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We identify stationary distributions of generalized Fleming-Viot pro-
cesses with jump mechanisms specified by certain beta laws together
with a parameter measure. Each of these distributions is obtained from
normalized stable random measures after a suitable biased transforma-
tion followed by mixing by the law of a Dirichlet random measure with
the same parameter measure. The calculations are based primarily on
the well-known relationship to measure-valued branching processes with
immigration.

1 Introduction

In the study of population genetics models, it is of great importance to identify their
stationary distributions. Such identifications provide us basic information of possible
equilibriums of the models and are needed prior to quantitative discussions on statis-
tical inference. Since [5], [11] and [1], theory of generalized Fleming-Viot processes
has served as a new area to be cultivated and has been developed considerably. (See
[3] for an exposition.) In view of such progress, it seems that we are in a position to
explore the aforementioned problems for some appropriate subclass of those models.
In this respect, it would be natural to think of the one-dimensional Wright-Fisher
diffusion with mutation as a prototype. This celebrated process is prescribed by its

generator
1 d? 1 d
A=-2(1—-2)—+ =[ca1(1 — x) — cox]—,
2 ( )dx2 2[1( )= ]dx
where c¢; and ¢y are positive constants interpreted as mutation rates. The stationary
distribution is a beta distribution

x € [0,1], (1.1)
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B, o, (dx) := (1-— x)c2_1dx, (1.2)
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where I'(+) is the gamma function. In addition, the process associated with (1.1)
admits an infinite-dimensional generalization known as the Fleming-Viot process with
parent-independent mutation, whose stationary distribution is identified with the law
of a Dirichlet random measure. With these situations in mind, we pose problems
which are described roughly as follows.
(I) Find a jump process on [0,1] whose generator and stationary distribution extend
(1.1) and (1.2), respectively.
(IT) Establish an analogous generalization for the Fleming-Viot process case.

Since the problem (I) is rather obscure, it may be worth showing now the generator
we will believe to give an ‘answer’. For each a € (0, 1), define an operator A, by

A,G(x)
_ /01 Bi-avaldu) [#G((1 — )z +u) + (1 — 2)G((1 — u)z) — G(z)]

u?

Braaldy) | o G((1 G(x)] (1.3
[ TR O = 0 ) + G = w)r) — (e + )G (1)
where G are smooth functions on [0, 1]. Observe that A,G(z) - AG(z) asa T 1. It
should be noted that A, is a one-dimensional version of the generator of the process
studied in [2] if ¢; = ¢o = 0. See also [9] and [10]. The reader, however, is cautioned
that our notation « is in conflict with that of these papers, in which « plays the same
role as a + 1 in our notation. (We adopt such notation in order for the formulae
below to be simpler.) As will be discussed later for more general case, (1.3) defines
a Markov process on [0, 1] and our main concern is its equilibrium state. It will be
shown in the forthcoming section that a unique stationary distribution of the process
governed by (1.3) is identified with

Y,

'Y, 1 Y,

1
Pasoren(d2) = D@+ 1) [ By (dy)Eay | (V2 +¥2)™" edr, (14

where E, , denotes the expectation with respect to (Y7, Y>) with law determined by
log B, e MY1722Y2] = —y @ — (1 — y)AY (A1, A2 > 0). Again we see that (1.4) with
a = 1 reduces to (1.2).

In principle, the problems (I) and (II) can be considered in a unified way. Ac-
tually our argument will be crucially based on a well-known relationship (see e.g.
2], [10]) between measure-valued branching processes with immigration (henceforth
MBI-processes) and generalized Fleming-Viot processes associated with a natural
generalization of (1.3). Namely, the generators of the former and the latter are con-
nected with each other through quite a simple identity, which has a one-dimensional
version of course. Nevertheless, we shall discuss (I) and (II) separately. This is
mainly because the key identity will turn out to yield a correct answer only for
certain restricted cases and in one-dimension one can avoid to use it (although the
mathematical structure behind is not revealed clearly).

The organization of this paper is as follows. Section 2 is devoted to derivation of
(1.4) by purely analytic argument. Exploiting the relationship to MBI-processes, we
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show in Section 3 that the above mentioned answer to (I) has a natural generalization
which settles (IT). The irreversibility of the processes we consider is discussed in
Section 4.

2 The one-dimensional model

Let 0 < o < 1, ¢ > 0 and ¢y > 0 be given. The purpose of this section is to show
that (1.4) is a unique stationary distribution of the process with generator (1.3).
Analytically we shall prove that a probability measure P on [0, 1] satisfying

1
/ AuG(2)P(de) =0 for all G(z) = pn(e) = 2" withn =1,2,...  (2.1)
0
is uniquely identified with (1.4). Actual starting point of the calculations below is
/ AuG(@)P(dz) =0 for all G(z) = Gy(x) == (1 +tz)"  with ¢ > 0. (2.2)

The equivalence of (2.1) and (2.2) is a consequence of uniform estimates

Cl+02> n
a¥'n = 2, :1,2,...,
Aapn(@)] < (1422 n

which can be shown by observing that

a((l—uw)x+u)"+ (1 —u)z)" — (¢ + co)x"
= a[(1l—-wzx+u)"—((1—-uwz+uz)"|+cz" [(1—u)"— ((1 —u)+u)"]

- Zi:( ) )RRk (1 — o) —chnkzijl (Z)(l_u>n—kuk
_ Zi:()l—u““[ 12" — (1 + c)a”] (2.3)

and in particular
2(1—wz+u)"+(1—2)((1—uwz)" —2" =) <Z> (1 — w)"FP (2 — ™).
k=2
We prepare a simple lemma in order to calculate A,G;.

