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KMS STATES AND CONTINUOUS ORBIT
EQUIVALENCE FOR ULTRAGRAPH SHIFT SPACES
WITH SINKS
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Abstract: We extend ultragraph shift spaces and the realization of ultragraph C*-al-
gebras as partial crossed products to include ultragraphs with sinks (under a mild
condition, called (RFUM2), which allows us to dismiss the use of filters) and we de-
scribe the associated transformation groupoid. Using these characterizations we study
continuous orbit equivalence of ultragraph shift spaces (via groupoids) and KMS and
ground states (via partial crossed products).
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1. Introduction

Mathematicians have long sought a definition for shift spaces over
countable alphabets. The most direct (and most common) approach is
to consider a countable alphabet A with the discrete topology and the
shift space AN with the product topology, which yields a space that is not
locally compact. This strongly differs from the finite alphabet case, where
shift spaces are always compact. Motivated by this difference (among
other things), several definitions of shift spaces over infinite alphabets
have arisen over the years; see for example [18, 36] (also in [36] there
is an excellent overview of the topic). The definition proposed in [36]
has connections with C*-algebras, and dynamical properties of this shift
are studied in [19, 24, 25], for example. Very recently, building on
the ideas in [36, 41], the authors of [21] introduced the notion of an
ultragraph shift space, which is a generalization (to the infinite alphabet)
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of shifts of finite type (SFT are among the most important shifts in
symbolic dynamics; see for example [33]). These shifts have interesting
dynamics, as their chaotic behavior coincides with the chaotic behavior
of shifts of finite type over finite alphabets (see [26, 27]), and Curtis—
Hedlund-Lyndon type results can be proved (see [23]). Furthermore,
ultragraph shift spaces are shown in [21] to have a strong connection
with C*-algebras: if two ultragraphs have associated shift spaces that
are conjugate, via a conjugacy that preserves length, then the associated
ultragraph C*-algebras are isomorphic.

One should note that the ultragraph shift spaces defined in [21] have
two restrictions: they are defined only for ultragraphs without sinks and
the invariance of the associated C*-algebras is shown only for ultragraphs
that satisfy Condition (RFUM). While one could, a priori, think that lift-
ing the restriction on having no sinks is a straightforward task this is not
the case. In fact, when adding sinks to ultragraphs, or to graphs, many
unforeseen difficulties arise. For example, the results describing topologi-
cal full groups as invariant for continuous orbit equivalence of shift spaces
(or groupoids) associated to graphs (or ultragraphs) are only valid for
graphs (or ultragraphs) without sinks (see [35] and [12]), and there is no
clear way to extend these results to include graphs and ultragraphs with
sinks. Furthermore, when studying KMS states associated to graphs the
existence of sinks induces new KMS states (see [13]). Therefore it is in-
teresting to extend the definition of ultragraph shift spaces given in [21]
to include ultragraphs with sinks. This is one of our main goals in this
paper.

Once we have extended the definition of ultragraph shift spaces to
include sinks, we provide further evidence that these shift spaces are
well connected with C*-algebras, namely we describe continuous orbit
equivalence of ultragraph shift spaces in terms of isomorphism of the as-
sociated groupoids and in terms of isomorphism of the associated C*-al-
gebras. Furthermore, using partial crossed product theory, we study the
dynamics associated with these shifts: we describe the KMS and ground
states associated to ultragraph C*-algebras, extending results in [11] to
include ultragraphs with sinks.

Let us explain the structure of the paper. After this introduction we
include a section of preliminaries, where we briefly recall concepts re-
garding ultragraphs and set up notation. In Section 3 we describe the
topological space that, with the shift map, will form the shift space as-
sociated to an ultragraph. This space is called the boundary ultrapath
space and, under a mild condition (called Condition (RFUM2)) that
allows us to dismiss the use of filters, we prove that this space has a
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countable basis of compact open sets. We remark that for ultragraphs
without sinks Condition (RFUM2) is the same as Condition (RFUM)
n [21], and that all graphs (including the ones with sinks) satisfy Con-
dition (RFUM2) (therefore our results are a complete generalization of
the results in [6, 21]). Proceeding, in Section 4 we realize the C*-alge-
bras associated to ultragraphs that satisfy Condition (RFUM2) as par-
tial crossed products. We use this realization in Section 5 to, via the
transformation groupoid, describe ultragraph C*-algebras as groupoid
C*-algebras, and therefore extend, under Condition (RFUM2), the real-
ization in [34] to include sinks (see also the comments preceding Defini-
tion 5.7). In Section 6 we use the characterization of ultragraph C*-alge-
bras as groupoid C*-algebras to describe stabilizer-preserving continuous
orbit equivalence of ultragraph shift spaces in terms of isomorphism of
the associated C*-algebras, in terms of the associated groupoids, and in
terms of continuous orbit equivalence that preserve isolated eventually
periodic points. We also characterize eventual conjugacy in this section.
Finally, using the description of ultragraph C*-algebras as partial crossed
products given in Section 4, we describe KMS states associated to C*-al-
gebras of ultragraphs that satisfy Condition (RFUMZ2). In particular we
compute the KMS states associated to an ultragraph (with sinks) such
that the ultragraph Leavitt path algebra is not isomorphic to any (graph)
Leavitt path algebra nor to any algebraic Exel-Laca algebra.

2. Preliminaries

We start by recalling concepts regarding ultragraphs, as defined in [39]
(see also [31, 34]).

Definition 2.1. An ultragraph is a quadruple G = (G°, G, r, s) consist-
ing of two countable sets G°, G', amap s: G' = G°, and amap r: G* —
P(G°)\ {0}, where P(GP) is the power set of G°.

Key objects when studying ultragraphs are generalized vertices, which
we define below.

Definition 2.2. Let G be an ultragraph. Define G° to be the smallest
subset of P(G®) that contains {v} for all v € G, contains r(e) for all e €
G', and is closed under finite unions and non-empty finite intersections.
The elements of G° are called generalized vertices.

A useful description of generalized vertices is given below.
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Lemma 2.3 ([39 Lemma 2.12]). If G is an ultragraph, then

o ﬂ Uﬂ e)UF: X1,..., X, are finite subsets of G*
g =93 e€X; eeX,
and F is a finite subset of G°

Furthermore, F may be chosen to be disjoint from [ r(e) U --- U

ec X
N r(e).

ec Xy,

Definition 2.4. Let G be an ultragraph. The ultragraph algebra C*(G) is
the universal C*-algebra generated by a family of partial isometries with
orthogonal ranges {s. : e € G'} and a family of projections {p4 : A € G°}
satisfying

(i) Py = 0, PAPB = PAnB, PAUB = DA + PB — PanB, for all A, B € GY%
(i) s se Pr(e) for all e € Gl
(iii) sesy < ps(e) for all e € Gl a
(iv) py = > Ses: whenever 0 < |s L(w)] < o0.

s(e)=v

Next we set up notation that will be used throughout the paper. This
agrees with notation introduced in [21] and [34]. Let G be an ultragraph.
A finite path in G is either an element of G° or a sequence of edges e; . . . ey,
in G, where s(e;+1) € 7(e;) for 1 < i < k. If we write @ = ej ...ey, the
length |a| of a is k. The length |A| of a path A € G° is zero. We define
r(a) = r(ex) and s(a) = s(ey). For A € G% we set r(A) = A = s(A).
The set of finite paths in G is denoted by G*. An infinite path in G is
an infinite sequence of edges v = ejey ... in [ G, where s(e;y1) € 7(e;)
for all ¢« > 1. Keep, of course, s(v) = s(e1). The set of infinite paths
in G is denoted by p>. The length || of v € p*° is defined to be co. A
vertex v in G is called a sink if [s~1(v)| = card(s~!(v)) = 0, it is called
an infinite emitter if [s~!(v)| = oo, and it is called a source if v & 7(e)
for all e € G'. If a vertex is a sink or an infinite emitter, then it is called
a singular vertex. Otherwise, i.e., if 0 < |s71(v)| < oo, then v is called
a regqular vertex. All of these nomenclatures were inherited from graph
theory.

For n > 1, we define

p" = {(a,A):a € G, la|=n, Ac G ACr(a)}).
We specify that (o, A) = (8, B) if, and only if, « = f and A = B. Letting
0 := GO we define the ultrapath space associated to the ultragraph G

to be p := || p™. The elements of p are called ultrapaths. We embed
n>0
the set of finite paths G* in p by sending « to (a,r(«)). We define the
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length |(c, A)| of a pair (a, A) to be |a|. Each A € G° is regarded as
an ultrapath of length zero and can be identified with the pair (A4, A).
Hence, we extend the range map 7 and the source map s to p by declaring
that r((a, A)) = A, s((a, A)) = s(«), and r(A, A) =r(A) = A=s(A) =
s(A,A).

We concatenate elements in p in the following way: if z = (a, A) and
y = (B8,B), with |z] > 1, |y| > 1, then z - y is defined if, and only if]
s(8) € A, in which case, z -y := (af, B). Also we specify that

xNy, ifz,yeG®andifzny#0,
x-y=11y, if 2 € G° |yl > 1, and if s(y) € =,
Ty, if y€ G |z|>1,and if r(z) Ny # 0,

where, if z = (o, A), |a| > 1, and, if y € G°, the expression z,, is defined
to be (a, ANy). Given x,y € p, we say that  has y as an initial segment,
or that y is an initial segment of z, if = y - 2/, for some 2’ € p, with
s(z") Nr(y) # 0. We can also concatenate ultrapaths in p with paths
in p®. If s(B) € r(a, A) = A, we define (o, A) - f = af € p™, where
(o, A) € p and 8 € p>. Furthermore, if & = A then (A, A)-5 = 5 € p>.
Of course if s(8) ¢ A, («, A) - B is not defined. We say = € p U p*>
has y € p as an initial segment if v = y -2, for some =’ € p, with

s(@') Nr(y) # 0.

Remark 2.5. To simplify notation we omit the dot in the definition of
concatenation, so that x - y will be denoted by xy.

3. The boundary ultrapath space

In this section we will define a topological space (boundary ultrap-
ath space) associated to an ultragraph, which generalizes the boundary
path space of a graph studied in [5], [6], and [41], for example. Our
construction builds on the construction done in [21] in order to include
ultragraphs with sinks. We start with a couple of definitions.

Definition 3.1. Let G be an ultragraph. For each A € G°, we define
g(A) :={e € G' : s(e) € A}. We say that A € G° is an infinite emitter
if |e(A)| = co. Otherwise we say that A is a finite emitter. Also define
Z(A)={Beg’: BC A}.

Definition 3.2. Let G be an ultragraph and A € G°. We say that
A is a minimal infinite emitter if A is an infinite emitter, contains no
proper subsets (in G°) that are infinite emitters, and contains no proper
subsets (in GY) which are finite emitters and have infinite cardinality.
Equivalently, A is a minimal infinite emitter if it is an infinite emitter
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(ie., [e(A)| = o0) and AB € Z(A), B # A, such that |¢(B)| = co and
3B € I(A), B # A, such that |B| = co. We denote by A, the set of all

minimal infinite emitters in G°. Therefore,
A ={A€G%: |e(A)| = o0; AB € Z(A), B # A,
such that |e(B)| = oo or |B| = oo}.
Remark 3.3. Notice that if the ultragraph has no sinks, the definition

above coincides with the definition of minimal infinite emitters given
in [21].

Example 3.4. Below we illustrate two different kinds of minimal infinite
emitters:

B =r(e1) = {v2,v3,v4,...}

A = {v1} is a minimal infinite emitter . . P .
is a minimal infinite emitter

Remark 3.5. Note that in the second ultragraph of the example above,
the range r(e;) contains a sink. In fact, if there were a finite number of
sinks in 7(e1) we would still have a minimal infinite emitter. Furthermore,
notice that for r(e;) to be a minimal infinite emitter it cannot contain a
proper subset in G° which has infinite cardinality and is a finite emitter.

The following proposition will be useful throughout our work.

Proposition 3.6. If A is a minimal infinite emitter and B is an infinite
emitter in GO, then either A C B or the intersection AN B is at most
finite.

Proof: Indeed, if ANB = 0 or |[AN B| < oo, then their intersection is
finite and the result follows. If |A N B| = co then we have two cases: if
le(A N B)| = co, we must have AN B = A, otherwise we would have
ANB C Aand [e(AN B)| = oo, which contradicts the minimality of A.
Hence A C B. On the other hand, if |¢(ANB)| < oo, then again we must
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have AN B = A, since otherwise AN B is a proper subset of A that is a
finite emitter of infinite cardinality. O

The following lemma characterizes minimal infinite emitters. In fact,
it is a generalization of Lemma 3.3 in [21], and since its proof is analogous
we omit it.

Lemma 3.7 ([21, Lemma 3.3]). Let z = (o, A) € p be such that A is a
minimal infinite emitter. If the cardinality of A is finite, then it is equal

to one. If the cardinality of A is infinite, then A = [ r(e) for some
ecY
finite set Y C G*.

To define our topological space we need to extend the notion of mini-
mal infinite emitters to generalized vertices that are finite emitters. For

this, denote the set of sinks by G, , or alternatively, let G%_, := GY :=
{veG®: s (v) =0} CG° Define G% , :=G%:= || {{vi}} CG°
v; €EGY

ie., gg is the collection of all singletons of G° whose element is a sink.
Definition 3.8. Let G be an ultragraph and A € G°. We say that A is
a minimal sink if |A| = oo, |e(A)| < oo, and A has no subsets (in G°)
with infinite cardinality. We call A, the set of all minimal sinks in G°.
Therefore,

As={A€G":|Al = o0; |e(A)| < o0; AB € Z(A) such that |B| = oo}.
As with minimal infinite emitters, minimal sinks have some interesting

properties.

Proposition 3.9. If Ay, Ay € A, then either |A1NAs| < 0o or A; = As.

Proof: Indeed, if A1 N Ay = (), the result follows. If A; N Ay # ), then
either |4; N Az < oo (and the result follows) or |A; N Az| = co. In this
case, if there exists a vertex v € A\ Az, then we have that A; N Ay € G°
is such that Ay N Ay € A; and |A; N As| = oo, which contradicts the
minimality of A;. Therefore, Ay = As. O

The final step to construct the boundary path space is to consider the
following sets:

Xuin:={(, A)ep:|a| >1, Ac AL JU{(A,A) cp®: Ac ALY
Xein={(a,A)ep:]a| >1, Ac GOUAJU{(A A) ep’: AcG) L A,}.
Definition 3.10. The boundary ultrapath space X is the set
X == p U Xpin U Xsin-

We also define
Xﬁn = Xmin (W Xsin'
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Remark 3.11. Clearly X = p>°U Xg,. Also, for ultragraphs without sinks
Xgin = 0, and therefore X5, = Xmin. Hence in this case the definition
above coincides with the definition of the boundary path space in [21].

Remark 3.12. Notice that if (o, A) € Xg,, then either |[A] =1 or |[A| =
0.

Example 3.13. In the ultragraph below, we have the following examples
of elements in the boundary ultrapath space: (818285, {v1}), (83, {va}),
B1B2BsB23, - (B2Bs.{vs}), Bsmiveyss ..., ({vih {vi}), ({wa}, {v2}),
({vs}, {vs}), B2B3828371727s, - - - » and (010205, 7(d3)). In fact any ultra-
path whose range is equal to {v1}, {vs}, or r(d3) belongs to Xyin. If the
ultrapath has range equal to {va} or r(8s), it belongs to Xg,. Finally, a
path that goes through 3 ... must be infinite and so it belongs to p°.

To define a basis for a topology we need the following sets, called

cylinders.
For each (3, B) € p, let

Dg,p) :=={y € X :y = Bv; s(y) € B},

and for each (3, B) € Xg,, F C &(B) finite, and S € BNGY finite, define

Dapyrs ={(6,B)}U{ye X:y=57,[Y|>1,+ €(B)\ F}

U{y € Xsin : vy = (B, {v}) : v € B\S}.

Remark 3.14. Notice that if (3, B) € p° N Xg, then (8, B) = (B, B),
and hence

Ds,).rs = D.p).rs ={(B,B)}U{ye X :m €e(B)\ F}

U{({v}, {v}) € Xsin : v € B\S}.
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Thus, if B = {v} is such that v is a sink, then D(p ) rs = D) =
{({v},{v})}, i.e., the cylinder is a singleton. Similarly, D v}),r,s =
{8, )}

If either F' = ) or S = () we will write Dg py r or D p),s to refer
to the cylinder D g p) r s and this should not cause any confusion, as
FCG'and S CGY.

