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Abstract: The theorems of Kozlov and Sullivan characterize Gibbs measures as mea-
sures with positive continuous specifications. More precisely, Kozlov showed that every
positive continuous specification on symbolic configurations of the lattice is generated
by a norm-summable interaction. Sullivan showed that every shift-invariant positive con-
tinuous specification is generated by a shift-invariant interaction satisfying the weaker
condition of variation-summability. These results were proven in the 1970s. An open
question since that time is whether Kozlov’s theorem holds in the shift-invariant setting,
equivalently whether Sullivan’s conclusion can be improved from variation-summability
to norm-summability. We show that the answer is no: there exist shift-invariant positive
continuous specifications that are not generated by any shift-invariant norm-summable
interaction. On the other hand, we give a complete proof of an extension, suggested by
Kozlov, of Kozlov’s theorem to a characterization of positive continuous specifications
on configuration spaces with arbitrary hard constraints. We also present an extended ver-
sion of Sullivan’s theorem. Aside from simplifying some of the arguments in the original
proof, our new version of Sullivan’s theorem applies in various settings not covered by
the original proof. In particular, it applies when the support of the specification is the
hard-core shift or the two-dimensional g-coloring shift for g > 6.
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1. Introduction

A (nearest-neighbour) Markov random field on the d-dimensional integer lattice Z is

a probability measure p on a space 2 C 224 of configurations of symbols from a finite
alphabet ¥ on Z that satisfies the following Markovian condition: for every finite subset
A of sites, the probability distribution on events of A, conditioned on the complement of
A is a function of only the restriction of the configuration on the external boundary of A.

In the case where all configurations are allowed, i.e., 2 = %' and W is fully supported,
it follows from the Hammersley—Clifford Theorem [1,17,30] that the random field can
be expressed in a Gibbsian form by a nearest-neighbour interaction.

An almost-Markovian random field on Z¢ is defined by the following weaker con-
dition: for every finite subset A of sites, the probability distribution on events of A,
conditioned on the complement of A is merely continuous as a function of the restric-

tion of the configuration to the complement of A. Assuming again that Q2 = 2 and "
is fully supported, can the random field be given in a Gibbsian form by an interaction,
and in particular by a highly regular interaction? More than forty years ago, first Sulli-
van [31, Theorem 1] and then Kozlov [20, Theorem 1] answered this question positively,
with Kozlov obtaining a stronger result: namely, the random field can be expressed in a
Gibbsian form by a so-called norm-summable (also called absolutely-summable) inter-
action. This is a remarkable result: mere continuity is sufficient to represent the random
field in a Gibbsian form with an interaction of very high regularity.

These results have more to do with the so-called specification of a random field
rather than the joint distributions of the random field itself: the specification is the
collection of all conditional probabilities K (x|y) on events on a finite set of lattice
sites conditioned on the complement. This viewpoint goes back to Dobrushin [7], who
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referred to specifications as “consistent systems of conditional probabilities.” It is the
specification that is represented in Gibbsian form

1
K(xly) = Eexp(—Ecp(x\/y)) 6]

where E¢ is the energy function corresponding to an interaction @, x is a configuration
on a finite set of sites A, y is a configuration on A€, and Z is a normalizing factor. Our
main interest is in finding conditions on the conditional probabilities that guarantee a
representation (1) with an interaction @ of a high degree of regularity.

Now, consider a shift-invariant almost-Markovian random field p, again assuming

Q2 Ezd and p is fully supported. It is natural to ask if, in this case, the norm-
summable interaction given by Kozlov’s theorem can always be chosen to be shift-
invariant. Both Kozlov and Sullivan addressed this problem in the 1970’s, but obtained
weaker results. Kozlov [20, Theorem 3] showed that if one imposes positivity and a
stronger form of continuity, in terms of decay of modulus of continuity, on a shift-
invariant specification, then in fact one can obtain a Gibbsian representation with a
shift-invariant norm-summable interaction. On the other hand, Sullivan [31, Corollary to
Theorem 2] showed that mere positivity and continuity of a shift-invariant specification
is sufficient to obtain a Gibbsian representation with a shift-invariant interaction that
satisfies a weaker form of regularity, which he called absolute convergence. In fact,
Sullivan’s interaction satisfies what we call variation-summability, which is somewhere
in between absolute convergence and norm-summability.

The question of whether every positive shift-invariant almost-Markovian specifica-
tion can be represented by a shift-invariant norm-summable interaction has been con-
sidered by several authors, including Gross [16] (see the comments on page 195), van
Enter, Fernandez, and Sokal [9] (see the remark at the end of Section 2.4.9), and Fernan-
dez [10] (Section 4.3.3), but was left open up until now. The main result of our paper,
Theorem 1.1, gives a negative answer to this question. The proof is somewhat noncon-
structive, works already in dimension d = 1 and uses elementary ideas from Banach
space theory, combinatorics and probabilistic inequalities.

Theorem 1.1. There exists a shift-invariant, positive, almost-Markovian specification
on Q £ {0, 1Y% which does not admit a Gibbsian representation in terms of a shift-
invariant norm-summable interaction.

In other words, there exists a shift-invariant, full-support, almost-Markovian measure
on € £ {0, 1} which is not a Gibbs measure for any shift-invariant norm-summable
interaction.

In our proof, we use a sequence of continuous cocycles that we obtain through a
probabilistic argument. The first usage of cocycles (also called relative Hamiltonians in
this context) to parameterize specifications is attributed by Gross in his lecture notes [16]
to Pirogov and Sinai [25]. This idea has also been used by Petersen and Schmidt [24] to
study certain classes of Gibbs measures in subshifts of finite type. Recent examples of
applications of this formalism can be found in [5] or [6]. The idea to use the probabilistic
method to obtain objects with interesting properties in the context of thermodynamic
formalism also has precedents in the literature. See for instance Israel [19] (pages 29-30)
for a proof in the same spirit in a similar context.

One might ask why norm-summability is the most desirable level of regularity, other
than the fact that it has become the standard form of regularity for interactions in Gibbs
theory. One answer is that it is needed for the DLR theory (equivalence of shift-invariant
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Gibbs states and equilibrium states, see [8,22]) to work. However, variation-summability
seems to be sufficient for the “LR” part of the theory (equilibrium implies Gibbs) but we
do not know if it is sufficient for the “D” part of the theory (Gibbs implies equilibrium).

Section 2 of this paper contains preliminary definitions and results. In Sect. 2.2.1, the
notion of a specification is defined in its own right, without mention of an underlying
random field, by a simple set of axioms. Each positive specification is associated with
an abstract notion of “energy” expressed by a cocycle on the asymptotic relation. The
cocycle assigns to each pair of asymptotic configurations a real number interpreted as
the energy difference between the two configurations. Cocycles are equivalent repre-
sentations of positive specifications. The notion of cocycles is introduced in Sect. 2.2.2,
and their correspondence with positive specifications is discussed in Sect. 2.2.3. For the
remainder of the paper, we work in the framework of cocyles rather than specifications.
The classes of interactions that we use in this paper are defined in Sects. 2.3.1 and 2.3.2.
The Banach space theory that we need is based on the open mapping theorem and is
described in Sects. 2.4 and 2.5.

The proof of Theorem 1.1 is given in Sect. 3.3. It uses a criterion for a linear operator
to be non-surjective, Proposition 2.24. In Sects. 3.1 and 3.2, we also give two explicit ex-
amples of shift-invariant specifications which fail to be represented by a shift-invariant

norm-summable interaction, but in the case where €2 is a proper subset of ZZd, i.e.,
certain configurations may be forbidden. These are two-dimensional examples, taken
from Chandgotia and Meyerovitch [5], that violate a linear growth condition (9) nec-
essary for the existence of a shift-invariant norm-summable interaction. However, in

.. . . . d
Proposition 3.5 we show that this approach cannot possibly work in the case Q = ©2°.
In Sect. 4, we give a complete proof of an extension of Kozlov’s theorem to the
case where some configurations may be forbidden, in particular, our result holds for any

compact subset 2 of $%'. This extension was already suggested by Kozlov (see the
paragraphs preceding Theorem 3 in [21]), who did not give a proof. In our proof, we
first show that Markovian specifications can be represented by finite range interactions
and then we proceed by approximating almost-Markovian specifications by Markovian
specifications. Our proof does not rely on any aspect of Z¢ besides the fact that it is a
countable set, as again suggested by Kozlov [21].

Theorem 1.2. Let Q2 be a symbolic configuration space over a countable set of sites S.
Every positive almost-Markovian specification on Q admits a Gibbsian representation
in terms of a norm-summable interaction.

In Sect. 5, we generalize Sullivan’s theorem to configuration spaces 2 that satisfy
a certain kind of constraint on allowed configurations. Moreover, our proof employs a
simplification in the construction of Sullivan’s interaction. In particular, this allows our
result to be extended to other lattices and the class of symbolic actions of countable
amenable groups.

Theorem 1.3. Let Q C 2 be a shift of finite type which is single-site fillable and
has the pivot property. Every shift-invariant, positive almost-Markovian specification
on 2 admits a Gibbsian representation in terms of a shift-invariant variation-summable
interaction.

Theorems 1.1, 1.2, and 1.3 are stated in the equivalent language of continuous cocy-
cles in Theorems 3.4, 4.5, and 5.4 respectively. See Sect. 2.2.3 for the correspondence
between specifications and cocycles.
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Sections 3, 4, and 5 are independent of one another and so can be read separately
once the reader has read the preliminary Sect. 2.

2. Preliminaries

2.1. Spaces of configurations. The focus of this paper is on models in which the state of a
physical system is represented by a configuration of symbols. A (symbolic) configuration
on a countable set S is an array x = (x;)xes of symbols from a finite alphabet %
indexed by the elements of S. We refer to the elements of S as sites. A pattern (or
a partial configuration) is an array w € X4 where A € S. We call A the shape of
pattern w € X4, A finite pattern is a pattern whose shape is finite. The restriction of a
pattern p € X4 to a shape B C A is denoted by pp. Consistently with this notation, we
sometimes denote a pattern p € X4 by p4 to emphasize its shape. Given two patterns
ueTAandve =B satisfying uasnp = vanp, we write u V v for the pattern with shape
AU B, for which (u Vv)4 = u and (u vV v)g = v. We will write A € B to indicate that
A is a finite subset of B.

The set £ of all symbolic configurations on S with symbols from ¥ is endowed
with the product topology, which is compact and metrizable. A cylinder set in £° is a
set of the form [w4] £ {x € xS . XA = wy} where wy € >4 is a finite pattern with
shape A € S. The set A is called the base of the cylinder set [w4]. The cylinder sets are
both open and closed and form a basis for the product topology on %

By a (symbolic) configuration space we shall mean a non-empty compact set 2 C i
for some countably infinite set of sites S and finite X. The configuration space ¥ is said
to be full. We refer to the elements of 2 as the configurations of ¥ that are admissible
for Q.

For most of the current paper, S will be the d-dimensional square lattice Z¢ for some
d € Z*, and we will be interested in configuration spaces on Z¢ which respect the
translation symmetry. We denote by o the action of Z¢ on the full configuration space
2z by shifts. More specifically, o x denotes the translation (or shift) of a configuration
xbyk e 74, that is, (c%x); 2 x4 for i € Z¢. A shift space (or subshift) is a
configuration space Q2 C 2 that is shift-invariant, meaning that o¥x € € for each
xeQandk e Z4.

We say that a pattern w € X4 is admissible for a configuration space Q C =5 if
w = x4 for some x € Q2. We denote the set of admissible patterns of €2 with shape A by
L4(2), and the set of all finite admissible patterns by £(Q2) £ Uaes £4(2). Given a
pattern g with shape B C S and another shape A C S, we denote by L4, (£2) the set of
all patterns p with shape A such that p Vv ¢q is well defined and is admissible for €2.

The shift acts on patterns as well as entire configurations: for w € ¥4 and k € Z¢,

ofw e A% andfori € A — k, (6Fw); = wjw.
Definition 2.1 (Topological Markov property; TMP). Let Q C =S be a configuration
space and A € B C S two subsets of the sites. We say that B is a memory set for
A in Q if whenever x and y are two configurations admissible for 2 and satisfying
XB\A = YB\a, the configuration xp V ygs\4 is also admissible for 2. A configuration
space 2 C ¥ is said to have the topological Markov property (TMP for short) if every
finite set A € S has a finite memory set B € S in Q.

Example 2.2 (Markov property w.r.t. a graph). A special case of the TMP is the Markov
property inherited from a locally-finite graph. Let G = (S, &) be a locally-finite graph
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with vertex set S and edge set £ C (‘g) Let N(s) £ {s’ € S : {s, s’} € £} denote the set

of neighbours of site s € S, and for A € S, let N(A) £ Usea N(s)\A. Being locally-
finite means that N (s) is finite for every s € S. In [4,5], the notion of a topological
Markov field was introduced. In our terminology, a topological Markov field on the
graph G = (S, &) is a configuration space @ € £ in which foreach A € S, AUN(A)
is a memory set for A.

A shift space which has the TMP but not with respect to any locally-finite graph is
provided in Example 2.4 of [2].

Example 2.3 (Sunny side up shift). Perhaps the simplest example of a shift space which
does not have the TMP is the so-called sunny side up shift Q2<;, which is defined as
the collection of all configurations x : Z4 — {0, 1} with at most one occurrence of 1.
Indeed, suppose there is a finite memory set B € Z¢ for A = {0}, then forany k € Z¢\ B,
we have that the indicator functions 1) of {k} and 1(g) of {0} are in 2<; and coincide
in B\{0}. This would imply that 19 x; belongs to Q2.

A shift space Q C 2% isa shift of finite type (SFT for short) if there exists a finite set
of finite patterns F defining 2 in the sense that x € € if and only if (6¥x)4 ¢ F for all
k € Z? and A € Z¢. The set F in this case is called a set of forbidden patterns defining 2.
A nearest-neighbour SFT is one which has a defining set of forbidden patterns whose
shapes are nearest-neighbour pairs in Z?, i.e., pairs {i, j} € Z% with |i — j||; = 1.
A pattern ¢ € L8 is said to be locally admissible with respect to a defining set F of
forbidden patterns for Q if (6%g)4 ¢ F forallk € Z? and A € Z¢ suchthat A C B —k.
Observe that every SFT has the TMP. Namely, if F denotes the union of the shapes of a
finite set of forbidden patterns defining 2, then each finite set A € Z¢ has A+ F — F
as a memory set in 2. However, the class of shift spaces with the TMP is much larger
than those which are of finite type. The reader can find many examples in [2,4].

A symbol ¢ € ¥ is said to be a safe symbol for a configuration space Q2 C %5 if for
every x € Q and k € S, the configuration obtained from x by replacing the symbol at
site k with ¢ is admissible for €. Clearly, every symbol of a full configuration space is
safe. Observe that 0 is a safe symbol for the sunny side up shift of Example 2.3.

Example 2.4 (Hard-core shift). A non-trivial example of a shift space with a safe symbol
is the hard-core shift

Qne 2 {x €10, 112" : x; = x; = 1 implies i — jll; # 1}
for which 0 is safe.

Although the class of shift spaces with the TMP is much larger than the class of SFTs,
in presence of a safe symbol, the TMP reduces to the finite type property. Namely, every
shift space with the TMP that has a safe symbol is of finite type (see Proposition A.1).

Definition 2.5 (Asymptotic relation). Two configurations x,y € ¥ are said to be
asymptotic (or homoclinic) if they disagree in no more than finitely many sites. Namely,
there is A € S so that xs\4 = ys\a- The set of all asymptotic pairs of configurations
from a configuration space €2 is an equivalence relation which we call the asymprotic
(or homoclinic) relation and denote by 7 (R2).

The equivalence classes of 7 (2) will be referred to as asymprotic classes of Q. Given
a finite set A € S, we write 74(€2) for the subset of 7 (£2) consisting of all pairs of
configurations from €2 that agree outside A. Observe that 74 (€2) is itself an equivalence
relation and is topologically closed in € x . Furthermore, 7(RQ) = (J 5 74(R).
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Remark 2.6 (A topology on the asymptotic relation). Throughout the text we will im-
plicitly use the following topology on the asymptotic relation 7 (2) of a configuration
space 2. In this topology, a sequence of pairs (x,, y,) € 7 (£2) converges to a pair
(x,y) € T(R2) if and only if there exists a finite set A € S such that (x,,, y,) € T4(Q2)
for all sufficiently large n and x,, — x and y, — y with respect to the topology on £2.