Lemma 2.1 Assume thatb >0 and a+ b > 0.
(i) It holds that for any 6; > 0 and 65 > 0

1 By, 9,(du) —017—6
[ e = by 2.4)

(i1) In addition, suppose that a’ # a and a’ +b > 0. Then

1 Bl_a71+a(dU) . 1 . a, .
J (@t b)(@u+b)  ala—a)pree (@O = (@0 (2.5)



(2.4) is a one-dimensional version of the well-known formula due to [4], which is
sometimes referred to as the Markov-Krein identity. (See e.g. [18] or (3.5) below.)
We will give a self-contained proof showing essence of a proof for general case.
Proof of Lemma 2.1. The proof of (2.4) is simply done by noting that

p. . o0 le 1 o0 dZQ 1
b Olb [ — 01—1 _—(a+b)z1 O—1 —bzo
(+5) o TN € 0 T(0)

and then by change of variables to u := 21 /(21 +22),v := 21 +25. (2.5) can be deduced
from (2.4) with 6, = 1 —a and 0 = a since By_q 140(du) = Bi_g(du)(1 —u)/a and

1—u 1 <a+b d+b>

(au + b)(a'u + b) a (a—a)b \au+b du+b

[ ]
We proceed to calculate A,G;.
Lemma 2.2 For anyt >0 and z € [0,1],
14+t)*—1 1-— t 1—a)(1+t)t —
A,Gy(r) = ¢ 2T =L almn) all =+ Zeor -y )

o (1+tz)2te  a+1 (1 + tax)+e
Proof. By straightforward calculations
G (1 —uw)z 4+ u) + c2Gi((1 —u)z) — (1 + c2)Gi(2)

tu (1 —x) CoT
I+t [1+t(1—uw)z+tu  1+t(1l—u)x]|’

Replacing ¢; and ¢y by  and 1 — x, respectively, we get

G (1 —w)z+u)+ (1 —2)Gi((1 —u)z) — Gi(x)
tuz(l —x) 1

1+tx (1+t(1 —wa+tu)(1+t(1 —u)x)

Plugging these equalities into (1.3) with G = G}, we deduce (2.6) with the help of
Lemma 2.1. The details are left to the reader. ]

Next, we are going to characterize stationary distributions P in terms of

Su(t) = /01%, >0, (2.7)

which is a variant of the generalized Stieltjes transform of order a.

Proposition 2.3 Let P be a stationary distribution of the process associated with
(1.8). Then S, defined by (2.7) satisfies for allt > 0

CE =i (2.8)

Hlar o) a0 re (14 )] S0 +aa(1+90su0) =0.



Proof. By virtue of Lemma 2.2, (2.2) is equivalent to that for all £ > 0

_(1—|—t)°‘—1/01(:17(1—x) P(dx)

o 1+ tx)2te

c1 a—l/l 1—2 Co /1 x B
1+t —— P(dx) — P(dx) = 0.
ot A T T ) Ty )

(2.8) follows by substituting the equalities

s - s s,

A @%P(d@ = (1) + 5a(0)

and

1 T 1 ,
/0 Wp(dx) = ——S.(0).

We now derive (1.4) as a unique stationary distribution we are looking for. Recall
that for each y € (0,1) we denote by E,, the expectation with respect to the two-
dimensional random variable (Y7, Y5) with joint law determined by

E

oy [6_)‘1Y1_>\2Y2] —e

—yk?—(l—y)kg’ )\17 )\2 2 0.

By using 7 = T'(a)™! [5° dvv*~te™ (¢ > 0), observe that

1 1
T(a+1) 14 —1)y’

By [(tY1 +Y2) ] = t>0. (2.9)

In particular, E, , [(Y: +Y2)"*] = 1/T'(a + 1) and hence

1 IS 41
Pr ey (dz) = T(ar + 1) /O By ou(dy)Euy [(Y1 FY) gt €

(2.10)

defines a probability measure on [0, 1]. Although for each y € (0,1) an expression of
the distribution function

<z
Yi+Yy, ™

Y]
0,113 2 T+ 1)y (Vi +72) % s <]
is given as the formula (3.2) in [19], we do not have any explicit form concerning
Py (c1,c2) €xcept the case ¢; 4+ co = 1. (See Remark (ii) at the end of this section.)
The main result of this section is the following.

