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The two-parameter Poisson—Dirichlet distribution is a probability distribution on the totality of positive
decreasing sequences with sum 1 and hence considered to govern masses of a random discrete distribution.
A characterization of the associated point process (that is, the random point process obtained by regarding
the masses as points in the positive real line) is given in terms of the correlation functions. Using this,
we apply the theory of point processes to reveal the mathematical structure of the two-parameter Poisson—
Dirichlet distribution. Also, developing the Laplace transform approach due to Pitman and Yor, we are
able to extend several results previously known for the one-parameter case. The Markov—Krein identity for
the generalized Dirichlet process is discussed from the point of view of functional analysis based on the
two-parameter Poisson—Dirichlet distribution.
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1. Introduction

This paper is concerned with a two-parameter family of probability distributions on the infinite-
dimensional simplex V4, of non-negative decreasing sequences with sum 1,

VOOZ{(vi):(vlﬁmv--'):vlZU22'--ZO,ZU,-:1},

It extends the one-parameter family of distributions known as Poisson—Dirichlet distributions,
which were introduced by Kingman [32]; see, for example, [1,44,50] for related topics and bib-
liographic information. Pitman and Yor [45] defined the two-parameter Poisson—Dirichlet dis-
tribution, denoted PD(«, ), in the following manner. Given 0 < o < 1 and 6 > —q, define a
sequence (Vi) of random variables by

Vi=1, Vi=(=Y)---(1=Y,_)Y;,  (=23,..)), (1.1)

where Y1, Ys, ... are independent and each Y; is Beta(l — «, 6 + i)-distributed. Let (V;) be
the decreasing order statistics of (\7,-), namely V| > V, > - .. are the ranked values of (\7,~), and
define PD(«, 6) to be the law of (V;) on V. There is some background to the study of these
distributions, as explained in [45] and [44]. In particular, a number of results concerning PD(«, 6)
were obtained in [45]. The proofs there use auxiliary random variables and related processes
(such as stable subordinators and gamma processes) and require deep insight into them. As for the
original Poisson—Dirichlet distributions, which form a one-parameter family {PD(0, 8):6 > 0}
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and correspond to the gamma processes, certain independence property often makes the analysis
relatively easier. See [50] and [51] for extensive discussions.

One purpose of this article is to provide another approach to study the two-parameter family
{PD(e,0):0 <a < 1,6 > —a}, based mainly on conventional arguments in the theory of point
processes; see, for example, [7] for general accounts of the theory. This means that a random ele-
ment (V;) governed by PD(e, 0) is studied through the random point process & := Y _ §y,, which
we call the (two-parameter) Poisson—Dirichlet point process with parameters (¢, 8), or simply
the PD(«, 6) process. Note that although the above £ is a ‘non-labeled’ object, it is sufficient
to recover the law of the ranked sequence (V;). For example, we have &([, 00)) = 0 precisely
when V| < t. More generally, for each n =2, 3, ..., quantitative information on Vi, ..., V, can
be derived from & by the principle of inclusion-exclusion. Among the many ways of character-
izing a point process, we choose the one prescribed in terms of correlation functions. For each
positive integer n, the nth correlation function of a point process is informally defined as the
mean density of tuples of n distinct points in the process. As far as the one-parameter family
{PD(0, 8) : 0 > 0} is concerned, the idea of such an approach is not new. The correlation func-
tions of the PD(0, 6) process were computed by Watterson [54], where these are referred to as
the multivariate frequency spectra. (See also [39].)

One advantage of this approach can be described as follows. As Kingman [33] mentioned, the
Poisson—Dirichlet distribution is “rather less than user-friendly”. In other words, PD(0, 8) is not
so easy to handle directly. In contrast, the correlation functions of the PD(0, 8) process obtained
in [54] are of a certain simple form. By using them, Griffiths [19] obtained several distributional
results for PD(0, 6). As a two-parameter generalization, we will find ((2.3) below) the correlation
functions of the PD(«, 6) process. This result will play a key role in revealing the mathematical
structure of the two-parameter Poisson—Dirichlet distribution via the associated point process.
Indeed, by exploiting some general tools from the theory of point processes, it will be possible to
deduce results which extend previously known results for the one-parameter case, for example,
the joint probability density obtained by Watterson [54] and the moment formula due to Griffiths
[18]. It should be noted that Pitman and Yor [45] essentially found the joint probability density
in the two-parameter setting. However, we emphasize that our expression (5.13) in Theorem 5.4
is quite consistent with Watterson’s formula and useful for the purpose of further analysis.

Another aspect of results presented in this article is a development of the Laplace transform
method discussed in the last section of [45]. Roughly speaking, the main result ((3.8) in Theo-
rem 3.2) in this direction states that the (suitably modified) Laplace transform of a ‘probability
generating functional’ of the PD(«, 8) process is connected with that of a certain Poisson point
process on (0, oo) through some nonlinear function. This will provide a powerful tool, especially
for the study of certain asymptotic problems regarding PD(«, 6) as & — oo. Such problems have
been studied in the case o = 0, motivated by the study of population genetics; see [18] for back-
ground information. We will show that the presence of a fixed parameter € (0, 1) does not affect
the validity of results of such type, generalizing a limit theorem of Griffiths [18] and the central
limit theorem obtained by Joyce, Krone and Kurtz [28]. In the proofs, Theorem 3.2 combined
with the Laplace method is seen to be very effective in demonstrating such results.

The aforementioned structure of PD(«, 8) will also be used to explain certain properties of the
generalized Dirichlet process n := ) V;8x,, where X; are i.i.d. random variables independent
of (V;). The Dirichlet process was originally introduced by Ferguson [17] as a prior distribution
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for nonparametric problems and it corresponds to the case where (V;) is governed by PD(0, 6).
In such a context, many attempts have been made to find the exact distribution of the (random)
mean M :=)_ X;V; of n. A key ingredient for this is the so-called Markov—Krein identity, which
relates the law of M to the common law v of X;. Its two-parameter generalization was obtained
by Tsilevich [49]; see also [31,50,53]. Our study of the generalized Dirichlet process will be
based on functional analysis of PD(«, 6): we regard this process as a ‘functional’ of PD(«, 6)
with underlying parameter v. It will be seen that Theorem 3.2 explains the mathematical structure
behind the Markov—Krein identity, a complementary result of which is presented. We would
expect that such a point of view would help us to discuss further the generalized Dirichlet process.

The paper is organized as follows. In the next section, we describe the formula for the cor-
relation function of the PD(«, 8) process. Section 3 deals with the Laplace transform method,
which will turn out to be another basic tool in the subsequent argument. In Section 4, we dis-
cuss the Dickman function and its two-parameter version which describes the law of V| with
respect to PD(«¢, 8). The main result here ((4.9) in Theorem 4.2) is an integral equation satisfied
by the generalized Dickman function. Section 5 shows how the correlation functions combined
with techniques from the theory of point processes yield distributional information on PD(«, 6).
In Section 6, we illustrate the utility of the Laplace transform method established in Section 3
by proving some asymptotic results on PD(«, 0) with 8 large. Section 7 is concerned with the
generalized Dirichlet process, some of whose properties will reduce to the results obtained in
previous sections.

2. The correlation function of the PD(«, #) process

The main subject of this section is the correlation function. We begin with some definitions and
concepts from the theory of point processes [7]. (See also Section 2 in [27] for a comprehensive
exposition of this material.) Let £ be a point process taking values in R. For simplicity, suppose
that & is expressed as § = > _ 8x, for some random variables X1, X2, .... Throughout what fol-
lows, we assume that & is simple, in the sense that X; # X ;(i # j) a.s. For any positive integer
n, the nth correlation measure (also called the nth factorial moment measure) of &, if it exists, is
defined to be a o -finite measure p, such that for non-negative measurable functions f on R”,

E[ > f(Xil,...,Xi,,)}sz FG1 o xnpa(dx -- dxy), 2.1)
il,...,in(?ﬁ)

where the sum is taken over n-tuples of distinct indices. In particular, 11 is the mean measure of
& and it follows that p, (dx --- dx,) is necessarily symmetric in x1, ..., x,. If u, has a density
with respect to the n-dimensional Lebesgue measure, the density is called the nth correlation
function of &.

In what follows, o and 6 are such that 0 <« < 1 and 6 > —a«, unless otherwise mentioned.
Notice that the PD(«, 0) process £ =) 8y = > 8y, with (Vi) and (V;) defined as in the Intro-
duction, is simple. Denote by ¢; ¢, the product

n . 0”, a=09
HF(9+1+(1 SLICIIS RISy
i LU=l +io) | o TG /a+ DI —a)

O<a<l.
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In view of the left-hand side, it is clear that

Cm+n,a,0 = Cm,a,0Cn,a,60+am (m,ne{0,1,2,...}) (2.2)

with the convention that cp 4,9 = 1. We also need the following notation for the n-dimensional
unit simplex:

Ap={(v,...,v):v1>20,...,v, 20,01 +--- 4+ v, <1}.

In general, the indicator function of a set (or an event) E is denoted by 1. The main result of
this section generalizes Watterson’s formula [54] ((18), page 644) for the correlation functions
of the PD(0, 6) process to the PD(«, ) process.

