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SPECTRAL TRIPLES FOR THE SIERPINSKI GASKET
FABIO CIPRIANI, DANIELE GUIDO, TOMMASO ISOLA, AND JEAN-LUC SAUVAGEOT

ABSTRACT. We construct a 2-parameter family of spectral triples for the Sierpinski Gasket
K. We determine their associated Connes’ distances in terms of suitable roots of the plane
Euclidean metric and their dimensional spectra, and show that the pairing of the associated
Fredholm module with (odd) K-theory is non-trivial. We recover the Hausdorff measure of
K in terms of the residue of the functional a — tr,(a|D|™*®) at the abscissa of convergence
d, which coincides with the Hausdorff dimension of the fractal. We recover also the unique,
standard Dirichlet form on K, as the residue of the functional a — tr,(|[D,a]|* |D|~*) at
the abscissa of convergence ¢, which we call the energy dimension. The fact that the volume
dimension differs from the energy dimension, d # d, reflects the fact that on K energy and
volume are distributed singularly.

1. INTRODUCTION

The advent of Noncommutative Geometry allowed to consider from a geometrical and
analytical point of view spaces which appear to be singular when analyzed using the classical
tools of Differential Calculus and Riemannian Geometry.

In the present paper we approach from a NCG point of view
the study of a compact subset K of the plane which is a central
example among fractal sets, namely the Sierpinski Gasket. We
associate to the gasket a family of spectral triples depending
on two parameters. For values of the parameters in suitable
ranges, the triple reconstructs the main known features of the
gasket, namely its similarity dimension, Hausdorff measure, a
distance which is bi-Lipschitz w.r.t. the Euclidean one and
the Kigami energy form. Moreover, it pairs non trivially with
K-theory and a energy dimension appears.

The fundamental topological property of K is its self-similarity, by which it can be recon-
structed as a whole from the knowledge of any arbitrary small part of it. More precisely,
considering the three contractions Fi, Fy, F3 of scaling parameter 1/2 fixing respectively the
vertexes pi, po, p3 of an equilateral triangle, one may characterize K as the only compact set
such that

K = F(K)UFy(K) U Fy(K) .
In particular, K is the fixed point of the map K — Fi(K) U Fy(K) U F3(K) which is a

contraction with respect to the Hausdorff distance on compact subsets of the plane. This
allows various approximations of K as, for example, the one given by finite graphs.
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VAN N+ v \

The gasket K was introduced by Sierpinsky for pure topological motivations [39]. Succes-
sively, using measure theory, it was noticed that it is a space with a non integer Hausdorff
dimension d = ﬁ%’ [28], and later K attracted the attention of Probabilists who constructed
a stochastic process X; with continuous sample paths on K [33]. The process is symmetric
w.r.t. the Hausdorff measure pg and has a self-adjoint generator A in L*(K, ug) with dis-
crete spectrum. Finally, Kigami [32] associated with the gasket (and other fractals) a so called
harmonic structure, which directly produces a Dirichlet form, whose generator in L2(K, i)

coincides with A.

We recall that the main object for the spectral description of the metric aspects of a
geometry, introduced by Connes [16], is the so called spectral triple (A, J, D). It consists of
an algebra A acting on a Hilbert space H, and of a selfadjoint unbounded operator D, the so
called Dirac operator. Main requests are the boundedness of the commutators [D, a] of the
elements a € A with D, and the fact that D has compact resolvent.

With those data, one may reconstruct the basic objects of Riamanniann geometry. The
integral f a w.r.t. the Riemannian volume form is replaced by the functional

A 3> a~ Tr,(a|D|™),

Tr,, being the Dixmier logarithmic trace. There is a unique exponent dp (if any) giving rise
to a non-trivial functional, called metric dimension (cf. [23, [17]). The differential 1-form
da is replaced by the commutator [D,al, the Lipschitz seminorm ||da|s is then replaced
by ||[D, al||, and the Riemannian metric can be recovered as a Monge-Kantorovitch distance
among states

po(p, ) = sup{le(a) — ¥(a)| : [[[D,a]l| = 1}.
A simple but fruitful idea is to use the noncommutative analogs considered above for defining
the Dirichlet energy:

(1.1) £la] = / (daf? —> &[a] = Tro (D, al?|D|?).

Similar formulas have been recently considered in [7, BI]. Moreover, spectral triples can
reproduce topological invariants. Indeed, a spectral triple gives rise to a class in the K-
homology of the algebra A, hence pairs with K-theory. Such pairing may be expressed in
terms of the Fredholm module (A, X, F') associated with the spectral triple, F' being the
phase of D. In particular, if the triple is odd, and u is an invertible element of A, the pairing
is given by u — Ind(P,uPy), where P, is the projection on the positive part of the spectrum
of F', and PyuP, is a Fredholm operator acting on the space P,J.

As mentioned above, one of the features of Noncommutative Geometry is that it non only
describes noncommutative manifolds, such as the quantum torus or the various quantum
spheres, but it is also able to describe some classical (e.g. based on points) but singular
geometries. The first example of this fact was given by Connes in [16], where a spectral triple
was assigned to the Cantor set. Such a triple could reconstruct dimension, measure and
distance of the fractal set, as well as the pairing with K-theory. The peculiar aspects of the
construction are the following: the triple is a direct sum of triples associated with elementary
building blocks; the building blocks are the lacunas of the fractal, namely the boundaries
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of the removed intervals in the Cantor set. The first idea can easily be adapted to self-
similar fractals, by choosing as building blocks the images of a suitable set via compositions
of similarities. This has been exploited in [12] for the Sierpinski gasket (as anticipated in
[11]), where the building blocks are the lacunas of the gasket, meant as the boundaries of the
removed triangles in K. Again, dimension, measure, distance and pairing with K-theory are
reconstructed in spectral terms.

Our aim here is to add to this list the Dirichlet form given by the harmonic structure on
the gasket, as described by Kigami [32], by making use of formula (1.1)). While for regular
geometries the energy form may be considered as a derived object, given the other geometric
instruments, for fractals this is not the case. Indeed, for self-similar fractals, energy measures
are singular w.r.t. the self-similar measures (cf. [26, 27]). This singularity is reflected
in the noncommutative picture by the difference between d and ¢ in the formulas above,
quantities which would be equal in the case of regular spaces. Moreover, this provides a new
enerqgy dimension o, which, for the standard values of the parameters, is equal to log(12/5)

log 2

{2@3 ~ 1.58), which has no apparent

classical analogue. Moreover, we could not prove that the two formulas tr,,(|[D,a]|?|D|°)
and Res,—; tr(|[D, a]|?|D|~*°) coincide on elements with finite Kigami energy. Indeed they
will, up to a multiplicative constant, only for a sub-algebra which is a core for the Dirichlet
form, while the second formula provides a multiple of the Dirichlet form on the whole form
domain. Let us mention here that the spectral triple for the gasket proposed in [24] Remark
2.14, whose building blocks were spectral triples associated with the boundary points of the
edges of the gasket, could indeed produce the Kigami energy exactly as above. However,
being based on a discrete approximation of K, it could not give rise to any pairing with
K-theory.

We remark that noncommutative geometry provides also a replacement for the de Rham
cohomology in terms of cyclic cohomology, however we do not pursue this direction here.
Indeed differential forms have no classical analogue on fractals, and their study in this case
is essentially based on [I4]. There, the authors associate a bimodule-valued derivation to
a Dirichlet form, and define differential 1-forms as the elements of the bimodule. Recent
developments in this direction are contained in [29], while in a recent paper of ours [13]
concerning the gasket, we give a more concrete description of the 1-forms of [I4] in such a
way as to define their integrals on paths, and their generalized potentials on suitable coverings.

1.26 (smaller than the similarity dimension dg :=

We now come to a more detailed description of our family of spectral triples. As in [12], our
building blocks are associated to the lacunas (boundaries of removed triangles) of the gasket
canonically identified with circles. However, we deform the classical spectral triple for the
circle T, by replacing the standard Laplacian A with its powers A%, « € (0,1]. As proposed
in [14], we define a bimodule-valued derivation d,, and define the Dirac operator as

0 0,
b (82,

While this deformation does not quantize the algebra, which remains C(T), a zest of noncom-
mutativity is nonetheless present, since the left and right action of functions on the Hilbert
space do not coincide (functions do not commute with forms). This is related to the fact
that, while for a = 1 the distributional kernel giving rise to the energy on T is supported on
the diagonal, this is no-longer true for o < 1.

A second parameter § deforms the standard metric scaling parameter, which is equal to
1/2 for the gasket, to 277. An unexpected outcome of the construction is that the two
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parameters have a quite different role for the gasket as a whole. Indeed, a only plays the
role of a threshold parameter. The condition o < oy = % is a necessary condition for
formula (1.1)) to be finite for finite energy functions, and to reproduce Kigami energy. If,

furthermore, o > (2 — %) , one gets a full-fledged spectral triple, whose features only

depend on 3, which assumes the role of a deformation parameter.

In fact, for ap < 8 < 1, the metric pp g is bi-Lipschitz w.r.t. the Euclidean distance raised

to the power (8 or, equivalently, bi-Lipschitz w.r.t the geodesic metric, induced on K by the

Euclidean metric, raised to the power 3. Then the metric dimension is given by dp g = dp; -

Bt and, as expected, the volume measure pp g coincides (up to a multiplicative constant)

with the Hausdorff measure for the dimension dp g, which in turn coincides with the Hausdorft
log(5/3)

measure for the dimension dg. The energy dimension is given by dpg =2 — Wﬁfl, and

the corresponding energy form do not even depend on 3, apart from a multiplicative constant.

Neither v nor 3 affect the pairing with K-theory. However we had to tackle another
difficulty concerning the Fredholm module associated with the spectral triple. In fact, in
order to implement the deformation associated with the parameter «, we had to choose
the Hilbert space as the module of differential forms, making the triple (and the Fredholm
module) an even one. To recover the pairing with odd K-theory, we have to add a further
grading, obtaining a 1-graded Fredholm module, which then has the correct pairing with odd
K-theory. We conclude this review of the dependence on a and 3 by saying that the requests
concerning spectral triple properties reflect into independent bounds on the parameters, which
finally give rise to a quite small fraction of the (3, «)-plane. The fact that this set is indeed
non empty is not at all obvious, and only an analysis of a larger family of fractals and their
Dirichlet forms may reveal the reasons of its non-triviality.

We note here that our triples indeed violate one of the requests of a spectral triple as

defined in [16], since the kernel of the Dirac operator is infinite dimensional. However, this
degeneracy of the kernel does not cause any harm in the construction, when taking the point
of view of reading |D|~* as the functional calculus of D with the function f(t) =0 for ¢t = 0
and f(t) = |t|~° for t # 0.
The question is more subtle when the associated Fredholm module is concerned. Indeed,
denoting by P, the projection on the positive, resp. negative, part of the spectrum of D, the
two formulas for the pairing of the module with the K-theory class of an invertible element
u given by Ind(Pym(u)Py) and — Ind(P_7(u)P-), which are equivalent when the dimension
of the kernel of D is finite, may be expected to differ. We call a Fredholm module tamely
degenerate when such equality holds, hence the kernel of D is irrelevant from the K-theoretical
point of view, and check that this condition is satisfied for our triples.

We describe now some technical aspects of our construction. First, in order to construct a
Dirac operator for the a-deformed triples on the circle, we had to define a differential square
root of A% or, in other terms, a derivation implementing the corresponding Dirichlet form.
This has been done by realizing the corresponding Dirichlet form in terms of an integral
operator, whose distributional kernel is written in terms of a special function, the so called
Clausen cosine function Ci;. We show that — Ci_s, > 0, for 0 < a < 1, and describe the Dirac
operator in terms of the derivation 9, given by 9, f(x,y) = (=27 Ci_sq (x—y))2(f(2)— f (v)).
By means of some explicit estimates on Ci, we can show the relation of the Connes’ distance
for the a-deformed circle and the a-power of the Riemannian distance. In this sense, our
deformed circles may be considered as quasi-circles, since the a-power of the Riemannian
distance clearly satisfies the so-called reverse triangle inequality [I]. As for the case of the
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gasket described above, the a-deformation rescales the Hausdorff dimension of the circle and
leaves the volume invariant (up to a multiplicative constant).

