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FINITE PARTIALLY EXCHANGEABLE LAWS ARE SIGNED
MIXTURES OF PRODUCT LAWS

PAOLO LEONETTI

ABsTRACT. Given a partition {I1,...,Ix} of {1,...,n}, let (X1,...,Xn) be random vector with
each X; taking values in an arbitrary measurable space (5,.%) such that their joint law is invariant
under finite permutations of the indexes within each class I;. Then, it is shown that this law has to
be a signed mixture of independent laws and identically distributed within each class I;.

We provide a necessary condition for the existence of a nonnegative directing measure. This is
related to the notions of infinite extendibility and reinforcement. In particular, given a finite ex-
changeable sequence of Bernoulli random variables, the directing measure can be chosen nonnegative

if and only if two effectively computable matrices are positive semi-definite.

1. INTRODUCTION

de Finetti’s theorem, in one of its most general forms, states that if (X,, : n € N) is a sequence
of random variables such that each X,, takes values in a Borel space (S,.7) and their joint law is
invariant under finite permutations of the indexes, then there exists a unique probability measure pu

on the set P(S) of probability measures on S such that

Pr((X,:neN)eA)= / v (A) p(dv) (1)
P(S)
for all A € .#N. Here, v stands for the (countably infinite) product measure v x v x - - -, and P () is

equipped with the o-field generated by the weak* topology; see, for instance, [17, Theorem 1.1]. More
generally, the result holds if S is a locally compact Hausdorff space and . its Baire o-field, as shown
by Hewitt and Savage in [9, Theorem 7.2]. On the other hand, some kind of assumptions on S are
needed to ensure representation (1) holds: indeed, Dubins and Freedman have shown that there exists
a separable metric space S for which the result fails [7, Theorem 2.14].

The finite case is completely different. Recently, Kerns and Székely proved in [18, Theorem 1.1]
that, if (S,.7) is an arbitrary measurable space and (X1, ..., X,) is exchangeable, then there exists a
bounded signed measure p on the set P(S) of probability measures on S such that

Pr((Xy,...,Xn) € A) = / v (A) p(dv) (2)
P(S)

for all A € ™. Similarly, v stands for the product measure v X --- X v, and P(S) is equipped
with the smallest o-field for which all the maps v — v(B) are measurable, where B ranges over ..
Accordingly, the directing measure p cannot be assumed to be nonnegative, as it is shown in the well-
known example provided by Diaconis and Freedman [6]. An interpretation of the geometric structure

underlying the proof of representation (2) can be found in [4].
With these premises, the article focuses entirely on the finite case. In the first part, Theorem 1

provides a generalization of the finite representation (2) to the case of finite partially exchangeable
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sequences, i.e., whenever the law of (X1, ..., X,,) is invariant under permutations of the indexes within
each class I;, for some partition {I1,..., I} of {1,...,n}. Under rather weak topological assumptions,
this finite representation is unique if and only if the set of signed directing measures p is compact.
This type of invariance could be termed subgroup exchangeability, cf. Remark 2. Relationships with
other types of partial exchangeability studied in the literature will be clarified in Section 2. As pointed
out in [18] and remarked in [12], the result still allows to prove the consistency of Bayesian estimators,
namely, the sequence of posterior distributions relative to the true unknown parameter 6 of the model
converges to the degenerate distribution on 6; cf. e.g. [18, Proposition 4.1] for the finite exchangeability
case. See [2] for an application to the Bayesian properties of normalized maximum likelihood.

In the second part, we provide a necessary condition to ensure the existence of a nonnegative
directing measure among all signed measures p which satisfy the representation result, see Theorem
2. It turns out that the question is related to the notions of infinite extendibility and reinforcement.
Lastly, we obtain necessary and sufficient conditions on exchangeable sequences taking values in {0, 1}
to be mixtures, in the classical sense, of i.i.d. (Bernoulli) random variables, see Theorem 3. In this
regard, the problem can be equivalently reformulated to question whether a point belongs to the convex
hull of a known finite set of extremal points; see, for instance, [4, p. 275]. Here, differently from the
geometric characterization, we show that an exchangeable law on {0,1}" is a mixture of i.i.d. random
variables if and only if two effectively computable matrices are positive semi-definite.

2. THE FINITE REPRESENTATION

Given an index set I and a subset G of the group of permutations on I, a sequence (X;);c; of
random variables defined on a probability space (§2,.%#, P) with each X; taking values in a measurable
space (5,.7) is said to be exchangeable over G whenever (X; :i € I) < (Xo) riel) forall o €.

Hereafter, let us suppose that G can be written as the product of the symmetric groupson I, ..., I,
for some partition {I1,...,Ix} of {1,...,n}. In other words, the joint law of (X1,...,X,,) is invariant
under permutations of the indexes within each class ;.

