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RANKED MASSES IN TWO-PARAMETER FLEMING-VIOT
DIFFUSIONS

NOAH FORMAN, SOUMIK PAL, DOUGLAS RIZZOLO, AND MATTHIAS WINKEL

ABSTRACT. Previous work constructed Fleming—Viot-type measure-valued dif-
fusions (and diffusions on a space of interval partitions of the unit interval
[0,1]) that are stationary with respect to the Poisson—Dirichlet random mea-~
sures with parameters a € (0,1) and 6 > —«. In this paper, we complete
the proof that these processes resolve a conjecture by Feng and Sun [Probab.
Theory Related Fields 148 (2010), pp. 501-525] by showing that the processes
of ranked atom sizes (or of ranked interval lengths) of these diffusions are
members of a two-parameter family of diffusions introduced by Petrov [Funct.
Anal. Appl. 43 (2009), pp. 279-296], extending a model by Ethier and Kurtz
[Adv. in Appl. Probab. 13 (1981), pp. 429-452] in the case a = 0.

1. INTRODUCTION

In [I3], Feng and Sun conjectured the existence of Fleming—Viot processes with
neutral, parent-independent mutation, corresponding to Petrov’s [29] two-param-
eter extension of Ethier and Kurtz’s infinitely-many-neutral-alleles diffusion model
[10]. Generally, Fleming—Viot processes with neutral, parent-independent mutation
are measure-valued processes where the measure of a singleton set represents the
proportion of a continuous population with a certain genetic type and, if the off-
spring of an individual in the population is born with a mutation, then its (random)
genetic type is independent of the genetic type of its parent. There are several ways
to make this precise, through martingale problems [12L[15], Dirichlet forms [26], or
pathwise constructions using Poisson random measures [44]. The Fleming—Viot
processes corresponding to the diffusions Petrov constructed must have two addi-
tional properties.

First, their stationary distribution must be a Poisson—Dirichlet random measure,
PDRM(cv, ), where I ~ PDRM(cv, 6) if TL 4 > i>1 Pid(U;) with independent (P, @ >
1) ~ PD(a,d) and U; ~ Unif[0,1], @ > 1, and PD(c,#) is the well-known two-
parameter Poisson—Dirichlet distribution [34]. This family of random measures is
also known as the Dirichlet or Pitman—Yor process in Bayesian statistics [23}47].
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Second, the ranked sequence of their atom sizes must evolve like the diffusions
Petrov constructed in [29]. Specifically, Petrov constructed diffusions on the King-
man simplex

(1.1) VOOI:{XZ(JJl,:CQ,...):JJl221722"'20,Zﬂ?izl}
i>1

with the following pre-generator acting on the unital algebra F of symmetric func-

tions generated by ¢, (x) = 3,5, o m > 1
o? o? 0
A2 B=3 wigg = ) naig =3 et g
i>1 7,71 i>1

The one-parameter family of diffusions with o = 0 is due to Ethier and Kurtz
[10], while the extension to two parameters is due to Petrov [29]. Petrov [29] proved
that for a € [0,1) and # > —a the operator B acting on F is closable and that
its closure generates a Feller diffusion. We call these diffusions EKP diffusions and
denote the laws of this two-parameter family by EKP(«, 0) = (EKPx(«, 8), X € Vo).
The stationary distribution of EKP(a, 6) is PD(«, ). The two-parameter EKP(a, 6)
processes have been widely studied over the last decade using a variety of methods
including Dirichlet forms, generators and discrete approximation, see [Bl 1Tl 13|
141221 [37,[39H41]. The construction of Fleming—Viot processes corresponding to
EKP(«, 6) diffusions was one of the longest-standing open problems in the field [I3].

Recently, we and a collaborator constructed two-parameter measure-valued pro-
cesses in [19] for # > 0 using methods that can be thought of as extending the
pathwise construction in [44]. The methods from [I9] were extended to § > —« in
[43]. In [I91[43] these processes were called the Fleming-Viot processes associated
to Petrov’s diffusions, however, in [19,[43] we deferred verifying that these pro-
cesses possess the second additional property mentioned above. This is a challenge
because the pathwise constructions of [T9,43] do not immediately yield analytic in-
formation about these processes. In this paper, we initiate the study of the analytic
properties of the processes constructed in [19,43].

Our main result is that we identify the evolution of the sequence of ranked atom
masses in the processes constructed in [19,[43] with parameters 0 < o < 1 and
6 > —a« as the corresponding EKP diffusion. As noted in [19,43], identifying the
evolution of ranked atom masses of the process constructed there with the EKP(c, 0)
diffusion completes the argument that those processes indeed are the conjectured
associated Fleming—Viot processes.

This result opens the door to two-parameter extensions of the numerous ap-
plications of Fleming—Viot processes in the one-parameter o = 0 case. Of these,
we highlight two that we think would be particularly interesting to pursue. First,
shortly after the EKP diffusions were introduced, a body of literature developed
regarding the biological interpretation of the parameter «, see e.g. [5140]. In the
one-parameter case, 6 can be interpreted as the mutation rate of the population
being modeled and, as discussed in [0, one of the main arguments for this inter-
pretation comes from the role 6 plays in defining the mutation operator in the
generator of the corresponding Fleming—Viot process. Although our main results
complete the identification of the two-parameter Fleming—Viot processes, identi-
fying the generator of these processes remains an open problem whose resolution
would shed light on the biological interpretation of the parameter «. Second, there
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has been substantial recent interest in using dependent Poisson—Dirichlet random
measures in nonparametric Bayesian inference [TL[4L[35[46]. A novel approach in the
one-parameter setting [I] uses Fleming—Viot processes to construct the dependent
random measures because known formulas for the transition distributions of these
processes makes predictive inference tractable. A natural question is to investigate
if the two-parameter Fleming—Viot processes can be used to extend these methods
to problems that require both parameters, such as those involving power-law decay
[].

Our arguments are related to those that appear in the study of polynomial pro-
cesses [6,9], which have recently drawn significant interest in mathematical finance
for their balance of generality and computational tractability. Recall that a (clas-
sical) polynomial process is a Markov process on R? whose semigroup preserves,
for each m, the set of polynomials of degree at most m. Recently there have also
been efforts to extend the study of polynomial processes to the infinite-dimensional
setting [2L[7L[8], where the appropriate notion of “polynomial” depends on the con-
text. Jacobi diffusions and Wright—Fisher diffusions are two classical examples of
polynomial processes, and the key step in our argument is to identify statistics of
the Fleming—Viot processes constructed in [19)[43] that evolve as Jacobi diffusions
and Wright—Fisher diffusions. Using the action of the generators of these diffusions
on a class of symmetric polynomials, we are able to compute the generator of the
ranked sequence of atom masses in the Fleming—Viot processes. A consequence of
our calculations is that these Fleming—Viot processes are F-polynomial processes
in the sense of [2]. We conjecture that they are polynomial processes in the sense of
[7,8], but have thus far been unable to compute the generator on the polynomials
considered there.

Let us define the measure-valued processes of [I9] that we called two-parameter
Fleming—Viot processes FV(a,6) in the parameter range 0 < o < 1 and 6 > 0.
In this parameter range, the construction can be done in two steps. We first
use explicit transition kernels identified in [19] to define purely-atomic-measure-
valued self-similar superprocesses SSSP(a, ) with a branching property. For the
second step, we apply Shiga’s [44] time-change/normalization, which we call de-
Poissonization. Specifically, the branching property of SSSP(«, ) means that each
atom evolves independently (in size) and generates further atoms during its life-
time. De-Poissonization destroys the independence of the branching property. A
similar approach applies in the full parameter range, but explicit transition kernels
of 8SSP(«, 6) are unknown in this case, making the construction and analysis of the
FV(a, 0) processes more complicated. Nonetheless, our proofs for the § > 0 case
apply with only minor changes. Thus, for the sake of simplicity, we carry out our
construction and proofs first when 6 > 0 and then indicate what changes must be
made in the general case.

