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Spectral Triples from Stationary Bratteli Diagrams
J. KELLENDONK & J. SAVINIEN

ABSTRACT. We define spectral triples for stationary Bratteli diagrams
and study associated zeta functions, traces of heat kernels, and their
spectral states. We observe that the zeta functions are periodic with
purely imaginary periods and that the Seeley coefficients are log(z)
periodic. We interpret these as a sign of self-similarity. We describe
several examples and emphasize the case of substitution tiling spaces.
For such tilings, the spectral measure turns out to be the unique mea-
sure that is ergodic under the translation action.

1. Introduction

Even though noncommutative geometry [4] was invented to describe (virtual)
noncommutative spaces, it turned out also to provide new perspectives on (clas-
sical) commutative spaces. In particular, Connes’ idea of spectral triples aiming
at a spectral description of geometry has generated new concepts, or shed new
light on existing ones, for topological spaces: dimension spectrum, Seeley type
coefficients, spectral state are notions derived from the spectral triple, and we will
talk about them here. Indeed, we study in this paper certain spectral triples for
commutative algebras that are associated with stationary Bratteli diagrams, that
is, with the space of infinite paths on a finite oriented graph. Such Bratteli dia-
grams occur in systems with self-similarity such as the tiling systems defined by
substitutions.

Our construction follows from earlier ones for metric spaces, which go under
the name “direct sum of point pairs” [3] or “approximating graph” [15], suitably
adapted to incorporate the self-similar symmetry. The construction is therefore
more rigid. The so-called Dirac operator D of the spectral triple will depend on
a parameter p, which is related to the self-similar scaling. We observe a new fea-
ture that, we believe, ought to be interpreted as a sign of self-similarity: The zeta
function is periodic with purely imaginary period li’g’;. Correspondingly, what

corresponds to the Seeley coefficients (in the case of manifolds) in the expansion
—tD?

of the trace of the heat-kernel e
2
log p
of spectral triples. If we take the tensor product of two such triples and compare

the spectral states 77 2 for the individual factors with the spectral state 7 of the
tensor product, then a formula like 7 (A| ® A2) = T1(A1)T2(A2) will not always
hold due to resonance phenomena of the involved periodicities.

is here given by functions of log¢ that are
-periodic. This has consequences for the usual formulae for tensor products
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Our main application will be to the tiling space of a substitution tiling. In this
case, the finite oriented graph defining the spectral triple is the substitution graph.
Moreover, the spectral triple is essentially described by the tensor product of two
spectral triples of the type mentioned, one for the transversal and one for the
longitudinal direction.

Summary of Results

After a quick introduction to spectral triples, we are first concerned with the prop-
erties of their zeta functions in the case that the expansion of the trace of the heat

—1D?

kernel e is not simply an expansion into powers of ¢ but of the type

Tr(e 2*) "0 f(—log )i (1)

with N(«) < 0, where f : Ry — R a bounded locally integrable function such
that limg_, o+ sL[ f](s) exists and is nonzero, where L is the Laplace transform.
A nonconstant f in that expansion has consequences that we did not first ex-
pect. We are led in Section to study classes of operators on 5(5)) that have
a compatible behavior. An operator A € B($)) is weakly regular if there exists a
bounded locally integrable function f4 : Ry — R for which lim,_, g+ s L[ fa](s)
exists and is nonzero, such that

Tre " 4) 2 fa(—logn)i®, @)

where « is the same as in equation (1). For such operators, the spectral state does
not depend on a choice of a Dixmier trace and is given by

L
Foty = tim SUAIO)
s—>0t L[f](s)
where f is the same as in equation (1); see Lemma 2.3. We also define strongly

regular operators, for which we have in particular f4 = 7 (A) f in equation (2)
(see Lemma 2.4). Regular operators have an interesting behavior under tensor
product, which we will use in the applications to tilings. If the spectral triple is
a tensor product, that is, (4,9, D) = (A1 ® 42,91 @ $H2, D1 @1+ x ® Dy),
where yx is a grading on (A1, 1, D1), then we have:

Foa @ A — tim S A1)
s—0+ LLf1/21(s)

where f; isasin (1) for D;, and f4, asin (2) for A;, for each factor i =1, 2 of the
tensor product; see Lemma 2.7. In general, only if both A; and A, are strongly
regular for the individual spectral triples, the state will factorize as 7 (A] ® Ap) =
Ti1(A1)T2(A2). Here 7; denotes the spectral state of (A;, $;, D;), i = 1,2 (see
Corollary 2.8). It is easy to build examples for which this equality fails for more
general operators: for instance, we could have 71(A;) =0 and 7 (A; ® Ay) #0;
see the end of Section 3.3 for such a counterexample.

In Section 3, we study spectral triples associated with a stationary Bratteli
diagram, that is, for the C*-algebra of continuous functions on the Cantor set
of (half-)infinite paths on a finite oriented graph. These depend on the matrix
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A encoding the edges between two levels in the diagram (called here a graph
matrix and assumed to be primitive), a parameter p € (0, 1) to account for self-
similar scaling and a horizontal structure H (a set of edges linking the edges of the
Bratteli diagram). We determine the spectral information of such spectral triples.
In Theorem 3.3, we derive the Connes distance and show under which conditions
it yields the Cantor topology on the path space. We compute the zeta function
¢(z) = Tr(]D| %) and the expansion of the heat kernel.

THEOREM (Theorems and and Remark in the main text). Consider a

spectral triple associated with a stationary Bratteli diagram with graph matrix

A and parameter 0 < p < 1. Assume that A is diagonalizable with eigenvalues

AlyeeesAp.

e The zeta function ¢ extends to a meromorphic function on C that is invari-

ant under translation 7z — 7 + lg’g”p. It has only simple poles, and these are
at (logh; + 2mik)/(—logp), k € Z, j =1,..., p. In particular, the spec-
tral dimension (abscissa of convergence of ¢) is equal to sy = log Apg/log p,
where App is the Perron—Frobenius eigenvalue of A. The residue at the pole
(logh; +2mik)/(—log p) is given by C;%)\j/(— log p).

e The Seeley expansion of the heat-kernel is given by

—_+tD? i )
Tr(e P = D Clp2iogp.logs, (—logn)r'oehi/Gloer)

Jilagl>1
i —logt
CP——=— +h(t),
O S0y T

where h is entire, y,, is an r-periodic smooth function, and jo is such that
A, =1
Jo :

The constants C ;{ are given in (9); they depend on the choice of horizontal edges

7L. The function pr.q 1s explicitly given in equations (15) and (16), and its aver-
1

age over a period is p,, = ;I'(%). If A is not diagonalizable, then ¢ has poles
of higher order and the heat-kernel expansion is more involved (with powers of
log(#) depending on the order of the poles); see Remark 3.5 and Theorem

In Section 4, we apply our findings to substitution tiling spaces Q2¢. We con-
sider geometric substitutions of the simplest form, as in [9], which are defined
by a decomposition rule followed by a rescaling, that is, each prototile is decom-
posed into smaller tiles, which, when stretched by a common factor 6 > 1 (the
dilation factor), are congruent to some original tile. The result of the substitution
on a tile is called a supertile (and by iteration then an nth-order supertile). If we
apply only the decomposition rule, then we obtain smaller tiles, which we call
microtiles.

The approximating graph for Q¢ is constructed with the help of doubly infi-
nite paths over the substitution graph. Half-infinite paths describe its canonical
transversal. We use this structure to construct a spectral triple for C(2¢) essen-

tially as a tensor product of two spectral triples, one obtained from the substitution
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graph and the other from the reversed substitution graph. Indeed, the first of the
two spectral triples describes the transversal, and the second the longitudinal part
of Q¢. Since the graph matrix of the reversed graph is the transpose of the original
graph matrix, we will have to deal with only one set of eigenvalues Aq, ..., Ap. It
turns out wise, however, to keep two dilation parameters o and o1y as indepen-
dent parameters, although they will later be related to the dilation factor 6 of the
substitution. We obtain the following:

THEOREM (Theorem 4.7 in the main text). The spectral triple for C(Qq) is finitely
summable with spectral dimension

dlog6 dlog6
50 = ,
—logpox —log Plg

which is the sum of the spectral dimensions of the triples associated with the
transversal and with the longitudinal part.

The zeta function £ (z) has a simple pole at sy with positive residue.

The spectral measure is equal to the unique translation-invariant ergodic prob-
ability measure on Q.

In an older version of this work [14], we investigated the problem of extension
of the quadratic form Q(f, g) =7 (ID, f1*[D, g]) (defined on a properly chosen
domain) to a Dirichlet form on the tiling space of a Pisot substitution tiling. These
tilings share further properties that allow for the calculation of the Dirichlet form.
It turns out that the corresponding Laplace operator is given by a standard elliptic
second-order differential operator on the maximal equicontinuous factor (a torus
or an inverse limit of tori). The somewhat technical details can be found in [14].

2. Preliminaries for Spectral Triples

A spectral triple (A, $, D) for a unital C*-algebra A is given by a Hilbert space )
carrying a faithful representation 7 of .A by bounded operators and an unbounded
self-adjoint operator D on ) with compact resolvent such that the set of a € A
for which the commutator [ D, 7 (a)] extends to a bounded operator on §) forms a
dense subalgebra Ay C .A. The operator D is referred to as the Dirac operator. In
all examples here, we will assume it to be invertible, with compact inverse. The
spectral triple (A, £, D) is termed even if there exists a Z/2-grading operator x
on $ that commutes with 7 (a), a € A, and anticommutes with D.