Then, our main result, which will be proved in Section 5, can be stated as follows:

Theorem 1. Let (X1,...,X,) be an exchangeable sequence over G of random variables with each X;
taking values in a measurable space (S,.7). Then there exists a bounded signed measure y on P(S)*
such that

P((Xl-:ite)eAj,jzl,...,k):/ kV{”(Al)~-~VZ’“(A;€);L(dV1,...,de) (3)
P(S)
forall Ay € ™, ... A € ™, where n; stands for the cardinality of I; for each j.

As usual, here “bounded” means that if g has Hahn decomposition p+ — p~ then p™ + p~ is a
finite measure. It is worth noting that Theorem 1 generalizes the results of Jaynes [13] and Kerns and
Székely |18, Theorem 1.1].

The main machinery of the proof can be tracked back to Janson, Konstantopoulos and Yuan [12,
Theorem 1]. On the other hand, it solves an open question in the same article, see [12, Section 4.8].

However, our main interest in Theorem 1 is related to its consequences.

Corollary 1. With the notation of Theorem 1, let us assume that S is a separable Banach space with

induced Borel o-field .#. Then there exists a bounded signed measure n on S* such that

P((Xii€l)eA,j=1,... k= / VR (AL - g (Ag) n(dfy, . .., d6y,) (4)
S
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forall Ay € /™, ... Ay € S, where each vy, is a probability measure on S depending measurably
on the parameter ;.

Note that the result holds in the case of real-valued random variables. If the directing measure 7
can be chosen nonnegative, this may provide a sort of justification for the use of priors in Bayesian
parametric.

Lastly, the representation provided in Theorem 1 gives, informally, the same amount of information
when the assumption of exchangeability over an arbitrary subset G is replaced by the exchangeability
over the largest subgroup contained in G, cf. Remark 2. This highlights the differences with other
types of exchangeability considered in the literature. To make some examples, fix an array of random
variables X = (X;; : 1 <i<mn,1 <j<m). In the case of partial exchangeability d@ la de Finetti [3]),
the joint law of X is invariant under permutations of the random variables within each column: the
information provided by our representation is maximal, since G can be written exactly as product of
symmetric groups on the indexes of the columns. On the other hand, if X is partially exchangeable
d la Aldous and Kallenberg, cf. [1] and [16], then its law is invariant under all pairs of [respectively,
the same| permutations of the indexes of rows and columns; this is commonly known as separately
row-column exchangeability [resp., jointly row-column exchangeability]. For instance, a 2 x 2 array is

separately row-column exchangeable if and only if, up to relabelings to indexes, it holds

X1XQiX2XliX3X4iX4X3
Xs X4 X4 Xs X Xo X, Xi)°

This implies that the unique contained subgroup of permutations is the trivial one. In a sense, this
minimizes the amount of information provided by our representation because it is as if there were no
constraints. Similar considerations apply to other types of invariance considered in literature, e.g.,

Markov exchangeability introduced by Diaconis and Freedman [5].

3. TRUE MIXTURES

In most cases, the main difference between the finite and the infinite case is that the directing
measure 4 may be signed. Therefore, it looks natural to ask about the positiveness of . and, more in
general, about the infinite extendibility of an exchangeable sequence (X1, ..., Xp).

In this respect, Konstantopoulos and Yuan have shown in [19, Theorem 2| that if S is a locally
compact Hausdorff space and the law of X is inner and outer regular, then such an infinite extension
exists if and only if for each integer N > n there is an exchangeable sequence (Y71, ...,Yx) with each
Y; taking values in (S,.%) such that (Xi,...,X,) 4 (Y1,...,Y,). In turn, this is equivalent to be a
true mizture of i.i.d. random variables whenever S is equipped with its Baire o-field (hereafter, “true”
underlines that the directing measure is nonnegative), see [19, Theorem 3|.

In this section, we provide a set of necessary conditions on the joint law of a random vector
(X1,...,X,) exchangeable over GG which can be represented as true mixture of independent random
variables and identically distributed within each class I;. To this aim, we fix some additional notation:
given a square matrix M = (m; ;) with entries in ./ X --- X ™ we shorten the real-valued matrix
(P(X € m,;;)) with P M. Moreover, given positive integers a,b and matrices A, B with entries in ./*
and .7, respectively, we denote by ACB the matrix with entries in .7%*?, constructed as the analogue
of Kronecker product, where the multiplication of entries is replaced by their cartesian products.

Accordingly, we obtain the following result:
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Theorem 2. Let (X1,...,X,) be an exchangeable sequence over G of random variables with each X;
taking values in a measurable space (S,.7), and let us suppose that the signed measure [ in the the
finite representation (3) is nonnegative.