Remark 3.15. For ease of writing and reading, when referring to the
finite subset S C BNGY that characterizes the cylinder sets we will only
mention that S C B and we will assume that S is also a subset of GY.

We can now show that a certain collection of cylinders form a basis
for a topology on the boundary ultrapath space X.

Proposition 3.16. The collection of cylinders

HDw.B): (B,B) €p, |B] > 1}
U{D.p),rs : (B, B) € Xgn, F Ce(B), SC B, |F|,|S| < co}}

s a countable basis for a topology in X. Furthermore, if v = ejes... €
P> then a neighborhood basis for ~v is given by

{D(elu.en,r(en)) ne N}7

and if x = (a, A) € Xgp is such that A is a minimal infinite emitter or
a minimal sink, then a neighborhood basis for x is given by

{D(a,a),r,s: F Ce(A), SCA, |F|,|S| < oo}

Proof: Clearly the collection of cylinders described is countable and X
can be written as a union of the cylinders in the collection. We have to
show that if x € X is such that x € AN B with A and B cylinders, then
there is a cylinder C such that t € C C AN B.

First, if v € p*° is such that v € AN B with A, B cylinders, then it
is clearly possible to find an initial segment of v, say 1, with |v;| larger
than the ultrapath sizes that define A and B. Then D( contains 7y
and is contained in A N B.

Let x = (a, A) € Xpin. Suppose that x € Dg, p,), 7,5, VD (8s,B.),Fs,5s
with |52] > |51] (notice that |51] can be equal to zero). Then (81, By) is
an initial segment of (32, B2) and hence x € D (g, B,),F,,5, € D(8,,B,),F1,5:
If |51] = |B2] = 0, since By and By are minimal, we have $; = B; and
f2 = Bs. Hence, if |z| > 0, just note that x € D, C Dg, B,),m,s, N
D (,,B,),7»,3,- On the other hand, if |z| = 0 then z = (A, A), so we can
have neither By nor Bs as minimal sinks (or even as a singleton with
only a sink), since minimal sinks do not emit infinite edges and A emits.

71,7(711))
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Thus, By and By must be minimal infinite emitters. Therefore, by Propo-
sition 3.6, we have that either | By N Bg| < 0o or By = By. In both cases,
since A C B; N By and A, By, and By are minimal infinite emitters, we
obtain that x € D(A,A),Flqu,SlLJSg - D(ﬂl,Bl),F1751 N D(,Bz,Bz),FQ,SQ'

Suppose that = = (a, A) € Dg, ), 7,5 N Ds,B,), 7,50, With |3] > 1.
If [z] > 8] > 1 just note that € D a4y € D(g,B,),r,,5 N D(8,B5),Fs,5s-
On the other hand, if |z| = |3] then x = (8, A), where A is an infinite
emitter. Thus, By and By cannot be minimal sinks (nor singletons with
only a sink). Hence By and Bs are minimal infinite emitters. By Propo-
sition 3.6, we have that either |B; N By| < 0o or By = Bs. As in the pre-
vious case, we get € D, 4), F,UF, 5,05, © D(8,B1),F1,5: N D(8,B,),Fs,S, -

If we suppose that x € D gy N Dg, B,) s, then we have three
cases: if |3 > |B1| then D(s gy € D(s, B,),r,,s,- If |B1] > |B] > 1 then
D, ,By),r,8. € Dg,py- But if [B1]| = |B] > 1 then we have 81 = (3 and,
by minimality of By, we have [BNB1| < oo or By C B. If | BN B;| < o0,
then x € D(['LBQBI)»Fl’Sl - D(ﬁ,B) mD(,BhBl);Fl’ and if By C B then
D, ,B1),71,5. € D(s,B)-

Finally, if z € D(BLBl) N D(Bz,Bz) and |B1| > |62| then D(ﬂl,Bl) -
D(ﬁ2,32)~ If |81|=|P2| >0 then 51 = B2 and z € D(Bl,BlﬁBQ) - D(Bl,Bl)m
D(BQ,Bz)'

For x = (a, A) € Xgn with A a minimal sink, the proof is handled
similarly. Just replace, in this case, |A N B| < oo with |¢(AN B)| < cc.

For z = (o, {v}) € X, with v a sink, just note that (o, {v}) €
{(a,{v})} = D, C AN B, for every cylinder A and B.

For the second part, let v € p*> so that v = ejes... Suppose that
v € D(s,B),r,s- Then we have (3, B) = (e1...en, B) or (8,B) = (B, B),
where B is a minimal infinite emitter or a minimal sink. If (8, B) =
(61...6n,B) then e, ¢ F so~vy e D(ﬁ€n+1,T(€n+1)) - D(,(i’,B),F,S- If
(B,B) = (B,B) then ey §é F'; and hence v € D(el,r(el)) - D(B,B),F' On
the other hand, if v € D(g p) then obviously (8, B) = (e1...e,, B), and
hence 7 € Dige, 11,r(ens1)) S Dis,5)-

For z = (o, A) € Xfn with A a minimal infinite emitter or a minimal
sink, first suppose that 2 € D(g p) . Obviously |a] > || > 0. If
|a] = |8] = 0 then @« = A and 8 = B; furthermore, A C B. Since A
is minimal and B is minimal, then A = B. Therefore, we can consider
F'=F and S = S, so we have © € D(q 4y, 7.5 € D, py,r,s If |af >
|B] = 0 or |a| > |B] > 0 then § is an initial segment of . In both
cases, we have x € D(q,4) € D(g,py,r,s- Finally, if |a| = [3] > 0, we
have « =  and A C B. Since both sets are minimal, A = B. Thus,
r € D(a,a),rs € D(s,By,rs- On the other hand, if x € D p) then
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la] > |B] > 1. If |&| > |B] then B is an initial segment of a and hence
T € Do, a),0 € D(s,B)- If |a| = |B], then = € Do, 4),0 € Dg,B)- O

Remark 3.17. Notice that if G is an ultragraph that has no sinks, our
proposition coincides with Proposition 3.4 in [21] and the topological
space here coincides with the topological space defined there. Also, if G
is a graph, the only minimal infinite emitters are sets consisting of only
one singular vertex (in graph terminology), and our topological space
coincides with the boundary path space of Definition 2.1 in [41].

The topology described in Proposition 3.16 has some interesting prop-
erties that we describe below.

Proposition 3.18. FEach cylinder that forms the basis of the topology
of X described in Proposition 3.16 is closed.

Proof: First we consider a cylinder D(g p) with |3 > 1. Suppose that
B=01...0,. Let § € D(% B) We have four cases:

(1) If || = oo, say = 6102..., then s(dp41) & Bor d1...6, # 5. In

both, § € D((;l.”(;nJrl’T((gnJrl)) - D(%,B)'

(2) If |6] < 0o and 6 = (4, {v}) € Xgin, we have § € {0} = Ds C D(C&B).

(3) If |8] < co and ¢ = (9, A) € Xmin, we have three subcases:

e || < |B): Of course we only have to deal with the case where § is
the initial segment of 5; otherwise, the result is obvious. Note that
01...0k = B1...0k, where |§] = k < n. If s(Bx41) € A then § €
D(57A)7{Bk+1} - D(C,é7B). If S(ﬂk+1) ¢ A then § € D((;,A) - D(C[;7B).

e |§| = |B]: We only deal with the case where § = § because oth-
erwise clearly § € Dy C D(%)B). So suppose that § = §. We have
two cases: if |A] < oo then by Lemma 3.7, |A| = 1 and therefore
A = {u}, where u is a minimal infinite emitter. So u ¢ B, since
S D(C,(;,B)' Thus § € Ds C D(cﬂ’B). If |A| = oo then |[AN B| < oo
otherwise, by the minimality of A, we would have AN B = A, i.e.,
A C B, which would make § € Dg p), a contradiction. Also note
that AN B contains no infinite emitter as it would contradict the
minimality of A. So consider F' = {e € G! : s(e) € AN B}. Also,
consider S = {v € G%: v € AN B}. Notice that the sets F' and S
are finite and § € D5, 4),r,5 € D(C@B).

e |§| > |B|: Again, we only deal with the case where d;...d, =
Bi ... [Bn. But note that for 6 € DY, ., we must have s(6,,1) ¢ B,

(8,B)
and so 6 € Ds C D(%’B).
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(4) If |6] < oo and § = (d, A) € Xgin, with A a minimal sink, we have
three subcases:

e |§] < |B]: We only deal with the case where § is the initial seg-
ment of 5. Note that d1...0;, = f1...0k, where [§| = k < n. If
S(Bk-&-l) € A then § € D(57A);{5k+1} - D(C,/(;,B)' If S(Bk-‘rl) ¢ A then
0 € Ds,.4) C D(CL;,B)‘

e |0| = |B]: We only deal with the case where 8 = §. Since |4| = oo,
we have by the minimality of A that |A N B| < oco. Furthermore,
since A is a minimal sink, |¢(A N B)| < co. Thus, we have § €
Ds,4),e(AnB),AnB € D(g,B)C-

e |§| > |B|: Again, we only deal with the case where d;...d, =
B1...0Bn. But note that for 6 € D¢ we must have s(0,,41) ¢ B,

(8,B)?
and so 6 € Ds C D(%’B).

Now we show that each D(p p), with B a minimal infinite emitter, is
closed. Let 0 € D(C;:‘s’,B)' So if |6] > 0, we have § € D5 C D(CB,B)' On the
other hand, suppose that |§| = 0. Then ¢ = (A4, A) € Xin U Xgin, with
A minimal or § = ({v}, {v}) € Xgin. If § = ({v}, {v}) then clearly v ¢ B
and thus § € D5 C D(CB’B). On the other hand, if § = (A, A) with A
minimal (a sink or an infinite emitter), then 0 < |ANB| < co (otherwise,
since A and B are minimal, we would have A = B, a contradiction).
Furthermore, |e(A N B)| < oo, otherwise we get a contradiction with
the minimality of A and B. Thus, if F = {e € G! : s(e) € AN B} and
S =ANB, we have 0 € D5 4yp,s € DfB’B).

For D({y},{v}) With v a sink, if necessary, just consider S = {v} and
observe that § € D5 s C Dav}7{v}). The case D(p,py, with B a minimal
sink, is handled similarly to B a minimal infinite emitter.

Finally, for D py,r,s with B a minimal infinite emitter or minimal
sink, note that

Dg.5).rs = D5y [ D [ Pbgon =
yeF veES
Using techniques similar to the one presented above one can show that
the boundary ultrapath space is Hausdorff. We state this below and leave
the proof to the reader (who can also check more details in [38]).

Proposition 3.19. The boundary ultrapath space X, with the topology
of Proposition 3.16, is Hausdorff.

From the above, using Urysohn’s metrization theorem, we conclude
that the boundary ultrapath space is metrizable. For ultragraphs with-
out sinks, a description of the metric is given in [26]. Since the metric
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is a little involved and we do not use it in the development of our re-
sults, we refrain from generalizing it to our setting. Nevertheless, it is
interesting to describe the notion of convergence of sequences in X. By
Proposition 3.16 we have the following:

Corollary 3.20. Let (2™)22; C X be a sequence and x € X. Clearly we
have x™ = (W' ... A}, An) with Ay, € AsgUAg orx™ = (97 ... v, {vn}),
with v, a sink, or " =7y ... Thus, we have:

(i) If |x| = o0, say © = y17y2. .., then (z™)32, converges to = if, and

only if, for each M € N there exists N € N such that n > N
implies that |z™| > M and v =, foralli=1,...,M.

(i) If |z] < o0, say x = (91 ... vk, A) with A a minimal infinite emit-
ter, then (2™)22; converges to x if, and only if, for each finite
subset F' C e(A) and each finite subset S C A, there exists N € N
such that n > N implies that x" = x or |x"| > k, v/, € e(A)\F,
and v =, foralli=1,... k.

(iii) If |z| < oo, say x = (y1...7k, A) with A a minimal sink, then
(x™)22, converges to x if, and only if, for each finite subset S C
ANGY, there exists N € N such that n > N implies that 2" = x or
|z =k, A = for alli=1,...,k, and v, € A\S (i.e., in this
last case, €™ = (Y1, .., Vi, {Un}), with v, a sink and v, € A\S).

(iv) If |x| < o0, say x = (y1...7Yk, {v}) with v a sink, then (z™)52,

converges to x if, and only if, there exists N € N for which n > N

implies ™ = x.

Remark 3.21. The cylinders D g gy with (£, B) € p are not, in general,
compact. Indeed, just note that if we consider an ultragraph G with an
edge e such that its range contains an infinite number of minimal infinite
emitters then D( ,(c)) is not compact.

In order to obtain compact basic sets, we will impose a condition on
the ultragraphs we are working with. The extra hypothesis required will
be called (RFUM2). Such a condition is based on the Condition (RFUM)
required in [21]. Note that if the ultragraph does not contain sinks then
(RFUM) and (RFUM2) below coincide.

Condition (RFUMZ2). We say that an ultragraph G satisfies Condi-
tion (RFUM2) if for each edge e € G its range can be written as

k
r(e) = | An,

where A,, is either a minimal infinite emitter, or a minimal sink, or a
singleton formed by a vertex.
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Proposition 3.22. Let G be an ultragraph. Assume that G satisfies Con-
dition (RFUM2). Then each basis element of the topology on X, as in
Proposition 3.16, is compact.

Proof: First we show that D p), with || > 1 and (8,B) € p, is
sequentially compact. Let (2™) be a sequence in D(g p). Then 2" =
(Bat...af ,Ay) € Xgn with A, minimal, or 2" = (Baf ... ap ,{vn}) €
Xgin, or " = Batay ... € p>. We need to find a convergent subse-
quence. We have two cases:

(1) First consider the case of a subsequence of z" such that |z"| =
|8]. Since G satisfies Condition (RFUM2) and B(C r(f8)), we have that
B contains only a finite number of A,, (whether they are minimal infinite
emitters or minimal sinks) and vertices v,, that are regular or a sink and
do not belong to any A,,. So if we have infinite terms of the form z" =
(8, Ay), then we get a subsequence that converges to some (8, Ay, ), for
some ng. Now, if we have infinite terms of the form (8, {v,}), where v, is
not an element of any minimal sink, since we have a finite number of v,
there is a constant subsequence of ™ converging to some (3, {vn,}),
for some ng. If the v,, are elements of minimal sinks A,,, since we have
a finite number of A,,, there exists a minimal sink A C B such that
{n : v, € A}| = co. Thus, there is a subsequence of 2™ that converges
to (8, A) (when z™ are distinct) or to (8,{vy,}) for some v,, (when z"
repeat an infinite number of times).

(2) On the other case, there is a subsequence of ™ such that |z™| > |3|:

If there is no infinite number of indices such that af coincide, then
we can assume, without loss of generality, that of # af* for all n # m,
maybe passing to a subsequence. So, by the description of G°, B must
contain at least one infinite emitter, and since B C r(8) and G satisfy
Condition (RFUMZ2), B can be written as a finite union of minimal
infinite emitters, minimal sinks, and singletons formed by sinks or regular
vertices. So, since the number of regular vertices in the description of B
is finite, there is an A € Ao, A C B, such that [{n : s(a}) € A}| = o0,
and hence we obtain a subsequence converging to (3, A).

If there exists an infinite number of indexes for which af coincide, say
af = 71, we pass to a subsequence such that " = (8y1a5 ... ag An),
or " = (Bnay...ap ,{v.}), or 2" = Byiafay ... Notice that 2" €
D gy, r(71))- Now, we repeat the procedure performed in the previous
paragraph (where we split the proof in two) and hence we either obtain
a subsequence converging to a finite sequence or we pass to a subsequence
such that 2" = (B8y1720% ... o) , Ap), or 2" = (Byiyeay ...ap ,{va}),
or " = Bvy1y2afa) ... Proceeding inductively, either we obtain, at
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step k, a subsequence converging to a finite sequence or, through a Can-
tor diagonal argument, we obtain a subsequence converging to an infinite

sequence By172 - -

Thus, we conclude that Dg p) is sequentially compact. The proof
that the cylinders of the form D p) r s are sequentially compact is

completely analogous. O

Corollary 3.23. Let X be the boundary ultrapath space associated to
an ultragraph that satisfies Condition (RFUM2). Then X is a locally
compact Hausdorff space.