We consider the case of commutative C*-algebras A = (C(X), || - ||co) of con-
tinuous functions over a compact Hausdorff space X with the sup-norm, so we
may speak about a spectral triple for the space X. The spaces we consider are
far from being manifolds. Spectral triples for such spaces have been considered
earlier for fractals in [7; 8; 16] and for ultrametric Cantor sets and tiling spaces in

[17; 125 15].
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2.1. Zeta Function and Heat Kernel

Since the resolvent of D is supposed to be compact, Tr(|D|™*) can be expressed
as a Dirichlet series in terms of the eigenvalues of |D|." The spectral triple is
called finitely summable if the Dirichlet series is summable for some s € R and
hence defines a function

¢(2)=Tr(IDI™)

on some half-plane {z € C: N(z) > 5o}, which is called the zeta function of the
spectral triple. The smallest possible value for sg (the abscissa of convergence of
the Dirichlet series) is called the metric dimension of the spectral triple. We call

¢ simple if lims_”: (s — s0)¢ (s) exists. This is, for instance, the case if ¢ can be

meromorphically extended and then has a simple pole at so. We will then also
refer to the meromorphic extension simply as the zeta function of the triple.

Another quantity to look at is the heat kernel e~? ?
operator. Thanks to the Mellin transform

o0
F(s)/fzs=/ =1 g
0

of the square of the Dirac

where @ > 0, and I'(s) = 0+°° e 1571 dt is the gamma function, we can relate

the zeta function to the heat kernel as follows:
(0.¢]
I'(s)¢(2s5) = / Tr(e 2%~ dr.
0

This of course makes sense only if e"D2 is trace class for all r > 0, which is
anyway a necessary condition for finite summability. Notice that the trace class
condition implies also that s — faoo Tr(e™'P z)ts ~1dt is holomorphic for all § > 0.

The last formula is particularly useful if we know the asymptotic expansion of
Tr(e™’ DZ) at t+ — 0 or only its leading term.” It is well known that the form of

the asymptotic expansion is related to the singularites of the zeta-function [5; 1 1].
For instance, an expansion of the form

Tr(e Py = " cat® + (1)
o
with M () < 0, ¢y € C, and a function i bounded at O (in particular, without log-
arithmic terms like log ) implies that the zeta function has a simple pole at —2«
with residue equal to 2¢,/ I'(—«) and is regular at 0 [5]. We will see, however,
that the situation is quite different in our case, where we have to replace ¢, by

IFor simplicity, we suppose (as will be the case in our applications) that ker(D) is trivial; otherwise,
we would have to work with Trker(D)i (ID|~*) or remove the kernel of D by adding a finite-rank
perturbation.

2A function f:R>0 — Cis asymptotically equivalent to g : R>0 - Ras 7 — 0, written f =20 g,
if | f — gl =o0(]g]). The notation f = O(g) means that IM > 0,35 >0, V0 <1 < §: |f(t)| <
M|g(t)|, and f =o0(g) means that Ve > 0,35 > 0,V0 <t < §: | f(t)] <€|g(®)].
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functions that are periodic in log¢. Recall the Laplace transform of a function f
at s:

LIS = fo Fe ™ dx. 3)

We assume therefore in the sequel that the asymptotic behavior of the trace of the
heat kernel is given by

Tr(e 2%) 20 f(—logt)e®, o)

where ¢ < 0,and f : R=% — Risabounded, locally integrable function for which
limg— 0 s L[ f](s) exists and is different from 0. This is the weakest assumption
needed for ¢ to be simple and have nonnegative abscissa of convergence, and to
be able to compute its residues explicitly, as the following lemma shows (see also
Remark 2.2 for a regular example of such f).

LEMMA 2.1. If the trace of the heat kernel satisfies (4), then ¢ is simple, has
abscissa of convergence f

1
so =—2a, and EF(%)

If, moreover, L[ f1(s) admits a meromorphic extension with simple pole at 0 and
Tr(e_’Dz) — f(—logt)t* = O (t?) (with B > «), then £ (s) has a simple pole at
so = —2a, and hence %I‘(%‘)) Res(¢, s9) =Res(L[f]1,0) = lims_ o sL[f](s).

1im+(s —s50)(s) = lirr%)sﬁ[f](s).

S—)SO

Proof. We adapt the arguments of [11]. Let h(¢) = Tr(e_‘Dz) — f(—log#)t* and
M =sup, | f(x)|. Then, for all € > 0, there exists § < 1 such that | (¢)| < e Mt% if
t < §. In particular, Hs(s) := f(;s h()rs~ 1 dt satisfies | Hs(s)] < e M8 /(a + ),
provided that o + s > 0. Now, again for « + s > 0,

o) )
r(s);(zs)zf Tr(e_’Dz)tS_ldt:/ f(=log)t* =V dr + Hs(s) + ge(s),
0 0

where ge(s) = [§° Tr(e="P*)ts=! dt is holomorphic in s. This shows that ¢(2s)
is finite for s > —«. Furthermore,

8 logé
lim (@4s) | f(=logn)t** " 'dr = lim s/ f(=1)e™dr
+ 0 s—07F

s——a -0

= lim sL[f](s),
s—0t

where we have used in the last equation that limg_, o+ s /iggé f(=t)e*dtr =0.
Since € > 0 is arbitrary, we conclude that
lim (a4 s)I'(s)¢@2s) = lim sC[f](s).
s——at s—071

Hence, so = —2« is the abscissa of convergence.

Now if A(¢) is of order ##, then we can find M > 0 and 8 > 0 such that
|h(t)t=P| <M if 0 <t < 8. If B > «, then the function  — T~ is integrable
on (0, &) as long as s lies in a sufficiently small neighborhood of —«. Since s —
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t*1#=1 is holomorphic for all # > 0, we find that Hs(s) = f(f (h(O)t=PyrstB=1 gz is

holomorphic near s = —«, which shows that (o + 5)¢(2s) is holomorphic there,
too. Thus, ¢ has a simple pole at —2«, and we have the stated formula for its
residue. O

REMARK 2.2. If f(1) = ¢€'%T, then L[f](s) = L Thus, if f is the restriction

s—ia*

of a periodic function of class C!, then upon using its representation as a Fourier
series, we see that s L[ f](s) extends to an analytic function around 0, and

lin(l)sﬁ[f](S) =f,

the mean of f.

2.2. Spectral State

Given a bounded operator A on §) such that | D|™%0 A is in the Dixmier ideal, we
consider the expression

T(A) =Tro (DI A)/ Tro (1D ),

which depends a priori on the choice of Dixmier trace Tr,. With a little luck,
however, lim, st % Tr(]D|~* A) exists, and then [4]

1
T(A) = lim —— Tr(|D|*A).
s%sar ¢(s)
We provide here a criterion for that. Note that the Mellin transform allows us to

write
1

o0 2
/ Tr(e 'P" A)*/> L a.
I'(s/2) Jo

We call A € B($)) strongly regular if there exists a number c4 such that

Tr(|D|™°A) =

Tr(e= P’ A) — ca Tr(e~'P%) = o(Tr(e~'"%)).

If ¢4 # 0, then we can thus say that Tr(e =P A) 20 ¢4 Tr(e=P%). In the context
in which the heat kernel satisfies (4), it is useful to consider the notion of weakly
regular operators A € B($)). These are operators that satisfy

Tr(e2*4) "2 fa(—logi)®, 5)

where « is the same as in (4), and f4 : Rz 5 Cisa bounded, nonzero, locally
integrable function for which lims_.05L[ f4](s) exists. Clearly, strongly regular
operators are weakly regular, and f4 = c4 f in this case, where f is given in
equation (4) (we actually have c4 = T (A); see Corollary 2.4).

LEMMA 2.3. Assume that the trace of the heat kernel satisfies (4) and that A €
B(9) is weakly regular, that is, satisfies (5). Then lim ! Tr(|D| ™% A) exists

s—>sg 7()

L)
T =l e

and is equal to
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Proof. Under the hypothesis, for all € > 0, we can find § > 0 such that if s > s,
then

S
<e / | fa(— logDl® /2~ ds
0

5a+s/2

$
/ (Tr(e™™P* A) — Fa(—log)r®)r*/>~ L dr
0

<eMy )
a+s/2

where M4 is an upper bound for | f4 (—log?)|. Since fsoo Tr(e_'Dz)z‘x/z_1 dt and
hence also f;o Tr(e_’DZA)tS/Z_l dt are finite for all § > 0, we get (¢ = —s¢/2)

i 1 /OO —tD? 2—1 ! —s0)/2—1
Iim —— Tr(e t A)ts/ dr — / fa(—=1lo l‘)t(s 50)/ dt
s—si [ (s/2)¢(s) o 0 g

<eMjy.

Notice that fol fa(—log N~ dr = L[ fal(s). Since € was arbitrary, we conclude
that

lim LTr(|D|‘XA) _ i SAlGS —s0)/2) L LLfAlG)

s—si §(s) s—st T(s/2)8(s) s=0 LLf1(s) O

CoRrOLLARY 24. If A € B($) is strongly regular, then Tr(eftDzA) o
T(A) Tr(e'P 2A). In other words, the functions in equations (4) and (5) satisfy
fa=TA)f.