Theorem 2.1. For each n = 1,2, ..., the nth correlation function of the PD(«, 6) process is
given by

n n O0+an—1
Ina,d V1, .-, V) 1= cn,a,e]_[v,-_(““)(l - Zw) Ip, (Ui, oovn). (23)
i=1 j=1

We will give a proof based on a known property of the size-biased permutation for PD(«, 6).
For the one-parameter family {PD(0, #) : 6 > 0}, such an idea to derive (2.3) is suggested in [39],
Corollary 7.4. From the definition of size-biased permutation (see [45] or Section 4 of [3]), we
can make the following observation. If a sequence (V;) of random variables such that V; > 0
(i=1,2,...)and Y V; =1 is given, then, foreachn =1, 2, ..., the nth correlation measure u,
of > 8y, exists and

n

i—1
Un(dvy -+ dvy) = H[vil (1 — Zv]) ]lAn(vl, ...,vn)ufl(dvl - duy), 2.4)
j=1

i=1

where ,uﬁ is the joint law of (Vﬁ, ey V,f ), the first n components of the size-biased permutation

( Viﬁ) of (V;). In (2.4) and throughout, we adopt the convention that Z?‘:] -oo=0.

Proof of Theorem 2.1. Let (V;) have PD(«, 0) distribution. A remarkable result obtained in
[37,41,43] then tells us that the law of (Vij) coincides with the law of (V;) in (1.1). Hence for

any non-negative measurable function f on R", the expectation E[ f (Vj, cee V,LtI )] is given by
n
/ dyp - dyn f1, o vn)enae | [y @ =y, (2.5)
(o1 i=1
where v; = v; (y1,..., Yu) = yi ]_[']_:l] (1 — y;), with the convention that H?‘:l ... = 1. Note that
the mapping (y1, ..., yn) =y (v1,...,v,) =:v from [0, 1]" to A, has the inverse

i—1 -1
yizyi(V)Zvl'(l—Zvj) i=1,...,n). (2.6)

j=1
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Therefore, (2.5) becomes

cn,a,g;/ dvy --- dv,
Ap

Observing from (2.6) that

) O+an—1
H{yi—o{(l _ yi)9+ioz—l} l_[ - (1 — Zv1> N (2.8)
i=1

i=1

A1 — yp)ftiety, 2.7)

we have, by (2.5) and (2.7),

-1
ELf(Vf,....VDl= /R dvy -+ dv, f(V)gna 9<v>]_[{vl (1 - Zv,) } (2.9)

j=1

where g, 1s defined by (2.3). With the help of (2.4), this proves Theorem 2.1. U

It is known that correlation functions appear in the expansion of the ‘probability generating
function’ of a random point process » 8y, ; see Section 5 in [7] for general accounts. This func-
tional is defined to be the expectation of an infinite product of the form [ g(X;). For the sake of
clarity, we provide the following definition of infinite products. Given a sequence {#; } of complex
numbers, define

lim H(l—i—t,)e[l o], if>0G=12,..),

n— oo

o

[Ja+m= !

i=1 lim l—[(l +1)eC, if the limit exists.
n—>ool=1

In general, it holds that

1‘[<1+|tl|>—1+2 )k |tln|—1+Z Dol (2.10)

n=1iy<-<iy ll ----- in(#)

Also, ]_[fil(l + t;) admits the corresponding expansion whenever ]_[fil(l =+ |¢;|) is finite. In
what follows, Eq g[- - -] denotes the expectation with respect to PD(«, 0).

Corollary 2.2. For any measurable function ¢ : (0, 1] — C,

Eqyp []O"O[(l + |¢><Vi>|)}

i=1
2.11)

"lli

|¢( )| n 0+an—1

Cn,a,0 v;

:1+Z n,a, / 1_[ a+’1 <1_Zvj> dvy - - dv,.
n=lI j=1
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If the above series converges, then

Ew[fh1+¢uwﬂ

i=1
(2.12)

( O+an—1
A

”ili

Proof. (2.11) is immediate from (2.10), (2.1) and (2.3) together. Convergence of the series in
(2.11) allows us to show (2.12) by the dominated convergence theorem. ([l

For instance, if ¢: (0, 1] — C is a measurable function with support contained in [¢, 1] for
some 0 < € < 1, the series in (2.11) is easily verified to converge. Roughly speaking, the assertion
of Corollary 2.2 is equivalent to that of Theorem 2.1 (cf. Propositions 2.2 and 2.3 in [27]).

3. The use of Laplace transforms

This section is intended to provide a general tool (Lemma 3.1) and to exploit it in the study of
PD(«, 6) processes. It contains a certain inversion formula for Laplace transforms. Interestingly,
in spite of the generality of the formulation, the formula involves Dirichlet measures. This seems
to show an aspect of the analytic importance of such measures.

Lemma 3.1. Let B > 0and § > —B. Let R be a function defined at least on a neighborhood of 0
in which R is expressed as an absolutely convergent series of the form R(u) = riu+rpu®>+- - -

(1) Suppose that F and G are complex-valued measurable functions on (0, 00) such that
fooo ds s8~Le=205| F(s)| < 0o and fooo dz z=B+De=20%|G(z)| < oo for some Lo > 0. If F and G
are connected with each other in such a way that

s [ 6-1.—as PR e
A dss° e F(s)=R|[ A dz ——G(2) 3.1
0 0 Zﬁ+1

for sufficiently large A > 0, then F(s) coincides with

o) §+pBn—1
G (s
ZF(8+ﬂn)f fssfl ( Z”/) dvy ---dv,  (B+46>0) (3.2)

n=1

or

G(s(1—
rlG(S)"‘l_Zrn/ G(sv,) (s( Xn: : v])) doy - oy
Ap1 I_Z] 1Y)
3.3)
(B=0=0)
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for a.e. s > 0, where the series and integrals converge absolutely for a.e. s > 0.

(1) Suppose that G is a complex-valued measurable function on (0,00) such that
Jo© dzz=BHDe=203|G(2)| < 0o for some g > 0. Then the series (3.2) or (3.3) with |G(-)|
and |ry| in place of G(-) and ry, respectively, converges for a.e. s > 0 and F (s) defined by the
expression (3.2) or (3.3) satisfies fooo ds s~ 1e=*05| F(s)| < 00. Moreover, the relation (3.1) holds
for sufficiently large A > 0.

Proof. We consider only the case where 8 + § > 0 since the other case can be handled quite
similarly. To prove assertion (i), we first show that

il Gewlf. <\
n SV;
Go(s) :_ F(8 + fBn) _/ l_[ ;3+1 ( ZUJ) dvy --- du,

j=1

is finite for a.e. s > 0. Setting, foreachs >0andn=1,2,...,

Ap()={(z1,...,z0):2120,...,2, 20,21 + - + 2, <5}, (3.4)

we observe, by Fubini’s theorem, that

6+pn—1
- IG(svz)I - dvy -+ dv,
/ ass e [ ] =3 o dun
0 ,- =1

Aniy Uy VUp
8+pn—1
G(z - dzy ---dz
=/dw ) FF(MS—Z% o dzy
n(f) Zi j=1 21" 2n
n n 5+pn—1
G(z)| [~ _
:/ le"'dZn | ﬁ+ll| dse As S_ZZj
(0,00)" i=1 % =12 j=1

s+ 00 —AzZ n

Therefore, term-by-term integration yields

o0 —
W ass et 6= Iral (27 TS AZ|G( n
0 0 = n 0 ZZB+] Z .
n=1

Since the above series converges for sufficiently large A, Go(s) < oo for a.e. s > 0 and thus the
desired absolute convergence follows.

Calculations needed for the proof of (i) have almost been done. Indeed, denoting by G (s)
the sum (3.2), one can see by obvious modification of the above calculations that (3.1) with F
replaced by G holds for sufficiently large A > 0. We thus conclude, by virtue of the uniqueness
of Laplace transforms, that F(s) = G1(s) for a.e. s > 0. This proves assertion (i). The proof of
assertion (ii) is essentially contained in the above and is therefore omitted. O
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At least formally, (3.3) is obtained as the ‘degenerate limit’ of (3.2), that is, by first setting
B =0 in (3.2) and then taking the limit as § | 0. Although our inversion formula given in
Lemma 3.1(i) requires the Laplace transform to have a certain special form, one advantage is
that it is described in the ‘real world’, that is, we do not need any complex integrals. Considered
as prototypes of the inversion formula are integral representations of the Dickman function and
the Buchstab function (cf. [1], page 22). Both functions appeared in asymptotic number theory
[4,12] and are related to PD(0, 1). On the other hand, assertion (ii) will be used below to compute
the Laplace transform of a probability generating function of the PD(«, 8) process discussed in
[45].

In such applications, we will employ

rO)e™ -1, a=0,0>0,
Ryo): =1 T@+ {1l — Cqu) 7 — 1}~ 1, O<a<1,0#0, (3.5)
—a Mog(1 — Cyu), O<a<1,0=0,

where Cy =/ T'(1 — «). The precise meanings of the power and logarithm in (3.5) as complex
functions are as follows. Given p € R and t € C\ (—o00, 0], define t” = exp(plogt), where
logt = log|t| + argt, with argt being chosen in (—m, 7). As mentioned in Exercise 1.2.7 of
[44], the function R g itself appears in connection with generalized Stirling numbers. Note that
three expressions in the right-hand side of (3.5) vary continuously in (&, 6), even in the limit as
0 — Oora | 0. This fact is consistent with the continuity of the two-parameter Poisson—Dirichlet
family [52], [50]. More importantly, R, s admits an expansion of the form

o8]

r®
Rao) =" L0 +an)cnae Z’f)c’““*@ " (3.6)

n=1
as long as |u| < 1/Cy (= oo for a = 0 by definition). Combining Corollary 2.2 and Lemma 3.1,
we prove the following formula, a refinement of Corollaries 49 and 50 in the aforementioned
paper [45] by Pitman and Yor. We will use the convention that inf @ = oo so that, for a subset X
of R, inf X < oo means X # &.