To construct the transition kernel for an SSSP(a, ) process when 0 < a < 1
and 6 > 0, there are three cases for the masses arising at a later time s > 0 from
a given atom in the initial state: (i) this atom survives to time s, as do infinitely
many descendant atoms; (ii) the atom does not survive, but its descendants do; or
(iil) neither the atom nor its descendants survive. The transitions of SSSP(«, 6) can
thus be described via a probabilistic mixture of these three cases, independently
for each atom.
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Rather than separate out these cases entirely, we combine cases (i) and (ii),
which yields a nicer formula for the law of the mass of either the surviving initial
atom or one of its descendants. For this purpose, consider random variables L(a)

with Laplace transforms

o « brz/(r+)\)_1
(1.3) E[e—*%r)}_(TjA) ¢ G A20,0>0,r>0.

For an atom location u € [0, 1], also consider a new location Uy ~ Unif]0, 1] and
mixing probabilities

Il+a(2r\/%)
I_1_o(2rvbe) + a(2rvVbe)=1=2 /T (1 — a)

where I, is the modified Bessel function of the first kind of index v € R. Indepen-
dently of L( ) and Uy, consider I ~ PDRM(av, &) and G ~ Gamma(a, 1) to define the
random measure II := GII of random mass G. Then

(2, =0+ (1) [ (P es)+e
(1.4) + (193 () P{cd(Up) +T1€ ) P{L{ e de}

and 1-— pl(,?;)(c),

p(e) =

is the distribution of a random measure that we will use to generate descendants at
time s = 1/2r for an initial atom bd(u). We remark that Jy refers to a Dirac mass
at the zero measure, 0, in the space of measures on [0, 1], whereas §(u) and §(Up)
are Dirac masses in the interval [0, 1].

More precisely: Q,()O‘u)_r yields no descendants with probability e~*" (case (iii)); or
else the atoms of II are descendants of the initial atom, and there is one additional

(

atom of size Lbo;). This special atom is located either at allelic type u (in case (i))

with conditional probability plgo‘r)(c) given L,()aT) = ¢, or at Uy otherwise (in case (ii)).

In this last case, the atom ¢§(Up) is an additional descendant of bd(u).

Definition 1.1 (Transition kernel K?). Let a € (0,1) and § > 0. For a time
s > 0 and a finite measure p = Y., b;0(u;) with distinct u;, @ > 1, we consider

the random measure Golly + >i>1 1L for independent G ~ Gamma(6, 1/2s), Iy ~

PDRM(a, ) and II; ~ Qb“ul 1/2¢> + = 1. We denote its distribution by K9 (u, +).

We showed in [I9, Theorem 1.2], that (K% s>0) is the transition semigroup of
a path-continuous measure-valued Hunt process, which we refer to as SSSP,(«, )
when starting from any finite purely atomic measure po = p on [0,1]. To obtain
a probability-measure-valued process, we considered (us, s > 0) ~ SSSP,(a,6)
starting from any purely atomic probability measure py = 7, its total mass process
leesl :== ([0, 1]) and the time-change

(1.5) p(t) = inf{s >0: / IIZZI > t} t>0.

We called 7y := || pp0) || ,t>0, a FV,(a,0) and showed in [19, Theorem 1.7]
that it is a Hunt process in the space M¢ of purely atomic probability measures on
[0, 1] and, moreover, it has as its stationary distribution PDRM(«, 6).
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For a probability measure 7 =3, p;id(u;) with p; > py > ---, we denote by
RANKED(7) := (p;, i > 1) € Vi, its ranked sequence of atom sizes. The main result
of this paper is the following connection to EKP diffusions.

The construction above is for § > 0. We postpone the extension to 6 € (—«,0)
to Section B4l but state our main results here in full generality.

Theorem 1.2. Let a € (0,1), 8 > —« and m € M§. For a Fleming—Viot process
(me, t > 0) ~ FVr(a, 0), the associated ranked process is an EKP diffusion with pre-
generator ([L2), up to a linear time-change. More precisely, (RANKED(ﬂt/Q),t >

0) ~ EKPrankep(n) (04, 9) .

As noted in [19], this theorem is the last step in showing that FV(«, #) may be
viewed as a labeled variant of EKP(c«, ). Consequently, it completes the argument
that the processes constructed in [19.43] solve the open problem of Feng and Sun
[13].

This theorem allows us to prove a number of properties of EKP(c, ) processes
based on our understanding of Fleming—Viot processes. For example, following [31],
for o € (0,1), the a-diversity is

(1.6) Do (x) 1= %%F(l —a)h*#{i > 1: z; > h} for x € Vi,

if this limit exists. This may be understood as a continuum analogue to the number
of blocks in a partition of n. A constant multiple of this is sometimes called the local
time of x [34]. These quantities arise in a variety of contexts [30L32]. Ruggiero et
al. [41] have studied processes related to EKP diffusions for which a-diversity evolves
as a diffusion. Then

Do () = l}gng(l —a)h*#{u € [0,1]: 7{u} > h} = P, (RANKED(7)),

in the sense that either neither limit exists or they are equal. Since the path-
continuity of the diversity process t — %, (m:) was shown in [19, Theorem 1.12],
our Theorem here immediately implies Corollary

Corollary 1.3. Let X € V. Suppose the limit D, (x) in (LO) exists. Then there
exists an EKP diffusion (Vy, t > 0) starting from x such that t— 2,,(V¢) is contin-
Uous.

Since EKP diffusions are reversible [29, Main theorem (3), p. 280], the evolving
ranked sequence of atom sizes in FV(a, ) is reversible as well. We make Conjecture

m
Conjecture 1. FV(a, 0) is reversible with respect to PDRM(«, ).

On the other hand, there is a loss of symmetry in the corresponding interval-
partition-valued diffusions (except when 6§ = «), which we recall in the appendix.
This means that reversibility fails for those diffusions.

We prove Theorem in two steps. The first is to calculate relevant parts of
the generator of FV(a, 6), which allows us to identify the semigroups of EKP(«,0)
and ranked FV(a,6) on the Hilbert space L2[c, 0] of functions on V., that are
square integrable with respect to the measure PD(«, 6). The second step involves
interval partition evolutions, PDIPE(«, #) [I6HI8[42/[43], which can be coupled with
FV(a, 0)-processes to have the same ranked masses, as indicated in Figure [l We
use these couplings to establish sufficient regularity to identify the semigroups also
as operators acting on the space of bounded continuous functions.

Licensed to University of Oxford. Prepared on Wed Aug 16 06:37:36 EDT 2023 for download from IP 163.1.211.165.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



1094 N. FORMAN, S. PAL, D. RIZZOLO, AND M. WINKEL

two-parameter

self-similar Flemming—Viot
super process . L process
de-Poissonization Projac. ¢
SSSP(«, 0) > FV(a,0) __ tanl on ¢,
HHSSOS
1 1
! ! EKP(«, 6)
\ \ koD \OC3 g:]thierdeflflrtzf
A0V ese® Petrov diffusion
SSIPE(a, 9) de—Poissonizatio? PDIPE(a, 9) v\:\\u\i‘/‘\ mas
self-similar Poisson—Dirichlet
interval partition interval partition
evolution evolution

FIGURE 1. Relationships between the main processes of this pa-
per. Vertical arrows represent that these pairs of processes can
be coupled in such a way that at every time, atoms of the su-
perprocess are in bijection with blocks of equal mass in the in-
terval partition evolution. This coupling is evident in the shared
scaffolding-and-spindles constructions of both processes [19, Sec-
tion 1.2] and [I8, Section 2.3 and Proposition 3.4]. FV(«,#@),
PDIPE(a, 6), and EKP(«, #) have respective stationary distributions
PDRM(a, 6), PDIP(«, ), and PD(a, 6).