Proof. If A is strongly regular, then it is also weakly regular with f4 =cga f.
The Laplace transform is linear, so L[ f41(s) = c4 L[ f]1(s), and Lemma then
implies c4 = T (A). O

Order the eigenvalues of |D| increasingly (without counting multiplicity) and let
F,, be the nth eigenspace of | D|.
COROLLARY 2.5. Let A € B($) and A, =Trg, (A|F,)/ dim F,. If the limit
A= lim A,
n—o00

exists, then A is strongly regular, and T (A) = A.

Proof. Write ¢,, = e~ dim F,, where u, is the nth eigenvalue of | D|. We have
Te(e P’ 4) — ATe(eP") = Y (A — Acs.
n>1

Now fix € > 0 and choose an integer N such that |Ap - Al <e forall n >
Ne. Then the series of the r.h.s. can be bound by (sup, |A, — Al) Zn<N€ ¢y +

. 2 .
€ anNe cp. Using anNe ¢, <Tr(e™'P"), we find that, for all € > 0, there exists
C¢ such that

I Te(e P’ A) — ATr(e~'P?)| < C. + e Tr(e D7),
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. . 0
Since Tr(e~'P’) tends to +00 as ¢ tends to 0, this shows that Tr(e_tDzz_4) =
fa(—logt)t* with f4 = Af. Applying Lemma 2.3, we see that T (A) =A. O

In the commutative case where A = C(X) for a compact Hausdorff space X, we
are particularly concerned with operators of the form A = n (f) for f € C(X) or
for any Borel-measurable function f on X. By the Riesz representation theorem
the functional f +— T (w(f)) gives a measure on X, which we call the spectral
measure.

2.3. Direct Sums

The direct sum of two spectral triples (A1, 91, D1) and (A3, H2, Dy) is the spec-
tral triple (A, 9, D) given by

A=A ¢ A, H=55 DN, D =Dy ® D>,

with direct sum representation. The zeta function ¢ of the direct sum is clearly the
sum of the zeta functions ¢; of the summands, and thus its abscissa of convergence
so is equal to the largest abscissa of the two zeta functions ¢;. Let 7 denote the
spectral state of the direct sum triple, and 7; those of the summands, and assume
that all zeta functions are simple. Then, for regular operators A; and A;, we have

T(A) = (1T (A1) + 2T (A2)), (©)

c1+ o
where ¢; = lirns_)sar (s — 50)¢i(s). Notice that ¢; = 0 if the abscissa of con-
vergence of ¢ is smaller than that of ¢, in which case 7 (A) = T (A;) (and
similarly with 1 and 2 exchanged: 7 (A) = T (A)). Notice also that ¢c; + ¢, =

lims_”g (s —s0)(s).

2.4. Tensor Products

The tensor product of an even spectral triple (A1, 1, D;) with grading operator
x and another spectral triple (A, 2, D») is the spectral triple (A, $), D) given
by

A=A ® Az, H=9H1® 9, D=Di®1+ x ®D>.
Notice that D? = D12 RI+1® D%. It follows that the trace of the heat kernel
is multiplicative: Tr(e_’Dz) =Trg, (e_’D%) Trg, (e_’Dg). This allows us to obtain
information on the spectral state of the zeta function.

LEMMA 2.6. Suppose that Trg, (e*tDlz) and Trgz(e*’D%) satisfy (4) with f = fi
and f = f», respectively. Suppose that limg_,o s L[ f1 f21(s) exists and is nonzero.
Then the metric dimension sy of the tensor product spectral triple is the sum of
the metric dimensions of the factors, and the zeta function ¢ of the tensor product
is simple with

%F(%) lim (s = 50)¢ ) = im sLLfi /2165,

T
0
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Proof. Due to the multiplicativity of the trace of the heat kernel, we have

Tr(e™P%) 20 f1(—log 1) fo(—log ez,

and hence the result follows from Lemma 2.1. O

LEMMA 2.7. Assume the conditions of Lemma . Let Ay € B($1) and A, €
B($)2) be weakly regular with functions fa, and fa,. Then

_ LLfa, f4,(8)
A Ar) =1 RN
TAr®A) = lm =)

Proof. Lete > 0 and choose 6 > 0 such that | Trg, (e”DizA,') — fa; (=logt)t¥| <
et for 0 <t < 8. Then

8
/ Trs (e 'P" A1 ® Ax)r* L dr
0
’ D? D2 1
=/0 Trﬁl(e_’ 1A1)Tr,62(e_t 2A) T dt

B
:/ (fAl(—logt)fAz(—logt)+0(6))ta1+a2+s—1dt
0

8a1+a2+s

=L[fa, fa, (@1 + a2 +5) + 0(6)m7

from which the result follows by similar arguments as before. U

COROLLARY 2.8. Let A1 and A, be weakly regular operators.

(1) If Ay is strongly regular, then T (A1 ® A2) =T (AT A ® Ay).
(ii) If both Ay and A are strongly regular, then T (A1 ® Az) = T1(A1)T2(A3).

REMARK 2.9. The result of the corollary says that the spectral state factorizes
for tensor products of strongly regular operators. This corresponds to the formula
on page 563 in [4]. It should be noticed, however, that this factorization is in
general not valid for tensor products of weakly regular operators since the Laplace
transform of a product is not the product of the Laplace transforms. We consider
examples of this type at the end of Section

3. The Spectral Triple Associated with a Stationary Bratteli Diagram

An oriented graph G = (V, &) is the data of a set of vertices )V and a set of edges £
with two maps &£ ::; V', one assigning to an edge ¢ its source vertex s(¢) and

the second assigning its range r(¢). The graph matrix of G is the matrix A with

coefficients A, equal to the numbers of edges that have source v and range w.
We construct a spectral triple from the following data (see Figure | for an

illustration of the construction):

1. A finite oriented graph G = (V, £) with a distinguished one-edge-loop /*. We
suppose that the graph is strongly connected: for any two vertices vy, vy, there
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heHt A

Figure 1 The graph G associated with the Fibonacci matrix and hor-
izontal edges H = {h, h°P}

exists an oriented path from v; to v, and an oriented path from v> to vy. This
is equivalent to saying that the graph matrix A is irreducible. We will further
assume that A is primitive (i.e., AN € N, Vv, w, Af)vw > 0).

Alternatively, we can pick a distinguished loop made of p > 1 edges and
resume the case described before by replacing the matrix A by A and consid-
ering its associated graph G? instead of G.

2. A function T : £ — & satisfying for all ¢ € &:
(a) if r(g) is the vertex of [*, then T (¢) = I*,
(b) if r(e) is not the vertex of [*, then T (¢) is an edge starting at 7 (&) and such
that r (T (¢)) is closer” to the vertex of [* in G.
3. A symmetric subset = H(G) of £ x &E:

HC{(e,6)eExEe#e, s(e) =5s()).

This can be understood as a graph with vertices £ and edges # that has no
loops. We fix an orientation of the edges in H and write H = H+ U~ for the
decomposition into positively and negatively oriented edges.

4. A real number p € (0, 1).

NotaTION. We still denote the range and source maps by r, s on H: A %; E.

We allow compositions with the source and range maps from £ to V, which we
R }’2, S2
denote by 2 r2 srors: H % V . See Figure | for an illustration with the

Fibonacci matrix A = (} (1))

We denote by I1,,(G), or simply by I, if the graph is understood, the set of paths
of length n over G, that is, sequences of n edges €1 - - - &, such that r(&;) = s(€;41)-
We also set TT1p(G) = V. We extend the range and source maps to paths: if y =

3For the combinatorial graph metric where nonloop edges have length 1 and loop edges have length 0.
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&1--&n, then r(y) :=r(ey), s(y) :=s(e1). Also, given y =¢&1---&;---&,, We
denote by y; = ¢; the ith edge along the path.

The number of paths of length n starting from v and ending in w then is A" ;.
Recall that we require that A is primitive: 3N € N, Vv, w, AY > 0. (For the graph
G, this means that for any two vertices v, w, there is at least one oriented path of
length N from v to w; for the graph G N this means that for any two vertices v, w,
there is at least one oriented edge from v to w.) Under this assumption, A has a
nondegenerate positive eigenvalue App that is strictly larger than the modulus of
any other eigenvalue. This is the Perron—Frobenius eigenvalue of A. Let us denote
by L and R the left and right Perron—Frobenius eigenvectors of A (i.e., associated
with Apg) normalized so that

Y Rj=1. DY RjLj=1 7
i j

Let us also write the minimal polynomial of A as s (1) = ]_[,’;:1 (A — Ag)™ with
A1 = Apr and m = 1. Then from the Jordan decomposition of A we can compute
the asymptotics of the powers of A as follows [10]:

14
Al = RiLiMp+ Y P ()i, 8)
k=2

where Pk(ij Visa polynomial of degree my if n > my and of degree less than my, if
n<mg.

Let M; be the algebraic multiplicity of the jth eigenvalue of A (hence,
M;=1). Let RJ for 1 <Jj=<pand1=<1<M; be a basis of (right) eigen-
vectors of A: AR/ = Aj R Let also L7 be a basis of left eigenvectors of A
normalized so that R/ - L/ = 8;:8;r. So R"! = R and L' = L as defined in
equation (8). For 1 < j < p, let us define

M;

. 1 S
Ji_ 2 julyJid
= Aj DD R Ly ©
=1 veV
heH
Given G, we consider the topological space 1, of all (one-sided) infinite paths
over G with the standard topology. It is compact and metrizable. The set IToo, of
infinite paths that eventually become /* forms a dense set.