Theorem 2.4 The process associated with (1.3) has a unique stationary distribution,
which coincides with Py (¢ cy)-



Proof. Let P and S, be as in Proposition 2.3. Put
To(u) = S ((u+ 1) = 1)

for u > 0. It is direct to see that the equation (2.8) is transformed into a hypergeo-
metric equation of the form

w(u+ DT (u) + [(e1 + c2) + (a1 + 2)u] Th(u) + 1T (u) =0, u > 0. (2.11)
Clearly T, (0) = S,(0) = 1. In addition,
T(0) = 8,(0)/a =~ [ Pldz)z =~ /(e + c2)

where the last equality follows from (2.1) with n = 1. These facts together imply

that | g J
Ta(u):/ M’ u>0
o 14wy
or . B, ..(dy)
C1,C y
Salt :/ L , t>0.
(®) o 1+{(I1+t)*—-1}y -

(See e.g. Sections 7.2 and 9.1 in [13].) Combining this with
1

! Y
_T 1/7& Y4+ Y,) % — cdal
I+{(1+¢t)* -1}y (a+1) o (1L+tx)e"" (Y1 +¥) ity
which is immediate from (2.9), we arrive at
1P (dx)
Sat:/M, t>0 2.12
(®) o (1+4tx) - (2.12)

in view of (2.10). Therefore, we conclude that P = P, (, c,) and the proof of Theorem
2.4 is complete. ]

Remarks. (i) In the case where ¢; + ¢, > 1, an alternative expression of P, (¢, c,)
exists:

7 -
Poeren(dr) =T(a+1)(c1 +ca = V)E |(Z1 + Z) ™% L cdx| = P (c1,e) (d),
1+ 7y
(2.13)
where Z; and Z, are independent random variables with Laplace transforms
Ele™] = exp [~cilog(1+AY)], A >0. (2.14)

This reflects the fact that the solution to (2.11) with the same initial conditions
T,(0) =1 and T.(0) = —c1/(c1 + ¢2) admits another integral expression of the form

T = [ Breeld) s
« 0 (1+uy)cl Y -
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and accordingly by (2.12)

1P, (e1 02)(dx) ! By C1+C2—1(dy>
— L = : t>0. 2.15
/0 (1+tx)> /0 1+ {(1+t)>—1}y]"’ - (2.15)

On the other hand, it is not difficult to show that (2.15) with 1507(01,02) in place of
P, (¢ ;) holds, too. In fact, we prove in Lemma 3.4 below a generalization of the
coincidence (2.13) in the setting of random measures. Also, the role of Z; and Z,
will be made clear in connection with branching processes with immigration related
closely to the process generated by (1.3). (Compare (2.14) with (3.8) below.)

(ii) It will be shown in Remark after Lemma 3.4 below that Py (¢, c,) = Bac;,ac, holds
whenever ¢; +c9 = 1. At least at formal level, this would be seen by letting ¢;+¢o | 1
in (2.15) and then by making use of (2.4).

(iii) In contrast with the case of the Wright-Fisher diffusion mentioned in Introduc-
tion, P, (¢, ;) With 0 < a < 1is not a reversible distribution for the generator (1.3)
at least in case ¢; # ¢o. This will be seen in Section 4.

3 The measure-valued process case

The main subject of this section is an extension of Theorem 2.4 to a class of gen-
eralized Fleming-Viot processes. But the strategy will be different from that in the
previous section, and so an alternative proof of Theorem 2.4 will be given as a by-
product. To discuss in the setting of measure-valued process, we need new notation.
Let E be a compact metric space having at least two distinct points and C(E) (resp.
B, (FE)) the set of continuous (resp. non-negative, bounded Borel) functions on E.
Define M(FE) to be the totality of finite Borel measures on E, and we equip M(FE)
with the weak topology. Denote by M(FE)° the set of non-null elements of M(E).
The set M;(FE) of Borel probability measures on E is regarded as a subspace of
M(E). We also use notation (n, f) := [p f(r)n(dr). For each r € E, let §, denote
the delta distribution at r. Given a probability measure @, we write also E%[-] for
the expectation with respect to Q).

Let 0 < < 1 and m € M(FE) be given. As a natural generalization of the
process generated by (1.3), we shall discuss in this section an M (E)-valued Markov
process associated with

Ay (1) (3.1)
o [ Bl ) (01— w ) — @)
+/01 B(la%al(;? /Em(dr) [@((1 —wp+ud) — ()],  peMi(E),

where ® is in the linear span Fy of functions of the form u — (u, f1) - - (u, f) with
f € C(E) and n being a positive integer. We note that discussed in [10] is the case
where £ = [0,1] and m = ¢dp for some ¢ > 0. As far as the martingale problem
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for A, in (3.1) is concerned, we can establish the well-posedness by modifying
some existing arguments. Indeed, the existence can be shown through a limit theo-
rem for suitably generalized Moran particle systems by modifying those considered
in the proof of Theorem 2.1 (especially (2.2)) of [11], which took account of the
jump mechanism describing simultaneous reproduction (sampling) only, so that si-
multaneous movement (mutation) of particles to a random location (type) distributed
according to v(dr) := m(dr)/m(E) is allowed. Also, the uniqueness follows by the
duality argument employing a function-valued process which generalizes the one in
the proof of Theorem 2.1 of [11] so that the transitions from functions [, fi(r;)
to [Tier(v, fi) Ijg¢r fi(r;) arve allowed for any nonempty subset I of {1,...,n}. (The
precise transition rates are implicit in (3.22) below.) For simplicity, we call the A, ,,-
process the Markov process governed by the generator A, ,.