The structure of this paper is as follows. In Section 2] we collect some material
about SSSP(a, ) and FV(«,8) for § > 0 from [I9] and strengthen connections to
Jacobi and Wright-Fisher diffusions that will facilitate the generator calculations
of FV(a, 0). In Section Bl we carry out the first step in the proof of Theorem [[2l In
Section [ we obtain a version of Theorem for the interval partition evolutions
of [I8/42] and use it to carry out the second step in the proof of Theorem

2. FLEMING-V10T, JACOBI AND WRIGHT-FISHER PROCESSES

This section recalls material on BESQ,(2r), JAC(r, ') and WFp(r) processes and
their connections due to Warren and Yor [48] and Pal [28]. In particular, we discuss
the domains of their infinitesimal generators. Finally, we recall from [I9] some more
details about the construction and properties of SSSP(«, #) and FV(«, #) for 6 > 0,
and we go beyond [19] by extracting from FV(«, #) several “subprocesses” that are
Jacobi diffusions or Wright—Fisher processes.

2.1. Squared Bessel processes BESQ,(2r). Let b > 0, r € R, and consider a
Brownian motion B. The squared Bessel process is the unique strong solution of

dZ, = 2rds + 2\/|Z,|dBs, Zo =,

see [21LB6]. For r > 0, we denote its distribution by BESQ,(2r). These processes
are [0,00)-valued and have 0 as an inaccessible boundary for r > 1, a reflecting
boundary for 0 < r < 1 and are absorbed at 0 for » = 0. For r < 0, the strong
solution becomes negative after S = inf{s > 0: Z; = 0} and we denote by BESQ,(2r)
the distribution of the absorbed process (Zsas, s > 0). The infinitesimal generator

of BESQ(2r) is
d? d
22— + 2r—
7422 * "z
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RANKED MASSES IN TWO-PARAMETER FLEMING-VIOT DIFFUSIONS 1095

on a domain that includes all twice continuously differentiable functions f: [0,00) —
R with compact support in (0, c0).

2.2. Jacobi diffusions JAC,(r,r’). Let r,7' >0, b € [0,1]. Warren and Yor [4§]
take independent Z ~BESQ,(2r), Z’' ~BESQ;_;(2r') and the time-change

. S dov

The time-changed proportion X := ((Z,u) + Z;(t)*lZp(t), t > 0) is shown to be a
[0, 1]-valued Markov process, a Jacobi diffusion [25], which we denote by JAC(r, ).
Jacobi diffusions satisfy the SDE

dXt =2 Xt(l — Xt)dBt + 2(7‘ - (7‘ + ’I"I)Xt)dt, XO = b,

and have infinitesimal generator

/ d? d
(2.2) e = 2x(1 —x)w +2(r — (r—l—r’)m)%.
With some care at the boundaries of [0, 1], this all extends to general r,r’ € R up
to the time S (or S" or S A S’) if r < 0 (or ' < 0 or both), when our definition
of BESQ leads, after time-change, to the absorption of JAC,(r,7’) in O (or in 1 or
in either). We do, however, only absorb at 0 if » < 0 and at 1 if ' < 0, allowing
reflection when 0 < 7 < 1 or 0 < r’ < 1, respectively. The respective boundary is
inaccessible for » > 1 or ' > 1.

Lemma 2.1. For all r,v’ € R, the domain of .A;[C/ includes all twice continuously
differentiable functions f on [0,1] that further satisfy f'(0) =0 ifr <0 and f'(1) =
0 if ' <0.

Proof. Let b€ (0,1). As for the squared Bessel SDE, the Jacobi SDE has a unique
strong solution up to the absorption time S, which is infinite if 7 >0 and 7’ > 0,
exhibiting reflection at 0 and/or 1 if 0<r <1 and/or 0<r’ < 1. By the (local) Itd
formula and a change of variables,

1NS/s
E[f(Xs)] = f(b)+2sE /0 ((r=(r+7") Xus) [ (Xus) + Xus (1= Xus) ' (Xus)) du

for X ~ JACy(r,r"). We conclude by path-continuity and dominated convergence
that

sTHE[F(X)] = f(b)) = 2(r—(r+7")b) f'(b) + 26(1—0) f" (b) =: g(b)
as s —04. For b=0, the same argument applies if > 0. If » <0 absorption yields

a zero limit, which extends g continuously if and only if f/(0) =0 or r =0. The
analogous argument at b=1 requires 7/ >0 or f/(1)=0. |

2.3. Wright—Fisher processes WFy(r). Consider parameters r = (ry,...,ry) €
R?, for some ¢ > 2, and initial state b = (by,...,b)) € Ay 1= {(xl,...,mg) €
[0, 1]¢: Die Ti= 1}, where we wrote [(]:={1,...,¢}. Set 4 =2 e Ti- Pal 27
28] adapted the Warren—Yor construction of Jacobi diffusions to construct diffusions
on the simplex A,. Specifically, consider independent Z(") ~ BESQ,, (2r;), i € [£],
and denote by

So = inf {s>0: ZW =0 for some i € [(] with r; <0}
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1096 N. FORMAN, S. PAL, D. RIZZOLO, AND M. WINKEL

the first absorption time of a BESQ with negative parameter. On [0, Sy), consider
ZH):=%"..,Z" and the time-change

5 g So d
(2.3) () :inf{SZO: / (Z) > t} 0<t<T ::/ %
Ly A
(+) (1) (+) (@) :
Then ((Zp(t/\T)) ZP(MT) , (Zp(t/\T)) ZP(MT)), t > 0, the stopped and time-
changed proportions of (Z ), e Z (Z))7 form a Ag-valued diffusion, whose dis-

tribution we denote by WFp(r). When ry,...,7, > 0, this is (up to a linear
time-change) the well-known Wright-Fisher diffusion, see e.g. [12]. In particular,
W= (WM, ..., W®) ~ uF,(r) satisfies the SDEs

aw? :2(1—W()) waB? —aw 3" \JwdBY) +2(1" — W )dt
JEN{i}

with Woi) = by, for all i € [¢], where (BM ... B®) is a vector of independent

Brownian motions. Also, WF( ) has infinitesimal generator

6
(2.4) A =2 Z Wig s -2 Z WiWj m—F— 8w18w3 -2 Z (ryw; — ;) .

i€[f] i i,jE€[€] 1€[] Wi
The extension to negative parameters was observed by Pal [28]. The arguments are
also valid for r with both negative and nonnegative entries.

Lemma 2.2. The domain of Af includes all functions f: Ay — R that possess an
extension to RY that is twice continuously differentiable and further satisfies

0
8’(01‘
The proof of Lemma 2.1l is easily adapted to this /-dimensional setting.

f(w)=0 forallwe Ay withw; =0, ifr; <0 foralliel[l.

2.4. Properties of SSSP(«,#) and FV(«,0) for 6 > 0. Throughout this subsec-
tion we assume that 6§ > 0. The reader will have observed the parallels between
the de-Poissonization time-change constructions of FV(«, #) from SSSP(«, #) and of
JAC(r,7") and WF(r) from vectors of BESQ processes. Let us here recall from [19)]
some properties of SSSP(a, §) and FV(«, 6) that shed more light on these parallels.

For FV(a, 6), the time-change ¢ — p(t) only depends on (||usl|,s>0), the total
mass process of the SSSP(«, #). For JAC(r, r") and WF(r), the corresponding quantity
is the sum of all independent BESQ processes, which is a BESQ(2r+2r') or BESQ(2r)
by the well-known [45] additivity of BESQ when all parameters are nonnegative
or natural extensions (subject to suitable stopping) when some parameters are
negative, as noted previously by the present authors [16], see also [33].

Proposition 2.3 (Theorem 1.5 of [19]). For (ps, s > 0) ~ SSSP,(a,0), we have
(Ilpsl, s > 0) ~ BESQ(26).