Second, our study of the noncomutative formula for the Kigami energy produces an in-
teresting situation when Dixmier traces are concerned. Indeed, when used to describe the
volume form in noncommutative geometry, the Dixmier trace is computed for elements which
belong to the principal ideal generated by |D|~¢, and the same happens for the computation
of the energy form according to formula (1.1)) when regular spaces are considered, namely
when the metric dimension dp and the energy dimension dp coincide. It is known that the
theory of singular traces on principal ideals ([40] 2, 22] etc.) is in a sense simpler than the
corresponding theory on symmetrically normed ideals. In the case of fractal spaces however,
there is no principal ideal containing all elements of the form |[D, f]|?|D|~°, and Dixmier
traces on symmetrically normed ideals and the analysis in [9] [10] play a key role.

As for the organization of the paper, it consists of this introduction, three sections, and
an appendix. The first section is devoted to some results on (possibly degenerate) spectral
triples and Fredholm modules, the second to the description of the a-deformed circles, and
the third to the construction and results of the triples on the gasket. The appendix contains
some estimates concerning the Clausen functions.

The results contained in this paper have been described in several conferences, such as
Cardiff 2010, Cambridge 2010, Cornell 2011.

2. SPECTRAL TRIPLES AND THEIR FREDHOLM MODULES

2.1. Spectral Triples and their Fredholm Modules. We define here Spectral Triples
(A, H, D) and the construction of the associated Fredholm module (F,H), in case the Dirac
operator D may have an infinite dimensional kernel. This discussion will be useful later on,
when we will construct Spectral Triples on circles and the Sierpinski Gasket, whose Dirac
operators have an infinite dimensional kernel. There, some extra work will be needed to
construct an associated Fredholm module having nontrivial pairing with K theory.

Definition 2.1. (Spectral Triple) A (possibly degenerate, compact) Spectral Triple (A, H, D)
consists of an involutive unital algebra A C B(H), acting faithfully on a Hilbert space X,
and a self-adjoint operator (D,dom(D)) on it, subject to the conditions

(i) the commutators [D,a], initially defined on the domain dom(D) C H through the
sesquilinear forms

(&, [D,aln) := (D, an) — (a*§, Dn) &, € dom(D),

extend to bounded operators on H, for all a € A;

(4i) the operator D! is compact on ker(D)> .

The operator (D, dom(D)) is referred to as the Dirac operator of the Spectral Triple.

Notice that if ker (D) is finite dimensional the condition in (i) reduces to the compactness
of the operators (I +D?)~!. We recover in this way the original definition of a Spectral Triple
by Connes [16]. The extended version is required to deal with the Dirac operators we will
consider on quasicircles and on the Sierpinski Gasket.

Notice also that the requirement in (77) amounts to the discreteness of the spectrum of the
Dirac operator D.

Example 2.2. As an example of Spectral Triple, where the algebra is commutative, consider
the algebra A := C°°(M) of smooth functions on a compact Riemannian manifold M, acting
on the Hilbert space H := L*(A(M)) of square integrable sections of the exterior bundle over
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M, as well the self-adjoint operator D := d + d*, sum of the exterior differential d and its
adjoint. Since the square of the Dirac operator is just the Hodge-de Rham operator of M,

D? = (d+d*)?* =dd* + d*d = Apar,

condition (i7) is verified by the discreteness of the spectrum of Apyyg, which follows from the
compactness of M. The rules of differential calculus on M allow to easily verify that the
norm of a commutator coincides with the Lipschitz semi-norm of a function

\[D, al|| = sup{|dza|psrr : @ € M} .

This also shows that the Riemannian distance on M can be recovered from the Spectral
Triple:
du(z,y) =sup{[|[D,a]|| ra € A}  zye M.

Notice that in this case the kernel of D is just the space of harmonic forms on M.

Definition 2.3. (Fredholm Module) A (possibly degenerate) Fredholm Module (F,H) over
an involutive algebra A C B(H), acting faithfully on a Hilbert space H, consists of a bounded
operator F' € B(H) such that

1

(i) F? — I is a compact operator on ker (F)*,
(17) F* — F is a compact operator,
(73i) the commutators [F,a] are compact operators, for all a € A.
It follows from the completeness of the space of compact operators in B(H) that, if (F,H)
is a Fredholm module over A, then it extends automatically to a Fredholm module over the
C*-algebra A, closure of the algebra A in B(H).

The classical formulation of Atiyah is recovered when ker(F') is finite dimensional. Again,
the above generalization is required to deal with the Fredholm Modules we will construct on
quasicircles and on the Sierpinski Gasket.

Ezample 2.4. As an example of Fredholm Module, consider the algebra A := C(M) of
continuous functions on a compact Riemannian manifold M, acting on the Hilbert space
H := L*(A(M)) of square integrable sections of the exterior bundle over M, as well the sign
F :=sgn(D) of the Dirac operator D := d + d* considered in Example 2.2l Here F is self-
adjoint, ker(F) is the finite dimensional space of harmonic forms, so that F* = F, F? — [
is a finite rank operator, and the first two requirements for a Fredholm Module are fulfilled.
The third one follows from the fact that the commutator [F)a] is clearly a pseudo-differential
operator of order —1 on M, so that it is a compact operator, by a well known result of
Analysis.

A classical result by Baaj and Julg [3] shows that Spectral Triples give rise to Fredholm
modules by taking F' = sgn(D) (or any other function which is asymptotic to sgn(t) for |t| —
00), whenever dimker (D) < 4+00. We need to generalize this result to allow dimker (D) =
+00. The key point is to show that the boundedness of the commutant [D,a] implies the
compactness of [F,a], and we simply observe that this remains true even if ker(D) is not
finite dimensional.

Proposition 2.5. Let (A, 3, D) be a (possibly degenerate) Spectral Triple over a unital *-
algebra A C B(H). Then, setting F :=sgn(D), (F,H) is a Fredholm module over A.

Proof. Since F is self-adjoint and F? — I vanishes on ker (F)* = ker (D)* by construction,
the first two requirements in the Definition of a Fredholm module hold true.
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To verify the third, let us first observe that \/LE = % 0+°° xfﬁ

follows that F' = % 0+OO m% dt, the integral converging in the norm of the Banach space

B(H). Then we have

for any > 0, from which it

2 [T/ D D
[F,a]:;/o (m—m“—am—m)dt
_2 /+OO L(Da(# + D?*) — (£* + D*)aD)——dt
m™Jo P+ D? t2 4 D2
2
T

oo t 2 [T D D
" ID,a] - = —~ D, a] ——— dt
/0 mrp P 7r/0 mrp P

and we may try to prove that the two integrals separately converge in K(H), the subspace of
compact operators.

Observe that (0,400) — D(#* + D?)~! is a K(H)-valued continuous function that can be
continuously extended to [0, +00) by assigning to it the value D/D? € K(H) at t = 0. Here
we are denoting by D/D? the compact operator which is the inverse of D on ker (D)+ and
vanishes on ker (D). Indeed, denoting by A; the first non-zero eigenvalue of |D|, we have

e [ I R
2+D2 D2l (24 D) D2l (2 + AH)N\ '
Since moreover K(H) is a closed subspace of B(H) and
D D D 2 1 .
‘ 21 D° [D, d] 21l 1[D; all| - ‘ 217l S ZH[D,G]Ht € L ([1,00)),
we have that % 0+°° t2+DD2 (D, al tQEDQ dt is a compact operator.

On the other hand, (0, +00) — t(t? + D?)~' [D,a] t(t* + D*)7! is a K(H)-valued continuous
function which converges to zero as t — 0. Indeed, when restricted to ker (D)1 it appears as
a continuous function of ¢ € [0,400) of products of operators in which at least one factor is
compact, and when restricted to ker(D) it reduces to

t t t t t 1 D
- |D = Da —aD = Da-=——
i Pl TP e T ey P T
so that it converges to the compact operator D/D?a as t — 0. Since, again, X(H) is a closed
subspace of B(H) and
t t t
D = [|[D N

we have that % O+°° e jf o) (D, al e Jf 5z dt is a compact operator. This shows that the commu-

tator [F,a] can be written as a sum of compact operators. Il

C<D.al 7 € LM ([1.0)).

Recall that a simmetry of a Hilbert space H is a bounded operator v € B(H) such that
Y=y, =1
Definition 2.6. (Even and odd Spectral Triples and Fredholm Modules)
A Spectral Triple (A, 3, D) is called even if the exists a simmetry such that
Dy+~D =0, ay—~va =0 acA.
A Fredholm Module (F,X) is called even if the exists a simmetry such that
Fy4+~F =0, ay —vya =0 acA.
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In other words, the operator D (resp. F) of an even Spectral Triple (resp. Fredholm
module) acts as an antidiagonal matrix with respect to the orthogonal demposition of H =
H, & H_ in eigenspaces Hy of the simmetry 7, while the elements of A act diagonally.

Corollary 2.7. Let (A, 3, D,v) be an even Spectral Triple. Then, setting I := sgn(D),
(F,H,~) is an even Fredholm module over A.

Fredholm modules represent elements of the K-homology groups of the algebra A. These
can be paired with elements of the K-theory groups of A. In particular, odd Fredholm mod-
ules couple with elements of the group K;(A), whose elements are represented by invertible
or unitary elements of A. Indeed, assume F to be selfadjoint. In this case, for any invertible
element u € A, the operator P,m(u)P, is Fredholm on P, 3, where P, is the projection on
the positive part of the spectrum of F', and the pairing is given by

(F,u) = Ind(Pym(u)Py).

In the following, we allow F' to have a infinite dimensional kernel. The following Proposition
justifies in some cases the treatment of such degenerate Fredholm modules.

Proposition 2.8. Let F' be a self-adjoint operator whose spectrum is o(F) := {—1,0 + 1}.
Assume [F,m(a)] to be compact for any a € A, and denote by P. the spectral projection for
the eigenvalue € € {—1,0,1}. Then

(1) when w is invertible, P.m(u)P- is Fredholm, for all ¢ € {—1,0,1}, and
Y Ind(Pr(u)P.) =0,

(i1) [P-,m(a)] is compact, for any a € A, and ¢ € {—1,0+ 1}.
Proof. (i) As [F,m(u)] € X(H), for all ,&" € {—1,0, 1}, we have P.[F,7(u)]P. € K(H),
P.[F,m(u)]Ps = (¢ — &) Pow(u) Por
and, in particular, P.[F,7(u)]P. = 0. Since
m(u) = Pa(u)P.+ Y (¢ — &) PF,m(u)]Ps
e ee!

and u is invertible, then ) _P.m(u)P. and P.m(u)P. are Fredholm operators, for all € €
{-1,0,1}, and

> Ind(P.r(u)P.) = Ind(m(u)) = 0.

(77) Observe that, for all @ € A and {e,¢’,¢"} a permutation of {—1,0, 1}, we have
[P.,m(a)] = Z P.|P.,7(a)|P.r = P.w(a)P. + P.m(a)Por — Pont(a)P. — Povm(a)P..

!

e e

Since all summands in the last expression are compact by (7), the thesis follows. Il

Corollary 2.9. Let (A, (7, H), F) be a Fredholm module in the sense of Definition [2.3, with
F*=F, and F* =1 on (ker F)*, and assume that for all invertible u € A we have

Ind(Pym(u)Py) =0.
Then there exists a Fredholm module (A, (m,3), F") such that F"* = I and
Ind(P.7(u)P.) = Ind(Plr(u)P.) e=—1,+1.
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Here P. (resp. P!) denotes the projection of the operator F (resp. F') associated to the
eigenvalue € € {—1,+1}.

Proof. Defining I’ := F + Py we have F"* = F', F"> = [ and o(F') = {—1,+1}. Since
[F',7(a)] = [F,7(a)] + [Py, 7(a)], by Proposition (71) we have [F', 7(u)] € K(H), so that
(A, (m,H), F') is a Fredholm module. Finally, since P| = P, + Fy, and Pym(u)Fp), Porr(u) Py
are compact, by the proof of Proposition[2.§] (i), and since, by assumption, Ind(Pym(u)Fy) = 0,
we have

Ind(P/7(u)Py) = Ind((P+Py)7(u)(Pi+Py)) = Ind(Pym(u) P )+Ind(Pym(u) Py) = Ind(Py(u)Py) .
U

We now recall the definition of p-graded Fredholm module.

Definition 2.10 ([25], Defs 8.1.11 & A.3.1). Let p € {—1,0,,...}. A p-graded Fredholm
module for A is given by the following data:

(a) a separable Hilbert space J;
(b) p+ 1 unitary operators e, ..., €, such that e;e; + e;6;, =0 if i # j, e7 = —1, for i # 0,
2
(c) arepresentation w : A — B(H) such that [¢;,7(a)] =0 foranyi=0,...,p,anya € A
(d) an operator F' on H such that e,F'— Fe; = 0,1 # 0, e’ + Feg = 0, and, for all a € A,
(F? — 1), F — F*, [F,7(a)] are compact.
In particular, odd Fredholm modules are (—1)-graded, and even Fredholm modules are (0)-
graded.