The following argument is based primarily on the relationship between the A, ,,-
process and a suitable MBI-process, which takes values in M(F). More precisely,
the generator, say L, ., of the latter will be chosen so that for some constant C' > 0

Lam¥(n) = On(E) " Aam® (n(E) 'n), 1€ M(E), (3:2)

where ® € Fy is arbitrary and ¥(n) = ®(n(E)"'n). In the case of Fleming-Viot
process (which corresponds to o = 1 formally), such a relation is well-known. For
instance, it played a key role in [16]. As for the generalized Fleming-Viot process, fac-
torizations of the form (3.2) have been shown in [2] for m = 0 (the null measure) and
in [10] for degenerate measures m. From now on, suppose that m € M(E)°. To ex-
ploit (3.2) in the study of stationary distributions, we further require the MBI-process
associated with L, ., to be ergodic, i.e., to have a unique stationary distribution, say
@mm, supported on M(E)°. Once these requirements are fulfilled, (3.2) suggests that

Pou() 1= B9 [5(E) = n(E) 'y € ] JE% [n(E)~] (3.3)

would give a stationary distribution of the A, ,,-process provided that n(E)~* is
integrable with respect to @a,m. This conditional answer may be modified to be a
general one, which must be consistent with the one-dimensional result (1.4).

To describe the answer, we need both the a-stable random measure with parame-
ter measure m and the Dirichlet random measure with parameter measure m, whose
laws on M(E)° and M (E) are denoted by Q. and D,,, respectively. These infinite
dimensional laws are determined uniquely by the identities

/M(E)o Qam(dn)e” 1) = e=tmI™) (3.4)

and
/ Dy (dpe) (1 + )" = emlmlos+), (3.5)
M1 (E)

where f € B (E) is arbitrary. A random measure with law (), ,, is constructed from
a Poisson random measure on (0,00) x E. (See also Definition 6 in [18].) Observe
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from (3.4) that EQ«m[n(E)~] = 1/(m(E)T(a+1)). Asin [8], D,, is defined originally
to be the law of a random measure whose arbitrary finite-dimensional distributions
are Dirichlet distributions with parameters specified by m. The useful identity (3.5)
is due to [4] and reduces to (2.4) in one-dimension. We now state the main result of
this paper.

Theorem 3.1 For any m € M(E)°, the Aqm-process has a unique stationary dis-
tribution, which is identified with

Pom(’) = T(a+1) /

iy PGB [n(E)m(E) T e o (3.6)

The proof will be divided into three steps. As mentioned earlier, we first find an
ergodic MBI-process whose generator satisfies (3.2) and show, under necessary in-
tegrability condition, that f’mm in (3.3) gives a stationary distribution of the A, -
process. (In fact, the condition will turn out to be that m(E) > 1. This motivates us
to make reparametrization m =: fv with > 0 and v € M;(F).) Second, for each
v € M;(FE), we prove that ﬁa,g,, = P, g, for any 0 > 1. As the last step, we extends
stationarity of P, g, with respect to A, g, to all § > 0 by interpreting the condition of
stationarity as certain recursion equations among moment measures which are seen
to be real analytic in 6 > 0. Also, the recursion equations will be shown to yield
uniqueness of the stationary distribution.

For the first step, we prove in the next proposition that the MBI-process with the
following generator is a desired one:

Lom¥(n)
= o [T [t [vns ) - v — 5 0)] - L S
+ﬁ I Z% [ mldr) [+ =6,) = W), (3.7)

where W is in the class F of functions of the form n — F((n, f1),...,(n, f»)) for some
F € C3(R"), f; € C(F) and a positive integer n, and %—:17’(7") = 4y (n+ e&)L_O. Up to
this first order differential term, the operator (3.7) for £' = [0, 1] and m = ¢dy with ¢ >
0 is the same as the one discussed in Lemma 12 of [10], in which the factorization (3.2)
has been proved. Thus, our main observation in the next proposition is that, keeping
the validity of (3.2), such an extra term yields the ergodicity. Note that the generator
(3.7) is a special case of the one discussed in Chapter 9 of [14]. (See (9.25) there for
an expression of the generator.) In particular, a unique solution to the martingale
problem for £, ,, defines an M(E)-valued Markov process, which henceforth we call
the L, ,,-process. Intuitively, because of absence of ‘motion process’, the law of this
process is considered as continuum convolution of the continuous-state branching
process with immigration (CBI-process) studied in [12]. (See (3.10) below.)

Proposition 3.2 Let m € M(E)°. Then Lo in (3.7) and A m in (3.1) together
satisfy (3.2) with C' = T(a + 2) and ¥(n) = ®(n(E)~'n) for any ® € Fy. Moreover,
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the Lo m-process has a unique stationary distribution @am with Laplace functional
M(E)°

A random measure with law @a,m may be called a Linnik random measure since it is
an infinite-dimensional analogue of the random variable with law sometimes referred
to as a (non-symmetric) Linnik distribution, whose Laplace transform appeared al-
ready in (2.14). It is obtained by subordinating to an a-stable subordinator by a
gamma process. (See e.g. Example 30.8 in [15].) (3.8) clearly shows an analogous
structure underlying, i.e.,

Qen) = [ G 0)Qan(),

where G,, is the law of the standard gamma process on (£, m). (See Definition 5 in
[18]). It is also obvious from (3.8) that, as o T 1, Q. converges to G,,. In addition,
one can see that

52w ov ov
lim L, ¥ (n) =M, —) — (1, — ,—) = L, ¥
lim Lo (1) = (1 50 = (1500 + (ms 50) (n)
for ‘nice’ functions ¥, where ‘?T‘f(r) = %\If(njL €d,)
generator of MBI-processes discussed in Section 3 of [17]. It has been proved there
that G,, is a reversible stationary distribution of the process associated with L,,.

