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Abstract

We establish a connection between exchangeability and maximum entropy distribu-
tions by studying the mixing measure in de Finetti’s theorem. The main technical tool
borrowed is the convex core of a measure, originally invented to study kl-projections
in information theory. Along the way, we recover a representation result for finite
exchangeable sequences and its relation in the infinite length limit to a standard proof
of de Finetti’s theorem. Our method can be applied for more general symmetric
structures, we discuss an abstract proof recipe. We apply the method for finite ex-
changeable graphs, using results from the theory of graph limits. Using the convex
core, we draw the analogous connection to maximal entropy distributions, which are
the exponential random graph distributions. We collect the many applications of the
method in one joint framework by studying the action of a direct limit of compact
groups on a compact metric space.

Keywords: finite exchangeability; maximum entropy distributions; kl-projections; de Finetti’s
theorem, ergodic decomposition

1 Introduction

Throughout, we fix a probability space (€2,P). A random sequence Y = (Y] (w), Yo(w),...)
with values in a measurable space (S, S) is said to be exchangeable if its distribution Ly is
invariant under finite permutations of its elements. The remarkable theorem of de Finetti,
see [Kal05] Theorem 11.10, characterises such distributions (as long as S as is a Polish
space) as mixtures of laws of independent and identically distributed sequences (i.i.d.).
That is, the random infinite sequence Y is exchangeable if and only if there exists a
probability measure p on the space P(S) of probability measures on S such that

P(Y € A) = / 6"(A) u(d), A € S™. (1)

In this case, p is necessarily unique.

This result also has an important sampling perspective. To sample an instance from
the exchangeable law Ly, we first need to sample a latent random measure © ~ g, and
then Y7.,|0© from ©%°, so Y is conditionally i.i.d. Then, using a law of large numbers
argument on the samples, we can recover de Finetti’s law of large numbers:

lim — Z(Sy (w) (- weakly — O(w) p — almost surely. (2)
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Figure 1: The exchangeable simplex

Note in particular, that exchangeable laws £ on S and probability measures p on P(.S5)
are in a one-to-one correspondence. We write P, for the exchangeable law corresponding
to the mixing measure u. Also, by the de Finetti’s law of large numbers, we can recover,
at least in theory, the law of u from empirical averages of samples from P,, according
to the two-step sampling procedure above. For a given n, there are numerous infinite
exchangeable sequences with the same n-dimensional marginal, so the law of (Y7,...Y},)
does not specify the mixing measure p. That is, the mapping p — P} where P} stands for
the n-dimensional marginal of P, is not injective. In particular, there is no hope to recover
u from samples from this finite marginal only. One of the focuses of this work is this non-
recoverability phenomenon, i.e. to study the set R@Jr of possible mixing measures for the
marginal (Y1,...Y,). Our result, Theorem 6.1, which applies in the classical case when
the state space S is binary (or finite), says that it is in some sense as large as possible:
for any measure p that satisfies some neccessary support conditions, there is a possible
mixing measure g € R@Jr that is a member of an exponential family with base measure
1. To obtain this and related results, we utilise a connection with the theory of information
projections as outlined in [Csi75], [CMO1], [CMO03] and other works. Indeed, yo € Ry for
a given pu will be taken as its kl—projection on R%Jr.

Such finite dimensional marginals of infinite exchangeable sequences are not the only
random finite sequences that are exchangeable. Indeed, there are finite exchangeable laws
that cannot be written as mixtures of product laws [Dia77]. We recall the intuitive ge-
ometric viewpoint of [Dia77] where exchangeable distributions over length-2 binary se-
quences are depicted in barycentric coordinates representing the probabilities of the se-
quences 00,01,10,11 (Figure 1). The dark area, which is the convex hull of the curve of
all product laws, corresponds to the set of mixture sequences £2. Theorem 6.1 can be
intuitively understood in this geometric framework, which we will discuss at the end of
this section.

There are two main approaches in the literature to study finite exchangeability. In the
more traditional approach, e.g. [Dia77|, [DF80], and further [GK21| the authors study the
set & (S) of finite exchangeable distributions on n variables that are initial segments of



m-long exchangeable sequences. Such distributions are called m-extendible. They derive
approximations in terms of n and m on some notions of distance to the set £ (S) of
infinitely extendible sequences, which is precisely the set of distributions in n variables
that are mixtures of i.i.d ones [KY18] (i.e. for which the non-recoverability problem above
applies). This approach then yields approximate equations of the form (1) for extendible
finite exchangeable distributions.

The other approach |Res85] [KS06] [JKY16]|, see also [KY18| provides an exact inte-
gral representation via a signed mixing measure, which is less interpretable [Dia23|, but
still useful in statistical applications [BRW14], [KS06]. That is, for a finite exchangeable
sequence (X1,...X,) with X; € S, there is a signed measure v on P(S) such that

P(Y € A) = / 7"(A) v(dr), AeSm. (3)
P(S)

There are many more random structures beyond sequences that are invariant under
permutations of some index set and exhibit a de Finetti-style representation. The theory
of Aldous, Hoover and Kallenberg (e.g. [Ald81], [Hoo79], [Kal89] and further [Kal05] and
references therein) of exchangeable arrays provides a general treatment of many of these.

The theory of graph limits (e.g. [LS06], [BCLT06], [BCLT08] and further [Lov12| and
references therein) gives a parallel perspective to the Aldous-Hoover-Kallenberg theory
[DJO8] [Aus08|. Based on this connection, several parallel exchangeability and limit the-
ories have been developed for other combinatorial objects [Janllal, like bipartite graphs,
hypergraphs, posets, permuatations, trees etc, see [LS10], [Janl1b], [ES12], [HKM*13],
[Stu21], [ET22]. Most of these results are largely analogous, but a unified perspective
seems still to be missing [Janlla].

Finite exchangeability seems to not have gained much attention in either perspectives
of the theory, with the exception of [BS98|, [Mat95], [SBC00| and more recently [Sad20)|
[Leol8] in the spirit of the first and second approaches respectively.

In the first part of the paper, Sections 2-5 we develop a functional analytic framework
where we can treat many of these exchangeable objects, both infinite and finite, together.
The framework includes the second approach to finite exchangeability via signed mixtures.
We first identify a proof recipe for integral representation results of the form (1) and (3)
in Section 2 by considering exchangeable binary sequences. In Section 3, we apply the
proof recipe for exchangeable graphs, using results from the theory of graph limits. We
deduce a signed measure representation for graphs, Theorem 3.8, analogous to (3). In
Section 4 we show some further applications of the proof recipe to deduce de Finetti
theorems for other infinite exchangeable objects and the corresponding signed measure
representation for their finite counterpart. Then in Section 5 we treat these structures
jointly by studying the more abstract setup of the action of a direct limit G of compact
groups on a compact metric space Z, and G-invariant distributions on Z. An abstract
integral representation is immediately available from the ergodic decomposition theorem,
which writes G-invariant distributions as mixtures of ergodic ones. The de Finetti integral
representations satisfy further important properties, like the weak compactness of the set
of ergodic distributions, or the laws of large numbers. We identify structural properties
of the action that imply these properties and hold for the actions of the symmetric group
corresponding to the various exchangeability notions discussed.

In the second part, starting with Section 6, we discuss the non-recoverability of in-
finitely extendible sequences via the connection to information projections. Section 6 is
mostly self-contained, the framework of the first part motivates the connection and gives
a way to deduce similar results for exchangeable graphs and more. Tha graph case is



discussed in Section 7, where the exponential family mixture densities take the form of
exponential random graph distributions [CD13].

In the rest of this section, we discuss in more detail the geometric intepretation of finite
exchangeability following [Dia77| and [KS06]. This provides useful intuition throughout
and especially in the second part.

1.1 Geometry of finite exchangeable binary sequences

Consider the space P2 of probability distributions on n-long binary sequences. This can be
represented by the 2" — 1 dimensional simplex A?" embedded in 2"-dimensional Euclidean
space The coordinate vector p = (po, p1, ...pan—1) corresponds to the distribution Dy, where
pj is the probability under Dy of the n-long sequence given by the binary representation
of j. That is, if Z = (Z1,...Zy) ~ Dp and j = a1 - 2° + a;2' + ... a,2""1, then

pj :P(Zl :al,...Zn :an).

Let €2 C P2 be the convex subset of exchangeable distributions. For 0 < k < n,
let QF be the set of sequences with k& many coordinates taking value 1. By definition, a
distribution is exchangeable, if and only if it assigns the same mass to each element of QF.
It is then observed in [KS06| that the uniform distributions hy, on QF (the so-called urn
distributions) are the extreme points of £F and are linearly independent. It then follows
that €2 is also a simplex, of dimension n.

In the case n = 2, the simplex P2 is a tetrahedron and £2 is a triangle inside it, see
Figure 2. Here e.g. the coordinate vector (0,0, 0, 1) stands for the distribution that assigns
mass 1 to the sequence (1, 1), whilst (0, %, %, 0) stands for the one that assign equal mass
of & to the sequences (0,1) and (1,0).
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11
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Figure 2: Simplex of distributions on sequences

Since each sequence in QF receives the same mass under exchangeable distributions,
it is convenient to project the coordinates corresponding to these sequences to a single
coordinate and thus embed the exchangeable simplex directly in R"*!. In the n = 2 case
this corresponds to the projection (qoo,qo1,q10,911) — (qoo, o1, ¢11)- This convention is
followed from now on.

In the exchangeable simplex, the i.i.d. laws can be parametrised by the function

" [0,1] — £2 c R
cM(O) = (0,07 11— 0),...,(1— )",
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Figure 3: Extendible finite exchangeable distributions

which we call the i.i.d. curve. For n = 2 this is the parabola in Figure 1 and 2 above.