To end this section, we describe a dense subset of X.

Proposition 3.24. The set p>° U Xgo, where Xgo := {(a, A) € p : [a| >
1, Ae GOy uU{(A,A) € p®: A e GO} (the set of ultrapaths whose range
is a (vertex) sink) is dense in X.

Proof: Indeed, if z = (a0, A) € Xmin then |e(A)| = oo and, for each e, €
g(A), either there is an infinite path 4 = 4745 ... with e, = 47, or
there is a finite ultrapath " = (77" ...7; ,{vs}) such that v, is a sink
and 7 = e,,. Thus, z is the limit of the sequence {«@.7™}. On the other
hand, if z = (o, A) € Xgin, with A a minimal sink, then |A| = oo, say
A ={v1,v2,v3,...}. Then, {(a,{v,})}52, converges to z. O

4. Ultragraph C*-algebras as partial crossed products

In this section we define a partial action (of the free group on the
edges) on the boundary path space, and use it to realize C*-algebras asso-
ciated to ultragraphs that satisfy Condition (RFUM?2) as partial crossed
products. This partial action will be important in the understanding of
the ultragraph groupoid, see Section 5, and the partial crossed product
realization is key in the study of KMS states done in Section 7. We notice
that the results we present completely generalize the description of graph
C*-algebras as partial crossed products given in [6, Theorem 3.1] (previ-
ous generalizations, see [21, Theorem 4.12], [20, Theorem 4.11], excluded
sinks) and also generalize the constructions in [21, Theorem 4.12] and
[20, Theorem 4.11]. The results we present also exclude the use of filters
and ultrafilters in the topology (unlike what is done in [14]).

Remark 4.1. Unless otherwise noted, from now on all ultragraphs satisfy
Condition (RFUM2).

Before we define the relevant partial action we state an auxiliary re-
sult, whose proof is similar to the proof of [21, Lemma 4.1].
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Lemma 4.2. The set X, := {(a, A) € Xin : s(a) = v} U{y € p>:
s(y) =v} ={z € X : s(x) = v} is non-empty, clopen, and compact, for
each v € G°.

Now we define the sets that will be used to construct the partial
action.

Definition 4.3. Let F be the free group generated by G'. Let P C F
be defined by

P:={ej...e,€F:e; €G' :n>1}
and for each element of F define subsets as follows.

e X; = X, where 1 is the neutral element of group F.

e Ifa € Pthen X, = {(8,B) € Xgin : f1...Bjla = a} U{y € p>:
Y1 YVa| = a};

Xo-1 = {(A,4) € Xy : A Cr(a)} U{(B,B) € Xan = s(B) €
H@)} Uty € p% () € r(a)}.

e If a,b € P, with ab™! in its reduced form, then X,,-1 = {(a, A) €
Xtin: ACr(a)Nr(b) }U{(B, B) € Xan : B1 ... Bla) = aand s(Bq41) €
r(@) (1 r(B)} Ufy € P - 7j0) = @ and s(vaj11) € r(a) (D).

e For all other ¢ € F, define X, = ().

Remark 4.4. Notice that if a € P is not a path in X, then X, is empty.
Analogously, if a,b € P are such that r(a) Nr(b) =@, then X,,-1 = 0.

An important property of the above subsets is that they are compact
and clopen, as we show below.

Proposition 4.5. The subsets X., with ¢ € F, are clopen and compact
m X.

Proof: For a € P (with a a path), note that X, = D, r(a)), hence is
open. Furthermore, by Propositions 3.18 and 3.22, X, is closed and com-

k
pact. For X, -1, by Condition (RFUM2), we have r(a) = |J A, where
=1

each A, is a minimal infinite emitter, or a minimal sink, or a regular ver-
tex, or a sink. If A, is a minimal infinite emitter or a minimal sink, then
Da, 4, (open) is closed and compact by Propositions 3.18 and 3.22. If

Ay is a regular vertex or a sink then, by Lemma 4.2, D4, 4, is clopen
k
and compact. Hence, X,-1 = |J D(a,,a,) is clopen and compact.
n=1
For X,;-1 with a,b € P, where a and b are paths such that r(a) N
r(b) # 0. First, we show that X ;-1 is open, i.e., if 8 € X -1, then there
is an open U such that 8 € U C X -1. Let 8 € Xyp-1.
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;) If B € p* then 8 = af’ with (') € r(a)Nr(b) and 3 € Dap; r(8;)) C
ab—1-

(2) If B = (o, A) € X5, with A a minimal infinite emitter or minimal
sink, we have two cases:

o If |a] > |a| then a = aa’/ with s(a’) € r(a) N r(b), and hence
ﬁ € D(aa ,r(a’)) C Xap-1.

e If || = |a| then oo = a and hence § = (a, A), with A C r(a) Nr(b),
so that g8 € D(a,A) C Xgp-1-

(3) If 8 = (e, {v}) € Xein, with v a sink, again we have two cases:

o If |a] > |a| then a = aa’ with s(a’) € r(a) N r(b), and hence
Be D(aa’,r(a’)) C Xap-1-

o If || = |a| then oo = a and hence 8 = (a, {v}), with v € r(a)Nr(b),
and so f € Dg v}y € Xap-1-

Next we show that X,;-1 is closed and compact. Let (8")nen C Xgp—1
be a sequence that converges to 8 € X. Since X, -1 C X, and X, is
closed, we have § € X,. Thus, we have two cases:

(1) If [B] > lal, let ng € N be such that 8" € D(g, g, 1.r(81a41))> fOT
all n > ng. Then a = p7° ... 6(;0' =f1...B)q and ﬂmﬂ = Bja|+1- Since
S(ﬁﬁﬁﬂ) € r(a) Nr(b), we have 8 € X p-1.

(2) If | 8] = |a| then 8 = (a, A), with A € r(a) a minimal infinite emitter,
or a minimal sink, or a sink.

e If A is a sink then there exists N € N such that " = 8 = (a, A),
Vn > N. Hence A = r(8) = r(8") € r(a) Nr(b), ¥Yn > N, because
(8™)nen € Xgp—1. Therefore § € Xgp-1.

e If A is a minimal infinite emitter, we need to show that A C r(b).
Since 5™ — (3, there exists ng such that if n > ny then ™ = g,
or |3"| > |a| with B1...Bq = a and B, € e(A). If g = f for
some n the result follows. Hence suppose, without loss of general-
ity, that |8"| > |a|, Vn > ng. Suppose that F := {ﬁl’;H_l in>mngt
is a finite set. Thus, 8" ¢ D(4, 4),r, Which is a contradiction by
Corollary 3.20, since " — (a, A) € Xmin- Hence the set F' is infi-
nite. Since {s(8], ;) : n = no} € r(a) Nr(b) and {s(B, ) :n >
no} € A, we have {s(8[; ;) : n = no} € ANr(b). So, ANr(b) is
an infinite emitter. Since A is minimal, we have A = ANr(b), i.e.,
A C r(b) and hence = (a, A) € Xyp-1.
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e If A is a minimal sink, since 8™ — [, there exists ng such that
if n > ng then g" = B, or [8"| = |a| with 8;y...8q = a and
8" = (a,{vn}), where v, € A. If 8" = j for some n the result
follows. Hence suppose, without loss of generality, that VYn > ny,
|8" = la|, Bi...Bjq) = a, and B" = (a,{v,}), where v, € A.
Suppose that H := {v, : n > ngp} is a set with finite cardinality.
Hence, " ¢ D4, a), 1, which is a contradiction by Corollary 3.20,
since 8" — (a, A) € Xgn. Thus, the set H has infinite cardinality.
Clearly H C A and, since H = {v, : n > ng} C r(a) Nr(b), we
have that H C ANr(b). Thus, ANr(b) is a set which has infinite
cardinality and such that |e(A Nr(B))|) < oo, since |¢(4)] < cc.
Since A is a minimal sink, we have A = ANr(b), i.e., A C r(b) and
so 8= (a,A) € Xpp-1.

We conclude that X ;-1 is closed. Since X, is compact and X ;-1 C X,
is closed, we obtain that X, ;-1 is also compact. O

When identifying C*(G) with a partial crossed product we will asso-
ciate to the projections Py, A € G°, the characteristic function of the
sets defined below.

Definition 4.6. For each A € G°, let X4 C X be defined by X4 = {z €
X :s(x) C A}

The following lemma shows that the sets defined above have the cor-
rect properties to be associated to projections.

Lemma 4.7. For each A,B € G°, we have Xanp = Xa N Xp and
XauB=XaUXp.

Proof: Let A, B € G% then
Xanp={z e X :s(x) CANB}
={reX:s(z) CAIN{zx e X :s(x) CB}=XaNXg.

On the other hand, it is clear that X4 C X 4up and Xg C X 4B, hence
X4 UXp C Xaup. Suppose that ¢ € Xaup. Then s(z) € AU B. If
|#| > 1 then z = (v, C) and s(vy) = s(z), where s(z) is a a vertex in G,
so s(x) C Aor s(z) C B, ie, z € XqUXp. If |z =0 and s(x) is
a (non-minimal) sink, then s(z) is again a vertex in GY, and therefore
x € X4 UXp. If 2| = 0 and s(z) is not a sink, then x = (C,C'), with
C € G° a minimal infinite emitter or a minimal sink. If C' is a minimal
infinite emitter, since C C AU B, we have that C N A or C N B is an
infinite emitter. Suppose, without loss of generality, that C N A is an
infinite emitter. Since C is minimal, we have C N A = C and hence
CCA Sox € Xy,ie, Xaup € XaUXpg. On the other hand, if C is
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a minimal sink, since C C AU B, we have |[C N A| = oo or |C N B| = 0.
Suppose, without loss of generality, that |[CNA| = co. Since C' is minimal
we must have C N A = C, and hence C C A. Then z € X 4. Therefore
XauB € X4 UXB. ]

Corollary 4.8. For each A € G°, the set X is clopen and compact
mn X.

Proof: For vertices of the form v € G° we have, by Lemma 4.2, that
X, is clopen and compact. For a generalized vertex of the form r(e),
notice that X,y = X, for all e € G'. Thus, by Proposition 4.5,
Xy (ey = Xe-1 is clopen and compact. Finally, by Definition 2.2 and by
Lemma 4.7, we have that X 4 is clopen and compact for every generalized
vertex A € GY. O

The partial action. With the sets defined above, we have almost all
the ingredients necessary to define a topological partial action. We are
missing homeomorphisms between non-empty subsets of the form X,
with ¢ € F. We define these maps below.

Definition 4.9. For a,b € P, where X, and X,,-1 are non-empty sets,
and A is either a minimal infinite emitter, or a minimal sink, or a sin-
gleton that contains only a sink, define:

0, Xg—1 — Xg O-1: X, — Xg— Oup-1: Xpg—1 = Xgp—1

T  —ax ay +—ay=y br > abr=az
(A, A) = (a, A) (a, A) — (A A) (b,A) = (a, A)
(8, 4) = (aB, A) (aB, A) = (8, A) (be, A) — (ac, A)

vy = ay ay by — ay

where z,y,v € X.

Notice that we are denoting a instead of (a,7(a)) € p and hence
Ou(z) = a-x = (a,r(a)) -z for x € X,-1. Moreover, the symbol “*”
(hat) over a letter a is understood as notation for “remove” the let-
ter a from the beginning of the path. Also notice that ;! = 6,-1 and
6! = Opy-1.

ab—1

Proposition 4.10. For each ¢ € F, the map 0.: X.-1» — X, as defined
above, is a homeomorphism.

Proof: Let a,b € P. Let us show that 0,,-1: Xp,-1 — X -1 is con-
tinuous. Let (2")pen € Xpe-1 be a sequence such that z™ — z €
Xap-1. Since z" € Xp,-1 € X, we have z" = g ..., or 2" =

(V1 -V An)y or 2 = (0] .. g s {vn}), for each n € N.
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(1) If z € p>, say * = by17¥2..., then for each M € N there exists
an ng € N such that [z > M + |[b| and Wy} ... 4% = byiva .. v,
Vn > ng. For each n € N, consider y™ = 0,,-1(z™) and y = -1 ().

Then, for each n, we have y" = ayi'vy ..., y" = (a7 ... 7%, An), or
y" = (a7 ... 7% ;{vn}). Since anf' ...7y = anyz ... yu for each n >
ng, by Corollary 3.20 we have y™ — avy1v2... =y.

(2) If x € Xpin, or * € X, with minimal range, then x = (b, B) or
r= (b1 Ya|—|p|> B):

e If z = (b, B) then, for each finite set F' C ¢(B) and for each finite
set S C B, there exists N € N such that if n > N then 2™ = z,
or [z"] > |z = [b] and 7}, € e(B)\F, or [z"] = |z] with 2" =
(b, {vn}) such that v,, € B\S. For each n € N, let y™ = 0,,-1(z™)
and y = -1 (x) = (a, B). Hence, for each F' C ¢(B) and for each
finite set S C B, there exists N € N such that if n > N then
y" =y, or [y"| > |y| = |a] and 7, € e(B)\F, or |y"| = [y| with
y"™ = (a, {v,}) such that v, € B\S. Therefore, by Corollary 3.20,
Yy = .

o Ifx = (bv1...7z|—|p|, B), one proceeds analogously to the previous
subitem, replacing b with by ... ¥z -

(3) If z € Xgn, where x = (b,{v}) or & = (by1...7|z|—pp, B), then z"
is eventually constant. Thus, y™ := 0,-1(z™) will also be eventually
constant and obviously y™ — y := 04,1 ().

We conclude that 6,,-1 is continuous. Since 0;,}1,1 = Op,-1, it follows
that 6,1 is a homeomorphism. The proof that 6, is a homeomorphism
is analogous. O

A topological partial action induces a partial action on the C* level
(see [16]), as we describe in the following corollary.

Corollary 4.11. For each t € F, the map

Q. C(Xt—l) — C(Xt)
f — f 061

is a x-isomorphism. Moreover, the collection ({X¢}ier, {0+ }er) is a topo-
logical partial action. Consequently, ({C(X¢)}er, {at}ier) is a C*-alge-
braic partial action of F in Cy(X).

Remark 4.12. When G is an ultragraph without sinks (but satisfies Con-
dition (RFUM?2)), the partial action defined above coincides with the
one defined in [21]. Moreover, if G is a directed graph then the partial
action above coincides with the one introduced in [6].
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C*(@G) as a partial crossed product. We finish the section by describ-
ing the isomorphism between an ultragraph C*-algebra and the partial
crossed product induced by the partial action defined above. Before we
proceed we make a couple of observations.

Remark 4.13. Notice that, for every A € G°, the characteristic map 14
of the set X4 is an element of C(X) (recall that by Corollary 4.8 X 4
is open and compact). Furthermore, for each ¢ € F, by Proposition 4.5,
the set X, is open and compact and so the characteristic map 1. of X,
is also an element of C'(X).

Lemma 4.14. The subalgebra D C Cy(X) generated by elements of
the form 1., 1a, and ac(1.-114), with ¢ € U (GY)™ and A € G, is
n=1

dense in Co(X). Moreover, for each 0 # g € F, the subalgebra D, C
C(Xy) generated by all the maps 141c, 1414, and 1goe(1.-114) is dense
in C(Xy).

Proof: Clearly D is a self-adjoint subalgebra. Density follows from the
Stone—Weierstrass theorem. To check that D vanishes nowhere and sep-
arates points one proceeds as in [21, Lemma 4.11], using characteristic
functions 1, 1,, and 14. An analogous proof holds for D,. O

The following theorem is the main result of this section. We have
prepared the ground so that the proof of it is similar to the one presented
in [21, Theorem 4.12] (applying Lemmas 4.14 and 4.7). We therefore
omit the proof, but more details can be found in [38, Theorem 2.15].

Theorem 4.15. Let G be an ultragraph. Assume that G satisfies Condi-
tion (RFUM2). Then there ezists a x-isomorphism ®: C*(G) — Co(X) X,
F such that ®(s.) = 1.6, for each e € G', and ®(pa) = 1ady, for
each A € GY.

5. Shift space and ultragraph groupoids

It is known that every partial crossed product can be seen as a
groupoid algebra, but the concrete realization is important for many
applications. So in this section we use Theorem 4.15 to realize ultra-
graph C*-algebras as groupoid C*-algebras and define the shift space
associated to an ultragraph as the unit space of the associated groupoid,
attached to the shift map (which we define below).

