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In this paper we consider the posterior consistency of Bayesian infer-
ence procedures when the family of models consists of appropriate stochastic
processes. Specifically, we suppose that one observes an unknown ergodic
process and one has access to a family of models consisting of dependent
processes. In this context, we consider Gibbs posterior inference, which is a
loss-based generalization of standard Bayesian inference. Our main results
characterize the asymptotic behavior of the Gibbs posterior distributions on
the space of models. Furthermore, we show that in the case of properly spec-
ified models our convergence results may be used to establish posterior con-
sistency. Our model processes are defined via the thermodynamic formalism
for dynamical systems, and they allow for a large degree of dependence, in-
cluding both Markov chains of unbounded orders and processes that are not
Markov of any order. This work establishes close connections between Gibbs
posterior inference and the thermodynamic formalism for dynamical systems,
which we hope will lead to new questions and results in both nonparametric
Bayesian analysis and the thermodynamic formalism.

1. Introduction. In this paper we study the posterior convergence of a generalized Bayes
inference procedure for fitting an observed stochastic process to a model family consisting of
a suitably parametrized collection of Gibbs measures. We focus on Gibbs measures for finite
alphabet ergodic processes, which we will call Gibbs processes. Gibbs processes include irre-
ducible Markov chains and processes with infinite order dependence. Standard approaches to
Bayesian inference require full specification or substantial knowledge of the data generating
process, which is usually assumed to belong to the family of models under study. However,
when studying dynamical or other complex systems, this requirement is difficult to verify
and often unrealistic. Instead, we assume the existence of a loss-function that can be used to
assess how well a sequence generated by a model process fits the observed data sequence.
We then study the resulting Gibbs posterior, which is a loss-based extension of the standard
Bayesian posterior that does not require specification of the data generating model. The stan-
dard Bayesian posterior corresponds to the special case of negative log-likelihood loss.

We characterize the asymptotic behavior of the Gibbs posterior distribution on the param-
eter space as the number of observations tends to infinity. In particular, we establish that the
limiting exponential growth rate of the normalizing constant (partition function) of the Gibbs
posterior is characterized by a variational problem over the space of joinings of the observed
and model systems. Moreover, we show that the Gibbs posterior distributions concentrate
around the solution set of this variational problem. The variational problem is a general-
ization of the well-known variational principle for Gibbs measures. In the case of properly
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specified models our convergence results may be used to establish posterior consistency. We
apply the posterior convergence result to the direct observation of a Gibbs process as well as
hidden Gibbs processes, generalizing previous posterior consistency results for Markov and
hidden Markov models in Bayesian nonparametrics.

Both Gibbs posteriors and Gibbs measures have close connections with statistical physics;
our analysis shows that they provide a natural framework for generalized Bayesian inference.
Our work relies in part on ideas from the thermodynamic formalism and the theory of dy-
namical systems, and one of its primary contributions is demonstrating how these ideas can
be brought to bear on problems of statistical inference.

1.1. Connections to previous work. The work in this paper lies at the intersection of
several research areas, including Bayesian nonparametrics, inference for stochastic processes,
generalized Bayes inference, and ergodic theory and dynamical systems. Here we discuss
some related literature.

In the i.i.d. setting, Doob [13] established Bayesian posterior consistency for almost every
parameter value in the support of the prior using martingale methods. Subsequently, Schwartz
[48] gave necessary and sufficient conditions for posterior consistency at individual param-
eter values. The challenges of establishing posterior consistency for nonparametric models
were highlighted by Diaconis and Freedman in [11] (see also [12]). Bayesian nonparametrics
remains an active area of research: for a detailed review we refer the reader to the recent
books of Ghosal and van der Vaart [19] and of Ghosh and Ramamoorthi [20].

Recent work on inference from stationary ergodic processes and dynamical systems in-
cludes denoising (filtering) [30, 31], consistency of maximum likelihood estimation [38],
forecasting and density estimation [24, 50], empirical risk minimization [40, 41], as well
data assimilation and uncertainty quantification [32]. More information can be found in the
survey [39].

A number of researchers have been working on Bayesian posterior consistency for finite
state hidden Markov chains [8, 14, 17, 51]. Our work generalizes these results, covering the
setting of deterministic dynamics in the state transitions, as well as models with longer range
dependencies.

Shalizi [49] considered posterior consistency for dependent processes, extending the
testing-based approach of Schwartz [48]. His work describes a framework for establishing
posterior consistency based on a set of general assumptions, among which are (i) the exis-
tence of a sieve-like structure for capacity control that must be compatible with the prior, the
model family, and the observed process, (ii) finiteness of the relative entropy rate between the
observed process and a set of models having positive prior measure, and (iii) the existence of
a dominating measure for the model family. In the setting studied here, the first condition is
difficult to verify and the latter two conditions will not hold in general.

Our approach and results differ from those in the existing literature in several respects. We
do not adopt the testing-based (or sieve-based) approach of Schwartz and others. Instead, our
arguments proceed in a direct way from the definition of the Gibbs model families and the
Gibbs posterior construction, making only mild assumptions on the regularity of the model
families and the integrability and modulus of continuity of the loss function.

The idea of a variational formulation of Bayesian inference was developed by Zellner
[59], and the link between statistical mechanics and information theory with Bayesian infer-
ence was at the heart of the inference framework advocated by Edwin T. Jaynes [25]. The
motivation for generalized Bayes is to have a coherent inferential procedure that quantifies
uncertainty when the model may be misspecified, the likelihood is difficult to compute, or
the data generating process is known modulo invariants or equivariance. Generalized Bayes
can adapt classical conditional probability updating to these settings.
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Generalized Bayes inference refers to loss-based procedures for updating prior beliefs.
These procedures remain valid when one does not have access to a true likelihood; standard
Bayesian inference corresponds to the negative log likelihood loss. The idea of using loss
functions to update beliefs goes back at least to Vovk [52]. It has played a central role in
the PAC-Bayesian approach to statistical learning [6, 37] and has been adopted by the main-
stream Bayesian community [4, 42]. In [27] the term Gibbs posterior was introduced, and the
advantages of the Gibbs posterior over standard Bayesian approaches in some settings was
demonstrated. In [22] the authors provide a generalized Bayesian framework (closely related
to the Gibbs posterior) that is consistent under misspecification. In [23] consistency and rates
of convergence are obtained for generalized Bayesian methods including the Gibbs posterior
as well as PAC-Bayes procedures. In [2] a general inference procedure called data dependent
measures is introduced, of which Gibbs posteriors are a special case, along with consistency
and rates of convergence in the i.i.d. setting. The Gibbs posterior framework was adapted
in [62] for uncertainty quantification for inverse problems involving the solution of partial
differential equations.

Bayesian inference for infinite dimensional problems has been explored in the control
theory and inverse problems literatures [36, 43, 45]. Whereas our work considers posterior
consistency for discrete, deterministic dynamics, the generating process in [36] is a stochastic
differential equation. In [43, 45] the authors consider nonlinear estimation and communica-
tion from a variational Bayesian point of view, establishing close connections between infor-
mation theoretic quantities and associated primary and secondary Bayes problems. While the
objectives of this work are different than ours, the underlying models are similar to those in
this paper, and exploring connections in more detail is clearly of interest.

The setting and results of [40] and [41] may be considered frequentist analogues of the
present work. They consider empirical risk minimization based on observation of an unknown
ergodic process, a model family determined by a continuous self-map of a compact space,
and a loss function relating observations and model trajectories. The asymptotic behavior of
empirical risk minimization is determined by a variational problem that is similar in spirit,
but substantially simpler than that arising in the Bayesian setting studied here.

The thermodynamic formalism in dynamical systems, originally pioneered by Sinai, Ru-
elle, and Bowen, arises from the study of statistical physics, and has played a large role in
the development of dynamical systems over many years. For an introduction to the area and
some connections to statistical physics, see the books by Bowen [5], Ruelle [46], or Walters
[53]. Let us mention that connections to Markov chains and other stochastic processes have
a long history in this area [3, 57, 58].

1.2. Overview. The next section describes our general framework for the observed sys-
tem and model families. In Section 3, we describe Gibbs posterior inference and introduce
loss functions in our setting. Section 4 contains statements and discussion of our main results,
and Section 5 describes our main application of these results, posterior consistency for hidden
Gibbs processes. In Section 6, we present a detailed discussion of the rate function that arises
in our main results. Finally, after establishing a technical preliminary in Section 7, we present
the proofs of our main results in Sections 8—10. Note that we also provide several appendices
containing background material and routine technical results that are used throughout our
proofs.

2. Observed system and model family.

2.1. Observed system. Our inference framework consists of two main components. The
first component is an observed stochastic process, which we formulate in terms of dynamical
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systems as follows. Let ) be a complete separable metric space. Here and throughout this
work we assume that all such spaces are endowed with their Borel o -algebras, and we sup-
press this choice in our notation. Let 7 : ) — ) be a Borel measurable map. We let M ()))
denote the set of Borel probability measures on ), endowed with the weak™ topology on
measures. A measure v € M ())) is said to be invariant under 7 if v(T~'E) = v(E) for all
Borel sets E C ). The set of T-invariant measures in M ())) is denoted by M (Y, T'). Fur-
thermore, v € M(), T) is said to be ergodic if v(E) € {0, 1} for all Borel sets E satisfying
T—1(E) = E. We assume in what follows that we observe the trajectory of a system (), T, v)
where v € M(Y, T) is ergodic.

2.2. Gibbs measures. The second component of our inference framework is a collec-
tion of models. In order to model dependence in the standard statistical setting, one typically
considers (hidden) Markov models or more complex state space models. In our analysis we
would like to be able to handle model processes with long range dependencies, and so we
consider a general class of processes arising from so-called Gibbs measures in dynamical
systems. This class of processes strictly generalizes the class of finite state Markov models
with arbitrarily large order (see Example 1). Furthermore, as we discuss below, the thermody-
namic formalism guarantees that these model families can be continuously parametrized and
that they admit strong exponential estimates. These properties ensure that our model families
are suitable for Gibbs posterior inference.

Let us also remark that Gibbs measures and their associated processes have strong connec-
tions to lattice models in statistical physics, such as the Ising model or the Potts model. Lattice
models have been used in statistics for problems like image segmentation [18] and Bayesian
variable selection [34]. The use of lattice models for inference requires that a unique proba-
bility measure exists and can be specified for the configuration space on the lattice: if a unique
measure cannot be specified, then quantities such as the posterior and the likelihood would
not be well defined. As we describe below, the thermodynamic formalism provides general
conditions under which the configuration space on the lattice Z¢ has a distinguished measure.
For stochastic processes, the natural lattice to consider is Z.

Before giving a precise definition of a Gibbs measure and its corresponding stochastic
process, we must first introduce the underlying state space for such models, which is called a
mixing shift of finite type (SFT). A shift of finite type is a dynamical system that is the topo-
logical analogue of a finite state aperiodic and irreducible Markov chain. SFTs have been
widely studied in the dynamical systems literature, both for their own sake [35] and as model
systems for some smooth systems such as Axiom A diffeomorphisms [5]. Furthermore, SFTs
have substantial connections to statistical physics and other fields such as coding and infor-
mation theory [35, 46].

