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Abstract

In this article, we define lattice graphs (which generalise ultragraphs) as well as their Cuntz—Krieger
families and C*-algebras. We will give a thorough study in the special case of lattice atomic graphs.
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1. Introduction and preliminaries

Ultragraphs were first introduced by Tomforde as a generalisation of the notion of
directed graphs. The C*-algebras for ultragraphs include both the C*-algebras of
graphs (see [1, 5, 9, 10]) as well as the Exel-Laca algebra defined in [6] (see [11]
and [12]).

In this paper, we define a more general notion called lattice graphs
(see Definition 1.1) and define their Cuntz—Krieger families as well as their
C*-algebras (if such Cuntz—Krieger families exist). We mainly restrict our attention to
what we call lattice atomic graphs (see Definition 1.1).

More precisely, we show in Section 2 that Cuntz—Krieger families exist for
distributive lattice atomic graphs. We also give a graph theoretical characterisation
for the existence of Cuntz—Krieger families for general lattice atomic graphs
(see Proposition 2.9). In Section 3, we define the C*-algebra of a lattice atomic graph
that admits a Cuntz—Krieger family and show that, in that case, one can replace the
original lattice graph with a distribution lattice graph (see Theorem 3.1).

Let us first give a definition of lattice graphs. Recall that a partially ordered set
(L, <) is alattice if for any x, y € L, there exists x Ay, x Vy € Lsuchthatx Ay <
x,y<xVy,andifu,ve L withu <x,y<v,thenu<xAyandxVy<wv. An
element O € L is the zero of L if O <y forevery y € L, and x € L \ {0} is an atom if
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there does not exist y € L \ {0, x} such that y < x. A lattice L is said to be distributive
if it satisfies the following identities (for any x, y, z € L):

@ @AYVEAD=xAV2I;
b xvyYAxV=xV(yA2).

Throughout this article, we denote by L, the set of all atoms of a lattice L
(with zero).

DEFINITION 1.1. We make the following definitions.

(a) Let &0 be a lattice with zero. A lattice graph £ = (&9, &L, r, 5) consists of a set
(of vertices) &Y, a set (of edges) &L and maps’r, s : El — £0\{0} (the range and
source maps of each edge). An element x € £° is called a sink if there does not
exist e € E! with s(e) = x.

(b) Let &= (50, EY r,s) be a lattice graph. If &Y is distributive, we call £ a
distributive lattice graph. If s(E1) C 53, we call £ a lattice atomic graph.

(¢) A standard lattice graph is a lattice atomic graph £ = (€9, !, r, 5) that satisfies
the following conditions:

(i) both % and £! are countable;

(i) &%is generated by {x | x € 8(9} U{r(e) |ee&YU{0);

(i) if Ay :={a € 6’3 la <x} (x € EY), then x — A, is an injection from £° to
PEY).

Ultragraphs are examples of distributive standard lattice graph. In fact, any
distributive standard lattice graph comes from an ultragraph in the way as described in
the following example (this fact will be proved in Corollary 2.3).

EXAMPLE 1.2. Let G = (GO, gl, r, s) be an ultragraph. If EV=G0 and &' = gl,
then £ = (9, €', r, 5) is a distributive standard lattice graph (because GY is the lattice
generated by the elements in GY and {r(e) | e € G'}).

Given a standard lattice graph (50, EY r,s), one can set X = 82 and identify
x € &% with A, € P(X). However, it is not true in general that this gives a
lattice homomorphism from £° to P(X) (for example, if £° is the lattice as in
Example 2.7(a)). Nevertheless, this is a lattice homomorphism when & 0 is distributive
but the argument is far from obvious. In fact, this is the main difficulty in showing that
any distributive standard lattice graph is an ultragraph.

2. Cuntz—Krieger families for lattice graphs

Let us begin this section with the following result concerning lattices that is crucial
throughout this paper. Since we could not find this result in the literature, we give a
proof here for completeness.

