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1 Introduction and the main result

Let (X, X) be a measurable space with o-algebra X, and assume that points in X are
measurable, i.e. {z} € X for every x € X. For any (non-negative) measure p on (X, X)),
and any X-measurable f: X — R := RU{+co} we denote by pf the integral of f with
respect to u, whenever this makes sense.

We denote by M := M(X) the cone of all measures on X with values in [0, +o0], and
by R, (X), respectively R, (X) the linear space of all bounded, respectively non-negative,
X-measurable R-valued functions. We endow M with the coarsest o-algebra M for which
all functions of the form p — puB € [0, +00] with B € X are measurable for the Borel
o-algebra of the extended half-line. We denote by N := N(X) the space of all Ny-valued
elements of M. Here and elsewhere we set INj := Ny U {+0o0}. It holds that N € M.

When (X, X) is a Borel space, for each v € N there exists an at most countable family
of not necessarily distinct points x; € X such that v = Z;’i 0z,, see e.g. [17, Prop. 6.2].

By a random measure on X we mean any (M, M)-valued random field. If a random
measure v is concentrated on N, we say that it is a point process in X. Following [17,
§2.1] we say that a measure in M is s-finite if it is the sum of at most countably many
finite measures in M. Everywhere in the following let ¢ be an s-finite element of M. A
random measure v has intensity (measure) o if

E[vB] =0B, BexXx. (1.1)
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Poisson measures Among all point processes, a remarkable and ubiquitous example
is given by the Poisson point process « with intensity o, i.e., the point process in X with
Laplace transform

E[e/] = exp [/ (1 - ef(””)) da(:c)} , feRi(X), (1.2)

see e.g. [14, 83.1] or [17, Thm. 3.9].

We denote by P, the law of a Poisson point process with intensity o, and we write vy ~
P, to indicate that ~ is distributed as P,. Recall the following characterization of v ~ P,,
usually known as the Mecke identity.

Theorem (Mecke identity for P, [20, Satz 3.1], [17, Thm. 4.1]). Let X and ¢ be as above
and let v be a random measure over X. Then, the following statements are equivalent:

(i) 7 is a Poisson point process with intensity o;

(#3) for every measurable function F': M x X — [0, +00),
E {/ F(v,z) dv(x)] = /E[F(W—&—(Sgg,x)} do(z) . (1.3)

Main result Let & be the subset of probability measures in M. It holds that & € M.
If a random measure is almost surely an element of &, we say that it is a random
probability (measure).

The aim of this work is to show how the law D, of a Dirichlet-Ferguson process
(see §2 below) may be regarded as the natural analog of the Poisson measure P, when
one replaces N with &.

Theorem 1.1 (A Mecke-type characterization of D,). Let ¢ be a finite diffuse (i.e.,
atomless) measure on (X, X), and set 8 :=oX. Then, for any random measure 1 over X,
the following statements are equivalent:

(i) n is a Dirichlet-Ferguson process on X with intensity o;

(ii) for every measurable function G: M — R,
E[nX G(n // (L=t +t5,)] (1 —t)° ' dtdo(z) . (1.4)

Moreover, if n is a Dirichlet-Ferguson process on X with intensity o, then for every
non-negative (or bounded) measurable function F': & x X — R,

UFn, )dn(z } // (1=t +td,,2)] 1 —t)’dtdo(z), (1.5)

and for every non-negative (or bounded) measurable function R: & x X x [0,1] = R,

E[/R(n,xm( } // (1=t +tbz,2,t)] (1 —t)° ' dtdo(z) . (1.6)

In formula (1.6) we set n(z) :=n({z}).

Remark 1.2. Formula (1.4) is a special case of formula (1.5), while formulas (1.5)
and (1.6) are in fact equivalent. Formulas (1.5) and (1.6) are an integral reformulation
of the celebrated stick-breaking construction of D, obtained by J. Sethuraman, [24, §3].
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Remark 1.3. By Theorem 1.1, the law of a random probability measure n on X is the
Dirichlet-Ferguson measure D, with intensity ¢ if and only if, for every measurable
function G: & — Ry

1
E[G(n)] = //0 E[G((1—t)n+1td,)] (1 —t)’ dtdo(z) .

Remark 1.4. Note that, when ¢ is a probability measure on X, in formulas (1.4)-(1.6),
the factor (1 — t)°~! becomes 1. If o is not a probability measure, let @ := o/ € 2,
denote by B the Beta function and by

to (1 —¢)o-tat
B(a,b)

dBa_’b(t) =

the Beta distribution on [0, 1] with shape parameters a > 0 and b > 0. Then we have the
following equality of probability measures on X x [0, 1]:

do(z) (1 —t)?71dt = do(z) B(1 — t)P~1dt = d&(x) dBy s(t) .