Theorem 3.2. Suppose that g : (0, 00) — C is a measurable function such that hy(g) := inf{\ >
0: o dzz=@tDe™|g(z) — 1] < o0} < 00. Put

oo —AZ
Ay () :inf{)»/ > Ao (g): %/0 dz ;H (8(z) — 1) ¢[1,00) forall . > )J}

so that, in particular, Aj(g) = Lo(g). Then for a.e. s > 0,

Eqg []_[(1 +1g(sVi) — 1|)} <o (3.7)
i=1
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and for .. > A} (g),

)\’9 oo o

(3.8)
1 00 ez 1
—exp 9/ dz (g—1)) - «=0,0>0,
0 0 0
1 C e—M 0l
= 5(1 Nj/ dz Zoﬁ(g(z)—l)) -5 O<a<1,0#0,
1 C 00 e*)»z
_Elog(l_ﬁj) dZZa+1 (g(Z)_l)>, 0<(X<1,9:O

Proof. Consider

Fo(s) := Ea []‘[(1 +1g(sVi) — 1|)] -

i=1
which admits a series expansion due to (2.11). Noting (3.6), we apply the first half of
Lemma 3.1(ii) with 8 = «, § =6 and R = Ry to show that Fy(s) < oo for a.e. s > 0. Also, the
last half of Lemma 3.1(ii) can be applied to the series expression of F (s) := Eq g []_[?i1 gsV)]—
1 due to (2.12) and we obtain

29 0<>dss"*1e*“F(s)—R e dz e_M( (2)—1)
0 = Rg,0 0 ol+1 8

for sufficiently large A. This extends to all A > A% (g) by analytic continuation, showing (3.8).
The proof of Theorem 3.2 is thus complete. ]

This result will be exploited later in a variety of ways by taking

10,1)(s), in Section 4,
(s) : exp(—s?), in Section 6.2,
Yy (L), in Section 7,

where p > 0 and v, is the characteristic function of a distribution v. We conclude this section
with the observation that the probability generating function of the PD(w, 6) process can also be
characterized by an integral equation.

Proposition 3.3. Suppose that g: (0, 00) — C is as in Theorem 3.2 and set ¢(s) = g(s) — 1.
Then I, (s) := Ea,e[l_[?il g(sVi)] solves the following integral equation for a.e. s > 0:

(1) fora=0and 6 >0,

7Ty (s) — 6 /x g(s — 01" My (r)dr = 0; (3.9)
0
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(i) forO <o <1 and 6 #0,
/S dr (s — 1)~ T, (1) — /S dt (s — 1)~ g(s — 1)
0 0
- a/S du /udt w—1)" Vo — 1T, (1) (3.10)
0 0

—6 / du / dr (u—1)"%g(u— 01" (My (1) — 1) = 0;
0 0

(i) forO<a <1land 6 =0,

/Sdt (s =) "M, (1) — /St_“g(t)dt
0 o 0 (.11
—oe/ duf dt (u — 1) Do — )T, (1) =0.
0 0

Proof. Given a measurable function f on (0, 00), let fdenote the Laplace transform of f and
introduce the temporary notation fg(z) = f(2) /7P for B € R. All equalities below involving A
hold at least for sufficiently large A.

1) Set f(s) = s7T1 (s) so that fi(s) = sa ' ¢(s). We start with a simplified version of
(3.8) for « = 0, that is, )ﬁ f1i) =T(0) exp(9¢1 (A)) Taking the logarithmic derivative of both
sides with respect to A, we get

A
i)

>

0
= —9¢<A)<— —030) + X)

and hence f(A) =602 (}) f1(1). This suffices to prove (3.9).
(ii) For notational simplicity, let ®(s) = I14(s) — 1 and G(s) = I14(s). In the case where
0 <o < 1 and 6 # 0, the equality (3.8) reads

0 Cy ~ —0/a
— o gV =(1-— A —1.
rare) ! (1) < )La¢a+1( ))
Setting 8 = —0(< o < 1), we convert the above identity to

o 1 1
(T = BRP — BB (1) = (T — a)h® — a1 (1) /.
By taking the logarithmic derivative,

D) +T(1—PAP G (W) +T (1 —a)re”!
T(1— AP — BDp1(B) Tl —a)r® — adar1(M)
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Here, considering the functionAly(z) = 1/z7 for every y < 1, note that the numerator of the
left-hand side equals ® (1) +1g(1) = Gg (1) and, similarly,

Pa(M) +T (1 — A2 =3, (). (3.12)
Consequently, we have
T,WGsN) —1(M)2u () — %@H(x)éﬁ (L) + %g‘a (WPpr1(h)=0.  (3.13)

This proves (3.10).
(iii) Differentiating (3.8) with 8 = 0 and again using (3.12), we get
-~ -~ lA o~ -~
1o (M, (A) — xga(?») - X¢a+10\)ng0\) =0, (3.14)

which shows (3.11). The proof is thus completed. U

In fact, the generality of the assumptions in Proposition 3.3 makes the resulting equations
(3.10) and (3.11) rather complicated. Under an additional hypothesis which ensures that both
g and Il are of bounded variation on each finite interval, the following equations are derived
instead.

ForO<a <1land® #0,

N N
/ (s —1)7%t? AT, (r) —/ (s =)t *dg(r)
° ° (3.15)
- / de{(s — )70 +a(s — )TV p (s — 1) (T (1) — 1) = 0.
0
ForO<a <land 6 =0,
S S
/ (s — ) dITg(t) — s %P (s) — a/ dr (s — 1)~ @D (s — )My (r) = 0. (3.16)
0 0
The proof changes only after multiplying (3.13) and (3.14) by A and then uses

T, AG (L) — T5()AZL(h) = 14 (L) f T ds(s) — 1g(h) / et de (5)
0 0

and ATz (A) = 1 + [;° e~ dI1,(s), respectively. The details are omitted.

4. The two-parameter generalization of the Dickman function

One of fundamental ‘observables’ in a point process on R is the ‘position of the last particle’
(cf. [27]), if any. As for the PD(«, ) process, this is nothing but Vi, the first component of a
PD(«, 6)-distributed random element (V;). For special values of « and 6, the law of V| was found
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in various contexts much earlier than Kingman’s discovery of the Poisson—Dirichlet limit. For
example, the Dickman function [12], usually denoted p(-), is identified with p(s) = Pp,1(s V) <
1); see, for example, Section III 5.3 of [48] for related discussions in asymptotic number theory
and Section 1.1 of [1]. Here and in what follows, Py g is a probability distribution under which
(Vi) is PD(«, 0)-distributed. Also, a distribution function found independently in [8] and [35]
can be identified with Pa,o(Vl_l <s). See also [32] ((77), page 14). It is natural to introduce the
two-parameter version of the Dickman function by

0a,0(8) = Py g(sVy < 1).

Clearly, py,0(s) =1 for all s < 1. The one-parameter family {pg ¢ :6 > 0} has been studied in
connection with both population genetics [18,54] and the asymptotic theory of the symmetric
group [22]. For details, we refer the reader to the identity (4.13) in [3] (resp., Lemma 4.7 in [1]),
where gy (s) (resp., po(s)) is identical with se_l,oo,g(s) up to some multiplicative constant. It
also appears in a natural extension [21] of Dickman’s result in number theory. Another interest-
ing context in which the one-parameter family arises is the identification of limit distributions
associated with random minimal directed spanning trees [40].

The aim of this section is to describe consequences for py ¢’s which follow from the results
in Sections 2 and 3. First, a choice of ¢ in (2.12) to give an expression for py ¢ is ¢(v) =
—1{1,00)(sv), with s > 0 being given. With this choice, (2.12) now reads

> -1 " n,o
Pao(s) =Y ()nﬂln,a,e(s), @.1)

!
n=0

where I 4,0(-) =1 and where, forn=1,2, ...,

O+an—1
not@(s)—/ ]_[ ‘°Z)+(fv’ (I—Zv]) dvy -+ d,. 4.2)

Anj=]

The reader is cautioned that our notation I, o ¢ is in conflict with that of [45]. We observe that
I.a.0(s) = 0 whenever n > s. So, the right-hand side of (4.1) is in fact a finite sum taken over
n with 0 <n < s. In the case («,0) = (0, 1), we recover a well-known formula for the Dick-
man function (cf. (1.35) in [1]), while the above identity with 8 = 0 extends the formula for
Pa,o(V1_1 <) =: Hy(s), obtained in [35] ((3.7), page 730), to all values of s > 1. As a two-
parameter example, we find in [34] (Theorem 3.3.1, page 164) this type of expression for p1,2,1,2,
which determines the limit distribution of the maximal size of trees associated with a random

mapping.
It is proved in Propositions 19 and 20 of [45] that for all s > O,
r®+1) min{s~!,1} = U)@-i-ot—] 1—v
= dy —— T 4.3
,Oa,a(S) TO@+a)l(—a) o v pat Po,6+a 4.3)

and hence the probability density P, (V] € dv)/dv is given by

re+1 (1 — v)fte-l 1—v
FOtol(—a)  oorl P 9+a(—)1(0,1)(v)- 44

f(x,@(v) =
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For later convenience, we remark that underlying (4.3) are ‘termwise equalities’ shown in the
next lemma. For every positive integer n and s > 0, let

Va(s) ={(i,...,vp) 01 =+ Zv, 20,01 + -+ v, <s}.
In particular, V(1) is simply denoted by V,,.