Remark 5.1. In [34] ultragraph C*-algebras are described as groupoid
C*-algebras in general, but the lack of Condition (RFUM?2) implies a
more technical topology, which is more difficult to use in applications
such as the ones studied in the following sections.
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Ultragraph shift space. In [21, Section 3.2] the shift map is defined
even for elements of length zero of the boundary path space X. For the
applications that follow it will be better to define the shift map only for
elements of length greater than zero. To make this precise we need the
following notation.

Definition 5.2. For n € {0,1,2,...}, define the following subsets of
X = Xgp Up™:

X" =p"NXgn = {2 € Xin : |2] =n};
X" = | J X* and XZ" = XZ" Up>.
k>n

Notice that X2! = X\ X and that X2° = X.

Definition 5.3. Let X be the boundary ultrapath space associated to
an ultragraph G. We define the shift map o: X2! — X by

V2y3 - ifx=vy72...€p>
o@) =< (v2.. -V, A), iffx=(7...7m,A4) € X%
(A, A), if z = (y1,4) € XL

For n > 1 we define ¢™ as the composition n times of o, and for n =0
we define 0 as the identity. When we write 0" (z) we are implicitly
assuming that z € XZ".

Next we show that the shift map is a local homeomorphism on ele-
ments of length greater than zero. This will be important when we see
the ultragraph groupoid as a Deaconu-Renault groupoid.

Proposition 5.4. The shift map defined above is continuous at all points
of XZ1. In addition, if v € X\ X" then there exists an open set U of X
that contains no elements of length zero, and such that x € U, o(U) is
an open subset of X, and o|y: U — o(U) is a homeomorphism.

Proof: Let {x"},en € X be a sequence converging to € X. Then it
is clear that 2™ = (7] ...77,An), or 2" = (W7 ... 77, {vn}) or 2" =
vy ..., foralln e N.

If |2| = oo it is obvious that o(z™) converges to o(z) by the character-
ization of convergence given in Corollary 3.20. If |z| < co and z € Xy
with r(z) € G, we have that 2" is eventually constant, and thus o(z™)
is also eventually constant. Therefore o(z™) converges to o(x).

If || < oo and = (y1...Vk, A) € Xpin, by item (ii) of Corol-
lary 3.20, given F' C £(A) and S C A there exists N € N such that: if
n > N then either 2™ = z or |2 > k, 4 = ~; for all 1 < i < k, and
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Vi1 € €(A)\F. Hence, for all n > N, o(2") = o(x) or [o(z")| > k — 1
and o(x")r = 71, € e(A)\F, i.e., o(x™) converges to o(z) and so ¢ is
continuous.

If |z| < oo and = (71 ...k, A) € Xein with 7(z) € GY, by item (iii)
of Corollary 3.20, for all S C AN Gg there exists N € N such that: if
n > N then either " = z or we have that |2 =k, 7' =, for all 1 <
i <k, and r(a™) = {v;} € A\S. Hence, for all n > N, o(z") = o(x)
or |o(z™)| =k —1and r(o(z™)k—1) = r(vp) = {wk} € A\S, ie., o(a™)
converges to o(x) and so o is continuous.

Finally, notice that if |z| > 1 and U is one of the basic neighbor-
hoods of Proposition 3.16 that contains z, then ¢ is a homeomorphism
between U and o(U). O

We now make a precise definition of the shift space associated to an
ultragraph.

Definition 5.5. Let G be an ultragraph. We define the pair (X, o) to be
the shift space associated to the ultragraph G, where X is the boundary
ultrapath space (with the topology given in Proposition 3.16) and o is
the shift map defined above.

Remark 5.6. If G is a finite directed graph without sinks then G has no
infinite emitters, and so X is the usual edge shift space associated to the
graph. If G is any graph, our definition of shift space coincides with that
in [5], and if G is an ultragraph without sinks our definition coincides
with the one in [21].

Ultragraph groupoids. In this subsection we define a groupoid asso-
ciated to an ultragraph (that satisfies Condition (RFUM2)) such that
the associated C*-algebra is isomorphic to the ultragraph C*-algebra.
There are two ways to prove the latter result, once the groupoid is de-
fined: one is to give a proof via core subalgebras, analogous to the graph
case (see for example [32], [2], and mainly [5]). The other way is to
notice that the groupoid we define is isomorphic to the transformation
groupoid given by the partial action of Definition 4.9. By [1], we know
that the C*-algebra of the transformation groupoid is isomorphic to the
partial crossed product (which in turn is isomorphic to the ultragraph
C*-algebra by Theorem 4.15). We further remark that the realization
of C*-algebras associated to ultragraphs without sinks as groupoid alge-
bras given in [34] does not apply directly here, firstly because it does not
include sinks and secondly because the topology defined in [34] does not
exactly agree with ours (see [12, Remark 3.2] for more details). Before
we proceed, we need the following definitions:
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Definition 5.7. Let G be an ultragraph (satisfying (RFUM2)). We de-
fine the groupoid associated to G by G(X,o):={(x,m —n,y) : z,y € X;
m,n € N; 0™ (x) = 0" (y)}. The source function is defined by s(x, k,y) =
y and the range by r(x, k,y) = x. The multiplication is given by (z, k, y)
(y,1,2) = (x, k+l, z) and the inversion is given by (z, k,y) ™! = (y, —k, x).
Thus, the unit space is {(z,0,z) : © € X} = X and the topology con-
sidered is that of cylinders (as in [5] and in [35, 8.3]), i.e., the topology
generated by the basic sets

Z(Um,n,V)={(z,k,y) e G X,0):x €U, k=m—n,y eV,
o™ (x) =" (y)},
where U C XO>—O7”7 V C XOZO" are open such that O’ITJ and U|”V are injective
and c™(U) = o"™(V).

Remark 5.8. As we will see on p. 758, the groupoid above coincides with
the Deaconu—Renault groupoid associated to the shift space X. Also
note that this groupoid (for ultragraphs without sinks) has been studied
recently in connection with full groups; see [12].

To define the transformation groupoid, we will rely on [1].

Definition 5.9. Consider G an ultragraph that satisfies (RFUM2) and
the partial action of Definition 4.9. The transformation groupoid associ-
ated to G is given by Gr := {(z,¢,y) € X xF x X; z = 0.(y) = cy}. The
source function is given by s(z, ¢, y) = y and the range by r(z,¢,y) = z =
cy. The multiplication (,c,y)(w,d, z) is only defined when s(z,c,y) =
r(w,d,z) & y = w = dz, and thus (z,c,y)(y,d,2) := (z,cd, z). The
inversion is given by (z,¢,y)~! = (y,c¢~1,z). The unit space is X. The
topology is the product topology inherited from X X F x X. As F is
discrete we have that the groupoid is étale.

Remark 5.10. Notice that Gr 2 X x9F = {(¢c,z) e Fx X;c € F,z €
X}, where the source and range are defined by s(c,z) = x and r(c,x) =
cz. The multiplication is given by (a,bz)(b,x) = (ab,z), and the inver-
sion by (a,z)™! = (a™!,az). The transformation groupoid built in [1]
has this format.

Let us then show that the two groupoids defined above are isomorphic,
thus achieving an isomorphism between the ultragraph C*-algebra and
the groupoid C*-algebra in a different way. Before we give the proof we
need one auxiliary result.

Lemma 5.11. Elements in Gr have the form ((o, A)-x, a7, (8, A) ),
with x € X.
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Proof: Indeed, suppose that ((a, A),76~ 1, (8, B)) € Gr. Then we have
0,5-1(8, B) = (a, A), ie., (Y08, B) = (a, A). Hence B = A and 763 =
a. Thus, by the definition of elements of Gr, we have that a = ~a’
and 8 = 68" So v/ = a = Y08 = 7968 = 4B, ie., o = B, and
the statement follows since af~! = va/(68") " = va/(B) 10t =61
Therefore 0,5-1(3,A) = (o, A). O

Theorem 5.12. Let G be an ultragraph that satisfies (REFUM2). Con-
sider G(X, o) and Gr the groupoids defined above. If ab=1 is in reduced
form, where x = ax’, y = bz, and x = O,,-1(y), then the map

v Gr — G(X,0)
(m,ab‘l,y) = (ma |a| - |b|7y)

1s a topological *-isomorphism of groupoids.
Proof: First notice that, by the previous lemma, we need ab~! to be in
reduced form for ¥ to be well defined. Let (az,ab™!,bx), (bx,bc™t, cx) €
Gr (compare with Lemma 5.11). Then
U((az,ab™*,bx) - (bx,bc™ !, cx)) =W (ax,ab  bc™t, cx) = (ax, |a| — |c|, cx)

=(aw, la| — [b] + (b] — |c]), cx)

:(CLI7 ‘a| - |b|7bl‘) : (b.T, |b| - |C‘7Cl‘)

=V (ax,ab ', bx) - U(bx,cd ™, cx),
and hence V¥ is multiplicative. Also, ¥ preserves inverses, since

U((z,ab~ty) ™) = Wy, ba~t,x) = (y,[b] - |al,2)
= (z,]a| = [bl,y) 7" = W((z,ab~ " y)) "

Next we show that W is injective. Let (z,ab™1,y) and (w,cd™1, z) be
elements of Gr such that ¥(z,ab"t,y) = ¥(w,cd™1,2), ie., (z,]|al —
b, y) = (w,|¢|—|d],2). Thus, z = w, y = z, |a| = [b| = |¢| —|d|, o!*/(x) =
all(y), and o'!°l(w) = ¢!(2). We need to show that ab=' = cd~'. But
we know that 0,,-1(y) = aby = © = w = ¢dz = edy. Thus either a = ca’

or ¢ = ac’ or a = c¢. Suppose, without loss of generality, that ¢ = ac’.
Hence,

(1) by = ol (aby) =01 (2) = o (w) = 619 (cdy) = 6!* (ad' dy) = ' dy.

But since y € Xpq-1, we have that y = by’. Thus, by (1), we have

~ ~ ~

(2) y =bby = by = cdby’.
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On the other hand, since ¢ = ac/, we have |c| > |a| and so |d| — |b] =
le| — |a| > 0, which implies that |d| > |b|. Since y = z € X4.-1, we have
that d = bd’. Hence, by (2),

(3) y =cddby = Jddbby = dy,
d=bd

ie., y = cddy = 0. q-1(y"). Now, note that if ¢’ # d’ then ¢/d'~! is
irreducible, and 6. 4-1 cannot contain fixed points. Thus the existence
of such 3’ is a contradiction. Therefore we must have ¢ = d’, and so
cd ' =acdd™' =add bt = ab~ !, and ¥ is injective.

Now, we prove that U is surjective. Let (z,n — m,y) € G(X,0),
where x,y € X are such that ¢™(z) = ¢™(y). Suppose, without loss
of generality, that n > m. Then x = z1... 2, ... zhe1€2... and y =
Y1...Ymeir€z ... Consider a = x1 ...z, and b = y; ...y It is clear that
(xaabila y) € Gr and ¥(z, abilvy) = (z,|a|l = |b],y) = (z,n —m,y).

It remains to be shown that ¥ is continuous and open. Before we do
this, we describe the elements in the ultragraph groupoid: let (z,m —
n,y) € G(X,0). Notice that if x € Xz, then y € Xg, and (z,m —
n,y) = ((a, A),m — n,(B8,B)), and also ¢™(a, A) = o"(f, B), ie.,
(Oém+1 < Yo, A) = (ﬂn-&-l N ﬂ|3|, B), that iS, A=DBand AUmtl o Q| =
Bny1--- B Hence [a| = (m+1)+1= |- (n+1)+1,ie., [a| —|B] =
n —m. This happens with A, B both being minimal infinite emitters, or
with both being sinks. On the other hand, if x € p*>° then we must have
that y € p°°, and hence (z,m—n,y) = (71y2...,m—n,01d2...) and also
o™(y1y2...) = 0™(6102...), i.e., Ym41Ym+2--- = Ont10nt2... There-
fore, elements in G(X, o) are either of the form ((a, A)y, m—n, (5, A)y),
with y € X and |a] — || = n — m, or of the form (vi...ymy,m —
n,01...0,y) with y € X.

Before we proceed, we recall the basic open sets of the topologies of
each space. We know by Definition 5.7 that the basic open sets of G(X, o)
are of the form

Z(Um,n,V)={(z,k,y) e G X,0):x €U, k=m—n,y eV,

o (x) = " (1)},
where U C onom, VvV C XOZO” are open such that 0"3 and Jﬁ/ are
injective and o™ (U) = o™(V). But, like in [35, 8.3], we will use a
coarser subcollection of this basis, which is still a basis for the ultra-
graph groupoid. Namely, we consider the collection {Z(U, |«|,|8],V) :
olel(U) = olPl(V)}, where (o, A) and (8,A) in p, U C D4, 4 are
compact open, V' C Dis_a, and Z(Ulal, 18,V) = {((a A)y,|a] —
18], (B, A)y) : y € X} (for more details see [12, Lemma 3.4]).
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On the other hand, to analyze the basic opens in Gr, we use the
characterization of its elements made in the previous lemma. Since the
topology in Gr is inherited from X x F x X, given (a, A), (8, A) € p, an
open basic set is

D5 ={((a, A)z,ap™ ", (B, A)z) : s(z) € A, z € X }.

Other open sets, when F' C g(A) and S C AN GY are finite, are of the
form

D5 = {((a, Ay, aB ™", (B, A)) : s(x) € A, w € X, 1 € e(A)\F}
U{((a,),aB871,(B,0)); v ¢ S}.
That is, these open sets depend on («, A) and (8, A), and possibly on F
and S. We show that ¢ takes open sets of the first kind to open sets
in G(X, o) (the other cases are analogous). To do this, notice that
(D3 5) = V({((a, Az, 0B ™", (B, A)z) : s(x) € A,z € X})
= {W((e, Az, 0B, (B, A)a) : 5(2) € A, 7 € X}
= {((avA)$7 |a‘ - |B|7 (67‘4)33) RS X} = Z(U7 |a‘7 ‘Blvv)a

with U C D (4, 4y open compact, V C D 4y open compact, and olel(U) =
a!Pl(V). Thus, \I/(Diﬁ) is a basic open set in G(X, o).

On the other hand, let (o, A), (B, 4) € p, U C D(q,4) be open com-
pact, and V' C D(g 4) be open compact. We describe the inverse image
of the cylinder Z(U, |a/l,|8|,V), i.e., W= Z(U, |al,|8],V)). For this, note
that

Z(U, lal, |B1V)={((e, A)y, lol—[B], (8, A)y): ye X : a1l (U)=o!"I(V)}.
Also, notice that ((a, A)y,aB71, (8, A)y) € Gr is such that
U((a, Ay, af ™ (8, A)y) = (o, Ay, o] — |B], (8, A)y).

Since W is injective, ((a, A)y,aB871, (B8, A)y) is the unique element that
is taken to ((a, A)y, |a| — |8, (8, A)y). Thus, we have that

UHZ(U Jal, 18], V) = {((a, A)y,aB ™", (8, A)y) sy € X} C X xFx X

is a basic open set in G, and it follows that ¥ is a homeomorphism, and
hence an isomorphism of groupoids. O
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6. Continuous orbit equivalence and eventual conjugacy
between ultragraph shift spaces

In this section we describe both continuous orbit equivalence and
eventual conjugacy between ultragraph shift spaces. We will rely on
the general results regarding Deaconu—Renault systems of [8]. In fact,
while developing this section, our first goal was to generalize to ultra-
graphs Theorem 4.2 of [9], which states that two graph groupoids Gg
and Gp are isomorphic if, and only if, there is a continuous orbit equiva-
lence h: OF — OF that preserves isolated eventually periodic points. As
we developed our proof the paper [8] on orbit equivalence for Deaconu—
Renault systems was posted on arXiv. We then changed our strategy
and decided to apply the results of [8] to our context. We notice that the
application of the results in [8] to the ultragraph case are not straightfor-
ward, and in fact we need to recall and develop a few concepts regarding
ultragraphs. We do this below.

Notice that from the definition of an initial segment made on p. 5, we
can decompose an ultrapath of length n in n ultrapaths of length 1, that
is, if |(a, A)] = n, we can write (o, 4) = (a1, A41)(a2, A2) ... (an, A),
where s(a;11) € A; C r(a;) and |(ay, A;)] = 1. We can now make the
following definition.