It turns out that p-graded Fredholm modules pair with odd K-theory when p is odd, and
with even K-theory when p is even. More precisely, order two periodicity is an isomorphism
in K-theory (cf. Proposition 8.2.13 in [25]).

In particular, given a I-graded Fredholm module F = (7, K, F,, ), and setting F' = icF
F = (m, H, F ) is an odd Fredholm module on A, giving the same pairing with K-theory up
to a factor 2. We notice that weakening the condition [e,7m(a)] = 0 to [e,7(a)] € K(H) does
not alter the previous result.

Definition 2.11. A (possibly degenerate) odd Fredholm module will be called tamely de-
generate if the conditions in Corollary holds. A (possibly degenerate) 1-graded Fredholm
module (7, H, F,~,¢) is called tamely degenerate if (7w, H, F) is.

Corollary proves that a tamely degenerate Fredholm module is equivalent to a (non-
degenerate) Fredholm module, as far as their indexes are concerned.

Let us observe that, given an even Fredholm module (7, H, F,~) on A, we can make it a
1-graded Fredholm module (7w, H, F,~,¢) simply by adding a skew-adjoint unitary operator
e which commutes with F', anticommutes with -, and commutes with 7(a) (possibly up to
compact operators).

3. SPECTRAL TRIPLES ON QUASI-CIRCLES

In this section we build a family of spectral triples on the algebra C(T) of continuous
functions on the circle T := R/Z, depending on a parameter « € (0,1]. For o = 1 we get the
circle with the standard differential structure, while the triples for a < 1 may be considered
as deformations of the standard one, the circle being replaced by quasi-circles.
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3.1. Quadratic forms on ']I‘. We will use the following notation. For any f € C(T), the

Fourier coefﬁcients are fk o= [ f(t)e™™* dt, k € Z, the convolution between f and g € C(T)
is fxg(t) : fT dﬂ and if ¥ is a distribution on T and f € C°°(T), the pairing
is given by \IJ ) fT

For any posmve Sequence {ak} of polynomial growth on Z we consider the quadratic form
on functions in €>°(T) given by
=Y alfil”.

kEZ

In all this section we denote by ® the distribution given by the Fourier series Z are™. Then,

keZ
a direct computation shows that (®, f) = >, ., ax fi, and

QU = (@, f"+ f),
where f*(t) := f(—t).
Definition 3.1. A sequence {a; € C: k € Z} is called positive definite if

(3.1) >ty >0

mneZ

for any finitely supported sequence {c,}. A sequence {ax} is called conditionally positive
definite if

(3.2) > - (08)m(0c)n > 0

m,ne’

for any finitely supported sequence {c, € C : k € Z}, where (9¢)r = ¢ — cx—1. A sequence is
(conditionally) negative definite if it is the opposite of a (conditionally) positive definite one.

Theorem 3.2. Let {ax} be a conditionally positive definite sequence. Then there erist a
positive measure (1 on T and a constant b such that

(@.f) = /T (F(t) — £(0) — f/(0)sint) dp + anf(0) +

Proof. The proof is analogous to that of Thm 1, Chapter II of [21], but we give the details
for the convenience of the reader.

Passing to Fourier series, eq. , which clearly holds also for fast decreasing sequences
¢k, may be rephrased as

(3.3) (1=, [f[) = 0

where f(t) = Y .oz cke’™. Since such sums describe all € functions, and |1 — e
2(1 — cost), this is equivalent to ((1 — cost)®,g) > 0 for any positive function g € €,
namely (1 — cost)® is a positive measure v. Equivalently, (®, (1 — cost)g) = [ gdv for any
g € C*. Since any function h with a zero of order 2 may be written as h = (1 — cost)g, we
get (@, h) = [ h(t)(1—cost)~ " dv for any function h with a zero of order 2 in ¢t = 0. We then
separate the part of v with support in 0, setting v = bdy + (1 — cost)u, thus getting

S —a ) (0) + 70,

—it2 =

(D, h) = /(0 . h(t) du + bh" (0) .
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Then, since f(t) — f(0) — f'(0)sint has a zero of order 2 for ¢t = 0, we get
@) = [ (7= £0) = £/O)sint) dya+ (2. £(0) + £ (O)sin) +bf(0)

= [0 = 1(0) = F/©sin®) di + a0 f(0) + a1 = @) (0) + b (0)
U

3.2. Sobolev norms and Clausen functions. Let s € C. Then the polylogarithm function

of order s is defined as
k

z
Lis(2) := —, < 1.
(=32 Is
keN
It has an analytic continuation on the whole complex plane with the line [1, +00) removed,
cf. the Appendix. The Clausen cosine function Cis(t) is defined as the sum of the Fourier
series

kt
SO Ress 1.
keN

When Re s < 1 it can be defined as the real part of Li,(e), hence it is a smooth function for

t #0.
Some properties of the Clausen function are contained in Lemma and Proposition [A.2]

Proposition 3.3. Let a € (0,1), a, = |k|**, k € Z, and ® the associated distribution as
above. Then

(1) the sequence ay is conditionally negative definite,
(17) for any C* function f,

(@)=~ / Clian(8)(£(1) — F(0)) dt.

In particular, the Clausen function Ci_y, is negative.

Proof. (i) It is well known that k? is a conditionally negative definite sequence, therefore so
is k%, for a € (0,1] ([6], page 78).

(73) Assume f(0) = 0. Since @ is even, the pairing with the odd part of f vanishes, while,
by Proposition , the pairing with the even part is given by the integral against %Ci_ga.
According to the results of Theorem , the measure du (which is now negative) should be
replaced by % Ci_g4(t) dt, showing in particular that Ci_y, is negative. For a general f, again
using the parity of ®, the pairing becomes

@.0) = 1 [ Ciaa®r(0) - F0) dt +b50),

hence we get the result if we show that b = 0. By definition, for any continuous function g,
(@, (1—cost)g(t)) =bg(0)+ [(1—cost)g(t) du. In particular, if g has suitably small support,
bg(0) = lim._o(®, (1 — cost)g(t/e)). Choosing g(t) = xj-1,1(1 — |¢|), a direct computation
shows that b = 0. U

Corollary 3.4. Let a € (0,1], ap = |k|*®, k € Z, and denote by &, the corresponding
quadratic form. Then

(@) If115 + Ealf] is the square of the Sobolev norm for the space H*(T),
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(17) the quadratic form &, is given by

Ealf] =~ [ Ciisale —9)lf(x) — f)I? dody — b f|2

_% TxT
where b= 0, for a < 1, while Ci_os =0 and b = —1, for a = 1.

Proof. (i) Obvious.
(74) We have

Ealf] = (@ f* 5 ) = % /T Ciaa()((f** F)() = (f* % £)(0)) dt + b(f* * f)" (0).

Since Ci_gn(z —y) = Ci_ga(y — ), we have

2 / Ciaa(O)((f* * )(E) — (f* * £)(0)) dt

2 [ i) (7o = 0f(@) = T(o)f () drda

2 [ Cisa(z—y)(fly)f(x) - f(x)f(2)) dyda

= | Cioaalo =) (F@)S @) = F@)f @) + F@) ) = T @) dydo
-/ TCi2a(a:—y)\f(x>—f(y)|2dydx-

As for the second summand,

(f** £)(0) = = (/) £)(0) = =IIF13.

which proves the equation. Since the quadratic form gives rise to the Sobolev norm, the last
summand should be absent, when a < 1, while, for a = 1, the Clausen function vanishes by
a direct computation, and &,[f] = || f'||3, giving b = —1. O

3.3. The construction of the triple. Let us consider, for each fixed 0 < a < 1, the
Dirichlet form &, on L*(T), with domain &, := {f € L*(T) : &,[f] < +o0}.
As shown in Corollary [3.4] the Sobolev space H*(T) coincides with F, and has norm

1£lla = 112y + Ealf]-

In this section we construct a Spectral Triple associated to the above Dirichlet space for each
value of the parameter 0 < a < 1. The construction is based on the differential calculus,
given in terms of a closable derivation with values in a suitable bimodule, underlying any
regular Dirichlet form (see [14], [15]).

We summarize below, the main known properties of the Dirichlet spaces on the circle, we are
considering. Proofs may be found in [20].

Proposition 3.5. The Dirichlet space (€,,F,) on L*(T) is regular in the sense that the
Dirichlet algebra F, N C(T) is dense both in C(T) with respect to the uniform norm and in
F, with respect to the graph norm. In particular, the algebra CY(T) of Holder continuous

functions of order v € («, 1] is a form core contained in the Dirichlet algebra. We observe
that Fo C C(T), for o > 3.
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When a = 1 we set 9, f = df, and we get E,[f] = ||0a f||%2(91(qr))-
Let us now choose o < 1. By Corollary 3.4
=155 [ [ oale = wlfG) = S dedu,
where we set ¢, = —27 Cl_za.
The linear map defined as
0o i Fo = LATXT)  8u(f)(2,0) = palz —w)/2(f(2) = f(w))

is a closed operator acting on L*(T), since E.[f] = [[0af |72 (zxm)-

Endowing the Hilbert space L*(T x T) with the C(T)-bimodule structure defined by the
left and right actions of C'(T) given by

(fé)(sz) = f(z>£(sz)7 (gg)(ZﬂU) = g(sz)g(w>7 zweT,

and by the anti-linear involution
@9)(zw) ==¢&(w,z), zweT,

for f,g € C(T) and € € L*(T x T), it is easy to see that the map 9, is a derivation on the
Dirichlet algebra F, N C(T), since it is symmetric

30a(f)) = 0alf),  feECUT),

and satisfies the Leibniz rule

9a(fg) = (0af)g+ f(Oug),  f,g€C'(T).

Moreover, the map 0, is a differential square root of the self-adjoint operator A* on L?(T)
having (€,,F,) as closed quadratic form, because of the identities

Ealf] = ‘|Aa/2f||2LQ(’]I‘) = Haaf||%2(1rx1r)= J€F.

We accommodate in the following Lemma some technical results which will be useful later.

Lemma 3.6. Let us denote by {ey : k € Z} the orthonormal basis of eigenfunctions of the
standard Laplacian A:
er(t) == e, Aej, = k?ey.
(1) Ealer, €j) = (e, 050a€;) = |K[**0p;.
(2) Let e;, = [n|"“0nen, n € Z\{0}. Then, the family {€}, }nez\ (0} s an orthonormal basis
for the range of 0,.
(3) The following equation holds:

1
(3-4) a((aep)en) = (DI + n +p** = [n[*)ensy.

(4) For any k,p € Z, |p|** + [k[** — |k — p|** < 2|k|*[p|*.
(5) Let us consider the map Sy : C(T) — L*(T x T) defined, for a fized f € C(T), as
Stg:= (0uf)g, with g € C(T). Then, for s >a™!,
(35) tr(SpSH(0a05) ") < 20 (as)E[f] = tr(S}S7(9:0a)""%).
Proof. The equality 00, = A® gives (1), while (2) follows from a direct computation, and
(3) amounts to verify that (Jaex, (uep)en) = (P> + (0 + p)** — n**)0k 4p. We now show
(4). We observe that it certainly holds for p = 0 or k& = 0. Observe that, |p|*® + |k|** —

|k — p|* < |p|** + |k[** — ||k] — |p|‘2a, hence, setting e** = |p|/|k|, it is enough to show that
2sinh(at) < (2sinht)® or, equivalently, log(2sinh(at)) — alog(2sinht) < 0, for ¢ > 0. The
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latter function tends to 0 for ¢ — oo, and its derivative a(coth(at) — cotht) is positive for
a € [0, 1] since coth is decreasing, proving the inequality.
As for the inequality in (5), we have

I70nesl” = 3 (en Sjouen)l = 2 10u, (Gueren)f
= 3 STORE K = S )
1
= 5 SDORE + B = p = KPP )
p

< KPP )l = kP EalS],

where the inequality in the last row follows by (4). Then
tr(SpS7(0a00)™"1%) = 3 (el SpS7(0a00) " Pe1) = DIk ~C2%|S 0uen

k k

(3.7) —sa 2
< Z KN 00 f 2 rery = 2¢(as)Ealf]-
k

Concerning the equality in (5) we have

tr(S757(938a) ") = Z(sza S191(0500) " Pex Z [kl Spexl?