PROPOSITION 2.1. For any distributive lattice L with zero, there exist a set X and an
injective lattice homomorphism r : L — P(X) such that ¥ (L,) € X (here we identify
elements in X as singleton subsets of X) and ¥ (0) = (0.
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PROOF. By a variant of the Birkhoff theorem (see, for example, [3, Theorem 5.7]),
there is a lattice isomorphism ¢ from L to aring of sets S C P(Z). If Y := Z \ ¢1(0)
and ¢ : L — P(Y) is defined by

pu)=@1(w)\ ¢1(0) (mel),

then ¢ is an injective lattice homomorphism sending 0 to the empty set (note that any
element in S contains ¢1(0)). We define an equivalent relation ~ in Y by x ~ y if
either x = y or there exists a € L, with x, y € ¢(a) (note that ¢(a) N ¢(b) =@ for
any distinct a, b € L,). Let

X =Y/~
and Q : Y — X be the canonical quotient map. It is clear that Q(AU B) = Q(A) U
QO(B)and Q(ANB) C Q(A) N Q(B) forany A, B C Y. Suppose that u, v € L and

z€Qopu)NQop(v).

Then there exist x € ¢(u) and y € ¢p(v) such that z = Q(x) = Q(y). Consequently,
either x = y or there exists a € L, with x, y € ¢(a). In the first case, we clearly have
7€ Q(em) Ne(v)) = Q o p(u A v). Inthe second case, p(u A a) = ¢(u) Ne(a) # 0
which implies a < u (as a € L, and ¢ is injective) and a < v. This shows that x, y €
p(a) CpuAv)andz € Q o @p(u Av). Thus, ¥ := Q o ¢ is a lattice homomorphism
sending elements in L, to singletons in P(X). It remains to show that v is injective.
Suppose that u, v € L with

Qo) C Qo).

Then, for any x € ¢(u), there exists y € ¢(v) such that x ~ y. If x # y, then there
exists a € L, with x, y € ¢(a). This tells us that ¢(a) N ¢(v) # @ and, as above, we
have a < v which implies x € ¢(a) C ¢(v). Therefore, we always have ¢ (1) C ¢(v)
and so u < v (as ¢ is injective). This gives the injectivity of . O

REMARK 2.2. Note that although we have Proposition 2.1, a distributive lattice
atomic graph is still far from being an ultragraph. For example, there is a distributive
lattice atomic graph £ with £° being countable infinite and 52 being a singleton set
while if G is an ultragraph, then G° = GV is finite if and only if G is finite.

Now, we can give the converse of Example 1.2. As noted in the paragraph after that
example, the difficulty is to show that x — A, is a lattice homomorphism.

COROLLARY 2.3. Any distributive standard lattice graph £ = (£°, £', r, 5) can be
realised as an ultragraph.

PROOF. Let X and ¢ be as in Proposition 2.1 for L = £°. Put X := ¥ (£0) (which is
a countable set). By regarding Xo C X, one can define a lattice homomorphism v :
E% = P(Xo) by Yo(x) := ¥ (x) N Xo (x € E%). It is easy to see that Yo(x) = ¥ (Ay)
and so ¥ is injective by Definition 1.1(c)(iii). This, together with Definition 1.1(c)(ii)
and the countability of £!, shows that G = (Xq, £ L woor, Ypos) is an ultragraph
with G0 = £°. |
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We now define the Cuntz—Krieger family for lattice graphs and study their existence
in the case of lattice atomic graphs.

DEFINITION 2.4. Let £ be a lattice graph. A Cuntz—Krieger E-family in a C*-algebra
B is a collection of partial isometries {s, | ¢ € £'} with nonzero mutually orthogonal
ranges and a collection of projections {p, | x € £} such that for any x, y € £ and
eec&l:

(CK1) po=0, PxPy = Pxny and Pxvy = Px + Py — Pxny;

(CKZ) SZSE = Pr(e)>

(CK3) sesy < Pse);

(CK4) px = Zfes_l(x) Sijc whenever 0 < s~ (x)| < +o0.

Using a similar argument as in [11, Theorem 2.11], we have the following.

LEMMA 2.5. LetY beasetand €= (P(Y), EL, r, s) be a lattice atomic graph. There
exists a Cuntz—Krieger E-family {s,, pa} such that ps # pp whenever A # B € P(Y).