Lemmad4.1. Foralln=1,2,...ands > 0, it holds that

1 a- v)@—l—a—l 1—v
Inap(s)=n v ——F—— 106+ . (4.5)
v v

min{s—!,1}

Proof. Obviously, we may assume that s > 1. Also, (4.5) with n = 1 is clear from the definition
(4.2). For n > 2, by symmetry of the integrand in (4.2), I, ¢,0(s) equals

O+an—1
'/1 vy / dvi - dvnt1, 1 Z (4.6)
n: { nzl} { n—12= n} - vj ° *
o vt I, iy vt T —

J_
The change of variables v; = (1 — v,,)u; converts the inner integral to

duy - duy_ n—1 O+an—1
(1 =) te! /v Wl{(l—vn)umzvn} (1 - Z”J)

-1 U n—1

__ 1 O+a—1 1—v
- (n — 1)' (l - Un) In—l,a,0+a U .

Substituting this into (4.6), we get (4.5). O
It should be noted that (4.3) does not give a closed equation for py ¢ unless o = 0. To derive

such equations for the general case, we shall apply some results from the previous section. Setting
g =101y in (3.8) and observing that A} (g) = 0, we see from Theorem 3.2 that for all A > 0,

o [ 6-1 -2 © ek
1 _—is —a
A fo dss”7'e™ (pa,0(s) — 1) = Ry (—x /1 dz F) 4.7
For 6 > 0, this relation is rewritten in a slightly simpler form:
20 oo exp(—@ [ dz e_;z ), a=0,
0

S _le_“pa,g (s) = (4.8)

—0/a
rae —hz
©) Jo <1+f—gf1°°dz§m) ., O<a<l

Integral equations satisfied by p, ¢ Will be derived as the ones equivalent to (4.7), in other words,
as consequences of Proposition 3.3, its variant (3.15) and (3.16). Preliminary observations con-
cerning this are that ITg (s) = pg,¢(s) for g =1(p,1) and that (3.9), (3.15) and (3.16) hold for all



The two-parameter Poisson—Dirichlet point process 1095

s > 1 because of continuity. As will be discussed, the equation below is known in the cases « =0
and 6 = 0. For this reason, the proof of the next theorem will be concerned with the remaining
case only.

Theorem 4.2. o, g solves the equation
N
(s =1 paa(s — 1) + / (s =07 dpag®)=0 (s> 1). (4.9)
s—1

Proof. The case where 0 <o < 1 and 6 # 0. (3.15) now reads, for all s > 1, as

N

/ (s =07*1" dpag (1) + (s = 1)°
0

s—1
+f de{(s =701 +a(s — )" @1} (pap(t) — 1) =0
0
because —dg () on (0, oo) equals 81 (dt). Integration by parts yields (4.9). U

Remarks. (i) (4.9) with o = 0 or its variant can be found in [19,21,22,54]; see also (4.25) in [1].
(ii) One can easily see that (4.9) with 8 = 0 is derived from a functional equation for Hy (¢) =
1 — pq.0(?) obtained in [35] ((3.5), page 730).

In the next section, we calculate not only the marginal distributions Py ¢(V,, € -) for m =
2,3, ..., but also multidimensional distributions of PD(«, 8), by developing point process cal-
culus based on Theorem 2.1.

5. Distributional results for PD(«, 0)

In this section, we apply the theory of point processes to deduce from (2.3) some distributional in-
formation on PD(«, 6). An essential idea underlying the subsequent argument is the principle of
inclusion-exclusion, which was already being used in [19]. By the same reasoning as in the proof
of Theorem 2 there, namely, by a version of Fréchet’s formula (see, for example, Section IV.5 in
[15]), the following relationship between one-dimensional distributions and correlation functions
holds with great generality.

LemmaS.1. Let —oo0 <a < b < oo and let & be a simple point process on (a, b) with correlation
measures |41, 2, . ... Suppose that £((a, b)) = oo a.s. and that £([c, b)) < o0 a.s. for each c €
(a, b). Given a positive integer m, let Z,, be the mth largest point in . Then, for every z € (a, b),

1 & (=D /
P Zmz = m d -ood m . 5.1
(Zn 2 2) (m_mg G OR1 e P @Y1 Do) 5.1)
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If, in addition, & has correlation functions q1, q2, . .., then
P(Zw€d2) _ 1apn(@) o (=D* /
=% dy; ---d _ s Vs ee e, —1).
& 1) kE_O K i yi Ym+k—1gm+k (2, Y1 Ym-+k—1)

Example 5.1. Consider a Poisson point process Z; > Z, > --- on (a, b) with mean measure
A(dz) = h(z) dz such that A((a, b)) = oo and A([c, b)) < oo for all ¢ € (a, b). Lemma 5.1 then

gives
P(Zyedz)  h(z) bh . m=1 bh o\ .
dz T (m— 1)!</z ) y) CXP(—/Z 6] )’> @.b) (@) (5.2)

because the nth correlation function is k(yq) - - - h(y,); see, for example, Example 2.5 in [27].

Setting Om.a,0(5) = Pao(sVin < 1) (m=1,2,...), we obtain the following proposition con-
taining a two-parameter generalization of the aforementioned result in [19].

Proposition 5.2. Let m be a positive integer. Then, for all s > 0,

1 (=Dt
Pm,a,@(s) =1- m—1)! Z mcm+k,a,91m+k,a,9(s) (5.3)
m ! O<k<s—m m !

and for all A > 0,

o [ -1 ek
—l,—As _ —a
A /0 dss"" e ™ (pm,a0(s) — 1) = Rm,aﬂ(—x /1 dz zfﬁ) (5.4)
where
D" om0 [*
Ripa,0(u) = Tr:y(xfo x™M 1Ra,9+0((m71)/(x) dx
’ (5.5)
r _pym—1 u
O+ 1)(—0) / X Tef gy a=0,
_ (m—1)! 0
L@+ Hr@/o+m)(—a)"! /" xm-l 0 .
, <o <.
(m—DIT@/a+ DL —a) Jog (1 — Cyx)f/etm
Also, for v e (0, 1),
Py,o(Vin € dv) _ re+1 v_(a.H)(l _ v)9+a_1
dv re+o)lrd—ow)
1 (=K 1—v 60
X m Z Tcm+k—1,a,9+a1m+k—1,oz,0+oz . .

0<k<l/v—m
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Remarks. (i) Since p1 4,0 = pa., it is worth noting that the right-hand sides of (5.3), (5.5) and
(5.6) with m = 1 equal the right-hand sides of (3.5), (4.1) and (4.4), respectively.

(i1) In [34], Theorem 3 on page 47 gives the expression (5.3) with («, 8) = (0, 1) to the limit
distribution of the mth maximal cycle length in a random permutation.

(iii) At the end of this section, another expression of the density (5.6) will be given in terms of
the generalized Dickman function.

Proof of Proposition 5.2. First, (5.1) and Theorem 2.1 together imply that

00 —l)k
Pot,@ (Vi > (m —1) o m + k)k'cm—&—k,ot,@ Im+k,a,9(s)~

By removing the terms which actually vanish, (5.3) follows. Next, showing (5.4) reduces to
verifying that for u sufficiently close to 0,
(—=1m—1 i 'O +a(m+k)) T

m

R = . 5.7
m,a,@(”) (m —1)! P (m + k)k! Cm+k,o,0U (5.7)

For, if (5.7) is true, then (5.3) and Lemma 3.1(ii) with R = R,;, o9 and G = —1j ) show that
(5.4) is valid, at least for A sufficiently large, and the expression (5.5) allows us to extend (5.4)
to all A > 0 by analytic continuation. Turning to (5.7), one can easily verify it by using (term-
by-term differentiation of) (3.6) or, alternatively, by substituting the expansion of e’ or (1 —
Cox)~@/atm) into (5.5). This proves (5.4).

Lastly, since (5.3) is at hand, the proof of (5.6) is similar to that of (4.4) based on (4.5). The
details are left to the reader. O

To obtain multidimensional results for PD(«, 6), one needs more developed arguments still
based essentially on inclusion-exclusion. In the theory of point processes, one such calculus is
formulated as a connection between correlation measures and Jonassy measures; see Section 5
of [7]. Its significance is that the local probabilistic structure of points in the process is revealed
in terms of correlation measures.

Lemma 5.3. Let —o0 <a < b < oo and let & be a simple point process on (a, b) with correla-
tion functions q1, q2, - . .. Suppose that £((a, b)) = oo a.s. and that for each c € (a, b), the nth
factorial moments M,,(c) of £([c, b)) satisfy

M, (c)
Z <0 for some e =¢(c) > 0. 5.8)
n=1 nt
Let Z1 > Zy > - - - be the decreasing sequence of points in &. Then, for each m = 1,2, ..., the

Jjoint probability density fi, of (Z1, ..., Zy) is given by

o~ (=D
fm(z):Z /[\ b)kdyl "'d)’kCIm+k(Zayla---sYk), (59)
Zm,

!
pard k!



1098 K. Handa
wherez = (z1,...,2m) issuchthatb > z1 > --- > 7, > a.

Proof. Let b =:z9 > z1 > --- > 7z, > a be given arbitrarily. Consider the localized process
E(m)(dx) := &(dx N [zm, b)), the nth correlation function of which is given by q,i’”)(xn) =
4n (X)) 1z, (x1) -+ - 11z, by (xn), Where X, = (x1,...,x,). By applying Theorem 5.4.II in [7],
then, we have

P(Zi1>212722>20> > 2n22Zn-1>Zn—1,2m > Zm)

=PE™ [zm.20) =m — 1" ((z1.z0) = =& (@m-1.2m—2D) = 1)
— (=DF o
= 1,21 DG Gm14) dvy -+ A1k
k=0 k! /(a,b)mHkE @i zia R D — 11 Em =1+ m—1+
Im—2 4| b
2/ dxp—1 dx; dxy
Zm—1 22 71
o (= DF
x Z k! /[ o dxpm dxpmt1 - AXm— 14k Gm—14k (Xm—1-+k) (5.10)
k=0 ’ Zm>

o b b b
o L ] L A A AT
k=0 Zm m

Xm—2+k
where the last equality is due to symmetry in Xy, ..., X;—14+% and the terms for k = 0 in (5.10)
and (5.11) are understood as ¢,,—1(X;;—1) with the convention that gg = 1. This shows (5.9) by
the symmetry of the integrand in (5.11) in k — 1 variables x;, 41, ..., Xm—14%- O

Example 5.2. If £ is a Poisson point process with mean measure density £ as in Example 5.1,
the joint density of the first m largest points in £ is given by

0 -1 k m k m b
Z( k') /[ b)kdyl o dyg ]’[h(z,-)]_[h(y,-):]‘[h(zi)exp<—f h(z)dz), (5.12)
k=0 ' Tms i=1 j:l i=1 Zm

provided that b > z1 > -+ > z; > a.