For an finite exchangeable sequence X, we write px for the corresponding vector of
coordinates in the exchangeable simples and call it the law vector of X. Note then that for
a finite exchangeable sequence with coordinate vector px, equation(3) can be summarised
for the binary case in this parametrisation by the equation

px = /M ¢ (0) v(dh), (4)

where v is a signed measure on [0,1]. If X is infinitely extendible, de Finetti’s theorem
yields the same equation px = f[o,l] c"(0) u(df) with a (positive) probability measure pu.
Such integrals against a probability measures are generalised convex combinations in the
sense that we have px € conv(c™([0,1])), where conv stands for the closed convex hull of
a set. Note however, that ¢™([0,1]) is a compact subset of R"*! and so its convex hull is
again compact. So it suffices to write conv(c™(]0, 1]). We write C™ for this area, which is the
dark area under the i.i.d. curve in Figure 1 and 2 in the case n = 2. The results of [Dia77],
[DF80|, [KY18|, [GK21] and many more is that the set of m-extendible exchangeable
distributions approach the i.i.d. curve in various state spaces S and disctance notions, like
total variation [DF80| or the kl-divergence |[GK21|. In the exchangeable triangle (which
again corresponds to exchangeable distributions on length-2 binary sequences), the sets of
3- and 4-extendible distributions are depicted in Figure 3, see [Dia77| for further discussion.

We now turn to stating our result Theorem 6.1 in this context. For a measure v on
0,1], we write s, for its support and int(A) for the interior of a Borel set A. Note again
that the value of f[o,l] c”(0) p(do) lies in the convex set C;; = conv(c"(s,)) C C". Figure 4
illustrates this set in the case where u is supported on two disjoint intervals.

It is then apparent that px € Cj; is obviously neccessary for u to satisfy (4) and thus
be a possible mixing measure for X. The content of Theorem 6.1 is that this is in a
sense enough, up to an exponential family with base measure v. We write £, ; for the
exponential family with base measure p and sufficient statistic f, i.e.

@,
dp
where Ag(6) = [ elf @ dy and dom(Af) = {0: As(6) < o0} .

Eup = {Qo: ) = OS@=20) g ¢ dom(Ay)}, (5)

Theorem. Let X be a finite exchangeable distribution and p be a measure on [0, 1] with
infinite support. Then int(C™) is not empty and there is a pg € £, ¢ that is a possible



mixing measure for X if and only if
px € int(CZ). (6)

This result is thus almost optimal in the sense that provided g satisfies the strictly
neccessary support condition px € Cj;, strengthened by taking the interior, there is an
element in its exponential family that is a possible mixing measure for X. So in this sense,

the set of possible mixing measures is ’'as large as possible’.
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Figure 4: Theorem 6.1 support condition

All of the statements in this subsection have straightforward equivalents for sequences
with values in a finite state space S, but a more cumbersome notation is needed [KS06].
The intuition also carries over to more general S as well, but the infinite dimensional nature
of the simplices result in some technical difficulties. In particular, Theorem 6.1 does not
cover this case as we crucially need that the function c¢” has finite number of components.

2 Binary sequences

In this section, we develop our method for proving the representation result of [KS06|
for finite exchangeable sequences. We start with binary sequences and identify the key
patterns of the proof that we adapt to other settings in the next sections. We first racall
some standard results and definitions in the form we will refer to them.

Definition 2.1. The total variation norm of a signed measure A on the measureable space
(S,S) is defined by
[Allry = AT(S) +A7(S), (7)

where )\ has the Jordan decomposition A = AT — \™.

Theorem (Riesz Representation theorem). Let C(K) be the vector space of real valued
continuous functions on the compact Hausdorff topological space K. Then for each linear
functional ¢ € C(K)*, there is a unique signed measure A on (K, B(K)) such that

/ £(2) Mdz) = 6()
K
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for each f € C(K). Moreover,

[olI" = lIXlzv-
Thus, the space (M(S), || - |[7v) of signed measures on S in the total variation norm and
(C(K)*, || - ||*) are isometrically isomorphic.

Theorem (Hahn-Banach Theorem). Let X be a real normed vector space and ¥ < X a
subspace. If ¢ € Y* is a linear functional on Y, there is ¢ € X* with ||¢||* = ||¢||* such
that

ely = ¢.

Theorem (Stone-Weierstrass Theorem). Let K be a compact Hausdorff space and A be
the subalgebra of C(K) that contains a non-zero constant function. Then A is dense if
and only if it seperates the points of K.

2.1 Exchangeable binary sequences

Let Y = (Y1,Y3,...) be an infinite exchangeable binary sequence. Let
sz:P(leo,...Yk:O,Yk_;rl:1...Ym:1). (8)

We call (pi")menk<m the law sequence of Y and (p}')k<m its m-th level. Note that a
law-sequence uniquely specifies a binary exchangeable distribution.

The parametrisation of a Bernoulli random variable Z by P(Z = 0) = 0 with 6 € [0, 1]
leads to a natural parametrisation of mixtures of iid sequences by integrals on [0, 1] in the
usual Borel g-algebra. In this parametrisation de Finetti’s theorem translates to

Fact 2.2 (de Finetti). An infinite binary sequence Y is exchangeable, if and only if there
exists a unique probability measure p on [0, 1], such that for all m € N and k < m,

1

o = [ 65— )" Pu(ap). (9)
0

In this case, % — O almost surely, where the random O € [0, 1] has law pu.

If X = (X3,...X,) is a finite exchangeable sequence, we can define its law-sequence
(PP k<m<n similarly, up to levels m < n, which again characterises the distribution of X.
In the above parametrisation, the signed measure representation result, Theorem 3 then
translates to the following, noted in this form in [Jay86].

Fact 2.3 (Ressel). A random finite binary sequence (X7, ... X)) is exchangeable, if and
only if there exists a signed measure v on [0, 1], such that for &k < m < n,

1
P = /0 0k (1 — )™ "1 (d#). (10)

We give a functional analytic perspective to this result which leads to a straightforward
characterisation of the set of all possible signed measures for a given X, which seems to
have not been noted before, c.f. [Leol§].

Proof. Consider for £ < m < n the integrands

@) =01 — )"k, (11)



These are polynomial functions on the compact parameter space [0, 1] and thus continuous.
The scaled versions b7*(6) := ('})0%(1 — §)™~F are the well-known Bernstein polynomials.
For a fixed m, they are known to be a basis for the vector space P, of polynomials of degree
at most m. It then follows that the same is true for (¢]*(0))x<m- Fix a finite exchangeable
X with law sequence (p}*)g<m<n- Let’s define the linear functional Tx on P, by

Tx(¢(0)) = py’ (12)

on the basis and then extend it linearly. By the Hahn-Banach theorem, this can be extended
to a T% defined on the space of all continuous functions C([0, 1]) on [0, 1] that has the same
dual space norm ||T%||* = || Tx||*. By the Riesz representation theorem, there is a unique
signed measure v on [0, 1] with

/ F(O)(d8) = T (f)

for each f € C([0,1]) and |[v||7v = [|T%||*. This v then satisfies (10). O

Note also, again by the Riesz representation theorem, the set Rx of all possible
such signed measures for X is isometrically isomorphic to the set of linear functionals
A:C([0,1]) = R with A(¢]*()) = pj*. This is an affine subspace of C([0, 1])* of codimen-
sion n + 1. We thus conclude the following.

Proposition 2.4. The set Rx of signed measures satisfying (10) is an affine set, with
codimension n + 1 in the space of all signed measures on [0, 1].

Since polynomials are dense in C([0,1]) and the ¢}*(#) span all other polynomials, it
follows that for an infinite exchangeable Y as above, there is at most one such T that
satisfies all the constraints in (9). Then it is neccessarily a positive linear map, again
by density since it maps all of ¢]*() to positive values. De Finetti’s theorem then says
that such a T exists and then the corresponding positive measure p on [0,1] via the Riesz
theorem is the unique mixing measure. We briefly sketch a proof based on the method of
moments, following |Fel71], p.228.

Proof of De Finetti’s Theorem, sketch. For an infinite exchangeable sequence Y with law
sequence (p}')k<m, consider, for each m € N the probability measure

Hm = Z (7{?)1‘7?5:

k=1

Straightforward calculations, spelt out in [Fel71] show that pn,(c}) — pi* as m — oo for
each k,n € N with £ < n. Now the set P([0, 1]) of probability measures is weakly compact,
so there is a subsequence m; such that p,,, — p for some probability measure . Since
o, (cp) = p(cy). Hence p(cy) = pi for each k < n and p satisfies (9). Uniqueness follows
from the above considerations.

For the law of large numbers result, note that p,(f) = Ey(f (%))

for any
measurable function f on [0,1]. The random sequence (M,,)men with M, = Y1+m7+Ym is
well-known to form a reverse martingale, see Section 5 in this text and e.g. |Kin78|. It
follows from the reverse martingale convergence theorem, that there is a random element
© € [0,1] such that M,, — © almost surely. Then, for a continuous g, it follows that
g(M,,) — ¢(©) almost surely. Since any g € C([0,1]) is also bounded, we also have that

tm(9) = Ey(9(My,)) = Eo(g(©)). It thus follows that © has law pu. O



Remark 2.5. Let’s write By, £(0) = > /", f(%)(g)@k(l — )™= * for the m'" Bernstein
approximating polynomial of the continuous function f. Then observe [Fel71l| that the
probability measures p,, and p are linked by (B, f) = pm(f). This relates the rate of

convergence of u,, to that of the Bernstein approximating polynomials via

[1(f) = ()] = [1(f) = (B, )l <IF = B gl (13)

which is optimal for a general p. The convergence of the Bernstein approximating polyno-
mials depend on the modulus of continuity of f and have been extensively studied, [BC89].
Under some regularity assumptions on u, stronger results have been recently proven in
terms of various metrizations of weak convergence, see [D615], [MPS16| and [DF20].

Above, we used 5 key properties of the parametrisation of the i.i.d. Bernoulli variables
by 0 € [0,1]. We identify these and how they should be adapted to to obtain similar results
for other symmetric random structures.