REMARK 3.1. This construction is equivalent to that of a stationary Bratteli dia-
gram [2]: this is an infinite directed graph with a copy of the vertices V at each
level n > 0 and a copy of the edges £ linking the vertices at level n to those at
level n 4 1 for all n (there are also a root and edges linking it down to the vertices
at level 0). So, for instance, the set I1, of paths of length n is viewed here as
the set of paths from level O down to level # in the diagram. See Figure 2 for an
illustration (the root is represented by the hollow circle to the left).
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° ° °
° ° .

Figure 2 The stationary Bratteli diagram associated with the Fi-

bonacci matrix

Given 7, we obtain an embedding of IT,, into 1,41 by &1 ---&, > &1 -+ &,T(&y)
and hence, by iteration, into [T« C I1oo. We denote the corresponding inclusion
[T, — I by 7.

Given %, we define horizontal edges H, between paths of II,, namely
(y,v') € Hy if y and yp’ differ only on their last edges ¢ and &', and with
(e,¢) € . For all n, we carry the orientation of L over to Hy.

The approximation graph G, = (V, E) is given by:

V=JVu Va=1t(1y) C Moo,

n>0

E = UE” E,=1tx1t(H,),

n>1

together with the orientation inherited from ,: so we write E, = E;} U E,; for
alln and E = ET U E~. Given h € H, we denote by H,(h), E,(h), and E(h) the
corresponding sets of edges of type &.

We can think of an element in H,, as a pair of paths of length n that agree on
their first n — 1 edges and disagree on their nth edges and of an element in E,, as
a pair of infinite paths that agree on their first n — 1 edges, disagree on their nth
edges, and merge further down (according to the definition of 7) to the tail made
of the infinite repetition of /*. With this in mind, it is clear that E,, N E,;, = @ if

n#m.

LEMMA 3.2. The approximation graph G, = (V, E) is connected if and only if,
for all e, &' € € with s(e) = s(&'), there is a path in H linking € to &'. Its set of
vertices V is dense in Tly.

Proof. Let x,y € V, x # y, and let n be the largest integer such that x; = y;,
i=1,...,n—1, and x, # y, (50 s(x,) = s(¥,)). Any path in G linking x to
y must contain a subpath linking x, to y,. Hence, G, is connected iff the given
condition on 7 is satisfied.

The density of V is clear since any base clopen set for the topology of ITy:
[¥l={x €e N :x; =n;,i <n}, y €l,, n €N, contains a point of V, namely
T(y). U
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Given an edge e € E, we write ¢°P for the edge with the opposite orientation:
s(e°?) =r(e), r(e°?) = s(e). Now our earlier construction [15] yields a spectral
triple from the data of the approximation graph G,. The C*-algebra is C (1),
and it is represented on the Hilbert space ¢%(E) by

([ (e) = f(s(e)y(e). (10
The Dirac operator is given by
Dy(e)=p "¢p(e?), eckE,. (11)

The orientation yields a decomposition of 02(E) into £2(E1) @ ¢2(E7).

THEOREM 3.3. The triple (C(I1so(G)), €2(E), D) is an even spectral triple with
Z./2-grading x that flips the orientation. Its representation is faithful. If His suffi-
ciently large (i.e., satisfies the condition in Lemma 3.2), then its spectral distance
d, is compatible with the topology on T1oo(G), and we have

dy(x,y) = cayp™ + Y (ba(X) +ba ()" forx#y, (12)

n>nyy

where nyy is the largest integer such that x; = y; for i <nyy, and by(z) =1 if
T(2n) # Zn41 and by (z) = 0 otherwise for any z € . The coefficient cy is the
number of edges in a shortest path in H linking xy,, to0 yn,, . If H is maximal, that
is, H=1{(c,e) eEx E:e#£¢,s() =5(&")}, then cxy=1forallx,y €.

Proof. The first statements are clear. In particular, the commutator [D, 7w (f)] is
bounded if f is a locally constant function. The representation is faithful by the
denseness of V in Iy

If H satisfies the condition in Lemma 3.2, then the graph G is connected. It is
also a metric graph with lengths given by p” for all edges e € E,,. By a previous
result (Lemma 2.5 in [15]) d; is an extension to I1, of this graph metric, and since
> p" < 400, it is continuous and given by equation (12) (by straightforward
generalizations of Lemma 4.1 and Corollary 4.2 in [15]). (]

3.1. Zeta Function

We determine the zeta function for the triple (C (I (G)), ?%(E), D) associated
with the above data.

THEOREM 3.4. Suppose that the graph matrix is diagonalizable with eigenvalues
Aj, j=1,..., p. The zeta function { extends to a meromorphic function on C

that is invariant under the translation z — 7z + lﬁglp

. It is given by
P Cl.
t(2) = Z ;* +h(2),

where h is an entire function, and C T is given in equation (9). In particular, ¢ has
only simple poles, which are located at {(log); + 2mik)/(—logp) k€ Z, j =



Spectral Triples from Stationary Bratteli Diagrams 729

1,..., p} with residues given by

Res logh; +2mik C;:[)‘j (13)
T Tlogp )T Tloge

In particular, the metric dimension is equal to so = log App/(—log p).

Proof. Clearly,
(@)=Y p"HEn.
n>1
The cardinality #E, of E, can be computed by summing, over all vertices v € V
and all edges h € H with s?(h) = v, the number of paths of length n — 1:

#E, = Z Z A';;‘(h). (14)

veV ety

Now since A is diagonalizable, the polynomials P,ij in equation (8) are all con-
stant and can be expressed in terms of its (right and left) eigenvectors R%!, L*!,
1 <1 < M. (These vectors were normalized so that R*! are the columns of the
matrix of change of basis that diagonalizes A and the vectors L/ are the rows of
its inverse.) So from equation (8) we get #E, = Zf:  C k AZ for all n, and hence

P
_ k
E(z)—gcﬂ};k” o = Zcﬂl—kkpz

Hence, ¢ has a simple pole at values z for which p* Ay =1, k=1,..., p. The
calculation of the residues is direct. O

The periodicity of the zeta function with purely imaginary period whose length
is only determined by the factor p is a feature that distinguishes our self-similar
spectral triples from the known triples for manifolds. Note also that { may have a
(simple) pole at 0, namely if 1 is an eigenvalue of the graph matrix A.

REMARK 3.5. In the general case, when A is not diagonalizable, it is no longer
true that the zeta function has only simple poles. Here the polynomials P;’ () in
equation (&) are nonconstant (of degree my — 1 > 0 for k =2, ..., p) and give
power terms in the sum for ¢ (z) written in the proof of Theorem 3.4 (we get sums
of the form ), ., nA; p" for integers a < my — 1). In this case, ¢(z) has poles
of order m; at z = (logA; + 2mik)/(—log p).

3.2. Heat Kernel

We derive here the asymptotic behavior of the trace of the heat kernel Tr(e_’Dz)
around ¢t = 0.
Forr > 0, () > 0, and 5 € R, we define

[e.e]

’5(}’,0(,_9): Z F(Ol—‘,— M)e%ﬂks. (15)

r
k=—o00
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In particular,
1./ a o
Pra(o) = —plr - — (16)
r ror
is a periodic function of period r with average p, , = %F(%) over a period.

THEOREM 3.6. Consider the above spectral triple (C(I1so(G)), EZ(E), D) with
graph matrix A and parameter p € (0, 1). We assume that A has no eigenvalue
of modulus one. Write its eigenvalues A j, j =1,..., p. Let m; be the size of the
largest Jordan block of A to eigenvalue A, and P; the polynomial of degree m ;
as in equation (8). Then the trace of the heat kernel has the following expansion
ast — 0t:

2 1 d
Tr(eitD ) = Pj( _>p—210gp,—5'logp(_ IOgt)tisj/2
j;|AZj|:>l ~logp ds; ]

+ h(1), an

where s; =log;/(—logp), and h is a smooth function around 0. The leading
term of the expansion comes from the Perron—Frobenius eigenvalue, and we have
the asymptotic behavior

_tp2. t—0 —
Tr(e ™) "7 C 2108 . og aee (— log 1)1 /2, (18)

where so = log App/(—1log p) is the spectral dimension as given in Theorem 3.4,
and C”;l':t is given in equation (9).