Proof of Proposition 3.2. As already remarked, if the term —a~1(n, %—‘717’> in (3.7)
would vanish, (3.2) can be shown by essentially the same calculations as in the proof
of Lemma 12 in [10]. (In fact, the change of variable z =: n(E)u/(1—u) in the integrals
with respect to dz in (3.7) almost suffices for our purpose.) So, for the proof of (3.2),
we only need to observe that (7, ‘;—E]’> = 0 for ¥ of the form ¥(n) = ®(n(F)"'n) with
® € Fy. But this is readily done by giving a specific form of ®.

The argument regarding ergodicity is based on a well-known formula for Laplace
functional of transition functions. (See (9.18) in [14] for much more general case than
ours.) To write it down, we need only auxiliary functions called W-semigroup [12]
because there is no ‘motion process’. These functions form a one-parameter family
{1(t, ) }i>0 of non-negative functions on [0, 00) and are determined by the equation

. This is a special case of

b 1 1
—(t, ) = ——(t, )T — (¢, A 0,\) =\ 3.9
21,0 = Lt V- (), (0 (39
with A > 0 being arbitrary. An explicit expression is found in Example 3.1 of [14]:
e to)

vt = 1+ (1 —et)ra]/*

Let {n: : t > 0} be an L, ,-process, and for each n € M(E) denote by E, the
expectation with respect to {n, : ¢ > 0} starting at 7. Then for any f € B, (F) and
t>0

By [ 0) = exp [~ Vip) — [ G, (Vef))as]. (310)
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where V,f(r) = ¥(t, f(r)). As t — oo the right side converges to

exp | = [ m, (Vif)*)dt | = exp [~(m, log(1+ )

since by (3.9)

%log (L4 (Vef(r)®) = =(Vef(r)™

This shows the ergodicity required and completes the proof. [

Proposition 3.3 Suppose that m(E) > 1 and let @am be as in Proposition 3.2.
Then B
B9 [n(E)*] = (D(a + 1) (m(B) — 1))

Moreover,
Pom(5) = Dla + 1)(m(E) = DE% [p(B)=sn(B) e (311)
is a stationary distribution of the A, n,-process.

Proof. The first assertion is shown by using ¢t = T'(a)™! [{° dvv*te ™ (t > 0)
and (3.8) with f = v. Indeed, these equalities together with Fubini’s theorem yield

EQam {n(E)‘O‘] = I'(a)™* /OOO dvv® ! exp [-m(E) log(1 4+ v*)]

= I'a+1)™* /OOO dzexp [-m(F)log(1l + 2)]
= T(a+1)'(m(E)-1)"1

For the proof of stationarity of (3.11) with respect to A, ., it suffices to show
that

ﬁamd amq) = 12
Loy P ) An®(10) = 0 (3.12)

for any ® of the form ®(u) = (u, f1) -+ - (i, fn) with f; € C(E) and n being a positive
integer. Without any loss of generality we can assume that f;(E) C [0,1] for each
1 = 1,...,n. Furthermore, we only have to consider the case where f; = .-+ =
fn =: [ because the coefficients of monomial ¢ - -t, in {(u,t1f; + -+ t, fn)™ equals
nl(pw, f1) - (i, fn). Thus, we let ®(u) = (u, f)™ with f(F) C [0,1]. Because of the
basic relation (3.2) and (3.11) together, (3.12) is rewritten into

/M(E)O Qo (A1) Lo ¥ (1) = 0, (3.13)

where U(n) = (n, f)™(n,1)~". The main difficulty comes from the fact that ¥ does
not belong to F. For each € > 0, introduce ¥ (n) := (n, f)"((n,1) +€)~™ and observe
that W, € F. Thanking to Proposition 3.2, we then have (3.13) with ¥, in place of
U provided that L, ,, ¥, is bounded. Thus, the proof of (3.13) reduces to showing
the following two assertions:
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(i) For every € > 0, L) W, L&) W, and L) ¥, are bounded functions on M(E).
(ii) Tt holds that for each k € {1 2,3}

i [ Qunld)£S ) = [ Qualdm)£B¥0). (314

el0 J M

Here, Lo = L), + L2, + L), and the operators L8, L&) and L), correspond
respectively to the ﬁrst second and last term on the rlght 81de of (3. 7)

First, we consider £§32ﬂ Observe that

nf(r)m " nl )"
1

O%c(py =
R T L (TN e
_ U0~ )+ ) ) o5
((n, 1) + )+t
from which it follows that aL{), U (n) = —neV(n)/((n,1) + €). Hence LE) U, is a
bounded function on M(E) and L&), U.(n) — 0 = L) ¥(n) boundedly as € | 0.
This proves that (i) and (ii) hold true for £{Z), .

