a. This
leads to

a1 = min(a’,b), a = min(a,br).

It remains to discuss several cases. If ay = o’ < b and a = a/l < by then one applies Lemma
5.1 to (5.28) and we get d = d; = 0 as desired. If a3 = b < @/ and a = by < a} then one
applies Lemma 5.1 to (5.27) and we get the absurd statement ab = a1b; = 0. If a1 = o/ < b and
a = by < aj then (5.27) and (3.16) we get

C oFi(a1,bi;a1 + ay;2) = 2Fi(d’,d;a+ a1 — x),
leading via Lemma 5.1 to the absurd statement a1b; = 0. The case a = a} <b; and a3 =b < d

is similar. The result is proved. [J

From the previous result we deduce immediately the symmetry result mentioned at the
beginning of the section.

Corollary 5.3. Let X ~ 545 and X’ ~ g qp. Then X ~ 1 — X' if and only if b = a + d’
and X ~1— X if and only if a = @’ = /2.
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V1 Some particular examples
We list some values of (a,d’,b) for which fi4 4 has a remarkable form.

1. As seen before b = a + a’ gives fiq o/ g+a/(dT) = Bg o (dz). If more generally b =a+a' + k
where k is a non negative integer, then the hypergeometric series

oFi(d,a+ad —bja+d;x)

terminates and is a polynomial with degree < k. Thus p,4/ q+a/+k(dx) has a simple expres-
sion from (3.17). In particular the normalizing constant and the moments of 14 o/ g4/ +k(d)
are computable, since the integral of a polynomial by 3, . is elementary. For instance

a+ad

Na,a’,a+a’+1(dm) - a2+ ad + a2

(a+d'(1—2))B4u(dx).

2. For a = o/ = b = 1/2 then from Rainville (1960) page 71, exercise 19 and using Dixon’s
theorem in order to compute the normalizing constant, we get

x)dz.

n , , (dﬂ:’) /
1/2,1/2,1/2 212(1 — ) 1/2r4 (H { m ton(@

3. For a =da' =1/2 and b = 3/2 we can use (3.17) and Rainville (1960) page 71, exercise 20,
to get

1
21 /272(de) = i / VI—asin tdt 1)

3F5 (3,3, 5:2,1;1) w2 x1/2

4. Fora=d =b+ %e with € = £1 from Rainville (1960) page 70, exercise 10 we get

(d) — 24711 (3a)
Haaa+; -~ oFi(a,a;3a;1/2)T(a)T(2a)

(1++V1— )t 200711 — g)o! 1,1y (w)dx

and for a > %

2011 (3a — 1)
oFi(a,a;3a —1;1/2)'(a)I'(2a — 1)

 (dz) = (1+v1 —2) 722" (1-2)"73/2 19 4y (2)dz,

'U’aaaff

where the normalizing constants have been computed by direct integration together with
Gauss formula.

5. From Rainville (1960) page 71, exercise 18 we get fora =b=1/2,a' =1

1 arcsin \/x
p1/2,1,1/2(dx) = Lio,1)(@)dx
G (3L ELE) avi-a @Y

and fora=b=1,d' =1/2

1 arcsmf
(L L2, 5:1) vyl —a oY

M1,1/2,1(d$) = ( )dz.

11



6. Using a result from the same exercise we get the elegant case a =a’ =b=1

1 dx

Our main result states in this case that if (1—X)/X ~ WX with X > 0 and W independ-
ent, the latter with Pareto distribution function 1 — (1 + z)~!, for & > 0 (alternatively if
X ~ ﬁ for X and U independent, the latter uniform in (0, 1)), then X has distri-

bution (6.29). Note that when ¢ > —1,t # 0, by expanding = — log(1—z) in power series,
we get B(X!) = 515> (1 - When ¢ is an integer we get E(X?) = tﬂQ St 1

72t

6
M17171(dl‘) = ﬁ log

n+t )

The number of interesting examples is quite large, as can be seen from Abramovitz and
Stegun (1964), formulas 15.1.i for i = 3,4,6,9,10,12 — 18 and 15.4.i for i = 7 — 26.

VII Appendix: a probabilistic proof of the Thomae formula

We give here the elements of a probabilistic proof of Thomae’s result that we have mentioned
in Remark 3.2. It gives a second proof of (3.20), which is essentially equivalent to our Theorem
2.1.

Theorem A.1l. Consider the analytic function on C® defined by the analytic continuation
of

Define the 5 x 5 matrices

Jz 0

0 0

A:I5+J5_[ 0 Jo

:|, 3A_1:3I5+J5—3[ J3 0 :|
where Jj, is the (k, k) matrix whose entries are 1, and define (a, b, ¢, d, e) = (z,y, z,u,v)A. Then
the function

1
L(d)T(e)(d+e—a—-b—c)

E(IL‘,y,Z,U,’U) v 3F2(a,b,c;d,e; 1)
is a symmetric function of (z,y, z, u,v).
Sketch of the proof. Let U ~ 3, and V' ~ .4 be independent; then the distribution of UV
is
F'(a+b)I'(c+d)
F(a)T'(b+ c+d)
by an easy calculation using Gauss formula (3.18). Notice incidentally that for a+b = 1 this has
been called by Henrici (1977) the hypergeometric distribution. The Mellin transform of such a
X =1-UYV is the following function of ¢:

Fla+b)I'(c+dI'(b+d+1)
L@ (b+d)T(b+c+d+1t)

An alternative expression for this is obtained by

oF1(b,c+d—a;b+d;1 — x)Bepra(dr)

E(X!) =

x sFy(b,c+d—a,b+d+t;b+c+d+t,b+d;1). (7.30)

B(XY) =F((1-UV)") i
n=0

JE(V") = 3F(a,c,—t;a+be+d;1),  (7.31)

12



since E(U™) = (a)n/(a+b),. Next check that multiplying by A~! the row vectors of arguments
of the functions g3F» appearing in the two previous expressions we get that the one in (7.30) is
obtained from the one in (7.31) by the permutation (1,2, 3,4,5) — (4,5, 1,2, 3) of the arguments.
It is then easy to realize that the symmetry of the function F is guaranteed only by the invariance
under this permution. The proof is finished, since by choosing

a=z,b=u—z,c=y,d=v—y,t=—=2

the vector of arguments of 3F» at the r.h.s. of (7.31) is precisely (z,y, z,u,v). O

In order to see (3.24) as a particular case of Theorem A.1 it is enough to check that the two
vectors

(a+t,a,bya+b+ta+a)3A!
=@2t—b+a+d,~t—b+a+d,~t+2b—2a+d,2t+2b+a—2d,~t—b+a+d),
(a/,a' —t,b,a' +b,a+a)3A7"
=@2t—-b+a+d,~t—-b+a+d,2t+20+a—2d,~t+2b—2a+d,~t—b+a+ad)

are obtained the second from the first by the transposition (3,4).
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