By definition, this total mass process is the sum of countably many atom sizes
at all times, but the additivity of BESQ enters in a more subtle way. The transition
semigroup (K2 s > 0) of SSSP(a,#) stated in Definition [ leaves implicit the
evolution of atoms and sheds little light on the creation of new atoms. In [I9], we
provide a Poissonian construction that explicitly specifies independent BESQ(—2c)
evolutions for each atom size and creates new atoms at times corresponding to pre-
jump levels in a Stable(l + «) Lévy process. We do not need the details of this
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RANKED MASSES IN TWO-PARAMETER FLEMING-VIOT DIFFUSIONS 1097

construction in the present paper and refer the reader to [19], but the following
consequence of the Poissonian construction is important for us.

Proposition 2.4 (Corollary 5.11 of [19]). Let (15, s>0) ~ SSSPo(c, ) and, inde-
pendently, consider Z ~ BESQy(—2«) with absorption time S. Set s = Z6(u) + s,
0 <s<S. Conditionally given (,us, 0<s< S) with pg = A, let (;L5+U, vZO) ~
SSSPy(av,0). Then (js, $>0) ~ SSSPys5()(, 0).

Recall from the introduction that the transition kernels K&, s > 0, of SSSP(a, 6)
stated in Definition [[LT] possess a branching property that suggests an ancestral
relationship between any time-0 atom b;d(u;) and the time-s atoms of II;, for each
i > 1. We can interpret the remaining time-s atoms of GoIly as immigration. The

following result expresses this split at a fixed time, via the Markov property, in
terms of independent superprocesses.

Proposition 2.5 (Proposition 1.4 and Theorem 1.10 of [19]). For any finite mea-
sure pi = Y .~ bio(u;), consider independent pu® ~ 8SSPy(a,8) and, fori > 1,
1D ~ 8SSPy, 504,y (v, 0). Then (s, s > 0) := > is0 p ~ sSSP, (a, 6).

2.5. Jacobi and Wright—Fisher processes associated with FV(«, ). The fol-
lowing result records the consequences for FV(a, #) of the BESQ processes associated
with 8SSP(«, ) by combining Propositions Z:3HZH]

Proposition 2.6. In the setting of Proposition 23, with an initial probability mea-
sure p=> ;51 pid(u;), denote by My := (|||, t > 0) the total mass process and by
(p(t), t > 0) the time-change of (). Let k > 1.

(i) Then

X0 = (M) ~HInE) Nl £>0) ~ JAC,, (0,0),
X0 = (M)~ 1Hup(t)ll t>0) ~ JACo(6,0), and

(X(l)v s 7X(k)a 1- Z X(l ) ~ WF(Pl,-..7Pk71—Zi€[k] Pi)(07 s 707 9)

(i) We also have W) := (M)~ tp ;]8 {u;},t>0) ~JAC,, (—a, 0+a), and for

_ — k
WP = (Mpenmi) ™ i,y (0,11 {ur}) £ 20),
where Ty, is the absorption time of W), we also have
(WE wER 1w ® R R, 00 p0 (—as . 0).

Furthermore, for T = min{Ty,..., Ty}, we have
((Wt(Al)Tv to Wt(/lf%” 1= Z Wt(/i\)T)a t> 0) ~ WFb(I‘)
i€[k]
withr=(-a,...,—a,0+ka) and b = (p1,...,pr, 1 = 3 ;0 Pr)-

Proof. (i) Proposition [Z3] applied to each p(¥), i > 0, yields independent M (©)
(12, s > 0) ~ BESQy(26) and M® = (|uF|, s > 0) ~ BESQ,,(0), k
1. By the additivity of BESQ, we further note that N®*) := > eNo\ (K} M@
BESQ; ,, (26), and that M*¥) and N®) are independent, for each k > 1. Similarly,
k) = ZieNo\[k] M ~ BESQ;_ Siep Pi (260) is independent of (M(l), e M(k)).

2 IV
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1098 N. FORMAN, S. PAL, D. RIZZOLO, AND M. WINKEL

The time-change (p(t), ¢ > 0) of (LG) is based on the total mass process (|||,
s > O) =: M. But since M = M) 4 N(¥) :R(k)+2ie[k] M for all k> 1, this
is the same time-change as (Z) to construct X ) ~ JAC,, (0,6) from Z := M®*)
and Z':= N®). This time-change is also the same as (Z3)) to construct WFy(r)
with b = (p1,..., Pk, 1—Ei€[k]pi) and r = (0,...,0,0), M® as Z0) i ¢ [k], and
R®) as z("+D  In particular, the first k& components of the WFp(r) are indeed
(X(l), el X(k)), and the last component is as required to add to 1.

(ii) We refine the setting of (i). If we furthermore construct each u(®, i > 1,
as in Proposition [Z4] we instead obtain a countable family of independent Z(*) :=
(ugi){uz} s > 0) ~ BESQ,, (—2a), i > 1. Now applying Proposition 23] to x(*) and
1 we also have independent Z(©) : (||,uS |, s > 0) ~ BESQy(26) and Z(~9) :=
(1571, s > 0) ~ BESQ(2a), i > 1.

Recall notation NU) from the proof of (i). Note that the independence of () and
D ieNo\(j} p?) entails that Z0) ~BESQ,, (—2«) is independent of Z(=7) ~BESQy(20v)
and NU) ~ BESQ;_,,(20), and hence independent of their sum LW = z(=1) 4

NU) ~ BESQ;_,, (2(0+a)), as required to get W) := (M)~ 1Z(j(z),t >0) ~
JAC,, (—a, 6+«), and indeed as required to construct (W), W(=9), 1-W ) (=3)) ~
WF(pjyoyl,pj)(—a, a, 0), where we recall that this process is stopped at the time that
the left-most component hits 0.

Assembling several JAC,, (—a, 0 + ) to WFn(—«, ..., —a, 8 + ka) can be done as
in (i), with the caveat that having k negative parameters makes this construction
(and the definition of WF) only valid/useful up to the random time

=inf {t > 0: Ji € [k] s.t. m{u;} =0}
—inf {t>0:3i € [k] s.t. W =0} = min{T1,..., T}, }. O

Corollary 2.7. Consider (m;,t>0)~FV,(«a,0) starting from any probability mea-
sure 1= <, Pid(uz), then for any j > 1, we have (mi{u;},t>0)~JAC, (—a,O+a).
Also, -

((’R’t/\T{ul},... WtAT{uk},’th/\T([O 1]\{U1, uk}) tZO) NWFb(I‘),
for any k > 1, where T =inf{t >0: ey m{u;} =0}, b=(p1,...,pr, 1 =3 ey Pi)
andr=(—a,...,—a, 0+ ka).

Proof. In the setting of Proposition Z0(ii), we have (m;, t > 0) := (||o0) | ™ tp(r))
~FV,(a,0),and W) = (m{u;}, t > 0) as., so (m{u;}, t > 0) ~ JAC,, (—av, 6+a).
This also entails the WFy(r) claim. O

3. GENERATORS AND SEMIGROUPS ON L?[a, 6]

Recall that Theorem claims that for (m, ¢ >0) ~ FV.(«,0), the projection
(RANKED(’/Tt),t > O) is EKPpanken(x) (v, 0). The aim of this section is to identify the
L?[a, f]-semigroup of the projected process. We first treat the case when § > 0 in
Sections B.IH3.3l Specifically, for 6 > 0 we establish the Markov property in Section
B, compute the infinitesimal generator on Petrov’s algebra F in Section B.2] and
in Section B3] we conclude that the L2[a, 6]-semigroups of the projected process
and of EKPguykep(r) (v, ) coincide. We then sketch the modifications needed for the
extension to § > —a in Section 34l
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RANKED MASSES IN TWO-PARAMETER FLEMING-VIOT DIFFUSIONS 1099

3.1. Markov property of (RANKED(m), t> ()) for 6 > 0. To study the projection
of FV(a, ) to Vi, let us introduce notation M¢ for the set of all purely atomic
probability measures on the Borel sigma-algebra B([0, 1]) of the interval [0, 1]. We
consider two topologies on MY, the weak topology, which is separable, and the
topology induced by the total variation distance
dry(m,7') = sup |n(B) —7'(B)],
BeB([0,1])
which is not separable. We will denote by P%-? a probability measure under which
(7, >0) ~ FV.(a, ), and by E®? associated expectations.
Let us also clarify the topology on the Kingman simplex

(3.1) Veo i= {x— (x1,29,...) 21 > 20 > -+ >0, Zmi = 1}.
i>1

This is a metric space under £>°. Its closure under £°, denoted by V.., is the set
of non-increasing sequences in [0, 1] with sum at most 1. Petrov [29] established
EKP (o, ) as path-continuous Markov processes that can start anywhere in V.
It has been shown in [II] that the processes, starting at x € V., never leave
Veo. Therefore, it is already known that EKP(«, @) diffusions can be considered as
diffusions on V.. Since the RANKED map takes values in V,, only and is surjective
onto Vo, this also follows from our Theorem .21

Lemma 3.1. RANKED: M{ — V. is Borel measurable with respect to the weak
topology and s dry-continuous.