PROOF. Set H, :=lr(P(Y)) ® £2(EY) for each e € EL. If a € Y is a sink, we put
Hy = 0(PX)) & r(EY). If a €Y is not a sink, we put H, := @ee‘,_l(u) H,. Let
Hy =@, Hy forany A € P(Y). We write H := Hy and identify H, € H(). For
every e € £!, we define a partial isometry s, € £(H) with initial space H, (¢ and final
space H,. For every A € P(Y), we define p4 € L(H) to be the orthogonal projection
onto Hy. It is not hard to check that {s., p4} is a Cuntz—Krieger £-family satisfying
the required property. a

This result, together with Proposition 2.1, gives the following corollary.

COROLLARY 2.6. If& is adistributive lattice atomic graph, then there exists a Cuntz—
Krieger E-family. In fact, there exists a Cuntz—Krieger E-family on some L(H) which
satisfies a stronger condition than (CK4):

(CK4) px =80T — 3 /i1y sys’ whenever sl #0
(where SOT — > means the strong operator limit of the finite sums).

However, the Cuntz—Krieger £-family does not exist for arbitrary lattice atomic
graph as can be seen in the following example.

EXAMPLE 2.7. (a) Let eV = {o, a, b, c, i} be alattice represented by the following
Hasse diagram:
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Put ! = {a, B, y}, where

s(e)=a, sB)=b, s(y)=c and r(a)=rB)=r(y)=i.

Clearly, £ = (€%, £, r, 5) is a lattice atomic graph. Suppose that there is a
Cuntz—Krieger £-family {s., px}. Sincea Vb =>b VvV c=a Vv c =i, we have, by
(CKD),

Pi =Pa +Pbr =Pb +Pc =Pa + Pc

and so, p, = P» = Pc- As p; = 2p, iS a projection, we must have p, = pp =
pc = 0. Now (CK3) implies that s,s;, = s,f;s;g = s,,s;j = (0 which contradicts the
assumption on their ranges.

(b) Let&=(E% &L, r, s) be a lattice atomic graph with EV = {o, e, f, g,1} being a
lattice represented by the following Hasse diagram:

Suppose that FY={o, a, ¢, i} is the sublattice of the lattice represented by the
Hasse diagram in part (a) and ¢ : £ 0 79 is the lattice homomorphism defined
by p(0) =0,0(i)=1i,¢(e) =a,p(f) =c=¢@(g). Setr' =¢porands =g os.
Then F = (F°, &', r', 5) is a lattice atomic graph such that any Cuntz—Krieger
F-family {s., py} induces a Cuntz—Krieger £-family {s., py(x)}. As FO s
distributive, we know that a Cuntz—Krieger £-family exists (Corollary 2.6).

It is well known that a lattice is nondistributive if and only if it has a sublattice
whose Hasse diagram is isomorphic to either the diamond shape as in part (a) or the
pentangonal shape as in part (b). The above example seems to indicate that the only
obstruction to the existence of a Cuntz—Krieger family is the appearance of a sublattice
with the Hasse diagram being of diamond shape.

In the following, we give a more thorough study of the existence of Cuntz—Krieger
families which explains the difference between the diamond shape and the pentangonal
shape lattices as in the above example. Let us first make the following simple
observation about Cuntz—Krieger families.

LEMMA 2.8. Let £ = (Y, €', r, 5) be a lattice atomic graph and {s., px} be a Cuntz—

Krieger E-family on a C*-algebra B.

(a) If we consider B as a C*-subalgebra of some L(H), then Bgo :={px | x € &%
is a distributive sublattice of the lattice of projections in L(H). If £ is a lattice
atomic graph, then Py ey is an atom in Beo (for every e € EL).

(b) We haves, #sy foreverye# f € el

() Ifx,ye 82 with px = py and s~ (x) # 0, then x = y.
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PROOF. (a) Itisclear thatif p, g are commuting projections of L(H), then p A g =
pq aswellas p vV g = p + g — pq. Now, this part is clear.

(b) Ifes# fe&' buts,=sy, then s.sf = sys and we have s.s;s s} =ses; # 0
which contradicts the fact that s}s y = 0.

(c) For any e € s~ (x), we have 0 #S.S, <px. Hence, pyry=px# 0 and
x Ay # 0 which means that x = y. O

PROPOSITION 2.9. Let £ =(£°, EL, r, 5) be a lattice atomic graph. There exists a
Cuntz—Krieger E-family if and only if there exist a distributive lattice L and a lattice
homomorphism ¢ : E° — L such that ¢ is injective on 5‘9 ={xe 53 | s~1(x) # @),

PROOF. The necessity follows from Lemma 2.8. Conversely, suppose that such L and
@ exist. Note that ¢ (€ 9 is a (distributive) sublattice of L and so we can assume that ©
is surjective. It is easy to see that ¢ (0) is the zero of L. Moreover, ¢(x) is an atom of
L for each x € £°. Indeed, if ¢(y) < ¢(x), then

() =y Ax) €{p0), px)}.