Remark 1.5. A first version of this paper appeared as the arXiv preprint 1706.07602.
The main difference with the present work is that the space X in the preprint was
assumed to be a locally compact Polish space. After the publication of arXiv:1706.07602,
G. Last [16] proved a characterization of the Dirichlet-Ferguson process that uses a
weaker form of equality (1.5). More precisely, by [16, Thm. 1.5], if a random measure
satisfies, for all measurable functions F': M x X — [0, +0o0],

E [/F(n,z) dn(z)} //OIE[F(Qt)mtam,x)}de(t)da(x)

for some probability measure G on [0, 1], then G = B; g and so 7 is a Dirichlet-Ferguson
process with intensity ¢. Note that this result does not imply Theorem 1.1 since for-
mula (1.4) is a special case of (1.5).

Remark 1.6. Other characterizations of the Dirichlet-Ferguson measure and of the
Dirichlet distribution are also available, e.g.: [23] for a characterization of (functionals)
of D, via contour-integral methods, [13] for a characterization via c-transform, and [6]
for a characterization via Fourier transform.

Motivations and applications The Mecke identity (1.3) and its generalization to other
random measures, e.g. the Georgii-Nguyen-Zessin formula for Gibbs measures [11, 21,
19], have important applications in the theory of point processes and stochastic dynamics
of interacting particle systems, see e.g. [5, 18]. In a similar fashion, when 7 is a measure-
valued Lévy process, suitable Mecke-type identities for n have been a key tool in the
study of stochastic dynamics of measure-valued diffusion processes having the law of n
as their invariant measure. Among such Mecke-type identities we have also identity (2.4)
for the gamma measure G, (see §2 below), used to establish an integration-by-parts
formula for the G,-invariant diffusions in [4, 15].

After the publication of this work as the arXiv preprint 1706.07602, several applica-
tions of our main result have appeared. We briefly summarize them in §4.

Plan of the work Below, in §2, we discuss preliminary notions and facts, and in §3 we
prove Theorem 1.1 and discuss several corollaries, including a characterization of the
Dirichlet distribution.
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2 Preliminaries

The Dirichlet-Ferguson measure For integer k > 2, let A*~! denote the standard
closed (k — 1)-dimensional simplex in R¥, i.e.,

A=y ye) i 20, g =1}

Write R, :=(0,00). For a := (ovq, ..., ) in ]Ri , the Dirichlet distribution with parame-
ter « is the probability measure on A*~! denoted by D, and defined by
1 k
Da(A ;=7/ L) AHE (g, 2.1)

for each measurable subset A of A*~1, where #*~! denotes the Hausdorff measure
on A*~1 In formula (2.1), B() is the multivariate Beta function.

For integer k > 2, an ordered partition is a vector (Xy,..., X;) with the following
properties:

(a) X; € X is a non-empty measurable subset of X for each i < k;

(b) the sets X; form a partition of X, i.e. they are pairwise disjoint and their union
coincides with X.

We denote by P, (X) the set of ordered partitions X :=(Xy,...,X;) of X. For each
X € PBr(X), we define the evaluation map evx: M — ]Ri by

evx:n+— (nX1,...,nXk) -

Note that the map evx is measurable, and so is its restriction evx : & — A*1,

Lemma 2.1. Let P and Q be probability measures on (M, M). Then, P = Q if and only
if (evx)«P = (evx).Q for every X € B (X) and every k > 2.