Proof. Tt is well-known — see e.g. [24] Lemma 1.6] — that there are measurable
enumeration maps that associate with m € M¢ the countable sequence of all lo-
cation/size pairs of atoms, which can then be ranked measurably. Furthermore,
RANKED is Lipschitz with respect to dry and £°°. |

Proposition 3.2. Let a € (0,1), 8 > 0, 7 € M and (m,t > 0) ~ FV (o, 0).
Then (RANKED(m),t > O) s a path-continuous Vso-valued Markov process that is
stationary with respect to the PD(«, 6) law.

Proof. We will show that for any two 7/, 7"/ € M$ with RANKED(7') = RANKED(7"’),
we can couple FV,/(a, 6) and FV,~(«,#) processes that have the same projection
under RANKED.

First consider p/ =bd(v') and p”’=b§(u"). By Proposition 24, we can construct
SSSPys(u) (av, 0) from independent ji ~ SSSPy(wv, ) and Z ~ BESQ,(—2a), with ab-
sorption time S = inf{s > 0: Z; = 0}, and from (i, v > 0), an SSSP(«, 0) starting
from jig. None of this depends on u and we can set
. {Zsé(u’) i, 0<s<S, ., {Zsé(u”) +iis, 0<s<S8,

s *

//15737 8257 ° ﬁ8757 8287

to couple (uf, s > 0) ~ SSSPys(y) (v, 0) and (p, s > 0) ~ SSSPys(1) (v, 0).

In general, we can write 7/ = >, bid(u}) and 7" = 3",., b;d(u}) for the same
sequence (bj, i > 1). We construct an SSSP,/(a,6) and an SSSP..(a,0) as in
Proposition 2.5 with each pair of SSSPy,5(./)(c, 0) and SSSPy, ¢y, @ > 1, coupled
as above, and using the same SSSPy(«, 6).

This coupling is such that all ranked masses of the SSSP, («, #) and SSSP, («, 6)
coincide at all times. In particular, they have the same total mass processes and
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1100 N. FORMAN, S. PAL, D. RIZZOLO, AND M. WINKEL

the same time-change (7)), and therefore the associated FV,/(«a, 8) and FV, (v, 0)
share the same ranked mass processes.

Let F: Vo — [0,00) be bounded and measurable. For the coupled processes
(mf, t > 0)~FVr(a,0) and (7}, t > 0) ~ FVrr(a, ), we have E[F(RANKED(mr}))] =
E[F(RANKED(7{))]. In particular, E2? [F(RANKED())] is a function of RANKED(7) €
Veo. By Dynkin’s criterion (e.g. [38] Lemma I1.14.1]), mapping FV(«, #) via RANKED
yields a Markov process. By [19, Corollary 5.5], SSSP(«, 6) and hence FV(«,0)
are dry-path-continuous. Since RANKED is dry-continuous, by Lemma Bl mapping
FV(a, #) under RANKED yields a path-continuous process in V,,. Mapping a station-
ary FV(a, @), with PDRM(«, #) stationary distribution clearly yields a process that
has stationary distribution PD(a, 6). O

The same method allows us to prove that the projected process is a Hunt process,
which will also follow from our identification with the EKP diffusion.

3.2. The infinitesimal generator of (RANKED(w;), ¢ > 0) on the algebra F for
6 > 0. Throughout this subsection we assume 6 > 0. We will frequently employ an
(arbitrary) inclusion map ¢: Voo — M§:
u(x) = iné(ui), where u; = 1/i, i > 1.
i>1

We will abuse notation and write FVx(c,6) := FV,x) (v, 0), P3? = ]P’f‘(’z), and
ES0 = E:X(f). We will also follow the convention of including finite-dimensional
unit simplices in V,, by appending zeros.

Proposition 3.3. For every q € F we have

a,f _
1y B lg (RANKED ()] — q(x)
t—0+ t

(3.2) = 2Bq(x), for every x € Vi,

where B is (the restriction to F of) the generator (L2) of EKP(«, ). The above
convergence also holds in L% with respect to the law of PD(, 0).

Proposition is proved in two steps: first we prove [B2) when ¢ = ¢, for
some m > 1, and then for the general case. Recall that g,(x) = > ,o, 27"
In general, ¢,,(RANKED(7;)) is a sum over many atoms, cf. Definition [l for the
transition kernel before the de-Poissonization time-change/normalization. We will
work with lower and upper bounds on E2Y [¢ (RANKED(7;))] — g(x) that separate the
main contributions and asymptotically negligible contributions.

To prepare this, we first establish three lemmas. In these lemmas we use the
setting of Propositions and 28] with (m;,t > 0) ~ FVx(a, 8) constructed from

independent (¥, i >0, which are one SSSP(«,0) starting from each initial atom
and one more SSSPy(a, ), “immigration”. We denote by M, := > .., ||,u£z)|| the

total mass process so that
dv >
M, '
In particular, this gives access to two Jacobi processes for each i > 1:

Wi = mfuik = (Moi) ™ sy ik < (M) ™ gy || =5 X0

@)

, , 7 s
(3.3) m = Z’R’Ez), where ’iTEz) = L0 and p(t) = inf {s >0: /
i>0 Mty 0
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RANKED MASSES IN TWO-PARAMETER FLEMING-VIOT DIFFUSIONS 1101

Lemma 3.4. For each i > 1, we have, as t — 0+,

1 i)\ M
; (E[(Wf)) “} - xr“) - 2(m+1)(m—a)z — 2(m+1)(m+0)z™
1 i)\ ™
and 7 (E[(Xt(l)) H} - x;”H) — 2(m+1)ma — 2(m+1)(m+0)x"
Proof. By Proposition 2.8, W® ~ JAC,,(—a, 6 + a) and X® ~ JAC,,(0,6). By
Lemma 21l we may apply the generator [Z.2)) to f(z) = ™1 O

Since 2Bgm(x) = 2(m + 1)(m —a) 35, 7" = 2(m+ 1) (m +0) 30,5, "1 the
first of these captures the main contributions. We also need some uniform bounds
on these quantities.

Lemma 3.5. For eachi>1 and allm > 1, x € Vy, and t > 0, we have

—2(m+1)(m+0)z; < %(E[(Wt(i))mu} _x:.”+1)
< %(E[(Xt(i))erl} _ x;n+1> < 2Am+1)ma.

Proof. By Proposition Z6, X ~ JAC,,(0,0). By Itd’s formula, E[(Xl(;i))m] <
E[Xl(f)] < x;, so applying It6’s formula again yields

%(E[(Xt“))’”*l] - a:;”“) < %E Uot 2(m + 1)m(X§i>)mdv] < 2(m + 1)ma;.