Then, the following matriz

AT x B; ATMTEX S x B ATV x 8™ x B,
POt Azt >< SxB; AT >< S2x Bj - ATl x §mitlx B,
AT x 8™ x Bj A;nj_l x Smitlx B, ... S%mi x B,
is positive semi-definite for all even nonnegative integers 2my < ni, ..., 2mg < ng, for all Ay,..., Ay €

7, and for all By € ™72 | B € .S

The main result of von Plato [28, Theorem 4] follows in the special case where n = 4, k = 2,
ny=ng=2,m; =me=1,5=1{0,1}, and A = {1}; cf. Remark 4.
Moreover, it follows that, if K = 1, m; = 1, and P(X € S% x B) > 0, then
P(X € A% x B)
P(X € Ax S x B)
- P(X € Ax S x B)
- P(XeS?xB)

This can be intepreted as a reinforcement property; see, e.g., [22] and [24]. The same observation

P(X; € Al Xy € A, (X3,...,X,) €B) =

=P(X; € A|(X3,...,X,) € B).

applies to partially exchangeable sequences, once we set each m; = 1 in Theorem 2.

In the special case where G is the symmetric group on {1,...,n} and S = {0, 1}, we provide an
explicit characterization of the finite exchangeable sequences which can be written as true mixtures of
i.i.d. (Bernoulli) random variables.

To this aim, define z; =P(X; =+ =X, =0,X;41 =--- =X, =1) foreach i = 0,1,...,n, and,
for each positive integer n, the Hankel matrices H,, = (hg?) and K, = (kl(?) by

n+2—i—j . .
2—4— 2
Z (n—|— ! ]>:vk ifnisevenandlgi,jg%

o _ ) i "
©,J n+l—i—j . .
1—7— 1
3 (”“L kl j>:17k ifnisoddandlgi,jﬁ%
k=0
and
n—i—j n—i_i n
Z ])ka ifnisevenand 1 <i,5 < —
(n) = & ’
0,J ntl—i—j . . '
1—7— 1
<”+ kl j>xk+1 1fn1soddand1§i,j§%
k=0

With these premises, we obtain the following necessary and sufficient condition:

Theorem 3. Let (Xi,...,X,) be an exchangeable sequence of {0,1}-valued random variables. Then
the joint law of (X1,...,X,) is a true mizture of i.i.d. random variables if and only if H,, and K,, are

positive semi-definite.

Interestingly, Wood [29, Theorem 2] calculated the probability that, picking at random an exchange-
able sequence of {0, 1}-valued random variables (X1, ..., X,,), this is infinitely extendible; in particular,
this probability goes to 0 as n — .
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Lastly, we obtain the following corollary, which turns out to be a generalization of [28, Theorem 1
and 2[:

Corollary 2. Let (X1,...,X,,) be a {0,1}-valued exchangeable sequence which can be represented as

a true mixture of i.i.d. random variables. Then, for alli=1,...,n — 1, it holds

Ti < \/Ti1%i41- (5)

On the other hand, these conditions are also sufficient if and only if n < 3.

An alternative proof of the first part of Corollary 2 has been given in a manuscript of Muliere and
Walker [23], which, however, focuses on the relationship between the concepts of reinforcement and

finite exchangeability. Proofs of Theorem 2 and Theorem 3 follow in Section 6.

4. NOTATIONS AND PRELIMINARIES

The sets of reals and positive integers are denoted, respectively, by R and N. Each of these sets is
endowed with its usual addition, multiplication, and (total) order <.

Given sets X,Y, Z and functions f : X — Y and g : Y — Z, we write f[X] for the image set (or
range) of f, namely f[X]:={f(z) :2 € X} CY, and go f for the composition X — Z : x — g(f(z)).
Moreover, for each nonempty subset A C X, the indicator function 14 : X — {0,1} is defined by
14(z) =11if and only if 2 € A.

Given a probability space (X, X, ) and a measurable space (Y, ¥), we say that two random variables
a, B : X — Y have the same distribution, shortened with « 4 B, whenever oo™ = o1, Also, for
each x € X, let §, be the Dirac measure at x, that is, the probability measure ¥ — R : A — 14(x).
Lastly, the symbol @ will be reserved for the Kronecker product. We refer to [8], [L1], [15], and [20],
respectively, for basic aspects of topology, matrix analysis, probability theory, and functional analysis

(including notation and terms not defined here).

Remark 1. Notice that the integral on the right hand side of (3) is well defined. Indeed, for each
Ay e s™ A € S each map (v1,...,vg) = 11" (A1) -+ v* (Ag) is measurable.

To this aim, it will be sufficient to show the statement for £ = 1. The o-field defined on P(S), here-
after shortened with o(P(S)), may be written explicitly as o ({v € P(S): v(A) € B} : A€ ¥, B € B),
where Z stands for the usual Borel o-field on R. Then it is claimed that the map P(S) — R defined
by v+ v™(A) is measurable for each n € N and A € ", that is, {v € P(S) : v"(A) € B} belongs to
o(P(S)) for each B € B. Let & be the collection of all A € " such that the mapping v — v"(A)
is measurable. Then & contains all rectangles A = A; x --- x A, with Ay,..., A, € %, as far as the
product of measurable functions v — v(A4;) is measurable. In particular, & contains S™. Moreover,
it is easily seen that & is closed under finite intersection and countable disjoint union. Therefore, it

follows by the monotone class theorem that & = ..