An equivalent way to define the topology on 7 (£2), is by declaring that forany A € S
the set 74 (€2) is an open subset and that the induced topology on 74 (£2) coincides with
the topology induced by 2 x Q. It follows that for any A € S, 74(2) is also compact.
Note that the topology on 7 (£2) itself is not compact, and does not always coincide with
the relative product topology. The important feature of this topology is that for each
finite set A, 74 (€2) is open as well as compact.

Remark 2.7. Whenever 2 has the TMP, 7 (R2) is an étale equivalence relation with re-
spect to the topology described above (in fact, an AF-equivalence relation). Interested
readers can read [28] and references within for more on étale equivalence relations, ap-
proximately finite equivalence relations and their significance in the theory of topological
orbit equivalence of Cantor minimal systems.

A configuration space 2 € ¥ is said to have the pivor property if for all asymptotic
configurations x, y € €2, there is a finite sequence of admissible configurations x =
7O D ) = y such that foreach i = 1, 2, ..., n, the configurations 70— and
7@ differ on a single site. We call 20=D — 7 an (admissible) pivot move at site k;,
where k; is the unique site at which z¢~1 and z(¥) differ. We say that Q has the uniform
pivot property if for every A € S, there exists B € S such that for each (x, y) € 74(R2),
there is a sequence of admissible pivot moves transforming x to y in which all moves
are inside B. It follows from the compactness of the sets 74 (2) that if a configuration
space has both the pivot property and the TMP, then it also satisfies the uniform pivot
property (see Proposition A.2).

Note that every configuration space with a safe symbol has the uniform pivot property.
Namely, if ¢ is a safe symbol for €, for every (x, y) € 7 (£2), we can replace, one-by-
one, each of the symbols of x at sites that differ from y by ¢, and then revert, again
one-by-one, to the symbols of y at sites that differ from x.

Example 2.8. (q-coloring shift) Given an integer g > 2, the d-dimensional g-coloring
shift is defined as

d . .
ngl(q) 21xe(0,....q — ¥ :x; # x; whenever [li — j|I; = 1}.

The g-coloring shift ngl(q) in statistical mechanics occurs as the support of the anti-

ferromagnetic Potts model [13] in the zero-temperature limit. From the definition, it
is clear that Q¢ does not have a safe symbol. But it has the pivot property when

col(q)
q > 2d + 2 (Proposition 3.4 of [5]). The shift space ngl(q) also has the pivot property
when d = 2 and g € {2, 3} (Proposition 4.4 of [5]). In contrast, Qd does not have

col(g)
the pivot property when d = 2 and g € {4, 5}. Let us illustrate this for g = 4. Consider

the configuration x € {0, 1, 2, B}Z2 defined by
Xp.m 2 (n+2m) mod 4,
and note that for every (i, j) € 7%, we have Xi+1,j = X j+1 (mod 4),x; j+1 =X j—1 =

xi,j+2 (mod 4),and x; 1 ; = x; j +3 (mod 4). This shows that x € Qg0|(4). Further-

more, since under x every site (i, j) € 72 has three distinct colors in its neighbourhood,
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2
col(4)

that are asymptotic to x but distinct from it. For instance, the

no other configuration in 2

2
col(4)

configuration y € {0, 1, 2, 3}Zz defined by

differs from x at a single site. Nevertheless, there are

configurations in 2

1 if (n,m) = (0,0),
Yn,m = 0 if (n,m) =(1,0),
Xn,m oOtherwise
is in ngl @) and disagrees from x in exactly two positions. In these two configurations

the symbols for each site are fixed and cannot be independently pivoted, one site at a
time. However, we may pivot patterns, changing two sites at a time, as follows:

12 30 12 30
3012 > 310 2
12 30 12 30

A similar trick works for ¢ = 5. The symbols on the configuration x given by x,, , =

(n +3m) mod 5 are fixed but there are exchangeable patterns as above.

A function f: @ — R on a compact metric space 2 will be referred to as an
observable. The Banach space of continuous observables with the uniform norm |||
will be denoted by %'(£2). An observable f: 2 — R on a configuration space 2 C xS
is said to be local if there exists a finite set A € S, called the base of f, such that
f(x) is uniquely determined by the restriction x 4. The local observables form a dense
linear subspace of % (£2). Given aset A C S, we denote by .74 (2) the o -algebra on
generated by cylinder sets whose bases are included in A. The Borel o -algebra on Q2 is
denoted by .% () = %5(K2). The set of Borel probability measures on €2 is denoted by
Z(2). With the weak-* topology, &7(£2) is a compact metric space.

2.2. Cocycles and specifications. The original problem motivating this paper and its pre-
decessors is the problem of existence of Gibbsian representations for almost-Markovian
specifications. The proofs of our main results invoke 7 (£2)-cocycles, which are a cer-
tain convenient parametrization of specifications on 2. A 7 (£2)-cocycle assigns to each
pair of asymptotic configurations a real number which can be thought of as the “energy
difference” between the two configurations. In this section, we provide definitions and
basic properties of specifications and cocycles and discuss the sense in which they are
equivalent. For the rest of the paper, we will mostly work with cocycles.

2.2.1. Specifications. In models coming from equilibrium statistical mechanics, the
macroscopic states of the system are represented by probability measures on the config-
uration space (i.e., distributions of random fields). However, the microscopic description
coming from physics prescribes not the measure itself but its conditional probabilities
given the configuration outside each finite set of sites. A specification refers to a consis-
tent family of such prescribed conditional probabilities.

Definition 2.9 (Specification). Let @ € £ be a configuration space. A specification
on Q is a family K £ (K4)aes of functions K4 : Q x .Z () — [0, 1] such that
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(i) For each x € ©, K4 (x, -) is a probability measure on (2, % (Q2)).
(ii) For each E € % (), the function x — K (x, E) is measurable with respect to
T5\4(9).
(iii) K4 (x, [xp]) = 1 whenever B € S\ A and x € Q.
(iv) Forevery x € Qand A C B € S,

Kp(x,[xp]) = Kp(x, [xp\aDKa(x, [xa]).

In the older literature (for instance [7]), specifications have been called “a consistent
system of conditional probabilities”. Following the formulation by Preston [26] and
Georgii [12], conditions (i)—(iii) state that each K 4 is a proper probability kernel from
(Q, F54(Q)) to (2, .7 (R2)). Condition (ii) means that K4 (x, -) only depends on the
restriction of x to S\ A. Condition (iii) means that the measure K 4 (x, -) is concentrated
atthe configurations y € Q2 with ys\4 = xs\ 4. Condition (iv) is a consistency condition.

Example 2.10. (Uniform specification) An example of a specification on an arbitrary
configuration space € is the uniform specification K° £ (K 1) aes defined by

1
K5 (x, opl Nual) 2 { [Laps, ()]
0 otherwise,

ifx € [vB] and up € »CA\XS\A(Q)»

foru e L4(Q)andv € L(R) withANB = @.

A probability measure u is said to be consistent with a specification K £ (K)ses
(or specified by K) if,u([pA] | 95\;\ (Q)) (x) = Ka(x, [pa]) forevery p € L4(2) and
wu-almost every x. Every probability measure on a configuration space ¥ is consistent
with some specification on »S [14,27], but one is often interested in specifications that
satisfy symmetry/continuity conditions.

If Q is a shift space, we say that a specification K £ (Ka) Aes on 2 is shift-invariant
if Kipn(x, E) = Kp(o%x, 0XE) forevery A € Sand k € S.

A specification K e (KA)aes is local (or Markovian) if for every A € S, there
exists B € S with B 2 A such that for each cylinder set [w 4] with base A, the function
K4(, [wal) is Fp\4(2)-measurable. In this case, we refer to B as a memory set for A
with respect to K. A specification is continuous (or almost-Markovian) if all its kernels
K 4 are continuous with respect to the first variable.

Compactness of 2(£2) ensures that every continuous specification on 2 has at least
one consistent measure. This is shown by picking an arbitrary measure u (a boundary
condition) and taking an accumulation point of the sequence of measures K 4 defined
by uKo(W) £ f Ka(, W)du as A — S along a cofinal chain of finite subsets of S
(i.e., taking a thermodynamic limit). A continuous specification may have more than one
consistent measure (e.g., the specification of the Ising model at low temperature [11,
Chapter 3]). In general, without assuming continuity of the specification, probability
measures consistent with a specification K = (K 4) s may or may not exist. The set
of measures consistent with a continuous specification is a closed and convex subset of
Z(2). It follows (via averaging, and again using compactness) that on a shift space,
every shift-invariant continuous specification has a shift-invariant consistent measure.

A specification K £ (Ky4) Aes on a configuration space €2 is said to be positive (or
uniformly non-null) if K4(x, [x4]) > O for every A € S and x € Q. The uniform
specification K° on € is clearly positive.
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We recall the following result, stated and proven in a very similar setting in [2,
Proposition 2.5]. For completeness, we provide a proof in the appendix (Sect. A.2)

Proposition 2.11 (Support of a positive continuous specification). There exists a positive

continuous specification K 2 (K )aes on a configuration space 2 if and only if Q
has the TMP.

2.2.2. Cocycles on the asymptotic equivalence relation. Let R C X x X be an equiv-
alence relation on a set X. A (real-valued) cocycle on R (or R-cocycle) is a function
A: R — Rsatisfying A(a, b) + A(b, c) = A(a, c¢) whenever (a, b), (b, ¢) € R. Given
any R-cocycle A: R — R one can find a “potential” function F: A — R such that
A(a,b) = F(b) — F(a) for every (a,b) € R. Moreover, F as above is uniquely
determined up to a constant on each equivalence class of R.

On the intuitive level, a cocycle ¥ : 7(2) — R on the asymptotic equivalence
relation of a configuration space 2 C x5 can be thought of as a notion of “energy” on
configurations, with ¥ (x, y) being the “energy required to modify x into y”. Although
as stated above we can always find a “potential” function F': Q2 — R so that ¢ (x, y) =
F(y) — F(x) for every (x, y) € 7 (R2), even under suitable assumptions on the cocycle
¥ one can rarely find such F as above with “nice” proprieties such as shift invariance
and continuity or even Borel measurability. A cocycle on the asymptotic relation 7 (£2)
will sometimes be referred to as a cocycle on 2.

We call a cocycle ¥ : 7(2) — R continuous (or almost-Markovian) if for each
A € S, the restriction of ¥ to T4 (R2) is continuous with respect to the induced topology
from Q2 x . This terminology is justified by the fact that continuous cocycles are
precisely the cocycles that are continuous with respect to the topology introduced in
Remark 2.6. By compactness, the restriction of a continuous cocycle to each 74(2) is
bounded and uniformly continuous.

We say a cocycle ¥ : 7(R2) — R is said to be local (or Markvovian) if for every
A € S, there exists B € S with B D A such that ¥ (x’, y') = ¥ (x, y) whenever
(x,y), (x,y) € TA(Q), xjg\A = xp\a and y%\A = yp\a. The set B will then be
referred to as the memory set associated to A for the cocycle y. Clearly, any Markovian
cocycle is continuous.

Given a shift space Q2 € ZZd, a cocycle ¥ : 7(Q2) — R is called shift-invariant if
V(o%x, o%y) = ¥ (x, y) for each (x, y) € T(Q) and k € Z2.

2.2.3. T (2)-cocycles as parametrization of positive specifications. Our goal now is to
explain why 7 (£2)-cocycles can be thought of as convenient way to parametrize positive
specifications on 2. To explain this idea, note that given a non-empty finite set X, there
is a simple one-to-one correspondence between the cocycles A: X x X — R on the full
equivalence relation X x X and the positive probability distributions p: X — (0, 1)
on X. The correspondence is given by the equality

PO _ —awh
p(a)

for a, b € X. The probability distribution p satisfying this equality is the Boltzmann
distribution associated to A.

On a configuration space 2 C ¥, there is a similar one-to-one correspondence
between measurable cocycles ¥ : 7(2) — R on the asymptotic relation 7 (£2) and
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the positive specifications K = (K4)es on 2. The correspondence is given by the
equality

M = e_w(x’y)
Ka(x,[xal) -

for each A € S and (x, y) € 74(R2). The correspondence in the reverse direction is
given by

2

Ka(y, [)’A]):| . 3)

i y) = —log [KA(x, [xaD

We record this correspondence in the following proposition:

Proposition 2.12 (Positive specifications = measurable cocycles). Let Q2 be a config-
uration space. The equalities (2) and (3) define a one-to-one correspondence between
measurable cocycles Y on T () and positive specifications K = (K 4) aes on Q.

The proof of this proposition amounts to a direct calculation. The conditions (i)—(iv)
for (Ka)ses are all together equivalent to the cocycle equation

Y(z,x) =¢(,x)+v¥(z,y) forevery (x,y) € T(R).

For completeness, we include a proof of this proposition in Appendix A.2. The parametriza-
tion of positive specifications via cocycles provides a convenient formalism in which to
state our results. As an example, the uniform specification on a configuration space <2
(Example 2.10) corresponds to the zero cocycle ¥ = 0 on 7 (2).

The cocycle associated to a positive continuous (resp., Markovian) specification
is clearly continuous (resp., Markovian). The converse is however not true: accord-
ing to Proposition 2.11, a positive specification on a configuration space €2 cannot be
continuous unless €2 has the TMP, whereas the zero cocycle on every configuration
space is continuous (even Markovian). From the proof of Proposition 2.12 (in particu-
lar, Equation (34)), it follows that the specification associated to a continuous cocycle
on € is continuous if and only if for every finite pattern p4 € L4(2), the function
x — lg(xs\a V pa) is continuous (hence, local). The latter condition is equivalent to
2 having the TMP.

Proposition 2.13 (Positive continuous specification = continuous cocycle). Let 2 be a
configuration space satisfying the TMP. Let K be a positive specification on 2 and r its
corresponding cocycle on T (2). Then, K is continuous (resp., Markovian) if and only
if ¥ is continuous (resp., Markovian).

2.3. Interactions. The cocycles and specifications arising in statistical mechanics are
usually generated by interaction potentials.

An interaction potential (an interaction, for short) on a configuration space 2 C =S
is a function ®: L£(2) — R assigning a real value ®(w) to each admissible pattern
w € L(S2). The “physical interpretation” of the value ® (w) is “the energy contribution
of the pattern w”. Given C € S, we also define a local function &¢: @ — R by
dc(x) £ d(xc), so that an interaction can equivalently be described by the family

(®c)ces. An interaction ® on a shift space Q2 C »2 s shift-invariant if ®(c*¥w) =
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®(w) for each w € L£() and k € Z4, or equivalently, if ®rc(x) = ®c(o¥x) for all
xeQ CeZandx € Q.

Given an interaction ®: £(2) — R, we formally define for every (x, y) € 7 (2)

Yolx,y) 2 Y [®(ve) — D(xc)] )

ces

To make sense of the infinite sum in (4), certain assumptions on the interaction & are
required. The simplest case in which the sum is meaningful is when ® has finite range,
that is, for every A € S, ®¢ = 0 for all but finitely many C € S with AN C # @. In
this case Yo : 7(2) — R is clearly a Markovian cocycle. We say that ® is uniformly
convergent if for every A € S, the sum in (4) converges uniformly over 74 (£2), where
the convergence of the series is interpreted in the net sense, along the directed family of
finite subsets of S. In other words, @ is uniformly convergent if for every ¢ > 0, there
exists Jo € S such that

‘ww,y) - [Pc) —Pc]| <e¢

ccJ

forevery J € Ssatisfying J 2 Jpandeach (x, y) € T4(2).Itfollowsthat e : 7 (2) —
R is a continuous cocycle whenever @ is a uniformly convergent interaction, because
its restriction to 74 (£2) is the uniform limit of a net of continuous functions.

Whenever we can express a cocycle ¥: 7(2) — R in the form ¢ = ¥¢ given
by (4), we call this a Gibbsian representation for the cocycle .