Definition 6.1. A cycle in G is an ultrapath («, A) € p\p® such that
s(a) € A. An ezit to a cycle (a, A) = (aq, A1) (aa, Ag) ... (an, Ap) (where
|(a;, A;)| = 1 for all 7) is one of the following:

(i) an ultrapath (e, E) € p' such that Ji for which s(e) € r(a;), but

e # a;4+1 (note that it is not necessary that s(e) € A; for some );
(i) a sink v € G° such that v € () for some i.
In this case we say that z = (a, A) is a cycle of size n. When n =1, we
call such a cycle a loop.

Remark 6.2. Note that the concatenation of cycles remains a cycle. Also
we remark that in [40] the name loop was used for what we call a cycle.

Definition 6.3. When a cycle is not the concatenation of smaller cycles
we say that this cycle is simple.

Examples 6.4. The following three ultragraphs contain cycles.

& € &
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Some examples of cycles in the first ultragraph are: (ef1,{vo}),
(fre,{v1}), (fie,{v1,v2}), while (fie,{v2}) is not a cycle. The cycle
(ef1,{vo}) is a simple cycle, while the cycle (efiefi, {vo}) is not.

Some examples of cycles in the second ultragraph are: (efi,{vo}),
(efrefa,{vo}), (fae,{v1,v2}),(faefie,{va}), while (fae,{v1}) is not a cycle.
The cycle (f2efie,{v2}) can be decomposed as follows: (faefie, {va}) =
(f267 {Uh vz})(f16, {UQ})'

Some examples of cycles in the third ultragraph are: (ef;, {vo}), for
all 4, (efiefaefs,{vo}), (fie,{v:}), for all i, (fie,r(e)), for all 7, while
(fie,{v;}) with ¢ # j is not a cycle.

All cycles mentioned above contain an exit. For example, in the first
ultragraph (e, {ve}) is an exit of (fie,{v1}) and of (fie, {vi,v2}). In the
second and third ultragraphs, (e, {v;}) is always an exit of a cycle of the
form (f;e, {v;}), when j # i.

There is also a Condition (L) for ultragraphs:

Definition 6.5. An ultragraph G satisfies Condition (L) if every cycle
in G has an exit.

Isolated points. Isolated points play an important role in orbit equiv-
alence. Therefore our next goal is to characterize the isolated points in
ultragraph shift spaces. Recall that (o, A) € Xz, is an isolated point
in X if, and only if, A is a unitary set formed by a sink.

As with graphs, an infinite path & € p*° is said to be a periodic point
if 2 =yyy..., where v € p\p® is a cycle. Also, an infinite path 2 € p>
is said to be an eventually periodic point if x = puyyy..., where u € p,
v € p\p?, and ~ is a cycle. Of course every periodic point is eventually
periodic.

Next we characterize when infinite paths that are not eventually pe-
riodic are isolated points.

Proposition 6.6. Let © = x1x2x3... € p> be an infinite path that is
not eventually periodic. Then x is an isolated point if, and only if, the
sets S :={n € N: |e(r(z,))| > 2} and Sz :={n € N : |r(x,)| > 2} are
finite. A path that is an eventually periodic point will be isolated if, and
only if, its simple cycle has no exit.

Proof: Suppose that S; or Sy are infinite sets. Since z is an infinite
path, there is an initial segment y of = such that = € D, (moreover, by
definition of cylinders, any open D,, which contains x is such that w is
an initial segment of z). So we can consider n € S; U Sy, so that n > |y|.
Then |r(z,)| > 2 or |e(r(xzy,))| > 2, and therefore we have that while
x € D,, either we have (z122 ... 2y, {vo}) € Dy with vy € r(2,)\s(2n41),
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or we have (z122...zne,7(e))w € D, with e € e(r(zy))\{znt1} and
s(w) € r(e), w € X. In other words, D, always contains more than one
element. Since y was arbitrarily chosen, there is no y such that D, = {z}
(or unions of D,). Therefore x is not isolated.

On the other hand, if S and Sy are finite, consider ng = max{S, Sa}.
Then y := (x122...Tpy+1,7(y)) € p is an initial segment of = and so
x € D,,. There is no other element in D, because if it existed we would
have that either |e(r(x,))| > 2 or |r(x,)| > 2, for some m > ng, a
contradiction. Therefore D, = {x}, i.e., x is isolated.

The second statement is demonstrated analogously to the above. Just
note that an exit in a cycle v means that |e(r(v;))| > 2 or |r(y;)| > 2,
for some ¢ =1,...,]v|.

Example 6.7. The points x = ejeses ... and y = p o3 y1y27Y3Y4V1Y2
Y374 - .. are isolated in the ultragraphs below.

V4

a1 g2 13

Notice that an ultragraph G satisfies Condition (L) if, and only if]
there are no eventually periodic points that are isolated in X. Follow-
ing [2], we define non-wandering points and thus characterize all kinds
of isolated points in an ultragraph shift space.

Definition 6.8. A path x € p*° is a non-wandering point if e(r(x;)) =
{z;4+1} and also |r(x;)| = 1, for all i. An eventually non-wandering point
is an element z = puy € p>, where p € p and v € p* is non-wandering.

Note that a path v°°, where 7y is a cycle with no exit, is non-wandering.
From this we have that isolated eventually periodic points are eventually
non-wandering. Also note that there are points that are eventually non-
wandering but are not periodic. Finally, directly from Definition 6.8 and
Proposition 6.6, we conclude that:

Corollary 6.9. The isolated points of X are exactly the points that
are eventually sinks (i.e., whose range is a unitary set with a sink) or
eventually non-wandering.

Continuous orbit equivalence. We already have almost all the in-
gredients needed to describe continuous orbit equivalence for ultragraph
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shift spaces. But, since we are applying general results for Deaconu—
Renault systems and we would like the paper to be as self-contained as
possible, we will recall the relevant concepts of [8] in the course of the
development of ultragraph orbit equivalence theory.

Definition 6.10. A Deaconu—Renault system is a pair (X, o) consist-
ing of a locally compact Hausdorff space X, and a local homeomor-
phism o: Dom(c) — Im(o) from an open set Dom(c) C X to an open
set Im(o) C X. Inductively define Dom(¢") := o~ !(Dom(c" 1)), so
each 0™: Dom(o™) — Im(c™) is a local homeomorphism and ¢ o g™ =
o™ on Dom(c™*").

Definition 6.11. The Deaconu—Renault groupoid of (X, o) is

G=G(X,o0) U {(z,n —m,y) € Dom(c™) x {n —m}
n,meN
x Dom(s™) : 0" (z) = o™ (1)},

under the topology with basic open sets Z(U,n,m,V) := {(x,n—m,y) :
x €U, yeV, and 0" (x) = 0™(y)} indexed by quadruples (U, n,m,V),
where n,m € N, U C Dom(c"), and V C Dom(c™) are open and
o™y and 0™ |y are homeomorphisms. G is a locally compact, Hausdorff,
amenable, étale groupoid, with unit space {(z,0,z) : x € X} identified
with X.

Thus, given an ultragraph that satisfies Condition (RFUMZ2), the shift
space (X, o) associated to G is a Deaconu—Renault system. Furthermore,
the Deaconu—Renault groupoid associated to this system is the same as
the groupoid G(X, o) we associated to an ultragraph on p. 752.

Next we recall from [8] the notion of stabilizers. Recall that when
we write o™ (x) we are implicitly assuming that x € Dom(c™) (this last
set can be seen in the ultragraph system context or in the more general
Deaconu-Renault systems context).

Definition 6.12. Let x € X. The stabilizer group at x is defined by
stab(z) :== {m —n:m,n € N, z € Dom(¢™) N Dom(c"),
and c™(z) = o™(x)} C Z.
The essential stabilizer group of x is defined by

tab®™ (z) m —mn:m,n € N and 3U neighborhood of ;
sta x) =
U C Dom(c™) N Dom(c™), such that c™|y = o™ |y

Remark 6.13. Note that, for each z € X, we have stab®™ (z) C stab(z).
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Definition 6.14. With the convention that min @ = co, we define the
minimal stabilizer of x € X to be

stabmin () = min{n : n € stab(z); n > 1},
and the minimal essential stabilizer to be

stabyes () = min{n : n € stab®*(z); n > 1}.

Remark 6.15. Note that for each x € X, we have stabyiy (z) < staby: ().

min

Example 6.16. Consider the following ultragraph:

e LA

al a2 as b c d e

An element that belongs to the ultrapath shift space is * = ajasasbcbe
bebebebe . .. Such a point is eventually periodic and stab(x) = {5—3,7—
57-39-79-59-35-57-73-73-75—-17,...} = 2Z.
Thus, stabpin(2) = 2. But note that stab®(x) = {0}, because there
isno U € X2mn X2r = X2odtmnd quch that 2 € U and o™|y =
o"|y. Indeed, given m, n, m # n, for which o (z) = o™(z), if there is
such a U there must be a cylinder D,, for which z € D, C U. Thus a =
ajasagbcbebe . .. be. But note that if we take z = ajasaz be...bc def

—
|| —3+m~+n
def ... € Dy C U then 0™(z) # 0™(z), since m # n. So stab®®(z) = {0}
and hence stab: (z) = co. Also note that be is a cycle that has an exit.

Another element in the ultragraph shift space is y = ajasazbede fde f
def ..., for which we have stab(y) = stab®(y) = 3Z.The cycle of f has
no exit.

In the next four results we will characterize periodicity in terms of
the stabilizers.

Lemma 6.17. If x € X is an eventually periodic point, then there
exists a simple cycle v € p™, with 0 < n < 0o, such that stab(x) = |y|Z.
Furthermore, n is the length of the simple cycle of x.

Proof: Indeed, since x is eventually periodic, we have that x = pyps ...
HPEYIY2 - Yn Y172 -+ Yn - - - Solet ¥ =y172...7, (assuming that v; # v;,
if i« # j; otherwise we rewrite x). Then |y| = n, ie., v € p", and
stab(x) = nZ = |y|Z, where n is the length of the cycle of x. O

Lemma 6.18. If x € Xg, then stab(z) = {0} and stabp,(x) = oo.
Consequently stab®™*(x) = {0} and stabjy, () = co.

Proof: Indeed, if x = (x123...2),,7(2)) then for every 0 < m,n < |z],
where m # n, we have 0™ (x) # o™ (x). O
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Proposition 6.19. Let © € X. Then staby,(z) < oo if, and only if,
T € p> and x s eventually periodic.

Proof: Suppose that stab(x)min <oo. Then € p*°, since by Lemma 6.18
if © € Xg, then stab(z) = {0} and stabpin(z) = oo. So there exist
m,n € N, where m # n, such that x € XZ™ N X2" and 0™ (z) = o"(x).
Therefore, if n < m, we have that x,41... = xp41 ..., and hence

T=T1.. - TpTp4+1:--TmTm+1---
— — o0
=1 TpTpgl - TmnTptd T e oo = T1 oo T (Tl -+ - T

Fixing p = z1...2, and v = xp41...2Ty, we have that z = pyy...
and so x is eventually periodic. On the other hand, suppose that z is
eventually periodic. Then x = puvyy... and, by Lemma 6.17, there exists
v € p", with n > 0, such that stab(z) = |y|Z = nZ. So stabyin(x) =
n < 00. O

We have not yet defined the notion of continuous orbit equivalence.
We do this below. Notice that although the definition is stated in the
context of Deaconu—Renault systems (as in [8]) it readily translates to
the context of ultragraph shift spaces (which are examples of Deaconu—
Renault systems).

Definition 6.20. Let (X,0) and (Y, 7) be Deaconu-Renault systems.
We say that (X, o) and (Y, 7) are continuous orbit equivalent if there ex-
ist a homeomorphism h: X — Y and continuous maps k,l: Dom(o) —
N, k/,1": Dom(7) — N such that

7@ (h(x)) = 7 (h(o(2))),
"W y) = MW (N (),
for all z, y. We call (h,l,k,l’, k") a continuous orbit equivalence and we

call h the underlying homeomorphism. We say that (h,l,k,l', k") pre-
serves stabilizers if stabmin(h(z)) < 00 < stabmin(z) < 0o and

stabmin (z)—1

Y lo"@) - k(U"(%))‘ = stabmin(h(z))

n=0

(4)

stabmin (y)—1

Yo UMW) K" )

n=0

(5) = stabmin (A (y))

whenever

stab(x) # {0, stab(y) # {0}, o***(®) (2) = 2, and o™ mn®)(y) = .
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Likewise, we say (h,l, k,l’, k") preserves essential stabilizers if we have
stabps, (h(2)) < 0o & stabihy, () < oo and

min min

stab$s (z)—1

min

Yo lo"@) - k(U"(x))‘ = stabyi, (A(z))

n=0

(6)

stab®ss (y)—1

S W) K w)| = stabi (7 ()

(7)

n=0

whenever

stab®(x) # {0}, stab®™(y) # {0}, o *Pmin@)(z) =z, and oSt 2Pmnl¥)(y) =y,

As we have seen above, stabilizers are related to periodicity. We there-
fore make a definition regarding continuous orbit equivalence that pre-
serves stabilizers in terms of periodicity.

Definition 6.21. We say that a continuous orbit equivalence (h, [, k, I, k")
between Deaconu-Renault systems (X, o) and (Y, 7) preserves isolated
eventually periodic points if x € X is an isolated eventually periodic
point precisely when h(z) is an isolated eventually periodic point, and,
in addition, y € Y is an isolated eventually periodic point precisely when
h~=1(y) is an isolated eventually periodic point.

Remark 6.22. In light of Proposition 6.19 we have that stab(z) # {0}
and o%tabmin(?) () = r < 2 is periodic. Thus it is clear that preserv-
ing stabilizers is the same as preserving eventually periodic points and,
furthermore, whenever z and y are periodic equations (4) and (5) are
satisfied.

We can now state and prove the main result of this section, which is a
generalization of [9, Theorem 4.2]. But first we need one last definition.

Definition 6.23 ([8, p. 26]). Let (X, o) be a shift space. Define a con-
tinuous cocycle cx: G(X,0) = Z by cx(z,n,y) = n.
Theorem 6.24. Let Gy, Go be ultragraphs and assume that they satisfy
Condition (RFUM2). Let (X1,0) and (Xa,7T) be the corresponding shift
spaces. Let h: X1 — X5 be a homeomorphism, and let k,1: XlzlOo — N,
KU XzzlDO — N be continuous maps. Then the following are equivalent:
(i) There is a groupoid isomorphism 0: G(X1,0) — G(X2,7) such
that O|x, = h, 6(z,1,0(x)) = (h(x),l(x) — k(z),h(c(x))), and
0=y, 1,7(y) = (b (), V' (y) — k' (), k' (v ()
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(ii) (h,l, k', K") is a stabilizer-preserving continuous orbit equivalence;

(iii) (h,l,k,U',K") is an essential-stabilizer-preserving continuous orbit
equivalence; and

(iv) (h,L kU K") is a continuous orbit equivalence that preserves iso-
lated eventually periodic points and satisfies equations (4) and (5).

Proof: The equivalences (i) < (ii) < (iii) are proved in [8, Proposi-
tion 8.3]. We have to show the equivalence of these statements with (iv).
First we show (ii) = (iv). Let = € X; be an isolated eventually periodic
point. Then, by Lemma 6.17 and Proposition 6.19, there exists a v € p
for which = pyy... and stabyin(x) = |y| < co. Since h preserves
stabilizers, we have that stabpy(h(z)) < oo and, by Proposition 6.19
again, h(x) is eventually periodic. Now, since h is a homeomorphism, if
2 is an isolated point then h(x) is also an isolated point. For y € X5 and
h~': X9 — X; the proof is analogous.