By applying (5.9), we deduce the next result for joint densities, which is essentially con-
tained in [45], although an explicit formula is not given. (Indeed, the authors obtained in their
Corollary 41 a corresponding result for the variables yi, y2,... in (2.6) instead of vy, va,....
Alternatively, the formula below can be retrieved from their Proposition 47 after some additional
calculations. See also Lemma 3.1 in [16].) This simultaneously generalizes the formula due to
Watterson [54] for @ = 0 and the one-dimensional result (4.4). Also, our expression (5.13) below
will be quite useful in Section 6.1.
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Theorem 5.4. Let (V;) be governed by PD(«, 0). Then, for eachm = 1,2, ..., the joint proba-
bility density of (V1, ..., Vip) atv=(v1,...,Vy) € Vy is

m m O+am—1 I_Zm v
_ j=1"%J]
Fao ) = cmao | [o; ) (1 - Zv,) Pe.6+am (—’) (5.13)
j=1

v
i=1 mn

Proof. First note that the PD(e, 0) process § =) _ 8y, is a point process on (0, 1) which satisfies
all of the assumptions in Lemma 5.3 since, for each 0 < ¢ < 1, &([c, 1)) < 1/c ass. by V; <
1/i i=1,2,...). According to (5.9), the density to be computed is

o (— 1)k
k!

/ kdul "'dqum+k,a,9(Vvul’~--s’/¢k)-
k=0 [vm. 1)

Here, by (2.3) and (2.2),

/ kdul "‘dukCIerk,oz,G(Vvul,u-auk)
[vm, 1)

m
—(a+1
=Cm,ot,91_[U,' @ )Ck,a,9+am (5.14)
i=1

k

l{ufzvm} “ L
x/A H é+1 I—Z;v,-—zzluj
1= j=

k(l—Z}”:l vi)j:l M]

O+a(m+k)—1
) duj --- duy

with notation (3.4). Because the last integral in (5.14) is equal to

m O+am—1 m
1=> . v
(1 - Zvi) Ik,ot,9+otm(@>9 (515)
i=1

Um
the desired expression (5.13) is derived from (5.14), (5.15) and (4.1). (Il

Since fi,.4,0 1s too complicated to compute quantities concerning the joint distribution directly
from this, it is worth providing a moment formula. For the one-parameter case where o = 0 and
0 > 0, Griffiths [18] showed that Eq [V - - - V},*"] equals

m -z

0™I(9) ai—1 —g. © e
dz | |(z;" e %¥)ex —0/ dz— |, (5.16)
Fr@+ar+---+aw) J;>>z,>0 E ! P . Z

provided that 6 4+ a; + - -- + a,, > 0, where dz = dz; - - - dz,;,. The proof reduces to calculus of
a gamma process by virtue of the well-known independence property of it; see [50] and [51]
for extensive discussions and related topics. In this regard, we remark only that the integrand
in (5.16) contains the density function, computed from (5.12), of the first m largest points in a
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gamma process with parameter 6, that is, a Poisson point process on (0, co) with mean measure
0 dz/(ze?). Although the case where 0 < @ < 1 and 8 > —a can be handled by means of repre-
senting a PD(«, 0)-distributed random element by an «-stable subordinator ([45,50] combined
with (5.12)), we prefer to exploit the previous results in order to make the proof self-contained.

Corollary 5.5. LetO<a <1l and6 > —a. Ifa1 + -+ - + ay > —0, then

Ea,&[vlal e Vmam]

_ L@+ Hr@/o+myam!
T T@+ai+--+an)T@/a+ DA —a)m

m et ) e~ —(0/a+m)
X / dz H(Z?z o e—z,') (1 + Ca/ dz a——l-l) .
21> >z >0 Zm <

i=1

(5.17)

Proof. By (5.13),
Ea,@[vlal e Vmam]/cm,o{ﬂ
m m O+am—1 m
1=>"" ,v;
i— 1 =1"J
R D)
m i=1 j=1 "
Multiplying both sides by I'(6 + A) = fooo y9+A_le_y dy with A =ay + - - - 4+ a,,, we introduce

an additional integration with respect to a new variable y on the right-hand side. For the resulting
(m + 1)-dimensional integral, perform the change of variables

m
s::v,;1<1—2vj>, Zi '= 0y (i=1,...,m)),
j=1

or, equivalently, y = (z1 4+ -+ zm) + Zms, vi = z;/y ( =1,...,m), to get

Ea,G[Vlal ce Vmam]r(e + A)/Cm,a,(-)

m 00
o 1 _ _ _
/ dz | | Z?l (a+ )Zgj-am 1/ ds yme y|J|s0+am 1Pot,0+atm (s)
21>>2 >0 i=1 0

with Jacobian J = d(vy, ..., Uy, ¥)/0(215--»Zm,S) =Y "zm. Thanks to (4.8), with 60 4+ am >
0 in place of 6, we arrive at (5.17). O

Remarks. (i) It can be seen that the formula for E,,t,g[V,é7 1(p > —0) in Proposition 17 of [45] is
recovered by putting a; =--- =a,,—1 =0and g, = p in (5.17).

(i) Let 0 <v < 1 and m € {2, 3, ...}. By integrating fy, o.6(v1, ..., Un—1, v) With respect to
dvy --- dvy—q over {1 > vy > --- > v, _1 > v}, we can deduce a representation (an alternative to
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(5.6)) of the density P, ¢ (Vi € dv)/dv of the form

-1
Cmao(1—v)fte! TT Lwzo/0=0) gram—1 1—v
(m — 1)lpe+t /Aml duy -~ dup—1 1 Tum Pa,6+am N Um |,
where u,, =1 — (uy + -+ + up—1). This formula, a natural extension of (4.4), is verified by
calculations similar to (5.14) and (5.15). The details are left to the reader.

6. Asymptotics of PD(«, 0) for large 6

In this section, we study certain asymptotic behaviors of PD(«, ) as 6 — oo, generalizing re-
sults of Griffiths [18] and of Joyce, Krone and Kurtz [28], who all worked on PD(0, 8)’s with
motivation coming from the study of population genetics. Although there is a context [24] in
which such an extension could be applicable, this section is mainly intended to demonstrate that
the results we have thus far obtained provide efficient methods for the study of two-parameter
Poisson—Dirichlet distributions. It turns out that the presence of the parameter o does not affect
the validity of the assertions analogous to those for PD(0, 8)’s, except for some minor changes
of sub-leading terms or multiplicative constants in rescaling.

6.1. Convergence to a Gumbel point process

Given0 <« <1l and 6 > 1, put
Ba.o =loghd — (¢ + 1)loglogh —logI'(1 — ). (6.1)

Under the assumption that (Vl.(@));?"1 is distributed according to PD(0, ), it was shown in [18]

thatas & — oo, (0 Vi(g) —Bo,0);2, converges in law to a Poisson point process with mean measure
density exp(—z), —00 < z < 00, which may be called a Gumbel point process since the largest
point in the process obeys the Gumbel distribution exp(— exp(—z)), as seen from (5.2); see also

(6.3) below. A two-parameter generalization of this result is the following.
Theorem 6.1. Fix an « € [0, 1) arbitrarily. For each 6 > 1, let (Vi(a’g));?il have PD(«, 0) dis-
tribution and define

7D —gv D g0 (i=1,2,...). 6.2)

Then, as 0 — 00, (Zf“’e), Zéa’e), ...) converges in joint distribution to the decreasing order
statistics (27, Z3, ...) of a Poisson point process on the whole real axis with mean measure

exp(—z)dz.
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The proof of this theorem reduces to showing pointwise convergence of joint densities, thanks
to Scheffé’s theorem (cf. [2]). It follows from (5.12) that

m
P(Z} €dz..... 2} edzy) = exp(— Dz eZm) dzy - dzp, (6.3)
i=1
while the density of (Z ia‘e), ceey Z,(,f"e)) derived from (5.13) involves the generalized Dickman

function as a key factor. It is therefore essential to study the asymptotic behavior of p, ¢ with
a properly rescaled variable for large 6. This is the content of the following lemma, in which is
derived the Gumbel distribution, the law of Z i‘

Lemma 6.2. Fix 0 < a < 1. Let 6y > 1 and b:[6), 00) — R be bounded. If V" and 7\*?
are as in Theorem 6.1, then for each x € R,

0 —x
P27 <x =+ Bup)b O V") = puo (ﬁ + b(9)> —e (6.4)

+ B,
as 0 — oo. In particular, Z{a’e) — Zf weakly and py o (s) — 1 forall s € R.