= Z 6] f)er)I* = 2¢(as)alf].

g

We now construct the promised family of spectral triples. For v = 1, the Hilbert space is
simply L?(Q*(T)) = L*(QY(T))® L*(Q°(T)). For a < 1, we interpret 9, as a deformed external
derivation, and set K, := L?(Q%(T)) = L*(QL(T))® L*(Q%(T)), with L2(QL(T)) = L*(T x T).
The Dirac operator (D,,dom(D,)) on X, is defined as

D“::(ﬁoz %), so that Da(?):(g?;g)’

on the domain dom(D,) := dom(9}) ® F,. The x-algebra is A, = {f € C(T) : ||[D, Ly]|| <
oo}, where, if f € C(T), Ly denotes its left action on K, resulting from the direct sum of
those on L?(T x T) and on L?*(T). We also consider the seminorm p, given by pa(f) = || f/|co
for « =1, or
1
ol 002 = 5 s [ ale = )l f0) = S0) Py <+,
z€T
for & < 1. Some estimates for p, are contained in Proposition [A.3]

Theorem 3.7. Let us consider the reqular Dirichlet form (€4, %) on L*(T), the associated
derivation (On, Fo) and the triple (Aq, Ko, Do) described above. Then,

(i) D' is a compact operator on X, on the orthogonal complement of ker D,,,

(17) Ao = {f € C(T) : pa(f) < o0}, and analogous results hold true upon replacing the
left module structure of X, by the right one,

(i) A is a uniformly dense subalgebra of C(T). In particular, A, = C*Y(T), for a =1,

while, for a <1, C***(T) C A,. Finally, if o > 5, Ay C CO*(T).
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As a consequence, (Aa,Ka, Do) is a densely defined Spectral Triple on the algebra C(T), in
the sense of A. Connes.

Proof. The proof for a = 1 is classical, so we consider the case a < 1.

(i) Notice first that, since the self-adjoint operators 0%0, and 0,0 are unitarily equivalent
on the orthogonal complement of their kernels, it suffices to prove that 070, has discrete
spectrum on L?(T). Indeed, Lemma (1) shows that the spectrum of the self-adjoint
operator 90, is discrete and coincides with {k?* : k € N}.

(i) Let us consider first the map Sy : C(T) — L*(T x T) defined, for a fixed f € C(T), as
follows

Stg = (0uf)g g€ C(T).
This map extends to a bounded map on L*(T), provided f € A,, because

1
I1Sralliecenry = = [ 10af)(z w)g(w)] dzdw

TxT

- W/'g [ alz =)l ) = ) dedu

< ollola sup / Golz —w)|f(2) = fw)[*dz, g e L¥(T),
so that

2 1 2 2
(3.8) 1511 = 5 sup / ol — w)|f(2) — f(w) dz = palf)?.

Let us compute now, using the Leibniz rule for the derivation d,, the quadratic form of the
commutator [D,, L], defined on the domain dom(D, ) := dom(9}) & Fa:

(€@ d|[Das Lil ®g) = (Dal§ @ )LD g)) — (L= (€' @ g)|Dal€ @ g))
= (0ag ®OENfED fg) = (€ D [ |0ag ® 0;E)

(0ag'116) + (0281 f9) — (] fOag) — (f791058)

(f*0ag'1€) + (€'10a(f9)) = (£1f0ag) — (Oalf"d)IE)

(E1(0af)g) — ((Puf)d'lE) -

(&'1Srg) — (S5-4'l€) -

Hence

0 S
(3.9) [Da, L] = ( ., ) , a € A,,
d —S85. 0

therefore [D,,, L¢| extends to a bounded operator on X, if and only if f € A,, and ||[D,, L¢]|| =
1541l = pa(f)-
(#4) 1t is easily seen that A, is a subalgebra of C(T), and, since, by Proposition [A.3] it
contains C%7(T), for v > a, it is uniformly dense in C(T). O

Corollary 3.8. Let a € (0,1]. Then, the distance dp induced on T by the spectral triple
(Aa, Ko, Do), satifies, for any e > 0, dp(z,y) > é|$ —y|*te, x,y € T. Moreover, if a > %,
dp(z,y) < é|x —y|%, z,y € T. Here, c. and ¢, are as in Proposition .
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Proof. Observe that, using the notation of Proposition [A.3]
dp(z,y) = sup{[f(x) = f(y)| - [[Da, fIIl <1} = sup {|f(z) = f(¥)| : pa(f) < 1}

> Lsup {I£@) = 7@ Ifllcoseey } = ol = 917

(S (S

. 1
and, if a > 3,

dp(z,y) =sup{|f(z) — f(y)| : pa(f) <1}
< 5w {1@) = FO)] [l gnogn | = 217 — 91"

« «

U

3.4. The pairing with K-theory. In this section we show that the phase of the Dirac
operator gives rises to a Fredholm module that pairs nontrivially with respect to K-theory
on the circle.

Proposition 3.9. Let a € (0,1], X, := L*(Q(T)) as constructed above, ® the action of
C(T) on K, described in Theorem F' the phase of the Dirac operator D, v the usual

0
({0 V
(1)),

grading ((1) 1)
where Py is the projection on the kernel of I, and V' is given by Ve; = sgn(j)e’; = sgn(j)|j|~“Oae;,
j#0,Vey=0. Then
(1) F = (7,Kq, F,7,¢€) is a tamely degenerate 1-graded Fredholm module on C(T), namely
F = (7,Ka, F) is a tamely degenerate odd Fredholm module on C(T), where we set
F = 1eF;
(2) the pairing gives (F,ex) = %(f;", ex) = k.

0o W
W= 0
e;, 1 # 0, Weg = 0. As a consequence, setting Se; = sgn(j)e;, we get V. = W.S, hence
ie=(I®S)F(I®S)+ Fy. A direct computation shows Py = [ker(F)] = [ker(F?)] =1—F? =
Qo @ (1 — S?), where @ is the projection on ker(9%). Then the support of (I & S)F(I & S)
coincides with the support of F, which is 1 — F,. Therefore e*e = ((I & S)F(I & S))2 + Py =
F? + Py = 1. We then compute

Proof. Let us observe that F' = ( ) , where W is the partial isometry given by We; =

/

(3.10) F =ieF = (WSW 0) — iFe,

0 S

hence [e, F] = 0. Since ¢ is clearly skew-adjoint, we get a (possibly degenerate) 1-graded
Fredholm module if we prove the compactness of [, 7(f)]. Indeed,

lie, 7(f)l =T & S)F(I & S) + Py, n(f)]
=l 9),m(HIFI®S)+ [T 9Fn(f)IIdS)+{T®S)F|[I®S),n(f)
+ [Po, m(f)] -

The compactness of [F,w(f)] follows by the spectral triple properties (cf. Proposition [2.5)),
and the compactness of [Py, 7(f)] follows by Proposition (#7). The compactness of [(I &
S),m(f)] = 0@ [S, f] follows by the Toeplitz theory.
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We now prove the tame degeneracy. By equation (3.10)), the spectral projection RL of I for
the eigenvalue 1 is WQ W* @ Q, where (). is the projection on span {e, : p > 0}. Therefore

Ind(Pym(u) Py) = Ind(Q W*n(w)WQy) + Ind(Q () Q).

We shall show that the two summands coincide. We start by proving that for any p € Z,
Wn(e,)W — 7(e,), or, equivalently, W*n(e,)Wm(e_,) — 1, is compact. Let us observe that,
making use of (3.4)), e,, W*n(e,)Wn(e_,)em) = (€, eper,_,) = AmOnm, where

m—p
\ 0, m=0Vm=p,
m = Y |m[**+|[m—p|?*—|p|> :
Sl m—p[® , otherwise.

This shows that {e, : m € Z} is a basis of eigenvectors for W*n(e,)Wr(e_,) — 1, with

eigenvalues {\,, — 1 :m € Z}. Since
2c M2 2c
PR il i 1 Y

[m|—o0 2|m|0‘|m _p|a

the compactness follows. By linearity and continuity, this implies W*n(f)W —x(f) is compact
for any f € C(T). Then,

Ind(QW*r (W)W Q) = Ind(Q47(u)Q-+).
The equality for @)_ follows analogously, giving
Ind(Pym(u)Py) = 2Ind(Qm(w)QL), Ind(P_mw(u)P.) =2Ind(Q_m(u)Q_).
The other results now follow by the Toeplitz theory. O

4. SPECTRAL TRIPLES ON THE SIERPINSKI GASKET

4.1. Sierpinski Gasket and its Dirichlet form. We denote by K the Sierpinski gasket, a
prototype of self-similar fractal sets. It was introduced in [39] as a curve with a dense set of
ramified points and has been the object of various investigations in Analysis [32], Probability
[34], [4] and Theoretical Physics [37].

Let po, p1,p2 € R? be the vertices of an equilateral triangle of unit length and consider the
contractions w; : R* — R? of the plane: w;(z) := p; + 5(z — p;) € R?. Then K is the unique
fixed-point w.r.t. the contraction map E +— wy(E)Uw;(F)Uwy(FE) in the set of all compact
subsets of R?, endowed with the Hausdorff metric. Two ways of approximating K are shown
in Figures [I] and [2]

Let us denote by 3, := {0,1,2}™ the set of words of length m > 0 composed by m letters
chosen in the alphabet of three letters {0, 1,2} and by ¥ := |, ,~q X the whole vocabulary
(by definition ¥ := {0#}). A word o € %,, has, by definition, length m and this is denoted
by |o| :=m. For 0 = 0103...0, € X, let us denote by w, the contraction w, := w,, 0 w,, °
oW,

Let Vo := {po, p1, p2} be the set of vertices of the equilateral triangle and Ey := {eq, e1, €2} the
set of its edges, with e; opposite to p;. Then, for any m > 1, V,, := U‘U‘:m wy(Vp) is the set of
vertices of a finite graph (i.e. a one-dimensional simplex) denoted by (V},, E,,) whose edges
are given by Ey, := {J,,_,, Ws(Ep) (see Figure 2). The self-similar set K can be reconstructed
also as an Hausdorff limit either of the increasing sequence V,,, of vertices or of the increasing
sequence F,, of edges, of the above finite graphs. Set V. := U_(V,,, and E, := U5_ Ey,.
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F1GURE 1. Approximations from above of the Sierpinski gasket.
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FIGURE 2. Approximations from below of the Sierpinski gasket.

In the present work a central role is played by the quadratic form & : C(K) — [0, +o0]

given by
) 5\" 2
elf = i (3) > Iften s
ecltim
where each edge e has been arbitrarily oriented, and e_, e, denote its source and target. It
is a regular Dirichlet form since it is lower semicontinuous, densely defined on the subspace

F:={feC(K):E[f] < oo} and satisfies the Markovianity property
(4.1) efnt<elf]  feC(Kyl

The existence of the limit above and the mentioned properties are consequences of the
theory of harmonic structures on self-similar sets developed by Kigami [32].

As a result of the theory of Dirichlet forms [8, 20], the domain F is an involutive subalgebra
of C(K) and, for any fixed f,g € F, the functional

(42) T b (1. g)(h) = 3 (E(/.ha) — E(fg.h) +E(g. Jh)) € B

defines a finite Radon measure called the energy measure (or carré du champ) of f and g. In
particular, for f € &, the measure I'(f, f) is nonnegative and one has the representation

8[f}=/KldF(f,f):F(f,f)(K) Feg.

In applications, f may represent a configuration of a system, &[f] its corresponding total
energy and I'(f, f) represents its distribution. In homological terms, I" is (up to the constant
1/2) the Hochschild co-boundary of the 1-cocycle ¢( fo, f1) := E(fo, f1) on the algebra F.

The Dirichlet or energy form € should be considered as a Dirichlet integral on the gasket.
It is lower semicontinuous on the space L*(K,m), finite on the subspace F, with respect to
a wide range of positive Borel measures on K and, once the measure m has been chosen, it

'Here and in the following, we will denote by C(K) the space of real valued continuous functions. As a
consequence, the quadratic Dirichlet form € will be considered as a symmetric bilinear form over J.



SPECTRAL TRIPLES FOR THE SIERPINSKI GASKET 19

is the quadratic form of a positive, self-adjoint operator on L?(K,m), which may be thought
of as a Laplace-Beltrami operator on K. However, since in the present work the Dirichlet
form solely will play a role, the Laplace-Beltrami operator we need will be understood as the
operator A : F — F* such that

(Af,g):=¢&(f,9) fgeT.