Proof. From equations (14) and (8) we have #E,, = Zﬁ;l P; (n))»’]’., where P; is
a polynomial of degree m ;, for all n greater than or equal to max{m; : 0 < j < p}
(and if n < max{m; : 0 < j < p}, then P; has to be replaced by a polynomial of
degree less than or equal to m j, depending on n). Setting v = 02, the trace of
the heat kernel reads

P +oo

Do HEeT T = 3TN PimAl exp(—1v") + g1(0), (19)

j=1n=0

where g1(¢) is a smooth function around zero (the finite sum over n < max{my :
0 <k < p} of terms correcting the formula for #E,,).
First, consider an eigenvalue A; with | ;| < 1. We have

—tv" n/2 2, ,—tv" 2
|Pim)Xte ™" | < [Py (A" 11" le ™ || < a2,
where c; is a constant. So the corresponding series in equation (19) is absolutely
summable, and therefore eigenvalues of modulus less than 1 do not contribute to

the singular behavior of the trace.
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Hence, the trace of equation (19) can be rewritten as

+00
Yo #Ee T = N S P P exp(—1v") + g2(0)
n

JiAjl>1n=0

1 d
= P ns;/2 " t
> (—10gpds1> § v exp(—1v") + g2(1),

Jilajl>1

where g; is a smooth function around 0.
Consider now an eigenvalue A; with |1 ;| > 1. We thus have %i(s;) > 0, and
we can write

) +00 +00

. N . — , —

Z VSil2em P = Z V™% exp(—1v") — Z v 2 exp(—tv ™).
n n=—0oo n=1

The term Z;’;Xf v™"i/2 exp(—tv™") being bounded at 0, we only need to concen-

trate on the first sum. Clearly, £%//2 Y+ 5i/2 exp(—tv") = f (llggf)), where

00
f(S) — Z v(n—i—s)sj-/Z exp(_vn—i-s)‘

n=—oo

By standard arguments this series is uniformly convergent and defines a smooth
I-periodic function f. It follows that the singular behavior of Z+°° nj/2 %

exp(—tv") as t — 0T is given by S Gogy logt )z‘_sf/2 So we get that the trace reads
~2n 1 d log ¢
S #Ee = Pj(——>f<£>t—~w/2 Fh(),  (20)
) —logp ds; logv
n Jilajl>1

where £ is a smooth function around 0. So we are left with identifying the func-
tion f. Its Fourier coefficients are given by

fim [ b gyt gy T2 Gt oz,
—00

logv

so we see from equation (15) and (16) that f(s) = #ogpp(—Zlogp $i/2,—s)
Hence, the singular term associated with A; reads f (logt)t_sf/ 2 =

P—2logp,—s; log p (—log )1 ™% /2. We substitute this back into equation ( ) to com-
plete the proof of equation (17).

Clearly, so = log Apr/(—log p) has the greatest modulus among all the other
sj. Hence, the leading term in the expansion comes from the Perron—Frobenius
eigenvalue. Since A = ApF is an eigenvalue, P} = C;% is the constant polynomial
given in equation (9), which proves equation (18). O

We could determine an asymptotic expansion of the trace of the heat kernel using
the inverse Mellin transform of the function ¢(2s)I"(s). This is, of course, a lot
more complicated than the direct computations. When using the inverse Mellin
transform of £(2s)I"(s), we can see that the origin of the periodic function p is
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directly related to the periodicity of the zeta function and that the appearance of
the term log in the trace of the heat kernel expansion arises from a simple pole
of ¢(s) at s = 0, which amounts to a double pole of (2s5)I"(s) at s = 0.

REMARK 3.7. If A is not diagonalizable, then we do not know how to compute
contributions of eigenvalues of modulus one, so we assumed that A did not have
any in Theorem 3.6. But if A is diagonalizable, contributions of such eigenval-
ues are easily computed. Eigenvalues of modulus one, not equal to one, do not
contribute to the singular behavior of the trace. Only the eigenvalue A, = 1, if
present in the spectrum of A, gives an extra term. Eigenvalues of modulus greater
than one contribute as in equation (17), but with P; = 1 since A is diagonalizable.
The trace of the heat kernel in this case has the following expansion as t — 07:

—tD? j —s;
Tr(e )= D Clp—2iopp.—s;logp(—logn)r i/

Jilxjl>1

i —logt

CP——=" +h@), 21
+ H—Zlogp+ () (21

where s; = A;/(—log p), C;'-AL is given in equation (9), jo is the index for the

eigenvalue A j, = 1 (setting C ;_(2 =0 if A has no eigenvalue equal to 1), and £ is

a smooth function around 0. The trace of the heat kernel has therefore the same
asymptotic behavior as in equation (18).

3.3. Spectral State

There is a natural Borel probability measure on I1. Indeed, due to the primitivity
of the graph matrix, there is a unique Borel probability measure that is invariant
under the action of the groupoid given by tail equivalence. We explain that.

If we denote by [y] the cylinder set of infinite paths beginning with y, then
invariance under the above-mentioned groupoid means that 1 ([y]) depends only
on the length |y | of y and its range, that is, n([y]) = n(|y |, r(y)). By additivity
we have

uwlyD= D u(ye.
es(e)=r(y)
which translates into

wn,v) = Apwp(n +1,w).

The unique solution to that equation is
p(n, v) = Apg Ru,

where R is the right Perron—-Frobenius eigenvector of the adjacency matrix A,
normalized as in equation (7). So if y € I, is a path of length n, then u([y]) =
hpg Rr(y)-
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THEOREM 3.8. All operators of the form w(f), f € C(Ilx), are strongly regular.
Moreover, the measure | defined on f € C(Ilso) by

p(f)=T(f))

is the unique measure that is invariant under the groupoid of tail equivalence.

Proof. Let f be a measurable function on Iy, and set

Trg, (n(HlE,) > eck, f(s(e))

#E, N #E, '
To check that the sequence (u,(f))N converges, it suffices to consider f to be a
characteristic function of a base clopen set for the (Cantor) topology of .. Let
y be a finite path of length |y| < n and denote by x, the characteristic function
on [y]. Then yx, (s(e)) is nonzero if the path s(e) starts with y. Given that the
tail of the path s(e) is determined by the choice function 7, the number of e €
E, for which x, (s(e)) is nonzero coincides with the number of paths of length
n — |y| — 1 that start at (y) and end at s(s(e),—1) = s2(h) for some h € A.

/‘Ln(f):

Hence,
n—ly|—1
D 6@ =) AL,
ecky heH
As noted before in the proof of Theorem 3.4, the cardinality of E, is asymptoti-

cally C;:L)\gp, so we have

ZEEE,, Xy (s(e) _ )L_|y|_1

MUn (Xy) = 4E, = Appg

1
o Z Ry L2y (1 + 0(1)).

H heHl
Set U, = (A;FI/C;%) Zheﬁ RyL . We readily check that U is a (right) eigen-
vector of A with eigenvalue Apf, and since its coordinates add up to 1, we have
U = R. So we get

n—-+00
_—

sn(xy) = 2pp Reyy(1 +0(1) hod ' Reyy = iy D).

Now Corollary implies that 7 (f) is strongly regular and 7 (7 (f)) = n(f).
O

We now consider weakly regular operators showing, among other, that they do
not necessarily satisfy the product decomposition of Corollary

DEFINITION 3.9. Let p, p’ € (0, 1). We call ¢ € (0, 27) a nonresonant phase for
(o, p")if

I
%8P k40, VKK €. 22)

¢ +2nk+ 21w
log p

Consider an operator A € B($)) defined on the Hilbert space of our spectral triple.
Recall the definition of A, from Corollary 2.5. Given any bounded sequence f;,
of complex numbers, there is an operator A € B($)) such that A, = fn, SO We
have just to define A on the subspace F;, to be f, times the identity.



734 J. KELLENDONK & J. SAVINIEN

LEMMA 3.10. Consider the above spectral triple (C(I15(G)), (2(E), D). Let A €

o]

B($) be such that A, T pine for some ¢ € (0,2m). Then

Tr(e_’DzA) =0 ¢! (@logn/Q2logp) ~1

logx 2o,
ﬁp—Zlogp,log)\pp-l-l(p(_logt)t( 2 pF)/(210g p)

In particular, A is weakly regular, and T (A) = 0.

Proof. As before we set 0 = 113%, v=p2 a= log Apr/(—21log p), so that we

. . . n+o
have to determine the asymptotic behavior of Y00 | ey 1) e=V"" a5 o —
. — _phto .
—o0. Since anl_oo ey (119) o=V s absolutely convergent, the sum over N
has the same asymptotic behavior as the sum over Z. Now we have

00 ')
_ynto _ _n+to
Z etn(pva(ner)e v — 109 Z U(a+(up)/log v)(n+cr)e v

n=—oo n=—oo

— 109 1 #(10gv log Apr + 19 e
logv " logy ’

from which the first statement follows. Now T (A) = limy_, o+ (L[ fal(s))/
(L[ f1(s)) is equal to the mean of the function o > e~'7% @fiﬂog v, (log App +
1)/ logv, —o). Developing this function into a Fourier series (see equation (15)),
we can compute this mean term by term (the gamma function is rapidly decreas-
ing as k tends to infinity). Since for all integer k, ¢ 4 2wk # 0, the mean of each
term vanishes. U

We now consider the tensor product of two spectral triples associated with two
possibly different graphs with Perron-Frobenius eigenvalue Apr and App and pa-
rameters p < 1 and p’ < 1.

LEMMA 3.11. Consider two spectral triples of the type discussed before with
Hilbert spaces $1 and $), and parameters p and p'. Let T be the tensor product
state of the two spectral states T| and T,. Let A € B($)1) be as in the last lemma
with nonresonant ¢. Then T (A ® 1) =0.

Proof. By Lemma 2.7 we have T(A®1) = limy_, o+ (L[ fa f21(s)) /(L1 f1 21(5)),
and this quantity is equal to the mean of the function s > F (g, 5) := ¢! $9)/108v %
p(logv, (log Apr+19)/logv, (—s)/logv)p(logv’, (log App)/logv’, (—s)/logv’)
divided by the mean of the function s > F (0, s). Now F (0, s) is a product of
two positive functions, always strictly greater than zero. By developing the two
P-functions whose product is F (g, s) into Fourier series we can determine the
mean of F(p,s) as a sum over the means of the functions s > ¢'(59)/10gv &
¢! (ks)/logu ,—12nk's)/logV" (times the corresponding Fourier coefficients). If ¢
is nonresonant, that is, ¢ + 2wk + 27w (log p/log p")k’ # 0 for all integer k, k’,
then the phases above are all nonzero, and hence the means are all equal to 0. [
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This proof yields an easy method to construct weakly regular operators A for
which T(A ® 1) # T1(A)T2(1). In fact, if log p/log p’ is irrational and, for in-
stance, ¢ = 27 log p/log p’, then the phase in s > ¢'(5®)/10gv—tQmks)/logv o
e~ @mks)/logv" ¢ ) precisely for k =0 and kK’ = —1. It follows that the mean of
F(gp,s)is I'((log Apg —2m1)/logv’), which does not vanish. Thus, T(A®1) # 0,
whereas, as we saw, 71 (A) =0.