1. The parameter space [0, 1] is compact and Hausdorff. Generally, we need to take
parameters for the ergodic distributions from a compact Hausdorff space K to apply
the Riesz representation theorem.

2. The functions ¢}’ are continuous. In the general case, we need to identify the sufficient
statistic for the symmetry notion as a function of the parameters and we need to prove
that they are continuous for Riesz’s representation theorem to apply.

3. We also needed that these functions are linearly independent as vectors in C(K) to
obtain the signed measure representation.

4. We needed that they are dense in K. This last one was used to obtain the represen-
tation theorem in the limit m — oo.

5. Finally, we used that the averages % have a reverse martingale structure to
conclude the law of large numbers result.

In the next section we show how this proof recipe can be used for exchangeable graphs.

3 Integral representation of exchangeable graphs

Throughout, by a finite simple graph we mean a graph G = (Viz, Eg) with vertex set
Ve = [n] = {1,...,n} for some n and an edge set Eg without loops and multiple edges.
We write £,, for the set of simple graphs on n vertices and £ = U,L,. A random graph
F € L, is finitely exchangeable, if its distribution is invariant under permutations of the
vertex set. That is, for G1, G2 € £, that are isomorphic,

P(F=G,) = P(F = G). (14)

Following [DJ08|, we write U, for the set of unlabelled graphs on n vertices, i.e. the set of
such graphs with isomorphic graphs identified and U = U, U,, An infinite graph H is defined
similarly, with vertex set N. A random infinite graph is exchangeable if the restriction H],
to the vertex set [n] is exchangeable for each n € N.

Definition 3.1. A random two-array (Xj;); jen is jointly exchangeable if

(Xij) £ (Xoto) (15)

for every permutation o € S.



The the special case of interest here is when (Xj;) is a random symmetric binary array,
but with 0-s on the diagonal. In this case, the array (X;;) form a random adjacency matrix
of an infinite random graph. Joint exchangeability means in that case that the distribution
of the graph is exchangeable. The following is a special case of a theorem of Aldous and
Hoover, see [Ald81], [Hoo79|, [Kal05] and [Aus12]| for this special case.

Fact 3.2 (Aldous-Hoover). Let (Xj;);jen be a symmetric binary, jointly exchangeable
array with 0-s on the diagonal. Then there exists a measurable f: [0,1] x [0,1]2 x [0,1] —
{0, 1}, symmetric in the last two coordinates, such that

(X ) i f(U Ui, UJ? U{’L j}) (16)

In this section, we prove a signed measure representation for finitely exchangeable
graphs, similar to Fact 2.3 and also an integral representation version of Fact 3.2 with
a law of large numbers, using our proof recipe from Section 2. The aim is to make the
analogy with the sequence case fully explicit via our proof recipe. To begin with, we state
De Finetti’s theorem in an analogous version following [Aus12|.

Fact 3.3. Suppose (X;) is an infinite exchangeable binary sequence. Then there is a
measurable function 7': [0, 1] x [0,1] — {0, 1}, such that

(X:) £ (T(U,U))) (17)

where (U;) and U are independent U([0,1]) random variables.

We show how we can recover the usual form of de Finetti’s theorem from this form.
Let Y; = T'(U, U;). Then, following the law-sequence notation for exchangeable sequences,
we have

pg:P(m:YQZ Ye=1,Y1=0,...Y, =0)
/ (/ HT (u, u;) H (1 —T(u,u;)) dul...dun> du.
01" ;5 i=k+1

Writing 6(u f[o 1 (u, u;)du;, which is a measurable function [0, 1] — [0, 1], we obtain

Py = /(CZ o 0)(u)du.

Taking image measures under p, we recover usual integral form (9).

We now adapt this argument to graphs. Take an infinite exchangeable random graph
H. For such, the analogous statistic to the n-th level law-sequence for binary sequences is
the distribution of Hl,, i.e. the set {pg := P(H|;,) = G): G € L,}. For f as in Theorem
3.2, we write

1

Then, from (16) using (18), we have that

P(H|, =G) = /[ }9g(u)du, where (19)
0,1

QG(U):/[OUV H w(u, uj, uj) H (1 —w(u,ui,uy)) | dug ... duy. (20)

{ivj}eEG {LJ}%EG
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Because nodes of the graph with a shared edge are coupled, 65(u) cannot be separated
in a form like ¢! o p(u) in the case of sequences and we cannot resort to a simple image
measure argument as above.

The usual solution is to view w(u,u;,u;) as a parametric function in W, the set of
symmetric measurable functions W : [0,1]2 — [0, 1], with parameter u. The set W, called
the graphon space, is extensively studied in the graph limits literature, see [Lov12| for a
comprehensive treatment. We use properties of the graphon space to derive a complete
analogue of the integral representation (9) of de Finetti’s theorem, via a reparametrisation
of (20) in the form

P(H|y = G) = /W fo(W) u(dW), where (21)
fa(W) = T W w) I Q-Wuiu) | dur.. dun, — (22)
O \ fijyes {i,j}2E

with a suitable notion of integrals of graphons that we specify shortly. Here we recover
tind(Ga W) = fG’(W)7 (23)

the induced homomorphism density of G in W ([Lov12|, (7.4)). These functions are the
direct analogues of the polynomials ¢! in the graph setting. For reasons that we make
clear soon, it is more convenient to work with the homomorphism densities

t(F,W):/ T Wi, ) | dus ... dus. (24)
[0,V {i,j}€E

They are seen ((7.4) and (7.5) in [Lov12]) to be related by the formula

HE,W) = > tina(F, W), (25)
FCF'
F'eud,
and its usual Mobius inverse
tna(F, W) = Y (=) FI=E(F W), (26)
FCF’
F'ely,

For the homomorphism densities, the corresponding law sequence statistic that specifies
exchangeable graph distributions is

{p =P(GCH):G e L,},

where the relation C denotes inclusion as subgraphs, that is, Eg C FEg. In this statistic,
the desired integral representation becomes

P = PG C H) = /Wt(G, W) u(dW). (27)

In the theory of graph limits, graphons are the limiting objects of dense graphs in the
large vertex set limit. The functions ¢(F,-) and t¢j,q(F,-) are originally defined on finite

11



graphs. For graphs F' and G, the value of t(F, G) is the proportion of maps Vp — Vi that
are graph homomorphisms, i.e.

hom(F,G)

nk

t(F,G) = ) (28)
where n = |V| and k = |Vp|. If k < n, we can similarly define ti,;(F, G) as the proportion
of injective maps Vp — Vi that are homomorphisms, and ¢;,q(F,G) as the proportion
of those injective maps that also preserve non-adjacency, see [Lov12|. Then ¢(F,-) and
tind(F, -) have the above defined extensions to graphons. For ti,;(F,-), we recall from e.g.
[LS06] that

VF|
2[Va|

In particular, in the limit [Vz| — oo, the functions tinj(F,-) and t(F,-) coincide and they
have the same extensions to graphons.

In the graphon space, a graph G on the vertex set [n] can be represented by a symmetric
stepfunctions W such that Wg(z,y) = Lijjepq) for = € [L,2) x [%, %) It can then
be checked (|Lov12| 7.2) that

[t (F, G) = t(F, G)| < (29)

HEF,G) = t(F,Wg). (30)

The main reason that the functions ¢(F,-) are more convenient than ti,q(F,-), is that
tind(F, G) may not be equal to ti,q(F, W) and so we cannot represent finite graphs by
graphons suitably under ti,q(F,-).

We now specify the right o-algebra on W for the integrals in (21) or (27).

Definition 3.4 (|Lov12|, Definition 8.13). The cut norm on W is given by

Wilo = sup / W (2, y)dz dy (31)
S,7C[0,1]
SxT

where the supremum is taken over all measurable subsets S and T

Definition 3.5 ([Lov12], Definition 8.17). Let ¥ denote the set of invertible measure
preserving maps [0, 1] — [0, 1]. The cut distance of two graphons is given by

oo(U,W) = inf [U—-W?|q (32)
pev

where W (x,y) = W (¢(x), d(y)).

A sequence of finite simple graphs is said to converge, if (Wg, ) converges in W in
the cut distance. This is the sense in which graphons are limiting objects of finite simple
graphs. One of the main motivations for the cut distance from our perspective is the
following result from [BCLT08] see also [DJ08], and [Lov12] Corollary 10.34.

Fact 3.6 (Borgs, Chayes, Lovasz, T. Sos, Vesztergombi). We have ég(U, W) = 0 if and
only if ¢(G, W) = t(G,U) for every finite graph G.

Note in the integral (27) we only access W € W via the functions ¢(G,-). So for
uniqueness statements, we need to identify W-s for which those functions coincide. Fact
3.6 grants us that this can be done by working in the quotient space VW, where W and
U with ég(W,U) = 0 are identified. From now on, we abuse notation and by a graphon
W we mean its equivalence class in V. It can be seen that d5 is a metric on W and we
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interpret (21) and (27) in the Borel o-algebra or this metric structure on W. The precise
statements that we prove then are the following. The first is implicit in e.g. [DJ08] and
|OS16], but we believe it has only been stated in this form in [OR15|. The second we
believe to be new.

Fact 3.7 (de Finetti’s theorem for exchangeable graphs). A random infinite graph H is
exchangeable, if and only if there is a Borel probability measure on W, such that

P(G CHly) = [ HGW) uaW) (3)

holds for each finite simple graph G. In this case, the measure p is unique and Wy,
converges almost surely in g to a random element W with law pu.

Theorem 3.8 (Integral representation of finite exchangeable graphs). Let F be a finitely
exchangeable random graph on the vertex set [n]. Then there exists a Borel signed measure
v on W such that for each G € L,

P(GCTF) = / HG, W) v(dW). (34)

w

Moreover, the set Ry of signed measures that satisfy (34) is an affine subspace of the
dual space C(W)* of codimension m, where m = |U,,| is the number of graphs on n vertices
up to isomorphism.