Similarly, we bound ¢! (E[(Wt(i))mﬂ] - x;”H) below by
11/ .
—E U 2(m + 1)(m + 0) (W) Hdv] > —=2(m+1)(m+ 0)z;. O
0

Finally, we control some asymptotically negligible contributions, using notation

Xt(o) = (Mp(t))_l ||u£(2) || and Wt(fi) :Xt(i)— Wt(i) of Proposition

Lemma 3.6. We have t’lE{(Xt(O))m—H} —0 and t’lE{(W75 ) —0 ast—

0+, and t*lE[(Wf‘“)m“} <42+ 0)z; for allt > 0, for alli > 1.

m+1]

Proof. By Proposition E6, X () ~ JAC((6,0), so we can apply the generator to
f(z) = 2™*! and evaluate at © = 0. Since W= is not itself a JACy(c, 6 — «)
as it has been stopped when W) vanishes, we consider (W(i), w1 —w —
WD) ~ WF (4, 01—2,)(—, a,0). By Lemma 2.2, we can apply the generator (2.4)
to f(w) = wi™" and evaluate at wy = 0.

Finally, (VVt(*i))m—s_1 < (Xt(i) — Wt(i))2 < ((Xt(i))2 — xf) — ((Wti))2 — xf), so the

bound follows by taking m = 1 in Lemma O

Proof of the q = q,,, case of Proposition 3.3l By only retaining atoms of m; at the
initial atom locations u; of ¢(x), we can bound the LHS of ([B.2)) below by

(3.4) > % (E {(wt{ui})mﬂ} 3 :c;”“) - % (E {(Wt(i))erl} B xlm+1).

i>1 i>1
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By Lemmas [B.4H3.5] and dominated convergence we find the lower bound

«a,f _
lim inf E” [gm (RANKED(71))] — g (X)
t—0+ t

> Z (m+1)(m—a)z* — 2(m+1)(m+0)z" ) = 2Bg,, (x).

i>1

For the upper bound, split 7; as in ([B.3) and bound above the sums of (m + 1)st
powers for each Wt(z), i > 1, by the (m +1)st power of the sums Wt(fl) = ng) ([0, 1]\
{u;}) or X = Hﬂt(i)H, so that for all n > 0
(3.5) @ (RANKED(m;)) < Z ((Wt(i))erl + (Wt(—i))erl) + Z (X
i€ [n] 1€Ng\[n]
By Lemmas B.4H3.6] this yields the upper bounds
E$? gy, (RANKED — m
s B2 0 (RAVKED )] — g1 (x)
t—0+ t

< Z ( (m+1)(m—a)z]* — 2(m+1)(m+9)x§”+1)+ 2(m+1)m Z x;.
1€N\[n]

These upper bounds converge to 28¢,,(x) as n — oo, so limsup and liminf coincide

and we identify the limit. Note that E[(Xt(o))mﬂ] does not depend on x € V.
Using Lemma B0 on (84) and B.3) for n=0, we also see that

E29 [y, (RANKED(7¢))] — @ ()

< %E[(Xfo))m“] +2(m + 1)(m +6).

sup
XEVoo t

By dominated convergence, ([3.2)) holds in L? with respect to PD(a, ). O
We now generalize this argument to all g€ F. Let m=(my,...,m;) ENF k>1.

‘We will use notation
= H qm; (X) = Z H Ty 0
J€E(k] (i1,-.,0k ) ENF jE[K]

and generalize Lemmas [3.4H3.5] to corresponding products.

Lemma 3.7. Let k > 1, m € N* and consider distinct iy, ...,i, > 1. Then

1 o o
z(n:{ Il (Wt(]))mﬁl} -1 xi;“) s Az i),
JE[K] jelk]

mj;+1

as t — 0+, where pm(wl,...,wk) _ng[k]w and

2

(3.6) A = 22 wi _ -2 Z wle% - 22 Gwi—l—a) 83}1

wi i,7€[k] (%]

Proof. We use Proposition and Lemmal[2Z2 Specifically, the quantity of interest

is the generator of WF(r(k)) with r(k) = (—a, ..., —a,0 + ka) applied to the func-
tion P, (wi, ..., Wk, Wgt1) = Pm(wi, ..., wg), and evaluated at (ZCZ‘I, ey Xy, 1 —
Zje[k] ,TZ]) But A;ék)ﬁm(wh .e, Wk, Wet1) does not depend on wyy; and, as a
function of (wy,...,wy) coincides with Agpm,. a
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Lemma 3.8. Let k> 1 and m € N*. Then there is ¢(m) > 0 such that

m) H xi; < %(E{ H (Wt(ij))mfrl] _ H l,;?j-i-l)
e

Je(k] Je(k]
]- ij m7‘+1 m; 1
g;(E{H(Xt( m ]_H%&) < c(m) [] s
JE[k] JE[k] JE[k]
for allx = (x;, 1 > 1) € Vi, all distinct i1,...,4 > 1 and all t > 0.

_ i+1 .
Proof. Let Py, (w1, ..., Wk, Wit1) = Ppm(wi,...,wg) = Hje[k] w;-n] as in the
proof of Lemma [3.71 By Proposition [2.6]

<X(1)a cee X(k)v 1- Z X(z)> ~ WF(:Cil,.A.,xik,l—Zie[k] ﬂﬁ'ij)(oa T Oa 0)
i€[k]

To establish the last of the claimed inequalities, rewrite the expectation as in the
proof of Lemma [3.5 here using the multi-dimensional Ité formula twice and drop-
ping all negative terms to find an upper bound of the required form

1 t ,
;EU 23" (i 1) mipmee, (X, ..., X(x)) dv] <2Y (mi+1)m; H i,
0 ek i€lk]

where e; denotes the ith unit vector in R*. For the lower bound, the same argument
applies, based on WF(—a, ..., —a,0 + ka) instead of WF(0,...,0,6), here dropping
all positive terms to find a similar lower bound, which allows us to choose

c(m)—2(i§](mi+1+a)><%;](mj+1+0)>. 0

Proof of Proposition B3l By linearity, it suffices to consider functions of the form
4(x) = gm(®) =20, ioen [jem x?j’ We use the lower bound

(i1, )ENF = j€[K]
and adapt the proof of the case ¢ = ¢,, for univariate m. Here, we split sums
according to partitions A={A4,...,4,} 677(]:) of [k] with r € [k] parts

(3.7) m(x)= Y H = Z DI | Eas

(i1,...,5) ENF jE[K AEP[(T]) ]:illstlnlclt telr
where mt+1 =Y iea,(m;j+1). Then Lemma [3.§ applies to yield for all ¢>0
1 h mAJrl m +1 A
;’E[H (Wt( e)) ‘ ]_ % m )Hmhu
ee(r] telr] ¢€[r]
where m# = (mf},...,m?). The bounds are summable over distinct hi,...,h, so

that we can apply dominated convergence and Lemma 31 to find
Ex’ [gm (RANKED(M))} ~ qm(%)

lim inf
t—0+

(3.8) >3 Y > .ArpmA Thyse s h,) = 2Bgm(X).

rEk] 4ep () hiyoohe
AEP[’”] distinct
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For the upper bounds, we use the same bounds as for (3.1]), here making sure that
every k-tuple of atoms of ; is taken into account, to bound E2? [gy, (RANKED(7;))]
above by

N B ) RUZU KA D DI BV RE-RU i

(i1,eensin) €[n]* JE[k] (i1,....ix ) ENE\[n]F JE[k]
LR VR B[ L))
(k] (41,...,3k)ENE : i,€[n] JE[R\{r}

We further bound the last term of B3) by >, ¢ 2i, e E[(Wt(_ir))mrﬂ]. We
split the middle term of (B3] as in (37). Then Lemmas yield the upper

bound
a,b
9 [y (RANKED — Gm
o sup Z5 (9 (RANKED ()] — ()
t—0+4 t
S ¥ (T ametnmrr T )
€K AeP() N (hnewsshr) €[] (R, hp) ENF\[n 1"
dlstmct distinct

These upper bounds converge to 2Bgm(x) as n — oo, and we conclude as in the
proof of the case ¢ = g, for univariate m € N. O

3.3. Identifying the L2-semigroups of (RANKED(7;),t > 0) and EKP(q, ) when
6 > 0. Let L? [, 0] refer to the Hilbert space of square integrable functions on V.,
with respect to the measure PD(a, 8). Also, for this section, the corresponding norm
will be denoted by ||-[[, 9. Recall from the beginning of Section[B.2lthe notation P9
for the distribution of a FV(«, 6)-process starting from a measure ¢(x) with atom
sizes given by x. Let Px denote the probability measure on C ([0, 00), V) which is
the distribution of (RANKED(m;), ¢ > 0) under P$Y. We will use the notation V =
(Vy, t > 0) for this canonical random process and notation Ey for the expectation
operator.