Remark 2. As anticipated in the Introduction, the type of partial exchangeability used in Theorem
1 could be termed subgroup exchangeability. Indeed, let G be a subgroup of the symmetric group on
{1,...,n}. Then there exists a unique partition {I1,..., I} of {1,...,n} such that G is equal to the
product of the symmetric groups on Iy, ..., Ij.

This is trivially true for n = 1. Let us assume that it holds for n — 1 and consider all permutations
of G which leaves the element n unchanged. This subset, being isomorphic to a subgroup of the
symmetric group on {1,...,n—1}, can be written as the group the generated by the symmetric groups

on Iy,..., Iy, for a necessarily unique partition {Iy,..., I} of {1,...,n — 1}. If the subset is equal to
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G itself, then the required partition equals {I4,..., Iy, {n}}; otherwise, let J be the subset of integers
in {1,...,n—1} which are connected with n, for some permutations in G. Then the required partition
is a coarsening of {I1,...,I;,{n}}, obtained making the union of {n} with all I; containing at least
one element of J. The claim follows by induction.

Remark 3. Notice that if G is the trivial subgroup of the symmetric group on {1,...,n}, then all
joint laws of random vectors (X1,...,X,,) are exchangeable over G. Hence, Theorem 1 implies the
existence of a bounded signed measure i such that for all Ay,..., A, € . it holds

P(Xl € Al,...,Xn S An) = / Vl(Al)-"l/n(An)/L(dl/l,...,dl/n).
P(S)™

This is not surprising. Indeed, joint laws can be always represented as true mixtures of product laws.
To prove this, denote by g the measurable map S™ — P(S)" : (s1,...,84) = (0sy5--.,0s,). Then,
it follows that, for all measurable sets Ay,..., 4, € ., the probability P(X; € A4;,...,X,, € A,,) is

equal to

/ LAy xxA, (S1y.0y8n)P(ds1, ..., dsy,) = 05, (A1) -+ 05, (An)P(ds1, ..., dsy)
n Sn

:/ V(A1) v (AR)(Poq B (du, ..., du,).
P(S)"
The next identity will be useful in the proof of Theorem 3:
Lemma 1. Let n be a positive integer. Then, for each nonnegative integer 7 < n — 1 it holds
n—1 .
n\ (i ; n
. . 1) = . -1 n—l'
X () ()= ()

Proof. We have equivalently to prove that i @) (;)(—1)1 = 0. To this aim, rewrite it as

> (ZL) (;) (-1 = (?) > (ZL__j) (~1) = (~1) (?) :Z_é (";j) (—1)*.

i=j i=j
The claim follows by the fact that the last sum is the binomial expansion of (1 —1)"~7. [

We conclude the section with a result about positive semi-definite matrices:

Lemma 2. Let (X, %, ) be a finite (nonnegative) measure space and let f1,q91,..., fr, g : X = R

be nonnegative measurable functions. Fix also positive integers ny,...,ny such that flilgl e f;kgk are
integrable for all nonnegative integers iy < 2nq,..., i, < 2ny, and define the matric M = (m; ;) by
Kl 1 e e 1R
é e B e - 1
i=1 :
179 f;lj_lgj 9gj

Then, ([ m,;du) is positive semi-definite.

Proof. Let v be the function % — R : F — fF g1 gk du. Then, it is straightforward to check that

v is a finite (nonnegative) measure such that

/hgl--ykdu:/ hdv
X X
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whenever h : X — R is measurable. It means that it is enough to prove the claim for g; = --- = g =
1x. In addition, the statement is trivial if u(X) = 0, hence we can assume without loss of generality
that p is a probability measure on X.

At this point, for each z € R™ """ we have to show that 2’ (fX m; du) z is nonnegative, where z’
stands for the transpose of z. Accordingly, define the measurable functions hj1,...,hjn,..n, : X = R,
foreach j = 1,...,k, such that they have distribution f; and all h; ;’s are jointly independent. Consider
the following Kronecker product

2n; 2n;—1 n;

R

2n,;—1 2n;—2 n;—1

A
=1 ;

£ o 1

j J
and replace each function f; in the i-th column with a h;,, for all i« = 1,...,ny---n;. Averaging

over all (ny - --ny)!¥ permutations of the columns, we obtain by a symmetric argument that the above

matrix is equal to

277,]‘ 271;,'71 nj
Rii' Ry e hyg
k ni-ng 2n;—1 2n;—=2 nj—1
1 QDS R R hii
ny---ng)lk :
(1 k) j=1 =1 :
h’ﬂj h’ﬂj—l L. 1
7% 7%