For certain applications, it is desirable to have a “better” Gibbsian representation
with stronger regularity properties, beyond uniform convergence. In particular, the well
known theorems of Dobrushin, Lanford and Ruelle [8,22] relate shift-invariant Gibbs
measures and equilibrium measures for the class of norm-summable interactions, which
we introduce later. The purpose of the current paper is to follow up on the question of the
existence of Gibbsian representations for continuous (or Markovian) cocycles in terms
of “nice” families of interactions.

Remark 2.14 (Gibbsian representations of Markovian cocycles). The Markovian case
was first addressed independently by Hammersley and Clifford [17], Averintsev [1] and
Spitzer [30]. They showed that on a full configuration space, every cocycle (equivalently,
positive specification) that has the Markov property with respect to a locally-finite graph
on the set of sites is generated by a unique finite-range interaction satisfying a certain
“canonical” property (see also [15]). This interaction is “canonical” in that it assigns
non-zero values only to patterns whose shapes are cliques of the graph, and which do
not have an occurrence of a fixed “vacuum” symbol.

For further references and state-of-the-art results on existence or non-existence of
Gibbsian representations for Markovian specifications on configurations spaces with
constraints see [3,5].

While the focus of this paper is on Gibbsian representations of continuous cocycles,
in Sect. 4.1 we show that every Markov cocycle on a configuration space with the TMP
is generated by a (“non-canonical”) finite-range interaction.
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2.3.1. Variation-summable interactions Let @ C £ be a configuration space. The
variation of a continuous observable f: € — R on a finite set A € S is defined as

Vara(f) = sup  [f(y) — f0)].
(x,y)eT4 ()

We use the shorthand Var(-) £ Vary(-) for s € S. Note that Var4 (f) = 0 whenever
f is alocal observable whose base does not intersect A.
An interaction ®: L£(2) — R is called variation-summable if for every A € 74,

Z Var s ($¢) < 00 . (5)
CeS
CNA#D
Observe that (5) implies that the sum (4) converges absolutely, uniformly over each
T4(€2). In particular, every variation-summable interaction is uniformly convergent.

Proposition 2.15. (Variation-summability under uniform pivot property) Ler Q@ € £°
be a configuration space satisfying the uniform pivot property. Then, an interaction ®
on 2 is variation-summable if and only if

> Vary(®c) < oo

CeS
Css

foreverys € S.

The proof of the above proposition can be found in Appendix A.3.

Let now Q C 2’ be a shift space with the uniform pivot property. From the above
proposition, it follows that a shift-invariant interaction ® on 2 is variation-summable if
and only if

I®llys £ ) Varg(®c)
cez?
C30
is finite. The function ||-||yg is a seminorm, because it clearly satisfies the subadditivity
and homogeneity conditions. It is however not a norm because, for instance, ||c+®|lyg =
|®]|lys for every c € R.

Q
Define an equivalence relation ~ on £(2) by declaring w, w’ € £(£2) to be equivalent
if and only if they have the same shape C € Z? and there exist (x, x’) € 7 () such
that xc = w and x, = w'.

Lemma 2.16. Let 2 be a shift space with the pivot property and let ®: L(2) — R be
a shift-invariant variation-summable interaction. Then, for every A € Z¢ and w, w' €

LA(Q) withw £ w’ we have
|®(w) — @) < L4 |Pllys -
Lemma 2.16 can be used to obtain the following.

Proposition 2.17. Let 2 be a shift space satisfying the uniform pivot property and let
®: L(2) — R be a shift-invariant variation-summable interaction. Then || ®|yg = 0
if and only if for every C € Z the function ®¢ is constant on each asymptotic class of
Q.
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See Appendix A.3 for the proof of Lemma 2.16 and Proposition 2.17.

If we identify two interactions &M and @ whenever ||<D(2) — oM llvs = 0, then
we get a normed linear space. This space together with the norm ||-||yg actually forms a
Banach space which we denote by Bys(£2). In the specific case where €2 is a shift space
that admits a safe symbol ¢, we can identify %Byg(2) with the space of interactions ®
satisfying || ®|lyg < coand ®(¢¢) = Oforevery C € Z, because for any interaction ®
satisfying ||®|lyg < 0o, there exists a unique interaction @’ satisfying ||® — ®'|yg = 0
and ®'(0€) = 0 for every C € Z“. This basic idea extends to the more general case
where € is a shift space with the pivot property. Namely, choose a set Ly € £(£2) which

includes precisely one representative from each equivalence class of ,% Now for any
interaction @ satisfying ||®|lyg < oo, there exists a unique interaction @’ satisfying
|® — ®'|lys = 0 such that &’(w) = 0 for every w € L.

For completeness, we give a proof of completeness of ||-||ys.

Proposition 2.18. (Completeness of the VS-norm) Let Q2 be a shift space with the uni-
form pivot property. Then, the norm ||-||yg on Bys(R2) is complete.

Proof. Let @V ®®@ . bea Cauchy sequence in ABys(€2). We need to show that the
sequence converges with respect to the norm ||-|lys. Let Lo € L£(£2) be a set containing

precisely one representative from each equivalence class of ~. By the remark above the
proposition, it is no loss of generality to assume that ®™ (w) = 0 for each w € Ly and
neN.

Q

Take w € L(£2), and let w’ be the unique element of L( such that w ~ w’. Then,
®™ (w) = ™ (w) — ™ (w'). Using Lemma 2.16, it follows that (& (w))%2 ; is a
Cauchy sequence of real numbers, and thus converges to a real number which we denote
by ®(w). This defines an interaction ®: L£(2) — R which is the pointwise limit of
(CD(”))g';l. Clearly, @ is shift-invariant and satisfies ®(w’) = 0 for each w’ € L.

From pointwise convergence, it directly follows that Varg(®¢) = lim,,— o Varo(GJg))
for every C & 74 Since (CD(”));O:l is a Cauchy sequence in HBys(L2), the series
> cezd Varo(cbg’)) converges uniformly in 7, in the sense that for any ¢ > 0, there

C>0
exists a finite set B € Z¢ such that

sup Z Varo(CD(C")) <e,
n

cezd
C>0, CZB

This shows that

I®lvs < Y Varg(®c) +e .

cez!
C>0, CCB

and in particular ® € HByg(R2). It also follows that
: _ ) : _ e —
lim sup||® — & llys < lim CZZ{ Varg(dc — @7) +e=¢.
€Z°

C>0, CCB

Since ¢ > 0 was arbitrary, this shows that the sequence (CI>(”))§°:1 converges in norm to
. O
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Sullivan showed that every shift-invariant continuous cocycle (equivalently, shift-
invariant positive continuous specification) on a full shift space is generated by a shift-
invariant variation-summable interaction (see Corollary of Theorem 2 in [31]). To be
precise, the statement in [31] only mentions a slightly weaker property called “absolute
convergence”, but an inspection of the proof reveals that it yields a variation-summable
interaction. In Theorem 5.4 below, we extend Sullivan’s result to more general families
of shift spaces.

2.3.2. Norm-summable interactions An interaction ® on a configuration space 2 C =8
is norm-summable (also called absolutely summable) if for every A € S,

> lldcl < oo,

CeS
CNA#D

where ||-|| denotes the uniform norm. Clearly, every norm-summable interaction is also
variation-summable. In particular, norm-summable interactions are uniformly conver-
gent.

Observe that for every interaction ®,

doollecl =) ﬁn%n <Y > lecl -

CeS acACES sEACES
CNA#D C>a Cos

Thus, ® is norm-summable if and only if

Y locl < oo

CeS
C>ss

for every s € S.
Of special interest is the case in which €2 is a shift space and & is a shift-invariant
interaction. In this case, ® is norm-summable if and only if

IPlns 2 Y lIdcll < o0

CeS
C>0

It is well known that the space of shift-invariant norm-summable interactions on a shift
space 2 with the norm |-||Ng is a Banach space (see Section 4.1 of [29]). We denote
this Banach space by %Zns(f2) . Once again, for completeness, we give a proof of
completeness.

Proposition 2.19 (Completeness of the NS-norm). Let Q be a shift space. Then, the
norm ||-||ns on Bns(R2) is complete.

Proof. Suppose that Zzozl | D INs < oo. It suffices to show that there is a norm-
summable interaction ® such that ”Zflv:l M — 9| NS converges to zero as N — oo.

For this, first observe that Y oo, HCD(CH) || < oo for every C € Z4 such that C 3 0.
Since RZc® s a finite dimensional Banach space with the uniform norm, ®¢ £
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Zf;l <I>(C") exists uniformly. Clearly, this defines a shift-invariant interaction ®. Fur-
thermore, ® is norm-summable because

o0 o0
I1olns = D ol < > e =>" 3 |o|

cez? cezd n=1 n=1cezd
C30 C30 C30

o
=> 19™ng < 0.
n=1

It remains to show that || Zf:]:l o — <I>|| nsg — 0as N — oo.

Enumerate the finite subsets of Z< that contain 0 as C;, Ca, . . .. Since
o o0 o0
S 310 =Y 0™ s < o0
m=1 n=1 n=1
given ¢ > 0, there exists M > 0 such that
o o
(n)
> 2ol <.
m=M+1 n=1
Moreover, since @ is norm-summable, we may also assume that
o
> @, <e.
m=M+1
It follows that for every N > 1,
N 00 N
_ (n)
Yo -e| =33 e -oc,
n=1 NS m=1"n=1
M, N 00 N
< D28 e, |+ D | 9d) — %,
m=1"n=1 m=M+1"n=1
M N 00 N 00
<D0l —oc, |+ Do DRl [+ Y e,
m=1"n=1 m=M+1 n=1 m=M+1
M, N
=D 0® —ac, | +2e.

n=1

Now choose Ny so large that foreachm = 1,2,..., M and N > Ny,

N
Y ol —ac,| <e/M
n=1
Then, for N > Nj,
N
Z oM — | <3e,
n=1 NS

concluding the proof. O
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Let us remark that the set of shift-invariant finite-range interactions on a shift space
Q is dense in Bns(£2).

Kozlov [20] showed that every continuous cocycle (equivalently, positive continuous
specification) on a full configuration space is generated by a norm-summable interaction.
However, when the cocycle is shift-invariant, Kozlov’s construction does not provide
a shift-invariant norm-summable interaction. This raises the question of whether every
shift-invariant continuous cocycle on a full shift is generated by a shift-invariant norm-
summable interaction. The main result of the current paper (Theorem 3.4) answers
this question in the negative: there exists a continuous shift-invariant cocycle on the
one-dimensional binary full shift which is not generated by any shift-invariant norm-
summable interaction. On the other hand, we extend Kozlov’s non-shift-invariant result
to continuous cocycles on any configuration space satisfying the TMP (Theorem 4.5).

2.4. A Banach space of cocycles. In this section we show that the space of all continuous
shift-invariant cocycles on a shift space that has the TMP and the pivot property is in
fact a Banach space with an appropriately defined norm. This result, which is crucial for
the proof of Theorem 5.4, is essentially due to Sullivan [31], at least for cocycles on the
full-shift.

Let Q C 2 be a shift space. For a site k € Z¢, define ¢;: @ — Q by

a ) Xs ifs £k,
(Gx)s = {a(x, k) ifx =k,

for all s € Z%, where a(x, k) is the smallest symbol @ € %, according to some fixed
total order on X, such that Xzd\(ky V Ak} is admissible in 2. Observe that if 2 has the
TMP, then a(x, k) is a function of xz for some B € Z¢. In particular, the maps ; are
continuous. When the shift space €2 has a safe symbol ¢, it is convenient to assume that
¢ is the minimum element of ¥. This will make sure that a(x, k) = ¢ for every x € Q
and k € 74, and the definition of Lk becomes

if s £k,

A | Xs
(Gx)s = {o ifs = k.

Given a shift-invariant cocycle ¥ on 7 (£2), define
1 Ilsun = sup v (x, cox)| -
xeQ

When 2 has the pivot property, ||-||gy) is @ norm, which we call the Sullivan norm. If
2 also has the TMP, Proposition 2.21 below shows that the Sullivan norm is complete
and hence turns the space of shift-invariant continuous cocycles on 7 (£2) into a Banach
space, which we denote by %Bg(€2).

In order to prove the completeness of the Sullivan norm, we use the following lemma.

Lemma 2.20. Let 2 be a shift space with the TMP and the pivot property. Consider the
map F: Bsu(Q) — € () given by

F(y)(x) £ ¥ (x, {ox)
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for each € PBsy(2) and x € Q. Then F is an injective linear map. Furthermore, the
image F(%’SUH(Q)) is a closed linear subspace of € (2) with respect to the topology of
the uniform norm.

Proof. Continuity of F () follows from continuity of ¥ and continuity of the map &p.
It is easy to see that F is linear.

To prove that F' is injective, we need to use the pivot property of Q2. Suppose that
F(y) = 0. We will show that 1 is the zero cocycle, meaning that ¥ (x, y) = 0 for every

(x,y) € T(S2). By the pivot property, there exists a sequence of sites ky, ..., k, € 74
and a sequence of configurations x = z(@, z(D . 20V = y guch that (0D, 7)) €
Ti, () fori =1, ..., n. By the cocycle property and shift-invariance,

n n
Y(x,y) = Zl/,(z(i—l)’ Z(i)) — ZW(O’kiZ([_l)v Ukiz(i)) .
i=l1 i=l1

Since (o%iz(~D okiz®) € To(Q) for every i = 1,...,n, it suffices to show that
¥ (x, y) = Oforevery (x, y) € To(2). Note that for (x, y) € To(£2), we have {ox = py.
Hence, the cocycle equation gives

V(x,y) =v¥(x, fox) + ¥ %oy, y) = F(¥)(x) = F(¥)(y) =0 (6)

whenever (x, y) € 7o(£2). This completes the proof of injectivity of F.
It remains to show that F (%Su..(sz)) is closed in € (€2) with respect to the uniform

norm ||-]|. Suppose f is in the closure of F (%Su”(ﬂ)) Thus, there exists a sequence
(W,);’il in ABgy)(2) such that f is the uniform limit of F (1/;). We show that the limit

14 £ lim Y
—00

exists and that it is uniform on 74 (2) for every A € 74.So0,let A € 7. Then, for

every (x, y) € T4(R2), as above, we can find a sequence of sites ki,....ky € 74 and a
sequence of configurations x = z@, z(M .. 7" = ysuch that (z0~D, z®) ¢ Tr,; (2)
fori =1,...,n. Hence,

n

Ve y) = Y (0 20) = 30 [P (042070) = Fum(eh20) |
i=1

i=1

where the second equality is obtained similarly to (6) with ¥, replacing ¥. Because
2 has the TMP and the pivot property, it also has the uniform pivot property, so the
number n can be chosen independently of the pair (x, y) € 74(2), thus only depending
on A. Furthermore, the TMP implies that the sites &y, ..., k, and the configurations
2@ 2z 20 can be chosen to be continuous in (x, y) € TA(), meaning that
there exists a finite set B © A such that the sites k; and the symbols z,({l’_) depend only on
xp and yg. We see that as t — oo, the right-hand side converges to

n
ki (i—1 ki (i
> [5(e0) - £(629)].
i=1
Furthermore, the convergence is uniform over (x, y) € 74(£2) because the convergence
of F(y,) to f is uniform. Since a pointwise limit of cocycles is also a cocycle, ¥ is
a cocycle on 7(). Since for each A € Z¢, the convergence is uniform over 7 (2),
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it follows that ¥ is a continuous cocycle. Shift-invariance of ¥ follows from shift-
invariance of v, and taking limits. Lastly, for every x € €,

F)(x) = ¥ (x, ox) = tlirrolo Y (x, Lox) = tllrgo F(Y)x) = fx).

Thus, F(y)=f. O

Proposition 2.21 (Completeness of the Sullivan norm). Let 2 be a shift space with the
TMP and the pivot property. Then ||-||syy is a complete norm on PBsy) (£2).