To prove these statements, we quote results from graph limits theory to see that the
requirements on our proof recipe are satisfied with the parameter space W and the functions
{t(G,-): G € L}. First of all, if G; and G are isomorphic, we have t(G1, W) = t(Ga, W)
for any W, since the definition of t(G, W) depends only on the edge structure. In particular,
any infinite random graph H that satisfies (33) is exchangeable. From now on, we will
identify these functions for isomorphic GG; and thus index them by unlabelled graphs.

Compactness Asshown in [LS07], Szemerédi’s Regularity Lemma [Sze75] can be phrased
as the compactness result we need (see also as Theorem 9.23 in [Lov12]).
Fact 3.9 (Lovasz, Szegedy). The metric space (W, d) is compact.
Continuity Continuity of the functions ¢(G, -) follows directly from the Counting Lemma
of [LS06], also as Lemma 10.23 in [Lov12|.
Fact 3.10 (Lovasz, Szegedy). Let F' be a simple graph and let W, U € W. Then

HE, W)~ 1(E,U)| < e(F)i(W, W), (39)

So the functions t(F,-), are actually Lipschitz.

Linear independence The following was proven in [DGKR15|, where the authors study

the differential theory of functions in C(W). We provide a proof without the differential
machinery developed there.

Fact 3.11. The set {t(G,-): G € Uy} is linearly independent as vectors in C' (W) for any
n.

We deduce this from the linear independence result in [ELS79] (Proposition 5.44 (c) in
[Lov12|) for the classical homomorphism densities in graphs rather than in graphons.

13



Fact 3.12 (Erdés, Lovész, Spencer). Let F1, ... Fy, be nonisomorphic simple graphs with no
isolated nodes. Then there are simple graphs G, . .. G such that the matrix [¢(F;, G ])}f =1
is nonsingular.

Proof of Fact 3.11. For F; € Uy, let F] € U}_ U, be the graph with all the isolated
nodes removed from F;. Note t(F;, W) = t(F, W) for any graphon W. It then follows from
Proposition 3.12 that there are simple graphs G1, . . . G, so that the functions t(F;,-): W —
[0,1], when restricted to (the g equivalence classes of) the graphons Weg,,... Wg,, are
linearly independent. It then follows that t(Fj, -) are certainly linearly independent on the
whole domain W. O

At this point, we can already conclude Theorem 3.8.

Proof of Theorem 3.8. As for sequences, we can define a linear map 7" on span({t(G, ) :
G € Uyp}) with T'(¢(G,-)) = pg noting the functions {¢(G, -): G € Uy} are linearly inde-

pendent. Since they are also continuous, we then extend to a bounded linear map on C'(W)
by the Hahn-Banach theorem. We then conclude by the Riesz representation theorem. [

Density The following was also observed in [DGKR15|. We provide the proof for its
importance in the next section.

Fact 3.13 (Diao, Guillot, Khare, Rajanatnam). The set Apom = span({t(G, -): G € U})

is dense in C(W).

Proof. We use the Stone-Weierstrass theorem. For this, we need to show that Ayqm, is an
algebra that separates points in W and contains a nonzero constant function. Note that
for graph Gy with no edges, t(Gy, -) is the constant 1 function. For the algebra structure
of Apom, we can directly check from the definition (24) of ¢(G, -) that

t(F1Fy, W) = t(F1, W)t(Fy, W), (36)

where for the finite simple graphs Fy and F5, the graph F} F5 is their disjoint union. See
also [Lov12|, (7.6). It follows that for f;, fj € Anom also f; - f; € Anom as well and Apop is
an algebra.

Finally, we need to show that Ap.m separates the points in W. This was the motivation
for taking the quotient with respect to dg and indeed, this is the restatement of Theorem
3.6. O

It thus follows that for an infinitely exchangeable graph H, there is at most one measure

w € C(W)* that satisfies (33) for all G € U. Moreover, such a pu is a probability measure.

Martingale Structure For both the existence and the law of large numbers result, we
will use the following, pointed out in [DJ08| and [Lov12| Proposition 11.14. See Section
5 in this text for a proof and a general perspective.

Fact 3.14. For an infinite exchangeable random graph H, and a graph F' with m vertices,
the sequence (tinj(F,H|p))m<n forms a reverse martingale.

We are now ready for the proof of Fact 3.7

14



Proof. We have seen that any infinite random graph satisfying (33) must be exchangeable.
The density result Fact 3.13 shows that such a p, if exists, is neccessarily unique.

For the existence, take an infinite exchangeable graph H with pg = P(G = H]J,,) and
P = P(G C H) for a finite simple graph G. Consider the measure i, on W given by

GeLl,

We will show that p,(¢(F,-)) — p and then conclude, by a similar method of moments
argument to the sequence case by passing to a subsequence, noting that P(W) is weakly
compact, since W is compact.

Fix a finite simple graph F, since tinj(F,H],) is a reverse martingale, there is a ran-
dom Zp € [0,1] such that tn;(F,H|,) — Zr almost surely. By the approximation (29),
neccessarily tinj(F,Hl,) — t(F,H|,) — 0 almost surely and so t(F,H|,) = Z too almost
surely. Since the functions ¢,j(F, - and t(F,-) are bounded, all of these hold in expecta-
tion as well. Note that pu,(f) = Eu(f(Wgy,)) for any integrable function f on W. Using

t(F,G) = t(F,Wg) for any finite simple graph G, it follows that
pin(E(F,-)) = Ex(t(F, H|n)) — E(Zp).

Via the treatment in Section 5, it will be immediately clear that E(Zr) = P(F C H) = plp,
but we rephrase here for completeness. By the martingale structure, Eg(tinj(F,H|,)) =
En(tini(F, H|g)) for n,k > m = |Vp| and so E(Zr) = E(tinj(F, H|,,)). Now an injective
map [m] — [m] is a permutation. Thus, since H is exchangeable,

B (ting (F, Hlrm)) = En <|Sl‘ Y UFC (o H!m))> = En (I(F C (H|m))) = P(F C H)
M 5ESm

where we denote by o - HJ,, the graph obtained by permuting the vertices by o.

Finally, for the law of large numbers, we have already noted that ¢(F, Wy, ) converges
almost surely for a finite simple graph F. Since there are countably many such F, this
holds jointly for all finite simple graphs. It follows that (W, ), is almost surely Cauchy:
for otherwise, there would exist a continuous function f such that f(Wy,) is not convergent
with nonzero probability. But by the density result Fact 3.13, on the probability 1 event
that all the ¢(F,-), F' € L, all such functions are convergent.

Since W is complete, this sequence has an almost sure random limit W € W. It also
follows from above that pfm = Ey (t(F,W)) and so W has law p. O

In the proof, we have implicitly deduced the following key result of [BCLT06], [BCL*08],
also Theorem 11.5 in [Lov12|, which characterises convergence in the graphon space, using
the continuity and density of the homomorphism densities.

Fact 3.15 (Borgs, Chayes, Lovasz, T.S6s, Vesztergombi). Let W, be a sequence of graphons
in W and let W € W. Then t(F,W,,) converges for all finite simple graphs F if and only
if W, is a Cauchy sequence in the g distance. Furthermore, t(F,W,,) — t(F, W) for all
finite simple graphs F if and only if éo(W,,, W) — 0.

The classical proof of this fact, is stronger, inasmuch it relates the convergence rate
of the homomorphism densities to that of graphons via the so called Inverse Counting
Lemma (Lemma 10.32 in [Lov12]). In turn, those ideas lead to a more quantitative proof
of the density result Fact 3.13, by analogous approximating functions to the Bernstein
approximating polynomials. Just like in Remark 2.5, their convergence rate is closely
tied to that of the empirical measures .
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Theorem 3.16. For a continuous function f : W — R, the sequence of functions B, €
Ahom given by
B f(W) = Y f(Wp)tima(F,W) (38)
FeLl,

converges in C(W). Moreover an infinite exchangeable distribution, the mixing measure p
and empirical measure p, = )¢ ., Pcow,, are related by

fin(f) = p(Bn,y) (39)
for each f € C(W) and in particular, |u(f) — pn(f)| < ||f — Bnsll-

For the proof, we will use the Second Sampling Lemma from [BCL108] (|[Lov12] Lemma
10.16). It follows from Fact 3.7 that each W, € W corresponds to an infinite exchangeable
graph distribution, that has the mixing measure dy, in (33). These distributions are
the ergodic exchangeable graph distributions [DJ08| and are studied in detail in [Lov12],
where they are called W-random distributions. We write G(k, W) for the subgraph on [k]
generated from this distribution for a given Wy € W. With this notation, the lemma says
the following.

Fact 3.17 (Borgs, Chayes, Lovasz, T.S6s, Vesztergombi). For Wy € W, and n > 1, with
probability at least 1 — exp(—£k/(2log(k)), we have

22

S (W wys Wo) < —oe
0(Wg(n,we) Wo) oa(n)

Proof of Theorem 3.16. Take an infinite exchangeable graph H with mixing measure p in
(33). Then we have that

PG = P(H|TL = G) = ,u(tind(G7 ))

for G € L. It immediately follows that p, defined above satisfies p,(f) = pu(By, ¢) for
each f : W — R measurable. Observe that P(G(k,Wy) = F) = tina(F, Wp) for each
finite simple graph F on the vertex set [k] and Wy € W. So the function B, ; satisfies
By, ;(Wo) = E(f(Wg(n,w,))) for each Wy € W and measurable function f: W — R. In

particular, for a fixed f € C(W), we can calculate as follows using Fact 3.17. We write
rn, = exp(—n/(2log(n)) for the probability that the approximation does not hold. Then

Byt (Wo) — f(Wo)| = [Ef (We ) — FWo)| < 7 - 2| fI] + (1 — rn)wy <1§Z(n)> |

where wy is a modulus of continuity for f that satisfies |f(W) — f(U)| < wy(6o(W,U)).
Note by uniform continuity, such w; exists which is left continuous at 0 and so we conclude
supy, ey | Bn,r (Wo) — f(Wo)| — 0 as n — oo.