A function f € J is said to be harmonic in a open set A C K if, for any g € F vanishing on
the complementary set A, one has

E(f,9)=0.

As a consequence of the Markovianity property , a Maximum Principle holds true for
harmonic functions on the gasket [32]. In particular, one calls 0-harmonic a function u on
K which is harmonic in V. Equivalently, for given boundary values on Vj, u is the unique
function in ¥ such that E[u] = min{E[v] : v € F,v|y, = u}. More generally, one may call m-
harmonic a function that, given its values on V,,, minimizes the energy among all functions
in F. For such functions we have

£fu] = (g)MXEj Jules) — ufe )P

It is not difficult to check that f € F is m-harmonic if and only if Af is a linear combination
of Dirac measures supported on the vertices V,,,.

Definition 4.1. (Cells, lacunas) For any word o € 3,,, define a corresponding cell in K as
follows

Cy = w,(K),
its perimeter by wC, = wy(Ey), its (combinatorial) boundary by 0C, = w,(Vy) and its
(combinatorial) interior by C2 = C, \ 9C,. We will also define the lacuna {y, see Fig. [3]
as the boundary of the first removed triangle according to the approximation in Fig. [T} For
any o € 3, the lacuna /¢, is defined as ¢, := w,(¢y). We shall use the notation Eq, [u] =

lim o0 (3)" Xecp, ece, [ules) —ule-)l”

F1GURE 3. The lacuna /¢y

4.2. The dimensional spectrum and volume. Choose « € (0, 1], and let £y be the main
lacuna of the gasket, identified isometrically with T, and consider the triple (A, Hy, Dy), where
Hp is the space L*(Q(¢y)), Dy is the Dirac operator D,, through the isometric identification
of ¢y with T, and A is the algebra of continuous functions on the gasket acting via the
representation 7y given by the restriction to ¢; and then by the action on Hp described
before.
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Then, choose 3 > 0, and, for any o € U,{0,1,2}", consider the triple (A, H,, D,), where
Hy = Hy, Dy = 27191 Dy, and A acts via the representation 7, with 7,(f) = m(f o wy).

Definition 4.2. Let us consider the following triple: (A, X, D), where H = @yexH,, D =
DyexD,, and A acts on H via the representation m = B,exm,. According to the prescriptions
of noncommutative geometry, we set ¢ f := tr,(f|D|™%), where tr, is the (logarithmic)
Dixmier trace, and d is the abscissa of convergence of the zeta function s — tr(|D|~*).

Theorem 4.3. The zeta function Zp of (A,H, D), i.e. the meromorphic extension of the
function s € C — tr(|D|~*), is given by

4¢(as)

Aol = Ty

where ¢ denotes the Riemann zeta function. Therefore, the dimensional spectrum of the
spectral triple is

I 271
Sdim—{a_l}u{ 0g3 ( i

: 7 .
Blog?2 log3k) kezpcC

As a consequence, the metric dimension dp of the spectral triple (A,H, D), namely the
abscissa of convergence of its zeta function, is max(a~', d), with d = &3

Blog?2-”
When 0 < 8 < aizgg, i.e. dp = ﬁl‘ffgiz, Zp has a simple pole in dp, and the volume
measure coincides with a multiple of the Hausdorff measure H. (normalized on the gasket),
. _ log3,
with v = log 2"

vol(f) = /devol = tr,(f|D|™%) = 1?;3 (d / fdH, feC(K).

Proof. The non vanishing eigenvalues of | D,| are exactly {2°/7/(27k®)}, each one with multi-
plicity 4.

Hence tr(|D,|=*) = 4-278l(2m)=# 37, _ (k)= = 4(2m)~*27*FI¢(as) and for Re s > d we
have

tr(|D|™) Ztr |Dg|™%) = 4(2 )‘SC(QS)ZQ‘SM‘"
=4(2m) " ((as) Yy 270 Y "1

n=0 jol=n
= 4(2m) "¢ (as) Z (3-27)" = 4(2m)C(as)(1 — 3 - 27*7) !

As the Riemann zeta function has just one pole at s = 1 we have 84, = {a ' }U{d (1 + 1?)213 k:) :

k€ Z} C C. Now we assume that 0 < < a}iig, ie. dp [;?fg?)m and prove that the volume
measure is a multiple of the Hausdorff measure H.,.
Clearly, the functional vol(f) = tr,,(f|D|?) makes sense also for bounded Borel functions

on K, and we recall that the logarithmic Dixmier trace may be calculated as a residue (cf.
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[16]): tr.,(f|D]~%) = Ress—q tr(f|D|~*), when the latter exists. Then, for any multi-index 7,
tro(xc,|D|™") = Ress—q tr(xc, |DI™)
= lim (s — d) tr(xc, DI
= lim ( Ztr (xc, o wy|Dy|7%),

s—>d+

and we note that yc. o w, is not zero either When o < T or when ¢ > 7. In the latter

case, Xo, 0wy = 1. Since d > 1, tr(xc.|Ds|™%) < tr(|D,|™%) = 4(2n)7527%%I¢(as) —

4(2m)~4371°I¢(ad) when s — d*, hence lir{g(s — d)tr(xc,|Ds|"%) = 0. Therefore we may
5—

forget about the finitely many o < 7, and get

tro(xe, |D|™%) = Jim ( d) Y tr(|D,|™)
o>T

1 — d4(o7)"* 9—sB(lol+I7])

= limn (s — d)4(2n) aas);
(2m)d ot 132

4d Clad) (1N 4d ¢(od

| dd (o) (1Y ad (fod)
log3 (2m)4 \ 3 log 3 (2m)4
This implies that for any f € C(K) for which f < x¢,, vol(f) < %% (%)M, therefore

points have zero volume, and vol(x¢ ) = vol(xc, ), where C, denotes the interior of C;. As
a consequence, for the simple functions given by finite linear combinations of characteris-

tic functions of cells or vertices, vol(p) = 1;";3 g:d) [ ¢dH,. Since continuous function are
Riemann integrable w.r.t. such simple functions, the thesis follows. U

4.3. The commutator condition and Connes metric. In this section we will show that
for g € (0, 1] the triple (A, H, D) considered above is a spectral triple in the sense of Connes
[16], up to the infinite dimensionality of ker(D). Moreover, the commutator ||[D, f]|| gives
a Lip-norm in the sense of Rieffel [3§]. Such condition for spectral triples has been recently
considered in [5], where these triples are called spectral metric spaces.

Definition 4.4. We shall consider the following seminorms on functions defined on lacunas
£,
Lon(f) = [l fllcome,) 2710

Proposition 4.5. Ifn € (o, 1], 8 <7, f € C%", and c. is given in Proposition then
(D £ = 5D 2"lpa( 0 10a) < - 84D Lon(f) < eqealfllconir
oc S

Proof. By equation (|3.8)) and Proposition
1D, £l =1l @ Do, o (f)]Il = Sup [ D, 7o (S]]

oeY

o0 29171\ [Day, o (f 0 ws)]|| = sup 271118 or, || = sup 2917 (f 0 w,)
oc

< Cp-a sup25| |||fo’wg||00n(€0) = Cpa Sllp||f||oon )QIJ\(B ).
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The previous Proposition gives an estimate from above of the norm of the commutator.
However, by making use of Lemma [A.T| we may get an estimate from below.

Lemma 4.6. Let ¢, be as in Proposition[A.3. Then
11D, fIIl = Ca sup Loa(f).
oY

Proof.
(B—a)

|| [Da .ﬂ H = Sup 2B|J|pa(f © wa) > Co SUP 20! ”f © "LUUHCO,a(gw) = Cq SUP HfHCOaa(Zo—)Qla‘ :
oY oceX oceEX

4

Proposition 4.7. There ezists a constant k(a, ) such that

(4.3) 1fllcos ) < k(e B)ID; Al

Proof. Our aim is to estimate | f(z)— f(y)| for a continuous function f for which ||[D, f]|| < oco.
15t step. Let C, be a cell of level m, x a point in C,. We now construct inductively a
sequence of cells Cy(jqy, 7 = 1, such that x € Coja), Copp) = Cs, Coire) C Colia)s
lo(4,z)] = m+ j — 1 (if z is not a vertex such sequence is uniquely determined). We then
construct a sequence {x;};>1 of points as follows: x; is a vertex of £, contained in Co2,2),
x; is the unique point in l5(;_12) N {s(ja), J > 1. By construction, x; — x and the points
xj, 741 belong to the lacuna £4(; ).
We now observe that, by Lemma 4.6

1 (@j51) = F@)] < I fllevieyay @1, 7)< Logaya(f)2 V) (diam(f(;.0)))
< &'27°[D, fl)|27 7D,
As a consequence,

[f(@1) = f@)] < Y0 1 (wgm) = flzy) < &2 =277 H|[D, flll27.

Jj=1

2" step. If x is a vertex of level n # 0, and m > n, the butterfly shaped neighborhood
W (xg, m) is the union of the two cells of level m containing z. For z,y € K, let W (o, m) be
a minimal butterfly shaped neighborhood containing them. Observe that, by minimality, at

least one of the points, say z, does not belong to W (o, m+1), hence pyeo(x,y) > pgeo(T, o) >
2—(m+1)_

Let us now choose W (z1, m+ 1) contained in one of the wings of W (zo, m) and containing
both x and zy. Reasoning as in the first step,

f(z0) — f(2)] < [f(x0) — flx)] + 1 f(z1) — f(2)] <26, 27(1 —27") M [D, f])27™7,
hence,
1f(y) — f(@)] < [f(y) = flao)l + | f (o) — fa)| < 4e'27(1 = 277)7HI[D, f]f27™°
< 82,'27%(1 = 277)"YI[D, flll(pgeo(,))”.
The thesis follows. U

Corollary 4.8. For any «, 8 € (0,1] the triple (A, 3, D) is a spectral triple, and the semi-
norm f — ||[D, f]|| is a Lip-norm according to Rieffel [38]. Therefore, the metric

@)= 1)
i S Wil
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induces the original topology on K. Let pge, denote the Euclidean geodesic metric on K.
Then, if B > a, ||[D, fl||l and ||fllcosx) are equivalent seminorms, and the metric pp is
bi-Lipschitz w.r.t. the metric (pge,)” on K.

In particular, if 8 =1, the metric pp is bi-Lipschitz w.r.t. pgeo.

Proof. Choosing n = 1 in Proposition we prove the density of A in C(K) for any g < 1,
which, together with the results in the previous Sections, give the spectral triple property.
The Lip-norm property follows by Proposition [4.7, ¢f. [38]. Indeed, it implies that functions
for which ||[D, f]|| < 1 are equicontinuous, which gives the compactness property of the set
of elements for which ||[D, f]|| < 1 and ||f|| < 1, and it also implies that ||[D, f]|| vanishes
only on constant functions.

When § > «, we may choose 7 = (3 in Proposition [4.5 thus getting the equivalence of the
seminorms. The other results easily follow. Il

4.4. The gasket in K-homology. Let «, 5 € (0, 1], and denote by (A, X, D) the spectral
triple for the gasket considered above. Let F' be the phase of D, and, for any o € ¥, denote by
Yoy Eoy & copy of the gradings v, e associated, by Proposition [3.9] to the lacuna £y, identified
with T. Finally, let v = @®,exvs, € = Boents. As in Proposition we set F' = icF.

Theorem 4.9. The quintuple (7, H, F,v,¢) is a tamely degenerate 1-graded Fredholm mod-
ule on A which s non trivial in K-homology. In particular, it pairs non trivially with the
generators of the (odd) K-theory of the gasket associated with the lacunas.

Proof. First step. To check the compactness of [F,7(f)], it is enough to check that of
e, 7(f)] = ®sles, mp(f 0 wy)]. As in the proof of Proposition this amounts to prove that
@B [Se, my(f © wy)] is compact, where 7 denotes the action of C'(¢y) on L*(Q'(¢y)), i = 0,1,
and, for each o0 € X, S, denotes a copy of the operator S in the proof of Proposition [3.9]
Even though each summand is compact, the compactness of the direct sum is not obvious.

We first consider an affine function f in the plane, restricted to the gasket, and observe
that consequently f o w,|, = const + 2-lol f |¢,- Let us denote by {s,} the sequence of the
singular values with multiplicity, arranged in a non increasing order, of [Sp, 7T8( f)]- Then, for
any given o,

[Ss, o (f 0 w5)] = 27171 Sy, w3 (f)],

namely the sequence of singular values for ©,[S,, m(f o w,)] is {2719ls,, : 0 € ¥,n € N},
showing that [e,7(f)] is compact.