Next we show (iv) = (i). Our proof is motivated by the ideas in the
proof of [8, Proposition 8.3]. By [8, Lemma 8.8], since (h,l,k,l’, k') is a
continuous orbit equivalence between (X1, 0) and (X, 7), there is a con-
tinuous homomorphism of groupoids 8y ;: G(X1,0) — G(X2,7), defined
by (x,m—n,z') — (h(x), Ly (x) —kmn(x) =1, (2")+k,(2"), h(z")) whenever
o™(x) = o™(z') (notice that 0y ;((x,m—n,z’)) belongs to G(Xa, T) since
(h,1,k, ', k') is a continuous orbit equivalence of (X, o) to (Y, 1), and by
[8, Lemma 8.7] there is a continuous cocycle ¢ k1 1y G(X,0) = Z
such that ¢ kv o) (2, m—n,2") = Ly (2) =k () =1 (@) +kp (27)). Fur-
thermore, for each x € X1, there is a group homomorphism 7, : stab(z) —
stab(h(z)), where m;(m —n) = ln(z) — kn(2) — ly(x) + ky(x), when-
ever 0™ (x) = o™(z) (notice that 7, is well defined by [8, Lemma 8.8]).
In addition, for every x € X1, m,n € N, we have that stab(c™(z)) =
stab(c™(x)), stab(h(c™(x))) = stab(h(c"(z))), and Tym (z) = Ton (z)-

It remains to prove that § := 6 is bijective and that #~! is con-
tinuous. First we show that 6 is injective: suppose that 6(x1,n1,2}) =
O(x2,m2,x4). Since h is a homeomorphism, x1 = x5 and x} = x4. Then
0(z1,n1 — n2,x1) = O(z1,n1,27)0(1, N2, 113/1)71 = (h(z1),0,h(x1)), ie.,
Tz, (N1 — ng) = 0. Note that if 21 is not eventually periodic, by Propo-
sition 6.19, we have that stab(xz;) = {0}. Since h preserves eventually
periodic points, h(x1) cannot be eventually periodic. Thus, by the same
proposition, stab(h(z1)) = {0}. So, in this case, 7, is the null ho-
momorphism (which is bijective). If x1 is eventually periodic, since h
preserves such points, we have that h(xz;) is eventually periodic. By
Proposition 6.19, stab(z1) and stab(h(z1)) are not null subgroups of Z.
Since, by hypothesis, (h,1,k, ', k') satisfies equations (4) and (5), by [8,
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Lemma 8.8] we have that stab(.), stab(h(.)), and = — m, are constant
on orbits and, with this, 7, : stab(xz;) — stab(h(z1)) is a group bijec-
tion. Since 74, (n1 —n2) = 0 and 7, is bijective (whether x is eventually
periodic or not), we have that n; — ny = 0, i.e., ny = ngy, which shows
the injectivity of 6.

To show the surjectivity of 0, let (y,n,y’) € G(Xa,7). Then there is

m € 7Z such that 6(0'(y,n,y’)) @ (y,m,y’). Hence, n —m € stab(y),
because if a € stab(z) and b € stab(z), then a — b € stab(z). Since

Th-1(y): stab(h™!(y)) — stab(y) is bijective, we have that n —m ()
Th-1(y)(p) for some p € stab(h™!(y)). Thus,

O(h~"(y),p + cx, (0 (y,n,9)), k("))
=0(h " (y),p, k" ()R~ (y), ex, (6 (y,n,y), A ()

OICE
= (ya Th=1(y) (p)v y)(y7 m, yl) = (y7 n—m-+m, yl) = (yv n, y,)v
where cx, (x,n,y) = n is the continuous cocycle of G(X1,0) in Z.

It remains to be shown that #—! is continuous. To this end, sup-

pose that (yn,mn,yn) (i;) (y,m,y’) € G(Xa,7). Let us show that

0~ (Y, My 1)) — 1( ,m,y'). Fix p,q € N, and open U,V C X;
such that h=1(y) € U, = (y') € V, oP|y = O’q|V are homeomorphlsms

such that oP(h~ ( )) = o4(h~(y’)) (these exist because (y,m,y’) AN
(h’l(y),“ D hTY) € G(Xl, 7) and the groupoid is étale), and
01 (g, m,y') = (h~L(y),p—a, A= 2(y')). Thus 0= (y,m, ') € Z(U,p,q, V)
(these cylinders appeared first in the proof of Theorem 5.12). Now, let
U’, V' be neighborhoods of U, V, with h=1(y) € U’, h=1(y’) € V’, such
that 6(z,p — q,2') = (h(z),m,h(x’)) whenever x € U’, y € V', and
oP(x) = 09(2’). Fix N such that y, € h(U’), y}, € h(V'), and m,, = m
for all n > N (N exists by convergence (x % *) and since h is a home-
omorphism). Then 0~ (y,, m,,y,) € Z(U',p,q, V') € Z(U,p,q,V) for
alln > N, ie., 07 (yn, mn,yl,) — 07y, m,y). O

We have the following immediate consequence of the theorem above;
see [8, Theorem 8.2].

Corollary 6.25. Let Gi, Gy be ultragraphs and assume that they satisfy
Condition (RFUM2). Let (X1,0) and (X2, T) be the corresponding shift
spaces. Consider h: X1 — Xo a homeomorphism. Then the following
are equivalent:

(i) There is a stabilizer-preserving continuous orbit equivalence from
(X1,0) to (Xa,7) with underlying homeomorphism h.
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(ii) There is a groupoid isomorphism 0: G(X1,0) — G(X2,T) such
that H‘Xl =h.

(iii) There is an isomorphism ¢: C*(G(X1,0)) — C*(G(X2,7)) such
that ¢(Co(X1)) = Co(X2), with ¢(f) = foh™" for all f € Co(X1).

(iv) There is an isomorphism ¢: Co(X1) X F — Co(X2) X F such that
0(Co(X1)) = Co(Xa), with o(f) = foh™! for all f € Co(X1).

(v) There is a continuous orbit equivalence from (Xi1,0) to (Xa,7)
that preserves isolated eventually periodic points and that satisfies
equations (4) and (5), where h is the underlying homeomorphism.

Proof: The equivalence between (i), (ii), and (iii) follows from [8, The-
orem 8.2]. Item (v) is equivalent to item (i) by Theorem 6.24. Finally,
item (iv) is equivalent to item (iii) by [1] and Theorem 5.12. O

Eventual conjugacy. We finish this section by describing eventual con-
jugacy between ultragraph shift spaces. As with continuous orbit equiv-
alence, we will rely on the general results of [8].

Definition 6.26. Let (X,0) and (Y, 7) be shift spaces associated to
ultragraphs that satisfy Condition (RFUM2). We say that (X, o) and
(Y,7) are eventually conjugate if there is a stabilizer-preserving con-
tinuous orbit equivalence (h,k,l,k",1") from (X,0) to (Y,7) such that
l(z) =k(x)+ 1, for all z € X.

Definition 6.27. Let G be an ultragraph satisfying Condition (RFUM?2)
and consider Co(X) x4 F as in Theorem 4.15. There is an action 8: T —
Aut(Co(X) % F) such that §,(1ede) = 21ede and B,(fdo) = fdo, for
every z €T, e € G, and f € Cp(X).

The above action 3 is a strongly continuous action. In addition, no-
tice that for any Deaconu-Renault system (X, o) (and in particular for
ultragraph shift spaces) there is an action 4% : T — Aut(C*(G(X,)))
that satisfies vX (f)(x,n,2’) = 2" f(x,n,2’), for all z € T, (z,n,2') €
G(X,0), and f € C.(G(X,0)). Likewise, there is an action v: T —
Aut(C*(G)) defined by 7.(s,) = 25, and v.(pa) = pa, for every z € T,
pegt, Aegl

Proposition 6.28. Let G be an ultragraph. Assume that G satisfies Con-
dition (RFUM2). Let ~ be the action on C*(G) defined above, let B be
the gauge action of Definition 6.27, and let ®: C*(G) — Co(X) X, F be
the isomorphism of Theorem 4.15. Then, for all z € T, we have

Doy, =08,00.

Proof: Let z € T. Since C*(G) is generated by {s. : e € G!} U {pa :
A € G}, it is enough to show that equality occurs for these elements.
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For A € G° we have that ® o v,(pa) = ®(pa) = 1adp = B.(1ad0) =
B.o®(pa). For e € G!, we have that ® o v,(s.) = ®(2s.) = 210, =
ﬁz(leée) - 62 o (I)(Se)' 0

Remark 6.29. Notice that the isomorphism ¥ from Theorem 5.12 gives
rise to an isomorphism ¥: C*(Gr) — C*(G(X,0)). By composing this
isomorphism with the isomorphism ®: C*(G) — Cy(X) x4 F from The-
orem 4.15 and the isomorphism between Co(X) X, F and C*(Gr) arising
from [1, Theorem 3.3], we obtain an isomorphism between C*(G) and
C*(G(X, o)) which intertwines the action v on C*(G) and the action y¥.

We can now state the last result of this section, which is a generaliza-
tion of [7, Theorem 4.1].

Theorem 6.30. Let (X,0) and (Y, 7) be ultragraph shift spaces associ-
ated to ultragraphs that satisfy Condition (RFUMZ2). The following are
equivalent:

(i) There is an eventual conjugacy from (X, o) to (Y, 7) with underly-
ing homeomorphism h.

(ii) There is an isomorphism 0: G(X,0) — G(Y,T) such that 0|x = h
and cx = cy o0.

(iii) There is an isomorphism ¢: C*(G(X,0)) — C*(G(Y, 1)) such that
#(Co(X)) = Co(Y), with ¢(f) = foh™t for all f € Co(X) and
gi)oq/i( :’yg/ogbfor all z € T.

(iv) There is an isomorphism p: Co(X) xo F — Co(Y) xo F such that
0(Co(X)) = Co(Y), with o(f) = foh™! for all f € Co(X) and
poBX =p8Y oy forall z€T.

Proof: The proof follows from [8, Theorem 8.10], Corollary 6.25, and
Proposition 6.28. O

7. KMS states in C*(G)

KMS states are the focus of intense research in both mathematics
and physics. Among other things, there is significant evidence that KMS
data is a useful invariant of a dynamical system (although KMS states
do not behave well under Morita equivalence). Furthermore, it is known
that the addition of sinks in graphs results in new KMS states; see for
example [13].

Given the above, it is interesting to characterize KMS states of ultra-
graphs that satisfy Condition (RFUM2). In particular, this characteri-
zation provides for an invariant of ultragraph shift spaces, and for a way
to construct KMS states even when dealing with ultragraphs with sinks.
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The results we present generalize those in [11] and in [6] and should also
be compared with the results (for graphs) in [28, 29].

We start by recalling the definition of KMS (and ground) states as-
sociated to a certain one-parameter group of automorphisms of C*(G).

Definition 7.1. Given a C*-algebra A and a homomorphism (a dynam-
ics) o: R — Aut(A), an element a € A is called analytic provided that
t — o0y(a) extends to an entire function z — o, (a) on C.

Remark 7.2. The analytical elements of a C*-algebra A form a dense
subset in A [37, Chapter 8.12].

Definition 7.3. For g € (0,00), a KMSp state of (A,0) is a state ¢
of A which satisfies the KMSs condition

P(ab) = (boig(a))
for all a,b € A analytic.

It is well known from [4, Section 5.3.7] that it is sufficient to show
that the KMS condition is satisfied for a subset of analytical elements
whose span is dense in A.

Definition 7.4. A state ¢ of A is a ground state of (A, o) if for every
a,b € A analytic, the entire function z — ¢(ao(b)) is bounded in the
upper half-plane, i.e.,

sup |¢(bo.(a))] < oo
Im z>0

for every a,b € A analytic.

Again, for ¢ to be a ground state it is sufficient to have boundedness
for a set of elements that spans a dense subalgebra of A.

In [11, Lemma 3.1] a characterization of KMS states in terms of states
of a core subalgebra of C*(G) was described. We briefly recall this charac-
terization below. First we need to construct a one-parameter group of au-
tomorphisms of C*(G). For this, let N: G' — R be a positive function
for which there is a constant k such that N(e) > k, for every e € G'. We
extend N to the set of finite paths, say N: G* — R , by making N(A) =
1 for every A € G°, and N(ejes...en) = N(e1)N(ez2)...N(em).

Proposition 7.5. Let G be an ultragraph and N: G* — R% as above.
There is a strongly continuous action p~ : R — Aut(C*(G)) such that
pN(pa) = pa, for every A € G°, and p (s.) = N(e)%s., for everyec€Gl.

Proof: The proof is exactly the same as the one in [11, Lemma 3.1]. O
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Thus, from a positive function N, we get a strongly continuous action
that is a one-parameter group of automorphisms of C*(G). Now recall
from [39, Remark 2.10] that

C*(G) = span{s.pas; : p,v € G*, A€ G°}.
Define the core subalgebra C(G)7 as the fixed point subalgebra, i.e.,
C*(G)Y ={a € C*(9); v.(a) = a, Vz € T},

where 7 is the gauge action given after the Definition 6.27. Finally, recall
(see [11]) that there is a conditional expectation ¥: C*(G) — C*(G)",
where

U(s.pasy) = Ol |v|SuPAS,,
for all p,v € G*, A € G°. With this setup we have the following result.

Proposition 7.6 ([11, Proposition 3.5]). Let N: G! — R% be such that
N(u) # 1 for all u € G*\G° and let p be the action of Proposition 7.5.
Suppose that 5 € R and that ¢ is a KMSg state of (C*(G),p). Then the
restriction ¢ 1= ¢|c«(gy» satisfies:

1/)(5/47145;) = 5AL,VN(N)7B¢(pAm-(u))-

On the other hand, given a KMS state ¢ of (C*(G)7, p) that satisfies the
above equality, we have that ¢ = o U is a KMSs state of (C*(G)7, p),
where W is the conditional expectation defined above. Furthermore, the
correspondence obtained is an affine bijection.

KMS states in C*(G) realized as Co(X) x4 F. In this subsection
we describe KMS states associated to a one-parameter group of auto-
morphisms, using the isomorphism between C*(G) and Cy(X) %, F de-
scribed in Section 4. For this we will build on ideas presented in [6], [11],
and [17].

From [17, Theorem 4.3], given any function N: G! — (1, 0), there
exists a unique strongly continuous one-parameter group ¢ of automor-
phisms of Cy(X) X, F such that:

(8) o¢(b) = (N(e))"b and oy(c) = c,

for every e € G1, every b € C(X,)d., and every ¢ € Co(X)dp.

Note that if N(e) = exp(1) for every e € G', then o; is the 8 of
Definition 6.27.

Our next step is to identify certain states on the core subalgebra C*(G)”
in terms of certain states in Cy(X). For this it is important to iden-

tify Cp(X) inside C*(G).
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Remark 7.7. A useful tool to work with Cy(X) is to work with the
dense subalgebra D generated by all characteristic functions 1., 14, and
ac(l.-114) (see Lemma 4.14). Notice that for c € |J (G)" and A € G°,

n=1
we have that a(1.-1.1,)) = 1c and ae(1o-1.14) = 1 (yna 00.-1. Thus,
D is generated by characteristic functions 14 and 1,.()na © 0.-1, where
A€ G®and ce Gr\g°.

Lemma 7.8. Let G be an ultragraph that satisfies Condition (RFUM2).
Then Co(X) is x-isomorphic to the C*-subalgebra of C*(G) generated by

{scpasi|lA € G ce G\G } U {pa|A € G°} = {scpasi|A € GO ce G},
where in the last set we are assuming that if c = B € GV then s. := pp.

Proof: Clearly Cy(X) is identified with Cy(X)dp in Co(X) x4 F. Let D
be the subalgebra of Remark 7.7, and ¢ be the isomorphism of Theo-
rem 4.15. Notice that ®~! takes 1,409 to pa, 1.6. to s., and 1,15,
to si. By restricting ®~! to the elements 146y and ae(le-11,)00 we
have the *-isomorphism desired, since 146y — pa, and ac(1.-11, )00 =
1.0:14801-160-1 + scpass, for all A € G° and ¢ € G*\G°. O

Proposition 7.9. Let G be an ultragraph. Assume that G satisfies Con-
dition (RFUM2) and N: G' — (1,00) be a function. Then there is
an affine bijection between the set of states w on Co(X) that satisfy
the condition w(f o 071) = N(e)"Pw(f), for all e € G* and all f €
Co(Xe-1), and the set of states v on C*(G)" that satisfy Y (scpasy) =
5C,dN(c)*51/J(pAW(C)), for all ¢,d € G*\G° and A € G°.