O

Remark 3.18. As mentioned in [BC89], the analogous standard argument in the sequence
case via Chebyshev’s theorem in place of the Second Sampling Lemma Fact 3.17, leads to
a nearly optimal bound. It would be interesting to see whether the bound in the Second
Sampling Lemma is optimal in this sense.
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4 Further analogous results

In the previous sections, we explicitly connected the theories of exchangeable binary se-
quences and exchangeable graphs via a shared functional analytic framework to prove de
Finetti-style integral representation theorems and related results. In this section, we briefly
sketch some immediate applications of our framework for other closely related theories.

4.1 Exchangeable sequences in a finite state space

Consider an exchangeable sequence Y with values in the set [k] for some k£ € N. In this
case, de Finetti’s theorem can be formulated as an integral on the parameter space given
by the simplex Ay = {6 € [0,1]* : 3,0, = 1}. For a vector m € [k]" and i € [k],
let us write Am(7) for the number of coordinates of m that takes the value ¢ and then
Am = (Am(0),... Am(k — 1))/n, which is an element of Ay.

Fact 4.1 (de Finetti). A random infinite sequence with values in [k] is exchangeable, if
and only if

k
Am (i
b = (Vi ¥) = m) = [ T[ 6 On(as)
A
holds for a measure y. In this case, u is unique and the sequence of empirical average
measures (i, ), given by u, = Zme[k]n PmOy,, converges weakly to (.

Now the parameter space Ay is compact, it is easy to check that multivariate polynomi-
als ¢m: A = R, em(0) = Hf H?m(z) are continuous, linearly independent and span a dense
subset in Ag. Furthermore, for each i € [k] the sequence (A%), given by %Z?Zl I(Y; = 1)
forms a reverse martingale. These together allow us to apply our proof technique to prove
Fact 4.1 and the corresponding signed measure representation for finite exchangeable
sequences.

A similar proof of the integral representation is available if the state space S has a
finitely generated o-algebra, which is true if e.g. S is compact and assumes the Borel
o-algebra. This is also incorporated in the general setting of the next section.

4.2 Partially exchangeable binary sequences

Partial exchangeability is often referred to [Leol8|, [Dia23] the joint law of random binary
sequences (Y,1),...(Y¥) that are invariant under separate permutations of their indices.
That is, for permutations 7y, ... 7 and 79 and finite integers Ny,... Ny

CA AT PN LI R (A A SRy LY (40)

This is a stronger assumption than the vectors (Yil, ,...,Y;+) being exchangeable, but
weaker than that the zipped sequence of the Y'-s is exchangeable (e.g. Y° and Y! are
not necessarily identically distributed). For such, there is a de Finetti-style representation

theorem as follows.

Fact 4.2. A the joint law of k infinite random binary sequences Y!,...Y* and is partially
exchangeable if any only if there is a measure p on [0, 1]¥ such that

k N; ; ;
P{{Y; = 510 M) = /[0 " TITI6Y (- 600 Do, doy).  (41)
AT =17

In this case, p is unique and the empirical averages %(Z?:l le, e Z?zl ij) converge to
w in distribution.
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The corresponding signed measure representation for finite partially exchangeable se-
quences X!, ..., X* is also available and was first proven in [Leol8]. The argument using
our proof recipe can be directly applied with the parameter space [0,1]* and polynomials

k N; j i
I T16Y (1 - 60—
i=1j

4.3 Bipartite graphs

By a bipartite graph G we mean a graph with two disjoint vertex sets Vé and VG2 with
edges connecting nodes in separate vertex sets. In [DJ08] the authors sketch an analogous
exchangeability and limit theory of bipartite graphs to the simple graphs case. A graphon
in this case need not be symmetric, it is a measurable function W : [0, 1] x [0, 1] — [0, 1].
The functions ¢(F, -), tinj(F, ), tinda (F, -) for a bipartite F' can be defined in a similar manner
and have analogous properties [DJ08]. We can again define the cut norm

Wio= sup / W (2, y)de dy| (42)
S, TC|0,1]
SxT

and in this case, the cut distance is obtained by

So(U, W) = inf ||U — W*||q (43)
PeEV

where W is the set of measure preserving maps [0, 1] — [0, 1] and WY (z,y) = W(é(z),¥(y)).
If we quotient out by the relation éo(W, U) = 0, we again obtain a compact space Ws, by
close analogy to the proof in [LS07|. Checking all the required properties, we can obtain
the analogous integral representation results to Fact 3.7 and Theorem 3.8.

5 More general invariant structures

As we have seen, for an infinite exchangeable sequence X the statistic (2 (32, X;))nen
forms a backwards martingale and the limit specifies the law of the de Finetti mixing
measure p in distribution. Similarly, for an infinite exchangeable graph H, the sequence
(tin (F, Hln))ns vy forms a backwards martingale for each finite simple graph F' and the
collection of the limits of these martingales specifies the law of the mixing measure on
graphons. These backwards martingales are specific examples of the more general con-
struction given in Lemma 5.3 which enables us to derive an analogous exchangeability
and limit theory for more general group actions. The starting point is the abstract er-
godic decomposition of invariant probability measures discussed in various flavours in e.g.
|[Far62|, [Var63]||Mai77|, and [Dyn78], see also [Kal05].

By measurable action of a group G on a Polish space {2 we mean measurable functions
¢: 1 — € for each ¢ € G, which respect the product structure of G under composition. A
measurable function f:  — R is G-invariant if f o ¢ = f for each ¢ € G. A measurable
set A C Q is invariant, if [4 is an invariant function. The set of G-invariant sets form a
o-algebra, which we call ¥g. A measure p on (2 is invariant if it equals its pushforward ¢ u
for any ¢ € G, thatis [ fdp = [ fog¢dp for any integrable function f and ¢ € G. We write
Pg for the set of G-invariant probability measures. An invariant probability measure p is
ergodic, if it is trivial on Xg, that is u(A) € {0, 1} for each A € ¥¢. Ergodic decomposition
holds under the technical assumption that G is amenable. All the groups that we discuss
here are amenable, we refer to [AO22] for the definition in a similar treatment to ours.
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Fact 5.1 (Varadarajan). Let G be an amenable group that acts measurably on a Polish
space 2. Then:

e The ergodic probability measures are precisely the extreme points of Pg. The set
ex(Pg) of ergodic measures is measurable in P.

» A probability measure P on 2 is G-invariant if and only if

P(A) = / , n(A)up(dn) for each measurable A C
exr G

for a probability measure pup on exPg, which is then uniquely determined by P.

Note that all the exchangeable structures that we discussed are invariant distributions
under some action of the symmetric group S on the space of infinite sequences, graphs, etc
by some index permutations. These are all compact, metrizable spaces in their respective
product topologies. E.g. for infinite graphs, if we write A for the set of possible edges on the
vertex set N, then the action of the symmetric group has the base space Zgrapn = {0, 1}N ,
which is a compact metric space in the product topology, and the action is by permuting
vertices. In the case of exchangeable binary sequences, we have the standard action of the
symmetric group on Zgeq = {0,1}. The corresponding de Finetti theorems thus fit in
the framework of this ergodic decomposition theorem, but the additional structure gives
further three important properties.

1. The characterisation of ergodic measures by some independence criterion usually
referred to as dissociatedness. For the sequence case this is the fact that the ergodic
distributions are precisely the i.i.d. ones, often called the Hewitt-Savage theorem.

2. The de Finetti integrals can be stated over a parameter space where the law of large
numbers gives rise to the limit theory of infinite sequences, graphs, etc, in the sense
that their finite components (initial segments, restrictions) converge almost surely to
a random element of the parameter space: [0, 1] for sequences and W for graphs.

3. The set of ergodic measures are weakly compact, which is of independent interest
and also renders the parameter space compact via a homeomprhism.

We extract structural, algebraic assumptions on the action of S on graphs and sequences
(and the other combinatorial structures that we leave implicit here) that allow for these
properties. We then state these properties as abstract assumptions on the action of a
group G on a space Z. We assume that Z is a compact metric space, which is the case
for Zgeq = {0, 1}V and Zgraph = {0, 1}N . We draw analogies from the treatment of graph
limits and exchangeable graphs in [DJ08|. In particular, our parameter space is inspired
by the product space U* C [0, 1]“ discussed there, which is homeomorhpic to the graphon
space (|[Lov12] Remark 11.4). We assume that the group G is a direct limit of compact
groups.

Definition 5.2. The group G is called the direct limit of the groups G,, if each G, is
compact, G,, C G,41 for each n and G = U,,G,,.

We call G a direct limit in short, if it is a direct limit of compact groups. Note the
symmetric group S is the direct limit of the finite symmetric gropus S,,. For direct limits,
the following pointwise ergodic theorem is available.
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Lemma 5.3. Let a direct limit G of compact groups G,, act measurably on a standard
Borel space (Z,%). Let Z be a G-invariant random element of Z and let f € Li(Z). Then,
(Ez(f(Z|Xg, ))nen is a backwards martingale and

Ez(f(Z2)%c,) = Ez(f(Z)[Xe) (44)

almost surely. Moreover,

E(f(2)[Se,) = MG1| /G f(62)|dg] (45)

almost surely.

Proof. Abbreviate f,(x) :=|G,|™! fGn f(¢z)|dp|. The direct limit structure implies that
NnXg, = Xg, so we have to show f, = Ez[f(Z)| N, Xg,] a.s.

Let P be the law of Z. Observe f,, is G,-invariant, since G,, is a group and hence
[ tovaas = [ soviaol= [ seonlisl  torvec,.
Gn Gny Gn
It follows that f,, € ¥g,, which implies f, = P(fn|Xg,) almost surely. Consider any
A€ Xg, and ¢ € G,,. Since P is ¢-invariant,
Ipo¢p =14 P-as. andhence P(Isfo¢p)=Plao¢ tf)=P(sf).