Now, for any given n € N, consider the piece-wise affine functions Aff, (K) on the gasket,
which are affine when restricted to cells of level n. Reasoning as above, we obtain that, for
|o| = n, the operator @,>,[es, m(f ow,)] is compact, from which the compactness of [e, 7(f)]
follows again. Since U,, Aff,,(K) is dense in A, the thesis is proved.

Second step. We recall that the proof of the tame degeneracy on T, given in Proposition
3.9} was a consequence of the compactness of W*r(f)W —7(f) on L*(Q°(T)). In the present
case, the compactness of @, W*m;(f ow,)W — 7 (f ow,) follows as in the first step, implying
tame degeneracy as in the case of T. O

4.5. The Dirichlet form. Let us recall that the integral § a of a element a € A in noncom-
mutative geometry is defined as the Dixmier trace tr,(a|D|?), where d is the metric dimension
of the triple. Such integral may be computed, for a positive a, in three equivalent ways:
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on(|D|"*?a| D|~*2)

4.4 li

(4.5) lirr%(s — 1) tr(|D|"%a|D|~Y?)*,
S—

(4.6) lim(s — 1) tr(a|D|™*%) = d~*lim(¢ — d) tr(a|D|™);
s—1 t—d

when such limits exist, cf. [I6] Proposition 4 p.306, and [10] Corollary 3.7.

Our aim here is to use the NCG translation table to define a Dirichlet energy on spectral
triples. Starting with the classical formula f — [ |V f|? dvol, we replace V f with [D, f], the
integral ¢ as explained above, and get a + tr, (|[D, a]|2]D\_‘5), for a suitable §. As above,
we may hope to compute the energy as

on(|DI"2|[D, a]|*| DI?)

(4.7) hqgn log 1 ;

(4.8) lim(s — 1) te(|D|*"?|[D, a] [*|D|/%)*;

(49) lim(s — 1) (] [D, a][?|DJ*%) = 6 it — 8) x(|[D. a]*[ DI
s— —

We first observe that: 1) we cannot expect the energy to be finite for all elements of A,
but only for elements in some suitable Sobolev space H'; 2) elements for which such energy
is finite do not necessarily have bounded commutator with D, the latter property requiring
Lipschitz regularity, and even the converse is not necessarely true; 3) while formulas (4.7
and necessarily coincide when |D|%/?|[D, a]|?|D|%/? € £, the third may not; indeed,
the proof in [I0], Proposition 3.6 would require the boundedness of [D,a]; 4) the number o
does not necessarily coincide with the metric dimension d of the triple; formula suggests
to compute § as the abscissa of convergence of t — tr(|[D, a]|?|D|").

For sufficiently regular (noncommutative) spaces we may expect  to coincide with d. In
this case, for elements a € A, [I0] Corollary 3.7 applies, and formulae , ,
coincide, where A consists of elements with bounded commutators with D. Under reasonable
conditions, the quadratic form we get is closable and its closure is a Dirichlet form.

However, things change when spectral triples for the gasket are considered. In that case,
as we shall see below, the abscissa of convergence ¢ for functions with finite Kigami energy
is different from d, and formula gives rise to a multiple of the Kigami energy on the
gasket. Therefore we propose formula (4.9)) as the right replacement for the Dirichlet energy
in noncommutative geometry. We relate the inequality 0 < d to the classical result of Kusuoka
stating the singularity of the energy measures w.r.t. to the Hausdorff volume measure on the
gasket. Only for a subalgebra of the algebra of finite energy functions we are able to show

that formulas (4.7) and (4.8]) reproduce Kigami energy.

In the following Theorem, a result of Jonsson [30], on the regularity of the trace of a finite
energy function on an edge of the gasket, will imply that the Kigami energy on the gasket
can be recovered via the spectral triple only if « is not too close to 1. In this section, when f
is a continuous function on the gasket, [f] denotes the Kigami energy. Let us first observe
that

Te(|[D, fI*ID] ™) ZTI" (Do, o (NIPIDs| %) = Y 2711 Tu(|[Dy, mo(f 0 w5)]| Dol ).
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However, the following holds.
Lemma 4.10. Let s > L. Then, Tr(|[Dy, m4(9)]|*|Dg| %) is finite if and only if g € H*({y).
Proof. By , and the definition of Dy, we get

(Dm0 =1 (%57 o ) IDol)
= (S Sy (0:00)/2) + Te(S,S5(0a05) /).

As a consequence Lemma implies

(4.10) 2C(5) 11009226y ey < Tr(I[Do, ma(9)]1*|Do| ") < 4¢(5) 1100926y xey)
0

We then recall that, according to [30] Thm. 3.1, the restrictions of finite energy functions

to edges of the gasket belong to H*, for a < ap = 10g1(10/ 3 We can then prove the following.
og4

Theorem 4.11. Assume as above that § > 0, % < a < ap, with apg = % ~ 0.87,
and assume f has finite Kigami energyﬂ Then the abscissa of convergence of the function
tr(|[D, f11?|D|~*%) is max(a~', ), with § := 2 — log5/3 If6>at ie B2—at) > %,
tr(|[D, f]I?|D|~%) has a simple pole in &, and
(4.11) Res,—s tr(|[D, f]|*|D|~*) = const &[f].
Proof. According to the discussion above,
(4.12) wr(|[D, AIPIDI™*) < 4¢(as) Y 270180, 0 wo)l[F gty -

By the trace theorem of Jonsson [30], the restriction map from F to H*({p) is continuous
(for a < ap), implying in particular that, for a suitable constant K7,

(4.13) ||8a9|’%2(£@x4@) < K€yl

Hence,

118) 3 10 0wy < 0 3 elf ol - ~w(2) > eel - x (2) e
As a consequence, if s > max(a™!,2 — 1;%05;/ 5’ ),

(415 I PIDE) < ariclan Y (3200 el = e

Now we compute the residue. Let us consider the linear map which associates to any
vector ¥ = (v, v1,v2) € R3 the 0-harmonic function f = go(*) on the gasket taking values v;,
=0, 1,2, on the extreme points of the lacuna ¢y. Clearly 7 — |0, (¥ )||L2 is a quadratic
form on R?, invariant under permutations of the components and vanishing only on constant
vectors. As a consequence, ||0,p(U )HL2 tyxty) 18 @ multiple of 37, . |v; — v;]?, which in turn is
a multiple of E[f], since f is 0- harmonlc We proved that, for O harmonic functions, there
exists a non-zero constant Ky for which

(4]‘6) ||8af||%2([@><£@) = KQg[f]

>The conditions B8 >0and2— lg%fg/;’ > a~! indeed imply o > %
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Assume now f to be g-harmonic, and s > § = max(«

equalites in and -,

> 20 '“'tT(SjﬁowgSfowU(32%)_8/ %) =2((as) Y 27N 0a(f 0 wo) 2ty

lo|>q lo|>q

= 2K5((as) ) (225(2‘s>)n e[f]

n>q

— 2K. 30505\ 39
= 26 (as)€lf] 22 1- 22 -

Now we pass to the second part of equation (4.12)). Reasoning as above and taking into
account formula (3.6)), for a 0-harmonic function g, ||Sid.ex||* is again a multiple of the
Kigami energy of g, namely for any k there exists a constant C} such that

(4.17) 1S5 O0uer|” = Cr€lg).

Formula (3.6) may be used to show that 0 < Cy < |k|?®, if k # 0. Then, for an n-harmonic
function f, and using (3.7)), we get

Z 252 Sntr(sfowgsfow (a a*) 8/2 B@=s)n Z Z|k| (s+2)a HSfowC,a ekH

) Then, making use of the

lo|l=n |o|=n k#0
=277 3TN Culk| e f o w)
lo|=n k#0
( e 5)) D Ea lf1D_ Culkl” 8”)%(325@ 8>) 1110 (s).
lo|l=n k#0

where we set C(s) = Y, Ci|k|~¢+22. Assuming now f to be g-harmonic, we get

Z 25(273)\a\t7a(8f0w05;0w0 (804(9;)75/2) — Z (§2ﬁ(2s)) S[f]C’(s)

lo|>q n>q

3 ! 3 !
=C(s)&[f] [ 22°C=9) ) (128G}
5 5
We note that, by relations (3.6)), (4.16)), (4.17),

(91 Y Culk| =72 =3 Ck[7C 22 S 0uenl| < 20(50) 10agllZory ey = 2K2C (50) €],
k k

for any 0-harmonic function g, namely C(s) < Ky((as). This shows that, when 2 —

lgiz/s > a7, the function tr(|[D, f]|*|D|7%) has a simple pole in s = ¢, with residue
(Blog2) (2K (ad) + C(0))E[f]. Equation (4.11) now follows for g-harmonic functions,
the result for general functions depending on continuity. U

4.6. Kigami Energy and Dixmier traces. In this section we re-construct the Kigami
energy form on the Sierpinski gasket using the Dixmier trace. In particular, the self-similar
energy of a function in a suitable form core, coincides with the evaluation, by the Dixmier
trace, of the square of the modulus of its commutator with the Dirac operator D times a
weight proportional to a negative power of |D]|.
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Definition 4.12. For any £ > 0, we shall consider the set B, defined as follows:
B. :={f € F:3c> 0 such that E¢,[f] < ce PIE[f],0 € T},
and set B := U.~oB..

Lemma 4.13. Let f be a k-harmonic function. Then f € Biogs/3). More precisely, for any
0 €3, &, [f] < (3/5)17MELf].

Proposition 4.14. Fach B., € > 0, is a vector space, B is an algebra.

Proof. We first prove additivity. The case f; + fo = 0 being trivial, we assume E[f; + fa] # 0.
Then

Ec, i + fa] <2Ec, [f1] + 2Ec, [ f2]
< 2c1€lfi] + €[ fa))e NV = ce e[ £ + fol,

where ¢ = E[f1+ fo] 12(c1&[f1]+c2€[f]). As for multiplicativity, assuming as before &[f; f2] #
0, we get

Ec, [f1fe] <l fale, e, [fi] + [ file, lc€e, [ f2]
< [l felloccr€[file™17 4 || fillowca€ [ fole™2l = ce~I7IE[f1 fo],
where € = min(ey, &) and ¢ = E[f1 fo] (|| follooCt E[f1] + || f1]]o02E[f2])- O

Lemma 4.15. Assume o' < 8, f € B.. There exists s € (o', 8) such that [D, f]|D|"2* is
bounded.

Proof. Making use of , , we get:
1D, 1] |DI7=°|| = sup [|[Ds FIID, 2%
= sup 2°71C=9||[Dy, f 0 w,]| Dyl 72
< sup 2971C=) te(|[ Dy, f 0 w,][*Do| ™)

< 4sup 26|0|(2_S)C(@5) [0a(f 0 w,) ”%Z(waé@)

< 4K ¢ (as) sup 28719 e[ f o w,]

o]
< ag(as)swp2 2 () e I
< 4K ((as)supexp((8(2 — s)log 2 4 log(3/5))n) max &, [f]

< 4cKi((as) sgp exp((B(2 — s)log 2 +1og(3/5) — e)n)E[f].

We get a non trivial bound when 3(2 — s)log 2 + log(3/5) — ¢ < 0, namely

§>9_ logs/3+e . ¢
- Blog2 Blog?2
We have proved that, for max(a™*, § — 5 18 2) < s < 0, the thesis is satisfied, more precisely,
og

I|D|=2*|[D, fII?|D|72*|| = ||[D, ]| D|"2*||* < 4cK ((as)E[f].
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Theorem 4.16. The set {|D|"2°|[D, f]|2|D|"2° € B(H) : f € B} is contained in L *(H),
namely IM > 0 such that f € B implies tr,, (|[D, f][*|D|7°) < ME[f].