Taking the expected values at each entry, and using independence, it follows that

2nj 2nj—1 U
hj,i hj,i o hj,i
/ 1 / k ni--ng h‘?.’f;«j*l h??;j72 . h;zjzfl
z m; j dp Zzﬁz ® E ' ' dp | =z
n DY n ! . .
X 1 k X j=1 =1 : :
nj nj—l
hyi gio 1
277,]' 2nj—1 nj
3y Jyi o Jyi
koniong | p2ra—lop2n=20 0 pmni—l
_ 1 / S ® Z Jyi R hii zdu
ni--nN 'k . . . .
(71 W) x =1 =1 : : . :
n; ’ﬂj—l
hji  hgp o1
1 k
/
o T )m/ 2 (R HyH, = d,
1 KU Ix D
where we define
nj njo M
hj-,l hj-,2 hj-,nl"'nk
njfl njfl njfl
H — hj-,l hj-,2 hjﬁnl'“nk
J .
1 1 e 1
for each j = 1,...,k. This is clearly nonnegative since the Kronecker product of positive semi-definite

matrices is positive semi-definite. |
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Remark 4. It turns out that Lemma 2 is the determinant analogue of the Cauchy—Schwarz’s inequality
[20, Chapter 2.6], indeed: Let (X,.%, 1) be a finite measure space and let f,g: X — R be measurable

nonnegative square-integrable functions. Then fg is integrable and

(o) = (fran) (Jo0e)

To this aim, set k = 2, n; = ne =1 and g1 = g2 = 1x in Lemma 2 and assume without loss of
generality that p is a probability measure (the case pu(X) = 0 being trivial). Then, setting f; = f and

f2 = g, we obtain that the matrix with entries given by the u-integrals of each entry in

(=)

is positive semi-definite. The claim follows by Sylvester’s criterion [11, Theorem 7.2.5], indeed the

principal minor
Jx9*du [y fodu
Jx fodu [y fPdu

has a nonnegative determinant.

5. PROOFS OF THEOREM 1 AND COROLLARY 1

Proof of Theorem 1. Denoting with n; the cardinality of I;, we obtain by the exchangeability assump-
tion that

P((Xisi€l)€A;,j=1,....k)=|G"' Y P(cX € A) = | Ux(A)dP
oeG 2
for each Ay € /™, ... Ay € ™, where A = A} x --- Ay, 0X = (X,01),..., Xo@n)), and Ux (A) :
Q — P(S) is the mapping defined by the arithmetic mean of empirical distributions over permutations
on G, i.e.,
W |G Sox(w) (A).
ceG
Let .7 be the o-field generated by . and the singletons in S. Moreover, given x = ((z;) : @ €
Ii,j=1,...,k) € 8", let vj(x) be the point measure on S defined by Zielj 0y, foreach j=1,... k.
It follows by the exchangeability assumption that, for each x € S™ and A € ., it holds

U(A) = [S@)|" Y 6,(4),
yeS(z)

where S(z) stands for the set of all y € S™ such that v;(z) = v;(y) for each j = 1,..., k. Observe that
the set S(x) has exactly ( (z)_ﬁ_yk(z)) elements, where

vi

CWE I, Hn' A s}

whenever Aq,...,\; are point measures on S such that A\;(S) = n; for each j = 1,..., k. In other
words, U, represents the uniform distribution on S(x).

Hereafter, the set of these point measures A = (A1, ..., A;) will be denoted by .£. In particular, for
each A € Z, the product measure
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is a probability measure on (S™, ™). Given x € S™, denote also by ¥, the subset of point measures
v=(v1,...,v) in £ supported on {z1,...,z,}. Lastly, notice that the collection {S(z) : x € S™} is
made of pairwise disjoint subsets in .7" and their union is S™.

With these premises, it follows that, for each x € S™ and A\ € &, it holds

k
(X AP)(S(@) = I8(a)| ¥,
j=
where of = H§:1 [Tecs a;{s}915} for each a, 8 € .Z. Hence, for each x € S", A € ¥,, and B € T™,
we obtain .

n; n
XNB) = (L T8,

with n(v) being any element of S™ for which v(n(v)) = v. In particular, it represents a linear system
of identities between measures on (S™,.7™). Having fixed an order on the finite set ¥, = {v1,...,vm},
the m x m square symmetric matrix of coefficients with (i, j)-th entry given by (Z)W;YJ can be seen a
leading principal minor of the bigger matrix obtained similarly by setting k = 1.