Here we give a proper definition for a mixing SFT. Let A be a finite set, known as an
alphabet, and let & = A” be the set of bi-infinite sequences x = (x,,) with values in .A. For
i <jin Z, we set xiJ = X; ...xj. Define the left-shift map o : ¥ — X by 0 (x), = x,41. A
set X' is called an SFT if there exists n > 0 and a collection of words W C A" such that X’ is
exactly the set of sequences in X that contain no words from W:

X={xeX:VieZ, xit1...Xitn ¢ W}.

Here W is called a set of forbidden words for X . Note that by choosing W = &, one obtains
the full sequence space X, which is known as the full shift (on the alphabet A). Also, we
endow A with the discrete topology and X with the product topology, which makes any such
X closed and compact. We define the map S : X — X to be the restriction of the left shift
o to X. Let L, denote the set of words of length m (i.e., elements of .4™) that appear in
at least one point of X, and let £ = {59 Lm. An SFT X is said to be mixing if for any
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two words u, v € L, there exists N such that for all m > N, there exists a word w € £,
such that uwv € L. The following equivalent definition is perhaps more intuitive to readers
familiar with Markov chains. Let A be the square matrix indexed by .A" defined for for words
u,v € A" by the rule

1, if3x e X suchthatx} ' =uandx! =v
Auv = .
0, otherwise.

Then X is mixing if and only if there exists N > 1 such that A" contains all positive entries.
Our standard assumption on X’ is that it is a mixing SFT.

To model stochastic behavior on the topological system (X, S), we consider a family of
stochastic processes defined by S-invariant probability measures on X, called Gibbs mea-
sures. To introduce Gibbs measures, one begins with a function f : X — R, which is called
a potential function (or just a potential). A Borel probability measure p on X is said to be a
Gibbs measure corresponding to the potential function f : X — R if there exists constants
P eRand K > 0suchthat forall x e X and m > 1,

0 Py p(x[0, m — 11)) B
T exp(—Pm + Y05 f(S(x)) T

where x[0, m — 1] is the cylinder set of points y in X such that x; = y; foralli =0, ..., m—1.
The property in (1) is called the Gibbs property. By a celebrated result of Bowen [5], under
mild regularity conditions on f, there is a unique Gibbs measure u € M (X, §) with potential
function f, and furthermore the measure w is ergodic. The constant P = P(f) is called the
pressure of f.

DEFINITION 1. Let f: X — R be a potential with unique Gibbs measure 1 r. Then the
Gibbs process with potential f is the process Xy = {X;};ez with X; € A and distribution

-

The Gibbs measure is a generalization of the canonical ensemble in statistical physics
to infinite systems. Potential functions have natural connections with Hamiltonians in the
study of lattice systems in statistical physics. In considering inference, we will think of loss
functions as potential functions. We remark (again) that the class of Gibbs measures strictly
generalizes the class of Markov chains, allowing for arbitrarily long dependencies. Indeed,
Example 1 shows that any Markov chain of order k on the alphabet A can be realized as
a Gibbs measure by an appropriate choice of a potential function that depends on only k
coordinates. On the other hand, when the potential function f depends on infinitely many
coordinates, the corresponding Gibbs measure is not Markov of any order. In this way, our
model families may include Markov chains with unbounded orders, which highlights the
degree of dependence allowed by our framework.

EXAMPLE 1. Suppose P is the transition matrix for an irreducible aperiodic Markov
chain on the state space A. Let p be the unique stationary distribution for P, and let X’ be the
corresponding Markov process. In this example we show how to construct a potential function
f so that the associated Gibbs process X is equal in distribution to X'. First, consider the
0— 1 matrix A such that A,, = 1 if and only if P,, > 0. Then let X’ be the SFT on alphabet A
defined by the matrix A. Equivalently, one may take the set of forbidden words W to be the set
of words uv of length two such that P,,, = 0. Note that X is mixing since P is irreducible and
aperiodic. Next, define the potential function f : X — R by the rule f(x) = —log P(xo, x1).
Then the corresponding Gibbs process X s is equal in distribution to the Markov process X’
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(defined by stationary distribution p and transition matrix P). Similarly, one may check that
if Y = {Y;};ez is a stationary irreducible aperiodic k-step Markov chain on A, and if X is
the SFT with forbidden words xlg e AF1 guch that P(Yk = x(’)‘) =0and f: X — Ris the
potential function f(x) = —logP(Yy = xleé‘_1 = xg_] ), then the associated Gibbs process
X is equal in distribution to Y.

2.3. Model families. In order to perform statistical estimation or inference, we require
not just a single model process, but rather a family of processes. In this section we specify
general conditions under which a family of Gibbs processes (see Definition 1) is suitable
for Gibbs posterior inference. As Gibbs processes are uniquely defined by their potential
functions, we specify a family of Gibbs processes by parametrizing a family of potential
functions. In order to state our regularity condition on families of potential functions, we
require some additional definitions.

For points x, y in X', we let n(x, y) denote the infimum of all |m| such that x,,, # y,,. We
then set dy(x, y) = 277(%.¥) and we remark that dx (-, -) is a metric on X (see [35], p- 174).
For r > 0, we let C"(X) denote the set of continuous functions from X to R with Holder
exponent r, that is, the set of functions f : X — R for which there exists a constant ¢ such
that for all x, y € X,

[f() = fOD)| < cdx(x, )

Furthermore, we endow C” (X’) with the topology induced by the norm || - ||, where

171l = sup| £ ()| + sup LSO
XeX x#y dx(x,y)

Now we define the regularity condition necessary for our model families.

DEFINITION 2. Let ® be a compact metric space with metric dg. A parametrized family
of potential functions F = {fp : 6 € ®} will be called a regular family if there exists r > 0
such that 7 C C"(X) and the map 6 — fp is continuous in the topology induced by the norm
(NP

If a family {fy : 0 € ®} is a regular family, then the map 6 + g is continuous in the
weak™ topology on measures, and the constants K (fp) and P( fy) that appear in (1) depend
continuously on 6 (see [1]). Furthermore, since ® is compact, a uniform Gibbs property
holds: there exists a uniform constant K and a continuous function 6 — P( fg) such that for
alle®, x e X,and m > 1,

119 (x[0, m — 1]) B
exp(—P(fo)m + Y02y fo(Skx)) ~

2) K'<

We assume throughout that 7 = {fy : 6 € ®} is a regular family of potential functions,
and that our model class consists of the corresponding Gibbs measures {ug : 0 € ®}, or
equivalently, Gibbs processes {Xy : 6 € ©}, where we define Xy = X, . In this way we obtain
a continuously parametrized family of measures, or equivalently dependent processes, that
are characterized by the potential functions fg. These model families substantially generalize
parameterized families of finite order Markov chains.
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3. Gibbs posterior inference. The inference paradigm we consider is known as Gibbs
posterior inference, which is a generalization of the standard Bayesian inference framework.
The basic idea behind the Gibbs posterior [4, 27] is to replace the likelihood with an exponen-
tiated loss or utility function in the standard Bayesian procedure for updating beliefs about
an unknown parameter of interest 8. Whereas the standard Bayes posterior takes the form

Likelihood(data|f) x 7 (0)
Jo Likelihood(datal6”) x 7 (0") d6’’

m(f|data) =

the Gibbs posterior has the form

exp(—£(data, 0)) x 7 (6)

0 d t == )
m(Bldat) = S o(—E(data, ) x 7(0') d6"

where ¢(data, 0) is the loss associated with 6 based on the observed data. When the loss
function is the negative log-likelihood then the two paradigms are identical. The original
motivation for the Gibbs posterior was to specify a coherent procedure for Bayesian inference
when the parameter of interest is connected to observations via a loss function, rather than
the classical setting where the likelihood or true sampling distribution is known; see [4] for
more arguments in favor of the Gibbs posterior and discussion about how the Gibbs posterior
framework addresses model misspecification and robustness to nuisance parameters. Note
that in the general Gibbs posterior framework without a likelihood, there is no generative
model assumed for the observations.

Recall that as part of our standard assumptions, the model class {up : 6 € ®} is a family
of Gibbs measures on A" corresponding to a regular family of potential functions (Definition
2) indexed by parameters from a compact metric space ® with metric dg. The elements
of ® will also be used to parametrize the relationship between states and observations, for
example, emission probabilities in hidden Gibbs processes. Define a metric on ® x X’ by

d(®,x), (0", x")) =max(de(9,0), dx(x, x")).

Recall that the observed system has a Polish state space ) with invariant measure v. Here and
throughout this work, we assume that we have a loss function £ : ® x X x Y — R satisfying
the following conditions:

(1) £ is continuous;
(ii) there exists a measurable function £* : ) — R such that for all y € ), sup, , [£(9, x,
V| <€*(y),and [ £*dv < oo;
(iii) for each § > O there exists a measurable function ps : ) — (0, 0co) such that for each
yey,

sup{[€(0, x,y) —£(6",x", y)| : d((0,x), (6", X)) <8} < ps(¥),
and limg_, o+ [ psdv =0.

Condition (ii) is an integrability condition on the loss, while condition (iii) is a requirement
on the modulus of continuity of the loss. In Section 4.1 we provide examples of loss func-
tions satisfying these conditions. Note that including the parameter 6 in the loss function
may be considered nonstandard in statistics. However, this formulation will simplify notation
throughout the paper, and in Section 4.1 we establish that this setting is equivalent to the
standard one. Also note that the dependence of the loss on ® and on the uncountable space
X allows us to model continuous observations and emission probabilities.

With the loss function and parameter 6 € ® fixed, we define the loss of the finite sequence
x(’)’_1 € X" with respect to a finite sequence of observations y(')’_1 € V" to be the sum of the
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per-state losses:

n—1
3) G0~y =D €0 xe 0.
k=0
When xg_l = (x,Sx,...,5" !x) and yg_l = (y,Ty,...,T""'y) are initial segments of

trajectories of S and 7 (defined in Section 2), respectively, we write £, (6, x, y) instead of
Cu(0; x0 1 yah.

Let us now give the definition of Gibbs posterior distributions on ®. Here we consider the
(subjective) case, in which one begins with a fully supported prior probability measure g
on ®. As a first step in obtaining the Gibbs posterior, we extend g to a prior distribution on
® x X. In detail, given the family {ug : 6 € ®} of Gibbs measures on X, define the induced
prior distribution Py on ® x X" by

@) Py(E) = / / 150, x) d g (x) do(0)

for any Borel set E C ® x &'. Under the Gibbs posterior paradigm [4, 27], given observa-
tions (v, Ty, ..., T""'y) € V", our updated beliefs are represented by the Gibbs posterior
distribution P,(-|y) on ® x X defined for Borel sets E C ® x X by

&) P,(Ely) = ! /ex (—E @, x ))dP @, x)
ny_Zn(y)Ep ntoxh R
©) - an(y) / / 150, x) exp(—Ey (8. x. y)) d g (x) do(8).