In calculating £{) ¥, (3.15) is useful since LW (n + 26,) = 6(77‘:‘_1’;67.)(7"). Indeed,
by Fubini’s theorem

7 —vm) = | o [ dws
J, o =) —w] = [ [ e T ()

L= _ %% ) 316)

and combining with (3.15) yields

[ e o) - wn)]’

/ oy )0+ w0 1) = {n + wdy, f) + ef ()] {n + wdy, £)"
((n + wd,, 1) + e)t!

o 1
aJo N, 1) +w+e

S / = w—dw / * de—v(m)+u+e)
« Jo 0
M)’ (1 — «)

IA

= nT(m, 1) +¢€)~“. (3.17)
This shows not only that Efj;n\lfﬁ is bounded but also
1)
Eg’)mllfe n)| < nl(a) - (m, ,
£ 0)] < ) -

which is integrable with respect to @am as proved already. It can be seen also from
(3.15) and (3.16) that L£{) W, converges pointwise to L) W as € | 0. By Lebesgue’s
dominated convergence theorem we have proved (3.14) for £{),.

12



The final task is to deal with £{)) ¥,. Similarly to (3.16)

L) = [ [l 260 <) - 5540

o dz [z o, o,
- /0 Z2te /0 dw [5(77 + wd,) (r) - W(r)l

L dw [ 60 oV,
) 1+0‘/0 whre [5(n+w6¢)(r)_ (r)]'

By (3.15) 5(771‘1’1;&)(7“) - 5(;17’76 (r) equals

(0, 1)+ ™ (f(r) (. 1) = (0, f) + ef (1) [+ wd,, £)"1 = (0, £)" ]
(0, 1) + w+ €)1 ({n, 1) + e)"+!
(. 1) + 0™ = (1) +w+ ™ n (F(r)n, 1) = (0, f) + £ () (n, /)"
({7, 1) +w + )1 ({n, 1) + )+ '

+

Moreover, we have bounds

[+ wd,, )" = (n, /)" =‘A%MW—1V@MW+Mmﬂ“2
< w(n—1)((n,1) +w)"

and
1)+ = (D +wr ™| = (1) [ du(m 1) +v+o
< wn+1)({n,1) +w+e)"
Consequently
() - e ) n((n, 1) +€)"*(n = 1)((n, 1) + w)"~2
d(n + wé,) on ((n, 1) +w + )" ((n, 1) + e)*1

(n+ V(0. 1) +w+ "n((n 1) + ), )"
((n,1) +w+ €)1 ((n, 1) + )"+l
2n?
YD rwr o +e)

Therefore, analogous calculations to those in (3.17) lead to

S [, L)

+w

L0, we(n)| =

Q,

(n,1)
n, 1) +¢€

This makes it possible to argue as in the case of Efj)m\IfE to verify (i) and (ii) for Eg})m
We complete the proof of Proposition 3.3. [ ]

< 20°T(a)((n, 1) + )7

Next, we show the coincidence of two distributions (3.3) (or (3.11)) and (3.6).
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Lemma 3.4 If m(E) > 1, then P.,, in (3.3) coincides with P, in (3.6).
Proof. It suffices to show that for any f € B, (FE)

()= [ o Pl 1 )7 = [ Poaldi) 1,14 1) = 1),

In view of (3.11), I(f)/(I'(a+ 1)(m(E) — 1)) equals

e [, )7 (14 )0, 1)) ] = B [, 14 )77 (3.18)
= F(a)_l /OOO dvv®texp [—(m,log(1 +v*(1+ f)))]
= I'(a+1)"" /OOO dzexp [—(m,log(1 + z(1 + f)))]
— ﬁfol du(1 —u) ?exp {—(m,log(ljt%(lﬂLf)a»}
_ ﬁ | (1 — )™ exp [ (m, log(1 + u((1 + £)° — 1))]

1 ! m(E)—2 a —m(E
_ F(a+1)/() du(1 — u)™®) /Ml(E)Dm(du)<p,1+u((1+f) 1)),

where the last equality follows from (3.5). Hence, by applying Fubini’s theorem and
(2.4)

~ B 1 B n(m)—1(du)
1) = /Mmpm(d’“‘)/o G T+ u((T+ fyo = 1))

= [ D) (. (1 )7
1(E)

On the other hand, it is obvious from (3.6) that
1) = [ Duldu) [ Dy 1+ ) 3.19
(f) o) (dp) i (dp)(w', 1+ f) (3.19)

where in general, for > —a, fo"(’) is the law of the two-parameter generalization

of Dirichlet random measure with parameter («, #) and parameter measure y, i.e.,

T +1)

D)y 1)
i) (¢ +1)

/Ml(E) B [”(E)‘G;H(E)‘ln € } .

(See e.g. Section 5 of [18].) By Theorem 4 in [18] (or equivalently by similar calcu-
lations to (3.18))

/Ml(E) DLa,a)(dlu/x,u/’ 1+ f>—a — <,U> (1 + f)a>—1 (3.20)
and therefore I(f) = I (f) as desired. .

14



Remark. For any v € M;(E), we have P, , = D,,. Indeed, noting that (3.19) and
(3.20) require no assumption on the value of m(E), observe that by (3.19) and (3.20)
with m =v

Sy Pl 1+ £ = [ D) (14 1))

= exp[—(V, log{(l + f)a}>]
= exp|[—(av,log(1l + f))]

= oy Dol 1 7

where (3.5) has been applied twice. (A one-dimensional version of the above identity
is mentioned in Remark (ii) at the end of Section 2.) What we have just seen is

rewritten as
DI/ d D(a,a) Y) = Dau )y
Loy PABIDE () = D)
which is a special case of

DBI/) (D@0 () = DleBo)(. €[0,1), § > —ap.
[y PEIDEDC) = DO, 5 E(0.1), 6> ~af

Here notice that, in case 3 = 0, DY) = Dy, by definition. This generalization can
be proved analogously by virtue of the two-parameter generalization of (3.5). (See
e.g. Theorem 4 in [18].)