It follows that P(f,|Xg,) = P(f|Xg,) almost surely, since
1 1
Plafn) = Pafod)|ldp| = —=— P(I do| = P(1
(af) = [ PUsro)ddl =gy [ PUapIGl = PP

for all A € ¥g, . In summary, we have shown f,, = P(f,|3g, ) = P(f|Xg, ) almost surely.

Note G, C Gy, 41 implies g, D ¢ so by the law of total probability,

nt19
P(P(f|%c,)X6,.1) = P(fIX6,.1) almost surely.
That shows (P(f|Xg,), 2, )neN is a reverse martingale, so
fo = P(f|Zc,) === P(f|N,2g,) = P(f|Zc) almost surely
by the reverse martingale convergence theorem. O

For a finite, labelled graph F', consider the bounded, indeed continuous function fz on
Zgroph = {0, 1}V given by fr(H) = I(F C H). Here, F is formally considered to have
vertex set N with only finitely many edges and inclusion is understood on the edge set.
Then, by rewriting the definition of #,;(F)-) it follows that for an infinite graph H, finite
graph F' and n > |V(F)],

1
= > fr(oH) = tw;(F, Hl|,). (46)
%s. | S5

Thus, by (45), the backwards martingale structure of the injective homomorphism
densities is a special case of Lemma 5.3, when choosing the function f as fg.

For the sequence case, similar backwards martingales can be identified by looking at
the functions fx(X) = I(x = (X1,...X,,)) for each finite assignment x = (z1,...,2y,)
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as the initial segment of an infinite sequence. The empirical average corresponds to the
backwards martingale obtained from the assignment x = (1) and has the random limit
in [0,1]. If |x| =n and Y, x; = k, then the limit is cf(9) = 6¥(1 — g)"~F.

Note that Lemma 5.3 provides a similar backwards martingale for each function
f that is integrable under each invariant law on Zgapn O Zgq. Our aim is to un-
derstand what are the properties of the set of functions Fgrqpn = {fr: F € L} and
Foeqg = {fx: x € Up{0,1}"} that make them suitable for the development of the parallel
limit and exchangeability theories that satisfy the properties 1-3. above. Specifically, we
aim to construct a parameter space C and a set of real valued functions F on Z and for
each f € F a function 7y : C — R, such that a distribution PP on Z is G—invariant, if and
only if there is a necessarily unique measure up on C, such that

P(f) = /C7rf(c) up(de) for each f € F, (47)

and exhibit a statistic Z,, of a random element Z ~ P such that Z,, — Z € C almost
surely with Z ~ pp. Then Z,, will correspond to 'random invariant finite objects’ like the
restrictions H,, of infinite exchangeable graphs to the vertex set [n], and Z to their limit.

Firstly, all elements of Fgrapn (the analogy with Fyeq will be left implicit in the rest)
are continuous and in particular in Ly (Zgrapn, pt) for any measure p on Zgraph, as Zgraph 18
compact. Also, it can be checked by the Stone-Weierstrass theorem that the linear span
of Fgraph is dense in C(Zgrapn). Consequently, the values (P(f),f € Fgrapn) determine
probability measures on Zgapn. In the general case, since Z is assumed metrizable, C'(Z) is
separable, so we can always extract such a countable dense set. This is the first property
of F we require.

Definition 5.4 (Fullness). A countable set F of continuous functions Z — R is full if its
linear span is dense in C(Z).

We now identify the parameter space. Let F' : Z — R” be the Cartesian product of
the functions f € F. For an ergodic random element Z, note that Ez(f(Z)|X¢g) is almost
surely constant for each f € F and takes value Ez(f(Z)). Because F is countable, this
holds jointly for each f € F, almost surely. Consider the set

Co = {Eq(F(Z)) : Q is an ergodic measure on Z} C conv(F(Z)). (48)
We then have the following.

Lemma 5.5. For an G-invariant measure P on Z, we have that P(F(Z)|Xg) € Cp, almost
surely under P.

Proof. Let us write F'(Z,) = @ f((}" F(¢Z)|d¢| for Z € Z. By Lemma 5.3 we have that
F(Z,) = Ep(F(Z)|Zg,) and converges to Ep(F(Z)|Xg) P-almost surely. By the abstract
ergodic decomposition theorem Fact 5.1,

Ep(F(Zy) € Co) = / QF(Z,) € Cy) a(dQ) (49)

ext(Pg)

for a mixing measure « concentrated on the ergodic measures ex(Pg). Also note that
for ergodic @, the sequence F'(Z,) — Eq(F(Z)) almost surely, and so it follows that
Q(Z, € C) /1 for each such Q. Then it follows by the monotone convergence theorem
that the left hand side of (49) tends to 1. O
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This motivates the choice of Cy as our parameter space. Then up is taken as the law
of Ep(F(Z)|X¢) and 7y : C — R as the projection on the coordinate given by f. A further
property that we require is that any distribution P on Z that satisfies (47) is G—invariant.
We note the following.

Lemma 5.6. Let F be full. Suppose for f € F we also have fo¢ € F for each ¢ € G.
Then any distribution P satisfying (47) for each f € F is G—invariant.

Proof. Fix ¢ € G. Note that for each ergodic distribution @, we have Eq(f) = Eq(f o ¢).
In particular, the coordinate projections my and 7, on the components f and g = fo ¢
coincide. It thus follows that if P satisfies (47), then P(f) = P(f o ¢) for each f € F. Since
span(F) is dense in C(Z), this holds for each f € C(Z) and so P =Po ¢. O

Note that for graphs, we have that I(F C 0H) = I(¢~!F C H) and so in particular,
Foraph has this closure property that we state as an assumption.

Definition 5.7 (Closure). The set F is closed under the action of G, if for f € F and
¢ € G, we also have fo¢p € F.

For graphs, the argument for the uniqueness of the mixing measure up via the Stone-
Weierstrass theorem relies on the compactness of the parameter space and the factorisation
property t(F,W) - t(G,W) = t(FG,W) of homomorphism densities. It turns out that
both of these properties are a consequence of the dissociatedness of ergodic measures that
we define in the general setting in two steps. The first are two structural assumptions
motivated by the graph case.

Definition 5.8 (Shift property). The set F has the shift property, if for each n € N and
f € F there is some ¢ € G such that f,, = f o ¢ is G,-invariant.

Definition 5.9 (Adaptedness). The set F with the shift property is adapted to the action
of G if for each g € F, there is an N such that for any f € F and m,n > N, we have that
g-fn€Fand g- fr, = (g fm) o ¢ for some ¢ € G. We call N the adaptation degree of g.

For a finite graph F', its shifted version F}, is the one whose vertex set is shifted by n.
Then for graphs, Fgrapn satisfies the shift property with the choice I(F C -),, = I(F, C -).
Indeed any permutation o on N suffices that shifts the support of F' and maps 0-s to the
first n coordinates. Given another finite graph G, for large enough n, G and F;, are disjoint.
So GU F;, can be permuted into GU F;,, for m > n by a permutation that leaves the vertex
set of G intact and shifts the vertex set of F,. This is the content of the adaptedness
property. The adaptation degree of I(G C -) is then |V(G)|.

Definition 5.10 (Dissociatedness). A distribution P on Z is dissociated with respect to
an adapted set F, if for each g € F with adaptation degree N and another f € F and
n > N, we have that

P(gfn) = P(Q)P(fn)' (50)

For graphs, this corresponds to the property P(FUG C H) =P(F C H)-P(G C H) for
disjoint finite graphs F' and G, which in this case characterises ergodic distributions. It is
apparent that if all ergodic distributions on Z are dissociated with respect to F, then the
projections {7y : f € F} have the factorisation property 7y - my = mys,. The link between
dissociatedness and compactness is summarised as follows.

Lemma 5.11. Suppose the set F of functions on the (compact metric) space Z is adapted
to the action of G. Then the set Py of dissociated distributions on Z is compact in the
weak topology.
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Proof. Tt is well-known that the set P of all probability measures on a compact metric
space Z is compact and metrizable, see e.g. [Kle20]. So we need to show that Pgiss is
weakly closed in P. Because P is metrizable, it is sufficient to check sequential closure.
So take a sequence P, € Pgiss and suppose P,, — P. Take g € F with adaptatioin
degree N and n > N. Then for f € F, we have that P, (gf,) — P(gfn) as m — oo. On
the other hand, Py, (¢fn) = Pim(9)Pm(fn) — P(9)P(f). It follows that P is dissociated and
80 Pyiss is weakly sequentially closed as required. O

This leads to the following.

Lemma 5.12. Suppose that the set ex(Pg) of ergodic measures coincides with Pgiss N
Pg. Then ex(Pg) and Cp are compact and homeomorphic. Furthermore, the integral
representation (47) uniquely specifies the mixing measure pp.

Proof. We have that ex(Pg) is weakly compact by Lemma 5.11. A similar argument
shows that Pg is compact as well and thus so is their intersection. The map 7 : ex(Pg) — Co
with 7(Q) = Eq(F) is a continuous bijection from a compact space, so is a homeomorphism,
and in particular Cy is compact. Moreover, by the factorisation property, span({ﬂf: fe
F}) is an algebra that separates points and contains constant functions and so is dense.
In particular, the equations in (47) uniquely specify pp. O

It is then now clear that our final aim is to structurally characterise when ex(Pg) =
Pg N Pgiss- One direction does not require further assumptions.

Lemma 5.13. If the set F is adapted to the action of G, then all ergodic measures are
dissociated.

Proof. We follow along the proof of Theorem 5.5 in [DJ08|. Take an ergodic distribution
Q@ on Z. Take g € F with adaptation degree N. For any f € F and n > N, we have that

E(gfn) = E(E(913c,) - fn),

since f, is Xg,-measurable. Note E(g|X¢g, ) — E(g), almost surely, by Lemma 5.3 since
Q@ is ergodic. Hence, by the dominated convergence theorem,

E((E(9[Xc,) —E(9)fn) =0

as n — oo. It thus follows that E(gf,) — E(¢)E(f,) — 0. But by adaptedness, both E(f,)
E(gfn) are unchanged for n > N and so the result follows. O

For the converse, we make our last structural assumption on F.