Here Z,(y) is the normalizing constant (also known as the partition function in statistical
physics terminology), given by

Zu(y) = f exp(—£, (6. x, ) d Po(6, x).

The Gibbs posterior distribution 7, (-|y) on ® is simply the ®-marginal of P,(-|y), defined
for Borel sets A C ® by

a(Aly) = Pp(A x Xy).

We are interested in the asymptotic behavior of the posterior distributions 7, (-|y). As the
observed process need not be in our model family, standard notions of posterior consistency
are not appropriate. Instead, we establish that the posteriors 7, (-|y) concentrate on the set of
parameters that minimize a lower semicontinuous rate function. In this sense, our inferential
focus is on parameters 6, and not the initial states x of the models, as the latter is known to
be impossible for many dynamical systems, including shifts of finite type [30, 31]. Let us
summarize our framework.

e We begin with a fully supported prior g on a compact set ® that smoothly parametrizes a
family of Gibbs measures {ug : 0 € ®} on X.

e From mp and {1y : 6 € ®}, we obtain an extended prior Pp on ® x X.

e We observe the initial trajectories y, ..., 7"~y of a stationary ergodic system (), T, v).

e From Py, the observed initial trajectory, and the loss function £ we obtain the Gibbs poste-
rior P, on ® x X.

e Finally, we marginalize P, to get the posterior 7, on ®.
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4. Main results. Before stating our main results, let us briefly summarize the standard
assumptions that we make here and throughout this work. We assume that ® is a compact
metric space, 7 is a fully supported prior distribution on ®, { fy : 6 € ®} is aregular family of
potential functions on a mixing SFT X (as in Definition 2), {ig : 6 € ®} is the corresponding
family of Gibbs process measures, (), T, v) is a stationary ergodic probability-preserving
system on a complete separable metric space equipped with the Borel o -algebra, and £ : ® x
X x Y — R is aloss function satisfying conditions (i)—(iii). With these objects in place, we
consider Gibbs posterior inference, as described in Section 3 above. Our analysis begins with
the exponential growth rate of the (random) partition function Z,, for large n. In particular, we
establish a variational principle for the almost sure limit of n~!log Z,, as n tends to infinity.

THEOREM 1. Under the standard assumptions above there exists a lower semicontinu-
ous function V : ® — R such that for v-almost every y € ),

. 1 .
h%n—;log Zy(y) =912£)V(9).

REMARK 1. The compactness of ® and lower semicontinuity of V ensure that the infi-
mum in Theorem 1 is obtained. The conclusion of the theorem is similar to a large deviations
principle (see, e.g., [15]), with V : ® — R playing the role of the rate function. For this rea-
son, we refer to V as the rate function in this setting. A detailed discussion of V appears in
Section 6, where we show that V can be expressed as the sum of an expected loss term and a
divergence term.

The variational expression that appears in Theorem 1 suggests that we focus on the
(nonempty, compact) set of parameters 6 that minimize the rate function,

Omin = argmin V (0).
0e®

The Gibbs posterior distribution is asymptotically concentrated on this set.

THEOREM 2. For each open neighborhood U of ®nin and v-almost every y € Y,

lir{njrn((@ \Uly)=0.

In light of this result, it is possible to answer questions about Gibbs posterior consistency
by analyzing the variational problem defining ® . We illustrate this approach to posterior
consistency in our main application, hidden Gibbs processes (see Section 5).

REMARK 2 (Optimality of ®pi,). One may wonder whether 7, (-|y) in fact concentrates
around a strict subset of ®p;,. Proposition 8 (in Appendix B) addresses this question on
the exponential scale. It states that if U C ® is open and intersects ®p;y, then the posterior
probability of U cannot be exponentially small as n tends to infinity, that is, for v-almost
every y the quantity n~! log 7, (U|y) tends to zero as n tends to infinity.

REMARK 3 (Support of the prior). Recall that as part of our standard assumptions, we
assume that the prior g is fully supported on ®. In general, the topological support of g
will be closed (by definition) and therefore compact, as ® is compact by assumption. Thus,
if the support of 7 is a strict subset @ C ®, then Theorems 1 and 2 continue to hold with ®
replaced by ®'.
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REMARK 4 (Functions of Markov chains and differentiable state space models). Al-
though we present our results here in the context of Gibbs processes, we note that analogous
results may be immediately obtained for functions of Gibbs processes. In particular, our re-
sults hold for appropriate model families consisting of functions of mixing Markov chains,
which may not be Markov of any order. Additionally, results similar to those here may be
established for certain state space models in which the underlying dynamics are governed by
families of differentiable dynamical systems on manifolds (as in [38]). In particular, using
our results and the well-known connections between SFTs and Axiom A systems (see [5]),
it is possible to establish analogous conclusions for Axiom A diffeomorphisms with Gibbs
measures.

REMARK 5 (Ground states and MAP). From a thermodynamic perspective, it is natural
to introduce an inverse temperature parameter 8 € R and consider the new loss function
Lg(0,x,y)=pB-£(0,x,y). In this setting, one would like to understand what happens as
tends to infinity. In Section 6.7, we identify the limit of both V and ®p;, as 8 tends to infinity
in terms of variational problems considered in previous work [40].

The use of an inverse temperature parameter has also been used in practice to perform
maximum a posteriori (MAP) estimation. MAP estimation is a common alternative to fully
Bayesian inference that is used in both statistics and machine learning. It involves finding
the parameter that is the posterior mode. The motivation for MAP estimation is often com-
putational efficiency and the lack of a need for uncertainty quantification. The idea of adding
an inverse temperature parameter () to a Gibbs distribution for MAP estimation was intro-
duced for Bayesian models in a seminal paper by Geman and Geman [18], who also gave an
annealing schedule to increase the inverse temperature with a provable guarantee for finding
the posterior mode.

REMARK 6 (Connections to penalization). The formulation of Bayesian updating as a
variational problem with an entropic penalty has been previously explored [4, 59], and these
ideas are related to Jaynes’ maximum entropy formulation of Bayesian inference [26]. In both
[4] and [59], posterior inference was formulated as follows: given a loss function £(6, x) and
a prior m, the posterior distribution is

m(0)|x) = argmin{f 20, x)du@) +dgr(u, n)},
H 0

where dkr (u, ) is the relative entropy between u and 7. The function being minimized
above has close connections to the function V (6) in Theorem 1; see Definition 4 below.

REMARK 7 (Convergence of full Gibbs posteriors). Our main results establish the con-
centration of the ®-marginal posterior distributions 7, (-|y) around the limit set ®y;,. In con-
trast, the A'-marginal of the full posterior distribution P, (-|y) need not concentrate around
any particular subset of X' (according to the negative results of [30, 31]). Nonetheless, Propo-
sition 9 (in Appendix C) gives a characterization of any Cesaro limit of the full posteriors.

REMARK 8 (Posterior contraction rate). In light of the posterior convergence guaranteed
by Theorem 2, it is natural to ask about the rate of this convergence. We expect that the
thermodynamic formalism could be used to obtain a posterior contraction rate under the
assumptions of this paper, but our arguments cannot be easily adapted to yield such a rate.
We mention it here as an interesting question for future research.
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REMARK 9 (Importance of the Gibbs property). The Gibbs property (1) of the measures
e makes them particularly suitable as model distributions for the purposes of Gibbs poste-
rior inference. Broadly speaking, the existence of such exponential estimates for the model
distributions renders them amenable to analysis, and similar estimates appear elsewhere in
the Bayesian nonparametrics literature [19, 55]. At a technical level, this property ensures
that the divergence term in the rate function V is well behaved. Finding generalizations of
this property that are satisfied by additional model classes represents an interesting avenue
for future research.

4.1. Examples of inference settings and associated loss functions. While the inference
framework above allows very general observations, the model families we consider are
restricted to Gibbs measures on shift spaces, which correspond to families of dependent
finite-valued processes. The latter may seem limited when compared to real-valued or more
abstract-valued processes. However, as the following examples illustrate, this is not the case.
The sequence space X is typically uncountable, and, in conjunction with the left shift and
appropriate state-observable maps, it can be used to generate real or more general valued
processes from the finite state processes in the model family. This flexibility in modeling
arises in part from the generality of the loss function, and its potential dependence on 6. Each
of the examples below yield loss functions that satisfy conditions (i)—(iii).

EXAMPLE 2 (Continuous, deterministic observations). Suppose that the state space )
of the observed system is a subset of the real line, so that the observations y, Ty, sz, ..
are real-valued and deterministic. In this case, we may fit the observations to a family of
continuous models generated by the Gibbs measures {11y : 6 € ®} on X using a continuously
parametrized family {¢y : X — R} of continuous observation functions. Given 6 and x, the
initial part of the real-valued sequence {¢g (S kx)}kzo can be fit to the observations. Models of
this sort are called dynamical models, and they have been studied in the context of empirical
risk minimization in [41]. If the measure v has finite second moment, and £ is the squared
loss £(0, x,y) = |pg(x) — y|2, then conditions (i)—(iii) on the loss are satisfied.

EXAMPLE 3 (Discrete observations). Let .4 and B be finite sets. Suppose that we make
B-valued observations, that is, ) C B%, and we wish to model these observations with a
family of Gibbs measures {14 : 0 € ©} on X with X C A%. Let ¢ : A — B be an observation
function, so that a point x in X" gives rise to the B-valued sequence {¢(xx)}x>0. Let £ be the
discrete loss, £(0, x, y) = 1(¢(xg) #% yo). Then the conditions (i)—(iii) on the loss are satisfied.

EXAMPLE 4 (Family of conditional likelihoods). Suppose that {p(:|x,0) :0 € ©,x € X’}
is a family of conditional densities on Y with respect to a common Borel measure m on ).
Here p(-|x, 0) is the conditional likelihood of a single observation given the parameter 6 and
system state x. Under appropriate continuity and integrability conditions on the family of
likelihoods, the negative log-likelihood function, £(0, x, y) = —log p(y|x, 6), satisfies con-
ditions (i)—(iii). In this situation, the Gibbs posterior is the same as the standard Bayes pos-
terior. Furthermore, the dependence of the loss on the parameter 6 allows one to parametrize
the conditional observation densities, as in the parametrization of emission densities in the
study of hidden Markov models. Note that in the Gibbs posterior framework, the true ob-
servation system (), T, v) may be fully misspecified—it need not be related to any of the
generative processes implied by the family of Gibbs measures and conditional likelihoods.
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5. Application. In this section we present an application of our main results on Gibbs
posterior consistency to standard posterior consistency for families of properly specified
dependent processes. In particular, we establish Bayesian posterior consistency for hidden
Gibbs processes. This result generalizes previous results on posterior consistency for hidden
Markov models by allowing substantially more dependence in the hidden processes, includ-
ing families of Markov chains with unbounded orders.