It has been shown in [21, Theorem 2] that all eigenvalues of the latter bigger matrix are (real, of
course, and) positive, which is well known to be equivalent of being positive definite. In turn, all leading
principal minors are positive definite by Sylvester’s criterion. This implies that the above matrix of
coeflicients has full rank. Therefore, for each z € S™, there exist real coefficients {c; x, A € ¥, } such
that for all A € " it holds

k
U.(A) = Z o\ _1/\?j)(A)-

AEY, J
At this point, define the bounded signed measure x : o(P(S))* — R on the k-fold product P(S)*
by

k
@ [t enexou(X o, )(Q) P()
j=1

VE"VX(&,)
Hence we obtain that

P((XiZiEIj)GAj,jZl,...,k):/UX(M)(Al Xoee xAk)P(dw)
Q

:/ > CX(w),A(>k< NS )(Ar X - x Ag) P(dw)

Q AEVX (W) =1
k s
:/ S ontnptexa X (n_].)nj (A1 x - x Ag) Pdw),
SN j=1 T

which can be rewritten as

k
/ Z nyt e nprex w)a (/ vt ( 6>\j/nj)(dl/1,...,dl/k)> (A1 X -+ x Ap) P(dw)
Q P(S)k =1

Jj=

or, equivalently

k
// y e ST e A (X g (i dug) (Ay X o x Ag) P(dw).
QJP(S)k AEPx () j=1

This is equal by Fubini’s theorem to

k
/ Vit (Ar) v (Ag) / E nyt R ex ) a (X 0y, )P(dw) | (dvi, .. dug),
P(S)* j=1

Q )\G'Vx(w)
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hence
P(Xi:ielj)eAj,j=1,...,k)= / . vt (Ay) vt (Ag) p(den, .. dg).
P(S)

Proof of Corollary 1. More generally, let us assume that S is a locally convex topological vector space
with induced Borel o-field .. Then there exists a bounded signed measure 7 on S™ such that

P((XlZEIJ)GAJaJ_lavk)_L (9 16[1)(A1) (9 161k)(Ak)77(d91a---ad9n) (6)

for all Ay € ™,..., Ay € ", where each v(g,.;cs;) is a probability measure on S depending
measurably on n; parameters (6; : i € I;).

This is a straighforward generalization of [12, Theorem 2], to which we refer the reader for the proof,
taking in account also [26, Theorem 3.4]. In particular, since any two uncountable Polish spaces are
isomorphic in the category of measurable spaces, it follows by a change of variable argument that the

number of indexes reduces to one for each class [;. n

6. PROOFS OF THEOREM 2 AND 3

Proof of Theorem 2. According to the standing assumptions, there exists a probability measure p on
P(S) such that, for all nonnegative integers pj, g;,; summing up to nj, and for each A; € . and
B; € %, it holds

b XBj XSTj,j: 1,...,k)= HI/](Aj)pj (Vj X oo X Vj)(Bj)/L(dl/l,...,de).
—_————

q; times

The claim follows by Lemma 2, where each function f; is given by P(S) — R : v + v(A4;) and the
function g; by P(S) = R : v+ v% (B;). |

Proof of Theorem 3. By the exchangeability assumption, it holds Y ;" 0( ):vz = 1. Hence, we are
asking for necessary and sufficient conditions on the (column) vector x = (3:0, ..., xy)" such that
there exists a probability measure p : #[0,1] — R for which z; f[o np ‘(1 — p)iu(dp)for all
i =0,1,...,n. Moreover, let us define y; as the (n — i)-th moment of . It follows that the above

conditions are equivalent to

i »

s= Y (D) ™
i=o M

for each i = 0,1,...,n, where by convention (g) = 1. In addition, define y = (yn,...,y0) and let A

be the square matrix of dimension (n + 1) where the (i, j)-th element is

i—1 L
—1)ttItng i+ 7).
R [V RIS
Accordingly, the system (7) can be rewritten in matrix form as z = Ay. Since the determinant of A is
1, each y; can be rewritten uniquely as a linear combination of the x;.

Let us prove by induction that y; = Z; 0 ( );CJ foreach 7 =0,1,...,n. It is trivially true for n = 0,

and let us suppose that it holds for all nonnegative integers smaller than n. Then, by the system (7)
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and the inductive hypothesis, we obtain

Yn = Tn — nz; <7Z> (—1)""y; = @ — nz; <7Z) (—U"“g (;) z;
e B (e (o-n-crEE Qo

Hence, it follows by Lemma 1 that

o = — <—1>”"_: () va =3 (1o ®)

J

Having this in mind, the joint law of (X7,...,X,,) is a true mixture of i.i.d. {0, 1}-valued random
variables if and only if there exists a probability measure u : Z[0, 1] — R which satisfies