Proof. The function F in the statement of Lemma 2.20 is an embedding of the linear
space gy (2) onto a closed linear subspace of €' (2), thus F (ABgy(2)) together with
the uniform norm ||-|| is a Banach space. By definition, the norm ||-||g is simply the
pullback of the uniform norm ||-|| via F', and thus it is a complete norm. O

Remark 2.22 (Completeness of the Sullivan norm: another sufficient condition). If Q is
a shift space with a safe symbol, then it satisfies the pivot property, in fact the uniform
pivot property, but not necessarily the TMP. Nevertheless, we claim that the conclusion
of Proposition 2.21 still holds. To see this, first observe that the TMP was used only to
show continuity of certain quantities within the proof of Lemma 2.20, namely, continuity
of (a) ¢ox as a function of x, and (b) the sites k;, and (c) the symbols z,((’l_), as functions
of (x,y) € 74(2). But the safe symbol assumption guarantees continuity of these
quantities, even without the TMP assumption:

For (a), continuity amounts to continuity of (£ox)o, which in this case is the constant
0.

For (b) and (c), the sequence of sites ; is the concatenation of two enumerations of the

sites of A at which x and y differ, and the sequence of symbols ZI({I;) is the concatenation
of a sequence of the constants < followed by the sequence of symbols y;.

2.5. Surjective maps between Banach spaces. We are interested in the question of
whether every cocycle of a given type has a Gibbsian representation of the form (4)
in terms of a “well-behaved” interaction. Specifically, for a shift space €2, we would
like to know if every shift-invariant continuous cocycle on €2 can be represented by a
shift-invariant norm-summable interaction and, failing that, if it can be represented by a
shift-invariant variation-summable interaction. These questions can be reformulated as
the question of surjectivity of certain bounded linear transformations between Banach
spaces.

Proposition 2.23. (Continuity of ® +— Yr¢) Let 2 be a shift space with the TMP and
the pivot property. The map ® +— V¢ defines a bounded linear transformation from the
Banach space BNs(2) to the Banach space Bsy(2) and also from the Banach space
PBys () to the Banach space By ($2).

Proof. Since

1¥ollsun = sup|ve (x, fox)| < sup Y [@alx) — Pa(lox)|

xe XEQA@Zd

= sup Y | a(x) — DalZox)] . ™

xe A0
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we deduce that

Iollsu < Y sup|®a(x)|+ Y sup|®a(Gox)| < 2 Plns

A0 ¥ € A0 €L

and thus ® — ¢, viewed as a linear operator from g (2) to Agy(£2) has operator
norm at most 2. Similarly, again from (7), we deduce that

IVollsur < D sup|P@a(x) — DaCox)| < Y Varg(®a) = [ P@llvs
ABOXGQ A>0

In particular ¥¢ = 0 whenever ||®|yg = 0 and thus ® +— ¢ gives a well defined
operator from %Bys(2) to By (2) of norm at most 1. 0O

Let Bz(R) denote the open ball of radius R > 0 centered at the origin of a Banach
space Z.

Proposition 2.24 (Surjectivity of bounded linear maps). Let (X, ||-||x) and (Y, ||-|ly) be
Banach spaces and T : X — Y be a bounded linear transformation. The following are
equivalent:

(a) T is surjective.
(b) For some R > 0, T(BX(R)) contains By (1).
(c) For some R > 0, T(Bx (R)) is dense in By (1).

This proposition is an exercise in functional analysis based on the open mapping
theorem. We give a proof in Appendix A.4.

So, in order to show that a bounded linear transformation from one Banach space to
another is not surjective, we only need to show that condition (b) above does not hold,
which essentially says that the map is not open.

The real dual of a Banach space Z will be denoted by Z*. In accordance with this,
we write ||-||%, for the dual norm on Z*. Let us also write for a real-valued function

f: N = Rthat f(n) = o(n) if limy—o0 2% = 0 and £(n) = Q) if f(n) > Kn for

some positive K > 0 and all large enough l;z

Corollary 2.25. (Sufficient condition for non-surjectivity) Let X and Y be Banach
spaces. Let T: X — Y be a bounded linear transformation. Suppose that there exist a
sequence of vectors y, € Y and a sequence of bounded linear functionals f,,: ¥ — R
in Y* such that

@) ||fn o T||;} =o(n) asn — 09,
(ii) sup, || yally < oo,
(i) [ fa(yn)| = Q(n) as n — oo.

Then, T is not surjective.

Proof. Without loss of generality, we can assume that sup,, ||y, ||y < 1. Let f € Y*. If
y = T'(x) for some x € X, then

lfDI=1foTMI|=IfoTlxlxlx
Thus, forally € Y,

O

. 8
Ifo Tl _xerl(y)”x“X ®)
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The left-hand side of (8) tends to infinity by setting f = f, and y = y, and so there
is no ball centered at the origin in X whose image contains the ball By (1) of radius 1
centered at 0 in Y. This fact contradicts condition (b) in Proposition 2.24 and so T is not
surjective. O

We will apply this resultin Sect. 3 to show that there exists a shift-invariant continuous
cocycle on a full shift that cannot be represented by a shift-invariant norm-summable
interaction. We will also apply Proposition 2.24 in Sect. 5 to show that, for a large
collection of SFTs €2, every shift-invariant continuous cocycle on €2 can be represented
by a shift-invariant variation-summable interaction.

3. Shift-Invariant Norm-Summable Representations May not Exist!

The purpose of this section is to prove that the map & +— ¥ ¢ which assigns to every
norm-summable shift-invariant interaction a continuous shift-invariant cocycle on a full
shift is not surjective. Before we proceed to the main result, we describe simpler and
more explicit examples on proper subshifts. These results are based on the “linear growth
condition”.

LetQ C =% bea configuration space. We say that a cocycle ¥ on 7 (£2) satisfies the
linear growth condition if there exists a constant C > 0 such that

1Y (x, )| < ClA| ©)
forevery A € S and (x, y) € T4(2).

Proposition 3.1 (Linear growth of ¥¢). Let Q2 be a shift space. Any shift-invariant
continuous cocycle on T (2) that is represented by a shift-invariant norm-summable
interaction satisfies the linear growth condition.

Proof. For A € Z% and (x, y) € Ta(S),

1
Yo, )= Y [Cr)—®r(]=) > AnFLer® —erm].

FEZ! keA Fezd
FNA#Q Fak

By the triangle inequality,

1
IZEIEDDDS A Pr@I+12rm) <2 > Pl
keA Fezd keA pezd
F>k F>k

Since  is shift-invariant, for any k € 74,

dolerl= Y IIPrl = lIP]ns -

FeZ¢ Fez¢
F>k F3>0

Thus, | (x, y)| < 2||P|Ins |Al, which means ¢ satisfies the linear growth condition.
O
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3.1. The “height difference” cocycle on 3-colorings. The following is a simple ex-
ample of a shift-invariant continuous (in fact, Markov) cocycle on a two-dimensional
SFT, which is not given by a shift-invariant norm-summable interaction. The exam-
ple appears in [5], providing a Markovian specification which does not come from a
nearest-neighbour interaction.

Example 3.2 (3-colorings: absence of linear growth). Let Q = ngl(3) denote the two-

dimensional 3-coloring shift as in Example 2.8, namely, the shift space consisting of all
proper colorings of the standard Cayley graph of 72,

QgO|(3) S {x e{0,1, 2}Z2 I Xy 7 XpaefoOrevery n € 7% and i = 1, 2},
where e] £ (1,0) and e; £ (0, 1). As discussed in [5], every x € ngl(?:)’ can be “lifted”
to a height function X € ZZZ, where
(i) £, = x, (mod 3) for every n € 72,
(i) |X4 — Xp4e;| = 1 forevery n € Z* and i = 1, 2.
Such a “lift” is unique up to addition by an integer multiple of 3. Furthermore, for any

(x,y) € T(R) there is a pair of lifts (x, y) € 77" x 7 as above such that & and y are
asymptotic, and this pair of lifts is unique up to addition by a common integer multiple
of 3. For (x, y) € 7(2) we can define

Y, y) 2D [ — Il

neZ?

where (X, y) is an asymptotic pair of lifts. This is a well defined shift-invariant continuous
cocycle (in fact Markov), as shown in Section 4 of [5].

We claim that ¥ is not generated by any shift-invariant norm-summable interaction.
To show this, we show that it violates the linear growth condition (see Proposition 3.1).

Indeed, for i € N, define @, 5@ € Z%° by

ROWS i—nlly if |nlly <14,
" (i —|In]l;) mod 2 otherwise,
and
50 & —i+|nll if [nll; =1,
" (i — ||n|l;) mod 2 otherwise.
Letx®, y(i) S Qbegivenbyx,gi) £ )?,Si) mod 3andy,(li) = j;,(li) mod 3. Then (x(i), y(i)) €
TB_<2)(Q) where Bl.(z) L2 ne7?: Inll; < i}. Also, a simple calculation shows

that Y (x@, yD) =3 » Eo - )A),Si)] is precisely equal to the cardinality of the set
BY 2 {neZ:||n||, <i}. Thus

.| @O, 50)]
lim = 00
1—>00 |Bi |

and so (9) cannot hold for any constant C > 0.
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The cocycle i : 7(2) — Rinthe above example is indeed a very explicit example of
of shift-invariant continuous cocycle which is not given by a norm-summable interaction.
However, as shown in [5, Proposition 6.2], every shift-invariant probability measure on
ngl 3) that is consistent with the specification associated to ¥ is “frozen”, meaning that
the asymptotic relation restricted to the support of the measure is equal to the diagonal
relation. Note that a frozen measure on a configuration space €2 is consistent with any
specification on €2. Thus, the specification associated to ¥ should be considered as a
pathological example which does not “genuinely” specify any shift-invariant almost-
Markovian random field.

3.2. Almost Markovian random fields on the “square-islands shift”. The next exam-
ple, again taken from [5], provides another shift-invariant continuous cocycle that is not
generated by any shift-invariant norm-summable interaction. As in Example 3.2, the
cocycle in the following example is defined on a two-dimensional SFT. However, un-
like in Example 3.2, the specification associated to the cocycle presented below admits
consistent measures that have full support on the underlying SFT.

Example 3.3 (Square-islands shift: absence of linear growth). Section 9 of [5] describes
a certain infinite family (1) ,¢ (o, 1)y of two-dimensional shift-invariant Markov random
fields. This family is parametrized by sequences p = (p j)?';l € (0, DN, The support
of these Markov random fields is a certain SFT called “the square-island shift”, whose
admissible configurations consist of “square islands” in a “sea” of blank tiles. Each
“square island” has one of two colors (say red and blue), is square shaped (hence the
name), and has positive integer “radius” j € N. All the probability measures 1, col-
lapse to the same probability measure p once the colors of the islands are “forgotten”.
This projection u is consistent with the uniform specification K ° (see Example 2.10).
According to u, given the locations and sizes of the islands, the colors of the islands
are independent, and each island of size j is blue with probability p;. The cocycle M),
associated to the specification of w, (which is a Markov cocycle, hence continuous)
is described explicitly in Section 9 of [5]. We claim that M, is not generated by any
shift-invariant norm-summable interaction, again due to the fact that M, does not satisfy
the linear growth condition (see Proposition 3.1).

Let x/) and y\/) be two asymptotic configurations each corresponding to a unique
island of size j centered at the origin, surrounded by an infinite sea, one colored blue
and the other red. Then,

My, )| = log(p;) — log(1 = p)).
Thus, if p; tends rapidly enough to O or to 1 (say if, p; = e‘j3), then

- iMp();(J), 9(1))| —
j—o00 j2 ’

and so M, is not representable by a shift-invariant norm-summable interaction.

3.3. Non-surjectivity of the map ® +— ¢ restricted to PBNs(2) on a full shift. This
section is devoted to the proof of Theorem 1.1, which is our main result. In consequence
of the identification between positive, almost-Markovian specifications and continuous
cocycles (Proposition 2.13), it suffices to prove the following equivalent statement.
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Theorem 3.4 (No general shift-invariant norm-summable representation). There exists
a continuous shift-invariant cocycle \ on the asymptotic relation of Q = {0, 1} for
which there is no shift-invariant norm-summable interaction ® such that v = V.

In the examples presented in the previous subsections, the absence of shift-invariant
norm-summable interactions was due to the failure of the linear growth condition. On a
full shift, every shift-invariant continuous cocycle satisfies the linear growth condition,
and hence this approach would not work.

Proposition 3.5 (Linear growth on full shifts). Every shift-invariant continuous cocycle
on a shift space with a safe symbol (in particular, a full shift) satisfies the linear growth
condition.

Proof. Let Q be a shift space that has a safe symbol ©. Let A € Z¢ be arbitrary and
take x, y € T4(2). By pivoting the sites in A one by one from x to the safe symbol
and then pivoting them back to y, we find a sequence of pivots of length at most 2|A|
from x to y. This shows that for any shift-invariant continuous cocycle i, we have

1V (x, I < 2[AlY [Isun-
More specifically, let ¢ be an arbitrary shift-invariant continuous cocycle. Let k1, k2,

..., k, be an enumeration of the elements of A. Set x© £ x and recursively define
x@ & §kix(’ ~D . that s, x® is obtained from x @~ by turning the symbol at site k; to <.
By the cocycle equation and the triangle inequality,

anl//(x“—“,x(“)

i=1

n
= ZW(XU_I)’X(”” < AV llsun -

i=1

[ (x,xza Vo) =

Similarly, [ (v, yz4 V )| < |Alll¥ sy Observe that xz 4 V o4 =y, Vv ot
Putting these together and using again the cocycle equation and the triangle inequality,
we get

[V D] =19 (v, yza Vv o) = ¥ (x, kg0 v oY)
< | (x, x4 V)| + ¥ (v, yza V)| < 2141 llsun »

which proves the claim. O

3.3.1. Proof strategy For the rest of this section, we set ¥ £ {0, 1} and the config-

uration space will be the one-dimensional binary full shift Q@ £ £% = {0, 1}%. Let
T : Bns(R2) — Asun(2) denote the map defined by

T(®) £ Vo,

where ¢ is the cocycle given in (4).
Every asymptotic pair (x, y) € 7 (2) defines a bounded linear functional (x, y) €
A3, given by the evaluation map

@) £ Y,y fory € Bsun.

By Corollary 2.25, in order to prove Theorem 3.4, it suffices to show the existence
of a sequence of asymptotic pairs {x® yEHen € T(R), a sequence {Yg}ren of
shift-invariant continuous cocycles, and a strictly increasing function n: N — N such
that:
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Condition 3.6 (Sufficient for non-surjectivity of T').

() [ (x®, y®) o T|{g = 0(n(k)) as k — o0,
(ii) supg [Vellsun < oo,
(iii) [yx(x®, y®)| = Qn(k)) as k — oo.

It will be useful to establish a concrete formula for ||{x, y)o T ”?ilS' Given an asymp-
totic pair (x, y) € 7(2) and a finite pattern w € {0, 1}* with shape A € Z, let
Ap(x,y) £ [Lu((@'y)a) — Lu((0'x)a)] (10)
i€Z

denote the difference in the number of occurrences of w in x and y. Note that A, is a
cocycle on 7 (R2), in fact a cocycle generated by a finite-range interaction.

Proposition 3.7. (Formula for the dual NS-norm) Let (x, y) € 7 (2) be an asymptotic
pair. Then, forn £ (x,y)o T € B we have

1
Ik = sup —= > 1Au(x, »)I .
aez Al =,

To prove this proposition, we use the following lemma.

Lemma 3.8. (Countable linear decomposition) For every ® € Bns(2) and (x,y) €
T(2), we have

Yo, y)= Y Y ®w)A,x,y),

Amod Z yexA
where A mod Z is a shorthand to indicate summing over finite subsets of Z. modulo shift.

Proof.