Definition 5.14 (Shift-completeness). The set F is said to be shift-complete, if

o{fn:fEF}) =2%g,.

For graphs, shift-completeness follows from the fact that finite graphs shifted by n
generate infinite graphs on vertex set [n,c0), which generate S,-invariant sets.

Lemma 5.15. Suppose that F is full, adapted to the action of G and is shift complete.
Then any G-invariant dissociated distribution is ergodic.
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Proof. Take a dissociated distribution R on Z. For N € N, let Fy C F contain elements
with dissociation degree N. Since R is dissociated, it follows that o(Fy) is independent of
o({fn: f€F}), for any n > N, which is g, by shift completeness. It thus follows, that
Y is independent of o(Fy) for each N. But U, F,, = F and o(F) = B(Z), as F is full.
Hence ¥ C B(Z) is independent of itself and so is trivial. If further R is G-invariant, it
follows that it is ergodic. O

We are now ready to put everything together into a final statement.

Theorem 5.16. Let G be the direct limit of the compact groups G,, that act measurably
on the compact metric space Z. Suppose that there is a countable set F of continuous
functions on Z that is full, closed under and adapted to the action of G and is shift-
complete.

Then a G-invariant measure is ergodic, if and only if it is dissociated with respect to F.
The set ex(Pg) of ergodic measures is compact and has an embedding 7 : ex(Pg) — R”
with image C. A distribution P on Z is G-invariant if and only if there is a measure up on
C such that

P(f) = /CWf(c),u]p(dc) for each f € F, (51)

for some continuous functions 7y on C. The measure up is then unique. Moreover, f(Z,) =
@f(}n f(9Z)|dp| — m¢(C) P-almost surely, where C' € C is a random element with
distribution pp.

Proof. Take a probability measure P on Z. Since F is full, the integral equations (51)
uniquely specify P. As above, let F : Z — R’ be the Cartesian product of the functions
feFandlet C={Eq(F):Q € ex(Pg)}. First, if (51) holds, then by the closedness of F
under G, Lemma 5.6 implies that P is G-invariant.

Suppose now that P is G-invariant. By Lemma 5.5, we have that Ep(F|Xg,) =
F(Z,) — Ep(F|X¢g) € C almost surely. Let up be the law of Ep(F|X¢). Take the coordinate
projection function ¢y : C — R that projects ¢ € C to its compomponent indexed by f. Then

pe(cr) = E (Ep(f[X¢)) = P(f)

by the law of total probability, so up satisfies (51) with the choice of 7y as the coordinate
projections cy. Now the adaptedness and shift-completeness of F imply by Lemma 5.13
and Lemma 5.15 that ex(Pg) coincides with the set Pg N Pyiss of F-dissociated measures.
Then, by Lemma 5.12, ex(Pg) is compact and homeomorphic to C and the equations (51)
uniquely specify pp. O

5.1 Invariance under G,

In this subsection, we discuss an analog of finite exchangeability in the framework pre-
sented.

6 Information projections and exchangeable binary sequences

In this section, we introduce the connection between exchangeability and the theory of max-
imum entropy distributions developed in, among others, [Csi75], [Csi84]|CMO03], [CMO01]
[CMO8]. In this literature, the authors study probability measures @ satisfying

Q = argminpcc kI(P[|p), (52)

24



where C is a convex subset of probability measures on a measurable space (S,S) and p & C
is another probability measure. Such @ is called the information projection of u on C. Of
particular interest is the case when C is taken as a linear set L, ¢, where

Lot = {P: /fl Pds) = a;} (53)

for vectors of measurable functions f = (f1,... f,) and scalars a = (ay,...ay). In [Csi75]
and [CMO03] the authors propose precise conditions for the existence of an the information
projection @) and study its density with respect to p. They show that at least approximately,
(@ is in the exponential family

dQe () = e®F@=A50) g & dom(A[)}, (54)

Enf = {QG

where Af(0) = [ e!®f@)dy and dom(Af) ={0: As(0) < oo}
Note that for a an infinite exchangeable random sequence Y, for each n, the mixing
measure /4 in de Finetti’s theorem can be viewed as an element pu € La ¢, where a; = pj?

is the law vector of (Y1,...Y,) and fi(s) = ¢ (s) and S = [0, 1]. Further, note that any

V' € La ¢ is the mixing measure of an infinite exchangeable sequence Z with (Z1, ... Z,) 4

(Y1,...Yq).

This connection enables us to study the following questions. Given a finitely exchange-
able random sequence X € {0,1}", how large is the set R%jL of possible positive mixing
measures for X? Also, given a Borel measure p, which pg € R;J“ is the closest to p in the
kl-sense? Note that by de Finetti’s theorem, we need that X is infinitely extendible for R;l(’Jr
to be nonempty. Recall from Section 1.1 that this is equivalent to px € conv(c([0,1]),
where ¢ (0) = (c}'(0),...,cr(0)) is the i.i.d. curve.

’ren

Theorem 6.1. Let X be a finite exchangeable sequence and p a measure on [0, 1] with
infinite support s, Then int(conv(c(s,))) is not empty and there is some p; € £, ¢ that is
also in the set of possible mixing measures R7;(’+, if and only if

px € int(conv(c(s,))). (55)

Recall the discussion in Section 1.1 with the geometric interpretation of this result
and the possible interpretation of this theorem that the set R’;{L is as large as possible.

The proof of Theorem 6.1 is delayed until the end of this section. The boundary
case px € O(conv(c(supp(p)))) is more delicate and requires a notion of extension of the
exponential family discussed below. This is the subject of Theorem 6.12.

We now develop the background on information projections to the extent neccessary
for the proofs of Theorem 6.1 and 6.12. For further details, we refer to [CMO03], [Csi75]
and [CMO1]. We start with the naive existence result of [Csi75]. Recall the total variation
norm of (signed) defined in (7). We use the shorthand kI(C||lu) = inf,ec kl(n||p).

Fact 6.2 (Csiszar). Let C be a convex set of probability measures that is total variation
closed and let p & C be another probability measure. Suppose

KI(C||u) < oo. (56)

Then C admits a unique information projection ) under pu.
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Recall that in the case S = [0, 1] the Riesz Representation Theorem implies that the
total variation norm is the dual space norm of linear functionals on C([0,1]). Since the
functions ¢ are continuous, it follows that the linear sets La ¢ as in (53) with f; = ¢, are
weak-* closed. So they are certainly norm (and thus total-variation) closed. Thus Fact
6.2 implies that a measure p on [0, 1] has a unique information projection on Lpy ¢, if
Lpy e and p satisfy (56). In [CMO1] and [CMO3| the authors came up with a device, the
convex core cc(u) of a measure to characterise when this is the case in terms of the vector
of values a = px and the function f = c. The definitions are stated for S = R?, but as we
will see, we can transfer them to more general spaces.

Definition 6.3 (Csiszar, Matus). For a finite Borel measure v on R?, its convex support
is the intersection of all closed and full-measure sets, denoted cs(v). The intersection of all
full-measure, convex sets is called the convex core, written as cc(v).

In [CMO1], convex cores of measures are characterised as those convex sets that have
at most countably many faces. Thus they are in particular Borel. The convex core and
the well-understood convex support only differ on their boundaries.

Fact 6.4 (Csiszar, Matus). We have cl(cc(u)) = cs(p), where cl stands for the topological
closure. Also, their relative interiors coincide, i.e ri(cc(p)) = ri(cs(u)).

The crucial characterisation for the convex core is the following result in [CMO1]. It
says that the convex core contains the right amount of boundary to contain means of
absolutely continuous measures.

Fact 6.5 (Csiszar, Matus). We have

ce(v) = {/ xdP: P < v, P aprobability measure with a mean} . (57)
R4

Moreover, for each a € cc(v), there exists such P with 22 bounded.

Let us write Ly = La s with f taken as the identity on RY. In [CMO03] they then point
out the following corollary. We recite the proof because of the significance of this result
for our discussion.

Fact 6.6 (Csiszar, Matus). . For the linear set L, and a finite measure p, we have
if and only if a € cc(p).

Proof. Suppose a € cc(u) C R% Then byFact 6.5 there is P € L, that has a bounded
Radon-Nikodym derivative f. Since p is finite, then

KIPl) = | Flos(f)dn < oc.

Conversely, if a & cc(u), then again by Fact 6.5, there is no P € L, with P << p and so
by definition, for all P € L, we have kl(P||u) = oo. O

Our aim is now to transfer Fact 6.6 to the more general linear sets L, ¢. This can be
done by pushforward and pullback constructions as shown in [Csi84]. We follow [CMO03] in
our outline and notation. Let g: S — R™ be measurable. For a probability measure p on
S, we write p, for its image measure on R". For a measure 7 << 4 on R", we write 751,
for the measure on S with p-density %(g(x)), where For a convex set C of probability

measures on R", let

C,1 = {PeP(S): PyeC). (58)
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Fact 6.7 (Csiszar). For p and C and g as above, we have
KUC, 1 1) = KI(C, [1g)- (59)

Moreover, 4 has information projection 77 on C if and only if 7,-1 ,, is the information
projection of p on Cy-1.

Now notice that the linear set L, ¢ we have that L, ¢ = (La)g-1. We can thus conclude
the following.

Fact 6.8 (Csiszar, Matus). For the linear set L, ¢ on the measurable space (S,S) and
finite measure p on S, we have kl(La ¢|p) < oo if and only of a € cc(ug).

Using the connection with exchangeability and Fact 6.2, we conclude the following
lemma.