3.4. Telescoping

There is a standard equivalence relation among Bratteli diagrams, which is gen-
erated by isomorphisms and so-called telescoping. Since we are looking at sta-
tionary diagrams, we consider stationary telescopings only. Then the following
operations generate the equivalence relation we consider:

1. Telescoping: Given the above data built from a graph G = (V, £) and a positive
integer p, we consider a new graph G” := (V?, £P) with the same vertices
VP =V and the paths of length p as edges, £ =TI1,(G). The corresponding
parameter is taken to be p, = p?.

2. Isomorphism: Given two graphs as before, G = (V,€) and G’ = (V', &), we
say that the corresponding stationary Bratteli diagrams are isomorphic if there
are two bijections V — V' and £ — £’ that intertwine the range and source
maps. We need in this case the associated parameters to be equal and the sets
of horizontal edges to be isomorphic (through a map that intertwines the range
and source maps).

We show now that this equivalence relation leaves the properties of the associated
spectral triple invariant:

(i) The zeta functions are equivalent and thus have the same spectral dimension:
so =log Apr/(—log p);
(i) The spectral measures are both equal to the invariant probability measure p
on I1y;
(iii) Both spectral distances generate the topology of Ils, (provided that H is
large enough as in Lemma 3.2) and are furthermore Lipschitz equivalent.

The invariance under isomorphism is trivial. We explain briefly how things work
under telescoping. The horizontal edges for G are given as for G by the corre-
sponding subset

HP C{(e,6)) € EP x EP e #£ &, 5(e) = s(e)},

and so we have the identifications

p—1 p—1
Hff = U aneri’ E,f = U Enp+i7
i=0 i=0
which allows us to determine the approximation graph G7 = (V”, EP) and
yields a unitary equivalence ¢>(E) = ¢2(EP). We identify the two Hilbert spaces
02(E) = (2(EP) and the representations m = 7, whereas the Dirac operators
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satisfy

C(E) — C(EP),

Dp=WIDW  with W: {52 — p k28, fore e E, withn =k mod p.

From the inequalities 1 < W < p~?1 we deduce that the zeta functions are equiv-
alent and that both spectral triples have the same spectral dimension sg and give
rise to the same spectral measure . By Theorem both Connes distances gen-
erate the topology of Iy, = 15, provided that H is large enough. Let us denote
d! the spectral metric associated with G, with the corresponding coefficients
n,’?y, cfy, bY asin equation (12). Writing ny, = pnfy + kyy for some kyy < p—1,
we have

p—1
P
dy(x, ) = cxyp™ (07" + Y (07)" Y (bupk () + bup i ()"
P k=0
n>nyy

Now we see that byp1k(z) = 1 = b} (z) = 1, whereas if byp1(z) = 0 for all
k=0,...,p—1,then b? (z) =0 too, so that we have b (z) < Zf;ol bup+k(2) <
pbl (z). We substitute this back into the previous equation to get the Lipschitz
equivalence:

cpdy (x,y) <ds(x.y) < ppPCpd{ (x.y)
with ¢, C,, the respective min and max of cyy/c¥, (which only depends on H
and p).

4. Substitution Tiling Spaces

Bratteli diagrams occur naturally in the description of substitution tilings. The
path space of the Bratteli diagram defined by the substitution graph has been
used to describe the transversal of such a tiling [6; 13]. As we will first show,
an extended version can also be used to describe a dense set of the continuous
hull Q¢ of the tiling, and therefore we will employ it and the construction of the
previous section to construct a spectral triple for Qg .

4.1. Preliminaries

We recall the basic notions of tiling theory, namely tiles, patches, tilings of the
Euclidean space R?, and substitutions. For a more detailed presentation in partic-
ular of substitution tilings, we refer the reader to [9]. A tile is a compact subset of
R that is homeomorphic to a ball. It possibly carries a decoration (for instance,
its collar). A tiling of R4 is a countable set of tiles (¢;);<; whose union covers R?
and with pairwise disjoint interiors. Given a tiling 7, we call a patch of T any set
of tiles in T that covers a bounded and simply connected set. A prototile (resp.
protopatch) is an equivalence class of tiles (resp. patches) modulo translations.
We will only consider tilings with finitely many prototiles and for which there are
only finitely many protopatches containing two tiles (such tilings have finite local
complexity, FLC).
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ﬂ_, _,J

Figure 3 A process of inflation and substitution (chair tiling).
A whole tiling of R2 can be obtained as a fixed point of this map

The tilings we are interested in are constructed from a (finite) prototile set A
and a substitution rule on the prototiles. A substitution rule is a decomposition
rule followed by a rescaling, that is, each prototile is decomposed into smaller
tiles, which, when stretched by a common factor 6 > 1, are congruent to some
prototiles. We call 0 the dilation factor of the substitution. The decomposition rule
can be applied to patches and whole tilings by simply decomposing each tile and
so can be the substitution rule when the result of the decomposition is stretched
by a factor of 6. We denote the decomposition rule by § and the substitution rule
by ®. In particular, we have, for a tile 7, §(ft + a) = §(t) +a and ®(t + a) =
® (1) + Oa for all a € R?. See Figure 3 for an example in R.

A patch of the form ®” (¢) for some tile 7 is called an n-supertile, or nth-order
supertile. A rescaled tile 8"t will be called a level n tile, but also, if n = —m < 0,
an m-microtile, or an mth-order microtile.

A substitution defines a tiling space Qg , the set of all tilings T with the prop-
erty that any patch of T occurs in a supertile of sufficiently high order.

We will assume that the substitution is primitive and aperiodic: there exists
an integer n such that any n-supertile contains tiles of each type and all tilings
of Qg are aperiodic. This implies that by inspection of a large enough but finite
patch around them the tiles of Q¢ can be grouped into supertiles (P is said to be
recognizable) so that § and ® are invertible. In particular, @ is a homeomorphism
of Q¢ if the latter is equipped with the standard tiling metric [1].

We may suppose that the substitution forces the border [13]. The condition
says that given any tile ¢, its nth substitute does not only determine the n-supertile
®" (1), but also all tiles that can be adjacent to it. This condition can be realized,
for instance, by considering decorations of each types of tiles and replacing .4 by
the larger set of collared prototiles.

There is a canonical action of R? on the tiling space Q¢ by translation that
makes it a topological dynamical system. Under the above assumptions, the dy-
namical system (Q¢, R?) is minimal and uniquely ergodic. The unique invariant
and ergodic probability measure on 2¢ will be denoted pt.
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A particularity of tiling dynamical system is that they admit particular transver-
sals to the R -action. To define such a transversal Z, we associate with each pro-
totile a particular point, called its puncture. Each level n tile being similar to a
unique prototile, we may then associate with the level # tile the puncture that is
the image of the puncture of the prototile under the similarity. The transversal™ &
is the subset of tilings T € €2 that has the puncture of one of its tiles at the origin
of R¢. The measure 1 induces an invariant probability measure on &, which gives
the frequencies of the tiles and patches.

4.2. Substitution Graph and the Robinson Map

The substitution matrix of the substitution @ is the matrix with coefficients A;;
equal to the number of tiles of type #; in ®(¢;). The graph G of Section 3 un-
derlying our constructions will be here the substitution graph: the graph whose
graph matrix is the substitution matrix. More precisely, its vertices v € V) are in
one-to-one correspondence with the prototiles, and we denote by £, the prototile
corresponding to v € V, that is, the prototile set reads A = {¢, : v € V}. Between
the vertices u and v, there are A,, edges corresponding to the A,, different oc-
currences of tiles of type 7, in ®(¢,). Here we call u (or t,,) the source and v (or t,))
the range of these edges. Notice that the Perron—Frobenius eigenvalue of A is the
dth-power of the dilation factor 0: Apg = 6¢. The asymptotics of the powers of A
are given by equation (8) as before. The coordinates of the left and right Perron—
Frobenius eigenvectors L, R are now related to the volumes and the frequencies
of the prototiles as follows: for all v € V, we have

freq(ty) = Ry, vol(ty) = Ly, (23)

where freq(z,) is the frequency, and vol(¢,) is the volume of #,, the volume being
normalized as in equation (7) so that the average volume of a tile is 1.
Given a choice of punctures to define the transversal E of Q¢, there is a map

R:E— ()
onto the set of half-infinite paths in G. Indeed, given a tiling 7' € E (so with a
puncture at the origin) and an integer n € N, we define:

e v,(T) €V to be the vertex corresponding to the prototile type of the tile in
@~ (T) that contains the origin;

e £,(T) € £ to be the edge corresponding to the occurrence of v,_1(T) in
D (v, (T)).

Then R(T) is the sequence (£,(7)),>1. We call R the Robinson map as it was

first defined for the Penrose tilings by Robinson; see [9].

THEOREM 4.1 ([13]). R is a homeomorphism.