Yolx,y) = Y [©(ya) — P(xa)]

ACZ
= > Y [@We' ) — 2@ x))]
AmodZieZ
= Y Z[ > o)y ya) — Y <I>(w)11w((0iX)A)}
Amod Zi€Z = wexA wexA
= > > e Y [Lul@' ) — Lu(@'xa)]
Amod Z yexA i€Z
= ) D dwALG.Y).
A mod Z yexA

O

Proof of Proposition 3.7. Applying Lemma 3.8, for every interaction ® € %Bns(£2), we
have

In(®)| = Yo (x, y)l
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< Y ) [ ALx, )]

A mod Z yexA

> (1A sup [2))(1/1A1) D 1Aw(x, y)|

A mod Z vexd wexA

1
< I1®lins sup — D [Au(x, )] -
aez |Al =,

IA

A

Taking supremum over @ with || ®||yg = 1, we get

1
Inlijs < sup == PRRTHESOIE
Aez! wexA

For the reversed inequality, given a fixed A € Z¢, define a shift-invariant interaction
P by

s IT}\ sign (Ay(x, ) if w € Z4* for some i € Z,

@ (w) :
otherwise.
Then Lemma 3.8 implies that
1
n(®) = volx.y) = > 1Awx Y
wexA

Note that | ®||ys = 1. Thus,

1
Inliks = 7 D 1Awx Y

wexA
Taking supremum over A € Z, we obtain

1
Inlijs = sup = > 1Aw@. )l
Aez! wexA

O

Let us give an informal explanation on how we shall construct sequences
{((x®, y®O) ey € T(Q) and {YJren satisfying Conditions 3.6(i)—(iii). Recall that
the Hamming distance of a pair of words u, v € {0, 1}" is the number of positions i
such that u; # v;. The Hamming distance of two asymptotic configurations x, y € Q2 is
defined similarly.

First, we shall show that for every k € N and sufficiently large n = n(k), there exist
two words u®, v® ¢ {0, 1}" such that the configurations x® y(k) € Q obtained by
padding u® and v® with 0s on both sides satisfy the following properties:

(a) No shift of x® or y® is close to either x*) or y® in the Hamming distance.
(b) For every pattern w whose shape has no more than k elements, the number of occur-
rences of w in x* and in y® are close.
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The proof is via a probabilistic argument. Namely, we show that for n large enough,
the probability that two words u and v chosen independently uniformly at random from
{0, 1}" satisfy both of the above properties is positive.

Next, we shall define a shift-invariant interaction ®* with the following properties:

(c) ok assigns non-zero values only to (translations of) words of length n (k).

(d) ®®(w) > 0if (a translation of) w is close to u® in the Hamming distance.
(e) ®® (w) < 0 if (a translation of) w is close to v® in the Hamming distance.
We shall use ®® to define a shift-invariant continuous cocycle .

As we shall see, Property (b) will imply that || (x® |y INg = o(n(k)) as k — oo.
Using Properties (a) and (c)—(e), we will show that || [|gy is uniformly bounded and
that |y, (x®, y®)| = Q(n(k)) as k — oo.

Let us now proceed with the detailed proof.

3.3.2. The probabilistic argument In this section, we establish the existence of words
u® v® with Properties (a) and (b). We will use the following two well-known proba-
bilistic inequalities.

Proposition 3.9. (Chernoff-Hoeffding bound [18]) Let X1, ..., X, be i.i.d. random
variables with mean u, and let X £ Z?:l X;. Then, for every § € (0, 1),

2
P(X < (1-8nu) < exp( 8;“) :

The variation of a function f: R" — R on its ith variable is defined as

sup  sup [f(1ses ) = fOxrs )|
Xlseens Xn Ylseeos Yn
xj=y; for j#i
Proposition 3.10. (McDiarmid’s bounded differences inequality [23]) Let X1, ..., X,
be independent random variables, and let f: R" — R be a measurable function whose
variation on the ith variable is bounded by c;. Then, for every ¢ > 0,

—2¢2
P(|f (X1 X) —BLf X1, Xl 2 6) <2600 [ o ) -
D i=1 €
We will denote the Hamming distance between two words u, v € {0, 1}" by Ham(u, v).
Given a finite pattern w € {0, 1}, a set I C Z and an asymptotic pair (x, y) € 7 (),
define

AL,y £ [1u((@'y)p) = Lu((@'x)p)] -
iel
This is consistent with the notation A, (x, y) introduced in (10), with ALZU(x, y) =
Ay(x, y).

Lemma 3.11 (Existence of marker words). For everye > 0,8 € (0, 1) and k € N, there
existsn(g, 8, k) € Nsuchthatforalln > n(e, §, k), there exist two wordsu, v € {0, 1}"
such that if we let x, y € {0, 1}% be the configurations defined by

A Juj if0<j<n,

a v if0<j<n,
Xj =

and y; =

(1)

0 otherwise, 0 otherwise,

then the following properties hold:
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(a) We have
Ham(u, v) > (1 — ) g , (12)
and for every j € Z\{0},

. n : n
Ham ((U'/x)[o,n—l], u) > (1 — 8) E , Ham ((O’jx)[o,n_l], v) > (1 — 3) E s

. n . n
Ham ((0"y)[o,n—1], u) > (1 — 8) 5 , Ham ((O’jy)[o,n_l], U) > (1 — 3) 5 . (13)

(b) For every pattern w € {0, 1}P whose shape satisfies |D| < k and D C k +[0, n — 1]
for some k € Z, and every interval I C Z, we have

|A1w(x, Y| <en. (14)

Proof. Let n € N be a positive integer whose value we shall specify later. Let x and y
be two random configurations from €2 in which, the symbols x; and y; fori € [0, n — 1]
are independent with (1/2, 1/2)-Bernoulli distribution, whereas x; £ y; = 0 fori €
Z\[0,n — 1]. Letu = X[0,n—1] and v & X[0,n—1]. Note that if we define

le_o 2 1 ifxi#)’i,
Xi=Yi 0 ifx; =y,

then the random variables lx,—y, fori € [0, n — 1] are also independent with (1/2, 1/2)-
Bernoulli distribution. By definition, Ham(u, v) = Zie[o’n_” ]IX[:yl.. Noting that
E[1x,=y,] = 1/2 and using the Chernoff-Hoeffding bound yields

P (H <1-82) < —b%n
( am(u,v) < (1 — )§>_exp ) .

Similarly, for any fixed j € Z\{0} each of the n-tuples (I, =x)ic[0,n—1]s
(Ix;, =y, )ief0,n—11, (ﬂy,-+j:x,-)ie[0,n—1] and (]1y”j:yi),~€[o,n_1] consists of independent
(1/2, 1/2)-Bernoulli random variables. Thus, using the Chernoff—-Hoeffding bound as be-

fore we get
> ; 15)

P(Ham((o/x)lon ) < (1 —S)n < exp (

Vl

2
n
3 (16)

P (Ham((ojx)[o,n_n, v) < (1-9)

8%n

exp (18)

)
<o (7))

P (Ham((@/y)jo,i-1). W) = (1= 8)F ) = exp( 2”>, (a7
)=o),

. n
P (Ham((o/y)0.0-11,V) < (1 = 8)3 -

By definition of x and y, whenever |j| > n,

Ham((o/%)[0,n—17. W) = Ham((o/)jon 1. w) = D Ly=1,
ie[0,n—1]
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Ham((0/X)[0.0-13, V) = Ham((o/Y)on-1. V) = D Ly=a.
i€[0,n—1]

Therefore, in order to satisfy conditions (15), (16), (17) and (18) for all j € Z\{0}, it
suffices to satisfy them for j € [—n, n]\{0}. Consequently, applying the union bound,
we obtain that

—8%n
P(E,) < (8n + 1)exp< 1 ) , (19)

where E, is the event that u = u and v = v for some u, v € {0, 1}" that fail at least one
of the conditions (12)—(13).

Next, let I C Z be an interval and w € {0, l}D where D € Z is a shape so that
|D| < k and there is k € Z such that D C « + [0, n — 1]. Notice thatifi ¢ [—«x —n +
1, —«k +n — 1] then 1,((6'x)p) = 1, ((c'y)p) because (¢'x, o'y) € T_i410.1-1]()
and —i+[0,n—1]Nk+[0,n—1] = @.Henceifwelet I’ = IN[—k —n+1, —k+n—1]
we get that

Al x,y) = AL (x, y).

Let us consider a partition PP of I’ into k parts such that whenever i, j are two distinct
elements of some P € P, i+ D is disjoint from j + D. (As |D| < k, a greedy algorithm
yields such a partition.) For i € I’, define a random variable WY by

1 ifx;4q = w, foreverya € D,
0 otherwise.

WF 2 1,((0'%)p) = {

Define le analogously and note that Wf’ and WY are identically distributed. Note also
that whenever i, j are distinct elements of some P € P, the random variables Wf and
W’J‘- are independent, and the same holds if we replace x by y.

Leti; < ip < --- < ig be the elements of I’ ordered from left to right. For P € P,
define fp: {0, 1}@ — Nby fp(xy1,x2,...,x¢) = Zs:ivep xs and note that changing
the value of (x1, x2, ..., x¢) at one coordinate modifies fp(x1, x2, ..., x¢) by at most
1.Let £: {0, 1}* - Nbedefined by f(x1,x2,...,%) =Y pep fP(X1, X2, ..., X¢) =
>'_, xi. Observe that

ALxy) =Y [Lu((@'x)p) = Ly((c'y)p)]

iel’
=3 [wr-w]
iel’
= f(Wi, ... . WE) = f(W], ..., W)

= D [ Wh W) = (WY W)

PeP

Note that |P| < |I'| < 2n — 1 < 2n for every P € P. Using McDiarmid’s inequality
we have

P (| W0) =LA W) 2 5) =200 (- 3 (57))
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Similarly,
en 827’1
P(|fp (W W) —E[fp (W), . WH)]| = T7) < 2ex0 (—m> .

Since ]E[fp (W?‘1 . WfK)] = E[fp (lel el Wl);)], we obtain, by applying the pi-
geonhole principle and the union bound, that
2
ﬂ) <4ex —en
=% ) =" )

Using the fact that f = ) p_p fp and applying the pigeonhole principle and the union

bound once more yields
= ) <4k 82
& exXp .

P (| o (WS, WE) = fo(WE, .. W)

B (192 W) W)

1’

Therefore

—&2n
P (|A1w(x, y)| > sn) < 4k exp (W) .

At this point, we would like to use the latter bound to argue that the probability that
condition (14) fails for some choices of D, w and [ is small. To this end, notice that if
D = k + D’ for some k € Z, then, forany I € Z, w € {0, 1}? and w’ € {0, 1}’ so
that w(d) = w'(d — k), we have

|A£}(x, y)| = |A{J"(x, y)| for every x, y € {0, 1}% such that
(x, 05, (3, 0%) € To.n-11().

Therefore the conditions for D, D’ that are the same modulo a shift are redundant and
we may assume that D C [0,n — 1].

Fix some D C [0,n — 1] of cardinality |D| = m < k. There are 2™ choices for
w € {0, l}D and we already argued that we may assume that / € [-n+ 1,n — 1],
therefore, there are (2n — 1)(n — 1) choices for 7. We get the following upper bound on
the number F(n, k) of conditions of the form ]AQ(X, y)‘ > en to impose:

k

Fin,k) < Y @n—Dn— 12" <:l>

m=1

k
n
< 2n22k
<223 (1)
m=1
< k2k+lnk+2

Therefore, applying the union bound, we obtain

—&2n
P(Ey) < F(n, k) 4k exp wTeR
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2

< 232k oy (—42 2n> ’ 20)

where Ej, is the event that x = x and y = y for some x, y € {0, 1}% that fail (a)
for at least one choice of I € Z, D with |D| < k so that there is k € Z such that
D Ck+[0,n—1]and w € {0, 1}P.

Let us now choose n = n(g, 8, k) sufficiently large so that

52 2
Bn+1)exp <Tn) 4 k32, k42 exp< 412?1) <1

Then, combining (19) and (20), we find that P(E, U Ey,) < 1. In particular, with positive
probability, u = u# and v = v for some u, v € {0, 1}" that satisfy both conditions (b)
and (a). 0O

3.3.3. Proof of Theorem 3.4 We shall now define the objects that will satisfy Condi-
tions 3.6(i)—(iii).

Fix 8 2 1/2and K £ 16. Givenk € N, set g £ kzﬁ’ and pick an increasing function
n : N — N such that n(k) > n(eg, 6, k), where n(eg, 8, k) is as in Lemma 3.11.
Let u® p® ¢ {0, l}"(k) be two words satisfying conditions (12)—(13) and (14) as in
Lemma 3.11. Let x®, y® € {0, 1}Z be the configurations corresponding to u®, v®)
via (11).

For k € N, let ®®: {0, 1} — R be given by

(D(k)(x) max {0 n(k) — K - Ham (X[O,n(k)—l], u(k))}
— max {O, n(k) — K - Ham (x[0,n(t)_11, v(k))} .

Note that d® (x) depends only on x[g ,k)—1]. Therefore, the function vy : 7(22) — R
defined by

ZESIED I CCEOEE S CER) N
JjEZ
is a cocycle on 7 (£2) which is continuous (in fact, local) and shift-invariant.
Claim 1. (Verification of Condition 3.6(1)) | (x®, y®)|| (g = o(n(k)).
Proof. By Proposition 3.7, it suffices to show that for every A € Z,

|A| > anE®, y®)| < 6n(k) @1)

wexA

Indeed, if the above holds then,

—o e =

Z A, ®, y®)| <

For simplicity of notation, for the remainder of the proof of this claim, we shall denote
x2x® y 230 p L pk)ande £ g FixA={a; <ar < -+ < aja|} € Z. Let us
define,

=0.

??‘IO'\

lim
ko0 n(k) ACZ |A|

(k)

R={jeZ:(j+AN[0,n—1]#o}
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Ra={jeZ:1<|(j+AN[0,n—1]] <k}
Ropy={je€Z:|G+A)N[0,n—1]| >k}

Note that R is the disjoint union of R<; and R4 and that for every j ¢ R and w €
{0, 1}4, we have 1,,((67/x)4) — 1, ((67y)4) = 0. We may thus write

|A| Y 1Ayl = |A| Y 1u((07x)4) = 1w (07 y))
wexA weXA' jeL

1 . .
D Lu((@/x)4) — Lu((07y)a)

weXA jER
1 . .
<o DY 1w(e/x)a) — Lu(@/y)a) (22)
wexA jER<k
1 . .
l _Z Ly((0/x)a) = L@/ pa)|.  (23)
weXA jER-k

It suffices to bound both terms (22) and (23). In order to bound (23), note that there
is an injective function ¢: [1,...,k] X Rsx — [0,n — 1] x A defined by ¢(i, j) £
(€@, j),a(i, j)) where £(i, j) is the i-th element from left to right of (A+ j) N[0, n — 1]
(there are at least k + 1 elements by definition of R-j) and a(i, j) is £(i, j) — j. In
particular, it follows by taking the cardinality of these sets that

kIR-| < |Aln.

Using this inequality, we obtain the following bound for (23):

(23) < |— DY [1w(@ix)a) = L@/ y)a)]

weXxA jER-

- Z > Lw(@/x)4) = L@/ y)a)]

J€R>k wexA

|R>k| 2n
< — D= < —
Al Z Al Tk

In order to bound (22), we shall further divide it into three sums. For w € {0, 1}4
let B(w) be the intersection of A with the convex hull of w~!(1) in Z, that is B(w) =
[min w™! (1), max w! (1)] N A. Noting that B(w) = @ if and only if w = 04, we can
write,

@)= ). [JloA((ofx)A)—JLOA((ofy)A)]’ (24)
Al &
1 . .
Al > []lw((gjx)A)_]lw((gjy)A)]’ (25)

wesA  JER<«k
0<|B(w)|<k
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1 ) .
+ |,T| Z Z [lw((U]X)A) - ]lw((afy)A)] . (26)
el e

Note that (26) is equal to 0. Indeed, whenever (B(w) + j) N (Z\[0,n — 1]) # & we
have that 1,,((6/x)4) = 1,((6/y)4) = 0. In particular, if |B(w)| > k we have that
1w((07x)4) — 1y ((67/y)4) = 0 whenever j € R<y.