5.1. Hidden Gibbs processes. In this section we consider posterior consistency for more
general observation processes. Let X be a mixing SFT, { fp : 6 € ®} C C" (X)) aregular family
of Holder potential functions (as in Definition 2), and {ug : 6 € ®} the corresponding family
of Gibbs measures. Let [1g be any fully supported prior distribution on ®.

The novel feature of the present setting is that we allow for general observations of the
underlying family. Suppose that m is a o -finite Borel measure on a complete separable metric
space U and that ¢ : ® x X x U — [0, 00) is a jointly continuous function such that for all
fe®andx e X,

/(pg(ulx)dm(u) =1.

We regard {gp(-|x) : 0 € ®, x € X'} as a family of conditional likelihoods for u € U given 6
and x. We assume that the function L : ® x X x U — R given by L(6, x, u) = —log ¢g (u|x)
satisfies the integrability and regularity conditions (i)—(iii) from Section 3. Furthermore,
we require condition (L2) from [38], which stipulates that there exists o > 0 and a Borel
measurable function C : ® x U — [0, co) such that for each (8, u) € ® x U, the function
L@, -,u): X — Ris a-Holder continuous with constant C (6, u), and for each 8 > 0,

sup / exp(BC (0, u))pp (u|x) dm(u) < oo.
(0.x)€OxX

This condition may be viewed as a condition on the regularity of the conditional density
functions; it is used in [38] to control the likelihood function in the large deviations regime.
With these conditions in place, we assume that the conditional likelihood of observing
n—1 n . .

uy,  €U" given (6,x) €@ x X'is

n—1

po(ug " 1x) = [ o (uxlS*x),
k=0

and that the likelihood of observing uj, “leyn given 0 € O is

/ po(ul ™ x) dpg (x).

In other words, for each 6 € ®, we have an observed sequence Uy, Uy, ... generated as fol-
lows: select X € X according to ug and for each k > 0 let Uy € U have density ¢g(-|SKX)
with respect to m. Denote by ]P’g the process measure for the process {Uy}, which has likeli-
hood pg.

Now let l'[,,(-|u8_1) be the standard Bayesian posterior distribution on ® given observa-

tions ug_l based on the prior [1g and the likelihood pg: for Borel sets E C ©,

JE po(ug ") dTlo(60)
Jo po(ug~")dTlo(6)

We consider the properly specified case, in which there exists a parameter 6* € © such that
the observed process {Y},} is drawn from IP’g*. In order to address posterior consistency, we
define the identifiability class of 6*, denoted [6*], to be the set of 6 € ® such that IP’g = IP’g*;

in other words, a parameter is in [0*] if its associated process has the same distribution as the
process generated by 6*. The following result establishes posterior consistency in this setting.

M (Eluf ™) =
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THEOREM 3. Let E C © be an open neighborhood of [0*]. Then
. -1
imI,(©\ ElYy ™) =0, Pg.-as.

The proof of Theorem 3 is based on the principal results above. In particular, we use
these results to establish convergence of the posterior distribution, and then we use problem-
specific arguments to prove that the limit set iy, is equal to the identifiability set [0*]. These
problem-specific arguments rely on previously studied connections between large deviations
for Gibbs measures and identifiability of observed systems [38].

5.2. Example: Ising model, Potts model, and nearest neighbor spin systems. In this ex-
ample we consider models from statistical physics that have been used for statistical infer-
ence in the presence of dependence and verify that they satisfy the hypotheses of our results.
In the simplest version of these models the random variables ..., X_1, Xo, X1, ... corre-
spond to ordered sites in a one-dimensional lattice system. Each site can be in one of ¢ > 1
states (or “spins”) that we label A = {1, ..., g}. The energy of the system and the probability
of state configurations are determined by a function 4 : A — R that captures the baseline
energy of individual states and a function g : A x A — R that captures the interactions
between neighboring pairs of states. For n € N the model assumes that the configuration
Xy =X0...Xy € A"*1 appears with probability proportional to

n—1 n
eXP(Z 8 Xk, Xp4+1) + Z h(xk)>-
k=0 k=0

If ¢ > 2, h is identically zero, and g(a, b) =2 - 1(a = b), then this is the well-known Potts
model with inverse temperature . The special case g = 2 corresponds to the standard Ising
model. Gibbs processes can be viewed as generalizations of such models in which nontrivial
interactions between states may occur at arbitrary distances with appropriate decay in the
strength of interaction as the distance increases [46].

Ising and Potts models have been used in statistical contexts [18, 44], where the underlying
states x, are considered hidden (or latent) variables, and the observations yo, ..., y, € R are
conditionally independent given these latent states. More precisely, the conditional likelihood
of observing y; € R™*1 given Xg € A" is assumed to be

n
p61xg) =T pOrlxo),
k=0
where p(-|a) is a probability density for each hidden state a € A. Following [44], we suppose
that for each hidden state a € A, the corresponding observation is conditionally normal with
mean m(a) and variance o (a)? > 0, that is,

Vil Xk ~ ./\/(m(xk), o (xk)z).

Such models have been used as dependent versions of finite mixture models.

As long as the dependence of &, g, m, and o is continuous in the parametrization, these
models satisfy all of the conditions for our consistency results. More precisely, we will estab-
lish the following result.

PROPOSITION 4.  Suppose that ® is a compact metrizable space, and for each a,b € A,
the functions 6 — hg(a), 6 — go(a,b), 0 — mg(a), and 6 — og(a) are all continuous.
Then the corresponding family of hidden Gibbs models satisfies all of the conditions stated
in Section 5.1.



474 K. MCGOFF, S. MUKHERJEE AND A. B. NOBEL

PROOF. In this example, the state space X’ is simply A (since finite configurations have
positive probability), which is trivially a mixing SFT. Now, for each parameter value 6 € ®,
define the potential fy : X — R by setting fo(x) = go(x0, x1) + hg(xg). As these functions
depend on only two coordinates (xo and x1), they are all «-Holder continuous on X’ for any
o < 1 (we fix one for the sake of concreteness). Hence, the latent process measure pg satisfies
the Gibbs property (1). Furthermore, the continuous dependence of gy and hg on 6 imply that
the family { fp : 0 € ®} is a regular family (as in Definition 2).

As our conditional likelihood function is normal, the function L : ® x X x R — R is given
by

L(0.x,y) = —log ps(y|x) =log(op(x0)) + mg(x0) — y)* + log(v/27).

209 (xo)z(
Using this explicit expression, the fact that the observations have finite second moments,
and the continuous dependence of my and oy on 6, one may easily check that L satisfies
conditions (i)—(iii). Additionally, for each 6 € ® and y € R, the function L(0,-,y) : X - R
depends only on one coordinate (xg), and one may check that it is ¢-Holder with C (6, y) =
Co + Cq]y| for uniform constants Co, C; > 0. Then it satisfies condition (L.2) from [38]
(which one may check using the exponential moments of the normal distribution). Thus we
have verified all of the conditions in Section 5.1. [

6. Joinings, divergence, and the rate function. In this section we discuss the rate func-
tion V : ® — R, whose existence is asserted by Theorem 1. In order to provide a thorough
discussion, we first recall some background material from ergodic theory, including joinings
and fiber entropy.

6.1. Joinings. Joinings were introduced by Furstenberg [16], and they have played an
important role in the development of ergodic theory (see [10, 21]). Suppose (Up, Ro, no)
and (U1, Ry, n1) are two probability measure-preserving Borel systems with R; : U; — U;
and n; € M(U;, R;). The product transformation Ry X Ry : Uy x Uy — Uy x U is defined
by (Ro X R1)(u,v) = (Ro(u), R1(v)). A joining of these two systems is a Borel probability
measure A on Uy x U1 with marginal distributions ng and 1 that is invariant under the product
transformation Ry x Rj. Thus, a joining is a coupling of the measures 79 and 7 that is
also invariant under the joint action of the transformations Rg and Rj; the former condition
concerns the invariant measures of the two systems, while the latter concerns their dynamics.
Let J (no, n1) denote the set of all joinings of (Uy, Ro, no) and (U, Ry, n1). Note that this set
is nonempty, since the product measure ng ® 11 is always a joining. When the transformation
Ro : Uy — Uy is fixed but we have not associated any invariant measure with it, we set

JRo:m)=|J  TG@o.n,
noeMUo, Ro)

which is the family of joinings of (U, Ry, n1) with all systems of the form (y, Ro, 19), with
no € M(Uo, Ro).

6.2. Entropy. Our statements and proofs also require us to introduce some notions from
the entropy theory of dynamical systems. Let ¢/ be a compact metric space, R : U — U
continuous, and € MU, R). For any finite measurable partition « of I/, we define

H(n, ) =—Y_ n(C)logn(0),

Cex
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where 0 - log0 = 0 by convention. For k > 0, let R %o = {R"FA : A € «}, and for any parti-
tions «°, ..., ", define their join to be the mutual refinement

n
\/ak={Aoﬂ---ﬂAn:A,~eai}.
k=0

For n >0, let o, = \/’,Z;é R *a. By standard subadditivity arguments, the following limit
exists:

1 1
hr(,a) :==lim-H(n, a,) =inf —H(n, o).
n n nn

The measure-theoretic or Kolmogorov—Sinai entropy of (¢4, R) with respect to 7 is given by
hgr(n) =sup, hr(n, @), where the supremum is taken over all finite measurable partitions o
of U. We note for future reference that for any € > 0, the value A (1) remains the same if
the supremum is instead taken over all finite measurable partitions with diameter less than €.
When the transformation R is clear from context, we may omit the subscript.

6.3. The variational principle for pressure. Let X be a mixing SFT, and let f : ¥ — R
be a Holder continuous potential. The variational principle [5] for the pressure P(f) states
that

™ P(f)=sup{/fdu+h(u):M€M(X, S>},

and furthermore, the supremum is achieved by the measure u € M(X, S) if and only if p is
the Gibbs measures associated with f.

6.4. Disintegration of measure. The following result is a special case of standard results
on disintegration of Borel measures (see [21]).

THEOREM ([21]). Let U and ) be standard Borel spaces, and ¢ :U x Y — Y be the
natural projection. Let A € MU x V), and let v =X o ¢~ be its image in M(Y)). Then
there is a Borel map y +— My, from ) to M(U) such that for every bounded Borel function

f:UxY—>R,
/fdk:/(/fd[ky@my])dv(y).

Moreover, such a map is unique in the following sense: if y — k’y is another such map, then
Ay = )Jy for v-almost every y.

Note that if A is a joining, then the family {A,},cy satisfies an important invariance prop-
erty, which we state as Lemma 10 in Appendix A.3.