Proof. The forward implication is trivial, thus it suffices to show the reverse one. Since P
and Q are probability measures, by e.g. [3, Lem. 1.9.4], it suffices to verify that P and Q
coincide on any algebra of sets generating the o-algebra M. By definition of push-
forward measure, for each Borel measurable A C ]R’_i,

P [ev;(1 (A)} =Q [ev)_cl(A)] ,

and the conclusion follows since M is generated by all sets of the form evy'(A) with A C
R’ Borel measurable, k > 2, and X € P (X). O

The Dirichlet-Ferguson process n with intensity o, see [9], is the unique random
probability measure over X satisfying the following two conditions:

(a) for each B € X with 0B =0, we have nB =0 a.s.;

(b) for each integer k > 2 and X € P, (X) additionally so that 0 X; > 0 for each i < k,

evx (1) ~ Devy (o) » (2.2)
i.e., the push-forward of D, under evx is equal to the Dirichlet distribution Deyy (»)
with parameter (6 X7,...,0Xg).
ECP 28 (2023), paper 21. https://www.imstat.org/ecp
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The gamma measure A compound Poisson process v on X is a random measure
on (X, X) of the form
Z/A:/ /Sd’y(x,s) ,
Ry JA

where « is a Poisson point process on X =X x R with a given intensity 6. When
b=0®s e *ds, (2.3)

the corresponding compound Poisson process is termed gamma process with intensity o,
and we denote its law by G,. It has Laplace transform

E[e /] =exp [—/bg (1+ f(=)) da(w)] . feRL(X),

see [26, Eqn. (7)] or [17, Example 15.6].

Lemma 2.2 (Mecke identity for the gamma measure). Let v be a gamma process on X
with finite diffuse intensity o. Then, for every measurable function G: M x X — R4,

E |:/G(V, x) dy(x)] = // E[G(v + s6;, )] e *dsdo(z) . (2.4)
0
Proof. Let ¢ be as in (2.3) and v ~ P; be a Poisson point process on X x R, with

intensity ¢. By definition of the gamma process and by (1.3) for v, for every measurable
function G: M x X — R,

B { / G, ) du(:c)} -

=E /XX]RJrG (/OOO s'd’y(~,s'),x) sdy(@s)]
_E /XXR+G</OOOS’d'y(~,s’)+/R+ s’da(w)(.,s'),x)sd&(z,s)l
:/X/OOOE[G(V—i-S(Sw,x)] e “dsdo(x) . O

It was shown in [9, §4, Thm. 2, p. 219] (see also [25, Lem. 1]) that the Dirichlet-
Ferguson measure D, is the ‘simplicial part’ of G,. More precisely, denote by I'(-) the

gamma function and by
o=F s
dGie(s) := %Sk_le_ﬁ ds
the gamma distribution on R with shape parameter k£ € R and scale parameter § € R.
Further consider the bi-measurable bijection R : M\ {0} — &7 x R, given by

v

R() = (R’ VX) .

Then, v is a gamma process with intensity o if and only if v/vX is a Dirichlet-Ferguson
process with intensity o, the random fields v/vX and vX are independent, and vX is a
G g,1-distributed R, -valued random variable. (Recall that 8 = 0X.) Equivalently,

m* ga :D0®Gﬁ,17 (25)

i.e., the push-forward of G, under {R is the product measure D, ® Gp, .
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3 Proof and corollaries

Proof of Theorem 1.1. We first prove that a Dirichlet-Ferguson process 7 satisfies for-
mula (1.5), hence (1.4). Let n ~ D,, and R be a random variable with values in R, and

gamma distribution Gg 1, independent of the random probability . Note that E[R] =

Fiﬁ(;)l) We define a random measure v := Rn. By (2.5) we have v ~ G, and, by construc-

tion, R = vX and = 5. Then we have

EU( z)dn(x )] (Z(i)l)E :R/F(w)dn(x)}

IR C)
=T 1)]E / F(n,z) Rdn(m)}

- et F () w40
Using Lemma 2.2, we continue the above chain of equalities as follows:
ﬁ+1 [// (V+S§ >€_Sdsdo(x)}
ety [ [ (B ) v
ﬁ+1 // /0 { (T?HS(S x)] e *dsdGg,(r) do(z)
B+1 // / { ( 77+rj_s5wvx>]€_sds r? e " drdo(x) ,

whence the change of variable ¢t = -

)77t _sa-n sdt
ﬂ+1 // / tﬁ 1 ¢ ¢ E[F((0-n+1td,,2)] —5-e" dsdo(x)

ﬁ+1 // tﬁ+1 [F((l—f>77+’55z79€)]d0(90)/0006
// (1=t +tdy,2)| (1 — )P~ dtdo(x) .