Let us now give a bound for (25). By the same argument as in the case of (26), we
may write,

1 . .
(25) > Yoo [Lu@/na) - 1@/ )| -

14
Al wex4 JER<k
0<|B(w)|<k'(B(w)+j)<[0,n—1]

For j € R,let A(j) = AN([0, n—1]—j) and note that it is an induced non-empty convex
subset of A (the intersection of A with an interval). Let us denote j ~4 ;' whenever
A(j) = A(j’). It is easy to see that each equivalence class [j]~, is an interval. We
claim that the set of all j € R< such that (B(w) + j) € [0,n — 1] # & can be
covered by 2k — 1 disjoint intervals [j]~,. Indeed, as @ # B(w) < [0,n — 1] — j,
we have that B(w) N A(j) # &. As j € R<; we know that |A(j)| < k. Finally,
as A(j) is an induced convex subset and |B(w)| < k, there are at most 2k — |B(w)|
possible choices for A(j) and hence 2k — 1 disjoint equivalence classes which cover
R<ixN{j: B(w)+j <[0,n — 1]}. Thus, we may write

Ran{jeZ:(Bw) +j) C0,n—11} =[ile, Wljaley W W nlx,

withm < 2k — 1. Note that for each i € {1, 2, ..., m}, the restriction w () is the same
forall j € [ji]~, and |A(j)| < k. Therefore,

1
@9)=0 2

Z Z [1w((@/x) ) = Lu((6/y)a)]

wezA li=l jeliilx,
0<|B(w)|<k
1 “ , .
= 1Al Z Z‘ Z [lwA(m((U]x)A(ji)) - lwA(j,-)((Gjy)A(j[))]‘ .
wesA i=1jEljilxy
0<|B(w)|<k

Applying Item (b) of Lemma 3.11 with D = A(j;) and I = [j;]~, we obtain that for
everyi € {1,...,m},

|A£)D(x,y)| = < éen.

Z 11u)A(ji)((ij)A(j,')) - ﬂwA(jl,)((ij)A(ji))
je[ji]:A

Also note that in order to describe a word in {0, 1} for which | B(w)| < k, it suffices to
select the left-most element of B(w) from |A| possible values and then the potentially
non-zero values from among 2¢~2 possibilities. It follows that

[{w € {0, 1}* : |Bw)| < k}| < 141272 < |42,
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Putting the two equations above together, we get

1 m
(25)_|A| Z an

wexd i=1
0<|B(w)|<k
Uk
< —2KA12k — Den
|A]
(2k —Dn  2n
< 2kk —1 = <=
( )en 2 =2

It only remains to bound (24). In this case, as at most k consecutive elements of A
can intersect [0, n — 1] at the same time, we can cover R<; by at most 2k|A| different
intervals [j]~,. Therefore, applying part (b) of Lemma 3.11 as before, we obtain the
bound,

1 2n
(24) < —2k|Alen = 2ken < —.
|A] k
As the choice of A was arbitrary, we obtain (21), which completes the proof of the claim.

0O

Next, we shall prove two technical propositions which will aid us in settling Condi-
tions 3.6(ii) and 3.6(iii).

Proposition 3.12. Let k € N and w € {0, 1}"®). Then either
max {O, n(k) — K - Ham (w, u(k))} =0 or max [O, n(k) — K - Ham (w, v(k))] =0.

Proof. This will follow from Item (a) of Lemma 3.11. Indeed, suppose that both quan-
tities above are simultaneously positive. Then we would have,

%k) > max {Ham (w, u(k)), Ham (w U(k))}

which implies

2n(k) > Ham (w, u®) + Ham (w, v®) > Ham («®, v®) > (1 - 5)@ _ "0 ;

4

which implies that 8 > K. Since K = 16, this yields a contradiction. O

Proposition 3.13. Let z € {0, 1}% be a configuration and suppose that ®® (z) # 0.

Then there exists a “safe interval” Isapg = [ "(k) "(k)] such that

o® (i) =0  forevery j € Isarg\{0).
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Proof. For brevity, let us set n £ p(k). If W (z) # 0, then we either have

max {o, n— K -Ham ([0, 1, u(k))} >0 27)
or

max {0, n — K - Ham (Z[o,n—l], v(k))} >0.

The two cases are analogous, so without loss of generality, let us assume (27). This
means

n k
% = Ham (z10.n-11,u") = Ham (Zlo,n*l]’x[(O,)n—l]) :
It follows that for every j € Z,

Ham ((o/ 2)10,0—1, (0/x®)j0.0—1)) < i lJl-

By the triangle inequality,
Ham (07 2)0,0-11, X{o 1))
> Ham ((ij(k))[o,n—l], x{é‘?n_l]) — Ham ((UjZ)[o,n—l], (ij(k))[o,n—l]) ,
Ham (07 2)o.n-11. ¥ 1))
> Ham ((ij(k))[o,n—l], y[(g,)”_l]) — Ham ((0/ 2)[0,n—1, (ij(k))[o,n—l]) .
By Item (a) of Lemma 3.11 we know that for every non-zero j € Z,

. k n
Ham ((ij(k))[o,n—l], x[(O,)n—l]) >(1- 5)5 ,

. n
Ham (07 x®)to.n-11. Yo -) = (1 = 8)5 -

Putting these bounds together and recalling that u® = x[(g ) jand v® = y[( )n 1 we

obtain

n n
Ham ((0/2)(0,n—17, u" )>(1—5)————|]|

2 K
n n
H >(1—8)=———
am (07 2)p0,n—17, v ) ( )2 X lJl-
Note that max {0,n — K -Ham ((0/2)j0,n—17,u®¥)} = 0 if and only if

Ham ((ajz)[o,,,_l], u(k)) > n/k and that the same holds if we replace u® by v®.
It follows that ®® (¢/7) = 0 for all non-zero j € Z for which

1-9F—=—lil= =

Plugging in § = 1/2 and K = 16 and solving for |j| we get ®® (c/z) = 0 for all

non-zero j with

n
< —
ljl < g’

concluding the proof. 0O
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Claim 2. (Verification of Condition 3.6(ii)) supy |k lsun < oo.

Proof. For brevity, let us write n £ n(k). Let (x, y) € 7o(S2). By the definition of 1,
we have

(. y) =Y [0P @y —eP@ein]= Y [0y - o®(in)]

JeZ J€l—n,n]

Since (x, y) € To(R), for every j € Z, Ham ((67/x)[0,n—1, (67 y)j0,n—17) < 1. Conse-
quently,

)Ham (0! )o.n—1), u®) — Ham (a7 y)10,n-11. u("))‘ <1,

[Ham (@7 010,1-11, v*) = Ham (07 y)po.u-1, v®)| = 1.
Therefore,
‘max {0, n — K - Ham ((ajx)[o,n_l], u(k))} — max {O, n — K - Ham ((ajy)[o,n_u, u(k))H <K,
‘max {O, n — K - Ham ((ajx)[o,,,,l], v(k))} — max {0, n — K - Ham ((ajy)[o.n,l], v(k))H <K,
which yields |<I>(k) (ajy) —o® (a-/x)| < 2K forevery j € Z.

By Proposition 3.13, if for some j € [—n, n] we have CD(]‘)(ajx) # 0, then for

every j' € (j +[—n/s,n/s)\{j} we have that ®%) (o/'x) = 0. Consequently, if we let

Iy 2 {€ € [-n,n] : ®P(at(x)) # 0}, then |I;| < 17. Similarly, if we let I, £ {¢ €
[—n,n]: ®®(at(y)) # 0}, then [1y| < 17. Consequently, we obtain

V(. y) < Y | @r(oly) — plo7x)| < 2K (L] +|1y]) < 68K = 544,
JeL VI

which proves the claim. O
Claim 3. (Verification of Condition 3.6(iii)) [y (x®, y®)| = Q(n(k)).

Proof. We shall in fact show that vy (x &) y(k)) = —2n(k). Asbefore, letus setn = n(k)
for simplicity. We have

e ®, y®) = 3 [0® (07 y®) — o® (g 5]

JEL
= (I)(k)(y(k)) _ (D(k)(x(k)) + Z [d)(k)(gjy(k)) _ CD(k)(ij(k))]
JEZ\{0}
=-2n(k)+ Y [0®(@/y®) - P (e/x®)].

JEZ\{0}

The last equality follows by Proposition 3.12 and the definition of x*) and y®. Using
Item (a) of Lemma 3.11, we can deduce that for j € Z\{0},

. K
n — K - Ham ((afx(k))[o,,,_l], u<k)) < n(l - E(l - 8)) ,
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n— K -Ham ((07x®)j0,,_11, v®) < n(l _ gu _ 5)) ,

n— K -Ham (07 y®)0, 15, u®) < n(l — gu _ 5)) ,

n— K -Ham ((07y®)j0,,_15, v®) < n(l _ gu _ 5)) .
Recalling K = 16 and § = 1/2, note that 1 — %(1 —§) < 0. Therefore,

dD(k)(ajx(k)) = max [0, n — K - Ham ((ojx(k))[o,n_l], u(k))]

— max {O, n — K - Ham ((a-"x(k))[o,,,_l], v(k))}
=0,
»® (57 y®)) = max {O,n — K -Ham ((ij(k))[o,n—l], u(k))]
— max {0, n — K - Ham ((a-"y(k))[o,,,_l], v(k))}
=0,
for each j € Z\{0}, from which it follows that

3 [09@Iy®) — o® (0T x®)] =0,
JEZ\(0}

Hence ¥ (x®, y®)y = —2n. 0

It follows that Conditions 3.6(i)—(iii) are satisfied, and therefore themap 7' : ABns(R2) —
PBsui(2) is not surjective. This completes the proof of Theorem 3.4.

4. Non-Shift-Invariant Norm-Summable Representations (Kozlov’s Theorem)

In this section we present two extended versions of Kozlov’s theorem, the first is for
Markovian cocycles (Theorem 4.1) and the second for continuous cocycles (Theo-
rem4.5). The latter is equivalent to Theorem 1.2 but stated in the formalism of continuous
cocycles. The proof of the latter is similar to that of the former but uses approximations.
As mentioned in the introduction, Kozlov [21, two paragraphs before Theorem 3] stated
a similar result, but without proof.

4.1. Finite-range interactions for Markov cocycles. The famous Hammersley—Clifford
Theorem [1,17,30] deals with Markovian specifications compatible with a given locally-
finite graph whose vertices are S. Assuming the specification is strictly positive, itimplies
the existence of a compatible finite-range interaction, which is furthermore supported
on cliques of the corresponding graph. It is known that the positivity assumption in
the Hammersley—Clifford Theorem cannot be completely removed, although it can be
somewhat relaxed (see for instance [3,5] and the references therein). However, by for-
getting about the graph structure, we can prove a completely general statement about the
existence of finite-range interactions for Markov cocycles on any configuration space
satisfying the TMP.
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Theorem 4.1. (Finite-range interactions for Markov cocycles) Let 2 C S be a con-
figuration space over a countable set of sites S and assume that Q2 satisfies the TMP.
Then, every Markov cocycle on T (2) is generated by a finite-range interaction.

The proof of Theorem 4.1 will be based on the following lemma.

Lemma 4.2. (Partial extension) Let @ C % be a configuration space with the TMP.
Let A € S be a finite set of sites and Yy : T (2) — R a Markov cocycle on Q such
that Yy (x,y) = 0 for every (x,y) € T4(2). Then, for every B € S, there exists a
finite-range interaction ® such that

(1) Yo (x,y) = ¥u(x, y) for every (x, y) € Tp(), and
(1) ¢ = 0 whenever C N A # Q.

Proof. Let D O A U B be a large enough finite set such that

(a) D is a memory set for A with respect to €2, witnessing the TMP of €2,
(b) D is a memory set for B with respect to ¥, witnessing the Markov property of 1.

Let us first argue that for (x, y) € Tp(£2), the value of v, (x, y) is uniquely determined
by the restrictions of x and y to D\ A. Indeed, let (x, y') € T(S2) be any other pair
such that xb\A = xp\4 and y’D\A = yp\a. Define

x* Expcvxp  and  y* = yse V),
and note that x*, y® € Q by property (a). Then,

P, ¥) = Y (x®, 3%)
=YX, 0) + Y (x, ) + ¥ (3, ¥°)
= W* (-x7 y)a
where the first equality is by property (b), the second is the cocycle equation, and the
thirds is by assumption and the fact that (x*, x), (v, y*) € 74(2).
Consider now the equivalence relation ~ on Lp\4(£2) defined by declaring p ~ ¢

whenever there exists a pair (x, y) € 75(£2) such that xp\4 = p and yp\a = gq. By the
above discussion, ¥, induces a cocycle A on ~, where

A(p,q) = Yslx, y)

for some (and hence every) choice of (x, y) € 7p(2) with xp\o = p and yp\a = q.
Since A is a cocycle on an equivalence relation on a finite set, it is generated by a
potential F : Lp\4(£2) — R in the sense that

A(p.q) = F(q) — F(p) (28)
for every p, g € Lp\a(2) with p ~ g. Define an interaction ® : £(£2) — R by

F if Q
O (w) 2 (w) ifwe .ﬁD\A( ),
0 otherwise.

By definition, ¢ = 0 whenever C # D\A, hence condition (ii) is satisfied. Fur-
thermore, Vo (x,y) = A(xp\a, ypr\a) = V«(x,y) for every (x,y) € Tp(R2), thus
condition (i) is also satisfied. O
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Proof of Theorem 4.1. Let i be a Markov cocycle on 7 (2). Pick an arbitrary co-final
chain A; C Ay C --- of finite subsets of S. We will inductively construct a sequence
of finite-range interactions (CD(”));’O: | such that

(@) Yom(x,y) =v(x,y)forevery (x,y) € 74,(2), and
(b) CD(C'") = QD(C") forallm > nand C € Ssuchthat C N A, # @.

To construct 1, apply Lemma 4.2 to ¥, = ¢ with A £ @ and B £ A;. For
n > 1, assume that ®*~1 has already been constructed as above. Apply Lemma 4.2 to
Yy = Y — Yen-n with A £ A,_; and B £ A,,. Note that by the induction hypothesis
Yopu-n(x,y) = ¥(x,y) forevery (x,y) € 74, ,(R2),so indeed ¥, (x, y) = O for every
(x,y) € Ta,_,(£2). We thus obtain a finite-range interaction O™ 5o that Yspm (X, y) =

Y(x,y)—V¥eu-1(x,y)forevery (x, y) € T,(2) and s — Owhenever CNA,_1 #
. Now let

oM £ =D 4 5™

This completes the inductive construction of the sequence (Q(”))fiozl. We now show that
this sequence converges (pointswise) to a finite-range interaction @ that generates .
Let C € S be arbitrary. Since A1 C Az C --- is co-final, C N A, # @ for all
sufficiently large n. Hence, by property (b) above, the sequence (@g”);’f’:l eventually
stabilizes. We define @ as the eventual value of this sequence. In this fashion, we obtain
an interaction ® £ (®¢)ces. Let us verify that @ is finite-range. Indeed, let A € S be
arbitrary. Choose n such that A € A,,. Then, by property (b), ¢ = ¢>gl) forall C € S

such that C N A # @. Since ® is finite-range, <I>(C") # 0 for no more than finitely
many C € S with C N A # @. It follows that @ is finite-range.

Lastly, let (x, y) € 7(€2). Choose n large enough such that (x, y) € Ty, (2). Then,
by (a), Ygm (x,y) = ¥(x,y) and by (b), Yo (x,y) = ¥gum (x, y). We conclude that
Vo =1v. O

Recall that on a configuration space with the TMP, there is a simple bijective corre-
spondence between strictly positive Markovian specifications and Markovian cocycles
on the asymptotic relation (Sect. 2.2.3). Furthermore, only a configuration space that
has the TMP admits positive Markovian specifications (Proposition 2.11). In general,
every (not necessarily positive) Markovian specification has a well-defined “support”,
which carries all the information about the specification, and supports all the measures
consistent with that specification. Namely, given a specification K on a configuration
space €2, define

supp(K) = {z € Q: K4(z, [za]) > O forevery A € S}, (29)

and call it the support of K. The support of a specification K has measure 1 with
respect to every probability measure consistent with K. In particular, supp(K) is non-
empty when K is continuous. When K is Markovian, supp(K) is a closed subset of
Q2 that satisfies the TMP, and K induces a strictly positive (Markovian) specification
on supp(K). Theorem 4.1 thus leads to the following characterization of Markovian
specifications.

Corollary 4.3 (Gibbsian representation of arbitrary Markov specifications). A specifi-
cation K on a configuration space 2 is Markovian if and only if supp(K) is a non-empty
closed subset of Q2 which has the TMP and the restriction of K to supp(K) is given by
a finite range interaction.
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Remark 4.4 (Restatement of Corollary 4.3). The non-trivial direction of Corollary 4.3
can be rephrased as follows: every Markovian specification on a configuration space 2
is generated by a generalized interaction ® = ®> + & on Q where ®> takes only
values 0 and +00, and ' isa finite-range interaction. Here, “generalized” simply means
that @ is allowed to take value +00.