Lemma 3.9. Let (T, t > 0) denote the transition semigroup of the process V.
Then, for every t > 0, Ty is an operator on L? [a, 0] and the semigroup is strongly
continuous as a Semigroup.

Proof. By definition, T; f(x) = fV v)pi(x,dv), where pi(x,dv) is
the transition kernel of V. We ﬁrst Show that T} is an operator on L? [o, 6] in the
sense that

(i) if f is square integrable with respect to PD(«, ) then so is T3 f,

(i) if f =0 PD(«, #)-a.e. then so is T} f.
The second condition shows that the PD(«, #)-equivalence class of T} f is determined
by the PD(a, #)-equivalence class of f, so that we may consider Tj: L2 [, 6] —
L? o, 6]. From Jensen’s inequality we see that

/v (T, /(x))?PD(a, 0) (dx) < /v T, 12 (x)PD(a, 0) (dx)
(3.10) > -
:/v f2(v)PD(ex, 0)(dv)

since PD(a, 0) is the stationary distribution of V. Both claims follow immediately.
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It is easy to see that every element in the unital algebra F is in L2 [a, 0]. As a
corollary of the L? part of Proposition B3} lim; o4 ||T3q — qllo9 = 0 for any g € F.
As noted in [29, Section 2.2], functions in F have continuous extensions to the £>°-
closure V,, of Vs, and F is dense in the space of bounded continuous functions
on V., and hence also in L%[a, §]. Consider any f € L2 [a, §]. Then, there exists a
sequence {g,} C F such that lim,, o ¢, = f in L? [a, §]. By the triangle inequality
and Equation ([B.10)

(T = D fllae < T = Danllae + 1T = 1) (gn = Hllae
< (T = Danllap +2llan = fllae-

Consequently, we get lim; o, Tyf = f in L?[a,0]. This proves strong continuity
of the semigroup. O

Hence, by [12, Corollary 1.1.6], the L? [, 0] generator A of (T}, t > 0) is closed
and has a dense domain in L? [a, 6]. Moreover, by [12, Proposition 1.2.1], for any
A > 0, the resolvent (A —A)"' exists as a bounded operator on L?[a, 6] and is
one-to-one and has dense range. Specifically, the elementary argument of [3], Step 2

in the proof of Proposition 1.4] gives the following result. See also [29, Proposition
4.3].

Lemma 3.10. For any A > 0, we have (A — A) F = F.
We are now able to complete the first step of the proof of Theorem

Step 1 of the proof of Theorem [L2l Lemmas together with [12, Proposi-
tion 1.3.1] imply that F is a core for A. Letting (Tt, t > 0) be the L?[a, §]-semigroup
considered by Feng and Sun [I3], this shows that (T3, t > 0) and (T, t > 0) have
the same generator (given by the closure of (A, F)) and thus are equal as semigroups

on L?[a, ). O

Petrov [29] constructs EKP(«, 6) as a Feller process on the closure

Voo = {x:(xl,acg,...) txy > x> >0, Zazig 1}
i>1

of our state space V.. One might wonder if our method enables construction
of the Feller process (rather than its L[a, ]-semigroup). This is not so clear in
our measure-valued setting, where FV(a, #) cannot be extended to a Feller process,
cf. [19, below Proposition 3.6]. In an interval-partition-valued setting, we have
extended corresponding processes PDIPE(«, 6), which we recall in Section @ This
yields a stronger regularity of semigroups that allows us to complete the proof of
Theorem While we could try to avoid the L2-theory in that setting, this does
not appear to save any effort. We provide some further pointers on this in Section

2]

3.4. Fleming—Viot processes with parameters o € (0,1) and 6 € (—a,0).
In this section we recall from [43] Section 5.1] the definition of FV(«a, ) when 6 €
(—,0), and we prove Theorem (Step 1) for these processes. The main idea
is simple: each atom in SSSP(«, #) still evolves independently as BESQ(—2«). New
atoms are still created both as descendants of existing atoms and as some further
immigration. However, to achieve net “emigration” at rate |6|, one atom does not
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produce descendants, and this absence of descendants is partially compensated by
an immigration rate of  + « > 0. Here is a more formal definition.

Definition 3.11. Let o € (0,1), § € (—,0), p € M* Hy = 0 and po = p.
Inductively given (us,0<s<H,) for some n >0, there are two cases. If uy, =0, let
H, 1= H,. Otherwise, write pug, = > ;5 bgn)é(ugn)) with b(ln) > bg") > ... >0,
consider independent

Z(")NBESQb<n,)(—2a) and V(")NSSSPU(”>(Q,9+OL), where V(()"): g bg")zs(uz(-")),
1 0
i>2

and set H, .1 = H,+inf{s > 0: 2™ =0} and p, = ZS(T_L)Hn(S(ug")) + Vi’i)Hn, se
(HnaHn+1]~

Finally, let Hoo = lim, oo Hy. Given (us, 0 < s < Hy), let pus = 0 for all
s > Hoo. We refer to (us, s > 0) as an SSSP,(a, 0).

It was shown in [43, Theorems 5.3 and 5.5] that SSSP,(«a, ) is (well-defined
and) a path-continuous Hunt process, and that de-Poissonization as in and below
(T3 yields an M¢-valued Hunt process extending FV(a,6) to 6§ € (—a,0), with
stationary distribution PDRM(cv,#). Let us revisit the main steps of our proof of
Theorem [[.2] in the case 6 € (—a, 0).

e Proposition 23 holds by [43, Theorem 5.3]: SSSP(«, §) has BESQ(26) total
mass process.

e In Proposition [ZH replacing x(*) by (Zéo)é(ugo)), s > 0) yields a process
that is SSSP, (v, #) until Z(*) hits 0 and continues as SSSP(a, # +a). This is
a consequence of Proposition 2.5} applied the SSSP(a, § + o) without (),
and of Definition B.111

e Proposition 2.6/ holds subject to some modifications. Specifically, due to the
replacement of p(1), there is no X(*) here, and the Wright-Fisher part of
(i) holds if X is replaced by W), with first and last parameter changed
to —a and 6 4 «, respectively. In (ii), there is no WD but all claims not
involving W (1) continue to hold, as does Corollary 71

e Proposition continues to hold. For the proof, only the third paragraph
needs revisiting: a BESQ,, (—2a) can replace the coupled SSSPy, 5(uy) and
SSSPy, s5(uy)- This establishes the required coupling up to time H;. An
induction extends it to time H.,, which suffices.

e Proposition [3.3] continues to hold. The proof involves several lemmas. Of
these, Lemma [3.4] continues to hold for each 7 > 2 and the first conver-
gence also for i = 1. For the remaining argument, set WS:U =0 and
W® .= WO for all i > 1 and for all i < —2. Then X@ := W& + w (=),
i > 1, is such that X = WO and X® = X@ for all 4 > 2, and all
further statements remain valid with all W) and XO replaced by wo
and X ). The proofs are also still valid subject to slightly adjusting some
WF-parameters and domination bounds, also since 6 is now negative. We
leave the details to the reader.

e The remainder of the proof in Section 3.3 holds verbatim.