We close this section with the proof of Theorem 3.1, in which we write fv (6 > 0,
v € My(F)) for the parameter measure m.
Proof of Theorem 3.1. Let v € My(FE) be given. We first show that, for arbitrary
6 >0, P, g, is a stationary distribution of the A, g,-process. For the same reason as
in the proof of Proposition 3.3 (cf. (3.12)), it is sufficient to prove that

/ P (dp) A, ® (1) = 0 (3.21)
Mi(E)

for @ of the form ®(u) = (u, f)™ with f € C(E) and n being a positive integer. Since
Proposition 3.3 and Lemma 3.4 together imply that (3.21) holds true for any 6 > 1,
it is enough to show that the left side of (3.21) defines a real analytic function of
6 > 0. We claim that

Ansn®(0) = 5053 ()0 = aducal Dcsll 7 = G )
e D) ( ) (1 = s @il £ (s 1 = (1, 1)
_ ﬁ z (Z) (1~ @)icalor+ Dt ), )"
+m Z @ (1= (@l Y00 )" (3:22)
e O = D )



where (a), = I'(a+0b)/I'(a). The first equality can be observed by similar calculations
to those in (2.3), i.e., by noting that

(0= )+ a0 = G £ = 3 ()0 =+ 0 = G ),
k=1

and the second one can be shown with the help of Leibniz’s formula (¢,¢)™ =

Sro (1)t "8 for ¢1(t) = (1—t)=* and ¢o(t) = (1—t) " with (a,b) = (a+1, —a—
1) or (a,b) = (a, —a). In view of (3.22), it is clear that the proof reduces to verifying
real analyticity of [ P,g,(du){p, f1) - (i, fn) in @ for arbitrary fi,..., f, € C(E).

To this end, we shall exploit the following identity which is deduced from (3.19)
and (3.20):

/Mlum Foou(dpn) (i, 1+ 1) = /Ml(E) Do (dp){p, (1 + £)*)7, (3.23)

where f € B, (FE) is arbitrary. Clearly this remains true for all bounded Borel
functions f on E such that inf,cp f(r) > —1. Therefore, for any t,,...,t, € R with
|t1] + - -+ + |t,| being sufficiently small, (3.23) for f = — >, ¢ f; is valid, that is,
I(ty, - ty) = J(t1, -+, t,), where

I(t, ... 1) :/W , Pranlir) ( th,) (3.24)

and
T(ts .. tn) :/M1( Do) (1—2%) . (3.25)

Noting that (1 —#)7 = 1+ 332, (a)it*/k! as long as |t| is small enough, we see
from (3.24) that the coefficient of monomial ¢; - - - ¢,, in the expansion of I(¢y,...,t,)
is given by

(@ [ Podin) s )+ o, o) (3.26)

To find the corresponding coefficient for J(ti,...,t,), define

ho(t) =1—(1—1)* = ai(l — )t/

=1

and observe from (3.25) that J(ty,...,t,) equals

/Ml(E) Doy (dp) {1, 1 — ha (z”: tifi>>—1

= 1 [ Daldnh (S0 )
[e%S) . [e'e) k (]_—Oé

= 10 [ Dyl Y ] , thl
k=1 1 I, le=1j=1 i



One can see that the coefficient of monomial ¢; - - - ¢,, in the expansion of J(t1,...,t,)
can be expressed as

zi:akk! > [ Daldp) ]f[{¢ T4 } (3.27)

ven(nk) T M1(E) =

where 7(n, k) is the set of partitions 7 of {1,...,n} into k unordered nonempty sub-
sets 71, ..., 7, and | -| stands for the cardinality. By Lemma 2.2 of [6] (or equivalently
by Lemma 2.4 of [7]), each integral in the above sum is a real analytic function of
6 > 0. Hence, so is the integral in (3.26) and the stationarity of P, g, with respect
to Aq.p, follows.

It remains to prove the uniqueness of stationary distribution P of the A, g,-process
for each ¢ > 0. But this is an immediate consequence of (3.21) with P in place of
P, p, and (3.22), which together determine uniquely [ P(du)(u, f)™ and hence the
nth moment measure

M (dr - -dry) == / P(dp)u(dry) - - - p(dr)
M1 (E)
for any n = 1,2,.... This completes the proof of Theorem 3.1. [ ]

It is not clear whether we can derive from (3.27) an extension of the Ewens sam-
pling formula in some explicit and informative form. (See Remarks after the proof
of Lemma 2.2 in [6].) In view of P,,,(-) = fDm(d,u)D/(f’a)(-), one might think
that Pitman’s sampling formula would be applicable. But it is not the case since
D, (1 is discrete.) = 1. The expression (3.11) might be rather useful for such a
purpose.