6.5. Fiber entropy. Now we give a definition of fiber entropy, along with statements of
some properties relevant to this work; for a thorough introduction, see [29]. Let ¢/ be a com-
pact metric space and ) be a separable complete metric space. Further, let R : U{ — U be
continuous and 7 : ) — ) be Borel measurable. For any Borel probability measure A on
U x Y with Y-marginal v, let A = [ A y ® &y dv(y) be its disintegration over ). Then for any
finite measurable partition o of U/, we define

8) HOL oY) = / H(hy o) dv(y).
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Now suppose v € M(Y, T). It’s possible to show (see, e.g., [28]) that if A € J(R : v) and
A= [%y ®38,dv(y) is its disintegration over v, then for every finite measurable partition o
of U the following limit exists:

1 1
h”(, @) :=lim —H (A, @y |Y) = inf —H (%, an|Y) dv(y),
n n non

where o, = \/Z;é R~ ¥ q. Furthermore, when A is ergodic, it can be shown (again see [28])
that for v-almost every y,

1
hY (k) =lim —H (Ay, ap).
non

The fiber entropy of A over v is defined as h" (1) = sup, h" (X, a), where the supremum is
taken over all finite measurable partitions o of /. Note that the supremum may also be taken
over partitions with diameter less than any € > (. The fiber entropy 4"(A) quantifies the
relative entropy of A over v.

6.6. Divergence terms. Consider a parameter § € ® and a joining A € J(S : v). We
would like to quantify the divergence of the joining A to the product measure pg ® v, as
it will play a role in the rate function V. (Note that the measure g ® v may be interpreted
as a prior distribution on X x ) given 6, as the prior on X is assumed to be independent
of the observations.) However, the standard KL-divergence is insufficient for our purposes,
since any two ergodic measures for a given system are known to be mutually singular, and
hence their KL-divergence will be infinite. Instead, we make the following definitions, which
are more suitable for dynamical systems.

Given two Borel probability measures  and y on a compact metric space U and a finite
measurable partition o of U, we write n <, ¥ whenever y (C) = 0 implies that n(C) = 0 for
Cea. Let

nic) .
> n(@)log =, i <oy
KL(m:yla) =1 Cea y(C)
+o00, otherwise,

where O - log% = 0 for any x by convention. Note that K L(n : y|«) is the KL-divergence
from y to n with respect to the partition «, which is nonnegative.

Now consider a Holder continuous potential f : X — R on a mixing SFT X with associ-
ated Gibbs measure u € M(X, S). Let o be the partition of A" into cylinder sets of the form
x[0] for some x € X, and let n € M (X, S) be ergodic. In this situation, it is known [7] that

lim K L1 wlo) = P() (hen+ [ £an).

where we recall that P(f) is the pressure of f, the partition ¢, is defined to be \/Z;(l) S~ a,
and K (n) is the entropy of n with respect to S. Next we generalize this result to handle the
relative situation, which involves joinings and relative entropy.

LEMMA 1. Let f: X — R be a Holder continuous potential on a mixing SFT X with

associated Gibbs measure |u. Let a be the partition of X into cylinder sets of the form x[0],
and let A € J (S :v) be ergodic. Then for v-almost every y € Y,

lign%KL(ky cplan) =Pf) — (h”(k) +/fdk>.
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We defer the proof of Lemma 1 to Appendix A.6. Based on this lemma, we make the
following definition.

DEFINITION 3. Let X be a mixing SFT, f : X — R a Holder continuous function, and
w the associated Gibbs measure. Further, let (), T, v) be an ergodic system. Then define the
relative divergence rate of A € 7 (S :v) to u to be

©) DO ) =P(f) - (h”m +f f(x)dk(x,y)).

In the present setting, D (A : ) is always finite, and one may check that it is also nonneg-
ative (see Lemma 15 in Appendix A.6).

6.7. The rate function. In this section we define and discuss the rate function V : ® — R
whose existence is guaranteed by Theorem 1.

DEFINITION 4. For 6 € ©, let

V() =inf{/€d)»+D(X:,u9) TAE j(S:v)}.

Note that the variational expression defining V contains the sum of an expected loss term
and a divergence term. It is known that Bayesian posterior distributions satisfy a similar
variational principle in the finite sample setting (see [27, 60, 61]). Our results show that this
interpretation passes to the limit as the number of samples tends to infinity.

By Proposition 7, which appears in Appendix A.7, we have that V is lower semi-
continuous. Since the loss function is continuous, the proof of Proposition 7 essentially fol-
lows from the upper semi-continuity of the fiber entropy on the space of joinings 7 (S : v).

REMARK 10. Consider the introduction of an inverse temperature parameter 8 € R, as
discussed in Remark 5, and let £5 = B8 - £ be the associated loss function. If we let Vg be the
associated rate function, then we see from Definition 4 that

Vg(0) =inf{,8-/£d)\+D(k:ug):X EJ(S:v)}.

Dividing by 8 and letting B tend to infinity to investigate the ground state behavior, it is clear
that the associated variational expression is
. V() .
Ve (8) = lim 2@ :mf{/edx e d(S: v)}.

B—o00
Interestingly, this variational expression has been studied recently as part of an asymptotic
analysis of estimators based on empirical risk minimization for dynamical systems [40, 41].
Indeed, the solution set ®«, of this ground state variational problem exactly characterizes the
set of possible limits of parameter estimates that asymptotically minimize average empirical
risk.

7. A technical preliminary. Define

> n(C)logy(C), ifn<ay,
L(n:ylo)=Cex
—00, otherwise,
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where 0 - log 0 = 0 by convention. With these definitions, we always have
(10) —KL(:yla)=H(, o)+ L0n:yla).

We now establish a lemma that is used in the proof of Theorem 1. This result allows
us to approximate the expected information in the prior Py, where the expectation is with
respect to an arbitrary measure, in terms of an average of a continuous function. These types
of estimates are available precisely because our model class consists of Gibbs measures:
indeed, they do not hold for arbitrary invariant measures for dynamical systems.

For any Borel probability measure n on ® x X, let n, denote its time-average up to time
n:

m(E) = Zn (Ie x $)FE),
k 0

where lg : ® — O is the identity.

LEMMA 2. Let K be the constant in the uniform Gibbs property (2). For any € > 0 there
exists § > 0 such that if the diameter of « is less than § and the prior my assigns positive
measure to each element of o, and if B is the partition of X into cylinder sets of the form
x[0], then for any Borel probability measure n on ® x X, and any n > 0,

1 log K
LG Pole x fu) — —/(fa(x) P(f) dna(@, )| <€+ =22

PROOF. Let € > 0. By the uniform continuity of fy and P(fp) in € and the uniform
Gibbs property, there exists § > 0 such that if the diameter of « is less than § and B is the
partition of X into sets of the form x[0], then forall6 e ®, x € X, and n > 1,

K exp(en) < Po((e x ) ¢..x) K explen)

— exp(=nP(fo) + 242 fe(S"X))
Taking logarithms and dividing by n, we obtain the inequality

K
<e+g—
n

1
—log Po((e x B)(6,)) — — Zfe Skx) + P(fo)

=0

which is uniform over (6, x) € ® x X. Now let 1 be any Borel probability measure on ® x X.
Then by integrating with respect to n, we see that

log K

1
L Pl x ) =+ [ (o) = PC) a0, 0] <+ 255 -

8. Proof of Theorem 1. In this section, we prove Theorem 1, which concerns the conver-
gence of the average log normalizing constant (partition function) n~! log Z,,. In an attempt to
keep the paper mostly self-contained, we have included an appendix (Appendix A) contain-
ing several routine technical results that we use in the proof. The starting point of the proof,
which is an application of the Pressure Lemma (in Appendix A.1), allows us to express the
main statistical object, the Gibbs posterior distribution, as the solution of a variational prob-
lem involving information theoretic notions such as entropy and average information, which
have long been studied in dynamics. The proof of Theorem 1 follows.

To ease notation slightly in this section, we let g = —¢ and g, = —¢,, where ¢,, is defined
in (3). We alsosetif =0® x X and R(0,x) = (0, S(x)). For A € J(R : v), we will have use
for the notation

G = /(P(fe) — fo(x))dr(0,x,y) —h"(X).
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Although we do not use this fact, we note that G(A) can be written as an integral over 6 of
terms of the form D(Xg, ig) (as in Definition 3). Lemma 12 (in Appendix A.5) ensures that
hY(-) is harmonic (see Appendix A.2 for precise definition), and therefore the same is true of
G : J(R :v) — R. In this notation, our goal is to prove

ligniloan =sup{/gdk— G):reJR: v)}.

We present the proof in two stages: first we establish that the expression in the right-
hand side is a lower bound for lim,, n~! log Z,,, and then we prove that the same expression
provides an upper bound.

8.1. Lower bound. The goal of this section is to prove the following result.
PROPOSITION 5.  For v-almost every y € ),
lirgn%logzn > sup{fgd)» —GA):reJ(R: v)},
where Z, = Z,(y).

Before proving this proposition, we first establish a lemma. If n is a Borel probability
measure on ® x X and n(C) > 0, then let n¢ denote the conditional distribution 1 (-|C). Also,
we say that 8 is a partition of X" according to central words whenever g = {[x" ]:x € X}
for some m > 0.

LEMMA 3. Let a be a finite measurable partition of ® with diam(a) < §, and let 8
be a partition of X according to central words such that diam(B) < 8. Then for any Borel
probability measure non ©® x X, any y € Y, and any n > 1,

/gnw, %, y)dn(6,x) — KL(7: Pola  f)

n—1
< tog] [ explen@.x.0)dRo.5) | + 3 po(T*).
k=0

where ps is the local difference function appearing in property (iii) of the loss.

PROOF. If n Ayxp, Po, then the inequality holds trivially. Now suppose 7 <qx g, Po, and
letE ={C eaxpB,:n(C)>0}.For C €& and (0, x), (6, x") € C, property (iii) of the loss
function, and our hypotheses on « and 8 yield that

n—1

gn(0.x",y) < g0, x,y) + ) p5(T*y).
k=0

Integrating out (6, x") with respect to the conditional distribution n¢ gives

n—1

[enl6'.x' ) dnc(®' x) < a0 x. )+ 3 ps(T5).
k=0

After exponentiation and integration with respect to the Py ¢, we get

exp(/c gn(0',x',) dnc(G’,x/)>

n—1
feXp<Z pa(T"y))/CeXp(gn(G,x,y))dPo,c(G,X)-

k=0
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Invoking the Pressure Lemma (Lemma 9 in Appendix A.1) and the inequality above, we find
that

[ @', 5'. 3 dn(e' ) = KLr: Poler x i)

—ZU(C)[logPO(C)+/8n @', x", y)dnc(6', x)—logn(o]

Ceé
<10gZeXP(10gPo(C)+/gn @', x",y)dnc (¢, X)>
Cet
_logZexp</ gn(0', X', y)dnc(9', x))Po(C)
Ceé&
n—1
<10g 3 ( [ explen .5 ) dPc.5) )€+ X po(T3)
Cet k=0

= tog [ exp(sa (0, x, 1) dPo(6, O+ S ()
k=0

as was to be shown. [

PROOF OF PROPOSITION 5.  Fix an ergodic joining A € J(R :v) and € > 0. Let§ > O be
sufficiently small that the bound of Lemma 2 holds and that [ ps dv < € (using property (iii)
of the loss). Fix a finite measurable partition o of ® such that diam(«) < § and such that the
prior 7 assigns positive measure to all elements of o (which can be done since ® is compact
and metrizable and g is fully supported), and select m large enough so that the partition 8 of
X generated by central words of length m satisfies diam(8) < §. Then for v-almost every y,

HGuy, o x Ba) + LGy Pola x )+ [ gadiy

=/gn diy — KL(Ay: Pyla x B)

< log [ exp(g,(6.,x, 1)) d P, 0+ S ()
k=0

where the inequality follows from Lemma 3. Dividing each side of the inequality above by
n, and then letting » tend to infinity, we have that for v-almost every y € ),

h' (L, a x B) +/(f9(x) —P(fp))dr +/gdk Slin%inf%Zn(y) + 2e.