4. CONTINUITY IN THE INITIAL CONDITION VIA INTERVAL PARTITIONS

In this section, we extend Theorem to the setting of interval partition evolu-
tions of [I7L[I8] and complete the proof of Theorem The role of the PDRM(a, 6)
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stationary distributions is played by a natural two-parameter family of regenera-
tive partitions of the unit interval [0, 1] that we call the Poisson—Dirichlet interval
partitions, PDIP(«,#); see Pitman and Winkel [32] for more details when 6 > 0.
For 6 € (—a,0), we refer to [43] for a three-parameter family PDIP(®)(0;,6,) with
01,02 > 0 and 6 := 0, + 05 —a > —a. For example, in order to visualize PDIP(%, %)
consider a Brownian bridge during time [0, 1] and consider the intervals formed by
the complement of the zero-set. This is distributed according to PDIP(%, %), see
[20, Example 3]. A similar construction for Brownian motion during time [0, 1]
gives us PDIP(%, O); see [20, Example 4]. The sequence of decreasing block masses
is Poisson—Dirichlet distributed. Replacing Brownian motion by recurrent Bessel
(or BESQ) processes and their bridges similarly yields PDIP (a, O) and PDIP (a, a) for
all a € (0,1).

An interval partition is a countable set 8 = {J;,i € I} of disjoint open subin-
tervals J; of some [0, M] such that the complement C(f) = [0, M]\ U,;c; Ji is
Lebesgue-null. We write ||3]| to denote the total mass M. We use notation Zy for
the set of interval partitions and equip it with the metric dg (81, f2) that applies
the Hausdorff metric to C(81), C(B2) C [0, 00).

We write 31 x5 for the concatenation of 31, fs € Ty that consists of all intervals
of (¢,d) € B, and shifted versions (||51]|+¢, || f1]|+d) of all intervals (¢, d) € fa, with
similar notation % ,c 4 B, for the concatenation of a countable family of 8, € Zy
indexed by a totally ordered set (A, <), with >, [|B.] < co. We write g8 =
{(ge,gd): (c,d) € B} for the interval partition that has all lengths scaled by g > 0.
The empty interval partition is denoted by (. In analogy to (L4), we define here
on Zy distributions

L) = ey + (1 - e*br)p{{(o, LN} «Gh e - }

where G ~ Gamma(a,7), B ~ PDIP(a,a) and Ll()(? as in ([3) are independent. In
this framework, we can give the following analog of Definition [Tl

Definition 4.1 (Transition kernel K?). Let a € (0,1), # > 0. For any in-
terval partition 8 € Zy and any time s > 0, we consider the interval parti-
tion Gofy * %k sz 11y for independent Gy ~ Gamma(6,1/2s), 5, ~ PDIP(c,6) and

Iy ~ ~I(~:t))((])_’1/23, J € B. We denote its distribution by K=¢(8, -).

.
lengths (we refer to both as masses), and rather than atom locations in [0, 1] that
were partly preserved (“survival”) partly sampled from Unif[0, 1] in (L4]), we now

record under @1(5")

to the right of a left-most interval (O,Ll()
under K2%(B, -) in that descendants of different ancestors inherit the order of
their ancestors. _

The family (K?’e, 5> O) is the transition semigroup of an Zy-valued diffusion
(Bs,$>0) that we call SSIPE(a, §). This was further extended in [42] Definition 1.3]
to a three-parameter family SSIPE(O“)(Gl, 02), 01,02>0, so that 6:=6,+0,—a>—a.
The time-change

(4.1) p(t)—inf{s>0: /:%>t},

Compared with (L4)) and Definition [T} atom sizes such as Lga) are now interval

a left-to-right total order of intervals that places all “descendants”
)
,T

), and this order is further preserved
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and normalisation to unit mass yield ;:= Hﬂp(t) Hflﬂp(t), t>0. If Bg=v€Zy has

total mass ||y|| =1, we write (v;,¢>0)~PDIPE,(a,#), respectively PDIPES,O‘) (01,05).
We showed in [I8, Theorems 1.3 and 1.6], [42, Theorem 1.4] and [43, Theorem 1.4],
that all of these evolutions are interval partition diffusions, and that PDIPE(c, #) and
PDIPE(®) (6, 6,) have PDIP(c,f), respectively PDIP(®)(f;,6,), as their stationary
distribution.

Theorem 4.2. Let o € (0,1) and § > 0. For (v, t > 0) ~ PDIPE,(«,6) we
have (RANKED(%/Q),t > 0) ~ EKPpawkep(+) (v, 0).  Similarly, for 61,02 > 0, 0 :=

01+ 60, —a > —a and (v, t > 0) ~ PDIPES™ (61, 05), we have (RANKED(y;)5), t >
O) ~ EKPRANKED('y)(aa 0).

Proof of Theorem and Step 2 of the proof of Theorem [[2l Let v € Iy with
7l = 1 and @ € M¢ such that RANKED(7w) = RANKED(y). Given that both
PDRM(cv, §) and PDIP(c,f) have PD(, @) ranked masses, the semigroups Kf(x,")
and K®%(vy,-), the processes SSSP.(a,0) and SSIPE,(«,6), and the processes
FV,(a,0) and PDIPE, (o, ) can be perfectly coupled so that the latter two have
identical ranked mass processes. We remark for readers who have seen scaffolding
and spindles, that this is a consequence of the clade constructions in [I9, Section
1.2] and [I8, Section 2.3 and Proposition 3.4] of both processes, when 6 > 0. These
references also discuss the connection between the measure-valued and interval-
partition-valued settings. For 6,0y > 0, Definition 4.1 of [43] of SSIP(®)(6;,65)
similarly compares with Definition BT of an SSSP(«, #) with associated parameter
0 = 01 + 02 — « to similarly couple these processes. Hence, the claims in Theorem
are equivalent to the claims in Theorem

Let 6 > 0. We showed in [I8, Theorem 1.8] that PDIPE(«, #) has a Hausdorff-
continuous extension to a state space of generalised interval partitions of [0, 1] in
which the requirement Leb([0, 1]\, Ji) = 0 is dropped. We refer to [0, 1]\,; Ji
as “dust” and show that in the generalised setting, initial dust is not negligible,
but starting PDIPE(«, 8) from a state where dust has positive Lebesgue measure,
the evolution immediately enters Zy and never leaves. Indeed, we showed in [I8]
Corollary 4.15] that mapping the generalised PDIPE(«, §) under RANKED yields a
Vao-valued Feller process. In particular, the projected Va.-valued PDIPE(c, 6) itself,
V; = RANKED(~;), t > 0, is continuous in the initial state for initial states in V.
For PDIPE(®) (6, #,), the corresponding continuity in the initial state was obtained
in [43, Theorem 1.4].

Now recall that Step 1 of the proof of Theorem yields the identification of
L2[av, 0]-semigroups, (T, t > 0) and (Ta, t > 0). Let (V¢ > 0) be the diffusion
associated with (Ty, ¢ > 0) constructed in [29] (which is the Feller version of the
diffusion constructed in [13]). Let Py denote the law of V, when starting from x.
Then we find that for every f € L? [, §] we have

Ex [f (V)] = Ty f(x) = Tor f(x) = Bx[f(Va22)] for PD(a, f)-a.e. x € V.

Now consider f: Vo — [0,00) bounded and continuous. Then x — Ex[f(V})] is
continuous, and x — Ey[f(Va)] is continuous by [29, Proposition 4.3]. As any
set of full PD(q, f)-measure is dense in Vs, we get Ex[f(Vy)] = Ex[f(Va)] for
every bounded, continuous f and every x € V.. Together with path-continuity
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and the Markov property, this identifies the laws of the processes (Vy, t > 0) and
(Var, t > 0). O

Since we showed in [I8, Corollary 4.15] that for # > 0, mapping the generalised
PDIPE(c, ) under RANKED yields a V..-valued Feller process, Theorem also
identifies this Feller process with Petrov’s Feller version of EKP(a, ). Returning to
the question of whether this allows one to avoid the L2-theory used in Section 3.3
the answer is yes, but at a cost, as this would require further estimates of the type
established in Lemmas and B8 to handle the (mostly negligible) contribution
of dust to the pre-generator on F. We omit the details.
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