4.2. Norm-summable interactions for continuous cocycles. Our next goal is to prove
the main result of this section.

Theorem 4.5 (Norm-summable interactions for continuous cocycles). Let Q2 C S bea
configuration space over a countable set of sites S and assume that 2 satisfies the TMP.
Then, every continuous cocycle on T (2) is generated by a norm-summable interaction.

Our proof of Theorem 4.5 will be based on the following analog of Lemma 4.2:

Lemma 4.6 (Approximate partial extension). Let 2 C %S be a configuration space
with the TMP. Let A € S a finite set of sites and ¢ > 0, and let ¥.: T(2) — R be a
continuous cocycle on Q such that |y (x, y)| < € for every (x,y) € T4(Q). Then, for
every B € S and § > 0, there exists a finite-range interaction ® such that

() Yo (x, y) = Yulx, y)| < 8 forevery (x, y) € Tp(<), and

(i) Xc.cnaze | Pcll < 3e.

Proof. We construct the desired interaction in two steps. First, we construct an interaction
®! that (3¢)-approximates ¥ on 7g($2) and satisfies d>lc = 0 whenever C N A = @.

Then, we enhance the approximation to find an interaction of the form ® = ®! + @2
satisfying conditions (i) and (ii).

For the proof, we choose a canonical element z € [r] for each r € L£(£2). Without
loss of generality, we assume that A C B.

For the first step, let D; 2 B be a large enough finite set such that

(1-a) Dp is a memory set for B with respect to €2, witnessing the TMP of €2,
(1-b) |1ﬂ*(x/, V) — Y (x, y)| < ¢ for every (x,y), (x', y) € Tg(R) satisfying x’D1 =
xp, and ybl = yp,.

As in the proof of Lemma 4.2, consider the equivalence relation Lonl pi\A(£2) where
p A g if and only if p = xp,\a and ¢ = yp,\a for some (x, y) € 7p(£2). We shall
construct a cocycle A1 on ~ such that

|A1Gxppas yoa) — Ya(x, ¥)| < 36

for every (x, y) € 75(2). Since A is a cocycle on an equivalence relation on a finite
set, it is generated by a potential Fi: Lp;\4(22) — R in the sense of (28). Define
ol L(Q) —> Rby

Fi(w) ifwe Lpa(R),

ol (w) 2
(W) 0 otherwise.

Clearly, <I>1C = O unless C = D1\A, and

}I/ICI)I(X’ )’) - I//*(xv y)| = |Al(xD1\A’ YDI\A) - 1/f*(x» )’)| < 3e
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for every (x, y) € 7p(RQ).
Let us now construct Ay. Given p, g € Lp;\4(2), define
A1(p. @) = Ys(2pe V PV A, Zpe V G V Va)
where z is the canonical element of [pp,\g] = [¢p,\8], and u and v are respectively the
canonical elements of [pp,\ 4] and [gp,\a]. That peV pViug and rpe VgV s belong
to € is guaranteed by property (1-a). Now, let (x, y) € 7(2) be such that xp\a = p
and yp,\4 = ¢. From the cocycle equation and the triangle inequality, we get
|A1(p, @) = Yulx, )| = |Wulzpe V p Vua, zpe V g V va) = Y, y)|
< [Wu(zpe Vv XDy, zpe V ypy) = Y, y)|
+ |1/f*(ZD‘1’ VXD, Zpe VPV ua)l
+|Wx(zpe V ypys zpe V g v )|
< 3e.

The last inequality is by property (1-b) and the hypothesis of the lemma. The fact that
Zpe V Xpy,Zpe V YD, € 2 is again by property (1-a).
For the second step, let D> © B be a large enough finite set such that
(2-a) Dy is a memory set for B with respect to €2, witnessing the TMP of €2,
(2-b) forevery (x, y), (x', y') € Tp(R2) satisfying x’D2 = xp, and ybz = yp,, we have

[P = Yo (X, ¥) = (Y — Y1) (x, )| < 6.

This time consider the equivalence relation XonL D, (§2) where p R q if and only if

p = xp, and g = yp, for some (x, y) € Tp(R2). For p, g € Lp,(Q) satisfying p R q,
define

Ar(p,q) & (Pu — Vo) (@pg vV P, zps V4)
where z is the canonical element of [pp,\p] = [gp,\p]. That Zpg vV P.ips Vg € Qis
by property (2-a). Clearly, A, is a cocycle on <, and for every (x,y) € Tp(RQ),
|A2(xDy, yDy) — (Ys — Y1) (x, ¥)| < 6

by property (2-b). Let F»: Lp,(2) — R be a potential generating A in the sense
of (28). Note that we can choose F> in such a way that

sup|F2(p)| < sup|Aa(p, q)| < 3e.
p (p.q)

Define % : £(Q) — R by

Fw) ifwe Lp,(RQ),

d2(w) 2
(w) 0 otherwise,

Clearly, ||d>2c|| < 3e when C = D, and ||<I>2C|| = 0 otherwise. Furthermore,

(Vo2 (X, ¥) = (Y = Y1) (x, )| = [A2(xpys ypy) — Wi = Vo) (x, ¥)| < 8

for every (x, y) € 7p(RQ).
The interaction ® £ ®! + &2 satisfies conditions (i) and (ii). O
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The next proof is analogous to that of Theorem 4.1, with Lemma 4.6 replacing
Lemma 4.2.

Proof of Theorem 4.5. Let v be a continuous cocycle on 7 (€2). Pick an arbitrary co-
final chain A; C Ay C --- of finite subsets of S, and a decreasing sequence (8,1);';1 of
positive real numbers such that ), &, < oo. We will inductively construct a sequence
of finite-range interactions (CD("))zi | such that

@ [Yom(x,y) — ¥ (x,y)| < &, forevery (x, y) € T4, (), and
® > ccna, ||‘D(cn) - qD(cn_l)ll < 3g,.

To construct @V, apply Lemma 4.6 to ¥, =  with A £ @, B & Ay, ¢ arbitrary
and § = g1. For n > 1, assume that ®®~1 has already been constructed as above.
Apply Lemma 4.6 to ¥ = ¥ — Ypu-1) With A £ A,_|, B £ A,, ¢ £ g, and
8 £ &,. Note that by the induction hypothesis |1/f*(x, y)| = |W¢.(n—l) (x,y)—¥(x, y)| <
en—1 for every (x, y) € 74, ,(S2), We thus obtain a finite-range interaction 8 ®™ g0
that |w5¢<n> x,y) — (W, y) — Ypa-1)(x, y)| < &y for every (x,y) € T4,(R2) and
Y cicna,_ I8@L]| < 3e,—1. Now let

o™ 2 =D 4 5™

This completes the inductive construction of the sequence (b )02 ;- We now verify that
this sequence converges (pointswise) to a norm-summable interaction @ that generates

.
Let C € S be arbitrary. Since A} C Ay C --- is co-final, C N A, # @ for all

sufficiently large n. Hence, by property (b) above, the sequence (@g’));’oz] is Cauchy
and thus converges. We define ®¢ as the limit of this sequence. In this fashion, we
obtain an interaction ® £ (®c)ces- Let us verify that ® is norm-summable. Indeed,
let A € S be arbitrary. Choose n such that A € A,,. Then, by property (b),

LR M (TS S R

C:CNA#D C:CNA#D n>1
< Z ||CD(CI)||+328,,<OO.
C:CNA#Q n>1

Lastly, let (x, y) € 7 (2). Choose n large enough such that (x,y) € 74,(€2). Then,

by (a), ¥ ¢m (x, y) converges to ¥ (x, y) and by (b), ¥ ¢ (x, y) converges to ¥ (x, y).
We conclude that Yo = ¢. O

Remark 4.7. Unlike the Markovian case, we do not get a complete characterization of
(not necessarily positive) continuous specifications similar to Corollary 4.3. This is is
because when K is merely a continuous specification on a configuration space 2, the
set supp(K) given by (29) might not be closed.

5. Shift-Invariant Variation-Summable Representations (Sullivan’s Theorem)

In this section we provide a proof of Theorem 1.3, that is, of Sullivan’s theorem on
the existence of shift-invariant, variation-summable interactions which represent shift-
invariant almost-Markovian specifications. As in previous sections we shall prove the
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equivalent statement in terms of continuous cocycles (Theorem 5.4). We need the fol-
lowing definition to state the result:

Definition 5.1 (Single-site fillability). An SFT Q C 2% is called single-site fillable
(SSF) if there exists a finite set of forbidden finite patterns F defining €2 such that for
every A € Z¢ and k € Z?\ A, and every pattern p with shape A that is locally admissible
with respect to F, there exists pattern ¢ with shape A U {k} which is locally admissible
with respect to F and such that g4 = p.

An SFT is single-site fillable if and only if it has a defining finite set of forbidden
finite patterns with respect to which every locally-admissible finite pattern is (globally)
admissible. Obviously, the full-shift is single-site fillable. Here are some less trivial
examples:

Example 5.2 (Hard-core shift). The hard-core shift Qp¢ is single-site fillable. In fact,
every SFT with a safe symbol is single-site fillable.

Example 5.3 (q-coloring shift). The shift ngl(q) consisting of all g-colorings of Z? is

single-site fillable when ¢ > 2d + 1. Note that this shift does not have a safe symbol.

Theorem 5.4 (Shift-invariant variation-summable representation). Let 2 C 2 be an
SFT which is single-site fillable and has the pivot property. Then, every continuous and
shift-invariant cocycle on T (2) is generated by a shift-invariant variation-summable
interaction.

By Examples 2.4 and 5.2, the hard-core shift 2y has the pivot property and is single-

site fillable. Similarly, by Examples 2.8 and 5.3, the shift ngl @ of g-colorings of Z4

has the pivot property and is single-site fillable provided that ¢ > 2d + 2. Therefore,
Theorem 5.4 applies to both these examples.

An equivalent way to state Theorem 5.4 is to say that whenever 2 is single-site fillable
and satisfies the pivot property, then the map ® — ¢ from Bys(R2) to By (2) is
surjective. Recall from Proposition 2.23 that this map is a bounded linear transformation.
By Proposition 2.24, in order to show Theorem 5.4 it suffices to prove that for some
finite radius R, the image of the ball of radius R in PBys(2) is dense in the unit ball of
PBsul(£2). Thus, in order to prove Theorem 5.4, it will suffice to prove the following:

Proposition 5.5 (Approximation). Let 2 be an SFT which is single-site fillable and
satisfies the pivot property. Given ¢ > 0 and v € Bsu(RQ), there is a shift-invariant
finite-range interaction ®¢ such that:

@ 1P llvs < 3l syl
(i) [Yee — ¥lisun < &

In particular, the image of the ball of radius 3 in $ys under ® — Y¢ is dense in the
unit ball of By ().

Remark 5.6 (Comparison with Sullivan’s proof). Strictly speaking, Sullivan’s original
proof of Theorem 5.4 deals only with the case where Q2 is the full-shift. The basic
approach of using Proposition 5.5 to prove Theorem 5.4 is implicit in [31]. However,
Sullivan’s original proof of Theorem 5.4 seems to use some additional and very spe-
cial properties of the group Z¢ in addition to amenability, such as the existence of a
left-invariant total order and residual finiteness. Our proof below relies only on the
amenability of Z¢ and can be easily adapted to show that the same result holds when Z¢
is replaced by an arbitrary countable amenable group.
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Remark 5.7 (Shift-invariant variation-summable representation: alternative hypothe-
sis). Recall from Remark 2.22 that for a shift space Q with a safe symbol, ZBg(£2)
is a Banach space. Since such an 2 satisfies the uniform pivot property, by Proposi-
tion 2.18, $ys(R2) is also a Banach space. We claim that in this case the conclusion of
Theorem 5.4 still holds, even though €2 need not be of finite type. This already recovers
Sullivan’s original result.

The proof of this follows along the same lines as Proposition 5.5 below, but is much
simpler. Here, for a continuous cocycle ¥: 7(2) — R and n € N one defines a
finite range interaction ®™ : £(Q) — R which is nonzero only on translates of
F, 2 [—n,n]? N Z%, namely

" a 1 ZA\(Fy+k) 724
tar, (X)) = — Y (xpeE, VO , 07 ).
" | Fal
Then, for every ¢ > 0 and n sufficiently large, ®¢ £ & will satisfy the conclusion of
Proposition 5.5. This interaction appears simpler than the one used by Sullivan [31].

Our proof of Proposition 5.5 requires two technical lemmas. For a finite set K € Z¢,
we say that D € Z¢ is K-separated if for any distinct u, v € D we have (u + K) N
(v+ K) = @ and that D K-covers a set F if for every f € F there is u € D such that
feu+K.

Lemma 5.8. Let K € Z9 be a symmetric set (K = —K ) which contains 0. For every
F € 74 there is a partition of F of size at most |K|* such that each element of the
partition is K -separated.

Proof. We claim that there is a subset D C F which is both K-separated and that it
(K + K)-covers F. Indeed, let D be a maximal K -separated subset of F and suppose
it does not (K + K)-cover F. Then there is f € F\D such that f ¢ u+ K + K for
every u € D. As K is symmetric, we have (f + K) N (u + K) = & for every u € D,
consequently D U {f} is also K -separated, contradicting the choice of D.

Since D C F is K-separated, for every u € 74 we have that (u+ D)NFis
also K-separated. As D is (K + K)-covering the union of the sets in the collection
U={w+D)NF :ueK+K}is F. Making this cover disjoint yields a partition of
F into K -separated sets with at most |K + K| < |K | elements. O

For the remainder of this section, we set F, = [—n, n]d nzd.

Lemma 5.9. Let Q2 C 2! be a single-site fillable SFT and w € Q2. There exist a constant
N € N, a finite set A € Z¢ and a continuous functionz: Q x {n e N:n > N} - Q
such that for every n > N the following hold:

(a) For every x € 2, z(x,n)f, = XF,.

(b) For every x € Q, z(x, M) 7d\Fyoy = WZA\Fpyn-

(c) For every j € F,_y and (x,y) € T;(RQ), we have (z(x, n), z(y, n)) € T;(Q).
(d) Forevery j € Fy\F,_y and (x,y) € T;(Q), then (z(x, n), z(y, n)) € Tisn ().

Proof. Let F be a finite set of forbidden finite patterns defining €2 with respect to which
Q is single-site fillable. Let K’ € Z¢ be the union of the shapes of every pattern in F.
Let N’ be an integer such that K’ € Fy/, and let K £ Fy, and N £ 2N’. Note that K
is a symmetric finite subset which contains 0 and the support of every pattern in F.
We claim that any K -separated set D has the property that any two distinctay, a; € D
may not belong to the shift of a shape of some g € F.Indeed, suppose thereis b € Z¢ and
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s1, s2 in the shape of ¢ such thata; = b+s1 anday = b+s,. We getthata; —s; = ax —s».
Since K is symmetric, it follows that (a1 + K) N (a2 + K) # &, contradicting the fact
that D is K -separated.

Considerx € Qandn > N, and letus construct z(x, n) (see Fig. 1 for an illustration).
By Lemma 5.8, there is a partition {A1, As, ... A¢} of F,.n\F, such that £ < |K|? and
each A; is K-separated. Let us define a finite sequence of locally-admissible patterns
%, pl, ... p® such that:

@) pO =Xf, V de\F N

(ii) The shape of p* is Z4\ ;. Ai
(iii) For every 1 < k < ¢, the restriction of p* to Z%\ Uisp_1 Ai s prL.
As N = 2N’, for every pair of sites a € F,, and b € Z4\ F,y is K -separated and thus
p? is locally admissible. We only need to describe the values of p'on A; fori > 1. Let
us fix an arbitrary total ordering of X. Fora € A;, let us define p;, as the smallest symbol
of ¥ such that p'~! v pfl is a locally-admissible pattern. The existence of such symbol is
guaranteed by the single-site fillability of 2. Note that the value p’, only depends upon
the values of pl Vina + K (see Fig. 2).