(The limit of the entropic term is part of the definition of fiber entropy. The limit of the
middle term is obtained by an application of Lemma 2. The limit of the average loss term is a
consequence of the invariance property of the decomposition of A, stated formally as Lemma
11 in Appendix A.4, and the limit of the term containing ps is given by the ergodic theorem,
using hypothesis (iii) on the loss function.) Taking the supremum over all partitions o of &
with diameter less than § and all partitions 8 of X’ generated by central words of length at
least m, we obtain the inequality

1
/gdk -G < lin}linf— log Z,(y) + 2e.
n
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Since € > 0 was arbitrary,
(11 /gdk—G()»)glinzinf%loan.
Notice that the left-hand side is harmonic in A (see Appendix A.2 for details), and therefore

sup gdr—GA)= sup gdr—G(A).
reT(Rw) reT(R:v)
A ergodic
Hence there exists a sequence {A}72; of ergodic joinings in J(R : v) that achieves the
supremum. For each k£ > 1, we have shown that there is a measurable set E; C ) such that
V(Er) = 1 and equation (11) holds with A = Ay for all y € Ex. Then for all y € (", Ek, we
have that

1
sup {/gdk — G(A)} <liminf —log Z,.
reT(R:v) o n

Since v(( Ex) = 1, this completes the proof. [J

8.2. Upper bound. In Proposition 6 below we establish an almost sure upper bound on
the limiting behavior of n~!'log Z,,(y). Together with the lower bound in Proposition 5, this
completes the proof of Theorem 1.

PROPOSITION 6. For v-almost every y € ),

1
limsup —log Z,(y) < sup {fgdk—G(A)}.
n n reT (R:v)

We begin with a preliminary lemma. Recall that Py is the prior distribution on ® x X
generated by the prior 7y (defined in (4)) and the family {ug : 6 € ®}, while P, (:]y) is the
Gibbs posterior distribution associated with y, Ty, ..., 771 y (defined in (5)). To simplify
notation, in what follows P,(:|y) is denoted by P;.

LEMMA 4. Ifa is a finite measurable partition of ® x X with diameter less than §, then
foryeYandn>1,

log/exp(gn(e,x,y))dPo(Q,x)

n—1

< H(P],an) + L(P} : Polay) +/g,,(9,x, VAP (O,x)+ ) ps(T*y).
k=0

PROOF. Let « be a finite measurable partition of ® x X with diam(«) < §,and lety € V.
By definition P; and P, are equivalent measures, and hence P, <a, Poand Py <, P, . Let
E={Cea,:Py(C)>0}={Cea,: P (C)>0}.

Fix C € & for the moment. For points (6, x), (¢’, x") € C the hypothesis on « ensures that

n—1

gn(esxv )’) S gn(e/’x/’ y) + Zps(Tky)’
k=0

where p;s is defined in condition (iii) of the loss. Exponentiating both sides of the inequality
and integrating (6, x) with respect to the prior Py ¢ conditioned on being in C yields

n—1
/CeXp(gn(B, x,y))dPo.c <exp(gn(6,x",y)) eXp<Z pa(T"y))-
k=0
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Taking logarithms and integrating (6’, x") with respect to the posterior P,i ¢ conditioned on
being in C yields

n—1

(12)  log fc exp(gn (6, x,y))dPo.c < /C gn(0'. 3" y)d P c+ 3 ps(T*y).
k=0
By the definition of P, and the pressure lemma (Lemma 9 in Appendix A.1) we have

log/exp(g,,(é,x,y))dPo

=log ) eXp[log f exp(gn (6, x,y)) dPo]
Ce¢ ¢

-y B <C>[—log PO +1og PyC) +log [ explen(@. . y))dPo,c]
Ceé&

=H(P),a,) + L(P]) : Poloy) + Z Pny(C)log/Cexp(gn(G,x, y))dPo.c.
Ceé

Applying inequality (12) to the terms of the final sum above, we see that

logfexp(gn(e,x,y))dPo(Q,x)

n—1
<H(P),an)+ L(P) : Polay) +/gn(9,x, VAP) O, x)+ ) ps(T*y)
k=0

as desired. [

PROOF OF PROPOSITION 6. First, let

1 l’l*l
v, = — Z Sy
gy

Additionally, for y € ), we define

m==> (P)oR™*)®34,.
n
k=0
By [28], Lemma 2.1, for v-almost every y, the sequence {n; }, is tight and all of its limit
points are contained in 7 (R : v). Using this fact and the ergodic theorem, there exists a set £

such that v(E) = 1 and the following relations hold:

e the sequence {nh}n is tight and all of its limit points are in J (R : v);
e {v,}°2 | converges weakly to v;
e foreachm > 1, we have [, €*dv, = [y, £*dv.

We refer to elements of E as generic points. Fix a generic point y € E. Let A and {ny} be
such that ny,, — A € J(R : ).

Let € > 0, and choose § > 0 such that [ psdv < €. Choose a finite measurable partition
o of ® x X such that diam(«) < &, the prior 7( assigns positive measure to each element
of o, and projg, (1) (da) = 0 (which exists since ® x X is compact [53], Lemma 8.5, and
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1o is fully supported). By adapting an argument from [53], p. 190, involving subadditivity of
measure-theoretic entropy, we obtain that for each ¢ > 1, forn > g,

1 1721 S
;H(P,,Y,a,,) < ;g)gH(Pg o R, ay) +o(1)

1
= 5H(n%,0{q|y) +o(1),

where o(1) refers to a term that tends to 0 as n tends to infinity (for fixed ¢g). Then by letting
n tend to infinity and applying [28], Lemma 2.1, again, we see that

. 1 : 1
limsup —H (P, ap) < —H(, ql)),
n n q

where the conditional entropy H (-|)) is defined in (8). To proceed with the proof, we require
the following lemma. Recall that at the beginning of this section, we set g = —¢ and g, =
—4.

LEMMA 5. Lety, {ny}, and ) be as above. Then

1
(13) lim—/gnk(Q,x,y)dP,lyk(Q,x)=fgdk.
k ng
PROOF. Let 1, = ;. By definition of 7,

1 1 n—1
;/gn(e,x,y)dPny(@,x)z;/Zg(@,Skx,yk)dPny(Q,x)
k=0

=/gd77n-

Note that g is continuous, since we have assumed that £ is continuous. If g were bounded,
then the desired limit would follow directly from the Portmanteau theorem for weak con-
vergence. In general we rely on a truncation argument; although the details are routine, we
include them here for completeness.

For m € N, define the truncated function

g, x,y), if|g@®, x,y)|=m,
gm(x,y): m’ lfg(e,X,Y)Zm,
—m, lfg(evxvy)f_m

Note that |g,,| < |g| and that g,, — g as m tends to infinity. The integrability of g with
respect to A follows from that of £* with respect to v, and the dominated convergence theorem
then ensures that [ g, dA — [ g dX. Moreover, with v, defined as above, it follows from the
choice of y that

limsup/ lg — gm|dn, <limsup *dv, =/ £ dv.
n n *>m *>m

In order to establish (13), let € > 0 be fixed. By virtue of the results in the previous para-
graph, there exist integers m and n; sufficiently large that for each n > n;

‘/gmdx—/gd)\‘«/s and /Ig—gmldnn<6/3.
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Moreover, as 1, = XA and g,, is continuous and bounded, there exists n, > n; such that for
each n > ny,

‘/gmd)»—/gmdnn <€/3.

Combining the inequalities above, a straightforward bound shows that

'/gd)»—/ga’nn <€

for n > nj. As € > 0 was arbitrary, we conclude that (13) holds. [

Combining Lemma 5 with Lemmas 2 and 4, we find that for v-almost every y € Y

1
limsup—log/exp(gn(e,x,y))dPo(H,x)
n n

1
< gH()»,aqu)-l—/(fe(X) —P(fe))d/\(&x,y)+/gdk+2e.

Letting g tend to infinity, we get

. 1
hmsupglog/exp(gn(@,x,y))dPo(Q,x)
<H G+ [(fol) = P dr0.x, ) + [ gdh+2e

<H' 0+ (o) = P() dr0.x, 0 + [ gdh+2e.

Since € was arbitrary, we obtain

1
limsup—log/exp(gn(é,x,y))dPo(G,x)
n n
< [ear-G

< sup{/gdk— GA):reJ(R: v)}.
This concludes the proof of Proposition 6. [

9. Convergence of Gibbs posterior distributions. The purpose of this section is to es-
tablish Theorem 2 concerning convergence of the Gibbs posterior distributions to the solution
set of a variational problem. From the dynamics point of view, this convergence highlights
the role of the variational problem and the associated equilibirum joinings. We believe these
objects to be worthy of further study. From the statistical point of view, this result describes
the concentration of posterior distributions, which is of interest in any frequentist analysis of
Bayesian methods. The proof follows somewhat directly from Theorem 1.

PROOF OF THEOREM 2. Let U be an open neighborhood of ®pi,. Let F = ®\ U, which
is closed and therefore compact. If 7o(F) = 0, then 7, (F|y) = 0 for all n. Now suppose
mo(F) > 0, and let 79 = 7o (-| F) be the conditional prior on F. Let V, be the common value
of V(0) for 6 € Opin. As V : ® — R is lower semi-continuous and F is compact and disjoint
from Oy, there exists € > 0 such that infgecp V (0) > V. + €. Now we apply Theorem 1 in
two ways: first, with the full parameter set ® and prior g, and second, with F in place of
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® and the conditional prior 77 in place of mg. Let Zf denote the normalizing constant in the
second case. Then for v-almost every y € )/, there exists N = N1(y) and N> = Na(y) such
that for all n > Ny,
1
——log ZF (y) > Vi +2¢/3,
n

and for all n > N>,

—% log Z,(y) < Vi +€/3.
Then for all n > max(N;, N;), we have
Tn(Fly) = Py (F x X|y)
1
" Zu() Jrxax
_ (P Zy ()
Zn(y)
<exp(—Vin — (2¢/3)n + Vin + (¢/3)n)
<exp(—(€/3)n).
Thus, for v-almost every y € ), we see that 7, (F|y) tends to 0. [J

exp(—€, (0, x,y))d Py (6, x)

10. Posterior consistency for hidden Gibbs processes. In this section we establish pos-
terior consistency for hidden Gibbs processes, as described in Section 5.1. In addition to mod-
eling substantial dependence with the underlying Gibbs processes, this setting also allows for
quite general observational noise models. Note that hidden Markov models with arbitrarily
large order appear as a special case in this framework. Here the first part of the proof involves
an application of our main results to show that the posterior converges to the set ®p;,. How-
ever, the second part of the proof begins with the well-known fact that the Gibbs measures
e satisfy large deviations principles (see [56]), and then relies on some recent results from
[38] connecting these large deviations properties to the likelihood function in our general
observational framework.