Proof. We shall use Lemma 4.5 in [19] with the contraction U given by the operator [D, f]|D|~2*
suitably normalized, the positive operator T given by |D|~©®=*), and the convex function
f(z) = 2!, with ¢ > 0. Then, with s as in the previous Lemma,

tr ((|D|~2°|[D, f]]2| D]~ 2%)1+Y)
— tr ((|D|2C=)|D|~2*|[D, f]|?|D|~2*|D| 2 C=*))'+)
_1lg _1g pR— 1
— |||D| |[D FIPID| 72| te (T2UUT?))

|Dr§ ||2ttr<|Dr 3(0-a)(1Ht rDrﬁSH D, f]1?|D| 25| D]~ 2¢=0+0)

M
< D, fIID
= [[[D, fII D72 P04 (12 U U T )
= [ID; /]
= [I[D;

The previous inequality, together with equation (4.15)), gives

-1
tr (DI #I[D, AIPIDI™2)") < [[D. JIID| 34K G (as)ELS) (1 - 52“2_5_“5_3)))

5
hence
: 1 _1 4K (as)
4.18 limsupttr ((|D|"2°|[D, f|?|D 0)IHt) <« I erg)
(1.18) nsupt e (D] HD. FIF|D40)) < S e
The thesis follows by Theorem 4.5 (i) in [9]. 0

Lemma 4.17. Let B be a positive, possibly unbounded, operator on H, T € B(H), such that
Te(T%) is finite, for s > d, Tr(BT*B) is finite, for s > ¢, and lim,_,5+ (s — ) Tr(BT*B) exists
and is finite. Then BT°B € LY°(H) and

(4.19) lim (s — 6) Tr(BT*B) < d - Tr,(BT°B).

s—6T

Proof. Let us set A = BT%/2. For r > 0, Hélder inequality for the conjugate exponents 7 + 1,
7‘+1

gives
Tr(BT*B) = Tr (A" AT*%) < (Tr(A*A)") 7 ((Te(TE-00+1)) 71
d d—
Setting r = L(SS fore > 0,ie. (s—0)(r+1) =d+¢, we get
g —
lim (s — 8) Te(BT*B) < lim - (Tr(A"A) )7 (Te(7()) =
s+ Tr=sar 1
r 1 1\
< ; - * AV1+2) 71
< (d—l—s)}g%TJrl(T Tr(A*A)'*7)
= (d+¢)Tr,(A*A) = (d + ¢) Tr,(BT°B).
The thesis follows by the arbitrariness of ¢. U

Proposition 4.18. The quadratic form f — Tr,(|[D, f]1?|D|7°) is self-similar and invariant
under rotations of %77.
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Proof. Let us prove self-similarity.

ZTrw DwaZHD| ZTrW<@‘Dmfowzow0” ‘D| 6)

i=1,2,3 =123
=T, ( D DDy fow, Owa]\210@|_6>
=123 o
— Tr, | @272 90-D|[Dy, £ o w,]2| Dyl
T#)
= 279C0 (e, (|[D, f1°1D]™°) — Tro,(|[Dy, f11*1Dg| ™))

_ gmuw, APIDI),

where T, (|[Dy, f]|?|Dg| %) vanishes since, as shown in Lemma [{.10} |[Dy, f]|?| Dy| ™ is trace
class. Rotation invariance can be proved along the same lines. U

Corollary 4.19. On the algebra B, the quadratic form f — Tr,(|[D, f]|*|D|°) coincides
with Kigami energy up to a multiplicative constant.

Proof. Let f € B.. Then, Theorem [4.11] inequalities (4.18)) and (4.19) show that Tr,(|[D, f]|*|D|~°)

is finite non-vanishing iff [f] is finite non-vanishing. Therefore, by the Proposition above,
they coincide (up to a constant) on finitely harmonic functions. Approximating f € B, with
finitely harmonic functions, we get the thesis, again using inequality (4.18)). O
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4.7. The (B, a) plane.

The whole construction makes sense only if 0 < a < 1, g € R.
If 5 > 0, the inverse of D on the orthogonal complement of the kernel is compact.
if 6> 0 and a > 3/dg, the noncommutative volume measure coincides (up to a con-

stant factor) with the Hausdorff measure Hy,, ds = % = the similarity dimension.

The metric dimension is dp = 2.

If0 < p <1, |[D,f]l isa densely defined Lip-norm, (A,H, D) is a spectral triple
and (7, H, F,eg,¢) is a 1-graded Fredholm module. The latter has non-trivial pairing
with K'(K).

If 3 < 1and @ < B, pp is bi-Lipschitz w.r.t. (pge,)’. Moreover, if 3 = 1 and

0.79 ~ logh()f;/s) <a< % ~ 0.87, dp coincides with the similarity dimension of

the gasket and pp is bi-Lipschitz with pge,.

Ifag<f<land 6! <a<aywithd=2-— %,@*1, then the residue in s = 9 of

tr([D, f1*|D|™*) (noncommutative energy) gives the Kigami energy, up to a constant
factor. Observe that in this case the inequality 5 > « is automatically satisfied.

a

Qo

><

a=p/ds

;B

0 Qo

FIGURE 4. The (5, «) plane
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APPENDIX A. ESTIMATES ON THE CLAUSEN FUNCTION

According to ([36], p. 236, [I§] section 1.11) the analytic extension of the polylogarithm
function of order s on the whole complex plane with the line [1, +00) removed is given by

Liy(z) = - L1 =) / O

271 et — 2z

where 7 is a path as in figure 5]

A

F1GURE 5. Path used for the analytic extension of polylogarithm.

Therefore the Clausen cosine function Ci,(t) can be defined as

Cia(9) = — Re (1 - s) / (—t)s? Y

2mi et=wW — 1 7

Lemma A.1. When Res <1, lim |t]* 5 Lis (™) = T(1 — 5)e™™ =92 45 a consequence, for
t—0

a € (0,1],
lim [t Ci_go (1) = —T(1 + 2a) sin 7av.

t—0
Moreover, when o € [%, 1) and |t| < 7§, Ci_g, is strictly negative, and
31
(A1) | Ci_ga(t) + D(1 + 2a) sinwa [t~ < FF(l + 2a) sin may,
T
1 63
(A.2) 3 sin(ra)T(1 4 2a) < — Ci_g, (#)[t]**T < 3 sin(ma)'(1 + 2a).

Finally, when |t| > /4,
| Ci_gq (t)| [t]** 1! < 23.

Proof. Let 0 < 9| < w/4. Then we may choose « in figure 5| as 9 — o where 7 is made of
the half lines /72 — &2 4+t £ ig, t > 0, and (most of) the circle of radius 7 centered at the
origin, and ¢ is a suitably small positively oriented cycle surrounding the point 7). Then

Liy(e) = - T / ) M Gl / =0

2mi 0 el — e 271 et — ei?
F(l — s) (_t)sfl (—t)3*1
- 271'@ /’YO e(t—i’ﬂ) . 1 dt + F(l - S) ReSt:iﬂm

['(1—s) (—t)*~1 - _ _
— _ ' dt (1 — isgn(P)m(l—s)/2 918 1‘
2mi /70 gy — 1 = 9)e 9!

In particular,

, I'(1+2 _p)—(1420)
Ci_gq () = ReLi_gq(e") = —% Im (/ <e(t)T1 dt) —I'(1 4 2a) sinma |19|_(2a+1),
T Yo o
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from which the first relations hold. Moreover,

. . samr, D1+ 20) (=) (2
. o 2a—1 N = A
Ciign(V) =T'(1 4+ 2a) sinan |V + = Im (/70 = — dt ),

hence

- _ oot T(1420) (=)~ (2
200—1| __ B T C———
| Ci_ga () + T(1 + 2a) sinar |9 | = ot ’Im (/yo et—id) _ 1 dt )

We now assume « > = , and observe that the part of the path constituted by the half lines

V2 —e2 +t+ie, t > 0 is invariant under reflection w.r.t. to the real axis, which sends the
variable of integration to its conjugate. Therefore,

— )~ (142a) _\—(142a) o0 4—(14+2a)
[ GOy [ A sty [
Y0 |z|=m -

et=iv) _ 1 e(z—i9) _ 1 e(t=id) _ 1

As for the second integral, we have

) ) (e%] t7(1+2a)
‘2 Sln(zﬂ'Oé) Im (’L/T mdt)

(e' cost) — 1)¢~ (2
= 2|sin(27a)| EETRTE dt

ot
dt
et +1 — 2etcos?d

et

S 2| Sin(27roz)| 7T7(1+2a) /7r m dt

(A.3) < 4sin(ra)| 7~ 12 (em — 1)L,

< 2| sin(2ra)| 7w 1+2a)/

™

where in the first inequality we used 0] < %, which implies |’ cos®) — 1| < e for t > 7. We
now come to the first integral. Let us observe that, when o € 7Z, it is a contour integral of a
meromorphic function, therefore it may be computed via residues. In particular, when « # 0,
the only residue comes from z = 1), whose real part vanishes, as shown above. To get an
estimate which is small for « close to 1, we set

— )~ (1+20)
@ZJ(O!,ﬁ) =Im (/z:ﬂ— (@(Z)ZT—ldz) s
1
) gz(s V)ds ‘ /a g—ﬁ(s,ﬁ)‘ ds < (1—a) asglilg)l
Moreover,
(_Z)—(1+2s)
|0a0(s,0)| = ‘Im (/z:w _QIOg(_Z)W dz) ‘
2 p—it—m)(1+2s)

’Im </0 —2(10g77' + Z(t — W))W_zsmi ezt dt) '

. 172
< A4n'"*(logm +7) (tn[%lg} el =) — 1|2> . a<s<l.
S I

so that we have
o

(A4) (a9l = o

.0)]




SPECTRAL TRIPLES FOR THE SIERPINSKI GASKET 33

We now consider the two cases 7|sint| < || + 7/2, and «|sint| > |J| 4+ /2.
If 7| sint| < |9 +7/2, |cost| > (1 — (|9]/7 +1/2)%)1/2, and

|€(ﬂ_€it—i19) o 1|2 _ e27rcost +1— zewcostcos(ﬂ. sint — 79)

> (ewcost o 1)2 > (1 _ 6—(7F2—(‘19‘+7r/2)2)

1/2

)2
If w|sint| > [J] +7/2, 37 > |7wsint — 9| > |wsint| — |9] > 7/2, therefore cos(rsint — ) <0,
and

("= 2 = e2meost ] — 2T cog(msint — ) > 1.
We have proved that
(A.5) (v, 9)| < 4(1 — a)r 2 (log m + 7) (1 — e~ (7 —(WHm/2)y~1
hence, by inequalities (A.3), (A.4), (A.5), and since o > 1/2 implies 2(1 — ) < sin7ay,

- (/7 (—t)~(1+2e) dt)‘ - 25in(7ra)( 2 N m2(logm + ) >

, et —1 m+20) \em — 1 1 — e—(@=([9+r/2)%)!/2

(A.6)

Then,

Lo (9)]9]2e 9|2e+1 — )~ (1420) 9 2041 9
Ciza(9)19] ] < T /—( ) at)| < (1 (1)
sin(ra)T'(1 4 2a) 27 sin(mav) o e —1 T T

where the function h(r), r € (0,1/4] is given by

h(r) m(logm + ) N 2

1—exp (—n\/1 —(r+ 1/2)2) mer —1)

Since h is increasing, it attains its maximum for r = i, where h(%) < % Hence,

31 |79’ 2a+1 . Ci_2a<19)’19‘2a+1 31 ’19‘ 2a+1
(A7) (1 2 (?) > = sin(ma)'(1 + 2a) = (1 + 2 (7) ) ’

which implies (A.1)). Now, since [¢] < /4 and @ > 1/2, we get 3 (|9|/m)?*T! < 31 hence

1
3 sin(ra)T(1 4 2a) < — Ci_gy (9)[9]** 1 < g—g sin(ra)'(1 4 2ar),

showing in particular that — Ci_s,(?) is strictly positive for [J] < 7 /4.

We finally estimate | Ci_q(¥)| for || > §. We simply choose the contour 7 as the circle

of radius A[¢| around the origin and the half lines VVA292 — 2 + ¢ tie, ¢t > 0, for 3 < A < 1.
As for the first integral, we get

(_Z)—(1+2a) . —1/2
/ e dz| < 2|0 (A|9])~a+D) ( min |7l = 1|2) :
|2|=AJ9] elz=19) 1 te(0,27]
Since |Asint — 1| [9] > (1 — A) |9, we get cos((Asint — 1)¥) < cos((1 — A)99), therefore
’6)\\19\6”—1'19 . 1|2 _ 62>\W|C08t 41— 26)\|19\costcos((/\ sint — 1)19)

> e2/\|19|cost +1— 26)\\19|costcos((1 . )\)19)

> sin?[(1 — ) [9]].
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As a consequence,

1+2a) 29| 272
dz < A9 ) (2a+1) < N ) (2a+1) =%
o o ] < Ol B e S
The second integral is estimated, as above, by
o = (142a) ‘ © e+
2i sin(2ra / ———— dt| < 4sin(ma)(A|[9])0+2) / ——dt
er) | (ma) (A)) T

< 8sin(ma)(A[9]) "+ (M — 1)~ < g(Ag]) (2 (T — 1)
whence
['(1+ 2a)
21

272 8
| Ciiga(9)] < AT ) |

(>‘|19|) ety (sin[(l — A\ * e —1

Finally, for any A € (0, 1),

‘ I(1+2a), 2Xm® s
B 19 0 2a+1 < —)\ (2(X+1)
|Ciaa(9)] [0+ < T snl(l— ]

< -3 2 T N 8
B sin[(1 — A)r] 7'('(6% -1/

Suitably choosing A, one gets | Ci_g, (9)] [9[**F! < 23. O

AT
et —1

Proposition A.2. Let f be an even C* function on T vanishing in 0. Then, for o € (0,1),

/7r Ci_go (D) f(9) d? = 7({F**}, {fi}) ey

—Tr

where fr =X [*_cos(kd)f () dd.