Proof: Let ¢ be a state on C*(G)7 that satisfies the equality ¢ (scpas)) =
5C,dN(c)*Bq/1(pAm.(C)), for all ¢,d € G*\G® and A € G°. Define the state w
on Cy(X) by w =1 o®~ ! where ®: C*(G) — Cy(X) 3, F is the isomor-
phism of Theorem 4.15. A sketch of what we will do is the following:

[
Q)T 20 == GOM S GolX) 1
I ¥
C C

To prove the required condition of w, it is enough to check it on a dense
subset (we will use the one in Remark 7.7). Before we show the condition,
note that

P(sepasy) = P(se)P(pa)P(s;) = Ledeladole-10.-1

= ae(lefl lA)(SO = 1r(e)r‘1A o 9671(50.
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Hence, since Cy(X) = Cy(X)dp, we have
(9) q)_l(lr(e)ﬁA o ee—l) = SepAS:'

Let e € G'. Notice that if 14 € Co(X.-1) then A C X1 = X, (o).
Hence,

_ 9 .
w(la00,-1) =w(lanse) 0 0c-1) =100 (Lans(e) ©be—1) (:)"/J(SepASe)

condition of 1) _ _ _
(ot N () P (pannie)) = N(©)*9(@ (Lany(e)
= N(e) Pw(lanr(e) = N(e)Pw(la).
Now, to prove the condition of the other type of generator, let ¢ € G*\G°
and A € G° Suppose that Lanre) © 01 € Co(Xe-1). Since 14q,(c) ©
Oo1: Xe-n — C, if x € Dom(lanpe) ©0c-1) then 2 € X1 N Xe =
Xr(e) N Xc. Therefore s(c) € 7(e), and hence 7(c) = 7(ec). Thus,
w(lAﬁr(c) o 0«:*1 © 96*1) = c'L)(]-Aﬁ'r(ec) © e(ec)*l)
= ¢ o (b_l(]-Aﬂr(ec) o 0(65)—1)
= w(secpASZc) = N(ec)iﬁqp(pr(ec)ﬂA)
= N(e)iﬁN(c)iﬁq/}(pr(c)ﬂA) :N(e)iﬁw(scpAs:)
= N(e)iﬂw(q)il(lflﬂr(c) © 00_1))
= N(e)*ﬂw(lAm(c) (@) 90—1),
and the desired condition is satisfied.

On the other hand, given a state w on Cy(X) that satisfies the con-
dition w(f o 0;1) = N(e) Pw(f), for all e € G' and all f € Co(X.-1),
consider ¢ = d,qw o ®: C*(G) — C. Let ¢ = ¢1...¢, € G*\G° and
A € GO Then if ¢ # d, we have that 9(s.pasy) = 0 = N(c)=5.0 =
N ()P (pann(e)), and if ¢ = d we have that
U(s cpASd) w(®(scpasq)) = w(lanr(e) © 1)

Lanr(e) 00, -1 00,1 o-~-o€c;1)

w(
([1Aﬁr(c 09 o1 00 71 o---00 71]00%,1)

c1) Pw([Lanr(e) © Ozt 00,1 000, 1]0f, 1) =+

n—1

— N
=N(c1) ... N(ca)™? w(lAm(c)) = N(c) Pw(lanm(e)
N(C) ﬁw( (pAﬁr(c)) = N(C)iﬁw(pAﬁr(c))' O
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A measure on the shift space X. By the Riesz representation the-
orem we can include a description of KMS states of C*(G) in terms of
measures, which in turn can be described in terms of a certain set of
functions on the generalized vertices of G. We start the section by devel-
oping the measure theoretical concepts, which require a more concrete
description of the generalized vertices in G.

Remark 7.10. We will follow the same outline as in [11] and [15], and
so to define the desired measure we are first going to define a semi-ring
generated by the cylinder sets.

Lemma 7.11. Let G be an ultragraph that satisfies Condition (RFUM2).

Then each A€G° can be written uniquely as A = |J A;, where there is a
i=1

unique k such that |Ag| < co and |e(Ag)| < 00, A; is a minimal infinite

emitter or a minimal sink, and A; N Ay, = 0 Vj # k. In addition, Ay is

made up of reqular vertices and (non-minimal) sinks.

Proof: The existence follows directly from Condition (RFUM2) and from
the characterization of the generalized vertices given in Definition 2.2.

n m
To provide uniqueness, suppose that A = |J A;, and A = |J A}, with

i=1 =1
|Akl, [A}] < oo, |e(Ak)], |e(A})] < oo, and A; N Ay =0, AjN AL =0
whenever j # k.
If A; € r(e) N A, i€, if A; is a minimal infinite emitter (i # k), by
Lemma 3.7, we have that |[4;] =1 or |A;| = cc:

(1) If |A;] = 1, then 3A’ such that A; C A for some j # k. Hence
A; is also a minimal infinite emitter. Again by Lemma 3.7, we have that
|A}| =1 or [A%] = co. By the minimality of A, and since A; (which is
contained in A’) has cardinality equal to 1, we cannot have |A}| = occ.
Therefore |A}| =1 and hence A4; = A’.

(2) If |A;| = oo, then 3j # k such that |[4; N A)| = co. Since minimal
infinite emitters have no infinite sinks (in G°), we have that |e(A4; N
A})[) = oo. Hence, A} N A; is a minimal infinite emitter and so A4 is a
minimal infinite emitter. Since A; and A; are minimal, by Proposition 3.6
we have that 4; = A;.

If A; € r(e) N Ag, ie., if A; is a minimal sink (i # k), then |4;| = co.
Hence 3j # k such that |A; N A)| = oco. Since minimal sinks have no
infinite emitters (in G°), we also have that |e(A4; N A%)[) < co. Therefore,
A; N A; is a minimal sink and so A;- is a minimal sink. Since A; and A;-
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are minimal sinks and |A; N A%| = oo, by Proposition 3.9 we have that
A; = A;-. Therefore |J 4; = U A} and A, = A}
i£k i£k

The last statement of the lemma is clear, since A; is a minimal infinite
emitter or minimal sink for every j # k, and so any sink that (possibly)
is in A, and is not contained in some minimal set, must belong to Ag. In
addition, as the ultragraph satisfies (RFUM2), |Ax| < oo and |e(Ag)| <
00, so that Ay contains all the other finite regular vertices (which are
not contained in some minimal set). 0

Remark 7.12. Note that, for each (3,B) € p, we can identify D g p)
with D(g gy F,s, where F' = () and S = (). Thus, every cylinder can be
written in the form Dg p) r,s-

Corollary 7.13. Let (8,B) € p, F C ¢(B) finite, and S C B finite
(F and S can be the empty set). Then D py r,s can be written as a
finite and disjoint union of cylinders from the following collection:

{Ds,4),p.5 : (B,A) € Xein, A minimal, F' C e(A), |F'| < oo,
S C B, |5 < oo},

union with a finite, disjoint union of elements of the collection of cylinder
sets

{Ds.a): (B, A) € p:[A] < o0, [e(A)] < oo}

n
Proof: By Lemma 7.11, if (8, B) € p then B = |J A; and there exists
i=1
a unique k such that |A;| < oo and |e(Ag)| < oco. Furthermore, for
each j # k, we have that A; is a minimal infinite emitter or a minimal
sink, and A; N Ay = 0. For each i # k, consider F; = {e € G' : s(e) €
Ujoer (A NA)} Si={veG:ve Ujoar (A NA)} V ={sle):ec
U#,c F,,e¢ F}, and W = {v ‘v € Ui?é,~c Si, s ¢ S}. Of course, each of
these sets is finite. Thus,

Dsi).rs=| | Dis.ay.rorsios || Desseen [ Pesgon L] Disiton-
i#£k s(e)EV veW vEAL
Note that each s(e) €V is a regular vertex; otherwise, we get a con-
tradiction with the minimality of A;. Hence, we have that
Des.p)rs = || Dsanrorsos || Dy
i#k vEVUWUA,
Since G satisfies Condition (RFUM?2), all previous joins are finite. O

In view of Corollary 7.13 we infer the following:
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Proposition 7.14. The collection of cylinders {D g ay,r,s : (8,4) €
Xtin, A minimal, FF C ¢(A), |F| < 00, S C A,|S| < oo}, union with the
collection of cylinders {Dg ) : (B, A) € p: |A| < o0, e(A) < o0}, form
a basis for the topology in X defined in Proposition 3.16.

Proof: This follows directly from Corollary 7.13 and the fact that if
(o, A) € p, |A| < 0o and |e(A)| < oo, then

Daay= || Daerey || Doy O
ece(A) vEANGY

In light of the above, following the general ideas of [15, Section 5.5],
we build a semi-ring.

Proposition 7.15. Let G be an ultragraph. Assume that G satisfies
Condition (RFUM2). Then the collection S of all cylinders of the form
{Ds,ay,p,s : (B,A) € Xan, A minimal, F C e(A), |F|<oo, S C A, |S| <
oo}, union with the collection of cylinders of the form {Dg a) : (8,A)€
p:lA| < o0, |e(A)] < o0}, union with the empty set, is a semi-ring.

Proof: Let C,Cy C S be such that Co C C. We have to show that there
are finite disjoint sets Cy,Cs,...,C, € S such that C\Cy = |] Ci.
i=1

Suppose first that C' is of the form Dg py r,g, for some (3, B) E_Xﬁn
with B minimal, F' C ¢(B) finite, and S C B finite. If C' = Cj then the
result is clear. Suppose then that C\Cy # 0. Since Cy C C, we have

that Co = D(ﬂﬁ’,A),F’,S’ where it can happen that 6,6/ = ﬁ with A g B7
F'=0, and S’ = (). We divide the proof into cases:

(1) If Co = Dg,a),pr,s, where (8,A) € Xg, with A minimal, then,
as (8,B) € Xg, with B minimal, we have A = B and thus Cy =
D, p),r,s - It follows that F’ O F and that S’ O S, and hence C\Cy =

L Dgereyy U Des o). Now note that, since r(e) € G° by
e€EF'\F vES\S

Corollary 7.13 each D(ge (e is a finite and disjoint union of elements
of §, and the same holds for elements D g 1,}). Thus, C\Cy is a finite

and disjoint union of elements of S.

(2) If Cy = D(@A),Awith |A] < oo and |e(A4)] < oo, then C\Cy =
D3,B),Fus(4),5u4 €S-

(3) If Co = Dgpr,a),r,5» with || > 1 and (83’, A) € Xan, suppose
that 3/ = 3;...8.,. Since r(8') € G°, by Lemma 7.11, we have that

r(B) = U~ 4; (unique A;), and that there exists a unique k for which
|Ak| < 00, |e(Ak)| < oo, and also Ay N A; = ) for every j # k, and A;
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is a minimal infinite emitter or a minimal sink for all j # k. Thus, since
A C r(8') and A is minimal, we have that A = A; for some i # k. Hence,
for all j # 4, k, we have that |e(A; N A;)| = |A; N A| < co. Therefore, we
can write:

C\Co=Dg,B),ruis;},sHUD sy r(8)) 18530 - UD(8s1..81 (8, ) A8}

| |D@srayccanananay || Deseren || Des -
Jj#ik e€F'Ue(Ay) vES'UA

By Corollary 7.13, each D(Bﬁiuﬂ;ﬂr(ﬁg)’{ﬁgﬂ})’ withl <p<n-—1,isa
finite and disjoint union of elements of S. Also, by Corollary 7.13, each

Dgpre,r(ey) is a finite and disjoint union of elements of §7 just like the
elements D (gg/ (,1). Thus we obtain the desired description of C\Cp.

(4) If Co = D(gpr,a), with |A] < oo and |e(A)| < oo, we use the descrip-
tion of (') of the previous item and then we have that A C Ag. So,
we have the following description of C\Cjy:

C\Co=Dg,B),ruis;},s D88y r(8)) 48530 - UD(8s;..51,_ r (8L _)) 180}

|| Dsorayecra || Deserey || Desion
J#k ece(Ap\A) veEAL\A

which, again by Corollary 7.13, is a finite and disjoint union of elements
of S.

For the case where C' is of the form Dg 4y, with €(A) < oo, the proof
is analogous. O

Before we define the desired measure on the semi-ring S we need to
introduce a class of functions from G° as follows.
Let M: G' — [0,1] and m: G° — [0,1] be functions that together
satisfy the following conditions:
(m1) ,}hgom(A) = 1 (notice that G° is partially ordered by inclusion
€

and, given A,B € GY the union A U B is also in G°. Hence,
I}ingl m(A) is defined via nets);
e 0
(m2) m(A)= > Me)m(r(e))+ >, m(v),if|4|<ooand |e(4)|<
e:s(e)eA vEANGY
oo, where m(v) = m({v});
(m3) m(A) > > M(e)ym(r(e))+ > m(v), for every F C e(A), F finite
eeF veS
and every S C ANGY, S finite;
(m4) m(AU B) =m(A) +m(B) —m(AN B).
We extend M to G* defining M(A) = m(A), for all A € G°, and
M(B) = M(e1)M(es)...M(e,), whenever 8 = ejes...e, € G*\G°.
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Thus we define, for each (8,B) € p, FF C ¢(B), S C B, F and S fi-
nite, the function &: {Cylinders Dg,By,r,s} — Ry by:

(10) k(D(s,B),F,s) = Z M(Be)m Z M(B

ecF veES

if || =2 1, by £(Da,a),rs) =m(A) — > M(e)m(r(e)) — X2 m(v) if
ece(F) vES

Ae G’ FCe(A),and S C A, and finally, (@) = 0.
Clearly, by (m3), Im(x) C Ri. We can then restrict s to the set S of
Proposition 7.15 to build a measure. So we have:

Lemma 7.16. Let G be an ultragraph that satisfies Condition (RFUM2)
and k the function defined by equation (10). Then the restriction of k to
the semi-ring S of Proposition 7.15 is a measure such that k(0.(V)) =
M(e)k(V), for every e € G' and every subset VC X, .1 NS C X.

Proof: Since k(@) = 0, we need to show that s is countable additive
on S. But since the elements that generate S are compact and open, it is

enough to show that x is additive on S ie,if D pyrs= |_|D(5“ B.).Fi,S»

i=1

then H( I—l D(ﬁuBi%FnSi) = Z?:l ‘%(D(ﬁm B;),F;,8 s:)- So, suppose that
i=1

n
(11) Ds,py.r.s = || Digy.no) s
i=1
We can assume, without loss of generality, that 8; = 53], for every i.
Note that we can have |3;| = 0, but this is not necessarily the case. So,
we use induction in m = maxi<;<,{|5:| — |B|} = maxi<;<n |5}].
Suppose that m = 0. Then B; = g3, for all 4, and B; C B, for all i.
Now we analyze each case:

(1) If B is such that |B| < oo and |¢(B)| < oo, then B is formed only
by a finite number of sinks and regular vertices, and so we have B =
{vi,...,v,}, F =S =10, and thus F; = () and S; = 0 for all . So we

can write D(g p),rs = L] Dg,.B,) (note that we could have, for each
i=1

i=1,...,n, B ={v;,,...,v; }, where each B; contains a finite number
of regular vertices and sinks v;). Thus,

n

w(Dgp.m)) = M(Bym(B) = M(B)m(l_l Bi)

TEY MBS m(B) =Y w(Bi B
1=1 =1
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(2) If B € X5, with B minimal, and (11) holds, by the minimality of B
there exists ig € {1,...,n}, such that B;, = B. So, the other B; can
neither be infinite emitters nor have infinite cardinality, since the union
in (11) is disjoint. This implies that F; = 0 and S; = () for all i # 4.
Furthermore, by (11), F;, 2 F, S;, 2 S. Thus F;,)\F = || (B;) and

Si,\S = || BiNGY. Therefore, we have: .
iig
k(Ds,),F.5)= ZM Be)m ZM
ecF veES
=M (B)m(B) =Y M(Be)m(r(e)) + Y M(Be)m(r(e))
e€Fy, e€F; \F
= > M@)mw)+ Y M(Bm(v
vES;, vESiy\S
=M(B)ym(B) — > M(Be)m(r(e))
ecFy,
+ )Y M(Be)m(r(e))
i=1,i#ig e€e(B;)
- Y M(B)m(v) + M(B)ym(v
vES, i=1,i#i0 v€B;NGY
=M(B)m(B) — > M(Be)m(r(e)) — > M(B)m(v)
€€Fi0 ’UGSiO

> (X Meome)+ X @)

i=1,i#ig “e€e(B;) vEB;NGY
=r(Dg,B,,,Fi

i)
S M(B)( S MEmire)+ Y m(v))

i=1,i#ig ece(B;) vEB;NGY

=R(D(8,B,y.Fiy.51)) Z M(5
i=1,i#1g

n

!
:K(D(B,Bm 107570))—’- Z K/(D([ﬁBi)):ZK(D(ﬁ,Bi)aFivsi)'
i=1,i#i0 i=1
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Note that for all ¢ # 4o, we use that x(D(5, B;)) = x(D(8, B;), F;, Si) =
M(B)m(B;), since F; = () and S; = () for all ¢ # ig.