PROOF OF THEOREM 3. We begin by placing the setting of Section 5.1 within the gen-
eral framework of Section 1. Let X, {fy : 0 € O}, {ug : 0 € O}, Iy, U, m, and {@y(-|x) : 0 €
©, x € X'} be as in Section 5.1. To define the observation space in our general framework, we
let Y = UN. We define the map T : Y — Y to be the left-shift, that is, if y = {yx} € ), then
T (y) is the sequence whose kth coordinate is yi1. Furthermore, we define v = Pg*, which
is the process measure on ) described in Section 5.1. Then (), T, v) is an ergodic measure
preserving system (see [38], Proposition 6.1, for ergodicity). Now define £ : ® x X x Y — R
by £(0, x, {yr}) = —log@e(yo|x). Note that the conditions (i)—(iii) on ¢ are satisfied by our
assumptions on ¢. Define 7, (-|y) to be the Gibbs posterior defined as in Section 1. Note that
in this setting, if y = {yx}, then the Gibbs posterior 7, (-|y) is equal to the standard posterior
l'I,,(-|y8_1). We require a few lemmas before finishing the proof of the theorem. Before we
state the first such lemma, recall that £* denotes the v-integrable function on ) appearing in
property (ii) in Section 3.

LEMMA 6. Let 0 € ©. Then for eachn>1and y € ),

1 1 I’l—l
’—log/ exp(—L€n (0, x, ) dpg(x)| < = > €*(T*y).
n X n k=0



486 K. MCGOFF, S. MUKHERJEE AND A. B. NOBEL
PrROOF. For notation, let
1) = [ exp(=t,(®.x.3)) dpto (o).

First suppose that 7,(y) < 1. Then by Jensen’s inequality and the definition of £*,

1 1
" og In(y)‘ = tog [ exp(~£4(6.x, ) diaa )
n n X
1
< —/en(e,x,y)dua<x>

ll’l 1
/z 6, S*x, T*y) d g (x)

< _ o*

=2 (1Y)
k=0

Now suppose that 7,(y) > 1. Then

1 1
‘_logln(y)’ = _log/ eXp(—En(Q,x, )’)) dg(x)
n n X

1
< —log sup exp(—{u(0, x, y))
n XeX

1}’171
<= suple(6, S'x, T ()|
n k:()XEX

< = o*
=2 (1)
k=0
where we have used that both the logarithm and the exponential are increasing. [
LEMMA 7. Let6 € ©. Then

.1 _
lim — g+ [log ps (Y5 H=ve®).

PROOF. Foreachn >1, let
1
() == log [ exp(~a 6., ) diuo ()

andlet F,(y) =n"" Yo ! ¢*(Tky). By property (ii), £* is v-integrable and thus the pointwise
ergodic theorem ensures that F,,(y) converges for v-almost every y to the constant Eg«[£*].
Furthermore, lim,, Eg+[ F,,] = Eg«[£*]. By Lemma 6, | f,,| < F,, for each n > 1. Therefore, by
the generalized Lebesgue dominated convergence theorem and the definition of the loss,

.1 ne .
h,?l_;E@* [log pe(Yg™h)] = lim Eg«[ f]

— g [lign fn].

By Theorem 1, the Py«-almost sure limit of { f;,} is equal to V (8). Combining these facts, we
obtain the desired equality. [
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LEMMA 8. Suppose 0 € © \ [6*]. Then

1
V(6%) < lim ——Eg+[log pa (Y™ H)].
n.n

PROOF. The well-known large deviations principles for the Gibbs measures (g [56] im-
ply that they satisfy property (L1) from [38]. By hypothesis, g satisfies the regularity of
observations property (L2) from [38]. Then results from [38] (in particular Propositions 4.3
and 6.4) yield the desired inequality. [J

We now proceed with the proof of Theorem 3. Recall that for y = {yx} € Y our choice of
loss function ensures that the Bayesian posterior IT,, (-] y; 1y is equal to the Gibbs posterior
7, (-|y). By Theorem 2, the Gibbs posterior r, (-|Y) concentrates v-almost surely around the
set Omin, defined as the set of @ € © such that V(0) = inf{V (0’) : 0’ € ®}. Hence l'In(-lY(;’_l)
concentrates }P’é]* -almost surely around ® . It remains to show that @i, = [0*].

Suppose 6 € ® \ [6*]. Then by Lemmas 7 and 8, we have

1
V(0) = lim —~ By [log py (Y§H]> ve*).

It follows immediately that O, C [0*]. For the reverse inclusion, note that if 6 € [6*], then
Pg = }P’g*, and thus for each n,

Eg+[log po (Y] ~")] = Eg+[log pe=(Yy )]

Then Lemma 7 gives that V(6) = V(6*) for each 6 € [6*]. This concludes the proof of
Theorem 3. [

11. Discussion. The two main contributions of this paper are as follows: 1) showing
that ideas developed in the thermodynamic formalism of dynamical systems can be used to
provide guarantees on loss-based Bayesian inferential procedures, and 2) proving posterior
consistency for inference of deterministic dynamical systems with observational noise and
long range dependencies. Our results show that ideas from dynamical systems and ergodic
theory are relevant for statistical inference, and that problems arising in statistical inference
can suggest new and interesting questions in dynamical systems. It is of interest to explore
how the variational formulation of the Gibbs posterior developed here may affect estimation
procedures in the dynamical setting of this paper. Additionally, it is of interest to bridge
the work on uncertainty quantification in stochastic differential equations with the results in
this paper on inference for discrete dynamical systems. Last, we consider relaxation of the
compactness assumptions in this work to be an interesting avenue for further investigation.

APPENDIX A: BACKGROUND AND TECHNICAL LEMMAS
A.1l. Pressure lemma. We refer to the following elementary fact, which is an easy con-

sequence of Jensen’s inequality, as the Pressure Lemma; see [53], Lemma 9.9.

LEMMA 9. Letay,...,ag be real numbers. If p; > 0 and Zle pi =1, then

k k
> pila; —log p;) <log (Z eXP(ai)) ,
i=1

i=1
with equality if and only if
_ exp(ai)

==

Zl;:1 exp(a;)



488 K. MCGOFF, S. MUKHERJEE AND A. B. NOBEL

A.2. The space of joinings and the ergodic decomposition. Our proofs rely on a gen-
eral version of the ergodic decomposition for invariant probability measures. The following
version, a restatement of [47], Theorem 2.5, is sufficient for our purposes.

THEOREM ([47]). Suppose that R :UU — U is a Borel measurable map of a Polish space
U and that u € MU, R). Then there exists a Borel probability measure Q on MWU) such
that

(1) O({n is invariant and ergodic for R}) =1
Q) Iffe Ll(,u), then f € Ll(n)for Q-almost every n, and

[ au=[([ san)aca.

Whenever (2) holds, we write u = [nd Q.
Additionally, we require the following results about the structure of 7 (S : v) from [40].

THEOREM ([40]). Suppose R :U — U is a continuous map of a compact metrizable
space and (), T, v) is an ergodic measure-preserving system as in Section 1. Then J (R : v)
is nonempty, compact, and convex. Furthermore, a joining A € J (R : v) is an extreme point
of J(R :v) if and only if A is ergodic for R x T. Lastly, if » € J(R :v) and A = [ndQ is
its ergodic decomposition, then Q-almost every nisin J (R :v).

Let X € J(R :v). By the above theorem, the ergodic decomposition of A is a representation
of X as an integral combination of the extreme points of 7 (R : v). A function F : J(R :v) —
R is called harmonic if for each A € J (R : v),

F(/\)=fF(n)dQ(n),

where A = [ 1d Q is the ergodic decomposition of A.

A.3. Disintegration results. Suppose R : U/ — U is a continuous map of a compact
metric space and (), T, v) is an ergodic system. It is well known in ergodic theory (see [21])
that for any joining A € J(R :v), if A = [ 1, ® 8, dv(y) is its disintegration over v, then the
family of measures {A,},cy satisfies an additional invariance property, which we state in the
following lemma.

LEMMA 10. Letx € J(R:v),and let . = [ A, ® §,dv(y) be its disintegration over v.
Then (Ay ® 8y) o (R x 7! = ATy ® 81y for v-almost every y € Y, and hence, for every
f € L'(}) and v-almost every y € Y,

[ fRu Ty @y = [ F Ty diry ).

A.4. Limiting average loss. The following lemma will be applied to the limiting av-
erage loss. Recall that when R : &/ — U is a continuous map of a compact metric space,
the space J (R : v) of joinings is nonempty. For notation, if f : U x )V — R, then we let
Falu,y) =33Z0 f(R*u, THy).

LEMMA 11. Suppose that R : U — U is a continuous map of a compact metric space
U, and that f :U x Y — R is a Borel function for which there exists f*:Y — R in L' (v)
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such that sup, ey | f(u, y)| < f*(y) for each 'y € Y. Then for any joining . € J (R : v) with
disintegration ». = [ A, ® 8, dv(y) over v, for v-almost every y € ),

1
11}?1;ffn(u,y)d/\y(u)=/fd/\.

PROOF. For y € Y define f(y) = [ f(u,y)dry(u). Then f € L' (v), since f € L'()
(using the hypotheses involving f*). Now Lemma 10, together with the pointwise ergodic
theorem, yields that for v almost every y,

l 1 n—1
. . =k =
llrfln;/fn(u,y)dky(u)=11rrln;];)f(T = [ Fav=[ ran .
A.5. Fiber entropy. We require two additional properties of the fiber entropy in our
setting. The first property is that fiber entropy is harmonic. This fact appears with proof as
Lemma 3.2 (iii) in [33] in a setting under which T : ) — ) is a continuous map of a compact
space, but careful inspection shows that the proof does not depend on this hypothesis.

LEMMA 12. The map A +— h*(A) from J (R : v) to the nonnegative extended reals satis-
fies the following property: if .. = [ nd Q(n) is the ergodic decomposition of A, then

h”(k)=/h”(n)dQ(n)-

Next, we note that fiber entropy function is upper semi-continuous in our setting. The proof
of Lemma 2.2 in [54] establishes upper semi-continuity of fiber entropy in a setting closely
related to ours. By making only minor modifications of that proof, one may adapt it to our
setting and prove the following lemma.

LEMMA 13. Let ®, (X, S),and (), T, v) be as in the introduction, and let R = Ig X S
act on the product space U = © x X. Then the map A +— h' (L) from J (R :v) to R is upper
Semi-continuous.