Letr'=¢orands' =¢os. Then F= (L, E', 1, s") is a distributive lattice atomic
graph. By Corollary 2.6, there exists a Cuntz—Krieger F-family {s., q,}. We claim
that if py :=qgu) (x € £9), then {s., py} is a Cuntz—Krieger £-family. The only
nontrivial part is (CK4). Suppose that x € 52 such that 0 < |s~1(x)| < co. For any
ee (s/)_1(<p(x)), we have ¢(s(e)) = ¢(x) which means that s(e) = x (because of the
hypothesis and the fact that x, s(e) € 8?). Thus, (s’)_l((p(x)) =s~!(x) and {s,, Px}
will satisfy (CK4). O

COROLLARY 2.10. For any lattice K with a zero, the following two statements are
equivalent.

(a)  There exists a distributive lattice L and a lattice homomorphism ¢ : K — L such
that ¢ is injective on K.

(b) For any lattice atomic graph £ = (&9, &, r, 5) with EY = K, there exists a
Cuntz—Krieger E-family.

PROOF. (a) = (b) This follows directly from Proposition 2.9.

(b) = (a) Take any x € K, and put &' :={(a, x) |a € K,}. Define r, s | E!' - K
by s((a, x)) =a and r((a, x)) = x. Then £ = (K, EL 1, 5) is a lattice atomic graph.
Let {s., px} be a Cuntz—Krieger £-family. Then L = {py | x € E% and ¢ (x) = py will
satisfy the conditions in part (a) (because of Lemma 2.8). O

3. C*-algebras of lattice atomic graphs

Let £= (% &', 1, 5) be a lattice graph. Suppose that G is the disjoint union
{se | e € ENY W {p, | x € £} of symbols indexed by E! and EY respectively, and R
is the relations (CK1)—-(CK4). Then the existence of a Cuntz—Krieger £-family will
imply that (G, R) is admissible in the sense of [2, Definition 1.1], and so one can
construct a C*-algebra C*(G, R) as in [2]. We denote this C*-algebra by C*(£) and
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call it the C*-algebra of the lattice graph €. Note that C*(£) exists only when there
is a Cuntz—Krieger £-family. The canonical image of £! W Y in C*(€) is called the
universal Cuntz—Krieger E-family.

In the following, we again restrict our attention to lattice atomic graphs. Our first
result shows that any lattice atomic graph C*-algebra can be realised as a distributive
lattice atomic graph.

THEOREM 3.1. Let £ be a lattice atomic graph such that there exists a Cuntz—Krieger
E-family. Then there is a distributive lattice atomic graph F such that C*(E) = C*(F).

PROOF. Let {s., px} be the universal Cuntz—Krieger £-family and Pgo be the
corresponding distributive lattice as given in Lemma 2.8(a). Define ¢ : 0 — PBeo
by ¢(x) =px as well as ' =g or and s’ =g os. Then F:= (Pgo, L, 7', s") is a
distributive lattice atomic graph. If {t., qy} is the universal Cuntz—Krieger F-family
and P, :=qy(x), then Lemma 2.8(c) and the argument of Proposition 2.9 tell us
that {t., p/} is a Cuntz—Krieger £-family. This shows that there is a surjective
*-homomorphism ® : C*(£) — C*(F) such that

O(px) =qpx) and D(se) =t..

Conversely, if we define q;,x ‘= Py, then {s,, q/y} is a Cuntz—Krieger F-family. This
induces a surjective *-homomorphism W : C*(F) — C*(&) such that W(qy(x)) = Px
and W (t,) =S,. O

Note that if £ = (80, Elr, s) is a lattice atomic graph such that there exists a
largest element i € £ and {s,, p,} is the universal Cuntz—Krieger £-family, then p;
is the identity. The converse is true if £ is distributive. More generally, we have the
following result which is a generalisation of the corresponding result for ultragraph
C*-algebras.