To prove formula (1.6), choose F(n,z) = R(n,z,n(x)) in (1.5), which gives

B [ | Bt anta)

// (1=t +téz, 2, (1 — t)n(x) +1)] (1 — )P~ dtdo(z)
// (L =t)n +to,,2,t)] (1 — )P dtdo(x),

where we used that, for a fixed n € &, we have n(z) = 0 for v-a.e. z € X, as a
consequence of (1.1) for n ~ D, in place of v ~ G,.

For the reverse implication we consider a random measure 7 over X that satisfies (1.4).
We need to show that lawn = D,. Let us first show that n € & a.s. Choosing G = 1
in (1.4), we get

lE[nX] =1. (3.1)

In particular, nX < oo a.s. Next, choosing G(n) = nX in (1.4) and using (3.1), we get
// [(1—t)nX +t](1—t) " dtdo(z) (3.2)
ECP 28 (2023), paper 21. https://www.imstat.org/ecp
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:/dg(g;)/ol (-t +t)(1—t)ftdt=1.

By (3.1) and (3.2), the random variable nX has zero variance, hence it is deterministic.
Thus, nX =1 a.s., son € & a.s. Hence, formula (1.4) becomes

// (1=t +t5,)] (1 — )"t dtdo(z), (3.3)

and it holds for every measurable bounded function G : & — R.
Let B € X be such that ¢ B = 0. By (3.3),

IE [nB] // [(1—t)nB +tlp(z)](1 —t)’ ' dtdo(x)

:E[nB]B/O (1t)5dt+oB/01t(1t)Bldt

B

ﬂ+1E[nB] +0,

which implies
E[nB} =0.

Hence, nB =0 a.s.

Let £ > 2and X = (Xy,...,Xk) € PBr(X) be an ordered partition with ¢X; > 0 for
all : < k. In order to prove that n ~ D,, it remains to show that the distribution of the
random vector evx (1) in R” (in fact, in AF~1) is Deyy (o)

We recall that the Hadamard product < : R* x R¥ — R is defined by

(1) o (2 (oD@ 1 (@ () — (& () koo
sWos® i=(s1"s", ..., 8. 7s.), s =(s1",...,s)) e RY, i=1,2.
This binary operation is obviously associative and commutative.

Write « :=evx (o). Fix any s = (s1,...,s;) € R", and let g(z) : Zf 18ilx,(x) €
Ry (X). Then

ng=s-evx(n), ne, (3.4)

and
a(g™) =s" a, n €Ny . (3.5)

For n € IV, we get, by (3.3)-(3.5),
B (s evx(n / / (1= t)ng + tg(@))"] (1~ 1) dt do(a)
—Z (Ve L] [ ator—aote) [ -
—Z ( ) (8 +ism—i+ 1B (s-evx(m) " - a0

- Z n'l“(,B—H)) E {(S v () (s - a)}

|
— il rB+n+1
_ zn: (n)n—i E [(S _ eVX(n))z‘(So(nﬂ') , a)}
= (B4 n)nt1-
= s E [(s . evx(n))n]
B+n
ECP 28 (2023), paper 21. https://www.imstat.org/ecp
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+ z_: (ﬁ (ﬂin—i - E |:(S . eVX('f]))Z:| (So(n—i) . OL) ,

where (1), denotes the falling factorial: (r)p :=1and (r)g :=r(r—1)--- (r—k+1) for k € IN.
Therefore,

n—1 ) .
E[(s-evx(n)"] = b :; z Z € 4(—?17)1;; -E [(s . evx(n))l} (s°~) . @) (3.6)
i—0 n+1l—1i
n—1 ’I’L o 1 n L ; .
- Z Gin-Do Z]E [(s-evx(n)) ] (s°" ) . @) .