/ p'u(dp) = yn—
[0,1]

for each ¢ = 0,1,...,n. This problem, commonly known as “reduced Hausdorff moment problem,”
have been extensively studied in literature; see, for instance, [27, pp. 8-9] and [10]. According to [14,
Theorem 1], a necessary and sufficient condition for the existence of a solution is that, if n is even,

both matrices

Yn Yn—1 - Yz Yn—1 —Yn—2 Yn—2 — Yn-3 s Y — Yo
Yn—1 Yn-2 - Yz-1 Yn—2 = Yn-3 Yn—-3 ~Yn—4 - Yz-1—Yzr-2
and
Yy  Yg-1 o Y —Yg-1 Y1 —Ygp-2 Y1 — %Yo

are positive semi-definite, whereas in case n is odd, both matrices

Yn—-1 Yn—-2 - y"Tfl Yn — Yn—1 Yn—1 —Yn—-2 - y"T+1 - y"T*l71
Yn—2 Yn-3 v Yn-s Yn—1 —Yn—-2 Yn—-2 —Yn-3 - Yni —Yn_s

) and
Yngt Ympp o0 W0 Ynil —Ynoi Ynoi —Ynosz o oo Y1 = Yo

are positive semi-definite too. The claim follows by equation (8) and standard properties of the binomial

coefficients. [ |

Proof of Corollary 2. For each i = 1,...,2|n/2] — 1, the inequality (5) follows by Lemma 2. Indeed,
having fixed k =1, m; = |n/2|, A= {1}, and B = {0,1} if n is odd, we obtain that the matrix

Tom To2m—1 o Tm
T2m—-1 T2m-2 °° Tm-—1
Tm Tm—1 o Zo

Li+1 €T

is positive semi-definite. In particular, each principal minor ( ) has nonnegative determi-

Ly LTi—1
nant whenever ¢ +1 < 2|n/2].
Therefore, we miss only to prove that, if n is odd, then x,_1 < /T,T,_2. This is easily seen,

according to Theorem 3, by choosing the 2 x 2 leading principal minor of K,, which has to have
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nonnegative determinant. Indeed, by the standard properties of the determinant, we conclude that

Yn—1 —Yn—2 Yn—2 — Yn-3 Tp—1 Tn-2
On the other hand, for n < 3, the sufficiency of these inequalities, follows by Theorem 3. Conversely,
again by Theorem 3, given an integer n > 4, it is enough to show the existence of a sequence (zg, . . ., x,)
such that the inequalities x; < VZTi—1Tit1 hold for all i = 1,...,n — 1, while the matrix H,, admits a
principal minor with negative determinant. To this aim, set

1

(o otn) = 55 356

(9,5,3,3,...,3).
1 ti
n— mmes

Then, it is routine to check that this defines an exchangeable law on {0, 1}™, while, on the other hand,

the 3 x 3 south-east principal minor has a negative determinant. |

By Sylvester’s criterion, a matrix is positive semi-definite if and only if its principal minors have
nonnegative determinant. Therefore, Theorem 3 allows to establish whether each {0, 1}-valued ex-

changeable sequence (X7,...,X,) is a true mixture of i.i.d. laws in o(2") operations (indeed the

n
i

number of principal minors of a matrix of dimension n is E?:l ( )2, which is asymptotically equal

to %) Just to realize the computational burden related to Theorem 3, for n = 4, notice that the
exchangeable law defined by the sequence (zy,...,x4) is a true mixture of {0, 1}-valued i.i.d. random
variables if and only if each of the following numbers are nonnegative:

(i) oo — 2%

(i) z123 — 23;
2x0x2 — 23:% — ToX1 + Tox3;
rox3 — x% — T1%2 + X3x1] — x% + xoT2;

(V) @oTama — 2473 + 2717073 — TH — ToT3;
) dwoxs — 423 — dr1T9 — T3 + 43072 + ToT4;

200r + 3xgx3 — 3172 + XxoT4 + 20123 + T1T4 — T2T3 — 2:6% — 3:6%;

(viii) @owa + 2z0w3 — 22122 + Toxy + 27123 + 22104 — 22273 + Towy — T3 — 323 — 3.

Nevertheless, it would be sufficient that the leading principal minors of H, and K, have positive
determinants (in the above example, e.g., it means that zo, ..., x4, and numbers (i), (ii), and (vii) are

strictly positive). It is unclear whether this result could be extended to arbitrary spaces S.

7. OPEN QUESTIONS

Generally, given a bounded signed measure p on P(S) such that u(P(S)) = 1, it is not true that
the map

ST R A / v (A)p(dr)
P(S)

represents the joint law of some exchangeable sequence (X7, ...,X,,) with values in S. Indeed, the
integral may attain negative values. Accordingly, can we provide a characterization of the set M of
such signed measures u? Is there a way to represent p itself?

In addition, with the notations of Theorem 1, is it true that

ny+ -+ ng
k

Finally, given subgroups G and G’ such that G C G’, can we quantify how much M(G) is “larger”

than M(G")?

— 0o implies p~(P(S)*) =07



PARTIALLY EXCHANGEABLE LAWS ARE MIXTURES OF PRODUCT LAWS 13

ACKNOWLEDGMENTS

The author is supported by a PhD scholarship from Universita Bocconi. He thanks Nate Eldredge
(Northern Colorado, US) and Pierpaolo Battigalli, Sandra Fortini, Fabio Maccheroni, Pietro Muliere,
and Sonia Petrone (Universita Bocconi, IT) for useful comments.