PROPOSITION 3.2. Let €= (EY, EL, 1, 5) be a lattice atomic graph such that there
exists a Cuntz—Krieger E-family. If C*(E) is unital, then 1 € Pgo where Pgo is the
lattice as in Lemma 2.8(a) for the universal Cuntz—Krieger E-family {s., px}. If, in
addition, £° is distributive, then the uniticity of C*(E) will imply that there exists
i € Y with x <i for any x € £°.

PROOF. Suppose that C*(€) is unital. The set F(E°) of all finite subsets of £ is
a directed set. For any F € (&Y, we set yr:=\{x|x e F}. Forany e€ & and
x € EY, we have

”pypse — S|l + ”Sepyp — S| + ||pprx —Ppxll + ||pxpyp —pxll— 0.

Hence, {p,,} is an approximate unit in C*(£) and ||1 — p,, || — 0. This implies that
there exists D € F(E%) with 1 = Pyp- If £9 is distributive, the relation p, = pyn yp (X €
£9% will imply that x < yp (note that x > p, is injective because of Lemma 2.5). O

We end this paper with two examples.
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EXAMPLE 3.3. (a) Let £2=1{0, 1, 2} with the usual ordering, £! = {a}, r(a) =2
and s(a) = 1. Then £ = (€%, ', r, s) is a distributive lattice atomic graph. If
{sa, P1, p2} is the universal Cuntz—Krieger £-family, then p; is the identity of
C*(&) (by Proposition 3.2) and p; # p2 (by Proposition 2.1 and Lemma 2.5).
Thus, C*(€) is generated by a nonunitary isometry and is thus the Toeplitz
algebra (see, for example, [4]).

(b) Let £9={0} U1, co) with the usual ordering, £! = {a} and r(a) = 1 = s(a).
Suppose that {s,, p;} is the universal Cuntz—Krieger family for the distributive
lattice atomic graph & = (50, Elr s). Note that s, =p; and so C*(E)
is generated by a increasing net of distinct nonzero projections {p; |t €
[1, 00)}. Thus, there exists a locally compact Hausdorff space 2 such that
C*(€) = Cy(2). For each w € 2, we denote

Sp:={te[l,o0):w(p;) =1}#07.

Note that if w, v € 2 with S, = S, then @ and v agree on the generating set
{p:} which implies that @ = v. Moreover, since w(py) = 1 will imply w(p;) =1
when ¢ > s, we see that S, is either [s, o0) or (s, o0) for some s € [1, 00). We
now show that both of these two types of sets are possible, that is, we have a
bijection from €2 to {[s, co) | s € [1, c0)} U {(s, o0) | s € [1, o0)}. In fact, for
any t € [1, 00), we can set a;, by € £°([1, o0)) by

X t#1

b[ = X[1,7] and a; =
X1 t=1.

Then both {a;} and {b;} are increasing nets of nontrivial projections
in £%°([1, co0)) and there exist surjective *-homomorphisms & : C*(£) —
C*({as}) C£°°([1, 00)) and V¥ : C*(&E) - C*({b;}) such that ®(p;) = a; and
V(p,) =b (1 €[1,00)). Let g5 € £>([1, 00))* be defined by ¢s(f) = f(s)
(s €[1, 00)). Put ¢ps := 5 0 ® € Q and 5 := @5 o ¥ € Q. It is easy to see that
Sp, = (s, 00) and Sy, = [s, 00). Now, we set

A= {X[5,00) 1S €1, 00)} U {x(5,00) : 5 €[1, 00)} S LP([1, 00))

and equip it with the topology of pointwise convergence on [1, co). The above
tells us that w — xg, gives a bijection from € to A. Note that w(p;) =
xs,(®) (t €[l, 00)). Thus, for w;, w € 2, we have w; — w if and only if
w; (py) = w(py) for any t € [1, co) (because {p;} generates C*(€) and w; are
contractive homomorphisms). This shows that w; — w if and only if x5, — xs,
pointwisely on [1, co). Consequently, 2 = A as topological spaces. l

REMARK 3.4. (a) Note that although Toeplitz algebra is a graph C*-algebra, the
lattice graph £ in Example 3.3(a) is not even an ultragraph.

(b) Since the C*-algebra in Example 3.3(b) is not separable, it is not an ultragraph
C*-algebra.
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