Proof. First, the equality in (6.4) is clear from (6.2). Rather than using (4.1), which is not very
informative for the estimation of the value of py g, we employ (4.8), that is,

o0 efz
00 F(@) €Xp —0 dz 7 s o = 0,
2 / ds 8167 py(s) = A (6.5)
0 r(9)<1+c,,/ dza—H> ., O<a<l,
A Z

where A > 0 is arbitrary. We will give only a proof for the case where 0 < o < 1 because the case
a = 0 can be handled in much the same way. By Fubini’s theorem, the left-hand side of (6.5) is
written as

v vt
A Eqyg [ / dssﬁ‘le‘“} = Eqp [ / dr re‘le‘f} = Eqolfro(Vi D1,
0 0

where fi g(s) = fOM drt?~le™ Forall > 0and s > 0, we get

Ewolfio(ViD]  T(0) ( /°° e? )9/“
o < = 1+ C, dz — 6.6
Pas () = =575 AR (66)

as a Chebyshev-type bound. Set £(6) = 0~ 1/4, so that

e(6)logh — 0, cONVO > 00 (6 — ). (6.7)
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Given arbitrary x € R, choose

s=5(x,0) = +b6) and A =2i(x,0):=(1+&0))(x + Bus),

X+ Bao

both of which are positive for sufficiently large 6. Then 2(x,#), defined implicitly by
Alx,0)s(x,0) = (1 +%2(x,0))0, has the same properties as (6.7). The latter property, combined
with the standard argument in the proof of Stirling’s formula (that is, the Laplace method [9]),
shows that

r'®) Jo o det? e Joo duub=te=0" |
= = = = —
Sreo.o(s(x,0))  [UFECOT gy o1t [IFE0) gy y0—Te—0u

as 6 — oo. Consequently, by (6.6), with the above choice of s and X, we have

o0 e—z \ 0/
+ b(9)> <lim sup(l + Ca/ dz —) . (6.8)
5 Zot—H

60— 00 (x,0)

limsup py 0 <

60— 00

X+ Bao

For two functions a;(f) and a;(0), which may have parameters «, x, etcetera, the notation
ay(0) ~ az(0) will mean that a1 (0)/a>(@) — 1 as 6 — oco. By (6.7) and (6.1),

/00 q e ? e x.0) e~ (x+Bu0) rd-—o _,
Z ~ ~ ~ e .
aoy 22T A, )t (x o+ Boe)e ! 0

Combining this with (6.8) yields

limsup py ¢ ( + b(@)) <exp(—e ™). (6.9)

60— 00

X + Ba,o

The converse estimate can be shown in an analogous way. Indeed, considering this time 1 —
Pa.6(8) = Py (V1> s, we again have, by Fubini’s theorem,

2’ fo ds s e ™ (1= pao(8)) = Eaolero (V)] (6.10)

where ) ¢(s) = |, )Lo/i dt t9~'e~". Therefore, a Chebyshev-type bound we get is

o0 -2 79/0{
| pao(s) < Egol@io(VD] r'®) {1 B (1 +Ca/ dz e_) }
A

QD)L,Q(S_I) - f)io dr t9—le—t zo+1

where the last equality follows from (6.10) and (6.5) together. By setting s = s(x,6) and A =
(1 —¢&(6))(x + Ba,p), one can easily modify the previous argument to obtain

lim sup{l — Pab (

6— 00

Y+ fog + b(@))} <1—exp(—e ).
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This, together with (6.9), proves the convergence in (6.4). The other assertions can be seen simply
by taking b(-) = 0 and noting that py () is non-increasing. ]

Proof of Theorem 6.1. Fix a positive integer m and z; > --- > z,, arbitrarily. By (5.13), the
joint probability density of (Z{a’g), ey Z,(,f"e)) at (z1,...,2m) 18

_ 21 + Buo Zm + Bao
0 mfm,a,e( Qa ey 5 > )
m m O+am—1
_ Zj + Bas
= Cm,a.0 q(zi+ﬁa,e) “’*”(1-2}%) (6.11)
1= Jj=

0_21}1:1(2]' +,3a,0)>1 (Z] + Bao Zm +,3a,9>
Y, )

x g™ s
pa,9+am< Zm +,3a,0 0 0

It is easy to see that the factors in (6.11) behave as

m
Cmad | [ @i+ Bao) @D ~ 01070 (1 — @) (logh) =™
i=1

and
m +8 O+am—1 m
Zj o,0 — 1
(1_.21T> ~exp<—Z:lzj>9 " (log ) 1O (1 — o)™,
J= J=

respectively. In view of (6.3), it remains to show that the factor involving py g4m (- - -) converges
to exp(— exp(—z;;)). But this follows from (6.4) with b(-) defined appropriately. The proof of
Theorem 6.1 is thus complete. O

The weak convergence of Z,Sf‘ 9 o Z implies the following.

Corollary 6.3. Foreachm=1,2,...and x € R, as 6 — o0,

m—1 e_kx

0 X
_ —e~ E . 6.12
Pm,aﬁ(x +,3a,9) — exp(—e )k=0 X ( )

Proof. As a consequence of Theorem 6.1, the left-hand side of (6.12), that is, P(Z,(,f"e) <Xx),

tends to P(Z* < x), which is calculated by (5.2):

P(Z* <x) /x dy exp( e™) ! /ootm_le_tdt
= ——exp(—my — = )
mSX= =y SR m—1 Jor

This changes into the right-hand side of (6.12) after repeated integration by parts. ]
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Theorem 6.1 immediately implies that (V](“’g), Vz(a’e), ...)—(0,0,...)as & — oo. Feng [16]
has recently obtained associated large deviation estimates with rate function (v;) — —log(l —
> v;). The proof is based on logarithmic asymptotics of the finite-dimensional densities. We note
that, in view of (5.13), one can grasp the validity of such a result because the factor involving
Pa.0+am Stays away from 0 by (6.4).

6.2. Asymptotic normality of the population moments

As the final topic on PD(w, 6) for large 6, we discuss asymptotic normality of the population
moment, which is defined for each p > 0 by the sum

nga,e) _ (Vl(a,e))p n (Vz(a,e))p o

where (Vl(“’g) , Vz(“’e), ...) continues to be PD(«, #)-distributed. We can verify that H ,(,a’e) < 00,
as. for all p > a. Indeed, setting g,(s) = exp(—s”), one observes that Ay(gp,) in Theo-
rem 3.2 is finite for p > o and the claim follows from (3.7) with g = g,,. Also, (2.12) with

¢ (v) = gp(sv) — 1 makes it possible to derive the Laplace transform of the law of H 1(7“’9) because

]_[?il gp(sVl-(“’e)) = exp(—sl’H,(,a’g)). As far as the PD(0, ) case is concerned, the statistics

Hz(o,a), called the population homozygosity, is known to play a special role in some population

Vl_(O,G)

genetics contexts (see [19,20,29]), where are regarded as the ranked frequencies of alle-

les in a population. More generally, H 1(,0’0) is referred to as the pth population moment in [28],

where the asymptotic normality of H ,(,0’9) for large 6 has been established. On the other hand,
covariances of H 1(,“’0)’5 are calculated in [10] ((12), page 188), motivated by certain physical
problems. In this subsection, we will provide an extension of these results to the two-parameter
setting.

In the case ¢ = 0, it was shown in [28] that for each p =2,3,..., as 8 — oo, the limit
distribution of W,(,e) =0 Or-'H ;(,0’0) /T'(p) — 1) is the normal distribution with mean O and
variance I'(2p)/ I'( p)2 — pz. In fact, in [28], much stronger results were obtained, showing, for
example, asymptotic normality of random vectors (W,ﬁf));>n<>=2. To seek an appropriate rescaling
for the two-parameter case, we give some auxiliary results by means of the first and second
correlation functions, namely, g1 ¢ o and g2,4.6-

Lemma 6.4. Let p > o and p’ > . Then

E[H(a’g)] _ re+nHrp—-ow —. p.)

= =: 6.13
p rée+prd-—aw) p ©.13)
and the covariance COV(HI(,D(’Q), HI(;,X’G)) ofHI(,a’e) and HI(;,X’Q) is given by
p@d F(p—a)ﬂp/—a)(r(eﬂ)(e +a)  TE+1)? ) 6.14)
ptp (1l —a)? r@+p+p) TO+pTEO+p)
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Moreover, as 0 — 00,

0P E[HP] - % (6.15)

and

F'p+p —a) T(p—a)T(p —a)

or7 =1 cov(H @, H'S) —
v(Hy y) T(l—a) T(l—a)?

(@ —pp). (6.16)

Proof. (6.13) and (6.14) are immediate by calculating fol vPq1,0,0(v)dv and

1
.0 / /
E[H[()a,e)H;‘f‘ )] =/ VPP g1 g0 (V) dv+/ vy 2.0 (v1, v2) dvyg dvg,
0 Ay

respectively. By virtue of the well-known formula I'(0 4+ 1)/ (6 + p) ~ '~ implied by Stir-
ling’s formula, (6.15) follows from (6.13). Showing (6.16), however, requires a more accurate
version of Stirling’s formula: with the standard o-notation, I'(6 + 1) = 67/2n6 exp(—6 +
co! + 0(9")) as 8 — oo for some universal constant C; see, for example, [9]. This makes
it possible to show that

r@e+1

_pl-» _ _ -1 -1
NS exp(—p(p — DO~ +0(67h). (6.17)

The proof of (6.16) is a matter of straightforward calculation, combining (6.17) with (6.14). The
details are omitted. O

Lemma 6.4 suggests a rescaling of the form

rM—-o) _
(@.0) ._ 1 gy (e.0)
45 ._Jé<r(p_a)ep HY —1). (6.18)

We can now state a desired result for 0 <« < 1.