REFERENCES

[1] D.J. Aldous, Representations for Partially Exchangeable Arrays of Random Variables, J. Multivariate Anal. 11
(1981), 581-598.
[2] A. Barron, T. Ross, and K. Watanabe, Bayesian Properties of Normalized Mazimum Likelihood and its Fast
Computation, IEEE IT Symposium on Information Theory (2014), 1667-1671.
[3] B. de Finetti, Sur la condition d’equivalence partielle, Actualities Scientifiques et Industrielles 739 (1938).
[4] P. Diaconis, Finite forms of de Finetti’s theorem on exchangeability, Synthese 36 (1977), No. 2, 271-281.
[5] P. Diaconis and D.A. Freedman, de Finetti’s theorem for Markov chains, Ann. Probab. 8 (1980), 115-130.
[6] , Finite exchangeable sequences, Ann. Probab. 8 (1980), 745-764.
[7] L.E. Dubins and D.A. Freedman, Ezchangeable processes mneed not to be miztures of independent, identically dis-
tributed random variables, Z. Wahrsch. verw. Gebiete 48 (1979), No. 2, 115-132.
[8] R. Engelking, General Topology, Sigma Ser. Pure Math. 6, Heldermann, 1989 (revised and completed edition).
[9] E. Hewitt and L.J. Savage, Symmetric measures on Cartesian products, Trans. Amer. Math. Soc. 80 (1955), 470—
501.
[10] T.H. Hildebrandt, On the moment problem for a finite interval, Bull. Amer. Math. Soc. 38 (1932), No. 4, 269-270.
[11] R.A. Horn and C.R. Johnson, Matriz Analysis, Cambridge University Press, 2013.
[12] S. Janson, T. Konstantopoulos, and L. Yuan, On a representation theorem for finitely exzchangeable random vectors,
J. Math. Anal. Appl. 442 (2016), No. 2, 703-714.
[13] E.T. Jaynes, Some applications and extensions of the de Finetti representation theorem, Bayesian Inference and
Decision Techniques 31 (1986).
[14] W.B. Jurkat, An extension problem for functions with monotonic derivatives, Canad. J. Math. 8 (1956), No. 2,
184-191.
[15] O. Kallenberg, Foundations of Modern Probability, Springer, 2002.
[16] , On the Representation Theorem for Exchangeable Arrays, J. Multivariate Anal. 30 (1989), 137-154.
[17] , Probabilistic Symmetries and Invariance Principles, Springer, 2005.
[18] G.J. Kerns and G.J. Székely, De Finetti’s theorem for abstract finite exchangeable sequences, J. Theoret. Probab.
19 (2006), No. 3, 589-608.
[19] T. Konstantopoulos and L. Yuan, On the extendibility of finitely exchangeable probability measures, preprint, last
updated: Feb 19, 2015 (arxiv.org/abs/1501.06188).
[20] D.S. Mitrinovi¢, Cauchy’s and Related Inequalities, Analytic Inequalities, Springer-Verlag, 1970.

[21] D.S. Moak, Combinatorial multinomial matrices and multinomial Stirling numbers, Proc. Amer. Math. Soc. 108
(1990), No. 1, 1-8.

[22] P. Muliere, P. Secchi, and S.G. Walker, Urn schemes and reinforced random walks, Stoc. Proc. Appl. 88 (2000),
59-78.

[23] P. Muliere and S.G. Walker, Reinforcement and Finite Exchangeability, manuscript, 2003.

[24] R. Pemantle, Phase transition in reinforced walk and RWRE on trees, Ann. Probab. 14 (1988), 1229-1241.

[25] R.R. Phelps, Lectures on Choquet’s Theorem, 2nd edition, Springer, 2001.

[26] W. Rudin, Functional Analysis, 2nd edition, McGraw Hill, 1991.

[27] J.A. Shohat and J.D. Tamarkin, The Problem of Moments, American Mathematical Society, 1943.

[28] J. von Plato, Finite partial exchangeability, Stat. Prob. Lett. 16 (1991), No. 2, 99-102.

[29] G.R. Wood, Binomial miztures and finite exchangeability, Ann. Probab. 20 (1992), 1167-1173.

UnNIvERSITA “Luict Boccont” — via ROENTGEN 1, 20136 MiLaNo, ITALY
E-mail address: leonetti.paolo@gmail.com
URL: https://sites.google.com/site/leonettipaolo/


http://arxiv.org/abs/1501.06188
https://sites.google.com/site/leonettipaolo/

	1. Introduction
	2. The finite representation
	3. True Mixtures
	4. Notations and Preliminaries
	5. Proofs of Theorem ?? and Corollary ??
	6. Proofs of Theorem ?? and ??
	7. Open questions
	Acknowledgments
	References