We extend the map R to the continuous hull Q2¢. The idea is simple: the defini-
tion of R makes sense, provided that the origin lies in a single tile but becomes

4Sometimes, E is referred to as the canonical transversal or the discrete hull.
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ambiguous as soon as it lies in the common boundary of several tiles. We will
therefore always assign that boundary to a unique tile in the following way.

We suppose that the boundaries of the tiles are sufficiently regular so that there
exists a vector ¥ € R¥ such that, for all points x of a tile ¢, either 3n > 0, Ve €
(0,m):x+evetordn>0,Vec(0,n): x+ev ¢t This is clearly the case for
polyhedral tilings. We fix such a vector v. Given a prototile ¢ (a closed set), we
define the half-open prototile [¢) as follows:

[:={xet:Im>0Veec[0,n):x+e€vet}

It follows that any tiling T' gives rise to a partition of R? by half-open tiles. We
extend the Robinson map to

R: Qq; —> H—OO,-i—OOa

where IT_o 4o is the space of bi-infinite sequences over G using half-open pro-
totiles as follows. For n € Z, we define:

e v,(T) €V to be the vertex corresponding to the prototile type of the half-open
tiles in ®~"(T') that contains the origin. So v, (T) corresponds to
— the nth-order (half-open) supertile in 7" containing the origin for n > 0,
— nth-order (half-open) microtile in " (7") containing the origin for n < 0;

e ¢,(T) € £ to be the edge corresponding to the occurrence of v,_1(T) in
D (v, (T)).

Also, we set R(T') to be the bi-infinite sequence R(T) = (&,(T))nez.

REMARK 4.2. Asin Remark 3.1, we can see this construction as a Bratteli diagram,
but the diagram is bi-infinite this time. There is a copy of )V at each level n € Z and
edges of £ between levels n and n + 1. Level 0 corresponds to prototiles, level 1 to
supertiles, and level n > 1 to nth-order supertiles, whereas level —1 corresponds
to microtiles and level n < —1 to nth-order microtiles. For the “negative” part of
the diagram, we can alternatively consider the reversed substitution graph G =
(V, &) that is G with all orientations of the edges reversed. The graph matrix of G
is then thg transpose of the substitution matrix: A= AT . So for n < 0, there are
edges of £ between levels n and n — 1: there are X,w = Ay, such edges linking u
to v.

As for Theorem 4.1, we prove, using the border forcing condition, that R is in-
jective.

Givenapath& € I1_o 400 and m < n € ZU{£o0}, we denote by &, 1, En,n]»
&m,ny and &y, ) its restrictions from level m to n (with end points included or
not). Also, &, will denote its nth edge from level n to level n + 1 for n € Z. We
similarly define I1,, , (with end points included). For instance, [Ty 4 is simply
Iy = Hoo(g)~

We say that an edge e € £ is inner if it encodes the position of a tile ¢ in the
supertile p such that 3n > 0, Ve € [0, ): t + € € p. This says that the occurrence
of ¢t in p does not intersect the open part of the border of p.

It is not true that R is bijective, but we have the following.
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LEmMMA 4.3. X :=1imR contains the set of paths & € Tl _oo yo0 Such that &_oc 0
has infinitely many inner edges.

Proof. Recall the following: If (A,), is a sequence of subsets of R such that
Ap+1 C A, and diam(A,) — 0, then there exists a unique point x € R4 such that
x e, A

By construction, for any tiling 7', we have 0 € (), o[v,(T)). Hence, £ = R(T)
whenever (), -o[s(&,)) # @, where [s(£p)) is the standard representative for the
half-open prototile of type s(&p), and [s(&,)) is the half-open nth-order microtile
of type s(&,) in [s(&p)) that is encoded by the path &, ;.

Suppose that &, is inner. Then [s(§,)) does not lie at the open border of
[7(61) = s(8n11)). Hence, [s(§,)) N[5 (Enr1)) = [s(E)IN[s(Ent1)), where [s(&,)]
is the closure of [s(&,)). Suppose that infinitely many edges of &§_« 0] are inner.
Then

([ sEIC()IsGEurn)

n<0:&, inner n<0

showing that the r.h.s. contains an element, and hence £ € imR. O
COROLLARY 4.4. The set X is a dense and shift-invariant subset of T1 oo 4 oo.

Proof. The shift invariance is clear. The denseness follows immediately from
Lemma 4.3. O

In particular, for n € N, each element of I1_, , can be the middle part of a
sequence in R(Rq), that is, for all y € I1_, ,, there exists T € Q¢ such that
7?f(T)[—n,n] =Y.

REMARK 4.5. For v € V, let I1V  , be the set of bi-infinite paths that pass
through v at level 0, and set X" = X N 1" , . Then R yields a bijection be-
tween E;, X [t,) and X", where t, is the prototile corresponding to v, and &, its
acceptance domain (the set of all tilings in & that have #, at the origin).

Notice that IT_, 0 can be identified with noo(g) where g is the graph ob-
tained from G by reversing the orientation of its edges: we simply read paths
backward and so follow the edges along their opposite orientations. We then see

that the Robinson map yields a homeomorphism between &, and HO oo = %

and a map with dense image from [¢,) into ITY L 00 = =TIIY (g)

4.3. The Transversal Triple for a Substitution Tiling

Our aim here is to construct a spectral triple for the transversal E. We apply the
general construction of Section 3 to the substitution graph G = (V, £). We may
suppose” that the substitution has a fixed point 7* such that R is covered by the
union over n of the nth-order supertiles of 7* containing the origin. It follows that
R(T*) is a constant path in IT_o 400(G), that is, the infinite repetition of a loop

5This can always be achieved by going over to a power of the substitution.
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edge of G, which we choose to be £*. We then fix t, take p = p as a parameter,
and choose a subset

Hye CHG) ={(e,6) eEx Ere#¢,5(e) =5(e)),

which we suppose to satisfy the conditions of Lemma 3.2: if s(g) = s(&’), then
there is a path of edges in Hy, linking &’ with ¢’. The horizontal edges of level
n € N are then given by

Hin = {(ne, ne") 10 € _1(G), (¢, &) € Hur) C T, () x T1,(G).

They define the transverse approximation graph G, = (Vi, Er) as in Section 3:

Ve ={JVeen:  Vien =7([0,(9)) C M5 (9),

Ex=|JEwn Ewn=71x1(Hin).
n

together with the orientation inherited from 7:Ltr, so that Ey , = E{f n Y Ey, for
alln e N, and Ey = E;' U E . We also write E,(h) =t X T(H,n(h)), where if
h = (e, &), then Hyr , (h) = {(ne, ne’) : n € I,—1(G)}. By our assumption on H
the approximation graph Gy, is connected, and its vertices are dense in [T (G).

An edge h € 7-?,” has the following interpretation: The two paths 7 (s(k)) and
7(r(h)) have the same source vertex, say v, they differ on their first edge, and
then, at some minimal nj > 0, they come back together coinciding for all further
edges. This is a consequence of the property of 7. Let us denote the vertex at
which the two edges come back together with vj,. Neglecting the part after that
vertex, we obtain a pair (y, y’) of paths of length nj, that both start at vy and end
at vy,. Reading the definition of the Robinson map R backward, we see that the
pair (y, y’) describes a pair of tiles (¢, ') of type v in an njth-order supertile of
type vy,. Of importance further will be the vector rj, € R? of translation from ¢
to .

The interpretation of an edge e € Ey ,(h) (so an edge of type h) is similar,
except that the paths t(s(e)) and t(r(e)) coincide up to level n and meet again
at level n + ny. In particular, e describes a pair of nth-order supertiles (¢,1") of
type vo in an (n + ny)th-order supertile of type vy,. If we denote by r, € R? the
translation vector between ¢ and ¢’, then, due to the selfsimilarity, we have

re=0"r,. 24)

See Figure 4 for an illustration.

Theorem 3.3 provides us with a spectral triple for the algebra C (IT(G)). We
adapt this slightly to get a spectral triple for C(E). Since the nth-order supertiles
of T* on 0 eventually cover RY, R identifies IT%_ (G) with the translates of 7* that

belong to E. We may thus consider the spectral triple (C(E), $¢, D) (which
depends on pg and on the choices for T and #H) with representation and Dirac
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Figure4 A doubly pointed pattern associated with a horizontal arrow
e € E 3(h). The arrow represents the vector 7.. Here n = 2 (the paths
have lengths 2), and nj;, = 1 (the paths join further down at level n +
np =3)

operator defined as in equations (10) and (1 1) by
He=CEn),  m(NHee) =R (s@)¢@),
Dyy(e) = ,Ot?"(ﬂ(e()p), e€ Eyy.

We call it the transverse spectral triple of the substitution tiling. By Theorem
itis an even spectral triple with grading x (which flips the orientation). Also, since
Hye satisfies the hypothesis of Lemma as noted before, the Connes distance
induces the topology of E. By Theorems 3.4 and 3.8 the transversal spectral triple
has metric dimension sy = (d log(6))/(—log(pr)), and its spectral measure is the
unique ergodic measure on E, which is invariant under the tiling groupoid action.

For v € V, we will also consider the spectral triple (C(&;,), 9}, D) for
8, = R-! (ITZ,(G)): the acceptance domain of f, (see Remark 4.5). We call it
the transverse spectral triple for the prototile t,. It is obtained from the transverse
spectral triple by restriction to the Hilbert space £ = ¢2(EQ), where EU are the
horizontal edges between paths that start on v. This restriction has the effect that

Sy = Ry¢ +reg.,

that is, up to a perturbation that is regular at si;, the new zeta function is R, =
freq(t,) times the old one. It hence has the same abscissa of convergence, s = s,
but its residue at sy, is freq(t,) times the old one.