Lemma 6.9. Given a finitely exchangeable binary sequence X = (Xj,...X,,) with law-
vector px and a measure g on [0,1]. Let c(p) — (p",p" 'p,...(1 — p)*) be as before.
Then p has an information projection on the set R§+ of possible positive mixing measures
for X, if and only if

Px € cc(pe)- (60)

Then the information projection @ is unique.

Proof. Because [0, 1] is compact and Hausdorff, we have seen that the unique information
projection on the convex set Ry = Lpy ¢, exists, if and only if kl(R% " ||1) < oo. Thus,

by Fact 6.8, we conclude. O

If exists, then () << p for the information projection @) of i on La¢. Our aim now is
to characterise its p-density. Fact 6.11 will give us that it comes from an extension of the
exponential family &, ¢ to measures supported on the faces of cc(je) defined in [CMO3].

Let pu be a measure on S and f: S — R"™ be measurable. Let F' C cc(ug) be a face
of the convex set cc(ug) C R™. Let up be the restriction of u to the set £=(cl(F)). The
following Lemma from [CMO1] is a key technical tool.

Fact 6.10 (Csiszar, Matus). Let F' be a face of cc(ug). The measure pp has convex core
F'. In particular, it is a nontrivial measure.

Thus exponential families with base measure pp are well-defined. A member of &, ¢
has a p-density e{®f()=AF ) for s € £~1(F) and 0 otherwise. Here A£(0) = [ elOf()) 1y (ds).
Then

ext(E,¢) = U Epp t (61)

F is a face of cc(pg)

is called the eztended exponential family with base measure pu and sufficient statistic f.

Observe that Fact 6.10 implies that the extreme points of cc(ug) are atoms of ug. In
particular, if /¢ is non-atomic, there are no non-trivial faces F' and we have ext(&,,¢) = £, ¢.
In general, the extension is a way of forming a closure of the exponential families by
including densities supported on convex hulls of atoms. See [CMO05| for details.

Fact 6.11 (Csiszar, Matus). Let the linear set L, ¢ and the measure p be such that p has
an information projection @ on La¢. Then @ € ext(&, ). Furthermore, @ belongs to the
component based on upr, where F' is the face with a € ri(£"). Moreover, @) satisfies the
Pythagorean identity

KI(P|l) = KI(P[Q) + KI(Q|l) for P € Lag. (62)
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Note in particular that if a € ri(cc(u)), then @ is in the actual exponential family £, ¢.
We are now ready to state and prove our general result.

Theorem 6.12. Let X be a finite exchangeable binary sequence and p a Borel measure
on [0,1], such that px € cc(ue). Then there is some p; in the extended exponential
family ext(£,c) that is a possible mixing measure for X. Furthermore, ;1 belongs to
the component based on up, where F' is the face with px € ri(F). In particular, if

px € ri(cc(pe), then gy € €, c.

Proof. By Lemma 6.9, the information projection uj of p exists on the set of possible

mixing measures R’;(’Jr = Lpy ¢, if and only if px € cc(puc). We can conclude by Fact 6.11.
Note that this result also provides the Pythagorean identity (62). O

To obtain the more tangible results like Theorem 6.1 stated above, our aim now is
to evaluate the convex core cc(pc). This is the content of the following results. They are
adapted from [CMO03], where the function 6 — (6,62, ...,60") is used as an example, instead
of our c(f) = (67, (1 —0)0"1 ... (1 —6)").

Corollary 6.13. Suppose that p has finite support s,. Then cc(uc) = cs(ue) and is a
polytope. The extended exponential family ext(£) coincides with the closure of &, ¢, when
viewed as a subset of R”.

Corollary 6.14. Suppose that p has infinite support s,. Let Y C s, be the set of atoms
of u.

i) The convex set cc(uc) has a non-empty interior which equals to that of conv(c(s,)).

ii) Each proper face F' of cc(up) equals a simplex conv(K) with K C c(Y) of size at
most n. In addition pep = peg-

iii) Each set K C c(Y) of size < § spans a face of cc(pc).

Proof. We only prove part i), which we directly need for the proof of Theorem 6.1, for
the rest we refer to [CMO03]. First of all, we observe that

cc(pte) C conv(c(sy)) = conv(c(s,)) = cs(pe)-

Indeed, c(s,) is a compact set of full measure and its convex hull is again a compact
subset of R, which is also full and convex. Thus cc(ue) C cs(ue) C conv(c(s,)). But
clearly conv(c(s,) is a subset of any closed convex set of full measure, so it follows that
conv(c(s,)) C cs(pc). By Fact 6.4, the sets cc(pc) and conv(c(s,)) share the same relative
interior. We can thus conclude if we can show that the latter has nonempty interior. We
closely follow the a argument in [CMO03].

The i.i.d curve c intersects any hyperplane H = {67 (d,0) = r} C R™1 in at most n
points, because ¢(f) € H implies that 6 is a real root of the polynomial °, d;0°(1—6)" ' —r
of degree at most n. This implies that any 1 < k < n + 1 points on the i.i.d. curve c(0)
are affinely independent, i.e. span a simplex of dimension £ — 1. In particular, conv(c(s,))
has nonempty interior, because s, is infinite. O

We can finally conclude Theorem 6.1 as a consequence of the first part of Corollary
6.14 and Theorem 6.12.

Proof of Theorem 6.1. By Corollary 6.14 i), the interior of cc(uc) is not empty and
equals conv(c(s,)). If X and p are such that px € int(cc(uc)), then the information pro-
jection puq of pu on the set Lpy ¢ of possible mixing measures for X is in the (non-extended)
exponential family &, . by Theorem 6.12. This ;1 then satisfies the requirements. 0
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7 Information projection and exchangeable graphs

In this section, we adapt the arguments in Section 6 to obtain analogous information
projection results for exchangeable graphs. In this case the density of the mixing measure
will come from an exonential random graph distribution. Since the the applications of the
information projection results are completely analogous, we only state the main results
and refer to Section 6 for more details.

We start by connecting an exchangeable graphs to the geometric view presented in
Section 1.1. Recall the graphon distributions, which are the infinite exchangeable graph
distributions that correspond to a deterministic graphon, i.e. which satisfy

P(Hlp = G) = tina(G, W)

for a fixed W € W. By the de Finetti theorem for graphs Fact 3.7, these are the ergodic
exchangeable graph distributions. For graphs on n vertices, the exchangeable distributions
form a simplex, of dimension m = |U,,|—1 and with extreme points as uniform distributions
on isomorphism classes of graphs in £,,, see [LRS18al|. The ergodic distributions again form
a parametric curve C in the simplex, given by

ind”: W — [0,1]™
1nd"(W) = (tind(Gla W), - tind(Gma W)), GZ e U,.

By Fact 3.7, the distributions in the convex hull of the curve C are exactly the exchange-
able graph distributions that are infinitely extendible. The curves ind" (and coordinate
projections thereof) are of great importance in extremal graph theory and are quite deli-
cate objects, see [Lov12| Chapter 16. Let F € L, be a finitely exchangeable random graph.
We write pr for the law-vector of F indexed by graphs G € L, i.e.

pslG] = P(F = G).

Fact 3.7 then gives us that if pr € conv(ind™()V)), then there is a probability measure
¢ in the linear set L, ¢, with a = pr and f = ind" of possible mixing measures for F. We
also writhe R§’+ for this set. Since W is compact, we can again conclude, using Fact 6.8,
a Lemma about existence of the information projection.

Lemma 7.1. Let F € L, be a finite exchangeable graph with law vector pr and a measure
pon W.. Let ind"(W) — (tina(G1, W), ..., tina(Gm, W)) be the ergodic curve as before.
Then p has an information projection on the set RS’JF of possible positive mixing measures
for F, if and only if pr € cc(pingn)-

Following the same steps, we also conclude the abstract extended exponential density
result for the projection.

Theorem 7.2. Let F € L, be a finite exchangeable graph and u a Borel measure on
W, such that pr € cc(jjngn). Then there is some p; in the extended exponential family
ext(&,,inda»), which is a possible mixing measure for F. Furthermore, ;1 belongs to the
component based on pp, where F' is the face with py € ri(F).

The real challenge is to evaluate the convex core of pjng», which is a hard problem,
given the complexity of the curve ind™(W). Partial steps can be made in this direction
along the lines of Corollary 6.14. Using an old result from graph theory in [ELS79|, we
can conclude a similar result to Corollary 6.14 ). The result in [ELS79] is stated in
terms of the standard homomorphism densities of graphs, we restate it in the graph limit

language. See also [Lov12|, [DGKR15| and [LRS18a].
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Fact 7.3 (Erdss, Lovasz, Spencer). The set ind" (W) contains an open ball B in R™.

Proposition 7.4. If ;1 is a measure on W of full support, then cc(uf 4) has a nonempty

interior that equals that of conv(ind"(W)).

Proof. We can similarly argue as in the proof of Corollary 6.14 i) that the two interiors

coincide. Fact 7.3 then gives us that int(conv(ind"()V))) is not empty. O

Note that unlike in the proof of Corollary 6.14 i) we cannot resort to the argument
that polynomials have finite number of roots. We thus needed to assume a full support
to be able to use Fact 7.3. Putting these results all together, we can finally conclude a
similar result to Theorem 6.1.

Theorem 7.5. Let F be a finite exchangeable graph in £,, and p a measure on VV of full

support. Then int(conv(ind™(W))) is not empty and there is some p1 € &, jnan that is
also in the set of possible mixing measures RI?H’, if and only if

pr € int(conv(ind™(W))). (63)

The densities in the exponential family &, ;nqn are the so called exponential random
graph distributions. They are of great interest for statistical inference in network models,
see e.g. [CD13] and references therein and [LRS18b] for a connection to exchangeability.
Our result states that a mixing measure p1 for an infinitely finite extendible exchangeable
graph F € £, can be chosen from the exponential family random graphs with any base
measure y of full measure. That is, there is a parameter § € R™, such that

Here m = |U,| as usual, and F; € U,,.
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