Proof. Let us set Ci(s, p,9) := Re(Lis(pe®)). Then, reasoning as in the proof of Lemma ,
it is not difficult to show that

(A.8) sup | Ci(—2a, p,9)|9)** | < co.

pE[0,1],|¥<m

We may assume that f is real valued, namely f(J) = >, frcos(k?), with fi € R. The

other properties of f amount to f; rapidly decreasing and >, fr = 0. Since f is even, it has
indeed a zero of order 2 in ¥ = 0, hence, by (A.§)), Ci(—2a, p,?) f(¥9) is uniformly L'(¥J), for
p € [0,1]. By dominated convergence,

/ " Cian(0) f(9) d9 = lim [ Ci(—20, p, ) f(9) d

. p—1 o

dz

=i i Li_og k ok | k—ky| %%

pque( z/|zp12 (kap 28 pth) .
= lim Re Zf anQC“ "‘kd—z
p—1 kR A

|z|=p

_ : k 200 2a
—W}}g%p fu k —wgfk =
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Proposition A.3. Let o € (0,1), and consider the seminorm po(f), f € C(T), given by

Palf)? = = sup / ol — 9 f(x) — F(y)Pdy < +oo,

2m zeT

the Holder seminorm.

where v (t) = —2m Ci_gn(t), and denote by || f]lo.o = sup |f(x) = f(y)]
T,y y)*

Then,
(i) Ve > 0, pa(f) < el flloare, where c. = (%) (44 23(4% — 1)),

- N - \/ 3sin(mra)
(it) for o = 5, Callfllow < pa(f), where éo = Y72

Proof.
(¢) If fis (o + ¢)-Holder then

sup/T valr = y)|f (@) = fy)IPdy < || FII5 ase Sup/gpa(]; — y)d(x, y)X) dy

€T €T JT
= 22 / a2 dt
0

Making use of the estimates in Lemma [A.T] one gets

T w/4 ™
/ Qo (1)12OF) dt = / ©o ()12 dt + / 0o (1)t dt
0 0 /4

63 w/4
< 2%3—2 sin(ra)I'(1 4 2«) / t*=7dt + 27 - 23/ t*= 1 dt
0 T

/4
) (7'('/4)26 7T2a (7.‘./4)26
< - 7 _—
< 47 sin (7r04)l (1+ 2a) 9% + 467 9z
T /T 26
< 2e .
_6 (—4) (4 -+ 23(4 — 1))

(17) Assume p,(f) < oo, let z,y € T, and denote by o the distance between x and y, and by
I, the arc of length o with end-points z and y. By Lemma @a(t) > 0 for [t| < .

Then, for o < 7,
s - / |f(z 2)| dz
| 176@) = J@leale =) Pl =)z

<o pa(f)V2r - (/U thﬁa dt>2

1/2
(24 2a) sup t1+2“) o pa(f)

1/2(
0<t<% 9004
1/2(

2+2a

))1/20“ Pa(f)

< 4((1 4 a) sin(xa)T(1 + 2a)) " 6%pa(f).

sin(ra)l’ 1 + 2«
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Therefore, using the triangle inequality we obtain, for all z,y, such that d(z,y) < 7,

|f(z) = f)l _ 8
[z —yl* ~ /(1 + a)sin(ra)T(1 + 2a)

pa(f)'

A direct computation then shows

1]
2]

[25]

32.4-0 16v/2
0a < olf) S~
7l V(1 + a)sin(ra)T(1 + 2a) peld) V/3sin(ra)

pa(f)'

REFERENCES

L. V. Ahlfors. Lectures on quasiconformal mappings, Van Nostrand, Princeton, 1966.

S. Albeverio, D. Guido, A. Ponosov, S. Scarlatti. Singular traces and compact operators, J. Funct. Anal.
137 (1996), 281-302.

S. Baaj, P. Julg. Théorie bivariante de Kasparov et opérateurs non bornés dans les C*-modules hilbertiens,
C. R. Acad. Sci. Paris Sér. I Math. 296 (1983), no. 21, 875-878.

M. T. Barlow. Diffusions on fractals. L.N.M. 1690, Springer-Verlag, New York, 1999, 1-112.

J.V. Bellissard, M. Marcolli, K. Reihani. Dynamical systems on spectral metric spaces, (2010),
arXiv:1008.4617 [math.OA].

C. Berg, J.P.R. Christensen, P. Ressel. Harmonic analysis on semigroups. Theory of positive definite and
related functions. Springer-Verlag, New York, 1984.

J. C. Pearson, J. V. Bellissard. Noncommutative Riemannian geometry and diffusion on ultrametric
Cantor sets, J. Noncommut. Geom. 3 (2009), no. 3, 447-480.

A. Beurling, J. Deny. Dirichlet Spaces., Proc. Nat. Acad. Sci., 45 (1959), 208-215.

A. L. Carey, A. Rennie, A. Sedaev, F. A. Sukochev The Dizmier trace and asymptotics of zeta functions
Journal of Functional Analysis 249 (2007) 253-283

A.L. Carey, J. Phillips, F. A. Sukochev, Spectral Flow and Dixmier Traces. Advances in Math. 173
(2003), 68-113.

E. Christensen, C. Ivan, M. L. Lapidus, Dirac operators and spectral triples for some fractal sets built
on curves. Adv. Math. 217 (2008), no. 1, 42-78.

E. Christensen, C. Ivan, E. Schrohe, Spectral triples and the geometry of fractals. larXiv:1002.3081v2

F. Cipriani, D. Guido, T. Isola, J.-L. Sauvageot, Differential 1-forms, their Integrals and Potential Theory
on the Sierpinski Gasket, arXiv:1105.1995.

F. Cipriani, J.L. Sauvageot. Derivations as square roots of Dirichlet forms, Journal of Functional Anal-
ysis, 201 (2003), 78-120.

F. Cipriani. Dirichlet forms on Noncommutative Spaces. L.N.M. ”Quantum Potential Theory 71954, U.
Franz - M Schiirmann eds. Springer-Verlag, New York, 2008, 161-272.

A. Connes. Noncommutative Geometry. Academic Press, 1994.

A.Connes, M.Marcolli, A walk in the noncommutative garden. An invitation to noncommutative geome-
try, 1-128, World Sci. Publ., Hackensack, NJ, 2008.

A. Erdélyi et al., Higher Transcendental Functions, Vol I, McGraw-Hill, New York, 1953

T. Fack, H. Kosaki. Generalized s-numbers of T-measurable operators. Pacific J. Math., 123 (1986), 269.
M. Fukushima, Y. Oshima, M. Takeda. Dirichlet Forms and Symmetric Markov Processes, W. de Gruyter,
Berlin-New York, 1994.

I. M. Gel’fand, N. Ya. Vilenkin. Generalized functions. Vol. 4. Applications of harmonic analysis. Aca-
demic Press, New York-London, 1964.

D. Guido, T. Isola. Singular traces on semifinite von Neumann algebras. Journ. Funct. Analysis, 134
(1995), 451-485.

D. Guido, T. Isola. Dimensions and singular traces for spectral triples, with applications to fractals.
Journ. Funct. Analysis, 203, (2003) 362-400.

D. Guido, T. Isola. Dimensions and spectral triples for fractals in RN, Advances in Operator Algebras
and Mathematical Physics; Proceedings of the Conference held in Sinaia, Romania, June 2003, F. Boca,
O. Bratteli, R. Longo H. Siedentop Eds., Theta Series in Advanced Mathematics, Bucharest 2005.

N. Higson, J. Roe. Analytic K-homology. Oxford University Press, Oxford, 2000.


http://arxiv.org/abs/1008.4617
http://arxiv.org/abs/1002.3081
http://arxiv.org/abs/1105.1995

SPECTRAL TRIPLES FOR THE SIERPINSKI GASKET 37

[26] M. Hino, On singularity of energy measures on self-similar sets. Probab. Theory Related Fields 132
(2005), 265-290.

[27] M. Hino, K. Nakahara, On singularity of energy measures on self-similar sets II, Bull. London Math.
Soc. 38 (2006), 1019-1032.

(28] J.E. Hutchinson, Fractals and self-similarity, Indiana Univ. Math. J., 30 (1981), 713-747.
[29] M. Ionescu, L. G. Rogers, A. Teplyaev, Derivations and Dirichlet forms on fractals, [arXiv:1106.1450.
[30] A. Jonsson. A trace theorem for the Dirichlet form on the Sierpinski gasket, Math. Z., 250 (2005),

599-609.

[31] A. Julien, J. Savinien. Transverse Laplacians for substitution tilings, Comm. Math. Phys. 301 (2011),
285-318

[32] J. Kigami. Analysis on fractals, Cambridge Tracts in Mathematics, 143, Cambridge University Press,
Cambridge, 2001.

[33] S. Kusuoka A diffusion process on a fractal. Probabilistic methods in mathematical physics
(Katata/Kyoto, 1985), 251-274, Academic Press, Boston, MA, 1987.

[34] S. Kusuoka, Dirichlet forms on fractals and products of random matrices, Publ. Res. Inst. Math. Sci., 25
(1989), 659-680.

[35] M. L. Lapidus, M. van Frankenhuijsen. Fractal geometry, complex dimensions and zeta functions. Ge-
ometry and spectra of fractal strings. Springer Monographs in Mathematics. Springer, New York, 2006.

[36] L. Lewin. Polylogarithms and associated functions. North Holland, New York, 1981.

[37] R. Rammal, G. Toulouse. Random walks on fractal structures and percolation clusters, J. Phys. Lett., 44
(1983), L13-122.

[38] M. A. Rieffel. Gromov-Hausdor{f distance for quantum metric spaces. Mem. Amer. Math. Soc. 168 (2004),
no. 796, 1-65.

[39] W. Sierpinski. Sur une courbe dont tout point est un point de ramification. C. R. A. S. 160 (1915), 302-30.

[40] J.V. Varga. Traces on irregular ideals. Proc. Amer. Math. Soc. 107 (1989), 715-723.

(F.C.) POLITECNICO DI MILANO, DIPARTIMENTO DI MATEMATICA, PIAZZA LEONARDO DA VINCI 32,
20133 MiLAaNO, ITALY.
E-mail address: fabio.cipriani@polimi.it

(D.G.) DIPARTIMENTO DI MATEMATICA, UNIVERSITA DI ROMA “TOR VERGATA”, 1-00133 RoMaA,
ITALYy
E-mail address: guido@mat.uniroma2.it

(T.1.) DIPARTIMENTO DI MATEMATICA, UNIVERSITA DI ROMA “TOR VERGATA”, [-00133 Roma, ITALY
E-mail address: isola@mat.uniroma2.it

(J.-L.S.) INSTITUT DE MATHEMATIQUES, CNRS-UNIVERSITE PIERRE ET MARIE CURIE, BOITE 191, 4
PLACE JUSSIEU, F-75252 PARris CEDEX 05, FRANCE
E-mail address: jlsauva@math.jussieu.fr


http://arxiv.org/abs/1106.1450

	1. Introduction
	2. Spectral Triples and their Fredholm Modules
	2.1. Spectral Triples and their Fredholm Modules

	3. Spectral triples on quasi-circles
	3.1. Quadratic forms on T
	3.2. Sobolev norms and Clausen functions
	3.3. The construction of the triple
	3.4. The pairing with K-theory

	4. Spectral triples on the Sierpinski gasket
	4.1. Sierpinski Gasket and its Dirichlet form
	4.2. The dimensional spectrum and volume
	4.3. The commutator condition and Connes metric
	4.4. The gasket in K-homology
	4.5. The Dirichlet form
	4.6. Kigami Energy and Dixmier traces
	4.7. The (,) plane

	Appendix A. Estimates on the Clausen function
	References