Now, suppose that the previous equality holds for all 0 < k& < m.
Again we will do the proof for the case where (8, B) € Xg, with B min-
imal, and the other case is analogous to what was done when m = 0.
Using the minimality of B once again, there exists i such that 5;, = 3,
B,, = B, F,, 2 F, and S;, 2 S. Suppose, without loss of general-
ity, that 47 is such that §8; = B whenever 1 < ¢ < i1, and 3; # S
whenever i; < i < n. By the case m = 0 seen previously, F; = () and
S; = 0 for all 1 < i < 4y, i # ig. Furthermore, A; is neither an in-

finite emitter nor has infinite cardinality for any 1 < i < iy, i # 4g.
il 7;1
Also || B;NG%=5,;,\S;however, || &(B;)CF;, \F.Define

i#i0,i=1 iig,i=1

C=s((Fy \F)\ | &(B). Of course |¢(C)] < co. Note that
iig,i=1

i1
Ds,p).rs = Doy U || Dis..so).rs.
=1

and that

n

Dipcy= || D s).r.s-
1=11+1

By the case m = 0, we have that

i1
(12) K(D(s.p).r.s) = k(D)) + Y K(D(s,.5,).F..5,)-

i=1

Since [e(C)| < oo we have that Dz, cy = || D(ge,r(e)) and the union
s(e)eC

is finite. On the other hand, by Corollary 7.13, (m2), and (m4), we can

write the finite union Dg ¢y = |_]j D ge;,4,), where each Dge; a;) € 5,

in such a way that

(13) H(D(@C)) = ZH(D(/Beijj))'

J
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Thus, D(ge;,;) = Dge;,4,) N Doy = U+1D<aej,Aj) N Dg,,B.),Fi,5:5
1=11

and note that Dge; a,) N Dg, B,),F.,5; = D(,,p,) for some element of S
where |vy;| = |B;| (because |5;] > |f] + 1 = |Be;|). This implies that
max;{|y;| — |Be;]} < m. By the induction hypothesis,

n

(14) H<D(5€j7Aj)) = Z ”(D(ﬁej’Aj) N D(ﬂi,Bi):FhSi)'
i=i1+1

On the other hand, for iy +1 <4 <n, D, B,),F.s = Ds,,B,),F:,5, N
Dg,cy = |_|D(Bej’Aj) N Dg;,B),F;,s;, again using the case m = 0 (even
J

if some intersections are empty) we have
(15) K’(D(/BivBi)vFi,Si) = Z H(D(Bejw‘\j) N D(Bi’Bi)’Fivsi)'
J
Putting the equations (13), (14), and (15) together we conclude that
k(Dp,cy) = > K(Ds,,B),F,s), and so, by (12), we have that  is

1=11+1
in fact a measure.

It remains to be shown that k(6.(V)) = M(e)x(V). But note that if
SoV= Dg,p),r,s and V C X1, then 0.(V) = D(cs,B),F,s- Thus,

H(GS(V)) = K(D(eB,B),F,S) = M(eﬂ)m(B)
= M(eBfym(r(f) — Y M(eB)m(v)

eel vESNGY
= MEME)m(B) — 3 Me)MBHm(r(f))
~ Y MEOMB)m)
veESNGY
=M(e)<M(ﬁ)m(B)—ZM(Bf)m(r(f))— T M(ﬁ)m(v)>
ecF vESNGY

= M(e)r(Dg,p),r,s) = M(e)(V),
and the result follows. O

Using the Carathéodory extension theorem we can extend the measure
above to a unique measure pu defined on the o-algebra generated by S. Of
course this measure is related to the functions M and m defined above.
We make this relation precise below.
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Proposition 7.17. Let G be an ultragraph. Assume that G satisfies Con-
dition (RFUM2) and M: Gt — [0,1]. Then there is a convex map be-
tween the set of functions m: G® — [0,1] that satisfies (m1),...,(m4) on
p. 774 and the set of reqular Borel probability measures u on X satisfy-
ing (0:(V)) = M(e)u(V), for all e € G* and for all Borel measurable
subsets V. C X 1.

Proof: By Lemma 7.16, we have a measure « in the semi-ring S. Hence,
by the Carathéodory extension theorem, there is a unique measure p
defined on the o-algebra generated by S. Since S forms a countable
base, u is defined in the Borel o-algebra.

By definition of s, we have that (D4, 4)) = k(D(a,4)) = m(A), for
all D4, 4y € S. Hence, considering that p is a measure, G0 is a directed
set via inclusion, and using the principle of inclusion-exclusion, together
with (m4), we have

n(X) = u( U D(AA)) = > #Dan)

AegO

= Z m(A) = lim m(A) =" 1.
AcgO
Thus, i is a probability measure, which also implies that it is regular,
since every finite Borel measure is regular. Also, a convex combination of
functions m is preserved when we move to measures  in S (and therefore
to measures p in X), due to equation (11).

Finally, to prove that p(6.(V)) = M(e)u(V) for all Borel measur-
able V C X,1 and e € G! we have, it is enough to check the equal-
ity for the elements of the semi-ring §, since 6, is a bijection and
preserves unions and intersections. But this was done in the proof of
Lemma 7.16. O

As we mentioned before, Riesz representation theory connects states
with measures. We make a precise statement below.

Proposition 7.18. Let G be an ultragraph. Assume that G satisfies
Condition (RFUM2) and M: G* — [0,1]. Then there is an affine bi-
jection between the set of states w in Cy(X) that satisfy the condi-
tion w(f o 0.1) = M(e)w(f), for every e € G! and every f € Co(X.-1),
and the set of regular Borel probability measures p on X that satisfy
w(0.(V)) = M(e)u(V), Ve € G' and for every Borel measurable sub-
set V C Xo-1.

Proof: The proof follows from the Riesz representation theorem, and is
analogous to the proof of [6, Lemma 4.7] and [11, Proposition 4.8]. O
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Description of the KMS states of C*(G). We now have all the in-
gredients to characterize KMS states in five different ways. Before we do
this we prove one last result, which is a generalization of [11, Proposi-
tion 4.4] and [6, Lemma 4.9].

Proposition 7.19. Let G be an ultragraph. Assume that G satisfies Con-
dition (RFUM2) and M : G* — [0,1]. Then there is a convez, injective
map between the set of functions m: G° — [0,1] satisfying (m1),...,(m4)
on p. 774, and the set of states w on Co(X) that satisfies the condition
w(fobd )y = M(e)w(f), for all e € G* and all f € Co(Xe-1). Further-
more, this correspondence is of the form w +— (A +"% w(14)), VA € G°.
Proof: Let w be a state on Cy(X) such that w(fof,-1) = M(e)w(f), for
all e € G and f € Cy(X.-1). Let m: G — [0,1] be given by m(A) =
w(14). We check below that m satisfies the conditions (m1) to (m4):

(m1) Theset {A: A € G°} is directed via inclusion, hence {14 : A € G°}
is an increasing approximate unity for Co(X). Thus, since w is a
state, 1 = lim w(l4) = lim m(A).

A€go Aego

(m2) First note that if e € G* then
w(le) =w(le-100.-1) = M(e)w(le-1) = M(e)w(ly(e)) = M(e)m(r(e)).

Furthermore, note that if |A| < co and |¢(A)| < oo then, by Corol-
lary 7.13, we have that

finite finite
a= > L+ Y 1.
e:s(e)€A vEANGY
Thus
m(A)=w(l,)= < oL+ Y1 ) D w)+ Y w(ly)

e:s(e)€A vEANGY

= > M(em(re)+ Y m(v).
e:s(e)eA vEANGY
(m3) Let A € G° F be a finite subset of £(A) and S be a finite subset
of AN GY. Then, again by Corollary 7.13, we have that 14 >

> 1.+ >, 1,. Hence,
ecF veEANG?

m(A):w(lA)zw(Z le+ Z 1U) :Z M(e)m(r(e))+ Z m(v).

ecF veEANGY eclF veG?

sink

e:s(e)€A vEANGY

(m4) Follows from the linearity of w.



ULTRAGRAPH SHIFT SPACES WITH SINKS 781

Therefore, for a state w on Co(X) we assign a function m: G° — [0,1]
that satisfies (m1),...,(m4). To prove the injectivity of this correspon-
dence, suppose that there are states w; and wsy such that w;(f o6.-1) =
M(e)w;(f), i =1,2,Vf € Co(X.-1), and e € G. Suppose further that
wi(1a) = wa(la), VA € G. We must show that w; = ws. By Remark 7.7,
we just need to show that wi (1,.()na00c.-1) = wa(l,(nacl.-1), for every
c € G*\G" and every A € G°. To do this, first note that

14 Oge_fl =14 Oaf—le—l =14 on_l 00,1 = 19f(A) 00,-1.

Therefore, if c=¢;...c, € G* and A € G°, we have:

(
(
(
(e )wi (Lo, ., (r(e)na) ©02,1)
(c)M(e2)wi(lo,, ., (rena) 005, ) =
(c1) ... M(cn)wi(1y(c)na)

(c1) ... M(cn)wa(lp(e)na) = -+

( O

Il
&
\V]
—
3
—~
&
)
S
(¢]
>
(e}
L
~

We can now state and prove our main result regarding KMS states of
C*-algebras associated to ultragraphs that satisfy Condition (RFUM?2).
This generalizes [11, Theorem 4.3] and [6, Theorem 4.1].

Theorem 7.20. Let G be an ultragraph. Assume that G satisfies Condi-
tion (REUMZ2). Consider the function N: G* — (1,00) and 0 < 8 < oo,
and consider the following sets:

AP: The set of KMSg states of (C*(G), p").
BP: The set of states w of Co(X) that satisfy the condition w(fof. ') =
N(e)Pw(f), for alle € G* and all f € Co(Xe-1).
CB: The set of reqular Borel probability measures p on X that satisfy
w(0(V)) = N(e)"Pu(V), for all e € G' and for all Borel measur-
able subsets V C X -1.
DB: The set of functions m: G° — [0, 1] that satisfy
(ml) lim m(4) =1;
AegO
(m2) m(A) = 3 N(e)Pm(r(e) + > m(v), if |A] < oo
e:s(e)€A vEANGY?
and e(A)| < oo;
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(m3) m(A) > > N(e)Pm(r(e))+ 3 m(v), for every finite subset
eckF veSs
F C e(A) and every finite subset S C ANGY, S;
(m4) m(AU B) =m(A) +m(B) —m(AN B).
EP: The set of states 1) on C*(G)7 that satisfy

Y(scpasy) = 6C,dN(C)7Bw(pAﬂr(c))7
for all c,d € G*\G° and A € G°.
Then there exists a convex isomorphism between AP, BS, CP DB and EP.

Proof: By Proposition 7.6 there is an affine isomorphism between A
and E?. From Proposition 7.9 we get an affine isomorphism between B
and E°.

We use Proposition 7.18 to show the affine isomorphism between
BP and CP. For this, note that there is a correspondence between the
functions N: G! — (1,00) and the functions M: Gt — [0,1] (just let
M(e) = N(e)™P).

We already proved that A < Ef < Bf < CFf. Tt remains to show
the equivalence with D?. Let M(e) = N(e)~”. From Proposition 7.19 we
obtain an affine map from B? to D? and, taking the same M in Propo-
sition 7.17, we obtain an affine map from D? to C®. Finally, the desired
result follows from the fact that the maps from B? to D?, from D”
to C?, and from C? to B?, compose to the identity. O

Ground states. In this last section we characterize ground states in
ultragraph C*-algebras that satisfy Condition (RFUM2). Our results
extend [11, Theorem 5.1].
Let G be an ultragraph that satisfies Condition (RFUM2) and N: Gl —
(1,00) a function. Define
A#": The set of ground states of (C*(G), p™).
Be": The set of states w of Cy(X) such that w(1.) = 0, for every e € G*.
C®?": The set of all regular Borel probability measures u on X such that
u(A) = 0, for every e € G! and every Borel measurable subset A
of X,.
Der: The set of functions m: G° — [0, 1] satisfying
(ml) lim m(A) =1;
Aego
(m2) m(A) =0if |A| < oo and |e(A)] < oo;
(m3) m(AU B) =m(A) +m(B) —m(AN B).
We now have the following.
Theorem 7.21. Let G be an ultragraph that satisfies Condition (REFUM2)

and N: Gt — (1,00) a function. Then there is an affine isomorphism
between A®*, B8, C®, and D*".
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Proof: The proof follows the same lines as [11, Theorem 5.1]. The exis-
tence of an affine isomorphism between A&" and the set of the states ¢
on Cy(X) such that ¢(f) = 0, for all e € G! and f € C(X.), follows
from [17, Theorem 4.3]. Since ¢ is a state, and 1. is unity for C(X.),
it follows that if ¢(1.) = 0 then ¢(f) = 0 for all f € C(X,.). Hence we
have that A®" is isomorphic to B&", via an affine isomorphism.

As with KMS states, an isomorphism between B&" and C8" is obtained
analogously to what was done in [6, Proposition 4.8].

Finally, an affine isomorphism between B®" and D#" is obtained by
applying Propositions 7.17 and 7.19 with M(e) = 0 for all e € G*, and
proceeding as in the proof of Theorem 7.20. O

Remark 7.22. In [6, Remark 4.4] the authors related the description
of KMS states of graph C*-algebras via partial crossed products and
via Deaconu—Renault groupoids. Since we realized C*-algebras of ultra-
graphs that satisfy Condition (RFUM2) both as a partial crossed prod-
uct and as a groupoid C*-algebra an analogous observation holds in this
case.

We finish the paper by describing the KMS and ground states of the
C*-algebra associated to an ultragraph with sinks. Furthermore, for the
example we consider, it is known that the ultragraph Leavitt path alge-
bra associated to it (over the field Z,) is neither a Leavitt path algebra
nor an algebraic Exel-Laca algebra (see [30, Example 6.12] and [22].

Example 7.23. Consider the following ultragraph G, which has only
one edge:

U1

Note that G° is formed by finite subsets of G, in addition to finite
unions with r(e) = {v1,v2,vs,...}. In particular, G® € G°. The associ-
ated shift space is

X = {(e,vi) }iz1 U {(vi, vi) Yiza U {(e;7(e)), (r(e), m(e)) }-
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Our goal is to find m that satisfies the conditions (ml) to (m4) that

define the set D?. For such a function to exist we must have, for given
N and S, that:

(16) m({vo}) +m(r(e)) = m(G") = 1.
Also, m must satisfy (m2), (m4), and since s(e) € {vg}, we must have
(17) m({vo}) = N(e)"m(r(e)),

i.e., m({vo}) depends on N, 3, and on r(e).

Now, joining (16) and (17), we have that m(r(e)) =
m(r(e)) depends only on N and f3.

For (m3) to be satisfied we must have that, for all kK € N*, m(r(e)) >

k
> m(v;), ie.,
i=1

1y
TEN(e)=F> 1€

1
1+ N(e)=# -
By the definition of N we have that N(e) € (1,00), and hence N(e)™# €

e
(0,1) (thus, if 3 — oo then N(e)™# — 0). Therefore, for each i € N*,
consider

> m(v;).

-

K2

—~

1—N(e)=” B\ (i
) — - \E) By(i—1)
) = g VO )
To make the equations more readable, let r := N(e)™? and a :=

1-N@e)™® _ 1-r
71-‘,—[\[(6)_‘5 = m Then

m(r(e)) = im(”i) = ia L) air(iﬂ)
i=1 i=1 i=1

o) = (15) () = s

Furthermore, since 1 > a, we have that for all k¥ € N* it holds that

1 l=rk 1=\ 1=ph
= > > = .
@) = 17 2 1 2 (1757) T = 2

and so (m3) is valid for any finite subset S of r(e).

Also notice that, independently of N and 3, if we choose m({vp}) =1
and m(r(e)) = m({v;}) = 0 for i € N*, we have that (ml)-(m4) is
satisfied.

Finally, for ground states, the function m: G° — [0,1] is in D®" if,
and only if, m({v;}) =0 for all i € N, and m(r(e)) = 1.
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Remark 7.24. Given the groupoid picture of ultragraph C*-algebras we
presented before it should be possible to apply the results of [10] to ob-
tain further information about the structure of KMS states (in particular
extremal KMS states). We should explore this in future work.
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