4 Irreversibility

In this section we discuss reversibility of our processes. In contrast with the Fleming-
Viot diffusion case, we guess that for any 0 < a < 1 and non-degenerate m the
A m-process would be irreversible. Unfortunately, the following result does not give
an affirmative answer in all cases. However, this does not suggest any possibility of
the reversibility in the exceptional case, which is believed to be dealt with a different
choice of test functions.

Theorem 4.1 Let m € M(E)° be given. Assume that either of the following two
conditions holds.

(i) The support of m has at least three distinct points.

(ii) The support of m has exactly two points, say 1 and ro, and m({r1}) # m({rs}).
Then the stationary distribution P, ,, of the A, m-process is not a reversible distri-
bution of it.
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Proof. As in the proof of Theorem 3.1, we write 6 instead of m. Thus, § > 0 and
v € My(F). Recall that an equivalent condition to the reversibility of P, y, with
respect to A, g, is the symmetry

FE [@Aa,gyfb/] =F [(I)/Aaﬂyq)] , q), o' e ]:0,

in which E[-] stands for the expectation with respect to P,g,. (See the proof of
Theorem 2.3 in [6].) In the rest of the proof we suppress the suffix ‘o, 0v” for simplicity.
Let f € C(F) be given and define ®,,(u) = (u, f)" for each positive integer n. We
are going to calculate

A = E [Py AD] — E [P AD,)]. (4.1)
For this purpose, observe from (3.22) that
0
ADy(p) = Q—H«% [y = ), (4.2)

A1) = P+ 2 )+ T 2y g ) (43)

a+1 a+1

and

DEAD(n) = 3ot 1)(n ), )+ (- 0) o, 1)
=T Balak D e £+ o301 = a)afw, ) (s )

+1 a+1
+ i T (L= )2 = a) (v, f) = (a+2)(0 +2){p. f)°. (4.4)

Combining (4.2) with the stationarity E[A®,] =0, we get E[{u, f)] = (v, f). There-
fore, it is possible to deduce from (4.3) and E[A®y] =0

0+ DBl 171 = 220+ (145500 0
More generally
O+ D N = 22+ (14 550 ). s

where g € C'(F) is also arbitrary. In the rest of the proof we assume that (v, f) = 0.
This makes the calculations below considerably simple. By (4.5)

(a+1)+(1—a)b
(a+1)(0+1)

The equality E[A®3] = 0 together with (4.4) implies that

Mo == E[{u, f)(p, f3)] = (v, f3). (4.6)

(a+2)(0 +2)El(, £)¥] = 3(a+ )Mz + (1 - a) (1 i Z;‘i‘

9> W, 1. (47)
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These preliminaries help us calculate A in (4.1) as follows. By (4.3) and (4.4)

A = B (=50 n) | = B[l (1) - @4 00 2)]
= D i, £ - M

and hence (4.7) yields
(@ +1)(a+2)(0 +2)A
— [(a+1)+ab] [3a+ )M+ (1—a) (1 +
“(a+ D)(a+2)(0+2)Ms
— (a+ D(a—1)(20+1)Mys + [(a +1) +ab] (1 - a) (1 +

"26) .

a—+1

Q
o+ 19> w f3>'

Plugging (4.6) into this expression, we obtain

11—«

(@ D(@+2)0+2)A = 5

Ula, ) (v, %),

where

Ula,0) = —(a+1)20+1)[(a+1)+ (1 —a)f]
+a+1D)+ab] (0+1)[(a+1)+(
= a?[(a+4)+(2-a)f] = V(a0

— a)f]

T N

(The second equality between quadratic functions of « is verified by checking that
U(=1,0) = =30*(0+1) =V (-1,0), U(0,0) = 0=V(0,0) and U(1,0) = 0*(0 +5) =
V(1,0).) Consequently, whenever (v, f) = 0, we have

_ a(l—a)f?[(a+4) + (2 — )b
(a+ 1) (a+2)(0+1)(0+2)

Thus, all that remains is to construct an f € C(F) such that (v, f) = 0 and
(v, f3) > 0. Because of the assumption, we can choose a closed subset Ey of E such
that 0 < v(Ep) < 1/2. Indeed, in the case (ii) this is trivial while in the case (i) there
exist disjoint closed subsets Ei, Es and E3 of E such that v(E;)v(Es)v(Es) > 0 and
so 0 < v(E;) < 1/2 for some i € {1,2,3}. Letting g denote the indicator function of
Ey, we observe that

v (g—(9)’) = g =3 v g) + 3, g)v.9)* — (v, 9)°
= v(Ey) — 3v(Ey)* + 2v(Ey)?
v(Ep)(1 —v(Ey))(1 —2v(Ey)) > 0.

(v, ).

Finally, the required f exists since g can be approximated boundedly and pointwise
by a sequence of functions in C'(E). The proof of the theorem is complete. [ ]
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It is worth noting that the exceptional case of Theorem 4.1 corresponds to a sub-
class of the one-dimensional case discussed in Section 1, more specifically, the process
generated by (1.3) with ¢; = ¢3. There is no reason why this class is so special in
respect of the reversibility, and it seems that such a ‘spatial symmetry’ makes it more
subtle to see the asymmetry in time. The actual difficulty in showing the irreversibil-
ity for these processes along similar lines to the above proof is that expressions of
E[®,,Ad,,] with ny +ns > 4 as functions of o and € are too complicated to handle.
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