A.6. Divergence terms and average information. Recall that we have defined

> n(C)logy(C), ifn=<ay
L(n:yla)=qCea
—00, otherwise,

where 0 - log 0 = 0 by convention. With these definitions, we always have
(14) —KL(n:yla)=H@m,a)+ L@ :yla).

Recall that H (5, @) may be interpreted as the expected information of n under the partition
o, where the expectation is with respect to 1. In contrast, —L(n : y|e) may be interpreted
as the expected information of y under the partition v, where the expectation is again taken
with respect to 7. In what follows, if « is a partition of a space U and u € U, we let o(u)
denote the partition element containing u. Here we restate and then prove Lemma 1.

LEMMA 14. Let f: X — R be a Holder continuous potential on a mixing SFT X with
associated Gibbs measure . Let o be the partition of X into cylinder sets of the form x[0],
and let A € J (S : v) be ergodic. Then for v-almost every y € ),

lilgn%KL()»y Do) =P(f) — (h”()») —i—/fa’)»).
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PROOF. Recall that by the Gibbs property for u, for any n > 1 and x in X', we have
K-l < M(an(x)l) <K
—nP(f) + XkZo f o SK(x)
Taking logarithms yields the bound
llog(14(en (1)) = (=0 P(f) + fu(x))| <log K.

As this inequality is uniform in x, we may integrate with respect to A, to obtain

L(dy: o) — <—n Pf) + / fn dky> <logk.
Dividing by n and applying Lemma 11 gives
.1
(15) llr?l;L(ky :ulan)z—P(f)+/fdA.

It follows from (10) that K L(Ay : p|o,) = —H (Ay, &) — L(Ay : p|er,). Since A is ergodic,
for v-almost every y, we have n_lH(Ay, a,) — hY(h, o) = hV (L), where the equality is a
result of the fact that « is a generating partition for (&X', §). Combining this fact with (15), we
find that for v-almost every y,

1i£n%KL(,\y c o) = —h" (L) — (—P(f) + / fdk)
as desired. [J
Now we prove a lemma that guarantees that D(A : ug) > 0.
LEMMA 15. Foreach8 € ® and A € J (S, v),

/fe dr+ 1 0) < P(fy).

PROOF. Let u be the X'-marginal of A. Then A" (X) < h’(u ® v) = h(u), where the in-
equality follows from elementary information theoretic facts concerning conditional entropy
(see [9]) and the equality is a basic property of fiber entropy. Then by the variational principle
for pressure (7),

ffe dr+ 1) < / fodu +h(u) < P(fy),

as desired. [
A.7. Lower semi-continuity of the rate function.

PROPOSITION 7. The map V : ® — R defined in Definition 4 is lower semi-continuous,
and hence the set Oy is compact and nonempty.

PROOF. LetU =O® x X and let R : U/ — U be given by R = Ig x S, where [g is the
identity on ®. Define ¢ : U x Y — R by

VO, x,y)=—L0,x,y) + fo(x) = P(fo),

which is continuous and satisfies sup,, o, [V (u, y)| < y* € L'(v). Finally, define F : J(R :
v) — R by

FO) = / W di+h"(L).
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Since i is continuous and k" is upper semi-continuous (by Lemma 13), F' is upper semi-
continuous. Let projg : J(R : v) — M(®) be defined by setting projg (1) to be the ©-
marginal of A, which is a continuous surjection of compact spaces. One may easily check
from the definition of upper semicontinuity that the function

0 > sup{F (1) : projg (%) = 8 }

is also upper semicontinuous. Since V (0) is the negative of this function, we conclude that
V is lower semi-continuous.

For the second part of the proposition, we note that ®y;, is the argmin of the lower semi-
continuous function V on the compact set ®, and hence it is nonempty and compact. [

APPENDIX B: CONVERSE STATEMENT

In this section we collect some auxiliary results about Gibbs posterior inference. We begin
with a converse to Theorem 2 on the exponential scale: if U is an open set intersecting ®p;in,
then the Gibbs posterior measure of U cannot be exponentially small as n tends to infinity.
This result appears as Proposition 8 below. First we establish a few preliminary lemmas.

LEMMA 16. Forall 8,0’ € ©, forall x € X, and for all n > 1, we have

. X1 -
K2 (PO-POIf—fyl) < K02 g2,n0P@O=POI+1/o—1y D,
po[xg ]

PROOF. Let 6, 6’, x, and n be as above. By applying the Gibbs property (1) to both g
and g’ and then simplifying, we have

polxg 1 _ Ke nPOFT5 fo(55()

o [xi ™ T g1 PO for (5 ()
— K2eM(PO)=P@) T3, fyr (K@) = fo(85()
By elementary estimates, we then have that
e [x"_l] / n—1 k k
% < K2eMPO) PO+ 1fo (570~ fpr (S|
merlxg ]
< K2MPO=P@)+nll fo—fy

_ KZen(IP(Q)*P(G/)H“.fe*fe’||)'

This estimate gives one of the inequalities in the conclusion of the lemma, and then inter-
changing the roles of 6 and 6’ gives the other. [

LEMMA 17. Let§>0andy € ). Suppose 0,0" € © and x, x' € X satisfy dy(0,0") < §
and dy(S*x, S¥x') < 8 forallk =0, ...,n — 1. Then

—£,(6,x,y)

Y S ee(rhy)

e_en(e/sx/wy) -

PROOF. Let§>0,y€),0,0' €0, x,x’' € X,and n > 1 be as above. Note that for each
k=0,...,n— 1, we have that d((8, S*x), (6’, S*x")) < §. Then

e—ln0.xy) = XiZo 0.8 x, T y)

e—tn(0.X,y) o~ Xizo (", 5kx Tk )
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—e Y ro 6,8k x, Tk y)—£(0', Sk x", T y)
< oXil0 60,85, TE )~ 855, THy)|
< eZizom(THy)

which concludes the proof of the lemma. [

LEMMA 18. Let§ >0andy €Y. Suppose 6,60 € O satisfy de(0,0') <38. Let m > 1 be
such that if x € X and x’ € [x(')"_l], then dx(x, x") < 8. Then for any n > 1, we have

_en(gax5y)
Jxe Auo() g mtm) (PO~ PO fo—fyy +E4) o5(TE)
Sy e dpg (x) T '

PROOF. Let§>0,ye), 0,0/ € ®, and m > 1 be as above. For each n > 1, let £,
denote the set of words w € A" such that there exists x € X" with x; ! —w. For any such w,
we let ug  denote the conditional measure g (-|[w]) obtained from wg by conditioning on
the cylinder set [w]. Then we have

/Xe—en(e,x,y)dm(x)z Z Me([w])/[]e_e”("’x’y)due,w(x)
w

WELpin
< Z to([w]) max e tn®:xy),
xelw]
WELytn

By Lemma 17 and our choice of m, we have that

—1 k
max e & ®x.) < eZLo os(T*Y) min e—En(e’,x/,y).
xelw] X' e[w]

Combining the above inequalities and also applying Lemma 16, we obtain

[ dpoy = 30 wo(lwl) max e 05

WELp4n [w]

Sezz;épa(T"y) Z M@([w]) min e—zn(e/,x/,y)

’
x'elw]
WELytn

< K 2omAm) (P ©)— PO+l fo—fyy D+X4 20 s(TE )

. Z MG’([W])/ e—én(e/’x/,y)dug,’w(x/)

weLlmin [w]

— K2emEm (PO =PO)I+I fo—forD+XiZ ps(TEY)
X
as desired. [J

PROPOSITION 8. Suppose U C © is open and U N Opin # . Then for v-almost every
yey,

1
lim —logm, (Uly) =0.
nopn

PROOF. Let 6y € U N Onpiy. By definition of Oy we have V (6g) = V. =infy V (6). Let
€ > 0 be arbitrary, and select § > 0 sufficiently small that
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o [psdv <e€/3,
o ifdp(0,0’) <4, then |P(®) — P(O)| <€/3and || fo — forll <€/3, and
e the ball Uy of radius § around 6 is contained in U..

Now choose m > 1 such that if x € X and x’ € [x(')”_l], then dx (x, x") < 8.
Since g is fully supported, mo(Up) > 0. Note that for each y € YV andn > 1,

1

n"(my):Z,,(y)/U/XGXP(_Z”(Q’X’y))dﬂe(x)dﬂo(e)
1
= Zuy) /Uo /X exXp(—Ln (0, x, y)) 1o ()dro (©).

Applying Lemma 18 to 6y and any 8 € Uy and using our choice of §, we see that

erXP(—ﬁn(G, x, ) dpg(x) = K> exp(—(m +n)(|P6) — P©00)| + Il fo — far])

: fX exp(—n (00, %', y)) dptg, (x')
> K~ 2exp(—(m +n)(e/3 +¢€/3))

' /X exp(—n (00, x', ¥)) d g, (x').

Combining the above inequalities, we have

1
Zn(y) /uo /X exp(—£a (0, x, y)) d g (x)d7o(0)

T, (Uly) =

1 5 n—1 .
= (y)K eXP(—Z(m+n)e/3—I§0pa(T y))

’/UO/XGXP(_E"(QO’X/’y))dﬂéo(x/)dno(e)

n—1
K2 exp(—2<m +m)e/3—3Y ,Oa(Tky))

k=0

. fX exp(—u (00, X', ¥)) dptgy (x') - 70 (Uo).

Taking logarithms, dividing by n, and letting » tend to infinity yields
1
lin}1inf—lognn(U|y) > Ve —2¢/3— /,05 dv — Vi > —e¢.
n

(Note that the above inequality holds for v-almost every y.) As € > 0 was arbitrary, we obtain
the desired result. [J

APPENDIX C: CONVERGENCE OF THE POSTERIOR

We now address the Cesaro convergence of the full posterior P, on ® x X. Recall that
we let Ig : ® — © be the identity map on ®. In the thermodynamic formalism, invariant
measures that achieve the optimal value in the variational expression for pressure are called
equilibrium measures. In our setting, we introduce terminology for joinings that achieve the
optimal value in the variational expression for the rate function. We will call a joining A €
J (e x S :v) an equilibrium joining if

Aeargmin{/EdAUFG(N) AN eJlg x S:v)}.
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PROPOSITION 9. Foreach y € Y and n > 1, let Q,,(-]y) € M(® x X) be defined for
Borel sets E C © x X by

n—1

1
Ou(Ely) ==Y Pi((Io x S)*Ely).
=

Then for v-almost every y € Y, all limit points of {Qn(:|y)}n>1 are (© x X)-marginals of
equilibrium joinings.

PROOF. As in Section 8.2, let

n—1

1
= kZO(Pny o (Io x 8)™%) ® 874,

By definition, Q, (:|y) is the (® x X)-marginal of n,. Let Q be a weak limit of the subse-
quence {Qp, (-|y)}k>1. By repeating the arguments of Section 8.2, one may show that there
is a subsequence {ny;}j>1 such that {n, K } j=1 converges weakly to an equilibrium joining A.
As Q is necessarily the (® x X)-marginal of the limit A, the proof is complete. [J
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