Like for E, the Connes distance induces the topology of &;, . Finally, the spec-
tral measure j;, is the restriction to &, of the invariant measure on &, normalized
so that the total measure of &, is 1. The spectral triple for E is in fact the direct
sum over v € V of the spectral triples for &y, .
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4.4. The Longitudinal Triple for a Substitution Tiling

We now aim at constructing what we call the longitudinal spectral tr1ple for the
substitution tiling, which is based on the reversed substitution graph G= o, 5)
(G with all orientations of the edges reversed, so with adjacency matrix A= AT).
Set € = &* and choose 7. We take p = pjg as a parameter and choose a subset

Hig CHG) ={EF)eExE:F#F,5@) =sF))
={(e,e)eExE:e#e re)=r))
again satisfying the condition of Lemma 3.2. We denote the horizontal edges of
level n € N by

Hign = (18, 18) : 1 € ,_1(G), G,F) € Hig) C T,(G) x T1,(G)

and define the longitudinal approximation graph Gig ; = (Vig, Elg) as in Section
by

m—Umm»m—mu®cng>
Ey = U Egn, Eign=71X T(ng,n)a

together with the orientation inherited from ’ng s0 Elgpn = =E"
neN,and Ejg = Elg U Elg.

With these choices made, Theorem provides us with a spectral triple for
the algebra C(I15,(G)).

A longitudinal horizontal edge & € 7:l1g has the following interpretation: As for
the transversal horizontal edges, t(s(h)) and t(r(h)) start on a common vertex
vg, differ on their first edge, and then come back to finish equally. To obtain their
interpretation, it is more useful, however, to reverse their orientation since this
is the way the Robinson map R was defined. Then & = (¢,¢€") with r (&) = r (&’)
determines a pair of microtiles (¢, ") of type s(£) and s(2"), respectively, in a tile
of type r(¢). The remaining part of the double path (z (%), (")) serves to fix
a point in the two microtiles. Of importance is now the vector of translation ay,
between the two points of the microtiles.

Similarly, an edge in E)g, will describe a pair of (n + 1)th-order microtiles
in an nth-order microtile. By self-similarity again, the corresponding translation
vector a, € R? between the two (n + 1)th-order microtiles will satisfy

a, =0""ay (25)
if e € E\g,,(h). See Figure 5 for an illustration.

Recall from Remark 4.5 that we can identify I'IOO(QN) =I1_w,0(G). The inverse
of the Robinson map R also induces a dense map IT” 0.0 = M that is one-to-

lg.n lg " for all

one on the preimage of IT* oo’o(g); we still denote this map by R~!. Hence, the
approximation graph for IT" 0.0 18 also an approximation graph for #,. Let E]”g
denote the set of edges whose corresponding paths pass through v at level 0. We
may thus adapt the above spectral triple to get the spectral triple (C (%), ﬁl”g, Dyg)
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NN Ny RNV
N N 3

ifulale

Figure 5 A microtile pattern associated with a horizontal arrow e €
E1g 2(h) (the pattern shown has the size of a single tile). The arrow
represents the vector r,

(which depends on pjg) with representation and Dirac defined as in equations (10)
and (11) by
H=L(EY,  mg(Hele) = fR(s@)gle),
Digp(e) = p"p(e™), e € Ejy,.

The bounded commutator axiom is satisfied by the following lemma and the fact
that the Holder-continuous functions are dense in C(z,).

Lemma 4.6. If f € C(t,) is Holder continuous (w.r.t. the Euclidean metric d) with
exponent a = —log(pig)/10g(0), then [ Dyg, mg(f)] is bounded.

Proof. Suppose that f € C(t,) is Holder continuous with exponent o =
—log(pig)/log(®), that is, |(f(x) — f(¥))/d(x,y)| < C for some C > 0 and
all x, y € ty. Then

FR™'(r(e) = F(R™(s(e)))
[D,7w(f)]]| =sup su
1D 7(DI=s50 S | =4 R e, R-Ts(en)®
AR (@), R (s(e)*
Plg
This expression is finite since the first factor is bounded by C. By self-similarity

there exists C’ > 0 such that d(R™'(r(e)), R (s(e))) < C'6~". Also, « has

been chosen so that 6 "¢ '01;” =1. O

We refer to this spectral triple (C (%), f,)fg, Dy,) as the longitudinal spectral triple
for the prototile t,. It should be noted that although the map R~! is continuous,
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the topologies of ¢, and TT” 0.0 are quite different, and so the Connes distance of
this spectral triple does not induce the topology of #,. By Theorems and
the longitudinal spectral triple has metric dimension sig = (d log(6))/(—log(pig))
for all v, but what depends on v is the residue of the zeta function. In fact,
as compared to the zeta function of the full triple, it has to be rescaled: ¢} =
(Lv/zu Lu){tr-

The spectral measure /Lfg is easily seen to be the normalized Lebesgue measure
on f, since the groupoid of tail equivalence acts by partial translations.

4.5. The Spectral Triple for Q¢

We now combine the above triples to get a spectral triple (C(Q2¢), $, D) for the
whole tiling space Q2¢. The graphs G and G have the same set of vertices V), so
we notice from Remark 4.5 that the identification

Moo 400(@) = | TI” 10 0(@) x 1§ (@) = | J TL(G) x TT,(G)
veV veV
suggests to construct the triple for Q¢ as a direct sum of tensor product
spectral triples related to the transversal and the longitudinal parts. In fact,
HZOO’O(Q) X H8,+oo(g) is dense in #, x &, (see Remark 4.5), and so we can
use the tensor product construction for spectral triples to obtain a spectral triple
for C(t, x &;)) = C(ty) ® C(Z;,) from the two spectral triples considered before.
Furthermore, the C*-algebra C(Q2¢) is a subalgebra of @vev C(ty x B,), and
so the direct sum of the tensor product spectral triples for the different tiles #,

provides us with a spectral triple for C(2):

H=Po oo, r=Prier)
veV veV
D=D; 1+ x @D},
veV

where y is the grading of the transversal triple (which flips the orientations in
E\). The representation of a function f € C(€2) then reads

T()=) [ ® fia.  with fi =7i(f) € C(Ey), fit =m(f) € C1). (27)

(26)

veV
From the results in Section we now get all the spectral information of
(C(Roe), H, D). To formulate our results more concisely, let us call A € B($)

. - n—oo .
nonresonant if A, ~ cpe'?¥ for some c4 > 0 (see Corollary for the defini-

tion of A,,), and ¢ € (0, 27) is nonresonant (Definition 3.9).

THEOREM 4.7. The above is a spectral triple for C(Q2¢). Its spectral dimension is
dlog6 dlog6
—logpy  —logpyg’

and its zeta function {(z) has a simple pole at sy with strictly positive residue.
Moreover, suppose that A = @, Al ® Afg with either both A}, and Afg strongly

80 = Str + Sig =
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regular or that one is strongly regular and the other is the sum of a strongly
regular and a nonresonant part. Then we have

T(A) = Zfreq(tv)vol(tv) CADT, (Afg). (28)
vey
In particular, the spectral measure is the unique invariant ergodic probability
measure (L on Q.

Proof. Consider first the triple for the matchbox t,, x E;,, that is, the tensor prod-
uct spectral triple for C(t,) ® C(E,,). Applying Lemma 2.6, we obtain the value
55 = (dlog®)/(—log pu) + (dlog8)/(—log pig) for the abscissa of convergence
of its zeta function ¢ V. In particular, this value does not depend on v. Furthermore,

freq(t,) vol(t,)
sgrg) (s —50)5"(s) = S voltn)
y ( i F(dlogé‘ + 2nik>r<dlog€ —~ 2nik>)
k=—00 —2log(pr) —2log(po1g)

/ <2F( . ) log(pu) logmg))

This number is in fact a strictly positive real number since it is up to a positive
factor the mean of two strictly positive periodic functions. It follows that the ab-
scissa of convergence for the zeta function of the direct sum of the above triples
¢ is equal to the common value s = 5. From this, with the help of Lemma
and (6), we can now determine the spectral state.

If A and A” are both strongly regular, then, by Corollary 2.8, T (A ® A}, ) =
ny T (AT, (A ) with the factor n, = freq(#,) vol(#,) because the states are nor—

malized. If, say, A” is regular and A” =A7, + A

lg,reg is the sum of a strongly

1g,nres
regular and a nonresonant part, then

T(Ap® Ajp) = T(Ag ® Al greo) + T (A ® Ay pres)
=Ty (Atr) (Alg Sreg) + freq(t,) Ty (AT A ® Alg nres)
=ny T (A T2(Alg ree) +0
=y T (A Tig (Alg sreg) T 10Ty (A Trg (Alg nres)
= nv,ﬁ: (A:}r) Ig (Alg)s

where the second line follows by Corollary 2.8, the third by Lemma ,
and the fourth by Lemma (the state of a nonresonant operator vanishes:
7I'g’ (Alg,nres) = 0). The argument is the same if Afg is strongly regular and Af,
is the sum of a strongly regular and a nonresonant part. Hence, in both cases, we

get
T(A) = <ZA ®Alg> =va w (A Tig (Ajp).

Since n, = freq(t,) vol(t,) is the u-measure of the matchbox 7, x E;,, we see that
the spectral measure coincides with 1. ]
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