Let us show that p' is locally admissible. By definition, for each a € A; we have
that pi~! v pé is locally admissible. Therefore, if some ¢ € F appears in p’, then its
shape must contain at least two coordinates from A;. This is impossible because A; is
K -separated.

By property (ii), the shape of p¢ is Z¢. Let us define z = z(x, n) = p*. Combining
properties (i) and (iii), we have z, = xp, and zza\ = Wgzd\F,, - [tremains to verify
conditions (¢) and (d).

Let j € F,_n. Note that {j} U A; is K-separated, hence no forbidden pattern can
contain j and some a € A; simultaneously in its support. This shows that the values of
z at the sites in F,+y\ F,; do not depend upon x ;. Therefore, (z(x, n), z(y, n)) e T;(Q)
whenever (x, y) € T;(2).

Let j € F,\F,_n.Set Ag 2 {j},and fori > 1 let

Fuen

A2 Aj_1U{a € A; :thereisb € Aj_jandc € 7% such that {a,b} Cc+ K} .

Fix b € Aj_1. If {a, b} C ¢ + K, then there are 51, so € K such that a = ¢ + 51 and
b=c+syandthusa =b—sr2+s1. Weget Ajy1 € Aj+K — K C A;+ Fy. Thus, letting
A = Fyy, we obtain Ay C j + A. Note that A, contains the set of sites in Fj+y\F; at
which the value of z depends upon x ;. We find that whenever (x, y) € 7;(2), we have

(z(x.n),z(y,n)) € Tjsp (). O

Proof of Proposition 5.5. If Y = 0, then the result is trivial. Thus, let us assume ¢ # 0.

Fix some w € Q. By Lemma 5.9, there is N € Nand A € Z¢ such that for every
x € Qand n > N we have a configuration z(x, n) € 2 satisfying the conditions of the
lemma. Forn > N, let

fn(x) = ¥ (z(x, n), w),

and define the interaction ®", supported only on translates of F},, by

1
O, (X) £ ﬁfn(okx).
n
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x x T

Fig. 2. In Lemma 5.9, a modification of x in the boundary of F}, only affects the value of z(x, n) in a bounded
region

We show that for n sufficiently large, ®¢ £ ®” satisfies the required conditions.

We start by arguing that for k € F},, the variation Var (f,,) is bounded by a constant
independent of n. First, assume that k € F,_y. By Lemma 5.9, (z(x,n),z(y,n)) €
T (2) whenever (x, y) € 7;(2). Recall the notation ¢xx from Sect. 2.4, and note that
if (x, y) € Tx(2), then {xx = ¢ y. From these two facts, we deduce

Varg(f) = sup  |fu(3) — fu(®)]
(x, )T ()

= sup [P, m), w) — YK, n), w)|
(e, 0)€Tr(2)

= sup |'§//(Z(xvn)7z(y’n))|
(e, ) €Tk (2)

= sup  [Y¥(x, )l
@.)eT(Q)

< sup|¥(x, kx| + sup|v (v, &y)| < 201¥ llsun- (30)
xeQ2 yeQ

Next, we claim there is a constant K > 0 such that |Vari(f,,)| < K forallk € F,\F,—n.
Indeed, if (x, y) € T4(R) by the lemma we have (z(x, n), 2(y, n)) € Trea (). As ¥ is
continuous and 7 (€2) is compact, thereis a K € R such that sup(, y)e7, (@) |V (x, Y)| <
K . Therefore,

Vari(fy) = sup | fu(y) — fu(x)]
0T ()

= sup |¥(z(x,n),z(y.m))] 31)
(x)eTi(®)

= sup Y (x,y)l=  sup  |Yx,y)| =K. (32)
() €Tra () )T (@)

Now, observe that

1®"llvs = Y Varg(®f, ;) = Y Varg(Pf, )

kezd keF,
Ock+F,
1 1
— Z Varg(fy o ak) = Z Vari (f) .
|Ful (=5 | Ful (=
Using (30) and (32), we find that
1 1
19" lvs = 7 D Vare(fa) + T > Van(f)
" keF,_n " keFy\Fu—n
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| Fun| [Fu\Fr—n|
< —2¥lgu+ ———K.
[ Fyl | Ful

Since i # 0, letting n be sufficiently large, we obtain

9" llvs < 311¥ lIsun:

and thus condition (i) is satisfied.
To verify condition (ii), observe that

Yo (x, 0x) = Y [, p (L0x) — O ()]

keZd
= 2 [@}, 0 00 — @, 0" 0)]
keZd
= — > [fu0*cox) — ful0* )]
\Fal (7
_ > ¥ (zeFx n), 20 cox, ) . (33)
IFal (7

By continuity of ¢, there exists M € N such that for every m > M and every
', ¥, (x,¥) € To(Q2) such that xf,, = x;m and yr, = y}m, we have

W&, y) — Y(x, y)l < % :

In particular, if we let N = max{N, M}, then by shift-invariance of the cocycle, we
have

¥ (200" . m), 2(0* gox. m)) — ¥ (x, Go) |
= | (z(*x, n), 2(6%¢0x, ) — Y (o*x, o Gox)| < % .
for every k € F,,_n/. For k € F,\ F,,_n’, on the other hand, by (31) and (32), we have
[¥(z(c*x, ), 2(c%cox, n))| < K,
and so for such k,
¥ (0" x n), 20" gox, m) — ¥ (x., Sox)| < K +[1¥llsu -
Combining these two bounds with (33), we obtain that for any n > N’,

|Fn—N’| f " |Fn\Fn—N’|

[Yan (x, S0x) — ¥ (x, Lox)| < |F,| 2 | Fal

(K + ¥ lisun) -
Therefore, choosing n > N’ large enough, we have
IWor — ¥ ligu = sugwqw (x, Sox) — Y (x, {ox)| <€ .
xe

Hence, condition (ii) is also satisfied. 0O
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A. Appendix

A.1. Some symbolic dynamics facts. The following proposition generalizes a remark
made in [5], at the end of Section 3.1.

Proposition A.1 (TMP + safe symbol = SFT). Every shift space with the TMP that has
a safe symbol is of finite type.

Proof. Let Q C 2! be a shift space which has the TMP and a safe symbol ©. Let
B € Z¢ be a memory set for the singleton {0} witnessing the TMP of Q. Let F € %58
denote the set of patterns with shape B which are not (globally) admissible in 2. We
claim that € coincides with the SFT &’ defined by forbidding the patterns in F.

Every configuration in €2 clearly avoids the patterns in F, hence 2 C €. Conversely,
let Q; denote the set of configurations in & that have no more than finitely many non-
safe symbols. We show that Q C Q. Since €, is dense in €', this would imply that
Q' cq.

To show that every x € 96 is in 2, we use induction on the number of non-safe
symbols of x. If x has no non-safe symbol, it is clearly in 2. Suppose that every element
of ©( with at most k non-safe symbols is in Q. Let x € € be a configuration with
k + 1 non-safe symbols. Pick an arbitrary k € Z? with x; # ©. On the one hand, the
configuration y £ Xzd\ (k) V oF obtained from x by replacing the symbol at site k with
¢ has k non-safe symbols and thus, by the induction hypothesis, is in €. On the other
hand, by definition, x g4 is admissible in €2 and thus occurs in a configuration z € 2.
Since 2 has the TMP, it follows that x = YZd\iky V ZB+k isalsoin Q. O

Proposition A.2 (TMP + pivot = uniform pivot). If a configuration space with the TMP
has the pivot property, then it also has the uniform pivot property.

Proof. LetQ2 C ¥ be a confi guration space which has the TMP and the pivot property.
Let A € S be fixed. For each (x, y) € T4(), fix a sequence x = x© — x(M —
cee > xM = y of single-site pivots at sites vg, vj ..., vy, transforming x to y. Let By
be a memory set for A, , = AU {vy, ..., vy}

Observe that if (x, y) € 74(2) is any asymptotic pair such that xp,, = xp,, and
¥B,, = Y8, ,»thenone can constructasequence ¥ = @ — ¥ — ... — ¥ = jof
single-site pivot moves at the same sites vg, v ..., v,, transforming X to y, by defining

—(i) A - [
x(l) = xS\Ax,y \V4 xgiy y
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. . . - )
fori = 0,1,...,n. Since By y is a memory set for A, , and YB\Acy = XB A,

the configurations ) are admissible in 2. The set of all such pairs (i, ¥) is an open
neighbourhood of (x, y) in 74 (2) which we denote by Ny x .

The open sets N4 x y for (x,y) € Ty(R) cover T4(R2). By compactness, we can
choose a finite set F C T4 (2) such that {N4 ., : (x,y) € F} still covers T4(2). Let
c: U(x’y)eF By, y. Then, for every (u, v) € 7T4(£2), there is a sequence of single-site
pivots from u to v which stays within C. Since this holds for every A € S, we find that
2 has the bounded pivot property. O

A.2. Specifications and cocycles.

Proof of Proposition 2.11. Suppose 2 has the TMP, then the uniform specification de-
fined on Example 2.10 is local and hence continuous. Furthermore, by definition this
specification is positive.

Conversely, fix A € Z¢. As the specification is continuous and positive, by com-
pactness of 2 it follows that ¢ ES % infyeq Ka(x, [x4]) > 0. Also, by continuity of the

specification, we can find a finite B 2 A such that for all p € >4 and x, y € Q so that
XB\A = YB\A, W€ have

|Ka(x, [pD) — Ka(y, [PDI| <e&.

In particular, we obtain that if x, y € €2 so that xg\a = yp\ 4, then

1
IKa(x, [xa]) — Ka(y, [xaD] <€ = EKA(X: [xaD

and so K4 (v, [x4]) > 0. This shows that x4 Vv Yzd\a € Q2. As the choice of B does not
depend upon x, y € Q we deduce that B is a memory set for A. Since A was arbitrary,
we conclude that 2 has the TMP. 0O

Proof of Proposition 2.12. First, let K be a positive specification on €2, and for (x, y) €
T (R2), define

N Ka(y,
Y y) £ —log [M}

Ka(x, [xa])

where A € S is the set of sites at which x and y disagree. Note that if B O A is another
finite set containing A, then by the consistency of the kernels K 4 and K g,

Kp(y, [ysD _ Kp(y, [yp\aDKa(y, [yaD _ Ka(y, [yaD
Kp(x,[xg))  Kp(x,[xpa)Ka(x,[xa])  Ka(x,[xa])

Now, let (x, y), (¥, z) € 7(2). Define B as the union of the disagreement positions of
(x, y) and (y, z). Then,

Kp(y, [ys]) Kp(z,[zB])
yeen v, = bg[KB(x,[xB])] o [Ks(y,[yg])]
|:KB(Z, [ZB]):|

Kp(x, [xg])
= ¥(x, 2),
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which means v is a cocycle on 7 (2). Clearly v is measurable with respect to the
o-algebra induced from 2 x €.
Conversely, let ¥ be a measurable cocycle on 7 (2). For x € Q2 and A € S, define

1
Ka(x,[gglN[pal) & g*“xs\*‘

e V@xsuVPa) if x € [gpland xs\4 V pa € Q,

otherwise,
(34)

for each two patterns p € L4(2) and g € Lp(2) with B € S\ A, where

ry —Y(x,x5\4V DY)
ZAIXS\A = Z e \AYPy)
PheLapg 4 (Q)

This extends to a unique probability measure K 4(x, -) on 2. The function K4: 2 x
Z(2) — [0, 1] is a proper kernel from .Z g\ 4 (R2) to .7 (R2). Clearly, K4 (x, [x4]) > 0
for each x € Q and A € S. It remains to show that these kernels are consistent.

To this end, take A € B € S. Then, for every x € €,

I I
Kpe.lpaDKatebad = Y e*W’XS\AWM) e
ra€lapg,, (@ *PHS\E Ahs\a
__ 1! < L —vasu vm))e—v/(x,x)
ZB\XS\B ZAIXS\A

rA€LAlxg 5 ()

1

1
- e~ V(X
ZB\XS\B

= Kp(x,[xB]),

which means K 4 and K p are consistent. We conclude that K is a positive specification.
0O

A.3. Background on the 'S-norm.

Proof of Proposition 2.15. Let A € Z%. By the uniform pivot property, there exists a
finite set B 2 A such that for every (x, y) € 74(), there is a sequence x = 7@ —
D@D 5= y of admissible pivot moves at sites s, 52, ...,5, € B,
transforming x to y. Clearly, by removing the repetitions if necessary, this sequence can
be chosen such that the number of visits to each site in B is bounded by £ £ |Lp(Q)].
Thus, for every continuous observable f € € (2),

FO) = F@] D1 FED) = £ <> Varg (f) <€) Varg(f) .

i=1 i=1 seEB

Since this is true for every (x, y) € 74(£2), we find that Var4 (f) < £ erB Vars(f). It
follows that

Y Vara(@c) < Yo ) Var(®c)

CeS CeS SEB
CNA#QD CNA#QD
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<0
=LY Y Varg(®c) <Ly ) Var(®c) .
seB CEe&S seBCES
CNA£Y Css

which is finite. Hence, ® is variation-summable. O

Proof of Lemma 2.16. Let A € 7% be arbitrary. Define a graph G () as follows.
The vertices of G 4(R2) are the patterns in £4(2). Two patterns w, w’' € L4 (2) are
connected by an edge in G 4 (€2) if and only if there exists a sequence of configurations
x@ x@D o xW) e Q with ng) =w, ng) = w’ such that each x“~D — x® jga
pivot move and precisely one of these moves is in A. By the pivot property of €2, the

equivalence classes of L in £ 4(€2) are precisely the connected components of the graph
G 4(R2). Observe that if w, w’ € L4 () are adjacent in G 4(R2), then

|®(w) — D (w')| < Varg(®4) = Varg(Pa—x)
for some k € A. It follows by induction that for any w, w’ € £4(R2),

|®(w) — d(w)| < max Varg(®a—k) dg , (o) (w, w') ,

where dg ,(q) denotes the graph distance of w and w’ in G4(2). If w, w’ € LA(RQ)
are in the same equivalence class, then clearly dg , @) (w, w’) < |£4(€2)]. On the other

hand, maxea Varg(®a—x) < Y cga Varg(®c) = [|®@|lys. The claim follows. O
C>0

Proof of Proposition 2.17. Clearly, if for every C € Z the function ®¢ is constant on
each asymptotic class of €2, then Varg(®¢) = 0 whenever O € C, and thus || ®|yg = 0.
Conversely, if | ®||yg = 0, then by Lemma 2.16, for every C & Z4 the function ®c is
constant on each asymptotic class of Q2. O

A.4. Surjectivity of linear maps on Banach spaces.

Proof of Proposition 2.24.

(a) = (b) By the open mapping theorem, the image of any ball centered at the
origin in X contains a ball centered at the origin. Now scale up. Then
the image of some ball centered at the origin in X contains the unit
ball.

(b) = (a) The image of the map is the union of images of balls centered at the
origin. By linearity, these images are all scalar multiples of one another.
So, if the image of some ball centered at the origin contains the unit
ball, then each ball centered at the origin is contained in the image of
some ball and so the map is surjective.

(b) = (c) Trivial.

(c) = (b) Let y be in the unit ball in Y. We show that y has a pre-image in the
ball of radius 2R in X. Namely, the pre-image will be of the form
x 2 Z;’i] u;, where u; € Byx(R/2'~1), and the image of the partial
sum x,, = Y, u; will approximate y with accuracy 1/2".

It follows from (c) that for all § > 0, T(Bx ((SR)) is dense in By (8). Set

v] £ y. Choose u; € Bx(R) such that |[v; — T'(u1)|| < 1/2. Inductively,
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suppose that u1, us, ..., u, € X are such that u; € By (R/2"-1) and ||y —
T u)ll < 1/2. Set vyey = y — T (X7, u;) and choose uy41 €
Bx (R/2") such that ||v,41 — T (un+1)|| < 1/27. It follows that

n+l n
=1 (Xuw)| = -7 (X w) - 7w
i=1 i=1

By construction, the sequence x; Y iy u; is Cauchy and thus has
a limit x in X. Furthermore, ||x, || Yol luill < Yor R Thus,
x|l <) 2, R2"-! = 2R. Lastly, since T (x,) — y asn — oo and T is
continuous, we have T'(x) = y. O

1
Un+l — T(“n+l)H < 2_11 .

A
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