The recurrence relation (3.6), with initial condition E[(s- evx(n))o] =1 for every s and X,
uniquely determines the moments

E[(s-evx(n)"] . seR", nelNy. (3.7)

By the polarization identity (see e.g. [2, Ch. 2 §2.1, Eqn. (2.7)], p. 132), we therefore
conclude that the recurrence relation (3.6) uniquely determines the moments

E [(sl ~evX(77)) (sn ~evx(77))] , S1,...,8, €R*, neN.

In turn, this implies that the moments
E [(nX1)7 - (nXp)*] , J1,-- de € No , (3.8)

too are uniquely determined by (3.6). Since n is a random probability measure,
(evx )« law 7 is supported on the unit simplex A¥~1. Thus, each of the moments in (3.8) is
bounded in modulus by 1. Hence, by [1, Ch. 8, §5.7, Thm. 5.10, p. 735] there exists a
unique measure px on R* such that

/k et dpx (o te) = B [(nX0)7 - (n X))
R

Since the Dirichlet-Ferguson process satisfies (1.4), we conclude that

(evx)«lawn = px = Devx (o) »

which proves the assertion. O

Remark 3.1. We stress that our proof of the reverse implication in Theorem 1.1 is
different from the proof of the analogous characterization for the gamma measure, [12,
Thm. 6.3] for the case of R%. Indeed, the latter proof relies on a characterization of the
Laplace transform of the random measure in question by some ordinary differential equa-
tion. This approach seems however not possible in the case of the Dirichlet-Ferguson
measure, the Laplace transform of which is a kind of infinite-variable hypergeometric
function (see [6, §4]). On the other hand, a proper analog of our proof (through the
uniqueness of the solution of a multidimensional moment problem under an appropriate
bound on the moments) allows one to prove the corresponding statement for the gamma
measure.

Corollary 3.2 (Moments of the Dirichlet distribution). Let & = (o, ..
assume that || :=a1 + -+ a = 1. Then

. a) € R and
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(i) The moments of the Dirichlet distribution D, satisfy the following recurrence

relation:
/ [1% ) dDaly) (3.9)
R* i p
1 n\ "
-2 > (4) [ v avaw (O ) a
n ecii €] R* joe Ge{1,...n}\¢
[€l<n

foralln € N and s™,...,s™ € R*. (Here, ¢| denotes the number of elements of

the set £.) In particular, for alln € N and s € RF,
1 n—1
. n I . 7 (’n.*l) .
/Rk(s )" dDa(y) = — ;/]R(s y)! dDa(y)(s° a) . (3.10)

(i) Foralln € N ands € R¥,

s-y)" dDu(y) = Z, a8 ),
k:( ) )
R

where Z,, denotes the cycle index polynomial of the symmetric group &,,.

Proof. Choose X = [0,1], do(x) = dz, and choose a partition X such that evx(c) = a.
Then formula (3.10) follows from (3.6) if we note that, for 5 =1,

m=Dna1-i _(=Dnai 1
Next, note that the right hand side of formula (3.9) is an n-linear symmetric form of
s ..., 8™ e R*, and for s = s® = ... = 5™, the right hand side of (3.9) is equal to the

right hand side of formula (3.10). Hence, (3.9) follows from (3.10) and the polarization
identity. The second statement follows by noticing that the cycle index polynomials of &,
satisfy the recurrence relation (3.10), e.g. [6, Eqn. (2.2)]. O

Remark 3.3. Statement (ii) of Corollary 3.2 is shown in [6, Thm. 3.3] by different
methods.

Remark 3.4. By using formula (3.6), one can immediately extend Statement (i) of
Corollary 3.2 to the case of a general o € IR’j.

Corollary 3.5 (Moments of the Dirichlet-Ferguson measure). Leto € & (i.e. 3 = 1) and n
be a Dirichlet-Ferguson process. Then, the moments of 1) satisfy the following recurrence

relation:
n -1
Hnm]—i > <|Z|> E Hngi/ II gd (3.11)
i=1 }

£C{Ln ict GE{Lm\€
|é]<n

E

foralln € N and ¢1,. .., gn € Rp(X). In particular, for alln € IN and g € Ry(X),

n 1 = [ n—t
El(n9)"] =+ > E[(n9)] [ 4" "o
i=0
Proof. In the case where the functions ¢i,...,g9, € Ry(X) take on a finite number of
values, formula (3.11) follows from (3.4) and (3.9). In the general case, formula (3.11)
follows by approximation and the dominated convergence theorem. O
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Remark 3.6. Similarly to Remark 3.4, one can easily extend Corollary 3.5 to the case of
a general finite intensity measure o.