Theorem 6.5. Fix an « € (0, 1) arbitrarily. Suppose that p > « and p # 1. For each 6 > 0,
let W[(,a’e) be defined as above. Then, as 6 — oo, W[(,a‘e) converges in law to a normal random
variable with mean 0 and variance

2. TU-a)lCp—a)
T T T —ap?

+a—p>>0. (6.19)

Proof. Fixing an arbitrary x € R, we will prove that as 6 — oo,

2
U0 0 = E[exp(V W) exp( 72, (620)
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The proof is based on (3.8), a consequence of Theorem 3.2 which can be written as

L OO 0—1_,—s - : . /oo e 2 B —0/a
F(@)/O dss’ e " Eqg |:H8(sz)j| = (1+Ca A dz proa (1 g(z))) . (621

provided that 1 > A% (g). Let g be of the form g(z) = exp(ciz” + d;z) and observe that

a9|:1_[g(sV):| exp(clspH(“ D +dys)]. (6.22)

Note that (6.21) is valid as long as the integral on the right-hand side is small enough in modulus.
With the choices

J_T % and d1=—\/—_1%, (6.23)

this requirement for the validity of (6.21) is fulfilled for 6 large enough since as 6 — oo,

e? B Il —a)
/0 & a+1( —8@) =~ f/ a+1(r<p 2 Z)

X2 r'(l-a) 2
+% dZ a“(mz —Z) +o0(7 )

2
X _
= 5T =) (0w,” + (P = D)+,
where the last equality is achieved by direct calculations. This also implies that the right-hand

side of (6.21) tends to exp(—0g, p2x?/2 — (p — 1)?x%/2). On the other hand, the left-hand side
of (6.21) with (6.23) becomes, by (6.22), after change of variable s = 61,

o0
/0 dt 1%~ e % Efexp(c10? H*?t? + d,01) | (T (©)0~%) !
o0
:/ de 1 e Oy (0 (xtP) exp(V—1x VOt — ) (T (©)0 %) 7!,
0

where h(t) =t —logt — 1. Thus, by Stirling’s formula, (6.20) is equivalent to

J2 dr e Oy D (x1P) exp(v/—1x/0 (P — 1))
27/0

— @O (e -2

the proof of which will be divided into proofs of

«/Efoodt e O (Y @D (xtP) — y*0 (x)) exp(v = 1xV0(t? — 1)) — 0 (6.24)
0
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and

9 o0
,/2—/ dt 17100 exp(V=Txn/0(tP — 1)) —e~P~D*/2 g, (6.25)
T Jo

Note that the integral in (6.24) can be bounded in modulus by
o0 o0
/ de 1 e MO |y (00 1Py — @00 ()| < x| E[|[ WP / dr e O
0 0

and that supy. E[IWI(,“’H) |] < oo since, by Lemma 6.4 and (6.17),

B)T\2 0 HT)2 2
(E[[wy=? )" = Var(w?) + (E[W ")) — og .-
Therefore, our task is reduced to establishing that Vo fooo drt~te "W ;P — 1| - 0 and (6.25).
Both are purely analytic problems which can be solved without difficulty by the Laplace method
(or by the change of variable t = 1 4 u/+/0).

It remains to show that oy, p2 > 0. A stronger result which can be shown is

rMi—-o) _ o
2 1 2
=(l —a)Var| ————=Y7 —(p -1, 6.26
Ou,p ( a) ar(r(p—a) a >+1_a(17 ) ( )
where Y, has the density zl_"‘e_z/ I'2 — ), 0 < z < oo. The proof of (6.26) is fairly direct and
therefore omitted. The proof of Theorem 6.5 is thus complete. (]

Remark. The above proof also works in the case o = 0 if (6.21) is replaced by the corresponding
equality for @ = 0. This gives a proof which is completely different from that in [28] and which
is not based on the independence property underlying PD(0, 6).

One may consider an extension of Theorem 1 in [28] in the two-parameter setting, that is,
convergence of {W(a 0 1 p > «a} to a centered Gaussian system as & — o0o. The convergence of
every finite-dimensional law is shown by a suitable modification of the proof of Theorem 6.5. It

means, for instance, that g in (6.21) is taken to be

V=1 & r'l—a)
g(s) =exp| — xk<4s”" - s> ,
|: NG ]; I'(px — o)
where x; €R, p1 >---> p, >a and n = 1,2, ... are arbitrary. The limit process is described

by its covariance I'(1 —a)T'(p + p' —a)/(C(p — )T (p' —@)) + o — pp’ =: C(p, p’) and the
associated quadratic form Y C(pg, pr)xrx; has two different expressions:

n 2 n 2
Td-a) , _ ) _ _1
r(l—a)/ { " (F(m—a)z : } {;xk(”" )

2
= —a)Var(Zka_))ka 1) + —:Zxk(l’k _ 1)}
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where Y, is as in (6.26). We do not produce the whole proof, a routine matter which is left to the
reader.

7. The generalized Dirichlet process

This section discusses the two-parameter generalization of Dirichlet processes from the point of
view of our previous results. There are a number of motivations to study the original Dirichlet
process, for example, as a prior distribution in Bayesian nonparametric statistics [17] and as a
stationary state of a certain diffusion process arising in population genetics. The well-known
relationship between the Dirichlet process and the Poisson—Dirichlet distribution is described
as follows. Let {X,-}j’i1 be a sequence of i.i.d. random variables and (Vi)?il be governed by
PD(0, ). Assuming independence of {X;}7° and (V;){2,, we know that a random distribution
n:=)_ Vidx, defines a Dirichlet process with underlying parameter measure v, where v is the
common law of the X;’s. In this sense, PD(0, 0) is the simplicial part of a Dirichlet process.
By replacing PD(0, 6) by PD(«, 6), a two-parameter generalization of a Dirichlet process was
introduced in [49].

In the case of Dirichlet processes, there are many articles, including [5,11,23,36,46], in which
exact forms (the distribution function, for example) of the law of the (random) mean ) X;V;
of n are obtained in terms of v. A key tool is an integral identity due to Cifarelli and Regazzini
[5] which connects these two laws. As explained in [31,50,53], it is called the Markov—Krein
identity because in the case 6 = 1, an integral transform is involved, analogous to the one studied
by Markov and Krein in the context of moment problems; see [30] for background and various
applications. Its extension was proven by Tsilevich [49] for the generalized Dirichlet process;
see also [31] for a further extension and [50,53] for a simple proof under some restriction on
the support of v. This identity gives a one-to-one correspondence between v and the law of
> X;V; with (V;) having PD(«, 8) distribution. However, such a correspondence is implicit and
seems very subtle in general. One therefore needs some procedure of inversion in order to obtain
explicit information. Recently, James, Lijoi, and Priinster [25] obtained some distributional re-
sults for the generalized Dirichlet process by means of a Perron—Stieltjes-type inversion formula.
Since PD(0, ) and PD(«, 0) are related to gamma processes and stable subordinators, respec-
tively [45], the corresponding problem is naturally considered for a more general class of random
distributions derived from subordinators, as posed in [53]. For results of this kind, we refer the
reader to works by Regazzini, Lijoi and Priinster [47] and by Nieto-Barajas, Priinster and Walker
[38], both of which make essential use of the Gurland inversion formula.

Our focus now will be on what is implied by Theorem 3.2 in the aforementioned context. It will
be pointed out that the basic identity (3.8) involving the probability generating functional exhibits
a mathematical structure underlying these kinds of identities. This should be compared with the
proofs in [11,31,49], where the Markov—Krein identity is viewed as a relation between moment
sequences through the Ewens(—Pitman) sampling formula [13,42]. Let us introduce some nota-
tion used to describe the domain of a map defined via the Markov—Krein identity. Denoting by
‘P the totality of Borel probability measures on R, let

Po = {v 677:/ v(dx)log(1l + |x]) < oo}
R
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and set Py, ={v e P: fR v(dx)|x|* < oo} for 0 < @ < 1. The Markov—Krein identity already
mentioned is the following. Taking a v € Py, let {X;}7°, be i.i.d. random variables with each
law of X; being v and let (V;)72, be PD(e, 0)-distributed. If {X;}7°, and (V;)?2, are mutually
independent, then ) |X;|V; < 0o a.s. (as was shown in [14] for « = 0 and in Proposition 1 of
[47] for 0 < « < 1) and the law, denoted Mg gv, of M := Y X;V; is characterized by one of the

following equalities:

(i) fora =0and 6 > 0,
/ Mo.ev(dx)(z — x) 7= exp(—@/ v(dx)log(z — x)) (ze C\R); (7.1)
R R

(ii) fora € (0,1) and 6 > 0,

—0/a
f My pv(dx)(z — x)? = </ v(dx)(z — x)"‘) (ze C\R); (7.2)
R R

(iii) fora € (0,1) and 8 € (—, 0), My gv € P—g and (7.2) holds true;
(iv) fore €(0,1) and 0 =0, My ov € Py and

/ Mg ov(dx)log(z —x) =a ! log[ p(dx)(z —x)*  (zeC\R). (7.3)
R R

Thus the correspondence v > M, gv defines a map from P, to P, for which we also write
M0, by aslight abuse of notation. Since we are not aware of any reference in which integrabil-
ity of the transformed measure M, gv claimed in (iii) or (iv) has been shown, the proof shall be
given below by applying our result. As will be seen later (Proposition 7.2(i)), such a property is
also needed for further discussion. In the subsequent argument, we often use the following three
equalities:

/OO dss?le™Se ™ =Tr©)1 +u)~? 6 > 0), (7.4)
0
Cq /oodss_"‘_le_s(e_’” —D=1-(14+w* (O<a<l), (7.5)
0
/oods s7le (™ — 1) = —log(1 +u), (7.6)
0

where u € C is such that Reu > —1.
Lemma 7.1. Let o € (0,1) and 6 € (—«, 0]. Then My gv € P_g for any v € P,.

Proof. Define M* :=Y |X;|V;. By the assumed independence,

E[esM*]=Ea,e[l_[ /R v(dx>esvf""} (s 2 0). .7
i=1
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We will apply Theorem 3.2 by taking g(s) = ]R v(dx) exp(—s|x|). For this purpose, with the
help of Fubini’s theorem, observe from (7.5) that for 0 < o < 1,

C, 00 e—kz |
v dz ZO(ﬁh?(z)—1|=/Rv(d)c)(l+)\_ xD* —1 < oo, (7.8)

which implies that A} (g) = 0. Therefore, (3.8) holds for all A > 0 and reads

OO 0—1_,—Ais —sM*y _
F(G—}—l)/g dss" e " (E[e 1-1

(7.9)
1 —0/e

—(/ v(dx)(1+r1|x|)“> ——, O<a<l1,00,

6\ Jr )

1
——1og/u(dx)(1+r1|x|)“, O<a<1,0=0.
o R

The desired integrability can be seen as follows. For 8 = 0, the left-hand side of (7.9) with A =1
becomes —E[log(1 + M™*)] by (7.6), while the right-hand side is finite by v € P,. This proves
that My ov € Pp whenever v € P,. Similarly, for 6 € (—«, 0), by using (7.5) with —6 in place of
o, we see that the left-hand side of (7.9) with A = 1 equals (E[(1 + M*)~0] — 1)/6. Therefore,
My 9V € P_g is implied by v € Py. O

Remarks. (i) In view of (7.9), the reader will be able to see that the dichotomy result of Feigin—
Tweedie type [14] (originally shown for PD(0, 6)’s) holds true for PD(«, 6) with 6 > 0. More
precisely, if v e P\ P, and M* is as above, then M* = oo a.s. Thus the maximal domain of
M9 with 6 > 0 is identified with P,. In the Dirichlet process case, Cifarelli and Regazzini
[6] gave a proof of this fact by using (7.1). Their cutoff argument also applies for 0 < o < 1,
as seen in the following. Considering M, := > |X;|1{x,|<n) Vi for each n =1,2,..., which
corresponds to the image measure v, of v under x > |x|1;—, ,j(x), we have (7.9) with M, and
v, in place of M* and v, respectively. Under the assumption that v ¢ P,, letting n — oo yields
E[(1+ M*/x)~%] =0 and hence M* = 00 a.s., as long as 6 > 0.

(i) The above proof makes it almost obvious that the Markov—Krein identity itself can be
recovered from Theorem 3.2 with g(s) = ¥, (£s), where v, is the characteristic function of v.
These choices are allowed for any v € P, because for all x € R,

/-oodZ |e«/_xz 1}< Aologa(l+|x|).+B0min{|x|,1}, a=0,
o ozt = | Aalx|* + By min{|x], 1}, O<a<l,

where A, and B, are constants depending only on «. (For the proof of this inequality, first
observe that the left-hand side is bounded above by |x|I"'(1 — ) and then show it for x > 1 by,
for example, dividing the domain of integration into (0, 1/x) and [1/x, 00).) In addition, (7.5)
and (7.6) show that A% (¢, (£-)) = 0. Therefore, analogously to (7.7),

Y M, v (ES) = E[exp(Ev/—1sM)] = Eayp []‘[ Yy (£sV; )} (7.10)

i=1
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and we obtain, by (3.8),

00 -z
)ﬂf dss? e ™ (Ypq, pu(ES) — 1) = Rao <r°‘f dz ¢ — (Vv — 1)> (7.11)
0 0

for all A > 0. In the same way as before, (7.11) can be converted to (7.1)—~(7.3) with z = +4/—1A
by making use of (7.4)—(7.6).

The rest of the paper is devoted to describing various consequences of the above calculations
and the Markov—Krein identity.

Proposition 7.2. (i) Let0 < 8 <« < 1 and 60 > —f. Then, as a map defined on P,
MpgoMg_g=Mqgpg. (7.12)

(i) Let 0 <a < 1 and 0 > —«a. Suppose that v € Py. Then, for a.e. t € R,

O+an—1
i, ev(t)_1+zcna9/ va(t:;l ( ZU1> dvy -~ dv,.  (7.13)

l‘l l' l
(iii)) Let O < o < 1 and 6 > —a. Then M ¢ defined on P, is injective.
Proof. (i) First, note that by Lemma 7.1, the composition Mg g o M, _g is well defined on P,
under the conditions assumed. (7.12) with 6 = 0 becomes Mg g o My _g = My o, the proof

of which requires careful handling of branches. Taking an arbitrary v € P, and putting v’ =
(Mg,0 0 Mgy, _g)v, we observe from (7.2) and (7.3) that

/ V' (dx) log(z —x) = 1 logf M. —pv(dx)(z —x)P
R B R

1 Ple B
= — log(/ v(dx)(z —x)"‘) =_ logexp<— logf v(dx)(z —x)"‘).
B R B o R

It should here be noted that since 0 < /o < 1,

B «)_P o
argexp| v—1—arg | v(dx)(z —x)" | =—arg | v(dx)(z —x)".

o R o R

Combining these equalities yields

/ 1 ﬁ o
vi(dx)log(z —x)=—-—log | v(dx)(z —x)= [ Mgy ov(dx)log(z — x),
R B R R

where the last equality follows from (7.3). Since z € C \ R is arbitrary, this implies v/ = My gv,
as required. It only remains to deal with the case where 0 < 8 <« < 1 and 6 # 0 is such that
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0 > —p. Calculations are quite similar to those in the previous case and so are left to the reader.
The proof of (i) has already been done.

(ii) By virtue of (7.11), (7.13) is a direct consequence of Lemma 3.1(i).

(iii) First, suppose that Mg, ov = My oV’ for some v, v’ € Py. Then, by (7.3), [gv(dx)(1 +
V=11"10)% = [pv/(dx)(1 + +/=TA7'x)® for all A € R\ {0}. This, together with (7.5), implies
that v = v’. Next, let 6 # 0 be such that 6 > —« and assume that M, gv = M, gV’ for some
v, V' € P,. Taking care with branches, we see by (7.2) that for each A € R\ {0}, there exists an
integer n(A) such that

log/ v(dx)(1+v=1a""x)" —1og/ V(do)(1+v=12"'%) =2mmma0 ™. (7.14)
R R

However, since the left-hand side is continuous in A and tends to 0 as |A| — oo, we have n(A) = 0.
This proves v = v’ and therefore M, ¢ is injective. 0

Let us make some comments on Proposition 7.2. The assertion (i) extends Theorem 2.1 of
[25], where (7.12) with B = 0 is shown and applied for a sampling procedure. We can also
understand (7.12) via (7.11) combined with Rgg o Ry,—g = Ry,0. In general, a random vari-
able M having (Mg, g o M, s)v distribution (if such a law is well defined) is constructed by

M =Y ;% Xi; Vi vi@P where (Xi;} is a family of i.id. random variables with com-
mon law v, (Vj(“’ﬂ))‘]’.‘;1 has PD(«, B) distribution and (Vl.(ly’a) > (Vi(zy"” >, ...are PD(y, d)-

distributed. Moreover, these random elements are required to lbelmutually lincliependent. (ii) and
(iii) are motivated by some results of Lijoi and Regazzini [36] concerned with Mg g. Applying
to (7.11) a general complex inversion formula for Laplace transforms (the Bromwich integral),
the authors provided an expression for the characteristic function of Mg gv. It is not clear how
to verify equivalence between such a formula and (7.13) directly. They also proved a prototype
of (iii), that is, that Mg g : Py — P is injective for each 6 > 0.

As observed [26] (Remark 4.2) in a much more general scheme called a species sampling
model, Cauchy distributions are fixed points of every My, . Alternatively, this also follows from
(7.10). It should be emphasized that any property of PD(«, 8) as a law on V is irrelevant to
the validity of this fact, except the one which ensures that > | X;|V; < oo a.s. The study of the
inverse problem would require a deeper understanding of M, ¢ itself or PD(«, 6). In this respect,
Yamato [55] gave a partial result concerning the case o = 0. It was shown in [36] that for any
v € Py, Mp,1v = v occurs only when v is Cauchy or degenerate. It seems reasonable to expect
that such an equivalence would hold true for any M, ¢ and we could approach this problem
by the use of results presented in Section 3. But here we shall show only a minor extension
by mimicking the proof of Theorem 5 in [36], that is, by reducing to an ordinary differential
equation via the Markov—Krein identity.

Proposition 7.3. Let 0 <o < 1 and v € Py. Then My, 1—qv = v if and only if v is Cauchy or
degenerate.

Proof. Supposing that My 1—4v = v, we only have to show that v is Cauchy or degener-
ate. By combining this equality with (7.2), we easily see that fy4(f) := fR v(dx)(t £ /—1x)*
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solves the equation o~ ! f1./(¢) = F(®1%(t > 0) and therefore fi (1) =1+ fL(O)V/%(r >
0). Here, since f1(0) and f_(0) are complex conjugate with |arg f4+(0)| < ma/2, we have
larg(fL(0)!/®)| < 1/2 so that fi(0)"/* = o2 £ /—Im for some o> > 0 and m € R. Conse-
quently, f1(1)"/% =1+ 02 £ /—1m(r > 0). Furthermore, by noting the continuity of arg f (),
we get fu(r) = (t + 02 & /—1m)® for every t > 0. With the help of (7.5), we conclude that v is
a Cauchy or degenerate distribution with v, (f) = exp(v/— lmt — o%|t]). O
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