Remark 3.7. A non-recursive formula for the moments of the Dirichlet-Ferguson mea-
sure, namely the full expansion of (3.11), may be found in [8, Lemma 5.2].

Corollary 3.8 (A characterization of the Dirichlet distribution). Let k > 2. Let 0 be a
probability measure on IR’L Then, the following statements are equivalent:

(i) 6 is the Dirichlet distribution D,, with parameter o € R ;

(ii) for every non-negative measurable function g: ]Ri — R,

/ lylg(y //1—t‘°“1zag (1 —t)y +te;) dtdo(y) . (3.12)
Rk

Here ly| :=y1 + -+ yi fory € R’i and (e;);=1,... x is the canonical basis in R”.

Moreover, for every non-negative (or bounded) measurable function f: A*~! x
{1,...,k} = R,

/ E yif(y,i)dDg / / E a; f 1—ty+tez,)(1—t)|°‘| LdtdDga(y) .
Ak—1
(3.13)

Proof. Assume (i) holds. Similarly to the proof of Corollary 3.2, choose X = [0,1],
do(z) = |a| dz, so that § = |a], and choose a partition X such that evx (o) = . Let ) be
a Dirichlet-Ferguson process. Applying formula (3.3) to G := g o evx and recalling (2.2)
gives

/M 1g(y) dDq(y) = E[g(nX1, ..., nXy)]

:Z/ / (T=t)nX1,...,(L=)nX; +t,...,(1—t)nXy)] 1 —p)*~Ldtda

/A,H/O Z%‘g((l*t)y+tez-)(1—t)‘a‘*ldtha(y),

Thus, (3.12) holds for § = D,. Formula (3.13) is proven analogously by applying

formula (1.5) to
k
i=1

In order to prove that formula (3.12) uniquely identifies the measure 6, one uses
essentially the same arguments as in the proof of Theorem 1.1. One first shows that

[ =1, w-12,
Ry

which implies |y| = 1 #-a.s., i.e., § is concentrated on A*~!. Choosing g(y) :=(s - y)" one
finds the recurrence relation for the moments of 6. O

4 Known applications

Our main result Theorem 1.1 has already found several applications —in particular
to the study of stochastic dynamics for measure-valued processes— some of which we
briefly discuss below.
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The Dirichlet-Ferguson diffusion In the case when X is a closed Riemannian man-
ifold with volume measure o, the first named author constructs and studies in [7] a
Z-valued Markov diffusion n with invariant measure D,. Theorem 1.1 plays a crucial
role in establishing an integration-by-parts formula for (whence the closability of) the
Dirichlet form on L?(D,) corresponding to 7, thus showing that 7 is a candidate for the
‘Brownian motion’ of the celebrated L?-Wasserstein geometry on .

Integration by parts for the discrete gradient In [10], I. Flint and G.L. Torrisi study
a discrete gradient operator for functions on & defined as

Dy F(p) :=F((1 —t)u+1t6,) — F(p), reX, tel0,l], pe 2.

Using our Theorem 1.1, the authors prove an integration-by-parts formula for the
discrete gradient, [10, Thm. 1.1], computing the associated divergence (adjoint operator)
with respect to the L?(oc ® B p)-scalar product. This is subsequently used to obtain
a Gaussian bound for the Wasserstein distance between any first-order integral of a
Dirichlet-Ferguson process and a standard Gaussian random variable [10, Thm. 1.3],
and to prove a Gaussian quantitative CLT for the first chaos [10, Cor. 5.3].

The Fleming-Viot process The Dirichlet-Ferguson measure D, is the unique sta-
tionary, reversible distribution for the Fleming-Viot process with parent-independent
mutation, see, e.g., [8, Thm.s 5.3, 5.4]. Similarly to [7], one can use identity (1.5) to
re-establish an integration-by-parts formula for the Dirichlet form of the Fleming-Viot
process which was shown by other means in [22, §5.1].
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